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Rhenium Complexes

Rhenium(V) Complexes with Selenolato- and Tellurolato-
Substituted Schiff Bases – Released PPh3 as a Facile Reductant
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Ulrich Abram*[a]

Abstract: The salicylidene Schiff bases of bis(2-aminophenyl)-
diselenide and -ditelluride react with [ReOCl3(PPh3)2] or the
arylimidorhenium(V) compounds [Re(NPhR)Cl3(PPh3)2] (R = H, F,
CF3) with formation of rhenium(V) complexes with tridentate
{O,N,Se/Te} chalcogenolato ligands. The ligands adopt a facial
coordination mode with the oxygen donors trans to the multi-
ply bonded O2– or NPhR2– ligands. The reduction of the dichal-
cogenides and the formation of the chalcogenolato ligands oc-

Introduction

In contrast to the large number of alcoholato or thiolato com-
plexes, organoselenolato and -tellurolato complexes of rhenium
are rare. Only a few of such compounds have been character-
ized crystallographically.[1] The majority of them contains the
metal in low oxidation states and tricarbonylrhenium(I) species
dominate.[2–14] Organoselenolato and -tellurolato complexes
with rhenium in higher oxidation states are even more scarce
despite their proposed potentially beneficial catalytic proper-
ties.[15–17] They mainly contain simple, unsubstituted phenyl-
selenolato ligands.[18–21] A few more rhenium(V) complexes
with special ligands such as acylselenoureas, a diselenolenate,
and pyridine-2-selenolate have been reported.[22–24] The rarity
of these reports may result from the more complicated synthe-
ses of heavier organochalcogenolato ligands. For some organo-
chalcogenolates, such as alkynylselenolates, exist some special
synthetic routes.[25,26] But commonly, the corresponding selen-
ols and tellurols are unstable and prepared by reduction of the
corresponding diorganodichalcogenides directly before the
complex formation. The reaction conditions of such procedures

[a] Institute of Chemistry and Biochemistry, Freie Universität Berlin,
Fabeckstr. 34/36, 14195 Berlin, Germany
E-mail: Ulrich.Abram@fu-berlin.de
https://www.bcp.fu-berlin.de/chemie/chemie/forschung/InorgChem/
agabram/index.html

[b] Universidade Federal de Santa Maria, Laboratorio de Materiais
Inorganicos,
Santa Maria/RS, Brazil
https://www.ufsm.br/cursos/pos-graduacao/santa-maria/ppgq/
Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under https://doi.org/10.1002/ejic.201901092.
© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA. ·
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Eur. J. Inorg. Chem. 2019, 4974–4984 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4974

curs in situ by released PPh3 ligands. The absence of additional
reducing agents provides good yields of products with rhenium
in the high formal oxidation state “+5”. A mechanism for the
dichalcogenide reduction is proposed on the basis of the
experimental results. In accordance with the proposed mecha-
nism, best yields are obtained with a strict exclusion of oxygen,
but in the presence of water.

must be controlled carefully in order to avoid the parallel reduc-
tion of the transition metal ions. This problem has been de-
scribed in detail for the synthesis of complexes of the composi-
tion (NBu4)[MVO(arylselenolate)4] (M = Tc, Re), where the use
of Li(BH4) in THF proved to be a suitable and easy to control
reductant.[27,28] Recently, an oxidorhenium(V) complex with
pyridylselenolato ligands was prepared by the reaction of the
corresponding diselenide with [ReOCl3(PPh3)2] without the ad-
dition of a reducing agent. Obviously, the released PPh3 acted
as a selective reducing agent for dipyridyldiselenide, while the
oxidation state of rhenium was retained.[24]

In the present work, we demonstrate that the assumed reac-
tion pathway can be extended to other diorganodiselenides
and -ditellurides. Thereto, we performed reactions of [Re-
OCl3(PPh3)2] and [Re(NPhR)Cl3(PPh3)2] (R = 4-H, 4-F or 4-CF3)
with the Schiff bases prepared from salicylaldehyde and bis(2-
aminophenyl)diselenide ({HLSe}2) and -ditelluride ({HLTe}2).

Results and Discussion

The salicylidene Schiff base of bis(2-aminophenyl)diselenide
{HLSe}2 was prepared by a reaction of di(2-aminophenyl)diselen-
ide with two equivalents of salicylaldehyde in boiling ethanol.
For the synthesis of {HLTe}2, an excess of the aldehyde (about
3:1) was used to obtain good yields. The products precipitated
as yellow-orange ({HLSe}2) or orange-red ({HLTe}2) solids and
were recrystallized from CHCl3/EtOH. The synthetic route is simi-
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lar to previous reports,[29,30] but the optimized conditions de-
scribed in the Experimental Part give better yields and pure
products. The purity of the dichalcogenides can readily be
checked by their 77Se and 125Te NMR spectra giving resonances
at 363 ppm ({HLSe}2) and 228 ppm ({HLTe}2). The other spectral
features match the previously reported data.

Single crystals of {HLSe}2 and {HLTe}2 suitable for X-ray diffrac-
tion were grown from CHCl3/EtOH mixtures. Figure 1a shows
an ellipsoid representation of the selenium compound with the
atomic labelling scheme, which has also been applied for
{HLTe}2. A unit cell of the latter compound is shown in Figure 1b.
It clearly illustrates that the ditelluride crystallizes in the present
tetragonal polymorph with well-separated molecules. This is in
contrast to the situation in the previously studied orthorhombic
polymorph, in which each two molecules are connected by
Te···Te interactions of 4.054 Å. In the compound under study,
the shortest intermolecular Te–Te distances are larger than
6.5 Å.

Figure 1. (a) Molecular structure of {HLSe}2. Ellipsoids represent 50 % probabil-
ity. Hydrogen atoms bonded to carbon atoms are omitted for clarity. (b) Unit
cell plot of {HLTe}2 illustrating the absence of intermolecular Te···Te interac-
tions.

Some fundamental bond lengths of the dichalcogenides are
compared with those in the rhenium complexes in Table 1 and
Table 2. Some more details are summarized in the Supporting
Information.

Reactions of the two functionalized dichalcogenides with ox-
ido- and arylimidorhenium(V) complexes show that they are
reduced during such procedures and form tridentate selenolato
and tellurolato ligands, which bind tridentate to the {ReO}3+ or
{Re(NPhR)}3+ cores. A summary of the performed reactions and
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obtained products is shown in Scheme 1. Although all reactions
worked at room temperature and without the addition of a
supporting base, they are slow and the yields of the products
are in many cases unsatisfactorily low. This comes, however, not
completely unexpected with regard to the low solubility of
most of the starting materials used. But surprisingly, also the
use of the better soluble, fluorinated starting complex
[Re(NPhF)Cl3(PPh3)] does not necessarily improve the yields.
This means that the conditions for the individual reactions had
to be optimized in terms of solvent, temperature and reaction
time. Generally, we found that the presence of traces of water
and the absence of oxygen are mandatory for good yields.

Reactions of [ReOCl3(PPh3)2] with {HLSe}2 give yields of
[ReO(LSe)Cl(PPh3)] in the range of 70 %, when the reaction is
performed at room temperature in moist CH2Cl2 under inert
conditions. Interestingly, the yields are significantly lower (only
about 20 %) when the reaction is done in dry solvent or on air.
Since such a behavior suggests a sophisticated mechanism, we
followed the course of the reaction by 31P NMR spectroscopy.
And indeed we found evidence for the formation of various
phosphorus-containing species depending on the reaction time
and the reaction conditions (presence of air and/or water).
These experiments allow to propose a potential mechanism for
the formation of [ReO(LSe)Cl(PPh3)], which is given in Scheme 2).

Initially, some phosphine (most probably together with one
Cl– ligand) dissociates from [ReOCl3(PPh3)2] under replacement
by a diselenide. The phosphine attacks the coordinated diselen-
ide with formation of an intermediate, which may be assigned
to {Ph3PSe(C6H4)-2-N=CH(C6H4)-2-OH}+Cl–, and the liberation of
a {LSe}2– ligand. The recorded chemical shift of 30 ppm of
this potential intermediate is in the range where also the 31P
resonances of the related organoseleno-phosphonium species
{Ph3PSePh}Br (37 ppm),[31] {Bu3PSeMe}I (50 ppm),[32]

{Ph3PSePh}[GaCl4] (38 ppm)[33] and {Ph3PSeMe}(BF4)
(36 ppm)[34] are found. The reduction of disulfides and diselen-
ides with phosphines with formation of phosphonium-chalco-
genolate ion pairs or bis(organochalcogen)phosphoranes has
been observed before.[34–37] In the reactions of the present
study, the phosphonium species seems to have a remarkably
high formation probability and is also found as a fragment of
high intensity in the ESI+ mass spectra taken from CH2Cl2 solu-
tions of [ReO(LSe)Cl(PPh3)]. Therefore, we consider the formation
of an intermediate phosphonium species as highly probable,
although an reaction pathway via a coordinated phosphorane
cannot completely be excluded.

The intermediate can either decompose slowly in the anhy-
drous pathway with formation of triphenylphosphine selenide
or it can quickly hydrolyze and give triphenylphosphine oxide
and the respective selenol. The highly air-sensitive selenol is
quickly re-oxidized to the diselenide in air. Thus, for the for-
mation of the rhenium chalcogenolato complex, the exclusion
of air is required and the presence of water supports the
formation of OPPh3 instead of SePPh3. Both reactions, which
lead to OPPh3 or SePPh3 can be understood as nucleophilic
attacks of H2O or RSe– on the phosphorus atom of
the {Ph3PSe(C6H4)-2-N=CH(C6H4)-2-OH}+ ion. In the case of wa-
ter, the resulting pentacoordinate phosphorus species
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Table 1. Selected bond lengths [Å] and angles (°) in {HLSe}2, [ReO(LSe)Cl(PPh3)], [Re(NPhF)(LSe)Cl(PPh3)] and [Re(NPhCF3)(LSe)Cl(PPh3)].

{HLSe}2 [ReO(LSe)Cl(PPh3)] [Re(NPhF)(LSe)Cl(PPh3)][a] [Re(NPhCF3)(LSe)Cl(PPh3)]

Se1–C1 1.929(2)/1.933(2) 1.924(8) 1.923(2) 1.936(5)
O1–C11 1.356(2)/1.349(2) 1.332(9) 1.332(2) 1.341(5)
N1–C6 1.415(2)/1.415(2) 1.45(1) 1.443(3) 1.445(6)
N1–C17 1.287(2)/1.283(2) 1.302(9) 1.305(3) 1.299(6)
Re1–O10/N10 – 1.688(5) 1.728(2) 1.723(4)
Re1–O1 – 1.992(5) 2.020(2) 2.006(3)
Re1–P1 – 2.461(2) 2.4471(7) 2.430(1)
Re1–Cl1 – 2.537(2) 2.4967(7) 2.483(1)
Re1–N1 – 2.104(6) 2.117(2) 2.111(4)
Re1–Se1 – 2.439(1) 2.4923(5) 2.5003(6)
O1–Re1–O10/N10 – 161.3(3) 171.53(7) 172.3(2)
Re1–N10–C51 – – 176.8(2) 174.1(4)
C1–Se1–Re1 – 92.9(3) 91.22(7) 90.4(1)

[a] Values taken from [Re(NPhF)(LSe)Cl(PPh3)]·CH3CN.

Table 2. Selected bond lengths [Å] and angles (°) in {HLTe}2, [ReO(LTe)Cl(PPh3)], [Re(NPh)(LTe)Cl(PPh3)] and [Re(NPhF)(LTe)Cl(PPh3)].

Bond lengths/Å {HLTe}2 [ReO(LTe)Cl(PPh3)][a] [Re(NPh)(LTe)Cl(PPh3)] [Re(NPhF)(LTe)Cl(PPh3)]

Te1–C1 2.127(2) 2.119(8)/2.123(8) 2.132(3) 2.128(4)
O1–C11 1.356(3) 1.33(1)/1.325(9) 1.332(4) 1.328(4)
N1–C6 1.415(3) 1.45(1)/1.44(1) 1.447(4) 1.449(5)
N1–C17 1.287(3) 1.30(1)/1.30(1) 1.296(4) 1.299(5)
Re1–O10/N10 – 1.699(6)/1.695(6) 1.726(3) 1.720(3)
Re1–O1 – 1.962(6)/1.985(6) 1.994(2) 1.990(2)
Re1–P1 – 2.469(2)/2.458(2) 2.4422(8) 2.4437(9)
Re1–Cl1 – 2.539(2)/2.527(2) 2.5045(9) 2.498(1)
Re1–N1 – 2.120(6)/2.105(7) 2.115(3) 2.107(3)
Re1–Te1 – 2.6416(6)/2.6469(6) 2.6899(3) 2.6869(3)
O1–Re1–O10/N10 – 166.4(3)/164.1(3) 169.6(1) 172.2(1)
Re1–N10–C51 – – 168.1(3) 172.3(3)
C1–Te1–Re1 – 86.1(2)/85.7(2) 86.2(1) 85.7(1)

[a] Values for two independent species.

Scheme 1. Synthesis of the rhenium(V) selenolato and tellurolato complexes (all reactions were performed under argon).

{Ph3P(OH2)(Se(C6H4)-2-N=CH(C6H4)-2-OH)}+ eliminates the free
selenol (H2LSe), HCl and OPPh3 as a consequence of the forma-
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tion of the very stable P=O bond. The analogous Ph3P(Se–R)-
(Se(C6H4)-2-N=CH(C6H4)-2-OH) probably follows the same path-
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Scheme 2. Proposed mechanism for the reaction between [ReOCl3(PPh3)2] and {HLSe}2 in CH2Cl2. Chemical shifts refer to 31P.

way with formation of Se{(C6H4)-2-N=CH(C6H4)-2-OH)}2 and
SePPh3. The formation of such chalcogenoethers from organo-
chalcogeno-phosphonium starting materials with formation of
a formal phosphorus-chalcogen double bond is well-estab-
lished.[34–37]

It should be noted that the relative rates of the described
reactions are only valid in the presence of the rhenium com-
plex. Reactions of {HLSe}2 with pure PPh3 are very slow and form
under the same conditions considerable amounts of OPPh3 only
within days or weeks.

The same general course of the reaction as outlined in
Scheme 2 can also be assumed for the phenylimido starting
complexes and also for reactions with {HLTe}2. It should be men-
tioned that the reaction times may significantly differ and par-
ticularly the used solvent plays a crucial role. While [ReOCl3-
(PPh3)2] and [Re(NPh)Cl3(PPh3)2] are sparingly soluble in most
solvents, it proved to be favorable to reduce the solubility of
the fluorinated phenylimido complexes for the reactions under
study. For example, [Re(NPhF)(LSe)Cl(PPh3)] is formed only in
low yields from reactions in CH2Cl2, in which the starting com-
plex [Re(NPhF)Cl3(PPh3)2] is readily soluble. Higher yields are
obtained in a CH2Cl2/CH3CN (1:6) mixture, in which the starting
material is less soluble.

The red to brown complexes are stable as solids. In solution,
however, they show gradual decomposition, which is normally
higher in non-degassed solvents and can be understood by the
re-formation of the dichalcogenides on air. The instability of
some of the products and (in some cases) their low solubility
prevent from the measurement of 13C, 77Se and 125Te NMR
spectra of sufficient quality. [ReO(LSe)Cl(PPh3)] is the most un-
stable compound of our series and in the related NMR spectra
appear signals of decomposition products directly after dissolu-
tion, even when measured in dry, degassed CD2Cl2. In turn, the
related tellurium complex is stable in solution for several hours.
The highest stability was found for [Re(NPhCF3)(LSe)Cl(PPh3)],
which shows no decomposition after several days in wet, non-
degassed solvents.

The 77Se signals of the coordinated selenolato ligands ap-
pear between 360 and 395 ppm and the corresponding 125Te
resonances are found between 378 and 695 ppm. In the spectra
of the well-soluble fluorinated complexes [Re(NPhF)(LSe)Cl-
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(PPh3)] and [Re(NPhCF3)(LSe)Cl(PPh3)], the 77Se resonances are
observed as doublets at 360 ppm (2JSe,P = 22 Hz) and 395 ppm
(2JSe,P = 24 Hz). The coupling constants are within the magni-
tude of couplings, which have previously been observed for
mixed selenolato/phosphine complexes of platinum.[38,39] The
125Te NMR spectra show signals with a 2JTe,P coupling of
50–60 Hz, which is also in accord with the situation in similar
Pt(II) compounds.[38] The 77Se and 125Te couplings could not be
observed in the respective 31P NMR spectra.

A key feature in the proton NMR spectra of Schiff base com-
plexes is the resonance of their unique imine proton. It is well-
separated from the remaining aromatic resonances. The imine
protons in the selenolato complexes are more deshielded com-
pared to those in the tellurolato complexes, which is similar to
the situation in the corresponding dichalcogenides {HLSe}2 and
{HLTe}2. Additionally, the imine protons are more deshielded in
the oxido complexes compared to the phenylimido complexes.
These observations can be attributed to the better donor abili-
ties of the phenylimido ligands as compared to oxido ligands.
In complexes with imine and phosphine ligands, the imine pro-
tons often couple to the 31P nuclei. This is also the case in the
reported complexes with coupling constants of about 8 Hz and
allows an in situ control of the complex formation. The 31P
chemical shifts observed for the rhenium complexes are corre-
lated to the donor strength of the rhenium multiple bonded
cores. It is highest for the oxido complexes and decreases by
5 ppm to the phenylimido complexes. ESI+ mass spectra of the
rhenium complexes under study show intense signals of their
[M – Cl]+ ions. Typically, fragment peaks are observed, which
correspond to ions with chalcogen–phosphorus bonds, such
as {Ph3PSe(C6H4)-2-N=CHC6H4-2-OH}+ (m/z = 538.0818) or
{Ph3PSe(C6H4)-2-NH2}+ (m/z = 343.0556). The number and the
intensities of such fragments depend on the stability of the
complexes in solution.

Crystallographic studies on single-crystals of [ReO(LSe)Cl-
(PPh3)], [Re(NPhF)(LSe)Cl(PPh3)]·CH3CN, [Re(NPhF)(LSe)Cl(PPh3)]·
0.5CH2Cl2, [Re(NPhCF3)(LSe)Cl(PPh3)], [ReO(LTe)Cl(PPh3)]·CH2Cl2,
[Re(NPh)(LTe)Cl(PPh3)]·CHCl3 and [Re(NPhF)(LTe)Cl(PPh3)] have
been undertaken. All complexes show the same general structure
with facially bonded tridentate ligands. The hydroxylic group of
the organic tridentate ligand is in trans position to the oxido or
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phenylimido ligand in all compounds. PPh3 and Cl– ligands com-
plete the equatorial coordination spheres of rhenium with the
latter ligand being arranged trans to the selenium or tellurium
atoms of the Schiff base. The molecular structures of
[ReO(LTe)Cl(PPh3)] and [Re(NPhCF3)(LSe)Cl(PPh3)] are shown in Fig-
ure 2 and Figure 3 as representatives for the complexes with the
selenium- and tellurium-containing ligands. Since the general fea-
tures of the other oxido and phenylimido complexes with the
tridentate ligands are similar, their structures are not shown here.
They can be found in the Supplementary Information. Selected
bond lengths and angles of all complexes and the corresponding
dichalcogenides are summarized in Table 1 (selenium com-
pounds) and Table 2 (tellurium compounds).

Figure 2. Molecular structure of [ReO(LTe)Cl(PPh3)]. Ellipsoids are depicted at
50 % probability. Hydrogen atoms are omitted for clarity.

Figure 3. Molecular structure of [Re(NPhCF3)(LSe)Cl(PPh3)]. Ellipsoids are de-
picted at 50 % probability. Hydrogen atoms are omitted for clarity.

The rhenium atoms in the complexes have distorted octahe-
dral coordination environments. Main distortions come from
the restrictions caused by the facially coordinated tridentate
ligands. The N1–Re1–Se1/Te1 angles are between 79.1 and
80.6° and the N1–Re1–O1 angles are between 82.2 and 83.6°.
The angles between the axially bonded atoms O10 or N10 and
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the donor atoms of the tridentate ligands in the equatorial co-
ordination sphere are all larger the 90°. This is a consequence of
the steric demand of the double bonds, which are established
between rhenium and the oxido and arylimido ligands.

Similar results have been found in a series of related com-
plexes before.[40–43] The corresponding Re1–O10 (1.688(5)-
1.699(5) Å) and Re1–N10 bonds (1.720(3)-1.728(3) Å) are in the
usual ranges and the imido ligands are linear.[40] It is interesting
to note that all Re1–O1 bonds are in the range or smaller than
2 Å. Such values are somewhat smaller than expected for
Re–O single bonds, but not unusual for oxido or arylimido com-
plexes of rhenium(V), since similar features are found with
about 50 per cent of the crystallographically studied com-
pounds of these types.[1] The effect is commonly explained by
a partial transfer of electron density from the Re–O/N double
bonds to the trans Re–O bond.[40,44–46]

The Re–Se bonds between 2.439(1) and 2.5003(6) Å are rela-
tively short and similar bond lengths have hitherto only been
found in some rare examples of Re(V) complexes with terminal
phenylselenolato complexes,[19,21,28] while in the majority of
their rhenium complexes such ligands bridge two low-valent
rhenium atoms and the related Re–Se bond are in the range of
2.6 Å or longer.[1] Short Re–Se bonds are also established in
binuclear rhenium compounds with Re–Re bonds or diselenol-
ene complexes.[18,23] Most of the few rhenium complexes with
tellurolato ligands are carbonyl compounds of Re(I) and they
have Re–Te bond lengths between 2.760 and 2.811 Å.[3,6,8,11–14]

Very recently, a series of [ReVO(aryltellurolate)4]– and [ReIII(aryl-
tellurolate)3(PPh3)(CH3CN)] complexes was prepared and struc-
turally characterized.[28] The Re–Te bond lengths in the Re(V)
complexes are very similar to the values for the compounds of
the present study.

An interesting feature is the bond length distribution in the
six-membered chelate rings of the [ReO(LY)Cl(PPh3)] and
[Re(NPhR)(LY)Cl(PPh3)] complexes (Y = Se, Te; R = H, F, CF3). The
N1–C17 bonds are only slightly lengthened compared to the
related bonds in {HLSe}2 and {HLTe}2. This means that the imine
double bonds remain mainly localized and no significant delo-
calization of π-electron density is observed in this chelate ring.
A similar bonding situation is observed in analogous oxidorhe-
nium(V) complexes with the salicylidene Schiff bases derived
from 2-aminophenol ({LO}2–) or 2-aminothiophenol ({LS}2–),[47,48]

despite the fact that the tridentate O,N,O and O,N,S ligands are
both coordinated in a meridional arrangement.

Since all hitherto structurally studied Re(V) complexes with
the {LO}2– and {LS}2– show a mer-arrangement of these li-
gands,[47–55] and the complexes with their selenium and tellu-
rium analogues of the present study contain the tridentate li-
gand exclusively in a facial coordination mode, we undertook a
series of DFT calculations on the B3LYP level for both isomers
of the [ReO(LY)Cl(PPh3)] (Y = O, S, Se, Te) complexes. Frequency
calculations after the optimizations showed convergence of at
least two out of four criteria in all cases and full convergence
on the experimentally expected isomers. No negative frequen-
cies were obtained. The calculated bonding parameters for the
facial isomers with {LSe}2– and {LTe}2– match the determined
crystal structures of fac-[ReO(LSe)Cl(PPh3)] and fac-[ReO(LTe)-
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Scheme 3. Calculated and experimentally isolated isomers for [ReO(LY)X(PR3)] complexes (Y = O, S, Se, Te; X = Cl or OMe).

Cl(PPh3)] on average within 0.037 Å. The deviations are highest
with an average of 0.053 Å for the coordination sphere of
rhenium, which is expected for a gas phase calculation.

Table 3 contains a comparison of the calculated over-all ener-
gies for the respective isomers and Scheme 3 visualizes the
results. It becomes evident that the meridional isomers are
more stable for the complexes with the phenolato, thiophenol-
ato and selenophenolato ligands, while the fac compound is
preferred for the tellurolato complex. But it is also clear that the
calculated energy differences are small and are only suitable for
the justification of the preferred formation of the mer complex
in the case of [ReO(LO)Cl(PPh3)]. Nevertheless, the trend found
in the experiments, namely that the stability of the facial iso-
mers increases for the heavier chalcogens, is well reflected by
the computational results, even when the crystallized products
for the Se-containing complexes show fac and not mer coordi-
nation.

Table 3. Energies for the mer and fac isomers the [ReO(LY)Cl(PPh3)] complexes
(Y = O, S, Se, Te). The energies of the most stable geometries are in bold.

Emer/Hartree Efac/Hartree ΔE/kJ mol–1

Y = O –1577.20576 –1577.19178 36.8
Y = S –1512.08892 –1512.08631 6.7
Y = Se –1511.20096 –1511.19872 5.9
Y = Te –1510.00999 –1510.01209 –5.4

A possible reason for this result might be given by the well-
known labilization of the coordination positions trans to the
multiple-bonded oxido or arylimido ligands. It is generally ac-
cepted, that ligand exchange reactions at complexes with the
{ReO/NAr}3+ cores start with the substitution of the trans-ligand.
Therefore, complexes with the fac-coordinated ligands should
be the initial products in such reactions. As the reactions with
the oxido complexes were performed under mild conditions,
which means under kinetic control, a rationale for the observa-
tion of the fac complexes is given. Obviously, the formation
of such intermediates at room temperature is faster than their
subsequent isomerization. As the complexes tend to decom-
pose at prolonged times of higher temperatures an isomeriza-
tion to the mer-isomers could not be observed.

It would be interesting to study similar reactions with corre-
sponding technetium compounds, where the kinetics of ligand
exchange reactions is commonly faster. Unfortunately, there ex-
ists no oxidotechnetium(V) analogue to [ReOCl3(PPh3)2] and the
phenylimido complex [Tc(NPh)Cl3(PPh3)2] is almost insoluble.
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But recently the synthesis of two fluorinated arylimidotechne-
tium(V) complexes, [Tc(NPh-4-F)Cl3(PPh3)2] and [Tc(NPh-4-CF3)-
Cl3(PPh3)2], has been reported.[43] Reactions between these
novel precursors and dichalcogenides are planned for the fu-
ture and their results may give a deeper insight into the mecha-
nism of such reactions.

Conclusions
Rhenium(V) complexes with tridentate selenolato- and tellurol-
ato-substituted Schiff base ligands are formed during reactions
of the corresponding dichalcogenides {HLSe}2 or {HLTe}2 with
phosphine-containing rhenium(V) complexes such as [ReOCl3-
(PPh3)] or [Re(NAr)Cl3(PPh3)2] (Ar = Ph, PhF, PhCF3). The resulting
[ReO(LY)Cl(PPh3)2] or [Re(NAr)(LY)Cl(PPh3)] complexes (Y = Se,
Te) contain the tridentate ligands in a facial arrangement.

A mechanism for such reactions has been deduced, in which
released PPh3 acts as reducing agent for the dichalcogenides.
Optimal yields are obtained in the presence of water and under
strict exclusion of dioxygen. The method is well-suited for the
synthesis of high-valent rhenium complexes.

Experimental Section
(NBu4)[ReOCl4],[56] [ReOCl3(PPh3)2],[57] [Re(NPh)Cl3(PPh3)2],[58]

[Re(NPhF)Cl3(PPh3)2],[42] bis(2-aminophenyl)diselenide and bis(2-
aminophenyl)ditelluride were prepared according to literature pro-
cedures.[59–61] All other chemicals were reagent grade and used as
received. Reactions involving oxygen- or water-sensitive com-
pounds were performed with standard Schlenk technique.

NMR spectra were recorded at 25 °C on JEOL 400 MHz ECS-400 or
JNM-ECA400II spectrometers. Chemical shifts (δ) are given relative
to the signals of external standards (tetramethylsilane, (1H, 13C),
ClCF3 (19F), 85 % phosphoric acid (31P), dimethylselenide (77Se) and
dimethyltelluride (125Te)).

IR-Spectra were recorded with an FT-IR spectrometer (Nicolet iS10,
Thermo Scientific). Intensities are classified as vs. = very strong, s =
strong, m = medium, w = weak, vw = very weak, sh = shoulder.

Electrospray ionization mass spectrometry (ESI MS) was carried out
with the ESI MSD TOF unit of an Agilent 6210 TOF LC/MS system.
The measurements were performed in CHCl3, CDCl3, CH2Cl2, MeOH
or mixtures of them.

Elemental analyses were performed using a vario EL III CHN elemen-
tal analyzer (Elementar Analysensysteme GmbH) or a vario MICRO
cube CHNS elemental analyzer.



Full Paper

Single crystal X-ray diffraction data were collected on a Bruker D8
Venture or a STOE IPDS II T. Absorption corrections were carried out
by the multiscan (Bruker D8 Venture) or integration methods (STOE
IPDS II T).[62,63] Structure solutions and refinements were done with
the SHELX-2008 program packages.[64,65] Hydrogen atom positions
at heteroatoms or the imino carbon atoms were taken from the
Fourier maps when possible or placed at calculated positions and
refined by a riding model. All other hydrogen atoms were placed
at calculated positions and refined by a riding model. The visualiza-
tion of the molecular structures was done using the program DIA-
MOND 4.2.2.[66]

CCDC 1956176–1956184 (see Supporting Information for the refer-
ence number of each compound) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

DFT calculations were performed on the high-performance comput-
ing systems of the Freie Universität Berlin ZEDAT (Soroban, Curta)
using the program packages GAUSSIAN 09 and GAUSSIAN 16.[67,68]

The gas phase geometry optimizations were performed using coor-
dinates derived from the X-ray crystal structures or have been mod-
elled with the use of crystal structure fragments using GAUSS-
VIEW.[69] The calculations were performed with the hybrid density
functional B3LYP.[70–72] The double-� pseudopotential LANL2DZ ba-
sis set with the respective effective core potential (ECP) was applied
to Re as well as S, Se and Te.[73] The 6-311G**basis set was applied
for all other atoms.[74–76] The LANL2DZ and 6-311G** basis sets as
well as the ECPs were obtained from the EMSL database.[77]

{HLSe}2. Salicylaldehyde (0.12 mL, 1.16 mmol) was added to a stirred
suspension of bis(2-aminophenyl)diselenide (200 mg, 0.58 mmol) in
18 mL of EtOH. The mixture was heated under reflux for 4 h. A
yellow solid precipitated over this period. After cooling to room
temperature, the solid was filtered off. Before crystallization from
EtOH/CHCl3, traces of elemental selenium must be removed by fil-
tration of the hot solution. Orange-yellow crystals. Yield: 172 mg
(53 %).

Alternatively, if no precipitate is observed after one hour, the addi-
tion of dry MgSO4 starts the reaction. The procedure is followed as
described above. The precipitate is extracted with CH2Cl2 until the
extract is colorless, the solvent is removed in vacuo and the residue
recrystallized from EtOH/CHCl3.

Elemental analysis: Calculated for C26H20N2O2Se2: C 56.7, H 3.7, N
5.1 %; Found C 56.6, H 3.7, N 5.1 %. IR: 1608 (s) C=N, 1579 (m), 1562
(s), 1490 (m), 1461 (s), 1437 (m), 1362 (m), 1275 (s), 1226 (m), 1183
(s), 1147 (s), 1110 (w), 1044 (w), 1029 (m), 970 (m), 936 (w), 907 (s),
862 (w), 843 (m), 781 (m), 746 (vs), 706 (s), 672 (m), 641 (m), 601
(w), 576 (w), 569 (w), 553 cm–1 (s). ESI+ MS (m/z): 552.9959 (calc.
552.9937) [M + H]+, 574.9786 (calc. 574.9757) [M + Na]+, 590.9524
(calc. 590.9496) [M + K]+, 1124.9671 (calc. 1124.9640) [2M+Na]+,
1140.9407 (calc. 1140.9379) [2M+K]+. ESI-MS (m/z): 550.9759 (calc.
550.9781) [M – H]–. 1H NMR (CDCl3, ppm): 12.74 (2H, br, OH), 8.60
(2H, s, HCR=NR), 7.75–7.69 (2H, m, o-Se-m-NR-ArH), 7.45–7.38 (4H,
m, o-CNR-m-OH-ArH; p-CNR-m-OH-ArH), 7.29–7.38 (2H, m, p-Se-m-
NR-ArH), 7.17–7.09 (4H, m, m-Se-p-NR-ArH; m-CNR-p-OH-ArH), 7.08–
7.04 (2H, m, m-CNR-o-OH-ArH), 6.99–6.93 (2H, m, m-Se-o-NR-ArH).
13C NMR (CDCl3, ppm): 163.2 (s, HCR=NR), 161.2 (s, R2CAr-OH), 147.5
(s, NR-CArR2), 133.9 (s, m-NC-o-Se-R2CAr), 132.8 (s, m-OH-p-CN-
R2CAr), 131.0 (s, m-OH-o-CN-R2CAr), 128.4 (s, p-NC-m-Se-R2CAr),
128.2 (s, m-NC-p-Se-R2CAr), 126.8 (s, R2CAr-Se), 119.4 (s, o-NC-m-Se-
R2CAr), 119.2 (s, p-OH-m-CN-R2CAr), 117.7 (s, o-OH-R2CAr-CNR), 117.6
(s, o-OH-m-CN-R2CAr). 77Se NMR (CDCl3, ppm): 363 (s).

{HLTe}2. Salicylaldehyde (0.15 mL, 1.41 mmol) was added to a sus-
pension of bis(2-aminophenyl)ditelluride (200 mg, 0.46 mmol) in
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dry, degassed MeOH (9 mL) whilst stirring. It was heated under
reflux for 3 h. An orange-red solid precipitated over this period.
After cooling to room temperature, the pure product was filtered
off and dried in vacuo. The product can be recrystallized from hot
EtOH/CHCl3. Orange-red crystals. Yield: 240 mg (0.44 mmol, 96 %).

Alternatively, if no precipitate is observed after one hour, the addi-
tion of dry MgSO4 starts the reaction. The procedure is followed as
described above. The precipitate is extracted with CH2Cl2 until the
extract is colorless, the solvent is removed in vacuo and the residue
recrystallized from EtOH/CHCl3.

Elemental analysis: Calculated for C26H20N2O2Te2: C 48.2, H 3.1, N
4.3 %; Found C 48.1, H 3.2, N 4.3 %. IR (cm–1): ν̃ = 1605 (s) C=N,
1578 (m), 1558 (m), 1492 (m), 1457 (m), 1435 (m), 1384 (m), 1361
(m), 1274 (s), 1239 (w), 1225 (m), 1179 (m), 1154 (m), 1146 (m), 1108
(m), 1034 (m), 1018 (m), 975 (w), 937 (w), 905 (m), 853 (m), 841 (m),
779 (m), 747 (vs), 732 (sh), 708 (s), 666 (m), 638 (m), 575 (m), 551
(s). ESI+ MS (m/z): 648.9699 (calc. 648.9701) [M + H]+, 670.9532 (calc.
670.9521) [M + Na]+, 686.9269 (calc. 686.9259) [M + K]+, 1318.9152
(calc. 1318.9147) [2M+Na]+, 1334.8862 (calc. 1334.8885) [2M+K]+.
ESI- MS (m/z): 646.9514 (calc. 646.9545) [M – H]–. 1H NMR (CDCl3,
ppm): 12.53 (2H, s, OH), 8.55 (2H, s, HCR=NR), 7.94–7.85 (2H, m,
o-Te-m-NR-ArH), 7.47–7.38 (4H, m, o-CNR-m-OH-ArH; p-CNR-m-OH-
ArH), 7.34–7.27 (2H, m, p-Te-m-NR-ArH) 7.12–6.93 (8H, m, m-Te-p-
NR-ArH; m-CNR-p-OH-ArH, m-CNR-o-OH-ArH, m-Te-o-NR-ArH). 13C
NMR (CDCl3, ppm): 163.7 (s, HCR=NR), 161.0 (s, R2CAr-OH), 150.6 (s,
NR-CArR2), 138.3 (s, m-NC-o-Te-R2CAr), 134.0 (s, m-OH-p-CN-R2CAr),
133.0 (s, m-OH-o-CN-R2CAr), 129.4 (s, p-NC-m-Te-R2CAr), 128.5 (s, m-
NC-p-Te-R2CAr), 119.6 (s, o-NC-m-Te-R2CAr), 119.1 (s, p-OH-m-CN-
R2CAr), 117.6 (s, o-OH-R2CAr-CNR), 117.1 (s, o-OH-m-CN-R2CAr), 107.5
(s, R2CAr-Te). 125Te NMR (CDCl3, ppm): 228 (s).

[ReO(LSe)Cl(PPh3)]. {HLSe}2 (44 mg, 0.08 mmol) was dissolved in a
degassed mixture of CH2Cl2 (6 mL) and water (1 drop). [ReOCl3-
(PPh3)2] (88 mg, 0.1 mmol) was added whilst stirring. The color
changed from light yellow to dark brown and after 20 min of stir-
ring at room temperature, the suspension became a clear brown
solution. The mixture was overlayered with degassed diethyl ether
(12 mL) and left in the freezer for slow diffusion. The formed crystals
of [ReO(LSe)Cl(PPh3)] were filtered off and washed with diethyl
ether. Red-brown plates. Yield: 50 mg (68 %).

Elemental analysis: Calculated for C31H24ClNO2PReSe: C 48.1, H 3.1,
N 1.8 %; Found C 48.0, H 3.2, N 1.5 %. IR (cm–1): ν̃ = 3046 (w), 1601
(m) C=N, 1582 (m), 1567 (m), 1532 (m), 1481 (m), 1454 (m), 1432
(m), 1373 (m), 1283 (m), 1230 (w), 1175 (m), 1157 (m), 1148 (m),
1119 (m), 1094 (s), 1027 (m), 998 (m), 967 (sh), 955 (s) Re=O, 926
(m), 858 (m), 804 (m), 746 (vs), 718 (sh), 707 (sh), 690 (vs), 615 (s),
595 (m), 559 (s), 544 (m). ESI+ MS (m/z): 740.0224 (calc. 740.0267)
[M – Cl]+. 1H NMR (CD2Cl2, ppm): 8.69 (1H, s, HCR=NR), 8.00–6.96
(23H, m, ArH). 31P NMR (CD2Cl2, ppm): 6.1 (s).

[ReO(LTe)Cl(PPh3)]. {HLTe}2 (64 mg, 0.1 mmol) was added to a sus-
pension of [ReOCl3(PPh3)2] (88 mg, 0.1 mmol) in a degassed mixture
of CH2Cl2 (10 mL) and water (1 drop) whilst stirring. The color
changed from light yellow to brown-yellow over a period of 2 h.
The mixture was stirred at room temperature for 3 days. During this
time, an orange-red powder precipitated. The volume was reduced
to 2 mL and the orange-red precipitate was filtered off. Diethyl
ether (12 mL) was added to the mixture and the solvent was re-
duced in a stream of dry argon to approximately 8 mL. An addi-
tional amount of degassed diethyl ether (12 mL) was added. The
procedure was repeated four times. Finally, dark red crystals were
formed. They were filtered off and washed subsequently with di-
ethyl ether and hexane. Dark red plates. Yield: 15 mg (20 %).

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.201901092
http://www.ccdc.cam.ac.uk/
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Elemental analysis: Calculated for C32H26Cl3NO2PReTe: C 44.7, H 3.1,
N 1.6 %; Found C 45.1, H 3.1, N 1.6 %. IR (cm–1): ν̃ = 3054 (w), 1602
(s) C=N, 1583 (s), 1566 (m), 1537 (s), 1481 (m), 1452 (m), 1432 (s),
1373 (m), 1341 (w), 1289 (s), 1263 (m), 1231 (w), 1189 (w), 1177 (w),
1160 (w), 1148 (m), 1121 (w), 1094 (s), 1072 (sh), 1028 (m), 998 (m),
961 (s) Re=O, 944 (s), 927 (m), 892 (w), 862 (m), 806 (m), 749 (vs),
732 (vs), 704 (sh), 690 (vs), 641 (w), 617 (s), 598 (m),574 (w), 559
(m), 544 (vs). ESI+ MS (m/z): 788.0143 (calc. 788.0147) [M – Cl]+. 1H
NMR (CDCl3, ppm): 8.60 (1H, d, 4JH,P = 7.71 Hz, HCR=NR), 8.10–7.31
(25H, m, ArH), 7.20–7.09 (1H, m, LArH), 7.07–7.03 (1H, m, LArH),
6.18–6.00 (1H, m, LArH). 13C NMR (CDCl3, ppm): 169.8 (s, R2Car-O),
162.2 (s, RC-NR), 160.8 (s, R2Car-NCR), 137.7 (s, p-CN-m-O-Car), 136.4
(R2Car-Te), 135.7 (s, LCar), 134.9 (d, 3JC,P = 10 Hz, m-P-Car), 132.8 (s,
LCar), 132.2 (s, LCar), 131.3 (d, 4JC,P = 0 Hz, p-P-Car), 128.7, (d, 2JC,P =
11 Hz, o-P-Car), 128.6 (s, LCar), 128.1 (s, LCar), 127.1 (s, LCar), 122.4, (s,
LCar), 119.5 (d, 1JC,P = 12 Hz, P-Car), 119.3 (s, LCar). 31P NMR (CDCl3,
ppm): 6.3 (s). 125Te NMR (CDCl3, ppm): 695 (d, 2JTe,P = 59 Hz).

[Re(NPh)(LSe)Cl(PPh3)]. [Re(NPh)Cl3(PPh3)2] (88 mg, 0.1 mmol) was
suspended in a degassed mixture of CH3CN (6 mL) and water
(1 drop). {HLSe}2 (44 mg, 0.08 mmol) was added as a solid after
heating this mixture to reflux. The color changed from dark green
to red-violet immediately and a red-brown solid precipitated to-
gether with unreacted {HLSe}2. After 3 min, CH2Cl2 (1 mL) was
added, which dissolved the remaining diselenide. The CH2Cl2 was
removed in a stream of argon. The mixture was cooled to room
temperature and the product was filtered off as a brown powder.
After washing with diethyl ether (10 mL) to remove potentially re-
maining {HLSe}2, a brown-violet powder was obtained. Yield: 44 mg
(54 %).

Elemental analysis: Calculated for C37H29ClN2OPReSe: C 52.3, H 3.4,
N 3.3 %; Found C 50.7, H 3.5, N 3.4 %. IR (cm–1): ν̃ = 3043 (w), 1599
(m) C=N, 1586 (m), 1570 (m), 1534 (m), 1478 (m), 1456 (m), 1435
(s), 1380 (m), 1334 (m), 1291 (s), 1246 (w), 1234 (w), 1223 (w), 1188
(m), 1179 (m), 1158 (m), 1148 (m), 1120 (m), 1095 (s), 1066 (m), 1025
(m), 1011 (w), 991 (w), 965 (m), 947 (w), 925 (m), 859 (m), 804 (m),
770 (s), 762 (sh), 753 (vs), 743 (vs), 720 (m), 703 (sh), 693 (vs), 683
(vs), 625 (w), 613 (s), 604 (m), 567 (w), 556 (s), 544 (m). ESI+ MS
(m/z): 815.0793 (calc. 815.0741) [M – Cl]+, 833.0700 (calc. 833.0847)
[M – Cl+H2O]+. 1H NMR (CD2Cl2, ppm): 8.34 (1H, d, 4JH,P = 8.02 Hz,
HCR=NR), 7.89–7.80 (6H, m, m-P-ArH), 7.67–7.60 (1H, m, LArH), 7.60–
7.51 (2H, m, 2 LArH), 7.44–7.30 (10H, m, o,p-P-ArH, NPhArH), 7.30–
7.20 (2H, m, 2 LArH), 7.13–7.05 (1H, m, LArH), 7.05–6.94 (1H, m,
LArH), 6.97–6.78 (2H, m, NPhArH), 6.44–6.39 (1H, m, LArH), 6.39–6.32
(2H, m, NPhArH). 13C NMR (CD2Cl2, ppm): 166.7 (s, R2Car-O), 164.1 (s,
RC-NR), 160.2 (s, R2Car-NCR), 149.8 (s, LCar), 136.8 (s, R2Car-Se), 135.1
(br, NPhCar), 135.1 (d, 3JC,P = 10 Hz, m-P-Car), 134.2 (s, LCar), 133.7 (s,
LCar), 131.3 (s, p-P-Car), 129.0 (s, LCar), 128.7 (d, 2JC,P = 10 Hz, o-P-
Car), 128.6 (s, LCar), 128.5 (s, NPhCar), 125.9 (s, NPhCar), 124.8 (m, P-
Car), 123.0 (s, LCar), 120.3 (s, LCar), 118.5 (s, LCar), 118.2 (s, LCar), 97.7
(s, NPhCar). 31P NMR (CDCl3, ppm): 2.4 (s).

[Re(NPh)(LTe)Cl(PPh3)]. A mixture of [Re(NPh)Cl3(PPh3)2] (91 mg,
0.1 mmol), {HLTe}2 (52 mg, 0.08 mmol), water (1 drop) and NEt3 (1
drop) was suspended in degassed EtOH (3 mL) and heated to reflux
whilst stirring. Degassed CH2Cl2 (2 mL) was added. The mixture was
heated for 5 h under reflux. The grey-brown precipitate formed
was separated by filtration. This mixture of [Re(NPh)Cl3(PPh3)2] and
[Re(NPh)(LTe)Cl(PPh3)] (approximate ratio: 1:2) was washed with
EtOH, diethyl ether and hexane. After drying, it was charged on a
column of neutral alumina (d = 1 cm, h = 12 cm) and eluted with
CH2Cl2 containing 0.1 % MeOH. A brown band was collected and
the solvent was evaporated in vacuo. The residue was re-dissolved
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in a minimum amount of CH2Cl2 and a mixture of diethyl ether
and EtOH (1:1) was added. After evaporation, [Re(NPh)(LTe)Cl(PPh3)]
precipitated as a red powder from the remaining EtOH. It was fil-
tered off, washed with EtOH, diethyl ether and hexane and dried in
vacuo. Red-brown powder. Recrystallization can be done from
CH2Cl2/hexane or CH2Cl2/diethyl ether. Yield: 24 mg (27 %).

Elemental analysis: Calculated for C37H29ClN2OPReTe: C 49.5, H 3.3,
N 3.1 %; Found C 50.7, H 3,4, N 2.8 %. IR (cm–1): ν̃ = 3051 (w), 1600
(m) C=N, 1584 (m), 1567 (m), 1538 (m), 1483 (m), 1474 (m), 1451
(m), 1434 (s), 1372 (m), 1335 (m), 1312 (w), 1293 (s), 1262 (w), 1220
(w), 1188 (m), 1177 (m), 1161 (m), 1148 (m), 1122 (m), 1095 (s), 1066
(m), 1024 (m), 990 (w), 968 (w), 936 (sh), 926 (s), 859 (m), 804 (s),
768 (s), 758 (s), 743 (s), 718 (w), 706 (m), 689 (vs), 625 (w), 615 (s),
603 (s), 572 (w), 560 (s), 545 (s). ESI+ MS (m/z): 863.0679 (calc.
863.0621) [M – Cl]+. 1H NMR (CD2Cl2, ppm): 8.28 (1H, d, 4JH,P =
8.20 Hz, HCR=NR), 7.91–7.83 (6H, m, m-P-ArH), 7.72–7.64 (1H, m,
LArH), 7.52–7.45 (2H, m, 2 LArH), 7.40–7.21 (11H, m, integral cor-
rected for CHCl3, o,p-P-ArH, NPhArH, LArH), 7.15–7.05 (2H, m, 2 LArH),
7.02–6.95 (1H, m, LArH), 6.79–6.70 (2H, m, NPhArH), 6.51–6.44 (1H,
m, LArH), 6.44–6.33 (2H, m, NPhArH). 13C NMR (CDCl3, ppm): 171.1 (s,
NPhCar), 166.8 (s, R2Car-O), 163.2 (s, RC-NR), 162.2 (m, LCar), 156.0 (s,
R2Car-NCR), 136.4 (s, R2Car-Te), 136.2 (s, LCar), 135.3 (s, NPhCar), 134.8
(s, NPhCar), 134.4 (d, 3JC,P = 10 Hz, m-P-Car), 134.4 (s, LCar), 130.6
(4JC,P = 2 Hz, p-P-Car), 128.2 (d, 2JC,P = 10 Hz, o-P-Car), 127.7 (d, J =
3 Hz, LCar), 126.5 (s, P-Car), 124.8 (s, LCar), 124.0 (d, J = 2 Hz, LCar),
122.0 (s, LCar), 119.9 (s, LCar), 118.6 (s, NPhCar), 118.1 (s, LCar). 31P NMR
(CDCl3, ppm): 1.5 (s). 125Te NMR (CDCl3, ppm): 378 (d, 2JTe,P = 50 Hz).

[Re(NPhF)(LSe)Cl(PPh3)]. A mixture of [Re(NPhF)Cl3(PPh3)2] (92 mg,
0.1 mmol) and {HLSe}2 (45 mg, 0.08 mmol) was suspended in a
mixture of CH3CN (3 mL) and CH2Cl2 (0.5 mL) and heated under
reflux for 10 min. After cooling to room temperature, the mixture
was overlayered with diethyl ether (6 mL) and left in the freezer for
slow diffusion. The formed crystals of [Re(NPhF)(LSe)Cl(PPh3)]·CH3CN
were filtered off, washed with diethyl ether and dried. From the
combined filtrates and washing solutions, a second crop of crystals
was obtained by slow evaporation. Red-brown plates. Yield: 73 mg
(83 %).

Elemental analysis: Calculated for C37H28ClFN2OPReSe: C 51.2, H 3.3,
N 3.2 %; Found C 50.7, H 3.7, N 3.2 %. IR (cm–1): ν̃ = 3056 (w), 2973
(w), 1599 (m) C=N, 1584 (m), 1569 (m), 1536 (m), 1507 (m), 1481
(m), 1455 (m), 1434 (s), 1377 (m), 1334 (w), 1312 (w), 1285 (m), 1265
(sh), 1228 (s), 1179 (m), 1146 (s), 1119 (m), 1093 (s), 1070 (w), 1045
(w), 1027 (m), 1006 (m), 997 (m), 963 (m), 935 (w), 925 (m), 859 (m),
845 (s), 803 (m), 749 (vs). 740 (sh), 721 (m), 711 (sh), 692 (vs), 647
(m), 612 (s), 603 (s), 584 (sh), 576 (w), 556 (s), 540 (s), 527 (vs). ESI+
MS (m/z): 833.0675 (calc. 833.0647) [M – Cl]+. 1H NMR (CD2Cl2, ppm):
8.34 (1H, d, 4JH,P = 8.14 Hz, HCR=NR), 7.90–6.31 (27H, m, ArH). 13C
NMR (CD2Cl2, ppm): 166.7 (s, R2Car-O), 164.2 (s, RC-NR), 161.5 (d,
1JC,F = 256 Hz, NPhFCar-F), 158.6 (s, R2Car-NCR), 153.3 (s, NPhFCar),
136.9 (s, LCar), 135.5 (R2Car-Se), 135.1 (d, 3JC,P = 10 Hz, m-P-Car),
134.2 (s, LCar), 133.7 (s, LCar), 132.6 (s, LCar), 132.5 (s, LCar), 131.3 (s,
p-P-Car), 129.1 (d, 3JC,F = 12 Hz, NPhFCar), 128.7, (d, 2JC,P = 10 Hz, P-
Car), 126.9 (d, 3JC,P = 8 Hz, o-P-Car), 125.9 (s, LCar), 120.4 (s, LCar),
118.6 (s, LCar), 118.2 (s, LCar), 116.3 (d, 2JC,F = 23.9 Hz, NPhFCar). 19F
NMR (CD2Cl2, ppm): –107.7 (s). 31P NMR (CD2Cl2, ppm): 1.8 (s). 77Se
NMR (CD2Cl2, ppm): 360 (d, 2JSe,P = 22 Hz).

[Re(NPhF)(LTe)Cl(PPh3)]. A mixture of [Re(NPhF)Cl3(PPh3)2] (92 mg,
0.1 mmol), {HLTe}2 (52 mg, 0.08 mmol), water (1 drop) and NEt3

(1 drop) was suspended in degassed EtOH (3 mL). Degassed CH2Cl2
(2 mL) was added. The mixture was heated under reflux for 6 h.
The formed grey-brown solid consisting of a mixture of
[Re(NPhF)Cl3(PPh3)2] and [Re(NPhF)(LTe)Cl(PPh3)] (1:1) was filtered
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off, washed with EtOH, diethyl ether and hexane and charged
on a column of neutral alumina (d = 1 cm, h = 9.5 cm). Elution with
CH2Cl2 containing 2.5 % MeOH gave a brown band of
[Re(NPhF)(LTe)Cl(PPh3)]. The solvent was evaporated in vacuo, the
residue was re-dissolved in a minimum amount of CH2Cl2 and a
large excess of diethyl ether was added. The precipitated
[Re(NPhF)(LTe)Cl(PPh3)] was filtered off, washed with diethyl ether
and hexane and dried on air. Red-brown powder. Yield: 18.6 mg
(20 %). Recrystallization can be done from CH2Cl2/hexane or
CH2Cl2/diethyl ether mixtures.

Elemental analysis: Calculated for C37H28ClFN2OPReTe: C 48.5, H 3.1,
N 3.1 %; Found C 47.4, H 3.1, N 2.9 %. IR (cm–1): ν̃ = 3051 (w), 1599
(m) C=N, 1583 (m), 1566 (m), 1538 (m), 1485 (m), 1450 (m), 1434
(s), 1369 (m), 1334 (w), 1314 (w), 1290 (s), 1262 (sh), 1228 (s), 1188
(w), 1177 (m), 1162 (m), 1141 (s), 1121 (m), 1095 (s), 1028 (w), 1008
(m), 998 (m), 968 (m), 945 (w), 937 (w), 926 (m), 860 (m), 839 (s),
803 (s), 761 (s), 742 (s). 718 (m), 706 (m), 690 (vs), 648 (m), 616 (s),
603 (s), 558 (s), 546 (s). ESI+ MS (m/z): 881.0556 (calc. 881.0527) [M –
Cl]+. 1H NMR (CDCl3, ppm): 8.29 (1H, d, 4JH,P = 8.24 Hz, HCR=NR),
7.97–7.80 (6H, m, m-P-ArH), 7.71–7.63 (1H, m, LArH), 7.51–7.23 (12H,
m, integral corrected for CHCl3, 3 LArH; o,p-P-ArH), 7.17–7.04 (2H,
m, NPhFArH), 7.04–6.96 (1H, m, LArH), 6.54–6.46 (1H, m, LArH), 6.46–
6.35 (4H, m, 2 LArH; NPhFArH). 13C NMR (CDCl3, ppm): 166.9 (s, R2Car-
O), 163.2 (s, RC-NR), 162.2 (d, 1JC,F = 156 Hz, NPhFCar-F), 160.6 (m,
LCar), 153.9 (s, R2Car-NCR), 136.6 (s, R2Car-Te), 136.3 (s, LCar), 135.5 (s,
NPhFCar), 134.5 (d, 3JC,P = 10 Hz, m-P-Car), 130.8 (4JC,P = 2 Hz, p-P-
Car), 128.4 (d, 2JC,P = 10 Hz, o-P-Car), 127.9 (s, LCar), 126.6 (s, NPhFCar),
126.0 (m, P-Car), 124.9 (s, LCar), 124.9 (s, LCar), 120.0 (s, LCar), 118.8
(s, LCar), 118.4 (s, NPhFCar), 116.0 (s, LCar), 115.8 (s, LCar). 19F NMR
(CDCl3, ppm): –106.8 ppm (pseudo-ddd). 19F{31P} NMR (CDCl3, de-
coupled at 1.1 ppm): –106.8 (pseudo-p, 2JF,H = 3JF,H = 7.16 Hz). 31P
NMR (CDCl3, ppm): 1.1 (s). 125Te NMR (CDCl3, ppm): 383 (d, 2JTe,P =
59 Hz).

[Re(NPhCF3)Cl3(PPh3)2]. [ReOCl3(PPh3)2] (500 mg, 0.59 mmol), 4-
(trifluoromethyl)aniline (0.08 mL, 0.59 mmol) and PPh3 (309 mg,
1.18 mmol) were suspended in toluene (15 mL). The mixture was
heated under reflux for 4 h and filtered while hot. EtOH (10 mL)
and hexane (200 mL) were added after the mixture reached room
temperature. The product crystallized in the freezer overnight.

The crystals were filtered off and washed with EtOH, diethyl ether
and hexane. The combined filtrates and washing solutions were left
to evaporate for two days at room temperature. The remaining sol-
vent (ca. 15 mL) was diluted with acetone. A second crop of crystals
was filtered off and washed with acetone, hexane and diethyl ether.
Olive-green crystals. Yield: 242 mg (42 %).

Elemental analysis: Calculated for C43H34Cl3F3NP2Re: C 52.9, H 3.5,
N 1.4 %; Found C 53.5, H 3.9, N 1.3 %. IR (cm–1): ν̃ = 3059 (w),1602
(vw), 1586 (vw), 1572 (vw), 1482 (w), 1434 (m), 1406 (w), 1338 (w),
1315 (m), 1178 (m), 1122 (m), 1104 (m), 1090 (m), 1062 (m), 1029
(w), 1008 (m), 998 (w), 912 (w), 849 (m), 745 (s). 704 (sh), 691 (vs),
618 (w), 599 (w), 561 (w). ESI+ MS (m/z): 940.1029 (calc. 940.1038)
[M – Cl]+. 1H NMR (CDCl3, ppm): 7.85–7.77 (12H, m, m-P-ArH), 7.35–
7.20 (18H, m, integral corrected for CHCl3, o,p-P-ArH), 7.03–6.83 (4H,
m NPhCF3ArH). 13C NMR (CDCl3, ppm): 158.0 (m, R2Car-CF3), 135.2 (s,
R2Car-N=Re), 134.2 (t, 3JC,P = 5 Hz, m-P-Car), 131.4 (t, 1JC,P = 24 Hz,
P-Car), 130.6 (s, o-CF3-m-N=Re-Car), 130.3 (s, p-P-Car), 127.9 (t, 2JC,P =
5 Hz, o-P-Car), 125.9 (m, R2Car-CF3), 121.3 (s, m-CF3-o-N=Re-Car). 19F
NMR (CDCl3, ppm): –63.1 (s). 31P NMR (CDCl3, ppm): –23.3 (s).

[Re(NPhCF3)(LSe)Cl(PPh3)]. A mixture of [Re(NPhCF3)Cl3(PPh3)2]
(96 mg, 0.1 mmol) and {HLSe}2 (44 mg, 0.08 mmol) was suspended
in CH3CN (12 mL) and heated under reflux for 5 min. The resulting
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clear, dark red solution was filtered through cotton. Diethyl ether
(24 mL) and hexane (52 mL) were added and the mixture was left
for slow evaporation at ambient temperature for three days. The
formed single crystals of [Re(NPhCF3)(LSe)Cl(PPh3)] were filtered off,
washed with hexane and dried in vacuo. Red-brown cubes.
Yield: 50 mg (57 %).

Elemental analysis: Calculated for C38H28ClF3N2OPReSe: C 49.8, H
3.1, N 3.1 %; Found C 49.7, H 3.6, N 2.5 %. IR (cm–1): ν̃ = 3052 (w),
1600 (s) C=N, 1583 (m), 1569 (m), 1533 (m), 1497 (w), 1482 (m),
1454 (m), 1434 (s), 1407 (w), 1372 (sh), 1361 (m), 1335 (w), 1317
(vs), 1292 (s), 1248 (w), 1230 (w), 1177 (sh), 1159 (s), 1133 (s), 1095
(s), 1063 (s), 1029 (m), 1011 (m), 1000 (m), 962 (m), 925 (m), 847 (s),
807 (m), 752 (s). 744 (s), 719 (m), 707 (s), 690 (vs), 645 (m), 618 (m),
597 (m), 562 (m), 540 (m), 529 (vs). ESI+ MS (m/z): 883.0608 (calc.
883.0615) [M – Cl]+. 1H NMR (CDCl3, ppm): 8.36 (1H, d, 4JH,P =
8.05 Hz, HCR=NR), 7.90–7.82 (6H, m, m-P-ArH), 7.66–7.62 (1H, m,
LArH), 7.58–7.50 (2H, m, 2 LArH), 7.45–7.34 (9H, m, o,p-P-ArH), 7.30–
7.20 (2H, m, integral corrected for CHCl3, 2 LArH), 7.12–7.06 (1H, m,
LArH), 7.04–6.98 (3H, m, LArH; NPhCF3ArH), 6.46–6.40 (1H, m, LArH),
6.46–6.40 (2H, m, NPhCF3ArH). 13C NMR (CDCl3, ppm): 166.7 (s, R2Car-
O), 163.5 (s, RC-NR), 158.6 (s, R2Car-NCR), 158.1 (m, NPhCF3Car), 149.8
(s, LCar), 136.8 (s, R2Car-Se), 135.2 (m, NPhCF3Car), 134.6 (d, 3JC,P =
10 Hz, m-P-Car), 133.9 (s, LCar), 133.4 (s, LCar), 131.0 (d, 4JC,P = 2 Hz,
p-P-Car), 131.0 (s, LCar), 128.4 (d, 2JC,P = 10 Hz, o-P-Car), 128.2 (s,
LCar), 128.1 (m, NPhCF3Car), 125.7 (m, P-Car), 124.4 (d, J = 2 Hz, LCar),
122.3 (s, NPhCF3Car), 120.0 (s, LCar), 118.7 (s, LCar), 118.3 (s, LCar) 117.9
(s, NPhCF3Car). 19F NMR (CDCl3, ppm): –63.0 (s). 31P NMR (CDCl3, ppm):
0.6 (s). 77Se NMR (CDCl3, ppm): 395 (d, 2JSe,P = 24 Hz).

[Re(NPhCF3)(LTe)Cl(PPh3)]. A mixture of [Re(NPhCF3)Cl3(PPh3)2]
(96 mg, 0.1 mmol), {HLTe}2 (104 mg, 0.16 mmol), water (1 drop) and
NEt3 (1 drop) was suspended in degassed EtOH (3 mL). Degassed
CH2Cl2 (2 mL) was added. The mixture was heated under reflux for
2.5 h. The solvents were evaporated in vacuo. The residue was re-
dissolved in CH2Cl2 and charged on a column of neutral alumina
(d = 1 cm, h = 15 cm). Elution with CH2Cl2 containing 0.1 % MeOH
gave a brown band of the product. The solvent was evaporated in
vacuo and the residue re-dissolved in a minimum amount of CH2Cl2
and filtered. After removal of the solvent in vacuo, a sticky product
remained, which was solidified by the addition of n-hexane and
vigorous stirring. It was filtered off, washed with hexane and dried
on air. Brown powder. Yield: 16.0 mg (17 %).

Elemental analysis: Calculated for C38H28ClF3N2OPReTe: C 47.3, H
2.9, N 2.9 %; Found C 45.5, H 3.1, N 3.0 %. IR (cm–1): ν̃ = 3051 (w),
2923 (w), 2867 (w), 1600 (s) C=N, 1586 (sh), 1567 (sh), 1541 (m),
1481 (w), 1469 (m), 1452 (m), 1434 (s), 1407 (w), 1362 (m), 1381 (vs),
1287 (s), 1261 (sh), 1168 (m), 1121 (s), 1103 (s), 1063 (vs), 1029 (m),
1010 (m), 960 (w), 925 (m), 861 (sh), 845 (s), 803 (m), 744 (vs), 717
(m), 692 (vs), 645 (m), 617 (m), 603 (m), 558 (m), 541 (s). ESI+ MS
(m/z): 931.0582 (calc. 931.0495) [M – Cl]+. 1H NMR (CDCl3, ppm):
8.33 (1H, d, 4JH,P = 8.24 Hz, HCR=NR), 7.97–7.31 (20H, 4m, m,o,p-P-
ArH; 4 LArH), 7.21–6.93 (5H, 2m, 3 LArH; 2 NPhCF3ArH), 6.49–6.43 (1H,
m, LArH), 6.40–6.33 (2H, m, NPhCF3ArH). 13C NMR (CDCl3, ppm): 167.3
(s, R2Car-O), 164.1 (m, NPhCF3Car), 163.0 (s, RC-NR), 162.2 (m, LCar),
158.4 (s, R2Car-NCR), 136.9 (s, R2Car-Te), 136.4 (s, LCar), 135.6 (m,
NPhCF3Car), 134.6 (d, 3JC,P = 10 Hz, m-P-Car), 132.3 (s, LCar), 132.2 (s,
LCar), 131.1 (s, p-P-Car), 130.8 (s, LCar), 128.5 (d, 2JC,P = 10 Hz, o-P-
Car), 128.2 (m, NPhCF3Car), 128.1 (s, LCar), 125.9 (m, P-Car), 125.5 (s,
NPhCF3Car), 122.8 (d, J = 2 Hz, LCar), 119.8 (s, LCar), 118.8 (s, LCar),
118.7 (s, NPhCF3Car). 19F NMR (CDCl3, ppm): –63.1 (s). 31P NMR (CDCl3,
ppm): 0.3 (s). 125Te NMR (CDCl3, ppm): 486 (d, 2JTe,P = 67 Hz).



Full Paper

Acknowledgments

This work was generously supported by the German Academic
Exchange Service (DAAD, Germany) and the Coordenadoria de
Aperfeiçoamento de Pessoal de Nível Superior (CAPES, Brazil).
We also gratefully acknowledge the assistance of the Core Facil-
ity BioSupraMol supported by the DFG and the High-Perform-
ance-Computing (HPC) Centre of the Zentraleinrichtung für
Datenverarbeitung (ZEDAT) of the Freie Universität Berlin for
computational time and support.

Keywords: Rhenium · Selenolates · Tellurolates · Schiff
bases · Reduction

[1] Cambridge Structural Database, Release 5.40, November 2018.
[2] W.-F. Liaw, Y.-C. Horng, D.-S. Ou, C.-Y. Chuang, C.-K. Lee, G.-H. Lee, S.-M.

Peng, J. Chin. Chem. Soc. 1995, 42, 59–65.
[3] H. Egold, U. Flörke, Z. Anorg. Allg. Chem. 2001, 627, 2295–2305.
[4] B. Manimaran, A. Vanitha, M. Karthikeyan, B. Ramakrishna, S. M. Mobin,

Organometallics 2014, 33, 465–472.
[5] R. Nagarajaprakash, C. A. Kumar, S. M. Mobin, B. Manimaran, Organome-

tallics 2015, 34, 724–730.
[6] H. Egold, S. Klose, U. Flörke, Z. Anorg. Allg. Chem. 2001, 627, 164–171.
[7] A. Vanitha, S. M. Mobin, B. Manimaran, J. Organomet. Chem. 2011, 696,

1609–1617.
[8] L. Veronese, E. Q. Procopio, D. Maggioni, P. Mercandelli, M. Panigati, New

J. Chem. 2017, 41, 11268–11279.
[9] A. Meltzer, R. Cargnelutti, A. Hagenbach, E. Schulz Lang, U. Abram, Z.

Anorg. Allg. Chem. 2015, 641, 2617–2623.
[10] A. A. Pasynskii, Y. V. Torubaev, A. V. Pavlova, I. V. Skabitsky, G. L. Denisov,

V. A. Grinberg, J. Cluster Sci. 2015, 26, 247–260.
[11] A. A. Pasynsky, Y. V. Torubaev, A. V. Pavlova, S. S. Shapovalov, I. V. Skabit-

sky, G. L. Denisov, Russ. J. Coord. Chem. 2014, 40, 611–616.
[12] A. A. Pasynskii, S. S. Shapovalov, I. V. Skabitsky, O. G. Tikhonova, T. A.

Krishtop, Russ. J. Coord. Chem. 2015, 41, 76–79.
[13] A. Vanitha, J. Muthukumaran, R. Krishna, B. Manimaran, Acta Crystallogr.,

Sect. E. Struct. Rep. Online 2010, 66, m518–m519.
[14] J. Muthukumaran, M. Kannan, A. Vanitha, B. Manimaran, R. Krishna, Acta

Crystallogr., Sect. E: Struct. Rep. Online 2010, 66, m558–m559.
[15] J. S. Jones, F. P. Gabbaï, Chem. Lett. 2016, 45, 376–384.
[16] M. Godoi, M. W. Paixão, A. L. Braga, Dalton Trans. 2011, 40, 11347–11355.
[17] Q. Yao, E. P. Kinney, C. Zheng, Org. Lett. 2004, 6, 2997–2999.
[18] F. A. Cotton, K. R. Dunbar, Inorg. Chem. 1987, 26, 1305–1309.
[19] T. Fietz, H. Spies, P. Leibnitz, D. Scheller, J. Coord. Chem. 1996, 38, 227–

235.
[20] T.-F. Wang, C.-C. Hwu, C.-W. Tsai, Y.-S. Wen, Organometallics 1998, 17,

131–138.
[21] F. De Montigny, L. Guy, G. Pliet, N. Vanthuyne, C. Ruossel, R. Lombardi,

T. B. Freedman, L. A. Nafie, J. Crassous, Chem. Commun. 2009, 4841–
4843.

[22] V. D. Schwade, A. Hagenbach, E. Schulz Lang, K. Klauke, F. Mohr, U.
Abram, Eur. J. Inorg. Chem. 2014, 2014, 1949–1954.

[23] M. Herberhold, C.-X. Jin, W. Millius, Z. Anorg. Allg. Chem. 1994, 620, 1295–
1300.

[24] R. Cargnelutti, E. S. Lang, P. Piquini, U. Abram, Inorg. Chem. Commun.
2014, 45, 48–50.

[25] R. Pietschnig, K. Merz, S. Schäfer, Heteroat. Chem. 2005, 16, 169–174.
[26] L. M. Caldwell, A. F. Hill, A. G. Hulkes, C. M. A. McQueen, A. J. P. White,

D. J. Williams, Organometallics 2010, 29, 6350–6358.
[27] B. Noschang Cabral, L. Kirsten, A. Hagenbach, P. C. Piquini, M. Patzschke,

E. S. Lang, U. Abram, Dalton Trans. 2017, 46, 9280–9286.
[28] B. Noschang Cabral, Doctoral Thesis, Universidade Federal Santa Maria,

2017.
[29] E. Labisbal, J. Romero, M. L. Durán, J. A. García-Vázquez, A. Sousa,

U. Russo, R. Pritchard, M. Renson, J. Chem. Soc., Dalton Trans. 1993, 755–
758.

Eur. J. Inorg. Chem. 2019, 4974–4984 www.eurjic.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4983

[30] I. S. Vasil′chenko, I. G. Borodkina, A. S. Burlov, N. V. Karpova, G. M. Abaka-
rov, K. A. Lyssenko, G. S. Borodkin, I. E. Uflyand, A. D. Garnovskii, V. I.
Minkin, Russ. Chem. Bull. 2013, 62, 1809–1814.

[31] N. A. Barnes, S. M. Godfrey, R. T. A. Halton, I. Mushtaq, R. G. Pritchard, S.
Sarwar, Dalton Trans. 2006, 1517–1523.

[32] R. Pietschnig, S. Spirk, G. N. Rechberger, K. Merz, Inorg. Chim. Acta 2008,
361, 1958–1964.

[33] L. C. Forfar, M. Green, M. F. Haddow, S. Hussein, J. M. Lynam, J. M. Slattery,
C. A. Russell, Dalton Trans. 2015, 44, 110–118.

[34] R. K. Haynes, C. Indorato, Aust. J. Chem. 1984, 37, 1183–1194.
[35] H. Ohmori, H. Maeda, K. Konomoto, K. Sakai, M. Masui, Chem. Pharm.

Bull. 1987, 35, 4473–4481.
[36] M. Sakakibara, Y. Watanabe, T. Toru, Y. Ueno, J. Chem. Soc., Perkin Trans.

1 1991, 1231–1234.
[37] I. Nakagawa, T. Hata, Tetrahedron Lett. 1975, 17, 1409–1412.
[38] S. Ford, C. P. Morley, M. Di Vaira, Inorg. Chem. 2004, 43, 7101–7110.
[39] M. Risto, E. M. Jahr, M. S. Hannu-Kuure, R. Oilunkaniemi, R. S. Laitinen,

J. Organomet. Chem. 2007, 692, 2193–2204.
[40] U. Abram, Rhenium, in Comprehensive Coordination Chemistry II, From

Biology to Nanotechnology (Eds.: J. A. McCleverty, T. J. Meyer), Elsevier
2005, pp. 271–402.

[41] B. Kuhn, U. Abram, Z. Anorg. Allg. Chem. 2010, 637, 242–245.
[42] C. Scholtysik, M. Roca Jungfer, A. Hagenbach, U. Abram, Z. Anorg. Allg.

Chem. 2018, 644, 1451–1455.
[43] C. Scholtysik, C. Njiki Noufeele, A. Hagenbach, U. Abram, Inorg. Chem.

2019, 58, 5241–5252.
[44] S. Abram, U. Abram, E. Schulz Lang, J. Strähle, Acta Crystallogr., Sect. C

1995, 51, 1078–1080.
[45] H. H. Nguyen, U. Abram, Inorg. Chem. 2007, 46, 5310–5319.
[46] H. H. Nguyen, C. T. Pham, A. Rodenstein, R. Kirmse, U. Abram, Inorg.

Chem. 2011, 50, 590–596.
[47] U. Mazzi, F. Refosco, G. Bandoli, M. Nicolini, Transition Met. Chem. 1985,

10, 121–127.
[48] X. Chen, F. J. Femia, J. W. Babich, J. Zubieta, Inorg. Chim. Acta 2000, 307,

149–153.
[49] J.-Y. Kim, Y.-J. Ji, H.-J. Ha, H.-K. Chae, Bull. Korean Chem. Soc. 2003, 24,

504–506.
[50] C. Bolzati, M. Porchia, G. Bandoli, A. Boschi, E. Malago, Inorg. Chim. Acta

2001, 315, 205–212.
[51] P. Mayer, K. C. Potgieter, T. I. A. Gerber, Polyhedron 2010, 29, 1423–1430.
[52] F. J. Femia, X. Chen, J. W. Babich, J. Zubieta, Inorg. Chim. Acta 2001, 316,

145–148.
[53] X. Chen, F. J. Femia, J. W. Babich, J. Zubieta, Inorg. Chim. Acta 2000, 308,

80–90.
[54] F. J. Femia, X. Chen, J. W. Babich, J. Zubieta, Inorg. Chim. Acta 2000, 300,

517–524.
[55] X. Chen, F. J. Femia, J. W. Babich, J. Zubieta, Inorg. Chim. Acta 2001, 316,

33–40.
[56] R. Alberto, R. Schibli, R. Egli, P. A. Schubiger, W. A. Herrmann, G. Artus, U.

Abram, T. A. Kaden, J. Organomet. Chem. 1995, 493, 119–127.
[57] N. P. Johnson, C. J. L. Lock, G. Wilkinson, J. Chem. Soc. 1964, 1054–1066.
[58] J. Chatt, G. A. Rowe, J. Chem. Soc. 1964, 1012–1020.
[59] C. S. Radatz, D. Alves, P. H. Schneider, Tetrahedron 2013, 69, 1316–1321.
[60] L. Engman, D. Stern, I. A. Cotgreave, C. M. Andersson, J. Am. Chem. Soc.

1992, 114, 9737–9743.
[61] A. M. Deobald, L. R. S. de Camargo, G. Tabarelli, M. Hörner, O. E. D. Rod-

rigues, D. Alves, A. L. Braga, Tetrahedron Lett. 2010, 51, 3364–3367.
[62] G. M. Sheldrick, SADABS, University of Göttingen, Germany, 1996.
[63] P. Coppens, The Evaluation of Absorption and Extinction in Single-Crystal

Structure Analysis. Crystallographic Computing, Copenhagen, Muksgaard,
1979.

[64] G. M. Sheldrick, Acta Crystallogr., Sect. A 2008, 64, 112–122.
[65] G. M. Sheldrick, Acta Crystallogr., Sect. C 2015, 71, 3–8.
[66] Diamond - Crystal and Molecular Structure Visualization Crystal Impact -

Dr. H. Putz & Dr. K. Brandenburg GbR, Bonn, Germany.
[67] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Na-
katsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G.
Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hase-
gawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A.



Full Paper

Montgomery Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Broth-
ers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghava-
chari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega,
J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski,
G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö.
Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian 09,
Revision B.01, Gaussian, Inc., Wallingford CT, 2016.

[68] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li,
M. Caricato, A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Men-
nucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D.
Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Pet-
rone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G.
Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E.
Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi,

Eur. J. Inorg. Chem. 2019, 4974–4984 www.eurjic.org © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4984

J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin,
K. Morokuma, O. Farkas, J. B. Foresman, D. J. Fox, Gaussian 09, Revision
A.02, Gaussian, Inc., Wallingford CT, 2016.

[69] GaussView, Version 6, Roy Dennington, Todd A. Keith, and John M. Mil-
lam, Semichem Inc., Shawnee Mission, KS, 2016.

[70] S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200–1211.
[71] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.
[72] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789.
[73] P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270; P. J. Hay, W. R. Wadt,

J. Chem. Phys. 1985, 82, 284; P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985,
82, 299.

[74] R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys. 1980, 72,
650–654.

[75] A. D. McLean, G. S. Chandler, J. Chem. Phys. 1980, 72, 5639–5648.
[76] L. A. Curtiss, M. P. McGrath, J.-P. Blandeau, N. E. Davis, R. C. Binning, J. L.

Radom, J. Chem. Phys. 1995, 103, 6104–6113.
[77] K. L. Schuchardt, B. T. Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J.

Chase, J. Li, T. L. Windus, J. Chem. Inf. Model. 2007, 47, 1045–1052.

Received: October 10, 2019


