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Abstract

Trinuclear selenolate complexes [(CO)4Mn(m-SeR)2Ni(m-SeR)2Mn(CO)4] (R=Me, Ph) containing a distorted square planar
Ni(Se)4 core have been synthesized by the reaction of Ni(NO3)2 · 6H2O/NiCl2 with the chelating metalloligand cis-
[PPN][Mn(CO)4(SeR)2] in MeCN. Their structures were elucidated on the basis of IR, UV–Vis, CV, and NMR spectra. X-ray
crystallography confirmed the heterotrinuclear structure in the solid state with a NiII–Se distance of 2.331(1) Å, and a NiII···MnI

distance of 3.428(2) Å (average). The dependence of geometry on electron population and the larger NiII···MnI distances are
adopted to rationalize the construction of the complex [(CO)4Mn(m-SeMe)2Ni(m-SeMe)2Mn(CO)4] with a distorted square planar
NiII(Se)4 core. Further reaction of cis-[PPN][Mn(CO)4(SePh)2] with PdCl2 afforded [PPN]2[Cl2Pd(m-SePh)2PdCl2]. Its structure has
been determined. This investigation shows that cis-[Mn(CO)4(SeR)2]− serves as a chelating metalloligand and selenolate
ligand-transfer reagent. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The study of transition metal–selenolate, –tellurolate
chemistry has been actively pursued recently [1], moti-
vated primarily by the bonding diversity [2], reactivity
[3], potential use as precursors for M–Se materials [4],
and the relevance of such complexes (e.g. Ni–
chalcogenolate, Fe–Ni–chalcogenolate complexes) to
biomimetic chemistry [5]. In particular, XAS analysis of
acetyl coenzyme A synthase suggested that the nickel
coordination was most consistent with distorted square
planar geometry with Ni–S bonds of 2.21 Å [6], and
the structure of the [NiFeSe] hydrogenase from D.
baculatus revealed that the nickel is ligated to one Se

atom at 2.44 Å, one to two S–Cl atoms at 2.17 Å, and
three to four N–O atoms at 2.06 Å [7].

Recent work in this laboratory has shown that cis-
[PPN][Mn(CO)4(ER)2] (E=Te, Se; R=Ph, Me) com-
plexes are useful in the syntheses of heterometallic
chalcogenolate [(CO)4Mn(m-ER)2Co(CO)(m-ER)3Mn-
(CO)3] complexes with a unique CoIII–CO bond [8],
and [(CO)3M(m-SePh)3M%(m-SePh)3M(CO)3]0/1− (M=
Fe, M%=Fe, Ni, Zn, Cd; M=Mn, M%=Co) with
homoleptic hexaselenolatometal core [9]. A recent re-
port on distorted square planar [Ni(CO)(SePh)3]− in
preparations of the biomimetic nickel-site structure of
[NiFeSe] hydrogenases and CO dehydrogenase has
prompted us to synthesize heteronuclear Ni–M–seleno-
late complex [10]. Here we examined the reactivity of
the manganese–selenolate species cis-[PPN][Mn(CO)4-
(SeR)2] (R=Me, Ph) by reacting it with NiCl2 and* Corresponding author. Fax: +886-4-7211178.
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Scheme 1.

without the risk of adduct formation. The hetero-
trimetallic complex [(CO)4Mn(m-SeMe)2Ni(m-SeMe)2-
Mn(CO)4] (1) which is soluble in common organic
solvents like tetrahydrofuran (THF) and CH2Cl2, dis-
plays no tendency to decompose under nitrogen at
ambient temperature overnight. In contrast, significant
decomposition was observed when stirring the neutral
complex 2 THF solution at ambient temperature
overnight. The carbonyl IR stretching frequency and an
X-ray crystallographic structure determination confi-
rmed the formation of neutral 1, and the 1H, 13C NMR
spectra are consistent with the presence of low-spin d8

NiII and octahedrally coordinated d6 MnI. The neutral
complex 1 appears to have no precedent in nickel–man-
ganese–selenolate chemistry.

Additionally, when cis-[Mn(CO)4(SeR)2]− (R=Me,
Ph) was reacted in stoichiometric proportions with
[Ni(h5-C5H5)(C5H6)]+ (obtained from protonation
([HBF4]) of Cp2Ni) in acetonitrile under N2, the neutral
trinuclear complex 1 was also obtained after being
separated from [PPN][BF4], and [PPN][C5H5] (Eq. (1)).

[Ni(h5-C5H5)(C5H6)][BF4]

+2cis-[PPN][Mn(CO)4(SeR)2]

� [(CO)4Mn(m-SeR)2Ni(m-SeR)2Mn(CO)4]

+[PPN][BF4]+ [PPN][C5H5] (1)

The electrochemistry of complex 1, measured in THF
with 0.05 M [NnBu4][PF6] as the supporting electrolyte,
shows two reversible processes which are tentatively
assigned as NiIII/II and NiII/I couples individually. The
electrochemically reversible NiIII/II and NiII/I couples
are centered at 0.23 and −0.14 V (versus Ag � AgCl)
respectively.

PdCl2 individually. Specifically, the syntheses and char-
acterization of the trinuclear MnI–NiII–selenolate com-
plexes containing a distorted square planar Ni(Se)4 core
are described. In addition, the structure of the ther-
mally stable [PPN]2[Cl2Pd(m-SePh)2PdCl2], employing
cis-[Mn(CO)4(SePh)2]− as a chelating and intermetal
ligand transfer reagent, is reported [9].

2. Results and discussion

As illustrated in Scheme 1(a), the reaction of cis-
[Mn(CO)4(SeR)2]− (R=Me, Ph) and Ni(NO3)2 · 6H2O
(or NiCl2) in a 2:1 molar ratio in MeCN yielded the
neutral trinuclear complex [(CO)4Mn(m-SeR)2Ni(m-
SeR)2Mn(CO)4] (R=Me (1), Ph (2)) by salt elimination

Fig. 1. ORTEP drawing and labeling scheme of the neutral [(CO)4Mn(m-SeMe)2Ni(m-SeMe)2Mn(CO)4] with thermal ellipsoids drawn at the 30%
probability level.
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Table 1
Selected bond distances (Å) and angles (°) for 1 and 3

1
Mn(1)–Se(1) 2.485(2)Ni–Se(1) 2.337(1)

2.326(1) Mn(2)–Se(2)Ni–Se(2) 2.480(2)

84.77(6) 84.77(6)Se(2)–Ni–Se(2)Se(1)–Ni–Se(1)
Se(1)–Ni–Se(2) 180.0Se(1)–Ni–Se(2) 95.23(4)
Se(2)–Mn(2)–Se(2) 78.43(6)Se(1)–Mn(1)–Se(1) 78.70(6)

90.19(5) Ni–Se(2)–Mn(2)Ni–Se(1)–Mn(1) 91.31(5)

3
2.335(1) Pd–Cl(1)Pd–Se 2.362(2)

2.303(2)Pd–Se Pd–Cl(2)2.389(1)

82.19(3) Se–Pd–Cl(1) 92.22(5)Se–Pd–Se
172.86(5) Se–Pd–Cl(1)Se–Pd–Cl(2) 174.13(5)

94.81(6)Cl(1)–Pd–Cl(2)Se–Pd–Cl(2) 90.82(5)
97.81(3)Pd–Se–Pd

under N2 led to the isolation of red [PPN]2[Cl2Pd(m-
SePh)2PdCl2] (3), the known [PPN][(CO)3Mn(m-
Cl)3Mn(CO)3], and presumably polymeric Pd(SePh)n

(Scheme 1(b)). The complex 3 is soluble and stable in
MeCN, and easily crystallized from MeCN/diethyl
ether at −15°C. The most likely explanation for this
result (Scheme 1(b)) is that cis-[Mn(CO)4(SePh)2]− was
employed as an intermetal ligand transfer reagent. Also,
the 1H NMR spectrum of 3 shows the expected signals
(d 7.4–7.7 (m) ppm (Ph) (CD3CN)) for the phenyl
ligands involved and displays characteristics of diamag-
netic d8 PdII species.

The definitive assignment of the structure of complex
3 was obtained by X-ray crystallography. An ORTEP
[16] plot of the anionic dimeric compound with its
numbering scheme is shown in Fig. 2, selected bond
distances and angles are given in Table 1. The core
geometry of 3 is best described as a Pd2Se2 distorted
planar square. Each PdII atom makes four bonds, two
to selenium atoms of two bridging phenylselenolates
and two to two terminal chloride atoms. Two bridging
phenylselenolates and two terminal chloride ligands
define the distorted square planar geometry of each PdII

atom (angles Se–Pd–Se 82.19(3), Se–Pd–Cl(1)
92.22(5), Se–Pd–Cl(2) 172.86(5)°). The Pd(II)–Se bond
of distance 2.362(1) Å (average) may be compared with
Pd–Se distances in known compounds [Pd{N(SeP-
Ph2)2–Se, Se%}2] (2.446(2) Å average) [17], and [Pd(Ph-
SeN(4-CH3C6H4)CN)2(PPh3)] (2.375(1) Å) [18].

In these investigations, the complexes cis-
[Mn(CO)4(SeR)2]− exhibit a unique coordination be-

The molecular structure of 1 is depicted in Fig. 1;
selected bond distances and angles are given in Table 1.
Nickel is best described as existing in a distorted square
planar coordination environment surrounded by four
bridging methylselenolates with Se(1)–Ni–Se(1)
84.77(6), Se(1)–Ni–Se(2) 95.23(4) and Se(1)–Ni–Se(2)
179.92(7)°. The complex 1 exhibits a shorter NiII–Se
distance (average 2.331(1) Å) than the NiII–Se dis-
tances reported in tetrahedral [Ni(SePh)4]2− (Ni–
Seav=2.401(3) Å) [11], five-coordinate [Ni(DAPA)-
(SePh)2] (Ni–Seav=2.420(1) Å) [12], but longer than
those observed for planar [NiSe(CH2)2N(Me)(CH2)2Se]2
(average NiII–Se=2.295(6) Å) [13], [Ni(CO)(SePh)3]−

(average NiII–Se=2.317(2) Å) [10], [(C4H9)4N]2[Ni-
(ddds)2] (ddds=5,6-dihydro-1,4-dithiin-2,3-diseleno-
late, Ni–Seav=2.267(3) Å) [14]. The mean MnI–Se
bond of length 2.482(2) Å is comparable with terminal
MnI–Se of 2.526(4) Å in cis-[Mn(CO)4(SePh)2]− [8b].
It is interesting that here NiII when coordinated by four
m2-selenolates has a square planar geometry whereas the
monomeric [Ni(SePh)4]2− (E=Se) complexes have dis-
torted tetrahedral structures [11]. Further examination
shows that there is no significant NiII···MnI bonding
(Ni···Mn(1) 3.417(2) and Ni···Mn(2) 3.438(2) Å) in
complex 1, but the four-membered NiSe2Mn rings are
decidedly bent with a dihedral angle between MnSe2

and NiSe2 planes of 39.69°. In contrast, the analogous
heterotrinuclear Ni–Nb–thiolate complex [{Cp2Nb(m-
SMe)2}2Ni]2+ has the Ni0 atom in an approximately
tetrahedral arrangement of the bridging thiolates, and
Ni0–NbIV metal–metal bonds [15]. Here the depen-
dence of geometry on electron population and the
longer NiII···MnI distances are adopted to rationalize
the construction of complex 1 with a square planar
NiII–selenolate core [15].

In comparison, the addition of two equiv. of cis-
[Mn(CO)4(SePh)2]− to a MeCN solution of PdCl2

Fig. 2. ORTEP drawing and labeling scheme of the [Cl2Pd(m-
SePh)2PdCl2]2− with thermal ellipsoids drawn at the 30% probability
level.
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havior toward the divalent nickel ion, and act as poten-
tial chelating metallo ligands; the chelating/ligand-
transfer properties of these MnI–chalcogenolate
complexes offer novel routes toward heterometallic
chalcogenolate species.

3. Experimental

Manipulations, reactions, and transfers of samples
were conducted under nitrogen according to standard
Schlenk techniques or in a glovebox (argon gas). Sol-
vents were distilled under nitrogen from appropriate
drying agents (diethyl ether from CaH2; acetonitrile
from CaH2–P2O5; hexane and THF from Na–benzo-
phenone) and stored in dried, N2-filled flasks over 4 Å
molecular sieves. A nitrogen purge was used on these
solvents before use and transfers to reaction vessels
were via stainless-steel cannula under N2 at a positive
pressure. The reagents manganese decacarbonyl,
dimethyl diselenide, diphenyl diselenide, bis(tri-
phenylphosphoranylidene)ammonium chloride (PPN),
Ni(NO3)2 · 6H2O, NiCl2 (Aldrich) were used as re-
ceived. Infrared spectra were recorded on a Bio-Rad
FTS-185 and FTS-7 FTIR spectrometer with sealed
solution cells (0.1 mm) and KBr windows, NMR spec-
tra on a Bruker AC 200 spectrometer, 1H and 13C
chemical shifts being relative to tetramethylsilane and
UV–Vis spectra on a GBC 918 spectrophotometer.
Cyclic voltammetric measurements were performed on
a BAS-100B electrochemical analyzer, using glassy car-
bon as the working electrode, and [NnBu4][PF6] as the
supporting electrolyte. Analyses of carbon, hydrogen
and nitrogen were obtained with a CHN analyzer
(Heraeus).

3.1. Preparation of [(CO)4Mn(m-SeR)2Ni(m-SeR)2Mn-
(CO)4] (R=Me (1), Ph (2))

A solution containing cis-[PPN][Mn(CO)4(SeMe)2]
(0.4 mmol, 0.358 g) [8b] and Ni(NO3)2 · 6H2O (0.2
mmol, 0.058 g) or NiCl2 in acetonitrile (10 ml) was
stirred under nitrogen at room temperature. After stir-
ring of the reaction solution for 30 min, the brown
solution accompanied with dark brown precipitate was
formed. The brown solution was removed under posi-
tive N2, then the dark brown solid was washed with
MeCN twice, and dried under vacuum. The yield was
0.106 g (69%) of a dark brown solid. Diffusion of
hexane into [(CO)4Mn(m-SeMe)2Ni(m-SeMe)2Mn(CO)4]
THF solution at −15°C for 4 weeks led to formation
of dark brown crystals of [(CO)4Mn(m-SeMe)2Ni(m-
SeMe)2Mn(CO)4] suitable for X-ray crystallography. IR
(THF): n (CO) 2063 m, 1990 vs, 1977 sh and 1952 m
cm−1 (IR (THF): n (CO) 2067 m, 1995 vs, 1987 sh and
1960 m cm−1 for R=Ph). 1H NMR (CD2Cl2): d 1.74

(s, br) ppm (Me). 13C NMR (CD2Cl2): d 5.4 (br) ppm
(Me). Absorption spectrum (THF): lmax nm (o M−1

cm−1) 663(332), 518(1194), 432(4904), 383(5995),
307(9051). Anal. Calc. for C12H6O8Se4NiMn2: C, 18.75;
H, 1.57. Found: C, 18.93; H, 1.76%.

3.2. Reaction of cis-[PPN][Mn(CO)4(SePh)2] and PdCl2

A solution of cis-[PPN][Mn(CO)4(SePh)2] (0.4 mmol,
0.407 g) in MeCN (10 ml) was stirred with PdCl2 (0.2
mmol, 0.036 g) overnight at ambient temperature, re-
sulting in the formation of an orange–red solution and
the solvent–insoluble brown–red solid. The orange–
red solution was transformed into another flask, and
then THF (10 ml) was added to precipitate the red solid
[PPN]2[Cl2Pd(m-SePh)2PdCl2] (3) (31%), and the orange
solution (MeCN–THF) solution identified as the
known [PPN][(CO)3Mn(m-Cl)3Mn(CO)3] by IR (IR: n

(CO) 2017 m and 1927 s cm−1 (THF); 2043 m, 1955 s
and 1932 s cm−1 (MeCN)). Diffusion of diethyl ether
into [PPN]2[Cl2Pd(m-SePh)2PdCl2] MeCN solution at
−15°C led to red crystals of [PPN]2[Cl2Pd(m-
SePh)2PdCl2].4MeCN suitable for X-ray diffraction. 1H
NMR (CD3CN): d 7.4–7.7 (m) ppm (Ph). Anal. Calc.
for C84H70N2P4Cl4Se2Pd2: C, 57.852; H, 4.046; N,
1.606. Found: C, 57.744; H, 4.124; N, 1.587%.

4. Crystallography

Crystallographic data for complexes 1, and 3 are
collected in Table 2 and in Section 5. All crystals were
chunky: 1, dark brown, ca. 0.40×0.50×0.50 mm; 3,
red, 0.25×0.30×0.30 mm. Each was mounted on a
glass fiber and quickly coated in epoxy resin. The
unit-cell parameters were obtained by the least-square
refinement from 25 reflections with 2u between 18.40
and 30.34° for 1, 19.00B2uB32.72° for 3. Diffraction
measurements for complexes 1 and 3 were carried out
at 25°C on a Nonius CAD 4 diffractometer with
graphite-monochromated Mo Ka radiation (l 0.7107
Å) employing the u–2u scan mode [19]. A c-scan
absorption correction was made. The NRCC-SDP-VAX

package of programs was employed and atomic scatter-
ing factors were from Ref. [20].

5. Supplementary material

Tables of crystal data and experimental conditions
for the X-ray studies, atomic coordinates and Beq val-
ues, bond lengths and angles for [(CO)4Mn(m-
SeMe)2Ni(m-SeMe)2Mn(CO)4], and [PPN]2[Cl2Pd(m-Se-
Ph)2PdCl2] · 4MeCN (11 pages) are available from the
authors on request.
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Table 2
Crystallographic data of complexes 1 and 3 · 4MeCN

1 3

C92H82N6P4Cl4Pd2Se2C12H12O8Mn2NiSe4Chemical formula
768.64Formula weight 1908.11

monoclinicorthorhombicCrystal system
P21/cPnmaSpace group

a (Å) 12.775(5) 11.120(3)
b (Å) 13.532(5) 12.304(4)
c (Å) 31.397(5)12.776(5)

91.852(16)b (°)
0.7107 0.7107l (Å) (Mo Ka)

4293.5(18)2208.7(15)V (Å3)
24Z
1.4762.312Dcalc (g cm−3)

F(000) 19251450
m (cm−1) 84.92 14.95
T (°C) 25 25

0.037Ra 0.033
0.031 0.037Rw

b

1.45Goodness-of-fitc 1.41

a R=��(Fo−Fc)�/� Fo.
b Rw= [� w(Fo−Fc)

2/� wFo
2]1/2.

c GOF= [� [w(Fo−Fc)]
2/(M−N)]1/2 where M is the number of

reflections and N is the number of parameters.
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