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Synthesis and Reactivity of Square-Planar PtII–η1-Hydrocarbyl Complexes
Containing cis-Coordinated Olefin or Alkyne

Maria Elena Cucciolito[a] and Francesco Ruffo*[a]

Dedicated to Professor Augusto de Renzi on the occasion of his retirement

Keywords: Platinum / Alkene ligands / Alkyne ligands / Ligand design / Coordination modes

The review provides a survey of the key classes of PtII com-
plexes containing cis-{Pt(η1-hydrocarbyl)(η2-unsaturated
ligand)} moieties, which have been isolated or at least un-
equivocally characterized in solution. These compounds,
which mimic reactive intermediates of fundamental catalytic
processes, have been classified in four general types, which
display a cis arrangement of an alkyl group and a monoalk-

Introduction

The presence of a hydrocarbyl group and an unsaturated
ligand at the cis positions of a metal center (Figure 1) is a
fundamental requisite for the insertion process to occur.

This reaction is a fundamental step of several catalytic
processes,[1] most of them promoted by d8 square-planar
complexes of metals such as PdII or RhI. An arrangement
of type I is especially invoked in the oligomerization and

[a] Dipartimento di Chimica “Paolo Corradini”, Università di
Napoli “Federico II”,
Complesso Universitario di Monte S. Angelo, Via Cintia, 80126
Napoli, Italy
Fax: +39-081674090
E-mail: ruffo@unina.it
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chemistry, with particular interest towards the following subfields: (1) five-coordinate olefin complexes of PtII and PdII,
(2) reactivity and stereochemistry of allylic complexes of PtII and PdII, (3) reactivity of alkenes coordinated to highly
electrophilic dicationic complexes of PtII and PdII.

Francesco Ruffo graduated in Industrial Chemistry from the University of Napoli “Federico II” in 1990 and received his
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drocarbyl/olefin complexes of PtII and PdII.

Eur. J. Inorg. Chem. 2012, 599–609 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 599

ene (I), an aryl group and a monoalkene (II), an alkyl group
and a monoalkyne (III), and an aryl group and a monoalkyne
(IV). A discussion of their main structural and chemical
features, disclosing the factors affecting their reactivity, dy-
namic behavior, and relative stability, is presented. In some
remarkable cases (III and IV), it is the cis arrangement of the
hydrocarbyl fragments that promotes unusual reactivity.

Figure 1. Arrangements of an unsaturated ligand and a hydro-
carbyl group (R = alkyl, Ar = aryl) at the cis positions with respect
to a metal center.

polymerization of alkenes.[2] An olefin and an aryl ring at
the cis position, as in II, are postulated in the mechanism
of the key Heck reaction,[3] and, although less common,
also the remaining two moieties are relevant to catalysis.[4]

However, with these metal ions, the opportunity to either
isolate or detect complexes of type I–IV is quite rare, be-
cause the insertion is usually fast, and their intervention in
the reaction mechanism is often only hypothesized. On the
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contrary, the corresponding PtII derivatives stand out for
their superior stability and consequently lend themselves to
be isolated or, at least, spectroscopically observed in non-
prohibitive conditions.

These complementary behaviors offer a comprehensive
scenario, for example because PdII species can be preferred
for synthetic purposes, while the more versatile PtII deriva-
tives allow a better comprehension of bonding properties
and give insight into mechanistic details.

In this context, meticulous studies have been conducted
in recent years to understand the behavior of stable PtII

complexes containing these structural motifs. In particular,
complexes containing all four possible combinations of li-
gands, as shown in Figure 2, have been prepared and char-
acterized.

Figure 2. General formula of square-planar complexes containing
an η2-monoalkene or an η2-monoalkyne at the cis position relative
to an η1-hydrocarbyl group.

As discussed in detail in the following paragraphs, this
investigation allowed (1) to rationalize the steric factors that
govern the intramolecular stability, (2) to elucidate the es-
sential dynamic phenomena that involve the complexes, and
(3) to disclose unprecedented reactivity, thus revealing that
the overall features of the complexes are strongly dependent
on the properties of the interfering hydrocarbyl ligands.

Square-Planar PtII Complexes Containing a cis
Arrangement of an Alkyl Group and an Alkene
(I)

The PtII complexes of type I prepared so far are reported
in Tables 1, 2, 3, and 4 along with references for their syn-
thesis and spectroscopic or structural characterization.

Table 1 lists all the cationic complexes of general formula
[PtR(η2-alkene)(L,L�-chelate)]+ (L and L� = As, N, or P),
while related neutral compounds [PtR(η2-alkene)(N,N�-che-
late)] are presented in Table 2. Table 3 reports cationic cy-
clometallated species [Pt(N,N�,C)(η2-alkene)]+, and Table 4
completes the scenario with compounds containing solely
monodentate ligands.

It is important to note that some classes were prepared
with the express purpose of studying the properties of the
hydrocarbyl groups, and, hence they were fundamental for
clarifying the structure, general behavior and reactivity of
compounds of type I. Some of the complexes were instead
prepared as part of works focused on other aspects of re-
lated research, and, they were therefore only characterized
to establish their identity.
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Table 1. Cationic complexes of type I and their references.
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Table 1. (Continued)

[a] The name of the ligand is given if found in the original papers.
[b] The counterion is PF6

–. [c] The counterion is B(OH)(C6F5)3
–.

[d] Not isolated. [e] The counterion is BMe(C6F5)3
–. [f] Also with

BMe(C6F5)3
– as counterion. [g] The counterion is BArF. [h] The

counterion is TfO–. [i] The counterion is B(C6F5)4
–.
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Table 2. Neutral complexes of type I and their references.

[a] The name of the ligand is that given in the original paper.

Table 3. Cationic cyclometalated complexes of type I and their ref-
erences.

[a] The name of the ligands is that given in the original paper. [b]
The counterion is TfO–. [c] The counterion is BArF. [d] The coun-
terion is PF6

–.

The first reported complexes of type I are I-1 and I-2,
prepared by Clark in 1974[5] (Scheme 1), who observed that
the coordinated alkene is more labile than those in related
trans-compounds.
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Table 4. Other complexes of type I and their references.

[a] Not isolated.

Scheme 1. Synthesis of complexes I-1 and I-2 (R: H or Me).

Later, dimer I-60 and some studies on its reactivity were
described by Puddephatt.[6] The complex, which was ob-
tained by reacting Zeise’s dimer with [Pt2Me4(SMe2)2]
(Scheme 2), represents an important starting compound for
the synthesis of methyl/ethylene–PtII species.

Scheme 2. Synthesis and some chemistry of complexes I-60.

Complex I-65 and its derivatives I-66 and I-67 are related
examples of type I species with monodentate ligands.[7] Di-
mer I-65 was prepared by treating an aqueous solution of
K2PtCl4 under ethylene pressure. Treatment of the complex
with propene affords the corresponding I-66 species, while
splitting of the bridge (compound I-67) was observed in the
presence of chloride ions (Scheme 3).

A wide class of complexes (from I-3 to I-32, with excep-
tion of I-18) of general formula [PtR(η2-alkene)(N,N-che-
late)]+ was prepared according to two procedures.[8–11]
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Scheme 3. Structure of complexes I-65, I-66, and I-67.

The first one (Scheme 4) involved oxidative addition of
R3OBF4 (R = Me, Et) to the three-coordinate precursor
[Pt(1,10-phenanthroline)(η2-dimethyl fumarate),] which af-
forded the corresponding cationic complexes [PtR(1,10-
phenanthroline)(η2-dimethyl fumarate)]BF4 (I-7 and I-12).

Scheme 4. Synthesis of complexes from I-3 to I-12 (R = Me, Et).

These species, which represent rare examples of four-co-
ordinate PtII complexes bearing electron-poor alkenes, were
either isolated in the solid state or transformed into other
complexes of type I by olefin exchange.

The second procedure was carried out by substituting a
halide (X = Cl or I) in the presence of a silver salt, on
precursors of general formula [PtMe(X)(N,N-chelate)]
(Scheme 5).

Scheme 5. Alternative synthesis of complexes of type I (from I-13
to I-32; R� = H, Me, Et, iPr; one R� substituent has been omitted
for the sake of clarity).

In a first study,[8] a thorough investigation was carried
out on compounds containing electron-rich alkenes (trans-
2-butene, propene, ethylene, styrene, allylic alcohol).

As revealed by both crystal structures of representative
complexes and NMR spectroscopic shifts, the aryl rings of
the diacetylarylimino ligands are oriented perpendicular to
the coordination plane, projecting their R� substituents
above and below the square plane (as depicted in
Scheme 5). Therefore, the N,N-chelates were selected in a
way aiming to gradually increase the steric hindrance above
and below the coordination plane, according to the follow-
ing order: phen ≈ daph � dameph � daethyph � daproph.

Remarkably, it was observed that the dynamic phenom-
ena involving the unsaturated ligand, that is, both rotation
and exchange with free alkene, are strongly affected by this
steric attribute. The following points are particularly impor-
tant:
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(1) Olefin rotation and exchange are fast (on the NMR time
scale) with poorly demanding nitrogen chelates (phen and
daph).
(2) As the steric hindrance increases (dameph, daethyph, or
daproph), the exchange becomes strongly inhibited even at
328 K. This evidence validates the hypothesis of an associa-
tive mechanism for the process.
(3) With dameph, daethyph, and daproph, rotation of substi-
tuted alkenes is inhibited by steric contacts between the ole-
fin substituents R�� and the R� groups on the aryl rings. As
a consequence, only one stereoisomer was observed in the
case of α-olefins in the temperature range 203–328 K (actu-
ally only one couple of enantiomers), namely II of Figure 3,
in which the steric contacts are minimized by orienting the
alkene substituent R�� toward the Pt–Me bond.

Figure 3. Possible isomers of complexes of type I with α-olefins
(one R� substituent has been omitted for the sake of clarity).

These qualitative studies were recently[12] confirmed and
implemented by preparing other complexes of the same ge-
neral type (I-38 to I-42), along with related cyclometalated
platinum(II) species (I-54 to I-59). These compounds were
analogously synthesized by substituting the halides of neu-
tral [PtCl(N,N�,C)] precursors with ethylene in the presence
of a silver or sodium salt. Studies on ethylene exchange by
1H NMR spectroscopic line-broadening experiments in de-
uteriated chloroform evidenced that the mechanism takes
place through an associative attack by the entering olefin,
which proceeds via a trigonal bipyramidal transition state
with the two ethylene molecules on the trigonal plane.
The activation process is largely entropy-controlled, with
activation entropies ranging between –129 and
–112 JK–1 mol–1, as expected for associative processes.

The possibility to slow down the dynamic phenomena
by using the axially hindered chelate daproph suggested an
extension of the study[9] to the synthesis of square-planar
complexes containing electron-poor alkenes, such as acro-
lein, methyl vinyl ketone, methyl acrylate, or N,N-dimethyl-
acrylamide (I-21 and from I-28 to I-31). In fact, the rare
examples described by previous literature were typically in-
volved in fast dynamic processes, which prevented any accu-
rate spectroscopic or diffractometric characterization.

As expected, the complexes were revealed to be highly
inert in solution, which allowed their thorough spectro-
scopic characterization. For instance, coupling constants of
olefin protons and carbon atoms to 195Pt nuclei were mea-
sured for the first time for electron-poor alkenes in a
square-planar environment. Furthermore, the structure of
I-21 was determined by X-ray diffraction.

Unlike those with electron-rich olefins, methyl acrylate
complex I-29 was involved in a rare process of olefin inser-
tion into a Pt–alkyl bond (path i in Scheme 6), hitherto de-
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scribed only in the case of the strongly activated olefin tet-
rafluoroethylene.[13] The overall process leads to a 6-mem-
bered cyclometallated product 1 (Scheme 6), and all the
alkyl intermediates were observed by monitoring its NMR
spectrum at 333 K.

Scheme 6. The sequential insertion process leading to the cyclo-
metallated product 1 (one iPr substituent has been omitted for the
sake of clarity).

Within these studies it was also possible to isolate a pecu-
liar cationic trinuclear Pt-μ-Ag-μ-Pt species (compound 2
in Figure 4).[14]

Figure 4. Trinuclear cationic Pt,Ag,Pt species 2.

This stable molecule was isolated during the synthesis de-
scribed in Scheme 5, by treating the reaction mixture prior
to the precipitation of silver chloride.

It is likely that the stability of such a compound is due
to the presence of the bulky iPr substituents above and be-
low the plane of coordination. In fact, the exchange of li-
gand, which is promoted by the silver salt, realistically in-
volves a first Pt–Cl···Ag interaction followed by the associa-
tion of the olefin with formation of the Pt–olefin bond and
precipitation of AgCl. This second step is reasonably in-
hibited by the steric properties of the ligand to the point
of allowing the isolation of the polynuclear species. This
hypothesis was also corroborated by a kinetic study, which
demonstrated the role of 2 as an intermediate of the reac-
tion.

Later NMR spectroscopic studies[10] on some complexes
of formula [PtMe(η2-alkene)(N,N-chelate)]BF4 (I-14, I-17,
I-19, I-20, I-21, I-22, I-29, and I-32) were aimed to assess
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the relative positions of the cation and the anion in di-
chloromethane. This investigation was carried out by de-
tecting specific interionic dipolar interactions in the
19F{1H}-HOESY NMR spectra. It was demonstrated that
the accessibility of the BF4

– ion to the metal center was
reduced as the bulkiness of the R� substituents on the aryl
rings increased. Thus, with daph or dameph, the BF4

– ion
was found to interact with several portions of the cationic
complex, giving proof for an easy access to the metal center.
Instead, both daethyph and daproph inhibit this approach
and force the counterion to be located above or below the
backside of the diimine. This finding is in-keeping with the
high activity of the corresponding Pd polymerization cata-
lysts,[15] which is reasonably enhanced by the fact that the
positive charge on the metal center is not mitigated by any
effective interaction with the anion.

A following study[11] gave further insight on the intimate
relationship between cation and anion, revealing the exis-
tence of two equilibrating ion-pairs in the presence of styr-
enes as olefins (I-23 to I-25). The two pairs differ because
the BF4

– anion can be above (pseudo-cis, PC) or below
(pseudo-trans, PT) the coordination plane (Figure 5).

Figure 5. The equilibrating ion-pairs for I-23 to I-25 (Ar = Ph, 4-
Me–C6H4, or 4-CF3–C6H4; one iPr substituent has been omitted
for the sake of clarity).

The equilibrium constants were determined by a quanti-
tative detection of H···F interionic dipolar interactions in
the 19F{1H}-HOESY NMR spectra. The results, corrobo-
rated also by theoretical calculations, suggest that the rela-
tive thermodynamic stabilities of the PC relative to the PT
ion pairs originate from an interaction between the anion and
a partial positive charge accumulated on the olefin ligand.

In another study,[16] an alternative synthesis of the related
species I-33 was proposed. The procedure involves abstrac-
tion of a Pt-bound methyl group by the Lewis acid
B(C6F5)3 in the presence of ethylene in an inert atmosphere
(Scheme 7). Remarkably, if water was admitted in the reac-
tion mixture, the counterion was B(OH)(C6F5)3

– instead.

Scheme 7. The alternative synthesis of type I species proposed for
I-33.

Unsymmetrical N,N-chelates were used to isolate ethyl-
ene and acrylonitrile complexes I-34 to I-36, by using a pro-
cedure analogous to that reported in Scheme 5.[17,18] Alter-
natively, the same complexes were obtained by reacting the
dimethyl precursor with B(C6F5)3, giving rise to B(C6F5)3-
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Me– as counterion (as in Scheme 7). In these cases, another
equilibrium was found in solution, which involved syn/anti
isomerization of the bidentate ligand (Scheme 8).

Scheme 8. The equilibrating syn/anti isomers of complex I-34 (one
tBu substituent has been omitted for the sake of clarity).

Recently,[19] complex I-37 was isolated as the stable rest-
ing state of a catalytic dimerization of ethylene promoted
by platinum(II) (Scheme 9).

Scheme 9. Synthesis of complex I-37.

Remarkably, at 373 K and under ethylene pressure, I-37
underwent insertion of the alkene into the Pt–ethyl bond to
afford the corresponding butyl intermediate through a first-
order process. The barrier of activation (29.6 kcalmol–1)
was found to be by far superior to that measured for the
corresponding Pd (17–18 kcalmol–1) or Ni (13–
14 kcalmol–1) complexes.

Within an exhaustive mechanistic study on C–H acti-
vation by “naked” platinum(II) complexes,[20] the remark-
ably elusive η2-benzene adduct I-18 was observed at 204 K
by NMR spectroscopy. The compound was obtained by re-
acting the mixed phenyl/methyl precursor with HOTf
(Scheme 10), and its structure was unequivocally assigned
on the basis of the spectral pattern.

Scheme 10. Synthesis of complex I-18 (one Me substituent has been
omitted for the sake of clarity).

On raising the temperature to 233 K, formation of meth-
ane and benzene was observed, accompanied by the corre-
sponding methyl/ and phenyl/triflate PtII compounds.

The cationic PtII complex I-43 was synthesized by pro-
tonation of Tp�PtMe2H with [H(OEt2)2][B(C6F5)4], in the
presence of ethylene (Scheme 11).[21] During this reaction,
protonation of one pyrazole nitrogen atom occurs with con-
comitant generation of an open coordination site. This fa-
vors reductive elimination of methane and enables access to
the incoming unsaturated ligand.
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Scheme 11. Synthesis of I-43.

Deprotonation with a base allows the pyrazole atom to
coordinate, giving rise to a five-coordinate trigonal bipy-
ramidal compound.

Complexes I-44 to I-46, containing diphosphanylidene-
cyclobutene ligands, were obtained by adding ethylene to a
neutral triflate precursor (Scheme 12).[22]

Scheme 12. Synthesis of complexes I-44 to I-46.

The increasing electron-withdrawing properties of the Y
substituents on the P,P�-ligands were correlated with a pro-
gressive augmentation of the NMR spectroscopic coordina-
tion chemical shifts of ethylene.

Treatment of complexes I-22, I-24, and I-26 to I-29 with
KOH removes one proton from the ligand backbone, thus
generating the corresponding neutral species I containing
the anionic imino–amide ligand depran I-48 to I-53
(Scheme 13).[24]

Scheme 13. Synthesis of complexes I-48 to I-53 (one R� substituent
has been omitted for the sake of clarity).

The NMR spectroscopic characterization disclosed high
selectivity of coordination. In fact, although α-olefins can
afford up to four isomers (Figure 6, each as an enantio-
meric couple), only II was detected in solution. In this iso-
mer, the alkene is trans to the N-amido group, and the ole-
fin substituent R�� is oriented towards the Pt–Me vector.

Figure 6. The four possible isomers for complexes I-48 to I-53 (one
R� substituent has been omitted for the sake of clarity).
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It should be noted that the olefin carbon atoms undergo
a significant shift of coordination at high fields (e.g., Δδ =
66 for ethylene), whose extent is unusual for square-planar
complexes of PtII. This spectral evidence suggested the pres-
ence of an unprecedented contribution of π-backbonding
in the Pt–olefin interaction. A theoretical investigation
showed that this contribution derives from the presence of
the amide ligand, which dramatically increases the energy
level of the metal orbital responsible for the back-donation,
thus favoring the overlap with the olefin counterpart.

Square-Planar PtII Complexes Containing a cis
Arrangement of an Aryl Group and an Alkene
(II)

The PtII complexes of type II are reported in Tables 5, 6,
and 7, along with references for their synthesis and spectro-
scopic or structural characterization.

Table 5. Cationic complexes of type II[a] and their references.

[a] Not isolated. [b] The name of the ligand is given if found in the
original papers.

Table 6. Cationic cyclometalated complexes of type II and their
references.
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Table 7. Other complexes of type II[a] and their references.

[a] Not isolated.

It should be noted that an aryl group cis to an alkene is
by far more reactive than an alkyl fragment, and the pos-
sibility to isolate stable complexes is generally limited to
particular, well-designed conditions (see below). Therefore,
even the opportunity to detect simple species containing
this definite requisite is particularly relevant, and it was suc-
cessfully pursued in a study[25] aiming to clarify the peculiar
evolution of this structural motif.[26] When complex
[PtI(Ph)(phen)] was treated with AgBF4 in deuterionitro-
methane in the presence of ethylene or propene, immediate
precipitation of AgI ensued (Scheme 14). The NMR spec-
trum of the filtered solution revealed the presence of the
sole species II-1 or II-2. The signals of the coordinated
alkenes were found at the expected positions, and, although
not studied in detail, the dynamic behavior was in line with
that of the corresponding methyl complexes I-4 and I-6.

Scheme 14. Synthesis and reactivity of II-1 (R = H) and II-2 (R =
Me).

The evolution of these elusive compounds, II-1 and II-2,
depended on whether a coordinating molecule L (such as
the free alkene, acetonitrile, or pyridine) was present in
solution.

In the first case, it was possible to isolate the correspond-
ing Markovnikov insertion product 3 containing the β-(1-
R)-phenethyl fragment σ-bound to the metal. Otherwise,
when a strongly coordinating molecule was not present, fi-
nal product 4 had a 2-(1-R)-ethylaryl moiety (solv.: sol-
vent).
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Mechanistic studies suggested a common intermediate in
the formation of species 3 and 4. In fact, in both cases the
reaction seems to proceed through Markovnikov insertion
of the alkene into the Pt–Ph bond and consequent forma-
tion of the Pt–CH2CH(R)Ph fragment. In the presence of
coordinating molecules, this is stabilized, and the corre-
sponding complex 3 can be isolated. Alternatively, the “na-
ked” metal center is able to activate an aromatic C–H bond
(step i of Scheme 15), and the subsequent reductive elimi-
nation (step ii) leads to the final product of type 4.

Scheme 15. Mechanism of formation of products of type 4 (R = H
or Me).

An extension of this study[27] involved reaction of allylic
alcohol, CH2=CHCH2OH, again with [PtI(Ar)(phen)] com-
plexes in the presence of AgBF4 (Scheme 16). In all cases,
the prevalent products of reaction were the clearly detect-
able, though not isolated, II-16 to II-19, which contain an
η1,η2-(2-CH2–CH=CH2)–Ar moiety.

Scheme 16. Mechanism of formation of II-16 to II-19.

According to a mechanistic proposal, II-16 to II-19 arise
from an early and fast insertion process (step ii), which oc-
curs with anti-Markovnikov stereochemistry driven by the
inductive effect of the CH2OH substituent. Then activation
of a C–H bond takes place (step iii), with subsequent elimi-
nation of water and rearrangement (step iv). Addition of
iodide to the reacting mixture allowed the isolation of the
corresponding neutral five-coordinate complexes.

Recently,[28] a remarkable series of type II compounds
(II-3 to II-7) containing an η2-coordinated benzene were
thoroughly characterized by NMR spectroscopy. The com-
plexes were obtained by reacting the diphenyl precursor
with HBF4 (e.g. Scheme 17) and were examined at 195 K,
because of their tendency to release benzene at higher tem-
peratures.

Notably, spin saturation transfer (SST) and exchange
spectroscopy (EXSY) NMR spectra disclosed that the pro-
tons of the η2-coordinated benzene exchange with those of
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Scheme 17. Synthesis of II-3 exemplifying that of complexes II-3 to
II-7 (one Me substituent has been omitted for the sake of clarity).

the phenyl ring. The mechanism likely involves C–H acti-
vation and reductive elimination from a PtIV–hydride inter-
mediate (Scheme 18).

Scheme 18. Mechanism of H(benzene)/H(phenyl exchange) (one
Me substituent has been omitted for the sake of clarity).

As mentioned before, the possibility to isolate type II
complexes by proper molecular design was exploited by
using N,N�,C cyclometalated structures (II-8 to II-15), de-
rived from cis and trans-1,2-diaminocyclohexane, respec-
tively (Scheme 19).[29]

Scheme 19. Synthesis of complexes II-8 to II-15.

It is plausible that the geometry imposed by chelation
inhibits olefin insertion into the Pt–C bond. Notably, the
chiral ligands were very effective in inducing stereoselective
(90–95 %) coordination of prochiral alkenes, such as propyl-
ene or styrenes. In addition, a low rate of alkene exchange
was inferred from the NMR spectra of all the isolated com-
plexes.

Square-Planar PtII Complexes Containing a cis
Arrangement of an Alkyl Group and an Alkyne
(III)

The PtII complexes of type III prepared so far are re-
ported in Table 8 along with references for their synthesis
and spectroscopic or structural characterization.

Although beyond the scope of this review, it should be
noted that in the early 1970s several square-planar PtII com-
plexes showing a trans arrangement of an alkyl group and
an alkyne were described in the literature.[30] In other cases,
compounds of type III were postulated as intermediates of
reaction, but they were neither isolated nor observed.[31]

Instead, the first “true” examples were reported in 1974
by Clark,[32] who attributed the stable behavior of III-1 and
III-2 to the presence of electron-donor disubstituted alk-
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Table 8. Complexes of type III and their references.

[a] The name of the ligand is that given in the original paper. [b]
The complex is neutral. [c] Not isolated.

ynes. The crystal structure of III-1 confirmed the square-
planar arrangement around the Pt atom, and provided evi-
dence for a slight perturbation of the unsaturated ligand
upon coordination.[33]

The study of complexes of type III was significantly im-
plemented by preparing the class of compounds of general
formula [PtMe(η2-alkyne)(phen)]BF4.[34] Scheme 20 sum-
marizes the results of this investigation.

Scheme 20. Formation and reactions of type III species.

The complexes were prepared by replacing dimethyl fum-
arate from I-7 or I-12. It was observed that their stability
strongly depends on the properties of the alkyne, according
to the following results:
(1) The complexes are stable with electron-donor disubsti-
tuted alkynes (III-4 to III-6, III-10, and III-11).
(2) Complex III-9, which contains the electron-poor disub-
stituted alkyne MeO2CC�CCO2Me, was spectroscopically
detected at 253 K. On raising the temperature, fast insertion
of the unsaturated ligand in the Pt–Me bond occurred with



M. E. Cucciolito, F. RuffoMICROREVIEW
attainment of the σ-vinyl product 6. This behavior recalls
that previously described for related trans complexes.[30]

(3) In analogy, if a terminal alkyne was used (RC�CH),
formation of complexes III-7 and III-8 could only be in-
ferred by means of NMR spectroscopy. Remarkably, these
transient species were found to slowly convert into π-allyl
compound 5, through an unprecedented rearrangement,
which was ascribed to the reciprocal cis position of the reac-
tive hydrocarbyl fragments. Use of labeled reagents revealed
results that suggest a viable mechanism for the reaction
(Scheme 21).

Scheme 21. Formation of π-allyl complexes from type III species.

It was suggested that the type III species undergoes a
hydride shift (path i). A subsequent rearrangement (paths ii
and iii) prompted by the cis geometry would account for
the formation of the final product of type 5.

Square-Planar PtII Complexes Containing a cis
Arrangement of an Aryl Group and an Alkyne
(IV)

Complexes of type IV are reported in Table 9 along with
references for synthesis and spectroscopic or structural
characterization.

Table 9. Complexes of type IV and their references.

Complexes Refs.

cis-[Pt(C6F5)2(EtC�CEt)2](IV-1) [35]

cis-[Pt(C6F5)2(PhC�CPh)2] (IV-2) [35]

cis-[Pt(C6F5)2(tht)(EtC�CEt)] (IV-3) [35]

cis-[Pt(C6F5)2(tht)(PhC�CPh)] (IV-4) [35]

cis-[Pt(C6F5)2(py)(EtC�CEt)] (IV-5) [35]

cis-[Pt(C6F5)2(py)(PhC�CPh)] (IV-6) [35]

cis-[Pt(C6F5)2(PPh3)(EtC�CEt)] (IV-7) [35]

cis-[Pt(C6F5)2(SbPh3)(PhC�CPh)] (IV-8) [35]

cis-[Pt(C6F5)2(CO)(EtC�CEt)] (IV-9) [35]

cis-[Pt(C6F5)2(CO)(PhC�CPh)] (IV-10) [35]

[Pt(C6F5)3(PhC�CPh)][N(PPh3)2] (IV-11) [35]

[PtPh(MeC�CMe)(phen)](BF4) (IV-12) [36]

This class of compounds is the less represented of the
four types, because of the enhanced reactivity of the adja-
cent hydrocarbyl ligands. Thus, the only examples of stable
complexes of type IV (IV-1 to IV-12) are decorated with
pentafluorophenyl rings,[35] which are quite reluctant to un-
dergo insertion processes. Dialkyne complexes IV-1 and IV-
2 were obtained by substituting thf from a diaryl precursor
(Scheme 22), and, in turn, they were converted into
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monoalkyne species (IV-3 to IV-10) by reaction with other
donor molecules (tht, py, PPh3, SbPh3, CO). As expected,
the complexes are stable, and could be accurately charac-
terized.

Scheme 22. Synthesis of IV-1 to IV-10 (L = tht, py, PPh3, SbPh3,
CO).

Instead, when a simple phenyl ring was forced to the cis
position relative to 2-butyne by a chelating N,N-ligand
(phen), the resulting IV-12 complex could only be observed
in solution, before an unprecedented domino reaction took
place (Scheme 23).[36]

Scheme 23. Formation and rearrangement of IV-12.

The organic product, isolated after hydrolysis of the reac-
tion mixture, was a substituted indene, incorporating two
molecules of alkyne and the aromatic ring. By using substi-
tuted aryl ligands (C6D5, 4-Me–C6H4, or 4-CF3–C6H4), it
was also possible to propose a persuasive mechanism for
the reaction.

Finally, it is worth mentioning the peculiar binuclear struc-
tures IV-13 and IV-14,[37] in which a platinum atom coordi-
nates a triple bond of a bridging phenylethynylphosphane at
the cis position to a pentafluorophenyl ring (Figure 7).

Figure 7. Structures of IV-13 and IV-14.

Conclusions

This review offers a survey of the square-planar plati-
num(II) compounds containing a cis arrangement of a hy-
drocarbyl group and an unsaturated ligand (I–IV). The pos-
sibility offered by Pt to isolate or at least detect compounds
with this requirement is particularly attractive, because they
represent models of active intermediates in many important
catalytic processes. A discussion of the factors affecting the
general behavior of these compounds discloses the higher
relative stability of type I species, which display a cis ar-
rangement of an alkene and an alkyl group. More elusive
are the other categories of these compounds, which, in sev-
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eral cases, could be isolated only by proper structural de-
sign, or were characterized in solution. In some remarkable
cases (e.g. III or IV), it is the cis arrangement that promotes
unusual reactivity.
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The use of the sulfurdiimide RN=S=NR� (R = R� = SiMe3, 3)
in reactions with group 4 metallocene bis(trimethylsilyl)-
acetylene complexes of the type [Cp2M(L)(η2-Me3Si-
C2SiMe3)] (1: M = Ti, no L; 2: M = Zr, L = pyridine) has led
to the formation of four-membered metallacycles 4M contain-

Introduction

The role of metallacycles as an important class of orga-
nometallic compounds has been highlighted on numerous
occasions.[1] One of the challenges for synthetic chemists is
to explore the frontiers of stability of such cyclic com-
pounds with respect to ring size, that is, ring strain. Promis-
ing approaches for the stabilisation of highly strained struc-
tures include the introduction of metal centres or hetero-
atoms into the ring system.[2] This approach was very re-
cently demonstrated by us for four- and five-membered aza-
metallacycles[3,4] as well as for five-membered disilametalla-
cycles[5] along with computational studies of the structures
and bonding of the complexes. Bis(trimethylsilyl)acetylene
complexes of group 4 metals of the type [Cp�2M(L)(η2-
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ing the group 4 metal, nitrogen and sulfur. DFT calculations
performed on compound 4Ti indicate that this complex is
best described as a σ-complex with cyclic delocalisation of
the ring electrons. Moreover, pseudo-Jahn–Teller distortion
plays a significant role in stabilising this complex.

Me3SiC2SiMe3)] [Cp� = substituted or unsubstituted η5-cy-
clopentadienyl; M = Ti, no L (1); M = Zr, L = pyridine (2),
thf, acetone] have shown to be excellent starting materials
for these purposes, because they eliminate the alkyne spec-
tator ligand under mild conditions to give the highly reac-
tive 14-electron fragment [Cp2M], which can react with un-
saturated precursors to give metallacyclic structures.[6]

In previous studies, a wide range of metallacycles were
obtained from the reactions of these metallocene alkyne
complexes with carbodiimides, including four-membered
cyclic carbenes,[3] five-membered heterometallacycloallenes
and dinuclear complexes bridged by tetraaminato ligands.[4]

These results prompted us to investigate substitution reac-
tions with other heteroallene substrates such as sulfurdi-
imides. In principle, several coordination modes are pos-
sible for sulfurdiimides; examples are depicted in Scheme 1.
Transition-metal complexes with sulfurdiimides have been
described before, for example, Lorenz and co-workers re-
ported the chromium complex [CpCr(NO)2{η1-κ1-N-
N(BF3)=S=NSiMe3}].[7] However, in the formation of this
compound, one SiMe3 group of the Me3SiN=S=NSiMe3

(3) starting material was replaced by a BF3 group, and the
product was not found to be a metallacycle. In contrast,
Stufkens and co-workers published a dinuclear manganese
complex [(OC)5Mn2(CO)3(η2-tBu-N=S=N-tBu)][8] dis-
playing a cyclic Mn–N–S–N unit at one of the metal
centres. Moreover, Rausch, Alt and Thewalt described the
formation of a titanacycle [Cp2Ti(η2-κ2-N-Me3SiN=
S=NSiMe3)] (4Ti) from the reaction of [Cp2Ti] {generated
from [Cp2Ti(PMe3)2]} and the same sulfurdiimide. How-
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ever, the product obtained was only characterised spectro-
scopically.[9] In this paper we report on an alternative syn-
thesis of this compound as well as on its X-ray crystal-
structure determination and a detailed theoretical study of
its structure and bonding.

Scheme 1. Possible coordination modes for a sulfurdiimide at a
metal centre.

Results and Discussion

The reaction of the titanocene alkyne complex 1 with the
sulfurdiimide Me3SiN=S=NSiMe3 (3) in n-hexane at 60 °C
gave a dark-violet oily residue, from which analytically pure
samples of complex 4Ti were obtained after sublimation as
violet crystals with a metallic lustre in 73% yield. The reac-
tion of the corresponding zirconocene alkyne complex 2
with 3 proceeded in n-hexane at room temperature to give
the complex 4Zr as an orange crystalline solid in good yield
(70 %; Scheme 2). Notably, in contrast to the previously de-
scribed reactions with carbodiimides,[3,4] in these cases no
additional coordination of metallocene to the four-mem-
bered metallacycle or dimerisation is needed for stabilisa-
tion of the system.

Scheme 2. Reactions of 1 and 2 with 3 to give the metallacycles
4M.

In mass spectrometry experiments, characteristic frag-
ments of the metallacyclic product complexes were detected
at m/z = 384 [M]+ and 178 [Cp2Ti]+ (4Ti) as well as at m/z
= 426 [M]+ (4Zr). NMR analysis of the complexes 4Ti and
4Zr revealed the two species to have diamagnetic character;
the resonances are slightly different to those reported in the
literature.[9] In the 1H NMR spectra, two resonances were
detected at δ = 5.53 and 0.17 ppm (4Ti) as well as at δ =
5.75 and 0.21 ppm (4Zr), assigned to Cp and SiMe3 pro-
tons, respectively. All the observed resonances, including
the single resonances in the 13C and 29Si NMR spectra, sug-

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 611–617612

gest the formation of symmetrical, mononuclear metallo-
cene complexes (the chemical shifts in the 13C and 29Si
NMR spectra can be found in the Exp. Sect.).

This is corroborated by the molecular structure of the
titanocene complex 4Ti depicted in Figure 1. The mononu-
clear complex crystallises in the monoclinic space group
P21/c with eight molecules per unit cell and two formula
units per asymmetric unit. In compound 4Ti, the titanium
atom adopts a strongly distorted tetrahedral geometry [N1–
Ti2–N2 74.7(1)°]. The Ti–N bond lengths [av. 2.061(2) Å]
are found to be slightly longer, as found before for the dinu-
clear titanium complex [μ-O-({tBu–N=S(Ph)=NtBu}-
TiCl2)2] (av. 2.009 Å).[10]

Figure 1. Molecular structure of complex 4Ti. Thermal ellipsoids
are drawn at the 30% probability level. Hydrogen atoms, the second
position of the disordered part of the molecule and the second
molecule of the asymmetric unit have been omitted for clarity. Se-
lected bond lengths [Å] and angles [°]: Ti2–N1 2.057(2), Ti2–N2
2.064(2), N1–S1A 1.698(3), N2–S1A 1.673(3), N1–Si1 1.720(3),
N2–Si2 1.715(2); N1–Ti2–N2 74.7(1), Ti2–N1–S1A 87.3(1), N1–
S1A–N2 95.7(1), S1A–N2–Ti2 87.7(1), Ti2–N1–Si1 154.4(2), Si1–
N1–S1A 117.8(2), Ti2–N2–Si2 151.2(2), Si2–N2–S1A 110.9(2).

Free trimethylsilyl-substituted sulfurdiimide 3 exhibits
two S–N double bonds of similar length (S–N1 1.523(1), S–
N2 1.516(1) Å];[11] when bound to a metal fragment, as in
complex 4Ti, both bonds are elongated (av. S–N bond
length in 4Ti 1.742 Å[12]) and can be referred to as S–N
single bonds (Σrcov = 1.74 Å[13]). This observation can be
attributed to the cyclic delocalisation of the ring electrons
(see below), supported by the calculated nucleus-indepen-
dent chemical shift (NICS) values (Table 1). The central
Ti2–N2–S1–N1 moiety displays a butterfly orientation with
a deviation from planarity of 29.5° (Figure 2), the reason
for which is evident from the correlation diagram shown in
Figure 4. Compared with the free sulfurdiimide in which
the atoms Si1–N1–S1–N2–Si2 are planar with only a small
deviation of 2.5°, the effect of coordination to the titano-
cene centre is distinct. This butterfly orientation of the
metallacycle has been observed previously for other group 4
complexes displaying M–N–S–N units.[14]

Due to the high reducing potential of titanocene(II) frag-
ments,[15] a two-electron transfer from the metallocene unit
to the sulfurdiimide ligand can be proposed that results in
an expanded S–N bond and the described butterfly motif.
Without any electron transfer, molecule 4Ti may be de-
scribed as a bis-π complex A. Stepwise electron transfer
generates first a titanocene(III) sulfur diamide radical cat-
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Table 1. Calculated NICS values for complex 4Ti[a] and the ligand[b] at the BP86/BAS2 level of theory.[c]

NICS (x) [ppm] 4Ti bent-[Me3Si–HNSNH–SiMe3]
Concave side Convex side Concave side Convex side

NICS (0) –19.3 –12.2
NICS (0.5) –14.1 –14.0 –8.1 –1.4
NICS (1.0) –8.9 –12.7 –2.6 –0.1
NICS (1.5) –4.9 –16.9 –0.5 –0.1

[a] Calculated at the ring centre (0 Å) and above the ring centre (0.5–1.5 Å). [b] Determined by using the same structure but without
Cp2Ti and satisfying the two dangling valencies of the bent-[Me3SiN=S=NSiMe3] by incorporating two H atoms. [c] BAS2: 6-311+G(d,p)
for C, H, N, S and Si, and LANL2DZ for Ti.

Figure 2. Top: side view of the butterfly motif of complex 4Ti.
Thermal ellipsoids are drawn at the 30% probability level. Hydro-
gen atoms, the second position of the disordered part of the mole-
cule and the second molecule of the asymmetric unit have been
omitted for clarity. Ct represents the centroids of the omitted Cp
ligands. Bottom: computed structure of the butterfly motif of com-
plex 4Ti.

ion B. The contribution of a second electron transfer leads
to a titanium(IV) species C (Scheme 3). Due to the diamag-
netic properties, the Cp2TiII (A) and Cp2TiIV (C) species
can be considered the main contributions to the real elec-
tronic situation. Bearing in mind that complex 4Ti may be
described by at least three resonating structures A–C, this
molecule may overall be characterised by resonance struc-

Scheme 3. Possible resonance forms for complex 4Ti.
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ture D. This aspect is further addressed in a theoretical
study of the structure and bonding of complex 4Ti in the
following sections.

Complex 4Ti is found to be a minimum on the potential
energy surface. Calculations show that the structural pa-
rameters computed with BAS2 (see the Exp. Sect.) match
well the crystal-structure data. The results described herein
are derived from calculations with the BAS2 basis set. The
NICS[16] values were calculated at the geometrical centre
point of the four-membered ring to judge the extent of cy-
clic delocalisation of electrons in complex 4Ti. The delocal-
isation of electrons in the four-membered ring results from
the interaction between the Ti centre and the NSN moiety.
Thus, the NICS values also provide an insight into the pos-
sible interaction between the Ti centre and the NSN moiety
in complex 4Ti. The correlation diagram in Figure 4 is de-
rived from single-point calculations of the structures. The
computed structure of complex 4Ti is in good agreement
with the X-ray crystal structure (Table 2) and shows the
characteristic butterfly-shaped four-membered ring of com-
plex 4Ti (Figure 2). The deviation from planarity (Ti2–N2–
S1–N1 29.5°) matches well with the calculated value of
30.0°. The calculated average Ti–N bond length of 2.048 Å
is in good agreement with the experimentally found average
value of 2.057 Å and in the range of a typical Ti–N bond
(between 1.885 and 2.160 Å).[17] The N–S bond length is
1.709 Å, which is longer than the calculated N–S bond in
free trimethylsilyl-substituted sulfurdiimide (1.558 Å). Note
also that the Ti···S contact is computed to be 2.584 Å; this
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value is close to similar contacts in complexes with σ-bond-
ing interactions (e.g., Ti–S 2.407 Å in the calculated com-
plex [Cp2Ti(SCH3)2]; Σrcov = 2.36 Å[13]).

Table 2. Comparison between selected experimental and computed
bond lengths [Å] and angles [°] of complex 4Ti at the BP86/BAS2
level of theory.[a]

BP86/BAS2 X-ray data

N1–Ti2 2.047 2.057
N2–Ti2 2.048 2.064
N1–S1 1.709 1.698
N2–S1 1.709 1.673
S1–Ti2 2.584 2.604
Ti2–Ct1 2.102 2.082
Ti2–Ct2 2.126 2.106
N2–S1–N1 96.40 95.70
S1–N1–Si1 121.02 117.77
S1–N1–Ti2 86.46 87.25
Si1–N1–Ti2 152.27 154.35
S1–N2–Si2 120.99 120.94
S1–N2–Ti2 86.45 87.69
Si2–N2–Ti2 152.43 151.24
N1–Ti2–N2 76.96 74.65
Ct1–Ti2–Ct2 130.09 130.22
Ti2–N2–S1–N1 30.00 29.45
Ti2–N1–N2–Si2 –159.57 –158.05

[a] BAS2: 6-311+G(d,p) for C, H, N, S and Si, and LANL2DZ for
Ti.

We carried out a bonding analysis of complex 4Ti. The
metal atom is in the formal oxidation state of +2 in the
isolated Cp2Ti fragment with two valence (d2) electrons.
The HOMO of complex 4Ti involves the back donation of
an electron pair from the HOMO of the Cp2Ti fragment
to the vacant LUMO of the sulfurdiimide ligand, which is
antibonding between the N and S atoms, resulting in an
elongation of the N–S bonds. Thus, the metal atom is in
the formal oxidation state of +4 in complex 4Ti. The distor-
tion from the planar structure in complex 4Ti makes it pos-
sible to interact effectively between the in-plane metal or-
bital and out-of-plane ligand orbital, especially the in-phase
interaction of the lobes of the two N atoms and the metal
orbital. The nonplanarity also compensates the antibond-
ing interaction between the N and S orbitals in the ring as
the S orbital is tilted outwards with respect to the N orbit-
als. The HOMO, LUMO, HOMO-5, HOMO-11 and
HOMO-12 of complex 4Ti are shown in Figure 3.

Table 3. NBO occupancies, polarisations and Wiberg bond indices of complex 4Ti derived from an NBO analysis at the BP86/BAS2 level
of theory.[a]

A–B Occupancy [%] Polarisation of ΨNBO(A–B) Wiberg bond index

Ti2–N1 94.80 0.415 (sd1.95) + 0.910 (sp1.88) 0.766
Ti2–N2 96.60 0.439 (sd3.78) + 0.899 (sp1.83) 0.765
Ti2–S1 88.60 0.422 (sd4.42) + 0.906 (p) 0.458
S1–N1 98.30 0.635 (sp6.68) + 0.773 (sp5.75) 0.981
S1–N2 98.30 0.635 (sp6.66) + 0.772 (sp5.74) 0.981
S1 (LP) 98.60 1.000 (sp0.4)

[a] BAS2: 6-311+G(d,p) for C, H, N, S and Si, and LANL2DZ for Ti.
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Figure 3. Selected MOs of the complex 4Ti (R = SiMe3).

HOMO-5 has substantial lone-pair character on the S
atom, which is also supported by the existence of a lone
pair on an sp0.4-hybridised orbital of the S atom in the
NBO analysis (Table 3).

A correlation diagram between the planar and non-
planar structures of complex 4Ti can be drawn to provide
an insight into the distorted nature of the complex (Fig-
ure 4). It is evident that the planar complex 4Ti_1 has a
very small HOMO–LUMO gap (ΔE = 0.14 eV). Conse-
quently, it undergoes structural distortion allowing mixing
of the HOMO and LUMO, and thus the nonplanar com-
plex 4Ti is stabilised to a greater extent. The HOMO–
LUMO gap of the complex, as is seen in Figure 4, increases
with the extent of nonplanarity (from ΔE = 0.14 eV to ΔE
= 1.7 eV). Thus, it is a pseudo- or second-order Jahn–Teller
distortion.[18] Note also that a pseudo-Jahn–Teller distor-
tion has been observed previously in five-membered metalla-
cycloallenes.[4] Interestingly, the planar structure 4Ti-TS[19]

of complex 4Ti turns out to be the transition state for the
conformational isomerism of the complex 4Ti, which has a
barrier of 9.4 kcal/mol, the S atom moving up and down to
achieve the most stable nonplanar geometry (Scheme 4).

Due to the nonplanar geometry, the Ti···S interatomic
distance is shorter in complex 4Ti than in its planar struc-
ture. As mentioned above, this distance is close to the Ti–S
bonding distance. Thus, the structural distortion causes a
significant interaction between the Ti and S atoms in the
four-membered ring, which is also supported by the Wiberg



Metallacycles from Metallocene Complexes and a Sulfurdiimide

Scheme 4. Schematic representation of the transition state 4Ti-TS
of complex 4Ti.

bond index (WBI 0.458) and the occupancy (88.6%) of the
Ti···S interaction (Table 3). The HOMO-12 of complex 4Ti
accounts for this interaction (Figure 3). The NBO analysis
(Table 3) suggests that there are two highly polarised Ti–N
σ-bonds with occupancies of 94.8 and 96.6% and two N–S
σ-bonds, each having a high occupancy of 98.3%. This,
along with the Wiberg bond indices (Table 3), reveals the
presence of a four-membered σ-skeleton for complex 4Ti.
The NICS values for complex 4Ti are –19.3 at the centre
and –8.9 at a distance of 1 Å above the ring centre. This
implies that there is a considerable cyclic delocalisation of
electrons in complex 4Ti. The metal–ligand interaction is
also shown by the increase in the negative NICS values as
the isolated ligand forms the complex (Table 1). Hence,
from the molecular orbitals, NBO analyses and NICS cal-

Figure 4. Correlation diagram between the planar and nonplanar
structure of complex 4Ti (R = SiMe3). The variation in the HOMO
and LUMO of complex 4Ti is plotted as a function of nonplanarity
of complex 4Ti_1 (on both sides). 4Ti� refers to the other con-
former of complex 4Ti. 4Ti_2 and 4Ti_2� are intermediate struc-
tures.[20]
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culations, complex 4Ti can be best described as a σ-complex
with cyclic delocalisation of electrons (D, Scheme 3), as is
already stated.

Conclusions

Reaction of the titanocene and zirconocene alkyne com-
plexes 1 and 2 with N,N�-bis(trimethylsilyl)sulfurdiimide re-
sulted in the formation of mononuclear unsaturated metal-
locene(IV) compounds with an N–S–N scaffold (4M). For
complex 4Ti, a stepwise electron transfer from the metallo-
cene(II) fragment to the sulfurdiimide ligand is proposed,
which results from the reducing properties of the titano-
cene(II) units. Thus, besides the TiII bis-π complex, a
Cp2TiIII sulfurdiimide species and finally a Cp2TiIV metalla-
cycle may be formulated as a result of the transfer of one
and two electrons, respectively. Theoretical calculations sug-
gest a σ-complex with cyclic delocalisation of electrons in
the four-membered ring to be the best description for com-
plex 4Ti. In particular, the metallacycle formed did not ap-
pear planar but a butterfly motif due to pseudo-Jahn–Teller
distortion.

Experimental Section
General: All manipulations were carried out in oxygen- and moist-
ure-free argon by using standard Schlenk and drybox techniques.
Non-halogenated solvents were dried with sodium/benzophenone
and freshly distilled prior to use. The metallocene alkyne complexes
1 and 2 were synthesised as previously described in the litera-
ture.[21,22] The sulfurdiimide Me3SiN=S=NSiMe3 (3) was synthe-
sised according to a published procedure.[23] The following instru-
ments were used. NMR spectra: Bruker AV250 and AV300, respec-
tively. 1H and 13C chemical shifts are referenced to the solvent sig-
nals: [D6]benzene (δH = 7.16 ppm, δC = 128.0 ppm) and CDCl3 (δH

= 7.26 ppm, δC = 77.2 ppm). IR: Nicolet 6700 FT-IR spectrometer
with a smart endurance attenuated total reflection (ATR) device.
MS: Finnigan MAT 95-XP from Thermo-Electron. Elemental
analysis: Leco CHNS-932 elemental analyser. Melting points: E/Z-
Melt, Standford Research Systems. The melting points were mea-
sured in sealed capillaries.

Computational Details: The structure and bonding of complex 4Ti
were analysed at the BP86 level of theory by using the Gaussian 03
and 09 program packages.[24–26] We used two types of basis sets in
our calculations: (1) BAS1: LANL2DZ for all atoms; (2) BAS2: the
6-311+G(d,p) basis set for the C, H, N, S and Si atoms and the
LANL2DZ basis set for the Ti atom.[27] The nature of the bonding
in complex 4Ti was studied by using NBO analysis.[28] The complex
was found to be a minimum on the potential energy surface.

Synthesis of Me3SiN=S=NSiMe3 (3): As described in the litera-
ture,[23] the sulfurdiimide was obtained as a yellow liquid. Satisfac-
tory pure samples were obtained after the third distillation. Yield:
65%; b.p. 75–77 °C (67 mbar). 1H NMR (CDCl3, 250 MHz,
300 K): δ = 0.22 (s, 18 H, SiMe3) ppm. 13C NMR (CDCl3, 63 MHz,
300 K): δ = 5.5 (SiMe3) ppm. 29Si (CDCl3, 60 MHz, 300 K): δ =
2.6 (SiMe3) ppm.

Synthesis of [Cp2Ti(η2-Me3SiN=S=NSiMe3)] (4Ti): The alkyne
complex 1 (0.100 g, 0.287 mmol) was dissolved in n-hexane (5 mL).
After addition of sulfurdiimide 3 (0.064 mL, 0.27 mmol), the mix-
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ture became deep-violet. Then the mixture was stored at 60 °C to
complete the reaction. The solvent was removed in vacuo, and an
oily and resinous residue was isolated. Attempts at purification by
recrystallisation in common non-chlorinated solvents failed. There-
fore, the crude product was sublimed at 90 °C (10–3 mbar). The
sublimate was deep-violet with a metallic lustre. Crystals suitable
for X-ray analysis were obtained from a slow sublimation at 60 °C
(10–3 mbar) after several hours. Yield: 0.080 g (73 %). M.p. 122 °C
(dec. 270 °C). 1H NMR ([D6]benzene, 300 MHz, 300 K): δ = 5.53
(s, 10 H, Cp), 0.17 (s, 18 H, Me3Si) ppm. 13C NMR ([D6]benzene,
75 MHz, 300 K): δ = 107.0 (Cp), 2.0 (Me3Si) ppm. 29Si INEPT
NMR ([D6]benzene, 60 MHz, 300 K): δ = 4.2 (2JSi,H = 7.32 Hz,
Me3Si) ppm. IR (ATR, 16 scans): ν̃ = 3251 (w), 3109 (w), 2951
(m), 2894 (w), 1588 (w), 1440 (m), 1401 (w), 1366 (w), 1297 (w),
1243 (s), 1151 (w), 1123 (m), 1067 (w), 1014 (m), 983 (w), 937 (s),
826 (s), 786 (m), 744 (m), 689 (m), 600 (m) cm–1. MS (CI, isobut-
ane): m/z (%) = 384 (100) [M]+, 319 (7) [M – Cp]+, 207 (17) [Me3Si-
N=S=NSiMe3 + H]+, 178 (5) [Cp2Ti]+. C16H28N2SSi2Ti (384.54):
calcd. C 49.98, H 7.34, N 7.29, S 8.34; found C 50.26, H 7.22, N
7.20, S 8.30.

Synthesis of [Cp2Zr(η2-Me3SiN=S=NSiMe3)] (4Zr): The alkyne
complex 2 (0.235 g, 0.500 mmol) was dissolved in n-hexane (5 mL).
After addition of sulfurdiimide 3 (0.12 mL, 0.500 mmol), the mix-
ture became red. The solution was filtered, all volatiles were re-
moved in vacuo, and the residue was dissolved in n-hexane (1 mL).
At –78 °C, orange crystals precipitated that were washed with cold
n-hexane and dried in vacuo. Yield: 0.149 g (0.348 mmol, 70%).
M.p. 57–59 °C (dec.). 1H NMR ([D6]benzene, 300 MHz, 297 K): δ
= 5.75 (s, 10 H, Cp), 0.21 (s, 18 H, SiMe3) ppm. 13C NMR ([D6]-
benzene, 75 MHz, 297 K): δ = 108.1 (Cp), 1.7 (SiMe3) ppm. 29Si
INEPT NMR ([D6]benzene, 60 MHz, 297 K): δ = 6.0 (SiMe3) ppm.
IR (ATR, 32 scans): ν̃ = 2952 (w), 2896 (w), 1439 (w), 1400 (w),
1244 (m), 1094 (w), 1014 (m), 912 (m), 826 (s), 785 (vs), 745 (s),
647 (s), 596 (m) cm–1. MS (EI, 70 eV): m/z (%) = 426 (100) [M]+,
353 (10) [M – SiMe3]+, 220 (17) [Cp2Zr]+. C16H28N2SSi2Zr
(427.86): calcd. C 44.91, H 6.60, N 6.55, S 7.49; found C 44.72, H
6.84, N 5.97, S 6.91.

X-ray Structure Determination: Crystals of 4Ti suitable for X-ray
determination were selected in Fomblin YR-1800 oil (Alfa Aesar)
at room temperature. The sample was cooled to 173(2) K during
the measurement. The data were collected with a Bruker Apex
Kappa-II CCD diffractometer. The radiation was graphite-mono-
chromated Mo-Kα (λ = 0.71073 nm). The structure was solved by
direct methods and refined by least-squares full-matrix methods.[29]

Semiempirical absorption corrections were applied (SADABS).[30]

All non-hydrogen atoms were refined anisotropically. All H atoms
were positioned geometrically and refined by using a riding model.
In complex 4Ti, the positions of the sulfur atoms in molecules 1
and 2 were found to be disordered and divided into two parts. The
occupancy was refined freely [molecule 1: 0.822(2)/
0.178(2); molecule 2: 0.963(2)/0.037(2)]. Crystallographic details:
C16H28N2SSi2Ti, Mr = 384.54, violet crystals,
0.28�0.11�0.07 mm, monoclinic, space group P21/c, a =
16.2802(4), b = 8.7279(2), c = 29.3058(7) Å, β = 97.6070(10)°, V =
4127.47(17) Å3, Z = 8, ρcalcd. = 1.238 gcm–3, T = 173(2) K, μ =
0.630 mm–1, numerical absorption correction (max. and min. trans-
mission: 0.9572 and 0.8432), 31333 reflections collected, 8370 inde-
pendent reflections (Rint = 0.0666), 4812 reflections observed
[I�2σ(I)], 429 refined parameters, final R indices [I�2σ(I)]: R1 =
0.0481, wR2 = 0.1037, R indices (all data): R1 = 0.1095, wR2 =
0.0905. CCDC-850271 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 611–617616

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): Details of the DFT calculations on complex 4Ti.
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Iminoether Complexes of the Type, fac-[Re(CO)3L{HNC(CH3)OCH3}]BF4
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The methyl acetimidate (an iminoether) complexes, fac-
[Re(CO)3L{HNC(CH3)OCH3}]BF4 [where L = 2,2�-bipyridine
(bipy), 4,4�-Me2bipy, 5,5�-Me2bipy, or 6,6�-Me2bipy], were
formed when fac-[Re(CO)3(CH3CN)3]BF4 in acetonitrile/
methanol was treated with 2,2�-bipyridine (bipy) or the di-
methyl-2,2�-bipyridines (4,4�-Me2bipy, 5,5�-Me2bipy, or 6,6�-
Me2bipy). Structural analysis of the four fac-[Re(CO)3-
L{HNC(CH3)OCH3}]BF4 complexes revealed that all of the
complexes crystallize with the iminoether ligand in the Z
configuration and that distortions in L that involved the two
pyridyl rings are minor except for 6,6�-Me2bipy, which is
highly distorted. This distortion of the 6,6�-Me2bipy ligand
is reflected in the NMR-spectroscopic data. Upon complex
formation, the methyl group signal in the 13C NMR spectrum
shifted downfield significantly for 6,6�-Me2bipy, but this did
not occur in the 13C NMR spectrum of the 5,5�-Me2bipy com-
plex. The reaction times for forming the respective fac-
[Re(CO)3L{HNC(CH3)OCH3}]BF4 complexes for these two li-
gands were comparable, which indicated that the differences

Introduction
Our primary aim in the investigation of the synthesis and

properties of complexes with a fac-{Re(CO)3}+ core is the
development of renal imaging agents with a fac-{99mTc-
(CO)3}+ core.[1–3] This approach has led to the development
of fac-{99mTc(CO)3}+ renal agents that have shown promis-
ing pharmacokinetic properties in humans.[4,5] We have
noted that there are some problems in utilizing water, which
is the solvent that is used to prepare the common precursor,
fac-[Re(CO)3(H2O)3]+.[1] In water, the various pH condi-
tions lead to different linkage isomers or mixtures of iso-
mers for the complicated ligands.[2,3] In addition, it is incon-
venient to monitor the formation of the complexes by
NMR-spectroscopic methods under aqueous reaction con-
ditions. Therefore, in order to overcome the above men-
tioned aqueous chemistry problems, we evaluated the use
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in the distortion of L and the methyl substituent position have
little influence on the ease of iminoether formation. However,
a higher steric bulk of the alcohol (methanol, ethanol, and
2-propanol) decreases the ease of fac-[Re(CO)3(5,5�-
Me2bipy){HNC(CH3)OR}]BF4 formation. Isopropanol did not
form the iminoether complex after two days of heating the
reaction mixture at reflux. The low reactivity of the alcohols
tested versus the amines that were tested previously sug-
gests that selective bioconjugation to the fac-{99mTc(CO)3}+

core through an amidine linkage is feasible for biomolecules
that have both amine and hydroxy groups. Finally, a com-
parison of the C�N bond lengths that were obtained for the
fac-[Re(CO)3(CH3CN)3]BF4/PF6 complexes with those values
obtained for other rhenium acetonitrile complexes revealed
that there is no significant difference between the C�N bond
lengths and that there is no correlation to the acetonitrile re-
activity. It is possible that the fac-{Re(CO)3}+ core stabilizes
the transition state for amine or alcohol addition.

of organic solvents for the synthesis of the Re tricarbonyl
compounds.[6–8] We chose 2,2�-bipyridine (bipy) and the
substituted bipyridine ligands for our investigation because
complexes that have the fac-[Re(CO)3(bipy)]+ fragment have
been used previously by us[7,9] and by other investi-
gators.[10–14]

Our recent work[6,7] indicates that the fac-[Re(CO)3-
(CH3CN)3]+ complexes are useful synthons for the prepara-
tion of novel compounds where acetonitrile is used as the
solvent.[6] However, acetonitrile is a coordinating solvent
that inhibits the replacement of the coordinated acetonitrile
by the added ligand. As a result, amidine formation occurs
instead of simple ligand displacement. Although amidine
formation does expand the scope of accessible chemistry,
we decided to explore the use of methanol as the solvent
instead. We expected that methanol would be weakly coor-
dinating and would dissolve some of the ligands that are
not so soluble in acetonitrile. Furthermore, we did not ex-
pect methanol to react with the coordinated nitriles to form
iminoethers. In order for an alcohol (ROH) to react with
the M–N�CR� group and produce an iminoether metal
complex that has an M{HNC(R�)OR} group, the metal
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Scheme 1. Synthesis of [Re(CO)3L{HNC(CH3)OR}]BF4 complexes (where L = bidentate bipy-type ligand and is denoted by N–N).

usually has to have at least a moderate positive oxidation
state (MII or MIII).[15] There are no reports of ReI imino-
ether complexes. Thus, we explored the use of methanol
as the solvent for the synthesis of the complexes with the
bipy-type ligands by using fac-[Re(CO)3(CH3CN)3]+ as the
starting material. We discovered, however, that ReI com-
plexes with the coordinated uncharged alkyl acetimidate
iminoether ligand, HNC(CH3)OR, formed readily
(Scheme 1).

This discovery changed our focus from the exploration
of alcohols as a solvent to assessment of the properties of
the ReI iminoether complexes. More specifically, we synthe-
sized and characterized a series of fac-[Re(CO)3L{HNC-
(CH3)OR}]BF4 alkyl complexes [L = bipy or dimethyl-2,2�-
bipyridine (Me2bipy)] with a mixture of acetonitrile/alcohol
as the solvent and where the starting complex had a coordi-
nated acetonitrile. These complexes, the first examples of
an iminoether ligand bound to a ReI center, have provided
the first evidence that the preferred configuration of the
ReI{HNC(CH3)OR} group is Z and not E (Figure 1).

Figure 1. Z and E isomers of [Re(CO)3L{HNC(CH3)OR}]BF4,
where L is a bidentate ligand that is denoted by the N–N donor
atoms.

In order to explore the possibility that steric bulk in the
vicinity of the axial coordination site might influence the
reaction of the coordinated acetonitrile or the properties of
the coordinated alkyl acetimidate, one of the dimethyl-2,2�-
bipyridine (Me2bipy) ligands chosen was 6,6�-dimethyl-2,2�-
bipyridine. We have not used the fac-designation in the rest
of the paper because all of the new compounds have this
geometry.

Eur. J. Inorg. Chem. 2012, 618–627 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 619

Results and Discussion

Synthesis

In a review,[15] Bokach et al. noted that the conditions
required for the reaction of an alcohol with a coordinated
nitrile depends substantially on the oxidation state of the
metal and that basic conditions are required when the metal
has a moderate oxidation state (e.g. PtII,[16] PdII,[17] NiII,[18]

IrIII,[19] and CuII[20]). For example, Natile and coworkers
reported that the addition of alcohols to coordinated ni-
triles to form iminoether complexes of PtII takes place un-
der basic conditions and that the iminoether ligand initially
formed in the Z configuration and subsequently isomerized
to the E configuration.[21]

Although the ReI acetonitrile complexes we used have a
low oxidation state, we discovered that, after the treatment
of [Re(CO)3(CH3CN)3]+ with L to form [Re(CO)3L(CH3-
CN)]+, the ReI iminoether complexes formed readily in
methanol without the addition of base (Scheme 1). In order
to assess whether or not the addition of methanol to the
coordinated nitriles was facilitated by base catalysis, we in-
vestigated the synthesis of [Re(CO)3(5,5�-Me2bipy){HNC-
(CH3)OCH3}]BF4 by means of two reaction mixtures. One
of the reactions had no base added and the other reaction
had 1.34 mm KOH. These reactions were monitored by
NMR spectroscopy and the results of the two reactions
were compared with each other (Supporting Information).
The added KOH did decrease the time required for the for-
mation of [Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]-
BF4, but the effect was small (the reaction was ca. two to
five times faster). A similar comparison with the reactions
in which no base was added for the formation of [Re(CO)3-
(6,6�-Me2bipy){HNC(CH3)OCH3}]BF4 and [Re(CO)3(5,5�-
Me2bipy){HNC(CH3)OCH3}]BF4 indicated that they
formed with equal ease. Thus, neither the distortions in the
coordinated 6,6�-Me2bipy ligand nor the proximity of the
methyl substituents in the coordinated acetonitrile affect the
rate of the reaction.

Two ReIV complexes that were suspected to have alkyl
acetimidate ligands were reported in 1968 and were the only
known Re compounds with a bound iminoether.[22] The
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crystal structure of one, cis-[Re{HNC(CH3)OCH3}2Cl4],
formed during an attempted crystallization of cis-[Re-
IV(CH3CN)2Cl4] in methanol, was reported recently.[23] This
result is expected given the high oxidation state of the
metal.

The ease of formation of the new iminoether complexes
in this work may be attributed to π back-bonding into the
carbonyl ligands with the result that ReI behaves as if it has
a higher oxidation state, which primes the nitrile towards
reactions with nucleophiles. This ease of reaction may be a
ground-state or a transition-state effect. The C�N bond
lengths of the acetonitrile that is bound in [Re(CO)3-
(CH3CN)3]PF6 (1a) [1.135(5), 1.136(5), and 1.139(6) Å] and
[Re(CO)3L(CH3CN)]BF4 [1.141(4) and 1.138(3) Å for L =
5,5�-Me2bipy and 6,6�-Me2bipy, respectively, unpublished
results][9] are similar to those of the free acetonitrile mole-
cule (1.145 Å)[24] and of the acetonitrile that is coordinated
in the fac-{Re(CO)3} phosphane complexes.[25,26] However,
these phosphane compounds have not been reported to
form iminoether compounds, and such coordinated nitriles
are not very reactive.[27] An alternative ground-state param-
eter that may be more informative is the C�N stretching
frequency. However, sufficient data are not available to as-
sess this parameter. Thus, we cannot rule out the possibility
that the transition-state energy for the formation of the acti-
vated complex that leads to the iminoether is particularly
favorable for complexes that have the fac-{Re-
(CO)3} core.

Structural Results

The crystal data and details of the structural refinement
of the fac-{Re(CO)3} complexes are summarized in Table 1.
The structures of the cations in [Re(CO)3(CH3CN)3]PF6

Table 1. Crystal data and structural refinement for [Re(CO)3(CH3CN)3]PF6 and [Re(CO)3L{HNC(CH3)OCH3}]BF4.

[Re(CO)3(CH3CN)3]PF6 L = bipy L = 4,4�-Me2bipy L = 5,5�-Me2bipy L = 6,6�-Me2bipy
(1a) (2) (3) (4) (5)

Empirical formula C9H9N3O3Re·PF6 C16H15N3O4Re·BF4 C18H19N3O4Re·BF4 C18H19N3O4Re·BF4 C18H19N3O4Re·BF4·
0.5(C12H12N2)

Fw 538.36 586.32 614.37 614.37 706.49
Space group P21/c P1̄ P1̄ P1̄ P21/c
a [Å] 21.377(2) 7.9660(5) 8.5840(10) 8.0595(10) 8.3297(15)
b [Å] 11.7351(10) 8.8627(9) 10.7182(12) 10.4344(15) 30.840(6)
c [Å] 13.1044(13) 14.0474(10) 12.0096(12) 14.073(2) 10.857(2)
α [°] 90 74.602(4) 88.618(5) 111.599(5) 90
β [°] 95.554(5) 75.616(4) 85.671(6) 92.698(7) 111.791(8)
γ [°] 90 86.773(4) 78.227(5) 102.352(7) 90
V [Å3] 3272.0(5) 926.13(13) 1078.6(2) 1064.5(3) 2589.7(8)
T [K] 90 90 90 90 90
Z 8 2 2 2 4
ρcalc [Mg·m–3] 2.186 2.103 1.892 1.917 1.812
Abs. coeff. [mm–1] 7.60 6.63 5.70 5.77 4.76
2θmax [°] 61.0 81.4 72.6 71.4 65.8
R indices [a] 0.033 0.023 0.025 0.023 0.035
wR2 = [I�2σ(I)][b] 0.078 0.053 0.060 0.056 0.078
Data/parameters 9942/477 11737/296 10039/288 9553/288 9081/348

[a] R = (Σ||Fo| – |Fc||)/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2 where w = 1/[σ2(Fo

2) + (dP)2 + (e P)] and P = (Fo
2 + 2Fc

2)/3, d =
0.0388, 0.0104, 0.0167, 0.0203, and 0.0274 and e = 4.4179, 2.0041, 2.412, 1.2932, and 4.5142 for [Re(CO)3(CH3CN)3]PF6 and
[Re(CO)3L{HNC(CH3)OCH3}]BF4 where L = bipy, 4,4�-Me2bipy, 5,5�-Me2bipy, and 6,6�-Me2bipy, respectively.
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(1a) and [Re(CO)3L{HNC(CH3)OCH3}]BF4 (2–5) are
shown in Figures S1 and S2 (see Supporting Information).
The tetrafluoroborate salt 5 is a co-crystal with a 0.5 un-
complexed 6,6�-Me2bipy ligand. The atom numbering sys-
tem in Figure 2 is used to describe the solid-state data for
the [Re(CO)3L{HNC(CH3)OCH3}]BF4 complexes. For the
purposes of discussing the results, the coordination plane
that is defined by Re, L, and the two CO trans to L will be
called the equatorial plane. The other CO and the imino-
ether ligand are referred to as axial.

The methyl acetimidate ligand in the [Re(CO)3L-
{HNC(CH3)OCH3}]BF4 complexes [L = bipy (2), 4,4�-Me2-

bipy (3), 5,5�-Me2bipy (4), and 6,6�-Me2bipy (5)] has a Z
configuration in the solid state (Figures 1 and 2). The ethyl
acetimidate ligand in [Re(CO)3(5,5�-Me2bipy){HNC-
(CH3)OCH2CH3}]BF4 (Figure S2, Supporting Infor-
mation) also has a Z configuration in the solid state.

In all of the [Re(CO)3L{HNC(CH3)OCH3}]BF4 struc-
tures (2–5, Figure 2), the Re–CO bond distances that are
cis and trans to the methyl acetimidate ligand are not signif-
icantly different (not shown). Therefore, the methyl acet-
imidate ligand, which by analogy to the related amidine li-
gand could be considered a superbase,[7,28–30] has no trans
influence. The Re–N (Figure 2) bond lengths of complexes
2–4 are comparable with typical Re sp2 nitrogen bond
lengths, which range from 2.14 to 2.18 Å.[1] However, the
Re–N1 [2.211(3) Å] and Re–N2 [2.213(3) Å] bond lengths
for 5 (L = 6,6�-Me2bipy) are significantly longer than any
of the other Re–N bonds in this study (Table 2). The long
Re–N bond lengths to the 6,6�-Me2bipy ligand can be at-
tributed to the close proximity of the methyl substituents to
the Re metal center and possibly to the highly distorted
nature of the aromatic 6,6�-Me2bipy ligand (see below).
However, it should be noted that this distortion does not
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Figure 2. ORTEP plots of the cations of [Re(CO)3(bipy){HNC(CH3)OCH3}]BF4 (2), [Re(CO)3(4,4�-Me2bipy){HNC(CH3)OCH3}]BF4

(3), [Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]BF4 (4), and [Re(CO)3(6,6�-Me2bipy){HNC(CH3)OCH3}]BF4·0.5(6,6�-Me2bipy) (5). The
thermal ellipsoids are drawn at 50% probability.

affect the Re–N3 (methyl acetimidate) bond length, which
is not significantly different in compounds 2–5, thus, the
Re–N3 (methyl acetimidate) bond length is independent of
the position of the Me2bipy methyl substituents. These Re–
N3 (methyl acetimidate) bond lengths are not significantly
different from the related Re–N3 (amidine) bond lengths in,

Table 2. Selected bond lengths [Å] and angles [°] for [Re(CO)3L{HNC(CH3)OCH3}]BF4.

L bipy 4,4�-Me2bipy 5,5�-Me2bipy 6,6�-Me2bipy
2 3 4 5

Bond lengths
Re–N1 2.1767(14) 2.1750(18) 2.1778(16) 2.211(3)
Re–N2 2.1721(14) 2.1786(18) 2.1706(17) 2.213(3)
Re–N3 2.1705(15) 2.1771(18) 2.1860(18) 2.175(3)
N3–C16 1.288(2)[a] 1.279(3) 1.285(3) 1.294(4)
C16–O4 1.331(2)[a] 1.327(3) 1.337(3) 1.331(4)

Bond angles

N1–Re–N2 75.21(5) 74.44(7) 75.08(6) 75.19(10)
N1–Re–N3 86.72(5) 82.55(7) 81.49(6) 83.33(11)
N2–Re–N3 80.33(5) 81.66(7) 80.72(6) 80.38(10)
C16–O4–C18 118.33(16)[a] 120.2(2) 120.21(17) 119.6(3)
N3–C16–O4–C18 171.67(18)[a] 176.2(2) 177.55(18) 174.4(3)

[a] C16 = C14; C18 = C16.
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for example, [Re(CO)3(5,5�-Me2bipy){HNC(CH3)NHCH-
(CH3)2}]BF4 [2.1810(18) Å] and [Re(CO)3(5,5�-Me2bipy)-
{HNC(CH3)NHCH2CH(CH3)2}]BF4 [2.174(3) Å].[7]

The Re–N bond length[23] of cis-[ReIV{HNC(CH3)-
OCH3}2Cl4], which has the methyl acetimidate ligand in the
Z configuration and is the only previously reported molecu-
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lar structure that contains a Re–N (iminoether) bond, is
2.084(5) Å. This bond is much shorter than the Re–N
(iminoether) bond lengths that were found for the new com-
plexes (Table 2), which were as expected because the bonds
to ReI are usually long.

The plane of the iminoether group that is defined by the
N3, C16, and O4 atoms of the methyl and ethyl acetimidate
ligands is shown for five of the structures in Figures 3 and
S3 (Supporting Information). The projection of this imino-
ether plane into the equatorial plane bisects the two N–
Re–C angles in the equatorial plane in four of the struc-
tures. However, for [Re(CO)3(4,4�-Me2bipy){HNC(CH3)-
OCH3}]BF4 (3), in which the iminoether group lies over one
of the equatorial Re–CO groupings, this iminoether plane
is rotated by about 45° from the position of this plane in the
other complexes. Very weak hydrogen bonding (not shown)
between the N3H and F1 of the BF4

– anion in 3 (L = 4,4�-
Me2bipy) accounts for this difference, thus, we conclude
that the orientation of the methyl acetimidate ligand does
not depend on the bipy bulk.

Figure 3. View of the [Re(CO)3L{HNC(CH3)OCH3}]BF4 struc-
tures oriented with the aromatic rings in the plane of the paper and
the methyl acetimidate ligand projected towards the viewer. L =
bipy (2), 4,4�-Me2bipy (3), 5,5�-Me2bipy (4), and 6,6�-Me2bipy (5).

In order to further illustrate the foregoing points, the
molecular structures of 2 (L = unsubstituted bipy ligand)
and 5 (L = 6,6�-Me2bipy) are compared in Figures 4 and
S4 (Supporting Information). It is evident from these fig-
ures that the orientation of the iminoether plane in 2 is
similar to that in 5. The 6,6�-Me2bipy plane in 5 must lie
out of the equatorial ReC2N2 coordination plane so that
clashes between the equatorial CO ligands and the methyl
groups can be minimized. The bulk that is associated with
the 6,6�-Me2bipy methyl groups is projected towards the
smaller axial CO ligand and away from the larger axial
iminoether ligand. As a result, the steric repulsions with the
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equatorial plane are decreased, as is clearly shown in Fig-
ure 4 (left view). The Re–N3 (methyl acetimidate) bond is
further away from the equatorial bipy ligand in 2 than from
6,6�-Me2bipy in 5. The N1–Re–N3 angle is significantly
larger the N2–Re–N3 angle in all of the compounds in
Table 2 (see Figure 2 for atom numbering) and can be at-
tributed to the clash of the methoxy group with L. More
severe clashes of the methyl group with L would occur if
the E isomer formed.

Figure 4. Overlay of Re, O1, O2, and O3 atoms of the carbonyl
ligands of [Re(CO)3(bipy){HNC(CH3)OCH3}]BF4 (gold) and
[Re(CO)3(6,6�-Me2bipy){HNC(CH3)OCH3}]BF4 (purple). The
structures are depicted with the equatorial coordination plane of
the bipy complex (2) perpendicular to the plane of the paper (r.m.s.
= 0.097).

For complexes 2–5 (Figure 2 and Table 2), the C16–N3
bond length in the iminoether group has a value typical of
an sp2 C=N bond with double-bond character (ca. 1.28 Å),
whereas the C16–O4 bond length is close to the average sp2

C–O single bond length (1.34 Å).[31] For example, in
[Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]BF4 (4) these
bond lengths are 1.285(3) Å (C16–N3) and 1.337(3) Å
(C16–O4). In the related amidine complexes, for example,
[Re(CO)3(5,5�-Me2bipy){HNC(CH3)NHCH(CH3)2}]BF4,
the corresponding bond lengths are 1.308(3) Å (C16–N3,
where N3 is the nitrogen atom that is bound to Re in both
the amidine and iminoether compounds) and 1.339(3) Å
[C16–NHCH(CH3)2].[7] Thus, the bond lengths alone pro-
vide sufficient support that there is electron delocalization
centered at C16. In complexes 2–5, extensive delocalization
is not as clearly reflected in both of the bond lengths. Nev-
ertheless, the C16–O4–C18 angle is close to 120° (Table 2).
As Natile and coworkers have remarked in their study of
iminoether PtII complexes,[21] an angle such as this that is
close to the sp2 value supports the presence of resonance
(oxygen donates a lone pair of electrons into a delocalized
O–C–N system). This argument has also been proposed for
IrIII complexes that bear an iminoether ligand.[19] Reso-
nance may also explain the quasiplanarity of the iminoether
group, as seen by the N–C–O–C torsion angles that range
from 171.67(18)° to 177.55(18)° (Table 2).

In our study of the amidine complexes, [Re(CO)3(5,5�-
Me2bipy){HNC(CH3)NHR}]BF4 (R = methyl, isopropyl,
isobutyl, tert-butyl, and benzyl),[7] we noted that, in the de-
localized N–C–N system of the monodentate amidine li-
gands, the C–N bond length, which involved the N bound
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to Re, was only slightly shorter than the other C–N bond
in the amidine ligand. These bond lengths reflect the rela-
tive ease of rotation about the N–C bonds (see below),
which are necessary for the interconversion between the dif-
ferent configurations about the N–C bonds in the amidine
complexes. However, only the E� isomer (Figure S3, Sup-
porting Information)[7] was found in the crystals of the
above amidine complexes.[7] When R = H, as in [Re(CO)3-
(5,5�-Me2bipy){HNC(CH3)NH2}]BF4, the Z isomer crys-
tallized.[7] As noted above, the iminoether ligand in all of
the [Re(CO)3L{HNC(CH3)OCH3}]BF4 structures in this
study have the Z configuration. The Z configuration is
sterically favored because the OCH3 group of the methyl
acetimidate ligand is less bulky than the CCH3 group, but
the NHR group of the amidine ligands is more bulky than
the CH3 group and hence the E configuration is favored.[7]

Although our studies have employed octahedral com-
plexes, our findings parallel the results that were found for
the square-planar iminoether PtII complexes that were
studied by Natile and coworkers.[21] These investigators
found that the large steric bulk of the alcohol-derived R
group stabilized the E over the Z isomer, and that by in-
creasing the steric bulk of the nitrile-derived R� group the
Z isomer was stabilized over the E isomer.[21] Although the
configuration favored by the iminoether group differs be-
tween the square-planar PtII complexes and the octahedral
ReI complexes, the steric effects appear to be the controlling
factor.

Although the steric effects appear to control the imin-
oether configuration, the partial negative charge of the im-
inoether oxygen, in addition to its small size, may also favor
the Z configuration in the [Re(CO)3L{HNC(CH3)OCH3}]-
BF4 compounds. The weak, but favorable, electrostatic at-
traction that exists between the partial negative charge of
the oxygen atom and the partial positive charge of the hy-
drogen atoms of the bipyridine ligands favors the Z config-
uration. In most of the compounds, the separation between
these atoms is ca. 3 Å. Evidence that is in favor of this at-
traction of the iminoether oxygen for the L hydrogen atoms
has been found in the structure of an analogous methyl ace-
timidate complex, which has a pyridyltriazine ligand in
place of the bipyridine ligand (unpublished work). This un-
symmetrical aromatic bidentate L[32,33] has a pyridyl C6 H
on one side, and a nitrogen that has no hydrogen atoms
attached to it on the other side. The methyl acetimidate
oxygen lies over the C6 H, and the iminoether adopts an
orientation that is very close to that shown in this paper in
Figures 2 and 3.

Table 3. Ligand deformation in [Re(CO)3L{HNC(CH3)OCH3}]BF4 (L = bipyridine ligand).[a]

Compound Twist angle Bow angle S-shaped distortion In-plane distortion Dihedral angle
(θT) (θB) (ds) (θP) (θdi)

[Re(CO)3(bipy){HNC(CH3)OCH3}]BF4 0.1 1.9 0.022 6.6 1.9
[Re(CO)3(4,4�-Me2bipy){HNC(CH3)OCH3}]BF4 2.0 4.3 0.014 6.8 4.7
[Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]BF4 0.6 5.8 0.005 8.0 5.8
[Re(CO)3(6,6�-Me2bipy){HNC(CH3)OCH3}]BF4 12.4 11.0 0.087 4.0 16.7

[a] The ds (in Å) and θT, θB, θP, and θdi values (in degrees) were calculated by using a Fortran program that was provided by Dr. Alan
Hazell. The θdi values that were calculated by using SHELXL97[44] agreed with those from the Fortran program.
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Our structural characterization of several closely related
bipyridine complexes, in which only the position of the
methyl substituent on the bipyridine moiety varied, pro-
vides an excellent opportunity to evaluate distortions in the
planarity of the bipyridine ligands. The widespread usage
of bipyridine ligands has provided a relatively large, almost
unique database that spans numerous different metal cen-
ters and several geometries. This situation has generated
much interest.[34–36] Bipyridines in metal complexes that
have M–N distances within the typical range (ca. 2.0–2.2 Å)
are not planar.[37,38] ReI has relatively long M–N distances
at the upper end of this range, which is less common, and
thus the assessment of these structures can contribute to
this well studied and interesting area. Earlier studies from
our laboratory focused on the effects of ligand bulk in the
[PtLCl2] complexes where L is bipy or Me2bipy.[34] These
[PtLCl2] complexes have typical M–N bond lengths [Pt–N
bond lengths ranged from 2.017(3) to 2.032(3) Å].[34,39] For
the alkyl acetimidate complexes, the Re–N bond lengths
varied from 2.1706(17) to 2.1786(18) Å, with the notable
exception of [Re(CO)3(6,6�-Me2bipy){HNCC(CH3)-
OCH3}]BF4, in which the Re–N bond lengths are about
2.21 Å (as discussed above).

The out-of-plane distortions of the bipyridine ligands in
the complexes can be described by several parameters,
namely, bowing (θB), twisting (θT), and S-shaped defor-
mation (ds).[38] Among the ReI alkyl acetimidate complexes
studied here (Table 3), [Re(CO)3(6,6�-Me2bipy){HNC-
(CH3)OCH3}]BF4 is the most distorted, with an exception-
ally large twist angle (θT = 12.4°) and a large bow angle (θB

= 11.0°). [Re(CO)3(6,6�-Me2bipy){HNC(CH3)OCH3}]BF4

also has the largest dihedral angle (θdi = 16.7°) of the aceti-
midate complexes that are reported in this paper. These dis-
tortions probably arise from steric repulsion between the
methyl groups at the 6,6� positions and the carbonyl li-
gands. Among the [PtLCl2] complexes, [Pt(6,6�-Me2bipy)-
Cl2] shows the highest θdi (20.2°).[34] Thus, regardless of
whether the complex is a square-planar PtII or an octahe-
dral ReI complex, the 6,6�-Me2bipy complex has the highest
dihedral angle.

Hazel noted that the in-plane bending (θP) decreased
with an increase in the M–N length.[38] This relationship of
a decrease in the θP with an increase in the M–N length
is most evident (Tables 2 and 3) when the θP of the other
complexes in this study (all of which have very similar Re–
N lengths) are compared with the θP for [Re(CO)3(6,6�-
Me2bipy){HNC(CH3)OCH3}]BF4, which has slightly
longer Re–N lengths and the smallest θP value (4.0°).
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There is no 1H NMR-spectroscopic evidence of other
iminoether isomers in several solvents (CDCl3, [D6]dmso,
and [D3]acetonitrile). In most cases the 1H NMR spectra
were recorded immediately or at least within 15 min of dis-
solution, and no spectral changes were observed even after
several days. The more downfield position of the N3 H sig-
nal of the iminoether group for a given compound in
[D6]dmso (8.6–8.7 ppm) compared to that of the same sig-
nal in CDCl3 or [D3]acetonitrile (7.2–7.6 ppm) was attrib-
uted to the hydrogen bonding of the [D6]dmso to the N3
H, which projects out towards the solvent (Figure 2). In or-
der to assess this explanation, we conducted an experiment
that we have used previously.[6,40,41] When Cl– was added to
solutions of the fac-[Re(CO)3L]+ complexes, the downfield
shift changes (Δδ) for the NH signals were smaller for those
NH groups that were directed towards the solvent com-
pared to the Δδ for those NH groups that were directed
away from the solvent.[6,40] When Cl– was added to a [D6]-
dmso solution of [Re(CO)3(5,5�-Me2bipy){HNC(CH3)-
OCH3}]BF4 (4), the downfield N3 H signal shifted only
slightly further downfield (Δδ ca. 0.21 ppm), a finding that
is consistent with the exposure of this proton to the sol-
vent.[6,40,41] The half-life for the exchange reaction of the
N3 H to N3 D on addition of D2O (pH 6.5, 100 μL) to 4
(5 mm, 550 μL [D6]dmso) was ca. 40 min. For a similar
solution of 4 but one that contained 67 % pH 6.5 D2O, the
NMR-spectroscopic data indicated that neither isomeriza-
tion nor decomposition had occurred after 72 h.

For the [Re(CO)3(5,5�-Me2bipy){HNC(CH3)NHR}]BF4

complexes, three (E, E�, and Z, Supporting Information) of
the four conceivable isomers were observed in the less polar
CDCl3 solvent, but only two isomers (E� and Z) were ob-
served in the more polar [D3]acetonitrile solvent.[7] The iso-
mer interchange follows the pathway that goes from the Z
isomer to the E isomer to the E� isomer. The exchange reac-
tion between the E and E� isomers was fast enough to give
exchange spectroscopy (EXSY) cross-peaks, even though
the exchange reaction between the E� and Z isomers was
slow.[7] The C16–N3 bond length (the rhenium-bound N) is
shorter for the iminoether complexes (ca. 1.28 Å) than for
the amidine complexes (ca. 1.31 Å). Thus, the double bond
character of this bond is higher in the iminoether ligands
(Table 2) than in the amidine ligands. Because the E to Z
interchange, which requires rotation about the C16–N3
bond, is slow in the amidine complexes, the NMR spectrum
changes slowly after the crystals of the amidine complexes
are dissolved. The absence of any similar time-dependent
spectral changes from the NMR spectra recorded immedi-
ately after the crystals of the iminoether complex were dis-
solved strongly indicates that the E isomer is not present in
solution and that the Z isomer that is found in the solid
state for all of the compounds dominates under all condi-
tions.

In addition to the assignments for 4 and 5 by the 2D
NMR experiments described above, the 1H NMR signals
for 4 were also assigned by using NOESY and COSY spec-
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tra (not shown). The 1H NMR signals of 2 and 3 were as-
signed by using the splitting patterns and by analogy to the
spectra for the Pt complexes.[34] The 1D 13C NMR spectra
were acquired over the course of an hour and the hetero-
nuclear single quantum correlation (HSQC) and heteronu-
clear multiple bond correlation (HMBC) spectra were re-
corded over 8 h. The spectra that were obtained immedi-
ately upon dissolution of 4 and 5 in CDCl3 are consistent
with the presence of only one isomer in solution. As de-
scribed in Supporting Information, the 1H and 13C NMR-
spectroscopic signals of complexes 4 and 5 were assigned
unambiguously by using the HSQC and HMBC cross-
peaks (Table 4 and Experimental Section).

Table 4. 13C NMR shifts [ppm] of the free Me2bipy ligands and
[Re(CO)3L{HNC(CH3)OCH3}]BF4 in CDCl3 at 25 °C.[a]

Carbon atom 5,5�-Me2bipy 6,6�-Me2bipy
free ligand iminoether free ligand iminoether

complex complex

6,6� 149.4 152.7 157.8 162.8
5,5� 132.9 138.0 122.9 127.1
4,4� 137.3 140.5 136.8 139.9
3,3� 120.1 123.6 118.0 122.5
2,2� 153.7 153.7 155.8 157.6
L-CH3 18.2 18.5 24.6 30.4
Iminoether 177.3 177.6
C-CH3 18.6 18.6
O-CH3 57.2 57.7

[a] The free ligand values are from the 1D 13C NMR spectra. The
signal assignments for the free ligands were made by using values
that are predicted in Supporting Information. The assignments for
the complexes are discussed in Supporting Information. The car-
bonyl signals (observed as very weak, possibly overlapping signals
at ca. 194 ppm) were not assigned.

The signals of the pyridyl ortho and para carbons are
downfield compared to the signals of the pyridyl meta car-
bons in both the free and the rhenium-bound ligands, as
was expected from previous NMR-spectroscopic stud-
ies.[42,43] However, all of the 13C NMR-spectroscopic signals
of the bipyridine rings shifted further downfield when the
ligand was coordinated to Re. This was expected because
the electron density in the ligand decreases upon coordina-
tion.

The downfield shift of the methyl 13C NMR-spectro-
scopic signal with respect to that of the free Me2bipy ligand
is significantly greater for the 6,6�-Me2bipy complex (δ
=5.8 ppm) than for the 5,5�-Me2bipy complex (δ =0.3 ppm).
This most likely reflects the greater inductive effect of ReI

on the closer 6/6� methyl group. However, the distortions
induced in the coordinated 6,6�-Me2bipy ligand may also
contribute to the large shift change.

Conclusions

In contrast to the fac-[Re(CO)3(5,5�-Me2bipy)(amidine)]-
BF4 analogues, in which the amidine ligand favors the E�
configuration, the fac-[Re(CO)3L{HNC(CH3)OCH3}]BF4

complexes favor the Z configuration. We concluded that the
main reason for this difference is the smaller size of the
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iminoether oxygen atom compared to the larger amidine
NH group. However, a second factor that influences the
favored configuration is probably the attractive interactions
between this iminoether oxygen atom and the bipyridine
hydrogen atoms as opposed to the repulsive interactions
that exist between the hydrogen atoms on the amidine and
bipyridine ligands.

The iminoether is a superbase. However, there is no evi-
dence that it has a trans influence. Nevertheless, we con-
clude that the iminoether ligand is strongly bound be-
cause, even in the fac-[Re(CO)3(6,6�-Me2bipy){HNC(CH3)-
OCH3}]BF4 complex, the axial Re–N bond is not elon-
gated.

Experimental Section
General Methods: Re(CO)5Br was synthesized as described in the
literature.[45] Re2(CO)10, 2,2�-bipyridine, 4,4�-dimethyl-2,2�-bipyr-
idine (4,4�-Me2bipy), 5,5�-dimethyl-2,2�-bipyridine (5,5�-Me2bipy),
6,6�-dimethyl-2,2�-bipyridine (6,6�-Me2bipy), AgPF6, and AgBF4

were obtained from Aldrich. [Re(CO)3(CH3CN)3]PF6 and [Re(CO)3-
(CH3CN)3]BF4 were synthesized by a slight modification of a
known procedure[46] (see below). The 1H and 13C NMR spectra
were recorded with a Bruker NMR spectrometer (400 MHz). The
13C NMR-spectroscopic shifts are relative to CDCl3 with TMS as
the reference and were taken from the 1D NMR experiments. The
1H NMR-spectroscopic peak positions are relative to TMS or the
solvent residual peak (with TMS as the reference). The HSQC and
HMBC 2D NMR spectra were recorded in order to assign the 1H
and 13C NMR-spectroscopic signals. All of the NMR-spectro-
scopic data were processed with TopSpin and Mestre-C software.

[Re(CO)3(CH3CN)3]PF6 (1a): [Re(CO)3(CH3CN)3]PF6 was synthe-
sized by a slight modification of a known procedure,[46] namely by
using AgPF6 instead of AgClO4. X-ray quality crystals were ob-
tained from an acetonitrile/isopropyl ether solution. 1H NMR
(400 MHz, CDCl3): δ = 2.52 (s, 3 H, CH3) ppm; ([D6]dmso): δ =
2.65 (s, 3 H, CH3) ppm; ([D6]acetone): δ = 2.66 (s, 3 H, CH3) ppm;
([D3]acetonitrile): δ = 2.43 (s, 3 H, CH3) ppm.

[Re(CO)3(CH3CN)3]BF4 (1b): [Re(CO)3(CH3CN)3]BF4 was pro-
duced by using the same procedure as 1a but by using AgBF4 in-
stead of AgPF6. The 1H NMR spectrum was identical to that ob-
tained for [Re(CO)3(CH3CN)3]PF6. Two polymorphs of [Re(CO)3-
(CH3CN)3]BF4 crystallized from the acetonitrile/isopropyl ether
solution. One of the crystal structures, based on room temperature
data, has been previously reported.[48]

Synthesis of the [Re(CO)3L{HNC(CH3)OCH3}]BF4 Complexes: In
all of the experiments to form the [Re(CO)3L{HNC(CH3)OCH3}]-
BF4 complexes, including those that assessed the effects that chang-
ing L or adding KOH (see below) had on the reaction times, 10 mm

solutions of the Re complexes in various solvents were used.
Method A involved heating a benzene solution (10 mL) of [Re(CO)3-
(CH3CN)3]BF4 (0.1 mmol, 48 mg) and L (0.1 mmol) at reflux for
16 h. The solvent was removed by rotary evaporation and the re-
sulting solid was dissolved in acetonitrile (ca. 1 mL). Diethyl ether
(ca. 25 mL) was then added to give [Re(CO)3L(CH3CN)]BF4 as a
crystalline residue, which was washed with diethyl ether, dried, and
then dissolved in an acetonitrile/methanol mixture (10 mL, 1:1).
After the solution was heated at reflux for 24 h, the resulting solu-
tion was cooled to room temperature and dried by rotary evapora-
tion. The residue was dissolved in acetonitrile and diethyl ether was
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added to produce an orange precipitate, which was collected by
filtration, washed with diethyl ether, and dried. Method A resulted
in high yields of the [Re(CO)3L{HNC(CH3)OCH3}]BF4 complexes
as a crystalline powder. In method B, which was employed to ob-
tain X-ray quality crystals, an acetonitrile solution (10 mL) of
[Re(CO)3(CH3CN)3]BF4 (0.1 mmol, 48 mg) and L (0.1 mmol) was
stirred at room temperature and then heated at reflux for 2 to 3 d.
The NMR spectra indicated that this time was sufficient to ensure
that all of the free L was consumed. An equal volume of methanol
was then added to give an ca. 5 mm solution. The resulting clear
solution was heated at reflux for 1 d and on slow evaporation of
the solvent yielded X-ray quality crystals of the [Re(CO)3L-
{HNC(CH3)OCH3}]BF4 complexes. The yields reported below are
based on [Re(CO)3(CH3CN)3]BF4 (0.1 mmol, 48 mg).

[Re(CO)3(bipy){HNC(CH3)OCH3}]BF4 (2): Method A afforded 2
as an orange precipitate (39 mg, 63% ). Method B afforded X-ray
quality crystals (21 mg, 36%). The 1H NMR spectrum of the crys-
tals (Method B) in CDCl3 was identical to that of the precipitate
obtained in Method A. 1H NMR (400 MHz, CDCl3): δ = 8.90 (d,
H6/6�), 8.37 (d, H3/3�), 8.16 (t, H4/4�), 7.62 (b, NH), 7.56 (t, H5/
5�), 3.92 (s, OCH3), 2.17 (s, CCH3) ppm.

[Re(CO)3(4,4�-Me2bipy){HNC(CH3)OCH3}]BF4 (3): Method A af-
forded 3 as an orange precipitate (38 mg, 62%). Method B afforded
X-ray quality crystals (21 mg, 34%). 1H NMR (400 MHz, CDCl3):
δ = 8.69 (d, H6/6�), 8.14 (s, H3/3�), 7.41 (b, NH), 7.33 (d, H5/5�),
3.90 (s, OCH3), 2.59 (s, 4/4�-CH3), 2.14 (s, CCH3) ppm.

[Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]BF4 (4): Method A af-
forded 4 as an orange precipitate (41 mg, 67%). Method B pro-
duced X-ray quality crystals (23 mg, 37%). 1H NMR (400 MHz,
CDCl3): δ = 8.65 (s, H6/6�), 8.17 (d, H3/3�), 7.91 (d, H4/4�), 7.51
(b, NH), 3.92 (s, OCH3), 2.50 (s, 5/5�-CH3), 2.17 (s, CCH3) ppm.

[Re(CO)3(6,6�-Me2bipy){HNC(CH3)OCH3}]BF4·0.5(6,6�-Me2bipy)
(5): Method A afforded 5 as an orange precipitate (39 mg, 63%).
Method B produced X-ray quality crystals (20 mg, 33%), only in
preparations in which the reaction had not reached completion.
These crystals contained the uncomplexed ligand as was shown by
the NMR spectrum. 1H NMR (400 MHz, CDCl3) for 5: δ = 8.15
(d, H3/3�), 7.97 (t, H4/4�), 7.59 (b, NH), 7.49 (d, H5/5�), 3.81 (s,
OCH3), 3.04 (s, 6/6�-CH3), 2.15 (s, CCH3) ppm; 1H NMR (400
MHz, CDCl3) for the uncomplexed 6,6�-Me2bipy: δ = 8.18 (d, H3/
3�), 7.66 (t, H4/4�), 7.14 (d, H5/5�), 2.62 (s, 6/6�-CH3) ppm.

[Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH2CH3}]BF4 (6): Ethanol
was used instead of methanol in the general procedure described
and afforded 6 as an orange precipitate (50 mg, 76%). Method B
produced X-ray quality crystals (29 mg, 46 %). 1H NMR
(400 MHz, CDCl3): δ = 8.66 (s, H6/6�), 8.17 (d, H3/3�), 7.90 (d,
H4/4�), 7.45 (b, NH), 4.18 (q, OCH2), 2.49 (s, 5/5�-CH3), 2.17 (s,
CCH3), 1.49 (t, CH3) ppm.

Influence of the KOH Addition on the Formation of [Re(CO)3(5,5�-
Me2bipy){HNC(CH3)OCH3}]BF4: Two solutions of [Re(CO)3(5,5�-
Me2bipy)(CH3CN)]BF4 (10 mm, 1:1 acetonitrile/methanol) were
heated at reflux and were monitored over time by NMR spec-
troscopy. One of the solutions contained KOH (1.34 mm). The per-
centage of [Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]BF4 that
formed was determined by taking aliquots of the solution at dif-
ferent time intervals. The reaction mixture aliquots (50-μL) were
then dried by rotary evaporation and the residue was taken up in
CDCl3. The percentage of product formation was determined by
integration of the H3/3� 1H NMR-spectroscopic doublet of the
product and of the reactant.

Influence of the Methyl Substituent Position on the Formation of
[Re(CO)3(Me2bipy){HNC(CH3)OCH3}]BF4: A solution of [Re-
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(CO)3(6,6�-Me2bipy)(CH3CN)]BF4 (10 mm, 1:1 acetonitrile/meth-
anol) was heated at reflux and was monitored over time by NMR
spectroscopy as in the preceding [Re(CO)3(5,5�-Me2bipy)(CH3-
CN)]BF4 experiment. The percentage of [Re(CO)3(6,6�-Me2-
bipy){HNC(CH3)OCH3}]BF4 that formed was determined as de-
scribed above.

Titration of [Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]BF4 with
Cl–: A solution of [Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]BF4

(5 mm) in [D6]dmso (600 μL) was treated with increasing amounts
of Cl– (1 to 150 mm), and the solution was monitored by 1H NMR
spectroscopy after each addition of Cl–. The complex concentration
was kept constant throughout the titration by using a solution of
the complex in [D6]dmso (5 mm) to prepare the Cl– stock solution.

X-ray Data Collection and Structure Determination: The intensity
data were collected at 90 K with a Nonius KappaCCD dif-
fractometer that was fitted with an Oxford Cryostream cooler and
graphite-monochromated Mo-Kα (λ = 0.71073 Å) radiation. The
data reduction included the absorption corrections by the
multiscan method with the HKL SCALEPACK.[47] All of the X-
ray structures were determined by direct methods and difference
Fourier techniques, and were refined by full-matrix least-squares by
using SHELXL97.[44] All of the non-hydrogen atoms were refined
anisotropically. All of the H atoms were visible in the difference
maps but were placed in idealized positions. A torsional parameter
was refined for each of the methyl groups and, except for 5, the N
hydrogen atom coordinates were refined. One of the two indepen-
dent PF6

– ions in 1a was disordered into two orientations. The
crystal data and refinement parameters are given in Table 1.

CCDC-829768 (for 1a), -829770 (for 1b), -829771 (for 1b), -829774
(for 2), -829769 (for 3), -829772 (for 4), -829773 (for 5), and -829775
(for 6) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP plots of [Re(CO)3(CH3CN)3PF6] and [Re(CO)3(5,5�-
Me2bipy){HNC(CH3)OCH2CH3}]BF4, a table that shows the pro-
gress of several reactions with time, a figure with the predicted
13C NMR-spectroscopic shifts for the free 5,5�-Me2bipy and 6,6�-
Me2bipy ligands, assignment of the 1H and 13C NMR-spectro-
scopic signals for [Re(CO)3(5,5�-Me2bipy){HNC(CH3)OCH3}]BF4

and [Re(CO)3(6,6�-Me2bipy){HNC(CH3)OCH3}]BF4, and a
scheme that relates the identified isomers of the [Re(CO)3(5,5�-
Me2bipy){HNC(CH3)NHR}]+ cations.
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In this work, we describe our efforts to produce Mn3O4–
graphene nanocomposites based on a convenient and
feasible solution based synthetic route under mild conditions.
According to transmission electron microscopy (TEM) and
high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) results porous Mn3O4 nanocrys-
tals (NCs), 20–40 nm in size, are uniformly deposited on both
sides of the graphene nanosheet (GNS) matrix. Significantly,
the as-prepared Mn3O4–graphene nanocomposites exhibit
remarkable pseudocapacitive activity including high specific
capacitance (236.7 Fg–1 at 1 Ag–1), good rate capability
(133 Fg–1 at 8 Ag–1), and excellent cyclability (the specific

Introduction

With the rapid advancement in the development of vari-
ous electronic devices such as electric vehicles and hybrid
electric vehicles, the demand for a sustainable energy stor-
age system has intensified dramatically. Supercapacitors,
also called electrochemical capacitors or ultracapacitors,
which can be classified simply as electric double-layer ca-
pacitors (EDLCs) and pseudocapacitors according to their
charge storage mechanisms, have emerged as novel energy
storage devices due to their high power density and long
cycle life.[1–6] The charge storage mechanism in EDLCs in-
volves electrostatic forces within the electrical double-layers
formed along the carbon electrodes with large surface
areas.[5,7–9] EDLCs comprising carbon based materials usu-
ally have high power densities but suffer from low energy
densities.[10] In contrast, fast Faradaic redox reactions are
responsible for the charge storage mechanism in pseudoca-
pacitors. Some noble metal oxides (e.g. RuO2 and IrO2) and
conducting polymers possess notable specific capacitances,
however, their high cost and poor cycling stabilities arising
from their low conductivities and sluggish redox kinetics
have restricted the available capacitance significantly.[10–15]
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capacitance only decreases by 6.32% of the initial capaci-
tance after 1000 cycles). The excellent pseudocapacitive per-
formance of the Mn3O4–graphene nanocomposites electrode
is probably due to the positive synergistic effects between
the Mn3O4 and GNS. Namely, the intimate combination of
the conductive graphene network with uniformly dispersed
porous Mn3O4 NCs not only greatly improves the electro-
chemical utilization of Mn3O4, but also increases the double-
layer capacitance of the graphene sheets. These characteris-
tics make this nanocomposite a very promising electrode ma-
terial for high performance supercapacitors.

Therefore, attempts have been made to find alternative inex-
pensive electrode materials with good capacitive properties
(e.g. high power density, good specific capacitance, and ex-
cellent cyclability) in order to meet the increasing demand
for a renewable energy storage system. In this context,
cheap metal oxides, for example the oxides of Mn, Ni, Fe,
with good pseudocapacitive behaviors are intensively inves-
tigated on account of their excellent electrochemical proper-
ties and low cost.[16–19] Among them manganese based ox-
ides have attracted special attention because of their high
specific capacitances, rich polymorphism, cost effectiveness,
low environmental toxicities, structural flexibilities, redox
reversibilities, wide potential windows, etc.[20,21]

Hausmannite (Mn3O4) has drawn particularly research
attention because of its distinctive structural features com-
bined with fascinating physicochemical properties, which
are of great interest in energy, magnetic, and catalyst fields,
etc.[22–25] Only a few studies, however, have been done with
Mn3O4 as the supercapacitor electrode material, this is
partly due to its extremely low electrical conductivity (about
10–7–10–8 Scm–1).[21] Generally, there are two ways to over-
come this intrinsic drawback: one way is to design struc-
tures that can provide more electroactive sites to promote
the electrochemical reaction, such as hollow structures, or
those with well defined octahedra and polyhedra with en-
hanced capacitive behavior.[26–28] Another way is form a
composite (or hybrid) of Mn3O4 with other components to
improve the electrode conductivity. In this case structural
control (shape, size, and texture) is somewhat complicated,
and involves elaborately adjusting the synthetic parameters
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and reaction kinetics. Combining Mn3O4 with other con-
ducting substrates such as carbon nanotubes and activated
carbons has therefore been explored extensively in an effort
to enhance the electrochemical performance of the resulting
electrode materials. For instance, Liu and coworkers suc-
cessfully synthesized Mn3O4–MWCNTs (MWCNT =
multiwalled carbon nanotubes) composites by a simple sol-
vothermal method with ethanol as the medium.[29] The spe-
cific capacitance of the composite electrode was 330 Fg–1,
nearly 18 times higher than that of a pure MWCNT elec-
trode. Yuan and coworkers developed a facile microwave
method with an aqueous solution of Mn(NO3)2 as the pre-
cursor for the oxidant of Mn2O3 and mesoporous carbon
(MC) as the reductant.[30] The Mn3O4–MC composite elec-
trode had a specific capacitance of 266 Fg–1 at a sweep rate
of 1 mV s–1. The capacitance loss of Mn3O4–MC is 25.8 %
after 1000 cycles. Very recently, Chen and coworkers re-
ported a novel dip-casting method with nonaqueous solu-
tions for depositing Mn3O4 nanoparticles onto a highly
dense millimeter long carbon nanotube array (CNTA).[31]

The maximum specific capacitance of the Mn3O4–CNTA
composite electrode was 143 F g–1. The preparation of these
composites, however, involves relatively complicated syn-
thetic processes and high cost, which greatly hinders their
practical use. Therefore, the development of a convenient
and feasible method to prepare a Mn3O4 based composite
with enhanced electrochemical performance is of great sig-
nificance.

Graphene, a unique single layer of carbon atoms tightly
packed into a two-dimensional honeycomb sp2 carbon lat-
tice, has attracted tremendous attention because of its novel
properties and potential application in many technological
fields such as supercapacitors,[7,9,32–35] lithium batter-
ies,[36–38] sensors,[39] nanoelectronics,[40] and hydrogen stor-
age.[41] It has been suggested that graphene is an excellent
candidate as an electrode material for energy conversion/
storage systems as a result of its huge specific surface area,
good chemical stability, and remarkable electrical conduc-
tivity.[42–44] Due to these features, graphene sheets (GNS)
can act as matrices for hosting active nanomaterials to im-
prove their electrochemical performance. For instance,
MnO2–graphene composites have been synthesized success-
fully and they exhibited intriguing electrochemical proper-
ties that result from the synergistic effects of their compo-
nents.[45–47] However, Mn3O4–graphene composites have re-
ceived relatively little attention. Recently, Dai and cowork-
ers developed two step solution phase reactions for the for-
mation of hybrid materials comprising Mn3O4 nanopar-
ticles on GNS for lithium-ion battery applications.[48] They
revealed for the first time that a highly insulating material
such as Mn3O4 could approach its theoretical capacity as
an anode material for lithium-ion batteries. Wang and co-
workers synthesized Mn3O4–graphene nanocomposites by
first mixing a graphene suspension in ethylene glycol with
a MnO2 organosol, followed by ultrasonication processing
and heat treatment of the mixture.[49] As an electrode mate-
rial in supercapacitors, Mn3O4–graphene nanocomposites
exhibited a high specific capacitance of 175 Fg–1 with 1 m
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Na2SO4 as the electrolyte and 256 F g–1 with 6 m KOH as
the electrolyte. However, cycle stability and high rate
charge–discharge measurements were not discussed in the
report of this study. Therefore, the exploration of facile syn-
thetic methods for the synthesis of Mn3O4–graphene nanoc-
omposites and the optimization of their electrochemical
performance are urgently required. Herein, we report a sim-
ple and robust approach for the synthesis of Mn3O4–graph-
ene nanocomposites and the systematic investigation of
their supercapacitive behaviors.

Results and Discussion

In the present work, the negatively charged graphene ox-
ide nanosheets were obtained by the initial exfoliation of
graphite oxide (GO) in water (see Supporting Information,
Figures S1, S2), followed by the addition of an aqueous
solution of MnAc2 to the graphene oxide nanosheet suspen-
sion. The numerous functional groups on the surface of the
graphene oxide nanosheets will coordinate with Mn ions, a
process that is driven by strong electrostatic interac-
tions.[35,45] After continuous stirring, all of the Mn ions will
adsorb onto the GO surface to form Mn ion–GO mixtures.
NaOH was the precipitant that leaded to the conversion of
the Mn ion–GOto Mn(OH)2–GO. Because Mn(OH)2 is a
metastable compound that can be oxidized easily to Mn3O4

by oxygen,[26,28] Mn3O4–GO composites will form. Hydro-
thermal treatment of the mixture resulted in the formation
of the Mn3O4–graphene nanocomposites in a one step reac-
tion.[48]

The X-ray diffraction pattern obtained with the Mn3O4–
graphene composite is shown in Figure 1, together with
those of the as-prepared bare Mn3O4. The positions and
relative intensities of the peaks associated with the Mn3O4–
graphene composites and bare Mn3O4 allows them to be
indexed perfectly as a pure Mn3O4 (hausmannite, space
group: I41/amd) with lattice constants of a = b = 5.76 Å
and c = 9.45 Å, which are consistent with the values given
in the standard card for Mn3O4 (JCPDS No. 89–4837). No

Figure 1. XRD patterns of Mn3O4 (a) and Mn3O4–graphene nano-
composites (b).
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impurities were detected in the XRD pattern, confirming
the high purity of the products. Moreover, the XRD diffrac-
tion peaks are relatively broad, indicating that the crystals
constituting the products are small in size. Moreover, no
stacking peak for the graphene sheets was detected, suggest-
ing that the graphene sheets are stacked in a disordered
manner with a low degree of graphitization. These results
indicate that the as-synthesized composite consists of disor-
deredly stacked graphene and highly crystalline Mn3O4

nanoparticles. The reduction in the diffraction intensity of
the Mn3O4–graphene composites compared with bare
Mn3O4 probably results from the GO surface interacting
strongly with the coated species, thus providing pinning
forces on the small particles and hindering their diffusion
and recrystallization.[52]

The composite structure was further studied by FTIR
spectroscopy (Figure 2). In the FTIR spectrum of GO (Fig-
ure 2, a), the peaks around 3385, 1727, 1405, and 1057 cm–1

are attributed to the O–H, C–O in COOH, and C–O in C–
OH/C–O–C functional moieties within the carbon frame-
works, respectively.[35] Compared with the spectrum of GO,
two new peaks appear in the spectrum of the Mn3O4–
graphene composites (Figure 2, b). The new peaks at 616
and 505 cm–1 are assigned to the vibration of the stretching
mode of the Mn–O bonds associated with Mn in tetrahe-
dral sites and to the distorted vibration of the Mn–O bonds
involving Mn ions in octahedral environments, respec-
tively.[53] These values are shifted to higher wavenumbers
compared with those for the peaks reported for the stretch-
ing vibrations of Mn–O in bulk Mn3O4, which are at 639
and 532 cm–1. Moreover, the intensity of all of these ab-
sorption peaks related to the oxidized groups decreased sig-
nificantly in the in the FTIR spectra of the Mn3O4–graph-
ene composites prepared from GO relative to those in the
spectrum of pure GO, indicating that reduction of GO and
restoration of the conjugated aromatic system has occurred
in the composite.[35] In addition, a new absorption band
that appears at 1570 cm–1 corresponds to the C=C stretch-
ing vibration of aromatic skeleton of the graphene sheets,
and its presence further confirms the reduction of GO. The
chemical bonding states in the product were further ana-
lyzed by X-ray photoelectron spectroscopy (XPS) measure-
ments, the data from which are shown in Figure 3. The
binding energies obtained from the XPS analysis were cor-
rected for specimen charging by referencing the C 1s signal
to 285.0 eV. Compared to that of GO, the XPS spectrum of
the Mn3O4–graphene composite not only exhibits O 1s and
C 1s peaks, but also exhibits two peaks at 642.9 and
641.0 eV corresponding to the Mn 2p1/2 and Mn 2p3/2

states, which confirm the presence of Mn species in the
composite (Figure 3, a). The Mn 2p XPS spectrum of the
composite exhibits two peaks at 642.9 and 641.0 eV, corre-
sponding to the Mn 2p1/2 and Mn 2p3/2 spin-orbit states of
Mn3O4, respectively (Figure 3, b). It was observed that
there is an energy separation of 11.9 eV between the Mn
2p1/2 and Mn 2p3/2 peaks, which is in accordance with re-
ported data for the Mn 2p3/2 and Mn 2p1/2 signals in the
spectrum of Mn3O4.[29] The C 1s peak locked at 284.8 eV
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is related to the graphitic carbon in graphene and the O 1s
peak at 532 eV in the spectrum indicates the presence of
oxygen groups (Figure 3, a). The most resolved peak, lo-
cated at 284.8 eV, was assigned to the C–C bonds of the
graphene (Figure 3, c). Two weak peaks centered at 285.4
and 286.7 eV were attributed to C–O (epoxy and alkoxy)
and COOH groups, respectively. In the deconvoluted C 1s
XPS spectrum of GO four different peaks centered at 284.8,
285.6, 286.6, and 288.4 eV were observed, corresponding to
the C=C/C–C bonds of the aromatic rings, C–OH, C (ep-
oxy and alkoxy), and C=O groups, respectively (Figure 3,
d). In the spectrum recorded after hydrothermal reduction
of the composite, the intensities of all of the C 1s peaks of
the carbon atoms bound to oxygen, especially the C–O (ep-
oxy and alkoxy) peak, decreased dramatically, revealing
that most of the epoxide and hydroxy functional groups
were successfully removed. These results are in good agree-
ment with the FTIR studies. The reduction of GO and re-
storation of the conjugated aromatic system guarantees
good electronic conductivity, which make graphene a good
channel for electronic and ionic conductivity.[35]

Figure 2. FTIR spectrum of GO (a) and Mn3O4–graphene nano-
composites (b).

The typical morphology of the Mn3O4–graphene com-
posites is shown in the TEM images in Figure 4 (also see
Figure S3). Figure 4 (a and b) displays the TEM images
of the Mn3O4–graphene nanocomposites at low and high
magnification, respectively. From these images it can be
seen clearly that Mn3O4 particles with sizes of 20–40 nm
are homogeneously deposited on the thin graphene layers,
which was also revealed by a field emission scanning elec-
tron microscopy (FESEM) study (Figure S3). Interestingly,
the Mn3O4 NCs are not completely dense but have some
pinholes that make them porous. In addition, we found that
in the image some of the Mn3O4 NCs are brighter than
others, which seem to suggest that they are enveloped in a
thin film. Since the functional groups, such as hydroxy and
epoxy groups, are attached to both sides of GO sheets, the
Mn3O4 NCs appear on both sides of the support; some
NCs are located on one side of the graphene oxide sheet,
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Figure 3. XPS spectra of GO and Mn3O4–graphene nanocomposites: (a) wide scan; (b) Mn 2p spectra of the Mn3O4–graphene nanocom-
posites; (c) C 1s spectra of the Mn3O4–graphene nanocomposites; (d) C 1s spectra of GO.

Figure 4. Typical TEM images of the as-synthesized Mn3O4–graphene nanocomposites: (a) low magnification; (b) high magnification; (c)
HRTEM image; (d–f) HAADF–STEM images.

while others lay the other side of the sheet.[45] From the
curved edge (Figure 4, b), it is easy to see that some NCs
are located on the underside of the graphene surface
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(marked with arrows). A high resolution transmission elec-
tron microscopy (HRTEM) measurement gave further in-
sight into details of the morphological and structural fea-
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tures of the NCs. Figure 4 (c) clearly demonstrates the well
textured and single crystalline nature of the Mn3O4 NCs in
the Mn3O4–graphene composite. The nanoparticles show
the same lattice fringes throughout, indicating their single
crystalline nature. Lattice fringes with a separation of
0.493 nm were clearly observed in the pattern shown in Fig-
ure 4 (c), and can be indexed as the {101} planes of the
tetragonal Mn3O4 lattice. HAADF–STEM images further
confirm that the Mn3O4 NCs (bright spots) with a diameter
of 20–40 nm are homogeneously spread over the graphene
surface (Figure 4, d). The presence of the thin layered GNS
can be seen clearly from its edge (Figure 4, e). Some small
holes scattered on the NPs surface are visible, which is in
good agreement with the results of the TEM studies (Fig-
ure 4, f). It is worthwhile to note that the interactions be-
tween the NCs and graphene sheets are quite strong, and
cannot be destroyed even after a long time under ultra-
sound irradiation. Because of the poor dispersion of the
Mn3O4–graphene nanocomposites in ethanol, a long period
of sonication is needed during the preparation of TEM
specimen, however, the NCs are still strongly anchored to
the surface of graphene sheets and do not become detached.
The intimate contact between the Mn3O4 NCs and the
graphene sheets enables fast electronic and ionic transport
through the active materials to the charge collector, and
thus improves the electrochemical performance of the mate-

Figure 5. Cyclic voltammograms of the Mn3O4–graphene electrode recorded at scan rates of 5 to 40 mVs–1: (a–b) charge–discharge curves
for the Mn3O4–graphene electrode in 2 m KOH aqueous electrolyte recorded at different current densities over the potential range of –0.5
to 0.4 V; (c) plot of specific capacitance as a function of current density; (d) capacitance retention of the Mn3O4–graphene electrode as
a function of cycle number. The inserts show the charge–discharge profiles of the first five charge–discharge cycles recorded with a current
density of 2 Ag–1 and with a voltage window of –0.5 to 0.40 V.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 628–635632

rials. Moreover, the NCs on the surface of the graphene
sheets can act as spacers to efficiently prevent the aggrega-
tion of the NCs as well as the restacking of graphene sheets,
thus avoiding a loss of their high active surface area.[54] In
addition, Mn3O4–graphene composites with different
Mn3O4 loadings were prepared by simply manipulating the
amount of GO sheets in the reaction mixture, while the
amount of MnAc2 was kept unchanged (Figure S4).
FESEM images of pure Mn3O4 after the hydrothermal re-
action are shown in Figure S5. As expected, the Mn3O4

nanoparticles 20–60 nm in size agglomerated severely to
form particles several micrometers in size. Figure S6 shows
a FESEM image of the as-synthesized graphene. It is evi-
dent that the pure graphene sheets have some wrinkles and
folds but are not transparent, suggesting that serious re-
stacking of the sheets occurs after the hydrothermal re-
duction of the material, which is consistent with the XRD
results (Figure S6).

The electrochemical performance of the as-prepared
Mn3O4–graphene composite was first evaluated by means
of cyclic voltammetry (CV) performed with the composite
in a 2 m KOH electrolyte, and over the –0.5–0.4 V range. As
can be seen in Figure 5 (a), the Mn3O4–graphene electrode
shows characteristics of pseudocapacitance caused by elec-
trochemical reactions, which is very different from that ex-
pected for electrical double-layer capacitance in which the
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CV curve has close to an ideal rectangular shape.[5,10,51] Re-
dox reaction peaks are visible in the CV curves implying
that the measured capacitance is mainly associated with a
redox mechanism. The pseudocapacitance arises from the
reaction between the Mn4+ ions and the electrolyte, which
is mainly governed by the intercalation and deintercalation
of K+ species within the manganese oxide.[10,21,45] The peak
current increases when the scan rate is increased from 5 to
40 mVs–1, and the shape of the CV curve changed grad-
ually. However, the anodic peak potential and cathodic
peak potential shifted only slightly indicating that a small
equivalent series resistance (ESR) occurred.[55] The charge–
discharge behavior of the as-prepared Mn3O4–graphene
electrode in KOH solution (2 m) was evaluated by galvano-
static charge–discharge cycling at different current densities
over the potential range of –0.5–0.4 V [vs. saturated calomel
electrode (SCE)]. For comparison, pure graphene and
Mn3O4 NCs prepared by the same procedure as the com-
posite were also studied under the same electrochemical
conditions (Figure S7). The Mn3O4–graphene electrode
shows a longer charge–discharge time in its V/t curves than
the pure graphene and Mn3O4 NCs, implying that it has a
larger capacitance than these materials. Moreover, the
charging curves are somewhat mirror-symmetrical to their
discharging counterparts, indicating that the Mn3O4–
graphene electrode has high electrochemical reversibility
and excellent capacitive characteristics.[51] The specific ca-
pacitances were calculated from the galvanostatic discharge
curves with the equation C = It/(ΔVm), where I is the cur-
rent applied, t is the total discharge time, ΔV is the potential
drop during discharge, and m is the mass of the sample on
one electrode. On the basis of this equation, the specific
capacitance values for the Mn3O4–graphene composite,
pure graphene and Mn3O4 NCs were calculated, from the
discharge curves, to be 213.3, 57.8, and 22.2 Fg–1, respec-
tively. It is worthy of note that the background capacitance
of the nickel foam (including acetylene black) was negligible
(Figure S7), suggesting that the capacitance measured was
mainly due to the Mn3O4–graphene composite. Import-
antly, the Mn3O4–graphene composite exhibits much better
rate capability compared to the pure Mn3O4 electrode. Part
b of Figure 5 shows representative charge–discharge pro-
files for the Mn3O4–graphene electrode recorded at various
current densities. For example, more than 71% of the spe-
cific capacitance is retained as the current density is in-
creased to 4 A g–1. The specific capacitance still has a value
of 106 F g–1 even with a high charge and discharge current
density of 12 Ag–1 suggesting that the Mn3O4–graphene
electrode has good rate capability (Figure 5, c). Further-
more, the electrochemical stability of the Mn3O4–graphene
electrode in 2 m KOH aqueous solution was investigated by
chronopotentiometry measurements over the range of –0.5
to +0.4 V and at 2 A g–1. As shown in Figure 5 (d), the spe-
cific capacitance only decreases by 6.32 % of the initial ca-
pacitance after 1000 cycles, revealing the excellent electro-
chemical stability of the Mn3O4–graphene electrode.

Figure S8 shows the Ragone plot (power density vs. en-
ergy density) of the Mn3O4–graphene composite electrode.
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This electrode material can deliver an energy density of
12 W hkg–1 at a power density of 5.4 kW kg–1 based on the
total mass of composite, which is superior to pure graphene
and Mn3O4 NCs. Encouragingly, these values can meet the
criteria (a power density of 5–10 kW kg–1 and energy den-
sity of approximately 5 Wh kg–1) for next-generation super-
capacitors.[10] The excellent pseudocapacitive performance
of the Mn3O4–graphene composite electrode is probably
due to the positive synergistic effects between the Mn3O4

and graphene.[45,54] Firstly, the well dispersed Mn3O4 NCs
on the GNS could effectively inhibit the stacking/agglomer-
ating of the GNS sheets. Similarly, Mn3O4 NCs anchored
on the GNS sheets could reduce the aggregation of the NCs
making nearly every NCs accessible for electronic and ionic
transport pathways, resulting in high double-layer capaci-
tance, and importantly, enhancing the utilization of the
active materials and mitigating the internal resistance of the
capacitors, thus increasing the specific capacitance value
and cycle stability of the composite.[56] Secondly, graphene
also provides a highly conductive network for electron
transport during the charge and discharge processes.
Thirdly, the pores within the NCs cannot only provide more
active sites for the intercalation and deintercalation of K+

species, but they also improve the accessibility of the com-
posite to the electrolyte ions and shorten the ion diffusion
and migration pathways. Furthermore, the graphene in the
composite can provide an elastic buffer space to accommo-
date the volume expansion/contraction of the Mn3O4 NCs
during insertion/extraction processes.[48,49,54] In addition,
the Faradayic charge transfer resistance for Mn3O4–graph-
ene nanocomposite electrodes is very low (Figure S9),
which also contributes to the enhancement of the extent of
utilization of the active materials and mitigates the internal
resistance of the capacitors, therefore increasing their spe-
cific capacitance values.[51] Porous Mn3O4–graphene nanoc-
omposites are expected to make a significant contribution
to the advancement of high performance supercapacitors
because of the low cost associated with the precursor and
the simplicity in the preparation of this novel structure, and
they also serve as promising candidates for other applica-
tions such as catalysis and lithium-ion batteries.

Conclusions

In summary, we have succeeded in preparing porous
Mn3O4–graphene nanocomposites by a facile solution
based approach. The phase composition, morphology, and
structure of the as-prepared products were studied in detail.
Electrochemical studies were carried out with CV and gal-
vanostatic charge–discharge measurements with a three-
electrode system. The Mn3O4–graphene nanocomposite
showed improved electrochemical performance relative to
its individual components due to the positive synergistic ef-
fects between the Mn3O4 and graphene. A maximum spe-
cific capacitance of 236.7 F g–1 has been obtained for this
nanocomposite in 2 m KOH aqueous electrolyte at a current
density of 1 Ag–1 and with a voltage window of –0.5 to
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0.40 V. Furthermore, the Mn3O4–graphene-based superca-
pacitors exhibited enhanced rate capability and excellent
electrochemical stability relative to electrodes comprising
pure graphene or Mn3O4. These characteristics indicate that
porous Mn3O4–graphene nanocomposites are promising
electrode materials for supercapacitors.

Experimental Section
General: All chemical reagents (analytical grade) were used as re-
ceived without further purification. Deionized water was used for
all procedures.

Preparation of GO: The graphite oxide (GO) was synthesized from
pristine graphite powder by a modified Hummers method (Figure
S1).[50] GO (10 mg) and water (20 mL) were ultrasonicated in a
beaker for 90 min in order to fully exfoliate the graphite oxide to
give GO sheets (Figure S2). In this way a homogeneous GO aque-
ous dispersion (0.5 mgmL–1) was obtained.

Preparation of Mn3O4–Graphene Nanocomposites: In a typical pro-
cedure, an aqueous solution (10 mL) of MnAc2·4H2O (0.4 mmol)
was added dropwise to an aqueous suspension of GO (20 mL).
After continuous stirring for 2 h, an aqueous solution of NaOH
(10 mL, 0.8 mmol) was added dropwise into the mixture. Finally,
the mixture was sealed in a Teflon-lined stainless steel autoclave
for hydrothermal reaction at 180 °C for 12 h. The final product was
washed several times with water and ethanol, and then dried at
80 °C for 12 h. For comparison studies, Mn3O4 particles and graph-
ene were also prepared under the same conditions but without the
presence of GO or MnAc2.

Characterization: The structural phases of the products were mea-
sured by powder X-ray diffraction (XRD) experiments on a
RigaKu D/max–RB diffractometer with Ni-filtered graphite-mono-
chromatized Cu-Kα radiation (λ = 1.54056 Å). Field emission scan-
ning electron microscopy (FESEM) studies were carried on a JEOL
JSM-6701F instrument. Transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM), and
high angle annular dark field scanning transmission electron micro-
scopy (HAADF–STEM) studies were carried out on a FEITEC-
NAIF TEM (FEI, Tecnai 30) operating with an acceleration volt-
age of 300 kV. Samples were prepared by first dispersing the sample
powder in ethanol by ultrasonic treatment, and then the dispersion
was dropped onto a carbon coated copper grid, and dried in air.
Fourier transform infrared (FTIR) spectra were measured from
4000 to 400 cm–1, at room temperature, on an IFS 66v/s FTIR
spectrophotometer. X–ray photoelectron spectroscopy (XPS, X–ray
monochromatisation, Thermon Scientific) was carried out with Al-
Kα as the radiation source; the binding energies obtained in the
XPS analysis were calibrated against the C 1s peak that was locked
at 285.0 eV.

Preparation of Electrodes and Electrochemical Measurements: The
fabrication of the working electrodes was carried out as follows: the
electroactive material (80 wt.-%), acetylene black (15 wt.-%), and
poly(tetrafluoroethylene) (5 wt.-%) binders were mixed in ethanol
to form a homogeneous slurry, which was then pressed onto a
nickel grid (about 1 �1 cm2) and dried at 60 °C overnight. The
electrochemical measurements were done with a three-electrode cell
with Pt foil (1�1 cm2) as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. The electrolyte
was 2 m aqueous KOH solution. CV tests were done between –0.5
and 0.4 V (vs. SCE) and at different scan rates. The long term gal-
vanostatic charge–discharge was evaluated with a LAND CT2001A

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 628–635634

multichannel galvanostat operating in the potential range of –0.5–
0.4 V (vs. SCE) and at a current density of 2 Ag–1. CV and chrono-
potentiometry (CP) tests were performed on an electrochemical
workstation (CHI 660B, Chenhua, Shanghai). Before electrochemi-
cal tests, the working electrodes were aged for 12 h to ensure good
soakage of the electroactive material in the electrolyte.[51]

Supporting Information (see footnote on the first page of this arti-
cle): Additional TEM and FESEM images, AFM image, XRD
analysis, galvanostatic charge–discharge curves, and Ragone plot.
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A novel inorganic-organic hybrid compound, allylammonium
hexabromobismuthate(III), (C3H5NH3)3BiBr6 (ABB), was syn-
thesised and its structure determined by means of single-
crystal X-ray diffraction studies at four temperatures (280,
230, 170 and 100 K). At 100 K, the compound crystallises in
the monoclinic space group, C2/c. Its crystal structure con-
sists of discrete BiBr6

3– anions and three inequivalent allyl-
ammonium (C3H5NH3)+ cations. Four solid-solid structural
phase transitions for ABB were detectable by means of DSC
and dilatometric techniques: continuous (I↔II) at 272/272 K
(upon heating/cooling), discontinuous (II↔III) at 218/215,
discontinuous (III↔IV) at 205/204 K and discontinuous

Introduction

Organic-inorganic hybrids based on the halogenoantim-
onates(III) and halogenobismuthates(III) of the general
formula RaMbX3b+a (where R denotes the organic cation,
M the SbIII or BiIII ion and X denotes the halogen atom:
Cl, Br, I) have been studied extensively. Protonated alkylam-
monium or heteroaromatic amines have been incorporated
into the crystal structure. Many of the organic-halogenoan-
timonates(III) / halogenobismuthates(III) were found to ex-
hibit unique properties with potential applications as non-
linear polar and nonlinear optical materials (NLO).[1–5] The
anionic structure can vary considerably ranging from a sys-
tem based on isolated MX6 octahedra to ones containing
extended chains and up to 2- or 3D networks. Experimental
studies have shown that the ferroelectric properties have
some tendency to appear in the 2D anionic substructures
encountered in R3M2X9-type connections.[6–9] So far, sev-
eral synthesised ferroelectrics were found to crystallise with
a R5M2X11 composition in which the anionic network con-
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(IV↔V) at 146/144 K. The ferroelastic domain structure was
observed over one intermediate phase (III) below 215 K. The
electric properties of ABB have been measured over a wide
temperature range (105–310 K). Low frequency relaxation
processes with dielectric increments Δε1 ≈ 0.9 and Δε2 ≈ 0.05
were observed within phases II and V, respectively. Tempera-
ture-dependent vibrational properties of ABB in the fre-
quency region 3500–500 cm–1 and the molecular motions of
its allylammonium cations were studied by means of proton
magnetic resonance. The mechanisms of the phase transi-
tions in the title compound are discussed.

sists of discrete bioctahedral units Bi2X11
5–.[10–15] Generally,

the ferroelectricity of these subgroups of crystals is due to
the dynamics of the organic cations, thus the paraelectric-
ferroelectric phase transitions are characterised by an “or-
der-disorder” mechanism. The ferroelectricity appears in
the compounds comprised of different types of cations,
such as small size alkylammonium (methyl-, dimethyl- and
trimethylammonium) and unsubstituted heteroaromatic
moieties (imidazolium and pyridinium). Recently, the ferro-
electric properties were reported in R2MX5 and RMX4-type
compounds containing bulky organic cations (methylviol-
ogen cation and stilbazolium or 4-aminopyridinium).[16–18]

In the case of the n-alkylammonium cations incorporated
into the crystal structure of halogenoantimonates(III) and
halogenobismuthates(III), an increase of the alkyl chain
length (n-propyl-, n-butyl- and n-pentylammonium) re-
sulted in an increase in the complexity of the phase transi-
tion sequence because of various possible reorientational
motions and conformational states of the organic moie-
ties.[19–22] Recently, three allylammonium analogues, namely
(C3H5NH3)2SbCl5·(C3H5NH3)Cl,[23] (C3H5NH3)3BiCl6[24]

and (C3H5NH3)3SbBr6
[25] were synthesised and structurally

characterised. These compounds undergo structural phase
transitions, mostly below room temperature and this was
explained in terms of the dynamics of the allylammonium
cations.

In this paper, we report the single-crystal X-ray diffrac-
tion structures at four temperatures, as well as the thermal,
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dielectric and temperature-dependent vibrational properties
of (C3H5NH3)3BiBr6. The present investigation of the spin-
lattice relaxation time (T1) was undertaken to obtain infor-
mation about the cationic motion. The phase transitions
mechanisms in (C3H5NH3)3BiBr6 are discussed.

Results and Discussion

Single-Crystal X-ray Diffraction

The crystal structure of the title compound at 280 K be-
longs to the monoclinic system and space group C2/m.
There is half a BiBr6

3– [hexabromobismuthate(III)] anion
and three allylammonium cations in the asymmetric unit
(Figure 1a). The geometry of the anions, which form the
isolated octahedral units, is presented in the Supporting In-
formation (Table S1). The Bi atom of the anion is located
in a special position (mirror plane m). The anion exhibits
disorder in which two of the four crystallographically unre-
lated bromine atoms (Br3, Br4) are located in the special
positions (mirror plane m, occupancy factors are equal to
0.21) or close to them (Br31 and Br41). Similarly, all crys-
tallographically unrelated allylammonium cations N1–C2–
C3–C4, N11–C12–C13�C14 and N21–C22–C23�C24
(marked in red, black and blue in Figure 2, respectively),
which are also located close to the special positions (mirror

Figure 1. Crystal structure of (C3H5NH3)3BiBr6 at (a) 280 K, (b) 230 K, (c) 170 K and (d) 100 K. The asymmetric unit is labelled. The
thermal ellipsoids are drawn with 30% probability.
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plane m), reveal disorder (Figure 2a). Taking into account
the orientation matrix and the magnitude of the unit cell,
the c axis of the unit cell at 230 K is twice as large as the
one at 280 K. The a and b axes, and the β angle change
only insignificantly. At 230 K the crystal structure was de-
termined in the monoclinic system and space group I2/a.
All components are located in general positions. Similarly
to what was observed in the structure at 280 K, the anion
reveals the disorder at 230 K. However, at 230 K, all six
crystallographically unrelated bromine atoms of the anions
reveal a two-site disorder with occupancy factors 0.79 and
0.21. In the crystal at 280 K and 230 K alike, there are three
crystallographically unrelated allylammonium cations (see
Figures 1b and 2b), although one of them is ordered, N1–
C2–C3–C4, and this shows a N1–C2–C3–C4 torsion angle
equal to 107.2(12)°. At 170 K, the crystal structure was de-
termined in the monoclinic system and space group C2/c
(when the matrix of orientation at 230 and 170 K is consid-
ered the same). A decrease in temperature results in a fur-
ther ordering of the ions. At 170 K, only one of the three
crystallographically unrelated cations is still disordered.
The hexabromobismuthate(III) anion, as well as two of the
three crystallographically unrelated allylammonium cations
are ordered. The N1–C2–C3–C4 and the N11–C12–
C13�C14 torsion angles of the ordered cations are equal
to 106.1(9) and –112.8(10)°, respectively (see Figures 1c and
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Figure 2. Packing of (C3H5NH3)3BiBr6 at (a) 280 K, (b) 230 K, (c) 170 K and (d) 100 K. (The crystallographically unrelated allylammo-
nium cations at 280 K and corresponding cations at 230, 170 and 100 K are marked in red, black and blue). The [BiBr6]3– anions are
shown as sold green octahedra (the disordered Br� ions with occupancy factors smaller than 0.5 are omitted).

2c). At 100 K, the unit cell is about three times as large as
the one at 170 K. Both the a and c axes are multiplied. At
100 K the crystal structure was determined in the mono-
clinic system and space group C2/c (other than in the high
temperature orientation matrix). There are three BiBr6

3– oc-
tahedral units and nine allylammonium cations in an asym-
metric part of the unit cell (see Figures 1d and 2d). With
a decrease in temperature, further ordering of the crystal
structure was observed and at 100 K only two of the nine
crystallographically unrelated cations exhibit disorder. The
cations disordered at 170 K become ordered at 100 K.
There are N21–C22–C23�C24, N210�C220�C230�C240
and N211�C221�C231�C241 cations and all of them
adopt different conformations [the N21–C22–C23�C24,
N210�C220�C230�C240 and N211�C221�C231�C241
torsion angles are equal to –68.9(14), –128.2(8) and
–6.2(13)°, respectively]. On the other hand, two crystallo-
graphically unrelated cations ordered at 170 K become par-
tially disordered at 100 K. The conformation of the ordered
cations at 170 K does not change significantly at 100 K,
except one of the two disordered cations, namely
N110�C120�C130�C14A (occupancy factor equal to
0.31) for which the N110�C120�C130�C14A torsion an-
gle is equal to –2(3)°.

Thermal Properties (TGA, DTA, DSC and Dilatometric)

Figure 3 shows the results of simultaneous TGA and
DTA measurements between 300 and 700 K. The DTA
thermogram clearly illustrates that the decomposition of

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 636–646638

(C3H5NH3)3BiBr6 at ca. 535 K is highly exothermic. Fur-
ther heating above 620 K leads to a continuous and pro-
nounced decomposition of the sample. The results of the
calorimetric (DSC) measurements for (C3H5NH3)3BiBr6

are presented in Figure 4. Four reversible anomalies were
detected at: 272/272 K (I↔II), 218/215 K (II↔III), 205/
204 K (III↔IV) and 146/144 K (IV↔V) (upon heating/
cooling). The shape of the weak thermal anomaly observed
at 272/272 K is characteristic of a continuous (second or-
der) phase transition (PT). The sharp shape of the other
thermal anomalies and the observed small temperature hys-
teresis suggest first order PTs. The values of the transition
entropies, ΔStr, estimated to be ca. 5.4 Jmol–1K–1 (II↔III),

Figure 3. TGA and DTA thermograms of (C3H5NH3)3BiBr6 be-
tween 300 and 700 K (m = 12.13 mg).
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2.8 J mol–1 K–1 (III↔IV) and 5.5 Jmol–1 K–1 (IV↔V) are
characteristic of the transition with an “order-disorder”
mechanism.

Figure 4. DSC runs of (C3H5NH3)3BiBr6 (upon cooling/heating,
10 K min–1, m = 15 mg).

Figure 5 presents the results of the linear thermal expan-
sion, ΔL/L0, measured along three crystallographic direc-
tions for (C3H5NH3)3BiBi6. The results acquired during
cooling of the samples confirm the existence of four PTs.
The thermal anomalies observed during the heating cycle
(not presented in this paper) were reversible. The ΔL/L0

changes observed at 272 K (while cooling) along the a* di-
rection, perpendicular to the bc plane and the c direction
are typical of a continuous (second order) transformation.
This effect is not observed along the b direction. The ther-
mal characteristics at 218/215 K, 205/204 K and 146/144 K
(upon heating/cooling) confirm the first order character of
the transitions. The value of ΔL/L0 at 215 K increases in
the a* and c directions and decreases in the b direction. The
changes in the ΔL/L0 value at the PT are similar in the a*
and c directions and are approximately 1 �10–2. The value

Figure 5. Temperature dependencies of the linear thermal expan-
sion for (C3H5NH3)3BiBr6 along the a*, b and c directions.

Eur. J. Inorg. Chem. 2012, 636–646 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 639

in the b direction is approximately 6� 10–2. The increase of
the dimensionality of the sample at 204 K observed along
the a* and c directions is comparable and the ΔL/L0 value
is close to 6.5� 10–2. Along the b axis, the ΔL/L0 value
decreases by ca. 1�10–2. In Figure 5, mechanical defor-
mation over phase IV can be observed but only in the c
direction. The value of ΔL/L0 at 144 K decreases along all
three axes by about 3.7 �10–2, 3.7� 10–2 and 2.5�10–4 for
the a*, c and b directions, respectively.

Dielectric Properties of (C3H5NH3)3BiBi6

Dielectric measurements were performed during cooling
scans in the temperature range 140–310 K at frequencies
between 500 Hz and 1 MHz, in order to detect the possible
relaxation processes and effects of the structural PTs on the
dielectric characteristics of ABB. Figure 6a and b shows the
temperature dependencies of the real part of the electric
permittivity, ε�, along two directions b and c. The results of
the dielectric response along the c and a* directions are
quite similar thus the ε�a* (T,ω) function is presented in the
Supporting Information (Figure S1). The crystal is charac-
terised by a remarkable anisotropy of the electric permit-
tivity. The highest values of ε� are found along the c direc-
tion and this applies to all five phases. It is worth noting
that in phase II along the c direction, the permittivity in-
creases upon cooling while along the b axis it decreases.
According to expectations, at the I�II phase transition the
changes within ε� are typical of the continuous phase transi-
tions – there is no stepwise change in ε�. On the contrary,
when the crystal experiences the II�III, III�IV and IV�V
PTs, we observed a drop in the ε� value along the c direction
by ca. 2, 1 and 0.5, respectively. Along the remaining direc-
tions, the values were adequately lower. Figure S2 (in the
Supporting Information) shows, in turn, the temperature
dependence of the imaginary part of the electric permit-
tivity, ε��, measured along the a* direction around the I�II
phase transition and within phase V. A clear relaxation pro-
cess can be seen at all used frequencies. Within phase V,
however, it is characterised by an extremely low dielectric
increment (Δε ≈ 0.05). The activation energy, EA, was esti-
mated on the basis of the temperature dependence of the
maxima of ε��. The activation energies of the low- and high-
temperature processes are less than 40 and 50 kJmol–1,
respectively. The traces of these relaxation processes around
the IV�V phase transition may also be observed along the
b and c directions. When analysing the acquired dielectric
results, it can be stated that there is a possibility of some
molecular motion of dipolar groups which gradually freeze
when the crystal of ABB undergoes successive phase transi-
tions. The motion associated with the maximum change in
the dielectric dipole moment is frozen in the I�II phase
transition. It is interesting that the dielectric permittivity
diminishes within the III, IV and V phase transitions as
well. This indicates the continuous limitation of the molecu-
lar motion while cooling. The most interesting behaviour
from the dielectric point of view is observed over phase II
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and within the II�III PT temperature. The increase of the
dielectric increment just before reaching 215 K may be ex-
plained in terms of the strong dipole-dipole interactions
and is characteristic of weak antiferroelectric materials.[26]

On the other hand, the stepwise decrease in the electric per-
mittivity below 215 K (with εmax at 215 K) is encountered
in crystals with antiferroelectric order.

Figure 6. The temperature dependencies of the real parts of the
electric permittivity at selected frequencies for (C3H5NH3)3BiBr6

along the (a) b and (b) c directions.

Optical Observations

Below the transition temperature (II�III), 215 K, one
can observe the plate-like ferroelastic domains in the bc
plane with walls parallel to one of the monoclinic axis (b
or c), see Figure 7a. The picture also shows the phase front
between phases II and III. It should be emphasised that
apart from the very thin domains, one can see larger in size
ones (dark) which are most likely the ferroelastic needle-
like domains which are straight with a sharp tip at the end.
Below 204 K plate-like domains disappear whereas the
traces of large needle domains, unexpectedly, are still main-
tained (Figure 7b). This ferroelastic domain pattern is quite
complicated and requires additional studies. The presence
of a domain structure over phase III suggests a change in
the point group of this crystal according to the Sapriel clas-
sification – to the 2/mF1 species.[27] Below 204 K (phase IV)
the compound increases its point group, once more, to the
monoclinic 2/m group.

Figure 7. The microphotographs of the (C3H5NH3)3BiBr6 crystal
taken upon cooling during: (a) the II�III PT, (b) phase IV.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 636–646640

Vibrational Properties

The wavenumber regions in which the most spectacular
changes are observed during heating of (C3H5NH3)3BiBr6

from 10 to 300 K will be discussed in the further part of
this paper. Figure 8 presents the IR spectra of (C3H5NH3)3-
BiBr6 between 3500 and 40 cm–1 at 10 K (in KBr) and
300 K (in KBr, Nujol and Fluorolube) as well as the Raman
spectra at 300 K. The wavenumber regions between 3000
and 2800, 1530 and 1350 as well as 750 and 700 cm–1 are
shown as dotted lines because the bands in these regions
may arise both from the compound studied and the Nujol
film on the KBr windows used. Additionally, the IR spec-
trum was recorded, in a Fluorolube suspension, covering
the above-mentioned regions. The assignments of the ob-
served bands in the IR and Raman spectra were made on
the basis of the literature data for the neat allylamine[28]

and allylammonium cations[25] and the internal modes of
BiBr6

3– (Table 1).[29]

Figure 8. IR spectra of (C3H5NH3)3BiBr6 in KBr mulls (10 K and
300 K), in Fluorolube mulls (300 K), FTIR spectra (in Nujol,
300 K) and the FT-Raman spectra (300 K).

The temperature evolution of the bands in the infrared
spectra of (C3H5NH3)3BiBr6 between 1610 and 1530 cm–1

assigned to the δ(NH3
+) deformation vibrations is shown in

Figure 9. There are three modes (1585, 1571 and 1558 cm–1)
at 10 K in this range. During the III�II phase transition,
as a result of broadening of bands, the modes correspond-
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Table 1. Wavenumbers [cm–1], intensities and tentative assign-
ments[a] of the bands observed in the IR and Raman spectra of
(C3H5NH3)3BiBr6 at 10 and 300 K.

IR Raman Assignments
10 K 300 K 300 K

3422 vw 3429 vw ν(OH)
3379 vw

3183 w νas(NH3
+)

3166 m 3167 m

3117 m sh 3124 m sh νs(NH3
+)

3106 m

3074 vs 3083 m 3086 vw νas(=CH2)
3081 m*

3039 m sh 3034 m
3025 m 3017 vw sh νs(=CH2)
3005 m sh 3008 vw

2983 s* 2985 vw
2952 m 2955 s 2959 vw νas(CH2)
2915 s 2924 s 2925 vw

2888 s* 2887 vw
2875 s* 2878 vw

2847 s 2853 s νs(CH2)
2839 vw

2776 w 2779 w
2666 w 2669 w
2560 w 2563 w
2470 w 2476 w
2442 w 2430 w

1819 w 1836 w overtones

1646 w 1645 w 1645 vw ν(C=C)

1585 vs 1583 s
1571 vs 1568 s 1576 vw
1558 vs 1561 vw δ(NH3

+)
1546 vw

1495 w

1477 m 1472 vw
1463 vs 1468 vs

1454 s* 1453 vw δ(CH2)
1444 s sh 1445 s sh 1439 vw

1419 s 1423 s 1423 vw δ(=CH2)

1392 w* ω(CH2)
1368 s 1365 s 1363 vw

1311 s 1310 m τ(NH3
+)

1293 m sh 1292 m sh 1293 vw

1264 m sh 1263 m sh combination of
1193 s 1189 m 1189 vw τ(CH2) and

ρ(NH3
+)

1179 m sh

1134 m 1129 w 1126 vw

1101 vs 1095 s ν(C–N)

1058 m 1055 m ν(C–C)

1005 s 1009 m sh combination of
986 s 984 s τ(=CH2) and

ρ(NH3
+)

977 s 975 vw

961 vs ω(NH3
+)

956 vs 955 s 956 vw
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Table 1. (Continued).

IR Raman Assignments
10 K 300 K 300 K

949 s
944 s
937 s sh 936 s 935 vw
930 s sh ρ(CH2)
923 s sh
909 m 916 m sh
899 m sh

873 m 871 m sh 871 vw ρ(=CH2)
857 vs 858 s 852 vw

674 w
653 m 645 m γ(=CH) op
642 m 637 vw

572 w 562 w
549 w 546 w 549 vw
430 vw 428 vw

347 w 345 vw ν(C–C–N)

295 vw 287 vw
251 vw
231 vw

153 vs 158 vs
140 m

134 vs ν(Bi–Br)
130 vs
125 vs

103 m lattice vibration
81 m 82 m
77 w
71 w 70 vw

[a] s: strong, w: weak, sh: shoulder, m: medium, vw: very weak, *:
in Fluorolube, op: out of plane.

ing to wavenumbers 1571 and 1558 cm–1 overlap. Because
of that, over phase II and I, only two bands can be distin-
guished.

Figure 9. (a) Temperature evolution of the bands in the IR spectra
of (C3H5NH3)3BiBr6 between 1610 and 1530 cm–1, (b) temperature
dependence of their respective wavenumbers.
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The other characteristic changes in the evolution of the

spectra of (C3H5NH3)3BiBr6 are presented in Figure 10.
The modes between 1350 and 1120 cm–1 can be assigned to
the τ(NH3

+) twisting, τ(CH2) twisting and ρ(NH3
+) rocking

vibrations. At the lowest temperature (10 K) four bands can
be detected. One of them (1179 cm–1 at 10 K) disappears at
about 170 K (phase IV). One additional mode (1158 cm–1)
is found at 70 K (phase V) and disappears at about 240 K
(phase II). Over phase I, three bands are observed. As we
can see in Figure 10a, the three modes are rather fixed. Ac-
cording to expectations, the intensity of the modes de-
creases upon heating (Figure 10c).

Figure 10. (a) The temperature evolution of the bands in the IR
spectra of (C3H5NH3)3BiBr6 between 1350 and 1120 cm–1, (b) tem-
perature dependence of their respective wavenumbers, (c) intensity
of the modes (1134, 1193 and 1311 cm–1).

Figure 11a presents the temperature evolution of the
spectra of (C3H5NH3)3BiBr6 between 970 and 830 cm–1 and
the temperature dependence of the band wavenumbers
which has been separated into two parts (Figure 11b and
c). Figure 11b presents the region between 961 and
920 cm–1, in which the bands are assigned to the ω(NH3

+)
wagging and ρ(CH2) rocking vibrations. Seven bands (961,
956, 950, 944, 937, 930 and 923 cm–1) are observed at the
lowest temperature. At Tc(V�IV), only three of them can still
be seen. At T = 250 K (phase II) one mode (944 cm–1) dis-
appears. Over phase I, two bands can be distinguished. Fig-
ure 11c shows the temperature dependence of the band fre-
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quencies, observed in the region between 918 and 855 cm–1,
assigned to the ρ(CH2) and ρ(=CH2) rocking vibrations.
Four bands (909, 899, 873 and 857 cm–1) are seen at 10 K,

Figure 11. (a) The temperature evolution of the bands in the IR
spectra of (C3H5NH3)3BiBr6 between 970 and 830 cm–1, (b) tem-
perature dependencies of their respective wavenumbers between 961
and 920 cm–1 and (c) between 918 and 855 cm–1.

Figure 12. (a) The temperature evolution of the bands in the IR
spectra of (C3H5NH3)3BiBr6 between 700 and 530 cm–1, (b) tem-
perature dependence of their respective wavenumbers.
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one of which (899 cm–1) disappears at Tc(V�IV). The three
remaining modes may be observed from Tc(V�IV) up to
310 K (Figure 11c).

The final temperature evolution of the spectra of
(C3H5NH3)3BiBr6 considered in this paper, is shown in Fig-
ure 12. The bands observed in the presented region between
700 and 530 cm–1 can be assigned to the γ(=CH) out of
plane deformation vibrations. Five bands (674, 653, 642,
572 and 549 cm–1) are observed therein at 10 K, four of
them are seen within phases IV and III. The mode corre-
sponding to 674 cm–1 (10 K) disappears above 250 K (phase
II). During phase I, only three bands are observed (Fig-
ure 12b).

Proton Magnetic Resonance (1H NMR) Studies

The temperature dependence of the 1H NMR spin-lattice
relaxation time (T1) for (C3H5NH3)3BiBi6 is presented in
Figure 13. The studied dependence has the form of a very
broad minimum of the longitudinal proton relaxation times
(T1). At the temperatures of the phase transitions, the fol-
lowing changes can be observed: a jump of the relaxation
time (272 K) and a change of slope (218, 205 K). On the
other hand, at 146 K, despite the presence of a phase transi-
tion, no change in T1 could be detected. At two tempera-
tures, 95 and 108 K, the slope changes were found, which
might indicate the presence of a phase transition not con-
firmed so far by other methods. For all the observed slopes
in the temperature dependence of the 1H NMR spin-lattice
relaxation time (T1), the activation energies were deter-
mined within the temperature range 110–196 K. In order
to determine the parameters of the model, the BPP theory
equation was employed:[30]

where ω represents the resonance angular frequency, C is
the relaxation constant and τc is the correlation time. The
value of the observed minimum in the relaxation time T1

within the 110–196 K temperature range equals 39 ms (at
136 K). The temperature dependence of the correlation time
is described by the Arrhenius equation:

τc = τ0 exp(EA/RT)

where τ0 represents correlation time at the high temperature
limit, EA is the activation energy and R is the gas constant.
The observed values of the dynamic parameters are as fol-
lows: the activation energy EA = 6.49 kJmol–1, the corre-
lation time τ0 = 1.1 �10–11 s and the relaxation constant C
= 2.66 �109 s–2. It should be added that the fitting pro-
cedure did not consider the presence of the phase transition
at 146 K and we conclude that this phase transition should
be associated with the dynamics of anions. The allylammo-
nium cation consists of four components: NH3

+, �CH,
�CH2 and �CH2. From the NMR relaxation point of view,
the C3 reorientation of the ammonium groups �NH3

+

should be most dominant in the allylammonium molecule.
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In addition to that motion, subsequent movements of par-
ticular parts are possible due to the flexibility of the cation
chain. In the room temperature phase, the beginning of ax-
ial reorientation of the entire cation may be expected.

Figure 13. Temperature dependence of the relaxation time (T1) of
(C3H5NH3)3BiBr6.

The activation energies (EA) estimated over a wide tem-
perature range reflect the sequence of relaxation processes
starting progressively with increasing temperature. The EA

value obtained in the 110–196 K temperature range (ca.
6 kJmol–1) is comparable with that of the C3 reorientation
of the �NH3

+ groups in various alkylammonium cations
such as the CH3NH3

+ cation in (CH3NH3)5Bi2Cl11
[31] and

its deuterated derivatives,[32] and the n-propylammonium
cation of (n-C3H7NH3)2SbBr5.[33] A rapid increase in the
EA value around 218 K coincides with the structural PT
from phase II to III and may be explained by the release of
cationic motion around the long axes of the molecules. A
further increase in the EA value (ca. 25%) reflects the pres-
ence of a subtle structural anomaly at about 272 K.

Discussion

The sequence of PTs in the analysed allylammonium an-
alogues[23–25] is presented in Figure 14. According to the an-
ionic framework, all the allylammonium compounds can
be divided into two subgroups. The formal stoichiometry
is R3MX6. For the ACA, however, the correct notation is
R3MX5·X. The R3MX6-type compounds are characterised
by isolated MX6 octahedra while the anionic framework of
ACA consists of a discrete [Bi2Cl10]4– bioctahedra and two
isolated Cl– ions. Despite a different anionic structure, the
common feature from the point of view of dynamic proper-
ties of these compounds is the presence of reorientational
motions of the organic cations around their long axes. Ad-
ditionally, the R3MX6 and R3MX5·X-type compounds are
characterised by zero-dimensionality of the anionic sub-
structure (0D). If the anionic network in R3MX5·X com-
pound had formed polyanionic chains (1D structure), the
crystal packing of cations would have been significantly dif-
ferent. There are some analogies between sequences of PTs
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in all the R3MX6-type compounds. One is that they seem
to be isomorphic in the monoclinic high temperature phase
I (C2/m). The most characteristic common feature of the
R3MX6-type analogues is the presence of an intermediate
ferroelastic phase at low temperatures.

Figure 14. The sequence of PTs in (a) (C3H5NH3)3SbBr6 (ABA),
(b) (C3H5NH3)3BiBr6 (ABB), (c) (C3H5NH3)3BiCl6 (ACB), (d)
(C3H5NH3)3SbCl5·Cl (ACA).

The phase situation observed in ACA is less complex
compared with that found in the other three allylammo-
nium analogues. Only two phase transitions were detected
in ACA. At 298 K (phase I) and 86 K (phase II) the crystal
adopts the lowest point group (1). In the low-temperature
phase, the volume of the unit cell is doubled. The structure
in phase II is incommensurably modulated. The intermedi-
ate phase (II) of ACA is not ferroelastic as was observed in
R3MX6-type compounds. The sequence of PTs in ABB is
the most complex among the analysed allylammonium ana-
logues. The change in the dynamic properties of ABB is
related to a stepwise ordering of allylammonium cations as
well as anionic octahedra (Figure 15). The I�II PT (second
order) observed in ABB is accompanied by a partial order-
ing of the allylammonium cations (type N1), whereas the
remaining ones and the BiBr6

3– moieties are still disordered
over phase II. ΔStr(I �II) could not be estimated based on
a DSC experiment because this transition exhibits a pure
continuous feature. The crystal structure of the intermedi-
ate phase (III) is still unknown. Nevertheless, the transitions
from phase II to phase III and from phase III to IV are
accompanied by significant changes in the dynamics of
both allylammonium cations and the BiBr6 octahedron.
The total ΔStr for these transitions exceeds 8 J mol–1K–1

and confirms postulated changes in the reorientational dis-
order of the molecules. In phase IV, except for the N21-type
cations, all molecules are ordered. During the last PT,
IV�V, the ordering of the N21-type cations seems to be
confirmed by the calorimetric studies (ΔStr =
5.5 J mol–1 K–1). In the lowest temperature phase (V), one
of three inequivalent cations (type N1 and N11), constitut-
ing three different types (total number of cations: 9), exhib-
its static disorder (two-site model). All PTs in ABB, on the
basis of DSC and X-ray studies, are classified as “order-
disorder”. The I�II PT and especially the II�III and III-
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�IV PTs are dielectrically active. Two later ones are charac-
terised by a noticeable reduction in the dielectric increment
(Δε ≈ 1.5–2.5). Freezing of the motion of dipolar allylam-
monium cations reorienting around their long axes, leads
to a significant decrease in the epsilon value. It should be
emphasised that, over phase II, the electric permittivity (ε�)
shows a visible increase (when approaching 215 K) which
may reflect weak collective motions of cations, typical of
ferroelectric materials. The dynamics of these polar groups
is relatively slow because the dielectric relaxation process
over phase II takes place within the kilohertz frequency re-
gion. The motion of the BiBr6

3– moieties (embedded small
dipole moment) is not expected to contribute to the electric
polarisation of the system (ε). Below Tc(III�IV), ε� drops
continuously to a relatively small value, which indicates that
electric dipoles are becoming more and more ordered. The
1H NMR studies at the lowest temperature (phase V), indi-
cate merely the C3 type motion of the �NH3

+ groups. With
the increase in temperature over phases II and I, release of
the cationic motions around the long axis of the molecules
is postulated. The cationic substructure dynamics proposed
by X-ray diffraction results of ABB are fully confirmed by
the present 1H NMR studies of cationic motions around
the long axes of the molecules.

Figure 15. Schematic representation of the disorder of the allyl-
ammonium cations and BiB6

3– anions in ABB (p is the probability
for each position of the same ions). Ellipsoids in phase I mean that
cations are characterised by multiple positions but during determi-
nation of the structure, a two-site model was assumed.

Conclusions

The complex of allylamine and bismuth(III) bromide has
been discovered to crystallise in a stoichiometric ratio of 3:1
to give (C3H5NH3)3BiBr6 (ABB). The anionic substructure
consists of discrete BiBr6 octahedral units (0D-type) and
organic cations. All molecules appeared to be highly disor-
dered in the room temperature phase (monoclinic sym-
metry, C2/m). The progressive diminishing of reorienta-
tional motions of anionic and cationic moieties with tem-
perature leads to four solid-solid phase transitions (PTs) at
272, 215, 204 and 144 K. One intermediate phase (between
215 and 204 K) exhibits a ferroelastic domain structure.
The single-crystal X-ray diffraction at four temperatures,



Inorganic-Organic Hybrid Bismuthate Compound

Table 2. Experimental data for X-ray diffraction study of (C3H5NH3)3BiBr6 at 280, 230, 170 and 100 K.

Formula weight [g mol–1] 862.75 862.75 862.75 2588.26
T [K] 280(2) 230(2) 170(2) 100(2)
λ [Å] 0.71073
Crystal system monoclinic
Space group C2/m I2/a C2/c C2/c
a [Å] 23.725(3) 23.546(3) 23.675(3) 47.408(4)
b [Å] 8.082(2) 8.047(2) 7.987(2) 7.960(2)
c [Å] 12.497(3) 24.955(3) 24.590(3) 39.066(4)
β [°] 109.02(3) 108.65(3) 107.47(3) 116.95(3)
V [Å3] 2265.4(8) 4480.1(14) 4435.3(14) 13141(4)
Z 4 8 8 24
ρ [g cm–1] 2.530 2.558 2.584 2.616
μ [mm–1] 18.359 18.567 18.754 18.989
Crystal size [mm] 0.17�0.11�0.06
R1/R2 indices [I � 2σ(I)] 0.0314/0.0621 0.0276/0.0491 0.0294/0.0585 0.0314/0.0523

thermal, dielectric, vibrational (IR) and 1H NMR studies
confirmed the contributions of the anionic and cationic dy-
namics to the mechanism of successive PTs.

Experimental Section
General: The crystals of (C3H5NH3)3BiBr6 were prepared by a reac-
tion of prop-2-en-1-amine (allylamine) and BiBr3 in a concentrated
HBr solution (molar ratio 3:1). The crystalline products were twice
recrystallised. Single crystals were grown by slow evaporation from
an aqueous solution at constant room temperature.

The purity of the compound was confirmed by elemental analysis
and PXRD. The mass percentages were: N 4.91 (4.90); C 12.73
(12.61); H 2.74 (2.82). The values in brackets are theoretical.

Differential scanning calorimetry (DSC) runs were recorded with
a Perkin–Elmer DSC 8500 instrument in the temperature range
100–350 K with a ramp rate of 5 K min–1. The TGA and DTA
measurements were performed on a Setaram SETSYS 16/18 instru-
ment between 290 and 700 K with a ramp rate of 2 K min–1. The
scan was performed in flowing nitrogen (flow rate: 1 dm3 h–1). The
dilatometric measurements were carried out by using a Perkin–El-
mer TMA-7 thermomechanical analyser in the temperature range
100–350 K with a ramp rate of 2 K min–1. The dimensions of the
sample were as follows 5�3�1 mm.

The complex electric permittivity, ε* = ε� – iε��, was measured with
Agilent 4284A and Agilent 4980A Precision LCR meters in the
frequency between 100 Hz and 2 MHz and in the temperature
range between 100 and 350 K. The dimensions of the single crystal
sample were as follows 5 �3�1 mm. The plates were painted sil-
ver. The overall error in the estimation of the real and imaginary
parts of the complex electric permittivity was about 5%. The pyro-
electric charge was measured by using a KEITHLEY 617 electrom-
eter with a temperature rate of 3 K min–1.

The infrared spectra of the crystals [mulls in KBr and Fluorolube
(at room temperature)] in the temperature range 10–300 K were
recorded with a Bruker IFS-88 FTIR spectrometer over the wave-
number range 4000–40 cm–1 with a resolution of 1.0 cm–1. Powder
FT-Raman spectra were recorded with an FRA-106 attachment to
the Bruker IFS-88 spectrometer over the wavenumber range 3500–
80 cm–1 at room temperature. The program GRAMS/386 from Ga-
lactic Industries was used for numeral fitting of the experimental
data.

Measurements of proton relaxation times T1 were carried out over
a wide temperature range, using a Bruker SXP pulse spectrometer
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operating at a Larmor frequency of 90 MHz, by means of 180°–
(τ)–90° pulse sequences for times less than 1 s and by a saturation
recovery method for times longer than 1 s. For the 1H NMR experi-
ment, the sample was evacuated and sealed off.

Single-crystal X-ray diffraction measurements were performed on
a Kuma KM4CCD-axis diffractometer with graphite-monochro-
mated Mo-Kα radiation using an Oxford Cryosystem device
(Table 2). The data were corrected for Lorentz and polarisation
effects. An analytical absorption correction was applied. Data re-
duction and analysis were carried out with the Oxford Diffraction
(Poland) Sp. z o.o. (formerly Kuma Diffraction Wroclaw, Poland)
programs. The structures were solved by Patterson methods and
refined by the full-matrix least-squares method using all F2 data,
as implemented by the SHELXL97 program.[34]

CCDC-835098, -835099, -835100, -835101 contain the supplemen-
tary crystallographic data for (C3H5NH3)3BiBr6 at 280 K, 230 K,
170 K and 100 K, respectively. 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): Table S1. Selected bond lengths (Å) and angles (°) of
(C3H5NH3)3BiBr6 at 280 K, 230 K, 170 K and 100 K.
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Matrix assisted laser desorption/ionisation mass spectrome-
try (MALDI-MS) methods have been developed for the char-
acterisation of neutral [2�2] metallogrids derived from
diimine, dihydrazone and diacylhydrazone ligands. Such
grids may be protonated in solution to give cationic species
but in most cases these are labile, so that rather delicate con-
ditions are required for observation of the intact metallogrids
as monoprotonated derivatives in the gas phase. As a MALDI
matrix, 2,4,6-trihydroxyacetophenone (THAP) is sufficiently
acidic to enable monoprotonation of the grids unaccompan-
ied by dissociation, and if the grid sample is initially de-
posited by a layering technique to avoid any preliminary
dissociation in solution the mass spectrum of the intact mono-

Introduction

Metallosupramolecular chemistry has generated a vari-
ety of inorganic architectures by self-assembly processes
with suitably designed ligands and specific metal ions.[1–8]

Amongst the remarkably diverse range of structures now
known, an important group is that of the (metallo)grids in
which an essentially planar regular array of metal ions is
constrained by rigid polytopic ligands.[9–15] The most abun-
dant of these grids are those of the [2�2] type formed by
relatively readily synthesised ditopic ligands, and the pres-
ent work is concerned with such grids, formed with the li-
gands L1H2–L10H2 (Scheme 1), in their deprotonated forms
i.e. as neutral [M4(Ln)4] units, where M is a dipositive metal
ion.

In regard to the possible application of these grids as
receptors is solution, it is essential to know whether the grid
structure, usually readily established in the solid state by
single crystal X-ray diffraction measurements,[9–11,15] is in-
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protonated grid is readily obtainable. The stoichiometry of 24
grids obtained from several different ligands and metals was
confirmed with this optimized protocol. The deposition tech-
nique used means that the best signal-to-noise ratio in the
spectra is obtained with only a small number of laser shots
(ca. 5) to volatilise the sample. This MALDI-MS protocol can
be applied to the study of grid dissociation in solution and in
the case of CuII grids, in particular, has revealed the forma-
tion of various unusual clusters. The crystal structure is re-
ported of one such cluster that was isolated and contains a
nonionisable ligand that is related to that incorporated within
the grids analysed by the MALDI-MS protocol.

Scheme 1. Ligands that give rise to the grid complexes studied in
the present work.

deed retained in solution and under what range of condi-
tions this may be true. In some instances with diamagnetic
grids, their 1D NMR spectra show characteristic splittings
uniquely compatible with the grid structure,[9] but in other
instances the apparent symmetry is higher than that ex-
pected for the grid, while in the spectra of most paramag-
netic complexes peak broadening and the loss of coupling
mean that the spectra cannot be used to establish unambig-
uously the grid form.[16] Diffusion ordered spectroscopy
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(DOSY) measurements may prove to be suitable for this but
there is uncertainty in relating diffusion coefficients to the
nuclearity of nonspherical species, which is probably the
state of the grid complexes in solution.[12,17] In principle,
equilibrium measurements could be used to determine sta-
bility constants from which species distributions could be
calculated, but the systems are extremely complicated to re-
solve and in practice it is nigh impossible to find a solvent
suitable for all reaction components and thus enable mea-
surements of homogeneous media. Hence, with advantages
such as an insensitivity to the magnetic state of the com-
plexes, the present study was initiated in the hope that mass
spectrometry would provide a means to surmount most of
these problems, at least to the extent of defining conditions
under which the solid state species are retained in solution.

Over the past several years, electrospray ionization mass
spectrometry (ESI-MS) has emerged as a powerful tool for
the investigation of noncovalent biological complexes[18–21]

as well as supramolecular assemblies,[22–25] including grid-
type complexes.[26] However, ESI-MS only detects the
charged species present in any solution and thus is unsuited
to the characterisation of neutral species unless they are
convertible to cations or anions without any other change
in their composition. While certain grids do undergo revers-
ible protonation/deprotonation reactions in solution,[26]

grids derived from diacylhydrazones (Scheme 1, ligands L3–
L11) are stable when the ligand is in its dianionic form but
tend to dissociate when acid, sufficient to protonate the li-
gand, is present.[16] That MALDI-MS can provide a solu-
tion to the dilemma of how to obtain the mass spectrum of
an intact neutral grid derivative was unanticipated, but in
fact it appears that reaction between the neutral grids and
the weakly acidic matrix materials can lead to the transfer
of a single proton to each complete grid and thus to the
generation of monocations that are sufficiently stable to be
detectable by mass spectrometry. It is the fact that the pro-
ton transfer most certainly occurs in the MALDI-plume
following laser excitation and not in solution that is the
origin of the success of this method, since reaction between
the matrix material and the grids in solution leads to exten-
sive decomposition.[27] In contrast to some other metal
complex systems,[28] here it appears that the special reactiv-
ity of a MALDI system can be advantageous.

It may be noted that MALDI-MS operating with
adapted sample preparation and analysis conditions has
been shown, since its development in 1988,[29] to be a very
powerful technique for the analysis of compounds involved
in noncovalent interactions, such as is commonly the case
for proteins. It has been successfully used to characterise
numerous multinuclear metal complexes, [30,31,32] and thus
the present work defines an extension of its applicability.

Results and Discussion
Optimization of the MALDI Protocol

MALDI Matrix Selection

Three common MALDI matrices were tested in this
study: α-cyano-4-hydroxy-cinnamic acid (CHCA), 1,8,9-
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anthracenetriol (dithranol) and 2,4,6-trihydroxyaceto-
phenone (THAP). THAP and dithranol are often used as
matrices for acid-sensitive species because of their consider-
ably lower acidities compared to other commonly used ma-
trices such as CHCA. For the matrix selection, two grids
derived from the acylhydrazone ligands L5H2 and L6H2,
that of the former having been characterised crystallograph-
ically as a grid, [16] were chosen to provide a sensitive test
of the method, as it is known that grids derived from the
fully protonated (or N-alkylated) form of the dihydrazone
ligand L1H2 are sufficiently stable to be characterised by
conventional ESI-MS methods (see ref.[34] and references
cited therein). These initial experiments were conducted
with the “layered sample” method (see below).

With THAP as the matrix, the mass spectrum of [Zn4-
(L6)4] showed a single peak for a mass corresponding to
that of the intact protonated grid [(L6)4Zn4+H]+ (m/z =
2224.8) (Figure 1). With either dithranol or CHCA as the
matrix additional peaks were observed in the spectra of
[Zn4(L6)4]. In the spectrum recorded with dithranol as the
matrix, the peak for the free protonated ligand [L6H2+H]+

(m/z = 493.2) was the most intense, indicating that dissoci-
ation of the complex had occurred while it was in the initial
solution. In the spectrum measured with CHCA as the ma-
trix, the free protonated ligand [L6H2+H]+ (m/z = 493.3)
provided the base peak, with additional peaks appearing
for [(L6)2H2Zn+H]+ (39% ligand peak intensity) and for
[(L6)2Zn2+H]+ (8 % ligand peak intensity). This indicates

Figure 1. MALDI-TOF mass spectra of [Zn4(L6)4], prepared with
the layered sample preparation technique, measured in the positive
ion mode. Each spectrum is the sum of 160 shots. The y-scale is
normalized to the most intense peak in each mass spectrum. (a)
Matrix: THAP in THF; (b) matrix: dithranol in THF; (c) matrix:
CHCA in acetone.
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that at least partial dissociation of the grid had occurred,
with the peak for the intact protonated grid being extremely
weak (7% of the peak intensity of the protonated ligand).
Similar results were obtained for [Zn4(L7)4] with the same
matrices (data not shown).

In all spectra recorded for these two grids and with all
three matrices peaks corresponding to the monoprotonated
intact grids were detectable. However, with THAP as the
matrix fragmentation was minimised, and according to the
currently accepted classification based on proton affinity,
THAP is considered as a “colder” matrix than CHCA and
dithranol (proton affinity: 201.0 kcal/mol for CHCA,
211.5 kcal/mol for dithranol, 213.3 kcal/mol for THAP[34]).
Qualitative experiments with peptides indicate that a “hot”
matrix leads to abundant analyte fragmentation whereas a
“cold” matrix results in fewer or no fragment ions.[35,36] The
same result is observed in the case of the grids under study.
Thus, THAP was the preferred matrix for all subsequent
experimentation.

MALDI Sample Deposition Optimization

Two sample deposition techniques were assessed with the
grid [Zn4(L6)4] and THAP as the matrix. In the “layered
sample” preparation technique, 1 μL of matrix solution was
applied to the stainless steel plate, dried in air, and then
covered by a second layer comprising 1 μL of analyte solu-
tion, which was allowed to dry in air. In the case of the
“dried droplet” method, the sample was directly mixed in a
1:1 ratio (by volume) with the matrix solution, and then
1 μL aliquot of this solution was dried on the plate.

With the layered sample preparation technique, the mass
spectrum showed a single peak corresponding to the intact
protonated grid [Zn4(L6)4+H]+ (m/z = 2224.8) (Figure 2, a).
With the dried droplet method (Figure 2, b), a peak for the
protonated free ligand [L6H2+H]+ (m/z = 493.2) appeared
in the spectrum corresponding to 36% of the intact grid
peak intensity. In the case of the layered sample preparation
technique, the contact time for the two solutions was essen-
tially zero, whereas the contact time was at least several
minutes in the case of the dried droplet method. Further
experiments were therefore conducted to assess the hypoth-
esis that the contact time determined the extent of grid
dissociation, viz. that there was relatively slow acid-cata-
lysed decomposition of the grid induced by the matrix mo-
lecules in homogeneous solution.

Thus, with the dried droplet method the solution con-
taining both grid and matrix was allowed to stand for 5, 20
and 60 min before aliquots were withdrawn and applied to
the plate. The aliquots were allowed to dry rapidly in air
before the mass spectra were recorded. In the spectrum re-
corded after the 5 min reaction period a weak but obvious
peak for the protonated free ligand was detectable along
with a peak for the monoprotonated grid (Figure 2, b), indi-
cating that significant dissociation had occurred in this
time. In the spectra recorded after reaction periods of 20 or
60 min the protonated ligand peaks had become the base
peaks of the spectra (Figure 2, c and d), with peaks for
[(L6)2H2Zn+H]+ as well as for [Zn4(L6)4+H]+ being appar-
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Figure 2. MALDI-TOF mass spectra of [Zn4(L6)4+H]+ measured
in the positive ion mode with THAP as the matrix. Each spectrum
is the sum of 500 shots. The y-scale is normalized to the most
intense peak in each mass spectrum. (a) Sample prepared with the
layered sample preparation technique; (b) sample prepared by the
dried droplet method with t = 5 min; (c) sample prepared with the
dried droplet method with t = 20 mn; (d) sample prepared with the
dried droplet method with t = 1 h.

ent in both, consistent with a state of partial dissociation
equilibrium having been reached in both cases.

Given that these observations confirmed the important
influence of reaction between the matrix and the grids in
solution, and given also that the layered sample technique
must minimise any such reaction (it cannot be excluded that
some dissolution of the pre-dried matrix in the grid solution
could occur during the period required for evaporation),
all subsequent measurements employed the layered sample
method.

MALDI Laser Shot Optimization

For biological complexes it has been shown that some
clusters formed by noncovalent interactions can be ob-
served by MALDI-MS but only when spectra are obtained
from the first or the first few laser shots directed at nonirra-
diated sample positions, as the signals of the dissociated
species dominate the spectra arising from subsequent irradi-
ations.[37] This has been described as the “first-shot phe-
nomenon”.[38] In this study, we investigated whether this
first-shot phenomenon may also be characteristic of supra-
molecular chemical assemblies.

Figure 3 shows the spectra of the supramolecular grid
[(L4)4Co4] that were obtained with the layered sample prep-
aration method and with THAP as the matrix (see Exp.
Section). A total of 400 shots were accumulated for each
spectrum. To preserve the intact structure of the grid, all
spectra were recorded at minimal laser intensity, which is to
say slightly above the threshold for desorption. We have
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found that with high laser intensities cleavage of what is
presumably the weaker bonds in the ligand, the N–N bonds,
may occur.

Figure 3. MALDI-TOF mass spectra of [(L4)4Co4], prepared with
the layered sample preparation technique, measured in the positive
ion mode with THAP as the matrix. Each spectrum is the sum of
400 shots. The y-scale is normalized to the most intense peak in
each mass spectrum. (a) Spectrum accumulated from data obtained
only from the first shot onto a given position; (b) sum of data from
the 2nd to the 11th shots onto a given position; (c) sum of data from
the 11th to the 21st shots onto a given position; (d) sum of data
from the 21st to the 101st shots onto a given position; (e) sum of
data from the 101st to the 201st shots onto a given position.

Figure 3 (a) shows the spectrum obtained when only the
first laser shot onto a new sample position is considered. In
order to be able to change the laser shot position between
two individual spectra, the laser pulse frequency was mark-
edly reduced from 50 to 1 Hz. The accumulation of the 400
single spectra was performed with the instrument operating
in an automatic mode so that each spectrum arose from a
nonirradiated surface. Figure 3 (b to e) show the spectra
obtained from the accumulation of data from the 2nd to the
11th shots onto a given position (3b), the 11th to the 20th

(3c), the 21st to the 100th (3d), and the 101st to the 200th

(3e). The most striking aspect of these analyses is that a
prominent signal for the intact grid was observed only in
the spectra generated from the first few laser shots per-
formed at a given position; successive shots at the same po-
sition yielded only background noise. These observations
were similar to those obtained with CHCA or dithranol as
the matrix (data not shown).

Contrary to the expectation that this effect was due to a
“first-shot” phenomenon, dissociated species were detected
in deep layers with THAP as the matrix. Thus, we ascribe
the effect to the deposition technique. Layering the sample
produces a very thin sample sheet, which must be rapidly
depleted by successive laser shots. However, since (see
above) the layering technique is preferable for preservation
of the grid structure, our optimised procedure with the lay-
ered sample preparation coupled with the use of only five
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laser shots on nonirradiated sample positions in order to
avoid background noise accumulation was selected for all
subsequent experiments.

MALDI-MS Analysis of Neutral Grids

Study of the Metal Ion Dependence of the Solution
Speciation of the Grids

The optimised procedure for obtaining MALDI mass
spectra described above was applied to some 24 neutral
grids derived from the ligands shown in Scheme 1 and vari-
ous transition metal ions. The results obtained are summa-
rised in Table 1. While in all cases a peak for a tetranuclear
species corresponding to the expected grid was obtained,
and in most instances this was the only peak in the spec-
trum, the spectrum of the CuII grid, [(L6)4Cu4], provided
an exception. Note that this complex, along with its CoII,
NiII and ZnII analogues, has been shown by X-ray crystal-
lography to have a grid form in the solid state.[16] Thus, the
complexes [(L6)4Ni4] and [(L6)4Zn4] gave MALDI spectra
in which there were essentially single peaks {[(L6)4Ni4+H]
(m/z = 2198.9) and [(L6)4Zn4+H] (m/z = 2224.8),
respectively} corresponding to the monoprotonated tetra-
nuclear species (presumed to be the grids). The CuII com-
plex, however, shows a far more complicated spectrum
(Figure 4) with peaks corresponding to the species

Table 1. Summary of MALDI-MS results obtained for the different
grids analysed.

Grid Formula Calcd. isotopic Measured
masses[a] masses
[M + H]+ [Da] [M + H]+ [Da]

[(L1)4Ni4] C88H64N32Ni4 1801.35 1801.32
[(L1)4Zn4] C88H64N32Zn4 1825.32 1825.11
[(L2)4Mn4] C136H129N16O24Mn4 2593.34 2593.75
[(L2)4Fe4] C136H129N16O24Fe4 2594.68 2594.76[33]

[(L2)4Cu4] C136H129N16O24Cu4 2629.79 2629.24
[(L2)4Zn4] C136H129N16O24Zn4 2633.65 2633.52
[(L3)4Co4] C64H56N24O8Co4 1525.21 1525.23
[(L3)4Zn4] C64H56N24O8Zn4 1545.20 1545.02
[(L4)4Mn4] C104H72N24O8Mn4 2005.36 2005.32
[(L4)4Co4] C104H72N24O8Co4 2021.34 2021.18
[(L4)4Ni4] C104H72N24O8Ni4 2017.35 2017.26
[(L4)4Cu4] C104H72N24O8Cu4 2037.32 2037.29
[(L4)4Zn4] C104H72N24O8Zn4 2041.32 2041.31
[(L5)4Cu4] C112H88N24O8Cu4 2149.45 2149.46
[(L5)4Zn4] C112H88N24O8Zn4 2153.45 2153.50
[(L5)4Co4] C112H152N24O8Co4 2197.96 2197.87
[(L6)4Ni4] C112H152N24O8Ni4 2193.97 2193.78
[(L6)4Cu4] C112H152N24O8Cu4 2213.95 2213.41
[(L6)4Zn4] C112H152N24O8Zn4 2217.95 2217.63
[(L7)4Zn4] C168H264N24O8Zn4 3002.82 3002.76
[(L8)4Zn4] C88H104N24O24Zn4 2137.49 2138.37
[(L9)4Zn4] C88H96N32O16Zn4 2113.49 2113.41
[(L10)4Zn4] C392H648N24O32Zn4 6472.09[b] 6471.90[b]

[(L11)4Zn4] C208H152N24O8Zn4 3378.19[b] 3378.82[b]

[a] Peak assignments were verified by comparing the experimental
isotopic patterns to theoretical isotopic patterns. [b] In this case,
the calculated and measured masses are average masses (the ob-
served mass of the grid is taken as the maximum of the signal
formed by the overlap of the unresolved natural isotope peaks).
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Figure 4. MALDI-TOF mass spectra of [(L6)4Zn4], [(L6)4Ni4] and [(L6)4Cu4], prepared with the layered sample preparation technique,
measured in the positive ion mode with THAP as the matrix. Each spectrum is the sum of 500 shots. The y-scale is normalized to the
most intense peak in each mass spectrum. (a) Metal: zinc; (b) metal: nickel; (c) metal: copper. In all cases the ligand/metal ratio equals
1.

[(L6)4Cu4+H]+, [(L6)3Cu6+H]+, [(L6)3Cu5+H]+, [(L6)3-
Cu4+H]+, [(L6)2Cu4+H]+, [(L6)2Cu3+H]+, [(L6)2Cu2+H]+,
[(L6)2Cu3+H]+ and [(L6)2Cu+H]+ being present. This is
consistent with the observation of marked distortions in the
solid state structure of the Cu complex when compared to
its transition metal analogues,[16] and is probably a reflec-
tion of the fact that a regular octahedral coordination ge-
ometry is essentially never observed for CuII. It is also poss-
ibly a reflection of the sensitivity of the CuII complex to
acid, since when attempting to form the Cu(CF3SO3)2 com-
plex of the grid forming ligand L12H2 by condensing imid-
azole-2-aldehyde with 4,6-bis(N-methylhydrazino)-2-phen-
ylpyrimidine the species actually isolated[39] was the com-
plex [Cu2(L12)(L12H)2](CF3SO3)6. The structure of the cat-
ion present in the crystal lattice of this complex[40] is shown
in Scheme 2 (the structure of L12 is also shown).

Note that the grids derived from the dihydrazone ligand
L1 and the diimine ligand L2 are known[27,33] to be less sen-
sitive to acid induced dissociation in solution than the grids
derived from acylhydrazones,[16] and thus it is unsurprising
that peaks for monoprotonated tetranuclear species were
readily observed in their MALDI mass spectra. Nonethe-
less, the technique remains particularly useful for their char-
acterisation. An interesting case in the acylhydrazone series
is provided by the grid [(L9)4Zn4], L9 being a derivative of
l-alanine. Although efforts to obtain a crystal structure of
this complex were unsuccessful, its 1H NMR spectrum, re-
corded with the complex in water, is an example of one that
clearly supports the assignment of a grid structure to such
a complex. The twofold rotational symmetry of the free li-
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Scheme 2. A perspective view (ellipsoids drawn at the 50% prob-
ability level; H atoms not shown) of the cation present in the lattice
of [Cu2(L12)(L12H)2](CF3SO3)6. The central ligand forms a helical
bridge between the two CuII centres, while the terminal monopro-
tonated ligands each have one uncoordinated imidazole unit.

gand should be lost when it is incorporated in a grid and,
consistent with this, the spectrum (Figure 5) shows two
doublets for the alanine methyl groups and two hydrazone
CH singlets. Hence, the NMR and mass spectra for this
complex are complementary.
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Figure 5. Structure of the ligand L9 and the NMR spectrum of
[(L9)4Zn4].

Study of the Relative Stability of the Grids

While the use of 10–3 m grid solutions prepared with 1:5
methanol:dichloromethane as the solvent enabled it to be
shown in all cases, other than that for the CuII grids, that
essentially only the intact tetranuclear grid species was pres-
ent, use of more dilute solutions provided evidence that all
the grids underwent dissociation in solution. Thus, when
obtained under the same conditions used for collection of
the data given in Figure 4, the spectrum of [(L6)4Zn4], for
example, changed from a single peak for [(L6)4Zn4+H]+

(m/z = 2224.8) that is seen when the sample solution has an
initial concentration of 10–3 m to one showing a peak for
the free protonated ligand [L6H2+H]+ (m/z = 493.2) that
increases in intensity as the concentration of the solution
was adjusted to 10–4 m and below (Figure 6). By determin-

Figure 6. MALDI-TOF mass spectra of [(L6)4Zn4], prepared with
the layered sample preparation technique, measured in positive ion
mode with THAP as the matrix. Each spectrum is the sum of 500
shots. The y-scale is normalized to the most intense peak in each
mass spectrum. (a) Concentration: 10–3 m; (b) concentration:
10–4 m; (c) concentration: 10–5 m; (d) concentration: 10–6 m.
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ing the concentration at which the free ligand peak could
be detected in the spectra, a rough order of stability was
established for a selection of six grids (Table 2) involving
different ligands and different metals. The order of relative
stability found was: [(L10)4Zn4] � [(L4)4Co4] � [(L6)4Co4] ≈
[(L6)4Ni4] ≈ [(L6)4Cu4] ≈ [(L6)4Zn4], indicating that when in
a relatively apolar solvent the grid stability may depend
more on the nature of the ligand than that of the metal.

Table 2. Grid resistance to dissociation.[a]

Ligand Metal ion Dissociation concentration [m]

[L4]2– Co2+ 10–4

[L6]2– Co2+ 10–3

[L6]2– Cu2+ 10–3

[L6]2– Ni2+ 10–3

[L6]2– Zn2+ 10–3

[L10]2– Zn2+ 10–5

[a] The given concentrations correspond to those at which the free
ligand peak can be detected in the mass spectrum.

Conclusions

In this study, we have successfully characterised neutral
[2�2] grid complexes by MALDI-MS. This required the de-
velopment of a procedure in which a matrix acidic enough
to transfer a single proton to each of the grids but not so
acidic as to lead to grid decomposition was used. A suitable
matrix, at least for the large family of grids derived from
hydrazone and acylhydrazone ligands, was found to be tri-
hydroxyacetophenone (THAP). Its successful application,
however, required the use of a sequential layering technique
for the sample preparation so that any contact between the
substrate and matrix was limited to that which occurs in
the gas phase. The fact that the substrate is deposited in a
very thin layer means that there is a rapid diminution of
signal if the laser irradiation is concentrated on a single site.

The measurements that were possible as a result of the
optimisation of this MALDI-MS technique have provided
extremely valuable confirmation that the grid structure es-
tablished from solid state studies is retained in solution,
though they have also shown that grids derived from
acylhydrazone ligands do undergo dissociation in dilute
solutions (�10–4 m). It should indeed be possible to exploit
this new technique to unravel the details of grid formation
and dissociation in solution, and to study in a broad sense
the many factors that influence whether or not multitopic
ligands form grid species in solution.[11b]

We have demonstrated for the first time the feasibility of
characterising neutral supramolecular inorganic architec-
tures by MALDI-MS under adapted sample preparation
and analysis conditions. However, this is far from a routine
matter: the optimal choice of matrix, preparation pro-
cedure, and instrumental parameters strongly depends on
the noncovalent assembly of interest and involves optimiza-
tion of these parameters for each type of noncovalent com-
plex. A general procedure for the detection of such assem-
blies can therefore not yet be given.
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Experimental Section
Instrumentation: MALDI-MS mass spectra were acquired on a
time-of-flight mass spectrometer (MALDI-TOF-TOF Autoflex II
TOF-TOF, Bruker Daltonics, Bremen, Germany) equipped with a
nitrogen laser (λ = 337 nm) operating at a pulse rate of 1 Hz. Full
scans were acquired under the following experimental conditions:
pulsed ion extraction, 90 ms; reflector, 20 kV. All the spectra shown
herein were obtained in reflectron mode and positive ion mode.
Scanning was performed over a m/z range of 280–3520; the low
mass cut off was set in all cases to m/z = 280. Mass spectra were
obtained by averaging over a large area, with the laser beam being
scanned continuously and randomly over a spot on the sample.
A total of 500 shots were accumulated for each spectrum, with a
maximum of 5 shots on any one position.

The spectrometer was carefully tuned in order to preserve the non-
covalent interactions within the samples and to make sure that the
species detected faithfully reflected those present in solution. In
particular, the laser irradiance was carefully chosen to avoid frag-
mentation. An increase in the laser irradiance would lead to frag-
mentation of any noncovalent bonds. The laser irradiance was gen-
erally slightly above the threshold for desorption.

An external multi-point calibration covering a m/z 400–3000 mass
range was carried out before each measurement with the singly
charged peaks of a standard peptide mixture (0.4 μm, in water
acidified with 1% HCOOH).

Mass assignments were performed with unprocessed spectra to ob-
tain optimal correlation between the observed and calculated
masses. As a further check of the correctness of the mass assign-
ments, signal attributions were verified by comparing the experi-
mental isotopic profiles to isotopic simulations.

Scan accumulation and data processing were performed with the
FlexAnalysis 3.0 software.

Materials: α-Cyano-4-hydroxycinnamic acid (CHCA) was obtained
from Sigma (St Louis, MO, USA), 1,8,9-anthracenetriol (dithranol)
from Alfa Aesar (Karlsruhe, Germany) and 2,4,6-trihydroxyaceto-
phenone (THAP) from Fluka (Buchs, Switzerland).

Sample Preparation: Matrix solutions were freshly prepared before
use to minimise chemical degradation, which reduces their effec-
tiveness in the ionization process. CHCA and dithranol were dis-
solved in acetone to the point of saturation. THAP was used at a
concentration of 100 g/L in THF.

Samples for MALDI-MS were prepared by dissolving the complex
under study in an appropriate solvent (commonly a dichlorometh-
ane/methanol mixture) at a concentration of 10–3 m.

Two alternative sample preparation techniques were also used:

1. The Layered Sample Preparation Technique: The matrix solution
(1 μL) was applied to the stainless steel plate (Bruker Daltonics,
Bremen, Germany), and the rapid evaporation of the solvent re-
sulted in a homogeneous surface comprising very small crystals.
A second layer composed of the analyte solution (1 μL) was then
deposited onto this matrix surface and dried in air.

2. The Dried Droplet Method: The sample was mixed in a 1:1 ratio
(by volume) with the matrix solution. This solution (1 μL) was then
deposited and dried on the stainless steel plate.
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The synthesis of a novel pyridine diphosphite ligand 1 has
been described. From this ligand, rhodium– and iridium–
chlorido complexes of formula [MCl(1)] (M = Rh, Ir) have
been prepared. Chloride abstraction by treatment with
NaBPh4 and a phosphane produced the corresponding cat-
ionic phosphane derivatives [M(1)L][BPh4] [L = PPh3 (Rh, Ir),
PPh2Me (Ir)]. The analogous reaction of [RhCl(1)] with CNXy
(Xy = 2,6-Me2-C6H3) and NaBPh4 yielded the monosubsti-
tuted complex [Rh(1)(CNXy)][BPh4], whereas the reaction
between [IrCl(1)] and isonitriles led to the disubstituted com-
plexes [Ir(1)(L)2][BPh4] (L = CNBn, CNCy). Ethylene com-
pound [Rh(1)(C2H4)][BPh4] was obtained from the reaction of
[RhCl(1)] with NaBPh4 under ethylene, whereas [Ir(1)-
(C2H4)][BPh4] was synthesized by a treatment of [{IrCl-
(COE)2}2] with ethylene followed by addition of 1 and
NaBPh4. An IR analysis of the isocyanide complexes indi-

Introduction
Rh and Ir complexes with phosphorus-based pincer li-

gands constitute a prominent class of derivatives in organo-
metallic chemistry.[1] These complexes have exhibited a vast
chemistry that includes many challenging transformations
like the activation of C–H,[2] N–H,[3] C–C[4] or C–O[5]

bonds among other reactions.[6] Moreover, the unique prop-
erties of pincer ligands for stabilizing transition-metal com-
plexes have greatly helped in the detection of reaction inter-
mediates and therefore in understanding the mechanistic as-
pects of some of these reactions.[1b]

Since the first examples, which correspond to cyclo-
metalated phosphane derivatives,[7] attention has long been
focused on phosphane-based donor ligands. In recent years,
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cates a very poor π-donor ability of the [M(1)]+ fragment,
therefore the isocyanide metal bond is mostly due to σ do-
nation from the isocyanide. Characterization by X-ray crys-
tallography of [Rh(1)(PPh3)][BPh4], [Rh(1)(MeCN)][BPh4] and
[Ir(1)(PPh2Me)][BPh4] displays a square-planar structure with
ligand 1 coordinated in a pincer fashion for these complexes.
In addition, the ethylene derivative [Rh(1)(C2H4)][BPh4]
shows a near in-plane conformation of the ethylene ligand,
with a short C–C distance (1.319 Å). Moreover, in all the
structures, the diphosphite ligand exhibits a meso conforma-
tion irrespective of the size of the neutral ancillary ligand.
An examination of the behaviour of some of these complexes
in catalytic hydrogenation has shown that [IrCl(1)] is an
active catalyst in the reduction of 2-methylquinoline and 2-
methylquinoxaline.

however, growing attention has been given to accepting
pincer ligands.[8] A comparison of the reactivity of com-
plexes based on pincer diphosphanes with those that bear
accepting pincer ligands have demonstrated the profound
influence that the ligand acidity can exert on the reactivity
of the metal centre. For instance, in the catalytic dehydroge-
nation of alkanes, it has been observed that Ir diphosphinite
complexes are more reactive than their diphosphane coun-
terparts.[9] In addition, important differences between di-
phosphane– and diphosphinite–rhodium complexes in C–
H activation reactions have recently been revealed.[10]

Moreover, computational studies support a strong ability of
accepting pincer ligands to stabilize pentacoordinate com-
plexes of d8 metals by adopting a fac coordination.[8a] In
connection with this, the structural characterization of a
family of pentacoordinate Ir complexes based on a pincer
fluorophosphane that exhibits a significant bending of the
pincer ligand has been reported recently.[11]

With regards to the modulation of reactivity at the metal
centre, it is pertinent to recall the difference in π-accepting
ability of phosphorus ligands. Then, a decrease on acidity
it is expected in the order: fluoroalkylphosphane, N-pyrrol-
ylphosphane, fluoroarylphosphane, phosphite, phos-
phoramidite and phosphinite.[12] Notably, a wide variety of
PCP-type accepting ligands that cover most of these frag-
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ments have been prepared.[13] On the contrary, for neutral
PNP accepting ligands, only phosphinite[14] and phos-
phoramidite[15] derivatives have been reported. Therefore,
the preparation of more acidic ligands is highly interest-
ing.[16]

In a previous study, we described a family of RhI com-
plexes with pincer anionic diphosphite ligands based on res-
orcinol (POCOP; Scheme 1).[17] The design of these ligands
allows an easy modulation of their structure and is very
suitable for the introduction of chirality into the complex.
Most notably, the Rh(POCOP) fragment favoured for steric
reasons an unusual in-plane coordination of an olefin li-
gand. Alternatively, we have become interested in an analo-
gous neutral ligand based on a pyridine backbone that can
lead to more electrophilic cationic RhI and IrI complexes.
In the present contribution we therefore report a study of
the synthesis and characterization of a new pyridine diphos-
phite pincer ligand and its coordination in a series of RhI

and IrI complexes. The structural characterization of some
selected examples as well as an examination of π-donor
strength of the metal centre has also been included. Finally,
the behaviour of some of these complexes in several cata-
lytic hydrogenations has also been examined.

Scheme 1. Pincer complexes based on a resorcinol diphosphite.

Results and Discussion

Initially, several attempts were made to prepare the pyr-
idine diphosphite ligand 1 by treating 2,6-dihydroxypyr-
idinium chloride with chlorophosphite 2 in the presence of
different bases. Pyridine, NEt3 or KH produced unsatisfac-
tory results, as the reactions showed the presence of signifi-
cant amounts of the monophosphite 3 as a byproduct
(Scheme 2). In this system, a tautomeric rearrangement of
the phosphite hydroxypyridine to the corresponding lactam
phosphite 3 is expected, which hinders the formation of the
second phosphite functionality. Otherwise, diphosphite 1
was obtained in good yield by converting 2,6-dihydroxypyr-
idinium chloride into the corresponding dilithium salt by
treatment with three equivalents of LinBu, followed by the
reaction with two equivalents of 2. Characterization of 1 by
NMR spectroscopic techniques showed the expected signals
for the bridged pyridine and the phosphite fragments. In
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addition, the spectra are in good accord with a rapid
atropisomerization of the biphenyl moieties at room tem-
perature.

Scheme 2. Synthesis of diphosphite 1.

From ligand 1, complexes of formula [MCl(1)] [M = Rh
(4), Ir (5)] were readily prepared by treatment of
[{MCl(cod)}2] (cod = 1,5-cyclooctadiene) with the diphos-
phite at a metal-to-ligand ratio of 1:1 (Scheme 3). Charac-
terization of these compounds indicates the P,N,P-trihapto
coordination of the pyridine diphosphite. For instance, for
complex 4, a doublet at δ = 139.0 ppm with JRh,P = 250 Hz
is observed. Moreover, 1H and 13C{1H} NMR spectroscopy
experiments show the equivalence of the two phosphite
fragments and of the two aromatic halves of each biphenyl
due to a fast conformer interconversion. In addition, the
IR spectrum also accounts for pyridine coordination. Two
bands at 1615 and 1560 cm–1 are observed, the former being
at higher energy than in the free ligand.[18]

Scheme 3. Synthesis of compounds 4 and 5.

At the next stage the preparation of cationic derivatives
was examined. Chloride exchange by a neutral ligand L was
easily performed by reaction of 4, NaBPh4 and L
(Scheme 4). This reaction led to a series of complexes of
formula [Rh(1)L][BPh4] [L = PPh3 (6), NCMe (7), C2H4

(8), CO (9), CNXy (Xy = 2,6-Me2-C6H3; 10)]. Moreover, Ir
derivatives [Ir(1)L][BPh4] that bear a phosphane [L = PPh3

(11), PMePh2 (12)] were prepared from 5 by the same pro-
cedure. On the contrary, attempts to abstract the chloride
with AgBF4 did not provide satisfactory results.[19,20]
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Scheme 4. Synthesis of compounds 6–14.

Characterization data for compounds 6–12 are in good
accord with square-planar structures, with the diphosphite
ligand coordinated in a pincer mode and the L ligand occu-
pying the remaining coordination position. For instance,
complexes 6, 11 and 12 show the typical cis 2JP,P constants
(35–49 Hz) for the phosphane ligand in the 31P{1H} NMR
spectra. Moreover, in the 1H and 13C{1H} NMR spectra
compound 7 shows resonances that correspond to a coordi-
nated acetonitrile molecule. On the other hand, the olefin
derivative 8 exhibits the expected signals for a coordinated
ethylene. Thus, in the 1H NMR spectroscopy experiment a
broad singlet for four protons is observed at δ = 2.98 ppm,
whereas the corresponding resonance in the 13C{1H} NMR
spectroscopic experiment appears at δ = 57.7 ppm. The
chemical shift of the 13C resonance is very close to that
observed in the related derivative of a pyridine diphosphane
ligand (δ = 58.8 ppm).[21] Therefore, the π-acidic nature of
1 is not reflected in a lower-field shift of this resonance. The
existence of only two singlets for the tBu groups in the 1H
NMR spectrum is indicative of a fast phosphite atropiso-
merization at room temperature. To investigate this dy-
namic process in more detail, we performed 1H and
31P{1H} NMR spectroscopy at variable temperature for 8
in CD2Cl2. Upon cooling, the doublet observed in the
31P{1H} NMR spectrum broadens and at –50 °C appears
split into two doublets centred at 158.4 (2JP,P = 213 Hz) and
158.1 ppm (2JP,P = 211 Hz) at around a 5:1 ratio. On the
other hand, in the 1H NMR spectroscopy characteristic re-
gion for coordinated ethylene, the broad singlet observed
at room temperature splits into three broad singlets upon
cooling. At –80 °C, these resonances appear at δ = 3.49,
3.29 and 2.38 ppm in a 1.0:0.4:1.0 ratio. In addition, an 1H
COSY experiment at this temperature shows a cross-peak
between the resonances at δ = 3.49 and 2.38 ppm. These
signals can then be assigned to the rac conformer. More-
over, the resonance at δ = 3.29 ppm should correspond to
the four ethylene protons of the meso isomer due to a sym-
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metry plane perpendicular to the coordination one and fast
olefin rotation. The rac conformer is therefore preferred in
solution at low temperature (rac/meso 5:1) despite the meso
conformer being observed in the solid state. Finally, in-
plane and perpendicular rotamers could not be observed
separately at the lowest temperature investigated. This solu-
tion behaviour is similar to that observed for [Rh-
(POCOP)(C2H4)].[17]

An interesting difference between complexes 4 and 5 is
constituted by the reactions with isonitriles. The Ir complex
shows a clear preference for the formation of pentacoordi-
nate disubstituted complexes [Ir(1)(CNR)2][BPh4] [R =
CH2Ph (13), Cy (14)]. Thus, even in reactions run at an Ir/
isocyanide 1:1 ratio, the presence of the disubstituted com-
plex along with 5 was observed.

On the other hand, for the preparation of the desired Ir–
ethylene derivative, chloride abstraction from 5 in an atmo-
sphere of ethylene did not produce satisfactory results. On
the contrary, treatment of [{IrCl(COE)2}2] under an atmo-
sphere of ethylene followed by addition of ligand 1 and
NaBPh4 provided the olefin compound 15 in good yield
(Scheme 5). This complex shows the expected resonances
for the olefin ligand in the 1H and 13C{1H} NMR spectra.
Thus, resonances at δ = 2.89 and 44.6 ppm are observed,
respectively.

Scheme 5. Synthesis of compound 15.

The most prominent feature of cationic complexes
[M(1)L][BPh4] is the low π basicity of the metal centre, fav-
oured by both the formal positive charge and the strong
acceptor properties of the phosphite groups. Thus, the
ν̃(CO) for 9 has a very high value of 2093 cm–1. This fre-
quency is significantly higher than the value observed for
the cyclometalated diphosphite analogue [Rh(POCOP)-
(CO)] (2017 cm–1),[17] whereas for cationic derivatives of
pincer pyridine diphosphanes the corresponding band ap-
pears around 1980 cm–1.[7c,20] However, compound 9 is un-
stable in solution and showed decomposition after several
hours at room temperature. Isocyanide compounds exhib-
ited a higher stability and also demonstrate the low donor
ability of the [M(1)]+ fragment. Thus, the ν̃(CN) band ap-
pears in 10 at 2153 cm–1, which is significantly higher than
the value observed for [Rh(POCOP)(CNXy)] (2099 cm–1)
[17] and even higher than that for the free isocyanide
(2114 cm–1). The comparison of these data indicates that in
this compound the isocyanide acts very predominantly as a
σ donor, whereas the π component of the bond should be
minimal.[22,23] Likewise, the Ir isocyanides show results that
reinforce this assumption. Thus, for 13 and 14 the values
for ν̃(CN) are around 40 cm–1 above the free ligand. These
values are very high for late-transition metals in a low oxi-
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dation state. For comparison, it can be mentioned that sim-
ilar values have been reported for LnIII complexes {e.g.,
2150 cm–1 for [Ce(Cp�)3(CNXy)]}.[22]

To gain insight into the structure of coordinated 1 in
these complexes, phosphane derivatives 6 and 12 (see Fig-
ures 1 and 2, respectively), acetonitrile adduct 7 (Figure 3)
and ethylene complex 8 (Figure 4) have been characterized
by X-ray crystallography.[24] As a general feature, all com-
plexes along the series showed for the [M(1)] fragment sim-
ilar values for the M–P bond lengths and the P–M–P bond
angle, whereas the M–N bond length changes between 2.01
and 2.08 Å depending on the nature of the ancillary ligand
(Table 1). The angle determined by the metal and the two
P atoms of the pincer ligand, between 158 and 160°, is sim-
ilar to those observed in related square-planar complexes
with pincer diphosphane[21] and diphosphinite[9] ligands.
Moreover, the M–P bond lengths (2.22–2.25 Å) are similar
to those observed in a pyridine diphosphinite complex (2.22
and 2.28 Å),[9] yet somewhat lower than in a diphosphane

Figure 1. ORTEP diagram at 30% ellipsoid probability of complex
6. Hydrogen atoms and the BPh4 anion have been omitted for clar-
ity.

Figure 2. ORTEP diagram at 30% ellipsoid probability of complex
12. Hydrogen atoms and the BPh4 anion have been omitted for
clarity.

Table 1. Bond lengths [Å] and angles [°] in complexes 6–8 and 12.

Compound M–N M–P[a] M–L P–M–P N–M–L

6 2.082(2) 2.2529(7) 2.3081(7) 157.78(2) 167.64(6)
7 2.013(3) 2.2251(7) 1.994(3) 160.25(3) 178.94(9)
8 2.0428(17) 2.2251(5) 2.221(6)[b] 159.21(2) 172.97[c]

12 2.075(7) 2.235(2) 2.285(2) 158.74(9) 168.4(2)

[a] Average of the two M–P(phosphite) bond lengths. [b] Average of the two Rh–C bond lengths. [c] Angle determined by the olefin
centroid and Ir and N atoms.
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Figure 3. ORTEP diagram at 30% ellipsoid probability of complex
7. Hydrogen atoms and the BPh4 anion have been omitted for clar-
ity.

Figure 4. ORTEP diagram at 30% ellipsoid probability of complex
8. Hydrogen atoms, except for the ethylene ligand, and the BPh4

anion have been omitted for clarity.

complex (2.27 and 2.30 Å).[21] Noteworthy is that phos-
phane derivatives 6 and 12 showed a slight displacement of
the phosphane ligand from the coordination plane denoted
by P–M–N angles around 168°, probably caused by a steric
repulsion with the phosphite groups. For these complexes,
the metal phosphite bond is slightly shorter (ca. 0.05 Å)
than the metal phosphane one, as observed before for com-
plexes of the POCOP ligand.[17]

A comparison between these structures indicates that ir-
respective of the size of the L ligand, a meso conformation
was observed in all the structures. This feature can be
clearly observed by comparison of structures of phosphane
complexes 6 and 12 with that of acetonitrile 7 and ethylene
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complex 8. Accordingly, the phosphite groups form a rather
flexible cavity which accommodates the steric requirements
of ligand L. Thus, the distances between the quaternary car-
bons of endo-tert-butyl groups below the coordination
plane in 6 and 12 (i.e., 7.30 Å between C26 and C54 in 6
and 7.43 Å between C26 and C54 in 12) are larger than
the corresponding distances in complexes 7 and 8 (6.76 and
6.60 Å, respectively). This observation contrasts with the
trend outlined by structures of complexes [Rh(POCOP)L],
which showed a meso conformation for sterically encum-
bered L ligands (PPh3, CNXy) and a rac conformation for
smaller ones (CO, C2H4).[17]

A remarkable feature of complex 8 is a near in-plane
orientation of the olefin ligand (Figure 4). Thus, the angle
between the plane defined by the Rh and the olefinic car-
bon atoms and the best plane defined by Rh, N and P
atoms amounts to 23.7°. This orientation is clearly different
from the angle of 90° that is characteristic of the usual per-
pendicular orientation for an ethylene ligand in a square-
planar complex. As discussed in detail for the resorcinol
diphosphite derivatives,[17] this uncommon conformation
should be favoured over the perpendicular one by steric ef-
fects, as well as by the reduction from 180° of the P–Rh–P
angle.[25] The Rh–C distances in 8 are 2.121 Å which is
shorter than those found in the analogue complex of the
POCOP diphosphite (2.218 and 2.235 Å),[17] yet slightly
shorter than the distance found in the cationic derivative
of a pyridine diphosphane (2.142 and 2.157 Å).[21b] Most
remarkably, the C=C bond length in the ethylene ligand is
rather short (1.319 Å). This value is appreciably smaller
than the distances observed in the mentioned diphosphite
(1.377 Å) and in the cationic pyridine diphosphane
(1.352 Å) complexes. The short C=C distance can be attrib-
uted to a very low back-donation from the metal, already
mentioned above.

Finally, we were interested in exploring the ability of
some complexes based on ligand 1 to perform catalytic hy-
drogenations. Despite [Rh(POCOP)(C2H4)] being active in
the hydrogenation of dimethyl itaconate, no activity was
shown by compound 8. Moreover, the hydrogenation of
C=N bonds of imines and heterocycles with Ir complex 5
was also examined (Scheme 6). Thus, this catalyst precursor
showed full conversion in the hydrogenation of 2-methyl-
quinoline and 2-methylquinoxaline at a substrate (S)/cata-
lyst (C) ratio of 100 (Table 2, entries 1 and 2). Likewise,
catalyst generated in situ from [{IrCl(cod)}2] and 1 at an Ir/
diphosphite ratio of 1 also showed conversions over 95%
(entries 3 and 6). The reaction was also effected in the pres-
ence of acid additives (entries 4 and 5). A control reaction
performed with [{IrCl(cod)}2] also showed complete con-

Scheme 6. Catalytic hydrogenation of nitrogen heterocycles.

Eur. J. Inorg. Chem. 2012, 655–663 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 659

version in the hydrogenation of 2-methylquinoline (entry 7),
although a black deposit was observed at the end of the
reaction, which points to the stabilizing role of the pincer
ligand. On the contrary, no conversion was observed in the
reduction of 2-methylquinoxaline (entry 8).

Table 2. Hydrogenation reactions performed with Ir complexes.[a]

Entry[a] Substrate Cat. precursor Conv. [%]

1 2-methylquinoline 5 100
2 2-methylquinoxaline 5 100
3 2-methylquinoline 0.5 [{IrCl(cod)}2] + 1 98
4[b] 2-methylquinoline 0.5 [{IrCl(cod)}2] + 1 100
5[c] 2-methylquinoline 0.5 [{IrCl(cod)}2] + 1 100
6 2-methylquinoxaline 0.5 [{IrCl(cod)}2] + 1 100
7[d] 2-methylquinoline 0.5 [{IrCl(cod)}2] 100
8 2-methylquinoxaline 0.5 [{IrCl(cod)}2] 0
9 N-benzylideneaniline 0.5 [{IrCl(cod)}2] + 1 0
10 trans-cinnamaldehyde 0.5 [{IrCl(cod)}2] + 1 55[e]

11 methyl itaconate 0.5 [{IrCl(cod)}2] + 1 0

[a] Conditions: 30 atm H2, 25 °C, toluene, S/C = 100, 24 h. [S] =
0.6 m. Conversion was determined by 1H NMR spectroscopy.
[b] (PhO)2P(O)OH (10 equiv.) was added as additive. [c] [(S)-BI-
NOL]P(O)OH (10 equiv.; BINOL = 1,1�-bi-2-naphthol) was added
as additive; product obtained as a racemic mixture. [d] Hetero-
geneous reaction mixture. [e] Ratio allyl alcohol/saturated alcohol/
aldehyde: 45:5:5.

Alternatively, no reaction was observed with methyl ita-
conate or (E)-N-benzylideneaniline, which do not possess
the α,β-unsaturated scaffold (Table 2, entries 9, 11). More-
over, the complex is active in the hydrogenation of trans-
cinnamaldehyde, although it does not provide a selective
reaction and both reductions of the C=C and C=O bonds
were observed (entry 10).

Conclusion

A family of RhI and IrI square-planar complexes based
on a pyridine diphosphite ligand 1 has been prepared and
characterized. The set contains both neutral chloridocom-
plexes [MCl(1)] and cationic ones of formula [M(1)L][BPh4]
with diverse ligands such as phosphanes, acetonitrile, isocy-
anides or ethylene. On the contrary, isonitriles led to penta-
coordinate complexes [Ir(1)(CNR)2][BPh4] in the case of Ir.
An important feature of these compounds is the very low
back-donor ability of the [M(1)]+ fragment as determined
by IR spectroscopy analysis of carbonyl and isocyanide
complexes. Structural characterization of complexes of the
formula [M(1)L][BPh4] by X-ray crystallography show the
expected pincer coordination mode, with a preferred meso
conformation for the diphosphite. Moreover, the ethylene
derivative 8 shows a near in-plane conformation of the eth-
ylene ligand. This structure shows, in addition, a remarka-
bly short C–C bond for the ethylene ligand, which can be
attributed to a rather reduced π back-donation. A screening
that explores the reactivity of these complexes in catalytic
hydrogenation has shown that [IrCl(1)] is able to reduce the
heteroaromatic ring of 2-methylquinoline and 2-methyl-
quinoxaline, whereas it is not active in the hydrogenation of
simple N-benzylideneaniline or dimethyl itaconate.
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Experimental Section
General Procedures: All reactions and manipulations were per-
formed under nitrogen or argon, either in a Braun Labmaster 100
glovebox or by using standard Schlenk-type techniques. All sol-
vents were distilled under nitrogen using the following desiccants:
sodium benzophenone ketyl for diethyl ether (Et2O) and tetra-
hydrofuran (THF); sodium for n-hexane and toluene; CaH2 for
dichloromethane (CH2Cl2) and NaOMe for methanol (MeOH).
[{Rh(μ-Cl)(η4-C8H12)}2],[26] [{Ir(μ-Cl)(η4-C8H12)}2][27] and [{Ir(μ-
Cl)(η2-C8H14)2}2][28] were prepared by reported methods. Phos-
phanes and isocyanides were purchased from commercial suppliers
and used as received. IR spectra were recorded with a Perkin–
Elmer 1720-XFT or with a Bruker Vector 22 spectrometer. NMR
spectra were obtained with Bruker DPX-300, DRX-400, AV400 or
DRX-500 spectrometers. 31P{1H} NMR spectroscopic shifts were
referenced to external 85% H3PO4, whereas 13C{1H} and 1H shifts
were referenced to the residual signals of deuterated solvents. All
data are reported in ppm downfield from Me4Si. The C,H,N analy-
ses were carried out with a LECO CHNS-TruSpec microanalyzer.
HRMS data was obtained at the Instrumental Services of Uni-
versidad de Sevilla (CITIUS) with a Jeol JMS-SX 102A mass spec-
trometer. The following atom labels have been used for the 1H
NMR spectroscopic data of the diphosphite ligand.

Diphosphite 1: nBuLi (5.0 mL, 8.0 mmol, 1.6 m in hexanes) was
added dropwise to a suspension of 2,6-dihydroxypyridinium chlor-
ide (0.352 g, 2.4 mmol) in THF (10 mL). The mixture was stirred
for 1 h and a solution of 3,3�,5,5�-tetra-tert-butylbisphen-2,2�-diyl-
phosphochloridite (2.73 g, 5.7 mmol) in THF (10 mL) was added
slowly to the white suspension. The reaction mixture was stirred
for 12 h, volatile compounds were evaporated under vacuum and
the resulting solid was washed with n-hexane (3�30 mL), dissolved
in CH2Cl2 and the solution was filtered through Celite. Evapora-
tion of the solvent yielded 1 as a white solid (1.15 g, 48%). IR
(nujol mull): ν̃ = 1600 (m, py), 1573 (m, py) cm–1. 1H NMR
(CDCl3, 500 MHz): δ = 7.53 (t, 3JH,H = 8 Hz, 1 H, H arom, Ha),
7.44 (d, 4JH,H = 2.5 Hz, 4 H, 4 H arom.), 7.19 (d, 4JH,H = 2.5 Hz,
4 H, 4 H arom.), 6.46 (d, 3JH,H = 8 Hz, 2 H, 2 H arom., Hb), 1.46
(s, 36 H, 4 CMe3), 1.36 (s, 36 H, 4 CMe3) ppm. 31P{1H} NMR
(CDCl3, 162 MHz): δ = 138.8 (s) ppm. 13C{1H} NMR (CDCl3,
126 MHz): δ = 158.4 (d, JP,C = 6 Hz), 146.7, 145.5 (br.), 142.2,
140.5, 132.9, 126.5, 124.3, 106.9, 35.5, 34.7, 31.6, 31.3 ppm. HRMS
(FAB): m/z exact mass calcd. for C61H84NO6P2 988.5774; found
988.5821 [M + H]+.

[RhCl(1)] (4): A solution of [{RhCl(cod)}2] (0.157 g, 0.32 mmol)
in THF (5 mL) was added to a solution of diphosphite 1 (0.63 g,
0.64 mmol) in THF (10 mL). The reaction mixture was stirred for
24 h, volatile compounds were removed under vacuum and the re-
sulting residue was washed with n-hexane (3�10 mL), dissolved in
CH2Cl2 and the resulting mixture was filtered through a pad of
Celite. Evaporation of the solution obtained yielded 4 as a yellow
solid (0.53 g, 75%). 1H NMR (CDCl3, 400 MHz, 298 K): δ = 7.66
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(t, 3JH,H = 8 Hz, 1 H, H arom, Ha), 7.43 (d, 4JHH = 2 Hz, 4 H, 4
H arom), 7.17 (d, 4JH,H = 2 Hz, 4 H, 4 H arom), 6.62 (d, 3JH,H =
8 Hz, 2 H, 2 H arom, 2 Hb), 1.47 (s, 36 H, 4 CMe3), 1.34 (s, 36 H,
4 CMe3) ppm. 31P{1H} NMR (CDCl3, 162 MHz, 298 K): δ = 139.0
(d, JP,Rh = 250 Hz) ppm. 13C{1H} NMR (CDCl3, 101 MHz,
298 K): δ = 159.7 (br.), 147.6, 144.8, 140.2, 138.4, 131.1, 126.8,
124.9, 103.4 (br.), 35.6, 34.7, 31.8, 31.5 ppm. C61H83ClNO6P2Rh
(1126.62): calcd. C 65.03, H 7.43, N 1.24; found C 65.14, H 7.34,
N 1.26.

[IrCl(1)] (5): A solution of complex [{IrCl(cod)}2] (0.067 g,
0.1 mmol) in THF (10 mL) was slowly added to a solution of di-
phosphite 1 (0.198 g, 0.2 mmol) in THF (20 mL). The resulting
solution was stirred vigorously for 24 h. Then the solvent was re-
moved under vacuum and the residue was washed with n-hexane
(3�10 mL). The orange residue was extracted with dichlorometh-
ane. Subsequently, the filtered solution was concentrated to around
2 mL and n-hexane (15 mL) was added. The resulting orange solid
was washed with n-hexane (3� 5 mL) and vacuum-dried to give 5
as an orange solid (0.186 g, 77%). 1H NMR (400 MHz, CDCl3,
298 K): δ = 7.93 (t, 3JH,H = 8.3 Hz, 1 H, Ha arom.), 7.48 (d, 4JH,H

= 2.1 Hz, 4 H, H arom.), 7.22 (d, 4JH,H = 2.1 Hz, 4 H, H arom.),
6.56 (d, 3JH,H = 8.3 Hz, 2 H, Hb arom.), 1.49 (s, 36 H, 4 CMe3),
1.36 (s, 36 H, 4 CMe3) ppm. 31P{1H} NMR (162 MHz, CDCl3,
298 K): δ = 140.0 (s) ppm. 13C{1H} NMR (101 MHz, CDCl3,
298 K): δ = 155.4 (br.), 147.1, 144.8 (br.), 140.9, 137.9, 129.1, 128.1,
124.9, 102.9 (br.), 35.8, 34.9, 32.5, 31.8 ppm. C61H83ClIrNO6P2

(1215.93): calcd. C 60.25, H 6.88, N 1.15; found C 60.25, H 6.81,
N 1.12.

[Rh(1)(PPh3)][BPh4] (6): PPh3 (0.025 g, 0.095 mmol) and NaBPh4

(0.031 g, 0.09 mmol) were added to a solution of 4 (0.1 g,
0.089 mmol) in THF (10 mL). The mixture was stirred for 1 h and
the solvent evaporated. The resulting residue was extracted with
toluene (3�5 mL), the obtained solution evaporated and the ob-
tained solid was washed with n-hexane (3�5 mL) to yield 6 as a
yellow-orange solid (0.09 g, 60%). 1H NMR (C6D6, 500 MHz,
298 K): δ = 8.09 (br. s, 8 H, 8 H arom., BPh4), 7.55 (br. s, 4 H, 4
H arom.), 7.50 (t, JH,H = 9 Hz, 6 H, 6 H arom., PPh3), 7.25 (br. s,
4 H, 4 H arom.), 7.22 (t, JH,H = 7 Hz, 8 H, 8 H arom., BPh4), 7.05
(t, JH,H = 7 Hz, 4 H, 4 H arom., BPh4), 6.83 (t, JH,H = 7 Hz, 3 H,
3 H arom., PPh3), 6.61 (m, 6 H, 6 H arom., PPh3), 6.33 (t, 3JH,H

= 8 Hz, 1 H, H arom., Ha), 5.34 (d, 3JH,H = 8 Hz, 2 H, 2 H arom.,
2 Hb), 1.31 (s, 36 H, 4 CMe3), 1.28 (s, 36 H, 4 CMe3) ppm. 31P{1H}
NMR (C6D6, 162 MHz, 298 K): δ = 32.8 (dt, JP,Rh = 159 Hz, JP,P

= 49 Hz, P–C), 150.3 (dd, JP,Rh = 243, JP,P = 49 Hz, P–O) ppm.
13C{1H} NMR (C6D6, 126 MHz, 298 K): δ = 165.2 (q, 1JC,B =
49 Hz), 156.3 (br.), 148.7, 147.5, 146.2 (br.), 139.8, 137.0, 133.9 (d,
JP,C = 49 Hz), 133.4 (d, JP,C = 12 Hz), 130.6, 130.5 (d, JP,C =
10 Hz), 130.4, 128.1, 125.9 (br.), 125.5, 121.6, 104.6, 35.5, 34.5,
31.1 ppm. C103H118BNO6P3Rh (1672.68): calcd. C 73.96, H 7.11,
N 0.84; found C 73.52, H 7.41, N 0.78.

[Rh(1)(MeCN)][BPh4] (7): NaBPPh4 (0.02 g, 0.058 mmol) was
added to a solution of complex 4 (0.06 g, 0.053 mmol) in a THF/
MeCN (5:1) mixture (6 mL). The mixture was stirred for 5 h and
the solvent evaporated. The resulting residue was washed with n-
hexane (3�5 mL) and dissolved in toluene (10 mL). Precipitation
by addition of n-hexane (20 mL) yielded 7 as a yellow solid
(0.075 g, 95%). 1H NMR (CDCl3, 500 MHz, 298 K): δ = 7.51 (br.
s, 4 H, 4 H arom.), 7.48 (t, 3JH,H = 8 Hz, 1 H, H arom., Ha), 7.34
(br. s, 4 H, 4 H arom.), 7.26 (br. s, 4 H, 4 H arom.), 6.87 (t, JH,H

= 7 Hz, 8 H, 8 H arom., BPh4), 6.70 (t, JH,H = 7 Hz, 4 H, 4 H
arom., BPh4), 6.60 (d, 3JH,H = 8 Hz, 2 H, 2 H arom., 2 Hb), 1.45
(s, 36 H, 4 CMe3), 1.35 (s, 36 H, 4 CMe3), 0.58 (s, 3 H, MeCN)
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ppm. 31P{1H} NMR (CDCl3, 162 MHz): δ = 139.5 (d, JP,Rh =
238 Hz) ppm. 13C{1H} NMR (CDCl3, 126 MHz): δ = 164.2 (q,
1JC,B = 49 Hz), 159.1 (br.), 149.0, 147.6, 144.0, 140.0, 136.0 (br.),
130.8, 129.0 (br.), 127.3, 125.5 (br.), 125.4, 121.5, 104.7, 35.7, 34.9,
31.5, 31.4, 1.3 ppm. C87H106BN2O6P2Rh (1451.45): calcd. C 71.92,
H 7.36, N 1.93; found C 72.31, H 7.45, N 1.75.

[Rh(1)(η2-C2H4)][BPh4] (8): A solution of 4 (0.1 g, 0.089 mmol) in
CH2Cl2 (10 mL) was introduced into a glass pressure reactor and
NaBPh4 (0.03 g, 0.09 mmol) was added. After 1 h, the vessel was
charged with 1 atm of C2H4 and the reaction stirred for 15 h. The
mixture was evaporated down to one-fourth of the volume and n-
hexane (5 mL) was added to yield 8 as orange crystals (0.045 g,
35%). 1H NMR (CDCl3, 500 MHz, 298 K): δ = 7.53 (d, 4JH,H =
2 Hz, 4 H, 4 H arom.), 7.44 (m, 8 H, 8 H arom., BPh4), 7.29 (d,
4JH,H = 2 Hz, 4 H, 4 H arom.), 7.17 (t, 3JH,H = 8 Hz, 1 H, H arom.,
Ha), 7.00 (t, JH,H = 7 Hz, 8 H, 8 H arom., BPh4), 6.83 (t, JH,H =
7 Hz, 4 H, 4 H arom., BPh4), 6.56 (d, 3JH,H = 8 Hz, 2 H, 2 H
arom., 2 Hb), 2.98 (br. s, 4 H, C2H4), 1.38 (s, 36 H, 4 CMe3), 1.31
(s, 36 H, 4 CMe3) ppm. 31P{1H} NMR (CDCl3, 162 MHz, 298 K):
δ = 154.2 (d, JP,Rh = 211 Hz) ppm. 13C{1H} NMR (CDCl3,
126 MHz, 298 K): δ = 164.3 (q, 1JC,B = 49 Hz), 156.9 (t, JP,C =
6 Hz), 149.8, 147.1, 144.2 (br.), 139.7, 136.3 (br.), 130.4, 127.6,
125.8, 125.6 (br.), 121.6, 105.6 (br.), 57.7 (br.), 35.7, 35.0, 31.4,
31.3 ppm. C87H107BNO6P2Rh (1438.45): calcd. C 72.64, H 7.50, N
0.97; found C 72.81, H 7.98, N 0.90.

[Rh(1)(CO)][BPh4] (9): Obtained as yellow crystals as described for
8 using CO instead of C2H4 (0.05 g, 40%). IR (nujol mull): ν̃ =
2093 (s, CO) cm–1. 1H NMR (CD2Cl2, 500 MHz): δ = 7.80 (t, 3JH,H

= 8 Hz, 1 H, H arom.), 7.61 (br. s, 4 H, 4 H arom.), 7.34 (br. s, 12
H, 12 H arom.), 7.02 (t, JH,H = 7 Hz, 8 H, 8 H arom., BPh4), 6.86
(m, 6 H, 6 H arom.), 1.46 (s, 36 H, 4 CMe3), 1.40 (s, 36 H, 4 CMe3)
ppm. 31P{1H} NMR (CDCl3, 202 MHz, 298 K): δ = 145.6 (d, JP,Rh

= 220 Hz) ppm. 13C{1H} NMR (CD2Cl2, 126 MHz, 298 K): δ =
185.7 (m, 1JC,Rh = 72, 2JC,P = 16 Hz), 164.4 (q, 1JC,B = 49 Hz),
157.8 (br.), 150.4, 147.1, 144.1 (br.), 140.2, 136.2 (br.), 130.7, 127.9,
126.6, 126.3, 125.9, 122.0, 106.4, 36.0, 35.2, 31.6, 31.3 ppm.
C86H103BNO7P2Rh (1438.40): calcd. C 71.81, H 7.22, N 0.97;
found C 71.81, H 7.54, N 0.76.

[Rh(1)(CNXy)][BPh4] (10): NaBPh4 (0.013 g, 0.04 mmol) was
added to a solution of 4 (0.043 g, 0.04 mmol) in THF (2 mL). The
mixture was stirred for 1 h, and CNXy (0.005 g, 0.04 mmol) was
added. The reaction was stirred overnight. Solvent was removed
under reduced pressure. The resulting residue was dissolved in
CH2Cl2 and filtered through a short pad of Celite. The solution
was dried and the solid was washed with Et2O (2 �5 mL) to yield
10 as an orange solid (0.042 g, 80%). IR (CH2Cl2): ν̃ = 2153 (s,
CN) cm–1. 1H NMR (CD2Cl2, 300 MHz, 298 K): δ = 7.86 (t, 3JH,H

= 9.0 Hz, 1 H, 1 H arom.), 7.59 (d, 4JH,H = 2.1 Hz, 4 H, 4 H
arom.), 7.36 (m, 13 H, 13 H arom.), 7.08 (m, 8 H, 8 H arom.), 6.89
(m, 8 H, 8 H arom.), 1.58 (s, 6 H, 2 Me), 1.49 (s, 36 H, 4 CMe3),
1.42 (s, 36 H, 4 CMe3) ppm. 1P{1H} NMR (CD2Cl2, 121 MHz,
298 K): δ = 149.8 (d, JP,Rh = 235 Hz) ppm. 13C{1H} NMR
(CD2Cl2, 75 MHz, 298 K): δ = 164.4 (q, JC,B = 52 Hz), 164.4 (m),
158.4 (m), 149.9, 147.1, 144.2, 140.6, 136.3, 135.6, 131.1, 129.9,
128.2, 127.8, 127.0, 126.1, 125.9, 122.0, 105.7, 36.0, 35.2, 31.8, 31.5,
18.1 ppm. C94H112BN2O6P2Rh (1541.57): calcd. C 73.24, H 7.32,
N 1.82; found C 72.67, H 7.33, N 1.73.

[Ir(1)(PPh3)][BPh4] (11): PPh3 (0.010 g, 0.04 mmol) and NaBPh4

(0.013 g, 0.04 mmol) was added to a solution of complex 5 (0.036 g,
0.03 mmol) in THF (10 mL). The resulting solution was stirred at
room temperature for 1 h and the volatile compounds were re-
moved under vacuum. The residue was extracted with toluene
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(15 mL). Subsequently, the filtered solution was concentrated to
around 2 mL and n-hexane (15 mL) was added. The resulting
orange solid was washed with n-hexane (3�10 mL) and vacuum-
dried; yield 64% (0.033 g). 1H NMR (400 MHz, C6D6, 298 K): δ =
8.26 (br. s, 8 H, H arom., BPh4), 7.67 (br. s, 4 H, H arom.), 7.65
(m, 6 H, H arom., PPh3), 7.37 (br. s, 4 H, H arom.), 7.24 (m, 8 H,
H arom., BPh4), 7.14 (m, 4 H, H arom., BPh4), 6.93 (m, 3 H, H
arom., PPh3), 6.72 (m, 6 H, H arom., PPh3), 6.54 (t, 3JH,H = 8.1 Hz,
1 H, Ha arom.), 5.45 (d, 3JH,H = 8.1 Hz, 2 H, Hb arom.), 1.42 (s,
36 H, 4 CMe3), 1.40 (s, 36 H, 4 CMe3) ppm. 31P{1H} NMR
(162 MHz, C6D6, 298 K): δ = 144.1 (d, 2JP,P = 38.9 Hz, P-O), 11.0
(t, 2JP,P = 38.9 Hz, PPh3) ppm. 13C{1H} NMR (101 MHz, C6D6,
298 K): δ = 165.3 (q, JC,B = 47.9 Hz), 157.4 (br.), 149.6, 148.8,
146.9, 140.5, 137.0, 135.5 (br.), 134.1 (d, JC,P = 12 Hz), 131.2,
130.7, 129.8 (br.), 128.1, 126.9 (br.), 126.5, 122.9, 104.4 (br.), 36.1,
35.1, 31.6 ppm. C103H118BIrNO6P3 (1761.99): calcd. C 70.21, H
6.75, N 0.79; found C 70.18, H 6.68, N 0.77.

[Ir(1)(PPh2Me)][BPh4] (12): Prepared as described for 11 using
PPh2Me. Orange solid, yield 67% (0.034 g). 1H NMR (400 MHz,
C6D6, 298 K): δ = 8.22 (br. s, 8 H, H arom., BPh4), 7.70 (br. s, 4
H, H arom.), 7.63 (m, 5 H, H arom., PPh2Me), 7.37 (br. s, 4 H, H
arom.), 7.25 (m, 8 H, H arom., BPh4), 7.12 (m, 4 H, H arom.,
BPh4), 6.92 (m, 5 H, H arom., PPh2Me), 6.55 (t, 3JH,H = 7.8 Hz, 1
H, Ha arom.), 5.62 (d, 3JH,H = 7.8 Hz, 2 H, Hb arom.), 1.48 (s, 36
H, 4 CMe3), 1.43 (br. s, 3 H, PPh2Me), 1.37 (s, 36 H, 4 CMe3)
ppm. 31P{1H} NMR (162 MHz, C6D6, 298 K): δ = 146.5 (d, 2JP,P

= 35.1 Hz, P–O), 6.2 (t, 2JP,P = 35.1 Hz, PPh2Me) ppm. 13C{1H}
NMR (101 MHz, C6D6, 298 K): δ = 169.3 (q, JC,B = 42 Hz), 153.2
(br.), 149.8, 148.6, 144.9, 140.6, 137.3, 132.7 (br.), 131.7, 131.5 (br.),
130.9 (br.), 129.7, 129.5 (br.), 126.7, 125.8, 101.4 (br.), 35.9, 35.1,
31.6, 31.1 ppm. C98H116BIrNO6P3 (1699.92): calcd. C 69.24, H
6.88, N 0.82; found C 69.21, H 6.88, N 0.75.

[Ir(1)(CNBn)2][BPh4] (13): Isocyanide (0.04 mmol) and NaBPh4

(0.013 g, 0.04 mmol) were added to a solution of complex 5
(0.036 g, 0.03 mmol) in THF (10 mL). The resulting solution was
stirred at room temperature for 1 h and the volatile compounds
were removed under vacuum. The residue was extracted with tolu-
ene (15 mL). Subsequently, the filtered solution was concentrated
to around 2 mL and n-hexane (15 mL) was added. The resulting
yellow solid was washed with n-hexane (3�10 mL) and vacuum-
dried; yield 71% (0.037 g). IR (KBr): ν̃ = 2191 (br. s, CN) cm–1.
31P{1H} NMR (162 MHz, C6D6, 298 K): δ = 145.2 (s) ppm. 1H
NMR (400 MHz, C6D6, 298 K): δ = 8.22 (br. s, 8 H, H arom.,
BPh4), 7.74 (d, JH,H = 2.4 Hz, 4 H, H arom.), 7.49 (d, JH,H =
2.4 Hz, 4 H, H arom.), 7.36 (t, JH,H = 7.0 Hz, 8 H, H arom., BPh4),
7.24 (m, 4 H, H arom., BPh4), 7.15 (br. s, 4 H, 10 H, CNCH2C6H5),
6.83 (t, 3JH,H = 7.8 Hz, 1 H, Ha arom.), 6.18 (d, 3JH,H = 7.8 Hz, 2
H, Hb arom.), 2.22 (s, 4 H, 2CNCH2C6H5), 1.42 (s, 36 H, 4 CMe3),
1.40 (s, 36 H, 4 CMe3) ppm. 13C{1H} NMR (101 MHz, C6D6,
298 K): δ = 164.8 (q, JC,B = 52.0 Hz), 157.9 (br.), 149.5, 148.7,
146.0, 144.8 (br.), 140.8, 137.0 (br.), 136.9, 133.9, 132.8, 131.0,
128.3, 127.2 (br.), 126.2, 122.1, 104.7 (br.), 48.0, 35.5, 34.3,
31.2 ppm. C101H117BIrN3O6P2 (1734.00): calcd. C 69.95, H 6.80, N
2.42; found C 69.93, H 6.88, N 2.45.

[Ir(1)(CNCy)2][BPh4] (14): Prepared as described for 13. Yellow so-
lid, yield 77% (0.034 g). IR (KBr): ν̃ = 2178 (s, CN) cm–1. 31P{1H}
NMR (121 MHz, C6D6, 298 K): δ = 146.3 (s) ppm. 1H NMR
(400 MHz, C6D6, 298 K): δ = 8.13 (br. s, 8 H, H arom., BPh4), 7.78
(m, 4 H, H arom.), 7.50 (br. s, 4 H, H arom), 7.43 (br. s, 8 H, H
arom., BPh4), 7.14 (br. s, 4 H, 4 H arom., BPh4), 6.57 (m, 1 H, Ha

arom.), 5.73 (d, 3JH,H = 9.8 Hz, 2 H, Hb arom.), 2.22 (br. s, 2 H,
2CHCNC6H11), 1.83 (m, 12 H, CNC6H11), 1.62 (s, 36 H, 4 CMe3),
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Table 3. Crystallographic data and structure refinement for 6–8 and 12.

6 7 8 12

Formula C107H126BNO7PRh C187H241B2Cl3N4O12P4Rh2C93H121BNO6P2Rh C398H470B4Ir4N4O24P12

Mr 1744.72 3194.51 1524.57 6877.46
T [K] 100(2) 100(2) 100(2) 293(2)
Crystal size [mm3] 0.36�0.19 �0.13 0.25�0.23�0.22 0.28�0.25�0.14 0.074�0.044 �0.015
Crystal system triclinic monoclinic monoclinic monoclinic
Space group P1̄ C2/c C2/m P21/c
a [Å] 17.1399(16) 34.7797(14) 25.2664(19) 12.5992(5)
b [Å] 17.544(3) 26.4707(11) 26.4744(19) 28.1831(16)
c [Å] 18.7310(17) 25.3582(18) 14.6013(11) 27.1141(10)
α [°] 101.257(4) 90 90 90
β [°] 111.742(3) 124.6180(10) 100.366(2) 99.684(4)
γ [°] 103.737(4) 90 90 90
V [Å3] 4825.5(10) 9212.6(18) 9607.6(12) 9490.6(7)
Z 2 4 4 1
Dcalcd. [g cm–3] 1.201 1.104 1.054 1.203
Absorption coefficient [mm–1] 0.281 0.301 0.257 3.587
F(000) 1852 6792 3256 3586
θ range [°] 2.14 to 30.69 1.82 to 30.55 2.35 to 30.61 3.14 to 73.82
Measured reflections 90629 199998 83189 36043
Unique reflections 28363 [Rint = 0.0571] 26069 [R(int) = 0.0355] 14794 [R(int) = 0.0389] 18389 [R(int) = 0.0887]
Data/restraints/parameters 28363/80/1126 26069/18/982 14794/74/502 18389/ 144/1136
Goodness-of-fit on F2 1.051 1.030 1.108 0.883
Final R indices [I�2σ(I)] R1 = 0.0498, R1 = 0.0666, R1 = 0.0424, R1 = 0.0689,

wR2 = 0.1267 wR2 = 0.2053 wR2 = 0.1236 wR2 = 0.1530
R indices (all data) R1 = 0.0903, R1 = 0.0861, R1 = 0.0521, R1 = 0.1674,

wR2 = 0.1473 wR2 = 0.2236 wR2 = 0.1291 wR2 = 0.1944
Largest diff. peak/hole [eÅ–3] 1.357/–1.261 4.432/–1.044 1.395/–0.638 0.788/–1.257

1.51 (m, 8 H, CH2, CNC6H11), 1.35 (s, 36 H, 4 CMe3) ppm.
13C{1H} NMR (101 MHz, C6D6, 298 K): δ = 165.7 (q, JC,B =
34.0 Hz), 151.0 (br.), 148.5, 148.0, 146.7, 140.6, 137.6, 132.0, 128.2,
125.9, 125.4, 121.9, 115.7, 56.1, 35.7, 34.5, 31.3, 22.7, 21.5 ppm.
C99H125BIrN3O6P2 (1718.04): calcd. C 69.21, H 7.33, N 2.45; found
C 69.26, H 7.40, N 2.44.

[Ir(1)(η2-C2H4)][BPh4] (15): A slow flow of ethylene was bubbled
into a suspension of [{Ir(μ-Cl)(η2-C8H14)2}2] (0.045 g, 0.05 mmol)
in methanol (15 mL) at room temperature for 1 h. Then the mixture
was cooled to –40 °C and a solution of diphosphite (0.099 g,
0.1 mmol) in THF (2 mL) was added. After 20 min, NaBPh4

(0.032 g, 0.1 mmol) was added and the mixture was stirred at
–40 °C for 30 min. Diethyl ether was added (30 mL) and the re-
sulting pale orange solid was washed with cold diethyl ether
(3�10 mL) and vacuum-dried; yield 62% (0.047 g). 31P{1H} NMR
(162 MHz, C6D6, 298 K): δ = 143.7 (s) ppm. 1H NMR (C6D6,
400 MHz, 298 K): δ = 8.21 (br. s, 8 H, H arom., BPh4), 7.75 (br. s,
4 H, H arom.), 7.51 (br. s, 4 H, H arom.), 7.37 (m, 8 H, H arom.,
BPh4), 7.14 (m, 4 H, H arom., BPh4), 6.65 (m, 1 H, Ha arom.),
5.83 (d, 3JH,H = 7.8 Hz, 2 H, Hb arom.), 2.89 (br. s, 4 H, C2H4),
1.42 (s, 36 H, 4 CMe3), 1.35 (s, 36 H, 4 CMe3) ppm. 13C{1H} NMR
(101 MHz, [D8]tetrahydrofurane, 213 K): δ = 164.7 (q, JC,B =
48.2 Hz), 157.4 (br.), 150.0, 147.6, 144.7, 140.2, 137.0, 130.6, 128.9,
127.2 (br.), 125.9, 121.9, 105.7 (br.), 44.6, 35.7, 34.6, 31.3 ppm.
C87H107BIrNO6P2 (1527.73): calcd. C 68.40, H 7.06, N 0.92; found
C 68.43, H 7.08, N 0.92.

General Hydrogenation Procedure: In a glovebox, the appropriate
substrate (0.3 mmol), diphosphite 1 (3.15 μmol), [{IrCl(cod)}2]
(1.5 μmol) and the additive (30 μmol) in toluene (0.5 mL) were
added to a 2 mL glass vial. Vials were placed in a model HEL
CAT18 pressure reactor that holds up to eighteen reactions. The
reactor was purged three times with H2 and finally pressurized.
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After 24 h, the reactor was slowly depressurized, solutions were
evaporated and conversions were determined by 1H NMR spec-
troscopy.

X-ray Structure Determinations: Crystallographic data for com-
plexes 6–8 were collected with a Bruker-Nonius X8Apex-II CCD
diffractometer using graphite-monochromated Mo-Kα1 radiation (λ
= 0.71073 Å), whereas diffraction data for 12 were recorded with
an Oxford Diffraction Xcalibur Nova diffractometer using Cu-Kα

radiation (λ = 1.5418 Å). The data were reduced (SAINT)[29] and
corrected for Lorentz polarization and absorption effects by
multiscan method (SADABS).[30] Structures were solved by direct
methods (SIR-2002)[31] and refined against all F2 data by full-ma-
trix least-squares techniques (SHELXTL 6.12).[32] A summary of
cell parameters, data collection and structure solution and refine-
ment is given in Table 3.

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR spectra (CD2Cl2, 500 MHz) of compound 8 showing
the ethylene signal region at several temperatures and the 31P{1H}
NMR spectra (CD2Cl2, 202 MHz) of 8 at several temperatures.
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[VO(sal-L-tryp)(H2O)] (1, sal-L-tryp = N-salicylidene-L-tryp-
tophanate) was used as a precursor to produce the new com-
plexes [VO(sal-L-tryp)(MeATSC)]·1.5C2H5OH [2, MeATSC =
9-Anthraldehyde-N(4)-methylthiosemicarbazone], [VO(sal-
L-tryp)(N-ethhymethohcarbthio)]·H2O [3, N-ethhymethoh-
carbthio = (E)-N-ethyl-2-(4-hydroxy-3-methoxybenzylidene)-
hydrazinecarbothioamide] and [VO(sal-L-tryp)(acetyl-
ethTSC)]·C2H5OH {4, acetylethTSC = (E)-N-ethyl-2-[1-(thi-
azol-2-yl)ethylidene]hydrazinecarbothioamide} by reaction
with the respective thiosemicarbazone. The chemical and
structural properties of these ligands and complexes were
characterised by elemental analysis, ESI-MS, FTIR, UV/Vis,

Introduction

The limited efficacy of current treatments for advanced
colon cancer serves an impetus for a concerted effort to
identify chemopreventive agents for treatment. This process
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ESR and 1H and 13C NMR spectroscopy and X-ray crystal-
lography. Dimethyl sulfoxide (DMSO) and [D6]DMSO solu-
tions of 1–4 were oxidised in air to produce vanadium(V) spe-
cies, which were verified by ESI-MS and 51V NMR spec-
troscopy. The anticancer properties of 2–4 were examined
with three colon cancer cell lines, HTC-116, Caco-2 and HT-
29, and noncancerous colonic myofibroblasts, CCD18-Co.
Compounds 2–3 exhibited less inhibitory effects in the CCD-
18Co cells, which indicates a possible cytotoxic selectivity
towards colon cancer cells. In general, compounds that exhi-
bit antiproliferative activity to cancer cells but do not affect
noncancerous cells may have a potential in chemotherapy.

has always involved metal complexes. Cisplatin is widely
used for the treatment of many cancers[1] despite its high
toxicity, undesirable side effects and problems with drug re-
sistance in primary and metastatic cancers.[2] These limita-
tions have spurred a growing interest in new nonplatinum
metal complexes that show anticancer properties.[3] Ruthe-
nium has been reported to possess several favourable prop-
erties suited to rational anticancer drug design,[4] and ruthe-
nium complexes of various types are being studied as
metallodrugs as they are believed to have low toxicity and
good selectivity for tumors.[5] Recently, we reported the ef-
fect of ruthenium(II) complexes with new chelating thio-
semicarbazones on the growth inhibition of MCF-7 and
MDA-MB-231 (breast adenocarcinoma) and HCT 116 and
HT-29 (colorectal carcinoma) cell lines.[6] Thiosemicarb-
azones and their metal complexes are used in many applica-
tions ranging from pharmacology to nuclear medicine.[7]

Here we present our efforts to expand our study of non-
ruthenium systems. There have been few systematic studies
of the use of vanadium compounds as potential anticancer
agents, for example, there has been a report of vanadium(V)
complexes with salicylaldehyde semicarbazone derivatives
that featured in vitro antitumour activity towards kidney
tumour cells (TK-10).[8] In addition, several vanadium(IV)
compounds are known to exhibit anticancer activities.[9]

Previously, bis(4,7-dimethyl-1,10-phenanthroline)sulfato-
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oxovanadium(IV) (metvan) was identified as the most
promising multitargeted anticancer compound with
apoptosis-inducing activity.[9c]

Interestingly, metvan was found to be highly effective
against cisplatin-resistant ovarian and testicular cancer cell
lines.[9c] Given the paucity of data regarding the use of va-
nadium(IV) complexes with thiosemicarbazones as ligands
as potential anticancer agents, we now report the synthesis
and chemical characterisation of a series of such complexes
and the preliminary results of a biological study against sev-
eral colorectal cancer cell lines in order to evaluate their
potential as chemotherapeutic candidates.

Results and Discussion

All compounds were characterised by elemental analysis.
The structural components of the ligands and complexes
were confirmed by FTIR, 1H and 13C NMR spectroscopy,
MS and X-ray crystallography, where appropriate.

Chemistry and Pharmacology

9-Anthraldehyde-N(4)-methylthiosemicarbazone (Me-
ATSC) was synthesised as described by Beckford et al.[6]

and two new thiosemithiocarbazones, (E)-N-ethyl-2-(4-hy-
droxy-3-methoxybenzylidene)hydrazinecarbothioamide (N-
ethhymethohcarbthio) and (E)-N-ethyl-2-[1-(thiazol-2-yl)-
ethylidene]hydrazinecarbothioamide (acetylethTSC), were
also synthesised (Scheme S1, Supporting Information). 2-
(2-Hydroxybenzylamino)-3-(1H-indol-3-yl)propanoic acid
(the reduced Schiff base) was prepared using a known pro-
cedure,[10] which involved salicylaldehyde, amino acids and
NaBH4 with l-tryptophan (Scheme S2). [VO(sal-l-tryp)-
(H2O)] (1, sal-l-tryp = N-salicylidene-l-tryptophanate) was
prepared as described by Pessoa et al.[11] [VO(sal-l-tryp)-
(MeATSC)]·1.5C2H5OH (2), [VO(sal-l-tryp)(N-ethhyme-
thohcarbthio)]·H2O (3) and [VO(sal-l-tryp)(acetylethTSC)]·
C2H5OH (4) were synthesised by the reaction of 1 with the
respective thiosemicarbazones (Scheme 1). Compounds 2–4
were isolated in yields of 57–78%.

In this study, we investigated the cytotoxic effects of our
complexes against three colon cancer cell lines, HTC-116,
Caco-2 and HT-29, along with a comparative antiprolifera-
tive study of noncancerous colonic myofibroblasts, CCD-
18Co, by using the standard 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfenyl)-2H-tetrazolium,
inner salt (MTS)-dye reduction assay for cell viability.
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Scheme 1. Synthesis of 1–4.

Elemental Analyses and MS

Elemental analysis was carried out on N-ethhyme-
thohcarbthio and 1–4. The percentage of N found in 4 was
10.91% vs. the calculated value of 12.98 %. The elemental
analysis data for the percentage of N is not fully consistent
with the calculated value, but other spectroscopic methods
confirmed the identity of 4. Due to the fact that the discrep-
ancy is only in the nitrogen, it is likely due to an error in
the analysis process or the loss of ethanol as solvate during
the analytical procedure. However, ESI-MS proved the exis-
tence of [VO(sal-l-tryp)(acetylethTSC)] without ethanol as
a solvate.

ESI mass spectra were acquired for 2–4 and the products
obtained from oxidised DMSO solutions of 1 and 3 (Fig-
ures S1–S9 and Schemes S3–S5). The results thus obtained
are in agreement with a metal/ligand ratio of 1:1 in the com-
plexes. Table 1 shows the ESI-MS data acquired for the li-
gands and complexes (Figures S1–S9). Overall, the sug-
gested formulae were further confirmed by mass spectral
fragmentation analysis.

Oxidovanadium(IV) complexes that contain N-salicylid-
ene-l-amino acid ligands can be oxidised to form vanadi-
um(V) compounds.[12] It was important to determine
whether our vanadium(IV) complexes could be oxidised to
form vanadium(V) species when dissolved in DMSO. Com-



A. A. Holder et al.FULL PAPER
Table 1. MS data for ligands and complexes.

A) Reduced Schiff base, K[sal-l-tryp] and 1–4

Species Exact mass Species formed in the spectrometer m/z Relative int.
[gmol–1] [%]

Reduced Schiff base[a] 310.13 [M + H]+ 311.08 100.00
[M – CHO3 + H]+ 242.42 13.04
[2M + H]+ 620.36 12.77
[3M + H]+ 930.39 5.02
[4M + H]+ 1240.92 3.92

K[(sal-l-tryp)][a] 346.07 [M + H]+ 344.05 39.65
[M – OH – K + H]+ 300.03 100.00
[M – OH – O – K + H]+ 205.20 50.43
[M – COO – K + H]+ 242.62 64.65
[M – COO – OH – K + H]+ 262.12 1.51
[M – C7H6O – K + H]+ 281.14 46.08

[VO(sal-l-tryp)(MeATSC)][a] 666.14 [M + H]+ 666.17 100.00
[M – C2H5N2S + H]+ 577.08 33.10
[M – C17H17N3 + H]+ 405.14 31.86
[MeATSC + H]+ 292.14 54.60

[VO(sal-l-tryp)(N-ethhymethohcarbthio)][b] 626.13 [M – H]– 624.87 100.00
[M – C11H10N2O – H]– 431.90 64.75
[M – C11H15N3O2S – H]– 407.85 20.99
[[C11H15N3O2S – C8H7N] – H]– 287.88 12.70
[N-ethhymethohcarbthio – H]– 252.00 25.74

[VO(sal-l-tryp)(acetylethTSC)][a] 601.09 [M + H]+ 600.25 2.71
[M – C3H7NS + H]+ 513.57 100.00
[M – C7H5NO + H]+ 482.38 37.11
[M – C17H15N2O + H]+ 336.06 4.13

B) Oxidised products isolated from 1 and 3.

Species Exact mass Species formed in the spectrometer m/z Relative int.
[gmol–1] [%]

Proposed 468.06 [M + H]+ 468.60 1.67
[VO(sal-l-tryp)(DMSO)(OH)][c,a] [M – OH – DMSO – C8H7N + H]+ 242.41 100.00
intermediate [M – OH + H]+ 451.05 48.25

[[V2O3(sal-l-tryp)2] + H]+ 763.68 30.06
[[V2O3(sal-l-tryp)2(H2O)] + H]+ 776.77 49.36
[[V2O3(sal-l-tryp)2(DMSO)2] + H]+ 918.28 3.13

Proposed 468.06 [M + H]+ 470.01 0.50
[VO(sal-l-tryp)(DMSO)(OH)][d,a] [N-ethhymethohcarbthio + H]+ 252.26 100.00
intermediate [M – OH + H]+ 451.96 2.97

[M – OH + N-ethhymethohcarbthio + H]+ 702.75 2.15
[[V2O3(sal-l-tryp)2] + H]+ 763.22 0.74
[[V2O3(sal-l-tryp)2(H2O)] + H]+ 775.40 1.08
[[V2O3(sal-l-tryp)2(DMSO)2] + H]+ 916.44 0.75

[a] Positive mode. [b] Negative mode. [c] Proposed vanadium(V) intermediate obtained from 1. [d] Proposed vanadium(V) intermediate
obtained from 3.

pounds 1 and 3 were dissolved in DMSO, and the resulting
solutions were allowed to evaporate to leave a solid. ESI-
MS was carried out on the remaining solids and showed
that 1 and 3 were oxidised to form vanadium(V) species
(Table 1). Vanadium(V) species with coordinated DMSO
were detected by ESI-MS. Scheme 2 shows a proposed
mechanism for the formation of the oxidised compounds in
DMSO.

X-ray Crystallographic Studies on acetylethTSC

A single crystal of acetylethTSC was grown by the slow
evaporation of a methanol solution. The molecular struc-
ture of acetylethTSC together with the atomic numbering
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scheme is shown in Figure 1, and Table 2 shows the crystal
data and structure refinement for acetylethTSC.

Thiosemicarbazones are known to exhibit thione–thiol
tautomerism.[6] The crystal structure shows that ace-
tylethTSC exists as a thione in the solid state. The C(1)–
S(1) distance (1.6814 Å) is similar to that found in a methyl
analogue of 2-acetyl-2-thiazoline thiosemicarbazone, which
is in the thione form as a solid.[13] AcetylethTSC adopts a
syn conformation about the N1–N2 bond in a similar fash-
ion as thiosemicarbazones formed from 2-acetylthiazole.[14]

The N2–H group donates an intermolecular hydrogen bond
to thione S1 to form centrosymmetric hydrogen-bonded di-
mers with an N···S distance of 3.4651(15) Å. The thiazole
N4 atom is not involved in hydrogen bonding as shown in
Figure 2.
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Scheme 2. Proposed mechanism for the formation of the oxidised compounds in DMSO.

Figure 1. A thermal ellipsoid plot (50% probability envelopes) of
acetylethTSC.
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Figure 2. Hydrogen bonding in acetylethTSC.

FTIR Spectroscopy
Infrared spectra were acquired for the ligands and com-

plexes (Figures S10–S18). Thiosemicarbazones exhibit char-
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Table 2. Crystal data and structure refinement for acetylethTSC.

acetylethTSC

Empirical formula C8H12N4S2

Formula weight 228.34
Temperature 90.0(5) K
Wavelength 1.54178 Å
Crystal system, space group monoclinic, C2/c
Unit cell dimensions a = 10.4549(10) Å, α = 90°

b = 10.8970(10) Å, β = 91.544(5)°
c = 18.7694(15) Å, γ = 90°
V = 2137.6(3) Å3

Z, calculated density 8, 1.419 Mg/m3

Absorption coefficient 4.251 mm–1

F(000) 960
Crystal size 0.18�0.17�0.09 mm
Theta range for data collection 5.8 to 68.1°
Limiting indices –12 � h � 12, –12 � k � 13,

–22 � l � 22
Reflections collected/unique 8017/1901 [Rint = 0.026]
Completeness to θ = 66.6° 99.1%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.701 and 0.515
Refinement method Full-matrix least squares on F2

Data/restraints/parameters 1901/0/136
Goodness-of-fit on F2 1.065
Final R indices [I�2σ(I)] R1 = 0.0276, wR2 = 0.0691
R indices (all data) R1 = 0.0312, wR2 = 0.0715
Extinction coefficient 0.00011(3)
Largest diff. peak and hole 0.257 and –0.262 e Å–3

acteristic bands that correspond to various functional
groups in different energy regions. The most significant
bands in the 4000–500 cm–1 region are found between
3100–3500 (NH stretching vibrations), 1580–1630 (C=N
and NH), and 1100–1300 and 820–900 (C=S). Thiosemi-
carbazones can coordinate as either a neutral (thione) or a
monoanionic (thiolate) ligand.[15] The ligands (Figures S10–
S12) here all seem to be in the thione form in the solid
state.[16] This was inferred primarily from the absence of a
ν(S–H) absorption in the 2600–2500 cm–1 region. There are
two bands in the ν(N–H) region, and the presence of the
peak due to the hydrazinic hydrogen atom confirms the
thione formulation. The thiolate form was not evident in
our compounds in the solid state (see Tables 3 and 4 for the
respective stretching frequencies for the ligands and com-
plexes).

Table 3. FTIR spectroscopic data [cm–1] for the ligands.

Indolic –N1H2 N2H ν(N–N) ν(C–O) νs(COO) νas(COO) TSC sal-l-tryp ν(C=S) ν(V–S) ν(OH)
ν(NH) ν(NH) ν(NH) ν(C=N) ν(C=N)

MeATSC – 3399 3201 1075 – – – 1621 – 1255 (m), – –
(m) (w) (m) (m) 841 (m)

N-Ethhyme- – 3304 3300 1155 – – – 1606 – 1267 (m), – 3130 (br.)
thohcarbthio (m) (w) (m) (m) 831 (m)
AcetylethTSC – 3164 3054 1059 – – – 1543 – 1296 (m), – –

(m) (w) (m) (m) 813 (m)
K[(sal-l-tryp)] 3407 – – – 1194 1521 (m) 1604 (m) – 1570 (m) – – 3169 (br.)

(m) (m)
Reduced Schiff 3392 – – – 1208 1494 (m) 1592 (m) – – – – 3055 (br.)
base ligand (m) (m)
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IR spectra of all the complexes (Figures S15–S18) show
a band in the ν(N–H) region that may be attributed to the
hydrazinic nitrogen atom and suggests that the ligands are
coordinated as the thione form. Neither the hydrazinic nor
the terminal (aminic) hydrogen atom shifted significantly
upon coordination of the ligand. The ligands all show a
medium intensity band in the 1620–1605 cm–1 region, which
is assigned as the C=N (imine) linkage. On coordination of
the ligand, this band shifts significantly for acetylethTSC
(1607–1621 cm–1 in 4) and N-ethhymethohcarbthio (1605 to
1616 cm–1 in 3). The stretching frequency of MeATSC
changed slightly on coordination to 1. The shift in this band
is indicative of the involvement of the iminic nitrogen atom
in the ligation.[7b,17] The involvement of the thiocarbonyl
group in the binding can be similarly inferred from the fact
that the peaks changed frequency to lower wavenumbers on
coordination to 1 (6 cm–1 for 2, 11 cm–1 for 3 and 2 cm–1

for 4). The magnitude of the shifts suggest that the ligands
coordinate in their neutral bidentate form (through the
iminic nitrogen and the thiocarbonyl sulfur atoms) in all
the complexes.

A ν(V–S) stretching frequency is observed in the 470–
400 cm–1 region for all complexes. The absence of a similar
band in the spectra of the free thiosemicarbazone ligands
confirms coordination by the thiocarbonyl sulfur atom. IR
spectra of the reduced Schiff base and K[sal-l-tryp] (Fig-
ures S13 and S14) were used to assign the important
stretching frequencies due to the coordination of the Schiff
base moiety. A phenolate ν(C–O) stretching frequency in
the 1545–1540 cm–1 region is observed for 1–4. Broad
ν(OH) stretching frequencies are observed at 3014 and
3010 cm–1 for 1 and 3, respectively. The absence of the ν(O–
H) stretching frequencies of the phenol in 2 and 4 confirms
the coordination of the ligand to the vanadium(IV) centre
by the phenolate anion.[18]
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Table 4. FTIR spectroscopic data [cm–1] for the complexes.

A) Compounds 1–4

Indolic –N1H2 N2H ν(N–N) ν(C–O) νs(COO) νas(COO) TSC sal-l-tryp ν(C=S) ν(V–S) ν(V=O) ν(OH)

ν(NH) ν(NH) ν(NH) ν(C=N) ν(C=N)

1 3478 (m) – – – 1540 (m) 1490 (m) 1597 (s) – 1600 (m) – – 997 (s) 3014 (br.)

2 3200 (m) 3340 (m) 2976 (w) 1148 (m) 1544 (m) 1491 (m) 1600 (s) 1624 (m) 1590 (m) 1225 (m), 829 (m) 455 (m) 980 (s) –

3 3210 (m) 3306 (m) 2970 (w) 1154 (m) 1540 (m) 1480 (m) 1600 (s) 1620 (m) 1580 (m) 1270 (m), 802 (m) 454 (m) 976 (s) 3010 (br.)

4 3229 (m) 3310 (m) 2976 (w) 1149 (m) 1545 (m) 1480 (m) 1600 (s) 1624 (m) 1580 (m) 1287 (m), 819 (m) 455 (m) 982 (s) –

B) Oxidised products isolated from compounds 1 and 3

Indolic ν(C–O) νs(COO) νas(COO) TSC sal-l-tryp ν(V=O) ν(OH) ν(S=O)

ν(NH) ν(C=N) ν(C=N)

A – oxidised product obtained from 1 3185 (m) 1551 (m) 1497 (m) 1618 (s) – 1581 (m) 949 (s) 3194 (br.) 1164 (m), 1213 (m)

B – oxidised product obtained from 3 3201 (m) 1550 (m) 1497 (m) 1600 (s) 1666 (m) 1590 (m) 946 (s) 3193 (br.) 1133 (m), 1157 (m)

All complexes exhibited ν(V=O) stretching frequencies
in the 997–980 cm–1 region, which is the typical range for
oxidovanadium(IV) complexes.[19] Upon coordination of
the respective thiosemicarbazone ligands to 1, a decrease
of the V=O stretching frequency occurred, i.e. a change of
17 cm–1 in 2, 21 cm–1 in 3 and 15 cm–1 in 4.

NMR Spectroscopy

1H and 13C NMR Spectroscopy

1H and 13C NMR spectra were acquired for N-ethhyme-
thohcarbthio, acetylethTSC, the reduced Schiff base, K[sal-
l-tryp] and the oxidised products derived from 1 and 3
(Figures S19–S26). Figure 3 shows the 1H NMR spectra of
N-ethhymethohcarbthio and acetylethTSC.

N-Ethhymethohcarbthio and AcetylethTSC

The presence of singlets at δ = 11.42 and 10.59 ppm in
the 1H NMR spectra of N-ethhymethohcarbthio and ace-
tylethTSC, respectively, are labelled as g in part A and as e
in part B of Figure 3.[20] It is common for this signal to be
used as a diagnostic test for the identification of E and Z
isomers.[6] According to Afrasiabi,[21] a chemical shift at δ
= 13–15 ppm proves that the ligand is in the E form,
whereas a peak at δ = 9–12 ppm proves that the ligand is
in the Z form. Based on this analysis and coupled with the
lack of a signal at δ ≈ 4.0 ppm, which is attributed to a SH
proton resonance, it can be inferred that both ligands exist
as the Z isomer. An X-ray crystallographic study on ace-
tylethTSC confirmed the existence of the thione moiety in
the free ligand. We also believe that the chemical shift of
13.2 ppm for acetylethTSC (Figure 3, B) is due to equilib-
rium in solution between the hydrogen-bonded (Z-confor-
mation) and the non-hydrogen-bonded (E-conformation)
forms.

Oxidised Products Isolated from 1 and 3

It is important to determine the species that are formed
when 1 and 3 are oxidised in DMSO. In order to determine
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such species, 1H NMR spectra were acquired of the isolated
oxidised products. All 1H NMR spectra exhibited broad
signals (Figures S21 and S22). This is attributed to the pres-
ence of some residual paramagnetic vanadium(IV) species,

Figure 3. 1H NMR spectra of N-ethhymethohcarbthio and ace-
tylethTSC in [D6]DMSO.
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which could be due to vanadium(IV) species that are in
equilibrium with vanadium(V) species that are formed upon
aerial oxidation in DMSO.

The 1H NMR spectrum of the oxidised product isolated
from 1 exhibited resonance signals that are due to aromatic
protons in the δ = 7.06–7.52 ppm region. The 1H NMR
spectra of the oxidised products isolated from 1 and 3 ex-
hibited resonance signals in the δ = 7.82–8.09 and 7.06 to
10.43 ppm regions, respectively. These resonance signals are
assigned to the proton of the azomethine group and the
NH proton of the indole ring of the l-tryptophan moiety,
respectively. The resonance signal that corresponds to the
N2H proton of N-ethhymethohcarbthio in the oxidised
product isolated from 3 overlaps with the resonance signal
assigned to the NH proton of the indole ring of the l-tryp-
tophan moiety. Chemical shifts are observed at δ = 1.17 and
3.79 ppm for the oxidised product isolated from 3, which
are assigned to the methylene and methyl protons of the
free N-ethhymethohcarbthio, respectively. Signals of aro-
matic protons are also observed as multiplets in the δ =
6.87–6.96 and 7.00–7.43 ppm ranges. ESI-MS was used to
prove the presence of DMSO-containing vanadium(V)
complexes, but 1H NMR spectroscopy proved that the
chemical shifts for DMSO occur at δ = 2.7 and 3.0–
3.6 ppm, which proved the existence of O-bonded and S-
bonded DMSO, respectively.[22] The absence of a peak at δ
= 2.7 ppm implies the absence of O-bonded DMSO.[22] The
resonance due to the presence of an S-bonded DMSO pro-
duces singlets at δ = 3.36 and 3.34 ppm for the oxidised
products isolated from 1 and 3, respectively.

1H and 51V NMR Spectroscopy of Oxidised Solutions of 1–
4 in [D6]DMSO

Over a 24 h period, [D6]DMSO solutions of 1–4 were
oxidised with the eventual formation of vanadium(V) spe-
cies. 51V NMR spectroscopy was used to definitively con-
firm the presence of vanadium(V) species. Figure 4 shows
the 51V NMR spectra for [D6]DMSO solutions of 1–4
(10 mm) at room temperature, and Table 5 shows the chemi-
cal shifts and percentages of species for each vanadium(V)
species. It is interesting that two species are formed on oxi-
dation of 1, 2 and 4, whereas three species are formed by
3. It is possible that a mononuclear species is formed in the
range δ = –480.5 to –467.7 ppm, based on the chemical
shifts obtained for 51V NMR spectra of vanadate(V) esters
of monoionised and diionised aromatic 1,2-diols.[23] For ex-
ample, [VO(gsal)(HL1)], [VO(asal)(HL1)] and [VO(vsal)-
(HL1)] (gsal, asal and vsal = diionised salicylaldimine of
l-glycine, l-alanine and l-valine; HL1 = catecholate) have
chemical shifts of δ = –460, –457 and –455 ppm, respec-
tively, when [D6]DMSO was used as the solvent.

Mauyra et al.[24] have reported the synthesis of new
oxidovanadium(V) complexes [VOL(hq)] by the reaction of
[VO(acac)2] with LH2 {LH2 = the dibasic tridentate ONO
Mannich base [(S)-H2glysal, (S)-H2alasal, (S)-H2leusal and
(S)-H2ileusal; S represents the S-enantiomer] obtained by
the reduction of the Schiff bases of salicylaldehyde (sal) and
the amino acids: glycine (gly), d,l-alanine (ala), leucine
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Figure 4. 51V NMR spectra of 1–4 after oxidation in [D6]DMSO
for 24 h.

Table 5. 51V NMR chemical shifts δ [ppm] and percentages of spe-
cies of [D6]DMSO solutions for 1–4 after being oxidised for 24 h.

δ Species δ Species δ Species
(%) (%) (%)

1 –480.5 7.1 –541.4 92.9
2 –481.9 9.2 –542.2 90.8
3 –467.7 41.7 –541.0 47.9 –559.3 10.4
4 –481.9 6.9 –541.2 93.1

(leu) and isoleucine (ileu), respectively} in the presence of
8-hydroxyquinoline (Hhq). Spectroscopic studies were used
to confirm that the complexes have octahedral structures.[24]

The complexes exhibited a single 51V NMR signal (with
[D6]DMSO as solvent) in the range δ = –464.6 to
–468.0 ppm due to the existence of a single isomer in solu-
tion.[24] Due to the similar chemical shifts of the species in
the δ = –480.46 to –467.69 ppm range, we can conclude that
a mononuclear vanadium(V) species is formed when the va-
nadium(IV) complexes are oxidised in [D6]DMSO. The
reason why the vanadium(V) species that is formed from 3
has a chemical shift of δ = –467.7 ppm is yet to be deter-
mined.

Mauyra et al.[24] carried out a time-dependent 51V NMR
spectroscopic study (in [D7]DMF and CD3OD) in order to
investigate possible isomerisation and/or further reaction in
solution. Freshly prepared solutions of [VO(S-alasal)(hq)]
showed a signal at δ = –466.7 ppm. As time elapsed, a sec-
ond, broader signal at δ = –516.3 ppm formed, which had
about the same integral intensity as the δ = –466.7 ppm
signal after three days and about twice its intensity after
one week. The authors concluded that the change in chemi-
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cal shift was too large to represent diastereomers based on
pairs of enantiomers, and therefore, assigned the new signal
to a [VO2] or [(VO)2μ-O] species, i.e. the oxygenated product
after a slow loss of 8-hydroxyquinoline. They also con-
cluded that, as the generation of a [(VO)2μ-O] species usu-
ally dominates during oxygenation[24] in the absence of a
base, the signal at δ = –516.3 ppm is most probably due to
the [(VO)2μ-O] species. In our case, the chemical shift at
approximately δ = –541 ppm accounts for the major species
formed for 1–4. We believe that this due to [V2O3(sal-l-
tryp)2(DMSO)2], which was also detected by ESI-MS (m/z
= 918.3, [V2O3(sal-l-tryp)2(DMSO)2 + H]+) from oxidised
DMSO solutions of 1 and 3. A similar complex with N-
salicylidene-l-alaninate (sal-l-ala) as a ligand, [V2O3(sal-l-
ala)2]·2CH2Cl2, has been reported by Nakajima et al.[25]

We believe that [VO(sal-l-tryp)([D6]DMSO)(OH)] was
formed as an intermediate when 2 and 4 were oxidised in
[D6]DMSO, within experimental errors in the determi-
nation of the percentage species. We believe that the species
with a chemical shift at δ = –559.3 ppm is mononuclear
and propose its structure as that shown in Scheme 1 and its
formula as [VO(sal-l-tryp)(DMSO)(N-ethhymethoh-
carbthio)]. Based on 51V NMR spectroscopy, we propose
the existence of an equilibrium between mononuclear and
binuclear vanadium(V) species (Scheme 1).

Based on 1H NMR spectroscopy (Figures S27–S30), it
appears as if the thiosemicarbazone ligands became free
when 2–4 were oxidised in [D6]DMSO and DMSO. The 1H
NMR spectroscopic chemical shifts of the free ligands are
similar to the values shown in Figure 3 and those obtained
for MeATSC.[6] ESI-MS also proved the existence of a free
thiosemicarbazone ligand for a mixture that resulted from
the oxidation of 3 in DMSO. An m/z of 252.3 accounted
for the presence of free N-ethhymethohcarbthio.

UV/Vis and Fluorescence Spectroscopy of 1–4

UV/Vis spectra were acquired for 1–4 in DMSO (Figures
S31–S34), and the assignments of the absorption bands are
shown in Table 6. Charge transfer bands in the 266–292 nm
region, which can be assigned to π�π* transitions associ-
ated with the thioamide moiety, are observed for 2–4.[18a,26]

These occurred at 266 and 292 nm (shoulder) for 2, 270 and
288 nm (both shoulders) for 3 and 276 nm for 4. Charge
transfer bands assigned to n�π* transitions of aromatic
rings are observed in the 316–352 nm region[18a,19a,26–27]

and are observed as a shoulder at 316 nm for 2, at 330 nm
for 3, and 352 nm for 4.

In the UV region, oxidovanadium(IV) complexes derived
from salicylaldehyde generally possess a low-energy band at
around 375 nm, which can be attributed to a π�π* transi-
tion that originates mainly from the azomethine chromo-
phore.[11] This occurs at 388 nm for 2, as a shoulder at
390 nm for 3 and hidden under the n�π* transitions at
352 nm for 4. A band in the 550–558 nm region is assigned
to ligand-to-metal charge transfer (LMCT) transitions of
the type p�d where p and d represent the lone pair of the
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Table 6. UV/Vis spectroscopic data for 1–4.

λ [nm] ε [m–1 cm–1] Assignment

1 558 44 LMCT (p�d transition)
758 27 d�d transition

2 266 74835 π�π* (thioamide moiety)
292 (sh) 17954 π�π* (thioamide moiety)
316 (sh) 10046 n�π* (aromatic rings)
388 15013 π�π* (azomethine chromophore)
550 54 LMCT (p�d transition)
592 (sh) 45 d�d transition
756 28 d�d transition

3 270 (sh) 10984 π�π* (thioamide moiety)
288 (sh) 13874 π�π* (thioamide moiety)
330 24837 n�π* (aromatic rings)
390 (sh) 18250 π�π* (azomethine chromophore)
620 852 d�d transition

4 276 21969 π�π* (thioamide moiety)
352 14227 n�π* (aromatic rings)
558 80 LMCT (p�d transition)
590 (sh) 70 d�d transition
756 38 d�d transition

phenolato oxygen atom and vanadium 3d orbitals, respec-
tively.[28] This occurs at 558 nm for 1, 550 nm for 2 and
558 nm for 4. A similar band is absent for 3 but we believe
it to be hidden under the band at 614 nm, which is assigned
to d�d transitions.

Bands assigned to d�d transitions were also observed in
the 756–758 nm region for 1, 2 and 4.[19b] This occurred at
758 nm for 1 and 756 nm for 2 and 4. In the electronic spec-
tra of 2 and 4, bands at 592 nm for 2 and 590 nm for 4 are
also assigned to d�d transitions and appear as shoulders
of the much stronger LMCT band in the 550–558 nm re-
gion.[19b]

Fluorescence spectra were acquired for 2–4 in DMSO
(Figures S35–S37). The excitation wavelengths for 2, 3 and
4 were 400, 330 and 340 nm, respectively. Compound 2,
which contains an anthracene unit in MeATSC, produced
the highest intensity in its fluorescence spectra, whereas 3
and 4 produced lower intensities.

ESR Spectroscopy

Compounds 1–4 were also characterised by low-tempera-
ture ESR spectroscopy and each complex exhibits a pow-
der-type axial g = 2 signal (S = 1/2) with a minor rhombic
distortion at 10 K. The observed hyperfine structure shows
sixteen line ESR signals with partial overlap of three lines.
Figure 5 shows two representative ESR spectra along with
simulations for 1 and 4. These spectra are characteristic of
slowly tumbling macromolecular complexes consistent with
vanadyl (VO2+)-containing complexes, which indicates that
the vanadium centre has a +4 oxidation state in the two
freshly prepared complexes. The sixteen lines seen in the
anisotropic powder ESR spectra are due to the hyperfine
interaction between the electron spin and the nuclear spin
of 51VIV (I = 7/2, 100% natural abundance).
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Figure 5. X-band continuous-wave ESR spectra of 1 (A, 10 mm in
DMSO) and 4 (B, 10 mm in DMSO) overlaid with spectral simula-
tions.

The powder ESR spectra of 1–4 were simulated to deter-
mine the magnitudes of the principal 51V hyperfine cou-
pling constants (Ax, Ay, and Az) and g values using the ESR
simulation program DOUBLET.EXE.[29] The ESR param-
eters obtained from spectral simulations are shown in
Table 7. The large A values and broad linewidth are pre-
sumably due to the sulfur ligation and hexacoordinate ge-
ometry. The vanadyl cation, VO2+, is known to form com-
plexes that are pentacoordinate or square bipyramidal with
a short V=O bond,[30] and few hexacoordinate vanadyl-con-
taining complexes with mixed N,O,S ligands have been
characterised to date. The ESR spectra of the complexes
described here may be useful in future studies of VO2+ in
complexes and biological systems. Nevertheless, these ESR
spectroscopic results are in agreement with those of UV/Vis
and FTIR spectroscopy and thus prove that each synthe-
sised compound has a vanadium(IV) centre prior to aerial
oxidation of the DMSO solution. We plan to carry out
studies that involve DFT calculations to elucidate the de-

Table 7. ESR parameters of 1–4.[a]

gx gy gz Ax Ay Az

1 1.958 1.988 1.953 80 68 180
2 1.98 1.98 1.968 64 65 178
3 2 1.995 1.965 63 63 175
4 1.98 1.98 1.968 64 65 178

[a] ESR parameters were obtained from spectral simulations as de-
scribed in the text.
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pendence of calculated 51V Az values on the orientation and
geometry of the coordinated thiosemicarbazone and water
ligands in 1–4. Such a study that involves calculated and
experimental Az values for 1–4 would complement the ex-
cellent data for VIVO complexes that have been reported by
Garriba and coworkers.[31]

Pharmacology

In Vitro Cytotoxicity

The objective of this research was to evaluate the anti-
proliferative activity of 2–4 against colon cancer cell lines
(HTC-116, Caco-2 and HT-29) and to compare the antipro-
liferative activity against one noncancerous colon cell line
(CCD-18Co). Compounds 2–4, cisplatin and etoposide
were evaluated for their cytotoxicity against HCT-116,
Caco-2 and HT-29 by a colorimetric assay (MTS), which
measures mitochondrial dehydrogenase activity as an indi-
cation of cell viability. The effects of the compounds on
the viability of these cells were evaluated after continuous
incubation (24, 48 and 72 h).

The growth inhibition effects of the compounds were in-
vestigated in noncancerous colonic myofibroblast CCD-
18Co cells and compared to the colon cancer cell lines. The
results demonstrated a great difference in the inhibition of
cell proliferation between cancer lines and the noncancer-
ous CCD-18Co cells. Compounds 2–4 have been shown to
decrease the cell viability of HCT-116, Caco-2 and, more
potently, HT-29 cells (Table 8). Compound 4 was the most
active of the three tested, whereas 2 and 3 showed similar
activities in both cancer cell lines. Figure 6 shows a plot of
percentage cell viability vs. concentration of 4 against the
HT-29 cancer cell line, and Table 8 shows the IC50 values
for the inhibition of cell proliferation for 2–4, with IC50

values generally around 100 μm concentration at 72 h in 2
and 3. None of the compounds had better a efficacy against
any of the cancer cell lines than etoposide. Compound 4
had a better efficacy against the HT-29 cancer cell line than
cisplatin (Table 8).

Compounds 2–4 exhibited lower inhibitory effects in
normal human CCD-18Co cells, which indicates a possible
cytotoxic selectivity towards colon cancer cells (Table 8).
IC50 values in CCD-18Co were around three and two times
greater than those in HT-29 and Caco-2 and HCT-116,
respectively. However, the cytotoxic selectivity towards can-
cer colon cells of cisplatin (as a positive control) was slightly
lower, except with Caco-2 cells (Table 8). These results are
in good agreement with those of a previous study, where it
was shown that cisplatin inhibited cell proliferation by
about 70% in both cell lines (cancer and normal colon
cells).[32] In general, 2–4, which have been proven to be
growth suppressors of cancer cells but do not affect non-
cancerous cells, may have a potential in chemotherapy.

Although metal complexes are being investigated as
probes and therapeutics, there have been relatively few stud-
ies on their mechanism of uptake. Metal complexes that are
lipophilic cations may passively diffuse across the plasma
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Table 8. Antiproliferative effects of 2–4, cisplatin and etoposide on different cells lines after 24, 48 and 72 h treatment. Data are expressed
as IC50 (μm). IC50 is defined as the concentration required to achieve 50% inhibition over control cells (0.5% DMSO); IC50 values are
shown as mean standard error values taken from three independent experiments.

HT-29 Caco-2
24 h 48 h 72 h 24 h 48 h 72 h
IC50 [μM] IC50 [μM] IC50 [μM] IC50 [μM] IC50 [μM] IC50 [μM]

2 277.1� 10.2 239.6�7.9 100.3�5.1 349.1�19.5 277.1�16.3 147.1�10.8
3 244.2�8.8 169.6 �15.1 87.9�0.5 367.0�21.5 281.6�14.4 152.5�12.7
4 128.6�10.7 82.4 �9.6 47.8�5.5 242.1�25.1 166.2�15.3 85.4�14.0
Cisplatin 84.7�1.9 80.6� 1.6 69.1�3.2 32.0�1.6 22.8�1.5 17.9�1.8
Etoposide 19.2�0.8 17.3� 1.9 15.8�2.4 47.6�0.8 46.2�1.9 40.9�1.5

HCT-116 CCD-18Co
24 h 48 h 72 h 24 h 48 h 72 h
IC50 [μM] IC50 [μM] IC50 [μM] IC50 [μM] IC50 [μM] IC50 [μM]

2 203.4�7.7 181.3�9.2 115.0 �6.5 495.6�23.5 339.2�16.7 208.0�11.9
3 227.4�6.8 192.7�11.6 110.3 �10.1 490.6�27.6 329.5�15.4 203.6�12.5
4 161.3�4.6 134.9�3.9 89.5� 14.5 382.7�21.9 246.2�11.4 152.2�12.0
Cisplatin 53.8�2.1 49.7�1.3 41.0� 2.7 83.0�1.1 72.0�1.5 64.1�1.6
Etoposide 40.8�0.5 36.2�2.0 38.4�1.2 82.5 �3.1 79.2�1.2 73.2�1.9

Figure 6. MTT cell proliferation assay of 4 against the HT-29 can-
cer cell line.

membrane in response to the membrane potential.[33] A ru-
thenium(II) complex that contained the lipophilic 4,7-di-
phenyl-1,10-phenanthroline ligand has been shown to enter
the membrane by passive diffusion in a membrane-potential
dependent manner.[33] It is believed that the excellent effi-
cacy of ruthenium(II) complexes with thiosemicarbazones,
which have been reported by Beckford and coworkers,[6] is
likely due to the fact that the complexes are lipophilic cat-
ions. As a point of speculation, this may explain why cat-
ions such as [(bpy)2Ru(TSC)]2+ and [(phen)2Ru(TSC)]2+

(TSC = 9-anthraldehydethiosemicarbazones)[6] have better
efficacies against HT-29 and HCT-116 cell lines vs. our neu-
tral vanadium(IV) complexes. Based on 1H NMR spec-
troscopy and ESI-MS studies where the free ligand was ob-
served, we believe that the free ligand likely causes the cell
death as opposed to the vanadium species. In order to prove
this belief, we will have to carry out in vitro studies with
the free ligands. A systematic study will have to be carried
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out with the ruthenium(II) complexes and 2–4 under the
same conditions. Apart from such a study, a more detailed
emphasis will be placed on the methods used to examine
cellular accumulations to identify the mechanism(s) of up-
take, and to monitor possible efflux of 2–4 and their ana-
logues.

Conclusions

Two new thiosemicarbazone and three new vanadi-
um(IV) complexes with mixed ligands were successfully
synthesised and characterised. The anticancer properties of
2–4 were examined with three colon cancer cell lines, HTC-
116, Caco-2 and HT-29, along with a comparative antipro-
liferative study on noncancerous colonic myofibroblasts,
CCD-18Co. Compounds 2 and 3 exhibited a less inhibitory
effect in human noncancerous CCD-18Co cells, which indi-
cates a possible cytotoxic selectivity towards colon cancer
cells. In general, the compounds that exhibited antiprolifer-
ative activity on cancer cells but did not affect noncancer-
ous colorectal cells may have a potential in chemotherapy.

Experimental Section
Materials and Methods: Analytical or reagent grade chemicals were
used throughout. All the chemicals, including solvents, were ob-
tained from Sigma–Aldrich (St. Louis, MO, USA) or other com-
mercial vendors, and used as received. Microanalyses (C, H, N)
were performed by Desert Analytics, Tucson, USA and Columbia
Analytical Services 3860 S. Palo Verde Road Suite 303 Tucson, AZ
85714, USA. 1H and 13C NMR spectra were acquired in [D6]-
DMSO with JEOL ECX-300, Varian 300 MHz, Bruker 400 MHz
and Varian 500 MHz spectrometers at room temperature. The re-
sidual 1H and 13C present in [D6]DMSO (2.49 and 39.7 ppm,
respectively) were used as internal references. 51V NMR spectra
were acquired with a Varian 500 MHz spectrometer with [D6]-
DMSO as solvent and VOCl3 as an external reference as described
for vanadium(V) compounds.[34] ESR spectra were acquired at 10
or 20 K with a Bruker ER200D spectrometer with a 4116DM reso-
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nator. The sample temperature was maintained with a temperature
controller (ITC503S), an ESR910 liquid helium cryostat and
LLT650/13 liquid helium transfer tube (Oxford Instruments, Con-
cord, MA, USA). Instrument conditions were as follows, modula-
tion frequency: 100 kHz, modulation amplitude: 0.3 G, microwave
frequency: 9.64 GHz and microwave power: 0.004 mW. FTIR spec-
tra were acquired in the 4000–400 cm–1 range using an ATR access-
ory (with a diamond crystal) with a Nicolet 6700 FTIR spectropho-
tometer. Electronic spectra were acquired with quartz cuvettes with
a HP8452 diode array spectrophotometer using DMSO as the sol-
vent. Fluorescence spectra were acquired with a Cary Eclipse fluo-
rescence spectrophotometer (Varian Inc.) with a slit width of
10 nm. ESI-MS were acquired with an HP Agilent 1956b single-
quadrupole mass spectrometer. Samples were dissolved in an acetic
acid/methanol mixture and the solution was introduced by direct
injection using a syringe pump with a flow rate of 100 μLs–1 while
sweeping the cone voltage from 0 to 200 V at a rate of 10 Vmin–1.
All m/z ratios and percentages were determined by using Mest-
ReNova software.

X-ray Crystallography: Crystallographic data were collected at T =
90 K with a Bruker Kappa Apex-II CCD diffractometer equipped
with Cu-Kα radiation and an Oxford Cryosystems Cryostream co-
oler. The structure of acetylethTSC was solved using SHELXS[35]

and refined using the SHELX97[36] software packages. All H atoms
were visible in difference maps. Coordinates of the NH hydrogen
atoms were refined individually, whereas those on C were placed in
idealised positions, with torsional parameters refined for the methyl
groups.

Crystal data: C8H12N4S2, FW = 228.34, monoclinic, space group
= C2/c, a = 10.4549(10), b = 10.8970(10), c = 18.7694(15) Å, β =
91.544(5)°, V = 2137.6(3) Å3, Z = 8, T = 90.0(5)K, μ = 4.25 mm–1,
dcalc = 1.419 gcm–3, colourless parallelepiped, dimensions =
0.18�0.17� 0.09 mm, reflections collected: 8017, unique reflec-
tions = 1901, observed reflections [I�2σ(I)] = 1738, Rint = 0.026,
no. of parameters: 136, R1 = 0.028, wR2 = 0.069, GOF(F2) = 1.065.

CCDC-812348 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.ac.uk/
data_request/cif.

Synthesis of Ligands

9-Anthraldehydethiosemicarbazone (ATSC) and 9-anthraldehyde-
N(4)-methylthiosemicarbazone (MeATSC) were prepared accord-
ing to the procedure by Beckford et al.[6]

Synthesis of N-Ethhymethohcarbthio: o-Vanillin (3.00 g, 19.7 mmol)
and 4-ethyl-3-thiosemicarbazide (2.35 g, 19.7 mmol) were placed in
a 250 mL round-bottomed flask followed by absolute ethanol
(100 mL). Glacial acetic acid (approx. 10 drops) was added to the
off-white suspension, and the reaction mixture was heated to reflux
for 3 h. The reaction mixture was cooled to room temperature and
filtered through a sintered glass crucible. The white residue was
washed with ethanol (3�15 mL) and ether (3�10 mL) and al-
lowed to air dry; yield 4.97 g (99%). C10H13N3O2S (239.29): calcd.
C 52.15, H 5.97, N 16.59; found C 52.53, H 6.16, N 17.02. FTIR:
ν̃ = 3304 (m) (N1H), 3300 (m) (N2H), 3130 (br.) (OH), 1155 (m)
(N–N), 1606 (m) [TSC (C=N)], 1267 (m) and 831 (m) (C=S) cm–1.
1H NMR (400 MHz, [D6]DMSO): δ = 1.15 (t, Jt = 7.10 Hz, 3 H,
CH3), 3.46 (s, 1 H, CH3OAr), 3.60 (q, 2 H, CH2), 3.80 [s, 1 H,
(azomethine CH=N)], 6.79 (t, Jt = 7.95 Hz, CHar), 6.96 (dd, Jdd =
1.49 and 8.06 Hz, CHar), 7.55 (dd, Jdd = 1.51 and 7.93 Hz, CHar),
8.40 (s, H, aminic-NH), 11.41 (s, 1 H, ArOH), and 11.42 (s, 1 H,
hydrazinic-NH) ppm. 13C NMR (400 MHz, [D6]DMSO): δ =
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176.86 (C=S), 147.86 (CH=N), 145.88 (COCH3ar), 139.00 (PhOH),
120.82 (CCH=Nar), 118.91 (CHar), 118.10 (CHar), 112.66 (CHar),
58.85 (OCH3), 38.28 (CH2), 14.60 (CH3) ppm.

Synthesis of AcetylethTSC: 2-Acetylthiazole (0.636 g, 0.518 mL
5.0 mmol) was placed in a 100 mL round-bottomed flask followed
by anhydrous methanol (25 mL). 4-Ethyl-3-thiocarbazide (0.596 g,
5.0 mmol) in anhydrous methanol (25 mL) was slowly added to the
solution followed by a few drops of concentrated hydrochloric acid.
The reaction mixture was heated to reflux with stirring for 2 h and
then evaporated to a minimum volume to form a yellow solid. The
residue was collected by filtration, washed with diethyl ether and
air-dried; yield 0.750 g (66%). A single crystal for X-ray crystal-
lography was grown by slow evaporation of a methanol solution.
FTIR: ν̃ = 3164 (m) (N1H), 3054 (m) (N2H), 1059 (m) (NN), 1543
(m) [TSC (C=N)], 1296 (m) and 813 (m) (C=S) cm–1. 1H NMR
(400 MHz, [D6]DMSO): δ = 1.16 (t, Jt = 7.10 Hz, 3 H, CH3), 2.42
(s, 3 H, CH3CH=N), 3.61 (d, 2 H, CH2), 7.79 (d, Jd = 3.21 Hz,
CHar), 7.88 (d, Jd = 3.19 Hz, CHar), 8.08 (d, Jd = 3.24 Hz, CHar),
8.30 (s, H, aminic NH), 10.58 (s, 1 H, hydrazinic-NH), 13.2 (s, H-
bonded hydrazinic NH) ppm.

Synthesis of the Reduced Schiff Base 2-(2-Hydroxybenzylamino)-3-
(1H-indol-3-yl)propanoic Acid: The reduced Schiff base was pre-
pared by a known procedure that involved salicylaldehyde, amino
acids, and NaBH4, but with l-tryptophan using the following pro-
cedure:[10] l-Tryptophan (2.04 g, 10.0 mmol) and potassium hy-
droxide (0.56 g, 10.0 mmol) were added to a 125 mL Erlenmeyer
flask followed by deionised water (10 mL). Salicylaldehyde
(1.029 mL, 10.0 mmol) in absolute ethanol (10 mL) was slowly
added to the mixture. The yellow solution was stirred for 30 min
prior to cooling in an ice bath. The intermediate Schiff base that
was produced in situ was reduced with an excess of sodium borohy-
dride (0.46 g, 12 mmol) in water (5 mL) that contained NaOH solu-
tion (10 drops, 2 m). The solution was stirred for 10 min, and the
yellow colour slowly faded. The solution was acidified with concen-
trated HCl to pH 4.68. The resulting solid was collected by fil-
tration, washed with ethanol (2�30 mL) and diethyl ether
(2�30 mL) and dried. The white solid was recrystallised twice
from water/ethanol (1:1); yield 1.08 g (35 %). ESI-MS (+ve mode):
m/z (%) = 311.08 (100.00, [M + H]+), 242.42 (13.04, [M – CHO3

+ H]+), 620.36 (12.77, [2M + H]+), 930.39 (5.02, [3M + H]+),
1240.92 (3.92, [4M + H]+). FTIR: ν̃ = 3392 (m) (indolic NH), 3055
(br.) (OH), 1208 (m) (C–O), 1494 (m) (COOs) and 1592 (m) (CO-
Oas) cm–1. 1H NMR (400 MHz, [D6]DMSO): δ = 2.67 (d, 2 H),
3.21 (d, 2 H), 3.05 (d, 2 H), 5.91 (t, 1 H), 6.15 (d, 1 H), 6.31 (d, 1
H), 6.62 (m, 1 H), 6.62 (m, 1 H), 6.62 (m, 1 H), 6.62 (m, 1 H), 6.90
(d, 1 H) and 7.18 (d, 1 H) ppm. 13C NMR (400 MHz,
[D6]DMSO): δ = 28.57, 46.72, 63.61, 110.66, 111.57, 113.46,
118.50, 118.69, 121.37, 123.85, 123.89, 126.95, 127.78, 128.16,
128.34, 135.97, 164.55, 182.05 ppm.

Synthesis of K[(sal-L-tryp)]: K[(sal-l-tryp)] was prepared using a
method reported by Vanco et al.[37] To a mixture of l-tryptophan
(3.07 g, 15.0 mmol) and potassium hydroxide (0.85 g, 15.0 mmol)
dissolved in water (5 mL) was added a solution of salicylaldehyde
(1.57 mL, 15.0 mmol) in ethanol (10 mL) with stirring. The re-
sulting yellow solution was stirred at room temperature for 24 h
before it was diluted by ethanol (25 mL). Upon slow evaporation
of solvent, a yellow oil was formed, which was triturated with di-
ethyl ether. The yellow powder was collected by filtration and dried
under vacuum; yield 4.85 g (93%). ESI-MS (+ve mode): m/z (%) =
344.05 (39.65, [M + H]+), 300.03 (100.00, [M – OH – K + H]+),
281.14 (46.08, [M – OH – O – K + H]+), 262.12 (1.51, [M – COO –
K + H]+), 242.62 (64.65, [M – COO – OH – K + H]+), 205.20
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(50.43, [M – C7H6O – K + H]+). FTIR: ν̃ = 3407 (m) (indolic
NH), 3169 (br.) (OH), 1194 (m) (C–O), 1521 (m) (COOs), 1604 (m)
(COOas), 1570 (m) [TSC (C=N)] cm–1. 1H NMR (400 MHz, [D6]-
DMSO): δ = 3.13 (dd, Jdd = 8.9 and 16 Hz, 2 H), 3.49 (s, 1 H),
4.07 (s, 1 H), 6.59 (s, 1 H), 6.72–7.06 (m, 1 H), 6.72–7.06 (m, 1 H),
7.20 (s, 1 H), 7.20 (m, 1 H), 7.20 (m, 1 H), 7.20 (m, 1 H), 7.35–
7.58 (m, H), 7.35–7.58 (m, 1 H), 11.17 (s, 1 H) ppm. 13C NMR
(400 MHz, [D6]DMSO): δ = 30.16, 64.82, 72.43, 111.39, 111.56,
115.74, 117.62, 117.99, 118.31, 118.33, 120.59, 123.38, 127.36,
131.77, 132.01, 163.27, 172.88 ppm.

Synthesis of [VO(sal-L-tryp)(H2O)] (1): Complex 1 was prepared as
described by Costa Pessoa et al.[11] l-Tryptophan (1.14 g,
5.60 mmol) and sodium acetate trihydrate (1.47 g, 10.8 mmol) were
placed in a 250 mL round bottomed flask with deionised water
(100 mL). The mixture was stirred and heated at 50 °C to com-
pletely dissolve the l-tryptophan. Salicylaldehyde (0.59 mL,
5.6 mmol) in absolute ethanol (14 mL) was slowly added to the
mixture. The resulting yellow solution was stirred vigorously with a
magnetic stirrer, and an aqueous solution of VOSO4·xH2O (0.78 g,
4.8 mmol) in water (2 mL) was added dropwise to the solution and
it was stirred for 30 min. A dark brown precipitate formed, and the
resulting solution was filtered under vacuum. The grey solid col-
lected was washed with water (30 mL) and an ethanol/water mix-
ture (50:50, 30 mL) and air-dried; yield 1.19 g (63%).
C18H16N2O5V (391.28): calcd. C 55.25, H 4.12, N 7.16; found C
55.16, H 4.31, N 6.87 (ref.[11] C18H16N2O5V: calcd. C 55.25, H 4.12,
N 7.16; found C 55.2, H 4.2, N 7.1). FTIR: ν̃ = 3478 (m) (indolic
NH), 3014 (br.) (OH), 1540 (m) (C–O), 1490 (m) (COOs), 1597 (m)
(COOas), 1600 (m) {[(sal-l-tryp)] C=N}, 997 (s) (V=O) cm–1 [ref.[11]

3480 (m) (indolic NH), 3065 (br.) (OH), 1630 (m) {[(sal-l-tryp)]
(C=N)}, 1600 (m) (C–O), 970 (s) (V=O) cm–1]. UV/Vis (MeOH):
λmax. (ε/m–1 cm–1) = 558 (44) and 758 (27) nm [ref.[11] (DMSO) 275
(15400) and 375 (4850), 520 (45), and 730 (20) nm].

Synthesis of [VO(sal-L-tryp)(MeATSC)]·1.5C2H5OH (2): (E)-2-
(Anthracen-9-ylmethylene)-N-methylhydrazinecarbothioamide
(0.15 g, 0.51 mmol) and 1 (0.20 g, 0.51 mmol) were placed in a dry
250 mL round-bottomed flask. Absolute ethanol (100 mL) was
added to the flask, and the solution was heated to reflux with stir-
ring under argon for 2 h. The orange-blue solution was evaporated
to dryness. Diethyl ether was added, the mixture was filtered under
vacuum, and the green residue was collected and air-dried; yield
0.23 g (68%). C38H38N5O5.5SV (735.75): calcd. C 62.03, H 5.21, N
9.52; found C 62.62, H 5.25, N 9.33. ESI-MS: m/z (%) = 666.17
(100.00, [M + H]+), 577.08 (33.10, [M – C2H5N2S + H]+), 405.14
(31.86, [M – C17H17N3 + H]+), 292.14 (54.60, [MeATSC + H]+).
FTIR: ν̃ = 3308 (m) (indolic NH), 3340 (m) (N1H), 2976 (m)
(N2H), 1148 (m) (N–N), 1544 (m) (C–O), 1491 (m) (COOs), 1600
(s) (COOas), 1624 (m) [TSC (C=N)], 1590 (m) {[(sal-l-tryp)]
(C=N)}, (1225) (m), (829) (m) (C=S), (455) (m) (V–S), 980 (s)
(V=O) cm–1. UV/Vis (DMSO): λmax. (ε/m–1 cm–1) = 226 (74835),
292 (sh) (17954), 316 (sh) (10046), 388 (15013), 550 (54), 592 (sh)
(45), 756 (28) nm.

Synthesis of [VO(sal-L-tryp)(N-ethhymethohcarbthio)]·H2O (3):
Complex 3 was prepared in a similar manner to 2 from (E)-2-(4-
hydroxy-3-methoxybenzylidene)-N-methylhydrazinecarbothio-
amide (0.065 g, 0.26 mmol) and 1 (0.10 g, 0.26 mmol); yield 0.12 g
(78%). C29H30N4O7SV (629.58): calcd. C 53.33, H 4.64, N 11.11;
found C 53.18, H 5.21, N 11.09. ESI-MS: m/z (%) = 624.87 (100.00,
[M – H]–), 431.90 (64.75, [M – C11H10N2O – H]–), 407.85 (20.99,
[M – C11H15N3O2S – H]–), 287.88 (12.70, [C11H15N3O2S –
C8H7N – H]–), 252.00 (25.74, [N-ethhymethohcarbthio – H]–).
FTIR: ν̃ = 3210 (m) (indolic NH), 3306 (m) (N1H), 2970 (m)
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(N2H), 3010 (br.) (OH), 1154 (m) (N–N), 1540 (m) (C–O), 1480
(m) (COOs), 1600 (s) (COOas), 1620 (m) [TSC (C=N)], 1580 (m)
{[(sal-l-tryp)] (C=N)}, (1270) (m), (802) (m) (C=S), (454) (m) (V–
S), 976 (s) (V=O) cm–1. UV/Vis (DMSO): λmax. (ε/m–1 cm–1) = 270
(sh) (10984), 288 (sh) (13874), 330 (24837), 390 (sh) (18250), 620
(852) nm.

Synthesis of [VO(sal-L-tryp)(acetylethTSC)]·C2H5OH (4): Complex
4 was prepared in a similar manner to 2 from 2-acetylthiazole-
4,4�-dimethylthiosemicarbazone (0.12 g, 0.51 mmol) and 1 (0.20 g,
0.51 mmol); yield 0.18 g (57%). C28H32N6O5S2V (647.66): calcd. C
51.93, H 4.98, N 12.98; found C 52.49, H 4.72, N 10.91. ESI-MS:
m/z (%) = 600.25 (2.71, [M + H]+), 513.57 (100.00, [M – C3H7NS
+ H]+), 482.38 (37.11, [M – C7H5NO + H]+), 336.06 (4.13, [M –
C17H15N2O + H]+). FTIR: ν̃ = 3229 (m) (indolic NH), 3310 (m)
(N1H), 2976 (m) (N2H), 1149 (m) (N–N), 1545 (m) (C–O), 1480
(m) (COOs), 1600 (s) (COOas), 1624 (m) [TSC (C=N)], 1580 (m)
{[(sal-l-tryp)] (C=N)}, (1287) (m), (819) (m) (C=S), (455) (m) (V–
S), 982 (V=O) cm–1. UV/Vis (DMSO): λmax. (ε/m–1 cm–1) = 276
(21969), 352 (14227), 558 (80), 590 (sh) (70), 756 (38) nm.

Oxidation of 1 and 3 in DMSO: Complex 1 (0.1 g, 0.26 mmol) was
added to an evaporating dish with DMSO (10 mL), and the re-
sulting solution was left to evaporate for 32 days to leave a solid;
yield 0.09 g. ESI-MS (+ve mode): m/z (%) = 468.60 (1.67,
[M + H]+), 242.41 (100.00, [M – OH – DMSO – C8H7N + H]+),
451.05 (48.25, [M – OH + H]+), 763.68 (30.06, [V2O3(sal-l-tryp)2 +
H]+), 776.77 (49.36, [V2O3(sal-l-tryp)2(H2O) + H]+), 918.28 (3.13,
[V2O3(sal-l-tryp)2(DMSO)2 + H]+). FTIR: ν̃ = 3185 (m) (indolic
NH), 3194 (br.) (OH), 1551 (m) (C–O), 1497 (m) (COOs), 1618 (s)
(COOas), 1667 (m) [TSC (C=N)], 1581 (m) {[(sal-l-tryp)] (C=N)},
1164 (m), 1213 (m) (S=O), 949 (s) (V=O) cm–1. 1H NMR
(400 MHz, [D6]DMSO): δ = 2.52 (d, 3 H), 2.52 (d, 3 H), 10.89 (s,
1 H), 7.06 (s, 1 H), 7.22 (m, 1 H), 7.22 (m, 1 H), 7.52 (d, 1 H), 8.06
(d, 2 H), 3.36 (s, 1 H), 3.00 (s, 2 H), 7.22 (m, 1 H), 7.22 (m, 1 H),
7.22 (m, 1 H), 7.22 (m, 1 H), 9.93 (s, 1 H), 7.06 (s, 1 H) ppm.

Complex 3 (0.1 g, 0.16 mmol) was oxidised in an analogous man-
ner; yield 0.09 g. ESI-MS (+ve mode): m/z (%) = 470.01 (0.50, [M
+ H]+), 252.26 (100.00, [N-ethhymethohcarbthio + H]+), 451.96
(2.97, [M – OH + H]+), 702.75 (2.15, [M – OH + N-ethhy-
methohcarbthio + H]+), 763.22 (0.74, [V2O3(sal-l-tryp)2 + H]+),
775.40 (1.08, [V2O3(sal-l-tryp)2(H2O) + H]+), 916.44 (0.75, [V2O3-
(sal-l-tryp)2(DMSO)2 + H]+). FTIR: ν̃ = 3193 (br.) (OH), 1666 (m)
(C=N), 1600 (C=O), 1550 (m) (C–O), 1133 (m), 1157 (m) (S=O),
946 (s) (V=O) cm–1. 1H NMR (400 MHz, [D6]DMSO): δ = 2.52
(d, 3 H), 2.52 (d, 3 H), 10.43 (s, 1 H), 6.96 (s, 1 H), 7.22 (m, 1 H),
7.22 (m, 1 H), 7.42 (d, 1 H), 8.00 (d, 2 H), 3.34 (s, 1 H), 3.00 (s, 2
H), 7.22 (m, 1 H), 7.22 (m, 1 H), 7.22 (m, 1 H), 7.22 (m, 1 H), 9.95
(s, 1 H), 6.96 (s, 1 H) ppm.

Pharmacology

Cell Culture: Three human colon cancer cells, HT-29 (human colon
adenocarcinoma), HCT-116 (human colon carcinoma) and Caco-
2 (human epithelial colorectal adenocarcinoma), and noncancerous
human colon cells, CCD-18Co (human colon fibroblasts), were
used in this study. All cell lines were obtained from the American
Type Culture Collection (ATCC, Rockville, MD, USA) and main-
tained at the University of Rhode Island, USA. Caco-2 cells were
grown in Eagle’s minimal essential medium (EMEM) supplemented
with 10% v/v fetal bovine serum, 1% v/v nonessential amino acids,
1 % v/v l-glutamine and 1% v/v antibiotic solution (Sigma–Ald-
rich). HT-29 and HCT-116 cells were grown in McCoy’s 5a medium
supplemented with 10% v/v fetal bovine serum, 1% v/v non-essen-
tial amino acids, 2% v/v 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid and 1% v/v antibiotic solution. CCD-18Co cells were
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grown in EMEM medium supplemented with 10% v/v fetal bovine
serum, 1% v/v nonessential amino acids, 1% v/v l-glutamine and
1% v/v antibiotic solution and were used from PDL = 26 to PDL
= 35 for all experiments. Cells were maintained at 37 °C in an incu-
bator under a 5 % CO2/95% air atmosphere at constant humidity
and maintained in the linear phase of growth. The pH of the
culture medium was determined with pH indicator paper
(pHydrionTM Brilliant, pH 5.5–9.0, Micro Essential Laboratory,
NY, USA) inside the incubator. All test samples were dissolved in
DMSO (� 0.5% in the culture medium) with sonication and filter
sterilised (0.2 μm) prior to addition to the culture media. Control
cells were also tested in parallel sequences and subjected to the
same changes in medium with 0.5 % DMSO.

Cytotoxicity Assay: This assay was carried out as described pre-
viously[38] to measure the IC50 values for the samples. The in vitro
cytotoxicity of the samples was assessed in tumour cells by a tet-
razolium-based colorimetric assay, which takes advantage of the
metabolic conversion of MTS to a reduced form that absorbs light
at 490 nm. Cells were counted using a hemacytometer and were
plated at 2000–5000 cells per well, depending on the cell line, in a
96-well format for 24 h prior to drug addition. Test samples and a
positive control, etoposide 4 mgmL–1 (Sigma–Aldrich), were dis-
solved in DMSO with sonication. All samples were diluted with
media to the desired treatment concentration, and the final DMSO
concentration per well did not exceed 0.5%. Control wells were
also included on all plates. Following a 24, 48 or 72 h drug-incu-
bation period at 37 °C with serially diluted test compounds, MTS
and the electron coupling agent, phenazine methosulfate, were
added to the wells, and the cells were incubated at 37 °C in a hu-
midified incubator for 3 h. Absorbances at 490 nm (OD490) were
acquired with a spectrophotometer (SpectraMax M2, Molecular
Devices Corp., operated by SoftmaxPro v.4.6 software, Sunnyvale,
CA, USA) to obtain the number of surviving cells relative to con-
trol populations. The results are expressed as the median cytotoxic
concentrations (IC50 values) and were calculated from six-point
dose response curves using fourfold serial dilutions.

Statistics: Data are expressed as mean �SE for three replications
on each cell line.

Supporting Information (see footnote on the first page of this arti-
cle): Mass spectra, FTIR spectra, 1H and 13C NMR spectra, UV/
Vis and fluorescence spectra.
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The kinetics of the reduction of [RuIII(hedtra)(pz)] (hedtra3– =
N-hydroxyethylethylenediaminetriacetate; pz = pyrazine) by
biologically important reducing agents, Red (Red = L-ascor-
bic acid, catechol and cysteine), resulting in the formation
of the corresponding red-coloured ruthenium(II) complex has
been studied spectrophotometrically using both conventional
mixing and stopped-flow techniques. The time course of the
reaction was followed as a function of [Red], pH and tem-
perature. Alkali metal ions were found to have an insignifi-
cant effect on the reaction rate. Kinetic data and activation

Introduction

While the chemistry of “edta”-type complexes of rutheni-
um(III) have received much attention because of their ki-
netic lability towards aqua-substitution, which affords a
facile and straightforward synthesis to mixed-ligand com-
plexes,[1,2] their redox ability is also documented in the lit-
erature.[3–6] Though RuIII is the predominant oxidation
state under physiological conditions, RuII, RuIV and RuV

oxidation states are readily accessible in the presence of bio-
logical reductants[3,4] or oxidants[5,6]. The pac ligands func-
tion as pentadentate ligands (represented in Figure 1)
towards ruthenium, and the lability of such complexes is
governed by the nature of the pendant group R. The highest
lability is induced by the pendant group when R =
CH2COO–, with significantly decreased lability for R =
CH2CH2OH and even further for R = CH3.[1]

Notably, electrochemical studies of [RuIII(pac)(H2O)]
complexes have shown that the electron-transfer process is
rapid and reversible for the [RuIII(pac)(H2O)]/[RuII(pac)-
(H2O)] couple. The redox potential corresponding to the
[RuIII(pac)(H2O)]/[RuII(pac)(H2O)] couple for [RuIII(edta)-
(H2O)]– (R = CH2COO–), [RuIII(hedtra)(H2O)] (R =
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parameters are interpreted in terms of an outer-sphere elec-
tron-transfer mechanism, and discussed with reference to the
data reported for the corresponding RuIII–edta (edta4– = eth-
ylenediamineteraacetate) complex. The antibacterial activity
of the [RuIII(hedtra)(pz)] complex in inhibiting the growth has
been explored. Results of the biological studies have been
discussed in terms of the cleavage of chromosomal DNA of
the bacteria by the [RuIII(hedtra)(pz)] complex in the pres-
ence of cysteine under aerobic conditions.

Figure 1. Structural representation of [RuIII(pac)(H2O)]; R =
CH2COO–, pac = edta4–; R = CH2CH2OH, pac = hedtra3–.

CH2CH2OH) and [RuIII(medrta)(H2O)] (R = CH3) com-
plexes are –0.04, –0.07 and –0.10 V (vs. NHE), respec-
tively.[1] In view of the above electrochemical data it appears
that [RuIII(edta)(H2O)]– is more oxidizing than [RuIII(hed-
tra)(H2O)], and [RuIII(medtra)(H2O)] would be least oxidiz-
ing.

Very recently, we have reported thiol-to-disulfide conver-
sion activity of the anionic RuIII-edta complex in the oxi-
dation of biologically significant thiols RSH (RSH = cyste-
ine, glutathione) to RSSR.[4] It is worth noting that thiol-
to-disulfide conversion is of great importance since tumor
cell metabolism favours the presence of RuII relative to
RuIII, thus increasing the selective tumour toxicity.[7,8] We
have proposed an outer-sphere electron-transfer mechanism
involving the formation of an intermediate bridging two
negatively-charged reactants.[4] In order to enrich our mech-
anistic understanding of the electron-transfer reaction of
Ru–pac complexes in general, we have undertaken the pres-
ent studies in which one of the reactants, the [RuIII(hedtra)-
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pz] complex, is electrically neutral. We report herein the re-
sults of the detailed kinetic and mechanistic studies of the
reaction of [RuIII(hedtra)pz] with the biologically signifi-
cant reductant, Red (Red = l-ascorbic acid, catechol and
cysteine) as a function of [Red], pH and temperature. We
have extended our studies further to explore the antibacte-
rial activity of the [RuIII(hedtra)pz] complex in the presence
of the celullar thioamino acid cysteine. The scope of the
present work is to enrich our mechanistic understanding of
the electron-transfer process of RuIII–pac complexes.

Results and Discussion

Reduction of the [RuIII(hedtra)pz] (1) complex with Red
(Red = H2Asc, H2C and CySH) was studied spectrophoto-
metrically by following a similar method reported for the
reduction of [RuIII(edta)pz]– by CySH.[4] Biologically active
reductants, l-ascorbic acid, catechol and l-cysteine are ab-
breviated as H2Asc, H2C and CySH, respectively. The spec-
trum of the [RuIII(hedtra)pz] (1) complex (Figure S1 in the
Supporting Information), like its “edta” analogue, is fea-
tureless in the visible region, however, its RuII species exhib-
its a strong MLCT band in the visible region (λmax =
462 nm). The [RuIII(edta)pz]– complex was preformed by
reacting [RuIII(edta)(H2O)]– with an excess of pyrazine (50
times excess over ruthenium was used in the present case).
Figure 1 (a) shows the typical UV/Vis spectral changes with
time that occurred upon mixing aqueous solutions of 1 and
H2Asc in the chamber of the stopped-flow instrument
equipped with a rapid-scan spectral attachment, whereas
Figure 1 (b) displays a typical kinetic trace at 462 nm gener-
ated from a number of spectra by using global kinetic
analysis software (SPECFIT/32). The final spectrum of the
reacting solution corresponds to the spectrum of the
[RuII(hedtra)pz] species (λmax = 462 nm).

Under pseudo-first-order conditions of excess H2Asc
(10–50 times excess over ruthenium complex concentra-
tion), the rate of the reaction was found to be first order
with respect to [1]. The values of the observed rate constant
(kobs) increased linearly with increasing [H2Asc]T (through-
out this paper the total concentration of ascorbic acid is
represented by [H2Asc]T and equals the sum of [H2Asc],
[HAsc–] and [Asc2–]), and exhibited a negligible intercept
(Figure 2, a).

Considering that the monoprotonated ascorbate (HAsc–)
species is mostly present at pH 6.0 (pK1 and pK2 values of
H2Asc are 4.1 and 11.4, respectively)[9,10] the present kinetic
results are explicable in terms of the following mechanism
as outlined in Scheme 1.

The rate-determining step (1) proposed in the above
mechanism (Scheme 1) involves the transfer of one electron
from HAsc– to the ruthenium(III) complex in an outer-
sphere manner.[3] The HAsc· radical species that was gener-
ated [Equation (1)] is highly reactive, and reduces another
molecule of [RuIII(hedtra)pz] to [RuII(hedtra)(pz)]– in a sub-
sequent rapid but kinetically inconsequential step [Equa-
tion (2)]. Reduction of the RuIII complex 1 by the HAsc·
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Figure 2. (a) Spectral changes that occur with the reduction of 1
(1�10–4 m) by H2Asc (5�10–3 m) at 25 °C, pH 6.0. (b) Kinetic
trace at 462 nm. The red line is the single exponential fit.

Scheme 1. Reduction of [RuIII(hedtra)pz] to [RuII(hedtra)pz]– by
H2Asc.

radical [Equation (2)] is kinetically preferred, for which re-
oxidation of the RuII species by the HAsc· radical becomes
insignificant in step 1. This is probably the reason for the
small intercept in the plot of kobs vs. [H2Asc] (Figure 2, a).

The rate of the reaction was found to be pH dependent
(Table 1) since the reducing ability of ascorbic acid, H2Asc,
significantly differs from that of its conjugate bases HAsc–

and Asc2–. In general, reactivity decreases in the order
Asc2– ��HAsc– � H2Asc.[9,10] The kobs values at various
pH values are summarized in Table 1. Considering that the
pK2 (corresponding to the second proton dissociation of
H2Asc) of ascorbic acid is 11.4,[9,10] it is expected that the
rate of reaction would be almost pH independent in the
range pH 6.0–9.0 (more than 95 % of l-ascorbic acid is
present as HAsc–). However, the kobs values are more sensi-
tive over the pH range 6.0–9.0 (Table 1), suggesting the par-
ticipation of the highly reactive species Asc2–, though pres-
ent in a very small concentration, in the reduction process.
It is noteworthy that Elding and coworkers also reported
the observance of the higher reactivity of the ascorbate
anion, Asc2–, in the reduction of the model octahedral plati-
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num(IV) complex.[11,12] Analysis of the kinetics data re-
vealed that the ascorbate anion Asc2– is up to seven orders
of magnitude more reactive than HAsc– while H2Asc is in-
effective.[14,15] Electron transfer from HAsc–/Asc2– to the
PtIV compounds was explained in terms of the reductive
elimination mechanism involving attack by the ascorbate
anion, Asc2–, on the coordinated halide leading to the for-
mation of a halide-bridged intermediate complex for the
reduction of platinum(IV) compounds. The reported reac-
tions can be visualized as a nucleophilic substitution on the
halogen with the platinum moiety as the leaving group.[11,12]

Facile formation of such bridged species with the ascorbate
anion, Asc2–, is probably the reason for the observed high
reactivity as compared with that noticed for protonated
HAsc– or H2Asc.[11,12] However, reduction of [RuIII(hed-
tra)(pz)] to [RuII(hedtra)(pz)]– also occurred over a lower
pH range 3.0–5.0, which normally suggests that the HAsc–

species is also effective in reducing [RuIII(hedtra)(pz)] to
[RuII(hedtra)(pz)]– through outer-sphere electron transfer.
It may be noted here that the reactivity of Asc2– towards
some platinum(IV) compounds that undergo reduction
through outer-sphere electron transfer was lower than those
involving a bridged intermediate species.[11,12]

Table 1. Values of the observed rate constant (kobs) as a function
of pH for the reduction of [RuIII(hedrta)pz] by Red (Red = H2Asc
and CySH). [RuIII] = 1�10–4 m, [Red] = 5�10–3 m, T = 25 °C.

pH kobs [s–1]
H2Asc CySH

3.0 0.01� 0.002 (3.55�0.03)�10–4

4.0 0.04�0.005 (3.61�0.03)�10–4

5.0 0.17�0.006 (3.59 �0.03)�10–4

6.0 0.77�0.01 (3.65�0.01)�10–3

7.0 1.13�0.05 (3.77 �0.01)�10–3

8.0 1.66�0.06 (4.81�0.03)�10–3

9.0 2.03�0.07 (5.37� 0.05)�10–3

The observed rate constant (kobs) values are independent
of the ionic strength of the medium. The lack of ionic
strength effect in the present reaction is consistent with the
proposed rate-determining step with reference to the
Brønsted equation[13] for a reaction between a charged and
a neutral reactant. Further, as shown in Table 2, the values
of the observed rate constants for this reaction were found
to be insensitive to both the nature and concentration of
the added metal ions (Li+, Na+, K+).

Table 2. Values of the observed rate constant (kobs) as a function
of [M+] for the reduction of [RuIII(edta)pz]– by Red (Red = H2Asc,
H2C and CySH). [RuIII] = 5�10–4 m, [Red] = 1� 10–3 m, T =
21 °C, pH 5.0 (1 mm acetate buffer).

[M+] [M+] [m] kobs [s–1]
H2Asc

Li+ 0.2 0.66�0.03
0.05 0.67�0.02

Na+ 0.15 0.68�0.03
0.2 0.66�0.02

K+ 0.2 0.68�0.03
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Oxidation of catechol by 1 exhibited a similar kinetic be-
haviour to that observed in the case of H2Asc. The values of
the pseudo-first-order rate constant increased linearly with
increasing catechol concentration (Figure 3, b). The effect
of pH on the kobs values was found to be insignificant,
which could be explicable in terms of the pKa values of
catechol (pK1 = 9.45 and pK2 = 12.8).[14] Catechol is not
ionized in the pH range 3.0–9.0,[14] hence, its reactivity in
the studied pH range is not altered enough to cause any
significant change in the kobs values by changing the pH.

Figure 3. Plots of kobs vs. [Red] for the reduction of [RuIII(hedtra)-
(pz)] (1.0�10–4 m) by (a) [H2Asc] and (b) H2C at 25 °C, pH 6.0.
The lines represent the linear fit.

As expected for the reaction of two uncharged molecules,
the concentration of alkali metal cations [M+] and ionic
strength of the reacting medium showed an appreciable ef-
fect on the values of the observed rate constant (kobs) for
the reduction of 1 by H2C. On the basis of the above kinetic
observations a working mechanism is proposed for the oxi-
dation of H2C by 1 as outlined in Scheme 2.

Scheme 2. Reduction of [RuIII(hedtra)pz] to [RuII(hedtra)pz]– by
H2C.

In Scheme 2 it is suggested that catechol reduces
[RuIII(hedtra)(pz)] to [RuII(hedtra)(pz)]– through a rate-de-
termining one-electron transfer step resulting in the forma-
tion of the benzosemiquinone (BSQ) intermediate, which is
a one-electron oxidized product of catechol. In a subse-
quent rapid step BSQ reduces another molecule of 1 to pro-
duce [RuII(hedtra)(pz)]– and benzoquinone (BQ) as the ulti-
mate reaction products.

Reduction of 1 by RSH was studied spectrophotometri-
cally by adopting a conventional mixing technique since the
reaction was found to be comparatively slower than that
observed for H2Asc or H2C. The spectral changes and the
corresponding absorbance (at 462 nm) vs. time plot associ-
ated with the formation of [RuII(hedtra)(pz)]– in the re-
duction of 1 by CySH in H2O are shown in Figure S2 and
Figure S3 in the Supporting Information. Under pseudo-
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first-order conditions of excess RSH (10–50 times excess
over the ruthenium complex concentration), the values of
the observed rate constant (kobs) increased linearly with in-
creasing [CySH] and showed a negligible intercept (Fig-
ure S4 in the Supporting Information), indicative of an in-
significant back reaction.

The effect of pH on the observed rate constant values for
the reduction of 1 by CySH is shown in Table 1. As in the
case of the reduction of [RuIII(edta)pz]– by CySH,[4] no sig-
nificant increase in the kobs values with increasing pH in the
range 3 to 7 was observed (Table 1). However, an increase in
the kobs values observed for the pH range 8 to 9 may be
ascribed to the higher reducing ability of the deprotonated
thiol (RS–) as compared with RSH.[15] The reaction rate for
this reaction was found to be uninfluenced by the nature
and concentration of the added metal ions (Li+, Na+, K+).
The observed kinetic results could be explained in terms of
the mechanism proposed in Scheme 3.

Scheme 3. Reduction of [RuIII(edtra)pz] to [RuII(edtraa)pz]– by
CySH.

In the proposed rate-determining step [Equation (5) in
Scheme 3] the one-electron transfer from RSH to the
[RuIII(hedtra)(pz)] complex occurs in an outer-sphere man-
ner. In the subsequent and kinetically inconsequential step
(6), the RS· radical species rapidly transforms into RSSR
(oxidized form of RSH). The production of the RSSR spe-
cies in the reacting system was identified by HPLC analysis
using authentic samples of RSSR.

The reduction of [RuIII(hedtra)pz] with Red (Red =
H2Asc, H2C and CySH) was followed by the formation of
the corresponding RuII complex. Considering that each re-
ductant molecule (red) produced two RuII species, the above
kinetic behaviour could be expressed in terms of a general
rate law as outlined in Equation (7).

kobs = 2kr[Red] (7)

The values of kr, estimated from the slope of the plots,
are summarized in Table 3. The values of kr at different
temperatures were used to construct Eyring plots (Fig-
ure S5 in the Supporting Information) from which the val-
ues for ΔH‡ and ΔS‡ were determined. The rate and acti-
vation parameters for the reduction of [RuIII(pac)(pz)] (pac
= edta4–, hedtra3–) with Red are summarized in Table 4 for
comparison purposes. The values of ΔH‡ (Table 4) are quite
comparable to values reported for the reduction of
[RuIII(edta)(pz)]– with Red,[3,4] and consistent with the pro-
posed outer-sphere electron-transfer mechanism for the
presently studied system. However, the values of ΔS‡ ob-
served in the present case are less negative than that found
for the reduction of [RuIII(edta)(pz)]– (Table 4). The entropy
of activation (ΔS‡) for the reduction of [RuIII(pac)(pz)]
seems to be governed by the protonated or deprotonated
forms of the reductants.
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Table 3. The values of the second-order rate constant (kr) for the
reduction of [RuIII(hedtra)(pz)] with biologically important reduc-
tants (Red) at pH 6.0. [RuIII] = 1 �10–4 m.

Red T [°C] kr [m–1 s–1]

15 37�1
20 52�1

H2Asc 25 76 �2
30 95�3
35 132� 4

15 66�2
20 96�2

H2C 25 141�3
30 180�5
35 227�6

15 0.09�0.003
20 0.14 �0.01

CySH 25 0.23�0.02
30 0.34�0.03
35 0.50�0.03

Table 4. Comparison of rate and activation parameters for the re-
duction of [RuIII(pac)(pz)] by biologically important reductants
(Red) at pH 6.0. [RuIII] = 1�10–4 m.

pac Red kr [m–1 s–1] ΔH‡ ΔS‡

at 25 °C [kJmol–1] [J mol–1 deg–1]

edta4– H2Asc 225�15 38�3 –122�11
H2C 285�15 36�4 –132� 12
CySH 2.91�0.1 56�3 –44�8

hedtra4– H2Asc 76�2 45�1 –58� 3
H2C 141�3 44�2 –55�7
CySH 0.23�0.02 62�1 –47�3

The [RuIII(pac)(pz)] complexes are substitution inert,[1]

and in the absence of any spectral evidence for the forma-
tion of an inner-sphere intermediate, the reduction of
[RuIII(pac)(pz)] by the biological reductants may be viewed
as an outer-sphere electron-transfer process. In the present
redox reaction, formation of a transient intermediate (I)
through hydrogen bonding between the remote nitrogen of
the coordinated ligand pyrazine in [RuIII(hedtra)(pz)] and
the reductant (Red) is postulated, which acts as a means in
bringing the two reactants close enough so that electron
transfer can takes place in an outer-sphere manner.

Since, no bond cleavage or bond formation take place in
the activation process of the outer-sphere electron transfer,
the reduction of the RuIII–pac complexes by the reductants
(H2Asc, H2C, CySH) seems to be thermodynamically con-
trolled. This is supported by the fact that the rate of re-
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duction of [RuIII(hedtra)(pz)] is slower in comparison with
that of the reduction of its “edta” analogue[3,4] as the RuIII–
edta species is more oxidizing than RuIII–hedtra.[1]

The antimicrobial activity of the [RuIII(hedtra)(pz)] com-
plex was tested on gram-negative bacteria (E. coli DH5α).
The inhibition of E. coli growth was determined spectro-
photometrically on the basis of the optical density (at
600 nm) of the cultured broth. As shown in Figure 4, inhibi-
tion of bacterial growth was not observed with an increas-
ing amount of [RuIII(hedtra)(pz)], however, a significant
amount of inhibition of bacterial growth was found when
the compound was added along with the cysteine. It is note-
worthy that cysteine itself did not show any growth inhibi-
tion activity under the specified conditions.

Figure 4. Comparison of the antimicrobial activity of [RuIII(pac)-
(pz)] in the presence and absence of cysteine (CySH). The concen-
trations of the Ru compound at R1, R2, R3, R4 and R5 are
0.005 mm, 0.010 mm, 0.015 mm, 0.020 mm and 0.025 mm, respec-
tively. The concentrations of cysteine at C1, C2, C3, C4 and C5 are
0.05 mm, 0.10 mm, 0.15 mm, 0.20 mm and 0.25 mm, respectively.

Considering the [RuIII(pac)(pz)] complexes are substitu-
tion inert[1] towards binding DNA, the observed antimicro-
bial activity of the [RuIII(hedtra)(pz)] complex is plausibly
effected by the cleavage of the chromosomal DNA of the
bacteria catalyzed by the [RuIII(hedtra)(pz)] complex in the
presence of CySH under an aerobic environment. In order
to support the above argument we performed DNA cleav-
age studies independently using the [RuIII(hedtra)(pz)] com-
plex. The cleavage of supercoiled (SC; Form I) plasmid
DNA (cDNA3) to its nicked circular form (NC; Form II)
in the presence of the [RuIII(hedtra)(pz)] complex, cysteine
and oxygen was followed by gel electrophoresis studies.
Control experiments using only [RuIII(hedtra)(pz)] or only
cysteine did not show any appreciable cleavage of DNA
(Figure S6, lanes 2 and 3 in the Supporting Information).
The cleavage efficiency increased with increasing cysteine
concentration (Figure S6, lanes 4–6). On the basis of the
above findings and considering the results of electron trans-
fer of [RuIII(hedtra)(pz)] with cysteine, the following work-
ing mechanism is proposed (Scheme 4) for the cleavage of
the supercoiled plasmid by the [RuIII(hedtra)(pz)]/cysteine/
O2 system at pH 7.2.

The oxidation potential of Ru–pac complexes lies in the
range –0.29 to –0.15 V (vs. SCE).[1] Therefore, oxidation of
the RuII species by molecular oxygen (O2) is thermodynami-
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Scheme 4. Mechanism for DNA cleavage by the [RuIII(hedtra)(pz)]/
CySH/O2 system.

cally favourable, and perhaps proceeds similar to Fenton’s
chemistry as proposed in Scheme 4 [Equation (9)] involving
an outer-sphere oxidation of the metal ion leading to the
formation of the corresponding RuIII complex and superox-
ide radical. The superoxide radical (O2

·–), though indis-
criminate in oxidative attack, presumably causes single-
strand scission by attacking the deoxyribose unit leading to
sugar fragmentation, followed by base release and then
DNA cleavage.[16,17]

Conclusions

In conclusion, the results of the present study clearly
demonstrate that the [RuIII(hedtra)(pz)] complex, a neutral
analogue of the RuIII–pac family, can effectively be reduced
by the biologically active reductants, l-ascorbic acid, cate-
chol and cysteine to produce the corresponding RuII spe-
cies, but at a slower rate as compared with that observed in
the case of the negatively charged [RuIII(edta)(pz)]– com-
plex. The [RuIII(hedtra)(pz)] complex demonstrates its anti-
microbial activity by inhibiting the growth of Escherichia
coli DH5α bacteria. The observed antimicrobial activity is
presumably effected by the cleavage of the chromosomal
DNA of the bacteria. The kinetic results obtained in the
present investigation provide a mechanistic insight for bet-
ter understanding the observed biological activity of the
Ru–pac complexes in terms of the electron-transfer reac-
tion.

Experimental Section
Materials: K[RuIII(hedtra)Cl] was prepared by following the pub-
lished procedure.[18] The micro-analysis and spectroscopic data are
in good agreement with those reported in the literature.[18].
C10H15ClKN2O7Ru (450.86): calcd. C 26.6, H 3.4, N 6.2; found C
26.5, H 3.2, N 6.1. IR: ν̃ = 1637 (coordinated –COO–) cm–1. UV/
Vis in H2O: λmax (εmax/m–1 cm–1) = 285 (1250�12) nm. The
K[RuIII(hedtra)Cl] complex rapidly converts into the [RuIII(hed-
tra)(H2O)] complex when dissolved in water.[18] The pKa value re-
lated to the proton-dissociation equilibrium of the coordinated
water molecule is 4.9 at 25 °C.[18] All other chemicals used were of
A. R. grade. Doubly distilled H2O was used throughout the experi-
ments.

Instrumentation: The UV/Vis spectra were recorded with a Varian
Model Cary 100 Bio. A Perkin–Elmer Model Lambda 783 spectro-
photometer was used for obtaining IR spectra (using KBr pellets).
A Perkin–Elmer 240C elemental analyzer was used to collect mi-
croanalytical (C, H, N) data. Fast kinetic measurements were per-
formed with a stopped-flow spectrophotometer (TgK Scientific,
SF-61SX2) coupled to a (KinetaScan) rapid-scan spectral attach-
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ment. The slow reactions were followed spectrophotometrically
adopting a conventional mixing technique using the Varian Model
Cary 100 Bio spectrophotometer. A tandem cuvette was used for
this purpose. The instrument was thermostatted at the desired tem-
perature (�0.1 °C) using a Cary Single Peltier accessory. Acetate,
phosphate and borate buffers were used to adjust the pH of the
experimental solutions. A Mettler Delta 350 pH meter was used
for pH measurements. Observed rate constants (kobs) are presented
as an average of several kinetic runs (at least 5–8) and were repro-
ducible within �4%.

Biological Studies: The bacterial strain used in this study is Escher-

ichia coli DH5α. Strains were maintained on Luria–Bertani (LB)
broth (Himedia). The bacterial count was also calculated spectro-
photometrically by determining the optical density (OD) of the
bacterial culture at 600 nm. The sterile LB broth was used as a
blank reference. The serially diluted bacterial culture (1 mL) was
collected in the cuvette and the optical density was read at 600 nm
against the blank. The number of cellsmL–1 in the culture was cal-
culated by the standard population vs. absorbance relation of E.

coli DH5α. (1 OD of the culture = 1 �109 cells mL–1). The antimi-
crobial activity of the [RuIII(hedtra)(pz)] complex was tested on
gram-negative bacteria (E. coli DH5α) by adopting a procedure
reported by Bolhuis et al.[19]

DNA Cleavage Studies: The cleavage of the supercoiled plasmid
cDNA3 by the [RuIII(hedtra)(pz)] complex was carried out at pH
7.2 by adopting a related procedure reported earlier.[20] The buffer,
DNA, [RuIII(hedtra)(pz)] complex and sufficient water were pre-
mixed in an Eppendorf vial, then cysteine was added and the reac-
tion was allowed to proceed for 30 min at 37 °C before being loaded
onto agarose gel. The conversion of super coiled (Form-I) to open
circular (Form-II) was followed by agarose gel electrophoresis of
plasmid DNA performed at 50 V on 1% slab gels containing
0.5 μgmL–1 ethidium bromide. The DNA was visualized by photo-
graphing the fluorescence of the intercalated ethidium bromide un-
der UV illumination.

Supporting Information (see footnote on the first page of this arti-
cle): See Figure S1 for a plot of kobs vs. [pz] concentration, Fig-
ure S2 for spectral changes, Figure S3 for the kinetic trace, Fig-
ure S4 for a plot of kobs vs. [CySH], Figure S5 for an Eyring plot
and Figure S6 for DNA cleavage.
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Two novel covalently-linked organic-inorganic hybrid com-
pounds [(n-C4H9)4N]2[Mo6O18{�N–(2-Np)}] (NA–Mo6) and
[(n-C4H9)4N]2[Mo6O17{�N–(1-Np)}2] (NA2–Mo6) (2-Np = 2-
naphthyl; 1-Np = 1-naphthyl) have been prepared by the re-
action of 2-naphthylamine (2-NpNH2) or 1-naphthylamine
(1-NpNH2) with [(n-C4H9)4N]2[Mo6O19] (Mo6) in the pres-
ence of N,N�-dicyclohexylcarbodiimide (DCC) in anhydrous
acetonitrile, and have been characterized by 1H NMR, IR,
UV/Vis, and fluorescence spectra as well as X-ray crystal-
lography. Structural analyses reveal the formation of self-as-
sembled infinite 1-D and 3-D supramolecular frameworks.
The UV/Vis spectra of NA–Mo6 and NA2–Mo6 show that the
lowest energy electronic transfers occur at 362 and 394 nm,
respectively, which are dramatically red-shifted when com-
pared to that of Mo6. The luminescence studies show that
Mo6 can notably quench the emission of naphthylamine.
Monolayer and multilayer films of NA–Mo6 and NA2–Mo6

Introduction
The design, synthesis, and structural characterization of

new hybrid materials through the assembly of organic and
inorganic building blocks, for which many applications can
be predicted, is an important research area in materials sci-
ence.[1] The construction of such organic-inorganic hybrids
is useful for obtaining multifunctional materials with new
electrical and/or optical properties.[2] A key aim for the de-
sign of new hybrid materials is the tuning of the nature,
extent, and accessibility of the inner interfaces. The nature
of the interface or of the links and interactions exchanged
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were fabricated on different substrates by the Langmuir–
Blodgett (LB) technique using H2O as the subphase. For com-
parison, another two types of organic-inorganic hybrid films
composed of noncovalently-linked 1-NpNH2/Mo6 and 2-
NpNH2/Mo6 systems were also deposited onto the same sub-
strates under the same conditions by the LB technique using
an aqueous solution of Mo6 as the subphase. The as-pre-
pared organic-inorganic hybrid films were characterized by
π-A isotherms, UV/Vis absorption spectra, photolumines-
cence spectra, and scanning tunneling microscopy. The re-
sults indicate that stable monolayers can be formed at the
air–water interface for NA–Mo6 and NA2–Mo6, and at the
air–Mo6 solution interface for 1-NpNH2 and 2-NpNH2. The
four LB films containing NA–Mo6, NA2–Mo6, 1-NpNH2/
Mo6, and 2-NpNH2/Mo6 display interesting electrical con-
ductivity.

by the organic and inorganic components has been used to
categorize these hybrids into two main classes.[3–5] Class I
corresponds to systems where no covalent or iono-covalent
bonds are present between the organic and inorganic com-
ponents. In such materials, the various components ex-
change only weak interactions (at least in terms of orbital
overlap) such as hydrogen bonding, van der Waals attrac-
tions, or electrostatic forces. In contrast, in class II materi-
als, at least a fraction of the organic and inorganic compo-
nents are linked through strong chemical bonds (covalent,
iono-covalent, or Lewis acid-base bonds). The chemical
strategy for the construction of class II hybrid networks de-
pends, of course, on the relative stability of the chemical
links that are associated with the different components.

The Langmuir–Blodgett (LB) film processing offers the
opportunity to create film materials with well-defined struc-
ture and thickness, controlled at a molecular level.[6,7] The
LB method has been widely applied to make ultrathin films
with specific architectures, which can be exploited as
chemosensors or biosensors, modified electrodes, optical
logic gates, or molecular electronic devices.[8,9]

Thanks to their topological and electronic versatilities,
polyoxometalate (POM) anions represent a class of inor-
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ganic compounds that have found wide applications in ca-
talysis, biology, medicine, and materials science.[10,11] Re-
markably, they can act as electron reservoirs and are revers-
ibly reduced by the addition of various numbers of electrons
to give mixed-valence species. On the other hand, conju-
gated organic molecules and polymers are electrically and
optically active materials and their molecular structures and
photo-electric properties are easily modified. Therefore, the
molecular nature of these two types of materials offers the
opportunity to form covalently-bonded molecular hybrids
where the interplay between cluster d electrons and organic
delocalized π electrons can be explored at the molecular
level.[12] Specifically, the surface modification of POMs with
organic species can provide a platform to conveniently and
effectively construct novel organic-inorganic hybrid materi-
als with the so-called “value-added properties”[13] and pos-
sible synergistic effects.[14]

Over the past few years, a number of organoimido deriv-
atives of Lindqvist-type polyoxometalates such as the hexa-
molybdate ion [Mo6O19]2– and hexatungstate ion [W6O19]2–

have been directly or indirectly synthesized by three remark-
able synthetic strategies towards organic and organometal-
lic modified POMs, which include reactions with phosphin-
imines, isocyanates, and aromatic amines.[15]

Recently, an efficient and convenient reaction protocol
has been developed to prepare the monofunctionalized ary-
limido derivatives of hexamolybdate and pentatung-
stenmolybdate with N,N�-dicyclohexylcarbodiimide (DCC)
as the dehydrating agent.[16] To date, there are a number of
organic derivatives of POMs synthesized by Wei and co-
workers from the DCC dehydrating protocol of the reaction
of POMs and aromatic amines.[17] A naphthylimide mono-
substituted hexamolybdate has been prepared by the reac-
tion of 1-amino-2-methylnaphthalene hydrochloride with
an octamolybdate in the presence of DCC.[18] Here, we have
prepared two new naphthylimide-monosubstituted (NA–
Mo6) and -disubstituted hexamolybdate complexes in a
trans configuration (NA2–Mo6) using (1- or 2-)naphth-

Scheme 1. Synthesis of NA–Mo6 and NA2–Mo6.
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ylamine and Lindqvist hexamolybdate (Scheme 1). While
the latter disubstituted complex was generally difficult to
prepare, only a few examples of trans-disubstituted hexa-
molybdates have been reported to date.[19] The structures of
these two new compounds were characterized by 1H NMR,
IR, UV/Vis, and fluorescence spectroscopy as well as X-ray
crystallography. We have also used two different strategies
to construct LB films for the first time in order to compare
the differences in structure and properties between these
two sets of films. The as-prepared LB films were charac-
terized by surface pressure-area (π-A) isotherm measure-
ments, UV/Vis spectra, low-angle X-ray diffraction
(LAXRD), photoluminescence spectra, and scanning tun-
neling microscopy. The results indicate that these LB films
display similar structural features and electrical conductiv-
ity.

Results and Discussion

Synthesis and Characterization of Organoimido Compounds
NA–Mo6 and NA2–Mo6

Scheme 1 outlines the synthesis of NA–Mo6 and NA2–
Mo6. When a mixture of 2-NpNH2, Mo6, and DCC is re-
fluxed in anhydrous acetonitrile, the monofunctionalized 2-
naphthylimido derivative of NA–Mo6 is formed, while the
trans-coordinated bis(1-naphthylimido) derivative of NA2–
Mo6 is obtained from a mixture of 1-NpNH2, Mo6, and
DCC in anhydrous acetonitrile under reflux. These metath-
esis reactions are usually completed in about 12 h. The key
role of DCC here is to act as a dehydrating agent and acti-
vate the carboxyl group in the synthesis of an amide or
peptide.[17a] In our tests, the amount of DCC is equivalent
to or just slightly higher than that of the water that must
be removed from the reaction system. Excess DCC usually
results in unexpected side reactions and reduces the yield of
the products.[17a]



L. Liu, W.-Y. Wong et al.FULL PAPER
X-ray Structural Analysis

A summary of the pertinent crystallographic data for
NA–Mo6 and NA2–Mo6 is provided in Table 1. Selected
bond lengths and angles are listed in Tables 2, 3, and 4.
Crystals of the two compounds suitable for X-ray crystal
structure determination were obtained from recrystalli-
zation in acetone. Perspective views of their molecular
structures together with their crystal packing diagrams are
depicted in Figures 1 and 2. The compound NA–Mo6 crys-
tallizes in the monoclinic space group P21/n showing no π–
π stacking interactions between naphthyl rings in the cell

Table 1. Crystal data and structural refinement for NA–Mo6 and
NA2–Mo6.

NA–Mo6 NA2–Mo6·2(CH3)2CO

Empirical formula C42H79Mo6N3O18 C58H98Mo6N4O19

Mr [gmol–1] 1489.72 1731.04
Crystal system monoclinic monoclinic
Space group P21/n P21/c
a [Å] 18.02(1) 12.792(2)
b [Å] 15.62(1) 16.431(3)
c [Å] 20.75(2) 17.780(3)
α [°] 90.00 90.00
β [°] 104.65(1) 105.198(3)
γ [°] 90.00 90.00
V [Å3] 5648(7) 3606(1)
F(000) 2992 1756
Z 4 2
ρcalcd [gcm–3] 1.752 1.594
μ [mm–1] 1.358 1.077
θ range [°] 2.41–25.00 2.48–28.25
Total reflections 26647 22343
Unique reflections 9657 8682
Rint 0.0344 0.0305
Observed reflections [I�2σ(I)] 6403 6419
Final R indices [I�2σ(I)][a] R1 = 0.0366 R1 = 0.0300

wR2 = 0.0862 wR2 = 0.0526
Final R indices [all data] R1 = 0.0711 R1 = 0.0674

wR2 = 0.1046 wR2 = 0.0768

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

2)2] / Σ[w(Fo
2)2]}1/2.

Table 2. Selected bond lengths [Å] and angles [°] for NA–Mo6 and
NA2–Mo6.

NA–Mo6 NA2–Mo6

Mo(1)–N(1) 1.735(4) Mo(1)–N(1) 1.737(2)
C(1)–N(1) 1.415(6) C(1)–N(1) 1.386(3)
Mo(1)–O(1) 1.902(4) Mo(1)–O(1) 1.941(2)
Mo(1)–O(4) 1.960(4) Mo(1)–O(4) 1.953(2)
Mo(1)–O(9) 1.912(4) Mo(1)–O(9) 2.2511(4)
Mo(1)–O(18) 2.232(3) Mo(1)–O(2) 1.944(2)
Mo(2)–O(13) 1.675(4) Mo(2)–O(5) 1.683(2)
Mo(2)–O(18) 2.318(3) Mo(2)–O(6) 1.875(2)
Mo(3)–O(14) 1.685(4) Mo(2)–O(8) 2.025(2)
Mo(3)–O(18) 2.364(3) Mo(2)–O(9) 2.3596(5)
Mo(4)–O(15) 1.677(4) Mo(3)–O(6) 2.026(2)
Mo(4)–O(18) 2.309(3) Mo(3)–O(8) 1.873(2)
Mo(5)–O(16) 1.684(4) Mo(3)–O(9) 2.3574(5)
Mo(5)–O(18) 2.338(3) Mo(3)–O(7) 1.690(2)
Mo(6)–O(17) 1.679(4) Mo(3)–O(3) 1.914(2)
Mo(6)–O(18) 2.323(3) Mo(3)–O(1) 1.908(2)
C(1)–N(1)–Mo(1) 165.6(4) C(1)–N(1)–Mo(1) 174.7(2)
N(1)–Mo(1)–O(1) 104.3(2) N(1)–Mo(1)–O(1) 100.7(1)
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packing. Single-crystal structural analysis shows that the
arylimido ligand is covalently bonded to a terminal position
of the hexamolybdate metal core in NA–Mo6. The short
Mo(1)–N(1) bond length of 1.735(4) Å and the C(1)–N(1)–
Mo(1) bond angle of 165.6(4)° are typical of organoimido
groups bonded at an octahedral d0 metal center and are
consistent with a substantial degree of Mo�N triple-bond
character.[20] It is apparent that intermolecular hydrogen-
bonding interactions [C(9)–H(9A)···O(13), 2.62 Å; C(5)–
H(5A)···O(5), 2.60 Å] exist among the molecules resulting
in the Mo–N–C bond bending and deviating from 180°
(part b of Figure 1 and Table 3). Notable short contact in-
teractions for C–H···O (2.30–2.65 Å) between the C–H
bond of Bu4N+ and oxygen atom of the Mo6 cluster anion
were observed as well. Also, the Mo(1)–O(18) bond dis-
tance between the Mo atom with the imido group and the
central oxygen atom within the cluster anion cage is re-
markably shorter than the other five Mo–O(18) bond dis-
tances. A similar contraction has also been observed in the
other imido derivatives of Lindqvist hexametalates.[21–24]

Close examination of the crystal packing in NA–Mo6
shows that solid-phase dimerization of the cluster core
through hydrogen-bonding interactions leads to an infinite
3-D supramolecular framework (Figure 1, c). For the disub-
stituted derivative NA2–Mo6, similar structural features
were noted for the Mo6 cluster core. There are also intermo-
lecular hydrogen bonds between adjacent anions [C(4)–
H(4A)···O(2), 2.65 Å] as well as C–H···O interactions (2.33–
2.71 Å) for the Bu4N+ and Mo6O17 groups in the unit cell
(Figure 2, b and Table 4). Interestingly, an infinite 1-D sup-

Table 3. Hydrogen-bonding geometry [Å] of NA–Mo6.

D–H···A D–H H···A D···A D–H···A

C5–H5A···O5A[a] 0.93 2.60 3.525(8) 175.9
C9–H9A···O13A[b] 0.93 2.62 3.282(7) 129.0
C15–H15B···O1 0.97 2.30 3.259(6) 168.9
C18–H18B···O8A[c] 0.96 2.56 3.390(9) 145.2
C19–H19B···O17A[d] 0.97 2.50 3.386(7) 152.0
C21-H21A···O17A[d] 0.97 2.65 3.523(11) 149.9
C25–H25B···O14A[d] 0.97 2.50 3.399(7) 154.3
C27–H27A···O4A[e] 0.97 2.48 3.130(8) 124.4
C29–H29B···O15A[f] 0.97 2.63 3.543(11) 157.5
C35–H35A···O15A[g] 0.97 2.34 3.184(9) 144.9
C15–H15B···O1 0.97 2.30 3.259(6) 168.9

[a] Symmetry codes: 2 – x, –y, 1 – z. [b] 1.5 – x, –0.5 + y, 1.5 – z.
[c] –x + 1.5, y – 0.5, –z + 1.5. [d] x – 0.5, –y + 0.5, z – 0.5. [e] –x
+ 1.5, y + 0.5, –z + 1.5. [f] 1.5 – x, 0.5 + y, 1.5 – z. [g] x – 1, y, z.

Table 4. Hydrogen-bonding geometry [Å] of NA2–Mo6.

D–H···A D–H H···A D···A D–H···A

C11–H11B···O4A[a] 0.97 2.33 3.261(4) 160.1
C4–H4A···O2A[b] 0.93 2.65 3.280(4) 125.5
C15–H15A···O6A[c] 0.97 2.46 3.201(4) 133.4
C16–H16A···O8A[d] 0.97 2.59 3.384(4) 138.7
C19–H19A···O3A[d] 0.97 2.50 3.325(4) 142.3
C23–H23A···O6A[c] 0.97 2.56 3.321(3) 135.6
C23–H23B···O7A[e] 0.97 2.71 3.486(4) 137.5

[a] Symmetry codes: x + 1, y, z. [b] 1 – x, 1 – y, 1 – z. [c] x + 1, –y
+ 0.5, z + 0.5. [d] 1 – x, 1 – y, 1 – z. [e] 1 + x, 0.5 – y, 0.5 + z.
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ramolecular chain was formed through π–π stacking (ca.
3.694 Å) between the naphthyl rings attached to Mo(1) and
Mo(1A) atoms on two neighboring anions (see Figure 2, c).

Figure 1. (a) A perspective view and atomic labeling scheme for the
anion in NA–Mo6, (b) the C–H···O hydrogen-bonding interactions,
and (c) the formation of an infinite 3-D supramolecular framework
in the crystal packing.

Spectroscopic Characterization

The 1H NMR spectra (in CD3COCD3) of NA–Mo6 and
NA2–Mo6 show clearly resolved signals, all of which can
be unambiguously assigned. As shown in Figure 3 and Fig-
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Figure 2. (a) A perspective view and atomic labeling scheme for the
anion in NA2–Mo6, (b) the C–H···O hydrogen-bonding interac-
tions, and (c) the formation of an infinite 1-D supramolecular
chain in the crystal packing.

ure 4, the integral peak intensities match well with the pro-
posed structure. Compared to the 1H NMR spectra of the
starting naphthylamines 2-NpNH2 and 1-NpNH2, all the
protons of NA–Mo6 and NA2–Mo6, except for those in the
tetrabutylammonium cation, exhibit significantly downfield
chemical shifts, which are consistent with the electron-with-
drawing nature of the metal core in Mo6.

The IR spectra of compounds NA–Mo6 and NA2–Mo6
(see Figure 5) resemble that of the parent species Mo6. In
the low wavenumber region (�1000 cm–1), both NA–Mo6
and NA2–Mo6 display a pattern characteristic of the Lind-
qvist structure: two very strong bands of the Mo–Ot and
Mo–Ob–Mo asymmetric stretching vibrations at ca. 953
and 796 cm–1, respectively, for NA–Mo6 and 946 and
790 cm–1, respectively, for NA2–Mo6. Compared with the
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Figure 3. 1H NMR spectrum of NA–Mo6 in CD3COCD3.

Figure 4. 1H NMR spectrum of NA2–Mo6 in CD3COCD3.

Mo–Ot stretching (957 cm–1) and Mo–Ob–Mo asymmetric
stretching vibrations (799 cm–1) for Mo6, a bathochromic
shift can be observed in NA–Mo6 and NA2–Mo6, which
implies that these bonds are weakened to some extent due

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 684–694688

to the stronger Mo�N bonding interaction than that in
Mo=O, when the terminal oxygen atom is replaced by the
organoimido ligand. The band near 976 cm–1 usually ap-
pears as a strong shoulder peak for the Mo–Ot stretching,
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which is diagnostic for the monosubstituted and disubsti-
tuted organoimido hexamolybdates derived from the Mo–
N bond stretching vibration. However, the IR bands of the
naphthylamine ligand in this region [mostly γ(C–C and C–
H)] are of low intensity with respect to those of the poly-
oxometalate framework. In the high-frequency region, the
aromatic γ(Ar–H) bands (�3000 cm–1) are hardly visible
because of their low intensity, and the complex pattern
around 2900 cm–1 corresponds to the aliphatic γ(C–H)
bands of the tetrabutylammonium cation. In the medium-
frequency region (1650–1000 cm–1) there are characteristic
peaks from γ(C–N), the bands at 1585 and 1482 cm–1 that
were shown to be associated with γ(C=C) of the naphth-
alene mode, the 1380 and 1393 cm–1 peaks that were assigned
to δ(C–H) of the NBu4 cation; and the 1321 cm–1 band
from the γ(C–N) of the naphthyl group.

Figure 5. IR spectra of NA–Mo6 and NA2–Mo6 as compared to
the parent compound Mo6.

The solution UV/Vis absorption spectra of NA–Mo6,
Mo6, and 2-NpNH2 are shown in Figure 6, and that of
NA2–Mo6 and the corresponding starting materials are
shown in Figure 7. The lowest-energy electronic transition
at 325 nm in [Mo6O19]2– of Mo6 was assigned to a charge-
transfer transition from the oxygen π-type highest occupied
molecular orbital (HOMO) to the molybdenum π-type low-
est unoccupied molecular orbital (LUMO). This band is ba-
thochromically shifted by 37 and 69 nm for NA–Mo6 and
NA2–Mo6, respectively, and becomes considerably more in-
tense in NA–Mo6 (362 nm) and NA2–Mo6 (394 nm) due
to the charge-transfer transition from the coordinated N
atom to the molybdenum atom (LMCT). This indicates that
the Mo–N π bond is formed and the delocalization of or-
ganic conjugated π electrons has extended from the naphth-
alene ring to the hexamolybdate skeleton. In other words,
there is a strong electronic interaction between the metal–
oxygen cluster and the conjugated organic segment(s) in the
hybrid compounds. The band near 254 nm in [Mo6O19]2–,
originating from the n–π transition from the oxygen π-type
nonbonding orbitals to the molybdenum π-type LUMO,
shows no obvious variation from that in the hybrid com-
pounds, which implies that the incorporated naphthylimido
ligands have little effect on the skeleton of the hexamolybd-
ate and the energy levels of the oxygen π-type nonbonding
orbitals in these cluster anions are almost identical.
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Figure 6. UV/Vis absorption spectra of NA–Mo6, Mo6, and 2-
NpNH2 in CH2Cl2.

Figure 7. UV/Vis absorption spectra of NA2–Mo6, Mo6, and 1-
NpNH2 in CH2Cl2.

The fluorescence spectra of NA–Mo6, Mo6, and 2-
NpNH2 with the excitation wavelength at 334 nm are shown
in Figure 8, and that of NA2–Mo6, Mo6, and 1-NpNH2

with the excitation wavelength at 330 nm are shown in Fig-
ure 9. Compared with the luminescence of the tetrabut-
ylammonium salt of [Mo6O19]2– (359 nm) and naphth-
ylamines, the hybrid compounds are much less fluorescent
than free naphthylamines. Presumably, the nonemissive
LMCT excited state quenches most of the π–π* transition
states.

Figure 8. Fluorescence spectra of NA–Mo6, Mo6, and 2-NpNH2

in CH2Cl2.
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Figure 9. Fluorescence spectra of NA2–Mo6, Mo6, and 1-NpNH2

in CH2Cl2.

π-A Isotherm of Two LB Films Containing NA–Mo6 and 2-
NpNH2/Mo6 Monolayers

Figure 10 depicts the surface pressure-area (π-A) iso-
therms of NA–Mo6 on a pure-water subphase correspond-
ing to the NA–Mo6 monolayer as well as 2-NpNH2 on a
Mo6 aqueous subphase corresponding to the 2-NpNH2/
Mo6 monolayer at room temperature. The results show that
they can form stable monolayer Langmuir films at the air–
liquid interface. The molecular area of NA–Mo6 and 2-
NpNH2/Mo6 films can be estimated by extrapolating the
line part of the π-A isotherm to the abscissa in each case.
The relevant data are collected in Table 5. For the NA–Mo6
film, the limiting area per molecule is 0.17 nm2, whereas
that of 2-NpNH2/Mo6 is 0.14 nm2. The collapse pressure
of NA–Mo6 is 26.4 mNm–1, larger than that of 2-NpNH2/

Figure 10. Surface pressure-area (π-A) isotherms of monolayer
films of 2-NpNH2/Mo6 and NA–Mo6.

Table 5. Surface pressure-area isotherms of the LB films.

Film Cross section Collapse pressure
[nm2 molecule–1] [mNm–1]

2-NpNH2/Mo6 0.14 22.4
NA–Mo6 0.17 26.4
1-NpNH2/Mo6 0.22 32.2
NA2–Mo6 0.28 43.7
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Mo6 (22.4 mNm–1), which implies that the stability of the
LB films of the covalently linked hybrid is better than that
of the noncovalently-linked analogue. A similar situation
was noted for the other pair (1-NpNH2/Mo6 vs. NA2–Mo6,
see Figure 11).

Figure 11. Surface pressure-area (π-A) isotherms of monolayer
films of 1-NpNH2/Mo6 and NA2–Mo6.

UV/Vis Spectroscopy

The 13-layer 2-NpNH2/Mo6 and 13-layer NA–Mo6 LB
films of high morphological stability were successfully de-
posited onto quartz substrates by the vertical method. The
transfer ratio was almost unity in both the dipping and lift-
ing processes, indicating the formation of Y-type LB films.
As shown in Figure 12 and Table 6, 2-NpNH2/Mo6 and

Figure 12. UV/Vis spectra of LB films (13-layer) of 2-NpNH2/Mo6
and NA–Mo6.

Table 6. Absorption data for the LB films.

LB film λmax [nm]

2-NpNH2/Mo6 248, 331, 380
NA–Mo6 249, 364, 379[a]

1-NpNH2/Mo6 247, 332, 385
NA2–Mo6 248, 340, 394[a]

[a] Shoulder peak.
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NA–Mo6 LB films display strong absorption bands in the
near-UV region. Compared with the UV/Vis absorption
band of NA–Mo6 in CH2Cl2 at ca. 362 nm, which is de-
rived from the charge-transfer transition of the coordinated
N atom to the Mo atom, the absorption bands of the LB
films of 2-NpNH2/Mo6 and NA–Mo6 both exhibit a slight
red-shift (from 362 to 380 nm for the 2-NpNH2/Mo6 LB
film and from 362 to 379 nm for the NA–Mo6 LB film)
and peak broadening, which are likely to be a result of the
formation of J-aggregates.[25] This indicates similar elec-
tronic structures of the hexamolybdate core in the two types
of LB films. Similar red-shifts for the NA2–Mo6 and 1-
NpNH2/Mo6 LB films were observed (Figure 13). It is also
clear that NA2–Mo6 shows a better conjugation than NA–
Mo6, leading to longer absorption wavelengths in NA2–
Mo6.

Figure 13. UV/Vis spectra of LB films (13-layer) of 1-NpNH2/Mo6
and NA2–Mo6.

Low-Angle X-ray Diffraction

The lamellar structure of the hybrid LB films is clearly
demonstrated by the low-angle X-ray diffraction measure-
ment. As shown in Figure 14, two strong Bragg peaks at

Figure 14. Low-angle X-ray diffraction patterns of the as-prepared
films of 2-NpNH2/Mo6 (top) and NA–Mo6 (bottom) with 13 lay-
ers deposited on the glass.
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2.03° (2θ) for the 13-layer of 2-NpNH2/Mo6 and 2.04° (2θ)
for the 13-layer NA–Mo6, assigned to the (001) diffraction
peaks, are clearly identified in the X-ray diffractogram, in-
dicating that the layer structure of the two LB films are well
organized. According to the Bragg diffraction formula, nλ
= 2dsinθ, we can calculate the monolayer average thickness
d/2 for 2-NpNH2/Mo6 and NA–Mo6 to be 2.18 nm and
2.17 nm, respectively. On the basis of the unit-cell dimen-
sion of NA–Mo6, the height of 2-NpNH2/Mo6 is estimated
to be 2.07 nm, and it is likely that the NA–Mo6 molecules
lie flat on the substrate. A similar case exists for the 2-
NpNH2/Mo6 LB film.

Study of Electrical Conductivity

The electrical conductivity behavior of the 3-layer LB
films of NA–Mo6 and 2-NpNH2/Mo6 on an ITO wafer
was examined using scanning tunneling microscopy (STM).
Saliently, they both show good electrical conductivity and
representative I–V plots are shown in Figure 15 for the de-
vices. The tunneling current for the 2-NpNH2/Mo6 and
NA–Mo6 LB films amounts to approximately –100 to
100 pA when the voltage is set within approximately –1.5
to 2 and –1.5 to 2.5 V, respectively. The corresponding data
of 3-layer LB films of NA2–Mo6 and 1-NpNH2/Mo6 on
an ITO wafer are also given for the devices (Figure 15). The
tunneling current for the 1-NpNH2/Mo6 and NA2–Mo6
LB films amounts to approximately –100 to 100 pA when
the voltage is set within approximately –2.5 to 0.5 and –2.2

Figure 15. The I–V curve of the 3-layer LB film on the ITO wafer
for (a) 2-NpNH2/Mo6, (b) NA–Mo6, (c) 1-NpNH2/Mo6, and
(d) NA2–Mo6.
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to 0.5 V, respectively. The I–V curves reveal that the nonco-
valently-bonded compound 2-NpNH2/Mo6 and the coval-
ently-bonded hybrid species NA–Mo6 have similar conduc-
tivities. This is also the case for 1-NpNH2/Mo6 and NA2–
Mo6. Compared with the voltage of the LB films of NA–
Mo6 (2.5 V), the LB films derived from NA2–Mo6 have a
lower voltage (0.5 V) when the tunneling current reaches
100 pA, therefore the conductivity of covalently-bonded hy-
brid NA2–Mo6 is better than that of NA–Mo6, presumably
due to the better conjugation in the disubstituted organ-
oimido complex. Pure naphthylamine is generally a very
poor conductor in the intrinsic state; our hybrid LB com-
posites in the device can be made to be semiconducting,
which is likely attributed to the existence of electron trans-
fer.

Conclusions

Two new organoimido derivatives [(n-C4H9)4N]2-
[Mo6O18{�N–(2-Np)}] and [(n-C4H9)4N]2[Mo6O17{�N–
(1-Np)}2] have been prepared by the metathesis of the hexa-
molybdate ion and naphthylamines with DCC as a dehy-
drating agent in dry acetonitrile. These compounds belong
to a family of Linqvist-type polyoxometalates. Compared
to the parent hexamolybdate, they show significant red-
shifts of the lowest energy band, indicating that there is a
stronger electronic interaction between the metal–oxygen
cluster and the naphthalene ring in the hybrid compounds.
The charge transfer between the electron-donating naph-
thylimido and electron-accepting hexamolybdate was be-
lieved to be the cause of the luminescence quenching of the
covalently-linked hybrid compound.

In addition, the LB films of the covalently-bonded NA–
Mo6 and NA2–Mo6 were prepared and characterized in
order to make comparisons with 2-NpNH2/Mo6 and 1-
NpNH2/Mo6. The four LB films 1-NpNH2/Mo6, 2-
NpNH2/Mo6, NA–Mo6, and NA2–Mo6, constructed by
using two different deposition strategies, were successfully
fabricated onto the substrates. The results show stable
monolayers of naphthylamine molecules at the air/Mo6
solution interface and stable monolayers of NA–Mo6 and
NA2–Mo6 at the air/H2O interface. The two LB films pos-
sess well-ordered lamellar structures and display semicon-
ducting properties resulting from electron transfer in the
two hybrid systems. In the near future, efforts on exploring
the electrical, optical, and photophysical properties of poly-
oxometalate-based organic-inorganic hybrid molecular ma-
terials in electronic devices will be made.

Experimental Section

Materials and Reagents: [(n-C4H9)4N]2[Mo6O19] (Mo6) was ob-
tained according to the published procedure.[26] Other starting ma-
terials are commercial products of chemical or analytical grade pu-
rity and dried using standard procedures. Analytical grade chloro-
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form was redistilled before use. Ultrapure water (18 MΩcm) deliv-
ered from a MilliPore system was employed in all of the LB film
experiments.

Instrumentation: 1H NMR spectra were measured in CD3COCD3

with a Varian Inova 600 MHz FT-NMR spectrometer, with the 1H
NMR chemical shifts quoted relative to SiMe4. Infrared spectra
were recorded with a Perkin–Elmer Spectrum One FTIR spectrom-
eter in CH2Cl2 solutions or KBr pellets. Ultraviolet/visible
(UV/Vis) spectra were measured with a UNICAM Heλios α spec-
trometer. Low angle X-ray diffraction measurements were carried
out with a Philips X�pert Pro instrument, operating with a mono-
chromated Cu-Kα radiation source at 40 kV and 50 mA. Photo-
luminescence spectra were recorded with a SPEX F212 fluores-
cence spectrometer. The I–V curves were collected within a
2�2 μm2 image in a tapping mode, at a spot where a few molecules
of LB film were located.

Monolayer and LB Film Fabrication: Monolayer formation and de-
position were carried out with a Flench LB 105 slot under room
temperature conditions at 20�1 °C. The surface pressure was mea-
sured by the Wilhelmy method. Triple-distilled deionized water (pH
= 6) was used as the subphase.

(i) Monolayer of NA–Mo6 and NA2–Mo6: The NA–Mo6 mono-
layer was prepared by spreading a definite quantity of a chloroform
solution of NA–Mo6 (1 �10–4 molL–1) onto an ultrapure water
subphase at room temperature. After evaporation of the solvent for
15 min, the monolayer was compressed at a constant barrier rate
of 3 cm2 min–1 and the curve was recorded. The method of prepara-
tion of a monolayer of NA2–Mo6 was similar to that of the NA–
Mo6 monolayer.

(ii) Monolayer of 1-NpNH2/Mo6 and 2-NpNH2/Mo6: The 1-
NpNH2/Mo6 and 2-NpNH2/Mo6 hybrid monolayer was prepared
in each case by spreading a definite quantity of 1-NpNH2 and 2-
NpNH2 in chloroform (1�10–4 molL–1) onto a 1 �10–4 molL–1

aqueous solution subphase of Mo6 at room temperature. After
evaporation of the solvent for 15 min, the monolayer was com-
pressed at a constant barrier rate of 3 cm2 min–1 and the curve was
recorded.

The above two groups of monolayers were then allowed to stabilize
for 15 min at the target pressure of 20 mNm–1. The condensed
monolayers were finally transferred by the vertical dipping method
onto the ITO substrates for I–V measurements, onto the quartz
substrates for UV and PL spectra, and onto the glass substrate for
low-angle X-ray diffraction. In all cases, the dipping rate of the
transfer for LB films was set at 3 mmmin–1, resulting in a fairly
good deposition of a typical Y-mode film. The number of layers of
LB film prepared here is equal to the number of dipping or lifting
processes, on each of which a floating Langmuir monolayer was
transferred onto the substrate with a good transfer ratio of ca. 1.

Synthesis of NA–Mo6: A mixture of 2-NpNH2 (0.19 g, 1.0 mmol),
[(n-C4H9)4N]2[Mo6O19] (1.37 g, 1.3 mmol), and DCC (0.41 g,
2.0 mmol) was refluxed in anhydrous acetonitrile (50 mL) for about
12 h. Then, a large amount of white precipitate was formed, which
was confirmed to be N,N�-dicyclohexylurea, and a dark-red solu-
tion was obtained. After cooling the suspension to room tempera-
ture, the white precipitate was removed by filtration. While most
of the acetonitrile was allowed to slowly evaporate, the product was
found to deposit from the filtrate as a dark-red solid, which was
washed successively with dichloromethane and acetone several
times, and recrystallized from acetone to obtain red plate crystals
with a moderate yield of ca. 42 %. C42H79Mo6N3O18: C 33.86, H
5.35, N 2.82; found C 33.89, H 5.37, N 2.84. 1H NMR (600 MHz,
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CD3OCD3): δ = 0.97 (t, J = 11.4 Hz, 24 H, –CH3, [Bu4N]+), 1.47
(m, 16 H, –CH2–, [Bu4N]+), 1.83 (m, 16 H, –CH2–, [Bu4N]+), 3.44
(t, J = 8.4 Hz, 16 H, NCH2–, [Bu4N]+), 7.40 (d, J = 10.2 Hz, 1 H,
aromatic), 7.44 (d, J = 7.2 Hz, 1 H, aromatic), 7.56 (t, J = 7.2 Hz,
1 H, aromatic), 7.65 (d, J = 3.0 Hz, 1 H, aromatic), 7.70 (s, 1 H,
aromatic), 7.90 (d, J = 7.2 Hz, 1 H, aromatic) and 7.94 (d, J =
11.4 Hz, 1 H, aromatic) ppm. IR (KBr pellet): ν̃ = 774.48 (νasym,
Mo–O–Mo), 955 (ν, Mo=O), 976 (ν, Mo�N) cm–1. UV/Vis
(CH3CN): λmax = 254, 362 nm.

Synthesis of NA2–Mo6: A mixture of 1-NpNH2 (0.47 g, 2.5 mmol),
[(n-C4H9)4N]2[Mo6O19] (1.05 g, 1.0 mmol), and DCC (0.52 g,
2.5 mmol) was refluxed in anhydrous acetonitrile (50 mL) for about
12 h. A dark-red solution was obtained, and a large amount of
white N,N�-dicyclohexylurea was formed. After cooling the solu-
tion to room temperature, the white precipitate was removed by
filtration. The filtrate was evaporated to give a dark-red solid,
which was washed successively with dichloromethane and acetone.
The product was obtained as red plate crystals in ca. 45% yield.
C52H86Mo6N4O17 (1614.91): calcd. C 38.67, H 5.37, N 3.47; found
C 38.85, H 5.24, N 3.54. 1H NMR (600 MHz, CD3OCD3): δ =
0.94 (t, J = 6.0 Hz, 24 H, –CH3, [Bu4N]+), 1.42 (m, 16 H, –CH2–,
[Bu4N]+), 1.79 (m, 16 H, –CH2–, [Bu4N]+), 3.40 (t, J = 6.0 Hz, 16
H, –NCH2–, [Bu4N]+), 7.38–7.90 (m, 14 H, aromatic) ppm. IR
(KBr pellet): ν̃ = 769.93 (νasym, Mo–O–Mo), 945.99 (ν, Mo=O),
1017.36 (ν, Mo�N) cm–1. UV/Vis (CH3CN): λmax = 236, 394 nm.

X-ray Crystallography: Single crystals of NA–Mo6 and NA2–Mo6
suitable for X-ray crystallographic analysis were grown by slow
evaporation of its solution in acetone at room temperature. The
crystal was chosen and mounted on a glass fiber using epoxy resin.
The diffraction experiment was carried out at 293 K with a Bruker
Axs SMART 1000 CCD area-detector diffractometer using graph-
ite-monochromated Mo-Kα radiation (λ = 0.71073 Å). The col-
lected frames were processed using the software SAINT[27] and an
absorption correction was applied (SADABS)[28] to the collected
reflections. The structure was solved by direct methods
(SHELXTL)[29] in conjunction with standard difference Fourier
techniques and subsequently refined by full-matrix least-squares
analyses on F2. Hydrogen atoms were generated in their idealized
positions and all non-hydrogen atoms were refined anisotropically.

CCDC-843751 (for NA–Mo6) and -843752 (for NA2–Mo6) con-
tain 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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Redox reactions compete with coordination and polymeriza-
tion reactions when the organic electron donor and ligand,
1,2,4,5-tetrakis(tetramethylguanidino)benzene (1), is dis-
solved together with silver halides AgX (X = Cl, Br or I) in
solvents of different polarity. The complex results obtained

Introduction
Aromatic compounds with amino substituents in a para

position to each other are well-known organic electron do-
nors. Examples include 1,4-bis(dimethylamino)benzene and
1,2,4,5-tetrakis(dimethylamino)benzene.[1] Oxidation of 1,4-
bis(dimethylamino)benzene leads to “Wurster’s blue”,
which was described as early as the end of the 19th cen-
tury.[2] Recently, aromatic compounds functionalized by
several guanidino groups in a para position to each other
(GFA-n, whereby n denotes the number of guanidino sub-
stituents) were introduced as a new class of strong organic
electron donors.[3–9] Two examples for GFA-4 compounds
are 1,2,4,5-tetrakis(tetramethylguanidino)benzene[3] (1) and
1,2,4,5-tetrakis(N,N�-dimethyl-N,N�-ethyleneguanidino)ben-
zene[9] (2) (see Scheme 1). In comparison to the correspond-
ing amines, 1 and 2 are much stronger Brønsted bases and
exhibit a higher reduction capacity. For example, the oxi-
dation potential E1/2(CH2Cl2) = 0.063 V for 1,2,4,5-tetra-
kis(dimethylamino)benzene[10] but –0.32 V for 1[3] with re-
spect to SCE. In addition, as shown in a massive body of
work, guanidines are versatile ligands that have been used
extensively for the synthesis of molecular compounds for
manifold applications (e.g., catalysis or deposition of mate-
rials from precursors).[11–15]

GFA-4 compounds such as 1 could be engaged in dif-
ferent reaction types like redox reactions, Brønsted acid–
base reactions and reactions to give coordination com-
pounds. In some cases, they compete with each other, and
in others they are coupled. Of course, N ligands generally
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for the relatively simple system 1/AgX highlight the impor-
tance of solvent effects. A variety of chain polymers have
been synthesized in which the guanidine electron-donor
building blocks are connected by silver halide clusters of dif-
ferent sizes.

Scheme 1.

represent Brønsted bases, and in fact protonation can be
considered the simplest model for complex formation.
However, compounds such as 1 or 2 represent superior or-
ganic Brønsted bases, much stronger than amines, for exam-
ple, and therefore readily deprotonate weak proton acids
and solvents such as CH3CN if supporting conditions {e.g.,
the presence of [Au(PPh3)Cl]} are fulfilled.[9] In the past we
reported several examples of the chemistry of 1, in which
oxidation and coordination are coupled.[4,5] This is possible
because 1 could act as a ligand even after two-electron oxi-
dation, thereby underlining its extremely strong Lewis base
character. For example, treatment of a solution of 1 with
Cu(BF4)2 in CH3CN yielded a dinuclear complex of the
guanidine dication, [1{Cu(NCCH3)4}2](BF4)6.[4] In this
case, a redox reaction is coupled with coordination. On the
other hand, Brønsted acid–base reactions compete with co-
ordination reactions and usually also with redox reactions.
One example is provided by the treatment of a solution of
2 with [AuCl(PPh3)] and PhCCH in CH3CN.[16] In this case,
the redox channel that leads to the salt 2[Au(CCPh)2]2 and
the Brønsted acid–base channel that leads to the neutral Au
complex [Au(PPh3)CCPh] exhibit similar kinetics in
CH3CN. Consequently, a roughly equimolar mixture of
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both product types results. Of course, the solvent is of great
importance, and highly polar solvents favour the redox
channel.

Herein we present examples of the chemistry of 1 in
which coordination, redox and polymerization reactions in-
terplay and/or compete with each other. Variations in the
experimental conditions, especially the polarity of the sol-
vent, favour one channel over the other. Oxidation of the
guanidine is accompanied by an intense green colouring of
the solution. The reaction between a silver halide and a
guanidine, which at first glance appears to be very simple,
will be shown to be a complex story. Chain polymers that
contain ordered arrays of silver halide clusters connected
through guanidine electron-donor units are among the
structurally characterized products.

Results and Discussion

In the following we discuss the reactions of 1 with silver
halides in solvents of different polarities. In the reaction
equations we took care to ensure that the stoichiometry of
the reactants is correct; they generally are not balanced.
The yields refer to the isolated crystalline material and are
therefore generally lower bounds for the actual yield. Due
to the manifold possible reaction pathways, most reaction
products cannot be foretold; however, it will be shown that
the reactions could be directed in one direction by optimi-
zation of the reaction conditions.

Reactions in MeOH

When 1 was treated with AgCl or AgBr at room temp.
in MeOH, the solution turned, after a few minutes, a deep
green that is characteristic of oxidized 1. The analytical
data (see the Experimental Section) show the products to
be the salts (1)X2 [X = Cl or Br, formed according to Equa-
tion (1)]. Hence the 1H NMR spectra of a solution of
(1)Br2 in CD3CN displays signals of the dication 12+

(methyl groups and aromatic C–H) at δ = 2.88 and
5.16 ppm.

(1)

For comparison, the 1H NMR spectroscopic signals of
the neutral guanidine 1, also dissolved in CD3CN, occur at
δ = 2.63 and 5.54 ppm, and that of the dication in 1(I3)2 at
δ = 2.88 and 5.17 ppm.[3] The UV/Vis spectrum of (1)Br2

dissolved in CH3CN (see Figure 1) contains three strong
absorptions centered at λ = 218, 293 and 416 nm. In ad-
dition, a weak and broad feature occurs at 589 (614) nm
(see inset in Figure 1). Single crystals of (1)Cl2 and
(1)Br2·4MeOH suitable for XRD were obtained from
CH3CN/Et2O and MeOH/Et2O solutions, respectively. Fig-
ure 2 illustrates the structures. As known from other salts,
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Figure 1. UV/Vis spectrum of (1)Br2 dissolved in CH3CN.

Figure 2. Structures of the salts (1)Cl2 and (1)Br2. Thermal ellip-
soids drawn at the 50% probability level. Selected structural param-
eters {(bond lengths [pm], bond angles [°]) for (1)Cl2: N1–C1
129.9(2), N1–C7 137.0(2), N2–C7 133.4(3), N3–C7 134.0(3), N4–
C2 133.8(2), N4–C12 134.8(2), N5–C12 133.9(2), N6–C12 134.9(2),
N7–C4 130.3(2), N7–C17 136.4(2), N8–C17 135.0(2), N9–C17
132.9(2), N10–C5 134.7(2), N10–C22 134.6(2), N11–C22 135.1(2),
N12–C22 134.2(2), C1–C2 150.2(2), C1–C6 141.6(2), C2–C3
137.6(2), C3–C4 142.2(2), C4–C5 150.6(2), C5–C6 137.2(2); C1–
N1–C7 129.44(15), C2–N4–C12 122.79(14), C4–N7–C17
125.48(15), C5–N10–C22 122.59(14), N2–C7–N3 121.09(17), N5–
C12–N6 118.74(16), N8–C17–N9 121.17(15), N11–C22–N12
118.68(15). Selected structural parameters (bond lengths [pm],
bond angles [°]) for (1)Br2: N1–C1 135.17(19), N1–C4 133.97(19),
N2–C4 135.26(19), N3–C4 134.75(19), N4–C2 130.64(19), N4–C9
136.94(19), N5–C9 134.30(19), N6–C9 132.65(19), C1–C2 149.9(2),
C1–C3 137.3(2), C2–C3� 141.8(2); C1–N1–C4 122.58(13), N2–C4–
N3 117.96(13), C2–N4–C9 125.54(13), N5–C9–N6 121.13(13).
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the guanidine dication can be described as a pair of bisgu-
anidino-allyl monocations that are connected by two C–C
single bonds [distances of 150.2(2) and 150.6(2) pm for C1–
C2 and C4–C5 in (1)Cl2, and of 149.9(2) pm for C1–C2 in
(1)Br2]. Treatment of 1 with AgI yielded a product mixture
from which we isolated in a crystalline yield of 51% a
brown-red chain polymer of the formula [1(Ag6I8)]n; see
Equation (2). The polymer is insoluble in CH3CN, but to
some degree soluble in DMF. Crystals of this polymer were
obtained with and without cocrystallized DMF solvate mo-
lecules. Fractions of the obtained structures are visualized
in Figure 3. It can be seen directly that the structures are
significantly different. In the case of [1(Ag6I8)·2DMF]n, the
chain can formally be regarded to consist of [1(AgI2)2] units
fused together by neutral chair-type-structured Ag4I4 clus-
ters. The organic building blocks are directly incorporated
into the main chain of the polymer. In the case of solvate-
free crystals of [1(Ag6I8)]n, chains of rhombic Ag2I2 units
connected through the corners can be identified. Every sec-
ond rhombic unit is bound through the Ag atoms to two
[1(AgI2)2] units. Hence in this case the organic building
blocks are not incorporated into the polymer main chain.

(2)

Figure 3. Fractions of the crystal structures of the coordination
polymers (a) [(1)Ag6I8·2DMF]n and (b) [(1)Ag6I8]n (hydrogen
atoms omitted). Thermal ellipsoids drawn at the 50% probability
level.

Reactions in CH3CN

Reactions in CH3CN proceeded very differently. Hence
in the case of AgBr and AgI, no oxidation of guanidine 1
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was observed. Instead, the guanidine acted as a chelating
ligand and pale yellow coordination polymers [1(AgX)2]n
(X = Br or I) were formed; see Equation (3). Crystals of the
chain polymer [1(AgBr)2]n suitable for single-crystal X-ray
diffraction (XRD) were grown from concentrated CH3CN
solutions. The structure is illustrated in Figure 4. Each AgI

is tetrahedrally coordinated by two N and two Br atoms.
The dihedral angle between the N–Ag–N and Br–Ag–Br
planes is close to the ideal value of 90° for tetrahedral coor-
dination. All polymer chains run into the same direction
(see Figure 4). The Ag–N bond lengths measure 236.0(2)
and 233.8(2) pm. With 72.6(1)°, the N–Ag–N bond angles
are relatively small. The Br–Ag–Br angles [100.3(3)°] are
close to the ideal value for tetrahedral coordination. The
polymer [1(AgI)2]n was obtained in a similar way by reac-
tion between 1 and two equivalents of AgI in CH3CN solu-
tions. Crystals of [1(AgI)2·4DMF]n were obtained after sev-

(3)

Figure 4. A part of the structure of the coordination polymer
[1(AgBr)2]n (hydrogen atoms omitted). The alignment of the one-
dimensional polymers is shown below. Thermal ellipsoids drawn
at the 50% probability level. Selected structural parameters (bond
lengths [pm], bond angles [°]): Ag–Br1 273.23(7), Ag–Br1�
268.47(8), Ag–N1 236.0(2), Ag–N4 233.8(2), N1–C1 140.9(3), N1–
C4 130.9(3), N2–C4 138.3(3), N3–C4 136.5(3), N4–C2 141.0(3),
N4–C9 131.5(3), N5–C9 138.0(3), N6–C9 135.4(3), C1–C2
140.7(3), C1–C3 139.3(3), C2–C3� 140.0(3); N1–Ag–N4 72.63(7),
Br1–Ag–Br1� 100.25(3).
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eral weeks from concentrated DMF solutions. The structure
is visualized in Figure 5. The polymer chains are structur-
ally similar to those in [1(AgBr)2]n. The cocrystallized DMF
molecules separate two adjacent polymer chains. Unlike
[1(AgBr)2]n, every second chain in [1(AgI)2·4DMF]n is tilted
by approximately 90° around the chain axis (see Figure 5).

Figure 5. A part of the structure of the coordination polymer
[1(AgI)2]n (hydrogen atoms omitted). The alignment of the one-
dimensional polymers is shown below. Thermal ellipsoids drawn
at the 50% probability level. Selected structural parameters (bond
lengths [pm], bond angles [°]): Ag–I1 276.49(7), Ag–I1� 291.83(8),
Ag–N1 234.31(18), Ag–N4 237.17(18), N1–C1 141.1(2), N1–C11
131.8(3), N2–C11 136.7(2), N3–C11 136.4(3), N4–C2 141.4(2), N4–
C16 130.4(3), N5–C16 137.5(2), N6–C16 137.9(3), C1–C2 140.9(3),
C1–C3� 139.6(3), C2–C3 139.3(3); I1–Ag–I1� 110.74(3), N1–Ag–
N4 73.92(6).

For treatment of AgCl with 1, a product mixture was
obtained. In a crystalline yield of 23 %, compound
[1(AgCl)2] was isolated, which is a dinuclear coordination
compound, unlike the polymers of similar overall formula
obtained in the reactions with AgBr or AgI. Its structure is
illustrated in Figure 6. The molecular units are arranged in
stacks. In addition, the salt (1)Cl2 (11% yield) and the chain
polymer [1(Ag4Cl6)]n (21 % yield) were formed; see Equa-
tion (4). The latter was crystallized either from CHCl3 as
[1(Ag4Cl6)·4CHCl3]n or from CH2Cl2 as [1(Ag4Cl6)·
2CH2Cl2]n. The structures of the polymers with CHCl3 and
CH2Cl2 solvate molecules are compared in Figure 7. The
chains found in both compounds could be considered to
consist of a cationic polymer {[1(AgCl)2]2+}n in which the
building blocks are connected by halide bridges. The silver
and halide atoms of each [1(AgCl)2]2+ unit interact with
two [AgCl2]– anions. However, the conformation of the
chains differs significantly. Hence the dihedral angle be-
tween the central Ag2Cl2 ring plane and the N–Ag–N pla-
nes amounts to 72° in [1(Ag4Cl6)·4CHCl3]n, and 34° in
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[1(Ag4Cl6)·2CH2Cl2]n. Both compounds decompose in
MeOH solutions. The analytical data indicate formation of
AgCl and (1)Cl2 as decomposition products.

(4)

Figure 6. (a) Molecular structure of [1(AgCl)2] (hydrogen atoms
omitted). Thermal ellipsoids drawn at the 50% probability level.
Selected structural parameters (bond lengths [pm], bond angles [°]):
Ag–Cl 237.12(11), Ag–N1 226.3(2), Ag–N4 232.9(2), N1–C1
142.4(3), N1–C4 131.6(4), N2–C4 136.4(3), N3–C4 137.0(4), N4–
C2 141.4(3), N4–C9 130.9(4), N5–C9 137.3(4), N6–C9 136.1(4),
C1–C2 141.6(4), C1–C3� 139.2(4), C2–C3 139.5(4); N1–Ag–N4
75.07(8), Cl–Ag–N1 153.81(6), Cl–Ag–N4 131.01(6).

Figure 7. Parts of the crystal structures of the coordination poly-
mers (a) [1(Ag4Cl6)·4CHCl3]n and (b) [1(Ag4Cl6)·2CH2Cl2]n (hydro-
gen atoms omitted). Thermal ellipsoids drawn at the 50% prob-
ability level.
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Reactions in Toluene

If the reaction between 1 and AgCl was carried out in
toluene, only the coordination compound [1(AgCl)2] with a
neutral guanidine ligand was formed in 77% crystalline
yield; see Equation (5). The same compound was already
obtained as one of the products of the reaction between 1
and AgCl in CH3CN. Further experiments with this com-
plex showed it to be stable only in apolar solvents. When it
was dissolved under heat in CH2Cl2, a redox reaction was
initiated to yield the coordination polymer [1(Ag4Cl6)]n –
see Equation (6) – which was already shown to be one of
the products of reaction between 1 and AgCl in CH3CN.

(5)

(6)

Properties of the One-Dimensional Polymers [1(AgX)2]n
(X = Br or I)

The experiments described above showed that coordina-
tion compounds of the neutral guanidines could be ob-
tained by careful choice of the solvent. Whereas [1(AgCl)2]
is a dinuclear compound, [1(AgBr)2]n and [1(AgI)2]n repre-
sent chain polymers. Furthermore, [1(AgCl)2] is highly ame-
nable to redox reactions when brought into contact with
solvents of moderate to strong polarity. In further experi-
ments described in this section, we analyzed the properties
and redox chemistry of the polymers [1(AgBr)2]n and
[1(AgI)2]n. Thermogravimetric (TG) and differential scan-
ning calorimetric (DSC) measurements (see curves in Fig-
ure 8) indicate that both compounds are stable up to tem-
peratures of 250 °C. Their remission spectra (see the Sup-
porting Information) contain broad absorptions below
500 nm. When the compounds were heated to a tempera-
ture of 650 °C, gas evolution was monitored and the materi-
als changed their optical properties dramatically. The ini-
tially yellow colour of the intact polymer turned to black
with a metal-like gleam after the heat treatment (see photos
provided in the Supporting Information). Up to now we
have been unable to characterize the structures of these
products of pyrolysis. The elemental analysis showed them
to contain substantial amounts of carbon and nitrogen.
Further work, which is outside the scope of this article, is
necessary to study the composition and properties of these
materials.

In our oxidation experiments, [1(AgBr)2]n and [1(AgI)2]n
were treated with I2 as well as organic electron acceptors
[2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), tetra-
chlorobenzoquinone (TCQ) and tetracyanoquinodimethane
(TCNQ)]. The results will be briefly summarized in the fol-
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Figure 8. TG and DSC curves (at a heating rate of 10 °Cmin–1

under an N2 atmosphere) for (a) [1(AgBr)2]n and (b) [1(AgI)2]n.

lowing; see Equations (7), (8) and (9). In the case of
reaction of an equimolar mixture of [1(AgBr)2]n and I2 at
room temp. in CH3CN, the coordination polymer
[1(Ag6I8–xBrx)]n with x = 0.7 was isolated in a crystal yield
of 26%. Its structure is depicted in Figure 9 (a). It resembles
that of [1(Ag6I8)]n. In the case of a 2:1 molar ratio of the
two reactants (but otherwise unchanged reaction condi-
tions), a different product was isolated in extremely small
but reproducible yield. This product was unambiguously
identified as the coordination polymer [1(Ag5Br4I3)]n (see
Figure 9, b). The guanidine building blocks are incorpo-
rated into the polymer main chain. The small yield is at

(7)

(8)

(9)
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least partially caused by the low solubility of the starting
reagents. On the other hand, reaction between [1(AgI)2]n
and I2 (0.5 equiv.) yielded not a polymer but the salt
1(AgI3) with separated guanidine dicationic and AgI3 dian-
ionic units (see Figure 10).

Figure 9. Fractions of the crystal structures of the coordination
polymers (a) [1(Ag6I8–xBrx)]n with x = 0.7 and (b) [1(Ag5Br4I3)]n.

Figure 10. Structure of the salt 1(AgI3). Selected bond lengths [pm]:
Ag–I1 278.48(6), Ag–I2 275.88(6), N1–C1 134.6(2), N1–C4
134.6(2), N2–C4 135.1(3), N3–C4 135.0(2), N4–C2 130.8(2), N4–
C9 136.9(2), N5–C9 134.6(3), N6–C9 133.1(3), C1–C2 150.1(3),
C1–C3� 137.5(3), C2–C3 142.2(3).

Treatment of [1(AgBr)2]n or [1(AgBr)2]n with the organic
electron acceptor DDQ (2 equiv.) gave a black product,
which was identified as the donor–acceptor couple
1(DDQ)2; see Equation (10). The crystal structure is pro-
vided in Figure 11. Clearly, this compound can be prepared
more directly by reaction between 1 and DDQ. The donor
and acceptor units are arranged in stacks. The packing as
well as the black appearance of the material make it attract-
ive for a future analysis of the electronic properties. Reac-
tion between [1(AgI)2]n and TCQ or TCNQ yielded the
polymer [1(Ag6I8)]n – see Equations (11) and (12) – a prod-
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uct that also could be obtained more directly by reaction
between 1 and AgI in MeOH. This compound seems to be
of especial stability, as it is obtained under various condi-
tions.

(10)

(11)

(12)

Figure 11. Structure of the salt 1(DDQ)2. Selected bond lengths
[pm]: cationic guanidine units: N1–C1 130.4(2), N1–C4 137.4(2),
N2–C4 134.1(2), N3–C4 133.7(2), N4–C2 135.9(2), N4–C9
133.7(2), N5–C9 135.3(2), N6–C9 135.3(2), C1–C2 150.0(3), C1–
C3� 143.2(3), C2–C3 136.6(3); anionic DDQ units: O1–C18
124.4(2), O2–C15 124.7(2), Cl1–C14 172.3(2), Cl2–C19 172.5(2),
N8–C21 114.3(3), C17–C21 143.3(3), C14–C15 147.6(3), C14–C19
135.3(3), C15–C16 144.4(3), C16–C17 139.1(3), C17–C18 145.0(3),
C18–C19 146.6(3).

Conclusion

Coordination, redox and polymerization reactions are
either coupled or in competition with each other when the
guanidine electron donor 1,2,4,5-tetrakis(tetramethylguan-
idino)benzene (1) reacts with silver halides in solvents of
different polarities. By choice of solvent, the reaction could
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be directed into the desired channel. The results of this
work are of special importance for the use of guanidine
electron donors as building blocks in coordination poly-
mers. In these polymers, the guanidine units are generally
highly oxidized and coloured, thus making them attractive
for optical and/or electronic applications. This article shows
how halide clusters of different sizes could be incorporated
into the chain polymers, thereby opening an access route to
well-defined arrays of photoactive silver halide clusters. As
shown for the pairs of compounds [1(Ag6I8)·2DMF]n and
[1(Ag6I8)]n as well as [1(Ag4Cl6)·4CHCl3]n and [1(Ag4Cl6)·
2CH2Cl2]n, the incorporation of solvent molecules leads to
significant changes in the polymer structures.

Experimental Section
General: The synthetic work was carried out under an inert-gas
atmosphere by using standard Schlenk techniques. All solvents
were dried rigorously prior to their use. UV/Vis spectra were re-
corded with a Varian Cary 5000 spectrometer. NMR spectra were
measured with a Bruker Avance II 400 NMR machine. Elemental
analyses were carried out at the Microanalytical Laboratory of the
University of Heidelberg. IR spectra were recorded with a Biorad
Excalibur FTS3000 spectrometer. Thermogravimetric (TG) and
calorimetric (DSC) measurements were carried out with a Mettler
TC15 and DSC30 apparatus under a N2 atmosphere in a tempera-
ture range of 30–600 °C. The heating rate was varied between 2
and 10 °Cmin–1.

Compound (1)Cl2: AgCl (135 mg, 0.934 mmol) was added to a solu-
tion of 1 (100 mg, 0.188 mmol) in CH3OH (10 mL). The solution
was stirred at room temp. for a period of 2 h, during which time
the solution quickly adopted a deep green colour. After filtration,
4/5 of the solvent volume was removed, and the initial amount of
solvent was restored by the addition of Et2O. A dark crystalline
powder of (1)Cl2 precipitated; yield 80 mg (0.133 mmol, 70%). Sin-
gle crystals suitable for XRD were obtained from CH3CN/Et2O.
C28H58Cl2N12O2 [M + 2MeOH] (665.75): calcd. C 50.51, H 8.78,
N 25.25; found C 49.73, H 8.71, N 25.85. 1H NMR (400 MHz,
CD2Cl2): δ = 2.76 (48 H, CH3), 5.44 (2 H, ArH) ppm. 13C NMR
(100 MHz, CD2Cl2): δ = 40.2 (CH3), 111.6, 135.5, 162.7 ppm. IR
(CsI): ν̃ = 2947, 1608, 1564, 1508, 1467, 1421, 1395, 1304, 1256,
1226, 1187, 1165, 1139, 1057, 1018, 896, 840, 806, 749, 688, 623,
532, 458 cm–1. UV/Vis (CH3CN, c = 3.4�10–5 mol L–1): λ (ε in
Lmol–1 cm–1) = 218 (42148), 293 (16240), 425 (24148) nm. MS-
ESI+ (MeOH): m/z (%) = 265.3 (100) [1]2+, 530.3 (56) [1]+, 565.6
(25) [1 + Cl]+. Crystal data for (1)Cl2, C26H50Cl2N12: Mr = 601.68,
0.30�0.11�0.05 mm3, orthorhombic, space group Pca2(1), a =
19.210(4) Å, b = 7.5353(15) Å, c = 21.463(4) Å, V = 3106.8(11) Å3,
Z = 4, dcalcd. = 1.286 Mgm–3, Mo-Kα radiation (graphite-mono-
chromated, λ = 0.71073 Å), T = 100 K, θrange 1.90 to 30.58°. Reflec-
tions measd. 75068, indep. 9521, Rint = 0.0644. Final R indices
[I�2σ(I)]: R1 = 0.0430, wR2 = 0.0985.

Compound (1)Br2: AgBr (142 mg, 0.755 mmol) was added to a solu-
tion of 1 (80 mg, 0.151 mmol) in MeOH (10 mL). The solution was
stirred at room temp. for a period of 2 h, during which time the
solution quickly turned deep green. Then the solution was filtered
and the solvent was partially removed to around 2 mL. A dark,
crystalline solid precipitated after the addition of Et2O (restoring
the initial 10 mL volume); yield 71 mg (0.103 mmol, 68%). Crystals
suitable for XRD were grown from MeOH/Et2O. C26H50Br2N12

(690.56): calcd. C 45.22, H 7.30, N 24.34; found C 44.79, H 7.29,
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N 23.65. 1H NMR (400 MHz, CD3CN): δ = 2.88 (48 H, CH3), 5.16
(2 H, ArH) ppm. 13C NMR (100 MHz, CD3CN): δ = 41.48 (CH3),
103.90, 157.75, 168.07 ppm. IR (CsI): ν̃ = 2946, 1608, 1583, 1564,
1505, 1468, 1420, 1390, 1301, 1253, 1227, 1190, 1164, 1142, 1057,
1016, 898, 879, 838, 749, 683, 620, 538 cm–1. UV/Vis (CH3CN, c =
6.2�10–5 mol L–1): λ (ε in Lmol–1 cm–1) = 218 (59431), 293 (16179),
426 (27073), 589 (614) nm. MS-ESI+: m/z (%) = 265.3 (100) [1]2+,
530.3 (7) [1]+, 611.0 (7) [1 + Br]+. Crystal data for (1)Br2·4MeOH:
C30H66Br2N12O4, Mr = 818.76, 0.30�0.20�0.20 mm3, mono-
clinic, space group P21/n, a = 9.4670(19) Å, b = 15.321(3) Å, c =
14.612(3) Å, β = 104.29(3), V = 2053.8(7) Å3, Z = 2, dcalcd. =
1.324 Mgm–3, Mo-Kα radiation (graphite-monochromated, λ =
0.71073 Å), T = 100 K, θrange 2.33 to 32.05°. Reflections measd.
14235, indep. 7130, Rint = 0.0366. Final R indices [I�2σ(I)]: R1 =
0.0374, wR2 = 0.0803.

Compound [1(Ag6I8)]n: AgI (221 mg, 0.942 mmol) was added to a
solution of 1 (100 mg, 0.188 mmol) in MeOH (12 mL). The solu-
tion was stirred for a period of 16 h at room temp., during which
time the formation of brown-red solid was observed. Then the reac-
tion mixture was filtered and the product dried under vacuum;
yield 212 mg (0.097 mmol, 51%). Crystals suitable for XRD were
grown from concentrated DMF solutions. Compound [1(Ag6I8)]·
2DMF: C32H64Ag6I8N14O2 (2339.39): calcd. C 16.43, H 2.76, N
8.38; found C 16.78, H 2.60, N 8.22. 1H NMR (400 MHz,
[D6]DMF): δ = 3.01 (48 H, CH3), 5.35 (2 H, ArH) ppm. Low solu-
bility hampered the 13C NMR spectra. IR (CsI): ν̃ = 2921, 1677,
1661, 1609, 1577, 1561, 1508, 1492, 1460, 1400, 1384, 1320, 1263,
1231, 1167, 1090, 1022, 897, 813, 785, 737, 701 cm–1. UV/Vis
(CH3CN, c = 7.9� 10–6 molL–1): λ (ε in Lmol–1 cm–1) = 245 (6827),
285 (1827), 426 (2431) nm. MS-FAB+: m/z (%) = 531.7 (20) [1 +
H]+, 746.5 (1) [1 + 2Ag]+, 784 (2) [1 + 2I]+, 871.0 (7) [1 +
2Ag+I]+, 891.8 (5) [1 + Ag + 2I]+, 978.6 (3) [1 + 3Ag+I]+, 1063.3
(1) [1 + 5Ag – H]+. Crystal data for [1(Ag6I8)]·2DMF:
C16H32Ag3I4N7O, Mr = 1169.70, 0.10�0.10�0.10 mm3, mono-
clinic, space group P21/n, a = 11.727(2) Å, b = 19.456(4) Å, c =
12.991(3) Å, β = 94.21(3)°, V = 2956.0(10) Å3, Z = 4, dcalcd. =
2.628 Mgm–3, Mo-Kα radiation (graphite-monochromated, λ =
0.71073 Å), T = 100 K, θrange 2.09 to 30.02°. Reflections measd.
16815, indep. 8624, Rint = 0.0600. Final R indices [I�2σ(I)]: R1 =
0.0442, wR2 = 0.0781. Crystal data for [1(Ag6I8)]: C13H25Ag3I4N6,
Mr = 1096.6, 0.15�0.10 �0.10 mm3, monoclinic, space group C2/
c, a = 13.795(3) Å, b = 14.615(3) Å, c = 25.803(5) Å, β = 104.82(3)°,
V = 5029.2(19) Å3, Z = 8, dcalcd. = 2.897 Mgm–3, Mo-Kα radiation
(graphite-monochromated, λ = 0.71073 Å), T = 100 K, θrange 2.36
to 28.03°. Reflections measd. 24142, indep. 5969, Rint = 0.0516.
Final R indices [I�2σ(I)]: R1 = 0.0397, wR2 = 0.0972.

Compound [1(AgBr)2]n: Compound 1 (500 mg, 0.942 mmol) was
dissolved in CH3CN (10 mL). Subsequently, AgBr (354 mg,
1.884 mmol) was added, and the reaction mixture was heated at
90 °C to reflux for a period of 4 h. Then half of the solvent was
removed under vacuum from the reaction mixture. The reaction
mixture was filtered and washed with a small portion of CH3CN.
The pale yellow product was dried under vacuum to yield 779 mg
(0.860 mmol, 91%) [1(AgBr)2]n. Crystals suitable for an XRD
analysis were obtained from concentrated CH3CN solutions.
C26H50Ag2Br2N12 (906.30): calcd. C 34.46, H 5.56, N 18.55; found
C 34.31, H 5.56, N 18.36. 1H NMR (199.92 MHz, CDCl3): δ =
2.79 (s, 48 H, CH3), 5.38 (s, 2 H, ArH) ppm. 13C NMR
(100.55 MHz, CDCl3): δ = 39.94 (CH3), 110.92, 134.94, 162.10
ppm. IR (CsI): ν̃ = 2929 (m), 1515 (s, C=N) , 1382 (s), 1265 (m),
1180 (s), 1063 (m), 1020 (vs), 948 (w), 925 (w), 890 (vs), 867 (s),
776 (m), 712 (m), 573 (m), 426 (w) cm–1. MS-FAB+: m/z (%) =
486.1 (34) [1 – NMe2]+, 531.2 (100) [1 + H]+, 611.2 (2) [1 + Br]+,
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719.3 (0.4) [1 + Ag + Br + H]+. UV/Vis (CH3CN, c =
7.37�10–5 mol L–1): λmax (ε in Lmol–1 cm–1) = 218 (5970), 274
(4828), 427 (2460) nm. Crystal data for C13H25AgBrN6·2CH3CN:
Mr = 535.28, 0.30� 0.30�0.27 mm3, triclinic, space group P1̄, a =
9.7380(19) Å, b = 11.180(2) Å, c = 12.081(2) Å, α = 92.93(3)°, β
= 109.48(3)°, γ = 109.87(3)°, V = 1145.9(4) Å3, Z = 2, dcalcd. =
1.551 Mgm–3, Mo-Kα radiation (graphite-monochromated, λ =
0.71073 Å), T = 100 K, θrange 1.97 to 30.05°. Reflections measd.
11697, indep. 6626, Rint = 0.0292. Final R indices [I�2σ(I)]: R1 =
0.0345, wR2 = 0.0838.

Compound [1(AgI)2]n: AgI (442 mg, 1.884 mmol) was added to 1
(500 mg, 0.942 mmol) in CH3CN (10 mL). The pale green reaction
mixture was heated at 90 °C to reflux for a period of 4 h. Then half
of the solvent was removed under vacuum. Subsequently, the hot
reaction mixture was filtered, and the solid residue was washed
with a small quantity of CH3CN. Finally, the pale yellow product
was dried under vacuum to obtain 791 mg of [1(AgI)2]n
(0.791 mmol, 84% yield). Crystals suitable for an XRD analysis
were grown over a period of several weeks from concentrated DMF
solutions. C26H50Ag2I2N12 (1000.30): calcd. C 31.22, H 5.04, N
16.80; found C 31.05, H 4.89, N 16.57. 1H NMR (199.92 MHz,
CDCl3): δ = 2.76 (s, 48 H, CH3), 5.37 (s, 2 H, ArH) ppm. 13C NMR
(100.55 MHz, CDCl3): δ = 40.06 (CH3), 111.41, 136.16, 162.30
ppm. IR (CsI): ν̃ = 2927 (m), 1536 (s, C=N) , 1420 (s), 1383 (s),
1263 (m), 1178 (m), 1064 (m), 1021 (vs), 922 (w), 888 (s), 866 (m),
774 (m), 711 (m), 572 (m), 474 (w), 428 (w) cm–1. MS-FAB+: m/z
(%): 486.4 (25) [1 – NMe2]+, 531.5 (100) [1 + H]+, 637.4 (0.3) [1 +
Ag]+, 659.4 (0.6) [1 + I]+, 765.2 (0.2) [1 + Ag + I]+. UV/Vis
(CH3CN, c = 2.62�10–5 molL–1): λmax (ε in Lmol–1 cm–1) = 225
(28738), 273 (17499), 329 (11595), 378 (9384), 421 (7606) nm.
Crystal data for C13H25AgIN6·2DMF: Mr = 646.35,
0.11� 0.07�0.03 mm3, monoclinic, space group P21/c, a =
11.754(5) Å, b = 22.070(9) Å, c = 10.787(5) Å, β = 110.644(6)°, V

= 2618.5(19) Å3, Z = 4, dcalcd. = 1.640 Mgm–3, Mo-Kα radiation
(graphite-monochromated, λ = 0.71073 Å), T = 100 K, θrange 2.07
to 32.21°. Reflections measd. 66037, indep. 8826, Rint = 0.0508.
Final R indices [I�2σ(I)]: R1 = 0.0283, wR2 = 0.0556.

Compound [1(Ag4Cl6)]n: AgCl (270 mg, 1.88 mmol) was added to a
solution of 1 (200 mg, 0.377 mmol) in CH3CN (12 mL). The deep
green solution was stirred at room temp. for a period of 3 h. Sub-
sequently, the solvent was removed under vacuum and the residue
was redissolved in CHCl3 (�M;�30 mL). The dinuclear coordina-
tion compound [1(AgCl)2] precipitated after approximately 1 h at
4 °C and was separated by filtration; yield 70 mg (0.086 mmol,
23%). The filtrate was kept at room temp. for several days until
complete evaporation of the CHCl3 solvent, during which time
brown-red crystals of [1(Ag4Cl6)]n were formed. This product was
washed several times with CH2Cl2; yield 133 mg (0.08 mmol, 21%).
The third product, (1)Cl2, dissolved in the CH2Cl2 phases. The
solution was stored for 24 h at a temperature of 4 °C. Dark green
crystals of (1)Cl2 formed (25 mg, 0.042 mmol, 11%). Analysis for
[1(Ag4Cl6)]n: C30H54Ag4Cl18N12 (1652.45): calcd. C 21.81, H 3.29,
N 10.17; found C 21.99, H 3.32, N 10.26. 1H NMR (400 MHz,
CDCl3): δ = 3.18 (s, 48 H, CH3), 5.00 (s, 2 H, ArH) ppm. Due to
low solubility in CDCl3 and decomposition in other solvents (see
discussion), it proved impossible to obtain reliable 13C NMR spec-
troscopic data for this product. IR (CsI): ν̃ = 2929, 1609, 1524,
1494, 1468, 1395, 1324, 1307, 1263, 1227, 1170, 1139, 1062, 1022,
898, 780, 738, 694, 595 cm–1. UV/Vis (CH3CN, c =
3.2�10–5 mol L–1): λmax (ε in L mol–1 cm–1): 217 (47535), 293
(18150), 425 (28900) nm. MS-ESI+ (MeOH): m/z = 265.3 (100)
[1]2+, 319.0 (2) [1 + Ag]2+, 408.2 (1) [1 + 2Ag + 2Cl]2+, 530.3 (30)
[1]+. MS-FAB+: m/z (%) 531.7 (100) [1 + H]+, 638.1 (8) [1 + Ag]+.
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Crystal data for [1(Ag4Cl6)]·4CHCl3: C15H27Ag2Cl9N6, Mr =
826.22, 0.35�0.25�0.25 mm3, monoclinic, space group P21/c, a =
20.956(4) Å, b = 11.688(2) Å, c = 23.445(5) Å, β = 92.82(3)°, V

= 5735.5(19) Å3, Z = 8, dcalcd. = 1.914 Mgm–3, Mo-Kα radiation
(graphite-monochromated, λ = 0.71073 Å), T = 100 K, θrange 1.95
to 33.11°. Reflections measd. 42828, indep. 21709, Rint = 0.0707.
Final R indices [I�2σ(I)]: R1 = 0.0523, wR2 = 0.1190. Crystal data
for [1(Ag4Cl6)]·2CH2Cl2: C14H27Ag2Cl5N6, Mr = 672.41,
0.30�0.20�0.20 mm3, monoclinic, space group P21/n, a =
13.058(3) Å, b = 11.688(2) Å, c = 15.697(3) Å, β = 107.03(3)°, V =
2290.7(8) Å3, Z = 4, dcalcd. = 1.950 Mg m–3, Mo-Kα radiation
(graphite-monochromated, λ = 0.71073 Å), T = 100 K, θrange 2.50
to 31.14°. Reflections measd. 14081, indep. 7282, Rint = 0.0346.
Final R indices [I�2σ(I)]: R1 = 0.0399, wR2 = 0.0987.

Decomposition of [1(Ag4Cl6)]n: Compound [1(Ag4Cl6)]n (43.8 mg)
was dissolved in MeOH (3 mL). Formation of a white precipitate
was observed over a period of several days. The solution was fil-
tered and the pale yellow powder dried under vacuum. It was dis-
solved in aqueous NH3, precipitated upon addition of aqueous
HNO3, and was identified as AgCl. The green filtrate contained
(1)Cl2 (15.9 mg).

Compound [1(AgCl)2]: AgCl (54 mg, 0.377 mmol) was added to a
solution of 1 (100 mg, 0.188 mmol) in toluene (10 mL). The reac-
tion mixture was stirred for 3 h at a temperature of 90 °C, leading
to a white precipitate of [1(AgCl)2]. This precipitate was filtered,
washed with small quantities of toluene and dried; yield 120 mg
(0.147 mmol, 78%). C33H58Ag2Cl2N12 [M + C7H8] (909.54): calcd.
C 43.58, H 6.43, N 18.48; found C 42.96, H 6.38, N 18.31. 1H
NMR (400 MHz, CD2Cl2): δ = 2.76 (48 H, CH3), 5.44 (2 H, ArH)
ppm. 13C NMR (100 MHz, CD2Cl2): δ = 40.2 (CH3), 111.6, 135.5,
162.7 ppm. IR (CsI): ν̃ = 2927, 1546, 1483, 1420, 1386, 1264, 1234,
1179, 1144, 1060, 1023, 890, 827, 790, 709, 572 cm–1. UV/Vis
(CH3CN, c = 9.90�10–5 molL–1): λmax (ε in Lmol–1 cm–1) = 218
(18908), 290 (9207), 426 (13793) nm. MS-FAB+: m/z (%) = 531.5
(100) [1 + H]+, 637.3 (12) [1 + Ag]+, 675.3 (5) [1 + Ag + Cl +
H]+, 781.3 (0.6) [1 + 2Ag + Cl]+, 816.2 (0.5) [M]+. Crystal data for
[1(AgCl)2]·C7H8: C33H57Ag2Cl2N12, Mr = 908.55,
0.25�0.20�0.10 mm3, monoclinic, space group P21/c, a =
13.428(3) Å, b = 7.3260(15) Å, c = 21.555(4) Å, β = 107.64(3)°, V

= 2020.7(7) Å3, Z = 2, dcalcd. = 1.493 Mg m–3, Mo-Kα radiation
(graphite-monochromated, λ = 0.71073 Å), T = 100 K, θrange 2.13
to 27.92°. Reflections measd. 9491, indep. 4811, Rint = 0.0334. Fi-
nal R indices [I�2σ(I)]: R1 = 0.0351, wR2 = 0.0793.

Compound [1(AgCl)2] Dissolved in CH2Cl2: Compound [1(AgCl)2]
(60 mg) was dissolved in CH2Cl2 (10 mL) and heated to 40 °C for
several minutes. The solution turned green and formation of pre-
cipitate was observed. The solution was filtered and concentrated.
Crystals of [1(Ag4Cl6)]n formed over a period of several days. For
analytical data, see above.

Oxidation Experiments with [1(AgBr)2]n and [1(AgI)2]n

[1(Ag6I8–xBrx)]n (x = 0.7): I2 (28 mg, 0.110 mmol) was added to a
solution of [1(AgBr)2]n (100 mg, 0.110 mmol) in CH3CN (12 mL).
The dark yellow reaction mixture was stirred at room temp. for a
period of 2 h. The product precipitated over the course of the reac-
tion as a black powder. The reaction mixture was filtered, the prod-
uct washed twice with CH3CN and dried under vacuum to yield
62 mg (0.027 mmol, 26%). Crystals of the polymer
[1(Ag6I8–xBrx)]n (x = 0.7) suitable for an XRD analysis were ob-
tained from CH3CN/Et2O or concentrated DMF solutions.
C29H57Ag6Br0.7I7.3N13O1 [M + DMF] (2233.4): calcd. C 15.60, H
2.57, N 8.15; found C 15.85, H 2.44, N 8.30. 1H NMR (400 MHz,
[D6]DMSO): δ = 3.08 (48 H, CH3), 5.17 (2 H, ArH) ppm. Low
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solubility hampered the 13C NMR spectra. IR (CsI): ν̃ = 2963,
1669, 1615, 1528, 1492, 1465, 1393, 1324, 1303, 1263, 1169, 1095,
1025, 801, 696, 602 cm–1. MS-FAB+: m/z (%) = 530.4 (100) [1]+,
609.2 (42) [1 + Br]+, 970.1 (5) [1 + Ag + Br + 2I]+. UV/Vis
(CH3CN, c = 2.30�10–6 molL–1): λmax (ε in Lmol–1 cm–1) = 220
(27142), 245 (13434), 286 (13434), 427 (5277) nm. Crystal data for
C26H50Ag6Br0.7I7.3N12: Mr = 2160.31, 0.30�0.20�0.20 mm3, mo-
noclinic, space group C2/c, a = 13.695(3) Å, b = 14.591(3) Å, c =
25.807(5) Å, β = 104.85(3)°, V = 4984.6(17) Å3, Z = 4, dcalcd. =
2.879 Mg m–3, Mo-Kα radiation (graphite-monochromated, λ =
0.71073 Å), T = 100 K, θrange 2.08 to 30.09°. Reflections measd.
35968, indep. 7226, Rint = 0.0582. Final R indices [I�2σ(I)]: R1 =
0.0571, wR2 = 0.1654.

Compound [1(Ag5Br4I3)]n: I2 (14 mg, 0.055 mmol) was added to a
suspension of [1(AgBr)2]n (100 mg, 0.110 mmol) in CH3CN
(12 mL). The reaction mixture was stirred at room temp. for a
period of 2 h. The product (1.2 mg, 0.6 μmol, 1%) was crystallized
from the reaction mixture. The white precipitate in the suspension
was identified as starting reagent. C32H64Ag5Br4I3N14O2 [M +
2DMF] (1916.61): calcd. C 20.05, H 3.37, N 10.23; found C 21.03,
H 3.33, N 10.08. 1H NMR (400 MHz, [D6]DMSO): δ = 2.86 (s, 48
H, CH3), 5.13 (s, 2 H, ArH) ppm. Low solubility hampered the 13C
NMR spectroscopic studies. IR (CsI): ν̃ = 2927, 1611, 1528, 1492,
1460, 1395, 1324, 1303, 1229, 1172, 1144, 1066, 1025, 896, 805,
782, 741, 696 cm–1. UV/Vis (CH3CN, c = 9.03�10–6 molL–1): λmax

(ε in Lmol–1 cm–1) = 213 (7453), 293 (1432), 425 (2169) nm. MS-
ESI+ (MeOH/CH3CN): m/z (%) = 265.3 (100) [1]2+, 530.3 (45)
[1]+, 610.1 (6.9) [1 + H + Br]+, 689.1 (2) [1 + H + 2Br]+, 1398.7
(1) [1 + H + 5Ag + Br + 2I]+, MS-ESI– (MeOH/CH3CN): m/z (%)
= 156.1 (32) [Ag + Br + I]–, 863.2 (7) [1 + 2I + Br]–. Crystal data
for C28H53Ag5Br4I3N13: Mr = 1811.49, 0.25�0.18�0.18 mm3, tri-
clinic, space group P1̄, a = 10.154(2) Å, b = 12.962(3) Å, c =
20.173(4) Å, α = 91.13(3)°, β = 101.84(3)°, γ = 109.83(3)°, V =
2433.0(11) Å3, Z = 2, dcalcd. = 2.473 Mg m–3, Mo-Kα radiation
(graphite-monochromated, λ = 0.71073 Å), T = 100 K, θrange 2.06
to 29.99°. Reflections measd. 25403, indep. 13998, Rint = 0.0429.
Final R indices [I�2σ(I)]: R1 = 0.0525, wR2 = 0.1264.

Compound 1(AgI3): I2 (26.6 mg, 0.105 mmol) was added to a sus-
pension of [1(AgI)2]n (210 mg, 0.21 mmol) in CH3CN (12 mL). The
reaction mixture was stirred at room temp. for a period of 2 h.
Then the reaction mixture was filtered, the solvent removed under
vacuum, and the residue redissolved in CHCl3 (�M;�10 mL) and
filtered. The concentrated solution was kept at 4 °C overnight,
while brown crystals of 1(AgI3)·2CHCl3 formed; yield 29 mg
(0.023 mmol, 11%). Crystals suitable for an XRD analysis were
obtained from concentrated CH3CN solution. C28H52AgCl6I3N12

(1258.09): calcd. C 26.73, H 4.17, N 13.36; found C 26.98, H 4.27,
N 14.40. 1H NMR (400 MHz, CD3CN): δ = 2.88 (48 H, CH3), 5.16
(2 H, ArH) ppm. 13C NMR (100 MHz, CD3CN): δ = 41.46, 103.97,
157.66, 168.04 ppm. IR (CsI): ν̃ = 2933, 1602, 1529, 1496, 1465,
1424, 1396, 1380, 1307, 1263, 1231, 1159, 1070, 1018, 898, 882,
845, 813, 781, 757, 737, 685, 620, 584, 540, 516, 452 cm–1. UV/Vis
(CH3CN, c = 1.2�10–5 molL–1): λmax (ε in Lmol–1 cm–1) = 209
(25981), 245 (18053), 293 (6127), 426 (10216) nm. MS-ESI+

(CH3CN): m/z (%) = 265.3 (100) [1]2+, 328.2 (13) [1 + I]2+, 530. 3
(16.9) [1]+, 657.2 (3) [1 + I]+, 891.1 (5) [1 + AgI2]+, 1018.8 (1) [1 +
AgI3]+. MS-ESI– (CH3CN): m/z (%) = 361.7 (100) [Ag + 2I]–, 489.0
(1) [Ag + 3I + H]–. Crystal data for C26H50AgI3N12: Mr = 1019.35,
0.45�0.40�0.40 mm3, monoclinic, space group C2/c, a =
13.729(3) Å, b = 14.841(3) Å, c = 17.986(4) Å, β = 94.13(3)°, V

= 3655.2(13) Å3, Z = 4, dcalcd. = 1.852 Mg m–3, Mo-Kα radiation
(graphite-monochromated, λ = 0.71073 Å), T = 100 K, θrange 2.27
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to 33.12°. Reflections measd. 13682, indep. 6934, Rint = 0.0239.
Final R indices [I�2σ(I)]: R1 = 0.0278, wR2 = 0.0590.

Compound 1(DDQ)2: From treatment of [1(AgBr)2]n with 2 equiv.
DDQ: DDQ (50 mg, 0.220 mmol) was added to a solution of
[1(AgBr)2] (100 mg, 0.110 mmol) in CHCl3 (12 mL). The brown-
red reaction mixture was stirred at room temp. for a period of 2 h.
Then the solvent was removed under vacuum and the crude prod-
uct redissolved in acetone (20 mL). By cooling the acetone solution
to 4 °C, 1(DDQ)2 (73 mg) was obtained the next day as black crys-
talline solid (0.074 mmol, 67%). Crystals suitable for an XRD
analysis were obtained from CH3CN/Et2O. C42H50Cl4N16O4

(984.76): calcd. C 51.23, H 5.12, N 22.76; found C 51.02, H 5.12,
N 22.08. 1H NMR (400 MHz, CD2Cl2): δ = 3.07 (48 H, CH3), 5.17
(2 H, ArH) ppm. 13C NMR (100 MHz, CD3CN): δ = 41.75, 104.69,
157.61, 168.03 ppm. IR (CsI): ν̃ = 2943, 2214, 1653, 1625, 1559,
1512, 1468, 1402, 1316, 1287, 1230, 1191, 1170, 1143, 1066, 1018,
886, 787, 753, 713, 516, 476 cm–1. UV/Vis (CH3CN, c =
4.69�10–5 molL–1): λmax (ε in Lmol–1 cm–1) = 222 (21411), 301
(8228), 415 (4524) nm. MS-FAB+: m/z (%) 530.5 (100) [1]+, 758.6
(8) [1 + DDQ]+. MS-FAB–: m/z (%) 228.1 (100) [DDQ]–. Crystal
data for 1(DDQ)2·2CH3CN: C46N56Cl4N18O4, Mr = 1066.89,
0.40�0.40� 0.35 mm3, triclinic, space group P1̄, a = 7.7080(15) Å,
b = 12.654(3) Å, c = 13.100(3) Å, α = 94.95(3)°, β = 97.28(3)°, γ =
92.23(3)°, V = 1261.1(5) Å3, Z = 1, dcalcd. = 1.405 Mgm–3, Mo-Kα

radiation (graphite-monochromated, λ = 0.71073 Å), T = 100 K,
θrange 2.36 to 30.00°. Reflections measd. 13426, indep. 7291, Rint =
0.0549. Final R indices [I�2σ(I)]: R1 = 0.0504, wR2 = 0.1077.

Compound 1(DDQ)2: From treatment of [1(AgI)2]n with 2 equiv.
DDQ: The procedure was similar to the one described above. Com-
pound [1(AgI)2]n (100 mg, 0.100 mmol) and DDQ (45 mg,
0.200 mmol) were used; yield 63 mg (0.064 mmol; 64%). For analy-
sis, see above.

Compound [1(Ag6I8)]n: From treatment of [1(AgI)2]n with 1 equiv.
TCQ: TCQ (24.5 mg, 0.100 mmol) was added to a suspension of
[1(AgI)2]n (100 mg, 0.100 mmol) in CH3CN (12 mL). Then the re-
action mixture was stirred at room temp. for a period of 2 h. After
filtration the precipitate was washed twice with CH3CN and dried
under vacuum to yield 65 mg of product (0.030 mmol, 30%). Crys-
tals were grown from the reaction mixture or concentrated DMF
solutions. C26H50Ag6I8N12 (2193.20): calcd. C 14.24, H 2.30, N
7.66; found C 14.79, H 2.42, N 7.81. Further analysis see above.

Compound [1(Ag6I8)]n: From treatment of [1(AgI)2]n with 2 equiv.
TCNQ: TCNQ (16.3 mg, 0.80 mmol) was added to a suspension of
[1(AgI)2]n (40 mg, 0.040 mmol) in CH3CN (12 mL). Then the reac-
tion mixture was stirred at room temp. for a period of 2 h. After
filtration the precipitate was washed twice with CH3CN and dried
under vacuum to yield 14 mg of product (0.06 mmol, 16%). Crys-
tals were grown from reaction mixture or concentrated DMF solu-
tion. For analysis, see above.

X-ray Crystallographic Study: Suitable crystals were taken directly
out of the mother liquor, immersed in perfluorinated polyether oil
and fixed on top of a glass capillary. Measurements were made
with a Nonius-Kappa CCD diffractometer with low-temperature
unit using graphite-monochromated Mo-Kα radiation. The tem-
perature was set to 100 K. The data collected were processed with
the standard Nonius software.[17] All calculations were performed
with the SHELXT-PLUS software package. Structures were solved
by direct methods with the SHELXS-97 program and refined with
the SHELXL-97 program.[18,19] Graphical handling of the struc-
tural data during solution and refinement was performed with
XPMA.[20] Atomic coordinates and anisotropic thermal parameters
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of non-hydrogen atoms were refined by full-matrix least-squares
calculations.

CCDC-844519 [for (1)Cl2], -844518 [for (1)Br2·4MeOH], -844824
[for 1(Ag6I8)]n, -844522 [for 1(Ag6I8)·2DMF]n, -844514 [for
1(AgBr)2·4CH3CN]n, -844524 [for 1(AgI)2·4DMF]n, -844523 [for
1(Ag4Cl6)·4CHCl3]n, -844520 [for 1(Ag4Cl6)·2CH2Cl2]n, -844521
[for 1(AgCl)2]·C7H8, -844525 {for [1(Ag6I8–xBrx)]n (x = 0.7)},
-844517 [for 1(Ag5Br4I3)]n, -844515 [for 1(AgI3)] and -844516
[for 1(DDQ)2·2CH3CN] contain 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.

Supporting Information (see footnote on the first page of this arti-
cle): Remission spectra of [1(AgBr)2]n and [1(AgI)2]n and photos of
[1(AgBr)2]n before and after heating to a temperature of 650 °C.
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DFT calculations were carried out in order to study the sec-
ond-order nonlinear optical (NLO) response of a series of
proposed 2D polyoxometalate-based terpyridine-substituted
compounds. These compounds can be formulated as
[Mo6O17{N4C25H16(X)2}{N4C25H16(X)2}]2– (X = H, F, Cl, Br, I,
CF3, or CN), which has a wedge Λ-shaped acceptor––π-con-
jugated bridge––donor––π-conjugated bridge––acceptor (A-
π-D-π-A) configuration. The calculations showed that these
compounds possess significantly large molecular second-
order polarizabilities that range from approximately
1000�10–30 to 4300�10–30 esu. The combination of tri-
fluoromethyl (CF3) and cyanide (CN) groups at the end of
the terpyridine ligand strengthens the bridge conjugation,
which is useful for the enhancement of the NLO response.

1. Introduction
The design and synthesis of second-order nonlinear op-

tical (NLO) materials has been getting more consideration
because of their potential applications in the area of opto-
electronic technology.[1] On the basis of theoretical and ex-
perimental investigations, several principles have been sug-
gested in order to improve the second-order NLO response.
These principles include planar donor––π-conjugated
bridge––acceptor (D-π-A) type,[2] bond length alternation
(BLA) theory,[3] auxiliary donor and acceptor representa-
tion of heterocycles,[4] and twisted π-electron systems.[5] The
large second-order NLO response can be attained by opti-
mizing the D/A strength and/or by extending the conju-
gated bridge.[6]
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In addition, the greatest contributions to the βvec values are
dervied from the charge transfer (CT) from the Mo�N bond
and the organoimido ligand to the terpyridine-substituted
segments. This report demonstrates that various combina-
tions of the acceptor(s) remarkably affect the second-order
NLO response. The electronic transitions to the crucial ex-
cited states indicated that the y polarized transition contrib-
uted to the off-diagonal second-order polarizabiliy tensor
(βzyy) and that the z polarized transition accounted for the
diagonal second-order polarizabiliy tensor (βzzz). Thus, it
steered towards in-plane nonlinear anisotropy (u = βzyy/βzzz)
along with a good 2D second-order NLO response. These
compounds can be used as good 2D second-order NLO mate-
rials from the point of view of their large β values.

Substantial effort has been devoted previously to the in-
vestigation of 1D NLO materials. However, there are sev-
eral problems with using the 1D NLO molecules to make
the large bulk NLO materials, which includes the dipole–
dipole interactions.[7] The 1D push–pull molecules always
have a large permanent dipole moment, which favors the
centro-symmetric arrangement in the crystal. This explains
why no bulk NLO responses were observed in the 1D push–
pull molecules. Another setback arose from the phase-
matching orientations of 1D molecules in the crystal.[8] For
example, for the typical p-nitrotoluene (PNA) molecule, the
1, 2, m, and mm2 crystal point groups are in better agree-
ment with the optical phase-matching conditions. The angle
between the molecular charge transfer (CT) axis and the
principal dielectric axis of the crystal was calculated as
54.7° (or 125.3°). Therefore, only one β tensor component
was assumed to be nonnegligible. It is well known that the
macroscopic NLO polarizabilities are equal to the sum-
mation of the individual molecules. Obviously, the phase-
matching orientations of 1D compounds are allowed to re-
cover fewer macroscopic NLO responses in crystal materi-
als. Recently, Wurthner et al.[9,10] and Koleva et al.[11] char-
acterized a series of 1D organic compounds that showed an
excellent NLO response because of strong self-aggregation.
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Thus, the multidimensional compounds that have large off-
diagonal β tensor components are highly desirable to inves-
tigate by using experimental and theoretical methods. The
reports explain that a range of organic multidimensional
compounds can be used as excellent candidates for the sec-
ond-order NLO applications.[12] The benefits of these com-
pounds compared to those of the 1D compounds include,
(1) the multidimensional NLO compounds display large
off-diagonal β tensor components because of the high oscil-
lator strength, low-lying energy excited states with the elec-
tron transition dipole moment between two states that are
perpendicular to the dipolar axis,[12g,12b] (2) the multidimen-
sional NLO molecules demonstrate an increased stability in
the polar order in poled polymers and Langmuir–Blodgett
(LB) films,[12e] (3) the multidimensional NLO compounds
can enhance the second-order NLO response without loss
of transparency in the visible region, which may have an
advantage of better nonlinearity/transparency trade-
off,[12a,12f] and (4) the multidimensional NLO compounds
under the phase-matching orientations can offer a larger
macroscopic NLO response because of the large off-diago-
nal β tensor component as compared to that of the 1D com-
pounds.[12d]

Very few examples of the systematic optimization and
determination of the off-diagonal β tensor components have
been found in the literature. Most of the literature is based
on benzene derivatives,[12d] ruthenium(II) or iron(II) com-
plexes,[13] and dipolar D–A-substituted Schiff base com-
plexes.[1,12] Recently, an investigation of 2D carbazole-cored
chromophores explained that the introduction of a hetero-
cycle auxiliary donor can significantly increase the off-
diagonal β tensor component due to strong, low-lying en-
ergy and a perpendicular CT transition.[14] In addition, the
Wurthner group[15] and the Koleva group[16] characterized
three kinds of 2D organic compounds, which could become
potential NLO materials because of the strong noncovalent
interactions.

The polyoxometalates (POMs) are a rich class of inor-
ganic clusters and show interesting chemical and physical
properties, which have been applied to a variety of fields,
such as catalysis, medicine, biology, and materials sci-
ence.[17] Among the several types of POMs, the organically
derived POMs have been mainly studied. The charge trans-
fer covalently bonded organoimido derived hexamolybdate
clusters have attracted particular significance because the
organic π-electrons can extend their conjugation to the in-
organic framework, which would produce the strong d-π
interactions.[18–21] A series of organoimido derivatives that
contain various delocalized π-organic ligands have been
synthesized,[19] and efficient CT between the organic li-
gands and the hexamolybdate clusters has been reported.
According to the electronic spectroscopic studies, the Mo–
N π bond of the organoimido derived hexamolybdate clus-
ter is delocalized on the organic conjugated π system. Gen-
erally, an excellent charge transfer is the basis of a large
NLO response. Previous investigations on the NLO proper-
ties of organoimido derivatives of the hexamolybdates ex-
hibited remarkably large second or third-order NLO re-

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 705–711706

sponses. The CT from organoimido to POM was responsi-
ble for the NLO response.[22] The substitution of the ter-
minal oxygen of the hexamolybdate clusters with organo-
imido ligands provided an effective move for the synthesis
of difunctionalized hexamolybdates that have C2v sym-
metry,[19] which can be used to build 2D wedge Λ-shaped
structures. The introduction of various heteroatoms in the
conjugated polymer is a well-known approach used to
change their electronic and optical properties, increase their
chemical stabilities, and introduce flexibilities for further
molecular engineering.[4,23] In addition, aromatic heterocy-
cles can modulate the NLO response through the different
aromatic delocalization energy, the different charge density,
the various orientations of the dipole moment of the hetero-
cycle, and even the variable longitudinal charge transfer in-
teraction due to the auxiliary electron donor/acceptor na-
ture of the heterocycles.

All of these factors can be chosen properly in order to
design good 2D NLO materials. For the terpyridine-substi-
tuted organoimido derivatives of the hexamolybdates, the
tuning of these factors to get the maximum charge transfer
between the terpyridine-substituted organoimido and the
hexamolybdate (POM), and the enhancement of the sec-
ond-order NLO response have not been fully studied. As a
result, we designed a variety of 2D compounds 1–8 to probe
into these NLO materials from the point of view of the
large β values. In this report, we used time-dependent den-
sity functional theory (TDDFT) method in order to calcu-
late the second-order polarizabilities of [Mo6O17-
{N4C25H16(X)2}{N4C25H16(X)2}]2– and its constituent mo-
lecular components, where X = H, F, Cl, Br, I, CF3, or CN.
The results may open a new way to provide a useful means
for designing high-performance NLO materials based on
organic–inorganic composites.

2. Methodology

The DFT calculations were performed by using the
ADF2008.01 suite of programs.[24] The zero-order regular
approximation (ZORA) was adopted in all of the calcula-
tions to account for the scalar relativistic effects.[25] The
generalized-gradient approximation (GGA) was employed
in the geometry optimizations by using the Beck[26] and Per-
dew[27] (BP86) exchange-correlation (XC) functional. We
made use of the standard ADF TZP basis set, which is tri-
ple-ζ plus polarization STO basis set. Triple-ζ plus polariza-
tion basis sets were used to describe the valence electrons
of all of the atoms, while for the transition metal molyb-
denum atom, a frozen core composed of 1s to 3spd shells
was described by means of single Slater functions. The cores
(C, N, O, F: 1s; Cl: 2p; Br: 3p; I: 4p) were kept frozen. In
the calculations of the polarizability, second-order polariz-
ability, and the excitation property, the RESPONSE and
EXCITATION modules[28] implemented in the ADF pro-
gram were used based on the optimized geometries. The
van Leeuwen–Baerends XC potential (LB94) was chosen
for the calculation of all of the response properties.[29] The
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reliability of the LB94 potential to calculate polarizabilites
and hyperpolarizabilities has already been proven and well
documented.[30–32] The adiabatic local density approxi-
mation (ALDA) was applied for the evaluation of the first
and second functional derivatives of the XC potential.
Moreover, the value of the numerical integration parameter
that was used to determine the precision of the numerical
integrals was 6.0. The functional and basis set choices for
our studied inorganic–organic hybrid compounds were
based on research work that has already been re-
ported.[33,35–39]

3. Molecular Structures

We have quantum chemically designed different kinds of
systems by substituting various electron acceptors at the
endmost terminal and lateral terminal positions of the ter-
pyridine ligand (positions R1 and R, Figure 1), which are
the most suitable to increase the nonlinearity in the terpyri-
dine-substituted hexamolybdates. On the basis of system 1,
we designed systems 2 to 8, which show a large second-
order NLO response compared to that of system 1. The
geometrical optimization of all of the systems 1–8 was car-
ried out under the symmetry constraint C2v, while the initial

Figure 1. The calculation model for systems 1–8.

Table 1. Bond lengths [Å] and angles [°] calculated by DFT for systems 1 to 8.

Metrical parameters 1 2 3 4 5 6 7 8

Mo1–N1 1.816 1.813 1.813 1.813 1.813 1.819 1.815 1.818
(1.738)[a]

C1–N1 1.342 1.346 1.346 1.346 1.343 1.340 1.344 1.342
(1.40)

Mo1–O1 2.243 2.241 2.241 2.241 2.238 2.237 2.239 2.239
(2.234)

C1–N1–Mo1 179.572 179.733 179.733 179.733 179.585 179.775 179.771 179.853
(176.5)

[a] The experimental results are given in parentheses and are taken from reference.[34]
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geometric parameters were taken from the crystal data.[34]

In order to reduce the computational cost, the torsion in
the actual symmetry of the compound crystal was removed
by using the C2v symmetry constraint as it had already been
reported[39] that it does not influence the results. Their
structures are sketched in Figure 1 and the optimized bond
lengths are enlisted in Table 1, which are in reasonable
agreement with the reported experimental data. Experimen-
tally, the parent compound 1, formulated as [Mo6O17-
(N4C25H18)2]2–, crystallizes in the noncentrosymmetric tri-
clinic space group P1̄.[34] In our theoretical prediction, it
exhibits distinct NLO properties that correspond to various
previous reports.[40–42] The quantitative agreement between
the experimental and calculated metrical parameters of sys-
tem 1 persuaded us that the present study is consequential
for this research work. Scheme 1 shows the hypothetical cal-
culation model with a sketch map of the 2D wedge Λ-
shaped Acceptor––π-conjugated bridge––Donor––π-conju-
gated bridge––Acceptor (A-π-D-π-A) pattern of the studied
systems.

Scheme 1. Hypothetical wedge Λ-shaped 2D (A-π-D-π-A) model
for the studied systems 1 to 8.

4. Results and Discussion

In order to make 2D NLO materials, the two terpyridine
ligands were introduced with an angle of approximately 90°
relative to each other experimentally.[34] The various elec-
tron acceptors were chosen at the end of terpyridine-substi-
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tuted hexamolybdates because our previous studies[35–39]

have shown that replacement of a hydrogen atom with other
electron acceptor(s) at the end of the organic ring can re-
markably increase the second-order NLO response. This is
attributed to a large amount of charge transfer from POM
to the end of the organic ligand. Inspired by that work, this
report shows the charge transfer from POM to the end of
the terpyridine ligand that leads to a 2D nonlinear optical
response. The orbital features associated with intense per-
pendicular transitions are shown in Figures 2 and 3, which
offer some interesting results. The TDDFT results show
that the electronic transitions of systems 1 to 7 mainly arise
from POM (HOMO and HOMO–1) to terpyridine ligand
(LUMO and LUMO+1) along the yz direction. This ten-

Figure 2. The frontier molecular orbitals of systems 1 to 5 that are
involved in the dominant electron transitions.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 705–711708

dency of the charge transfer also occurs on system 8 but
the transition is long range starting from HOMO and
HOMO–1 to LUMO+4 and LUMO+5, which leads to the
highest βvec value calculated (4320.17 �10–30 esu) among all
of the compounds. The frontier molecular orbitals involved
in the dominant electron transitions in systems 1 to 8 are
shown in Figures 2 and 3. From these calculations, the fron-
tier molecular orbitals of systems 1 to 8 (Figures 2 and 3),
which are involved in the dominant electron transitions, im-
ply strong electronic interactions between the organoimido-
substituted hexamolybdate anions and the π electron conju-
gated bridges. The p-π electron of the Mo�N bond extends
the π electron conjugated bridge. The conjugation is ex-
tended and the delocalization is further improved by the
introduction of various electron acceptors at the end of the
terpyridine segment. The lengthened conjugated bridge,
along with different electron acceptors, increase the degree
of CT. It is responsible for the enhancement of the second-
order polarizibility. The delocalized π bond, which comes
from the carbon atoms of arylimido, and the d-p π bond
from the dxz orbital on the molybdenum atom, which links

Figure 3. The frontier molecular orbitals of systems 6–8 that are
involved in the dominant electron transitions.
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the nitrogen atom and the px orbital on nitrogen, largely
contribute to the highest occupied molecular orbital
(HOMO). The lowest unoccupied molecular orbital
(LUMO) is mainly localized at the end of the terpyridine
rings. According to the TDDFT calculations, the crucial
transition state that dominates the optical nonlinearity is
generated from Mo�N and the organoimido segments at
the end of the terpyridine-substituted hexamolybdates. This
behavior further indicates that the organoimido hexamolyb-
date acts as a donor and the terpyridine ligand acts as an
acceptor. This kind of A-π-D-π-A 2D structure (Scheme 1)
generates a strong electronic communication, which results
in a large intramolecular CT and a high-performance NLO
response.

The computed βvec values of the studied systems show
that the NLO response is in the following order: systems 8
� 7 � 6 � 5 ≈ 4 ≈ 3 ≈ 2 � 1. However, in our studied
systems the accepting ability of the terpyridine ligand was
enhanced by the incorporation of various electron with-
drawing groups that are helpful to increase the optical non-
linearity in this type of inorganic–organic hybrid com-
pounds. In system 8, two CF3 groups at the lateral terminal
position and two CN groups at the terminals of terpyridine
enhance the withdrawing ability of the terpyridine segment
and as a result the βvec value increased from
1048.90� 10–30 esu (system 1) to 4320.17 �10–30 esu (sys-
tem 8). System 8 offers maximal NLO response among all
of the studied systems and it also indicates that POM is
acting as a donor in all of the studied systems. The degree
of charge transfer and synergistic effects between POM (D)
and the terpyridine segment were strongly enhanced by the
introduction of different electron acceptors by different
ways, particularly through the increased strength of electron
acceptors. Most importantly, for the studied 2D inorganic–
organic hybrid materials, nonlinearity was significantly im-
proved through the simultaneous introduction of CF3 and
CN. It is helpful to enhance the degree of charge transfer
by decreasing the excited energy that leads to a remarkable
increase in the first hyperpolarizability.

In these systems (1–8), a significant increase in the off-
diagonal components, βzyy, was observed (Table 2). The off-
diagonal components of all of the compounds are larger
than the diagonal components, βzzz. For a molecule with
C2v symmetry in the yz plane (see Scheme 2), two β tensor

Table 2. Calculated static second-order polarizabilities
[1� 10–30 esu], tensors (βzzz, βzyy), anisotropy (u = βzyy/βzzz), exci-
tation energy (ΔEge) [eV], transition moments (Mz

gm, My
gm), and

oscillator strength (fos) for systems 1 to 8.

System βzzz βzyy μ βvec ΔEge fos Mz
gm My

gm

1 654.40 1091.60 1.66 1048.90 1.46 0.55 2.62 3.90
2 813.80 1363.20 1.68 1307.40 1.33 0.58 2.99 4.20
3 841.47 1419.50 1.69 1357.60 1.33 0.55 2.79 4.11
4 866.57 1467.90 1.69 1402.10 1.33 0.58 2.89 4.22
5 872.77 1473.90 1.69 1409.18 1.36 0.62 2.96 4.31
6 1666.70 2686.90 1.61 2613.68 0.95 0.39 2.85 4.08
7 2232.20 3317.70 1.48 3331.58 0.84 0.38 3.09 4.32
8 3061.80 4135.70 1.35 4320.17 1.08 0.56 3.17 4.62
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components (βzzz and βzyy) should display significant values
while βzyy � βzzz. Hence, the βvec of our studied systems can
be described by the equation βvec ≈ βzyy.

Scheme 2. The two-dimensional second-order NLO character in
systems 1 to 8.

In order to investigate the 2D character of these systems,
we have also introduced the“in-plane nonlinear anisotropy”
concept (u), which depends on the ratio u = βzyy/βzzz.[43] The
u values of the systems are listed in Table 2 and the results
show that all of the systems display significant u values
(1.35 to 1.69). It demonstrates that all of these systems pos-
sess a good 2D NLO response. On the basis of the large
second-order NLO response of these compounds (1–8), the
transition features to crucial excited states were also
studied. These largely contribute to the second-order NLO
properties. For molecules with C2v symmetry, only the “in-
plane” y polarized and z polarized transitions are allowed.
The z polarized transition dipole moment elements contrib-
ute to the diagonal second-order polarizability tensor and
the y polarized transition dipole moment elements account
for the off-diagonal tensor (see Scheme 2). The value of the
βzyy tensor is highest for system 8, which corresponds to its
highest βvec value among all of the studied systems
(Table 2). From these results, it can be concluded that incor-
poration of electron acceptors at the end of the terpyridine
ligand is helpful for the enhancement of 2D nonlinearity.
Therefore, the larger βvec values are generated as the elec-
tron transition originates from the POM-cluster to the ter-
pyridine segment along the yz axis.

5. Conclusions

In this article, we have studied the electronic structures
and the 2D second-order NLO response of a series of
charge transfer covalently bonded terpyridine-substituted
hexamolybdates and clarified the structure–property rela-
tionship by using DFT calculations. The results can be sum-
marized as follows: (1) the introduction of electron ac-
ceptors at the end of terpyridine-substituted hexamolybd-
ates can remarkably enhance the second-order NLO re-
sponse because the charge transfer between terpyridine and
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hexamolybdate is increased. (2) The simultaneous introduc-
tion of CF3 and CN at the end of terpyridine-substituted
hexamolybdates lead to a large second-order nonlinear op-
tical response (approximately 4300� 10–30 esu). (3) The sec-
ond-order polarizabilities of compounds that contain CF3

and CN are larger than those that have F and Cl,. (4) Ac-
cording to electronic transitions to crucial excited states,
these compounds can become excellent 2D NLO candidates
as the y polarized transition contributes to the off-diagonal
second-order polarizability tensor (βzyy). (5) All of the ac-
ceptors strengthen the bridge conjugation and it is advan-
tageous to the NLO response. (6) The 2D systems, particu-
larly systems 7 and 8 that have amazingly large second-or-
der polarizibility, might be promising candidates for NLO
materials based on the large β values. (7) The second-order
NLO response of the studied compounds are sensitive to
the selection of the acceptors at the end of the bonded ter-
pyridine-substituted hexamolybdates. (8) The greatest con-
tributions for the NLO properties of these systems derive
from the Mo�N bond as well as the organoimido ligand
to the terpyridine segments. In summary, all of the systems
1–8 can be used as excellent 2D second-order NLO candi-
dates from the stance of large β values. The present calcula-
tions give a theoretical framework in which the CT and
NLO properties may be understood and provide new ways
for experimentalists to design high-performance NLO ma-
terials. In the conceptual design of possible high-perform-
ance NLO materials, the proposed compounds should be
targeted for further synthetic investigations.
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The enantiopure ligand (S)-2-(1,8-naphthalimido)propanoate
(Lala

–) forms a tetrameric zinc(II) complex [Zn4(Lala)6(OH)2-
(MeOH)4]·3(CH2Cl2)·2(MeOH) (1) and a dimeric cadmium(II)
complex [Cd2(Lala)4(DMF)3(MeOH)] (2). Bridging κ2-carb-
oxylate and hydroxide ligands link the four zinc centers in 1.
The strong π···π-stacking 1,8-naphthalimide supramolecular
synthons organize the tetramers into a 3D architecture that
contains linked, homochiral helical chains. In the structure,
each chain is connected to four other chains by the π···π-

Introduction

Metal–organic frameworks (MOFs) assembled from
metal clusters and organic linkers have attracted the atten-
tion of the scientific community for their potential applica-
tion in catalysis,[1] energy storage,[2] sensing,[3] and separa-
tion.[4] They can be considered as multifunctional materials
with excellent physical properties such as luminescence,[5]

magnetism,[6] nonlinear optics, and optoelectronics.[7] The
interest in MOFs has led to extensive research into the ra-
tional design of a wide variety of architectures with high
structural stability. Such features can be achieved by con-
necting robust nodes that contain multiple transition met-
als, referred to as secondary building units (SBUs), with
organic linkers by strong covalent bonds. Transition-metal
carboxylate complexes are favored SBUs in the assembly of
MOFs because of their ability to serve as large rigid vertices
that can be joined by multicarboxylate linkers to form very
stable, porous crystalline materials.[8]

Less rigid, but still highly organized architectures that
possess interesting properties can be assembled by non-
covalent forces. Described as the “masterkey interaction in
supramolecular chemistry”, hydrogen bonding is the most
widely used synthon in the crystal engineering of supra-
molecular network solids due to its clearly defined, repro-
ducible and transferable directional properties.[9] Another
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stacking interactions of the naphthalimide rings. The struc-
ture is open with two types of channels filled with ordered
and disordered solvent molecules. The two cadmium centers
in 2 are linked by two κ2-carboxylate ligands. The π···π-stack-
ing interactions of the naphthalimide rings organize the
structure into 2D sheets, which lack complex chiral features.
The naphthalimide rings in these d10 metal complexes pro-
mote blue (1) and green (2) emission in the solid state.

noncovalent interaction that has received considerable at-
tention in the self-assembly of crystalline architectures is
π···π stacking between aromatic rings. This interaction is
not as directional as hydrogen bonding, because variable
orientations of the moieties involved often occur in order
to maximize the electrostatic attraction between the σ
framework and the π-electron density of the stacked
groups.[10] Despite the less predictable directional properties
of the π-stacked aromatic rings, an order of stability in the
interaction of two π systems has been well established: π-
deficient–π-deficient � π-deficient–π-rich � π-rich–π-rich,
where the π-deficient–π-deficient interaction approaches the
importance of hydrogen bonding in a properly chosen aro-
matic system.[10]

Over the past few years, our group has extensively
studied the chemistry of bifunctional ligands that contain
the π-deficient 1,8-naphthalimide group (Scheme 1).[11] We
have shown that ligands that combine the 1,8-naphthal-
imide π-stacking synthon with a bis(pyrazolyl)methane or a
2,2�-bipyridine unit formed complexes that associated into
dimers (structure retained in solution) and polymers by un-
usually strong π···π-stacking interactions.[11a–11c] Most re-
cently, we have designed molecules in which the 1,8-naphth-
alimide moiety was linked to a carboxylic acid group.[11d–11j]

The goal of these studies was to utilize these molecules, af-
ter deprotonation of the acid, as ligands in the construction
of solids with MOF-type architectures that combine the ro-
bustness of transition metal carboxylate cores with the sup-
ramolecular organization given by the 1,8-naphthalimide
rings – solids we term supramolecular metal-organic frame-
works (SMOFs). In our first publication, we showed that
the carboxylate ligands LC2

– and LC3
– (Scheme 1) form cop-
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per(II) complexes that contain a paddlewheel Cu2(O2CR)4-
type SBU core. Highly organized supramolecular structures
were produced, which were dominated by the π···π stacking
of the 1,8-naphthalimide rings.[11d]

Scheme 1. Carboxylate ligands functionalized with a 1,8-naphthal-
imide group.

In order to explore this chemistry further for the synthe-
ses of chiral SMOFs, we have introduced an enantiopure
chiral center from an amino acid into these types of ligands
to generate tri- and tetrafunctional (where the fourth func-
tionality is the amide group from l-asparagine) molecules
(Scheme 1). Although considerable effort has recently been
dedicated to the syntheses of chiral framework structures
because of a multitude of potential applications,[12–14] the
use of simple amino acids coupled to the strong π···π-stack-
ing naphthalimide group is a unique methodology aimed at
the syntheses of homochiral SMOFs. In our earlier work,
we have shown that trifunctional Lala

– and tetrafunctional
Lasn

– ligands (Scheme 1), when incorporated into the pad-
dlewheel Cu2(O2CR)4-type SBU core, led to homochiral so-
lids with unique structures and interesting properties.[11f,11i]

In an effort to elaborate the molecular and supramolecular
chemistry of these interesting ligands with d10 group 12
metals, we report here the structural analysis and lumines-
cent properties of zinc(II) and cadmium(II) complexes of
the trifunctional Lala

– ligand.

Results and Discussion

Results

The reaction of enantiopure KLala (generated in situ)
with Zn(O2CCH3)2(H2O)2 in the presence of pyridine
yielded a white solid, which was insoluble in water. The
subsequent crystallization by vapor diffusion of Et2O into
a CH2Cl2/MeOH (9:1) solution of this solid produced
[Zn4(Lala)6(OH)2(MeOH)4]·3(CH2Cl2)·2(MeOH) (1). The
reaction of KLala with CdCl2 under the same conditions
resulted in a white precipitate that yielded [Cd2(Lala)4-
(DMF)3(MeOH)] (2) when the solid was crystallized from
an N,N-dimethylformamide (DMF)/MeOH (6:1) mixture
by vapor diffusion of Et2O into the solution.

Structural Analysis

Single crystals of 1 and 2 were characterized by X-ray
diffraction at 100 K. Selected bond lengths and angles for

Eur. J. Inorg. Chem. 2012, 712–719 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 713

both compounds are gathered in Table S1 (Supporting In-
formation).

Figure 1 shows the molecular structure of 1. The com-
pound has a tetranuclear homochiral structure [all chiral
stereocenters were determined to be (S)-configured] with
two zinc centers that have octahedral and two that have
tetrahedral coordination spheres, each related by a twofold
symmetry axis. The equatorial sites of the two equivalent,
six-coordinate Zn1 centers are occupied by an oxygen atom
of a bridging κ2-carboxylate ligand, two triply bridging oxy-
gen atoms from the hydroxide groups, and the oxygen atom
of a methanol molecule. The axial sites are occupied by the
oxygen atom of a second bridging κ2-carboxylate ligand
and the oxygen atom of another methanol molecule. The
coordination environment of the two four-coordinate Zn2
atoms is generated by a triply bridging oxygen atom from
the hydroxide groups, one oxygen atom from each of the
two bridging κ2-carboxylate ligands, and the oxygen atom
of a κ1-carboxylate ligand.

Figure 1. Ellipsoid plot for 1. Displacement ellipsoids drawn at the
40% probability level. Some atom labels and most hydrogen atoms
are omitted for clarity. All chiral carbon atoms (C13 A/B/C) were
determined to be (S)-configured.

Intramolecular hydrogen bonds are formed between the
equatorially coordinated methanol molecules and the non-
coordinating oxygen atoms of the κ1-carboxylate ligands
with an OH···O distance of 1.86 Å (O···O 2.68 Å) and an
O–H–O angle of 160°. The axial methanol molecules are
also involved in hydrogen bonding with the two noncoordi-
nated methanol molecules. In this case the OH···O distance
is 1.86 Å (O···O 2.73 Å), and the O–H–O angle is 177°. Ad-
ditionally, the OH group of the noncoordinated methanol
molecules hydrogen-bond with the carbonyl oxygen atom
of the naphthalimide rings situated on the bridging κ2-carb-
oxylate ligands. In this interaction the OH···O distance is
1.90 Å (O···O 2.74 Å), and the O–H–O angle is 176°.

Strong π···π stacking of the electron-deficient 1,8-naphth-
alimide groups organize the tetranuclear zinc clusters into
a 3D architecture that contains linked, homochiral helical
chains. The naphthalimide rings on each tetranuclear unit
are involved in π···π-stacking interactions with six other
naphthalimide moieties on four separate tetrazinc units.
Each of the two naphthalimide rings situated on the left
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side of the central blue zinc cluster in Figure 2 (containing
the N1A and N1A* atoms) π···π-stacks with two other
naphthalimide moieties (“clamped”), one by the red and
one by the magenta tetranuclear units. These three units,
when combined with the purple unit that, like the blue unit,
has two of its naphthalimide rings clamped by two rings
each of the red and magenta tetranuclear units, generate an
(M)-helical chain.

Figure 2. The π···π-stacking interactions in 1 that organize the tet-
ranuclear SBU units into homochiral helical chains.

Figure 3 shows five color-coded units of this helical chain
structure oriented perpendicular to those in Figure 2. Only
the naphthalimide rings that assemble this chain are illus-
trated. The naphthalimide π···π-stacking interactions are
represented by green dashes, which show how two sets of
two rings on the red and magenta units clamp one ring on
each side of the blue and purple units to form a strong
interaction between the three naphthalimide rings in each
case. The distance between the coils of the helical chain (the
pitch) is 14.2 Å (the length of the crystallographic c axis).

Figure 3. The (M)-helical chain in the structure of 1. Five tetranu-
clear clusters are pictured with the naphthalimide rings that gener-
ate the helical structure (the other rings are omitted for clarity).
Two shades of purple are used to indicate the unit that is repeated,
which exactly overlap in the perpendicular orientation of Figure 2.
The green dashes show the naphthalimide π···π-stacking interac-
tions.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 712–719714

Two of the other four naphthalimide rings on the right
side of the central blue unit pictured in Figure 2 (containing
the N1B and N1C atoms) π···π-stack with one naphthal-
imide ring situated on the adjacent light blue SBU unit; i.e.
the light blue ring is clamped by the two dark blue naphth-
alimide moieties. The same interactions are formed between
the other two dark blue rings (containing the N1B* and
N1C* atoms) and the light green naphthalimide moiety on
the neighboring SBU unit. When combined with the brown
unit, these π···π-stacking interactions on the right side of
the central blue zinc cluster generate a second helical chain
of the same (M)-helicity as the first. The central dark blue
SBU unit connects the two homochiral helical chains into
a 3D architecture. Figure 2 shows two helical chains con-
nected by the dark blue unit in such a way that two of its
naphthalimide rings belong to the chain on the left and the
other four belong to the chain on the right. Each chain
adopts a left-handed (M) conformation (Figure 2).

Figure 4 illustrates the complex 3D architecture of 1.
Five color-coded helical chains are pictured. Each chain
adopts a left-handed (M) conformation and is connected to
four other chains by the π···π-stacking interactions of the
naphthalimide rings. There are channels through the unit
cell origin (approximately 15� 20 Å) and center
(9.9 �9.9 Å) that are filled with ordered and disordered sol-
vent molecules.

Figure 4. 3D architecture of 1 viewed along the c axis.

In the structure of 1 there are two types of π···π-stacking
interactions between the color-coded naphthalimide rings
of the neighboring units (A and B) that have similar interac-
tion parameters (Table 1). Both of the π···π-stacking inter-
actions are strong; the naphthalimide rings are 3.42 (A) and
3.38 Å (B) apart, and the rings are nearly parallel. The di-
pole vectors (which run through the central-ring carbon
atoms and point towards the nitrogen atom) of the naphth-
alimide units involved in the π···π stacking are oriented at
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Table 1. The π···π-stacking interaction parameters.

Compound Interaction type Central carbon atoms distance Dipole angle Plane angle Avg. perpendicular distance Avg. χ
[Å] [°] [°] [Å] [Å]

1 A 3.69 139 3.2 3.42 1.33
B 3.72 155 6.4 3.38 1.56

2 A 3.68 173 8.2 3.42 1.36
B 3.82 167 2.5 3.62 1.22
C 3.63 161 5.4 3.47 1.07
D 3.67 140 5.8 3.49 1.12

139 and 155°, respectively. An additional parameter of
interest in these systems is χ, which measures the amount
of slippage one ring involved in the π···π stack has with
respect to the other. The parameter is the third side of the
triangle formed with the average perpendicular distance be-
tween the rings and the line joining the central carbon
atoms of the two rings. In the structure of 1, the slippage
values for the naphthalimide rings in the two interactions
are 1.33 (A) and 1.56 Å (B), which are in the range of
strong interactions (0.43 to 2.4 Å).[11h]

Figure 5 illustrates the molecular structure of 2. The
compound is an asymmetric homochiral CdII dimer, in
which the cadmium centers are bridged by two κ2-carboxyl-
ate ligands. Additionally, a nonbridging κ2-carboxylate li-
gand is coordinated to each cadmium center; two DMF
molecules are bound to Cd1 and one DMF molecule and
one methanol molecule to the Cd2 center. Thus, both cad-
mium atoms are six-coordinate with a distorted octahedral
geometry. The equatorial sites on both cadmium atoms are
occupied by oxygen atoms of the two separate bridging κ2-
carboxylate ligands and both of the oxygen atoms of a non-
bridging κ2-carboxylate ligand. The axial sites of Cd1 are
populated by the oxygen atoms of the two DMF molecules,
whereas the axial positions of Cd2 are occupied by the oxy-
gen atoms of a DMF and one methanol molecule. Two of
the Lala

– ligands (B and D), one DMF (N6/O6, C19–C21),
and the methanol molecule (O8–C25) are disordered over
two closely separated positions (the minor disorder compo-
nents were omitted for clarity).

Figure 5. Molecular structure of 2. Displacement ellipsoids drawn
at the 40% probability level. Minor disorder components, most hy-
drogen atoms, and some atom labels are omitted. All stereocenters
(C13) were determined to be (S)-configured.
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All four naphthalimide rings of the dimeric SBU units
are involved in π···π-stacking interactions with naphthal-
imide rings of neighboring dimeric units. As shown in Fig-
ure 6, four rings from two adjacent dimeric units form an
extended π···π stack with three slightly different interaction
parameters, type B between two “inner” rings and types A
and C between an “inner” ring and “outer” ring that lead
to the formation of 1D ribbons. The remaining interaction,
D, takes place between two adjacent ribbons generating a
2D sheet structure. All four types of π···π-stacking interac-
tions have parameters that fall in the range of strong inter-
actions (Table 1).

Figure 6. 2D sheet structure of 2.

Weaker C–H···O interactions are formed between sheets,
but there are no other substantial supramolecular forces in
the structure of 2. These C–H···O interactions are formed
between the carbonyl oxygen atoms of the naphthalimide
rings and C–H groups on the naphthalimide rings of the
second sheet. In these interactions, the CH···O distance is
2.54 Å (C···O 3.08 Å) with a C–H–O angle of 118°.

Thermogravimetric Analysis

To examine the framework integrity, thermogravimetric
analysis (TGA) of 1 (Figure 7) was performed on a micro-
crystalline solid sample. Based on the analysis, it is assumed
that the disordered solvent and two dichloromethane mole-
cules of crystallization are lost upon collection and air-dry-
ing of the crystals. Upon heating, the weight loss of 5.2%
(calcd. 6.8%) in the first step corresponds to the loss of the
remaining dichloromethane and the two methanol mole-
cules of crystallization. In the next step, between 152 and
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245 °C, the loss of the four coordinated methanol molecules
and the bridging OH groups occur (7.6%, calcd. 7.4%). The
weight change in the last step corresponds to the loss of
the six carboxylate ligands (74.0 %, calcd. 73.8%). The final
residual weight is 13.2%, which corresponds to ZnO (calcd.
14.9 %).

Figure 7. TGA/differential thermal analysis (DTA) curves for 1.

UV/Vis and Fluorescence Spectroscopic Properties

The diffuse reflectance (UV/Vis) spectra show sharp
maxima, λmax,UV, at 365 nm for HLala, 364 nm for 1, and
378 nm for 2. The fluorescence emission spectra of the com-
pounds were recorded in the solid state at room tempera-
ture (Figure 8). HLala has a blue fluorescence with λmax,Fl

at 449 nm. For 1, λmax,Fl was at 476 nm, and for 2, λmax,Fl

was at 470 nm, which are redshifted compared to the free
ligand.

Figure 8. Fluorescence emission spectra of HLala, 1, and 2 in the
solid state with excitation at 263 nm for HLala and 1, and 284 nm
for 2.

Discussion

Two homochiral SMOF structures that contain the
enantiopure amino acid based trifunctional Lala

– ligand
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were prepared and structurally analyzed. As expected from
the design of the system, in 1 the strong π···π-stacking inter-
actions of the naphthalimide rings of the enantiopure Lala

–

ligands organize the [Zn4(Lala)6(OH)2(MeOH)4] tetrameric
units into a helical chain structure. Additional π···π-stack-
ing interactions of the naphthalimide moieties connect
these helical chains into a 3D architecture. Importantly,
the central tetrameric SBU units are organized into this
homochiral, helical 3D structure by noncovalent π···π-
stacking interactions to form a homochiral SMOF struc-
ture. Although the importance of the π···π-stacking inter-
actions and the lack of other important interactions such
as intermolecular hydrogen bonding is evident from the
structure, the exact contribution of π···π stacking to the
overall packing forces is difficult to determine. We have
previously calculated the interaction energy between the
naphthalimide rings using the MP2/6-31G* level of theory
to be in the range of 15–16.5 kcal/mol.[11b] Although the
actual value for this interaction taking place in solution or
in the solid phase will be lower than this gas-phase-calcu-
lated number, clearly the interaction is substantial. TGA
demonstrated that the framework is fairly robust after the
partial removal of solvents of crystallization. We have pre-
viously shown that similar ligands, with a longer connect-
ing group between the amino acid and the naphthalimide
supramolecular synthon, form homochiral, helical frame-
work complexes with first-row transition metals. These
structures are also supported in two dimensions by the co-
valent linkages of 4,4�-bipyridine ligands.[11g,11h] Given
that the supramolecular structures of these previously re-
ported complexes are organized by both covalent and non-
covalent forces, 1 represents the first homochiral SMOF
solid that we have been able to prepare from ligands that
couple carboxylate groups from enantiopure amino acids
with the 1,8-naphthalimide supramolecular synthon in
which π···π-stacking interactions of the naphthalimide
rings are the main organizing force of the supramolecular
helical framework.

Surprisingly, in the homochiral structure of 2, no helical
chains are formed. Instead, the acentric dimeric units are
assembled into a simple 2D sheet by the π···π-stacking in-
teractions of the naphthalimide rings. There is no indication
of a helical-type structure or any 3D structure as observed
for 1.

Despite the lack of helicity in the structure of 2, both
new complexes clearly demonstrate the importance of the
naphthalimide group in the organization of highly ordered
structures. This structural study, coupled with our earlier
work,[11] demonstrates that the naphthalimide group forms
a reliable supramolecular synthon that can be incorporated
into several multicarboxylate SBU cores to generate high-
dimensional materials, in the case of 1, a homochiral
SMOF.

In addition, the presence of the naphthalimide rings in
these d10 metal complexes supports interesting luminescent
properties. In this case, 1 shows blue and 2 shows green
emission in the solid state that can likely be assigned to a
charge-transfer transition.
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Conclusions

An enantiopure ligand built from l-alanine and the 1,8-
naphthalimide group formed a tetrameric zinc(II) complex,
which was linked into a 3D homochiral supramolecular
MOF structure exclusively by π···π-stacking interactions of
the naphthalimide rings. The same ligand formed a dimeric
cadmium complex with a 2D sheet structure, which lacks
complex chiral features. Both complexes show luminescent
properties.

Experimental Section
General Considerations: All reactants were used as purchased from
Aldrich. The 1H NMR spectra were recorded with Varian Mercury
VX 300 and Varian Mercury VX 400 spectrometers; the chemical
shifts are reported in ppm and are referenced to the protonated
solvent residual. The 13C NMR spectra were recorded with a
Bruker Avance DRX 400 spectrometer, and the chemical shifts are
referenced to the residual deuterated solvent signal. The gradient
heteronuclear single quantum correlation (HSQC) experiment was
performed with the same Bruker Avance DRX 400 spectrometer.
TGA was performed with a Thermal Analysis (TA) SDT-Q600 si-
multaneous DTA/TGA system. The sample was heated in air to
800 °C with a heating rate of 10 °C/min. The fluorescence spectra
were recorded with a Perkin–Elmer LS 55 fluorescence spectrome-
ter. Ground solid samples were used in a 4 mm cell. The protonated
form of the ligand, (S)-2-(1,8-naphthalimido)propanoic acid
(HLala), was synthesized as previously reported.[11i] Elemental
analyses were performed by Robertson Microlit Laboratories
(Ledgewood, NJ).

Synthesis of Zn4(Lala)6(OH)2(MeOH)4·3(CH2Cl2)·2(MeOH) (1):
Powdered HLala (0.540 g, 2.0 mmol) was suspended in water
(30 mL), and a methanolic KOH solution (2 mL, 1 m) was added.
The suspension was stirred until it had completely cleared. To this
solution was added an aqueous solution (10 mL) of Zn2(O2CCH3)2-
(H2O)2 (0.220 g, 1.0 mmol) that contained pyridine (0.16 mL). A
white precipitate formed immediately. The mixture was stirred for
2 h, and the solid was collected by filtration, washed with water
and diethyl ether (20 mL of each), and dried under vacuum. Yield:
0.512 g of Zn2(Lala)4(py)2. The analytical sample was dried to con-
stant weight. C70H50N6O16Zn2 (1361.95): calcd. C 61.73, H 3.70, N
6.17; found C 61.53, H 3.32, N 6.47. 1H NMR (300 MHz, CD2Cl2/
CD3OD): δ = 8.68 (d, J = 4.5 Hz, 4 H, py) 8.26 (d, J = 7.2 Hz, 8
H, naphth), 8.04 (d, J = 8.1 Hz, 8 H, naphth), 7.84 (t, J = 7.5 Hz,
2 H, py), 7.52 (t, J = 7.6 Hz, 8 H naphth), 7.39 (t, J = 7.5 Hz, 4
H, py), 5.62 (q, J = 6.9 Hz, 4 H, CH), 1.60 (d, J = 6.9 Hz, 12 H,
CH3) ppm. Single crystals of 1 were grown by vapor diffusion of
Et2O into a CH2Cl2/MeOH (9:1) solution of Zn2(Lala)4(py)2.
C97H88Cl2N6O32Zn4 (crystals lost disordered solvent and 2 equiv.
of dichloromethane of crystallization upon collection and air-dry-
ing) (2182.20): calcd. C 53.39, H 4.06, N 3.85; found C 53.76, H
3.57, N 4.07. 1H NMR (400 MHz, CD2Cl2/CD3OD/[D7]DMF): δ
= 8.52 (d, J = 4.5 Hz, 4 H, py) 8.36 (d, J = 7.2 Hz, 8 H, naphth),
8.15 (d, J = 8.0 Hz, 8 H, naphth), 7.71 (t, J = 7.4 Hz, 2 H, py),
7.62 (t, J = 7.8 Hz, 8 H naphth), 7.28 (t, J = 6.8 Hz, 4 H, py), 5.54
(q, J = 7.1 Hz, 4 H, CH), 1.53 (d, J = 6.8 Hz, 12 H, CH3) ppm. 13C
NMR (100.6 MHz, CD2Cl2/CD3OD/[D7]DMF): δ = 164.0 (C=O),
149.7 (CHCHN py), 137.8 (CHCHCHN py), 134.3 (CHCC=O
naphth), 131.9 (CCHCH naphth), 131.1 (CHCHCH naphth), 128.3
(CCC=O), 127.2 (CHCHCH naphth), 124.6 (CHCHN py), 123.0
(CC=O naphth), 50.5 (CH), 15.5 (CH3) ppm. The pyridine reso-
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nances in these spectra presumably arise from its presence in the
disordered solvent that was eliminated by SQUEEZE in the struc-
tural determination.

Synthesis of Cd2(Lala)4(DMF)3(MeOH) (2): Powdered HLala

(0.540 g, 2.0 mmol) was suspended in water (30 mL), and a meth-
anolic KOH solution (2.0 mL, 1.0 m) was added. The suspension
was stirred until it had completely cleared. To this solution was
added an aqueous solution (10 mL) of CdCl2 (0.183 g, 1.0 mmol)
that contained pyridine (0.16 mL). A white precipitate formed im-
mediately. The mixture was stirred for 2 h, and the solid was col-
lected by filtration, washed with water and diethyl ether (20 mL of
each), and air-dried. Yield: 0.456 g. 1H NMR (300 MHz, CD2Cl2/
CD3OD): δ = 8.53 (d, J = 4.2 Hz, 4 H, py) 8.47 (d, J = 7.5 Hz, 8
H, naphth), 8.22 (d, J = 8.1 Hz, 8 H, naphth), 7.77 (t, J = 7.9 Hz,
2 H py), 7.71 (t, J = 7.8 Hz, 8 H naphth), 7.34 (dd, J = 7.5 Hz J

= 5.7, Hz 4 H, py), 5.64 (q, J = 6.9 Hz, 4 H, CH), 1.63 (d, J =
7.2 Hz, 12 H, CH3) ppm. Single crystals of 2 were grown by vapor
diffusion of Et2O into a DMF/MeOH (6:1) solution of the white
solid. The analytical sample was dried to constant weight.
C70H65Cd2N7O20 (1549.11): calcd. C 54.27, H 4.23, N 6.33; found
C 54.00, H 3.79, N 6.34. 1H NMR (400 MHz, CD3OD/[D7]DMF):
δ = 8.51 (d, J = 7.2 Hz, 8 H, naphth), 8.38 (d, J = 8.4 Hz, 8 H,
naphth), 7.82 (t, J = 7.8 Hz, 8 H naphth), 5.64 (q, J = 6.8 Hz, 4 H,
CH), 1.63 (d, J = 7.2 Hz, 12 H, CH3) ppm. 13C NMR (100.6 MHz,
CD3OD/[D7]DMF): δ = 164.0 (C=O), 134.0 (CHCC=O naphth),
131.7 (CCHCH naphth), 130.6 (CHCHCH naphth), 127.9
(CCC=O), 126.9 (CHCHCH naphth), 122.7 (CC=O naphth), 15.1
(CH3) ppm. The chiral-center CH resonance was identified by a
gradient HSQC experiment at δ = 50.4 ppm.

Crystallographic Studies: X-ray intensity data from colorless crys-
tals of 1 and 2 were measured at 100(2) K by using a Bruker
SMART APEX diffractometer (Mo-Kα radiation, λ =
0.71073 Å).[15] The raw area detector data frames were reduced and
corrected for absorption effects with the SAINT+ and SADABS
programs.[15] Structure solution by direct methods and subsequent
difference Fourier calculations and full-matrix least-squares refine-
ment against F2 were performed with the SHELXTL software
package.[16] X-ray crystallographic data are given in Table 2. Crys-
tals of 1 were removed from the mother liquor and quickly
mounted in the cold stream of the diffractometer with no indica-
tion of crystal degradation. Final unit-cell parameters were deter-
mined by least-squares refinement of 9174 reflections from the data
set. The compound crystallized in the tetragonal system. The
pattern of systematic absences in the intensity data was consistent
with the enantiomorphous space group pair P41212 and P43212.
The latter was confirmed by obtaining an absolute structure
(Flack) parameter of 0.039(12) after the final refinement cycle. The
crystallographically identifiable contents of the asymmetric unit
consists of two zinc atoms, three independent Lala

– ligands, two
methanol ligands coordinated to Zn1, one hydroxy group bridging
Zn1 and Zn2, one noncoordinated methanol molecule, and 1.5 in-
dependent dichloromethane molecules. The “half”-CH2Cl2 is lo-
cated on a twofold axis of rotation. The entire tetrazinc complex is
generated by the operation of a twofold axis of rotation running
through the complex along the crystallographic [110] and equiva-
lent directions. There is also a large region that contains an essen-
tially featureless distribution of disordered solvent molecules. The
volume of this region was calculated to be 3393 Å3, 26.8% of the
total unit cell volume. No sensible disorder model to describe these
diffusely scattering species was obtained. Their contribution to the
structure factors was therefore removed by using the SQUEEZE
program from PLATON.[17] The reported formula mass, calculated
density, and F(000) values reflect known atoms only. Non-hydrogen
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atoms were refined with anisotropic displacement parameters. Hy-
drogen atoms bonded to carbon atoms were placed in geometrically
idealized positions and included as riding atoms. Hydrogen atoms
bonded to oxygen atoms were located in difference maps, and their
coordinates were refined subject to distance restraints of d(O–H) =
0.85(2) Å and Uiso,H = 1.5Ueq,O. Final unit-cell parameters for 2
were determined by least-squares refinement of 8628 reflections
from the data set. The pattern of systematic absences in the inten-
sity data indicated the space groups P21 and P21/m. The acentric
group P21 was confirmed by obtaining a stable and sensible solu-
tion and refinement of the structure and by the fixed chirality of the
ligand used. The program ADDSYM implemented from PLATON
found no missed symmetry elements.[17] The asymmetric unit con-
sists of two cadmium atoms, four Lala

– ligands, three DMF mole-
cules, and one methanol molecule, i.e. one complete complex. The
four Lala

– ligands followed the same labeling scheme except for the
suffixes A–F. Two of the Lala

– ligands (B and D), one DMF (N6/
O6, C19–C21) and the methanol molecule (O8–C25) are disordered
over two closely separated positions. The minor component of the
disordered Lala

– ligands B and D were labeled with suffixes E and
F, respectively. Total site occupancies were constrained to sum to
unity and the atoms of these groups were refined isotropically. The
occupancies for each group refined to near 50%. Geometries of the
disordered ligands were restrained to be similar to those of an or-
dered ligand (Lala ligand A and DMF ligand N5/O5, C16–C18),
and the methanol atoms were refined with a d(C–O) = 1.45(2) Å
distance restraint. The methanol OH proton could not be located
in difference maps and was not calculated. All other non-hydrogen
atoms were refined with anisotropic displacement parameters. Hy-
drogen atoms were placed in geometrically idealized positions and
included as riding atoms. The absolute structure (Flack) parameter
refined to 0.010(18). The stereocenters C13 (A–F) were determined
to have the (S) configuration. CCDC-846932 (1) and CCDC
-846933 (2) 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.

Table 2. Selected crystallographic data for 1 and 2.

1 2

Empirical formula C99H92Cl6N6O3Zn4 C70H65Cd2N7O20

Formula mass [gmol–1] 2351.97 1549.09
Crystal System tetragonal monoclinic
Space group P43212 (No. 96) P21

T [K] 100(2) 100(2)
a [Å] 29.8242(9) 10.4417(4)
b [Å] 29.8242(9) 27.7151(11)
c [Å] 14.2147(8) 11.4934(5)
α [°] 90 90
β [°] 90 99.3670(10)
γ [°] 90 90
V [Å3] 12643.7(9) 3281.8(2)
Z 4 2
R1 [I�2σ(I)] 0.0463 0.0398
wR2 [I�2σ(I)] 0.1223 0.0992

Supporting Information (see footnote on the first page of this arti-
cle): Selected bond lengths and angles for 1 and 2.
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The pendant benzamidines {Ph–C[=N–(2,6-di-iPr-C6H3)]-
(NH∧E)} [∧E = (CH2)2NMe2, CH2Py] and their palladium
complexes [(Ph–C{=N∧E}{NH–(2,6-di-iPr-C6H3)})Pd(OAc)2]
[∧E = (CH2)2NMe2 (1), CH2Py (2)] have been prepared. Upon
heating, the corresponding palladacyclic complexes, [({η1-
C6H4}–C(=N∧E){NH–(2,6-di-iPr-C6H3)})PdOAc] [∧E = (CH2)2-
NMe2 (3), CH2Py (4)], were obtained. Due to the substituent
groups on the ortho positions of the phenyl ring attached to

Introduction

C–H bond activation is a well-known process by means
of oxidative addition or electrophilic substitution reactions
to afford cyclometalated complexes. Cyclometalated com-
plexes play important roles in modern organometallic
chemistry, such as organic synthesis, asymmetric synthesis
and photochemistry.[1,2] These processes predominantly fo-
cus on the second- and third-row transition metals with N-
donor ligands.[1,2] The mechanistic investigations of these
reactions have been studied with respect to ligand precur-
sors precoordinated to the metal centre followed by ar-
rangement of the ligand precursors to allow for C–H bond
activation.[3] Although cyclometalation reactions on palla-
dium(II) complexes have been thoroughly studied by a
number of research groups, not many of these processes are
known to result in isolation of the corresponding organo-
metallic complexes.[4–7]

In our previous report,[8] we used molecular structures to
demonstrate that the cyclometalation reaction happened at
the ortho position of the phenyl ring attached to the nitro-
gen atom rather than at the ortho position of the phenyl
ring attached to the carbon atom of the amidine function.
A plausible mechanism for this process has been reported
by us. However, the palladium chelate complexes that could
be precursors for cyclometalation reactions cannot be iso-
lated easily due to the quick cyclometalation process. To
prove this plausible mechanism, the ortho-hydrogen atoms
of the phenyl ring attached to the nitrogen atom of the ami-
dine function were substituted with iPr groups to prevent
the ortho-metalation of the palladium chelate complex.

[a] Department of Chemistry, National Chung Hsing University,
Taichung 402, Taiwan, Republic of China
E-mail: ctchen@dragon.nchu.edu.tw
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the nitrogen atom of the amidinate group, the C–H bond acti-
vation process was observed on the ortho position of the
phenyl ring attached to the carbon atom of the amidinate
group. This process can be proved by X-ray structural deter-
mination. The molecular structures are reported for com-
pounds 1 and 4. Catalytic application of cyclopalladated de-
rivatives 3 and 4 toward the Suzuki reaction was also investi-
gated.

Thus the isolation of precursors for the cyclometalation re-
action might be achieved. In this paper, we present benz-
amidinate ligand precursors with bulkier substituents to
study how the cyclometalation steps take place. The appli-
cation of palladacyclic complexes to a Suzuki reaction is
also examined.

Results and Discussion

Synthesis of Benzamidinates Ligand Precursors and Pd
Complexes

The desired N,N�-disubstituted benzamidines were pre-
pared according to a method similar to our previous re-
port.[8] Treatment of N-(2,6-diisopropylphenyl)benzimidoyl
chloride[9a] with the corresponding amines (1 molar equiv.)
in the presence of triethylamine affords benzamidines {Ph–
C[=N–(2,6-di-iPr-C6H3)](NH∧E)} (∧E = (CH2)2NMe2,
CH2Py) in moderate yield. N-(2,6-Diisopropylphenyl)-N�-
(2-dimethylaminoethyl)benzamidine has already been re-
ported.[9b,9c] N-(2,6-Diisopropylphenyl)-N�-(2-methylpyrid-
ine)benzamidine was characterized by NMR spectroscopy
as well as elemental analyses. Due to the tautomeric rota-
tion of amidine, complex and broad signals were found in
the 1H NMR spectrum. Therefore high-temperature NMR
spectroscopic data are reported in the Exp. Section for N-
(2,6-diisopropylphenyl)-N�-(2-methylpyridine)benzamidine.
Treatment of benzamidines with Pd(OAc)2 (1 molar equiv.)
in dichloromethane afforded palladium chelate complexes 1
or 2. The gradual formation of the corresponding cyclomet-
alated compound 3 was observed upon standing compound
1 in a solution of [D]chloroform at room temperature for a
couple of days with an upfield shift of the NH peak and
the loss of one –OAc peak in the 1H NMR spectrum. The
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syntheses of palladacyclic complexes 3 and 4 were achieved
by heating 1 in toluene or 2 in THF at 80 °C. Complexes 3
and 4 can also be prepared by an alternative route by means
of direct reactions of benzamidines with Pd(OAc)2 in tolu-
ene at 80 °C. Complexes 1–4 were characterized by NMR
spectroscopy as well as elemental analyses. A summary of
the syntheses and proposed structures of palladium com-
plexes is shown in Scheme 1.

Scheme 1. Preparation of palladium complexes 1–4.

Figure 1. 1H NMR spectra in CDCl3 for 1 (bottom) and 3 (top).
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In each palladium chelate complex, one NH singlet
around δ = 10 ppm (δ = 9.99 ppm for 1; 10.20 ppm for 2)
and two peaks that correspond to –OAc groups were found
in the 1H NMR spectrum. For each palladacyclic complex,
the NH singlet moved upfield (δ = 6.67 ppm for 3; 6.83 ppm
for 4) and only one peak that corresponded to the –OAc
group appeared around δ = 2 ppm (δ = 2.11 ppm for 3;
2.21 ppm for 4) in the 1H NMR spectra, which indicates
that the carbon metalation of the phenyl group might hap-
pen instead of NH deprotonation with the release of one
molar equivalent of HOAc, as shown in Figures 1 and 2.

Suitable crystals of 1 for X-ray refinement were grown
from a solution of dichloromethane/hexane. The molecular
structure is depicted in Figure 3. The bond angles [from
84.02(10) to 96.86(9)°] around the palladium metal centre
can be described as a slightly distorted square planar with
two cis-oriented nitrogen atoms from the benzamidinate li-
gand and two oxygen atoms from two –OAc groups. The
chelate ring of complex 1 is nearly coplanar with the torsion
angle O(1)–O(3)–N(3)–N(2) = 1.3°. The bond lengths of
Pd–Namine [2.042(3) Å] and Pd–Nimine [2.042(3) Å] are
within those [2.044(4)–2.0683(19) Å for Pd–Namine;
1.991(2)–2.050(2) Å for Pd–Nimine] found in palladium
N,N�-chelate complexes.[7b] The bond lengths of Pd–OOAc

[2.021(2) and 2.032(2) Å] are close to those [1.983(4)–
2.029(2) Å] found in palladium acetate complexes.[7b,10f]

The C–N bond lengths of the NCN moiety are not equal
with 1.337(4) and 1.308(4) Å, respectively, thus indicating
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Figure 2. 1H NMR spectra in CDCl3 for 2 (bottom) and 4 (top).

the localized nature of the imine C=N and amine C–N
bonds and the 1,3-shift of a proton from the nitrogen atom
of the amine group to the nitrogen atom of the imine group
on going from the free ligand to the mononuclear CNN
cyclopalladated compound. On the basis of the molecular
structure of 1, the ortho substituents actually prevent the
palladium chelate complexes from taking part in cyclomet-

Figure 3. Molecular structure of 1. Selected bond lengths [Å] and
bond angles [°]: Pd–O(1) 2.032(2), Pd–O(3) 2.021(2), Pd–N(2)
2.042(2), Pd–N(3) 2.042(3), C(1)–N(2) 1.308(4), C(1)–N(1)
1.337(4), N(1)–C(8) 1.439(4); N(2)–Pd–O(1) 96.86(9), N(3)–Pd–
O(3) 92.99(11), N(2)–Pd–N(3) 84.14(11), O(3)–Pd–O(1) 84.02(10),
O(1)–Pd–N(3) 177.00(11), O(3)–Pd–N(2) 176.67(10). Hydrogen
atoms on carbon atoms omitted for clarity.
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alation (Scheme 2) to form a six-membered metallacycle
and prove the existence of palladacyclic precursors in the
previously proposed mechanism.[8]

Suitable crystals of 4 for X-ray refinement were grown
from concentrated chloroform solution. The molecular
structure is depicted in Figure 4. The bond angles [from
81.54(9) to 99.32(9)°] around the palladium metal centre
indicate a complex that has a slightly distorted square-
planar geometry, in which the palladium metal centre is co-
ordinated with one pyridine nitrogen atom, one imine nitro-
gen atom, one metalated carbon atom, and one acetate oxy-
gen atom to form two five-membered metallacycles. The
bond lengths of Pd–Npy [2.113(2) Å] and Pd–Cmetalated

[1.978(3) Å] are within those [1.964(3)–2.150(3) Å for Pd–
Npy; 1.961(4)–2.078(2) Å for Pd–Cmetalated] found in met-
alated palladacycles.[10,11] The bond length of Pd–OOAc

[2.0545(16) Å] are within those [2.036(2)–2.126(3) Å] found
in palladacycles.[8,10f,10g,11] The bond length of Pd–NC=N

[1.9606(19) Å] is close to those [1.981(3)–2.0321(18) Å]
found in palladacycles.[8,10f,10g,11] The C–N bond lengths of
the NCN moiety in 4 are not equal [1.304(3) Å for imine
C(1)=N(2) and 1.351(3) Å for amine C(1)–N(1)], thereby
indicating the localized nature of the imine C=N and amine
C–N bonds. On the basis of the molecular structure of 4,
the cyclometalation reaction happens on the ortho position
of the phenyl ring attached to the carbon atom of the NCN
part to form a five-membered metallacycle as mononuclear
palladium complex 4 rather than a dinuclear species.[7b] No
aliphatic C–H activation product was obtained in this sys-
tem.[6] Compared with the results reported previously,[8] for-
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Scheme 2. Bulkier group on the ortho positions prevent the palladium chelate complexes from cyclometalation.

Figure 4. Molecular structure of 4. Selected bond lengths [Å] and
bond angles [°]: Pd–C(3) 1.978(3), Pd–O(1) 2.0545(16), Pd–N(2)
1.9606(19), Pd–N(3) 2.113(2), C(1)–N(1) 1.351(3), C(1)–N(2)
1.304(3), C(8)–N(1) 1.442(3); N(2)–Pd–C(3) 81.54(9), N(2)–Pd–
N(3) 81.78(8), N(3)–Pd–O(1) 97.42(7), C(3)–Pd–O(1) 99.32(9),
C(3)–Pd–N(3) 163.24(9), N(2)–Pd–O(1) 172.10(8). Hydrogen atoms
on carbon atoms omitted for clarity.

Table 1. Suzuki coupling reaction catalyzed by palladium complexes (solvent: toluene).[a]

Entry Catalyst Aryl halide Base [Pd] [mol-%] T [h] Conversion [%][b] Yield [%][c]

1[d] 3 4-bromoanisole K3PO4 1 2 74 70
2[d] 4 4-bromoanisole K3PO4 1 2 19 –
3[e] 3 4-bromoanisole K3PO4 1 2 82 79
4[e] 4 4-bromoanisole K3PO4 1 2 35 –
5[e] 4 4-bromoanisole K3PO4 1 3 65 –
6 3 4-bromoanisole K3PO4 10–3 17 82 80
7 3 4-bromoanisole K3PO4 10–5 17 58 53
8 3 4-chloroacetophone K3PO4 1 0.5 63 60
9 3 4-chloroacetophone K3PO4 2 0.5 81 77
10 3 4-chloroacetophone K3PO4 2 1 87 84
11 4 4-chloroacetophone K3PO4 2 1 37 –

12[e] 5 4-bromoanisole KF 1 3 72 65
13[e] 6 4-bromoanisole K3PO4 1 3 84 75

[a] Reaction conditions: aryl halide (1.0 mmol), phenylboronic acid (1.5 mmol), base (3 mmol), toluene (3 mL), 100 °C. [b] Determined
by 1H NMR spectroscopy. [c] Isolated yield (average of two experiments). [d] T = 60 °C. [e] T = 80 °C.
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mation of six-membered metallacycle through an aromatic
C–H activation seems to be faster than that of a five-mem-
bered metallacycle. Once the ortho position of the phenyl
ring is blocked from forming a six-membered metallacycle,
an aromatic C–H activation might happen on the ortho po-
sition of the phenyl ring to form a five-membered metall-
acycle in this palladium pendant benzamidinate system.

Catalytic Studies for the Suzuki Reaction

With the aim of demonstrating the catalytic activities of
palladacycles that contain CNN-type ligands,[8,10f,10g,12]

complexes 3 and 4 were introduced into the Suzuki cou-
pling reaction.[13] To examine the catalytic activity, condi-
tions that employ the coupling of 4-bromoanisole with
phenylboronic acid (1.5 equiv.) catalyzed by 3 or 4 (1 mol-
%) in the presence of base (3 equiv.) at 60 °C within 2 h
were conducted. The optimum solvent/base mixture for the
reaction was found to be toluene/K3PO4 after several trials
with a combination of solvents (dimethylacetamide (DMA),
THF and toluene) and base (KF, K3PO4 and Cs2CO3). Se-
lected results are listed in Table 1. Poor conversion exhib-
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ited by 4 indicated that the catalytic activity of the complex
with pendant amine functionality is better than that with
pendant pyridine functionality in this system (Table 1, en-
tries 1 and 2). A similar trend was observed by using less-
reactive substrate 4-chloroacetophone with 2 mol-% palla-
dium loading within 1 h at 100 °C (entries 10 and 11). Bet-
ter conversion was observed by running reactions from 60
to 80 °C (entries 1 and 3). Because of the better activity and
solubility of 3, lower catalyst concentrations were investi-
gated using catalyst/substrate ratios from 10–5 to 10–7 with
4-bromoanisole as substrate. The reactions gave conversion
of 82% within 17 h for the 10–5 ratio, and 58 % within 17 h
for the 10–7 ratio at 100 °C (entries 6 and 7). Catalytic ac-
tivity of 3 was tested by using less-reactive 4-chloroaceto-
phenone as substrate with 1 mol-% palladium loading at
100 °C (entry 8). The reaction gave a conversion of 63%
within 0.5 h. Better conversions were found by increasing
the palladium loading (entry 9) or extending the reaction
time (entry 10). To compare the catalytic activity of
palladacycles with similar coordination modes in our
previous report,[8] palladacycles 5 and 6 (as shown in
Scheme 3) were examined by the reaction of 4-bromo-
anisole with phenylboronic acid catalyzed by 1 mol-%
palladium loading under optimized conditions at 80 °C (en-
tries 3–5, 12 and 13). On the basis of these results, the cata-
lytic activity of the five-membered palladacycle that re-
sulted from cyclometalation at the ortho position of the
phenyl ring attached to the carbon atom of the NCN amid-
ine function seems to be better than that with the six-mem-
bered metallacycle that results from cyclometalation at the
ortho position of the phenyl ring attached to the nitrogen
atom of the NCN amidine function for the palladacycles
with the NMe2 pendant functionality (entries 3 and 12).
However, a reverse trend was observed for palladium
benzamidine complexes with pendant pyridine functionality
(entries 5 and 13).

Scheme 3. The palladacycles bearing the benzamidinate ligand pre-
cursor.[8]

Conclusion

One new benzamidinate ligand precursor and four palla-
dium complexes were prepared and fully characterized. The
catalytic activity of two palladacycles for the Suzuki reac-
tion has been demonstrated. On the basis of the molecular
structures of palladium chelates and palladacyclic com-
plexes, thet formation of six-membered palladacycles actu-
ally proceeds through a palladium chelate complex as an
intermediate followed by a C–H activation process, which
was proposed in our previous report. Once the ortho posi-
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tion for the formation of a six-membered palladacycle had
been blocked, the C–H activation process could take place
on the other ortho position to form a five-membered
palladacycle slowly. On the basis of those results demon-
strated by palladium benzamidinate complexes, formation
of the six-membered palladacycle seems to be faster than
that of the five-membered palladacycle. Under optimized
conditions, 3 exhibits catalytic activity with lower catalyst
loading (10–5 to 10–7) and with electronically deactivated
aryl bromide in the Suzuki reaction. Complex 3 also
demonstrates catalytic activity with a less reactive aryl
chloride-containing electron-withdrawing group.

Experimental Section
General: All manipulations were carried out under an atmosphere
of dinitrogen by using standard Schlenk line or drybox techniques.
Solvents were heated at reflux over the appropriate drying agent
and distilled prior to use. Deuterated solvents were dried with mo-
lecular sieves.

1H and 13C{1H} NMR spectra were recorded either with Varian
Mercury-400 (400 MHz) or Varian Inova-600 (600 MHz) spec-
trometers in [D]chloroform at ambient temperature unless stated
otherwise and referenced internally to the residual solvent peak and
reported as parts per million relative to tetramethylsilane. Elemen-
tal analyses were performed with an Elementar Vario ELIV instru-
ment.

Pd(OAc)2 (Aldrich), 2,6-diisopropylaniline (Alfa), 2-(aminometh-
yl)pyridine (Acros) and N,N-dimethylethyleneamine (Acros) were
used as supplied. NEt3 was dried with CaH2 and distilled before
use. N-(2,6-Diisopropylphenyl)benzanilide and N-(2,6-diisopro-
pylphenyl)benzimidoyl chloride were prepared according to modi-
fied literature procedures.[9a]

Preparations

{Ph–C[=N–(2,6-di-iPr–C6H3)][NH(CH2)2NMe2]}: A solution of N-
(2,6-diisopropylphenyl)benzimidoyl chloride (0.9 g, 3 mmol) and
NEt3 (0.70 mL, 4.6 mmol) in toluene (15 mL) was treated with
N,N-dimethylethyleneamine (0.35 mL, 3.4 mmol) at 0 °C then al-
lowed to warm to room temperature. After 24 h of stirring, the
volatile compounds were removed under reduced pressure and the
residue was extracted with hexane (50 mL). The extract was
pumped to dryness to afford a yellow oily product; yield 0.65 g,
62%. This compound has been reported in the literature.[9b,9c]

{Ph–C[=N–(2,6-di-iPr–C6H3)](NHCH2Py)}: The preparation of
{Ph–C[=N–(2,6-di-iPr–C6H3)](NHCH2Py)} was similar to that
used for {Ph–C[=N–(2,6-di-iPr–C6H3)][NH(CH2)2NMe2]} but with
N-(2,6-diisoproyplphenyl)benzimidoyl chloride (1.5 g, 5 mmol),
NEt3 (0.84 mL, 6 mmol) and 2-(aminomethyl)pyridine (0.52 mL,
5 mmol). The volatile compounds were removed under reduced
pressure and the residue was extracted with toluene (50 mL). The
extract was pumped to dryness to afford an orange solid; yield
1.62 g, 87.4%. 1H NMR (600 MHz, 333 K): δ = 0.97 [s, 6 H, iPr–
(CH3)2], 1.10 [s, 6 H, iPr–(CH3)2], 3.03 (s, 2 H, iPr–H), 4.64 (s, 2
H, CH2Py), 5.64 (s, 1 H, NH), 6.91 (s, 1 H), 6.97 (s, 2 H), 7.13 (m,
1 H), 7.26 (br., 4 H), 7.38 (br., 2 H), 7.60 (t, J = 7.2 Hz, 1 H), 8.51
(s, 1 H) ppm. 13C{1H} NMR (150 MHz, 333 K): δ = 22.6 (s, CH3–
iPr), 23.7 (s, CH3–iPr), 28.2 (s, CH–iPr), 47.9 (s, CH–Py), 122.0,
122.3, 122.8, 127.9, 128.2, 129.2, 136.3, 149.2 (CH–Ph and CH–
Py), 135.7, 138.7, 145.1, 154.4, 158.3 (Cipso–C6H5, Cipso–Py and one
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CNN) ppm. C25H29N3 (371.52): calcd. C 80.82, H 7.87, N 11.31;
found C 80.74, H 7.53, N 11.27.

Complex 1: CH2Cl2 (15 mL) was added at room temperature to a
flask that contained {Ph–C[=N–(2,6-di-iPr–C6H3)][NH(CH2)2-
NMe2]} (0.35 g, 1 mmol) and Pd(OAc)2(0.22 g, 1 mmol). After 1 h
of stirring, the volatile compounds were removed under reduced
pressure to afford a brown solid. The resulting solid was purified
by THF/hexane solution to afford a pale yellow solid; yield 0.44 g,
76%. 1H NMR (600 MHz): δ = 1.12 [d, J = 6.6 Hz, 6 H, CH–
(CH3)2], 1.18 [d, J = 6.6 Hz, 6 H, CH–(CH3)2], 1.82 [s, 3 H, O–
C(=O)CH3], 1.99 [s, 3 H, O–C(=O)CH3], 2.34 (t, J = 6.0 Hz, 2 H,
CH2), 2.71 [s, 6 H, N(CH3)2], 3.07 (t, J = 6.0 Hz, 2 H, CH2), 3.24
[sept, J = 6.6 Hz, 2 H, CH–(CH3)2], 6.91 (d, J = 7.8 Hz, 2 H, CH–
Ar), 6.94 (m, 2 H, CH–Ar), 7.07 (t, J = 7.2 Hz, 1 H, CH–Ar), 7.19–
7.26 (m, 3 H, CH–Ar), 9.99 (s, 1 H, NH) ppm. 13C{1H} NMR
(150 MHz): δ = 21.7 [s, CH–(CH3)2], 23.5 [s, O–C(=O)CH3], 23.6
[s, O–C(=O)CH3], 25.6 [s, CH–(CH3)2], 28.6 [s, CH–(CH3)2], 50.7
[s, N(CH3)2], 53.0 (s, CH2), 65.8 (s, CH2), 123.0, 127.0, 128.3, 128.4,
130.1 (CH–Ar), 129.9, 131.8, 146.6, 168.6 [two Cipso–Ar, one CNN
and one C–CH–(CH3)2], 178.1 [s, O–C(=O)CH3] ppm.
C27H39N3O4Pd (576.02): calcd. C 56.30, H 6.82, N 7.29; found C
56.36, H 6.71, N 7.25.

Complex 2: The procedure for preparation of 2 was similar to that
used for 1 but with {Ph–C(NHCH2Py)[=NH–(2,6-di-iPr–C6H3)]}
(0.37 g, 1 mmol) and Pd(OAc)2 (0.25 g, 1.1 mmol). A yellow solid
was obtained; yield 0.57 g, 96%. 1H NMR (600 MHz): δ = 1.10 [d,
J = 7.2 Hz, 6 H, CH–(CH3)2], 1.20 [d, J = 6.6 Hz, 6 H, CH–
(CH3)2], 1.91 [s, 3 H, O–C(=O)CH3], 2.09 [s, 3 H, O–C(=O)CH3],
3.25 [sept, J = 6.6 Hz, 2 H, CH–(CH3)2], 4.53 (s, 2 H, CH2Py), 6.93
(d, J = 7.8 Hz, 2 H, CH–Ar), 7.00 (m, 2 H, CH–Ar), 7.06–7.10
(overlap, 2 H, CH–Ar), 7.25–7.32 (overlap, 4 H, CH–Ar), 7.78 (m,
1 H, CH–Ar), 8.19 (d, J = 6 Hz, 1 H, CH–Ar), 10.20 (s, 1 H, NH)
ppm. 13C{1H} NMR (150 MHz): δ = 21.6 [s, CH–(CH3)2], 23.4 [s,
O–C(=O)CH3], 25.6 [s, CH–(CH3)2], 28.5 [s, CH–(CH3)2], 62.6 (s,
CH2Py), 119.6, 123.06, 123.12, 127.1, 128.46, 128.54, 130.4, 138.8,
148.9 (CH–Ar), 129.1, 131.5, 146.6, 162.1, 168.9 [three Cipso–Ar,
one NCN and one C–CH–(CH3)2], 178.2, 178.9 [O–C(=O)CH3]
ppm. C27H39N3O4Pd (576.02): calcd. C 58.44, H 5.92, N 7.05;
found C 58.59, H 5.49, N 6.99.

Complex 3: A solution of 1 (0.58 g, 1 mmol) in toluene (15 mL)
was heated at 80 °C for 48 h. The volatile compounds were re-
moved under reduced pressure and the residue was purified by
THF/hexane solution to obtain a white precipitate. The crude prod-
uct was washed hexane (30 mL three times) to afford white solid;
yield 0.46 g, 90%. 1H NMR (600 MHz): δ = 1.16 [d, J = 6.6 Hz, 6
H, CH–(CH3)2], 1.27 [d, J = 6.6 Hz, 6 H, CH–(CH3)2], 2.11 [s, 3
H, O–C(=O)CH3], 2.56 [overlap, 8 H, CH2 and N(CH3)2], 2.84 (br.,
2 H, CH2), 3.21 [sept, J = 6.6 Hz, 2 H, CH–(CH3)2], 6.67 (br., 1
H, NH), 6.80 (br., 1 H, CH–Ar), 6.96 (br., 1 H, CH–Ar), 7.12 (t,
J = 7.2 Hz, 1 H, CH–Ar), 7.20 (d, J = 7.8 Hz, 2 H, CH–Ar), 7.21
(t, J = 8.4 Hz, 1 H, CH–Ar), 7.38 (t, J = 7.8 Hz, 1 H, CH–Ar)
ppm. 13C{1H} NMR (150 MHz): δ = 22.6 [s, CH–(CH3)2], 24.15
[s, O–C(=O)CH3], 24.24 [s, CH–(CH3)2], 28.6 [s, CH–(CH3)2], 46.6
(s, CH2), 47.4 [s, N(CH3)2], 63.6 (s, CH2), 123.3, 123.8, 129.4, 130.4,
133.9 (CH–Ar), 122.7, 132.2, 144.9, 146.8, 152.5, 161.8 [two Cipso–
Ar, one NCN, two C–CH–(CH3)2 and one metalated C–Ph], 177.5
[s, O–C(=O)CH3] ppm. C25H35N3O2Pd (515.97): calcd. C 58.19, H
6.84, N 8.14; found C 57.69, H 6.25, N 8.04.

Complex 4: A solution of 2 (0.57 g, 0.96 mmol) in THF (3 mL) was
heated at 80 °C for 3 h. The brown suspension was cooled to room
temperature and filtered. The brown residue was washed with THF
to afford a pale grey solid; yield 0.57 g, 59 %. 1H NMR (600 MHz):
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δ = 1.14 [d, J = 6.6 Hz, 6 H, CH–(CH3)2], 1.26 [d, J = 6.6 Hz, 6
H, CH–(CH3)2], 2.21 [s, 3 H, O–C(=O)CH3], 3.25 [sept, J = 6.6 Hz,
2 H, CH–(CH3)2], 4.52 (br., 2 H, CH2Py), 6.83 (s, 1 H, NH), 6.87
(br., 1 H, CH–Ar), 7.12 (br., 1 H, CH–Ar), 7.17 (m, 2 H, CH–Ar),
7.24 (m, 3 H, CH–Ar), 7.42 (t, J = 7.8 Hz, 1 H, CH–Ar), 7.59 (t,
J = 7.2 Hz, 1 H, CH–Ar), 8.35 (d, J = 5.4 Hz, 1 H, CH–Ar) ppm.
13C{1H} NMR (150 MHz): δ = 22.9 [br., CH–(CH3)2], 24.1 [br.,
CH–(CH3)2], 24.4 [s, O–C(=O)CH3], 28.6 [s, CH–(CH3)2], 55.7 (s,
CH2–Py), 120.9, 122.7, 123.2, 123.9, 124.4, 129.5, 130.7, 133.7,
137.8, 149.0 (CH–Ar), 132.0, 145.1, 147.0, 148.8, 152.9, 162.0 [three
Cipso–Ar, one metalated C–Ph, one C–CH–(CH3)2 and one NCN],
177.8 [s, O–C(=O)CH3] ppm. C27H39N3O4Pd (576.02): calcd. C
60.50, H 5.83, N 7.84; found C 60.55, H 6.19, N 7.37.

General Procedure for the Suzuki-Type Coupling Reaction: Pre-
scribed amounts of catalyst, aryl halide (1.0 equiv.), phenylboronic
acid (1.5 equiv.), base (3.0 equiv.) and a magnetic stir bar were
placed in a Schlenk tube under nitrogen. Toluene (3 mL) was added
by syringe, and the reaction mixture was heated in an oil bath at
the prescribed temperature for the prescribed time. After removal
of the volatile compounds, the residue was diluted with ethyl acet-
ate, then filtered through a pad of silica gel. A sample in [D]chloro-
form was taken for determination of conversion. The crude mate-
rial was further purified by flash chromatography on silica gel.

Crystal Structure Data: The crystals were grown from a solution of
1 in dichloromethane/hexane or a solution of 4 in concentrated
chloroform, then isolated by filtration. Suitable crystals of 1 were
sealed in thin-walled glass capillaries under a nitrogen atmosphere
at 293 K and mounted on a Bruker AXS SMART 1000 dif-
fractometer. A crystal of 4 was mounted onto a glass fibre by using
a perfluoropolyether oil “oil-drop” method and cooled rapidly in
a stream of cold nitrogen gas with an Oxford Cryosystems Cryos-
tream unit. Diffraction data were collected at 100 K with an Oxford
Gemini S diffractometer. The absorption correction was carried out
on the basis of symmetry-equivalent reflections by using SADABS
for 1, and semiempirical absorption correction was based on the
spherical harmonics implemented in the SCALE3 ABSPACK scal-
ing algorithm from Crysalis RED, Oxford Diffraction Ltd for 4.[14]

Table 2. Summary of crystal data for compounds 1 and 4.

1·CH2Cl2 4·CHCl3·H2O

Formula C28H39Cl2N3O4Pd C28H34Cl3N3O3Pd
Mr 658.92 673.33
T [K] 297(2) 100(2)
Crystal system monoclinic monoclinic
Space group P21/n P21/n
a [Å] 10.3443(14) 9.9600(3)
b [Å] 22.158(3) 18.5872(5)
c [Å] 14.4909(18) 16.5409(5)
a [°] 90 90
β [°] 107.768(2) 101.862(2)
γ [°] 90 90
V [Å3] 3163.0(7) 2996.80(15)
Z 4 4
ρcalcd. [Mgm–3] 1.384 1.492
μ(Mo-Kα) [mm–1] 0.791 0.920
Reflections collected 17578 28387
Parameters 356 363
Indep. reflections (Rint) 6182 (0.0269) 7152 (0.0385)
Final R indices R1

[a], wR2
[a] 0.0408, 0.1139 0.0356, 0.0889

R indices (all data) 0.0517, 0.1215 0.0505, 0.0927
GoF[b] 1.041 1.019

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

2)2/Σw(Fo
2)2]1/2, w =

0.10. [b] GoF = [Σw(Fo
2 – Fc

2)2/(Nrflns – Nparams)]1/2.
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The space-group determination was based on a check of the Laue
symmetry and systematic absences and was confirmed by using the
structure solution. The structure was solved by direct methods
using a SHELXTL package.[15] All non-hydrogen atoms were lo-
cated from successive Fourier maps, and hydrogen atoms were re-
fined using a riding model. Anisotropic thermal parameters were
used for all non-hydrogen atoms, and fixed isotropic parameters
were used for hydrogen atoms. Some details of the data collection
and refinement are given in Table 2.

CCDC-840682 (for 1) and -840683 (for 4) 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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Superparamagnetic core-shell-type Fe3O4/Ru nanoparticles
(particle size ca. 15 nm) synthesized by co-precipitation, ad-
sorption and reduction methods were found to selectively hy-
drogenate the carbon-oxygen double bond in trans-4-phen-
yl-3-penten-2-one (conversion 100%, selectivity � 90%)

Introduction

Selective hydrogenation of the carbon-oxygen bond in
α,β-unsaturated carbonyl compounds is a synthetic chal-
lenge, since C=C bond reduction is thermodynamically
more favorable (35 kJ mol–1) than C=O bond reduction.[1]

This problem becomes even more complicated by the pres-
ence of an aromatic substituent in such systems because of
possible ring hydrogenation.[2] Moreover, the transforma-
tion of unsaturated ketones into unsaturated alcohols is
more difficult than that of unsaturated aldehydes, because
ketones are sterically more hindered.[3] In addition, the
“promoter effect” to enhance selectivity is also absent in the
case of unsaturated ketones.[4]

In a pioneering study, Szöllosi et al. evaluated the poten-
tial of different metals such as Pt, Pd, Rh, Ru, Cu, and Ni
supported on silica for the selective hydrogenation of α,β-
unsaturated ketones.[5] Later, von Arx et al. were able to
attain �90% chemoselectivities for a sterically hindered
C=O bond in ketoisophoron over alumina-supported Pt
and Pd catalysts.[6] Such a remarkable selectivity might be
attributed to steric effects,[1b,3] because the presence of
bulky substituents at the olefin double bond presumably
hampers its adsorption at catalytic sites.[8] Milone et al. and
Mertens et al. showed that unsaturated alcohols can be ob-
tained from different α,β-unsaturated ketones with a selec-
tivity higher than 60% at a conversion of 90 % by using a
gold catalyst.[4,8] Recently, Wang et al. also used gold sup-
ported on mesostructured CeO2 to hydrogenate trans-4-
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with a catalytic turnover of 900 under mild reaction condi-
tions (30 °C, 15 bar H2). The finely dispersed catalyst can be
separated from the reaction mixture by using an external
magnet, recycled, and reused without significant loss of ac-
tivity and selectivity.

phenyl-3-penten-2-one at 100 °C with 63% selectivity for
the unsaturated alcohol.[9] However, in spite of extensive
studies, efforts to selectively hydrogenate α,β-unsaturated
ketones to give the corresponding unsaturated alcohols by
molecular hydrogen have not been very successful.[8a,9]

Thus, the synthesis of unsaturated alcohols is mainly
achieved with hazardous metal hydrides such as LiAlH4

and NaBH4,[10] with silicon hydrides,[11] or by transfer hy-
drogenation,[8a,12] as well as by Meerwein–Ponndorf–
Verley-type reduction methods.[13] Homogeneous transi-
tion-metal catalysts sometimes show high selectivity,[14] but
such complexes are often inefficient or have limited reus-
ability.[15] Moreover, the separation of these complexes from
the reaction mixture is very difficult.[16] Thus, the develop-
ment of a highly selective, easily recoverable, and recyclable
heterogeneous catalyst for the hydrogenation of unsaturated
ketones remains a demanding task,[1a] because unsaturated
alcohols are important intermediates used in the production
of fine chemicals, pharmaceuticals, perfumery, and food
processing industries.[17]

In chemical technology, heterogeneous catalysts are usu-
ally preferred, because separation, recovery, and recycling
of the catalyst are relatively easy.[18] However, in liquid-
phase batch reactions, the separation of the catalyst from
the reaction products is still problematic.[19] Therefore, envi-
ronmentally friendly, cost-effective, robust, easily recovera-
ble, and cleanly reusable catalysts would be highly desir-
able[16] to ensure minimum loss, enhance their lifetime and
minimize the consumption of auxiliary substances used in
achieving separations.[19]

Recently, the use of magnetic materials as catalyst sup-
ports has attracted much attention,[16] because solid cata-
lysts with magnetic properties can efficiently be separated
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from the reaction mixture by applying an external magnetic
field.[20] This green and sustainable approach has many ad-
vantages over traditional time- and solvent-consuming pro-
cesses, since it provides a fast, economical, and environmen-
tally acceptable way to separate products and recycle cata-
lysts.[19] Thus, ferromagnetic iron–nickel nanoparticles en-
capsulated in carbon have been prepared by Teunissen et
al.; the carbon coating is necessary to overcome the prob-
lem of clustering of the nanoparticles.[21]

Superparamagnetic nanoparticles are such materials with
high surface area,[22] which can be easily dispersed in solu-
tion, because they are intrinsically non-magnetic and there-
fore show no tendency to aggregate in solution.[18] On the
other hand, these nanoparticles can be recovered easily
from the reaction mixture by applying an external magnetic
field, thus offering better handling properties.[19]

In this paper, we report on superparamagnetic core-shell-
type Fe3O4/Ru nanoparticles, synthesized by immobili-
sation of [(C6H6)Ru(H2O)3]2+ cations on freshly prepared
magnetite nanoparticles, followed by reduction with molec-
ular hydrogen. They are highly active and selective in the
catalytic conversion of trans-4-phenyl-3-penten-2-one into
4-phenylbutan-2-ol.

Results and Discussion
Nanosized magnetite (Fe3O4) was prepared by the co-

precipitation method,[23] by adding an aqueous solution of
a 1:2 mixture of FeCl2 and FeCl3 to ammonia (0.7 m), fol-
lowed by vigorous stirring. The black Fe3O4 nanoparticles
thus obtained are sensitive to air and must be handled in
an inert atmosphere.[24] The NH4

+ cations adsorbed at the
surface of these particles are partially exchanged by Na+ by
adjusting the pH to 10 by using NaOH (2 m).[23b] The Fe3O4

nanoparticles containing Na+ and NH4
+ at their surface

are isolated from the solution by magnetic decantation and
further used without washing with water.

The dinuclear complex, the benzene ruthenium dichlo-
ride dimer, dissolves in water with hydrolysis to give, with
successive substitution of the chlorido ligands by aqua li-
gands, a mixture of mononuclear benzene ruthenium com-
plexes in equilibrium.[25] The benzene 1H NMR signals of
the D2O solution are assigned to [(C6H6)RuCl2(H2O)] (δ =
5.89 ppm), [(C6H6)RuCl(H2O)2]2+ (δ = 5.97 ppm), and
[(C6H6)Ru(H2O)3]2+ (δ = 6.06 ppm).[26] The dication
[(C6H6)Ru (H2O)3]2+, which was isolated as the sulfate and
structurally characterized,[27] is the major species present in
the hydrolytic mixture over the pH range 5–8 according to
the NMR spectrum.
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When the yellow solution obtained by dissolving the di-
nuclear complex [(C6H6)RuCl2]2 in water is added to the
magnetite nanoparticles described above, the main hydroly-
sis product, [(C6H6)Ru(H2O)3]2+, adsorbs on the surface of
the nanosized Fe3O4 (replacing the appropriate amount of
counterions) to give the ruthenium(II)-modified magnetite
1. This material is isolated by magnetic decantation, washed
with deoxygenated water, and dried under vacuum. Induc-
tively coupled plasma optical emission spectroscopy (ICP–
OES) analysis of this material shows a ruthenium loading
of 0.074 mmol per gram of Fe3O4, which is the maximum
loading. The Fourier transform infrared (FTIR) spectrum
indicates the presence of an absorption band at 576 cm–1,
which can be assigned to Fe–O vibrations of bulk Fe3O4.[28]

Ruthenium(II)-modified magnetite 1 reacts with hydrogen
under pressure (50 bar) at 100 °C in nBuOH by reduction
of the adsorbed [(C6H6)Ru(H2O)3]2+ species to metallic ru-
thenium to give core-shell-type Fe3O4/Ru nanoparticles 2
(Scheme 1), in a manner similar to that for the preparation
of hectorite-supported ruthenium nanoparticles.[29]

Scheme 1. Synthesis of superparamagnetic core–shell-type Fe3O4/
Ru nanoparticles and their catalytic action.

Figure 1 shows the TEM micrograph of 2 before the
catalytic reaction. The size distribution of these superpara-
magnetic Fe3O4/Ru nanoparticles was studied by trans-
mission electron microscopy (TEM) by using the “ImageJ”
software[30] for image processing and analysis. The
mean particle size was calculated by using the equation:
d̄ = Σnidi/ni.[4]
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Figure 1. (a) TEM micrograph with SAED, (b) histogram (the bars
show the size distributtion and the solid line the Gaussian fit), and
(c) EDAX analysis of core-shell-type Fe3O4/Ru nanoparticles 2.

Some aggregation of the nanoparticles was observed,
presumably because nBuOH is not very effective in pre-
venting the aggregation of these particles. However, nBuOH
favors the accessibility of the substrate to catalytically active
sites on the nanoparticles.[31] The micrographs show par-
ticles varying from 5 to 25 nm, the average particle size is
15 nm, which is close to the boundary between superpara-
magnetic and single domains. The mean particle size and
standard deviation (σ) were estimated from image analysis
of about at least 100 particles. The presence of ruthenium
was inferred from energy dispersive X-ray spectroscopic
(EDAX) analysis, which was further confirmed by induc-
tively coupled plasma optical emission spectroscopy (ICP-
OES). The percent weight loss of 2 as a function of tem-
perature was studied by thermogravimetric analysis (TGA),
which shows an overall weight loss of ca. 3% between 180–
445 °C. This loss may be attributed to the loss of nBuOH
molecules adsorbed at the surface of 2.

The X-ray powder diffraction of Ru0-modified magnetite
2 nanoparticles is shown in Figure 2. The average crystallite
size of 14.4 nm was estimated by applying the Scherrer for-
mula[32] on the full widths at half maximum (0.89) of the
strongest (100%) reflection; the value of 2θ is 35.59°.

Figure 3 shows the magnetization curves for ruthenium-
(II)-modified magnetite nanoparticles 1 and Ru0-modified
magnetite 2 nanoparticles measured at room temperature.
These modified nanoparticles have a saturation magnetiza-
tion (σs) of 62.4 and 69.6 emu/g, respectively. These values
are slightly smaller than that of bulk magnetite (92 emu/g),
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Figure 2. X-ray powder diffraction of the Ru0-modified magnetite
2.

which is consistent with the presence of surface coatings
with ruthenium.[22] At low magnetic field, the hysteresis
loops of these nanoparticles (insets in Figure 3) indicate low
coercivity and almost zero remanence, which suggests that
the particles exhibit superparamagnetic behavior. The
slightly opened loop can be attributed to particles with
grain size larger than ca. 20 nm that still can carry remanent
magnetization during the measurement duration of 100 ms.

Figure 3. Magnetization curves for 1 and 2 measured at 300 K. The
insets show magnified hysteresis loops at low magnetic fields, which
highlight the coercivity and remanence of the particles. These par-
ticles exhibit predominantly superparamagnetic behavior with
some blocked, single-domain particles.

The core-shell-type Fe3O4/Ru nanoparticles 2, which are
intrinsically nonmagnetic can be readily dispersed in
nBuOH and easily recovered by applying an external mag-
netic field (Figure 4). They are a highly active and selective
hydrogenation catalyst, which convert trans-4-phenyl-3-
penten-2-one under hydrogen into 4-phenylbutan-2-ol and
avoid the formation of saturated products (Scheme 2).
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Figure 4. Superparamagnetic core-shell-type Fe3O4/Ru nanopar-
ticles (a) dispersed in nBuOH and (b) gathered on the glass wall by
an external magnet.

Scheme 2. Selective hydrogenation of trans-4-phenyl-3-buten-2-one
and possible reaction pathway.

This highly selective reduction of an unconstrained α,β-
unsaturated ketone is striking, especially, since no aromatic
ring hydrogenation was observed. Thus, the catalyst is cap-
able of reducing the C=O bond selectively. The catalytic
reaction was followed by a gas chromatography coupled to
mass spectrometry detector (GC–MS). The products were
separated on an apolar column and were identified by their
retention time and mass spectrum by using the electron im-
pact (EI) ionization method.

The hydrogenation of trans-4-phenyl-3-penten-2-one was
carried out by using 2 freshly prepared by the reduction of
1 in nBuOH (20 mL) under a pressure of hydrogen (50 bar)
at 100 °C for 14 h. GC–MS shows complete conversion of
the substrate (100%). The overall selectivity of 2 towards
unsaturated alcohols was �90 %, presumably because of the
mild reaction conditions and the interaction between the
catalyst and the support. The turnover number was deter-
mined by adding 12.2 mmol (1.78 g) of trans-4-phenyl-3-
penten-2-one after regular intervals, until the catalyst be-
came almost inactive; the total mass of substrate added was
5.34 g. Table 1 shows the time dependence of the catalytic
hydrogenation, which is linear before saturation (Figure 5).
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Table 1. Hydrogenation of trans-4-phenyl-3-penten-2-one with
Fe3O4/Ru nanoparticles in n-butanol.

Time (h) Substrate con- Unsaturated Unsaturated alcohol
version (%) alcohol (%) selectivity (%)

1 15.2 14.3 94.1
2 32.4 30.9 95.4
3 49.3 46.8 94.9
4 69.0 63.1 91.5
5 88.0 79.5 90.3
6 98.8 89.7 90.8
7 100 92.8 92.8

Figure 5. Time dependence of the hydrogenation of trans-4-phenyl-
3-penten-2-one catalyzed by Ru0-coated magnetite 2.

A schematic representation of the reaction pathway
(Scheme 2) shows that the reaction undergoes path A and
not path B, because no traces of 4-phenylbutan-2-one were
observed during GC–MS analysis of the reaction mixtures
taken at different reaction times. It may be assumed that
the saturated alcohol 4-phenylbutan-2-ol is essentially ob-
tained by further reduction of the unsaturated alcohol 4-
phenyl-3-buten-2-ol. Interestingly, no traces of 4-cyclohex-
ylbutan-2-one and 4-cyclohexylbutan-2-ol were observed,
which suggests that 2 is unable to catalyze aromatic ring
hydrogenation under the reaction conditions.

The high selectivity for hydrogenation of the C=O bond
can tentatively be attributed to the activation of the C=O
bond by the metal–support interaction. It can be assumed
that magnetite probably modifies the electronic properties
of ruthenium, which in turn, leads to an increase in the
hydrogenation selectivity for the C=O bond. Thus, the spe-
cific hydrogenation tendency of trans-4-phenyl-3-penten-2-
one can be interpreted in terms of an exclusive adsorption
of C=O bonds at the surface of the nanoparticles.[7a]

The nanoparticles 2 can be recovered and reused, how-
ever, after three catalytic runs, aggregation was observed
(Figure 6). In order to determine the amount of ruthenium
leaching, the combined washings of three consecutive runs
are analyzed by ICP-OES. As there was no iron peak in the
spectrum, which could interfere with the ruthenium signals,
the ruthenium quantity could be calculated without apply-
ing any correction. The leaching observed is around 4.1 %
with respect to original ruthenium loading after three cata-
lytic runs.
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Figure 6. TEM micrograph of 2 after three catalytic runs.

Conclusions

We have prepared novel core-shell-type Fe3O4/Ru nano-
particles, which show a remarkable catalytic activity for the
selective hydrogenation of the C=O bond in an uncon-
strained α,β-unsaturated ketone viz. trans-4-phenyl-3-
penten-2-one. These environmentally friendly superpara-
magnetic nanoparticles can be easily dispersed because of
the intrinsically nonmagnetic nature and can be readily re-
cycled and reused by magnetic decantation.

Experimental Section
Preparation of Fe3O4 Nanoparticles: Fe3O4 nanoparticles were pre-
pared by the co-precipitation method:[23] A freshly prepared aque-
ous solution of 1 m FeCl3 was mixed with 2 m FeCl2 (2.5 mL) dis-
solved in 2 m HCl. Both solutions were prepared in deoxygenated
water. Immediately after the solutions were mixed under nitrogen,
it was added to NH3 (125 mL of a 0.7 m solution) under N2. After
30 min of vigorous stirring, the pH was adjusted to 10 by using a
2 m NaOH. After 1 h, the black Fe3O4 nanoparticles formed were
separated magnetically.

Preparation of Fe3O4/[(C6H6)Ru(H2O)3]2+ (1): Fe3O4 nanoparticles
were redispersed in water (50 mL) containing [(C6H6)2Ru2Cl4]
(0.1 g). This mixture was heated at 80 °C overnight. The resulting
precipitate was separated magnetically, washed with H2O (3�

25 mL), and dried in vacuo.

Preparation of Fe3O4/Ru (2): 2 was obtained by reacting a suspen-
sion of 1 (0.5 g) in nBuOH (20 mL) in a magnetically stirred stain-
less-steel autoclave (volume 100 mL) under a pressure of H2

(50 bar) at 100 °C for 14 h. After releasing the pressure and cool-
ing, 2 was isolated by magnetic decantation and dried in vacuo.

Hydrogenation of trans-4-Phenyl-3-buten-2-one: Freshly prepared 2
(0.5 g) was added to a solution of trans-4-phenyl-3-buten-2-one
(1.78 g) in nBuOH (20 mL). This solution was placed in an auto-
clave (100 mL), while being rigorously stirred at 30 °C under H2

(15 bar). After every hour, the pressure was released, the sample
was taken, and the solution was magnetically decanted from the
solid and analyzed. The turnover number was determined by add-
ing 1.78 g of substrate dissolved in nBuOH (20 mL) at regular in-
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tervals, until the catalyst became inactive; the total volume of sub-
strate added was 5.34 g. The selectivity was checked by GC–MS.
For recycling, a permanent magnet was externally applied to isolate
2 on the side wall of reactor. The reaction solution was decanted
off, and the catalyst was reused directly for the next run.
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Proton sponge phosphanes are unusual ligands in that they
possess two basic sites with very different functions: the
phosphorus binds to a metal center, while the 1,8-bis(dimeth-
ylamino)naphthalene binds protons strongly. Both groups are
selective for their target, and the binding of the proton is
easily reversible by controlling the pH of the solution. Proton
sponge phosphanes therefore make useful chargeable li-
gands for the purposes of electrospray ionization mass spec-
trometric analysis of the complexes in which they are bound.
However, where the 1,8-bis(dimethylamino)naphthalene is
functionalized with the phosphane is critical, and the 1-di-
methylamino group can become involved in binding to the

Introduction

Electrospray ionization mass spectrometry (ESI-MS) has
a number of strengths that make it well suited to the study
of organometallic catalysis. (1) ESI-MS is a soft technique
that operates on solutions and can leave weak bonding in-
teractions intact. (2) Only species that are already charged
in solution or contain an easily charged site are detected.
Because of this most common solvents are “invisible” and
very low detection limits are accessible.[20] (3) Analysis is
fast (on the order of seconds), and (4) intermediates at nano-
molar concentrations can be detected with ease. Finally,
(5) since each species in solution is usually represented by
a single peak in the mass spectrum it is often possible to
extract information from complex mixtures. A growing
body of literature exists in which investigators have taken
advantage of these attributes of ESI-MS to study organo-
metallic systems. The first was Berman who used ESI-MS
to detect a number of environmentally important organo-
arsenic ions.[1] Another notable early example comes from
Canty in 1993 who reported the positive ESI-MS(/MS)

[a] Department of Chemistry, University of Victoria,
P. O. Box 3065, Victoria, BC V8W 3V6, Canada
E-mail: mcindoe@uvic.ca

[b] X-ray Crystallography Laboratory, Department of Chemistry,
University of Alberta,
Edmonton, AB, T6G 2G2, Canada

[‡] Current address: Department of Chemistry, University of
Warwick,
Coventry CV4 7AL, UK
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201100820.

Eur. J. Inorg. Chem. 2012, 733–740 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 733

metal when diphenylphosphane is in the 2-position. This be-
havior is undesirable from the point of view of keeping pro-
ton and metal binding segregated, and we introduce an ef-
ficient synthesis of the 4-substituted proton sponge phos-
phane in which the two functional groups are on opposite
sides of the naphthalene ring. This precaution solves the
problem of the molecule acting as a bidentate ligand, but
caution is still needed when using the ligand, because ioniza-
tion pathways such as halide dissociation to form [M – X]+

ions and oxidation of electron-rich metal complexes to form
[M]·+ can be competitive with protonation.

studies of various palladium and platinum organometallic
complexes.[2] Since then, a growing application of ESI-MS
in this area has been in the identification of short-lived,
low-concentration intermediates. It has been used in the
study of catalytic oxidation,[3] hydrogenation,[4] hydro-
silylation [5] and carbon–carbon bond-forming reactions.[6]

A large amount of the attention has been given to palla-
dium-catalyzed carbon–carbon bond-forming reactions.[7]

In order to investigate any catalytic system by ESI-MS all
species of interest must be charged; either inherently, adven-
titiously (e.g., by protonation or loss of a halide), or inten-
tionally by installing a charged or chargeable tag.

Monitoring catalytic reactions that have intrinsically or
adventitiously charged intermediates is relatively simple,
and analyses of these types of systems constitute the bulk
of the literature,[8] but many of the most important catalytic
organometallic reactions proceed through neutral interme-
diates where there are no reliable ionization mechanisms for
visualization by ESI-MS. In order to study these systems a
charged or chargeable (usually having an acidic or basic
site) tag is required. Importantly, the tag must not introduce
steric or electronic effects that interfere with the catalysis in
any way.

In 1994 Canary et al. purposefully used a substrate with
an easily protonated site to study the palladium-catalyzed
reactions of pyridyl bromide with three different phenyl-
boronic acids by ESI-MS. Pyridyl bromide was selected as
a chargeable tag due to the ability of the ring nitrogen to
become protonated. Relying on this ionization mechanism,
oxidative addition intermediates and transmetallation inter-
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mediates were observed.[9] Many of the existing studies
using charged ligands focus on ruthenium-catalyzed sys-
tems, and they often make use of ligands designed to confer
water solubility. The groups of Traeger,[10] Nicholson,[11]

and Chen[12] have made significant contributions to this
area. However, it is still a somewhat under-appreciated ap-
proach.

Chargeable tags are neutral molecules that contain a
functional group of interest, and at a secondary site bind
either an acid or a base to become charged. Chargeable tags
(as opposed to permanently charged tags) are appealing for
a number of reasons: (i) Any effect that the charged group
may have on reactivity is mitigated since the charged tag is
in equilibrium with its neutral counterpart, (ii) the pH of
the droplet decreases rapidly as the solvent evaporates,[13]

so addition of protons is often not required, and (iii)
chargeable ligands have the potential to aid in catalyst re-
covery since their solubility in organic solvents can be ma-
nipulated by changing the pH of the reaction mixture.

We have developed chargeable phosphane ligands de-
rived from the strong base 1,8-bis(dimethylamino)naphth-
alene also known as “Proton Sponge®” that serve as ana-
logues for commonly used organometallic ligands.[14] First
studied by Alder and co-workers, Proton Sponge® (1) is a
very strong, non-nucleophilic base (pKa = 12.34 in H2O)
with high thermodynamic basicity but relatively low kinetic
basicity.[15] 1 binds H+ by forming intramolecular hydrogen
bonds with both nitrogen centers in the molecule to give
the charged [N···H···N]+ moiety. 1 has been used extensively
as a non-nucleophilic proton abstractor in organic synthe-
sis,[16] and as a matrix material in MALDI-MS.[17]

The high thermodynamic basicity of 1 is attributed to a
combination of factors.[18] The methyl groups bound to
each nitrogen sterically clash with each other and force the
nitrogen lone pairs to point toward each other adopting an
“in-in” conformation.[19] This leads to a high degree of lone
pair-lone pair repulsion and causes the naphthalene back-
bone to be twisted. By protonating the neutral molecule a
more optimal geometry is attained, steric strain is relieved,
and the naphthalene ring returns to planarity.[20] Additional
stabilization is gained through the strong intramolecular hy-
drogen bonds formed between the proton and both nitrogen
lone pairs.[18a] The low kinetic basicity of 1 arises from the
steric crowding of the basic site by the four nearby methyl
groups. These methyl groups and the proximity of the two
nitrogen centers to each other are also responsible for the
high selectivity that 1 has for H+; all other cations are too
large to fit in the resulting pocket.[21] The overall effect is
that 1 is approximately six orders of magnitude more basic
than typical aromatic amines, and can selectively trap ad-
ventitious protons and become charged.

Results and Discussion

We expected 1 to be a well-behaved electrospray-active
tag based on the properties discussed above. Other poten-
tially interfering cations such as Na+ or K+ are too large to
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bind to 1, so mass spectra of 1 display only the [M + H]+

peak even in the presence of competing cations. Its high
ionization efficiency in solution leads to signal intensities
approaching those of phosphonium ions allowing for detec-
tion at very low concentrations and ensuring that all species
containing 1 are represented in the spectrum. Di-proton-
ation is extremely unfavorable and the doubly charged ion
is never seen, further simplifying the resulting spectra. Ap-
pending 1 to common ligands was anticipated to provide a
means of reversibly and selectively charging and investiga-
ting a variety of organometallic and coordination com-
pounds and their reactivity. Triphenylphosphane was se-
lected as the parent ligand since it is inexpensive, readily
available and is used routinely as a ligand in many catalytic
reactions. 1 can be substituted for one of the phenyl groups
on phosphorus to give the ortho- or para-electrospray-active
ligands 1,8-bis(dimethylamino)-2-(diphenylphosphanyl)-
naphthalene (3a) or 1,8-bis(dimethylamino)-4-(diphenyl-
phosphanyl)naphthalene (3b) (see Scheme 1).

Scheme 1. Synthesis of 3a and 3b. a) NBS / THF / –78 °C; 63%
yield. b) Br2 / CCl4 / 22 °C; 52% yield. c) nBuLi / THF / –78 °C,
PPh2Cl / THF / –78 °C.

Initial work on the two isomers revealed that while syn-
thesis of 3a was straightforward, synthesis of 3b was not.
The problem lies in the first step of the reaction: bromina-
tion of 1, which can be effectively accomplished in the ortho
(2-) position using the brominating agent N-bromosuc-
cinimide, selective for ortho-bromination at low tempera-
tures.[22] However, despite attempting the reaction under a
variety of brominating conditions that were reported in the
literature,[23] selective para-bromination at only one of the
para-sites on Proton Sponge® was elusive. Product mixtures
which included ortho-substituted and di-substituted com-
pounds were obtained, and purification of 3b from these
mixtures was difficult and low yielding.

3a reacts with a range of metal complexes, including
Fe(CO)5, W(CO)5(thf), PdCl2(cod) (cod = cyclooctadiene),
and {Ru(η6-p-cymene)Cl2}2. In the reactions with Fe(CO)5

and W(CO)5(thf), 3a coordinated only through the phos-
phorus atom, and the ESI-MS showed only the expected
[M + H]+ ions.[14] Reaction of 3a with [Ru(η6-p-cymene)-
Cl2]2 produced Ru(η6-p-cymene)Cl2(3a) as a crystalline
product, but the small orange prisms obtained did not give
enough reflections for an X-ray crystallographic structure
to be determined. The ESI-MS (in different solvents, in-



Proton Sponge Phosphanes

Figure 1. Positive-ion ESI-MS and MS/MS of [Ru(η6-p-cymene)Cl(3a)]+ in CH2Cl2. Fragmentation by loss of p-cymene rather than loss
of 3a is strong evidence that 3a is strongly bound and hence not monodentate.

cluding CH2Cl2, MeOH, and MeCN) suggested that a
chloride ligand had been displaced, as the product appeared
to be [Ru(η6-p-cymene)Cl(3a)]+ rather than [Ru(η6-p-
cymene)Cl2(3a) + H]+. Assessment of NOE interactions
(2D 1H NOESY) allowed assignment of the 1H NMR spec-
trum (see Supporting Information Figure SI2) to give the
structure shown in Figure 1. The bulky proton sponge
group is seen under the methyl end of the p-cymene, rather
than the isopropyl end, which is attributed to steric interac-
tions. The protons on the dimethylamino groups nearest to
the ruthenium center are deshielded (4.18, 4.02 ppm) and
chemically distinct from each other [by way of comparison,
in the Fe complex Fe(CO)4(3a) the same protons are seen
as one signal at δ = 2.41 ppm], indicative of a substantial
nitrogen lone pair interaction with the ruthenium.

Evidently the proton sponge functionality was coordinat-
ing to the metal in this case and so further complexes were
investigated to determine the generality of this behavior.
Reaction of PdCl2(cod) with 3a produced PdCl2(3a)2

through displacement of the weakly bound cod ligand by
two equivalents of 3a, and an X-ray crystal structure deter-
mination was carried out (Figure 2, CCDC-837948).

The structure shows an essentially conventional triaryl-
phosphane ligand, with some distortion due to the bulk of
the proton sponge in the ortho position. The considerable
bulk of 3a is evident from the structure, so it is therefore
not surprising that the trans isomer is favored. The phos-
phane ligand in trans-PdCl2(3a)2 is calculated to have a
cone angle[24] of 169° with measurements taken directly
from the crystal structure. The cone angle of PPh3 in the
triphenylphosphane analogue trans-PdCl2(PPh3)2 is 146°
when calculated by the same method.[25]
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Figure 2. Single-crystal X-ray structure of trans-PdCl2(3a)2. Key
bond lengths: Pd–Cl 2.312 Å; Pd–Cl 2.349 Å; P–C31 1.824 Å; C42–
N1 1.427 Å; Me–N (1.45�0.015) Å. Key bond angles: P–Pd–Cl
(90�1)°, Pd–P–C31 113.99°, Pd–P–C21 103.12°, Pd–P–C31
125.87°. Key torsion angle: N1–C42–C34–N2 9.00°.

ESI-MS of trans-PdCl2(3a)2 in CH2Cl2 or MeOH gave
no discernible signal, but mixtures of the solvents or ad-
dition of a small amount of formic acid enabled detection
of charged derivatives of the complex (Figure 3). Free li-
gand [3a + H]+ at m/z 399.06 was the most intense signal,
less intense (palladium) species were seen at higher values.
The parent complex PdCl2(3a)2 ionized principally through
two different pathways: loss of Cl– gave [PdCl(3a)2]+ at m/z
938.91 whereas addition of H+ gave [PdCl2(3a)2 + H]+ at
m/z 974.89.[26] In the presence of formic acid, the intensity
of these two peaks was approximately equal despite the
large excess of acid available. In CH2Cl2/MeOH with no



N. J. Farrer, K. L. Vikse, R. McDonald, J. S. McIndoeFULL PAPER

Figure 3. Top: ESI-MS (CH2Cl2/formic acid) of PdCl2(3a)2. Middle: enlargement of m/z 920–1000 region. Bottom: MS/MS of [PdCl2-
(3a)2 + H]+. MS/MS of the species at m/z 485.95 and m/z 581.89 are shown in the Supporting Information.

added acid the loss of Cl– was dominant. The intensity of
the palladium species in the presence of acid was much
lower than in CH2Cl2/MeOH, as the acid causes some de-
composition of the original complex to generate a small
quantity of free ligand [3a + H]+. [PdCl(3a)2]+ showed a
strong affinity for CH3CN despite only trace amounts being
present in the mass spectrometer; [PdCl(3a)(CH3CN)]+ is
seen at m/z 581.89, and the unsolvated complex [PdCl-
(3a)]+ is seen at a lower intensity at m/z 538.90. Fragmenta-
tion of [PdCl(3a)(CH3CN)]+ showed facile loss of the
CH3CN at low collision energies (Supporting Information,
Figure SI2). The acetone adduct [PdCl(3a)(Me2CO)]+ was
detected at m/z 614.77. The complexity of the palladium
speciation led us to synthesize the platinum equivalent,
PtCl2(3a)2, which did ionize predominantly by addition of
a proton rather than by chloride loss (see Supporting Infor-
mation, Figure SI3), though the high abundance of free [3a
+ H]+ confirmed that 3a was rather labile.

The propensity of the ligand to ionize through chloride
displacement was troubling, because ideally the chargeable
group should provide a unique ionization pathway that
does not involve alteration of the coordination sphere of
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the metal. We therefore examined a palladium complex that
did not contain chloride, namely Pd(dba)2 (dba = dibenz-
ylideneacetone), which is a useful precursor to Pd0 phos-
phane complexes, as the dba ligands are easily displaced.
Unfortunately, complicated reactivity ensued and no species
of the form [Pd(3a)n + H]+ (n = 1, 2, 3) were detected.
Instead, the Pd0 appeared to activate the proton sponge
functional group and species of the form [1 – H]+ were de-
tected, suggesting the ligand had undergone C–P bond acti-
vation. The final nail in the coffin for 3a was that it did not
promote cross-coupling reactions, including simple Suzuki
and Sonogashira couplings that worked well with tri-
phenylphosphane. 3a was therefore abandoned as a useful
ligand, as the proximity of the proton sponge functionality
to the metal center compromised the reactivity we hoped to
study: it failed the test of a useful chargeable tag for ESI-
MS studies.

This nonideal reactivity caused us to revisit 1, substituted
in the para position as a charged ligand with the aim of
inhibiting unwanted participation of the proton sponge
functionality in reactions since the chargeable dimeth-
ylamino groups of 3b are further removed than those of 3a
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and are unable to interfere with reactivity at the metal cen-
ter. A synthesis was developed under which 3b could be
produced with an overall isolated yield of 19% in two steps
(Scheme 1). 2b was synthesized by dropwise addition of
bromine (diluted in carbon tetrachloride) to a carbon tetra-
chloride solution of 1 at room temperature. This addition
must be performed slowly (ca. 2.5 h) to maintain selectivity
for 3b. After addition of aqueous solutions of sodium thio-
sulfate and sodium hydroxide, ESI-MS showed good selec-
tivity for addition of only one bromine atom to 1 (only
small amounts of 1 at m/z 215, and the di-brominated side
product, m/z 457, are observed); although MS could not
distinguish between ortho- and para-brominated isomers
(Supporting Information, Figure SI4). After workup, 1H
NMR confirmed that the correct isomer was formed (Sup-
porting Information, Figure SI5) in a ratio of 93:7 (para:or-
tho), the reverse of the ratio obtained in the synthesis of 2a
when NBS at –78 °C is used for bromination (9:91). 2b was
used without further purification to form 3b via lithiation
and treatment with PPh2Cl at low temperature in THF. The
mixture was warmed to room temperature with stirring and
then allowed to settle. After filtration, deep orange crystals
of 3b were formed in the filtrate via solvent evaporation.
An X-ray crystal structure determination was performed on
a single crystal of 3b (Figure 4, CCDC-837947).

Figure 4. Single-crystal X-ray structure of 3b. Key bond lengths:
P1–C (1.838�0.002) Å; C1–N1 1.402 Å; C9–N2 1.404 Å; N–CMe

(1.452 �0.002) Å. Key bond angles: C21–P1–C31 101.98°; C21–
P1–C4 100.94°; C31–P1–C4 102.28°. Key torsion angle: N1–C1–
C9–N2 22.75°.

Comparison of the structure of 3b to that of 3a[14] reveals
that the torsion angle reflecting the in-and-out of plane
bending of the dimethylamino groups is 22.8° in 3b, signifi-
cantly less than the 37.4° seen for 3a. The reduced strain is
no doubt due to the –PPh2 group being moved from the
proximal 2- to the remote 4-position. The N···N distance is
correspondingly reduced, from 2.90 to 2.78 Å. Like 3a, 3b
displays pH-dependent water solubility[27] – the unproton-
ated form is soluble in organic solvents only, addition of
acid protonates the sponge functionality and allows aque-
ous dissolution.

The mass spectrum of 3b gave the expected single, intense
[M + H]+ peak (Figure 5). To test the behavior of the tag
when coordinated to a metal center, a solution of

Eur. J. Inorg. Chem. 2012, 733–740 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 737

PdCl2(cod) in dichloromethane was combined with a solu-
tion of 3b in dichloromethane and an ESI-MS of the mix-
ture was collected. The major signal in the spectrum (m/z
975) corresponds to [PdCl2(3b)2 + H]+ in which one of the
chargeable ligands is protonated. In contrast to 3a, no sig-
nal corresponding to ionization by loss of chloride (m/z
940) was observed, and very little of the free ligand is ob-
served (m/z 399) suggesting that 3b performs well as a li-
gand for palladium.

Figure 5. Positive-ion ESI-MS of a dichloromethane solution of
PdCl2(cod) and 3b. Small peaks are observed at: m/z 415 for the
oxidized ligand [3bO + H]+, m/z 488 for the doubly charged com-
plex [PdCl2(3b)2 + 2H]2+, and m/z 539 and m/z 1077 for the singly
and doubly protonated versions of the dimer Pd2Cl2(3b)2, respec-
tively.

Given the success of 3b as a chargeable tag, we next em-
ployed 3b in the study of a catalytic reaction. Our goal was
to study palladium-catalyzed systems, and to that end we
chose a Stille reaction, which Santos had previously studied
by ESI-MS,[28] to test the performance of our chargeable
ligand. An acetonitrile solution containing the catalyst
Pd(OAc)2 and 3b was examined by MS, and the result was
somewhat disappointing (Figure 6). While species consis-
tent with the ones reported by Santos were detected, more
than one ionization pathway was operative; protonation of
3b was observed, and many of the palladium-containing
species were also oxidized to form radical cations. The latter
ionization method involves oxidation of Pd0 at the tip of
the electrospray capillary – the very method that Santos
relied on in his experiments to obtain positive ions. We had
anticipated that protonation of 3b would be correspond-
ingly more facile, suppressing oxidation of palladium. How-
ever, this was not the case.

Why do the radical cations form? ESI-MS owes much of
its sensitivity to the creation of an excess of positive (or
negative, depending on the ionization mode) charge on the
droplets. It does so through electrochemistry – a tiny
amount of material is oxidized at the capillary. Typically,
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Figure 6. Positive-ion ESI-MS of an acetonitrile solution of
Pd(OAc)2 and 3b.

this process is invisible because the oxidized material, often
the iron in the stainless steel capillary, rarely appears in the
mass spectrum (its surface activity is low). However, Pd0

phosphane complexes are both greasy (hydrophobic, sur-
face active) and very easily oxidized, more so than the capil-
lary.

Further investigation of the Stille reaction using 3b pro-
duced spectra containing many peaks that were difficult to
assign (Supporting Information, Figure SI6). We attributed
these peaks to the products of unknown reactivity involving
the radical species formed in the electrospray ionization
process and we conclude that while 3b can perform as an
ESI tag, it is not suited to the study of systems for which
there are efficient alternative metal-based ionization path-
ways. It should be noted, however, that Pd0 is an unusually
challenging system, and that for less electron-rich metal
complexes, the idea remains valid.

The difficulty in obtaining interpretable MS data on pal-
ladium-catalyzed reactions using chargeable ESI tags led us
to the investigation of permanently charged ESI tags for the
study of these systems.[29] Permanently charged ESI tags
have the advantage of (1) being less pH-dependent than
chargeable tags, and (2) having fewer potential avenues for
reactivity that may interfere with the system of interest. In
our experience, the use of a permanently charged tag gen-
erally results in simpler spectra.[30] Ammonium or phospho-
nium groups are most commonly employed as the charged
group,[31] and if solubility of the molecule in organic sol-
vents is compromised due to the addition of this polar
group, the counterion may be exchanged to obtain more
desirable solubility properties.

Conclusions

Proton sponge derivatized phosphane ligands possess –
theoretically at least – many of the properties desirable for
a chargeable ESI-MS tag. Alone, they are selective for ion-

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 733–740738

ization by protons, even in the presence of other cations.
Their ionization efficiency is good. They coordinate readily
to metal complexes through the phosphorus. However, they
have weaknesses that hamper their ability to perform reli-
ably: their ionization is dependent on the acidity of the
solution, they are bulkier than the parent triphenylphos-
phane (especially for 3a, the ortho-substituted sponge), co-
ordination by the sponge functionality can be problematic,
and reactivity can be substantially different to the parent
triphenylphosphane.

Experimental Section
General: Dry solvents were obtained from an MBraun solvent puri-
fication system. All solvents were HPLC grade unless otherwise
stated. Reagents were purchased from Aldrich and used without
further purification except for 1, which was recrystallized from hot
methanol. Reactions performed under nitrogen were carried out
using standard Schlenk techniques. All electrospray ionization
mass spectra were collected with a Miromass Q-TOF micro instru-
ment. Capillary voltage was set to 2900 V, source temperature was
80 °C and desolvation temperature was 150 °C. Samples were in-
fused via syringe pump at 10 μLmin–1. NMR spectra were re-
corded with a Bruker AC-300 spectrometer. Chemical shifts are
quoted in ppm using internal references of CDCl3 (1H δ =
7.26 ppm) or CD3CN (1H δ = 1.94 ppm) where appropriate. Melt-
ing points were recorded with a Gallenkamp melting point appara-
tus and are uncorrected. IR spectra were recorded using a solution
cell in a Perkin–Elmer Spectrum 1000 FT-IR spectrometer.

[1,8-Bis(dimethylamino)naphthalene-4-yl] Bromide (2b): A solution
of bromine (2.15 mL, 41.7 mmol) in carbon tetrachloride (40 mL)
was added dropwise over 2.5 h to a stirring solution of 1 (10.0 g,
46.6 mmol) in carbon tetrachloride (60 mL) under an inert atmo-
sphere, resulting in a dark red solution. To this, aqueous solutions
of sodium thiosulfate (1 m, 20 mL) and sodium hydroxide (20% w/
v, 20 mL) were added dropwise with stirring. The resultant yellow-
brown mixture was filtered and the beige byproduct was washed
(CH2Cl2). The organic layer was collected and the volume reduced
to give 2b as a red-brown oil (7.07 g, 52% crude yield). The product
was used directly without further purification to synthesize 3b. 1H
NMR (300 MHz, CDCl3): δH = 7.80–6.71 (m, 5 H, aromatic pro-
tons), 2.81–2.77 [m, 12 H, 2(NMe2)] ppm.

[1,8-Bis(dimethylamino)naphthalene-4-yl]diphenylphosphane (3b): A
solution of 2b (1.5 g, 5.1 mmol) in THF (15 mL) was cooled to
–78 °C and nBuLi (3.3 mL, 1.6 m in hexanes, 5.1 mmol) was added
dropwise with stirring, after which the solution was stirred for a
further 30 min resulting in an amber-colored solution. Chloro-di-
phenylphosphane (1 mL, 5.4 mmol) was added dropwise with vig-
orous stirring, and stirring was continued (–78 °C, 2 h) giving a
red-orange solution. The mixture was warmed to room temperature
and the yellow-brown precipitate isolated by filtration. Orange
crystals of 3b were collected from the filtrate by solvent evaporation
(37% yield). 1H NMR (300 MHz, CDCl3): δH = 7.98 (m, 1 H,
naphthalene proton), 7.27 (m, 11 H, phenyl protons and one naph-
thalene proton), 6.90 (d, 1 H, naphthalene proton), 6.78 (m, 2 H,
naphthalene proton), 2.804 [s, 6 H, N(CH3)], 2.799 [s, 6 H,
N(CH3)] ppm. 31P NMR (360 MHz, CDCl3): δP = –13.41 [s,
PPh2(C10H17N2)] ppm. M.p. 168–169 °C.

Reaction of [Ru(η6-p-cymene)Cl2]2 with 3a in MeOH: Adapted from
ref.[32] A methanolic solution of 3a (2 equiv., 0.131 g, 0.33 mmol)



Proton Sponge Phosphanes

and [Ru(p-cymene)Cl2]2 (0.101 g, 0.165 mmol) was refluxed for 3 h
with monitoring (ESI-MS), after which time the reaction was
judged to be complete (absence of free 3a). The solution was left
to stand for 2 d, reduced in volume and layered with pentane.
Crystallizations were set up, eventually the product decomposed to
black oil. ESI-MS (after 2 h reflux, MeOH, selected peaks): m/z
(%) = 634.94 (40) [Ru(η6-p-cymene)(3a) + H]+, isotope model
(635.22), 874.53 (3) [Ru2(η6-p-cymene)(MeOH)Cl3(3a)]+, isotope
model (875.05). MS/MS (635) [Ru(η6-p-cymene)(3a) + H]+): m/z
(%) = 496.41, 457.35, 379.10, 298.81 (major Ru species) and 197.70
([M – CH4]+, model 198.11). MS/MS (874), [Ru2Cl3(η6-p-
cymene)(3a)MeOH]+: m/z (%) = 872.56, general Ru “grass” be-
tween 800 and 400, 213.8 ([M – H]+, model 213.14).

Reaction of [Ru(p-cymene)Cl2]2 with 3a in MeCN/toluene: The com-
pounds 3a (13 mg, 0.033 mmol) and [Ru(p-cymene)Cl2]2 (10 mg,
0.017 mmol) were placed in a flask, which was evacuated and
placed under N2. CD3CN (1 mL) was added, the solution mixed
and filtered into an NMR tube. The reaction was monitored by 31P
and 1H NMR at regular intervals. 31P NMR yield 80 %. 1H NMR
(360 MHz, CD3CN, [Ru(η6-p-cymene)Cl2]2): δH = 5.54 (d, J =
6.1 Hz, 4 H, AriPr), 5.29 (d, J = 6.2 Hz, 4 H, ArMe), 2.90 (septet,
J = 7.0 Hz, 2 H, HiPr), 2.22 (s, 6 H, Me), 1.29 [d, J = 7.0 Hz, 12
H, 2(iPr)Me] ppm. 13C NMR {90 MHz, CD3CN, [Ru(η6-p-
cymene)Cl2]2}: δC = 103.52 (quat, AriPr), 99.99 (quat, ArMe), 84.63
(ArMe), 82.21 (AriPr), 31.79 (secondary iPr), 22.38 (iPrMe), 18.96
(Me) ppm. Main product, [Ru(p-cymene)(Cl)(3a)][Cl]. 31P NMR
(red crystals, 146 MHz, CD3CN): δ = 52.69 (s) ppm. 1H NMR
(360 MHz, CD3CN): δH = 7.85 [ddd, J = 11.3, 1.1, 8.3 Hz, 2 H,
H12, NOE to p-cymene (5.07)], 7.71–7.49 (m, 12 H, 1 5-H, 1 4-H,
2 12�-H, 2 13-H & 2 13�-H, 1 14-H & 1 14�-H, 6-H, 7-H) ppm.
Within this: 7.54–7.58 (4-H), 7.28–7.16 (m, impurity, 2 H), 7.12
(dd, 1 H, J = 8.4, 9.6 Hz, coupling to 31P, H3), 6.28 (dd, J = 7,
1 Hz, 1 H, p-cymene ring, NOE to iPr group at 1.22 and 6.07),
6.25 (dd, J = 5.2, 1 Hz, 1 H, p-cymene ring, NOE to 5.07 and Me
at 1.53), 6.07 (dd, J = 6.3, 1 Hz, 1 H, p-cymene ring, NOE to Me
group at 4.02 and Me group at 1.53), 5.07 (dd, J = 6.0, 1.5 Hz, 1
H, p-cymene ring, NOE to iPr CH group and 6.25, NOE to H12 at
7.85), 4.18 [d, J = 0.5 Hz, 3 H, NMe group, on C1back, NOE to
6.07 (weak) and 6.25 p-cymene proton], 4.02 (s, 3 H, Me, NMe
group, on C1front, NOE to 6.07 p-cymene, NOE to p-cymene Me at
1.53), 2.90 (s, 3 H, NMe group on C8back, NOE to NMe at 4.18
and weak NOE to NMe at 4.02), 2.78 (septet, J = 6.9 Hz, 1 H, iPr
CH, NOE to both 1.22 and 1.18, and 5.07), 2.27 (s, NMe group
on C8front, 3 H, NOE to Ar-CH3 at 1.53, strong NOE to NMe on
C8back at 2.90, very weak NOE to 7-H), 1.53 (s, Ar-CH3 group,
NOE to 6.25 and 6.07), 1.22 (d, J = 6.7 Hz, 3 H, iPr CH3 group,
NOE to 2.78), 1.18 (d, J = 6.9 Hz, 3 H, iPr CH3 group, NOE to
2.78). ESI-MS: m/z (%) = 669.16 (100%) ([Ru(η6-p-cymene)Cl-
(3a)]+ model 669.18). MS/MS (669): m/z (%) = 669.97 ([Ru(η6-p-
cymene)Cl(3a)]+), 536.52 ([RuCl(3a)]+ model 535.07), 482.36,
197.70 ([1a-CH3]+, model C13H13N2 197.11).

Reaction Between [Ru(p-cymene)Cl2]2 and Protonated Ligand
3a·HBF4: The reaction was repeated by stirring at room tempera-
ture in MeCN with the protonated ligand 3a·HBF4 overnight. The
only new 31P signal detected was due to the intermediate (pos-
tulated to be the dimer) not the final product monomer. 31P NMR
(121 MHz, CD3CN): δP = –18.32 (s, 3a·HBF4, integral 35), 31.97
(s, integral 1) ppm.

Crystalline trans-PdCl2(3a)2 (Orange) with Crystalline Pd2Cl4(3a)2

(Yellow): A yellow solution of 3a (100 mg, 0.25 mmol) in dry ether
(0.5 mL) was layered onto a solution of [Pd(COD)Cl2] (20 mg,
0.07 mmol) in dry CH2Cl2 (0.5 mL) in a narrow glass tube. Orange
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crystals of trans-[PdCl2(3a)2] and a small quantity of yellow crystals
of [Pd2Cl4(3a)2] slowly formed at the interface. The orange crystals
proved to be highly insoluble in most solvents and only sparingly
soluble in CH2Cl2. Yellow crystals of [Pd2Cl4(3a)2] were completely
soluble in CH2Cl2. M.p. ([PdCl2(3a)2]) 178–186 °C (decomp.),
m.p. ([Pd2Cl4(3a)2]): 198 °C (decomp.). PdCl2(3a)2·CH2Cl2:
C53H56Cl4N4P2Pd: calcd. C 60.22, H 5.34, N 5.30, P 5.87; found C
59.95, H 5.39, N 5.14, P 5.64. 31P NMR (CDCl3, 202 MHz): δP =
42.80 {s, [Pd2Cl4(3a)2]}, trace 32.82 (s, trans-[PdCl2(3a)2]) ppm. 1H
NMR (CDCl3, 500 MHz): δH = 7.81 (ddd, JHP = 13.1, JHH = 8.3,
1.0 Hz, 4 H, 12-H), 7.75 (dd, J = 7.7, 1.5 Hz, 1 H, 5-H or 7-H)
7.71 (dd, J = 8.5, 1.6 Hz, 1 H, 4-H), 7.67 (dd, J = 7.5, 1.5 Hz, 1
H, 5-H or 7-H), 7.62 (dd, J = 7.7 Hz, 1 H, 6-H), 7.57 (t, 2 H, 14-
H), 7.47 (td, JHH = 8.8, JHP = 3 Hz, 4 H, 13-H), 7.07 (dd, JHP =
9.4, JHH = 8.5 Hz, 1 H, 3-H), 4.19 (s, 6 H, NMe2), 2.62 (s, 6 H,
NMe2) ppm. Major impurity: 6.28 (m, cod, 2.5 H), 5.56 (m, cod, 2
H), 2.35 (m, cod, 4 H) ppm. ESI-MS (CH2Cl2/formic acid) selected
peaks: m/z (%) = 974.89 (0.2%, [PdCl2(3a)2 + H]+, model 975.23),
581.88 (0.35%, [MeCN·PdCl(3a)]+, model 582.08), 485.95 (0.08%,
[PdCl2(3a)2 – 2H]2+, model 486.94). MS/MS (974): m/z (%) =
974.91 ([PdCl2(3a)2 + H]+), 399.09 [3a +H]+. ESI-MS (yellow crys-
tals) (MeOH/DCM) selected peaks: m/z (%) = 1114.84 (100%,
[Pd2Cl3(3a)2]+, model 1115.10), 1078.89 (2%, [Pd2Cl2(3a) – H]+,
model 1079.12), 538.94 (100%, [PdCl·3a]+, model 539.07).

Synthesis Using 3a·HBr: ESI-MS (orange product): m/z (%) =
376.10 (1%, [“Pd”]2+), 397.19 [5%, (3a – H)]+, 399.20 [1%, (3a
+ H)]+, 486.11 (3%, [PdCl2(3a – H)2]2+, model C52H52Cl2N4P2Pd,
486.61), 575.03 (4 %, [PdCl2(3a – H)]+, model C26H26Cl2N2PPd,
575.03), 607.05 (2%), [PdCl2(3a) + 31]+, 774.12 (0.5%, [Pd2Cl4(3a –
H)2(3a)]2+, model C78H79Cl4N6P3Pd2, 774.62), 791.10 (0.2%
[“Pd”]2+), 827.05 (0.2% [“Pd2”]2+), 844.05 (0.3%, [“Pd2”]2+),
863.03 (0.3%, [“Pd2

”]2+), 880.00 (3%, [Pd3Cl7(3a – H)3]2+, model
880.52), 933.45 (0.1%, [“Pd2”]2+).

Synthesis of PtCl2(3a)2: A solution of 3a (43 mg, 0.11 mmol) in
diethyl ether (1.1 mL) was added to a stirring solution of
PtCl2(cod) (20 mg, 0.054 mmol) in CH2Cl2 (0.7 mL). The pale yel-
low solution intensified in color on stirring for 6 h after which time
stirring of the solution was stopped and ether was carefully layered
onto the solution which was left overnight. Microcrystalline yellow
PtCl2(3a)2 was recovered in two successive crops by filtration and
washing with ether: yield 23 mg, 41%, m.p. 236–240 °C (decomp).
31P NMR (400 MHz, CDCl3): δP = 15.6 (1JPPt = 3900 Hz) ppm. 1H
NMR (400 MHz, CDCl3): δH = 7.79 (m, 10 H, 8 12-H plus 2 4-
H), 7.71 (d, J = 2, 8 Hz, 2 H, 5-H or 7-H), 7.69 (d, J = 8, 2 Hz, 2
H, 5-H or 7-H), 7.62 (t, J = 7.6 Hz, 2 H, 2 6-H), 7.54 (m, 4 H, 4
14-H), 7.45 (t with 31P coupling, 8 13-H), 7.20 (dd, J = 8, 9 Hz, 2
H, 3-H), 4.40 [s, 6 H, N(CH3)2, 1-H or 8-H], 2.62 [s, 6 H,
N(CH3)2, 1-H or 8-H] ppm. ESI-MS (of crude solution, CH2Cl2):
m/z (%) = 398.89 (100%, [3a + H]+), 1062.58 (15%, [PtCl2(3a)2 +
H]+) and trace amounts (�1%) of: [PtCl(3a)2]+ (1026.65, 0.5 %),
dimer at 1726.23 (model Pt2Cl4(3a)3H = 1727.38). MS/MS of
[PtCl2(3a)2 + H]+ gave exclusively free [3a + H]+ at 399.03. MS/
MS of the dimer at 1726 gave [PtCl2(3a)2 + H]+ and [3a + H]+

only.

CCDC-837948 (for 3a) and CCDC-837947 (for 3b) 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): Additional ESI-MS(/MS) and 1H NMR spectra.
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Isopropoxy- and tert-butoxy-(salicylideneamino-2-thiophen-
olato)titanium(IV) complexes from seven different salicyl-
aldehydes were prepared and characterized. Two examples,
diisopropoxy(4�-methoxysalicylideneamino-2-thiophenolato)-
titanium(IV) and di-tert-butoxy(salicylideneamino-2-thio-
phenolato)titanium(IV), were also characterized crystallo-
graphically. Three other examples crystallized as L2Ti spe-

Introduction

Direct methanol fuel cells are a promising, and in many
ways more practical, alternative to the better known H2-
driven fuel cells, but the precious metal anodes that ef-
ficiently oxidize H2 work sluggishly with CH3OH. Poison-
ing by the CO intermediate is partly responsible, but this
can be remedied with Pt–Ru alloys, for instance. Another
problem is mechanistic, as the process is thought to proceed
by one-electron steps that involve surface-bound radicals.[1]

We bring to this problem an organic chemist’s perspec-
tive, whereby laboratory oxidations of alcohols proceed by
two-electron steps, which avoids radicals, and would pro-
ceed via HCOOH instead of CO (Scheme 1). Our approach
calls for redox-active, sulfur-containing molecules coordi-
nated to otherwise redox-inert and CO-impervious TiIV alk-
oxides, an inexpensive and environmentally benign design
that takes advantage of rapid alcohol–alkoxide exchange[2]

at TiIV for rapid fuel loading and product unloading. In
that vein, our first foray explored the coordination chemis-
try of TiIV dithiocarbamate complexes, as dithiocarbamates
reversibly oxidize to thiurams.[3] The complexes showed oxi-
dation potentials shifted positively to those of the free li-
gand by about 1 V, which is too positive to be driven by O2

reduction (i.e. above +1.24 V vs. SHE) as required at the
cathode of a fuel cell. To facilitate the oxidation, we turned
to ligands that sport a more delocalized π system.

Schiff bases based on salicylaldehydes are simple to pre-
pare, a versatile class of multidentate ligand and they have
been widely used in coordination chemistry,[4] especially
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cies, one of which was an unusual dinuclear complex in
which the ligands had dimerized through S–S interactions
and formed amino linkages in an unexpected redox ex-
change. In all cases, cyclic voltammetry in CH2Cl2 showed
irreversible oxidations at +1.2–1.4 V vs. Ag/AgCl. 2-Propanol
induced a cathodic shift of the first oxidation potentials with-
out apparent decomposition.

Scheme 1. Mechanism of a laboratory oxidation of CH3OH to
HCOOH.

with early transition metals[5] and for oxidation catalysis.[6]

Although their structures have been thoroughly studied,[7]

they have been the subjects of relatively few electrochemical
investigations, none of which involved TiIV and, with one
exception (vide infra), all showed metal-centred redox pro-
cesses. Aminophenol–salicylaldehyde Schiff bases are diba-
sic tridentates that can be viewed as extended catechols.
They are of interest to us because, in the deprotonated
form, the catecholate (anil) form can, in principle, be oxid-
ized to semiquinonoid and quinonoid forms. Aminothio-
phenol-derived analogues, with their larger, softer sulfur
atoms, should undergo easier oxidations (Scheme 2).
Mixed-ligand complexes of TiIV alkoxides and salicylalde-
hyde-2-mercaptoanil were first reported in 1974;[8] they
were found to catalyze ethylene polymerization,[9] which
was attributed to the soft thiophenolate–Ti interaction and
its steric requirements. Their electrochemistry was not ex-
amined. Indeed, we uncovered only one report of ligand-
centred redox chemistry in Schiff-base complexes of this
sort: Wieghardt et al.[10] found that the aminothiophenol–
salicylaldehyde Schiff-base ligands in a RuIII dimer under-
went two reversible one-electron oxidation processes in an
aprotic medium with the initial formation of a radical spe-
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cies at a potential below +1 V vs. Ag/AgCl. DFT calcula-
tions suggested a unique singlet diradical configuration for
the doubly oxidized species.

Scheme 2. Oxidation of the catecholate form to semiquinonoid and
quinonoid forms.

We present here our investigations of aminothiophenol-
derived Schiff bases of a series of salicylaldehydes in mixed-
ligand complexes with TiIV alkoxides, along with a study of
their electrochemical properties.

Results and Discussion

Ligands

The seven ligands investigated were prepared according
to Scheme 3. Of these seven, five have been described pre-
viously, but detailed procedures were available only for
H2I,[11] H2II,[12] H2IV[12,13] and H2VII.[14] The synthesis of
H2V[15] has been claimed, but no procedure, spectroscopic
data or elemental analysis have been reported; yields and
NMR spectroscopic data for H2II and H2IV were also lack-
ing. H2III has not hitherto been reported. H2VI is also new,
although the methyl analogue has been reported,[16] and it
was selected to possibly accommodate two Ti centres. All
of the ligands were prepared by the condensation of substi-
tuted salicylaldehydes with 2-aminothiophenol, and it has
long been recognized[11,12,15,17,18] that these reactions can
lead to three products, which depends on the reaction con-
ditions, that have been identified mainly based on IR and
elemental analyses as the anil (A), thiazoline (B), or thi-
azole (C) forms (Scheme 4).

Scheme 3. Synthesis of ligands and complexes. Conditions: (a) 2-
aminothiophenol/EtOH/room temperature/18 h; (b) Ti(OR)4/
CHCl3/room temperature/10 min.

Scheme 4. The anil (A), thiazoline (B) and thiazole (C) forms of
the ligands.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 741–750742

We found 1H NMR spectroscopy (Figure 1) to be an in-
valuable tool for the rapid differentiation between the A
(aldimino Hi singlet near 8 ppm), B (acetal-type Hi singlet
near 6 ppm) and C forms (no Hi singlet and increased
sharpness of the other signals, indicative of a more rigid
structure, probably due to a stronger internal H bond be-
tween the phenolic hydrogen and the more dipolar nitrogen
atom of the thiazole ring), irrespective of the solvent. The
anil form was obtained by the treatment of a solution of the
salicylaldehyde in cold ethanol with a precooled solution of
2-aminothiophenol in ethanol under an inert atmosphere.
With neat 2-aminothiophenol, the pure thiazoline form was
isolated, and conducting these reactions in air led to partial
oxidation (formation of disulfides and/or thiazole form).
Indeed, ref.[9] reported two products from salicylaldehyde
but provided no explanation, whereas in our hands the S–
S linked dimer was one of them. The thiazole form was the
sole product upon prolonged heating of the reaction mix-
ture in air.

All the ligands in this study were isolated in their thi-
azoline forms by the procedures described herein. Their 1H
and 13C NMR spectra were obtained, for consistency, in
[D6]DMSO because of the limited solubility of some (H2I,
H2II, H2III and H2VI) in CDCl3. In particular, H2III gave
an indistinct room-temperature NMR spectrum in CDCl3
with only very broad signals, which lacked a visible singlet
or the sharp peaks typical of thiazole forms. We tentatively
ascribed this to an intermediate-rate anil–thiazoline equilib-
rium made possible by a destabilization of the thiazoline
form by the π-donating OCH3 group. This spectrum be-
came sharp and clear upon complexation to Ti (vide infra)
to reveal the expected signal pattern. In examples that were
soluble in both solvents, the chemical shift of the aldimino
proton singlet was found to be minimally affected by the
solvent, and its position can be considered diagnostic for
the identification of thiazoline forms.

H2VI is unique in that its bis(thiazoline) form contains
two stereocentres, and therefore can have meso and d,l
forms. Its 1H NMR spectrum included at least 10 signals,
whereas nine are expected for any one diastereomer. It did
not show the clean d–dd–dd–d pattern expected for an un-
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Figure 1. 1H NMR spectra in CDCl3 of the three different forms of H2I (A–C) compared to that of (I)Ti(OiPr)2.

symmetrically ortho-substituted benzene, but the possible
overlap of two such patterns. Its 13C NMR spectrum
showed 22 signals, with clear doubling of the tBu signals
and some others, whereas 13 were expected for each dia-
stereomer. This confirms the thiazoline formulation and
that both diastereomers were present, with overlap of some
1H signals.

Complexes

The direct reactions of 1:1 ratios of the ligands with
Ti(OiPr)4 or Ti(OtBu)4 in anhydrous CHCl3 gave instan-
taneous color changes and led to the isolation of LTi-
(OR)2 species as the only detectable products (Scheme 3).
The presence of chelation was supported by 2.2 ppm down-
field shifts of the Hi signals, which were consistently found
in the 8.6–8.8 ppm range and indicate an opening of the
thiazoline ring and reestablishment of the aldimino func-
tionality for metal binding. The doubly deprotonated li-
gands are designated with primes in the formulas of their
complexes. With all ligands, reactions with one equiv. of
Ti(OiPr)4 produced one new OiPr methine signal consist-
ently near 4.6 ppm, about 0.2 ppm downfield of that of
Ti(OiPr)4.

The structures were confirmed by 13C NMR and, in two
cases, by crystallography (vide infra). EI mass spectrometry
was uninformative and showed too much fragmentation.
These materials are very moisture sensitive. Nine of the
complexes gave satisfactory elemental analyses, but the
others showed evidence of partial hydrolysis during transit
or sampling (loss of alcohol), even after two attempts with
handling under N2 in a glovebox and even though the
freshly prepared samples had shown clean NMR spectra.
Importantly, these elemental analyses were not consistent
with any other product formulation, which included oxid-
ized versions or different Ti:L ratios and involved five dif-
ferent ligands. Nevertheless, the evidence of the purities and
of correct identities in these five cases therefore relies on
their NMR spectra and their close similarities with the
other species.

Despite the possibly dinucleating nature of H2VI, it af-
forded only mononuclear (VI�)Ti(OR)2 products (R = iPr
or tBu), just as with the other ligands. When a 1:1 ligand-
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to-Ti ratio was used, only one major product was detected,
whose 1H NMR spectrum showed a clear desymmetrized
pattern. Both aldimino and thiazoline functionalities were
detected, whereas the free ligand showed only one corre-
sponding signal. When using a 1:2 ratio in order to coordi-
nate two metal centres per ligand, as previously reported for
other metals,[16] one equivalent of Ti(OR)4 always remained
unreacted, irrespective of the reaction conditions. We
thereby conclude that stable coordination is only possible
for one Ti at only one coordination site, with the other site
remaining in the thiazoline form. This was supported by
13C NMR spectroscopy, particularly by the diastereotopic-
ity of the –OCR(CH3)2 (R = H, CH3) groups, for which
each complex showed two carbon signals. The selective co-
ordination of one metal can be rationalized as follows: the
initial coordination of the ligand to the metal likely occurs
at the oxygen atom. The subsequent coordination of the
nitrogen atom presumably triggers the opening of the thiaz-
oline ring to reestablish the aldimino functionality and, ulti-
mately, the coordination of the sulfur atom. The phenoxy
oxygen is metal bound and possibly hydrogen bonded to
the neighbouring thiazoline NH group, which presumably
precludes, in combination with steric congestion, any inter-
action with a second metal centre.

As detailed below, two LTi(OR)2 complexes (from H2I
and H2IV) formed diffraction-quality crystals but two
LTi(OiPr)2 compounds (from H2III and H2VII) unexpec-
tedly crystallized as L2Ti complexes. In order to clarify this
and to obtain bulk samples of these species, reactions at
2:1 L/Ti(OiPr)4 stoichiometric ratios were attempted with
several ligands. In all cases, however, only broad and ill-
defined signals or multiple sets of signals were seen in the
1H NMR spectra, even after removal of HOiPr. This indi-
cated the formation of mixtures and some exchange, and
no further analyses were carried out as bulk L2Ti samples
evidently could not form. At least in some cases, L2Ti spe-
cies seemingly formed the best looking crystal or preferen-
tially crystallized to form either through ligand exchange or
partial hydrolysis over the course of months-long crystal
growth. With the two-site ligand H2VI (see preceding para-
graph), the 2:1 ligand-to-Ti mixture also failed to show a
single product but formed a diffraction-quality crystal of a
2:1 ligand/Ti species, which had undergone multiple redox
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modifications of the unused sites, a transformation that
could not conceivably be replicated in bulk form. Despite
the lack of evidence of these three L2Ti species in solution,
their crystals nevertheless provide useful points of compari-
son with the LTi(OR)2 crystals.

Crystallography

Diffraction-quality crystals were obtained for (I�)Ti-
(OtBu)2 and (IV�)Ti(OiPr)2. Table 1 reports the crystallo-
graphic data, and Figures 2, 3 and 4 display the structures.

Figure 2. ORTEP diagram of the crystal structure of (I�)Ti-
(OtBu)2 with H atoms omitted for clarity. Selected bond lengths
[Å] and angles [°]: Ti1–O1 1.889(2), Ti1–O2 1.764(2), Ti1–O3

1.777(2), Ti1–N1 2.206(2), Ti1–S1 2.3867(9), Ti1–O2–C15 158.7(2),
Ti1–O3–C18 149.3(2).

As previously hypothesized,[11a] the coordination geome-
try and nuclearity seem highly influenced by steric hin-
drance. Indeed, monomeric structures similar to (I�)Ti-
(OtBu)2 have previously been reported for CpTi(I�)Cl[19]

and for CpTi(L)Cl and LTi(OiPr)2 obtained from the 3-tert-
butyl-5-methylsalicylaldehyde analogue of H2I (H2L).[20]

These displayed similarly distorted square pyramidal geo-
metries where three of the four basal positions were occu-

Table 1. Crystallographic data.[a]

(I�)Ti(OtBu)2 [(IV�)Ti(OiPr)2]2 (III�)2Ti (VII�)2Ti [(VIII)Ti]2·2CH2Cl2

Formula C21H27NO3STi C40H50N2O8S2Ti2 C28H22N2O4S2Ti C34H22N2O2S2Ti C98H96Cl4N8O4S8Ti2
Mr 421.40 846.74 562.5 602.56 1943.91
Space group P21/n P1̄ P21/c P21/c P21/c
a [Å] 12.9591(8) 14.3442(3) 8.8864(2) 8.9600(3) 13.6494(3)
b [Å] 10.6090(5) 15.7718(3) 15.3542(5) 18.3938(6) 23.6191(7)
c [Å] 15.4891(9) 19.3791(4) 18.2899(6) 16.3184(6) 31.4346(9)
α [°] 90 108.3780(9) 90 90 90
β [°] 94.667(3) 90.209(1) 92.6400(19) 94.6760(19) 91.1220(16)
γ [°] 90 92.2990(12) 90 90 90
V [Å3] 2122.4(2) 4156.64(15) 2492.89(13) 2680.46(16) 10132.1(5)
Z 4 4 4 4 4
Dcalc [g cm–3] 1.319 1.353 1.499 1.493 1.274
μ [mm–1] 0.522 0.536 0.55 0.512 0.48
R(Fo)[b] 0.0557 0.0625 0.0633 0.0476 0.0942
Rw(Fo

2)[b][c] 0.1222[d] 0.1592[e] 0.1464[f] 0.1134[g] 0.2433[h]

[a] T = 150(1) K and λ = 0.71073 Å; esd values are expressed as uncertainties in the least significant digits in brackets. [b] For reflections
where I�2σ(I). [c] The weights w are given by w = 1/[σ2(Fo

2) + (aP)2 + bP] where P = (Fo
2 + 2Fc

2)/3 for various values of a and b. [d]
a = 0.0751, b = 0. [e] a = 0.0831, b = 6.523. [f] a = 0.0970, b = 0. [g] a = 0.0616, b = 1.5198. [h] a = 0.1104, b = 40.8862.
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Figure 3. The four crystallographically distinct dimeric molecules
A–D of [(IV�)Ti(OiPr)2]2 constituted by the unit cell and symmetry
equivalents, which shows only the metal-coordinated atoms and the
isopropyl groups, includes disordered atoms in A–C and excludes
hydrogen atoms.

pied by the ONS ligand, and the OR groups were nonequiv-
alent. As only one set of tBu signals was detected by 1H
and 13C NMR spectroscopy of (I�)Ti(OtBu)2, the two non-
equivalent OtBu groups must undergo rapid exchange in
solution. In crystalline (I�)Ti(OtBu)2, both OtBu groups
show short Ti–O distances and large Ti–O–C angles
(1.764 Å and 158° for the basal OtBu vs. 1.777 Å and 149°
for the axial position) indicative of π bonding. Compared to
LTi(OiPr)2, (I�)Ti(OtBu)2 boasts a shorter Ti–O axial bond,
which is compatible with the increased electron-donating
effect due to the extra CH3 group, and a slightly longer Ti–
O basal bond. (I�)Ti(OtBu)2 also shows more elongated Ti–
S1 and Ti–O3 bonds than the literature structures, probably
due to the increased steric interaction between the two
OtBu groups and the ligand. Moreover, (I�)Ti(OtBu)2

showed torsional distortion, with an angle of about 26° be-
tween the rings. This distortion seems to be a general phen-
omenon with ONS ligands � L2Ti species also showed
this[20] � but is apparently much reduced or absent in ONO
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Figure 4. ORTEP diagram of nondisordered D in the crystal struc-
ture of [(IV�)Ti(OiPr)2]2 with H atoms omitted for clarity. Selected
bond lengths [Å] and angles [°]: Ti1–O1 2.006(2), Ti1–O1� 2.148(2),
Ti1–O2 1.769(2), Ti1–O3 1.796(2), Ti1–N1 2.279(3), Ti1–S1 2.427(1),
Ti1–O2–C15 155.2(3), Ti1–O3–C18 136.0(2).

analogues.[19,21] Its origin is likely to be the significantly
longer Ti–S bond [2.40 Å in CpTi(I�)Cl vs. 1.89 Å for the
equivalent bond in the ONO analogue],[19] as well as per-
haps the greater steric demand of the sulfur atom and its
poorer π-overlap with the imino portion.

The crystal structure of (IV�)Ti(OiPr)2 was similar to
that reported for (I�)Ti(OiPr)2.[20] However, this crystal dis-
played four distinct molecules (labelled A–D) within the
same unit cell (Figure 3), which occupy the centre (A), four
edges (B), two faces (C) and eight corners (D). Each mole-
cule was dinuclear and locally symmetrical and showed a
distorted octahedral environment around the Ti atoms and
meridional coordination of the tridentate. They all had cis
OiPr groups and phenoxy O bridges to form trapezoidal
Ti2O2 rings, as is normal, with short Ti–Obridging bonds
(average 2.02 Å) within each (IV�)Ti(OiPr)2 unit and long
bonds (average 2.16 Å) between the units. In B, the axial
OiPr groups (trans to N) were disordered over two orienta-
tions. In A and C, both axial and equatorial OiPr groups
were each disordered over two orientations. D (Figure 4)
was the only one that did not show disorder. Over all four
molecules, the Ti–OiPr distances were always shorter at the
equatorial positions (average 1.767�0.005 Å) than the ax-
ial ones (average 1.792� 0.006 Å). The Ti–O–CHMe2

angles spanned a wide range with larger values at equatorial
positions (average 159� 7° when occupancies are taken into
account) than at axial ones (average 145�7°). These
shorter Ti–O distances and wider Ti–O–C angles at the
equatorial positions indicate stronger π bonding trans to
the long Ti–O1 bridging bonds. The same was true of (I�)-
Ti(OiPr)2

[20] with essentially the same distances and angles,
considering the variability within the crystal of (IV�)Ti-
(OiPr)2.

All four molecules in the unit cell shared the same config-
uration, with noncoplanar tridentates. In contrast, the di-
meric catecholate[22] and naphthalene-2,3-diolate[23] com-
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plexes of Ti(OiPr)2 featured coplanar diolates. The common
element of all of these is a strongly π-bonded OiPr in the
Ti2O2 plane, which presumably compensates for the weaker
Ti–Obridging bond trans to it and would not be possible if
the (IV�)2– moieties lay coplanar to one another. The π do-
nation by OiPr further reduces steric crowding at the pe-
riphery.

As explained earlier, solutions of (III�)Ti(OiPr)2 and
(VII�)Ti(OiPr)2 provided diffraction-quality crystals of
(III�)2Ti (Figure 5) and (VII�)2Ti (Figure 6). Such ML2

complexes have been previously reported for GeIV and
ZrIV[18,24] but without crystal structures. Only two examples
of crystal structures that show similar salicylidene-2-amino-
thiophenol Schiff-base ligands coordinated to the same
metal centre were reported for NiIV[25] and TiIV.[21] These
showed a distorted tetrahedral coordination sphere, with
the two tridentate ligands arranged in meridional fashion.
In the examples isolated here, distortion of the ligands was
found to be larger than the literature examples with a tor-
sional angle between the aromatic rings of about 48° for
(III�)2Ti and 47° for (VII�)2Ti, which results in facial coor-
dination. As a result, the geometry at TiIV can more appro-
priately be described as distorted trigonal prismatic, which
is typically observed in the presence of three small rigid
bidentate ligands[26] where the ON pairs occupy two of the
three tetragonal edges and the two sulfur atoms fill the
third.

Figure 5. ORTEP diagram of the crystal structure of (III�)2Ti with
H atoms omitted for clarity. Selected bond lengths [Å] and angles
[°]: Ti1–O1 1.869(2), Ti1–O2 1.871(3), Ti1–N1 2.176(3), Ti1–N2

2.175(3), Ti1–S1 2.4067(11), Ti1–S2 2.4067(11), S1–Ti1–S2 75.82(4),
O1–Ti1–O2 125.44(11), N1–Ti1–N2 148.75(10).

The Ti–O1 and Ti–N1 bond lengths in these L2Ti species
were generally shorter than those found in the LTi(OR)2

complexes, probably due to the lack of strongly π-donating
alkoxy groups. The Ti–S1 bonds, on the other hand, re-
mained essentially unchanged. Despite using different li-
gands, these structures and that reported in the literature[21]

display bond lengths for analogous bonds within the coor-
dination sphere that fall within 0.01 Å of each other, which
suggests a very poor electronic delocalization from the sub-
stituents to the metal centre. Because of the particular spa-
tial arrangement in these structures, the more noticeable
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Figure 6. ORTEP diagram of the crystal structure of (VII�)2Ti with
H atoms omitted for clarity. Selected bond lengths [Å] and angles
[°]: Ti1–O1 1.8609(16), Ti1–O2 1.8722(16), Ti1–N1 2.1631(19), Ti1–
N2 2.1631(19), Ti1–S1 2.4239(8), Ti1–S2 2.4292(8), S1–Ti1–S2

77.71(2), O1–Ti1–O2 118.88(8), N1–Ti1–N2 151.79(8).

discrepancy between the corresponding bond angles cannot
be justified by steric interaction or electronic effects, and we
attribute it instead to packing restrictions in the formation
of the unit cell: (VII)2Ti, for instance, showed strong π–
π stacking between the naphthalene moieties of different
molecules in the crystal.

An unexpected complex [(VIII)Ti]2·2CH2Cl2 (Figure 7)
was obtained from a 2:1 H2VI/Ti(OiPr)4 solution. As at 1:1
stoichiometry in solution (vide supra), each of the TiIV

centres in this species occupies only one of the two potential
coordination sites of each of the subunits of VI� that consti-
tute the modified ligand H4VIII. The two metals are not
crystallographically identical, but both show meridional
binding with trans nitrogen atoms in an overall distorted
octahedron (Figure 8).

The modified ligand H4VIII evidently arose from the
coupling of two units of H2VI but retained the same coordi-
nation environment. The mechanism of the formation of
this dimeric product is not trivial: after a first reasonable
step that involves the formation of two (VI�)2Ti units by the
use of one of the two binding sites of each ligand, the unre-
acted thiazoline rings evidently opened, perhaps triggered
by strong congestion, which thereby established new ald-
imino functionalities. The subsequent formation of the
S5–S6 and S7–S8 bonds might be explained by oxidation by
adventitious O2, as thiophenols can undergo facile aerial
oxidation to disulfides. Although we cannot exclude that
possibility, it is not likely that the complex is actually a
product of an overall reduction. Although this is not par-
ticularly evident from Figure 7, the noncoordinated nitro-
gen atoms (N5, N6, N7 and N8) are actually sp3 hybridized,
in accordance with their bonding to the attached carbon
atoms (C–N distances average 1.455 �0.003 Å, and C–C–N
angles average 108.6�0.4°, compared to the corresponding
measurements at the other sp2-hybridized nitrogen atoms of
1.304 �0.006 Å and 126.0�0.4°, respectively). These
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Figure 7. ORTEP diagram of the crystal structure of [(VIII)Ti]2
(two different views) with H atoms omitted for clarity. Selected
bond lengths [Å] and angles [°]: S5–S6 2.087(3), S7–S8 2.085(3), C24–
S7–S8 101.5(3), C25–S8–S7 101.5(2), N1–C7 1.302(9), N2–C90

1.289(9), N3–C42 1.320(8), N4–C55 1.302(8), N5–C79 1.459(8), N6–
C66 1.458(9), N7–C31 1.454(9), N8–C18 1.447(10), N1–C7–C8

125.1(7), N2–C90–C84 126.0(7), N3–C42–C36 125.7(6), N4–C55–C56

126.8(6), N5–C79–C80 108.2(5), N6–C66–C60 108.0(5), N7–C31–C32

109.8(6), N8–C18–C10 109.1(7).

amino (CH2–NH) groups apparently arose by reduction of
the noncoordinated aldimino groups (CH=N) after the ring
opening of the noncoordinated thiazoline rings. Although
an internal redox exchange between four free SH groups
oxidizing to two S–S linkages can account for the reduction
of two CH=N groups to CH2–NH, the process must have
involved external reductants as a total of four CH=N
groups were reduced per dimer. The external reducing
equivalents may have simply been SH groups from other



TiIV Complexes of Redox-Active Schiff Bases

Figure 8. ORTEP diagram of the environment at one metal centre
in [(VIII)Ti]2 with H atoms omitted for clarity. Selected bond
lengths [Å] and angles [°]: Ti1–O1 1.862(5), Ti1 O2 1.863(5), Ti1–N1

2.180(6), Ti1–N2 2.173(6), Ti1–S1 2.404(2), Ti1–S2 2.421(3), S1–Ti1–
S2 75.65(8), O1–Ti1–O2 113.7(2), N1–Ti1–N2 157.7(2), Ti2–O3

1.860(5), Ti2–O4 1.875(5), Ti2–N3 2.166(6), Ti2–N4 2.168(6), Ti2–S3

2.411(2), Ti2–S4 2.413(2), O3–Ti2–O4 110.1(2), N3–Ti2–N4 163.5(2),
S3–Ti2–S4 77.39(8).

molecules that were not part of those forming the crystal.
To stabilize the assembly, the NH groups appear to engage
in transannular H bonds with sulfur atoms from one of the
other ligands, with NH–S distances (3.35–3.55 Å) falling in
the usual range.[27]

Despite the steric congestion, the ligands in [(VIII)Ti]2
were found to be less distorted than in the other (L)2Ti
complexes, with a torsional angle of about 38° between the
aromatic rings. The bond lengths in the coordination
spheres were not significantly different from those in the
previous examples, and the bond angles were consistent
with those in literature reports.[21] However, the C–S–S–C
torsion angles were 80.9° and 74.2°, appreciably smaller
than expected (90°).

Electrochemistry

To the best of our knowledge, no electrochemical studies
have been performed on this class of compound. All of the
isolated complexes were tested by standard cyclic voltam-
metry and compared with the corresponding free ligands
under the same conditions (Supporting Information). All
of the processes are irreversible, as was the case with the
dithiocarbamate complexes,[3] but, because the conditions
were identical for all, the steady-state peak anodic poten-
tials (Table 2) can be compared.

The case of H2VI will be discussed separately. Scanning
in the positive direction, all complexes showed at least two
oxidation waves and, in the negative direction, all showed
at least one reduction, which was about 200 mV more nega-
tive with OtBu than with OiPr ligands. Comparing ligands
and complexes, the retardation of the first oxidations owing
to coordination amounted to 250–500 mV, considerably less
than that found earlier with dithiocarbamates,[3] which is
due to the greater electronic delocalization with the Schiff-
base ligands. A comparison of the first and second oxi-
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Table 2. Steady-state peak potentials for the oxidations of free li-
gands and complexes [V] vs. Ag/AgCl in CH2Cl2 (0.1 m
nBu4NPF6).

L2– free H2L LTi(OiPr)2 LTi(OtBu)2

I +1.06, + 2.17 +1.37, +1.95 +1.36, +2.05
II +0.85, +1.59 +1.35, +1.71 +1.34, +1.83
III +0.97, +1.88 +1.22, +1.46 +1.28, +1.88
IV +0.95, +1.54 +1.45, +1.79 +1.21, +1.60
V +1.05 +1.42, +2.10 +1.32, +2.05
VI +1.37, +1.91 +1.34, +2.01 +1.38, +1.99
VII +0.89, +1.54 +1.33, +1.47 +1.27, +1.87

dation potentials reveals that the latter were generally less
retarded in the OiPr complexes. If, as crystallography sug-
gests, the OtBu complexes are all mononuclear and the
OiPr complexes are all dinuclear, then each oxidation in
the OtBu complexes (and the free ligands) is a one-electron
process that occurs on the same ligand going from cate-
cholate to semiquinonoid to quinonoid forms (Scheme 2),
and the second oxidations of the OiPr species represent the
second catecholate-to-semiquinonoid process centred on
the second ligand in the dinuclear complexes, exactly as pre-
viously reported for the RuIII dimer.[10]

The build up of charge during the redox events is affected
by solvent polarity. Measurements were also obtained after
adding an equal volume of HOiPr to the electrochemical
cells. This produced a dramatic shift in the potential of the
oxidation peak to less positive values, and the current also
increased noticeably despite the attendant dilution. Yet,
there was no evidence of extensive decomposition that
would liberate the ligand from the metal. We attribute these
phenomena to the stabilization of the charged redox prod-
ucts by virtue of the higher dielectric constant as well as by
better solvation and, possibly, by proton transfer. With (I�)-
Ti(OtBu)2 under the same conditions, the same peak poten-
tials were measured, consistent with rapid alkoxide–alcohol
exchange to convert this complex to its OiPr analogue in
situ. These observations were replicated with the complexes
of all ligands, except those of H2VI.

H2VI presents an exceptional case as it showed an earlier
oxidation event at +0.88–0.95 V and the next oxidation was
virtually unaffected by complexation. It appears that these
oxidation events involved the unused binding site
(Scheme 5). The oxidation was unchanged after the ad-
dition of HOiPr, which suggests that it does not produce a
charged product and likely converted into the half-thiazole
form.
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Scheme 5. Possible oxidation processes in (VI�)Ti(OR)2 complexes.

We found that [(I�)Ti(OiPr)2]2 can be stably attached to
partially oxidized graphite and can catalyze the oxidation
of alcohols, details of which will be published elsewhere.

Conclusions

Three new NOS Schiff-base ligands and, with four others
previously described, fourteen TiIV complexes of thio-
phenol-appended Schiff bases were prepared and charac-
terized. In tandem with literature findings, the crystal struc-
tures obtained for two of these revealed that a combination
of steric and electronic effects control the coordination ge-
ometry. In particular the need for strong π donation ap-
pears to dictate the cis disposition of OiPr groups in dinu-
clear assemblies, whereas steric demands force mononucle-
arity with bulky substituents in all Ti(OtBu)4-derived com-
plexes. Cyclic voltammograms acquired in homogeneous
aprotic solvent showed irreversible oxidations shifted 0.25–
0.50 V more positive than those of the free ligands. The
addition of iPrOH reduced these shifts without causing de-
composition, and these findings bode well for applications
in protic environments.

Experimental Section
General: Details on electrochemical and crystallographic data ac-
quisition and processing are presented as Supporting Information.
All reactions were carried out under Ar. All reagents were Sigma–
Aldrich products. Ti(OiPr)4 was distilled under Ar prior to use.
Ti(OtBu)4 was purchased in Sure-Seal bottles and used directly.
Deuterated solvents were from Cambridge Isotope Laboratories.
CDCl3 was stored over molecular sieves. The other solvents were
from Caledon Laboratories (Georgetown, ON, Canada). Prior to
use, CHCl3 was dried and kept over MgSO4 and CH2Cl2 was dis-
tilled from P2O5. HOiPr was kept over molecular sieves. All NMR
spectra were acquired in CDCl3 at 23 °C at 300 MHz with a Bruker
ARZ instrument, unless otherwise indicated. Signal assignments
were made with the help of COSY, heteronuclear multiple quantum
coherence and HMBC spectra. Relative integrations were obtained
after careful baseline and phase corrections on spectra acquired
with a relaxation delay of 5 s. Assignments and H,H coupling con-
stants (3J) appear in the Supporting Information. Elemental analy-
ses were performed with weighing under N2 at Guelph Chemical
Laboratories (Guelph, ON, Canada) and ANALEST Laboratories
(Toronto, ON, Canada). H2I,[11] H2IV[12,13] and H2VII[14] were pre-
pared by published procedures. H2II[12] was prepared by the same
procedure used for H2I.[11] NMR spectroscopic data for these are
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presented as Supporting Information. H2V has been previously re-
ported without characterization,[15] so was prepared as if new.

Representative Ligand Preparation: Ligand H2III: H2III was pre-
pared in a manner similar to that reported for H2I[11] by dissolving
2-hydroxy-4-methoxybenzaldehyde (0.72 g, 4.6 mmol) in abs. EtOH
(10 mL) at room temperature under an Ar atmosphere. The solu-
tion was stirred for about 5 min prior to the dropwise addition of
2-aminothiophenol (0.5 mL, 4.6 mmol). The mixture was then
stirred for 5 min and left to stand overnight under Ar. The precipi-
tate was collected and washed with a small quantity of abs. EtOH
to afford a light yellow crystalline solid in a yield of 89% (1.06 g).
1H NMR ([D6]DMSO): δ = 9.91 (s, 1 H), 7.38 (d, 1 H), 6.96 (d, 1
H), 6.88 (t, 1 H), 6.71 (br. s, 1 H), 6.68 (d, 1 H), 6.58 (t, 1 H), 6.53
(s, 1 H), 6.45, (s, 1 H), 6.41 (d, 1 H), 3.69 (s, 3 H) ppm. 13C NMR
([D6]DMSO): δ = 159.9, 154.7, 147.8, 127.0, 125.4, 125.1, 121.9,
121.3, 118.5, 108.7, 104.2, 101.1, 63.4, 55.0 ppm; m.p. 121–124 °C.
C14H13NO2S (259.32): calcd. C 64.84, H 5.05, N 5.40; found C
64.75, H 5.11, N 5.15.

H2V: After removing the solvent under reduced pressure, the dark
orange oil was dissolved in hot CHCl3 and precipitated with petro-
leum spirits as the pure product as a yellow powder; yield 86%. 1H
NMR ([D6]DMSO): δ = 11.64 (s, 1 H), 8.23 (s, 1 H), 8.10 (d, 1 H)
6.96, (m, 4 H), 6.78 (d, 1 H), 6.61 (t, 1 H), 6.44 (s, 1 H) ppm. 13C
NMR ([D6]DMSO): δ = 159.9, 147.0, 139.2, 131.1, 125.2, 124.9,
124.7, 121.4, 121.1, 118.9, 115.2, 109.1, 61.9 ppm; m.p. 113–115 °C.
C13H10N2O3S (274.29): calcd. C 56.92, H 3.67, N 10.21; found C
56.70, H 3.77, N 10.05.

H2VI: Prepared in MeOH to give a pale orange solid; yield 73%.
1H NMR ([D6]DMSO): δ = 9.40 (s, 1 H), 7.50 (s, 1 H), 7.48 (s, 1
H), 7.00 (m, 2 H), 6.91 (m, 3 H), 6.73 (m, 2 H), 6.64 (m, 4 H), 1.17
(s, 9 H) ppm. 13C NMR ([D6]DMSO): δ = 148.9, 148.4, 147.6,
147.4, 141.4, 141.3, 128.8, 128.0, 125.8, 125.6, 125.2, 123.2, 122.9,
121.30, 119.2, 119.0, 109.29, 109.04, 65.2, 64.8, 33.9, 31.2 ppm;
m.p. 121–123 °C. C24H24N2OS2 (420.59): calcd. C 68.54, H 5.75, N
6.66; found C 68.53, H 5.73, N 6.43.

Representative Complex Preparation: [(I�)Ti(OiPr)2]2: H2I (0.105 g,
0.46 mmol) was dissolved in anhydrous CHCl3 (1 mL) under Ar
and stirred for 1 min before Ti(OiPr)4 (0.135 mL, 0.46 mmol) was
added. The resultant dark red solution was stirred in a vortex mixer
for a few seconds and placed in a sonicator for approximately
10 min at room temperature. The solvent and reaction byproduct
were removed under reduced pressure, and the product was reco-
vered as a red solid in quantitative yield (0.180 g, 99 %). The yields
of all complex preparations were similarly quantitative. 1H NMR:
δ = 8.75 (s, 1 H), 7.46 (d, 1 H), 7.37 (br. m, 2 H), 7.29 (d, 1 H),
7.06 (t, 1 H), 6.98 (t, 1 H), 6.87 (br. m, 2 H), 4.61 (h, 2 H), 1.12
(d, 12 H) ppm. 13C NMR: δ = 164.4, 161.12, 148.2, 142.5, 135.1,
134.0, 129.9, 127.9, 123.8, 121.8, 119.5, 118.6, 116.7, 80.9,
25.4 ppm. C19H23NO3STi (393.36): calcd. C 58.02, H 5.89, N 3.56;
found C 57.48, H 5.35, N 2.90.
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(I�)Ti(OtBu)2: 1H NMR: δ = 8.78 (s, 1 H), 7.48 (d, 1 H), 7.40 (m,
2 H), 7.31 (d, 1 H), 7.07 (t, 1 H), 6.98 (t, 1 H) 6.88 (br. m, 2 H),
1.21 (s, 18 H) ppm. 13C NMR: δ = 164.6, 160.9, 148.5, 142.7, 135.0,
133.9, 123.0, 127.8, 123.7, 121.6, 119.2, 118.6, 116.58, 86.0, 31.2
ppm. C21H27NO3STi (421.41): calcd. C 59.86, H 6.46, N 3.32;
found C 60.15, H 6.21, N 3.04.

(II�)Ti(OiPr)2: 1H NMR: δ = 8.79 (s, 1 H), 7.39 (d, 1 H), 7.28 (d,
1 H), 7.07 (m, 2 H), 6.95 (m, 2 H), 6.79 (t, 1 H), 4.62 (h, 2 H), 3.77
(s, 3 H), 1.11 (2d, 12 H ppm.) ppm 13C NMR: δ = 161.1, 155.3
(C), 148.4, 148.1, 142.3, 129.8, 127.7, 125.6, 123.8, 122.0, 119.0,
117.0, 116.6, 80.9, 56.4, 25.3 ppm. C20H25NO4STi (423.38): calcd.
C 56.74, H 5.95, N 3.31; found C 57.11, H 6.03, N 2.97.

(II�)Ti(OtBu)2: 1H NMR: δ = 8.80 (s, 1 H), 7.40 (d, 1 H), 7.31 (d,
1 H), 7.08 (m, 2 H), 6.99 (m, 2 H), 6.80 (t, 1 H), 3.82 (s, 3 H), 1.20
(s, 18 H) ppm. 13C NMR: δ = 160.8, 156.0, 148.8, 148.4, 142.8,
130.0, 127.7, 125.9, 123.7, 122.1, 118.8, 118.1, 116.5, 86.0, 57.0,
31.2 ppm. C22H29NO4STi (451.44): calcd. C 58.54, H 6.48, N 3.10;
found C 57.20, H 5.20, N 2.61.

(III�)Ti(OiPr)2: 1H NMR: δ = 8.66 (s, 1 H), 7.33 (m, 2 H), 7.27 (d,
1 H), 7.00 (m, 2 H), 6.48 (d, 1 H), 6.36 (s, 1 H), 4.62 (h, 2 H), 3.72
(s, 3 H), 1.14 (br. d, 12 H) ppm. 13C NMR: δ = 166.7, 165.9, 160.0,
148.6, 141.7, 135.1, 129.7, 127.2, 123.8, 116.3, 115.9, 109.4, 101.1,
80.9, 55.5, 25.4 ppm. C20H25NO4STi (423.38): calcd. C 56.74, H
5.95, N 3.31; found C 56.83, H 5.60, N 3.46.

(III�)Ti(OtBu)2: 1H NMR: δ = 8.68 (s, 1 H), 7.35 (m, 2 H), 7.31
(d, 1 H), 7.01 (m, 2 H), 6.50 (d, 1 H), 6.35 (s, 1 H), 3.77 (s, 3 H),
1.22 (s, 18 H) ppm. 13C NMR: δ = 166.9, 165.9, 159.8, 148.9, 142.0,
135.1, 129.8, 127.2, 123.7, 116.2, 115.9, 109.1, 101.1, 85.9, 55.5,
31.2 ppm. C22H29NO4STi (451.44): calcd. C 58.54, H 6.48, N 3.10;
found C 48.26, H 5.68, N 2.76.

(IV�)Ti(OiPr)2: 1H NMR: δ = 8.73 (s, 1 H), 7.37 (d, 1 H), 7.28 (d,
1 H), 6.98 (m, 4 H), 6.80 (d, 1 H), 4.58 (h, 2 H), 3.69 (s, 3 H), 1.11
(d, 12 H) ppm. 13C NMR: δ = 160.6, 160.0, 152.4, 148.1, 142.6,
129.9, 127.8, 123.7, 121.3, 119.4, 116.6, 114.5, 80.7, 55.7, 25.4 ppm.
C20H25NO4STi (423.38): calcd. C 56.74, H 5.95, N 3.31; found C
56.76, H 5.82, N 3.28.

(IV�)Ti(OtBu)2: 1H NMR: δ = 8.77 (s, 1 H), 7.40 (d, 1 H), 7.31 (d,
1 H), 7.02 (br. m, 4 H), 6.83 (d, 1 H), 3.73 (s, 3 H), 1.19 (s, 18 H)
ppm. 13C NMR: δ = 160.4, 159.9, 152.2, 148.4, 142.9, 130.0, 127.7,
123.8, 123.7, 121.0, 119.5, 116.6, 114.4, 85.7, 55.8, 31.2 ppm.
C22H29NO4STi (451.44): calcd. C 58.54, H 6.48, N 3.10; found C
58.82, H 6.64, N 2.99.

(V�)Ti(OiPr)2: 1H NMR: δ = 8.85 (s, 1 H), 8.49 (s, 1 H), 8.23 (d,
1 H), 7.43 (d, 1 H), 7.26 (d, 1 H), 7.09 (m, 2 H), 6.94 (d, 1 H), 4.66
(h, 2 H) 1.16 (br. d, 12 H) ppm. 13C NMR: δ = 168.7, 159.6, 147.5,
142.5, 139.6, 130.5, 130.2, 129.5, 128.9, 124.5, 120.9, 120.1, 117.0,
82.2, 25.4 ppm. C19H22N2O5STi (438.35): calcd. C 52.04, H 5.06,
N 6.39; found C 51.85, H 4.95, N 6.53.

(V�)Ti(OtBu)2: 1H NMR: δ = 8.85 (s, 1 H), 8.50 (s, 1 H), 8.20 (d,
1 H), 7.46 (d, 1 H), 7.25 (d, 1 H), 7.05 (m, 2 H), 6.91 (d, 1 H), 1.21
(s, 18 H) ppm. 13C NMR: δ = 168.7, 159.4, 147.4, 142.6, 139.3,
130.5, 130.0, 129.2, 128.7, 124.3, 120.6, 119.9, 116.9, 87.2, 31.0
ppm. C21H26N2O5STi (466.41): calcd. C 54.08, H 5.62, N 6.01;
found C 53.81, H 5.38, N 6.22.

(VI�)Ti(OiPr)2: 1H NMR: δ = 8.77 (s, 1 H), 7.85 (s, 1 H), 7.37 (m,
2 H), 7.25 (d, 1 H), 7.00 (m, 3 H), 6.81 (t, 1 H), 6.80 (m, 3 H), 4.63
(m, 3 H), 1.21 (s, 9 H), 1.16 (m, 12 H) ppm. 13C NMR: δ = 161.2,
159.6, 148.2, 146.5, 142.3, 142.2, 130.1, 129.8, 127.9, 127.1, 125.1,
123.9, 121.8, 121.1, 120.4, 116.7, 110.1, 81.3, 81.0, 64.7, 34.2, 31.3,
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25.6 ppm. C30H36N2O3S2Ti (584.65): calcd. C 61.63, H 6.21, N
4.79; found C 60.42, H 6.22, N 4.79.

(VI�)Ti(OtBu)2: 1H NMR: δ = 8.84 (s, 1 H), 7.85 (d, 1 H), 7.43 (m,
2 H), 7.31 (d, 1 H), 7.00 (m, 3 H), 6.84 (t, 1 H), 6.64 (m, 3 H), 4.65
(s, 1 H), 1.27 (s, 9 H), 1.23 (s, 9 H), 1.21 (s, 9 H) ppm. 13C NMR:
δ = 161.0, 159.7, 148.4, 146.5, 142.6, 141.8, 130.2, 130.0, 129.8,
129.6, 127.8, 127.1, 125.1, 123.7, 121.9, 120.9, 120.5, 116.6, 110.1,
86.5, 86.0, 64.8, 34.3, 31.45, 31.42, 31.3 ppm. C32H40N2O3S2Ti
(612.70): calcd. C 62.73, H 6.58, N 4.57; found C 62.40, H 6.56, N
4.58.

(VII�)Ti(OiPr)2: 1H NMR: δ = 9.69 (s, 1 H), 8.15 (d, 1 H), 7.80 (d,
1 H), 7.67 (d, 1 H), 7.50 (m, 2 H), 7.35 (d, 1 H), 7.28 (t, 1 H), 7.10
(m, 3 H), 4.64 (h, 2 H), 1.16 (d, 12 H) ppm. 13C NMR: δ = 166.3,
156.3, 149.5, 142.1, 136.6, 133.3, 130.1, 129.3, 128.21, 128.18,
127.6, 124.1, 124.0, 121.0, 119.6, 117.0, 113.2, 81.0, 25.5 ppm.
C23H25NO3STi (443.42): calcd. C 62.30, H 5.68, N 3.16; found C
62.40, H 6.56, N 4.58.

(VII�)Ti(OtBu)2: 1H NMR: δ = 9.51 (s, 1 H), 8.21 (d, 1 H), 7.72
(d, 1 H), 7.56 (d, 1 H), 7.41 (m, 2 H), 7.34 (d, 1 H), 7.18 (t, 1 H),
7.08 (m, 2 H), 6.96 (d, 1 H), 1.23 (s, 18 H) ppm. 13C NMR: δ =
166.2, 155.9, 149.7, 142.3, 136.3, 133.2, 130.0, 129.2, 129.97,
127.96, 127.4, 123.9, 123.8, 121.0, 119.4, 116.9, 112.8, 85.8,
31.3 ppm. C25H29NO3STi (471.47): calcd. C 63.69, H 6.20, N 2.97;
found C 63.40, H 6.41, N 3.05.

Supporting Information (see footnote on the first page of this arti-
cle): General experimental procedures, details of crystallography
and electrochemistry, NMR spectra and assignments, Tables of se-
lected bond lengths and angles, Table of electrochemical potentials.
CCDC-781098 [for (I)Ti(OtBu)2], -781099 [for (III)2Ti], -781100
{for [(IV)Ti(OiPr)2]2}, -781101 {for [(VIII)Ti]2·2CH2Cl2} and
-781102 [for (VII)2Ti] contain the supplementary crystallograhic
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.

Acknowledgments

We thank the Natural Sciences and Engineering Research Council
(Canada) for funding and Imperial Oil for a University Research
Grant.

[1] H. Liu, J. Zhang (Eds.), Electrocatalysis of Direct Methanol
Fuel Cells: From Fundamentals to Applications, Wiley-VCH,
Weinheim, Germany, 2009.

[2] A. Pfenninger, Synthesis 1986, 89–116.
[3] A. Donzelli, P. G. Potvin, Inorg. Chem. 2009, 48, 4171–4178.
[4] R. H. Holm, G. W. Everett, A. Chakravorty, Prog. Inorg. Chem.

1966, 7, 83–214.
[5] K. C. Gupta, A. K. Sutar, Coord. Chem. Rev. 2008, 252, 1420–

50; A. D. Garnovskii, I. S. Vasilchenko, D. A. Garnovskii, B. I.
Kharisov, J. Coord. Chem. 2009, 62, 151–204.

[6] K. C. Gupta, A. K. Sutar, C. Lin, Coord. Chem. Rev. 2009, 253,
1926–46.

[7] T. Storr, P. Verma, R. C. Pratt, E. C. Wasinger, Y. Shimazaki,
T. D. P. Stack, J. Am. Chem. Soc. 2008, 130, 15448–59; Y. Shim-
azaki, T. D. P. Stack, T. Storr, Inorg. Chem. 2009, 48, 8383–92.

[8] E. C. Alyea, A. Malek, P. H. Merrell, J. Coord. Chem. 1974, 4,
55–63.

[9] C. Wang, X. Sun, Y. Guo, Y. Gao, B. Liu, Z. Ma, W. Xia, L.
Shi, Y. Tang, Macromol. Rapid Commun. 2005, 26, 1609–14;
C. Wang, Z. Ma, X. Sun, Y. Gao, Y. Guo, Y. Tang, L. Shi,
Organometallics 2006, 25, 3259–66; M. Gao, C. Wang, X. Sun,
C. Qian, Z. Ma, S. Bu, Y. Tang, Z. Xie, Macromol. Rapid Com-



A. Donzelli, P. G. PotvinFULL PAPER
mun. 2007, 28, 1511–1516; K. Cui, B. Liu, C. Wang, J. Y. Yu,
Z. Ma, J. Mol. Catal. A 2007, 266, 93–99; M. Gao, X. Sun, Y.
Gu, X. Yao, C. Li, J. Bai, C. Wang, Z. Ma, Y. Tang, Z. Xie, S.
Bu, C. Qian, J. Polym. Sci. 2008, 46, 2807–19.

[10] N. Roy, S. Sproules, T. Weyhermüller, K. Wieghardt, Inorg.
Chem. 2009, 48, 3783–91.

[11] a) F. Tisato, F. Refosco, U. Mazzi, G. Bandoli, M. Nicolini, J.
Chem. Soc., Dalton Trans. 1987, 1693–1699; b) M. S. Singh, P.
Narayan, A. K. Singh, Phosphorus Sulfur Relat. Elem. 1999,
155, 245–52.

[12] W. W. Fee, J. D. Pulsford, D. Vowles, Aust. J. Chem. 1973, 26,
675–80.

[13] J. Topich, Inorg. Chem. 1981, 20, 3704–3707; J. Topich, J. T.
Lyon, Polyhedron 1984, 3, 55–60.

[14] N. Singh, N. Kaur, R. C. Mulrooney, J. F. Callan, Tetrahedron
Lett. 2008, 49, 6690–6692.

[15] C. C. Lee, A. Syamal, L. J. Theriot, Inorg. Chem. 1971, 10,
1669–73.

[16] W. D. McFadyen, R. Robson, H. Schaap, Inorg. Chem. 1972,
11, 1777–85.

[17] R. G. Charles, H. Freiser, J. Org. Chem. 1953, 18, 422–425;
W. E. Hill, N. Atabay, C. A. McAuliffe, F. P. McCullough,
S. M. Razzoki, Inorg. Chim. Acta 1979, 35, 35–41; A. W. Addi-
son, T. Nageswara Rao, E. Sinn, Inorg. Chem. 1984, 23, 1957–
67; A. Varshney, J. P. Tandon, Polyhedron 1985, 4, 1311–1313;
C. Zhang, I. A. Guzei, J. H. Espenson, Inorg. Chem. 2001, 40,
2437–2438; C. Jayabalakrishnan, K. Natarajan, Trans. Annu.

www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 741–750750

Meet. Orthop. Res. Soc. Trans. Met. Chem. 2002, 27, 75–79; S.
Priyarega, R. Prabhakaran, K. R. Aranganayagam, R. Karv-
embu, K. Natarajan, Appl. Organomet. Chem. 2007, 21, 788–
93.

[18] R. K. Sharma, R. V. Singh, J. P. Tandon, J. Inorg. Nucl. Chem.
1980, 42, 1267–70.

[19] J. Zhang, Y. Lin, G. Jin, Organometallics 2007, 26, 4042–4047.
[20] A. Jia, G. Jin, Organometallics 2009, 28, 1872–1877.
[21] W. F. Zeng, Y. H. Chen, M. Y. Chiang, C. P. Cheng, Polyhedron

2007, 26, 1303–1309.
[22] M. G. Davidson, M. D. Jones, M. D. Lunn, M. F. Mahon, In-

org. Chem. 2006, 45, 2282–2287.
[23] W. A. Wallace, P. G. Potvin, Inorg. Chem. 2007, 46, 9463–72.
[24] R. V. Singh, J. P. Tandon, Inorg. Nucl. Chem. Lett. 1979, 15,

429–32.
[25] E. Labisbal, A. De Blas, J. A. Garcia-Vazquez, J. Romero,

M. L. Duran, A. Sousa, N. A. Bailey, D. E. Fenton, P. B. Lee-
son, Polyhedron 1992, 11, 227–33.

[26] D. Bodie, D. McDaniel, A. John, Concept and Models of Inor-
ganic Chemistry, 3rd ed., John Wiley & Sons, New York, 1994,
p. 424.

[27] E. Adman, K. D. Watenpaugh, L. H. Jensen, Proc. Natl. Acad.
Sci. USA 1975, 72, 4854–4858; V. Madhu, S. K. Das, Eur. J.
Inorg. Chem. 2006, 1505–14.

Received: August 21, 2011
Published Online: December 13, 2011


	580.pdf
	587-592.pdf
	594-596.pdf
	599-609.pdf
	611-617.pdf
	618-627.pdf
	628-635.pdf
	636-646.pdf
	647-654.pdf
	655-663.pdf
	664-677.pdf
	678-683.pdf
	684-694.pdf
	695-704.pdf
	705-711.pdf
	712-719.pdf
	720-726.pdf
	727-732.pdf
	733-740.pdf
	741-750.pdf

