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Abstract

The sodium complexes [NaC5H5(15-crown-5)] (1a), [NaC9H7(15-crown-5)] (1b), and [NaC13H9(15-crown-5)] (1c, C5H5=cy-
clopentadienyl, C9H7= indenyl, C13H9=fluorenyl) were synthesized from NaC5H5, NaC9H7, NaC13H9, and 15-crown-5. Single
crystal X-ray diffraction analyses were carried out for all three compounds 1a, 1b, 1c, and show that monomeric units were
present in the solid state with the organic aromatic anion coordinated to the sodium cation via the five-membered ring. © 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

Sodium cyclopentadienide, indenide, and fluorenide
are beside the lithium compounds the most important
precursors in the organometallic chemistry of the cy-
clopentadienyl (C5H5), indenyl (C9H7), and fluorenyl
(C13H9) ligand [1]. Due to their unique structural prop-
erties, sodium cyclopentadienide and the benzo-anel-
lated analogs have also attracted much interest. In the
solid state, base-free NaC5H5 forms a polymeric multi-
decker structure [2] whereas NaC13H9 crystallizes in a
salt-like fashion which can be formulated as
Na2[Na(C13H9)3] [3]. The solid-state structure of base-
free NaC9H7 is unknown. Nitrogen- or oxygen-contain-
ing Lewis bases are able to break down the polynuclear
structures of the above mentioned organo-sodium com-
pounds to aggregates with a lower nuclearity. Mononu-
clear sodium complexes, for example, have been
obtained by the reaction of NaC9H7 or NaC13H9 with
N,N,N �,N�,N�-pentamethyldiethylene triamine
(PMDTA) yielding the compounds [NaC9H7(PMDTA)]
[4] and [NaC13H9(PMDTA)] [5]. A monomeric

[NaC5H5(L)] (L=amine or ether ligand) is still un-
known [6], while for lithium the compound [LiC5H5(12-
crown-4)] was described by Jutzi et al. [7]. Recently we
reported on monomeric potassium [8], rubidium, and
cesium complexes [9] with the cyclopentadienyl, in-
denyl, and fluorenyl ligand. These complexes were syn-
thesized by cleaving the polymeric structures of
base-free MC5H5, MC9H7, and MC13H9 (M=K, Rb,
Cs) with the crown ether 18-crown-6 yielding the
monomeric compounds [MC5H5(18-crown-6)], [MC9H7-
(18-crown-6)] and [MC13H9(18-crown-6)].

In this work, we report on the synthesis and structure
of monomeric sodium complexes with the macrocyclic
Lewis base 15-crown-5.

2. Results and discussion

2.1. Synthesis and NMR spectroscopy

The reaction of NaC5H5, NaC9H7, and NaC13H9

with 15-crown-5 in tetrahydrofuran yielded the com-
plexes [NaC5H5(15-crown-5)] (1a), [NaC9H7(15-crown-
5)] (1b), and [NaC13H9(15-crown-5)] (1c) as slightly red
(1a), green (1b), and yellow (1c) crystalline solids. The
yields for the compounds 1a and 1b were ca. 80%, for
1c 20%. All compounds obtained are sensitive against
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Table 1
Crystallographic data for [NaC5H5(15-crown-5)] (1a), [NaC9H7(15-crown-5)] (1b) and [NaC13H9(15-crown-5)] (1c)

1b 1c1a

C19H27NaO5Formula C23H29NaO5C15H25NaO5

Formula weight 308.34 358.40 408.45
Temperature (K) 173 213 173

Mo–K�Mo–K� Mo–K�Radiation
0.5×0.5×0.4Crystal size (mm) 0.4×0.4×0.3 0.3×0.2×0.1

Crystal system OrthorhombicOrthorhombic Monoclinic
Pbca (no. 61) P21/n (no. 14)Pbca (no. 61)Space group

Unit cell dimensions
15.1266(3)a (A� ) 16.758(2) 10.8595(1)

12.552(2)14.5441(1) 14.6393(2)b (A� )
15.2965(3)c (A� ) 18.169(3) 13.5875(1)

� (°) 101.537(1)
3822.0(9)3365.3(1) 2116.4(1)V (A� 3)

8Z 8 4
1.217Dcalc (mg m−3) 1.246 1.282

0.1080.111 0.106� (mm−1)
−19�h�13Index ranges −21�h�21 −14�h�14
−18�k�18 −16�k�16 −17�h�19

−23�l�23−18�l�19 −8�h�17
2� max (°) 55.0 55.0 55.0

43893853 4823Independent reflection
2664Observed data [I�2�(I)] 3114 3339
390Number of parameters 235 265

0.047, 0.0720.048, 0.080 0.047, 0.082R1 [I�2�(I), all]
0.116, 0.125wR2 (I�2�(I), all) 0.092 0.1070.090, 0.105
1.0381.100 1.057GOF

0.155/−0.135Largest difference peak (e A� −3) 0.309/−0.258 0.230/−0.196

2.2. Crystal structures

The solid state structures of the compounds 1a–1c
were determined by single crystal X-ray diffraction.
Table 1 provides the crystallographic results. For all
complexes mononuclear units of the type [NaR(15-
crown-5)] (R=C5H5, C9H7, and C13H9) are observed
with almost coplanar 15-crown-5 and R ligands. From
one side, the sodium cation is coordinated by the five
oxygen atoms of the crown ether, to the other side the
anionic aromatic ligand is bound via its five-membered
ring (see Figs. 1–3).

A hard sphere electrostatic (HSE) treatment of a
contact ion pair between an alkali cation and the
indenyl or fluorenyl anion indeed predicts a �5-coordi-
nation of the aromatic ligand to the metal ion [10]. The
15-crown-5 ligand of complex 1a shows a rotational
disorder [11]. The Na�O distances are different within
the complexes and vary between 242.0 and 255.2 pm
(distances to the disordered 15-crown-5 ligand of com-
plex 1a not taken into account). The five-membered
rings bound to the sodium cation show a rather unsym-
metrical coordination mode. For the cyclopentadienyl
complex 1a two close Na�C distances (Na�C4 266.9
pm, Na�C5 270.5 pm), two medium Na�C contacts
(Na�C3 284.9 pm, Na�C1 290.5 pm), and one longer

air and moisture. They are soluble in tetrahydrofuran,
but insoluble in n-hexane.

1H- and 13C-NMR spectroscopy of the new com-
plexes were carried out in THF-d8. The resonance
signal of the methylene protons of the 15-crown-5
ligand was shifted up-field for the complexes 1a (3.53
ppm), 1b (3.24 ppm), and 1c (3.03 ppm) in comparison
with the free 15-crown-5 molecule (3.57 ppm). This
up-field shift was only 0.04 ppm for complex 1a, but
0.33 ppm for 1b and 0.54 ppm for 1c, and indicated
that both the neutral 15-crown-5 and the anionic C5H5

−,
C9H7

−, and C13H9
− ligand remained coordinated to the

sodium ion in solution. The up-field shift can be ex-
plained by the magnetic shielding caused by the benzo-
rings present in complex 1b and 1c. When mixing
equimolar amounts of the complex 1c with 15-crown-5
a rapid exchange of the coordinated crown ether with
free ligand was observed in the 1H-NMR spectrum.
Only a single singulett with an averaged value was
found at room temperature for the methylene protons
of the crown ether.

For the 1H- and 13C-NMR signals of the carbanionic
ligands C5H5

−, C9H7
−, and C13H9

− of the complexes
1, chemical shifts similar to those found for related
compounds of the heavier alkali metals were observed
[8,9].
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Fig. 1. Molecular structure of [NaC5H5(15-crown-5)] (1a, H atomes
and disorder of the 15-crown-5 ligand are not shown).

Na�C distance (Na�C2 299.1 pm) are found. For the
indenyl compound 1b one close Na�C distance (Na�C2
279.3 pm), two medium Na�C contacts (Na�C1 284.4
pm, Na�C3 285.9 pm), and two longer Na�C distances
(Na�C8 292.2 pm, Na�C9 292.6 pm) are observed. In
the fluorenyl compound 1c one short Na�C bond to the
central most electron rich atom C9 (266.8 pm) is ob-
served, two medium Na�C contacts to the adjacent
carbon atoms C10 and C13 (282.0 and 288.8 pm), and
two long distances to the carbon atoms C11 and C13
(310.6 and 313.3 pm) are found. The Na�C5c distances
(C5c=centroid of the five-membered ring) are 256.4
(1a), 260.7 (1b), and 266.4 pm (1c). Within the aromatic
anions cyclopentadienide, indenide, and fluorenide C�C
bond lengths are observed as predicted from theoretical
calculations [12] (Table 2).

It should be mentioned that in the mononuclear
indenyl and fluorenyl complexes [NaC9H7(PMDTA)]
[4] and [NaC13H9(PMDTA)] [5] (PMDTA=
N,N,N �,N�,N�-pentamethyldiethylene triamine) shorter
Na�C distances to the five-membered ring of the in-
denyl and fluorenyl ligands are observed, 270.2–279.8
pm for [NaC9H7(PMDTA)]; 262.0–304.4 pm for
[NaC13H9(PMDTA)]. We think that this effect is due to
the smaller coordination number (CN) of the sodium
cation in [NaC9H7(PMDTA)] and [NaC13H9(PMDTA)]
in comparison to 1b and 1c (the difference in CN is 2).
It should be mentioned further that in the related
complexes [MC13H9(18-crown-6)] of the heavier alkali
metals K, Rb, and Cs, no �5-coordination of the
fluorenyl ligand has been observed. In the potassium
complex [KC13H9(18-crown-6)] [8] the fluorenyl ligand
shows an unusual �6 bonding mode of one six-mem-
bered ring and in the complexes [RbC13H9(18-crown-6)]
and [CsC13H9(18-crown-6)] [9] the metal ion is located

Fig. 2. Molecular structure of [NaC9H7(15-crown-5)] (1b, H atomes
are not shown). Table 2

Selected distances (pm) for [NaC5H5(15-crown-5)] (1a), [NaC9H7(15-
crown-5)] (1b) and [NaC13H9(15-crown-5)] (1c)

1a 1b 1c

Bond lengths
242.0(1)– aNa�O1 250.0(1)

250.9(1)– 251.0(1)Na�O2
250.1(1)– 246.5(1)Na�O3

–Na�O4 243.6(1) 247.6(1)
– 246.9(1) 255.2(1)Na�O5
290.5(2) 284.4(1) 266.8(2)Na�C1; C1; C9

282.0(2)279.3(1)Na�C2, C2; C10 299.1(2)
Na�C3; C3; C11 285.9(1)284.9(2) 310.6(2)
Na�C4; C8; C12 313.3(2)292.2(2)266.9(2)

292.6(2) 288.8(2)270.5(2)Na�C5; C9; C13
140.5(2)O�C 142.1(2)– a

−143.3(2)−143.5(2)
C�C b 136.9(3)136.2(3)139.3(2)

−144.5(2)−140.0(2) −144.9(2)

a Not given because of disorder.
b Anionic ligands.

Fig. 3. Molecular structure of [NaC13H9(15-crown-5)] (1c, H atomes
are not shown).
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above the C�C bond between the two adjacent five- and
the six-membered rings. It is known that the potential-
energy surface above the fluorenyl anion is rather flat,
and therefore, steric and crystal packing effects may
determine the actual overall solid-state structure of an
alkali fluorenyl complex [13].

In the literature, there are described only the crystal
structures of two sodium organyls with a crown ether
ligand, namely [NaisodiCp(15-crown-5)] (2) [13] and
[{Na(15-crown-5)}2{acenaphthylen(2-)}] (3) [15]. Both
compounds also have an �5 coordinated organic ligand
and the 15-crown-5 unit.

3. Experimental

3.1. General comments

All manipulations were carried out under purified
argon using standard Schlenk techniques. Solvents were
distilled under nitrogen from potassium. The crown
ether 15-crown-5 was distilled and stored under argon
for at least 2 weeks in a Schlenk tube which was
connected to a flask containing phosphorus(V)oxide.
NaC5H5 [2] and NaC9H7 [16] were prepared as de-
scribed in literature. IR spectra, Perkin–Elmer FT-IR
1720; 1H- and 13C-NMR spectra, Varian Gemini 200
BB; X-ray, Siemens SMART CCD and Bruker
SMART APEX.

3.2. Synthesis of [NaC5H5(15-crown-5)] (1a)

[NaC5H5(15-crown-5)] (1a) was prepared by adding
1.1 ml (1.22 g, 5.5 mmol) 15-crown-5 to a stirred
solution of 0.46 g (5.2 mmol) NaC5H5 in 25 ml THF at
room temperature (r.t.). A white precipitate was ob-
tained immediately, which was dissolved in 50 ml hot
THF. The solution was filtered while still hot and
slowly cooled to r.t. Slightly red crystals were formed
within several hours. The crystals were separated,
washed twice with a small amount (10 ml) of n-hexane,
and dried for 3 h at 10−2 torr. Yield: 1.18 g (73%).
Complex 1a is soluble in THF, but not in n-hexane.
Melting point (m.p.): 197 °C (dec.). Anal. Calc. Found:
for C15H25NaO5: C, 58.4 (58.4); H, 8.2 (8.1); O, 25.9
(23.8)%. IR (Nujol suspension): � 3072 (s), 2673 (w),
2393 (w), 1694 (w), 1564 (m), 1314 (w), 1294 (w), 1248
(w), 1177 (w), 1030 (s), 1003 (s), 924 (w), 874 (m), 740
(s), 663 (w) cm−1. 1H-NMR (TMS, THF-d8): � 3.53 (s,
20H, OCH2); 5.65 (s, 5H, C5H5) ppm. 13C{1H}-NMR
(TMS, THF-d8): � 68.50 (OCH2); 102.46 (C5H5) ppm.

3.3. Synthesis of [NaC9H7(15-crown-5)] (1b)

[NaC9H7(15-crown-5)] (1b) was prepared by adding
0.7 ml (0.78 g, 3.5 mmol) 15-crown-5 to a stirred

solution of 0.55 g (2.6 mmol) sodium indenide (NaC9H7

containing one mole THF) in 10 ml THF at r.t. Two
hours later, the solution was filtered and overlayered
with 10 ml n-hexane. After several days, the green
crystals formed were collected, and washed twice with
10 ml n-hexane. Yield: 0.80 g (86%). Complex 1b is
very soluble in THF, but not in n-hexane. M.p.: 237 °C
(dec.). Anal. Calc. (Found) for C19H27NaO5: C, 63.7
(63.4); H, 7.6 (7.5); O, 22.3 (21.8)%. IR (Nujol suspen-
sion): � 3020 (m), 1967 (w), 1701 (m), 1588 (m), 1555
(m), 1526 (w), 1353 (m), 1323 (w), 1295 (w), 1254 (m),
1218 (w), 1121 (s), 1036 (w), 996 (w), 945 (s), 861 (m),
842 (w), 828 (w), 765 (w), 731 (s), 699 (m), 580 (w), 542
(w), 524 (w), 431 (m) cm−1. 1H-NMR (TMS, THF-d8):
� 3.24 (s, 20H, OCH2); 5.85 (d, 2H, 1-, 3-H), 6.29 (m,
2H, 5-, 6-H), 6.51 (t, 1H, 2-H), 7.22 (m, 2H, 4-, 7-H)
ppm. 13C{1H}-NMR (TMS, THF-d8): � 69.31 (OCH2);
92.62 (C1/3); 111.89 (C5/6); 116.95 (C2); 119.16 (C4/7);
130.07 (C8/9) ppm.

3.4. Synthesis of [NaC13H9(15-crown-5)] (1c)

About 0.84 g (5.1 mmol) fluorene were added to a
stirred suspension of 0.11 g (4.6 mmol) sodium hydride
in 25 ml THF. One hour later, 0.92 ml (1.02 g, 4.6
mmol) 15-crown-5 were added, and the grey suspension
was stirred at 50 °C for 2 h. The now dark yellow
solution was filtered and overlayered with 20 ml n-hex-
ane. After several days, the yellow crystals formed were
separated and washed twice with 10 ml n-hexane. The
mother liquor was evaparated to 15 ml of volume and
overlayered again with 20 ml n-hexane to increase the
yield of 1c. Total yield: 0.38 g (20%). Complex 1c is
very soluble in THF, but not in n-hexane. M.p.: 120 °C
(dec.). Anal. Calc. (Found) for C23H29NaO5: C, 67.6
(67.3); H, 7.2 (7.0); O, 19.6 (19.0)%. IR (Nujol suspen-
sion): � 3015 (w), 1656 (w) 1599 (w), 1570 (m), 1354
(m), 1320 (s), 1246 (m), 1220 (s), 1194 (m) 1092 (s),
1000 (m), 982 (m), 948 (s), 866 (m), 842 (w), 827 (w),
748 (s), 722 (s), 664 (w), 574 (m), 523 (w), 493(w), 429
(m) cm−1. 1H-NMR (TMS, THF-d8): � 3.03 (s, 20H,
OCH2); 5.99 (s, 1H, 9-H); 6.40 (t, 2H, 3-, 6-H); 6.78 (t,
2H, 2-, 7-H); 7.31 (d, 2H, 1-, 8-H); 7.92 (d, 2H, 4-, 5-H)
ppm. 13C{1H}-NMR (TMS, THF-d8): � 68.51 (OCH2);
81.97 (C9); 107.42 (C3/6); 115.92 (C1/8); 118.43
(C4/5); 119.58 (C2/7); 126.49 (C11/12); 136.89 (C10/13)
ppm.

3.5. X-ray data collection, structure determination, and
refinement

Crystallographic details are provided in Tables 1 and
2. The crystals of the compounds 1a–1c were measured
on a CCD area detector diffractometer (Mo–K� radia-
tion, graphite monochromator, phi and omega-scans).
An empirical absorption correction was carried out
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with the program SADABS [17]. A full hemisphere or
sphere of the reciprocal space was scanned with 1271–
2550 frames in three to five sets; each frame covered 0.3°
in �. All structures were solved with direct methods
(SHELXS-97) [18] and refined with full-matrix least-
squares against Fo

2, using the program SHELXL-97 [19].
All non-hydrogen atoms were refined with anisotropic
temperature factors. Hydrogen atoms were calculated in
idealized positions using a riding model with isotropic
temperature factors combined in different logical
groups. The 15-crown-5 ligand is disordered in com-
pound 1a. All atoms were refined with three positions
(s.o.f. 0.4, 0.4, and 0.2). C�C and O�C bond lengths
were refined with restrained values (SADI option of
SHELXL-97). For molecular graphics and publication
materials, the program package SHELXTL [20] was used.

4. Conclusions

The macrocyclic ether 15-crown-5 is a useful ligand
for sodium organic compounds containing cyclopenta-
dienide, indenide, or fluorenide anions. The polymeric
structures of NaC5H5 and its benzo-anellated analogs
are broken down by 15-crown-5 and mononuclear com-
plexes of the type [NaR(15-crown-5)] (R=C5H5, C9H7,
and C13H9) are formed. In these complexes, the sodium
ion is sandwiched between the aromatic anion and the
crown ether. X-ray structure determinations for all
complexes show that the aromatic ligands C5H5, C9H7,
and C13H9 are coordinated to the sodium via their
five-membered rings. 1H-NMR investigations prove
that dissociation of the ligands from the sodium ion
does not occur to a larger portion, but that there is a
rapid exchange between the coordinated 15-crown-5
ligand and the free 15-crown-5 molecule in tetrahydro-
furan solution.

5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Center, CCDC nos. 162765 for 1a, 162766 for 1b,
and 162767 for 1c. Copies of this information may be
obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (Fax: +44-
1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www:
http://www.ccdc.cam.ac.uk).
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