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Abstract: The dinuclear cyclo(metallo)phosphates [M(dipp)-
(Cl-terpy)]2 [M = Mn (1), Ni (2)] and the mononuclear cobalt
phosphate [Co(dippH)(Cl-terpy)(MeOH)(H2O)]·dippH (3) were
synthesized through the reactions of 4′-chloro-2,2′:6′,2′′-terpyr-
idine (Cl-terpy) and 2,6-diisopropylphenyl phosphate (dippH2)
with manganese, nickel, and cobalt acetates. The formation of
1–3 is supported by spectroscopic, thermogravimetric, and
microanalytical data. The molecular structures of 1 and 3 were
confirmed by single-crystal X-ray diffraction studies. Com-
pounds 1 and 2 are dimeric and feature two octahedral metal

Introduction

The oxidation of alcohols to carbonyl compounds is a funda-
mental reaction in organic chemistry and also plays a pivotal
role in industries such as pharmaceuticals, agrochemicals, and
perfumery.[1] Different catalysts have been employed for such
conversions as they offer advantages in terms of high conver-
sions and selectivities, broader substrate scope, and environ-
mental friendliness compared with the use of stoichiometric
reagents.[2] Thus, there is great scope for such catalysts, and
metal-based catalysts are more desirable in terms of selectivity,
productivity, and environmental concerns than other reported
catalysts for such reactions.[1c,3] Transition-metal catalysts are
particularly attractive owing to their inherent tendency to exist
in more than one oxidation state and the availability of vacant
d orbitals.[4] Similarly, the use of organic peroxides such as tert-
butyl hydroperoxide (TBHP) is more favorable than the use of
toxic inorganic oxidants (KMnO4 and CrO3 compounds).[5] Tran-
sition-metal catalysts based on Pd, Ru, Au, and Pt complexes
have emerged as better catalysts in terms of selectivity and
conversion but are limited by their low abundances and subse-
quent high costs, which limit their use in alcohol oxidation reac-
tions.[1e,2,6] Furthermore, a base is needed to promote Au-cata-
lyzed alcohol oxidations; consequently, the selectivity is re-
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centers bridged by dianionic dipp ligands. On the other hand,
3 exists as a monomer in the solid state, but dissolution in
methanol converts it to a dimeric form similar to those of 1
and 2, as evidenced by ESI-MS studies. Compounds 1–3 were
employed as catalysts for alcohol oxidation reactions with tert-
butyl hydroperoxide (TBHP) as the oxidant. The manganese
phosphate 1 exhibits better catalytic activity in terms of select-
ivity and substrate conversion compared with those of 2 and 3
under similar conditions.

duced owing to the enhanced possibility of the formation of
undesirable carboxylates.[7] Thus, catalysts based on first-row
transition metals are a better choice owing to their affordability,
good selectivity, and adequate activity.

The strong π-acceptor ligand 2,2′:6′,2′′-terpyridine (terpy)
has been employed widely to generate transition-metal com-
plexes ranging from discrete to polymeric species,[8] owing to
its intrinsic ability to tune the nuclearities and geometries of
the resulting complexes.[9] Enhanced synthetic routes to terpy
and its derivatives along with their rich coordination chemistry
have paved the way for the application of such terpy-contain-
ing complexes in catalysis and biological systems.[10] Crabtree
and co-workers reported the mixed-valent Mn2(III,IV) “terpy
dimer” [Mn(terpy)(H2O)O]2[NO3]3, in which the two Mn ions are
bridged by two μ-oxygen atoms, as a functional model for the
O–O bond formation reactions of the oxygen-evolving complex
(OEC) of photosystem II (PS-II).[11] This observation led to the
screening of a large number of terpyridine-containing coordina-
tion complexes of Mn, Co, and Ru as water oxidation catalysts
(WOCs), and the cooperativity between the metal center and
the ligand is crucial for catalytic performance.[12] Manganese
terpy complexes bridged by oxo groups are excellent WOCs
owing to the cooperativity between the Mn ions.[12a,12b,13] The
transition-metal complexes of Mn, Co, Ni, and Cu have also
been explored as efficient catalysts in alcohol oxidation reac-
tions.[3a,14] Manganese(II)/cobalt(II) or manganese(II)/copper(II)
nitrates in combination with (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl (TEMPO) selectively catalyze the oxidation of primary
and secondary alcohols to the corresponding aldehydes and
ketones.[15] Recently, copper(II) terpy complexes were used as
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catalysts for alcohol oxidation reactions and offered good se-
lectivity.[16]

Our laboratory has a longstanding interest in metallophos-
phate chemistry, and we have recently employed lipophilic
mono- and diesters of phosphoric acid to generate a library of
discrete and polymeric metallophosphates.[17] These metallo-
phosphates find applications as single-source precursors for
fine-particle ceramics and as molecular models to elucidate the
mechanism of zeolite formation.[18] Although polymeric and cy-
clic manganese phosphates and phosphonates[19] as well as dis-
crete or framework cobalt organophosphates are known,[20]

there are no reports of dinuclear MnII, CoII, and NiII complexes
bridged by organophosphate ligands with terpy as an ancillary
ligand, except the lone example of a dinuclear manganese ter-
pyridine complex bridged by adenosine phosphate reported by
Yashiro and co-workers.[21] On the basis of these facts and in
continuation of our research into metallophosphates, we wish
to report the synthesis of new dinuclear manganese, cobalt,
and nickel phosphates with 4′-chloro-2,2′:6′,2′′-terpyridine (Cl-
terpy) and 2,6-diisopropylphenyl phosphate (dippH2).

Results and Discussion

Synthesis and Spectral Characterization

The metal phosphates [M(dipp)(Cl-terpy)(MeOH)]2 [M = Mn (1),
Ni (2)] and [Co(dippH)(Cl-terpy)(MeOH)(H2O)]·dippH (3) were
synthesized through the reactions of equimolar quantities of
[M(OAc)2·4H2O] (M = Mn, Ni, and Co), dippH2, and Cl-terpy in
a CH3OH/CHCl3 solvent mixture (1:1 v/v) at room temperature
(Scheme 1). In each case, the clear reaction mixture was left to
stand at room temperature to yield the respective product as
either single crystals or as a powder. The analytical and spectro-
scopic data were combined with single-crystal X-ray diffraction

Scheme 1. Synthesis of 1–3.
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studies to identify the correct compositions and structures of
the complexes. Complexes 1 and 2 exist as phosphate-bridged
dimeric species both in solution and in the solid state. Although
the cobalt complex 3 was isolated as a mononuclear species in
the solid state, it exhibits a dimeric structure similar to those of
1 and 2 in solution (details below).

Compounds 1–3 are stable under ambient conditions and
were characterized by various spectroscopic and analytical
methods. The FTIR spectra of 1–3 show broad absorption bands
at ν̃ ≈ 3400 cm–1 for the OH group of the methanol molecules.
The weak absorptions at ν̃ ≈ 3047 and 2965 cm–1 for 1, 3035
and 2928 cm–1 for 2, and 3064 and 2961 cm–1 for 3 correspond
to the aromatic C–H stretching vibrations of the Cl-terpy and
dippH2 ligands. The absence of any absorption band at ν̃ ≈
2350 cm–1 for 1 and 2 indicates complete neutralization of all
P–OH groups and, hence, no free P–OH groups in the dippH2

ligand, whereas 3 shows a broad absorption band centered at
ν̃ ≈ 2350 cm–1, which indicates the presence of a residual P–
OH group in the aryl phosphate (dippH2) ligand in accordance
with its molecular structure obtained by single-crystal studies
(see below). The absorption bands at ν̃ = 1084, 1012, and
991 cm–1 for 1; 1124, 1049, and 1016 cm–1 for 2; and 1112,
1046, and 932 cm–1 for 3 arise owing to the O–P–O stretching
vibrations and M–O–P asymmetric and symmetric stretching vi-
brations, respectively (Figure S1).

The ESI-MS spectra of 1 and 2 exhibit peaks at m/z = 1157
and 1165, which correspond to [M + H – 2MeOH]+ and, there-
fore, reveal the structural integrity of the dimeric structures in
solution (Figure 1 and Supporting Information). Furthermore,
compound 3, which was isolated as a mononuclear complex in
the solid state (see below), also exhibits a peak at m/z = 1165,
which corresponds to the [M – 2MeOH + H]+ ion (as for 1 and
2) and, therefore, indicates that 3 has different structures in the
solid state and in solution (Scheme 2).
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Figure 1. ESI-MS spectra showing the simulated and experimental isotope patterns for the [M – 2MeOH + H]+ ions of 1–3.

Scheme 2. Solid-state and solution structures of 3.

Molecular Structure of 1

Compound 1 crystallizes in the triclinic space group P1̄. A per-
spective view of the molecular structure is shown in Figure 2.
Single-crystal X-ray diffraction studies revealed that 1 is dimeric
with two MnII ions bridged by the phosphate ligand to form a
cyclic manganese phosphate. The asymmetric unit of 1 contains
one MnII ion, one doubly deprotonated aryl phosphate (dipp)
ligand, a Cl-terpy ligand, and a coordinated methanol molecule.
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The MnII ion exhibits a distorted octahedral geometry, and the
equatorial plane is occupied by the three nitrogen atoms (N1–
N3) of the Cl-terpy ligand and an oxygen atom (O2) of the dipp
ligand. The axial coordination sites are occupied by a coordi-
nated methanol molecule (O5) and an oxygen atom of a second
dipp ligand (O3).

Both the phosphate ligands are doubly deprotonated and
bridge the MnII centers in a [2.110] fashion to form an eight-
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Figure 2. ORTEP representation of 1 at 50 % probability level. The hydrogen atoms were removed for clarity.

membered Mn2P2O4 core.[22] The average P–O–M bond length
of 1.521 Å is between the typical single and double bond
lengths of phosphate ligands (P–OH 1.56 Å and P=O 1.48–
1.50 Å). The average Mn–O bond length [2.086(2) Å] compares
well with similar Mn–O bond lengths in other phosphonate and
phosphate complexes.[19,23] Similarly, the average Mn–N bond

Figure 3. Polymeric 2D chain formed through C–H···Cl secondary interactions in 1.
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length [2.282(2) Å] is comparable with the Mn–N bond lengths
for similar MnII terpyridine complexes.[21,24] The average length
of the Mn···P edges in the dinuclear complex is 3.230 Å,
whereas the corresponding P···P distance is 4.591 Å. The
Mn···Mn distance in 1 is 4.430 Å, which is smaller than those
reported for dinuclear and tetranuclear MnII phosphates (4.472
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and 4.492 Å).[25] The chlorine atom of the Cl-terpy ligand is
involved in C–H···Cl interactions with the C–H protons of
another Cl-terpy ligand to form an interesting supramolecular
aggregation that leads to the formation of 2D architectures
(Figure 3).

Molecular Structure of 3

In contrast to the dinuclear structure expected for 3 from the
ESI-MS studies (see above; Figure 1 and Scheme 2), the single-
crystal X-ray diffraction studies revealed that 3 exists only as a
mononuclear complex in the solid-state, as depicted in Figure 4.
The asymmetric unit of 3 contains one Cl-terpy ligand, one di-
cationic CoII ion, two monodeprotonated 2,6-diisopropylphenyl
phosphate ligands (dippH, one coordinated, and the other oc-
cupying the lattice to maintain the electroneutrality), one coor-
dinated water molecule, and one methanol molecule (Figure 4).
The geometry around the CoII ion is distorted octahedral; three
nitrogen atoms from the chelating Cl-terpy ligand (N1–N3) and
one oxygen atom of the aqua ligand (O5) occupy the equatorial
plane, whereas the axial coordination sites are occupied by oxy-
gen atoms from the dippH ligand (O1) and the coordinated
methanol molecule (O6). The average Co–N [2.121(2) Å], P–O
(Co) [1.499(2) Å], and Co–O bond lengths [2.069(2) Å] are com-
parable with those found in similar cobalt phosphates.[20,26] The

Figure 4. ORTEP representation of 3 at 50 % probability level. The hydrogen
atoms were removed for clarity.

Figure 6. 1D polymeric chain formed through inter- and intramolecular hydrogen-bonding interactions and slipped π–π stacking between the adjacent
benzene rings of the Cl-terpy ligands in 3 (hydrogen atoms except those involved in hydrogen bonding and isopropyl groups of the phosphate ligands are
omitted for clarity).
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negative charge on the lattice dippH phosphate is delocalized
between O7 and O9; therefore, their bond metrics are compara-
ble (P–O 1.498 Å).

The observed preference of 3 to exist in the mononuclear
form, rather than the dinuclear structures exhibited by 1 and 2,
can be traced to structure-stabilizing H-bonding interactions. A
quick comparison of the structures of 1 or 2 with that of 3
reveals a clear abundance of intra- and intermolecular O–H···O
H-bonds in the latter (Figure 5). For example, strong hydrogen-
bonding interactions occur between the protons of the coordi-
nated water molecule (H5A and H5B) and the oxygen atom of
coordinated methanol (O6) molecule and the oxygen atoms of
the lattice dippH molecule (O9 and O3). Further, the free P–OH
groups of the coordinated dippH ligand and the lattice dippH
molecule also shows complimentary P–OH···O=P hydrogen
bonding with each other. This pattern of hydrogen bonding
leads to the formation of a cyclic dimeric structure, as shown
in Figure 5. The formation of this dimeric structure, aided by
the coordinated water molecule and the anionic lattice dippH
molecule, is the probable driving force for the stabilization of a
mononuclear complex for 3. Further, the aryl rings of the Cl-

Figure 5. Cyclic dimer formation through O–H···O inter- and intramolecular
hydrogen-bonding interactions in 3 (hydrogen atoms except those involved
in hydrogen bonding and isopropyl groups of the phosphate ligands are
omitted for clarity).
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terpy ligand show slipped π–π stacking among the adjacent
molecules, which leads to the formation of one-dimensional
polymeric chains (Figure 6).

Catalytic Studies

The catalytic properties of 1–3 in alcohol oxidation reactions
were investigated. Initial optimization was performed for the
oxidation of benzyl alcohol with the dimanganese phosphate 1
as the catalyst. To determine the suitable catalyst dose, five
different catalyst loadings (0.125, 0.25, 0.375, 0.5, and 1 mol-%)
were investigated, and the best conversion was obtained with
0.5 mol-% of catalyst; a total yield of 85 % was obtained, and
70 % of this was benzaldehyde (86 % selectivity). Although an
increase of the catalyst loading to 0.5 mol-% enhances the
product yield and selectivity (Figure 7), further increases (0.75
and 1 mol-%) led to reductions in both conversion (68 %) and
benzaldehyde selectivity (44 %).

Figure 7. Effect of the catalyst dose on the product yield for benzyl alcohol
oxidation catalyzed by 1 (benzyl alcohol: 10 mmol, CH3CN: 10 mL, TBHP:
1 equiv., time: 4 h, temp.: 80 °C).

To determine the optimum reaction temperature, the oxid-
ation of benzyl alcohol was performed at various temperatures,
and the results are shown in Figure 8. Catalyst 1 exhibits the
best catalytic activity (88 % product yield) at 100 °C, but the
selectivity decreased at this temperature; however, when the
reaction was performed at 80 °C with a similar catalyst loading,
the product yield was 86 %, and the best benzaldehyde selec-
tivity (73 %) was obtained. Thus, it can be concluded that tem-
peratures beyond 80 °C enhance the product yield only margin-
ally but at the cost of selectivity. Therefore, in terms of both
conversion and selectivity, 80 °C was set as the optimum reac-
tion temperature.

Five different solvents, namely, CH3OH, CH3CN, H2O, hexane,
and toluene, were screened to investigate the effect of the sol-
vent on benzyl alcohol oxidation, and the results are shown in
Figure 9. The maximum product yield (86 %) and selectivity
(73 %) were observed for CH3CN. The catalytic performance of
1 was also investigated under solvent-free conditions to make
the process environmentally benign, but the product yield
dropped to 65 % with only 13 % selectivity. Owing to this poor
selectivity, solvent-free oxidation was ruled out.
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Figure 8. Effect of temperature on the product yield for benzyl alcohol oxid-
ation catalyzed by 1 (catalyst: 0.5 mol-%, benzyl alcohol: 10 mmol, CH3CN:
10 mL, TBHP: 1 equiv., time: 4 h).

Figure 9. Effect of the solvent on the product yield for benzyl alcohol oxid-
ation catalyzed by 1 (catalyst: 0.5 mol-%, PhCH2OH: 10 mmol, solvent: 10 mL,
TBHP: 1 equiv., time: 4 h, temp.: 80 °C. Solvents 1: CH3OH; 2: CH3CN; 3: H2O;
4: hexane, 5: no solvent).

The optimum reaction time was standardized through the
analysis of aliquots of the catalytic mixture at regular time inter-
vals. The maximum product yield was obtained within 3 h, and
the reactions performed for prolonged times did not show any
significant differences for the conversion of benzyl alcohol
(brown line, Figure 10). After 8 h of reaction, the selectivity
decreases considerably owing to the further oxidation of the
aldehyde to the acid and its ester. For these reasons, the opti-
mum reaction time for maximum conversion and selectivity is
4 h.

Under these optimized conditions (catalyst amount, temper-
ature, solvent, and time), the catalytic activities of catalysts 1,
2, and 3 for the oxidation of benzyl alcohol were investigated.
As shown in Figure 11, the use of 1 as the catalyst resulted in
better product yield (conversion) and product selectivity com-
pared with those obtained with 2 and 3.

The catalytic studies with complex 1 were extended to vari-
ous alcohols, including a range of aliphatic, aromatic, primary,
secondary, and heterocyclic alcohols. The results obtained are
summarized in Table 1. It is evident from the data presented
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Figure 10. Effect of time on benzyl alcohol oxidation catalyzed by 1 (catalyst:
0.5 mol-%, PhCH2OH: 10 mmol, CH3CN: 10 mL, TBHP: 1 equiv., temp.: 80 °C).

Figure 11. Comparison of the catalytic activities of catalysts 1–3 for the oxid-
ation of benzyl alcohol (catalyst: 0.5 mol-%, PhCH2OH: 10 mmol, CH3CN:
10 mL, TBHP: 1 equiv., time: 4 h, temp.: 80 °C).

that better product yields are obtained for primary alcohols
than for secondary alcohols. For example, 86 % product yield
was observed for the oxidation of benzyl alcohol, whereas only
49 % product yield was obtained for the oxidation of 1-phenyl-
ethanol after 4 h. On the other hand, maximum selectivity
(100 %) was reached for the secondary alcohol. If both primary
and secondary alcohol groups are present in the substrate, the
current catalytic system preferentially oxidizes the primary alco-
hol, as evidenced by the oxidation of glycerol. Furthermore, this

Table 1. Oxidation of various alcohols catalyzed by 1.[a]

Substrate Aldehyde or ketone Yield/selectivity [%] Total yield [%] TON[b]

Benzyl alcohol benzaldehyde 73/86 85 170
2-phenylethanol 2-phenylacetaldehyde 11/100 11 22
1-phenylethan-1-ol acetophenone 49/100 49 98
Diphenylmethanol benzophenone 42/100 42 84
3-pyridinemethanol 3-pyridinecarbaldehyde 58/100 58 116
2,6-pyridinedimethanol 6-(hydroxymethyl)picolinaldehyde 17/35 48 96

pyridine-2,6-dicarbaldehyde 31/65
1-pentanol 1-pentanaldehyde 22/100 22 44
Glycerol 1-glyceraldehyde 44/100 44 88
Cyclohexanol cyclohexanone 38/100 38 76

[a] Catalyst (0.5 mol-%), substrate (10 mmol), TBHP (1 equiv.), and acetonitrile (10 mL) at 80 °C. [b] Turnover number.
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catalytic system works better for alcohols with aromatic rings
than for pure aliphatic alcohols, as evidenced by 1-pentanol
oxidation (only 22 and 38 % conversion after 4 and 20 h, respec-
tively).

Although MnIII and MnIV complexes are well known as water
oxidation catalysts,[27] a significant number of MnII complexes
have been investigated for alcohol oxidations. The catalytic ac-
tivities of previously reported MnII complexes for benzyl alcohol
oxidation were compared with that of our MnII catalyst 1, and
the details are listed in Table 2.

Catalyst 1 demonstrated a superior catalytic activity than
those all of the MnII complexes listed in Table 2 except for the
mononuclear MnII complex reported by Boghaei and co-work-
ers (Table 2, Entry 2). Although this mononuclear complex ex-
hibits 100 % conversion and selectivity,[28] the oxidant used in
this case was oxone, an unfavored oxidant for organic oxidation
reactions. Furthermore, it should be noted that the non-heme
MnII complex reported by Nam and co-workers (Table 2,
Entry 3)[29] and a polymeric MnII complex reported by Bagherza-
deh and co-workers (Table 2, Entry 6)[30] showed 100 % selectiv-
ity with reasonable conversion but only when harmful oxidants
were employed as part of catalytic system. All of the other MnII

complexes show lower activities than that of catalyst 1, as evi-
denced by their poor conversions. The catalytic activity of cata-
lyst 1 was also compared with those of free the MnII salts used
in work of Huang and co-workers (Table 2, Entries 8 and 9)[32]

in reactions under similar conditions (CH3CN, TBHP, 80 °C), in
which 5 mol-% of the catalysts resulted in poor conversions.
Therefore, catalyst 1 is a better catalyst than many other earlier
examples of MnII catalytic systems for the oxidation of benzyl
alcohol. The kinetics of the oxidation reaction (plot of ln [Co/Ct]
vs. time, Co = initial concentration of benzyl alcohol, and Ct =
concentration of benzyl alcohol at t) shows that the reaction
reaches the saturation point after 4 h (see Figure S9). The turn-
over frequency (TOF) of catalyst 1 is 42.5 h–1. Blank experiments
exhibited very little activity in the absence of the catalyst or
the oxidant.

Although the dimetallic MnII catalyst 1 seems to be a better
option for benzyl alcohol oxidation than the already available
homogeneous MnII catalysts, it has a few limitations. It would
be promising if 1 showed better activity with water as the sol-
vent or without the need for a solvent. We are working on these
issues to overcome the limitations of this catalytic system and
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Table 2. Catalytic potential of 1 for the oxidation of benzyl alcohol in comparison to the earlier reported catalysts.

Entry Catalyst Products Yield/selectivity [%] Total [%] Ref.

1 Catalyst 1 PhCHO 73/86 85 this work
PhCOOH 3/4
PhCH2COOPh 9/10

2 [Mn(tptz)(Cl)2(OH2)][a] PhCHO 100/100 100 [28]

3 Mn(BPMCN)(CF3SO3)2
[b] PhCHO 70/100 70 [29]

4 [Mn(C6H5COO)(H2O)(phen)2][ClO4]·CH3OH[c] PhCHO 53.4/94 57 [14a]

PhCOOH 3.6/6
5 [Mn2(μ-C6H5COO)2(bipy)4][ClO4]2

[d] PhCHO 39.2/88 44.6 [14a]

PhCOOH 5.4/12
6 [Mn(O2CCH2NH2CH2CO2)2(H2O)2]n PhCHO 81/100 81 [30]

7 [Mn(H2O)6](HL)2·4H2O[e] PhCHO 24/100 24 [31]

8 MnCl2·4H2O PhCHO 20/100 20 [32]

9 Mn(OAc)2·4H2O PhCHO 29/100 29 [32]

[a] tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine. [b] BPMCN = N,N′-dimethyl-N,N′-bis(2-pyridylmethyl)cyclohexane-(1R,2R)-diamine. [c] phen = 1,10-phenanthroline.
[d] bipy = 2,2′-bipyridyl. [e] HL = (E)-2-{2-(2-amino-1-cyano-2-oxoethylidene)hydrazinyl}benzenesulfonate.

make it more promising in terms of the choice of solvent and
activity.

Conclusions

The MnII, CoII, and NiII phosphates 1–3, incorporating Cl-terpy
and 2,6 diisopropylphenyl phosphate ligands, were synthesized
and characterized by spectroscopic and analytical methods.
Their molecular structures were confirmed by single-crystal X-
ray diffraction studies. (Table 3) Through a combined solution
ESI-MS and solid-state XRD study, it was established that the
cobalt complex 3 exhibits dimeric and monomeric structures in
these two states, respectively. Compounds 1–3 were employed
as catalysts for benzyl alcohol oxidation reactions with tert-
butyl hydroperoxide as the oxidant. The MnII compound 1 ex-
hibits better catalytic activity in terms of both selectivity and
substrate conversion compared with those of 2 and 3 under
similar conditions. The fact that complexes 1–3 acts as efficient

Table 3. Crystal data for 1 and 3.

Compound 1 3

Identification code GB-607 GB-495
Empirical formula C56H64Cl2Mn2N6O10P2 C40 H52ClCoN3O10P2

FW 1223.85 891.16
Temp. [K] 150(2) 100(2)
Crystal system triclinic triclinic
Space group P1̄ P1̄
a [Å] 11.0154(3) 10.565(3)
b [Å] 11.1189(4) 12.911(3)
c [Å] 13.9568(4) 17.085(3)
α [°] 90.187(2) 72.194(10)
� [°] 109.891(3) 73.710(11)
γ [°] 116.368(3) 85.974(15)
V [Å3] 1415.81(9) 2129.5(9)
Z 1 2
D(calcd.) [Mg/cm3] 1.435 1.390
μ [mm–1] 0.660 0.600
θ range [°] 2.216 to 24.999 2.603 to 25.000
Reflections collected 10829 16021
Independent reflections 4970 7432
GOF 1.033 1.117
R1 [I0 > 2σ(I0)] 0.0372 0.0554
wR2 (all data) 0.1004 0.1448
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catalysts for the conversion of alcohols to ketones with environ-
mentally benign TBHP as the oxidant highlights the importance
of these terpyridine-based catalysts in alcohol oxidation reac-
tions.

Experimental Section
Materials and Methods: Solvents were purified by standard proce-
dures before use. The starting materials [M(OAc)2·4H2O] (M = Mn,
Co, Ni; s.d. Fine) and Cl-terpy (Sigma–Aldrich) were procured from
commercial sources and used as received. DippH2 was synthesized
by a literature procedure.[33] 70 % aqueous TBHP was procured from
Spectrochem. All of the reactions were performed in the open at-
mosphere without any precautions to exclude air or moisture. The
melting points were measured with the compounds in glass capilla-
ries. The infrared spectra were obtained with a Perkin–Elmer Spec-
trum One FTIR spectrometer with the samples as diluted KBr discs.
Microanalyses were performed with a Thermo Finnigan (FLASH EA
1112) microanalyzer. Thermogravimetric analyses were performed
with a Perkin–Elmer Pyris thermal analysis system with the samples
under a stream of nitrogen gas at a heating rate of 10 °C/min. The
ESI-MS studies were performed with a Bruker MaXis impact mass
spectrometer. The UV/Vis spectra were recorded with a Varian Cary
Bio 100 spectrophotometer.

[M(dipp)(Cl-terpy)]2 [M = Mn (1), Ni (2)] and [Co(dippH)(Cl-
terpy)(MeOH)(H2O)]·(dippH) (3): To a stirred solution of Cl-terpy
(0.081 g, 0.3 mmol) and dippH2 (0.077 g, 0.3 mmol) in a CH3OH/
CHCl3 (1:1 v/v) solvent mixture, [M(OAc)2·4H2O] (M = Mn, 0.073 g,
0.3 mmol; M=Co, 0.074 g, 0.3 mmol; M = Ni, 0.075 g,0.3 mmol) in
CH3OH was added under constant stirring at room temperature.
The clear solution obtained in each case was filtered and kept for
crystallization at room temperature through the slow evaporation
of the solvent. Yellow and red single crystals of 1 and 3 were ob-
tained in one week, whereas 2 was obtained as a green crystalline
precipitate.

1: M.p. >250 °C. Yield 0.203 g (56 % based on dippH2).
C56H62Cl2Mn2N6O10P2 (1221.87): calcd. C 55.05, H 5.11, N 6.88; found
C 54.00, H 4.82, N 6.66. FTIR (KBr disc): ν̃ = 3410 (br), 3047 (s), 2965
(vs), 2390 (br), 1084 (s), 1012 (s), 991 (s), 899 (s), 761 (s) cm–1. ESI-
MS: calcd. for C54H54N6O8P2Mn2Cl2 [M – 2MeOH + H]+ 1157; found
1157.

2: M.p. >250 °C. Yield 0.217 g (59 % based on dippH2).
C56H62Cl2N6Ni2O10P2 (1229.41): calcd. C 54.71, H 5.08, N 6.84; found
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C 53.98, H 5.80, N 4.74. FTIR (KBr disc): ν̃ = 3410 (br), 3055 (s), 2928
(vs), 2350 (br), 112 (s), 1049 (s), 1016 (s), 881 (vs), 793 (s), 741 (s),
580 (s) cm–1. ESI-MS: calcd. for C54H54N6O8P2Ni2Cl2 [M + H]+ 1165;
found 1165.

3: M.p. >250 °C. Yield 0.130 g (49 % based on dippH2).
C40H52ClCoN3O10P2 (891.20): calcd. C 53.91, H 5.88, N 4.72; found C
53.23, H 4.92, N 6.56. FTIR (KBr disc): ν̃ = 3410 (br), 2963 (vs), 2390
(br), 1592 (s), 1162 (s), 933 (s), 925 (vs), 769 (s), 741 (s), 580 (s), 538
(s) cm–1. ESI-MS: calcd. for C54H54N6O8P2Co2Cl2 [M + H]+ 1165; found
1165.

Oxidation of Alcohols: Before the reaction, a two-necked flask was
equipped with a magnetic bar, and then the catalyst (0.5 mol-%),
CH3CN (10 mL), substrate (alcohol, 10 mmol), and 70 % aqueous
TBHP (1 equiv.) were added successively. The resultant catalytic mix-
ture was heated under reflux at 80 °C for 4 h. Aliquots were re-
moved and diluted with ethyl acetate for the GC–MS analysis. An
Agilent Technologies 5975C GC–MS system was used to monitor
the oxidation of the alcohols. Two separate blank experiments (one
without oxidant and one without catalyst) were also performed
with all other conditions unaltered.

Single-Crystal X-ray Diffraction Studies: The single-crystal X-ray
diffraction data for 1 and 3 were recorded with a Rigaku Saturn
724+ CCD diffractometer with a Mo-Kα radiation source (λ =
0.71075 Å) at 150 K. The crystal Clear-SM Expert software was used
for the data collection, and the data integration and indexing were
performed with the CrysAlisPro software suite.[34] The WinGX mod-
ule was used to perform all of the calculations.[35] The structures
were solved by direct methods with SIR-92.[36] The final structure
refinements were performed by full least-squares methods on F2

with SHELXL-2014.[37] All non-hydrogen atoms were refined aniso-
tropically. The hydrogen atoms were refined isotropically as rigid
atoms in their idealized locations.

CCDC 1571740 (for 1) and 1571741 (for 3) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.
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