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Abstract: The ligand 2-mercapto-3,5-tiért-butylaniline, H[LAF], an o-aminothiophenol, reacts with metal(ll)

salts of Ni and Pd in CECN or GHsOH in the presence of NEunder strictly anaerobic conditions with
formation of beige to yelloveis-[M"(LAP);] (M = Ni (1), Pd @)) where (1A7)1~ represents the-aminothio-
phenolate(1-) form. The crystal structure @&-[Pd'(LAP)][HN(C2Hs)3][CH3CO;] has been determined by

X-ray crystallography. In the presence of air the same reaction produces dark blue solutions from which mixtures
of the neutral complexasangcis-[M'(L'SQ),] (M = Ni (1a/1b), Pd Qa/2b), and Pt 8a/3b)) have been isolated

as dark blue-black solid materials. By using HPLC the mixture3#3b has been separated into pure samples

of 3aand3b, respectively; (591~ represents the-iminothionebenzosemiquinonate(i-yadical. The structures

of 1a-dmf and3a:CH,Cl, have also been determined. All compounds are square-planar and diamaghetic.
NMR spectroscopy established this = trans equilibrium of 1a/1b, 2a/2b, and 3a/3b in CH,Cl, solution

where the isomerization rate is very fast for the Ni, intermediate for the Pd, and very slow for the Pt species.
It is shown that the electronic structuresial/1b, 2a/2b, 3a, and3b are best described as diradicals with a
singlet ground state. The spectro- and electrochemistries of all complexes display the usual full electron transfer
series where the monocation, the neutral species, the mono- and dianions have been spectroscopically
characterized. X-band EPR spectra of the monocatid@a&llh]t and Ba]™ support the assignment of an
oxidation-state distribution as predominantly '[M'SQ)(L'BQ)]™ where (L'BQ)° represents the-iminothione-
quinone level. In contrast, the EPR spectra of the monoanibaid¢d]~ and Ba]~ indicate an [M(L'SQ)-
(LAP—H)]~ distribution but with a significant contribution of the [fL'SQ),]~ resonance hybrid; @°—H)2~
represents the-imidothiophenolato(2-) oxidation level. Analysis of the geometric features of 120 published
structures of complexes containing ligands of theminothiophenolate type show that high precision X-ray
crystallography allows to discern the differing protonation and oxidation levels of these ligaAdasino-
thiophenolates are unequivocally shown to be noninnocent ligands; '##'(Lradical form is quite prevalent

in coordination compounds and the electronic structure of a number of published complexes must be
reconsidered.

Introduction cryogenic temperatures, has shown that it is possible to clearly
o-Diaminophenylenes, o-catecholatés and, as we have establish the oxidation and protonation level of such ligands in

shown recentlyo-aminophenolatésonstitute archetypal classes & 9'V€N coordination compourfd.

of redox-active, noninnocent ligands in transition metal chem- !N general, the €N (and/or C-O) bond lengths vary
istry. They exist in distinctly different oxidation and protonation ~Systematically. Iro-diaminophenylenes two-€N single bonds
levels, namely, as (i) closed-shell aromatic mono- or dianions, &€ observed at~1.46 A. In o-diiminobenzosemiquinonates

or (ii) closed-shell neutrab-quinones, or as (iiijp-benzosemi- these bonds arellnterlme_dlate.between a single and double bond
quinonates which are organic, open-shell radicsis & Y-2). at~1.36 A, and ino-diiminoquinones two &N double bonds

High precision X-ray crystallography, preferably performed at & ~1.31 A have been found. Similar trends have been
(1) (a) Carugo, O.; Djinovic’, K.; Rizzi, M.; Castellani, C. B. Chem established for catecholates amdminophenolate3A second
ugo, O.; Djinovic', K.; Rizzi, M.; i, C.B. .

Soc., Dalton Trans1991 1551. (b) Mederos, A.. Dominguez, S.; Hema structural feature is invariably observed. In the closed-shell

dez-Molina, R.; Sanchiz, J.; Brito, Eoord. Chem. Re 1999 193-195, aromatic ligands, which may be neutral, di- or monoanions
913. depending on the level of protonation at the nitrogen substitu-
(2) Pierpont, C. G.; Lange, C. WProg. Inorg. Chem1994 41, 331. ents, the six &C bonds of the phenyl entity are equidistant

(3) (a) Verani, C. N.; Gallert, S.; Bill, E.; Weyheriter, T.; Wieghardt, Lo - . .
K.; Chaudhuri, PChem. Commurl999 1747. (b) Chaudhuri, P.; Verani, ~ Whereas the semiquinonate and quinone forms display a typical
C. N.; Bill, E.; Bothe, E.; Weyherriiler, T.; Wieghardt, K.J. Am. Chem. pattern of three alternating short-long-shortC distances and
- Bil, s Weynerllr 7. Wiegharct, Kinorg. Chem2001. 40,4157, "6 adiacent long ones.
(d)’ Chun, H.: Weyher,ﬁ’mr',’ T. Bill, E.. Wieghérdt, K.Angew. ‘Chem., In light of these results, it appeared to us .rather surprising
Int. Ed. 2001, 40, 2489. and unexpected that the coordination chemistryo@mino-
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Scheme 1.Designation of Ligands and Complexes
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thiophenolateshas not been described in similar terms. Despite
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For this purpose, we have synthesized and fully characterized
a series of neutral square-planar bigtinothionesemiquino-
nato)metal complexesistrans[M(L 'S9),] (M = Ni, Pd, Pt) by
using Sellmann’s ligand 2,4-dert-butyl-6-aminothiophendl,
HI[LAP] (Scheme 1). We show that these diamagnetic neutral
species contain a diamagnetic'NPd', Pt' (d®) central ion and
two strongly antiferromagnetically coupled, monoanionic radical
ligands, (L'SQ)1~. The electronic structures of these compounds
are best described as diradicals with a singlet ground state.
Similar complexes [ME] (M = Ni, Pd, Pt) containing the
unsubstitute@-aminothiophenolate ligand (and oxidized forms
thereof) have been described in the literatti®®,but only the
Pt complex has been characterized by X-ray crystallography.

Experimental Section

The ligand 2,4-diert-butyl-6-aminothiophenol, H[£"], has been
prepared according to a published procediire.

Preparation of Complexes.cis-[Ni"(LA?);] (1). To a solution of
the ligand H[LA?] (2.3 mL, ~8.44 mmol) in dry acetonitrile (20 mL)
under an argon blanketing atmosphere was added dropwise with stirring
a solution of Ni(NQ)2:6H,0 (1.23 g, 4.22 mmol) in CEKCN (10 mL)
at room temperature. From this solution a microcrystalline beige
precipitate formed witl 1 h which was collected by filtration, washed
with cold CHCN and dried in vacuo. Yield: 0.85 g (38%H NMR
(500 MHz, CDC}, 298 K): 6 = 1.17 (s, 18H), 1.50 (s, 18H), 5.08 (br,
NH), 6.48 (d, 2H), 7.08 (d, 2H):*C{*H} NMR (CDCl;; 125.8 MHz):
0 = 29.3; 31.3; 34.2; 36.8; 119.4; 121.9; 135.4; 143.4; 145.6; 147.7
ppm. El-mass spectrunmvz = 530 M*. IR(KBr disk, cnt?): 3191;
3250v(NHy). Anal. Calcd for GgHaaN2SNi: C, 63.3; H, 8.3; N, 5.3.
Found: C, 62.9; H, 8.2; N, 5.1.

trang/cis[Ni" (L'SQ);] (1a/1b). To a solution ofL (0.50 g, 0.94 mmol)
in CH3sCN/CH,CI, (20 mL, 1:1) was added triethylamine (0.52 mL).
The solution was stirred at ambient temperature in the presence of air
for 1 h. The color of the solution changed to dark blue. Evaporation of
the solvent under reduced pressure afforded a microcrystalline dark
blue material which was washed with cold €N and dried in vacuo.
Single crystals ofla-dmf suitable for X-ray crystallography were
obtained from a dimethylformamide (dmf) solution by slow evaporation.
Yield: 0.47 g (95%)*H NMR (400 MHz, CDC}, 300 K): 6 = 1.29
(s, 18H), 1.75 (s, 18H), 7.14 (br, 2H), 7.28 (br, 2H), 8.84 (br, NH).

the fact that this ligand and many organic derivatives thereof *C{*H}NMR (62.9 MHz, CDC}): ¢ = 30.1; 30.7; 34.8; 36.9; 117.9;
have been extensively studied in coordination compounds and120.3; 149.6; 150.3; 152.9; 169.0 ppm. El-mass spectmra:= 528

more than 120 crystal structures of complexes containing at leastM™,
oneo-aminothiophenolato moiety are available in the Cambridge

Crystallographic Data Base, the redox-activity of this type of
ligand has rareR/been explicitly addressed in the past. Thus,
compounds containing theiminothionebenzosemiquinonate-

(2-) radical anion (Scheme 1) have not been clearly identified

calcd 529.5. IR(KBr disk, crmt): 3298 v(NH). Anal. Calcd for
CosHaoNoSNi: C, 63.5; H, 8.0; N, 5.3. Found: C, 63.8; H, 8.0; N,

cis-[Pd" (LAP)2][INH(C 2Hs)3][CH 3CO;] (2). To a solution of the
ligand, H[LAP], (1.2 mL, ~4.22 mmol) in dry ethanol (30 mL) was
added 1.1 mL of NEtand Pd(CHCQ;), (0.45 g, 2 mmol). The reaction
mixture was stirred at 20C for 10 min. The resulting yellow-brown

as such. In other words, in most of these complexes the sojution was allowed to stand in an open vessel in the presence of air
o-aminothiophenolate part is believed to be redox-innocent and for 4—5 d. Yellow crystals of X-ray quality were collected by filtration.

aromatic. This notion has recently been reemphasizeldere
it has been stated thad-aminothiophenolates behave as quite
usual aminethiolate ligands”.

We will show in this paper that, in fach-aminothiopheno-
lates are noninnocent ligands. We present evidenceotimat
inothionebenzosemiquinonate(1-) radicald$®1~, are present
in many transition metal complexes and that it is possible to
develop structural and spectroscopic criteria which allow to
identify the radical oxidation level unambiguously.

Yield: 0.36 g (24%)*H NMR (400 MHz, CDCl,, 300 K): 6 = 1.10

(t, 9H), 1.24 (18 H), 1.55 (s, 18H), 1.95 (s, 3H), 2.94 (q, 6H), 6.44 (br,

NH), 6.63 (d, 2H), 7.21 (d, 2H}3C{*H}NMR (CD,Cl, 100.61 MHz,

300 K): 6 =8.8;29.7; 30.1; 31.5; 34.5; 37.4; 45.6; 120.8; 122.0; 122.8;

142.2; 143.8; 148.5. EI-MSm/z = 578 [M" — (NHEt;)(CHs;CO,)];

IR(KBr disk, cnml): 3109, 3313/(NH,). Anal. Calcd for GeHsaN3S,0,-

Pd: C, 58.4; H, 8.6; N, 5.7. Found: C, 58.2; H, 8.4; N, 5.7.
trans/cis-[Pd" (L'SQ);] (2a, 2b). To a solution of2 (0.05 g, 0.09

mmol) in methanol (10 mL) was adden 1 MNaOCHy/CHsOH solution

(0.18 mL). After stirring for 30 min of the solution in the presence of

(4) (a) Larkworthy, L. F.; Murphy, J. M.; Phillips, D. Jnorg. Chem.
1968 7, 1436. (b) Holm, R. H.; O’'Connor, M. Prog. Inorg. Chem1971,

14, 241.

(5) (a) Gardner, J. K.; Pariyadath, N.; Corbin, J. L.; Stiefel, Enbrg.
Chem.1978 17, 897 (see footnote 33 in this paper). (b) Ebadi, M.; Lever,
A. B. P.Inorg. Chem.1999 38, 467.

(6) Sellmann, D.; Emig, S.; Heinemann, F. W.; KnochARgew. Chem.
1997 109, 1250;Angew. Chem., Int. Ed. Endgl997 36, 1201.

(7) Holm, R. H.; Balch, A.; Davison, A.; Maki, A.; Berry, TJ. Am.
Chem. Socl1967, 89, 2866.

(8) Forbes, C. E.; Gold, A.; Holm, R. Hnorg. Chem.1971, 10, 2479.

(9) Stiefel, E. I.; Waters, J. H.; Billig, E.; Gray, H. B. Am. Chem.
So0c.1965 87, 3016.

(10) Matsumoto, K.; Fukutomi, I.;
Acta 1989 158 201.

(11) Sellmann, D.; Kaeppler, @&. Naturforsch.1987 42h, 1291.

Kinoshita, I.; Ooi, $1org. Chim.
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Table 1. Crystallographic Data of Complexéans[Ni(L 'SQ),]-dmf, cis-[Pd'(LAP),][NH(C2Hs)3][CH3CO;], and trans-[Pt(L'SQ),]-CH.Cl,

trans[Ni(L 'S9);]-dmf

CiS—[PdH (LAP)z][N H(C2H5)3] [CH 3COz]

trans[Pt(L'SQ),]-CH,Cl,

formula GH1gN3NIOS,
fw, g-mol~* 602.56
cryst system monoclinic
space group C2/c, No. 15
a, 29.666(4)

b, 9.7420(12)
c, A 11.614(2)
f, deg 99.25(2)

V, A 3312.9(8)

z 4

T K 150(2)
R22[1 > 20(1)] 0.0562
WR2 (1 > 20(1)) 0.1243

CaeHeaN30PdS CooH44CILNPS
740.41 750.77
monoclinic orthorhombic

C2/c, No. 15 Pbca No. 61
32.301(2) 23.793(2)
14.9776(12) 9.8009(8)
17.4278(12) 28.039(3)
105.90(2) 90
8108.8(10) 6538.5(10)

8 8

100(2) 100(2)

0.0347 0.0422
0.0844 0.0819

aR1= 5||Fo| — |Fdll/ZIFol. ®WR2 = [S[W(Fs2 — FAA/S[W(FAFY2 wherew = 1io?(F?) + (aP)? + bP, P = (F2 + 2F2)/3.

air the reaction volume of the now deep-blue solution was reduced to indices and distances of crystals 2find 3a were determined, and a

~5 mL by evaporation. A violet-black microcrystalline precipitate was
collected by filtration and washed twice with 2 mL of cold &bH
and dried in vacuo. Yield: 42 mg (81%). As evidenced'byNMR
the solid is a mixture ois- andtrans[Pd'(L'S9),]. Due to the relatively
fastcig/transisomerization at 20C we did not attempt to separate the
cisltrans-species!H NMR (CD.Cl,, 500 MHz, 300 K) oftrans[Pd-
(L'S9),] (28): 6 =1.30 (s, 18H), 1.69 (s, 18H), 7.06 (m, 4H), 8.84 (br,
2NH); cis[Pd(L'SQ),] (2b): 6 = 1.32 (s, 18H), 1.67 (s, 18H), 6.95 (m,
4H), 8.74 (br, 2NH)*3C{*H} NMR (CD,Cl,, 100.62 MHz, 300 K) of
2a 0 =30.1; 30.6; 35.0; 37.3; 119.0; 122.5; 149.7; 151.2; 156.8; 170.3;
2b: ¢ = 30.3; 30.7; 35.1; 37.2; 118.7; 120.6; 149.6; 152.7; 156.7;
169.2. EI-MS: m/z= 576 {M"}. IR(KBr disk, cnm%): 3207v(N—H).
Anal. Calcd for GgH4oN.S,Pd: C, 58.3; H, 7.3; N, 4.9. Found: C,
58.1; H, 7.0; N, 5.1.

trans/cis-[Pt" (L'SQ),] (3a, 3b). To a solution of the ligand H[t"]
(0.6 mL,~2.11 mmol) in methanol (20 mL) was added Rt(@.27 g,
1.0 mmol) and triethylamine (1.1 mL). The mixture was heated at
60 °C in the presence of air for 1 h. Then the volume of the dark blue
solution was reduced to5 mL by evaporation under reduced pressure.
As judged from the!H NMR spectrum this crude material is a 1:1
mixture of3a/3b. The product was purified by column chromatography
(silica, methanol) and separated into ttens andcis-isomers by HPLC
on a Nucleosil-5-C18 column (Abimed Gilson 305 pump, 155-UV
vis detector operating at 210 nm)t a 4 mL/min flow rate with
methanol as eluent. The first fraction contained tlasisomer3a
and the second theis-isomer3b. The overall yield after removal of
the solvent of dark-blue microcrystallirgs- and transisomers was
~62%. Crystals oBa suitable for X-ray crystallography were grown
from a CHCI, solution by slow evaporation of the solvefiti NMR
(CD.Cl,, 500 MHz, 300 K) of3a 6 = 1.33 (s, 18H), 1.73 (s, 18H),
7.09 (d, 2H), 7.14 (d, 2H), 9.62 (br, 2NH), and &: 6 = 1.35 (s,
18H), 1.70 (s, 18H), 7.12 (d, 2H), 7.27 (d, 2H), 9.57 (br, 2NHJ{H}
(CD.Cly, 62.90 MHz, 300 K) of3a: 6 =30.1; 30.8; 34.9; 37.3; 117.7;
119.2; 123.3; 148.1; 149.7; 154.0; 166.5; andbf 6 = 30.3; 30.9;
35.0; 37.2; 117.7; 119.2; 120.3; 123.3; 149.3; 152.4. EI-M¥z =
665 (M") for both isomers; IR(KBr disk, cmt): 3355v(N—H). Anal.
of the cis/transmixture: Calcd for GgHaoN.S,Pt: C, 50.1; H, 6.4; N,
4.2. Found: C, 50.0; H, 6.4; N, 4.1.

X-ray Crystallographic Data Collection and Refinement of the
Structures. A dark blue-black single crystal afans-[Ni(L 'SQ),]-dmf,
la-dmf, and a yellow crystal afis-[Pd"' (LAP)2][NH(C2Hs)3](CH3CO,),

2, were fixed with perfluoropolyether on glass fibers and mounted on
a Siemens SMART CCD diffractometer, while a dark turquoise
specimen oftrans[Pt(L'SQ),]-CH,Cl,, 3a, was mounted on a Nonius

Kappa-CCD diffractometer. Both diffractometers were equipped with

Gaussian type absorption correction was performed using XPFREP
yielding max/min transmission factors of 0.875/0.767 and 0.795/0.546,
respectively. The Siemens ShelX®lsoftware package was used for
solution, refinement, and artwork of the structures, and neutral atom
scattering factors of the program were used. All structures were solved
and refined by direct methods and difference Fourier techniques. Non-
hydrogen atoms were refined anisotropically, while hydrogen atoms
bound to carbon were placed at calculated positions and refined as riding
atoms with isotropic displacement parameters. Hydrogen atoms bound
to nitrogen donors were readily located from the difference map, and
their position was allowed to refine without restrictions.

Physical MeasurementsEquipment used and simulation procedures
are the same as described in refs 3b and 3c.

Results

SynthesesThe preparation of complexes shown in Scheme
1 is straightforward and follows published procedures. The
reaction of the free ligand, Hff?], with an appropriate metal
salt, e.g. Ni(NQ)2:6H,O or Pd(CHCO,),, in the ratio 2:1 and
two equivalents of triethylamine in acetonitrile or ethanol under
strictly anaerobic conditions yields the air-sensitive, beige to
yellow neutral complexesis-[M''(LAP);] (M = Ni (1), Pd @)).
Yellow single crystals ofZ][NHEt3][CH3CO;] were grown from
an ethanol solution containing [NHEHICH3CO,].

Similarly, the reaction of the ligand Hff] and a suitable
metal salt (2:1) in CHCI,/CH3CN or methanol, to which four
equivalents of NEthad been added, produced in the presence
of air deep blue-violet solutions, from which mixtures of solid
cis'trans{M(L 'SQ),;] complexes were obtained upon evaporation
of the solvent. The following deep blue-black neutral complexes
have been isolatedtrang/cis{Ni'(L'SQ),] (1a, 1b), trans/cis-
[Pd'(L'SQ);] (24, 2b), trandcis-[Pt!(L'SQ);] (3a, 3b). All com-
plexes have been characterized by El-mass spectroscopy,
elemental analyses and infrared spectroscopy (see Experimental
Section). All complexes are diamagnetic at ambient temperature
(S=0).

It has been possible to separate titems andcis-isomers of
a crude solid mixture ada/3b as was obtained from the primary
reaction mixture by using high-pressure liquid chromatography
(see Experimental Section). This proved not to be possible for
mixtures ofla/lb and2a/2b because theis = transisomer-

a cryogenic nitrogen cold stream (100(2) K). Graphite monochromated ization rate in solution is fast on the time scale of an HPLC

Mo Ko radiation ¢ = 0.71073 A) was used throughout. Crystal-
lographic data of the compounds are listed in Table 1. Final cell

experiment (see below).
Crystal Structure Determinations. High precision molecular

constants were obtained from a least-squares fit of the setting anglesstructures were obtained by single-crystal X-ray crystallography
of several thousand strong reflections. Intensity data were corrected ¢ 1a, 2, and 3a; Figure 1 shows the structures of neutral

for Lorentz and polarization effects. Intensity datd.efwere corrected
for absorption using the program SADABYielding a maximum and

minimum transmission coefficient of 0.95 and 0.54, respectively. Face

(12) Sheldrick, G. MSADABSUniversity of Gidtingen: Germany, 1994.
(13) ShelXTL, Vers. 5; Siemens Industrial Automation, Inc.: 1994.
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Figure 1. Structures of the neutral molecules in crystals 1] {dmf
(top) and Ba]-CH.CI; (bottom). The small open circles represent imino
hydrogen atoms.

molecules inla and 3a; Figure 2 that of2. Selected bond
distances are summarized in Table 2.

The structures ofla and 3a establish that the neutral
molecules [M(L'SQ),]° are square-planar and adopttrans

J. Am. Chem. Soc., Vol. 123, No. 41120043

configuration of the two ligands in the solid state. The oxygen Figure 2. Structure of the isolated [Pd{E),][HNEts][CH3CO;] entity

atom of the solvent molecule dimethylformamide la is
involved in hydrogen bonding contact-NH---O to the imine
protons of the (1591~ ligands (O(20)-+N(1) 3.078 A), whereas
the Ni-coordinated sulfur atom is not involved in any hydrogen
bonding. In contrast, i8a neighboring molecules form inter-
molecularly four weak N-H---S contacts (N(1}-S(2) 3.373

Table 2. Selected Bond Distances (A)

in crystals of P[HNEt3][CH3CO;] (top) and a side-view of the [Pd-
(LAP);] moiety. Small open circles represent hydrogen atoms of the
coordinated amino groups. Figure S1 gives a schematic view of the
dinuclear entity{ [Pd(LAP),][HNEt3][CH3CO]} 2.

A, N(2)-:-S(2') 3.438 A). S\

The geometrical details of th&l,S-coordinated (59~ M
ligands inlaand3ashow that the oxidation level is above that /
of N,S-coordinatedo-aminothiophenolates: (i) The-€S and N
C—N bond lengths display considerable double bond character [la]-dmf  2[NHEts][CH3CO,)2 3aCH,Cl2
and (ii) the six-membered rings exhibit distortions typical of —\,—y 1792(3) 2.061(1), 2.061(1) 1.928(4), 1.929(4)
quinoid type structures, namely two shorte==C and four M—=S 2.151(1) 2.2818(4), 2.2759(6)  2.264(2), 2.273(2)
longer ones. The €S bond lengths iBaat~1.74 A are slightly C1-S 1.724(3)  1.789(2), 1.787(2) 1.738(5), 1.743(5)
longer than those at 1.724 A ira due to the N-H-++S contacts. gi—(N:Z 11-321%(1) 11-432(;(22), 11-359%(22) 11-3;;3(77), 11-2%(2)
As we will show below these features are characteristié\er Co—C3 1.411% 1.38722;: 1-385523 1.4148: 1.4138
coordinated-iminothionebenzosemiquinonates(1-). In the crys- C3-Ca  1364(4) 1.388(3). 1.391(2) 1.366(8). 1.366(8)
tal structure of [Pt(S(NH)§Ha4)] the C-S bonds are also very  c4-c5  1.424(4) 1.392(3), 1.401(3) 1.409(7), 1.423(8)
short at 1.713(7) A as are the—®l bonds at 1.344(8) A C5-C6  1.384(4)  1.404(3),1.404(2) 1.374(6), 1.373(7)
indicating an unperturbealiminothionesemiquinonato oxidation Cl1-C6  1.431(4) 1.422(2),1.419(2) 1.413(7), 1.418(8)

level1® The phenyl rings also clearly show the quinoid-type
distortions.

As shown in Figure 2 the structure @f[NHEt3][CH3CO,]
consists of neutratis-[Pd(LAP),] molecules, triethylammonium

aThe first column gives the distances of the first ligand, the second
those of the second.

solvents such as GJN or alcohols or acetone. Figure S1

cations and acetate anions. Each acetate anion forms threelisplays this dinuclear entity. Although the P& coordination

N—H---O hydrogen bonding contacts. Batis-coordinated NH
groups ofcis-[Pd(LAP),] bind weakly to two oxygen atoms of
one CHCO;~ (N(1)---O(40) 2.871 A, N(2)--O(41) 2.899 A);

polyhedron is square-planar, the two phenyl rings are slightly
tilted toward each other out of this plane due to the fact that
the amine groups contain %pybridized nitrogen atoms.

in addition, one of these oxygens is strongly bound via another Interestingly, the geometrical parameters offh&coordinated

N—H:---O contact (N(50}+0(40) 2.664 A) to a triethylammo-
nium cation. Thus, crystals @comprise supramolecul@fPd-
(LAP)Z]INHEt3][CH3CO,]} » entities which persist in CHTl,
solution (as shown byH NMR spectroscopy), but not in donor

oxidation level:

(LAP)1= ligands clearly display the-aminothiophenolates(1-)
(i) the &S and C-N bonds are long and
typical for single bonds; (ii) five of the six €C bonds of the
phenyl rings are equidistant at an average 1.396.006 A;
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Figure 3. *H NMR spectroscopic determination of the rat&a]:[ 3b]
in CH.CI, solution at 300 K as a function of time using a solution of
3aatt = 0; the same plot is observed using a solutior8bf

Figure 4. Van't Hoff plot of the temperature dependence of e~
trans equilibrium constant ofLa/1b.

only the CHC6 distance at 1.421(2) A is slightibut IH NMR experiment{10~°s) is observed. Thus equilibration

significantly—longer. This is most probably due to the fact that Of 1&/1b is much faster than that &a/3b.

Clis bound to a sulfur atom and the neighboring C6 to a tertiary ~We have determined the temperature-dependence triie

butyl group. Thus, coordinated £B)1~ does not display the  cisratio 1a/1b which is shown in form of a Van't Hoff plot in

quinoid type distortions of (91~ observed inla and 3a Figure 4. From this the following thermodynamic parameters
cig'trans-Equilibrium and Kinetic Studies. When a solid were establishedAG® = 1.9 + 0.2 kJ mof!; AH® = 1.6 +

sample of thecis'transmixture of 3a, 3b as obtained from the 0.1 kJ mot?; AS° = —0.9+ 0.4 J mott K. Thus at 20°C

reaction mixture described in the Experimental Section was thetransisomerlais thermodynamically the favored form in

dissolved in CHCI, at 20°C, its immediately recordetH NMR CHyClI; solution (Lla:1b ~ 70:30).

spectrum (300 K) displays two sets of signals corresponding to  Finally, a CHCI, solution of 2a/2b (as isolated) at 298 K

signals of3aand3b in a ratio 70:30. At 300 K the ratio changes contains a 75:25 mixture &a:2b. The rate of equilibration is

very slowly within days until equilibrium is reached. Thus the of the order of minutes and thus faster than its Pt-analogue but

cis = trans isomerization reaction is very slow at 300 K. slower than its Ni-analogue. The rate of equilibration is too fast

Chromatographically pure samples 2d and 3b dissolved in for a separation of isomers using HPLC methods.

CHCl, at 20°C display each a single set of signals at 300 K All electrochemical experiments and spectroscopic measure-

which were unambiguously assigned since the crystal structurements in CHCI, solutions ofla/lb and 2a/2b pertain to the

of trans[Pt(L'S9),] 3a has been determined by X-ray crystal- equilibrium mixture of thetrans and cis-isomers at a given

lography. temperature (20C). Only 3a and 3b were separated; both
~We have studied the kinetics of thans== cis equilibration species are kinetically rather stable in solution at@0
kinetics, eq 1, at 300 K. Electro- and Spectroelectrochemistry The electrochemistry
" of complexesla/lb, and 2a/2b mixtures (see above) and of
trans[M ”(L'SQ)Z] — cis[M ”(L'SQ)Z] (1) pure3aand3b has been studied in GBI, solutions containing
ke 0.10 M [(n-Bu)4N]JPFs as supporting electrolyte by cyclic
[cis[ML J)/[trans[ML,]] = K = k/k_y; keq= (K, + k_,) voltammetry. Fer_rocene was used as an internal standard_, and
@) all redox potentials are referenced versus the ferrocenium/

ferrocene (Ft/Fc) couple. The results are summarized in

Figure 3 shows the time-dependence of the intensity of the Table 3.

tertiary butyl’H NMR signals defined as ratiaig]/[trang of All neutral complexes display similar electrochemical be-
a CHCl, solution of3a. Exactly the same curves are observed havior; they all undergo two successive, reversible one-electron
when3b is the starting material. Both curves can be fitted by reductions and two successive, one-electron oxidatiohs.
using a simple exponential function (first-order process) yielding Figure 5 (bottom) shows a typical cyclic voltammogram (CV)

a first-order rate constarkeq= 2.3 x 107651, The equilibrium for 3a. This corresponds to the expected complete electron-
constantK, is 0.14 at 300 K. From this information the rate transfer series known for many square-planar complexes of this

constantsk;, k-1 are established to be 2¥ 107 s and type. Thus, the di-, and monocations and di-, and monoanions
2.0 x 1076 s71, respectively; andAG® = —RT In K yields as well as the neutral species are accessible. Matsumoté®et al.
5.0 £ 0.5 kJ mot?® at 300 K. have reported similar results forans-[Pt(S(NH)GH,)2] con-

In contrast, théH NMR spectrum recorded at 300 K of the  taining the unsubstituted derivative offf)*~ and (LUSQ!". The
deep blue materiala/lb obtained from the reaction mixture  effect of the four tertiary butyl groups in our complexes is clearly
and dissolved in CkCl, at 300 K displays only two sharp proton  reflected in the observed redox potentials. Our ligand is more
signals for two chemically inequivalent tertiary butyl groups at €lectron-rich than the corresponding unsubstituted ligand, and
d = 1.29 and 1.75 ppm. On lowering the temperature these consequently, the neutral square-planar complexes, 'B9,
signals broaden and then split into two sets of signals which are easier to oxidize by 25800 mV but more difficult to
we assign to thetrans and cis-isomer, respectively. This  reduce by~300 mV than their unsubstituted analogues.
assignment is based on the observation that inrthes-isomer Significantly, the redox potentialsly,, E215, E312, andE?y,
3a the difference between the twert-butyl signals is larger measured for3a and 3b do not differ much (1550 mV),
(0.40 ppm) than for theis-isomer3b (0.35 ppm). A dynamic indicating that the structural difference is not an important factor.
equilibrium where the rate of equilibration is of the order of an From this and the'H NMR measurements (see above) we
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Table 3. Summary of Redox Potentials of Complekes

Elyx(2-/1-), V E2,(1-/0), V E3(0/1+), V E4a(1+/24), V
1a/lb —1.714 —0.826 0.284 0.896(irr.)
2a/2b —1.484 —0.790 0.264 0.833
3a —1.535 —0.698 0.513 1.195
3b —1.519 —0.732 0.456 1.183
[Pt"(S-(NH)CeHJ)2]? —1.202(q.r.) —0.421(q.r.) 0.753(q.r.) not observed

aConditions: CHCI, solution 0.10 M [(-Bu)sN]PFs; glassy carbon working electrode; ferrocene internal standardC23can rate 100 mV
s potentials are referenced versus the ferrocenium/ferrocené~Ecouple.” Acetone solution 0.05 M ftBu)sN]CIO; ref 10. irr.= irreversible,
g.r. = quasi-reversible.
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I 10 pA Figure 6. Electronic spectra of the electrochemically oxidized and
reduced forms of fa/1b] in CHCI; solution (0.10 M [(-Bu)sN]PFs)
. . , . at —40 °C. The spectrum of the neutral species is also included.
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Figure 5. Cyclic voltammograms of a mixture efans/cis-[Ni(L 'S9),]
(1a/1b) (~70:30), ofcis-[Pt(L'SY)] (3b) and oftrans[Pt(L'SQ),] (3a). 0.0
Scan rates:1a/1b: 50, 100, 200, 500, 1000, 2000 mV!s3h: 200,
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Conditions: 22°C; CH,CI, solutions containing 0.10 M i¢Bu)sN]- A/ nm

PFs; glassy carbon working electrode. Figure 7. Electronic spectra of the electrochemically oxidized and
reduced forms oBa in CH.CI, solution (0.10 M [(-Bu):N]PFs) at

conclude that the electrochemical data (Table 3)if@ib and —40 °C. The spectrum of the neutral species is also included.

2al2b mixtures are predominantly those b and2a, respec-
tively, since thetransisomers are the dominating species
(~70%) in CHCI, solution and contributions from theis-

complexes of Ni, Pd!, Pt containing two bidentate benzosemi-
quinonato-type ligands, eq33.

isomers cannot be resolved by cyclic voltammetry (or square- iy 1SQy 1 M2 i ally AP 1BO
wave voltammetry). M"(L'59),] — [M"(LAF=H)(L®)]* 3)
The electronic spectra of electrochemically generated oxidized (S=0), u=0 (S=0), u=0

and reduced forms ddaand ofla/lb have been recorded and
are shown in Figures 6 and 7, respectively; Table 4 summarizesUpon ligand-centered one-electron oxidation or reduction of
the spectral results. these neutral species this transition is, in general, quenched. It
The electronic spectra of the neutral complege&lb, 2a/ is noteworthy that the LLCT transition is observed in the
2b, and of3a and 3b are dominated by an intense ligand-to- spectrum of théransisomer3aat 732 nm é = 9.1 x 10* L
ligand charge-transfer band (LLCT) in the near-infrared in the mol~lcm™1) but at 751 nm (9.1x 10% for its cis-isomer3b.
range 736-840 nm. This LLCT band is a spin- and dipole- Compounds containing tw@-aminothiophenolate(1-) ligands,
allowed transition which is observed in all square-planar (LAP)1~, such asl and2 do not exhibit transitions>350 nm
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Table 4. Electronic Spectra of Complexes in @i, Solutior?
complex Amax NM (18 ¢, L mol~t cm™?)
1 280sh, 305(2.9)
lallb 280(2.4), 320sh, 508(0.02), 837(8.7)
*[1a/1b]~ 258(2.6), 275(2.7), 359sh, 393(0.5), 650(0.1), 840sh(0.9), 971(1.3)
*[1a/1b]* 274(1.7), 326(0.8), 640(1.3), 86a000(0.6)
2 278(2.7), 298(3.0)
2al2b 245(10), 328sh, 544(0.25), 822(7.4)
3a 241(6.0), 283sh, 310(1.2), 433(0.21), 623sh, 732(9.1)
3b 242(5.0), 283sh, 310(0.8), 433(0.19), 623sh, 751(9.1)
*[34]~ 231(3.3), 256(3.2), 305sh, 362sh, 411(0.2), 542sh, 585(0.1),766sh, 853sh, 916(0.8), 980sh
*[3a]*" 236(1.21), 528(0.5), 577(0.5), 904(0.5)

a2 The asterisks denote species generated electrochemicatgatC in

with extinction coefficients>400 L mol! cm™1. Similarly,
compounds containing two-iminothiophenolates(2-) ligands,
(LAP—H)2-, such as the dianionic species '[MAP—H),]%~

(M = Ni, Pt) do not exhibit absorptions400 nm of intensity
>500 L moi~t cm~1. The absorptions at400 nm seen in the
spectra of the [M(EP—H),]2~ species in Figures 6 and 7 are
due to incomplete electrolytic reductions of the monoanionic
precursors £10% of these species are still present). We can
safely assign the following oxidation levels for the ligands and
metal ions in the dianions as [NLAP—H),;]2~ (M = Ni, Pt).

The spectra of the monocations Id/1b and3a are similar;
both exhibit an intense intraligand—xz* CT band at 640 and
560 nm which we assign to a coordinatedninothionequinone
ligand, (L'BQ). These absorption maxima also appear for the
rapidly generated dications [NL'BQ),]2*, but they are not stable
enough, even at low temperatures, to allow their full charac-
terization. In addition, a very broad absorptior~e800 nm is
observed in both monocations with~ 5000 L mol* cm™t
which is tentatively assigned to aAminothionesemiquinonate
ligand radical, (ISQ)1~. Thus, an electronic structure of [M
(L'BQ)(L'SA]* (M = Ni, Pt) with anS = %, ground state is
proposed for both monocations. This implies that the unpaired
electron is predominantly localized on the ligand. A description
of their electronic structure as [ML'SQ),]* implying a metal-
centered oxidation ofa/lb and3a can be ruled out since the
expected intraligand LLCT band is not observed (see also
below).

The spectra of the monoanionsla1b and3aare also quite
similar and interesting since both species exhibit an intense
absorption at 971 and 916 nm with~ 10* L mol~1 cm™1 but
no or weak absorptions at 640 nm. This indicates to us that
these species contain at least on€®!~ ligand as in [M'-
(L'SQ)(LAP—H)]~. It is interesting that the spectra of the mono-
and dianions, and mono- and dications of bis(aminophenolate)-
metal complexes of Pdare very similar to those reported hébe.
These spectral and electrochemical results lead us to the
conclusion that the redox activity of the present series df-[M
(L'SQ),] complexes is predominantly ligand-based as shown in
eq 4.

[M II(LIBQ)2]2+ %’2_ [M II(LISQ)(LIBQ)]+ i_’:_ [M ”(LlSQ)Z] i_’z_
[M"(LSYLAP—H)] ™ == M"(L*"—H),]* (4)

Both the monocations and the monoaniond aflb and3a
are paramagnetic species with@n= 1/, ground state. We have
recorded their X-band EPR spectra which are shown in Figures
8 and 9, respectivelyg-values and hyperfine coupling constants
obtained from simulations are given in Table 5. These spectra
closely resemble those reported for many analogous mono-
anionic and monocationic species containiny-M0,, M"—Ny,

CH,ClI, solutions containing 0.10 M fi¢Bu)sN]PFs.

g-values
24 23 22 21 20 1.9 1.8
(arMby™ .
sim
exp
oM
2
% .
[arb]™
sim
T T T T I T T T I T 1 T
280 300 320 340 360 380
B [mT]

Figure 8. X-band EPR spectra of the monocation (top) and monoanion
(bottom) of [Ni(L'SQ)] (1&/1b) in frozen CHCI, solution (0.10 M
[(n-Bu)sN]PFs) at 10 K.

M"—N>0,, and M—N,S; cores (M= Ni, Pt) and we refer to
their careful discussion in ref 7 and 8. The most interesting case
here is that of the reduced and oxidized form8afvhere!®Pt
hyperfine coupling is observed for both species. The spectrum
of [3a]~ displaysg, > gxy and a large hfc constarso(1°Pt)
of 109 G, whereas for3a]* this hfc constant is only 9.5 G.
The spectrum of3a] ~ indicates to us that the unpaired electron
possesses considerable metal d orbitsd, ), character lending
support to the notion that the central Pt ions has some Pt(l)
character with (¢-,2)* electron configuration. In contrast, the
spectra of the monocations support the idea of a predominantly
ligand-centered organic radical since the values of 2.0014
and 2.0073 are close to those observed for uncoordinated organic
free radicals. No evidence for metal-centered oxidations has been
detected.

Simulation of Magnetically Perturbed M&ssbauer Spectra
of [Fe''(L*)(PRs)]. Recently Sellmann et &l.reported the
synthesis, crystal structures, and spectroscopic characterization
of two five-coordinate iron complexes containing tvgS-
coordinatedb-amidothiophenolate entities and a triphenylphos-
phane, or trigf-propyl)phosphane ligand. The structure of the
triphenylphosphane complex is reproduced in Figure 10. These
authors have considered the ligand as redox innocent tetraanion
1,2-ethanediamidd},N'-bis(2-benzenethiolato)(4-) and described
its electronic structure as iron(IVBE 1) species in agreement
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Table 5. EPR Spectroscopic Data of Complexes in£CH Solution (0.10 M [6-Bu),N]PFs)

complex g Oy g iso Aw G Ay, G Az G
[1a/1~ 2.0282 2.0055 2.1147 2.067
[Ni(S(NH)CeHa)2] 2 2.028 2.005 2.126 2.053
[1a/ag* 1.9970 1.9901 2.0172 2.0014
[3a~ 1.8270 2.0313 2.2054 2.021 75 142 110
[3a]*" 1.9976 2.0151 2.0092 2.0073 10.4 9.7 8.3
@ References 7, 8.
g-values
2826 24 22 20 1.8 1.6
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Figure 9. X-band EPR spectra of the monocation (top) at 10 K and

monoanion (bottom) at 60 K dfans[Pt(L'S9),] (3a) in frozen CH-
Cl, solution (0.10 M [6-Bu)4N]PFe)].

Figure 10. Structure of [F&(L*)(PPh)] from ref 6. Bond distances
are from the Cambridge Crystallographic Data Centre No. CSD-406038.

with a room-temperature magnetic moment of 246295 K).
They also reported zero- and applied field (2.5 and 5.0 T)
Méssbauer spectra at 4.2 § & 0.04 mm s?, |AEq| = 3.16
mm s1) but did not perform a spin-Hamiltonian analysis.
Inspection of the geometrical details of the allegedmi-
dothiophenolato(2-) entities in the structure reveals all the typical
characteristics af-iminothionesemiquinonate(1-) ligands which
implies aphysical* oxidation state oft-ll for the iron center.

(14) Jogensen, C. K. InOxidation Numbers and Oxidation States
Springer: Heidelberg, Germany, 1969.

relative transmission

velocity [mms™]

Figure 11. Applied-field Mssbauer spectrum at 4.2 K and simulations
(solid lines) of [F&(L*){ P(-propyl}}]. The data were taken from ref
6. For simulation parameters see text.

The observe& = 1 ground state is then achieved via a strong
intramolecular, ferromagnetic coupling of the two organic
radicals mediated by a low-spin ferrous ion. The two possibilities
for the electronic structure | and Il should be

PR, PR,
S\/S SN
(L ) s )
N N SN

./
| I

readily discerned by a spin-Hamiltonian analysis of the applied-
field MOssbauer spectra.

The experimental magnetic ebauer spectra measured at
4.2 K and applied fields (field orientation not reported, but
assumed here to li y-beam) from the original pap&together
with spin-Hamiltonian simulations fog = 1 from our group
are shown in Figure 11.

The magnetic hyperfine splittings of the spectra reveal the
presence of aery weakinduced internal field of only~1 T at
5 T applied field. Such weak fields can originate from either
an Fe(lV) & = 1) valence state andery large zero-field
splitting (ZFS) or from a low-spin ferrous iorSée = 0) and a
ligand diradical, L, with a spin triplet ground statg = 1. In
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the former case the internal field at th&e nucleus originates  Table 6. Categories of Complexes Containing l&-coordinated
from an Fe(IV) ‘ms = 0" magnetic ground state which has ©0-Aminothio- Phenolato Derivative and Average-6 and C-N
induced magnetization due to level mixing by the applied field. 2°Nd Lengths

The magnitude of this effect depends then on the applied field R, R, RZYR‘
strength and the energy of the ZFS. For genuine Fe@®#Q) € N |

1) the ZFS can be as large @20 cnt! which dominates the N\ N\
Zeeman interaction{ > g-ugB). In the latter diradical case @[ /M /M
the M&ssbauer nucleus experiencesamsferred hyperfine field S S

due to covalent delocalization of radical spin density into the A B

iron valence orbitals. The ZFS of a spin triplet state of a diradical
is small and usually of the order of0.1 cn1?, because only R R
the spin dipolar coupling generates an effective ZFS of the 1 \

. N N
triplet. N “ N
In both above regimes of ZFS it has been possible to obtain @i /'V' @i /M
S S

reasonable simulations of the magnetically perturbed spectra

of [Fe(L*)(PRs)]. However, the observed very low strength of c D
the internal field requires an unreasonably large valueCfor - .
and, also, unreasonably low values for the components of the YPe avC-S,A*  avC-N,A? nature of phenylring n

hyperfine coupling tensck for the model involving an Fe(1V) A 1.756 1.464 aromatic 39
(See = 1). Thus, a fit to the published data yiel@s ~ 100 Be 1.756 1.435 aromatic 24
cmt (1) and A/gnSn ~ —8 T. For genuine Fe(IV)Se = 1) g i;gﬁ igég arqmaélc 2151
complexes with a(g)?(dk, dy;)? configurationD would be : : quinoi

~20 cntt andA/gnSn = —16 T. aEstimated errort0.03 A (35). ® Number of crystallographically

On the other hand, a better and physically more reasonab|eindependen0-aminothiophenolate entities used_in the analysithe
fit was obtained for a model involv?ng a Iov)\:-spin Fe(ll) ion average N-C bond distance of the Schiff base is 1290.02 A.
(See= 0) and a triplet diradical§ = 1) with small ZFS. Since
the magnetic Mesbauer spectra are not very sensitive to the
actual value of the ZFS in this regime, we fixBdat 0.1 cnr?!
andE/D = 0. Optimization of theA tensor components yields
AlgnSn = (—1, —1,—1.2) T. These values are fully consistent
with spin density delocalization and are only-50% of what

For the following discussion of the geometrical differences
between these categories, we have selected those structures
where the physical oxidation state of the central metal ion has
been unambiguously established by spectroscopic or other
structural considerations. This allows us, in general, to determine
is expected for an iron-centered spin system. Thus, the fit in the oxidation level of the ligand and discern between complexes

Figure 11 has been obtained using the following parameters:?e!:ng'ggBto catefgorles c anddF)l, r%sp?‘(f:'tl\:jeg/. ;I;]hqse belontgmg
o = 0.04 mm s}, AEq = —3.16 mm s%, 5 = 0.7, D= 0.1 o A and B are, of course, readily identified by their respective

cmt, E/D =0, andA/gnSn = (—1,—1,—1.2) T. It is important geomb?trles at the m_trogenhdonor ?tom'f h Ivsi I
to note that theegatie sign of the electric quadrupole splitting Table 6 summarizes 3tl e results of the analysis. In a
obtained for both models is not consistent with thg)8t, complexes of category’A” the S_Cphe”y',bond .Iength is found
dy»)? configuration of an Fe(IV) e = 1) at 1.756+ 0.02 A corresponding to a typical thiophenolate €

The complexes [FEL*)(PRy)] are interesting and important single bond andrat the same timethe N—Cgnenyibond distance

in the context of our proposed noninnocence-aiminothiophe- (15) TaKa, J.; Sds, E.; Nagy-Magos, Z.; MarkoL.; Gervasio, G.;
nolates since they unambiguously display the presence of twoHoffmann, T.Inorg. Chim. Actal989 166, 39.

i i i [P _ ; (16) Vicente, J.; Chicote, M. T.; Berrdez, M. D.; Jones, P. G.; Fittschen,
N,S-coordinated-iminothionebenzosemiquinonate(1-) radicals. C.. Sheldrick. G. M. Chem. Sec.. Dalton Trans986 2361,

Discussion (17) Brand, U.; Vahrenkamp, H. Anorg. Allg. Chem1996 622, 213.
(18) Sellmann, D.; Ruf, R.; Knoch, F.; Moll, MZ. Naturforsch.1995
Evaluation of Published Structures. A search of the 50b, 791.

Cambridge Crystallographic Data Centre produced about 120 Cr(i?g”ge?’alrggé 25 4Ti‘£'24T-'A-? Okamura, T.-A.; Nakamura, Acta
structures of transition metal complexes containing at least one 3220) Ja?n'ssen’ M. D.; Grove, D. M.; van Koten, G.; Spek, ARecl.

N,S-coordinatedb-aminothiophenolato derived moiety. At this  Trav. Chim. Pays-Bad4996 115 286.
point, the formal charge or the oxidation level of this moiety (g) Eta?}?’ gt-i :J/éh’gfg‘kar:"% F\{/:vh-e[?" B?f-'gl’% 128h435-199 2
was not specified. A careful inspection of these data revealed 18§8.) Usthardt, U.; Albach, R. W.; Kiprof, Rinorg. Chem.1993 32,
that it is possible to identify four distinctly different categories (23) Dickman, M. H.; Doedens, R. J.; Deutsch,|Eorg. Chem.198Q
of compounds as shown schematically in Table 6: (1) the 19.(22321)5'-3 DS 3 T Singh. R Wedd. A G- Wil G

TAr H H H H oweran, D.; spence, J. |.; sIngn, K.; eaaqa, A. G, nson, G.
maJOI:Ity Of.compounds Comalr?s a monoanlde(.:oord.lnated . L.; Farchione, F.; Enemark, J. H.; Kristofzski, J.; Bruck, MAm. Chem.
o-ammoth!ophenolato(_l-) entity where the_ amino nitrogen is spc.1987 109, 5655.
four coordinate (sphybridized) as in the motif A; (2) a number (25) Sellmann, D.; Emig, S.; Heinemann, F. W.; Knoch,ZF Natur-

i i ivati i forsch.1998 53b, 1461.

OT compounds contain a Ilgand denvatl.ve Where. thg amino (26) Sellmann, D.; Reineke, U.; Huttner, G.; Zsolnai JLOrganomet.
nitrogen forms an K-C double bond (Schiff base) yielding an  cpem 1986 310 '83.
s hybridized nitrogen donor as in motif B; (3) the- (27) Barnard, K. R.; Bruck, M.; Huber, S.; Grittini, C.; Enemark, J. H.;
aminothiophenolate ligand in A can be deprotonated yielding a Gable, R. W.; Wedd, A. Ginorg. Chem.1997, 36, 637.

dianionic N,S-coordinatedo-imidothiophenolato(2-) ligand as 194(1238) Tsagkalidis, W.; Rodewald, D.; Rehder, IBorg. Chem1995 34,

in motif C and, finally, (4) this dianion can be one-electron (29) Piggott, B.; Woug, S. F.; Williams, D. fhorg. Chim. Actal988
oxidized yielding arN,S-coordinated radical anion, namely the 141, 275.

o-iminothionesemiquinonate(1-). We have not found a single lgé?éoér""ehsnéf-; Nakamura, A.; Tanaka, K.; Nakayamajnorg. Chem.
structure where a neutrdllS-coordinatecb-iminothionequinone (31) Sellmann, D.; Utz, J.; Heinemann, F. Wiorg. Chem.1999 38,

has been unequivocally identified. 459,
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is found at 1.46+ 0.02 A as in aniline. The phenyl ring is
aromatic with six equivalent €C bond lengths. Due to thermal

J. Am. Chem. Soc., Vol. 123, No. 4110021

shorter than in all complexes of types A, B, and C. Here, in
complexes of type D, the-SCyhenyi bond distance shrinks to

motion and crystallographic problems of structure determinations 1.724 + 0.02 A and-at the same timethe N—Cpnenyi bond

at room temperature, the range of observedddengths in a
given structure can be rather large (14332 A) but it is

significant that in no instance systematic deviations pointing to

a quinoid type structure have been detected.

Similarly, in complexes of type 8-4°the G=N bond length
of the Schiff base part is short at 1.29 0.02 A and the
N—Cphenyl bONd is found at 1.4% 0.02 A which is slightly
shorter than the NCpypenyi bond in complexes of type A.
Interestingly, the SCpnenyibond length at 1.76 0.02 remains
the same as in type A it is a C—S single bond. The phenyl
ring is again aromatic with, in principle, six equivalent-C
bonds.

In complexes of type €54 containing anN,S-coordinated
dianionic o-amidothiophenolate(2-) the-8Cyheny bond length
at 1.7554 0.02 A is the same as in A and B but the-Bpheny

bond length at 1.4% 0.02 A is significantly shorter than that
in A and similar to that in B. The phenyl ring is again aromatic

with six equivalent G-C bonds.
Finally, we have identified structurés’® where both the

S—Cphenyl and the N—Cppeny bond distances are significantly
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length decreases to 1.356 0.02 A. Both bonds display
considerable double bond character. In complexes of type D
the six C-C bond distances display a pattern of one short, a
long, and another short distance followed by three lorgQOC
bonds. This is typical for coordinated-semiquinonates,
o-iminosemiquinonate%,and o-diiminosemiquinonates.We
note that this pattern is often not identifyable in room-
temperature structures at the [@vel of confidence. Therefore,
previous authors dealing with a single structure at a time have
often assigned these ligands into category -asnidothio-
phenolato(2-) species.

For example, the neutral complexes [M(ap{M = Mo,>®
Tc,5” Re83 and O$3), where abt represents according to these
authors the unsubstituted amidothiophenolato(2-) ligand, have
been described as Mo(VI) {g°85° Tc(VI), Re(VI) (db), and
Os(VI) (B complexes. All species are highly colored. Their
reported ligand geometries allow us to reassign the physical
oxidation levels of the ligands as monoanionieradicals,
abt—(1-). Thus, these neutral compounds contain thxc®
coordinated-iminothionesemiquinonato(1-) ligandradicals
and atrivalent metal ion: Mo(lll) B, Tc(lll) d,* Re(lll) dj?
and Os(Ill) d® The observed magnetic properties and electronic
ground states of these complexes are then interpreted as
follows: A half-filled t,g® subshell in the Mo(lll) species
(Svo = 3/2) is strongly antiferromagnetically coupled to three
ligand radicals $ag = /) yielding the observe& = 0 ground
state as in [CY(SQ)]"* and [Cr(L'SQ)3]3¢ where SQ represents
an O,0-coordinatedo-semiquinonate(1-) and'¥? is here the
O,N-coordinated-iminosemiquinonate(1-). In low-spin Tc(lll)
and Re(lll) a 5* subshell allows the antiferromagnetic coupling
of only two ligand radicals yielding a& = 1/, ground state
which should be of ligand-centered origin. Consistent with this,
an isotropic EPR spectrum with, = 2.013 typical for organic
radicals has been reported for [Re(gh8nd 2.008 for the Tc
analogu€’? [Os(abt}] has been reported to possessSars 0
ground state based on the observation of a “norridlINMR
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spectrum. According to our coupling scheme an Os(lll) (low-
spin &) can couple antiferromagnetically with only one ligand

radical. The remaining two ligand radicals must then couple
antiferromagnetically.

It is interesting that Enemark et @.have been able to
structurally characterize the complex [Mo(aftjthiocarbamato)]
(S = /,) which they describe as Mo(V)l¢omplex. Note that
in this complex one of the three noninnocent-afdt-) ligands
in [Mo(abt)] is formally replaced by anSS-coordinated

Herebian et al.

coordinated, monoanionic, sulfur-fréephenylo-iminobenzo-
semiquinonate(1-y-radical3d

We would now like to draw attention to some five-coordinate
organometallic and carbonyl compounds containing, according
to the authors, a singld,Scoordinatecb-amidothiophenolate-
(2-) ligand: [Cp*Co(abt)[;° [PPN][Fe(CO)(CN)(abt)F® and
[PPN][Mn(CO)(abt)] 82 and [PPN}[W(CO)s(abt)F’ all of which
are diamagnetic = 0), and room-temperature X-ray structures
of good quality have been reported. The-& and N-C bond

innocent dithiocarbamato(1-) ligand. Therefore, we propose that distances are observed in the narrow range 21432 and

this complex, in fact, is also a Mo(llIfdspecies where
antiferromagnetic coupling tivo o-iminothionesemiquinonate
radicals generates the observed metal-centgred/, ground
state.

Huttner et af2have reported a five-coordinate, diamagnetic
[(tripod)Cd" (abt)[~ complex where “tripod” represents the
neutral phosphane ligand GE(CH,PPh);. The geometric
details of the abt ligand very clearly allow its assignment as
monoanionic radical. Therefore, we reformulate this compound
as [(tripod)Cd(o-iminothionesemiquinonate)]where a low-
spin Cd d’ (S, = >) is coupled antiferromagnetically to a
ligand radical yielding the observé&l= 0 ground state. A very
similar structure has been reported for “[§o-SGHsNH,)-
{P(OMe)}3]PFs"61° where the authors claim the presence of
anN,S-coordinated diamagnetic aromatic aminothiophenolate-
(1-), 0-SGH4NH,™, ligand, but their crystal structure clearly
shows the presence of an &btz-radical anion of type D in
agreement with the fact that in the IR spectrum a singh—

H) stretching mode at 3332 crhhas been reported. Conse-
quently, this compound should be reformulated as'[Go
SGH4NH—-){P(OMe}} 5]PFs which should possess &= 0
ground state, whereas the original formulation requireS an

1.364-1.376 A, respectively, and all coordinated ligands display
some quinoid character of the phenyl ring, although not in all
cases at the Blevel of confidence. According to the above
analysis the coordinated abt ligands belong to type D; they can
be considered to be radical monoanions. This would lead us to
ascribe formal oxidation states to the metal ions as follows: low-
spin cobalt(ll) in [Cp*Co(al)] and —I in [W(CO)s(abt)]2~, 0

in [Mn(CO)s(abt)]” and +1 in [Fe(COR(CN)(abt)]~. In all
cases there is then an unpaired electron at the metal center
(antiferromagnetically coupled to a ligand radical) which may
well be delocalized over the Cp-metal and carbonylmetal
fragments as was shown recently to be the case by Holm et
al.”3 for the redox series [M(CQ[S,C;Me,)2]¥1~"2~ (M = Mo,

W). Clearly, in these cases the conceplozfalizedligand-and
metal-centered oxidation states is of limited value but the
noninnocent nature of thl,Scoordinated abt ligand is again
clearly established.

In the following, we discuss the electronic structures of the
paramagnetic monocationég/1b]™ and Ba]™ in comparison
with their correspondingralso paramagnetiemonoanionsa/
1b]~ and Ba]~. Significantly, the EPR spectra of the mono-
cations immediately rule out the presence of Ni(lll) or Pt(lll)

1/, ground state which has not been experimentally establishedWith a (d2)* ground staté? The EPR spectra of genuine square-

by these authors.

Sellmann and co-workers have in recent years extensively

studied the coordination chemistry of 1,2-ethanedianNid-
bis(2-benzenethiol), #L1), with iron and ruthenium. They have
reported an extremely interesting series of five-coordinate

mononuclear species where the ligand was assigned an oxidatio
level as in type C containing two N-deprotonated dianionic !

o-amidophenolate(2-) entities in each case: A€ (PRs)]
(& = 1)° [RUV(LY(PRy] (S = 0)°° and even [FELY)]

(S = %,).5% Each of these compounds has been structurally and

spectroscopically carefully characterized. Inspection of the
structural data immediately implies that in each of the above
cases th&\,S-coordinated ligand is of type D, that ig;imino-

thionesemiquinonate(1-), rendering the tetradentate ligand a

dianionic diradical: In all cases the-&phenyiandthe N—Cpnenyi
bonds are rather short atl.73 and~1.35 A, respectively, and,
in addition, in all structures the six-membered phenyl rings

display distinctly quinoid character. Thus, we propose that these

compounds should be considered to be'[Eé&*)(PRs)] (S =

1), [RUN(L*)(PRy)] (S = 0), and [F& (L¥)I] (S = ¥>) species®
This is unambiguously established in this work by a spin-
Hamiltonian analysis of the applied field Msbauer spectrum
for [F'(L1)(PRs)] and, previously, for [F&(L1)I].3d For the

latter species we have shown that the structural and all €nVironmentthe unpaired electron

spectroscopic data (EPR, W\Wis, Mossbauer) are compatible

with a description of the electronic structure of this species as

intermediate spin iron(Il)$e = /) coupled intramolecularly
to two o-iminothionesemiquinonato(1-) radic&&This notion

planar (amidatethiolate)nickel(lll) complexes have been ana-
lyzed by Holm et af® Their spectra display nearly axial
symmetry, haveis, > 2.1, and display large anisotropies with
go > g, andg, = 2 consistent with a*(d2) ground state. In
contrast, the spectra ot§1b]™ and Ba]* have g, values at

I,?.0014 and 2.0073, respectively, and very small anisotropies

n accord with the presence of a coordinatetf9)!~ -radical.

The small hfc constant &fiso(1%°Pt) of 9.5 G observed foBg] ™

is clearly not consistent with a genuine Pt(lll) complex. Thus,
we propose ligand- and metal-centered oxidation levels for these
monocations as [W(L'SQ)(L'BR)]*. As pointed out above, this

is also in agreement with the observed electronic spectra where
strong intraligand CT bands of a coordinatedf@) ligand in

the range 506650 nm are observed. These data lend support
to the notion that these monocations contain localized oxidation
levels of the metal ions and ligands, namely a semiquinonate-
(1-), as well as a neutral benzoquinone-type ligand, ant a d
configurated divalent metal ion.

The EPR spectra of the monoaniods/fLb]~ and Ba]~ are
remarkably different from those of the above monocations. They
display a significantly largeg anisotropy and thejs, values
are significantly larger than 2.00. For genuine tetradentate
(square-planar) monovalent 'Nipecies in an Nmacrocyclic
resides in the (g orbital
and allg values are>2, andg; > gn.”® This is apparently also

(73) Fomitchev, D. V.; Lim, B. S.; Holm, R. Hnorg. Chem2001, 40,
645.
(74) For recent explanatory reviews of Ni(l), (Ill) EPR spectra, see:

has been reinforced by the synthesis and structural andSoyle. C. L. Stiefel, E. I.; Salerno, J. C.; Eidsness, M. K.; Sullivan, R. J.;

Scott, R. A. InBioinorganic Chemistry of NickeLancaster, J. R., Jr., Ed.;

spectroscopic characterization of the completely analogousych pubiishers: New York, 1988: pp 1, 53, 73.

compound [F&(L2),l] (S= ¥,) where [ represents th®,N-

(75) Kruger, H.-J.; Peng, G.; Holm, R. Hnorg. Chem.1991 30, 734.
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the case for the spectrumd/1b]~. In addition, the spectrum
of [3a]~ displays a largeg anisotropy and a very large hfc
constantAso(19Pt) of 109 G supporting the view that the
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the structural data witkithera Ni(l) or a Ni(lll) formulation.”
It is then rather difficult to understand the geometric and
electronic structure differences between these and Sellmann’s

unpaired electron resides at least to some extent in a metalcomplex’® A structural reinvestigation of all of these complexes

d-orbital. Alocalizeddescription as [ML'SQ),]~ is nevertheless

at cryogenic temperatures and more spectroscopic data are

inappropriate since we would expect the electronic spectra of clearly necessary to resolve this problem experimentally.

both the neutral [M(I59),] and the monoanionic [ML'SQ),]~
species to display the same (or very similar) interse: (10*

L mol~t cm™?) ligand-to-ligand CT band at850 nm which is
clearly not the case. The electronic spectralaffb]~ and Ba]~
do show the presence of )1~ ligands, and a description as
[M"(LAP—H)(L'SQ)]~ would be in accord. In a valence bond

Conclusions

We have shown in this study thall,S-coordinatedo-
aminothiophenolato ligands are noninnocent ligands in the sense
that they exist in three different oxidation levels in coordination
compounds: (i) aromatic mono- and dianions (depending on

description the two structures could represent resonance hybridsthe degree of protonation (amine or amide) or substitution at

[M'(L'S9),] ™ < [M"(LAP—H)(L"S9]

Interestingly, the room-temperature crystal structure of [AsPh
[Ni(0-CsH4(NH)S),] has been reported by Peng et’alThe
structure is of low quality, but three observations are remark-
able: (i) the twoN,Scoordinated ligands of a monoanion are

the amine functionality); (iip-iminothionebenzosemiquinonates-
(1-) z-radicals; (i) theo-iminothionequinone level has as yet
not been structurally characterized in a complex, but its
electronic spectral characteristics have been established by two
intenser—x* CT bands in the visible at-640 and 560 nm.

In general, the structural parameters for each level A to D
given in Table 6 do not depend greatly on the nature of the

related by a crystallographically imposed inversion center, they transition metal ion to which they are bound or the number of

are equivalent; (ii) the €S and C-N distances are short at
1.72+ 0.02 and 1.35+ 0.03 A indicating the presence of the
o-iminothionesemiquinonato(1-) oxidation level at the ligands
but the phenyl rings dmot show the quinoid type structure;
the six C-C distances are equivalent within the very large error
limits of 0.03-0.04 A (%); (iii) the average NS bond length

at 2.19+ 0.01 A and the corresponding NN distance at
1.814 0.02 A are slightly and barely significantly longer than
those in the neutral completa at 2.151+ 0.003 A and
1.7924+ 0.01 A, respectively. This may indicate the presence
of some Ni character in the monoanion. On the other hand,
Sellmann et al® have structurally characterized the square-
planar monoanion [Ni(*MS;)] ~ in its tetraphenylarsonium salt.
The structural data, although of rather low quality, appear to
indicate the presence of genuine''N{d’) and a tetraanionic
ligand 1,2-ethanediamidi;N-bis(2-benzenethiolate)(4-) since
the observed average<S and C-N bond distances at 1.795-
(30) and 1.39(3) A are typical for a type C structure (Table 6).
Unfortunately, further spectroscopic characterizations, in par-
ticular its EPR spectrum, have not been reported.

The early crystal structure of [E][Ni(H.dma)f°® where
H.dma is the 1,2-dimethyl substituted analogue of theSN
ligand above is more in agreement with type D with shortSC
and C-N bonds at 1.71(2) and 1.365(20) A, respectively. Its
reported EPR and U¥vis spectra are very similar to those
reported here forla/lb]~. In conclusion, the present data on
[1a/lb]~ and Peng’s structure are fully consistent with those
reported for [Ni(Hdma)™ 7° for which the authors describe its
electronic structure as follows: “The four-coordinate, planar
NiN,S, structure is in good agreement with the coordinated
radical formulation [Nf(H,dma&~)]~, in which the ligand is
partially oxidized and the metal has thé donfiguration
characteristic of planar coordination. It is difficult to reconcile

(76) (a) Lovecchio, F. V.; Gore, E. S.; Busch, D. H Am. Chem. Soc.
1974 96, 3109. (b) Busch, D. HAcc. Chem. Red978 11, 392.
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Soc.197Q 92, 1506.

such ligands in a given compound, or their arrangement relative
to each otherdjs, or transin square-planar complexes or in
octahedral species).

The unpaired electron spin of ahS-coordinatedo-imino-
thionesemiquinonate radical couples invariably intramolecularly
and strongly to the unpaired electron spin of an incompletely
filled tog subshell of a given transition metal iofJ| > 400
cmL. If the t,g subshell is filled as in low-spin Fe(l1) or Ru(ll)
two such radicals can couple ferro- or antiferromagnetically.

While the above analysis of the S and C-N bond
distances inN,S-coordinated o-aminothiophenolate and its
oxidized radical form as obtained from high-quality crystal-
lography is compelling (at least for Werner-type complexes),
we emphasize that the actual electronic structure of such a
species can only be reliably established in conjunction with other
spectroscopic techniques such as, for example, electron spin
resonance, UVvis absorption and Mgsbauer spectroscopy,
magnetochemistry, and X-ray absorption near edge (XANES)
spectroscopy. Finally, state of the art density functional calcula-
tions should also shed light on the electron density distributions
in such compounds. In a forthcoming paper we will report such
a study on the neutral complexes KX —CgsHs—Y),] where
X=Y =0,NH, S, and X=NH and Y= O, S. We show that
all of the complexes are to be described as singlet diradicals.
In particular, the singlettriplet energy gap in [Ni(HN—CgsH4—

S)] is of the order of 4000 crt, whereas it is~900 cnt?! in
[Ni"(O—CgH4—0Q)2], rendering both species diamagnetic at
300 K.
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