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Abstract—The reaction of aqueous iron(II) sulfate with potassium pivalate in MeCN followed by removal of
the solvent and dissolution of the residue in Et3N and hexane gives a brown solution and a white precipitate.
The reaction of the mother liquor with excess 3,5-dimethylpyrazole (HDmpz) afforded the hexanuclear
complex {[Fe3(μ3-O)(μ-OOCtBu)4(OOCtBu)2(HDmpz)(μ,η5-Dmpz)(μ-K)]2 ∙ 2HDmpz} (I). The complex
was characterized by elemental analysis, IR spectroscopy, and X-ray diffraction (CIF file CCDC
no. 1956015). Complex I is formed upon deprotonation of HDmpz, which was observed for the first time in
the presence of iron carboxylates. Deprotonation gives the bridging pyrazolate anion, which assembles two
trinuclear Fe3(μ3-O)(μ-OOCtBu)4(OOCtBu)2(HDmpz) moieties into a hexanuclear cluster though unusual
η5,π-coordination with the potassium cation.
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INTRODUCTION

Iron(II, III) complexes containing carboxylate
anions and coordinated heterocyclic molecules (pyra-
zole or imidazole and their analogues) are often con-
sidered as structural analogues of the active parts of
natural metalloenzymes responsible for various cata-
lytic processes, first of all, reduction of H2O to H2,
CO2 to CO, N2 to NH3, O2 to H2O, and so on [1–8].

In addition, such complexes are actively studied as
potential molecular magnets, catalysts of various
chemical reactions, and the rectants for the synthesis
of unusual homo- and heterometallic materials,
including finely dispersed materials of various grades
formed upon reduction in a hydrogen atmosphere or
thermolysis [9–11].

Previously, it was found that heterocyclic 3,5-
dimethylpyrazole (HDmpz) can be deprotonated
under mild conditions in the presence of simple lan-
tern dimers M2(μ-OOCtBu)4(NEt3)2 (M = Zn,
Co(II)) to give the bridging pyrazolate dimers M2(μ-
Dmpz)2(HDmpz)2(OOCtBu)2, which are protonated
with strong trif luoromethanesulfonic acid to give the
complexes [M2(μ-OOCtBu)2(HDmpz)4]Otf2 contain-
ing the MO2N2 coordination unit, which is present in
the active part of natural metalloenzymes [12].

This communication describes an approach to the
synthesis of iron(II) pivalate-based pyrazolate-
bridged complexes and structure of the product
{[Fe3(μ3-O)(μ-OOCtBu)4(OOCtBu)2(HDmpz)(μ,η5-
Dmpz)(μ-K)]2 ∙ 2HDmpz} (I) formed in the reaction
between aqueous iron sulfate and potassium pivalate
in acetonitrile followed by the reaction with triethyl-
amine and HDmpz.

EXPERIMENTAL
All operations on the synthesis and isolation of the

complex were carried out in a pure argon atmosphere
using anhydrous solvents.

Synthesis of complex I. Dry powders of FeSO4 ∙
7H2O (1.00 g, 3.60 mM) and KOOCtBu (0.76 g,
5.42 mM) were placed into a two-necked flask, evac-
uated, and dissolved in anhydrous acetonitrile
(20 mL). The obtained slightly brown-colored solu-
tion was filtered to remove a white precipitate. The fil-
trate was concentrated to dryness in water jet pump
vacuum, and (partially soluble) Et3N (1 mL) and hex-
ane (20 mL) were successively added. The brown solu-
tion was mixed with a solution of HDmpz (0.53 g,
5.51 mM) in hexane (5 mL). The reaction mixture was
concentrated to ~15 mL and kept at room temperature
for 24 h. The brown single crystals thus formed were
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Table 1. Crystallographic parameters and structure refine-
ment details for complex I

Parameter Value

M 2433.77
Color Brown
T, K 150(2)
System Triclinic
Space group P1
a, Å 11.448(2)
b, Å 14.618(3)
c, Å 21.660(4))
α, deg 90.78(3)
β, deg 97.58(3)
γ, deg 110.31(3)

V, Å3 3362.8(13)

Z 1

ρ(calcd.), mg/m3 1.202

μ, mm–1 0.758

F(000) 1288
Crystal size, mm 0.24 × 0.22 × 0.20
Range of θ, deg 1.48–26.00
Ranges of reflection indices –13 ≤ h ≤ 14,

–16 ≤ k ≤ 18,
–26 ≤ l ≤ 26

Number of ref lections 12781
Number of unique
reflections (Rint)

3803 (0.1254)

GOOF 0.908
R (I > 2σ(I)) R1 = 0.0763,

wR2 = 0.1738
R (for all reflections) R1 = 0.2243,

wR2 = 0.2305
Residual electron density 
(min/max), e/Å3

0.570/–0.693
separated from the mother liquor by decantation,
washed with cold hexane, and dried in an argon flow.
The yield of the single crystalline product was 0.3 g
(25%).

IR (KBr; ν, cm–1): 3021 w, 2957 w, 2870 w, 1591 m,
1567 m, 1524 w, 1483 m, 1419 s, 1355 m, 1333 m,
1304 m, 1224 s, 1082 s, 1032 s, 784 m, 735 m, 659 vw,
562 w.

For C100H170N12O30K2Fe6

Anal. calcd., % C, 49.35 H, 7.04 N, 6.91
Found (powder), % C, 48.02 H, 6.95 N, 4.88
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IR spectra of crystalline samples were measured in
the 4000–550 cm–1 range in KBr pellets on a NEXUS
FT IR spectrometer (NICOLET) with a MIRacle
attachment (Pike Technologies) equipped with a dia-
mond crystal.

X-ray diffraction study of I was carried out by a
standard procedure on a Bruker SMART Apex II
automated diffractometer equipped with a CCD array
detector (MoKα, λ = 0.71073 Å, graphite monochro-
mator, ω scan mode) at T = 150 K. The structure was
solved using the SHELXTL PLUS software package
(PC version) and refined using the SHELXTL-97
paclage [13–16]. The hexane molecule disordered
over several positions was removed from the refine-
ment using the SQUEEZE software. The crystal data
and structure refinement details are summarized in
Table 1 and key geometric parameters of the complex
are in Table 2.

The full tables of atomic coordinates, bond lengths,
and bond angles are deposited with the Cambridge
Crystallographic Data Centre (CCDC no. 1956015;
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.
uk/data_request/cif).

RESULTS AND DISCUSSION
The reaction of aqueous iron(II) sulfate with potas-

sium pivalate (1 : 2) in acetonitrile at room tempera-
ture followed by complete removal of the solvent and
dissolution of the residue in triethylamine and hexane
afforded a brown solution and a white precipitate. The
reaction of the thus obtained solution with excess
HDmpz and crystallization at room temperature give
hexanuclear complex I as brown single crystals in 25%
yield.

According to X-ray diffraction data, in the inde-
pendent part of cluster I (Fig. 1, Tables 1, 2), three iron
atoms separated by nonbonding distances
(Fe(1)···Fe(2), 3.2767(9); Fe(1)···Fe(3), 3.2501(9);
Fe(2)···Fe(3), 3.2834(9) Å) are linked by the tridentate
bridging oxygen atom (Fe(1)–O(15) 1.897(5), Fe(2)–
O(15) 1.855(5), Fe(3)–O(15) 1.914(5)Å; the deviation
of the O(15) atom from the Fe3 plane is 0.030 Å). The
Fe(2) atom containing an HDmpz molecule in the
axial position (Fe(2)–N(1) 2.152(7) Å) is linked to
each of the other two iron atoms by two μ-pivalate
anions (Fe(2)–O 1.996(6)–2.012(6), Fe(1)–O
2.003(6), 2.036(6), Fe(3)–O 2.007(6), 2.024(6) Å)
and has a distorted octahedral environment. The
Fe(1) and Fe(3) atoms have analogous environment.
Apart from the μ3-oxygen atom and the oxygen atoms
of the pivalate bridges (Fe(1)–O(5), 2.056(6); Fe(3)–
O(6), 2.057(6) Å), it is formed by nitrogen atoms of
the deprotonated bridging pyrazolate anion (Fe(1)–
N(3), 2.105(7); Fe(3)–N(4), 2.084(7) Å) and by oxy-
gen atoms of the terminal OOCtBu anion (Fe(1)–
O(7), 1.935(6); Fe(3)–O(13), 1.949(5)Å). The unco-
ordinated oxygen atoms of the terminal pivalate anions
OORDINATION CHEMISTRY  Vol. 46  No. 2  2020
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Table 2. Selected bond lengths and bond angles for complex I
Bond d, Å Bond d, Å

Fe(1)–O(15) 1.897(5) Fe(1)–O(7) 1.935(6)
Fe(1)–O(3) 2.003(6) Fe(1)–O(1) 2.036(6)
Fe(1)–O(5) 2.056(6) Fe(1)–N(3) 2.105(7)
Fe(2)–O(15) 1.855(5) Fe(2)–O(11) 1.996(6
Fe(2)–O(9) 1.995(5) Fe(2)–O(4) 2.004(6)
Fe(2)–O(2) 2.012(6) Fe(2)–N(1) 2.152(7)
Fe(3)–O(15) 1.914(5) Fe(3)–O(13) 1.949(5)
Fe(3)–O(12) 2.007(6) Fe(3)–O(10) 2.024(6)
Fe(3)–O(6) 2.057(6) Fe(3)–N(4) 2.084(7)
Fe(3)–K(1) 3.836(3) K(1)–O(8) 2.593(6)
K(1)–O(14) 2.627(6) K(1)–O(14) 2.733(6)
K(1)–O(6) 2.812(6) K(1)–N(4) 2.854(7)
K(1)–N(3) 2.866(7) K(1)–C(36) 3.126(10)
K(1)–C(39) 3.155(9) K(1)–C(38) 3.288(9)
K(1)–C(11) 3.291(9) K(1)–C(13) 3.467(10)
K(1)–C(35) 3.537(11) O(14)–K(1)) 2.627(6)
N(1)–N(2) 1.325(8) N(3)–N(4) 1.373(8)
N(5)–N(6) 1.322(10)

Angle ω, deg Angle ω, deg

O(15)Fe(1)O(7) 170.5(2) O(15)Fe(1)O(3) 96.9(2)
O(7)Fe(1)O(3) 91.8(2) O(15)Fe(1)O(1) 94.4(2)
O(7)Fe(1)O(1) 90.0(2) O(3))Fe(1)O(1) 86.1(2)
O(15)Fe(1)O(5) 87.7(2) O(7)Fe(1)O(5) 84.6(2)
O(3)Fe(1)O(5) 167.6(2) O(1)Fe(1)O(5) 82.0(2)
O(15)Fe(1)N(3) 85.1(2) O(7)Fe(1)N(3) 92.0(3)
O(3)Fe(1)N(3) 84.1(3) O(1)Fe(1)N(3) 170.1(3)
O(5)Fe(1)N(3) 107.9(3) O(15)Fe(2)O(11) 96.5(2)
O(15)Fe(2)O(9) 96.5(2) O(11)Fe(2)O(9) 88.4(2)
O(15)Fe(2)O(4) 91.4(2) O(11)Fe(2)O(4) 89.3(2)
O(9)Fe(2)O(4) 171.9(2) O(15)Fe(2)O(2) 93.5(2)
O(11)Fe(2)O(2) 169.5(2) O(9)Fe(2)O(2) 87.3(2)
O(4)Fe(2)O(2) 93.6(2) O(15)Fe(2)N(1) 171.0(2)
O(11)Fe(2)N(1) 86.7(3) O(9)Fe(2)N(1) 92.0(3)
O(4-Fe(2)N(1) 80.2(3) O(2)Fe(2)N(1) 83.9(3)
O(15-Fe(3)O(13) 178.5(3) O(15)Fe(3)O(12) 95.0(2)
O(13-Fe(3)O(12) 86.3(2) O(15)Fe(3)O(10) 92.1(2)
O(13)Fe(3)O(10) 88.6(2) O(12)Fe(3)O(10) 88.9(2)
O(15)Fe(3)O(6) 92.5(2) O(13)Fe(3)O(6) 86.2(2)
O(12)Fe(3)O(6) 172.0(2) O(10)Fe(3)O(6) 88.3(2)
O(15)Fe(3)N(4) 85.0(2) O(13)Fe(3)N(4) 94.2(2)
O(12)Fe(3)N(4) 93.4(3) O(10)Fe(3)N(4) 176.4(3)
O(6)Fe(3)N(4) 89.8(2) O(15)Fe(3)K(1) 101.06(16)
O(13)Fe(3)K(1) 77.51(18) O(12)Fe(3)K(1) 134.63(17)
O(10)Fe(3)K(1) 131.94(18) O(6)Fe(3)K(1) 45.61(16)
N(4)Fe(3)K(1) 46.97(19) O(8)K(1)O(14) 110.2(2)
O(8K(1)O(14) 151.1(2) O(14)K(1)O(14) 92.81(19)
O(8K(1)O(6) 84.49(19) O(14)K(1)O(6) 155.03(18)
O(14)K(1)O(6) 68.16(18) O(8)K(1)N(4) 98.01(19)
O(14)K(1)N(4) 131.7(2) O(14)K(1)N(4) 77.84(19)
O(6)K(1)N(4) 62.07(19) O(8)K(1)N(3) 71.90(19)
O(14)K(1)N(3) 133.4(2) O(14)K(1)N(3) 105.3(2)
O(6)K(1)N(3) 69.6(2) N(4)K(1)N(3) 27.77(17)
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Fig. 1. Structure of the independent part of complex I.
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Fig. 2. Structure of cluster I. For clarity, only the central carbon atoms are shown for the tert-butyl substituents of carboxylate
anions, and the methyl groups of HDmpz and hydrogen atoms are omitted. The oxygen atoms are shown in red, the nitrogen
atoms are blue, and the carbon atoms are gray.
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Fe(3)

Fe(2)

Fe(2A)
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O(14)
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K(1)
have contacts with the potassium cation (K(1)···O(8),
2.593(6); K(1)–O(14), 2.733(6) Å), which is coordi-
nated in the η5,π fashion to delocalized π-electron
density of bridging Dmpz (K(1)···N, 2.854(7),
2.866(7); K(1)···C, 3.126(10)–3.288(9) Å). The nitro-
gen–nitrogen bond in the pyrazolate anion
(1.373(8) Å) is noticeably elongated compared with
the bonds in coordinated (1.325(8) Å) and solvation
RUSSIAN JOURNAL OF C
pyrazoles (1.322(10) Å). The potassium cation is also
bonded to the O(14A) oxygen atom (K(1)–O(14A),
2.627(6) Å), which belongs to another molecule of the
Fe3 triangle, thus furnishing hexanuclear cluster I
(Fig. 2).

The unit cell of complex I contains two pyrazole
solvate molecules, the NH groups of which are hydro-
OORDINATION CHEMISTRY  Vol. 46  No. 2  2020
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Fig. 3. Packing of the molecules of I in the crystal. For clarity, only the central carbon atoms are shown for the tert-butyl substit-
uents of carboxylate anions. The iron atoms are shown in brown, the oxygen atoms are red, the nitrogen atoms are blue, and the
carbon atoms are gray.
gen-bonded to the oxygen atom of the bridging piva-
late anion (N(5)···O(1), 2.899(8) Å). The pyrrole
nitrogen atoms are connected to the NH groups of the
coordinated Dmpz (N(6)···N(2) 3.164(11) Å), which
is in turn connected to the oxygen atom of bridging
carboxylate group (N(2)···O(4), 2.830(9) Å) (Fig. 1).

In the crystal, molecules are localized and do not
form noticeable contacts (Fig. 3).

No structurally characterized iron carboxylate
complexes containing bridging pyrazolate anions are
known. However, a number of compounds with other
anions have been obtained in the reactions of iron(II,
III) halides with alkali metals pyrazolates and by
deprotonation of pyrazoles during the synthesis. For
example, the reaction of Fe(NO)I with NaDmpz give
the pyrazolate-bridged Fe2(μ-Dmpz)2(NO)4 dimer
with Fe–N bond lengths of 2.009(5) Å and metal–
metal distance of 3.3359(3) Å [17]. Deprotonation of
unsubstituted pyrazole (HPz) with ferrocene for 5 days
at 145°C in vacuum results in the formation of pyra-
zolate-bridged unsubstituted pyrazole polymer
[Fe(Pz)2]n (Fe–N 2.027(1) Å) [18]. The other synthe-
sized compounds are trinuclear iron(III) complexes
Fe3(μ3-O)(μ-4-RPz)6X3 (R = NO2, X = Br [19], NCS
[20], tetranuclear complexes [LFe3(μ-3-
PhPz)3OFe][OTf]2 (L is the ligand based on the 1,3,5-
triarylbenzene moiety [21]), and pyrazolate-bridged
clusters containing a cubane metal core, Fe4(μ3-O)4,
Fe8(μ4-O)4(μ-Pz)12Cl4 [22] and Fe8(μ4-O)4(μ-4-
RPz)12X4, (X = Cl, Br; R = H, Me, Cl, tBu) [23–25].

It was shown that iron(II) carboxylates containing
sterically congested 2,6-di(para-tolyl)benzoate and
2-phenylbenzoate anions react with HDmpz to give
mononuclear and binuclear complexes with the Chi-
nese lantern structure and coordinated pyrazole mol-
ecules. These complexes are considered as structural
analogues of the active part of natural metalloenzymes
[26–29].
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
It is also known that pyrazolate anions can act as
η5,π-ligands, for example, in [Na(Dmpz)(Thf)]4,
[Na{Al(Dmpz)2Me2}]n [28]; Na(η6-PhMe){Ln(3,5-
tBu2Pz)4} (Ln = Tb, Ho), [K(η6-PhMe){Ln(3,5-
tBu2Pz)4}] ∙ 2PhMe (Ln = La, Sm, Tb, Yb, Lu) (K–N,
2.83(1)–3.01(1); K–C, 3.07(1)–3.41(1) Å [30];
K[(OC)3Mn(μ-Pz)3Mn(CO)3], in which the potas-
sium cation occupies a bridging position and is con-
nected to four bridging pyrazolate anions of two Mn2
dimers (K–Pz center, 2.903–3.371 Å) [31]; and
(Thf)6Ba6(Dmpz)8{(OSiMe2)2O}2 [32]. Note that the
K–η5,π-RPz distances in these complexes are quite in
line with the distances in cluster I.

Thus, as a result of this study, we found that the
reaction of aqueous iron(II) sulfate with potassium
pivalate in the presence of Et3N as a deprotonating
agent and HDmpz conducted under mild conditions
gives, instead of the expected binuclear complex
M2(μ-Dmpz)2(HDmpz)2(OOCtBu)2 analogous to
zinc and cobalt complexes, an unusual cluster,
{[Fe3(μ3-O)(μ-OOCtBu)4(OOCtBu)2(HDmpz)(μ,η5-
Dmpz)(μ-K)]2 ∙ 2HDmpz}, as a final reaction prod-
uct, which results from partial oxidation of the metal
atoms linked to the strong donor pivalate anions.
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