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Abstract—Sodium and potassium tert-butyl peroxide hydrates 2Na+·2C4H9 ·7H2O (I) and 2K+·
2C4H9 ·4H2O (II) were prepared. According to X-ray diffraction data (CIF files CCDC no. 2081025 (I)
and no. 2081024 (II)), the compounds are coordination polymers in which alkali metal atoms have C.N.(Na)
of 6 or C.N.(K) of 6 and 8. The crystal packings comprise layers with clearly defined hydrophobic surfaces
consisting of hydrocarbon groups and hydrophilic inner areas including water molecules, alkali metal cations,
and peroxy groups of the tert-butyl peroxide anions. Compounds were characterized by vibrational spectros-
copy, 1H, 13C NMR spectroscopy, thermogravimetry, and differential scanning calorimetry.
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INTRODUCTION
The preparation methods and properties of non-

solvated organic peroxides of group I metals Li, Na,
and K (salts of organic hydroperoxides) were consid-
ered in detail in a review [1]. Organic alkali metal per-
oxides are used as efficient oxidants [2, 3], in particu-
lar for the asymmetric epoxidation of olefins [4–6],
and as the starting compounds for the synthesis of
organic peroxides of other group elements [7–9].
Often, alkali metal peroxides are formed in situ during
the syntheses. The use of the initial liquid organic
hydroperoxides in some reactions is restricted by their
low stability.

Organic alkali metal peroxides were synthesized
previously, including alkali metal salts (lithium,
sodium, potassium) of tert-butyl hydroperoxide con-
taining no solvate molecules [10–12]. However, these
compounds are hygroscopic and, therefore, unstable
[1]. Apparently, this accounts for the absence of X-ray
diffraction data for sodium and potassium tert-butyl
peroxides containing no other organic molecules.
Currently, the Cambridge Crystallographic Data Cen-
tre includes only two crystal structures containing
potassium and sodium tert-butyl peroxides stabilized
by NNNN-macrocycles [13] (ref. codes DERKET
and DERXAC, respectively). In this respect, the syn-

thesis and characterization of sodium and potassium
tert-butyl peroxides appears relevant.

EXPERIMENTAL

Commercial reagents and solvents were used for
the synthesis as received: sodium amide (95%, Acros
Organics), tert-butyl hydroperoxide (70% aqueous
solution, Acros Organics), potassium hydroxide (ana-
lytical grade, Khimmed), toluene (special purity
grade, Khimmed), ethanol (95%, Acros Organics),
and diethyl ether (analytical grade, Khimmed). The
solution of tert-butyl hydroperoxide in diethyl ether
was prepared from the aqueous solution.

Synthesis of 2Na+·2C4H9 ·7H2O (I). A 50% solu-
tion of tert-butyl hydroperoxide (1.081 g, 6 mmol) in
diethyl ether was added with stirring to a solution of
NaNH2 (0.234 g, 6 mmol) in toluene (10 mL). The
reaction mixture was evaporated on a rotary evapora-
tor in vacuum with gradual increase in the water bath
temperature to 50°C. The product was dissolved with
heating in 95% ethanol (5 mL) and filtered. After 1 h,
colorless prismatic crystals were formed. The crystals
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were separated from the mother liquor by filtration
and dried in air. The yield of I was 0.70 g (67%).

IR (ν, cm–1): 3498 s, 3200 s.br, 3065 s.br, 2978 s,
2932 s, 2286 w.br, 1722 w, 1680 m, 1633 m, 1472 m,
1440 m, 1384 m, 1358 s, 1326 w, 1253 m, 1241 m,
1195 s, 1085 w.br, 920 w, 895 m, 841 m, 755 w, 575 s.br,
526 s.br, 473 m.

1H NMR (CD3OD; δ, ppm): 1.23 s. (9H, CH3). 13C
NMR (CD3OD; δ, ppm): 25.06 m (CH3), 79.13 (C).

Synthesis of 2K+·2C4H9 ·4H2O (II). A solution of
potassium hydroxide (0.5 g, 7.58 mmol) in ethanol (5
mL) was added with stirring to a 70% aqueous solution
of tert-butyl hydroperoxide (0.975 g, 7.58 mmol). The
reaction mixture was evaporated on a rotary evapora-
tor. in vacuum The crystalline product was washed
with anhydrous ethanol and dried in air. The yield of
II was 0.85 g (68%).

IR (ν, cm–1): 3491 s, 3216 s.br, 2970 s, 2929 s,
2877 s, 1670 m.br, 1634 m.br, 1472 w, 1443 w, 1383 w,
1358 s, 1303 m, 1241 m, 1193 s, 1027 w, 921 w, 896 m,
840 m, 750 w, 562 m.br, 524 m, 472 w.

1H NMR (CD3OD; δ, ppm): 1.23 s (9H, CH3). 13C
NMR (CD3OD; δ, ppm): 25.10 m (CH3), 79.13 (C).

IR spectra were recorded on a Jasco FT/IR-
4600LE FTIR spectrophotometer in the attenuated
total reflectance (ATR) mode in the 400–4000 cm–1

range.
Elemental analysis was performed on a EuroVector

EA3000 C, H, N-analyzer.
The thermal stability of compounds was studied by

thermogravimetry (TGA) and differential scanning
calorimetry (DSC) on Shimadzu DSC-60 and DTG-
60 instruments, respectively, in an argon atmosphere
in the temperature range of 25–350°C at a heating rate
of 5°C/min.

1H and 13C NMR spectra were recorded on a
Bruker Avance 600 spectrometer (14.1 T) operating at
600.03 (1H) and 150.90 (13C) MHz using TMS as the
internal standard.

Powder X-ray diffraction data of I and II were col-
lected at room temperature on a Bruker D8 Advance
diffractometer using CuKα radiation (λ = 1.5418 Å).
The X-ray diffraction patterns were measured in the
5°–60° 2θ range under the following conditions: X-ray
tube operating voltage of 40 kV, anode current of

For C8H32O11Na2 (I)
Anal. calcd., % C, 27.42 H, 9.21
Found, % C, 27.34 H, 9.27

For C8H26O8K2 (II)
Anal. calcd., % C, 29.25 H, 7.98
Found, % C, 29.32 H, 8.07

2O−
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40 mA, radius of the goniometer of 280 mm, the
angle step of the goniometer of 0.02°, acquisition
time of 0.5 s/step. The resulting X-ray diffraction pat-
terns were analyzed using the DiffracSuite software
package.

Single crystal X-ray diffraction study of I and II was
carried out on a Bruker D8 Venture automated diffrac-
tometer equipped with a Photon II detector
(MoKα radiation, λ = 0.71073 Å graphite monochro-
mator, ω-scan mode) at 150 K. The absorption correc-
tions were applied using the measured intensities of
equivalent reflections [14]. The structures of I and II
were solved by direct methods and refined by full-
matrix anisotropic least squares method on F 2 for all
non-hydrogen atoms [15]. All hydrogen atoms were
found from difference Fourier maps and refined iso-
tropically. The crystallographic data and structure
refinement details for I and II are summarized in
Table 1; selected bond lengths and bond angles are
given in Table 2.

The structures of I and II are deposited with the
Cambridge Crystallographic Data Centre (nos.
2081025 and 2081024 respectively; deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk/).

RESULTS AND DISCUSSION
The colorless crystals of the sodium salt of tert-

butyl peroxide hydrate 2Na+·2C4H9 ·7H2O (I) were
obtained by recrystallizing the product formed in the
reaction of a diethyl ether solution of tert-butyl
hydroperoxide with a toluene solution of sodium
amide from 95% ethanol. The compound crystallizes
in space group C2/c (Table 1). The sodium cation has
a distorted octahedral environment consisting of oxy-
gen atoms of six water molecules with Na–O distances
ranging from 2.3246(5) to 2.4943(8) Å (Fig. 1). The
ONaO angles formed by oxygen atoms in trans-posi-
tions are in the range of 160.08(2)°–166.74(3)°. Two
water molecules in the cation coordination environ-
ment act as bridging ligands between neighboring
sodium cations, thus forming infinite 
polymer chains extended along the b axis with Na…Na
distances of 3.499(1) and 3.501(1) Å. The third water
molecule forms a bridge between sodium cations of
neighboring chains, thus combining the chains into
2D layers in the bc plane (Fig. 2) with the Na…Na dis-
tance of 3.990 Å.

The O–O distance in the peroxide group of the
C4H9  anion is 1.4807(8) Å, which is in line with
analogous distances in organic peroxides. The oxygen
atoms of the anion act as acceptors for the hydrogen
bonds with neighboring water molecules (Fig. 3). The
O(12) atom is involved in four medium-strength
hydrogen bonds with O…O contacts of 2.6994(9)–
2.7570(9) Å, while the O(11) atom is involved in two
weaker H-bonds (2.9992(10)–3.0515(9) Å). To our
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Table 1. Crystal data and X-ray experiment details for I and II

Parameter
Value

I II

Molecular formula C8H32O11Na2 C8H26O8K2

M 350.31 328.49
Sample size, mm 0.40 × 0.40 × 0.20 0.15 × 0.05 × 0.01
Temperature, K 150 150
System Monoclinic Triclinic
Space group С2/c P1
a, Å 27.0861(11) 5.988(2)
b, Å 6.0315(2) 10.621(4)
c, Å 11.3877(5) 13.448(5)
α, deg 90 70.631(11)
β, deg 98.1531(14) 87.984(11)
γ, deg 90 85.981(11)

V, Å3 1841.60(13) 804.9(5)

Z 4 2

ρ(calcd.), g/cm3 1.263 1.355

μ(MoKα), mm–1 0.152 0.61

F(000) 760 352
Range of θ, deg 3.04–30.48 2.91–30.77
Total number of ref lections 14306 7636
Number of unique reflections (Rint) 2692 (0.0323) 3029 (0.0565)
Number of refined parameters 160 267
R1 (I > 2σ(I)) 0.0284 0.0526
wR2 (all data) 0.0769 0.0937
GOOF 1.045 1.086

Δρmin/Δρmax, e/Å3 –0.162/0.401 –0.377/0.533

Table 2. Selected bond lengths (Å) and angles (deg) for I and II*

Bond d, Å Bond d, Å

I
Na(1)–O 2.3246(5)–2.4943(8) O(11)–O(12) 1.4807(8)

II
K(1)–O 2.591(2)–2.896(2) O(11)–O(12) 1.477(2)
K(2)–O 2.672(2)–3144(2) O(21)–O(22) 1.483(2)

Angle ω, deg Angle ω, deg

I
ONa(1)O(cis) 84.18(2)–106.00(3) C(1)O(11)O(12) 110.41(6)
ONa(1)O(trans) 160.08(2)–166.74(3)

II
OK(1)O(cis) 68.62(7)–128.71(7) OK(2)O(trans) 130.12(7)–157.88(7)
OK(1)O(trans) 144.35(7)–168.58(7) C(11)O(11)O(12) 110.8(2)
OK(2)O(cis) 31.11(5)–110.05(6) C(21)O(21)O(22) 110.8(2)
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Fig. 1. Fragment of the crystal structure of I. Thermal ellipsoids are drawn at 50% probability level. H-bonds are shown by dashed
lines. Symmetry codes used to generate equivalent atoms: i 1 – x, 1 – y, 1 – z; ii 1 – x, –y, 1 – z.
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knowledge, compound I is the first example of a struc-
ture in which the organic peroxide anion is not coor-
dinated to a metal.

The crystal packing of I consists of double layers
perpendicular to the a axis, with hydrophobic surfaces
being formed by the hydrocarbon groups of the
C4H9  anions and hydrophilic inner areas contain-

ing peroxide groups of the anions and 
layers (Fig. 4). The neighboring layers form three-
dimensional structures via weak van der Waals con-
tacts.

The reactions of tert-butyl hydroperoxide with
potassium hydroxide in water gives the hydrate of the
tert-butyl peroxide potassium salt 2K+·2C4H9 ·
4H2O (II). Compound II crystallizes in the space
group  (Table 1). The crystallographically indepen-
dent region includes two potassium cations, four water
molecules, and two tert-butyl peroxide anions, one of
which is coordinated to potassium cations (μ2-η1,η2-
OOtBu type of coordination [16]) and participates in
the formation of one H-bond as a proton acceptor.
The other anion is involved only in hydrogen bonding
to water molecules (Table 2, Fig. 5). The environment
of the K(1) cation consists of six oxygen atoms, two of
which belong to the coordinated tert-butyl peroxide
anions C4H9  (O(11)i and O(12)) and the other
belong to four coordinated water molecules (O(2),

2O ,−
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+

2O−

1P

2O−
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
O(3), O(4), and O(2)iv). The K(2) environment is
composed of eight oxygen atoms, two of which also
belong to the anion ((O(11) and O(12)) and six of
which belong to water molecules. The oxygen atoms of
water molecules (O(2)iv and O(3)) and the anion
(O(12)) occupy bridging positions between the K(1)
and K(2) cations, with K(1)…K(2) distances being
3.638(1) and 3.731(1) Å, which gives rise to chains
along the a axis. Two K(1) cations of neighboring
chains, like K(2), are joined by two bridging water
molecules, thus forming layers in the ab plane (Fig. 6),
with K(1)…K(1) and K(2)…K(2) distances being
3.484(2) and 4.345(2) Å, respectively (Table 2).

The O(11)–O(12) distance in the peroxide group of
the C4H9  anion coordinated to the cation is
1.477(2) Å, while in the anion whose oxygen atoms are
involved only in H-bonds, the O(21)–O(22) length is
1.483(2) Å. Both distances are similar to this distance
found in I. The O(22) atom serves as an acceptor of
four hydrogen bonds, while the O(21) atom is an
acceptor of two hydrogen bonds (Fig. 7). The O…O
distances for H-bonds involving O(22) atom amount
to 2.699(3)–2.849(3) Å, whereas in the case of O(21),
these distances are 2.791(3) and 3.042(3) Å. The
O(11) atom participates in the formation of a short H-
bond with a water molecule (2.554(3) Å).

The crystal structure of II, like that of I, consists of
double layers parallel to the ab plane, which have

2O ,−
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Fig. 2. Layers in the bc plane formed by [Na(H2O)6]+ subunits in the structure of I.
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hydrophobic surfaces and hydrophilic inner parts
(Fig. 8).

The powder X-ray diffraction patterns of I and II
correspond to theoretical patterns calculated from
X-ray diffraction data using the Mercury program [17]
and contain no additional reflections.

According to TGA, the weight loss of the samples
on heating to 350°C under argon is 71.4 and 61.4% for
the powders of I and II, respectively. Heating of the
RUSSIAN JOURNAL OF CO
samples is accompanied by melting followed by evap-
oration of water in the range of 60–100°C, which was
observed previously for the hydrates of peroxy com-
plexes of germanium [18, 19] and tellurium [20].
According to DSC data, several exothermic effects,
indicating decomposition of peroxy groups with oxy-
gen evolution and, possibly, subsequent reactions with
participation of oxygen, are recorded in the 100–
130°C range. For comparison, the melting point of
anhydrous lithium tert-butyl peroxide [(LiOOCMe3)2-
ORDINATION CHEMISTRY  Vol. 47  No. 10  2021
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Fig. 3. Six hydrogen bonds (shown by dashed lines) formed
by the organic peroxide anion in the structure of I.

C(2)

C(3) O(11)

O(12)

C(1)

C(4)

Fig. 4. Crystal packing of I. H-b
(HOOCMe3)2] is 67°C [12], which is close to the val-
ues found for I and II, while THF solutions of potas-
sium and sodium tert-butyl peroxides stabilized by
NNNN-macrocycles are stable only on heating to
60°C [13]; however, no thermal studies of the solid
products were carried out.

Thus, crystal hydrates of the tert-butyl peroxides of

sodium 2Na+·2C4H9 ·7H2O (I) and potassium

2K+·2C4H9 ·4H2O (II) were obtained for the first
time and characterized by X-ray diffraction. It was
shown that the amphiphilic nature of tert-butyl
hydroperoxide causes the formation of layered struc-
tures of I and II, in which the lyophilic and lyophobic
regions alternate.
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Fig. 5. Fragment of the crystal structure of II. Thermal ellipsoids are drawn at 50% probability level. H-bonds are shown by
dashed lines. Symmetry codes used to generate equivalent atoms: i 1 + x, y, z; ii 1 – x, 1 – y, 1 – z; iii –1 + x, y, z; iv 2 – x, –y, 1 – z.
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Fig. 7. Hydrogen bonds involving tert-butyl peroxide anions in II. H-bonds are shown by dashed lines.

O(22)
O(21)

O(12)
O(11)

C(14)

C(13)
C(12)

C(11)

C(21)

C(22)
C(24)

C(23)
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