
Available online at www.sciencedirect.com
www.elsevier.com/locate/jorganchem

Journal of Organometallic Chemistry 693 (2008) 1707–1711
Note

Synthesis and structure of an indium(I) ‘‘crown sandwich’’

Benjamin F.T. Cooper, Charles L.B. Macdonald *

Department of Chemistry and Biochemistry, University of Windsor, Windsor, Ontario, Canada N9B 3P4

Received 28 September 2007; received in revised form 23 October 2007; accepted 24 October 2007
Available online 30 October 2007

This work is dedicated to the memory of F. Albert Cotton: A giant of Inorganic Chemistry.
Abstract

The treatment of the soluble reagent indium(I) trifluoromethanesulfonate, InOTf, with the crown ether 15-crown-5 generates the salt
[In(15-crown-5)2][OTf] regardless of the stoichiometry employed. The toluene-soluble salt has been characterized by single-crystal X-ray
diffraction and features a cation that may be described as containing an InI center that is ‘‘sandwiched’’ by the two crown ethers.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The idea of an element existing in a particular oxidation
state (or, perhaps more appropriately, valence state) [1] is
one of the most simple and ubiquitous models employed
by chemists to explain the structural characteristics and
chemical behavior of a molecule containing that element.
An element in a lower oxidation state is, by definition, more
electron-rich than it would be in a higher oxidation state
and the presence of these additional electrons can alter
dramatically the chemistry of compounds containing such
centers [2,3]. For this reason, the investigation of main
group elements in unusually low oxidation states has been
a very active are of research since the 1990s. For example,
for the group 13 elements other than thallium, the +3 oxi-
dation state (EIII, E = B, Al, Ga, In) is the most stable
which explains the Lewis-acidic behavior of the electron-
deficient neutral molecules containing these elements.
Conversely, the considerably less-common compounds that
contain a group 13 element in the +1 oxidation state (EI)
can behave either as Lewis bases or Lewis acids, as
illustrated in Scheme 1. Because of the presence of the
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‘‘lone-pair’’ of electrons in EI compounds, such reagents,
especially cyclopentadienyl (C5R5, Cp 0) compounds of the
type Cp 0EI [4] and, more recently, N-heterocyclic EI com-
pounds bearing ligands such as a-dimimines, amidines,
guanidines and b-diketimines [5], have been employed as
donors for transition metal and main group acceptors to
generate new types of catalysts or materials precursors [5–
9]. It should be emphasized that R–EI compounds most
obviously exhibit acceptor behavior in situations where
the substituent R is not a p-donor, which can partially pop-
ulate the formally vacant orbitals on the EI center [10]. In a
similar vein, the R–EI ligands in the numerous reported
transition metal complexes can act as acceptors, for elec-
trons from the transition metal center or from an external
donor, when R is a hydrocarbyl group or a halogen [11–16].

For indium in particular, it is also worth noting that the
unique behavior and redox properties of InI compounds
(sometimes generated in situ) render such species useful
as either reagents or catalysts used to effect several types
of organic transformations; such reactions almost always
proceed through the formation of organoindium intermedi-
ates or by-products [17–24]. In a similar vein, inorganic and
organometallic InI reagents have been shown to insert into
reactive carbon-element bonds to generate new InIII species
[2,3].
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Scheme 1. Drawings depicting the differing behavior of compounds
containing group 13 elements (E) in the +3 and +1 oxidation states with
electron donors (D) or acceptors (A).
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For indium, a major obstacle to research and develop-
ment of the chemistry of +1 oxidation state has been the
paucity of convenient starting materials [2,25]. For while
the simple halide salts of both +1 and +3 oxidation states
are commercially available, the InI salts are either insoluble
or decompose in most common organic solvents [2,25]. In
this context, several research groups have pursued a pro-
tonolytic approach to sources of In(I) with improved sta-
bilities and/or solubilities [9]. In our laboratory, we have
discovered two routes to the unusually soluble indium(I)
trifluoromethanesulfonate salt (indium(I) triflate, InOS-
O2CF3, InOTf, 1); the most effective synthesis of 1 involves
the protonolysis of Cp*H from the organometallic precur-
sor Cp*In [26]. As summarized in Scheme 2, this InI reagent
has already exhibited interesting and sometimes unique
chemistry, including the formation of new In-carbon and
In-element bonds [24,27–30].

Of particular import to the work reported herein, we
have previously reported that the ligation of 1 with cyclic
Scheme 2. Some of the reported org
polyethers 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6)
or 2,3,11,12-dibenzo-1,4,7,10,13,16-hexaoxacyclooctade-
cane (dibenzo-18-crown-6) generates unambiguously
monomeric indium(I) compounds [In(18-crown-6)][OTf]
(2a[OTf]) and [In(dibenzo-18-crown-6)][OTf] (2b[OTf])
[27]. In contrast to most other donors, the ligation of the
InI center by the crown ethers occurs without any evidence
of disproportionation [31,32] and it also changes the reac-
tivity of the In(I) reagent dramatically [30]. In this note, we
present the results of some of our investigations concerning
the ligation of InOTf with the smaller crown ether
1,4,7,10,13-pentaoxacyclopentadecane (15-crown-5) that
results in the formation of a new, and potentially more
reactive, InI reagent.

2. Results and discussion

Whereas the treatment of a toluene solution of the
indium(+1) reagent InOTf with a solution containing an
equimolar amount of the crown ether 18-crown-6 (or
dibenzo-18-crown-6) results in the quantitative formation
of the complexes 2a[OTf] (or 2b[OTf])[27], the correspond-
ing reaction of 1 with 15-crown-5 did not form a similar 1:1
complex. Instead, the resultant solid was characterized
using physical methods and X-ray crystallography as being
composed of a 1:1 mixture of the starting material 1 and
the new complex [In(15-crown-5)2][OTf], 3[OTf] as illus-
trated in Scheme 3. Predictably, the production of 3[OTf]
is quantitative when 2 equiv. of 15-crown-5 per indium
atom are used in the preparation.

The salt 3[OTf] is very soluble in toluene and the slow
concentration of a toluene solution of the material yields
anometallic chemistry of InOTf.



Scheme 3.
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colorless crystals suitable for examination by single-crystal
X-ray diffraction experiments. Details of the data collec-
tion, solution and refinement of the crystal structure are
listed in Table 1, the structures of the cation and anion
are depicted in Fig. 1, and the values of selected metrical
parameters are listed in the figure caption. The salt crystal-
lizes in the centro-symmetric space group P-1 with a total
of one cation and anion in the unit cell. The indium atom
Table 1
Summary of collection and refinement data for the X-ray diffraction
investigation of 3[OTf]

Compound [In(15-cr-5)2][OTf], 3[OTf]

Empirical formula C21H40F3InO13S
Formula weight 704.41
Temperature (K) 173(2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P�1
Unit cell dimensions

a (Å) 8.7238(10)
b (Å) 9.0650(10)
c (Å) 9.4298(10)
a (�) 102.375(1)
b (�) 91.359(1)
c (�) 97.681(1)
Volume (Å3) 720.80(14)
Z 1
Dcalc (g cm�3) 1.623
Absorption coefficient (mm�1) 0.972
F(000) 362
h Range for data collection (�) 2.32–27.49
Limiting indices �11 6 h 6 11, �11 6 k 6 11,

�12 6 l 6 12
Reflections collected 7926
Independent reflections 3184
Rint 0.0199
Data/restraints/parameters 3184/6/175
Final R indices [I > 2r(I)]a R1 = 0.0329, wR2 = 0.0778
R indices (all data) R1 = 0.0340, wR2 = 0.0785
Goodness-of-fit (S)b on F2 1.128
Largest difference in peak and hole

(e Å�3)
1.005 and �0.386

a R1(F) = R(jFoj � jFcj)/RjFoj} for reflections with Fo > 4(r(Fo)).
wR2(F2) = {

P
w(jFoj2 � jFcj2)2/

P
w(jFoj2)2}1/2, where w is the weight given

each reflection.
b S = [

P
w(jFoj2 � jFcj2)2]/(n � p)1/2, where n is the number of reflections

and p is the number of parameters used.
resides on an inversion center thus the [In(15-crown-5)2]
cation complex is rendered perfectly centro-symmetric.
The In–O distances in the cation range from 2.9802(19)
to 3.0954(18) Å with an average of 3.031 Å; these values
fall well within the sum of the van der Waals radii for In
(1.93 Å) and O (1.52 Å) [33]. Finally, it must be noted that
the triflate anion is disordered about one of the inversion
centers (located roughly between the S and C atoms) and
does not appear to have any unusually short contacts with
the cation.

Interestingly, 3[OTf] is the first compound reported con-
taining a bond between indium and 15-crown-5 as con-
firmed by a search of the Cambridge Structural Database
(CSD) [34] thus structural comparisons must be made to
other, potentially related complexes. Given the superficially
similar appearance of the structures of InI ligated by 18-
crown-6 and the corresponding potassium 18-crown-6
complexes, it is not surprising that the structure of the cat-
ion 3 is almost indistinguishable from the [K(15-crown-
5)2]+ cations in the more than 30 salts containing such ions
in the CSD. The average K-O distances in these cations is
2.906 Å, which is only marginally shorter than the average
In–O distance found in 3 and thus emphasizes the similar-
ity of the sizes of K+ and InI.
Fig. 1. Thermal ellipsoid plot (30% probability surface) of the molecular
structure of the salt 3[OTf]. Important bond distances (Å): In–O(1)
2.9819(18), In–O(2) 3.0954(18), In–O(3) 3.0103(19), In–O(4) 2.9802(19),
In–O(5) 3.0857(19).
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In a somewhat different vein, the ‘‘sandwich’’-like
appearance of [In(15-crown-5)2]+ is also reminiscent of
the structures observed for certain organometallic arene
complexes of InI (and some other EI cations) [35]. It should
be noted, however, than in complexes such as Schmid-
baur’s salt [In(mesitylene)2][InBr4], 4 [InBr4], the bent
geometry of the cation is consistent with the presence of
a stereochemically-active ‘‘lone pair’’ of electrons on the
InI center [36]. In contrast, the centro-symmetric nature
of the cation 3 does not so obviously emphasize the pres-
ence of the two remaining valence electrons on the indium
atom.
In conclusion, we have prepared the first coordination
complex of indium with the crown ether 15-crown-5. Like
the comparably-sized potassium cation, InI is too large
for the cavity of 15-crown-5 and is preferentially ligated
by two crown ethers in a centro-symmetric ‘‘sandwich’’-like
manner. Given the interesting chemistry already demon-
strated by the InOTf 18-crown-6 derivatives [27,30], we
intend to explore the chemistry of this new stable, soluble,
monomeric InI reagent.

3. Experimental

3.1. General methods

All work was carried out using standard inert-atmo-
sphere techniques. All reagents and solvents were obtained
from Aldrich and were used without further purification.
Preparative methods for 1 are described in a preliminary
communication [26]. Solvents were dried on a series of
Grubbs’-type columns and were degassed prior to use
[37]. Unless otherwise noted in the text, NMR spectra were
recorded at room temperature on a Bruker Avance
300 MHz spectrometer. Chemical shifts are reported in
ppm, relative to external standards (SiMe4 for 1H and
13C; CFCl3 for 19F). Melting points were obtained using
an Electrothermal� melting point apparatus on samples
sealed in glass capillaries under dry nitrogen.

3.2. Synthesis of 3[OTf]

A toluene (25 mL) 15-crown-5 (0.167 g, 0.758 mmol)
solution was added to a toluene solution of InOTf
(0.100 g, 0.379 mmol) in a 100 mL Schlenk flask and stirred
overnight. After addition, an orange color was observed
initially, however, after completion of the reaction, all vol-
atile components were removed under reduced pressure
and the product was obtained as a white powder. (0.21 g,
78%) m.p. 104–107 �C; 1H NMR (C6D6): d = 3.48 (s;
CH2); 13C NMR (C6D6): d = 70.76 (s; CH2); 19F NMR
(C6D6)d = � 76.5 (s). The powder X-ray diffraction pattern
of the solid is consistent with 3[OTf] being the only crystal-
line material present.

3.3. Crystallography

The subject crystal was covered in Nujol�, mounted on
a goniometer head and rapidly placed in the dry N2 cold-
stream of the low-temperature apparatus (Kryoflex)
attached to the diffractometer. The data were collected
using the SMART [38] software on a Bruker APEX CCD dif-
fractometer using a graphite monochromator with Mo Ka
radiation (k = 0.71073 Å). A hemisphere of data were col-
lected using a counting time of 10 s per frame at �100 �C.
Details of crystal data, data collection and structure refine-
ment are listed in Table 1. Data reduction was performed
using the SAINT-PLUS [39] software and the data were cor-
rected for absorption using SADABS [40]. The structure
was solved by direct methods using SIR97 [41] and refined
by full-matrix least-squares on F2 with anisotropic dis-
placement parameters for the non-disordered heavy atoms
using SHELXL-97 [42] and the WINGX [43] software package
and thermal ellipsoid plots were produced using SHELXTL

[44]. The trifluoromethanesulfonate anion resides on a
crystallographic inversion center and is disordered; the
bond distances in the anion were restrained to be similar
and appropriate thermal parameters in the anion were con-
strained to be equal in the solution.

Powder X-ray diffraction experiments were performed
with a Bruker D8 Discover diffractometer equipped with
a Hi-Star area detector using Cu Ka radiation (k =
1.54186 Å).
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Appendix A. Supplementary material

CCDC 661703 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Cen-
tre via www.ccdc.cam.ac.uk/data_request/cif. Supplemen-
tary data associated with this article can be found, in the
online version, at doi:10.1016/j.jorganchem.2007.10.040.
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