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Unusual One-Dimensional Ladder Structures Containing Divalent Europium and the
Tetracyanometalates Ni(CN)2~ and Pt(CN)s2~
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Receied March 28, 1998

The heterobimetallic one-dimensional arrdyf®MF);sEuNi(CN)}. and {(DMF)sEuPt(CN)}. were prepared
from the metathesis of (NHLEUCEL with KoNi(CN)4 and KPt(CN), respectively, in DMF. The analogous reac-
tion between (NH)xYbCl, and K:Ni(CN), in DMF or DMA resulted in oxidation of YB" and reduction of
Ni(CN)42~ to give the previously reported dinuclear Ni(l) anion(@iN)¢*~. Single-crystal X-ray diffraction
analysis revealed th§{DMF)4EuNi(CN)} . and{ (DMF)4EuPt(CN})} . form isostructural one-dimensional “ladder”
arrays through isocyanide linkages (ENC—M). Crystal data for{(DMF)sEUNi(CN)s}.: triclinic space
groupPl, a = 8.902(2) A,b = 10.947(2) A,c = 12.464(4)A,0. = 82.99(2Y, B = 86.86(2), y = 84.92(2), Z

= 2. Crystal data fof (DMF);EUPt(CN)}.: triclinic space grougP1, a = 8.918(1) A,b = 11.160(2) A,c =
12.480(2) A o = 83.27(2), B = 86.84(1}, y = 83.71(2}, Z = 2. Electrical conductance measurements and
infrared spectra of DMF solutions of these one-dimensional arrays revealed that solvent-separated ion pairs are
predominant in solution.

Introduction dine, and diglyme to yield solvent-separated ion p#ifse’
Unfortunately, many of the transition metal carbonylate anions
state! but only three of those elements, Sm, Eu, and Yb, form are ex”eme.'y air sehsiti\{e ‘?‘”d i.solation of such cqmple{(es can
stable 2~ cations under normal chemical conditions. In be very difficult. W'th this in mind, we set out to investigate
comparison to that of their more thermodynamically stable the use of alternative transition metal anions that m_|ght prove
trivalent counterparts, the chemistry of these ions has not been™© be more robust and provujg us with desw_ed |on-.pa|red
explored a great deal. Our focus has been to investigate thecomplexes. We chose transition ".‘e‘a' cyanld.es with the
coordination chemistry of the divalent lanthanides with a variety prospects that the bidentate CY?”'d_e lon would bridge both the
of Lewis bases, including transition metal ani@rsr possible transition metal and the_lanthanlde ion. Of the many tetracya-
uses as heterobimetallic catalysts or as precursors to Oxide_nometalate(ll) (metat Ni, Pd, Pt) complexes known, only two
supported heterobimetallic particles. teracyanopallladatel(ll) sétructures have been rfeported thgt em-
Our initial studies employed nucleophilic transition metal ploy lanthanide catlpn’é. Howeyer, no synth_et|c information
por structural details were given. A series of rare earth

carbonylate anions. These anions are characterized as soft Lewi .
bases and excellent nucleophifeCoupled with the fact that complexes having the general fOFmU|a2LFPt(CN)4]3.'XH2.O (X
= 18, 21) have also been reportéd Spectroscopic evidence

the divalent lanthanides are softer Lewis acids than their trivalent .
counterpartd,ion-paired complexes are expected. lon-paired and pre_llmlnar_y X-ray data suggest that these complexes adopt
complexes can result from rarely observed lanthantdansition a quasi-one-dimensional structure common to the tetracyano-
metal bond¥®<¢5 or from the more commonly observed platinates(ll). _

isocarbonyl linkage8. In cases where the transition metal We rgport here the reactions of Ln@ind K,M(CN)g (Ln =
anions are not sufficiently nucleophilic, the lanthanide ions are YP, Eu; M = Ni, Pt) in N,N-dimethylformamide (DMF) or
surrounded by coordinating solvents such as acetonitrile, pyri- \:N-dimethylacetamide (DMA). Details of the synthesis and
characterization of [(DMRBEUNi(CN)].. and [(DMFuEuPt-

(CN)4l are described. To our knowledge, these are the first

reported structures containing divalent lanthanides and transi-
tion metal cyanoates. The crystal structures of these isostruc-
tural complexes revealed that each teracyanometalate anion
bridges three europium atoms to form a one-dimensional ladder.
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Results and Discussion Table 1. Crystallographic Data fof (DMF),EuNi(CN)}.. and
S L . { (DMF)4EUPt(CN)} ..
The YE?* ion is intermediate in stability between those of — -
Ew?t (the most stable) and St (the least stable), but its empirical formula  GeHzaNaO,EUNi CasH2sNaO4EUPt
gi ic bahavi o hind MR | 607.10 743.50
iamagnetic behavior ) offers no hindrance to spectral space group P1 P1
characterization. In addition, it is the least expensive of the g A 8.902(2) 8.918(1)
three metals. Attempts to synthesize the divalent ytterbium b, A 10.947(2) 11.160(2)
complex (solv)YbNiI(CN), (solv = DMF, DMA) via the c, A 12.464(4) 12.480(2)
metathesis of equimolar quantities of Yb@Ind K:Ni(CN),4 a, geg gé-gg(g) gg-gz(i)
were unsuccessful (egs 1 and 2). Within 30 min of mixing the ﬁ d:g 84:92523 83:718
OME v, A3 1199.6(5) 1225.0(4)
YbCI, + K,Ni(CN), z 2 2
: . 4 Poalca -CM 3 1.681 2.016
{(DMF),oYb,[Ni(CN) 3}, + Ni,(CN); ™ + KCI (1) T,°C —60 —60
1 1A 0.710 73 (Mo Kx) 0.710 73 (Mo Kx)
u, cm 1 (calcd) 34.2 83.4
. DMA transm coeff 0.75960.9991 0.63190.9990
YbCl, + K,Ni(CN), R 0.022 0.022
. . — b
{(DMA),Yb[Ni(CN),ICI}., + Ni,(CN),"" + KCI (2) R 0.026 0.025
2 aRF (IFol — \Fc|)/Z|Fo\ ®Ryr = [SW(IFol — IFc)&XWIFo2Y2,

= [0(Fo)? + (kFo)] %, k = 0.04.
reactants, the orange solution of solvated YA&®id KoNi(CN)4
begins to turn yellow with the precipitation of KCI as well as ions in eqs 3 and 6. The aqueous reduction potential of a
a red-brown solid. After several days of stirring, filtration and reaction mixture containing Eugland KoNi(CN), can be
subsequent crystallization from the yellow filtrate solution result estimated to be-0.20 V (egs 6-8). Neglecting solvent effects,
in the isolation of light-yellow solids. Solid state and solution
infrared spectra as well 48C NMR spectra of these yellow EC" +1e —EW" E°=-0.35V? (6)
crystals are identical to those of the trivalent ytterbium solid
state one-dimensional arrayéDMF)10Yb2[Ni(CN)4]z} e @& 2Ni(CN),2™ + 2" —
and{ (DMA) 4Yb[Ni(CN)4]Cl}« (2).29 Despite rigorous attempts . a— _ . 3
to remove oxygen and water from the system, oxidation &fYb Niy(CN)s" +2CN E°=-055V (7)
to Yb®" occurs. The oxidation of Y& by water can be
discounted for two reasons. First, no OH stretching absorptionsnet: 2E4§" + 2Ni(CN)42’ —
resulting from the formation of hydroxide-containing species . _ _ o
are observed in the infrared spectra of any of the products. 2ECT + N'Z(CN)64 +2CN E°=-0.20V (8)
Second, the reduction of water would involve the evolution of
hydrogen gas, which is not observed. The oxidation of divalent @ similar reduction potential may be assumed in DMF. This
ytterbium may be explained from the formation of what is Negative potential indicates that oxidation of the europous ion
believed to be the Ni(l)-containing species,(dN)s*~. The is not favorable, contrary to what was observed with the
IR spectra in Nujol mulls of the precipitates from the reaction reactions involving the use of Yb(ll).
in DMF and the reaction in DMA are consistent with the IR~ When equimolar amounts of EuGind KeM(CN)4 (M = Ni,
spectra reportéd for Ni(CN)s*~, suggesting that Ni(CN}~ Pt) are allowed to stir in DMF at room temperature for2
is acting as the oxidizing agent in this case. It is not surprising days, the yellow-green solution turns bright yellow with the
that formation of this dinuclear Ni(l) tetraanion occurs, since Precipitation of KCl (eq 9). The formation of other precipitates
the estimated aqueous reduction potential of this system is 0.55
V (egs 3-5).1218 Therefore, if the reduction potential of this EuCl, + KZM(CN)4% (DMF),EUM(CN), + 2KCI  (9)
Yb* +1e — Yb?*"  E°=-1.10\*? ©) M=NI(3). Pte)
) 5 B is not observed, contrary to the findings in the analogous
2Ni(CN),” +2e — reactions between Ybghnd K:Ni(CN),. Filtration followed
Ni,(CN)"” +2CN”~  E°=—0.55\** (4) by crystallization from these solutions results in the isolation
of the Eu(ll) solid state one-dimensional “ladders” having the
) " . o formulas{ (DMF)4EuNi(CN)} « (3) and{(DMF)4EuPt(CN}}«
net: 2Y5" + 2NI(CN);~ — (4) as determined by single-crystal X-ray analyses.
2YL*" + Ni,(CN);'" +2CN~  E°=0.55V (5) Molecular Structures of {(DMF)4EuNi(CN)4}. and
{(DMF)4EUuPt(CN)4}.. Crystallographic data fof (DMF)4-
system does not change significantly by using solvents such asEuNi(CN)}. (3) and {(DMF)4EuPt(CN)}. (4) are listed in
DMF and DMA, this redox reaction appears quite favorable. Table 1. Tables 2 and 3 contain the positional parameters and
The insolubility of Nb(CN)s*~-containing species precluded any equivalent isotropic thermal parameters3amnd4, respectively.
further characterization. Table 4 lists selected bond distances and angle$ fand 4.
The europous ion is a weaker reducing agent than Yb(Il). Bright-yellow X-ray-quality crystals of (DMF)4EUNi(CN)s} e
Compare the estimated aqueous reduction potentials of the twowere obtained from a concentrated DMF solutior3 &y slowly
removing solvent under dynamic vacuum over several days.

(11) %)ZEz-b?aéeg, rl:/lv\s é-: \?vhellir?e' R-A§- érr]n ChSem. 2%%3553‘718, X-ray-quality crystals of (DMF)4,EuPt(CN)}.. were obtained
. riffith, P ICKham, . em. S0cC. . i i i i
(12) (a) Johnson, D. Al Chem. Soc.. Dalton Trans674 1671, (b) Morss, in a slightly d|fferent_ manner. A concentrated DMF solution
L. R. Chem. Re. 1976 76, 827. of 4 was warmed slightly using a warm water bath, and the

(13) Hume, D. N.; Kolthoff, I. M.J. Am. Chem. S0d.95Q 72, 4423. solvent was removed under dynamic vacuum. Within 2 h,
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Table 2. Positional Parameters and Their Esd’s for
{(DMF)4EuNi(CN)4} »

atom X y z B2 A2

Eu  —0.11602(2) 1.25916(2) —0.21836(1) 1.599(3)
Ni —0.13273(5)  0.75648(4) —0.17694(3)  1.725(8)
o1 0.1492(3)  1.1637(3) —0.1952(2)  3.00(6)
02  —03818(3)  1.3192(3) —0.1499(3)  3.31(6)
03  -02415(5) 1.3913(3) -0.3772(3)  5.02(8)
04  -0.0385(4)  1.1709(3) —0.3958(2)  4.65(8)
N1 0.3416(4)  1.0209(3) —0.1535(3)  2.32(6)
N2  —0.5813(4)  1.4551(3) —0.1174(3)  2.38(6)
N3  —0.2760(5) 1.5121(3) -0.5336(3)  3.68(8)
N4  —0.1660(4)  1.1178(3) —0.5339(3)  3.19(7)
N11  —0.1883(4)  1.0300(3) —0.1664(3)  2.65(7)
N12 —0.0732(4) 1.2477(3) —0.0072(3)  2.58(6)
N13  —0.0484(4)  1.4882(3) —0.2039(3)  3.11(7)
N14 —0.3769(5)  0.7632(4) —0.3365(3)  4.29(9)
Cla 0.2036(4)  1.0712(4) -0.1387(3)  2.46(7)
Clb 0.4402(5)  1.0709(4) —0.2411(4)  3.7(1)

Clc 0.3988(5) 0.9094(4) —0.0867(4) 3.48(9)
C2a —0.4467(4)  14252(3) —0.1589(3)  2.45(7)
C2b  —0.6469(6) 15821(4) —0.1280(4)  3.61(9)
C2c -0.6695(6)  1.3632(5) —0.0571(4)  4.0(1)

C3a —0.2265(6)  1.4891(4) —0.4354(4)  4.0(1)

C3b —0.3491(8)  1.4235(6) —0.5831(4)  6.3(2)

C3c  —0.263(1) 1.6302(6) —0.5987(5)  8.5(2)

C4a —0.0550(6) 1.1672(5) —0.4931(4)  4.0(1)

Cab  -01726(7)  1.1167(5) —0.6493(4)  5.0(1)

C4c  —0.2845(8)  1.0687(6) —0.4654(5)  6.5(2)

Cll -0.1726(4) 09251(3) —0.1688(3)  2.03(7)
Cl2 -0.0011(4)  1.2480(3) 0.0662(3)  1.99(7)
C13  0.0798(4)  1.4100(3) 0.1920Q3)  2.21(7)
Cl4 -0.2820(5) 0.7617(3) —0.2781(3)  2.61(8)

aFor Tables 2 and 3, anisotropically refined atoms are given in the
form of the isotropic equivalent displacement parameter defined as (4/
3)[a?B(1,1) + b?B(2,2) + ¢?B(3,3) + ab(cosy)B(1,2) + ac(cosf)B(1,3)
+ bg(cosa)B(2,3)].

Table 3. Positional Parameters and Their Esd’s for

{ (DMF),EUPY{(CN)}
atom X y z B2 A?
Pt 0.13333(3) —0.25580(2)  0.17927(2) 1.581(4)
Eu  —0.11577(3) —0.24221(2) —0.22282(2) 1.631(5)
01  —0.1479(5) 0.3394(4) 0.1926(4)  3.1(1)
02 0.3845(6) 0.1787(4) 0.1617(4)  3.8(1)
03 0.2289(8) 0.1065(5) 0.3823(4)  5.2(1)
04 0.0367(7) 0.3334(5) 0.3979(4)  4.4(1)
N1  —0.3412(6) —0.5188(4) 0.1515(4)  2.4(1)
N2 0.5794(6) —0.9583(5) 0.1234(4)  2.5(1)
N3 0.2700(8)  —0.0165(5) 0.5366(4)  3.5(1)
N4 0.1739(7) 0.3818(5) 0.5319(4)  2.9(1)
N1l  0.1901(6) —0.5363(4) 0.1692(5)  2.7(1)
N12 —0.0827(7) -0.2518(5) —0.0111(4)  2.7(1)
N13  0.0493(7) 0.0210(4) 0.2025(5)  3.1(1)
N14  0.3815(8) —0.2651(6) 0.3500(5)  4.4(1)
Cla -0.2031(7) —0.5693(6) 0.1367(5)  2.6(1)
Clb  —0.4000(9) —0.4094(6) 0.0854(6)  3.4(2)
Clc -0.4398(8) —0.5671(6) 0.2385(6)  3.4(2)
C2a  0.4450(8) —0.9262(6) 0.1657(5)  2.6(1)
C2b  0.6710(9) —0.8699(8) 0.0670(7)  4.5(2)
C2c  0.6402(9) —1.0852(7) 0.1287(6)  4.0(2)
C3a  0.217(1) 0.0103(6) 0.4405(6)  3.8(2)
C3b  0.262(2) —0.1337(9) 0.5993(7)  6.8(3)
C3c  0.345(1) 0.0695(8) 0.5855(7)  5.9(2)
C4a  0.0576(8) 0.3398(7) 0.4937(5)  3.3(1)
Cab 0.294(1) 0.425(1) 0.4607(7)  6.0(2)
C4c  0.185(1) 0.3876(8) 0.6460(6)  4.3(2)
Cl1  0.1750(7) —0.4338(5) 01711(5)  2.1(1)
Cl2 -0.0085(7) —0.2506(5) 0.0621(5)  2.0(1)
C13  0.0798(7) —0.0794(5) 0.1925(5)  2.2(1)
Cl4  0.2884(8) —0.2628(5) 0.2897(5)  2.6(1)

yellow crystals of4 began to form. When only a few milliliters
of solvent remained, the system was isolated and allowed to
stand at room temperature for 2 days.

Knoeppel and Shore

Complexes3 and 4 are isostructural and consist of one-
dimensional “ladders” extending along the crystallograghic
axis of the lattice. The asymmetric units ®and4 consist of
[(DMF)4EuM(CN)y] fragments. By application of the symmetry
operations of the space group to the [(DME)YM(CN)]
fragment and translation along the crystallographiaxis of
the lattice, the one-dimensional “ladders” are generated. Figures
1 and 2 show a portion of each ladder 8and4, respectively.
Figure 3 shows a unit cell packing diagram consisting of two
parallel “ladders” for3. It is apparent that there are no close
contacts between atoms of neighboring chains.

The coordination geometries of the Eu(ll) ions3rand 4
consist of capped trigonal prisms (Figure 4). In each structure,
the Eu(ll) ions are coordinated to four DMF ligands through
their oxygen atoms. In addition, each Eu(ll) ion is coordinated
by three different cyanide nitrogens from three different
M(CN)42~ ions, and each M(CNJ~ ion in turn bridges three
different Eu atoms through isocyanide linkages HNC—M].

The rungs of the ladder are created by one of the bridging cyano
groups which caps one face of the trigonal prism. A similar
Yb(ll) “polymeric ladder” structure was reported by Deng and
ShoréPcewhere the rungs of the ladder are generated by direct
Yb—Fe metal bonds.

The geometry of the M(CNJ~ ions is approximately square
planar, with C-M—C bond angles ranging from 88.1(1) to
91.4(2¥ for 3 and from 87.7(2) to 91.6(2)for 4. The M—C
bond distances range from 1.863(4) to 1.874(4) A and from
1.977(6) to 1.998(6) A i3 and4, respectively. The €N bond
distances range from 1.142(5) to 1.150(5) A ®and from
1.140(8) to 1.159(8) A fort. Although both the M-C and
C=N bonds vary with regard to both bridging and terminal
modes, they are considered nortfdf with no statistically
significant variations.

The M—C—N bond angles are almost linear and range from
174.3(3) to 178.3(3)for 3 and from 174.9(6) to 178.5(6for
4. However, the isocyanide linkages deviate significantly
from linearity, causing a slight puckering of the ladder. They
range from 152.9(3) to 154.2(3for 3 and from 151.1(5) to
153.8(6Y for 4. This occurrence is also observed in a variety
of analogous compounds containing—MCCH; or M—OC
linkages. It has been proposed that the angular position of the
metal cation may allow for interaction with electron density of
the lone pairs andr orbitals on CHCN or CO® However,
the energy gained or lost by the bending of the ligands might
be sufficiently small that steric factors and crystal packing forces
would facilitate the deviation from linearity in the WNCCHs
and M—OC linkages.

The Eu-N bond distances range from 2.641(3) to 2.666(3)
A and from 2.631(5) to 2.663(6) A foB and 4, respectively.
Interestingly, the EttN12 bonds are significantly longer than
both the Et-N11 and Et-N13 bonds. This observation is more
pronounced i than in3. These longer EdN bond distances
are most likely attributed to the fact that the -BN12 bonds
are generated by the bridging CN groups that form the rungs
of the ladder and bringing the two edges of the ladder together
might be sterically hindered by the DMF ligands. These
distances are comparable to the average Eiond distances
(2.678 and 2.675 A) of the coordinated acetonitrile ligands
reported for the Eu(ll) polymercfoscl,1,1-(MeCN)-1,2,4-
EuGB;0H12]n containing two crystallographically independent
moleculest® As expected, the EuN bond distances ir8
and4 are longer than those involving eight-coordinate trivalent

(14) Cernak, J.; Dunaj-Jurco, M.; Melnik, M.; Chomic, J.; Skorsepa, J.
Rev. Inorg. Chem1988 9, 259.
(15) Darensbourg, M. YProg. Inorg. Chem1985 33, 221.
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Table 4. Selected Bond Distances (A) and Angles (deg) and Their Esd’§(fa¥F),EuNi(CN)} . and{(DMF),EuPt(CN)}.?

distances distances
{(DMF)4EuNi(CN)4} {(DMF)4EuPt(CN}} ., {(DMF)4EuNi(CN)4} {(DMF)4EuPt(CN}} ..
M—-C11 1.863(4) 1.994(6) N4C1b 1.448(5) 1.455(8)
M—C12 1.866(4) 1.977(6) NiClc 1.459(5) 1.450(9)
M—C13 1.871(4) 1.998(6) N2C2a 1.309(5) 1.314(9)
M—C14 1.874(4) 1.995(7) N2C2b 1.454(5) 1.444(9)
Eu—-01 2.513(3) 2.508(5) N2C2c 1.443(6) 1.455(9)
Eu—02 2.529(3) 2.526(5) N3C3a 1.311(6) 1.303(9)
Eu—03 2.552(3) 2.540(5) N3C3b 1.431(7) 1.45(1)
Eu—04 2.557(3) 2.550(5) N3C3c 1.451(7) 1.44(1)
Eu—N11 2.641(3) 2.631(5) N4C4a 1.320(6) 1.317(9)
Eu—N12 2.666(3) 2.663(6) N4C4b 1.444(6) 1.44(1)
Eu—N13 2.659(3) 2.644(5) N4C4c 1.421(7) 1.443(9)
01-Cla 1.238(5) 1.237(8) NHC11 1.148(5) 1.140(8)
02-C2a 1.244(5) 1.230(8) N12C12 1.146(5) 1.159(8)
03-C3a 1.231(6) 1.235(9) N13C13 1.150(5) 1.144(8)
04—C4a 1.236(5) 1.231(8) N}4C14 1.142(5) 1.147(9)
N1-Cla 1.314(5) 1.310(8)
angles angles
{(DMF)4EuNi(CN)4} {(DMF),EUPt(CN)} {(DMF),EUNi(CN)4} o {(DMF),EUPt(CN}}

01-Eu—02 153.4(1) 153.4(2) EuO1-Cla 133.0(3) 134.5(5)
01-Eu-03 131.9(1) 131.4(2) EuO2—C2a 126.2(3) 125.8(5)
0O1-Eu—04 74.6(1) 75.9(2) Et03—-C3a 139.5(4) 143.3(6)
0O1-Eu—N11 83.7(1) 83.9(2) Etu04—C4a 150.7(3) 149.5(5)
O1-Eu—N12 75.0(1) 74.8(2) C1aN1-C1b 120.8(3) 121.9(6)
01-Eu—N13 95.0(1) 94.3(2) CtaN1-Clc 121.7(4) 120.9(6)
02—-Eu-03 74.4(1) 74.7(2) C1bN1—-Clc 117.4(3) 117.2(6)
02—-Eu—-04 126.8(1) 125.2(2) C2d\2—-C2b 121.6(4) 121.6(6)
02—-Eu—N11 84.9(1) 84.3(2) C2aN2—C2c 121.2(4) 121.2(6)
02—-Eu—N12 79.9(1) 80.1(2) C2bN2—-C2c 117.2(4) 117.3(6)
02—-Eu—N13 88.6(1) 88.7(2) C3aN3—C3b 122.4(4) 123.3(7)
03—-Eu—04 69.4(1) 70.0(2) C3aN3—C3c 122.2(5) 120.9(6)
O3—-Eu—N11 119.1(1) 121.7(2) C3bN3—C3c 115.4(5) 115.7(7)
0O3—-Eu—N12 143.4(1) 142.2(2) C4a\4—C4b 120.7(4) 121.0(6)
O3—-Eu—N13 74.8(1) 74.0(2) C4aN4—Ci4c 120.7(4) 121.5(6)
0O4—Eu—N11 80.2(1) 80.3(2) C4bN4—C4c 118.6(5) 117.5(7)
04—Eu—N12 146.7(1) 147.4(2) EuN11-C11 154.2(3) 153.8(5)
0O4—Eu—N13 116.8(1) 118.8(2) EuN12—C12 153.9(3) 151.1(5)
N11-Eu—N12 83.5(1) 82.6(2) EuN13—-C13 152.9(3) 153.5(6)
N11-Eu—N13 162.1(1) 159.9(2) 0i1Cla—N1 123.9(4) 123.9(7)
N12—Eu—N13 78.9(1) 77.7(2) 02C2a—-N2 125.0(4) 124.8(6)
Cl11—-M—-C12 88.1(1) 87.7(2) 03C3a—N3 123.3(5) 125.2(8)
C11-M—C13 175.6(2) 176.5(3) O4C4a—N4 125.5(5) 126.1(7)
Cl11—-M—Ci14 90.6(2) 91.1(2) MC11-N11 175.8(4) 175.8(6)
Cl12-M—-C13 91.4(2) 91.6(2) MC12—-N12 174.3(3) 174.9(6)
Cl12-M—Ci14 174.6(2) 175.9(3) MC13—-N13 178.3(3) 178.5(6)
C13-M—C14 90.3(2) 89.9(2) MC14-N14 177.3(4) 177.3(7)

aBond distances and angles were calculated for symmetry-related atoms by applying the inversion operation.

Eu ions containing isocyanide linkages in the complexes coordinate Yb(ll) is reported to be 0.12 A smaller than seven-
(H20)12E[Pd(CNY]3 (2.530 AP and{ (DMF)EW[Ni(CN)4]3} » coordinate Eu(lI}8
(2.523 A)% Spectroscopic and Solution Studies.The Nujol infrared
The Eu-O bond distances of the coordinated DMF ligands spectra of3 and4 display similar absorption patterns, with the
range from 2.513(3) A to 2.557(3) and from 2.508(5) A to peaks of4 shifted to higher energies as expected (Figuré®5).
2.550(5) A for3 and 4, respectively. Interestingly, the Eu The spectrum o8 shows four cyanide stretching vibrations at
03 and Eu-04 bond distances are significantly longer than 2146 (w), 2140 (m), 2127 (s), and 2117 (s) ¢mand those of
the Eu-O1 and Eu-O2 bond distances in bothand4. This 4 appear at 2170 (w), 2154 (m), 2139 (s), and 2130 (s)cm
can be attributed to the fact that both DMF ligands corre- Group theory predicts that only one absorption in the infrared
sponding to O3 and O4 share edges with two DMF ligands, spectrum due to CN stretching should occur for square planar
increasing the steric hindrance of that coordination site. On tetracyanometalates(ll) haviridy, symmetry. Isocyanide link-
the other hand, the DMF ligands corresponding to O1 and O2 ages to the Eu(ll) ions i and4 lower the symmetry of the
share an edge with only one other DMF ligand. As expected, square planar Ni(CN}~ and Pt(CN)?>~ ions, resulting in the
these distances are longer than the average bond distances foungbserved multiple CN stretching absorptions.
in the eight-coordinate Eu(lll) one-dimensional afé®pMF)Eu,-
[Ni(CN)4]3}. (2.361 A9 and the seven-coordinate Yb(Il)  (17) Manning, M. J.; Knobler, C. B.; Khattar, R.; Hawthorne, Mifforg.

carborane complex (DMEYb(C:BgH11) (2.37 A)17 Seven- Chem.1991, 30, 2009.

(18) Shannon, R. DActa Crystallogr.1976 A32 751.

(19) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-

(16) Khattar, R.; Manning, M. J.; Knobler, C. B.; Johnson, S. E.; dination Compounds4th ed.; Wiley: New York, 1986; see also
Hawthorne, M. Flnorg. Chem.1992 31, 268. references therein.
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Figure 1. ORTEP drawing (50% thermal ellipsoids) of a portion of
the one-dimensional “ladder” i DMF)4EUNi(CN)s} co.

Figure 2. ORTEP drawing (50% thermal ellipsoids) of a portion of
the one-dimensional “ladder” ifi{DMF),EUPt(CN)} co.

When 4 was placed under dynamic vacuum for—14 h,

Knoeppel and Shore

Figure 4. Capped trigonal prism geometry of Eu(Il) i{DMF)4EuNi-
(CN)4} co-

identical to those above§ yields [(DMFLEUNi(CN)]. (38)
having an infrared spectrum similar to that 4d (Figure 6).
Again, the observed CN stretching absorptionsSafat 2138

(s) and 2097 (vw) cmt are at lower energies than those
observed foda. The simpler infrared spectra observed 4ar
and 3a suggest that removal of the coordinated DMF ligands
enable the M(CN}~ anions to approach ideal square planar
geometry.

Infrared spectra oB and 4 in DMF suggest that the one-
dimensional ladders are not preserved in solution and possible
ionization occurs (Figure 7). Comple® shows two CN
stretching absorptions at 2114 (s) and 2137 (wymwhile 4
shows two absorptions at 2122 (s) and 2160 (vw)yEmThe
absorptions at 2137 and 2160 thsuggest that some ion-
pairing is occurring in solution (eq 10). Compare these spectra

(DMF),Eu(NC)M(CN); + nDMF =
(DMF),, .EU" + M(CN),>~ (10)

with the DMF solution spectra of fi(CN)4 (2113 cnT?l) and
K,Pt(CN), (2122 cntt) where complete ionization takes place.
The intensity of the absorption at 2160 chobserved fo# is
weaker than the comparable absorption at 21371caf the
nickel analog. This implies that the ion-pairing is greater in

elemental analysis showed that two coordinated DMF ligands solutions of3 than in those ofl. This is confirmed by solution

were removed per molecule to give [(DMEUPt(CN)].

electrical conductance measurements in DMF. At 1 mM

(4a). This corresponds to a change in the solid state infrared concentrations, the molar conductivities®&nd4 are 55 and
spectrum, and only twaocy absorptions are observed at 2148 60 cn? Q1 mol™?, respectively. These conductivities are

(s, br) and 2110 (w, sh) cm (Figure 6). Under conditions

slightly lower than those expected for a completely ionized 1:1



One-Dimensional Ladder Structures

a)
2175 2150 2125 2100cm

Figure 5. Nujol infrared spectra of (&)(DMF)4EuPt(CN)}. and (b)
{(DMF)EuNi(CN)} in the vcy absorption region.

a)
2200 2150 2100 2050 em!

Figure 6. Nujol infrared spectra of (a&)(DMF).EuPt(CN)}. and (b)
{(DMF),EuNi(CN)}. in the vcy absorption region.

a)
2200 2150 2]00 2050 cmt

Figure 7. DMF solution infrared spectra of (4DMF)sEuPt(CN)}
and (b){ (DMF)4EuNi(CN)} . in the vcy absorption region.

electrolyte in DME® and confirm that some ion-pairing occurs

in solutions of3 and4. The lower conductivity o8 compared

to 4 also verifies that ion-pairing is more prominent in solutions
of 3, resulting in a shift to the left in the equilibrium (eq 10).
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This is expected because the smaller size of the NifENnion
allows for stronger interactions with the Eu(ll) cation. It also
appears, from comparison to studies involving trivalent lan-
thanides in DMF solutions with tetracyanometalate(ll) an#ns,
that in DMF solution the tetracyanometalate(ll) anions pre-
fer coordination to the harder Lewis acids. The paramagnetism
of Eu(ll) prohibited any investigations employing NMR tech-
nigues.

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
NH; (Matheson) was dried over sodium and distilled prior to use. DMF
(Baker) was stirred over pretredtd A molecular sieves for-45 days
in a Pyrex flask. The DMF was then degassed under vacuum, and the
flask was connected to a U-tube apparatus in the drybox. The DMF
was degassed a second time under vacuum and then distilled-at 70
80 °C into a 1000 mL Pyrex flask at78 °C. The DMF was then
stored in the drybox. DMA (Aldrich) was stirred over BaO for 8
days in a Pyrex flask. The DMA was then degassed under vacuum,
and the flask was connected to a U-tube apparatus in the drybox. The
DMA was degassed a second time under vacuum and then distilled at
70—80 °C into a 1000 mL Pyrex flask at78 °C. The DMA was
then stored in the drybox. Linde brand molecular sieves (4 A) were
heated to 150C under dynamic vacuum for ¥24 h prior to use.

Carbon-13 NMR spectra were obtained on a Bruker AM-250 NMR
spectrometer operating at 62.90 MHz. Chemical shiftsS6rNMR
spectra were internally referenced to carbon-13 peai@&|S) = 0.00
ppm). Fourier transform infrared (FTIR) spectra were recorded on a
Mattson Polaris Fourier transform spectrometer with 2*crasolution.
Samples 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. Conductance measurements were
obtained using a YSI Model 35 conductaneesistance meter equipped
with a YSI Model 3401 dip cell. All measurements were performed
in the drybox employing standardized solutions in DMF.

Yb and Eu, 40 mesh (Strem), were used as receivedNi-K
(CN)4°H2O (Strem) was dried under vacuum at 180D for 16 h and
stored in the drybox. KPt(CN), (Strem) was dried under vacuum for
8—10 h and stored in the drybox. (NJJEUCL and (NH)«YbCI, were
prepared from Eu and Yb metal, respectively, and4s8Hn liquid
ammonia by the method of Howell and PytlewskiHydrogen gas
was collectediia a calibrated Toepler pump in order to determine the
yields of (NHs)xEuCkL and (NH)xYbCl..

Reactions of YbCh with K o2Ni(CN)4. (a) In DMF. In the drybox,
approximately 10 mL of dry DMF was added to 0.542 mmol of g\H
YbClI, to form an orange solution. To this solution was added 130 mg
(0.542 mmol) of kNi(CN)s. The mixture was stirred under,Nand
the color of the solution changed to a dark brown withir-20 min.
After being stirred several days, the reaction mixture was filtered,
leaving a brown precipitate. An X-ray powder pattern showed that
the precipitate contained KCI. IR of precipitates (Nujol muidty,
cm1): 2146 (m), 2122 (m's), 2066 (vs). The filtrate was light yellow
and was identified a§(DMF)10Yb2[Ni(CN)4]s} . IR (Nujol mull of
crystals,ven, cmt): 2164 (s, sh), 2160 (s), 2150 (s), 2122 (vs), 2110
(m, unresolved). IR (DMF solution;cn, cmm™): 2150 (m-s), 2123
(vs), 2115 (vs), 2113 (s, unresolvedFC{*H} NMR (DMF, 303K, ¢
(ppm)): 129.68 (s). This compound loses one DMF per formula unit
in vacuum at room temperature. Anal. Calcd fofokdssN21NizOg-

Yb,: C,31.39;H, 4.25; N, 19.71. Found: C, 31.11; H, 3.94; N, 19.41.

(b) In DMA. In the drybox, approximately 25 mL of dry DMA
was added to 0.578 mmol of (NHYbClI,, dissolving the ytterbium
dichloride and giving an orange solution. To this solution was added
139 mg (0.578 mmol) of KNi(CN)s. The mixture was stirred under
Nz, and the color of the solution changed to brown withir-30 min.

(20) Geary, WJ. Coord. Chem. Re 1971 7, 81.

(21) Howell, J. K.; Pytlewski, L. LJ. Less-Common Met969 18, 437.
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After 48 h, the solution turned orange. The reaction mixture was diffractometer using graphite-monochromated molybdenunrédia-
filtered, leaving a light orange precipitate. An X-ray powder pattern tion. The diffractometer was equipped with a dry air refrigeration unit
showed that the precipitate contained KCI. IR of precipitates (Nujol for collection of data at low temperature. Unit cell parameters were
mull, ven, e Y): 2141 (w), 2117 (w), 2099 (vw), 2055 (vs, br). The obtained by a least-squares refinement of the angular settings from 25

filtrate was light yellow and was identified 4$DMA) sYb[Ni(CN)4]- reflections, well distributed in reciprocal space and lying in theghge
Cl}w. IR (Nujol mull of crystals,vcn, cml): 2208 (vw), 2159 of 24—30°. Crystallographic data are given in Table 1, positional and
(w), 2140 (s), 2117 (s). IR (DMA solutioncy, cnrl): 2146 (vw), equivalent isotropic thermal parameters are given in Tables 2 and 3,
2112 (s). and bond distances and angles are given in Table 4.

Preparation of [[DMF) sEUNi(CN)4]«. In the drybox, 0.428 mmol The diffraction data were corrected for Lorentz and polarization
of (NH3)«EuCh was dissolved in dry DMF to form a green solution.  effects, decay, and absorption (empirically frgrscan data). Com-
To this solution was added 103 mg (0.428 mmol) eNKCN),, and putations were performed on a VAXstation 3100 computer using

the mixture was stirred. After 3 days, the solution was filtered, leaving MOLEN.22 Structures were solved using the direct method MULTAN
a white precipitate on the frit (KCI) and a yellow filtrate solution. The  11/82 and difference Fourier synthesis with analytical scattering factors
solvent was removed, leaving a yellow powder. IR of powder (Nujol used throughout the structure refinem&ntBoth real and imaginary

mull, vy, cmt): 2138 (s), 2097 (vw). IR (DMF solutioney, cm™): components of the anomalous dispersion were included for all non-
2114 (s), 2137 (w). hydrogen atoms. After all of the non-hydrogen atoms were located
X-ray-quality crystals of [(DMFEUNi(CN)]. were obtained by and refined, hydrogen atoms on the DMF ligands were placed at
dissolving a freshly prepared sample of [[DME)Ni(CN)]. in DMF. calculated positions by assuming ideal geometries wittHQ@listances
Solvent was removed slowly under vacuum over several days until of 0.95 A. The thermal parameters of the hydrogen atoms were set to
yellow crystals were obtained. IR (Nujol mullcy, cm?): 2146 (w), B(H) = 1.38(C) A2. Then, with the positional and thermal parameters
2140 (m), 2127 (s), 2117 (s). of all of the hydrogen atoms fixed, the non-hydrogen atoms were refined
Preparation of [(DMF) 4EuUPt(CN)].. In the drybox, 0.400 mmol anisotropically. New hydrogen positions were calculated, and this

of (NH3)EuCkL was dissolved in dry DMF to form a green solution.  procedure was repeated until the parameters of the non-hydrogen atoms
To this solution was added 149 mg (0.389 mmol) gPKCN), and were refined to convergence (final shift/errar 0.03). The highest

the mixture was stirred. After 3 days, the solution was filtered, leaving residual peaks on the final difference Fourier maps were 0.98%a¢/A

a white precipitate on the frit (KCI) and a yellow filtrate solution. X-ray-  a distance of 0.950 A from Eu i and 1.499 e/A at a distance of
quality crystals of [[(DMF)EuPt(CN)]. were obtained as follows. A 1.004 A from Pt in4.

concentrated DMF solution was warmed slightly using a warm water

bath, and the solvent was removed under dynamic vacuum. Within 2  Acknowledgment. This work was supported by the National

h, yellow crystals began to form. When only a few milliliters of solvent  Science Foundation through Grant CHE 94-0123.

remained, the system was isolated and allowed to stand at room

temperature for 2 days. Yield: nearly quantitative. IR (Nujol mull, Supporting Information Available:  Listings of crystallographic
ven, ML) 2170 (w), 2154 (m), 2139 (s), 2130 (s). The crystals were data, positional parameters, anisotropic thermal parameters, bond
dried under dynamic vacuum for 344 h, yielding [(DMF}EuPt- distances, and bond angles (13 pages). Ordering information is given
(CN)il». Anal. Calcd for GoH1EuNsO:Pt: C, 20.11; H, 2.36; N, on any current masthead page.
14.07. Found: C, 19.80;H,2.17; N, 13.72. IR (Nujol midk, cnm): 1C960337V

2148 (s, br), 2110 (w, sh). IR (DMF solutiopgn, cm™2): 2122 (s),
2160 (vw). . ) .

X-ray Structure Determination of [(DMF) 4EUNI(CN)]. and (22) MOLEN, an interactive structure solution procedure developed by

; . Enraf-Nonius, Delft, The Netherlands (1990), was used to process
[(DMF) sEUPt(CN)4].. Suitable single crystals were mounted and X-ray data, to apply corrections, and to solve and refine structures.

sealed inside glass capillaries of 0.3 or 0.5 mm diameter. Single-crystal(23) Atomic scattering factors frominternational Tables for X-ray
X-ray diffraction data were collected on an Enraf-Nonius CAD4 Crystallography Kynoch: Birmingham, U.K., 1974; Vol IV.





