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Iron(ll) poly(pyrazolyl)borate complexes have been investigated to determine the impact of substituent effects,
intramolecular ligand distortions, and intermolecular supramolecular structures on the spin-state crossover (SCO)
behavior. The molecular structure of Fe[HB(3,4,5-Mespz)s], (pz = pyrazolyl ring), a complex known to remain high
spin when the temperature is lowered, reveals that this complex has an intramolecular ring-twist distortion that is
not observed in analogous complexes that do exhibit a SCO at low temperatures, thus indicating that this distortion
greatly influences the properties of these complexes. The structure of Fe[B(3-YPrpz)4],-(CHsOH) (¥Pr = cyclopropyl
ring) at 294 K has two independent molecules in the unit cell, both of which are high spin; only one of these
high-spin iron(ll) sites, the site with the lesser ring-twist distortion, is observed to be low-spin iron(ll) in the 90 K
structure. A careful evaluation of the supramolecular structures of these complexes and several similar complexes
reported previously revealed no strong correlation between the supramolecular packing forces and their SCO behavior.
Magnetic and Mossbauer spectral measurements on Fe[B(3-%Prpz)s], and Fe[HB(3-%Prpz)s], indicate that both
complexes exhibit a partial SCO from fully high-spin iron(ll) at higher temperatures, respectively, to a 50:50 high-
spin/low-spin mixture of iron(ll) below 100 K. These results may be understood, in the former case, by the differences
in ring-twisting and, in the latter case, by a phase transition; in all complexes in which a phase transition is observed,
this change dominates the SCO behavior. A comparison of the Mossbauer spectral properties of these two complexes
and of Fe[HB(3-Mepz)s], with that of other complexes reveals correlations between the Mdssbauer-effect isomer
shift and the average Fe—N bond distance and between the quadrupole splitting and the average FeN—NB intraligand
dihedral torsion angles and the distortion of the average N—Fe—N intraligand bond angles.

Introduction temperature/pressure threshold indicators, and as optical
elements in display devicésSCO iron(ll) complexes that
contain the FeRlcoordination environment are, by far, the
most studied for these applications. Thus, the SCO behavior

Octahedral iron(Il) complexes that undergo a spin-state
crossover (SCO) between the highly colored low-si#in
(t2%e5*0) state and the typically colorless or lightly colored

high-spin®T (tzg'es*?) staté have potential applications as (1) (a) Real, J. A.; Gaspar, A. B.; Niel, V.; Moa, M. C.Coord. Chem.
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Spin-State Crosseer in Iron(ll) Tris(pyrazolyl)borates

of iron(ll) derivatives of triazole$ tetrazoles,isoxazole$,
polypyridyls; picolylamines? cyanopyridines, poly(pyra-
zolyl)borates? and some pyrazolyl/pyridyl mixed-ligand

the SCO behavior. This promise is facilitated by the synthetic
simplicity of, and nearly endless possibilities for, modifica-
tion of the scorpionate backbok®&The SCO behavior of

complexe&' has been reported. One goal of this research is these iron(ll) scorpionates has been the subject of a recent

to discover ways to control the SCO behavior such that

review!4 Since publication of this review, some of us have

materials with determined properties can be designed forreported interesting new observations regarding the differing

different, specific applications. Unfortunately, the field of
engineering SCO materials is still in its infancy, and although
new systems are still being discovered, relatively fewer
systematic studies aimed at elucidating both molecarat

supramolecular aspects of SCO behavior have eméfged.

Iron(ll) SCO complexes with the tris(pyrazolyl)ymethane

SCO behavior for polymorphs of FeH{CesH.)B(3-Mepz)]»
(pz = pyrazolyl ring}® and of derivatives in which the iodide
group is substituted by designed organic groups, such as in
Fe[(p-PhG=CCeH4)B(3-Mepz}]».1® One goal of these studies
was to demonstrate that, by manipulating the crystal packing
environment of very similar (or even the same) iron(ll)

and the tris(pyrazolyl)borate ligands, two common classes complexes, the SCO behavior could be fine-tuned. Thus, it

of scorpionate ligand® are promising because they permit
a systematic study of the influence of ligand substitution upon

(4) (a) Roubeau, O.; Gomez, J. M. A,; Balskus, E.; Kolnaar, J. J. A;;
Haasnoot, J. G.; Reedjik, New. J. Chen001, 25, 144. (b) Kolnaar,

J. J. A;; De Heer, M. |.; Kooijman, H.; Spek, A. L.; Schmitt, G.;
Ksenofontov, V.; Gtlich, P.; Haasnoot, J. G.; Reedijk,Bur. J. Inorg.
Chem.1999 5, 881. (c) Garcia, Y.; van Koningsbruggen, P. J,;
Codjovi, E.; Lapouyade, R.; Kahn, O.; Rabardel JLMater. Chem.
1997 7, 857.

(5) (@) Grunert, C. M.; Schweifer, J.; Weinberger, P. W.; Linert, W.;
Mereiter, K.; Hilscher, G.; Muller, M.; Wiesinger, G.; van Konings-
bruggen, P. dnorg. Chem2004 43, 155. (b) Stassen, A. F.; Roubeau,
O.; Ferrero Gramage, |.; Linares, J.; Varret, F.; Mutikainen, I.;
Turpeinen, U.; Haasnoot, J. G.; ReedijkPalyhedron2001, 20, 1699.

(6) Hibbs, W.; van Koningsbruggen, P. J.; Arif, A. M.; Shum, W. W.;
Miller, J. S.Inorg. Chem.2003 42, 5645.

(7) (a) Moliner, N.; Muoz, M. C.; Letard, S.; Salmon, L.; Tuchagues,
J.-P.; Bousseksou, A.; Real, J. lorg. Chem.2002 41, 6997. (b)
Moliner, N.; Salmon, L.; Capes, L.; Mz, M. C.; Tuchagues, J.-P.;
Bousseksou, A.; McGarvey, J. J.; Dennis, A. C.; Castro, M.; Burriel,
R.; Real, J. AJ. Phys. Chem. BR002 106, 4276. (c) Real, J. A,;
Mufioz, M. C.; Faus, J.; Solans, Xorg. Chem1997, 36, 3008. (d)
Miller, E. W.; Spiering, H.; Gtlich, P. Chem. Phys. Letfl982 93,
567. (e) Kmig, E.; Madeja, K.; Watson, K. J. Am. Chem. So&968
90, 1146.

(8) Spiering, H.; Meissner, E.; Kmpen, H.; Miler, E. W.; Gitlich, P.
Chem. Phys1982 68, 65.

(9) Galet, A.; Niel, V.; Mdoz, M. C.; Real, J. AJ. Am. Chem. Soc.
2003 125, 14227.

(10) (a) Oliver, J. D.; Mullica, D. F.; Hutchinson, B. B.; Milligan, W. O.
Inorg. Chem198Q 19, 195. (b) Jesson, J. P., Trofimenko, S.; Eaton,
D. R.J. Am. Chem. S0d.967, 89, 3158. (c) Jesson, J. P.; Weiher, J.
F. J. Chem. Phys1967, 46, 1995. (d) Jesson, J. P.; Weiher, J. F,;
Trofimenko, S.J. Chem. Phys1968 48, 2058.

(11) (a) Leita, B. A.; Moubaraki, B.; Murray, K. S.; Smith, J. P.; Cashion,
J. D.Chem. CommurR004 156. (b) Sugiyarto, K. H.; McHale, W.-
A.; Craig, D. C.; Rae, A. D.; Scudder, M. L.; Goodwin, H. Balton
Trans, 2003 2443. (c) Manikandan, P.; Padmakumar, K.; Thomas,
K. R. J.; Varghse, B.; Onodera, H.; Manoharan, PInbrg. Chem.
2001, 40, 6930. (d) Holand, J. M.; McAllister, J. A.; Lu, Z.; Kilner,
C. A; Thornton-Pett, M.; Halcrow, M. AChem. Commur2001, 577.
(e) Suemara, N.; Ohama, M.; Kaizaki, &hem. Comm 2001
1538.

(12) See for example: (a) Ksenofontov, V.; Gaspar, A. B.; Levchenko,
G.; Fitzsimmons, B.; Gilich, P.J. Phys. Chem. B004 108 7723.
(b) Thompson, A. L.; Goeta, A. E.; Real, J. A.; Galet, A.; ManM.
C. Chem. Commur2004 1390. (c) Marchivie, M.; Guionneau, P.;
Létard, J.-F.; Chasseau, [cta Crystallogr.2003 B59 479. (d)
Matouzenko, G. S.; Bousseksou, A.; Lecocq, S.; van Koningsbruggen,
P. J.; Perrin, M.; Kahn, O.; Collet, Anorg. Chem.1997, 36, 5869.
(e) Sugiyarto, K. H.; Craig, D. C.; Goodwin, H. Aust. J. Chem.
1996 49, 497. (f) Konno, M.; Mikami-Kido, M.Bull. Chem. Soc.
Jpn. 1997 64, 339. (g) Ozarowski, A.; McGarvey, B. R.; Sarkar, A.
B.; Drake, J. Elnorg. Chem.1988 27, 628. (h) Kmig, E.; Madeja,
K.; Watson, K. J.J. Am. Chem. Sod 968 90, 1146. (i) Kaig, E.;
Madeja, K.Inorg. Chem.1967, 6, 48. (j) Guionneau, P.; ltard, J.-
F.; Yufit, D. S.; Chasseau, D.; Bravic, G.; Goeta, A. E.; Howard, J.
A. K.; Kahn, O.J. Mater. Chem1999 9, 985.

(13) (a) Trofimenko, SJ. Am. Chem. Sod966 88, 1842. (b) Trofimenko,
S.Scorpionates: The Coordination Chemistry of Polypyrazolylborate
Ligands Imperial College Press: London, 1999.

was found that noncovalent interactions, suchmasr,
CH---t, and other weak hydrogen-bonding interactions, such
as CH-halide interactions, provided a means for controlling
the SCO temperature and could even be exploited to prevent
the crossover from occurring at low temperatures. In addition,
the earlier work® demonstrated that in F{HC=CCsH,)B-
(3-Mepz)],, which has two crystallographically independent
but supramolecularly similar molecules per unit cell, ligand
distortions, such as twisting of the pyrazolyl rings, can play
a critical role in determining the temperature at which SCO
occurs.

With these observations in mind, we have re-examined
the SCO behavior of many related iron(ll) poly(pyrazolyl)-
borate complexes in greater detail with respect to the
substituents effectd ligand distortions® and supramolecular
structures both to determine whether any trends emerge and
to answer some important current questions. For example,
why are the magnetic propertiés® of Fe[HB(3,4,5-Meg-
pz)]. so different from those of Fe[HB(3,5-Mgz);],? That
is, why does the former complex remain fully high spin down
to 1.7 K whereas the latter changes to low-spin at ap-
proximately 190 K? Are there any unusual molecular or
supramolecular structural features of this complex that may
readily explain this difference and the other related differ-
ences in this class of complexes? As part of this contribution,
we have examined the variable-temperature structural, mag-
netic, and Masbauer spectral properties of a number of
known complexes that have not been previously studied in
detail. Such studies have allowed us to make the interesting
structure-function correlations that are reported below. It
is also hoped that the findings reported herein will inspire
further advances in ligand design and crystal engineering of
new SCO complexes based on iron(ll) scorpionates.

(14) Long, G. J.; Grandjean, F.; Reger, D. L. 8pin Crossoer in
Transition Metal Compounds Gitlich, P.; Goodwin, H. A., Eds.;
Springer: Berlin, 2004; p 91.

(15) Reger, D. L.; Gardinier, J. R.; Smith, M. D.; Shahin, A. M.; Long, G.
J.; Rebbouh, L.; Grandjean, Forg. Chem.2005 44, 1852.

(16) Reger, D. L.; Gardinier, J. R.; Gemmill, W.; Smith, M. D.; Shahin,
A. M.; Long, G. J.; Rebbouh, L.; Grandjean, . Am. Chem. Soc.
2005 127, 2303.

(17) (a) Buchen, Th.; Giich, P.Inorg. Chim. Actal995 231, 221. (b)
For related work on tris(pyrazolylmethane) complexes, see: Paulsen,
H.; Dueland, L.; Zimmermann, A.; Averseng, F.; Gerdan, M.; Winkler,
H.; Toftlund, H.; Trautwein, A. XMonatsh. Chem2003 134, 295.

(18) De Bari, H.; Zimmer, MInorg. Chem.2004 43, 3344.

(19) Long, G. J.; Hutchinson, B. Bnorg. Chem.1987, 26, 608.
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Reger et al.
Table 1. Crystallographic Properties of Fe[HB(3,4,5-Me)]. and Fe[B(3¥Prpz)].:(CHzOH)

complex Fe[HB(3,4,5-M#®z)]2 Fe[B(3*YPrpz)]2:(CH3;OH)

formula GeHseB2FEeN 2 CagHgoB2FEN1sO CyoHeoB2FeNicO

fw, g/mol 734.40 966.60 966.60

cryst syst monoclinic triclinic triclinic

space group C2lc P1 P1

a, A 12.9848(7) 12.2356(7) 12.1020(6)

b, A 18.1300(10) 12.5015(7) 12.1296(6)

c, A 17.6925(10) 17.8868(10) 17.7576(9)

a, deg 90 87.2590(10) 88.0530(10)

B, deg 110.5150(10) 76.9960(10) 76.9100(10)

v, deg 90 69.3280(10) 69.4620(10)

v, A3 3900.9(4) 2492.7(2) 2374.6(2)

z 4 2 2

T, K 150(1) 294(1) 90(1)

Pcalcs Mg m—3 1.250 1.288 1.352

u (Mo Ka), mm? 0.429 0.357 0.375

R[l > 20(1)] (all data) 0.0402 (0.1135) 0.0497 (0.0636) 0.0377 (0.0409)

Ru(all data) 0.0455 (0.1164) 0.1318 (0.1394) 0.1005 (0.1027)
Experimental Section is purple. With slow cooling, there is no apparent change in the

crystal quality or in the unit-cell parameters, other than the expected
cell contraction upon cooling. In contrast, flash-freezing the crystals
resulted in noticeable cracking.

Fe[B(3YPrpz)].:(CHsOH) crystallizes in the triclini®®1 space
group; there is no change in crystal system or space group between
90 and 294 K. The asymmetric unit at each temperature consists
of one-half each of two independent Fe[B{B+pz)], complexes,
both located on inversion centers, and one methanol molecule. For
both data sets, all non-hydrogen atoms were refined with anisotropic
displacement parameters; hydrogen atoms bonded to carbon were
placed in geometrically idealized positions and included as riding
atoms. The methanol ©H proton was located and refined freely
at 90 K but could not be located at 294 K. Thus, at 294 K it was

L _ o - ) included in the position located from the 90 K data and treated as
radiation, 2 = 0.71073 A% Raw data frame integration and Lp a riding atom for refinement. The rather large displacement

corrections were performed with SAINT?2 The final unit-cell ellipsoids of CHOH in the 294 K data indicate a mild positional
parameters were determined by least-squares refinement of 8670dich))rder a disorder that was not modeled P
reflections from the data set for Fe[HB(3,4,5-}e)], and of 9451 ' '

and 6671 reflections of the 90 and 294 K data sets, respectively, b Magnetic Mgas%rzn;en.tsﬁThe magnetg: sysc;\s/lrgil\t/)ligt;e(zi ga\l/JelD
for Fe[B(3%Prpz)l»»(CH:OH) with | > 5o(l). Identical data  C€€N Measuredat0.5 T with a Quantum Design Q

collections covering full spheres of reciprocal space for Fe[B(3- ;nagnetometer. Gilatm Cap;sulzssv(\)/grs _urffd as samlpl)lde_ containers
YPrpz)].+(CH3OH) were carried out at both temperatures. Analysis or meat_skt;_:_e mefntts etweler:_ an | : ke very srr;a_bl |ama?r_1be tic
of the data showed negligible crystal decay during collection. No susceptibility of these gelatin capsules makes a negligible contribu-

absorption correction was applied. Direct methods structure solution,tlon t? tq_eh overialll magnett_lzatlon, V\;htl)clrt] was domlnatetd db?/ trt‘ﬁ
difference Fourier calculations, and full-matrix least-squares refine- S2MP'€. 1he moiar magnetic susceptibiiities were corrected for the

ment againsE2 were performed with SHELXTE Further details diamagnetism of the complexes; the corrections, which were
’ 6
of each data collection and subsequent refinement are given beIow.CalCUlated from tables of Pascal's constants 386 x 10~° emu/
mol for Fe[HB(3%YPrpz}], and—565 x 10-6 emu/mol for Fe[B(3-

Fe[HB(3,4,5-Mepz)s).. Fe[HB(3,4,5-Mgpz);], crystallizes in YPrp2)]
2.

the C2/c space group, as determined both by the pattern of ) i )
systematic absences in the intensity data and by the successful Mossbauer SpectraThe Méssbauer spectral absorbers contained

solution and refinement of the data. The complex resides on a 2-fold €& 50 mg/critof crushed but unground powder mixed with boron
rotational axis. Non-hydrogen atoms were refined with anisotropic Nitride, and the spectra were measured between 4.2 and 295 K on
displacement parameters; hydrogen atoms were placed in idealized® constant-acceleration spectrometer which utilized a room-tem-
positions and included as riding atoms. perature rhodium mr?\trlx_ cobal_t—57 source and was f:allbrated at
Fe[B(3YPrpz).]»-(CH3OH). Data were first collected on a room temperature W|tlm-|ron_ foil. The _estlmated relative errors
colorless crystal at 294 K. The subsequent cooling of the crystal is &€ £0.005 mm/s for the isomer shifts£0.01 mm/s for the

accompanied by the gradual onset of a pink hue, visibly commenc- duadrupole splittings and line widths, aad.2% for the relative
ing at ca. 150 K and complete by ca. 125 K; at 90 K, the crystal spectral absorption areas. The absolute errors are approximately
' ' ’ ' twice as large.

The Fe[HB(3,4,5-Mgpz)],, Fe[HB(3*YPrpz)],, Fe[B(3%Y-
Prpz)]. (¥Pr = cyclopropyl ring), and Fe[HB(3-Mepz) com-
plexes were prepared according to literature metBd#<Crystals
of Fe[HB(3,4,5-Mgpz)], and Fe[B(3¥Prpz)].:(CH;OH) suitable
for X-ray structural studies were grown by layering H
solutions of the complexes with GBH and allowing the solvents
to slowly diffuse over the course of a few days.

X-ray Structure Determinations. A summary of the crystal-
lographic data and refinement parameters is given in Table 1. X-ray
intensity data from a colorless prism of Fe[HB(3,4,53p®:], were
measured at 150(1) K and those from a blocklike crystal of Fe-
[B(3-%YPrpz)].+(CH3;0OH) were measured at 294(1) and 90(1) K on
a Bruker SMART APEX CCD-based diffractometer with MaxK

(20) Trofimenko, SJ. Am. Chem. Sod.967, 89, 6288.
(21) Rheingold, A. L.; Yap, G. P.; Liable-Sands, L. M.; Guzei, |. A; Results
Trofimenko, S.Inorg. Chem.1997, 36, 6261.

(22) SMART Version 5.6255AINT Version 6.22 Bruker Analytical Although magnetic and Mesbauer spectral results for Fe-

X-ray Systems, Inc.: Madison, WI, 2001. . .
(23) Sheldrick, G. M.SHELXTL Version 6;1Bruker Analytical X-ray [HB(3,4,5-MQpZ)3]2 have prewously shown this complex to

Systems, Inc.: Madison, WI, 2000. be high spin at all temperatur&s!® the structure of this
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Spin-State Crosseer in Iron(ll) Tris(pyrazolyl)borates

Figure 2. Molecular structure at the Fel and Fe2 sites found in Fe[B(3-g¢REQH;OH) obtained at 90 K. The Fel complex, top, is low spin, and the
Fe2 complex, bottom, is high spin. The views to the right shown dowrCthaxis (free”Pr groups removed for clarity) emphasize the twisting of the
pyrazolyl rings.

material remained unknown. Thus, for the purpose of Mdssbauer spectral properties of the desolvated form (these
comparison with other closely related complexes, such ascrystals lose solvent on drying) of this new crystalline form
Fe[HB(3,5-Mepz)],, a complex that does undergo a ther- were measured.

mally induced SCO, we have determined the molecular The 150 K structure of Fe[HB(3,4,5-Mgz)]. and the 90
structure for Fe[HB(3,4,5-Mpz)],. Also, although the K structure of Fe[B(3*Prpz)].:(CH;OH) are shown in
structure of the toluene solvate of Fe[B¥®rpz)]. at Figures 1 and 2, respectively; selected bond distances and
ambient temperature has been repofietihe temperature  angles are given in Table 2. In agreement with the magnetic
dependence of its solid-state structure, magnetic propertiesand Mtssbauer spectral resut&ske[HB(3,4,5-Mgpz)): is

and Mcssbauer spectra have not been reported. To carry outhigh spin at 150 K with typical high-spin FeN bond
these studies and variable-temperature X-ray structuraldistances that average 2.19 A. The geometry about the iron-
investigations, we crystallized a methanol solvate of Fe[B(3- (II) is a trigonally distorted octahedron; restraints imposed
%YPrpz)].. X-ray crystallographic studies at two temperatures by the chelate rings of each ligand limit the intraligand
were carried out on this solvate, and the magnetic and N—Fe—N bond angles to an average of 86.2

Inorganic Chemistry, Vol. 45, No. 22, 2006 8865



Table 2. Selected Bond Distances (A) and Angles (deg)

Reger et al.

Fe[HB(3,4,5-Mgpz)]»

Fe[B(3¥YPrpz)). Fe[B(3*YPrpz)]2:(CHsOH)

temp, K 150
Fe(1}-N(11) 2.1869(14)
Fe(1}-N(21) 2.1907(15)
Fe(1)}-N(31) 2.1936(15)
Fe(2)-N(51)

Fe(2-N(61)

Fe(2-N(71)

N(11)—Fe(1)-N(21) 85.66(5)
N(21)—Fe(1)-N(31) 87.90(6)
N(31)—Fe(1)-N(11) 84.96(6)
N(1la)-Fe(1)-N(11) 96.43(7)
N(21a)y-Fe(1)-N(21) 179.02(7)
N(3la)-Fe(1)-N(31) 93.69(8)
N(11)—-Fe(1)-N(21a) 93.69(5)
N(21)—Fe(1)-N(31a) 92.77(5)
N(31)—Fe(1)-N(11a) 177.96(5)
N(12)—-B(1)—N(22) 109.43(14)
N(22)—-B(1)—N(32) 108.54(14)
N(32)—B(1)—N(12) 109.76(15)
FeN—NB average 20.2

torsion angle

There are two independent molecules in the unit cell of
Fe[B(3¥YPrpz)]. in structures obtained at 294 and 90 K. At
294 K, the average FeN distances of 2.17 A for Fel and
2.19 A for Fe2 clearly indicate that both molecules are in
the high-spin state. Upon cooling to 90 K, one of the two
iron sites, Fel, changes from high spin to low spin with an
average FeN bond distance of 2.00 A that is typical of

low-spin iron(ll), whereas the second Fe2 site remains high

spin with an average FeN bond distances of 2.18 A.
Supramolecular Structures The supramolecular struc-
tures of all known bis[tris(pyrazolyl)borateliron(ll) com-

90 294
2.0118(11) 2.1984(15)
1.9777 (11) 2. 1355(15)
2.0091(11) 2.1908(15)
2.1365(11) 2.1537(15)
2.1875(11) 2.1902(14)
2.2106 (11) 2.2145(15)
89.46(4) 85.91(6)
89.66(4) 85.35(6)
89.48(4) 86.75(6)
180 180
180 180
180 180
90.54(4) 94.09(6)
90.34(4) 94.65(6)
90.52(4) 93.25(6)
108.36(10) 109.24(15)
109.26(10) 110.50(15)
106.84(10) 107.96(16)
Fe(1)5.7 5.5
Fe(2) 9.3 10.4

plexes reported by us and those deposited in the Cambridge
Structural database have been examined in an effort to
establish a correlation between their structures and spin-
crossover behaviors. Only the newly obtained structures of

Fe[HB(3,4,5-Mepz)s]. and of Fe[B(3¥Prpz)].:(CH;OH)
will be discussed in detail in this section; the discussion of

the remainder of the complexes is included in the Supporting

Information and our previous papéefsé

Fe[HB(3,4,5-Mepz);].. The supramolecular structure of
Fe[HB(3,4,5-Mgpz)]. (Figure 3) is that of interdigitated
two-dimensional sheets. The sheets formed inah@lane
are a result of CH-x interactiond* (Figure 3, red lines) that
occur between (pyrazolyl)methyl hydrogen donors [CH(36a)]
and thes-clouds of the pyrazolyl rings containing N(11)
{CH(36a)--Ct[N(11)] 3.00 A, 149.3}. There are two donors
and two acceptors on each molecule of Fe[HB(3,4,5-Me
pz)]. propagating the interaction in two dimensions. The
sheets are stacked alowgsuch that the methyl groups of
the pyrazolyl rings of one sheet fit into the voids found in
adjacent sheets.

Fe[B(3-YPrpz)4].-(CH3OH). Three sets of noncovalent
NH---O, CH--O, and CH--N interactions serve to organize
the two crystallographically independent molecules contain-

Figure 3. Supramolecular structure of Fe[HB(3,4,5-4d&)].. Top: View
normal to a sheet of molecules held together by-GHlinteractions, the
red lines. Middle: Side view of a sheet down thexis. Bottom: Stacking
of two sheets along the axis.

in both the 90 and 294 K structures of Fe[B¥®rpz)].:
(CH3;OH) (Figure 4 and Table 3); as expected, the nonco-

ing Fel and Fe2, respectively, into two-dimensional sheetsVvalent interactions are longer at 294 K. The methanol solvent

(24) (a) Takahashi, H.; Tsuboyama, S.; Umezawa, Y.; Honda, K.; Nishio,
M. Tetrahedror200Q 56, 6185. (b) Nishio, M.; Hirota, M.; Umezawa,
Y. The CH-x Interaction: Evidence, Nature, and Consequences
Wiley: New York, 1998.
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of crystallization serves to bridge alternating Fel and Fe2
units to form polymeric chains along the [0;11] direction

(Figure 4a, red dashed lines). The hydroxyl hydrogen forms
a short hydrogen bond with N(41) of the noncoordinated
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contacts (Figure 4c, pink dashed lines). The main interaction
is a result of the stacking of the neighboring sheets through
rather long, CH-7r interactio* with the corresponding 90
and 294 K C(55)H(55b)-Ct[N(81)] interaction distances of
3.71 and 3.83 A and angles of 154nd 166, respectively.

Magnetic Studies As mentioned above, the magnetic
properties of Fe[HB(3,4,5-Mpz)], have previously been
reported; however, those of the solvent-free Fe[Bi3pz)]»
and its structurally characterized relative, Fe[HBErpz}].,
were unknown prior to this study; the new results obtained
herein are shown in Figure 5. For Fe[B¥®rpz)],, the
measurements were carried out on the desolvated powder
that remains after the crystals of Fe[B¥8pz)].-(CH;OH)
lose the methanol solvent of crystallization, whereas for Fe-
[HB(3-%Prpz})],, the magnetic measurements were carried
out on its powder. Both complexes exhibit a partial SCO
from fully high-spin iron(ll) above ca. 150 and 200 K,
respectively, to half high-spin and half low-spin iron(ll)
below 100 K. The behavior is reversible as the samples are
heated and recooled. The inverse molar magnetic susceptibil-
ity, 1/ym, of Fe[B(3<YPrpz)]. is linear between 250 and 300
K and a linear least-squares fit yields a Curie constant of
3.285 emuK/mol, a Weiss temperatuéeof —5.7 K, and a
corresponding effective magnetic momemdy, of 5.13 us.

Also 1lym of Fe[B(3¥YPrpz)]; is linear between 2 and 100
K and yields a Curie constant of 1.700 emuK/molf af
—3.3 K and a correspondinges of 3.69 ug. The 1fu of
Fe[HB(3*YPrpz}], is linear between 200 and 300 K and
yields a Curie constant of 3.075 emuK/molg @f —5.4 K,
and a correspondings of 4.96ug. Also, 1w for Fe[HB(3-

%YPrpz}]. is linear between 2 and 100 K and yields a Curie
constant of 1.682 emuK/mol, & of —0.64 K and a
Figure 4. Supramolecular structure of Fe[Bt&rpz)].-(CHsOH) at 90

K emphasizing the crystallographically independent molecules containing CorreSpondmgtaf of 3'67!’“?' L

low-spin Fel (green) and high-spin Fe2 (violet). (a) View normab¢o The small observed Weiss temperatures indicate that, as
sheet structure held together via bridging hydrogen-bonding interactions expected, both Fe[B(SlPrpZ)]g and Fe[HB(SC-VPrpz);]Z are
involving MeOH (red dashed lines) and by weak Gl interactions dilute. full ti | bet 2 and 300 K
between Fel and Fe2 (cyan dashed lines). (b) Side view of sheet. (c) lfute, Tully paramagn(? IC complexes between f”m T
Stacking of two sheets held together by very long, weak-€tbonding The moments at the higher temperatures are typical of high-

interactions (pink dashed lines) between Fe2-containing molecules. spin iron(ll) with a small orbital contribution to the spin-
Table 3. Geometry of the Noncovalent Interactions in only magnetic moment of 4.96s. Further, the intermediate
Fe[B(3*YPrpz)],+(CH30H) moments of 3.67 and 3.6& are just what would be expected
HeeA, A DH--+A, deg for an iron(Il) complex in which one-half of the iron(ll) is
temp. K 294 90 294 90 high spin, W|t_h a nom!naTng electronic grgund state, and
O(1s)H(Ls)*N(41) 2.01 2.00 162 167 the other half is low spin, with 814 electronic ground state.
C(71)H(71)--O(1s) 2.52 2.43 158 169 Both the decrease in the moments below ca. 20 K and the
C(31)H(31)--N(81) 2.62 2.59 162 166

slightly negative Weiss temperatures are a result of zero-
field splitting of the high-spin iron(ll) ground state.
pyrazolyl in the Fel molecule, whereas the methanol oxygen  nisssbauer Spectral StudiesMdssbauer spectral data
serves as t.he accept.or in a weak hydrogen-bonding interact,ave been reportétifor Fe[HB(3,4,5-Mepz)s], but not for

tion involving an acidic CH donor of a pyrazolyl group  he 3-cyclopropyl derivatives, nor are completé $dbauer
bound to Fe2. These polymer chains are assembled intOgnecira| results available for the closely relapede Fe[HB-
sheets in théc plane by weak hydrogen bonds between an 3-Mepz)}]».25 We have undertaken studies on Fe[B{3-
acidic CH of an Fel-bound pyrazolyl ring and the available Prpz)l2, Fe[HB(39Prpz)],, and Fe[HB(3-Mepz).; selected
nitrogen of the noncoordinating pyrazolyl ring in a neighbor- \sssbauer spectra are shown in Figures 6, 7, and 8,
ing molecule containing Fe2 (Figure 4a, cyan dashed ””es)-respectively. The spectra have been fit with quadrupole

When the sheet is viewed down tieaxis (Figure 4b),  gouplets with the same line width but, in some cases, with
alternating rows of Fel and Fe2 are observed. In both the

_hlgh- and Iow—temp_erature structures, the mqlecules CONtaiN-(»5) calogero, S.: Lobbia, G. G.. Cecchi, P.; Valle, G.; Friedhdlyhedron
ing Fe2 have additional, but fairly weak, intermolecular 1994 13, 87.
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Figure 5. Temperature dependence of the inverse molar magnetic susceptibility (A) and the effective magnetic moment (B) of #efptB{3-and
Fe[B(3¥YPrpz)]».
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o 970 : Figure 7. Mossbauer spectra of Fe[HBE&rpz)], obtained at the
Q 965 indicated temperatures.
100.0 #
99.0 texture in the crushed but unground powder absorber.
98.0 85 K Selected hyperfine parameters for each complex are given
97.0 in Table 4, and more extensive results are presented in Table
96.0 i S4 in the Supporting Information.
95.0 The Mossbauer spectra of both Fe[B{&rpz)]. and Fe-
940 [HB(3-%Prpz}], are very similar and are fully consistent with
100.0 ey . the magnetic results presented above. At room temperature,
r . . .
060 both complexes are fully high spin with, as expected, very
' 42K similar hyperfine parameters that are typtéalf high-spin
96.0 tris(pyrazolyl)borate complexes. Upon cooling, both com-
0i0 ! plexes undergo a partial SCO to the low-spin state such that
‘ H at 85 K Fe[B(3%Prpz)]. is 47.5% high spin and at 78 K
92,0 Lovitunentiinl Lovialienl ! Fe[HB(3*YPrpz}]. is 57.5% high-spin. As is shown in Figure

0 1 2 3 4

Velocity, mm/s
Figure 6. Mdssbauer spectra of Fe[Bf&rpz)], obtained at the indicated

temperatures.

6, the spectrum of the former complex obtained at 4.2 K is
very similar to the 85 K spectrum and shows 46.2% high-
spin iron(ll). Because of the similarity of their magnetic

properties, only the full temperature dependence of the

small differences in the areas of the two components of the spectra of the Fe[B(34Prpz)]. complex has been measured.
doublet, small differences that arise from a small amount of As may be observed at the top of Figure 9, Fe[BEpz)].
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component that probably indicates that their sample had

100.0 [
[ partially oxidized.

s Discussion

An analysis of all known structures of tris- and tetrakis-
(pyrazolyl)borate iron(ll) complexes reported by us and those
deposited in the Cambridge Structural database (see Sup-
porting Information) reveals a number of general spin-state-
dependent features of the iretigand framework (Tables
5 and 6). Because of the antibonding character of the
€ orbitals, high-spin 25“e32 complexes, such as Fe[HB-
(3,4,5-Megpz)]., have longer FeN distances than low-spin
tzg’€’ complexes, such as Fe[HB(glp) In high-spin iron-

(1) complexes, the average F&l bond distance is 2.18 A,

a value which is 0.2 A longer than the 1.98 A average Re

bond distance in low-spin complexes. As a consequence, the

: FeN; octahedral volume averages 13.9iA the high-spin

940 F , X state but only 10.4 Ain the low-spin state. High-spin FgN
s i e octahedra tend to be more distorted than low-spin octahedra,

as indicated by the greater average high-spin quadratic

elongation of 1.005 as compared with a low-spin value of

1.001, where a value of 1.000 represents an undistorted

octahedrori® The nature of the distortion is either a tetragonal

compression or elongation leading to four similar and two

mutually opposed, shorter or longer-HAd bonds. There is

no clear correlation between the octahedral distortion and

99.0 [
985 |

98.0 [
100.0 F

99.0 |
98.0 |
97.0 |

9.0 |

Percent Transmission

95.0 F

O e L T T T, the Ty, the temperature at which half of the iron centers
Velocity, mm/s have changed spin-state for the transition in question (Table
Figure 8. Mdssbauer spectra of Fe[HB(3-Mepjz) obtained at the 6).
indicated temperatures. For steric reasons, substituents at the 3-positions of the

. . pyrazolyl rings give rise to high-spin complexes at room
undergoes a rather gradual change from fully high-spin abovetemperature, with the longer F& bonds that are required

250 K to approximately one-half low-spin at 130 K, exactly to separate the congested scorpionates. In contrast, unsub-

the temperature range over which its effective magnetic stituted, uncongested pyrazolyl derivatives are low spin at

mboment_t drops fron; '(t:all 50 E[?] 3/, T?ﬁ tlotal spec:_ral froom temperature. For molecules in the high-spin state, there
absorption aréa and Its fogarithm, see the lower portion of 5 cjear steric effects that further influence the length of

Figure 9, decrease with increasing temperature because o he Fe-N bonds. For example, Fe[HB(3-Phglz)and Fe-

the decrease in the iron-57 recoil free fraction at higher [HB(3-CF:pz)s], have average FeN distances of 2.25 and

temperatures. As expected, the quadrupole splittings of both2.24 A, respectively, whereas the complexes with smaller

the high-spin and low-spin states exhibit virtually no change 3-substituents, Fe[HB(3Prpz)], and Fe[HB(3-Mepz],,

yvith te_mperature_ (Figure SlO)_. Further, the small increases‘,jwer‘,jlge ca. 2.20 A. This metatitrogen bond lengthening

in the isomer shifts upon cooling (Figure S11) are exactly o, resents one way that the tris(pyrazolyl)borate ligands can

those expected of the second-order Doppler shift. The fits 5.0 modate larger metals, thus favoring the high-spin state.

shown correspond to Msbauer temperatures of 42020 While the longer bond distances in the former complexes

and 64_0i 20 K for the high-spin and low-spin states, with larger substituents prevent SCO, in the latter two cases

respectively, for a nuclide mass or 57 g/mol; as expected, it similar average FeN bond distances, the temperature-

the |O'W-Spll’l state with the shorter+8l bond distances has dependent spin-crossover behaviors are very different.

the higher Masbauer temperature. We have previously noted, for example, in the case of
In contrast to the above 3-cyclopropyl derivatives, Fe[HB- Fe[(p-HC,CeH4)B(3-Mepz)],, that other ligand distortions,

(3-Mepz}|, exhibits a complete SCO from the high-spin to  namely pyrazolyl ring-twisting, can have a substantial impact

the low-spin state between 295 and 4.2 K (Figure 8), and o the spin state. After examination of all the iron(ll) poly-

the resulting Mesbauer spectral hyperfine parameters are (pyrazolyl)borate structures, the five different ligand distor-

typical of this type of complex (Table 4). It should be noted  tjons shown in Figure 10 can be identified.

that the 4.2 K spectrum is different from that reported by Foyr of the five distortions, the exception being ring tilting,

Calogero et at>who observed the presence of only 20% of rovide a mechanism for scorpionates with generally fixed

the low-spin state and 58% of the high-spin state at 4.2 K. pjte angles to bind metal ions of different sizes. While ring
However, their results are probably influenced by the totally

unexpected presence of 22% of a magnetic component, a26) Robinson, K.; Gibbs, G. V.; Ribbe, P. Bciencel971, 172, 567.
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Table 4. Mdssbauer Spectral Hyperfine Parameters
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complex T,K 0,2mm/s AEq, mm/s I,> mm/s area, % assignment
Fe[B(3*YPrpz)].° 295 1.012 3.73 0.26 100 high-spin
195 1.074 3.80 0.25 81.2 high-spin
0.521 0.28 0.25 18.8 low-spin
175 1.085 3.80 0.24 68.8 high-spin
0.532 0.28 0.24 31.2 low-spin
85 1.125 3.78 0.24 47.5 high-spin
0.545 0.28 0.26 52.5 low-spin
4.2 1.129 3.76 0.23 46.2 high-spin
0.544 0.28 0.25 53.8 low-spin
Fe[HB(3SPrpz)]2 295 1.006 3.72 0.27 100 high-spin
78 1.122 3.77 57.5 high-spin
0.544 0.26 42.5 low-spin
Fe[HB(3-Mepz)]- 295 1.010 3.75 0.26 100 high-spin
85 1.132 3.80 0.24 40.3 high-spin
0.561 0.20 0.23 59.7 low-spin
65 1.144 3.81 0.26 16.5 high-spin
0.560 0.20 0.26 83.5 low-spin
40 0.562 0.20 0.26 100 low-spin
4.2 0.566 0.20 0.26 100 low-spin

aThe isomer shifts are given relative to room-temperatwieon foil. P T is

the full-width at half-maximum of the line widtlf.Obtained upon initial

cooling from 295 to 4.2 K. Essentially, the same results were obtained upon subsequent heating.

Figure 9. Temperature dependence of the percentage of high-spin iron-
(), top, and of the logarithm of the spectral absorption area, bottom,
observed for Fe[B(3¥Prpz)]».

tilting alone is not expected to influence the size of metal
ion that a given scorpionate can bind, or vice versa, this
distortion is often coupled with ring-twisting, which does
impact the binding of the metal ion. We have formerly used
the two terms interchangeably because both remove th
mirror planes in the idedls,-type arrangement in the ligand.
More rigorously, however, ring-twisting can be measured
by the FeN-NB torsion angle. A metal-bonded ligand
fragment with idealCs, symmetry is expected to have an
FeN—NB torsion angle of @. Ring tilting can be measured
by the FeN-NC torsion angle, ideally 180 There can be

8870 Inorganic Chemistry, Vol. 45, No. 22, 2006

ring-twisting without tilting, yet twisting will cause the FeN
NC torsion angle to have a value other than 1 8Bus,
separating the two distortions can be relatively difficult. We
will limit further discussion to ring-twisting as measured by
the FeN-NB torsion angle, although the two torsion angles
do correlate (Table 5}

We have previously shown that the MNB torsion
angles increase as the size of M, the metal ion, incredses.
For the complexes considered herein, the ca. 1.98 A bond
distances of the low-spin state of iron(Il) appear ideal for
the coordination of two tris(pyrazolyl)borate ligands. In these
low-spin iron(ll) complexes, an “ideal” twist angle of c&. 0
is usually observeét The larger distances in the high-spin
iron(ll) complexes are frequently accommodated by larger
ring-twist angles when compared to the low-spin complexes.
This behavior is evident in the 90 K structure of Fe[B{(3-
Prpz)].:(CH;OH) (Figure 2), a complex that contains both
a high-spin iron(ll) (average FeN bond distance= 2.18
A, average FeNNB torsion angle= 9.3°) and a low-spin
iron(ll) (average FeN bond distance= 2.00 A, average
FeN—NB torsion angle= 5.7°).

In the 3-substituted complexes with ligands that have a
hydrogen as both the fourth group bonded to boron and at
the 5-position of the pyrazolyl rings (see below), the degree
of ring-twisting in the high-spin iron(ll) complexes clearly
correlates with the SCO behavior, a correlation that is evident
in the structure and properties of Fe[B{B+pz)].:(CH;OH).

Of the two crystallographically independent iron(ll) mol-

(27) Oliver, J. D.; Mullica, D. F.; Hutchinson, B. B.; Milligan, W. @org.
Chem.198Q 19, 165.

(28) Checchi, P.; Berrettoni, M.; Giorgetti, M.; Lobbia, G. G.; Calogero,
S.; Stievano, LInorg. Chim. Acta2001, 318 67.

e(29) Eichorn, D. M.; Armstrong, W. Hinorg. Chem.199Q 29, 3607.

(30) Sohrin, Y.; Kokusen, H.; Matsui, Mnorg. Chem.1995 34, 3928.

(31) Frohnapfel, D. S.; White, P. S.; Templeton, J. L.; Ruegger, H.;
Pregosin, P. SOrganometallics1997, 16, 3737.

(32) (a) Reger, D. L.; Wright, T. D.; Little, C. A.; Lamba, J. J. S.; Smith,
M. D. Inorg. Chem.2001, 40, 3810. (b) Reger, D. L.; Little, C. A.;
Smith, M. D.; Long, G. Jlnorg. Chem.2002 41, 4453.

(33) This ideal distance agrees nicely with that (1.95 A) calculated in a
recent theoretical investigation: Bari, H. D.; Zimmer, Morg. Chem.
2004 43, 3344.



Spin-State Crosseer in Iron(ll) Tris(pyrazolyl)borates

Table 5. Geometric Parameters for Iron(ll) Poly(pyrazolyl)borate Complexes

T, spin Fe-N, FeN-NC, FeN-NB, Fe-B, B-Ct,* Fe-Ci,2 FeNV,
A A A A3

ligand K state A deg deg ref
HB(pz)s 294 LS 1.975 177.5 2.9 3.08 0.559 1.174 10.255 27
LS 1.969 179.1 0.8 3.08 0.555 1.170 10.164 27
HB(3-Mepz) 294 HS 2.200 176.7 35 3.21 0.523 1.346 14112 25
HS 2.208 178.3 0.5 3.23 0.529 1.353 14.272 25
HB(3,5-Mepz); 294 HS 2171 174.2 6.8 3.18 0.502 1.326 13.578 27
HB(3,4,5-Mepz)s 150 HS 2.191 162.4 20.2 3.19 0.520 1.346 13.913 this work
HB(3-%YPrpz}) 294 HS 2.199 179.1 0.3 3.20 0.509 1.354 14.070 21
HB(3-CFRspz)s 294 HS 2.236 178.3 1.0 3.15 0.491 1.332 14.875 28
HB(3-Phpz} 163 HS 2.246 174.2 7.3 3.11 0.475 1.318 14.923 29
B(pzh 294 LS 1.961 172.5 3.0 3.09 0.562 1.160 10.049 30
LS 1.974 175.1 1.7 3.08 0.549 1.173 10.241 30
B(3-%YPrpz) CH,Cl; solvate 294 HS 2.190 169.0 11.7 3.22 0.522 1.351 13.906 21
HS 2.184 168.8 9.0 3.20 0.518 1.345 13.790 21
B(3-*YPrpz), CH3OH solvaté 294 HS 2.175 171.0 55 3.21 0.523 1.340 13.616 this work
HS 2.186 167.7 10.4 3.22 0.524 1.351 13.816 this work
90 LS 2.000 174.8 5.7 3.07 0.547 1.164 10.657 this work
HS 2.179 166.3 9.3 3.20 0.525 1.338 13.677 this work
(Ph)B(pz} 294 LS 1.987 171.3 5.3 3.15 0.615 1.183 10.141 30
(Ph)B(3-Mepzy 294 HS 2.188 162.9 11.8 3.23 0.556 1.346 13.847 35
90 HS 2.182 162.1 12.9 3.23 0.559 1.343 13.743 35
(p-ICeH2)B(p2)s 150 LS 1.963 172.6 5.0 3.12 0.598 1.166 10078 15
(p-1CeH4)B(3-Mepz)-2CH,Cl, 200 HS 2.162 164.4 9.8 3.23 0.559 1.327 13.383 15
100 LS 1.993 171.2 5.3 3.11 0.584 1.161 10.545 15
(p-ICeH4)B(3-Mepz), SCO 294  HS 2.175 166.1 8.6 3.23 0.556 1.334 13619 15
200 HSI/LS 2.085 168.6 6.9 3.17 0.572 1.247 12.053 15
100 LS 1.992 171.8 4.8 3.10 0.587 1.157 10.535 15
(p-ICeH4)B(3-Mepz}, nSCO 150  HS 2.184 164.9 9.3 3.24 0.553 1.346 13.766 15
(p-MesSiC,CeHa) B(3-Mepzy 200  HS 2.165 165.4 7.9 3.21 0.553 1.317 13.448 16
(p-HC2CsHa4)B(3-Mepzy 294 HS 2.178 164.4 9.2 3.17 0.552 1.324 13.710 16
HS/LS 2.101 170.2 6.0 3.21 0.568 1.262 12.328 16
150 HS 2.173 163.5 9.3 3.20 0.546 1.317 13.626 16
LS 1.988 172.8 4.4 3.09 0.583 1.149 10.469 16
90 LS 1.994 169.8 5.2 3.08 0.576 1.148 10.576 16
LS 1.989 172.1 4.8 3.09 0.581 1.149 10.494 16
(Ph)GCeH4B(3-Mepz); 294 HS 2.172 164.7 10.5 3.23 0.553 1.338 13.557 16

a Cty, is the plane of the three nitrogen atoms bonded to the shown &f®he iron(Il) complex of this ligand exhibits a spin-state crossover to 50% high
spin and 50% low spin at low temperatufeSCO = spin-state crossover, nSCEO no spin-state crossover

Table 6. Crystallographic and Supramolecular Properties of the Iron(ll) Poly(pyrazolyl)borate Complexes

ligand space grougz, spin crossover range, K TR K supramolecular structure ref
HB(pz)? P2i/c, 4 280-460 343, 390 3D stacked sheets 27
HB(3-Mepz) P1,2 40-85 ca. 85 1D chains 25
HB(3,5-Mepz); P1,1 150-240 190 1D chains 27
HB(3,4,5-Mepz)s C2lc, 4 none <4 2D interdig. sheets this work
HB(3-%YPrpz)® C2/m, 2 110-160 110 none 21
HB(3-CRpz)s P2i/n, 2 none <4 1D chains (w CHF) 28
HB(3-Phpz} P2i/n, 4 — - 2D sheets 29
B(pz) P12 - - 3D stacked sheets 30
B(3-Prpz), CH;OH¢ P1,2 173 173 2D sheets this work
(Ph)B(pz} Pca2y, 4 - - 3D corr. sheets 30
(Ph)B(3-Mepz) P11 - <4 none 34
(p-1CeH4)B(pz)s Pbcn 4 - - 2D corr. sheets 15
(p-1CsH4)B(3-Mepz)} 2CH.CI, P2i/c, 2 145-225 185 2D corr. sheets 15
(p-1CsH4)B(3-Mepz), SCO P2i/c, 2 121-131 126 2D corr. sheets
(p-1CeH4)B(3-Mepz), nNSCO P2i/c, 2 none <4 3D stacked sheets 15
(p-Me3SiC,CsH4)B(3-Mepz)© P2i/c, 2 172-180 175 2D sheets 16
(p-HCCsHa)B(3-Mepz)y P2/c, 4 185-350 280 3D stacked bilayers 16

106-114 210

(p-PhGCsH4)B(3-Mepz)? C2lc, 4 200-150 163, 193 3D stacked sheets 16

aTy, is the temperature at which half of the iron centers have changed spin-state for the transition in du€ktiogpin-state crossover (SCO) of the
iron(Il) complex with this ligand exhibits hysteresisThe iron(Il) complex of this ligand exhibits a spin-state crossover to 50% high spin and 50% low spin
at low temperature? Desolvated crystals.

ecules in this structure, Fel, with a 294 K torsion angle of two crystallographically independent iron(ll) molecules. In
5.5° in the high-spin state, undergoes a SCO upon cooling. this complex, the Fel site, with an FelNIB torsion angle

In contrast, Fe2, with a 294 K torsion angle of 10rdmains of 9.2° at 294 K undergoes a SCO at 110 K, whereas the
high spin upon cooling. This behavior is similar to that Fe2 site with an FENNB torsion angle of 6.Dat 294 K
observed for FeffHC,CsH4)B(3-Mepz)],, which also has  undergoes a spin-state transition between 200 and 300 K.
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Figure 10. Common ligand distortions in iron(ll) poly(pyrazolyl)borates, whereNrepresents a pyrazolyl ring.

More generally, upon cooling an iron(ll) site with less boron-bound nitrogens, as is shown at the bottom left of
pyrazolyl ring-twisting, i.e., a smaller FeNNB torsion angle, Figure 10. This deformation is most important for ligands
can relax to the low-spin state more easily and thus at athat have a hydrogen as both the fourth group bonded to
higher temperature because its structure is already more likeboron and at the 5-position of the pyrazolyl rings. Steric
that observed in the low-spin tris(pyrazolyl)borate iron(ll) interactions prevent the pyramidal deformation in ligands that
complexes. In contrast, it takes a lower temperature for the have a pyrazolyl or phenyl ring as the fourth group bonded
pyrazolyl rings with greater twisting, i.e., a larger FeNB to boronor that have substituents at the 5-position of the
torsion angle, to switch to the low-spin stét&his influence three pyrazolyl rings. For these ligands, a ring-twist domi-
of the FeN-NB torsion angle is also responsible for the nates over the pyramidal deformation at boron. For example,
vastly different SCO behavior of the two closely related, even though both of the average-Rf¥ bond distances of
methyl-substituted, Fe[HB(3,4,5-Mgz)]. and Fe[HB(3,5- 2.18 A observed in the high-spin polymorphs of Fe[(
Me,pz)s]. complexes. The former complex dasst undergo ICeH4)B(3-Mepz)], are shorter than the 2.20 and 2.21 A
SCO, whereas the latter does. This difference may be distances found in Fe[HB(3-Mepi), the Fe--B distance
attributed to the FeNNB torsion angle of 20.2observed in each is ca. 3.23 A. These surprisingly constant values are
in Fe[HB(3,4,5-Mgpz)]., the largest FeNNB torsion angle made possible by pyrazolyl ring-twisting in the former but
found in Table 5. In contrast, the FeNB torsion angle in not in the latter complex, but in this latter case, the pyramidal
Fe[HB(3,5-Mepz)], is only 6.8. The importance of this  deformation is observed. The overall result of the deforma-
torsion angle is also exemplified by the fact that Fe[(Ph)B- tion is that the hydrogen atoms at the 5-position of the
(3-Mepz)], doesnotundergo a SCO upon cooliffgand has pyrazolyl rings are pushed toward the-B bond, thus
large FeN-NB torsion angles of 11°8and 12.9 at 294 and increasing the three bidentate “bites” of the ligand and
90 K, respectively. Thus, for high-spin iron(Il) complexes, producing longer FeN bond distances. In high-spin Fe-

a room-temperature FeMNNB torsion angle of ca. Ilor [HB(3-Mepz)],, the borons in the two independent mol-
larger appears to be the limit above which a SCO to the ecules are 0.52 and 0.53 A above the center of thelahes
low-spin state willnot occur upon cooling. and have average-BN—N angles of 121.9and 121.8,

A detailed structural analysis also indicated that another respectively. In the two polymorphs of Fp{(CsH4)B(3-
way for scorpionate ligands to accommodate metal ions of Mepz)],, the borons are farther above the planes at 0.55
different sizes is to change their bite angle through a and 0.56 A but the associated-Bl—N average angles of
pyramidal deformation about boron. In this deformation, the 121.2 and 121.5, respectively, are nearly the same. Thus,
B—N bond distances and-BN—N angles remain constant the conformational flexibility of [HB(3-Rpz]~ ligands
and the N-B—N bond angles change. This deformation at permits binding to larger metal ions through a pyramidal
boron can be quantized in terms of the distance from the deformation at boron. However, steric interactions involving
boron to the centroid of the-BN-bonded N plane (B-Cty,), the hydrogen atoms at the 5-position of the three pyrazolyl
a distance that varies from 0.48 to 0.62 A (Table 5). An rings and the atoms of the aryl group in thelCsH4)B(3-
increase in the pyramidal distortion, i.e., a decrease in Mepz) moiety direct the deformation of the ligand such that
B—Cty,, moves the boron closer to the mean plane of the the pyrazolyl ringsmusttwist to accommodate binding to

@) T | o . pr— 12 G larger metal ions.
34) These results parallel those observe: HC(3,5-Mepz)] 2} (BFa4)2 - . .
in which a phase change caused a large increase of the pyrazolyl ring- From the limited data available, we believe that there may

twisting for one of the sites, the site that did not undergo spin crossover be a correlation between the pyramidal deformation at boron

at low temperature, and actually decreased the twisting at the other . L P
site, forcing a highly cooperative changeover: Reger, D. L.; Little, and theT,; of the SCO. This correlation is exempllfled in

C. A; Young, V. G.; Pink, M.Inorg. Chem 2001, 40, 2870. the complexes that have a-H8 bond and a hydrogen in the
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5-position of the three pyrazolyl rings, i.e., in Fe[HB(3£F

pz)]2, Fe[HB(3-Mepz)],, Fe[HB(3*YPrpz}],, and Fe[HB-

(pz)]2. In these complexes, the FelNIB torsion angles are

of a similar order of magnitude, averaging 4.@°, 0.3,

and 1.9, respectively. The corresponding&ty, distances

are 0.49, 0.53, 0.51, and 0.56 A, and the corresponinag

temperatures are4, 85, 110, and 390 K, respectively. The

observed values for Fe[HB@Prpz}]. appear out of line

but may be unique in this series because this complex

undergoes an unexpected 50% SCO that presumably is

induced by a phase transition occurring at the relatively low

temperature of 110 K. When compared with Fe[B(3-

Prpz)].:(CHsOH), in which there are two independent iron-

(1) sites, the partial changeover in Fe[HB{®Rrpz)]. is

unexpected because the crystalline form studied by X-ray

crystallography has a unique iron(ll) site. We have previously

reported® on a similar behavior i§ Fe[HC(3,5-Mepz)],} -

(BF4)2, a complex that also has a crystallographically unique

iron(ll) site in the room temperature X-ray structure. In this

complex, a cystallographic phase transiion causes a smiafl 0 L SIS el L Bo S A DS e
chf';mge from 100% hlgh-spm iron(1l) at 295 K to 50% high- corresponds to the Fe2 site ir?sl%D[ﬂCZCGHA;)B(&MeF:)z);]Z. The error barr)s
spin and 50% low-spin below ca. 205 K. Probably because are at most the size of the symbols.

of their ionic lattice, the crystals ¢fFe[HC(3,5-Mepz)].} -

(BF4)2 did not shatter at the phase transition, and as aspectral properties are known, indicates that there is no
consequence, their low-temperature structures could besimple correlation between the crystal system or space group
obtained. Although it is hard to prove crystallographically, of a given SCO complex and thBEy, of the SCO or the
crystal fracturing or shattering associated with a phase occurrence of magnetic hysteresis. Furthermore, there is no
transition is common in molecular SCO complexes of the clear additional instance where the supramolecular structure

borates, such as Fe[HB(&rpz}]>, Fe[(-PhGCeH4)B(3- impacts the SCO behavior. The best possible case is in the
Mepz)]2,'® or Fe[(-MesSiC,CeH4)B(3-Mepz)],.'6 structure reported here for Fe[Bf82rpz)].:(CHsOH) where
The final type of ligane-metal bonding distortion, ligan there are two independent molecules in the unit cell but only

metal-ligand, or L-M—L, bending (see the bottom right one undergoes a SCO. In this case, there are more intermo-
of Figure 10) does not appear to be important as the largestiecular contacts that are 0.1 A less than the sum of the van

distortion is with Fe[HB(3-Phpz),, where the B--Fe--B der Waals radii involving the Fe2 molecule than there are
angle, is 177. for the Fel molecule. This difference could be responsible

Following our previous studies on the different SCO for the different SCO behavior of the two molecules; the
behavior of different polymorphs of Fe@HCeH4)B(3- Fe2 being more bound into the lattice, thus requiring a lower

Mepz)],, we have examined the impact of crystal packing temperature to induce the SCO. Coincidentally, the Fe2
and supramolecular structure on the SCO behavior of themolecule has greater pyrazolyl-twisting than does the Fel
iron(l) poly(pyrazolyl)borates. We had envisioned that molecule, a twisting which, as outlined above, would also
highly organized three-dimensional structures could have abe expected to resist the SCO upon cooling. In this instance,
significant impact on the spin-crossover behavior. We have it is more likely that the pyrazolyl ring-twisting dominates
clearly demonstrated this effect with the two polymorphs of the SCO because of the seemingly weak nature of the
Fe[(p-ICeH4)B(3-Mepz)],. They both have very similar intermolecular contacts. However, it should be noted that it
ligand distortions, but one polymorph has a highly organized remains unclear the extent to which the crystal packing
three-dimensional supramolecular structure and does notinfluences the extent of the pyrazolyl ring-twisting. The
undergo a SCO upon cooling to 4 K. The second polymorph influence of the supramolecular structure, although not a
of Fe[(p-1CsH.)B(3-Mepz}], has a stacked two-dimensional dominating factor in controlling the SCO, has proven to be
supramolecular structure, a structure that is clearly less wella viable mechanism for fine-tuning the spin-state change and
organized than that of the other polymorph, and undergoeswarrants further study.
an abrupt iron(Il) SCO from high spin to low spin upon This study has also revealed unexpected correlations
cooling below ca. 130 K. Careful examination of the between the Mssbauer spectral properties and-fiebond
complexes in Tables 5 and 6, for which variable temperature lengths, distortions, and even the pyrazolyl ring distortions.
X-ray data are available or magnetic and/or'ddbauer  First, there is a correlation between the'ddbauer-effect
isomer shift and the average+H bond distance in the low-
(35) Reger, D. L.; Elgin, J. D.; Smith, M. D.; Grandjean, F.; Rebbouh, L.; - spin iron(Il) complexes (Figure 11). As expected, as the bond
(36) 'anenggér%.‘]ff’mfed’rghz;g?gg?t'h1N?.'g?i’éﬁg!yéol?&?;%fém distance increases, the s-electron density at the nucleus
2002 41, 4453. decreases and the isomer shift increases. Although the longer
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Figure 12. Correlation between the quadrupole splitting and the average
N—Fe—N intraligand bond angle distortion in the iron(ll) pyrazolylborate
complexes. The error bars are at most the size of the symbols.

Reger et al.

Figure 13. Correlation between the quadrupole splitting and the supple-
ment of the average intraligand FelNIC torsion angles, open symbols
and dashed lines, and the average intraligand -F€R torsion angles,
solid symbols and solid lines. The error bars are at most the size of the

bond distances of the high-spin complexes leads to substansymbols.

tially larger isomer shifts, there seems to be little correlation
of the individual high-spin iron(ll) isomer shifts with the
average FeN bond distance. The failure of the green points
for the high-spin state to fall on the red line in Figure 11 is
a result of the very different bonding properties of the iron-
(1) antibonding g orbitals, orbitals that are only occupied
in the high-spin iron(ll).

All of the green and red points in Figure 11 correspond
to iron(Il) pyrazolylborate complexes undergoing a SCO
upon cooling. In contrast, the two solid black points in
this figure correspond to the Fe2 crystallographic site in
Fel(-HC:CsH4)B(3-Mepz}],, the only iron(ll) site under-
going a spin-state transitiéfi(i.e., a temperature range where
the SCO compound is neither fully high spin nor fully low

spin) in the pyrazolylborate complexes under study herein.

At 90 K, this Fe2 is low-spin and has an isomer shift of
0.54 mm/s and an average-Hd bond distance of ca. 1.989
A, data that match the other low-spin complexes. However,
at 294 K, this Fe2 is 51% high-spin with an average-Re

bond distance of ca. 2.101 A. Because of the spin-state

transition, the Fe2 isomer shift at 294 K is the weighted
average of the limiting high-spin and low-spin isomer shifts

of 0.980 and 0.531 mm/s, i.e., 0.764 mm/s, used in the spin-

state relaxation fit$¢ The two solid black points in Figure

11 correspond to the 90 and 294 K Fe2 results, and a linear,

extrapolation from these two points to the limiting high-
spin isomer shift of 0.98 mm/s, the open black point in
Figure 11, indicates that, when the Fe2 site in pe[(
HC,CsH4)B(3-Mepz}]. is fully high-spin at 380 K, we can
predict it would have an average +H bond distance of
ca. 2.215 A.

There is also a weak but real correlation of the quadrupole

splittings with the average NFe—N intraligand bond angle
distortion in several pyrazolylborate and pyrazolylmethane
iron(Il) complexes (Figure 12). In this figure, the percentage
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intraligand bond angle distortion has been deffiétas in
ql,

) ) 100 "
% distortion=—
n

3 — an|
an

1)

wheren is the number of angles (three),is each individual
N—Fe—N intraligand bond angle, anal, is the average of
these angles. It should be noted that, as the distortion
of a high-spin iron(ll) complex increases, the quadru-
pole splitting increases, whereas that of a low-spin iron(ll)
complex decreases, at least slightly. The difference in
the sign of the two slopes in Figure 12 arises because
the principal componentsy,, of the electric field gra-
dient for the high-spin and low-spin states have different
signsté

Finally, the correlation of the Mesbauer-effect quadru-
pole splittings with the average FeMIC and FeN-
NB intraligand dihedral torsion angles in the iron(ll)
pyrazolylborate complexes (Figure 13) have been determined
for the complexes of the ligands listed in Table 5. To
compare the FeNNC and the FeN-NB torsion angles, the
supplement of the former angles has been used in Figure
13. Thus, in each case, a zero distortion corresponds to the
highly symmetric configuration in which each of the six
pyrazolyl rings in a complex are oriented at 280ielding
a 3-fold axis withDzy symmetry if the substituents on the
ring are ignored. As would be expected, because the low-
spin quadrupole splitting is determined by the Iattice
contribution to the iron(ll) electric field gradient, the low-
spin quadrupole splitting increases with the average torsion

(37) Renner, B.; Lehmann, &. Krist. 1986 175, 43.

(38) Hatert, F.; Long, G. J.; Hautot, D.; Fransolet, A.-M.; Delwiche, J.;
Hubin-Franskin, M. J.; Grandjean, Phys. Chem. Miner2004 31,
487.
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angle. In contrast, the high-spin quadrupole splitting shows in cases in which all the molecules in a lattice have similar
little, if any, correlation with the FeNNB average torsion  intramolecular arrangements. For the poly(pyrazolyl)borate
angle. complexes studied herein, the polymorphs of pé{tsH,)B-
(3-Mepz}), are the only system where we can clearly iden-
tify supramolecular forces as controlling the spin-cross-

There are now a rather large number of iron(ll) complexes over behavior. We plan future studies of these inter-
with the various derivatives of the pyrazolylborate and actions by preparing complexes with stronger supramolecu-
pyrazolylmethane ligands whose single-crystal X-ray struc- lar forces.
tures and magnetic and ‘dsbauer spectral properties are  The uncontrollable influence of phase changes is clearly
known1416 A number of factors that influence the spin- a dominant force in the SCO behavior in many of these
crossover behavior of this class of complexes are apparenicomplexes. For example, the complexes with 3-methyl and
from the various new results reported herein and the collected3-cyclopropyl substitutions, both of which have similar steric
earlier results. The first and most obvious factor is the steric effects?! have very different SCO properties. Fe[B(3-
congestion induced by substitution at the 3-position of the Mepz)], exhibits a complete SCO at low temperature,
pyrazolyl ring, a congestion that yields longer-R¢ bond whereas Fe[B(3*Prpz)], and Fe[HB(3¥Prpz}]. both ex-
distances and high-spin iron(ll). A second important feature hibit a 50% changeover. In the latter cases, the crystals shatter
influencing the iron(ll) spin-state is the presence of a at the temperature of the onset of SCO, indicating a phase
substituent other than hydrogen as the fourth substituent onchange. Clearly, phase changes dominate or change the
boron or at the 5-position of the pyrazolyl rings. In the impact of the more subtle influences of ring-twisting and
absence of these substitutions, the tris(pyrazolyl)borate andthe relatively weak supramolecular interactions that are
tris(pyrazolyl)methane ligands can accommodate changes inpresent in these complexes.
different iron(ll) spin-states, or more generally accommodate  Finally, it has been found that the Mdsbauer spectral
metal ions of different size by pyramidalization, a deforma- properties of iron(ll) SCO complexes provide insight into
tion that opens the ligand bite angle, of boron or central the ligand environment in cases where X-ray structural results
carbon, respectively. It seems that this deformation is not cannot be obtained; a correlation between the isomer shift
sterically possible with the substituted ligands. Unfortunately, with the average FeN bond distance has been observed.
studies of additional complexes will be needed to correlate |n addition, observed correlations between the quadru-
this deformation with théry, of the SCO. pole splitting and the average FeMNB intraligand torsion

For complexes with ligands which are substituted on the angles and the average{%e—N intraligand bond angle
fourth position of boron or at the 5-position of the pyrazolyl distortions are helpful in providing further insight into

ring, a number of distortions in the coordination sphere can structural distortions when X-ray structural results are
be induced either intramolecularly or imposed by different ynavailable.

crystal-packing behaviors. In the complexes studied to date,
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