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The synthesis and structural characterization of several new cyano-bridged copper(ll) and nickel(Il) homodinuclear
complexes is presented. The measure of magnetic properties for these complexes is complemented with a
computational study of the exchange coupling for several model structures representing this family of compounds.
The influence of several factors on the coupling constant has been examined, coordination position occupied by
the bridging ligand, distortions of the coordination environment, and relative disposition of the cyanide ion with
respect to the MM vector. Comparison of experimental and calculated coupling constants allows for the
rationalization of the most relevant features of the exchange interaction between two identical metal ions through
a cyano bridge.

Introduction tailored electric, optical, and/or magnetic properties has led to
o ) a renewed interest in Prussian blue analogues; this interest has
The cyanide ion has been known for a long time to be capable peen accompanied by a more systematic search and exploration
of bridging two transition metal atoms in an en—end of the physical properties of a number of attractive compounds
fashion. Prussian blue, [F{d-e(CN}}3]-xH20, for instance, is based on the assembly of MCN—M' units?—9
considered to be the oldest known coordination compbend As far as the magnetic properties are concerned, the situation
has attracted during the last century the interest of many ot cyano bridged polynuclear transition metal compounds is

scientists trying to understandﬁi;; puzzl_inn% structtrbland quite curious. The large amount of information that has been
physical properties, such as cofomagnetisnt, and electrical  cqjiected on hydroxo-, oxalato-, or azido-bridged dinuclear

conductivity?® Although it was soon obvious that the connection complexes of several transition metals has doubtlessly been

of iron atoms via cyano bridges is at the basis of all these yeigjve in the establishment of the emerging field of molecular

phenomena, surprisingly, this finding did not trigger research aqnetism. After the early years in which efforts were directed
attempts to synthesize model compounds in which the bonding \yarq the simplest targets, i.e., dinuclear compounds with only

and electronic structure could be analyzed in detail. In the past j,a |ocalized electron per metal center, a more or less clear

decades, the search for new molecule-based materials Withpicture of exchange coupling in these compounds has been
established, and interest has shifted to the application of this
* To whom correspondence should be addressed. knowledge to the synthesis of structures with higher dimen-
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behaviors. In the family of cyano-bridged compounds, however,
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[Cux(tren),CN](PFg)2(ClO4)-1/2 KCIO,4, C. The complex was

the paucity of reports on dinuclear complexes is in sharp contrastprepared by successively dissolving 0.740 g of Cu@2®H:0, 0.3

with the large number of known structures in which cyanide

mL of 2,2,2"-tris(aminoethyl)amine (tren), 0.065 g of KCN, and 0.368

ions link metal atoms to form one-, two-, and three-dimensional 9 of KPFs in 100 mL of warm distilled water. Dark blue crystals were

arrays, and the establishment of a fundamental understandin

of bonding and exchange coupling in the simplest GN—M

units has been skipped to move directly to the study of more

complex structure¥’

btained from the resulting solution by slow evaporation. Anal. Calcd
or C13H36C|1_5CL|2K0_5FlgNgOGP2: C, 1727, H, 398, N, 1394, F, 2521,
Cl, 5.88. Found: C, 17.32; H, 3.88; N, 13.75; F, 24.71; Cl, 5.58. X-ray
diffraction: chemical formula, GH3eNoCl,ClisO06KosPoF12 fw =
904.23; crystal system, tetragonal; space greug; a=b = 11.789-

From the theoretical point of view, the cyano bridge possesses(5) A, c = 23.738(4) AV = 3299 (4) B, Z=4;R(Ry), 7.0% (7.7%).

an interesting property that is lacking in the bridging units

usually employed in molecular magnetism; it provides the most

simple example of a disymmetric bridge in which both transition
metals are in slightly different coordination surroundings. This
lack of symmetry at the bridging ligand relating two metal

[Cua(tmpa)2CN](CIO 4)3, D.* To a solution of tris(2-pyridylmethyl)-
amine (0.25 g, 0.86 mmol) in wateacetonitrile (1:1, 20 mL) was
added copper perchlorate (0.32 g, 0.86 mmol) dissolved in 10 mL of
a similar mixture. The solution was stirred for 20 min before potassium
cyanide (28 mg, 0.43 mmol) was added as a saturated aqueous solution.

centers may have important consequences for the exchangd ne solution was left standing for few days, and the turqueidee

coupling. In particular, it is important to check if the localization
of orbitals noticed in the heterobimetallicridge—M’ units'!

is also observed when using the disymmetric cyano bridge in

homometallic M-CN—M units. In this work, we report the

crystals that formed were collected and washed with ethanol. Yield
77%. Anal. Calcd for [GH3sCWNoClsO17: C, 43.05; H, 3.52; N,
12.21. Found: C, 43.00; H, 3.39; N, 12.20. IR Spectrum (KBr;Ym
2169 (CN). Electronic spectrum in GBN: Amax, "M (€, | mol~tcm™?)

284 (7500), 823 (630). X-ray diffraction: chemical formula;dse-

results of a computational study of exchange coupling in CyNCls0,,; fw = 1032.19; crystal system, monoclinic; space group

homodinuclear cyano-bridged Cu(ll) and Ni(ll) complexes,

= P2;; a = 12.494(6)b =9.689(2),c = 17.700(3) A8 = 99.30(3},

which are the simplest models for understanding the relation v = 2114(1) 8, Z = 2; R (Ry), 3.5% (4.1%).

between the magnetic behavior and the electronic structure in

this family of compounds.

Experimental Section

WARNING! Although we have experienced no difficulties with the

[Cuy(tmpa).CN](BF4)s, E. This complex was prepared following
the procedure described for D [€tmpa)CN](ClO4)s. Anal. Calcd for
[C37H36CWwNoBsF17]: C, 44.70; H, 3.65; N, 12.68. Found: C, 44.63;
H, 3.76; N, 12.41. IR Spectrum (KBr, crf 2171 (CN). Electronic
spectrum in CHCN: Amax NM (€, | mol~t cm™t) 282 (6640), 833 (510).
X-ray diffraction: chemical formula, §H3sCuwNgBsFi,; fw = 994.25;

perchlorate salts and complexes described, these are potentiallycrysta| system, monoclinic; space groep P2 a = 12.341(2),b
explosive and should be handled in small amounts, without heating, —0.745(3) ¢ = i7.456(2) AJ’)’ = 99.41(1},V = 2’070.9(8).,5? Z7— o

and with caution.
Tris(2-pyridylmethyl)amine (tmpa) and Ks[Cr(CNg)]*® were syn-

thesized using literature methods. All other reagents were purchased
as reagent grade chemicals and used without further purification. All

solvents were of analytical grade quality.

[Cus(tren),CN](CIO 4)3.H,0, A.** To a solution of copper perchlo-
rate (1.53 g, 4 mmol) in wateracetonitrile (1:1, 20 mL) was added a
solution of tris(aminoethyl)amine (0.58 g, 4 mmol, in watacetoni-
trile, 1:1, 10 mL). The mixture was stirred for 20 min before adding

potassium cyanide (0.130 g, 2 mmol) dissolved in a minimum amount
of water. The solution was left standing for a few days, and the blue
crystals that formed were collected and washed with ethanol. Yield

78%. Anal. Calcd for @&H3sCwNgClz013 C, 20.50; H, 4.99; N, 16.55;
Cu, 16.69; Cl, 13.96. Found: C, 20.76; H, 4.85; N, 16.37; Cu, 16.52;
Cl, 13.81. IR Spectrum (KBr, cmi) 2167 (CN). Electronic spectrum
in CH3CN: Amax, NM €, | mol~* cm™%) 272 (9520), 780 (380). X-ray
diffraction: chemical formula, GH3sNeCUCls0122H20; fw = 761.92;
crystal system, tetragonal; space grea—4 2, m;a=b = 11.580-
(1) A, c=11.2993) AV = 1515.1(4) R, Z = 2; R (Ry), 7.48%
(9.58%).

[Cux(tren),CN](BF4)s, B. This complex was prepared following the
procedure described for A [Giren»CN](ClO4)3*H,0. Anal. Calcd for
CisH3sCwNoBsF12: C, 22.12; H, 5.14; N, 17.86. Found: C, 21.44; H,
5.14; N, 17.61. IR Spectrum (KBr, cj 2169 (CN). Electronic
spectrum in CHCN: Amax, NM (€, | mol™* cm™1) 274 (12020), 785
(380). X-ray diffraction: chemical formula, @H3eNgCWBsF12; fw =
706; crystal system, tetragonal; space greufP—4 22 m;a=b =
11.492(2) Ac=11.019(2) AV =1455.3(5) R, Z=2;R(R,), 7.79%
(8.86%).

(10) Dunbar, K. M.; Heintz, R. AProg. Inorg. Chem1997, 45, 283.

(11) Cano, J.; Rodguez-Fortea, A.; Alemany, P.; Alvarez, S.; Ruiz, E.
Chem. Eur. J200Q 6, 327.

(12) Anderegg, G.; Wenk, FHely. Chim. Actal967 50, 2330.

(13) Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, P.; Verdaguerliibrg.
Chem.1999 38, 229.

(14) The present paper was ready for submission when the following paper
reporting similar Cu(ll) complexes appeared: Parker, R. J.; Spiccia,

L.; Moubaraki, B.; Murray, K. S.; Skelton, B. W.; White, A. thorg.
Chim. Acta200Q 30, 922.

R (Ry), 5.64% (6.90%).

[Cuz(tmpa),CN](BF4)3*(CH3CN),, F. This complex was prepared
according to the procedure described for D using pure acetonitrile. After
partial evaporation of the solvent, the solution was left standing for
few days in a saturated ether atmosphere. The turgtbise crystals
that had formed were collected and washed with ethanol. Yield 75%.
Anal. Calcd for GiH4,CwN1BsFi2: C, 44.98; H; 3.72; N, 13.11.
Found: C, 44.97; H, 3.90; N, 13.75. IR Spectrum (KBr, ép2196
(CN). Electronic spectrum in GEN: Amax M (€, | mol~*cm™1) 289
(5680), 835 (510). X-ray diffraction: cell parameters, crystal system,

tetragonal; space group P4s;2:2; a = b = 17.690(4) A,c = 15.628-

(6) A,V =14891(2) B, Z= 4;R (Ra), 7.5% (9.1%).
[Ni(tetren),CN](ClO,);, G. To a solution of nickel perchlorate
(1.462 g, 4 mmol) in water (10 mL) was added the tetraethylenepen-

tamine (0.758 g, 4 mmol) dissolved in 10 mL oft® The mixture
was stirred for 20 min before adding potassium cyanide (0.130 g, 2

mmol) dissolved in a minimum amount of water. The solution was
left standing for few days, resulting in the formation of pink crystals.
Yield 68%. Anal. Calcd for GH4eNioN11ClsO12: C, 24.35; H, 5.73;
N, 18.38; Ni, 14.00; ClI, 12.68. Found: C, 24.63; H, 5.98; N, 18.16;
Ni, 13.88; Cl, 12.95. IR spectrum (KBr, crt) 2146 (CN). X-ray
diffraction: cell parameters, crystal system, tetragonal; space group
P4,/ncm;a = b = 16.278(4) Ac = 12.772(4) AV = 3384(2) B;
= 4; R (Ru), 8.5% (10.0%).

[Ni(tetren),CN][Cr(CN) ¢]-5H,O, H. To a solution of nickel
perchlorate (2.187 g, 6 mmol) in water (20 mL) was added tetraeth-

ylenepentamine (1.154 g, 6.1 mmol) dissolved in 20 mL g®HThe

solution was stirred for 20 min before adding potassium cyanide (0.194
g, 3 mmol) and K[Cr(CNg)] (0.325 g, 1 mmol) in a minimum amount

of water. After an additional stirring of 20 min, the solution was left
standing for few days, and the pink crystals that formed were collected.

Anal. Calcd for [GsHseCrNiN170s]: C, 33.68; H, 6.83; N, 29.03; Cr,

6.34; Ni, 14.31. Found: C, 33.97; H, 6.71; N, 28.79; Cr, 6.18; Ni,
14.22. IR spectrum (KBr, cnt) 2144 (CN bridge), 2127 (CN fixed on
Cr). X-ray diffraction: chemical formula, £HssCrNizN;sO0s; fw =
820.2; crystal system, monoclinic; space greaf2./n; a = 12.308
(3), b= 22.449(5)¢c = 13.779(2) A8 = 96.75(1}, V = 3781(6) A,

Z = 4; R (Ry), 5.79% (6.68%).
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Table 1. Crystallographic Data for [CitrenxCN](ClO4)3:H20, [Cla(trenCN](ClO)(PFs)2+ 1/2KCIO,4, [Cux(tmpa)CN](ClO4)s, and for the
nickel complex [Ni(tetrenCN][Cr(CNe)]-5H-0.

[Cug(tren)CN]- [Cuy(tren)CN]- [Cuy(tmpapCN]- [Ni(tetren)CN]-
(ClO4)3°H,0 (ClO4)(PFs)21/2KCIO;4 (ClOy)3 [Cr(CN)g]-5H0
chem formula @sH3gNoCU:Cl3013 C13H36NgCUCl1 506, Ko sP2F 12 Cs7H3eNgCU:Cl3012 C23Hs56CrNizN170s
fw 761.94 904.23 1032.19 820.2
cryst syst tetragonal tetragonal monoclinic monoclinic
a(h) 11.580(1) 11.789(5) 12.494(6) 12.308(3)
b (R) 11.580(1) 11.789(5) 9.689(2) 22.449(5)
c(A) 11.299(3) 23.738(4) 17.700(3) 13.778(2)
o (deg) 90 90 90 90
S (deg) 90 90 99.30(3) 96.75(1)
y (deg) 90 90 90 90
V (A3 1515.1(4) 3299 (4) 2114(1) 3781(6)
z 2 4 2 4
space group P42:m 14 P2, P2:/n
cryst shape parallelepiped parallelepiped needles needles
cryst color blue blue turquoiseblue pink
nb of data 2517 2043 4150 3873
collected
Nb of unique 1328 3952 3523

data collected
nb of data used
for refinement

812 (Fo)? > 30(Fo)

1545 )2 > 30(Fo)?

3136 Fo)?> 30(Fo)?

1216 Fo)? > 30(Fq)?

R2 0.0748 0.070 0.0346 0.0579
Ry 0.0958 0.077 0.0408 0.0668
nb of variables 106 236 560 190
Apmin (e/A?) —0.43 —0.49 —0.39 —-0.34
Apmax (e/B) 0.70 1.04 0.40 0.58

AR = 3|IFol — [Fcll/XIFol, Ry = [XW(IFol — IFc)¥ywWFe7M2

X-ray Crystallography. Crystals suitable for X-ray crystallography  we will outline here only its most relevant aspects. Using a phenom-
were directly obtained from the reaction medium or by recrystallization enological Heisenberg Hamiltoniahl = —J§% to describe the
from water/acetonitrile solutions. For all the structures herein described, exchange coupling in a dinuclear compound, the coupling condtant
accurate cell dimensions and orientation matrixes were obtained by can be related to the energy difference between the lowest and highest
least-squares refinements of 25 accurately centered reflections on aspin states. For the case in whish= S, the coupling constant may
Enraf Nonius CAD4 diffractometer equipped with graphite-monochro- be obtained by using the following equation
matic Mo Ka radiation. No significant variations were observed in the
intensities of two checked reflections during data collections. Absorption
corrections were applied using scan method. Computation was
performed by using the PC version of Cryst&lsScattering factors . . .
and corrections for anomalous dispersion were taken from Créfimer. WhereEus is the energy that corresponds to the state with the highest
The structures were solved with SHELX8llowed by Fourier maps ~ total spin,Eis corresponds to the state with the lowest total s@ir=(
technique and refined by full-matrix least squares with anisotropic 0> for @ homodinuclear complex), as the total spin on each metal
thermal parameters for all non-hydrogen atoms, when sufficient data 30 ,
were available. Crystallographic data and details of the refinements N recent work we have shown that, when using DFT-based wave
are reported as Supporting Information and in a condensed form in functions, a reasonable estimate of the energy corresponding to the
Table 1. low spin stateE, s, can be obtained directly from the energy of a broken-
Physical Characterization. Electronic spectra were obtained with symmetry SOI_UUOIEE?S' In this case, |ntroducmgi$ 1/2orl for_ the
a UV 210 PC Shimadzu spectrophotometer. IR spectra were recorded®OPPE' and n'Ck6|. dlnuclelar compounds, respectively, we arrive to the
between 4000 and 250 cAon a Bio-Rad FTS 165 FT-IR spectrometer following expressions foo:
on KBr pellets. DC magnetic susceptibility measurements were carried
out on a Quantum Design MPMS SQUID susceptometer equipped with Jeu-cu= Ess — Eus 2
a 5 T magnet and operating in the temperature range from 1.8 to 400 _
K. 3Jyi-ni = Egs — Eus (3)
Computational Methodology. Since detailed descriptions of the

computational strategy adopted in this work can be found elsewhéte,

Ens — Es=—2J§(§ +1/2) (1)

Experience has shown that these equations, in which the energy of
the low spin state is estimated directly from the energy of the broken-
symmetry solution without performing any spin projection, leads to
excellent agreement with experimental data for a large variety of
compounds with exchange coupled electrons. For a more thorough
discussion the reader is referred to previous Wérke

At a practical level, the evaluation of the coupling constant of each
compound requires two separate calculations, one for the high spin

(15) Crystals: Watkin, D. J.; Carruthers, J. R.; Betteridge, P. W. Chemical
Crystallography Laboratory; University of Oxford, Oxford, UK, 1988.

(16) Cromer, D. TInternational Tables for X-ray Crystallographitynoch:
Birmingham, UK,1974 Vol IV.

(17) Sheldrick, G. M.SHELXS 86: “A program for Crystal Structure
Determinatiori; University of Geettingen: Germany, 1986.

(18) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano,ldorg. Chem.1997, 36,

3683 state and another one for the low spin, broken symmetry state. The
(19) Ruiz, E.; Alemany, P.; Alvarez, S.; CanoJJAm. Chem. S0d.997,
119 1297. (23) Cano, J.; Alemany, P.; Alvarez, S.; Verdaguer, M.; RuizCEem.

(20) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany,?Am. Chem. S0d.998
120 11122.

Eur. J. 1998 4, 476.
(24) Cano, J.; Ruiz, E.; Alemany, P.; Lloret, F.; AlvarezJSChem. Soc.,
(21) Ruiz, E.; Alvarez, S.; Alemany, hem. Commurl998 2767. Dalton Trans.1999 1669.
(22) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany,P Comput. Chenl999 (25) Fabrizi di Biani, F.; Ruiz, E.; Cano, J.; Novoa, J. J.; Alvarean6rg.
20, 1391. Chem.200Q 39, 3221.
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hybrid, DFT-based B3LYP methéthas been used in all calculations
as implemented in Gaussian-94mixing the exact HartreeFock
exchange with Becke’s expression for the exchange functidradd
using the Lee-Yang—Parr correlation function&®. The doubleg quality
basis set proposed by Ahlrichs ef&has been employed for all atoms
except for the metal ones, for which the trigebasis sét proposed
by the same authors is used.

The experimental magnetic susceptibility is measured from solid
samples in which packing forces can induce small deviations from the
minimum energy structure of the individual molecules. To be able to
compare our computed coupling constants for complete structures with ci2
the experimental values, we used in our calculations the molecular igyre 1. Structure of the cation in [G(trenyCN](ClO4)s-H2O.
structure as determined experimentally rather than an optimized one,
in which small changes with respect to the experimental structure could
result in significant deviations for the coupling constant.

nuclear copper or nickel complexes and potassium cyanide in
stoichiometric proportions. The point is the use of mononuclear
species as building blocks, such as [Cuk@h]?* and [NiL-
(H20)]?" complexes, in which L is a multidentate ligand

Syntheses and CharacterizationNew copper and nickel ~ blocking all the coordination sites except one occupied by a
homodinuclear complexes, based on tetra- and pentadentaté@bile solvent molecule that can be easily replaced by the cyano
p0|yamine |igands and linked by a cyano bridge, were Synthe_ group. All the dinuclear Complexes have been isolated as Single
sized4 in order to better correlate structural and magnetic crystals and fully characterized. The elemental analysis and
properties. Concerning the copper complexes, two different €lectronic spectra are in good agreement with the expected
coordination modes of the transition metal cations appeared andstructures. In all cases, the infrared spectra show a unique band
will be discussed together with the influence of the polyamine in the range of 21452169 cn?, characteristic of the asym-
ligand itself. To prevent the oxidation of cyanide to cyanogen Metric stretching vibration of a bridging cyanide for copper and
from Cu(ll) 32 tris(2-aminoethyl)amine (tren) and tris(2-pyridyl- ~ nickel complexes. Specific attention must be paid to the
methyl)amine (tmpd} have been used as tetradentate ligands dinuclear nickel compound in which the [Cr(N~ anion plays
since they are expected to give stable complexes with a trigonalthe role of the counterion. In such a case, two bands are detected
bipyramidal geometry. In the present paper, the related com- in the 2108-2200 cn1! range, one at 2127 cm corresponding
plexes, [Cu(trenyCN](ClO4)3-H20, A, and [Cu(tmpa)CN]- to the cyanide of the hexacyanochromate(lll), and the other at
(ClOy)s, D, are compared to [G([14]-4-11-dienel),CN]- a higher energy, 2145 cri, which is attributed to the cyano
(ClO4)3, which has been already published in the literatire  bridge between the two nickel metal ions.
and viewed as a model compound for another coordination mode ~ Structural Studies. Regarding the copper compounds, two
close to the square pyramidal geometry. For the purpose of series of complexes derived from tren and tmpa were prepared
analogy between the different products, perchlorate salts haveand provide comparative structural data. The structures, differing
been used in the synthesis, but similar compounds with from one another by the nature of the ligand, of the counteranion
equivalent properties have been obtained with tetrafluoroborater the cocrystallized salt or solvent are the following, {@en)-
anions. Regarding the nickel complexes, a commercially avail- CN](ClO4)3-H20,* A, and [Cu(trenyCN](BF4)s, B (isostruc-
able tetraethylenepentamine (tetren) ligand has been used fofural); [Cu(trenpCN](PFs)2(ClIO4) with a cocrystallized 1/2

Results and Discussion

the synthesis of two binuclear nickel complexes o[téitren)- KCIO4, C; [Cux(tmpapCN](ClOs)s,* D, [Cux(tmpapCN](BFa)s
CN](ClO4)3 and [Nix(tetrenyCN][Cr(CNg)]-5H-0. The ligands ~ (isostructural)E; and [Cu(tmpapCN](ClO4)3(CHCN),, F. The
used in these studies are depictedLin [Cuy([14]-4-11-dieneN),CN](CIO4)s complex is known from
a previous work? Because of the large amount of structural
/\ information presented here and the similarities that will be first
N/—\NH2 \— discussed, some results might be expressed as ranges of values
N rather than individual ones, and only two structur&sagdD)
NHp  HaN A — will be fully described. The perspective views of the reference
P \ 7/ structures are set out in Figures 1 and 2, and selected metric
tren ~ data are compiled in Table 2.
tmpa Despite the variety of the crystal structures, the data describ-

ing the molecular entities [G(tmpa)CN]3* indicate a remark-
able similarity. For instance, the-N bond lengths and both

NH I\J
L ] [
NH NH NH - -
N NH (\ /\ (27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
M NH H2N B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, G. A.;

Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Ciolowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P.; Head-Gordon, M.; Gonzalez, M.; Pople, J. A.

; ; ; Gaussian94Gaussian, Inc.: Pittsburgh, PA, 1994.
Some of the described compounds were first obtained as(28) Becke. A DPhys. Re. A 1088 38 3098,

byproducts from the hydrolytic decomposition of inorganic (59) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
precursors such asgfCr(CNg)]. Nevertheless, these dinuclear (30) Schaefer, A.; Horn, H.; Ahlrichs, R. Chem. Phys1992 97, 2571.

compounds were also successfully synthesized using mono-(31) Schaefer, A.; Huber, C.; Ahlrichs, R.Chem. Physl994 100, 5829.
(32) Scott, M. J.; Lee, S. C.; Holm, R. Hhorg. Chem.1994 33, 4651,
and references therein.
(26) Becke, A. D.J. Chem. Phys1993 98, 5648. (33) Jungst, R.; Stucky, Gnorg. Chem.1974 13, 2404.

tetren
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Table 3. Selected Bond Lengths and Angles in
[Ni(tetrenyCN][Cr(CNe)]-5H,0

Ni (1) Ni (2)
Interatomic Distances (A)
C—N bridge® 1.16 (2)
Ni—cyanideP 2.04 (2) 2.04 (2)
Ni—N(11) 2.11(2) 2.14 (1)
Ni—N(12) 2.10 (1) 2.11(2)
Ni—N(13) 2.12(2) 2.16 (2)
Ni—N(14) 2.13(2) 2.16 (1)
Ni—N(15) 2.15(2) 2.11(2)
Bond Angles {)
Ni—C(1)—N(1) cyanide 173.6 (3) 174.2 (3)
N(11)—Ni—cyanide 90.0 (6) 92.8 (5)
N(12)—Ni—cyanide 92.7 (6) 95.7 (5
N(13)—Ni—cyanide 172.9 (6) 91.2 (6
N(14)—Ni—cyanide 92.0 (6) 168.3 (5)
N(15)—Ni—cyanide 90.7 (5) 88.4 (5)
N(11)-Ni—N(12) 82.2 (6) 80.7 (6)
N(11)-Ni—N(13) 94.6 (6) 163.7 (6)
N(11)—Ni—N(14) 176.5 (6) 94.5 (6)
N(11)-Ni—N(15) 94.3 (6) 94.0 (6)
N(12)-Ni—N(13) 82.7 (6) 83.1 (6)
Nglzg—Ni—NgMg 100.6 ng 94.5 ((6))
i ion i N(12)—-Ni—N(15 175.1 (6 173.4 (6

Figure 2. Structure of the cation in [Gtmpa}CN](ClOg)s. N(L3)Ni—N(14) 8356 (7) 84.4 (6)

Table 2. Selected Bond Lengths and Angles in Ngig_m:_mggg ggg Egg 1§§8 ég))

[Cus(tren)CN](ClO4)3°H20, [Cu(tmpa}rCN](ClOs,)s, and ' '

Uz([14]-4-11-dieneN),CN](CIO4)3 aFor Ni(2), only the last figure of the nitrogen numbers have to be
C di I i ly the last fi f the ni bers h b
[Cus(tmpa) considered? Since the cyanide is disordered, only an average distance
CNi(CIO, [Cun([14]-4- is given.
[Cuy(tren)CN] 43 11—-dieneNy),

(ClO4)3-H20 Cu(1) Cu(2) CN](ClOs)3?
Interatomic Distances (A)

metrical deformation of the cyanide bridging ligand. The two
metallic atoms are equivalent with an identical environment.

C—N bridge 1.13(3) 1.151 (7) 1.147 (6) ,
Cu—cyanidé 1.98 (2) 1.982 (6) 1.966 (6) 2.125 (3) As expected, in the complexes [uenyCN](ClO4)sH20, A,
Cu—N(11) 2.02 (1) 2.026 (5) 2.047 (5) 2.057 (4) [Cux(tmpa)CN](ClOy)3, D, and their analogues, bond angles
gu—mgg 2'8(73 8 3-2‘31‘71 g gggi Eg; g-ggg Ei; and distances (Table 2) are consistent with a trigonal bipyramid
u— . . . . . . . . e .
Cu—N(14) c 2.029 (5) 2.024 (5) 2.018 (4) structure havmg_the cyanide in an axial position. In contrast, in
Bond Angles [Cuy([14]-4-11-dieneN).,CN](ClO4)3, the geometry about the
ond Angles o ; ; ; ; i ;
Cu-C(1)-N(1) 1657 (4) 1749(5) 1755(5) 178.6 (5) :Lansmon_met_al atom is a.dlstorted trigonal blpyramld in which
cyanide e cyanide ion is bridging from an equatorial position, as
N(11)-Cu—cyanide 175.6 (6) 178.8(2) 179.5(3) 93.3(1) previously describeéf
Hgg—gu—wamge églz-l( 2)7) 183-%% igf éZ()z) slaé?’?j({)z) Regarding the two nickel compounds, two structures have
—Cu—cyanide . . . . . ; _
N(14)—Cu—cyanide ¢ 979(2) 982(2) 11172 been resolved, [Mtetren)CN][Cr(C[\le)] _5H20 an.d [Ni(tetren)
N(11-Cu-N(12) 83.3(7) 799(2) 80.9(2) 93.6(2) CN](CIO,)s, although only partial information have been
N(11)-Cu—N(13) 84.4 (4) 80.9(2) 795(2) 174.0(1) obtained for the latter. The quality of the crystals being good
mgg—gu—mgg 01210(5) 53638(2) 8%(-)76(5)(2) 8;31-341(2()1) enough, this is probably due to the disorder induced by the
—-u : . . ‘ different conformations of the flexible ligand. It is well kno¥n
N(12)~Cu-N(14) ¢ 1344(2)  134.6(2) 1346 (1) that such pentadentate linear ligands rga adopt more than eight
N(13)-Cu-N(14) 1147 (119 111.3(2) 110.7(2) 94.2(2) p 9 y adop g

) o different conformers around a transition metal in an octahedral
_“See ref 337 Since the cyanide is disordered, only an average geometry. The best evidence of such situation may be the
: f:grqmcseurispgls\fﬁgl\i(/lz? y?n—dllg(}-‘l)z, e equivalent by symmetry. structure of [Ni(tetren)CN][Cr(CNe)]-5H;O itself, in which the
two nickel atoms are not equivalent and behave as two different
the Cu-C—N and N-C—Cu angles of the cyano bridge are conformers. To better appreciate this effect, one has to consider
almost identical (1.15 A and 175respectively), and the dihedral  the central amine position of the ligand. Despite this distinction
angle reflects a cisoid conformation ()9 Aside from the  between the two nickel atoms, the uncertainty in the orientation
perchlorate and tetrafluoroborate isostructural complexes, simi-of the CN bridge remains. Significant crystallographic data
larities are also observed for tii® E, andF species, despite  concerning [Ni(tetrenyCN][Cr(CNg)]-5H.O are reported in
their different packing modes. To a lesser extent, due to the Taple 3.
strong bending of the cyano bridge (I§5this trend is also Magnetic Properties. For the [Cu(trenyCN]3* perchlorate
valid for the [Cu(trenpCN]** compounds. A, the yuT product fv is the magnetic susceptibilty per two
The [Cu(trenyCNJ** complex, when crystallized as a copper(ll) ions) decreases continuously when cooling from room
perchlorate,A, or a tetrafluoroborate sal3, occurs as a temperature to 2.0 K (Figure 3a). The valuefT at 300 K is
symmetric cation with undistinguishable bridge atoms. Concern- 0.65 cn? mol~2 K (significantly smaller than that expected for
ing the structure® andE, in which there is no inversion center,  two magnetically isolated spin doublets: 0.8273amol~! K
the Cu bridge bond length or anisotropic thermal parameters with g = 2.10), andywT becomes practically zero at temper-
do not allow for distinction between the carbon and the nitrogen atures below 50 K. The susceptibility curve exhibits a maximum
atoms. at ca. 165 K. All these features are consistent with the occurrence
Despite the disorder observed in all structures for the CN of a strong antiferromagnetic coupling between two copper(ll)
bridges, the X-ray diffraction data allow us to determine the
coordination mode around the transition metal and the geo- (34) House, D. ACoord. Chem. Re 1977, 257.
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Figure 3. (a) Thermal dependence of the molar susceptibility of
[Cux(trenkCN](ClO4)3:H20 (O experiment,— best fit). (b) Thermal
dependence of the molar susceptibility of {{tetren}CN](CIO,); (O
experiment;— best fit).
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ions (two local spin doublets), the low-lying spin state being a
singlet. Least-squares fitting of the susceptibility data through
a simple BleaneyBowers expression derived through the Ham-
iltonianH = —JSS (S = S = 1/2) leads tal = —157 cn1?,

g = 2.15, andR = 1.08 x 10°*. Ris the agreement factor de-
fined asY i[(xm)obdi) — (xm)cadi)]ZSi[(xm)obdi)]2. The theoreti-

cal curve matches the magnetic data in the whole temperature

range very well, as indicated by the low valueRf

Magnetic measurements were performed on each of the

Inorganic Chemistry, Vol. 40, No. 23, 2005873

f(T) data were fitted to the simple analytical expressions obtained
from the Hamiltonian with isotropic interaction between the two
metallic ions:

_2N(@@B)  exp(—JIKT)
T =" |1+ 3 expakT) @
T 2N(@B)  expEJIKT) + 5 exp3JI/KT) c
0T Tk |14 3 expCIKT) + 5 exp(3J/kT) ©®)

for copper and nickel complexes, respectively.

Concerning the copper compounds, the resullimglues are
—157 and—100 cnt? for [Cup(tren,CN]3* and [Cy(tmpa)-
CNJ3*, respectively, with an agreement factor close to 1. The
difference between the two families of compounds will be
discussed in the following part of this paper.

Regarding the dinuclear nickel complexes, very similar
values were obtained;24.5 cnt! (g = 2.09) for [Nip(tetren)-
CN](ClO4)3 and —24.8 cnr® (g = 2.10) for [Nix(tetren}CN]-
[Cr(CNg)]-5H20. All of our attempts to get other complexes
with diversified geometries and differeditvalues were unsuc-
cessful.

Theoretical Studies for Dinuclear Cu(ll) Compounds.We
begin with the simplest case of a cyanide-mediated exchange
coupled system involving transition metals, i.e., a complex with
two cyano-bridged Cu(ll) ions where the cyanide ion is
coordinated to the metal atoms in an ettd—end fashion. The
local copper atom environments in the dinuclear compounds
of this type are distorted trigonal bipyramids. The exchange
interaction between the unpaired electrons is always antiferro-
magnetic, with coupling constants covering a wide rargts3
to —9 cm1). Two distinct situations can be recognized from
the available structural and magnetic informati®iWhen the
cyanide ion is bridging two equatorial site® (the coupling is
weakly antiferromagnetic, with coupling constants on the order
of =10 cnrt,

L /Ilu,,, C|
~Cu

L/‘
L

C=N——m

2

On the other side, when the cyanide ion is bridging two axial
sites @), the coupling is strongly antiferromagnetic, with
coupling constants of up te183 cnt™.

dinuclear complexes, and similar results were obtained for L/ 1
equivalent compounds (Table 4, see also ref 14). As expected, 3
the thermal dependence of the molar susceptibility, measured

o The situation is, however, complicated in the experimentall
on a SQUID magnetometer, indicates thal decreases upon b P y

. . determined structures by distortions in both the coordination
cooling from 300®.2 K (Figure 3)‘ These re;ults demonstrate environment around the copper atoms and the relative disposi-
the short-range antiferromagnetic exchange interaction betweery, | ¢ o cyanide ion with respect to the €Gu axis®

t_h(.a.two identical atoms. Consequently, in all cases the suscep- In a first attempt to theoretically investigate the exchange
tibility becomes zero_at IOW temperature,_ exce_pt fop(tetren)- coupling in this family of compounds, we focus on the idealized
CN][Cr(CNe)_]-SHZO_m which the chromicyanide beha_ves aSa model structures depicted and3, in which each copper atom
paramagnetic species. Tme_\iaIue_ measured for this COM- s ¢, rrounded by four ammonia molecules with the cyanide ion
pound 42 K is 1.85 cnf K mol™%, which is in good agreement ;e fifth coordination position. The angles formed by the
ywth the theorgtlcal estimate based on the Curie law for an ligands and the copper atom correspond to those of a perfect
isolated chromium(lil) atom. trigonal bipyramid, i.e., by~ Cu—Leq= 120°, Leq—CU—Lax =

More interesting is the evaluation of the exchange coupling
constant for the various complexes. The experimendl =

(35) Bieksza, D. S.; Hendrickson, D. org. Chem.1977, 16, 924.
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Table 4. IR Data, M—C—N Angles, Best Fitted Coupling Constangs\Values, and Calculated J Values of All the Complexes

ven (cmh) M—C—N (°) Jexp. (cMTY) g Jeate. (M)

[Cug(trenyCN](ClOg4)3H,0 2167 165.7 —157.5 2.15

[Cup(trenCN](BF4)3 2169 167.3 —-160.0 2.13

[Cux(trenpCN](CIO4)(PFs)2: 1/2KCIO4 2169 162.0 —183 2.12 —109
[Cux(tmpa)CN](ClOy4)3 2169 174.9-175.5 —103.9 2.10 —54
[Cux(tmpa)CN](BF4)3 2171 174.0 —100.0 2.13
[Cuz(tmpa)CN](BF4)3-(CH3CN)2 2196 174.5 —98.6 2.13
[Ni(tetrenyCN][Cr(CN)e]-5H,O 2144 173.6174.2 —24.5 2.09 -20.5
[Ni(tetren}CN](CIOq4)3 2146 171.5 —24.8 2.10 -19.8

90°, and Lax—Cu—La= 18C°. The Cu-Nermdistance has been As mentioned earlier, the experimentally determined struc-

taken as 2.05 A, the average value found in the experimentally tures differ, sometimes significantly, from the idealized models
determined structures. For the ammonia molecules, the geo-used above. In this respect, it is interesting to analyze the effect
metrical parameters that were used areNgm= 1.015 A and of the most important structural distortions on the exchange
H—Nwemi—Cu = 109. The experimental determination of the coupling, hoping that the understanding of these effects will
bridge geometry is prevented by the disorder between the Chelp to design new compounds with fine-tuned magnetic
and N atoms, and an average distance of 2.00 A was taken forproperties. The first distortion analyzed consists of bending the
both the Cu-C and Cu-N bonds. The &N bond length ligands in the idealized structur until a square pyramidal
adopted in all model structures was 1.14 A. coordination environment on both copper atoms is reached
The evaluation of the coupling constant for model structures (achieved by simultaneously increasingnd decreasing, as
2 and3 yields values of-18.6 and—103 cn1?, respectively. shown in5).
The trend is in agreement with that found for the experimental
data; when the cyano bridge is between two axial positions of |~\oc ‘ \ /
the copper coordination sphere, the antiferromagnetic coupling e T e Y LG —
is significantly stronger. This behavior can be easily rationalized B -
using qualitative MO arguments. According to the model
proposed by Hay, Thibeault, and Hoffmann (HTH mogfeijr
the exchange interaction between two electrons located on twoThis motion of the terminal ligands reduces the magnitude of
weakly interacting centers, the antiferromagnetic contribution {he coupling constant from18.6 cntt in model2 to only —1.0
to the coupling constant is proportional to the square of the o1 for a square pyramidal coordination, with= 8 = 110°
energy gap separating both singly occupied molecular orbitals o poth Cu atoms. Changing the value of these angles while
(SOMOs) in the triplet state. For a trigonal bipyramidal maintaining the square pyramidal coordination around the copper
coordination enV|.ronment, the two SOMOs are mamly fqrmed atoms results in a negligible change in the exchange coupling
by the de-type orbitals of the copper atomsl{eing the direction constant, which remains arounel.0 cnl,
of t_he trigonal axis), wit_h some admixture_ of CN-centered  The almost negligible coupling found in the model with
orbitals. As noted by Bieksza and Hendricks®rthe two square pyramidal coordination around the copper atoms can be
trigonal bipyramids in3 are oriented in such a way that the  ggsily rationalized using the same MO-based arguments as
main lobes of the copperztype orbitals are pointing toward  gpove. When distorting the trigonal bypiramidal environment
the bridging cyanide ion. The large overlap between these 4 that of a square pyramid, the d orbital on the copper atom
orbitals results in a relatively large gap between the two SOMOS pegaring the unpaired electron changes its character gradually
(4a), thus favoring the antiferromagnetic interaction. from dz-type to de_,>-type. Thed type symmetry of the @,
orbitals with respect to the CtCu axis ) prevents interaction

with the orbitals of the cyano bridge, and the energy gap
between the two SOMOs becomes very small.
%CN—%" lu§ C—N %un"
.__(:!T:3——(:)———(:)(::}f:::)—— ‘::u%%)_{;>______<:::y%%%u:\ 6
As a result, according to the HTH model, the antiferromagnetic
(b)

(a) contribution toJ becomes negligible.
4 An analysis of the relative energy of the singlet states of the
distorted molecules shows that the trigonal-bipyramidal coor-

For model structure?, the molecular orbitals of the cyanide dination sphere is the most stable one. The structure with the
ion can only interact with the torus of the metal-centergd d ~ copper atoms in a square pyramidal coordination witk /3
type orbitals, and the weaker overlap leads to a smaller energy= 110" is about 20 kJ/mol higher in energy, but square pyramids
gap between the SOMOs and, hence, to a weaker antiferro-with different anglesd = f) are further destabilized (e.g., 100
magnetic coupling 4b). The analysis of the KohnSham kJ/mol fora = # = 90°, or 400 kJ/mol fora. = g = 120°).
SOMOs for the triplet states of the two models supports this A possible distortion in compounds with a structure of type

C—N Cu
~—y

5

ar

am
o

explanation. 2is the displacement of the cyanide ion away from the-Cu
vector. Two different possibilities for this movement could be
(36) Hay, P. J.: Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod.975 envisaged, the cisoid and the transoid distortions shown in

97, 4884, 7. The effect of these distortions on the coupling constant (Figure
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4a) for reasonable deviations of the cyanide ion from the-Cu
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we have chosen [G([14]-4,11-dienel¥),CN](ClOy)s. Its struc-
ture®® is shown in Figue 5 , where one can notice that copper
atoms are in a coordination environment that is slightly distorted
toward the square pyramidc(= 93°, § = 112.7), while the

CN bond is practically colinear with the €Cu vector. The
calculated] value is—2.4 cn1?, which compares well with the
experimental valué® —9.6 cntl.

As representative of compounds with an axial bridging mode
(3), we have chosen [G(trenh(CN)](PFs)2(ClO4)-1/2 KCIO,
(see Figure 1 for the same cation structure) and,(Gypa)-
CN](ClOg)s (Figure 2). Both structures present a cisoid distortion
at the bridge with average G«C—N angles of 162 and 174

Cu vector is the same for both cases; antiferromagnetic couplingrespectively. The calculated coupling Constant_S-alé)9 and _
is weakened, although the effect is more pronounced for the =54 cnt?, which compare reasonably well with the experi-

transoid geometry. Two different factors must be considered in
order to explain this finding using the simple HTH model.
Overlap of the d orbitals bearing the unpaired electrons with
type MOs of the cyano bridge is certainly reduced in both
distortions and, hence, the value bfs expected to decrease,
but on the other hand, interaction with type MOs should
increase, changing the value bin the opposite direction. The

mental values of-158 and—100 cnT?. The experimental and
calculated data obtained for these two compounds are in fair
agreement with the predicted variationdivith the Cu-C—N
angle (Figure 4b); for the cisoid distortion, antiferromagnetic
coupling is reinforced when departing from linearity. However,
the change in the coupling constant is much larger than predicted
for the model structure (Figure 4b). The different behavior found

detailed balance between these two effects is, however, difficult between our model compound and the complete structures can

to predict without performing accurate calculations.

Energetically, the transoid distortion is easily accessible, with
deviations from the CuCu vector down to 160requiring less
than 12 kJ/mol. The cisoid distortion is also feasible, with
bending of the structure down to 17@equiring less than 12
kJ/mol. It is thus not surprising that the cyanide ions could loose
their alignment with the CaCu vector.

We also analyzed the effect of the distortion on the coupling
constants for the cisoid and transoid distortions in model
structure3 (see8), with the cyanide anion bridging two axial
positions (see Figure 4b).

\Cu Cu/
e

9 L

Ic|u :—\-c N_(L < cisoid
e~/

transoid

8

In this case the transoid distortion has the same effect as for

model structure?; the antiferromagnetic coupling is strongly

weakened. However, the cisoid distortion shows a surprising

effect, moderately reinforcing the antiferromagnetic coupling.
Although we have not been able to find a simple explanation
for such a behavior, it is probably the subtle balance that
involves interactions between the metal-centegeti/gde orbitals
and theo- andz-type MOs on the bridge. From the energetic
point of view, both distortions are easily accessible in the crystal,

requiring energies of the same order as those mentioned abov

for analogous distortions on model struct@res found in many
of the structures experimentally characterized in this work.
To check the applicability of our computational strategy to

the evaluation of coupling constants in real compounds, we

calculated] for three complete structures using the experimen-
tally determined structural data. The position of the hydrogen
atoms, which are not determined in the experimental structure

were guessed by optimizing them using molecular mechanics

while fixing the position of all other atoms in the molecdfe.
As an example of a compound with an equatorial bridge (

be understood by noting that in the first experimental structure
the terminal N-donor atoms belong to an aliphatic amine (tren),
whereas in the second structure we have aromatic N-donor
atoms. In contrast, in our model calculations the same terminal
ligands (NH;) were used in both cases. In previous work on
hydroxo-bridged dinuclear Cu(ll) compountfsye found that

the strength of the antiferromagnetic coupling shows the same
trend as the basicity of the terminal ligand; compounds with
aliphatic amines as terminal ligands have stronger antiferro-
magnetic couplings than those with aromatic ones. This finding
suggests that, in the present case, the reduction of the coupling
constant from-109 to—54 cnTlis not only due to the increase

in the C-N—Cu angle, but also to the change in the terminal
ligand. To evaluate the magnitude of these two contributions
separately, we also calculated the value &r a hypothetical
[Cux(tmpa)CN](ClO4)3 molecule with a geometry in which the
C—N-—Cu is set to 162 while all other geometric parameters
remain unchanged. The calculated valueldbr this model,
—78 cntl, indicates that the influence of the nature of the
terminal ligands in this family of compounds is quite important.
The calculated difference id between the two experimental
structures (from—109 to —54 cnT?) can be roughly split in
two similar contributions; 24 cni can be attributed to the effect

of the distortion, while 31 cm! are due to the effect of the
basicity of the terminal ligands.

The calculations for complete structures show that the
computational method employed throughout this work is able
to give semiquantitative estimates of the coupling constant in
complex structures. The results obtained for the three compounds
also confirm that modeling this family of compounds using
ammonia molecules as terminal ligands correctly describes the

xchange coupling phenomenon. The replacement of the large
erminal ligands by ammonia does not have a significant effect
on the coupling constants for compounds with aliphatic amines
as terminal ligands, a result that could be expected considering
the similar properties of the nitrogen atom in NEnd NR
compounds. However, for a compound with aromatic N-donor
atoms, one has to bear in mind that the absolute value of the

(37) Ceriud Program, Release 3.5; Molecular Simulations: San Diego, CA
and Cambridge, UK, 1995.

(38) Duggan, D. M.; Jungst, R. G.; Mann, K. R.; Stucky, G. D
Hendrickson, D. NJ. Am. Chem. Sod.974 96, 3443.



5876 Inorganic Chemistry, Vol. 40, No. 23, 2001 Rodrguez-Fortea et al.

E Y ~
-5 ~
- - transoid
transoid -50
104
-80
-15 4 110 cisoid
-20 = T T T T -140 - T T T T
180 175 170 165 160 180 175 170 165 160
0(° 0(°)
(a) (b)

Figure 4. (a) Effect of the cisoid and transoid distortiond on the coupling constari for model compoun®. (b) Effect of the cisoid and
transoid distortions8) on the coupling constardt for model compound.

Ni . Ni
// ~cn" \\
| -~ 9 | R / cisoid
NN Ni-
N| ',‘\\\\ /
// \C/N\Ni" ®
7
transoid
10
G B
Figure 5. Structure of [Cy([14]-4,11-dieneM),CN](ClO4)3.33 Figure 6a shows the calculated variation of the coupling constant

with the Ni-N—C angle. For the cisoid distortion the coupling
the terminal ligand laced b . lecul constant decreases rapidly, with a practically negligible coupling
€ lerminal ligands are replaced by ammonia molecules. at angles smaller than 180The transoid distortion reinforces

Theoretical Studigs for Dinuclear Ni(II)_Compound_s. the antiferromagnetic coupling, which increases fret20.6
Examples of Ni(ll) dinuclear compounds with cyano bridges em? for Ni=N—C = 180 to —27.0 cnrl for Ni—N—C =

are scarce. In the two known examples, the coordination sphereleoo. This effect is just opposite to that observed for copper

around the metal atoms is octahedi@). ( compounds, for which the transoid distortion weakens the
T L antiferromagnetic coupling irrespective of the coordination
NS

calculated coupling constant will be about 30 @ntarger if

position of the bridge. As previously found for copper com-
pounds, the cisoid and transoid distortions of the bridging

L- Ni —— C=N——Ni- L
L/‘ L/‘ cyanide are energetically feasible for moderate values of the
! Ni—N—C angle (Figure 6b) and could be easily induced by
¢ packing forces in the crystal structure.

To check the validity of our computational model, we have
also evaluated the coupling constant for the complete structure
of [Ni(tetren}CN]J®* on its two experimental geometries. In
this case, we have not included the anions in the calculation
since they do not present short distances to the metal centers.
The position of the hydrogen atoms was guessed again by
optimizing them using molecular mechan#ésThe calculated
f:oupling constants for both structures (see Figure 7>&@.5
and—19.8 cn1?, respectively, in excellent agreement with the
experimental ones{24.8 and—24.5 cn1?), showing that the
small structural differences between the two structures have a
minor influence on the overall magnetic behavior.

Since the same cation [Mtetren)CN]3* is present in both
compounds, it is not surprising that both show antiferromagnetic
coupling with nearly identical values & —24.5 and—24.8
cm™1, respectively.

Following the same strategy as with the copper(ll) compounds
above, we adopted a model structug io which all terminal
ligands have been substituted by ammonia molecules. The
structural parameters used in this model are perfect octahedral
angles, log—Ni—Leq= Leq—Ni—Lax= 90° and Lax—Ni—Lax=
18C°, and average bond distancesMem = 2.14 A, Ni-C
= Ni—N = 2.027 A, and &N = 1.164 A. For the ammonia
molecules, N-H = 1.015 A and H-N—Ni = 109 were used.
The calculated coupling constant for this modet-20.6 cntl,
which is in excellent agreement with the experimental values
found for both compounds. We report in this paper the synthesis, crystal structure, and

As for the copper compounds studied previously, we evalu- investigation of the magnetic properties for several new cyano-
ated the coupling constant for various distorted struc- bridged copper(ll) and nickel(ll) homodinuclear complexes.
tures considering both cisoid and transoid distortion modes These species display a large range of compounds with distorted
(20). cyano bridges and various exchange coupling constants. It has

Concluding Remarks
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Figure 6. (a) Effect of the cisoid and transoid distortions (463 on the coupling constar for model structured. (b) Relative energy of the
broken-symmetry configuration for model compouéh the different steps of the cisoid and transoid distortions.

In the case of cyanide ligands linking the two Cu atoms through
their apical positions, the antiferromagnetic coupling is much
more effective than when the cyanide ligand bridges two
equatorial positions. For nickel(ll) compounds, with octahedral
environments around the metal atoms, the exchange coupling
constant is only weakly affected by the experimentally observed
deviations from the ideal coordination geometry. Deviation of
the cyano bridge axis from the line joining both metal atoms,
to give either a cisoid or a transoid geometry, has only a small
effect on the coupling constant. The small energetic penalty
Figure 7. Structure of the [Nitetren)CN]*" cation in the compound  cajculated for these types of distortions is probably the reason
[Niz(tetrenyCN][Cr(CN) ¢]-5H0. they are frequently observed in experimental crystal structures.
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