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The synthesis, crystal structures, and magnetic properties of linear pentanuclear complggestpthi)X ]t
[tpdaH, = tripyridyldiamine, with different axial ligands X CI~ (1), CN~ (2), N3~ (3), and NCS (4) (n = 0)

and CHCN (5) (n = 2)], are reported. All of the [N{tpda)]?" moieties are isostructral and involve asMhear

chain unit with all of theCINi—Ni—Ni being nearly 180, terminated by the two axial ligands. The pentanuclear
linear metal chain is helically wrapped by fosyn—syn—syn—syntype tpd&- ligands. There are two types of
Ni—Ni distances existing in these complexes. The terminatMidistances bonded with the axial ligand are
longer (2.35-2.40 A) and affected by various axial ligands. The innerNi distances are very short and remain
constant £2.30 A). The relationship between terminal-Mii distances and properties of the axial ligands on
1-5will be discussed. Two terminal Ni(ll) ions bonded with the axial ligands are in a square-pyramidaK{NiN
environment and exhibit long NiN bonds (2.10 A) which are consistent with a high-spin Ni(ll) configuration.
The inner three Ni(ll) ions display short NN (~1.90 A) bond distances which are consistent with a square-
planar (NiN;), diamagnetic arrangement of a low-spin Ni(ll) configuration. All compounds exhibit similar magnetic
behavior, indicating an antiferromagnetic interaction of two terminal high-spin Ni(ll) ions in these complexes.
The XANES (X-ray absorption near-edge absorption spectroscopy) spectra also confirm the existence of the
high-spin and low-spin Ni(ll) ions in these complexes.

Introduction reported recently. In our previous repdtiye synthesized not
) . . only a new type of ligand\,N'-bis(a.-pyridyl)-2,6-diaminopy-
The study of metatmetal multiple bonds in transition metal  igine (abbreviated as4bda), but also novel linear pentanuclear
comp!exes is an interesting an_d important subject in inorganic complexes, [Ce(tpda)(NCS)] and [Nis(tpda)Cls]. An unusu-
c_hemlstry% The character]zatlon of metaimetal bonds in ally short Ni-Ni distance was observed in the ftpda)Cl;]
dinuclear metal complexes is well developed and understood. complex. To investigate the magnetic behavior and the

The bond orders of MM bonds derived from theoretical g ctural relationship between-NNi distances and the proper-
caI(_:uIat|ons are closely correlate(_j W|_th the-Ml bond distances  ies of the axial ligand, a series of ipda)X,] complexes
derived fromthe crystal structuresin dinuclear metal compléxes.  onded with various axial ligands, X, were synthesized. The
Besides dinuclear metal complexes, the extension of three orgjecronic configurations of Ni(ll) ions were also characterized

more bonded metals with a linear metal chain is still in an j, getail by magnetic measurement and X-ray absorption near-
embryonic state, and only a few cases of-M-bonded linear edge spectra (XANES).

trinuclear species (M= Cr, Co, Ni, Cu, Ru, RHy 1 have been
Experimental Section
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spectrophotometer; maxima are listed in the fomx (nm) € (M~
cm1). The'H NMR spectrum of Htpda was measured on a Bruker
AMX 200 spectrometer.

Preparation of N,N'-Bis(o.-pyridyl)-2,6-diaminopyridine (H stpda).
The N,N'-bis(a-pyridyl)-2,6-diaminopyridine (ktpda) ligand was
synthesized according to the literatdfe After the accumulation of
experimental experience, the yield oftptda was greatly improved from
26% to 60% by 2-chloropyridine instead of 2-bromopyridideThe
crude product was recrystallized from 2-propanol, antbt#h was
obtained. IR (KBr): v = 3254, 3180 (NH), 1591, 1562, 1541%C)
cm i MS (FAB) [m/z (%)]: 264 (100), [M+ 1]". The'H NMR in
DMSO-ds clearly shows 1 singlet (9.37 ppm), 3 doublets (8.20, 7.66,
7.12 ppm), and 3 triplets (7.60, 7.52, 6.84 ppm), which are consistent
with the structural assignment.

Preparation of [Nis(us-tpda)s(Cl),] (1). Compoundl was synthe-
sized according to our previous rep#it.The solid powder were
extracted with CHCI, and recrystallized from C¥l,/n-hexane solu-
tion. Deep purple crystals were obtained (yield 50%). IR (KBr):
= 1591, 1562, 1541 (EC) cmt. MS (FAB) [m/z (%)]: 1408 (4),
[M]+; 1373 (3), [M— CI]*; 1017 (10), [Ni(us-tpda)]*; 698 (10), [Nk-
(us-tpda}]™. The electronic spectrum (GBI, solution, 2x 1075 M)
shows maxima at = 255 nm € 5.48 x 10* M~ cm™), 292 nm €
6.79x 10* M~ cm™), 373 nm € 7.38 x 10* M~ cm1), 480 nm €
5.98x 1° M~tcm™?), 548 nm € 6.98 x 10° Mt cm™?), and 592 nm
(e 7.38 x 10° M~ cm™). Anal. Calcd forl-:CH,Cl,*0.5GH14 C,
50.00; H, 3.47; N, 18.22. Found: C, 50.19; H, 3.33; N, 18.53.

Preparation of [Nis(us-tpda)s(CN),;] (2). NaCN (27.4 mg, 0.56
mmol) was added to the red-purple solution ofgida)Cl;] (40 mg,
0.028 mmol) in an Erlemeyer flask (40 mL of THF). The solution
was stirred about-56 days and then 50 mL of water added to dissolve
the unreacted NaCN. The solution was extracted three times by 60
mL of CH.Cl,. N&SO, was added to the organic layer to remove the

water. The solution was concentrated, and a red-purple powder was

obtained. The powder was recrystallized from a,CH/diethyl ether
solution. Deep purple crystals were obtained (yield 45%). IR (KBr):
v = 1591, 1562, 1541 (€C), 2120 (CG=N) cm%. MS (FAB) [m/z
(9%)]: 1390 (1), [M]; 1017 (2), [Ni(us-tpday]*t. The electronic
spectrum (CHCI, solution, 2x 107° M) shows maxima af = 253
nm (€ 5.96 x 10* Mt cm™1), 294 nm € 7.15x 10* Mt cm™), 371

nm (¢ 8.69 x 10* M~ cm™), 461 nm € 6.73 x 10° M~ cm™?), 547
nm (€ 8.21x 1*M~tcm™),573 nm € 8.35x 10°M~tcm™l). Anal.
Calcd for2:CH.Cl*CsH;,¢0: C, 51.92; H, 3.64; N, 19.88. Found: C,
52.87; H, 3.79; N, 19.81.

Preparation of [Nis(us-tpda)s(Ns)z] (3). NaN; (7.3 mg, 0.112
mmol) was added to the red-purple solution ofgida)Cl,] (40 mg,
0.028 mmol) in an Erlemeyer flask (30 mL of ethanol). Heating about
2—3 h and cooling to room temperature, deep-purple crystals were
obtained at the bottom of the flask. The crystals were collected. The
solution was extracted by GBIl,. The organic layer was concentrated,
and a red-purple powder was obtained. The powder was recrystallized
from CH,Cl,/diethyl ether solution, and deep red-purple crystals were
obtained (yield 80%). IR (KBr):» = 1591, 1562, 1541 (€C), 2045
(azide) cmt. MS (FAB) [m/z (%)]: 1422 (1), [M]"; 1017 (2), [Ni-
(us-tpda)]™. The electronic spectrum (GBI, solution, 2x 105 M)
shows maxima at = 256 nm ¢ 5.91 x 10* M1 cm1), 294 nm ¢
7.15x 10 M~tcm™?), 371 nm € 8.24 x 10* M~* cm™%), 465 nm €
6.51x 10° M~ cm™), 544 nm € 7.61 x 10° Mt cml), 584 nm €
8.38x 10*Mtcm™). Anal. Calcd for3-CH,Cl,*C4H100: C, 49.35;

H, 3.57; N, 23.02. Found: C, 49.36; H, 3.43; N, 23.27.

Preparation of [Nis(us-tpda)s(NCS)]-4CH.Cl, (4). Ni(OAc).*
4H,0 (1.488 g, 6 mmol) and tpdaH1.02 g, 4 mmol) were placed in
an Erlemeyer flask, to which naphthalene (10 g) was added. The whole
mixture was heated (about 18G) for 20 min to remove water. Then,
n-butanol (3 mL) was added to the heated mixture, and heating was
continued until the remaining-butanol was completely evaporated.

A solution of potassium butoxide (0.88 g, 8 mmol, in 20 mL of
n-butanol) was added dropwise. Heating was continued until the
remainingn-butanol was evaporated completely. Then an excess of
sodium thiocyanate (1.0 g) was added. After the mixture was cooled,
n-hexane was added to wash out naphthalene. The remaining solid
was extracted with CkCl, and recrystallized from C}l./n-hexane

Wang et al.
Table 1. Crystal and Refinement Data for Compourids5
compd
1 2 3
formula NiCl10N20Cs4Hs2  NisCloN2oCeaHas  NisN2eCeoHaa
fw 1749.31 1473.63 1422.72
cryst system monoclinic tetragonal monoclinic
space group  P2y/n 14/m P2;/n
color dark purple dark purple dark purple
cryst size 0.25¢04x05 01x04x05 0.2x0.3x0.35
a(A) 13.416(3) 10.606(3) 10.492(2)
b (A) 16.894(3) 18.475(4)
c(R) 15.807(4) 27.065(5) 14.738(5)
a (deg)
p (deg) 92.54(3) 93.47(3)
7 (deg)
V (A3) 3579(1) 3044(1) 2851(1)
z 2 2 2
pealed (grcm™3)  1.623 1.608 1.657
u(cm ) 14.211 16.755 16.955
R(Fo); Ru(Fo)® 0.072; 0.071 0.050; 0.042 0.054; 0.049
GOF 2.75 2.02 1.77
compd
4 5
formula NEC'gSzszCesHsz Ni5N26C72H52P2F12
fw 1794.56 1874.91
cryst system triclinic triclinic
space group P1 P1
color dark purple dark purple
cryst size (mm) 0.3 0.6x 0.6 0.2x 0.2x 0.4
a(h) 12.042(8) 11.424(6)
b (A) 13.985(5) 12.479(3)
c(A) 22.894(7) 14.290(3)
o (deg) 90.33(3) 97.04(3)
p (deg) 89.86(4) 92.34(4)
y (deg) 103.80(4) 106.83(4)
V (A3) 3744(3) 1929(1)
4 2 1
Pealed (g-Cm3) 1.592 1.614
u(cm™) 14.908 13.247
R(Fo); Ru(Fo)? 0.058; 0.058 0.058; 0.050
GOF 1.57 2.00

AR(Fo) = 3IFo — Fal/SIFol; Ru(Fo) = (SWIFo — Fel/SwIFo)™2
solution. Deep purple crystals were obtained (yield 50%). IR (KBr):
v= 1591, 1562, 1541 (€C), 2069 (G=N) cm*. MS (FAB) [z
(%)]: 1454 (1), [M]; 1396 (2), [M — SCNI*; 1017 (2), [Niy(us-
tpda}]t. The electronic spectrum (GAI, solution, 2x 105 M) shows
maxima at 256 nm (6.6 10* M~ cm™?), 291 nm (8.31x 10* M~*
cmt), 373 nm (9.49 10*M~1cm™1), 465 nm (7.2%< 1° M~tcm™?),
546 nm (8.65x 10° M~ cm 1), 585 nm (9.54x 10° M~ cm™?). Anal.
Calcd for4-CgHis: C, 53.00; H, 3.79; N, 19.99. Found: C, 53.02; H,
3.92; N, 19.57.

Preparation of [Nis(us-tpda)s(CH3CN)2](PFe)2 (5). [Nis(tpda)-
Cl;] (40 mg, 0.028 mmol) was placed into an Erlemeyer flask containing
30 mL of CHCI, to give a dark purple solution. The solution was
stirred, and then AgRF14.86 mg, 0.059 mmol) and 2 mL of GEIN
were added to the solution in the Erlemeyer flask. After the mixture
was stirred for about 30 min, a white powder (AgCl) was precipitated.
The solution was filtered to remove the AgCl. The solution was
concentrated to 5 mL and diffused from &E,/diethyl ether solution.
Deep purple crystals were obtained (yield 58%). IR (KBr)y= 1591,
1562, 1541 (&C), 2045 (G=N), 842 (Pk) cm. MS (FAB) [m/z
(%)]: 1362 (1), [M]". The electronic spectrum (GBI, solution, 2x
1075 M) shows maxima at = 253 nm € 5.11 x 10* M~ cm™?), 288
nm (€ 6.43x 10* M~ cm1), 372 nm € 7.01 x 10* M~ cm™?), 552
nm (€ 5.98x 1 M~1cm™), 597 nm €5.88 x 10° M~ cm™Y). Anal.
Calcd for5-3CH,Cl,: C, 40.95; H, 2.87; N, 15.68. Found: C, 40.69;
H, 2.97; N, 15.92.

Crystallographic Procedures. Suitable single crystals df~5 were
selected under a microscope and mounted in glass capillaries. All the
measurements were made on a Nonius CAD4 diffractometer with
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graphite-monochromated ModKradiation ¢ = 0.7107 A). The data the sum of spirsr and partial spin valu8. These values are (2;2),(1;1),
were collected at room temperature using ¢he26 scan technique to and (0;0), respectively. The theoretical molar magnetic susceptibility

maximum 2 of 45° for 2, 4, and5 and of 50 for 1 and3. The cell xm Of [Nis(dpa)X2] can be derived by the equation
parameters were determined using 25 reflections in theaRges of
12.16 < 26 < 28.60 for 1, 15.32 < 26 < 20.20 for 2, 17.00 < 20 xm = C(26% + 10€™)/(1 + 36 + 5¢™ (5)

< 23.4% for 3,15.00 < 20 < 24.10 for 4, and 14.80 < 26 < 24.24
for 5. Three intensity-control reflections for every complex were where
monitored every 3600 s during the data collection. The intensity data
were corrected for Lorentz and polarization effects, and refinementwas ¢ = N2g2kT x= Jig/KT
performed using the counting statistics weighting scheme. An empirical N = 6.022x 1023 g: g-factor
absorption correction based on three azimuthal scans was also applied. 8: Bohr magneton  k (Boltzmann): 0.695 crmK 1
The structures were solved using direct methods and difference Fourier T: abs temp (K) Jis. coupling const between Ni(1) and Ni(5)
techniques and refined by least-squares analysis. The non-hydrogen
atoms were refined anisotropically, and the hydrogen atoms were Since there still exists some magnetic moment even at low temperature,
included in an idealized geometry but not refined. The detailed data it is believed that the sample contained some paramagnetic impurities;
collection and refinement parameters of these complexes are sum-therefore the correctegly can be written as
marized in Table 1. Other crystallographic data are given as Supporting
Information. All calculations were carried out with the NRCVAX = (1 — P)C'(2€* + 10€")/(1 + 3¢* + 5€™) +
program on the VAX Alpha station. 2
Magnetic Susceptibility Measurement. Experimental Method. P(ZNQZﬁ /3KT) + N, (6)
The temperature-dependent magnetic susceptibility was measured on

r 2
the SQUID system with 10 000 G external magnetic field. Molar C= Ngzﬁ k(T - ©)
magnetic susceptibility was recorded evérK in therange of 5-300 . .
K. gnetic SuSceptibiity w B g ®: Weiss temperature (or Weiss constant)

Magnetic Simulation. The Ni(ll) ions with ¢ electrons are divided
into two states, high-spi® = 1 and low-spinS = 0 configurations.
According to the structural analysis of f{ipda)X;], the three inner
Ni(ll) ions are in low-spin state and two terminal Ni(ll) ions are in
high-spin state. If only the interactions between metal atoms are taken
into account, the Hamiltonian of the spispin exchange interaction

P: relative content for paramagnetic impurity where spin state
S=1is assumed

N, temperature-independent paramagnetism, TIP

Ni(ll) L ym -Edge X-ray Absorption Measurement. The Ni Ly -

for those complexes can be written as follotts: edge X-ray absorption spectra of jitipay(NCS}], [Nis(tpday(NCS)],
5 4 4 and a model high-spin compound, [Ni(Ms?", were recorded using
- _ Qo . . . the high-energy spherical grating monochromator (HSGM) beamline
H=-2 Z %S = (Z.Z HS§t2 VA Je3' S+ 2155'S) at the Synchrotron Radiation Research Center (SRRC) in Taiwan. A
e e a (1) refocusing mirror produced anl x 3 mn? beam spot on the samples.
The energy resolution of the monochromator was set®35 eV at
The differential equation of eigenvali&Sy) is then the Ni 2p edge. The measurement chamber was maintained at a vacuum

of less than 2< 10° mbar. The Ni Ly -edge X-ray absorption spectra
: of the samples were recorded using the total electron yield mode. The

ES) =~ Z G~ IS+ -SE+1)-S@E+ - incident beam intensityl{) was measured simultaneously from a Au-
==L coated grid located between the sample and monochromator. All the

absorption spectra were normalizedlgo The photo energies were

(s~ I9[Ss(Ss + ) —SEE+ D - S(S+ 1] - calibrated using the Ni|,-edge absorption peak at 852.7 eV of the Ni
compound. Comparison of data from several scans showed no

photoreduction or radiation damage in all these compounds.

4

5
IsS(Sr+ 1)+ 5 ) SE+ 1) ()

i= Results and Discussions

When the spins of five Ni(ll) ions are assumed to%e= S = 1 and Synthesis of Htpda, All Anti Form and All Syn Form
S = $ = § = 0 and the coupling constants are constraindas= Complexes. No matter what the ratio use for 2-chloropyridine
Jas, Jo3 = Jas, aNdJys = Jss according to the symmetry, then eq 2 can  and 2,6-diaminopyridine when they were added together, H
then be simplified to dpda was always coexisted with the major product gtpHa.

E(Sp) = —3155(Sr + 1) + Sig(Sy5 + 1) 13— dig) + A+
N E N g N N g N NH)

Considering the Boltzmann distributions of molecules on each energy
level (&), the molar magnetic susceptibilifyy can be described by Hatpda Hdpda
the following equation:
The way to separatepda and Hdpda is recrystallizing the
= (Ngzﬁ2/3k'l')(ZSr(Sr+ 1)(2S; + 1)e BTy mixtures in 2-propanol solution, whereydtpda is soluble in
2-propanol and ktpda is only slightly soluble. The IR spectra
(Z(zsr + 1)e E&KTy (4) for both compounds are very similar with 3254 and 3180¢tm
for (NH) and 1206-1600 cnt! for »(C—C) of the pyridine
ring, but the peak of 3442 cmfor v(NH,) can only be observed
Using the simple vectorial coupling ruleés{S) is the combination of in Hodpda. The MS (FAB) indicatesvz 263 for Htpda and
m/z 187 for H.dpda.

13) Esé’leb'fysi;”tzrplz%%Eécsgi”and' J-P. Lee, F. L; White, B. S. The coordination chemistry of thestpda ligand can be
(14) (a) Kambe, KJ. Phys. Soc195Q 5, 48. (b) Sinn, ECoord. Chem. ~ divided into two types of conformations, thati—anti—anti—

Rev. 197Q 5, 313. anti form | and thesyn—syn—-syn—synform Il .
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The metal complexes as forincan be synthesized by a
conventional method with equimolar amounts of IM@&H,O
or M(BF4)2-nH,0 with Hiotpda. The Htpda acts as a tridentate
ligand and coordinates to metal ions through the nitrogen atoms
of pyridine moieties. The metal ions can bind either one H
tpda ligand to form M(tpdak) (M = Co, Zn, Cu) or two H-
tpda ligands to form M(tpdapk, (M = Fe, Cu, Ni) com-
plexes!?15 None of allsynform pentanickel complexes ¢if,
however, can be obtained by a conventional method. Two ways
are found to synthesize the [f{ipda)X,] complexes. The first
one is a special synthetic method in which tHguOK is used ] cas o 28
to deprotonate the 4tpda ligand under heating with naphthalene. s P
tpd&~ then acts as a pentadentate ligand to bind with five Ni
atoms. The other method involves the axial ligand replacement
in which AgPFR is used to pull away the Clof [Nis(tpda)-
Cly], after which various ligands can be added to the axial
positions. The synthetic procedures of {fthdayX,] are
described in Scheme 1.
All of the infrared spectra of the [Mitpda)X,] compounds
are similar except the axial ligand’s vibrational mode. The
N—H stretching bands of #bda in the 3254 cm' region are

Figure 1. Crystal structure of [N{us-tpda}Cl;] (1). Atoms are shown
as 20% vibrational thermal ellipsoids.

S1

completely absent, and-€C vibrational modes of the pyridine C; s -

ring are shown in the range of 1260600 cnt™. The MS Figure 2. Crystal structure of [N{us-tpda)(NCS)] (4). Atoms are

(FAB) of parent peaks of compounds-5 are observed atvz shown as 20% vibrational thermal ellipsoids.

1390, 1422, 1454, 1362, and 1408, respectively, and consistent

with the simulated patterns. Scheme 1. Synthetic Procedures for [Mtpda)X2].
Structural Results. The center Ni ion is located at the Nicl Hotod BuOK [Nis(tpda)eCla]

crystallographic center of inversion in compourid®, and5 1l + Halpaa I5(tpdajeCla

and at the 4-fold and mirror symmetriesr@/in compound3, AgPFg + X

respectively. The atomic positions of these four compounds X=CN~ N3 ,CHsCN

are averaged, because the right-turn and left-turn helical (BuOK
complexes are disordered. One of the helical forms of Ni(OAc); + Hatpda T xones [Nis(tpda)sXs]
compoundl is shown in Figure 1. Other figures of crystal
structures for compound 3, and5 are given as Supporting  Table 2. Comparisons of Selected Bond Distances (A) for
Information. Eight nitrogen atoms from the amido group that [Ms(tpdayXs] Complexes
are coordinated to nickel ion (N2, occupancy factor 0.5) and X Nil—Ni2 Ni2—Ni3 Nil—Nay Ni2—Na Ni3—Nay
thea-carbon atoms of the pyridyl groups have high anisotropic C- ()2  2.385(2) 2.306(1) 2.111(9) 1.90(2) 1.904(8)
thermal parameters. The space group of compduiadP1 with Ni  CN™ (2 2.400(3) 2.296(2) 2.094(7) 1.91(1) 1.897(8)
a whole complex and four Gi€l, molecules in the asymmetric  Ni N3~ (3) 2.379(2) 2.298(2) 2.082(8) 1.90(1) 1.901(7)
unit. The disordered problem is not observed in this structure. Ni SCN™(4)  2.367(2) 2.298(2) 2.09(1)  1.89(1) 1.897(8)
The geometic sructure s Shown i Figure 2. COMPAING v, o cne) S0 Sons) S b sssa
the anisotropic thermal ellipsoids of the amido and pyridyl cq2 scne 2277(2) 2232(2) 1.97(1) 1.90(1) 1.93(1)
groups between Figures 1 and 2, the anisotropic thermal 2.274(2) 2.229(2) 1.97(1)  1.90(1)
ellipsoids of the amido and pyridyl groups in compouhdre
more regular than those of the amido and pyridyl groups in
compoundl. The detailed bond distances and bond angles of
these compounds are listed in the Supporting Information.
The [Nis(tpda)]?" fragments of compound®—-5 are isos-
tructral with those of [Ni(tpda)Cl,] (1), as we described in
the previous repo? The pentanuclear linear metal chain is
helically wrapped by foursyn—syn-syn-syn type tpdd-
ligands. All of the nickel ions and two axial ligands are nearly
collinear. Two types of NiNi distances, named terminal
(connected with axial ligand) and inner-NNi bonds, exist in
these compounds. Both of them are very short. The former

one is longer (2.3462.400 A) and influenced by the axial
ligands. The comparisons of the terminaHMl bond distances
among various axial ligands (compounitis5) are listed in
Table 2. The terminal NiNi distance is the longest one (2.400-
(3) A) when the axial ligand is a strongdonor ligand, CN,
but the terminal Ni-Ni distance is the shortest one (2.346(3)
A) when the axial ligand is a solvent-coordinated ligand zCH
CN. The terminal Ni-Ni distances with the axial ligands, X
= N3, NCS", and CI, are 2.379(2), 2.369(2), and 2.385(3)
A, respectively. In addition to the properties of the axial ligand,
the steric repulsion between the axial ligand and the Ni atom
also affects the terminal NiNi distance. If the terminal Nt
(15) Yang, M. H.; Lin, T. W.; Chou, C. C.; Lee, H. C.: Chang, H. C.; Lee, Nibond distances are compared among three N-connected axial
G. H.; Leung, M. K.; Peng, S. MChem. Commurl997, 2279. ligands (X= N3~ (3), SCN™ (4), and CHCN (5)), the terminal
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Ni—Ni bond distances decrease in the order of 2.379(2B)A (
> 2.369(2) A @) > 2.346(3) A 6) as thelJNi—N—N (or ONi—
N—C) increase in the order of 136.8{98) < 160(1y (4) <
174.4(9y (5). These results reveal that thredonor ability of
the axial ligand and the linearity between Ni and the axial ligand
both affect the terminal NiNi distance. The weaker the axial
ligand’s o-donor ability and the better the linearity between Ni
and the axial ligand, the shorter the terminaHNii distance.

These trends are observed not only on the pentanuclear linear

metal chain complexes but also on the trinuclear dheshe
inner Ni—Ni distance is the shortest one-2.300 A) that we
have found in the literatuté ° and remained constant no matter
what the axial ligand is. If we compare the-\¥ bonds with
different metal centers, both of the NNi distances (2.369(2),
2.300(2) A) found in [Ni(tpda)(NCSY)] are longer than those
(2.276(2), 2.231(2) A) in [Cetpday(NCS)]. This result can
be explained from molecular orbital analysis and will be
discussed in the theoretical part. If the-NNi bond separations
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Figure 3. Helical view of [Nis(us-tpda}(NCS)] (4) with the molecule
looking down the Nj axis. Atoms are shown as 20% vibrational thermal

are ignored, the three inner Ni ions in these complexes are all €llipsoids.

four-coordinated, square planar conformations. All of the mean
Ni—N distances of 1.891.90 A are short, consistent with the
Ni—N distance, ca. 1.90 A, usually found in the low-spB+

0) square planar Ni(ll) configuration systéf.The terminal
Ni(ll) ions are in a square pyramidal environment, to give a
NiN4X chromophore. The basal plane consists of four inde-
pendent tdp& ligands, and the mean NN distances are about
2.10 A consistent with a high-spin Ni(ll) configuration for these
terminal Ni(ll) ions?? Two terminal Ni atoms are displaced
out of the N, planes, ca. 0.284(5), 0.286(2), 0.265(4), 0.271(5),
and 0.231(5) A for compounds—5, respectively.

The tpd&~ ligands act as pentadentate nitrogen chelating
ligands. No unusual bond lengths or angles are found in the
tpd&~ ligand. Each pentadentate ligand is nonplanar, with an
average dihedral angle among three pyridine rings of ap-
proximately 48 and results in a spiral structure for these
pentanuclear complexes. The molecule structure of the [Ni
(tpda)]?* fragment viewed down the linear metal chain is shown
in Figure 3 and gives a better view of this spiral structure.

Molecular Orbital Calculations. To analyze the bonding
features of five centered MM —M—M—M bonds and compare
the M—M bond order with different metal centers (Co, Ni), a
simple molecular orbital calculation, namely the extended
Huckel molecular orbital method (EHMO), was chosen to apply
to such a large system. The EHMO is performed using the
program ICON?2 The basis functions of S, C, N, and H are
taken from the default values of the program. The basis
functions of Co and Ni are taken from the literaft¥fCo: Hj-
(4s)= —9.21 eV,C = 2.0; H;i(4p) = —5.29 eV, = 2.0; Hj-

(3d) = —13.18 eV,{; = 5.55,C; = 0.568,¢, = 2.10,C; =
0.606. Ni: Hj(4s)= —10.95 eV, = 2.1; H;i(4p) = —6.27
eV, =2.1;H;(3d)= —14.2 eV,;; = 5.75,C; = 0.5798,%,

(16) Lo, W. C. Ph.D. Thesis, National Taiwan University, 1997.

(17) Jarchow, O.; Schultz, H.; Nast, Rngew. Cheml97Q 84, 43; Angew.
Chem., Int. Ed. Engl197Q 9, 71. Ni=Ni = 2.32 A in [Ni';(CN)g]4".

(18) Sacconi, L.; Mealli, C.; Gatteschi, Iorg. Chem.1974 13, 1895.
Ni—Ni = 2.42 A in [Ni3(napy)Br,]*, where napy= 1,8-naphthy-
ridine.

(19) Corbett, M.; Hoskins, BChem. CommurL969 1602. Ni-Ni = 2.38
A in [Ni'",(PhNsPh)], where PhNPh = diphenyltriazenato.

(20) Sacconi, L.; Mani, F.; Bencini. IlComprehensie Coordination
Chemistry Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.;
Pergamon: Oxford, U.K., 1987; Vol. 5, section 50.

(21) Long, G. J.; Schlemper, E. @org. Chem.1974 13, 279.

(22) Howell, J.; Rossl, A.; Wallace, D.; Haraki, K.; Hoffmann, R. ICON
Program for Extended Huckel molecular orbital calculatiéhsantum
chemistry program exchangé&niversity of Indiana: Bloomington,
IN, 1977.

chsedect=miects o6 — 10439 eV
oelecfele o @) — 108156V
cp—*—w an(3) A -11.909 eV
i i n(5) Ay -11.929 eV
. dr iy 12177eV
b s -12.313eV
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s -12.643 eV
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Figure 4. Molecular orbital diagram of the linear five €system for
[Cos(tpdaj(NCS)].

= 2.30,C; = 0.5782]. The atomic coordinates are derived
directly from the X-ray diffraction data of [G¢tpda)(NCS)]*?
and [Nis(tpda)(NCS)] for the purpose of avoiding the disor-
dered problem. Figure 4 presents only the molecular orbitals
related to five centered GeCo—Co—Co—Co bonds, which
provide the qualitative bonding description of the-Ml—M—
M—M bonds. The relative energy levels of the-68o—Co—
Co—Co bonds in Figure 4 consist of five bonds (linear
combination of five M(sg) orbitals), 10 bonds (linear
combination of five M(g,, dy;) orbitals), and five nonbonding
orbitals (lone pair of M(g, or de—y2 orbital)). No or weakd
bonds are found because of the spiral structure of the?tpda
ligand. The molecular orbital diagram of the-NWi—Ni—Ni—

Ni bonds is very similar to that in Figure 4 as shown in
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4 Table 3. Simulation Data for [Ni(tpda)X,] Complexes
Jis
0016 - X (cm Ni---Ni*2 @ TIP P R
7 Cl- (2) —8.27 9382 —4447 0 0.027 87 0.001 84
i CN-(2) —-6.40 9392 —4557 0 0.001 77 0.000 74
N3~ (3) -8.17 9354 —3265 0 0 0.003 42
0014 |- 45 SCN-(4) —9.24 9330 —36.72 0 0.107 91 0.002 38
CHCN (5 —9.70  9.274 —63.64 0.00132 0.15623 0.001 37
[ aDistance between two terminal Ni(ll) ions (A).
0012 [
= 1, B 853.8
E oom |- 2
S 0010 = |
3 T
2 5 ] =4 -
=
=
0.008 |
L 11 ’-
0.006 [ E i
] )
! z
g ( 872.1
o004 L—t 0000 a1y 5 855.7
0 50 100 15 200 25 300 B0 8709
K — é L
Figure 5. Magnetic data for [Ni(us-tpda)(CN),] (2). The solid line =
represents the results of theoretical simulatidmdicates the observed 3
xm, andO, the observeges.
Supporting Information. A total of 35 electrons of'Cand 40
electrons of NI are to be filled in these orbitals. According to i
the orbital analysis of energy diagram, there are 2.5 net bond
paired electronso((1)?, o(2)3, 6"(3)}) in the Co-Co—Co—Co— R [Ni(NH) J**
Co bonds but no net bond paired electrons are in theNili-
Ni—Ni—Ni bonds. The bond order of NiNi is obviously zero. L1t L
840 850 860 870 880 890

The overlap populations among metals are [0.20, 0.12, 0.12,

0.20] for [Co—Co—Co—Co—Co] and [0.08, 0.08, 0.08, 0.08] Photon Energy (eV)

for [Ni—Ni—Ni—Ni—Ni]. Obviously, the Ce-Co bond strength Figure 6. Ni Ly X-ray absorption spectra of [Ni(N]?*.

is stronger than the NiNi bond strength. The CeCo bond

distances should be shorter than the-Ni bond distances. This  in Table 3 reveal the antiferromagnetic interactions between two

result is comparable with the structural analysis. terminal high-spin nickel ions. These interactions are 1 order
Magnetic Properties of [Nis(tpda)sX,]. The experimental of magnitude smaller than those of similar trinuclear Ni(ll)

curves of the molar magnetic susceptibility (O) and effective complexeg* This result reveals that the antiferromagnetic

magnetic momentues) (O) with respect to temperaturg)(for interaction is correlated with the distance between two terminal

compound? are displayed in Figure 5. The experimental curve Ni(ll) ions. In Table 3, thgJ| value is the largest (9.7 crh

is almost the same as the one obtained from magnetic simulationwhen two terminal Ni- - -Ni distances is shortest (9.274 A), but

(solid line). That means the electronic configurations derived the |J| value is the smallest (6.40 c§) when two terminal

from structural analyses are in good agreement with the Ni- - -Ni distances are the longest (9.392 A).

experimental magnetic measurements, with three inner Ni(ll)  X-ray Near-Edge Absorption Spectra. The L edges are

ions being in a low-sping§= 0) state and two terminal Ni(ll)  sensitive to oxidation state, spin state, and ligand field changes

ions being in high-spin§= 1) states. Other magnetic curves of the absorbing 3d transition me&.28 It has been experi-

of compounds3, 4, and5 are very similar to that of compound  mentally show?f that significant differences in Ni Ly -edge

2. The observed room-temperature magnetic monagptof

compound®—5are 2.62, 2.72, 2.79, and 2.69 per paramagnetic (23) Summerville, R. H.; Hoffmann, R. Am. Chem. Sod976 98, 7240.

nickel(ll) ions (3.70: 3.85, 3.94, 3.81 per pentgnuclear Ni (24) Eggu&lszhegy;?ﬂ(igf?;ijw:‘%,ngztgr?%X:OE\l[glsg‘(gp:r%éﬁfg

complexes), respectively, a little less than the spin-only value em L (X = CaH/CN).

of 2.83 for the free nickel(ll) ion. The lower value of observed (25) Thole, B. T.; Crwan, R. D.; Sawatzky, G. A.; Fink, J.; Fuggle, J. C.

magnetic moment also shows that the square pyramidal environ-  Phys. Re. B 1985 31, 6856.
(26) van der Laan, G.; Kirkwood, I. Wl. Phys. Condens Matter1992

ments of two terminal nickel(ll) ions involve high-spin speciés. 4. 4189
The coupling constantsl{z) obtained from theoretical simula-  (27) Cramer, S. P.; de Groot, F. M. F.; Ma, Y.; Chen, C. T.. Sette, F.:
tions for various axial ligands are listed in Table 3. Thalue Kipke, C. A; Eichhorn, D. M.; Chan, M. K.; Armstrong, W. H.; Libby,

for compoundL is corrected from-14.6 cnt? in our previously CE:.;JCIXI?TS]to(l:JI”]eGr‘h; ‘%rggg%& ?Ia'\"?cggf_';g‘?‘g"“”'”s' 0. C.; Fuggle, J.

report? to —8.27 C”_Tl by including the relative content for (2g) priois, V.; Cartier dit Moulin, C.: Sainctavit, P.; Brouder, C.; Flank,
paramagnetic impurityR) term in eq 6. The negativévalues A. M. J. Am. Chem. S0d.995 117, 1019.
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shoulder (855.7 eV) at theyLedge and two peaks (870.9 and
872.1 eV) atthe |.edge. In Figure 7a,b, we show the Njk-
B 853.8 8550 edge absorption spectra of trinuclear Ni complexs(tipa)-
(NCS)] (dpa = dipyridylamido anion) and pentanuclear Ni
complex [Ni(tpda)(NCS)]. In both spectra we find two strong
871.3 peaks, 855.2 and 853.8 eV, at thg kdge and one strong peak,
872 eV, at the |, edge. If we compare the NijlLedge in these
three spectra shown in Figures 6 and 7, the peak at 855.2 eV is
certainly not from the high-spin case. This result may indicate
that two types of Ni(ll) spin configurations, i.e., low-spin and
8552 high-spin, coexist in [Ndpa)(NCS)] and [Nis(dpa)(NCS)]
5 complexes, assuming the peak at 855.2 eV is from the low-
&7 spin configuration. This assumption is in qualitative agreement
B with the observations of structural analysis and magnetic
behavior.

853.8 ®

| Nigtpda),(NCS), )
(a) Conclusions

normalized Intensity (arb. units)

= Detailed structural analyses and electronic properties @f [Ni
(tpdayX,] complexes are reported and discussed in this paper.
F The pentanuclear linear metal chain is helically wrapped by four
syn—syn—syn-syntype ligands. The properties of the axial

~  Niy(dpa),(NCS), ligand and linearity between the Ni and the axial ligand both
affect the bond distances of the terminal-Wi bond. The
magnetic susceptibility and X-ray near-edge absorption spectrum
agree well with the model that two unpaired electrons are located
840 850 860 870 880 890 at each of the two terminal Ni(ll) ions and all the inner Ni ions
have paired electronic configurations. The negativealue

Photon Energy (€V) . .. . . . .
] ) ) ] reveals an antiferromagnetic interaction of terminal high-spin
Figure 7. (a) Ni L,y X-ray absorption spectra of [B{is-dpaj(SCNY]. nickel ions
(b) Ni Ly X-ray absorption spectra of [Nus-tpda(SCNY]. '
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