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A series of mononuclear square-based pyramidal complexes of iron containing two 1,2-diaryl-ethylene-1,2-dithiolate
ligands in various oxidation levels has been synthesized. The reaction of the dinuclear species [Fe",(1L*)o(*L),]°,
where (L)>~ is the closed shell di-(4-tert-butylphenyl)-1,2-ethylenedithiolate dianion and (*L*)'~ is its one-electron-
oxidized sr-radical monoanion, with [N(n-Bu)4JCN in toluene vyields dark green crystals of mononuclear [N(n-Bu),J-
[Fe"(*L*)2(CN)] (1). The oxidation of 1 with ferrocenium hexafluorophosphate yields blue [Fe"(L*),(CN)] (1), and
analogously, a reduction with [Cp,Co] yields [Cp.Co][N(n-Bu)][Fe"(*L*)(*L)(CN)] (1'¢9); oxidation of the neutral dimer
with iodine gives [Fe"(*L*),l] (2). The dimer reacts with the phosphite P(OCHj); to yield [Fe'(:L*),{ P(OCH3)3}] (3),
and [Fe"y(3L*)2(3L),] reacts with P(OC¢Hs)s to give [Fe"(PL*),{ P(OC¢Hs)s}] (4), where (°L)?~ represents 1,2-diphenyl-
1,2-ethylenedithiolate(2—). Both 3 and 4 were electrochemically one-electron oxidized to the monocations 3%
and 4% and reduced to the monoanions 3 and 4. The structures of 1 and 4 have been determined by
X-ray crystallography. All compounds have been studied by magnetic susceptibility measurements, X-band EPR,
UV-vis, IR, and Mdssbauer spectroscopies. The following five-coordinate chromophores have been identified: (a)
[Fe"(L)X]", X = CN~, I (n=0) (1>, 2); X = P(OR)3 (n = 1+) )3%, 4%) with S, = Y, Sre = %/y; (b) [FE"(L")2X]",
X =CN~, (n=1-) (1); X = P(OR); (n = 0) (3, 4) with S; = S = 0; (c) [Fe"(L*)(L)X]" = [Fe'"(L)(L)X]", X =
CN™ (n = 2-) (L®%); X = P(OR); (n = 1-) (3, 4*%) with S; = 5, Sre = 0 (or 1). Complex 1% displays spin
crossover behavior: S = Y, <= S = 3/, with intrinsic spin-state change See = %, <> Sre = 5. The electronic
structures of 1 and 1 have been established by density functional theoretical calculations: [Fe'"(*L*),(CN)*~ (Sre
=0, S = 0) and [Fe"((L)ACN)]° (Sre = 3, S = o).

Introduction five-coordinate complexes [Fef&Ry).L]? (z = 0, 1-).
Subsequently, McCleverty and co-workers have synthesized
a large number of such specis:they determined their
electronic ground states, measured their electronic speétra,
and in some cases, they measured their X-band EPR and,
later, their M®sbauer spectfd.Dance et af.synthesized a

Holm and Balckbcreported that the dimeric complexes
[FexSCoR2)4* (R=CF3; 2= 0, 1-,2—;R= —CN, z=
2-) undergo a cleavage reaction in the presence of phos-
phines, arsines, and phosphites, P(9®)yield monomeric
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Scheme 1. Ligands, Oxidation Levels, Abbreviations, Synthesized
Complexes, Their Labels, Overall Spin States, and Intrinsic Iron lon
Spin States.
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Complex S¢S P
[N(n-Bu)][Fe"('L*),(CN)] 1 0 0

[Fe"('L*)2(CN)]
[N(n-Bu)][Cp.Co][Fe"('L*)('L)(CN)] 174

10X

1/2=3/2 3/2==5/2
112 0(or1)

[Fe"('L*),1] 2 12 32
[Fe"('L*){P(OCH;)3}] 3 0 0
[Fe"(*L*){P(OPh);}] 4 0 0

a) Electronic ground state of complex; b) intrinsic spin state of iron ion.

series of [N(-Bu)J[Fe" (mnt)L] complexes where L rep-
resents an amine such as ammonia or pyridine and fmnt)
is the maleonitriledithiolate(2) dianion. These mono-
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structure of the above mononuclear iron complexes has not
been attempte. For example, the neutral phosphine
complex [FefL){PRs}] may contain (a) two closed-shell
dithiolate dianions and an iron(IV) ior§(= 1 or 2) or (b)
one monoanionie radical ligand, §L*)*~, and one dianionic
(®L)?" ligand vyielding the electron distribution [H€L*)-
(CL){PRs}] < [FE"(CL)(PL*){ PRs}] with an intrinsic high-
spin G = %), intermediate-spinGe = %), or even low-
spin &= %>) central ferric ion which would be antiferromag-
netically coupled to the radical yielding either 8§~ 2, 1,
or 0 ground state, respectively. It is also conceivable that a
charge distribution as in [EEL"){ PRs}]° prevails with an
intrinsic spin at aerrous ionof Sz = 2 (high spin),S. =
1 (intermediate spin), 08 = 0 (low spin) yielding the
ground-states = 1, 0, and 0, respectively.

In a preceding papéf,we have solved this problem for
the electron-transfer series of sowliauclearspecies, as in
eq 2, and shown that the redox steps are ligand centered
and that, in each case, the ferric ions possess an intermediate

[Fe" (L) 4> <2 [Fe" (L)L <2 [Fe" (L),(0),°
§=0 321/2 =0 2)

spin S = 3,. For this purpose, we had prepatethe
new ligand 1,2-di(4ert-butylphenyl)-1,2-ethylenedithiol,
Ha(1L).

Scheme 1 shows the dithiolene ligands used in the present
study, their abbreviations and their respective oxidation levels

nuclear complexes possess an intermediate-spin ferric ionas either closed-shell dianions miradical monoanions. In

(Se = 3/, differing in this respect from the monoanions
[Fe(mnty(PRs)]~ which possess af = %/, ground state

and which have been assigned an intrinsic spin state of

the central iron ion as low spinSé 5.2 A few dia-

addition, the new iron complexes synthesized are shown with
their labels and spin states.

Itis clearly established from crystallograghy’ on square
planar bis(dithiolene)metal complexes '[#),]>~ and

magnetic, neutral species have been structurally charac{M"(L*),]° (M = Ni, Pd, Pt) that for a given dithiolene ligand

terized, namely, [Fe(®(CFs){AsPhg}],° [Fe(SCPhy)-
{P(OCH)3}],*° and [Fe(mntf 2(p-pyridine)-4,4,5,5-tetra-
methylimidazoliniun}].1%'2 Many of these mononuclear

complexes have been shown electrochemically to be mem-

bers of an electron-transfer series, éqg°l

[FeLX]" 2 == [FeL,X]" <= [FeL,X]" @)
where, if X is a monoanionic ligandy = 0, and if X is a
neutral ligandn = +1.

Although it has been well recognized that dithiolene
ligands belong to the redox-noninnocent class of lig&hds
which can exist in at least two different oxidation levels, as
shown in Scheme 1, a definitive description of the electronic

(7) Birchall, T.; Greenwood, N. NJ. Chem. Soc. A969 286.
(8) Dance, I. G.; Miller, T. RInorg. Chem.1974 13, 525.
(9) Epstein, E. F.; Bernal, Inorg. Chim. Actal977, 25, 145.
(10) Miyamae, H.; Sato, S.; Saito, Y.; Sakai, K.; Fukuyama, Adta
Crystallogr. 1977, B33 3942.
(11) Fettouhi, M.; Morsy, M.; Waheed, A.; Golhen, S.; Ouahab, L.; Sutter,
J.-P.; Kahn, O.; Menendez, N.; Varret,Irorg. Chem1999 38, 4910.
(12) Sutter, J.-P.; Fettouhi, M.; Li, L.; Michaut, C.; Ouahab, L.; Kahn, O.
Angew. Chem., Int. Ed. Engl996 35, 2113.
(13) Dithiolene Chemistry Stiefel, E. I., Ed.; Progress in Inorganic
Chemistry 52; Wiley, New York, 2004; pp-1681.
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the average €S distances are significantlpnger in the
closed-shell dianions than in the correspondingadical
monoanions £(C—S) ~ 0.05 A)13 Similarly, the olefinic
C—C bond isshorterin the dianions than in the monoanions
(A(C—C) ~ 0.04 A). In general, these two structural
parameters allow the identification of the presence of two
dianionsor two monoanions in [Fe(LLX]" complexes. It is
not possible to identify unambiguously the charge distribution
when one dianion and one monoanion are present where the
oxidation levels are delocalized as in [F§(L)X]" <
[Fe(L)(L)X]"

Experimental Section

The dinuclear starting materials [Eg'L*),('L), and
[FE'5(3L"),(3L),] have been prepared as described previotisly.

(14) Patra, A. K,; Bill, E.; Weyherrller, T.; Stobie, K.; Bell, Z.; Ward,
M. D.; McCleverty, J. A.; Wieghardt, Kinorg. Chem.submitted.

(15) Lim, B. S.; Fomitchev, D. V.; Holm, R. Hnorg. Chem.2001, 40,
4257,

(16) Dessy, G.; Fores, V.; Bellitto, C.; Flamini, &ryst. Struct. Commun.
1982 11, 1743.

(17) (a) Sartain, D.; Truter, M. RJ. Chem. Soc. AL967 1264. (b)
Megnamisi-Belombe, M.; Nuber, Bull. Chem. Soc. Jpri989 62,
4092.



Bis(1,2-diaryl-1,2-ethylenedithiolato)iron Complexes

[N(n-Bu)4][Fe" (*L*)2(CN)]-1.5 toluene (1).A toluene solution
(10 mL) of [N(n-Bu)4CN (0.038 g, 0.14 mmol) was added dropwise
with vigorous stirring to a toluene solution (20 mL) of the dinuclear
complex [Fé&'»(*L*)2(*L)7] (0.10 g, 0.065 mmol) at 20C. An

CuHsSilFe: C, 59.25; H, 5.88; S, 14.38. Found: C, 59.2; H, 5.8;
S, 14.3.

[Fe" (AL*){ P(OCH3)3}] (3). A toluene solution (5 mL) of
P(OCH); (0.022 g, 0.18 mmol) was added dropwise to a stirred

immediate color change from deep blue to dark green was observedsolution of [Fé',(*L*)2(*L),] (0.10 g, 0.065 mmol) in toluene (10

After the mixture was stirred fo2 h at 20°C, the volume of the

mL). After the now dark green solution was stirred for 30 min,

solution was reduced by evaporation under reduced pressure to 32-propanol was allowed to diffuse into the solution. Within 3 days,

mL, and dryn-hexane (15 mL) was added. The solution was
allowed to stand at 4C for 12 h; after which, dark green block-
shaped crystals were filtered off, washed withexane (10 mL),
and dried. Yield: 0.065 g (76%). Electrospray mass spectrum
(CH.Cl,, m/2): negative ion mode 790.3; calcd for [FE) >(CN)]~
790.0; positive ion mode 24ZN(n-Bu)s} ™ 242. IR(KBr, cntl):

ven 2087. Anal. Caled for giHgsSgNoFe: C, 63.07; H, 7.64; S,
22.06; N, 2.41. Found: C, 63.0; H, 7.7; S, 22.0; N, 2.4.

fine needle-shaped crystals precipitated and were collected by
filtration, washed with 2-propanol, and dried. Yield: 0.07 g (60%).
Anal. Calcd for G/He1S/,POsFe: C, 63.49; H, 6.92; S, 14.43.
Found: C, 63.6; H, 6.8; S, 14.3.

[Fe" (BL*){ P(OCgHs)3}] (4). Excess triphenyl phosphite (0.5 mL)
was added to a black suspension of [HEL*)2(%L),] (0.10 g, 0.09
mmol) in CHCI, (15 mL). The solution was stirred at 2@ for
12 h. The solvent was then removed by evaporation to give a green

The corresponding tetraethylammonium salt was prepared asOil- This was purified by column chromatography (silica gel,

described above by using an acetonitrile solution (2 mL) of [N[Et)
CN (0.05 g; 0.32 mmol). Dark green single crystals of [NgEt)
[FE"(*L*)2(CN)]-3 toluene ') of X-ray quality were slowly grown
from a toluene solution of the tetraethylammonium salt.

[Fe (*L*)2(CN)] (1°). Method A. A toluene solution (10 mL)
of [N(n-Bu),CN (0.038 g, 0.14 mmol) was added dropwise to a
stirred solution of [F&,(1L*),(*L),] (0.10 g, 0.065 mmol) in toluene
(15 mL). The blue solution changed to dark green. After the mixture
was stirred for 10 min at 20C, the toluene solution (5 mL) of

ferrocenium hexaflurophosphate (0.052, 0.16 mmol) was added,

producing a color change from green to blue. The solvent was

completely removed by evaporation under reduced pressure, and”

the crude solid was washed successively with methanol (30 mL)
and then acetonitrile (20 mL). Yield: 0.03 g (27%). IR (KBr,Tth

ven 2139. Anal. Caled for GzHs,S:NFe: C, 68.33; H, 6.63; N,
1.77. Found: C, 68.2; H, 6.6; N, 1.7.

Method B. A toluene solution (10 mL) of [N¢Bu)4CN (0.038

g, 0.14 mmol) was added dropwise to a stirred solution of
[FE"5(*L*)>(1L),] (0.10 g, 0.065 mmol) in toluene (15 mL). After
the mixture was stirred fol h at 20°C in the presence of air, the

CH,Cly/n-hexane (1:1, v/v)); the first green band corresponded to
the desired product. Yield: 0.15 g (95%). Anal. Calcd for
CueH3s0sSPFe: C, 64.19; H, 4.09. Found: 64.03; H, 4.0. FABMS
(m/2): 850 (M), 757 {M — OPH}), 540 {M — P(OPh)}*).

X-ray Crystallographic Data Collection and Refinement of
the Structures. A green single crystal ofi-1.5 toluene and a
specimen ofl were coated with perfluoropolyether, picked up with
a glass fiber, and immediately mounted in the nitrogen cold stream
of the diffractometers to prevent loss of solvent. A Nonius Kappa-
CCD diffractometer equipped with a Mo-target rotating-anode X-ray
source and a graphite monochromator (Ma,K = 0.71073 A)
as used fofl, and a sealed-tube source was usedHdrinal cell
constants were obtained from least-squares fits of all measured
reflections. The intensity data &f were corrected for absorp-
tion using the intensities of redundant reflections. The structures
were readily solved by Patterson methods and subsequent differ-
ence Fourier techniques. The Siemens SHEL¥Tkoftware
package was used for solution and artwork of the structure, and
SHELXL97*°was used for the refinement. All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were placed at cal-
culated positions and refined as riding atoms with isotropic dis-

solvent was removed by evaporation under reduced pressure. They|acement parameters. Crystallographic data of the compounds are
green residue was redissolved in 20 mL of acetonitrile, and an |isted in Table 1.

CHsCN solution (5 mL) of ferrocenium hexafluorophosphate (0.052
g, 0.16 mmol) was added with stirring. A blue solid precipitated,
which was collected by filtration, washed with @EN and then
CH3OH, and dried. Yield: 0.05 g (45%).

[Cp2Co][N(n-Bu)4][Fe" (*L*)(*L)(CN)] (1¢9). A toluene solution
(20 mL) of [N(n-Bu)4CN (0.038 g, 0.14 mmol) was added dropwise
to a stirred solution of [P&,(1L*),('L),] (0.10 g, 0.065 mmol) in
toluene (15 mL). After the mixture was stirred at ambient
temperature for 30 min, a toluene solution (5 mL) of cobaltocene
(CpCo) (0.03 g, 0.16 mmol) was added. A green microcrystalline
precipitate formed within minutes and was collected by filtration,
washed with toluene (30 mL), and dried. Yield: 0.11 g (69%).
Anal. Calcd for GiHgsSsCoFeN: C, 69.75; H, 8.08; S, 10.49; N,
2.29. Found: C, 69.8; H, 8.0; S, 10.4; N, 2.2. IR (KBr, ¢n

[Fe (1L*),1] (2). A toluene solution (10 mL) of iodine (0.036
g, 0.14 mmol) was added dropwise with stirring a°20to a toluene
solution (20 mL) of [F&(*L*)x(*L);] (0.20 g, 0.13 mmol),
producing a color change from deep blue to dark violet. The solu-
tion was concentrated by evaporation of the solvent under re-
duced pressure te'5 mL. n-Hexane (30 mL) was added slowly,
and the flask was kept at 4C for 12 h. Needle-shaped micro-
crystals precipitated, which were collected by filtration, washed
with n-hexane, and dried. Yield: 0.13 g (56%). Anal. Calcd for

Disorder in two out of three toluene solvent molecules was found
in 1. A restrained split atom model with occupation factors of about
2:1 was refined for the first (C561C507 and C513C517). The
methyl group in a second toluene was split on two position in a
70:30 ratio (C607 and C617). Two tertiary butyl groups in one of
the two crystallographically independent complex anions, attached
to C(6) and C(42), were disordered. Split positions were refined
with occupation ratios of about 75:25 and 58:42, respectively. A
tetraethylammonium cation had also to be split on two positions.
The occupation ratio refined to about 70:30. The geometries of the
split models were restrained using SAME and SADI instructions
of SHELXL97 (171 restraints).

Physical MeasurementsThe equipment used for IR, UWis,
EPR, and Mssbauer spectroscopies has been described in refs
20—23. The temperature-dependent magnetic susceptibilities of
solid samples of the complexes were measured by using a SQUID

(18) SHELXTL version 5; Siemens Analytical X-ray Instruments Inc.:
Madison, WI, 1994.

(19) Sheldrick, G. M.SHELXL97 Universita Gottingen:
Germany, 1997.

(20) (a) Chun, H.; Bill, E.; Weyheriiller, T.; Wieghardt, Klnorg. Chem.

2003 42, 5612. (b) Chun, H.; Weyhertfiar, T.; Bill, E.; Wieghardt,

K. Angew. Chem., Int. EQ001, 40, 2489.

Chtopek, K.; Bill, E.; Weyhermilier, T.; Wieghardt, KInorg. Chem.

2005 44, 7087.

Gitingen,

(21)
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Table 1. Crystallographic Data fot-1.5Toluene andt

1-1.5toluene 4
chemical formula G HaaFeNsSy CueHszsFeQPS
fw 1059.42 850.80
space group P2;/c (No. 14) P1 (No. 2)
a(A) 20.634(2) 11.078(2)

b (A) 15.9296(12) 13.382(4)
c(A) 36.048(3) 14.845(4)
o (deg) 90 105.02(3)
p (deg) 90.508(5) 91.50(2)

y (deg) 90 107.80(2)
V (A3 11848.2(18) 2010.5(8)
z 8 2

T(K) 100(2) 173(2)
pealed (g N1 3) 1.188 1.405
refins collected/®max 34 339/45.00 21 276/55.08
unique reflnd/ > 20(1) 13544/10 492 9116/5201
no. of params/restraints 1371/171 496/0

A (R)u(Ko) (cm?)
R13/GOP

WRZ (I >20 (1))
residual density (e A3)

0.71073/4.35
0.0865/1.173
0.1479

+0.44/-0.40

0.71073/6.64

0.0459/0.988

0.0866
+0.51/-0.39

aQObservation criterionl > 20(1). R1= 3 ||Fo| — |Fc||/Y |Fol. bGOF=

[SIW(Fe? — FAA/(n — P12 ©) wR2= [SIW(Fo* — FA/Sw(Fe?)12
wherew = 1/0%(F¢%) + (aP)? + bP, P = (F&® + 2F¢%)/3.

magnetometer (Quantum Design) at 1.0 T {4320 K). Corrections

for underlying diamagnetism were made using tabulated Pascal’s
constants. Cyclic voltammograms and coulometric experiments
were performed with an EG&G potentiostat/galvanostat in

CH,CI, solutions (0.10 M [N-Bu)s]PFs) at a glassy carbon

Patra et al.

vector). The geometry search was carried out in redundant internal
coordinates without imposing symmetry constraints. The geometries
were considered converged after the energy change was les than 5
x 1078 Ep, the gradient norm and maximum gradient element were
smaller than 1x 10~* Ey/bohr and 3x 10~* Ey/bohr, respectively,

and the root-mean square and maximum displacements of all atoms
were smaller than 2« 102 and 4 x 1073 bohr, respectively.
Corresponding canonical orbitals and density plots were obtained
using the program Molekéf.

The present calculations were performed on truncated models
where the four 4ert-butylphenyl groups of the basal ligands were
substituted by methyl groups. Nonrelativistic single-point calcula-
tions on the optimized geometries of the iron complexes with the
B3LYP functional were carried out to obtain dsbauer spectral
parameters (isomer shifts and quadrupole splittings). These calcula-
tions employed the CP(PPP) basis®s&tr iron and the TZV(P)
basis sets for the N and C atoms. The SV(P) basis sets were used
for the remaining atoms. The Msbauer isomer shifts were
calculated from the computed electron densities at the iron centers
as previously described.

Synthesis and Characterization of Complexes

As in the original syntheses of mononuclear bis(dithio-
lene)iron complexes by Holm, Balch, and McCleverty et
al.} 5 the dinuclear complex [F&(*L*),(*L),]° *was treated
with [N(n-Bu)4CN (1:2) in toluene solution to yield dark
green crystals of [N{-Bu)4J[Fe" (*L*)2(CN)] (1), eq 1. When

working electrode. Ferrocene was used as internal standard; all[NEtJCN was used, the salt [NB[Fe"('L*)2(CN)]-1.5
redox potentials are given versus the ferrocenium/ferrocene toluene (') was obtained as larger crystals suitable for X-ray

(Fct/Fc) couple.

Calculations. All DFT calculations were performed with the
ORCA program packag¥. The geometry optimizations of the
complexes were carried out at the B3L%?P7 level of DFT. The

crystallography. Complek and1' are diamagnetic§ = 0)

toluene

[Fe'",(L),(),1° + 2 N === 2 [Fé'("L),(CN) (1)

all-electron Gaussian basis sets were those reported by the Ahlrich
group?829 For neutral [Fe(Ly(CN)], triple<¢ quality basis sets
TZV(P) with one set of polarization functions on the iron and on . . - .
the atoms directly coordinated to the metal center were tfsEde The mono_amor,] inl can _t?e one'eleCt_ron OX'dlzed,m
carbon, nitrogen, and hydrogen atoms were described by slightly toluene solution via the addition pf 1 equiv of. ferrocenlu_m
smaller polarized split-valence SV(P) basis sets which are dduble- nexaflurophosphate, eq 2, affording a blue microcrystalline
quality in the valence region and contain a polarizing set of Precipitate of [F& (*L*)2(CN)]° (1°). Complex1° is para-

%as shown by applied field Misbauer spectroscopy (see
below).

d-functions on the non-hydrogen atoAisFor the monoanion

[Fe(L)(CN)]*-, the TZV(P) basis set of all non-hydrogen atoms [Fe”(lL')z(CN)]‘ + [Cp,Fe]" —

was augmented by one diffuse function for every valence shell,
choosing an exponent equal to one-third of the smallest exponent
in the respective shell. The auxiliary basis sets for all complexes

1
[Fe" ("L)(CN) + [Cp,Fef (2)
10X

used to expand the electron density in the calculations were chosen

to match the orbital basi. The SCF calculations were tightly
converged (1x 1078 Ey in energy, 1x 1077 E, in the density
change, and Ix 1077 in maximum element of the DIIS error

(22) (a) Ghosh, P.; Bill, E.; Weyheritier, T.; Wieghardt, KJ. Am. Chem.
So0c.2003 125 3967. (b) Ghosh, P.; Begum, A.; Bill, E.; Weyher-
muller, T.; Wieghardt, K.Inorg. Chem.2003 42, 3208.

(23) Ray, K.; Bill, E.; Weyherriiller, T.; Wieghardt, KJ. Am. Chem. Soc.
2005 127, 5641.

(24) Neese, FORCA, An Ab Initio, Density Functional and Semiempirical
Electronic Structure Program Packageersion 2.4, revision 36; Max-
Planck-Institut fu Bioanorganische Chemie: ‘Nheim/Ruhr, Germany,
2005.

(25) Becke, A. D.J. Chem. Phys1986 84, 4524.

(26) Becke, A. D.J. Chem. Phys1993 98, 5648. (b) Lee, C. T.; Yang,
W. T.; Parr, R. GPhys. Re. B 1988 37, 785.

(27) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
Phys. Chem1994 98, 11623.

(28) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571.

(29) Schger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829.
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magnetic and possessesRn- Y/, ground state (see below).
The one-electron reduced form afis also chemically
accessible by using 1 equiv of cobaltocene as reductant, eq
3. Thus, green microcrystals of [@po][N(n-Bu)4][Fe" (*L*)-
(*L)(CN)] (19) have been obtained. Complé%? is also
paramagnetic with a& = %/, ground state. We note that the

(30) (a) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Fheor. Chem.
Acc. 1997 97, 119. (b) Eichkorn, K.; Treutler, O.; Ohm, H.; Haser,
M.; Ahlrichs, R.Chem. Phys. Lettl995 242 652. (c) Eichkorn, K;;
Treutler, O.; Ohm, H.; Haser, M.; Ahlrichs, Rhem. Phys. Letl995
240, 283.

(31) Neese, FJ. Phys. Chem. Solid&004 65, 781.

(32) Molekel, EdMolekel, Adanced Interactie 3D-Graphics for Molec-
ular Sciencesavailable at http://www.cscs.ch/molekel/.

(33) Neese, Flnorg. Chim. Acta2002 337, 181.

(34) Sinnecker, S.; Slep, L. D.; Bill, E.; Neese,lrRorg. Chem2005 44,
2245,
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[Fe/(LY(CNI” + Cpco— e

[Fe"(lL')(lLd)(CN)]} +[Cp,Col” (3)
1re

corresponding complex [M{Bu)s][Fe(mnty(CN)] (S = %)
has been described by McCleverty et al.
In the infrared spectra of soliti 1°*, and1¢ (KBr disks),

. . Eq ,2=t1.163v
thev(C=N) stretching mode is observed at 2092, 2138, and AEp=83 mV

2047 cn1?, respectively. This mode is primarily sensitive r r r

to the overall charge of the mononuclear species; it is E(\'/())'\?s Fc*/';'cz 8

observed at the highest energy in the neutral spd€fesnd Figure 1. Cyclic voltammogram ofl in CH,Cl, (0.10 M [N(n-Bu)]PFs)

at the lowest in the dianiofred. It is also of interest that all  at 20 °C (glassy carbon working electrode, scan rate of 100 m¥ s

three species display a bandrat154 cnt® which has been ~ ferrocene internal standard).

assigned in the previous paper on dinuclear sp&c&sa

v(C=S) stretching mode. This fact indicates that in all three 1.2.

species at least onélL{)!~ z-radical ligand is present.
The dinuclear neutral complex [Hg(*L*),(*L),] was

00 04

725(11400)

] 640(7750
oxidized in toluene solution by 1 equiv of elemental iodine, 0.9 425?4005}50{520;} }
eq 4, yielding dark bluish violet microcrystals of [IF8L*)l] A
(2). This complex possesses &n= Y/, ground state. 0.6

[Fe'" J(*L),(L) ] + 1, — 2 [FE" (L7),I] 4)

Finally, the reaction of [P&,(*L*),(*L),] with 2.5 equiv
of P(OCH);3 in toluene yielded dark green crystals of
[FE'(*L*){ P(OCHp)3}] (3), which are diamagnetic§(= 0).
Similarly, the reaction of [P&(3L*)2(°L),] with P(OPh}
afforded dark green, crystalline, diamagnetic "[EFk*),-
{P(OPh}}] (4). This compound has been prepared previ-
ously? It is noted that [F&(EL*){P(OCH)s}] has been
previously synthesizéd and structurally characterized by
room-temperature X-ray crystallograpHy.

Electro- and Spectroelectrochemistry.Cyclic voltam-
mograms (cv) ofl, 3, and4 have been recorded in GEl,
solutions containing 0.10 M [M¢Bu)4]PFs as the supporting 2N
electrolyte using a glassy carbon working electrode. Ferro- : 200 600 800 100
cene was used as internal standard, and all potentials are 2/ nm
referenced versus the ferrocenium/ferrocene coupleFEL . . . -

. . . . Figure 2. (top) Electronic spectral changes observed during the oxidation

Figure 1 shows the cv df which displays two reversible "7 yielding 1°%. (bottom) Changes during the reduction to 1% in
one-electron transfer waves. Coulometric measurements attHCl, solution. Wavelengths are given in nm, and the molar extinction
appropriately fixed potentials show that the first reversible coefficients.e (in brackets), are given in M cm™.
wave atE', = —0.16 V corresponds to a one-electron Tapje 2. Electronic Spectra of Complexes in @&f, Solution
oxidation yielding1°, whereas the second waveE, = T T €. < 10° M1 o)

—1.16 corresponds to a one-electron reduction affordiiffy o
Figure 2 shows the spectral changes observed during ijx igg Eg:g;: ggg E(lJ:fli;, 640 (0.8)

oxidation,1 — 1°¢ (top), and reduction] — 17 (bottom). qred 380 (1.0), 445 (0.5), 490 (0.4), 630 (0.16)
The electronic spectra df, 1°¢, and19 are summarized in 2 485 (1.1), 555 (1.2), 665 (1.6), 820 (0.25)
Table 2 3 375 (1.4), 460 sh (0.4), 702 (2.4)
- o 3% 268 (4.0), 306 (3.3), 427 (0.8), 515 (0.8), 675 (2.2), 920 (0.4)
The cvs of3 and 4 are very similar, and only that f&8 Jred 262 (3.7), 366 (1.4), 488 (0.5), 697 (0.5)
will be presented in Figure 3. Both compounds exhibit a 4 270 (3.9), 316 sh, 364 (1.0), 453 (0.5), 687 (1.8)

H . . OoX
reversible one-electron oxidation waveEit,, = 0.25 V for 4 266 (3.1), 311 sh, 523 sh, 673 (1.5), 896 sh

3 and at+0.38 V for 4, yielding the monocationic species sponds to a single, reversible one-electron reduction affording
3> and4°, respectively. When potentials more negative than 3¢ and 49, respectively. The additional waves in the top
0.0 V are scanned, a complicated electrochemical responseyv of Figure 3 at negative potentials are the result of dimer
is observed at moderate scan rated@0 mV s%). On the formation, [Fe(*L)4]" and [Fe(®L)4]", as described in ref 14.
other hand, increasing the scan rate to 34 Vlsads to a Thus, 3 and 4 dissociate in solution upon reduction and
simplified signal wave a€&?,, = —0.96 V, which corre- dimerize as shown in Scheme 2. This dissociation of
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Figure 3. Cyclic voltammograms o8 in CH.Cl, (0.10 M [N(n-Bu)4]-
PFs) at 20°C: (top) scan rate of 100 mV-% (middle) scan rate of 34 V
s71, (bottom) scan rate of 100 mV-5 and (in red) after the addition of
excess P(OChjs.

Scheme 2. Redox Scheme for the Reduction &f
+e
[Fe('L){P(OCH;)3}I° === [Fe('L){P(OCH;);}1"

fx

+ +e
0.5[Fe,("L)41° —_‘i 0.5[Fe,('L)4]" —_e 0.5[Fe,('L)4]% + P(OCH3);
- e -

[Fe(L){ P(OCH)z}]~ can be suppressed by the addition of
excess P(OCh)s; (cv, no. 3 in Figure 3), upon which a fully
reversible reduction wave is observed&t, = —0.95 V
for the [FelL){ P(OCH)3} %Y couple.

Figure 4 shows the electronic spectra3odind 3°¢ which
are remarkably similar to those shown in Figure 2X@nd
1°% this strongly suggests that neut@k and cationic3°*

Patra et al.
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Figure 4. Electronic spectra o8 (black), 3°* (green), and3®? (red) in
CHCl,.

1.64
g 12
o
=
- 0.8
o
-
—
w 0.44
0.0 . r v T '
400 600 800 1000 1200
Alnm

Figure 5. Electronic spectrum o2 in CH,Cl solution at 20°C.

3rd and4r¢d (monoanions) have not been recorded because
of their lability in solution. The spectrum & is shown in
Figure 5; it resembles those #* and3%, 4°%. The presence

of a very intensed > 1.0 x 10* Mt cm™1) absorption
maximum at>600 nm is indicative of the presence of two
ligand z-radical anions,(*)*" or (°3L*)'", as in the chro-
mophores PHEL*),X or Fe"(L*),X; it is essentially a ligand-
to-ligand charge-transfer band (LLCT).

Crystal Structures. The crystal structures of and 4
have been determined at 100 K. Crystallographic details are
given in Table 1, and selected bond distances are listed in
Table 3.

Crystals ofl consist of well-separated tetraethylammon-
ium cations and mononuclear five-coordinate monoanions
[FE'(*L*)2(CN)]*~, shown in Figure 6 (top). The cyanide
ligand occupies the apical position of a square-based
pyramidal Fe3C coordination polyhedron. The two bidentate
dithiolato ligands are bound in the equatorial positions. The
iron ion is, on average, 0.25 A above the best plane of the
four sulfur atoms of each of the two crystallographically
independent monoanions in

It is important to note that the oxidation level of both
equivalent disulfur ligand anions is best described as the
s-radical anionL*)*". The average €S distance is rather
short at 1.72 A, and the average olefinie-C bond at 1.38

or 4 have the same electronic structures. This also holds A is longer than in the closed-shell dianionic form1.36

true for monoanionicl and neutral3 or 4. The spectra of

7882 Inorganic Chemistry, Vol. 45, No. 19, 2006
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Table 3. Selected Bond Distances @)

Complexl 2.4+
Fe(1)-S(1) 2.157(2) Fe(1)S(31) 2.143(2) q
Fe(1)-S(2) 2.161(2) Fe(1)S(32) 2.163(2)
S(1)-C(1) 1.735(6) S(31)C(31) 1.713(6) 2.0+
S(2-C(2) 1.717(7) S(32)C(32) 1.717(7) ap
C(1)-C(2) 1.379(9) C(31YC(32) 1.383(9) 1"
Fe(1)-C(55) 1.887(7) 1.6
C(55)-N(56) 1.145(8)
Complex4 . 1.2
Fe(1)-S(2) 2.166(1) Fe(1)S(4) 2.153(1) —
Fe(1)-S(3) 2.150(1) Fe(1)S(5) 2.161(1) : 3
S(2)-C(20) 1.699(3) S(4YC(40) 1.711(3) m
S(3)-C(30) 1.700(3) S(5yC(50) 1.709(3) - = =
C(20)-C(30) 1.399(4) C(40YC(50) 1.392(4) 3
Fe(1)-P(1) 2.132(1) =

aFor 1, data are given only for one crystallographically independent
monoanion.

1.0 :

0 50 100 150 200 250
T/IK

Figure 7. Temperature-dependence of the magnetic monuepgndus,
of 1r¢d (top) and2 (bottom). The solid lines represent best fits to models
described in the text; open circles are the experimental data.

C—C bond at 1.397 A is long. Similar results have been
obtained for [F€(S;Cx{ CF3} 2){ AsPh} ]°, where the authors
did note the short average—G distance at 1.702 A. The
olefinic C—C distance of 1.37 A is in good agreement with
a radical oxidation level of the monoanionic ligands.

In the mononuclear complex [émnt)(idzm)]°, where
idzm* represents the cation@2pyridyl)-4,4,5,5-tetrameth-
ylimidazolinium?! the average €S distance of 1.743 A is
long, and the olefinic €C bond is short at 1.353(5) A,
indicating the presence of two closed-shell (fintjgands
with an intermediate spin ferric ior§(= See = %5).

Figure 6. Structure of one of the monoanions [F)2(CN)]L~ in crystals Magnetic Properties and EPR SpectroscopyTemper-
of 1 (top) and of the neutral complex in crystals4€fbottom). . -
ature-dependent magnetic susceptibilities of complexes

and the electronic structure of the monoanion is best denotedh@ve been measured at an external magnetic field of 1.0 T
as [FE('L*)(CN)]'". In fact, the same ligand dimensions (4—300 K). Complexesl, 3, and 4 were found to be
have been determined for the square planar, diamagneticdiamagnetic at room temperature; they posses§ an 0
neutral complexes [M*L%),] (M = Ni, Pd, Pt)!5-17 ground state.

The structure of the neutral molecule in crystalsdd The perr versusT plots for 1 (top) and2 (bottom) are
displayed in Figure 6 (bottom). Again the central iron ion is Shown in Figure 7. The slight increase @f in the range
in a square-based pyramidal environment of two equatorial 150-300 K for 1 was successfully modeled by using a
ethenedithiolato anions and an apical P(QMgand where ~ coupling model between an intermediate spin ferrous $a (
the Fe ion is 0.36 A above the, Blane. The dimensions of = 1) and a ligandr radical, {L*)*" (H = —2JSSag, Sre =
the two chelating disulfur ligands are within experimental 1, Sas = %/2). An antiferromagnetic coupling constant of

error identical; the average short—G bond distance of ~ —228 cnT?, temperature-independent paramagnetigfi,
1.705(3) A and the longer olefinic-€C bond at 1.395 A =249 x 10°®cm® mol™?, and a Weiss constant 6f= —9.4
are again indicative of twar-radical monoanions3((*)!-, K'yielded the fit shown in Figure 7 (top).

rendering the oxidation state of the iron ion divalent. The bottom plot of Figure 7 shows the temperature

We note that the room-temperature crystal structure of dependence of the magnetic moment2pfwhich exhibits
isoelectronic [FEL*){ P(OCHs;}] has been reported in 1977:  the spin-only value of a single unpaired electron in the range
10the average €S length is 1.717 A and the average olefinic of 70—-300 K (~1.8 ug). The fit required a paramagnetic
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Figure 8. Temperature-dependence of the magnetic moment of the spin-
crossover system of solit’*. The data agree nicely with Mebauer data
shown in Figure 13.
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Figure 9. X-band EPR spectra of frozen GEl; solutions of1°* (top)
and electrochemically generatet®d (bottom) at 10 K. Conditions:
frequency= 9.43 GHz, modulatior= 10.0 G, power= 100 uW. For
simulation parameters see text.

impurity of 2% (S = %), and for the low-temperature region,
weak intermolecular, antiferromagnetic coupling was taken
into account by a Weiss constafit= —8.3 K.

Figure 8 displays the. versusT plot for neutral1°,
The magnetic moment decreases monotonically fromug.3
at 300 K to 1.6 K at 2 K which indicates a gradual spin-
crossover phenomenon i between arg = %, and an§
= 1/, state. These data are in agreement with thesddauer
data (see below).

The X-band EPR spectra of ti& = 1/, complexes1®
(top) and1d (bottom) in frozen CHCI, solution at 10 K
are shown in Figure 9. The former displays a rhombic signal
with pronouncedy anisotropygx = 2.23,g, = 2.08, andg;,
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g values
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Figure 10. X-band EPR spectrum &in frozen acetonitrile/toluene (1:1
v/v) at 10 K. Conditions: frequency 9.43 GHz, modulatior= 5.0 G,
power= 2.52uW. For simulation parameters see text.

= 2.02, whereas the latter shows an axial signal of sgall
anisotropy,g, = 2.09 andg,y, = 2.03.

As we will show below, the electronic structure ¥ is
best described as [Itd_*),(CN)], where the intermediate spin
ferric ion (S = 3/,) is antiferromagnetically coupled to two
ligand z radicals {L*)'", yielding the observed = %,
ground state. The unpaired electron resides then in a metal
d orbital which is in agreement with the largeanisotropy.

For 19, an electronic structure, as shown by the two reso-
nance structures [FEL*)(*L)(CN)]>~ < [Fe'(*L)(*L*)(CN)?>,
is proposed.

If the intrinsic spin state at the Fe(ll) ion is intermediate
spin &e = 1), antiferromagnetic coupling to a ligand
radical would yield ar§ = ¥/, ground state, but the unpaired
electron would possess predominantly metal d character. In
contrast, a low-spin ferrous io{ = 0) in 1"¢ would place
the unpaired electron at the ligaadradical ¢L*)'". The
observed smaljj anisotropy agg ~ 2 would be in excellent
agreement with a sulfur-centered radical (e.g., for'[ALBY)-
(LBw)] < [Au"(LB)(LBY)] (S = ,) g values at 2.0690,
2.0320, and 1.911 have been report&d).

The X-band EPR spectrum ¢ in a frozen toluene/
acetonitrile mixture (1:1 v/v) at 10 K is shown in Figure 10;
it shows some very interesting and unusual features.

The rhombic signalg, = 2.25905,9, = 2.17969, andy,
= 2.02700, shows the sangeanisotropy as the spectrum of
1°x, and therefore, the same electronic structure prevails in
2. [FE"(IL%),l] where an intermediate spin ferric ion is
antiferromagnetically coupled to two ligand radicals
(*L*)*". The hyperfine structure @ is caused by hyperfine
and quadrupole coupling to the coordinated iodidg: =
746x 104 A, =6.28x 104 A, =24 x 10%cmtand
P,=11.7x 104 Py= —13.19x 104 P,=1.49x 104
cm L. The complexes shown in Figure 11 all display very
similar EPR spectra regardless of the nature of the two ligand
7 radicals?®23

(35) Ray, K.; Weyherriiler, T.; Goossens, A.; Craje, M. W. J.; Wieghardt,
K. Inorg. Chem.2003 42, 4082.
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g: 2.25, 2.06, 2.03 Figure 12. X-band EPR spectra of electrochemically gener&&dtop)
Figure 11. Structurally and EPR spectroscopically characterized five- and3 (bottom) in CHCI, (0.10 M [N(n-Bu)sPFs at 10 K; frequency=
coordinate complexes containing an intermediate-spin ferricSan 3/2) 9.43 GHz, modulation= 10.0 G, power= 100 xW). For simulation
and twoz-radical ligands & = /). The numbers refer to the reportgg parameters see text.

gy, andg; values from refs 2823 for the first four complexes. .
Table 4. Md&ssbauer Parameters of Complexes

Figure 12 shows the X-band EPR spectra of the mono- T S (mm s b2 AEq (mm s1)P s
cation3* (top_) and of the monoaniod®® (bottom) in frozen 1 80 011 555 0
CH.CI, solution (0.10 M [N(-Bu)sPFs) at 10 K. Both 4.2 0.11 —2.59

ibi ic s : 10 80 0.26 (50%) 1.93 1/2
3e1>|<3h|rl]3|t rhqmblc ;lgnals. The former also displays resolved 80 0,45 (409%) 053 3/
yperfine splitting. Thus, the spectrum 3% has been 80 0.92 (10%) 287 2
successfully simulated witlgy = 2.25,g9, = 2.06, 9, = 2.3 8.5(75 (ggﬁf) é.gg ég
2.03; Ao(?P) = 0, Ay(31P) = 35.2 x 1074, A{*'P) = 32.7 12 oastom oo 2
x 1074 cm™L 295 0.16 (30%) 1.97 1/2
The electronic structure is [P¢!L"),{ P(OCH)3}]* with 295 0.39 (70%) 0.65 3/2
. : . qred 80 0.33 2.18 12
an unpaired electron in an Fe d orbital. In contrast, ghe 5 4.2 0.21 1+2.66 12
anisotropy is significantly smaller ig*®: g, = 2.06,g, = 80 0.21 2.63
2.02, andy, = 2.01 with no resolve@P coupling. The sim- 3 60 oo e 0
ulation shown in Figure 12 (bottom) invoké¥ hyperfine 4 80 0.08 255 0
coupling constantsAw(3'P) = 10 x 1074, A,(3'P) = 37 x 4ox 80 0.25 1.74 172
104, andA,{3'P) = —3.8 x 10~* cm*. The electronic struc- a|somer shift vsa-Fe at 298 K.> Quadrupole splitting® Ground state.

ture of3d may be described as [HEL")(*L){ P(OCH)3}]*~

< [FE'(*L)(IL*)}{ P(OCH)3} ]+, where the intrinsic spin state Mo'ssbauer SpectroscopySolid samples of all complexes

at Fe(ll) is assumed to b&. = 1, as inl1d, (Scheme 1) have been carefully investigated by zero-field
Finally, we have also recorded the X-band EPR spectrum Mdssbauer spectroscopy at 80 K and applied field{T)

of 4% (S = %5) in frozen CHCI, (0.10 M [N(n-Bu)4]PFs) at at 4.2 K; detailed spin Hamilton analyses have been carried

25 K which is shown in Figure S1. A satisfactory simula- out. In addition, a zero-field M&sbauer spectrum of a frozen

tion was obtained witty values (2.272, 2.073, 2.019) and CH,ClI, solution sample o#°* was recorded at 80 K. The

ACP) = (13.3, 22.1, 20.0)x 10* cm L. The largeg results are summarized in Table 4.

anisotropy and thé'P hyperfine splitting are characteristic The zero- and applied field (7.0 T, 4.2) spectra of sdlid

for an [Fe' (PL*),{ P(OPh}}]" electronic configuration with  are shown in Figure S2. The zero-field spectrum at 80 K

an intermediate spin central ferric io&§ = °/,) coupled displays two quadrupole doublets (area ratio 91:9) where the

antiferromagnetically to twar-radical anions. minority species is a high-spin ferric impurity) (= 0.46,

Inorganic Chemistry, Vol. 45, No. 19, 2006 7885
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single quadrupole doublet (Table 4, not shown). The hyper-
fine parametersho/gngn = —14.39 T,A/onfn = —30.43

T, Azdonfn = +0.97 T, andAllgySn = —14.61 T, are very
similar to those reported for the iodide complexes shown in
Figure 11. The hallmarks of five-coordinate intermediate-
spin ferric complexes are large quadrupole splitting8.0

mm s'1), as well as two major negative components and a
minor positive one of theA tensor?%-2336-3% For a more
detailed discussion and data see Tables 6 and 7 in ref 23.
Thus, the electronic structure @fis correctly described as
[FE"(LY)A] (Se = % S = o).

The Mssbauer parameters # at 80 K resemble closely
those of1°* (§ = Y/,) and 2, and therefore, its electronic
structure is best described as [Ré&L*){ P(OPh)}]" (S =
3/2, S = 1/2).

Finally, the zero-field Mssbauer spectrum of a frozen
CH.CI; solution (0.10 M [N(-Bu),]PFs) of electrochemically
generated? (S = %,) has been recorded at 80 K (Figure
S4). The isomer shift af = 0.33 mm s and the quadrupole

Relative Transmission

4 -é (') é 4 splitting of |]AEg| = 2.18 mm s could be seen in reasonable
; agreement with an electronic structure of '[ff),(CN)]>~
Velocity / mm s’ containing an intermediate-spin ferric ion. This is clearly

Figure 13. Zero-field Mtssbauer spectra di** at 4.2 K (top), 80 K ruled out by the observed = '/, ground state. On the other

(middle), and 295 K (bottom). The fits include three subspectra at 4.2 and hand, the parameters are not consistent with a five-coordinate
, o . of coordination chemistry. This implies that an electronic

AEq = 0.74). The absence of an internal field in the applied structure, such as [FEL*)(1L)(CN)]2, with an intermediate-

field spectrum proves thé = 0 gl:jround state of. Thelow i ferrousion (S = 1) coupled antiferromagnetically to
isomer shifté of 0.11 mm s?! and the largenegatve a n-radical ligand 1L*)* vyielding the observe® = Y,

quadrupole splitting parameter 6f2.59 mm s* at 4.2 K o004 state could be more appropriate. We note that the
are quite typical for square-based pyramidal complexes square planar intermediate-spin complex'[E3;]>~ has the

containing a diamagnetic central ferrous i0%-(= 0): following Mossbuer parameters at 80°kd = 0.44 mm s?,
[FE'('L)CN)I'™ (Sre =0, S = 0). Nearly identical isomer | \g ' =1 20 mm s%, § = 1 (L2~ = benzene-1,2-dithiolate).
shift and quadrupole parameters have been found3for i the scarce data at hand f&#¢, for which the IR and
[Fe'('L)A P(OCH)3}]° and4, [Fe! L) P(OPh}}]°. UV—vis spectra indicate the pr’esence of at least one
The zero-field spectrum of solid™ at 80 K shown in  gg|ocalized ligand: radical, we favor the electronic structure
Figure 13 (middle) was readily deconvoluted into three gescription [F&(IL*)(L)(CN)]Z~ <> [Fe"(L)(AL)CN)Z (See
quadrupole doublets (ratio 50:40:10) of which the 10% signal — 1,8 = 1)
is caused by a high-spin ferrous impurity. The ratio of the  per caicyiations. Geometry optimization of the trun-

oth.er. two signals is temperature dependen_t:. at 4.2 K, thecated monoanion, [Fe(k(CN)]*~, was carried out with the
ratio is 58:30:1,2' and at room temperaturg, itis 30:70. T_h|s B3LYP functional. In the truncated model complex, the two
reflects the typ;cal behavllor ofa'gr.adual (incomplete) SPIN- 1 tert-butylphenyl groups of the ligandl)™ have been
crossover§ = %, <> § = "> and is in full agreement with g qtitited by methyl groups. The resulting bond distances

the §u§ceptibility data shown in Figurg 9. ] of the calculated and experimental structures are listed in
If it is accepted that the doublet with the larger isomer Tgple 6.

shift at 0.45 mm st at 80 K and the smaller quadrupole
splitting at 0.5 mm st originates from a high-spin ferric
ion, then the other doublety (= 0.27 mm s*, AEq =
1.94 mm s?) stems from a compound with a central
intermediate-spin ferric ion. Thusl® has an electronic (36) Keutel, H.. Kpplinger, .. Jger, E.-G.; Grodzicki, M.. Schemann,
structure of [FE(L)A(CN)° (Se=5%% =73, S =3 = V.; Trautwein, A. X.Inorg. Chem.1999 38, 2320.

1 [ P i (37) Kostka, K. L.; Fox, B. G.; Hendrich, M. P. Collins, T. J.; Rickard, C.
/2).”S|r.n|Iar behavior has bgen repprted prewouslysby_ljs for E. Wright, L 3. Minck. E.J. Am. Chem. Sod.993 115 6746,
[Fe" (L*n,0)2Br], where again, a spin-crossovér= %, <= (38) Koch, W. O.; Schiiemann, V.; Gerdan, M.; Trautwein, A. X.; Kgar,
1/, has been observed and traced to an intrinsic spin-crossover__ H.-J. Chem—Eur. J. 1998 4, 686. _
(39) (a) Gupta, G. P.; Lang, G.; Scheidt, W. R.; Geiger, D. K.; Reed, C.

No broken symmetry (BS) solution was found for this
monoanion. Therefore, we report here the results for the
closed-shell calculation only. The short averageSdlistance

ic i — 5/_ =3 20 . 1-
at the ferric ion §e = *> = ).% (L'no)"~ represents the A.'J. Chem. Phys1986 85, 5212. (b) Gupta, G. P.; Lang, G.; Reed,
monoanionicr radicaf®?! of the o-iminophenolate dianion. C. A.; Shelly, K.; Scheidt, W. R.; Geiger, D. K. Chem. Phys1987,
; ; L 86, 5288.
Figure S3 _d'SplayS the applied ﬁe_ld spectrum (174 at (40) Ray, K.; Begum, A.; Weyheritier, T.; Piligkos, S.; Slageren, J.-V.;
4.2 K) of solid2; at 80 K, the zero-field spectrum shows a Neese, F.; Wieghardt, KI. Am. Chem. So@005 127, 4403.
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Table 5. Classification, Spin States, and S&bauer Parameters of Square-Based Pyramidal Iron Complexes

S Se o (mmsh AEq (mm s ref
Type |
[FeM (Lonn)2l] 1/2 3/2 0.15 +3.03 21
[Fe" (L n,n)2(PBLE)] ™ 1/2 3/2 0.06 +2.82 21
[Fe (L*nn)2(Phelm)] 1/2 3/2 0.11 2.26 21
[Fe" (L*n,0)2l] 1/2 3/2 0.24 2.80 20a,b
[Fe" (L*n,0)2Cl] 3/2 5/2 0.45 1.26 20b
[Fe" (L n,9)-I] 1/2 3/2 0.15 3.09 22
[Fe" (L*s 92(PRe)] ™ 1/2 3/2 0.25 2.60 23
1°%, 2, and4°x 1/2 3/2 this work, see Table 4
Type ll
[Fe'(L*nn)2(C=NR)] 0 0 0.10 2.64 21
[Fe'(L*nn)2(PBs)] 0 0 0.13 2.96 21
[Fe'(L*n,9)2(CN)]*~ 0 0 0.05 2.98 22
[Fe'(L*n,5)2{ P(ORY}] 0 0 0.06 2.92 22
[Fe'(mnt"){ PPh}] 0 0 0.12 2.78 6,7
1, 3,and4 this work, see Table 4
Type lll
[FE" (Ln.n)(Ln,n) (BUPhCH-py)] 1 312 0.20 +3.06 21
[Fe"(L*s.9(Ls.9(Bu-py)] 1 3/2 0.29 3.02 23
[Fe" (Ls,9(L*s,9(PMe3)] 1 32 0.12 3.05 23
[Fé"(Ls9(L*s,9(PB)] 1 3/2 0.09 3.19 23
[FE"CLYEL)]2 0 3/2 0.25 1.93 14
Type IV
[Fe'(AL*)(AL)(CN)]2~ (1red) 1/2 1 0.33 2.18 this work
[Fe'CL)(3L*)(PPh)]~ 1/2 1 0.12 2.78
Type V
[Fe" (Ls.92(Bu-py)]t~ 3/2 3/2 0.33 3.03 23
[Fe" (mnt)(idzmt)]° (1.5 K) 3/2 3/2 0.33 2.48 11,12
1/2 1/2 0.53 3.10
[Fe (mnt)y(py)]t~ 3/2 3/2 0.33 2.41 12
a Abbreviations:
R NH R o R s R S CN s
Z\H " Z N\ Z s CN s
2-1- 2-1- 2-11- 2-11- 2-1-
(Ly,n) (Ly,o) (Ly,s) (Lss) mnt

of 1.727 A'is in good agreement with the experiment (1.716 monoaniorincreasedo 2.253 A in the neutral species. Thus,
A), and the experimental FECN distance of 1.886 Aiswell  calculations show very clearly that the one-electron oxidation
reproduced at 1.889 A. The short averageShond length process is metal centered.
indicates the radical character of the dithiolate ligand$; {L Electronic Structure. The molecular orbital scheme of
as does the long average olefinie-C bond at 1.38 A. the monoanion is shown in Figure 14. Three metal-centered
The structure of the neutral paramagnetic complex d orbitals are found to be doubly occupied. The HOMO and
[Fe(L)(CN)] was optimized with the B3LYP functional LUMO are 83 and 70% ligand in character, respectively. In
using the standard open-shell Kehham approach and the addition, there are two empty metal d orbitals above the
broken symmetry method. For this complex, a BS solution LUMO. Thus, this occupation pattern implies the presence
with Ms = %, exists. The standard open-shell calculatibly (  of an oxidation state of the metal center which is best
= 1/,) converged to the same solution as the BS one anddescribed as low-spin Fe(ll). Note that no significant covalent
will not be further distinguished. The adiabatic excitation interaction (nar back-bonding) for the FeCN is detected.
energy for the BS model shows that the corresponding high- In contrast, the molecular orbital scheme of neutral
spin state is 28 kcal/mol less stable than the BS form. [Fe(L)(CN)] as shown in Figure 15 displays one doubly
It is interesting and significant that the calculated bond occupied metal d orbital, three metal-based SOMOs, and an
distances of the two dithiolate ligands in the truncated unoccupied Fe d orbital. Two of the metal SOM@sg and
monoanionand its neutral analogue do not change. This is d,) are coupled to two ligand-based orbitals xipathways.
a clear indication that the oxidation level of the two dithiolate This MO scheme indicates the presence of an intermediate-
ligands remain the same upon oxidation of the monoanion spin Fe(lll) center coupled to twa-radical ligands. The
to the neutral species. Only the+€ distances change from  spatial overlap of the corresponding orbifals strong 6
1.888 A in the monoanion to 1.972 A in the neutral complex = 0.77 and 0.57, respectively) which supports an antiferro-
indicating lesst back-donation in the latter oxidized species.
Similarly, the average FeS distance at 2.212 A in the (41) Neese, FJ. Phys. Chem. Solid2004 65, 781.
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Figure 15. MO scheme for the neutral species [R&.*)2(CN)J°.

magnetic coupling between the metal and the ligand. Indeed,
calculation of the exchange coupling constaintccording
to the Yamaguchi approadh,yielded a strong antiferro-
magnetic couplingd = —1419 cm! based on the Hamil-
tonian l:'HDvV = —2\],\3;33)

The validity of the above electronic structural models for
both iron complexes was checked by calculation of the
Mossbauer parameters. The experimentasdhbauer isomer
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Table 6. Calculated Bond Distances (A) of [Fed(EN)]*~ and
[Fe(L)(CN)]

N
I’
Cs
I S2
Fe1 ZI
s
2
[Fe(L)2(CN)I*~ [Fe(L)2(CN)]
Fel-C3 1.889 1.972
Fel-S1 2.212 2.254
Fel-S2 2.212 2.253
s1-C1 1.727 1.719
Cc1-C2 1.377 1.387
S2-C2 1.727 1.719
C3-N1 1.163 1.161

shift and quadrupole splitting of the [FE@(TN)]*~ complex
(0 =0.11 mm s%, AEg = —2.59 mm s?, » = 0.48) are in
very good agreement with the computed $dbauer values
(0 = 0.16 mm s, AEqg = —2.62 mm s, 7 = 0.44). An
excellent agreement between theory and experiment has also
been found for the neutral [Fe@(CN)] complex; the
experimental values af = 0.25 mm s? andAEq = |1.93
mm s* match the calculated values @t= 0.17 mm s?,
AEq = +2.05 mm s1, andy = 0.05.

Thus, the electronic structures of the two complexes are
correctly described by the above models.

Discussion

In the following, we discuss the spectroscopic character-
istics and structural markers for the five five-coordinate
chromophores of iron (Table 5): (1) [IE€.*),X]", where X
represents a monoanionic ligand ,(ICI-, CN~) and the
chargen = 0 or X = neutral phosphine, phosphite, ame-
1+. The intrinsic spin state of the ferric ion is eith& =
5/, or (in most casesHe = *,, which affords an overall
ground state of eithe® = 3, or § = . (L)' represents
a monoanionier radical derived frono-phenylenediaming,
o-aminophenof?® o-aminobenzenethidf benzene-1,2-di-
thiol,?% or the present series of 1,2-diaryl-ethylene-1,2-dithio-
late ligands (Scheme 1). (2) [H&*)2X]", where X is again
an anion anch = 1—, or if it represents a neutral ligand,
thenn = 0. The ferrous ion possesses either an intrinsic spin
state ofSe = 0 or S = 1, affording in both cases & =
0 ground state. (3) [PEL*)(L)X]" < [FE"(L)(L*)X]", where
Xis a neutral ligand and = 0, and the iron ion possesses
an intermediate spin o = %/,, which yields the ground
state of§ = 1 via antiferromagnetic coupling with an*j&
radical. (4) [FE(L*)(L)X]" < [F€"(L)(L*)X]", where X is an
anion or neutral ligand witm = 2— or 1—, respectively.
The ferrous ion possesses an intermediate spig-of 1,
yielding the ground stat& = Y/, via antiferromagnetic
coupling with one ligand radical. (5) [IéL),X], where X
represents a neutral or a monocationic ligand with=

(42) Soda, T.; Kitagawa, Y.; Onishi, T.; Takano, Y.; Shigeta, Y.; Nagao,
H.; Yoshioka, Y.; Yamaguchi, KChem. Phys. LetR00Q 319, 223.
(b) Yamaguchi, K.; Takahara, Y.; Fueno, T. Applied Quantum
Chemistry Smith, V. H., Ed.; Reidel: Dordrecht, The Netherlands,
1986; p 155.
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1- and 0, respectively, and the ferric ion possesses antaining two localized 4L*)*~ radical monoanions in termi-

intermediate spin 086 = S = %,.
Type V Complexes.Complexes of type V (Table 5)

nal positions and two bridging?l()>~ dianions has been
structurally and spectroscopically characterized: two inter-

possess an electronic structure comprising an intermediate-mediate-spin ferric ions couple intramolecularly antiferro-

spin ferric ion ($e = 3>), two closed-shell dithiolato(2)

ligands in the equatorial plane, and a neutral pyridine-de-

rived fifth ligand in the apical position of a square-based
pyramid. Two such complexes have recently been fully
structurally characterized, namely, [Hennt)(idzm™)]° 1312
and [P(CH)Phy][Fe" (L)(t-Bu-py)],22 where L2~ is benzene-
1,2-dithiolate(2-) and t-Bu-py is 4tert-butylpyridine.

magnetically as well as the twéL()!~ radicals yielding an
overall§ = 0 ground state. The Msbauer parameters for
the [Fé' (°L*)(°L)X] chromophore and the electronic spectrum
are very similar to those of the other type Il complexes in
Table 5.

Type Il Complexes. Complexes of this type contain an
[FE€'(L*)2X]" chromophore with twer-radical monoanionic

The Mossbauer parameters are very similar and indicative |igands in the equatorial positions of a square-based pyra-

of the intermediate-spin stat&. = S = %,, as has been
discussed in detail in refs 223 and 36-39. Kahn's

midal coordination polyhedron and a strong-field neutral iso-
nitrile, phosphine, phosphite or an anion like cyanide in the

complex* is remarkable because a spin-crossover behavior gpjcal position. The spin state of the central ferrous ion can

at~1.5 K has been reportedy = 3/, = S = %,. The fact
that the isomer shift of thé/, species at 0.33 mm™%
increases to 0.53 mnr5for the S = 1/, species rules out,
in our opinion, a low-spin ferric ion being observed: K.
See for example Kmger's octahedral complex for which

either beSe = 0 or S = 1 (intermediate spin). The spins
of the twosr-radical ligands couple either antiferromagneti-
cally or with the intermediate-spin ferrous ion yielding, in
both cases, the observed diamagnetic ground s$ate Q).
From the DFT calculations, it is concluded that the central

a similar spin crossover has been reported, namely for forrous jon possesses &+ 0 ground state. The presence

[FE"(N,N'-dimethyl-2,11-diaza[3.3]-2,6-pyridinophane)(1,2-
benzenedithiolate)](CI£), where the isomer shiftecreases
from 0.37 mm s? for the § = 3/, species to 0.27 mm'$
for the § = 1/, species?

Type IV Complexes. It has been suggested by Kahn et
al**12 that replacement of the apical pyridine-type weak-
field ligand by a strong-field ligand like cyanide or a
phoshine in the above type V complexes would yield a low-
spin configuration & = ¥, = S). Complexesl™? and
[Fe(mnty{ PPh}]!~ 2 possess a& = Y, ground state, but
at least1®d may be better described as [iFe*)(*L)(CN)]?~
< [FE'('L)(*L*)(CN)]?>~ containing an intermediate-spin
ferrous ion &= 1) and ar-radical ligand §.4= /») which
couple antiferromagnetically yielding the obsen@&d= 1/,
ground state. The presence of db*Y*~ z-radical anion in
1red js suggested by the observation of(€=S) stretching
mode at 1154 cnit and by intense absorption bands in the
NIR which are assigned to ligand-to-ligand intervalence

of two s-radical anions has also been proven by X-ray
crystallography for [F&L\n)2(C=EN—R)], [F€'(L*nn)2-
{PBu}], and [Fé(L*v.9)A{ P(OR)}] (see Table 5).

It is quite remarkable that the presence of twoadical
monoanions can be deduced from the reported crystal
structure®© of [F€'(3L*){ P(OCH)3}] and [Fé (S;CxCF),)"2-
{AsPh}] as shown above. The data agree nicely with those
found in diamagnetic square-planar '[fL*);] (M = Ni,

Pd, Pt)i516

The electronic spectra of all of these species exhibit an
intense ¢ > 10* M~ cm™Y) ligand-to-ligand (LLCT) band
at ~700 nm. In the present case, this LLCT band has
been observed fat at 723 nm é = 1.7 x 10* M~ cm™Y),
for 3 at 702 (2.4x 10%, and for4 at 687 (1.8x 10%.
Notably, in the electronic spectrum of [KéL*),{ PPh}]°
(S = 0), this LLCT band has been reported at 702 (1.5
x 10%.3

bands. Nevertheless, we assign the above electronic structure Type | Complexes.These species contain an fRe),X]"

for 179 only tentatively because definitive structural char-
acterization is lacking. The EPR spectrum 6% (Figure

chromophore with twar-radical monoanionic ligands in
equatorial positions and an anionic ligand (mostly but

12) also rules out the presence of a low-spin ferric ion and also Br- or CI") or a neutral phosphine in the apical position

two closed-shell )%~ ligands because it displays a very
narrow signal atg = 2.03 with weak nonresolved'P
hyperfine coupling. Thus, [FHL)(CN)]?™ (See= S = Y>)

is not a viable possibility.

Type Il Complexes. Complexes of the type [HgL°)-
(L)X]° < [FE"(L)(L*)X]° containing a weak- or strong-field
neutral ligand X, a semiquinone type monoanionic ligand
7 radical, a closed-shell dianion?L of the catechol-
ate(2-) type, and an intermediate-spin ferric id&d{= %/,),
affording an overall spin o = 1, have not been identi-

fied in the present series of complexes containing 1,2-
diphenyl-1,2-ethylenedithiolate ligands. The electronic struc-

which affordsn = 0 and 1+, respectively. The spin state of
the central iron ion is mostl-e = 3>, and in some cases,

it is high spin &. = %), but no case of a low spin
configuration has been detected to dét€he resulting spin
ground state of the molecules $= '/,, in most cases or,
rarely, S = 3,. Interestingly, forl°* and [Fé'(L*n 0)-Br], a
spin-crossover behavior has been identifgeer 1/, = S =

35 (Sre = % = Se = %,).2° As shown in Figure 12, the
EPR spectra of the iodo complexes are very similar and quite
characteristic for the type | chromophore. The EPR spectra
of 3°¢ and 4°¢ display characteristi¢*P hyperfine split-
tings. The electronic spectra of these species display two

tures of these complexes shown in Table 5 have beenintense LLCT bandse(> 0.5 x 10%) at ~500 and~650

described in ref 21 in detail. It is therefore important to
note that the dinuclear specied[)Fée" (°L),F€e" (°L*)] con-

nm. The presence of twa-radical ligands has, in most
cases in Table 5, been unequivocally established crystallo-
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graphically foro-aminophenot? o-aminobenzenethidf and nophenolsp-aminobenzenethiols, anokbenzenedithiols for
o-phenylenediamirfé derivatives: (Ino)™, (L°ns)'™, and which the same iron complexes have been identtetf.
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