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Deprotonation of [NI(H,LY)]I-0.5CHOH (1), where (HLY)~ represents the ligand pentane-2,4-dione Jis(
methylisothiosemicarbazonate), in an ethanol solution of aqueous ammonia under argon affords air-sensitive
red-brown [NI'(HL1)]-C,HsOH (2). Air oxidation of 2 in ethanol/NH yields the paramagnetic green-black
dinuclear species [Ni=LY)Ni] (3) where the ligand (.-L%%" is formed by oxidative €C coupling at the
methine carbon atoms of §)3~. In this formulation the nickel ions are trivalent. Reactior8df ethanol with
concentrated HCI affords red diamagnetic'[{#,L1—L*H)Nill']Cl,-0.5GHsOH (4). This reactions a 2 electron
reduction of3 with concomittant protonation at the ligand. Deprotonatiod of C;HsOH/ammonia under argon
gives red-brown [Ni(HL1—LH)Ni"]-C,HsOH (5). Replacement of th&methyl groups in (A1)~ by two dodecyl
groups, (CH)11CHjs, gives the ligand (bL?)~; the complexes [Ni(H,L?)I (6) and their dinuclear, oxidized forms
[Ni(L2—L?)Ni] (7) have been prepared analogously. The molecular structue(6fgH2gN12Ni>Ss) has been
determined by X-ray crystallography. Crystal data3orspace groufPl with a = 11.475(2) Ab = 13.615(1)

A, c=18.207(6) Ao = 83.87(1}, B = 88.36(1}, y = 72.58(1), V = 2698.7(10) & andZ = 2. The structure
refinement converged tB = 0.066 for 8865 unique reflections. Electronic and NMR spectra, the magnetism,
and electrochemistry of new compounds are reported. It is shown that 3,4-diacetyl-2,5-hexanedioneStetrakis(
alkylisothiosemicarbazonates) are noninnocent ligandsand?7.

Introduction

It is well established that the template condensation reactio
between pentane-2,4-dione (Hacac) agdlkylisothiosemi-
carbazide hydroiodide(1:2) in methanol or ethanol in the

presence of a divalent metal ion produces complexes containing

the ligand pentane-2,4-dionelssflkylisothiosemicarbazone) as

is depicted in Scheme 2L. This ligand possesses a rather
complicated coordination behavior toward redox-active and
inactive transition metal ions because it can exist (i) in various
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protonated forms such as (kf, (LH2)~, (LH)2~, and (L}~

Scheme Band (ii) it can be oxidized by two electrons where
n

again two different protonated forms have been identified){H

and ()~.* Note that (L}~ is formally a 14z-electron andlI()~

is a 12m-electron system. Thus, the ligand which binds via
four nitrogen atoms in a equatorial plane of a given coordination
polyhedron (square planar, square-based pyramidal, octahedral),
belongs to the interesting class of noninnoédigands. This

has recently been demonstrated by the reaction of the square-
based pyramidal complex [P€L)I] with cyanide, which gives
reversibly the octahedral iron(ll) species [Hg)(CN),]~ (for-

mally a reductive addition reactiof).

Furthermore, it has recently been discovérdt oxidative
C—C coupling of two coordinated (LR} ligands constitutes a
new viable reaction path in this chemistry. Thus, the mono-
nuclear nickel(ll) complex [Ni(H,L1)]I-0.5CHOH’ or [Ni'"-
(HzLY)]1%2 (the structure of which is schematically displayed in
Figure 1) was shown to react in an ethanol\NHixture with
dioxygen or iodine with formation of green-black crystals of a

(4) Structurally characterized examples. The complex [A§P&!' (MeL)-
(CN)2]JCH2Cl>H20 has been described in the paper which reports the
structure of [F&(MeL)I]: Knof, U.; Weyherniiler, T.; Wolter, T;
Wieghardt, K.; Bill, E.; Butzlaff, C.; Trautwein, A. XAngew Chem,
Int. Ed. Engl. 1993 32, 1635.
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Scheme 1. Protonation Scheme for the IElectron SystemRL)

Arion et al.

3~ and Its Oxidized 12r-Electron SystemRL)~ 2
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Figure 1. Schematic representation of the molecule"[NLLY)]I in
crystals ofl.

dinuclear species which was formulated as shown below:
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At the timé® it had not been explicitly recognized that in this
formulation the ligand is a hexaanion and thdtthis is the
case-the nickel ions must possess the formal oxidation state

=+IIl. Structurally characterized genuine square-planar nickel-
(1) complexes are quite rafe.They are paramagnetic (low-
spin d). Here we give a detailed report on the structure and
spectroscopic properties of the above complex. We will show
that the dinucleating ligand #=L%)%" is noninnocent and that
oxidation of 2 equiv of [Ni(HL1)]I-0.5CHOH (1) to the green-
black dinuclear species isdeelectron process and not a simple
C—C coupling @e process).

Experimental Section

Abbreviations. The following ligand abbreviations used throughout
this work: HsL?, pentane-2,4-dione bisfnethylisothiosemicarbazone);
HsL2, pentane-2,4-dione biS{dodecylisothiosemicarbazone). The
deprotonated ligand forms are designated as shown in Scheme 1.
HsL1—L*H3; and HL2—L2H; represent the methine carbon atom of
(H.LY)~ and (HL?)~ C—C coupled ligands 3,4-diacetyl-2,5-hexanedione
tetrakis&methylisothiosemicarbazonate) and its dodecyl derivative;
Hacac, pentane-2,4-dione; DMSO, dimethyl sulfoxide. We will
designate the 2e oxidized forms of )by italics (L)~.

Synthesis of Complexes. [Ni(H2LY)]I-0.5CH;OH (1).” A mixture
of Ni(CH3COOQO)-4H,0 (2.5 g, 10.0 mmol)Smethylisothiosemicar-
bazide hydroiodid(4.66 g, 20.0 mmol), and Hacac (1.5 g, 15.0 mmol)
in methanol (40 mL) was heated under reflux for 10 min and allowed
to stand at ambient temperature. Gold-brown needlelike crystals were
collected by filtration, washed with methanol and ether, and dried in
air. Yield 2.5 g (53%). Recrystallization of this product from dry
ethanol gives unsolvated [NHoLY)]l: H NMR ¢ (DMSO-ds) 11.64
(s, 2H, NNH), 7.44 (s, 2H, NH), 5.05 (s, 1H; CH=), 2.63 (s, 6H,
SCH;), 2.31 (s, 6H, Ch); 3C NMR 6 (DMSO-ds) 157.23 (GerS),
145.58 (Ger), 93.41 (CH=), 19.28 (CH), 13.48 (SCH); the assignment
was proven by 2D-NMR spectrdH, *H and'H, 1°C via long-range
couplings); electron impact (El) mass spectromz 330 ([M — HI] ™).

[Ni"(HL1)]-C2.HsOH (2). To a solution ofl (1.0 g; 2.1 mmol) in
ethanol (25 mL) under an argon blanketing atmosphere was added an
aqueous concentrated ammonia solution (2 mL). Red-brown micro-
crystals of2 precipitated which were collected by filtration, washed
with dry ethanol, and dried under argon. The material is air-sensitive.
Yield 0.5 g (63%). Anal. Calcd for GH2:NgNIOS, (fw = 377.1):

(8) (24) Caoallins, T. J.; Nichols, T. R.; Uffelman, E. $.Am Chem Soc
1991 113 4708-4709.
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C, 35.03; H, 5.87; N, 22.28; S, 17.00. Found: C, 34.6; H, 5.7; N,
21.7; S, 17.7.*"H NMR 6 (DMSO-ds) 10.70 (br s, 1H, NNH), 6.10 (br
s, 2H, NH), 4.84 (s, 1H, CH), 4.35 (br s, 1H, OH), 3.45 (g, 2H,
CH,), 2.49 (s, 6H, SCh), 2.20 (s, 6H, CH), 1.06 (t, 3H, CH); 13C
NMR 6 (DMSO-ds) 154.78 (GerS), 143.07 (Gn), 92.29 (CH=), 56.02
(CH,, EtOH), 19.53 (CH), 18.53 (CH, EtOH), 14.04 (SCH); electron
impact (El) mass spectrum/z330 ([M]*).

[Ni(L *=LY)Ni] (3). An aqueous concentrated ammonia solution (3.5
mL) was added to a solution df (1.4 g; 2.9 mmol) in ethanol (80
mL) at 60-70 °C. The filtered red solution was allowed to stand at
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Table 1. Crystallographic Data foB

formula QgHngilez& Z 4_

fw 658.1 space group P1

a A 11.475(2) T,°C 20

b, A 13.615(1) A 0.710 69
c, A 18.207(6) Ocale g €T3 1.62

o, deg 83.87(1) u, cmt 17.33

p, deg 88.36(1) R2 0.066

y, deg 72.58(1) R.° 0.188

*R= 3 (|Fol = Fel)/Z(IFol). ® Ry = [YW(|Fol* = [Fel) 3 (IFo*)TM2

ambient temperature in an open vessel in the presence of air for 24 hy, — 1/[5%(F ) + 0.108 + 7.40(P], whereP = (F,2 + 2F2)/3.

after which time a dark green precipitate had formed. Recrystallization

from CH,Cl, (250 mL) saturated with-pentane produced green-black

crystals of3 which were suitable for X-ray crystallography. Yield 0.68

g (70%). Anal. Calcd foB, CigH2gN12Ni-Ss (fw = 658.1): C, 32.85;

H, 4.29; N, 25.54. Found: C, 32.5; H, 4.3; N, 25.2. Fast atom

bombardment (FAB) mass spectruniz658 ([M + 2H]*).
[Ni"(HoL1—L™H2)Ni"]Cl,:0.5CGHsOH (4). Concentrated hydro-

chloric acid (0.3 mL) in ethanol (20 mL) was added dropwise at ambient

temperature to an ethanol solution (50 mL)3qf0.5 g; 0.76 mmol). A

were recorded on a Bruker AC 270 and AM 400 spectrometer operating
at 270 and 400 MHz, respectively. Chemical shifts ¥arand 1°C
NMR spectra were referenced to residdél and 1C present in
deuterated solvents. Solid state CP/MAE NMR spectra were
measured on a Bruker MSL-300 spectrometer equiped with CP/MAS
double-bearing probe and a Bruker BV-1000 temperature control unit.
ZrO; rotors (7 mm o.d.) completely or partially filled (when necessary
under argon) were spun at spin rates of 4 kHz. External standards

color change from green to red was observed. After the reaction volume were adamantane fiC CP/MAS spectrayrus (CHy) 38.40. A typical

was reduced to~%; under reduced pressure, red microcrystals
precipitated which were collected by filtration, washed with ethanol,
and air-dried. Yield 0.15 g (26%). Anal. Calcd fordB3sCloN1o-
Ni,OpsSs (fw = 756.1): C, 30.18; H, 4.67; N, 22.23; Cl, 9.38.
Found: C, 29.7; H, 4.4; N, 22.6; Cl, 9.#H NMR 6 (DMSO-dg) 11.65
(br s, 4H, NNH), 8.50 (s, 4H, NH), 3-83.4 (br s, 0.5H, OH), 3.42 (q,
1H, CH), 2.66 (s, 12H, SCh), 1.97 (s, 12H, Ch), 1.04 (t, 1.5H, CH);
13C NMR 6 (DMSO-dg) 156.97 (GerS), 147.26 (Gn), 102.41 ¢-C),
55.97 (CH, EtOH), 18.14 (CH), 18.52 (CH, EtOH), 13.79 (SCh);
electrospray ionization (ESI) mass spectronz 330 ([M — 2CIJ?").
[Ni"(HL *=L*H)Ni"]-C,HsOH (5). Complex4 (0.55 g, 0.73 mmol)
was deprotonated in an ethanol solution (8 mL) under an argon

blanketing atmosphere with aqueous concentrated ammonia (1.0 mL).

A red-brown microcrystalline precipitate formed which was collected
by filtration, washed with deoxygenated ethanol, and dried under argon.
This material is very air-sensitive. Yield 0.15 g (29%). Anal. Calcd
for CooHzeN12Ni,OS (fw = 706.2): C, 34.01; H, 5.14; N, 23.80.
Found: C, 34.4; H, 4.8; N, 23.7*H NMR 6 (DMSO-ds) 11.04 (br s,
2H, NNH), 6.40 (br s, 4H, NH), 4.33 (br s, 1H, OH), 3.42 (g, 2H,
CHy), 2.49 (s, 12H, SCH), 1.98 (s, 12H, Ch), 1.04 (t, 3H, CH).
[Ni"(H.L?)I (6). To a solution of Ni(CHCOO)-4H,0 (1.25¢, 5.0
mmol) in ethanol (15 mL) were addeidodecylisothiosemicarbazide
hydroiodide (3.87 g, 10.0 mmol) in ethanol (15 mL) and Hacac (0.5 g,
5.0 mmol). This solution was heated under reflux for 10 min and

90° pulse for'H was~4 us. Absorption spectra were recorded on a
Perkin-Elmer Lambda 19 spectrophotometer. Cyclic voltammetric
measurements were performed using an EG&G Model 273A poten-
tiostat. A three-electrode cell was used consisting of a glassy carbon
working electrode, a platinum counter electrode, and a Ag/AgCl/
saturated LiCI(EtOH) reference electrode. Ferrocene was used as
internal standard. Deaeration of all solutions was accomplished by
passing a stream of high-purity argon through the solution for 10 min
prior to the measurements and then maintaining a blanketing atmosphere
of argon over the solution during the measurements.

Crystal Structure Determination. X-ray diffraction measurements
were performed on a Enraf-Nonius CAD4 diffractometer, using
graphite-monochromated Mo K radiation. Crystal data and data
collection parameters are given in Table 1. Intensities were measured
in the w/26 scan mode and were corrected for decay of three control
reflections (less than 5%), controlled every hour and for Lorentz and
polarization effects. An empirical absorption correctigngcan) was
applied (transmission, minimum 0.911; maximum 1.000). The nickel
atoms were located by conventional Patterson synthesis, and the
remaining non-hydrogen atoms were located by successive difference
Fourier syntheses. Some of the imine H atoms were located in the
final difference Fourier synthesis; all others were placed at calculated
positions. Two of the eight terminal thiomethyl groups are disordered.
The final difference map has relatively high residual peaks and holes

allowed to stand at ambient temperature. Brown crystals were collected (of the order+2.4 to —2.7 e A) associated with the disorder in

by filtration, washed with ethanol and ether, and dried in air. Yield
2.2 9 (57%). Anal. Calcd for GHsiNgNIIS, (fw = 767.6): C, 48.51;

H, 8.01; N, 10.95. Found: C, 48.2; H, 8.0; N, 10.94 NMR ¢
(DMSO-ds) 11.66 (s, 2H, NNH), 7.57 (s, 2H, NH), 5.08 (s, 1H, €}
3.18 (t, 4H, SCH), 2.25 (s, 6H, CH), 1.63 (m, 4H, CH), 1.21 (br s,
36H, CH,), 0.83 (t, 6H, CH). The solution ofS-dodecylisothiosemi-

molecule3B which was not resolved. Although it is possible to split
atoms C24 and C33 (but not S8), this did not improve the fitvahlue
or diminish the estimated standard deviations, and therefore, we did
not use the split atom model. Attempts to obtain a low-temperature
data set failed as the crystal shattered upon cooling.

The function minimized during full-matrix least-squares refinement

carbazide hydroiodide in ethanol was obtained by heating a mixture of wasyw{|F,| — |F¢|}2 Details of the computer programs used are given
thiosemicarbazide (0.91 g, 10.0 mmol) and dodecyl iodide (2.96 g, 10.0 in ref 9. Neutral-atom scattering factors and anomalous dispersion
mmol) in dry ethanol (15 mL) until complete dissolution of the reactants corrections for non-hydrogen atoms were taken from ref 10. For further

was observed.
[Ni(L 2-L?)Ni] (7). To a warm ethanol solution (40 mL) 6f(1.4 g,

details of the crystal structure determination and final atomic coordinates
and equivalent isotropic thermal parameters, see Supporting Information.

1.8 mmol) was added an aqueous concentrated ammonia solution (1.8

mL). After filtration, the red solution was allowed to stand in an open

vessel in the presence of air of 24 h during which time a green-black
microcrystalline precipitate formed which was recrystallized from

acetone. Yield 0.85 g (73%). Anal. Calcd fogH11dN12Ni>Ss (fw

= 1275.3): C, 58.39; H, 9.17; N, 13.8; S, 10.06. Found: C, 58.0; H,
9.0; N, 12.9; S, 10.4. ESI mass spectromz 1272 ([M]).

Physical Measurements. Infrared spectra were recorded on a
Perkin-Elmer 2000FT-IR as KBr disks (400@00 cnTl). Magnetic
susceptibility measurements of well-ground solid samples were per-
formed on a SQUID magnetometer (Quantum Design Model MPMS).

Diamagnetic corrections were made by use of tabulated Pascal's
constants. Fast atom bombardment mass spectra of solid samples in 10

o-nitrobenzaldehyde matrix were obtained by using Varian MAT 311A
and Varian MAT 95 spectrometers. Solutitthand3C NMR spectra

Results

Synthesis and Characterization of Complexes.Scheme 2

summarizes the synthetic routes to new complexes. The

(9) Computer programs used. Data reduction: DATAP, Coppens, P.;
Leiserowitz, L.; Rabinovich, DActa Crystallogr 1965 18, 1035.
Structure solution: SHELXS-86, Sheldrick, G. Mcta Crystallogr
199Q A46, 467. Structure refinement: Sheldrick, G. M. SHELXL-
93, Program for crystal structure refinement, University 6ftiagen,
Gattingen, Germany, 1993. Molecular diagrams: ORTEP, Johnson,
C. K. Report ORNL-5138, Oak Ridge National Laboratory, Oak Ridge,
TN, 1976. Computer: Alpha 3000-700.

Scattering factorsinternational Tables for X-ray Crystallography
Kluwer Academic Press: Dordrecht, The Netherlands, 1992; Vol. C,
Tables 4.2.6.8 and 6.1.1.4.
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Scheme 2. Syntheses of Complexes

il 1. CH50H/NH i Ty,
[Nill(H,L1)JI-1/2CH,0H 1 4%arg°n [NI'(HL")].C,HsOH 2
Ni"(HoL2)] 6

CoHsOH/NH
22 + 0, 25T NILILYNIY 3 4 2HR0
CoHsOH/NH
26 + 0, T8 NiQ2LRNil] 7 + 2H,0
3 MO oL Hp NGl - 1/2C5HEOH 4
HCl

argon 3

o)
INI'HL'-LTH)Nl!}CoH5OH 5 Q

template reaction of Ni(CKCOO)-4H,0O with pentane-2,4-
dione,S-alkylisothiosemicarbazide hydroiodfig :1:2) in metha-
nol produces in good yields the red complex'fiNi;L1)]1 -0.5CHs-
OH (1).” The structure of [Ni(H,L1)]I%@ obtained by re-
crystallization of1 is shown in Figure 1. The diamagnetic

C2HsOH/NH3 | 0o
l CoHsOH/NH3

Arion et al.

)

The product3 consists of a dinuclear neutral species [N#L
LYNi] as was determined by X-ray crystallography (see below).
Oxidative C-C coupling at the methine carbon atoms of the
ligand has taken place. This is formall 2 electron oxidation

21+ 21,— 3+ 4HI

+2H" 3

As the stoichiometry of reactions 1 and 2 clearly shows that
per 2 equiv ofl 4 electrons are released a further 2 electron
oxidation of the ligand or a metal-centered oxidation of the two
Ni" to Ni'"" must have occurred. The original formulation3f
shown in the Introduction implies the presence of two trivalent
Ni'"" ions and a hexaanionic ligand L)%~
Complex3 is paramagnetic both in solution and in the solid

state at room temperature (see below). The solid state structure
of 3 and its electronic structure are extremely interesting. We

complex consists of a square-planar nickel(ll) ion coordinated \yj|| show that the ligand is noninnocent, and the description of

to two imine (N1, N6) and two hydrazine (N3, N4) nitrogens
of the monoanionic ligand pentane-2,4-dione ®isiethylisothi-

3 as a dinuclear Nicomplex with a localizedt1ll oxidation
state at the metal ions is not appropriate.

osemicarbazidate). Two hydrazine nitrogens N2 and N5 are  \when an ethanol solution Gfwas acidified with concentrated
protonated. The uncoordinated iodide forms four intermolecular HCI (Or CESOSH), a color Change from green to red was

hydrogen bonding contacts to the hydrazine and imine protons. gphserved and red diamagnetic [[#.L1—LH)Ni"]Cl»*0.5GHs-

Deprotonation of one of these hydrazine protorkigreadily
achieved in an ethanol solution @fin the absence of oxygen
by addition of an aqueous solution of ammonia. Red-brown
microcrystals of diamagnetic [NHLY)]-C,HsOH (2) precipi-
tate. This material is very sensitive to oxygen both in the solid
state and in solution. The solutidal NMR spectrum of2 in
DMSO exhibits two broad signals at= 10.70 and 6.10 ppm,
(intensity ratio is 1:2) which are assigned to one hydrazine
proton (at N2 or N5) and two imine protons (N1, N6),
respectively. Atom labeling is as in Figure 1. We propose the
following structure for2:

CoHsOH

The two halves of the coordinated ligand (B are not
symmetric due to the protonation of only one hydrazine nitrogen
atom.

When the above ethanolic solution bfto which ammonia

OH (4) (or its triflate salt) was obtained. Given the diamag-
netism of4 and the similarity of its UV-visible spectrum with
that of 1 (Table 2) we propose the following structure #r

1IS§—CH,

1/2C,HgOH

1S—CH,

which consists of the dianionic ligand §H—L1H,)?~ and two
Ni'" and two noncovalently bound chloride ions.

The presence of protonated hydrazine nitrogens is clearly
detected in the infrared spectrum by two nefMH): 2996 and
2920 cnt! bands. The ESI mass spectrum of an ethanol
solution of4 displays a doubly charged molecular ion peak at
m/z= 660/2= 330. The spectroscopic properties (Uwisible,

IH and!3C NMR, IR) of 4 and of its mononuclear analdgare
very similar. In the'H NMR spectra (DMSGQds) of 1 and4,

two signals of equal intensity for NH protons are observed; a
downfield shift for NNH protons of hydrazine residues €
11.64(1), 11.65(4) ppm) with respect to the imine NH protons

had been added, was allowed to stand in an open vessel in thdd = 7.44 (1), 8.50(4) ppm) is observed. Two singlets, one
presence of air, a change of color from red to green was for SCH and another for the methyl groups of the Hacac

observed. Green-black microcrystals of [NitLDNi] (3)
precipitated from such solutiofis.The amount of dioxygen

moieties, are present in the spectrumlaind4, respectively.
This agrees witlC,, symmetry ofl andC; symmetry of4. No

consumed during the reaction was determined manometrically. methine proton signal is observed in th¢ NMR spectrum of

It was found that per 2 equiv df 1 equiv of Q was consumed
«y

The same produc® was quantitatively obtained when iodine

21+ 0,— 3+ 2H,0

4. This indicates that both halves of the molecdleare
connected via a simple C@p-C(si¥) bond. The solutior3C
NMR spectra (DMSQdg) of 1 and4 are also very similar (see
Experimental Section); five carbon signals for the ligands are
expected and observed, respectively.

was used as oxidant under an argon atmosphere instead of From the above data it follows that the reaction3oWith

dioxygen

HCI or (CRSGsH) in ethanol yieldingd cannot be a simple
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Table 2. Electronic Spectra of Complexes
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complex solvent Amax NM (€ = L mol~t cm™?)
1 CH;OH 509 (184), 390 (1.66 10%), 375 (1.35x 107, 285 (1.70x 10%), 262 (1.46x 10%), 219 (3.2x 10
2 (CHs)2CO 658 (1307), 472 (1.08 10%), 403 (12.44x 10%), 386 (11.63x 107
3 CHCls 821 (9.7x 10P), 657 (1.15x 10%), 489 (1.11x 10%, 403 (2.2x 10%), 338 (2.1x 10%), 312 (2.1x 10, 275 (3.9x 10)
4 CHsOH 506 (520), 405 (2.3& 10%), 389 (1.94x 10, 298 (4.1x 10%), 248 (3.3x 10%, 215 (3.7x 10)
7 CHCly 824 (1.0x 10%), 662 (1.2x 10%), 492 (1.14x 10%, 407 (2.3x 107), 340 (2.2x 10%), 312 (2.1x 10%, 275 (3.9x 10

protonation reaction but is a more complex redox reaction. We not d—d transitions. Simple deprotonation band4 yielding
have not been able to identify the oxidation product; acetalde- 2 and5 does not produce these spectra.

hyde or acetic acid appear to be the most likely species

HCI
CoHs0H

3

4 + unknown oxidation product

(4)

Sincel is readily deprotonated affording, we have carried
out the analogous reaction with From an ethanol solution of

4, in the absence of oxygen, to which aqueous ammonia had

been added, diamagnetic red-brown microcrystallin(fil—

LH)Ni"]-C,HsOH (5) was obtained. We therefore propose the

following structure for5 which contains two square-planar
diamagnetic Ni ions and the ligand (HL=-LH)*~.

iS—CH, |

C,HsOH

Crystal Structure of 3. Complex 3 crystallizes in the
triclinic space groupgPl and contains two crystallographically
independent neutral dinuclear [N{ELY)Ni] molecules per unit
cell. Table 3 summarizes important bond distances and angles
as well as some intermolecular-£5 contacts. Figure 3 shows
the structures and atom labels of the two independent molecules
3A and3B.

Each of these two crystallographically independent dinuclear
molecules may be considered to be composed of two halves
connected by a single C@p-C(sp) bond (C3-C12in3A and
C29-C30 in 3B at 1.507(7) and 1.492(8) A, respectively).
Carbon atoms C3, C12, C29, and C30 are cleafygpridized.

The dihedral angle between the two mean planes defined by
atoms N1, N3, N4, N6, and N7, N9, N10, N12 is 76i8 3A
and, analogously, 71°6n 3B.

Interestingly, the oxidation of [N{Me,[13]dienatoN)](ClO,),
where Me[13]dienatoN represents the monoanion 11,13-
dimethyl-1,4,7,10-tetraaza-10,13-cyclotridecane dienato with
iron(lll) perchlorate yields a £ = C, coupled dinuclear
species!12 The methine carbon atoms of the monomer have
been oxidatively dehydrogenated and coupled (4e process) via
a localized double bond (6C 1.34(1) A). In [Ni(CHCN)-
(Mez[13]dienNy)ylidenel*+ this C—C distance is at 1.37(1) A
(double bond¥? Oxidation of [Ni'(cyclam)f™ with H,O;

The 'H NMR spectrum (see Experimental Section) is in produces a dinuclear complex BN{L4)](ClO4)s with a C=C

excellent agreement with this proposal. Comiesg very air-
sensitive: in ethanol solution containing WHomplex3 is
rapidly formed in quantitative yield by air oxidation. The
stoichiometry is now

5+',0,—~ 3+ H,0 (5)

Since the magnetic properties 8fare quite peculiar (see

double bond at 1.40(2) & (cyclam 1,4,8,11-tetraazacyclotet-
radecane, £ = 1,1-enebicyclo-3,6,10,13-tetraazatetradeca-2,-
13-dienylidene).

We have been able to locate the four imine hydrogen atoms
in the final difference Fourier map f@A but not for3B. In
no case has residual electron density been detected in the vicinity
of any of the uncoordinated hydrazine nitrogen atoms. This
suggests to us that the dinucleating ligan®iis coordinated

below) and differ in the solid state and in solution considerably, in its deprotonated form (i--L%)°". o
we have synthesized two analogous complexes with sterically Al nickel ions are coordinated to two imine nitrogens and

more demandingS-dodecyl groups instead of th&methyl
groups. The mononuclear diamagnetic complex! (NiL?)]!
(6), which is the exact analog d&f has been prepared. It reacts
in ethanol/NH solution also with dioxygen affording green-
black crystals of [Ni(B—L?)Ni] (7), the analog of3. The
solubility of 7 in noncoordinating organic solvents is signifi-
cantly greater than that & For 7 the positive ion ESI mass
spectrum exhibits the molecular ion peakdz= 1272 ([M]*).
We have also determined the molecular masg of benzene
solution by cryoscopy to be 1074 200 g/mol, which clearly
indicates the presence of isolated neutral molecules of fNi(L
L?)Ni] in solution.

The solution electronic spectra of complexes3, 4, and7
are given in Table 3. The spectra ®&and4 are displayed in
Figure 2. The spectra df, 4, and6 are quite similar since
they all contain a square-planar'Non in essentially the same
ligand environment. The absorption maximum~&10 nm is
assigned to a g — de—y2 (*A—tA1g) transition, which is
typical for a Ni'N4 chromorphore. The spectra 8fand7 are
again similar but very different from those df 4, and6; both
display very intense maxima at820 and~660 nm which are

two hydrazine nitrogens, respectively, in a square-planar fashion.
The averaged four NiN bond distances in both halves &
are within experimental error identical (average 1.842(5) and
1.850(5) A) whereas in3B they are slightly (not quite
significantly) different: at Ni3 an average value of 1.844(5) A
and at Ni4 a value of 1.819(5) A is found. This may be a
structural manifestation of the differing packing®A and3B
in crystals of3 (see below). Note that the average—W
distances inl—a genuine nickel(ll) complexis 1.841(6) A.
In Collins’ square-planar localized Ni(lll) complex, the average
Ni—N distance is also observed at 1.84 A,

The packing of the neutral molecul8# and3B in crystals
of 3is rather interesting. Two dinuclear molecules3&fform
a centrosymmetric pair of dimers via an intermolecular weak
stacking interaction between two halves3®. Thus Ni4 and
its centrosymmetric counterpart Ni4a form aNNi interaction
at 3.402(2) A, whereas the atoms Ni3 and Ni3a are not involved

(11) Cunningham, J. A.; Sievers, R. EAAm Chem Soc 1973 95, 7183.

(12) Mochizuki, K.; Toriumi, K.; Ito, T.Bull. Chem Soc Jpn 1984 57,
881.

(13) McAuley, A.; Xu, C.Inorg. Chem 1992 31, 5549.
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Table 3. Bond Distances (A) and Angles (deg) f8r

Molecule3A

Ni(1)—N(1) 1.850(6) C(10y-N(8) 1.350(7) N(1)>-N(6) 1.828(6) C(14yN(11) 1.324(7)

Ni(1)—N(3) 1.841(4) N(2>-N(3) 1.365(7) Ni(1}3N(4) 1.850(4) N(4>N(5) 1.396(7)

Ni(2)—N(7) 1.858(5) N(8)N(9) 1.359(6) Ni(2»-N(12) 1.842(4) N(11)yN(10) 1.382(6)

Ni(2)—N(9) 1.847(4) N(3)-C(2) 1.350(7) Ni(2)-N(10) 1.855(4) N(4)-C(4) 1.317(7)

C(9)-S(2) 1.777(9) N(9)C(11) 1.342(7) C(6¥S(2) 1.778(8) N(10)C(13) 1.316(6)

C(18)-S(3) 1.78(1) C(2rC(8) 1.494(8) C(15yS(4) 1.790(7) C(4yC(7) 1.510(9)

S(1)-C(1) 1.750(6) C(1xrCc@v) 1.505(8) S(2yC(5) 1.745(6) C(13)yC(16) 1.503(8)

S(3)-C(10) 1.743(5) C(2C(3) 1.398(8) S(4yC(14) 1.755(5) C(4yC(3) 1.436(7)

N(1)—C(1) 1.302(8) C(11yC(12) 1.416(7) N(6)C(5) 1.311(9) C(13)yC(12) 1.420(7)

N(7)—C(10) 1.311(7) C(3)C(12) 1.504(7) N(12)C(14) 1.326(7)

C(1)—-N(2) 1.351(8) S(L)-S(1) 3.627 C(5)-N(5) 1.342(8) S(4)-S(3) 3.889
N(1)—Ni(1)—N(3) 83.0(2) S(2)-C(5)—N(5) 120.6(5) N(9)»-Ni(2)—N(10) 95.1(2) S(4yC(14)-N(11) 118.6(4)
N(3)—Ni(1)—N(4) 96.2(2) N(2-N(3)—C(2) 116.1(4) N(10)-Ni(2)—N(12) 83.4(2) N(8>N(9)—C(11) 115.9(4)
N(4)—Ni(1)—N(6) 82.8(2) N(5-N(4)—C(4) 116.9(5) N(7¥Ni(2)—N(12) 97.9(2) N(11)}N(10)-C(13) 116.6(4)
N(21)—Ni(1)—N(6) 98.0(3) N(2>-N(3)—Ni(1) 116.2(3) C(10)-N(7)—Ni(2) 111.4(4) N(8>-N(9)—Ni(2) 116.1(3)

C(1)-N(1)-Ni(1) 111.9(4) NGBFN@)-Ni(1) 116.2(3) N(7¥Ni(2—-N(10)  174.9(2) N(11¥N(10)-Ni(2)  115.1(3)
N(1)-Ni(1)-N@4) 178.4(2) N(BYC(2)-C(8) 118.0(5) N(OFNi(2)-N(12)  175.0(2) N(@-C(11)-C(17)  117.4(5)
N(3)-Ni(1)-N(6) 177.2(2) N@yC(4)-C(7) 118.7(5) C(14yN(12-Ni(2) 111.5(4) N(10}-C(13)-C(16) 118.2(5)
C(5-N(6)-Ni(1)  113.1(4) N(@BFC(2)-C(3)  120.5(5) C(10yN(8)—N(9) 108.9(4)  N(9yC(11)}-C(12)  120.8(5)
C(1)-N(2)-N(3)  108.4(5) N@A}C(4)-C(3)  121.4(5) C(14yN(11)-N(10) 108.9(4) N(10¥C(13)-C(12)  121.5(4)
C(5-N(5)-N(4)  107.1(5) C(8-C(2)-C(3)  121.5(5) C(10}S(3)-C(18)  101.2(4) C(1AC(11)-C(12) 121.8(5)
C(1)-S(1-C(9)  103.3(4) C(AC(4)-C(3)  119.8(5) C(14yS(4-C(15)  102.2(3) C(16YC(13)-C(12)  120.2(4)
C(5-S(2-C(6)  104.4(3) C(2}C(3)-C(4)  126.8(55) N(7)>C(10)-S(3) 127.4(4) C(1BHC(12-C(13)  126.4(5)
N(1)-C(1)-S(1)  127.1(5) C(IN(3)-Ni(l) 127.5(4) N(12-C(14)-S(4)  120.4(4) C(IBN(9)-Ni(2)  128.0(4)
N(B)-C(5)-S(2)  118.5(5) C(4YN(4)-Ni(1) 127.0(4)  N(7)-C(10)-N(8) 120.5(5)  C(13yN(10)-Ni(2)  128.1(3)
N(1)-C(1)-N(2)  120.4(6) C(2¥C(3)-C(12) 118.0(5) N(12YC(14)-N(11) 121.0(5) CQABC(12}-C(3)  115.2(4)
N(6)-C(5)-N(5)  120.8(6) C(4*C(3)-C(12) 115.0(5) S(3YC(10)-N(8) 112.1(4) C(13yC(12)-C(3)  118.2(4)
S(1-C(1)-N(2)  112.5(4) N(7¥Ni(2-N(©)  83.2(2)

Molecule3B

Ni(3)—N(13) 1.854(5) C(28yN(20) 1.41(1) Ni(3)-N(18) 1.847(6) C(23yN(17) 1.335(9)
Ni(3)—N(15) 1.842(5) N(14¥N(15) 1.375(7) Ni(3)-N(16) 1.835(5) C(32)N(23) 1.34(1)

Ni(4)—N(19) 1.799(8) N(20¥N(21) 1.399(9) Ni(4)-N(24) 1.835(8) N(17¥N(16) 1.377(7)
Ni(4)—N(21) 1.815(7) N(15) C(20) 1.333(7) Ni(4)-N(22) 1.827(5) N(23}N(22) 1.387(8)
C(27)-S(5) 1.784(9) N(21C(29) 1.345(9) C(24yS(6) 1.72(1) N(16% C(22) 1.337(7)
C(36)-S(7) 1.41(2) C(20)C(26) 1.504(9) C(33)S(8) 1.64(2) N(22)-C(31) 1.334(8)
S(5)-C(19) 1.757(7) C(29)C(35) 1.49(1) S(6YC(23) 1.756(7) C(22)C(25) 1.509(8)
S(7)-C(28) 1.787(7) C(20yC(21) 1.432(8) S(8YC(32) 1.772(9) C(31)C(34) 1.508(8)
N(13)—C(19) 1.300(8) C(295C(30) 1.422(8) N(18}C(23) 1.318(9) c(22yc(21) 1.420(8)
N(19)—C(28) 1.24(1) C(213C(30) 1.492(8) N(24)C(32) 1.29(1) C(313C(30) 1.416(8)

C(19)-N(14) 1.343(8)

N(13)-Ni(3)-N(15)  83.6(2) S(6YC(23)-N(17)  118.4(5) N(I¥Ni(4)-N(22) 95.3(2) S(8YC(32-N(23)  118.2(8)
N(15)-Ni(3)—N(16)  95.6(2) N(14¥N(15)-C(20) 116.4(5) N(2ZNi(4)—N(24)  84.9(3) N(20yN(21)-C(29) 116.9(7)
N(16)-Ni(3)—N(18)  83.6(2) N(17¥N(16)-C(22) 116.0(5) N(19Ni(4)—N(24)  92.3(4) N(23}N(22)-C(31) 116.3(5)
N(13)-Ni(3)-N(18)  97.1(2) N(14¥N(15)-Ni(3) 115.4(3) C(28FN(19)-Ni(4) 108.0(6) N(20%-N(21)-Ni(4) 114.6(5)
C(19-N(13)-Ni(3) 111.0(4) N(17¥-N(16)-Ni(3) 116.0(4) N(19-Ni(4)—N(22) 175.9(3) N(23}N(22)-Ni(4) 114.7(4)
N(13)-Ni(3)—N(16) 178.4(2) N(15}C(20)-C(26) 118.1(5) N(I}Ni(4)—-N(24) 177.4(3) N(21}C(29)-C(35) 117.6(6)
N(15)-Ni(3)—N(18) 178.6(2) N(16}C(22)-C(25) 117.7(5) C(32)N(24)-Ni(4) 109.7(6) N(22)-C(31)-C(34) 117.2(5)
C(23)-N(18)-Ni(3)  110.9(4) N(15}-C(20)-C(21) 120.9(5) C(28YN(20)-N(21) 102.8(7) N(21}C(29)-C(30) 121.0(6)
C(19-N(14)-N(15) 108.4(5) N(16yC(22-C(21) 121.4(5) C(32)N(23)-N(22) 107.2(6) N(22}C(31)-C(30) 121.0(5)
C(23)-N(17)-N(16) 108.1(5) C(26)C(20)-C(21) 120.9(5) C(28)S(7)-C(36) 95.0(9) C(35YC(29)-C(30) 121.4(6)
C(19-S(5-C(27)  102.9(4) C(25)C(22)-C(21) 120.9(5) C(32}S(8)-C(33)  101.2(6) C(34)C(31)-C(30) 121.7(5)
C(23)-S(6)-C(24)  102.0(7) C(20YC(21)-C(22) 125.7(5) N(19YC(28)-S(7)  117.2(6) C(29)C(30)-C(31) 125.2(5)
N(13)-C(19>-S(5)  126.4(5) C(20YN(15)-Ni(3) 128.2(4) N(24}C(32)-S(8)  118.3(7) C(29N(21)-Ni(4) 128.5(5)
N(18)-C(23)-S(6)  120.2(5) C(22YN(16)-Ni(3) 128.0(4) N(19-C(28)-N(20) 127.3(7) C(3L-N(22)-Ni(4) 128.8(4)
N(13)-C(19)-N(14) 121.5(6) C(20}C(21)-C(30) 118.5(5) N(24¥C(32)-N(23) 123.4(8) C(3H-C(30)-C(21) 117.9(5)
N(18)-C(23)-N(17) 121.3(6) C(22}C(21)-C(30) 115.8(5) S(AC(28)-N(20)  115.5(6) C(29YC(30)-C(21) 116.6(5)
S(5-C(19-N(14)  112.1(4) N(19-Ni(4)—N(21)  87.4(4)

in such an interaction. The next nearest intermolecular Niion (dimethylglyoximato)nickel(I3* with a Ni---Ni distance at
from Ni3 is 7.620 A away. This is schematically shown in  3.250(5) A and its partially oxidized forms Ni(bah)o1swith
Figure 4a. Ni--+Ni contacts at 3.180(2) A216 These attractive forces in
Molecule3A also forms such a pair of dimers via a relatively the face-to-face dimers are considered to involve both metal
short Ni2+-Ni2a interaction at 3.220(2) A. These tetranuclear metalc andd bonding as well as liganeligand z bonding®
units are then packed in such a fashion that the planes of Nil
and Nila ae stacked via a significantly weaker-Nilila contact (14) Godycki, L. E.; Rundle, R. EActa Crystallogr 1953 6, 487.
at 3.617 A. This results in an infinite chain of pairs of dimers, (1% @ Brown, L. D Kalina, D. W.; McClure, M. S, Schultz, S.; Ruby,

s . . . S. L.; Ibers, J. A.; Kannewurf, C. R.; Marks, T.J.Am Chem Soc
This is shown in Figure 4b. Note that the mean distance 1979 101, 2937. (b) Cowie, M.; Gleizes, A.; Grynkewich, G. W.;

between the strong and weak-NNi interaction of3A is 3.418 Kalina, D. W.; McClure, M. S.; Scaringe, R. P.; Teitelbaum, R. C,;
A, which is very close to the value observed for the Ni4 2323;957-9'--1'329559’231- A.; Cannewurf, C. R.; Marks, TJ.Jam Chem
Ni4a contact in the isolated pair of dimers3B. These Ni-- (16) Endres, H.; Keller, H. J.; Moroni, W.; Weiss Atta Crystallogr 1975

Ni contacts are reminiscent of those reported in solid bis- B31, 2357.
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Figure 2. Electronic spectra 08 in CHCl; and4 in CH3;OH.
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Figure 3. Structure of the neutral molecul84 (top) and3B (bottom)
in crystals of3.

Magnetic Properties of Complexes. The molar magnetic
susceptibility of solid samples of complexdsnd7 has been
measured in the temperature range3R0 K by using a SQUID

Inorganic Chemistry, Vol. 36, No. 4, 199667

Figure 4. (a, top) Schematic representation of a pair of dingBsn
crystals of3; (b, bottom) schematic representation of an infinite chain
of dimers3A in crystals of3.
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Figure 5. (a, top) Temperature dependence of the magnetic moment,
Uetr, per dinuclear unit of soli®; (b, bottom) temperature dependence
of the magnetic moment.s, per dinuclear unit of solid.

different from those ir8. We have also measured the effective
magnetic moment o8 in CHCI; solution (0.56x 1072 M) by
using the NMR method of Evatkin the temperature range
233-300 K. A temperature- and concentration-independent
(0.54 x 1072-1.67 x 1072 M) magnetic moment of 1.94
0.06 ug per dinuclear unit has been determined. This solution

magnetometer. Panels a and b of Figure 5 show the temperaturggjye is significantly larger than in the solid state and clearly

dependence of the effective magnetic momegt, us per
dinuclear molecule 08 and7, respectively. Values Qies for
solid 3 decrease with decreasing temperature fromgQ &t
300 K to a plateau value of 0.2 at 100 K. This behavior
indicates some degree of antiferromagnetic coupling in $lid
Similar behavior but with quite different values i has been
observed for7. Here uet also decreases with decreasing
temperature from 1.3bg at 300 K to 0.3ug at 5 K. We take

points to intermolecular coupling effects in the crystals. On
the other hand, a magnetic moment of 2.45s expectedges
= (u1? + uAY2 u; = up = ) for two uncoupled low-spin
Ni(lll) ions in a molecule of3. This is clearly not observed.
Complexedl, 2, 4, 5, and6 are diamagnetic both in the solid
state and in solution'td NMR).
13C CP/MAS NMR Spectra of 1-4. 13C CP/MAS NMR
spectra data of—4 are summarized in Table 4. All expected

this result as a clear indication that the magnetic properties of signals have been observed for It should be noted that the
solid 3 and7 are predominantly determined by intermolecular 13c NMR spectra both in solution and in the solid state are quite
interactions in the solid state which lead to effective diamag- gimjlar. The only observed significant difference is the splitting

netism in3 most probably via the Ni-Ni contacts. In7 the
sterically more demandin§dodecyl groups enforce a different

packing, and consequently, the intermolecular contacts are

(17) (a) Evans, D. FJ. Chem Soc 1959 2003. (b) Sur, S. KJ. Magn
Reson 1989 82, 169.
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Table 4. Chemical Shifts forl—4 in 75 MHz 3C NMR CP/MAS
Spectra at 297 K 20
compd C1 Cc2 C3 C4 C5 solvent 10
1 1585  147.2 92.8  24.0(2)15.5 (1)
14.9 (1) —_
2 161.0(1) 146.0(1) 95.0(1) 24.1(1) 14.1(1) 57=.7 < o}
156.3 (1) 142.1 (1) 21.3(1) 13.1(1) 17.9;21.1 =
3 1792  117.0 80.1  36.3(2) 17.9(2) 10l
32.9(2) 14.7 (1)
11.7 (1)
* 1675 1451 785  19.8(2) 17.5(2) 20|
141.6 19.0(1) 15.4(1) . . s . . .
127.4 18.6 (1) 13.8(1) 1.0 05 00 -0.5+ -1.0 15 -20
4 1591  147.8 1027 175 159  57.8 E(V) vs Fc'/Fc
176 Figure 7. Cyclic voltammogram o8 in CH,Cl, (0.10 M [N(n-but),]-

a Atom labels are as in Figure 8Relative intensities of signals are ~ P'Fe glassy carbon working electrode; scan rate 200 mV/s.

indicated in parenthesesFluxional.? Nonfluxional.® At T = 85 K. ) ) _ _ )
of some resonances (chemical shift and line width) in the spectra

of 3is clearly observed. This is typical for contact shift effects.
N " - The most pronounced changes of the line shape and chemical
=N 27 N shift are observed for the signals of the carbon atoms C1, C2,
SN S 4.5 and C4, which indicates that they are in close proximity to the
i hi= \ ¢ )H (" radical center of the molecule. High-field (for C1 and C4) and
C\ i
S

5
CH3S SCHy

X
oA

low-field (for C2) shifts are characteristic for positive or negative

values of the hyperfine coupling constants. The solid state NMR

spectra of3 are in excellent agreement with the temperature-

2 3 dependent magnetic measurements, indicating the noninnocence
A of the ligand system.

1 Jﬂi In the case of4, a total of seven resonances are observed

c) 57"‘ f\m ssB1 ssa- both in solution and in the solid stat!fC NMR spectra,
NS
wmwww«.wmw\ W

Cooro : o K indicating theC; symmetry of the dication. The small differ-

! . ences in chemical shifts of signals displayed in the solid state

: and solution NMR spectra are indicative of the lack of

| significant intermolecular bonding in the solid state. This isin

i 3 agreement with the fluxionality of the solvent molecule, which

: is found in the!3C CP/MAS NMR spectrum o# (see Table 4).

1 Electrochemistry. The electrochemical properties of com-

b) plexes3 and 7 have been studied by cyclic (CV) and square-

1\ )83 K wave voltammetry as well as coulometry. Cyclic and square-

! ! s wave voltammograms in acetonitrile and/or dichloromethane

45 solutions containing 0.10 M tetnabutylammonium hexafluo-
rophosphate as supporting electrolyte antio—2 M complex
were recorded at scan rates ranging from 50 to 600 mV/s. The
CV’'s of 3 and 7 in dichloromethane are very similar; they
display four reversible 1 electron transfer waveBat= —0.91,
—0.68, 0.10, 0.26 and-0.94,—0.71, 0.08, and 0.28 V vs the

297 K ferrocenium/ferrocene couple (FEc), respectively. Figure 7
shows the CV of3. In contrast, the CV o8 in acetonitrile
;(ﬁ%) T T 0 120 8o | 40 o shows two reversible 1 electron transfer waveSat= —0.83

) ) and—0.57 V andonereversible 2 electron wave B, = 0.16
Figure 6. 13C NMR CP/MAS spectra o8 at variable temperature: V vs Fct/Fe. Coulometric reduction at-1.1 V vs F&/Fc

(a, b) TOSS spectra; (c) spectrum without side band suppression. SSB, S )

spinning side bands:1 the first one to the higher frequencyl the resulted in the passage of an average of 2.08 F (945.55 C) of
first one to the lower frequency. charge per mole of complex. Thisand7 are successively

reduced by 2 electrons at negative potentials, whereas at positive

of SCH; signals in the solid state, which is probably due to the Potentiab a 2 electron oxidation is observed, respectively.

asymmetric intermolecular Nkl and S--S interactions in the The fully reduced form o8 (and7) corresponds to the doubly

solid state. deprotonated form d: [Ni''(L1—-L1)Ni"]?~ (and [Ni'(L2—L?)-
The3C CP/MAS NMR spectrum a2 is fully consistent with Ni"]27). We can then formulate four 1 electron oxidation steps

C, symmetry in the solid state. The carbon atoms C1, C2, C4, which, in principle, may be metal- or ligand-centered as in

and C5 (for atom labels see Figure 6) each display only one e e

resonance in the solutioC NMR spectrum but show in the  [Ni"(L'=LY)Ni"]*” == [Ni"(L'-LHNi"]" ==

solid state two well-resolved lines of equal intensity for C1,

C2, C4, and C6, and GIC2, C4, and C5, respectively. This [Ni" (L —LY)NI"] == [Ni" (L= LHNIV]F ==
is in agreement with the chemical nonequivalence of the 3
isothiosemicarbazide arms i [Ni'V(Ll—Ll)Ni'V]2+ (6)

Figure 6 displays the solid statéC CP/MAS NMR spectra
of 3 at three different temperatures. Temperature dependenceor alternatively



Mono- and Dinuclear Nickel Complexes
. 92— _~€ e . T
[NI“(Ll—Ll)NI“]Z f[Nl”(L l—Ll)NI”] =
gy e yngillh —& NI SNNT —e
[Ni"(L 1;L INI"] == [Ni" (L' -L)Ni") T ==
[Ni||(L1_L1)Ni||]2+ (6a)

where (I1—L1)%" represents two 14-electron systems con-
nected by a €C single bond and{—L%)2~ would be its twice
2 electron oxidized form (two 12r-electron systems) and
(L*1—L*1)*" is a biradical.

Discussion

Although the molecular structure 8fhas been unequivocally
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is clearly not the case. Furthermore, the solution magnetic
moment would be anticipated to bei{ + u?)Y? = 2.46 ug,
which is also not in agreement with the experiment.
Formulation of the ligand in its symmetrelectron oxidized
form as biradical (t1—L*1)*" requires both nickel ions to be
divalent: [Ni'("L1—LY)Ni"]. This form of3 could be diamag-
netic (S= 0) in the solid state or in solution provided that the
biradical (L—L*})*~ has a singlet ground state, which is
unlikely. There are of course many other resonance structures
possible for3; e.g., [N#'(LI=L*1)Ni"'] <> [Ni" (L*1-LY)Ni"'] =
[Ni"(L1-LYNi"] < [Ni"(L1-LYHNi"]. These structures
encompass a coordinated, delocalized ligand radical ith
15, (L1—LY5>" and a diamagnetic Niand one paramagnetic
Ni'"" (S = 1/,). We find these formulations very appealing

established by X-ray crystallography, its electronic structure and, pecause they can accommodate the fine structural features of

in particular, its magnetic properties deserve some comments.solid 3 and its magnetic properties as well as its unusual
The resonance structures for the various protonated forms ofg|ectronic spectrum. In this formulatioB,is a mixed-valent

pentane-2,4-dione bis@lkylisothiosemicarbazone) ligand shown
in Scheme 1 imply that the sum of the twe-C, four C—N,
and two N-N bond distances of the ligand perimeter should

compound which gives rise to intervalence type intense absorp-
tion bands in the visible or near-infrared. The pair formation
of 3B molecules would then occur at the'Nions forming a

be slightly longer than in its 2 electron oxidized forms because yery weak Ni--Ni bond (Ni4 and Ni4a in Figure 4b). At the
the former has four double bonds whereas the latter has five.same time Ni3 and Ni3a would be diamagnetic nickel(ll), which
This is indeed the case, as an analySIS of this |ength In variousSgo not generate a MFNi contact. The radical anion would be
crystallographically characterized complexes shows. Thus, in gntiferromagnetically coupled to the 'Niion and the pair of
complexes containing a central metal ion with a well-defined gimers,3B and 3B, would have ar§S = 0 ground state in the

localized oxidation state and arfLligand, this sum is 13.52
+ 0.02 A whereas in a complex containihg as a ligand it is
slightly shorter at 13.47 A. The average distanc® is 13.567

A, which points to a description of the ligand as hexanionic
(L1-L1Y)% and, consequently, two nickel(lll) ions.

It is now difficult to reconcile this fully localized [NI-
(L1-LY)Ni"] description with the solid state magnetic properties
of 3. A square-planar low-spin Niion would accomodate one
unpaired electron in a2 metal orbital & = /). Since
molecule 3B is packed in infinite chains via intermolecular
Ni---Ni contacts, intermolecular antiferromagnetic coupling
yielding a diamagneticS= 0) ground state is conceivable. On
the other hand, molecul8A is packed in pairs. Given the

solid state at low temperatures. In solution at temperatures
233-300 K, the observed magnetic moment of 1:84would
result from the intramolecular, presumably antiferromagnetic,
coupling between the ligand radical and the nickel(lll) i@gs(

< 2.45ug) in separated dimers. In the infinite chain structure
of solid 3, pairs of dimers of molecule3A are connected via
very weak Nit--Nila contacts. This is taken as evidence that
the farmost separated outer Nil ions of a pair also carry some
spin density in accord with the resonance structures shown
above. Admittedly, this model is speculative but it is consistent
with the available data.
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reasonable assumption because (i) the two magnetic orbitals ar¢arameters for the hydrogen atoms, bond distances and angles, the
d which do not overlap and (ii) the two equatorial ligand planes Sduare-wave voltammogram, and anisotropic thermal paramet&rs of

are nearly perpendicular relative to each other. In the solid stat

one would expec8 to exhibit residual paramagnetism of two
uncoupled electrons per eight nickel iopsi(= 1.2 ug), which

e(10 pages). Ordering information is given on any current masthead

1C9608020



