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A series of one-dimensional arrays of lanthanitl@nsition metal complexes has been prepared and characterized.
These complexeg,(DMF)10Ln2[Ni(CN)4]3} , Crystallize as linear single-strand arrays (structural type A)%€Ln
Sm, 1a; Eu, 2a) or double-strand arrays (structural type B) @erSm, 1b; Eu, 2b) depending upon the conditions
chosen, and they are interconvertible. The single-strand type A structure can be converted to the double-strand
type B structure. When thib and2b type B crystals are completely dissolved in DMF, their infrared spectra are
identical to the infrared spectra @k and2atype A crystals dissolved in DMF. These solutions produce type A
crystals initially. It is believed that formation of the type A structure is kinetically favored while the type B
structure is thermodynamically favored for lanthanriaéckel complexed and2. On the other hand the complex
{(DMF)10Y 2[Pd(CN)ls}, 3, appears to crystallize only as the double-strand array (typelBe complexes
{(DMF)12C&[Ni(CN)4]3} », 4, and{(DMF)12Ce[Pd(CN)]3} », 5, crystallize as a new type of single-strand array
(structural type C). This structural type is a zigzag chain array. Crystal datkafotriclinic space grougPl,

a = 10.442(5) A,b = 10.923(2) A,c = 15.168(3) A,a = 74.02(2), B = 83.81(3}, y = 82.91(4}, Z = 2.
Crystal data forlb: triclinic space groufPl, a=9.129(2) Ab = 11.286(6) A,c = 16.276(7) A = 81.40(47,

B = 77.41(3}, y = 83.02(3}, Z = 2. Crystal data foRa: triclinic space groupgP1, a = 10.467(1) A,b =
10.923(1) Ac = 15.123(1) Ao = 74.24(1), B = 83.61(1}, y = 83.13(1}, Z = 2. Crystal data foRb: triclinic
space groufl, a = 9.128(1) Ab = 11.271(1) Ac = 16.227(6) A, = 81.36(2}, f = 77.43(2), y = 82.99(1},

Z = 2. Crystal data foB: triclinic space groufPl, a = 9.251(3) A,b = 11.193(4) A,c = 16.388(4) Ao =
81.46(2), B = 77.18(2), v = 83.24(3}, Z = 2. Crystal data fo#: triclinic space grougPl, a = 11.279(1) A,

b = 12.504(1) A,c = 13.887(1) A,o. = 98.68(1), p = 108.85(1}, y = 101.75(1}, Z = 2. Crystal data fob:
triclinic space grougPl, a = 11.388(3) Ab = 12.614(5) A,c = 13.965(4) A o = 97.67(3}, B = 109.01(23,

y =101.93(2}, Z = 2.

Introduction lanthanide-transition metal arrays offer the potential advantage
Heterometallic complexes that contain both lanthanide and of simultaneously loading both types of metals onto a surface

transition metals bridged by cyanide ligand are of interest In an |nt|mate_fash|on, In a simpler and easier manner than a
because they can be employed as precursors in the preparatioﬂqore conventional technique of separate impregnation of the
of various materials, such as rare earth orthoferrites (perovskite-tWO meta_ls on t_he support surface. We have recently shown
type oxides}: electroceramitand chemical sensor materidls, that the bimetallic Yb-Pd cataly§t optalned from the.precursor
and fluorescent materiafsLanthanides in combination with ~ {(PMF)10Yb2[Pd(CN)]s}.. on a titania surface offers improved
transition metals have been shown to have a positive effect in performancg over palladium-only catalyst for the reduction of
promoting heterogeneous catalytic reactio@yanide-bridged ~ NO by CHiin the presence of £

In our general studies of cyanide-bridged lanthanide
(1) (a) Gallagher, P. KMater. Res. Bull1968 3, 225. (b) Sadaoka, Y.; transition metal complexes, we are interested in determining

Aono, H.; Traversa, E.; Sakamoto, M. Alloys Compd199§ 278 and categorizing the types of solid state extended arrays that
135 and references therein.

(2) (a) Shuk, P.; Vecher, A.; Kharton, V.; Tichonova, L.; WieifdroH. form and the factors that determine the typg of array formed.
D.; Guth, U.; Gpel, W.Sens. Actuators, B993 16, 401. (b) Sadaoka, Earlier we reported syntheses of the one-dimensional arrays,
Y.; Traversa, E.; Sakamoto, M. Mater. Chem1996 6 (8), 1355. {(DMF)10Ln2[M(CN) 4]z} » (Ln = Sm, Eu, Er, Yb and M= Ni,

(3) (a) Matuura, Y.; Matsushima, S.; Sakamoto, M.; Sadaokad, Mater. - - . . ~
Chem.1993 3 (7), 767. (b) Traversa, E.; Matsushima, S.; Okada, G.; Pd, Pt), in reactions of 2:3 molar ratios of LnGind K

Sadaoka, Y.; Sakai, Y.; Watanabe, 8ens. Actuators, B995 25, [M(CN)4] in DMF.” Single-crystal X-ray diffraction analyses

661. ) ) showed that these complexes possess the general formula
(4) Sakamoto, M.; Matsuki, K.; Ohsumi R.; Nakayama, Y.; Matsumoto,

A.; Okawa, Y.Bull. Chem. Soc. Jprl992 65, 2278.

(5) (@) Imamura, H.; Miura, Y.; Fujita, K.; Sakata, Y.; Tsuchiya,JS. (6) Rath, A,; Liu, J.; Shore, S. G.; Aceves, E.; Mitome, J.; Ozkan, U. S.
Mol. Catal. A1999 14(Q 81. (b) Imamura, H.; Igawa, K.; Sakata, Y.; J. Mol. Catal. A: Chem2001, 165 103.
Tsuchiya, SBull. Chem. Soc. Jpri996 69, 325. (c) Imamura, H.; (7) (a) Knoeppel, D. W.; Liu, J.; Meyers, E. A.; Shore, S.I@rg. Chem.
lgawa, K.; Kasuga, Y.; Sakata, Y.; TsuchiyaJSChem. Soc., Faraday 1998 37, 4828. (b) Knoeppel, D. W.; Shore, S. Borg. Chem1996
Trans.1994 90, 2119. 35, 1747.
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{(DMF)10Ln2[M(CN) )3} With two different, yet related, one-
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is Pd or Pt, only the type B structure is observed and it is
apparently not convertible to the type A structure. Details of
the synthesis and characterizatiod MF)10LN2[Ni(CN) 4] 3}

in both type A (Lh= Sm, 1&g, Eu, 2a) and type B (Lh= Sm,

1b; Eu, 2b) forms,{ (DMF)10Y 2[Pd(CN)]3} , type B, and a new
structural type of single-strand one-dimensional aYMF);-
Ce[M(CN)4ls} (M = Ni, Pd), designated as type C, are
presented here.

Results and Discussion

A. Syntheses of (DMF) 10Smp[Ni(CN) 43} (Type A and
Type B), {(DMF) 10EUz[Ni(CN) 4]} (Type A and Type B),
and { (DMF) 10Y 2[Pd(CN)4]3} . (Type B). Synthesis of (DMF);o-
Smy[Ni(CN)4]3} (type A) was discussed previoushf (DMF)¢-
SMy[Ni(CN)4l3}w (type A), 18, { (DMF)10Smy[Ni(CN)4] 3} » (type
B), 1b, { (DMF)10EWNiI(CN)4]3} - (type A), 2a, { (DMF)10E -
[Ni(CN)4]3} (type B),2b, and{ (DMF)10Y 2[Pd(CN)]3} - (type
B), 3, were synthesized quantitatively according to eq 1.

DMF

2LNnCl, + 3K,[M(CN),]
{(DMF),,Ln,[M(CN) Jo}., + 6KCI (1)

la(type A),1b (type B) (M= Ni, Ln = Sm)
2a(type A),2b (type B) (M= Ni, Ln = Eu)
3(M=Pd, Ln=Y)

Complexes2a and 2b were also synthesized, according to eq
2.

2EuCl, + 3NiCl, + 12KCN—"~

{(DMF);Eu[NI(CN) ]34}, + 12KCI (2)
2a(type A),2b (type B)

Once the metathesis reactions were complete and KCI was
removed, discrete single crystals were formed from concentrated
DMF solutions. Crystals harvested shortly after they began to
appear in the mother liquor were of tHa and 2a type A
complexes. They appear to be the kinetically favored form.
However, they can be transformed to the apparently thermo-
dynamically more stable type B form. When the crystads
were allowed to remain in the saturated mother liquor for a
period of ca. 10 days, they were convertedlto Crystals of
2ain saturated mother liquor were converted relatively rapidly
to 2b (less than 1 day). Whemb and 2b were dissolved in
DMF, the initial crystals formed from these solutions wége
and2a, but upon standing in the saturated mother liquor they

dimensional structures, designated as structural types A (areverted to thelb and2b type. The type A and B crystals are
single-strand structure) and B (a double-strand structure). Bothdistinguishable by their different crystalline habits as well as

structural types have the same asymmetric {jizt(CN),]Ln-

by X-ray crystallography and their solid state infrared spectra.

(DMF)s[M(CN)4l} (1 in Scheme 1) and the same repeating unit Type A crystals are thin plates, while type B crystals are

{[M(CN)4](DMF)sLn[M(CN)4]Ln(DMF)s[M(CN)4]} (Il in

rhombuses.

Scheme 1). The difference between the type A and B structures For complex3, the crystals formed initially were type B.
arises from the combination of the repeating units in the arrays Extended periods of time in the saturated mother liquor did not

as shown in Scheme "1Arrays of structural type AI{l in
Scheme 1) consist of a single-strand chain in wigiskcyanide-

bridged “diamond”-shaped LNi, metal cores are linked

together throughrans-cyanide-bridging [Ni(CNj]2~ anions.

Arrays with structural type BIY in Scheme 1) consist of two

change the structural type, and seeding a saturated solution of
3 with 1a or 2a still yielded only crystals o8 in the type B
form. Other Pd(ll) and Pt(ll) complexe§(DMF)iolLns[M-
(CN)gls}w (LN, M = Sm, Pd; Eu, Pd; Yb, Pd; Yb, Pdthat
crystallize initially as type B are also apparently not convertible

inverted parallel zigzag chains that are connected through theto type A structures.

lanthanide atoms by trans-bridging [M(CA®~ (M = Ni, Pd,
Pt) anions.

B. Molecular Structures of the One-Dimensional Arrays
{(DMF) 10Ln2[M(CN) 4]z} » (LN =Y, Sm, Eu; M = Ni, Pd).

Here, we provide examples of complexes with the type A Crystal data for{(DMF)16Smy[Ni(CN)4]s} (type A), la{-
structure and the type B structure that can be interconverted(DMF)10Smp[Ni(CN)4]3}. (type B), 1b, {(DMF)i0EW[Ni-
when the transition metal is Ni. But when the transition metal (CN)4ls}. (type A), 2a {(DMF)10EW[NI(CN)4ls}. (type B),
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Table 1. Crystallographic Data fof (DMF)16Smy[Ni(CN)4]a}. (Type A), 1a, {(DMF)1Smp[Ni(CN)4]s}. (Type B), 1b,
{(DMF)1EEINI(CN)4l3}» (Type A), 2a, { (DMF)1EWINI(CN) s} (Type B), 2b, and{ (DMF).oY[Pd(CN)]a}. (Type B),3
la(type A) 1b (type B) 2a(type A) 2b (type B) 3 (type B)

chemical formula GH70010N2SMeNi3 Cu2H76010N22SmeNi s Cu2H70010N22EWNI3 Cu2H70010N2E N3 CuoH70010N22Y 2P s

fw 1520.03 1520.03 1523.15 1523.15 ~1540.22

space group P1 P1 P1 P1 P1

a, 10.442(5) 9.129(2) 10.467(1) 9.128(1) 9.251(3)

b, A 10.923(2) 11.286(6) 10.923(1) 11.271(1) 11.193(4)

¢ A 15.168(3) 16.276(7) 15.123(1) 16.227(6) 16.388(4)

a, deg 74.02(2) 81.40(4) 74.24(1) 81.36(2) 81.46(2)

B, deg 83.81(3) 77.41(3) 83.61(1) 77.43(2) 77.18(2)

v, deg 82.91(4) 83.02(3) 83.13(1) 82.99(1) 83.24(3)

vol, A3 1645.6(9) 1611.3(12) 1646.4(2) 1604.0(6) 1629.9(8)

A 1 1 1 1 1

p(calcd), Mg n13 1.534 1.567 1.536 1.577 1.569

T,°C —60 —60 —100 —60 —60

radiation ¢, A) Mo Ko (0.71073) Mo Kz (0.71073) Mok (0.71073) Mo Kz (0.71073) Mo Kz (0.71073)

w, mmt 2.661 2.718 2.781 2.855 2.636

R [l > 20(1)] 0.0352 0.0291 0.0295 0.0293 0.0347

WRZ2 (all data) 0.0945 0.0811 0.0772 0.0783 0.0954

*R1=3||Fo| — [Fdll/XIFol. "WR2 = {3 [W(Fo* — FA)Z/ 3 [W(Fe?)T}H2

2b, and{ (DMF)10Y 2[Pd(CN)]3} - (type B),3, are given in Table The infrared spectral patterns for compledes 1b, 2a, 2b,
1. Selected bond lengths and angles are listed in TableZafor and 3 in the solid state (Figure 3a) are consistent with those
and2aand Table 3 forlb, 2b, and3. reported earlier for other type A and type B compleXeand
Complexesla and 2a adopt the structural type A, and spectral assignments (Experimental Section) are based upon
complexeslb, 2b, and 3 adopt the structural type B. These earlier reported assignmeritst In the solid state infrared
structures are isomorphous and isostructural with those type Aspectra, the absorption bands with the lowest wavenumbers for
and type B complexes reported earfie@rystal data forla are la (2121 cnr?), 1b (2121 cm?), 2a (2121 cnl), 2b (2121
presentedin the Supporting Information of a previous publicdfion. cm™?), and 3 (2134 cn1?) (Figure 3a) are assigned to the
Sincelb, 2b, and3 are isomorphous and isostructural, oly terminal cyanide stretching frequency. The remaining absorption
is discussed in detail here and the structural detaild foand bands are higher than the bands assigned to terminal cyanides;
3 are provided in the Supporting Information of this article.  therefore, they are assigned to the bridging cyanide ligands. This
The molecular structures @& (type A) and2b (type B) are a;sig_nment is_ consistent w!th the observation that 'prically
shown in Figures 1 and 2, respectively. brldglng.CN I|ga!1ds have higher strgtchlng fre;quenmes than
The average bond lengths for the-E0 bond (2.376[1(|A the tgrmma_l CN Ilgan(_jé‘?b That the solid state (Figure 3a) and
for 2a and 2.367[7 A for 2b) and for the E&-N bond solution (Figure 3b) infrared spectra for the same complex
(2.513[6F A for 2a and 2.522[14 A for 2b) are comparable display different patterns suggests that the solid state structure
and are consistent with the sum of the Shannon crystal radii 40€S not exist in the DMF solution. In the solution infrared
for Eu—O (2.416 A) and E&N (2.526 A)? The coordination ~ SPectra ofla, 1b, 2a, 2b, and3, the lowest absorption band is
geometries around Btiin both2aand2b are a slightly distorted ~ 2SSigned to the terminal cyanides. Several CN stretching bands
square antiprism very similar to that observed for other type A at frequencies higher than that for terminal CN stretch indicate
and type B structure Figures of the coordination geometries  that the ion-paired complexes in solution contain cyanide bridges
of 2aand2b are presented in the Supporting Information. The between the lanthanide and transition metal centers, consistent

coordination geometries around 2Xiin both 2a and 2b are with results in our earlier repoft.
approximately square planar. The infrared spectra of the type A and type B complexes

C. Infrared Studies of Complexes of +-3. In our earlier in Nujol mull that contain Ni(ll) are distinctly different and

report on type A and type B complex@st was shown from can be employed to distinguish between the two structural
solution infrared spectra, NMR spectra, and conductivity types® I—_|owever, solution infrared spectra, shown in Figure
measurements in DMF that these types of complexes are%b’ E[)_btalunerc]j_ fLO.m the gcimpilex.?hs tﬁ& 1:3' 2a, ?nd thatre |

dissociated in solution and most likely exist as ion pairs which 'd€ntical, which IS consisient with the observations that sofu-

retain some cyanide links between lanthanide and transition tions of 1a, 1b, 2a, and2b crystallize initially as the type A
metal. structures.

Infrared absorption frequencies for both Nujol mull and DMF . T.he.Nqu mull infrared spectrum &, which contains Pd(ll),
. . is similar to those oflb and 2b because their structures are
solutions of the type A and type B complexes are reported in . . . Co
. . ; isomorphous and isostructural. However, its solution infrared
the Experimental Section. The infrared spectra of these com-

plexes in the solid state (Nujol mull) and in DMF solutions are _spdgctrum glffe;]s _from t_hoze oIa_, 1b’ 2a,| a_nd 3b’ WZ'(}EO
displayed in Figure 3, panels a and b, respectively. indicates that the ion-paired species in solution derive m

are structurally different from the ion-paired species derived
from 1a, 1b, 2a, and2b, though, in all cases, the infrared spectra
indicate that some cyanide bridges exist in solution.

(8) Stout, G. H.; Jensen, L. H. IK-ray Structure Determinatigri2nd
ed.; Wiley: New York, 1989; pp 406408. The standard deviation
(o) for the average LaN and Ln—O bond lengths is calculated
according to the following equations from ref 8"= 5 nl/manda;

(10) (a) Kubas, G. J.; Jones, L. Hhorg. Chem.1974 13, 2186. (b)
= [Sm(lm — OD¥m(m — 1)]¥2 whereis the mean length, is the Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coor-
length of themth bond, andm is the number of bonds. dination Compoundsith ed.; Wiley and Sons: 1986 and references
(9) Shannon, R. DActa Crystallogr.1976 A32 751. therein.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for Table 3. Selected Bond Lengths (A) and Angles (deg) for
{ (DMF)10Smy[Ni(CN) 4]} (Type A), 1a, and { (DMF)10Sy[Ni(CN)a] 3} (Type B), 10, { (DMF)10EW[Ni(CN)a]s}
{ (DMF)10EW[Ni(CN)4]s}. (Type A), 2a (Type B),2b, and{(DMF)10Y 2[Ni(CN)4]s} . (Type B),3
la(type A) 2a(type A) 1b 2b 3
(Ln=Sm, (Ln = Eu, (Ln=Y,
Bond Lengths M = Ni) M = Ni) M = Pd)
Sm-0(3) 2.361(3) EwO(2) 2.354(3) Bond Lenaths
Sm-0(2) 2.361(4) EwO(3) 2.354(3) Ln—0(1) 2.358(4) 9 2.340(4) 2.288(4)
gxggg 3'33853 E:ggg ggggg Ln—0(2) 2.399(3) 2.381(3) 2.337(4)
: : Ln—0(3) 2.390(3) 2.378(3) 2.324(4)
g”*g(i‘)l 2412(4)  Ee-O(4) 2.410(3) Ln—0(4) 2.383(3) 2.372(3) 2.308(4)
m-N(11) 2.508(4)  EwrN(11) 2.501(3) Ln—0(5) 2.383(4) 2.366(4) 2.319(4)
Sm-N(12)#% 2.518(4) EuN(12)#1 2.510(3) Ln—N(11 2 Eaaa 25324 2 480(5
(11) (4) (4) (5)
Sm-N(21) 2.540(4)  EwN(21) 2.529(3) Ln—N(12)#F 2.548(4) 2.536(4) 2.476(4)
Ni(1)—C(11) 1.855(5)  Ni(1yC(11) 1.860(4) Ln—N(21) 2.509(4) 2.497(4) 2.449(5)
Ni(1)—C(12) 1.856(5)  Ni(1)yC(12) 1.866(4) M(1)—C(11) 1.863(4) 1.864(5) 1.983(6)
Ni(1)—C(13) 1.864(5)  Ni(1yC(13) 1.869(4) M(1)—C(12) 1.869(4) 1.865(5) 1.994(6)
Ni(1)—C(14) 1.867(5)  Ni(1}C(14) 1.872(4) M(1)—C(13) 1.864(5) 1.862(5) 1.989(6)
N!(Z)—C(Zl) 1.853(4) N!(Z)—C(Zl) 1.863(3) M(l)—C(14) 1.870(5) 1.871(5) 2.002(6)
Ni(2)—C(22) 1.862(5) Ni(2)-C(22) 1.866(4) M(2)—C(21) 1.860(5) 1.859(5) 1.992(6)
M(2)—C(22) 1.866(5) 1.870(5) 1.984(6)
Angles
Wimen MRl el

—Sm- : u— : O(1)-Ln—0(5) 73.5(2) 73.1(2) 72.5(2)
O(2)-Sm-0(1) 80.15(15) O(2yEu—0(1) 80.18(11) O(1)-Ln—0(4) 141.79(14)  141.90(14)  141.87(16)
O(3)-Sm-0(5) 73.06(14)  O(3yEu—0O(5) 73.13(10) O(5)-Ln—0(4) 79.53(19) 80.12(19) 80.9(2)
O(2)-Sm-0(5) 140.44(14) O(2yEu—0O(5) 139.95(10) O(1)-Ln—0(3) 143.61(15)  143.61(16)  142.79(15)
O(1)-Sm-0(5) 70.57(15) O(LEu—O(5) 70.31(11) O(5)-Ln—0(3) 140.25(17)  140.53(17)  141.86(19)
O(3)-Sm-0(4) 80.18(14) O(3}Eu—0(4) 80.50(10) O(4)-Ln—0(3) 71.87(15)  71.82(15)  72.48(17)
S Lo Sied Lo, snod  nsun na wme

—SM— . u— . —LN— . . .
O(5)-Sm-0(4) 144.15(14) O(5YEu—0(4) 144.38(10) O(4)-Ln—0(2) 107.83(14)  107.51(15)  109.26(17)
OOrSmNID 727904 ORMEW-N(I 726600)  OM-Ln-NGh)  ilaoiih) 113818 1148701

—SM— . u— . —LNn— . . .
O(1)-Sm-N(11)  80.15(14) O(L}Eu-N(11)  80.72(10) O(5)-Ln—N(21) 72.17(14)  72.25(14)  72.85(17)
O()-Sm-N(11)  76.40(15) O(GYEu-N(11)  76.29(11) O(4)-Ln—N(21) 81.80(13)  81.99(13)  81.31(16)
O(4-Sm-N(11)  114.76(15) O(4YEu-N(11)  114.34(11) O(3)-Ln—N(21) 76.83(14)  76.75(14)  76.50(17)
O(3)-Sm—-N(12)#1 76.14(13) O(3)Eu—N(12)#1 75.93(10) O(2)-Ln—N(21) 141.90(13) 141.81(13)  140.60(15)
0(2)-Sm—N(12)#1 117.30(14) O(DEu-N(12)#1 117.69(10) O(1)-Ln—N(11) 71.55(13) 71.48(13) 70.71(15)
O(1)-Sm-N(12)#1 143.12(13) O(DEu-N(12)#1 143.07(10) O(5)-Ln—N(11) 117.56(17)  117.04(17)  114.18(18)
O(5)-Sm-N(12)#1 77.06(15) O()Eu-N(12)#1 76.92(10) O(4)-Ln—N(11) 146.37(14)  146.33(14)  146.87(16)
O(4)-Sm—N(12)#1 73.64(13) O(4)Eu—N(12)#1 73.70(10) O(3)-Ln—N(11) 77.92(14) 77.92(14) 78.91(16)
iiheniton paty MR mats  OITIGY At Rin Ris
0O(2)-Sm—N(21) 76.95(13) O(ZFEu—N(21) 76.81(10) O(1)-Ln—N(12)#1 75.18(13) 75.35(14) 75.92(15)
O(1)-Sm—N(21) 72.70(13) O(LFEu—N(21) 72.63(10) O(5)-Ln—N(12)#1 77.66(14) 77.70(14) 78.51(15)
O(5)-Sm—N(21) 116.87(15) O(5YEu—N(21) 117.19(10) O(4)-Ln—N(12)#1 72.94(13) 72.81(13) 72.34(15)
O(4)-Sm-N(21)  76.30(14) O(4yEu-N(21)  76.26(10) O(3)-Ln—N(12)#1 117.75(13)  117.85(13)  116.99(15)
N(11)-Sm—N(21)  142.16(13) N(1BEu-N(21) 142.27(10) O(g)—Ln—N(12)2#1 72-340(13)2 72-:;50(313)2 735%(14)
N(12)#1-Sm—-N(21) 140.19(13) N(12)#tEu—N(21) 140.10(10) “(d):lin:“(iz)zi igG-gg(iz) 14316-59(12) 14317- 471(15)
C(11)-N(11)-Sm  165.5(4) C(IBHN(11)-Eul 65.1(3) C(11) anl EL) 152-43( ) B é53( ) B 2-54( 5)
C(12-N(12)-Sm#1l 174.0(4) C(IN(12)-Eu#l 173.7(3) C(12%N(12)—Ln#2 e 5(3) e 8(3) o 0(4)
Sg)l @“('Sl)gsm ﬂg'ggg ggﬁ)'\(lgl)g Eu 1183% c§z§N§21§—Lﬂ 172'4((4)) 172'8((4)) 174 '4((4))

— —om . —Eu . . . .
C(2)-0(2-Sm 141.8(3) C(2}O(2)-Eu 141.3(2 C(1)-O(1)~Ln 143.8(4) 143.9(4) 146.8(4)
C(3)—O(3)—Sm 145.2(3) C(Z}O(B)—Eu 145.0(3) C(2)-0(2)-Ln 143.5(4) 143.6(4) 141.0(4)
cg4g—o§4;—3m 137.4%4; Cgo&;{u 136.9%3% C(3)-O(3)-Ln 136.4(5) 136.8(5) 135.3(5)
C(5)-0(5)-Sm 140.3(4)  C(5)0(5)—Eu 139.8(3 C(4)-O(4)-Ln 135.8(5) 135.9(5) 139.7(6)
c(1)1 l\(li )1 —c@2 91.16(1)9 C(? r\(n )1 —c@12 91.01(1)5 C()-0E)-Ln 152.6(6) 152.1(6) 154.4(6)

(11)-Ni(1)~C(12) (19) - CABHNI(1)~C(12) (15) C(11)-M(1)-C(12)  92.00(18)  92.13(18)  93.0(2)
C(11)-Ni(1)-C(13) 174.2(2) ~ C(LENi(1)~C(13) 174.28(17) AT 17880 17890 17850
C(11-Ni(1)-C(14) 89.5(2)  C(1B}Ni(1)—C(14) 89.42(16) c(11y M(l) C(l 4) 5 92(12) A 7-8(1)9 o é )
C(12-Ni(1)-C(13) 89.5(2)  C(12)Ni(1)-C(13) 89.58(15) c(12)_|v|(1): 0(13) 88-87(19) o 2( ) 892 (2)
C(121-Ni(1)-C(14) 177.0(2) C(12}Ni(1)-C(14) 177.38(18) C(12)_M(1)—C(1 4) 88 0(6 123 %! (1 )2 3t (7)2
C(13)-Ni(1)-C(14) 90.2(2)  C(13yNi(L)-C(14) 90.25(16) c(13)—|v|(1)—c(1 2 i o(19) e 1) o 2
C(21)-Ni(2)-C(22) 89.00(19) C(2BNi(2)—C(22) 88.92(15) CEzlﬁMEchézzi 89:8523 89:9523 89:7523

N(11)-C(11)}-Ni(1) 175.2(5) N(11}C(11)-Ni(1) 174.7(3)
N(12)-C(12)-Ni(1) 177.8(4)  N(12}C(12)-Ni(1) 178.1(3)
N(13)-C(13)-Ni(1) 176.4(6) N(13}-C(13)-Ni(1) 177.2(4)

N(11)-C(11-M(1)  176.8(4) 176.5(4) 176.4(4)
N(12)-C(12-M(1)  176.6(4) 176.3(4) 175.4(4)

N(4-CO4-N() 1787(6)  NO4YCA4-N) 17878 N3l caym) 1788(8) 178665 17816
N(21)-C(21)-Ni(2) 178.3(4)  N(21)}C(21)-Ni(2) 178.1(3) N@21)-C1)-M(2)  179.1(4) 178.8(4) 178.1(5)
N(22)-C(22)-Ni(2) 177.7(5) N(22}-C(22)-Ni(2) 177.9(3) NG2-CED-M?Z)  178.9(6) 178.8(6) 178.5(6)

a Symmetry transformations used to generate equivalent atoms: (#1) 2 Symmetry transformations used to generate equivalent atoms: (#1)
=X+ 1, -y, —z+ 1, (#2)—x, —y, —z x—1y,z #2)x+1,y,z
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Figure 1. Molecular structure (50% thermal ellipsoids) of a portion
of the one-dimensional arraé3a (only the oxygen atoms of the DMF
are shown for clarity).

Figure 2. Molecular structure (50% thermal ellipsoids) of a portion
of the one-dimensional arra88b (only the oxygen atoms of the DMF
are shown for clarity).

D. Syntheses of Type C Complexe§.he one-dimensional
arrays,{(DMF)12C&[M(CN)4]z}» (M = Ni, 4; Pd, 5), were
prepared according to eq 3 and eq 4, respectively.

2CeC} + 3NiCl,+ 12KCN—"~

{(DMF),,Ce[Ni(CN) l3}., + 12KCI (3)
4

DMF

2CeCl + 3K,[Pd(CN)]
{(DMF),,Ce[Pd(CN)].} ., + 6KCI (4)
5

Liu et al.
a) in Nujol mull

{(DMF),Sm,[Ni(CN), L}, 1a

{(DMF),Sm,[Ni(CN),1;} .
1b
{(DMF)]OEUZ[Ni(CN)4]3}oo ’
2a

{(DME) EuNICNAL) .

{(DMF),Y,{PA(CN), L} .3

2250 2200 2150 2100 2050
Wavenumbers (cm-1)

b) in DMF

{(DMF),SmN(CN), 1}, , 1a

{(DMF), SmN(CN) L) . .

[

b

{(DMF), Eu,[Ni(CN), 1.} .

{(DMF),Eu,[Ni(CN), 1,3,

{(DMF), Y,[Pd(CN),];} .3

2250 2200 2150 2100 2050
Wavenumbers (cm¥)

Figure 3. (a) Solid state (Nujol mull) and (b) solution (DMF) infrared
spectra ofla, 1b, 2a, 2b, and3.

concentrated DMF solutions. As shown below in section E, the
structures of4 and5 are similar to the type A structure, but
unlike type A complexes they could not be converted to a crystal
structure related to the type B structure. Crystalsl@ind 5
allowed to remain in the saturated mother liquor for ca. 3 months
were unchanged. Isolated crystalsdofind 5 tend to readily
lose DMF, and reasonable analyses could not be obtained.
However, three crystals of each type of complex were verified
by single-crystal X-ray crystallography.

E. Molecular Structures of the One-Dimensional Arrays
{(DMF) 12C&[M(CN) 4]3}. (M = Ni, 4; Pd, 5). Single-crystal
X-ray analyses show the structures o{Figure 4) and5 to
be isomorphous and isostructural. Crystallographic data and
selected bond distances and angles are listed in Tables 4 and 5.
Molecular structures of and5 are designated as type C. The
type C structure contains a “diamond”-shaped\g(M = Ni,

Pd) metal core like that of type R formed by two [M(CN)]2~

Once the metathesis reactions were complete and KCl was(M = Ni, Pd) anions that bridge two €e centers in a cis

removed, discrete single crystalsdand5 were formed from

fashion. These “diamond’-shaped metal cores are linked by
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Table 5. Selected Bond Lengths (A) and Angles (deg) for
{(BMF)12C&[Ni(CN)4]3} (Type C),4, and
{(DMF)1.Ce&[Pd(CN)l3} - (Type C),5

4 (type C) 5 (type C)
Bond Lengths
Ce-0(1) 2.4806(14) CeO(1) 2.478(3)
Ce—0(4) 2.4835(16) CeO(4) 2.481(3)
Ce—0(3) 2.5059(15) CeO(3) 2.499(3)
Ce-0(2) 2.5310(14) CeO(2) 2.516(3)
Ce—0(6) 2.5589(14) CeO(5) 2.554(3)
Ce—0(5) 2.5626(15) CeO(6) 2.560(3)
Ce—N(11) 2.6486(18) CeN(11) 2.641(4)
Ce—N(12)#P 2.6338(18) CeN(12)#1 2.647(4)
Ce—N(21) 2.6513(17) CeN(21) 2.639(4)
Ni(1)—C(11) 1.866(2) Pd(ByC(11) 1.993(5)
Ni(1)—C(12) 1.870(2) Pd(1)C(12) 1.995(5)
Ni(1)—C(13) 1.867(2) Pd(£)C(13) 1.984(5)
Ni(1)—C(14) 1.872(2) Pd(1)C(14) 1.986(5)
Ni(2)—C(21) 1.870(2) Pd(2)C(21) 1.988(5)
Ni(2)—C(22) 1.876(2) Pd(2)C(22) 1.991(5)
Angles
O(1)-Ce—0(4) 136.98(5) O(1yCe—0O(4) 137.36(11)
O(1)-Ce-0(3) 136.26(5) O(1yCe—0O(3) 135.95(11)
0O(4)-Ce-0(3) 71.11(6) O(4yCe—0(3) 70.60(13)
O(1)-Ce-0(2) 69.34(5) O(1)Ce-0(2) 69.64(10)
0(4)-Ce-0(2) 126.43(6) O(4yCe-0O(2) 127.19(12)
0O(3)-Ce-0(2) 127.10(5) O(3)Ce-0(2) 126.58(11)
O(1)-Ce—0(6) 70.46(5) O(1)Ce—0(6) 70.56(10)
“ O(4)-Ce—0(6) 67.90(5) O(4)yCe—0(6) 67.94(11)
Figure 4. Mpleculgr structure (50% thermal ellipsoids) of a portion 8%:%2:828 }%}%‘3‘% 8%8:828 558888
of the one-dimensional array (only the oxygen atoms of the DMF O(1)-Ce-0(5) 82.65(5) O(LyCe-0(5) 83.69(11)
are shown for clarity). 0(4)-Ce-0(5) 71.80(6)  O(4)Ce-0O(5) 71.93(13)
) _ 0O(3)-Ce-0(5) 139.92(5) O(3)Ce-0O(5) 139.27(11)
Table 4. Crystallographic Data fof (DMF)1,C&[Ni(CN)4]3} «, 4, 0O(2)—-Ce—-0(5) 67.42(5) O(2Ce-0(5) 67.95(11)
and{(DMF)1:Ce&[Pd(CN)]3}w, 5 0(6)—Ce—0(5) 67.17(5) 0O(6)Ce—0(5) 67.44(10)
4(type ©) 5 (type ©) Ol) Co N(IZHL 141958 OGO NI 14088(12)
—Ce— . e— .
: O(3)-Ce-N(12)#1  72.40(6) O(3¥Ce-N(12)#1  71.79(12)
I\a’rm”'a 1%2}45’8“7'\('524012092N'3 cl4;|;§4g§4012(:ezpob O(2-Ce-N(12)#1 70.38(5)  O(2)Ce-N(12)#1  70.22(11)
space group Bl Pi O(6)-Ce—N(12)#1  137.56(5) O(6)Ce-N(12)#1  138.00(10)
O(5-Ce-N(12)#1  137.61(5) O(5)Ce-N(12)#1  138.07(11
S, é i%-égi(l) 11.388(3) oEﬁ—CZNEng 72.59(5() ) 0((1572(::N§11g 72.08(1(1) )
) -504(1) 12.614(5) O(4)-Ce-N(11) 101.03(6)  O(4}Ce—N(11) 100.82(13)
c. A 13.887(1) 13.965(4) O(3)-Ce—N(11) 68.54(5) O(3yCe-N(11) 68.75(11)
B () EOSTR I e o
, de . . —Ce— . e .
¥, deg 101.75213 101.93%2; O(5)-Ce—N(11) 133.99(5)  O(5yCe-N(11) 134.57(11)
vol, A° 1764.6@) 1811.5(10) o) CoNGD) 796 OMCONG) 138012
—Ce— . e— .

z led). Ma 2 i549 11640 O(3)-Ce—N(21) 71.13(5) O(3}Ce—N(21) 71.00(11)
Q(‘i"’(‘:c ). Mg 50 oo 0(2)-Ce-N(21) 69.46(5)  O(2)Ce-N(21) 69.29(11)
e O(5)-Ce—N(21 84.15(5 O(5yCe-N(21 83.61(11
faor']'%tq'f’l“ @A gf'glKga (0.71073) 2/'82*;1 (0.71073) oEe%—cg:NEmg 137.18()5) oﬁ?}ciN%zﬁ 137.121(1)1)
u, . . N(11)-Ce-N(12)#1 75.10(6 N(1BCe-N(12)#1 74.93(11
Rlaz[bl (> IIz(cr‘(l)] ) 0.0199 0.0250 Ngug—c?nézﬁ 138.7§(()5) N((lf))Cg:NEZlg 138.7é(1%)
wR2 (all data 0.0473 0.0666 N(21)-Ce-N(12)#1 85.04(6) N2BCe-N(12)#1 84.52(12)

C(11)}-N(11)-Cel  68.34(16) C(1HN(11)-Cel 67.4(3
AR1=3||Fo| — |Fdl/ZIFol. "WR2={ 3 [W(Fs* — FAI/ 3 [W(FAT} 2 c&zﬁ&zg—cﬁm 164.1(5(1)7) C((llz?ﬁNElZ;—Cg#l 163.(5()3)
C(21-N(21)-Cel  75.77(17) C(BN(21)-Cel  74.5(4)
C(1)-0O(1)-Cel 31.37(14) C(BHO(1)-Cel 32.9(3)
[M(CN)4]?~ anions that are bound to the €ecenters through ggg—g%—gei géﬂﬁﬁg g%ggg—ge% ggi%
i i i i i — —Ce . —Ce .
the cyanide pndge; in a trans fas_hlon (Flgl_Jre 4) to generate C(4)-0(4)Cel 4325(15)  O(40(4)-Col 24.5(3)
zigzag one-dimensional arrays (Figure 4), in contrast to the c(s)o(5)-cel 19.75(14)  C(5)O(5)—Cel 20.6(3)
straight-chain one-dimensional linear array type A structure C(6)-O(6)—Cel 48.24(15)  C(8YO(6)—Cel 48.4(3)
(Figure 1). C(11)-Ni(1)—C(12) 91.65(9) C(1BPd(1-C(12) 91.43(16)

In addition to the zigzag structure, another major difference Sgﬁm:ﬁg_gﬁig ég_zgg?é)l 0 Sﬁgﬁgﬁﬁgﬁﬁ; ég%g(ll(%? )
between type C and type A structures is that thé'Gen is 883)):“%_883 igésggg) ggiggg&tggig 233.43%(31&)7)
9-coordinate (Figure 5), a monocapped square antiprismatic )= . :
geometry, rather than the 8-coordinate square antiprismatic 88?):“:8:883; 32;;;% Sgﬁﬁggﬁgg‘z‘g 23;?28%
arrangement in the type A structure. In the coordination N(11)-C(11)}-Ni(1) 174.05(19) N(11}C(11)}-Pd(1) 173.9(4)
geometry around Gg, the arrangement of the CN ligands N(12)-C(12)-Ni(1) 174.21(19) N(12yC(12)-Pd(1) 173.2(4)
determines the zigzag character of the array and also accom-mgig:ggi)):m:gg gg:g% Hgf&ggigﬁggg g;}lgig

modates the diamond-shaped core. N(21)-C(21)-Ni(2) 178.57(19) N(21}C(21)}-Pd(2) 178.5(4)
The average CeO bond lengths are 2.520[£Gind 2.520[1( N(22)-C(22)-Ni(2) 177.67(19) N(22)}C(22)-Pd(2) 177.9(4)
A for 4 and 5, while the average CeN bond lengths are a Symmetry transformations used to generate equivalent atoms: (#1)

2.645[3P and 2.642[3 A for 4 and 5. These distances are —x, —y + 1, —z+ 1; (#2) —x, =y + 2, —z + 2.
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o

Figure 5. Coordination geometry around the en 4.

comparable to the sum of the Shannon crystal radii for Ge
(2.546 A) and CeN (2.656 A)? According to the Shannon
crystal radii, the size difference between 9-coordinateéCe
(1.336 A and 8-coordinated Bt (1.206 AP is 0.13 A. The
observed average €© and Ce-N bond lengths are 0.144 and
0.132 A longer than EtO and Eu-N bond lengths in complex

2a, respectively. The slightly greater bond length difference
between the sum of the Shannon crystal radii and the observed
average bond lengths for €© and Eu-O bonds may come
from the steric effect around the lanthanide centers as shown
in Figure 6. The distances between the adjacent vertexes in the =
mono-capped square base in the type C comglergnge from 2 2.905\2\5‘ 03

3.255(2) to 3.572(2) A (Figure 6a), much larger than those M

(between 2.840(4) and 3.062(5) A) (Figure 6b) in the type A

complex,2a On the bottom square base, the distances betweenFigure 6. Schematic presentation_of distances _betyveen the adjacent
the adjacent vertexes are very similar in bdth(2.817(2)- vertextis of the polyhedrons showing the coordination geometries of
2.920(2) A) (Figure 6a) andla (2.7414(4)-2.933(4) A) (Figure (@ C€" (ype C) and (b) B (type A).

6b). The extra capped DMF molecule has forced the capped a) in Nujol Mull

square base to open up to reduce the steric effect so that it can
coordinate to the Cé center.

The coordination geometries around the nickel and palladium
atoms in4 and 5 are approximately square planar as in
complexes with type A and B structures.

F. Infrared Studies of Complexes of 4 and 5.Infrared
absorption frequencies for both Nujol mull and DMF solutions

{(DMF),Ce[NI(CNY L), .4

{(DMF),,Ce,[PACN), 1 .5

of the type C complexes4 and 5, are reported in the 2250 2200 2150 2100 2050
Experimental Section. Wavenumbers (cm™)

For type C complexe4 and5 (Figure 7), the infrared spectra
in solution depend on the transition metal. The solution infrared b) in DMF

spectrum of4, which contains Ni(ll), displays a pattern similar
to that for the type A complexeka and2a (Figures 7 and 3,
Experimental Section). However, for complgwhich contains
Pd(ll), its infrared spectrum in solution is similar to that for {(DMF) Ce[PACNYL,) .5
type B complexes, such & (Figures 7 and 3, Experimental
Section). The solution infrared spectradfind5 differ from

their solid state spectra, but the solution spectra indicate that

{DMF),,Ce[Ni(CN) L), .4

the ion-paired species retain some cyanide bridges. 2250 2200 2150 2100 2050
Wavenumbers (cm-!)
G. Discussion Figure 7. (a) Solid state (Nujol mull) and (b) solution (DMF) infrared

1. Type A and Type B Structures.This work, coupled with ~ Spectra o#4 and5.
other results from this laboratofyshows that the cyanide-
bridged lanthanidetransition metal complexes with DMF  double-strand arrays (type B). The structures are interconvertible.
ligands that contain Ni(ll) and Ln(lll) (Lr= Sm, Eu) can The type A crystals are the initial crystalline product that
crystallize as extended single-strand arrays (type A) or extendeddeposits from solution and are considered to be the kinetically
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favored crystalline form, but extended time in the mother liquor palladium appear to have similar roles in determining the
causes their conversion to type B crystals. The rate of conversioninfrared spectra of type C in solutions as in type A and type B

in the mother liqguor appears to depend upon the lanthanide,complexes.

being rapid for the E&Ni combination but considerably slower
for the Sm-Ni combination. When the type B crystals are
dissolved in DMF, type A crystals are the first to form but
convert to type B upon residing in the mother liquor for an

extended period of time. These results are consistent with

infrared spectra of solutions which are prepared from type A

and type B crystals that contain Ni(ll). These solutions produce

Experimental Section

General Data. All manipulations were carried out on a standard
high vacuum line or in a drybox under an atmosphere of dry, pure N
The purification of DMF (Baker) and the activation of Linde brand
molecular sieves (4 A) are described in a previous publicdfion.

Fourier transform infrared (FTIR) spectra were recorded on a Mattson

identical infrared spectra, indicating the presence of identical pojaris Fourier transform spectrometer with 2-émesolution. Samples

or very similar species in solution, which results in initial
crystallization of type A crystals irrespective of whether the
solution was obtained from type A or type B crystals. While
the solution infrared spectra of the Ni(ll) complexes are
identical, the (Nujol mull) infrared spectra of the type A and
type B solids are significantly different.

On the other hand, complexes that contain Pd(Il) or Pl
in combination with Ln(lll) (Ln=Y, Sm, Eu, Yb) appear to
give type B crystals directly. Their (Nujol mull) infrared spectra
are consistent with the Nujol mull infrared spectra observed
for the type B complexes that contain Ni(ll), but their solution

were prepared as solutions or Nujol mulls. Nujol samples were analyzed
as films placed between KBr plates in an airtight sample holder.
Solution spectra were obtained using airtight Perkin-Elmer cells with
0.1 mm Teflon spacers between KBr or NaCl windows. All IR samples
were prepared in the drybox. Elemental analyses of materials were
performed by Oneida Research Services, Inc., Whitesboro, NY, or by
Galbraith Laboratories, Inc., Knoxville, TN.

K2[Ni(CN)4]-H2O (Strem) was dried under vacuum at 180D for
16 h and stored in the drybox.,jed(CN)]-3H,O (Aldrich) was dried
under vacuum at 100C for 12 h and then at 200C for 0.5 h and
stored in the drybox. Anhydrous Y&(Strem), CeG (Strem), SmG
(Strem), Eud (Strem), YbC} (Strem), NiCh (Aldrich), and KCN

infrared spectra differ from the solution infrared spectra obtained (Aldrich) were used as received. The preparatiofi(BMF)10Smp[Ni-

from the type A and type B solids that contain Ni(ll).

Earlier, conductivity studi€d showed that complexes that
contain Ni(ll), type A or B, and complexes that contain Pd(ll)
or Pt(ll), type B, are partially ionized in DMF solution and have
similar conductivities at similar concentrations irrespective of
whether the solution was derived from type A or type B
complexes that contain Ni(ll). This ionization probably occurs
through rupture of some of the lanthanici@trogen bonds in
the cyanide bridges because the transition metatbon bond
in the M(CN), (M = Ni, Pd, Pt) unit is stronger than the
lanthanide-nitrogen bond. But the infrared spectra show that
some of the lanthanidecyanide-transition metal bridges
remain. This is also true for the infrared spectré8@ind other
type B complexes that contain Pd(ll) or Ni(Il) in DMEWhile
DMF solutions ofla, 1b, 2a, and2b are essentially identical,
their spectra differ markedly from the infrared spectrun3 af
DMF solution, which contains Pd(ll). The determining factor
as to whether an interconvertible type A or type B structure

(CN)4]3}, 1a, with type A structure was reported earliér.

Preparation of {(DMF)10Sny[Ni(CN)4]s}e (Type B), 1b. SmCEk
(200 mg, 0.799 mmol) and 281.5 mg (1.168 mmol) ofMi(CN)4] in
a 2:3 ratio were stirred in DMF (ca. 15 mL) at room temperature over
5 days. The resulting solution was filtered, leaving a white precipitate
(KCI) and a yellow filtrate. The DMF was pumped away until a viscous
oil remained. Within 24-48 h, the yellow thin-plate-like crystals of
{(DMF)16Sm[Ni(CN)4]3}«, 1a, with structural type A were formed,
and they were left in the flask with mother liquor for 10 days. These
yellow thin-plate-like crystalsla (type A), were slowly converted into
rhombohedral crystalslb (type B). Yield: nearly quantitative. The
crystals were pumped on under vacuum for-12 h, resulting in the
loss of 1 DMF molecule per empirical unit as determined by elemental
analysis. Anal. Calcd for $HesN2:0sSmeNis: C, 32.38; H, 4.39; N,
20.33. Found: C, 31.67; H, 4.16; N, 20.20. IR (Nujol mull of crystals,
ven, €M Y): 2155 (m, sh), 2143 (s), 2121 (s). IR (DMF solutiony,
cm™Y): 2144 (m), 2122 (s), 2116 (s), 2112 (s, sh).

Preparation of {(DMF)1gEU[Ni(CN)J]s}. (Type A), 2a. Two
methods were employed to prepare this complex.

Method 1. EuCk (100 mg, 0.387 mmol) and 140 mg (0.584 mmol)

forms or the nonconvertible type B structure forms appears to of K,[Ni(CN),] in a 2:3 ratio were stirred in DMF (ca. 15 mL) at room
be the nature of the ionic species in solution, which based upontemperature over 5 days. The resulting solution was filtered, leaving a
the infrared spectra appear to be structurally different for the white precipitate (KCI) and a yellow filtrate. DMF was pumped away

complexes that contain Pd(Il) or Pt(ll) compared to those
complexes that contain Ni(ll). At this point we cannot account
for this distinction. Other than the fact that ionic species exist
in solution and they are oligomeric, the sizes and distribution
of oligomer sizes are unknown and not accessible.

There is no obvious clue as to why the type B structure

until a viscous oil remained. Yellow thin-plate-like X-ray quality type
A crystals formed after 24 h at room temperature. Yield: nearly
quantitative.

Method 2. EuCk (103.3 mg, 0.4 mmol), 77.8 mg (0.6 mmol) of
NiCl,, and 156.3 mg (2.4 mmol) of KCN in a 2:3:12 ratio were stirred
in DMF (ca. 20 mL) at room temperature over 7 days. The resulting
solution was filtered, leaving a white precipitate (KCI) and a yellow

appears to be the thermodynamically favored form, except thatjjrate. The DMF was pumped away until a viscous oil remained.
the type B complexes are slightly more dense (ca. 1.5%) than vellow thin-plate-like type A X-ray quality crystals formed after 24 h
the type A complexes. There appear to be no unusual closeat room temperature. Yield: nearly quantitative.

contacts or differences in bond distances and angles that would Samples for elemental analysis were obtained by drying crystals
suggest that one structural type should be favored over the otherunder vacuum for 1214 h. One DMF molecule per empirical unit

2. New Structural Type, Type C.Complexegt and5 contain
9-coordinate C& and possess a new type of structure,

designated type C. The solution infrared spectra of type C
complexes have features similar to those for type A and type B

complexes. When nickel is the transition metal, the solution

was lost after drying as determined by the elemental analysis. Anal.
Calcd for GoHeN21OgNisEw: C, 32.30; H, 4.38; N, 20.28. Found:
C, 32.31; H, 4.27; N, 20.00. IR (Nujol mull of crystalgen, cm?):
2158 (s), 2153 (s), 2144 (s), 2121 (vs). IR (DMF solutiegy, cm2):
2145 (m), 2122 (s), 2116 (s), 2112 (s, sh).

Preparation of { (DMF) 10EU2[Ni(CN) 4] 3} (Type B), 2b. After the

infrared spectrum resembles that of the convertible type A yellow thin-plate-like crystals of (DMF).EWNI(CN)]s}w, 22, of

complexes. On the other hand, when palladium is the transition structural type A were formed, they were left in the flask with mother
metal, the solution infrared spectrum has features similar to thoseliquor for 1 day. These crystals slowly transformed into yellow crystals

of the nonconvertible type B complexes. Thus nickel and of structural type B. Yield: nearly quantitative.
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Elemental analysis for the solids obtained from drying of the crystals
under vacuum for 1214 h: One DMF molecule per empirical unit

Liu et al.

using graphite-monochromated Makadiation or on an Enraf-Nonius
KappaCCD diffraction system with graphite-monochromated Mo K

was lost after drying as determined by elemental analysis. Anal. Calcd radiation.

for CsgHe7N210gNisEW: C, 32.30; H, 4.38; N, 20.28. Found: C, 32.81;
H, 4.29; N, 20.07. IR (Nujol mull of crystals;cy, cmt): 2155 (m),
2143 (s), 2121 (s). IR (DMF solutiomcy, cmt): 2145 (m), 2122 (s),
2116 (s), 2112 (s, sh).

Preparation of { (DMF) 10Y 2[Pd(CN)4]s} . (Type B), 3.YCl3 (117.2
mg, 0.60 mmol) and 258.9 mg (0.90 mmol) of[Rd(CN),] in a 2:3
ratio were stirred in DMF (ca. 15 mL) at room temperature over 5
days. The resulting solution was filtered, leaving a white precipitate
(KCI) and a colorless filtrate. The DMF was pumped away until a
viscous oil remained. X-ray quality crystals were obtained after 24 h
at room temperature. Yield: nearly quantitative. Elemental analysis
for the solids obtained from drying the crystals under vacuum fer 12
14 h: Anal. Calcd for GsH7oN22010Y 2Pds: C, 32.82; H, 4.59; N, 20.05.
Found: C, 32.43; H, 4.34; N, 19.81. IR (Nujol mull of crystalsy,
cmd): 2174 (m), 2161 (s), 2138 (s), 2134 (s). IR (DMF solutiegy,
cm™): 2166 (m), 2142 (m), 2135 (s), 2125 (vs).

Preparation of { (DMF) 12C&[Ni(CN) 4]3} » (Type C), 4.CeCk (250
mg, 1.01 mmol), 197 mg (1.52 mmol) of Nigland 396 mg (6.08
mmol) of KCN were stirred in ca. 20 mL of dry DMF for 6 days at
room temperature. The reaction mixture was filtered, leaving a white
precipitate on the frit (KCI) and a yellow filtrate. DMF was pumped
away until a viscous oil remained. Within 24 h at room temperature,
thin-plate-like yellow X-ray quality crystals of (DMF)i.Cej[Ni-
(CN)4ls}» formed. IR (Nujol mull of crystalsycn, cnmt): 2148 (s),
2141 (s), 2135 (s), 2119 (vs). IR (DMF solutiorgy, cml): 2142
(m), 2121 (s), 2115 (s), 2113 (sh, s).

Preparation of {(DMF)1,Ce[Pd(CN)4]s}. (Type C), 5. CeCk
(359.1 mg, 1.46 mmol) and 628.7 mg (2.19 mmol) of RKd(CN)]
were dissolved in ca. 20 mL of dry DMF. After 5 days of stirring at
room temperature, the reaction mixture was filtered, leaving a white
precipitate on the frit (KCI) and a colorless filtrate. The DMF was
pumped away until a viscous oil remained. X-ray quality crystals of
{(DMF)1.Ce&[Pd(CN)]3}. formed after 48 h at room temperature. IR
(Nujol mull of crystals,ven, cm™): 2166 (m), 2155 (s, sh), 2150 (s),
2133 (s), 2127 (s). IR (DMF solutionen, cmy): 2160 (m), 2141
(m), 2133 (s), 2125 (vs).

X-ray Structure Determination. Single-crystal X-ray diffraction
data were collected either on an Enraf-Nonius CAD4 diffractometer

When the Enraf-Nonius CAD4 diffractometer was used, suitable
single crystals were mounted and sealed inside glass capillaries of 0.3
or 0.5 mm diameter under NUnit cell parameters were obtained by
a least-squares refinement of the angular settings from 25 reflections,
well distributed in reciprocal space and lying in th@ &nge of 24-
30°. The diffraction data were corrected for Lorentz and polarization
effects and empirical absorption (empirically framscan data).

When the Enraf-Nonius KappaCCD diffraction system was em-
ployed, the crystal was mounted on the tip of a glass fiber coated with
Parabar. Unit cell parameters were obtained by indexing the peaks in
the first 10 frames and refined employing the whole data set. All frames
were integrated and corrected for Lorentz and polarization effects using
DENZO!! The empirical absorption correction was applied with
SORTAV*?

The structures were solved by direct methods and refined using
SHELXTL (difference electron density calculations, full least-squares
refinements}2 Two types of rotationally disordered DMF molecules
in 1b, 2b, and 3 were observed identical to those in the type B
complexes reported earliét.
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