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In this paper we report the synthesis of new compounds
containing cluster anions [Re S;(CN)]*~ and [ReSey(CN)]*".
Interaction of aqueous solutions of anions with transition metal
cations in presence of Pr,N* gives two type of compounds:
(Pr,N),M(H,0)s[Re X, (CN)¢] - H,O, X =S8, Se (orthorhombic
phase) and (Pr,N),M(H,0),[ReS;(CN),] (tetragonal phase),
X =S, Se, M=Mn, Ni. The structures of (Pr,N),Mn(H,0),
[Reﬁses(CN)ﬁl H,O (space group: P2,2,2,, a=18.286(2) A,

=18.345(2) A, c¢=16568(2)A, V=5558(1)A% Z=4,
R1 =0.0387, wR2=0.0624), (Pr,N),Mn(H,0),[ResSs(CN)]
(space  group: I4/m, a=13.255(2) A, c=14. 432(3) A
v =2535.6(8) A%, R1=0.0369, wR2=0.0960) and (Pr,N),Ni
(H,0),[RegSs(CN)s]  (space group: I4/m, a=13.247(4) A,
c=14.246(6) A, V'=25002) A°, R1=10.0414, wR2=0.1004)
were determined by X-ray single crystal analysis. The structure
of (Pr,N),Mn(H,0);[Re Sez(CN),]-H,O contains isolated
fragments {Mn(H,0);[Re Ses(CN)s]}>". The structures of
(Pr,N),M(H,0),[Re;Ss(CN)s] (M=Mn, Ni) contain {-
Mn(H,0),-[Re Ss(CN)]-}% infinite chains. When heated the
(Pr,N),M(H,0)s;[ReSs(CN),] - H,O compounds transform into
(Pr,N),M(H,0),[Re Sg(CN),], the reaction conditions depend-
ing on the nature of the metal. The formation and conversion of
the compounds are discussed in terms of substitution of water
molecules in coordination sphere of transition metal cations. It is
shown that the orthorhombic structure can be considered as a
superstructure in respect to the tetragonal one. © 2000 Academic Press

Key Words: rhenium; sulfur; selenium; cyanide; crystal struc-
ture.

1. INTRODUCTION
The ability of CN ligands to form stable complexes

with transition metals is well known (1-3). In most cyano
complexes the transition metal ions are coordinated with
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the carbon atom of CN groups but in some complexes the
metal ions can also coordinate via nitrogen. Besides, the
cyanide anion CN™ is able to behave as a C,N-bridging
ligand binding two coordination centers. Thus, the carbon-
coordinated cyano complexes [ M(CN),] can bind to another
coordination center M’ at the nitrogen atom forming separ-
ate M-CN-M' fragments or —-M—CN-M’- chain structures.
Prussian blue formed by the iron atoms bridged with CN
ligands is the best known example of a polymeric structure.

The energy of M—CN and M-NC bonds is more negative
as compared to that of M—-OH, bonds; therefore, the inter-
action of cyano complexes [M(CN)s]"~ with aqua com-
plexes [M'(H,0)¢]"" leads to formation of compounds
with -M-CN-M'- bonds which often have polymeric na-
ture. To prepare transition metal compounds with low
dimensionality—layers, chains, or isolated fragments—the
restriction of coordination abilities of transition metals is
widely used (4-6).

From structural and chemical points of view the cluster
anions [RegX5(CN)]*~ (X =S, Se, Te) (7-10) can be con-
sidered as [M(CN)q]"~ analogues. It was shown recently
(11-15) that the interaction of these anions with aqua ca-
tions of 3d transition metals results in formation of poly-
meric 2D and 3D frameworks originating from
Re-CN-M-NC-Re interactions.

Here we report the synthesis of two new types of
compounds: (PryN),[M(H,0)s][Rec X s(CN)s]-H,O
(M = Mn, Ni; X =S, Se), having isolated ionic pairs, and
(PryN),[M(H,0)4][RecSs(CN)s] (M = Mn, Ni), having
infinite one-dimensional chains. Phase transformation is dis-
cussed in terms of relationship of sub- and superstructures.

2. EXPERIMENTAL
2.1. Syntheses

Starting cluster compounds Cs;K[ResSg(CN)g]-2H,O
and K, [RegSes(CN)g]-3.5H,O were prepared from
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polymeric RegSgBr, (16) and RegSegBr, (17) as described in
(8, 12). All other reagents were employed as purchased.

2.1.1. Preparation of (Pr,N),Mn(H,0);s[ResSs(CN)4] - H,O
(1). Aqueous solution of 0200g (0.10 mmol) of
Cs3KRegSg(CN)g - 2H,0 in 20 ml was gradually added to
an aqueous mixture of 0.063 g of n-Pr,NBr (0.237 mmol)
and 0.035 g of Mn(NO3),-6H,0 (0.120 mmol) in 20 ml of
water and stirred for 2 hours. Yellow-orange fine powder of
1 was filtered off, washed with water, and dried in air. Yield:
0.192 g (93%). X-ray: space group P2,2,2,. Found (calcd)
for C3oHgsNgOgSgMnReg: C, 17.11% (17.44%); H, 3.16%
(3.32%); N, 5.43% (5.47%); H,0, 4.10% (5.23%). IR (KBr),
cm ™~ 1: 418 (w), M-C=N; 1629 (m, br), H,0; 2127 (s), C=N;
3434 (m, br), H,O (bands of n-PryN™ are omitted). pies
(298 K) = 5.16 pgp, perr (4 K) = 4.95 .

2.1.2. Preparation of (Pr,N),Mn(H,0),[ResSs(CN)s (2).
0.100 g portion of 1 and 0.5 ml of water were put into
a quartz ampoule, which was then sealed and heated at
140°C for 2 days. Crystalline powder of 2 was collected and
dried in air. Yield quantitative. Found (calcd) for
C30Hs4NgO4SsMnRes: C, 17.62% (17.75%); H, 3.26%
(3.18%); N, 5.48% (5.52%), H,0, 4.12% (3.54%). IR (KBr),
cm ™~ 1: 421 (w), M-C=N; 1629 (m, br), H,0; 2118, 2154 (s),
C=N; 3635 (m, br), H,O (bands of n-Pr,N™ are omitted).
Herr (298 K) = 5.88 pp, per (4 K) = 5.80 pp.

2.1.3. Preparation of (Pr,N),Mn(H,0);s[ResSes(CN)s] -
H,0 (3). The material was prepared as a fine orange powder
in a manner similar to the preparation of 1 except for the use
of K4RegSeg(CN)g-3.5H,0 (0.212 g, 0.1000 mmol) instead
of Cs3KReSg(CN)g-2H,0. Yield: 0.232 g (95%), X-ray:
space group P2,2.2,. Found (caled) for
C3oHgssNgOgSegMnReg: C, 14.93% (14.76%); H, 3.00%
(2.81%); N, 4.41% (4.59%); H,0, 4.87% (4.42%). IR (KBr),
cm ™ 1: 415 (w), M — C=N; 1620, 1629 (m), H,O; 2113.0 (s),
2123 (sh), 2141 (sh), C=N; 3637 cm ! (m, br), H,O (bands
of n-Pry,N* are omitted). pe (298 K) = 5.436 g, fiesr
(4 K) = 5.30 ug.

2.1.4. Preparation of (Pr,N),Ni(H,0);s [ResSs(CN)sf - H,O
(4). The material was prepared as a fine orange powder in
a manner similar to the preparation of 1 except for the use of
Ni(CH;COO),-4H,O0 (0.030g, 0.12 mmol) instead
of Mn(NOs;), 6H,0. Yield: 0.232 g (97%). X-ray: space
group. P2,2,2,. Found (calcd) for C3oH¢sNgOeSegMnReg:
C, 14.98% (14.76%); H, 3.11% (2.81%); N, 4.40% (4.59%);
H,O0, 5.00% (5.21%). IR (KBr), cm™': 417 (w), M-C=N;
1621 (m), H,O; 2122.0 (s), 2133(s), 2150 (m), 2168 (m, sh),
C=N; 3575, 3596, 3624 (m,br), H,O ( bands of n-Pr,N* are
omitted). peer (298 K) = 3.16 pg, pegr (77 K) = 3.10 pg.

2.1.5. Preparation of (Pr,N),Ni(H,0),[ResS{(CN)s (5).
A 0.100 g portion of (4) was boiled in water for 1 day.
Fine powder of 5 was filtered off and dried in air. Yield:
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quantitative. X-ray: space group I4/m. Found (calcd) for
C30HgsNgO4NiRes: C, 17.85% (17.75%);, H, 3.25%
(3.18%); N, 5.60% (5.52%); H,0, 3.19% (3.54%). IR (KBr),
cm ™1 421 (w), M—-C=N; 1617 (m, br), H,O; 2114 (s), 2166
(s), C=N; 3643 (m, br), H,O (bands of n-Pr,N* are omit-
ted). perr (298 K) = 3.12 pg, pege (77 K) = 3.10 pp.

2.1.6. Preparation of (Pr,N),Ni(H,0); [Re;Ses(CN),J - H,O
(6). The material was prepared as a fine orange powder
in a manner similar to the preparation of 1 from
K4ResSesg(CN)g-3.5H,O (0.212 g, 0.100 mmol) and of
Ni(CH;COO),-4H,0 (0.030 g, 0.12 mmol). Yield: 0.232 g
(95%). X-ray: space group P2:2;2;. Found (calcd) for
C;30HgsNgOgSegMnRey: C, 14.89% (14.76%); H, 3.15%
(2.81%); N, 4.55% (4.59%); H,0, 4.64% (4.42%). IR (KBr),
cm ™ 1410 (w), M-C=N; 1616 (w), H,O; 2114.0 (s, br), 2130,
C=N; 2969.0 (m), 3637.0 (m, br), H,O (bands of n-Pr,N*
are omitted). pe(298 K) = 3.10 g, pegr (77 K) = 3.25 pg.

2.1.7. Single-crystal growth. All compounds have ex-
tremely low solubility, and therefore crystals suitable for
X-ray single-crystal analysis were grown by diffusion of
reagents coming from opposite directions in a U-tube filled
with silica gel. To prepare the silica gel a solution of 12.25 g
of Na,SiO3-9H,0 in 50 ml of water was titrated with 20 ml
of 1 M HCI1 under vigorous stirring. The resulting mixture
was placed into U-tubes and the gel allowed to set for
2 days.

The aqueous mixture of Pry,NBr (0.1 M) and
[M(H,0)s]*" (0.1 M) and an aqueous solution of
[RegX s (CN)6]*~ (0.1 M) were put into two sections of the
U-tube. Diffusion of reagents through silica gel for 4-6
weeks resulted in crystals suitable for X-ray single-crystal
determination. Crystals were located near the middle
part of the tube. The following reagents were used: 2,
Mn(NO3), - 6H,O0, Cs3K [ReSs(CN)g] - 2H,0; 3,
Mn(NOy), - 6H,O0, K4 [RegSes(CN)g] - 3.5H,0; 5,
Ni(CH3;COO),-4H,0, Cs3;K[ResSs(CN)g]-2H,0. Oc-
tahedral or prismatic crystals can be easily separated from
silica gel manually. X-ray powder diffraction and IR spec-
troscopy revealed these crystals to be identical with powder
samples.

2.1.8. Physical measurements. FElemental analyses for
C, H, N, and S (Carlo Erba 1106) were performed in the
Laboratorty of Microanalysis at the Institute of Organic
Chemistry, Novosibirsk. Infrared spectra were measured on
KBr disks with a Bruker IFS-85 spectrometer. To determine
the water content the curves of weight loss were recorded at
a heating rate of 3°C/min (temperature range 20-300°C) in
argon atmosphere with a TGD-7000 RH thermal analysis
controller (Sinku-Riku, Japan). Magnetic measurements
were performed using a SQUID magnetometer from Quan-
tum Design in a range 2-300 K, field 5 kOe. The X-ray
powder diffraction data (XPD) were obtained with a Philips



SYNTHESIS OF RHENIUM CHALCOCYANIDE CLUSTERS

197

TABLE 1
Crystallographic Data for Compounds (Pr,N),Mn(H,0), [Re,S;(CN)] (2), (Pr,N),Mn(H,0);[ReSe;(CN)4] - H,O (3), and
(Pr,N),Ni(H,0), [ResS;(CN),] (5)

2 3 5
Empirical formula C30HesMnNgO4ResSg C30HesMnNgOgResSeg C30Hg4NgNiO4Re(Sg
Formula weight 2029.51 2440.74 2033.28
Color, habit Red, octahedral Red, prismatic Red, octahedral
Crystal system Tetragonal Orthorhombic Tetragonal
Space group 14/m P2,2,2, 14/m
a, A 13.255(2) 18.286(2) 13.247(4)
b, A 18.345(2)
o A 14.432(3) 16.568(2) 14.246(6)
Cell volume, A3 2535.6(8) 5558(1) 2500(2)
V4 2 4 2
Exp. hkl limits O<h<15 0<h<21 0<h<17
0<k<15 0<k<21 0<k<17
0<il<17 0<I<19 0<I<18
Calc. density, gcm ™3 2.658 2917 2.701
Absorption correction 3 azimuthal scan curves 4 azimuthal scan curves 3 azimuthal scan curves
Absorption coefficient, mm ! 14.872 18.514 15.208
Crystal size, mm 0.40 x 0.36 x 0.24 0.34x0.32 x0.28 0.24x0.21 x0.20
20 x> deg 50 50 56
Reflections collected/unique 1191/1094 [R;,, = 0.0424] 3572/3572 1480/1372 [R;,, = 0.0525]
Goodness-of-fit on F? 1.004 0.511 0.885
Final R indices R1 =0.0369, R1=0.0387, R1 =0.0414,
[I > 2a(1)] wR2 = 0.0960 wR2 = 0.0624 wR2 = 0.1004

Weighting scheme w™ ! = g% (F3) + (0.0632P)*
Max., min. peak in final diff. map,

¢-A73 2.449, —2.810

w™L = 62(F3) + (0.0134P)> w™L = 62 (F3) + (0.0504P)>

191, —1.99 1.95, —3.49

APD 1700 powder diffractometer with silicon as internal
standard (step, 0.03°; sample time, 0.5 sec; 26 range, 5-60°;
radiation, CuKuo).

2.1.9. Structural studies of compounds 2, 3, and 5. The
intensity data were collected on an Enraf-Nonius CAD4
diffractometer with graphite-monochromated MoKu radi-
ation (4 =0.71073 z&) under ambient conditions
(T = 291 K). The cell parameters were refined using setting
angles of 24 precisely positioned reflections with
9 < 0 < 15°. Reflection intensities were collected by stan-
dard techniques (0/20 scans with variable speed, @ range
(deg) = 0.9 + 0.35 tg (0)). Absorption corrections were ap-
plied by measuring the azimuthal scan curves. The struc-
tures were solved by direct methods and refined by full-
matrix least-squares fit on F? for all data. Anisotropic
displacement parameters (adp) were refined for all nonhyd-
rogen atoms. The final difference electron density map con-
tained no chemically reasonable peaks. The crystal data are
listed in Table 1. The calculations were performed with
standard Enraf-Nonius CAD4 programs (CD4CAO0, CAD-
SDAT), SIR97 (18) (structure solution for 3), and SHELX-
97 (19) (structure solution for 2 and 5 and refinement for all).
Atomic coordinates and equivalent isotropic displacement

parameters are listed in Tables 2-4, and selected bond
lengths and angles in Table 5.

3. RESULTS AND DISCUSSION
3.1. Synthesis

The interaction of aqueous solutions of n-Pr,N*,
M(H,0);" (M =Mn, Ni), and [ResSg(CN)g]*~ gives
two types of compounds with analogous compositions:
(PryN),M(H,0)5[ResSs(CN)s]-H,O (1 and 4) and
(PryN),M(H,0),[ResSg(CN)g] (2 and 5). At ambient tem-
perature the reaction results in fast precipitation of the
(PryN),M(H,0)s[ResSg(CN)g] - H,O regardless of concen-
trations and ratio of reagents. Stirring over 1 week does
not give any (Pry,N),M (H,0O)4[ResSg(CN)g]. According to
the data of powder diffraction investigation compounds 1
and 4 are isostructural to previously investigated
(PryN),Co(H,0)s[ResSs(CN)s]-H,O (20) (Fig. 1) with
close cell parameters.

The transformation of (PryN),M(H,0)s[ResSg(CN)g]-
H,O into (Pry,N),M(H,0),[ResSs(CN)s] occurs at elev-
ated temperatures but the rate of the process depends on
the nature of the metal. The transformation completes in
2 hours in the case of nickel and requires boiling during
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TABLE 2
Atomic Coordinates (x10) and Equivalent Isotropic
Displacement Parameters (A*Xx10°) for 2

x y z Uy
Re(1) 0 0 1270(1) 22(1)
Re(2) 520(1) 1288(1) 0 23(1)
S(1) 1662(2) 706(2) 1172(2) 33(1)
Mn(1) 0 0 5000 37(1)
o(1) 1511(10) 725(11) 5000 71(4)
C(1) 0 0 2704(13) 32(5)
N(1) 0 0 3492(14) 45(5)
C(2) 1144(12) 2757(12) 0 34(4)
N(©2) 1519(13) 3546(12) 0 58(5)
N(11) 5000 0 2500 38(5)
C(11) 4548(9) 804(9) 1864(8) 43(3)
C(12) 4017(9) 1646(9) 2352(10) 48(3)
C(13) 3756(10) 2466(9) 1649(11) 61(4)

Note. U, is defined as one-third of the trace of the orthogonalized Uj;
tensor.

1 day for cobalt. In the case of manganese this reaction
occurs only at 140°C in a sealed ampoule. Figure 2 demon-
strates this transformation for the manganese compound.

In the case of a selenium cluster only (Pr,N),M(H,O)s
[ResSes(CN)g]-H,O (M = Mn (3), Ni (6)) compounds were
isolated and no traces of (Pr,N),M(H,O),[ResSes(CN)g]
were detected.

3.2. Structure Description

The structures of cluster anions [RegSg(CN)g]*~ and
[RegSes(CN)g]*~ are presented in Figs. 3a,b. These anions
have the usual RegX gL environment. Six rhenium atoms
form an Rey octahedron with the faces uz-capped by eight
chalocogen atoms. The CN ligands are coordinated to rhe-
nium atoms via carbon. Bond distances and angles in these
anions (Table 5) do not differ from those found in other salts
with the RegXjy cluster core (Cs,Co[ReSg(CN)e]- 2H,O
(12): Re-Re, 2.599; Re-S, 2.411; Re-C, 2.12; C-N, 1.14;
NaCs3;ResSg(CN)g (14): Re-Re, 2.602; Re-S, 2.413; Re-C,
2.12; C-N, 2.16; CssResSgCl; (21): Re-Re, 2.597; Re-S,
2.399; K4[RegSeg(CN)g]-3.5H,0 (8): Re-Re, 2.633; Re-Se,
2.526; Re-C, 2.11; C-N, 1.15; NaCsz;ResSeg(CN)g (14):
Re-Re, 2.634; Re-Se, 2.52; Re-C, 2.10; C-N, 2.17;
CssRegSesls (21): Re-Re, 2.625; Re-Se, 2.519 (in /OX)).

3.2.1. Structures of  (n-Pr,N),M(H,0),[ResSs(CN),]
(M =Mn, Ni). The compounds (n-Pry,N),Mn(H,O0),
[Re6Ss (CN)e] (2) and (n-PryN),Ni(H,0)4[Re6Ss(CN)6 ] (5)
are isostructural and crystallize in the I4/m space group.
The structure of (n-Pr,N),Mn(H,0),[ResSg(CN)g] is given
in Fig. 4. In this compound the coordination environment of
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TABLE 3
Atomic Coordinates (x10*) and Equivalent Isotropic
Displacement Parameters (A*x10°) for 3

X y z U,
Re(1) 4950(2) 8955(2) 4974(2) 18(1)
Re(2) 4941(2) 10005(2) 6056(1) 19(1)
Re(3) 4020(2) 10034(2) 4854(2) 19(1)
Re(4) 5106(2) 9934(2) 3822(1) 17(1)
Re(5) 6039(2) 9905(2) 5030(2) 16(1)
Re(6) 5097(2) 10980(2) 4907(2) 21(1)
Se(1) 5853(5) 8993(6) 6126(6) 30(2)
Se(2) 5959(5) 10910(5) 6071(6) 25(2)
Se(3) 4198(5) 10968(5) 3751(6) 27(2)
Se(4) 3927(6) 9080(6) 5961(6) 30(2)
Se(5) 4073(5) 9047(5) 3808(6) 27(2)
Se(6) 4038(5) 11025(6) 5883(6) 33(2)
Se(7) 6138(5) 10832(5) 3926(5) 23(2)
Se(8) 5989(5) 8907(5) 3995(5) 21(2)
Mn(1) 4870(4) 9981(6) 600(4) 27(2)
C(1) 4720(50) 7800(50) 5160(50) 80(30)
N(@1) 4870(30) 7180(20) 4900(40) 51(15)
C(2) 4880(40) 10040(50) 7360(30) 40(15)
N@2) 4840(30) 10030(40) 8070(20) 38(13)
C(3) 2840(20) 10090(30) 4820(20) 7(10)
NQ@3) 2250(30) 10110(30) 4820(30) 38(14)
C4) 5130(30) 9930(30) 2430(20) 709)
N@4) 5160(30) 9870(30) 1810(20) 28(12)
C(5) 7200(30) 9750(30) 5070(40) 40(16)
N(5) 7790(30) 9790(30) 5040(30) 32(13)
C(6) 5180(40) 12200(30) 4850(30) 23(14)
N(6) 5390(20) 12740(20) 4830(30) 27(11)
o(1) 5468(17) 9036(18) 50(30) 43(10)
0(2) 5733(19) 10626(18) 50(30) 47(10)
0O(3) 4240(20) 10320(20) — 450(20) 45(11)
04) 4470(20) 11050(20) 1000(30) 61(14)
0O(35) 4020(30) 9190(30) 750(40) 100(20)
Oo(1W) 6170(40) 9430(30) — 1080(40)  140(30)
N(11) 2970(20) 2030(30) 8460(30) 20(13)
C(111) 2760(70) 1180(40) 8430(70) 160(50)
C(112) 2600(50) 840(40) 7490(40) 70(30)
C(113) 2480(40) 100(60) 7330(40) 60(20)
C(121) 3620(30) 2350(30) 7940(30) 25(15)
C(122) 4311(19) 2010(20) 8070(20) 0(9)
C(123) 4940(40) 2590(40) 7240(30) 60(20)
C(131) 2370(50) 2620(50) 8340(50) 100(30)
C(132) 1910(50) 3190(50) 9090(60) 110(30)
C(133) 1470(30) 3480(30) 8300(30) 22(14)
C(141) 3110(40) 2100(40) 9370(30) 50(20)
C(142) 2640(40) 2120(30) 9920(40) 60(20)
C(143) 2860(60) 2250(60) 10700(60) 100(40)
N21) 7880(20) 1970(20) 6600(30) 25(14)
C(211) 8560(50) 2260(70) 7100(70) 150(50)
C(212) 8850(100) 1750(100) 6510(120)  520(130)
C(213) 9770(30) 2340(30) 7500(50) 48(18)
C(221) 7820(30) 1170(30) 6860(40) 33(16)
C(222) 7530(30) 1080(30) 7430(30) 25(15)
C(223) 7490(30) 200(30) 7530(30) 19(14)
C(231) 7220(20) 2390(30) 6870(30) 11(12)
C(232) 7200(40) 3200(40) 6680(50) 70(30)
C(233) 6400(60) 3830(60) 6450(60) 70(50)
C(241) 8120(70) 2210(70) 5710(50) 150(60)
C(242) 7480(30) 1820(30) 5010(40) 45(16)
C(243) 7750(40) 2130(50) 4240(50) 60(20)

Note. U, is defined as one-third of the trace of the orthogonalized Uj;
tensor.
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TABLE 4
Atomic Coordinates (x10) and Equivalent Isotropic
Displacement Parameters (A*Xx103) for 5

x y z Uy
Re(1) 0 0 1286(1) 21(1)
Re(2) 531(1) 1283(1) 0 21(1)
S(1) 1665(2) 689(3) 1193(2) 28(1)
Ni(1) 0 0 5000 53(2)
o(1) 1464(1) 689(13) 5000 65(5)
C(1) 0 0 2730(20) 33(7)
N(1) 0 0 3571(16) 37(6)
C(2) 1172(2) 2752(15) 0 36(5)
N(©2) 1554(18) 3515(16) 0 76(8)
N(11) 5000 0 2500 28(5)
C(11) 4544(11) 794(10) 1851(10) 36(3)
C(12) 4023(12) 1658(11) 2329(11) 46(4)
C(13) 3763(12) 2459(11) 1625(12) 53(5)

Note. U, is defined as one-third of the trace of the orthogonalized Uj;
tensor.

Mn?* is built from four water molecules and two cyanide
nitrogen atoms in trans positions. This type of binding leads
to formation of extended negatively charged chains
-NC-[ResSs(CN)4,JCN-M(H,0)4~NC-[ResSg(CN),]-C
N- along the ¢ axis (Fig. 4a). These chains are located on the
four-fold axes. Polymeric chains are arranged with a shift
along the body diagonal of the unit cell. Rather short
CN:.--O(H,O) (2.83 /OX) contacts are formed in the xy
plane. The negative charge of the {— Mn(H,0),-
[ReeSs(CN)g]-12~ chains is compensated by PryN7
cations located between the chains (Fig. 4b). The M-O and
M-N distances in compounds (n — Pry,N),Mn(H,0),
[ResSs(CN)s ] and  (n-PryN);Ni(H;0)4[ResSs(CN)s ]
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FIG.1. Indexed X-ray powder diffraction  patterns for

(Pr,N),M(H,0)s[ReSs CN)s]- H,0: (a) M = Co (Ref. 20), (b) M =Mn (1),
() M=Ni (4).

(Table 5) are typical for these metal ions in an octahedral
environment.

3.2.2. Structure of (n — Pr,N),Mn(H,0);[ResSes(CN)f -
H,0. The compound (n-PrsN),Mn(H,O);s[RegSeg
(CN)s] - H,O crystallizes in space group P2,2,2; and con-
tains isolated fragments {Mn(H,O)s[ResSes(CN)s]}>".
The coordination environment of Mn atom consists of five
water molecules and one cyano ligand belonging to the
[RegSeg(CN)e]*~ anion, the cyanide being N-bound (Fig.
5a). These fragments are arranged along the ¢ direction
forming hydrogen bonds between the trans water molecule
O3 of the Mn coordination sphere and nitrogen atom N2’

of the next {Mn(H,O)s[ResSes(CN)e]}>~ fragment. The

TABLE 5
Selected Bond Lengths and Angles for Compounds (Pr,N),Mn(H,0), [ReSg(CN),] (2), (Pr,N),Mn(H,0)s[Re Sez(CN)]- H,O
(3), and (Pr,N),Ni(H,0),[ReS;(CN)] (5) (Min. —Max.; Mean)

2

3

Bond Lengths, A

Re-Re 2.5972(7)-2.6034(9); 2.6003
Re-X 2.397(3)-2.398(3); 2.398
Re-C 2.07(2)-2.12(2); 2.10

M-N 2.18(2

M-O 2.22(1)

C-N 1.14(3)-1.16(2); 1.15

Bond Angles, °

£ (N-M-0) 90.0

£ (N-M-0) (trans) 180.0

/. (O-M-0) 90.0

£ (O-M-O) (trans) 180.0(7)

/ (Re-C-N) 178(2)-180.0; 179
L (M-N-C) 180.0

2.609(5)-2.647(5); 2.629
2.49(1)-2.54(1); 2.51
2.14(6)-2.31(3); 2.20
2.08(4
2.14(6
1.03(4

-2.24(4); 2.19
-1.24(8); 1.11

oA NN

83(2)-106(2); 95
159(2)
79(2)-109(2); 88
161(2)-168(2); 165
142(7)-168(6); 167
158(5)

2.596(1)-2.602(1); 2.599

2.391(3)-2.401(3); 2.397

2.06(3)-2.12(2); 2.09

2.04(2)

2.14(2)
)_

1.133)-1.2003); 1.17

90.0

180.0

90.0

180.0
177(2)-180.0; 179
180.0
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FIG. 2. Indexed X-ray powder diffraction patterns of (a)

(PryN),Mn(H,0)5[ResSs(CN)6]-H,O and (1) (b) (PryN),Mn(H,0),
[ResSs(CN)6] (2).

equatorial O1, O2, O4, and OS5 water molecules also form
hydrogen bonds the neighboring fragments (O ... N dis-
tance 2.7-3.0 Ao). The tetrapropylammonium cations are
located between these fragments compensating their nega-
tive charge (Fig. 5b).

The M-O and M-N distances in (n-PryN),
Mn(H,0)s[ResSes(CN)g]- H,O (3) (Table 5) correspond

NAUMOYV ET AL.

to those found in (n-PrysN), Mn(H,0),[ResSg(CN)g] (2)
and the typical for the manganese(Il) ion in an octahedral
environment. This compound is isostructural with (n-
Pr,N),Co(H,0)s5[ResSg(CN)gs] - H,O recently reported by
us (20). In the unit cell the [RegSeg] cluster cores form a
pseudo-face-centered packing motif within the frame of
a pseudo-F4/mmm space group, whereas light atoms (C, N,
O, and H) belong to the noncentrosymmetrical chiral
P2,2,2, space group. The presence of such pseudosym-
metry is an interesting feature of this structure. In the
diffraction patterns one observes two groups of reflections:
A = {uuu, ggg} (u means odd hkl index, g even) and
B = {guu, ugu, uug, ggu, gug, ugg}. The A group contains
reflections allowed by the F cell symmetry. These reflections
have intensities 100-1000 times higher than those found for
the B group (superstructural reflections). Obviously, this is
the result of pseudo-F packing of the heavy atoms. This
phenomenon causes difficulties in solution of the structure
and the refinement of light atom positions, especially in
Pr,N*. It results in some unusual C-N distances like
1.24(8) A (Table 5).

3.2.3. Relationship of the structures. The compounds (n-
Pr,N),M(H,0)4[ResXs(CN)g] and (n-PryN), M(H,O)s
[ResXs(CN)s]-H,O have similar structures. Despite
having different space groups (I4/m and P2,2,2,), the
packing motifs of the cluster anions are alike. The orthor-
hombic (Pry,N),M(H,0)s[ResXs(CN)g]-H,O structure
can be considered as a superstructure with respect to the

FIG. 3. Cluster anions [ResSg(CN)s]*~ and [ReSs(CN)e]*~ in the compounds 2 (a) and 3 (b); 50% probability ellipsoids.
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FIG. 4. Structure of (Pr,N),Mn(H,0),4[ResSg(CN)s]. (a) Infinite chains of {Mn(H,0),[ResSe(CN)s]}2~ running along the ¢ direction. (b) Packing of
chains and Pr,N* cations in yz projection. Hydrogen bonds are shown as dashed lines.

tetragonal (Pr,N),M(H,0)4[ResSg(CN)g]. The unit cell
transformation is depicted in Fig. 6. In the structure of (n-
PryN),M(H,0)5[Rec X 5(CN)e]-H,O the cluster cores fol-
low a tetragonal F-centered motif (see above) with the
geometry very close to an I-centered unit cell of smaller
volume, the cell transformation vector being a’ = a/2 + b/2,
b =a/2 —b/2, ¢’ =c (Fig. 6).

Taking into account experimental evidence that
(Pry,N),M (H,0)5[RegSg(CN)g |- H,O compounds (M = Mn,
1; M = Nj, 4) are isostructural with the Co analogue reported
previously (20), the following model of (PrsN),Mn(H,O);
[Re6Ss(CN)s]-H,O (1) — (PryN);Mn(H,0)4[ResSs(CN)e]
(2) transformation may be proposed. In 2 all the atoms
rather than only the heavy ones follow the tetragonal-I
motif. In the (n-PryN),M(H,O)s[ResSs(CN)s] -H,O

compounds (M =Mn, Co, Ni) the fragments
{M(H,0)s[ReSs(CN)g]}2~ are linked along the ¢ axis by
hydrogen bonds between O3 and N2’ atoms of adjacent
fragments (20). In 2 the {Mn(H,0)4[ResSs(CN)e]}2~ frag-
ments are linked by covalent N-M bonds forming the
infinite chains. Therefore, the hydrogen bonds between the
fragments {Mn(H,0)s[ResSs(CN)s]}?~ in the molecular
structure of 1 are structural precursors of the covalent
bonds in extended chains found in the chain type structure.
The removal of the trans-coordinated water molecule in
the (n-PryN),Mn(H,0)s5[ResSg(CN)g]-H,O compound
makes it possible to form a direct M-NC link to the neigh-
boring cluster anion (see Fig. 7). This leads to removal of
the solvate water molecule (O1w) and to a slight shift and
tilt to organic cations. This transformation increases the
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()

FIG. 5. Structure of (PryN),Mn(H,0)s[ResSes(CN)s]-H,O. (a) Ionic pairs of {Mn(H,0)s[ResSes(CN)s]}2~ linked along the ¢ direction by
hydrogen bonds. (b) Packing of ionic pairs of {Mn(H,0)s[ResSes(CN)e]}2~ and PryN* cations in yz projection. Hydrogen bonds are shown as dashed

lines.

symmetry of the structure from P2,2,2, to I4/m. This
model may be extended to other metals.

3.3. IR Spectra

Vibration spectra in the range 2000-2400 cm ™! reveal the
presence of inequivalent CN ligands in the compounds.
In the spectra of chain compounds there are two sharp
bands with intensity ratio 2:1. The band with frequency
2114-2117 cm ™! corresponds to the terminal CN ligands in
the structure and is consistent with the vibration frequency
in the noncoordinated [RegSg(CN)g]*~ anion (2119 cm ™1
in Cs3K[ReSg(CN)g ] 2H,O (12)) (top curve in Fig. 8). The
second band, shifted to the higher frequencies, corresponds

to the R-CN-M bridge. The value of the shift increases
in the series Mn (2145cm™ 1), Co (2161 cm™ 1), and Ni
(2166 cm™1!) and is consistent with the Irving-Williams
series. Compounds with the isolated fragments have six
nonequivalent cyano ligands and their spectra are more
complicated. For example, in the spectrum of
(PryN),M(H,0)s[ResSg(CN)g ] - H,O there are at least four
W(CN) vibrations: one of them corresponds to the bridging
Re-C=N-Ni cyanide (2168 cm™!), and the other three
correspond to the terminal ones. Splitting of the terminal
CN stretch bands is caused by hydrogen bond formation
and the different environments of the cyano ligands.

The spectra of the selenocyanide compounds are similar
to those of the sulfur ones but are red-shifted due to lower
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FIG. 6. The xy projection of 2 (top) and 3 (bottom) structures, Pry]N*
cations are omitted for clarity. The pseudotetragonal I cell in 3 is shown by
dashed lines.

v(CN) stretch vibration frequencies of the noncoordinated
[ResSeg(CN)e]*~ anion.

3.4. Magnetic Properties

It is well known that CN ligands are effective channels for
exchange interactions (22). Nevertheless, the magnetic be-
havior of the obtained compounds can be described in terms
of a magnetically dilute system. The effective magnetic mo-
ments U at room temperature correspond to spin-only
values for isolated M>* (M =Mn, Ni) ions in the high spin
states with no significant interactions over the whole

203

b C

FIG. 7. Stepwise substitution of water molecules in transition metal
centers: [M(H,0)s]** cation (a), {M(H,0)s[ResSs(CN)e]}*~ fragments
(b), and {M(H,0),[ResSs(CN)6]}2™ chain (o).

temperature range studied (4-300 K). The cluster cores
[ResSg]?* and [RegSes]?* have 24 valence cluster elec-
trons and are diamagnetic, so they do not contribute to
paramagnetic susceptibility. The absence of interactions
between the M cations indicates that the clusters also do
not provide significant exchange pathways.

4. CONCLUSION

The interaction of aqueous solutions of [Reg X g(CN)s ]+~
(X =S, Se) cluster anions and transition metal aqua cations
M(H,0)" gives rise to the formation of relatively strong
covalent M-NC bonds instead of M-OH, bonds. Such
substitution is thermodynamically favorable and should
result in formation of a compound with a maximal number
of M=NC bonds. In the case of [Reg X 5(CN)g]*~ (X = S, Se)
cluster  anions  this  framework  would  have
{M[ResXg(CN)s]}2 o stoichiometry. For steric reasons
this framework does not allow the insertion of cations which
are necessary to compensate the charge. Therefore, only
frameworks with less than six M-NC bonds are possible.
In the case of Cs™, (11), Me,N*, and Et,N* salts (13)
the transition metal ions form four M-NC bonds. In the
Pr,N* salts (PryN),M(H,0)s[RecX35(CN)s]-H,O and
(PryN),M(H,0),[ResSs(CN)g] the metal ions make one
or two M-NC bonds forming structures of low dimension-
ality. Under mild conditions the isolated fragments
{M(H,0)s [Re¢Xs(CN)]}*~ can be transformed into infi-
nite chains {M(H,0),[RecXs(CN)s]1}% .
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FIG. 8. IR spectra of Cs;K[RegSg(CN)s]-2H,O (a), (PryN),Ni(H,0),
[ResSs(CN)6] (b) and (PryN),Ni(H,0)s[ResSs (CN)s] - H,O (o).

This process can be explained in terms of stepwise substi-
tution of water molecules in the aqua cations (Fig. 7):

{M(H20)6}2 o {M(NC—)(Hzo)s}z *
— trans-{M(NC-),(H,0),}**.

In the first step one water molecule is substituted by
the cyano ligand and kinetically stable insoluble
(PryN),M(H,0)s[ResSs(CN)g ] - H,O is precipitated. Heat-
ing the precipitate in water results in substitution of the
second water molecule located in the position trans to CN

ligand and in formation of infinite chains in
(PraN);M(H,0)4[ResSs(CN)6].
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