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functional molecule as versatile building block for introduction
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Abstract

The synthesis of a new, paramagnetic closo-[(8-(-CH2CH2O)2-1,2-C2B9H10)(1 0,2 0-C2B9H11)-3,3 0-Fe]0 (3) is reported. This compound
can serve as a versatile building block for construction of both anionic and zwitterionic derivatives, as exemplified by the synthesis of a
series of compounds of general formula closo-[(8-X-(CH2CH2O)2-1,2-C2B9H10)(1 0,2 0-C2B9H11)-3,3 0-Fe], bearing organic end groups
(X = NC5H5 (4), (C6H5)3P (5), OH (6), and 2-O(1-CH3O–C6H4) (7)) attached to the cluster by a diethyleneglycol spacer. Molecular
structures of 3, 4, 5 and 7 were determined by single-crystal X-ray diffraction analysis and by the long-time neglected method of para-
magnetic, high field NMR (1H, 13C and 11B) spectroscopy.
� 2007 Elsevier B.V. All rights reserved.
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Since their discovery by Hawthorne and Andrews [1]
four decades ago, iron (1) and cobalt (2) bis(dicarbol-
lide)(1-) anions [(1,2-C2B9H11)2-3-M(III)]� have received
considerable interest due to their close similarities to metal-
locenes, ionic character, high thermal, chemical and radio-
lytical stability [2,3]. However, only little attention has so
far been paid to synthetic approaches leading to their mod-
ification by reactive groups that allow for their easy intro-
duction as building blocks into larger molecules and
materials. This applies especially to the iron sandwich
anion 1 [2], particularly due to the rather underestimated
possibility of the reliably characterization of such com-
pounds by NMR spectroscopic techniques. Several years
ago, we reported on the dioxane-2 derivative [4]. One
unique feature of this compound is the readiness of ring
cleavage by a variety of nucleophiles [5–7]. This compound
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proved to serve as the most versatile reagent in the chemis-
try of the diamagnetic complex 2 and opened up syntheti-
cally feasible routes to designed ionic molecules for many
particular applications, such as efficient extraction agents
for lanthanides and actinides [7–10] additives to conducting
polymers [11], use in biomedicine as HIV protease inhibi-
tors [12], labelling of DNA fragments [13], UV, IR and
electrochemical, UV and IR markers [14], etc. Herein, we
report in a preliminary fashion further a useful extension
of this chemistry leading to the derivatization of the sand-
wich 1, together with a notice on the possibility of conve-
nient characterization of products by paramagnetic 11B
and 1H NMR spectroscopy.

Heating of the Cs+ salt of anion 1 in an excess of diox-
ane, and in the presence of 2.05 molar equivalents of
dimethyl sulphate as activator, leads to a dark violet zwit-
terionic compound closo-[(8-(-CH2CH2O)2-1,2-C2B9H10)
(1 0,2 0-C2B9H11)-3,3 0-Fe]0 (3). Compound 3 is formed as
the single neutral product and can be easily isolated from
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Scheme 1. Conversions of the zwitterion (3) (i) toluene-DME, 80 �C
(yields 96% and 93%); (ii) NaH, toluene-DME (yields 68% and 81%).
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the mixture of ionic side products in an average yield of
60%. Compound 3, characterized by melting points, mass
spectrometry [15], HPLC [16] and X-ray crystallography
[17] (see Fig. 1 and the Supplementary material), can be
used to introduce easily the very stable paramagnetic, iron
(III)-centred anion 1 into various organic molecules. In
general, ring-cleavage reactions of 3 with uncharged N or
P-nucleophiles (see Scheme 1) result in the formation of
betain-type zwitterions. If the ring opener is an anion
(O,S-nucleophiles), ionic species are produced. Thus, diox-
ane ring cleavage by amines and phosphines in toluene/
DME solutions give rise to the corresponding ammonium
or phosphonium derivatives (see Scheme 1 and the Supple-
mentary material). As an example we report here two struc-
turally characterized compounds with pyridinium (4) and
triphenyl phosphonium (5) end groups obtained in essen-
tially quantitative yields 96% and 93%, respectively. The
crystallographically determined molecular structures [17]
of 4 and 5 are presented in Figs. 2 and 3. In both structures,
the cage carbon atoms, which are in pentagonal planes
adjacent to the iron atom, adopt a staggered (transoid) con-
formation, whereas the arrangement in the starting com-
pound 3 is closer to being eclipsed (cisoid).

Further useful applications of the chemistry of 3 consist
in the use of alcoholates or phenolates as nucleophiles (see
also Scheme 1 and the Supplementary material). Thus, the
hydroxy derivative (Na6) can be prepared in 68% yield, by
reaction in excess dioxane of 3 with a 10% aqueous solu-
tion of NaOH followed by dilution with water, dioxane
evaporation, acidification, extraction into ether and chro-
matography. A representative of a phenoxy end group
derivative, a guaiacolyl derivative (Na7), was obtained in
81% yield. The molecular structure of the sodium salt of
Fig. 1. ORTEP representation of the molecular structure of (3), thermal
ellipsoids are drawn with 50% probability level. Selected interatomic
distances (Å) and angles (�): Fe(3)–C(1) 2.0828(14); Fe(3)–C(2) 2.0888(15);
Fe(3)–B(4) 2.1342(17); Fe(3)–B(7) 2.1449(15); Fe(3)–B(8) 2.1457(15);
C(1)–C(2) 1.613(2); O(1)–B(8) 1.5199(18); O(1)–B(8)–B(4) 123.64(11);
O(1)–B(8)–B(7) 122.58(11); Fe(3)–B(8)–O(1) 115.17(9).

Fig. 2. ORTEP representation of the molecular structure pyridinium
derivative 4 thermal ellipsoids are drawn with 50% probability level.
Selected interatomic distances (Å) and angles (�): Fe(3)–C(1); 2.0705(14);
Fe(3)–C(2) 2.0670(15); Fe(3)–B(4) 2.1347(15); Fe(3)–B(7) 2.1285(18);
Fe(3)–B(8) 2.1675(17); B(8)–O(1) 1.4163(19); B(4)–B(8)–O(1) 127.76(12);
B(7)–B(8)–O(1) 120.19(12).
7, determined by single-crystal X-ray diffraction [17], is pre-
sented in Fig. 4. An interesting feature is the tight coordi-
nation by oxygen atoms of the diethyleneglycol and
guaiacol moiety towards the Na+ cation, and the B–
H! Na interaction. The coordination sphere is completed
by water molecule into shape of pentagonal pyramide.
Probably due to the presence of the B–H! Na interaction,
the position of cage carbon atoms is eclipsed (cisoid) in this
structure. Compounds 4–7 are new exo-skeletal derivatives
of the ferra dicarbollide family [2] containing end groups
bonded to the cluster via a longer spacer.

The first characterization of the parent ion 1 by 11B
NMR spectroscopy was reported as early as in 1974 [18].
Apart from a few exceptions, solely the 11B NMR data
are presented [19,20], and there is almost no mention of
the use of 1H and 13C spectroscopy in the paramagnetic



Fig. 4. ORTEP representation of the molecular structure of the Na+

complex of Na7, thermal ellipsoids are drawn with 50 % probability level.
Selected interatomic distances (Å) and angles (�): Na(1)–O(1) 2.3982(17);
Na(1)–O(2) 2.3819(15); Na(1)–O(3) 2.4157(17); Na(1)–O(4) 2.4403(18);
Na(1)–O(5) 2.346(3); Na(1)–H(80) 2.1900; O(1)–Na(1)–H(8 0) 84.00; O(4)–
Na(1)–H(80) 74.00; O(5)–Na(1)–H(8 0) 95.00; O(1)–Na(1)–O(5) 83.64(9);
O(2)–Na(1)–O(5) 122.15(9); O(3)–Na(1)–O(5) 125.46(10); O(4)–Na(1)–
O(5) 88.83(9); O(1)–Na(1)–O(4) 155.70(6).
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Fig. 5. 11B{1H} NMR spectra of the parent ion 1 and the derivatives 3–7.
Measured at 128 MHz in Acetoned6 at 295 K.

Fig. 3. ORTEP representation of the molecular structure of 5, thermal
ellipsoids are drawn with 50 % probability level. Selected interatomic
distances (Å) and angles (�): Fe(3)–C(1) 2.0775(17); Fe(3)–C(2) 2.0794(17);
Fe(3)–B(4) 2.1214(19); Fe(3)–B(7) 2.1269(19); Fe(3)–B(8) 2.1481(19); O(1)
–B(8) 1.417(2); B(4)–B(8)–O(1) 123.02(14); B(7)–B(8)–O(1) 124.92(14).

J. Plešek et al. / Journal of Organometallic Chemistry 692 (2007) 4801–4804 4803
ferra bis(dicarbollide) derivative series. Now, we have
found that the 11B{1H} 13C and 1H NMR spectra of com-
pounds 3–7 can be easily measured (taking precautions
about extensive spectral spans) and can be used for
NMR characterization similarly as in the corresponding
diamagnetic ion 2 series (for data and the assignments see
the Supplementary material). For assignment of the
11B{1H} NMR resonances, the published scheme for the
parent ion 1 [18] was used. This is further supported by
the evident broadening of all the extremely high-field
B(8,8 0) and B(4,7,4 0,7 0) resonances, belonging to atoms
adjacent to the iron(III) centre. These signals and those
of B(6,6 0) in the lowest field are strongly temperature
dependent, which further helps the assignment and seems
to confirm previous considerations [18]. Unfortunately,
no cross-peaks were observed in 11B–11B COSY experi-
ments, apparently due to fast relaxation times of all 11B
nuclei. The spectra of substituted derivatives 3–7 show
symmetry splitting of each signal present in parent ion 1

into two peaks due to presence of two symmetrically
inequivalent dicarbollide ligands (see Fig. 5). Noteworthy
is the extreme upfield shift of the B(8) resonance in 3

(approx. 175 ppm as compared to 1), caused by shielding
due to B(8)–O(+) oxonium atom. In contrast, for all other
substituted derivatives 4–7, a downfield shift of this signal
is observed. The 1H NMR spectra of compounds 3–7 exhi-
bit appreciable paramagnetic shifts of all signals; most pro-
nounced being the temperature dependent broad signal of
CH protons found in the range of approx. 68 and
35 ppm, No apparent 1H–1H coupling could be seen, prob-
ably as a consequence of decoupling by the unpaired elec-
tron and fast relaxation times. This complicates the
assignment that could be made only tentatively by inter-
comparison of a larger series of simple compounds differing
only in end groups and upon the elimination of the BH sig-
nals using 1H{11B} and 1H{11B(selective)} experiments. In
contrast, the 13C signals could be easily assigned, taking
into account the extreme high-field CH-carborane shift
(�442.8 for parent ion 1 and ranging from �323 to
�535 ppm for compounds 3–7). A more detailed assign-
ment based on comparison with the results of chemical cal-
culations will appear in a subsequent full paper.
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We can conclude that synthetic strategies based on ring-
opening reactions of 3 may be a multi-purpose tool in the
hands of a chemist. This exceptionally clean reaction opens
the routes to a variety of more sophisticated products than
just compounds 4–7 presented here, and could be used to
generate novel, iron containing compounds otherwise
unavailable by other conventional methods. In addition,
we have shown that even the Fe(III) boron cluster sand-
wich derivatives can be easily investigated by NMR meth-
ods, which removes the main objections towards further
more rapid developments in this area. More detailed stud-
ies of NMR properties are currently under investigation in
our laboratories along with experiments leading to design
and synthesis of new target compounds for applications
in extraction science and biomedicine.
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Appendix A. Supplementary material

CCDC 647876, 647877, 647878 and 647879 contain the
supplementary crystallographic data for 3, 4, 5 and 7.
These data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-
mail: deposit@ccdc.cam.ac.uk. Supplementary data associ-
ated with this article can be found, in the online version, at
doi:10.1016/j.jorganchem.2007.07.026.
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[8] B. Gr}uner, J. Plešek, J. Báča, I. Cisařová, J.F. Dozol, H. Rouquette,
C. Vinas, P. Selucky, J. Rais, New J. Chem. 26 (2002) 1519–1527.
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