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Abstract. The symmetric spiro-selenurane derived from ethylene
glycol, 1,4,6,9-tetraoxa-5λ4-selena-spiro[4.4]nonane, was prepared
from selenium tetrachloride and ethylene glycol and its molecular
structure was determined by single crystal X-ray diffraction. NBO
analyses for the title compound and a related compound were con-

Introduction

The structure and bonding of tetracoordinate selenium
compounds is a significant issue in bonding theory. Accord-
ing to the diagonal relationship between phosphorus and
selenium, the chemistry of these compounds bears an
interesting feature when considering the evidence for the
transitional pentavalency of phosphorus in the course of
phosphotransferyl reactions or the hydrolysis of esters of
orthophosphoric acid in vivo [1�3]. Higher oxidation states
of selenium, which is known to be an essential element for
the reproductive capability of many organisms [4], may be
intermediates in the metabolism of this element. Polyols and
carbohydrates offering various bonding sites with their oxy-
gen donor functions appear to be reasonable bonding part-
ners for selenium in living organisms. However, this area of
selenium chemistry requires further investigation.

The simplest symmetric spiro-selenurane derived from a
vicinal diol was first prepared by Paetzold and Reich-
enbächer from selenium tetrachloride and ethylene glycol
and later by Denney et al. by the same synthetic approach
[5, 6]. As of today, the molecular structure of this com-
pound, Se(C2H4O2)2 (1), has not been elucidated by means
of single crystal X-ray analysis. However, the crystal struc-
ture of a similar compound applying pinacol as the chelat-
ing diol, Se(C6H12O2)2 (2), was published by Day and
Holmes [7]. These authors assigned the detected pseudo-
trigonal-bipyramidal coordination polyhedron around the
selenium atom to the presence of a stereochemical active
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ducted to assess the role of the stereochemical active lone pair on
the selenium atom on the structure.

Keywords: Selenium; Structure elucidation; Density functional
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lone pair at the selenium(IV) center. In a program to de-
velop a carbohydrate chemistry of the non-metallic p-block
elements, we succeeded in the crystallization of the parent
compound 1. We thus report herein the molecular param-
eters of this spiro-selenurane and interpret the structure in
light of a computer-chemical analysis using the natural-
bond-orbital (NBO) approach. The compound is also
characterized by means of melting point measurement,
NMR, IR, Raman, UV/Vis, and mass spectrometry as well
as elemental analyses.

Experimental Section

General Aspects

Selenium tetrachloride was obtained from Aldrich (reagent grade)
and used without further purification. Ethylene glycol (reagent
grade) was supplied by Fluka and dried over molecular sieves (3 Å).
Tetrahydrofuran (reagent grade) was obtained from Fluka and
dried over molecular sieves (4 Å). Triethylamine (reagent grade)
was obtained from Riedel-de-Haën and stored over potassium hy-
droxide pellets prior to use. A detailed description of the exper-
imental procedure is given due to the partial and scarce descrip-
tions in the literature.

Physical measurements

1H NMR spectra were measured with a Jeol Eclipse 400 spec-
trometer at 400 MHz and are referenced to internal tetramethyl-
silane. 13C NMR spectra were measured with a Jeol Eclipse 400
spectrometer at 101 MHz and are referenced to internal tetra-
methylsilane. 77Se NMR spectra were recorded with a Jeol Eclipse
400 spectrometer at 76 MHz and are referenced to external dimeth-
ylselan. Mass spectra were recorded with a JEOL JMS-700 spec-
trometer. IR spectra were recorded with a Perkin Elmer Spectrum
BX FT-IR spectrometer with a DuraSamplIR II ATR unit. Raman
spectra were measured with a Perkin Elmer 2000 NIR-FT spec-
trometer. UV/VIS spectra were measured with a CARY 50 Bio UV-



R. Betz, M. Pfister, M. M. Reichvilser, P. Klüfers

Visible spectrometer in quartz glass cuvettes. Elemental analysis
was done on a Vario Elementar EL apparatus. The content of sel-
enium was determined by ICP-AES on a Varian-VISTA Simultan
spectrometer. The melting point was obtained on a Büchi-540 ap-
paratus and is uncorrected.

DFT calculations and NBO analyses

The geometries of 1 and 2 were optimized with Gaussian03 [8] at
the B3LYP/6-31�G(2d,p) level of theory with very tight conver-
gence criteria and an ultrafine integration grid. Frequency analyses
were performed to ensure that the obtained geometries represent
minima on the potential energy hypersurface. The bonding situ-
ation was investigated by means of natural bond orbital analyses
[9].

Crystallography

Intensity data were collected using an Oxford XCalibur 3 dif-
fractometer (Mo-Kα radiation, λ � 0.71073 Å) at 200 K. The
structure was solved using the program SIR-97 [10] and refined
with SHELXL-97 [11]. The molecular diagram was prepared with
ORTEP III [12].

Preparation of 1,4,6,9-Tetraoxa-5λ4-selena-
spiro[4.4]nonane, Se(C2H4O2)2 (1)

A three-necked flask (500 mL) equipped with two dropping funnels
and a pressure equalizing valve was charged under nitrogen with
selenium tetrachloride (7.15 g, 32.4 mmol) and tetrahydrofuran
(155 mL). After the complete dissolution of selenium tetrachloride,
ethylene glycol (3.61 mL, 4.02 g, 64.8 mmol) was added dropwise
over 10 minutes. After the addition was completed, the reaction
mixture was cooled to �40 °C and a solution of triethylamine
(18.06 mL, 13.15 g, 130 mmol) in tetrahydrofuran (65 mL) was
added over the course of 30 minutes. A heavy, colorless solid sepa-
rated from the reaction mixture immediately. The colorless suspen-
sion was then stirred for another 30 minutes with persistent cool-
ing, separated from the solid by filtration under nitrogen and
concentrated to approximately one fifth of its volume under
reduced pressure. Upon storage at �25 °C colorless platelets were
obtained, yield 2.44 g, 12.3 mmol, 38.0 %. Melting point:
99.2�101.7 °C (lit.: 102 °C [5]).Elemental analysis found (calcu-
lated for C4H8O4Se): C 23.80 % (24.13 %), H 4.13 % (4.05 %).
1H NMR (CDCl3, 399.8 MHz, 21 °C): δ � 4.18�4.11 (m, 4 H, CH2),
4.00�3.93 (m, 4 H, CH2). 13C NMR (CDCl3, 100.5 MHz, 23 °C): δ � 65.4
(CH2). 77Se NMR (CDCl3, 76.2 MHz, 23 °C): δ � 1255. ICP-AES, found
(calculated for C4H8O4Se): Se 43.84 % (39.67 %); sensitivity of compound
against hydrolysis hampered preparation of sample. MS (CI�, isobutane):
201 ([M�H]�). IR (neat): ν � 2990 (w, CH2), 2952 (m, CH2), 2936 (m, CH2),
2878 (s, CH2), 1465 (w), 1357 (w), 1336 (w), 1324 (w), 1220 (m), 1212 (m),
1120 (m), 1089 (w), 1044 (m), 1023 (s), 908 (s), 892 (m), 880 (m) cm�1.
Raman (neat): ν � 2992 (39, CH2), 2981 (25, CH2), 2965 (43, CH2), 2880
(35, CH2), 1469 (20), 1460 (17), 1366 (9), 1337 (5), 1215 (14), 1120 (6), 1002
(7), 922 (18), 887 (6), 649 (58), 640 (55), 605 (100), 586 (22), 493 (8), 471
(28), 439 (50), 430 (74), 348 (14), 290 (5), 192 (3), 160 (5) cm�1. UV/Vis
(acetonitril): 220.0 nm; UV/Vis (cyclohexane): 219.1 nm.

Crystal structure determination

1: C4H8O4Se, Mr � 199.06 g mol�1, colorless block, 0.28 � 0.19
� 0.18 mm, monoclinic, P21/c, a � 7.908(5), b � 6.670(5), c �

13.218(5) Å, β � 114.33(2)°, V � 635.3(7) Å3, Z � 4, ρ � 2.081 g
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cm�3, T � 200(2) K, μ(MoK�) � 5.850 mm�1, numerical absorp-
tion correction, Oxford XCalibur 3, MoK� radiation (λ �

0.71073 Å), θ range � 4.03�27.57°, 3513 refls., 1463 independent
and used in refinement, 1006 with I � 2σ(I), Rint � 0.0319, mean
σ(I)/I � 0.0359, 83 parameters, R(Fobs) � 0.0287, Rw(F2) � 0.0743,
S � 0.975, min. and max. residual electron density: �0.908/0.473 e
Å�3, max. shift/error � 0.001.

Crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
CCDC-656365. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: int.code�(1223)336-033; e-mail for inquiry:
file-server@ccdc.cam.ac.uk).

Results and Discussion

Crystal structure analysis

The title compound was prepared according to the pro-
cedure outlined by Paetzold and Reichenbächer in a one-
step procedure upon the reaction of selenium tetrachloride
and ethylene glycol [5]. The results of a single-crystal X-
ray study show the selenium atom as the center of a spiro
compound (Figure 1). The seesaw-shaped molecules show
axial Se-O distances that are slightly longer than the corre-
sponding distances in the equatorial plane (for selected av-
erage bond lengths and angles see Table 1). The values for
Se-O distances in 1 are similar to those observed for the
pinacol-derived spiro-selenurane Se(C6H12O2)2 (2) [7]. Small
differences are observed for the Oax-Se-Oax angle � which
is closer to linearity in 1 � and the Oeq-Se-Oeq angle, which

Figure 1 Structure of Se(C2H4O2)2 (1) (50 % probability ellip-
soids). For selected average bond lengths and angles cf. Table 1.
Selected individual bond lengths (in Å) and angles (in °): Se-O11
1.874(2), Se-O12 1.780(2), Se-O21 1.863(2), Se-O22 1.791(2), O21-
Se-O11 167.8(1), O12-Se-O22 103.9(1).
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deviates more from 120° than the corresponding angle in 2.
Both five-membered rings adopt an envelope conformation
(ring puckering analysis [13]: Se-O11-C11-C12-O12: Q2 �
0.384(4) Å, ϕ2 � 252.4(4)°, envelope on C11; Se-O21-C21-
C22-O22: Q2 � 0.384(4) Å, ϕ2 � 250.6(4)°, envelope on
C21.)

NMR properties and hydrolytic stability

13C NMR spectra of dissolved crystals of 1 in CDCl3 show
only one resonance. A comparison with the chemical shift
of pure ethylene glycol in the same solvent shows that upon
bonding to selenium the carbon resonances are shifted
about 1.7 ppm downfield. 1H NMR spectra of the same
sample showed a complex but symmetric multiplet pattern.
The downfield shift for the protons in comparison to neat
ethylene glycol ranks from 0.22 to 0.47 ppm.

1 is rather unstable against hydrolysis and quickly decom-
poses in solution and in the solid state: when exposed to
air, crystals of 1 lose their brilliance and deliquesce within
minutes. Simultaneously, a gradually intensifying reddish
color and a garlic-like odor appear. When a sample was
exposed to air for some minutes in an NMR tube, reson-
ances attributable to the cyclic selenite of ethylene glycol
became apparent in terms of 1H, 13C, and 77Se NMR spec-
tra.

DFT results and NBO analyses

Geometry optimization was performed at the B3LYP/6-
31�G(2d,p) level of theory. Frequency analyses for both
optimized structures did not show imaginary frequencies
below �6 cm�1. The calculated bond lengths and angles
are consistent with the experimental data from the X-ray
structure analyses. Numerical data are given in Table 1.

An analysis of the bonding situation reveals practically
identical results for 1 and 2. Therefore the following dis-
cussion is based on the values of the ethylene glycol deriva-
tive 1 only. In a molecular-orbital approach, axially ori-
ented O and Se p orbitals contribute to several canonical
MOs in the sense of a 4e-3c bond. An MO associated with
the Se lone pair is characterized by a dominant contri-
bution of the Se 4s AO.

Figure 2 Isocontour plots of selected natural bond orbitals in 1. Isolines are drawn at 0.03, 0.08, 0.13 and 0.18. The drawing plane
contains both axial oxygen atoms and the central selenium atom (crossed circles). (a) lone pair on Se, (b, c) Se-Oax bonding s orbitals,
(d) Se-Oax antibonding σ* orbital, (e) Se-Oeq bonding s orbitals, (f) Se-Oeq antibonding σ* orbitals.

Z. Anorg. Allg. Chem. 2008, 1393�1396 © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.zaac.wiley-vch.de 1395

Table 1 Comparison of selected average experimental bond
lengths and angles (XRD) for Se(C2H4O2)2 (1) and Se(C6H12O2)2

(2) [7] with the corresponding parameters calculated at the B3LYP/
6-31�G(2d,p) level of theory.

1 2

XRD DFT XRD DFT
d(Se-Oax)/Å 1.87 1.87 1.87 1.87
d(Se-Oeq)/Å 1.79 1.81 1.78 1.80
<(Oax-Se-Oax)/° 167.8 167.7 165.8 166.7
<(Oax-Se-Oeq)/° 86.0 86.2 86.0 86.1
<(Oeq-Se-Oeq)/° 103.9 103.0 110.0 107.4

Similar results were obtained by using a localized ap-
proach. In the framework of natural bond orbital (NBO)
analysis [9], the Se-O bonds are markedly heteropolar, the
relatively small contribution of the Se orbitals being domi-
nated by 4p AOs. Thus the equatorial bonds (23 % Se
character) resemble a s0.08p0.81d0.11 hybridization, whereas
a s0.08p0.68d0.25 hybridization is assigned to the still more
polar axial bonds (16 % Se character). In agreement with
the MO approach, the lone pair on selenium is found to
show a s0.76p0.24 hybridization. The d-AO contribution to
the hybrid orbitals stems exclusively from low-populated
Rydberg orbitals which � in conjunction with the highly
ionic character of the Se-O bonds � leads to no actual val-
ence-shell d-orbital occupation. Accordingly, a natural
population analysis (NPA) reveals an overall Se-AO contri-
bution where the d participation does not exceed a value
that might be expected if diffuse functions are provided
(s1.70p2.29d0.04).

Figure 2 shows isocontour plots of selected natural or-
bitals. As expected, the axial 4e-3c-bond region can not be
treated as straightforward in the localized NBO approach,
as the equatorial bonds which better tolerate a 2e-2c for-
malism. Thus a second-order-perturbation-theory analysis
reveals that there are energetically favorable σ�σ* interac-
tions (negative hyperconjugation) between occupied Se-O
bonding orbitals and the adjacent antibonding Se-O or-
bitals. As expected, due to their approximated collinearity,
the two possible interactions between an axial bonding (b)
and the opposed antibonding Se-O orbitals (d) give rise to
the largest two-electron stabilization energies, which are
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349 kJ mol�1. The corresponding energy for each of the
four possible interactions between equatorial Se-O bonds
(e) and antibonding axial orbitals (d) is 234 kJ mol�1. The
third possible type of interaction, which gives rise to two-
electron stabilization energies of 180 kJ mol�1, is a delocal-
ization from axial bonding Se-O orbitals (b, c) to equatorial
antibonding orbitals (f). The marked stereochemical ac-
tivity of the slightly decentered lone pair (a) on selenium
is obvious.

As a result, the bonding situation in 1 might be described
by assuming a nearly non-hybridized Se atom forming two
2e-2c Se-O bonds to the O atoms in the equatorial plane
and a 4e-3c Se-O bond along the linear O-Se-O fragment.
The lone pair is located mainly in the Se 4s orbital but is
decentered by a considerable 4p contribution. Accordingly,
the Oax atoms are bent away from the thus weakly stereoch-
emically active Se lone pair.

Conclusions

The X-ray analysis of 1,4,6,9-tetraoxa-5λ4-selena-spiro-
[4.4]nonane provides information about the metrical
properties of the coordination environment and the bond-
ing of the selenium atom. An NBO treatment shows the
highly heteropolar character of the Se-O bonds and the
dominant s character of the selenium lone pair. With this
structural knowledge at hand, the optimum O-atom pattern
that has to be provided by a chelating carbohydrate ligand
can be derived.
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