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The reaction of the ligand 2-(2-trifluoromethyl)anilino-4,6-di-tert-butylphenol, Ho(:L""), and PdCl, (2:1) in the presence
of air and excess NEt; in CH,Cl, produced blue-green crystals of diamagnetic [Pd"(*L'SQ);] (1), where (*L'SQ)*~
represents the o-iminobenzosemiquinonate(1-) s radical anion of the aromatic (*L"")?~ dianion. The diamagnetic
complex 1 was chemically oxidized with 1 equiv of Ag(BF4), affording red-brown crystals of paramagnetic (S = /,)
[Pd"(1L'SQ)(L'BQ)](BF,) (2), and one-electron reduction with cobaltocene yielded paramagnetic (S = Y,) green crystals
of [Cp.Co][Pd"(*L'SQ)(IL")] (3); (*L'BQ)° represents the neutral, diamagnetic quinone form. Complex 1 was oxidized
with 2 equiv of [NO]BF,4, affording green crystals of diamagnetic [Pd"(*L'®Q),]s(BF4)4{ (BF4);:H} 2-4CH.Cl, (5). Oxidation
of [NI"(*L'SQ),] (S = 0) in CH,Cl, solution with 2 equiv of Ag(ClO,) generated crystals of [Ni"(1L'8Q),(ClO4),]-2CH,Cl,
(6) with an S = 1 ground state. Complexes 1-5 constitute a five-membered complete electron-transfer series,
[PA(*L),]" (n = 2—, 1-, 0, 1+, 2+), where only species 4, namely, diamagnetic [Pd"(*L"),]>~, has not been isolated;
they are interrelated by four reversible one-electron-transfer waves in the cyclic voltammogram. Complexes 1, 2,
3, 5, and 6 have been characterized by X-ray crystallography at 100 K, which establishes that the redox processes
are ligand centered. Species 2 and 3 exhibit ligand mixed valency: [Pd"(*L'SQ)(:L'B)]* has localized (*L'®9)° and
(*L'SQ)*~ ligands in the solid state, whereas in [Pd"(*L'S?)(L"")]~ the excess electron is delocalized over both ligands
in the solid-state structure of 3. Electronic and electron spin resonance spectra are reported, and the electronic

structures of all members of this electron-transfer series are established.

Introduction

Square planar complexes of the type'iid),]", where L
represents a redox-noninnocent derivativeogfhenylene-
diamidel 2 (CeH4(NH),)2~10 or of o-iminophenolate,
(CeH4sO(NH))?>10, and M' is a divalent metal ion with a
d® electron configuration as in NiPd', and Pt,*®are known
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to form a complete five-membered electron-transfer series
with n=2—, 1—, 0, 1+, and 2+. In this work we designate
the oxidation level of the ligands as is depicted in Chart 1:
the aromatic, closed-shell, dianonic forms are abbreviated
as (LP)2~; their monoanionic, open-shell radical forms are
(L'S9~, and the closed-shell neutral forms are?@)°.

It has recently been established by density functional
theoretical (DFT) and ab initio calculations that the electronic
structure of the neutral complexes [Mt®),] is that of a
singlet diradical where two (£9)*~  radicals are coordinated
to a diamagnetic divalent central metal hThe spins of

(5) Sun, X.; Chun, H.; Hildenbrand, K.; Bothe, E.; Weyhétewy T.;
Neese, F.; Wieghardt, Khorg. Chem.2002 41, 4295.
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Chart 1. Ligands and Oxidation Levels Chart 2. Complexes
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The diamagnetic dianions [M(%);]>~ have been de-
scribed? as species containing a divaleritrdetal ion =
0 in a square planar environment) and two bidentate aromatic
(closed-shell) dianions (B)?~. The crystal structure of
diamagnetic [PHbpy)@L'")]° has recently been reportéd,
which confirms the presence of a singf'f)>" ligand and
its aromatic character therein and a neutral-Bjgyridine
ligand.

Similarly, although structural evidence is lacking, the
diamagnetic dications have been propdsédo contain
square planar [M(L'®Q),)?" ions with two closed-shell

structure? The metrical details, i.e., the-€C and C-N bond
lengths, were found to be intermediate between &)L
and an (IBQ)° ligand.

Here we report the synthesis of four members of such an
electron-transfer series as solid materials and report the
crystal structures of these, namely,19f2, 3, and5. These
are shown in Chart 2. We have also obtained the neutral
complex [Ni'(*L'BR)»(ClO,),]-2CH,ClI, (6), the structure of
which is also reported here. This complex is similar to'[Ni

quinone-type ligands and a diamagnetic central metal ion. (tren)€L29))(PFs)2, which also contains a single quinone

C 9 . ; : .~ "ligand, *L'BQ,
The most intriguing and electronically interesting species
are the paramagnetic monoanions and monocations of theexperimental Section
series, which both possess &n= !/, ground state. It has ) ) - ]
been proposéds that the former is best described as Tlhtlepllgand 2-(2-tr|f|uoromethyl)anlI|r10-4,6-de!'t-butylphenol,
[MI(LISQ(LIP)]~ and the latter is [M(L'SQ)(L'BQ)]*. Thus, Hx(*L'P), has been prepared as described previously.

: . . . [Pd"(1L'SQ),] (1). A solution of the ligand H*L'P) (1.46 g, 4.0
in a formal sense we are dealing with a case of mixed valencymmol) triethylamine (0.8 mL), and anhydrous Pg(.35 g, 2.0
of the two ligands, which, in principle, can comprise a ’ ' '

. ] mmol) in acetonitrile (25 mL) was stirred under an Ar blanketing
localized or delocalized excess electron. atmosphere with heating to reflux for 1 h. After this time the
To the best of our knowledge no mononuclear square solution was cooled to 28C and stirred fo2 h in thepresence of
planar monocationic form of this class of complexes has beenair. A blue-green precipitate formed within 12 h which was collected
structurally characterized to date. This is due to their by filtration and recrystallized from a diethyl ether/methanol mixture

tendency to form diamagnetic dimers with a weak-NNi (1:1 v/v), yielding blue crystals of X-ray quality. Yield: 0.45 g
or Pt--Pt bond at~3.0 A2 Some of these have recently been (30%). EI-MS: m/z = 832 {M — H}* (100). Anal. Calcd for
structurally characterized, and it was found that the four (CziH2aNOR;).Pd: C, 60.57; H, 5.81; N, 3.37; Pd, 12.8. Found:
ligands in such a dimer are within experimental error C 60-4i H. 5.8: N, 3.4; Pd, 12.9H NMR (CDClz, 400 MHz,
identical, which is indicative of a delocalized electronic

(8) Min, K. S.; Weyherniller, T.; Wieghardt, K.Dalton Trans.2003

1126.
(7) Ghosh, P.; Begum, A.; Herebian, D.; Bothe, E.; Hildenbrand, K.;  (9) Bill, E.; Bothe, E.; Chaudhuri, P.; Chlopek, K.; Herebian, D.; Kokatam,
Weyhernilier, T.; Wieghardt, K.Angew. Chem., Int. EQR003 42, S.; Ray, K.; Weyheriller, T.; Neese, F.; Wieghardt, KChem—
563. Eur. J.2005 204.
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Characterization of Members of the Series [P(L),),]"

Table 1. Crystallographic Data fot, 2, 3, 5:0.67HBFR-1.33CHCl, and6-2CH,Cl,»

empirical formula
fw
space group
a,
b, A
c, A
o, deg
B, deg
v, deg
LA
A
T, K
Pcalca 9 cni3
no. of refins collected/nax
no. of unique refind/> 2a(1)
no. of params/restraints
u, ey, A
R13/GOP
WRZ (I > 20(1))
residual density, e A3

1 2 3 50.67HBFR*1.33CHCl, 6:2CH,Cl;

GoHagFeN20Pd  CioHagBF10N20Pd  GioHssCORsN20Pd Gz sdHs.3B2.61Cla.6F16.6MN202Pd  CiaHs2CleFsN2NiO10
833.22 920.03 1022.33 1178.62 1154.29
P2(1)h, No. 14  C2/c, No. 15 P1, No. 1 P1, No. 2 P2(1)h, No. 14
11.1042(3) 21.5769(6) 10.1173(6) 13.5833(5) 12.8217(3)
8.1767(3) 13.2251(3) 10.4874(6) 16.8101(7) 15.1119(3)
21.8740(5) 30.9126(8) 12.6206(6) 18.3743(7) 13.2926(3)
90 ) 67.012(5) 78.548(5) 90
91.81(1) 95.586(5) 73.738(5) 72.946(5) 98.210(5)
90 ) 88.769(5) 78.209(5) 90
1985.1(2) 8779.2(4) 1177.6(1) 3883.1(3) 2549.2(1)
2 8 1 3
100(2) 100(2) 100(2) 100(2) 100(2)
1.394 1.392 1.442 1.512 1.504
11753/137.9 76289/56.6 31169/62.0 54535/55.0 48195/62.0
3436/3322 10873/8927 14161/13937 17684/15319 8089/6451

242/0 535/0 604/147 1012/415 335/0

43.27/1.54178
0.0464/1.151

0.1352

+1.75/0.65

5.01/0.71073
0.0482/1.140

0.0819

+0.81+0.74

8.00/0.71073
0.0300/1.024
0.0736
+1.79+-0.68

5.93/0.71073
0.0568/1.128
0.1331
+1.18+1.28

7.73/0.71073
0.0423/1.029
0.0984
+0.81+1.02

aQbservation criteriond] > 20(1). RL= Y ||Fo| — |Fc||/S|Fol. P GOF = [J[W(Fo? = FAZ/(n — p)]¥2 cWR2 = [J[W(Fe? = FA/S[W(FeA)?]] Y2 where

w = 102(F2) + (@P)? + bP [P = (F¢? + 2FA)/3].

300 K): ¢ = 1.01 (s, 18H); 1.08 (s, 18H); 6.03 (s, 2H); 6.63 (br,

2H); 7.48 (t, 4H); 7.65 (t, 2H); 7.77 (d, 2H).

[Pd" (AL'BQ)(IL'SQ)](BF4) (2). To a solution ofl (0.09 g, 0.11
mmol) in CH,CI; (15 mL) was added Ag(Bff (21 mg; 0.11 mmol)

recrystallized from a CkCl,/n-hexane mixture (1:2 v/v). Yield:

0.12 g (40%). ESI-MS: positive ion modeyz = 883.3 (100 M

under an Ar blanketing atmosphere. The mixture was stirred at 20 Ni, 4.9.

°C for 2 h and then filtered (removal of metallic Ag). Then the

- C|O4}Jr Anal. Calcd for Ni(Q1H24NOF3)2(C|O4)2'2CHQC|2: C,
45.87; H, 4.55; N, 2.43; Ni, 5.09. Found: C, 46.1; H, 4.7; N, 2.3;

X-ray Crystallographic Data Collection and Refinement of

solvent was removed by rotary evaporation under reduced pressurethe Structures. Dark green single crystals 8fand5 and deep red

and the red-brown solid obtained was recrystallized from a-CH
Clo/n-hexane mixture (1:3). Yield: 0.07 g (70%). ESI-MS (&H
Cl, solution): positive ion modeywz = 832.2{ M} (100); negative
ion moden/z= 87.3 (100) BR . Anal. Calcd for [(GiH24NOFRs),-
PdI|BF;: C, 54.84; H, 5.22; N, 3.04; Pd, 11.53. Found: C, 54.7;

H, 5.0; N, 2.9; Pd, 11.3.

[Cp2Co][Pd" (L'SQ)(L'P)] (3). To a deaerated solution tf(0.16
g, 0.19 mmol) in CHCI, (15 mL) was added cobaltocene, [Ep
Co] (36 mg, 0.19 mmol), under an Ar blanketing atmosphere. After
the solution was stirred faol h at 10°C, a green precipitate was
obtained which was collected by filtration and recrystallized from
a CHCN/diethyl ether mixture (1:3 v/v). Yield: 0.12 g (61%).
ESI-MS (CHCI; solution): positive ion modey/z = 188.9 (100)
{CpCa} ; negative ion modem/z = 832.5 (100){ M} ~. Anal.
Calcd for [Co(GHs)2][Pd(CxiH24NORs)]: C, 61.16; H, 5.72; N,
2.74; Pd, 10.38. Found: C, 61.1; H, 5.6; N, 2.8; Pd, 10.3.

[Pd" (AL'BQ),]3(BF4)4{ (BF4)2H} 2:4CH,Cl; (5). To a deaerated
solution of1 (0.075 g, 0.09 mmol) in CKCl, (15 mL) was added
[NO]BF,4 (23 mg, 0.19 mmol) under an Ar blanketing atmosphere.
It is noted that the crude, commercially available (Aldrich) [NO]-
BF, was used, which is contaminated with HF. The solution was
stirred at 20°C for 3 h. The reaction volume was reduced to half
by slow evaporation of the solvent, amehexane (15 mL) was
added. The solution was allowed to stand-a0 °C for 12 h. The
green precipitate was filtered off and recrystallized from a,CH
Cly/n-hexane mixture (1:3 v/v). Yield: 0.06 g-60%). Anal. Calcd
for [Pd(GuH24NOFs)2]3(BF4)a{ (BF4)2H} 2r4CH,Cly: C, 46.48; H,
4.56; N, 2.50; Pd, 9.47. Found: C, 46.9; H, 4.7; N, 2.5; Pd, 9.56.

[Ni" (IL'BQ),(ClO4)2]-2CH,CI; (6). To a deaerated solution of
[Ni('L'S9),] (0.25 g, 0.32 mmol) in CkCl, (30 mL) was added
solid AgCIO-H,0 (0.13 g, 0.64 mmol) under an Ar blanketing
atmosphere. The mixture was stirred at’#0for 2 h and was then
filtered (removal of A§). After removal of the solvent by rotary

crystals of 2 and 6 were coated with perfluoropolyether and
immediately mounted in the nitrogen cold stream (100 K) of a
Nonius Kappa-CCD diffractometer equipped with a Mo target
rotating-anode X-ray source and a graphite monochromator (Mo
Ka, A = 0.71073 A). A dark red crystal of was measured on a
Bruker SMART diffractometer, equipped with a copper rotating
anode at 100 K (Cu &, A = 1.54178 A). Final cell constants were
obtained from least-squares fits of all measured reflections. Crystal
faces of3, 5, and6 were determined, and the corresponding intensity
data were corrected for absorption using the Gaussian-type routine
embedded in XPREP.Data setl was corrected using the program
SADABS ! Crystallographic data of the compounds are listed in
Table 1. The Siemens ShelX¥Lsoftware package was used for

solution and artwork of the structure; ShelX1!9Was used for the

refinement. The structures were readily solved by direct and
Patterson methods and subsequent difference Fourier techniques.
All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms attached to carbon atoms were placed at calculated positions
and refined as riding atoms with isotropic displacement parameters.
In a first attempt, complex was refined in centrosymmetric
space groul (No. 2), but this refinement suffered from disorder
of (trifluoromethyl)phenyl groups (PhGJof the anion and severe
disorder of the cobaltocenium cation, each of them residing on a
center of inversion. A closer inspection of the structure revealed
that the disorder of the cation disappears upon refinement in the
chiral space groupl (No. 1). Refinement of the disordered PhCF
groups of the anion clearly showed that the occupation factors for
both PhCE units were different on either side of tpeeudver-
sion center (52:48 vs 87:13). The geometry of the phenyl rings
was fixed using AFIX 66; the GFgroup, N-Crrenldistances, and

(10) ShelXTL V.5, Siemens Analytical X-Ray Instruments, Inc., Madison,
WI, 1994.
(11) SADABS 2004, Bruker Nonius, Delft, The Netherlands, 2004.

evaporation under reduced pressure the red-orange residue wagl2) Sheldrick, G. M. ShelXL97, Universit&attingen, Germany, 1997.
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Figure 1. Cyclic voltammogram of [PHL'SQ);] (1) in CH,Cl, solution 1000 1500 2000

containing 0.10 M [N-buy]PFs as supporting electrolyte. Conditions: 20 A, NM
°C, glassy carbon working electrode, scan rate 100 m¥ ferrocene

internal standard. Figure 2. Electronic spectra of (solid line), its electrochemically one-

electron-oxidized form [PdAL)2]* (2) (dashed line), and its one-electron-
) ) reduced form [Pd{)2]*~ (3) (dotted line) in CHCI; solution (0.20 M [N@-
thermal displacement parameters of “chemically equal” atoms of bu)]PFs) at 20°C.
both PhCE groups were restrained by SADI and EADP instructions.

The structure is probably most accurately described as a racemicl@ble 2. Electronic Spectra of the Complexes in &H Solution

twin consisting of two rotamers with respect to the orientation of  complex Amax NM €, M~1s71)

the Ch groups. 1 871 (2.7x 10%), 546 (0.2x 10%), 403 sh (0.2« 10%)
Compound5 crystallizes in space groupl. The asymmetric 2 1986 (2.5x 10%, 1432 (0.23x 10,1173 (0.2x 10%,

unit consists of two crystallographically independent complex 875 (0.3x 107), 507 (1.3x 109)

cations of thesyn and anti-rotamers, the latter lying on a center 152252';1X01£<4)’13472 (0.13x 107, 615 (0.21x 107),

of inversion, four fully occupied “BEpositions”, and two CkCl, 42 592 (ij(l'oﬁl), 352; (1.3x 109

molecules of crystallization. Two Bfpositions were found to be 5b 625 (0.25x 10%), 394 (1.8x 10%), 331 (1.8x 10%)

in close proximity of F(201), having shortFF contacts at 2.57 A 6 480 (0.5x 107), 350 sh (0.4x10%)

(F(201)--F(303)) and 2.69 A (F(202)F(104)). A close inspection aRefers to the electrochemically generated dianion" (Rdf),]2~.

of F(201) revealed a weak density peak at a distance of 0.9 A which b Refers to the electrochemically generated dicati0ﬁ|mﬂPQ)2] 2+,

was assigned to a hydrogen. The assignment is supported by the _ ) ) o o

fact that the F-H vector points directly to the neighboring F(303). ~ established that is twice one-electron-oxidized, yielding a
Therefore, the unit cell contains three complex dications, six BF mono- and a dication, and twice one-electron-reduced,
anions, 2 mol of HBE, and four molecules of CiLl,. The two yielding a mono- and dianion. Thus, a complete electron-
BF, anions involved in the hydrogen bonding to HBkere found transfer series consisting of five species'[Pd),]" (n =

to be disordered and were split on two positions:Band F-F 2+, 1+, 0, 1-, 2-) has been established as has been

distances were restrained to be equal within error (SADI). Equal previously done for [Pd(),] with quite similarEy, values
thermal displacement parameters were given to the correspondingmc +0.47.40.08.—0.99. and—1.40%

parts (EADP). A CHCI, molecule (C(600)) was likewise split on . - .
two positions. C-Cl and CHCI distances were restrained using The electronic spectrum df(shown in Figure 2; see also

SADI and EADP instructions. The coordinated Gl@nion of Table 2) gxhibits a very intense spin- and dipole-allowed
compounds was found to be disordered on two positions with equal 19and-to-ligand charge-transfer band (LLCT) at 871 rem (

occupation factors. Equal anisotropic displacement parameters were— 2-? x 10¢ Ml_l cm). ) o
attributed to corresponding atoms. This absorption band is characteristic for all square planar

[M"(L*);] complexes-3
Results

Ph' Ph' *
Syntheses and CharacterizationWhen a solution of /A\P""/Ojéy hev N\W"’Djé\/
ligand H('L'P) and excess NEtreacted with PdGlin y\<}[°/ ¥ 7\@[0/ W
acetonitrile in the presence of air, a deep blue-green e "
precipitate of the square planar, neutral compleX (f¢FQ),]
(1) was obtained. The compound is diamagnetic as judged Since the coulometric measurements on,Chisolutions
from its normal'H NMR spectrum (see the Experimental of 1 clearly showed that the reduced and oxidized forms are
Section). The corresponding complex [Rdf9),] has been  stable at ambient temperature for many hours, we attempted
described previousl$. to generate these forms chemically by using silver ions or
Figure 1 displays the cyclic voltammogram bin CH,- [NO]BF,4 as oxidant and cobaltocene as reductant. Thus,
Cl; solution containing 0.10 M [N¢bu)]PFs as supporting oxidation of 1 with 1 equiv of AgBFR in CH,CI, solution
electrolyte and a glassy carbon working electrode. All produced a red-brown solid of [PAL'SQ)(XL'BQ)](BF4) (2).
potentials are referenced vs the ferrocenium/ferrocene coupléMolar magnetic susceptibility measurements in the range
(Fct/Fc). Four reversible one-electron-transfer waves are 4—300 K revealed a temperature-independent magnetic
observed aE,, values of+0.65,+0.17,—1.01, and—1.54 moment of 1.7ug, indicating a paramagnet&= 1/, ground
V vs Fc/Fc. Controlled-potential coulometric measurements state for2. The X-band EPR spectrum @fin frozen CH-

3712 Inorganic Chemistry, Vol. 44, No. 10, 2005



Characterization of Members of the Series [IP(L),),]"

Cl, at 10 K displays a narrow signal gt, = 2.0007 (width
10 mT) which is typical for square planar monocationic
species [M(L)]* (see Table 5 in ref 2). This confirms tige
= 1/, ground state and indicates that the unpaired electron
resides predominantly on a ligand as iHL'¥9". The
electronic structure d? is thus best described as [PdEQ)-
(AL'BQ)]*.

Figure 2 shows the electronic spectrun2d@ee also Table
2). The spectrum is dominated by a very intense “intervalence
band” at 1992 nmq = 2.5 x 10* Mt cm™3).

The intense absorption maximum at 504 nm~1.28 x
10* M~t cm™Y) is characteristic for the presence ofNzD-
coordinatedb-iminobenzoquinone M 'BQ)°, ligand. For the
uncoordinated organic molecule '§2)° in CH,Cl, this
maximum is observedat 488 nm (as well as a shoulder at

396 nm).
Phl
\ e
- el 7
0/ \T/

P

2,4

e, Mem™ X 10°

0,0

T T =
400 600 800 1000
A, NM

Figure 3. Electronic spectra of electrochemically generated 1Pd[2"
(5) (dashed line) and of [PH(),]2~ (4) (solid line) in CHCI, solution (0.20
M [N(n-bu)]PFs).

[Ni"(1L'BQ),(ClOy),]-2CH,CI, (6) were obtained. Its electronic
spectrum shows the presence of @& molecules (Table
2). Temperature-dependent{300 K) magnetic susceptibil-
ity measurements clearly indicate tléas paramagnetic with
anS= 1 ground stateu(50—300 K) = 2.88ug; g = 2.04,
ID| = 5.5 cnTd, TIP = 0.25 x 1072 m® mol™L.

Crystal Structures. The crystal structures df, 2, 3, and

+
hev

s=12 s=12

The reduction ofl with 1 equiv of [CpCd'] (Cp is the
cyclopentadienyl anion) in CiIl, under strictly anaerobic
conditions affords a green precipitate of [Co/''][Pd"- 5, which represent four out of five possible members of the
(*L'S9(L)] (3). Magnetic susceptibility measurements-(4  complete electron-transfer series [PdiLYn = 2—, 1—, 0,

300 K) revealed a temperature-independent magnetic momeny 1 >.+) have been determined by using data sets collected
of 1.7 ug for 3, indicating anS = */, ground state. The  5; 100 K. The structure of the nickel compléxhas also

X-band EPR spectrum &in frozen CHCl, at 10 Kreveals  peen determined. Table 1 summarizes crystallographic data,
a rhombic signal with parametegs = 2.0715,0, = 2.0167, and Table 3 gives selected bond distances.

hev

andgs; = 1.974 @so = 2.021). Similar signals have been In 1, 2, 3, and5 the palladium(ll) ions are alwayl,0-

in Figure 2 shows the expected intense intervalence ba”d(s)wedra,transPngOZ. Figure 4 displays the structures of (a)
and C-O bond distances of the ligands vary significantly

dianion [PAd(*L'");]2~ (4) have failed due to the extreme (L'P)?", (2) [Pd'(L'S9),]* and [Ni'(tren)fL'SY)](CIO.,) for the

relatively intense ligand-to-metal charge-transfer band is The following markers can be identified on going from

[NO]BF, in CH,Cl, successfully generated green, diamag- =+ 0.01 and finally to 1.3@: 0.01 A with increasing oxidation

Magnetic susceptibility measurements in the temperatureof (2L'")>~ are nearly equidistant at 1.40% 0.01 A,

reported for many square planar monoanions [M(LYsee  csordinated to two ligands imanspositions relative to each
Table 5 in ref 2). The unpaired electron resides predomi- yiner at various oxidation levels, namelL,'®)2-, (AL'SQ)-,
nantly on the ligand?> The electronic spectrum &fshown or (IL'BQ)°, giving rise to square planar coordination poly-
at 1547 nm (2.8« 10° M~ cm™). the neutral species in crystals df (top) and (b) the
. — monocation in crystals a2.
l x@f/j@* ] In our previous work we had shown that the-C, C—N,
0/ \"‘
e within their varying oxidation level:” Thus, the distances
summarized in Chart 1 were derived from high-quality crystal

All attempts to generate a solid material containing the structures of (1) [(bpy)P¢L'?)]” for the closed-shell dianion
oxygen sensitivity of this species. The electronic spectrum s radical monoanion (€9~ 2 and (3) [Ni'(tren)@L'BQ)]-
of this electrochemically generated dianion has been suc-(PF). for the closed-shell neutral quinone form (trettris-
cessfully recorded and is shown in Figure 3. A single (2-aminoethyl)aminej.
observed at 592 nne & 0.2 x 10* M~ cm1), and no LLCT the N,O-coordinated (f°)?~ dianion to the (159~ monoan-
band is observed at600 nm. ionic 7 radical, and then to the neutral quinofie®?: (a)

In contrast, the two-electron oxidation by 2 equiv of The C-N bond lengths decrease from 1.370.01 to 1.35
netic [Pd (*L'BQ),]3(BF4)4{ (BF4)-H} 2r4CH,Cl, (5). Its elec- level. (b) Similarly, the CG-O bond lengths decrease from
tronic spectrum exhibits two absorption maxima character- 1.35+ 0.01 to 1.30+ 0.01 to 1.24+ 0.01 A. (c) Finally,
istic of 'L'BQ ligands at 625 and 394 nm (Figure 3, Table 2). the six G-C bonds of the aminophenolate six-membered ring
range 4-300 K reveal that possesses a8 = 0 ground
state. Similarly, from the reaction of [Ni'L'S9),] in CH,-

Cl, ® with 2 equiv of AgCIQ-H,O red-orange crystals of

indicating the aromatic character of the phenyl ring. One-
electron oxidation to?('S9)*~ results in two alternating short
C—C bonds at 1.375t 0.01 A of partially double bond
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Table 3. Selected Bond Distances (A) in the Complexes

Kokatam et al.

Fl’h
N
Q o
0
1 2 3 [Pd' (bpy)@L'P)]e 5 6

Pd—N 1.963(2) 2.011(2) 1.966(2) 1.960(2) 1.996(2) (1.974(2)) 1.998(5) 2.049(1)
Pd—O 1.975(2) 1.997(2) 1.974(2) 2.001(2) 1.984(2) (1.968(1)) 2.005(2) 2.080(1)
C2-N 1.354(4) 1.316(3) 1.345(3) 1.377(3) 1.378(3) 1.387(2) 1.301(5) 1.296(2)
C1-0 1.314(4) 1.255(3) 1.313(3) 1.329(3) 1.341(3) 1.348(2) 1.252(5) 1.239(2)
c1-C2 1.437(5) 1.491(3) 1.443(3) 1.422(4) 1.426(4) 1.421(3) 1.506(6) 1.513(2)
Cc2-C3 1.413(4) 1.424(3) 1.417(3) 1.406(4) 1.406(3) 1.395(2) 1.430(6) 1.438(2)
C3-C4 1.377(4) 1.353(3) 1.362(3) 1.388(4) 1.391(4) 1.402(2) 1.350(6) 1.352(2)
c4-C5 1.421(4) 1.478(3) 1.445(3) 1.401(4) 1.400(4) 1.398(3) 1.472(6) 1.473(2)
C5-C6 1.377(4) 1.350(3) 1.376(3) 1.403(4) 1.396(4) 1.405(3) 1.353(6) 1.357(2)
c6-C1 1.427(4) 1.450(3) 1.427(3) 1.426(4) 1.405(4) 1.406(2) 1.447(6) 1.460(2)

aCorresponding bond lengths are given for two crystallographically independent ligands irPfRd(EQ)](BF4) (2) and [Pd(LP)(L'SY)][Cp2Co] (3).

b Averaged valuest Ni—N. 9 Ni—O. ¢ Reference 7.

Figure 4. Structure of the neutral complex [RAL'SQ);] in crystals ofl

(top) and of the monocation [PEL'SQ(IL'BQ)]* in crystals of2. The
structure of the monoanion Biresembles that d and is not shown. The
structural features given in red represent our interpretation of the bonding
situation in the ligands.

character and four longer ones at 1.4880.01 A. This
characteristic distortion is labeled “quinoid-like”. In the
neutral genuine quinone forfl'89, this distortion is more
pronounced with two alternating short<C double bonds
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at 1.36+ 0.01 A and four long &C single bonds, one of
which at 1.52+ 0.01 A being a normal €C single bond.

Using the above criteria for the assignment of oxidation
levels of the two ligands id, it is immediately clear that
two crystgallographically identicatl('S9~ & radical monoan-
ions are present, which affords an oxidation state of Il for
the central metal ion fSq = 0 in a square planar ligand
field). The diamagnetic ground-stafe= 0 is then attained
via very strong intramolecular antiferromagnetic coupling
between the spins of the ligand radicals. Compleis a
diradical with a singlet ground staté>6We also note that
the two crystallographically identical (trifluoromethyl)phenyl
groups inl in trans positions relative to each other are
positioned in such a way that one £§roup is above the
PdL; plane and the other one is below this plameti
rotamer).

The structure of reveals that monocations [H@AL'SQ)-
(*L'™®Q)]* and BR~ anions are present in a 1:1 ratio.
Interestingly, the cation does not possess crystallographically
imposed symmetry; botN,O-coordinated ligands itrans
positions relative to each other are crystallographically
independent. It is remarkable that the ;Gffoups of both
ligands are located on the same side of the Riane gyn
rotamer). Unexpectedly, the-&, C—N, and C-O bond
lengths of both ligandgliffer in a characteristic fashion,
which allows us to assign ligand oxidation levels 435~
for one ligand (N7, O1, C1C6) but!L'B? for the other one
(N37, 031, C31C36). This ligand oxidation level distribu-
tion yields again an oxidation state of Il for the central
palladium ion (8, So4 = 0). The unpaired electron of tf&
=1/, ground state is localized on the single'$Q)*~ ligand;
it is not significantly delocalized over both ligands in the
solid state. This localization in the solid state is due to an
unsymmetrical ion pairing between the cation and the BF
anion. The latter is located above the'®d) plane and
involves a weak F(63)-C(31) interaction at 2.709 A.

It is also noteworthy that the two PdN bond distances
at 1.966+ 0.006 A for the {L'S9~ ligand and at 2.01%



Characterization of Members of the Series [P(L),),]"

Chart 3. (a) Calculated Arithmetic Mean Values of Corresponding
Bond Lengths (A) of the PA('S?)~ and Pd{L'P) Units Given in Chart 1
and (b) Experimental Bond Lengths (A) of the Monoanion
[PA'(AL'SQ(IL'P)]~ in Crystals of3

a) b)

0.006 A for thelL'8Q ligand differ significantly; the same
holds true for the corresponding twoP@ distances at 1.974
+ 0.006 and 1.99% 0.006 A. It is also gratifying that the
dimensions of the P&('SQ) part in bothl and?2 are identical
within experimental error.

The structure o8 consists of monoanions [REL"")(*L'SY]~
and well-separated cobalticenium cations JCg"]" in the
ratio 1:1. The overall structure of the monoanion is very
similar to that of the monocation i Both CF; groups are
on the same side of the Pglplane; bothN,O-coordinated
ligands are crystallographically independent. It is now quite
remarkable that the €C, C—N, and C-O distances of both
ligands in 3 are within experimental error+0.01 A)
identical which is in stark contrast to the structure of the
monocation in2. It is also noteworthy that the averaged )
C—C, C-N, and C-0 bonds in3 do not allow straightfor- Figure 5. Structures of the two dicationic conformers in crystalsSof
ward assignment of the ligand oxidation level using the data The structural features given in red represent our interpretation of the
in Chart 1. Rather, it appears that these distances are clos8°nding situation in the ligands.
to the arithmetic mean between those of (& and (L'SQ)~
as shown in Chart 3. This result implies that the excess
electron in [PY(*L"P)(AL'SQ)]~ is delocalized over both
ligands.

Complexs crystallizes in the triclinic space gro#i with
three [PA(L'BQ),]?* dications and four well-separated BF
anions as well as twd(BF4).H}~ monoanions and four
molecules of CHCI, of crystallization per unit cell. One Pd
ion lies on a center of symmetry, whereas the other two
occupy a symmetry-related general position. Interestingly,
the conformations of the two crystallographically different
dications are not the same (Figure 5): while in the first one
both CF; groups are iranti positions relative to each other,
these are located on the same side of the.Rdne in the Figure 6. Structure of the neutral molecule [NH 'BR),(OCIOs),] in
second. The €0, C—N, and C-C and the PdN and crystals of6. The structural features given in red represent our interpretation
Pd-O distances in both rotamers are within experimental ©°f the bonding situation in the ligands.
error identical. The bond lengths within the ligands agree
nicely with those given in Chart 1 for the quinone oxidation ~ Figure 6 shows the structure of the neutral moleculé{Ni
level, 1L'®Q. Thus, an electronic structure such as'fPd  (*L'®?)2(ClO4)] in crystals of6. Two N,O-coordinatedL '®?
(L'BQ),]2* is established unequivocally by X-ray crystal- ligands are coordinated in an equatorial ptaire trans
lography. The presence of tWdBF4),H} ~ monoanions is positions relative to each other. The axial positions are
clearly established by the short-FF distance of~2.6 A occupied by two oxygen atoms, each from@icoordinated
between two BF groups. A few other examples for the perchlorate anion. This neutral octahedral molecule has an
presence of this anion were identified by a search in the S=1 ground state as expected. The dimensions of the bound
Cambridge X-Ray Crystallographic Data Bdge. 1L'8Q ligands are exactly those given in Chart 1 for such a

quinone-like oxidation level. They are the same as those
(13) Goodfellow, R. G.; Hamon, E. M.; Howard, J. A. K.; Spencer, J. L.; observed in the pl[alLlBQ) part in the monocation o and
Turner, D. G.Chem. Commuril984 1604. in both ligands of the dications i&.
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the electron-transfer series [RH)2)? (z = 2+, 1+, 0, 1—, 2—). The two
highest energy molecular orbitals (see also Figure 7) are considered only.
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Figure 8. Summary of the electronic structures of the five members of
au

Figure 7. The two redox-active MOs of—5. The a MO is lower in
energy, whereas the; MO is higher in energy. In contrast, the same bonding model predicts a)i({®)°

ground state for the monocation [R&L'SQ)(*L'BQ)]* with S
= 1/, which represents a delocalized ligand mixed valence

Discussion case. Since the,aM0 transforms “ungerade” under inver-
The electronic structures of [NLy'S9] and of [Pt- sion,. it cannot mix with any metal d orpital. As pointed out
s ISOve N=Ja) e previously, the lack of metal character in the SOMO of this
(Lo*9a], where (Ly'S9)~ represents theo-diiminoben-  qe|calizedmonocation makes the spitorbit coupling for
zosemiquinonate(t) and (Lo~ the o-iminobenzosemi- gy citeq states with the ground state inefficiehTherefore,

quinonate(t) radical anion, have been calculated by here is little angular momentum in the presumed ground-
(relativistic) density functional theoretical and correlated ab gtate wave function. and the obsengehift is very small
initio methods>**¢It has been shown that their electronic 5nq reflects organic radical character. From the X-ray
structures and that of their monocations and -anions can begirycture determination it is clear tiatannot have an
understood in terms of a simple model which involves only ground state in the solid state since the unpaired electron is
two redox-active molecular orbitals depicted in Figure 7 |ocalized on one (B9~ ligand whereas the other is a closed-
which are basically the symmetric and antisymmetric com- shell quinone'L B2,

bination of the SOMO of the free (uncoordinated) semi-  The fact that in the crystal structure of the monocation in
quinonate(t) ligand. In1, 2, 3, and5 four filled metal d 2 the excess electron is localized on one ligand, namely, the
orbitals of lower energy indicate the presence of a diamag- (2(.'SQ*~ monoanionic radical, is due to the unsymmetrical
netic & configuration of a central nickel(ll) or palladium(ll)  jon pairing in the solid state. The presence of the intense
ion. We propose here that the electronic structures df-[Pd LLCT of 2 in CH,Cl, solutionat 1986 nm ¢ = 2.5 x 10*
(Lo'S9)] (the truncated form ofl), as well as those of the M~ cm) with its very narrow half-width at half-height of
monoanion and -cation and of the dication and -anions, can366 cnt! is more in agreement with classfilbehavior of

be understood analogously as shown in Figure 8. 2in solution?® It is puzzling that one-electron oxidations of
Thus, the diamagnetic dianion [PHF),]?>~ possesses a  [M(3L'SQ),] (M = Ni, Pt), where H(3L'P) represents 3,5-di-
closed-shell configuration, {&(bg)?, with two iminopheno- tert-butyl-o-phenylenediamine and,(L'") is N-phenylo-

late(2-) ligands and a central Pdion. Similarly, the phenylenediamine, yields diamagnetic diméiss-[Ni'-
diamagnetic dication [P'L'B?),]2* consists of two closed-  ((L'SQ(PLBY)]2} 2" and{ cis/trans[Pt(*L'SY(*L'B)];} 2" containing
shell quinone ligands and a central"Pdn. The ground-  weak Ni--Ni and Pt--Pt bonding interactions at 2.800(1)
state configuration possesses ap@UMO which is a and 3.031(4) A, respectivehin these dimers the dimensions
ligandz* orbital. The structural parameters ®support this of the four organic ligands were found to be identical; they

interpretation. are the arithmetic mean of the two formsS®+~ and L'B?.

The monoanion [PH'L'SQ(L'P)]~ possesses anfé(bg)* This indicates that now the one excess electron per half-
ground state which transforms “gerade” under inverdion. dimer is delocalized over both ligands. The nature of the
It, therefore, mixes readily with the out-of-plang drbital M--+M interaction is rather unclear at this point. It is also of

of the Pd(ll) ion and acquires thereby some metal character.interest to note that density functional calculations o {Pt
Since the above ground state mixes readily with energetically (L'S9(L'®9)]* which explicitly included relativistic effects
relatively low-lying d—d excited states, it has a sizable orbital 14) Robin, M. B.. Dy, PAG.1 Chom Radiochoroa7 10, 247

H : H : : onin, M. b.; Day, v. IN0rg. em. Raaioche f , .
angular mpmentum which manlfests itself in the relatlyely (15) (a) Creutz, CProg. Inorg. Chem1983 30, 1. (b) Allen, G. C. Hush,
large g shift observed experimentally for this monoanion. N. S.Prog. Inorg. Chem1967, 8, 357.
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equivalent ligands. (E9*~ and L'®? represent the one- and

two-electron-oxidized forms of the unsubstituteemi- Supporting Information Available: X-ray crystallographic data
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observed for the (E9)*~ and L'BQ forms. Class Ill behavior
with an (a)* SOMO is calculated for the monocatién. 1C048292]
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