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The reaction of 2 equiv of the bulky ligand N,N'-bis(3,5-di-tert-butylphenyl)-1,2-phenylenediamine, Hy[*LPP"], excess
triethylamine, and 1 equiv of M(CH3CO,),+4H,0 (M = Ni, Co) in the presence of air in CH3CN/CH,Cl; solution
yields violet-black crystals of [Ni"(3L'SQ),] CHsCN (1) or violet crystals of [Co(®L),] (3). By using Pd(CHsCO,), as
starting material, green-blue crystals of [Pd"(3L'SQ),]-CH3CN (2) were obtained. Single-crystal X-ray crystallography
revealed that 1 and 3 contain (pseudo)tetrahedral neutral molecules [M(®L),] (M = Ni, Co) whereas in 2 nearly
square planar, neutral molecules [Pd"(}L'SQ),] are present. Temperature-dependent susceptibility measurements
established that 1 and 2 are diamagnetic (S = 0) whereas 3 is paramagnetic with an S = %/, ground state. It is
shown that 1 contains two 7 radical benzosemiguinonate(1-)-type monoanions, ((PL'SQ)'™, S.g = ), and a
central Ni(ll) ion (d®; S = 1) which are antiferromagnetically coupled yielding the observed S; = 0 ground state.
This result has been confirmed by broken symmetry DFT calculations of 1. In contrast, the S; = %/, ground state
of 3 is more difficult to understand: the two resonance structures [Co"(3L'SQ)(3LPP")] <> [Co"((LPP)(3L'BQ)] might be
invoked (for tetrahedral [Co"(3L'SQ)] containing an Sc, = %/, with two antiferromagnetically coupled sz-radical ligands
an S, = Y, is anticipated). Complex 2 is diamagnetic (S = 0) containing a Pd" ion (d®, Spq = 0 in an almost
square planar ligand field) and two antiferromagnetically coupled ligand radicals (S..q = /). The electrochemistry
and spectroelectrochemistry of 1, 2, and 3 have been studied, and electron-transfer series comprising the species
[M(L),]? (z = 2+, 1+, 0, 1-, 2-) have been established. All oxidations and reductions are ligand centered.

Introduction diiminobenzosemiquinonatef), (L'S9)', or o-diimineben-
zoquinone, (IBQ)°. The corresponding series has also been
reported for [Co(*L),]% which itself possesses &= Y,

" ground state. All of these species containing unsubstituted

" 0-phenylenediamine-type ligands are square planar.
We and others have recently shauimat the corresponding

The reaction ob-phenylenediamine, #LPP"], with MX,
salts (ratio 2:1) (M= Ni, Pd, Pt) affords in the presence of
air dark blue/black microcrystals of neutral, square plana
and diamagnetic complexes [M(59),], where (LSQ1
irsgr(e:g:}f e'[hle)-.d||m|nobenzosemlqumona:te-radlcal monoan square planar complexes [Mf,] (M = Ni, Pd. Pt) contain-

ipg two N-phenylo-phenylenediamine 2[PPH,, derived

These species have been shown to be the central membeI ds al ) d that th Iso f p bered
of an electron-transfer series of five square planar bis- Igands also exist and that they aiso form five-membere

(chelate)metal complexes of the type [MRwith z = 2—, electron-transfer series. The corresponding complexX[gg(

T ) :
1-, 0, 1+, 2+ which are interrelated by four reversible one- (Sd_ D/IZ—;)TIS agam”squar% pla}r_\én:rolm ?xper|m§ntr]al dzta
electron-transfer stegsThese have been elucidated to be and , as wefl-as a 'F"“O’ caicu atlong, It has een
ligand-centered processes where each ligand may adopt aflucidated that the electronic structure of this latter species
oxidation level aso-phenylenediimide(2), (L"®)*, o- (2) (a) Herebian, D.; Bothe, E.; Neese, F.; WeyhdtenuT.; Wieghardt,

K. J. Am. Chem. So@003 125 9116. (b) Herebian, D.; Wieghardt,
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Figure 1. Ligands and abbreviations used in this work. P8I o-
phenylenediimide(2), ISQ = o-diiminobenzosemiquinonatef), IBQ =
o-diiminobenzoquinone. Bond distances are given in A for the '#),
M(L'SQ), and M(LPP!) fragments. They were obtained from X-ray crystal-
lographic structure determinations (refs 2, 3).

Scheme 1
Complexes:
INi"(LS®),].CH,CN (1) tetrahedral S=0
[Pd"(3L'S®),].CH,CN (2)  squareplanar S=0
[Co(L),] (3)  tetrahedral S=3/2

may be described as [BL'SQ),] but the assignment of a
Co(ll) oxidation state remained somewhat ambigubus;
[Co"(2LPPY(2L'SQ)] is also a possibility where the central
cobalt(ll1) ion (cf) possesses an intrinsBs, = 1 state which
couples antiferromagnetically to a liganeradical yielding
the observed® = Y/, ground state for this molecule. Since
both ligands are equivalent, the mixed valency of the ligands
is probably best described as class Il (delocalized).

Here we report the synthesis of [Ni{S9),] (1), [PACL'S]
(2), and [CofL)] (3) (Scheme 1) wherél()" represents the
o-phenylenediimider{ = 2—), the corresponding radicah (
= 1-), and the diiminerf = 0) derivative of the bulky lig-
andN,N-bis(3,5-ditert-butylphenyl)-1,2-phenylenediamine,
H,[3LPP" (Figure 1). Interestinglyl and 3 aretetrahedral
complexes wheredais almost square planar. The electronic

structures of these species reveal diamagnetic ground states

for 1and2, as has been determined by proton NMR, whereas
3 is paramagnetic§ = %,). The electro- and spectroelec-
trochemistry of the tetrahedral complexésand 3 are
compared with those of nearly square plaRaim addition,

the electronic structure of tetrahedflahas been elucidated
by broken symmetry (BS) DFT calculations.

Experimental Section

The ligand N,N-bis(3,5-ditert-butylphenyl)-1,2-phenylenedi-
amine, B[3LPPY], has been prepared according to a published
proceduré.A dark brown oil obtained similarly to method described
in ref 4c was immediately purified by flash chromatography on
silica (gradient elution witm-heptane/CHCI, (7:0 up to 7:2 vlv,
respectively); the silica gel (Merck) contained particles 0:00.940
mm and 0.063-0.200 mm mixed in a 2:1 ratio). This procedure
affords upon evaporation of the first fraction colorless, oily
2-bromo, 1{ N-[3,5-di(tert-butyl)phenyl} benzene R = 0.49 in
n-heptane/CHCI, 7:1 v/v). Evaporation of the second fraction gives
the desired product #fLPP] as a white solid R = 0.16 in
n-heptane/ChLCl, 7:1 v/v). The latter is contaminated up to 8%
with N-phenyIN-[3,5-ditert-butyl)phenyl]amine, which can be
removed by washing the solid,HLPP"] with MeCN. Anal. Calcd
for Ca4HagN2: C 84.24, H 9.98, N 5.78; found: C 84.” 9.9 N
5.6. Mass spectrum (El)mVz = 484 {M}". IR (KBr, cm™),
selected peaks: 3374, 3338\H); 2961, 2901, 2864(CH). 'H
NMR (300 K, CD:,Cl,, 400 MHz): 6 = 1.29 (s,tert-butyl, 18H);
5.67 (s, NH, 1H); 6.83 (d, 2H] = 1.67 Hz); 6.96 (dd, 1HJ; =
3.49 Hz,J, = 2.47 Hz); 6.99 (t, 1H,) = 1.67 Hz); 7.27 (dd, 1H,

J; = 3.56 Hz,J, = 2.31 Hz,).13C NMR (300 K, CDCl,, 100
MHz): 6 = 31.15, 34.74, 111.91, 114.94, 119.53, 122.35, 135.22,
143.12, 151.93.

The precursor 3,5-diert-butylaniline was synthesized according
to ref 5.

[Ni" (3L'SQ),]-CH3CN (1). To a solution of the ligand HeL"P"

(0.10 g; 0.21 mmol) in a mixture of acetonitrile (5 mL) and £H
(3 mL) was added triethylamine (0.5 mL) and Ni(g30,),*4H,0
(50 mg; 0.2 mmol). The solution was stirred for 3 days in the
presence of air until a dark violet solution was obtained. Then a
second equivalent of the ligand was introduced (0.10 g, 0.21 mmaol)
and the mixture was stirred for additional 5 h, during which time
a dark violet-black microcrystalline precipitate formed, which was
filtered off, washed with acetonitrile (5 mL), and air-dried. Yield:
92 mg (43%). X-ray-quality single crystals df were grown
from a 1:1 mixture of CHCN/CH,Cl, (v/v). Anal. Calcd for
CssHo2N4Ni: C, 79.74; H, 9.05; N, 5.47; Ni, 5.73. Found: C, 79.6;
H, 8.9; N, 5.7; Ni, 5.7. Mass spectrum (Elj'z = 1022{M}*.
H NMR (300 K, CD,Cly, 400 MHz): 6 = 1.20 (s;tert-butyl, 18H),
7.29 (dd, 1HJ; = 3.23 Hz,J, = 3.56 Hz); 7.50 (t, 1H,J) = 1.49
Hz); 8.00 (dd, 1HJ; = 3.24 Hz,J, = 3.61 Hz); 8.13 (d, 2HJ =
1.59 Hz).13C NMR (300 K, CQCl,, 100 MHz): 6 = 31.76, 34.90,
117.3, 117.81, 120.82, 148.42, 153.09, 161.13.

[Pd"(3L'SQ),]-CH3CN (2). A solution of the ligand H3LPPY
(0.18 g; 0.37 mmol), Pd(C}0,), (42 mg; 0.18 mmol), and NEt
(0.5 mL) in CHCI, (6 mL) was stirred at 20C for 72 h in the
presence of air. During this time, the color of the solution changed
from brown to dark blue. After addition of acetonitrile (20 mL),
the precipitation of microcrystallin2was initiated. After filtration,

a green-blue microcrystalline powder was obtained. Yield: 77 mg

(4) (a) Alcazar-Roman, L. M.; Hartwig, J. F.; Rheingold, A. L.; Liable-
Sands, L. M.; Guzei, I. AJ. Am. Chem. So@00Q 122, 4618. (b)
Hartwig, J. FAngew. Chem., Int. Ed. Endl998 37, 2047. (c) Rivas,
F. M.; Riaz, U.; Diver, S. TTetrahedron: Asymmet300Q 11, 1703.
(d) Wolfe, J. P.; Buchwald, S. LOrg. Chem.200Q 65, 1144. (e)
Yang, B. H.; Buchwald, S. LJ. Organomet. Chenl999 576, 125.
(5) (a) Burgers, J.; van Hartingsveldt, W.; van Keulen, J.; Verkade, P. E.;
Visser, H.; Wepster, B. MRecl. Tra. Chim. Pays-Ba$956 75, 1317.
(b) Ram, S.; Ehrerikder, R. E.Tetrahedron Lett1984 25, 3415.
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Table 1. Crystallographic Data fot-MeCN and3
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non-hydrogen atoms irl and 3 were refined anisotropically.
Hydrogen atoms attached to carbon atoms were placed at calculated

1-MeCN 3

— | Y TR positions and refined as riding atoms with isotropic displacement
gNem' ormuia 1%595225 ! 16822238'\‘4 parameters. Theert-butyl groups in3 were found to be disordered,
space group P2,/c, No. 14 14/a, N0.88 and two split positions were refined for the methyl carbon atoms
a, 24.3092(8) 20.357(2) C(12)-C(14) and C(16)C(18). Disorder was also observed for a
b, A 15.1637(5) 20.357(2) tert-butyl group in1. Carbon atoms C(6BHC(64) were split on
¢ A 18.5850(6) 14.742(2) two positions. Bonded and nonbonded-C distances were
o, deg 90 90 P ; ' \ . :

B, deg 109.59(1) 90 restrained to be equal within errors in both cases (SADI instruction),
y, deg 90 90 and equal thermal displacement parameters were given for split
i\ 6454.2(4) 6109.2(12) atoms (EADP instruction). A second data set of a different crystal

z 4 4 of 3was measured with Mo éradiation at 100 K, but surprisingly,
T,K 100(2) 203(2) th lity of the struct did not i

peaica § CIT3 1096 1114 e quality of the s ructure did not improve. . .

refins collected/@max 113 899/50.00 7953/91.21 The thermal displacement parameters are still quite large.
unique refins/ > 2o(1) 11 290/9222 1269/1189 Refinement using a split atom model and refinement in the
no. of params/restraints 720/31 185/132 nonisomorphic subgroup2/c was attempted but did not improve

A, Alu(Ka), cmt
R13/GOP
WRZ( > 20(1))

residual density, e A3

0.71073/3.43
0.0579/1.106
0.1051
+0.48(-0.46

1.54178/25.05
0.0769/1.243
0.1432
+0.230.22

the structure analysis. This suggests that both ligan@saire not
equivalent and that the structure is statically disordered.

Calculations. All calculations were performed by using the
ORCA program packad€The geometry optimizations were carried
out at the B3LYP levéP of DFT. The all-electron Gaussian basis
sets were those reported by the Ahlrichs gréupriple--quality
basis sets with one set of polarization functions on the nickel and
nitrogen atoms were used (TZVPY. The carbon and hydrogen
atoms were described by slightly smaller polarized split-valence
SV(P) basis sets, that is, douldfeguality in the valence region
butyl, 18H), 6.44 (m, 1H), 6.47 (m, 1H), 7.03 (d, 28l= 1.58 and contains a polarizing set of d-functions on the non-hydrogen
Hz), 7.09 (t, 1H,J = 1.66 Hz).3C NMR (300 K, CDQCl,, 100 atomst!2a The SCF calculations were tightly convergedx(110-8
MHz): 6 = 31.84, 35.06, 116.11, 119.01, 122.81, 122.96, 148.93, Eh in energy, 1x 107 Eh in the density change, and<1107 in
149.26, 156.98. the maximum element of the DIIS error vector). The geometries

[Co(®L) 2] (3). To a solution of the ligand H*L"P" (0.18 g; 0.38 were considered converged after the energy change was less than
mmol) in a mixture of CHCN (4 mL) and CHCI, (5 mL) was 5 x 1078 Eh, the gradient norm and maximum gradient element
added NE$ (0.5 mL and Co(CHCO,),*4H,0 (45 mg; 0.18 mmol). were smaller than Xk 1074 and 3x 104 Eh/Bohr, respectively,

The mixture was stirred in the presence of air at ambient temperatureand the root-mean square and maximum displacements of atoms
for 1 h, whereupon the color changed to dark violet. The volume were smaller than Z 1072 and 4 x 102 Bohr, respectively.

of the reaction mixture was reduced to 3 mL by slow evaporation  Physical MeasurementsElectronic spectra of complexes and
within 5 days. Violet crystals grew slowly which were filtered off,  corresponding spectra from electrochemical measurements were
washed with CHCN (6 mL), and air-dried. Yield: 0.18 g (96%).  recorded on a HP 8452A diode array spectrophotometer (for the
Anal. Calcd for GgHo2N4Co: C, 79.73; H, 9.05; N, 5.47; Co, 5.75.  range 206-1000 nm) or a Perkin-Elmer double-beam photometer
Found: C, 79.6; H, 9.0; N, 5.4; Co, 5.8. Mass spectrum (BE#)z (for the range 2062000 nm). Cyclic voltammograms and coulo-

= 1024{M}*. metric experiments were performed with an EG&G potentiostat/

X-ray Crystallographic Data Collection and Refinement of galvanostat, Model 273A. Variable-field I T), variable-
the Structures. Black single crystals of-MeCN and3 were coated temperature (4300 K) magnetization data were recorded on a
with perfluoropolyether, picked up with a glass fiber, and im- SQUID magnetometer (MPMS Quantum Design). The experimental
mediately mounted in the nitrogen cold stream of the diffractometer magnetic susceptibility data were corrected for underlying diamag-
to prevent loss of solvent. A Nonius Kappa-CCD diffractometer netism by use of tabulated Pascal’s constants. X-band EPR spectra
equipped with a Mo-target rotating-anode X-ray source and a were recorded on a Bruker ESP 300 spectrometer.
graphite monochromator (Mod§ A = 0.71073 A) was used fd.

A multiscan absorption correction was applied to the data set. Results and Discussion

Compound3 was measured on a Bruker SMART diffractometer ) ) ) )

with copper radiation (Cu &, 1 = 1.54178 A) from a sealed-tube 1. SynthesesThe reaction of the ligantll,N-bis(3,5-di-
source and corrected for absorption by SADABSinal cell tert-butylphenyl)-1,2-phenylenediamine[FL""], with the
constants were obtained from least-squares fits of all measuredbis(acetato)metal salts of Ni(ll), Pd(ll), and Co(ll) in the ratio
reflections. The Siemens ShelXTkoftware package was used for  2:1 in an acetonitrile/dichloromethane solvent mixture in the
solution and artwork of the structure; ShelX18¥as used for the

refinement. The structures were readily solved by direct and (9) Neese, FORCA, an Ab Initio, Density Functional and Semiempirical
Patterson methods and subsequent difference Fourier techniques.  Electronic Structure Program Packag¥ersion 2.4, Revision 36;

Crystallographic data of the compounds are listed in Table 1. All Max-Planck-Institut fa Bioanorganische Chemie: ‘Mheim/Ruhr,
Germany, May 2005.
(10) (a) Becke, A. DJ. Chem. Phys1986 84, 4524. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B1988 37, 785. (c) Becke, A. DJ. Chem.

Phys.1993 98, 5648.

aQObservation criterioni > 20(1). R1= Y ||Fo| — |F¢||/3 |Fol. P GOF=
[SIW(Fo? — FAA/(n — p)]H2 CwR2 = [F[W(Fo? — FA)3/ 3 [W(Fe?)?Z] 2
wherew = 1/6%Fo?) + (aP)? + bP, P = (F? + 2FA)/3.

(39%). Anal. Calcd for ggHg,N4Pd: C, 76.19; H, 8.65; N, 5.23.
Found: C, 76.0; H, 8.6; N, 5.2. Mass spectrum (EBt)iz = 1070
{M}*. IH NMR (300 K, CD:Cl,, 400 MHz): 6 = 1.27 (s, tert-

(6) SADABS Version 2004-1; Bruker Nonius: Delft, The Netherlands.

(7) ShelXTL,. Version 5; Siemens Analytical X-ray Instruments, Inc.:
Madison, WI, 1994. (11) (a) Schiter, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571.

(8) Sheldrick, G. M.ShelXL97 Universita Gottingen: Gitingen, Ger- (b) Schder, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100
many, 1997. 5829.
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4.0 Table 2. Selected Bond Distances (A) of Complexes
3.9 mee
3.8
— 3.7
=)
% 3.6
3
3.5
3.4
3.3 1
2 ligand 1 ligand 2 3
5 100 150 200 250 M—N1 1.894(2) (1.886(2)) 1.920(5)
TIK M—N2 1.901(2) (1.905(2))
, _ ] N1-C1 1.350(3) (1.337(3)) 1.354(8)
Figure 2. Temperature dependence of the magnetic morentof solid N2—C2 1.349(3) (1.351(3))
3. Filled squares are experimental data, and the solid line represents a fit  c1—C2 1.451(3) (1.447(3)) 1.46(1)
(S=35; g=2.01(1);|D| = 2.3(6) cnT%, E/D = 0, temperature-independent c2-C3 1.417(4) (1.418(4)) 1.42(1)
paramagnetism 60(40) 10°° emu). C3-C4 1.361(4) (1.368(4)) 1.35(1)
) _ ) C4-C5 1.413(4) (1.414(4)) 1.41(1)
presence of air and excess triethylamine produced deep blue- c5-cé6 1.364(4) (1.357(4))
black solutions from which microcrystals of violet-blatk c6-C1 1.422(4) (1.417(4))

green-blue2, and violet3, respectively, were obtained.

H NMR and temperature-dependent-@00 K) magnetic
susceptibility measurements showed tha@nd?2 possess a
diamagnetic ground stat& & 0). In contrast, as shown in
Figure 2, complex3 is paramagnetic with a temperature-
independent magnetic moment of 3:& (50—300 K)
indicating anS = 3/, ground state.

2. Crystal Structures. The crystal structures df and 3
have been determined by X-ray crystallography; the first at
100(2) K and the latter at 200 K. The structure2dfas also
been determined at 100 K, but the quality of the crystals
was low. Due to the large residuRlfactor of ~18%, we
refrain from a detailed discussion of the structtiréable 1

consequently, the central nickel ion possesses axdation
state and a high-spin®delectron configuration. Similarly,
the average length of the two alternating short@bonds
at 1.36 + 0.01 A of the o-phenylenediamine part in
conjunction with four longer ones1.39 A are indicative
of the semiquinonate oxidation level (quinoid-type distor-
tion). It is quite remarkable and may serve as an internal
standard for the high-quality X-ray determination that the
six C—C distances of each of the 3,54@ir-butylphenyl
substituents are equidistant-al..392+ 0.01 A (aromatic
phenyl rings).
The most interesting feature of the above structure isf
X X . the observation of a pseudo-tetrahedral coordination sphere
gives the crystallographlc data, and Table 2 summarizes 5.5und the central Ni(ll) ion: the two NNi—N angles of
important bond lengths i and3. _ the two five-membered chelate rings-\\\—C—C—N are
The oxidation level of a giveN,N-coordinated-phenyl- 83.7 and 83.2 (+£0.%); the two planes of these five-
enediamine derivative such asphenylenediimide(2), membered rings form a dihedral angle of 85(Which is
(LPP)?", semiquinonate(t), (L9, or quinone, (9) is 90° in a regular tetrahedron and® Gn a square planar

clearly identifiable from th.e bond lengths, as shown.in Eigure arrangement). The four different dihedral angles between the
1. The average &ni—NR distance of the-phenylenediamine N-(3,5-diert-butylphenyl) rings and the five-membered

ring is indicative of a &N double bond in M(L*?) chelate rings are irregular at 41.and 79.9 for one ligand
fragments at-1.30 A or for a C-N bond order of~1.5 A

in M(L'SQ) fragments at-1.35 A, or for a G-N single bond C130l , cer oY
in M(LPPY fragments at~1.39 A. AP
Figure 3 displays the structure of a neutral molecule
[Ni"(3L'SQ),] in crystals of1. Note that the molecule does
not have crystallographically imposed symmetry. TheGC
and C-N bond distances of botN,N-coordinated ligands,
((L'SQ)1, are identical within experimental error. The
average &NR bond length (Table 2) at 1.35 0.01 A is ,
typical for the semiquinonate radical aniofl.'€9?!~, and NN cize!

(12) Data sets of two crystals @fwere measured at 100 K using MaxK
radiation, but both refinements gave very poor results. We refrain from C{71ghN
discussing detailed structural featuregbut the results clearly show . y q 9,
that (a) the composition of the compound is in agreement with ] = 3 c28)
elemental analysis and other spectroscopic data and (b) the complex cn b5 ¥
is not strictly planar since the coordination planes are significantly
twisted by an angle of about 2QCrystal data 0R-MeCN: C;gHgsNsPd;

fw = 1112.91; space groufl, No. 2; a = 10.2616(9) A,b = @>C74)

16.973(2) A,c = 19.259(3) A;a = 86. 46(17 p =78.66(1), y = Figure 3. Structure of the neutral complex [NPL'SQ);] in crystals of1.

74. 38(1) V = 3167.3(7) &; zZ= 2; T=100(2) K.; pcaica= 1.16 g The thermal ellipsoids of non-hydrogen atoms are drawn at the 50%
cm3, probability level. Hydrogen atoms are omitted.
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Figure 4. Ball-and-stick representation of the structure of the neutral

3| IS i
complex [PA(°L'Y] in crystals of2. Figure 5. Structure of the neutral molecule [Ch]] in crystals of3.

o ] The thermal ellipsoids of the non-hydrogen atoms are drawn at the 50%
and at 36.7 and 26.2 for the other. It is interesting to note  probability level. Hydrogen atoms are omitted.

that the corresponding structures of complexe$(fhiSQ),] 13 ) i )
and [Ni'(2L'S9),] 22 are both square planar. The average those of the corresponding atomslinFor exampleUeq is

Ni—N bond distance irt is 1.896 A and a little shorter at  39(2) x 1072 AZ for the nitrogen atom ir8 but only on
1.842 A in square planar [NEL'SQ),]. average 9x 1073 A? for each nitrogen atom id.

This could be taken as an indication for an unresolved

determinations proved to be of very low quaifonly the static disorder involving one of the following structures A
atom connectivity of the neutral molecule [Fld¢] has been and B
established beyond reasonable doubt, as shown in Figure 4. R = 3,5-di(tert-butyl)pheny|
It is clear that the molecule is not quite planar since the R R R R
dihedral angle between the two five-membered-Rg-C— No,, N No,  NX
C—N planes is 20.2 Similar angles have been observed in N/'C‘QND -— <IN/'°°3N:©
a number of diamagnetic bis(chelate) palladium(ll) com- R R R R
plexes as, for example, itmansbis[(phenylazo)acetaldoxi- [CoICLPOYELBYY < [CoMELPPY LISy
mato]palladium(ll)* [Pd(bpy}](NO3),-H,0,'® and [Pd(1,10- $=312 $=312
phenanthroline)(ClO,4),.¢ Thus, for all practical purposes, A B
the structure of the neutral molecule [Rd{9),] is considered Formulae A,B
here to be almost planar. The structure of'[Pd'SQ),] is
exactly square planar with a dihedral angle between the twoWwhere the differing oxidation levels of the ligands are
ligand planes of B2 localized. _ .

In contrast, the structure of the neutral molecule fCj{ Superposmop of two forms results in an _app@ﬁnsne
in crystals of3 shown in Figure 5 possesses crystallographi- SYMMetry, which would represent a static disorder and
cally imposeds; symmetry. The cobalt ion is in a tetrahedral 2veraged €C and C-N bond distances are observed only.
environment of four nitrogen donor atoms. The dihedral angle Nterestingly, the symmetric structure [G8."59),] containing
between the two planar five-membered chelate rings §s 90 WO genuineo-semiquinonate(?) radicals, and a central
We also note that the average-EN distance in tetrahedral cobalt(Il) ion does not possess such large thermal pararheters

3(S=%,) is 1.920(5) A but only 1.840 A in square planar but rather those as observedlinin addition, gs discussed
[Co(L);] (S= Y,)2 below, a symmetric tetrahedral structure {Gt'S9),] should

possess anS = 1/, ground state since in tetrahedral
[Ni"(3L'$Q),] the two radical ligands couple strongly anti-
ferromagnetically to a Niion with local Sy = 1, yielding

the observe& = 0 ground state id (see below). Therefore,

a high-spin cobalt(Il) ion withs, = 3/, would be coupled
antiferromagnetically to two (B9~ radicals, yielding an

S = Y/, ground state which is not observed. Note that square
planar [CA(2L'S9),] (or [Co" (3LPP)(?L'SQ)]) possesses aB
=1/, ground staté.

(13) Swartz Hall, G.: Soderberg, R. Horg, Chem 1968 7, 2300. 3. Electro- and Spectroelectrochemistry.The electro-

(14) Bandyopadhyay, D.; Bandyopadhyay, P.: Chakravorty, A.; Cotton, F. chemistry ofl, 2, and3 in CH.Cl; (0.10 M [N(n-Bu),]PFs

Since two crystals of2 selected for X-ray structure

The metrical details of thi,N-coordinatec-phenylenedi-
imide ligands in3 apparently point to the semiquinonate(l
oxidation level, {L'S9)1~*: in particular, the average-eNR
bond distance at 1.35% 0.02 A and the quinoid-type
distortion of the phenylene rings with two alternating short
and four longer €C bonds, respectively. On the other hand,
it is noted that the equivalent isotropic displacement param-
eters for the C and N atoms 8are significantly larger than

A Fellllvellp,S,L- R-Inorgo-_Chem-lb984 g 1285- o1 1986 C supporting electrolyte) has been studied by cyclic voltam-
(15) ffozf_ A Simonsen, O.; Wemnberg, Acta Crystallogr1986 C42 metry (cv) and coulometry at fixed potentials. The potentials
(16) Rund, J. V.; Hazell, A. CActa Crystallogr.198Q B36, 3103. given are referenced versus the ferrocenium/ferrocend (Fc
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Table 3. Redox Potentials of Complexes in Volts vs'fiec at 20°C2 4
complex  Elyp, VP B2y, VE Ey, VI E4, Ve
1 —0.14 (Zr.) —1.37(r)) —1.79(q.r.) 3 ',.-—--._[Ni't’L'”J,]"
[Ni(2L)2]"  0.21(r)  —0.07(r.) —1.21(r.) —1.89(r.) e
2 0.21(r) —0.23(r.) —1.31(Zr.) &
[PA@L),"  0.24(r) —0.14(r.) —1.22(r) —1.72(r) s 24 [NI"(CL™%) ™
3 - 020(r) -0.14,-073 —1.35(r) —1.85(r.) “
[CO(ZL)z]f —0.50(r.) —1.03(r.) =, [Nil(aLlsﬂuiLPDI}li.
[Co('L),)! -0.32 —0.95 —1.98 © 4] -
aConditions: CHCI; solution (0.1 M [N@-Bu)4PFs). ® 2+/1+4 couple.
¢ 1+/0 couple.? 0/1— couple.® 1—/2— couple.f Peak potentiaE,%%. 9 Peak . -

i red h | j T T Y T Y y
potential Ey®% " Reference 2d.Reference 3. Reference 1. 0 o0 Bed | 1000 1200 1400 1800

A [nm]
IZPA Figure 7. Electronic spectra ot (red), 12" (black), and1'~ (green) in
CH_CI; solution (0.10 M [NQ-Bu)4]PFs).
1 —
Table 4. Electronic Spectra of Complexes at 20 in CH,Cl, Solution
IZuA complex Amax M €, 100 M~ em™)
1 257sh(3.3), 307(2.65), 414(0.57), 523(2.70), 674(1.03),
2 - 800sh(0.64), 967sh(0.28)
[t 2 286(3.5), 355(3.48), 433sh(0.83), 565(0.74), 679(0.92),
Is 934(0.40)
wh - a [1]%+2 259(2.1), 353(0.70), 492(2.73), 657sh(0.22)
2 261(3.7), 340(1.49), 421sh(0.30), 657(0.65), 710sh(0.65),
b 903(4.14)
3 [2]2+a 334(1.76), 489(1.28)
- [2]t+a 311(2.73), 472(1.45), 563(0.8), 1177sh(0.21), 1733(2.54)
—— [2]2-2 295(4.01), 366(2.65)
10 05 00 -05 -1.0 1.5 -20 -25 3 263(2.9), 320sh(2.0), 490sh(1.16), 526(1.40), 725(0.72)
E [V] vs Fc'lFc [3]i-a 268(2.8), 352(2.7), 488(0.6), 534(0.5)
_ _ _ _ [3]2-2 284(2.5), 358(3.0), 482sh(0.3), 562(0.1)
Figure 6. Cyclic voltammograms of, 2, and3 in CH,Cl, solution (0.10 [3]*2 281sh(1.9), 502(1.0), 626sh(0.6), 871sh(0.1)
M [N(n-Bu)4]PFs) at a glassy carbon working electrode at°’20 Potentials [3[2+a 493(1.4) ' ' '

are referenced vs the Fc couple; scan rates 200 mVis
a Electrochemically generated in GEl, solution (0.1 M [Nf-Bu)4PFs).

Fc) couple. The results are summarized in Table 3; Figure 6
shows the cv's ofl, 2, and3. _ _ )
The cv of1 displays a reversible, two-electron oxidation " the square planar ligand mixed-valence complexes

wave at—0.14 V, a reversible one-electron reduction wave [NI"(LSQ)(LE)J*" and [Ni(LS(LPP)]*™ is much more
at —1.37 V, and a quasi-reversible one-electron reduction pronounced than in the corresponding tetrahedral analogues.
wave at—1.79 V according to eq 1 It leads to the conclusion that the excess electron in the

square planar monocationic and -anionic complexes is

Ni" (3L'BQ). 12 =22 N 3L1S9).10 == [Ni" (3L PP! delocalized over both ligands (class Il ligand mixed va-
INV( )™ e INTC B2 +97[ A ) lency). On the other hand, in tetrahedral'[(RL"P)(3L'SQ)] 1,
CLSY == NI"(LP™),]* (1) this may not be the case and a localized description is more

appropriate. This has been reported recently in ref 17 for
It is instructive to compare the electrochemical behavior similar tetrahedral Ni(ll) complexes.

of tetrahedral 1 with that reported for square planar Since it is possible to coulometrically generate the stable
[Ni"(?L'SQ),]2 under identical conditions. The square planar dication of1 and its monoreduced form [NELPP')((L'SQ]1~
complex undergoes two reversible one-electron oxidationsin CH,Cl; solution containing 0.10 [M¢Bu)4]PFs, we have
and two one-electron reductions, eq 2, all of which are recorded their electronic spectra which are shown in Figure
ligand-centered processes. Interestingly, the difference of7 (Table 4). The doubly reduced form was too unstable on
half-wave potentials|AE|, for the couples [Nik]**~ and the time scale of the coulometry, and an electronic spectrum
[NiL ;]*"2~ of square planar and tetrahedral species are 680could not be recorded. It is then again instructive to compare

and 420 mV, respectively. Similarly, for the couples [N+ these spectra with those reported for their square planar

and [NiLy]**?* the redox potential differenceAE| are 280 analogues.

mV for the square The neutral tetrahedral complex [NFL'SQ),] displays an
intense absorption maximum at 523 nen= 2.7 x 10*

[Ni”(ZL'BQ)Z]ZJ“;——rZ—[Ni”(ZL'BQ)(ZL'SQ)]J“;——r:‘[Ni" M-t cm1) which is absent in the square planar species

He . e 2 o [Ni"(°L'SQ)] for which a very intense ligand-to-ligand charge-
(ZLISQ)Z]OTJ INi" CL=) L™ re INI"CL™)1" (2) transfer band is observed at 840 nen=f 4.0 x 10* M~!

planar case but-0 mV for the tetrahedral one. These data (17) Blanchard, S.; Neese, F.; Bothe, E.: Bill, E.; Weyheny T
indicate that electronic coupling between the two ligands Wieghardt, K.Inorg. Chem.2005 44, 3636.
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g values s 13
26 24 22 2 1.8 v pon 2. [Pd"(’L™%),1°
I L I 1 L o [Pd('L )2] e
E 5 [Pd"(’L'W)(zL'N)]"
T N3y IBQ, 424
Sim = [PA(L™),] -
m o 2]
2 z
3 1
Exp.
0 : 7 T i
. 400 800 1200 1600 2000
% [nm]
T — T T T Figure 9. Electronic spectra o2 and electrochemically generat@é';
260 280 300 320 340 360 21+, 227 in CH,Cl; solution (0.10 M [N(-Bu)4PFs).
B [mT]
Figure 8. X-band EPR spectrum of a frozen @Hl, solution (0.10 M diamagnetié, whereas for a tetrahedral [NFLPP'),]%>~
[N(n-Bu)4]PFs) of the electrochemically generated monoanidn at 10 mplex. anS = 1 groun tate i X t imilarl
K. (Conditions: frequency 9.520 GHz; power 2/V; modulation 8 G). complex, anS .5 L:IJB((?)U Z(i S ae. S € pe_c ed. S arty,
The asterisk denotes an organic radical impuri9 (1%). square planar [N{?L'®9),]*" is diamagnetic but tetrahe-

. . . L . dral [Ni"(CL'BQ),]2" i ted to b i ti
cm™Y) in the near-infrared (NIR) region which in turn is (Sra= [1)I ( )2l*" s expected to be again paramagnetic

absent inl. Similarly, the electronic spectra of the presum-
ably tetrahedral monoanion [Ni((L'SQ)(3LPPH]~ and of
square planarfNi"(2L'SQ)(2LPPY]*~ differ significantly, al-
though both possess @ = /, ground state. The square
planar complex [NRL'SQ(3LPPY)]~ displays an intense
intervalence charge-transfer band (IVCT) in the near-infrared
(NIR) at 1120 nm¢{ = 1.7 x 10* M~ cm1) which is absent
in the spectrum of [NICGCL'SQELPP)]Y- for which we | BOw 2 € a3 BOw A 1SOu . —€ il
consequently propose a tetrahedral structure with one local-[Pd' CL™®9),]*" == [Pd' (L) (L))" = [Pd
ized CL'SQ)1 radical ligand and &((PP)?~ ligand. We note 3, I1SO\ 0 —2€ |3 PDK 92—
that the tetrahedral monoanion does display two relatively (L Q)Z] 2 [Pd'(L A" @)
intense absorption maxima at 679 and 934 nm (Table 4)
which are tentatively assigned to LLCT bands involving class ~ Figure 9 and Table 4 show the electronic spectra of the
Il behavior of the two ligands with localized oxidation levels above species. It is interesting to note that the redox potentials
(3LPPY2- and EL'SQ)L~. The electronic structure of the planar E'12 andE?y; for 2 and [P (2L'S9),]° are very similarE3;;
monoanion is different: the unpaired electron is delocalized corresponds to a one-electron reduction for the latter and a
over both ligands (class Il). two-electron process for the former yielding a mono- and a
As shown in Figure 8, the X-band EPR spectrum of the dianion, respectively. This is good evidence tizatits
monoanion ofl displays a rhombic signal with relatively ~ oxidized species, and its reduced species behave as square
largeg anisotropy: g, = 2.313;g, = 2.190;g, = 2.029. A planar complexes such as those of '[d'*?),] reported
similar g anisotropy as a consequence of large sjuirbit earlier? This notion is further corroborated by the observation
coupling has been observed previously for similar tetrahedral, that the X-band EPR spectrum of the monocatior! (fe¢F<)-
monoradical Ni(ll) complexe¥’ Its electronic structure is ~ (L'S9]*" recorded at 10 K in frozen G&I, displays a broad,
then best described as a central paramagnetic Ni(Il)$qn ( nearly isotropic signal ag; = 2.0052,g, = 2.0032,9; =
= 1) coupled antiferromagnetically to a single ligand radical 1.9982,giso = 2.0022 with only very smaly anisotropy and
(Saa = 1), yielding the observe& = Y, ground state. As  no Pd hyperfine coupling. The EPR spectrum of [id®?)-
noted above, the tetrahedral monoanion displays two rela-(?L'S9]** is similar? These results indicate the presence of
tively intense absorption maxima at 679 and 934 nm (Table the same delocalized ligand-centered radical"(P8?)-
4) which are tentatively assigned to LLCT bands involving (L'S9]** < [Pd'(L'S9(L'®?)]** in both complexes containing
class Il behavior of the two ligands with localized oxidation N-phenyl- andN,N-diphenyl-substituted ligands.
levels ELPP)2~ and EL'SY". In contrast, the EPR spectrum Furthermore, both paramagnetic monocationd (#¢FQ)-
of square planar [N{?LPP)(°L'SQ)]*" display$ a rhombic (CL'SQ)Y and [P (CL'BQ)((L'S)]Y exhibit an intense IVCT
signal with a significantly smalley anisotropy: g« = 1.994; band in the NIR region at 1617 (26 10* M~ cm™') and
gy = 2.007;g, = 2.100 indicative of a delocalized ligand 1733 nm (2.5x 10* M~t cm™?), respectively. Similarly, both
radical and a diamagnetic Ni(ll) center. the neutral complexezand [Pd (’L'SQ),] display an intense
The electronic spectrum of the dianion of tetrahedris LLCT band at 903 (4.1x 10* M~ cm?) and 840 nm (4.1
expected not to exhibit charge-transfer bands in the visible x 10* Mt cm™Y), respectively. In summary, the spectro-
or NIR, in analogy to square planar dianion [4LPP",]2~ 2 scopic data reported here for almost plaraand their
and complex2. Note that square planar [NFLPP');]? is oxidized and reduced forms are very similar to those reported

The cv of 2 displays three reversible electron-transfer
waves (Figure 6; Table 3): two successive one-electron
oxidations yielding a mono- and a dication and a reversible
two-electron reduction step yielding the dianion, as depicted
in eq 3. All observed redox processes are considered to be
ligand centered3’
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Figure 10. Electronic spectra o8 (red), 3'* (green),3*" (black); 3>~ ) o ) ‘ ‘
(blue), 31~ (yellow-green) in CHCI, solution (0.10 M [N(-Bu)s]PFs) at Figure 11. Qualitative MO diagram of the corresponding orbitals of
20 °C. magnetic pairs of as derived from the broken symmetry DFT calculations

(B3LYP).
for the strictly planar analogue containing the less-bulky
N-phenylo-phenylenediamine derivatives.

The cv of the cobalt compleXdisplays four one-electron B3LYP,  B3LYP, B3LYP,

Table 5. Calculated and Experimental Bond Distances in A

. . . BS losed shell  high spi tl
transfer waves: two successive reversible reductions and two NO-NT) To76 ¢ Osleg;e |gl ZZ': 5224(2)
. . P P . . . i(1)— . . . .

OX|dat|_on steps (Flgur_e 6) of_ Wh_lch the se_co_nd OX|d§1t|on_ IS Ni(1)-N(14) 1980 1893 5028 1.901(2)
reversible too. This first oxidation step is irreversible in  Ni(1)—N(47) 1.973 1.893 1.998 1.886(2)
character, the anodic and cathodic waves are separated by“i(gl))—CN(g@ i-gig i-ggg i-gig iggggg
0.58 V. Such large peak separano_n can be caused by ;Iow N(14)-C(13) 1348 1356 1347 11349(3)
heterogeneous electron transfer kinetics or by a chemical c(g)-c(9) 1.429 1.424 1.427 1.422(4)
reaction following oxidation. The peak positions do not ggg:ggg; i-g%‘ i-ggg i-g;g i-ggigg
depend strongly on the_ scan rate, Which argues against the C(101-C(11) 1422 1418 1221 1.413()
former mechanism, which, however, is not fully ruled out. c(11)-c(12) 1.380 1.383 1.380 1.361(4)
The latter mechanism (chemical reaction) would yield a gg%:g((}é)) 1'1314213 i-ggg i-gig igggg
redox potential aroune0.1 V, which is very close to redqx N(54)—C(53) 1345 1356 1347 1.351(3)
potentials of 1 and 2. Thus, an electron-transfer series  c(48)-C(49) 1.428 1.424 1.426 1.417(4)
[Co(3L))? consisting of five species with = 2+, 1+, 0, ggig);gggg i-ggg i-ggg i-gg? ié‘g%
1-, 2— is gstabllshed fo@. It is noted that_a ch.emlcal C(50)-C(51) 1423 1416 1420 1:414(4)
reaction, if it was responsible for the potential shift of the c(s51)-c(52) 1.379 1.383 1.380 1.368(4)
cathodic wave, must be reversible. Otherwise, the second €(52)-C(53) 1.430 1424 1.429 1.418(4)

oxidation step to the dication would hardly be observed at removed and substituted by eight hydrogen atoms. Assuming
+0.2 V, which is very similar to those & and the square  that tetrahedral features a high-spin Ni(ll) ion and two
planar complexes [N{?L'S9),] and [Pd (’L'S9),], in which ligand radicals, we optimized the ground-state geometry for
the following reactions are absen&pectroelectrochemical (a) a closed shels = 0, (b) a high-spin, open-shei= 2,
measurements on the respective electrochemically generatednd (c) a BSMs = 0 state for truncated.
species reveal their electronic spectra, which are shown in  For all three cases, stationary states on the potential energy
Figure 10 (Table 4). Since the molecular and electronic surface were located. The closed-shell solution is 8 kcal
structures of the oxidized and reduced specie8 afe at mol~* higher in energy than the BS solution, and e 2
present not known, we refrain from commenting on their configuration is even 9 kcal mol higher in energy. Thus
electronic structures. The electronic spectrum of tetrahedralthe BS solution involving a high-spin Ni(ll) ion antiferro-
3 is quite different from that reported in ref 3 in Figure 11 magnetically coupled to two ligand-radical monoanions,
for square planar [C8('SQ),]. The latter displays an intense  (3L'SQ)!", is the preferred one. The calculated bond distances
LLCT band at 1230 nm (0.4 10* M~ cm™) which is of the BS solution within the ligands are in acceptable
absent in the spectrum &f Thus, the electronic structures agreement with experiment (Table 5) and support the
of both neutral species are different. presence of two3('S9'~ x radicals. The average NN

4. DFT Calculations. a. Optimized Geometries for 1. distance at 1.979 A is overestimated by 0.08 A; a result
In this section, a detailed picture of the molecular and which is typical for the B3LYP functiondl’ Interestingly,
electronic structure of the neutral complex will be the BS calculated dihedral angle between the two metalla-
developed. For this purpose, we have used a truncated versioycles inl at 86 is in excellent agreement with experiment
of complex1 where the eightert-butyl groups have been (85.4). This angle is calculated to be only i@ the closed-
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antiparallel spin alignment between the high-spin Ni(ll)
(positive spin density in red) and the radical ligands (negative
spin density in yellow). An approximate breakdown of the
spin density into atomic contributions via a spin population
analysis supports the presence of two unpaired electrons at
the nickel ion with a positive spin and two unpaired electrons
with a negative spin localized on the two ligandadicals.

The corresponding orbital transformati®rcan be used
to visualize the overlapping magnetic pairs of the sys-
Figure 12. Spin density plot oft as derived from BS DFT calculations ~ t€M>*"*%#1 The spin-orbitals obtained from single-point
together with values of the spin density of the Mulliken spin population unrestricted calculations were transformed in such a way that
analysis. Hydrogen atoms are omitted for clarity. for each spin-up orbital there exists at most one spin-down
partner that has nonzero spatial overlap. ValueS olose
to 1 indicate a standard doubly occupied MO with little spin-
polarization, whereaS < 1 is the signature of nonorthogonal
magnetic orbital pairs. Fdr, two such magnetically interact-
ing pairs which interact via a pathway have been identified.
: X . : Each of these pairs consists of one metal orbital and the
sc_heme der_lved_ from the spln-unrt_estrlcteo! BS calculatlon_of corresponding ligand radical orbital. The mutual overlap
1is shown in Figure 11. Five orbitals which are predomi- . yeen those two orbitals are 0.46 and 0.50, as shown in
nantly of metal d character are identified. Three of these Figure 11. This indicates fairly strong antiferromagnetic

orbitals (not shown) are found in the spin-up and the Spin- j,.eractions between the two metal and two ligand radicals.
down manifolds; they are doubly occupied. The other two To determine the exchange coupling constant, we exam-

_nickel—ba_sed orbital_s originate from tmespt and oceur on]y ined the high-spin and BS energies together with the
in the spin-up manifold. These two orbitals are thus singly corresponding spin-expectation vali&laccording to the
occupied with parallel spins. This orbital occupation pattern Yamaguchi approach, eqs 1 and?ZThe meaning ofS[]

defines a high-spin Ni(ll) configuratiors( = 1) at the metal has been described previously in refs 2b and 17.
center. In addition to these two metal-centered orbitals, two

shell S = 0 calculation (approaching a square planar
structure). The high-spin model features a geometry very
similar to that of the BS solution with slightly longer NN
disctances and a dihedral angle of 88

b. Electronic Structure of 1. A qualitative bonding

ligand-centered orbitals are identified in the spin-down Huiow = —2J 5.5 1)
manifold which are not populated in the spin-up manifold,

thus leading to the observed overlslii = 0 BS state. These J— Ens — Egs @
orbitals correspond to two symmetry-adapted combinations |:$2m|s — [32@3

of the SOMO of the two ligand radicals. Thus, the basic

electronic structure description bfeatures a high-spin Ni(ll) In this manner,J was estimated to be946 cnr? for 1.

ion which is strongly antiferromagnetically coupled to two This calculated large value is in accord with the experimental

ligand-centeredr radicals, as has been proposed by the finding that the complex possesses a singlet ground state up

authors of refs 17 and 18 for similar complexes. It is the to room temperature with no indication of thermal population

antiferromagnetic ligand-to-metal coupling which dominates of higher spin states. However, sindds too large to be

in 1. In contrast, in the square planar analogue$(jRi'sQ),]?3 verified experimentally, the accuracy of this calculation

a very strong ligand-to-ligand antiferromagnetic coupling cannot be assessed.

prevails. For nearly square planarwe propose this latter )

coupling scheme. As discussed previoshthis strong ~ Conclusions

intramolecular antiferromagnetic coupling is evidenced by  In this study, it has been demonstrated experimentally and

an intensed > 10* L mol~* cm™) absorption band in the by DFT calculations that the electronic structure of the neutral

NIR region; the position and intensity of which is directly tetrahedral complexl is best described as a molecule

correlated with this antiferromagnetic coupling in the ground containing a high-spin nickel(ll) central ion with an intrinsic

state? In tetrahedrall, such ligand-to-ligand coupling does spin stateSy; = 1 which isN,N-coordinated to two ligand

not exist since the two planes of the coordinated radical 7 radicals Gag = /), CL'SQ1*. The latter are intramolecu-

ligands are nearly orthogonal to each other. larly antiferromagnetically coupled to the nickel(ll) ion,
As pointed out previousl¥°the spin density arising from  yielding an S = 0 ground state. In contrast, as shown

BS SCF (DF or HF) calculations is unphysical. Nevertheless, previously? the diamagnetic, square planar analogue

it is quite suggestive of the physical situation at hand. The

i i i i i (20) (a) Amos, A. T.; Hall, G. GProc. R. Soc., Ser. 2961, 263 483. (b)
spin density plot shown in Figure 12 nicely shows the King, 1 E.» Stanton. R. E.. Kim, H. Wyatt R. E. Parr. R, G

Chem. Phys1967, 47, 1936.

(18) (a) Whalen, A. K.; Bhattacharya, S.; Pierpont, C.IGrg. Chem. (21) Ghosh, P.; Bill, E.; Weyheritfier, T.; Neese, F.; Wieghardt, Kl.
1994 33, 347. (b) Bencini, A.; Carbonera, C.; Dei, A.; Vaz, M. G. F. Am. Chem. SoQ003 125 1293.
Dalton Trans.2003 1701. (c) Remenyi, C.; Kaupp, M. Am. Chem. (22) a) Yamaguchi, K.; Takahara, Y.; Fueno, T. Applied Quantum
Soc. 2005 127, 11399. (d) Han, W. G.; Liu, T. Q.; Lovell, T.; Chemistry Smith, V. H., Ed.; Reidel: Dordrecht, 1986; p 155. (b)
Noodleman, LJ. Am. Chem. SoQ005 127, 15778. Soda, T.; Kitagawa, Y.; Ouishi, T.; Takano, Y.; Shigeta, Y.; Nagao,
(19) Neese, FJ. Phys. Chem. Solid&04 65, 781. H.; Yoshioka, Y.; Yamaguchi, KChem. Phys. LetR00Q 319, 223.
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[Ni"(2L'SQ),] consists of a nickel(ll) ion with an intrinsi§y; former displays again an intense IVCT band at 1513 nm (0.9
= 0 spin state and two ligand radicals ¢{L'S9!™*, which x 10* M~ cm™), indicating the delocalized nature of the
are intramolecularly antiferromagnetically coupled, affording ligand mixed valency.
the observeds = 0 ground state. The latter molecule is The electronic structures of tetraheddglS = %/,) and of
therefore a singlet diradicalt is remarkable that the square its square planar analogue [Cof;] (S = %) are more
planar species displays an intense LLCT band at 840 nm (4difficult to describe. DFT and correlated ab initio calculations
x 10* M~t cm™Y) which is absent ir. on the latter species have shown that it is not possible to
The electronic structures of the one-electron transfer assign spectroscopic oxidation states describing(&€d")
reduced monoanions, namely the presumably tetrahedralor d’ (Co') electron configuration because the energies of
[Ni"CL'SQELPPY]Y and the square planar [NAL'SQ)((LPP)]L-, ligand orbitals and metal d orbitals are very similan
differ also significantly despite the fact that both possess an particular, the out-of-plane orbital Zphas almost equal
S = Y/, ground state. It has been shown previotitiat the contributions from the Co 3gand the by ligand fragment
square planar monoanion displays an intense IVCT band inorbital. The electronic structure of [C),] (S = Y/,) has
the NIR at 1120 nm (1.% 10* M~1 cm™1) which is absent  been denoted by the following three resonance structures:
in 1-. The excess electron has been shown to be delocalized
over both ligands (class Ill ligand mixed valency). Its [CO" CL=9CL™)] < [Co" (L™)(L'SY] = [Co"(CL"Y,]
rhombic EPR signal displays a modergtanisotropy (1.994;
2.007; 2.100). Thus, the electronic structure of this square
planar anion consists of a diamagnetic Ni(ll) ion2laS9)*
a radical, and a¥"P")?" ligand (delocalized). Consequently,
the EPR signal has very little metal character. In contrast,
the EPR spectrum of presumably tetrahedraldisplays a
significantly largerg anisotropy (2.029, 2.190, 2.313). This
and the absence of a IVCT band in the NIR indicate that the

A d® configuration (C#') in a square planar arrangement
gives rise to an intrinsi&, = 1 spin state which is coupled
antiferromagnetically to a single ligand radical. The observed
EPR signal possesses, consequently, a large metal character
and a significang anisotropy (1.9906; 2.0508; 2.8100For
tetrahedral3, the following resonance structures might
explain theS = 3, ground state:

; o — 1 .
electronlc structure of .Wlth. s=1% is to be described as [COIII(SLPDI)(BLISQ)] - [COII(SLIBQ)(SLPDI)]

consisting of a high-spin nickel(ll) ionSi = 1) coupled

antiferromagnetically to a single, a localized '§9)— = where a é configuration (Cd') in a tetrahedral ligand field
radical, and a localized closed-shell dianiofL P2~ gives rise to argc, = 2 state, which is antiferromagnetically
Consequently, the EPR signal exhibits significant metal coupled to a single (localizedjL(S9)*~* x radical affording
character. the S = 3/,, or alternatively, where a’atonfiguration (C8)

Although experimental data are not available, we propose in a tetrahedral ligand field gives rise to & = %> ground
that the dication [Ni(3L'BQ),]2*, if tetrahedral, possesses an state (note that both ligands are now of the closed-shell type).
S ,TzllB%rogfd state Wllereas the square planar dication  acknowledgment. We thank the Fonds der Chemischen
[Ni(2L'BR),] _ hgs an§ = 0 ground state. Similarly, thg Industrie for financial support.
tetrahedral dianion [N{(LP""),]?>~ should be paramagnetic
(S = 1) whereas square planar [NiLPP),] is diamagnetic. Supporting Information Available: X-ray crystallographic files
Interestingly, the square planar monocation'[Rli'8Q)- for compoundsl and 3. This material is available free of charge
(2L'SQ)]*+ is electrochemically accessiBlehereas tetrahedral V12 the Internet at fhttp://pubs.acs.org.
[Ni"((L'™BQ)(3L'S)]** is not. The electronic spectrum of the 1C060242L
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