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The semiquinone-catecholate based mixed valence complex, [Fe"(bispicen)(ClsCat)(Cl;SQ)]-DMF (1), and catecholate
based (H,hispictn)[Mn,"(Cl,Cat)s(DMF),] (2) (bispicen = N,N'-bis(2-pyridylmethyl)-1,2-ethanediamine, bispictn =
N,N’-bis(2-pyridylmethyl)-1,3-propanediamine, Cl,Cat = tetrachlorocatecholate dianion, and Cl,SQ = tetrachlo-
rosemiquinone radical anion) were synthesized directly utilizing a facile route. Both the complexes have been
characterized by single crystal X-ray diffraction study. The electronic structures have been elucidated by UV-vis—
NIR absorption spectroscopy, cyclic voltammetry, EPR, and magnetic properties. The structural as well as
spectroscopic features support the mixed valence tetrachlorosemiquinone-tetrachlorocatecholate charge distribution
in 1. The ligand based mixed valence state was further confirmed by the presence of an intervalence charge
transfer (IVCT) band in the 1900 nm region both in solution and in the solid. The intramolecular electron transfer,
a phenomenon known as valence tautomerism (VT), has been followed by electronic absorption spectroscopy. For
1, the isomeric form [Fe"(bispicen)(Cl,Cat)(Cl,SQ)] is favored at low temperature, while at an elevated temperature,
the [Fe'(bispicen)(Cl,SQ),] redox isomer dominates. Infrared as well as UV-vis—NIR spectral characterization for
2 suggest that the Mn"(Cat),~ moiety is admixed with its mixed valence semiguinone-catecholate isomer
Mn'(SQ)(Cat)~, and the electronic absorption spectrum is dominated by the mixed charged species. The origin of
the intervalence charge transfer band in the 1900 nm range is associated with the mixed valence form,
Mn'(Cl,Cat)(Cl,SQ)~. The observation of VT in complex 1 is the first example where a mixed valence semiquinone-
catecholate iron(lll) complex undergoes intramolecular electron transfer similar to manganese and cobalt complexes.

Introduction for their rich redox properties and potential for forming

d compounds that may exist in a number of electronic states

owing to the combined electrochemical activity of the metal

ion and one or more quinone ligant®he degree of freedom

of the electronic states is due to the redox forms of
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Transition metal coordination chemistry of ligands derive
from catecholate and-benzoquinone has been the subject
of intensive research for the last few decati&particularly
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Valence Tautomerism in an Iron Complex

been observed for the manganese and cobalt complexes, antl) have been observed by monitoring the magnetism and
their attractiveness is due to the fact that the physical electronic spectral changes which suggest the shift from low-
behaviors of these complexes are similar to those of the metalspin Cd" to high-spin C#.4.23-24

complexes exhibiting spin-crossover whose reversible trans- " '

formations can be utilized for creating addressable memo- Co” (N—N)(SQ)(Cat)= Co (N—N)(SQ) 1)
riess’

In view of this, a series of mixed-valence semiguinone- For manganese, three redox isomers are possible, and the

catecholate transition metal complexes have been preparet&EqUiIibria oceur in two steps (eqs 2 and®3)-#2

and characterized by single crystal X-ray diffraction stéidy. MnY (N=N)(Cat). = Mn" (N—N)(SO)(Cat 2
The synthetic procedures employed for the preparation of ( )(Cat) ( J(SQ)(Cay @
mixed valence Cr, Mn, Co, and other transition metal Mn”'(N—N)(SQ)(Cat)= Mn”(N—N)(SQ)z 3)

complexes involve the reaction of substitutedenzoquinone

and the neutral metal carbonyl in which the metals are in A dramatic thermochromic effect in solutifrwas noted
zero oxidation states, and consequent reduction of the formeffor the mononuclear Mn(py{3,5-DBCat}. Similar changes
leads to the formation of the desired products under an inertin the optica| Spectrum were also observed for the tetra-
atmosphere. A number of M¢SQ) complexes have been  nuclear complex, [Mi3,5-DBSQ)]s, and the following
characterized with the four common Semiquinone ||gand'5 Cl equi”brium (eq 4) is Operative in this instance.

SQ, PhenSQ, 3,5-DBSQ, and 3,6-DBSQ in which metal ion

is found to be high-spin iron(lll) at all temperaturelslixed Mn" (py),(3,5-DBCat) = Mn" (py),(3,5-DBSQ) (4)
valence semiquinone-catecholate iron complexes (e.qg., [Fe-

(3,5-DBSQ)(3,5-DBCat)(bpy)], [Fe(DBSQ)(DBCat)(phen)], As with Co and Mn complexes, it is important to mention
[Fe(phenSQ)(phenCat)(pherijHF, etc.) have been subse- that the observations of VT are not restricted to the Ma(N
quently prepared by treating the corresponding Fe{SQ) N)(DBSQ) series’®2° Dei et al. have isolated and charac-
complexes with suitable reducing agekttltmost care has  terized both the ([MH(CTH)(3,5-DBCat)}) and ([Mri'-

also been exercised to prevent the decomposition of the(CTH)(3,5-DBSQ)}) isomers using a tetradentate ligaiid.
semiquinone radical chelated compleRe’$.A majority of Thermal equilibria were observed for these compounds in
them have been characterized by single crystal X-ray the solid state as well as in solution. Several other dioxolene
diffraction, and their spectroscopic studies and magnetic ligands have also been successfully used to obtain transition
measurements were done in the solid state and in sofufidn.  Metal complexes with interesting propertfés:®

Among these, semiquinone and catecholate chelated cobalt Iron, which lies between Mn and Co in the first transition
and manganese complexes have gathered special attentiof€ries, is also expected to show redox isomerism of the type
due to the temperature dependent “VT” involving intramo- " e

lecular electron transfer from the ligand to metal or vice [Fe"(N=N)(SQ)(Cat)l==[Fe (N=N)(SQ)] )

versa’:® Equilibria between Cb and Cd redox isomers (€q gt o far, no behavior in the solid state or in solution has

(5) Pierpont, C. GCoord. Chem. Re 2001, 219-221, 415. yet been noted to justify that the complexes undergo
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Ed. Engl 1994 33, 2024 Apart from the materials interest of the iron-semiquinone
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metal-semiquinone complexes is, therefore, worth studying

from the materials as well as bioinorganic points of view.
Herein, we report the syntheses, structures, and spectro

scopic and magnetic properties of the mononuclear mixed

valence tetrachlorosemiquinone-tetrachlorocatecholate iron-

(I and tetrachlorocatecholate chelated hydrogen bonded
dinuclear manganese(lll) complexes prepared directly by a
facile route using tetradentate N-donor ligands, namely
bispicen (bispicer= N,N'-bis(2-pyridylmethyl)-1,2-ethane-
diamine) and bispictn [bispictsr N,N'-bis(2-pyridylmeth-
yl)-1,3-propanediamine] (Chart 1). Experimental evidence
has been gathered for the VT phenomenon in the iron
complex for the first time in solution as well as in the solid
state.

Experimental Section

Materials. All materials used were of reagent grade. Pyridine-
2-carboxaldehyde and tetrachlorocatechol monohydrat€ étHb-
H,0) were purchased from Aldrich. Both 1,2-diaminoethane and
1,3-diaminopropane were distilled prior to the reaction. The ligands
(bispicen and bispictn) as well as the complexed'[Béspicen)-
Cl;]Cl and [Mn!' (bispictn)C}] were prepared following the literature
procedures! The reagents and solvents were used without further
purification. Distilled water was used throughout.

Complex Syntheses. [P (bispicen)(ClLCat)(Cl;SQ)]-DMF
(1). To an aqueous solution (10 éof [Fe(bispicen)G|Cl (0.40
g, 1 mmol) was added a DMF solution (30 9rof tetrachlorocat-
echol monohydrate (0.52 g, 2 mmol). The mixture was stirred in
air for 10 min whereby a deep blue solution was formed. It was
filtered and kept in air. Deep blue crystals of complexvere
obtained after 45 days and were then filtered and washed first
by the mother liquor followed by diethyl ether and dried in air.
(Yield = 70% based on Fe.)

Anal. Calcd for GeH1g N4O4ClgFee0.5DMF: C, 39.93; H, 2.60;

N, 7.62. Found: C, 40.14; H, 2.71; N, 7.63%.

(Hzbispictn)[Mn )" (Cl4Cat)4(DMF) ] (2). To an aqueous solu-
tion (10 cn?) of [Mn(bispictn)Ch] (0.38 g, 1 mmol) was added a
DMF solution (20 crd) of tetrachlorocatechol monohydrate (0.26
g, 1 mmol), and the reaction mixture was stirred in air. A clear
green solution was thereby formed which was filtered to remove
any suspended materials. The solution was kept in air. Needle
shaped green crystals @fwere formed within 12 h. They were

(31) Toftlaund, H.; Pedersen, E.; Yde-AndersenASta Chem. Scand.,
Ser. A1984 38, 693.
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Table 1. Crystallographic Data Collection and Refinement DataXfor
and?2

1 2
formula GrH21ClgFeNss0s5  CasHzsCligMN2NeO1o
fw 826.44 1496.87
cryst syst monaoclinic monoclinic
space group P21/c (No. 14) C2/c (No. 15)
a, 9.33(2) 21.061(6)

b, A 28.72(8) 15.918(5)
c, A 10.81(2) 18.498(3)
B, deg 92.19(8) 114.986(6)
v, A3 2895(11) 5621(3)
Zz 4 4
o, glcnd 1.896 1.769
u(Mo Ka), mml  1.310 1.272
T, K 93 93
2, A (Mo Ka) 0.71073 0.71073
Omin-max deg 2.0-26.4 1.8-29.3
total data 19443 24648,
unique dataRin) 5823 (0.086) 7152 (0.042)
observed data 4910 5450

[I > 2.00(])]
R, wR2 0.0777,0.2139 0.0348,0.0779

filtered and washed first by the mother liquor followed by diethyl
ether with the addition of a little DMF and dried in air. (Yiefd
75% based on Mn.)

Anal. Calcd for GsHzsNeO1oCligMny: C, 36.12; H, 2.32; N, 5.61.
Found: C, 36.13; H, 2.24; N, 5.71%.

Physical MeasurementsMicroanalysis (CHN) was performed
on a Perkin-Elmer 240C elemental analyzer. The EPR spectra were
obtained on a Varian model 109 E-line X-band spectrometer
equipped with a low-temperature quartz Dewar for low-temperature
measurements. FT-IR spectra were obtained on a Nicolet MAGNA-
IR 750 spectrometer with samples prepared as KBr pellets. Cyclic
voltammetry (scan rate of 0.05 VY was performed at a platinum
electrode using an EG&G PARC electrochemical analysis system
(model 250/5/0) in acetonitrile under dry nitrogen atmosphere in
conventional three-electrode configurations. tXs—NIR spec-
troscopic measurements were carried out on a JASCO V-750
spectrophotometer equipped with thermostated cell compartments.
Variable temperature magnetic susceptibility and field dependence
of magnetization measurements were performed on an Oxford
Maglab 2000 system.

Crystallographic Data Collection and Refinement of Struc-
tures. Single crystals of boti and2 were grown from a DMF
water mixture. Each crystal was then mounted on an automatic
Bruker P4 diffractometer equipped with a graphite monochromated
Mo Ka radiation ¢ = 0.71073 A). Unit cell dimensions and
intensity data were measured at 93 K both forand 2. The
structures were solved by direct methods and refined by full-matrix
least-squares based &/ with anisotropic thermal parameters for
non-hydrogen atoms using Bruker SHELXTL (data reduction),
SHELXS*? (structure solution), and SHELXE (structure refine-
ment). The hydrogen atoms were included in structure factor
calculations in their idealized position. Information concerning
crystallographic data collection and refinement of the structures is
compiled in Table 1.

Results and Discussion

Synthesis.The tetradentate bispicen and bispictn ligands
(bispicen= N,N'-bis(2-pyridylmethyl)-1,2-ethanediamine and

(32) Sheldrick, G. M.SHELXS 97, Acta Crystallogr., Sect.189Q 46,
467.

(33) Sheldrick, G. MSHELXL 97, Program for Crystal Structure Refine-
ment University of Gdtingen: Gdtingen, Germany, 1997.
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Table 2. Selected Bond Distances (A) and Angles (deg) for

Fe-O1A 1.797(6) Fe-O2A 2.033(7)
Fe-0O1B 1.910(7) Fe02B 1.960(7)
Fe—N1 2.084(8) FeN2 2.186(8)
C1A-0O1A 1.235(8) C2A-02A 1.139(7)
C1B-01B 1.329(8) C2B-02B 1.267(7)
C1A—C2A 1.592(10) C1B-C2B 1.434(8)
O1A—Fe-01B 99.34(19)  OlAFe-O2A 98.66(19)
O1A—Fe-02B 82.77(19)  OlAFe-N1 95.2(2)
O1A—Fe-N2 166.0(2) 01B-Fe-02A 89.12(19)
01B—Fe-02B 85.78(18)  O1BFe-N1 165.4(2)
O2A-Fe-02B  174.86(17)  O2AFe-N1 90.2(2)
02A—Fe-N2 72.72(19)  02B-Fe-N1 94.6(2)
02B—Fe-N2 106.81(19)  N:Fe-N2 74.3(2).

by O2A and O2B having O2AFe—02B bond angle
174.9F. The remaining two N (one pyridine and one amine)
atoms of the bispicen ligand are uncoordinated. The free
Figure 1. Molecular view of [Fé (bispicen)(CISQ)(ChkCat)-DMF (1) amine proton is involved in strong H-bonding interaction
showing atom labeling schemes. with the catecholate oxygen atom (NBI---O2A = 2.645-
(10) A) stabilizing the ligand. The FEO1A and Fe-O2A
bispictn = N,N'-bis(2-pyridylmethyl)-1,3-propanediamine) bond distances are 1.797(6) and 2.033(7) A whereas Fe
used in the present study are known to form transition metal O1B and Fe-O2B are 1.910(7) and 1.960(7) A. TheFe
complexes with two labile chloride ions @is-position3! We N1pyrigine and Fe-N2amine bond distances are 2.084(8) and
reasoned that this disposition of chloride ions might give 2.186(8) A, respectively. The-€0 lengths for the chelated
rise to two vacant coordination sites in solution, and thereby, ligand containing O1A and O2A are 1.235(8) and 1.139(7)
chelation of the 1,2-dihydroxybenzenes would generate anA, and those for the ligand containing O1B and O2B are
intermediate complex which in the presence of aerial O 1.329(8) and 1.267(7) A. The semiquinone ligands generally
might lead to the formation of the semiquinone chelated have shorter €O bond lengths (1.28 A) than the fully
products. The complexes prepared by the reaction of alkyl reduced catecholate ligand (1-3%.35 A)22a
substituted catechols (e.g.tdr-butylcatechol and 3,5-di- The structurally characterized complex [K8,6-DBSQ)-
tert-butylcatechol) were found to be extremely air sensitive (3,6-DBCAT)(bpy)] has an average—<© bond length of
leading to the formation of intractable products presumably 1.308(4) A whereas it is 1.311'&for [Co(bpy)(3,6-DBSQ)-
due to the oxygenation of the substituted catecffolzsThe (3,6-DBCAT)]. The anionic complex, Fe(bpy)Claty, has
reaction ofcis-[Fe! (bispicen)CJ]Cl and tetrachlorocatechol  the average €0 bond distances of 1.327 and 1.312 A for
(Cl4CatH,) in DMF—water mixture, however, produced the two catecholate ligand% An average value of 1.310-
mixed valence tetrachlorosemiquinone-tetrachlorocatecholate(5) A of C—0O bond lengths fotrans[Cr'' (CI,SQ)(CkCat)-
iron(l1l) complex of molecular formula [F&Cl,Cat)(Cl- (CHiCN),] has, however, been reported recenflyThe
SQ)(bispicenyDMF as dark blue crystals. On the other hand, average €O bond lengths forl are significantly shorter
the reaction otis-[Mn" (bispictn)C}] and tetrachlorocatechol ~compared to those of the previously reported mixed valence
produced green crystals of a manganese(lll) complex which semiquinone-catecholato iron(lll) complex&srhe differ-
corresponds to the molecular formulaispictn)[Mn!"' (Cla- ences of the €0 bond lengths, however, imply a localized
Cat)(DMF),]. The novelty in the synthetic procedure applied mixed-valence state for the two quinonate ligands. A similar
to obtain the present complexes lies in the fact that, unlike conclusion can be drawn from the +© bond distances.
that reported for the other mixed-valence semiquinone- The average FeO bond distances [FEO1A = 1.797(6) A,
catecholate and/or catecholate chelated transition metalFe—O2A = 2.033(7) A, Fe-O1B = 1.910(7) A, and Fe
complexes, it does not require any inert atmosphere. More-O2B = 1.960(7) A] are shorter than those observed in
over, no externally added bases such as NaOH or triethyl-[Fe(bpy)(CkCat)]~ where the values for the two chelated
amine are required for the reaction to oc&uf catecholate ligands are 1.983 and 1.9922%The average
Crystal Structure of [Fe"" (bispicen)(ClLCat)(Cl4SQ)]: Fe—O bond length of 1.925 A is, however, close to an
DMF (1). A dark blue crystal of complex [H&bispicen)(Cl- average CrO bond length of 1.932(3) A in [(CI,SQ)-
Cat)(CLSQ)}DMF (1) was obtained as DMF solvates. A  (ClsCat)(L)] complexes®In summary, the structural features
drawing of the complex molecule is shown in Figure 1, and of 1 are close to the trivalent state of iron and the presence
important bond distances and angles appear in Table 2. Theof mixed-valence forms of the dioxolene ligands. Further
geometry of the central Eeion is roughly octahedral. The confirmation is apparent from the spectroscopic studies.
in-plane positions are occupied by Ndine, N2amine O1A, Crystal Structure of (H sbispictn)[Mn ;" (Cl,Cat)s(DMF) ]
and O1B around the Pe and the axial positions are occupied (2). Complex2 could be viewed as composed of a dicationic
bispictn ligand (Hbispictn) and the anionic [M#{ (Cl,Cat)-
(34) g;lil;t::lg{oTH _@égﬁ%;hiYSAAmSugLn;crﬁo,Sgagggdlaéas-z;gglsuji, M.  (DMF);]?>~ moiety. The dicationic form of the ligand is due
(35) Shaikh, N’.; F;lanja, A Ali,-M.; I'3anerje'e, Fransition Met. Chem to the protonation of both of the amine nitrogen and the
2003 28, 881. protonated hydrogen atoms participating in a hydrogen
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Figure 2. Molecular structure of dimeric (#ispictn)[Mn"(Cl,Caty-
(DMF);] (2) with atom labeling schemes.

Figure 3. Molecular view showing nonbonding interaction between the

Table 3. Selected Bond Distances (A) and Angles (deg) and Hydrogen manganese centers and dimeric face-to-face orientation of the planer

Bonds for2 catecholate ligands in compleéx

Mn—O1A 1.8968(16) Mr-O1B 1.9220(17)

Mn—0O1D 2.1940(19) Mr-O2A 1.8960(15) echolate ligand&?2 The DMF solvent molecule occupying

Mn O2B 1.8939(15) MnO1B_a 2:8354(19) the apical position of the square pyramidal geometry around

O1A-C1A 1.345(2) 01B-C1B 1.354(3) pical p : q py g y

02A—C2A 1.355(3) 02B-C2B 1.343(3) the metal center with MrO bond length of 2.1940(19) A

ClA-C2A 1.409(3) C1B-C2B 1.413(3) is axially elongated and expected for a high-spin'Mmaving
O1A—Mn—01B 171.50(7)  O1AMn—O1D 96.34(7) d* electronic configuration. A crystallographic inversion
O1A-Mn—02A 86.48(6)  OlA-Mn—02B 96.70(6) center generates a second monomeric unit so that the planar
813::\\/!/'2:8;2} :gfg((ﬁﬁ)) gfe?migig 3?,'2328 catecholate ligands of the adjacent unit lie in the dimeric
01D—Mn—02A 91.29(6)  O1D-Mn—02B 92.00(6) face to face orientation as in Figure 3. The cationic bispictn
8?3—'\/'&—0%828 1;;-;252)) O1B_aMn—-0O2A  83.81(6) ligand is held by hydrogen bonding interaction involving the

_a-Mn— . "~ g X .

N2—F2A+--O2A 27792)  N2-H2A--N1 2.862(3) N—H proton from the ligand and the coordinating O atom
N2—H2C--O1B 2.822(2) of the chelated catecholate oxygen atoms-{i#2A---O2A

= 2.779(2) A and N2H2C:-:01B = 2.822(2) A]. The
bonding interaction with the O atoms of the chelated ligands. hydrogen bond distances are significantly short, and there-
A molecular view of complex with atom-labeling schemes  fore, the interaction is strong enough to render the molecule
is shown in Figure 2. Selected bond distances and anglesa dinuclear nature in the solid state. Catecholate oxygen O1B
are given in Table 3. The geometry of each manganese centepf the adjacent M# unit located at the sixth coordination
is square pyramidal. Oxygen atoms from two dioxolene site of Mn atom with a Mr-O1B distance of 2.8354(19) A
ligands occupy the in-plane positions. Bond lengths from also helps in the stabilization of the dimeric unit (Figure 3).
the manganese to oxygen donor atoms for-MD1A and The Mn—Mn separation is 3.5766(12) A in the present
Mn—0O2A are 1.8968(16) and 1.8960(15) A, whereas those complex. This structure is essentially identical to that reported
of the Mn—01B and Mn-02B are 1.922(17) and 1.8939- for [Mn"(BrsCath(OPPh)]~ by Larsen et al? The bispictn

(15) A, respectively. These are similar to the M@ lengths ligand additionally participates in the stabilization of the
observed for catecholato manganese(lll) compléx&sThe crystal lattice unlike the former.
semiquinone ligands generally have shorter@ bond FT-IR Spectroscopy. Infrared spectra of the metal

lengths (1.28 A) than the fully reduced catecholate ligand quinone complexes serve as an important tool to distinguish
(1.34-1.35 A). The average €0 bond distance (1.349(3) between the catecholate and semiquinonate ligands. The IR
A) of the chelated dioxolene ligands which are sensitive to spectra of both the complexes were taken as KBr pellets.
charge distribution is fully consistent with Mr-Cat charge ~ The semiquinone ligands while chelated to the metal usually
distribution?~1* The C-C bond lengths of 1.409(4) and show strong absorption bands in the range 2460 cnT™.
1.413(3) A bearing catecholateOH also support MH— The spectrum of complekis depicted by a strong absorption
Cat formulation. MrR-O and C-O bond distances observed : ——— — . — _
for 2 also compare well with the recently reported polymeric ©® éi)afga\'(kthSng”’aGaﬁ) §3f§ac'ﬂ'érﬁﬁo%i”fsr,’%i’gf’(b)vs".’ffifﬁj P
manganese(ll,1ll) complex chelated by the tetrachlorocat- N.; Panja, A.; Gao, S.; Banerjee, P. Manuscript in preparation.
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Figure 4. Cyclic voltammogram (scan rate 50 mVv% of complex1 (a)
and2 (b) in acetonitrile at a platinum electrode with ferrocene as an internal
standard and TEAP as supporting electrolyte.

band at 1440 cmt and a relatively less intense band at 1247
cm ! whereas the corresponding bands 2care observed
at 1421 and 1250 cm. These are characteristic for the ligand

Table 4. UV—Vis—NIR Spectral Data of Complexesand?2 at 25°C
Amax{nm (e/dm? mol~1 cm1)

550 (5200), 360 (sh) (3850), 300 (11200), 1932 (140)

complex solverit
1 MeCN

DMF 570 (5120), 360(sh) (3810), 300(11230), 1932(145)
MeOH 590 (5100), 360(sh) (3800), 300 (11400), 1930 (140)
solid 540, 300, 1925

2 DMF 605 (672), 390 (2620), 284 (34640), 1927 (260)
MeCN 600 (680), 348 (3592), 294 (9795), 250 (18368),

1930 (255)

MeOH 710, 410(sh), 270
solid 590, 360, 1920

2 Solid state also indicated.

give a cationic di-semiquinone complex fbrand a neutral
mixed valence semiquinone-catecholate"Mecomplex for
2 as shown in eqs 6 and 7, respectively.

[Fe" (bispicen)(CISQ)(Cl,Cat)] =
[Fe" (bispicen)(CISQ),]" (6)

Mn"'(Cl,Cat),]” = [Mn"(Cl,Cat)(CLSQ)]  (7)
This is substantiated by the observations made for the mixed
valence [C¥ (Cl,Cat)(CLSQ)(L)] complexed* 16 The Ey»
values observed for the Cat/SQ couple are similar to that
observed for [Cl(Cl,Cat)(CLSQ)(L)] complexed* 16

Another irreversible oxidation wave &t0.96 V was also
found for 1 (not shown in the figure) but not fa2. This
could be attributed to the oxidation of SQ to BQ resulting
in the formation of [F¥ (bispicen)(CISQ)(CLBQ)]*t as
shown in eq 8.

based mixed valence semiquinone-catecholate transition[F€" (bispicen)(CJSQ)]" =

metal complexe& 1" The bands at 1100 and 1480 chare

generally observed for catecholate based transition metal

complexes which are present f3rbut not forl. The strong
absorption band at 1421 cifor 2, together with a relatively
weak band near 1250 crh suggests that even in the solid

state the mixed valence isomer has significant contribution.

[Fe" (bispicen)(CJSQ)(CLBQ)I*" (8)

The irreversible electrochemical process might be due to the
low coordination ability of the neutrab-benzoquinone
ligand16

In addition to the ligand-centered redox activity, an

This is clearly in contrast to that expected from the structural electrochemically quasireversible reduction wave is observed

point of view which is in complete agreement with the

for 1at—0.72 V €12 = —0.62 V, AE, = 0.20 V) and an

Mn'"—Cat assignment. The appearance of infrared bandsirreversible reduction wave at0.55 V for 2. In the case of
characteristic of mixed valence semiquinone-catecholatel, it can be assigned as the reduction of thé Fe Fé'.

complexes suggests that the WMiCaty,~ moiety is admixed

with its mixed valence semiquinone-catecholate isomer,

Mn'"(SQ)(Cat).
Electrochemical Properties.Owing to the redox-active

This value is, however, much higher than that observed for
the anionic [Fe(bpy)(GCat)]~ complexX?2but comparable

to that observed for FHFe' reduction in [Fe(L3)DBCat]
complexX?® where the process is irreversible. The electro-

nature of the dioxolene ligands, ligand-based electrochemicalchemical behavior observed faris qualitatively similar to
activities are expected in both the complexes. The cyclic that observed for the [F&bpy)(CLSQ)(CLCat)] complexz?2

voltammetry was studied in acetonitrile for both the com-

but the potentials are shifted to more positive values in the

plexes, and the results are illustrated in Figure 4. In the present complex. The nature and reduction potential%5

available range of potentials, bothand2 exhibit electro-
chemically quasireversible one-electron oxidation-8t64
V (Ewz = 0.49 V, AE, = 300 mV) and+0.66 V Ei, =
0.54 V, AE, = 240 mV) versus Fc/Fg respectively. It is
usually found in a family of metaipolyoxolene complexes

that if different metal ions have the same oxidation states,

V) of 2 are similar to that observed for mononuclear
manganese(lll) complexes and attributable to the/'Kim"
redox couple?e

UV—Vis—NIR Spectral Properties and VT Phenom-
enon. The electronic absorption spectra of both complexes
were recorded in various solvents, and the relevant data

the ligand-centered redox processes are characterized byppear in Table 4. Two intense bands in the-25000 nm

similar free energy value$® Therefore, these comparable

region mainly characterize compléx(i) In MeOH, it gives

redox couples are assigned to the oxidation of the Cat torise to an intense broad band which spans from 480 to 700
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Figure 5. Temperature-dependent changes in the electronic absorption
spectrum of complexe& and 2 showing reversible intramolecular one-
electron transfer transition (VT) in DMF solution. 308 K

nm with Amax= 590 nm and another more intense sharp band
at Amax = 300 nm. The lower energy band is assigned to the
Cat— Fé" CT transition whereas the higher energy bands 328 K
are due tar—ax* transition?® (i) In MeCN and DMF, the
lower energy bands were found to shift and appeat.at
= 550 and 570 nm, respectively. The position of the higher
energy band (300 nm), however, does not shift appreciably
on changing solvents. The solvent dependence of the UV
vis spectrum of the mixed-valence semiquinone-catecholate
iron(lll) complexes, known as solvatochromic effect, was
also previously observed.® Consistent with the structural
and IR spectral features, the intervalence charge transfer bandfigure 6. Temperature-dependent spectral changes in the 1900 nm region
due to the semiquinone-catecholate transition was also?f complexesl (a) and2 (b) showing intramolecular one-electron transfer
ransition (VT) in the solid state (Nujol mull).
observed at 1932 nm in MeCN and DMF which is somewhat

higher-energy shifted compared to the previously reported 45 made in the 1932 nm region with an isosbestic point
mixed valence iron(lll) complexésand which could be  5:5nd 1880 nm. The appearance of isosbestic points is
attributed to the d|ffer_ent su_l?sntuents in the benzene rlng_of strong evidence for the existence of two equilibrating species
the catecholate moiety. (iii) The solid state electronic j, ihe solution.
absorption spectrum taken in Nujol mull appears with noise, g glectronic absorption spectra in solid state in Nujol
but the intervalence charge transfer band at 1925 nm iSy | have also been recorded at different temperatures.
clearly observed. L . Though these are noisy, the decrease of the 1925 nm bands
Mixed valence semiquinone-catecholate iron(lll) com- it increase in temperature is clearly indicated (Figure 6a).

plexes so far characterized have failed to show any ap-tpg gpectral changes amply support the valence tautomeric
preciable change in the electronic absorption spectra with equilibrium as shown in eq 9.

change in temperature even though the thermodynamic

conditions are favorab®.This is believed to be caused by [Fe" (bispicen)(CJCat)(CL,SQ)]<=

the instability of the formed F¢SQ), species. We have [F(—:"'(bispicen)(CASQm @)
recorded the electronic absorption spectrum of DMF at

various temperatures as shown in Figure 5a. The increase inTo our knowledge, this is the first instance where an iron-
temperature is associated with a decrease of the 570 nm bandll) complex is shown to exhibit valence tautomerism similar

with a clear isosbestic point at 650 nm. The same observationto Mn and Coo-dioxolene complexes.

Absorbance

T T
1800 2000
Wavelength (nm)

5914 Inorganic Chemistry, Vol. 43, No. 19, 2004



Valence Tautomerism in an Iron Complex

The structural features associated wAthssentially point Figure 5b illustrates the electronic absorption spectral
to a mononuclear Mt complex, and the dinuclear nature is changes in the temperature range-50 °C for a DMF
due to the extensive hydrogen bonding between the dicationicsolution of2. It is observed that on increase in temperature
ligand and the coordinated oxygen atoms of the tetrachlo- the intensity of the lower energy LCT band at 1927 nm
rocatecholate ligands. It is, therefore, reasonable to considerdecreases appreciably with the corresponding decrease in
that in solution complexX exists as a mononuclear Mn intensity at 600 nm. This is concomitant with the change in
entity. Manganese complexes also show substantial solva-color of the solution from deep green to light greenish yellow.
tochromic effects. We recorded the electronic spectra of Cooling of the greenish yellow solution, however, regenerates
complex2 in various solvents. The low solubility, however, the deep green solution which suggests the reversibility of
restricted us to record the spectra in DMF, MeCN, and the phenomenon. Similar results have also been encountered
MeOH only. (i) A deep green solution is obtained when the during temperature dependent solid state spectral measure-
crystals of2 are dissolved in DMF and the spectrum is ments where the complex is taken in Nujol mull (Figure 6b).
characterized by two transitions between 300 and 1100 nm.Since the structural features are consistent with'kGat)~
The low energy band spans over 54860 nm withAmax = formulation, the one-electron transfer from ligand to the
605 nm, and another more intense sharp band appeass@at  metal should produce mixed valence semiquinone-catecholate
= 390 nm. The intense higher energy bands are usually species MK(SQ)(Cat), and consequently, an increase in the
assigned to ther—s* transition. (ii) In acetonitrile, the intervalence charge transfer band is expected. The observed
electronic spectrum o is qualitatively similar to that  decrease of the intensity of both 1927 nm and that of the
observed in DMF solution. The lower energy band does not visible region bands lies in the fact that the electronic
shift appreciably and appears as a broad peak in the rangebsorption spectrum &is dominated by the mixed valence
530—-830 nm withAmax = 600 nm. Three more bands in the species Mh(SQ)(Cat) over its isomeric form MH(Cat)".
region 206-400 nm are also observed in this instance, having An increase in temperature of the solution results in an
Amax = 348, 294, and 250 nm. The electronic absorption intramolecular electron transfer from Mn(ll) to the oxidized
spectra in DMF and acetonitrile are comparable to the SQ ligand shifting the equilibrium (10) toward the left, and
mononuclear tetrabromocatecholate and/or tetrachlorocat-thereby, a decrease in the intensity of absorption is observed
echolate chelated manganese(lll) complexes reported previ-at elevated temperatures. The small change in the electronic
ously?? (iii) In methanol, complex2 is sparingly soluble absorption spectra with temperature indicates that two
yielding a reddish brown solution which exhibits a weak opposing reactions are operative simultaneously, namely
broad band in the range 65050 nm withAmax = 710 nm intramolecular electron transfer within the M{Cat)~ unit
and a single broad transition witt.x = 270 nm. (iv) The to give Mn'(SQ)(Caty which would tend to increase the
solid state spectrum of the complex taken in Nujol mull is intensity of the NIR band while intramolecular electron
also similar to that observed in solutions showing two intense transfer within M (SQ)(Cat) occurs to produce the
bands in the ranges 55800 and 306450 nm. A very Mn'(Cat)~ unit, decreasing the intensity of the absorbance.
striking feature of the spectra recorded either in solution or  Similar findings have also been made for the mixed
in the solid state is the appearance of a band centered at cavalence 1D complex [Mh(bispicen)(ClCath(Cl,SQ)],,
1927 nm both in solution and in the solid state. This is a and [Mn"(bispictn)(CLCatk(Cl,SQ)],, which we have
characteristic intervalence charge transfer band typical for synthesized independenfi§f.Both of these complexes show
mixed charge semiquinone-catecholate transition metal com-an intervalence SQ-Cat transition near 1920 nm in DMF as
plexes though the structural features are in agreement to avell as in the solid state. The polynuclear [M-pyz)-
Mn''—Cat formulation. The inference may be drawn to the (3,6-DBSQ)(3,6-DBCat)Jand mononuclear [Mi4,4-bpy)-
existence of an equilibrium represented by eq 10 for each (3,6-DBSQ)(3,6-DBCat)] complexes have been observed to
Mn'" unit. We suggest that the electronic absorption spectrumundergo valence tautomerism in the solid state with a
is dominated by the mixed charged species and the origindecrease in absorbance at 2090 and 2070 nm, respeétively.
of the intervalence charge transfer band is associated with EPR Properties of Complexes 1 and 2Unlike the
the mixed valence form, MifCl,Cat)(CLSQ) . previously characterized mixed valence semiquinone-cat-
i — gl - echolato-iron(lll) complexe¥:° complex1 is EPR active.
Mn™(Cl,Cat), = Mn*(CLCan(CLSQ) (10) There is virtu(allg/ no cri)ifference in tFr)1e EPR spectra in the
One of the notable features of the catecholate chelatedsolid or in solution at 77 K. The spectrum dfin the solid
manganese complexes is associated with their potential tostate at room temperature is, however, quite different from
show valence tautomerism in the solid as well as in solution. that observed at 77 K. The spectra recorded under different
Changes in magnetism which are associated with the shiftsconditions are illustrated in Figure Jba The solid state
in charge distribution have not been of use in the manganesespectrum of the complex at room temperature exhibits two
series because the M(Catp, Mn"'(SQ)(Cat), and MH(SQ) broad transitions centered@t= 1.92 and 2.53 expected for
redox isomers all have &= %/, ground state. On the other the complexes havin§= 2 ground staté’2The S= 2 state
hand, both M# (Cl,Cat)~ and Mr'(Cl,Cat)(CLSQ)" isomers
have a ground state &= 2. The changes in the electronic (37) (a) Rancurel, C; Lenzoff, D. B.; Sutter, J.-P.; Golhen, S.; Ouahab,
spectrum, however, are extensively used to observe the VT ki Kliava, 3 Kahn, Olnorg. Chem 1999 38, 4753. (b) Harrop, T.

C.; Tyler, L. A.; Olmstead, M. M.; Mascharak, P. Eur. J. Inorg.
phenomenon for manganese complexes. Chem.2003 475.
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Figure 8. X-band EPR spectrum o2 (a) in the solid state at room

temperature and 77 K (spectrometer settings: scan ra8@00 G (at 77

K); 5000 G (at 298 K); frequency 9.1 GHz; modulation amplitude=

temperature and at 77 K (spectrometer settings: field set at 3200 (G); scan1.25 x 10 G; power= 31 dB, gain= 3.2 x 10°); (b) in DMF—toluene

range= 8000 G; frequency= 9.1 GHz; modulation amplitude 1.25 x
10 G; power= 31 dB); (b) in DMFtoluene and DCM-toluene glass at
77 K (spectrometer settings: scan ramg®&000 G; the rest are the same).

glass at 77 K (spectrometer settings: field se8200 G, the rest are the
same).

exhibit variable local spin state of the central'Hen ranging

for the present complex is due to the strong antiferromagneticfrom S= 5/, to pureS= 3, which depends on the nature of

interaction between the [te(S = %,) ion and the semi-

the coordinated halide ligan@&The present observation also

quinone radical § = '/,), and the temperature dependent reminds us the temperature dependence of the EPR spectrum
magnetic susceptibility measurements (discussed below)of the (3,5-ditert-butylcatecholato)(3,5-diert-butylsemi-

confirm this. At 77 K, a strong signal at= 4.2 typical for
the high spin F& complexe%™® appears, and the intensity

quinone)(bipyridyl)cobalt(lll) complex where VT has been
established® Previous experiments with mixed valence

of the broad peaks observed at room temperature decreasesemiquinone-catecholate iron(lll) complexes, however, did

appreciably. In DMF-toluene glass, only the strong signal
in theg = 4.2 region expected for the pue= %, state is
observed. In CKCl,—toluene glass, the spectral pattern is
quite similar to that observed in DMRoluene glass;
however, the weak signals corresponding to$hwe 2 state

in the g = 2 region could also be detected. The spectral
pattern in CHCl,—toluene glass ofl has a strong resem-
blance with the spectral features fffFex(pblO(OOH)]-
(ClO4)} 2" which has a ground spin state 8f= 2 derived
from the coupling of ar5§ = %, and anS = %, ion in the
diferric unit® It is apparent that the local spin state of the
central F&' ion changes with temperature and solvents.
Halidobis(o-imino-benzosemiquinonato)-iron(lll) complexes

5916 Inorganic Chemistry, Vol. 43, No. 19, 2004

not show any intramolecular irerguinone electron transfer
as observed for manganese and cobalt complexes.

The solid state EPR spectrum of compl&xat room
temperature shows two broad transitions centergd-af..99
andg = 2.8 as in Figure 8. We suggest that the observed
transitions arise from the mixed valence semiquinone-
catecholate manganese(ll) form, M@at)(SQ), as the
Mn'"'(Cat)~ isomer is expected to be X-band EPR silent.

(38) Hummel, H.; Mekmouche, Y.; Duboc-Toia, C.; Ho, R. Y. N.; Que,
L., Jr.; Schmemann, V.; Thomas, F.; Trautwein, A. X.; Lebrun, C.;
Fontecave, M.; Meage, SAngew. Chem., Int. EQ®002 41, 617.

(39) Chun, H.; Weyhermuller, T.; Bill, E.; Weighardt, kngew. Chem.,
Int. Ed 2001, 40, 2489.
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Figure 10. Field dependence of magnetization foat 1.8 K. ) . -
Figure 12. Field dependence of magnetization fbat 1.8 K.

InQeed,. the [@-nitronyl nitroxide phenyl)dlphenylphos.phlng Weiss law fm = C/(T — 6)) with C = 2.885(4) cri mol-*
oxide]bis(hexafluoroacetylacetonato)manganese(ll), in which o . .
' . . : . K and § = +1.03(3) K, Figure 9. The Curie constaft
a radical is antiferromagnetically coupled with a Mn(ll) . - R X
L o corresponds to a spin staf= 2 andg = 2.0. The field
center, exhibits similar EPR spectral features at room S o
7 . . dependence of magnetization at 1.8 K shows a magnetization
temperaturé’@ This strongly supports the existence of a C .
' : . ) value of 3.67Ng at 70 kOe which is close to the saturation
Mn''(Cat)(SQ) isomer as inferred from infrared and elec- . : |
) . value for the spin state, Figure 10. Therefore, thé' Fe
tronic absorption spectral features. In DM#luene glass, . I . . . )
_ : . complex can be viewed as an'Feradical dimer, in which
the g = 2.00 region band is clearly resolved, and the . L .
- : _ 5 a very strong antiferromagnetic interaction betweet &ed
spectrum shows a six-line hyperfine pattettMn, | = 5/5) . . = ; . )
X - . the radical results in aB= 2 spin state for the dimer which
with g, value of about 24, = 98 G) and a weak signal at . X ) . ) o
is consistent with the earlier observations with mixed valence

0o = 2.8. The solid state spectrum at 77 K shows that both semiquinone-catecholate high spir'Feomplexeg319The

the broad bands observed at room temperature weaken in_. " .
slight increase ofT upon cooling at low temperature and

intensity. This is probably due to the fact that a decrease in ” . I .
. . . . the small positive Weiss constant indicate a possibly very
the temperature increases the antiferromagnetic coupling : : .
between two semiguinone radical ions as compleis weak intermolecular ferromagnetic coupling betweeli +e
radical dimers. It should be mentioned here that because the

dimeric in the solid state. There is no report of a frozen .
. . : valence tautomerism (VT) does not lead to the change of
solution spectrum of these kind of species, but the powder . . S
the total spin value ol and2, there will be no significant

.EPR spect_rum of Mn(salen)(3,5-DBSQ) dlsp!ay!ng a broad sign of the VT in the temperature dependent magnetic
isotropic signal at room temperature and liquid nitrogen . ) .
susceptibility data except abrupt change (high spin to low

temperature has been reportéd. ) . : ; .
) : . spin or vice versa) of the electronic configuration of the metal
Magnetic Properties of Complex 1. The magnetic . .
. center after intramolecular electron transfer reactions.
measurements were done in the range3Q0 K for 1. At : .
. o Magnetic Properties of Complex 2.The temperature
room temperature, the,T value is ca. 2.9 cémol™ K, . -
verv close 1o the value 3.00 @mol- K for a Spin states dependent magnetic susceptibility measurementfaras
y ' P carried out in the temperature range300 K at the external

\7allzjeap:nga;szﬁhg:ttggntsigrt)edrg\t/\l;lrzetodi;re:os ?(3, gﬁg thenfield of 5 kOe. The result is presented in Figure 11. At room
' ’ temperature, thg,T value is ca. 6.0 cénmol™ K which

shows a slight increase. The magnetic susceptibility in the fits well with the value of 6.0 cimol-* K for two spin-

whole temperature range (2:800 K) obeys the Curie only uncoupled MH ions and consistent with the solid state
(40) Kessel, S. L.. Emberson, R. M.. Debrunner, P. G.. Hendrickson, D. structural characterization. As the temperature decreases, the
N. Inorg. Chem 198Q 19, 1170. xmT value increases slightly in the high temperature range
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and increases rapidly to a maximum of 12.4%¢nol ! K at (1) cmt andg = 1.95 (1) using the data from 20 to 300 K.
ca. 6.9 K, and then, it drops to 10.5 ¢émol™* K at 2.2 K. The best fit ofy T(T) can be seen in Figure 9. The present
The best fitting of the data from 2 to 300 K with the Curie  J and g values are consistent with those of NMrdimer
Weiss law gives the Curie consta@t= 5.9 cn? mol™* K bridged by two oxygen atoms reported elsewltére.

and the Weiss constafit= +5.9 K. The field dependence
of magnetization at 1.8 K shows a magnetization value of
7.52Ng at 70 kOe, which is close to the saturation value
for two Mn"" (S = 2) ions (Figure 12). The shape of the
plot of ymT(T) and the overall positive Weiss constant may
indicate the existence of ferromagnetic coupling between the  gypporting Information Available: ~ Crystallographic data in
two neighboring MH (MnA and MnB in the dimeric unit,  CIF format. This material is available free of charge via the Internet
see Figure 3) ions bridged by,-oxygen atoms. This  at http:/pubs.acs.org.

observation is similar to that reported previously in which
the dimeric M' is formed via a weak bonding involving
u2-oxygen?! By considering the exchange interaction Hamil- (41) Miyasaka, H.. Cleac, R.; Ishii, T.. Chang, H.-C.; Kitagawa, S.:
tonianH = —2JS-S,, we get the coupling constadt= 2.0 Yamashita, M.J. Chem. So¢Dalton Trans 2002 1528.
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