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Well-Defined Heterometallic and Unsymmetric M2O2 Complexes Arising from
Binding and Activation of O2

Isaac Garcia-Bosch,[a] Xavi Ribas,*[a] and Miquel Costas*[a]

Keywords: Oxygen / Oxygen binding / Oxygen activation / Bioinorganic chemistry / Coordination modes / Unsymmetric
complexes

Oxygen binding and activation reactions at dimetal sites con-
stitute chemical processes of fundamental interest, because
of the implication of these reactions in biology, chemical syn-
thesis, and catalysis. This account collects and discusses
studies of O2 binding and/or activation by inequivalent di-
metal sites, and it specially focuses on systems in which O2-
bound reaction intermediates have been experimentally

Introduction

The dioxygen molecule plays key roles in aerobic organ-
isms. On one hand, O2 is the terminal electron acceptor in
cellular respiration.[1–4] On the other hand, dioxygen is used
by metalloenzymes as oxidant in metabolic oxidation reac-
tions.[5–10] Because of kinetic barriers associated to spin
conservation rules, the reaction of O2 with closed-shell or-
ganic molecules is generally very slow. For these reactions
to proceed, the O2 molecule needs to be activated, most
commonly by interacting with redox-active transition met-
als.[11] A number of enzymes use a dimetallic site to bind
and activate O2.[6,9] This activation involves reduction of the
O2 molecule to form reactive species such as superoxides,
peroxides, or metal oxide species. In most of the cases in
which two metal centers participate synergistically in the
binding and activation of O2, the two metal sites are not
equivalent. This lack of equivalence can have different
causes: (a) The metals may be different, such as, for exam-
ple, in cytochrome c oxidases, where a heme–copper dinu-
clear site performs the 4e– reduction of O2 as the last step
in cellular respiration (Figure 1a),[3,4] or Cu–Zn superoxide
dismutases,[12] where the superoxide disproportionation is
mediated by a heterometallic Cu–Zn center (Figure 1b).
(b) The asymmetry may also arise from a distinct coordina-
tion environment, for example, dopamine-β-hydroxylase
(DβH),[13,14] peptidylglycine-α-hydroxylating monooxygen-
ase (PHM, Figure 1c)[15,16] and also tyrosinase (Tyr, Fig-
ure 1d).[17,18] In the first two cases, the coordination envi-

[a] QBIS Research Group, Departament de Química, Universitat
de Girona, Facultat de Ciències,
Campus de Montilivi, 17071 Girona, Spain
Fax: +34-972-418150
E-mail: miquel.costas@udg.edu

xavi.ribas@udg.edu
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characterized. Homometallic unsymmetric systems and
heterometallic complexes are reviewed, and their chemistry
in oxidative transformations is described. Introduction of
asymmetry into M2O2 cores poses important challenges to
their preparation, and strategies developed to address this
problem are discussed. Distinct spectroscopic and chemical
properties emerge from these unsymmetric systems.

ronment of the two copper ions is different. In the case of
Tyr, the differences of the second coordination sphere
render the two metal ions inequivalent.[17]

Figure 1. Active centers of: (a) cytochrome c oxidase in the O2-
bound form (CcO), (b) CuZn superoxide dismutase (CuZnSOD),
(c) peptidylglycine-α-hydroxylating monooxygenase (PHM), and
(d) O2-bound form of tyrosinase (oxy–Tyr).

Because of the biological relevance of O2-binding and
O2-activation reactions at transition metal ions, and also
because of the potential technological interest that these re-
actions can have in the field of selective oxidation catalysis,
the O2 chemistry of transition metal coordination com-
plexes has been extensively investigated, and particular em-
phasis has been traditionally placed on examples containing
biologically relevant first-row transition metal ions.[19–27]

The immense majority of the biomimetic synthetic dinu-
clear complexes developed so far contains metal ions with
the same coordination geometry, and symmetric binding
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modes are adopted by the O2 molecule when interacting
with the complex.[19,20,22,24–28] Oxygen activation at unsym-
metric and heterometallic sites remains much less explored.
The study of O2 binding and activation at unsymmetric di-
metal cores is interesting, because it can provide a funda-
mental understanding of enzymatic O2-binding/activation
reactions, but it may also allow the preparation of novel
species exhibiting alternative reactivity patterns relative to
symmetric species. Such novel oxidation chemistry may also
lead to the development of catalytic processes exhibiting
hitherto unprecedented selectivities.

The purpose of the present work is to provide a brief
collection of well-defined unsymmetric M2O2 systems de-
scribed so far, while paying special attention to those that
contain copper ions. Systems that implicate porphyrin units
are not covered in this account.

Synthetic Strategies
Preparing unsymmetric [(LM)(LM)�O2] species (L stands

for ligand and M for transition metal) is inherently more
complicated than synthesizing their symmetric analogues.
The most common methodology employed to prepare sym-
metric M2O2 species involves the reaction of O2 with mono-
nuclear LM synthons, resulting in the spontaneous self-as-
sembly of the dimetallic O2 core. However, this methodol-
ogy is unsuitable for unsymmetric systems, because of the
possible formation of mixtures of products. In order to ad-
dress this problem, two main strategies have been pursued,
as depicted in Scheme 1.
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Scheme 1. Two main strategies used in the development of unsym-
metric complexes for the activation of O2.

One of the strategies consists of the design of ligands that
have two different binding sites with distinct coordination
environments for the two metals (Scheme 1A). In this case,
the preparation of the unsymmetric ligand usually consti-
tutes a more significant synthetic challenge. Nevertheless, in
the case of heterometallic complexes, the most challenging
aspect is to accomplish site-selective metal binding and to
avoid the formation of mixtures.

On the other hand, unsymmetric complexes can be ob-
tained by the reaction between a preformed LM–O2 syn-
thon with a reduced metal complex L�M�, to form a LM–
O2–M�L� species (Scheme 1B). In this case, the challenge
resides in finding complexes that preclude the formation of
LM–O2–ML species. This is generally accomplished by
using sterically hindered ligands L.

In Figure 2, LM–O2–M�L� complexes are classified on
the basis of the strategy employed in their preparation, and
this classification is illustrated with examples taken from
the literature. For comparative purposes, symmetric systems
have also been included (Figure 2a, e).[29,30] As shown in
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Figure 2, in both strategies the lack of symmetry can arise
from the nature of the metal ion (M � M�, Figure 2c),[31]

the first coordination sphere of the metal ions (L � L�,
Figures 2b, f),[32,33] or both (LM � L�M�, Figures 2d,
g).[27,34]

Figure 2. Illustrative examples of symmetric and unsymmetric well-
defined LM–(O2)–M�L� complexes. Top (a–d): complexes prepared
by stepwise combination of O2 with two LM synthons. Bottom (e–
g): complexes prepared from reaction of an unsymmetric dimetallic
complex with O2.

Formation of Unsymmetric Complexes by
Reaction between M–O2 Complexes with
Reduced Species M�

Pioneer work in the field was reported by van Koten and
co-workers, who described that organometallic complexes
[PdIILN2(Cl)(R)] (LN2 is a bidentate N-based ligand, and R
is an aryl group) (1) reacted with oxidomolybdenum diper-
oxide complex [MoVIO(O2)2·HMPT·H2O] (HMPT = hexa-
methylphosphoric triamide) (2) to form the corresponding
aryl halide (R–X).[35] When LN2 is a sterically hindered li-
gand, R–OR� products form instead in R�OH solvent. The
authors proposed that reaction between the molybdenum
peroxide and the PdII complex occurs via a PdIV(μ-O)2-
MoVI (3) species (Figure 3) in a formal oxidative addition

Eur. J. Inorg. Chem. 2012, 179–187 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 181

reaction. This intermediate evolves by reductive elimination
forming R–X, unless the Pd ion is bound to a sterically
hindered ligand. In the latter case, reductive elimination re-
sults in C–O bond formation.

Figure 3. Proposed mechanism for the formation of C–X and C–
O bonds via a PdIV(μ-O)2Mo intermediate.

More recently, Carpenter and co-workers used an
isolable complex [(Ph3P)2PtII(η2-O2)] (4a) to react with
GeII[N(SiMe3)2]2 (5) to yield heterodimetallic complex
[(Ph3P)2PtII(μ-O)2GeIV{N(SiMe3)2}2] (6a) (Figure 4,
top).[36] The reaction of [(Ph3P)2PtGeII{N(SiMe3)2}2] (7a)
with O2 also affords 6a. Interestingly, the direct reaction of
the complex [(Et3P)2PtGeII{N(SiMe3)2}2] (7b) with O2 in
the absence of light leads to a rare complex [(Et3P)2PtI(μ-
η1:η1-O2)GeIII{N(SiMe3)2}2] (8), which was crystallograph-
ically characterized. When this complex was exposed to
light, O–O bond cleavage occurred to yield the crystallo-
graphically characterized complex [(Et3P)2PtII(μ-O)2GeIV-
{N(SiMe3)2}2] (6b).

Figure 4. Schematic diagram of O2 chemistry for heterometallic Pt–
Ge complexes.

Peroxide complex [(Et3P)2PtI(μ-η1:η1-O2)GeIII{N-
(SiMe3)2}2] (8) does not react with CO2, alkenes, alkynes,
alkyl and arylphosphanes, but it reacts with SO2 and H2CO.
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Reaction with SO2 results in the oxidation of SO2 and in
the formation of [(Et3P)2PtI(μ-η2-SO4)GeIII{N(SiMe3)2}2]
(9). Reaction with formaldehyde results in the insertion of
formaldehyde into the Pt–O bond to form [(Et3P)2PtI(μ-η2-
OCH2OO)GeIII{N(SiMe3)2}2] (10). This data is consistent
with the nucleophilic character of the peroxide moiety.

Analogous germylene complexes [(R3P)2PdGeII-
{N(SiMe3)2}2] (11a, R = Et; 11b, R = Ph) also react with
O2 to produce complexes with PdI(μ-η1:η1-O2)GeIII (12a,
12b) and PdII(μ-O)2GeIV (13a, 13b) cores, but both com-
plexes were unstable.[37]

Following the same strategy, Tolman and co-workers
used an isolable LCuO2 complex, where L stands for a steri-
cally bulky β-diketiminate ligand, to synthesize unsymmet-
ric LCuIII(μ-O)2CuIIIL� complexes by reaction with a sec-
ond mononuclear L�CuI synthon.[38] A key aspect in this
strategy is the use of a bulky β-diketiminate ligand, which
allowed the isolation of complexes [H(Me2LiPr2)CuIII(η2-
O2)] (14a) and [H(Me2LMe2)CuIII(η2-O2)] (14b) (Figure 5).
The bulky nature of the β-diketiminate ligand prevents the
formation of symmetric LCuIII(μ-O)2CuIIIL species. In ad-
dition, its anionic character likely contributes to the stabili-
zation of the copper(III) oxidation state. Once the mono-
meric moiety 14 was isolated, it was used as a building
block to generate unsymmetric species [H(Me2LiPr2)CuIII(μ-
O)2CuIIIL�] (15) {L� = H(Me2LMe2), Me3TACN, TMPDA}
by reaction with a second L�CuI complex (Figure 5, top).
Moreover, the [H(Me2LiPr2)CuIII(η2-O2)] moiety was com-
bined with other metal complexes to generate hetero-
metallic complexes containing [CuIII(μ-O)2NiIII] (16)[39] and
[CuIII(μ-O)2GeIV] (17) cores.[34] Likewise, [(PPh3)2MII(η2-

Figure 5. Structural diagram of heterometallic Cu(μ-O)2M com-
plexes.
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O2)] (M = Pt, Pd) (4a, 4b) could be isolated and sub-
sequently were used to obtain complexes [(PPh3)2MII(μ-
O)2CuIIIH(Me2LMe2)] (M = Pt, 18a; M = Pd, 18b) (Fig-
ure 5, bottom).[40] Furthermore, the use of [(PPh3)2MII(η2-
O2)] allowed the preparation of [(PPh3)2MII(μ-O)2CuIII-
(TMPDA)] (M = Pt, 19a, M = Pd, 19b) and [(PPh3)2MII(μ-
O)2CuIII(iPr3TACN)] (M = Pt, 20a; M = Pd, 20b), for
which the LCuIII(η2-O2) moiety is not isolable because it
undergoes fast dimerization.

Access to this set of complexes allows comparison be-
tween the reactivity of symmetric and unsymmetric com-
plexes towards exogenous substrates (Figure 6). [(PPh3)2-
PtII(μ-O)2CuIIIH(Me2LMe2)] (18a) acted as a nucleophile in
the presence of substrates such as [NH4](PF6) (weak acid)
or CO2, while symmetric complex [H(Me2LMe2)2CuIII

2(μ-
O)2] (21) showed no reaction with these substrates. The
symmetric CuIII

2(μ-O)2 complex 21 does not oxidize sub-
strates such as 9,10-dihydroanthracene (9,10-DHA),
thioanisole, or 1-decene, which usually undergo electro-
philic oxidations by CuIII

2(μ-O)2 cores. The authors sug-
gested that the low reactivity exhibited by the symmetric
CuIII

2(μ-O)2 core could be due to the inhibition of substrate
approach by the bulky β-diketiminate ligand or because the
anionic character of one of the ligands quenches the electro-
philicity of the Cu2O2 core. When the complexes were tested
in the oxidation of 2,4-di-tert-butylphenol, another interest-
ing behavior was found: while the homometallic complex
was not able to oxidize the phenol, the heterometallic com-
plex reacted via hydrogen atom abstraction from the O–H
bond, forming the C–C coupling product. It was proposed
that the higher basicity of the unsymmetric PtII(μ-O)2CuIII

allowed the deprotonation of the substrate, which preceded
the electron transfer from the bound phenolate to the cop-
per center.

Figure 6. Reactivity of heterometallic complex [(PPh3)2PtII(μ-O)2-
CuIIIH(Me2LMe2)] (18a) in comparison with that of its homomet-
allic symmetric analog [{H(Me2LMe2)}2CuIII

2(μ-O)2] (21).

This methodology was extended to nickel by Riordan
and co-workers.[32] The isolation of the mononuclear com-
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plex {[PhTtAd]NiII(η2-O2)}+ (22) provided the possibility to
generate a homometallic unsymmetric complex {[PhTtAd]-
NiIII(μ-O)2NiIII[PhTttBu]}2+ (23) (Figure 7).

Figure 7. Homometallic unsymmetric NiIII
2 complexes developed

by Riordan and co-workers and heterometallic Ni–(O2)–M com-
plexes developed by Driess, Limberg, and co-workers.

Combining the copper and nickel precedents, Driess,
Limberg, and co-workers developed a novel family of Ni–
O2–M complexes. The basic structure of this series of com-
pounds is a mononuclear side-on superoxidonickel com-
pound [H(Me2LiPr2)NiII(η2-O2)] (24) bearing a bulky β-di-
ketiminate ligand H(Me2LiPr2) (Figure 7).[41] Similar to the
analogous copper complex reported by Tolman, [H(Me2-
LiPr2)CuIII(η2-O2)] (14a), the bulky nature of the ligand pre-
vents the formation of dimers. However, while 14a was best
formulated as a side-on peroxide compound, 24 was une-
quivocally described as a side-on superoxide complex on
the basis of X-ray diffraction and several spectroscopic (IR,
EPR, NMR) and theoretical (DFT calculations) tools.
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Complex 24 is remarkably stable, and it can be isolated as
crystals and handled at room temperature, which makes it
a good candidate as a building block for the construction
of heterometallic nickel/metal–dioxygen species. Moreover,
the cyclic voltammetry of 24 shows a quasireversible redox
wave at E1/2 = –0.98 V (vs. Fc+/Fc), which indicates that
this compound can be easily reduced by one electron to give
the corresponding peroxide compound.[42] Indeed, Driess,
Limberg, and co-workers have reported the easy reduction
of 24 by low-valent metal complexes to give a series of
heterometallic complexes with Ni–(O2)–K, Ni–(O2)–Zn,
and Ni–(O2)–Fe cores.[42,43] A clean one-electron chemical
reduction of 24 was achieved by reaction with metallic po-
tassium, which led to the formation of a heterometallic per-
oxide complex with a NiII(μ-η2:η2-O2)KI(solvent) (25) moi-
ety. This compound exhibits diamagnetic behavior; it is
thermally stable and could be characterized by X-ray analy-
sis.

Surprisingly, substitution of the potassium center by the
redox-inactive zinc(II) did not retain the peroxide structure,
but instead a diamagnetic heterometallic complex with a
NiII(OH)2ZnII core (26) was formed. Theoretical calcula-
tions helped to shed light on this process. While in 25 the
singlet ground state is the most stable configuration, the
ground state of the hypothetical intermediate species with
a NiII(μ-O2)ZnII moiety corresponds to a triplet configura-
tion defined as a Ni(μ-O·)2Zn (27) species, containing two
oxide moieties with a strong radical character. This biradi-
cal compound is highly reactive, and it is responsible for
the hydrogen-atom abstraction from an exogenous source
(e.g. solvent) to give the isolated bis(hydroxide) compound
26. Finally, the reaction of superoxidonickel building block
24 with redox-active iron(I) precursor [{H(R2LiPr2)-
FeI}2(N2)] (28) yielded compound 29, in which intramolec-
ular ligand oxidation had occurred. This oxidation process
entails the hydroxylation of an unactivated C–H bond,
which, in turn, requires the formation of a highly reactive
intermediate species. Despite the fact that no transient in-
termediates could be isolated in this process, DFT calcula-
tions suggested the stepwise reduction of the superoxide
unit in 24 to the peroxide 30 and bis(μ-oxide) 31 moieties
upon reaction with the iron(I) center. Compound 31 with
the general formula [H(Me2LiPr2)NiIII(μ-O)2FeIIIH-
(R2LiPr2)] was postulated as the highly reactive species re-
sponsible for ligand oxidation. Unfortunately, these inter-
esting species could not be directly detected by experimental
means.

Very recently, Tolman and co-workers described a new
mononuclear anionic copper(II) complex 32, which led to
the formation of an end-on superoxide complex 33 by reac-
tion with KO2 (Figure 8). Complex 33 is supported by a
sterically hindered pyridinedicarboxamide ligand and
adopts a tetragonal coordination geometry. Compound 33
can then be used as a building block for the synthesis of
other unsymmetric complexes,[44] as illustrated by its reac-
tion with [CuI(tpa)(CH3CN)](CF3SO3) (34) to yield dicop-
per complex 35 exhibiting an unsymmetric CuII

2(μ-η1:η1-
O2) core.
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Figure 8. Schematic diagram for the synthesis of an unsymmetric
Cu2O2 complex with a CuII

2(μ-η1:η1-O2) core assembled from the
reaction of a LCuIIO2 complex and a second L�CuI.

Formation of Unsymmetric Complexes by
Reaction of LMM�L� Complexes with Molecular
Oxygen

A different strategy to build unsymmetric complexes is
based on the design of ligands that possess two different
coordination environments. A prototypical example is the
set of model complexes that have been prepared and studied
as models for the enzyme cytochrome c oxidase, in which
two distinct binding sites are connected by different link-
ers.[27,45] In this case, one of the two sites is a porphyrin
complex, while the second one contains a non-porphyrin,
N-based ligand (see Figure 2g). Unsymmetric complexes
are relatively common in the literature, but only few reports
describe the formation of well-defined M2O2 species from
O2 binding/activation reactions or from the reaction with
reduced forms of O2 such as superoxides or peroxides.

Pioneer work done by Karlin and co-workers comprised
four different unsymmetric xylyl-type ligands, each of which
was used to synthesize the corresponding dicopper(I) com-
plex.[46–48] A rich chemistry was observed when the com-
plexes were exposed to molecular oxygen (Figure 9). In first
place, when [CuI

2(UN)]2+ (36) reacted with O2 at low tem-
peratures, a side-on peroxidodicopper complex [CuII

2-
(UN)(μ-η2:η2-O2)]2+ (37) was obtained, which subsequently
underwent aryl oxidation of the UN ligand to generate hy-
droxy-bridged dicopper complex 38. Related behavior was
also observed for the analogous [CuI

2(UN2)]2+ complex. In
second place, [CuI

2(UN–OH)]2+ (39) (Figure 9) reacted
with O2 at –80 °C to form [CuII

2(UN–O)(OOH)]2+ (40), a
hydroperoxidodicopper(II) complex. Thirdly, the oxygena-
tion of the related complex, [CuI

2(UN–O–)]+ (41), gave the
corresponding [CuII

2(UN–O–)(O2)]+ (42). Interestingly, the
latter complex undergoes a one-electron oxidation to pro-
duce unsymmetric superoxidodicopper(II) complex 43. This
complex was also obtained by initial chemical oxidation of
the [CuI

2(UN–O–)]+ precursor 41 with [Fe(Cp)2]+ to form
mixed-valence copper(I)–copper(II) complex 44, followed
by exposure to molecular O2. Finally, hydroperoxidodicop-
per(II) complex 40 was also prepared by protonation of
[CuII

2(UN–O–)(O2)]+ (42).
The oxidation ability of complexes [CuII

2(UN–O–)(O2)]+

(42) and [CuII
2(UN–O)(OOH)]2+ (40) was tested by using

PPh3 as substrate. Peroxidodicopper(II) complex 42 does
not oxidize PPh3 to phosphane oxide, but instead PPh3 co-
ordinates the metal, extruding O2 and forming the corre-
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Figure 9. Unsymmetric xylyl-bridged dicopper complexes de-
scribed by Karlin and co-workers.

sponding complex [CuI
2(UN–O–)(PPh3)2]+ (45). This reac-

tivity is consistent with a species exhibiting nucleophilic
character. Also consistent with this character is the reaction
of 42 with an excess of protons, which quantitatively pro-
duces H2O2. Moreover, hydroperoxidodicopper(II) complex
40 readily oxidizes PPh3 to quantitatively form O=PPh3 and
[CuII

2(UN–O–)(OH)]2+. This reaction can be understood as
an electrophilic oxygen-atom transfer to the substrate, and
it provides evidence for fundamental differences between
the reactivity of copper peroxide complex 42 and copper
hydroperoxide 40.

Superoxide dismutases catalyze a very fast two-step dis-
proportionation of the superoxide anion (O2

–) to molecular
oxygen and hydrogen peroxide.[12] The reaction is essentially
different from a O2-binding/activation process, but the na-
ture of the intermediate species implicated is strongly re-



M2O2 Complexes Arising from O2 Binding and Activation

lated. The heterometallic active site of the copper- and zinc-
dependent form of superoxide dismutase (CuZnSOD) also
constitutes an attractive target for synthetic bioinorganic
chemistry. Fukuzumi and co-workers provided an interest-
ing model by designing heterometallic CuII–ZnII complex
46 with a bridging imidazolate ring (Figure 10).[49,50] The
analogous homometallic CuII

2 complex 47 was also synthe-
sized. The SOD activity of both complexes was tested, and
heterometallic complex 46 showed a higher activity than
dicopper complex 47. Indeed, the activity of the latter com-
plex constitutes the highest reported to date for a dinuclear
complex. Furthermore, when 46 reacts with H2O2/NEt3 at
low temperatures, metastable CuII(OOH)ZnII species 48
could be spectroscopically characterized. Such a species is
considered an intermediate during CuZnSOD activity. The
corresponding homometallic CuII

2(OOH)2 species 49 could
also be characterized when compound 47 was reacted in a
similar manner.

Figure 10. Schematic diagram of SOD activity in CuZnSOD (top),
heterometallic complex 46 and homometallic complex 47 (middle),
and reaction of heterometallic 46 and homometallic 47 with H2O2

at low temperature (bottom).

The design of the ligand oxapyme, which contains two
different coordination sites, was used by Bosnich and co-
workers to synthesize unsymmetric dinuclear CoII complex
50 (Figure 11).[33] One of the cobalt ions is bound to four
N atoms of the dinucleating ligand, and the other is bound
to five. A bridging hydroxide moiety connects the two metal
ions, and a water molecule fulfils the coordination sphere
of the N4Co site. This dicobalt complex reacted with O2 at
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low temperatures to generate end-on dicobalt(III) peroxide
51, in which the oxygen was exclusively bound to the N4Co
center. Reaction of 51 with protons promoted the release of
the hydroxide moiety as a water molecule to generate the
unsymmetric complex [CoIII

2(μ-η1:η2-O2)(oxapyme)]2+

(52). Remarkably, 52 isomerizes toward a CoIII(μ-η1:η1-O2)-
CoIII complex (compound 53) when NO2

– is added.

Figure 11. Reactivity of the unsymmetric dicobalt complex de-
scribed by Bosnich and co-workers.

In another interesting contribution, Itoh and co-workers
synthesized a pentapyridine molecule that acted as an un-
symmetric dinucleating ligand for copper ions.[51] The reac-
tion of the corresponding dicopper(I) complex 54 with O2

at low temperatures in acetone resulted in the formation of
CuII

2–O2 species 55, which the authors described as the first
example of a CuII(μ-η1:η2-O2)CuII complex (Figure 12).
The reactivity of this novel Cu2O2 intermediate was studied
in some prototypical reactions of peroxidodicopper cores.
When it was treated with CF3SO3H, the complex under-
went protonation, releasing H2O2, which suggests that the
Cu2O2 unit can exhibit nucleophilic character in the pres-
ence of protons. However, when the complex was treated
with substrates such PPh3, PhSMe, or 2,4-di-tert-butyl-
phenol, products resulting from electrophilic oxidation re-
actions (Ph3PO, PhSOMe, and the biphenol coupling prod-
uct, respectively; see Figure 12) were observed. This rather

Figure 12. Pentapyridine ligand described by Itoh (top) and reac-
tivity of the corresponding CuII(μ-η1:η2-O2)CuII complex.
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unusual behavior was explained by the chameleonic charac-
ter of the unsymmetric CuII(μ-η1:η2-O2)CuII intermediate,
which could exhibit nucleophilic reactivity in the presence
of good electrophiles, like the majority of CuII(μ-η1:η1-O2)
complexes, but it could also engage in electrophilic oxygen-
atom-transfer reactions in the presence of oxophilic sub-
strates, as commonly observed in CuII(μ-η2:η2-O2)CuII cen-
ters.[19]

Along a similar path, Garcia-Bosch et al. designed an
unsymmetric heptaazadentate ligand based on the combi-
nation of two different coordination sites spaced by a xylyl
linker (Figure 13).[52] One of the two binding sites is tetra-
dentate and structurally very similar to the Karlin’s tpa tri-
podal ligand. The second site is tridentate and contains two
benzylimidazole rings. Structural analysis of [CuI

2(m-
XylN3N4)]2+ (56) by X-ray diffraction showed that the cop-
per ion at the tetradentate arm adopts a distorted trigonal
pyramidal geometry, and a T-shape geometry was estab-
lished for the tridentate site. For comparative reasons, di-
copper complex [CuI

2(m-XylN4N4)]2+ (57), which contains
the analogous symmetric ligand m-XylN4N4 with two tetra-
dentate sites, was also synthesized. The chemistry of the
corresponding tridentate symmetric complex, [CuI

2(m-
XylN3N3)]2+ (58), was previously studied by the group of
Casella.[53]

Figure 13. Unsymmetric and symmetric dicopper complexes 59 and
60, respectively, described by Garcia-Bosch et al. (top). Schematic
diagram of the reactivity of the unsymmetric and symmetric Cu2(μ-
η1:η1-O2) cores towards prototypical substrate probes (bottom).

As expected from the low coordination numbers of the
copper ions, both complexes proved extraordinarily reactive
towards O2. At cryogenic temperatures (–80 °C), in acetone
solution, unsymmetric [CuI

2(m-XylN3N4)]2+ (56) reacted
with O2 to form a thermally very unstable complex,
[CuII

2(μ-η1:η1-O2)(m-XylN3N4)]2+ (59). Analogously, sym-
metric complex [CuI

2(m-XylN4N4)]2+ (57) also reacted with
O2 to form [CuII

2(μ-η1:η1-O2)(m-XylN4N4)]2+ (60). The
binding mode of the O2 molecule in the two complexes was
ascertained on the basis of their resonance Raman and UV/
Vis spectra. The reactivity of both complexes towards
prototypical chemical probes such as H+, PPh3, thioanisole,
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and benzaldehyde was studied. The two complexes react
with 2 equiv. of H+ to afford H2O2 quantitatively and with
PPh3 to yield [CuI

2(L)(PPh3)2]2+ {L = m-XylN3N4} (61) and
m-XylN3N4 (62) and release O2. None of the two complexes
react with thioanisole or dihydroanthracene. Different reac-
tivity was observed towards benzaldehyde: Symmetric com-
plex 60 reacted with this electrophilic substrate quantita-
tively, yielding benzoic acid. A Hammett plot analysis af-
forded a negative correlation for this reaction, indicative of
a nucleophilic character of the peroxide. In contrast, un-
symmetric complex 59 was unable to oxidize benzaldehyde.

On the other hand, a completely different behavior was
observed when the complexes were tested in the oxidation
of sodium phenolates. While the symmetric complex was
unable to oxidize the substrate, unsymmetric complex
[CuII

2(μ-η1:η1-O2)(m-XylN3N4)]2+ (59) reacted with sodium
phenolates to yield ortho-hydroxylated phenols. A Hammett
analysis indicated that the reaction had an electrophilic
character, and no hydroxylation took place when electron-
deficient substrates were employed. No reaction occurred
with sterically hindered phenolates, either. Complex 59 con-
stitutes the first example of a trans-peroxidodicopper(II)
complex showing tyrosinase-like reactivity. Spectroscopic
analysis indicated that the reaction with sodium phenolates
(NaOPh) occurred via intermediate [CuII

2(OPh)(μ-η1:η1-
O2)(m-XylN3N4)]2+ (63), the substrate binding at the triden-
tate site. Computational analysis indicated that phenolate
binding did not trigger isomerization of the Cu2O2 core,
and that electrophilic attack of a peroxide oxygen atom over
the arene ring had a low activation barrier. The ability of
the unsymmetric complex to bind a phenolate substrate at
the N-tricoordinate copper(II) center was proposed to be
essential and was presumably enabled by placing the aro-
matic ring with the proper orientation and distance to the
peroxide oxygen atom.

Conclusions

Oxygen binding and activation at unsymmetric and
heterometallic complexes remains a promising field that has
been very scarcely explored, especially relative to the corre-
sponding symmetric M2O2 species. Studies described so far
have provided evidence for a rich and interesting chemistry.
Proof of concept that these systems can offer novel spectro-
scopic properties, electronic structures, and reactivities has
been provided in the past years. These pioneer studies hint
at a myriad of avenues of novel chemistry waiting to be
explored.
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Trichloro[2-(dialkylphosphanyl)imidazol-1-yl]silanes 3 and 4
react with aceto- or propionitrile to yield the dinuclear penta-
coordinate silicon(IV) complexes 5–8, which contain two
bridging dianionic N,N-ligands generated by silicon-medi-
ated nitrile activation. Compounds 5–8 contain two SiCl2N3

Introduction

Monodeprotonated 2-(dialkylphosphanyl)imidazoles are
common bidentate N,P-chelate ligands.[1] To the best of our
knowledge, higher-coordinate silicon(IV) complexes with
this particular type of ligands are unknown.[2] Generally,
penta- and hexacoordinate silicon compounds with Si–P in-
teractions are very rare,[3–6] and some of these species are
not well characterized.[6] In continuation of our systematic
studies on higher-coordinate silicon(IV) complexes,[7] we
targeted the synthesis of pentacoordinate silicon com-
pounds that contain bidentate monoanionic N,P-ligands
derived from 2-(dialkylphosphanyl)imidazoles. Here we re-
port our unsuccessful attempts to synthesize these target
compounds and the discovery of a new nitrile activation
that led to the formation of dinuclear pentacoordinate sili-
con(IV) complexes with bridging imido-nitrogen ligand
atoms.

Results and Discussion

Tetrachlorosilane was treated with 1 mol-equiv. each of
triethylamine and 2-(diethylphosphanyl)imidazole (1)[8] or
2-(diisopropylphophanyl)imidazole (2)[8] in tetrahydrofuran
to furnish the trichloro[2-(dialkylphosphanyl)imidazol-1-yl]-
silanes 3 and 4, respectively (Scheme 1). Compounds 3 and
4 could not be isolated as analytically pure products; how-
ever, their identity was established unequivocally by NMR
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skeletons, with two imido-nitrogen ligand atoms that bridge
the silicon coordination centers. The pentacoordinate sili-
con(IV) complexes 5–8 were characterized by elemental
analysis, single-crystal X-ray diffraction, and solid-state
NMR spectroscopy.

spectroscopy,[9] which showed no Si–P interactions (no
pentacoordination of the silicon atom). Attempts to purify
3 and 4 by crystallization from acetonitrile or propionitrile
led to a surprising observation: both silanes were found to
react with these nitriles to furnish the dinuclear pentacoor-
dinate silicon(IV) complexes 5–8 (Scheme 1), which were
isolated as colorless solids [55 (5), 31 (6), 47 (7), 27% (8)].
As demonstrated for 7, the yield was increased significantly
(� 84 %) by reaction of tetrachlorosilane with triethylamine
and 2 with the corresponding nitrile (acetonitrile) as the
solvent.

Scheme 1. Synthesis of 5–8.
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The zwitterionic compounds 5–8 contain two pentacoor-

dinate (formally negatively charged) silicon atoms, two tet-
racoordinate (formally positively charged) phosphorus
atoms,[10] and two new bridging dianionic N,N-ligands
(generated by nitrile activation) with an imido- and an
amido-nitrogen atom.

The identities of 5–8 were established by elemental analy-
sis (C, H, N), crystal-structure analysis,[11] and solid-state
NMR spectroscopy (13C, 15N, 29Si, 31P). NMR spectro-
scopic studies in solution failed due to the poor solubility
of 5–8 in common organic solvents.

The molecular structures of 5–8 are characterized by Ci

symmetry, with two five- and two six-membered rings and
one central four-membered ring (Figures 1, 2, 3, and 4).
Compounds 5–8 contain two SiCl2N3 skeletons, with two
imido-nitrogen ligand atoms that bridge the silicon coordi-
nation centers. The silicon coordination polyhedra are best
described as distorted trigonal bipyramids; the Berry distor-
tions (transition trigonal bipyramid � square pyramid)
amount to 8.8 (5), 23.0 (6), 20.2 (7), and 21.7 % (8).[11] As
shown in Figure 5, two different coordination modes were
observed. In 5, the two chlorido ligands and one bridging
imido-nitrogen ligand atom are found in the equatorial po-
sitions, whereas the equatorial sites of 6–8 are occupied by
one chlorido, one imido-nitrogen, and the amido-nitrogen
ligand atom.

Figure 1. Molecular structure of 5 in the crystal (probability level
of displacement ellipsoides 50%). Selected bond lengths [Å] and
angles [°]: Si–Cl1 2.1227(7), Si–Cl2 2.1263(7), Si–N1 1.9138(15),
Si–N3 1.7282(15), Si–N3A 1.8364(15), P–C3 1.7786(17), P–C8
1.7992(18), N1–C3 1.365(2), N3–C8 1.402(2), C8–C9 1.335(2); Si–
N3–SiA 99.19(7), Cl1–Si–Cl2 115.77(3), Cl1–Si–N1 88.86(5), Cl1–
Si–N3 122.86(6), Cl1–Si–N3A 92.75(5), Cl2–Si–N1 86.51(5), Cl2–
Si–N3 121.34(6), Cl2–Si–N3A 95.16(5), N1–Si–N3 96.10(7), N1–
Si–N3A 176.91(6), N3–Si–N3A 80.81(7), Si–N1–C3 126.42(11), Si–
N3–C8 132.61(12), SiA–N3–C8 128.06(11), P–C3–N1 120.87(13),
P–C8–N3 114.30(12), P–C8–C9 117.45(14), N3–C8–C9 128.07(16).

The axial N–Si–N (5) and Cl–Si–N angles (6–8) are in
the range 172.65(5)–176.91(6)°, and the sum of the equato-
rial bond angles of 5–8 range from 359.80 to 359.97°. The
central four-membered Si2N2 rings are planar, with Si–N–
Si angles of 99.19(7)–100.13(7)° and N–Si–N angles of
79.87(7)–80.81(7)°. Despite of their isomeric SiCl2N3 skel-
etons (Figure 5), 5–8 show very similar lengths of the analo-
gous Si–Cl and Si–N bonds. The axial Si–Cl bond lengths
are in the range 2.2291(6)–2.2595(6) Å and are somewhat
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Figure 2. Molecular structure of 6 in the crystal (probability level
of displacement ellipsoides 50%). Selected bond lengths [Å] and
angles [°]: Si–Cl1 2.1214(7), Si–Cl2 2.2595(6), Si–N1 1.8327(17),
Si–N3 1.8320(14), Si–N3A 1.7270(15), P–C3 1.7907(18), P–C8
1.7898(19), N1–C3 1.385(2), N3–C8 1.409(2), C8–C9 1.346(3); Si–
N3–SiA 99.83(7), Cl1–Si–Cl2 88.41(3), Cl1–Si–N1 109.67(6), Cl1–
Si–N3 92.95(5), Cl1–Si–N3A 128.13(6), Cl2–Si–N1 91.67(5), Cl2–
Si–N3 172.65(5), Cl2–Si–N3A 93.31(5), N1–Si–N3 94.67(7), N1–
Si–N3A 122.07(8), N3–Si–N3A 80.17(7), Si–N1–C3 126.36(12), Si–
N3–C8 125.03(11), SiA–N3–C8 135.14(12), P–C3–N1 127.89(14),
P–C8–N3 109.05(12), P–C8–C9 122.45(14), N3–C8–C9 128.47(17),
C8–C9–C10 124.66(17).

Figure 3. Molecular structure of 7 in the crystal (probability level
of displacement ellipsoides 50%). Selected bond lengths [Å] and
angles [°]: Si–Cl1 2.1242(7), Si–Cl2 2.2316(8), Si–N1 1.8409(16),
Si–N3 1.8341(15), Si–N3A 1.7368(16), P–C3 1.7889(18), P–C10
1.8081(18), N1–C1 1.390(2), N3–C10 1.400(2), C10–C11 1.343(2);
Si–N3–SiA 100.13(7), Cl1–Si–Cl2 88.90(3), Cl1–Si–N1 108.19(15),
Cl1–Si–N3 92.59(5), Cl1–Si–N3A 125.73(6), Cl2–Si–N1 90.57(5),
Cl2–Si–N3 173.83(6), Cl2–Si–N3A 94.40(5), N1–Si–N3 94.65(7),
N1–Si–N3A 125.88(7), N3–Si–N3A 79.87(7), Si–N1–C3
126.51(12), Si–N3–C10 125.78(12), SiA–N3–C10 133.92(12), P–
C3–N1 127.75(13), P–C10–N3 113.10(12), P–C10–C11 119.24(14),
N3–C10–C11 127.62(17).

longer than the equatorial ones [2.1214(7)–2.1446(7) Å].
The axial Si–N(imido) bond lengths [1.8275(15)–
1.8364(15) Å] are also longer than the equatorial ones
[1.7270(15)–1.7368(16) Å]. The Si–N(amido) bond lengths
are somewhat longer than the Si–N(imido) ones
[Si–N(amido)ax 1.9138(15) Å, Si–N(amido)eq 1.8327(17)–
1.8409(16) Å].
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Figure 4. Molecular structure of 8 in the crystal (probability level
of displacement ellipsoides 50%). Selected bond lengths [Å] and
angles [°]: Si–Cl1 2.1446(7), Si–Cl2 2.2291(6), Si–N1 1.8387(15),
Si–N3 1.8275(15), Si–N3A 1.7360(14), P–C3 1.7894(18), P–C10
1.8040(17), N1–C1 1.389(2), N3–C10 1.400(2), C10–C11 1.346(2);
Si–N3–SiA 99.97(7), Cl1–Si–Cl2 88.99(3), Cl1–Si–N1 108.45(5),
Cl1–Si–N3 92.41(5), Cl1–Si–N3A 126.72(5), Cl2–Si–N1 91.38(5),
Cl2–Si–N3 173.04(5), Cl2–Si–N3A 93.67(5), N1–Si–N3 94.64(7),
N1–Si–N3A 124.63(7), N3–Si–N3A 80.03(7), Si–N1–C3
126.62(11), Si–N3–C10 125.35(11), SiA–N3–C10 134.64(12), P–
C3–N1 128.05(12), P–C10–N3 112.33(12), P–C10–C11 119.63(13),
N3–C10–C11 128.01(15), C10–C11–C12 125.25(17).

Figure 5. Different coordination modes observed for the SiCl2N3

skeletons of 5 (left) and 6–8 (right).

A hypothetical mechanism for the formation of 5–8 is
depicted in Scheme 2. We propose the coordination of the
acetonitrile or propionitrile molecule to the silicon atom of
the silanes 3 and 4 (� I) to be the key step in the nitrile
activation, which is followed by nucleophilic attack of the
phosphorus atom at the α-carbon atom of the nitrile to gen-
erate a P–C bond (� II). Subsequent deprotonation at the
β-carbon atom of the nitrile (elimination of hydrogen chlor-
ide and formation of a C=C bond) leads to the zwitterionic
species III, which dimerizes to give 5–8.

Attempts to generate the free bidentate N,N-ligands by
hydrolysis of 5–8 failed. Treatment of 5–8 with water under
neutral, acidic, and basic conditions at room temperature
led to a rapid hydrolytic decomposition, but we could not
isolate the free N,N-ligands. Instead, 1:1 mixtures of 3 and
acetamide, 3 and propanamide, 4 and acetamide, or 4 and
propanamide were obtained in almost quantitative yield
(Scheme 3).
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Scheme 2. Proposed mechanism for the formation of 5–8.

Scheme 3. Reaction of 5–8 with water.

Conclusions

We have discovered a new silicon-mediated nitrile acti-
vation and studied a new class of dinuclear zwitterionic
pentacoordinate silicon(IV) complexes with bridging imido-
nitrogen ligand atoms and SiCl2N3 skeletons. Future studies
will explore the scope of this new chemistry.

Experimental Section
General: All syntheses were carried out under dry argon. Organic
solvents were dried and purified according to standard procedures
and stored under nitrogen. Melting points were determined with a
Büchi Melting Point B-540 apparatus by using samples in sealed
capillaries. Solid-state 13C, 15N, 29Si, and 31P VACP/MAS NMR
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spectra were recorded at 22 °C with a Bruker DSX-400 NMR spec-
trometer with bottom layer rotors of ZrO2 (diameter, 7 mm) with
ca. 200 mg of sample [13C 100.6, 15N 40.6, 29Si 79.5, 31P
162.0 MHz; external standard: Me4Si (13C and 29Si, δ = 0 ppm),
glycine (15N, δ = –342.0 ppm), or H3PO4 (85%, 31P, δ = 0 ppm);
contact time, 1 (13C), 3 (15N), 5 (29Si), or 2 ms (31P); 90° 1H trans-
mitter pulse length, 3.6 μs, repetition time, 4 s].

General Procedure for the Synthesis of 5–8: Triethylamine (4 mmol)
and tetrachlorosilane (4 mmol) were added sequentially at 20 °C
in single portions to a stirred solution of 1[8] or 2[8] (4 mmol) in
tetrahydrofuran (20 mL), and the resulting suspension was stirred
at this temperature for 24 h. The resulting precipitate was isolated
by filtration, washed with tetrahydrofuran (5 mL), and discarded.
The solvent of the filtrate (including the wash solution) was re-
moved in vacuo, the corresponding nitrile (10 mL) was added to the
residue, and the mixture was stirred at 20 °C for 2 d. The resulting
precipitate was isolated by filtration, washed with n-pentane (2�

5 mL), and dried in vacuo (0.01 mbar, 20 °C, 6 h) to yield 5–8 as
colorless solids.

5: Yield: 55%. C18H28Cl4N6P2Si2 (588.39): calcd. C 36.74, H 4.80,
N 14.28; found C 37.1, H 5.0, N 14.4. 13C VACP/MAS NMR: δ =
6.8 (CH2CH3), 9.5 (CH2CH3), 13 (br., CH2CH3), 14 (br.,
CH2CH3), 117.5, 129.1 (br.), 131.5 (br.), 132.4 (br.) [C=CH2,
C=CH2, C(imidazol-1-yl)] ppm. 15N VACP/MAS NMR: δ = –254.8
(SiNC), –134.0 (CNC), –92.3 (SiNSi) ppm. 29Si VACP/MAS NMR:
δ = –122.2 ppm. 31P VACP/MAS NMR: δ = 7.1 ppm.

6: Yield: 31%. C20H32Cl4N6P2Si2 (616.44): calcd. C 38.97, H 5.23,
N 13.63; found C 39.0, H 5.3, N 13.4. 13C VACP/MAS NMR: δ =
3.9 (CH2CH3), 4.3 (CH2CH3), 11.7 (C=CHCH3), 18.2 [d,
1J(31P,13C) = 50 Hz CH2CH3], 121.3 (br.), 128.9, 132.2, 133.2, 139.7
[C=CHCH3, C=CHCH3, C(imidazol-1-yl)] ppm. 15N VACP/MAS
NMR: δ = –265.1 (SiNC), –164.4 (CNC), –84.1 (SiNSi) ppm. 29Si
VACP/MAS NMR: δ = –124.6 ppm. 31P VACP/MAS NMR: δ =
17.6 ppm.

7: Yield: 47%. C22H36Cl4N6P2Si2 (644.50): calcd. C 41.00, H 5.63,
N 13.04; found C 40.8, H 5.6, N 12.9. 13C VACP/MAS NMR: δ =
14.4 (CHCH3), 15.4 (CHCH3), 16.3 (CHCH3), 16.7 (CHCH3), 23.6
(br., CHCH3), 26.2 (br., CHCH3), 127.7, 129.1 (br.), 131.3 (br.),
132.9 (br.) [C=CH2, C=CH2, C(imidazol-1-yl)] ppm. 15N VACP/
MAS NMR: δ = –244.9 (SiNC), –160.9 (CNC), –82.6 (SiNSi) ppm.
29Si VACP/MAS NMR: δ = –125.8 ppm. 31P VACP/MAS NMR: δ
= –23.4 ppm.

8: Yield: 27%. C24H40Cl4N6P2Si2 (672.55): calcd. C 42.86, H 6.00,
N 12.50; found C 43.1, H 6.0, N 12.6. 13C VACP/MAS NMR: δ
= 14.3 (CHCH3), 15.2 (CHCH3), 16.0 (CHCH3), 17.3 (CHCH3,
C=CCH3), 23.9 [d, 1J(31P,13C) = 43 Hz, CHCH3], 25.3 [d,
1J(31P,13C) = 43 Hz, CHCH3], 123.6 (br.), 132.4 (br.), 140.4 (br.)
[C=CHCH3, C=CHCH3, C(imidazol-1-yl)] ppm. 15N VACP/MAS
NMR: δ = –228.7 (SiNC), –162.5 (CNC), –84.1 (SiNSi) ppm. 29Si
VACP/MAS NMR: δ = –125.1 ppm. 31P VACP/MAS NMR: δ =
–23.7 ppm.

Alternative Synthesis of 7: Triethylamine (415 mg, 4.10 mmol) and
tetrachlorosilane (397 mg, 2.34 mmol) were added sequentially at
20 °C in single portions to a stirred suspension of 2 (375 mg,
2.04 mmol) in acetonitrile (30 mL), and the mixture was stirred at
this temperature for 2 d. The resulting precipitate was isolated by
filtration, washed with dichloromethane (5 mL), and dried in vacuo
(0.01 mbar, 20 °C, 6 h) to yield 7 as a colorless solid. Yield: 553 mg
(858 μmol, 84%). The analytical data of the product match with
those obtained for the product synthesized according to the general
method described above.
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Crystal Structure Analyses of 5–8: Suitable single crystals of 5–8
were mounted in inert oil (perfluoropolyalkyl ether, ABCR) on a
glass fiber and transferred to the cold nitrogen gas stream of the
diffractometer (Stoe IPDS; graphite-monochromated Mo-Kα radia-
tion, λ = 0.71073 Å). The structures were solved by direct methods
(SHELXS-97) and refined by full-matrix least-squares methods on
F2 for all unique reflections (SHELXL-97).[12] A riding model was
employed for the CH hydrogen atoms. Selected data for 5: Single
crystal of dimensions 0.30� 0.20�0.04 mm obtained by crystalli-
zation from acetonitrile at 20 °C, C18H28Cl4N6P2Si2, Mr = 588.38,
analysis at 173(2) K, triclinic, space group P1̄ (no. 2), a =
7.6200(13), b = 9.1276(15), c = 10.5963(17) Å, α = 99.728(3), β =
103.531(3), γ = 113.180(3)°, V = 629.97(18) Å3, Z = 1, ρcalcd. =
1.551 gcm–3, μ = 0.713 mm–1, F(000) = 304, 2θmax = 56.08°, 8333
collected reflections, 3022 unique reflections (Rint = 0.0368), 147
parameters, S = 1.045, R1 = 0.0346 [I�2σ(I)], wR2 (all data) =
0.0924, max./min. residual electron density = +0.492/–0.242 eÅ–3.
Selected data for 6: Single crystal of dimensions
0.40�0.30�0.20 mm obtained by slow cooling of a saturated solu-
tion in propionitrile from 90 to 20 °C, C20H32Cl4N6P2Si2, Mr =
616.44, analysis at 173(2) K, monoclinic, space group P21/n (no.
14), a = 7.8083(7), b = 10.5254(13), c = 17.1856(17) Å, β =
92.302(12)°, V = 1411.3(3) Å3, Z = 2, ρcalcd. = 1.451 gcm–3, μ =
0.640 mm–1, F(000) = 640, 2θmax = 58.10°, 11187 collected reflec-
tions, 3647 unique reflections (Rint = 0.0475), 157 parameters, S =
1.003, R1 = 0.0373 [I �2σ(I)], wR2 (all data) = 0.1000, max./min.
residual electron density = +0.436/–0.433 eÅ–3. Selected data for
7: Single crystal of dimensions 0.50�0.30�0.15 mm obtained by
crystallization from acetonitrile at 20 °C, C22H36Cl4N6P2Si2, Mr =
644.49, analysis at 173(2) K, monoclinic, space group C2/c (no. 15),
a = 16.274(3), b = 12.3909(15), c = 15.676(3) Å, β = 109.74(2)°, V

= 2975.4(9) Å3, Z = 4, ρcalcd. = 1.439 gcm–3, μ = 0.611 mm–1,
F(000) = 1344, 2θmax = 58.12°, 20773 collected reflections, 3922
unique reflections (Rint = 0.0567), 167 parameters, S = 1.080, R1 =
0.0402 [I�2σ(I)], wR2 (all data) = 0.1137, max./min. residual elec-
tron density = +0.464/–0.380 eÅ–3. Selected data for 8: Single crys-
tal of dimensions 0.50�0.30 �0.20 mm obtained by crystallization
from propionitrile at 20 °C, C24H40Cl4N6P2Si2, Mr = 672.54, analy-
sis at 173(2) K, monoclinic, space group P21/c (no. 14), a =
9.6854(12), b = 16.2387(14), c = 10.5653(11) Å, β = 106.663(13)°,
V = 1591.9(3) Å3, Z = 2, ρcalcd. = 1.403 gcm–3, μ = 0.574 mm–1,
F(000) = 704, 2θmax = 58.28°, 12012 collected reflections, 4249
unique reflections (Rint = 0.0358), 177 parameters, S = 1.072, R1 =
0.0394 [I�2σ(I)], wR2 (all data) = 0.1122, max./min. residual elec-
tron density = +0.464/–0.411 eÅ–3. CCDC-843678 (for 5), -843679
(for 6), -843680 (for 7), and -843681 (for 8) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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[(CH3)2CHNH3]2[UO2(CrO4)2] is the first uranyl chromate
with a bidentate coordination mode between the uranyl and
chromate ions. Although this type of coordination is typical

Introduction

Uranium compounds with tetrahedral oxoanions have
received considerable attention due to their importance as
minerals,[1] microporous[2] and nanostructured[3] materials,
compounds present in altered spent nuclear fuel and radio-
active waste, materials with interesting properties,[4] etc. In
these structures, uranium ions may coordinate tetrahedral
groups in either monodentate or bidentate coordination
modes with the former being by far the most common in
uranyl compounds. However, bidentate coordination of
uranyl ions by TO4 tetrahedral oxoanions is frequently ob-
served for compounds with penta- and tetravalent T cations
(T = P5+, As5+, V5+, Si4+, Ge4+). Among hexavalent group
VI elements (S, Cr, Se, Mo, W), bidentate coordination had
been described in the crystal structures[5] and aqueous solu-
tions[6] of uranyl sulfates but has so far been unknown for
uranyl chromates, selenates, molybdates and tungstates.[7]

This observation is striking as the S6+ cation is the smallest
in the group (S6+ � Cr6+ � Se6+ � Mo6+ � W6+) and there-
fore the absence of bidentate coordination cannot be as-
signed to the repulsive forces between the U6+ and T6+ cat-
ions only. Here we report the structure of [(CH3)2CHNH3]2-
[UO2(CrO4)2] (1), which is the first uranyl chromate with
bidentate coordination of the uranyl cation by the chromate
anion. In addition, we have investigated the bonding and
structure–geometry trends in uranyl compounds with bi-
dentate coordination of uranyl ions by tetrahedral
oxoanions. The most interesting finding is that the U···T
distance in bidentate complexes is seemingly independent
of the formal oxidation state of T.
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for sulfates, it has not been previously observed for other
group VI elements. Statistical analysis of the bidentate coor-
dination geometry parameters in uranyl compounds is given.

Results and Discussion

Orange-yellow crystals of 1 were obtained by a hydro-
thermal method. The crystal structure of 1 is based on
uranyl chromate layers with a unique topology that has not
been previously described for uranyl compounds (Fig-
ure 1a). There are two symmetrically independent U atoms,
which both form linear [O=U6+=O]2+ uranyl cations (U–O
1.752–1.773 Å) equatorially coordinated by five O atoms to
form pentagonal bipyramids. Four independent Cr posi-
tions are each tetrahedrally coordinated by four O atoms.
The unique feature of the structure of 1 is that both U sites

Figure 1. Uranyl chromate layer in the structure of 1 (a) and the
structure projected along the a axis (b). Yellow and orange denote
U and Cr polyhedra, respectively; C and N displacement ellipsoids
(drawn at 50% probability level) are shown as grey and blue,
respectively; H atoms are shown as small grey spheres.
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are coordinated in a bidentate fashion by CrO4
2– tetrahe-

dral anions, which is the first time that this type of coordi-
nation has been observed for uranyl chromates. The U1O7

pentagonal bipyramid forms a monomeric unit, in which
two equatorial O atoms are involved in a bidentate linkage
to the Cr1O4 tetrahedron. Two U2O7 bipyramids share an
equatorial edge to form a dimeric moiety, in which each
bipyramid is involved in bidentate coordination to the
Cr4O4 tetrahedra. The monomers and dimers are linked
into layers through Cr2O4 and Cr3O4 tetrahedra, which co-
ordinate uranyl ions in a monodentate fashion. The re-
sulting layers have a [UO2(CrO4)2]2– composition and are
oriented parallel to (010) (Figure 1b). The layers are slightly
modulated with a modulation vector parallel to the c axis
of 35.29 Å.

The protonated isopropylamine units, [(CH3)2CHNH3]+,
are located between the uranyl chromate layers and pack
according to the balance of hydrophobic/hydrophillic inter-
actions. The hydrophobic parts of the organic molecules are
packed together into corrugated layers, whereas the amine
headgroups are oriented towards the uranyl chromate layers
and form N–H···O hydrogen bonds to the O atoms of
uranyl ions and chromate tetrahedra.

The bidentate coordination mode in the uranyl chromate
layer in 1 is associated with significant distortion of both
the U and Cr coordination polyhedra. In order to analyse
the distortion degree, O atoms in the layer can be classified
into four groups: (i) atoms of the uranyl groups (Our, not
affected by distortion), (ii) atoms of chromate tetrahedra
involved in bidentate coordination (bidentate bridging,
Obb), (iii) atoms of chromate tetrahedra involved in mono-
dentate coordination (monodentate bridging, Omb) and (iv)
terminal atoms of chromate tetrahedra not bonded to U
(terminal, Ot). Geometric distortions induced by the biden-
tate coordination of the uranyl ion by chromate include the
following effects: (a) the U–Obb bonds are essentially longer
(2.448–2.528 Å) than the average standard U–O bond in a
UO7 pentagonal bipyramid[8] (2.37 Å), (b) the Obb–U–Obb

valence angles (ξ1) are smaller (61.2–63.3°) than the ex-
pected ideal value of 72°, (c) the Cr–Obb bond lengths are
longer (1.658–1.717 Å; �Cr–Obb� = 1.679 Å) than the
average value of 1.647 Å observed for uranyl chromates[9]

and (d) the Obb–Cr–Obb bond valence angles (ξ2) are
smaller (99.7–100.6°) than the ideal tetrahedral value of
109.5°. In the chromate tetrahedra, additional distortion is
provoked by their monodentate bridging role with the Cr–
Omb bonds (1.655–1.697 Å), which are longer than the Cr–
Ot bonds (1.572–1.594 Å).

In order to investigate the general effects of bidentate
coordination on the structural geometric parameters in
uranyl compounds, we have analysed the available literature
data on uranyl phosphates, arsenates, vanadates, silicates
and sulfates. The only chromate compound taken into ac-
count was 1. For the analysis, only structures with uranium
ions with pentagonal bipyramidal coordination were taken
into account. The analysis involved the calculation of the
U···T interatomic distances, average T–O, T–Obb and U–
Obb bond lengths, and Obb–U–Obb (ξ1) and Obb–T–Obb (ξ2)
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Table 1. Geometric parameters of bidentate coordination of uranyl
ions by TO4 tetrahedra tetrahedral oxoanions (T = V, P, As, S, Cr,
Si).

T �T–O� �T–Obb� �U–Obb� �U···T� �ξ1� �ξ2�
[Å] [Å] [Å] [Å] [°] [°]

V 1.710 1.747 2.500 3.270 63.37 97.57
P 1.549 1.537 2.479 3.129 57.98 101.78
As 1.697 1.679 2.504 3.258 60.76 96.62
S 1.495 1.477 2.473 3.103 56.50 102.89
Cr 1.680 1.643 2.489 3.206 62.38 100.09
Si 1.617 1.620 2.464 3.206 60.64 100.59
V 1.710 1.747 2.500 3.270 63.37 97.57

Figure 2. Geometric parameters of bidentate coordination in
uranyl oxosalts: (a) the U···T distance vs. T–Obb; (b) and (c) the ξ1

and ξ2 valence angles vs. T–Obb, respectively.

valence angles. The results are presented in Table 1 and
some representative trends are shown in Figure 2. The U···T
interatomic distance positively correlates with the average
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�T–Obb� bond length: the larger the tetrahedral oxoanion,
the longer the U···T distance (Figure 2a). However, varia-
tions in the U···T distances occur in a narrow range (2.99–
3.34 Å), owing to the mutual adjustment of the ξ1 and ξ2

valence angles (Figure 2b and c). The smaller the tetrahe-
dron, the more rigid its structure and the less deviated the
ξ2 valence angle is from the ideal tetrahedral value of
109.5°. As a result, the U···T distance is adjusted by the
essential reduction of the ξ1 valence angle and its significant
deviation from 72°, which is the value for an ideal UO7

pentagonal bipyramid. With the increasing size of the tetra-
hedral oxoanion, it becomes more flexible and the appro-
priate range of the U···T distances is adjusted by both ξ1

and ξ2 valence angles; the larger the tetrahedron, the
smaller the deviation of the ξ1 valence angle from 72°. Fig-
ure 2 illustrates an interesting observation: the U···T dis-
tance is seemingly independent of the formal oxidation state
of T, which ranges from 4+ (silicates) to 6+ (sulfates and
chromates). The data presented in Table 1 also indicate that,
although bidentate coordination has a strong influence on
the U–Obb bond length [it appears to be essentially longer
than the average U–O bond length in typical pentagonal
bipyramidal coordination (2.37 Å)], bond length distortions
within the TO4 tetrahedra are much less sensitive to the
bonding interactions with uranyl ions. This observation is,
however, somewhat lessened by the participation of the tet-
rahedra in bonding to other types of cations in the struc-
ture.

Conclusions

We have been able to prepare and characterize the first
uranyl chromate with a bidentate coordination mode be-
tween the uranyl and chromate ions. It is worth noting that,
in contrast to uranyl chromates, bidentate coordination is
typical for neptunyl chromates[10] and, with the accumu-
lation of structural data, it would be worthwhile to compare
the influence of the coordination mode on the structural
geometries in uranyl and neptunyl compounds. It would
also be of interest to provide a theoretical basis for these
trends by quantum chemical computations.

Experimental Section
Single crystals of 1 were obtained by a hydrothermal method from
a mixture of CrO3 (0.1 g), (UO2)(NO3)2·6H2O (0.095 g), (CH3)2-
CHNH2 (1 mL) and distilled H2O (5 mL). The reactants were
placed in a Teflon-lined Parr bomb and heated to 100 °C for six
days and then cooled to 25 °C with a cooling rate of 8 °C/h. The
products consisted of yellow-orange, transparent, perfectly shaped
crystals of 1. The products were collected by filtration and washed
with ultrapure water. IR spectra (Bruker Vertex 70) collected from
1 confirmed the presence of isopropylamine, uranyl ions and chro-
mate groups. Qualitative electron microprobe analysis (LINK AN-
10000 EDS) indicated the presence of no elements with an atomic
number greater than 11 (Na) except U6+ and Cr6+. Crystallo-
graphic data for [(CH3)2CHNH3]2[UO2(CrO4)2]: Greenish yellow
plate, 0.09 � 0.06� 0.11 mm3, orthorhombic, Pbca, a = 10.327(3),

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 194–197196

b = 18.257(5), c = 35.285(10) Å, V = 6653(3) Å3, Z = 16, T = 296(2)
K, Mo-Kα radiation (λ = 0.71073 Å), μ = 11.041 mm–1, R1 = 0.033,
wR2 = 0.057, GOF = 0.769 for 5612 unique reflections with I�

2σI. CCDC-843100 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): IR spectra and SEM images of crystals of 1.
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In the presence of ionic compounds, the thermal decomposi-
tion of octacarbonyldicobalt, Co2(CO)8, in an inert solvent
leads exclusively to ε-Co nanocubes. The ionic species can
be added directly or generated in situ by a chemical reaction

Introduction
Only very recently, we have investigated in detail the ther-

mal decomposition of decamethylstannocene, (Me5C5)2Sn,
in organic solvents, which resulted in the formation of dif-
ferent morphologies of nanostructured β-tin particles. Sur-
prisingly, the presence of ionic additives during the thermol-
ysis led exclusively to the formation of cubes with controlla-
ble size.[1] In the context of our ongoing interest in the in-
vestigation of the magnetic properties of cobalt nanopar-
ticles prepared from the thermal decomposition of octacar-
bonyldicobalt, Co2(CO)8, in organic solvents,[2–4] we now
investigated the influence of ionic additives on the mor-
phology of cobalt nanoparticles. The effect of ionic com-
pounds as additives on the decomposition of Co2(CO)8 has
not been described in the literature so far, though this syn-
thetic strategy represents a classical procedure[5–7] for the
preparation of Co nanoparticles,[8–16] together with the de-
composition of other organometallic precursors[17] and with
the reduction of cobalt salts.[18–22] Very recent studies have
shown that changing the shape of cobalt nanoparticles from
spherical to cubic can fundamentally change their magnetic
behavior.[15,23–25] Here we describe our observation that the
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between an additive and the precursor or between two addi-
tives. The additional presence of an inhomogeneous mag-
netic field leads to disc-shaped crystalline nanoparticles,
which assemble to chains.

decomposition of Co2(CO)8 in the presence of ionic addi-
tives leads exclusively to Co nanocubes with average edge
lengths between 35 and 95 nm, depending on the reaction
conditions. For shape control, it is not important whether
the ionic additive is present already from the beginning or
formed only during the thermal decomposition.

The influence of an external magnetic field during the
synthesis of cobalt nanoparticles[26–29] and the self-organi-
zation of cobalt nanoparticles under the influence of an ex-
ternal magnetic field[15,14] are documented in the literature.
One-dimensional assemblies have been observed in all cases,
and the resulting physical effects have been studied. To the
best of our knowledge, the influence of an external mag-
netic field applied during the thermal decomposition of
Co2(CO)8 has not been studied so far.[30] Here we describe
the effect of an additional weak external field, which leads
to a change in the shape of the cobalt nanoparticles from
cubes to discs, which are self-organized to chains.

Results and Discussion

An overview of the performed experiments with a sche-
matic representation of the particle shapes obtained to-
gether with a collection of TEM images is presented in Fig-
ure 1. The respective XRD patterns are collected in Fig-
ure 2. The magnetic properties of the Co nanoparticles
correspond to those already described in the litera-
ture[11,15,20] and will not be discussed.[31]

The influence of the following additives has been investi-
gated: (1) cetyltrimethylammonium bromide (CTAB),
(2) benzylpyridine (BPy), and (3) mixtures of oleic acid
(OS) and oleylamine (OA).
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Figure 1. Schematic overview of the morphologies of Co nanoparticles obtained by the thermal decomposition of Co2(CO)8 under the
influence of ionic additives with and without an external magnetic field and under the influence of non-ionic additives. TEM images
show the respective morphologies. The chosen additives are: (a) cetyltrimethylammonium bromide (CTAB; the cubic structure of some
particles is exemplarily marked), (b) 4-benzylpyridine (BPy), (c and d) an OS/OA mixture in the absence (c) and in the presence of a
magnetic field (d), (e) OA, and (f) OS.[8] Scale bar: 50 nm. Additional TEM images with higher magnification are presented in section B
of the Supporting Information.

Figure 2. XRD patterns[33] of cobalt nanoparticles with various
morphologies synthesized by the thermal decomposition of
Co2(CO)8 in the presence of (a) cetyltrimethylammonium bromide
(CTAB), (b) 4-benzylpyridine (BPy), (c and d) an OS/OA mixture
() in the absence (c) and in the presence of a magnetic field (d), (e)
OA, and (f) OS.

Cetyltrimethylammonium Bromide (CTAB)

The synthesis of Co nanoparticles in the presence of
CTAB (0.16 mm) led to the formation of small nanocubes
of ε-Co with an edge length of 4.1�1.9 nm (TEM image
in Figure 1a and XRD pattern in Figure 2a). The XRD
pattern indicates small contributions of fcc cobalt(II) oxide

Eur. J. Inorg. Chem. 2012, 198–202 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 199

as a result of oxidation at the particle surface during the
measurement. The crystallite size was determined as
34.9 nm.[32]

Benzylpyridine (BPy)

The synthesis of Co nanoparticles in the presence of BPy
(0.12 mmol) led to the formation of nanocubes of ε-Co
with an average edge length of 57.6�21.5 nm (TEM image
in Figure 1b and XRD pattern in Figure 2b). The crystallite
size of 26.3 nm indicates a polycrystalline texture.

During the usual work-up, a deep green solution was ob-
tained after centrifugation. The conductivity of this solu-
tion was measured to be 0.5 μScm–1. Evaporation of the
solvent led to an air-sensitive, viscous, red-brown residue.
Its IR spectrum shows absorptions at 1895, 1863 and
1701 cm–1, which can be assigned to the Co(CO)4

–

unit.[34–36] Hieber has reported that Co2(CO)8 dispropor-
tionates with pyridine (Py) already at room temperature to
give the red-brown salt [CoPy6]2+[Co(CO)4]–2.[37] We con-
clude that, during the synthetic procedure (see Experimen-
tal Section) the soluble ionic compound [Co(BPy)6]2+-
[Co(CO)4]–2 is formed in addition to the Co nanocubes (for
further details, see section C of the Supporting Infor-
mation).

Mixtures of Oleic Acid (OS) and Oleylamine (OA)

The synthesis of Co nanoparticles in the presence of a
mixture of OS (0.12 mmol) and OA (0.12 mmol) led to the
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formation of polycrystalline nanocubes of ε-Co with an
average edge-length of 68.6�14.0 nm (TEM image in Fig-
ure 1c and XRD pattern in Figure 2c). The average crystal-
lite size was determined to be 22.2 nm (Figure 2c). Other
OS/OA ratios also led to the formation of nanocubes. Inter-
estingly, the size of the nanocubes strongly depends on the
OS/OA ratio: Figure 3 shows that the average edge-length
decreases with an increase of the OA component.

Figure 3. Edge length of Co nanocubes (squares) and diameter of
Co nanodiscs (dots) depending on the mixing ratio of the additives
(OS/OA). Nanocubes (in the absence of a magnetic field; squares)
and nanodiscs (in the presence of a magnetic field; dots) were ob-
tained.

The synthesis of Co nanoparticles in the presence of only
a single additive (long-chain amine or carboxylic acid) has
already been described in the literature in detail: The use of
hexadecylamine (HDA) as additive leads to polycrystalline
hcp-Co spheres and that of OS to monocrystalline ε-Co
spheres.[11] For comparison, we have performed similar ex-
periments with OA (0.32 mmol) and with OS (0.52 mmol)
as single additives. As expected, the formation of spherical
nanoparticles was observed. In the presence of OA, small
crystallites of fcc-Co are formed, which aggregate to larger
particles (27.7 �13.1 nm, Figures 1e and 2e). In the pres-
ence of OS, polycrystalline Co particles are observed
(4.3� 1.1 nm, Figures 1f and 2f). The small particles and
the resulting broad Bragg reflections do not allow a struc-
ture assignment.

In mixtures of organic carboxylic acids and amines, the
formation of the corresponding salts is expected (RCOOH
+ RNH2 i RNH3

+ + RCOO–). The presence of ionic spe-
cies has been confirmed by IR spectroscopic and conductiv-
ity measurements. In IR spectroscopic studies of the system
OS/OA, vibrations assignable to the COOH unit appear in
pure OS at 1703 and 933 cm–1, whereas vibrations assign-
able to the COO– unit in the corresponding salt formed in
an OS/OA mixture appear at 1557 and 1396 cm–1 (for fur-
ther details see section D of the Supporting Information).
Conductivity measurements in the OS/OA system were not
conclusive because of the restricted ion mobility. Alterna-
tively, we have measured the conductivity of the system con-
sisting of hexanoic acid (HS) and hexylamine (HA). A mix-
ture of 3 mmol HS and 3 mmol HA in 12 mL 1.2-dichloro-

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 198–202200

benzene showed a conductivity of 1.2 �0.3 μS cm–1 at
30 °C, which increased linearly with increasing temperature
up to 2.3 �0.3 μS cm–1 at 100 °C (see section C of the Sup-
porting Information). As expected, solutions of the pure
components did not show any conductivity.

Weak Magnetic Field during Synthesis

The influence of a weak magnetic field on the shape of
the Co particles was investigated exemplarily in a system
containing an OS/OA mixture as additive. The synthesis
was performed in the presence of a heterogeneous magnetic
field of 0.03 T. A permanent magnet (Nd2Fe12B,
30�5 �10 mm) was positioned horizontally underneath
the reaction flask. Nanodiscs of ε-Co with an average dia-
meter of 9.1�2.3 nm and with an average thickness of
4.5� 1.8 nm were formed. The discs are organized in form
of chains by magnetic dipole interactions.[10,11] Tilted chain
segments confirm the existing disc shape (Figure 1d). The
disc size is influenced only to a small extent by the OS/
OA ratio; the size increases with the increase of the OA
component (Figure 3). XRD investigations prove the pres-
ence of monocrystalline Co with a crystallite size of 5.8 nm
(Figure 2d). A structure assignment (ε- or hcp-Co) remains
uncertain because of broad Bragg reflections.

Conclusions

Our experiments clearly show that the presence of ionic
species and of magnetic fields during the thermal decompo-
sition of Co2(CO)8 allows to control the morphology of the
resulting Co nanoparticles. Ionic additives lead exclusively
to the formation of nanocubes. The ionic species are added
in the form of a stable salt (CTAB) or are formed by a
chemical reaction between the additive and the precursor
molecule [BPy/Co2(CO)8] or between additives (OS/OA). In
the OS/OA additive system, the additional presence of a
weak inhomogeneous magnetic field leads to the formation
of nanodiscs, which assemble to chains.

Only very recently, Scariot et al. have observed that
nanocubes are formed in the thermal decomposition of
Co2(CO)8 performed in an ionic liquid as solvent.[16] Our
experiments demonstrate that an inert organic solvent and
the presence of ionic additives is sufficient to initiate a com-
parable selectivity in particle formation. Puntes et al. have
reported that the thermal decomposition of Co2(CO)8 in
the presence of the additive mixture OS/HDA leads to hcp-
Co nanodiscs.[11] We assume that a magnetic stirring bar
has been used in these experiments.[38] According to our
observations, the weak inhomogeneous magnetic field of a
stirring bar is sufficient to induce a change in shape from
nanocubes to nanodiscs.

In future work, the mechanisms that are responsible for
the influence of electric charges and heterogeneous mag-
netic fields on the formation of anisotropic nanoparticles
have to be investigated in detail. With regard to the influ-
ence of electric charges, we suppose that a mechanism sim-
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ilar to that observed for the formation of tin cubes in the
presence of ionic additives is operative.[1] Concerning the
influence of magnetic fields, the underlying effect is not yet
understood. The presence of paramagnetic intermediates
during the formation of the particles is indicated. In the
literature, there are hints for the existence of paramagnetic
species in the thermal decomposition of Co2(CO)8.[39,40]

In a more general context, investigations need to be car-
ried out to determine whether our results on the control of
the shape of tin and cobalt particles formed can be trans-
formed to other chemical systems used for the preparation
of nanoparticles.[41]

Experimental Section
Synthesis and Characterization of the Cobalt Nanoparticles and the
Additive Mixtures

In an argon atmosphere, a solution (3 mL) containing 1,2-dichloro-
benzene and the respective additive were heated to 182 °C by a
hemispherical heating mantle while stirring with a sealed mechani-
cal stirrer. Then, a solution of Co2(CO)8 in 1,2-dichlorobenzene
(1 mL, 0.28 mmol) was quickly injected. After a reaction time of
15 minutes, the black colloidal particle suspension obtained was
treated by following a usual work-up procedure: addition of aceto-
nitrile (6 mL), centrifugation [3 min relative centrifugal force
(RCF) 7500 ms–2], substitution of the supernatant solution by pure
1.2-dichlorobenzene and redispersion. Transmission electron mi-
croscopy (Philips CM 200 TWIN) was used to characterize the
morphology of the as-prepared nanoparticles, while X-ray diffrac-
tion (Philips X’pert) was used to characterize their crystalline struc-
ture and to determine the crystallite size with the help of the
Scherrer equation.

The TEM samples were prepared by applying a drop of the particle
solution (0.1 μL) on the carbon-coated copper grid, removing parts
of the particle solution by a filter paper, and drying the remaining
liquid film under vacuum. The XRD samples were prepared by
applying the particle solution (250 μL) on a Si-111 wafer
(10�10 mm) and removing the solvent in the vacuum.

IR spectroscopy (Bruker Vektor 22) and conductivity measure-
ments (Schott CG853) were used to characterize the additive mix-
tures. Further experimental and analytical details are given in the
Supporting Information.

Supporting Information (see footnote on the first page of this arti-
cle): Preparation of the cobalt particles, transmission electron mi-
croscopy of the cobalt particles, identification of hexa(4-benzylpyr-
idine)cobalt(II) bis(tetracarbonylcobaltate), and IR spectroscopy
and conductivity measurements of the additive mixtures.
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[Co(μ-ox)(Hpmtz)] – A New CoII Zig-Zag Chain Complex with the In Situ
Generated Oxalate Bridging and Hpmtz Chelating Ligands (Hpmtz =
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The compound [Co(μ-ox)(Hpmtz)] (Hpmtz = 5-pyrimidyl-
tetrazole, ox = oxalate) has been synthesized under hydro-
thermal conditions by reacting CoCl2·6H2O with 2-cyanopyr-
imidine and sodium azide. Both ox and Hpmtz ligands were
generated in situ during the hydrothermal reaction. The
structure of [Co(µ-ox)(Hpmtz)] consists of oxalate-bridged
CoII zig-zag chains bearing Hpmtz chelating ligands. These

Introduction

Oxalate (C2O4
2–, ox) has been extensively used as bridg-

ing ligand to construct a great variety of multidimensional
polynuclear complexes that exhibit interesting structures
and physical properties (magnetic, magneto-optical, mag-
netic conductor, superconductor, etc).[1,2] Although numer-
ous examples of 2D and 3D oxalate-bridged metal com-
plexes exist, only a few of them are homometallic one-di-
mensional systems.[3] Most of these 1D systems are cop-
per(II) complexes exhibiting moderate to weak anti-
ferromagnetic and even ferromagnetic intrachain cou-
plings.[3a–3k] Examples of 1D cobalt(II)–ox frameworks are
still more limited, and they invariably exhibit antiferromag-
netic coupling.[3f–3h,3l–3o] In some of these 1D metal–ox
frameworks, interchain interactions mediated by hydrogen-
bonding, dipole–dipole, π–π and π–d interactions can lead
to 3D magnetic ordering.[3f,3o,4]

As a contribution to this field we report herein the hydro-
thermal synthesis, crystal structure and magnetic properties
of a new neutral cobalt(II)–ox zig-zag chain complex of for-
mula [Co(μ-ox)(Hpmtz)] (Hpmtz = 5-pyrimidyltetrazole),
in which the ox ligand connects two CoII ions in a bis(bi-
dentate) bridging coordination mode and the Hpmtz acts
as a chelating ancillary ligand.
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chains form layers in the ab plane via π···π stacking interac-
tions involving the pmtz ligands belonging to neighbouring
chains. Layers stack along the c axis with an ABAB sequence
and are glued by cooperative C9–H···O4 interactions leading
to a 3D structure. Magnetic susceptibility measurements
indicate that this compound shows spin-canted antiferro-
magnetism (weak ferromagnetism) with TC = 6.5 K.

Results and Discussion

The hydrothermal reaction between 2-cyanopyrimidine,
sodium azide and CoCl2·6H2O leads to the formation of
three different compounds, [Co2(μ-pymca)3]OH·H2O,[5]

[Co(pmtz)2][6] and [Co(μ-ox)(Hpmtz)] (1). In this latter
compound, oxalate is formed in situ from the total hydroly-
sis of 2-cyanopyrimidine. A similar process has been shown
to occur for pyrimidine-2-carboxamide-oxime,[7] 5-pyrimid-
yltetrazole[8] and pyridine-2-carboxylic acid[9] species, which
react with metal ions under hydrothermal conditions to af-
ford oxalate-bridged polymeric complexes. Hpmtz is also
generated in situ from the reaction between 2-cyanopyrim-
idine and sodium azide.[6] A far as we know, this is the first
time that the Hpmtz ligand is coordinated to a metal ion in
a neutral chelating form.

The structure of 1 consists of neutral [Co(μ-ox)(Hpmtz)]
zig-zag chains along the a axis, which are involved in exten-
sive π–π interactions (Figure 1). Within the chains, CoII

ions are bridged by bis-chelating/bridging oxalate anions,
and Hpmtz acts as a terminal chelating ligand.

Each unique cobalt(II) ion exhibits a CoO4N2 distorted
octahedral coordination environment, in which two oxalate
bridging ligands adopt a cis configuration, while the two
remaining positions are occupied by the two nitrogen atoms
of the Hpmtz chelating ligand. The Co–NHpmtz bond
lengths are 2.107(10) and 2.132(10) Å, while Co–Ooxalate

distances have values in the range 2.067(7)–2.148(10) Å.
The cis and trans bond angles in the octahedron are in the
ranges 77.5(4)–98.1(4)° and 165.0(3)–171.7(3)°, respectively.
These bond lengths and angles are very similar to those
previously reported for the analogous complex
[Co(C2O4){HO(CH2)3OH}].[4] Although there is no centre
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Figure 1. Perspective view of the structure of 1.

of symmetry at the middle of the C–C bond of each oxalate-
bridging ligand, neighbouring metal ions exhibit opposite
absolute configurations, resulting in heterochiral
ΔΛΔΛΔΛ... zig-zag chains. The dihedral angle between the
molecular planes of the two oxalate bridges around the CoII

ions is 85.92°, and the intrachain Co···Co distance through
the oxalate bridge is 5.423(14) Å. Neighbouring chains are
interdigitated to form layers in the ab plane and exhibit π–
π interchain interactions involving the pyrimidyl ring of the
Hpmtz ligand of a chain and the tetrazol ring of the Hpmtz
ligand of the neighbouring one, with a centroid–centroid
distance of 4.414 Å. The shortest intralayer Co···Co dis-
tance is 7.865 Å. Finally, layers stack along the c axis with
an ABAB sequence and are glued by cooperative C9–
H···O4 interactions (C···O distance of 3.342 Å) leading to a
3D structure with a shortest interlayer Co···Co distance of
7.541 Å. Topologies similar to that of compound 1 have
been previously observed in complexes [Co(C2O4){HO-
(CH2)3OH}][4] and [Fe(C2O4)(phen)].[10]

Magnetic Properties

The temperature dependence of χM and the χMT product
(χM is the molar susceptibility per Co atom) for 1 at a mag-
netic field of 0.5 T is given in Figure 2.

Figure 2. Temperature dependence of χM and χMT for compound
1. The solid lines correspond to the best fit to the empirical model.
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The temperature dependence of the magnetic suscep-
tibility values shows a broad maximum at 25 K with a value
of 0.044 cm3 mol–1, a minimum at 8 K with a value of
0.036 cm3 mol–1 and a sharp increase below this latter tem-
perature that reaches a value of 0.049 cm3 mol–1 at 2 K. The
broad maximum at 25 K is due to a moderate to strong
intrachain antiferromagnetic coupling between the CoII

ions through the bis-chelating/bridging oxalate ligand,
while the sharp rise at very low temperature might be in-
dicative of spin-canted antiferromagnetism (weak ferro-
magnetism). The room-temperature value of χMT,
3.083 cm3 mol–1 K, substantially exceeds the spin-only value
of 1.875 cm3 mol–1 K expected for an uncoupled high-spin
CoII (S = 3/2) ion with g = 2, thus indicating that an impor-
tant orbital contribution due to the distorted octahedral
CoII ion exists. The χMT product continuously decreases
with the temperature down to a value of 0.1 cm3 mol–1 K
at 2 K. This value is much lower than that expected for a
magnetically isolated CoII ion with an effective spin doublet
and g0 ≈ 4.3 (χMT = 1.73 cm3 mol–1 K), thus supporting the
existence of an antiferromagnetic exchange interaction.
Therefore, the decrease of the χMT product in the 300–2 K
temperature range is due to both spin–orbit coupling effects
and antiferromagnetic interactions. The χMT vs. T plot
shows a kink at about 8 K, which corresponds to the sharp
rise below 8 K observed in the χM vs. T plot. The suscep-
tibility data above 90 K were fitted to the Curie–Weiss law
with Curie and Weiss constants of 3.31 cm3 mol–1 K and θ
= –35 K, respectively. The large negative value of the Weiss
constant supports the antiferromagnetic interaction be-
tween the CoII ions.

Below 8 K, the χMT product becomes field-dependent for
applied magnetic fields lower than 0.1 T (Figure 3).

Figure 3. Temperature dependence of χMT for 1 at different applied
magnetic fields.

At 20 G, the χMT values rise sharply at around 8 K to
reach a maximum of 4.5 cm3 mol–1 K and then decrease
rapidly toward 0.90 cm3 mol–1 K at 2 K. This low-tempera-
ture behaviour suggests a ferromagnetic phase transition.
The field-cooled magnetization (FCM) at 20 G confirms
the occurrence of a magnetic ordering below 8 K (Figure 4).
The TC temperature determined from the first derivative of
the FCM is 6.5 K.



New CoII Complex Exhibiting Spin-Canted Antiferromagnetism

Figure 4. FCM of compound 1 and first derivative of the FCM
(inset).

The isothermal magnetization at 2 K shows linear depen-
dence on the field, attaining a value of 1185 cm3 Gmol–1at
5 T, which is significantly smaller than the theoretical satu-
ration magnetization value (Ms) of 16755 cm3 Gmol–1 with
g = 2. The compound shows a very thin hysteresis loop with
coercive field and remnant magnetization (Mr) values of
390 G and 11 cm3 Gmol–1, respectively, which are typical of
a soft magnet (Figure 5).

Figure 5. Magnetic hysteresis loop for compound 1. The central
part is highlighted in the inset.

All the magnetic properties described above are charac-
teristics of a canted antiferromagnet, leading to weak ferro-
magnetism at low temperature. Compound 1 shows no out-
of-phase signal (χM��), which might be due to the fact that
the magnetic moment from canting is so small that the loss
of energy related to the out-of-phase signal is negligible.
The same ac susceptibility behaviour has been observed for
other 2D and 3D polynuclear CoII complexes.[5,11]

Two mechanisms have been proposed as sources of cant-
ing.[12] The first requires the presence of two equivalent sites
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in the crystals for the magnetic ions, but the direction of
their anisotropy axes should be different. In the presence of
near-neighbour antiferromagnetic isotropic exchange, the
moments will not be aligned in an exactly parallel fashion,
but they will make a small angle to each other. Conse-
quently, there is a small net moment in the antiferromag-
netically ordered state. In 1, the relative orientation of the
anisotropic CoN2O4 chromophores shows only a slight de-
viation (4.4°) from the totally antiparallel arrangement, and
therefore this mechanism is hardly responsible for the ob-
served spin canting. The second mechanism is known as the
antisymmetric exchange, which can be phenomenologically
expressed as dSA �SB and trends to orientate the spins on
neighbouring metal ions perpendicular to each other (d be-
ing a constant vector). The symmetry requirements for a
spin-canting phenomenon exclude the presence of an inver-
sion centre between the interacting magnetic centres. Be-
cause there is no centre of symmetry relating neighbouring
cobalt(II) ions in 1, the antisymmetric exchange must be
the main mechanism responsible for the spin-canted anti-
ferromagnetism. The 3D long-range order in 1 is only pos-
sible through weak π–π and C–H···O interchain interac-
tions, and this is the reason why TC is relatively low. The
same type of interchain interactions have been found to be
involved in the 1D spin-canted antiferromagnet [Fe-
(C2O4)(phen)].[10] Similar behaviour has been observed for
the linear chain complex [Co(ox)(4-ampy)2] (4-ampy = 4-
aminopyridine), in which chains are mainly glued by hydro-
gen bonds.[3f]

In spite of the similarity between the chain structures of
1 and [Co(C2O4){HO(CH2)3OH}],[4] the former exhibits a
lower Curie temperature than the latter (TC = 10.6 K). This
fact may be mainly due to the different magnitude of the
interchain interactions leading to the 3D order in both
compounds. Thus, in [Co(C2O4){HO(CH2)3OH}] the
chains are connected by strong hydrogen bonds, involving
the oxygen atom of the hydroxy group of the 1,3-propane-
diol ligands and oxygen atoms belonging to the oxalato
bridging ligand (with a O···O distance of 2.708 Å), and two
types of weak C–H···O interactions involving the methylene
group and oxalato oxygen atoms (C···O distances in the
range 3.20–3.70 Å, the shortest interchain Co···Co dis-
tances being 5.244 Å and 6.901 Å). In 1, however, the in-
terchain interactions are mediated by weak π···π and
CH···O contacts and consequently the shortest interchain
Co···Co distances (longer than 7.5 Å) are longer than those
observed for compound [Co(C2O4){HO(CH2)3OH}].
Therefore, the stronger interchain interactions found for
[Co(C2O4){HO(CH2)3OH}] relative to those of 1 leads to a
higher TC value for the former chain compound.

In order to determine the intrachain exchange interaction
in 1, we have used the empirical approach proposed recently
by Lloret et al.[13] In the framework of this approach, each
cobalt(II) ion in the Kramer’s ground doublet state arising
from spin–orbit coupling is considered to have an effective
spin Seff = 1/2, which is related to the real spin (S = 3/2) by
a factor of 5/3. The magnetic exchange is assumed to occur
between the ground doublets of the CoII ions. The contri-
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bution of the excited doublets to the magnetic properties of
the ground doublet state is taken into account by a second-
order perturbation theory. This introduces a dependence on
J, λ, α and Δ in the Landé factor of the ground doublet, g0,
where J is the isotropic exchange interaction, λ is the spin–
orbit coupling and α is the orbital reduction factor defined
as α = kA. The parameter k takes into account the re-
duction of the spin–orbit coupling due to covalency and A
is a measure of the crystal-field strength accounting for the
admixture of the upper 4T1g(4P) state into the 4T1g(4F)
ground state (A assumes a value of 1.5 for a weak crystal
field and 1.0 for a strong crystal field),[13] and Δ is the en-
ergy gap between the singlet 4A2 and doublet 4E levels due
to the splitting of the orbital triplet 4T1g ground state under
an axial distortion. All of these effects are incorporated into
a function named G(T,J) which replaces the value of the g0

Landé factor of the ground Kramer’s doublet and is calcu-
lated as described.[13] This approach is valid when |J/λ| �
0.1.

In this context and from the magnetic point of view,
complex 1 can be considered as a uniform chain of antifer-
romagnetically interacting spin doublets. The numerical ex-
pression derived by Bonner and Fisher[14] [Equation (1)]
can then be used to analyze the magnetic susceptibility of
1, where x = (25/9)|J|/kT and the g factor is replaced by the
G(T,J) function.

(1)

The best fit of the data to the empirical model over the
10–300 K temperature range leads to the following set of
parameters: J = –7.10(1) cm–1, λ = –110.2(5) cm–1, Δ =
210(5) cm–1 and α = 1.25(1), with a temperature-indepen-
dent paramagnetism of 120 �10–6 cm3 mol–1. For the free
ion, the value of λ is –170 cm–1. The low value of the |J/λ|
ratio (0.06) supports the use of the above approach. The J
value for 1 falls within the range observed for other co-
balt(II) oxalate-bridged complexes (between –4 cm–1 and
–11 cm–1).[5] The values of the λ, α, k and Δ parameters lie
within the range of those observed in other six-coordinate
high-spin CoII complexes.[13]

Conclusion

We have succeeded in obtaining under hydrothermal con-
ditions a new Co–ox chain complex, [Co(µ-ox)(Hpmtz)],
containing the neutral chelating ligand 5-pyrimidyltetrazol,
which was generated in situ from the condensation of 2-
cyanopyrimidine and azide. The oxalate ligand was also
generated in situ from the hydrolysis of 2-cyanopyrimidine.
The compound exhibits a moderate to strong antiferromag-
netic interaction between cobalt(II) ions through the sym-
metric bis-chelating/bridging oxalate ligand. Moreover, this
complex displays spin-canting antiferromagnetism (weak
ferromagnetism) with TC = 6.5 K and a very small coercive
field and remnant magnetization. The canted structure is

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 203–207206

mainly due to the antisymmetric exchange, which is com-
patible with the absence of a centre of symmetry relating
neighbouring cobalt(II) ions, and, to a lesser extent, to sin-
gle-ion local magnetic anisotropy of the CoII ions. The 3D
long-range order is caused by weak π–π and C–H···O in-
terchain interactions.

Experimental Section
Materials: Reactions were conducted in oven-dried glassware under
aerobic conditions. Cobalt(II) chloride hexahydrate (99.99%), 2-
cyanopyrimidine and sodium azide (99.99%) were purchased from
Aldrich and were used without further purification.

Physical Measurements: Elemental analyses were carried out at the
“Centro de Instrumentación Científica” (University of Granada)
on a Fisons-Carlo Erba analyzer model EA 1108. The IR spectra
on powdered samples were recorded with a ThermoNicolet
IR200FTIR instrument by using KBr pellets.

Magnetization and variable-temperature (1.9–300 K) magnetic
susceptibility measurements on polycrystalline samples were car-
ried out with a Quantum Design SQUID MPMS XL-5 device op-
erating at different magnetic fields. The experimental susceptibili-
ties were corrected for the diamagnetism of the constituent atoms
by using Pascal’s tables.

X-ray Crystallography for [Co(μ-ox)(Hpmtz)]: Suitable crystals of 1
were mounted on glass fibre and used for data collection at 100 K
in a Bruker SMART APEX CCD system with Mo-Kα radiation (λ
= 0.7107 Å). The data were processed with APEX2 and corrected
for absorption by using SADABS.[15] The structures were solved
by direct methods with SIR97,[16] revealing positions of all non-
hydrogen atoms. These atoms were refined on F2 by a full-matrix
least-squares procedure using anisotropic displacement param-
eters.[17] An empirical absorption correction was applied. The struc-
tures were solved by direct methods and refined with full-matrix
least-squares calculations on F2. Final R, wRwp and goodness-of-
fit agreement factors, details on data collection, and analyses can
be found in Table 1. The N3 atom was found to be highly disor-
dered.

Table 1. Crystallographic and structure refinement data for
[Co(ox)(Hpmtz)] (1).

Formula C7H4N6O4Co
M /gmol–1 295.09
Crystal system orthorhombic
Space group Pna(21)
a /Å 8.9619(19)
b /Å 9.518(2)
c/Å 14.043(3)
β /° 90
V /Å3 1197.8(4)
Z 4
T /K 293(2)
λ /Å 0.71073
ρcalcd /gcm–3 1.636
μ /mm–1 1.449
GOF on F2 1.151
R1a [I � 2σ (I)] 0.098
wR2b [I � 2σ (I)] 0.282

For compound 1, the best crystallographic data obtained from five
attempts are reported. Although we used several experimental
crystallization strategies and a rotating anode diffractometer meas-
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uring at 100 K, we could not get better crystallographic data be-
cause of the extremely small size and the low quality of the crystals.
Anisotropic factors were applied to all atoms with the exception of
the non-coordinated atoms belonging to the Hpmtz ligand and the
hydrogen atoms.

CCDC number 844616 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[Co(μ-ox)(Hpmtz)] (1): A mixture of CoCl2·6H2O (0.118 g,
0.500 mmol), 2-cyanopyirimidine (0.105 g, 1 mmol), sodium azide
(0.032 g, 0.5 mmol) and distilled water (10 mL) was sealed in a Tef-
lon-lined acid digestion autoclave and heated hydrothermally at
190 °C under autogenous pressure. After 12 h of heating, the reac-
tion vessel was cooled for 2 h. Three different types of crystals were
obtained: orange [Co2(μ-pymca)3]OH·H2O,[5] yellow [Co(pmtz)2][6]

and reddish-orange [Co(µ-ox)(Hpmtz)] (1). Reddish-orange cubic
crystals of 1 were picked manually in a yield of 30% based on
Co. IR (KBr): ν̃(COO–) = 1674 and 1605.56 cm–1. C7H4CoN6O4

(295.08): calcd. C 28.49, H 1.37, N 28.48; found C 28.95, H 1.13,
N 28.06.
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The Structure of (H3O)2B12F12·6H2O – a CCP Lattice of B12F12
2– Anions

Intercalated with a Nonplanar Network of O–H···O Connected O6 Rings
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Hydrates of the dihydronium salt of the superweak anion
B12F12

2– have been synthesized and structurally charac-
terized. The structure of (H3O)2B12F12·6H2O consists of a cu-
bic close-packed (CCP) array of B12F12

2– anions intercalated
with nonplanar, infinite networks of O6 rings composed of
H3O+ ions and H2O molecules. Similar to other salts of

Introduction

We have been studying the structures and physicochemi-
cal properties of a variety of metal and nonmetal salts of
the icosahedral, superweak anion B12F12

2–.[1–7] Our hypoth-
esis is that the unique combination of size, shape, high sym-
metry, thermal stability, and extremely weak Brønsted and
Lewis basicity of this anion will lead to unanticipated struc-
tures and properties [i.e. unanticipated compared to salts of
B12H12

2–,[8–11] B12Cl12
2–,[12–14] B12(OH)12

2–,[15,16] and
B12(CH3)12

2–[17] on one hand, and of salts of typical fluo-
roanions, such as BF4

–, PF6
–, Sb2F11

–, SiF6
2–, and MnF6

2–,
on the other]. For example, K2B12H12 exhibits a common
antifluorite structure,[10] but K2B12F12 exhibits an intermet-
allic Ni2In structure[3] (the B12 centroids occupy the ideal-
ized hexagonal close-packed positions of the In atoms[18]),
which is the first time that this structure has been observed
for an ionic compound with a polyatomic anion at ambient
temperatures and pressures.

The nature of hydronium ions (i) in bulk aqueous solu-
tions,[19–21] (ii) on the surface of aqueous solutions (i.e. at
the air/water interface, where H3O+ ions may be concen-
trated relative to the bulk solution),[22,23] and (iii) as free
H3O+ ions[24] or as [(H3O)n(H2O)m]n+ clusters[25–27] within
the confines of solid-state structures are of longstanding
interest. Furthermore, the acid salts (H3O)2B12Cl12·nH2O[28]

and (H3O)2B12F12·nH2O[29] have been considered as practi-
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B12F12
2–, (H3O)2B12F12·6H2O exhibits rapid structural modifi-

cation, termed latent porosity, and reversibly desorbs
water to form other hydrate phases: (H3O)2B12F12·4H2O,
(H3O)2B12F12·2H2O, and (H3O)2B12F12. (H3O)2B12F12·6H2O is
another example of the weak coordinating properties of the
B12F12

2– anion.

cal alternatives to H3PO4 as electrolytes for acid fuel
cells[29,30] but have not yet been structurally characterized.
For these reasons, we have isolated and determined the
structure and thermogravimetric behavior of (H3O)2B12F12·
6H2O, and we report our results herein.

Results and Discussion

The structure of (H3O)2B12F12·6H2O is shown in Fig-
ures 1, 2, and 3, and additional drawings can be found in
the Supporting Information. Selected interatomic distances
and angles are listed in Table 1. The structure of the
B12F12

2– anion in this compound is normal,[1,3–6] and it is
also the most precise structure of any molecular B12 species,
with B–F and B–B esd values of 0.0005–0.0008 Å (Figure
S1). The anions are packed in a cubic close-packed (CCP)-
like array, with a network of H3O+ ions and H2O molecules
intercalated between the parallel planes of the anions (Fig-
ure 1). The B12 centroids (�) in each of the parallel close-
packed planes are rigorously coplanar. The �···� distances
are 8.411 and 8.521 Å within the close-packed planes and,
because of the presence of the aqueous acid layers, are 8.703
and 8.914 Å between the close-packed planes. The shortest
interionic F···F distances are 2.686(1) and 2.780(1) Å (cf.
the sum of van der Waals radii of ca. 3 Å).[31]

The {H3O+/3H2O}� network consists of O–H···O con-
nected O6 rings, with each O atom hydrogen bonded to
three other O atoms (Figure 2). The network layer is de-
noted L6(6) using the nomenclature developed for H2O net-
works.[32–34] The O···O distances clearly show that the H3O+

ions (O1) and H2O molecules (O2, O3) are ordered: the
O1···O2 and O1···O3 distances are 2.590(1) and
2.5739(8) Å, respectively, and the O2···O3 and O3···O3� dis-
tances are 2.8920(8) and 2.911(1) Å, respectively. The three
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Figure 1. A portion of the (H3O)2B12F12·6H2O structure that shows
only the B12 centroids (large spheres), O atoms, and the H atoms
of the H3O+ cations (O atoms are connected with solid lines for
clarity even though they are not directly bonded to one another).
The B12 centroids are arranged in a CCP array with nonplanar,
moguled {H3O+/3H2O}� networks intercalated between the close-
packed anion layers.

Figure 2. Part of the structure of (H3O)2B12F12·6H2O that shows
the orientation of a B12F12

2– anion with respect to a triple-hexagon
valley in the moguled {H3O+/3H2O}� network (50% ellipsoids for
non-hydrogen atoms; only H atoms on the H3O+ cations are
shown). The circles labeled X1, X1�, and X2 are O6 ring centroids;
the B12 centroid is not labeled. Also shown is the chair-configured
[(H3O)2(H2O)4]2+ ring.

H3O+ H atoms and one H atom from each of the two types
of H2O molecules are also ordered. The second H atoms
on O2 and O3 are disordered over two and three positions,
respectively. The H3O+ H atoms and the disordered H
atoms on O2 and O3 are involved in hydrogen bonding

Eur. J. Inorg. Chem. 2012, 208–212 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 209

Figure 3. Two views of the moguled {H3O+/3H2O}� network and
one layer of B12F12

2– anions in (H3O)2B12F12·6H2O (H and F
atoms are omitted for clarity; O and B atoms depicted as points).
The dotted lines in the upper drawing connect the B12 centroids
with O2 atoms at the bottom of the triple-hexagon valleys in the
network.

Table 1. Selected interatomic distances [Å] and angles [°] for
(H3O)2B12F12·6H2O.

B–B 1.787(1)–1.801(1) O2···O1···O3 125.53(2)
B–F 1.377(1)–1.388(1) O3···O1···O3� 96.20(4)
O1···O2 2.590(1) O1···O2···O3 112.72(2)
O1···O3 2.5739(8) O3···O2···O3� 108.36(3)
O2···O3 2.8920(8) O1···O3···O2 121.58(3)
O3···O3� 2.911(1) O1···O3···O3� 89.70(3)
O2···H1b 1.72(1) O2···O3···O3� 124.89(2)
O2···H3c 2.09(1)
O3···H1a 1.73(1) F2···H3a 2.43(1)
O3···H2b 2.04(1) F3···H3b� 2.67(1)
F1···H1a 2.54(1) F3···H3b 2.35(1)
F1···H1b 2.68(1) F3···H3c 2.57(1)
F2···H3a 2.43(1) F4···H2a 2.55(1)
F3···H3b� 2.67(1) F4···H3a 2.25(1)

within the L6(6) layers; the ordered H atoms on O2 and O3
each interact with two F atoms in a bifurcated fashion (Fig-
ure S3).

There are three types of O6 rings, two of which are rela-
tively planar and one of which is in a chair configuration.
There is an (H2O)6 hexagon (two O2 and four O3 atoms
with an average displacement of �0.114 Å from the least-
squares O6 plane), the centroid of which is labeled X2 in
Figure 2. There is also an [(H3O)2(H2O)4]2+ (or H14O6

2+)
hexagon (two O1, two O2, and two O3 atoms with an
average displacement of �0.031 Å), which is similar in
structure to the discrete H14O6

2+ dihydronium hexagon
found in the structure of (H14O6)2(FeCl4)2Cl2·
C36H36N24O12·3H2O[35,36] and predicted to be as stable as
isolated H14O6

2+ O6 hexagons in the gas phase.[37] The
centroids of the O6 hexagons are labeled X1 and X1� in
Figure 2. The X1 and X1� O6 hexagons are tilted 53.2° to
one another and 59.0° to the X2 hexagon. The �···X1 and
�···X2 vectors, which are shown as dashed lines in Figure 2,
are nearly coincident with the B–F bonds such that the
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B12F12

2– anions are located in the triple-hexagon valleys,
nearly centered over half of the O2 atoms in each network
layer (Figure 3, the other half of the O2 atoms are at triple-
hexagon peaks and have B12F12

2– anions “beneath” them).
The chair-configured [(H3O)2(H2O)4]2+ O6 rings have

two O1 atoms and four rigorously coplanar O3 atoms.
These rings combine with the triple-hexagon peaks and val-
leys to form {H3O+/3H2O}n L6(6) network layers in
(H3O)2B12F12·6H2O. Although L6(6) layers that involve
only H2O molecules are known (see Supporting Infor-
mation for the refcodes of several structures), there is, as
far as we know, only one other example of a structure that
may contain an L6(6) layer formed by H2O molecules and
H3O+ ions (refcode BIKVIA10).[38] However, the author of
that study left open the possibility that none of the H2O
molecules in the L6(6) layer were protonated, which is con-
sistent with the observation that all of the O···O distances
in the L6(6) layer are 2.77 Å or longer, and the three O···O
distances that involve the putative H3O+ ions are 2.83, 2.90,
and 3.08 Å. Table S1 lists O···O distances for structures
with unambiguous H3O+ ions that are hydrogen bonded to
two or three H2O molecules. All of those distances are
� 2.69 Å, and in every case at least one O···O distance per
H3O+ ion is � 2.58 Å.

Thermogravimetric measurements (Figure 4) demon-
strate that (H3O)2B12F12·6H2O undergoes rapid dehy-
dration in three discrete stages to (H3O)2B12F12·4H2O,
(H3O)2B12F12·2H2O, and (H3O)2B12F12, which depends on
the temperature and the pressure (P) of water vapor pres-
ent. The crystalline phase (H3O)2B12F12·6H2O was stable at
25 °C when P(H2O) = 6 Torr (i.e. in the presence of dry He
that had been bubbled through a saturated aqueous solu-
tion of MgCl2 at 20 °C) but was deliquescent at 25 °C when
P(H2O) � 6 Torr. The (H3O)2B12F12·4H2O phase was stable
at 55 °C when P(H2O) = 6 Torr, and the (H3O)2B12F12·
2H2O phase was stable at 120 °C when P(H2O) = 6 Torr. In
the absence of water vapor at 150 °C, the mass of the sam-

Figure 4. Thermogravimetric behavior of (H3O)2B12F12·6H2O as a
function of temperature and the presence or absence of H2O vapor.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 208–212210

ple corresponded to (H3O)2B12F12. The compound was re-
covered unchanged after prolonged heating at 200 °C, i.e.
when cooled to 25 °C, exposed to air, and dissolved in
CD3CN, the 11B and 19F{11B} NMR spectra each showed
the same single resonance observed in the spectra of un-
heated samples of (H3O)2B12F12·6H2O in CD3CN, δ

11B =
–18 and δ

19F = –270 ppm, with slight differences in δ values
due to varying amounts of H2O in the different samples. At
higher temperatures, (H3O)2B12F12 underwent slow decom-
position with the formation of B12F12–n(OH)n

2– species.
This behavior is the subject of an ongoing study.

The IR and Raman spectra of (H3O)2B12F12·6H2O and
(H3O)2B12F12 are not very diagnostic, and it was not pos-
sible to determine whether (H3O)2B12F12 is molecular or
has H3O+ ions bridging two or more anions. Tentatively
assuming molecularity, the PBE0 DFT-predicted molecular
structures of (H3O)2B12F12 and the putative superacid
H2B12F12 are shown in Figure 5, and the relevant in-
teratomic distances are listed in Table S2 (the Supporting
Information gives the computational details and sets of or-
thogonal coordinates). Although the H3O+ ions cause
lengthening of the B–F bonds (and concomitant shortening
of the affected B–B bonds), the isolated (H3O)2B12F12 mo-
lecule appears to be stable. The isolated ion pair (H3O)-
B12F12

– was also found to be stable, in contrast to the
H3O+BF4

– ion pair, which has been shown to spontane-
ously form HF and BF3OH by MP2 and DFT calcula-
tions.[39] H2B12F12 also appears to be stable according to
our calculations, and it remains a synthetic target in our
ongoing study of B12F12

2– chemistry. However, the un-
usually long B1–B1 bonds of 2.06 Å and the unusually
short F1···F2� distances of 3.02 Å indicate that this com-
pound may be very reactive and therefore difficult to isolate
under ambient conditions.

Figure 5. DFT-predicted structures of (H3O)2B12F12 and H2B12F12.

Conclusions

The structural and physiochemical properties of
(H3O)2B12F12·6H2O are yet another interesting manifesta-
tion of the weak coordinating nature of the B12F12

2– anion.
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The formation of long range order of nonplanar layers con-
sisting of {H3O+/3H2O}� is, as far as we can tell, unprece-
dented in solid-state compounds. Additionally, by way of
thermogravimetric characterization, two additional hydrate
phases and a purely hydronium salt of B12F12

2– have been
identified as stable at specific temperature and humidity
conditions. The reversible desorption of water from
(H3O)2B12F12·nH2O (n = 0, 2, 4) exhibits a latent porosity
phenomenon similar to that of K2B12F12. Isolation and
characterization of the other hydrate phases and the protic
species are the focus of further research.

Experimental Section
Synthesis of (H3O)2B12F12·6H2O: K2B12F12 was prepared as de-
scribed previously.[2] The K2B12F12 used for synthesis of
(H3O)2B12F12·nH2O was at least +99% B12F12

2– as determined by
19F and 11B NMR spectroscopy in CD3CN (CD3CN was dried
by 3 Å sieves for 48 h). An aqueous solution of (H3O)2B12F12 was
prepared by passing an aqueous solution of K2B12F12 through the
acid form of a cation-exchange column (Amberlyst® 15; Sigma–
Aldrich). Single crystals of (H3O)2B12F12·6H2O were grown by slow
evaporation of an aqueous solution at 25 °C. The water used for
ion exchange was distilled and deionized with a Barnstead Nano-
pure filtration system and had a final resistance of 18 MΩ or
greater.

Thermogravimetric Analysis: Thermogravimetric analysis was per-
formed with a TA instruments 2950 Series instrument with a dry
helium purge at a flow rate of 55 mLmin–1. Samples were con-
tained in an uncovered platinum pan. Humidity conditions inside
the furnace were controlled by flowing the purge gas through a gas
bubbler that contained water or various aqueous salts to yield the
desired humidity. After the thermogravimetric measurement, the
samples were collected and analyzed by 19F and 11B NMR spec-
troscopy to determine if any decomposition had taken place.

XRD: Crystal data for (H3O)2B12F12·6H2O: Mr = 1067.65 gmol–1,
monoclinic, C2/m, a = 14.504(1), b = 8.5208(7), c = 8.7025(7) Å,
β = 122.070(3)°, V = 911.4(1) Å3, Z = 2, T = 120(2) K, 1479 reflec-
tions, 1426 independent reflections, 104 parameters, R1[I�2σ(I)] =
0.0212, wR2 = 0.0648, Bruker KappaAPEX II CCD diffractometer
(Mo-Kα λ = 0.71073 Å; graphite monochromator). A semiempirical
absorption correction was applied using SADABS.[40] The structure
was refined using SHELTXL.[41,42] Further details on the crystal
structure investigation may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopolds-
hafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de), on quoting the depository number CSD-423408.

Supporting Information (see footnote on the first page of this arti-
cle): Additional details of the structure of (H3O)2B12F12·6H2O;
computational details, orthogonal coordinates, and the relevant in-
teratomic distances of calculated structures; H bonding interac-
tions in the layers; a discussion of the term “superweak anion”;
refcodes of several structures with L6(6) layers.
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In situ UV/Vis diffuse reflectance spectra of ammonium para-
tungstate tetrahydrate at increasing temperatures were re-
corded in oxidative as well as in reductive atmospheres.
From the edge energy of the ligand-to-metal charge transfer
transition of tungsten ions, the number of bridging W–O–W

Introduction

Monoclinic ammonium paratungstate tetrahydrate,
(NH4)10[H2W12O42]·4H2O, which will be referred to as
APT-4, is widely used in the industry. It is the feedstock for
the production of tungsten carbide, various tungsten heavy
alloys, tungsten filaments and ammonium metatungstate,
the mostly used starting material in production of tungsten-
containing catalysts. The thermal decomposition of APT-4
is still a matter of investigation. Nowadays, in situ tech-
niques are state of the art. A variety of temperature-pro-
grammed in situ techniques, such as X-ray diffraction
(XRD),[1,2] spectroscopy [infrared (FTIR)[2,3] X-ray absorp-
tion (XAS)[1]] and thermoanalytical methods,[4,5] some of
which are combined with mass spectrometry, were applied
for studying the thermal decomposition of APT-4.[1,2,6,7]

However, an in situ study of the decomposition of APT-
4 by UV/Vis diffuse reflectance (DR) spectroscopy is still
lacking.

UV/Vis DR spectroscopy as an in situ technique has the
advantage that the obtained information is structure-re-
lated, since the outer-shell electrons are probed.[8] So, this
technique is preferred to investigate the local surrounding
of ions, in our case of tungsten ions. The band positions of
the ligand-to-metal charge transfer (LMCT) transitions act
as a fingerprint for the local structure of WVI.[9]

UV/Vis DR spectroscopy at room temperature had been
employed to establish a quantitative correlation between the
number of bridging W–O–W bonds in polyoxotungstates as
bulk materials and their corresponding edge energy, Eg.[9]
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bonds, N, was determined. The increase of N with tempera-
ture indicates a stepwise enhancement of the condensation
of WO6 octahedra to finally form WO3 in an oxidative atmo-
sphere.

For the first time, this idea is used to describe the local
tungsten structure during the thermal decomposition of
APT-4, which is aimed for the present investigation.

In situ UV/Vis DR spectroscopy up to 525 °C is applied
in different atmospheres, that is, oxidative and reductive.
In oxidative atmospheres (oxygen) the oxidation number of
tungsten remains unchanged (W+6), yielding tungsten(VI)
oxide, which was demonstrated by other techniques such as
ex situ UV/Vis DR spectroscopy on air-calcined sam-
ples.[9–11] The usage of a reductive atmosphere (hydrogen)
was inspired by the technical process of powder metallurgi-
cal manufacturing of tungsten wire from APT-4 as starting
material, which, in contrast to the former process, is ac-
companied by changes in the oxidation number of tungsten
(W+6�W�0). As intermediates, “tungsten blue oxides”
[phase mixtures of various suboxides, e.g., W20O58 (W+5.8)
and W18O49 (W+5.4)] were detected,[12,13] which should be
identified by their d–d transitions in UV/Vis DR spec-
troscopy.[14]

Results and Discussion

The UV/Vis DR spectra of the APT-4 starting material
at 50 °C in different atmospheres are depicted in Figures 1a
(oxidative) and 1b (reductive). They are characterized by
two signals caused by LMCT transitions at 260 and
320 nm, which is in line with previous reports[9] (269,
314 nm). These band positions are typical for iso- (para-
tungstate: [H2W12O42]10–, metatungstate: [H2W12O40]6–)
and heteropolyoxotungstate compounds.[9]

The spectra recorded in oxidative atmospheres at increas-
ing temperature (Figure 1a) are characterized by a system-
atic, bathochromic shift of the low-energy edge. The evol-
ution of the bands at approximately 400 and 500 nm above
325 °C is caused by the temperature-induced formation of
a WO3 precursor and finally WO3 (see Figure S1 for com-



M. J. G. Fait, H.-J. LunkSHORT COMMUNICATION

Figure 1. UV/Vis DR spectra of (NH4)10[H2W12O42]·4H2O while
heating in oxidative (a) and reductive (b) atmospheres. The spectra
at the “switching temperatures” in correspondence to Figures 2a
and 2b are presented.

parison). In reductive atmospheres (Figure 1b) the spectra
up to 300 °C are comparable to those taken in oxidative
atmosphere. However, at 325 °C the band at 320 nm disap-
pears as a result of the formation of tungsten suboxides.
They should be identified by distinct d–d bands in the range
443 (WO2) to 755 nm (W20O58),[14] which, however, could
not be proved. The temperature of postulated suboxide for-
mation would agree roughly with the previously reported
value[12] (� 350 °C) determined from XRD analysis by the
appearance of crystalline phases from an “X-ray amorph-
ous pool”, which exists between 250–350 °C.

The edge energies, Eg(meas.), calculated from the UV/Vis
DR spectra at the respective temperatures are plotted in
Figures 2a (oxidative) and 2b (reductive) (black curves with
filled symbols, see Supporting Information, Figures S1 and
S2). The Eg(meas.) values at 25 °C for APT-4 (3.6 eV) and
WO3 (2.6 eV) are identical with published data.[9,15] At
525 °C (Figure 2a), the APT-4 and WO3 curves meet at
2.1 eV, which illustrates the final formation of WO3 from
APT-4 as expected. The observed tendency of Eg(meas.)
values to decrease with increasing temperature is caused by
two superimposing effects: (I) a direct one due to the ther-
mal expansion of the lattice (dilatation),[16] (II) an indirect
one due to structural changes induced by thermal decom-
position accompanied by an increased number of nearest
tungsten ion neighbours.[9] Effect I is quantified by the lin-
ear expansion coefficient. Because of missing data for APT-
4, the curve for WO3 was used (Figure 2a), which is reason-
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able as: (i) its number of nearest neighbours does not
change with temperature (W+6 remains constant), and
hence, only effect I is active; (ii) WO3 is a member of the
system studied. (The discontinuity at 310 °C is caused by
the monoclinic-to-orthorhombic WO3 modification transi-
tion[17] and results in a minor shift of 0.03 eV to higher
Eg values.) Indeed, the temperature coefficient of WO3 is
constant up to 290 °C (–11.4� 10–4 eV/K) in agreement
with ref.[17] (WO3 single crystal: –9.0 �10–4 eV/K, a-polar-
ized light). This value is very similar to that of APT-4,
where the paratungstate ion remains unchanged up to
175 °C (i.e., there are no changes in the surrounding tung-
sten ions, see below) and temperature coefficients result in
values of –10.6� 10–4 (oxidative) and –12.3�10–4 eV/K (re-
ductive, see Supporting Information for details of linear fit
correlations). In view of the equivalence of the two APT-4
values in different atmospheres, it is likely that the tempera-
ture coefficient of WO3 is independent of the atmosphere,
too. A measurement of WO3 as reference in a reductive at-
mosphere makes no sense because of changes of the sur-
rounding tungsten ions caused by tungsten ion reduction
(see above).

Figure 2. Edge energies (Eg) of (NH4)10[H2W12O42]·4H2O (APT-4:
�, �) and WO3 (�) calculated from the UV/Vis DR spectra (filled
symbols) and thermal expansion corrected (open symbols) accord-
ing to dependence on temperature in oxidative (a) and reductive
(b) atmospheres. The vertical dashed lines mark the maximum of
the first derivative of corrected Eg curves (dashed grey curves). The
meaning of the Roman numerals is explained in the text.

To separate effect II from effect I and to quantify the
desired contribution caused by changes of the surroundings
of the tungsten ion (effect II), the Eg(meas.) values in oxi-
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dative and reductive atmospheres must be corrected by
using the WO3 data from the oxidative atmosphere (see
Supporting Information). The results [Eg(corr.)] are de-
picted in Figures 2a and 2b (grey curves with open sym-
bols).

Up to 175 °C, the Eg(corr.) value remains constant.
Above 175 °C, all the partial steps are similar in their shape:
An exponential decrease in Eg(corr.) is terminated by an
increase or a hold, with the exception of range IIIr. The
temperature ranges of these steps can be determined best
from the derivative curves at their maximum points (vertical
lines). In an oxidative atmosphere, these are at 175, 275,
350 and 450 °C (ranges Io to Vo), whereas in a reductive
atmosphere they are at 175 and 275 °C (ranges Ir to IIIr).
The ranges in the oxidative atmospheres are very similar to
the four qualitatively different individual steps, endo-1,
endo-2, endo-3 and exo-4, derived from thermogravimetric
curves under comparable conditions.[2] Indeed, the ranges
Io (50–175 °C) and IIo (175–275 °C) coincide excellently
with endo-1 (50–190 °C) and endo-2 (190–250 °C). If endo-
3 (250–380 °C) is analyzed in more detail with respect to
the NH4

+/OH+ ion mass spectrometry curve (m/z = 17),[2]

then its shape allows a separation at 350 °C into two dis-
tinct steps with different release rates of NH3/H2O. In other
words, the temperature intervals of the two substeps endo-
3a (250–350 °C) and endo-3b (350–380 °C) correspond well
to the ranges IIIo (275–350 °C) and IVo at least with the
starting temperature of 350 °C. In a reductive atmosphere,
both ranges Ir (50–175 °C) and IIr (175–275 °C) are iden-
tical with Io and IIo.

The edge energy can be interpreted as a structure-related
measure, since the Eg values are primarily determined by
the number of bridging W–O–W bonds, N.[9] By using the
linear correlation between N and Eg(corr.) for APT-4 and
WO3 deduced from our measurements (see Supporting In-
formation for the explanation and discussion of the reasons
why literature data[9] are not suitable), N can be recalculated
from the Eg(corr.) values (Figures 2a and 2b). The resulting
plots of N vs. T for the thermal decomposition of APT-4
are depicted in Figure 3 for both atmospheres.

In range I up to 175 °C and in both atmospheres, N is
constant and equivalent to that of APT-4, which indicates
that the anion structure remains intact as a result of the
formation of anhydrous ammonium paratungstate by the
release of crystal water.[2,6] Above 175 °C (range II) N be-
gins to rise in a similar way in an oxidative as well as in a
reductive atmosphere (at 250 °C: N = 4.5), indicating the
beginning of the condensation of WO6 octahedra. In range
III a further increase in N is to be noticed, which again
seems to be similar in oxidative and reductive atmospheres
at least up to 300 °C. This temperature suggests a differenti-
ation with respect to the atmosphere used: While in an oxi-
dative atmosphere the condensation of WO6 units preserves
the tungsten oxidation number W+6, in a reductive atmo-
sphere above 300 °C, the formation of suboxides with re-
duced tungsten ions is assumed,[12] which unfortunately
eludes UV/Vis detection. In an oxidative atmosphere at
425 °C (range IV), a maximum of N is to be found (6.2),
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Figure 3. Number of W–O–W bonds, N, during the thermal de-
composition of ammonium paratungstate tetrahydrate in oxidative
(filled symbols) and reductive atmosphere (open symbols). The po-
sitions of the vertical lines correspond to Figures 2a and 2b. The
horizontal solid lines at N = 4.33 and 6.00 represent APT-4 and
WO3, respectively.

which can be observed with weakened intensity at 250 and
325 °C in ranges II and III, too. This specific wave form
suggests a highly unstable lattice at these temperatures and
can be interpreted as enhanced reactivity. This is confirmed
by the fact that these temperatures are close to the peak
temperatures determined from DTA curves (242, 302,
412).[2] The “overshoot” of N at 425 °C (6.2) over the theo-
retical value (6.0) occurs exactly at a temperature for which
a fragile lattice is proposed. This situation can be attributed
to highly distorted WO6 octahedra and lowered symmetry
as shown by XAFS studies.[1] These nonquantifiable phe-
nomena may also affect the edge position of the tungsten
ions[18] in addition to N and can be responsible for this
behaviour. Above 425 °C N converges to 6.0, which is a
characteristic value for WO3 reached at 525 °C. This means
that the decomposition of APT-4 is terminated by the for-
mation of WO3, which is confirmed also by the fact that
the Eg(meas.) values of the APT-4 and WO3 curves at this
temperature are equal (see above).

Conclusions

The detection of stepwise changes of the surroundings of
the tungsten ions in the paratungstate anion of APT-4 dur-
ing its thermal decomposition demonstrates that the in situ
UV/Vis spectroscopy is a very sensitive technique to trace
transformations in solids.

Experimental Section
Materials Used: The starting chemical ammonium paratungstate
tetrahydrate (APT-4), (NH4)10[H2W12O42]·4H2O, was manufac-
tured at Global Tungsten & Powders Corp. (GTP) in Towanda,
PA, USA. The mass loss of the starting APT-4 amounted to
10.63%. Due to the fact that any ammonium paratungstate is
characterized by a molar ratio (NH3/WO3) of 10:12, the formula
(NH4)10[H2W12O42]·2.83H2O was calculated. The relationship of
the filled structure with 4 mol H2O and the “deficit structure” with
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2.83 mol H2O is discussed in ref.[2] The trace element concentra-
tions and the results of characterization by TA-MS, XRD, FTIR
and Raman spectroscopy are published.[2] The results of powder
characterization techniques are represented in the Supporting In-
formation.

Monoclinic tungsten(VI) oxide, m-WO3, was prepared from APT-
4 by heating to 800 °C, holding for 1 h and cooling down to room
temperature in an oxygen flow (15 mLmin–1). Its powder XRD
pattern agrees with PDF [00–043–1035] indicating that the sub-
stance is phase-pure.

UV/Vis Diffuse Reflectance Measurements: The experimental de-
tails of the UV/Vis DR measurements have been reported pre-
viously.[19] The UV/Vis DR probe was kept fixed at the middle posi-
tion of the reactor bed during the whole experiment. BaSO4 was
used as a white reference. The white and black balances were per-
formed at room temperature before registering the spectra. For the
oxidative atmosphere, flowing O2 was used, whereas for the re-
ductive atmosphere H2 was employed (in each case: 15 mLmin–1,
supplier: Air Liquide, quality: 5.0). The heating rate was 5 K min–1

for all runs in the temperature range from 25 to 525 °C (25 K
steps). The UV/Vis DR spectra were calculated from the reflectance
(R) according to the Kubelka–Munk function, F(R�) = (1 – R)2/
2R.[20]

Supporting Information (see footnote on the first page of this arti-
cle): Powder characterization of APT-4, UV/Vis DR spectra of
WO3 while heating in air, determination of the edge energy from
UV/Vis DR spectra, procedure to correct Eg values, determination
of N in the paratungstate anion, discussion of the plot of N vs. Eg

from ref.[9] and explanation of reasons for using the current results.
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Twelve [ReIL(CO)3]n+ complexes with various carbohydrate-
pendant ligands L have been prepared and their uptake into
HeLa S3 cells were investigated. The ligand library includes:
(i) glucose/galactose as the carbohydrate group; (ii) bis(2-
pyridylmethyl)amine (DPA), bis(2-quinolylmethyl)amine
(DQA), or N-(2-pyridylmethyl)glycine (NPG) as the metal
binding component; and (iii) an ethylene chain as a linker
between the metal binding site and the O/C-glycosides. Mi-
crowave induced plasma mass spectroscopy (MIP-MS) mea-
surements revealed that all complexes were extensively in-
corporated into the HeLa cells over a 24 h period, and the
DQA complexes showed the highest uptake of all the com-

Introduction

Functionalized carbohydrates are of significant interest
as building blocks for high order complex carbohydrate
structures, asymmetric catalysts, and sugar-metal hybrid
materials.[1] The attachment of carbohydrate moieties to
functional molecules provides integrated properties such as
water solubility, chirality, and biological recognition ele-
ments to those materials. The most convenient and inexpen-
sive strategy to access carbohydrate functionalized materi-
als is a pendant approach in which functional molecules are
connected via a linker to commercially available carbo-
hydrates.[2]

The radiopharmaceutical application of group VII met-
als such as 99mTc and 186/188Re is of recent interest. 99mTc
has ideal properties (t1/2 = 6.01 h, γ = 142.7 keV) for use
in single photon emission computed tomography (SPECT).
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plexes in the series. However, in comparison to the corre-
sponding Re complexes without the pendant carbohydrate
functions (prepared with the related ligands LDPA, LDQA, and
LNPG), only the NPG complexes exhibited carbohydrate en-
hanced cellular uptake. Considering their water solubility
and cellular uptake properties, the NPG complexes contain-
ing an O-glycoside group (L1 and L�1) are the best candi-
dates for enhancing cellular uptake of metal ions. Micro-
scopic analysis with PC-12 cells in the presence of the
fluorescent complex [Re(L�7)(CO)3]Cl, revealed that the com-
plex stays in the cell cytosol and cannot penetrate into the
nucleus.

Convenient isolation from a 99Mo generator justifies the ex-
tensive use of 99mTc in medical imaging methods. 186Re
(t1/2 = 3.68 d, β = 1.07 MeV, γ = 137 keV) and 188Re (t1/2 =
16.98 h, β = 2.12 MeV, γ = 155 keV) have potential use in
therapeutic nuclear medicine. The [M(CO)3]+ (M = Tc, Re)
core has received considerable attention due to its small
size, inert d6 low-spin configuration, and simple aqueous
chemistry.[3] Tridentate chelates are well suited for binding
to the [M(CO)3]+ core, providing a high level of stability to
the resultant complexes due to the chelate effect and by
limiting the accessibility of the metal center to endogenous
ligands in vivo. The rational design of ligands for radioiso-
topes with diagnostic/therapeutic properties is highly desir-
able, especially for use in imaging and therapy. Extensive
studies have been accumulated, and several carbohydrate
functionalized complexes have been reported that display
benefits, in addition to those mentioned above, due to their
carbohydrate groups.[2d,4]

In this article, facile synthetic routes to tridentate carbo-
hydrate-pendant ligands (Scheme 1) are reported. The li-
gand library includes: (i) glucose/galactose as a carbo-
hydrate moiety; (ii) DPA, DQA, or NPG as the metal bind-
ing component; and (iii) an ethylene linker between the
metal binding site and the O/C-glycosides. Attachment of
carbohydrate functions to the ligands, especially glucose an-
alogs, was hypothesized to enhance the water solubility and
more importantly membrane permeability via cellular gluc-
ose transporters (GLUT) of the compounds,[5] although
some carbohydrate-pendant complexes have been reported
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Scheme 1.

to have neither recognition nor transportation ability via
the Glut1 transporter.[6] C-Glycosides are the carbon ana-
logs of naturally occurring O-glycosides and have been ex-
tensively studied because of their chemical and enzymatic
stability.[7] This paper provides efficient strategies for carbo-
hydrate functionalization of rhenium(I) tricarbonyl com-
plexes, and details of the cellular uptake analyses, per-
formed with HeLa cells, of these complexes.

Results and Discussion

Synthesis of the Ligands

Carbohydrate-pendant ligands L1–6 and L�1–6 were syn-
thesized according to Schemes 2–4. The preparations of L3
and L�3 have been reported previously.[8] Ligands L1H and
L�1H were synthesized from 2-bromoethyl 2,3,4,6-tetra-O-
acetyl-β-d-gluco- or galactopyranoside (1/1�)[8] that were re-

Scheme 2. Reagents and conditions: (i) N-(2-pyridylmethyl)glycine tert-butyl ester, DMF; (ii) formic acid; (iii) NaOMe, MeOH; (iv) bis(2-
pyridylmethyl)amine.
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acted with N-(2-pyridylmethyl)glycine tert-butyl ester,[9] a
procedure that was then followed by deprotection of the
carboxylate and sugar hydroxy groups (Scheme 2). The
other ligands, L2H, L�2H L4–6 and L�4–6, were prepared
by alkylation of carbohydrate-tethered primary amines 7/
7� (Scheme 3) and 11/11�[10] (Scheme 4) with 2 equiv. of an
alkylating agent – 2-(chloromethyl)pyridine, 2-(chlo-
romethyl)quinoline, or tert-butyl bromoacetate – followed
by deprotection. The preparation of C-glucosylamine 7 has
been reported previously.[11] The C-galactosylamine 7� was
obtained by a procedure similar to the one given in that
report. During the preparation of 7/7�, the cyanomethyl
C-glycosides 6/6�[11–12] formed as crystals suitable for X-ray
crystallography, and Figures S1 and S2 reveal the molecular
structures of 6 and 6�, including the β-configuration of the
carbohydrate groups. It should be mentioned that com-
pounds 8/8� were obtained from a one-pot reaction involv-
ing amines 7/7� that were reacted with 1 equiv. of 2-chloro-
methylpyridine and 1 equiv. of tert-butyl bromoacetate; 8/8�
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Scheme 3. Reagents and conditions: (i) formic acid; (ii) diisopropylethylamine (DIPEA); (iii) H2, PtO2, CHCl3/EtOH; (iv) 2-(chloromethyl)-
pyridine, tert-butyl bromoacetate, dimethylformamide (DMF); (v) 2-(chloromethyl)pyridine, DMF; (vi) 2-(chloromethyl)quinoline, DMF;
(vii) NaOMe, MeOH.

were obtained in good yields (69–88%) and no significant
amount of side products were isolated. The results of 1H/
13C NMR, ESI-MS, and elemental analyses supported the
proposed structures for all ligands.

Scheme 4. Reagents and conditions: (i) 2-(chloromethyl)quinoline,
DMF; (ii) NaOMe, MeOH.
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The ethylamine derivatives shown in Scheme 5 that con-
tain the same metal binding sites as L1–6/L�1–6 but no
sugar residues were prepared. LDPA is a known com-
pound,[13] but the other two ligands (LNPGH and LDQA)
were synthesized for the first time and fully characterized,
details of which are provided in this paper. The crystal
structure of LDQA was also determined (see Supporting In-
formation, Table S1 and Figure S3).

Synthesis of the Rhenium(I) Tricarbonyl Complexes

Ligands L1–6 and L�1–6 were refluxed with rhenium
pentacarbonyl chloride to afford [ReL(CO)3] for L1,2/L�1,2
or [ReL(CO)3]Cl for L3–6/L�3–6 in 31 % to quantitative
yield. As represented in the 1H NMR spectrum of
[Re(L4)(CO)3]Cl shown in Figure 1, distinct chemical shift
changes for the protons associated with the metal binding
are observed when the ligand binds to the metal. No signifi-
cant chemical shift changes were observed for the carbo-
hydrate protons. This clearly shows that the rhenium cen-
ters in the present complexes coordinate to the tridentate
metal binding sites via the nitrogen or oxygen atoms, and
confirms that the carbohydrate moieties remain pendant. In
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Scheme 5. Reagents and conditions: (i) N-(2-pyridylmethyl)glycine
tert-butyl ester, DMF; (ii) trifluroacetic acid (TFA); (iii) 2-
(chloromethyl)pyridine, acetonitrile; (iv) 2-(chloromethyl)quinoline,
acetonitrile.

Figure 1. Partial 1H NMR spectra for [Re(L4)(CO)3]Cl (top) and L4 (bottom) in CD3OD. Asterisks indicate solvent peaks or those
associated with small amounts of impurities.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 217–225220

Figure 1, the py3 signal, which exhibits a clear doublet in
the spectrum of the free ligand, displays further splitting in
the spectrum of the complex, this is likely to be due to the
long-range effect of the carbohydrate chirality within the
more rigid metal chelate. In the NPG complexes, the metal
coordinated nitrogen atoms become chiral centers. In this
study we did not see any further splitting of the NMR sig-
nals, suggesting the exclusive formation of one diastereomer
for each of the NPG complexes. But we could not deter-
mine the absolute configuration of the complexes. The re-
sults from 1H/13C NMR, ESI-MS, and elemental analyses
supported the proposed structures for all complexes.

Crystal structure elucidation was successfully performed
for the C-glycoside complex [Re(L�4)(CO)3]Cl, and con-
firmed the above mentioned structure (Figure 2). The Re
complex of compound 9 {[Re(9)(CO)3]ClO4} with a OH-
protected C-glucoside group also afforded crystals suitable
for X-ray crystallography (Figure 3). These structures exhi-
bit no significant changes from the corresponding O-glycos-
ide derivatives, indicating the stable coordination of the tri-
dentate N,O-ligands that support the rhenium tricarbonyl
structure.

The analogous rhenium complexes without the pendant
sugar moieties were prepared in a similar way to that em-
ployed for the preparation of the L1–6 and L�1–6 com-
plexes detailed above. All complexes were fully charac-
terized by 1H/13C NMR, ESI-MS, and elemental analyses,
and [Re(LNPG)(CO)3]Cl and [Re(LDPA)(CO)3]Cl were also
analyzed by X-ray crystallography (Figures S4 and S5, Sup-
porting Information).
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Figure 2. ORTEP diagram of the cationic portion of [Re(L�4)(CO)3]-
Cl·0.5CH3CN·0.5C2H5OH (ellipsoids are drawn at the 50% prob-
ability level). The hydrogen atoms, counter anion, and solvent mo-
lecules are omitted for clarity.

Figure 3. ORTEP diagram of the cationic portion of [Re(9)(CO)3]-
ClO4·H2O (ellipsoids are drawn at the 50% probability level). The
hydrogen atoms, counter anion, and solvent molecule are omitted
for clarity.

MIP-MS Evaluation of the Uptake of Re Complexes by
HeLa S3 Cells

Quantification of rhenium metal uptake into HeLa S3
cells was investigated, allowing for evaluation of the effect
of the ligand structure on the uptake process. Fifteen Re
complexes with and without pendant carbohydrate moieties
were incubated with the cells at 100 μm concentration in
growth media for 24 h, and the incorporated metal contents
in the cells were quantified by MIP-MS. No detectable cyto-
toxicity of the complexes was observed under the experi-
mental conditions used. The results of this study are shown
in Table 1 and summarized in Figure 4. The cell volume
(2.27 pL) was calculated from the mean radius (16.3 μm) of
the cells measured by microscopic analysis, and with the
assumption that the cells are spherical in shape.
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Figure 4. Cellular rhenium concentration (mm) after incubation for
24 h of HeLa S3 cells with the ReI tricarbonyl complexes (100 μm)
containing sugar-pendant ligands. Open bars, filled bars, and gray
bars represent nonsugar, O-glycoside, and C-glycoside ligands,
respectively.

The rhenium complexes without pendant carbohydrate
functions exhibit considerable differences in the amount of
cellular uptake when compared to their carbohydrate-
appended analogues. The Re complexes of LDPA and LDQA

exhibit higher uptake values (Figure 4) in comparison to
the carbohydrate-attached complexes, probably because of
their increased hydrophobicity. It is of significant interest
that in the NPG derivatives, for which all complexes have
good water solubility, the pendant O-glycoside in L1/L�1
enhances Re incorporation into the cells by a factor of 5–8
compared with the C-glycoside and nonsugar analogues.
This O-glycoside preference was not observed in the DPA
and DQA series. Finally, in all cases no significant differ-
ence between the glucose and galactose derivatives was ob-
served.

Considering the total charge of the complex, the cell
membrane permeability trend would be expected to be as
follows: NPG complexes (neutral chelate) � DPA and
DQA complexes (cationic metal chelates). However, the
present results show that the overall trend in Re complex
uptake is DQA � DPA � NPG and there is little difference
in the uptake of the the C- and O-glycosides. Because the
DQA complexes exhibit poor water solubility, the high
water solubility of the NPG complexes is of significant im-
portance. Interestingly, the NPG O-glycoside derivatives
(L1/L�1) exhibit enhanced uptake in comparison to both
the C-glycoside analogues (L2/L�2) and the carbohydrate-
free derivative. The effect of O-glycosylation of the ligands
in the NPG series causes a deviation from the overall trend
observed for metal complex uptake, and provides a poten-
tial starting point for further structural modifications aimed
at enhancing the cellular uptake of rhenium(I) tricarbonyl
complexes. Increased glucose concentration in media did
not block the uptake of the L1 and L�1 complexes (data
not shown), suggesting that the uptake mechanism is dif-
ferent from that for glucose transport.
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Table 1. Details of the uptake of ReI tricarbonyl complexes by HeLa S3 Cells.[a]

Ligand Re [ngL–1], individual Re [ng L–1], average Re uptake (nmol/105 cells) Cellular concentration of Re (mm)[b]

LNPG 234.5�37.0 228.0�36.5 (1.22�0.20)�10–2 0.054�0.009
217.0�30.5
233.0 �42.0

L1 1654.0�108.5 1705.0�103.0 (9.16�0.55)�10–2 0.404�0.024
1797.5 �103.0
1663.0�98.5

L�1 1648.0�80.5 1741.0�98.0 (9.35�0.53)�10–2 0.412� 0.023
1771.0�87.5
1804.0�127.0

L2 435.5�50.0 375.5�48.0 (2.02�0.26)� 10–2 0.089�0.011
352.0�46.0
338.5�47.5

L�2 296.0�34.5 288.5�34.0 (1.55�0.18) �10–2 0.068�0.008
298.5�34.5
271.0�33.0

LDPA 3959.5�131.5 3773.0�124.0 (20.26 �0.67)�10–2 0.893�0.030
3612.0�117.5
3747.5�122.5

L3 702.0�49.5 687.5� 55.0 (3.69�0.30)�10–2 0.163�0.013
653.5�53.5
707.5�61.0

L�3 294.0� 36.0 305.0�33.0 (1.64�0.18)�10–2 0.072�0.008
319.0�24.5
303.0�38.5

L4 616.9 �59.0 684.5�61.0 (3.68�0.33)�10–2 0.162�0.015
691.5�61.0
745.5 �63.5

L�4 670.5�65.0 655.0�56.0 (3.52�0.30)�10–2 0.155�0.013
621.0� 55.0
673.0�48.5

LDQA 21303.0�414.0 17698.0�276.0 (95.04�1.48)�10–2 4.187� 0.065
17067.0�110.0
14723.0�303.5

L5 1991.5�87.5 2000.5�98.5 (10.74�0.53)�10–2 0.473 �0.023
2080.5�93.0
2010.0�115.0

L�5 3174.5�108.0 2709.5�104.5 (14.55�0.56) �10–2 0.641�0.025
2373.5�105.0
2581.0�100.5

L6 2702.0�135.5 2815.0�128.0 (15.12� 0.69)�10–2 0.666�0.030
2863.5�110.5
2880.0�137.5

L�6 2688.5�83.5 2622.5� 105.0 (14.08�0.56)�10–2 0.620�0.025
2574.5�117.5
2605.0�115.0

[a] Recorded after 24 h incubation. [b] The average volume of the cells was estimated to be 2.27 pL (see text).

Evaluation by Fluorescent Microscopy of the Uptake of Re
Complexes by PC-12 Cells

The distribution of a representative Re complex inside PC-
12 cells was investigated by a fluorescent microscopy mea-
surement[14] performed with a methoxy substituted DQA
O-galactoside complex, [Re(L�7)(CO)3]Cl (Scheme 6), for
which superior cell uptake and fluorescence detection was
expected. Introduction of the methoxy group on to the
quinoline ring enhances the fluorescent intensity and shifts
the excitation/emission wavelengths of the ligand relative to
the signals for the corresponding ligand devoid of such a
group.[15] Considering the “O-glycoside effect” observed for
the L1/L�1 complexes, the O-glycoside linker was chosen
for use in this study.
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Upon excitation at 330 nm, [Re(L�7)(CO)3]Cl exhibited
a moderately intense fluorescence signal at around 420 nm
(Figure S6), which can be viewed by a fluorescent micro-
scope (excitation 330–385 nm, detection � 420 nm). The
fluorescent microscopic analysis was performed with PC-
12 rat adrenal pheochromocytoma. Increased fluorescence
from the cells was observed after incubation with
[Re(L�7)(CO)3]Cl (50 μm) for 4 h (Figure 5, b). From this
picture we can conclude that the complex penetrates into
the cell because the fluorescence was observed from whole
cell and not localized in the cell membrane. The fluorescent
nuclear stain DAPI (4�,6-diamino-2-phenylindole dihydro-
chloride) was added during the microscopic analysis and
selectively accumulates in the cell nucleus (Figure 5, c).
Interestingly, overlaying of parts b and s of Figure 5 demon-
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Scheme 6. Reagents and conditions: (i) 2-(chloromethyl)-6-methoxy-
quinoline, DMF; (ii) NaOMe, MeOH.

strates that [Re(L�7)(CO)3]Cl is localized in the cytosol and
does not penetrate into the nucleus (Figure 5, d). This study
clearly demonstrates the cell permeability of [Re(L�7)(CO)3]-
Cl and also the localization of the complex in PC-12 cells.

Figure 5. Differential interference contrast and fluorescent micro-
graphs of cultured PC-12 rat adrenal cells incubated in the presence
of [Re(L�7)(CO)3]Cl (50 μm) for 4 h: (a) differential interference
contrast; (b) fluorescent micrograph; (c) fluorescent micrograph in
the presence of DAPI; (d) image formed from the merging of
images (b) and (c).

Conclusions

Glucose- and galactose-pendant ligands containing
DPA, DQA, and NPG as metal binding sites have been pre-
pared. The structures of rhenium(I) tricarbonyl complexes
with these ligands were characterized and their uptake into
HeLa S3 cells studied. MIP-MS measurements reveal that
the DQA complexes show the highest uptake of all the com-
plexes in the series. Microscopic analysis with the fluores-

Eur. J. Inorg. Chem. 2012, 217–225 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 223

cent quinoline derivative [Re(L�7)(CO)3]Cl reveals that the
complex stays in the cytosol and does not penetrate into
the nucleus. The water soluble NPG complexes exhibited
carbohydrate enhanced cell uptake; however, no carbo-
hydrate dependent uptake was observed in this study. The
NPG complexes with pendant O-glycoside groups, L1 and
L�1, displayed increased uptake in comparison to both the
C-glycoside analogues (L2/L�2) and the carbohydrate-free
derivative. This result provides a potential starting point for
further structural modifications aimed at enhancing the
cellular uptake of rhenium(I) tricarbonyl complexes. We are
currently investigating the cellular uptake of the Re com-
plexes in a variety of cell lines to determine the generality
of this approach. Biodistribution studies employing radio-
active 99mTc complexes are also currently underway.

Experimental Section
General: All reagents and solvents for the syntheses were obtained
from commercial sources and used as received. 1H NMR
(300.07 MHz) and 13C NMR (75.00 MHz) spectra were recorded
on a Varian GEMINI 2000 spectrometer and referenced to internal
tetramethylsilane (TMS) or solvent signals. Elemental analyses
were recorded on a J-Science JM-10 Micro Corder. The synthetic
and characterization details for all new compounds are described
in the Supporting Information.

X-ray Crystallography: Single crystals of 6, 6�, LDQA, [Re(L�4)-
(CO)3]Cl, [Re(9)(CO)3]ClO4, [Re(LNPG)(CO)3]Cl, and [Re(LDPA)-
(CO)3]Cl were covered by Paraton-N oil and mounted on glass fi-
bers. All data were collected at 123 or 223 K on a Rigaku Mercury
charge coupled device (CCD) detector, with monochromatic
Mo-Kα radiation generated from an X-ray tube operating at 50 kV/
40 mA. Data were processed on a PC with the CrystalClear Soft-
ware (Rigaku). Structures were solved by direct methods (SIR-92)

Table 2. Crystallographic data for [Re(L�4)(CO)3]Cl·0.5CH3CN·
0.5C2H5OH and [Re(9)(CO)3]ClO4·H2O.

[Re(L�4)(CO)3]Cl· [Re(9)(CO)3]ClO4·H2O
0.5CH3CN·0.5C2H5OH

Formula C25H31.5ClN3.5O8.5Re C31H37ClN3O17Re
FW 738.70 945.30
Crystal system monoclinic monoclinic
Space group C2 P21

a [Å] 36.4467(14) 14.271(2)
b [Å] 9.2658(4) 7.3184(9)
c [Å] 16.1508(7) 19.286(3)
β [deg] 95.546(2) 111.1690(12)
V [Å3] 5428.7(12) 1878.4(4)
Z 8 2
Dcalcd. [gcm–3] 1.807 1.671
μ [cm–1] 46.335 33.838
2θmax [deg] 55.0 55.0
Temperature [K] 123 223
Reflections collected 21484 14746
Reflections used 11713 8649
Rint 0.0322 0.0224
Parameters 712 506
Final R1[a] [I � 2θ(I)] 0.0399 0.0307
wR2[a] (all data) 0.0806 0.0659
GOF 1.067 1.047

[a] R1 = (Σ||Fo| – |Fc||)/(Σ|Fo|). wR2 = {[Σw(Fo
2 – Fc

2)2]/[Σw(Fo
2)2]}1/2.
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and refined by full-matrix least-squares methods on F2 (SHELXL-
97). Crystal data for carbohydrate-pendant rhenium(I) tricarbonyl
complexes [Re(L�4)(CO)3]Cl and [Re(9)(CO)3]ClO4 are summa-
rized in Table 2. Crystallographic data for 6, 6�, LDQA,
[Re(LNPG)(CO)3]Cl, and [Re(LDPA)(CO)3]Cl are provided in Tables
S1 and S2 of the Supporting Information, and their ORTEP draw-
ings are given in Figures S1–5.

CCDC-825160 {for [Re(9)(CO)3]ClO4}, -825161 {for [Re(L�4)-
(CO)3]Cl}, -825162 {for [Re(LNPG)(CO)3]Cl}, -825163 {for
[Re(LDPA)(CO)3]Cl}, -825164 (for 6), -825165 (for 6�), -825166 (for
LDQA) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.request/cif.

Cellular Uptake Analyses with HeLa S3 Cells: HeLa S3 cells
(100,000 cells/well) were cultured in Minimum Essential Medium
(MEM) supplemented with 10% fetal bovine serum (FBS), penicil-
lin (100 U/mL) and streptomycin (0.1 mg/mL). All cells were main-
tained in a humidified incubator at 37 °C under 5% CO2. The me-
dia was changed to one containing the Re complexes (100 μm) and
the cells incubated for 24 h. The well was treated with trypsin for
10 min at 37 °C, and then the cells were collected by centrifuge
(1,200 rpm, 5 min) and washed with Phosphate Buffered Saline
(PBS) (1 mL, 3 times). The collected cells were added to mili-Q
water (50 μL) and concentrated HNO3 (100 μL). After being heated
at 95 °C for 2 h, the solution was diluted to 10 mL with water, and
the rhenium content was analyzed with a Hitachi MIP-MS P-6000
Microwave Induced Plasma Mass Spectrometer (NAIST). The
average values of three independent experiments with standard de-
viations are given in Table 1.

Fluorescent Microscopic Analysis with PC-12 Cells: PC-12 rat adre-
nal pheochromocytoma cells were cultured in Roswell Park Memo-
rial Institute (RPMI) 1640 supplemented with 5% fetal bovine se-
rum (FBS), 10% horse serum (HS) and 1% penicillin-streptomycin
(PS). All cells were maintained in a humidified incubator at 37 °C
under 5% CO2. The media was changed to one containing
[Re(L�7)(CO)3]Cl (50 μm) and the cells incubated for 4 h. The cells
were rinsed with FBS, soaked in the growth media, and then ana-
lyzed with a fluorescent microscope (excitation filter: OLYMPUS
BP330–385, detection filter: BA420). DAPI was added to the cells
during the microscopic analysis to enable identification of the nu-
cleus.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures for the synthesis of the compounds,
Tables S1 and S2 containing crystal data for 6, 6�, LDQA,
[Re(LNPG)(CO)3]Cl, and [Re(LDPA)(CO)3]Cl, and Figures S1–S98.
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Hydrophobic coatings of titania–alumina nanocrystallites
showing enhanced photocatalytic activity under sunlight
were synthesized by an aqueous sol–gel route from titanyl
sulfate. The influence of the addition of alumina in the range
5–30 mol-% on the phase transition and grain growth of
nanocrystalline titania was investigated. A titania–alumina
composition containing 5 mol-% Al2O3 (TA-5), annealed at
700 °C, showed the highest photocatalytic activity among all
investigated compositions. While pure titania in the present
study started to transform to rutile at 700 °C, all the titania–
alumina compositions retained 100% anatase phase up to
800 °C. The specific surface area was measured as 73 m2 g–1

Introduction

Crystalline anatase titanium dioxide is a material with
high potential applicability in different fields such as solar
cells,[1] self-cleaning coatings,[2] photocatalysts and ceramic
membranes for water treatment.[3,4] A highly porous surface
structure has great influence on photocatalytic activity,
since it offers a larger number of catalytic sites than a dense
surface.[5] In order to increase the photocatalytic activity of
titania, several approaches for modification in the synthesis
of porous nanostructured TiO2 have been proposed, includ-
ing doping with metals and nonmetals.[6,7] The synthesis of
mixed metal oxides with titania has been another ap-
proach.[8] Among the various synthesis methods, the sol–gel
method has attracted great attention, because of the simple
experimental procedures and easy control of the composi-
tion.[9]

Some of the recent research shows that binary or ternary
mixed-oxide sol–gel coatings exhibit superior mechanical,
thermal, and photocatalytic properties.[10,3] Important is-
sues that need attention during the preparation of such
coatings are improving the surface structure and extending
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for the titania containing 5 mol-% alumina annealed at
700 °C, whereas pure titania had 38 m2 g–1 under identical
conditions. By photon correlation spectroscopy, the particle
size of pure titania sol was measured as 29 nm, while that of
titania sol containing 5 mol-% alumina was 43 nm. Nano-
coatings applied over glazed ceramic surfaces indicated its
hydrophobic character though the composition did not con-
tain any hydrophobic material, which produces a high water
contact angle. The uniformly roughened surface, preferably
with nanostructured morphology that lowers the surface
energy, is proposed to be the reason for the observed hydro-
phobicity.

the anatase-to-rutile transformation to higher temperatures,
in addition to enhancing the catalytic activity. Alumina has
been reported to be one of the most promising additives for
improving the surface features of titania, in view of its high
temperature stability, chemical inertness, and resistance to
abrasion.[11–13] An even distribution of the second phase in
such nanocomposites is most desirable, and this depends
primarily on the synthesis route. Titania–alumina catalytic
supports were synthesized through an alkoxide-derived sol–
gel method by Linacero et al., who found that the surface
area increased up to 20 mol-% added titania and decreased
for added amounts above 20 mol-%.[14] In the case of coat-
ings, the photocatalytic reaction rate increases with increas-
ing roughness of the TiO2 thin film on a glass substrate,
since an increase in roughness will increase the surface area
available for photocatalytic decomposition of organic pol-
lutants.[15,16] Such photoactive nanotitania coatings can fur-
ther be made multifunctional by introducing non-wetting
features.[17] An increased surface roughness, preferably with
a nanostructured morphology that lowers the surface en-
ergy, is needed for obtaining a hydrophobic surface.[18] Such
surface phenomena are the result of entrapped air in the
pockets of a hierarchically textured surface, leading to the
formation of a large water–air interface below the water
droplet. Superhydrophobic surfaces are obtained by using
various hydrophilic nanoparticles like Al2O3, SiO2, and
SnO2 when embedded in a polymer matrix.[19] Recently,
superhydrophobic nanostructured Boehmite coatings were
prepared by hydrolysis of aluminum nitride powder.[20]
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Superhydrophobic PET fabric was prepared from Al2O3–
SiO2 hybrids very recently.[21] So far, except for light-
induced TiO2 amphiphilic surfaces with reversible super-
hydrophobicity and superhydrophilicity,[22] no study is
available that reports sol–gel titania–alumina composite
coatings exhibiting hydrophobic properties.

Composite precursors of TiO2 and Al2O3 that induce
multifunctionality are reported in this work. The synthesis
of the composite is carried out by an aqueous sol–gel route
starting from titanyl sulfate. The mixed precursor is coated
over commercially available glazed ceramic substrates and
annealed at different temperatures. A completely water-
based titania–alumina composite sol coating on glazed ce-
ramic substrate and resultant functional applications are
not yet reported. The hydrophobicity of the coated surface
was evaluated by measuring the water contact angle. The
excellent photocatalytic activity along with the moderate
hydrophobicity arising from the increased surface rough-
ness imparts self-cleaning ability to the prepared nano-
composite coating. Even though the composites prepared in
the present work are mainly intended for coating on glazed
ceramic tiles, other applications like self-cleaning glass, por-
celain insulators, or even tableware can be considered as
applications with a definite advantage.

Results and Discussion
The powder X-ray diffraction (PXRD) patterns of pure

titania and titania–alumina nanocomposites calcined at
600, 700, and 800 °C for one hour each are presented in
Figure 1. While pure titania starts to transform to rutile at
700 °C, all the titania–alumina composites retained 100%
anatase phase up to 800 °C. However, peak broadening ap-
pears to be taking place in titania due to reduction in crys-
tallite size with the addition of increasing amounts of alu-
mina.

Figure 1. PXRD patterns of (a) pure titania, (b) TA-5, (c) TA-15,
and (d) TA-30, calcined at (i) 600, (ii) 700, and (iii) 800 °C.
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The average crystallite size measured by using the
Scherrer equation was found to decrease from 9.02 nm in
pure titania to 6.98 nm in titania containing 30 mol-% alu-
mina (TA-30), which indicates a decreasing trend in crystal-
lite size as a result of the addition of increasing amounts of
alumina as presented in Figure 2. This is attributed to the
retardation of crystallite growth upon addition of Al2O3.[23]

The AI3+ ions present in alumina may enter the titania lat-
tice and decrease the concentration of oxygen vacancies.[24]

Since any decrease in the oxygen vacancy concentration will
retard the nucleation rate of anatase titania,[24] the presence
of alumina in the titania matrix enhances the phase stability
of anatase titania. Furthermore, the reduction in the crys-
tallite size, as shown in Figure 2, is only marginal beyond
an addition of 15 mol-% Al2O3. The minimum amount of
Al2O3 required for obtaining an even distribution of the
second phase in the titania matrix was calculated to be
around 17 mol-%, since the average particle sizes of titania
and alumina precursor sols measured by using photon cor-
relation spectroscopy were 29 and 147 nm, respectively. Ad-
dition of Al2O3 beyond 17 mol-% does not seem to result
in size reduction. At higher calcination temperatures (above
700 °C) the crystallite size increased considerably. This
grain growth of the titania (matrix) phase can be attributed
to the enhanced mass transport prior to the anatase-to-
rutile phase transformation.[11]

Figure 2. Crystallite size of TiO2–Al2O3 gels as a function of added
alumina at calcination temperatures of (a) 600, (b) 700, and (c)
800 °C.

Moreover, samples calcined at 600 °C contain traces of
brookite. Since the crystallite size and the presence of the
pure anatase phase are important factors affecting photo-
catalytic activity,[25] nanocomposites calcined at 700 °C
were characterized further.

The adsorption/desorption isotherms of titania contain-
ing alumina and pure titania calcined at 700 °C are pre-
sented in Figure 3. The isotherms showed typical type IV
behavior with a hysteresis loop, characteristic of mesopo-
rous materials.[26] Specific surface area (SBET), total pore
volume calculated at P/P0 = 0.9 and average pore radius
values are presented in Table 1.
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Figure 3. Adsorption/desorption isotherms of (a) pure titania, (b)
TA-5, (c) TA-15, and (d) TA-30, calcined at 700 °C.

Pure titania calcined at 700 °C has a specific surface area
of 38.62 m2 g–1, and TA-30 calcined at the same tempera-
ture has a value of 112.38 m2 g–1, which is approximately
three times that of pure titania. The higher amount of
alumina going to the matrix will increase the defects in the
titania matrix, and this further results in an increase in the
surface area. The total pore volume is nearly equal to the
mesopore volume for all the titania–alumina samples,
which indicates that a major contribution to the total sur-
face area is due to the presence of mesopores. Also, the
total pore volume and the mesopore volume increased as
the alumina content in the titania matrix was increased.
This can be explained by the crystallite size reduction
achieved by alumina incorporation (as confirmed by the
XRD data), which will sustain the mesoporous structure
while resulting in a larger surface area.[26] The average pore
radius was found to decrease with increasing Al2O3 incor-
poration, in accordance with the previous studies by Pad-
maja et al.,[27] where the maximum pore size is for high
titania content and the pore size decreases with the decrease
in the amount of titania at a higher calcination temperature
of 1000 °C. The pore size distribution of the samples cal-
cined at 700 °C, obtained by the Barrett–Joyner–Halenda
(BJH) method, is shown in Figure 4.

All the samples show a unimodal distribution of pores
in the meso range. As alumina content increases, the pore
size shifts further to the lower region, which indicates that
the alumina added to the titania matrix effectively reduces
the pore size.[28,29]

The photocatalytic property of titania is known to de-
pend on several factors like crystallinity, phase assemblage,
surface area, and the electronic structure of surface

Table 1. N2 adsorption characteristics of TiO2–Al2O3 samples calcined at 700 °C.

Sample Surface area /m2 g–1 Total pore volume /cm3 g–1 Mesopore volume /cm3 g–1 Average pore radius /nm Crystallite size /nm

Titania 38.62 0.109543 0.109485 5.67 10.82
TA-5 73.94 0.186792 0.186949 5.05 10.70
TA-15 95.08 0.201375 0.200292 4.24 7.99
TA-30 112.38 0.212118 0.212178 3.77 7.96
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Figure 4. Pore size distribution curves for (a) pure titania, (b) TA-
5, (c) TA-15, and (d) TA-30, calcined at 700 °C.

states.[30] The photocatalytic activity of nanocomposites
with different alumina content calcined at 700 °C was
evaluated by degradation studies of a standard dye such
as methylene blue. The degradation of dye solution by the
samples upon sunlight irradiation (2 h) is presented in Fig-
ure 5.

Figure 5. Degradation of methylene blue by (a) titania, (b) TA-5,
(c) TA-15, and (d) TA-30, calcined at 700 °C, under exposure to
sunlight.

All the samples showed higher photocatalytic activity
than that of pure titania, and a higher photocatalytic ac-
tivity was obtained by adding less (5 mol-%) alumina. This
enhancement of photocatalytic activity by adding alumina
can be attributed to the presence of nearly 100% anatase,
optimum crystallite size, and increased surface area
achieved by adding alumina.[31–33] In general, the increase
in surface area by particle size reduction is supposed to in-
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crease the photocatalytic activity, since the number of active
sites on which the electron-acceptor and -donor are ad-
sorbed and participate in the redox reaction will be in-
creased. However, it is reported that photocatalytic effi-
ciency does not increase monotonically with increasing sur-
face area, since surface recombination of charge carriers
also plays an important role in photocatalytic reactions in
ultrafine particles.[34] In other words, decreasing the nano-
crystallite size continuously will never result in continuously
higher photocatalytic activity, since a critical size (D*)
exists below which the photocatalytic activity begins to
decrease.[33] The existence of a critical size of approximately
10 to 12 nm has been experimentally demonstrated in the
literature.[35,36] Baiju et al. proposed that, for optimum pho-
tocatalytic activity, the rate of volume and surface charge-
carrier recombination processes should be minimum, while
that of the interfacial charge-transfer process should be
maximum. Below D*, although the rate of the volume
charge-carrier recombination decreases, the rate of the sur-
face charge-carrier recombination increases, which in turn
reduces the rate of the interfacial charge-transfer process.[32]

Therefore, the photocatalytic activity decreases. This depen-
dence of the photocatalytic activity on the average nano-
crystallite size is presented in Figure 6.

Figure 6. Variation in kapp as a function of the average nanocrys-
tallite size of anatase titania for the samples calcined at 700 °C.

The rate constant value obtained for TA-5, calcined at
700 °C, is 0.0214 m–1, whereas the same is only 0.0091 m–1

for pure titania treated under identical conditions. Thus,
TA-5 synthesized in the present work shows a relatively
higher photocatalytic activity because of the critical size,
D*, of anatase titania.

The photocatalytic activity of the same compositions
were further investigated under irradiation by a constant
indoor source (UV-A; intensity: 0.404 mW cm–2) by using
identical concentrations of an aqueous solution of methyl-
ene blue: the nanocomposite TA-5 showed the higher ac-
tivity. The photoactivity results are presented in Figure 7,
which shows that better photocatalytic activity is ob-
served for TA-5 under irradiation by the UV-A source
also.
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Figure 7. Degradation of methylene blue by (a) titania, (b) TA-5,
(c) TA-15, and (d) TA-30, calcined at 700 °C, under exposure to
UV-A.

Under exposure to sunlight, the degradation of methyl-
ene blue was 60.9 and 94.8 % for titania and TA-5, respec-
tively (nearly 34% difference in efficiency), whereas under
UV-A light the efficiencies were 92.7 and 95.4 for titania
and TA-5, respectively. The increased efficiency for the pure
titania under UV light can be attributed to the band gap
effect. Addition of alumina (5 mol-%) modified the band
gap in such a way that the prepared titania–alumina com-
posite was more active under sunlight than under UV light.
The band gap energy calculated by using the diffuse reflec-
tance data were 3.33 and 3.24 eV for pure titania and TA-
5, respectively. The band gap energy decreased for the nano-
composite TA-5, and hence the activity was shifted slightly
from the UV to the visible region (redshift), and that is the
reason for the very good activity under sunlight.

The size of anatase titania particles were calculated from
high-resolution transmission electron micrographs. The
HR-TEM images of pure titania powder and titania powder
containing 5 mol-% alumina, calcined at 700 °C, are shown
in Figure 8. Pure titania has an average particle size of ap-
proximately 23 nm, whereas the same in TA-5 is approxi-
mately 12 nm.

TA-5 calcined at 700 °C shows lattice fringes correspond-
ing to (101) planes of anatase with an interplanar spacing
of 0.35 nm. Therefore, it is confirmed from the above obser-
vation that addition of alumina inhibits the crystal growth
of titania by providing a barrier between titania grains, and
a critical size is reached at an amount of 5 mol-% added
alumina, leading to the better photocatalytic activity of the
sample.[37]

Since surface morphology plays an important role in
functional coatings, the coatings were characterized by field
emission scanning electron microscopy (FESEM). The
FESEM images of glazed ceramics coated with titania and
TA-5 calcined at 700 °C are presented in Figure 9, which
show that addition of 5 mol-% alumina results in a slight
reduction in the particle size. Pure titania coating contains
particles of size 24 nm, whereas TA-5 coating has particles
of size 20 nm.

Uniformly sized particles having more spherical mor-
phology were observed for the TA-5 sample, which indicates
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Figure 8. TEM images of (a) pure titania, (b) TA-5, and (c) TA-5 at high resolution, calcined at 700 °C.

Figure 9. FESEM images of glazed ceramics, coated and annealed at 700 °C, containing (a) pure titania and (b) TA-5.

that the addition of 5 mol-% alumina results in providing a
more homogeneous distribution of the second phase in the
titania matrix. The wetting properties of the as-prepared
coatings were investigated by measuring contact angles
(CA) of water on the surfaces by the sessile drop method.
The contact angle of an uncoated ceramic was 17.2°,
whereas it was 40 and 51.7° after coating with pure titania
and pure alumina, respectively. However, the contact angles
of tiles coated with TA-5, TA-15, and TA-30, calcined at

Figure 10. Nature of a water droplet on the surface of tiles coated
with (a) nothing, (b) pure titania, (c) pure alumina, (d) TA-5, (e)
TA-15, and (f) TA-30, annealed at 700 °C (CA: contact angle).

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 226–233230

700 °C, were 97.6, 98.8, and 101.2°, respectively. The con-
tact angle values are presented in Figure 10.

The hydrophobicity of the coating can be attributed to
the increased surface roughness achieved by the addition of
alumina, since it is reported that the surface orientations
might alter the surface O–H concentrations and surface free
energy, thus altering the surface wettability.[13,38] The in-
creased water contact angle for the composite coatings in
this work is ascribed to the geometry effect of the sur-
face.[21] The surface roughness analysis of the prepared
coatings, carried out by AFM, is provided in Figure 11,
which shows that the surface roughness increases with ad-
dition of alumina.

It is reported that the uniformly roughened structure of
a surface will trap air in its valleys, which allows water
droplets to sit on its protuberances and the air, which leads
to a hydrophobic surface.[21] The average surface roughness
for the pure titania coating was 26.1 nm, whereas that for
the titania–alumina coating was 84.9 nm, which rendered
the surface hydrophobic, regardless of the absence of high-
contact-angle materials. Thus, the current hydrophobic
coatings of titania–alumina nanocrystallites showing en-
hanced photocatalytic activity under sunlight can have pos-
sible outdoor applications on a large scale basis.
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Figure 11. AFM surface image of (a) pure titania and (b) TA-5 coating on a glazed ceramic substrate.

Conclusions

Addition of alumina increases the stability of the anatase
phase of nanotitania up to temperatures as high as 800 °C.
The crystallite size decreases with the addition of alumina
and increases with an increase in the calcination tempera-
ture. BET surface area results showed that alumina in the
titania matrix effectively reduces the pore size. A higher
photocatalytic activity was obtained for the TA-5 nano-
composite, and it was found that the photocatalytic activity
depended on the average nanocrystallite size. TEM investi-
gations revealed that pure titania has an average particle
size (DTEM) of approximately 23 nm, whereas TA-5 has a
DTEM of approximately 12 nm. SEM images showed that
adding alumina resulted in particle size reduction and bet-
ter homogeneity for the prepared coating. The as-prepared
homogeneously mixed nanocrystalline TiO2–Al2O3 system
had a surface roughness which led to specific hydropho-
bicity. Thus the present investigation on photoactive and
hydrophobic titania–alumina nanocrystallites may result in
the development of coatings with multifunctional properties
like photoactivity and hydrophobicity.

Experimental Section
The titanium dioxide nanoparticles were prepared by an already
reported sol–gel method from titanyl sulfate[39] (TiOSO4, 98% pu-
rity), procured from M/s. Travancore Titanium Products, Trivand-
rum, India. In a typical experiment, titanyl sulfate (15.996 g) was
dissolved in distilled water (500 mL) to yield a 0.2 m solution,
which was hydrolyzed with constant stirring at room temperature
(32 °C) by slow addition of ammonium hydroxide solution (25%,
S. D. FINE-CHEM Ltd., India). At this point, the pH was adjusted
to 7.5 and kept constant. The precipitate obtained was separated
by filtration, washed with distilled water to free it of sulfate ions
(as was confirmed by the BaCl2 test). The washed precipitate was
then redispersed in distilled water (500 mL) and was then peptized
by the dropwise addition of HNO3 (2 m, Merck, India) solution,
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till the pH decreased to 1.8–2 to obtain a stable titania sol. The
stable sol was then aged for 24 h at room temperature. Similarly,
Al (NO3)3·9H2O (50 g, S. D. FINE-CHEM Ltd., India) was dis-
solved in distilled water (500 mL) and hydrolyzed at 80 °C by the
controlled addition of NH4OH solution (25%). The precipitate ob-
tained at pH 7–8 was filtered, washed repeatedly with distilled
water, and then converted into a stable sol by peptization with the
addition of HNO3 solution (10%). The stable sol at pH 3–4 was
aged for 24 h at room temperature. Alumina (5, 15, and 30 mol-%)
was added to the stable titania sol in the form of prepared Boehm-
ite sol (AlOOH). The prepared compositions of titania and alu-
mina were named TA-5, TA-15, and TA-30 to indicate 5, 15, and
30 mol-% alumina content, respectively. The mixed sol was then
coated on commercially available glazed ceramic substrates (by the
dip coating method) by using a Dip coater (KSV Dip Coater, KSV
Instruments Ltd., Finland).

In a typical dip coating experiment, about 150 mL of the prepared
sol was transferred into a beaker, and the glazed ceramic substrate
(size 5 cm �5 cm) was slowly immersed into the beaker at a speed
of 20 mmmin–1. A residing time of 4 min was then allowed for the
substrate, after which it was withdrawn at a speed of 20 mmmin–1.
The coated ceramic samples were dried at 50 °C and then heated
to 600, 700, and 800 °C at a heating rate of 1 °C min–1 with 1 h of
soaking for further studies. A portion of the prepared nano-
composite sols was subsequently dried, powdered, and calcined at
the same temperatures for further characterization.

Powder X-ray diffraction (PXRD) patterns of the calcined gels
were obtained by using a Philips X�pert Pro Diffractometer in the
2θ range 20–60° by using Cu-Kα radiation (λ = 1.5406 Å). The crys-
tallite sizes of the calcined gels were calculated by using the
Scherrer equation [Equation (1)].

DXRD = 0.9λ/βcosθ (1)

where DXRD is the average crystal diameter (in nm), 0.9 is the shape
factor, λ is the X-ray wavelength (Cu-Kα, 1.5406 Å), β is the full
width at half maximum intensity (in radians), and θ is the Bragg
angle. The Brunauer–Emmett–Teller (BET) surface area measure-
ments and pore size analysis were carried out by nitrogen adsorp-
tion at liquid nitrogen temperature with a Micromeritics Gemini
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2375 surface area analyzer after degassing each sample at 200 °C
for 2 h. The photocatalytic activity of the nanocomposites was
studied by monitoring the degradation of methylene blue (MB, AR
Grade, Qualigens Fine Chemicals, India) dye in an aqueous suspen-
sion under exposure to solar irradiation with continuous magnetic
stirring. Although the intensity of solar radiation could not be
measured, in order to make correct comparisons, the experiments
were conducted for all the samples at the same time (11:00 AM–
1:00 PM) on a sunny day during the month of September in Trivan-
drum city (8.5°N and 76.9°E), which is about 2800 km south of
New Delhi, the capital of India.

The prepared nanocomposite (0.1 g) was dispersed in an aqueous
solution of MB (100 mL, 1.25�10–5 m). The suspension was stirred
in the dark for 1 h before irradiating with sunlight for equilibration.
The concentration of the dye was measured at different time inter-
vals by using a UV/Visible spectrometer (Shimadzu, Japan, UV-
2401PC). A blank dye solution was also irradiated for about 2 h to
confirm that the dye was not photobleached by exposure to sun-
light. The dye concentration remained unchanged even after irradi-
ation for 2 h. The maximum intensity absorbance peak at 663.2 nm
of the MB solution was taken for measuring the degradation. The
absorbance (A0) measured after stirring in the dark was taken as
corresponding to the initial concentration (C0) of the dye. The ab-
sorbance (A) of MB solutions, after irradiation time intervals of
20, 40, 60, 80, 100 and 120 min was taken as a measure of the
residual concentration, C, of MB dye. The degradation of MB was
calculated by using Equation (2).

C/C0 = A/A0 (2)

The photocatalytic decomposition of the organic molecules follows
first-order kinetics,[40] which may be represented by Equation (3).

dC/dt = kappC (3)

where “dC/dt” represents the rate of change in the concentration
of the MB dye with respect to the time of exposure to sunlight “t”,
“kapp” is the apparent first-order reaction rate constant, and “C”
is the concentration of the MB dye. On plotting ln(C0/C) against
times of exposure to sunlight, the slope of the linear fit gives kapp.

The reflectance spectra of the samples were recorded with a Shim-
adzu UV 2401 PC Spectrophotometer (spectral range 200–800 nm)
equipped with an integration sphere for recording reflectance spec-
tra. The Kubelka–Munk function, F(R), was considered pro-
portional to the absorption of radiation, and the band gap energy,
“Eg”, of the semiconductor TiO2 was evaluated from the diffuse
reflectance spectra by plotting [F(R)hν]2 against hν.[24] The extrapo-
lation of the linear region of the F(R) spectrum to the energy axis
was used for determining the Eg values. The function F(R) was
calculated by using the equation F(R) = (1 – R)2/2R.

The surface morphology of the coated glazed ceramic was observed
with a field emission scanning electron microscope (FESEM, Hita-
chi S-4800-II, Japan). The static contact angle measurements of the
coated samples were performed by the sessile drop method with a
Data Physics OCA 40 micro automatic contact angle meter. The
surface roughness analysis of the optimized titania–alumina com-
position (TA-5) and the glazed ceramic substrates coated with pure
titania were done with an AFM machine (Digital instruments
nanoscope).

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 226–233232
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π-Conjugated tetrathiafulvalene (TTF)-based donors with a
monoamine moiety, 2-[4,5-bis(methylthio)-1,3-dithiol-2-ylid-
ene]-1,3-benzodithiol-5-amine (La) and 2-(5,6-dihydro[1,3]di-
thiolo[4,5-b][1,4]dithiin-2-ylidene)-1,3-benzodithiol-5-amine
(Lb), have been synthesized. Condensation of the TTF
amines with different pyridinecarbaldehydes afforded new
TTF-fused π-extended Schiff base ligands, La-imine-4-pyr-
idyl (L1), La-imine-3-pyridyl (L2), and Lb-imine-2-pyridyl (L3).
Four metal complexes based on these Schiff base pyridine
ligands, M(hfac)2(L)2 (M = CuII, L = L1, 4; M = MnII, L = L1,
5; M = CuII, L = L2, 6; hfac = hexafluoroacetylacetonate) and

Introduction

Tetrathiafulvalene (TTF) and its derivatives have re-
ceived much attention because of their strongly electron-
donating and attractive reversible redox properties. With
these advantages, they can be used as building blocks for
molecular conductors,[1–2] molecular switches,[3] and solar
energy systems.[4] However, the preparation of materials
that exhibit synergy between two or more properties (multi-
functional materials) is still a challenge. In consequence,
much effort has been devoted to associate the TTF core
with spin-carrier centers through π-conjugated linkages,
which may improve the electron mobility along the mole-
cule as well as enhance the stacking interaction by π-orbital
overlap.[5–8] This approach combines the electrochemically
active properties of TTF donors with the optical or mag-
netic properties of transitional metal ions to obtain interest-
ing multifunctional molecular materials. The appropriate
linkages or effective bridges are important to link the para-
magnetic centers and conduct electrons. A variety of mono-
or polydentate organic ligands for metal coordination have
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[Re(CO)4(L3)][Re2(CO)6Cl3] (7), have been synthesized and
structurally characterized. The ligands in all of the com-
plexes show a near planar structure, and the different coordi-
nation modes of the metal ions and relative orientation of the
terminal N donors result in a different crystalline organiza-
tion in the solid state. The absorption spectra and redox be-
havior of these new compounds have been studied. These
paramagnetic complexes are promising building blocks for
the construction of multifunctional materials due to their
planar structures and inherent redox properties.

been attached to the TTF moiety, and their corresponding
electroactive complexes have been reported.[9–14] Among
them, pyridine and bipyridine groups have attracted the
most attention due to their well-known coordination ability
to different metal ions.[15–21]

In order to obtain new electroactive complexes with intri-
guing structures and interesting properties, we have studied
several new π-extended Schiff base pyridine ligands with
different coordinated orientations. The TTF-based donors
with monoamine moieties, 2-[4,5-bis(methylthio)-1,3-di-
thiol-2-ylidene]-1,3-benzodithiol-5-amine (La) and 2-(5,6-
dihydro[1,3]dithiolo[4,5-b][1,4]dithiin-2-ylidene)-1,3-benzo-
dithiol-5-amine (Lb), were chosen for condensation reac-
tions with different pyridylaldehydes. Three TTF–Schiff
base ligands, in which the TTF fragment is covalently
linked to 4-pyridyl (L1), 3-pyridyl (L2), and 2-pyridyl (L3,
Scheme 1), have been synthesized. The coordination abili-
ties of monodentate ligands L1 and L2 have been demon-
strated. Their reactions with CuII or MnII in the presence of
hexafluoroacetylacetonate (hfac–) afforded three new metal
complexes, M(hfac)2(L)2 (M = CuII, L = L1, 4; M = MnII,
L = L1, 5; M = CuII, L = L2, 6). Unlike L1 and L2, L3 can
adopt a chelating coordination mode. Our previous reports
show that chelating ligands based on TTF derivatives are
good for the formation of ReI complexes.[22] The reaction
between L3 and Re(CO)5Cl afforded the new ReI complex
[Re(CO)4(L3)][Re2(CO)6Cl3] (7). This paper describes the
full characterization of all of the ligands and complexes,
and their spectroscopic and electrochemical properties.
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Scheme 1. Structures of La–L3.

Results and Discussion

Synthesis and Characterization

The synthetic pathway is outlined in Scheme 2. The ni-
tro-substituted 1,3-dithiole-2-thione 1 is the key starting
material. Although it has been synthesized by a nucleophilic
reaction in moderate yield,[23–24] we describe here a facile
approach for the synthesis of 1 in high yield starting from
1,2-dibromo-4-nitrobenzene and potassium trithiocarbon-
ate. Compound 2 was synthesized by a literature method.[25]

The cross-coupling reactions of 2 with 3a and 3b in the
presence of triethyl phosphite afforded La and Lb, respec-
tively. The Schiff bases L1–L3 were prepared by the direct
condensation of La and Lb with the corresponding pyridine-
carbaldehyde in moderate yield. Three mononuclear com-
plexes 4–6 were obtained by the coordination of L1 or L2

with M(hfac)2 (M = Cu or Mn), whereas the reaction of
Re(CO)5Cl with 1 equiv. of L3 afforded 7. All of the new
ligands and complexes show good solubility in common po-
lar organic solvents such as CH2Cl2, CHCl3, and CH3CN.

The compounds were characterized by IR, 1H NMR,
and UV/Vis spectroscopy and MS. In their IR spectra, La

and Lb display typical NH2 stretching bands at 3328 and
3362 cm–1, whereas in those of L1–L3, the NH2 stretching
band disappeared and a new band at around 1620 cm–1,
which results from the C=N stretching vibration, is ob-

Scheme 2. Synthetic routes to L1–L3.
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served. For 4–6, a sharp absorption band of hfac is clearly
visible at around 1645 cm–1, and the coordinated C�O
stretching bands in 7 are found in the 2100–1880 cm–1 re-
gion.

In their 1H NMR spectra, La and Lb exhibit resonances
at about 3.65 ppm for the NH2 proton, and L1–L3 show
singlets at around 8.56 ppm, which are assigned to the
imine CH proton. Compared with L3, all of the H signals
in the aromatic rings of 7 are shifted by ca. 0.22–0.27 ppm
to lower field, which is in agreement with the decrease of
electron density around the pyridyl and phenyl units caused
by chelation to ReI.

Crystal Structures

The solid-state structures of La, Lb, L1, L2, and 4–7 were
determined by single-crystal X-ray diffraction. The crystal-
lographic and data collection parameters are given in
Tables 1 and 2; selected bond lengths and angles are listed
in Tables 3, 4, 5, 6, and S1.

Orange crystals of La and Lb, suitable for X-ray structure
analysis, were obtained by slow evaporation of solutions of
a mixture of dichloromethane and hexane. Both com-
pounds crystallize in monoclinic systems (P21 and P21/c,
respectively). La has an approximately planar structure ex-
cept one of the methyl group stretches out of the plane (Fig-
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Table 1. Crystallographic data for La–L2.

La Lb L1 L2

Empirical formula C12H11NS6 C12H9NS6 C18H14N2S6 C18H14N2S6

Mr 361.58 359.56 450.67 450.67
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21 P21/c P21/c P21/c
a [Å] 7.8668(13) 6.5417(10) 5.8316(7) 5.0109(8)
b [Å] 5.1367(8) 14.206(2) 10.6633(12) 26.163(4)
c [Å] 18.488(3) 16.4475(19) 31.467(4) 15.370(2)
α [°] 90.00 90.00 90.00 90.00
β [°] 94.667(2) 109.515(5) 90.593(2) 97.556(3)
γ [°] 90.00 90.00 90.00 90.00
V [Å3] 744.6(2) 1440.7(3) 1956.6(4) 1997.6(5)
Z 2 4 4 4
ρc [gcm–3] 1.613 1.658 1.530 1.499
F(000) 372 736 928 928
T [K] 291(2) 291(2) 291(2) 291(2)
μ(Mo-Kα) [mm–1] 0.902 0.932 0.705 0.690
Index ranges –10 � h � 10, –6 � k � 6, –7 � h � 7, –13 � k � 17, –7 � h � 7, –12 � k � 13 –5 � h � 6, –32 � k � 27

–20 � l � 23 –20 � l � 17 –38 � l � 21 –18 � l � 18
GOF (F2) 1.055 1.069 1.059 1.045
Flack parameters 0.02(15) – – –
R1

[a], wR2
[b] [I�2σ(I)] 0.0460, 0.0902 0.0624, 0.1188 0.0451, 0.0891 0.0573, 0.1076

[a] R1 = Σ||C| – |Fc||/ΣFo|. [b] wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)]1/2.

Table 2. Crystallographic data for 4–7.

4 5 6 7

Empirical formula C46H30CuF12N4O4S12 C46H30F12MnN4O4S12 C46H30CuF12N4O4S12 C28H12Cl3N2O10Re3S6

Mr 1379.00 1370.40 1379.00 1393.71
Crystal system monoclinic triclinic triclinic orthorhombic
Space group P21/c P1̄ P1̄ Pbca
a [Å] 20.982(13) 9.2030(10) 8.8546(14) 13.8540(11)
b [Å] 8.271(5) 9.8087(10) 9.9736(15) 11.7330(10)
c [Å] 16.794(11) 34.192(4) 16.136(2) 47.050(4)
α [°] 90.00 93.633(2) 78.023(3) 90.00
β [°] 99.442(12) 93.477(2) 78.905(3) 90.00
γ [°] 90.00 114.3620(10) 89.499(3) 90.00
V [Å3] 2875(3) 2793.2(5) 1367.3(4) 7647.9(11)
Z 2 2 1 8
ρc [gcm–3] 1.593 1.629 1.675 2.421
F(000) 1390 1382 695 5168
T [K] 291(2) 296(2) 296(2) 296(2)
μ(Mo-Kα) [mm–1] 0.900 0.772 0.946 10.065

–25 � h � 24, –10 � h � 10, –10 � h � 8, –17 � h � 17,Index ranges –10 � k � 7, –11 � k � 8, –12 � k � 7, –14 � k � 14,
–20 � l � 20 –38 � l � 40 –17 � l � 19 –58 � l � 57

GOF (F2) 1.042 1.087 1.175 1.166
R1

[a], wR2
[b] [I�2σ(I)] 0.0514, 0.0903 0.0578, 0.1554 0.0834, 0.2199 0.0457, 0.1122

[a] R1 = Σ||C| – |Fc||/ΣFo|. [b] wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)]1/2.

Table 3. Selected bond lengths [Å] and angles [°] for 4.

Cu(1)–N(2) 2.012(3) Cu(1)–O(1) 2.098(3)
Cu(1)–O(2) 2.161(2) C(3)–C(4) 1.347(5)
C(5)–C(6) 1.299(4) C(7)–C(8) 1.378(5)
C(10)–N(1) 1.450(4) C(13)–N(1) 1.241(4)
O(1)–Cu(1)–O(2) 85.64(10) N(2)–Cu(1)–O(1) 90.41(11)
N(2)–Cu(1)–O(1)#1 89.59(11) N(2)–Cu(1)–O(2) 87.12(11)
N(2)–Cu(1)–O(2)#1 92.88(11) N(2)–Cu(1)–N(2)#1 180.00(15)
C(10)–N(1)–C(13) 124.0(3) C(14)–C(13)–N(1) 125.2(3)

Symmetry transformations used to generate equivalent atoms:
#1: –x, –y + 2, –z + 1.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 234–245236

Table 4. Selected bond lengths [Å] and angles [°] for 5.

Mn(1)–N(3) 2.273(3) Mn(1)–N(4) 2.245(4)
Mn (1)–O(1) 2.151(3) Mn (1)–O(2) 2.171(3)
Mn (1)–O(3) 2.206(3) Mn (1)–O(4) 2.152(3)
C(1)–C(2) 1.332(7) C(3)–C(4) 1.328(8)
C(5)–C(6) 1.382(6) C(11)–N(2) 1.134(7)
C(17)–C(18) 1.350(6) C(19)–C(20) 1.339(6)
C(21)–C(22) 1.391(6) C(27)–N(1) 1.246(6)
O(1)–Mn (1)–O(2) 82.21(11) O(1)–Mn (1)–O(4) 177.59(12)
O(2)–Mn (1)–O(3) 82.20(12) O(2)–Mn (1)–O(4) 99.05(12)
O(3)–Mn (1)–O(4) 80.97(11) N(3)–Mn(1)–O(3) 164.09(13)
N(3)–Mn(1)–N(4) 97.13(13) N(4)–Mn(1)–O(2) 166.61(13)
C(12)–C(11)–N(2) 124.0(6) C(28)–C(27)–N(1) 120.9(5)
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Table 5. Selected bond lengths [Å] and angles [°] for 6.

Cu(1)–N(2) 2.046(6) Cu(1)–O(1) 2.004(5)
Cu(1)–O(2) 2.282(5) C(3)–C(4) 1.331(10)
C(5)–C(6) 1.330(9) C(7)–C(8) 1.393(9)
C(13)–C(14) 1.471(10) C(12)–N(1) 1.426(8)
C(13)–N(1) 1.238(9)
O(1)–Cu(1)–O(2) 94.03(19) N(2)–Cu(1)–O(1) 90.0(2)
N(2)–Cu(1)–O(1) #1 90.0(2) N(2)–Cu(1)–O(2) 91.3(2)
N(2)–Cu(1)–O(2) #1 88.7(2) N(2)–Cu(1)–N(2)#1 180.000(1)
C(12)–N(1)–C(13) 122.1(7) C(14)–C(13)–N(1) 121.4(7)

Symmetry transformations used to generate equivalent atoms:
#1: –x, –y + 1, –z.

Table 6. Selected bond lengths [Å] and angles [°] for 7.

Re(1)–N(1) 2.164(8) Re(1)–N(2) 2.191(7)
Re(1)–C(1) 1.933(8) Re(1)–C(2) 2.006(10)
Re(1)–C(3) 1.917(12) Re(1)–C(4) 2.038(12)
Re(2)–Cl(1) 2.524(2) Re(2)–Cl(2) 2.510(3)
Re(2)–Cl(3) 2.509(2) Re(3)–Cl(1) 2.537(3)
Re(3)–Cl(2) 2.501(2) Re(3)–Cl(3) 2.508(2)
Re(2)–C(26) 1.894(12) Re(2)–C(27) 1.891(12)
Re(2)–C(28) 1.888(10) Re(3)–C(23) 1.881(13)
Re(3)–C(24) 1.892(11) Re(3)–C(25) 1.898(11)
C(9)–C(10) 1.453(14) C(14)–C(15) 1.393(13)
C(17)–C(18) 1.352(15) C(19)–C(20) 1.342(15)
C(10)–N(2) 1.283(12) C(11)–N(2) 1.444(12)
N(1)–Re(1)–N(2) 74.8(3) N(1)–Re(1)–C(3) 173.4(4)
N(2)–Re(1)–C(1) 174.2(4) C(2)–Re(1)–C(4) 178.1(5)
Cl(1)–Re(2)–Cl(3) 78.68(8) C(27)–Re(2)–C(28) 87.6(4)
Cl(1)–Re(2)–C(28) 170.9(3) Cl(2)–Re(2)–C(26) 174.9(4)
Cl(3)–Re(2)–C(27) 174.4(3) Cl(1)–Re(3)–Cl(2) 79.88(8)
C(24)–Re(3)–C(25) 89.6(5) Cl(1)–Re(3)–C(25) 171.6(3)
Cl(2)–Re(3)–C(24) 174.2(3) Cl(3)–Re(3)–C(23) 174.9(3)
Re(2)–Cl(1)–Re(3) 83.93(8) Re(2)–Cl(2)–Re(3) 84.96(8)
Re(2)–Cl(3)–Re(3) 84.84(8)

ure S1). The average deviation from a least-squares plane
through the remaining atoms is 0.0591 Å, whereas for the
TTF core alone, it amounts to 0.0441 Å. For Lb (Figure
S2), the average deviation from a least-squares plane
through all the atoms is 0.1601 Å, and 0.0898 Å for the
TTF core alone, which reflects its almost coplanar confor-
mation.

Figure 1. Molecular structure of L1 (50% probability displacement ellipsoids), front and side views are presented.
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Figures 1 and 2 show the molecular structure of L1 and
L2, respectively. For L1, the TTF skeleton has a nonplanar
boat-like conformation, and the average deviation from the
least-squares plane is 0.1669 Å. The dihedral angle between
the two five-membered rings (containing S1, S2, S3, and
S4) is 20.81(1)°. For L2, the TTF backbone is nearly planar
with a dihedral angle of 2.61(1)° between the two five-mem-
bered rings (containing S1, S2, S3, and S4), and the average
deviation from a least-squares plane is only 0.0190 Å. The
pyridyl ring and phenyl group are not coplanar and the
dihedral angles between them are 12.83(1) and 35.49(1)° in
L1 and L2, respectively. Due to crystal packing effects, the
methyl substituents in the two ligands are arranged in a
distinctly out-of-plane conformation. In L1, the two methyl
groups point in opposite positions, whereas in L2, they are
on the same side.

The asymmetric unit of 4 contains one molecule. As
shown in Figure 3, the central Cu2+ ion lies on the inversion
center and adopts a pseudooctahedral coordination envi-
ronment, which is defined by four oxygen donors from two
hfac anions in the equatorial plane. The Cu1–O1 and Cu1–
O2 distances are 2.098(3) and 2.161(2) Å, respectively. The
trans pyridine nitrogen atoms of L1 occupy the axial posi-
tions with a short Cu1–N2 bond length of 2.012(3) Å. The
dihedral angle between the pyridyl plane and the acac plane
is 80.77(1)°. The Cu–O and Cu–N bond lengths are com-
parable to those found in the similar complex, trans-
Cu(hfac)2(TTF–Py)2.[26]

The central C=C bond length of the TTF core is
1.299(4) Å, which is within the normal range for a neutral
molecule.[26–27] In 4, L1 is not planar, and the TTF back-
bone is more bent than in the free ligand, which is evi-
denced by the dihedral angle of 33.33(1)° between the two
five-membered rings (containing S3, S4, S5, and S6). The
dihedral angle between the coordinated pyridyl unit and
phenyl group is 12.01(1)°, which indicates that they are not
coplanar. The adjacent molecules are stacked in an overlap-
ping arrangement in a palisade fashion (Figure 4). The
shortest intermolecular S···S distance is 3.844 Å (S1···S6).

The ORTEP diagram of 5 is depicted in Figure 5. The
MnII ion lies on a two-fold axis and adopts a distorted octa-
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Figure 2. Molecular structure of L2 (50% probability displacement ellipsoids), front and side views are presented.

Figure 3. ORTEP view of 4 with the atom numbering scheme (50% probability displacement ellipsoids, H atoms are omitted for clarity).

Figure 4. Crystal packing of 4 viewed along the c axis (H atoms
and hfac– units are omitted for clarity).
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hedral coordination geometry. L1 has a cis coordination
mode with an N3–Mn1–N4 bond angle of 97.13(13)°,
which is different to that in 4. The Mn–N bond lengths
range from 2.245(4)–2.273(3) Å. The average central C=C
bond length of the TTF core is 1.341 Å, which is longer
than that in 4. In contrast to 4, L1 is almost planar in 5.
The average dihedral angle between the two five-membered
rings is 6.43(1)°, and the average dihedral angle between the
coordinated pyridyl ring and the phenyl group is 10.26(1)°.

In the solid state, the molecules are stacked in a head-
to-tail fashion. The shortest intermolecular S···S contact is
3.642 Å (S12···S12#2, symmetry code: #2 –x-1, –y – 2, –z),
which is slightly shorter than the sum of the van der Waals
radii (3.70 Å) and leads to the formation of dimers. The
dimers are aligned side by side along the c axis and further
connected through S6···S11 contacts (3.633 Å) to give a 1D
zigzag chain structure (Figure 6).

The use of 3-pyridine-type L2 is to control the supra-
molecular motifs as the relative orientations of the nitrogen
donors on the pyridyl rings might result in different build-
ing blocks. Crystallization of L2 with Cu(hfac)2 from the
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Figure 5. ORTEP view of 5 with the atom numbering scheme (50% probability displacement ellipsoids, H atoms are omitted for clarity).

Figure 6. The 1D zigzag chain of 5 formed by short intermolecular S···S interactions (H atoms are omitted for clarity).

same solvent system as 4 afforded 6. As shown Figure 7,
the central Cu2+ ion in 6 lies on the inversion center and
adopts a pseudooctahedral coordination environment, sur-
rounded by four oxygen atoms from two hfac– ligands and
two nitrogen atoms from the pyridine moiety of L2. The
central C=C bond length of the TTF core is 1.330(9) Å. L2

is almost planar in 6. In the TTF skeleton, the dihedral
angle between the two five-membered rings (containing S3,
S4, S5, and S6) is 2.70(1)°. In the solid state, unlike 4, the
molecules of 6 are face-to-face self-assembled to form a 1D
chain-like structure along the c axis through short π–π
stacking interactions [the centroid···centroid distance be-
tween benzene rings of adjacent molecules is 3.663(6) Å,
Figure 8].
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Different from L1 and L2, L3 prefers a bidentate binding
mode for the chelation of transition metal ions. The reac-
tion of L3 with 1 equiv. of Re(CO)5Cl afforded 7 in high
yield. In previous reports, the common products of reac-
tions between Re(CO)5Cl and N�N ligands (such as 2-pyr-
idinylimine and its derivatives) are ReI tricarbonyl com-
plexes.[28–31] As shown in Figure 9, the asymmetric unit in
7 consists of cationic [Re(CO)4(L3)]+ with [Re2Cl3(CO)6]–

[tri-μ-halogenohexacarbonyldirhenate(I)] as the counterion.
In the cation, L3 coordinates Re(1) by two nitrogen

atoms to form a strained five-membered metallacycle. As a
result, the pyridyl ring forms a large dihedral angle of
51.70(1)° with the phenyl ring. The average Re1–N bond
length is 2.177 Å. The N1–Re1–N2 angle of 74.8(3)° is sig-
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Figure 7. ORTEP view of 6 with the atom numbering scheme (50% probability displacement ellipsoids, H atoms are omitted for clarity).

Figure 8. π–π stacking interactions in 6 viewed along the a axis (H atoms are omitted for clarity).

Figure 9. ORTEP view of 7 with the atom numbering scheme (50%
probability displacement ellipsoids).

nificantly smaller than the ideal value of 90°, which is due
to the steric requirement of L3. The average Re–C (C1 and
C3) bond length for the terminal CO groups in the equato-
rial plane that includes the pyridine–imine ligand is
1.925 Å, which is shorter than the average value for the Re–
C (C2 and C4) bond (2.022 Å) in the axial position. All
other bond lengths and angles are in good agreement with
the related complexes [Re(bpy)(CO)4](PF6)[32] and
[Re(bpy)(CO)4](OSO2CF3)[33] (bpy = 2,2�-bipyridine or its
derivatives).
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The anion consists of two rhenium atoms bridged by
three chlorine atoms, and three terminal carbonyl groups
complete the octahedral coordination for each rhenium
atom. The average Re–Cl distance is 2.515 Å, and the
average Re–C distance is 1.891 Å, which is shorter than that
in the cation. The Re–C�O bond angles of 176.5(9)–
177.1(10)° are slightly distorted from linearity. The average
angle of Re2–Cl–Re3 is 84.58°. These values agree well with
those found in similar complexes.[34] The Re(2)–Re(3) dis-
tance of 3.384(1) Å is too long to postulate a direct metal–
metal interaction.

Shorter intermolecular S···S contacts are observed be-
tween the cations [S4···S5 3.672(5) Å], which form a 1D
chain motif along the a axis. The dinuclear rhenium(I)
anions are located between the cations (Figure 10).

Figure 10. View of the crystal packing arrangement of 7. The
dashed lines represent S···S nonbonded contacts.
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Spectroscopic Properties

The absorption spectra of all of the reported compounds
were measured in dichloromethane/acetonitrile (1:1) solu-
tion at room temperature (Figure 11). The absorption data
are summarized in Table 7.

Figure 11. Absorption spectra of La, Lb, L1–L3, and 4–7 in CH2Cl2/
CH3CN (1:1, v/v; c = 2.0� 10–5 m).

All the ligands exhibit a strong absorption band at high
energy (λ � 400 nm), which is assigned to the intraligand
π�π* transition. Compared with La and Lb, L1–L3 show

Figure 12. UV/Vis/NIR absorption spectra of 4–7 upon the addition of NOPF6.
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Table 7. Electronic absorption data for La–L3 and 4–7.

Absorption, λabs [nm] (ε /m–1 cm–1)

La 229 (49293) 261 (25959) 328 (10903)
Lb 225 (32948) 315 (10876) 336 (8307)
L1 231 (44649) 258 (28066) 325 (16110) 425 (3408)
L2 228 (54468) 259 (29895) 325 (17239) 412 (3217)
L3 226 (68213) 258 (34659) 332 (13777) 410 (2544)
4 235 (44387) 305 (42416) 422 (5412)
5 233 (41869) 304 (39744) 417 (5674)
6 232 (41755) 304 (39744) 410 (5506)
7 230 (55542) 305 (24911) 436 (4021)

an additional weak broad absorption band at lower energy
(400–500 nm), which corresponds to the intramolecular
charge-transfer transition from the highest occupied molec-
ular orbital in TTF to the lowest unoccupied molecular or-
bital in the electron-accepting pyridyl unit.[35] However, for
mononuclear 4–6, no obvious bands with metal-to-ligand
charge transfer (MLCT) character are observed, whereas 7
shows a weak MLCT [dπ(Re)�π*(L)] band at around 500–
600 nm.

The UV/Vis/NIR spectra of 4–7 were investigated upon
addition of the oxidant NOPF6 in dichloromethane/aceto-
nitrile (1:1) solution (Figure 12). In 4, a characteristic ab-
sorption band of TTF is exhibited at 305 nm. Upon the
addition of NOPF6, two characteristic absorption bands of
the TTF·+ species at around 450 and 950 nm are ob-
served.[36] After further oxidation with NOPF6, the charac-
teristic band of the dicationic TTF species at around
600 nm is no longer observed. The oxidation experiments
were also performed in different solvents, and the results are
similar, which suggests that the oxidized compounds can be
obtained chemically. Similar phenomena were also ob-
served for 5–7.
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Electrochemical Properties

The electrochemical properties were studied by cyclic
voltammetry, and the data are collected in Table 8.

Table 8. Summary of redox potentials [V] for La–L3 and 4–7 (vs.
Ag/AgNO3).

E1/2
1 E1/2

2 Ep
ox

La 0.32 0.60 –
Lb 034 0.63 –
L1 0.43 0.72 –
L2 0.42 0.71 –
L3 0.41 0.71 –
4 0.42 0.72
5 0.42 0.72
6 0.41 0.74
7 0.47 0.79 1.38

As shown in Figure 13, La, Lb, and L1–L3 exhibit the
usual two-step reversible single-electron oxidations of TTF
derivatives, which are derived from the successive oxidation
of the TTF unit to TTF+ and TTF2+, respectively. The E1

ox

and E2
ox values for La and Lb are around 0.33 and 0.61 V,

respectively. Compared with the precursors, the electron-
withdrawing nature of the pyridine ring through the conju-
gated bridge makes the oxidation of the TTF core more
difficult for L1–L3.[4a,37] The two redox peaks are positively
shifted by 90 and 100 mV, respectively, which also confirms
the conjugation through the imine junction.[38]

Figure 13. Cyclic voltammograms of La, Lb, and L1–L3 (5� 10–4 m)
in CH2Cl2/CH3CN (1:1, v/v) with nBu4NClO4 (0.1 m) at a sweep
rate of 100 mV/s.

In 4–6, the two observed redox potentials for the TTF
core remain almost unchanged (Figure 14). The small effect
of complexation on the oxidation potentials can be ascribed
to the large separation between the TTF core and the met-
allic fragment.[39]
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Figure 14. Cyclic voltammograms of 4–7 (5� 10–4 m) in CH2Cl2/
CH3CN (1:1, v/v) with nBu4NClO4 (0.1 m) at a sweep rate of
100 mV/s.

In 7, chelation to the ReI ion enhances the electron-with-
drawing ability of the 2-pyridine ring even further, which
causes a decrease of the electron density at the TTF core
and results in the large positive shifts of E1

ox and E2
ox

(about 60 and 75 mV, respectively) compared to L3.[40] The
third irreversible oxidation peak at about 1.36 V is assigned
to the ReI-centered one-electron oxidation process.[22,41]

Conclusions

A useful synthetic approach for π-extended TTF–Schiff
base ligands has been reported. Four coordination com-
plexes based on these redox active ligands have been pre-
pared and structurally characterized. The different coordi-
nation modes of the metal ions and relative orientation of
the terminal N donors result in the different crystalline or-
ganization of the complexes in the solid state. Electrochemi-
cal studies confirmed π-electron conjugated structures and
interesting redox active properties for all compounds. The
results demonstrate that these new imine-bridged TTF li-
gands that bear diverse substitution patterns are useful for
the synthesis and design of new metal complexes. Further
work to obtain oxidized complexes that combine magnetic
and conducting properties is in progress.

Experimental Section
General Procedures: IR spectra were recorded with a Vector22
Bruker spectrophotometer (400–4000 cm–1) as KBr pellets. UV/Vis
spectra were measured with a UV-3100 spectrophotometer. Ele-
mental analyses were performed with a Perkin–Elmer 240C an-
alyzer. NMR spectra were measured with a Bruker AM 500 spec-
trometer. Mass spectra were determined with an Autoflex II TM
instrument for MALDI-TOF-MS, GC-TOF instrument for EI-MS
and an LCQ Fleet instrument for ESI-MS. Absorption spectra
were measured with a Shimadzu UV-3100 spectrophotometer. Cy-
clic voltammograms were recorded with an Im6eX electrochemical
analytical instrument, with glassy carbon as the working electrode,
platinum as the counter electrode, Ag/AgNO3 as the reference elec-
trode, and 0.1 m nBu4NClO4 as the supporting electrolyte. All the
potentials were run at a scan rate of 100 mV/s. 4,5-Bis(methylthio)-
1,3-dithiol-2-thione (3a) and 4,5-ethylenedithio-1,3-dithiol-2-thione
(3b) were synthesized according to literature procedures.[41b]



Complexes with TTF-Fused π-Extended Schiff Bases

5-Nitro-1,3-benzodithiole-2-thione (1): A mixture of potassium sulf-
ide (43%, 2.06 g, 8.03 mmol), carbon disulfide (1 mL), and N,N-
dimethylformamide (5 mL) was stirred for 2 h at room temperature.
To the red suspension of potassium trithiocarbonate was added
1,2-dibromo-4-nitro benzene (2.10 g, 7.40 mmol), and the mixture
was stirred for 32 h at 85 °C. The mixture was poured into water
(100 mL), and the precipitate was collected by filtration. The solid
was purified by chromatography on silica gel with dichlorometh-
ane/petroleum ether (v/v = 1:1) to obtain 1 as a pure yellow solid;
yield 1.53 g (93%). IR (KBr): ν̃ = 1564, 1511, 1338, 1306, 1067,
891, 767, 736 cm–1. 1H NMR (500 MHz, CDCl3): δ = 8.35 (d, J =
1.5 Hz, 1 H), 8.24 (dd, J = 9.0, 2.0 Hz, 1 H), 7.62 (d, J = 9.0 Hz,
1 H) ppm. EI-MS: m/z (%) = 229.0 (100) [M]+, 185.0 (30) [M –
CS]+. C7H3NO2S3 (229.29): calcd. C 36.67, H 1.32, N 6.11; found
C 36.71, H 1.28, N 6.14.

5-Amino-1,3-benzodithiole-2-thione (2): A solution of SnCl2·2H2O
(7.80 g, 34.57 mmol) in ethanol (10 mL) was added to a stirring
solution of 1 (2.00 g, 8.73 mmol) in HCl (90 mL, 12 m) and ethanol
(45 mL), and the mixture was heated to reflux for 13 h. The precipi-
tate was collected by filtration and washed with water. The crude
product was purified by silica gel chromatography with dichloro-
methane/petroleum ether (v/v = 2:1) as an eluent to obtain 2 as a
light yellow solid; yield 0.69 g (40%). IR (KBr): ν̃ = 3364, 1635,
1583, 1464, 1423, 1297, 1242, 1062, 833, 809, 568, 446 cm–1. 1H
NMR (500 MHz, CDCl3): δ = 7.22 (d, J = 8.5 Hz, 1 H), 6.77 (d,
J = 1.9 Hz, 1 H), 6.72 (dd, J = 8.5, 2.0 Hz, 1 H), 3.88 (s, 2 H) ppm.
EI-MS: m/z (%) = 199.0 (100) [M]+, 155.0 (42) [M – CS]+. C7H5NS3

(199.30): calcd. C 42.18, H 2.53, N 7.03; found C 42.38, H 2.61, N
7.08.

2-[4,5-Bis(methylthio)-1,3-dithiol-2-ylidene]-1,3-benzodithiol-5-amine
(La): Under an argon atmosphere, a solution of 2 (0.40 g,
2.01 mmol), 3a (0.48 g, 2.28 mmol), and P(OEt)3 (4.10 mL) in tolu-
ene (15 mL) was heated to 120 °C for 4 h. After the reaction, excess
solvent was removed under vacuum to afford a red oily residue,
which was subjected to silica gel column chromatography with
dichloromethane/petroleum ether (v/v = 1:1) as the eluent; yield
26%. Orange crystals suitable for X-ray diffraction were obtained
from evaporation of a solution of La in dichloromethane and hex-
ane. IR (KBr): ν̃ = 3328, 2914, 1584, 1460, 1422, 1298, 1242, 1061,
897, 836, 811, 772, 568, 444 cm–1. 1H NMR (500 MHz, CDCl3): δ
= 6.99 (d, J = 7.5 Hz, 1 H), 6.61 (s, 1 H), 6.46 (d, J = 8.0 Hz, 1
H), 3.66 (s, 2 H), 2.43 (s, 6 H) ppm. MS (MALDI-TOF): m/z =
361.1 [M]+. C12H11NS6 (361.61): calcd. C 39.86, H 3.07, N 3.87;
found C 39.82, H 3.09, N 3.94.

2-(5,6-Dihydro[1,3]dithiolo[4,5-b][1,4]dithiin-2-ylidene)-1,3-benzodi-
thiol-5-amine (Lb): Lb was obtained according to the procedure re-
ported above for La by using 3b instead of 3a. Orange crystals
suitable for X-ray diffraction were obtained from evaporation of a
solution of Lb in dichloromethane and hexane; yield 34%. IR
(KBr): ν̃ = 3362, 2919, 1609, 1586, 1463, 1283, 1120, 884, 840, 802,
771, 421 cm–1. 1H NMR (500 MHz, CDCl3): δ = 6.98 (d, J =
8.5 Hz, 1 H), 6.60 (s, 1 H), 6.46 (d, J = 8.5 Hz, 1 H), 3.64 (s, 2
H),3.27 (s, 4 H) ppm. MS (MALDI-TOF): m/z = 359.1 [M]+.
C12H9NS6 (359.60): calcd. C 40.08, H 2.52, N 3.89; found C 40.12,
H 2.47, N 3.93.

La-Imine-4-pyridyl (L1): A mixture of La (0.12 g, 0.33 mmol), pyr-
idine-4-carbaldehyde (32 μL), and a catalytic amount of formic
acid in distilled ethanol (15 mL) was heated to reflux. After stirring
for 5 h, a red precipitate was collected by filtration, washed with
ethanol, and dried under vacuum. Red crystals suitable for X-ray
diffraction were obtained from evaporation of a solution of L1 in
dichloromethane and ethanol; yield 65%. IR (KBr): ν̃ = 2916,
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1623, 1598, 1551, 1457, 1411, 1242, 988, 886, 819, 772, 586, 502
cm–1. 1H NMR (500 MHz, CDCl3): δ = 8.86 (d, J = 5.0 Hz, 2 H),
8.54 (s, 1 H), 7.84 (d, J = 5.5 Hz, 2 H), 7.37 (s, 1 H), 7.35 (s, 1 H),
7.14 (d, J = 8.0 Hz, 1 H), 2.53 (s, 6 H) ppm. MS (MALDI-TOF):
m/z = 449.9 [M]+. C18H14N2S6 (450.71): calcd. C 47.97, H 3.13, N
6.21; found C 48.02, H 3.10, N 6.27.

La-Imine-3-pyridyl (L2): L2 was obtained from La and pyridine-3-
carbaldehyde according to a similar procedure to that described
above for L1.Red crystals suitable for X-ray diffraction were ob-
tained from evaporation of a solution of L2 in chloroform; yield
62%. IR (KBr): ν̃ = 2919, 1615, 1454, 1417, 1324, 1203, 1125, 1024,
891, 810, 772, 706, 467 cm–1. 1H NMR (500 MHz, CDCl3): δ =
9.01 (s, 1 H), 8.72 (d, J = 4.5 Hz, 1 H), 8.50 (s, 1 H), 8.30 (d, J =
8.0 Hz, 1 H), 7.45 (dd, J = 8.0, 5.0 Hz, 1 H), 7.27 (s, 1 H), 7.16 (d,
J = 1.0 Hz, 1 H), 7.03 (d, J = 8.0 Hz, 1 H), 2.44 (s, 6 H) ppm. MS
(MALDI-TOF): m/z = 450.1 [M]+. C18H14N2S6 (450.71): calcd. C
47.97, H 3.13, N 6.21; found C 48.02, H 3.10, N 6.27.

Lb-Imine-2-pyridyl (L3): L3 was obtained according to a similar pro-
cedure to that described above for L1 starting from Lb and pyr-
idine-2-carbaldehyde; yield 59%. IR (KBr): ν̃ = 2911, 1626, 1584,
1562, 1466, 1408, 1259, 1113, 996, 876, 805, 773, 740, 584, 893
cm–1. 1H NMR (500 MHz, CDCl3): δ = 8.76 (d, J = 3.5 Hz, 1 H),
8.63 (s, 1 H), 8.21 (d, J = 8.0 Hz, 1 H), 7.87 (t, 1 H), 7.43 (q, 1 H),
7.31 (s, 2 H), 7.13 (d, J = 8.0 Hz, 1 H), 3.35 (s, 4 H) ppm. MS
(MALDI-TOF): m/z = 448.1 [M]+. C18H12N2S6 (448.69): calcd. C
48.18, H 2.69, N 6.24; found C 48.14, H 2.63, N 6.27.

[Cu(hfac)2(L1)2] (4): A solution of L1 (9.0 mg, 0.02 mmol) in dichlo-
romethane (5 mL) was added to a hot solution of Cu(hfac)2·2H2O
(10.4 mg, 0.02 mmol) in hexane (6 mL). The dark red mixture was
stirred at room temperature for 15 min. Slow evaporation of the
resulting solution in the dark gave wine-colored platelets of 4,
which were suitable for single-crystal X-ray diffraction; yield 70 %.
IR (KBr): ν̃ = 2924, 1642, 1615, 1555, 1525, 1482, 1427, 1322, 1258,
1202, 1140, 1030, 870, 825, 790, 773, 688, 668, 587 cm–1.

[Mn(hfac)2(L1)2] (5): Dark red crystals 5 were obtained according
to a similar procedure to that described for 4 with Mn(hfac)2·2H2O
instead of Cu(hfac)2·2H2O; yield 81%. IR (KBr): ν̃ = 2906, 2359,
1645, 1610, 1555, 1522, 1490, 1455, 1421, 1323, 1254, 1191, 1142,
1012, 969, 884, 823, 789, 771, 687, 663, 583 cm–1.

[Cu(hfac)2(L2)2] (6): Dark red crystals 6 were obtained according
to a similar procedure to that described for 4 with L2 instead of
L1; yield 63%. IR (KBr): ν̃ = 2920, 1645, 1616, 1557, 1531, 1463,
1422, 1344, 1258, 1208, 1138, 1087, 868, 824, 800, 774, 744, 669,
582 cm–1.

[Re(CO)4(L3)][Re2(CO)6Cl3] (7): Under a nitrogen atmosphere, a
mixture of Re(CO)5Cl (37 mg, 0.1 mmol) and L3 (49 mg, 0.1 mmol)
in toluene (8 mL) was heated to reflux for 2 h to give a black sus-
pension, which was cooled to room temperature, and the resulting
precipitate was collected by filtration. The crude solid was purified
by flash chromatography using dichloromethane as the eluent; yield
84%. Black crystals were obtained by diffusing diethyl ether into a
dichloromethane solution of 7. IR (KBr): ν̃ = 2020, 1959, 1927,
1886, 1474, 1453, 1355, 1302, 1236, 1114, 809, 770, 643, 530 cm–1.
1H NMR (500 MHz, DMSO): δ = 9.34 (s, 1 H), 9.06 (d, J = 5.5 Hz,
1 H), 8.35 (t, 2 H), 7.85 (m, 1 H), 7.74 (d, J = 8.5 Hz, 1 H), 7.72
(d, J = 2.0 Hz, 1 H), 7.44 (dd, J = 8.5, 6.5 Hz, 1 H), 3.40 (s, 4 H)
ppm. ESI-MS: m/z = 747.00 [Re(CO)4(L3)]+, 646.92 [Re2(CO)6-
Cl3]–, 341.33 [Re (CO)3Cl2]–.

Crystal Structure Determination: The data were collected with a
Bruker Smart Apex CCD diffractometer equipped with graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å) using a ω-2θ
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scan mode at 293 K. The highly redundant data sets were reduced
with SAINT[42] and corrected for Lorentz and polarization effects.
Absorption corrections were applied using SADABS[43] supplied by
Bruker. The structure was solved by direct methods and refined by
full-matrix least-squares methods on F2 using SHELXTL-97.[44] All
non-hydrogen atoms were found by alternating difference Fourier
syntheses and least-squares refinement cycles and, during the final
cycles, refined anisotropically. Hydrogen atoms were placed in cal-
culated positions and refined as riding atoms with a uniform value
of Uiso.

CCDC-831433 (for La), -831434 (for Lb), -831435 (for L1), -831436
(for L2), -831437 (for 4), -831438 (for 5), -831439 (for 6), and
-831440 (for 7) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Selected bond lengths and angles of the ligands, the structures
of La and Lb.

Acknowledgments

This work was supported by the Major State Basic Research Devel-
opment Program (grant number 2011CB808704), the National Sci-
ence Fund for Distinguished Young Scholars of China (grant
number 20725104), and the National Natural Science Foundation
of China (NSFC) (grant numbers 21021062 and 51173075).

[1] a) M. R. Bryce, Adv. Mater. 1999, 11, 11–23; b) J. Yamada, T.
Sugimoto, TTF Chemistry: Fundamentals and applications of
Tetrathiafulvalene, Springer, Berlin, 2004; c) T. Otsubo, K. Tak-
imiya, Bull. Chem. Soc. Jpn. 2004, 77, 43–58.

[2] a) A. Kobayashi, E. Fujiwara, H. Kobayashi, Chem. Rev. 2004,
104, 5243–5264; b) D. Lorcy, N. Bellec, M. Fourmigué, N. Av-
arvari, Coord. Chem. Rev. 2009, 253, 1398–1438; c) M. Shatruk,
L. Ray, Dalton Trans. 2010, 39, 11105–11121.

[3] a) T. K. Hansen, T. Jørgensen, P. C. Stein, J. Becher, J. Org.
Chem. 1992, 57, 6403–6409; b) P. D. Beer, P. A. Gale, G. Z.
Chen, J. Chem. Soc., Dalton Trans. 1999, 1897–1910; c) P. V.
Bernhardt, E. G. Moore, Aust. J. Chem. 2003, 56, 239–258; d)
H. Y. Lu, W. Xu, D. Q. Zhang, C. F. Chen, D. B. Zhu, Org.
Lett. 2005, 7, 4629–4632.

[4] a) K. L. McCall, A. Morandeira, J. Durrant, L. J. Yellowlees,
N. Robertson, Dalton Trans. 2010, 39, 4138–4145; b) S. Wenger,
P.-A. Bouit, Q. L. Chen, J. Teuscher, D. D. Censo, R.
Humphry-Baker, J.-E. Moser, J. L. Delgado, N. Martín, S. M.
Zakeeruddin, M. Grätzel, J. Am. Chem. Soc. 2010, 132, 5164–
5169.

[5] L. Huchet, S. Akoudad, J. Roncali, Adv. Mater. 1998, 10, 541–
545.

[6] J. L. Segura, N. Martín, Angew. Chem. 2001, 113, 1416; Angew.
Chem. Int. Ed. 2001, 40, 1372–1409.

[7] S. X. Liu, S. Dolder, M. Pilkington, S. Decurtins, J. Org. Chem.
2002, 67, 3160–3162.

[8] a) A. M. Madalan, C. Réthoré, N. Avarvari, Inorg. Chim. Acta
2007, 360, 233–240; b) G. Cosquer, F. Pointillart, Y. L. Gal, S.
Golhen, O. Cador, L. Ouahab, Dalton Trans. 2009, 3495–3502.

[9] B. Chesneau, M. Hardouin-Lerouge, P. Hudhomme, Org. Lett.
2010, 12, 4868–4871.

[10] a) T. Devic, N. Avarvari, P. Batail, Chem. Eur. J. 2004, 10,
3697–3707; b) Z. J. Lu, J. P. Wang, Q. Y. Zhu, L. B. Huo, Y. R.
Qin, J. Dai, Dalton Trans. 2010, 39, 2798–2803.

[11] a) J. Massue, N. Bellec, S. Chopin, E. Levillain, T. Roisnel, R.
Clérac, D. Lorcy, Inorg. Chem. 2005, 44, 8740–8748; b) N.
Bellec, J. Massue, T. Roisnel, D. Lorcy, Inorg. Chem. Commun.
2007, 10, 1172–1176.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 234–245244

[12] a) H. Tanaka, M. Tokumoto, S. Ishibashi, D. Graf, E. S. Choi,
J. S. Brooks, S. Yasuzuka, Y. Okano, H. Kobayashi, A. Kobay-
ashi, J. Am. Chem. Soc. 2004, 126, 10518–10519; b) H. R. Wen,
C. H. Li, Y. Song, J. L. Zuo, B. Zhang, X. Z. You, Inorg. Chem.
2007, 46, 6837–6839.

[13] a) J. Baffreau, F. Dumur, P. Hudhomme, Org. Lett. 2006, 8,
1307–1310; b) J. P. Wang, Z. J. Lu, Q. Y. Zhu, Y. P. Zhang,
Y. R. Qin, G. Q. Bian, J. Dai, Crys. Growth Des. 2010, 10,
2090–2095.

[14] a) N. Avarvari, M. Fourmigué, Chem. Commun. 2004, 1300–
1301; b) C. Réthoré, M. Fourmigué, N. Avarvari, Chem. Com-
mun. 2004, 1384–1385; c) N. Avarvari, M. Fourmigué, Chem.
Commun. 2004, 2794–2795.

[15] S. X. Liu, S. Dolder, P. Franz, A. Neels, H. Stoeckli-Evans, S.
Decurtins, Inorg. Chem. 2003, 42, 4801–4803.

[16] E. Isomura, K. Tokuyama, T. Nishinaga, M. Iyoda, Tetrahe-
dron Lett. 2007, 48, 5895–5898.

[17] a) N. Benbellat, K. S. Gavrilenko, Y. L. Gal, O. Cador, S.
Golhen, A. Gouasmia, J.-M. Fabre, L. Ouahab, Inorg. Chem.
2006, 45, 10440–10442; b) K. S. Gavrilenko, Y. L. Gal, O.
Cador, S. Golhen, L. Ouahab, Chem. Commun. 2007, 280–282.

[18] Q. Y. Zhu, Y. Liu, W. Lu, Y. Zhang, G. Q. Bian, G. Y. Niu, J.
Dai, Inorg. Chem. 2007, 46, 10065–10070.

[19] a) F. Setifi, L. Ouahab, S. Golhen, Y. Yoshida, G. Saito, Inorg.
Chem. 2003, 42, 1791–1793; b) K. Hervé, Y. L. Gal, L. Ouahab,
S. Golhen, O. Cador, Synth. Met. 2005, 153, 461–464.

[20] Y. P. Zhao, L. Z. Wu, G. Si, Y. Liu, H. Xue, L. P. Zhang, C. H.
Tung, J. Org. Chem. 2007, 72, 3632–3639.

[21] a) K. Sako, Y. Misaki, M. Fujiwara, T. Maitani, K. Tanaka,
H. Tatemitsu, Chem. Lett. 2002, 592–593; b) S. Campagna, S.
Serroni, F. Puntoriero, F. Loiseau, L. D. Cola, C. J. Kleverlaan,
J. Becher, A. P. Sørensen, P. Hascoat, N. Thorup, Chem. Eur.
J. 2002, 8, 4461–4469; c) T. Devic, D. Rondeau, Y. Şahin, E.
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The synthesis of (Me2CdL)n [L = H2NN(H)tBu, n = 2 (1); L =
H2NN(CH2CH2)2NMe, n = � (2)] and the conversion of 2 to
MeCdN(H)N(CH2CH2)2NMe (4) are reported. In the solid
state, 1 is a dimer in which each H2NN(H)tBu bridges two
metal centres to generate discrete, isolated Cd2N4 rings,
whereas 2 is a 1D polymer in which Me2Cd units are bridged
by H2N and MeN moieties; the chains in 2 are further rein-

Introduction
Recent years have seen an increasing interest in the prep-

aration of metal hydrazine adducts and hydrazides for use
as precursors for the deposition of metal nitride thin
films.[1] In particular, there has been significant interest in
the derivatives of Group 13 (Al, Ga, In) and Group 12
(Zn).[2] Our interest in cadmium chemistry[3] has prompted
us to explore the extent to which this chemistry can be ex-
tended to cadmium, and we have previously reported the
first example of a dimethylcadmium hydrazine adduct and
its conversion to a methylcadmium hydrazide.[4] The only
other contributions in this area are much older reports that
concern hydrazine (N2H4) adducts of various CdII salts.[5]

Moreover, the structural chemistry of adducts of Me2Cd is
generally scarce, despite interest in this class of compounds
with regard to chemical vapour deposition processes. Thus,
crystallographic data have only been reported for the ad-
ducts Me2CdL2 {L2 = bipy,[6] TMEDA,[7] dabco,[8] 1,4-di-
oxane;[9] bipy = 2,2�-bipyridyl; TMEDA = tetramethylethyl-
enediamine, dabco = dimethyl-(μ-2,1,4-diazabicyclo[2.2.2]-
octane)}.

We now wish to report the synthesis of two new hydraz-
ine adducts of Me2Cd, both of which reveal new structural
motifs, and the conversion of one of them to only the sec-
ond reported methylcadmium hydrazide.

Results and Discussion
A 1:1 reaction of CdMe2 with tert-butylhydrazine or 1-

amino-4-methylpiperazine leads to the formation of ad-
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forced by NH···N hydrogen bonds. Hydrazide 4 is tetrameric
and isostructural with the known aminomorpholine ana-
logue; it forms a Cd4N8 cage structure that embodies both
five-membered Cd2N3 and six-membered Cd2N4 rings. In
addition to X-ray crystallography, 1, 2 and 4 have been char-
acterised by 1H, 13C, and 113Cd NMR spectroscopy.

ducts [Me2CdH2NN(H)tBu]2 (1) and [Me2CdH2NN-
(CH2CH2)2NMe]� (2), respectively, in a similar manner to
that previously reported for (Me2Cd)3[H2NN-
(CH2CH2)2O]2 (3).[4]

Both 1 and 2 are air-sensitive, and crystals of 1 redissolve
readily in hexane above –20 °C.

The 113Cd NMR spectrum of 2 shows a much larger
high-field shift (δ = –39.3 ppm) than that of 1 (δ =
–0.56 ppm) or 3 (δ = –1.7 ppm),[4] which is possibly due to
the hydrogen bonding in 2 (see below) reducing dissociation
of Lewis acid and Lewis base components at 298 K. At
218 K, the 113Cd NMR spectrum of 1 shows a shift to δ =
–12.3 ppm, which is consistent with enhanced metal coordi-
nation and reduced metal–ligand dissociation at this tem-
perature.

At room temperature, the broad nature of the methylcad-
mium signal in the 1H NMR spectra of both 1 and 2 sug-
gests that dynamic processes are operative at this tempera-
ture. Signals for both the tert-butyl and piperazine units are
also broad, especially the CH2 units of the piperazine ring.
However, cooling of a solution of 1 or 2 to ca. 250 K results
in resolution of the Me2Cd satellites [2J(113,111CdH) = 49.4
(1), 50.4 Hz (2), unresolved], which are close to those of 3
(49.4 Hz, unresolved),[4] although no resolution of the other
proton resonances in 1 occurs down to 218 K. As with 3,[4]

the NH2 protons of 1 show little temperature dependence;
however, the signal of the NH protons shows a shift from
δ = 1.92 ppm to δ = 2.48 ppm on cooling to 218 K, which
is consistent with an enhanced HN:�M interaction.
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In contrast to 1, on cooling a sample of 2 to 248 K, the
signals of the CH2 protons of the piperazine ring resolve
such that each pair of environments are evident as either a
doublet of doublets (Ha, Hd; 2J ≈ 10.5, 3J ≈ 11 Hz) or a
doublet (Hb, Hc; 2J ≈ 10.5 Hz). The solid-state structure of
2 (see below) shows that all other 3J couplings involve dihe-
dral angles of ca. 95° and, as such, 3J nears 0 Hz, which is
consistent with the Karplus equation.[10] The broad singlet
due to NH2 in 2 remains unresolved, which is analogous to
that of 3, and shows only a small temperature dependence
(298 K, δ = 2.93 ppm; 248 K, δ = 3.07 ppm), which is sur-
prising, because one of these hydrogen atoms participates
in hydrogen bonding.

There is no evidence for further reaction of the NH2 hy-
drogen atoms of 1 or 2 at room temperature, and a broad
signal of appropriate intensity for 2 H is present in the 1H
NMR spectra of both compounds (δ = 2.20 and 2.93 ppm,
respectively).

The synthesis of the hydrazide [MeCdN(H)N(CH2)4-
NMe]4 (4) was effected by heating a solution of 2. However,
this also resulted in the formation of an additional metallic
residue. A more successful approach involved stirring a
solution of 2 in tetrahydrofuran (THF) for 1 week with ex-
posure to daylight, which resulted in the clean synthesis of
4. Interestingly, performing the same reaction in the dark
resulted in no reaction; as such, it appears that the hydra-
zide formation maybe photochemical in some way. Indeed,
early work has suggested that the photochemical decompo-
sition of hydrazine involves the initial formation of N2H3

and H radicals,[11] though the possibility that the reaction
is photoinitiated by Cd–C cleavage is also plausible. The
singlet at δ = 2.93 ppm in the 1H NMR spectrum of 2,
which integrates to two protons (H2N:�Cd), halves in in-
tensity and shifts to δ = 3.42 ppm on reaction, which con-
firms the formation of 4.

Unfortunately, neither approach provided a clean way to
generate the hydrazide MeCdN(H)N(H)tBu from 1.

Complex 4 is a tetramer (see below) and is insufficiently
soluble to allow low-temperature NMR spectra to be re-
corded and to make direct comparisons with spectra of 2.
At 298 K the NMR spectra of 4 are simple and show only
a single environment for the four CdCH3 units in each of
the 1H, 13C and 113Cd NMR spectra; this could be due to
either fluxionality or dissociation of 4 into monomeric
units, although the low solubility seems less consistent with
this latter possibility. In each case the lines are broad, and
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only the 2J(CdH) couplings are discernible [2J(113,111CdH)
= 61.7 Hz, unresolved]. There is approximate C2 symmetry
about an axis that runs through the centres of the two six-
membered Cd2N4 rings, but there must also be additional
flexibility within the conformations of the two five-mem-
bered Cd2N3 faces of the polygon to render the metal atoms
equivalent. In the 1H NMR spectrum, the CH2 protons in
the piperizine ring are split into a broad 4 H doublet [δ =
2.41 ppm, 3J(HH) = 6.2 Hz], which corresponds to the CH2

protons of CH2NMe (Ha,c), whereas the assignment of pro-
tons Hb,d can be tentatively made to resonances at δ = 3.02
and 2.21 ppm. The doublet at δ = 3.02 ppm (Hb) displays a
2J(HH) coupling (10.3 Hz), and the broad peak observed
at δ = 2.21 ppm is consistent with an unresolved doublet of
doublets as predicted by the Karplus equation.[10]

The structures of 1, 2 and 4 are shown in Figures 1, 2 and
3, respectively. The structure of 1 comprises a six-membered
Cd2N4 ring in a chair conformation where both nitrogen
atoms (α and β) of the hydrazine bridge Me2Cd groups. The
six-membered ring is comparable with the [Cd2N4] portion
of 3.[4] However, in 1 the interaction from the β-donor ni-
trogen atom [Cd–N(1) 2.640(3) Å] is weaker than that of
the α-donor [Cd–N(2) 2.552(3) Å]. The reverse situation is
true of 3, which is possibly a consequence of the steric bulk
of the tert-butyl group in 1. The geometry about the metal
centre in 1 is highly distorted and, as with 3, is best de-
scribed as disphenoidal, where methyl groups occupy the
axial positions [C(1)–Cd–C(2) 156.84(14)°], which is com-
parable to that observed in 3 [C(1)–Cd(1)–C(2)
156.26(14)°]. The angle between the donor atoms at each
metal atom in 1 is much less acute [N(2)�–Cd–N(1)
97.24(9)°] than that in 3 [N(1)–Cd(1)–N(2) 88.11(9)°].[4]

Figure 1. The asymmetric unit of 1 and symmetry-related atoms
showing the labelling scheme used; thermal ellipsoids are at the
50% probability level. Only the hydrogen atoms of the hydrazine
are shown for clarity. Selected bond lengths [Å] and angles [°]: Cd–
C(1) 2.155(3), Cd–C(2) 2.164(3), Cd–N(1) 2.640(3), Cd–N(2�)
2.552(3), N(1)–N(2) 1.439(4); C(1)–Cd–C(2) 156.84(14), C(1)–Cd–
N(1) 101.81(11), C(1)–Cd–N(2�) 97.02(12), C(2)–Cd–N(1)
94.65(11), C(2)–Cd–N(2�) 96.94(12), N(1)1–Cd–N(2�) 97.24(9),
N(2)–N(1)–Cd 104.79(18), N(1)–N(2)–Cd� 116.61(19). Symmetry
operation: 1 – x, 1 – y, 1 – z.

The structure of 2 (Figure 2) consists of a folded poly-
meric chain, in which each Me2Cd is bridged by the NH2

[N(3), N(6)] and the NCH3 of the piperazine ring [N(1) or
N(4)]. Large estimated standard deviations in the data for
2 mean that all the Cd–N bonds are the same length within
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Figure 2. The asymmetric unit of 2 and symmetry-related atoms
showing the labelling scheme used; thermal ellipsoids are at the
40% probability level. Only the hydrogen atoms of the hydrazine
involved in hydrogen bonding are shown for clarity. Selected bond
lengths [Å] and angles [°] for Cd(1), which are typical of both metal
environments: Cd(1)–C(2) 2.138(18), Cd(1)–C(1) 2.153(18), Cd(1)–
N(1) 2.636(14), Cd(1)–N(6) 2.677(14), N(2)–N(3) 1.445(19); C(1)–
Cd(1)–C(2) 158.6(8), C(1)–Cd(1)–N(1) 93.5(7), C(1)–Cd(1)–N(6)
104.6(7), C(2)–Cd(1)–N(1) 96.9(6), C(2)–Cd(1)–N(6) 90.5(6), N(1)–
Cd(1)–N(6) 106.0(4), N(2)–N(3)–Cd(2�) 129.0(10). Hydrogen
bonds: N(3)–H(30A) 0.92, H(30A)···N(5) 2.33, N(3)···N(5) 3.24(2),
N(3)–H(30A)···N(5) 169; N(6)–H(60B) 0.92, H(60B)···N(2) 2.39,
N(6)···N(2) 3.30(2), N(6)–H(60B)···N(2) 176. Symmetry opera-
tions: �: x – 1, y, z; ��: 1 + x, y, z.

Figure 3. The asymmetric unit of 4 and symmetry-related atoms
showing the labelling scheme used; thermal ellipsoids are at the
40% probability level. THF and hydrogen atoms have been omitted
for clarity. Selected bond lengths [Å] and angles [°]: Cd–C(1)
2.182(3), Cd–N(1) 2.436(2), Cd–N(2�) 2.260(2), Cd–N(2���)
2.283(2), N(1)–N(2) 1.465(4); C(1)–Cd–N(1) 115.42(11), C(1)–Cd–
N(2�) 128.65(11), C(1)–Cd–N(2���) 117.49(12), N(1)1–Cd–N(2�)
90.21(8), N(1)–Cd–N(2��) 107.47(9), N(2�)1–Cd–N(2���) 92.66(9).
Symmetry operations: �: y – 1/2, 1/2 – x, –z – 1/2; ��: –x,1 – y, z;
���: y – 1/2, 1/2 + x, –z – 1/2.

error. However, a similar trend for the Cd–N bond lengths
to that seen previously in 3 appears to emerge, in which the
bond to the terminal NH2 [Cd(1)–N(6) 2.677(14), Cd(2)–
N(3) 2.682(13) Å] appears to be longer than that to the cy-
clic donor [Cd(1)–N(1) 2.636(14), Cd(2)–N(4) 2.644(13) Å]
and also longer than the terminal NH2 donor bond in 3
[Cd(1)–N(1) 2.613(3) Å]. The Cd–N bond lengths of 2 com-
pare well with those of the dabco adduct [2.588(4),
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2.669(4) Å].[8] Compound 2 also contains NH2···N hydro-
gen bonds [N(5)···H(30A) 2.33, N(2)···H(60B) 2.39 Å],
which effectively prevent the formation of Cd2N4 rings seen
in 1 and explain the highly folded structure of 2 over the
linear nature of 3. The geometries about the two unique
metal atoms in 2 are highly distorted, although less so than
those in 3. Although the coordination number about each
cadmium centre is four, it can be best described as disphe-
noidal, much like 3, with methyl groups in the axial posi-
tions [C(1)–Cd(1)–C(2) 158.6(8)°, C(3)–Cd(2)–C(4)��
158.6(7)°], two equatorial nitrogen atoms and one vacant
equatorial site. The open C–Cd–C angle is consistent with
that of 3 and other Me2CdL2 adducts.[6–9] The angle be-
tween the donor atoms is, however, much less acute in 2
[N(1)–Cd(1)–N(2) 106.0(4)°, N(4)–Cd(2)–N(3) 107.1(4)°]
than in 3 [N(1)–Cd(1)–N(2) 88.11(9)°, O–Cd(2)–O��
65.82(10)°].

[MeCdN(H)N(CH2)4N(CH3)]4 (4) adopts a tetrameric
Cd4N8 cage (Figure 3), which is isostructural to that of the
morpholine analogue 5; all bond lengths and bond angles
are identical within error to those in 5. The only notable
difference between the structures of 4 and 5 is in the role of
the NH unit. In 4, each of the four N–H groups is involved
in hydrogen bonding to a THF molecule [Figure 4;
H(2)···O(1) 2.26(3) Å, N(2)–H(2)···O(1) 164(3)°], whereas in
5 they point to the centroids of lattice toluene molecules.[4]

Figure 4. Hydrogen bonding between THF and the N–H hydrazide
units in 4.

The tetrameric cage structure of 4 is also adopted by sev-
eral zinc,[2] aluminium and gallium hydrazides.[1,12]

Conclusions

Two new organocadmium hydrazine adducts have been
identified, which incorporate either a discrete six-membered
Cd2N4 ring (1) or a polymeric chain reinforced by hydrogen
bonds (2). Compound 2 was photolytically converted into
the tetrameric hydrazide 4, which is only the second re-
ported example of an organocadmium hydrazide.
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Experimental Section
General Procedures: Elemental analyses were performed with an
Exeter Analytical CE 440 analyser. 1H, 13C and 113Cd NMR spec-
tra were recorded with either a Bruker Avance 500 MHz or
300 MHz FT-NMR spectrometer as saturated solutions in CDCl3
or [D8]toluene; chemical shifts are in ppm with respect to either
Me4Si (1H, 13C) or Me2Cd (113Cd); coupling constants are in Hz.
All reactions were carried out under an inert gas by using standard
Schlenk techniques. Solvents were dried and degassed under argon
with activated alumina columns by using an Innovative Technology
solvent purification system. tert-Butylhydrazine and 1-amino-4-
methylpiperazine were purchased from Aldrich and dried with mo-
lecular sieves (4 Å); CdMe2 was a gift from SAFC Hitech.

Synthesis of [Me2CdNH2NHC(CH3)3]2 (1): Dimethylcadmium
(2 mL, 2 m solution in toluene, 4 mmol) was added to hexane
(5 mL). tert-Butylhydrazine was added (0.37 mL, 4 mmol), and the
mixture was stirred. Crystals of 1 appeared on cooling to –20 °C
(0.62 g, 71%). M.p. 45 °C, 80 °C bubbled, 115 °C decomposed.
C6H18CdN2 (230.56): calcd. C 31.0, H 7.8, N 12.1; found C 31.0,
H 7.4, N 11.7. 1H NMR (500 MHz, [D8]THF, 298 K): δ = –0.80
(br., s, 6 H, CdCH3), 0.58 (s, 9 H, CH3), 1.92 (br., s, 1 H, NH),
2.20 (br., s, 2 H, NH2) ppm. 13C NMR (125.76 MHz, [D8]THF,
298 K): δ = –4.0 (br., CdCH3), 26.3 (CH3), 52.7 (NHC) ppm. 113Cd
NMR (110.99 MHz, [D8]THF, 298 K): δ = –0.56 ppm. 1H NMR
(500 MHz, [D8]THF, 218 K): δ = –0.63 [br., s, 2J(113,111CdH) =
49.4 Hz, 6 H, CdCH3, unresolved], 0.40 (s, 12 H, CH3), 2.15 (br.,
s, 2 H, NH2), 2.42 (br., s, 1 H, NH) ppm. 13C NMR (125.76 MHz,
[D8]THF, 218 K): δ = –5.9 [CdCH3, 1J(113,111CdC) = 578, 534 Hz],
25.9 (CH3), 51.3 (NHC) ppm. 113Cd NMR (110.99 MHz, [D8]THF,
218 K): δ = –12.3 ppm.

Synthesis of [Me2CdNH2N(CH2)4NCH3]� (2): Dimethylcadmium
(2 mL, 2 m solution in hexane, 4 mmol) was added to hexane
(5 mL). 1-Amino-4-methylpiperazine was added (0.47 mL,

Table 1. Crystallographic data for 1–3.

1 2 4·4THF

Empirical formula C12H36Cd2N4 C14H38Cd2N6 C40H92Cd4N12O4

Formula mass 461.25 515.30 1254.86
Crystal system monoclinic triclinic tetragonal
Space group P21/n P1̄ I4̄
a [Å] 11.9337(3) 7.3703(7) 16.2997(2)
b [Å] 6.7285(2) 11.2981(13) 16.2997(2)
c [Å] 13.2770(4) 13.0952(12) 10.4058(2)
α [°] 78.614(6)
β [°] 112.887(1) 83.606(6)
γ [°] 88.649(6)
V [Å3] 982.16(5) 1062.33(19) 2764.62(7)
Z 2 2 2
ρcalcd. [Mgm–3] 1.560 1.611 1.507
μ(Mo-Kα) [mm–1] 2.158 2.007 1.563
F(000) 464 520 1280
Crystal size [mm] 0.25� 0.20�0.05 0.30�0.10�0.01 0.40�0.30�0.20
θ range [°] 3.71–30.07 4.79–25.11 3.41–27.46
Reflections collected 15217 10020 21535
Independent reflections [R(int)] 2868 [0.0648] 3656 [0.1150] 3177 [0.0492]
Reflections observed (� 2σ) 2047 2660 3086
Data completeness 0.994 0.965 0.998
Max., min. transmission 0.8998, 0.6145 0.9802, 0.5842 0.7303, 0.5622
Goodness-of-fit 1.042 1.136 1.102
Final R1, wR2 [I� 2σ(I)] 0.0363, 0.0711 0.1036, 0.2574 0.0248, 0.0584
Final R1, wR2 (all data) 0.0671, 0.0810 0.1320, 0.2774 0.0260, 0.0592
Largest diff. peak, hole [eÅ–3] 1.853, –1.017 3.002, –1.409 0.478, –1.132
Flack parameter 0.35(3)
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4 mmol), and the mixture was stirred. Crystals of 2 precipitated
out of solution (0.98 g, 94%). M.p. 60 °C started to sublime, 85 °C
started to bubble, 150 °C violently released gas and decomposed.
C7H19CdN3 (257.57): calcd. C 32.4, H 7.4, N 16.2; found C 32.1,
H 7.5, N 15.1. 1H NMR (300 MHz, [D8]THF, 298 K): δ = –0.85
(br., s, 6 H, CdCH3), 1.97 (s, 3 H, NCH3), 2.17 (br., s, 4 H, NCH2),
2.34 (br., s, 4 H, NCH2), 2.93 (br., s, 2 H, NH2) ppm. 13C NMR
(74.49 MHz, [D8]THF, 298 K): δ = –7.7 (br., CdCH3), 45.5
(NCH3), 55.5 (NCH2), 59.6 (NCH2) ppm. 113Cd NMR
(110.99 MHz, [D8]THF, 298 K): δ = –39.3 ppm. 1H NMR
(500 MHz, [D8]THF, 248 K): δ = –0.92 [s, 6 H, CdCH3,
2J(113,111CdH) = 50.4 Hz, unresolved], 1.88 (br., m, 2 H, NCH2),
1.96 (s, 3 H, NCH3), 1.99 (br., m, 2 H, NCH2), 2.43 (br., m, 2 H,
NCH2), 2.69 (br., m, 2 H, NCH2) 3.07 (br., s, 2 H, NH2) ppm. 13C
NMR (125.76 MHz, [D8]THF, 248 K): δ = –10.6 (br., CdCH3), 43.0
(NCH3), 52.6 (NCH2), 57.0 (NCH2) ppm.

Synthesis of [MeCdN(H)N(CH2)4NMe]4 (4): Dimethylcadmium
(2 mL, 2 m solution in hexane, 4 mmol) was added to THF (10 mL)
and cooled to –78 °C. 1-Amino-4-methylpiperazine (0.47 mL,
4 mmol) was added, and the mixture was warmed to room tem-
perature and stirred for 1 week with exposure to daylight. The solu-
tion was then stored at –20 °C, and crystals of 4 formed (0.64 g,
70%). M.p. 147 °C. After drying in vacuo, the product was ana-
lysed as 4·THF. C28H68Cd4N12O (1038.6): calcd. C 32.4, H 6.6, N
16.2; found C 32.8, H 7.4, N 15.8. 1H NMR (300 MHz, [D8]THF,
298 K): δ = –0.69 [s, 2J(113,111CdH) = 61.7 Hz, 3 H, CdCH3, unre-
solved], 2.06 (s, 3 H, NCH3), 2.21 (br., s, 2 H, NCH2), 2.41 (br.,
m, 4 H, NCH2), 3.02 (br., m, 2 H, NCH2), 3.42 (br., s, 1 H, NH)
ppm. 13C NMR (74.49 MHz, [D8]THF, 298 K): δ = –11.2 (br.,
CdCH3), 45.0 (NCH3), 53.1 (NCH2), 65.7 (NCH2) ppm. 113Cd
NMR (110.99 MHz, [D8]THF, 298 K): δ = –155.3 ppm.

Crystallography: Experimental details relating to the single-crystal
X-ray crystallographic studies are summarised in Table 1. For all
structures, data were collected with a Nonius Kappa CCD dif-
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fractometer at 150(2) K by using Mo-Kα radiation (λ = 0.71073 Å).
Structure solution was followed by full-matrix least-squares refine-
ment, which was performed by using the WinGX-1.70 suite of pro-
grammes.[13] A semiempirical absorption correction from equiva-
lents was made in all cases. For 1, 2 and 4, hydrogen atoms were
included at calculated positions, although for 1 and 4 hydrogen
atoms attached to nitrogen atoms were located in the difference
map and refined; in the case of 2, the data were of too low quality
to allow this. The asymmetric unit of 2 consists of two essentially
equivalent molecules, whereas that of 4 incorporates one solvent
molecule (THF) per formula unit; analytical data after pumping
dry are consistent with retention of one THF per tetrameric unit.
CCDC-835247 (for 4), -835248 (for 1) and -835249 (for 2) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Titanium and vanadium oxide layers have been grown in the
pores of two 2D hexagonal ordered mesoporous materials:
SBA-15 (silica) and FDU-15 (phenol/formaldehyde resin).
The deposition of the layers was controlled by the self-limit-
ing reaction of the metal oxide precursor with the hydroxyl
surface. Single, multiple and mixed titanium and vanadium

Introduction

Supported titanium and vanadium oxide catalysts are
widely used in modern heterogeneous catalysis.[1] In this
field, ordered mesoporous materials have become increas-
ingly attractive as supports due to their high surface areas,
large pore volumes and uniform pore sizes. Since the dis-
covery of the M41S materials, a huge number of mesopo-
rous materials with different morphologies and surface
properties have been developed, from inorganic materials to
hybrid inorganic–organic and purely organic structures.[2]

Catalyst preparation generally involves the liquid phase
impregnation of these mesoporous supports with a metal
salt solution. Although catalysts with high metal loadings
can be prepared by liquid phase impregnation, monolayers
of highly dispersed and isolated sites are not easily
achieved. In particular oligo- and polymerisation of the dis-
persed metal sites, coalescence, clustering and crystallisa-
tion of the metal oxide particles are the main draw-
backs.[3–6]

Atomic layer deposition (ALD) is a powerful technique
that allows controlled gas phase deposition of metal oxide
monolayers on the surface of ordered mesoporous materi-
als.[7] The method is based on the sequential exposure of
the mesoporous support to a volatile metal-containing pre-
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oxide layers have been synthesised, and the influence of the
layer type on the catalytic performance in the liquid phase
epoxidation of cyclohexene has been evaluated. The effect
of the support on the catalytic behaviour is discussed, and a
reaction mechanism is proposed. The support–oxygen–metal
bond is assumed to be critical for catalytic epoxidation.

cursor and a reactive gas. During an ALD pulse, the gas
reacts with the substrate in a self-limiting fashion, which
results in excellent step coverage. A single ALD cycle in-
cludes four steps: (1) exposure of the hydroxyl surface of
the support to the titanium or vanadium oxide precursor in
the gas phase. The self-limiting nature of the reaction be-
tween the surface hydroxyl groups and the metal oxide pre-
cursor avoids metal oxide clustering, and well dispersed
monomer particles are obtained, (2) a degassing stage to
remove the excess metal precursor and reacted side groups,
(3) a water pulse to hydrolyse the side groups and regenerate
a new reactive hydroxyl surface and (4) a second degassing
step. The metal oxide loading can be controlled from sub-
monolayer to monolayer loading. Moreover, multiple oxide
layers can be deposited by additional ALD cycles. Finally,
ALD allows the controlled deposition of mixed metal oxide
layers by performing consecutive cycles with different metal
oxide precursors. The application of ALD to nanoporous
materials, can lead to the modification of both the pore
size[8,9] and the catalytic activity[10,11] in a controlled way.
Several groups have published the successful synthesis of
catalysts by ALD for different catalytic reactions.[12–15]

In this study, vanadium and titanium oxide layers were
deposited by ALD on the surface of two mesoporous mate-
rials: mesoporous silica (SBA-15) and mesoporous phenol/
formaldehyde resin (FDU-15). Three different types of cata-
lysts were synthesised: (1) single titanium and vanadium ox-
ide layers with submonolayer to monolayer loadings, (2)
multiple (mono, double and triple) titanium or vanadium
oxide layers and (3) mixed titanium and vanadium oxide
layers. An overview of the supported SBA-15 and FDU-15
catalysts with the different layer types is given in Table 4.
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All of the catalysts were evaluated in the epoxidation of
cyclohexene and their influence on the catalytic activity and
selectivity towards the epoxide was examined. Furthermore,
the stability and regeneration capacity were evaluated in
consecutive catalytic runs. The effect of the support is dis-
cussed, and a reaction mechanism is proposed.

Results and Discussion

SBA-15 and FDU-15 were functionalised with titanium
and vanadium oxide layers using ALD. These materials,
both developed by Zhao et al., exhibit high specific surface
areas and contain uniform mesopores, which are intercon-
nected by irregular micropores. In contrast to the siloxane
based walls of the inorganic SBA-15 support, the FDU-15
support consists of a porous 3D cross-linked polymer net-
work of aromatic rings and phenolic hydroxyl groups. We
have previously shown that FDU-15 is much more stable
than SBA-15, both mechanically and hydrothermally.[16]

Moreover, these mesoporous resins exhibit a strong degree
of leaching resistance as the support–oxygen–metal bond is
not sensitive to hydrolysis.[16] This is explained by the more
hydrophobic nature of the polymer surface and the more
basic character of the phenol group (phenol pKa = 10 vs.
silanol pKa = 2.2), which shows a strong affinity to the
acidic metal centres. Due to these unique features, FDU-
type solids have attracted intensive attention as porous sup-
ports in catalysis.[17–23]

The nitrogen isotherms and pore size distributions of
SBA-15 and FDU-15 are shown in Figure 1. For both ma-
terials, a distinct capillary condensation step in the adsorp-

Figure 1. Left: Nitrogen sorption isotherms of (a) SBA-15, (b) TiO2/SBA-15 (1.08 Ti/nm2) and (c) TiO2/SBA-15 after the catalytic run.
Middle: Nitrogen sorptions isotherms of (a) FDU-15, (b) TiO2/FDU-15 (0.59 Ti/nm2) and (c) TiO2/FDU-15 after the catalytic run.
Right: Pore size distributions of (a) SBA-15 and (b) FDU-15.

Table 1. Textural properties of the titanium and vanadium oxide monolayer SBA-15 and FDU-15 catalysts.

SBA-15 Ti/V Loading SBET
[a] Pore size[b] Pore volume[c] FDU-15 Ti/V Loading SBET

[a] Pore size[b] Pore volume[c]

[nm–2] [m2/g] [nm] [cm3/g] [nm–2] [m2/g] [nm] [cm3/g]

SBA-15 – 654 6.40 0.74 FDU-15 – 731 9.31 0.67
TiO2/SBA-15 1.08 670 6.42 0.73 TiO2/FDU-15 0.59 722 9.31 0.65
TiO2/SBA-15, TiO2/FDU-15,

0.67 547 6.39 0.69 0.59 610 9.30 0.58
after run I) after run I)
VOx/SBA-15 0.97 648 6.39 0.71 VOx/FDU-15 0.56 732 9.29 0.68
VOx/SBA-15, VOx/FDU-15,

0.68 598 6.40 0.70 0.53 633 9.30 0.61
after run I) after run I)

[a] Specific surface area. [b] Mean pore size calculated from the adsorption branch. [c] Total pore volume.
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tion branch is observed, which indicates a narrow pore size
distribution. However, FDU-15 shows a slightly broader
distribution. The textural properties of the mesoporous cat-
alysts are summarised in Table 1.

The catalysts were evaluated for their catalytic perform-
ance in the liquid phase oxidation of cyclohexene (1). The
major reaction products are shown in Scheme 1. Three
pathways are apparent: (a) epoxidation, (b) a radical path-
way between the substrate and the oxidant, tert-butyl hy-
droperoxide, and (c) allylic oxidation. In the presence of
water, the epoxide ring can open due to the nucleophilic
attack of water on the electrophilic carbon centre of the
epoxide to form the trans-diol isomer 3. Usually, the prod-
ucts of pathways (b) and (c) are not considered to be useful

Scheme 1. Oxidation of 1 towards the main reaction products: (a)
epoxidation to cyclohexene oxide (2) and consecutive ring opening
to cyclohexane-1,2-diol (3), (b) a radical pathway to tert-butyl 2-
cyclohexen-1-yl peroxide (4) and (c) allylic oxidation to 2-cyclohex-
ene-1-one (5).
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byproducts, however, they can give very useful, diagnostic
insights into the catalytic pathway.

A blank experiment was performed prior to the catalytic
tests, and the results are summarised in Tables 2 and 3. The
blank test was carried out in dry chloroform with tert-butyl
hydroperoxide as the oxidant at 80 °C. In the presence of
the support, a relatively high conversion of 1 (≈ 20%) was
observed. Only a very small amount of 2 was detected
(≈ 2%), and the main product formed was 4 (≈ 85 %). In
order to investigate whether the support itself is responsible
for this relatively high conversion, an additional blank ex-
periment without catalyst support was performed and sim-
ilar conversion values were observed. For these reasons, the
catalyst support is not thought to be critical for the reaction
towards 4.

The proposed reaction mechanism towards 4 occurs by
a radical pathway as shown in Scheme 2. Initially, a tert-
butoxy radical is formed by breaking the peroxide bond in
tert-butyl hydroperoxide. These radicals react with 1 and
tert-butyl hydroperoxide to form the corresponding radicals
in the propagation stage. Finally, the cyclohexene and per-
oxide radicals react to form the peroxide adduct in the ter-
mination step. In addition, very small quantities of other
radical products were formed, for instance 2-cyclohexen-1-

Figure 2. Overview of the selectivity of cyclohexene epoxidation for the SBA-15- and FDU-15-supported catalysts: (a,b) influence of the
titanium oxide loading and (c,d) influence of the vanadium oxide loading (� = 2, � = 4, �= 5). The selectivity was determined after
8 h.
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Scheme 2. Proposed reaction mechanism for the formation of 4 by
a radical pathway (tBuOOH = 4, CH = cyclohexene, CH–OH =
2-cyclohexen-1-ol).

ol, which was due to the reaction between ·OH and CH·

radicals.
In the following sections, the influence of the layer type

on the catalytic behaviour in the liquid phase epoxidation
of 1 is discussed in terms of activity and selectivity for both
the SBA-15- and FDU-15-supported catalysts.

Titanium and Vanadium Oxide (Sub)monolayers on SBA-15
and FDU-15

The hydroxyl surface of the mesoporous SBA-15 and
FDU-15 supports was functionalised by performing one
ALD cycle with titanium or vanadium oxide. By variation
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of the exposure time to the metal oxide precursor, the metal
oxide loading was controlled with loadings from submono-
layer to monolayer. The saturation of the monolayer was
determined by the observation of a plateau at 1.08 Ti/nm2

and 0.98 V/nm2 for SBA-15. For the FDU-15 support, the
maximum loading was estimated at 0.59 Ti/nm2 and 0.53 V/
nm2.

The nature of the deposited catalytically active species
was investigated by X-ray diffraction and spectroscopic
measurements (see Supporting Information). For all the
supported catalysts, no crystalline TiO2 (anatase or rutile)
or V2O5 peaks were observed in the XRD patterns. For the
SBA-15 materials, additional Raman and UV/Vis spectro-
scopic measurements confirmed the presence of unsatu-
rated four-coordinate vanadium and titanium oxide centres,
which correspond to amorphous tetrahedral and highly dis-
persed metal oxide sites. For the FDU-15 catalysts, the co-
valent support–oxygen–metal bonding was determined by
the presence of a new absorption peak at 1010 cm–1 in the

Table 2. Catalytic properties of (a) SBA-15- and (b) FDU-15-supported catalysts with submonolayer to monolayer loading: influence of
the titanium and vanadium oxide loading in oxidation of 1.

(a) SBA-15 catalysts

Ti loading Conversion[a] 2[b] 5[b] 4[b] TON[c] TOF[d]

[Ti/nm2] [%] [%] [%] [%] [h–1]

– 18.3 (2.7) 2.1 (0.1) 13.1 (0.4) 84.4 (2.3) 61 17
0.01 20.9 (3.1) 8.1 (0.3) 18.2 (0.6) 73.6 (2.3) 52 12
0.05 17.4 (2.6) 27.0 (0.7) 11.7 (0.3) 61.3 (1.6) 53 11
0.11 24.7 (3.7) 44.9 (1.7) 13.8 (0.5) 41.2 (1.5) 45 9
0.15 28.4 (4.3) 49.6 (2.1) 13.7 (0.6) 36.7 (1.6) 24 5
0.70 43.9 (6.5) 78.3 (5.1) 1.4 (0.1) 20.3 (1.3) 20 6
1.08 53.8 (8.0) 76.3 (6.1) 1.0 (0.1) 22.7 (1.8) 15 4

V loading Conversion[a] 2[b] 5[b] 4[b] TON[c] TOF[d]

[V/nm2] [%] [%] [%] [%] [h–1]

0.07 19.6 (2.9) 9.5 (0.3) 14.2 (0.4) 76.3 (2.2) 16 12
0.12 20.6 (3.1) 22.2 (0.7) 13.6 (0.4) 64.2 (2.0) 11 11
0.34 33.4 (5.0) 30.7 (1.5) 12.6 (0.6) 56.7 (2.8) 13 8
0.71 48.7 (7.3) 43.1 (3.1) 8.3 (0.6) 48.6 (3.5) 7 4
0.78 49.6 (7.4) 45.4 (3.4) 5.3 (0.4) 49.3 (3.6) 13 3
0.97 55.2 (8.2) 46.3 (3.8) 2.4 (0.2) 51.3 (4.2) 12 4

(b) FDU-15 catalysts

Ti loading Conversion[a] 2[b] 5[b] 4[b] TON[c] TOF[d]

[Ti/nm2] [%] [%] [%] [%] [h–1]

0.02 17.2 (2.6) 1.3 (0.0) 12.4 (0.3) 86.3 (2.2) 0 0
0.06 21.6 (3.2) 3.1 (0.1) 16.4 (0.5) 80.5 (2.6) 0 0
0.17 23.5 (3.5) 6.1 (0.2) 15.5 (0.5) 78.4 (2.7) 5 2
0.32 26.1 (3.9) 7.0 (0.3) 13.4 (0.5) 79.6 (3.1) 5 3
0.41 25.7 (3.9) 5.3 (0.2) 13.5 (0.5) 81.2 (3.2) 4 2
0.59 24.6 (3.7) 3.7 (0.1) 14.6 (0.5) 81.7 (3.0) 3 2

V loading Conversion[a] 2[b] 5[b] 4[b] TON[c] TOF[d]

[V/nm2] [%] [%] [%] [%] [h–1]

0.03 22.3 (3.3) 4.4 (0.1) 14.3 (0.5) 81.3 (2.7) 2 1
0.05 24.1 (3.6) 1.4 (0.1) 12.4 (0.4) 86.2 (3.1) 2 3
0.21 21.9 (3.3) 2.9 (0.1) 17.8 (0.6) 79.3 (2.6) 3 2
0.36 22.4 (3.4) 3.5 (0.1) 17.9 (0.6) 78.6 (2.7) 3 2
0.51 26.5 (4.0) 2.4 (0.1) 21.2 (0.8) 76.4 (3.1) 2 1
0.56 27.0 (4.0) 3.0 (0.1) 16.6 (0.7) 80.4 (3.2) 2 1

[a] Total conversion of 1 after 8 h. [b] The numbers in brackets represent the absolute amount of the product [mmol]. [c] TON = turn
over number as the amount of 2 [mmol] formed per mmol Ti or V (after 8 h). [d] TOF = turn over frequency as the amount of 2 [mmol]
formed per mmol Ti or V per hour (after 1 h).
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diffuse reflection IR Fourier transform (DRIFT) spec-
trum.[16]

The catalytic activity and selectivity of the supported
SBA-15 and FDU-15 catalysts with different metal oxide
loadings are summarised in Table 2 (a) and Figure 2. The
activity of the SBA-15-supported titanium catalyst in-
creased with increasing titanium loading. Determined after
8 h of reaction, the conversion increased from 20–54% for
the 0.01 Ti/nm2 and the 1.08 Ti/nm2 samples, respectively.
In contrast to the conversion of 1, the catalytic selectivity
changed drastically with increasing titanium loading. Fig-
ure 2 (a) shows the selectivity towards the three main reac-
tion products vs. titanium loading. Other byproducts ac-
count for less than 1%. Herein, the selectivity is calculated
as the percentage of the reactant converted into the specific
reaction product after 8 h. Figure 2 (a) clearly shows that,
with increasing titanium loading, the radical pathway
towards 4 is significantly suppressed advantageously to the
formation of 2, which are both expressed in absolute
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amounts. In addition, the allylic oxidation towards 5 re-
mained initially constant (13 %) and then decreased with
increasing titanium loading.

By comparison of the SBA-15-supported titanium oxide
catalysts (Figure 2, a) with the vanadium oxide catalysts
(Figure 2, c), a trend can be observed: the selectivity
towards the epoxide product increases with increasing vana-
dium loading. In addition, there are two main differences
between the titanium- and vanadium-based catalysts: (1) for
similar metal oxide loadings, the vanadium oxide catalysts
show higher conversions of 1, which is clearly represented
by the higher turnover numbers (calculated as the number
of molecules of 1 converted per metal oxide centre) for the
vanadium catalysts (Table 2, a) and (2) for monolayer load-
ings, the selectivity towards the epoxide is significantly
lower for the vanadium oxide catalysts. The selectivity
towards 2 reaches a plateau at 50% epoxide vs. the plateau
at 80 % epoxide for the titanium-based catalysts.

To compare the effect of the support on the catalytic ac-
tivity, titanium and vanadium oxide submonolayers and
monolayers were also deposited on the FDU-15 support.
The results of the performance of these catalysts are sum-
marised in Table 2 (b) and Figure 2 (b and d). From these
data, an interesting trend can be observed for both the
FDU-15-supported titanium and vanadium oxide catalysts.
Relatively high total conversions of 1 were obtained, how-
ever, the main product formed was 4. In contrast to the
SBA-15-supported catalysts, the metal oxide loading on the
FDU-15 support did not influence the selectivity. More-
over, the yield of 2 does not exceed that of the blank test,
which indicates that the FDU-15-supported metal oxide
centres are (nearly) not catalytically active in the epoxid-
ation of 1 with tert-butyl hydroperoxide.

Titanium and Vanadium Oxide Multilayers and Mixed
Layers on SBA-15 and FDU-15

SBA-15 and FDU-15 were functionalised with multiple
metal oxide layers (mono-, double and triple) and with
mixed titanium/vanadium oxide layers. Table 3 and Figure 3
summarise the influence of the support and the layer type
on the catalytic performance in the liquid phase oxidation
of 1.

Table 3. Catalytic properties of SBA-15- and FDU-15-supported catalysts with multiple oxide layers and mixed oxide layers.

SBA-15 FDU-15
Layer type Conversion[a] 2 5 4 Conversion[a] 2 5 4

[%] [%] [%] [%] [%] [%] [%] [%]

–O–Ti–O–Ti–OH 60.3 (9.0) 78.1 (7.0) 3.8 (0.3) 18.1 (1.6) 23.1 (3.5) 3.3 (0.1) 2.9 (0.1) 93.8 (3.3)
–O–Ti–O–Ti–O–Ti–OH 55.7 (8.4) 76.5 (6.4) 2.6 (0.2) 20.9 (1.8) 22.2 (3.3) 7.4 (0.2) 6.9 (0.2) 85.7 (2.8)
–O–V–O–V–OH 62.4 (9.4) 52.1 (4.9) 4.6 (0.4) 43.3 (4.1) 25.6 (3.8) 3.3 (0.1) 5.1 (0.2) 91.6 (3.5)
–O–V–O–V–O–V–OH 63.2 (9.5) 53.7 (8.0) 3.2 (0.3) 43.1 (1.2) 24.8 (3.7) 4.1 (0.2) 5.0 (0.2) 90.9 (3.4)
–O–Ti–O–V–OH 52.6 (6.8) 72.9 (5.0) 0.7 (0.0) 26.4 (1.8) 23.9 (3.6) 3.2 (0.1) 4.3 (0.2) 92.5 (3.3)
–O–V–O–Ti–OH 60.2 (9.0) 84.4 (7.6) 0.9 (0.1) 14.7 (1.3) 21.6 (3.2) 4.8 (0.2) 3.5 (0.1) 91.7 (2.9)

[a] Total cyclohexene conversion after 8 h.
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Figure 3 (a) shows that the total conversion and the
selectivity towards 2 is only slightly influenced by ad-
ditional layers. This trend is also observed for the SBA-15-
supported vanadium oxide catalyst in Figure 3 (c): a second
or third oxide layer did not alter the product selectivity dis-
tribution significantly. For the mixed titanium/vanadium
oxide layers supported on SBA-15, however, the selectivity
towards 2 drastically increased for the titanium oxide cata-
lysts with a vanadium oxide interlayer. This catalyst shows
a maximum selectivity of ca. 85 % for 2. No significant
change in catalytic performance was observed for the cata-
lyst with titanium oxide as the interlayer and vanadium ox-
ide as the top layer, which is in agreement with the general
trend, i.e. the vanadium-based catalysts show generally
lower selectivity for 2 than the titanium-based catalysts.

The results of the multiple and mixed metal oxide layers
on FDU-15 are shown in Figure 3 (b, d and f). In contrast
to the SBA-15 catalyst, the type of metal oxide layer does
not influence the catalytic activity, which indicates that the
FDU-15 catalyst is not active in the epoxidation of 1. An
explanation of these results is given below.

Catalyst Stability and Regeneration Capability

To examine the morphology and stability of the support
during ALD and the catalytic oxidation cycles, the catalysts
were studied by nitrogen sorption measurements. Figure 1
depicts the nitrogen sorption isotherms of the original SBA-
15 and FDU-15 supports, the supports after metal oxide
deposition and after the first catalytic run. The porosity
properties are summarised in Table 1. Concerning the ALD
process, from these data it can be concluded that the depo-
sition process has no significant influence on the porosity
characteristics of the mesoporous support. Additionally, the
H1-type hysteresis loop was preserved, which indicates that
the pores were not blocked. These properties indicate that
the metal precursors do not clog the pore opening with
longer deposition times but diffuse uniformly through the
pores. After the first catalytic cycle, the specific surface area
and the total pore volume of the catalysts were slightly re-
duced.

In case of the titanium (1.08 Ti/nm2) and vanadium
(0.97 V/nm2) monolayer SBA-15 catalysts, leaching after
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Figure 3. Overview of selectivity in the epoxidation of 1 for the SBA-15- and FDU-15-supported catalysts: (a,b) influence of the number
of titanium oxide layers, (c, d) influence of the number of vanadium oxide layers and (e, f) influence of mixed metal oxide layers. The
selectivity was determined after 8 h.

4 h (calculated as the percentage of titanium and vanadium
atoms lost during the catalytic run) was determined to be
38.2 and 29.6%, respectively. In contrast, no significant
leaching was observed for the FDU-15 catalysts, which il-
lustrates the strong surface–oxygen–metal bonds.

To evaluate the regeneration of the catalysts in successive
runs, the catalysts were tested in a second catalytic run un-
der identical reaction conditions. The catalysts were reco-
vered from the reaction mixture by filtration and were re-
peatedly washed with acetone to remove the organic mole-
cules adsorbed onto the catalyst surface. Finally, the cata-
lysts were dried under vacuum prior to reuse. For all the
FDU-15-supported catalysts, amounts of epoxidation prod-
uct that exceeded the blank test were not found. This is
similar to the first run and indicates that the FDU-15-sup-
ported catalysts are not catalytically active in the epoxid-
ation of 1. For the SBA-15-supported catalysts, the product
selectivity for two successive runs for the titanium mono-
layer catalyst is illustrated in Figure 4 (a). This graph shows
a drastic decrease in the selectivity towards 2 in favour of
the radical pathway. This can be explained by taking into
account that nearly 40 % of the titanium atoms were le-
ached during the first catalytic run (vide supra). A similar
reduction in selectivity was observed for all the silica-sup-
ported catalysts in the second catalytic run.
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Reaction Mechanism

In summary, the SBA-15-supported catalysts have a rela-
tively high catalytic activity in the epoxidation of 1, but
some metal oxide particles are sensitive to leaching, and the
FDU-15 catalysts are (nearly) not catalytically active in the
epoxidation. As a certain amount of the metal oxide par-
ticles were leached from the SBA-15 surface, the question
is whether or not the epoxidation reaction proceeds hetero-
geneously.

In order to examine if the catalytic reaction occurs heter-
ogeneously in the case of the SBA-15-supported catalysts,
a hot filtration experiment was performed. After 4 h, the
titanium oxide SBA-15 catalyst was filtered from the hot
reaction mixture and the conversion was followed without
the catalyst. Figure 4 shows the total conversion of 1 and
the formation of 2. Although the total conversion of 1 con-
tinued due to the progressive radical formation of 4, this
reaction profile clearly shows that the formation of 2 in-
stantly ends after filtration. Although a considerable
amount of the metal oxide centres were leached, the stag-
nation of the epoxide formation indicates that the leached
metal centres were not responsible for the catalytic epoxid-
ation, and that the epoxidation reaction occurs heteroge-
neously at the supported oxide centres.
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Figure 4. (a) Regeneration capacity of the TiO2/SBA-15 catalyst and influence on the selectivity and (b) hot filtration experiment of the
TiO2/SBA-15 catalyst.

The hot filtration experiment showed that the epoxid-
ation reaction occured heterogeneously: the supported
metal oxide centres were responsible for the epoxidation of
1 and the leached metal centres were not catalytically active
(SBA-15 catalysts). However, the metal oxide centres that
are strongly bound to the surface were not able to epoxidise
1 (FDU-15 catalysts). These results give more insight in the
reaction mechanism of the epoxidation of 1 at a supported
metal oxide site, and the proposed reaction cycle is shown
in Scheme 3. A similar pathway can be considered for the
supported titanium and vanadium oxide catalysts.

Scheme 3. Proposed reaction mechanism of the cyclohexene epoxidation for (a) SBA-15 catalyst and (b) FDU-15 catalyst. Breaking the
S–O–M bond in step 2 is assumed to be critical for the epoxidation of 1 (M = Ti or V).
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In the ideal case, when the hydroxyl-group density on the
SBA-15 surface is high, the unsaturated metal centre is tri-
ply bound to the surface in a tetrahedral coordination
(Scheme 3, a). Initially, the metal centre coordinates to a
tert-butyl hydroperoxide molecule (step 1). In the next step,
the support–oxygen–metal (S–O–M) bond weakens and
proton transfer from tert-butyl hydroperoxide to the sup-
port takes places with the formation of a peroxocomplex
(step 2). Subsequently, the olefin enters the reaction cycle
(step 3) and coordinates to the metal complex, and the per-
oxocomplex transfers an oxygen atom to the hydrocarbon
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substrate. The mechanism of this oxygen transfer from the
peroxometal complex to the nucleophilic substrate is still a
matter of considerable debate.[24] Next, 2 desorbs from the
metal centre and the epoxide product exits the catalytic cy-
cle (step 4). Finally, a new proton transfer occurs for the
recovery of the original metal complex triply bound to the
support together with the exit of the decomposition product
tert-butyl alcohol. The reaction cycle is closed when the
metal centre recondenses with a free hydroxyl group on the
substrate surface. This final step in the reaction cycle is ex-
tremely important in the regeneration of the catalyst: the
initial configuration is only obtained when the recondensa-
tion takes place. If not, the metal centre, which was initially
triply bound to the support, is only double bound to the
surface. Now, the catalyst can run through the catalytic cy-
cle twice more before it leaches from the support. In this
reaction pathway, the support–oxygen bond is assumed to
be critical in the epoxidation reaction. This observation is in
agreement with general perspectives about supported metal
oxide catalysts.[25,26]

The reaction mechanism for the FDU-15-supported cat-
alysts is depicted in Scheme 3 (b). Here, the metal oxide
centres are supposed to be covalently bound by one single
bond (or a double bond at most) as the hydroxyl-group
density is lower than on the hydrophilic silica surface. tert-
Butyl hydroperoxide enters the reaction cycle, however, the
support–O–M bond is hard to break and, as a consequence,
the active peroxide complex is not formed. This reaction
mechanism, where the surface oxygen bond has to break in
order to form a peroxocentre provides an answer to why the
strongly bonded and leached metal centres are not catalyti-
cally active in the epoxidation of 1.

From the viewpoint of ideal catalyst design for epoxid-
ation reactions at supported metal oxide sites, two main
conclusions can be drawn: (1) the catalyst has to be able to
form an active metal peroxide complex by breaking the S–
O–M bond so this bond should not be too strong, (2) full
regeneration can only be accomplished when a recondensa-
tion step is completed by recondensation of the S–O–M
bond and leaching is reduced.

Conclusions

Titanium and vanadium oxide layers were deposited on
the surface of SBA-15 and FDU-15 by atomic layer deposi-
tion. This deposition method is a powerful technique to
control the growth of (sub)monolayers on the surface of
mesoporous supports. The self-limiting nature of the pre-
cursor to react with the surface provides uniform layers
with well-dispersed single metal centres. The catalytic per-
formance of these catalysts was evaluated in the liquid
phase oxidation of cyclohexene. The metal oxide loading
had a significant impact on the selectivity. Furthermore, hot
filtration experiments and support effects showed that the
epoxidation reaction occurs truly heterogeneously. Here, the
support–oxygen bond is assumed to be critical for catalytic
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activity. A recondensation step of the metal centre with a
free hydroxyl group on the substrate surface is essential for
regeneration and to avoid leaching.

Experimental Section
Chemicals: Pluronic P123 (EO20-PO70-EO20, MW = 5820), tetra-
ethylorthosilicate (TEOS), HCl, phenol, formaline (37 wt.-% form-
aldehyde solution in H2O), sodium hydroxide, ethanol, Pluronic
F127 (MW = 12600), tetrakis(dimethylamido)titanium (TDMAT),
vanadium isopropoxide [VO(iPrO)3], chloroform, cyclohexene, tol-
uene and tert-butyl hydroperoxide (TBHP, 5.5 m in decane) were
purchased from Sigma–Aldrich.

Synthesis of SBA-15: The SBA-15 materials were synthesised by
using P123 as the surfactant and TEOS as the silica source.[27] In
a typical synthesis, P123 (4 g) was dissolved in HCl (120 mL, 2 m)
and distilled water (30 mL). TEOS (9.1 mL) was added, and the
mixture was stirred vigorously at 45 °C for 5 h followed by an aging
step at 90 °C for 20 h. Finally, the white precipitated product was
collected by filtration, washed with distilled water, dried and cal-
cined in air at 550 °C for 6 h (heating rate: 1 °C/min).

Synthesis of FDU-15: Ordered mesoporous FDU-15 resins were
synthesised using the evaporation induced self-assembly method re-
ported by Zhao et al.[28] Phenol (1.2 g) was melted at 45 °C before
NaOH solution (10 mL, 6.25 m) was added slowly with stirring.
Formaline solution (2.4 mL, 37 wt.-% formaldehyde in water) was
added dropwise. The reaction mixture was stirred at 70 °C for 1 h.
After cooling to room temperature, the pH of the reaction mixture
was neutralised with HCl (0.6 m). Water was removed under vac-
uum at 45 °C. The product was dissolved in ethanol (20 mL) and
added to Pluronic F127 (3.2 g) dissolved in ethanol (30 mL). The
solution was stirred for 10 min at room temperature and transfer-
red to a dish to evaporate the ethanol. The membrane was thermo-
polymerised at 100 °C in air. Finally, the mesoporous structure was
calcined under a nitrogen flow at 350 °C for 6 h (heating rate: 1 °C/
min).

ALD: Titanium and vanadium oxide were deposited on the surface
of mesoporous SBA-15 and FDU-15 by ALD in the gas phase.
Prior to the deposition, the powders were stored at elevated tem-
perature under vacuum in the ALD reactor. The reactor was slowly
vacuum pumped through a needle valve during sample loading and
slowly vented during unloading to prevent loss of the powders. A
base pressure of 5�10–7 mbar was measured. Titanium and vana-
dium oxide were deposited from TDMAT and VO(iPrO)3 respec-
tively.[29–31] TDMAT and VO(iPrO)3 were heated to 40 °C, and
water was stored at room temperature. The gases entered the reac-
tor through heated lines (45 °C) to prevent condensation, and a
turbomolecular pump continually evacuated the reactor. The depo-

Table 4. Overview of the layer type on SBA-15 and FDU-15 (M =
Ti or V).

Catalyst Layer type Surface

1. Submonolayer –O–M–OH
2. Multiple layers monolayer –O–M–OH

double layer –O–M–O–M–OH
triple layer –O–M–O–M–O–M–OH

3. Mixed catalysts interlayer –O–M1–O–M2–OH
–O–M2–O–M1–OH
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sition temperature was 150 °C. The reactant pulses were automated
by computer controlled pneumatic valves. Both SBA-15 and FDU-
15 were functionalised with: (1) a (sub)monolayer of titanium or
vanadium oxide with different loadings, (2) multiple (mono, double
and triple) titanium or vanadium oxide layers and (3) mixed tita-
nium and vanadium oxide layers. An overview of the different cata-
lysts is given in Table 4.

Catalysis Experiments: The catalytic performance of the catalysts
were evaluated in the liquid phase epoxidation of 1.[32] In a typical
catalytic run, chloroform (10.0 mL, 124 mmol), 1 (1.5 mL,
15 mmol), tert-butyl hydroperoxide (5.5 m in decane, 5.5 mL,
30 mmol) and 1,2,4-trichlorobenzaldehyde (internal standard,
1.8 mL, 15 mmol) were heated to reflux in a two-necked round-
bottomed flask with vigorous stirring under argon at 80 °C and the
dried catalyst (30 mg) was added. The conversion of 1 was followed
by sampling 0.1 mL of the reaction medium several times. The sam-
ple was immediately diluted with ethyl acetate (0.5 mL) and in-
jected in the GC.

Regeneration: at the end of the reaction, the catalyst was filtered
from the hot reaction mixture through a membrane filter, washed
with acetone, dried and reused in a second catalytic run under the
same reaction conditions.

Characterisation: Nitrogen gas sorption experiments were con-
ducted at 77 K with a Micromeritics Tristar 3000. Samples were
vacuum dried at 120 °C prior to analysis. The pore size distribution
was calculated from the adsorption branch, and the micropore vol-
ume was calculated using the t-plot method. X-ray powder diffrac-
tion patterns were collected with an ARL X�TRA Diffractometer
with Cu-Kα radiation with 0.15418 nm wavelength. GC was per-
formed with a Thermo/Interscience Ultra Fast GC equipped with
a flame ionisation detector and a 5% diphenyl/95 % polydimethyl-
siloxane column (10 m length and 0.10 mm internal diameter). He-
lium was used as carrier gas and the flow rate was programmed at
0.8 mL/min. X-ray fluorescence (XRF) spectroscopy measurements
were performed with a Bruker system with molybdenum X-rays.
The titanium and vanadium loadings on SBA-15 were verified by
XRF spectroscopy. The surface area of the silicon, titanium and
vanadium was determined at 1.74 keV, 4.51 keV and 4.95 keV,
respectively. For the FDU-15 samples, the titanium and vanadium
loadings were quantified colorimetrically by UV/Vis spectroscopy
with a UV/Vis Varian spectrophotometer following the procedure
described by Vogel.[33]

Supporting Information (see footnote on the first page of this arti-
cle): XRD patterns and spectroscopic analyses (Raman, UV/Vis,
DRIFT, XPS) of the supported catalysts.
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The N,N-Bis(terphenyl)aminophosphenium Cation – A Sensitive Probe for
Interactions with Different Anions

Fabian Reiß,[a] Axel Schulz,*[a,b] and Alexander Villinger[a]
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A series of salts that contain the terphenyl-substituted
bis(amino)phosphenium cation with different anions (F–,
Cl–, [CF3CO2]–, [CF3SO3]–, [B(C6F5)4]–, [GaCl4]–, [SbF6]–,
[Al{OCH(CF3)2}4]– and [CHB11H5Br6]–) has been prepared by
different synthetic protocols. All of the products have been
characterised spectroscopically and by single-crystal X-ray

Introduction

The first dicoordinate phosphorus cation, observed in
phosphamethine cyanines, was reported by Dimroth and
Hoffmann in 1964.[1] The term “phosphenium ion” was in-
troduced to indicate a positive charge at the two-coordinate
phosphorus centre with a formally vacant 3p orbital.[2] Pho-
sphenium cations are related to carbenes of the type R1–
C–R2 where electronically isovalent P+ replaces the central
carbon atom. Carbenes are best stabilised when R1 and R2

are atoms or groups such as NR2, which can serve as
π-electron donors to the carbon atom.[3] The same holds
true for electronically isovalent phosphenium analogs
(Scheme 1).

Parry et al. reported the first examples of acyclic phos-
phenium ions [(Me2N)2P]+ and [(Me2N)(Cl)P]+, which were
obtained by chloride abstraction from the corresponding
amino(chloro)phosphanes by employing Lewis acids such
as ECl3 (E = Fe, Al, Ga).[4] Structural data for acyclic phos-
phenium ions are still limited to only a few amino-substi-
tuted examples: [(iPr2N)2P]+[X]– (X = [AlCl4]–, [GaCl4]–,
[B(C6F5)4]–).[5,6]

Scheme 1. Stabilisation of phosphenium ions by π-electron donors in [R2N–P–NR2]+.
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diffraction studies. A detailed analysis of the interionic inter-
actions and their influence on the molecular structure of the
phosphenium cation reveals a strong dependence on the
capability of the anion to enter the pocket generated by the
bulky terphenyl substituents.

Niecke and Kröher showed that the electrophilic attack
of AlCl3 on the P=N double bond of the amino(imino)-
phosphane R2N–P=NR (R = Me3Si) generates the internal
salt R2N–P(+)– N(Al(–)Cl3)R with a formal positive charge
at the phosphorus atom and a negative charge at the alu-
minium atom.[7] This internal salt readily eliminates Me3Si–
Cl upon heating to give a four-membered (Cl2)Al(–)–
N(Me3Si)–P(+)–N(SiMe3) heterocycle. Moreover, it was
shown that the reaction of the chloro(imino)phosphane
2,4,6-tBu3C6H2–N=P–Cl with AlCl3 led to the stable salt
[2,4,6-tBu3C6H2–N�P]+[AlCl4]–, which bears a formal
P�N triple bond,[8] instead of the expected phosphanylium
adduct, 2,4,6-tBu3C6H2–N(Al(–)Cl3)–P(+)–Cl.

The only known aryl-substituted bis(amino)phosphen-
ium cation 3 (E = Al, Scheme 2) was introduced by
Niecke[9] and coworkers and further studied by Burford
et al.[10] As shown in Scheme 2, the phosphadiazonium cat-
ion [Mes*NP]+ (2) reacts quantitatively with Mes*NH2

(Mes* = 2,4,6-tri-tert-butylphenyl) to yield ECl4– salts with
the bis(amino)phosphenium cation (Mes*3). The solid-state
structures of Mes*3[GaCl4] and Mes*3[AlCl4] have been

confirmed by X-ray crystallography and the structural pa-
rameters of the cation are essentially identical.

Salts that contain a five-membered heterocyclic cation
with a formal bis(amino)phosphenium fragment (R2N–
P(+)–NR2) are called 1,3,2-diazaphospholenium ions.[11,12]

They are isoelectronic with imidazoyl carbenes,[13] stabilised
by similar electronic factors and can be obtained by chlo-
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Scheme 2. Synthesis of Mes*3[ECl4] (E = Al, Ga).[9,10]

ride abstraction with Lewis acids in 2-chloro-1,3,2-diaza-
phospholenes (Scheme 3).[12] Chloride abstraction was also
successfully applied in the isolation of salts that bear cyclo-
1,3-diphospha-2,4-diazenium ions, which can also be re-
garded as carbene analogs (Scheme 3).[14]

Scheme 3. Synthesis of phosphorus carbene analogs by chloride ab-
straction. (i) X = (CH)2 1,3,2-diazaphospholenium ion (R = alkyl,
aryl, E = Al, Ga); (ii) X = P–Cl chlorocyclo-1,3-diphospha-2,4-
diazenium ions (R = Ter, E = Ga).[12,14]

The structure and bonding of bis(amino)phosphenium
ions has been intensively studied.[2b,9,10] In solution, 31P
NMR spectroscopy is a powerful tool for the identification
of phosphenium ions. As might be anticipated from the low
coordination number and the presence of a formal positive
charge at phosphorus, the 31P chemical shifts of phosphen-
ium ions are rather deshielded and fall in the range 100–
520 ppm.[2b] For instance in [(Me2N)(tBu)P]+, a strongly de-
shielded 31P chemical shift is observed at 513 ppm,[15] which
can be ascribed to the inability of the tBu group to donate
π electrons. Steric effects also play a role in determining
the 31P chemical shifts. Interestingly, 31P chemical shifts of
bis(amido)-substituted cations increase with increasing li-
gand size.[2b] This trend has been interpreted on the basis
of progressive twisting of the R2N groups with respect to
the P+ centre, which reduces the N(2p)–P(3p) overlap with
increasing steric strain.[15]

Cation–anion interactions that involve phosphenium
ions have previously been investigated in some detail.[3] Bur-
ford et al. reported the anionic protection of phosphenium
ions in solution,[6] Kee et al. described phosphenium–tri-
flate interactions[16] and Dahl investigated equilibria that
involve covalent and ionic phosphenium triflates.[17]

To the best of our knowledge, the influence of the anion
with respect to the cation structure and physical properties
has not been studied comprehensively. As a model system,
we have chosen the N,N-bis[2,6-bis(2,4,6-trimethylphenyl)-
phenyl]aminophosphenium ion ([(TerNH)2P]+, Ter3,
Schemes 4–6) as its salts are usually easily obtained and al-
low hydrogen bonding despite the sterically demanding ter-
phenyl group. To gain further insight into the influence of
the anion we prepared Ter3 with the following formal
counterions: F–, Cl–, [CF3CO2]–,[18] [CF3SO3]–,[19] [B-
(C6F5)4]–,[20,21,22] [GaCl4]–,[10,20,23] [SbF6]–,[24] [Al{OCH-
(CF3)2}4]– [20] and the carborate [CHB11H5Br6]–.[20,25] Here,
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we report the anion influence that results in small differ-
ences in the solid-state structures but may have an influence
on physical properties such as melting points and NMR
chemical shifts.

Results and Discussion

Synthesis and Spectroscopic Studies

Convenient synthetic routes[2,3,5,6] to salts that bear Ter3
include salt-elimination reactions of (TerNH)2P–Cl with
Ag[X] (X = weakly coordinating anion,[20] Scheme 4), halo-
gen abstraction by a Lewis acid such as GaCl3 or SbCl5
(Scheme 5) or protonation of imino(amino)phosphane
(TerN(H)P=NTer, Scheme 6). A synthetic protocol analo-
gous to the generation of Mes*3 salts illustrated in
Scheme 2 cannot be applied to obtain Ter3 salts as the Ter–
N=P–Cl starting material is not accessible.

Scheme 4. Synthesis of Ter3[X] by salt elimination (X = [CF3-
CO2]–, [CF3SO3]–, [B(C6F5)4]–, [Al{OCH(CF3)2}4]–, [CHB11H5-
Br6]– and [SbF6]–).

Scheme 5. Synthesis of Ter3[X] by halide abstraction ([LA-Hal] =
[GaCl4]–).

Scheme 6. Synthesis of Ter3[X] salts by protonation of terphenyl-
substituted imino(amino)phosphane (X = Cl–, [CF3CO2]–,
[CF3SO3]–, [B(C6F5)4]–).[26]

Silver salts were usually used for the salt-elimination re-
actions, which were carried out either in toluene or CH2Cl2
at ambient temperatures. The formation of Ter3 was easily
followed by UV/Vis due to its prominent orange colour
(Table 1). The application of this method was restricted to
the synthesis of salts that contain the weakly coordinating
anions [CF3CO2]–, [CF3SO3]–, [B(C6F5)4]–, [Al{OCH-
(CF3)2}4]– and [CHB11H5Br6]–. Interestingly, although this
reaction works well with Ag[B(C6F5)4], no reaction was ob-
served with the nonfluorinated species, Ag[B(C6H5)4]. In
the cases of the fluoridometallate anions [SbF6]– and
[BF4]–, the synthesis was not successful even when tempera-
tures below –80 °C were applied. Initially, the formation of
Ter3 was indicated by an orange colour, which quickly di-
minished when the temperature was raised to ambient tem-
peratures. Only a few orange crystals of Ter3[SbF6] were
isolated in addition to the major product, which was iden-
tified as 2,6-bis(2,4,6-trimethylphenyl)anilinium hexafluo-
roantimonate, [TerNH3][SbF6].[27a] The synthesis of Ter3-
[BF4] did not proceed due to a rapid Cl–F exchange reac-
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Table 1. Characterisation data [decomposition temperature (Tdec), 31P NMR, 1H NMR, IR (νNH and νPN) and UV/Vis spectroscopic
data] for Ter3[X] (X = F–, Cl–, [CF3CO2]–, [CF3SO3]–, [B(C6F5)4]–, [GaCl4]–, [SbF6]–, [Al{OCH(CF3)2}4]– and [CHB11H5Br6]–) with
TerN(H)PNTer and Mes*3[Y] (Y = [GaCl4]–, [CF3SO3]–) for comparison.

Tdec
31P{1H} NMR 1H (NH) NMR νNH νPN Vis UV

[°C] [ppm] [ppm] [cm–1] [cm–1] [nm] [nm]

TerN(H)PNTer 311 278.0 6.34 3364 3289 1412 406 336 289 247
Ter3F 225 119.7[a] 3.79 3334 3292 1418 – – 292 249
Ter3Cl 265[e] 129.9 4.08 3309 3285 1419 – – 297 248
Ter3[CF3CO2] 190[f] 116.7 4.38 3314 3298 1422 – – 290 250
Ter3[CF3SO3] 255 261.0 9.67 3341 3234 1426 438 363 292 246
Ter3[B(C6F5)4] 244 249.1 7.31 – 3287 1419 422 358 296 260
Ter3[GaCl4] 215 250.0 7.38 3333 3261 1416 438 361 – 255
Ter3[SbF6][d] – 249.0 7.39 – – – – – – –
Ter3[Al{OCH(CF3)2}4] 273 249.0 7.2 3319 3255 1426 435 360 297 246
Ter3[CHB11H5Br6] 225 249.6 7.41 3330 3173 1428 435 358 296 245
Mes*3[GaCl4][b] 152 272.0 9.94 – 3175 1419 – – – –
Mes*3[CF3SO3][c] – 279.7 11.6 – – – – – – –

[a] Doublet due to 31P,19F coupling. [b] Taken from ref.[11] [c] Taken from ref.[9e] [d] Characterised by X-ray and NMR spectroscopic
studies because of fast decomposition. [e] Tdec = m.p. [f] M.p. 177 °C.

tion (Scheme 7) even at low temperatures, although Ter3
was observed initially. Ter3 is a stronger Lewis acid than
BF3, which is why fluoride-ion exchange was observed.

Scheme 7. Reaction of Ter3Cl with Ag[BF4].

Halide abstraction was attempted with GaCl3 and SbCl5
starting from Ter3Cl as well as with SbF5 in the reaction
with Ter3F. Only the reaction with GaCl3 gave good yields
of the desired product, Ter3[GaCl4], whereas, for SbF5 and
SbCl5, only Ter–N(H)–PF2 and Ter–N(H)–PCl2, respec-
tively, were identified as the major products. The proton-
ation reaction of terphenyl-substituted imino(amino)phos-
phane was successfully applied to the preparation of
Ter3[X] (X = Cl–, [CF3CO2]–, [CF3SO3]–, [B(C6F5)4]–). A
large excess of acid during protonation or hydrolysis led to
the formation of the ammonium salts [TerNH3][X] for all
Ter3[X].

Very pure Ter3Cl was obtained in the silyl ether elimi-
nation reaction of Ter3[X] (X = [CF3CO2]– and [CF3SO3]–)
with Me3SiCl. Here the driving force was the formation of
Me3SiOC(O)CF3 and Me3SiOS(O2)CF3, respectively.
Ter3[Cl] is not directly accessible from TerNH2 and PCl3 in
the presence of bases, such as Et3N, 1,8-diazabicyclo[5.4.0]-
undec-7-ene and nBuLi, due to the formation of byproducts
(e.g. TerN(H)–PCl2, [TerN–PCl]2, TerN(H)–P=N–Ter).
Thus the best way to Ter3Cl was through TerN(H)–PCl2
and 2 equiv. of Ter–NHLi, which led to TerN(H)–P=N–Ter
(60% yield). Protonation with HCl yielded Ter3[Cl]
(Scheme 6).

Ter3[X] were all characterised by elemental analysis, 31P
and 1H NMR, IR and UV/Vis spectroscopy and single-
crystal X-ray structure analysis. Table 1 summarises the
spectroscopic data.

According to UV/Vis spectroscopy, all of the ionic
Ter3[X] species are orange at ambient temperatures, which
is due to an nNPN�πNPN* excitation. In addition to this
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strong excitation, which is not observed for the covalently
bound species, several other πTer�π*Ter excitations were ob-
served. In the IR spectra, the P–N stretching mode, which
is influenced by the substituent, structural situation around
the NPN unit and the extent of hydrogen bonding, was typ-
ically found from 1400–1500 cm–1 (cf. [Mes*NP]+[GaCl4]–

1494, Mes*N=P–Cl 1437 cm–1).[28]

Ter3[X] were all astonishingly thermally stable and
moisture sensitive but stable under an argon atmosphere
over a long period as solids and in solvents such as CH2Cl2,
benzene or toluene at ambient temperature. They could be
prepared in bulk and were stable when stored in sealed
tubes. Although covalently bound Ter3[X] (X = F–, Cl–,
[CF3CO2]–) could be handled in air for a short time, the
Ter3[X] salts all decomposed quickly as indicated by the
colour change from orange to colourless. For example, it
was shown that Ter3[Al{OCH(CF3)2}4] slowly hydrolysed
over a period of 7 d in the freezer (–25 °C) to yield the in-
ternal salt (TerNH)2P(+)(H)–O–Al(–)[OCH(CF3)2]3.[27b]

Apart from Ter3Cl and Ter3[CF3CO2], for which true
melting points were found (265 and 177 °C, respectively),
differential scanning calorimetry (DSC) displayed only de-
composition points ranging between 190 °C (Ter3-
[CF3CO2]) and 273 °C (Ter3[Al{OCH(CF3)2}4]). It is inter-
esting to note that Mes*3[GaCl4] is significantly less ther-
mally stable than its terphenyl-substituted counterpart (152
vs. 215 °C). It can be assumed that the terphenyl group pro-
vides better kinetic protection.

X-ray studies (see below) and calculations revealed domi-
nant polar-covalent bonding in Ter3[X] (X = F–, Cl–,
[CF3CO2]–) and ion-pair formation in the other species.
Solution NMR spectroscopy displayed a similar picture. Al-
though a strong upfield shift was observed for Ter3[X] (X =
F–, Cl–, [CF3CO2]–) in the 1H (3.8–4.4 ppm) and 31P NMR
spectra (117–130 ppm), for the other species, except
Ter3[CF3SO3], the corresponding resonances are found in
the downfield region expected for phosphenium ions[2b] at
δ

31P = 249–250 and δ
1H = 7.2–7.4 ppm. As almost the same

chemical shifts are observed for all of the ionic species, it
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can be assumed that solvated ions are present in solution,
with the exception of Ter3[CF3SO3] for which ion pairing
was indicated. In the 1H NMR spectrum of Ter3[CF3SO3]
a signal is found at 9.67 ppm, which can be attributed to
strong NH···O(O2)SCF3 hydrogen bonds that are responsi-
ble for the ion pairing. In addition, the considerable down-
field shift in the 31P NMR spectrum (261 vs. 250 ppm,
Table 1) supports this argument along with the X-ray data
for the solid-state structure. In contrast to Ter3[GaCl4],
which forms separated ions in solution, analogous Mes*3-
[GaCl4] forms ion pairs as indicated by the 1H and 31P
NMR spectra (Table 1, δ

1H = 7.38 vs. 9.94 ppm). As shown
below, stronger hydrogen bonds were observed in Mes*3-
[GaCl4] than Ter3[GaCl4]. In agreement with ion pairing
in Ter3[CF3SO3], Mes*3[CF3SO3] displays an even stronger
downfield shift (δ

1H = 9.67 vs. 11.60 ppm).

Structural Elucidation

Crystals suitable for single-crystal X-ray diffraction stud-
ies of Ter3[X] ([X] = F–, Cl–, [CF3CO2]–, [CF3SO3]–,
[B(C6F5)4]–, [GaCl4]–, [SbF6]–, [Al{OCH(CF3)2}4]– and
[CHB11H5Br6]–), Mes*3[GaCl4] and (TerNH)2P(H)OAl-
[OCH(CF3)2]3.[27b] were obtained by crystallisation of satu-
rated solutions at low temperature. We have abstained from
a detailed discussion of the structure of TerN(H)PNTer due
to a strong disorder problem.

Although Ter3[B(C6F5)4] crystallised as a solvate with
one molecule of CH2Cl2 per formula unit, Ter3[Al-
{OCH(CF3)2}4] with 0.5 molecules of fluorobenzene and
Ter3[CHB11H5Br6] with 1.5 molecules of benzene, the other
Ter3[X] compounds crystallised without the inclusion of
solvent. The molecular structures of all Ter3[X] species and
Mes*3[GaCl4] and (TerNH)2P(H)OAl[OCH(CF3)2]3 are
shown in Figures 1, 2, 3 and S1 (see Supporting Infor-
mation). Selected bond lengths and angles are summarised
in Table 2 together with the previously reported data for
Mes*3[ECl4] (E = Al, Ga).[9,10] We have repeated the struc-
tural analysis of Mes*3[GaCl4] to get a consistent set of
data of comparable quality.

For all Ter3[X] species, the central phenyl rings of the
terphenyl group attached to the nitrogen atom try to form
an almost orthogonal arrangement (torsion angles between
54–90°, Table 2) that forms a pocket generated by four aryl
substituents (in 2- and 6-positions), in which the N(H)-
PN(H) moiety is embedded and sterically protected (Fig-
ure 2). Thus dimerisation of e.g. TerN(H)PNTer and the
formation of cyclodiphosphadiazanes is impossible. The
N(H)PN(H) moiety is not coplanar to the central aryl rings
of the terphenyl group located but twisted (e.g. the C1aryl–
C2aryl–N–P dihedral angles in Ter3[GaCl4] are between 29
and 38°). Thus, delocalisation of the NPN π-electron den-
sity into the central aryl substituents is limited.

As displayed in Table 2 and Figure 1, the phosphorus
atom adopts a trigonal pyramidal environment in all of the
covalently bound Ter3[X] (X = F–, Cl–, [CF3CO2]–) species.
In all other species the structure consists of separated
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Figure 1. ORTEP drawing of covalently bound Ter3[X] species (X
= F–, Cl–, [CF3CO2]–). Thermal ellipsoids with 30% probability at
173 K (hydrogen atoms of the terphenyl group are omitted).

Figure 2. Hydrogen bonds in R3[X] (R = Ter, Mes*).
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Figure 3. Weak, interionic van der Waals interactions in Ter3[X].
Only the interactions of one ion pair are depicted.

[Ter3]+ and [X]– ions with several different interionic con-
tacts (see below). Here, both the nitrogen atoms and the
dicoordinated phosphorus atom of the N(H)PN(H) moiety
sit in a trigonal planar environment with P–N bond lengths
ranging from 1.619–1.635 Å, which are significantly shorter
than those found in the covalently bound Ter3[X] species
[cf. Ter3[F], P–N 1.704(6) and 1.663(1) Å, Table 2]. In
Ter3[CF3SO3], a slightly shorter P–N bond length was
found [1.609(3) Å] along with a considerably larger N–P–N
angle, which can be attributed to strong NH···O hydrogen
bonds (see below). The short P–N bond lengths (average

Table 2. Selected structural data for Ter3[X] (X = F–, Cl–, [CF3CO2]–, [CF3SO3]–, [B(C6F5)4]–, [GaCl4]–, [SbF6]–, [Al{OCH(CF3)2}4]– and
[CHB11H5Br6]–) and Mes*3[ECl4] (E = Ga, Al) and (TerNH)2P(H)OAl[OCH(CF3)2]3 for comparison.

N1–P [Å] N2–P [Å] N1–C1 [Å] �N–P–N [°] τaryl [°][c]

Ter3F 1.704(6) 1.663(1) 1.38(2) 91.6(4) 54.3
Ter3Cl 1.697(2) 1.591(2) 1.412(2) 94.6(1) 56.3
Ter3[CF3CO2] 1.675(2) 1.687(2) 1.423(3) 94.84(9) 65.4
Ter3[CF3SO3] 1.623(3) 1.609(3) 1.443(4) 104.9(1) 89.3
Ter3[B(C6F5)4] 1.630(3) 1.623(3) 1.440(4) 99.6(2) 87.4
Ter3[GaCl4] 1.635(1) 1.626(1) 1.428(2) 99.61(6) 74.5
Ter3[SbF6] 1.635(2) 1.635(2) 1.426(3) 98.0(2) 79.3
Ter3[Al{OCH(CF3)2}4][a] 1.628(3) 1.635(3) 1.431(4) 98.5(2) 89.9

1.619(3) 1.637(3) 1.435(4) 96.9(2) 89.9
Ter3[CHB11H5Br6] 1.625(3) 1.630(3) 1.426(4) 96.3(1) 69.4
(TerNH)2P(H)OAl[OCH(CF3)2]3 1.625(2) 1.627(2) 1.435(2) 115.09(9) 35.3
Mes*3[GaCl4] 1.601(3) 1.601(3) 1.469(4) 105.2(2) 37.0
Mes*3[AlCl4] [b] 1.611 1.611 1.474 103.7 –

[a] Two independent molecules. [b] No standard deviations available, see ref.[9] [c] τaryl = torsion angle between the two planes composed
of the central aryl of the terphenyl or Mes* group.
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1.628 Å) of the ionic Ter3[X] species indicate partial double
bond character and lie in the expected range for ami-
no(imino)phosphanes, for example P=N 1.545(6) and P–N
1.632(6) Å in MeN(H)–P=N–Mes* [Σrcov(P–N) = 1.82 and
Σrcov(P=N) = 1.62 Å, where rcov = covalent radii].[9d,29,30]

Partial P–N double bond character due to hyperconjuga-
tion can be discussed for the covalently bound Ter3[X] spe-
cies.[31] As expected for the covalently bound Ter3[X] spe-
cies, small N–P–N angles between 91 and 95° were ob-
served, whereas significantly larger N–P–N angles were
measured for the ionic Ter3[X] compounds (N–P–N 96–
100°), except for Ter3[CF3SO3] in which a larger angle was
measured (104.9°).

Three types of interaction were found between the formal
fragments [Ter3]+ and [X]– in Ter3[X]: (i) polar covalent
bonding with the phosphorus atom of [Ter3]+ was found
for small nucleophilic anions such as F–, Cl–, and [CF3-
CO2]– (Figure 1), (ii) NH···Y hydrogen bonding (Y = F, Cl,
O, where Y is the donor atom of [X]–) was found for me-
dium sized anions that are small enough to enter the pocket
generated by the terphenyl groups ([CF3SO3]–) and larger
complex anions ([B(C6F5)4]–, [GaCl4]–) that are capable of
partially entering the terphenyl pocket (Figure 2), (iii) weak
van der Waals interactions with peripheral H–Caryl atoms
were observed for large, weakly coordinating anions
([Al{OCH(CF3)2}4]–, [SbF6]– and [CHB11H5Br6]–), which
are simply too big to gain access to the terphenyl pocket
and thus the formation of hydrogen bonds is impossible
(Figure 3, Scheme 8).

As depicted in Scheme 8, the P–Y distances (where Y is
the atom of [X]– closest to P) are found in the range be-
tween 1.634 (Y = F, Ter3F) and 2.008 Å (Y = Cl, Ter3Cl)
for the covalent species with a typical P–Y single bond (cf.
d(P–F) = 1.634(3) vs. Σrcov = 1.66 Å; d(P–Cl) = 2.008(2) vs.
Σrcov = 2.04 Å; d(P–O1) = 1.789(2) vs. Σrcov = 1.72 Å),
3.833 (Y = F, Ter3[B(C6F5)4]) to 4.455 Å (Y = Cl, Ter3-
[GaCl4]) for species with strong NH···Y hydrogen bonds,
and 5.478 (Y = F, Ter3[SbF6]) and 6.445 (Y = Br,
Ter3[CHB11H5Br6]) for weak van der Waals interaction
with peripheral HTer atoms.
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Scheme 8. Interactions between [Ter3]+ and [X]– fragments.

Although the PN distances exhibit only insignificant de-
viations for all ionic Ter3[X] species (besides slightly smaller
values for Ter3[CF3SO3]), the N–P–N angle is a sensitive
measure for the magnitude of NH···Y hydrogen bonds (Y
= halogen, O). The stronger these hydrogen bonds, the
larger the N–P–N angle e.g. 96.3(1)° in Ter3[CHB11H5Br6]
with no hydrogen bonds vs. 104.9(1)° in Ter3[CF3SO3] with
the strongest hydrogen bond found in the series. The com-
parison between Ter3[GaCl4] (99.6°) and Mes*3[GaCl4]
(105.2°) supports this argument as significantly shorter
NH···Cl contacts are found in Mes*3[GaCl4] (see below,
Table 2, Figure 2), which might be the reason for their dif-
ferent behaviour in solution (ion paring vs. solvated ions,
see above).

The hydrogen bond may be generally considered as a
three-centre four-electron interaction that stabilises and is
associated with spectroscopic and structure-defining ef-
fects.[32] Their classification into weak, strong and very
strong is somewhat subjective. However, it is their direction-
ality that makes hydrogen bonds important as crystal-struc-
ture directors (Figure 2). In the three Ter3[X] species (X =
[CF3SO3]–, [B(C6F5)4]–, and [GaCl4]–) the NH···Y hydrogen
bonds can be classified as strong as they dominate the in-
terionic interaction. The strongest hydrogen bonds are
found in Ter3[CF3SO3] with N···O distances of 2.746 (N1–
O3) and 2.830 Å (N2–O2), which result in other structural
changes such as a larger N–P–N angle (see above). Espe-
cially interesting are the hydrogen bonds in Ter3[B(C6F5)4]
with N···F–Caryl distances of 3.075 (N1–F13) and 3.228
(N2–F12) Å as only one C6F5 ring of the anion is inside
the terphenyl pocket which is reminiscent of the key–lock
principle known in biology. Due to the parallel arrange-
ment of this C6F5 ring with one aryl substituent of both
terphenyl groups, further weak van der Waals interactions
between Caryl···F–Canion (shortest distance 3.547 Å) and
Caryl···C–Fanion (shortest distance 3.457 Å) and weak
Cmethyl–H···F–Canion hydrogen bonds (shortest Cmethyl···F–
Canion 3.327 Å) can be assumed. In Ter3[GaCl4], it is inter-
esting to compare the N–H···Cl–GaCl3 hydrogen bond and
with that in Mes*3[GaCl4] with respect to steric strain. Al-
though in Ter3[GaCl4] only one Cl atom forms two N–
H···Cl bonds (N1–Cl1 3.796 and N2–Cl1 3.505 Å), in Mes-
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*3[GaCl4] two Cl atoms form one N–H···Cl bond each in
a bidentate fashion, which are identical due to symmetry
(3.430 Å, Figure 2). The shorter N–H···Cl distances and the
increase of the N–P–N angle (Table 2) indicate stronger hy-
drogen bonds in Mes*3[GaCl4]. In Ter3[GaCl4], the ter-
phenyl pocket provides less space compared to the situation
in Mes*3[GaCl4] and only one Cl atom fits into the pocket.
The strong N–H···Cl–GaCl3 hydrogen bond in Ter3[GaCl4]
is also manifested by considerable Ga–Cl bond lengthening
for the Cl1 atom that is involved in the hydrogen bond [cf.
Ga1–Cl1 2.1928(4) vs. Ga1–Cl3 2.1632(5), Ga1–Cl4
2.1652(4), Ga1–Cl2 2.1743(4) Å, Figure 2]. Also in Mes*3-
[GaCl4], two significantly different Ga–Cl bond lengths are
found for Ga1–Cl1 2.155(1) and Ga1–Cl2 2.1872(9) Å,
where Cl2 and Cl2� are also involved in hydrogen bonds.
The essence of this comparison is the fact that the Mes*
group provides more steric protection for the α-atom at-
tached to the Mes* group (e.g. a larger Tolman angle for
Mes* 228° vs. Ter 206°),[33] whereas the terphenyl group
is capable of embedding a larger moiety and thus better
protecting the β-atom such as in the N(H)PN(H) unit in
R3[X] (R = Mes*, Ter) compounds.

In addition to the interionic hydrogen bonds that have
been discussed, short O2···N1 (3.046) and O2···N2
(2.885 Å) distances are present in Ter3[CF3CO2], which
suggest intramolecular NH···O2 hydrogen bonds (Figure 1).

Finally, Ter3[X] (X = [SbF6]–, [Al{OCH(CF3)2}4]– and
[CHB11H5Br6]–) are poorly crystalline, [34] which indicates
the presence of only very weak interionic interactions. It is
known that cations with C–H bonds in the presence of fluo-
rido-containing anions usually crystallise better, which is
likely to be through the formation of many assisting H–F
contacts (e.g. [Ag(C2H4)][Al(ORF)4][35] and [H(OEt2)2]-
[Al(ORF)4],[36] where RF = C(CF3)3). For all three Ter3[X]
species, many assisting Cmethyl–H···Y (Y = F, Br) contacts
were detected (� ΣrvdW(H···Y) = 2.9 for Y = F and 3.3 Å
for Y = Br, where rvdW = van der Waals radii),[37] of which
only a few (shortest contacts) are shown for the ion pairs
in Figure 3. However, these dispersive interactions are weak
and not structure determining. Therefore, the structural pa-
rameters of Ter3 within the framework of an ensemble of
large and weakly coordinating anions such as [SbF6]–,
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[Al{OCH(CF3)2}4]– and [CHB11H5Br6]– are almost iden-
tical (Table 2).

Conclusions

Different synthetic routes to salts that bear the N,N-bis-
(terphenyl)aminophosphenium cation (Ter3) have been
studied. Simple salt-elimination reactions of (TerNH)2P–Cl
with Ag[X] (X = weakly coordinating anion) or the proton-
ation of TerN(H)PNTer with strong acids offer a generally
applicable and economic access to Ter3[X] compounds with
a wide range of anions. Most Ter3[X] compounds were ob-
tained in good yields and purity and are suitable starting
materials for further synthesis.

Systematic single-crystal X-ray diffraction studies of
Ter3[X] with focus on the cation–anion interaction revealed
that, depending on the size of the anion, the pocket formed
by the terphenyl can be entered to some degree, which re-
sulted in strong, structure-defining interionic hydrogen
bonds ([X]– = [CF3SO3]–, [B(C6F5)4]– and [GaCl4]–). For the
ions ([SbF6]–, [Al{OCH(CF3)2}4]– and [CHB11H5Br6]–) that
are too big to fit into the terphenyl pocket, many Cmethyl–
H···Y (Y = F, Br) contacts were detected, which can be
described as weak dispersive interactions that are not struc-
ture determining.

Solution NMR spectroscopic data suggest the dissoci-
ation of ionic Ter3[X] in contrast to analogous Mes* spe-
cies, in which ion pairing is observed. This different solution
behaviour can be attributed to the better steric protection
provided by the terphenyl substituent, which prevents
stronger hydrogen bonds. The only exception in the series
of ionic Ter3[X] species is Ter3[CF3SO3], for which ion pair-
ing in solution was found to be due to very strong hydrogen
bonding.

We have shown that Ter3 can be used as sensitive probe
for the examination of anion properties as well as the type
and degree of cation–anion interactions.

Experimental Section
General Information: All manipulations were carried out under
oxygen- and moisture-free conditions under argon using standard
Schlenk or drybox techniques.

Dichloromethane was purified according to a literature pro-
cedure[38] by drying with P4O10 followed by CaH2 and was freshly
distilled and degassed prior to use. Diethyl ether, tetrahydrofuran
(THF), toluene and benzene were dried with Na/benzophenone, n-
hexane was dried with Na/benzophenone/tetraglyme. All solvents
were freshly distilled prior to use. nBuLi (Acros, 2.5 m), AgBF4

(Acros, 99 %), GaCl3 (abcr, 99.9%), SbF5 (Acros, 99%), SbCl5
(Acros, 99%), Na[B(C6H5)4] (Acros, 99.5%) and AgSbF6 (abcr,
98%) were used as received. PCl3 (Acros, 97%), CF3SO3H (Merck,
98%) and CF3CO2H (Solvay, 99%) were freshly distilled prior to
use. 2,6-Bis(2,4,6-trimethylphenyl)aniline (TerNH2), 2,6-bis(2,4,6-
trimethylphenyl)phenylamino(dichloro)phosphane (TerN(H)PCl2),
Ag[CHB11H5Br6], silver triflate Ag[CF3SO3], Ag[CF3CO2],
Ag[Al{OCH(CF3)2}4] and Ag(toluene)3[B(C6F5)4] were prepared
according to literature procedures.[39,40,41,42,22c] [(Et2O)2H]-
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[B(C6F5)4] and Ag[B(C6H5)4] were prepared according to modified
procedures.[43,44] 31P{1H}, 19F{1H}, 11B{1H}, 13C{1H}, 13C DEPT
and 1H NMR spectra were obtained with a Bruker AVANCE 250,
300 or 500 spectrometer and were referenced internally to the deu-
terated solvent (13C, CD2Cl2: δreference = 54 ppm, [D6]DMSO
δreference = 40 ppm) or to protic impurities in the deuterated solvent
(1H, CDHCl2: δreference = 5.31 ppm, [D5]DMSO = 2.5 ppm).
CD2Cl2 was dried with P4O10 and freshly distilled prior to use.
[D6]DMSO was dried with CaH2 and freshly distilled prior to use.
IR spectra were recorded with a Nicolet 6700 FTIR spectrometer
with a Smart Endurance ATR device. Raman spectra were re-
corded with a Bruker VERTEX 70 FTIR with RAM II FT-Raman
module equipped with a Nd:YAG laser (1064 nm). Elemental
analyses were measured with an Analysator Flash EA 1112 instru-
ment from Thermo Quest. MS were recorded with a Finnigan
MAT 95-XP instrument from Thermo Electron. Melting points
were measured on an EZ-Melt instrument from Stanford Research
Systems at a heating rate of 20 °C/min (clearing-points are re-
ported). DSC measurements were performed with a DSC 823e in-
strument from Mettler-Toledo (Heating rate 5 °C/min). UV/Vis
spectra were measured with a Lambda 19 instrument from Perkin–
Elmer with Lambda-SPX 1 software. Samples were measured in
CH2Cl2 at ambient temperature. Settings: Scan: 200–800 nm, Inter-
val 0.5 nm, Scan speed 120 nm/min, Smooth 1, Slit 1 nm.

Ter3F: To a stirred suspension of (TerNH)2PCl (0.500 g,
0.69 mmol) in CH2Cl2 (5 mL) was added AgBF4 powder (0.136 g,
0,70 mmol) in small portions at –80 °C over 20 min. The orange
solution was warmed to ambient temperature for 30 min, which
resulted in the precipitation of silver chloride. The mixture was
degassed three times by a freeze–pump–thaw procedure. The pre-
cipitate was removed by filtration (F4), and the solvent was re-
moved in vacuo. The resulting yellow residue was washed four
times with n-hexane (4 mL), dried in vacuo and dissolved in toluene
(4 mL). The second fraction of a fractional crystallisation, with
storage at –25 °C over 12 h, was collected and washed with toluene
(0.5 mL). Removal of the solvent by syringe and drying in vacuo
yielded Ter3F as a colourless powder (0.098 g, 0.14 mmol, 20%);
m.p. 225 °C (dec.). C48H52FN2P (706.91): calcd. C 81.55, H 7.41,
N 3.96; found C 80.43, H 7.46, N 3.90. 31P{1H} NMR (121.5 MHz,
CD2Cl2, 25 °C): δ = 119.70 [d, 1J(19F,31P) = 1084 Hz] ppm. 19F{1H}
NMR (282.4 MHz, CD2Cl2, 25 °C): δ = –63.15 [d, 1J(19F,31P) =
1084 Hz] ppm. 1H NMR (300.13 MHz, CD2Cl2, 25 °C): δ = 1.57
(s, 12 H, o-CH3), 1.73 (s, 12 H, o-CH3), 2.28 (s, 12 H, p-CH3), 3.79
(br. s, 2 H, NH), 6.70–6.84 (m, 12 H, m-CH), 6.85–6.91 (m, 2 H,
p-CH) ppm. 13C{1H} NMR (62.9 MHz, CD2Cl2, 25 °C): δ = 20.0
(s, o-CH3), 20.43 (br. s, o-CH3), 21.56 (s, o-CH3), 122.0 (s, CH),
128.8 [d, J(13C,31P) = 10.1 Hz], 129.7 (s, CH), 130.9 (m, CH), 135.6
(s, CH), 137.2–137.5 (m), 137.5 (s) ppm. IR (ATR, 25 °C): ν̃ = 3334
(m), 3292 (m), 3000 (m), 2945 (m), 2915 (m), 2853 (m), 2731 (w),
1611 (m), 1583 (m), 1553 (w), 1530 (w), 1513 (w), 1486 (m), 1418
(s), 1373 (s), 1305 (m), 1265 (m), 1225 (s), 1183 (m), 1097 (w), 1073
(m), 1031 (m), 1006 (m), 946 (m), 928 (m), 889 (s), 861 (m), 846
(s), 836 (s), 796 (m), 751 (s), 697 (s), 662 (m), 650 (m), 637 (m), 597
(m), 563 (m), 549 (m) cm–1. Raman (400 mW, 25 °C, 3 accumula-
tions): 3049 (1), 3012 (1), 2949 (1), 2917 (1), 2856 (1), 2732 (1),
1613 (3), 1587 (3), 1484 (3), 1449 (3), 1379 (4), 1305 (5), 1288 (3),
1182 (3), 1165 (3), 1159 (3), 1078 (3), 1007 (3), 947 (3), 892 (2), 837
(3), 752 (3), 740 (3), 699 (3), 662 (3), 636 (3), 579 (4), 560 (3), 522
(3), 414 (3), 395 (3), 369 (3), 336 (3), 275 (3) cm–1. CI-MS: m/z (%)
= 329 (11) [TerNH2]+, 330 (60) [TerNH3]+, 705 (14) [M + F –
H]+, 706 (19) [M + F]+, 707 (100) [M + F + H]+. UV/Vis (25 °C,
CH2Cl2): λ = 292 (s), 249 (s) nm. Crystals suitable for X-ray crystal-
lographic analysis were obtained by concentration of a dichloro-
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methane solution of Ter3F to incipient crystallisation and storage
at –25 °C overnight.

Ter3Cl: An excess of gaseous HCl was passed through a stirred
suspension of TerN(H)PNTer (1.31 g, 1.90 mmol) in Et2O (80 mL)
at 0 °C over one hour. The solution was warmed to ambient tem-
perature and stirred for one hour. The solvent was removed in
vacuo, and the yellow residue was extracted four times into toluene
(40 mL) and filtered (F4). The resulting light yellow solution was
concentrated to incipient crystallisation and stored at –1 °C for two
days, which resulted in the deposition of colourless crystals. Re-
moval of solvent by syringe and drying in vacuo yielded Ter3Cl as
a colourless crystalline solid (0.77 g, 1.10 mmol, 58%); m.p. 265 °C.
C48H52ClN2P (723.37): calcd. C 79.70, H 7.25, N 3.87; found C
79.26, H 6.84, N 4.07. 31P{1H} NMR (121.5 MHz, CD2Cl2, 25 °C):
δ = 129.9 ppm. 1H NMR (300.13 MHz, CD2Cl2, 25 °C): δ = 1.68
(s, 12 H, o-CH3), 1.85 (s, 12 H, o-CH3), 2.39 (s, 12 H, p-CH3), 4.08
[d, 2 H, NH, 2J(1H,31P) = 3.6 Hz], 6.80–6.94 (m, 12 H, m-CH),
6.95–7.01 (m, 2 H, p-CH) ppm. 13C{1H} NMR (75.5 MHz,
CD2Cl2, 25 °C): δ = 20.30 (s, o-CH3), 20.68 [d, o-CH3, J(13C,31P)
= 2.2 Hz], 21.61 (s, p-CH3), 122.68 [d, p-CH, J(13C,31P) = 2.2 Hz],
129.00 [d, m-CH-Mes, J(13C,31P) = 2.8 Hz], 131.64 [d, J(13C,31P) =
3.3 Hz], 135.08 (s), 137.34 [d, J(13C,31P) = 1.7 Hz], 137.25 [d,
J(13C,31P) = 3.9 Hz], 137.67 (s), 137.75 [d, J(13C,31P) = 2.2 Hz]
ppm. IR (ATR, 25 °C): ν̃ = 3309 (m), 3285 (m), 2971 (w), 2945
(w), 2914 (m), 2853 (w), 2731 (w), 1610 (m), 1582 (w), 1486 (w),
1419 (s), 1373 (s), 1303 (m), 1284 (m), 1260 (m), 1254 (m), 1242
(m), 1222 (s), 1183 (m), 1098 (w), 1073 (m), 1031 (m), 1006 (m),
931 (m), 895 (s), 861 (m), 846 (s), 797 (m), 770 (s), 752 (s), 664 (m),
639 (m), 597 (m), 563 (m), 549 (m) cm–1. Raman (500 mW, 25 °C,
750 scans): 3312 (1), 3286 (1), 3052 (2), 3015 (2), 2917 (3), 2857
(2), 2731 (1), 1613 (3), 1586 (2), 1482 (2), 1443 (2), 1380 (2), 1304
(3), 1232 (1), 1183 (2), 1162 (1), 1079 (2), 1007 (2), 948 (1), 838 (1),
741 (1), 664 (1), 579 (2), 561 (2), 523 (2), 415 (2), 386 (2), 336 (2),
275 (2), 240 (2) cm–1. CI-MS: m/z (%) = 330 (15) [TerNH3]+, 687
(100) [M – Cl]+, 743 (20) [isobutene + M]+. UV/Vis (25 °C,
CH2Cl2): λ = 297 (s), 248 (s) nm. Crystals of Ter3Cl suitable for
X-ray crystallographic analysis were obtained in moderate yield by
prolonged storage of dichloromethane solutions at –1 °C.

Ter3[B(C6F5)4]: To a stirred solution of (TerNH)2PCl (0.180 g,
0.25 mmol) in toluene (15 mL) was added a solution of Ag[B-
(C6F5)4]·2toluene (0.243 g, 0.25 mmol) in toluene (15 mL) dropwise
at ambient temperature over 15 min. The orange solution was
stirred for 1 h. The solvent was removed in vacuo, and the orange
residue was dissolved in CH2Cl2 (10 mL) and filtered (F4). The
resulting orange solution was concentrated to incipient crystallisa-
tion and stored at –1 °C overnight, which resulted in the deposition
of orange crystals. Removal of solvent by syringe and drying in
vacuo yielded the dichloromethane solvate Ter3[B(C6F5)4] as an
orange crystalline solid (0.125 g, 0.092 mmol, 37%); m.p. 244 °C
(dec.). C73H54BCl2F20N2P (1451.88): calcd. C 60.39, H 3.75, N
1.93; found C 60.40, H 3.68, N 1.86. 31P{1H} NMR (121.5 MHz,
CD2Cl2, 25 °C): δ = 249.1 ppm. 1H NMR (300.13 MHz, CD2Cl2,
25 °C): δ = 1.76 (s, 24 H, o-CH3), 2.25 (s, 12 H, p-CH3), 6.94 (s, 8
H, m-CH-Mes), 7.14 [d, 4 H, m-CH, 3J(1H,1H) = 7.74 Hz], 7.31 [d,
2 H, NH, 2J(1H,31P) = 12.3 Hz], 7.36–743 (m, 2 H, p-CH) ppm.
11B{1H} NMR (96.29 MHz, CD2Cl2, 25 °C): δ = –16.60 ppm.
19F{1H} NMR (282.38 MHz, CD2Cl2, 25 °C): δ = –132.78 (m),
–163.75 (m), –167.49 (m) ppm. 13C{1H} NMR (75.5 MHz, CD2Cl2,
25 °C): δ = 20.65 (s, o-CH3), 21.32 (s, p-CH3), 129.08 (s, p-CH),
130.61 (s, m-CH-Mes), 131.08 (s, m-CH), 132.26 [d, J(13C,31P) =
3.3 Hz], 132.59 [d, J(13C,31P) = 4.4 Hz], 132.76 [d, J(13C,31P) =
3.0 Hz], 137.52 [d, J(13C,31P) = 6.0 Hz], 141.23 (s), 148.7 [d, o-CF,
1J(13C,19F) = 238 Hz], 138.8 [d, p-CF, 1J(13C,19F) = 240 Hz], 136.9
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[d, m-CF, 1J(13C,19F) = 241 Hz], 125 (ipso-C) ppm. IR (ATR,
25 °C): ν̃ = 3287 (w), 2974 (w), 2919 (w), 2859 (w), 2738 (w), 1642
(w), 1611 (w), 1558 (w), 1511 (s), 1461 (s), 1419 (m), 1379 (m), 1340
(m), 1308 (m), 1239 (s), 1203 (m), 1154 (m), 1081 (s), 1033 (m), 977
(s), 954 (s), 857 (m), 806 (m), 774 (m), 756 (s), 738 (s), 681 (m),
660 (s), 630 (m), 610 (m), 600 (m), 572 (m), 556 (m) cm–1. Raman
(1500 mW, 25 °C, 700 scans): 3065 (1), 3019 (1), 2922 (2), 2861 (1),
2739 (1), 1644 (1), 1611 (3), 1584 (3), 1480 (2), 1422 (3), 1381 (2),
1301 (3), 1260 (2), 1216 (4), 1187 (3), 1079 (3), 1009 (2), 968 (5),
843 (2), 732 (1), 658 (1), 598 (2), 583 (3), 556 (2), 521 (2), 491 (2),
448 (2), 267 (2) cm–1. MS (ESI-TOF): m/z (%) = 679 (100)
[B(C6F5)4]–. CI-MS: m/z (%) = 330 (100) [TerNH3]+, 526 (40)
[TerNP(C6F5)]+, 687 (41) [M]+, 855 (35) [M + C6F5]+. UV/Vis
(25 °C, CH2Cl2): λ = 422 (w), 358 (m), 296 (m), 260 (s) nm. Crystals
of Ter3[B(C6F5)4] suitable for X-ray crystallographic analysis were
obtained in moderate yield by prolonged storage of a saturated
dichloromethane solution at ambient temperature.

Ter3[CF3CO2]: To a stirred solution of TerN(H)PNTer (0.343 g,
0.50 mmol) in toluene (10 mL) was added a solution of trifluoro-
acetic acid (0.057 g, 0.50 mmol) in toluene (1 mL) dropwise at
–80 °C over five minutes. The solution was warmed to ambient
temperature and stirred for one hour. The solvent was removed in
vacuo, and the yellow residue was dissolved in dichloromethane
(5 mL). The resulting yellow solution was concentrated to incipient
crystallisation and stored at ambient temperature overnight, which
resulted in the deposition of pale yellow crystals. The supernatant
was removed, and the crystalline residue was washed with dichloro-
methane (0.5 mL) and dried in vacuo to yield Ter3[CF3CO2]
(0.196 g, 0.24 mmol, 48%); m.p. 177 °C (dec. 190 °C).
C50H52F3N2O2P (800.93): calcd. C 74.98, H 6.54, N 3.50; found C
74.89, H 6.54, N 3.36. 31P{1H} NMR (121.5 MHz, CD2Cl2, 25 °C):
δ = 116.7 ppm. 1H NMR (300.13 MHz, CD2Cl2, 25 °C): δ = 1.75
(m, 24 H, o-CH3), 2.36 (s, 12 H, p-CH3), 4.38 [d, 2 H, NH,
2J(1H,31P) = 4.5 Hz], 6.78–6.92 (m, 12 H, m-CH), 6.93–7.00 (m, 2
H, p-CH) ppm. 19F{1H} NMR (282.4 MHz, CD2Cl2, 25 °C): δ =
–75.25 (s) ppm. 13C{1H} NMR (75.5 MHz, CD2Cl2, 25 °C): δ =
20.35 (m, o-CH3), 21.56 (s, p-CH3), 122.52 (s, p-CH), 129.10 (s, m-
CH-Mes), 130.19 (m-CH), 130.81 (d), 135.24 (d), 137.17 (br. s),
137.58 (s), 137.67 (s), 137.93 (s) ppm. IR (ATR, 25 °C): ν̃ = 3354
(w), 3314 (w), 3298 (w), 3250 (w), 2946 (w), 2917 (m), 2856 (w),
1875 (w), 1756 (m), 1611 (m), 1487 (w), 1434 (m), 1422 (s), 1368
(m), 1288 (w), 1264 (m), 1241 (w), 1209 (s), 1157 (s), 1142 (s), 1133
(s), 1075 (m), 1031 (m), 1007 (m), 949 (m), 933 (m), 899 (s), 848
(s), 798 (m), 777 (m), 754 (s), 731 (m), 704 (m), 696 (m), 661 (m),
648 (m), 629 (m), 614 (m), 596 (m), 550 (m) cm–1. Raman
(1500 mW, 25 °C, 700 scans): 3316 (1), 3300 (1), 3048 (3), 3011 (3),
2915 (3), 2859 (2), 2733 (2), 2550 (1), 1759 (1), 1611 (4), 1588 (3),
1484 (2), 1445 (2), 1381 (3), 1306 (5), 1229 (3), 1185 (1), 1164 (1),
1077 (2), 1007 (2), 949 (1), 824 (1), 739 (1), 662 (2), 577 (3), 554
(2), 521 (2), 489 (1), 415 (1), 330 (2), 276 (2), 249 (2), 234 (2) cm–1.
CI-MS m/z (%) = 330 (100) [TerNH3]+, 358 (26) [TerNP]+, 671 (15)
[M – CH4]+, 687 (77) [M]+, 705 (21) [M + F – H]+. UV/Vis (25 °C,
CH2Cl2): λ = 290 (s), 250 (s) nm. Crystals suitable for X-ray crystal-
lographic analysis were obtained by concentration of a dichloro-
methane solution of Ter3[CF3CO2] to incipient crystallisation and
storage at ambient temperature overnight.

Ter3[GaCl4]: To a stirred suspension of (TerNH)2PCl (0.180 g,
0.25 mmol) in dichloromethane (6 mL) was added a solution of
GaCl3 (0.053 g, 0.30 mmol) in dichloromethane (2 mL) dropwise at
ambient temperature over ten minutes. The pale yellow suspension
was stirred for one hour, which resulted in an orange solution. This
solution was concentrated to incipient crystallisation and stored at
–1 °C overnight, which resulted in the deposition of orange crystals.
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The supernatant was removed, and the crystalline residue was
washed with dichloromethane (0.5 mL) and dried in vacuo to yield
Ter3[GaCl4] as a orange crystalline solid (0.105 g, 0.12 mmol,
47 %); m.p. 215 °C (dec.). C48H52Cl4GaN2P (899.45): calcd. C
64.10, H 5.92, N 3.11; found C (measured with lead oxide) 64.53,
H 5.92, N 3.14. 31P{1H} NMR (121.5 MHz, CD2Cl2, 25 °C): δ =
250 ppm. 1H NMR (300.13 MHz, CD2Cl2, 25 °C): δ = 1.80 (s, 24
H, o-CH3), 2.32 (s, 12 H, p-CH3), 7.04 (br. s, 8 H, m-CH-Mes), 7.15
[d, 4 H, m-CH, 3J(1H,1H) = 7.6 Hz], 7.38[d, 2 H, NH, 2J(1H,31P) =
12.5 Hz], 7.39–7.44 (m, 2 H, p-CH) ppm. 13C{1H} NMR
(75.5 MHz, CD2Cl2, 25 °C): δ = 20.83 (br. s, o-CH3), 21.53 (s, p-
CH3), 129.12 (s, p-CH), 130.64 (s, m-CH-Mes), 131.14 (s, m-CH),
132.23 [d, J(13C,31P) = 3.3 Hz], 132.72 [d, J(13C,31P) = 4.4 Hz],
132.86 [d, J(13C,31P) = 2.8 Hz], 137.57 [d, J(13C,31P) = 3.9 Hz],
141.21 (s) ppm. IR (ATR, 25 °C): ν̃ = 3333 (w), 3261 (m), 3052
(w), 2975 (m), 2945 (m), 2916 (m), 2844 (m), 2737 (w), 1609 (m),
1573 (m), 1557 (m), 1478 (m), 1436 (s), 1416 (m), 1380 (m), 1342
(m), 1300 (m), 1292 (m), 1254 (m), 1201 (m), 1164 (m), 1129 (m),
1068 (m), 1032 (m), 1007 (m), 950 (s), 939 (s), 852 (s), 800 (s), 780
(m), 753 (s), 737 (m), 652 (m), 627 (m), 598 (m), 571 (m), 562 (m),
544 (m) cm–1. Raman (1500 mW, 25 °C, 669 scans): 3264 (1), 3057
(1), 3023 (1), 2917 (3), 2857 (1), 2737 (1), 1611 (3), 1582 (3), 1480
(2), 1420 (3), 1380 (2), 1310 (3), 1268 (2), 1216 (5), 1187 (3), 1073
(3), 1007 (2), 963 (4), 840 (2), 730 (2), 658 (2), 598 (2), 583 (3), 521
(2), 489 (2), 415 (2), 361 (2), 269 (2), 230 (1), 207 (1) cm–1. CI-MS:
m/z (%) = 358 (16) [TerNP]+, 671 (21) [M – CH4]+, 687 (100) [M]+.
UV/Vis (25 °C, CH2Cl2): λ = 438 (m), 361 (m), 255 (s) nm. Crystals
suitable for X-ray crystallographic analysis were obtained by con-
centration of a dichloromethane solution of Ter3[GaCl4] to incipi-
ent crystallisation and storage at ambient temperature overnight.

Ter3[CF3SO3]: To a stirred solution of TerN(H)PNTer (0.342 g,
0.50 mmol) in toluene (22 mL) was added a solution of CF3SO3H
(0.075 g, 0.50 mmol) in toluene (4 mL) dropwise at –80 °C over ten
minutes. The resulting yellow solution was warmed to ambient tem-
perature and stirred for 30 min. The solvent was removed in vacuo,
and the yellow residue was dissolved in dichloromethane (5 mL).
This solution was concentrated to incipient crystallisation and
stored at –25 °C overnight, which resulted in the deposition of
orange crystals. The supernatant was removed, and the crystalline
residue was washed with dichloromethane (0.5 mL) and dried in
vacuo to yield Ter3[CF3SO3] as an orange crystalline solid (0.08 g,
0.10 mmol, 20%); m.p. 255 °C (dec.). C49H52F3N2O3PS (836.98):
calcd. C 70.31, H 6.26, N 3.35; found C 70.44, H 6.80, N 3.32.
31P{1H} NMR (121.5 MHz, CD2Cl2, 25 °C): δ = 261 (br. s) ppm.
1H NMR (300.13 MHz, CD2Cl2, 25 °C): δ = 1.74 (s, 24 H, o-CH3),
2.33 (s, 12 H, p-CH3), 6.94 (s, 8 H, m-CH-Mes), 7.01 [d, 4 H, m-
CH, 3J(1H,1H) = 7.7 Hz], 7.34 (m, 2 H, p-CH), 9.67 [d, 2 H, NH,
2J(1H,31P) = 12.3 Hz] ppm. 13C{1H} NMR (75.5 MHz, CD2Cl2,
25 °C): δ = 20.86 [d, o-CH3, J(13C,31P) = 2.2 Hz], 21.56 (s, p-CH3),
128.66 (s, p-CH), 129.66 (s, m-CH-Mes), 131.34 (s, m-CH), 132.90
[d, J(13C,31P) = 8.8 Hz], 133.64 (br. s), 135.46 [d, J(13C,31P) =
5.5 Hz], 137.55 [d, J(13C,31P) = 2.8 Hz], 139.60 (s) ppm. 19F{1H}
NMR (282.38 MHz, CD2Cl2, 25 °C): δ = –78.67 (s) ppm. IR (ATR,
25 °C): ν̃ = 3341 (w), 3234 (w), 2917 (m), 2857 (w), 2734 (w), 1612
(w), 1575 (w), 1566 (w), 1506 (w), 1441 (m), 1426 (m), 1379 (m),
1293 (m), 1269 (m), 1223 (s), 1168 (s), 1077 (w), 1024 (s), 1010 (s),
969 (m), 850 (s), 803 (m), 754 (m), 744 (m), 636 (s), 596 (m), 563
(m), 551 (m), 541 (m) cm–1. Raman (400 mW, 25 °C, 750 scans):
3055 (3), 3017 (2), 2919 (4), 2858 (2), 2733 (1), 1613 (4), 1682 (3),
1582 (3), 1484 (2), 1435 (3), 1378 (2), 1306 (1), 1214 (5), 1189 (2),
1083 (3), 1031 (2), 1009 (2), 982 (5), 855 (2), 797 (1), 739 (2), 654
(2), 579 (2), 554 (2), 523 (2), 415 (2), 384 (2), 330 (2), 265 (2), 232
(2) cm–1. CI-MS: m/z (%) = 330 (100) [TerNH3]+, 687 (13) [M]+.

Eur. J. Inorg. Chem. 2012, 261–271 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 269

UV/Vis (25 °C, CH2Cl2): λ = 438 (w), 363 (m), 292 (s), 246(s) nm.
Crystals suitable for X-ray crystallographic analysis were obtained
by concentration of a dichloromethane solution of Ter3[CF3SO3]
to incipient crystallisation and storage at –25 °C overnight.

Ter3[Al{OCH(CF3)2}4]: To a stirred solution of (TerNH)2PCl
(0.175 g, 0.24 mmol) in dichloromethane (4 mL) was added a solu-
tion of Ag[Al{OCH(CF3)2}4] (0.200 g, 0.25 mmol) in dichloro-
methane (2 mL) dropwise at ambient temperature over ten minutes.
The orange solution was stirred for 30 min and filtered (F4). The
solvent was removed in vacuo, and the orange precipitate was
washed four times with n-hexane (4 mL). This precipitate was dis-
solved in dichloromethane (2 mL) and filtered (F4). Removal of
solvent by syringe and drying in vacuo yielded Ter3[Al{OCH-
(CF3)2}4] (0.232 g, 0.17 mmol, 70%) as a shiny orange mircocrys-
talline solid; m.p. 273 °C (dec.). C60H56AlF24N2O4P (1383.01):
calcd. C 52.11, H 4.08, 2.03; found C 52.74, H 4.08, N 1.97.
31P{1H} NMR (121.5 MHz, CD2Cl2, 25 °C): δ = 249 (br. s) ppm.
1H NMR (300.13 MHz, CD2Cl2, 25 °C): δ = 1.79 (s, 24 H, o-CH3),
2.31 (s, 12 H, p-CH3), 4.51 (m, 4 H, isopropoxy), 7.02 (s, 8 H, m-
CH-Mes), 7.15 [d, 4 H, m-CH, 3J(1H,1H) = 7.7 Hz], 7.29 [br. d, 2
H, NH, 2J(1H,31P) = 12.3 Hz] ppm. 7.42 [t, 2 H, p-CH, 3J(1H,1H)
= 7.7 Hz]. 13C{1H} NMR (75.5 MHz, CD2Cl2, 25 °C): δ = 20.75
(s, o-CH3), 21.47 (s, p-CH3), 71.47 (m, isopropoxy), 121.71 (s, CF3),
125.51 (s, CF3) 129.16 (s, p-CH), 130.70 (s, m-CH-Mes), 131.14 (s,
m-CH), 132.25 [d, J(13C,31P) = 3.3 Hz], 132.52 46 [d, J(13C,31P) =
4.4 Hz], 132.90 [d, J(13C,31P) = 2.8 Hz], 137.60 [d, J(13C,31P) =
3.9 Hz], 141.33 (s) ppm. 19F{1H} NMR (282.38 MHz, CD2Cl2,
25 °C): δ = –77.38 (s) ppm. IR (ATR, 25 °C): ν̃ = 3479 (w), 3378
(w), 3319 (w), 3255 (w), 2948 (w), 2919 (w), 2860 (w), 2737 (w),
1610 (w), 1603 (w), 1574 (w), 1488 (w), 1441 (m), 1426 (m), 1375
(m), 1290 (m), 1261 (m), 1211 (s), 1178 (s), 1099 (s), 1034 (m), 1009
(m), 957 (m), 890 (m), 852 (s), 798 (m), 754 (m), 736 (m), 727 (m),
685 (s), 650 (m), 630 (m), 597 (m), 566 (m), 550 (m) cm–1. Raman
(1500 mW, 25 °C, 700 scans): 3067 (2), 3021 (1), 2920 (2), 2866 (2),
2743 (1), 1611 (3), 1586 (3), 1480 (2), 1428 (5), 1383 (2), 1380 (4),
1289 (3), 1270 (3), 1221 (5), 1185 (3), 1073 (3), 1009 (3), 978 (4),
842 (2), 784 (1), 759 (1), 730 (2), 658 (2), 597 (2), 577 (2), 556 (2),
519 (2), 489 (2), 415 (2), 361 (2), 330 (2), 271 (2), 236 (1) cm–1. CI-
MS m/z (%) = 329 (32) [TerNH2]+, 330 (20) [TerNH3]+, 705 (100)
[M + F – H]+. UV/Vis (25 °C, CH2Cl2): λ = 435 (w), 360 (m), 297
(m), 271 (s), 246 (s) nm. Crystals suitable for X-ray crystallographic
analysis were obtained by concentration of a fluorobenzene solu-
tion of Ter3[Al{OCH(CF3)2}4] to incipient crystallisation and stor-
age at –25 °C for two days. Longer storage also produced ad-
ditional crystals of (TerNH)2P(H)OAl[OCH(CF3)2]3 as a result of
hydrolysis.

Ter3[CHB11H5Br6]: To a stirred suspension of (TerNH)2PCl
(0.180 g, 0.25 mmol) in CH2Cl2 (5 mL) was added
Ag[CHB11H5Br6] powder (0.230 g, 0.32 mmol) in one portion at
ambient temperature. The orange suspension was stirred for one
hour and filtered (F4). The solvent was removed in vacuo, and the
resulting orange precipitate was washed four times with benzene
(2 mL). The resulting deep orange oil was covered with a layer of
benzene and stored at ambient temperature overnight, which re-
sulted in the deposition of orange crystals. Removal of the solvent
by syringe and drying in vacuo yielded Ter3[CHB11H5Br6] (0.129 g,
0.10 mmol, 40%); m.p. 225 °C (dec.). C49H58B11Br6N2P (1304.32):
calcd. C 45.12, H 4.48, N 2.15; found C 45.65, H 4.61, N 1.84.
31P{1H} NMR (121.5 MHz, CD2Cl2, 25 °C): δ = 249.6 (br. s) ppm.
1H NMR (300.13 MHz, CD2Cl2, 25 °C): δ = 1.80 (s, 24 H, o-CH3),
2.31 (s, 12 H, p-CH3), 1.00–3.50 (m, carboranate-BH/CH), 7.03 (s,
8 H, m-CH-Mes), 7.15 [d, 4 H, m-CH, 3J(1H,1H) = 7.74 Hz], 7.41
(d, 2 H, NH), 7.42 [t, 2 H, p-CH, 3J(1H,1H) = 7.65 Hz] ppm. 11B
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NMR (96.3 MHz, CD2Cl2, 25 °C): δ = –1.90 (s, 1B), –9.92 (s, 5B),
–20.1 [d, 5B, 1J(1H,11B) = 167 Hz] ppm. 13C{1H} NMR
(75.5 MHz, CD2Cl2, 25 °C): δ = 20.82 (br. s, o-CH3), 21.55 (s, p-
CH3), 129.16 (s, p-CH), 130.68 (s, m-CH-Mes), 131.17 (s, m-CH),
132.25 [d, J(13C,31P) = 3.3 Hz], 132.55 [d, J(13C,31P) = 4.4 Hz],
132.90 [d, J(13C,31P) = 2.8 Hz], 137.58 [d, J(13C,31P) = 3.9 Hz],
141.26 (s) ppm. IR (ATR, 25 °C): ν̃ = 3330 (w), 3173 (w), 3052 (w),
2946 (w), 2916 (m), 2855 (w), 2601 (m), 1611 (m), 1556 (w), 1510
(m), 1435 (s), 1428 (m), 1378 (m), 1290 (w), 1240 (m), 1199 (m),
1176 (m), 1126 (m), 1076 (w), 1002 (s), 990 (s), 952 (s), 932 (s), 857
(s), 805 (s), 744 (s), 679 (m), 633 (s), 596 (m), 563 (m), 549 (m)
cm–1. A Raman spectrum was not measured because of fluores-
cence behaviour. CI-MS: m/z (%) = 330 (100) [TerNH3]+, 386 (15)
[isobutene + TerNH3]+. UV/Vis (25 °C, CH2Cl2): λ = 435 (w), 358
(m), 296 (w), 245 (s) nm. Crystals suitable for X-ray crystallo-
graphic analysis were obtained by concentration of a benzene solu-
tion of Ter3[CHB11H5Br6] to a deep orange oil and storage at am-
bient temperature overnight.

Ter[SbF6]: To a stirred suspension of (TerNH)2PCl (0.180 g,
0.25 mmol) in CH2Cl2 (5 mL) was added a suspension of Ag[SbF6]
(0.103 g, 0.30 mmol) in dichloromethane (10 mL) over 20 min at
–80 °C. The orange solution was warmed to ambient temperature
for 30 min, which resulted in the precipitation of silver chloride.
The solvent was removed in vacuo, and the residue was dissolved
in CH2Cl2 (3 mL) and filtered (F4). The resulting solution was con-
centrated to incipient crystallisation and stored at –1 °C overnight,
which resulted in the deposition of colourless crystals and a few
orange crystals. The colourless crystals were identified as
[TerNH3][SbF6] and the orange crystals were identified as
Ter3[SbF6] by X-ray structure determinations.

CCDC-832970 (for Ter3F), -832971 (for Ter3Cl), -832972 (for
Ter3[CF3CO2]), -832973 (for Ter3[CF3SO3]), -832974 (for
Ter3[GaCl4]), -832975 (for Ter3[SbF6]), -832976 (for Ter3-
[B(C6F5)4]), -832977 (for Mes*3[GaCl4]), -832978 (for Ter3-
[Al(OCH(CF3)2)4]), -832979 (for (TerNH)2P(H)OAl(OCH-
(CF3)2)3), -832980 (for Ter3[CHB11H5Br6]), and -832981 (for
[TerNH3][SbF6]) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Crystallographic and further details.
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The potential energy surfaces for the intramolecular reac-
tions of heavy 1,3-butadiene have been explored using DFT.
All the stationary points, which include the heavy 1,3-butadi-
enes (R2E=ER–ER=ER2, E = group 14 element), intramolecu-
lar fragments, transition states, and the products, were com-
pletely optimized at the B3LYP/LANL2DZ level of theory.
Five 1,3-butadiene species, which include carbon, silicon,
germanium, tin, and lead, were chosen as model reactants.
Our theoretical findings suggest the following: (1) both steri-
cally bulky substituents attached to the heavy butadiene and
the weakness of the E=E double bond lead to the easy cleav-

Introduction

Since the first successful isolation of a stable, doubly
bonded silicon compound,[1] there has been considerable ef-
fort devoted in this area of chemistry. Many types of stable
disilenes (R2Si=SiR2) have been reported and many of their
fundamental reactions have been described.[2] Nevertheless,
very few studies have focused on the syntheses of stable,
conjugated tetrasilabutadienes (R2Si=SiR–SiR=SiR2). As
far as we are aware, only two stable tetrasila-1,3-dienes (1
and 2) have been prepared and structurally characterized
over the last twenty years.[3] Another kinetically stable tetra-
silabutadiene derivative 3 has been synthesized by Iwamoto,
Kira, and coworkers.[4] Unlike the conformations of 1 and
2, which adopt the s-cis form in the solid state and in solu-
tion,[3] 3 has an anticlinal conformation with an Si1–Si2–
Si3–Si4 dihedral angle of 122.56(7)° in the solid state.[4] Ap-
parently, the substituent R has a significant influence on
the geometric structure of R2Si=SiR–SiR=SiR2.

The successful syntheses of these new conjugated tetra-
silabutadienes will broaden the category of disilenes. Ac-
cording to the experimental studies of Iwamoto, Kira, and
coworkers,[4] it was found that the thermolysis of 3 at 80 °C
in benzene for three hours gave cyclotrisilene 4 and cyclic
silene 5 in high yields. However, only a very limited amount
of information is available about the mechanisms of such
reactions. Furthermore, if one can thermally cleave a Si=Si
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age of one E=E double bond in heavy 1,3-butadiene and (2)
for two intramolecular reactions (cycloaddition and 1,2-mi-
gration) of the heavy 1,3-butadienes with sterically over-
crowded substituents, the lighter the E atoms involved in the
1,3-butadiene molecule, the smaller the intramolecular bar-
rier, the lower the reaction enthalpy, and the more facile its
intramolecular reaction at room temperature. Furthermore, a
configuration-mixing model has been used to rationalize the
computational results, and the results obtained allow a
number of predictions to be made.

double bond in 3 and rearrange the fragment species to
produce the intriguing final products, would it be possible
to extend this phenomenon to other conjugated π systems
with group 14 elements? Attempts to prepare other heavy
butadiene analogues using group 14 elements (such as Sn
and Pb) have not been reported to date.[5] As the synthesis
of isolable tetrasilabutadiene species such as 3 is both un-
usual and useful, we were curious about the chemical and
physical properties of such species and wanted detailed
mechanistic knowledge in order to exercise greater control
over their synthesis. To the best of our knowledge, neither
experimental nor theoretical studies have been devoted to
the study of the reaction mechanisms of heavy butadiene
systems. It is astonishing how little is known about the in-
tramolecular reaction mechanisms of 3 considering the im-
portance of tetrasilabutadiene in heavy group 14 synthetic
chemistry and the extensive research on the corresponding
butadiene species.[6]



Mechanisms of Thermal Cleavage of E=E Bonds

We report the results of DFT calculations for the mecha-
nisms of the reactions shown in Scheme 1.

Scheme 1.

We have considered the reaction pathways of two kinds
of intramolecular model reactions, which afford the spiro
product 7 and the five-membered cyclic species 8, respec-
tively, and involve a series of heavy butadiene systems with
group 14 elements E (E = C, Si, Ge, Sn, Pb). Each of these
pathways was examined computationally and is described
in detail. Moreover, Gibbs free energies (ΔG) of the thermal
reactions are presented and discussed, which should be use-
ful for further experimental observations. In view of recent
dramatic developments in group 14 heavy carbenes,[2] anal-
ogous studies of group 14 heavy butadienes that bear steri-
cally bulky substituents should be forthcoming and will
open up new areas.

Results and Discussion

Geometries of Heavy Butadiene Systems with Group 14
Elements

Before discussing the geometric optimizations and poten-
tial energy surfaces (Reactions 1–3) for the intramolecular
reactions of the group 14 butadiene systems, we first exam-
ined the geometry of 3. As the structure of 3 (i.e. 6-Si) has
been determined by X-ray crystal analysis, its geometry op-
timization was first carried out to calibrate the B3LYP cal-
culations. As shown in Figure 1, the calculated Si1–Si2, Si2–
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Si3, and Si3–Si4 distances are 2.230, 2.376, and 2.230 Å,
respectively. These values are very close to those of 2.198,
2.340, and 2.217 Å observed in the X-ray crystal struc-
ture.[4] Additionally, our calculated Si1–Si2–Si3–Si4 dihedral
angle is 122.4°, which is in excellent agreement with the
experimental value (122.6°).[4] These results strongly suggest
that the B3LYP calculations are reliable enough for the
present purpose.

Figure 1. B3LYP/LANL2DZ optimized geometries [Å and °] of
singlet 6 (E = C, Si, Ge, Sn, Pb). The experimental values are in
parenthesis. Hydrogen atoms are omitted for clarity.

We also examined the other heavy butadiene reactants 6
(E = C, Si, Ge, Sn, Pb) in the singlet state, which were calcu-
lated at the B3LYP/LANL2DZ level of theory. The key geo-
metric parameters for 6 are collected in Figure 1.

The average E=E double bond lengths of 1.424, 2.230,
2.384, 2.816, and 2.963 Å calculated for 6-C, 6-Si, 6-Ge, 6-
Sn, and 6-Pb, respectively, agree with the available experi-
mental data. For example, the B3LYP E=E bond lengths
are in reasonable agreement with 1.356,[12] 2.140–2.160,[13]

2.213–2.247,[14] 2.768,[15] and 3.354–3.370 Å[16] normally
observed for C=C, Si=Si, Ge=Ge, Sn=Sn, and Pb=Pb
double bonds, respectively. Moreover, our calculated E–E
single bond lengths in the heavy butadiene systems are
1.573 (6-C), 2.376 (3, 6-Si), 2.525 (6-Ge), 2.969 (6-Sn), and
3.087 Å (6-Pb), respectively. These values are somewhat
longer than those observed experimentally, which are 1.545
(C–C),[12] 2.352 (Si–Si),[13] 2.445–2.663 (Ge–Ge),[14,17] 2.810
(Sn–Sn),[15] and 2.844–3.188 Å (Pb–Pb),[18,19] respectively.
The calculation of somewhat longer bond lengths may be
attributed to the steric effects caused by the larger size of
the five-membered ring substituents attached to the ter-
minal E atoms of 6. In any event, the consistent agreement
between our computational results and the available experi-
mental data is encouraging. We therefore believe that the
models (B3LYP/LANL2DZ) employed in this study should
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provide reliable information for the discussion of the reac-
tion mechanisms, for which experimental data are still not
available.

Additionally, an interesting trend that can be observed
in Figure 1 is the increase in the bond lengths (E=E and E–
E) and the dihedral angles (E–E=E–E) on going from car-
bon to lead. For instance, the E–E=E–E dihedral angle in
6 increases in the order of C (113.5°)�Si (122.4°) �Ge
(133.4°)� Sn (153.5°)�Pb (156.6°). Again, the reason for
these phenomena can be attributed to avoiding steric con-
gestion that results from the bulkier five-membered ring
substituents.

Thermal Dissociation of an E=E Double Bond in Heavy
Butadienes

The formation of 7 and 8 can most likely be interpreted
in terms of the initial formation of 9 and 10 by E=E double
bond dissociation (Reaction 1, Schemes 1 and 2), i.e. heavy,
conjugated 6 undergo dissociation into heavy carbene 9 and
five-membered cyclic heavy carbene 10 intermediates be-
cause of the steric repulsions between two bulky five-mem-
bered-ring substituents attached to the terminal E atoms in
6, where large ring strains further promote the dissociation.
As a result, the formation of 7 can be explained by the
addition of facile intramolecular carbene (�E:) into the
E=E double bond of 9 via TS-1 (Reaction 2, TS = transi-
tion state). On the other hand, 10 undergo intramolecular
1,2-silyl-group migration to yield 8 via TS-2 (Reaction 3).
In order to verify the existence of 9 and 10, we first per-
formed DFT calculations on the dissociation of an E=E
double bond in 6 using the B3LYP/LANL2DZ level of
theory. The optimized geometries that involve 9 and 10 at
both singlet and triplet states with selected structural pa-
rameters are collected in Figures 2 and 3, respectively, and
the corresponding energies are summarized in Table 1. The
major conclusions drawn from the current study can be
summarized as follows.

Scheme 2.

As seen in Table 1, it is intriguing to find that the dissoci-
ation of heavy 1,3-butadiene 6 into the singlet ground state
of 9 and 10 is predicted to be a slightly endothermic pro-
cess, except for 6-C. For instance, for 6-C, 6-Si, 6-Ge, 6-Sn,
and 6-Pb the dissociation energies are calculated to be –44,
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Figure 2. B3LYP/LANL2DZ optimized geometries [Å and °] of
both singlet and triplet intermediate 9 (E = C, Si, Ge, Sn, Pb).
Hydrogen atoms are omitted for clarity.

Figure 3. B3LYP/LANL2DZ optimized geometries [Å and °] of
both singlet and triplet intermediate 10 (E = C, Si, Ge, Sn, Pb).
The experimental values (ref.[24]) are in round parenthesis. Hydro-
gen atoms are omitted for clarity.

27, 13, 10, and 5.1 kcalmol–1, respectively. After consider-
ation of the Gibbs free energy, the dissociation energy of
these molecular systems is anticipated to be –61, +8.0. –2.0,
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Table 1. Relative energies for the processes: Reaction 1: 6�9 + 10,
Reaction 2: 9�TS-1 � 7, and Reaction 3: 10�TS-2 �8
(Schemes 1 and 2).[a]

System C Si Ge Sn Pb

Reaction 1
6 0.0 0.0 0.0 0.0 0.0
9 + 10 –44.2 +26.9 +13.3 +10.4 +5.1
(ΔE1) (–61.3) (+8.0) (–2.0) (–6.5) (–12.7)
Reaction 2
9 0.0 0.0 0.0 0.0 0.0

(0.0) (0.0) (0.0) (0.0) (0.0)
ΔEst, 9[b] –31.8 +1.3 +7.7 +12.0 +12.5

(–31.2) (+0.26) (+6.1) (+10.8) (+11.6)
TS-1[c] –5.9 +9.2 +13.5 +17.7 +19.7
(ΔE2‡) (–6.5) (+7.6) (+14.0) (+19.7) (+23.3)
7 –51.4 –22.6 –4.1 +1.7 +12.4
(ΔH1) (–50.3) (–23.8) (–6.7) (–0.40) (+14.6)
Reaction 3
10 0.0 0.0 0.0 0.0 0.0

(0.0) (0.0) (0.0) (0.0) (0.0)
ΔEst, 10 12.2 +27.3 +30.6 +31.4 +35.0

(+12.5) (+25.8) (+29.8) (+31.2) (+34.9)
TS-2[d] 0.23 +20.9 +26.7 +31.4 +40.2
(ΔE3‡) (+1.8) (+20.6) (+26.2) (+34.2) (+39.4)
8 –57.4 –8.5 +3.9 +18.6 +32.2
(ΔH2) (–56.3) (–10.5) (+2.1) (+15.6) (+28.0)

[a] At the B3LYP/LANL2DZ levels of theory. The B3LYP opti-
mized structures of the stationary points are shown in Figures 1,
2, 3, 4, 5, 6, and 7. Energy differences have been zero-point cor-
rected. The Gibbs free energy (at 298 K) is in round parentheses.
All units are in kcalmol–1. [b] Singlet–triplet energy splitting (ΔEst

= Etriplet – Esinglet). [c] Our computational data indicate that the
relative entropy of TS-1 (ΔS‡) was predicted to be 3.9, 5.2, 8.2,
–9.8, and –18.2 calmol–1 K–1 for TS-1-C, TS-1-Si, TS-1-Ge, TS-1-
Sn, and TS-1-Pb, respectively. [d] Our computational data indicate
that the relative entropy of TS-2 was predicted to be –6.4, 1.9, 2.3,
1.3, and 3.9 calmol–1 K–1 for TS-2-C, TS-2-Si, TS-2-Ge, TS-2-Sn,
and TS-2-Pb, respectively.

–6.5, and –13 kcalmol–1, respectively. This strongly implies
that 6 (6-C, 6-Ge, 6-Sn, and 6-Pb) are kinetically unstable
and may dissociate spontaneously to the more stable 9 and
10 at room temperature if they are produced. This can be
attributed to two reasons: (1) the drop in bond dissociation
energy on going from 6-C to heavier, homonuclear sys-
tems[20] and (2) the steric hindrance of the substituents at-
tached to the heavy butadienes. Many experimental findings
strongly indicate that the double bonding between the
heavy group 14 elements (E = Si, Ge, Sn, Pb) is relatively
weak.[21] Our theoretical results also show that the bond
strength of the E=E double bond decreases with the in-
creasing atomic number of E.[22] Additionally, to consider
the steric effect, we choose H2E=EH–EH=EH2 (E = C, Si,
Ge, Sn, Pb) as models to examine the dissociation reaction
H2E=EH–EH=EH2 �H2E=EH–HE: + :EH2. The B3LYP/
LANL2DZ results indicate that the dissociation energy is
183, 56.7, 35.5, 24.4, and 12.6 kcalmol–1 for C, Si, Ge, Sn,
and Pb, respectively. These values are much larger than
those of 6 with bulkier substituents (Table 1). Again, these
calculations show that the effect of severe steric congestion
can readily cleave one E=E double bond of the heavy 1,3-
butadienes by utilizing a smaller dissociation energy. In
combination, all these important factors led to the conclu-
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sion that both the sterically bulky substituents attached to
the heavy butadiene and the weakness of the E=E double
bond lead to the easy cleavage of one E=E double bond in
the heavy 1,3-butadiene. This is in accord with the experi-
mental data[4] and the computational results (Table 1).

Moreover, as represented in Figure 1, the relatively small
C=C and C–C bond lengths in 6-C (1.42 and 1.64 Å,
respectively), may result in the severely sterically over-
crowded bulky substituents attached to 6-C. This would re-
sult in the spontaneous dissociation of one C=C bond in 6-
C without any difficulty, which was confirmed by our com-
putational results. That is, the dissociation of singlet 6-C
into the singlet ground state of 9-C and the lowest singlet
state of 10-C is predicted to be highly exothermic by
44 kcalmol–1. Accordingly, the large energy difference that
favors 9-C and 10-C over 6-C, compared with the other
reactants (6-Si, 6-Ge, 6-Sn, and 6-Pb), strongly indicates
that C is more reluctant to form a 1,3-butadiene with bulk-
ier substituents than a fragment carbene species (9-C or 10-
C). In particular, for 6-Si, the total energy of 9-Si and 10-Si
is somewhat higher than that of 6-Si by only 8.0 kcal mol–1

(ΔG).[23] This computational result strongly implies that if
the temperature is raised above room temperature the small
energy barrier could be easily overcome, which could read-
ily lead to the dissociation of one Si=Si bond in 6-Si mole-
cule to yield 9-Si and 10-Si. Again, this theoretical finding
is consistent with the available experimental observations.[4]

Furthermore, as shown in Figure 2, we also calculated
the geometries of 9 at both singlet and triplet states. The
DFT frequency calculations reveal that all these species (9-
C, 9-Si, 9-Ge, 9-Sn, and 9-Pb) have no imaginary frequency
and are true minima on the potential energy surfaces. The
B3LYP results indicate that all of the species 9 studied here,
which are analogous to other substituted heavy carbenes,[9]

have singlet ground states. Moreover, no matter what multi-
plicity E adopts, our computations suggest that both the
E1–E2 and E2–E3 bond lengths show a monotonic increase
on going from C to Pb. This is mainly due to the increase
of the atomic radius of E on going from carbon to lead.
Additionally, our theoretical investigations also indicate
that, irrespective of its multiplicity, the E1–E2–E3 bond an-
gle decreases uniformly as E goes from C to Pb. It appears
that as E becomes heavier, a more acute E1–E2–E3 bond
angle is preferred in 9, which may be due to relativistic ef-
fects.[24] When E changes from carbon to lead, the valence
s orbital is more strongly contracted than the correspond-
ing p orbitals,[24] i.e. the size difference between the valence
s and p orbitals increases from C to Pb. Consequently, the
valence s and p orbitals of the heavier members of the
group overlap less to form strong hybrid orbitals.[24] There-
fore, we expect that 9 with a heavier E center favors a
smaller E1–E2–E3 bond angle.

From our DFT calculations, the stability of the singlet
state increases with decreasing electronegativity of E in 9.
That is to say, the singlet–triplet energy splitting (ΔEst =
Etriplet – Esinglet) generally increases as the atomic number
of E increases. The reason for this may be partially due to
the fact that the relativistic effect[24] on a heavier E atom
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stabilizes the s orbital relative to the p orbital, which favors
the singlet state relative to the triplet. This prediction is
confirmed by our theoretical results (Table 1), i.e. an in-
creasing trend in ΔEst for 9-C (–31)�9-Si (1.3) �9-Ge
(7.7) �9-Sn (12)� 9-Pb (13 kcalmol–1) at the B3LYP level
of theory. We will use ΔEst to predict the reactivity of 9 in
a later section.

We also calculated the geometry of 10 at both singlet
and triplet states (Figure 3). Fortunately, several stable five-
membered cyclic heavy carbenes have been isolated and
characterized unequivocally, i.e. silylene 10-Si,[25a] germyl-
ene 10-Ge,[25b] and stannylene 10-Sn.[25c] Selected experi-
mental geometric parameters for 10-Si, 10-Ge, and 10-Sn
are given in Figure 3. In principle, the agreement of bond
lengths and angles in 10-Si, 10-Ge, and 10-Sn between the
experimental and B3LYP results for the singlet state is quite
good, with the agreement between bond lengths and angles
of within 0.076 Å and 1.2°. Again, as a result of this en-
couraging agreement, it is believed that the B3LYP calcula-
tions provide an adequate theoretical level for further in-
vestigations of the molecular geometries of 10 and the phys-
ical features of their reactions.[26]

Moreover, the computational results in Figure 3 demon-
strate that the calculated E–C single bond lengths in singlet
10 increase in the order of 1.508 (10-C) �1.946 (10-
Si)� 2.043 (10-Ge)�2.225 (10-Sn) �2.301 Å (10-Pb). The
same trend for the triplet 10 species is also shown in Fig-
ure 3. The C–E–C bond angle (where E is the heavy carbene
center) follows the opposite trend to that of the E–E bond
length, i.e. 108° (10-C)� 94.4° (10-Si) � 91.8° (10-Ge)�
87.9° (10-Sn)� 86.1° (10-Pb). Likewise, the same phenome-
non is also shown for triplet 10 in Figure 3. Additionally, it
is apparent that, as the E atom becomes heavier, a C–E–C
bond angle that approaches 90° is preferred. Again, the
reason for this may be attributed to the relativistic effect.[24]

Furthermore, the ΔEst values of 10 are the most impor-
tant parameters in this study. As shown in Table 1, our
theoretical results show an increasing trend in ΔEst for 10-
C (12.2) �10-Si (27.3)� 10-Ge (30.6)�10-Sn (31.4) �10-
Pb (35.0 kcalmol–1) at the B3LYP/LANL2DZ level of
theory. This trend is analogous to the ΔEst results observed
for 9. Consequently, our results (Table 1 and Figure 3) dem-
onstrate that the heavier the E atom in 10, the smaller its
C–E–C bond angle, and the larger the ΔEst becomes. Again,
these results can be ascribed to the relativistic effect.[24] We
shall use the above conclusions to explain the origins of the
energy barriers for cycloadditions and 1,2-migrations in
later sections.

Reaction 2: Intramolecular Cycloaddition Reactions

We then considered the mechanism for Reaction 2 with
focus on the transition states and the cycloaddition prod-
ucts. The chemical reactions considered were: 9� TS-1�7
(Scheme 1). The optimized geometries for the stationary
points (TS-1 and 7) calculated at the B3LYP/LANL2DZ
level of theory and selected geometric parameters are col-
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lected in Figures 4 and 5, respectively. The relative energies
of the stationary points for these mechanisms are summa-
rized in Table 1. There are several important conclusions
from these results to which attention should be drawn.

For Reaction 2, we located TS-1 for each of the group 14
elements, along with the imaginary frequency eigen vector.
These reactions appear to be concerted because we have
only been able to locate one TS for each reaction and have
confirmed that it is a true TS on the basis of frequency
analysis. The DFT frequency calculations for TS-1-C, TS-
1-Si, TS-1-Ge, TS-1-Sn, and TS-1-Pb suggest that the single
imaginary frequency values are 227i, 156i, 96.6i, 66.2i, and
60.1i cm–1, respectively. As shown in Figure 4, vibrational
motion for the cycloaddition involves bond formation be-
tween E1 and E3. Thus, our theoretical investigations sug-
gest that the intramolecular cycloaddition 9 proceeds by a
one-step process. The fact that such cycloadditions follow a
concerted pathway is also supported by the geometries of
the TSs (Figure 4). For instance, the E1–E2 bond length in
these TSs increases in the following order: TS-1-C (2.189)
[27] �TS-1-Si (2.266)� TS-1-Ge (2.425)�TS-1-Sn
(2.816) �TS-1-Pb (2.918 Å). Likewise, our B3LYP calcula-
tions show that the E2–E3 bond length increases in
the order: TS-1-C (1.276)�TS-1-Si (2.189) �TS-1-Ge
(2.437)� TS-1-Sn (2.893)�TS-1-Pb (2.980 Å). These struc-
tural features indicate that the transition structures for the
cycloaddition reaction of 9 that contain lighter E atoms are
more reactive.[28] This is consistent with the Hammond pos-
tulate,[29] which associates an earlier transition state with a
smaller reaction barrier and a larger exothermicity. Indeed,

Figure 4. B3LYP/LANL2DZ optimized geometries [Å and °] of
TS-1 (E = C, Si, Ge, Sn, Pb). The relative energies for each species
are shown in Table 1. The heavy arrows indicate the main atomic
motions in the transition state eigen vector. Hydrogen atoms are
omitted for clarity.
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the barrier height for Reaction 2 is predicted to increase on
going from carbon to lead (Table 1). In consequence, our
calculations indicate that the lighter and more electronega-
tive the E in 9, the lower the activation barrier for Reaction
2.

As shown in Scheme 1, Reaction 2 can produce five cy-
cloaddition products, 7-C, 7-Si (i.e. 4), 7-Ge, 7-Sn, and 7-
Pb (Figure 5). To the best of our knowledge, only one crys-
tallographic investigation on substituted 7-Si has been car-
ried out over the last three years, and no theoretical calcula-
tions are available for 7. Our B3LYP calculations predict
that the average E1–E2 (E1–E3), and E2=E3 bond lengths in
7-Si are 2.369 and 2.168 Å, respectively, which are consis-
tent with the experimental values of 2.301 and 2.143 Å.[4]

Similarly, the calculated E1–E2–E3 and E2–E1–E3 bond
angles in 7-Si are 62.85° and 54.45°, respectively, which
compare favorably with the corresponding bond angles de-
termined from the X-ray data of 62.46° and 55.42°.[4]

Again, due to the agreement between the B3LYP theory
and the experimental data, we are confident that the same
relative accuracy should also apply to the geometries and
energies predicted for the other species of 7.

Figure 5. B3LYP/LANL2DZ optimized geometries [Å and °] of 7
(E = C, Si, Ge, Sn, Pb). The experimental values are in round
parenthesis. Hydrogen atoms are omitted for clarity.

Additionally, the DFT computations show that the
E2=E3 double bond length and the average E1–E2 and E1–
E3 bond lengths follow the same trend as the atomic weight
of E changes (Figure 5). As presented earlier, 9 with a ligh-
ter but more electronegative E atom reaches the TS rela-
tively early, whereas a heavier, less electronegative E atom
arrives at the TS relatively late. The former is therefore pre-
dicted to undergo a more exothermic abstraction, which is
borne out by our DFT calculations. The order of free en-
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ergy (ΔG) follows the same trend as the activation energy
(Table 1). The energy of 7-Pb is greater than that of the
corresponding starting material, which strongly implies that
the intramolecular cycloaddition reaction of 9-Pb is ener-
getically unfavorable and would be endothermic at room
temperature. Thus, from consideration of both the kinetics
and the thermodynamics of Reaction 2, one may conclude
that the lighter, more electronegative E atoms involved in
9, the more facile its intramolecular cycloaddition reaction
becomes at room temperature. In addition, our theoretical
findings suggest that the intramolecular cycloaddition reac-
tions of 9 should proceed in a concerted manner. In other
words, such cycloadditions of 9 should be favored to pro-
duce stereoretention products. Our DFT observations are
in accordance with the conclusion as given in Figures 4 and
5.

Reaction 3: Intramolecular Migration Reactions

Next, we considered the other mechanism of Reaction 3.
To maintain consistency with our previous work, we used
the following reaction mechanism to explore the 1,2-silyl-
group migration reactions of 10: 10�TS-2 �8. The geo-
metries and energies of 10 (E = C, Si, Ge, Sn, Pb) were
calculated using the B3LYP/LANL2DZ level of theory. Se-
lected geometric parameters and relative energies of station-
ary points for Reaction 3 are collected in Figures 6 and 7
and Table 1, and several noteworthy features were revealed.

As expected,[25] 10 can undergo an intramolecular 1,2-
silyl-group migration with an energy barrier to form a five-
membered cyclic product with a double bond (8). As can
be seen in Figure 6, it is evident that these TSs (TS-2-C,
TS-2-Si, TS-2-Ge, TS-2-Sn, and TS-2-Pb), which are all at
the first-order saddle point as determined by frequency cal-
culations at the B3LYP level, proceed in a three-center
pattern involving one E, one carbon, and one silicon atom.
Our DFT frequency calculations for TS-2-C, TS-2-Si, TS-
2-Ge, TS-2-Sn, and TS-2-Pb indicate that the single imagi-
nary frequency values are 211i, 164i, 119i, 76.8i, and 63.1i
cm–1, respectively. Their normal modes associated with the
single imaginary frequency are consistent with the 1,2-silyl-
group shift process. From Figure 6, it is apparent that the
length of the E–C bond for the migration transition struc-
ture follows the same trend as the central atom E radius.
One of the interesting points that emerged from the calcula-
tions of the TS geometries are the extent to which the mi-
grating Si–C bond is formed in the TS. Compared to its
value in the reactant, the migrating Si–C bond length in
TS-2-C, TS-2-Si, TS-2-Ge, TS-2-Sn, and TS-2-Pb is 7.0, 35,
45, 58, and 70 % longer than that of the corresponding 10,
respectively. These data indicate that the 10-C intramolecu-
lar migration arrives at the TS relatively early, whereas the
10-Pb intramolecular migration reaches the TS relatively
late. According to the Hammond postulate,[29] the energy
barriers are encountered earlier in the intramolecular mi-
gration of the former than that of the latter. Indeed, from
Table 1 one can easily see that the migration energy barrier
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of the TS increases on going from carbon to lead. That is
to say, the heavier the central E atom involved in 10, the
larger its 1,2-shift barrier, which hinders its migration reac-
tion.

Figure 6. B3LYP/LANL2DZ optimized geometries [Å and °] of
TS-2 (E = C, Si, Ge, Sn, Pb). The relative energies for each species
are given in Table 1. The heavy arrows indicate the main atomic
motions in the TS eigen vector. Hydrogen atoms are omitted for
clarity.

To the best of our knowledge, experimental structures for
such migration products 8 are not yet known.[4b] Neverthe-
less, as seen in Figure 7, our DFT calculations anticipate
that all the C=E double bond and C–E single bond lengths
increase in the same order as the atomic radius of the cen-
tral E atom. Moreover, compared with the geometric fea-
tures shown in Figures 6 (TS-2) and 7 (8), it can be seen
that the length of the migrating E–Si bond in TS-2 is 19,
8.9, 8.1, 7.4, and 7.3% longer than that of the correspond-
ing 8, respectively. Again, our DFT results demonstrate that
the lighter the E atom, the more reactive the TS, which
would encounter a lower energy barrier and a more exo-
thermic reaction.[29] As shown in Table 1, the B3LYP results
indicate that the order of free energy (ΔG) of the 1,2-silyl-
group migration follows the same trend as its activation
barrier. It is evident that the energies of 8-Ge, 8-Sn, and 8-
Pb are all above those of the corresponding reactants.
Namely, our computational results suggest that the 1,2-si-
lyl-group migration products 8-Ge, 8-Sn, and 8-Pb are not
produced from the 1,2-shift reaction as in Reaction 3, but
may exist if these migration products are produced through
other reaction pathways. Our theoretical reports are in line
with the experimental evidence. It was found experimentally
that the most intriguing reactivity of 10-Si is the facile 1,2-
migration of one neighboring trimethylsilyl group that gives
a corresponding silaethene derivative 8-Si (5; Reaction 3) in
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stark contrast to the corresponding stable 10-Ge and 10-Sn,
which show no such 1,2-shift isomerization even at
100 °C.[4]

Figure 7. B3LYP/LANL2DZ optimized geometries [Å and °] of 8
(E = C, Si, Ge, Sn, Pb). Hydrogen atoms are omitted for clarity.

The Origin of the Energy Barrier and the Reaction
Enthalpy for Intramolecular Reactions of Heavy Butadienes

In order to understand the key factors that determine
the general features of the intramolecular reactions of these
heavy 1,3-butadienes, a configuration mixing (CM)
model[30,31] has been used to gain a better understanding of
the reactivity of the various species. According to this
model, the intramolecular stabilization of both cycload-
dition and migration TSs depends on ΔEst in the corre-
sponding reactants (9 and 10), i.e. a smaller ΔEst results
in a more stable TS, a lower activation energy, and faster
cycloaddition or migration. These results are also consistent
with the prediction that the activation barrier should be
correlated to the reaction enthalpy for chemical reactions,
as illustrated earlier. We refer readers to several review arti-
cles on the subject of CM model theory for further, more
detailed information.[30,31]

With the above conclusions in mind, we shall explain the
origin of the theoretically observed trends shown pre-
viously.

(1) Why are the intramolecular cycloaddition reactions of
9 with lighter E atoms more facile than those of 9 with heav-
ier E atoms?

The reason for this can be traced back to ΔEst of the 9
species. As discussed earlier, our calculations (Table 1) sug-
gest an increasing trend in ΔEst: 9-C (–31)� 9-Si (1.3)� 9-
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Ge (7.7) �9-Sn (12) �9-Pb (13 kcalmol–1). Consequently, it
can be seen that this result is in good agreement with the
trend in activation energies as well as the reaction enthalp-
ies for 9 discussed earlier. That is, our theoretical work indi-
cates that the lower the atomic weight of E in 9, the lower
its barrier to intramolecular cycloaddition, and the larger
the exothermicity of this reaction.

(2) Why does the ease of intramolecular 1,2-shift reaction
of 10 decrease in the order of C �Si� Ge�Sn �Pb?

According to the CM model discussed above, it is clear
that the magnitude of ΔEst for 10 should play a decisive
role in the determination of its reactivity for 1,2-silyl-
group migration reactions. As shown in Table 1, our theo-
retical results indicate an increasing trend in ΔEst:
10-C (12.2)�10-Si (27.3)�10-Ge (30.6)�10-Sn (31.4)�10-
Pb (35.0 kcalmol–1) at the B3LYP level of theory. This cor-
relates well with the trends in both barrier height and reac-
tion enthalpy as discussed in the previous section.

Accordingly, our theoretical findings strongly suggest
that the ΔEst values of 9 and 10 can be used to predict the
reactivities of intramolecular reactions, such as cycload-
dition and 1,2-migration.

One may wonder why the ΔEst value of 9 or 10 increases
monotonically from carbon to lead. The reason for this can
be easily understood by the relativistic effect.[24] That is, the
size difference between the valence s and p orbitals in-
creases from C to Pb (the so-called “inert s-pair effect” or
“nonhybridization effect”).[24] Therefore, the valence s and
p orbitals differ in spatial extension and subsequently over-
lap less to form strong hybrid orbitals. Also, the valence
orbital energy between s and p increases from carbon to
lead. This, in turn, enlarges ΔEst as E goes from C to Pb.[24]

Conclusion
From our survey of the intramolecular reaction mecha-

nisms of heavy 1,3-butadiene systems, we have come to the
following conclusions:

(a) As demonstrated previously,[21] from a binding energy
point of view, it is well known that the π bond strength of
E=E decreases on going from carbon to lead. As a conse-
quence, the greater the atomic weight of E, the longer the
E=E bond length, the weaker the π bond strength of E=E,
the lower its π bond dissociation energy, and the more facile
the dissociation reaction of heavy 1,3-butadiene, which was
indeed observed in this study.

(b) In addition to the weakness of the E=E double bond,
the severely sterically demanding and bulky five-membered
cyclic substituents attached to the heavy 1,3-butadiene can
greatly promote the dissociation of one E=E double bond
in 6. That is to say, steric strain affects the bond energy,
and the latter is not independent of the former. Thus, the
easy thermal cleavage of one E=E double bond in a heavy
1,3-butadiene that possesses severely overcrowded substitu-
ents is attributed to both the E=E bond strength and the
steric effects of the substituents.

(c) In light of our theoretical results, we are confident
that the most reasonable mechanism for the thermal disso-
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ciation of 6 to 7 and 8 takes place according to the routes
shown in Scheme 1. In principle, the thermal cleavage of
one E=E double bond in 6 can subsequently lead to two
kinds of intramolecular reactions. One is cycloaddition (Re-
action 2; 6�9 �TS-1� 7) and the other is 1,2-silyl-group
migration (Reaction 3; 6�10 �TS-2� 8).

(d) Our theoretical findings suggest that these heavy 1,3-
butadienes (6-C, 6-Ge, 6-Sn, and 6-Pb) can spontaneously
dissociate one E=E double bond at room temperature.
However, our DFT results indicate that 6-Si does not easily
break one Si=Si double bond at room temperature. Never-
theless, adding more thermal energy to the 6-Si system can
overcome the dissociation barrier to perform further reac-
tions. This finding is in agreement with experimental obser-
vations.[4]

(e) As our analysis demonstrates, the CM approach adds
additional facets and insights to this relatively poorly
understood area of mechanistic study for heavy 1,3-butadi-
enes such as 6. Our theoretical evidence indicates that the
ΔEst value of a heavy carbene (such as 9 and 10) can serve
as a diagnostic tool to better understand and predict its
chemical reactivity, both kinetically and thermodynami-
cally.

(f) No matter what the intramolecular reaction (Reaction
2 or 3) the heavy 1,3-butadiene with the sterically over-
crowded substituents adopts, our present theoretical investi-
gations demonstrate that the lighter the E atom involved in
the intermediate carbene species (9 or 10), the smaller its
ΔEst value, and, in turn, the more facile its intramolecular
cycloaddition or 1,2-migration reaction.

(g) The reason that the ΔEst value of heavy carbene spe-
cies increases monotonically as E changes from carbon to
lead can be ascribed to the relativistic effect.[24]

We encourage experimentalists to carry out further ex-
periments to confirm our predictions.

Theoretical Methods
General: All geometries were fully optimized without symmetry
constraints, although in some instances the resulting structure
showed various elements of symmetry. For our DFT calculations,
we used the hybrid gradient-corrected exchange functional pro-
posed by Becke,[7] combined with the gradient-corrected correlation
functional of Lee, Yang, and Parr.[8] This functional is commonly
known as B3LYP and has been shown to be reliable both for geo-
metries and energies.[9] The B3LYP calculations were carried out
with relativistic effective core potentials on group 14 elements mod-
eled using the double-zeta (DZ) basis sets.[10] The DZ basis set for
hydrogen was augmented by a set of p-type polarization functions
(p exponents 0.356). Accordingly, we denote our B3LYP calcula-
tions as B3LYP/LANL2DZ. Thus, model reactants 6 have 654 (390
electrons) basis functions.

The spin-unrestricted (UB3LYP) formalism was used for the open-
shell (triplet) species. The S2 expectation values of these species all
showed an ideal value (2.002) after spin annihilation so that their
geometries and energies are reliable for this study. Frequency calcu-
lations were performed on all structures to confirm that the reac-
tants and products had no imaginary frequencies, and that TSs
possessed only one imaginary frequency. The relative energies were
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thus corrected for vibrational zero-point energies (ZPE, not scaled).
Thermodynamic corrections at 298 K, ZPE corrections, heat ca-
pacity corrections, and entropy corrections (ΔS) were applied at
the B3LYP/LANL2DZ level. Thus, the relative Gibbs free energy
(ΔG) at 298 K was also calculated at the same level of theory. All
of the DFT calculations were performed using the GAUSSIAN 03
package of programs.[11]

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates calculated for all the stationary points
at the B3LYP level.
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Substitution of the chloro ligands of cis-[Pt(PEt3)2Cl2] by 4-
methylthio-2-thioxo-1,3-dithiole-5-thiolate (L) leads to the
thiolato complexes trans-[Pt(PEt3)2ClL] (2) and trans-
[Pt(PEt3)2L2] (1), which have been characterised by X-ray
crystallography. In the solid state, the square planar arrange-
ment is capped by an endocyclic sulfur atom of L, which
gives rise to distorted square-pyramidal and pseudooctahe-
dral geometries for 2 and 1, respectively. Complex 1 coexists
in solution with [Pt(PEt3)(η1-L)(η2-L)] (3), which results from
the reversible dissociation of one phosphane ligand. The
combination of η1-(thiolato) and η2-(thiolato/thioether) L in 3
has been established by variable-temperature 1H NMR spec-
troscopy and crystal structure determination. The η2-coordi-
nation mode of L is also observed in cis-[Pt(PEt3)2L]+ (4),
which results from the abstraction of the chloro ligand of 2
by excess TlPF6. An S-demethylation reaction occurs when 1
is heated in acetonitrile to yield the structurally-character-

Introduction

Hemilabile ligands are polydentate ligands that contain
one or several donor functionalities, which firmly bind to
the metal centre, and at least one substitutionally-labile do-
nor functionality, which allows a reversible opening–closing
mechanism upon addition of a substrate. This class of li-
gands has found increasing use in the design of catalysts
and chemosensors.[1] For this purpose, ligands that combine
hard and soft donor atoms, such as P�O and P�N, have
been studied extensively. However, the combination of iden-
tical atoms that lie in different environments, such as the
thiolate/thioether association, may also confer hemilabile
properties. For example, this behaviour has been studied for
an oxorhenium(V) complex coordinated by edtMe (edtH2 =
1,2-ethanedithiol).[2] In continuation of our previous studies
that concerned the coordination chemistry of dithiolene
and dithioether ligands,[3] we are interested in mixed thio-
ether/thiolate derivatives with a tetrathioethylene skeleton
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ised dithiolene complex [Pt(PEt3)2(dmit)] (5) (dmit2– = 2-
thioxo-1,3-dithiole-4,5-dithiolate) and MeL. Treatment of cis-
[Pt(PPh3)2Cl2] with 2 equiv. of L leads to a mixture of
[Pt(PPh3)2(dmit)] (6) and [Pt(PPh3)(η1-L)(η2-L)] (7). Complex
7 predominates in solution over its parent compound,
[Pt(PPh3)2L2]. The identification of CH3Cl by 1H NMR spec-
troscopy proves that [Pt(PPh3)2ClL] is involved as an inter-
mediate in the demethylation process. The reaction of L with
platinum precursors that are blocked in a cis arrangement
by chelation of 1,1-bis(diphenylphosphanyl)methane (dppm)
and 1,1-bis(diphenylphosphanyl)ethane (dppe) leads to the
formation of the thiolato complexes cis-[Pt(η2-dppm)L2] (8)
and cis-[Pt(η2-dppe)L2] (9). The solid-state structure of 8 re-
veals the occurrence of an additional weak interaction be-
tween a thiomethyl group and the platinum centre (Pt–S
3.073 Å).

as potential hemilabile ligands (Scheme 1). Although these
systems exhibit attractive features, the literature on this
family of ligands is limited.[4] Compared to the properties
of edtMe, their chelating ability is expected to be strength-
ened due to the entropic factors that result from the use of a
rigid ethylene bridge between the thiolate and the thioether
groups. Moreover, multiple accessible oxidation states are
expected in sulfur-rich ligands with the tetrathiafulvalene
framework.[5] In these redox-active thiolate/thioether li-
gands, the binding properties could change as a function
of their oxidation state. Ligands that allow electrochemical
control over the binding properties have been termed redox-
switchable hemilabile ligands.[6] With potential applications
in catalysis or materials science in mind, we have under-
taken a study of the synthesis and properties of square-
planar complexes with mixed thiolate/thioether ligands that
possess a tetrathioethylene core. This paper reports the
preparation and reactivity of platinum(II) complexes with
hemilabile 4-methylthio-2-thioxo-1,3-dithiole-5-thiolate
(Medmit– = L). The parent dithiolene ligand, 2-thioxo-1,3-
dithiole-4,5-dithiolate (dmit2–), is one of the most studied
dithiolene ligands and has applications in conducting mate-
rials.[7] The coordinating ability and structural aspects of L
have been studied by Olk et al. with several other transition
metals.[4a,4b] Its coordination mode has been identified as
monodentate through the thiolate sulfur atom in (Ph3P)3-
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AgL, (Ph3P)2AuL, Cp2TiL2, (tmeda)ZnL2 [tmeda = 1,2-
bis(dimethylamino)ethane] and (dppe)PdL2 [dppe = 1,2-
bis(diphenylphosphanyl)ethane], whereas the mixed thio-
late/thioether ligand acts as a bidentate ligand in (Ph3P)2-
CuL. Interestingly, both coordination modes coexist in
(dppe)NiL2. To develop this topic further, our contribution
focuses on the complexation of L with platinum(II). We in-
vestigated the reactivity of the coordinated ligand and the
influence of the nature of the ancillary ligand on the coordi-
nation mode.

Scheme 1.

Results and Discussion

Substitution of Chlorine by L in cis-[Pt(PEt3)2Cl2]

The reaction of cis-[Pt(PEt3)2Cl2] with 2 equiv. of CsL in
dichloromethane yielded trans-[Pt(PEt3)2L2] (1) as an ochre,
air-stable powder (Scheme 2). Complex 1 is highly soluble
in halogenated solvents, but poorly soluble in acetone and
methanol. A cyclic voltammetry study performed in
CH2Cl2 showed that 1 is irreversibly oxidised at ca. 0.8 V
vs. AgClO4/Ag (0.1 m in MeCN). The hydrogen atoms of
the thiomethyl groups appear as a singlet at 2.44 ppm in
the 1H NMR spectrum, which excludes any coupling in
solution between these protons and the metal. The 31P{1H}
NMR spectrum of 1 displays a singlet at 12.5 ppm, and the

Scheme 2.
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coupling constant 1JP,Pt of 2372 Hz is consistent with the
trans configuration of the ligands around the platinum cen-
tre.[8] Modification of the nature of the solvent, for example
MeOH or acetone, had no influence on the configuration
of the resulting material. Monomeric complexes of the type
[Pt(PR3)2(SR)2] have already been studied in the context of
cis–trans isomerisation.[9] The formation of trans species has
been observed during the substitution of chloro ligands by
thiolate[8a,10] and in solution for an isolated cis-[Pt(PR3)2-
(SR)2] complex.[11] To gain more information about the iso-
merisation process that occurs during the formation of 1,
we reacted L with an equimolar amount of cis-[Pt(PEt3)2-
Cl2], which was solubilised in acetone with a relatively high
dilution. After 1 h of reaction at ambient temperature,
trans-[Pt(PEt3)2LCl] (2) was extracted into hexane from the
unreacted starting material along with a small amount of
1. Upon cooling, 2 was isolated as yellow crystals. The
31P{1H} NMR spectrum of 2 shows an unique signal at
14.5 ppm, which is flanked by two satellites with 1JP,Pt of
2387 Hz. These data are in agreement with two magneti-
cally equivalent phosphorus ligands in a trans arrangement.
1H NMR analysis reveals the presence of a singlet at
2.41 ppm. The integration ratio between this signal and
those of the ethyl groups fits with the stoichiometry of 2.
The cis–trans isomerisation may occur at the first stage of
the substitution to minimise the steric hindrance between
the two PEt3 ligands. The five-coordinate intermediate that
results from the associative activation in square-planar sub-
stitution reactions favours the rearrangement, which takes
place at ambient temperature. In contrast, in the reaction
of PtCl2 with 2 equiv. of tri-n-butylphosphane, which has
approximately the same basicity and cone angle as PEt3,
isomerisation from the kinetic product, cis-[Pt(PBu3)2Cl2],
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to the thermodynamic product, trans-[Pt(PBu3)2Cl2], re-
quires a much higher temperature.[12] Moreover, 31P NMR
monitoring of the substitution evidences a singlet at
12.1 ppm (1JPt,P 2895 Hz), the intensity of which decreases
with time. This signal is tentatively assigned to a square-
pyramidal intermediate of the type cis-[Pt(PEt3)2Cl2L]
(Scheme 2).

Crystallographic analysis of 1 confirms a centrosymmet-
ric, trans-bis(thiolato) structure (Figure 1). The Pt atom dis-
plays a slightly distorted square-planar coordination with
P–Pt–S angles of 86.415(15) and 93.585(15)°. The tetrathio-
ethylene unit is perpendicular to the coordination sphere
of Pt with a P–Pt–S(1)–C(1) dihedral angle of 100.5°. The
Pt–P distance of 2.3339(5) Å and the Pt–S distance of
2.3345(5) Å are similar to those reported for other trans-
[Pt(PEt3)2(thiolate)2] compounds.[8b,13] No interaction be-
tween the thiomethyl groups and the Pt atom is obvious in
the solid state. In contrast, the Pt···S(2) contacts of 3.328 Å,
which are slightly shorter than the sum of the correspond-
ing Van der Waals radii, suggest an incipient octahedral
geometry for this complex, which is corroborated by the
Pt–S(1)–C(1)–S(2) dihedral angle of 0.657°.

Figure 1. Molecular structure of 1. H atoms are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Pt–S(1) 2.3345(5), Pt–
P 2.3339(5), C(1)–S(1) 1.7377(18), C(1)–C(2) 1.352(2), C(2)–S(5)
1.7521(18), S(5)–C(4) 1.806(2), S(1)–Pt–P 86.415(15), S(1)–Pt–P#
93.585(15), Pt–S(1)–C(1) 106.00(6), C(2)–S(5)–C(4) 99.73(9).

The structure of 2 is shown in Figure 2. The thiolate li-
gand lies trans to the chloro ligand. The Pt–S(1) distance
of 2.3011(15) Å is similar to that in 1 and is in accord with
the weak thermodynamic trans influence exerted by the

Figure 2. Molecular structure of 2. H atoms are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Cl–Pt 2.3619(15), P(1)–Pt
2.3279(16), P(2)–Pt 2.3179(16), Pt–S(1) 2.3011(15), C(3)–S(1)
1.737(6), C(2)–C(3) 1.350(8), C(2)–S(2) 1.748(6), C(4)–S(2)
1.790(8), S(1)–Pt–P(2) 92.35(6), S(1)–Pt–P(1) 87.48(6), P(2)–Pt–
P(1) 172.50(6), S(1)–Pt–Cl 176.73(6), P(2)–Pt–Cl 87.52(5), P(1)–Pt–
Cl 92.23(5), C(3)–S(1)–Pt 103.1(2), C(2)–S(2)–C(4) 102.0(4).
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chloro ligand. In contrast, due to the more pronounced
trans influence of the thiolato ligand, the Pt–Cl bond length
of 2.3619(15) Å is significantly longer than that in trans-
[Pt(PEt)3Cl2] (2.294 Å).[14] The Pt–P bond lengths of
2.3279(16) and 2.3179(16) Å are in the same range as those
of trans-[Pt(PEt)3Cl2] [2.300(19) Å] and 1. The coordination
sphere of Pt involves two phosphorus atoms, a chloro li-
gand and a thiolato sulfur atom with cis angles lying be-
tween 87.48(6) and 92.35(6)°. Similar to the situation de-
scribed in 1, the square-planar arrangement is capped by
an endocyclic sulfur atom of L. However, the interaction is
more pronounced in 2 as the Pt···S contact is shortened to
3.193 Å. Therefore, the coordination environment around
the Pt centre in the solid state is best described as distorted
square-pyramidal. In addition, molecules of 2 are organised
in centrosymmetric dimers within the unit cell with a paral-
lel orientation of the dmit core. The plane-to-plane separa-
tion is 3.45 Å, and the shortest S···S distance is 3.601 Å.
This supramolecular assembly is not surprising as the abil-
ity of dmit to develop a network of intermolecular interac-
tions through short S···S contacts is well documented.[15]

Evolution of 1 in Solution – Hemilability vs. Demethylation

An additional weak peak with two satellites is observed
at 16.5 ppm (1JP,Pt = 3348 Hz) in the 31P{1H} NMR spec-
trum of 1 (Figure 3). This signal, and another singlet at
54.7 ppm, became more intense after the sample was stored
for several days at 278 K. Concomitantly, the peak due to
the phosphane ligands disappears. The nature of
[Pt(PEt3)(η1-L)(η2-L)] (3), which results from the transfor-
mation of 1, was established unambiguously by crystal
structure determination after crystallisation by addition of
hexane to a CDCl3 solution (Figure 4).

Figure 3. 31P{1H} NMR spectra (CDCl3 solution) of 1 (top) and 3
(bottom).
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Figure 4. Molecular structure of 3. H atoms are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Pt–S(4) 2.3052(10), Pt–
S(9) 2.3278(10), Pt–S(5) 2.3418(10), Pt–P 2.2593(11), S(4)–C(8)
1.723(4), C(8)–C(9) 1.332(5), C(9)–S(5) 1.755(4),S(5)–
C(10),1.806(4), S(9)–C(12) 1.751(4), C(12)–C(13) 1.341(5), C(13)–
S(10) 1.738(4), S(10)–C(14) 1.784(4), P–Pt–S(4) 92.40(4), P–Pt–S(9)
86.47(4), S(4)–Pt–S(9) 178.65(4), P–Pt–S(5) 177.89(3), S(4)–Pt–S(5)
89.51(4), S(9)–Pt–S(5), 91.63(5), Pt–S(4)–C(8) 101.10(13), S(4)–
C(8)–C(9) 126.6(3), C(8)–C(9)–S(5) 121.2(3), C(9)–S(5)–Pt
101.51(14), C(9)–S(5)–C(10) 102.77(18), C(10)–S(5)–Pt 104.38(15),
Pt–S(9)–C(12) 106.67(13), S(9)–C(12)–C(13) 125.2(3), C(12)–
C(13)–S(10) 122.7(3), C(13)–S(10)–S(14) 102.7(2).

Compound 3 bears only one phosphane ligand and the
coordination demand of the PtII atom is satisfied by a sup-
plementary strong dative interaction with one thiomethyl
group. In solution, the two thiomethyl groups are equiva-
lent at 293 K as only one signal is observed for these sub-
stituents in the 1H NMR spectrum at 2.68 ppm (a poorly
resolved doublet with 4JP,H = 1.4 Hz) with satellites due to
3JPt,H of 14 Hz. In contrast, the exchange of the coordi-
nated thiomethyl groups on platinum is slow at 223 K, and
at this temperature, two singlets are found at 2.89 and
2.46 ppm (Figure 5). The evaluation of the coalescence tem-
perature (Tc = 240 K) and Δν value in the low exchange
limit allows the calculation of an activation energy ΔG‡ of
47 kJmol–1 with the Eyring equation.

In the solid state, two types of L are clearly identified.
The first is ligated to the platinum through a covalent Pt–
S(thiolate) bond of 2.3278(10) Å. The second ligand che-
lates the metal with Pt–S(thiolate) and Pt–S(thioether) dis-
tances of 2.3052(10) and 2.3418(10) Å, respectively. As
mentioned in the introduction, such a combination of η1-
and η2-L ligands has already been observed in [Ni(dppe)-
L2]. However, in this case, the difference in strength of the
interactions between the metal centre and the two types of
sulfur atoms is much more pronounced.[4b] Compared to
the value measured in centrosymmetric 1, the Pt–P bond in
3, trans to Pt–Sthioether, is significantly stronger [2.2593(11)
vs. 2.3339(5) Å]. The distances measured for the trans Pt–P
and Pt–Sthioether bonds compare well with those reported
for cis-[(Et3P)ClPt1{S(MeS2)=C(S3Me)S}Pt2Cl(PEt3)(Pt1–
S3)(S2–Pt2)] [Pt–S 2.311(9) and 2.335(10) Å; Pt–P
2.267(10) and 2.249(10) Å].[4c] Due to the hemilability of
L, 1 and 3 coexist in solution in the equilibrium mixture
1p3 + PEt3 with a small equilibrium constant (Scheme 2).
Indeed, from the integration of the signals at 2.68 (3) and
2.44 ppm (1) in the 1H NMR spectrum of a pure sample of
1 in CDCl3, the [1] to [3] ratio can be estimated to be 17:1.
The complete transformation of 1 is a consequence of the
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Figure 5. 1H NMR spectra of 3 (CDCl3 solution) recorded at 298
and 223 K.

oxidation of the triethylphosphane to its corresponding
weakly-coordinating phosphane oxide (responsible for the
signal at δ = 54.7 ppm in the 31P{1H} NMR spectrum, see
above), which displaces the balance in favour of 3. No reac-
tion is observed when 3 is treated with excess CsL.

The η2-coordination mode of L is also observed in
[Pt(PEt3)2(η2-L)]+ (4), which resulted from the abstraction
of the chloro ligand of 2 by excess TlPF6 (Scheme 2). This
reaction was monitored by 31P{1H} and 1H NMR spec-
troscopy. The spectra prove unambiguously that the vacant
coordination site on platinum is electronically saturated by
a strong interaction with the thiomethyl group, which pro-
vides a 16 electron count. Indeed, the 31P{1H} NMR spec-
trum consists of two mutually coupled doublets at 13.3 and
9.4 ppm (2JP,P = 22 Hz), which indicates the nonequivalence
of the two phosphanes. The high-field resonance exhibits a
1J coupling of 2702 Hz to the 195Pt nucleus, whereas the
low-field resonance displays a 1JPt,P coupling of 3048 Hz.
In the 1H NMR spectrum, the thiomethyl protons resonate
at 2.95 ppm, which is similar to that observed in 3. The
coupling constants 4JP,H and 3JPt,H of 3.1 and 33 Hz,
respectively, are significantly stronger in 4. These observa-
tions corroborate a strong η2-coordination mode of L and
the rearrangement of the phosphane ligands from a trans
to a cis conformation.

Heating a solution of 1 in acetonitrile overnight led to
the formation of [Pt(PEt3)2(dmit)] (5) and liberation of 4,5-
bis(methylthio)-1,3-dithiole-2-thione, which indicates that a
methyl migration from one sulfur ligand to the other occurs
at high temperature (Scheme 2). The 31P{1H} NMR spec-
trum of 5 consists of a singlet at 6.5 ppm, which is coupled
to platinum (1JP,Pt = 2798 Hz). An X-ray structure analysis
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of 5 confirmed unambiguously that the demethylation reac-
tion occurred. The coordination sphere of the PtII complex
is square planar and consists of a chelating dithiolene and
two cis PEt3 ligands. The structure depicted in Figure 6 is
very similar to those of other structurally characterised het-
eroleptic phosphane(dithiolene)platinum(II) complexes,
particularly [Pt(PPh3)2(dmit)].[16] In 5, the Pt–S bond
lengths of 2.3408(16) and 2.3314(17) Å are also similar to
those in 1. Great attention has been paid to metal-assisted
C–S bond activation from synthetic, catalytic and bioinor-
ganic standpoints. The C–S bond cleavage evidenced in 1 is
not without precedent. The conversion of thioether com-
plexes into thiolato compounds by dealkylation has been
observed in numerous group VIII metal complexes of N�S,
P�S, As�S and S�S donor chelates.[17] Such alkyl ex-
trusion may result from photoreactions,[18] electrochemical
reductions,[19] reactions with nucleophiles[20] or under high-
temperature conditions.[21] It should, however, be men-
tioned that boiling an acetone solution of trigonal-planar
[Au(PPh3)2L] resulted not in C–S bond activation but in the
dissociation of one of the phosphane ligands, which led to
a linear, two-coordinate gold(I) centre in [Au(PPh3)L].[4a]

Figure 6. Molecular structure of 5. H atoms are omitted for clarity.
Selected bond lengths [Å] and angles [°]: P(1)–Pt 2.2971(18), P(2)–
Pt 2.2931(16), Pt–S(2) 2.3314(17), Pt–S(1) 2.3408(16), C(1)–S(1)
1.748(6), C(2)–S(2) 1.735(6), C(1)–C(2) 1.349(9), P(2)–Pt–P(1)
98.60(5), P(2)–Pt–S(2) 88.28(5), P(1)–Pt–S(2) 173.10(5), P(2)–Pt–
S(1) 176.36(5), P(1)–Pt–S(1) 83.84(5), S(2)–Pt–S(1) 89.33(5), C(1)–
S(1)–Pt 101.7(2), C(2)–S(2)–Pt 101.4(2), C(2)–C(1)–S(1) 122.6(5),
C(1)–C(2)–S(2) 124.9(5).

Influence of the Nature of the Phosphane Ligand

i) PPh3 vs. PEt3

In order to evaluate the influence of the nature of the
phosphane ligand on the reactivity described above, CsL
was also reacted with the cis-[Pt(PPh3)2Cl2]. The reaction
was first studied in dichloromethane at ambient tempera-
ture using a 2:1 ligand-to-metal ratio. The 31P{1H} NMR
spectrum of the crude product mixture showed the forma-
tion of two complexes, which are characterised by singlets
at 18.4 and 17.3 ppm with JP,Pt couplings of 2961 and
3585 Hz, respectively. The two complexes were separated by
chromatography on silica gel. On the basis of the NMR
spectroscopic data reported by Bereman et al., the low-field
resonance is attributed to [Pt(PPh3)2(dmit)] (6).[16,22] Con-
cerning the species responsible of the chemical shift at
17.3 ppm, the strong value of the associated coupling con-
stant compares well with that observed for 3 and suggests
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the formation of [Pt(PPh3)(η1-L)(η2-L)] (7). This hypothesis
is confirmed by the detection of the signal of free tri-
phenylphosphane at –3.7 ppm in the 31P NMR spectrum of
the crude product. Moreover, dynamic behaviour similar to
that reported for 3 was observed in solution. The 1H NMR
spectrum recorded at 293 K displays one broad resonance
at 2.61 ppm, which is split into two singlets at 2.95 and
2.27 ppm at low temperature. In contrast, heating the sam-
ple to 320 K gives rise to a sharp singlet with a 3JPt,H cou-
pling of 15 Hz. As in 3, the two sulfur ligands mutually
exchange their coordination mode from η1-thiolato to a
chelating one that involves both Pt–S(thiolate) and Pt–
S(thioether) interactions (Scheme 3) with an activation en-
ergy ΔG‡ of 46.1 kJmol–1 (at Tc = 241 K). By adding a large
excess of triphenylphosphane to a CDCl3 solution of 7, the
resonance due to compound 7 disappears in the 31P{1H}
NMR spectrum, and a new singlet at 19.8 ppm with a JPt,P

coupling of 3054 Hz arises. This signal, and that observed
in the 1H NMR spectrum at 2.23 ppm, indicates the forma-
tion of [Pt(PPh3)2(η1-L)2]. From these observations, we can
conclude that the monophosphane complex is the main
product in the equilibrium [Pt(PR3)2(η1-L)2] p [Pt(PR3)(η1-
L)(η2-L)] + PR3 (R = Ph), whereas the use of the more
basic triethylphosphane stabilises the diphosphane com-
plex. Complex 7 is not sensitive to the presence of acetoni-
trile even in excess. Single crystals of 7 were grown from
CHCl3/CH3CN. Two independent [Pt(PPh3)(η1-L)(η2-L)]
molecules are located in general positions in the unit cell,
which differ mainly in the orientation of the sulfur ligand
that is coordinated in the η1 mode. The molecular structure

Scheme 3.
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Table 1. Pt–P and Pt–S bond lengths [Å] in the molecular structures determined in this work.

1 2 3 5 7[a] 8

Pt–P 2.3339(5) 2.3279(16) 2.2593(11) 2.2971(18) 2.2459(10) 2.2504(10) 2.2504(10)
2.3179(16) 2.2931(16) 2.2415(10)

Pt–Sthiolate 2.3345 2.3011(15) 2.3052(10) 2.3314(17) 2.2892(9) 2.2937(9) 2.3622(10)
2.3278(10) 2.3408(16) 2.3379(9) 2.3359(9) 2.3689(10)

Pt–Sthioether 2.3418(10) 2.3303(9) 2.3217(9)

[a] Two independent molecules in the unit cell.

of 7 is similar to that of 3 with a square-planar environment
around the platinum centre composed of one phosphorus
atom, two thiolate sulfur atoms and one thioether sulfur
atom (Figure 7). The nature of the phosphane (PPh3 vs.
PEt3) does not significantly affect the Pt–P and Pt–S bond
lengths (Table 1). The Pt–Sthioether bond trans to the phos-
phane is only slightly stronger with PPh3 [2.3303(9) and
2.3217(9) vs. 2.3418(10) Å].

Figure 7. Molecular structure of 7 (only one of the two independent
molecules of the unit cell is depicted). H atoms are omitted for
clarity. Selected bond lengths [Å] and angles [°]: P(1)–Pt(1)
2.2459(10), Pt(1)–S(1) 2.2892(9), Pt(1)–S(1) 2.3303(9), Pt(1)–S(6)
2.3379(9), P(1)–Pt(1)–S(1) 93.41(3), P(1)–Pt(1)–S(2) 175.50(3),
S(1)–Pt(1)–S(2) 90.55(3), P(1)–Pt(1)–S(6) 87.20(3), S(1)–Pt(1)–S(6)
178.54(4), S(2)–Pt(1)–S(6) 88.89(3). For the second molecule: Se-
lected bond lengths [Å] and angles [°]: P(2)–Pt(2) 2.2504(10), Pt(2)–
S(11) 2.2937(9), Pt(2)–S(12) 2.3217(9), Pt(1)–S(16) 2.3359(9), P(2)–
Pt(2)–S(11) 91.95(3), P(2)–Pt(2)–S(12) 174.81(3), S(11)–Pt(2)–S(12)
90.26(3), P(2)–Pt(2)–S(16) 90.73(3), S(11)–Pt(2)–S(16) 176.98(3),
S(12)–Pt(2)–S(16) 86.95(3).

The nature of the phosphane donor plays also a role in
the rate of the demethylation reaction. As mentioned above,
the formation of 7 was always accompanied by 6, even
when the substitution reaction was performed at 273 K. At
first glance, the increase of the rate of formation of the di-
thiolene compound on going from PEt3 to PPh3 ancillary
ligands is surprising because of the predominant species in
solution (diphosphane vs. monophosphane complex). In-
deed, we have shown above that [Pt(PEt3)2(dmit)] was
formed by heating a solution of [Pt(PEt3)2L2]. In order to
gain more information on the species involved in the de-
alkylation process when triphenylphosphane is coordinated
to the platinum centre, we reacted CsL with an equimolar
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amount of cis-[Pt(PPh3)2Cl2] solubilised in acetone in high
dilution. The mixture immediately turned yellow, and, an
ochre powder was isolated after workup. The 31P NMR
spectrum revealed signals arising from 6 and 7 as well as a
singlet at 15.5 ppm with JPt,P equal to 3130 Hz, which is
tentatively assigned to the complex resulting from the
monosubstitution of a chloro ligand, [Pt(PPh3)2ClL]
(Scheme 3). More informative is the evolution of the sam-
ple. After storage for one week at 278 K, only the resonance
due to 6 was detected in the 31P NMR spectrum. The 1H
NMR spectrum exhibits an intense singlet at 3.01 ppm,
which indicates the formation of CH3Cl. Based on this ob-
servation, a mechanism for the demethylation reaction is
proposed starting from [Pt(PPh3)2ClL]. The first step is the
oxidative addition of the S–CH3 bond, which leads to a
labile hexacoordinate PtIV species, [Pt(PPh3)2(dmit)ClMe].
This intermediate evolves to 6 by the reductive elimination
of chloromethane. Thus, the reactivity and the coordinating
mode of L in platinum complexes can be tuned by the na-
ture of the ancillary phosphane ligands.

ii) Using Chelating Diphosphanes

The reaction of CsL with platinum precursors blocked
in a cis arrangement with the chelating diphosphanes 1,1-
bis(diphenylphosphanyl)methane (dppm) and dppe allows
the formation of the air-stable complexes cis-[Pt(η2-dppm)-
L2] (8) and cis-[Pt(η2-dppe)L2] (9) (Scheme 3). The 31P{1H}
NMR spectra for 8 and 9 display singlet resonances with
platinum satellites at –48.1 (1JP,Pt = 2585 Hz) and 47.1 ppm
(1JP,Pt = 2974 Hz), respectively. In the 1H NMR spectra,
the resonance of the S–CH3 groups gives rise to singlets at
2.34 ppm for 8 and 2.26 ppm for 9. Again, no interaction
seems to occur in solution between the platinum centre and
thiomethyl group(s). Complexes 8 and 9 were also isolated
quantitatively by adding one equivalent of dppm or dppe
to 7 (Scheme 3). The reactivity is somewhat different start-
ing from 3. Indeed, addition of one equivalent of dppm to
3 resulted in the formation of an equimolar mixture of 8,
[Pt(PEt3)2L2] and unreacted dppm (see Supporting Infor-
mation), whereas dppe displaces the triethylphosphane to
give 9 almost quantitatively (Scheme 2). This example illus-
trates the higher stability of the five-membered metallacycle
compared to the four-membered one. The molecular struc-
ture of 8 was determined by a single-crystal X-ray diffrac-
tion study. The cis arrangement of the L ligands in 8 with
a S(1)–Pt–S(6) angle of 88.59(4)° is shown in Figure 8. The
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P(1)–Pt–P(2) angle of 74.05(4)° and the Pt–P distances of
2.2504(10) and 2.2415(10) Å are typical of dppm chelated
to platinum.[23] Compared to the situation described above
for trans 1 and 2, the platinum–thiolato bonds are slightly
elongated to 2.3622(10) and 2.3689(10) Å (Table 1). Again,
the coordination environment around the platinum centre
is best described as distorted square-pyramidal as an ad-
ditional short Pt···S contact of 3.073 Å is observed. In this
case, the S(2) sulfur atom involved belongs to a thiomethyl
group; for the other L ligand, the sulfur thiomethyl atom
S(7) is located at 3.692 Å. The apical Pt···S distance of 8
approaches the values reported in platinum(II)–1,4,7-tri-
thiacyclononane complexes (2.84–2.97 Å).[24] The molecu-
lar structure of 8 compares well with that reported for the
analogous compound cis-[Pd(η2-dppe)L2], in which a close
Pd···S(thiomethyl) contact of 3.11 Å was pointed out.[4b]

The intermolecular interactions observed in the solid-state
packing diagram of 8 along the bc plane are worth men-
tioning; the S···S contacts of 3.416 Å (S4···S8) and 3.421 Å
(S3···S3) fall below the sum of the Van der Waals radii of
two S atoms (3.70 Å) and give rise to a 2D supramolecular
network (see Supporting Information).

Figure 8. Molecular structure of complex 8. For clarity, H atoms
are omitted and only Cipso of the phenyl groups are represented.
Selected bond lengths [Å] and angles [°]: P(1)–Pt 2.2504(10), P(2)–
Pt 2.2415(10), Pt–S(1) 2.3622(10), Pt–S(6) 2.3689(10), S(2)–C(28)
1.794(5), C(25)–S(2) 1.743(4), C(25)–C(26) 1.354(5), C(26)–S(1)
1.726(4), C(29)–S(6) 1.737(4), C(29)–C(30) 1.331(6), C(30)–S(7)
1.753(4), C(32)–S(7) 1.788(4), P(2)–Pt–P(1) 74.05(4), P(2)–Pt–S(1)
172.75(4), P(1)–Pt–S(1) 98.69(4), P(2)–Pt–S(6) 98.66(4), P(1)–Pt–
S(6) 172.65(4), S(1)–Pt–S(6) 88.59(4), C(26)–S(1)–Pt 105.48(14),
C(25)–C(26)–S(1) 130.3(3), C(26)–C(25)–S(2) 125.6(3), C(25)–S(2)–
C(28) 100.9(2), C(29)–S(6)–Pt 106.74(14), C(30)–C(29)–S(6)
127.2(3), C(29)–C(30)–S(7) 121.9(3), C(30)–S(7)–C(32) 102.9(2).

Complex 8 is also sensitive to demethylation upon heat-
ing. Indeed, after heating an acetonitrile solution of 8 over-
night, NMR spectroscopy revealed the partial evolution of
the bis(thiolate) complex to the dithiolene complex [Pt(η2-
dppm)(dmit)] (δ = 47.0 ppm with JPt,P = 2429 Hz in the
31P{1H} NMR spectrum) and formation of Me2dmit (δ =
2.49 ppm in the 1H NMR spectrum).

Conclusions

We have shown that thiolate/thioether L coordinates to
diphosphane platinum(II) centres by a firm metal–thiolate
link and an incipient metal–thioether interaction in
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[PtP2L2]-type complexes. The dative interaction leads to the
displacement of a phosphane ligand (hemilabile behaviour)
or to the activation of the C–SMe bond on the platinum
centre to generate a dithiolene complex. These results are
very encouraging for the purpose of extending our research
to other thiolate/thioether–platinum complexes, especially
by introducing a reversibly oxidisable ligand with a coordi-
nation mode determined by its oxidation state. In light of
the reactivity of the Pt–H bond towards insertion reactions,
we are currently probing the synthesis of platinum–hydride
complexes that bear this thiolate/thioether ligand system.

Experimental Section
General: All manipulations were performed using Schlenk tech-
niques in an atmosphere of dry oxygen-free argon. Elemental
analyses were performed with a Leco Elemental Analyser CHN
900. 31P{1H} NMR spectra were recorded at 300.13 MHz with a
Bruker DRX 300 spectrometer. CsL,[4b] cis-[Pt(PEt3)2Cl2],[25] cis-
[Pt(PPh3)2Cl2],[26] [Pt(dppm)Cl2][27] and [Pt(dppe)Cl2][28] were pre-
pared according to literature procedures.

trans-[Pt(PEt3)2(L1)2] (1): A CH2Cl2 (20 mL) solution of cis-
[Pt(PEt3)2Cl2] (0.240 g, 0.48 mmol) and caesium 4-methylthio-2-
thioxo-1,3-dithiole-5-thiolate (CsL, 2 equiv., 0.330 g, 0.96 mmol)
was stirred overnight at room temperature. After filtration, the
solution was concentrated under reduced pressure. Ochre single
crystals were grown by the addition of hexane (245 mg, 60%).
C20H36P2PtS10 (854.12): calcd. C 28.12, H 4.25, S 37.54; found C
27.84, H 4.05, S 37.20. 1H NMR (CDCl3, 298 K): δ = 2.44 (6 H,
S–CH3), 2.02 (m, 12 H, P–CH2–), 1.16 (m, 18 H, CH2–CH3) ppm.
31P{1H} NMR (CDCl3, 298 K): δ = 12.5 (s, 1J195Pt,31P =
2372 Hz) ppm. IR (KBr): ν̃ = 2961, 2930, 1437, 1059 (C=S), 1032
(C=S), 1007, 890, 760, 729 cm–1.

trans-[Pt(PEt3)2ClL] (2): To an acetone (30 mL) solution of cis-
[Pt(PEt3)2Cl2] (0.200 g, 0.40 mmol) was added dropwise CsL
(0.135 g, 0.39 mmol) dissolved in acetone (10 mL). After stirring
the mixture at room temperature for 3 h, the solution was filtered,
and the filtrate was evaporated to dryness. The residue was then
extracted into hexane (4� 10 mL), and the combined extracts were
concentrated in vacuo. Cooling the solution to 253 K precipitated
yellow needles of 2 (95 mg, 36%). C16H33ClP2PtS5 (678.24): calcd.
C 28.33, H 4.90, S 37.54; found C 28.58, H 5.03, S 36.87. 1H NMR
(CDCl3, 298 K): δ = 2.41 (3 H, S–CH3), 1.98 (m, 12 H, P–CH2–),
1.16 (m, 18 H, CH2–CH3) ppm. 31P{1H} NMR (CDCl3, 298 K): δ
= 14.5 (s, 1J195Pt,31P = 2387 Hz) ppm.

[Pt(PEt3)(η1-L)(η2-L)] (3): Complex 1 (0.043 g, 0.05 mmol) was
dissolved in oxygenated CH2Cl2 (10 mL) and let for two weeks at
278 K. A layer of hexane was added, and 3 was afforded as dark
crystals after a few days (30 mg, 82%). C14H21PPtS10 (736.05):
calcd. C 22.84, H 2.88, S 43.56; found C 22.48, H 2.65, S 43.07.
1H (CDCl3, 298 K): δ = 2.68 (d, 4JP,H = 1.4, 3JPt,H = 14 Hz, 6 H,
S–CH3), 2.08 (s, 6 H, P–CH2–), 1.19 (m, 9 H, CH2–CH3) ppm.
31P{1H} NMR (CDCl3, 298 K): δ = 16.5 (s, 1J195Pt,31P =
3348 Hz) ppm.

cis-[Pt(PEt3)2L]+ (4): Complex 2 (13.5 mg, 0.02 mmol), TlPF6

(9 mg, 0.026 mmol) and CDCl3 (0.5 mL) were mixed in a NMR
tube (Caution: Thallium and its compounds are extremely toxic and

should be handled with great care). The reaction was monitored by
31P{1H} and 1H NMR spectroscopy. After a few minutes the
31P{1H} NMR spectrum showed the quantitative transformation
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of 2 into 4. 1H NMR (CDCl3, 298 K): δ = 2.95 (d, 4JP,H = 3.1,
3JPt,H = 33 Hz, 3 H, S–CH3), 2.16 (s, 12 H, P–CH2–), 1.20 (m, 18
H, CH2–CH3) ppm. 31P{1H} NMR (CDCl3, 298 K): δ = 13.5 (d,
2JP,P = 22, 1J195Pt,31P = 3048 Hz), 9.4 (d, 2JP,P = 22, 1J195Pt,31P =
2702 Hz) ppm.

[Pt(PEt3)2(dmit)] (5): Heating a solution of 1 (0.100 g, 0.12 mmol)
in acetonitrile (10 mL) to reflux overnight led to an equimolar mix-
ture of 5 and Me2dmit. A pure sample of 5 was synthesised accord-
ing the following procedure: equimolar quantities (0.5 mmol) of
cis-[Pt(PEt3)2Cl2] and Na2dmit[29] were heated to reflux in CH2Cl2
(20 mL) overnight under argon. After filtration, hexane was added
to the red solution, which resulted in the precipitation of 5 as a
red-brown powder (170 mg, 54%). C15H30P2PtS5 (627.76): calcd. C
28.70, H 4.82, S 25.54; found C 28.91, H 4.89, S 25.02. 1H NMR
(CDCl3, 298 K): δ = 2.09 (12 H, P–CH2–), 1.18 (t, 18 H, CH2–
CH3) ppm. 31P{1H} NMR (CDCl3, 298 K): δ = 6.5 (s, 1J195Pt,31P

= 2798 Hz) ppm. IR (KBr): ν̃ = 2924, 2853, 1470, 1052 (C=S),
1027(C=S) cm–1.

[Pt(PPh3)(η1-L)(η2-L)] (7): A CH2Cl2 (10 mL) solution of cis-
[Pt(PPh3)2Cl2] (0.126 g, 0.16 mmol) and CsL (2 equiv., 0.110 g,
0.32 mmol) was stirred at room temperature for 3 h. After fil-
tration, the solvent was removed under reduced pressure. The re-
sulting orange powder was washed with ethanol to afford a solid
(0.105 mg), which was identified as a mixture of 6[16] and 7. Com-
plexes 6 and 7 were separated by chromatography (SiO2, CHCl3),
and pure 7 (50 mg) was recovered in the first fraction.
C26H21PPtS10 (880.22): calcd. C 35.48, H 2.41, S 36.43; found C
35.71, H 2.69, S 35.87. 1H NMR (CDCl3, 320 K): δ = 7.70–7.44
(m, 15 H, Ph), 2.60 (3JPt,H = 15 Hz, 6 H, S–CH3) ppm. 31P{1H}
NMR (CDCl3, 298 K): δ = 17.3 (s, 1J195Pt,31P = 3585 Hz) ppm.

Table 2. Crystallographic refinement data for 1, 2 and 3.

1 2 3

Formula C20H36P2PtS10 C16H33ClP2PtS5 C14H21PPtS10

Formula weight 854.12 678.24 736.06
Temperature [K] 173(2) 173(2) 173(2)
Wavelength [Å] 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic
Space group P1̄ P21/n P21/c
a [Å] 8.6626(9), 10.4688(9) 10.7909(6)
b [Å] 10.5196(11) 22.4622(10) 29.2394(11)
c [Å] 10.8651(11) 11.2344(7) 7.6003(2)
α [°] 61.1180(10)
β [°] 87.101(2) 108.792(8) 98.731(3)
γ [°] 69.5280(10)
Volume [Å3] 803.70(14) 2501.0(3) 2370.25(17)
Z 1 4 4
Density (calculated) [gcm–3] 1.765 1.801 2.096
Absorption coefficient [mm–1] 5.125 6.264 6.287
F(000) 424 1336 592
Crystal size [mm] 0.30� 0.30�0.20 0.30�0.20�0.10 0.40�0.20�0.20
Theta range for data collection [°] 2.16 to 27.00 2.25 to 27.00 2.03 to 27.00
Index ranges –11 � h � 11, –13 � h � 13, –12 � h � 13,

–13 � k � 13, –28 � k � 28, –36 � k � 37,
–13 � l � 13 –14 � l � 14 –9 � l � 9

Reflections collected 19653 17987 23207
Independent reflections 3506 [R(int) = 0.0295] 5421 [R(int) = 0.0627] 5041 [R(int) = 0.0411]
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3506/0/156 5421/0/233 5041/0/240
Goodness-of-fit on F2 1.025 1.013 0.990
Final R indices [I�2σ(I)] R1 = 0.0123, wR2 = 0.0338 R1 = 0.0409, wR2 = 0.1063 R1 = 0.0272, wR2 = 0.0506
R indices (all data) R1 = 0.0123, wR2 = 0.0338 R1 = 0.0530, wR2 = 0.1094 R1 = 0.0396, wR2 = 0.0522
Largest diff. peak and hole [e Å–3] 0.925 and –0.883 4.170 and –1.734 0.988 and –2.435
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[Pt(dppm)L2] (8): An MeOH (10 mL) solution of [Pt(dppm)Cl2]
(0.085 g, 0.13 mmol) and CsL (2 equiv., 0.090 g, 0.26 mmol) was
stirred 4 h. at 40 °C. After filtration, the solid was extracted into
CH2Cl2 (10 mL). Evaporation under reduced pressure afforded an
orange powder (60 mg, 46%). C33H28P2PtS10 (1002.24): calcd. C
39.54, H 2.82, S 31.99; found C 39.42; H 2.70, S 31.67. 1H NMR
(CDCl3, 298 K): δ = 7.75–7.47 (20 H, Ph), 4.41(m, 2 H, P–CH2–
P), 2.35 (s, 6 H, S–CH3) ppm. 31P{1H} NMR (CDCl3, 298 K): δ =
–48.1 (s, 1J195Pt,31P = 2585 Hz) ppm. IR (KBr): ν̃ = 3053, 2963, 1435,
1261, 1099, 1063 (C=S), 1028 (C=S), 874, 800 cm–1.

[Pt(dppe)L2] (9): Complex 9 was prepared in an analogous manner
to 8 starting from [Pt(dppm)Cl2] and CsL (50% yield).
C34H30P2PtS10 (1016.27): calcd. C 40.18, H 2.98, S 31.55; found C
40.05, H 2.77, S 30.97. 1H NMR (CDCl3, 298 K): δ = 7.76–7.52
(20 H, Ph), 2.38 (m, 4 H, PCH2–CH2P), 2.26 (s, 6 H, S–CH3) ppm.
31P{1H} NMR (CDCl3, 298 K): δ = 47.0 (s, 1J195Pt,31P =
2974 Hz) ppm. IR (KBr): ν̃ = 2959, 2914, 1435, 1103, 1049 (C=S),
1028 (C=S), 878, 818, 750, 715 cm–1.

Crystal Structure Determinations: Compounds 1 and 5: Stoe IPDS
diffractometer; data collection: Expose in IPDS (Stoe & Cie, 1999),
cell determination and refinement: Cell in IPDS (Stoe & Cie, 1999),
integration: Integrate in IPDS (Stoe & Cie, 1999); numerical ab-
sorption correction: Faceit in IPDS (Stoe & Cie, 1999). Com-
pounds 2, 3, 7 and 8: Bruker APEX diffractometer (D8 three-circle
goniometer) (Bruker AXS); data collection, cell determination and
refinement: Smart version 5.622 (Bruker AXS, 2011); integration:
SaintPlus version 6.02 (Bruker AXS, 1999); empirical absorption
correction: Sadabs version 2.01 (Bruker AXS, 1999).

A suitable crystal of each complex was mounted in an inert oil
(perfluoropolyalkylether); the crystal structure determination was



F. Guyon, M. Knorr, A. Garillon, C. StrohmannFULL PAPER
Table 3. Crystallographic refinement data for 5, 7 and 8.

5 7 8

Formula C15H30P2PtS5, CH2Cl2 C26H21PPtS10, 0.5 CHCl3 C33H28P2PtS10

Formula weight 712.65 880.22 1002.18
Temperature [K] 173(2) 173(2) 173(2)
Wavelength [Å] 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic
Space group P21/n P1̄ P1̄
a [Å] 11.075(4) 13.3850(2) 7.9483(2)
b [Å] 17.921(6) 13.8880(2) 11.3708(3)
c [Å] 13.330(5) 19.6274(3) 20.6496(6)
α [°] 90.5060(10) 103.175(2)
β [°] 102.422(6) 97.8530(10) 94.626(2)
γ [°] 113.727(2) 91.375(2)
Volume [Å3] 2593.7(16) 3300.63(9) 1809.51(8)
Z 4 4 2
Density (calculated) [gcm–3] 1.832 1.891 1.839
Absorption coefficient [mm–1] 6.168 5.074 4.569
F(000) 1400 1836 988
Crystal size [mm] 0.30�0.30�0.20 0.20�0.20�0.20 0.40 �0.20�0.10
Theta range for data collection [°] 1.93 to 26.63 2.15 to 27.00 2.30 to 27.00
Index ranges –13 � h � 13, –17 � h � 17, –10 � h � 10,

–22 � k � 22, –17 � k � 17, –14 � k � 14,
–16 � l � 16 –25 � l � 25 –26 � l � 26

Reflections collected 47856 140362 26543
Independent reflections 5394 [R(int) = 0.0552] 14385[R(int) = 0.0519] 7854 [R(int) = 0.0382]
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 5394/0/241 14385/0/725 7854/ 0/417
Goodness-of-fit on F2 1.070 1.009 1.007
Final R indices [I�2σ(I)] R1 = 0.0378, wR2 = 0.1043 R1 = 0.0242, wR2 = 0.0567 R1 = 0.0279, wR2 = 0.0593
R indices (all data) R1 = 0.0399, wR2 = 0.1057 R1 = 0.0357, wR2 = 0.0580 R1 = 0.0366, wR2 = 0.0603
Largest diff. peak and hole [eÅ–3] 2.454 and –1.240 1.445 and –1.494 4.138 and –0.764

effected at 173(2) K. All structures were solved by applying direct
and Fourier methods using SHELXS-97 and SHELXL-97.[30,31]

For each structure, the non-hydrogen atoms were refined anisotrop-
ically. All of the H atoms were placed in geometrically calculated
positions and each was assigned a fixed isotropic displacement pa-
rameter based on a riding model. The crystallographic parameters
are listed in Tables 2 and 3.

CCDC-842700 (for 1), -842701 (for 2), -842702 (for 3), -842703 (for
5), -842704 (for 7) and -842705 (for 8) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): 31P{1H} NMR spectrum of the result of the reaction between
3 and dppm, view of the 2D supramolecular network of 8.
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Treatment of (η6-benzoic acid)tricarbonylchromium with
lead(II) acetate in the presence of trans-1,2-bis(4-pyridyl)eth-
ene (bpe) afforded the one-dimensional coordination poly-
mer [Pb{(η6-C6H5COO)Cr(CO)3}2bpe]n (1). In contrast, the
reaction of (η6-benzoic acid)tricarbonylchromium with lead-
(II) acetate in the presence of 1,10-phenanthroline (1,10-

Introduction
Recently, metal–organic frameworks (MOFs) and infinite

coordination polymers (ICPs) have been studied exten-
sively.[1] This kind of chemistry is based on the early work
of Robson[1e,2] on net-based coordination polymers around
1990[1c,1d] and the concept of reticular design initiated by
Yaghi et al.,[3,4] in the late 1990s. These compounds show
fascinating structures, which originate from a broad variety
of molecule-based topologies. Moreover, there are promis-
ing applications[5] such as the storage of gases,[1k,6] cataly-
sis,[7] and sensors for special classes of molecules.[1k,8] Some
of these materials also show interesting physical properties
such as magnetism,[9] luminescence,[10] and optoelectronic
effects.[11] The construction of MOFs and ICPs is often
based on organic carboxylates. MOF5 consists of cationic
secondary building units (SBUs) that are linked by benzene-
dicarboxylate (bdc) anions to form a continuous cubic neu-
tral framework of composition Zn4O(bdc)3.[12] In contrast
to these investigations, the use of metal–organic carboxyl-
ates for the construction of coordination oligomers, ICPs,
and MOFs is still rare.[9a,13] Most of the used compounds
are based on ferrocene derivatives as organometallic li-
gands.[14] Recently, we became interested in the synthesis of
coordination polymers based on (η6-benzenecarboxylato)-
tricarbonylchromium. Although (η6-benzoic acid)tricarb-
onylchromium was already reported in 1958 by E. O. Fi-
scher,[15] to the best of our knowledge only the group 4-
metal η6-benzenecarboxylate complexes [(η5-C5H5)2TiX-
{(μ-O2CC6H5)Cr(CO)3}] (X = Cl, Br, CH3) and [(η5-C5H5)2-
M{(μ-O2CC6H5)Cr(CO)3}2] (M = Ti, Zr)[16] were structur-
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phen) or 2,2�-bipyridine (2,2�-bipy) gave the lead(II) com-
pounds [Pb{(η6-C6H5COO)Cr(CO)3}2(1,10-phen)] (2) and
[Pb{(η6-C6H5COO)Cr(CO)3}2(2,2�-bipy)] (3). The solid-state
structures of all compounds were determined by single-crys-
tal X-ray diffraction.

ally characterized before we started our investigation last
year.[17] Moreover, Long and co-workers used an (η6-1,4-
benzenedicarboxylic acid)tricarbonylchromium building
block for the construction of a porous metal–organic
framework that had a [Zn4O{(η6-1,4-benzenedicarboxyl-
ato)Cr(CO)3}3] scaffold.[18] Under photolysis conditions, re-
placement of a single CO ligand per metal atom by N2 and
H2 was observed. This kind of reactivity was also seen in
the discrete complexes.[19]

We recently started to investigate the application of [(η6-
benzenecarboxylato)Cr(CO)3] and [(η6-1,4-benzenedicarb-
oxylato)Cr(CO)3] as metalloligands for the construction of
molecular and polymer compounds based on the alkaline
metals, zinc, and cadmium. We want to study the influence
of the organometallic compound on the formation process
and the structure of the coordination compound. Further
derivatization of the tricarbonylchromium unit by classical
thermal or photolytic activation methods seems to be pos-
sible. Now we are interested in using lead(II), which has an
additional lone pair, as a node for the metalloligand. Due
to the stereochemically active lone pair of lead(II), it can
form interesting structures, and the compounds sometimes
show luminescence properties. The coordination chemistry
of lead(II) and lead(II)-based coordination polymers often
shows a flexible coordination environment that leads to
interesting structures.[20] Divalent lead compounds are
known to form different coordination polymers and oligo-
mers that show interesting structural features as a conse-
quence of the large radius, adoption of different coordina-
tion numbers, and a variable stereochemical activity.[20a,21]

Herein we report on the reaction of [{η6-C6H5COOH}-
Cr(CO)3] with lead(II) acetate in the presence of trans-1,2-
bis(4-pyridyl)ethene, 1,10-phenanthroline, and 2,2�-bipyr-
idine, which gave a one-dimensional coordination polymer
and mononuclear complexes.
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Results and Discussion
To explore the coordination chemistry of (η6-benzene-

carboxylato)tricarbonylchromium as a metalloligand in
lead(II) chemistry, nitrogen-based ligands have been used as
ancillary ligands. Lead(II) coordination polymers with N-
donor ligands in the absence of a metalloligand have been
studied in some detail.[22] Treatment of (η6-benzoic acid)-
tricarbonylchromium with lead(II) acetate in the presence
of trans-1,2-bis(4-pyridyl)ethene (bpe) afforded the one-di-
mensional coordination polymer [Pb{(η6-C6H5COO)Cr-
(CO)3}2(bpe)]n (1) (Scheme 1). In contrast, the reaction of
(η6-benzoic acid)tricarbonylchromium with lead(II) acetate
in the presence of 1,10-phenanthroline (1,10-phen) or 2,2�-
bipyridine (2,2�-bipy) gave the lead(II) compounds [Pb{(η6-
C6H5COO)Cr(CO)3}2(1,10-phen)] (2) and [Pb{(η6-
C6H5COO)Cr(CO)3}2(2,2�-bipy)] (3) (Scheme 2). All new
complexes were characterized by standard analytical/spec-
troscopic techniques, and the solid-state structures were de-
termined by single-crystal X-ray diffraction.

The 1H NMR spectrum of compound 1 shows two sig-
nals for the pyridine rings [δ(1H) = 8.60 and 7.61 ppm], one
singlet for the CH=CH protons, and three signals for the

Scheme 1. Synthesis of compound 1.

Scheme 2. Synthesis of compounds 2 and 3.
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benzenecarboxylate unit at δ(1H) = 6.20, 5.86, and
5.66 ppm. For compound 2, four signals for the 1,10-phen-
anthroline ligand and three signals for the benzenecarboxyl-
ate unit at δ = 6.15, 5.80, and 5.61 ppm were observed in
the 1H NMR spectrum. The 1H NMR spectrum of com-
pound 3 shows four signals for the 2,2�-bipyridine ligand
and three signals for the benzenecarboxylate unit at δ =
6.15, 5.80, and 5.61 ppm. The 13C{1H} NMR spectra of all
compounds show the expected sets of signals. The charac-
teristic signals of the carbonyl groups were seen at δ =
233.3 ppm for all compounds. The signals of the carboxyl-
ate groups were observed at δ ≈ 169.7 (1), 169.0 (2), and
169.5 ppm (3). In the IR spectra, the νCO stretching fre-
quencies were measured in the expected range.

All three compounds are light-sensitive in solution. They
change color from yellow to blue upon decomposition.
Thus, crystals of compounds 1–3 were grown in the dark.
Compound 1 crystallizes in the triclinic space group P1̄.
Data-collection parameters and selected bond lengths and
angles are given in the Experimental Section and in the cap-
tion of Figure 1. The asymmetric unit consists of one lead
atom, two carboxylate anions (Cr1 and Cr2), and one trans-



B. Murugesapandian, P. W. RoeskyFULL PAPER
1,2-bis(4-pyridyl)ethene ligand (Figure 1). The structure
consists of a one-dimensional polymer in which the
[Pb{(η6-C6H5COO)Cr(CO)3}2] nodes are connected by
trans-1,2-bis(4-pyridyl)ethene ligands. The lead atom is five-
fold coordinated by two nitrogen atoms of two trans-1,2-
bis(4-pyridyl)ethene ligands [Pb–N1 2.597(6) Å and Pb–N2
2.541 Å] and three oxygen atoms from two (η6-benzene-
carboxylato)tricarbonylchromium units. Thus, the carb-
oxylate [{η6-C6H5COO}Cr(CO)3] anions display two dif-
ferent coordination modes (κ1 and κ2) to result in pentaco-
ordinated lead atoms. The Pb–O bond lengths are Pb–O1
2.314(5) Å, Pb–O6 2.323(5) Å, and Pb–O7 2.735(7) Å. This
clearly shows that the κ2-coordinated carboxylate unit (O6
and O7) is asymmetrically coordinated with a weak Pb–O
interaction. Additionally, the C–O bond lengths within this
carboxylate unit are also different [O6–C17 1.283(9) Å and
O7–C17 1.241(9) Å], thus indicating that the O6–C17–O7
unit is not forming a complete delocalized heteroallyl sys-
tem. Intermolecular π–π stacking interactions[23] of the
pyridyl rings of adjacent chains were observed.

Figure 1. Molecular structure of compound 1. Hydrogen atoms are
omitted for clarity. Selected bond lengths [Å] and angles [°]: Pb–N1
2.597(6), Pb–N2 2.541(6), Pb–O1 2.314(5), Pb–O6 2.323(5), Pb–O7
2.735(7), O6–C17 1.283(9), O7–C17 1.241(9); O1–Pb–O6 75.15(2),
O1–Pb–N2 84.98(2), O6–Pb–N2 83.42(2), O1–Pb–N1 80.7(2), O6–
Pb–N1 83.3(2), N2–Pb–N1 162.5(2), O1–Pb–O7 125.92(2), O6–Pb–
O7 50.82(2), N2–Pb–O7 86.6(3), N1–Pb–O7 93.7(3).

The structure on the corresponding ferrocenyl-based
compound [Pb(FcCOO)(μ2-FcCOO)(bpe)]n [Fc = (η5-
C5H5)Fe(η5-C5H4)] is significantly different. This com-
pound forms a one-dimensional ladderlike structure. The
FcCOO– units coordinate in two different modes to the lead
atom. One coordination mode is a monodentate one,
whereas the other FcCOO– unit acts as a bridging bidentate
ligand, which binds to two lead atoms.[14a] This shows that
the nature of the organometallic compound has a signifi-
cant influence on the structure of the polymer.[17b]

Compound 2 crystallizes in the triclinic space group P1̄.
Data collection parameters and selected bond lengths and
angles are given in the Experimental Section and in the cap-
tion of Figure 2. The asymmetric unit consists of one lead
atom, two carboxylate anions (Cr1 and Cr2), and one 1,10-
phenanthroline ligand (Figure 2). The lead atom is fivefold
coordinated by two nitrogen atoms of the 1,10-phen-
anthroline ligand [Pb–N1 2.585(4) Å and Pb–N2 2.591 Å]
and three oxygen atoms from two (η6-benzenecarboxylato)-
tricarbonylchromium units. The Pb–O bond lengths are Pb–
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O1 2.390(3) Å, Pb–O6 2.624(3) Å, and Pb–O7 2.273(3) Å.
Thus, one carboxylate unit (Cr2) coordinates in a chelating
κ2-coordination mode to the lead atom, whereas the carb-
oxylate unit that corresponds to Cr1 binds in a mono-
dentate mode. As observed for compound 1, the chelating
κ2-coordinated carboxylate unit is asymmetrically bound to
the metal atom. The difference between the two Pb–O dis-
tances of 0.351 Å is about 0.05 Å shorter compared to the
same unit of compound 1. In the solid state, two molecules
of compound 2 are arranged face-to-face, thus forming a
four-membered Pb–O2–Pb�–O2� ring, but the Pb–O2� dis-
tance of 3.209(4) Å is too long to be considered bonding.
A crystallographic inversion center is observed in the mid-
dle of the Pb–O2–Pb�–O2� ring. A comparable situation is
found in the lead(II) acetate [Pb(CH3COO)2(1,10-phen)·
2H2O], which also forms a loose dimer in the solid state.[24]

In contrast, by using β-ferrocenylacrylate as metalloligand,
the one-dimensional chain polymer [Pb(η1-μ2-
OOCCH=CHFc)2(phen)]n [Fc = (η5-C5H5)Fe(η5-C5H4)] is
obtained. This shows the significant influence of the carb-
oxylate group on the structure of the formed product.[25]

Figure 2. Top: Molecular structure of compound 2. Hydrogen
atoms are omitted for clarity. Bottom: Face-to-face setup of two
molecules in the unit cell. Selected bond lengths [Å] and angles [°]:
Pb–N1 2.585(4), Pb–N2 2.591(3), Pb–O1 2.390(3), Pb–O6 2.624(3),
Pb–O7 2.372(3); O7–Pb–O1 78.26(13), O7–Pb–N1 79.08(11), O1–
Pb–N1 136.26(12), O7–Pb–N2 79.63(10), O1–Pb–N2 75.68(12),
N1–Pb–N2 63.72(12), O7–Pb–O6 52.10(9), O1–Pb–O6 110.15(13),
N1–Pb–O6 83.50(11), N2–Pb–O6 126.45(10).

Compound 3 crystallizes in the monoclinic space group
P21/c. Data-collection parameters and selected bond
lengths and angles are given in the Experimental Section
and in the caption of Figure 3. The asymmetric unit con-
sists of one lead atom, two carboxylate anions (Cr1 and
Cr2), and one 2,2�-bipyridine ligand (Figure 3). As ob-
served for compound 2, the lead atom in compound 3 is
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thus fivefold coordinated by two nitrogen atoms of the li-
gand [Pb–N1 2.585(3) Å and Pb–N2 2.554(3) Å] and three
oxygen atoms from two (η6-benzenecarboxylato)tri-
carbonylchromium units [Pb–O1 2.755(2) Å, Pb–O2
2.317(2) Å, and Pb–O6 2.451(3) Å]. The carboxylate unit
that corresponds to Cr1 is involved in a chelating κ2-coordi-
nation mode to the lead atom, whereas the carboxylate unit
that corresponds to Cr2 coordinates in a monodentate fash-
ion. Similarly to compound 2 in the solid state, two mole-
cules of compound 3 are arranged face-to-face, thus form-
ing a four-membered Pb–O1–Pb�–O1� ring.

Figure 3. Molecular structure of compound 3. Hydrogen atoms are
omitted for clarity. Selected bond lengths [Å] and angles [°]: Pb–N1
2.585(3), Pb–N2 2.554(3), Pb–O1 2.755(2), Pb–O2 2.317(2), Pb–
O6 2.451(3); O2–Pb–O6 82.42(9), O2–Pb–N2 84.96(9), O6–Pb–N2
76.44(9), O2–Pb–N1 77.39(10), O6–Pb–N1 136.30(9), N2–Pb–N1
63.59(9), O2–Pb–O1 50.61(7), O6–Pb–O1 118.06(8), N2–Pb–O1
126.00(9), N1–Pb–O1 76.42(9).

The stereochemical influence of the lone pair of lead(II)
compounds has been investigated by Shimoni-Livny et
al.[21c] On the basis of a Cambridge Structural Database
(CSD) search, they classified lead coordination compounds
as “holodirected” or “hemidirected.” By using this defini-
tion, complexes are holodirected if the lead–ligand bonds
are directed throughout the surface of the encompassing
sphere. In contrast, hemidirected compounds are complexes
in which the lead–ligand bonds are directed throughout
only part of the globe. Thus, a void (or gap) in the distribu-
tion of the lead–ligand bonds is observed in hemidirected
compounds.[21c] On the basis of this definition, we consider
compounds 1–3 to be hemidirected.

Thermogravimetric analysis (TGA) measurements were
performed for the polymeric compound 1 (Figure 4). Com-

Figure 4. TGA curves for 1 in the temperature range between 25
and 1300 °C at a heating rate of 5 °Cmin–1 under N2.
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pound 1 is thermally relatively robust as shown by TGA.
Decomposition starts at 166 °C. The first three CO mole-
cules (calculated for the asymmetric unit) were lost in the
temperature range between 166 and 186 °C (obsd. 9.5%,
calcd. 9.3%). Then the product further decomposes slowly
up to 423 °C with a weight loss of 42%, which is a result
of the decomposition of the other three CO molecules and
almost the complete organic shell. The remaining product
is stable up to 1000 °C, at which point the next thermal
degradation starts.

Conclusion

A coordination polymer of lead(II) with the organome-
tallic ligand [{η6-C6H5COO}Cr(CO)3] was obtained by the
reaction of [{η6-C6H5COOH}Cr(CO)3] with lead(II) acet-
ate in the presence of trans-1,2-bis(4-pyridyl)ethene. In con-
trast, by using the chelating ancillary ligands 1,10-phen-
anthroline or 2,2�-bipyridine, mononculear complexes that
form loose dimers in the solid state were obtained. The
carboxylate [{η6-C6H5COO}Cr(CO)3] anion coordinates
either in a κ1 or a κ2 mode, thereby resulting in fivefold-
coordinated lead atoms. The reported structures differ in
comparison to coordination polymers of lead(II) with other
carboxylate anions. TGA studies of compound 1 show that
upon heating some of the carbonyl groups of the [{η6-
C6H5COO}Cr(CO)3] anion are lost selectively before the
organic ligand sphere is thermally decomposed.

Experimental Section
General: Deuterated solvents were obtained from Aldrich (99 atom-
% D). NMR spectra were recorded with a Bruker Avance II
300 MHz NMR spectrometer. Chemical shifts are referenced to in-
ternal solvent resonances and are reported relative to tetramethyl-
silane. IR spectra were obtained with a Bruker FTIR Tensor 37
by using the attenuated total reflection (ATR) method. Elemental
analyses were carried out with an Elementar Vario EL. TGA mea-
surements were made with a Netzsch STA 429 instrument. The sol-
vents were used as purchased from commercial sources without
further purification. [{η6-C6H5COOH}Cr(CO)3] was prepared ac-
cording to literature procedures.[26]

[Pb{(η6-C6H5COO)Cr(CO)3}2(bpe)]n (1): Lead(II) acetate
[Pb(CH3COO)2·3H2O] (76.0 mg; 0.200 mmol) was dissolved in a
mixture of methanol/DMF (10 mL:1 mL). [{η6-C6H5COOH}-
Cr(CO)3] (101 mg; 0.400 mmol) was added to this solution, and
the solution was stirred for 1 h. Then trans-1,2-bis(4-pyridyl)ethene
(37.0 mg; 0.200 mmol) was added, and the subsequent mixture was
stirred for 6 h. While stirring, a yellow precipitate was formed. The
precipitate was dissolved by heating and kept for crystallization.
After 1 d, yellowish-orange crystals were formed. Yield: 130 mg
(72% based on Pb). C32H20Cr2N2O10Pb (903.71): calcd. C 42.53,
H 2.23, N 3.10; found C 42.30, H 2.45, N 3.10. 1H NMR ([D6]-
DMSO, 300 MHz, 25 °C): δ = 8.60 (d, 4 H, Py), 7.61 (d, 4 H, Py),
7.54 (s, 2 H, CH=CH), 6.20 (d, 4 H, Ar), 5.86 (t, 2 H, Ar), 5.66 (t,
4 H, Ar) ppm. 13C{1H} NMR ([D6]DMSO, 75 MHz, 25 °C): δ =
233.3 (CO), 169.7 (COO), 150.2 (Py), 143.4 (Py), 130.6 (Py),121.3
(Py), 103.1 (Ar), 97.2 (Ar), 97.1 (Ar), 92.7 (Ar) ppm. IR (ATR): ν̃
= 3092 (br.), 2928 (br.), 2033 (br.), 1949 (s), 1868 (s), 1667 (sh),
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1589 (s), 1522 (sh), 1502 (sh), 1417 (s), 1352 (s), 1218 (sh), 1201 (s),
1142 (s), 1094 (s), 1064 (s), 1044 (sh), 1004 (s), 978 (s), 960 (s), 829
(s), 783 (s), 721 (s), 681 (s), 655 (s) 618(s), 529 (s) cm–1.

[Pb{(η6-C6H5COO)Cr(CO)3}2(1,10-Phen)] (2): Lead(II) acetate
[Pb(CH3COO)2·3H2O] (76.0 mg; 0.200 mmol) was dissolved in
methanol (10 mL). [{η6-C6H5COOH}Cr(CO)3] (101 mg;
0.400 mmol) was added to this solution, and the solution was
stirred for 1 h. Then 1,10-phenanthroline (36.0 mg; 0.200 mmol)
was added to the mixture, and the subsequent solution was stirred
for 6 h. While stirring, a yellow precipitate was formed. The pre-
cipitate was dissolved by heating and kept for crystallization. Yield:
140 mg (77.5% based on Pb). C32H18Cr2N2O10Pb (901.69): calcd.
C 42.63, H 2.01, N 3.11; found C 42.32, H 2.18, N 3.13. 1H NMR
([D6]DMSO, 300 MHz, 25 °C): δ = 9.31 (br., 2 H, Phen), 8.65 (d,
2H Phen), 8.08 (s, 2 H, Phen), 7.94 (m, 2 H, Phen), 6.15 (d, J =
6 Hz, 4 H, Ar), 5.80 (t, J = 6 Hz, 2 H, Ar), 5.61 (t, J = 6 Hz, 4 H,
Ar) ppm. 13C{1H} NMR ([D6]DMSO, 75 MHz, 25 °C): δ = 233.3
(CO), 169.1 (COO), 150.0 (Phen), 144.9 (Phen), 137.7 (Phen), 129.3
(Phen), 127.0 (Phen), 124.2 (Phen), 103.4 (Ar), 96.8 (Ar), 96.9 (Ar),
92.7 (Ar) ppm. IR (ATR): ν̃ = 3079 (br.), 2925 (br.), 2030 (s), 1953
(s), 1864 (s), 1676 (sh), 1582 (s) 1500 (s), 1448 (sh), 1426 (sh), 1360
(s), 1279 (s), 1222 (s), 1147 (s), 1094 (s), 1009 (s), 992 (sh), 962 (s),
919 (s), 891 (s), 853 (s), 827 (s), 783 (s), 725 (s), 681 (s), 656 (s),
624 (s), 530 (s) cm–1.

[Pb{(η6-C6H5COO)Cr(CO)3}2(2,2�-bipy)] (3): Lead(II) acetate
[Pb(CH3COO)2·3H2O] (76.0 mg; 0.200 mmol) was dissolved in a
mixture of methanol/DMF (10 mL:1 mL). [{η6-C6H5COOH}-
Cr(CO)3] (101 mg; 0.400 mmol) was added to this solution, and the
solution was stirred for 1 h. Then 2,2�-bipyridine (32.0 mg;
0.200 mmol) was added to the mixture, and the subsequent solution
was stirred for 6 h. While stirring, a yellow precipitate was formed.
The precipitate was dissolved by heating and kept for crystalli-
zation. Yield: 130 mg (73.9% based on Pb). C30H18Cr2N2O10Pb
(877.67): calcd. C 41.06, H 2.07, N 3.19; found C 41.00, H 1.94, N
3.18. 1H NMR ([D6]DMSO, 300 MHz, 25 °C): δ = 8.70 (d, J =
3 Hz, 2 H, Py), 8.39 (d, J = 6 Hz, 2 H, Py), 7.95 (m, J = 9 Hz, 2
H, Py), 7.45 (m, J = 9 Hz, 2 H, Py), 6.21 (d, J = 6 Hz, 4 H, Ar),
5.87 (t, J = 6 Hz, 4 H, Ar), 5.65 (t, J = 6 Hz, 4 H, Ar) ppm.
13C{1H} NMR ([D6]DMSO, 75 MHz, 25 °C): δ = 233.3 (CO),
169.5 (COO), 155.2 (Py), 149.3 (Py), 137.4 (Py), 124.3 (Py), 120.5
(Py), 103.1 (Ar), 97.2 (Ar), 97.0 (Ar), 92.6 (Ar) ppm. IR (ATR): ν̃
= 3093 (br.), 1949 (s), 1899 (sh), 1872 (s), 1844 (s), 1581 (s) 1521
(s), 1500 (s), 1470 (s), 1432 (s), 1361 (s), 1311 (sh), 1242 (sh), 1152
(s), 1095 (s), 1048 (s), 1007 (s), 974 (sh), 952 (s), 847 (sh), 835 (s),
781 (s), 760 (s), 734 (s), 681 (s), 654 (s), 616 (s), 534 (s) cm–1.

X-ray Crystallographic Studies of 1–3: Single crystals of compounds
1–3 were grown from the hot mother solution. A suitable crystal
was covered with mineral oil (Aldrich) and mounted on a glass
fiber. The crystal was transferred directly to the –73 °C cold stream
of a STOE IPDS 2 diffractometer. All structures were solved by
using SHELXS-97.[27] The remaining non-hydrogen atoms were lo-
cated from successive difference Fourier map calculations. The re-
finements were carried out by using the SHELXL-97 program.[27]

The locations of the largest peaks in the final difference Fourier
map calculation as well as the magnitude of the residual electron
densities in each case were of no chemical significance. CCDC-
843114 (1), -843115 (2), and -843116 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Crystal Data for 1: C32H20Cr2N2O10Pb, Mr = 903.69, triclinic, a =
9.7738(4) Å, b = 13.3043(5) Å, c = 13.7563(5) Å, α = 116.268(3)°,
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β = 90.504(3)°, γ = 104.302(3)°, V = 1539.92(10) Å3, T = 200(2) K,
space group P1̄, Z = 2, μ(Mo-Kα) = 6.209 mm–1, 13263 reflections
measured, 6425 independent reflections (Rint = 0.1101). The final
R1 values were 0.0559 [I � 2σ(I)]. The final wR(F2) values were
0.1535 (all data). The goodness of fit on F2 was 1.048.

Crystal Data for 2: C64H36Cr4N4O20Pb2, Mr = 1803.35, triclinic, a

= 10.481(2) Å, b = 12.276(3) Å, c = 13.217(3) Å, α = 69.64(3)°, β
= 80.86(3)°, γ = 72.15(3)°, V = 1514.9(5) Å3, T = 200(2) K, space
group P1̄, Z = 1, μ(Mo-Kα) = 6.311 mm–1, 24787 reflections mea-
sured, 8154 independent reflections (Rint = 0.0854). The final R1

values were 0.0331 [I � 2σ(I)]. The final wR(F2) values were 0.0847
(all data). The goodness of fit on F2 was 1.039.

Crystal Data for 3: C60H36Cr4N4O20Pb2, Mr = 1755.31, mono-
clinic, a = 9.9537(3) Å, b = 22.5651(7) Å, c = 13.9019(5) Å, β =
108.273(3)°, V = 2965.0(2) Å3, T = 200(2) K, space group P21/c, Z

= 2, μ(Mo-Kα) = 6.446 mm–1, 28969 reflections measured, 6271
independent reflections (Rint = 0.0464). The final R1 values were
0.0245 [I � 2σ(I)]. The final wR(F2) values were 0.0476 (all data).
The goodness of fit on F2 was 0.943.
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The preparation and characterization of zinc complexes sup-
ported by potentially tridentate biphenolate phosphane li-
gands are reported. The in situ prepared dilithium complexes
of 2,2�-tert-butylphosphanylbis(4,6-di-tert-butylphenolate)
([LtBu]2–) and 2,2�-phenylphosphanylbis(4,6-di-tert-butyl-
phenolate) ([LPh]2–) react with ZnCl2 in tetrahydrofuran
(THF) to produce lithium zincates Zn[LtBuLi(THF)]2 and
Zn[LPhLi(THF)]2, respectively, regardless of the stoichiometry

Introduction

Zinc complexes that contain phenol-derived ligands are
of interest in view of their important roles in biomimetic
models and polymerization catalysis.[1–3] For instance,
phenoxyl radical complexes of zinc have been studied as
reference compounds in order to assess the inherent proper-
ties of tyrosyl radicals in a number of metalloproteins,[4–8]

which take advantage of the spectroscopically silent and re-
dox innocent nature of ZnII. In addition, zinc phenolate
complexes are known to be active catalyst precursors in the
ring-opening polymerization of cyclic molecules.[9–14] We
are currently exploring the reactions and structural chemis-
try of hybrid chelating ligands with main-group and transi-
tion metals.[15–24] In particular, a series of group 1 deriva-
tives of the potentially tridentate biphenolate phosphane li-
gands 2,2�-tert-butylphosphanylbis(4,6-di-tert-butylphenol-
ate) ([LtBu]2–) and 2,2�-phenylphosphanylbis(4,6-di-tert-but-
ylphenolate) ([LPh]2–) has been prepared and structurally
characterized.[25–29] As indicated by X-ray studies, these
species tend to form aggregates, whose structural prefer-
ences have been found to be a function of several param-
eters, which include the identity of phosphorus bound sub-
stituents, the electrophilicity of the metal, and the coordi-
nating solvent. Herein we report the preparation of zinc
cluster compounds that contain [LtBu]2– and [LPh]2– and
that the complex constitution also depends dramatically on
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Nanotechnology, National Sun Yat-sen University,
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of the starting materials. Alkane elimination reactions of
ZnEt2 with one equiv. of H2LtBu or H2LPh in THF generate
Zn2(LtBu)2(THF) or Zn2(LPh)2(THF)2, whereas those em-
ploying two equiv. of the protio ligands afford Zn(LtBuH)2-
(MeCN) or Zn(LPhH)2(MeCN), respectively. The X-ray struc-
tures of Zn[LtBuLi(THF)]2, Zn2(LtBu)2(THF), Zn2(LPh)2(THF)2,
and Zn(LtBuH)2(MeCN) are presented.

the synthetic strategy employed. For instance, Zn2(LtBu)2-
(THF) and Zn2(LPh)2(THF)2 are not synthetically access-
ible by salt metathesis routes but may be prepared by alkane
elimination methods. The versatility of the [LtBu]2– and
[LPh]2– binding modes is also demonstrated. Scheme 1 sum-
marizes the synthesis of the complexes reported in this
study.

Results and Discussion

Synthesis and Characterization of Zn[LtBuLi(THF)]2 and
Zn[LPhLi(THF)]2

Our initial attempts to prepare Zn2(LtBu)2(THF) involved
the salt metathesis of LtBuLi2[26] with ZnCl2. The reaction
of in situ prepared LtBuLi2 with an equimolar amount of
ZnCl2 in THF at room temperature generated Zn[LtBuLi-
(THF)]2 as an off-white solid in 80% isolated yield. Surpris-
ingly, Zn2(LtBu)2(THF) (vide infra) was not observed from
the 31P{1H} NMR spectra of reaction aliquots. This sug-
gests that the presumed intermediate, ZnCl(LtBuLi)(THF)x,
is more reactive towards intermolecular salt metathesis with
LtBuLi2 to give Zn[LtBuLi(THF)]2 than intramolecular salt
elimination to give Zn2(LtBu)2(THF). Such a phenomenon
is interesting as intramolecular reactions are usually more
kinetically accessible. Zn[LtBuLi(THF)]2 was also prepared
in a similar isolated yield from the reaction of ZnCl2 with
two equiv. of LtBuLi2 under similar conditions.

Colorless crystals of Zn[LtBuLi(THF)]2 suitable for X-ray
diffraction analysis were grown from a concentrated diethyl
ether solution at –35 °C. As depicted in Figure 1, this mole-
cule contains two monoanionic [LtBuLi(THF)]– ligands,
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Scheme 1. Synthesis of zinc complexes.

which are both κ3-O,P,O bound to the zinc center. Zn[LtBuLi-
(THF)]2 is thus a homoleptic compound that contains
a six-coordinate zinc core. Alternatively, Zn[LtBuLi(THF)]2
may be regarded as a contact ion pair of lithium zinc-
ate[30–33] with phenolate oxygen donors bridging the metal
centers. With respect to the lithium atoms, the phenolate
phosphane ligands, on the other hand, act as a κ2-O,O do-
nor to one lithium center and as a κ1-O donor to the other.
As a result, the phenolate O1 donor is μ2-bridged between
zinc and one of the lithium atoms, whereas O2 is simulta-
neously bound to the three metals. With the coordination
of an additional THF molecule, each lithium atom is thus
four-coordinate with a distorted tetrahedral geometry.
Overall, this molecule is C2 symmetric, and the C2 axis co-
incides with the Li1–Zn1–Li1A plane and bisects the Li1–
Zn1–Li1A angle. In accordance with the large steric size of
[LtBuLi(THF)]–, the core geometry of this six-coordinate
zinc complex is severely distorted from an ideal octahedron.

Figure 1. Molecular structure of Zn[LtBuLi(THF)]2 with thermal
ellipsoids drawn at the 35% probability level. All methyl groups in
aryl tert-butyl are omitted for clarity.
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Table 1 summarizes selected bond lengths and angles. The
Zn–O bonds are slightly longer than those of other zinc
complexes that contain terminal or bridging phenolate-de-
rived ligands.[13,14,34–37]

The solution NMR spectroscopic data of Zn[LtBuLi-
(THF)]2 are consistent with a structure with C2 symmetry,
reminiscent of that found in the solid state. The 1H NMR
spectrum at room temperature exhibits four distinct singlet
resonances for aryl tert-butyl groups and four well-resolved
signals for aromatic protons. The hydrogen atoms in the
phosphorus bound tert-butyl groups are observed as a
doublet resonance with 3JPH of 12 Hz. The 31P{1H} and
7Li{1H} NMR spectra show only one singlet resonance.
The 31P NMR chemical shift of Zn[LtBuLi(THF)]2
(–39 ppm) measured in THF is notably upfield shifted from
that of LtBuLi2 (–22 ppm). The incorporation of two-coor-
dinated THF is also confirmed by upfield chemical shifts
(2.96 and 1.15 ppm vs. free THF at 3.57 and 1.40 ppm)[38]

and the signal integrals relative to [LtBu]2– in the 1H NMR
spectrum.

Zn[LPhLi(THF)]2 was prepared similarly in nearly quan-
titative yield. No Zn2(LPh)2(THF)2 was detected by 31P{1H}
NMR spectroscopy even if the reaction was conducted with
an equimolar amount of ZnCl2 and LPhLi2.[25] The solution
NMR spectroscopic data of Zn[LPhLi(THF)]2 suggest a C2-
symmetric structure analogous to that of Zn[LtBuLi-
(THF)]2. Both Zn[LtBuLi(THF)]2 and Zn[LPhLi(THF)]2 are
intriguing as alkali-metal-containing zinc complexes often
display synergistic effects.[39–44] The solubility of
Zn[LPhLi(THF)]2 in nonpolar solvents is much lower than
that of Zn[LtBuLi(THF)]2, which is probably because of the
formation of higher aggregates for the former.[45–47] This
phenomenon highlights the discrepancy in the identity of
the phosphorus substituents in these cluster compounds.
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Synthesis and Characterization of Zn2(LtBu)2(THF)

In contrast to the salt metathesis reactions, alkane elimi-
nation of ZnEt2 with one equiv. of H2LtBu in THF pro-
duced Zn2(LtBu)2(THF) in 80% yield as colorless crystals
after recrystallization from a concentrated pentane solution

Table 1. Selected bond lengths [Å] and angles [°] for Zn[LtBuLi-
(THF)]2, Zn2(LtBu)2(THF), Zn2(LPh)2(THF)2, and Zn(LtBuH)2-
(MeCN).

Zn[LtBuLi(THF)]2

O(1)–Zn(1) 2.357(2) O(2)–Li(1) 2.112(6)
O(2)–Zn(1) 2.226(2) O(3)–Li(1) 1.974(6)
P(1)–Zn(1) 2.3402(9) Li(1)–O(2A) 1.942(6)
O(1)–Li(1) 1.835(6)
O(2)–Zn(1)–O(1) 85.26(8) O(2A)–Zn(1)–P(1A) 81.81(6)
O(2A)–Zn(1)–O(2) 72.78(10) O(2)–Zn(1)–P(1A) 140.56(6)
O(2A)–Zn(1)–P(1) 140.56(6) P(1A)–Zn(1)–O(1A) 72.61(5)
O(2)–Zn(1)–P(1) 81.81(6) P(1)–Zn(1)–O(1A) 117.38(6)
P(1A)–Zn(1)–P(1) 133.94(5) O(1)–Zn(1)–O(1A) 156.27(11)
O(2A)–Zn(1)–O(1) 75.62(7) O(1)–Li(1)–O(2A) 96.1(3)
P(1A)–Zn(1)–O(1) 117.38(6) O(1)–Li(1)–O(3) 113.0(3)
P(1)–Zn(1)–O(1) 72.61(5) O(2A)–Li(1)–O(3) 144.8(3)
O(2A)–Zn(1)–O(1A) 85.26(8) O(1)–Li(1)–O(2) 103.5(3)
O(2)–Zn(1)–O(1A) 75.62(7) O(2A)–Li(1)–O(2) 81.2(2)
O(3)–Li(1)–O(2) 109.0(3)

Zn2(LtBu)2(THF)

O(1)–Zn(1) 1.919(2) O(4)–Zn(1) 2.031(2)
O(2)–Zn(2) 1.863(2) O(5)–Zn(2) 2.079(2)
O(3)–Zn(2) 1.899(2) P(1)–Zn(1) 2.3217(9)
O(4)–Zn(2) 2.010(2) P(2)–Zn(1) 2.3434(10)
O(1)–Zn(1)–O(4) 114.14(9) O(2)–Zn(2)–O(3) 119.47(9)
O(1)–Zn(1)–P(1) 89.11(7) O(2)–Zn(2)–O(4) 110.91(9)
O(4)–Zn(1)–P(1) 115.98(6) O(3)–Zn(2)–O(4) 110.58(9)
O(1)–Zn(1)–P(2) 118.05(7) O(2)–Zn(2)–O(5) 115.04(9)
O(4)–Zn(1)–P(2) 84.41(6) O(3)–Zn(2)–O(5) 91.08(9)
P(1)–Zn(1)–P(2) 136.90(3) O(4)–Zn(2)–O(5) 107.94(9)

Zn2(LPh)2(THF)2

Zn(1)–O(4) 1.891(5) Zn(2)–O(3) 1.905(5)
Zn(1)–O(1) 2.092(5) Zn(2)–O(2) 1.976(5)
Zn(1)–O(5) 2.193(6) Zn(2)–O(1) 2.062(5)
Zn(1)–O(2) 2.336(4) Zn(2)–O(6) 2.173(6)
Zn(1)–P(1) 2.343(2) Zn(2)–P(2) 2.678(2)
O(4)–Zn(1)–O(1) 148.0(2) O(3)–Zn(2)–O(2) 130.9(2)
O(4)–Zn(1)–O(5) 86.5(2) O(3)–Zn(2)–O(1) 134.3(2)
O(1)–Zn(1)–O(5) 95.1(2) O(2)–Zn(2)–O(1) 92.12(19)
O(4)–Zn(1)–O(2) 99.9(2) O(3)–Zn(2)–O(6) 89.8(2)
O(1)–Zn(1)–O(2) 81.91(18) O(2)–Zn(2)–O(6) 99.5(2)
O(5)–Zn(1)–O(2) 172.3(2) O(1)–Zn(2)–O(6) 98.4(2)
O(4)–Zn(1)–P(1) 128.82(17) O(3)–Zn(2)–P(2) 80.45(17)
O(1)–Zn(1)–P(1) 82.88(15) O(2)–Zn(2)–P(2) 87.67(15)
O(5)–Zn(1)–P(1) 96.1(2) O(1)–Zn(2)–P(2) 87.90(15)
O(2)–Zn(1)–P(1) 76.48(13) O(6)–Zn(2)–P(2) 170.20(15)

Zn(LtBuH)2(MeCN)

O(1)–Zn(1) 2.0360(19) P(2)–Zn(1) 2.4639(10)
O(3)–Zn(1) 2.0090(19) Zn(1)–N(1) 2.101(3)
P(1)–Zn(1) 2.4631(10)
O(3)–Zn(1)–O(1) 165.61(8) O(1)–Zn(1)–P(1) 79.94(6)
O(3)–Zn(1)–N(1) 101.44(9) N(1)–Zn(1)–P(1) 116.11(8)
O(1)–Zn(1)–N(1) 92.95(9) O(3)–Zn(1)–P(2) 80.68(6)
O(3)–Zn(1)–P(1) 93.94(6) O(1)–Zn(1)–P(2) 94.79(6)
N(1)–Zn(1)–P(2) 106.97(8) P(1)–Zn(1)–P(2) 136.76(3)
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at –35 °C. As depicted in Figure 2, Zn2(LtBu)2(THF) con-
tains two biphenolate phosphane ligands that bridge two
zinc atoms in an overall C1-symmetric fashion. Both
[LtBu]2– ligands are κ2-O,P bound to Zn1 with a “pendant”
phenolate κ1-bound to Zn2. In addition, the O4 donor brid-
ges between both zinc atoms, and Zn2 is further coordi-
nated to one THF molecule. As a result, both Zn1 and Zn2
are four-coordinate, the core geometry of which is best de-
scribed as distorted tetrahedral. Selected bond lengths and
angles are summarized in Table 1.

Figure 2. Molecular structure of Zn2(LtBu)2(THF) with thermal el-
lipsoids drawn at the 35% probability level. All methyl groups in
aryl tert-butyl and one unbound THF found in the asymmetric
unit cell are omitted for clarity.

The solution NMR spectroscopic data of Zn2(LtBu)2-
(THF) at room temperature, however, are indicative of a
structure with higher symmetry. For instance, the aryl tert-
butyl groups are observed as two singlet resonances, and
the phosphorus donors as one broad singlet resonance in
the 1H and 31P{1H} NMR spectra, respectively. These re-
sults suggest that a fluxional exchange process occurs in
solution on the NMR timescale. A variable-temperature
31P{1H} NMR study revealed that the broad singlet reso-
nance sharpens upon heating and broadens upon cooling
to give rise to two resolved broad singlet resonances be-
tween –15 and –40 °C. These signals become two doublet
resonances centered at –24.2 and –37.6 ppm with 2Jpp of
83 Hz at temperatures lower than –45 °C, which is consis-
tent with the X-ray structure wherein the two phosphorus
donors are concomitantly coordinated to Zn1.

Synthesis and Characterization of Zn2(LPh)2(THF)2

Similar to Zn2(LtBu)2(THF), the addition of one equiv.
of ZnEt2 to a THF solution of H2LPh at –35 °C generated
Zn2(LPh)2(THF)2 in 75% yield as colorless crystals suitable
for X-ray diffraction analysis. An X-ray study of Zn2(LPh)2-
(THF)2, however, revealed a distinct structure (Figure 3,
Table 1) from that of Zn2(LtBu)2(THF), which highlights the
phosphorus substituent effect. Notably, the two phosphorus
donors in Zn2(LPh)2(THF)2 are coordinated to two different
zinc atoms; the Zn2–P2 bond of 2.678(2) Å is long, whereas



Zinc Complexes with Phenol-Derived Ligands

the Zn1–P1 bond length of 2.343(2) Å is typical.[10,48,49]

Consistent with the lower electron-releasing nature of the
phosphorus substituent, Zn2(LPh)2(THF)2 adopts one more
coordinated THF molecule than Zn2(LtBu)2(THF). Both
zinc atoms in Zn2(LPh)2(THF)2 are five-coordinate; each
contains one coordinated THF, and the entire molecule is
C1-symmetric. Although one [LPh]2– (containing P2) is κ2-
O,P bound to Zn2 with a “pendant” phenolate κ1-bound
to Zn1, the other (containing P1) is κ3-O,P,O coordinated
to Zn1 with both phenolate oxygen donors bridging the two
zinc atoms. Interestingly, these binding modes are similar
to those found in Zn2(LtBu)2(THF) and Zn[LtBuLi(THF)]2,
respectively. In addition, the latter coordination mode is
also reminiscent of those of LPhLi2(DME)2,[25]

[LPhLi2(THF)2]2,[28] and [LtBuLi2(DME)]2 (DME = di-
methyl ether).[26] This similarity is intriguing, particularly
in view of the inherently distinct cationic charges and
atomic sizes of Li and Zn.

Figure 3. Molecular structure of Zn2(LPh)2(THF)2 with thermal el-
lipsoids drawn at the 35% probability level. All methyl groups in
tert-butyl and all methylene groups in THF are omitted for clarity.

Similar to that found for Zn2(LtBu)2(THF), variable-tem-
perature solution NMR studies of Zn2(LPh)2(THF)2 are all
consistent with a C1-symmetric static structure that un-
dergoes a fluxional process upon warming in solution to
give rise to an averaged structure, which has seemingly
higher molecular symmetry at room temperature. In the 1H
NMR spectra, the aryl tert-butyl groups are observed as
two singlet resonances at room temperature and eight well-
resolved signals at temperatures lower than –45 °C. Consist-
ently, the broad singlet resonance observed in the 31P{1H}
NMR spectrum at room temperature resolves to become
two singlets (–52.3 and –54.8 ppm in [D8]toluene) below
–5 °C. In good agreement with the X-ray structure, the two
phosphorus donors do not show any internuclear coupling
even at –80 °C.

Synthesis and Characterization of Zn(LtBuH)2(MeCN) and
Zn(LPhH)2(MeCN)

Given the unexpected results obtained from the salt me-
tathesis routes regardless of the stoichiometry of the start-
ing materials employed, we became interested in whether
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the formation of Zn2(LtBu)2(THF) and Zn2(LPh)2(THF)2 is
a function of the relative ratios of ZnEt2 with the corre-
sponding H2L. The reactions of ZnEt2 with two equiv. of
H2LtBu or H2LPh in THF generated Zn(LtBuH)2(MeCN) or
Zn(LPhH)2(MeCN), respectively, after work up with aceto-
nitrile in ca. 80% isolated yield. Acetonitrile facilitates the
purification of these zinc complexes, whose 31P{1H} NMR
spectroscopic data differ negligibly with or without the em-
ployment of acetonitrile. These data are, however, notably
distinct from those of Zn2(LtBu)2(THF) and Zn2(LPh)2-
(THF)2. In particular, neither Zn2(LtBu)2(THF) nor
Zn2(LPh)2(THF)2 was detected from the 31P{1H} NMR
spectra of reaction aliquots in the preparation of Zn(LtBuH)2-
(MeCN) or Zn(LPhH)2(MeCN). The isolation of Zn(LH)2-
(MeCN) rather than Zn(LH)2(THF) seems to reflect the
distinct Lewis basic strengths of these coordinating sol-
vents. The formation of [LPhH]– derivatives was also found
in previously established lithium chemistry.[27]

The 1H NMR spectrum of Zn(LtBuH)2(MeCN) empiri-
cally confirmed the coordination of two [LtBuH]– and one
acetonitrile molecule to zinc. The hydroxy protons are ob-
served as a broad singlet resonance at 7.59 ppm and the
phosphorus donors as one singlet resonance at –32 ppm in
the 1H and 31P{1H} NMR spectra, respectively, which indi-
cates the presence of intramolecular symmetry in this mole-
cule. The aryl tert-butyl groups, however, are observed in
the 1H NMR spectra as two sharp singlet resonances at
room temperature and four well-resolved signals at –75 °C,
which is consistent with a fluxional exchange process in
solution. The static structure of Zn(LtBuH)2(MeCN) is thus
C2 symmetric. The NMR spectroscopic data of Zn(LPhH)2-
(MeCN) at room temperature also suggest a time-averaged
structure similar to that of Zn(LtBuH)2(MeCN).

Colorless crystals of Zn(LtBuH)2(MeCN) suitable for X-
ray diffraction analysis were grown from a concentrated
acetonitrile solution at –35 °C. As depicted in Figure 4, this
molecule contains two [LtBuH]– ligands that are κ2-O,P
bound to zinc. Selected bond lengths and angles are sum-
marized in Table 1. Interestingly, intramolecular hydrogen

Figure 4. Molecular structure of Zn(LtBuH)2(MeCN) with thermal
ellipsoids drawn at the 35% probability level. All methyl groups in
aryl tert-butyl are omitted for clarity.
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bonding is present between the [LtBuH]– ligands. The O1–
O4 and O2–O3 distances of 2.667 and 2.637 Å, respectively,
are comparable to those reported previously.[50] With the
coordination of one acetonitrile molecule, this species is
thus five-coordinate. The core geometry is best described as
approximately halfway (geometric parameter τ = 0.48)[51]

between ideal trigonal bipyramidal and square pyramidal.
The acetonitrile ligand binds to zinc with an unusually
acute C�N–Zn angle of 155.0(3)°. This phenomenon is
rare but not unprecedented.[41,52,53]

Conclusions

We have prepared and structurally characterized a series
of phenolate phosphane complexes of zinc. Of particular
note are the versatile coordination modes of these hybrid
chelating ligands that could be either a κ3-O,P,O chelate or
a κ2-O,P chelate tethered with a pendant phenolate or phe-
nol. As demonstrated in Zn[LRLi(THF)]2 and Zn(LRH)2-
(MeCN) (R = tBu, Ph), the biphenolate phosphane ligands
may be transformed to become monoanionic [LRLi-
(THF)]– or [LRH]– by phenolate coordination to lithium or
protonation, respectively. The formation of lithium zincates
Zn[LtBuLi(THF)]2 and Zn[LPhLi(THF)]2 instead of
Zn2(LtBu)2(THF) and Zn2(LPh)2(THF)2 by salt metathesis
highlights the significance of the synthetic strategies em-
ployed in the complex preparation. A profound phosphorus
substituent effect is observed between Zn2(LtBu)2(THF) and
Zn2(LPh)2(THF)2, wherein both complex conformation and
structural connectivity are notably different.

Table 2. Crystal data and structure refinement for Zn[LtBuLi(THF)]2, Zn2(LtBu)2(THF), Zn2(LPh)2(THF)2, and Zn(LtBuH)2(MeCN).

Zn[LtBuLi(THF)]2 Zn2(LtBu)2(THF) Zn2(LPh)2(THF)2 Zn(LtBuH)2(MeCN)

Formula C72H114Li2O6P2Zn C72H114O6P2Zn2 C76H106O6P2Zn2 C66H103NO4P2Zn
Fw 1216.82 1268.31 1308.29 1101.80
Crystal size [mm3] 0.28�0.14�0.04 0.38�0.34�0.12 0.39�0.15�0.05 0.37�0.31�0.27
Dcalcd. [Mg/m3] 0.999 1.088 1.106 1.096
Crystal system orthorhombic monoclinic tetragonal monoclinic
Space group Pban P21/c P42bc P21/n
a [Å] 28.9698(11) 22.5680(15) 29.2014(4) 13.916(3)
b [Å] 11.4748(4) 14.6988(9) 29.2014(4) 33.736(7)
c [Å] 24.3488(8) 23.3554(14) 18.4281(3) 14.975(4)
α [°] 90 90 90 90
β [°] 90 91.162(4) 90 108.302(14)
γ [°] 90 90 90 90
V [Å3] 8094.1(5) 7745.9(8) 15714.0(4) 6675(3)
Z 4 4 8 4
T [K] 200(2) 200(2) 200(2) 200(2)
2θ range [°] 2.82, 50.06 1.80, 50.04 4.42, 49.98 2.42, 50.06
Index ranges (h; k; l) –34, 34; –13, 13; –28, 25 –26, 26; –16, 17; –27, 22 –33, 32; –31, 33; –21, 21 –16, 13; –40, 39; –17, 17
Total reflections 45556 44639 81905 43414
Independent reflections 7155 13575 13353 11772
Rint 0.0677 0.0617 0.1661 0.0577
Absorption coeff. [mm–1] 0.384 0.704 0.696 0.459
Data/restraints/parameters 7155/0/375 13575/0/713 13353/1/735 11772/0/656
Goodness of fit 1.017 1.010 0.827 1.097

R1 = 0.0619, R1 = 0.0524, R1 = 0.0741, R1 = 0.0504,Final R indices [I�2σ(I)]
wR2 = 0.1704 wR2 = 0.1211 wR2 = 0.1786 wR2 = 0.1330
R1 = 0.0915, R1 = 0.0834, R1 = 0.1319, R1 = 0.0788,

R indices (all data)
wR2 = 0.1850 wR2 = 0.1308 wR2 = 0.2080 wR2 = 0.1492

Residual density [e/Å3] –0.581 to 0.617 –0.750 to 0.902 –0.488 to 0.521 –0.471 to 0.689

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 298–305302

Experimental Section

General Procedures: Unless otherwise specified, all experiments
were performed under nitrogen using standard Schlenk or glovebox
techniques. All solvents were reagent grade or better and purified
by standard methods. H2LtBu and H2LPh were prepared according
to literature procedures.[26,54] All other chemicals were obtained
from commercial vendors and used as received. The NMR spectra
were recorded with Varian Unity or Bruker AV instruments. Chem-
ical shifts (δ) are listed as parts per million downfield from tet-
ramethylsilane and coupling constants (J) are in Hertz. 1H NMR
spectra were referenced to the residual solvent peak at 7.16 ppm for
C6D6 or 7.24 ppm for CDCl3. 13C NMR spectra were referenced to
the internal solvent peak at 128.39 ppm for C6D6 or 77.23 ppm for
CDCl3. The assignment of the carbon atoms is based on DEPT
13C NMR spectroscopy. 31P and 7Li NMR spectra were referenced
externally to 85% H3PO4 at 0 ppm and LiCl in D2O at 0 ppm,
respectively. Routine coupling constants are not listed. All NMR
spectra were recorded at room temperature unless otherwise noted.
Elemental analysis was performed with a Heraeus CHN-O Rapid
analyzer.

X-ray Crystallography: Crystallographic data are summarized in
Table 2. Data were collected with a Bruker-Nonius Kappa CCD
diffractometer with graphite-monochromated Mo-Kα radiation (λ
= 0.7107 Å). Structures were solved by direct methods and refined
by full-matrix least-squares procedures against F2 using SHELXL-
97.[55] All full-weight non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were placed in calculated positions. The
structures of Zn[LtBuLi(THF)]2, Zn2(LtBu)2(THF), and Zn2(LPh)2-
(THF)2 contain disordered molecules of diethyl ether, THF, and
pentane, respectively. Attempts to obtain a suitable disorder model
failed. The SQUEEZE procedure of the Platon program[56] was
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used to obtain a new set of F2 (hkl) values without the contribution
of solvent molecules, which led to the presence of significant voids
in these structures. The refinement reduced R1 to 0.0619 for
Zn[LtBuLi(THF)]2, 0.0524 for Zn2(LtBu)2(THF), and 0.0741 for
Zn2(LPh)2(THF)2.

CCDC-826002 {for Zn[LtBuLi(THF)]2}, -826003 [for Zn2(LtBu)2-
(THF)], -826004 [for Zn2(LPh)2(THF)2], and -826005 [for
Zn(LtBuH)2(MeCN)] contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Synthesis of Zn[LtBuLi(THF)]2. Method 1: To a prechilled THF
solution (9 mL) of H2LtBu (125 mg, 0.25 mmol) at –35 °C was
added nBuLi (0.2 mL, 2.5 m in hexane, 0.50 mmol). The reaction
solution was stirred at room temperature for 1 h. A THF solution
(1 mL) of ZnCl2 (17 mg, 0.124 mmol) was added. The solution was
stirred at room temperature overnight and the solvents evaporated
to dryness under reduced pressure. Diethyl ether (4 mL) was added.
The ether solution was filtered through a pad of Celite and the
solvents evaporated to dryness under reduced pressure. The solid
thus obtained was washed with acetonitrile (6 mL) and dried in
vacuo to give the product as an off-white solid; yield 125 mg (82%).
Method 2: The reaction parameters are similar to those of Method
1 except that 1 equiv. instead of 0.5 equiv. of ZnCl2 with respect to
Li2LtBu was employed to generate an off-white solid in 80% yield.
1H NMR (500 MHz, C6D6): δ = 7.83 (dd, 2 H, Ar), 7.63 (dd, 2 H,
Ar), 7.55 (d, 2 H, Ar), 7.44 (d, 2 H, Ar), 2.96 (m, 8 H, OCH2),
1.64 (s, 18 H, ArCMe3), 1.53 (s, 18 H, ArCMe3), 1.42 (d, 18 H,
3JPH = 12 Hz, PCMe3), 1.38 (s, 18 H, ArCMe3), 1.30 (s, 18 H,
ArCMe3), 1.15 (m, 8 H, OCH2CH2) ppm. 13C{1H} NMR
(125 MHz, C6D6): δ = 167.69 (vt, JPC = 6 Hz, 1 C), 167.32 (vt, JPC

= 7.5 Hz, 1 C), 137.35 (s, 1 C), 137.21 (s, 1 C), 135.95 (s, 1 C),
134.78 (s, 1 C), 129.37 (s, CH), 126.36 (s, CH), 126.21 (s, CH),
125.70 (s, CH), 118.39 (t, JPC = 25.7 Hz, 1 C), 117.68 (t, JPC =
24.1 Hz, 1 C), 68.23 (s, OCH2), 36.07 (s, ArCMe3), 35.96 (s,
ArCMe3), 34.66 (s, ArCMe3), 34.50 (s, ArCMe3), 32.57 (s,
ArCMe3), 32.28 (s, ArCMe3), 31.74 (s, ArCMe3), 31.15 (s,
ArCMe3), 31.02 (m, PCMe3), 30.61 (m, PCMe3), 25.88 (s,
OCH2CH2) ppm. 31P{1H} NMR (202 MHz, C6D6): δ = –39.79.
7Li{1H} NMR (194 MHz, C6D6): δ = 0.58 ppm.
C72H114Li2O6P2Zn· 3MeCN (1340.1): calcd. C 69.89, H 9.26; found
C 69.97, H 9.03.

Synthesis of Zn[LPhLi(THF)]2: To a THF solution (3 mL) of H2LPh

(104 mg, 0.20 mmol) at –35 °C was added nBuLi (0.16 mL, 2.5 m

in hexane 0.40 mmol). The reaction solution was stirred at room
temperature for 1 h, cooled to –35 °C, and added to a prechilled
(–35 °C) THF solution (2 mL) of ZnCl2 (27.3 mg, 0.20 mmol). The
reaction mixture was stirred at room temperature for 23 h. All vola-
tiles were removed in vacuo. The solid residue was triturated with
pentane (1 mL �3). Diethyl ether (6 mL) was added. The ether
solution was filtered through a pad of Celite, and the solvents evap-
orated to dryness under reduced pressure to give the product as an
off-white solid; yield 120.6 mg (96%). 1H NMR (500 MHz,
CDCl3): δ = 7.40 (m, 4 H, Ar), 7.30 (m, 4 H, Ar), 7.23 (m, 6 H,
Ar), 7.20 (m, 2 H, Ar), 7.16 (m, 2 H, Ar), 3.10 (m, 8 H, OCH2),
1.51 (s, 18 H, CMe3), 1.49 (m, 8 H, OCH2CH2), 1.23 (s, 18 H,
CMe3), 1.18 (s, 18 H, CMe3), 1.15 (s, 18 H, CMe3) ppm. 13C{1H}
NMR (125 MHz, CDCl3): δ = 166.66 (t, JPC = 8.3 Hz, 1 C), 166.08
(t, JPC = 8.3 Hz, 1 C), 136.88 (s, 1 C), 136.82 (s, 1 C), 136.65 (s, 1
C), 136.01 (s, 1 C), 133.30 (t, JPC = 5.9 Hz, CH), 130.71 (t, JPC =
20 Hz, 1 C), 128.52 (s, CH), 128.43 (s, CH), 127.66 (t, JPC = 4.5 Hz,
CH), 126.03 (s, CH), 125.58 (s, CH), 124.56 (s, CH), 118.34 (t, JPC
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= 26 Hz, 1 C), 117.76 (t, JPC = 26 Hz, 1 C), 67.61 (s, OCH2), 35.12
(s, CMe3), 34.09 (s, CMe3), 31.66 (s, CMe3), 31.61 (s, CMe3), 31.14
(s, CMe3), 29.94 (s, CMe3), 25.18 (s, OCH2CH2) ppm. 31P{1H}
NMR (202 MHz, CDCl3): δ = –49.97 ppm. 7Li{1H} NMR
(194 MHz, CDCl3): δ = 0.33 ppm. With multiple attempts, we were
unable to obtain satisfactory elemental analysis data, which was
likely due to incomplete combustion of the samples examined.

Synthesis of Zn2(LtBu)2(THF): To a THF solution (6 mL) of H2LtBu

(204 mg, 0.40 mmol) at –35 °C was added ZnEt2 (0.40 mL, 1 m in
hexane, 0.40 mmol). The solution was stirred at room temperature
for 1 h, and the solvents evaporated to dryness under reduced pres-
sure. The solid residue thus obtained was washed with acetonitrile
(6 mL) and dried in vacuo to give the product as a colorless crystal-
line solid; yield 192 mg (80%). Colorless crystals suitable for X-
ray diffraction analysis were grown from a concentrated pentane
solution at –35 °C. 1H NMR (500 MHz, C6D6): δ = 7.83 (br. s, 4
H, Ar), 7.56 (s, 4 H, Ar), 3.35 (br. s, 4 H, OCH2), 1.55 (s, 36 H,
ArCMe3), 1.46 (m, 18 H, PCMe3), 1.37 (s, 36 H, ArCMe3), 1.27
(br. s, 4 H, OCH2CH2) ppm. 13C{1H} NMR (125 MHz, C6D6): δ
= 167.07 (br. s, 1 C), 139.96 (s, CH), 138.34 (br. s, CH), 127.48 (s,
1 C), 116.05 (br. s, 1 C), 69.91 (s, OCH2), 36.30 (s, ArCMe3), 34.79
(s, ArCMe3), 33.49 (m, PCMe3), 32.31 (s, ArCMe3), 30.93 (s,
ArCMe3), 29.91 (s, PCMe3), 25.71 (s, OCH2CH2) ppm. 31P{1H}
NMR (202 MHz, C6D6): δ = –35.58 (br) ppm.
C68H106O5P2Zn2·THF·3MeCN (1391.6): calcd. C 67.30, H 8.91;
found C 67.60, H 8.36.

Synthesis of Zn2(LPh)2(THF)2: To a THF solution (6 mL) of H2LPh

(200 mg, 0.38 mmol) at –35 °C was added ZnEt2 (0.38 mL, 1 m in
hexane, 0.38 mmol). The solution was stirred at room temperature
for 1 h and the solvents evaporated to dryness under reduced pres-
sure. The solid residue thus obtained was washed with acetonitrile
(6 mL) and dried in vacuo to give the product as a colorless crystal-
line solid; yield 186 mg (75%). Colorless crystals suitable for X-
ray diffraction analysis were grown from a concentrated pentane
solution at –35 °C. 1H NMR (500 MHz, C6D6): δ = 7.68 (m, 4 H,
Ar), 7.58 (m, 10 H, Ar), 7.02 (m, 4 H, Ar), 3.35 (m, 8 H, OCH2),
1.53 (br. s, 36 H, CMe3), 1.28 (s, 36 H, CMe3), 1.19 (m, 8 H,
OCH2CH2) ppm. 13C{1H} NMR (125 MHz, C6D6): δ = 166.99 (m,
1 C), 139.83 (m, 1 C), 133.94 (s, CH), 133.77 (s, CH), 117.41 (m, 1
C), 116.77 (m, 1 C), 69.48 (s, OCH2), 36.14 (s, ArCMe3), 34.88 (s,
ArCMe3), 32.23 (s, ArCMe3), 30.80 (s, ArCMe3), 25.74 (s,
OCH2CH2) ppm. 31P{1H} NMR (202 MHz, C6D6): δ = –51.0 (br)
ppm. C76H106O6P2Zn2 (1308.38): calcd. C 69.75, H 8.17; found C
69.90, H 8.13.

Synthesis of Zn(LtBuH)2(MeCN): To a THF solution (5 mL) of
H2LtBu (204 mg, 0.40 mmol) at –35 °C was added ZnEt2 (0.20 mL,
1 m in hexane, 0.20 mmol). The solution was stirred at room tem-
perature for 1 h, and the solvents evaporated to dryness under re-
duced pressure. The solid residue thus obtained was washed with
acetonitrile (6 mL) and dried in vacuo to give the product as an
off-white solid; yield 179 mg (81%). 1H NMR (500 MHz, C6D6): δ
= 7.89 (d, 4 H, Ar), 7.64 (d, 4 H, Ar), 7.59 (br. s, 2 H, OH), 1.51
(s, 36 H, CMe3), 1.35 (m, 18 H, PCMe3), 1.32 (s, 36 H, CMe3),
0.60 (s, 3 H, MeCN) ppm. 13C{1H} NMR (125.7 MHz, C6D6): δ
= 163.92 (br. s, 1 C), 140.69 (s, CH), 140.37 (s, CH), 125.78 (s, 1
C), 124.72 (s, 1 C), 116.23 (s, CN), 113.50 (br. d, 1 C), 36.28 (s,
ArCMe3), 34.86 (s, ArCMe3), 33.80 (m, PCMe3), 32.16 (s,
ArCMe3), 31.60 (s, ArCMe3), 28.10 (t, PCMe3), 0.42 (s, MeCN)
ppm. 31P{1H} NMR (121.48 MHz, C6D6): δ = –32.4 ppm.
C66H103NO4P2Zn (1101.87): calcd. C 71.93, H 9.43; found C 71.97,
H 9.25.
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Synthesis of Zn(LPhH)2(MeCN): To a THF solution (6 mL) of
H2LPh (103 mg, 0.20 mmol) at room temperature was added ZnEt2

(0.10 mL, 1 m in hexane, 0.10 mmol). The solution was stirred at
room temperature for 1 h, and the solvents evaporated to dryness
under reduced pressure. The solid residue thus obtained was
washed with acetonitrile (6 mL) and dried in vacuo to give the
product as an off-white solid; yield 92 mg (81 %). 1H NMR
(500 MHz, C6D6): δ = 7.62 (m, 4 H, Ar), 7.36 (m, 6 H, Ar), 6.99
(br. s, 2 H, OH), 6.92 (m, 4 H, Ar), 6.88 (m, 4 H, Ar), 1.55 (s, 36
H, CMe3), 1.21 (s, 36 H, CMe3), 0.62 (s, 3 H, MeCN) ppm.
13C{1H} NMR (125.7 MHz, C6D6): δ = 163.02 (br. s, 1 C), 141.19
(s, 1 C), 139.31 (s, 1 C), 133.67 (s, CH), 130.32 (s, CH), 129.38 (s,
CH), 128.67 (s, CH), 128.45 (s, CH), 116.76 (s, CN), 114.80 (s, 1
C), 36.10 (s, ArCMe3), 34.86 (s, ArCMe3), 32.02 (s, ArCMe3), 30.48
(s, ArCMe3), 0.42 (s, MeCN) ppm. 31P{1H} NMR (202.3 MHz,
C6D6): δ = –45.09 ppm. C70H95NO4P2Zn·MeCN (1182.9): calcd. C
73.09, H 8.35; found C 72.84, H 7.77.
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Oleum and Sulfuric Acid as Reaction Media: The Actinide Examples
UO2(S2O7)-lt (low temperature), UO2(S2O7)-ht (high temperature),

UO2(HSO4)2, An(SO4)2 (An = Th, U), Th4(HSO4)2(SO4)7 and
Th(HSO4)2(SO4)
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New uranium sulfates have been synthesised by the reaction
of UO2(CH3COO)2·2H2O with sulfuric acid/sulfur trioxide
mixtures in sealed glass ampoules. Both polymorphs of the
disulfate UO2(S2O7) [low temperature (lt): triclinic, P1̄, Z = 2,
a = 647.8(1) pm, b = 684.2(1) pm, c = 800.1(1) pm, α =
87.31(2)°, β = 78.37(2)°, γ = 75.34(2)°, V = 0.33605(9) nm3; high
temperature (ht): orthorhombic, Pca21, Z = 8, a =
1080.21(2) pm, b = 814.74(1) pm, c = 1655.63(3) pm, V =
1.45710(4) nm3] and the hydrogensulfate UO2(HSO4)2 [mo-
noclinic, P21/n, Z = 4, a = 779(3) pm, b = 815.39(3) pm, c =
1285.77(5) pm, β = 103.700(1)°, V = 0.79428(5) nm3] contain
hexavalent uranium in the form of the well-known linear
[UO2]2+ ion. The pentagonal bipyramidal coordination
sphere around U is completed by disulfate and hydrogensulf-
ate ions, which connect the uranyl groups to a three-dimen-
sional network. Reaction of uranyl acetate with sulfuric acid
at sufficiently high temperature (300 °C) leads to a reduction
of uranium to the tetravalent form under separation of green

Introduction

The eligibility of highly concentrated mineralic acids as
reaction media has been barely explored up to now. In our
group, the synthetic techniques to handle reactions in such
aggressive media have been developed in the last decade,
wherein the main focus has been on sulfuric acid and its
derivatives. The most convenient synthetic approach is reac-
tions under solvothermal conditions in sealed glass am-
poules or steel autoclaves at elevated temperatures up to
400 °C. Even substrates that were long thought to be inert
towards sulfuric acid, like platinum metal, for example,
could be reacted to give the unique platinum sulfate
Pt2(HSO4)2(SO4)2, for instance, which contains trivalent
platinum and a [Pt2] dumbbell.[1] By similar reactions in
the presence of alkaline metal cations, a series of ternary
platinum sulfates that contain the same [Pt2] fragment
as well as the unique [Pt12O8(SO4)12]4– cluster anion in
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plates of U(SO4)2 [orthorhombic, Pbca, Z = 8, a =
940.11(2) pm, b = 898.13(2) pm, c = 1349.09(3) pm, V =
1.13909(4) nm3]. The U4+ ions in U(SO4)2 are in a square anti-
prismatic coordination of eight monodentate sulfate tetrahe-
dra. By treatment of ThO2 with sulfuric acid, the thorium (hy-
drogen)sulfates Th(SO4)2 [orthorhombic, Pbca, Z = 8, a =
953.74(3) pm, b = 911.49(3) pm, c = 1365.02(4) pm, V =
1.18665(6) nm3], Th4(HSO4)2(SO4)7 [tetragonal, I4̄2d, Z = 4,
a = 1327.7(2) pm, c = 1362.8(2) pm, V = 2.402.3(6) nm3] and
Th(HSO4)2(SO4) [triclinic, P1̄, Z = 2, a = 576.18(2) pm, b =
896.11(3) pm, c = 948.58(3) pm, α = 65.387(2)°, β = 87.838(2)°,
γ = 88.917(2)°, V = 0.44495(3) nm3] could be obtained.
Whereas Th(SO4)2 is isotypic with the respective uranium
compound, both hydrogensulfates contain ninefold-coordi-
nated thorium to form a triple-capped trigonal prism. The
structure of Th(HSO4)2(SO4) can be described as a distorted
variant of the UCl3 structure type.

Cs4[Pt12O8(SO4)12] could be obtained.[2,3] Furthermore,
sulfuric acid has the remarkable potential to stabilise metals
in uncommon oxidation states. Besides the PtIII compounds
mentioned above, the first sulfate of gold, Au2(SO4)2, could
be synthesized from H2SO4, which is in fact a true AuII

compound that features a dumbbell-shaped [Au2]4+ cation.
A closer look at the knowledge of simple sulfate salts of

the elements revealed that sulfates of high-valent metals are
nearly nonexistent.[4] Therefore, we started a research pro-
gram to shed some more light on this interesting class of
compounds by successfully transferring the synthetic pro-
cedures established for precious and other metals towards
the d-block metals of group 5 to 7. From the highly acidic
media of sulfuric acid, or sulfuric acid in a mixture with
the corresponding anhydride SO3, the sulfates Nb2O2-
(SO4)3, WO(SO4)2, MoO2(SO4) and two modifications of
Re2O5(SO4)2 could be obtained.[5] The potential of H2SO4

to stabilise uncommon oxidation states was again demon-
strated by the formation of MoO(HSO4)(SO4), the first hy-
drogensulfate of a refractory metal as well as the first sulf-
ate of pentavalent molybdenum.[6] If rare-earth ions are
present during the synthesis, the ternary sulfates RE2-
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[W2O3(SO4)6] (RE = Sm–Gd, Ho), RE2Nb2O2(SO4)3-
[H(SO4)2]2 (RE = Y, Ce–Nd, Sm–Er), Sm2Nb2O2(SO4)5-
(S2O7) and M2Nb4O5(SO4)8 (M = Bi, Eu) can be isolated.[7]

Other typical metals, which are known to exist in high
oxidation states, are found for the early actinide elements
of Pa to Am. The most common and easily accessible exam-
ple is uranium that forms the rather stable [UO2]2+ (uranyl)
ion, which exists even in aqueous solutions without any hy-
drolysis. Therefore many simple (solvated) salts that contain
this cation are known. However, the better part of research
has been done on addition compounds of uranyl nitrate,
which play an important role in the waste reprocessing of
spent nuclear fuels. The knowledge of simple (solvated)
uranyl sulfates is limited to the hydrated species UO2(SO4)·
nH2O (n = 2.5, 3.5).[8–10] The only solvent-free sulfate of
hexavalent uranium is UO2(SO4).[11]

Due to the formal analogy between uranium in its high-
est oxidation state and the metals of group 6, we started to
explore the behaviour of uranyl species in strongly acidic
reaction media like sulfuric acid and mixtures of H2SO4

and SO3. This lead to the new disulfate UO2(S2O7) in two
modifications as well as the hydrogensulfate UO2(HSO4)2,
the crystal structures of which are presented here.

Furthermore, the chemistry of uranium in the tetravalent
form as well as the reactions of thorium-containing precur-
sors with sulfuric acid have been explored due to the simi-
larities between the tetravalent actinide ions and the chem-
istry of the rare-earth elements. Furthermore, sulfuric acid
as well as sulfates of these elements play an important role
in the processing of monazite ores when it comes to the
order of isolating the rare-earth elements in this mineral.[12]

The first step is the digestion of the respective ores in con-
centrated sulfuric acid, whereupon the rare-earth elements
as well as uranium and thorium dissolve. The separation of
the desired rare-earth metals from thorium and uranium is
maintained by selective hydrolysation steps and precipi-
tation processes. Despite the high technical relevance of this
separation process, the knowledge of tetravalent actinide
sulfates is restricted to the hydrates Th(SO4)2·8H2O and
U(SO4)2·4H2O,[13,14] at least if one neglects a number of
ternary thorium sulfates that have been reported recently.[15]

No solvent-free sulfates or sulfate derivatives of tetravalent
actinide elements have been described in the literature up
to now.

In the rare-earth-metal–sulfuric acid–sulfur trioxide sys-
tem, numerous compounds have been synthesised in our
group in the last years. Examples are the hydrogensulfates
RE(HSO4)3 (RE = La–Nd, Er),[16,17] hydrogensulfate di-
sulfates of the composition RE(HSO4)(S2O7) (RE = Nd–
Lu),[18,19] the simple binary sulfates RE2(SO4)3 (RE = Sc,
Y)[20] and the disulfates RE2(S2O7)3 (RE = La–Nd).[19] In
analogy thereto, the tetravalent thorium and uranium sul-
fates and hydrogensulfates An(SO4)2 (An = Th, U),
Th4(HSO4)2(SO4)7 and Th(HSO4)2(SO4) could be obtained
by similar reactions. They are the first examples of (hydro-
gen)sulfates of these elements, and are probably intermedi-
ates in the above-mentioned separation process of Th, U
and rare-earth elements.
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Results

Crystal Structures

UO2(S2O7)-lt

The low-temperature (lt) polymorph of uranyl disulfate
crystallises in the triclinic space group P1̄ with two formula
units per unit cell. The asymmetric unit contains one crys-
tallographically independent uranium atom, which is in a
distorted pentagonal bipyramidal coordination of two ter-
minal oxide ligands (O11, O12) and five monodentate disul-
fate ions (Figure 1). The main reason for the pronounced
distortion around U are the distances to the oxide ligands,
which are short, as expected, at 175 and 176 pm, respec-
tively. The distances to the disulfate ligands that coordinate
in the cis position towards the oxide ions to uranium fall in
the narrow range between 241 and 244 pm. The [O=U=
O]2+ moiety is almost linear with an angle O11–U1–O12 of
179.5°. The distortion of the pentagonal bipyramid be-
comes also apparent in the angles between the oxide ligands
and the equatorial disulfate ions, which range between 86
and 95°.

Figure 1. Atom labeling scheme and thermal ellipsoids (50% prob-
ability) for UO2(S2O7)-lt. Each uranium atom is in a distorted pen-
tagonal bipyramidal coordination of two oxide ligands forming the
characteristic linear [UO2]2+ moiety as well as five monodentate
disulfate ions coordinating in a cis position towards the oxide li-
gands. Each disulfate ion coordinates towards five different ura-
nium atoms leaving one S–O group uncoordinated.

The asymmetric unit contains one crystallographically
unique disulfate ion represented by the sulfur atoms S2 and
S3. Interestingly, no chelating coordination of a metal is
observed. Clearly, the short distance between two possible
coordination sites in the equatorial plane around the
[UO2]2+ ion (280 to 290 pm) relative to the distance between
two disulfate oxygen atoms (312 pm) renders the chelating
attack unfavourable. Instead, the [S2O7] group coordinates
in a monodentate fashion towards five different uranyl ions,
thereby leaving one oxygen atom (O31) uncoordinated. This
is easily reflected in the respective S–O distances, which fall
in the narrow range between 144 and 145 pm for the coordi-



U. Betke, M. S. WicklederFULL PAPER
nating S–O groups, whereas for the S3–O31 bond, a dis-
tance of 141 pm is found. For the oxygen bridge in the di-
sulfate ion (O1), no coordination towards the metal is ob-
served.

The S–O–S bridge of the disulfate ion is highly asymmet-
ric, as for the S2–O1 bond a distance of 160 pm is found;
but the S3–O1 bond length amounts to 168 pm, respec-
tively. This is in good accord with the different coordination
of the S2O3 and S3O3 parts of the disulfate ion, as the for-
mer utilises all three oxygen atoms for coordination towards
uranium, but the latter leaves one S–O group uncoordi-
nated. Therefore the sulfur atom S2 compensates the loss
of electron density due to a more intense coordination
towards U by the formation of a stronger bond to the
bridging disulfate oxygen atom indicated by the shorter S–
O distance. This finding is supported by the bond-valence
sums for the respective sulfur atoms, which can be calcu-
lated as 5.981 for the sulfur atom S2 and 6.072 for S3 ac-
cording to Brown and Altermatt.[21]

For simple metal disulfates like the respective disulfates
of Na, K and Cd, a symmetric S–O–S bridge is found due
to the highly networking [S2O7] ions in this class of com-
pounds.[22–24] The only example of a highly asymmetric
oxygen bridge in a disulfate ion is reported for Te-
(S2O7)2.[25,26] In this compound, a similar asymmetric coor-
dination of a disulfate ligand towards tellurium is found,
this leading to a short (158 pm) and a long (167 pm) S–O
bond to the bridging oxide ion.

Finally, the structure of UO2(S2O7)-lt is built by net-
working the uranyl ions through disulfate to a three-dimen-
sional network according to the Niggli formula �

3 [UO2/1-
(S2O7)5/5]. All uranyl ions are oriented roughly in the [10–
1] direction (Figure 2).

Figure 2. The uranyl ions in UO2(S2O7)-lt are connected in a poly-
meric structure according to the Niggli formula �

3 [UO2/1(S2O7)5/5].
The [UO2]2+ ions are oriented roughly parallel to the [10–1] direc-
tion.

UO2(S2O7)-ht

The high-temperature (ht) modification of uranyl disulf-
ate crystallises in the acentric orthorhombic space group
Pca21 with eight formula units in the unit cell. The struc-
ture of high-temperature UO2(S2O7) is of lower density
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compared to the low-temperature polymorph (4.068 versus
4.409 gcm–3). The asymmetric unit contains two crystallo-
graphically independent uranium atoms, which are both in
a distorted pentagonal bipyramidal coordination of two ox-
ide ligands, one bidentate and three monodentate disulfate
ions (Figure 3). The distances U–O to the oxide ions O11,
O12, O21 and O22 are 174 and 175 pm, and the angles
O=U=O amount to 178 and 180°, respectively. The remain-
ing distances U–O range between 239 and 246 pm. The
angles between oxide ions and equatorial disulfate ligands
lie in the narrow range between 88 and 92°, therefore the
distortion of the coordination polyhedra around uranium
is minor compared to the low-temperature uranyl disulfate
(87 to 95°). This is probably a consequence of the less dense
structure.

Figure 3. Both uranium atoms in the crystal structure of
UO2(S2O7)-ht are in a pentagonal bipyramidal coordination of two
oxide ions and four disulfate ligands (one chelating and three
monodentate [S2O7] groups). Apparently, a pseudo-inversion centre
is located between both [UO2]2+ ions, which is nearly fulfilled by
most disulfate groups as well. Only the [S2O7] ions on the top left
and the lower right penetrate the centre of symmetry resulting in
the acentric space group Pca21. The thermal ellipsoids are drawn
at the 50% probability level.

The asymmetric unit contains two crystallographically
unique disulfate ions represented by the sulfur atoms S3
and S4 as well as S5 and S6, respectively. In analogy
towards UO2(S2O7)-lt, each disulfate group coordinates the
uranium atoms by utilisation of five S–O moieties, thus
leaving one oxygen atom (O41, O51) uncoordinated (Fig-
ure 4). This is easily reflected in the short distances S4–O41
and S5–O51 of 140 and 141 pm, respectively. The asymmet-
ric coordination of the disulfate groups leads again to
asymmetric S3–O1–S4 and S5–O2–S6 bridges (160/165 and
158/165 pm). The distances S–O to the coordinating oxygen
atoms range between 143 and 145 pm. However, in contrast
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to the low-temperature modification of UO2(S2O7) each di-
sulfate ion coordinates only towards four different uranium
atoms (one as chelating ligand and three as monodentate
ligand).

Figure 4. Each disulfate ion in UO2(S2O7)-ht coordinates four dif-
ferent uranyl moieties (one chelating, three monodentate) leaving
one S–O group uncoordinated. The asymmetric coordination mode
leads to asymmetric S–O–S bridges as well. The thermal ellipsoids
are drawn at the 50% probability level.

Finally, the disulfate ions connect the uranyl moieties to
a polymeric network according to the Niggli formula
�
3 [UO2/1(S2O7)4/4] (Figure 5).

Figure 5. The uranyl ions in UO2(S2O7)-ht are connected in a poly-
meric structure according to the Niggli formula �

3 [UO2/1(S2O7)4/4].

UO2(HSO4)2

Uranyl hydrogensulfate crystallises in the monoclinic
space group P21/n with four formula units per unit cell. The
asymmetric unit contains one crystallographically indepen-
dent uranium atom, which is in a distorted pentagonal bi-
pyramidal coordination of two terminal oxide ligands rep-
resented by the oxygen atoms O11 and O12, as well as five
monodentate hydrogensulfate ions (Figure 6). The oxide li-
gands are oriented in a trans position towards each other
(angle O11–U1–O12: 179.6°) to form the characteristic lin-
ear uranyl ion. The distances U–O in the [UO2]2+ moiety
are short, as expected, at 174 and 175 pm, respectively. The
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hydrogensulfate ligands coordinate the uranium atom in the
equatorial plane thereto with distances U–O falling in the
narrow range between 238 and 242 pm. The distortion of
the pentagonal bipyramid around uranium is less pro-
nounced than in the respective low-temperature uranyl di-
sulfate, most likely due to the less bulky oxo anions. This is
clearly visible in the angles between the oxide ligands and
the equatorial disulfate ions (87 to 92°), which differ from
the right angle to a much lesser degree than in UO2(S2O7)-
lt (86 to 95°).

Figure 6. Atom labeling scheme and thermal ellipsoids (50% prob-
ability) for UO2(HSO4)2. Each uranium atom is in a distorted pen-
tagonal bipyramidal coordination of two oxide ligands forming the
characteristic linear [UO2]2+ moiety as well as five monodentate
hydrogensulfate ions coordinating in the cis position towards the
oxide ligands. The [HS2O4] ion coordinates towards two uranyl
moieties, whereas the [HS3O4] group is bonded to three [UO2]2+

ions.

The asymmetric unit contains two crystallographically
unique hydrogensulfate ions represented by the sulfur atoms
S2 and S3. First of all, the hydrogensulfate ion [HS2O4]
coordinates two uranyl moieties over the oxygen atoms O21
and O22, whereas [HS3O4] binds to three [UO2]2+ ions by
utilising the respective O31, O32 and O33 oxygen atoms.
The bond lengths for the coordinating S–O groups fall in
the narrow range between 145 and 146 pm. For the remain-
ing formally noncoordinating S–O groups, short bonds
around 140 pm are to be expected, although sulfur oxygen
distances between 145 and 154 pm are found. Most likely
the oxygen atoms O24 and O34 represent the hydroxy moi-
ety of the hydrogensulfate ions, which is in good accord
with the long S–O bonds. The oxygen atom O23 acts as
an acceptor moiety in hydrogen bonding towards both the
[O3S2O24H24] and the [O3S3O34H34] ion, which explains
the elongation of the S2–O23 bond. The hydrogen bonds
O23···H24–O24 and O23···H34–O34 are rather strong with
a donor–acceptor distance of 270 and 273 pm, respectively.
The hydrogen-bond network in UO2(HSO4)2 is not ex-
tended in all three directions, but chains of hydrogen
bonded [HSO4] ions along [010] are formed (Figure 7).
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These network consists of zigzag chains of [HS2O4] ions,
which are each flanked by an attached [HS3O4] moiety,
alternatingly in the [100] and [–100] direction, respectively.

Figure 7. The hydrogensulfate ions in UO2(HSO4)2 are networked
by hydrogen bonding to chains running in the [010] direction. The
chains consist of [HS2O4] ions (light grey), which are connected
through O23···H24–O24 hydrogen bonds to a zigzag chain. Ad-
ditionally, each [HS2O4] group is flanked by an attached [HS3O4]
moiety (dark grey) through a O23···H34–O34 hydrogen bond.

Finally, the crystal structure of UO2(HSO4)2 is built by
stacking the �

1 [HSO4]n chains one upon each other in the
[100] as well as the [001] direction (Figure 8). The uranyl
ions are located between these chains.

Figure 8. The crystal structure of UO2(HSO4)2 is built by stacking
the �

1 [HSO4]n chains in the [100] as well as the [001] direction,
whereas the uranyl ions are located between these chains (hydrogen
atoms omitted for clarity).

An(SO4)2 (An = Th, U)

Thorium(IV) and uranium(IV) bis-sulfate both crystal-
lise in the orthorhombic space group Pbca with four for-
mula units per unit cell. Their structure is isotypic to the
respective sulfate of tetravalent cerium, Ce(SO4)2.[27] The
asymmetric unit contains one crystallographically indepen-
dent An4+ ion, which is in a square antiprismatic coordina-
tion of eight monodentate sulfate ligands (Figure 9). The
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Th–O distances range between 236 and 245 pm, whereas for
the slightly smaller U4+ ion, U–O distances between 231
and 240 pm can be observed.

Figure 9. The An4+ ions (An = Th, U) in An(SO4)2 are coordinated
by eight monodentate sulfate ligands forming a square antiprism.
The distances An–O range between 236 and 245 pm for Th(SO4)2

and 231 and 240 pm for the respective uranium compound.

The asymmetric unit contains two crystallographically
unique sulfate ions represented by the sulfur atoms S1 and
S2. Each sulfate group coordinates towards four different
actinide ions, therefore all S–O distances are almost equal
and amount to 146–147 pm for both compounds (Fig-
ure 10). Furthermore, the sulfate tetrahedra are of almost
ideal geometry, clearly visible in the angles O–S–O, which
fall in the narrow range between 108 and 111°. Finally, the
sulfate ions connect the An4+ ions to a three-dimensional
structure according to the Niggli formula �

3 [An(SO4)8/4] (An
= Th, U) (Figure 11).

Figure 10. Each sulfate ion in the structure of An(SO4)2 (An = Th,
U) binds towards four different An4+ ions leading to [SO4] groups
of almost ideal tetrahedral geometry.

Figure 11. In An(SO4)2 (An = Th, U) the An4+ ions are networked
through sulfate tetrahedra to a polymeric structure according with
the Niggli formula �

3 [An(SO4)8/4].
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Th4(HSO4)2(SO4)7

Thorium(IV) bis(hydrogensulfate) heptasulfate crystal-
lises in the tetragonal I-centered space group I4̄2d and four
formula units per unit cell. The only crystallographically
independent thorium atom is in ninefold coordination of
seven sulfate as well as two hydrogensulfate ions, thus form-
ing a triple-capped trigonal prism (Figure 12). The three
caps of the coordination polyhedron are built by the S2–
O21/22 and S4–O41 groups, respectively. The Th–O dis-
tances range between 237 and 250 pm, whereas the Th1–
O51 and Th1–O52 bonds to the hydrogensulfate ligands are
the longest at 247 and 250 pm. Furthermore, the compara-
tively long Th1–O52A distance to the disordered hydro-
gensulfate ion [HS5O4] of 278 pm should also be noted.

Figure 12. Atom labeling scheme and thermal ellipsoids (50%
probability) for Th4(HSO4)2(SO4)7. Each thorium atom is sur-
rounded by nine monodentate oxo anions forming a triple-capped
trigonal prismatic coordination sphere. The distances Th–O range
between 237 and 250 pm (hydrogen atoms omitted for clarity).

The asymmetric unit contains at least five crystallograph-
ically unique sulfur atoms, which belong to four sulfate ions
(S1 to S4) and one hydrogensulfate group (S5). The oxo
anions represented by the sulfur atoms S1, S2, S3 and S5
are located on a twofold axis (Wyckoff site 8c and 8d of
space group I4̄2d); the [S4O4] ion resides on the –4 axis
(site 4a). All four sulfate tetrahedra coordinate with all four
oxygen atoms towards thorium, thus leading to [SO4]
groups of nearly perfect tetrahedral symmetry and S–O dis-
tances in the narrow range between 146 and 147 pm (Fig-
ure 13). The hydrogensulfate ion represented by the sulfur
atom S5 exhibits a disorder: one of the two oxygen posi-
tions is split equally (O52 and O52A), thereby leading to a
long S5–O52 distance of 154 pm, and a shorter one of
150 pm (bond S5–O52A) (Figure 14). With respect to the
long S5–O52 bond, the respective S–O group has been in-
terpreted as the hydroxy moiety of the hydrogensulfate ion.
From the Fourier map, the positioning of a hydrogen atom
was possible, which is also plausible with respect to a hydro-
gen bond O52–H1···O41 towards an adjacent sulfate ion
(distance D–A: 267 pm). Most likely, the S5–O52A group
does not carry a hydrogen atom, but should be interpreted
as normal coordinating S–O moiety. However, the Th1–O52
and Th1–O52A distances are special, because a shorter Th–
O distance (250 pm) can be observed for the hydroxy moi-
ety than for the unprotonated S–O group (Th–O distance:
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278 pm). The reason for this behaviour is possibly the
strong O52–H1···O41 hydrogen bond. Both remaining oxy-
gen atoms of the [HS5O4] ion represented by the oxygen
atom O51 coordinate normally towards thorium, whereas
the slightly shorter S5–O51 distance of 143 pm should be
noted.

Figure 13. The crystal structure of Th4(HSO4)2(SO4)7 contains four
crystallographically independent sulfate ions, which coordinate
four different thorium atoms each. The [SO4] groups exhibit nearly
perfect tetrahedral symmetry with bond lengths S–O between 146
and 147 pm. The thermal ellipsoids are drawn at the 50% prob-
ability level.

Figure 14. The hydrogensulfate ion in Th4(HSO4)2(SO4)7 exhibits a
disorder leading to a splitting of one oxygen site (O52/O52A),
which is caused by a twofold axis. Both orientations are shown
(light grey and dark grey bonds). One long distance S–O of 154 pm
is found for O52, which can be interpreted as the hydroxy moiety.
The position of the hydrogen atom could be refined and is in rea-
sonable accord to the hydrogen bond O52–H1···O41 (distance
O52–O41: 267 pm). The thermal ellipsoids are drawn at the 50%
probability level.

Finally, a polymeric structure results by networking the
Th4+ ions according to the Niggli formula �

3 [Th(HSO4)2/4-
(SO4)7/4] (Figure 15).



U. Betke, M. S. WicklederFULL PAPER

Figure 15. The Th4+ ions in Th4(HSO4)2(SO4)7 are networked in a
polymeric structure according to the Niggli formula �

3 [Th(HSO4)2/4-
(SO4)7/4] (hydrogen atoms omitted for clarity).

Th(HSO4)2(SO4)

Thorium(IV) bis(hydrogensulfate) sulfate crystallises in
the triclinic space group P1̄ with two formula units per unit
cell. The asymmetric unit contains one crystallographically
unique thorium atom, which is in a ninefold coordination
of six hydrogensulfate ions and three sulfate groups to form
a triple-capped trigonal prism (Figure 16). The Th–O dis-
tances range from 236 to 249 pm, whereas the sulfate li-
gands form stronger bonds (oxygen atoms O12/13/14: 236
to 237 pm) than the hydrogensulfate ions (243 to 249 pm).
The three caps of the coordination polyhedron are built by
one sulfate ion (Th1–O12 bond) and two hydrogensulfate
groups (Th1–O21/31 bonds).

Figure 16. Atom labeling scheme and thermal ellipsoids (50%
probability) for Th(HSO4)2(SO4). Each thorium atom is sur-
rounded by nine monodentate oxo anions forming a triple-capped
trigonal prismatic coordination sphere. The Th–O distances range
between 236 and 249 pm.

The asymmetric unit contains two hydrogensulfate ions
represented by the sulfur atoms S2 and S3 as well as one
sulfate group (S1). Each oxo anion coordinates three dif-
ferent thorium atoms with correlated S–O distances in the
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range between 144 and 148 pm (Figure 17). For the nonco-
ordinating S2–O24 and S3–O34 groups, significantly elon-
gated distances are found (154 and 153 pm, respectively),
which are in good accord with a hydrogensulfate S–OH
moiety. A maximum in electron density could be success-
fully refined as a hydrogen atom for both oxo anions. Be-
tween hydrogensulfate and sulfate ions strong hydrogen
bonding can be observed, whereas the noncoordinating S1–
O11 moiety of the sulfate group acts as acceptor function-
ality towards both hydrogensulfate S–OH groups. This is
easily reflected in the significantly elongated S1–O11 dis-
tance of 146 pm. The hydrogen bonds connect the oxo
anions along the [100] direction (O34–H34···O11 bond;
D–A distance: 254 pm) as well as in the [001] direction
(O24–H24···O11 bond; D–A distance: 278 pm) (Figure 18).

Figure 17. In Th(HSO4)2(SO4), each oxo anion coordinates three
different thorium atoms. Furthermore, rather strong hydrogen brid-
ges between the hydrogensulfate S–OH groups and the noncoordi-
nating S–O moiety of the sulfate ion are built (O24–H24···O11
bond; D–A distance: 278 pm and O34–H34···O11 bond; D–A dis-
tance: 254 pm). The thermal ellipsoids are drawn at the 50% prob-
ability level.

Figure 18. The hydrogen bridges (dashed bonds) in Th(HSO4)2-
(SO4) connect the oxo anions along [100] and [001], respectively.
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Finally, a polymeric network according to the Niggli for-
mula �

3 [Th(HSO4)6/3(SO4)3/3] is built that exhibits channels
of nearly hexagonal symmetry along [100] in which the non-
coordinating S–O as well as the S–OH moieties are ori-
ented.

It is worth mentioning that the crystal structure of
Th(HSO4)2(SO4) has a remarkable similarity with the hy-
drogensulfates of the lighter rare-earth ions La3+ to Nd3+,
which crystallise in a derivative of the UCl3 structure
type.[16] This is not surprising because the radius of Th4+ is
nearly the same as Nd3+ (Th4+ = 123 pm, Nd3+ = 125 pm
for ninefold coordination)[28] and both compounds are of
the formal composition M(EO4)3. The structural analogy
manifests in the same coordination geometry around the
metal ions, similar M–O distances and the same coordina-
tion behaviour of the [SO4] moieties, as well as the forma-
tion of channels inside which the S–OH groups are oriented
(Figure 19).

Figure 19. The crystal structure of Th(HSO4)2(SO4) (top) can be
derived from the structure of the rare-earth hydrogensulfates
RE(HSO4)3 (RE = La–Nd, below), which crystallise in a derivative
of the UCl3 structure type.[16] The formation of strong hydrogen
bonds between sulfate (dark grey) and hydrogensulfate ions (light
grey) in the structure of the thorium compound leads to a distor-
tion and a lowering of the symmetry from space group P63/m for
RE(HSO4)3 to P1̄ for Th(HSO4)2(SO4).

However, the substitution of one hydrogensulfate ion by
one sulfate group in Th(HSO4)2(SO4) leads to a distortion
of the crystal structure. This results in a lowering of the
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symmetry from the hexagonal space group P63/m found for
RE(HSO4)3 (RE = La–Nd) towards the triclinic space
group P1̄ for the thorium compound. The main reason for
this distortion effect are the hydrogen bonds between the
oxo anions. For the rare-earth hydrogensulfates, channels of
ideal hexagonal symmetry are formed, inside which only
hydrogensulfate hydroxy moieties are oriented. The shortest
distances O–H···O range above 300 pm, therefore the hy-
drogen bridges have only a minor influence on the overall
crystal structure. The lack of a potential acceptor function-
ality in the form of a noncoordinating S–O group inside the
channels probably inhibits the formation of strong hydro-
gen bonds. In Th(HSO4)2(SO4), one hydrogensulfate ion is
substituted by a sulfate moiety under preservation of its co-
ordination behaviour. Therefore, the channels now contain
both hydroxy moieties and noncoordinating S–O groups,
which leads to the formation of rather strong hydrogen
bridges between sulfate and hydrogensulfate ions (shortest
O–H···O distance: 254 pm) and the above-mentioned dis-
tortion of the hexagonal channels.

Discussion
The structural chemistry of the actinide elements tho-

rium und uranium features similarities with structures built
by rare-earth elements on the one hand and the high-valent
metals of the d block on the other. The latter is especially
the case for hexavalent uranium, which forms the uranyl ion
[UO2]2+ in formal analogy to the [MO2]n+ moieties found
for the metals of group 6 and 7, for example. For both the
[UO2] and [MO2] arrangements, short U/M–O distances are
found, thus indicating a multiple bond between metal and
oxygen.[29,30] However, significant differences between ura-
nium and the d-block elements can be found in the arrange-
ment of the oxide ligands. For the d-block metals, a bent
geometry of the [MO2]n+ moiety with an angle O=M=O in
the narrow range between 100 and 110° is found due to a
maximisation of orbital overlap in π bonding between metal
and oxide ligands.[31] In contrast thereto, for the uranyl ion
a linear geometry with an angle O=U=O of almost 180° is
found as a consequence of the interactions between filled
uranium 6p orbitals and the orbitals of the oxide li-
gands.[32,33] In most cases, the uranyl ion is coordinated by
five other ligands in the equatorial plane, so that usually a
distorted pentagonal bipyramidal coordination is the result.
Examples that contain sulfate ions are the respective hy-
drates of uranyl sulfate, UO2(SO4)·nH2O (n = 2.5, 3.5).[8–10]

Both polymorphs of UO2(S2O7) as well as UO2(HSO4)2

are not exceptions here, as they contain the linear [UO2]2+

ion, which is surrounded in the equatorial plane by five
other donor atoms that belong to five or four oxo anions,
respectively. However, in comparison to the only known un-
solvated uranyl compound that contains sulfate ions,
UO2(SO4), the oxide ligands are terminal and do not coor-
dinate to adjacent uranium atoms. In contrast thereto, one
oxide ligand in UO2(SO4) binds towards a second uranyl
ion, therefore polymeric chains of oxide-connected uranium
atoms are built.[11]
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In comparison to the refractory metal oxide sulfates, the

formation of polymeric structures in all three dimensions
should be noted for the respective uranyl compounds. For
the d-block metals, a trend towards the reduction in dimen-
sionality with increasing valence can be observed [e.g., in
the crystal structures of Nb2O2(SO4)3 and MoO2(SO4)
(polymeric in all three directions), WO(SO4)2 and Re2O5-
(SO4)2 (layer structures) or Re2O5(S2O7)(SO4) (chain struc-
ture)].[5,34,35]

A significant difference between the systems UVI–
H2SO4–SO3 and RM–H2SO4–SO3 (RM = refractory metal)
is the inability to substitute oxide ligands of the uranyl moi-
ety by sulfate ions simply by increasing the amount of sul-
fur trioxide present during the synthesis. For the sulfates of
d-block metals, the number of oxide ligands coordinated
towards the metal ion is roughly correlated to the SO3 con-
centration of the sulfuric acid used during synthesis. This
trend is nicely illustrated for molybdenum, which forms the
sulfate MoO2(SO4) that features the above-mentioned
[MoO2]2+ moiety from concentrated sulfuric acid,[5,34] but
MoO(HSO4)(SO4) from fuming sulfuric acid that contains
65% SO3, which contains only one oxide ligand in a
[Mo=O] fragment.[6] The formal addition reaction of SO3

to an oxide ion of the uranyl moiety (building a sulfate li-
gand) is obviously unfavourable, again indicating the dis-
tinct stability of the [UO2]2+ fragment. By increasing the
concentration of sulfur trioxide in the UVI–H2SO4–SO3 sys-
tem, a sulfate ion ingests a molecule SO3 instead, thereby
forming the disulfate UO2(S2O7) and not the hypothetical
sulfate-richer compound UO(SO4)2.

For the lower oxidation states of actinide elements, the
tetravalent form is worth mentioning, which is the only rea-
sonably stable oxidation state for thorium so far. Further-
more, hexavalent uranium is easily reduced towards the
green U4+ cation, which becomes apparent in the smooth
reduction of UO2(CH3COO)2·2H2O in sulfuric acid to lead
to U(SO4)2. However, a reduction in sulfuric acid is not a
typical reaction. The reducing agent in this case is most
likely acetic acid, which is oxidised to oxalic acid or further
to CO2 at high temperatures according to the reactions
H3C–COOH + 3[UO2]2+ + 6H+ � HOOC–COOH + 3U4+

+ 4H2O and HOOC–COOH + [UO2]2+ + 2H+ � 2CO2 +
U4+ + 2H2O. This reduction is not complete, as, besides
U(SO4)2, uranyl hydrogensulfate can also be isolated. The
addition of oxalic acid to the reaction mixture also leads to
a mixture of U(SO4)2 and UO2(HSO4)2.

The Th4+ and U4+ are the largest easily accessible tetra-
valent metal cations, the radii of which (Th4+ 119 pm, U4+

114 pm for eightfold coordination) fall in the typical range
of ionic radii of the trivalent rare-earth ions (112 to 130 pm)
as well as Ce4+ (111 pm).[28] Therefore it is not surprising
that the bis-sulfates An(SO4)2 (An = Th, U) are isotypic
to the respective cerium compound, Ce(SO4)2, and exhibit
similarities in coordination environment and bond lengths
with other rare-earth sulfates. Another example is the tho-
rium bis-hydrogensulfate sulfate Th(HSO4)2(SO4), which is
structurally related to the hexagonal rare-earth hydro-
gensulfates RE(HSO4)3 (RE = La–Nd). In this context, a
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phase transition induced by heating Th(HSO4)2(SO4)
towards an undistorted hexagonal structure isotypic to
RE(HSO4)3 is thinkable. A very promising point is the po-
tential proton conductivity of Th(HSO4)2(SO4). The pro-
tons probably become mobile along the channels parallel to
[100] just by hopping from hydrogensulfate to sulfate ions.
An accurate examination along these lines could not be per-
formed up to now due to the small crystal size and sample
impurities in Th(HSO4)2(SO4). However, the growth of a
larger single crystal and a direction-dependent conductivity
measurement at elevated temperatures should be of great
interest.

Conclusion

The reaction of UO2(CH3COO)2·2H2O and finely di-
vided ThO2 with sulfuric acid/sulfur trioxide allowed for
the accessibility of a class of compounds nearly undescribed
in the literature up to now. First of all, two disulfates and
a hydrogensulfate of hexavalent uranium could be synthe-
sised in formal analogy to reactions of high-valent d-block
metals with H2SO4/SO3. Furthermore, the bis-sulfates of
Th and U as well as two hydrogensulfate sulfates of thorium
were obtained that exhibit similarities to rare-earth chemis-
try. The crystal structures of this class of compounds exhi-
bit some expected trends and analogies to rare-earth and
refractory metal chemistry on the one hand, but also show
interesting possibilities [for example, the potential H+ con-
ductivity of Th(HSO4)2(SO4)], which encourage further in-
vestigations. However, the first step must be the preparation
of phase-pure samples of the compounds, then further ex-
aminations can be performed. In addition to the above-
mentioned proton conductivity of Th(HSO4)2(SO4), spec-
troscopic studies of the U4+ cations in U(SO4)2 and
Th(SO4)2 doped with U4+ are of interest due to the lack of
spectroscopic data for tetravalent uranium in the literature.

Experimental Section
Synthesis

UO2(S2O7)-lt: A mixture of UO2(CH3COO)2·2H2O (0.1 g) (VEB
Berlin-Chemie, Berlin, Germany) and fuming sulfuric acid (1.2 mL)
that contained 65% SO3 (puriss., Merck, Darmstadt, Germany)
were sealed in a thick-walled glass ampoule (25 cm in length and
1.5 cm in diameter) and were heated to 175 °C in a block thermo-
stat (Gefran 800P, Liebisch, Bielefeld, Germany). The temperature
was maintained for three days and then slowly cooled to room tem-
perature (2.5 °C per hour). The mother liquor was separated from
the yellow crystals of UO2(S2O7) by decantation inside a glovebox.

UO2(S2O7)-ht: A mixture of UO2(CH3COO)2·2H2O (0.1 g) and
fuming sulfuric acid (2 mL) that contained 65% SO3 were sealed
in a thick-walled glass ampoule and were heated to 300 °C in a
block thermostat. The temperature was maintained for three days
and then slowly cooled to room temperature (3.5 °C per hour). The
mother liquor was separated from the yellow needle-shaped crystals
of UO2(S2O7) by decantation inside a glovebox.

U(SO4)2: A mixture of UO2(CH3COO)2·2H2O (0.1 g) and 100%
H2SO4 (2 mL), which was prepared by adding a stoichiometric
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amount of SO3 in the form of 65% Oleum to commercial 95%
H2SO4 (BüFa, Oldenburg, Germany), was transferred into a thick-
walled glass ampoule. After torch-sealing, the ampoule was heated
in a block thermostat to 300 °C for three days and then slowly
cooled to room temperature (3.5 °C per hour). Green plates of
U(SO4)2 separated together with yellow blocks as a side product.
The mother liquor was separated from the crystals by decantation
under an inert atmosphere.

UO2(HSO4)2: Uranyl hydrogensulfate was formed as a side product
during the synthesis of U(SO4)2 in the form of yellow crystals,
which were separated mechanically from the green plates of
U(SO4)2.

Reaction of ThO2 with H2SO4: A suspension of reactive ThO2

(0.1 g) in 100% H2SO4 (2 mL) was heated in a sealed glass ampoule
to 300 °C for three days. After cooling to room temperature (3.5 °C
per hour) colourless crystals separated. On a closer look the crys-
talline precipitate contained at least three different sorts of crystals,
which were separated mechanically (Figure 20). The best part was

Figure 20. Crystalline product of the reaction between ThO2 and
sulfuric acid. The larger plates (A) are Th(SO4)2, whereas
Th4(HSO4)2(SO4)7 forms small polyhedral crystals (B). The main
product is Th(HSO4)2(SO4), which crystallises in the form of small
hexagonal needles (C).

Table 1. Crystallographic data for UO2(S2O7)-lt and -ht, UO2(HSO4)2, An(SO4)2 (An = Th, U), Th4(HSO4)2(SO4)7 and Th(HSO4)2(SO4).

UO2(S2O7) UO2(S2O7) UO2(HSO4)2 U(SO4)2 Th(SO4)2 Th4(HSO4)2(SO4)7 Th(HSO4)2(SO4)

Mr [gmol–1] 446.15 446.15 464.17 430.15 424.16 1794.72 522.24
a [pm] 647.8(1) 1080.21(2) 779.79(3) 940.11(2) 953.74(3) 1327.7(2) 576.18(2)
b [pm] 684.2(1) 814.74(1) 815.39(3) 898.13(2) 911.49(3) 896.11(3)
c [pm] 800.1(1) 1655.63(3) 1285.77(5) 1349.09(3) 1365.02(4) 1362.8(2) 948.58(3)
α [°] 87.31(2) 65.387(2)
β [°] 78.37(2) 103.700(1) 87.838(2)
γ [°] 75.34(2) 88.917(2)
V [nm3] 0.33605(9) 1.45710(4) 0.79428(5) 1.13909(4) 1.18665(6) 2.4023(6) 0.44495(3)
Z 2 8 4 8 8 4 2
Space group P1̄ Pca21 P21/n Pbca Pbca I4̄2d P1̄
T [°C] –120 –120 –120 –120 –120 –120 –120
λ [pm] 71.073 71.073 71.073 71.073 71.073 71.073 71.073
Dcalcd. [gcm–3] 4.409 4.068 3.882 5.016 4.748 4.959 3.898
μ [cm–1] 247.92 228.71 209.95 292.33 258.37 256.35 175.24
R1

[a] [Fo � 2σ(Fo)] 0.0334 0.0247 0.0226 0.0150 0.0134 0.0220 0.0212
wR2

[b] [Fo � 2σ(Fo)] 0.0816 0.0564 0.0382 0.0278 0.0300 0.0480 0.0335
R1

[a] (all data) 0.0384 0.0287 0.0287 0.0242 0.0165 0.0243 0.0280
wR2

[b] (all data) 0.0825 0.0574 0.0499 0.0287 0.0306 0.0486 0.0343
Flack-X parameter 0.470(7) 0.02(1)
CSD number 423493 423494 423492 423491 423489 423490 423488

[a] R1 is defined as ∑||Fo| – |Fc||/∑|Fo| for I � 2σ(I). [b] wR2 is defined as {∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2}1/2.
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made by small hexagonal needles, which could be identified as
Th(HSO4)2(SO4). Furthermore, Th(SO4)2 was isolated in the form
of thin plates. The last component was Th4(HSO4)2(SO4)7, which
crystallised in the form of small polyhedra. Unfortunately, the se-
lective synthesis of phase-pure samples of these thorium sulfates
has been unsuccessful up to now.

Reactive ThO2 was prepared by thermal decomposition of the re-
spective thorium oxalate (VEB Laborchemie Apolda, Germany)
according to literature procedures.[36]

Structure Determination: The selection of suitable single crystals of
all six compounds was performed under inert oil. Afterwards the
crystals were mounted inside an oil drop on a glass capillary
(0.1 mm in diameter) and were placed into a stream of cold nitro-
gen (–120 °C) inside the diffractometer (IPDS I, Stoe, Darmstadt,
Germany or κ-APEX II, Bruker, Karlsruhe, Germany). After
checking the crystal quality and determining the unit-cell param-
eters, the reflection intensities were collected. A summarisation of
the crystallographic data for all compounds can be found in
Table 1. Atomic positions and further details of the crystal struc-
ture investigations can be obtained from the Fachinformations-
zentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany,
[fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://
www.fiz-karlsruhe.de/request_for_deposited_data.html] on quoting
the depository numbers given in Table 1.

UO2(S2O7)-lt: Structure solution assuming space group P1̄ was
successful by applying direct methods (SHELXS).[37] Subsequent
refinement with SHELXL yielded the complete crystal structure.[38]

After introduction of anisotropic displacement parameters, a nu-
merical absorption correction was applied to the reflection data
by using the programs X-RED and X-SHAPE.[39,40] Finally, the
structure refined to R1 = 0.0334, wR2 = 0.0816 for Fo � 2σ(Fo)
and R1 = 0.0384, wR2 = 0.0825 for all data. Selected bond lengths
for UO2(S2O7)-lt are summarised in Table 2.

UO2(S2O7)-ht: Structure solution in the acentric space group Pca21

by using the direct methods of SHELXS was uncomplicated and
revealed the position of two uranium atoms. The remaining sulfur
and oxygen atoms were located during subsequent refinement cy-
cles with SHELXL. After applying a numerical absorption correc-
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Table 2. Selected bond lengths for UO2(S2O7)-lt.

Bond lengths [pm]

U1–O11 175.0(6) S2–O21 143.8(7)
U1–O12 176.1(6) S2–O22 144.0(8)
U1–O33 241.0(7) S2–O23 144.7(7)
U1–O32 241.7(7) S2–O1 159.9(6)
U1–O22 242.0(8) S3–O31 140.9(8)
U1–O23 243.6(7) S3–O32 144.6(8)
U1–O21 243.7(6) S3–O33 145.1(7)

S3–O1 167.7(7)

tion and introduction of anisotropic displacement parameters, the
structure model converged to R1 = 0.0247, wR2 = 0.0564 for Fo �

2σ(Fo) and R1 = 0.0287, wR2 = 0.0574 for all data. The Flack-X
parameter refined to a value of 0.470(7), so a refinement as racemic
twin was applied. However, the structure was searched for a missing
centre of symmetry, though only the uranium atoms were found to
fulfil a pseudo-inversion symmetry, which is not in accord with any
orthorhombic space group. As no correlation between the heavy-
atom parameters was found, the choice of the acentric space group
Pca21 in combination with racemic twinning is reasonable. Selected
bond lengths for UO2(S2O7)-ht are summarised in Table 3.

Table 3. Selected bond lengths for UO2(S2O7)-ht.

Bond lengths [pm]

U1–O11 173.7(5) S3–O31 142.7(5)
U1–O12 174.2(5) S3–O32 143.5(5)
U1–O43 238.9(6) S3–O33 143.8(5)
U1–O62 239.2(5) S3–O1 159.9(6)
U1–O53 241.4(5) S4–O41 140.5(7)
U1–O63 242.7(5) S4–O42 143.5(6)
U1–O21 243.0(5) S4–O43 144.2(5)
U2–O21 173.6(5) S4–O1 165.0(5)
U2–O22 175.4(5) S5–O51 140.5(7)
U2–O32 238.8(5) S5–O52 143.5(6)
U2–O61 238.8(5) S5–O53 144.2(5)
U2–O42 240.8(5) S5–O2 164.9(5)
U2–O52 240.9(6) S6–O61 143.4(5)
U2–O33 245.8(5) S6–O62 143.8(5)

S6–O63 144.5(5)
S6–O2 164.9(5)

UO2(HSO4)2: The structure was easily solved in the monoclinic
space group P21/n by using SHELXS direct methods. Subsequent
refinement with SHELXL revealed the complete crystal structure.
After applying a numerical absorption correction to the data and
introducing anisotropic displacement parameters the hydrogen
atom coordinates could be refined. Finally, the structure model re-
fined to R1 = 0.0226, wR2 = 0.0482 for Fo � 2σ(Fo) and R1 =
0.0287, wR2 = 0.0499 for all data. Selected bond lengths for
UO2(HSO4)2 are summarised in Table 4.

An(SO4)2 (An = Th, U): Systematic absences suggested the ortho-
rhombic space group Pbca and structure solution was easily pos-
sible assuming this space group by using direct methods of
SHELXS. After a few refinement cycles with SHELXL, the com-
plete crystal structure could be revealed. A numerical absorption
correction was applied to the data and anisotropic displacement
parameters were introduced. Finally, the structure refined to R1 =
0.0134, wR2 = 0.0300 for Fo � 2σ(Fo) and R1 = 0.0165, wR2 =
0.0306 for all data for Th(SO4)2 and R1 = 0.0150, wR2 = 0.0278
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Table 4. Selected bond lengths for UO2(HSO4)2.

Bond lengths [pm]

U1–O11 174.4(3) S2–O21 144.5(3)
U1–O12 175.0(3) S2–O22 145.2(3)
U1–O21 237.8(3) S2–O23 145.5(3)
U1–O31 238.8(3) S2–O24 153.6(4)
U1–O32 241.3(3) S3–O31 144.9(3)
U1–O33 241.4(3) S3–O32 145.0(3)
U1–O22 242.0(3) S3–O33 145.4(3)

S3–O34 153.0(4)
O24–H24 75(3) O34–H34 75(3)

for Fo � 2σ(Fo) and R1 = 0.0242, wR2 = 0.0287 for all data for
U(SO4)2. Selected bond lengths for An(SO4)2 (An = Th, U) are
summarised in Table 5.

Table 5. Selected bond lengths for An(SO4)2 (An = Th, U).

Bond lengths [pm]

Th1–O14 235.8(2) U1–O14 230.9(2)
Th1–O11 238.2(2) U1–O24 232.7(2)
Th1–O23 238.2(2) U1–O23 232.8(2)
Th1–O24 238.5(2) U1–O13 233.7(2)
Th1–O13 238.8(2) U1–O22 234.6(2)
Th1–O22 239.2(2) U1–O11 235.1(2)
Th1–O21 240.9(2) U1–O21 237.7(2)
Th1–O12 245.3(2) U1–O12 240.2(2)

Th4(HSO4)2(SO4)7: Structure solution in the tetragonal I-centered
space group I4̄2d by using the direct methods of SHELXS revealed
the position of the thorium atom. Missing sulfur and oxygen atoms
were located during subsequent refinement cycles with SHELXL.
A numerical absorption correction was applied to the data and
anisotropic displacement parameters were introduced. The refine-
ment of the hydrogensulfate hydrogen atom could only be per-
formed by applying weak O–H and S–H distance restraints. How-
ever, the position of the hydrogen atom is plausible with respect to
hydrogen bonding. Finally, the structure refined to R1 = 0.0220,
wR2 = 0.0480 for Fo � 2σ(Fo) and R1 = 0.0243, wR2 = 0.0486 for
all data. The correct absolute structure is indicated by a Flack-X
parameter of 0.02(1). Selected bond lengths for Th4(HSO4)2(SO4)7

are summarised in Table 6.

Table 6. Selected bond lengths for Th4(HSO4)2(SO4)7.

Bond lengths [pm]

Th1–O11 236.9(5) S1–O11 146.7(6)
Th1–O21 238.8(5) S1–O12 147.3(6)
Th1–O31 240.0(6) S2–O21 146.6(5)
Th1–O22 240.5(5) S2–O22 146.8(5)
Th1–O41 242.1(6) S3–O31 146.1(6)
Th1–O32 246.0(6) S3–O32 147.4(6)
Th1–O12 246.6(6) S4–O41 147.3(5)
Th1–O51 247.3(6) S5–O51 143.1(6)
Th1–O52 250(2) S5–O52 154(2)
Th1–O52A 278(2) S5–O52A 150(2)

O52–H1 105(7)

Th(HSO4)2(SO4): The crystal structure was solved by assuming the
space group P1̄ by using the direct methods of SHELXS, which
allowed us to determine the location of the thorium atom. Subse-
quent refinement with SHELXL revealed missing sulfur and oxy-
gen atoms. After applying a numerical absorption correction to the
data and introduction of anisotropic displacement parameters, the
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coordinates of both hydrogensulfate hydrogen atoms could be re-
fined. Finally, the structure model converged to R1 = 0.0212, wR2

= 0.0335 for Fo � 2σ(Fo) and R1 = 0.0280, wR2 = 0.0343 for all
data. Selected bond lengths for Th(HSO4)2(SO4) are summarised
in Table 7.

Table 7. Selected bond lengths for Th(HSO4)2(SO4).

Bond lengths [pm]

Th1–O13 236.1(3) S1–O11 145.7(3)
Th1–O12 236.3(3) S1–O12 146.3(3)
Th1–O14 237.0(3) S1–O13 147.1(3)
Th1–O22 242.9(3) S1–O14 147.6(3)
Th1–O23 244.4(3) S2–O21 144.4(3)
Th1–O32 244.8(3) S2–O22 144.5(3)
Th1–O31 245.6(3) S2–O23 145.5(3)
Th1–O21 248.4(3) S2–O24 154.1(4)
Th1–O33 249.1(3) S3–O31 144.9(3)

S3–O32 145.4(3)
O24–H24 76(3) S3–O33 146.7(3)
O34–H34 76(3) S3–O34 152.5(3)
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The reactions of triiron dodecacarbonyl with thiobenzo-
phenone (2a) and 9H-thioxanthene-9-thione (2b) were inves-
tigated under different conditions. In the case of a 1:1 molar
ratio of triiron dodecacarbonyl and 2a or 2b, the ortho-metall-
ated complexes [Fe2(CO)6{μ,κ,S,SCH(C6H5)C6H4-η2}] (3a)
and [Fe2(CO)6{μ,κ,S,SCH(C6H4)–S–C6H3-η2}] (4a) were ob-
tained as the major products, respectively. In contrast, the
treatment of triiron dodecacarbonyl with an excess of 2a or
2b afforded [Fe2(CO)6{μ-SCH(C6H5)C6H4S-μ}] (3b) and
[Fe2(CO)6{μ-SCH(C6H4)–S–C6H3S-μ}] (4b), respectively,
which are both bioinspired models for the active site of
[FeFe]-hydrogenase. In addition to these complexes, the two
reactions afforded [Fe2(CO)6{μ-SC(C6H5)2S-μ}] (3c) and

Introduction

Nature has developed highly efficient enzymes that regu-
late the generation and depletion of H2.[1–4] These enzymes
are called hydrogenases and can be classified into three
major groups according to the metal content of their active
sites, namely, [FeFe]-, [NiFe]-, and [Fe]-hydrogenases.[5] The
[FeFe]-hydrogenases have a higher hydrogen production
ability compared to that of other hydrogenases.[6–8] Micro-
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[Fe2(CO)6{μ-SC(C6H4–S–C6H4)S-μ}] (4c). Furthermore, [{Fe2-
(CO)6{μ-SCH(C6H5)2}}2(μ4-S)] (3d) was isolated from the re-
action of Fe3(CO)12 with 2a. The molecular structures of all
of the new complexes were determined from the spectro-
scopic and analytical data and the crystal structures for 3c,
3d, 4b, and 4c were obtained. A plausible mechanism for the
formation of the isolated complexes that involves dithiirane
derivatives as the key intermediates is proposed. Herein,
thioketones 2a and 2b act as sulfur transfer reagents. The
electrochemical experiments showed that complex 3b be-
haves as a catalyst for the electrochemical reduction of pro-
tons from acetic acid.

organisms have used H2 as a primary fuel source for billions
of years and consume an enormous amount of H2 in dif-
ferent forms as an energy source and as a transporter.[9]

Inspired by the rapid and reversible proton reduction
that is catalyzed by these hydrogenase enzymes, consider-
able research has been devoted to the design and synthesis
of model species that mimic the active sites of the hydro-
genases.[10]

Recently, we investigated the oxidative addition of the di-
or tetra-substituted 1,2,4-trithiolans to iron carbonyl com-
pounds in an attempt to produce [FeFe]-hydrogenase model
complexes.[11a]

In an earlier investigation of the reaction of 3,3,5,5-tetra-
phenyl-1,2,4-trithiolane (1) with Fe3(CO)12,[11b] we ob-
served a different reaction pathway to that of the corre-
sponding tetra-alkyl-substituted analogues. The latter react
with iron carbonyl complexes to yield the oxidative addition
products that result from the cleavage of the S–S bond. In
contrast, the former undergoes a [2+3]-cycloreversion reac-
tion[12,13a] and the fragments [e.g., Ph2C=S (2a)] react with
the iron carbonyl complexes to yield the ortho-metallated
complex 3a as the major component of the reaction mix-
ture.[11b–11e] In the same paper, the ortho-metallated com-
plexes 3e, 3f, and 3g (Figure 1) were obtained after the aro-
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matic thioketones 4,4�-bis(dimethylamino)-thiobenzo-
phenone, dibenzosuberenethione, and xanthione, respec-
tively, were treated with Fe3(CO)12.

Figure 1. The ortho-metallated complexes 3a and 3e–g.

These observations prompted us to investigate the reac-
tion of 2a and 9H-thioxanthene-9-thione (2b) with Fe3-
(CO)12, and to examine the reactivity of the complexes of
type 3 that were initially obtained under the applied reac-
tion conditions. The structures of the isolated ortho-metall-
ated complexes 3a and 3e–g (Figure 1) suggested that these
compounds can play the role of key intermediates in the
synthesis of new iron complexes that may be unattainable
otherwise.

In the present work we demonstrate the role of the ortho-
metallated complexes as precursors for the synthesis of the
new [FeFe]-hydrogenase model complexes. In addition, the
synthesis and the structural characterization of the two syn-
thetic targets 3b and 4b, as well as the proposed mechanism
(Scheme 3) of their formation, are described. To the best of
our knowledge, this is the first study to illustrate the synthe-
sis of the 1,3-dithiolato-diiron complexes from the symmet-
rical aromatic thioketones.

Results and Discussion

The reaction of Fe3(CO)12 with one equivalent of thio-
benzophenone (2a) or 9H-thioxanthene-9-thione (2b) in thf
at reflux for 20 min resulted in the formation of the ortho-
metallated complexes, [Fe2(CO)6{μ,κ,S,SCH(C6H5)C6H4-
η2}] (3a) and [Fe2(CO)6{μ,κ,S,SCH(C6H4)–S–C6H3-η2}]
(4a), respectively, as the major products. In addition to 3a,
complexes [Fe2(CO)6{μ-SCH(C6H5)C6H4S-μ}] (3b) and
[Fe2(CO)6{μ-SC(C6H5)2S-μ}] (3c) were produced from the
reaction of Fe3(CO)12 with 2a. Similarly, complexes
[Fe2(CO)6{μ-SCH(C6H4)–S–C6H3S-μ}] (4b) and [Fe2(CO)6-
{μ-SC(C6H4–S–C6H4)S-μ}] (4c) were isolated along with 4a
from the reaction of Fe3(CO)12 with 2b (Schemes 1 and 2).

It must be noted, however, that products 3b, 3c, 4b, and
4c were obtained in trace amounts in these reactions. In
contrast, the treatment of Fe3(CO)12 with an excess of 2a
or 2b in thf at reflux for ca. 3 h gave the [2Fe2S]-model
complexes, 3b–c and 4b–c, respectively, in moderate yields.
Unexpectedly, the tetranuclear complex, [{Fe2(CO)6{μ-
SCH(C6H5)2}}2(μ4-S)] (3d), and known tetraphenylethylene
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Scheme 1. The reaction of Fe3(CO)12 with 2a where (a) n is 1, the
reaction time is 20 min, 3a (major), 3b and 3c (traces), and (b) n is
3, the reaction time is 180 min, and the main products are 3b–d
and 5.

Scheme 2. The reaction of Fe3(CO)12 with 2b where (a) n is 1, the
reaction time is 20 min, 4a (major), 4b and 4c (traces) and (b) n is
3, the reaction time is 180 min, and the main products are 4b and
4c.
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(5) were obtained from the reaction of 2a with Fe3(CO)12.
Complexes 3b–d and 4a–c are air-stable in the solid state
for months and for several hours in solution. It is worth
noting that these complexes are fairly soluble in common
organic solvents including the hydrocarbons. It is interest-
ing to note that there is only one sulfur atom in the struc-
tures of starting thioketones 2a and 2b. The reaction of
these compounds with Fe3(CO)12, however, furnished the
[2Fe2S] complexes, 3b, 3c, 4b, and 4c, and the [4Fe3S] com-
plex, 3d. Thus, an important question arose about the
source of the additional sulfur atom in these complexes. A
possible explanation is based on the assumption that these
thioketones act as sulfur transfer reagents. If this assump-
tion is true, then the question arises as to whether or not
these thioketones can be used as efficient precursors for
[FeFe]-hydrogenase model synthesis. In order to find con-
vincing answers for these questions, we investigated the re-
action of 3a with 2a. This reaction led to the formation of
complex 3b in a moderate yield, which suggests that 2a is
acting as a sulfur transfer reagent, while 3a is an important
intermediate in the multistep synthesis of the [FeFe]-hydro-
genase model complexes of the type 3b. A plausible mecha-
nism for the formation of complex 3b from 3a is shown in
Scheme 3. The postulated reactive intermediate 8 plays a
key role in the formation of 3b. A similar reaction pathway
has already been described by Eisch et al.[13c]

Scheme 3. The proposed mechanism for the formation of 3b from
3a.

Complex 3c is believed to be produced by the oxidative
addition of Fe3(CO)12 along the S–S bond of the in situ-
generated diphenyldithiirane (7). The latter could be formed
from 2a by means of a stepwise mechanism (Scheme 4) un-
der the catalytic influence of the carbonyliron complex that
is present in the reaction mixture. Thiobenzophenone S-
sulfide (thiosulfine) (6) is believed to be a reactive interme-
diate in the formation of 7. On the other hand, compound
6 could play the role of a sulfur transfer reagent in the pro-
cess that leads to the formation of complex 3d (Scheme 5).
Saito et al. described the conversion of a special type of

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 318–326320

thioketone to dithiiranes by means of heating the corre-
sponding thioketone with S8.[13b] In addition, Huisgen and
Rapp have also suggested that “the thioketone itself can be
converted to a sulfur donor that is capable of generating
the thione S-sulfide in an unidentified pathway”.[13a]

Scheme 4. The reaction pathway for the formation of 3c via the
intermediate diphenyldithiirane (7).

Scheme 5. The proposed mechanism for the conversion of the ini-
tially formed 3a into the dinuclear complex 3d by means of a sulfur
transfer mechanism.

The 1H and 13C{1H} NMR spectra of 4a exhibit signals
at δ = 4.86 and 60.7 ppm, respectively, which were attrib-
uted to the methine group. These resonances, as well as the
other signals in the 1H and 13C{1H} NMR spectra of 4a,
are in the same range as those observed for the analogue
complexes 3a and 3e–g. The 1H NMR spectra for 3c and
4c show a broad signal at δ = 7.57 ppm (for 3c) and two
broad resonances at δ = 7.42 and 7.74 ppm (for 4c), which
were attributed to the aromatic protons. In addition, there
are no signals at δ � 6.2 ppm to indicate the presence of
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methine protons in these complexes. The 1H NMR spectra
of 3b and 4b show a singlet at δ = 5.90 and 5.28 ppm,
respectively, which corresponds to the methine protons.
These values are shifted downfield compared to those of
the analogues 3a and 4a, respectively. The 1H NMR spec-
trum of 3d reveals the presence of two methine groups and
the resonances for these protons are found at δ = 4.21 and
4.66 ppm, respectively. The 13C NMR spectra of 3b–d and
4a–c display the resonances of the C=O groups in the range
of 207 to 210 ppm. Finally, the IR spectra of complexes 3b–
d and 4a–c display three major absorption bands in the re-
gion of 2075 to 1985 cm–1, which are typical for carbonyl
groups that are bonded to iron atoms.

The molecular structures of complexes 3c, 3d, 4b, and 4c
were confirmed by X-ray diffraction analysis and are shown
in Figures 2, 3, 4, and 5, respectively. The central [2Fe2S]
moieties of these complexes are in the “butterfly” arrange-
ment and have a distorted octahedral geometry around the
iron center. The thiolato sulfur atoms S(1) and S(2) are μ2-
coordinated to Fe(1) and Fe(2) in the structures of 3c, 4b,
and 4c. However, the two sulfur atoms of the bridging di-
thiolato ligand of complex 4b are connected to different
carbon atoms. One of the sulfur atoms is bonded to an ali-
phatic carbon while the other one is bonded to an aromatic
carbon. In complexes 3c and 4c, on the other hand, the
sulfur atoms are both bonded to the same aliphatic carbon.
All of the iron atoms in tetranuclear complex 3d are bonded
to the same sulfur atom (S3) and, in addition, the thiolato
sulfur atoms S(1) and S(2) are μ2-coordinated to Fe(1),
Fe(2) and Fe(3), Fe(4), respectively. The Fe–Fe bond length
of 4b [2.5218(5) Å] is comparable to those reported for the
[FeFe]-hydrogenase model complexes[10i,10l,14–20] and to that
of 3d [2.5246 Å (mean)], but it is longer than the corre-
sponding bond lengths in the analogous complexes 3e

Figure 2. The ORTEP drawing of [Fe2(CO)6{μ-SC(C6H5)2S-μ}]
(3c) with the thermal ellipsoids set at the 50% probability level.
The selected distances [Å] and angles [°] are Fe(1)–Fe(2) 2.4867(4),
Fe(1)–S(1) 2.2785(6), Fe(1)–S(2) 2.2625(6), Fe(2)–S(1) 2.2757(6),
Fe(2)–S(2) 2.2608(6), Fe(1)–S(1)–Fe(2) 66.190(19), Fe(1)–S(2)–
Fe(2) 66.699(19), S(1)–Fe(1)–S(2) 72.21(2), and S(1)–Fe(2)–Fe(1)
56.618(17).

Eur. J. Inorg. Chem. 2012, 318–326 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 321

Figure 3. The ORTEP drawing of [{Fe2(CO)6{μ-SCH(C6H5)2}}2-
(μ4-S)] (3d) with the thermal ellipsoids set at the 50% probability
level. The hydrogen atoms were omitted for clarity. The selected
distances [Å] and angles [°] are Fe(1)–Fe(2) 2.5195(3), Fe(3)–Fe(4)
2.5297(4), Fe(1)–S(1) 2.2555(5), Fe(2)–S(1) 2.2625(5), Fe(1)–S(3)
2.2321(5), Fe(2)–S(3) 2.2443(4), Fe(3)–S(2) 2.2701(5), Fe(4)–S(2)
2.2637(5), Fe(3)–S(3) 2.2344(5), Fe(4)–S(3) 2.2379(5), Fe(1)–S(1)–
Fe(2) 67.789(16), Fe(1)–S(3)–Fe(2) 68.505(15), Fe(3)–S(2)–Fe(4)
67.831(14), Fe(3)–S(3)–Fe(4) 68.849(15), Fe(1)–S(3)–Fe(3) 136(74),
S(2)–Fe(4)–S(3) 76.324(17), and S(1)–Fe(2)–Fe(1) 55.974(13).

Figure 4. The ORTEP drawing of [Fe2(CO)6{μ-SCH(C6H4)–S–
C6H4S-μ}] (4b) with the thermal ellipsoids set at the 50% prob-
ability level. The selected distances [Å] and angles [°] are Fe(1)–
Fe(2) 2.5218(5), Fe(1)–S(1) 2.2415(6), Fe(1)–S(2) 2.2340(6), Fe(2)–
S(1) 2.2417(7), Fe(2)–S(2) 2.2412(7), Fe(1)–S(1)–Fe(2) 68.46(2),
Fe(1)–S(2)–Fe(2) 66.60(2), S(1)–Fe(2)–S(2) 85.05(2), and S(1)–
Fe(2)–Fe1 55.767(18).

[2.4993(6) Å][11b] and 4c [2.4867(4) Å]. In addition, the Fe–
S bond lengths of 4b [2.2396 Å (mean)] are significantly
shorter than those reported for the [FeFe]-hydrogenase
model complexes[21–27] and are about 0.02 Å shorter than
those of 4c [2.2694 Å (mean)] and of 3c [2.2673 Å (mean)].
The Fe–Fe bond length of 3c [2.4850(5) Å] is similar to that
of the reported analogous complex 3a [2.4986(6) Å].[11b]

The angles of S(1)–Fe(1)–S(2) [85.22(2)°] and S(1)–Fe(2)–
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S(2) [85.02(2)°] in 4b are within the same ranges as those
observed for the [FeFe]-hydrogenase model complexes.[14–27]

However, these angles are wider than the corresponding
angles of S(1)–Fe(1)–S(2) [72.21(2)°] and S(1)–Fe(2)–S(2)
[72.29(2)°] in 4c, and of S(1)–Fe(1)–S(2) [72.26(2)°] and
S(1)–Fe(2)–S(2) [72.17(2)°] in 3c, which is attributed to the
bonding of the two sulfur atoms of the dithiolato ligand to
the same carbon in 3c or 4c.

Figure 5. The ORTEP drawing of [Fe2(CO)6{μ-SC(C6H4–S–C6H4)-
S-μ}] (4c) with the thermal ellipsoids set at the 50% probability
level. The selected distances [Å] and angles [°] are Fe(1)–Fe(2)
2.4850(5), Fe(1)–S(1) 2.2693(6), Fe(1)–S(2) 2.2629(6), Fe(2)–S(1)
2.2643(6), Fe(2)–S(2) 2.2728(7), Fe(1)–S(1)–Fe(2) 66.478(19),
Fe(1)–S(2)–Fe(2) 66.44(2), S(1)–Fe(1)–S(2) 72.26(2), and S(1)–
Fe(1)–Fe(2) 56.666(18).

Electrochemical Investigations

The electrocatalytic dihydrogen formation of the [FeFe]-
hydrogenase model compounds has been well estab-
lished.[28] In order to show the ability of the new complexes
to act as catalyst for dihydrogen formation, cyclic voltam-
metry was performed for compound 3b in the presence and
absence of acetic acid. The cathodic scan of complex 3b
(Figure 6) reveals an irreversible reduction peak at Ep,red =
–1.58 V. In comparison to the internal standard ferrocene,
this signal is most likely a one-electron reduction and was
therefore attributed to the [FeIFeI]� [FeIFe0]– process. The
signal remained completely irreversible at the different scan
rates (1.5, 1.0, 0.8, 0.1, and 0.05 V/s). This behavior suggests
an EC mechanism where the [FeIFeI] state is transferred
into [FeIFe0]– by a one-electron reduction, followed by a
fast change in the bonding properties within the molecule,
which is in good agreement with the literature results.[29,30]

This change in the bonding properties can be best described
by the cleavage of the Fe–Fe bond and/or the appearance
of a bridging carbonyl molecule.[29] At –2.15 V a further
reduction of the chemically changed [FeIFe0] species was
observed, which was attributed to the [FeIFe0]– �
[Fe0Fe0]2– process in accordance with Fe2(CO)6(pdt) (pdt =
propanedithiolato).[31] Two sparsely separated reoxidation
signals were observed at –2.07 and –2.00 V. An additional
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oxidation peak appears at –0.80 V. This signal was only ob-
served upon the initial one-electron reduction of the initial
[FeIFeI] species at –1.58 V. According to the literature, this
might be the reoxidation of a chemically transformed
[FeIFe0] species.[29] At ca. +1.28 V the irreversible oxidation
of the [FeIFeI] cluster can be observed. A corresponding
reduction signal appeared at –0.67 mV, which suggests that
there was structural reorganization after the oxidation and
that it was not solely a simple reduction of the obtained
[FeIIFeI] complex as has been already described for similar
reduction processes.

Figure 6. The cyclic voltammetric reduction of [Fe2(CO)6{μ-
SCH(C6H5)C6H4S-μ}] (3b) in acetonitrile (1.0 mm) on a glassy car-
bon electrode where Fc/Fc+ was used as the internal standard and
[nBu4N][PF6] (0.1 m) was used as the supporting electrolyte.

The influence of compound 3b towards the electrochemi-
cal reduction of protons to dihydrogen was investigated be-
tween 0.0 and –2.5 V by the addition of acetic acid (pKa =
22.3 in CH3CN) (Figure 7). In the presence of acid, the ini-
tial one-electron reduction signal remains unchanged. Nei-
ther a significant increase nor a shift of the signal was ob-
served. An acid-dependent increase in the peak current

Figure 7. The cyclic voltammograms of [Fe2(CO)6{μ-SCH(C6H5)-
C6H4S-μ}] (3b) in acetonitrile (1 mm) in the presence of HOAc (0–
10 mm), (potentials vs. Fc/Fc+).
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around –2.0 V was observed when the cathodic scan in-
cluded more negative potentials. According to the literature,
this behavior could be explained by the catalytic reduction
of acetic acid by a reduced 3b.[28] However, a comparison
of the peak currents at around –2.0 V and in pure acetic
acid reveals only moderate catalytic activity for compound
3b.

Since compound 3b revealed the structural properties of
[Fe2(CO)6(pdt)] (pdt = propanedithiolato) (Fe–S-alkyl
bond) and [Fe2(CO)6(bdt)] (bdt = benzenedithiolato) (Fe–
S-phenyl bond), and since both of the complexes revealed
different electrochemical properties, a short comparison be-
tween the three complexes will be given here. In contrast
to 3b and [Fe2(CO)6(pdt)],[31] [Fe2(CO)6(bdt)][10h] shows an
initial two-electron reduction to a [Fe0Fe0] complex at
–1.25 V (Table 1). This reduction, however, appears at two
different potentials. The one-electron reduction of [Fe2-
(CO)6(pdt)] and 3b is observed at –1.34 and –1.58 V, respec-
tively. In contrast to [Fe2(CO)6(bdt)], the second one-elec-
tron reduction is found at a distinctly lower potential
around –2 V for both of the complexes. When acetic acid
was added to the complexes, the reduction of the protons
to dihydrogen was observed for all of the complexes at
around –2 V. Based on these results, complex 3b should be
considered to be a comparable model to the [FeFe]-hydro-
genase model complexes with a propanedithiolato back-
bone.

Table 1. The electrochemical data of the iron complexes 3b,
[{Fe2(CO)6}(pdt)], and [{Fe2(CO)6}(bdt)].

Ered 1 [V] Ered 2 [V] Eox [V]

3b[a] –1.58 –2.15 +1.28
[{Fe2(CO)6}(pdt)][31][b] –1.34 –1.95 +1.14
[{Fe2(CO)6}(bdt)][10h][c] –1.27 –1.23 irreversible

[a] Glassy carbon electrode (potentials given in V, �0.01) vs. Fc/
Fc+ (0.01 m) in [nBu4N][PF6]/CH3CN (0.1 m) as the supporting
electrolyte. [b] CH3CN solution (0.1 m [nBu4N][PF6]) with a glassy
carbon working electrode standard vs. Fc/Fc+. [c] First scan, v =
0.1 Vs–1; solution in [nBu4N][PF6]/CH3CN.

Conclusions

In summary, we have succeeded in synthesizing two new
complexes, 3b and 4b, that are bioinspired models for the
active site of the [FeFe]-hydrogenases by using the aromatic
thioketones, 2a and 2b, as the starting materials. The syn-
thesis of 3b was accomplished by a multistep reaction. A
possible mechanism for the formation of 3b has been pro-
posed. Firstly, thioketone 2a reacts with Fe3(CO)12 to give
the ortho-metallated complex, 3a. Secondly, a further equiv-
alent of 2a, which is activated by a side-on coordination to
an iron atom, serves as a sulfur transfer reagent. Thirdly,
complex 3b is formed by the insertion of sulfur into the Fe–
C σ-bond of 3a. It was found that complex 3b behaves as a
catalyst for the electrochemical production of hydrogen in
the presence of a weak acid, for example acetic acid, at a
moderate potential.
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The most remarkable feature of this investigation, how-
ever, is the assembly of a [FeFe]-hydrogenase active-site-
core analogue from simple aromatic thioketones. This is of
particular interest to prebiotic chemistry since one can en-
vision that in a hydrothermal vent environment that has a
higher CO concentration, where reduced hydrothermal
fluids pass through the iron-/sulfide-containing crust, sig-
nificant concentrations of iron carbonyls and thioketones
might be formed.[32a] In a slightly different prebiotic reac-
tion that was reported by Cody et al., iron sulfide is con-
sumed in the presence of CO and alkylthiol to produce
[Fe2(RS)2(CO)6], sulfur, and hydrogen.[32b] These possible
prebiotic reactions that are emerging for the [FeFe]-hydro-
genase model systems are of great importance in the context
of the iron-sulfur world hypothesis.[32c]

Experimental Section
General Comments: All of the reactions were carried out under an
argon atmosphere by using the standard Schlenk techniques. The
1H and 13C{1H} NMR and 2D NMR spectra were recorded with
a Bruker AVANCE 200 or 400 MHz spectrometer at room tem-
perature and the solvent was used as the standard. The Mass spec-
tra were obtained with a FINNIGAN MAT SSQ 710 instrument.
The infrared spectra were measured with a Perkin–Elmer System
2000 FTIR spectrometer. Thiobenzophenone (2a)[12d] and 9H-
thioxanthene-9-thione (2b)[13a] were prepared according to the lit-
erature procedures. The solvents and Fe3(CO)12 were purchased
from Sigma–Aldrich. All of the solvents were dried and distilled
prior to use according to the standard methods. Silica gel 60
(0.015–0.040 mm) was used for the column chromatography. TLC
was done with Merck TLC aluminum sheets, silica gel 60 F254.
The elemental analyses were performed with a Vario EL III CHNS
(Elementaranalysen GmbH Hanau) as single determinations.

[Fe2(CO)6{μ-SCH(C6H5)C6H4S-μ}] (3b), [Fe2(CO)6{μ-SC(C6H5)2}-
(S-μ)] (3c), and [{Fe2(CO)6{μ-SCH(C6H5)2S-µ}] (3d). Method A:
Fe3(CO)12 (100 mg, 0.2 mmol) and thiobenzophenone (2a)
(118 mg, 0.4 mmol) in thf (30 mL) were stirred at 65 °C under ar-
gon for a period of 3 to 4 h. The reaction mixture was cooled to
room temperature and the solvent was removed under vacuum. The
crude product was purified by column chromatography. Elution
with hexane gave an orange solution of complex 3c (Rf = 0.7),
elution with hexane/diethyl ether (1:1, v/v) afforded a reddish solu-
tion of complex 3b (Rf = 0.5) and elution with diethyl ether gave a
red solution of 3d (Rf = 0.5). The solutions were evaporated under
vacuum. Suitable crystals of 3c and 3d for X-ray analysis were ob-
tained by the slow evaporation of a concentrated pentane solution
at –25 °C.

3b: Yield 22 mg (22 %). C19H10Fe2O6S2 (509.9): calcd. C 44.74, H
1.98, S 12.57; found C 45.18, H 1.83, S 12.1. 1H NMR (400 MHz,
CDCl3, 25 °C): δ = 5.90 [s, 1 H, H(1)], 7.03–7.23 (m, 5 H, Ar-H),
7.32 [dd, 3J = 7.7 Hz, 1 H, H(10)], 7.37 [dd, 3J = 8.1 Hz, 1 H,
H(11)], 7.75 [d, 3J = 8.0 Hz, 1 H, H(9)], 8.51 [d, 3J = 8.2 Hz, 1 H,
H(12)] ppm. 13C{1H} NMR (400 MHz, CDCl3): δ = 70.7 (C1),
123.8, 125.9, 126.7, 127.1, 128.2, 130.8, 138.3, 141.8, 143.7, 144.6,
152.5, 157.8 (2 Ph), 207.3, 208.9, 210.5 (CO) ppm. FTIR (KBr):
ν̃C�O = 2073 (vs), 2035 (vs), 2008 (w, sh), 1994 (s), 1979 (s) cm–1.
MS (DEI = 70 eV): m/z = 510 [M+], 482 [M+ – CO], 454 [M+ –
2CO], 426 [M+ – 3CO], 398 [M+ – 4CO], 370 [M+ – 5CO], 342
[M+ – 6CO].
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3c: Yield 25 mg (25%). C19H10Fe2O6S2 (509.9): calcd. C 44.74, H
1.98, S 12.57; found C 44.96, H 1.72, S 12.23. 1H NMR (400 MHz,
CDCl3, 25 °C): δ = 7.57 (br. s, 10 H, 2 Ph) ppm. 13C{1H} NMR
(400 MHz, CDCl3): δ = 95.0 (SCS), 123.6, 127.7, 128.5 (2 Ph),
207.0, 208.2 (CO) ppm. FTIR (KBr): ν̃C�O = 2076 (vs), 2035 (vs),
1990 (vs) cm–1. MS (DEI = 70 eV): m/z = 510 [M+], 482 [M+ –
CO], 454 [M+ – 2CO], 426 [M+ – 3CO], 398 [M+ – 4CO], 370 [M+ –
5CO], 342 [M+ – 6CO].

3d: Yield 21 mg (10%). C38H22Fe4O12S3 (989.8): calcd. C 46.09, H
2.24, S 9.72; found C 46.52, H 2.47, S 9.39. 1H NMR (200 MHz,
CDCl3, 25 °C): δ = 4.21, 4.66 (s, 2 H, 2 SCH), 7.06, 7.44, 7.68 (br.
s, 20 H, 2 Ph) ppm. 13C{1H} NMR (200 MHz, CDCl3): δ = 38.1,
38.9 (2 CS), 121.3, 125.2, 126.5, 127.3 (2 Ph), 206.6, 207.8, 208.1
(CO) ppm. FTIR (KBr): ν̃C�O = 2072 (vs), 2059 (w, sh), 2039 (vs),
1998 (vs) cm–1. MS (DEI = 70 eV): m/z = 990 [M+], 906 [M+ –
3CO], 878 [M+ – 4CO], 822 [M+ – 6CO], 794 [M+ – 7CO], 766
[M+ – 8CO], 738 [M+ – 9CO], 711 [M+ – 10CO], 655 [M+ – 12CO].

[Fe2(CO)6{μ-SCH(C6H5)C6H4S-μ}] (3b). Method B: Thioketone 2a
(18 mg, 0.1 mmol) was added to a solution of 3a (46 mg, 0.1 mmol)
in thf (30 mL) under argon and the mixture was stirred at 65 °C
for 3 h. The solvent was removed under vacuum and the crude
product was purified by column chromatography. Elution with hex-
ane/diethyl ether (1:1, v/v) gave a reddish solution (Rf = 0.5), which
was identified as complex 3b. Yield 21 mg (41%).

[Fe2(CO)6{μ,κ,S,SCH(C6H4)–S–C6H4-η2}] (4a): Fe3(CO)12

(140 mg, 0.28 mmol) was dissolved in thf (40 mL) and 9H-thio-
xanthene-9-thione (2b) (64 mg, 0.28 mmol) was added to the solu-
tion. The mixture was stirred at 65 °C for 20 min under argon. The
solvent was removed in vacuo. The crude product was purified by
column chromatography by using hexane as the eluent. The major
dark red band (Rf = 0.5) was collected and the solvent was re-
moved. The product was identified as complex 4a. Yield 92 mg
(65%). C19H8Fe2O6S2 (507.8): calcd. C 44.91, H 1.59, S 12.62;
found C 44.70, H 1.92, S 12.58. 1H NMR (400 MHz, CDCl3,
25 °C): δ = 4.82 [s, 1 H, H(12)], 6.94 [m, 1 H, H(8)] 7.26 [m, 1 H,

Table 2. The crystal data and refinement details for the X-ray structure determinations of the compounds 3c, 3d, 4b, and 4c.

3c 3d 4b 4c

Formula C19H8Fe2O6S3 C38H22Fe4O12S3 C19H7Fe2O6S3 C19H10Fe2O6S2

fw [gmol–1] 540.13 990.14 539.13 510.09
T [°C] –140(2) –140(2) –140(2) –140(2)
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P21/n P1̄ P21/c C2/c
a [Å] 10.3982(3) 9.1211(2) 7.8592(2) 20.4829(12)
b [Å] 9.6800(2) 13.7459(2) 14.9765(3) 6.4767(5)
c [Å] 19.7021(5) 16.5123(3) 17.2733(3) 30.4653(17)
α [°] 90 89.164(1) 90 90
β [°] 99.020(2) 83.405(1) 92.011(1) 107.121(3)
γ [°] 90 76.626(1) 90 90
V [Å3] 1958.58(9) 2000.65(6) 2031.87(7) 3862.5(4)
Z 4 2 4 8
ρ [g cm–3] 1.832 1.644 1.762 1.754
μ [cm–1] 18.37 16.39 17.71 17.53
Measured data 12241 21290 12476 6437
Data with I�2σ(I) 3895 8546 4262 3780
Unique data/Rint 4480/0.0313 10330/0.0197 4595/0.0231 4106/0.0218
wR2 (all data, on F2)[a] 0.0727 0.0701 0.0865 0.0733
R1 [I�2σ(I)][a] 0.0306 0.0294 0.0341 0.0311
s[b] 1.027 1.042 1.011 1.065
Residual electron density [eÅ–3] 0.475/–0.409 0.485/–0.368 1.765/–0.534 0.466/–0.349
Absorption correction none none none none

[a] R1 = (Σ||Fo| – |Fc||)/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2; w–1 = σ2(Fo

2) + (aP)2 + bP; P = [2Fc
2 + max(Fo

2)]/3. [b] s = {Σ[w(Fo
2 –

Fc
2)2]/(No – Np)}1/2.
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H(9)], 7.36 [m, 1 H, H(10)], 7.39 [m, 1 H, H(7)], 7.62 [m, 1 H,
H(3)], 7.92 [m, 1 H, H(4)], 8.04 [m, 1 H, H(2)] ppm. 13C{1H} NMR
(400 MHz, CDCl3): δ = 60.7 (CS), 125.0, 125.8, 126.6, 127.2, 127.5,
128.2, 128.5, 131.0, 135.9, 136.8, 141.8, 154.8 (2Ph), 208.6, 209.4
(CO) ppm. FTIR (C5H12): ν̃C�O = 2071 (vs), 2037 (vs), 2001 (vs),
1984 (w, sh) cm–1. MS (DEI = 70 eV): m/z = 508 [M+], 480 [M+ –
CO], 452 [M+ – 2CO], 424 [M+ – 3CO], 396 [M+ – 4CO], 368 [M+ –
5CO], 340 [M+ – 6CO].

[Fe2(CO)6{μ-SCH(C6H4)–S–C6H4S-μ}] (4b) and [Fe2(CO)6{μ-
SC(C6H4–S–C6H4)S-μ}] (4c): The ligand, 9H-thioxanthene-9-
thione (2b) (163 mg, 0.48 mmol), was added to a solution of
Fe3(CO)12 (120 mg, 0.24 mmol) in thf (40 mL) under argon. The
reaction mixture was stirred at 65 °C for a period of 3 to 4 h. After
evaporation of the solvent, the residue was purified by coloum
chromatography on a silica gel column. Elution with hexane gave
an orange-reddish solution of complex 4c (Rf = 0.6). Elution with
hexane/diethyl ether (2:1, v/v) afforded a reddish solution of com-
plex 4b (Rf = 0.3). The two solutions were evaporated under vac-
uum. Suitable crystals of 4b and 4c for X-ray analysis were ob-
tained by the slow evaporation of a concentrated pentane solution
at –25 °C. 4b. Yield 48 mg (37%). C19H8Fe2O6S3 (540.1): calcd. C
42.25, H 1.49, S 17.80; found C 42.58, H 1.68, S 17.30. 1H NMR
(400 MHz, CDCl3, 25 °C, assignment analogous to 4a): δ =
5.28 ppm. [s, 1 H, H(12)], 7.05 [dd, 1 H, 3J = 8.0 Hz, H(8)], 7.31
[m, 1 H, H(9)], 7.43[d, 1 H, 3J = 8.0 Hz, H(10)], 7.56 [d, 1 H, 3J =
8.0 Hz, H(7)], 7.76 [dd, 1 H, 3J = 8.0 Hz, H(3)], 8.03 [d, 1 H, 3J =
8.0 Hz, H(4)], 8.62 [d, 1 H, 3J = 8.0 Hz, H(2)] ppm. 13C{1H} NMR
(400 MHz, CDCl3): δ = 69.9 (C12), 125.3, 126.4, 126.5, 126.8,
126.9, 127.1, 127.8, 128.05, 129.3, 132.8, 142.1 158.2 (2 Ph), 207.0,
208.5, 209.2, 212.2 (CO) ppm. FTIR (KBr): ν̃C�O = 2075 (vs), 2038
(vs), 2017 (w, sh), 2003 (s), 1985 (s) cm–1. MS (DEI = 70 eV): m/z
= 540 [M+], 512 [M+ – CO], 484 [M+ – 2CO], 456 [M+ – 3CO], 428
[M+ – 4CO], 400 [M+ – 5CO], 372 [M+ – 6CO]. 4c: Yield 41 mg
(32 %). C19H8Fe2O6S3 (540.1): calcd. C 42.25, H 1.49, S 17.80;
found C 42.73, H 1.58, S 17.62. 1H NMR (400 MHz, CDCl3,
25 °C, assignment analogous to 4a): δ = 7.42, 7.74 (br. s, 8 H, 2
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Ph) ppm. 13C{1H} NMR (400 MHz, CDCl3): δ = 93.9 (SCS),
123.8, 126.3, 127.0,129.3, 132.9, 134.3, 137.0 (2 Ph), 207.0, 208.1
(CO) ppm. FTIR (KBr): ν̃C�O = 2075 (vs), 2037 (vs), 2001 (vs)
cm–1. MS (DEI = 70 eV): m/z = 540 [M+], 512 [M+ – CO], 484
[M+ – 2CO], 456 [M+ – 3CO], 428 [M+ – 4CO], 400 [M+ – 5CO],
372 [M+ – 6CO].

Characterization of 1,1,2,2-Tetraphenylethene (5): Colorless crys-
tals, m.p. 222–224 °C (ref.[33] m.p. 222 °C). 1H NMR (200 MHz,
CDCl3, 25 °C): δ = 7.05–7.21 (m, 20 H, Ar-H) ppm. MS (DEI =
70 eV): m/z = 332 [M+].

Electrochemistry: The cyclic voltammograms were measured in a
three electrode cell with a 1.0 mm diameter glassy carbon disc
working electrode, a platinum auxiliary electrode, and Ag/AgCl in
CH3CN as the reference electrode. The solvent contained
[nBu4N][PF6] (0.1 m) as the supporting electrolyte. The measure-
ments were performed at room temperature with a Metrohm 663
VA Standard galvanostat. Deaeration of the sample solutions was
accomplished by passing a stream of nitrogen through the solutions
for 5 min prior to the measurements, and the solutions were kept
under nitrogen for the duration of the measurements. All of the
data obtained were corrected against the Fc/Fc+ couple as an in-
ternal standard (E1/2 = 503 mV vs. Ag/AgCl in CH3CN).

Crystal Structure Determination: The intensity data for the com-
pounds were collected with a Nonius KappaCCD diffractometer
by using graphite-monochromated Mo-Kα radiation. The data were
corrected for Lorentz and polarization effects but not for absorp-
tion effects.[34,35] The crystallographic data, as well as the structure
solutions and refinement details, are summarized in Table 2. The
structures were solved by direct methods (SHELXS)[36] and were
refined by full-matrix least-squares techniques against Fo

2

(SHELXL-97).[36] All of the hydrogen atom positions were included
at the calculated positions with fixed thermal parameters. All of
the non-hydrogen atoms were refined anisotropically.[36] XP (SIE-
MENS Analytical X-ray Instruments, Inc.) was used for the struc-
ture representations.

CCDC-803654 (for 3c), -803655 (for 3d), -803656 (for 4b) and
-803657 (for 4c) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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A fluorescent, colorimetric chemosensor, L1, based on 8-ami-
noquinoline, has been developed as a sensor for Zn2+. L1 ex-
hibited high selectivity and sensitivity towards Zn2+ over
other common metal ions in a physiological pH window with
a 1:1 binding mode. The ability of L1 to monitor intracellular

Introduction

The development of fluorescent chemosensors that have
the capability to selectively recognize and sense metal ions
is one of the most challenging fields in organic and supra-
molecular chemistry.[1] Sensors based on ion-induced
changes (e.g. intensity and/or emission wavelength) in fluo-
rescence have many advantages over other techniques,
which include their simplicity, high sensitivity, high selectiv-
ity, and instantaneous response.[2] So far, a number of excel-
lent metal-ion sensors based on metal–ligand coordination
or chemical reaction have been reported to detect transition
and heavy metal ions, such as zinc ions.[3] Zinc is the second
most abundant transition metal in human body after iron
and plays important roles in various pathological pro-
cesses.[4] Zn2+ does not give any spectroscopic or magnetic
signals due to its 3d104s0 electronic configuration. However,
fluorescence is an effective way to detect zinc in biological
systems.

Considerable efforts have been made to design and syn-
thesize fluorescent chemosensors for Zn2+.[5] Among the
various fluorescent sensors, 8-aminoquinoline and its deriv-
atives are the first class of probes to have been developed
for Zn2+.[6] They exhibit good photostability, high affinity
to metal ions, and satisfactory membrane permeability.[7]

Despite some commercial fluorescent probes for Zn2+,[8] the
design of facile, easy to synthesize, nontoxic Zn2+-selective
sensors is still a challenging task, and there is a need for
the design and synthesis of such chemosensors, which are
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Zn2+ in living cells has been examined by fluorescence mi-
croscopy and indicated that L1 is cell-permeable and bio-
compatible. We hope that such Zn2+-selective sensors will
find application in biomedical and environmental detection.

small molecules and highly sensitive for real-time detection
in biological systems at physiological pH.

We have synthesized a new 8-aminoquinoline derivative
L1 as a Zn2+ chemosensor, which shows high sensitivity and
selectivity for Zn2+ over other possible competitive cations
based on internal charge transfer (ICT) and chelation-en-
hanced fluorescence mechanisms. The mode of binding of
L1 with Zn2+ was investigated by UV/Vis spectrophoto-
metric titration and fluorescence titration. The ability of L1
to detect Zn2+ in living cells was examined by fluorescence
microscopy.

Results and Discussion

L1 was easily prepared from 8-aminoquinoline and
rhodamine 6G in high yield (Scheme 1), and its structure
was confirmed by 1H and 13C NMR spectroscopy, ESI-MS
(see Supporting Information), and X-ray diffraction (Fig-
ure 1).

Scheme 1. Synthetic route to L1.
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Figure 1. X-ray crystal structure of L1. All hydrogen atoms are
omitted for clarity (50% probability level for the thermal ellip-
soids).

The mode of coordination of L1 with Zn2+ was investi-
gated by spectrophotometric titration in acetonitrile solu-
tion. Figure 2a shows the spectral variation of L1 with the
gradual addition of Zn2+. The absorbance of L1 at 237 and
303 nm decreased linearly with increasing concentration of
Zn2+. In addition, two new absorption peaks appeared at
256 and 362 nm, and their intensity increased with the ad-
dition of Zn2+, which was accompanied by three isosbestic
points at 247, 282, and 340 nm, respectively. These phenom-
ena are expected to correspond to the coordination of L1
with Zn2+, which extended the conjugated system and re-
sulted in the appearance of the new absorption in the long-
wavelength region.[9] According to the linear Benesi–Hilde-
brand expression,[10] the measured absorbance [1/(A – A0)]
at 362 nm varied as a function of 1/[Zn2+] in a linear rela-
tionship (R2 = 0.9980), which indicates a 1:1 stoichiometry
between Zn2+ and L1 (Figure 2b). Moreover, there were no
absorption peaks between 450 and 700 nm, which indicates
that the spirolactam rhodamine was not ring-opened and
the N3 atom does not participate in the coordination to
Zn2+.

The spectrum of L1 (10 μm) showed a weak emission at
around 499 nm (λex = 365 nm, fluorescence intensity, F0 =
14.4, quantum yield, Φ0 = 0.005) in acetonitrile solution.
As shown in Figure 3, the addition of Zn2+ (0–15 μm) to
the solution produced a new emission band centered at
499 nm with an approximately 77-fold enhancement in in-
tensity (Φ = 0.537).

The fluorescence titration profile of L1 with Zn2+

demonstrates that the detection of Zn2+ is 1 μm in the range
of 0–15 μm of [Zn2+]. These results can be explained as fol-
lows. After binding with Zn2+, the intramolecular electron-
transfer process becomes forbidden, which enhances the
fluorescence emission.[11] Simultaneously, the electron
transfer from the nitrogen atom of the heterocycle to the
metal ion enhances the ICT process.[12] Another reason for
enhanced fluorescence could be that a more rigid structure
forms when Zn2+ binds with L1. The association constant
for Zn2+ was estimated to be 2.9� 104 m–1 on the basis of
the linear fit of the titration curve that assumes a 1:1 stoi-
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Figure 2. (a) Absorption spectra of L1 (10 μm) in the presence of
Zn2+ (0–1 equiv.) in CH3CN. (b) Plot of 1/(A – A0) at 362 nm as a
function of 1/[Zn2+].

Figure 3. Fluorescence spectra of L1 (10 μm) in acetonitrile in the
presence of different concentrations of Zn2+ (0–2 equiv.) excited at
365 nm. Inset: Job plot to determine the stoichiometry of L1 and
Zn2+ in acetonitrile (the total concentration of L1 and Zn2+ is
25 μm).

chiometry (Figure S1, Supporting Information). The Job
plot (Figure 3, inset) also confirmed that the binding mode
had a 1:1 stoichiometry.
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When Zn2+ was added to the solution of L1, the colorless
solution turned pink, and greenish fluorescence was ob-
served by the naked eye. However, the fluorescence did not
derive from the fluorophore of rhodamine 6G, because no
emission peaks were observed between 530 and 650 nm
when we excited the system between 480 and 520 nm. We
presumed that the fluorescence of the system originated in
the fluorophore of 8-aminoqunoline when excited at
365 nm. Therefore, we can deduce a possible sensing
mechanism (Figure 4) in which the spirolactam rhodamine
is not ring-opened and three N atoms (labeled N4, N5, and
N6 in Figure 1) participate in the coordination to Zn2+.[13]

The species that forms in solution has a nearly planar struc-
ture. The fourth ligand (X) is NO3

– by consideration of the
charge balance in solution.

Figure 4. Proposed binding mode of L1 with Zn2+.

An important property of chemosensors is their high
selectivity towards the analyte over the other competitive
metal ions. Therefore, we determined the fluorescence in-
tensity of L1 at 499 nm in the presence of various metal
ions. As shown in Figure 5, the addition of Zn2+ gave rise
to a prominent fluorescence enhancement in an acetonitrile
solution of L1, whereas the addition of other metal ions,
such as K+, Na+, Ca2+, and Mg2+, which exist at high con-
centrations in human cells, did not show any significant
color or spectral changes. Fluorescence enhancement of L1
was observed in the presence of Cd2+ because the chemical
properties of Cd2+ are similar to those of Zn2+. However,
the fluorescence intensity of L1 in the presence of Cd2+ is
far below that in the presence of Zn2+ (FZn/FCd = 2.8) under

Figure 5. Fluorescence intensities of L1 (10 μm) in the presence of
various metal ions and ion mixtures in acetonitrile. [K+], [Na+],
[Ca2+], and [Mg2+] = 5 mm, [Zn2+], [Mn2+], [Cr3+], [Pb2+], [Cd2+],
[Co2+], [Fe2+], [Ni2+], [Ag+], [Hg2+], [Cu2+] = 20 μm (λex = 365 nm,
λem = 499 nm).
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the same conditions, which reflects the lower affinity of L1
for Cd2+. The fluorescence of the L1/Zn2+ system was
quenched by Ni2+, Cu2+, and Hg2+, which may be due to
nonradiative energy transitions or energy transfer between
the d orbital of the ions and the fluorophore.[14] These re-
sults demonstrate the high selectivity of L1 towards Zn2+.

For practical applications, the sensing ability of L1
towards Zn2+ at different pH values was investigated (Fig-
ure 6). L1 showed no appreciable fluorescent response to
Zn2+ in acidic environments due to the more difficult pro-
tonation of the imino group (N5) of L1, which led to a
weak coordination of Zn2+.[15] However, L1 exhibited satis-
factory sensing abilities when the pH was increased from
5.5 to 9.0. These data indicate that L1 could act as a fluo-
rescent probe for Zn2+ under physiological pH conditions.

Figure 6. Fluorescence intensities of L1 (10 μm) in the absence and
presence of Zn2+ (20 μm) at various pH values in CH3CN/H2O
(95:5, v/v). (λex = 365 nm).

We also investigated the time evolution of the response
of L1 to 2 equiv. of Zn2+ in CH3CN (Figure 7). We found
that the interaction of L1 with Zn2+ was completed in less
than 2 min. Therefore, this system could be used to track
Zn2+ in cells and organisms in real-time.

Figure 7. Time evolution of the response of L1 (10 μm) to 2 equiv.
of Zn2+ in CH3CN.
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As we developed L1 to be used with cells, we quantified

its effects on the viability of L929 fibroblast cells in vitro.
Cell viability was evaluated by using a modified 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Figure 8 shows the viability of cells treated with L1
over a range of concentrations for 24, 48, and 72 h. L1 does
not negatively affect cell viability over the full range of con-
centrations measured, which indicates that they exhibit no
cytotoxicity and could be used for intracellular detection.

Figure 8. MTT assay of L929 cells cultured for 24, 48, and 72 h in
media that contain different amounts of L1.

Bright field microscopy images of cells grown in the pres-
ence and absence of L1 confirmed the biocompatibility of
L1 (Figure S2).

The ability of L1 to detect Zn2+ in SCABER (human
bladder cancer) cells was also examined. The cells were sup-
plemented with L1 (10 μm) in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine se-
rum (FBS) at 37 °C for 3 h and showed very weak intracel-
lular fluorescence as determined by fluorescence micro-
scopy (Figure 9b). With the addition of Zn2+ (40 μm) to the

Figure 9. (a) Bright field image and (b) fluorescence microscopy
image of SCABER cells loaded with L1 (10 μm) incubated for 3 h.
(c) Bright field image and (d) fluorescence microscope image of
SCABER cells loaded with L1 (10 μm) incubated for 3 h with the
addition of Zn2+ (2 equiv.). Scale bar = 50 μm.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 327–332330

treated cells in a culture medium at 37 °C for 0.5 h, a signifi-
cant increase in fluorescence from the intracellular area was
observed (Figure 9d). These results demonstrate that L1
could be used as a sensor to detect intracellular Zn2+ in
living cells.

Conclusions

We have developed a fluorescent, colorimetric chemo-
sensor based on 8-aminoquinoline for the detection of Zn2+

in living cells. L1 displayed high selectivity, sensitivity, and
a fast time response to Zn2+ in a physiological pH window
with a 1:1 binding mode. The ability of L1 to monitor intra-
cellular Zn2+ in living cells was examined by fluorescence
microscopy, which indicated that L1 is cell-permeable and
biocompatible. We hope that such Zn2+-selective sensors
will find application in biomedical and environmental de-
tection.

Experimental Section
Materials and General Methods: 1H and 13C NMR spectra were
recorded with a Varian Mercury-400 spectrometer with Me4Si as
the internal standard and CDCl3 as the solvent. Mass spectra were
performed with an HP-5988A spectrometer (EI at 70 eV). Absorp-
tion spectra were determined with a Varian UV-Cary 100 spectro-
photometer. Fluorescence measurements were performed with a
Hitachi F-4500 spectrofluorimeter. Both excitation and emission
slits were 5 nm. Quantum yields were determined by an absolute
method by using an integrating sphere with an Edinburgh Instru-
ment FLS920. The pH values were adjusted by the addition of HCl
(0.1 m) or NaOH (0.1 m). The volume of the added solutions was
less than 20 μL to leave the concentration of L1 unchanged. All
pH measurements were carried with a pH-10C digital pH meter.
All titration experiments were run twice for reliable data. All im-
aging experiments were performed with a fluorescence-inverted
microscope (DMI 4000 B, Leica Microsystem) with excitation
between 340 and 380 nm. The total magnification was 400�.
The cationic solutions were prepared from NaClO4, K2CO3,
Mg(ClO4)2, Ca(NO3)2, FeSO4, Pb(NO3)2,Co(NO3)2, NiCl2,
Zn(NO3)2, Zn(ClO4)2 AgNO3, CdSO4, HgCl2, and CuSO4 in dis-
tilled water with a concentration of 0.01 m or 0.001 m. The volume
of the cationic solutions added was less than 100 μL to leave the
concentration of L1 unchanged. All synthetic materials were pur-
chased from commercial suppliers and used without further purifi-
cation. CH3CN for spectroscopy was of HPLC reagent grade with-
out fluorescent impurities.

Crystal Structure Determination: Single-crystal X-ray diffraction
measurements were carried out with a Bruker SMART 1000 CCD
diffractometer operating at 50 kV and 30 mA by using Mo-Kα radi-
ation (λ = 0.71073 Å). The selected crystal was mounted inside a
Lindemann glass capillary for data collection, which used the
SMART and SAINT software.[16a,16b] An empirical absorption cor-
rection was applied by using the SADABS program.[16c] The struc-
ture was solved by direct methods and refined by full-matrix least
squares on F2 by using the SHELXTL-97 program package.[16d,16e]

All non-hydrogen atoms were subjected to aniostropic refinement,
and all hydrogen atoms were added in idealized positions and re-
fined isotropically. Crystal data for L1: Mr = 640.77, triclinic, space
group P1̄, a = 10.4814(6) Å, b = 13.0286(7) Å, c = 13.1038(7) Å, α
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= 79.464(3)°, β = 80.073(3)°, γ = 81.045(3), V = 1718.62(16) Å3, Z

= 2, ρcalcd. = 1.238 gcm–3, R(reflections) = 0.0591(3051), wR2(re-
flections) = 0.0974(6351). CCDC-825020 contains the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Preparation of 2-Chloro-N-(quinol-8-yl)acetamide: To a cooled,
stirred solution of 8-aminoquinoline (288 mg, 2.0 mmol) and pyr-
idine (0.23 mL, 2.8 mmol) was added a chloroform (10 mL) solu-
tion of 2-chloroacetyl chloride (0.15 mL, 2.0 mmol) dropwise over
1 h. After 2 h at room temperature, a brown-yellow solid was ob-
tained by removing the solvent under reduced pressure. The crude
product was purified by silica gel column chromatography using
dichloromethane as eluent to afford 2-chloro-N-(quinol-8-yl)acet-
amide (362 mg, 80%).

Preparation of L1: 2-Chloro-N-(quinol-8-yl)acetamide (110 mg,
0.5 mmol), N-(rhodamine-6G)lactam-ethylenediamine (228 mg,
0.5 mmol), and potassium iodide (8 mg) were dissolved in acetoni-
trile (30 mL) with stirring and heated to reflux under nitrogen for
10 h. The mixture was cooled to room temperature, and the solvent
was removed under reduced pressure to obtain a pale-yellow solid,
which was purified by silica gel column chromatography using
dichloromethane/petroleum ether (5:1, v/v) as eluent to afford L1.
Yield: 83.8%. 1H NMR (400 MHz): δ = 11.234 (s, 1 H), 8.743–
8.738 (d, 1 H), 8.726–8.462 (m, 1 H), 8.101–8.076 (m, 1 H), 7.903–
7.882 (m, 1 H), 7.505–7.424 (m, 4 H), 7.357–7.326 (m, 1 H), 7.075–
7.055 (m, 1 H), 6.356 (s, 2 H), 6.253 (s, 2 H), 3.457 (s, 2 H), 3.402–
3.372 (t, 2 H), 3.201 (s, 2 H), 3.126–3.110 (m, 4 H), 2.562–2.532 (t,
2 H), 1.805 (s, 6 H), 1.278–1.242 (t, 6 H) ppm. 13C NMR
(100 MHz): δ = 170.40, 168.69, 153.67, 148.39, 147.36, 138.84,
135.80. 134.33, 132.38, 131.13, 128.29, 127.93, 127.84, 127.03,
123.80, 122.75, 121.37, 121.28, 117.90, 116.20, 105.82, 96.42, 65.14,
53.19, 48.23, 40.03, 38.18, 16.41, 14.57 ppm. ESI-MS: 641.1
[M + 1]+.

Cell Incubation and Imaging: The SCABER cells were provided by
Cells Bank of the Chinese Academy of Science (Shanghai, China).
Cells were grown in H-DMEM (high glucose) supplemented with
10 % FBS in an atmosphere of 5% CO2/95% air at 37 °C. Cells
(5�108/L) were plated on 18 mm glass coverslips and allowed to
adhere for 24 h. Uptake experiments of Zn2+ were performed in
the same medium supplemented with 20 μm Zn(NO3)2 for 0.5 h.
Before the experiments, cells were washed with phosphate-buffered
saline (PBS) and incubated with 10 μm L1 at 37 °C for 3 h. Cell
imaging was carried out after washing the cells with PBS.

Assessment of Biocompatibility: The biocompatibility was deter-
mined in L929 mouse fibroblast cell lines. The cell viability was
evaluated by using the modified MTT assay. The cells were plated
at a density of 1�105 in 96-well plates 24 h prior to exposure to
the materials. Different concentrations of L1 with saturated sur-
faces [by interaction with DMEM/F12 (1:1) for 24 h before use]
were added to the wells, and the cells were incubated for 24, 48,
and 72 h. After treatment, 10 μL of MTT (5 mg mL–1 in PBS) was
added into each well. After 4 h of incubation, culture supernatants
were aspirated, and purple insoluble MTT product was redissolved
in dimethyl sulfoxide (150 μL) over 10 min. The concentration of
the reduced MTT in each well was determined spectrophotometri-
cally by subtraction of the absorbance reading at 630 nm from that
measured at 570 nm using a microplate reader. All MTT experi-
ments were performed five times, and the maximum and minimum
were discounted. The results were expressed as the mean � stan-
dard deviation. Cell viabilities were presented as the percentage of
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the absorbance of L1-treated cells to the absorbance of control
cells.

Supporting Information (see footnote on the first page of this arti-
cle): Materials and general methods; schematic molecular struc-
tures; experimental details; additional NMR and ESI-MS data.
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