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Lattice-Dictated Conformers in Bis(pyrazolyl)pyridine-Based Iron(ll) Complexes:
Mossbauer, NMR, and Magnetic Studies

P. Manikandan," K. Padmakumar,’* K. R. Justin Thomas," B. Varghese! H. Onodera$ and
P. T. Manoharan*1!

Department of Chemistry and Regional Sophisticated Instrumentation Centre, Indian Institute of
Technology/Madras, Chennai-600 036, India, and Institute for Materials Research, Tohoku University,
Sendai 980-8577, Japan

Receied June 18, 2001

Iron(Il) complexes [Fek](ClO4)2*CHCN, [Fels](BPh)2:2CHCN, and [Fel](PFs). with an FeN chromophore

of the same ligand L (2,6-bis(3,5-dimethylpyrazol-1-yImethyl)pyridine) and differing counterions have been made
and their crystal and molecular structures determined. The first two crystallized in triclinic spaceRj;cam

the third, with P~ anion inIbca space group. The Felcomplex ions in all lattices have similarly distorted
octahedral geometry. Variable-temperaturésktmauer spectra of [FE(CIO,)>*CH;CN and [Fely](PFs), measured

in the temperature range 300 K reveal temperature-dependent populations of two different spin states with
increased amount of low-spin form at high temperatures, a phenomenon unlike the normal spin crossover behavior;
this abnormal behavior is interpreted here as due to the presence of two different conformations. It is very interesting
to note that the two different compounds have similar spectiasiimuer parameters, and temperature dependence.
But the variable-temperature ‘debauer spectra of [Fg(BPhy),-2CH;CN in the range 26300 K do not show

the presence of such different species but exhibit a clear phase transitid208tK. This phase transition is
further supported by SQUID measurements. The results of variable-tempetdttN®R in CDsCN and the

solution susceptibility measurement of all complexes also support the presence of high-spin and low-spin forms
in solution. Hence, the complex ion [FEE" exhibits a thermally driven interconversion between low-spin and

a high-spin structural formsa phenomenon observed in the solid and solution states due to ligand dynamics.
This is not due to the well-known spin crossover phenomenon. These results are compared with the case of
normal spin crossover seen in [FG(CIOy), (L' = 2,6-(bis(pyrazol-1-ylmethyl)pyridine)).

Introduction first ever developed Fe(ll) spin crossover system dates back to
the 1960s when [Fe(pheftNCS)] (phen= 1,10-phenanthro-

Studies on spin-crossover systems have been a very fascinatl. thesizeHTh fter th hin this field
ing subject for the past three decades since many chemically'n_e) was synthesizedinereafter the research in this field was
quite contagioud?23

and biologically significant transformations of Fe(ll) complexes
are accompanied by a change in the metal ion spin state.
Extensive investigations on complexes which exhibit “spin  (7) Addison, A. W.; Burman, S.; Wahigren, C. G.; Rajan, O. A.; Rowe,

S ; ; ; ; T. M.; Sinn, E.J. Chem. Soc., Dalton Tran$987, 2621.
equilibrium” behavior have been carried out, since such spin (8) Wilson, L. J.. Tweedle, M. FJ. Am. Chem. Sod.976 98, 4825.

state change drastically alters the strength of ligamétal ion (9) Baker, W. A.: Bobonich, H. Minorg. Chem.1964 3, 118.

interactions and hence the chemical properties of the coriipflex.  (10) Christiansen, L.; Hendrickson, D. N.; Toftlund, H.; Wison, S. R.; Xie,
i ior i i i iti C. L. Inorg. Chem 1986 25, 2813.

Spin crossover b(_ehaworl_n Fe(ll) comple_xes, mvolvmg transition (11) Gitich, P.- Hauser. A.. Spiering. Hngew. Chem., Int. Ed. Eng|

between high-spirPT,, S= 2) and low-spin¥A;, S= 0) states, 1994 33, 2024,

is an actively studied phenomenon. This spin crossover is mainly (12) Goodwin, H. A.; Kucharski, E. S.; Wales, A. Aust. J. Chem1983

a cooperative phenomenon which passes the information from 36, 1115.
(13) Eichhorn, D. M.; Armstrong, W. Hnorg. Chem.199Q 29, 3607.

one molecule or one state of the molecule to the otdihe (14) Figg, D. C.. Herber, R. H.. Potenza, J. lorg. Chem.1992 31,
2111.
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TIndian Institute of Technology/Madras. (17) Wiehl, L.; Kiel, G.; Kdhler, C. P.; Spiering, H.; Glich, P. Inorg.
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§ Tohoku University. (18) Baker, A. T.; Goodwin, H. A.; Rae, A. Onorg. Chem 1987, 26,
"Honorary Professor, Jawaharlal Nehru Centre for Advanced Scientific 3513.
Research, Bangalore, India. (19) Bousseksou, A.; Verelst, M.; Constant-Machado, H.; Lemercier, G.;
(1) Barefield, E. K.; Busch, D. H.; Nelson, S. M. Re.., Chem. Sac Tuchagues, J. P.; Varret, fhorg. Chem.1996 35, 110.
1968 22, 457. (20) Ozarowski, A.; McGarvey, B. R.; Sarkar, A. B.; Drake, J.lfiorg.
(2) Konig, V. E. Ber. Bunsen-Ges$hys. Chem1972 76, 975. Chem.1988 27, 628.
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(6) Sinn, E.; Sim, G.; Dose, E. V.; Tweedle, M. F.; Wilson, LJJAm. (23) Baker, A. J.; Ferguson, N. J.; Goodwin, H. A.; Rae, A.Alst. J.
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We report here the crystal and molecular structure of three  [FeL:](ClO4)>»»CH3CN (1). The synthesis of the complex was
iron(ll) complexes of a tridentate nitrogen donor ligand, 2,6- accomplished following a previously published metfddlo the
bis(3,5-dimethylpyrazol-1-ylmethyl)pyridine, and their detailed deoxygenated methanolic solution containing 363 mg (1 mmol) of Fe-
spectroscopic and magnetic investigations using variable- (€102)226H:0 was added 590 mg (2 mmol) of L with constant stirring;

temperature Mssbauer spectroscopy in the solid state, magnetic an immediate yellow precipitation res(l)JIted. The precipitate was filtered
measurements in the solid and solution states. and variable-OUt and washed several times with 80% methanol to ensure the complete
’ removal of any unreacted starting materials if present. The yield was

temperaturéH NMR in solution. We have 'also carrie.d.(.)ut 95%. The product was recrystallized from deoxygenated acetonitrile.

variable-temperaturéH NMR and magnetic susceptibility  apal. Calcd: C, 48.77; H, 5.11; N, 17.38. Found: C, 48.52; H, 5.13;

measurements in solution using the Evans method for'fFel N, 17.52.

(ClO4)2 (L' = 2,6-bis(pyrazol-1-ylmethyl)pyridine) which un- [FeL](BPha),»2CHLCN (2). An acetonitrile solution of 88.66 mg

dergoes normal spin crossover, for a fruitful comparison. (0.1 mmol) of the above complex [Fg(ClO4),(CHsCN was added to

Although many Fe(ll) compounds including the latter are known 68.45 mg (0.2 mmol) of NaBRtwith constant stirring. The solution

to exhibit the usual thermal spin crossover characteristics, two was allowed to stir for 0.5 h, and the solvent was evaporated. The crude

of the Fe(ll) complexes reported here exhibit fully high spin Product was washed many times with methaneater (1:1), dried,

characteristics at low temperatures, but on increasing the @nd recrystallized from acetonitrile to give faint yellow prismatic

temperature, a new conformer probably with a low- spin form crystal§. The ylelq was 92%. Anal. Calcd: C, 76.07; H, 6.46; N, 11.62.
. ) . Found: C, 76.12; H, 6.41; N, 11.70.

slowly develops its population t840% at ambient temperature.

: [FeL2](PFe)2 (3). These crystals were made in a manner similar to
It must, however, be noted that Mahapatra and Mukhgffée that for 2 by using NaPFin place of NaBPh Anal. Calcd: C, 43.6;

have observed only a normal spin crossover in fHéCIO ). H 452 N 14.96. Found: C. 43.78' H. 4.65: N. 14.81.
The other Fe(ll) complex of the same ligand L, with BPh X-ray Data Collection and Structure Refinement. Well-grown
counterions, exhibits an interesting phase transitionz00 K single crystals of appropriate size were selected for structure determi-

but exists as high-spin species throughout the temperature rangenation and sealed in a Lindemann tube, due to their propensity for
solvent loss. The cell dimensions were obtained from the least-squares
Experimental Section refinement of the 25 reflections. The complete data were collected at
room temperature on an Enraf-Nonius CAD4 automatic four-circle
'H NMR spectra were recorded on a JEOL-GSX 400 spectrometer. diffractometer. The data were corrected for Lorentz and polarization
Chemical shifts of the complex were referenced to tetramethylsilane effects, and an absorption correction was applied on the basis of
(TMS). Variable-temperature NMR measurements were carried out in y-scans.
the temperature region 23333 K using the JEOL variable-temperature The structures were solved by direct methods (SHELX$8&hd
controller. Magnetic measurements were carried out on a powder samplerefinement was carried out by the full-matrix least-squares calcultion.
at a field of 0.1-1 T using a SQUID magnetometer operating in the  Hydrogen atom positions were fixed on geometrically calculated
temperature range 4300 K. The error in the temperature wa§.2 positions and allowed to ride on their respective carrier atoms with
K, and that in the susceptibility was within 1%. The magnetic isotropic thermal parameters of the parent atoms. The thermal param-
susceptibility was corrected for underlying diamagnetism using Pascal eters of the non-hydrogen atoms were anisotropically refined. The high
constants. Molar susceptibilities are given i? mol™*; magnetic residual density was located around perchlorate ions and the acetonitrile
moments were calculated according to the relation 2.828 fmT)">. solvent molecules, which indicated slight disorder of the oxygen atoms
Magnetic susceptibility measurements in solution were made using aof the perchlorate ions and diffused nature of thesCN. However,
modified Evans metho#. The coaxial NMR tube contains pure  the perchlorates were modeled satisfactorily without considering this
acetonitrile solvent while the outer tube contains the iron complex gjight disorder. The final convergence was achieved Rith 0.0505,
dissolved in acetonitrile. The methyl protons of the acetonitrile in the .0542, and 0.0563 respectively fbr-3.
inner and outer tubes show different chemical shifts. This separation
in chemical shifts Av) was monitored with temperature, and it is  Results and Discussion
considered as a paramagnetic shift. Initial $dbauer measurements
were made using the Canberra S-100sslmauer spectrometer fitted The syntheses of the ligand and the complexes were ac-
with a Wissel constant acceleration drive. The spectrum was recordedcomplished in a straightforward manner by adopting routine
with a 512 multichannel analyzer. The source W&o/Pd (Amersham  procedured’ Elemental analyses confirm the formation of ML
50 mCi). The variable-temperature measurements were done in anothezomplexes. There is no apparent sign of aerial oxidation in the
instrument where a constant-acceleration (Wissel) typesdidauer solid state for an appreciable period of exposure to air except
spectrometer together with a 1024-channel analyzer operating in theIOSS of crystallinity in the cases fand2. However, the solution

time scale mode was used. The standarday source>’Co/Rh . .
(Amersham 25 mCi) was kept at room temperature for all measure- exposed to air for a long time gradually turns brown, presumably

ments. The velocity corresponding to each channel was calibrated with due to the formation of Fe(lll). So when we deal with solutions,
the known spectrum of the metallic iron, and the isomer shifts reported a@dequate care has to be taken to avoid any oxidation.
here are with respect to-Fe at room temperature. All low-temperature Description of Structures. Table 1 summarizes the experi-
spectra were collected using a helium bath cryostat. Thesktauer ~ mental crystal data foi—3, and their selected bond lengths
spectra were analyzed with computer programs using a Lorentzian lineand bond angles are given in Table 2. The molecular structures
shape. of complexes—3 are displayed in Figuresi3. The asymmetric
Preparation. All the solvents used were rigorously purified and dried  ynits in 1 and 2 consist of the Fej cation, two corresponding
prior to use. Other chemicals were purchased either from Aldrich Co. jnions. and one/two CGJEN molecules of crystallization.
or locally and were pure enough for the synthesis. The Schlenk Compound3 has similar asymmetric units but is free from
technique was used in the preparation of the Fe(ll) complexes. 2,6- solvent molecule. In all three compounds, (i) two molecules of
Bis(3,5-dimethylpyrazol-1-ylmethyl)pyridine (L) and 2,6-bis(pyrazol- he ni d ) id i pd ’ di d
1-ylmethyl)pyridine (L) were prepared as reported in the literaftfr&. the nitrogen lonor tridentate ligand, L, are coor inated to Fe-
(I1) to form a distorted octahedral complex and (ii) a mean plane
formed by three coordinated nitrogens of one ligand with Fe is

(24) Mahapatra, S.; Mukherjee, R Chem. Soc., Dalton Trank993 3723.

(25) Mahapatra, S.; Mukherjee, Rolyhedron1993 12, 1603.

(26) Sandip, K. SJ. Magn. Resanl989 82, 169. (28) Sheldrick, G. MActa Crystallogr 1990 A46, 467.

(27) Manikandan, P.; Varghese, B.; Manoharan, B. Them. Soc., Dalton (29) Sheldrick, G. M. SHELXL-92, A Program for the Crystal Structure
Trans 1996 371. Refinement, University of Gtingen, Gdtingen, Germany.
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Table 1. Summary of Crystal Data and Data Collection Parameters for,]JfelO,)>CHsCN, [Fely](BPhy)>2CHCN, and [Fel](PFs)2

chem formula GGH45C|2FGN_|_108 (1) CgeHgngFele (2) C34H42F12FeN_|_0P2 (3)
fw 886.58 1367.15 936.57
temp, K 293(2) 293(2) 293(2)

A A 0.710 73 0.71073 0.71073
space group P1 P1 Ibca

a A 11.125(9) 11.444(3) 12.6452(10)
b, A 11.144(9) 16.799(8) 15.361(3)

c, A 18.698(6) 19.801(6) 42.412(5)
a, deg 90.93(4) 90.45(3) 90.0

B, deg 92.62(6) 91.59(2) 90.0

y, deg 114.6(4) 94.28(3) 90.0

v, A3 2104(27) 3795(2) 8239(2)

Z 2 2 8

Pealc (g/crr®) 1.400 1.197 1.510

o (MM™2) 0.548 0.252 0.538

R(Fo)? 0.0732 0.1078 0.0950
Ru(FA)P 0.1472 0.1696 0.2033

aR(F) = SlIFo| — |Fdl/SFo. PRW(Fd) = [S[W(IFol2 — |Fc|D]T (W]Fo|?)FY2, wherew = 1/[04(F.?) + (0.068P)%2 + 2.6P] and P = (max(F42 0)
+ 2F /3.

Table 2. Selected Bond Lengths (A) and Angles (deg.) for [JECI0.)»>CHsCN, [Fely](BPhy)»2CH:CN, and [Fel](PFs).

[FeL2](ClO4)*CH:CN (1) [FeLz](BPhy)2:2CHCN (2) [FeL2](PFe)2 (3)
Bond Distances (A)
Fe-N(1) 2.250(5) Fe-N(1) 2.251(3) Fe-N(@3) 2.208(4)
Fe-N(3) 2.218(5) Fe-N(3) 2.245(3) Fe-N(3) 2.208(4)
Fe-N(5) 2.215(5) Fe-N(5) 2.235(3) Fe-N(1Y 2.209(3)
Fe—N(6) 2.241(5) Fe-N(6) 2.241(3) Fe-N(1) 2.209(3)
Fe-N(8) 2.186(8) Fe-N(8) 2.199(3) Fe-N(2) 2.229(4)
Fe-N(10) 2.203(10) FeN(10) 2.208(3) FeN(2) 2.229(4)
Bond Angles (deg)

N(3)—Fe—N(1) 85.0(2) N(3)-Fe—N(1) 85.79(10) N(3)-Fe—N(3) 95.1(2)

N(5)—Fe—N(1) 85.5(2) N(5)-Fe—N(1) 86.15(10) N(3)-Fe—N(1) 171.47(14)
N(5)—Fe—N(3) 169.98(12) N(5)FFe—N(3) 171.91(10) N(3)Fe—N(1) 86.34(14)
N(6)—Fe—N(1) 177.13(12) N(6) Fe—N(1) 177.50(10) N(3)-Fe—N(1) 86.34(14)
N(6)—Fe—N(3) 93.3(2) N(6)-Fe—N(3) 96.43(10) N(3)-Fe—N(1) 171.47(14)
N(5)—Fe—N(6) 96.4(2) N(5)-Fe—N(6) 91.63(10) N(Z)-Fe-N(1) 93.47(18)
N(8)—Fe—N(1) 93.7(4) N(8)-Fe—N(1) 95.72(10) N(3)-Fe—N(2) 93.65(14)
N(8)—Fe—N(3) 95.25(14) N(8)-Fe—N(3) 92.21(11) N(3}Fe-N(2) 85.53(14)
N(8)—Fe—N(5) 88.43(14) N(8)-Fe—N(5) 87.85(11) N(1)-Fe—N(2) 94.84(13)
N(8)—Fe—N(6) 84.2(4) N(8}-Fe—N(6) 85.34(10) N(1}Fe-N(2) 85.99(13)
N(8)—Fe—N(10) 169.85(14) N(8) Fe—N(10) 171.12(10) N(3}Fe-N(2) 85.53(14)
N(10)—Fe—N(1) 96.5(3) N(10)-Fe—N(1) 93.15(10) N(3-Fe-N(2) 93.65(14)
N(10)—Fe—N(3) 85.6(2) N(10)-Fe-N(3) 88.03(11) N(T)-Fe—-N(2Y 85.99(13)
N(10)—Fe—N(5) 92.44(14) N(10}Fe—N(5) 93.16(10) N(1} Fe-N(2) 94.84(13)
N(10)—Fe—N(6) 85.7(3) N(10)-Fe—N(6) 85.81(10) N(2)- Fe-N(2) 178.79(18)

Figure 1. ZORTEP plot of the Feg2* cation of [Felg](ClO4), CHs-
CN. (Perchlorate ions, the acetonitrile molecule, and hydrogen atoms
are omitted for clarity.)

approximately perpendicular to that of the other ligand. Of
particular interest is a comparison of the geometry of the,Fel
cation in the three unit cells. The ligand adoptsneer
conformation about the central metal ion. The—&e bond
lengths range from 2.186(8) to 2.250(5) A 10 2.199(3) to  Figure 2. ZORTEP plot of the Fef2* cation of [Fels](BPh)»2CHs-
2.251(3) A in2, and 2.208(4) to 2.229(4) A i8 all of which CN. (Tetraphenyborate ions, the acetonitrile molecule, and hydrogen
are typicallyrys at RT (room temperaturé}:3%-32 The distortion atoms are omitted for clarity.)
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Figure 3. ZORTEP _ plot of the Fef2™ cation of [l_:elg](PFG). _ 0.99
(Hexafluorophoshate ions and hydrogen atoms are omitted for clarity.) S :
0
from octahedral geometry is maximumIrand minimum in3. 2
The average differences between#py) and Fe-N(pz) bond g 0.984
lengths in Fek of 1—3 are 0.04, 0.02, and 0.02 A, respectively. %
Also, the average of bond distances is the maximun2fand = 1.001
minimum for 3. Both 1 and3 are tetragonally elongated along .
Fe—N(Py) bonds while the geometry around the meta2 iis &9
tetragonally compressed, the equatorial plane being N(1)N(3)N-
(5)N(6). In complex [Fek](BPhy)2»2CH:CN the BPh anions 0.974
are isolating the iron center. All distances and angles in the
tetraphenylborate anion appear normal. All the phenyl rings are
essentially planar; the average-C distance is 1.384 A, and
the average BC distance is 1.650 A. Such an isolation of el 0.94-
present ir2 is rather restricted i and3. The N—Fe—N bond 1.00-
angles vary from 84.2(4) to 177.13(12), 85.0(2) to 177.13(12),
and 85.53(14) to 178.79(10)espectively in crystalsl—3
indicating that there is not much of a difference between them.
The mean planes of the pyridine rings of the two ligands in the 42K
ClO,4~ lattice are tilted at an angle of 2604 he dihedral angles 0.95+
between the planes formed by the pyrazolyl groups within the
two ligand molecules in the same compléxare 118.3 and
111.58. The pyridine mean plane is tilted to adjacent pyrazolyl
rings within a ligand at angles of 56.69 and 118.88d 124.12 -10 5 0 5 10

and 55.59. Almost similar situations exist i2 and 3. Thus,

the chelate rings in all complexes assume boat conformation. Velocity (mm/sec)

No evidence exists for any alteration in the planarity of the
pyridine and pyrazolyl rings of all complexes. In all complexes,
there is no significant hydrogen-bonding network in the lattice.
In addition, the solvent of crystallization, GBN, in 1 and2
plays no significant role other than acting as a space filler in

Figure 4. Mossbauer spectra of [FE(ClO,),*CHsCN in the temper-
ature range 3001.7 K.

expected for F& high-spin complexes. All these indicate the
presence of Fe(ll) in the high-spin state. The values of the isomer

shift and the quadrupole splitting are given in Table 3. At the
lowest temperature, viz. 4.2 K, the spectrum is mainly due to
this high-spin component with the presence of a small amount
: ’ T3 of a quadrupole doublet which has an isomer shift value of 0.116
without much detaif> A similar complex, [FeL{(ClO,)z, mm/s (average) characteristic of low-spin Fe(ll) with an intensity
without the methyl substituents at the pyrazole ring of ligand o 7 504 of the total. The intensity of this peak reaches a value
was found to undergo normal spin crossover in the range from of nearly 40.8% of the total integrated intensity at 300 K. This
300 to 77 K2 We report here the Nesbauer spectra of [Fgl observation cannot be attributed to the presence of any low-
(ClO4)2» CHACN recorded in the temperature range from 300 to gpin impurity, since in such an eventuality the low-spin part of
4.2 K (Figure 4). Throughout this temperature range there is a g spectrum should be present throughout the temperature
major quadrupole split component with an isomer shift of 1.16 region with approximately the same percentage of inteR&if.
mm/s and a quadrupole splitting of 3.1 mm/s at 4.2 K. The |, other words, the low spin to high spin ratios should remain
crowding of the ligand makes it a distorted octahedral molecule, ~qnstant at all temperatures although the relative areas may vary

which gives a large quadrupole coupling constant. The values gjightly due to the DebyeWaller factors of the two spin states.
are found to vary slightly with temperature as it is normally

these complexes.
MdUssbauer SpectroscopyThe room-temperature Msbauer
spectrum of [Fek](ClO4),:CH3CN had been reported earlier

(33) Boukheddaden, K.; Varret, Flyperfine Interact1992 72, 349.

(34) Claude, R.; Real, J. A.; Zarembowitch, J.; Kahn, O.; Ouahab, L;
Grandjean, D.; Boukheddaden, K.; Varret, F.; Dworkin, lAorg.
Chem 199Q 29, 4442.

(35) Konig, E.; Ritter, G.; Goodwin, H. AChem. Phys1973 1, 17.

(30) Hoselton, M. A.; Wilson, L. J.; Drago, R. 3. Am. Chem. Sod.975
97,1722.

(31) Katz, B. A.; Strouse, C. El. Am. Chem. So0d.979 101, 6214.

(32) Mikami-Kido, M.; Saito, Y.Acta Crystallogr., Sect. B982 38,452.
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Table 3. Mdssbauer Spectral Parameters of the Compound,Jf&I0,)CH;CN

T,K 01,2mm/s AEq, mm/s T'/2, mm/s A2 02, mm/s AEq, mm/s I'2/2, mm/s AR
4.2 1.16(1) 3.10(4) 0.12(2) 0.92(3) 0.12(1) 0.58(1) 0.14(1) 0.08(1)
77.3 1.15(2) 3.15(4) 0.12(1) 0.91(1) 0.14(1) 0.56(1) 0.16(1) 0.09(3)
199 1.09(2) 3.05(1) 0.14(1) 0.73(3) 0.12(1) 0.52(4) 0.14(1) 0.27(1)
300 1.06(1) 2.89(4) 0.14(1) 0.59(2) 0.22(1) 0.31(1) 0.18(1) 0.41(2)

aWith respect to Fe at room temperatufg.and Az: relative transmissions.

If it is a problem due to differences in the recoil free fraction,
then the intensity of the low-spin component should be more 1.00;
pronounced at lower temperatures. This is also opposite to the
usual thermal spin crossover behavior. However, the existence

of a “reverse” spin crossover is not possible due to entropy 0.96/
reasons and, hence, such a possibility is ruled out. A similar '
kind of observation has been earlier reported in a triaza complex 1.0007 i

with the percentage of the low-spin component increasing to
33% at ambient temperatute The authors attributed this to

the isomerization of the complex at high temperature. Again at
high temperatures both isomers are present. They argue that at
low temperatures there is a possibility for only one isomer being
present due to restricted motion. A similar kind of explanation
can be offered for the temperature-dependent behavior of the
[FeLy](ClOg4)2*CH3CN of this report. Here, one can also argue 0.88 I
that the dynamics of the molecule or a dynamics attributed to 20 K
the disposition of the ligand L alone can produce a small low- 1.00 "
spin contribution at higher temperatures. The dynamics involv-

ing this ligand in Cu(l) complex@%36 have been already

reported by us. The crystal structure of [LECIO,),:CHsCN 0.88
indicates that the ligands are arrangedrar conformation. A -10 5 0 3 10
conversion of thisnerconformation tdac conformation could
alter the spin form. Furthermore, this interconversion with the Velocity (mm/s)

preponderance oherstructure as shown in the crystal structure  figyre 5. Méssbauer spectra of [Fg(BPhs)»2CHCN in the tem-
could occur at a frequency higher than that dictated by the perature range 36620 K.

diffraction of X-rays. It is very interesting to note from a very

0.992;

1.00

Transmission

recent repoff that two different Fe(ll) sites ifFe[HC(3,5-  1able 4. Mdssbauer Fitted Parameters for [FEBPh:)>-2CHCN
Me2pz)].} (BF4), detected clearly by NMssbauer at room TK d62mm/s AEq mm/s T/2,mm/s intensity (%)
temperature could not be revealed by the single-crystal X-ray —3qq 1.09 2.84 0.25 100
diffraction studies. Similarly an earlier study of the ' S&bauer 1.14 4.03 1.30 56.1
spectra of Fe[B(3-isopropylpyrazol-1-y) by Long and co- 200 0.85 1.72 0.70 26.3
workers8 reported the presence of Fe(ll) in a pseudooctahedral 1.52 1.81 0.60 17.6
environment where two doublets were observed even though 1%; g'é‘;’ 8%; 188

the X-ray structural wor¥ indicated the presence of only one _
crystallographically distinct iron(ll) site. Hence, this lattice & With respect to natural Fe at room temperature.
[FeL2](ClO4)>*CHsCN can be considered as an example of geometry, which is indicative of the presence of Fe in the high-
thermally driven interconversion of high-spin and low-spin gy state with a2 oxidation state. The values were found to
forms promoted by themer < fac conformations. Another ary slightly with temperature. The values of the chemical shift

interpretation is that the chelation ring undergoes a change fromang the quadrupole splitting at different temperatures are given
boat at RT to chair at low temperature, creating two different ;, Taple 4.

structural forms. The Massbauer spectrum at 200 K, however, becomes very

When we replaced the ClOcounterion of [Feb|(ClO4)>CHs- broad due to a first-order phase transition, and it could be easily
CN by BPh", we observe very interesting spectroscopic and fitted with three doublets with different chemical isomer shifts
magnetic results though we do not see any high-sfuiw-spin and quadrupole splittings (Table 4). Further support to this first-

isomers over a temperature region. Thésdloauer spectra of  grder phase transition comes from the solid-state magnetic
the [Felo](BPhy)22CHCN recorded at selective temperatures  moment measurements (vide infra) which show a cusp in the
in range 306-20 K are given in Figure 5. Observation of & = gsceptibility at this same temperature. Though phase transition
large quadrupole coupling constant throughout the temperaturejs confirmed both by Mssbauer results and magnetic measure-
range (except at-200 K) indicates highly distorted octahedral ments, the real evidence for the specifics of transformations
. — - . : N " comes from Mgsbauer and to a lesser extent from the
(36) g":cr" Sgcl]t%?{ ‘Fr)r'é'r\m/lscirgégﬂ'ssé'is\)/ arghese, B.; Manoharan, B. Them. 1o nerature-dependent FTIR spectrum. The phase transition may
(37) Reger, D. L.; Little, C. A.; Rheingold, A. L.; Lam, M.; Liable-Sands,  involve either a change in the chelating ring conformation from
L. M.; Rhagitan, B.; Concolino, T.; Mohan, A; Long, G. J.; Briois,  the boat form at room temperature (the crystal structure analysis

V.; Grandjean, FInorg. Chem.200Q 39, 4674. .
(38) Long, G. J.; Grandjean, F.; Trofimenko, I8org. Chem.1993 32, of [FeLz](Bth;)z 2CHCN p.ro"es. the presenpe of a boat
1055, conformation for the chelation ring) to a chair form at low

(39) Rheingold, A. Unpublished results. temperatures omer to fac conformational change. At the
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transition temperature of 200 K, three different structures are
identifiable as a result of the process of conformational changes
mentioned above. However, the structures present at this
temperature appear to be some kind of metastable intermediates,
totally different from those above and below 200 K. It may be
pertinent to remind here of the dynamics involving this ligand

in the case of Cu(l) complexes as investigated and reported
earlier3® Similar behavior is noted in the case of bis(azido)-
copper(ll) complexe&® These three structures with differing
isomer shifts and quadrupole coupling constants suggest possible
routes or intermediates for a changeover from boat to chair
conformation of chelating ring or fromer-to-facin solid state

on cooling as is evident from their differind, AEg, andI'/2
values (Table 4). At this juncture, it is difficult to point which
structure is formed first unless measurements are made at closer
intervals of temperature, e.g:1°. A crystallographic measure-
ment as a function of temperature around 200 K is in progress.
One point, however, can be made that the species with large
quadrupole splitting at 200 K is definitely a high-spin form, be

it due to an extreme metastable form of boat or chair conforma-
tion. The other two lower quadrupole moment species reveal a
tendency of Fekto go toward a low-spin species, the structures
of which are stabilized differently by different anions. The large ,
line width I'/2 for this fit of spectral data reveals considerable frigyre 6. Presence of chair and boat conformations observed in two
dynamics in progress as a result of phase transition, i.e. 0.60 tosix-membered chelation rings: (top) chair forms in endzef,1-
1.30 mm/s compared to 0.25 to 0.35 mm/s for stable high- and diazido-bridged dipropylenetriamine (dpt) binuclear copper(ll) complex;
low-temperature conformations. This large line width must have (middle and bottom) boat forms in the CukMoiety in a bis(azido)
been caused by the dynamics of change from one to the otheinuclear complex in two different but symmetry-related orientations.

structures measured at 200 K in Table 4. Thesbhmuer spectra 200K
at 210 and 190 K are slightly different from each other indicating 1,000 Skeifon, i s
that this phase transition is of first order from boat to chair or 0.992
mer-to-facconformation. The existence of such structures in 1,00 e st

other Cu(ll) complexes with the same ligand or similar ligand
like dipropylenetriamine (dpt) has been observed by us (Figure
6).4° FTIR measurements of this complex ion in the solid state
at 200 K show splitting of IR spectral lines revealing the
presence of more than one structure at the temperature of phase
transition. While the results on the lattices containing £10

and BPhk~ anions are much different from each other, the
Mossbauer spectra (Figure 7) of [F4PFs), revealed the same 0.98
thermally driven interconversion of high-spin and low-spin
forms in similarity to the perchlorate: (i) the percentage of low-
spin form is nearly 39% at room temperature in comparison to

41% in the perchlorate lattice; (ii) the low-spin form Rkagalue = 5 10

and resolves into a doublet with a smalEq value in good Velocity (mmfs)

similarity to the perchlorate lattice, characteristic of low-spin Figure 7. Mdssbauer spectra of [F(PFy) in the temperature range
octahedral systems with trigonal or tetragonal distortion. Table 300-4.2 K.

5 shows the Mesbauer parameters for compouidA major . ) . . .
point to note in all spectral data shown in Figures 4, 5, and 7 SPin Fe(lll) species from possible oxidation of ke ruled

is that (i) there is a continuous increase in théssloauer ~ OUt by the total lack of EPR signals in the region of-&00
absorption on decrease of the temperatures of saltgsand : ) ) ) -
(ii) there is a definite relative increase in the low-spin component ~ Magnetic Properties. The magnetic susceptibility measure-
with increase in temperature. These observations remove theMents for [FeL](ClO4),-CHCN (Figure 8) were carried out
possibility of Fé* either in sample or on detector window. In  USing @ SQUID magnetometer with an external magnetic field
a general sense, the spectral behavior appears to be als@f the order of 1 T. First of all, a plot of * vs T indicates zero
influenced by the size of the cation, i.e. GIO< PFs~ < BPhy", value for the Weiss constant suggestmg this com.pound to be a
which in turn controls the volume space available for the Puré paramagnet, though the magnetic moment is of the order
[FeL2]2* species to undergo restricted to unrestricted motional ©f 6-13us at 12 K which is larger than the normal spin-only
behavior (vide infra). Support for these observations also comesYalue of 4.9ug for high-spin iron(ll) complexes witls = 2.

from susceptibility and NMR studies. That the “low- spin” form ~ The higher value must be due to the orbital and other

Massbauer signals i and3 may be due to low-spin or high- contributions. However, the magnetic moment at higher_ tem-
peratures clearly decreases in true correspondence with our

(40) Manikandan, P Muthukumaran, R.. Justin Thomas, K. R.. Varghese Méssbauer results. Moreover t.he S'US(?ept.Iblhty data in the region
B.; Chandramouli, G. V. R.; Manoharan, P. fiorg. Chem.2001, of 120-200 K show scattering indicating the presence of
40, 2378. motional behavior in the lattice. The stability of the susceptibility
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Table 5. Mdssbauer Spectral Parameters of the Compound_Jfefs).

T,K 01,2mm/s AEgh mm/s I'/2, mm/s A 02, mm/s AEgQ?, mm/s T'2/2, mm/s A
4.2 1.167 3.030 0.265 0.880 0.108 0.580 0.251 0.120
77.3 1.160 3.100 0.240 0.813 0.120 0.590 0.310 0.187
195 1.103 3.009 0.268 0.719 0.121 0.580 0.268 0.281
206 1.101 2.970 0.274 0.699 0.117 0.574 0.276 0.301
RT 1.050 2.790 0.258 0.610 0.110 0.550 0.258 0.390

aWth respect to natural Fe at room temperature.
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Figure 8. Variation of magnetic moment with temperature for [L
(ClO4)2*CHSCN from SQUID susceptibility measurements. l_Jg__”:" K

80 40 20 20 -40 -60 -80 100

Magnetic Moment (BM)

451 PPM PPM
4Lk ) %%WW Figure 10. Variable-temperaturtH NMR spectra of [Fek](ClO,)*CHs-
o CN in the temperature range 23333 K. Solvent: CRCN.
4.3 Xxx
3 42 N of the ligand is the cause behind this transformation. The
@ il ’ ground state 0D, split further by tetragonal/trigonal distortions
% . and spin-orbit coupling creating energy levels separated by
*wof energies of the order T (thermally populated in the high
30- temperature range) causes the temperature-dependent magnetic
s moment for both compounds. Similarly a very large temperature-
380 ‘ I S I n dependent magnetic moment at low temperatures is attributed
© 80 10 0 200 250 300 350 to zero-field splitting of the high-spin Fe(ll) ground state. A
T 1K} similar low-temperature magnetic behavior was observed for
Figure 9. Variation of magnetic moment with temperature for [FeL solid 1. No magnetic measurements were made on {KBEs)2
(BPhy)2r2CH,CN from SQUID susceptibility measurementsc @nd in view of its Mossbauer data being very similar to the
O refer to two different measurements.) perchlorate lattice.

data below 100 K and above 200 K shows a smooth variation. Nuclear Magnetic Resonance StudySolution'H NMR as
This again can be attributed to the two-conformation model @ function of temperature throws light on changes of structure
proposed above. influenced by ligand fluxionality on the Fet" ion, independent
The magnetic Susceptibi”ty measurements for Compound of the anion behavior and hence lattice packing effects. In other
[FeL,](BPhy)2*2CHsCN have been carried out using a SQUID Words, we can study the manifestation of the electronic energy
magnetometer with an external magnetic field of the order of States (associated with the [F#t" complex ion), especially
1000 G. The p|0t of the magnetic moment versus temperaturethe ones accessible to thermal population in the high-temperature
is shown in Figure 9. It is very clear from this figure that the regime up to 333 K, whereas Msbauer spectroscopy becomes
magnetic moment is of the order of 444 at 300 K which is difficult above 300 K due to reduced recoil free fraction in
slightly less than expected for a spin-only value, 4 for addition to possible structural degradation in compolrtiie
high-spin iron(ll) complexes witls = 2. In addition, thereisa  to the fear of losing CECN molecules from the lattice.
“cusp” at about 200 K. This cusp confirmed by two different Proton NMR spectra of the ligand part of all three iron(ll)
sets of measurements conforms to the findings bysdbauer complexes in CBCN are identical and show peaks ranging from
spectroscopy (vide infra) in the form of three "S&bauer +48 to —63 ppm at 313 K (a little above room temperature)
doublets resolved out of a broadened spectral feature andwith respect to TMS characteristic of a species with organic
substantiates our earlier interpretation of a phase transition fromligands bound to a paramagnetic center. At the lowest possible
chair to boat conformation of chelation rings omeer-to-fac temperature (233 K) in our variable-temperattfieNMR study,
transformation. Though this phase transition observed both by the peaks are spread out froh®3 to —97 ppm with respect to
Mossbauer spectroscopy and magnetic susceptibility is es-TMS (Figure 10). As we increase the temperature, the resonance
sentially a solid-state phenomenon, the basic fluxional characterregion keeps decreasing. At the highest measured temperature
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Figure 11. Variable-temperaturéH NMR spectra of [Fel](ClOy),
in the temperature range 23333 K. Solvent: CRCN.

50

of 333 K the resonance peaks are spread out fteth to —54
ppm. These findings clearly not only support the thermally
driven interconversion of low-spin and high-spin forms but also
support increased population of low-spin conformer at higher
temperatures. The room-temperature peaks-@8 and —23
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Figure 12. Variation of solution magnetic moment (from the modified
Evans methot) with temperature for (a) [Fel(ClO,4),]-CHsCN and
(b) [FeL'5)(ClOy)2.

explain the behavior on temperature variation by the simulta-
neous presence of LS and HS states, the latter dominating at
higher temperature. Also, it is surprising to note that the line
width in this case also increases on decreasing temperature, but
generally the line width is less than that for [ So we
surmise that the line width effect here in [FgB* is essentially

due to viscosity. The NMR properties of the complex ion in
[FeLy](BPhy)2:2CHsCN with the larger counterion BRhor in
[FeL;](PFs), are identical to those of [Fel(ClO4),*CH;CN
indicating that only the “fluxional” behavior of [Fe]?" cation

is responsible for their spectral manifestations. So, the thermally
driven interconversion of spin forms is very much of an attribute
to the Fel?" ion in both solid and solution states.

Evans Method. Variable-temperaturéH NMR studies of
[FeL,]?" independent of the anion support increased populations
of low-spin isomers on increasing temperatures though in the
solid states there are additional contributions and restrictions

ppm, respectively, have been assigned to the methylene protondrom lattice packing and spin state. To gain additional support

which are found to be diastereotropic according to earlier
work 2736

The line width of the methylene protons was found to be

for the thermally driven interconversions we have also carried
out susceptibility studies for all three complexes and for the
normal spin crossover complex [Fgl(ClOy), in acetonitrile

inversely proportional to temperature. At high temperatures the solution using the modified Evans meth&dThe plot of the
sharpening of the NMR spectral lines arises from an increasing effective magnetic moment in solution (Figure 12a) for [fét
amount of low-spin isomer. As the temperature is lowered, the compounds in the temperature regime 2343 K reveals that

high-spin°T, isomer gets increasingly populated producing more

Av, the chemical shift differences between the reference and

paramagnetic broadening. Sharpening of lines can also bethe one in the complex, vary from 1059.0 Hz at 233 K'to 626.5

attributed to faster interchange of the two conformers at high
temperatures along with a higher population of the low-spin
state while broadening at low temperature is due to slowing
down of exchange of conformation along with increased

Hz at 343 K. This corresponds to the change of magnetic
moment from 5.63:g at 233 K to 5.17z at 343 K. The definite

and substantial decrease in magnetic moment on increasing the
temperature is a positive indication of increased contribution

population of high-spin-state species. It must, however, be Of the low-spin conformer. The contribution from this isomer
mentioned that an increase in solvent viscosity on lowering the is €xpected to increase from 2 to 25% in the temperature region

temperature also contributes to an increase in line width. In fact,

of 4.2 to 300 K for compound and up to 40% in compound

the average moment responsible for the observed shifts should3 according to the Mssbauer data. Hence, the results of Evans
be due to the presence of these two possible isomers also inmethod reveal similar trends with the lggbauer and magnetic
solution, since any conformational change (vide supra) should Susceptibility data in the solid state.

be easier in solution.

To lend credence to our conclusions of NMR results on
Fel,?", we also carried out variable-temperatéFeNMR for
another iron complex, [Fek}(ClO,),, which undergoes normal
spin cross ove?*25 At the lowest possible temperature (233
K) the peaks are spread out fron80 to 32 ppm (Figure 11).

On the contrary, the magnetic susceptibility measurement by
Evans method done on the normal spin crossover iron complex,
[FeL'2)(ClOy),, reveals that the magnetic moment increases from
3.8up at 230 K to 5.57ug at 330 K (Figure 12b), as expected,
due to increased population of the HS state at higher temper-
atures.

As we increase the temperature, the spectral spread considerably Nature of Conformers in 1—3. The compounds [Fel-

increases and at 333 K the same peaks have a spaddfo
43.5 ppm. There are two points worth noting: (i) The maximum
spectral spreads occur at low temperatures for jPelbut it

is at high temperature for the [Fe]>" ion. (ii) Such spectral
spreads are larger for [Fgl2" than for [Fel’;]?". In the case
of [FelL';]?", on the basis of Mssbauer evidence, one can

(ClO4)2*CH5CN and [Fel](PFe). appear to undergo a thermally
driven interconversion between two forms, possibly fromex

to facisomer or a boat to chair conformation with temperature,
and the compound [Fel(BPhy),-2CH;CN undergoes a first-
order structural change at200 K in solid state as supported
by detailed temperature-dependentddibauer spectral analysis



6938 Inorganic Chemistry, Vol. 40, No. 27, 2001 Manikandan et al.

and susceptibility studies. Solution NMR studies of all com- spectral section (vide supra). Such differences betweéssMo
plexes reveal an increased population of low-spin componentbauer (two F& states) and crystallography (single distinct Fe
due to the Fep2™ ion with increasing temperatures. The SQUID site) do exist as has been well brought out in the case of Fe-
susceptibility study of solid and the NMR of isolated Fek&" [B(3-isopropylpyrazol-1-y}j],*83°and{ Fe[HC(3,5-Mepz)s]2} -

by Evans method clearly show a decrease in their magnetic (BF4)..3” Apparently the high sensitivity of Mgsbauer param-
moment from 230 to 300 K. This testifies to our two-conformer eters to the local electronic environment of the ke is able

or -isomer model (vide supra). to reveal subtle differences in the electronic and structural

The differential behavior of and3 from 2, the former giving environment that are not apparent in the X-ray structural
fise to two definite conformers and the latter a structural phase "€finement:t
transition, draws its support from the volume space available Yet another source to prove the presence of two forms is the
for one Felz2* entity in the unit cells. After deduction of the  Very flexibility of the bis(pyrazolyl) ligand”*¢4%In an Fe(ll)
spatial volumes of the counterions and the solvent molecules, complex with a similar ligand, in which one of the two pyrazolyl

it is calculated that the space available for each,Felon for groups contains only protons instead of methyl grotiphie
its occupation and motional dynamics is 1009.74, 1164.17, and ligands adopt anerconformation about the metal atom so that
996.9 A respectively in the crystals df—3. The crystalsl the complex cation has no overall symmetry; this configuration

and3 having almost the similar volume space available for the Iead; to reduced in.terligand interaction. What is important to
cation in their lattices give very similar Mossbauer properties. NOte is that the quality of the X-ray data was rather poor at 296
However, the much greater space availability for the same cation and the structure had to be ddfat 173 K. Furthermore in
in 2 gives it more freedom to go from one high-spin to another this compound at 173 K, the average irguyridine bond lengths
high-spin form through a series of intermediates (three identified € Much longer than those in [F4E" lattice at RT reported
at 200 K by Msbauer). Any transformation from boat to chair here- Similarly, Fe-N(pyridine) — Fe-N(pyrazole) is 0.1 Ain

or merto-facis expected to be easier with the availability of a ghis (;ompourzjd,d\_/;/fhile in ours the salrlne is ﬁnly %04 A. _S”Chf
larger volume space within the unit cell. Whatever may be the Isorders and differences in crystallography, observation o

nature of transition, in view of the several species present at scattering of the susceptibility data fdrin the temperature

200 K in 2 one among which having lower isomer shift points region of .12&200 K and the finding of a.structural p.hase
a tendency to go toward a low-spin form. We infer that the real transition in2 at 200 K are all due to the motional dynamlcls of
intermediate is a possible low-spin species, which does not getthe ligand. It must .be said that the dynamic NMR Of. Cu
stabilized in2 due to the formation of a much more stable high- complexes of these liganathe presence of low-lying excited

. . - - states in exchange coupled 'Culimers containing these
spin species. It is interesting to note the presence of another,. 10 . : ,
species at 200 K with a very highEo and the normal isomer ligands}® and, of course, this report are all mz_amfestaﬂon_s of
shift value characteristic of a high-sSin”Fé’his again suggests the temperature-dependent molecular dynamics of the ligand

a large structural change on its route. These transformationsl" Though the ligand dynamics is highly relevant here, the
ge struct . 9 T influence of the counterions in crystal lattice packing also plays
are possible in lattic2 only due to the availability of a much

L . a significant role in amplifying or modulating the ligand
larger volume space of 16034nore per cation in comparison 9 plifying 9 9

to 1 and3. The similar M@ssbauer properties dfand3 make dynamics.

us conclude that such large scale structural changes are restrictep irflngﬂzityee(; :&?;h\zirtg Iztgrffte?ce)ﬁflgmh?npr;euslﬁ nl(i:fitOfi? tlg\évs:e
by lower volume space available for the cation; hence, the ying P phcity

temperature-dependent transformations gets stopped at ar%:ompounds which can only be proved by calculatiooannot

intermediate state level. The geometry restriction in molecules, be ruled out though the present explanation through the mode

. . oo i . . .~ of differing configurations of the ligand within the same lattice
if any in solution, is created by increased viscosity on lowering

the temperature. Under such a suggested change, one particulal? definitely more convincing.

ligand arrangement can provide for higher ligand field to create
the low-spin state. This explains the temperature dependent

population of both spin forms. This idea of molecular rear-  Three iron(I) complexes, [Fel(ClO4).*CHsCN, [Fely]-
rangement of the ligand is supported by our dynamic NMR (BPhy)»*2CHCN, and [Fel](PFs),, with a common chro-
results on the diamagnetic Culspecies in solution¥.3¢ The mophore Felmade by using the same ligand L (2,6-bis (3,5-
unit cell of crystals2 with tetraphenylborate anions with less  dimethylpyrazol-1-ylmethyl) pyridine) with differing counterions
closely packed Fe£" molecular species has more space to show lattice-packing-dependent Mossbauer and magnetic prop-
accommodate large-volume-requiring transformation as sug-erties. All of them appear to undergo conformational change
gested above and hence could go through a full-scedeto- as a function of temperature though the first and the third have
fac or chair to boat conformational change; in the process it a properties different from the second one. Equally interesting
could produce a few intermediates with changed molecular andis the fact that when they are all brought into solution, they
hence electronic structures leading to differing isomer shift and retain their property of conformational change, indicating that
quadrupole splitting values as observed by us. In this case whilethe entire dynamics is controlled by the ligand movement.
the room temperature form is of one type of high spin, the low- Theoretical models and additional crystallographic work un-
temperature €200 K) form with slightly differingd and AEq derway are expected to prove not only the part played by the
values should be another high-spin form. ligand but also the nature of lattice packing including the void

One could question the coexistence of two form4 and3 space present in each one of them.
since we observe only one kind of F&Lt structure in crystal
structure. First it must be said that 8Bkbauer time scale is faster  (41) Reiff, W. M.; Long, G. J. InMossbauer spectroscopy Applied to

than that of X-ray and hence what we seeras conformation '\;‘(‘))Ifgfnéczigemisw'-ongl G. J., Bd.; Plenum: New York, 1984;

in crystallography is essentially the time-averaged structure of (42) Mahapatra, S.; Butcher, R. J.; Mukherjee JRChem. Soc., Dalton
the two conformers as we discussed under théesddauer Trans 1993 3723.

Conclusion
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