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Phosphor-1,1-Diselenolato Metal Complexes
of Group 11 and 12

C. W. Liu
Department of Chemistry, Chung Yuan Christian University,
Chung Li, Taiwan

Several copper and silver clusters containing diselenophosphate ligands
such as tetranuclear [Cu{Sea2P(OR)2}]4, hexanuclear [Ag{SeaP(OR)2}]s,
octanuclear [Cug(j18-Se){SeaP(OR)2}6], [Ags(118-Se){SeaP(OR)2}6], [Cug(us-
X){Se2P(OR)2 }61(PFg), [Ags(ug-X) {SesP(OR)2 }6](PF¢), decanuclear [Ag10(1110-
Se){Sea2P(OR)2 }s], undecanuclear [Cu11(j19-Se)(u3-X)3{Se2P(OR)2 }¢], [Ag11(19-
Se)(11.3-X)3{Se2P(OR)2 Js], and dodecanuclear [Cuj2(P2Seg){Se2P(OR)2}s]
have been isolated. All these clusters were well characterized in the solid-state
and solution phase by elemental analysis, positive FAB mass spectrometry,
multinuclear NMR (1H, 31P, and 77Se), and single crystal X-ray diffraction. In
addition, tetranuclear zinc clusters [Zn4(ug4-Se){Se2P(OPr)2}¢l, and [Zng(ug-
0){Se2P(OR)2 }6] (R = Et, iPr) also are synthesized and characterized. Solution
studies of both [M{SeaP(OEt)2 }2]~ and [M2{Se2P(OiPr)2}4] (M = Zn, Cd) which
display a monomer-dimer equilibrium in solution were performed by VT 31p NMR
in CD2Cls.

Keywords Copper and silver clusters; diselenophosphate ligand; zinc and cadmium
compounds

INTRODUCTION

Under the guidance of Professor John P. Fackler, Jr., I learned the
rich metal-sulfur chemistry especially for the 1, 1-dithiolato metal
compounds.~* When I started the academic career in spring 1997, a
logical thinking was why not going for the metal-selenium chemistry?
With this naive idea and a little bit of luck, my choice of selenium donor
ligands, diselenophosphates (dsep), turns out very successful toward
the coordination chemistry of the metal dialkyl diselenophosphates es-
pecially for group 11 and 12 metals. This type of ligand was first made by

Received January 9, 2004; accepted October 12, 2004.

I am deeply grateful to my coworkers whose names appear in the references. This
work was supported by grants form the National Science Council of Taiwan.

Address correspondence to C. W. Liu, Chung Yuan Christian University, Department
of Chemistry, Chung Li, Taiwan 3200. E-mail: chenwei@cycu.edu.tw

923



09: 43 28 January 2011

Downl oaded At:

924 C. W. Liu

Zingaro et al. in 1968.2 Over the years the preparation of various dialkyl
diselenophosphates and investigations of spectroscopic properties of
several main group and transitional metal complexes were reported.’—®
Powder X-ray patterns of some of the compounds also were included.
However, to our surprise the single crystal X-ray diffraction study of
the phosphor-1, 1-diselenolato complex of any element never had been
reported until the selenide-centered Cug cuboidal cluster, [Cug(ug-Se)
{SesP(0O'Pr)s }61, was published in 1998 from this group.!® Later we
found this type of ligand is a good selenium atom transfer reagent un-
der acid conditions as evidenced from several structurally characterized
selenide-centered metal clusters such as Agg(us-Se){SeaP(OR)y}6!!
Agio(r10-Se){SesP(OR)g }s,2 M11(19-Se)(us-X)3{SesP(OR)g 16 (M = Cu,
Ag; X = Br, I),!34 and Zny(us-Se){SesP(OPr); }6.1° Besides the unique
pattern of >'P NMR spectrum of the ligand in the metal complexes, nor-
mally a singlet flanked with a set of satellites, coupled with the ""Se
NMR, provides useful information in the structural elucidation prior to
the detailed single-crystal X-ray diffraction studies.

COPPER AND SILVER CLUSTERS CONTAINING
DISELENOPHOSPHATE LIGANDS

There is a tendency for the cluster formation between the reactions
of the group 11 metals with 1,1-dithiolato ligands. Notable examples
are [Cu{SyP(OR);}14'¢ and [Ag{SsP(OR)2}ls.>% The next question is
whether the cluster formation also is general for 1,1-diselenonato lig-
ands. Thus under strictly stoichiometric ratio, the tertanuclear cluster,
[Cu{Se2P(OR)3}14, was isolated!® and its structure is shown in Figure 1.

FIGURE 1 The drawing of [Cu{Se;P(O'Pr); }1, with the isopropyl groups omit-
ted for clarity.
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Four copper atoms occupy the vertices of the tetrahedron with each tri-
angular face of the tetrahedron capped by a dsep ligand in a trimetallic,
triconnective coordination pattern.!” By increasing the molar ratio of
ligands to metals, an octanuclear copper cluster encapsulated with a
selenide anion was obtained.'® The novelty of this cluster consists of an
octacoordinate-bridging selenido ligand in a cubic geometry and each
square face of the cube is further capped by a dsep ligand in a tetram-
etallic, tetraconnective bridging mode. Molecular orbital calculations at
the B3LYP level of density functional theory suggest that Cu-ug-Se in-
teractions are not very strong and a half bond can be formally assigned
to each Cu-ug-Se bond.!® All four clusters shown in Scheme 1 have been
well characterized by multinuclear NMR ("’Se, 1H, 3'P), FAB mass spec-
troscopy, and single crystal X-ray diffraction. They are iso-structural
but crystallize in three different space groups.

NH,Se,P(OR),
Cu(CH3CN)4PFg » Cug(ug-Se)[Se,P(OR).]le
ether ‘
M/L = 1/2 R = Et, Pr, 'Pr, 2Bu

SCHEME 1

When the above reactions were carried out in the presence of halides
such as bromide and iodide, new types of clusters were uncovered and
the cluster nuclearity was increased from eight to eleven.!? The addition
of chloride ions to the reaction produces the chloride-centered Cug cubic
clusters (Scheme 2).1° The X-ray structure consists of discrete cationic
cluster in which eight copper ions are linked by six diselenophosphate
ligands and a central ug-Cl ion. Like the selenide-centered cube, each
copper atom of the cube is coordinated by three selenium atoms with a
strong interaction to the central chloride ion. The observed Cu—Cl dis-
tances lie in the range 2.649 A t0 2.878 A. In the presence of bromide
ion, two new clusters besides the selenide-centered Cug cube were iso-
lated (Scheme 3).12 One contains the bromo-centered Cus cube which
is iso-structural with the chloride-centered Cug cubic cluster, the other

NH,Se,P(OR), i
CU(CH3CN)4PF6 - CUB(P'S Se)[seZP(OR)Z]G
Bu,NCl Cug(us-ChISe;P(OR)l(PFe)
CH,Cl,
M/L/X = 4/3/1 R =Et, Pr, 'Pr

SCHEME 2
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Cug(ng-Se)[Se,P(OR),]g

NH,Se,P(OR),

Cu(CH3CN)4PF »

H(CHaCN)PFe BoiNBT Cug(ng-Br)[SezP(OR)zls(PFo)
CHgBry Cuq1(png-Se)(u3-Br)s[Se,P(OR),]g

M/L/X = 2/3/2 i
R =Et, Pr, 'Pr

SCHEME 3

one is the undecanuclear copper cage in a pentacapped trigonal prism.
The copper cage is further stabilized by three bromine atoms and six
dsep ligands with a selenium atom in the center. Among the eleven
Cu atoms, there are only nine Cu atoms having bonding interactions
with the central Se atom because two Cu atoms cap the two triangu-
lar faces of the trigonal prismatic structure are too far away from the
central Se atom. Thus a novel nonacoordinate bridging selenido ligand
in a tricapped trigonal prismatic geometry is formed. The iodide ana-
logue of undecanuclear copper cage was obtained in a similar fashion
(Scheme 4). However, the synthesis of iodo-centered Cug cube cannot
be achieved. This is probably due to the steric effect in which the size
of the iodide ion is too big. An intriguing ”Se NMR pattern of the dsep
ligands coupled with both 3'P and 'H NMR suggests a local Cs;, symme-
try is retained in solution for the undecanuclear copper cluster.!* Both
chemically and magnetically inequivalent selenium nuclei of the dsep
ligand exhibit significantly different scalar coupling patterns with adja-
cent chemically equivalent but magnetically nonequivalent phosphorus
nuclei.

NH4Se;P(OR), Cug(pg-Se)[Se,P(OR)]e
CU(CH3CN)4PF6 -
BuyNI Cuq1(pg-Se)(uz-1)3[Se2P(OR).]g
Ether R =Et, Pr, 'Pr

M/L/X = 2/3/2
SCHEME 4

During the preparation of selenide-centered Cug cubes, a dodecanu-
clear copper cluster was isolated serendipitously.?’ Its line drawing
with the alkoxyl groups omitted is displayed in Scheme 5. It turned
out to be the first molecular cluster containing an ethane-like hexas-
elenodiphosphato (ste‘é’) bridging group in an unprecedented ug-n?,
n2, n%, n, n?, n? coordination mode. The four, outer-copper atoms are fur-
ther connected to the eight, inner-copper atoms by eight dsep ligands.
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SCHEME 5

The variable temperature 3'P NMR study of the Cuys cluster indicates
that while the peripheral, eight dsep ligands are fluxional in solution,
the Cug(P2Seg) core remains intact in solution and the resonance fre-
quency for the P(+4) of the PQSeg_ anion is centered at 134 ppm. Un-
fortunately the plausible mechanism regarding the formation of this
hexaselenodiphosphato anion remains unknown.

The rich coordination chemistry exhibited by the diselenophosphato
copper complexes encourages us to extend the cluster synthesis to silver
atom. Shown in Scheme 6 are the general syntheses of the phosphor-1,
1-diselenolato silver complexes.'? Depending on the alkyl groups, the
isolated products can be a polymeric species or a hexanuclear cluster,

{Ag[Se,P(OEt), ]},
NH4S€2P(OR)2 i
Ag(CH3CN)4PFg ~  PalSePOPlk
ether Ag10(k10-Se)[SezP(OEt)2lg
M/L =11 Ag10(”10‘83)[Sezp(oipr)2]8

SCHEME 6
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which are isostructural with their respective sulfur analogue.232! In

addition, a decanuclear silver cluster encapsulated with a selenide an-
ion also is structurally characterized and the Agio cluster has no coun-
terpart for the dithiophosphato ligands. The coordination number for
the central selenium atom in the decanuclear silver cluster is extended
to ten. That is distorted, cis-bicapped trapezoidal prismatic. Moreover,
the dsep ligands exhibit three different bridging patterns in the Agig
cluster and this phenomenon has never been found in any dithiophos-
phato metal complexes.

Discrete halide-centered, cuboidal silver clusters of the type, Ags(usg-
X)[SesP(OR);16(PFg) (X = CI, Br) were isolated from the reaction of
[Ag(CH3CN)41(PFg), NH4[SeoP(OR)s], and BuyNX in a molar ratio of
4:3:1 in CHyX; (Scheme 7).1%22 When the reaction is performed in al-
cohol, the anion of the cluster is the halide ion instead of PF. More in-
triguingly, the structural analysis for AggCls[SesP(OEt)s]g is confirmed
to be a rare example containing a combination of discrete clusters and
chains where two chloride-centered Agé cubes are connected by the
chloride ion and form a polymeric chain.??

Agg(X)[SezP(OR)2]e(PFe)

NH,Se,P(OR),
Ag(CH3CN)4PFg -
BusNX, CHX, Ag1o(Se)[SezP(OR),]s
M/L/X=4/3/1 R = Et, Pr, 'Pr; X = Cl, Br
SCHEME 7

Another intriguing result during the cluster synthesis is the charac-
terization of a rare example of cocrystallization with clusters, Agg(ug-
Se)[SeaP(O'Pr);ls and Agg[SesP(O'Pr)sJg, superimposing along the
three-fold axis of the trigonal lattice.!! Subsequently we found that
the reaction of Agig cluster with halides produced the cocrystalliza-
tion products and undecanuclear silver clusters'® depending on which
halide ion being used (Scheme 8). The Ag;; clusters which are isostruc-
tural with the Cu;; clusters display a strong orange luminescence in
both solid and solution state. Its photophysical properties and the pos-
sible role for which halide ions may play in the cluster transformation
in solution will be reported soon.

It has been reported that the total range of 7/Se chemical shift
is about 3300 ppm;232* the extremes are marked by selenoaldehy-
des and some molybdenum selenides (up to § = 2400 ppm) on the
high-frequency side and bridging (1) selenium in tungsten complexes
(6 = —900 ppm) on the low frequency side. We have been interested in
the identification of hypercoordinate selenide ions by 7"Se NMR with
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BugNX, X = Br, |

> Agi1(pg-Se)(uz-X)3[SesP(OR),]g
M/ X=1/8

Ag1o(r10-Se)[(Se2P(OR).lg

BuyNCI
4 Agel(Se2P(OR),]s

f

Aga(ms-Se)[(Se2P(OR).ls
SCHEME 8

the hope to see if the ""Se shielding can be used to monitor bonding
situation prior to detailed crystallographic studies. Listed in the Table
I are solution 3'P{!H} and ""Se{!H} NMR data for hypercoordinated,
selenide-centered clusters. The cluster nuclearities range from 8-11
and the chemical shifts lie in the range of —1150-1400 ppm. Since these
data are outside the reported range of ”Se chemical shift, several ef-
forts have been tried including the MAS "’Se experiments in order to
certify these data. From the outset we failed to get any signals assigned
to the resonance frequency of the central selenide ion. Later we realized
that the accumulation time is the key to obtain a good NMR spectrum.
A typical experiment requires 4 to 5 days for the accumulation with the
recycle times in ~10 seconds.

ZINC AND CADMIUM COMPLXES CONTAINING
DISELENOPHOSPHATE LIGANDS

Although Zn' and Cd" compounds consisting of dsep ligands were first
reported by Zingaro and coworkers, their solution behaviors as well
as the detailed solid state structures had never been studied.® Thus,
complexes [Zn{SesP(OEt); }2]. and [Zny{SesP(O'Pr)s } 4] were prepared
from the reaction of Zn(ClO4)9-6Ho0 and (NH,4)[Ses P(OR)2] (R = Et and
Pr) in deoxygenated water.2’> While the solid state structure of the ethyl
derivative is one dimensional polymer via symmetrically bridging dsep
ligands, the isopropyl one in the crystalline state exists as a dimer.
In both structures, the zinc atoms are connected by two bridging dsep
ligands with an additional chelating ligand at each zinc atom. Thus each
zinc atom is coordinated by four selenium atoms from two bridging and
one chelating dsep ligands and the geometry around zinc is distorted
tetrahedral. From variable temperature 3'P NMR studies it has been
found that monomer and dimer of the complex are in equilibrium in
solution via exchange of bridging and chelating ligands (Scheme 9).
However, at temperature above 40°C the complex exists as a monomer
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and shows a very sharp peak while lowering the temperature the per-
centage of dimer increases gradually at the expense of monomer. Below
—90°C the complex exists as a dimer and observed two peaks with equal
intensities which are due to bridging and chelating ligands. It is of great
interest to uncover the equilibrium behavior in solution in this system
because the structure in solution phase of their corresponding sulfur
analogues, widely used as additives in lubricating oils, was not studied
before.?6-30

2 /"P "Zn\ ‘P\ T>40°C
\Se/ Se/ OR

[
RO\ OR
:'P
S
(A , "-Zn ’,
RO/ \Se/ \Sf; Se/ \Se/ \OR
K
P
RO/ \OR T <-90 °C
SCHEME 9

For cadmium compounds the preparation method is very similar to
that of zinc complexes except using methanol as solvent.!® The solid-
state structure of the ethyl derivative is a polymer via bridging dsep lig-
ands solely. All cadmium atoms are connected by bridging dsep ligands.
The isopropyl one is isostructural with its zinc analogue. The cadmium
atoms in both structures are coordinated by four selenium atoms in a
distorted tetrahedral geometry. From variable temperature 3P NMR
studies it has been found that both complexes exist as monomers in solu-
tion at room temperature, while polymers in the case of ethyl group and
dimers for isopropyl one at lower temperature ~ —60°C (Scheme 10).
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EtO
tO //,’ /Se//, /Se///' /OEt / e/ Se/ O'Pr
SPANPAANPAN el
Et0 Se OFt / \Se/ \ / \OPr
” T, -20 °C
EtO OEt EtO iPro o'p
\ A \,
IS N N\ SN\
Se,, - A€ sy, ST se, S PO, /Sy,  SE Se, Sy, P/O-Pr
: “cd “cd “p Cd “cd{
Se/ \Sg; Se/ Se Se/ \Se iPrO/ \Scl \Se Se/ \Se/ \O'Pr
9,/P/ "//P/ %
N
EtO/ OEt EtO \OEt 'PrO( \OiPr
T, -60 °C
SCHEME 10

During the preparation of the n-propyl derivative of the zinc com-
pound, a selenide-centered Zn, cluster was isolated in ~70% yield,
[Zny(14-Se){SeaP(OPr)2 }61.1° Four zinc atoms are located in the apex
of a near regular tetrahedron with each edge of the tetrahedron
bridged by a dsep ligand. This cluster decomposed in solution and be-
came [Zny{SesP(OPr)2}4] at low temperature as evidenced from the
VT 3P NMR studies. Interestingly, treatment of [Zn{Se;P(OR)2}21n
(R=Et, 'Pr) with Et3N in CCly produces the oxide-centered Zn, clus-
ters, [Zny(14-0){SeaP(OR); }¢1, in ~ 45% yield.!® They are isostructural
with the sulfur analogues and have a typical beryllium acetate type
structure.?!
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