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1. Introduction

There are a number of selenium compounds containing the
Y-NHC(Se)-Z unit (Fig. 1). This moiety may in principle coor-
dinate to a metal as either a neutral Se-donor or, upon
deprotonation, as anionic Se- or N-donor or as chelating
[Se,N]-ligand. If Y = ArC(O) and Z = NR, the compounds are
known as acylselenoureas, when Y = R,C=N and Z = NR, they
are selenosemicarbazones and when Y = Ar and Z = OR
selenocarbamate esters (Fig. 1). As is evident, there is ample
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This article reviews the syntheses, structures, reactions and applications of metal complexes with both
and main-group-metals containing selenium compounds

including acylselenoureas,

selenosemicarbazones and selenocarbamate esters as ligands. Literature up to November 2021 has been

opportunity to introduce structural diversity and additional
functionality in these compounds.

The coordination chemistry of these three classes of sele-
nium compounds (acylselenoureas, selenosemicarbazones and
selenocarbamate esters) is subject of this article. Discussed are
syntheses, structures, reactivity and applications of metal com-
plexes with both transition metals and main group metals
containing these selenium compounds as ligands. Although
much of the work reviewed herein is older, in recent years new
applications have been discovered, especially in the materials
sciences and medicine, which have led to a renaissance in this
area. In 2014 a review on the synthesis and biological applica-
tions of selenoureas was published, but focus here was the
organic chemistry of this class of compounds." There also exists
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Fig. 1 Schematic illustration of selenium compounds containing the
—NHC(Se)- unit (top) and their possible coordination modes (bottom).

a review on the coordination chemistry of acylselenoureas
published in Spanish in 1983 but, to the best of our knowl-
edge, the coordination chemistry of selenosemicarbazones has
to date not been reviewed. Given that the field has considerably
advanced in the past years, we felt it was timely to provide an
update and summary of both the historic, pioneering work and
latest developments.

2. Acylselenoureas

Acylselenoureas of the type ArC(O)NHC(Se)NR, were first reported
by Douglass in 1937.% These compounds can be prepared from the
reaction of an acid chloride with KSeCN in acetone to form
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intermediate acylisoselenocyanates ArC(O)N—C—Se (amongst
other oligomeric compounds*) which are generally not isolated
and immediately reacted with a primary or secondary amine to
give the desired acylselenoureas (Scheme 1).

Although yields are extremely variable, this general proce-
dure is still the method of choice for the synthesis of acyl-
selenoureas. Subsequently in the 1960’s and 1970’s, the group
of Bulka studied this reaction in some detail and (unsuccess-
fully) attempted to isolate the acylisoselenocyanates.’® The
same procedure was later also used by Koketsu’ and Pazdera®
to prepare a variety of new selenourea derivatives. An alter-
native method using CH,Cl, as solvent and polyethylene glycol
400 as a phase-transfer catalyst was reported by Zhang.>'°
Apart from the acylselenoureas derived from aromatic acid
chlorides and anilines or dialkyl amines, there are also examples
containing carbohydrate moieties (Fig. 2). These include the
acylselenourea prepared from benzoyl chloride and O-acetyl-
protected glucosamine, as well as the acylselenourea obtained
from the reaction of an O-acetyl-protected gluconyl isoseleno-
cyanate with aniline.'*'*

As will be shown below, the coordination chemistry of
acylselenourea derivatives is so far restricted to those formed
from aromatic acid chlorides and secondary amines. Table 1
lists these known acylselenoureas together with their yields and
CCDC deposition codes for those compounds whose structures
have been determined. The only metal-containing acylselenoureas
derived from primary amines are the ferrocenyl-substituted deri-
vatives ArC(O)NHC(Se)NHC¢H,Fc which have been investigated in
some detail by the group of Badshah.”*™°

The first crystallographic study of two acylselenoureas is
mentioned in a short note from 1963, in which only unit
cell parameters and space groups are disclosed.®’ The first
full structure determination of an acylselenourea, that of
PhC(O)NHC(Se)NHPh, was published by Hope in 1965,** since
then a total of 28 crystal structures of acylselenoureas have
been deposited with the CCDC. A common feature in the
structures derived from primary amines is the formation of
a six-membered ring containing the NHC(Se)NHC(O) unit,
which is stabilised through an intramolecular hydrogen bond
between the N-H proton and the carbonyl oxygen atom (Fig. 3).

In the solid-state structures of acylselenoureas derived from
secondary amines (Table 1), the intramolecular hydrogen bond
can of course not be formed, thus the angle between the CO
and CSe moieties varies from compound to compound.

It was the group of Beyer and Kirmse who first showed that
PhC(O)NHC(Se)NEt, reacts with Ni"™-, Pd"™- or Co"-acetate to
give good yields of the square planar bis(chelate) complexes
[M{PhC(O)NC(Se)NEt,},] (M = Ni, Pd) or the octahedral
tris(chelate) [Co{PhC(O)NC(Se)NEt,};], in which the deproto-
nated acylselenourea acts as an O,Se-chelate ligand
(Scheme 2).** The proposed structures of the bis(chelate) com-
plexes, in which the acylselenoureato ligands are mutually cis,
was initially deduced from single-crystal EPR spectroscopy of
the Cu™ complex [Cu{PhC(O)NC(Se)N'Bu,},];** the first X-ray
crystal structures of such metal bis(selenoureato) complexes
appeared only in the 1990’s (see below).

New J. Chem., 2022, 46, 4534-4549 | 4535
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Fig. 2 Acylselenoureas derived from carbohydrates.

Table 1 Known acylselenourea derivatives derived from aromatic acid
chlorides and secondary amines

Ar NR, % yield ~ CCDC code  Ref.

Ph NEt, 45, 39 622749 3 and 20
Ph N(1-naphthyl), 58 3

Ph N"Bu, 57 677072 21 and 22
Ph NMe, No data 22

Ph N'Bu, No data 23
4-MeCgH, morpholino 64, 93 4,7
4-MeCgH, NEt, 100, 96 7 and 24
2,6-F,CH;  N'Bu, 60 25
2-FCgH, NEt, 96 248406 26
2-FC¢H, N'Bu, 68 248407 26
4-0,NC,H, N'Bu, 29 685384 27
2-Naphthyl  NEt, 33 773721 28
4-MeCgH, NMePh 64 791347 24

Ph NMePh 55 791348 24

Ph Morpholino 98 4
4-MeOCgH, Morpholino 91 4
4-ClCeH, Morpholino 85 4
4-O,NCcH, Morpholino 82 4
4-O,NC¢H,  NEt, 33 852956 29
4-CIC¢H, N'Bu, 71 1586977 30
4-CICgH, N"Bu, 24 1586975 30

Subsequently, the same group reported detailed studies of
mainly Ni®™ and cu®™ bis(selenoureato) complexes. These
investigations focused on EPR spectroscopy,***° ESCA spectro-
scopy,’®*’ NMR spectroscopy’>™* as well as mass spectro-
metry.*>*® A summary of these results from the Beyer group
was published in a review in 1983.> In the mid-1980’s the group
of Konig began investigating chromatographic metal separation
using acylselenoureas as chelating agents and found that good
separation with very low sensitivities (in the ng range) could be
achieved.”®"”*® Even earlier, a Spanish group utilised the
coloured products formed by the reaction of acylselenoureas
with palladium or osmium salts for the spectrophotometric
determination of these metals. Using the sarcosine derived

4536 | New J. Chem., 2022, 46, 4534-4549

Fig. 3 Six-membered ring structure formed by an intramolecular NH- --O
hydrogen bond in the molecular structure of p-TolC(O)NHC(Se)NBz. Atom
colours: mint — selenium, blue — nitrogen, red — oxygen, grey — carbon,
white — hydrogen.
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acylselenourea PhC(O)NHC(Se)NHCH,C(O)OEt, palladium(u)
could be determined in acidic solutions over a linear range of
4-16 ppm.* 0s™ was also detected over a similar concen-
tration range using the same acylselenourea.’® Similar results
were also obtained using PhC(O)NHC(Se)NHPh.>' A further
example of the application of acylselenoureas in metal analysis
is the spectrophotometric determination of Ru™ and 0s™)
using PhC(O)NHC(Se)NMePh.* In all these examples however,
the exact nature of the coloured species formed by interaction
of the acylselenoureas with the metal ions was not further
investigated.

In more recent times, various groups have explored the use
of acylselenoureato metal complexes as single-source precur-
sors for various metal selenide nanomaterials or thin films. The
cadmium complex [Cd{PhC(O)NC(Se)NEt,},] was used by Koch
for the preparation of cubic-phase CdSe nanoparticles via a
controlled thermolysis method.*® Similarly, the lead complexes
[Pb{PhC(O)NC(Se)NEt,},], [Pb{4-0,NC¢H,C(O)NC(Se)N'Bu,},],
[Pb{2-napC(O)NC(Se)NEt,},] as well as the Pd"™ derivative

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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[Pd{2-napC(O)NC(Se)NEt,},] were used as precursors for the
deposition of PbSe or PdSe thin films.>”**>*7” The same group
also used the tris(chelate) iron(ur) compound [Fe{2-napC(O)-
NC(Se)NEt,};] to obtain FeSe nanocrystals and thin films.>® The
ferrocenyl-substituted selenourea [3-FcCsH,NHC(Se)NHC(O)-4-
MeCg¢H,] was used as a single-source precursor to deposit FeSe
nanoparticles on carbon nanotubes for photocatalytic appli-
cations.'” Our group has also studied the thermal behaviour of
lead selenoureato bis(chelates) and the microwave-assisted
formation of PbSe nanoparticles in ionic liquids.*®

Limited data on the reactivity of bis(selenoureato) metal com-
plexes is available. The Ni"™ complex [Ni{PhC(O)NC(Se)NEt,},]
reacts with diphosgene in benzene to afford a heterocyclic disele-
nazolium salt (Scheme 3), which was structurally characterised.”

Although the preparation of N-(thiocarbamoyl)benzimi-
doylchlorides by reaction of the Ni'™ bis(thioureato) complexes
[Ni{PhC(O)NC(S)NR,},] with SOCI, proceeds in good yields, the
analogous N-(selenocarbamoyl)benzimidoylchlorides cannot be
prepared by this method; they are however readily accessible
from direct reaction of the acylselenoureas with thiophosgene
(Scheme 4).°° Such compounds can however be much easier
prepared by reacting an imidoyl chloride with KSeCN and
subsequent treatment with an amine (Scheme 5).°"°

The coordination chemistry of the diethyl derivative (HL in
Scheme 5) has been investigated with various transition metals.®*
Whilst its reactivity is generally very similar to that of the
acylselenoureas, the structures of the chelate rings are consider-
ably different. Whereas the acylselenoureato complexes feature
almost planar chelate rings, the N-imidoselenoylcarbamato com-
plexes display a boat-like conformation of the chelate rings. This
difference has been attributed to a lesser degree of conjugation of
the negative charge along the ligand backbone of the imodoyl
derivatives, which was supported by DFT calculations.

Tetradentate acylselenoureas derived from isophthaloyl- and
terephthaloylchloride are known, but were reported to be quite
unstable. However, their Ni' and Cu™ complexes (Scheme 6)
could be isolated and were characterised by mass spectrometry,
X-ray crystallography and EPR spectroscopy.®®%*%

View Article Online
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From the early 1990’s a series of papers reporting the X-ray
crystal structures of various metal complexes with PhC(O)NHC-
(Se)NEt, appeared. These include the main group metal com-
plexes [TH{PhC(O)NC(Se)NEt,}],,*> [In{PhC(O)NC(Se)NEt,};]°®
and [Pb{PhC(O)NC(Se)NEt,},]*” as well as the transition metal
complexes [CA{PhC(O)NC(Se)NEt,},],*®*  [Zn{PhC(O)NC(Se)-
NEt,},],*° [Ni{PhC(O)NC(Se)NEt,},]’° and [Co{PhC(O)NC(Se)-
NEt,};].” The structure of the Pd"™ bis(chelate) complex
[Pd{PhC(O)NC(Se)N"Bu,},] as well as that of the selenourea
itself was also communicated.> Examples of selected struc-
tures are depicted in Fig. 4.

In all the structures mentioned above the deprotonated
selenourea ligands adopt the cis O,Se-chelating coordination
mode. To the best of our knowledge there is only one known
compound in which two chelating acylselenoureas coordinate
to a metal in a trans fashion: Crystals of the gallium(ur)chlorido
complex [GaCl{4-O,NC¢H,C(O)NC(Se)NEt,},] (Fig. 4b) were
obtained during attempts to prepare the corresponding tris-
(chelate).””

Over the past years we also reported the first examples of
metal complexes in which the acylselenoureato ligands coordi-
nate to a metal only via selenium (Fig. 5). These include the
mono- and dinuclear gold(i) complexes containing phosphines
or N-heterocyclic carbene co-ligands.”*”* In the X-ray structures
of these complexes the acylselenoureato moiety is rotated in
such a way, that the hard oxygen atom points away from the
soft metal centre. These gold(1) complexes were also amongst
the first examples of heteroleptic acylselenourea complexes in
which there are additional ligands present in the coordination
sphere of the metal.

We have subsequently reported the preparation and structural
characterisation of organopalladium(u) compounds containing
chelating acylselenourea ligands as well as monoanionic C-N or
C-Se ligands by cleavage reactions of acetate- or chloro-bridged
cyclopalladated species with the corresponding acylselenoureas
(Scheme 7).”>7° Similarly, the polymeric organogold(m) com-
pound [AuCl(‘Bu,Bip)], containing a dicarbanionic biphenyl-
derivative reacts with acylselenoureas in the presence of base,
giving the corresponding chelate complexes (Scheme 7).”” It is
important to note, that the carbanionic ligand stabilises the
gold(u) oxidation state in these complexes. Reactions of acyl-
selenoureas with gold(m) salts typically lead to reduction of the
gold species and oxidation of the selenium compound. Cationic
Pd™ and Pt™ complexes of the type [M{ArC(O)NC(Se)NR,}-
(L-L)]" (M = Pd, Pt) featuring bidentate nitrogen- (bipyridine,
phenanthroline) or phosphorus-ligands (dppe or PPh;) and
monoanionic acylselenoureato ligands have been prepared

Ph N NR
=y
Se O CSC|2 Se ClI zé O\ /Se
RN NJ\Ph RN~ > ph N
" 2 By
N——
Ph” N7 NR,
Scheme 4
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and structurally characterised (Scheme 7).>>”® The reaction of
[RuCl,(p-cym)], with acylselenoureas and Ph;P in the presence
of NH,PF, afforded good yields of the organoruthenium(i)
cations [M{ArC(O)NC(Se)NR,}(p-cym)(PPhs)]", which were fully
characterised including several X-ray structures (Scheme 7).”®
These complexes are chiral at the metal centre and feature four

4538 | New J. Chem., 2022, 46, 4534-4549

different ligating atoms (Se, O, P, and C) bound to ruthenium.
In addition to structural data, we have collected detailed NMR
spectroscopic data, in particular ’Se chemical shifts for both
the acylselenoureas and the metal complexes. Studies of the
biological activity of some of these substances against various
tumour cell lines were also undertaken.”>”®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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(a) Molecular structure of [Ni{(2-FCgH4)C(O)NC(Se)NEt,},. (b) Molecular structure of [GaCl{4-O,NCgH4C(O)NC(Se)NEt,},]. Atom colours: mint —

selenium, blue — nitrogen, red — oxygen, grey — carbon, lilac — nickel, light grey — gallium, light green — fluorine, dark green — chlorine, white —

Fig. 4
hydrogen.
Fig. 5 (a) Molecular structure of [Au(PPhz){4-O,NCeH4C(O)NC(Se)NEt,}.

ipso-carbon atoms of the 2,6—(’Pr)2C6H3 groups are shown. Atom colours:

grey — carbon, yellow - gold, white — hydrogen.

The results of a study of the reactivity of some acylselenour-
eas with the oxorhenium(v) salt "Bu,;N[ReOCl,] have also been
reported.”® Depending on the reaction conditions, different
metal complexes were isolated and structurally characterised.
In most cases, the deprotonated acylselenourea adopts the
typical O,Se-chelating mode. However, one complex was iso-
lated in which two of the three acylselenoureato ligands are
chelating whilst the third bonds to the ReO-core only through
the selenium atom (Fig. 6).

More recently we found, that Ag,O dissolves in a solution
of acylselenoureas, forming tetranuclear silver(i) clusters
[Ag,{ArC(O)NC(Se)NEt,},| containing the deprotonated acylse-
lenoureato ligands (Fig. 7a).%° These clusters react with four or
eight equivalents of a phosphine affording dinuclear Agm
compounds [Ag,{ArC(O)NC(Se)NEt,},(P),] or the mononuclear
complexes [Ag{ArC(O)NC(Se)NEt,}(P),] (P = PhsP, PTA), respec-
tively (Scheme 8).

Although acylselenoureato complexes of copper(u) have long
been known and are well-studied, their Cu” counterparts were

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

(b) Molecular structure of [Au(IPr){4-O,NCgH4C(O)NC(Se)NEt,}]. Only the
mint — selenium, blue — nitrogen, red — oxygen, magenta — phosphorous,

only reported recently. The phosphine and N-heterocyclic car-
bene Cu”’ compounds [Cu{ArC(O)NC(Se)NEt,}(Ph;P),] (Fig. 7b)
and [Cu{ArC(O)NC(Se)NEt,}(IPr)] containing deprotonated
chelating acylselenourea ligands are readily prepared from
the acylselenoureas and the copper(i) compounds [CuCl(IPr)]
or [Cu(Ph;P),]NO;.%" The presence of the co-ligands is essential
in this case to stabilise the copper(1) oxidation state.

3. Selenosemicarbazones

Selenosemicarbazones ~RR'C—NNHC(Se)NH, were first
reported in the 1950’s by Huls and Renson.®>®* By varying
the nature of the substituents on the imine carbon atom, a
large number of derivatives can be synthesised. Such selenose-
micarbazones are accessible from the condensation of acetone
selenosemicarbazone, cyclohexanone selenosemicarbazone or
selenosemicarbazide with an aldehyde or ketone. Whilst sele-

nosemicarbazide H,NC(Se)NHNH, was commercially available,

New J. Chem., 2022, 46, 4534-4549 | 4539
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Fig. 6 An oxorhenium(v) complex containing both anionic Se,O-
chelating and neutral Se-bound acylselenourea ligands.

acetone selenosemicarbazone®®* or the more stable cyclohex-

anone selenosemicarbazone®® can be prepared in reasonable
yields from the reaction of KSeCN with hydrazine hydrate in the
presence of the ketone under acidic conditions. We have
published an improved, reproducible preparation for this syn-
thon together with its X-ray crystal structure.®® If the subs-
tituent on the imine carbon carries a potential donor atom, a
functionalised selenosemicarbazone is obtained. For the purpose

4540 | New J. Chem., 2022, 46, 4534-4549

= Pd, Pt); N-N = bipy.

of this article, a compound of the type D-CR—NNHC(Se)NH,,
where D represents a donor atom (N, O or P) shall be defined as a
functionalised selenosemicarbazone. Thus, in the following dis-
cussion the selenosemicarbazones are grouped according to the
type of donor atom.

3.1 Complexes of selenosemicarbazones containing no
additional donor atoms

The very first report of a selenosemicarbazone as ligand in a
metal complex dates back to 1968. The group of Gerbeleu
showed that cyclohexanone selenosemicarbazone or benzalde-
hyde selenosemicarbazone act as neutral Se-donors in octahe-
dral Co™ complexes containing dimethylglyoximato ligands
forming either complexes of the type [CoCl(DMG),(HLSe)] or
[Co(DMG),(HLSe),]" (DMG = dimethylglyoximato; HLSe = neutral
selenosemicarbazone), depending on the reaction stoichio-
metry.” Acetone selenosemicarbazone or cyclohexanone seleno-
semicarbazone react with divalent nickel salts in the presence of
base to afford diamagnetic, square planar complexes of the type
[Ni(LSe),] (LSe = monoanionic selenosemicarbazone).?® Here the
deprotonated selenosemicarbazones coordinate to the metal
as monoanionic [N,Se]” ligands. In the absence of a base, the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 7 (a) Molecular structure of [Ag4{PhC(O)NC(Se)NEt,}4l.

Hydrogen atoms have been omitted for clarity. (b)

Molecular structure of

[Cu(Ph3zP),{PhC(O)NC(Se)NEt,}|. Atom colours: mint — selenium, blue — nitrogen, red — oxygen, grey — carbon, magenta — phosphorous, light grey—

silver, orange — copper, white — hydrogen.
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Scheme 8

chelate complexes [NiCl,(HSe)] or [ZnCl,(HSe)] containing neu-
tral selenosemicarbazone ligands are formed with Ni** and Zn>*
ions, respectively.®® A series of octahedral nickel(i1) and cobalt(i)
complexes containing thio- or selenocyanato ligands as well as
neutral, Se-bound selenosemicarbazones [M(NCE),(HLSe),] (M =
Ni, Co; E = S, Se) was reported by Gerbeleu.®*® Through detailed
IR-spectroscopic studies it was established that the chalcogen-
ocyanate ligands are N-bound to the metal. In 1983 three papers
on the coordination chemistry of acetone selenosemicarbazone
and furfural selenosemicarbazone with nickel(nr) and cadmium(i)
were published. In these compounds the ligands also act as
monoanionic [N,Se]” ligands, forming bis(chelates) with the
divalent metal centres. This structural assignment was however
solely based on spectroscopic data.’®**

3.2 Complexes of selenosemicarbazones containing oxygen
donor atoms

Oxygen functionalised selenosemicarbazones derived from
salicylaldehyde, adipoin, 2-hydroxy-1-naphthaldehyde, pyruvic

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

acid, phenylglyoxalic acid and diacetyl monoxime have been
prepared and used as ligands in coordination chemistry
(Fig. 8).

Salicylaldehyde selenosemicarbazone (abbreviated here as
H,SeL**) reacts with Co®", Cr** and Fe®" ions in the presence of
a base to form octahedral salts of the type [M(SeL*"),]”, in
which the salicylaldehyde selenosemicarbazone acts as a dia-
nionic, tridentate [O,N,Se]*” ligand bound to the metal via the
phenolic oxygen-, imine nitrogen- and selenium-atoms.’® Simi-
larly, with CuCl, in the presence of pyridine, the diamagnetic,
square planar complex [Cu(SeL*") (Py)] is obtained, in which
[O,N,Se]”~ coordination is also observed.’* The pyridine ligand
can be substituted by bidentate N-donors such as 1,10-
phenanthroline or 2,2'-bipyridine to give the five-coordinate
complexes [Cu(SeL*)(N-N)] (N-N = 1,10-phenanthroline or
2,2'-bipyridine). With vanadyl sulfate, salicylaldehyde selenose-
micarbazone shows some unexpected reactivity: when ammo-
nia or KOH are used as base and one additional equivalent of
salicylaldehyde is present, an oxovanadium(wv) salt is formed,

New J. Chem., 2022, 46, 4534-4549 | 4541
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Fig. 9 Vanadyl salt formed by template condensation of salicylaldehyde
selenosemicarbazone with salicylaldehyde (Q = NH,, K).

which contains the condensation product of salicylaldehyde
selenosemicarbazone with salicylaldehyde (Fig. 9).°> In this case,
the resulting tetradentate macrocycle coordinates to the metal only
through the imine nitrogen atoms and the phenolic oxygen atoms.
The selenium atom does not interact with the metal. The same
template condensation process is also observed in complexes with
Ni™ and cu™ when NaOH or KOH are used as base.”

In the presence of pyridine or bidentate N-donors, six-
coordinate V™) complexes with the [O,N,Se]>~ coordination mode
of salicylaldehyde selenosemicarbazone have been proposed.’
However, based on a crystal structure determination, we have
observed that in such systems salicylaldehyde selenosemicarba-
zone in fact acts as a dianionic [O,N,N]*~ ligand (Fig. 10), with the
selenium atom not bound to the metal.”” Given that the vanadyl
ion is classified as a hard base, it is perhaps not surprising, that
the soft selenium atom does not coordinate to vanadium.

The group of Gerbeleu also reported the first X-ray structure
of a metal complex containing salicylaldehyde selenosemi-
carbazone, which confirmed that the compound indeed acts
as a dianionic, tridentate [O,N,Se]*” ligand in the nickel(n)
complex [Ni(SeL*)(PPh;)] (Fig. 11).°*°

Structurally related to salicylaldehyde selenosemicarbazone
is adipoin selenosemicarbazone, which is reported to form

Py\H/Py
Y

/ SNH

7 /g

Fig. 10 Salicylaldehyde selenosemicarbazone as a dianionic [O,N,NJ%~

ligand.
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analogous complexes with Co**, Ni**, Zn** and Cu®" ions."**'**
These compounds however, were reported to be less stable than
their salicylaldehyde selenosemicarbazone counterparts.

The selenosemicarbazones derived from pyruvic acid and
phenylglyoxalic acid both contain a carboxylic acid functional
group, which upon deprotonation may coordinate to a metal
centre (in addition to the N- and Se-atoms of the selenosemi-
carbazone). Although no structural data has so far been
reported, the group of Gerbeleu has studied the coordination
chemistry of these selenosemicarbazones with various metals.
The selenosemicarbazone derived from pyruvic acid forms
oxovanadium(v) complexes in the presence of pyridine or
3-picoline, similar to those with salicylaldehyde selenosemi-
carbazone.”® Other complexes containing pyruvic acid or
phenylglyoxalic acid selenosemicarbazone with Co*", Ni**,
Cu”', Fe’", Fe*" and Cr’* have also been investigated.'*>'% In
each case, in the presence of a base, the selenosemicarbazones
act as dianionic, tridentate [O,N,Se]*” ligands (Fig. 12).

Although the selenosemicarbazone derived from diacetyl
monoxime MeC(NOH)C(Me)NNHC(Se)NH, (abbreviated here
as H,SeL®¥) contains a hydroxy group, there is so far no
evidence that the oxygen atom coordinates to a metal centre.
In a series of papers, the group of Gerbeleu reported the
coordination chemistry of this ligand with copper, nickel, cobalt
and iron. The selenosemicarbazone reacts with copper(u) salts to
give green, paramagnetic complexes of the type [CuX,(H,SeL™]
(X = Cl, Br), in which the neutral ligand is bound to the metal

Fig. 11 Molecular structure of [Ni(Sel*®)(PPhs)l. Hydrogen atoms have
been omitted for clarity. Atom colours: mint — selenium, blue — nitrogen,
red — oxygen, grey — carbon, magenta — phosphorous, lilac — nickel.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 12 Schematic illustration of the proposed coordination mode of the
doubly deprotonated selenosemicarbazones of pyruvic acid or phenyl-
glyoxalic acid.

through the nitrogen atoms of the oxime and imine and the
selenium atom.'®* In the presence of one equivalent of sodium
acetate the hydroxy-group of the ligand is deprotonated and
compounds formulated as [CuX(HSeL?¥)] (X = Cl, Br) were iso-
lated. With an excess of sodium acetate, a poorly soluble brown
complex containing the doubly deprotonated ligand was
obtained. With nickel(n) salts in the absence of base, brown
paramagnetic products containing the octahedral -cations
[Ni(H,SeL>),]*" are formed. If the reaction was carried out in
aqueous ammonia a brown diamagnetic product formed, which
was formulated as the square planar species [Ni(SeL°%)(NH;)].'
When nickel(u) acetate is used in the reaction, a poorly soluble
diamagnetic material was isolated. In the latter two complexes,
the doubly deprotonated selenosemicarbazone is bound to the
metal through the nitrogen atoms of the oxime and imine and the
selenium atom. Cobalt(n) salts react with the selenosemicarba-
zone under aerobic conditions to give the octahedral cobalt(i)
salts [Co(HSeL?),]X (X = Cl, Br, I, NO;, NCS)."® Under strictly
anaerobic conditions some Co™ compounds could also be iso-
lated, but their instability prevented detailed characterisation.
Similar reactions were examined with iron(un) and iron(ur)
salts.'°® With hydrated CrCl; a material was isolated, which was
formulated as the neutral octahedral species [Cr(SeL°*)(HSeL)],
containing one monoanionic and one dianionic selenosemi-
carbazone ligand."”” In all these examples, the proposed struc-
tures are based on elemental analysis, molar conductivity, mag-
netic measurements and powder diffraction data. To date there
are however no reported X-ray structures of complexes containing
this selenosemicarbazone to confirm the structures of any of the
products discussed above.

3.3 Complexes of selenosemicarbazones containing nitrogen
donor atoms

Selenosemicarbazones containing additional nitrogen donor-
atoms, which have been used as ligands, are derived from the

H
N \N,N\H/NHZ B
| _N
/N Se
R =H, Me, Ph

View Article Online
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condensation of selenosemicarbazide or its derivatives with
2-pyridinecarboxaldehyde, 2-acetylpyridine, 2-benzoylpyridine,
2-quinolinecarboxaldehyde or 8-quinolinecarboxaldehyde (Fig. 13).

The first reported metal complexes with nitrogen-
functionalised selenosemicarbazones date back to 1971 from
the group of Gerbeleu. Reactions of the selenosemicarbazone
derived from 8-quinolinecarboxaldehyde (abbreviated here as
HSeL*4"") with Co™, Ni'™ and Cu"™ salts was examined. %1%
The selenosemicarbazone can displace the water molecule in
trans-[CoCl(DMG),(H,0)] (DMG = dimethylglyoximato) to give
the corresponding selenosemicarbazone complex in which the
neutral ligand acts as a Se-donor."®® Interestingly, when the
same reaction is carried out with two equivalents of the
selenosemicarbazone both dimethylglyoximato ligands are dis-
placed forming the octahedral cationic complex [Co(SeL*I"™),]CI.
In this compound, the deprotonated selenosemicarbazone binds
to the metal through two nitrogen atoms (quinoline and imine)
and the selenium atom. With nickel(u) salts paramagnetic octahe-
dral salts [Ni(HSeL*®"™),]X, (X = Cl, Br, I) and square planar
diamagnetic compounds [NiX(SeL*d"")] (X = NCS, NO,) were
isolated.'®® The latter compound forms in the presence of base.
With copper(n) salts products of the type [CuX,(HSeL*d"™")] (X = CI,
Br, NO;) were formed but no reduction of the copper salt by the
selenium compound was observed.'® The antibacterial and anti-
fungal activity of these copper(n) complexes were subsequently
studied, however neither the selenosemicarbazone nor its copper
complexes were active."'® In 2016, the cationic cobalt(mr) complex
[Co(SeL®d"™),]ClO, was prepared and fully characterised with
modern spectroscopic methods.'"! The X-ray structure unambigu-
ously confirmed that the deprotonated selenosemicarbazone is
bound to the metal through selenium- and two nitrogen-atoms.
The complex showed considerable in vitro anticancer activity, and
a variety of experiments (e.g. apoptosis induction, cell cycle
changes and caspase activation) were carried out to determine
possible mechanisms of action.™'*

The isomeric selenosemicarbazone derived from 2-quino-
linecarboxaldehyde (abbreviated here as HSeL?3"'™) forms com-
plexes of the type [MX(SeL?*"™)] (M = Pt, Pt; X = Cl; M = Cd,
X = OAc) as well as the octahedral bis(chelates) [M(SeL?9"™),]
(M = Ni, Zn) and [Co(SeL?%""),]Cl0,."**"**® These compounds
were tested for their anticancer activity and detailed experi-
ments to elucidate their mode of action have been reported
together with spectroscopic and structural data for several
metal complexes and the selenosemicarbazone itself.

Several groups have studied the activity of 2-pyridyl-derived
selenosemicarbazones as well as their metal complexes against
Chagas disease and malaria."””**! The coordination chemistry

Fig. 13 Examples of functionalised selenosemicarbazones containing nitrogen donor atoms.
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Scheme 9 Synthesis of N4-disubstituted 2-acetylpyridine selenosemicarbazones. NR, can be derived from dialkyl amines, cyclic amines or bicyclic

amines.

and biological activity of metal complexes containing seleno-
semicarbazones derived from 2-acetylpyridine (HSeL*“?Y) have
been investigated in some detail over the years. Structural
diversity can be increased by varying the substituents on the
nitrogen atom at the 4-position. The synthesis of these com-
pounds involves S-methylation of the corresponding thiosemi-
carbazones and subsequent selenation using in situ generated
NaSeH (Scheme 9)."''**

The octahedral iron(ur) salt [Fe(LSe*?),][FeCl,] containing
2-acetylpyridine selenosemicarbazone substituted at the 4-
position with the bicyclic amine 3-azabicyclo[3.2.2]nonane,
was the first structurally authenticated metal complex containing
an N-functionalised selenosemicarbazone."”” The same group
also reported the corresponding square planar nickel() complex
[NiCI(LSe*P")].!?* Other groups described Mn™ as well as Ni®™
and Cu™ complexes with the same selenosemicarbazone, 2%

The N4-dimethyl derivative of 2-acetylpyridine selenosemi-
carbazone reacts with Ga(NO3); in the presence of NH,PF, to
afford the octahedral bis(chelate) salt [Ga(LSe**™),|PFg."** X-ray
structures for both the selenosemicarbazone and the gallium()
complex were reported together with a study on the in vitro
antitumor activity in two different cell lines. In a subsequent
paper, the same group reported a more detailed study
which also included the corresponding iron and ruthenium
bis(chelate) salts.'*® The authors demonstrated that the anti-
tumor activity correlates with the atomic number of the chalco-
gen, the selenium compound thus being the most active
compared to its sulfur and oxygen counterparts.

The mono- and dinuclear copper(un) complexes [Cu(OAc)-
(LSe*P)] and [Cu,(LSe*“P);]ClO, were prepared from the reac-
tion of the selenosemicarbazone with Cu(OAc), or Cu(ClO,), in
the presence of Et;N, respectively.’>” Both compounds were
spectroscopically and structurally characterised. Furthermore,
the copper complexes were shown to be involved in the gen-
eration of reactive oxygen species and target the lysosome to

a)

Fig. 14

induce lysosomal membrane permeabilization.'” We reported

a series of mono- and dinuclear gold(i) phosphine complexes
containing derivatives of 2-acetylpyridine selenosemicarb-
azone."”® From X-ray diffraction experiments we could show
that these are unique examples of compounds in which the
potentially tridentate selenium ligands act as monoanionic
Se-ligands towards the gold centre. Some of the compounds
display antimalaria activity, although the activity of the corres-
ponding sulfur compounds was higher."*®

Five-coordinate complexes containing the main group
metals In™, sb"™ and Bi"” including [InBr,(LSe*P")], [SbCl,-
(LSe®“P)] and [BiBr,(LSe*P)] can be prepared from the corres-
ponding metal trihalides and the selenosemicarbazone; the
proton being eliminated as HX."” The molecular structures
were determined and the thermal behaviour of the indium
compound was investigated by DSC/TGA. The complex melts at
262 °C and starts to lose more than 60% mass above 500 °C."*°
There is thus potential for this type of complex as single-source
precursor for InSe materials. Using the same synthetic strategy,
we prepared a series of tin(iv) compounds starting from SnCl,
and the organotin halides [SnCLR,] (R = Me, "Bu, Ph)."*°
Depending on the tin compound used, different products were
obtained and structurally characterised (Fig. 14). Whilst SnCl,
or [SnCl,("Bu),] in all cases gave products of the type
[SnCI(R),(LSe*P)] (R = Cl, "Bu), [SnCl,(Ph),] yielded product
mixtures containing [SnCl,(Ph)(LSe*?)] and [SnCl(Ph),(LSe™™)].
The former arises from elimination of PhH, whilst in the latter
HCI is liberated during the reaction. Curiously, when using
[SnCl,Me,], a salt was isolated containing the five-coordinate
[SnMe,(LSe*™)]" cation. All of the compounds were characterised
by "’Se and "'°Sn NMR spectroscopy as well as by **°Sn Méssbauer
spectroscopy.**°

Based on the HSAB-principle, an anionic selenosemicarba-
zone is classified as a soft base, which would therefore tend to
form stable complexes with soft metal ions. The vanadyl cation

(a) Molecular structure of [INBr,(LSe?*™)]. (b) Molecular structure of [SnCls(LSe**™)]. Hydrogen atoms have been omitted for clarity. Atom

colours: mint — selenium, blue — nitrogen, grey — carbon, blood red — bromine, lilac — indium, dark green — chlorine, light grey - tin, white — hydrogen.
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Fig. 15 Molecular structure of [V(O),(LSe™™)]. Atom colours: mint —
selenium, blue - nitrogen, red — oxygen, grey — carbon, lilac — vanadium,
white — hydrogen.
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[VOJ** is considered a hard metal centre and thus would not
be expected to form complexes with soft bases such as a
deprotonated selenosemicarbazone. Nevertheless, we could
show that 2-acetylpyridine selenosemicarbazone readily reacts
with [VO(acac),] to give the green V) complex [V(O)(acac)-
(LSe*“PY)], containing both an acac-ligand and the deprotonated
[N,N,Se]” coordinating selenosemicarbazone. This compound
is oxidised in air to the yellow V() dioxo species [V(0),(LSe**™)]
(Fig. 15)."*! Together with the X-ray structures, we reported the
EPR spectrum of the paramagnetic V") complex.

The reaction of 2-acetylpyridine selenosemicarbazone with
[PACI,(MeCN),] or K,[PtCl,] gives the corresponding metal
halide complexes [MCI(LSe™)] (M = Pd, Pt)."** In the presence
of a silver salt and dppe, these complex reacts to afford the
phosphine-bridged dinuclear dications [(LSe™)M(u-dppe)M-
(LSe™)]** (M = Pd, Pt), which were isolated as their respective
BPh, salts. In the case of palladium, the same product can be
obtained from the selenosemicarbazone and [Pd(OTf),(dppe)]
in the presence of base and NaBPh,."*

In a series of papers, the group of Andelkovic reported the
preparation, spectroscopic and structural characterisation of
metal complexes containing 2-pyridinecarboxaldehyde seleno-
semicarbazone. These include [CdCl,(HLSe™)] and [ZnCl,(HLSe™)],

P
/
[AuCI(P)] Au
base Se
Ph. N//kOR

R =Me
P = PhsP, PTA, (o-Tol);P

P-P = dppm, dppe, dppb, dppf
Scheme 10
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in which the neutral ligand adopts the [N,N,Se] coordination
mode.”*® The square planar [MCI(LSe™)] (M = Pd, Pt) and
octahedral complexes [Co(LSe™),|BF, and [Ni(LSe"),] were also
reported.’® In the latter compounds, the selenosemicarbazone
is deprotonated and binds to the metal centre via the selenium
atom and two nitrogen atoms (pyridyl and imine). Detailed
studies of the anticancer activity and the mode of action of
these complexes have also been disclosed.!***337135

A potentially pentadentate selenosemicarbazone was pre-
pared by the condensation reaction of 2,6-diacetylpyridine with
two equivalents selenosemicarbazide.’*® Treatment of this
bis(selenosemicarbazone) with various metal acetates (Cd, Zn
and Ni) lead to the isolation of the corresponding complexes, in
which the doubly deprotonated selenosemicarbazone is bound
to the metal through two selenium- and two imine-nitrogen
atoms as well as the nitrogen of the pyridyl group (Fig. 16 left).
In the case of the nickel complex, elimination of hydrogen
selenide occurs in one of the selenosemicarbazone-arms
during complexation, leading to formation of a tetradentate
[Se,N,N,N]-selenosemicarbazone (Fig. 16 right).'*® The in vitro
antitumor activity of the bis(selenosemicarbazone) and the
three metal complexes were evaluated in several human cancer
cell lines."®” Whilst the nickel complex was inactive, the
bis(selenosemicarbazone) and its Zn™ complex were the most
active in all cell lines and were able to induce necrosis.

3.4 Complexes of selenosemicarbazones containing
phosphorus donor atoms

There is only one reported example of a phosphine-containing
selenosemicarbazone. Condensation of 2-(diphenylphosphino)-
benzaldehyde with selenosemicarbazide affords the corres-
ponding selenosemicarbazone which was subsequently
coordinated to a Ni™@ centre.'®® In the resulting diamagnetic,
square planar complex the ligand acts as a monoanionic
[P,N,Se]™ ligand.

4. Selenocarbamate esters

The selenocarbamate ester PANHC(Se)OEt, obtained from the
reaction of PhNCSe with EtOH, was first reported in 1971
together with a series of Co™ complexes in which the compound
acts as a neutral Se-donor ligand (Scheme 10)."** Our group
has reported the preparation and crystal structures of various
mono- and dinuclear gold(i) phosphine complexes containing the
deprotonated selenocarbamate ester [PhNC(Se)OMe]~, which
coordinates to gold only via selenium (Scheme 10).4%*!

5. Conclusions

We hoped to illustrate in this article that although the origins
of the coordination chemistry of the selenium-containing
ligand classes comprising acylselenoureas, selenosemicarba-
zones and selenocarbamate esters date back more than forty
years, there still remains much to explore. The development
of modern analytical tools, especially X-ray diffraction and
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77Se-NMR spectroscopy has allowed researchers to unambigu-
ously elucidate structures of the compounds and to understand
their reactivity. A variety of applications including analytical
chemistry, materials chemistry (single-source precursors for a
range of metal-selenide nanomaterials) as well as medicine
(antimicrobial and anticancer activity) will continue to inspire
future developments in this area of selenium-coordination
chemistry.

Abbreviations

Ac acetyl

acac acetylacetonate

Bipy 2,2'-bipyridine

‘Bu,Bip 4,4-di(tert-butyl)biphenyl-2,2’-diyl
‘Bu,bipy 4,4’-di(tert-butyl)-2,2'-bipyridine

Bz benzyl

p-cym 1-methyl-4-isopropylbenzene

DMG dimethylglyoximato

dppm bis(diphenylphosphino)methane
dppe 1,2-bis(diphenylphosphino)ethane
dppp 1,3-bis(diphenylphosphino)propane
dppb 1,4-bis(diphenylphosphino)butane
dppf 1,1’-bis(diphenylphosphino)ferrocene
Fc ferrocenyl

IPr 1,3-di(2,6-diisopropylphenyl)imidazolylidene
2-nap 2-naphthyl

oTf trifluoromethanesulfonate

Phen 1,10-phenanthroline

PTA 1,3,5-triaza-7-phosphaadamantane
o-Tol 2-methylphenyl

p-Tol 4-methylphenyl
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