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Spin Transition in [Fe(DPEA)(NCS),], a Compound with the New Tetradentate Ligand
(2-Aminoethyl)bis(2-pyridylmethyl)amine (DPEA): Crystal Structure, Magnetic Properties,
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The new spin transition compound [RBPEA)(N

CS}], where DPEA [(2-aminoethyl)bis(2-pyridylmethyl)amine]

is a new tetradentate ligand, has been synthesized, and its structure, magnetic propertiesshaddispectra

have been investigated. The crystal structure

has been determined by X-ray diffraction at 298 K. The compound

crystallizes in the monoclinic system, space groupagc, with Z = 4, a = 9.358(1) A,b = 11.812(2) Ac =
17.135(2) A, an@® = 94.5(4¥. The distorted [Fel] octahedron is formed from four nitrogen atoms belonging
to DPEA and two provided by thas thiocyanate groups. The two pyridine rings of DPEA arenier positions.

Each molecule is linked to its neighbors by hydrogen-bonding interactions as well as by numerous van der Waals
contacts supposed to be responsible for the cooperativity of the system. Variable-temperature magnetic susceptibility

measurements (2290 K) have evidenced a relatively abript 2 = S = 0 transition centered &t = 138

K. The thermal variation of the high spin state fraction observed bgsflauer spectroscopy is in agreement
with that obtained from magnetic susceptibility measurements. The fitting"sEbauer and magnetic data with
the Ising-like model allowed us to determine the energy gap between the high-spin and low-spimstates (

835 K) and to estimate the variation of the thermodynamic parameters upon spin transition. The calculated

variations of enthalpyAH = 6.76 kJ mot?) and entropy AS= 49 J mol! K~1) associated with the spin transition

are in agreement with those previously observed for iron(ll) spin-crossover compounds. The spin conversion is

found to be close to a first-order phenomenon.

Introduction

High-spin (HS5T,) = low spin (LS,*A;) transitions in iron-
(I1) compounds have been extensively studied during the last
two decades. Spin transitions can be induced by physical

relate the characteristics of the spin transition to the electronic
and vibrational properties of the considered material and
particularly to its molecular structufe.The sensitivity of the
spin state to small perturbations suggests that new coordination
complexes exhibiting spin transition phenomena could be

perturbations, such as changes in temperature or pressure, anﬁlesigned through a fine tuning of the ligands surrounding the

by lightirradiation. These effects are well documented and have
been summarized in several reviews he current interest in
this phenomenon is due to its possible application to molecular
electronicd and to its implication in certain biological pro-
cesse$. Several theoretical models have been developed to
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metal. According to Toftlundd one of the possible strategies
for engineering such spin transition systems rests on the use of
ligands containing both aliphatic and aromatic nitrogen donor
atoms. The combination in the same ligand of nitrogen atoms
of different nature is expected to generate an intermediate ligand
field force which in turn can produce conditions favoring spin-
state interconversion. Numerous complexes containing such a
combination of ligands have been describg#® Recently, we
have used this approach successfully in the case of a pseudo-

(4) (a) Slichter, C. P.; Drickamer, H. @. Chem. Physl972 56, 2142.
(b) Bari, R. A.; Sivardiee, J.Phys. Re. B 1972 5, 4466. (c) Sasaki,
N.; Kambara, T.J. Phys. Soc. Jprl987 49, 1806. (d) Sorai, M.;
Seki, S.J. Phys. Soc. Jpril972 33, 575. (e) Bolvin, H.; Kahn, O.
Chem. Phys1995 192, 295. (f) Bousseksou, A.; Constant-Machado,
H.; Varret, F.J. Phys. 1 (Fr.)1995 5, 747.

(5) (a) Toftlund, H.; Yde-Andersen, $cta Chem. Scand. 2981, 35,
575. (b) Chang, H. R.; McCusker, J. K.; Toftlund, H.; Wilson, S. R;
Trautwein, A. X.; Winkler, H.; Hendrickson, D. Nl. Am. Chem. Soc.
199Q 112 6814. (b) McCusker, J. K.; Toftlund, H.; Rheingold, A.
L.; Hendrickson, D. NJ. Am. Chem. Sod.993 115 1797. (d) Al-
Obaidi, A. H. R.; McGarvey, J. J.; Taylor, K. P.; Beel, S. E. J.; Jensen,
K. B.; Toftlund, H. J. Chem. Soc. Chem. Comi993 536. (e)
McCusker, J. K.; Rheingold, A. L.; Hendrickson, D. Morg. Chem.
1996 35, 2100. (f) Al-Obaidi, A. H. R.; Jensen, K. B.; McGarvey, J.
J.; Toftlund, H.; Jensen, B.; Beel, S. E. J., Carroll, JIGrg. Chem.
1996 35, 5055.

© 1997 American Chemical Society



2976 Inorganic Chemistry, Vol. 36, No. 14, 1997 Matouzenko et al.

Scheme % Table 1. Crystallographic Data for [Fe(DPEA)(NCS)
O A chem formula @eH1sNsSFe
| + | (i) a A 9.358(1)
N NN T b, A 11.818(2)
NH c A 17.135(2)
2 o, deg 90.0(5)
I X | ~ B, deg 94.5(4)
Z N y, deg 90.0(5)
N (i i) Vv, A 1889(1)
— Z 4
N N _\ fw 414.33
| S ‘ = NH, space group P2i/c
Pz = temp, K 298
A(Cu Ka), A 1.540 56
DPA DPEA Peale, grcm 3 1.457
u, et 85.63

aKey: (i) Zn and AcOH in EtOH, 6670 °C, 40%; (ii) N-(2- R 0.066
bromoethyl)phthalimide in toluene, 15 h reflux; (iii) hydrazine hydrate R, 0.073
in EtOH, reflux, 41%.

. AR = Y(IFol = IFcl)/ZIFol. ® Ry = [SW(IFol — [Fel)¥3W|Fo|Z*2.
Chart 1. Stereoisomers of [Fe(DPEA)(NCS) none of these complexes have been characterized by X-ray
crystallography.

® ®
N N Experimental Section
C—N,,,,_ l ||.__‘\\NCS Tz l”,‘.mNCS Chemistry. All reagents and solvents used in this study are
| _Fe Fe ~ commercially available and were used without further purification. [Fe-
N/ | \NCS X N/ | NCS (py)a(NCS)] (py = pyridine) was prepared according to the described
N | P \/N proceduré? All syntheses involving Fe(ll) species were carried out
“« | in deoxygenated solvents under an inert atmosphere o$§iNg Schlenk

type vessel or glovebox techniques. Elemental analyses (C, H, N, S,
1 mer 2 fac and Fe determinations) were performed at the Service Central de
Microanalyse du CNRS in Vernaison, Francél NMR spectra were
recorded in CDGlon a Bruker AC200 spectrometer operating at 200
MHz.

- : - - Ligand Synthesis. (a) Bis(2-pyridylmethyl)Jamine (DPA). A
octahedral iron(Il) complex of &;-cyclotriveratrylene ligand, mixture of 2-(aminomethyl)pyridine (10.3 mL, 0.1 mol), zinc powder

for which dlffe.rent spin states have been found to coexist in (20 g), and glacial acetic acid (20 mL) in 100 mL of 95% ethanol was
the crystal latticé. ) ) ~ vigorously stirred at 6670 °C under argon. To this mixture, pyridine-

In this paper we report the synthesis of (2-aminoethyl)bis- 2-carboxaldehyde (9.5 mL, 0.1 mol) was gradually added over a period
(2-pyridylmethyl)amine (DPEA), a new tetradentate ligand in of 2 h. Then further amounts of zinc powder (40 g) and glacial acetic
which the conditions mentioned above are fulfilled (Scheme acid (40 mL) were added over a period of 2 h, and stirring at 8D
1). This ligand was converted to the iron(ll) complex [Fe- °C was continued for 5 h. The resulting mixture was allowed to stand
(DPEA)(NCS)] (1) (Chart 1), which showed a sharp spin atroom temperature overnight, and the precipitate was filtered off. The
transition centered at 138 K. The single-crystal X-ray structure, filtrate was evaporated under reduced pressure to a syrup which was
magnetic susceptibility, and Msbauer spectroscopy of this made alkaline with an excess of aqueous NaOH. The organic layer

- - . - was extracted with ether, dried over Mg&S@nd evaporated to give a
complex were investigated, and the spin-state CONVersion wasy . ro..'ail which was distilled to gis 8 g (40%) of a pale yellow
analyzed in the light of_ the I_smg-llk_e_ eler_:_tren_r_lbrat!onal syrup of DPA, bp 139141 °C (1 Torr). *H NMR (CDCL): & 8.52—
model? So far, cooperative spin transitionsdis-diisothiocy- 7.04 (m, 8H, aromatic H's), 3.93 (s, 4H, GH2.55 (s, 1H, NH).
anatoiron(ll) complexes have only been observed in jFelL (b) (2-Aminoethyl)bis(2-pyridylmethyl)amine (DPEA). To a
(NCS),], where L is a bidentate ligand (bipy, phen, efc.Jhe solution of the above DPA (8 g, 0.04 mol) in toluene (50 mL) were
[FeL(NCS)] complexes of tetradentate ligands known before added 5.6 mL (0.04 mol) of triethylamine and 10.2 g (0.04 mol) of
this work mainly give rise to spin equilibrium phenométand N-(2-bromoethyl)phthalimide. The mixture was refluxed under argon
overnight and was then concentrated under reduced pressure. The solid
(6) Matouzenko, G.; Viéot, G.; Dutasta, J. P.; Collet, A.; Jordanov, J.; residue was washed with 50 mL of cold water and then 50 mL of ether,

a0Only 1, where the pyridine ligands are meridionally arranged, was
isolated in this work.

Varret, F., Perrin, M., Lecocq, $ew J. Chem1995 19, 881. to give 7.5 g (50%) ofN-(2-(bis(2-pyridylmethyl)amino)ethyl)-
(7) Bousseksou, A.; Nasser, J.; Linares, J.; Boukheddaden, K.; Varret, F. phthalimide as a beige solid®H NMR (CDCly): ¢ 8.43-7.00 (m,
J. Phys. 1 (Paris}1992 2, 1381. i in
(8) (3) Kénig, E.- Madeja. K. Watson, K. 3. Am. Chem. Sod968 90, 8H, aromatic H's), 7.837.69 (m, 4H, aromatic H's), 3.84 (_s, 4H, GH
~ - . ! 3.84-3.79 (t, 2H, CH), 2.89-2.81 (t, 2H, CH). To this product
1146. (b) Kanig, E.; Madeja, Klnorg. Chem1967, 6, 48. (c) Kinig, ; .
E.; Watson, K. JChem. Phys. Letl97Q 6, 457. (d) Sorai, M.; Seki, dissolved in 50 mL of absolute ethanol was added 0.98 mL (0.02 mol)
S.J. Phys. Chem. Solid€974 35, 555. (e) Kamig, E.; Ritter, G.; Irler, of hydrazine monohydrate. The mixture was refluxed under argon until
w. Chem. Phys. Lettl979 66, 336. (f) Ganguli, P.; Gilich, P, formation of a white gelatinous precipitate. When the formation of
gul:_\?r, F'JWAJHChemCSOZC” Dalt:on _:’fﬁn&%l é‘;;l (gl)ggglgsy the latter appeared complete, it was decomposed by heating with 12
.; Real, J. A. Hauw, C.; Zarembowitch, khorg. Chem. ) e : ;
1152. (h) Claude, R.; Real, J. A., Zarembowitch, J.; Kahn, O.; Ouahab, M HC.:I (8 mL). The preCIplt_ate (phthalyl hydrazide hydrochloride)
L.; Grandjean, D.; Boukheddaden, K.; Varret, F.; Dworkin Jiorg. was filtered off, and thg sol_utlon was concentrated under vacuum. Th_e
Chem.1990Q 29, 4442. (i) Granier, T.; Gallois, B.; Gaultier, J.; Real,  residue was made basic with aqueous NaOH, and the organic material
J. A.; Zarembowitch, Jnorg Chem.1993 32, 5305. (j) Real, J. A.; was extracted with ether. The ethereal solution was dried over KOH
Mufoz, M. K.; Andres, E.; Granier, T.; Gallois, Bnorg. Chem1994 pellets and evaporated under vacuum, to give 4.1 g (41%) of practically
33, 3587. pure DPEA (yellow oil). *H NMR (CDCl): ¢ 8.49-7.04 (m, 8H,

(9) (a) Hagjland, F.; Toftlund, H.; Yde-Andersen,Acta Chem. Scand. A s
1983 37, 251. (b) Toftlund, H.; Pedersen, E.; Yde-AnderserA&a aromatic H's), 3.76 (s, 4H, Chi 2.75-2.55 (m, 4H, CH), 1.45 (s,

Chem. Scand. A984 38, 693. (c) Yu, Z.; Schmitt, G.; Bes, N.; 2H, NH,).
Gltlich, P.J. Phys.: Condens. Mattet995 7, 777. (d) Buchen, T.;
Toftlund, H.; Gitlich, P. Chem. Eur. J1996 2, 1129. (10) Erickson, N. E.; Sutin, Nlnorg. Chem.1966 5, 1834.
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Table 3. Selected Bond Distances (A) for [Fe(DPEA)(NGI3)

Fel-N1 2.115(4) N3-C30 1.353(7)
Fel-N2 2.155(5) N3-C34 1.344(6)
Fel-N3 2.186(4) C36-C31 1.359(8)
Fel-N4 2.177(4) C3:C32 1.349(9)
Fel-N5 2.231(4) C32C33 1.39(1)
Fel-N6 2.215(5) C33C34 1.378(7)
S1-C1 1.690(7) C34C35 1.524(8)
N1-C1 1.029(7) N4-C40 1.341(6)
S2-C2 1.616(5) N4-C44 1.345(7)
N2—C2 1.151(7) C46-C41 1.366(9)
N6—C53 1.507(8) C41C42 1.38(1)
C53-C52 1.453(9) C42C43 1.35(1)
C52-N5 1.480(8) C43-C44 1.394(9)
N5—C35 1.471(7) C44C45 1.495(8)
N5—C45 1.486(8)
2 Estimated standard deviations in the least significant digits are given
Figure 1. Perspective view of the [Fe(DPEA)(NG§)molecule, in parentheses.
¢ - . J\N2 .
;S)?gt\;\ggﬁit)t/he atom-numbering scheme. The ellipsoids enclose SOA)TabIe 4. Selected Angles (deg) for [Fe(DPEA) (NGB)
_ ) _ _ _ N1-Fel-N2 95.6(2) C52-N5—C35 110.0(4)
Table 2. Fractional Atomic Coordinates and Isotropic Equivalent N1—Fel-N6 95.1(2) C52N5—C45 114.0(4)
Displacement Parametébsfor Non-Hydrogen Atoms of N1—Fel-N5 174.1(2) C35-N5—C45 111.0(4)
[Fe(DPEA)(NCS)] N1-Fel-N3 103.5(2) FetN3—C30 127.0(3)
N1—-Fel-N4 104.2(2) FetN3—C34 116.2(3)
atoms x/a yb ac Beq Fel-N6 167.4(2)  C30N3-C34  116.6(4)
Fel 0.05443(7) 0.17248(6)  0.36660(4)  3.39(1) N2—Fel-N5 90.2(2) N3-C30-C31 123.1(5)
S1 0.3293(2)  —0.1638(2) 0.4284(1) 7.31(5) N2—Fel-N3 93.7(2) C36-C31-C32 120.3(6)
N1 0.1546(4) 0.0179(3) 0.4008(3) 4.5(1) N2—Fel-N4 85.6(2) C31+C32-C33 118.4(6)
Cl 0.2242(6)  —0.0486(6) 0.4119(3) 5.3(1) N6—Fel—N5 79.2(2) C32-C33-C34 118.9(5)
S2 0.2782(2) 0.1934(1) 0.12195(8)  5.44(3) N6—Fel-N3 90.3(2) N3-C34-C33 122.7(5)
N2 0.1119(5) 0.1668(4) 0.2473(3) 5.6(1) N6—Fel—N4 85.3(2) N3-C34-C35 114.6(4)
C2 0.1812(5) 0.1786(4) 0.1953(3) 4.1(1) N5—Fel-N3 75.2(1) C33-C34-C35 122.7(5)
N6 —0.0003(6) 0.2190(4) 0.4859(3) 4.4(1) N5—Fel—N4 77.0(1) N5-C35-C34 109.6(4)
C53 —0.0362(7) 0.3433(6) 0.4864(4) 5.8(2) N3—Fel-N4 152.2(1) Fe+N4—C40 126.1(4)
C52 —0.1233(7) 0.3717(5) 0.4152(4) 5.7(1) Fel-N1-C1 166.2(5) FetN4—C44 115.0(3)
N5 —0.0606(4) 0.3356(3) 0.3425(2) 4.09(9) S1-C1-N1 176.1(6) C46-N4—C44 119.0(4)
N3 —0.1681(4) 0.1239(3) 0.3355(2) 3.92(9) Fel-N2—C2 158.2(4) N4-C40-C41 123.1(6)
C30 —0.2321(6) 0.0255(5) 0.3531(3) 4.7(1) S2-C2—-N2 179.2(5) C46-C41-C42 117.6(6)
C31 —0.3747(7) 0.0061(6) 0.3375(4) 5.6(1) Fel-N6—C53 108.4(4) C44C42-C43 120.4(7)
C32 —0.4595(7) 0.0860(6) 0.3017(4) 6.0(2) N6—C53-C52 109.3(5) C42C43-C44 119.6(7)
C33 —0.3975(5) 0.1882(6) 0.2823(3) 5.2(1) C53-C52-N5 114.0(5) N4-C44—-C43 120.3(5)
C34 —0.2527(5) 0.2036(4) 0.3000(3) 4.1(1) Fel-N5—C52 108.1(3) N4 C44—C45 117.1(5)
C35 —0.1753(7) 0.3124(5) 0.2809(4) 5.3(1) Fel-N5-C35 106.6(3) C43C44—C45 122.5(5)
N4 0.2242(4) 0.2979(3) 0.3848(2) 3.88(9) Fel-N5—C45 106.7(3) N5-C45-C44 111.6(5)
C40 0.3544(5) 0.2805(6) 0.4213(3) 4.8(1) _ S o o )
c41 0.4563(7) 0.3631(7) 0.4307(4) 6.4(2) ) a Estimated standard deviations in the least significant digits are given
C42 0.4212(8) 0.4694(8) 0.4014(4) 7.1(2) in parentheses.
c43 0.2891(8) 0.4899(6) 0.3669(4) 5.9(2)
C44 0.1898(6) 0.4021(5) 0.3580(3) 4.5(1) a sample of 100 mg of microcrystalline powder enclose@i2 cm
C45 0.0461(7) 0.4163(5)  0.3145(4)  5.8(2) diameter cylindrical plastic sample holder, the size of which had been
aEstimated standard deviations in the least significant digits are given determined to optimize the absorption. Variable-temperature spectra
in parenthese®.Beg = 4533 Biaa;. were obtained in the 88305 K range, by using a MD306 Oxford

cryostat, the thermal scanning being monitored by an Oxford ITC4
servocontrol device#0.1 K accuracy). A least-squares computer

Complex Synthesis. To 10 mL of a solution of [Fe(pyfNCS ) . .
P y [Fe(pyl ) program was used to fit the Mebauer parameters and determine their

(48.8 mg, 0.1 mmol) in methanol was added 5 mL of an ethanol solution o L - . .
containing 24.2 mg (0.1 mmol) of DPEA. The resulting green brown standarq deV|at|ons. of statistical origin (given in parenthekes).
solution was allowed to stand overnight at room temperature, to give  Solution and Refinement of the X-ray Structure. The structure
yellow brown prismatic crystals dfwhich were collected by filtration, ~ ©f the above described complex was determined at room temperature
washed with ethanol, and dried under vacuum. The crystal used in (& 298 K). The crystal was sealed in a Lindemann capillary and
the X-ray structure determination was selected from this sample. Anal, Mounted on a four-circle diffractometer (CAD4 Enraf-Nonius) with
Calcd for GgHiNeSFe: C, 46.38; H, 4.38: N, 20.28: S, 15.48: Fe, Cu anticathode and graphltg mor_lochromator. Crystal data and refine-
13.48. Found: C, 46.20: H, 4.52: N, 20.01: S, 15.59: Fe, 13.13. ment results are summarized in Table 1. Cell parameters were
Physical Measurements. Magnetic MeasurementsMagnetic determined from 25 reflections witth2angles between 6.4 and 51.5

susceptibilities were measured in the temperature rang@@DK with Three reflections were measured gvérh as acontrol of the crystal

: ; . lity and every 100 reflections as an intensity control. The 7903
a fully automated Manics DSM-8 susceptometer equipped with a TBT quaity )
continuous-flow cryostat and a Drusch EAF 16 UE electromagnet reflections were measured and mergBd+(0.046). The 3566 unique

operating at ca. 1.7 T. Data were corrected for magnetization of the Leﬂﬁct;]qns were uszdt n thr? retfltr;]enjr‘]etntr.] ?[_he frsilbagkarg?_Sﬁppr:ﬁd |
sample holder and for diamagnetic contributions, which were estimated y Nonius was used to correct the Intensities irom absorption and usua
from the Pascal constants. - -

(11) Varret, FProceedings of the International Conference ordstoauer

Massbauer Sp(_actra.The varlable-temperatun_a Msbauer measure- Effect Applications.Jaipar, India, 1981; Indian National Science
ments were obtained on a constant-acceleration spectrometer with a Academy: New Delhi, 1982.

25 mCi source of’Co (Rh matrix). Isomer shift values (IS) are given  (12) Frenz, B. A.Stucture determination packaggnraf-Nonius: Delft,
with respect to metallic iron at room temperature. The absorber was The Netherlands, 1982.




2978 Inorganic Chemistry, Vol. 36, No. 14, 1997 Matouzenko et al.

Figure 2. Stereoview of the packing diagram for [Fe(DPEA)(NgES)

Lorentz polarization; MULTANS was used to solve the structure by  betweencis nitrogen atoms are found in the range 75.2(1)
use of direct methods, and the “SHELX-76" progfdiwas used for 104.2(2¥, and those betweeimans nitrogen atoms are in the
the refinement by full-matrix least-squares methods. Non-hydrogen range 152.2(1)174.1(2Y; these values strongly deviate from
atoms were refined anisotropically, and all hydrogen atoms were refined the values of 90 and 180 that would be observed in an ideal
isotropically. Hydrogen coordinates, anisotropic thermal parameters octahedron. This severe distortion of the [lEebre from Oy,
of non-hydrogen atoms, remaining bond distances and angles, and least- . . . .
square planes are deposited as Supporting Information. Symmetry_ IS _certalnly due to the Ster_lc Constralljts_ caused by
the coordination of the tetradentate ligand. A similar feature
Results has been observed for high-spin complexes PKNRCS)]

. . containing bidentate ligand&:1> The NCS groups are almost
Ligand and Complex Syntheses.The new ligand DPEA linear (N1-C1-S1 = 176.1(6}, N2—C2—S2 = 179.2(5}),

was obtained in ca. 16% overall yield by the straightforward T : z
synthesis shown in Scheme 1. The Schiff base formed in situ g?iefgggi;e'\éeg\:gfg%ei alrg8a.1§(p4r)<,-:‘)c.;|ably bent (Fii1
from pyridine-2-carboxaldehyde and 2-(aminomethyl)pyridine Stereochemi,st The tetradentate lioand DPEA bein
was reduced to the corresponding amine (DPA) in the Presence oordinated to tk?é iron(ll) atom forms t%\ree five-membergd
of zinc powder and acetic acid (40%). Then reaction of DPA chelate rinas. One of these rinas includes the aliphatic
with N-(2-bromoethyl)phthalimide followed by hydrazinolysis == diamﬁlné fratment: the Othergtwo contain the ( pri vl
provided the tetradentate ligand DPEA (41%) as a yellow syrup, methyl)amino rougs of t'he licand. Models show thatpi)r: th)i/s
essentially pure for the next step. The desired complex [Fe- octah%adral cor‘r% Ieftheis arrar? em.ent of two NCS arouns is
(I?TFEA(‘)(N;(:S%];QSS ot;taé)nslcEiAby mixiggleqqimolem;lar ar;:ounlts the only one pcl?ssible The p?/ridine rings of the I%gan[()j can
of [Fe(py an in a 2:1 mixture of methano ; A .

and ethanol from which crystals suitable for the physical studies have either meridional or facial arrangemehad2, respec-

were obtained. These crystals were not solvated, and theirg\éﬁ:y’le'z (Clr:gsirviﬁle-li—rr\]t% ];Calxiltig:rr]?arr]g)evamgtr;:ﬁ;?ngrﬁjr;gggl
elemental analysis (C, H, N, S, Fe) was consistent with the P ’

expected composition. merdionally aranged was solated in ths work. This aohira
Description of the Structure. The complex [Fe(DPEA)- y 9 :

(NCS) aysalizes n e ol spacegrogc (2 = £2TEIY 10w 2 el Sl 1 e S e e o
4). The perspective view of the molecule is shown in Figure 1

and corresponds to structutein Chart 1. Fractional atomic rgz[?e";:;yfi Iﬁéggg dlgr:zéflr/]?ﬁgg dceed”é\évr%oﬁi;:tigazin;ige(g/ ure
coordinates and selected bond lengths and angles are given i 9 9

Tables 2-4, respectively. ) . . . .

[FeNg] Octahedral Geometry. Two of the six nitrogen Crystal Packing. Figure 2 d'SP'ays a stereoview of the
atoms coordinated to the Fe(ll) center belong to tie crystal structure ofl. The packing consists of layers _of
thiocyanate groups and four belong to the tetradentate ligand.Molecules parallel to thbe plane. In each layer the cohesion
The latter is coordinated by its two pyridine nitrogen atoms in IS due to weak hydrogen bonds involving hydrogens H60 and
apical position and by two aliphatic amino groups in adjacent H61 of the amino group N6, which are linked to the thiocyanate

position. The FeN distances involving the thiocyanate groups Sulfur atoms belonging to two different adjacent molecules.
(Fe-N1 = 2.115(4) A, Fe-N2 = 2.155(5) A) are shorter than Between the layers, in theedirection, cohesion is achieved by
those involving the p)}ridine rings (FN3 = 2.186(4) A, Fe- van der Waals interactions. The hydrogen bonds data and the
N4 = 2.177(4) A) and the aliphatic amino groups fFN5 - intermolecular distances shorter than 3.70 A are listed in Tables

2.231(4) A, FeN6 = 2.215(5) A). The N-Fe-N angles > and 6, respectively.

Magnetic Susceptibility Data. Variable-temperature mag-
(13) Main, P.; Fiske, S. J.; Hull, S. E.; Lessinger, L.; Germain, G.; Declercq, Netic susceptibility data were collected in both cooling and
J. P.; Woolfson, M. MMULTAN 80, A System of Computer Programs warming modes in the range 2@90 K. The magnetic

for the Automatic solution of Crystal Structure from X-ray Diffraction
Data; University of York, England, and University of Louvain,
Belgium, 1980. (15) (a) Roux, C.; Zarembowitch, J.; Gallois, B.; Granier, T.; Claude, R.

(14) Sheldrick, G. MSHELX-76 Computer Program for Crystal Structure Inorg. Chem.1994 33, 2273. (b) Real, A.; Zarembowitch, J.; Kahn,
Determination University of Cambridge: Cambridge, England, 1976. 0.; Solans, XlInorg. Chem.1987, 26, 2939.
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Table 5. Interatomic Distances (A) and Angles (deg) for the 100

Hydrogen-Bonding Interactions in [Fe(DPEA)(NGB)

D—H--A D-H  H-A DA  D-H-A =11 230K
N6—H61---S1° 0.76(6) 2.84(6) 3.58(1) 165(5) 98.27]
N6—H60---S2 0.95(5) 2.63(6) 3.51(2) 156(5) 100 ]

aEstimated Standard deviations in the least significant digits are o] 150K
given in parenthese8.Symmetry operations: N6S1,—x, =y, —z +
1; N6-+-S2,+X, =y + Y, + 2+ Y. 98

Table 6. Intermolecular Contacts (A) shorter than 3.78 A

2
i

> 7
atoms sym operators translations dist 9100‘

CL-N6  —x -y 2z 001 3.47(0) Fe) 140K

C1---C35 X, +y+ Yy —z+ Y, 0,—-1,0 3.68(1) 14

N2:::C45  —x, +y+ Yo, —z+ Yy 0,-1,0  3.43(1) 9*L

C31:-:C43  —X,+y+ Uy —z+, 0,—-1,0 3.65(1) 0,1

C33+C43  —x,+y+Y—z+1Y, 0,-1,0  3.66(1) < g

C32-:C43  —X,+y+1Up —z+; 0,—-1,0 3.59(1) * 435K

S2---C53 +X =y + Y +z+ Y, 0,0,—-1 3.62(1) 98

S2---C40 +X=y+Y +z+ Y, 0,0,—-1 3.57(1) o7

C32--C40 +x+y +z -1,0,0 3.61(1)

C33::C40 +x,+Vy,+z -1,0,0 3.62(1) >

C33-:C41 +x+y, +z -1,0,0 3.62(1) 100

C41:--C42  —x,—Yy,~z 1,1,1 3.60(1) 03 80 K :

C42--C42  —x,—y, 2 1,1,1 3.65(1)

96
a Estimated standard deviations in the least significant digits are given
in parentheses. 94|

924

=

4
T
3.5F 00002090000 o -4 VELOCITY(mm/s) +4
: g Figure 4. Selected Mesbauer spectra of [Fe(DPEA)(NGR)btained
& 3 3 S in the cooling mode. The solid lines represent fitted curves.
ps C °
g 2S¢ S complete. In the warming mode the same magnetic behavior
"’g 2 b as in the cooling one was observed and no thermal hysteresis
; ° was detected.
® 1.5F © Mossbauer Spectroscopy. The Mtssbauer studies were
°© performed between 80 and 305 K. Representativasiauer
LE 8 spectra of [Fe(DPEA)(NCg)obtained in the heating mode are
0.5 3 s shown in Figure 4. The low- and the high-temperature main
: 3 doublets are typical for high-spin and low-spin iron(ll), respec-
TR AL R o U R S tively. The isomer shift (IS) values are 0.507(7) mni at 80
0 50 100 150 200 250 300 K and 1.169(1) mm s at 305 K. The quadrupole splitting

(AEg) values are in agreement with those previously observed
for iron(Il) spin-crossover compound?. At intermediate tem-
peratures the contributions of the two spin states are well
. . resolved and the spectra consist of two doublets in thermal
properties of compled in _the form ofyuT vs T are presente(_j equilibrium with each other. No spectrum deformation or line
in Figure 3. The magnetic measurements revealed a rela'uvelybroaolening was observed in this temperature range 386

T (K)
Figure 3. Thermal variation ofymT for [Fe(DPEA)(NCS)].

ab_rupt Spin transition between the high spg 2) and low K), indicating that the LS= HS conversion rates are slow
spin = 0) s_,tates of the complex. At_rloom temperature (290 compared to the hyperfine frequenciesL(f s-3).16 The 80 K
K) the magnitude ofT (3.56 cn? mol™ K; pert = 5.3618) spectrum evidences the absence of residual high-spin fraction,

corresponds to a quintet spin state. This value sIc_:wa decre_ase%vh”e the 305 K spectrum indicates the presence of a small
Epon cooygg tod15lgOKkth_(la_hsharp Spin conversion ogt_curnng residual low-spin fraction (6(1)%). Detailed values of the

etween and .« - [he spin trans!t|on temperatuze . Mdssbauer parameters resulting from the least-squares fitting
(temperature for which the high-spin fraction is equal t0 0.5) IS cequres are listed in Table 7 for a representative set of
found at 138 K, with 55% of the spin transition taking place temperatures
within 10 K (140-130 K). This magnetic behavior implies that The nus values obtained through magnetic susceptibility
a relatively high cooperativity between molecules exists in the measurements were calibrated with the 29B(~Aug/Awy)

of,
gggs'rts:).lfklow te_mopggatu)rew(ﬁghﬁ)stgss\éatlg?g—e rtee?sh:rsat%rle- value obtained from the Misbauer measurements. The thermal
ind d t(/‘e“_ : ”‘i.’ | ted for | peratur variation of nys resulting from the magnetic susceptibility
Independent paramagnetism value expected Tor Iow-spin Iron- ¢ rements (see Figure 5) agrees perfectly with that obtained
(Il) complexes. Although this value could also be explained from the M&ssbauer study. Figure 5 clearly shows that the spin-
9 igh-spin i i SO : : .

by the presence of ‘?bOUt 2.5% of h'g.h spin iron(ll) fraction, state conversion is relatively steep and achieved essentially
the absence of residual paramagnetism at low temperature
revealed by MGSba.uer speciroscopyide infra) as well as the (16) (a) Adler, P.; Hauser, A.; Vefn, A.; Spiering, H.; @Bch, P.Hyperfine
closeness of experimenta T to the expected value for a pure Interact. 1989 47, 343. (b) Adler, P.; Spiering, H.; Giich, P. J.Chem.
singlet spin state suggests that the spin transition is indeed quasi  Phys. Lett.1994 226, 289.
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Table 7. Least-Squares-Fitted \sbauer Dat& for [Fe(DPEA)(NCS})]

Matouzenko et al.

low-spin state

high-spin state

T (K) IS (mm s?) AEQS (mm s) /2 (mm s?) IS (mm s?) AEQHS (mm sh) /2 (mms?) A/ Aot (%)
80 0.505(1) 0.382(1) 0.115(1) 0
135 0.488(1) 0.378(2) 0.117(1) 1.073(4) 2.04(1) 0.135(6) 23
140 0.487(1) 0.390(2) 0.119(1) 1.079(1) 2.000(2) 0.137(2) 51
150 0.462(3) 0.413(4) 0.126(3) 1.073(1) 1.951(2) 0.136(1) 80
230 0.375 0.4 0.23(5) 1.032(1) 1.687(2) 0.126(1) 95

1S, isomer shift AEq, quadrupole splittingl", half-height width of the lineAus/Awt, area ratio® With their statistical standard deviations given
in parentheses; italicized values were fixed to the fit; isomer shift values refer to metallic iron at 380 Base-line-corrected data area.
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Figure 5. Thermal variation of the high-spin fractiomds) of [Fe-
(DPEA)(NCS}]. Open and black circles correspond to magnetic
susceptibility and to Mesbauer spectroscopy data, respectively. The
solid line represents a least-squares fit with the two-level Ising-like
model.

between 130 and 150 K. The spin transition temperaflirg,

is close to 138 K. The transition temperatdrg, found from
the Mtssbauer spectroscopy is identical with that given by
magnetic measurements.

Discussion

The new spin transition complex [Fe(DPEA)(NGJS{1)
illustrates the interest of using ligands that combine aliphatic

100
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TNy
[

q
—
m

0.01F

1 1 . | 1 L L 1 2 1
0.004 0.006 0.008 0.01 0.012 0.014
UT(K Y

Figure 6. Arrhenius plot of the eqilibrium constant obtained by
Méssbauer spectroscopy for [Fe(DPEA)(NES)

0.001

the opening of the Fe(NCgsangle (95.6(2) with respect to a
value close to 90that would be expected in an unstrained
complex.

A series ofcis-diisothiocyanatoiron(ll) complexes with tet-
radentate ligands of the bis(2-pyridylmethyl)diamine and tris-
(2-pyridylmethyl)amine (TPA) types has been described by
Toftlund et al® These complexes display either temperature-
dependent spin equilibrium®T, == !A;) or a temperature-
independent spin state (high spin or intermediate). In the last
case the high-spin state is stabilized by the presence in the
ligands of methyl substituents in proximity of the nitrogen donor

and aromatic nitrogen donor atoms in their structure to design atoms. The TPA ligand differs from the DPEA ligand by the
compounds presenting spin-state transformations. Numerousreplacement of a 2-aminoethyl group by a 2-pyridylmethyl

complexes with bidentat€, tridentate'® tetradentaté, and
hexadentaf¢:° ligands that meet this requirement have been
described. The [Fe(DPEA)(NCg)xomplex discussed here is
the first structurally characterized representative of the family
of Fe(ll) cis-diisothiocyanato complexes with tetradentate
ligands? Thecis configuration of the NCS groups is required
to avoid the important strain that would result from three
meridionally fused chelates. Among diisothiocyanatoiron(ll)
spin transition complexes only two examples tcdns NCS
groups are known, one with monodentate ligdpttnd another
with bidentate bridging ligand$. Nevertheless, there is still
some strain in the [Fe(DPEA)(NC$xromplex, as judged from

(17) (a) Renovitch, G. A.; Baker, W. A. Am. Chem. So&967, 89, 6377.
(b) Baker, A. T.; Goodwin, H. AAustr. J. Chem1984 37, 1157.

(18) (a) Boylan, M. J.; Nelson, S. M.; Deeney, F.JAChem. Soc. A971,
976. (b) Goodwin, H. A.; Mather, D. WAustr. J. Chem1974 27,
965. (c) Kinig, E.; Ritter, G.; Irler, W.; Goodwin, H. AJ. Am. Chem.
Soc.198Q 102, 4681. (d) Kmig, E.; Ritter, G.; Kulshreshtha, S. K;
Waigel, J.; Goodwin, H. Alnorg. Chem.1984 23, 1896.

(19) (a) Vreugdenhil, W.; Haasnoot, J. G.; Kahn, O.; Thuery, P.; Reedijk,
J.J. Am. Chem. S0d.987 109 5272. (b) Vreugdenhil, W.; Diemen,
J. H.; Graaff, R. A. G. de; Haasnoot, J. G.; Reedik, J.; Kraan, A. M.
van der; Kahn, O.; Zarembowitch, Bolyhedron199Q 9, 2971.

fragment. The magnetic behavior of the [Fe(TPA)(NES)
complex in the temperature range-7300 K is characterized

by a gradual conversion from high to low spin starting
immediately below room temperature, whereas for the present
[Fe(DPEA)(NCS)] complex there is no noticeable increase of
the low-spin state fraction down to about 170 K. This is
certainly in line with the decrease of the ligand field strength
in DPEA due to the substitution of one aliphatic nitrogen atom
for an aromatic one in the TPA ligand, resulting in a 2:2
aliphatic:aromatic ratio in the former vs 1:3 in the latter. The
much more abrupt character of the spin transition in [Fe(DPEA)-
(NCS)] than in [Fe(TPA)(NCS) indicates that a higher degree

of cooperativity exists in the former. The Arrhenius plot of
the equilibrium constant{eq = Nng/(1 — nus)) obtained from
Mdéssbauer spectroscopy for [Fe(DPEA)(NES$ shown in
Figure 6. It can be clearly seen that the spin conversion is
cooperative. The reversed S shape observed is a signature of
the departure from an ideal solution behavior (linear pdt).
The data assembled in Tables 5 and 6 show that, among the six

(20) Lemercier, G.; Bousseksou, A.; Seigneuric, S.; Varret, F.; Tuchagues,
J. P.Chem. Phys. Lettl994 226, 289.
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nitrogen atoms connected to the metal center, only the aliphatic The calculated variations of enthalpy and entropy fall within
ones N2 and N6 participate in the intermolecular interactions, the limits AH ~ 6—15 kJ molt andAS~ 37—65 J K1 mol~!

the pyridinic N3 and N4 being protected by the aromatic rings. found for mononuclear iron(ll) spin transition compounds from
The hydrogen bonds involving the N6 atom, which cannot occur calorimetric measuremer#®? In spite of the absence of thermal

in the [Fe(TPA)(NCS) complex, possibly represent the most  hysteresis, evidenced by the magnetic measurements in cooling
important channel responsible for the cooperativity in complex and heating modes, the value of the rafigo/Tiz = 0.9

1, others being provided by the intermolecular<C contacts. indicates that the spin-state conversiorLiis close to a first-
We also suspect that the flexibility of the ligand amino aliphatic order spin-state transition for Whiood T2 = 122 It suggests
chain can contribute to the cooperativity effects. that small structural or chemical modifications of the [Fe-

Thenys fraction obtained from Mssbauer data could be fitted  (ppEA)NCS)] complex could lead to a first-order transition.
by the mean-field equation of the two level Ising-like mddel  gygies of new systems that involve either modifications of the

formally equivalent to the macroscopic motiét (Fig'ure 5). polydentate ligand or replacement of the two NCS groups by
The parameter values for the best least-squares fiafe= bidentate ligands are in progress

835 K, Jeoop= 124 K, andresr = 391; Jeoopis the ferromagnetic-
like intermolecular coupling parameter (cooperativity param- Acknowledgment. We are grateful to the CNRS, Parte-

eter)] Aett = Ens — ELs is the energy splitting of two levels of  ment des sciences chimiques, for a grant to G.M.
a fictious spint1, andre = gug/gLs is the ratio of effective

degeneracies of electrewibrational levels in high-spin and Supporting Information Available: A full presentation of crystal-
low-spin stated’2! With the values of the parameterg; and lographic data and experimental parameters for [Fe(DPEA)(NCS)
Aest and using the formal relationship between the macroscopic (Table S1), general displacement parameter expressions, B's (Table
(entropy and enthalpy) and microscopic parametégs and S2), positional parameters and isotropic displacement parameters for
rer), we can thus estimate the molar entropy and enthalpy the hydrogen atgms (Table S3), bond distances and angles (Tables S4
changes upon spin-state conversioMA&= R In ref = 49 J and S5, respectively), and least-squares planes (Table S5) (6 pages).
K~L mol~! and AH = NAgy = 6.76 kJ mot™. Ordering information is given on any current masthead page.
1C9615133

(21) (a) Bousseksou, A.; Nasser, J.; Linares, J.; Boukheddaden, K.; Varret,
F. Mol. Cryst. Lig. Cryst.1993 243 269. (b) Bousseksou, A. Ph.D.
Thesis, UniversitéParis 6, 1992. (22) Wajnflasz, J.; Pick, RJ. Phys. C1971, 32, 1.




