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A centered icosahedral 12-coordinate samarium cluster formed by sixdo@inato)nickel(ll) ([Ni(pro}]) ligands,

[Sm{ Ni(pro),} ¢]3+, was prepared. The reaction of Sm with [Ni(pidh a small excess (a 2-fold excess) and also

in a large excess (even a 10-fold excess) of the latter produced the cluster. Therefore, this system is a self-
assembly. In the cluster, each nickel atom is surrounded by six atoms: two amino nitrogens, two carboxylate
oxygens which form chelate rings with the nitrogen atoms, and two carboxylate oxygen atoms which link the
neighboring nickel atoms. The samarium atom is coordinated by six [N}digands, and the metal is in an
icosahedral environment formed by 12 oxygen atoms. The icosahedral geometry is almost ideal. Crystals of [Sm-
{Ni(pro)2} 6](ClO4)3:6MeOH, which were prepared from a methanol solution, immediately decompose after filtration
because of loosely trapped MeOH molecules in the crystal lattice. Therefore, crystals without MeOH molecules,
which must be stable, were prepared by recrystallization from acetonitrile with tetramethylammonium perchlorate
(TMAP). According to the X-ray crystal analysis, the cluster is TMAfi(pro)z} 6](ClO4)4, cubic of space
groupF23, witha = 21.273(9) A,V = 9626(1) B, andZ = 4; R= 0.053 R, = 0.049) for 1296 reflections. In
addition, several crystals of cluster salts that have different counteranions, i.e., tetrafluoroboratg (BF
hexafluorophosphate (BH, iodide (), and nitrate (N@"), were prepared. The order of increasing ease of
crystallization of the cluster salts was PR~ ~ CIO,~ > BF,~ > NOs~. The cluster structure is retained in
alcohol and acetonitrile solutions; the WVis spectra of the solutions are perfectly consistent with the powder
diffuse reflection spectrum. Cyclic voltammograms of [@i{pro).}¢]3" in acetonitrile proved that the structure

of [SM{Ni(pro)z}¢]®" is retained in the redox process and that the nickel atoms electrochemically interact with
one another. Thermal analysis of the cluster salts with different counteranions was investigated. The results imply
that the cluster is very stable until hisprolinato)nickel(ll) ligands, which form the cage structure, disintegrate

and that the thermal decomposition processes of the cluster salts depend on their counteranions.

Introduction Recently, the chemistry of heteropolynuclear complexes with
Heteronuclear and/or polynuclear complexes are interesting transition metals and the lanthanides has been of interest because

. . . . i i i 20

materials because of their structures and properties. VariousOf their magnetic and electronic properti€sz® As a part of
preparation methods have been proposed to obtain such polyhis study, Sakagami and Okamoto reported a chromiumyll)
nuclear complexes. One such method was the preparation of ©) Blake. A J..Ch VA Duon A A G v

i i i + ake, A. J.; erepanov, V. A.; Dunlop, A. A.; Grant, C. M.; Milne,
complexes from the interaction ef2 mo'. OfC.IS_[MA4(OH).2] P. E. Y.; Rawson, J. M.; Winpenny, R. E. P..Chem. Soc., Dalton
(wh_ere A was a single tetradenta_te amine ligand, two bidentate Trans.1994 2719,
amines, or four monodentate amines) with metal halidéshe (6) Carlson, T. F.; Fackler, J. P., Jr.; Staples, R. J.; Winpenny, R. E. P.
dihydroxo complexes that were used as ligands were coordinated @ 'E?;Eécxe? 1(?3;\ t3‘é 46§-Parsons 5. Winpenny, R. ELhem
to the other metals by the hydroxo oxygen atoms. Winpenny Soc., Dalton Trans1995 1765. T ’
and co-workers have reported attempts to link mononuclear and/ (8) Blake, A. J.; Brechin, E. K.; Codron, A.; Gould, R. O.; Crant, C. M.;
or small polynuclear compounds into larger units; especially, Earsons, fgglga\lNgS;sn, J. M.; Winpenny, R. EJFChem. Soc., Chem.

: H : H ; ommun .

they have been e>_<p_|or|ng the_ coordlnz?\tlor) of ligands d_e_nved (9) Rawson, J. M. Winpenny, R. E. Eoord. Chem. Re 1995 139
from 2-hydroxypyridine (2-pyridone) with first-row transition 313.

metals®—12 (10) Benelli, C.; Blake, A. J.; Milne, P. E. Y.; Rawson, J. M.; Winpenny,
R. E. P.Chem—Eur. J.1995 1, 614.
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neodymium(lll) heteronuclear complex prepared by utilizing
unsymcis-[Cr(eddp)(ox)] as a building block! and nickel(ll)-
Ln(lll) (Ln = Sm—Lu) complexes prepared by using [Ni(tdd)]
and [Ni(edo)f~ (Hstdo = trimethylenebis(oxamide), Jddo=
ethylenebis(oxamide)) were reported by Sanada & al.

In our group, an amino acid complex was used as a ligand to
synthesize a new heteronuclear complex. Amino acids have two
or more types of coordination atoms and can act as various kind
of bridging ligands by using a carboxyla®&2° Taking advan-
tage of the properties of amino acid ligands, we achieved the
synthesis of a heterometal complex with a bridging amino acid.
A lanthanide ion, a hard acid, and a bis(amino acidato) complex
were chosen for the purpose of preparing the heterometal
complex; they were mixed in a nonaqueous solvent having poor
coordination ability. By such a strategy, a centered icosahedral
12-coordinate samarium cluster containing sixb{(linato)-
nickel(ll) ([Ni(pro)z]) ligands, [SMiNi(pro)}e]3t, was ob-
tained3® However, the crystals were not stable in the atmo-
sphere: they immediately decomposed upon filtration. In this
work, stable crystals containing [§iNi(pro).}¢]3™ were pre-
pared by recrystallization from an acetonitrile solution with
tetramethylammonium perchlorate. On recrystallization, it was
found that counterions played an important role in obtaining
good crystals. Therefore, several crystals of the cluster salts
having different counteranions, i.e., tetrafluoroborate ABF
hexafluorophosphate (BB, iodide (I"), and nitrate (N@"),
were prepared to investigate conditions for preparing stable
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Preparations. Bis(L-prolinato)nickel(ll) was prepared according to
a modified version of a method in the literature for the preparation of
Cu(pro}-2H,0.3 The centered icosahedral 12-coordinate samarium
cluster formed by six [Ni(pre] ligands was prepared by reacting
Sm(CIQ); with a 6-fold excess of [Ni(prg) in relation to the samarium
concentration. [Ni(pre] (3 mmol) was dissolved in methanol (15 mL)
and a Sm(CIG)s—methanol solution (0.2 mol dm, 2.5 mL) was added.
The addition of Sm(CI@); changed the color of the solution from blue
to purple. Purple tetrahedral crystals of [@%i(pro).} ¢](ClO4)s-6MeOH
were obtained from the mixed solution after allowing it to stand for a
few days at room temperature. [$Ni(pro),} ¢](NO3)s-nH-0O was pre-
pared according to the method for the perchlorate salt using Se¢NO
instead of Sm(CI@)s. Salts of the cluster ion with BF, PR, and I,
[Sm{Ni(pro)s} e]X3*nHO (X = BFs~, PR, I7), were prepared by
adding the corresponding tetrabutylammonium salts to acetonitrile or
methanol solutions of [S{Ni(pro)z}e](NOs)s:nHO. TMA[SM{ Ni-
(pro)}e]X's salts (X = BF,~, PR, NO;™) were prepared by recrystalli-
zation of [SH Ni(pro)z} ¢]X's-nH20 (X' = BF,~, PR, NOs~; 0.5 mmol/
50 mL) from acetonitrile solutions containing (TMA)X (0.5 mmol).
To an acetonitrile solution of [SNi(pro).} ¢](ClO4)3:6MeOH (0.25
mmol/15 mL) was added an acetonitrile solution of (TMA)GID.5
mmol/10 mL), and TMA[SniNi(pro)z} 6](ClO4)s was obtained. When
an acetonitrile solution of (TMA)I (0.5 mmol/50 mL) was added to an
acetonitrile solution of [SENi(pro)z} e]l 3-nH20 (0.5 mmol/50 mL), a
purple precipitate of TMA[SHNi(pro).}e]l 4+ soon separated out, and
the precipitate was recrystallized from acetonitrides a precaution
with all perchlorate salts, quantities of the materials were kept to a
minimum for safety reasonSingle crystals of all the cluster salts were
prepared by storing the corresponding solutions in a desiccator

crystals. Subsequently, the spectroscopic, electrochemical, andtontaining diethyl ether for few days. Purple tetrahedral crystals were

thermal properties of the cluster salts were investigated.

Experimental Section

Chemicals. In the preparations of the compounds investigated in
this work, the following chemicals were used: Sm6H,O and
SmM(NG;); (purchased from Shin-etsu Chemical Co.); Age(@/aco
Pure Chemical Ltd.); NiS©6H,O and NaOH (Waco); tetramethylam-
monium (TMA) salts ((TMA)CIQ (Sigma Chemical Co.); (TMA)BF
and (TMA)I (Nacalai Tesque Inc.); (TMA)RREAIdrich Chemical Co.);
(TMA)NO3; was prepared from (TMA)OH and HN{D tetrabutylam-
monium (TBA) salts (TBA)BE and (TBA)I (Nacalai); (TBA)PE
(Aldrich).

CAUTION! Perchlorate salts with organic ligands are potentially
explosive andshould be handled with the necessary precautions.

(16) Ramade, I.; Kahn, O.; Jeannin, Y.; Robert|forg. Chem 1997,
36, 930.

(17) Piguet, C.; Minten, E. R.; Bernardinelli, G.;'&zil, C. G.; Hopfgartner,
G. J. Chem. Soc., Dalton Tran$997, 421.

(18) Sakamoto, Y.; Kitakami, Y.; Sakiyama, H.; Nishida, Y.; Fukuda, Y.;
Sakai, M.; Sadaoka, Y.; Matsumoto, A.; Okawa,Rtlyhedronl1997,

16, 3345.
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47, 1624.
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959.
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56, 2125.
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Soc. Jpn1985 58, 1591.
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Jpn 1987 60, 899.
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Jpn 1988 61, 775.
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T. Bull. Chem. Soc. Jpri989 62, 1057.

(29) Yukawa, Y.J. Chem. Soc., Dalton Tran&992 3217.

(30) Yukawa, Y.; Igarashi, S.; Yamano, A.; SatoJSChem. Soc., Chem.
Commun1997 711.

(26)

obtained.

Measurements.Crystals for X-ray diffraction measurements were
mounted on a glass fiber except for the crystal of TMA[S{ifpro).} ¢]-
(NOs)4, which was mounted in a capillary with the mother solution.
Measurements were made on a Rigaku AFC-7R diffractometer using
the w—26 scan technique to a maximund 2alue of 63 (for the salts
of BF4~, PR, and NQ") and on a Rigaku RAXIS-1V diffractometer
(for the I salt) with graphite-monochromated Ma{4 = 0.7107 A)
radiation at 23C. Ultraviolet-visible (UV—vis) absorption and powder
diffuse reflection spectra of the samples were recorded on a Hitachi
U-3200 spectrophotometer: a 1 cm quartz cell was used for a solution
sample, and a standard Hitachi reflection attachment and magnesium
oxide (for the standard and a diluent) were used for a powder sample.
Infrared (IR) absorption spectra were obtained by means of a Horiba
FT-300 infrared spectrophotometer with the powder diffuse reflection
method using silicon as a matrix. Electrochemical measurements were
made at+25 and—40 °C with a Huso HECS 312B potentiostat, a
Huso HECS 317B coulometer, and a Riken Denshi model F-3DGX-Y
recorder. Acetonitrile (HPLC grade) and methanol (HPLC grade) were
dried ove 3 A molecular sieves for electrochemical measurements.
The solvents containing 0.1 mol dftetrabutylammonium perchlorate
(Nacalai Tesque. Inc.) were used as base solutions. The test electrode
was a glassy carbon disk electrode (3.0 mm diameter); this was used
for the cyclic voltammetry. The reference electrode used at both
temperatures was Ag/0.01 mol dmAgNO; (acetonitrile). Ferrocene
was used as an internal reference. The potentials of the ferrocenium/
ferrocene (F¢/Fc) couple were 0.31 V (vs Ag/0.01 mol dfAgNOs)
at 25°C and 0.24 V at-40 °C in the acetonitrile medium and 0.34 V
at 25°C and 0.27 V AE, = 140 mV) at—40 °C in the methanol
medium. The simultaneous thermogravimetric (TGA) and differential
thermal (DTA) analyses were carried out with Rigaku Thermoflex TAS-
200 and Shinku-Riko DSC-1500MS instruméffs using samples
weighing about 5 mg; the reference wasalumina, and the heating
rate was 20°C min~t in N, atmosphere and in air.

(31) Yasui, T.Bull. Chem. Soc. Jprl965 38, 1746.

(32) Masuda, Y.; Hashimoto, K.; Ito, YThermochim. Actd 99Q 163
271.

(33) Masuda, Y.; Yahata, H.; Ogawa, hhorg. Chem 1995 34, 3130.
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Table 1. Crystal Data for TMA[SniNi(pro)z}e](A)4 (A = ClO,~, BFs~, PR, |7, NO3™)

counteranion (A)

ClOs~ BF,~ PR~ NOs~ 1~
fw 2344.03 2293.44 256.09 2194.25 2453.85
cryst syst cubic cubic cubic cubic cubic
space group F23 F23 F23 F23 F23
a, 21.278(3) 21.201(2) 21.610(1) 21.389(3) 21.037(3)
v, A3 9633(3) 9528(3) 10091(2) 9785(2) 9310(1)
z 4 4 4 4 4
Pealca § CNT 3 1.616 1.599 1.663 1.489 1.750
u (Mo Kay), cmt 19.48 18.70 18.46 18.05 32.06
(Mo Ka), A 0.710 69 0.710 69 0.710 69 0.710 69 0.710 69
no. of observs 1014 832 1206 869 665
no. of variables 99 105 105 87 96
Rino 0.031 0.035 0.029 0.037
R& 0.035 0.037 0.042 0.036 0.099
R,2 0.052 0.052 0.063 0.052 0.130
GOP 1.205 1.025 1.126 1.088 1.509

AR = S (|Fol — IFcl)/YIFol andRw = [YW(|Fo| — |Fc))?IwW|Fo|?]¥2 with w = 1/o(|F,|)% ® GOF = {[YW(|Fo| — |Fcl)?l/(Nreficns — Nparamg} *2.

Results and Discussion cations and anions, it can crystallize. Crystals containinghe

ion has a spherical symmetry, which is higher tiiguare stable

in the atmosphere but are unstable toward X-radiation. There-
fore, the X-ray diffraction data for the iodide salt were measured

by the Rigaku RAXIS-IV diffractometer with imaging plates.

The crystal data for the cluster salts are shown in Table 1.
All crystals of the cluster salts are the same space grie2p,

6MeOH, 12.63%. Therefore, the occupancy of £l@as fixed The cluster ion is located on the face center: the siteThas
at 0.75 when the structure was refifédThe methanol ~ Symmetry. Every counteranion occupies the s&msymmetry
molecules are considered to be loosely trapped in the lattice Sit€ (the coordinate isx( x, ¥ when the center of the cluster
because of the extremely large thermal parameters of all theion is set on (0, 0, 0)) in each crystal. All the cations, except
solvent molecules. This is the cause of the crystals immediately for those in the N@" salt, are located in the sarfiesymmetry
decomposing after filtering. Therefore, preparations of crystals Sit€ (74, "/, /) in the cluster salt crystals, as shown in Figure
without MeOH molecules, which must be stable, were at- 1. In the NQ™ salt, the cation is positioned at a differeht
tempted. According to crystallography, four GiQons, which symmetry site {2, 2, /). The center-to-center distances
lie on the 3-fold axis, are required to construct the stable single Petween the cluster ion and anions or cations and between the
crystals. Thus, a fourth CIO ion was added to [SANi(pro)s} ¢- anions and cations are listed in Table 2. The normalized claster
(ClO4); with a suitable cation by recrystallization from aceto- anion (C-A) distances based on the lattice constants for,ClO
nitrile. As the suitable cation, the tetramethylammonium ion BFa™, PR, and I' salts are almost the same (the average value
was chosen because it has the same symmetry as @laen is 0.414). The cation (TMA)—anion (T-A) distances (average
methyl groups are regarded as spheres. The stable crystals were 0.215) are as well, and the clustaration (C-T) separations
obtained as TMA[SHNi(pro)s} ¢](CIO4)4, which has no solvent all have the same valug, 0.433. On the oth_er hand, in thg' NO
molecules. The counterions likely play an important role in Salt, the C-A distance is 0.421, that of A is 0.188, and the
preparing single crystals. To confirm this prediction ,BPPRs", C—T separation is 0.5: the differences between values for the
NOs~, and I were used for preparing crystals of salts with the Nitrate anion and the averages for the other aniti(€—A),
cluster instead of CIgy. The cluster salts with BF and Pk~ A(T—A), andA(C—T), are 0.007,-0.027, and 0.067, respec-
were obtained as stable single crystals: in the crystals of thetively. These differences are responsible for the lower symmetry
BF,~ salt, the fluorine atoms are disordered because the anionof NOs~ compared to that of the other anions. The crystal
is smaller than CI@-, though it has the same symmetry as Symmetry of the cluster salt€523, is determined by the
CIO,4~. The salt containing N did not form stable crystals. ~ Symmetry of the cluster ion. To construct the space group, the
The order of increasing ease of crystallization of the cluster counterions require suitable symmetries. The anions,CIlO
salts was determined by crystallizing the salts from solutions BF4~, PFs~, and I” have sufficiently high symmetries to satisfy
containing a different pair of anions (CIQ BF,~, PRs~, NOs™, this requirement: the symmetry of CJOand BR™ is Ty, that

and I) and the cluster ion: the anion in a crystallized salt was ©f PFs™ is On, and I has a spherical symmetry. Thus, these
confirmed by its IR spectrum. The order was + PR~ ~ anions can fulfill the requirements of both the cluster ion and

Clo,~ > BF4~ > NOs~. The diffraction data for the crystal of ~ the cation. Therefore, the cluster ion, anion, and cation can be
the NO;~ salt were collected using a crystal shielded in a arranged on the appropriate sites. Since the nitrate ion does not
capillary with the mother liquid, since the NOsaltimmediately ~ have such a high symmetry, however, the anion (symniy
decomposes upon filtering. When the tetraethylammonium or cannot be directed toward the cation and thus cannot force the
tetrabutylammonium ion was used instead of TMAo single cation to locate on a suitable site when the anions are positioned
crystal was obtained. The results suggest that crystallization of around the cluster ion. Consequently, the cation is shifted to a
the cluster salts requires a counteranion and a cation that havesite that is closer to the anion. Therefore, the crystal packing of
symmetries higher than tetrahedral. To construct crystals with the NG~ salt is considered to be unstable.

the space group23, suitable counterions have to occupy The cluster ion, [SHNi(pro).}¢]3*, has the same structure
symmetry sites; i.e., when the cluster ion acquires suitable both in [Sn{Ni(pro)z} ¢](ClO4)3:6MeOH? and in every TMA-

The cluster [SHINi(pro),} ¢] 3 forms a crystal with very high
symmetry (cubic, space gro23). Four ClIQ™ ion sites must
exist in the unit cell, and each ClOion lies on the 3-fold
axis. However, this is contradictory to the result of the
gravimetric analysis of CIQ using tetraphenylarsonium chlo-
ride: found, 12.33%; calculated for [§Mi(pro).}e](ClO4)s
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coordination possible. The icosahedral coordination geometry

(@ +b P is rather distorted because of the extreme shortness of the
35,0 ey O*CQ} O—N-—0 or N—C—N bite and the particular mode of bidentate
) O 6?3 é bonding. A centered icosahedral gold cluster compound has also
Q;_b O Qo been reporte@® [Aui(PMePh)oC12](PFe)s, in which 12 of the
/;) O ' QQ* a gold atoms define an icosahedral structure and the 13th lies at
(S)ﬂ Q;é 6)0 Qy@ the centroid of the polyhedron. The geldold distances on the
periphery of the polyhedron lie in the range 2.852(3)949(3)
¢ d * A, and the lengths of the bonds connecting the central gold atom
%Q %@ @ aé; fgc\) the peripheral gold atoms are in the range 2.71622J89(2)
. The icosahedron of the gold cluster is also distorted. In [Sm-
clo; Cfg’”g“ Q«O {Ni(pro)} 3, however, the samarium atom, which is coordi-
,Q DQ nated by the rather large bidentate ligands, [Ni(gray 12-
OQ)YQ N ,(gﬂ +a coordinate and the icosahedral geometry is almost ideal. All
SmNipro)3d> e Y the Sm-O bond lengths are 2.691(3) A, the average of the
nearest neighboring €0 lenths is 2.83 A (the ratio (80)/
+ (Sm—=0) = 1.05), and the angles between two adjacent metal
ligand bonds are 62.8(365.1(1) (average= 63.4); the ideal
O\:/D angle between two adjacent metal (Migand (L) bonds is
®) oo o %”.;\g Q, 63.43, and the ratio (-L)/(M —L) = 1.0515% The lanthanide
bfj br’}c}’z\o 9 ions reported to form 12-coordinate compounds aré& B4
@) %O 067 Ce*t 35 Cett 36 PR3t 37 and Nd .38 It is very difficult to prepare

the 12-coordinate complex of samarium even if thesNI{@and
is used. As a high coordination number complex, an eleven-

62 E«\O 80 % coordinate Sm complex, [Sm(NRBH.0]?~, was reported?
a G G Recently a “12-coordinate Sm complex” with tris[3-(2-py-

?%}@ S;O}};TMA* Cg}‘{%{; ridyl)pyrazol-1-yllhydroborate (L), [Sm(L}(BPhy), was re-
Q:P Cgr) OJO Q,r) ported? However, half of the 12 SmN bond lengths in the
2 1! t) complex are extremely long: the average of the longer lengths
is 2.95 A and that of the remaining bonds is 2.66 A. Therefore,
NOy® E) the cluster ion that is reported in this work is very novel in that
o &)b 3 Oo ,O(Q N it has so much symmetry. The samaritoxygen bond lengths
Y rr— % in the present cluster ion, 2.691(3) A, are a little longer than
o O\:p those in 11- and 10-coordinate samarium complé%é&This
+e g O distance can be compared with those of?Smomplexes'®
Figure 1. Crystal packing of TMA[SHNi(pro)s}¢l(A) 4 (A = ClO4~ Sm-0 = 2.493(4)-2.668(4) A in [SM(NQ)sHOJ>", % 2.36-
BE., PR, I, and NQ): (a) TMA[S m{Ni(pl’O)zz}ej(C|54)4; ®) TMj\-’ (1_)—2.64(1) A'in [Sm(CIQ)s(dbc-6)] (dbc-6= diisopropyIN,N-
[SM{Ni(pro)}J(NOs)s. The centroid of the cluster ion, [JNi- dIethy!carbamylmethylenephosphoneﬂ‘b@nd 2676(4}2720'
(pro)}el3*, is represented b®. Counteranions BF, PR, and I~ are (4) A in [Smly{ O(CH,CH,OMe),},].#> The elongation of the
located in the same sites as GiOn (a). Sm—0 bonds in [SKNi(pro)z} 6]+ may arise from restrictions

due to the six-[Ni(prgj cage structure and the 12-coordination.

The icosahedral cluster structure is very stable in crystals and
in solutions. It was confirmed that the cluster ion is retained in
the salts with different anions and is retained even during decay

cluster salts, are listed in Table 3. ORTEP plots of the cluster of the crystals, accordi_ng to the diffraction data of slightly
ion and of the environment around the Sm and Ni atoms in the d€cayed crystals of [SiNi(pro)a}¢](ClO4)s-6MeOH. Moreover,
cluster ion are shown in Figures 2 and 3, respectively. Each the structure is also retained in the alcohol and acetonitrile
nickel atom is surrounded by six atoms: two amino nitrogens, solut!ons; UV_V'S spectra Of. the soluuqns are perfgctly
two carboxylate oxygens which form chelate rings with the consistent with the po_waer diffuse reflectlpn spectrum: the
nitrogen atoms, and two carboxylate oxygens which link the reflection bands are similar to those of [Ni(pi),0)z] b.Ut
neighboring nickel atoms. The samarium atom is coordinated clearly plue-shlﬁed, and.thus the bands are probably attnbgtable
to 12 oxygen atoms; six [Ni(pre)units are coordinated by the to a typical octahedral nickel(Il) chromophore. In the solutions,
two carboxylate oxygen atoms forming chelate rings. Conse- — . _
quently, in the cluster ion, the samarium atom is coordinated (38) LEE;Z'L J.-C. G.; Klein, B.; Wessner, Dnorg. Chim. Actal98Q 44,
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Table 2. Center-to-Center Distances between [Slifpro).}¢]*" and A (=CIO,~, BF,~, PR, 17, NOg™) or TMA, with the Lattice Constants

for the Crystals of the Salts

counteranion (A)

NO;~ ClOs~ BF,~ PR~ -
a A 21.389(3) 21.278(3) 21.201(2) 21.610(1) 21.037(3)
[SM{Ni(pro)} ]3> —TMA, A 10.695 9.214 9.180 9.357 9.109
normalized value based @n(C—T)? 0.5 0.433 0.433 0.433 0.433
[SM{Ni(pro)} |3t —A, A 8.995 8.814 8.783 8.964 8.703
normalized value based @ (C—A)® 0.421 0.414 0.414 0.415 0.414
TMA-A, A 4.016 4.566 4.553 4.709 4.445
normalized value based @(T—A)¢ 0.188 0.215 0.215 0.218 0.211

2| abel of the normalized center-to-center distance betweer §&pro),} ¢]>" and TMA®™. ® Label of the normalized center-to-center distance
between [SHiNi(pro),}¢]®" and the anion¢ Label of the normalized center-to-center distance between Thi#d the anion.

Table 3. Selected Bond Distances (A) and Angles (deg) in
TMA[Sm{ Ni(pl’O)g} 6](C|O4)4a

P

Sm-0(1) 2.687(3) Sm-Ni 3.6996(7)
Ni---Ni 5.2320(9)
O(1)-0(1) 2.891(6) ]/
O(1)-0(1) 2.820(9) O(1)-C(5) 1.263(5)
O(1)-O(1)" 2.798(9) 0(2)-C(5) 1.252(5)
0(1)-0(1) (av) 2.825(8) N(1-C(1) 1.486(7)
N(1)—C(4) 1.507(10)
Ni—O(1) 2.037(3) c(1c(2) 1.48(2)
Ni—0(2) 2.048(3) C(1)}C(5) 1.505(7)
Ni—N(1) 2.064(4) c(2yCc(3) 1.45(2)
C(3)-C(4) 1.45(2)
O(1)-Sm—0O(1) 65.1(1) Sm-O(1)-Ni 102.2(1)
O(1)-Sm-0o(1)' 63.3(2) SmO(1)-C(5)  143.9(3)
O(1)-Sm—O(1)" 62.8(2) NiO(1)-C(5) 113.9(2)
O(1-Sm-0(1) (av)  63.4(2) NO(2-C(5)  123.3(3)
Ni—N(1)—C(1) 106.8(3)
O(1)-Ni—O(1) 90.4(1)  Ni-N(1)—C(4) 116.9(5)
O(1)-Ni—0(2)' 90.0(3) C(1}N(1)-C(4) 105.7(8)
O(1)-Ni—O(2)" 89.0(2) N(1)-C(1)-C(2)  105.5(9)
O(1)-Ni—N(1) 84.8(1) N(1>C(1)-C(5) 115.3(4)
O(1)—-Ni—N(1) 173.2(2) C(2C(1)-C() 114(1)
O(2)'—Ni—O(2)lll 178.6(2) C(1»C(2)-C(3) 109.1(9)
O(2)'=Ni—N(1) 86.1(2) C(2yC(3)-C(4)  104.1(9) Figure 2. ORTEP plot of the structure of [Si(pro)} ¢+
O(2)'—Ni—N(1)I 94.8(3) N(1)-C(4)-C(3) 108.5(9)
N(1)—Ni—N(1) 100.4(2) O(1}C(5)-0(2) 125.9(4) 3 oD ;
O(1)-C(5)-C(1)  119.0(4) Ni
O(2)-C(5)-C(1) 115.0(4) )

aKey to symmetry operations: (K, =y, —z (1) y, z, x (lll) y, —z,
—X.

the cluster ion is stable regardless of counterions. The cluster

ion has an Sm:[Ni(pre) molar ratio of 1:6. However, the
reaction of Sm with [Ni(progj] in a small excess (2-fold excess)

and also in a large excess (even a 10-fold excess) of the latter
produced the cluster [SiNi(pro),}¢]®*: both reactions gave
the same crystals, and their IR spectra agreed quite well with
that of the cluster [S{Ni(pro),}¢]®". These results indicate that
this system is a self-assembly of the centered icosahedral
samarium cluster formed by bisprolinato)nickel(ll) ligands.

The self-assembly of the icosahedral cluster is caused by an

almost ideal arrangement of the coordination sphere around eachyigre 3. ORTEP plot of the environment around the Sm and Ni atoms
nickel atom (octahedral), which makes the icosahedral cavity in [Sm{Ni(pro)s}¢)** showing 50% thermal ellipsoids and the atom-

suitable for the lanthanide ion.

To investigate the thermal stability of the cluster structure,
thermal analysis was carried out. The ¥BTA curves of salts
of [Sm{Ni(pro)z}¢]3" with BF,~, PRs~, and I are shown in
Figure 4. Those of [Ni(prg]-2H,0 are also given to facilitate
comparison with the cluster. Decomposition of all the cluster
salts occurs at about 36C. The decomposition temperature
corresponds to that of [Ni(pre]y2H,O. Such a result suggests
that the cluster is very stable until the [Ni(pgpunits, which

numbering scheme. Key to operations: ZJ)x, y (II) y, z, x (Ill) X,
=y, -z (IV) z, =%, =y; V) vy, =z, —x (VI) =X, y,—z (VIl) —z, X,
=y, (VII) =y, z,—x; (IX) =%, =y, Z (X) =z, =%, ¥, (XI) =y, —z, X

form the cage structure, are decomposed. From the DTA
curves, it can be seen that the thermal decomposition processes
of the cluster salts depend on their counteranions: profiles of
the TG-DTA curves of the salts with BF, PR, and I are
different from one another. The thermal decomposition processes
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Figure 4. Thermogravimetric and differential thermal analysis
curves: (a-c) TMA[Sm{Ni(pro)}el(A)4 (A = (a) BR~, (b) PR, (C) 5b) showed the same reduction wave -a2.04 V as that
I); (d) [Ni(pro)z]. observed at 25C and three pairs of peaks and three ambiguous
peaks on the positive side. The analysis of the cyclic and normal-
in N, atmosphere and in air are essentially the same, except forpulse voltammograms indicated that the first to the third
the direction of the DTA peak at about 36T (in N, oxidation steps at 0.65, 0.85, and 1.03 V vs'fc were
atmosphere, the peak is endothermic, and in air, it is exother- Nernstian one-electron processes with slow irreversible subse-
mic). Ash obtained at the final stage of the process in air is guent reactions. The fourth to the sixth oxidation steps appear
likely to contain an oxidation compound from the counteranion. to be one-electron processes with fast irreversible subsequent
In the cluster salt with BF, the ash consists of oxides of Sm, reactions. The reduction step is assigned to the' &m'
Ni, and B, while the ash from the salt having PFeontains reduction couple, and the six oxidation steps can be assigned
phosphonates as well as oxides of Sm, Ni, and P: the IR to the six NI'/Ni" oxidation couples on the basis of voltammetry
spectrum of the residue of the PFsalt indicates the existence  studies of [Ni(proj]: the cyclic voltammogram of [Ni(prg}
of the phosphonates with oxides of P. On the other hand, theshowed the oxidation step with fast irreversible subsequent
salt with I~ gave ash composed only of oxides of Sm and Ni. reactions at 0.77 V vs FdFc. The six oxidation steps were
This may imply that the cluster salt becomes a material for irreversible at 25°C. This is attributable to the subsequent
formation of a lanthanide oxide if suitable counterions can be irreversible reactions, since a pair of anodic and cathodic peaks
chosen for thermal decompositions: formation of lanthanide corresponding to this step (at 0.69 V) were observee 40
oxides by means of thermal decomposition of heteronuclear °C. The six discrete oxidation steps in the icosahedral cluster
complexes at low temperatures has recently been widely suggest that the nickel atoms interact with one another, and the

investigated'® observation of a pair of anodic and cathodic peaks based on
To explore the electrochemical behavior of the cluster ion, a the first Ni'/Ni"' couple in the cluster even at 2& suggests
cyclic voltammogram of TMA[SHNi(pro)z} ¢](ClO4)4 in aceto- that the [Ni(pro)] unit structure in the cluster is more stable

nitrile medium at 25°C was recorded. It exhibited one pair of than that in the corresponding mononuclear complex.

peaks on the negative side and four complicated peaks on the Further work in this area will be pursued because not only
positive side, as shown in Figure 5a. The one pair of peaks atthe electrochemical properties but also the magnetic and optical
—2.02 V (Epa+ Epg)/2, AE, = 80 mV) vs F¢/Fc corresponds ~ properties of the cluster should be interesting.

to a Nernstian one-electron-reduction step without subsequent
reactions; the peak potentials and the peak:current ratio (ap-tu
proximately unity) were independent of the sweep rate{50
200 mV s%). The first oxidation step at 0.71 VAE, = 90

mV) among the four or more oxidation steps was a Nernstian
one-electron process with slow irreversible subsequent homo-
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(A)s (A = ClO,, BF,~, PR, NOs7, |7), a crystal packing diagram [SM{Ni(pro)z} ] (ClO4)4, and [Ni(pro}(Hz0).]. This material is available
for [Sm{Ni(pro)z}e](ClO4)3, UV—vis absorption spectra of [SrVi- free of charge via the Internet at http://pubs.acs.org.

(pro)}e]®t in methanol solution and in acetonitrile solution, and powder

diffuse reflection spectra of [SfiNi(pro).} ¢](ClO4)3:6MeOH, TMA- 1C991027Q





