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Abstract: The electronic structures of complexes of iron containing two S,S'-coordinated benzene-1,2-
dithiolate, (L)?>~, or 3,5-di-tert-butyl-1,2-benzenedithiolate, (LB)>~, ligands have been elucidated in depth
by electronic absorption, infrared, X-band EPR, and Mossbauer spectroscopies. It is conclusively shown
that, in contrast to earlier reports, high-valent iron(IV) (d*, S = 1) is not accessible in this chemistry. Instead,
the S,S'-coordinated radical monoanions (L*)*~ and/or (LB")'~ prevail. Thus, five-coordinate [Fe(L)(PMe3)]
has an electronic structure which is best described as [Fe'(L)(L*)(PMe3)] where the observed triplet ground
state of the molecule is attained via intramolecular, strong antiferromagnetic spin coupling between an
intermediate spin ferric ion (See = 3/,) and a ligand radical (L*)*~ (Siaa = %2). The following complexes
containing only benzene-1,2-dithiolate(2—) ligands have been synthesized, and their electronic structures
have been studied in detail: [NH(CzHs)s]o[Fe"(L)2] (1), [N(n-Bu)slz[Fe"2(L)4] (2), [N(n-Bu)as][Fe2(LBY)4] (3);
[P(CH3)Phs][Fe"(L).(t-Bu-py)] (4) where t-Bu-py is 4-tert-butylpyridine. Complexes containing an Fe"'(L*)-
(L)- or Fe'(LB4)(L3*)- moiety are [N(n-Bu)a][Fe"'(L®)s(L%)] (3%), [Fe"(L)(L)(t-Bu-py)] (4°%), [Fe"(LE)(L*)-
(PMe3)] (7), [Fe"(LBY)(LB")(PMe3),] (8), and [Fe"(LBY)(LB")(PPr3)] (9), where Pr represents the n-propyl
substituent. Complexes 2, 3%, 4, [Fe''(L)(L*)(PMez),] (6), and 9 have been structurally characterized by
X-ray crystallography.

Introduction Interestingly, Holm et at. have shown that the dianion
[Fex(LMe)4]2~ can chemically be one-electron oxidized by iodine
yielding [N(n-Bu)4][Fex(LM€),] which possesses a8 = Y,
ground state. Its molecular and electronic structure has remained
elusive. The question of metal (F&€Y) or ligand ((LMe)2~/
(LMe)17) based mixed valency has not been addressed.
Monomeric, five-coordinate monoanions [R&).X] 1~ where

Coordination compounds of toluene-3,4-dithiolate¥'Q2 ",
with iron ions have been known since 1963 when Gray é&tl.
reported the synthesis of the dinuclear dianion'[ffeMe),]2-.

The crystal structure of [N€Bu)4]2[Fex(LMe),] was reported in
1986% Later, the corresponding complex containing the unsub-
stituted benzene-1,2-dithiolate, ) namely [NEf],[Fe" »(L)4], : T\ _
was synthesized and structurally characterfZegll early room- X represents a neutral Ilg.and such as pyrfllue hydraziné
temperature crystal structure determinations have large standard!@ve Peen reported, and in both casesSan /2 ground state
deviations of the bond lengths which do not allow a detailed @S Peen deduced from room-temperature magnetic susceptibil-
description of the electronic structure of the dianions. Recently, 'ty measurements. The structure of the former has not been
a better structure was reported for the 4,5-dicyanobenzene-1,2Y€Ported.

dithiolato analogue [Fé(LEN)J[N(n-Bu)s..” Although, all Monomeric ferrous complexes [I&)2]?~ and [Fé/(L)-
investigations agree that these dianions possess a diamagneti®Me)s] have been synthesized and structurally character-
ground state, contradicting proposals for the intrinsic spin of 12ed%**We have recently showfthat square planar [F¢.)z]*

the ferric ions assee = ¥, (intermediate spin) 08 = Y, (low possesses &= 1 glyroun?l state with a large zero-field splitting
spin) have been reportéd. of D = +28 cm™. [Fe" (L)(PMe3)3] is five-coordinate and
diamagnetic $= 0), the iron ion is in a square-pyramidalRs
(1) Gray, H. B.; Billig, E.J. Am. Chem. Sod.963 85, 2019. donor atom environment.
@ %Iggigg,%%f Billig, E.; Waters, J. H.; Gray, H. Bl. Am. Chem. Soc. In 1991, Sellmann et &B published an interesting paper
(3) Egygr-HawkeS. M.-J.; Billig, E.; Gray, H. B. Am. Chem. Sod.966 88, where the “stabilization of high-valent Fe(IV) centers” in the
(4) Sawyer, D. T.; Srivatsa, G. S.; Bodini, M. E.; Schaefer, W. P.; Wing, R.
M. J. Am. Chem. Sod.986 108, 936. (9) Sellmann, D.; Kreutzer, P.; Huttner, G.; Frank, A.Naturforsch.1978
(5) Wong, L.; Kang, B.J. Struct. Chem1987, 6, 94. 33h, 1341.
(6) Kang, B. S.; Weng, L. H.; Wu, D. X.; Wang, F.; Guo, Z.; Huang, L. R.;  (10) Sellmann, D.; Kleine-Kleffmann, U.; Zapf, L.; Huttner, G.; ZsolnaiJL.
Huang, Z. Y.; Liu, H. Q.Inorg. Chem.1988 27, 1129. Organomet. Chenil984 263 321.
(7) Alves, H.; Simao, D.; Novais, H.; Santos, I. C.; Gimenez-Saiz, C.; Gama, (11) Sellmann, D.; Geck, M.; Moll, MJ. Am. Chem. Sod.991 113 5259.
V.; Waerenborgh, J. C.; Henriques, R. T.; Almeida, Rblyhedron2003 (12) Ray, K.; Begum, A.; Weyheriiler, T.; van Slageren, J.; Neese, F.;
22, 2481. Wieghardt, K.J. Am. Chem. So2005 127, 4403.
(8) (a) Balch, A. L.; Holm, R. HChem. Commurnl966 552. (b) Balch, A. (13) Sellmann, D.; Geck, M.; Knoch, F.; Ritter, G.; DenglerJJAm. Chem.
L.; Dance, I. G.; Holm, R. HJ. Am. Chem. S0d.968 90, 1139. Soc.1991 113 3819.
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Scheme 1. Complexes Scheme 2
Complexes s© @s
-e
[Fe"(L).]> 1 ref. 10-12. @i te so
s
[Fe™, L) 2 ref. 5,6. @* © ™)~
[F emz(Lh)Alb 3 this work.
[Fe™, @™, @™)1™ 3% thiswork o
[Fe™(L),(‘Bu-py)]" 4 this work S -e s
+e
[Fe™(L)(L)(‘Bu-py)]° 4 this work 5 o
[Fe(L)(L)(PMe;)]’ 5 ref. 13 LBy By
[Fe™(L"),(PMe3)]* 5% ref. 13
to procedures described in the literature. The ligand 3 terdibutyl-
[Fe"™ (L)L) (PMe;);]’ 6 ref. 13 1,2-benzenedithiol, HILBY], has been synthesized as described in ref
[Fe™ (L):(PMe),]" 6™ ref13 6. . -
[N(n-Bu)4]2[Fex(L) 4] (2). To a solution of 1,2-benzenedithiol ;]
[Fe™ (L)L) (PMe;)]° 7 this work (0.28 g; 2.0 mmol), in dry, degassed methanol (40 mL) were added
L Bu . o . under strictly anaerobic conditions (Ar blanketing atmosphere) triethy-
[Fe (L ™) (PMe3)] this work lamine (0.4 mL; 4.0 mmol) and Fe€4H,0 (0.20 g; 1.0 mmol) and
[Fe™ (LP")(LB")(PMes),]° 8 this work [N(n-Bu)4](PFs) (0.78 g; 2.0 mmol). After being stirred at ambient
e temperature for 15 min the solution was allowed to stand for 12 h at
[Fe™(L™");(PMes);]" 8 this work 20 °C during which time light yellow crystals of [M¢Bu)4][Fe'"(L)2]
(e (L)L) (P'Pr.)]° 9 this work (2) precipitated and were collected by filtration and redissolved in an
3,

six-coordinate complex [P§L),(PMes),] and its five-coordinate
analogue [F¥(L),(PMes)] was claimed. Both species were
shown to possess &= 1 ground state in agreement with a
low-spin d" electron configuration of an Beion. Zero-field
Mossbauer data were also reported which apparently supporte

acetone/toluene mixture (1:1 vol). Slow evaporation of the solvent in
the presence of air produced black cubes2o$uitable for X-ray
crystallography. Yield: 0.15 g.
[N(n-Bu)4]2[Fea(LBY)4] (3). Sodium metal (0.069 g; 3.0 mmol) was
added to a solution of [M¢Bu),]Br (0.161 g; 0.5 mmol) and KL B]
0.25 g; 1.0 mmol) in absolute ethanol (10 mL) under an argon
lanketing atmosphere. A solution of Fe@0.081 g; 0.5 mmol) in

the above proposal. Both compounds are described as greengegassed ethanol (5 mL) was slowly added to the above solution at 20

black crystalline materials with intense~10* M~ cm™?)
absorption maxima in the near-infraredg00 nm). We felt that
this observation is not in accord with the proposed electronic
structure as Fe(IV) species.

We have recently showfh!5that S,Scoordinated benzene-
1,2-dithiolato(2-) ligands are readily oxidized by one electron
yielding an S,Scoordinated benzene-1,2-dithiolate(lLz radi-
cal anion, ()~.2415In this case, the electronic structure of
the above complexes would have to be reformulated a$-[Fe
(L)(L*)(PMey),] and [Fé' (L)(L*)(PMes)] where theS= 1 ground
state would result from a very strong intramolecular antiferro-
magnetic coupling between an intermediate spin ferric #a (
= 3/,) and a ligandr radical Gaq = /). We note that Sawyer
et al* have suggested that in [MBuU)4]2[Fex(LV€),] the iron
ions may possess ahll oxidation state withS = 2. In this
case, one antiferromagnetically coupledradical anion per
[Fe'(LMe)(LMe)]1~ unit must exist. No spectroscopic evidence
for this notion was given.

In view of these contradicting interpretations we have initiated
the following, in depth, synthetic and spectroscopic study. We

have synthesized and studied spectroscopically the complexe

shown in Scheme 1 by using the ligands shown in Scheme 2
Experimental Section

Synthesis of Complexes[NH(CzHs)s]o[Fe'(L)7] (1),*2 [Fe(L).-
(PMe&3)] (5),% and [Fe(L)(PMey);] (6)*2 have been prepared according

(14) Ghosh, P.; Begum, A.; Herebian, D.; Bothe, E.; Hildenbrand, K.; Wey-
hermiler, T.; Wieghardt, KAngew. Chem., Int. EQ003 42, 563.

(15) Ray, K.; Weyherriller, T.; Goossens, A.; Crajél. W. J.; Wieghardt, K.
Inorg. Chem.2003 42, 4082.
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°C under anaerobic conditions in the glovebox. The resultant dark red
solution was stirred for 30 min during which time dark black
microcrystalline3 precipitated. Yield: 224 mg (56%). Anal. Calcd for
CesHis2S6sFeN2: C, 65.80; H, 9.54; N, 1.74. Found: C, 65.7; H, 9.3;
N, 1.8. Electrospray mass spectrum (CH solution) positive- and
negative-ion modenvz = 560 { Fe(L5Y),} —; 242 {N(n-Bu)s} *.
[N(n-Bu)4][Fez(LBY)4] (3°%). Sodium metal (0.069 g; 3.0 mmol) was
added to a solution of #L.B] (0.25 g; 1.0 mmol) in absolute ethanol
(10 mL) under an argon blanketing atmosphere. Solid #0081 g;
0.5 mmol) was added to this solution. The resultant dark red solution
was exposed to air and stirred for 5 min. The solution was then filtered,
and to the filtrate was added a solution of fNBu)4]Br (0.161 g; 0.5
mmol) in ethanol (5 mL). Microcrystalline greenish bla8k precipi-
tated from the solution. Yield: 136 mg (40%). Anal. Calcd for
CrHueSsFeN: C, 63.44; H, 8.52; N, 1.03. Found: C, 64.49; H, 8.20;
N, 1.20. Electrospray mass spectrum ¢CH solution) positive- and
negative-ion modenvz = 560 { Fe(LBY);} —; 242 {N(n-Bu)s} .
[P(CH3)Phs][Fe(L)(t-Bu-py)] (4). Sodium metal (0.069 g; 3.0
mmol) was added to a solution ob] (0.14 g; 1.0 mmol) and 4ert-
butylpyridine (2 mL) in absolute ethanol (10 mL) under an argon
blanketing atmosphere. Solid Fe@.081 g; 0.5 mmol) was added to
his solution. A dark red powder of precipitated upon addition of
%P(Cl—b)Ph;]Br (0.180 g; 0.5 mmol) to the resultant dark red solution.
"Yield: 300 mg (80%). Anal. Calcd for fgH3sSsFeNP: C, 64.16; H,
5.25; N, 1.87. Found: C, 64.19; H, 5.40; N, 1.91. Electrospray mass
spectrum (CHCI, solution with a few drops of 4ert-butylpyridine)
positive- and negative-ion modenz = 471.6 { Fe(L)(4-BuPy)} ~;
277.3{P(Me)Ph} *. Single crystals suitable for X-ray crystallography

(16) (a) Sellmann, D.; Freyberger, G.; Eberlein, R"him, E.; Huttner, G.;
Zsolnai, L.J. Organomet. Chenl987 323 21. (b) Sellmann, D.; Kapler,
O. Z. Naturforsch.1987 42b, 1291.
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Table 1. Crystallographic Data for 2, 3°%, 4, 6, and 9
2 3 4 6 9
chem formula (geHngezNzSg C72H11d:ezNSB C40H39FeNPS ClgHzeFeF}Sz; C37H51FGPS
fw 1157.46 1363.84 748.78 488.42 720.92
space grp P-1, No. 2 R1, No. 2 C¢No. 9 P2,2,2, No. 18 Pnma No. 62
a, 12.6561(6) 14.018(2) 12.3310(3) 11.9489(4) 53.472(4)
b, A 15.0960(8) 17.260(3) 24.7174(5) 20.6634(8) 7.0995(8)
c A 16.1084(8) 18.196(4) 12.3106(4) 8.6716(4) 10.6898(12)
a, deg 85.12(1) 73.91(2) 90 90 90
B, deg 88.24(1) 69.65(2) 99.19(1) 920 90
y, deg 75.24(1) 82.85(2) 90 90 90
vV, A3 2965.1(3) 3964.1(12) 3704.0(2) 2141.1(2) 4058.1(7)
4 2 2 4 4 4
T,K 100(2) 100(2) 100(2) 100(2) 100(2)
p caled, g cn@ 1.296 1.143 1.343 1.515 1.180
refl. collected/® mayx 35992/66.4 8632/42.0 53762/62.0 46345/61.1 19492/47.0
unique refind/ > 20(1) 22272/15817 6656/4033 11737/11069 6549/6439 3181/2307
no. of params/restr 613/0 748/1 428/2 232/0 256/0
u(Mo Ka), cmt 8.08 6.13 7.05 12.44 12.88
R1?/ goodness of fif 0.0509/1.017 0.0956/1.107 0.0293/1.037 0.0172/1.046 0.0893/1.196
wR2¢(l > 20(1)) 0.0931 0.1601 0.0599 0.0432 0.1494
resid density, e A3 +0.53~0.71 +0.40/0.36 +0.28/0.28 +0.42/-0.32 +0.74/-0.46

aQObservation criterion] > 20(1). R1= Z||Fo| — |Fc||/Z|Fo|. P GoF = [E[W(Fs2 — FA)F/(n — p)]¥2 cwR2 = [Z[W(F2 — FA)F/Z[W(F?)F] Y2 wherew

= 1o¥Fc?) + (aP)2 + bP, P = (Fo? + 2FA)3.

were obtained by recrystallization of this material from a,CHtoluene
mixture (1:1 by volume).

[Fe(L)(t-Bu-py)] (4°%). To a solution of4 (0.05 g; 0.07 mmol) in
CHsCN was added a few drops oftért-butylpyridine. The resultant
solution was cooled te-30 °C, and solid tris(4-bromophenyl)amminium

mass spectrum (CGi€l, solution) positive-ion modem/z = 720{Fe-
(LB)2(P(Pry)}*.

Physical Measurements.The equipment used for IR, UWis—
NIR, X-band EPR, and N&sbauer spectroscopies has been described
in ref 15. The temperature-dependent magnetic susceptibilities of solid

hexachloroantimonate (0.06 g; 0.07 mmol) was added. The solution samples of complexes were measured by using a SQUID magnetometer

was then frozen to liquid nitrogen temperature and used fasddauer
measurements.

[Fe(LBY)2(PMe3)] (7). A gentle stream of Mwas bubbled through
the boiling blue-green toluene solution (30 mL)&(0.20 g; 0.28 mmol)
for 1 h. The solution was filtered while hot, whereupon microcrystalline
7 crystallizes out from solution. Yield: 106 mg (60%). Anal. Calcd
for CsiHaeSsFeP: C, 58.47; H, 7.76. Found: C, 58.31; H, 7.90.
Electrospray mass spectrum (g, solution) positive ion modem/z
= 636 {Fe(LBY),(PMe3)} .

[Fe(LBY),(PMe3)](ShCle) (7%9). To a CHCI; solution (10 mL) of7
(0.03 g; 0.05 mmol) at—30 °C was added 1 equiv of tris(4-
bromophenyl)aminium hexachloroantimonate (0.04 g; 0.05 mmol). The
solvent was removed at30 °C by rotary evaporation. The blackish
residue of7°* was cooled to liquid nitrogen temperature and used for
Méssbauer measurements. Compl&kproved to be very unstable at

(Quantum Design) at 1.0 T (24800 K). Corrections for underlying
diamagnetism were made by using tabulated Pascal’s constants. Cyclic
voltammograms and coulometric experiments were performed with an
EG&G potentiostat/galvanostat in GEl, solutions (0.10 M [Ng-Bu),]-
PF) at a glassy carbon working electrode. Ferrocene was used as
internal standard; all redox potentials are given vs the ferrocenium/
ferrocene (Ft/Fc) couple.

X-ray Crystallographic Data Collection and Refinement of the
Structures. Dark red single crystals @fand9 and black crystals d2,
3% and6 were coated with perfluoropolyether, picked up with a glass
fiber, and mounted in the nitrogen cold stream of the diffractometer.
Intensity data were collected at 100 K using a Nonius Kappa-CCD
diffractometer equipped with a Mo-target rotating-anode X-ray source
and a graphite monochromator (MaxkA = 0.71073 A). Final cell
constants were obtained from a least-squares fit of all measured

room temperature, and further characterizations have not been possiblq.eﬂections Crystal faces, except for compo@diere determined and

to date.

[Fe(LBY),(PMes),] (8). A solution of NaOMe (0.107 g; 2 mmol)
and H[LBY] (0.25 g; 1.0 mmol) in 10 mL of methanol was combined
with a solution of FeGl (0.081 g; 0.5 mmol) in 3 mL of methanol
under an argon blanketing atmosphere. Addition of P02 mL, 2
mmol) and filtration afforded a red-violet solution. Bubbling oxygen
through this solution for 2 min yielded a dark green suspension. The
black-green microcrystals &fwere collected by filtration, washed with
methanol, and dried. Yield: 292 mg (82%). Anal. Calcd fasHzsS,-
FeR: C,57.29; H, 8.20. Found: C, 57.34; H, 8.06. Electrospray mass
spectrum (CHCI, solution) positive ion modenvz = 636 { Fe(LEY),-
(PMey)}*.

[Fe(LBY)x(PPr3)] (9). A solution of NaOMe (0.107 g; 2 mmol) and
HZ[LBY] (0.25 g; 1.0 mmol) in 10 mL of methanol was combined with
a solution of FeGl (0.081 g; 0.5 mmol) in 3 mL of methanol under
argon blanketing conditions. Addition of trispropyl)phosphane (0.5
mL, 2 mmol) and filtration gave a red-violet solution. Bubbling oxygen
through this solution for 2 min yielded a dark green suspension. The
crude crystalline product obtained by filtration is recrystallized from a
1:1 mixture (volume) of CKCl, and toluene to yield deep black
rectangular crystals 09. Yield: 200 mg (56%). Anal. Calcd for
CsHaSiFeP: C, 61.64; H, 8.53. Found: C, 61.57; H, 8.32. Electrospray

the corresponding intensity data were corrected for absorption using
the Gaussian-type routine embedded in XPREPhe data set of

was left uncorrected. Crystallographic data of the compounds are listed
in Table 1. The Siemens ShelX¥Lsoftware package was used for
solution and artwork of the structure, ShelX[!®Was used for the
refinement. The structures were readily solved by direct and Patterson
methods and subsequent difference Fourier techniques. All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were
placed at calculated positions and refined as riding atoms with isotropic
displacement parameters.

Complex9 was first solved and refined in the acentric space group
Pna2; (No.33) but the crystal appeared to be twinned by merohedry
giving rise to apparent disorder, mainly of the iron and the phosphorus
atom splitting on two positions. The structure was therefore finally
refined in centrosymmetric space groBpma(No.62), now having a
mirror plane running through the basati@ane which “generates the
former split positions” (the iron center is off plane). The occupation

(17) ShelXTL V.5Siemens Analytical X-ray Instruments, Inc.: Madison, WI,
994

1994.
(18) Sheldrick, G. MShelXL97 Universita Gottingen: Gdtingen, Germany,
1997.

J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005 5643
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factor of the phosphane ligand (above and below the pseudoplane) wasTable 2. Redox Potentials of Complexes? (V) vs Fc*/Fc (CH2Cly;

set to 0.5 to account for the “disorder”.

Results

Syntheses and Characterization of Complexe#és has been
established by Sellmann and co-work&s! the reaction of
dilithium benzene-1,2-dithiolate{2) with FeCb-4H,O (2:1)
under strictly anaerobic conditions in tetrahydrofuran yields
upon addition of [AsPCI, [NH(C2Hs)3]Br, or [N(n-Bu)4Br
the yellow crystalline salts [monocatiofffe'(L),] (1). The
square-planar dianion possessesSaa 1 ground state and a
large positivé? zero-field splitting parameteR), of +28 cnl.
The molecular structutg!2clearly shows the presence of two
closed-shell benzene-1,2-dithiolate dianions. The average C
bond lengths at 1.76: 0.01 A are typical for S,'Scoordinated
benzene-1,2-dithiolates, and the-C distances of two six-
membered, aromatic phenyl rings are equidistant at 1:898

0.006 A as expected. The electronic structure has been verified

by density functional theoretical calculatidAsvhich clearly
show the presence of an intermediate spin ferrous $os ().
Thus, the Masbhauer parameters of the [Hg),]>~ ion!! are
considered to be a benchmark for such a square plani&; Fe
core.

Oxidation of1 in poorly coordinating solvents produces the
dimeric species [monocatiofife" »(L)4] (2) (monocation=
[N(C2Hs)4lt, [N(n-Bu)s] 7).>8 From a structural reinvestigation
of [N(n-Bu)4]2[F€"2(L)4] in this work (see below) it is estab-
lished that the ligands are $;&ordinated, closed-shell dianions
(L)2~ with the central iron ions being ferric. Thus, the oxidation

of 1 to 2 is metal centered and accompanied by dimerization.

The crystal structure o2 does not support the notion that
may possess an electronic structure such a%;(E9a(L)2]%~
as has been suggested by Sawyer ét al.

By using disodium 3,5-diert-butyl-1,2-benzenedithiolate,

0.10 M [N(n-Bu)4]PFe)

complex ELV BV BV ELV
2 —1.36(r; 2e) —0.41(r;1e) —0.10(r; le)
3 —1.45(r;2e) —0.63(r;1e) —0.35(r; 1e) +0.40(qr; le)
4 —0.175 (r; 1e)
50 —1.42(r; 1e) —0.68(r; 1e) +0.28 (qr; le)
6b —1.45(r; 1e) —0.68 (r; 1e) +0.30(qr; 1e) —0.10 (irrEpox
7 —150(r;1e) —0.84(r;1e) 0.085(r; 1e)
8 —1.50(r;1e) —0.83(r;1e) 0.085(r; 1e) —0.13 (irrEpox
9 —1.42(r;1e) -—-0.79(r;1e) 0.17(r; le)

ar = reversible; qre= quasireversible; ire= irreversible. P Reference 13;
the redox potentials have been converted from NHE to théReccouple
by addition of—0.4 V.

0,0

T 05 10 45 20
E(V) vs Fc'IFc
Figure 1. CV of 3 in CHxCl, solution (80.10 M [Ng-Bu)4]PFs) at 20°C
at a glassy carbon working electrode at scan rates 50, 100, 200, and 400
mV s L

[Fe(L)(PMe3)]~ which has not been isolated to date. This
putative anion is readily oxidized in the presence of dioxygen
yielding neutral, five-coordinate [Fe((PMe;3)] (5). The oxida-
tion has been proposed to be metal-centered yielding d%-[Fe
(L)2(PMes)] speciest® Similarly, the reaction of N4L] with
FeCk and PMg (2:1:2) in methanol yields six-coordinate, black

Na[L B, as a ligand it has been possible to isolate the analogousINMes][Fe" (L)2(PMes);] with a doublet ground statS¢ /7).

crystalline black salt [N§-Bu)4]2[Fe" 2(LBY)4] (3). The reaction
of NafLBY] with FE''Cl; (2:1) in ethanol under anaerobic
conditions also yield8 upon addition of [NG-Bu)4]Br. Interest-
ingly, the reaction oB dissolved in a ChICI,/CH3;OH mixture
(2:1 vol) with a small amount of dioxygen yielded greenish-
black crystals of [Nf-Bu)s][Fex(LBY)4] (3°%) suitable for X-ray
crystallography. It contains the dinuclear monoanion(IE®),4] .
Thus, the dianion [PEy(LBY,2~ in 3 is oxidized by one
electron. A metal-centered oxidation ®fvould yield a mixed
valent species PE€V but, of course, ligand oxidation must
also be considered to be a viable alternative affording
[Fe'5(LBY)3(LB™)]~. As we will show below the latter is the
case for3° which is the analogue of Holm’s complex [i¥(
Bu)a][Fe(L)4].8

The dimer [Fé'5(L) 4% is knowr?3 to react in coordinating

Its one-electron oxidation with dioxygen yields the neutral, six-
coordinate species [Fe@(PMes),] (6)*2 with a triplet ground
state 6= 1). Complex6 has also been descrildéds high valent
iron(1V) species [F¥ (L)2(PMes)2], whereas the corresponding
monoanion § = 1/,) has been (correctly) assigned a ferric
oxidation state as in [FHL)2(PMes);]~ the [N(CHs)4] ™ salt of
which has been structurally characterizéd.

To gain more insight into the electronic structures of these
putative high valent complexeés and 6 we have synthesized
the corresponding analogues [F&{la(PMey)] (7) and [Fe(1BY),-
(PMes);] (8) and [Fe(LBY)(PPg)] (9) where Pr is then-propyl
substituent. To systematically decrease the errors of the crys-
tallographically determined bond lengths én(at 298 K) we
have reinvestigated the structure at 100 K (see below).

Electro- and Spectroelectrochemistry.Cyclic voltammo-

solvents such as pyridine with formation of the square-base grams (CVs) of2—4, 7, and8 have been recorded in Gl

pyramidal monomer [F&(L)(py)]~ which possesses an inter-
mediate spin ground stat8 £ 3,).37 This species has not been

solutions containing 0.10 M [M¢Bu)sPFs as supporting
electrolyte by a glassy carbon working electrode and a Ag/

structurally characterized to date. Therefore, we have preparedAgNO;3 reference electrode. Ferrocene was used as internal

and isolated [P(CE)Phs][Fe" (L) (t-Bu-py)] (4) and character-
ized it by X-ray crystallographyt{Bu-py is 4tert-butylpyridine).
The presence of two closed-shell dianions?(Lis clearly seen
which renders the iron ion ferricSfe = 3/5).

It is interesting that the axial ligand i can be substituted

standard, and all potentials are referenced versus the ferroce-
nium/ferrocene couple (FéFc). The results are summarized
in Table 2.

Figure 1 shows the CV & which displays one quasirevers-
ible and three reversible waves; the CV &¥ is identical.

by a phosphine such as trimethylphosphine yielding the anion Coulometric experiments at appropriately fixed potentials show
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Figure 3. Electronic spectra of and4°% in CH,Cl, solution at 20°C.

Figure 2. Electronic spectra d in CH,Cl, as a function of the temperature M. We have analyzed the spectral changes in Figure 2 on the
(range+25 to —60 °C) (top) and spectral changes associated with the assumption of the equilibrium shown in eq 3 and calculated
coulometric one-electron oxidation 8fto 3°* in CH,Cl, at —25 °C (0.10 the following thermodynamic dataAG3% = —2.2 kJ mot?;

M IN(r-Bu)JPF). AH = +11 4 1 kJ mot%; AS= 44 + 3 J mot* K-L. Similar

that the first reversible wave &, = —1.45 V corresponds ~ Values have been reported by Pierpont ePétfor (catecho-

to a two-electron reduction of dinucle@which may indicate  1ato)cobalt(ll) = (semiquinonato)cobal(ll) equilibria and in

two successive one-electron-transfer steps as in eq 1 yieldingef 19 for the dinuclear [Cb(Ls")(Ls'>9)]2. Itis noted that this
mononuclear [PHLBY)]2. valence tautomeric equilibrium &fis only observed in solution.

In the solid state, the spectrum®#8oes not change in the range
iy Bup2— +2¢ I| Bu2-pl 10—300 K. The solution spectrum @falso does not show this
[Fe;"Ls ~2e 2FL 1 B, @) temperature dependence.

Figure 2 (bottom) shows the spectral changes observed during
the electrochemical oxidation & to 3°* in CH,Cl, solution
(0.10 M [N(n-Bu)4PF;) at —25 °C. The appearance of intense
absorption bands 600 nm is a clear indication for the presence

i uy2— i Ue)1— i
[Fe, L 2 27‘% [Fe,l 2 % Fel PP (2 ic:ggxt.a S,Scoordinated (BY)?~ ligand and one (B*)!" radical
o . . The CV of mononuclead (not shown) displays a fully

Thus, one-electron oxidation o yields reversibly the reversible one-electron-transfer wave in £ solution (0.10
monoanior8®* which can again be reversibly oxidized yielding IN(n-Bu)s]PFs) at 20°C atEl, = —0.175 V in the potential
a dinuclear neutral species. At this point it is not possible to range 0.0 to-0.8 V. Coulometric measurements establish that
discern between metal- or ligand-centered processes but fromy js oxidized by one-electron generating a stable neutral complex
the following spectroscopic characterizations it is clear that the [Fe(L)x(t-Bu-py)] (429). Chemically4 can be oxidized yielding
monoanion is [Fé(LP)s(LB*)]~ which may indicate that the  he same product by one equivalent of tris(4-bromophenyl)-
neutral species is [Me(L®")2(L®*)]°. The quasireversible one-  aminjum hexachloroantimonate in GEN at—30°C. Figure 3
electron-transfer process &'y, = +0.40 V has not been  igplays the electronic spectra éfand chemically generated

investigated in detail because the generated cationic species igjox The absence of intense maxim®00 nm in the spectrum
not stable. The CV o2 is very similar (Table 2) and the results  of 4 and their presence in that @ (810 nm;e = 0.6 x 10*

A, NM

The two waves aE?; = —0.63 V andE3;; = —0.35 V
each correspond to a one-electron oxidation per dimeric dianion
in 3 as shown in eq 2.

are to be interpreted analogously. . M~ cm™1) are taken as an indication thé4& has an electronic
Figure 2 displays the electronic spectra ®fin CH,Cl, structure as in [F&(L)(L*)(t-Bu-py)]. Thus, the one-electron
solution as a function of the temperature {26 —60 °C). oxidation of4 is ligand centered.

Interestingly, there is a significant, reversible change of the  The Cvs of5 and6 have been reported previousf/They
electronic spectrum in this temperature range. This has beenc|gsely resemble those @fand8 shown in Figure 4 (Table 2).
reported previousl for the dimer [Cdy(Ls>)q where  selimann et at? have assigned the first two reduction waves
(Ls®9)*~ represents ther radical monoanion of 6-amino-2,4- 5t —0.68 V and—1.42 V as metal-centered Fe(IV/Ill) and Fe-
di-tert-butylthiophenolate(2-). In analogy to this species the (ji/j) couples, respectively. The irreversible peélat —0.10

effect may be interpreted as valence tautomerism eq 3. V was proposed to be due the irreversible oxidation of free
K PMe;. The quasi-reversible oxidation peak at 0.30 V had been
[Fe," L% =[Fe," (LP),(L®"),1* ©) proposed to be due to the metal centered oxidation of five-

>298 K <213 K coordinateb to an Fe(V) containing monocatiddWe disagree

with the above interpretations and propose the redox behavior
shown in Scheme 3.

First of all, the equilibrium betweer and8 and uncoordi-
nated PMe has been experimentally proven to exist by

The spectrum oB at 298 K in CHCI, solution resembles
that of4 (see below) which also displays a single intense LMCT
transition at~500 nm, whereas the spectrum at 213 K resembles
that of 3°¢ or 4°¢ all three of which exhibit IVCT bands 600

(20) Buchanan, R. M.; Pierpont, C. G. Am. Chem. S0d.98Q 102, 4951.
(19) Herebian, D.; Ghosh, P.; Chun, H.; Bothe, E.; Weyhdlenur.; Wieghardt, (21) (a) Jung, O. S.; Pierpont, C. (horg. Chem1994 33, 2227. (b) Pierpont,
K. Eur. J. Inorg. Chem2002 1957. C. G.; Jung, O. Slnorg. Chem.1995 34, 4281.
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Figure 5. Solid-state electronic spectra 8fand 8.

Scheme 3
[Fem(;-a:;')z(PM%)r < [Fe‘“(L"“xLB“'XPM )1 [Fem(LB“)z(PMes)zl
3o PMes e || +PMe, /
-¢, -PMe;
(FeT @By *)PMe;),) [FeN(LB),(PMe;);1>
8 sred'

dissolving 8 in CH3;CN and recording the frozen solution

Maossbauer spectrum at 80 K (see beloWyvo quadrupole

X, nm

Figure 6. Electronic spectra of a mixture @fand8, 7, and8' in CHy-
Cl, solution (0.10 M [N(-Bu)4PFs) at —25 °C.

containing exclusively closed-shell benzene-1,2-dithiolat¢(2
ligands (i.e., no ligand radicals) exhibit no absorption maximum
>590 nm: this holds fod—4 and8d. It is very important to
note that all other complexes exhibit numerous interrs&0f
M~1cm™1) absorption maxima in the near-infrared between 600
and 1500 nm which cannot be assigned asl dransitions of

an Fe(lV) species. Such bands have been identified as spin-
and dipole-allowed ligand-to-ligand charge-transfer bands of the

type

(e (e (B

They are markers for the presence of radical aniof¢)L or
(L*)*~. The energy dependence of this transition (see Table 3)
observed in five-coordinaté®*, 4°% 5, and7 on the nature of
the fifth apical ligand X may be due to the fact that the central
iron ion is located slightly but to a varying degree-above the
Ss-plane of the two dithiolate ligands.

Infrared Spectra. In a recent publicatio®? we had shown
that the presence of S;8oordinated radical monoanions,
(LBw)1~, is readily detected in the infrared spectrum where the
v(C=S8) stretching frequency is observed afl100 cnT! as
an intense band. In contrast, in complexes containing only the
S,S-coordinated closed-shell dianion&{)?~ this band is not
detected. For example, the spectra of NBu)4][Co'"' (LBY),]

doublets at an approximate ratio of 1:1 representing the spectraor of the corresponding Aticomplex [N@-Bu)z][Au' (LBY),]

of 7 and 8 have been detected. Thus, a solut®ralways
contains als and free PMg

The solid-state electronic spectra®énd8 shown in Figure
5 are very similar indeed. Both exhibit a broad band-&00

do not show av(C=S’) band? at 1100 cntl. In contrast, in
[N(n-Bu)g][Ni"(LBY)(LB")] an intense band at 1114 cfhas
been observetf.

The spectra o1—4 do not exhibit a»(C=S') stretching mode

nm which is due to the presence of an intervalence charge-at 1100 cm! in the infrared. Therefore, we conclude that in

transfer band (IVCT) between anf)?~ and an (lB*)1~ S,S-
coordinated ligand as in [FgLBY)(LB")(PMe3)] (7) and [Fé!'-
(LB)(LB*)(PMes)] (8).

these compounds only closed-shef{2~ dianions are present.
As shown in Figure 7 the speci8% does display such a band
at 1107 cmi! which is again absent in the spectrum3ofThis

Figure 6 shows the spectra of electrochemically generatedis considered to be compelling evidence that the one-electron

(=25 °C) 7°¢ and 8 together with that of a mixture 6f and
8 in CH.CI; solution. It is noteworthy thaged, [Fe"(LBY),-
(PMe3),] ~, does not show intense absorption800 nm which
indicates the absence of IVCT bands betweeR"jL~ and
(LB%2-. In contrast, the spectrum @P* displays two intense
maxima at 772 nme(= 1.4 x 10* M~ cm1) and 894 nm (0.4
x 10* M~1 cm~1) which are due to the presence of tw{)1~
ligands as in [F&(LB"),(PMey)]*.

The electronic spectra of all other complexes have been

oxidation of 3 to 3°¢ is ligand based. Similarly, the infrared
spectrum of7 displays av(C=S) band at 1111 cm as does
the spectrum o8 at 1117 cnil. In contrast, the spectrum of
8ed of which we had isolated the tetrabutylammonium salt
[N(n-Bu)q][Fe (LBY),(PMes);] lacks this band as is shown in
Figure 8. Therefore, it appears to be justified to assign an
electronic structure for as [Fe(18Y)(LB")(PMe;)] and for8 as
[Fe' (LB)(LB*)(PMes)z].

Sellmann et al2 had pointed out that in the infrared spectra

recorded by using conditions given in Table 3. These spectraof 5 and6 containing unsubstituted (E) ligands nov(C=S)
are quite revealing. It is important to note that all complexes bands are observed. In fact, this observation had been used to
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Table 3. Electronic Spectra of Complexes

complex conditions® T,°C Amax, NM (€, 10*M~1 cm ™)
1 a 20 315 (0.5), 389 (0.15)
3 b 20 365 (4.15), 590 (3.0), 680 (sh,0.42)
—60 363 (3.2), 480 (1.4), 530 (1.8), 590 (1.2), 630 (1.1)
3oxa b —25 367 (2.7), 495 (1.51), 590 (1.9), 645 (1.8), 860 (0.8)
4 c 20 391 (2.2), 485 (sh,1.5), 512 (1.7)
4% c 20 302 (1.6), 360 (1.45), 490 (0.8), 589 (0.9), 670 (0.6), 814 (0.7)
5 d 20 315 (sh,1.6), 360 (sh,0.74), 480 (0.51), 580 (sh,0.48), 645 (0.86), 730 (sh,0.52), 1210 (0.7), 1510( 0.8)
718 b —25 320 (2.9), 490 (1.01), 690 (2.0), 789 (0.7), 890 (0.2)
70%a b —-25 310 (4.0), 460 (1.9), 692 (4.0), 772 (1.4), 894 (0.4)
greda b —25 360 (2.9), 480 (1.2), 510 (1.9), 570 (1.0)

a Electrochemically generated (0.10 M [INBu)4]PFs). ® Equilibrium mixture.© Conditions: (a) tetrahydrofuran solution; (b) &8, solution; (c) CHC,
solution with a few drops of 4ert-butylpyridine; (d) acetone solution (ref 13).

3,5
3 3,04
2,54
2,04
1,54

Transmission

3ox 1,0

0,5
1107

0,0 T T T T

1400 1200 1000 800 600 3,54
Wavenumber, cm’

Herl Vg

2,8
Figure 7. Infrared spectra (KBr disks) of solil (top) and3°* (bottom) in 3%
the range 5061500 cnr?. 2,14

1,4

0,74

50 100 150 200 250
T K
.3 “
7 .- 5 (PMe,) gree Figure 9. Temperature dependencies of the magnetic moments of solid

samples o (top) and3°* (bottom). The solid lines represent best fits by
WWW using parameters given in the text.

1400 1200 1000 800 600 reported?? S= 1; D = +28 cnm}; giso = 2.05;E/D = 0.08.
Wavenumber, cm” Thus, 1 contains an intermediate spin ferrous ion.
Figure 8. Infrared spectra (KBr disks) of soli@ (top), 8 (middle), and Figure 9 (top) shows the temperature dependence of the
[N(n-Bu)s[Fe" (LB)2(PMes)], 8 (bottom). The marked bands indicate  effective magnetic moment Gfas a function of the temperature.
v(C=S) frequencies. A monotonic decrease ok from 3.0ug at 300 K to 0.4ug at
2 K is indicative of arS= 0 ground state and an intramolecular
antiferromagnetic coupling between two intermediate spin ferric

iron(IV) metal centers in5 and 6. We have verified their . ! . . ;
Lo . _ . ions Ge= %5). The best fit of data was achieved with a coupling
observation: 5 and 6 do not displayv(C=S") bands with constant) of —84 cnTl (H = 2] §°S S = S = %), a

appreciable intensity but they are nevertheless present in the . -~
infrared spectra 0 and6 at 1084 cm?, respectively, as very fixed g 1= 2.0, and a zero-field splitting para_mgla[ - D2 -
weak bands. We note that in [N(GH|[Fe" (L)-(PMey)s] this 1550nr , E/D = 0 (fixed) and a par_amagnetlc impurity wigh _
band is not observed. From DFT calculati$fref the vibrational = "2 of 1.1%, and a temperature |nd.ependent paramagpeUsm
spectra of such complexes which will be reported elsewhere #™° of 150>_< 107 emu. Thf magnetlsm3(ﬁ (not shown) is

we are able to show that complexes containing 3,&dibutyl- verE/l.S|m|Iar. ‘]_ = ~llacm (Sl =$=7).D1=D>=5
1,2-benzenedithiolate{d) radicals do exhibit the(C=S") band cm % E/D = 0; g = 2.0 (fixed); paramagnetic impurity wit§

_ 5 0 . .
with significant intensity whereas the same vibration is less | / ZbOf Ob(?[ /(I’n ltd's nOtif:nth?La rfasorr]lableffg\t,vofltr:;/a da:tnafc?rril
intense by at least a factor of10 in the corresponding aiso be obtained assuming the presence ot two low spin ferric

. _1 L i !
complees with unsubstuted 1 igancs otk i = Pl il o be e e

Magnetic Properties.All complexes have been investigated state. It is also not in a reementp ith its” Mba erzdgata see
by measuring their molar magnetic susceptibilities in the - In ag with 1 u (

temperature range-2300 K and 1 T applied field by using a below).

SQUID magnetometer. The magnetic properties béave been The temperature dependence of the magnetic momeges of
shown in Figure 9 (bottom) clearly establishes & 4/, ground

(22) Neese, F. Unpublished work. state of the monoaniomés (4.2 K) = 1.6 ug). The increase of

Transmission

propose the presence of only {t)ligands and, consequently,
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Figure 10. Temperature dependence of the magnetic momedt he g values

inset shows the magnetization data at 1, 4, and 7 T. For fit parameters see

text.

uett With increasing temperature was modeled by using a three-
spin systen§, = S = 9/, for the two ferric ions an&; = 1/,

for the ligand radical (E*)1~. The following parameters afford
the fit shown as solid line in Figure ;. = Jy3 = —28 cnT};
Ji3= —98 cm‘l; =0 =0= 2.0 (fixed); D, =D3 =15
cm 1, E/D = 0 (fixed), a paramagnetic impurity wit8 = 5/,

of 1.4%, and a TIP of 50& 107% emu. For the data30 K a
small Weiss constarft of —1.5 K improved the fit. We cannot
ascertain if this model is physically meaningful.

Theuett vs T plot for 4 is shown in Figure 10 together with
variable-field, variable-temperature (VHVT) magnetization mea-
surements. The magnetic moment is constant atg3i8 the
range 206-290 K indicating the exclusive population of the spin
quartet ground state. Below 20 Kex decreases due to
magnetization saturation by the applied fiellloT and the
influence of zero-field splitting. The sign & was determined
from VHVT measurements (inset Figure 10). WHED fixed

dX"/dB

100 200 300 400 500 600 700
B, mT

Figure 11. X-band EPR spectra. Top: spectrum3sfin CH,Cl, at 10 K
(frequency 9.64 GHz; modulation 10.0 G; power 3&W). Bottom:
spectrum of4 in CHyCl, at 10 K (frequency: 9.64 GHz; modulation 10.0
G; power 317uW). For simulation parameters see text.

prominent pealg = 5—6 and a broad feature centeredgat

2. This is indicative of a spin-quartet with a large rhombic zero-
field splitting. The spectrum was fitted f&= 3/, by using an
axial ZFS parameteDb = 2.2 cnt! and a rhombicity factor

at 0.32 (from EPR measurements; see below) the magnetizations/p = 0.32 which were obtained from the magnetization

behavior was satisfactorily fited with = —2.3 cnm! which
is in excellent agreement with the analysis of the applied field
Mdossbauer data of.

For complexe$ and6 magnetic moments of 2.745 at 295
K, respectively, have been determined in CP€&blution by
using Evan’s method; for both species & 1 ground state
has been proposé@d A more complete analysis for the corre-
sponding complexe3 and 8 has been performed here where
magnetic moments in the range-200 K have been measured.

measurements. Simulations showed that the experimental line
width cannot be reproduced with a single set of ZFS parameters.
Satisfactory fits were obtained with a Gaussian distribution of
E/D values, for which the half-width of the distribution is 0.11.
These fit parameters are quite similar to other intermediate spin
ferric complexeg3

Figure 12 exhibits the X-band EPR spectra at 10 Krof
(top) and8'ed (bottom) in frozen CHCI, both of which possess
anS= 1/, ground state. Interestingly, bo#¥* and8d display

Both compounds exhibit temperature-independent magnetics;p hyperfine splitting. Satisfactory simulations were obtained

moments in the range 500 K of 2.83 typical forS= 1
ground states. Below 50 K, the temperature dependence wa
satisfactorily modeled foB by a zero-field splitting parameter
D = +13 cntland a TIP of 375« 1078 emu. For7, a similar
behavior was observed® = —27 cntl, TIP = 858 x 1076
emu, and a small Weiss constghbf 3 K.

EPR SpectroscopyFrom magnetic susceptibility data on a
solid sample of3°* it had been established that this species
possesses &= Y/, ground staté.As shown in Figure 11 (top),
this is confirmed by X-band EPR spectroscopy. An axial signal
with g« = gy = 2.06, andg, = 2.01 @so = 2.04) has been
observed at 10 K in frozen CGi&l, solution. This spectrum is
quite typical for an S-centered radicdalit is not in accord with
a half-filled d orbital at one of the iron centers. A similar but
rhombic signal has been reported for [AUBY)(LB™)] (g« =
2.0690,g, = 2.0320;9; = 1.911;gisoc = 2.004)15

Compound4 possesses aB= 3/, ground state; its X-band
EPR spectrum is shown in Figure 11 (bottom). It displays a

5648 J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005

by using the following parameters: f@P* gy = 2.18,9, =

2.07,g,= 2.03;S= Uy, A(3®P) = 1.44 x 1074 cm L, A(3P)

=28.7x 10%cm1, A,{31P) = 22.04 x 104 cm™%; 8ed: gy
= 2.15, g = 2.05, g = 2.00; S= Y/; hyperfine coupling to
two phosphorus nuclei: ACGP) = 6.0 x 104 cm™1, A (3'P)
=33.3x 104 cm?, A, (31P) = 35.0x 1074 cmL. Note that
Sellmann’s EPR spectrum of ([Fe@PMe3);]~, S= 1/,) which
is the equivalent of ou8®d did not show 3P hyperfine
splitting 13

Crystal Structures. The crystal structures d?, 3°%, 4, 6,
and 9 have been determined or redeterminé&). (Crystal-
lographic details are given in Table 1. Table 4 summarizes
important bond distances. The structure of iNgu)4]2[F€e" -
(L)4] (2) has been determined using a data set collected at 100
K. The room-temperature structure of the tetraethylammonium

(23) (a) Hauser, C.; Bill, E.; Holm, R. Hnorg. Chem.2002 41, 1615. (b)
Hans, M.; Buckel, W.; Bill, E.Eur. J. Biochem200Q 267, 7082.
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g values Table 4. Selected Bond Distances (A)
2.2 241 2.0
T T Complex2
Fel-S11 2.2245(6) SiC1l 1.764(2)
Fel-S12 2.2305(6) s2c2 1.764(2)
ox Fel-S1 2.2315(6) S11C11 1.750(2)
7 Exp Fel-S2 2.2348(6) S12C12 1.759(2)
Fel-S1* 2.4237(6) S2:C21 1.763(2)
Sim Fe2-S22 2.2225(6) S22C22 1.761(2)
Fe2-S31 2.2290(6) S31C31 1.758(2)
Fe2-S21 2.2345(6) S32C32 1.769(2)
Fe2-S32 2.2367(6) FeiFel*
Fe2-S32* 2.4942(6) Fe2Fe2*
avg C-C: 1.393+ 0.01 A
E Complex3°x
3 red Fel-S4 2.191(4) StC1 1.766(12)
8 Fel-S3 2.197(4) s2c2 1.778(12)
Sim Fel-S2 2.215(4) s3c21 1.767(13)
Exp Fel-S1 2.216(4) S4C22 1.720(13)
» Fel-S2* 2.327(4) S5-C41 1.763(12)
Fe2-S8 2.184(4) S6C42 1.771(14)
Fe2-S7 2.202(4) S#C61 1.712(13)
Fe2-S6 2.209(4) S8C62 1.730(11)
Fe2-S5 2.220(4) FetFel* 2.921(4)
, . Fe2-S6* 2.338(4) Fe2Fe2* 2.851(4)
300 320 340 360
B. mT Complex4
’ Fel-N20 2.155(1) StC1 1.755(2)
Figure 12. X-band EPR spectra. Top: spectrum of electrochemically Fel-S1 2.2264(4) S2C2 1.771(2)
generated®* in CH,ClI; at 10 K (frequency 9.64 GHz; modulation 10 G; Fel-S12 2.2336(5) SIiCi11 1.765(2)
power 323uW). Bottom: spectrum o8™? in CH.Cl, at 10 K (frequency Fel-S11 2.2354(4) S12C12 1.760(2)
9.63; modulation 10 G; power 328W). Simulation parameters are given Fel-S2 2.2526(5)
in the text. Complex6
Fe-S11 2.1867(3) SiC1l 1.750(1)
salt has been reported previoudf/Complex2 crystallizes in Fel-S2 2.1887(3) s2c2 1.748(1)
the triclinic space group Pith two crystallographically Fel-S1 2.2894(3) S1Cill 1.747(1)
. ) e o ; ) Fel-S12 2.2986(3) S12C12 1.749(1)
independent dinuclear dianions pHe) 4]2~ in the unit cell; each Fel-P20 2.3214(3)
dianion is located on a crystallographic center of symmetry. P20-Fel-P30 159.79(1)
The two.indepeno!ent dianions adopt different conformations_ Eelll_%?’loz 5:253?2()3) cic2 1.402(2)
in the solid state. Figure 13 (top) shows one of these; a schematic c12-c13 1.402(2) Cc1C6 1.405(2)
overlay of the two conformers is shown below. Each five- giig%g i-ggg(g) gggi iggg(g)
coordinate iron ion is in a square pyramidal EeSulfur C15-C16 123868 CaCs 123968
environment. The two ligands in each Fe(uit can then either C16-C11 1.399(2) C5C6 1.385(2)
adopt a chair or boat conformation. This is a packing effect Complex9
because only the [M¢Bu)]* salt shows this effect. The average Fel-S21 2.167(3) CiCl 1.768(8)
C—S bond length of the nonbridging thiolates at 1.760.006 Fel-S22 2.190(2) S2c? 1.749(8)
9 ging - to0. Fel-S1 2.198(2) S21C21 1.751(8)
A is long and indicates the presence of closed-shell benzene- Fel-S2 2.205(3) S22C22 1.765(8)
1,2-dithiolates(2-) which in turn requires for the iron ions an Fel-P40 2.284(4)
oxidation state oft-lll. Therefore, the electronic structure Bf
is best described as [ftg(L)4]%". For our purpose it is important to note that both thiolato ligands
The structure of the monoanion in crystals 3% is very have a somewhat shorter average<bond distance at 1.748

similar to that of the dianion i2. Again, two crystallographi- + 0.003 A than is observed in complex2and4. This may be

cally independent monoanions are present in the unit cell but interpreted as ligand oxidation; a dianion {L)and a monoan-

in the same conformation as shown in Figure 14. The quality ionic radical ()}~ may yield such average-S distance. All

of this crystal structure determination is rather low and does other features are the same as discussed previously by Sellmann

not permit the assignment of the ligand oxidation level(s) or of et all3

the metal centers but the atom connectivity is established. Figure 15 (bottom) shows the structure of the neutral complex
Crystals of4 consist of well-separated mononuclear anions [Fée'"(LBY)(LB*)(PPg)] in crystals of9. In this five-coordinate

[FE"(L)2(t-Bu-py)]- and [PMePK|" cations (1:1 shown in species the central iron ion is in a square-based pyramidal

Figure 15 (top). The average<S bond length of 1.763 0.006 environment of two S,/Scoordinated thiolato derivatives and

A is long and indicates the presence of two'S;8ordinated, an axial phosphine ligand. The structure is very similar to that
closed-shell ligands (By. A neutral 4tert-butylpyridine is reported for5.12 The quality of the crystals was not excellent
located in the apical position of a square pyramidal /RS and, therefore, the error of the bond distances is rather large
polyhedron with a central ferric ion. and the average-€S bond length at 1.758 0.02 A does not

The redeterminatidd of the structure of6 at 100 K has allow to discern between the presence of tw8'f&= or one
indeed lowered the estimated standard deviations considerably(LBY)2~ and one (B“)1~. The atom connectivity is established
Figure 15 (middle) shows the structure. The neutral complex beyond doubt. It is interesting that the room-temperature crystal
possesses a severely distorted octahedral polyhedron comprisesdtructure of neutral [Fe(k)PMes)] displays a short average-S
of two S,S3-coordinated benzene-1,2-dithiolate ligands and two bond distance at 1.75*Awhich may indicate the presence of
trimethyl phosphines irans-position relative to each other. one (LY~ and one (£)*~ ligand. This is also bolstered by the
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Figure 13. Structure of one of the two crystallographycally independent
dianions [Fe(L)4]%" in crystals of2 (top) and schematic overlay of the two
conformers (bottom).

Figure 14. Structure of one of the two crystallographically independent
monoanions [F£LBY)4]~ (3°) and schematic overlay of both conformers.

observation that both phenyl rings display a weak quinoidal
distortion (which is not significant within thed3experimental
error limit). Thus, the electronic structures 6fand 9 are
probably to be described as [ifd)(L*)(PMes)] and [Fe(LBY)-
(LB")(PPg)], respectively.

We point out that the structures 6fand9 both display two
equivalent dithiolato ligands; they fail to show structural

5650 J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005

Figure 15. Structure of the monoanions [f€.),(t-Bu-py)]~ in crystals
of 4 (top), and of the neutral complex [Fet(lPMes),] in crystals of6 and
of the neutral species in crystals @f

differences indicative of a localized difference in charge but
both do display frequencies at1100 cnt! in the infrared
indicating the presence of at least on&%)!~ radical. We will

show in a subsequent paper that the square planar complexes
[M(LBY(LB™)]~ (M = Ni", Pd', Pt'") also exhibit this band.
From density functional calculations it is deduced that the ligand
mixed valency between @2~ and (LB*)!~ is of delocalized
class Ill. Thus we propose that in complextand8 a similar
behavior may be expected.

Mo'ssbauer SpectroscopyComplexesl—9 have been care-
fully investigated by applied-field (7 T) Mossbauer spec-
troscopy at 4.2 K and detailed spin Hamiltonian analyses have
been carried out. In addition, zero-field skbauer spectra of
polycrystalline or frozen solution samples were recorded at 80
K. The results are summarized in Tables 5 and 6.

The spectra of the square planar intermediate spin ferrous
species [NH(GHs)3]o[F€'(L)2] (S= 1) have been reported and
discussed previoush:12 The following spin Hamiltonian
parameters were found at 4.2 KS = 1, zero-field splitting
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Table 5. Zero-Field Mdssbauer Data of Complexes

8,2 = re
complex mms™t mms™t mms! T.K Seef Se ref
1 0.44 1.20 0.28 80 1 1 11,12
0.45 1.21 0.28 4.2
2 0.31 2.95 n.n. 77 15 0 6
3 0.36 2.87 0.44 80 1.5 0 this work
30 0.28 2.70 0.46 80 1.5 0.5 thiswork
4 0.33 3.03 031 80 15 15 thiswork
40% 0.29 3.02 0.29 80 1.5 1.0 thiswork
5 0.12 3.03 0.31 42 15 10 13
6 0.17 1.54 0.29 86 1.5 1.0 13
ered 0.29 1.67 0.38/0.32 92 05 05 13
7 0.11 3.18 0.28 80 1.5 1.0 thiswork
7°% 0.25 2.60 0.36 80 15 0.5 thiswork
8 0.15 1.46 0.29 80 1.5 1.0 thiswork
gred 0.24 1.56 0.28 80 0.5 0.5 thiswork
9 0.09 3.19 0.30 80 1.5 1.0 thiswork

a]somer shift.> Quadrupole splitting® Half width of signal.? Intrinsic
spin ground state of iron iof.Spin ground state of moleculeNot
measured.

D = +28 cntl, E/D = 0.08; isomer shifty = 0.45 mm s1,
quadrupole splittingA\Eq = +1.21 cnT?, asymmetry parameter
n = 0.44; nuclear hyperfine coupling constams/gnSn
—4.15 T,ApJonpn = —5.58 T, andAJgnfn = +0.18 T. We
will use these data as benchmark for an intermediate spin ferrou
ion.24

Similarly, the data for the five-coordinate anion [H&)(t-
Bu-py)]” in 4 may serve as benchmark values for an intermedi-
ate spin ferric ion $e = /,);25°2% see Tables 5 and 6. The
Mossbauer spectra were recorded on frozen@\Hsolutions
of 4 in order to minimize possible intermolecular magnetic
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SFigure 16. Applied field Mossbauer spectra dfin frozen CHCN solution

at 4.2 K and 0.1, 1, 47 T fields. For fit parameters see Table 6.

complexes where the intramolecular antiferromagnetic spin
coupling does not allow an independent direct determination
of the individual®/, spin states by magnetic measurements. We
also note that the reported sbauer parameters for [iIN(
Bu)4]o[Fe" x(dchdt)] (dcbdE~ = 4,5-dicyanobenzene-1,2-dithi-

interactions. Figure 16 displays the spectra and their simulationso|ate(2_)) namelyd = 0.32 mm s%; AEq = 3.01 mm s’ at

at0.1,1, 4, and 7 T. These values are reassuringly similar t0 75 k "are again identical to those mentioned above. In our view
those reported for other five-coordinate, intermediate spin ferric ;s rules out an interpretation as low-spin fer&d= /) as

complexe®-28 (Table 6). Hallmarks are a quite large quadru-
pole splitting of >3.0 mm s as well as two major negative
components and a minor positive one of thetensor. This
anisotropy is, in general, attributed to the spin dipolar term.

Since the latter is traceless, the contact contribution can be

obtained by averaging the principal componenta ofhe value
ArdonSGn Of —16.6 T compares also well with other five-
coordinate intermediate spin ferric compleX&<® The nature

of the donor atoms (sulfur or nitrogen) does not appear to play
a dominant role. These data give us confidence to assign an

intermediate spin ferric electronic structure in complexes by
applied-field Mssbauer spectroscopy.

For example, the diamagnetic dinuclear compleXesd 3
exhibit each a single quadrupole doublet with isomer shift and
quadrupole splitting parameters which are nearly identical to
those of4 (Table 5). Therefore, we feel confident to assign local
spin states of/, to each of two ferric ions in both dinuclear

(24) (a) Barraclough, C. G.; Martin, R. L.; Mitra, S.; Sherwood, RIGChem.
Phys.197Q 53, 1643. (b) Hudson, A.; Whitefield, H. lhorg. Chem 1967,
6, 1120. (c) Moss, T. H.; Robinson, A. Bnorg. Chem.1968 7, 1692.

(25) Niarchos, D.; Kostikas, A.; Simopoulos, A.; Coucouvanis, D.; Piltingsrud,
D.; Coffman, R. EJ. Chem. Phys1978 69, 4411.

(26) Kostka, K. L.; Fox, B. G.; Hendrich, M. P.; Collins, T. J.; Rickard, C. E.;
Wright, L. J.; Minck, E.J. Am. Chem. S0d.993 115 6746.

(27) Keutel, H.; Kgplinger, 1.; Jger, E.-G.; Grodzicki, M.; Scmemann, V.;
Trautwein, A. X.Inorg. Chem.1999 38, 2320.

(28) Koch, W. O.; Schoemann, V.; Gerdan, M.; Trautwein, A. X.; Kgar,
H.-J.Chem. Eur. J1998 4, 686.

(29) (a) Gupta, G. P.; Lang, G.; Scheidt, W. R.; Geiger, D. K.; Reed, Q. A.
Chem. Phys1986 85, 5212. (b) Gupta, G. P.; Lang, G.; Reed, C. A,;
Shelly, K.; Scheidt, W. R.; Geiger, D. K. Chem. Phys1987, 86, 5288.

was proposed by the authdrs.

Up to this point, the oxidation states of the iron ions and
their spin ground states are unequivocally determined by
magnetic susceptibility measurements, X-ray crystallography,
and Mtssbauer spectroscopy. They are in all cases fairly
straightforwardly determined because the thiolato ligands are
always redox-innocent, i.e., they are S¢Bordinated closed-
shell dianions. This is not so for the one-electron oxidized form
of 3, namely the dinuclear monoanion wig= %/, in crystals
of 3°%. Simple charge considerations immediately imply that in
case of a metal-centered one-electron oxidation a mixed valent
Fe'"—FeY monoanionic species with four benzene-1,2-dithi-
olato(2-) ligands is generated or, alternatively, if a ligand-
centered oxidation prevails, an [IEg€LBY)3(LB")]~ species is
formed with two intermediate spin ferric ions and thre84E-
ligands plus one radical @*)~. The zero-field Mssbauer
spectrum of3** displays asinglequadrupole doublet which rules
out the mixed valent PRV formulation. The isomer shift and
quadrupole splitting parameters 8% are in excellent agree-
ment with those o, 3, and4 indicating the presence of two
intermediate spin ferric ions. Thus the oxidation3otfo 3°% is
ligand-centered.

Interestingly, one-electron oxidation of mononucléaield-
ing neutral4°* is alsonot accompanied by significant changes
of the isomer shift or quadrupole splitting parameters (Table
5). Thus, a frozen CHCN solution at 80 K of4 to which 1
equivalent of the oxidant tris(4-bromophenyl)aminium hexachlo-
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roantimonate had been added aB0 °C shows a single
quadrupole doubletd = 0.29 mm s, AEq = 3.02 mm s?
for 4°%. This indicates again a ligand-centered oxidation and
the electronic structure of°* is best described as [I€LBY)-
(LBw)(t-Bu-py)] S= 1 with an intermediate spin ferric iois{e
= 3/,) coupled antiferromagnetically to a ligand radicaf{)-.
The square-based pyramidal compiéXis isoelectronic with
4°% only the axial trimethylphosphine iB is substituted by a
4-tert-butylpyridine ligand ind°%, It is therefore not surprising
that both compounds have similar zero-field $8bauer param-
eters. The quadrupole splitting is 3.03 mm $or 5 and 3.02
mm s1 for 4°% at 80 K; the isomer shifts differ slightly bxo
= 0.17 mm s! whered is 0.29 mm s for 4 and 0.12 mm
s1 for 5. Such a shift oy has previously been shown to also
occur in isoelectronic [F€pyS;)X] complexeg® where X is
either a bridging thiolate’)(= 0.44 mm s?1) or a trimethylphos-
phine ¢ = 0.34 mm s1). The Mtssbauer parameters for five-
coordinate9 are also very similar to those &fand4°. Thus,

all of these species possess an intermediate spin central ferric

ion (S= 3/,) and one (BY)2~ or (L) as well as one radical
monoanion (B*)~ or (L*)!~ affording the observe® = 1
ground states: [FEL)(L*)(PMe)] (5), [F€" (L)(L*)(t-Bu-py)]
(4%, and[Fd' (LBY)(LB")(PPg)] (9). Complex7 is also isoelec-
tronic and “isostructural” witls and the M@sbauer parameters

1.000 e
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1.000F:
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Figure 17. Applied field Mossbauer spectra &at 4.2 Kand 1,4, 7 T
fields. For fit parameters see Table 6.

be described as Fe(lV) species. The ddibauer data for

are again nearly identical (Tables 5 and 6). The electronic ggimann’é? complex [NMe][Fe" (L)»(PMes)]-CHsOH (6 =

structure of7 is therefore [F# (LBY)(LB")(PMes)] with a central
intermediate spin ferric ion coupled antiferromagnetically to a
ligand radical (B*)'~ affording the observe® = 1 ground
state. The zero-field Mgsbauer spectrum of the frozen &H
CN solution of the one-electron oxidized for#* (S = /)
displays also a single quadrupole doubk@t=f 0.25 mm s?;
AEq = +2.60 mm s?). These parameters again indicate the
presence of an intermediate spin ferric ion but now two ligand
radicals must be present yielding the obser@ed %/, ground
state: [F8'(LB"),(PMey)]*. The alternative descriptidhas F&
species, namely [F€LBY),(PMe;)] ™, is not at all compatible

with the spectroscopic data presented here. In this case it is

again observed that one-electron oxidation of'[He?!)(LBw)-
(PMes)] (7) with S = 1 ground-state yielding [FELBY),-
(PMe)] " with S= %/, is a ligand-centered process; both species
contain a central intermediate spin ferric ion.

The applied field Masbauer spectra of distorted octahedral
8 are shown in Figure 17; the results of the spin Hamiltonian

0.29 mm s'; AEg = 1.67 mm s? at 92 K) are in excellent
agreement with our frozen solution data &5%d.

Discussion

The most important goal of the present investigation is to
establish unequivocally the electronic structure of some five-
coordinate iron complexes containing two ‘S¢8ordinated
benzene-1,2-dithiolato type ligands and a fifth (axial) phosphine
ligand, [Fe(L)(PRs)], in a square-base pyramidal R&donor
atom set. The problem rests entirely on the ability to identify
spectroscopically a square planar'fifg)(L*)]° vs an [Fé/(L),]°
moiety. In other words, the question is whether benzene-1,2-
dithiolates behave here as redox-noninnocent ligands with the
sulfur analogues of a catecholate or benzosemiquinonate radical
being present in a given coordination compound.

Many authoré!® have attempted to discern between a
dithiolato(2-) and its monoanionic radical form in a given
complex by their crystallographically determined structural

analysis are given in Table 6. The parameters are very similar
to those reported for all intermediate spin ferric complexes with
the exception of a smaller quadrupole splitting parameter of
only +1.46 mm s! as compared to an average value of 3.0
mm s for the five-coordinate intermediate spin compledes

7, and7°%. Interestingly, Kiger et ak® have recently reported

a similar, octahedral ferric complex [#é_-N4Me,)(S,CsHa)]-
(Cl04)*0.5H:0 (Sre = %/2; 0 = 0.38 mm s, AEg = 2.22 mm

s 1at 200 K) which also exists in a low spin ferric forig:{ =

parameters. The underlying assumption has always been that
the phenyl ring has either six equidistant-C bonds in a
thiolate or displays a quinoidal distortion with two alternating
shorter G=C bonds and four longer ones in the radical form
and, in addition, the €S bonds were assumed to shrink upon
oxidation of a dianionic thiolate to a monoanionic radical. This
behavior had been firmly established for the corresponding
complexes containing catecholates and semiquinoRaféss

i 5 = 0.25 mm s%, AE = 2.22 mm s* at 200 K). The is—in part-a misconception for the sulfur analogues. The

latter MGssbauer parameters agree nicely with those measuredS tructures of the phenoxyl and the thiyl radical have been
d P 9 Y calculated by theoretical computational meth&tf$The results
for 8¢ in Table 5. Thus, the electronic structures are best

. . . . . learly show that the expect tructural chan in comparison
descibed as intermediate spin ferrig-{ = >) in 8 and low clearly show that the expected s changes in compariso

spin ferric in 8°d: [Fe''(LB*)(LBY(PMey)z] (S = 1) and
[FE'(LBY)2(PMes)s]~ (S= 1), respectively. Comple& cannot

(31) Pierpont, C. G.; Lange, C. WProgr. Inorg. Chem1994 33, 331.

(32) (a) Qin, Y.; Wheeler, R. AJ. Am. Chem. S0d.995 117, 6083. (b) Himo,
F.; Graslund, A.; Erikson, L. ABiophys. J.1997 72, 1556. (c) Adamo,
R.; Subra, A.; Di Matteo, A.; Barone, \J. Chem. Physl998 109, 10244.

(33) Tripathi, G. N. R.; Sun, Q.; Armstrong, D. A.; Chipman, D. M.; Schuler,
R. H.J. Phys. Chem1992 96, 5344.

(30) Li, M.; Bonnet, D.; Bill, E.; Neese, F.; Weyhefifter, T.; Blum, N.;
Sellmann, D.; Wieghardt, Kinorg. Chem.2002 41, 3444,
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Table 6. Applied Field Méssbauer Parameters of Intermediate Spin Ferric Complexes at 4.2 K

0 AEq AdghBy AyloBu A By [AllgyBy ArlonBn D Dre®

complex S (mms™?) (mms™?) M T ) M) m (cm™ EID (cm™) h
3% 0.5 0.27 2.67 +2.5 —25.1 —28.6 -17.1 0.3
42 1.5 0.34 2.94 —19.13 —32.24 1.54 —16.61 —16.61 —3.80 0.33 —3.80 0.02
7 1.0 0.12 3.05 —32.43 —22.16 0.35 —18.08 —14.48 —28.0 0.01 —18 0.74
7°% 0.5 0.29 2.57 —31.10 —32.74 1.68 —20.72 —8.31 0.45
8 1.0 0.17 1.46 156 —12.35 —38.22 —16.34 —13.07 14.35 0.01 9.0 0.10
L'FeCP 1.5 0.25 3.60 —22 —16.6 5 —-11.8 —11.8 —3.70 0.05 —-3.7 0.15
LFel® 1.5 0.19 3.56 —-12.7 —12.7 0.5 —8.3 —8.3 13 0.22 13 0.0

aFrozen acetonitrile solutio?.See ref 26¢ See ref 279 Intrinsic A component forSee = 3/. € Intrinsic D value for See = 3. f Are = Y/5[A0 9 Are =
ZISD\D h DFe = 2/3D.

Table 7. Compilation of Intrinsic Méssbauer Parameters for Five-Coordinate Complexes in Figure 18

complex S See” ¢ (mms™) AEQ! (mms™) A(Sre = %)l gnBn® (T) ref
[Fe"(L)(t-Bu-py)~ 3/ 3/, 0.34 +2.94 —19.1,—-32.2,+1.54 this work
[FE(Lo'S)al] Y, 3, 0.24 +2.80 —12.4,—20.3,+1.3 36
[Fe" (LdSDal] Y, 3, 0.12 3.18 —7.4,—-16.0,+0.6 36
[Fe (LBY)(LB)(PMes)]° 1 3, 0.12 +3.05 —25.9,-17.7,4+0.3 this work
[Fe" (LBw)(PMes)] ™ Y, 3, 0.29 +2.57 —12.44,—13.1,+0.68 this work
[Fe" (L)1] 3/ 3, 0.19 3.56 -12.7,—12.7,40.5 27
[FeM (LTI 3, 3, 0.25 3.60 —22,-16.6,+5 26

aGround state of moleculd.Intrinsic ground state of iron iorf.Isomer shift at 4.2 K relative to-Fe at 298 K4 Quadrupole splitting at 4.2 K& A(Se
= 3/,): tensor components from spin projection techniques where appropriate.

with their closed-shell phenolate and thiophenolate forms are infrared spectra of and6 at 1084 cnl, respectively, as very
only observed for the phenoxyl but not the thiyl. This observa- weak bands. We note that in [N(GH|[Fe" (L)2(PMes)] this

tion is due to the fact that the spin density distribution of both band is not observed. From DFT calculati&af the vibrational
radicals differ. In a phenoxyl only 38% of the spin density spectra of such complexes which will be reported elsewhere
resides on the oxygen atom, 24% is found at each of the two we are able to show that complexes containing 3,&dibutyl-
ortho carbon atoms and 32% is at the para carbon. In contrast,1,2-benzenedithiolatefd) radicals do exhibit the(C=S") band

in the thiyl radical 68% of the spin density resides at the sulfur with significant intensity whereas the same vibration is less
atom and only 32% is delocalized over the ortho and para intense by at least a factor of£10 in the corresponding
positions of the phenyl ring. Consequently, the six@C complexes with unsubstituted {j~ ligands.

distances in a thiyl radical resemble more closely those of the  The second important spectroscopic marker for the presence
aromatic thiolate analogue but the-6 bond is slightly shorter ot an M(LBU)(LBw) and/or M(L)(L*) moiety is the observation

at 1.75 A. Therefore, structural parameters may be of only of an intense £10* M~ cmY) intervalence transition M(L)-
limited value for the identification of a benzene-1,2-dithiolate- (| +) <~ M(L*)(L) in the near-infrared. These intense bands with

(1~) radical in a given complex. On the other hand, in the series jnensities >0.5 x 10* M~lecm! cannot be assigned as
[Ni""(LB4)z]>~+0 the neutral species [N(L®*);]° contains two ransitions from therr-orbital levels of the isolated radical
(LB*)!~ radicals and here the structural parameters are distinctly ligands. Complex [(bpy)PLB")]* displays such an intraligand
different from those of the dianion [R(L?)]?".3¢ 7- r* transition'4 at 700 nm but with an absorption coefficient
As pointed out by us previouslyin complexes containing  of only 1.0 x 108 M~‘cmL. A similar ligand-to-ligand band is
the radical anion (B*)'", thev(C=S) stretching frequency is  observed for all square planar complexes [N]".35 Thus, this
clearly observed as a relatively intense band in the infrared at hand has been reported for [A(LBY)(LB™)]° at 1452 nm ¢ =
1100 cnt. This band is absent in the corresponding complexes 2 7« 104 M1 cm1)15 and for [Ni'(LBY)(LB)]~ at 860 nm é
containing only (29)?~ ligands. This is in accord with @ =12 10 M~ cm1).34 These bands are absent in their one-
resonance Raman study of the phenylthiyl radical for which gjectron reduced forms [AULBY,]~ and [Ni'(LBY),]2". In the
the predominantly(C=S’) mode has been observed at 1073 present series of iron complexes we noted that all complexes
cm1 (v7a Wilson mode)?® We propose that this band is a containing exclusively two ®9)2- or (L) ligands do not
significant spectroscopic marker for the presence of a+S,S display absorption maxima of intensitie$00 M- cm! above
coordinated (B*)~ radical. As noted above, the present 600 nm (complexeg, 2, 3, 4, 69, andgd). Their respective
complexes3™, 7, and8 display such a band. electronic structure should therefore be described as shown in
Sellmann et at3 had pointed out that in the infrared spectra  Scheme 1 with dianionic aromatic ligands. In contrast, com-
of 5 and6 containing unsubstituted (E) ligands nov(C=S") plexes3°* (860 nm (0.8x 10* M~1 cm™1)), 4°¢ (814 nm (0.7x
bands are observed. In fact, this observation had been used ta* M1 cm2)), 5 (1210 nm (0.7x 10, 1510 nm (0.8x 10*
propose the presence of only {L)ligands and, consequently,  M-1 cm1)),13 7/8 (890 nm (0.2x 10* M~1 cm™1)), display
iron(IV) metal centers in5 and 6. We have verified their  thjs absorption and, therefore, are proposed to contain'é-[Fe
observation: 5 and 6 do not displayv(C=S") bands with (LBY)(LBU)] or a [Fe"(L)(L*)] moiety. The presence of [Be
appreciable intensity but they are nevertheless present in the

(35) (a) Herebian, D.; Bothe, E.; Neese, F.; WeyhdkenuT.; Wieghardt, K.
(34) Sellmann, D.; Binder, H.; Hessinger, D.; Heinemann, F. W.; Sutter, J. J. Am. Chem. So2003 125 9116. (b) Herebian, D.; Wieghardt, K.; Neese,
Inorg. Chim. Acta200Q 300—302, 829. F.J. Am. Chem. So003 125 10997.
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Figure 18. Five-coordinate complexes containing none, one, andstwo
radical ligands and a central intermediate spin ferric B+ 3/) yielding
S =35, S = 1, andS = Y, ground states, respectively.

(L)2] is ruled out. Complex’® is proposed to be [FHLBY),-
(PMes)]™ with two (LBY)1~ radical ligands (894 nm (0.4 10*
M~1cm?).

The third very valuable marker for a correct assignment of

(Tables 5,6). When the measur&etensor components; of 7

(S= 1), 7% (S= 1), and8 (S= 1) in Table 6 are converted

to intrinsic values forSe = 3, by using spin-projection
techniques, one obtains the intrin#i¢S-e = 35,)/gnSn values

in Table 6. The values obtained agree nicely with those reported
for well-characterized five-coordinate intermediate-spin ferric
complexes with redox-innocent ligands (Table 7). In particular,
the similarity of the pronouncedl anisotropies with the unusual
positive z component is significant. Furthermore, large quad-
rupole splittings at~3 mm st and a positive electric field
gradient (EFG) component,, along the minor component of
the A-tensor were recognized as additional characteristic features
of intermediate-spin iron(lll). We have previously reported
detailed analyses of the Msbauer spectra of complexes!'[Fe
(L*rag2X] where (Lrag)'~ represents arp-iminobenzosemi-
guinonate or its thio analogue (Figure 18 and Tabl& From
these spectroscopic data (Tables 6 and 7) it is evident that
complexe—9 contain an intermediate spin ferric ion and one
antiferromagnetically coupled ligand radicatYt or (LBw)1~.

It is not possible to interpret the Mebauer data in Tables 5
and 6 consistently by assuming the presence of high valent iron-
(IV) ions.
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the electronic structure of these complexes is zero- and applied-

field 5"Fe Mdssbauer spectroscopy. The spectra for mononuclear
4 (S = 3,) represent the benchmark for a pure intermediate
spin ferric ion in a square base pyramidal ligand environment
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