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A series of pyrazole-based potential ligands bearing poly- 
dentate amine substituents in the 3- and 5-positions of the 
heterocycle has been synthesized [3,5-bis(R2NCH2)-pyzH; 
R2N = Me2N(CH2)3NMe (2aH), (Me2N(CH2)3)2N (2bH), 
(Et2NCH2CH2)2N (2cH)l. Upon reaction with two equivalents 
of CoC1, they form complexes LCo2C13 (3a-c; L = 2a-c, re- 
spectively) which are shown crystallographically to contain a 
dinuclear metal core bridged by both the pyrazolate unit and 
a chlorine atom, with each cobalt center carrying a further 
terminal chlorine atom. Two of the ligand side arms in 3b, c 
are dangling, thus leading to five-coordination of the co- 
balt(I1) centers in all cases. Addition of two equivalents of 

NaBPh, to solutions of 3b, c induced coordination of the 
formerly dangling side arms to the metal centers by substi- 
tution of the terminal chlorine atoms. The resulting com- 
pounds [ L C O ~ C ~ ] ( B P ~ ~ ) ~  (4b, c, respectively) were characte- 
rized by X-ray structure analyses. They can be viewed as 
dinuclear linked versions of tran-type complexes [(tran = 
tris(aminoalkyl)amine] with distorted trigonal-bipyramidal 
coordination spheres around cobalt(I1). Conformational ana- 
lyses employing force-field calculations were carried out 
for 4b, c in order to rationalize the conformations observed 
in the solid state with regard to the accessible conformatio- 
nal space. 

Introduction 

There is considerable current interest in bi- and multimet- 
allic transition metal complexes showing cooperative 
phenomena[ia~b], A particular stimulus in this regard arises 
from the fact that many metallobiosites contain several 
metal ions in close In order to achieve distinct 
reactivity patterns based on the cooperation between two 
metal centers, the design of appropriate ligand cores provid- 
ing coordination sites with well-defined metal-metal sepa- 
rations is essential[*], which justifies research concerning the 
synthesis and coordination potential of dinucleating sys- 
tems. 

The ability of the diazine unit of pyrazolates to bridge 
two metal ions is well However, relatively few 
studies of dinuclear complexes of pyrazole-based ligands 
possessing additional chelating side arms in the 3- and 5- 
positions of the heterocycle have hitherto been re- 
p ~ r t e d [ ~ - ~ ] .  Okawa and coworkers recently described a 
series of dimanganese complexes of pyrazoles carrying pyri- 
dyl or dialkylamino groups as pendant These 
complexes exhibited catalytic activity towards the dispro- 
portionation of H202 and are thus regarded as interesting 
models for the dimanganese biosite of catalase. 

Heterocyclic diazine groups as bridges in dinuclear com- 
plexes generally support metal-metal separations in the 
range of 3.4-4.5 A, favorable for possible cooperativity. 
Based on this structural motif a fine-tuning of the particu- 
lar steric and electronic requirements should be achievable 

by varying the chain lengths of the chelating substituents 
and the nature of the side-arm donor atoms, respectively 
(Scheme 1). In the present contribution we report the syn- 
thesis of a series of pyrazolate-based dinucleating ligands 
with pendant aliphatic dialkylamino groups (D1 = N, 
D2 = NR2) having varying length of the side arms (x = 2 ,  
3), Scheme 1. Making use of the great variety of accessible 
coordination geometries for the d7 Co" ion, complexes of 
these ligands with cobalt(I1) chloride are studied in order 
to probe their coordination potential, and conformational 
analyses on the resulting compounds are carried out with a 
view to rationalize the observed solid-state structures and 
to ascertain the suitability of the applied force field for fu- 
ture ligand design. 

Scheme 1 

Results and Discussion 

The synthesis of pyrazole-based ligands with pendant po- 
lyamino side arms was accomplished following a strategy 
described previously[7] (Scheme 2). Pyrazole-3,5-dicar- 
boxylic acid was converted into amides laH-cH by treat- 
ment with SOC12[SaI followed by reaction with the appropri- 
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ate secondary amines in the presence of triethylamine. 
laH-cH were then reduced with LiA1H4 to yield the corre- 
sponding polydentate ligands 2aH-cH, respectively, as 
slightly yellowish oils. Due to their polyamine functionali- 
ties, no suitable conditions for column chromatographic 
purification of 2aH-cH could be found. However, the 
products obtained after the reduction step proved to be suf- 
ficiently pure for all subsequent complexation purposes. 

Scheme 2 

l aH  - cH 

2aH - cH 

Synthesis and Characterization of Cobalt(I1) Complexes 

For the synthesis of cobalt complexes the potential li- 
gands 2aH-cH, respectively, were first deprotonated by 
treatment with BuLi. Subsequent addition of two equiva- 
lents of anhydrous CoClz afforded solutions of the deep- 
blue complexes 2a . Co2Cl, (3a), 2b . CozCl3 (3b), and 2c . 
Co2C13 (3c), respectively. These could be crystallized by lay- 
ering a solution in CH2C12 (3b) or THF (3c) with petroleum 
ether at -30°C or by vapor diffusion of petroleum ether 
into a solution in CHCI3 (3a) at room temp. 

Formation of complexes of the type LCo2C13 (L = 2a-c) 
was corroborated by elemental analyses and by the FAB- 
MS spectra. No definitive structural conclusions could be 
drawn from the solution UVIVisINIR data (Table l), al- 
though the spectra resembled those observed for related 
mononuclear complexes such as (dienMe)CoC12 [dienMe = 
bis(2-dimethylaminoethyl)methylamine] containing five-co- 
ordinate high-spin CO~~[*] .  The close similarity of the optical 
transition bands for compounds 3a-c indicates an identical 
set of donor atoms and similar coordination geometry, thus 
suggesting that two of the side-arm nitrogen donors in 3b 
and 3c are non-coordinating. 

Table 1. UVIVislNIR data of the complexes. 3 in cm-', E in M-' 
cm-' 

3a 
3b 
3c 
4b 
4c 

12240 (30), 15800 (181), 17450 (126), 18550 (113), 19530 (91) 
12150(25), 15480(129), 17510(97), 18520(95), 19570(73) 
11850 (33), 16340 (209), 17210 (203), 18520 (sh, 132), 19490 (sh, 82) 
12600 (48), 17240 (146), 18550 (sh, 124), 19690 (sh, 100) 
12900 (49, 18080 (265), 19570 (sh, 171) 

In order to unambiguously ascertain their coordination 
geomet ries, X-ray crystallographic analyses of complexes 
3a-c were carried out. Molecular structures are depicted 
in Figure 1. 

All compounds show two cobalt atoms bridged by both 
a pyra:colate unit and a chlorine atom. The coordination 
sphere of each cobalt center further consists of two nitrogen 
donors from one side arm of the pyrazolate ligand and a 
termini 11 chlorine atom, thus resulting in pentacoordi- 
nation. As concluded from the electronic absorption spec- 
tra, the. two remaining amino groups in the dangling side 
arms of the ligands in complexes 3b, c are non-coordinat- 
ing. The coordination geometry around each cobalt atom 
can be described as being intermediate between distorted 
trigona 1-bipyramidal and distorted square-pyramidal. The 
Co-N bond lengths lie in the range expected for high-spin 
Co'l, t.he shortest bonds being those to the pyrazolate-N 
(1.98 - 2.00 A). The atom distances from Co to the branch- 
ing N :':re significantly longer (2.28-2.33 A), in accordance 
with tile variations in bond lengths found for related 
nionon uclear Co" complexes, e.g. (dienMe)CoC12[9J. The p- 
pyrazofate framework fixes the two metal centers with 
Co..Co separations of 3.913 A (3a), 3.942 A (3b), and 
3.818 jii (3c), thus causing a slightly smaller distance in the 
case of 3c, with the shorter side arms in the 3- and 5-posi- 
tions of the heterocycle. A notable feature is the difference 
in rela .ive configuration among the dinuclear complexes 
studied. While the coordinating pendant amino groups (and 
hence the dangling arms in 3b, c) are each on the same side 
with respect to the p-pyrazolato-dicobalt(l1) core in 3a and 
3c, the,y are located on different sides in 3b. This results in 
an app roximate (non-crystallographic) C, symmetry for 3b 
and C, symmetry for 3a, c. 

No I ISR signals (X-band) of the polycrystalline powders 
could l>e detected at either room temp. or at 110 K for 
3a-c. Cyclic voltammograms of CH2C12 solutions of all 
comple xes display an irreversible oxidation process in the 
range l..O to 1.2 V and an irreversible reduction wave at 
around -2.0 V vs. SCE. 

Reaction of 3b, c with two equivalents of NaBPh4 in 
EtOH resulted in the immediate precipitation of light-pur- 
ple complexes 4b, c, respectively. Elemental analyses were 
in accordance with the formation of compounds of the type 
[ L C O ~ C I ~ ] ( B P ~ ~ ) ~  (L = 2b, c, respectively). 4b, c were found 
to be s [.able in air, even over prolonged periods (weeks). 

The solution UV/Vis/NIR spectral features (Table 1) bear 
close rcsemblance to previously reported band positions for 
pseudo-trigonal-bipyramidal high-spin cobalt(I1) com- 
plexes containing tetradentate tripodal ligands[''* * l]. A 
slight blue shift compared to the absorption bands of 3a-c 
is observed for 4b, c, in accord with a change of the donor 
set from N3C12 to N4Cl. 

X-ray structure determinations were carried out on single 
crystals obtained by vapor diffusion of Et20 into acetoni- 
trile solutions of the complexes. Molecular structures of the 
cations are depicted in Figure 2. 

The basic structural feature of a (p-pyrazo1ato)-(p- 
ch1oro)-dicobalt(I1) core found in 3b, c is retained in 4b, c. 
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Figure 1. Molecular structures of 3a (top), 3b (bottom left), and 3c (bottom right); for clarity all hydrogen atoms have been omitted["] 

P 

la] Selected bond lengths [A] and angles ["I (estimated standard deviations in parentheses): 3a: Col-N1 1.989(5), Col-NS 2.301(6), 
Col-N6 2.116(6), Col-Cll 2.454(2), C0l-Cl2 2.292(2), NI-N2 1.350(7); NI-Col-N5 76.1(2), NI-ColFN6 114.7(2), Nl-Col-CIl 
87.0(2), Nl-Col-Cl2 142.1(2), N6-Col-N5 91.5(2), NS-Col-CIl 162.3(1), N5-Col-CI2 94.1(1), N6-Col-CIl 100.5(2), 
N6-Col-CI2 101.9(2), CII-COI-CI~ 96.1(1), CO~-CI~-COZ 105.1(1). - 3b: Col-N1 2.298(2), Col-N2 2.113(2), Col-N3 1.998(2), 
C ~ l - C l l  2.301(1), C0l-Cl2 2.447(1), N3-N4 1.369(3); Nl-Col-N2 94.2(1), Nl-Col-N3 76.4(1), Nl-Col-CIl 91.3(1), 
Nl-Col-CI2 161.0(1), N2-Col-N3 109.1(1), N2-Col-Cll 102.8(1), N2-Col-Cl2 100.9(1), N3-Col-Cll 146.5(1), N3-Col-CI2 

2.289(3), Col-CI3 2.471(2), N1-N2 1.359(9); Nl-Col-N6 75.2(3), Nl-Col-N7 114.4(3), N1-Col-C11 134.4(2), Nl-C0l-Cl3 
88.8(2), N6-Col-N7 82.3(3), N6-Col-ClI 93.3(2), N6-Col-CI3 163.6(2), N7-Col-CIl 107.3(2), N7-Col-Cl3 101.7(2), 
C11 -C0l-C12 100.5(1), C0l-C13-c02 101.4(1). 

87.7(1), CII-Col-C12 96.5(1), Col-CI2-Co2 105.4(1). - 3c: Col-Nl 1.993(7), Col-N6 2.328(8), Col-N7 2.159(7), Col-C11 

However, the formerly dangling arms are now coordinated 
to the metal centers due to substitution of the terminal 
chlorine atoms in 3b, c. The coordination geometry around 
each cobalt center is distorted trigonal-bipyramidal, with 
the bridging C1 and the branching N (N3/N6 in 4b, N3/N7 
in 4c) occupying the axial positions. All bond lengths are 
very similar to the corresponding values in the precursor 
complexes !b, c, respectiyely, as are the Co..Co separations 
(4b: 3.909 A; 4c: 3.833 A). Again, the distance between the 
two metal atoms is slightly smaller in the case of the pyra- 
zolate ligand with shorter side arms, i.e. 4c. Compounds 

4b, c can be viewed as linked versions of the well-known 
mononuclear pentacoordinate Co" complexes [LCoCl]+, 
where L is a tripodal tetramine tran-type ligand [tran = 
tris(aminoalkyl)amine, e.g. tren = tris(2-aminoethyl)amine] 
in which one of the pendant amino groups is replaced by a 
bridging pyrazolate. The class of tetradentate ligands de- 
rived from tran has been shown to commonly enforce the 
adoption of trigonal-bipyramidal coordination in most 
complexes of M" ions, with the additional monodentate li- 
gand occupying an axial position["]. In the present dinu- 
clear case, the rigid pyrazolate framework forces this ad- 
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Figure 2. Molecular structure of the cations of 4b (top) and 4c 

(bottom); for clarity all hydrogen atoms have been omitted["] 

La] Selected bond lengths [A] and angles ["I (estimated standard de- 
viations in Darentheses): 4b: Col -N2 1.956(7). Col  -N3 2.324(8), 
C O I - N ~  2:091(8), Coi-N5 2.089(8), CollCI 2.465(3), NI-N2 
1.377(9): N2-Col -N3 77.3(3), N2-Col -N4 112.6(3), 
N2-COl-N5 129.9(3), N2-Col -C1 87.3(2), N3-Col -N4 
89.9(3), N3-Col -N5 92.0(3), N3-Col-CI 162.8(2), 
N4-Col-N5 116.2(3), N4-Col-CI 103.3(2), NS-Col-CI 
92.0(2), COI -CI-C02 104.79(9). - 4c: Col-NI 1.971(5), 
Col-N6 2.114(5), Col-N7 2.252(5), C O I - N ~  2.106(5), COI-CI 
2.449(2), N 1 -N2 1.367(6); N1 -Col -N6 11  6.0(2), N1 -Col -N7 
77.2(21. Nl-Col-N8 115.1(2). N1 -Col -C1 88.7(2), 
N6-'dol-N7 82.3(2), N6-ColLN8 121.3(2), N6-Col-CI 
105.42). N7-Col-N8 82.6(2), N7-Col -C1 165.9(2), 
N8-Col-CI 102.7(2), COI-CI-CO~ 103.9(1). 

ditional ligand, i.e. C1, to lie in a position spanning the two 
metal centers. Experiments aimed at replacing the bridgillg 
chlorine atom in 4b, c by other inorganic and organic moi- 
eties are currently underway. 

As for 3a-c, no ESR signals (X-band) of the polycrystal- 
line powders could be detected at either room temp. or at 
11 0 K for 4b, c. Magnetic susceptibility measurements on 
a dried, powdered sample of 4c revealed Curie-Weiss law 
behavior in the temperature range 100-300 K (linear re- 
gression yields @ = 15.2 K). The magnetic moment of 3.99 
+_ 0.02 pB per cobalt atom is close to the spin-only value 
for an S = 312 situation (3.87 pB). This is significantly 
smaller than the moments commonly observed for OC-6 
cobalt(I1) (4.7-5.3 pB) or T-4 cobalt(l1) (4.2-4.8 pB)[12] 

and indicates that orbital angular momentum contributions 
are largely quenched in the present ligand field of low sym- 

metry. Mononuclear trigonal-bipyramidal high-spin Co'I 
complexes with an N4C1 donor set have been shown to exhi- 
bit magnetic moments in the range 4.2-4.5 pB"31. cyclic 
voltammograms of CH3CN solutions of both complexes 4b, 
c display an irreversible oxidation process at EF = 0.96 V 
vs. SCE, which reflects the fact that substituted tran-type 
ligands generally do not adapt to octahedral coordination 
as preferred for low spin Co"'. 

Conformational Analyses 

Corresponding to the differences in relative configuration 
observed for 3b, c the dinuclear cations of 4b, c show ap- 
proximate (non-crystallographic) C, and C, symmetries, re- 
spectively, in the solid state. In order to rationalize these 
conformations with respect to the accessible confor- 
mational space we performed conformational analyses ap- 
plying force-field calculations on 4b, c. 

In a mononuclear tren-type system each torsional skew 
along the Co-N,, bond corresponds to a preferred chelate 
ring conformation, namely combinations AIL and N6. Mis- 
match between torsional skew and chelate conformation, 
i.e. combinations A16 and Nh, forces the five-membered 
ring to distort towards an envelope-like conformation with 
a torsion angle (C-N,,-Co-N,,) of almost 0" (Figure 3). 

Figure 3 

A A 

N6 Nh 

The rigid pyrazolate framework in 4c restricts those five- 
membered chelates annellated to the pyrazolate to one con- 
formation for a given torsional skew of the corresponding 
tren moiety, namely combinations Alh and N6, respectively. 
The overall conformation is then described by a code of the 
type A(I II)A(III IV), where the first and second parts of 
the expression correspond to the Col and C02 subunits, 
respectively, and the sequence of the descriptors in brackets 
follows the ordering as depicted in Figure 4, i.e. A(hh)A(66) 
coding the X-ray crystal structure of 4c. 

A total number of 36 different stereoisomeric combi- 
nations of idealized ring conformations exist for the present 
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Figure 4 

system 4c[I4]. Geometry optimization produced eight differ- 
ent diastereomeric local minimum structures, Table 2. 

Table 2. Conformational isomers of 4c 

Stereoisomer Relative energy [kJmol-l] 

4c1 
4c2 
4 8  
4c4 
4% 
4C6 
4c7 
4% 

A(hh)A(hh) 
A(hh)A(66) 
A(h&)A(hh) 
A@h)A(hh) 
A(hh)A(6h) 
A(h6)A(6h) 
A(hF)A(hS) 
A(Gh)A(Fh) 

0.0 
5.0 
16.8 
18.8 
23.6 
32.2 
37.1 
37.2 

The conformation A(hh)A(66) observed for 4c in the so- 
lid state was confirmed as the second lowest minimum, only 
5 kJ/mol above the global minimum, i.e. A(hh)A(hh). These 
two species are those with an overall match ( A h  and A/&, 
see above) between ring conformations and the correspond- 
ing torsional skew. All other conformational isomers con- 
tain at least one mismatch combination, i.e. A16 or Nh,  and 
are thus significantly higher in energy (Table 2). Obviously, 
the change of a single chelate ring conformation, i.e. 4cl 
versus 4c3, is accompanied by a considerable difference in 
terms of energy, while species differing by the inversion of 
a complete tren-type subunit, i.e. 4cl versus 4cz, are very 
close in energy. Furthermore, it turns out that the introduc- 
tion of a mismatch combination is favored in specific seg- 
ments for a given torsional skew, that is, in segments IUIV 
in the case of A and in segments I/III for A, as reflected 
by the energetic difference between 4c3 and 4c4 compared 
to 4c,. 

It should be noted that replacement of the bridging 
chlorine atom in 4c by two non-bridging ligands will 
strongly favor isomers of the type AA (or AA), because this 
allows those terminal ligands to lie on different sides with 
respect to the plane defined by the pyrazolate. Although the 
solid-state structure of 4c displays the opposite type AA, 
stereoisomers of the appropriate type AA (or AA) should be 
easily adopted based on the present conformation analysis. 

Similar considerations for 4b reveal a more complicated 
situation due to the six-membered chelate rings, where tor- 
sional skews A and A combine with four pairs of chair (d/ 
1) and twist-boat &A*, h3/63)  conformations (Figure 
5)[151. However, the matchlmismatch criterion now is an ex- 

cluding restriction, allowing only one specific chair confor- 
mation and three different twist-boat conformations for a 
six-membered ring, depending on the corresponding tor- 
sional skew (Figure 5) .  

hl 

W N e q  'CO' 

Figure 5 

A 

Neq 
Nax 

h2 

272 different diastereoisomeric combinations of idealized 
conformations are possible for 4bIi61. In most cases, the 
given torsional skews of the starting configurations were 
preserved during geometry optimization, although changes 
in ring conformations did occur, The resulting seven differ- 
ent diastereomers of lowest energy are summarized in Table 
3, together with few selected species of higher energy. 

Table 3. Selected conformational isomers of 4b 

4b1 
4 b ~  
4b3 
4b4 
4bs 
4b6 
4b7 
..... 
4bi 

4 bi 
..... 
..... 

~ 

Relative energy [kJ mol-'1 

0.0 
2.8 
4.6 
4.6 
6.5 
9.5 
14.1 

26.3 

74.4 

..... 

..... 

..... 
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The conformation A(dhl)A(dhl), coding the structure ob- 
served for 4b in the solid state, proved to be the global mini- 
mum of the conformational space. Within a range of 10 
kJ/mol therefrom, conformations differing by the following 
features compared to the global minimum structure were 
found: a )  one or even both hl twist-boat rings also exhibit- 
ing chair conformations (4bz and 4b5, respectively); or b)  
inversion of a complete subunit [A(dhl) versus A(6!1), 4b6], 
or c) a possible combination of both a) and b) (4b3 and 
4b4, respectively). Obviously, the chair and hl/S1 twist-boat 
are the preferred conformations for the six-membered che- 
late rings. In addition, the two Col- and Co2-subunits are 
essentially decoupled, thus causing only a small difference 
in energy if a whole subunit displays complete inversion. 
Twist-boat conformations and h2, respectively, appear to 
be very unfavorable and only occur for species lying at least 
20 kJ/mol above the global minimum. This is because the 
torsional skew along the Co-N,, axis for A (A) is restricted 
to angles <36" (>-36") by the five-membered ring annel- 
lated to the pyrazolate, which is incompatible with the tor- 
sion angles of around 65" (-65") required for & &). Un- 
symmetrical twist-boats h3 (6,) turned out to be less favored 
as compared to h1 (6,) due to a more severe distortion of 
the twist-boat ring in the former case. This distortion arises 
from the fact that the "crossing" bonds in the chelate ring 
(Figure 5) differ significantly in the h3 (6,) situation, being 
a long Co-N,, and a short C-C bond. Finally, preferred 
overall structures are not only determined by the type of 
individual chelate ring conformations, but also by their rela- 
tive positions, e.g. A(dh,) and A(Fjll) being considerably fav- 
ored over A(hld) and ~ l ( 1 6 ~ ) ,  respectively (4bl versus 4bi), 
due to specific interactions between the substituents at ni- 
t rogen . 

Summary 
In conclusion, the present series of pyrazolate-derived 

polydentate N-donor ligands was proven to give rise to di- 
nuclear complexes, inducing five-coordination at the metal 
centers with the remaining coordination site in a dinucleat- 
ing bridging position. Conformational analyses confirmed 
the conformations observed for the solid-state structures of 
4b, c as the global or second lowest minimum of the re- 
spective conformational space. This result ascertains that 
the conformations found in the solid state are mainly gov- 
erned by internal forces and that the applied force field is a 
suitable tool for future ligand design based on observed X- 
ray crystal structures. It furthermore  corroborate^['^] that it 
is a reasonable approach to generate all probable idealized 
structures individually and to minimize them separately in 
order to determine the global minimum conformation of 
complexes of this nature. For the compounds studied, cer- 
tain conformations are favored within a tran-type coordi- 
nation sphere, while the two subunits of the complexes 4b, 
c are largely decoupled. This leaves both complexes with a 
significant amount of conformational freedom, which 
should allow them to adapt to other moieties in place of 

the bridging chlorine atom. Of particular interest in this 
context is the replacement of the chlorine by two terminal 
ligands that require conformations of the type AA (AA). 
Work in this area is presently in progress. 

We thank Prof. Dr. G Huttner for his generous support of our 
work as well as the Fonds der Chemischen Industrie for providing a 
Liebig-Stipendium (to F. M.). 

Experimental Section 
All manipulations were carried out under an atmosphere of dry 

nitrogen by employing standard Schlenk techniques. Solvents were 
dried according to established procedures. Compounds la-c,  2a-c 
were prepared following a strategy already described for 2c[7"1. - 
Microanalyses: Mikroanalytische Laboratorien des Organisch- 
Chemischen Instituts der Universitat Heidelberg. - IR spectra: 
Bruker IFS 66 FTIR. - 'H and 13C{LH} NMR spectra: Bruker 
AC 200 at 200.13 MHz and 50.32 MHz, respectively. Signal of the 
solvent as chemical shift reference. CDCI,: 6" = 7.27, 6c = 77.0; 
[D6]DMSO: 6H = 2.50, hc = 39.5. - MS (FAB and EI) spectra: 
Finnigan MAT 8230. - UV/Vis/NIR spectra: Perkin-Elmer 
Lambda 19. - ESR spectra: Bruker ESP 300 E, A'-band, external 
standard DPPH, temperature control unit Eurotherm B-VT 2000. 
- Cyclic voltammetry: PAR equipment (potentiostat/galvanostat 
273), lo-' M in 0.1 M nBu4NPF6/CH,CN (4b, c) or in 0.1 M n- 
Bu4NPF6/CH2CI2 (3a-c), respectively. Potentials in V on glassy 
carbon electrode, referenced to saturated calomel electrode (SCE) 
at ambient temperature. - Magnetic measurements: Bruker Mag- 
net B-E 15 C8, field-controller B-H 15, variable temperature unit 
ER411 lVT, Sartorius micro balance M 25 D-S. 

3.5- Bis {N-[3- (dimethylumino)propyI]-N-me fhylcarbamoyl}- 
pyruzole (la): Pyrazole-3,5-dicarboxylic acid monohydrate (3.3 g, 
19.0 mmol) was converted into 3,5-bis(chloroformyl)pyrazole by 
treatment with SOCl,lS"I. This was taken up in 150 ml of THF and 
a solution of l-(dimethylamino)-3-(methylamino)propane (5.9 ml, 
40.3 mmol) and triethylamine (9.0 ml, 64.9 mmol) in 150 ml of 
THF was added dropwise with stirring. The reaction mixture was 
left at room temp. overnight, then filtered and concentrated to dry- 
ness. The resulting crude oil was redissolved in 40 ml of THF and 
filtered once more. After removal of all volatile material in vacuo, 
5.7 g (85%) of the product remained as a white solid. - 'H  NMR 
(CDC13): 6 = 1.87 (m,4H, CH,), 2.27 (s, 12H, CH3), 2.33 (m, 4H, 
CH2), 3.05, 3.27 [2 s, 4H, (EIZ)-CONCH,], 3.64 (m, 4H, 
CONCH2), 7.02 (s, 1 H, pyrazole-H4). - I3C(lH) NMR (CDCI,): 

47.9, 48.6, 54.6, 55.5, 57.3 (CH,), 110.8, 111.0 (pyrazole-C4), 140.4, 
142.9, 145.8 (br., pyra~ole-C~'~) ,  162.9, 163.7 (CO). - MS (FAB); 
m/z (%): 353 (100) [M' + I], 308 (36) [M+ - NMe,]. - 
C17H32N602 (352.5): calcd. C 57.93, H 9.15, N 23.84; found C 
57.01, H 8.94, N 23.12. 

3,s-Bis {N  N-di[3- (dimethylamino)propyl]carbamoyl/pyruzoie 
(I b): Starting from pyrazole-3,5-dicarboxylic acid monohydrate 
(4.2 g, 24.1 mmol), bis[3-(dimethyl-amino)propyl]amine (1 1.6 ml, 
52.1 mmol), and triethylamine (8.5 ml, 61.3 mmol), the preparation 
was carried out analogously to that of l a  to yield 9.9 g (83%) of 
the product as a slightly yellow oil. - 'H NMR (CDCI,): 6 = 1.78 
(br. m, 8H, CH,), 2.17, 2.18 (2 s, 24H, CH3), 2.28 (t, J = 6.9 Hz, 
8H, Me,NCH,), 3.42 (t, J = 7.4 Hz, 4H, CONCH,), 3.58 (t, J = 

7.4 Hz, 4H, CONCH,), 6.97 (s, I H ,  pyrazole-H4). - 13C{LH} 
NMR (CDC13): 6 = 25.0 (CH,), 25.5 (CH,), 43.8 (Me2NCH2), 44.6 
(CH,), 45.1 (CH,), 45.9 (Me,NCH,), 55.1 (CONCH,), 56.8 

6 = 24.8, 25.6 (CH,), 33.2, 33.5, 37.5, 44.8, 45.1, 45.8 (CH,), 47.1, 
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(CONCH2), 110.7 (pyrazole-C4), 142.6 (br., pyra~ole-C~'~), 162.5 
(CO). - MS (FAB); mlz (YO): 495 (100) [M+ + 11. - Cz5HsoNs02 
(494.7): calcd. C 60.70, H 10.19, N 22.65; found C 59.73, H 10.03, 
N 20.77. No satisfactory analytical data (N percentage) could be 
obtained for this compound. 

3,5-Bis (iV, N-bis[2- (diethylarnin~ j e thy l ]carbnmoy l )py~uzo le~~~~  
(lc): Starting from pyrazole-3,5-dicarboxylic acid monohydrate 
(2.8 g, 16.1 mmol), N,N,N,N-tetraethyldiethylenetriamine (8.5 ml, 
33.1 mmol), and triethylamine (5.0 ml, 36.1 mmol), the preparation 
was carried out analogously to that of l a  to yield 7.6 g (86%) of 
the product as a slight yellow oil. - 'H NMR (CDC13): 6 = 1.05 
(t, J = 7.0 Hz, 24H, CH3), 2.60 (quint, J = 7.0 Hz, 16H, CH2), 

3.72 (t, J = 6.8 Hz, 4H, CONCH,), 7.09 (s, 1 H, pyrazole-H4). - 
2.74(t,J=6.8H~,8H,CH2),3.54(t,J=6.8H~,4H,CONCH;?), 

I'C('H} NMR (CDCI3): 6 = 11.5 (CH2). 11.7 (CH,), 45.1 (CHz), 
47.5 (CH3), 48.0 (CH,), 48.4 (CH,), 50.1 (CONCH,), 51.8 
(CONCH2), 111.2 (pyrazole-C4), 162.6 (CO). - MS (FAB); mlz 

H 10.61, N 20.34; found C 61.50, H 10.48, N 19.45. No satisfactory 
analytical data (C percentage) could be obtained for this com- 
pound. 

3,S-Bis ((N- (3-dimethylamino jpropyl-N-methyl]aminomethylj- 
pyrazole (2a): A solution of l a  (5.7 g, 16.2 mmol) in 100 ml of 
THF was added dropwise to a stirred suspension of LiAIH4 (2.0 g, 
52.7 mmol) in 200 ml of T H E  After completion of the addition, 
the reaction mixture was heated to reflux for 12 h and then, while 
cooling to O'C, was carefully quenched with 10 ml of water. All 
inorganic precipitates were separated by filtration and washed with 
two 50 ml portions of T H E  The combined filtrates were concen- 
trated to dryness and the crude residual oil was redissolved in 50 
ml of petroleum ether 40/60 and filtered once more. Evaporation 
of all volatile materials in vacuo afforded 3.7 g (70%) of the prod- 
uct as a slightly yellow oil. - 'H NMR (CDCI,): 6 = 1.65 (quint, 

( 'Yo): 551 (100) [M' + 11. - C29H58Ns02 (550.8): calcd. C 63.24, 

J =  7.0 Hz, 4H, CH,), 2.22 (s ,  18H, CH,), 2.27 (t, J =  7.0 Hz, 
4H,  CH;?), 2.38 (t, J = 7.0 Hz, 4H,  CHJ, 3.55 (s, 4H, CH2), 5.97 
(s, 1 H, pyrazole-H4). - 13C('H} NMR (CDCl,): 6 = 25.4 (CH2), 
42.8 (CH3), 45.6 (CH,), 54.8 (br., CHI), 57.6 (br., CH2), 103.4 
(pyrazole-C4). - MS (FAB); mlz (%): 325 (98) [M+ + I], 209 (100) 

25.90; found C 62.30, H 11.83, N 24.57. 

3,5- Bis {N N-his(3- (dimethy lamino jpropyl]uminomethyl)pyrazole 
(2b): Starting from l b  (6.4 g, 12.9 mmol) and LiAIH4 (1.7 g, 44.8 
mmol), the preparation was carried out analogously to that of 2a 
to yield 4.1 g (68%) of the product as a colourless oil. - IR (film): 
C = 3184 cm-' (m), 2943 (s), 2813 (s), 1460 (s), 1040 (m). - IH 
NMR (CDC13): 6 = 1.63 (quint, J = 7.1 Hz, 8H,  CH2), 2.21 (s, 

8H, NCH,), 3.63 (s, 4H,  CH3, 5.92 (s, l H ,  pyrazole-H4). - 
I3CflH} NMR ([D6]DMSO): 6 = 24.8 (CH2), 45.2 (CH,), 49.6 (br., 
CH2), 51.2 (CH,), 57.2 (CH2), 103.7 (pyrazole-C4). - MS (FAB); 
mlz (YO): 467 (100) [M+ + 11. - C25H54N8 (466.8): calcd. C 64.33, 
H 11.66, N 24.01; found C 63.17, H 11.43, N 23.66. 

3,5-Bis {N N-bis(2- (diethylamino) ethyl]arninomethyl]pyr~zole~~~~ 
(Zc): Starting from l c  (7.6 g, 13.8 mniol) and LiA1H4 (1.8 g, 47.4 
mmol), the preparation was carried out analogously to that of 2a 
to yield 5.4 g (75%) of the product as a colourless oil. - IR (film): 
C = 3182 cm-' (m), 2971 (s), 2806 (s), 1468 (s), 1383 (s), 1069 (s). 

(quint, J = 7.1 Hz, 16H, CH,CH3), 2.58 (m, 16H, CH2CH2), 3.70 
(s, 4H, CH,), 5.92 (s, IH,  pyrazole-H4). - 13C{'H} NMR 
(CDC13): 6 = 11.3 (CH3), 47.2 (CH2CH3), 49.6 (br., CH2), 51.0 
(br., CHJ, 51.5 (br., CH3, 52.3 (br., CH2), 53.5 (br., CH2), 101.5 

[M+ - C6H16N,]. - C17HyjNh (324.5): calcd. C 62.92, H 11.18, N 

24H, CH3), 2.28 ( t ,  J =  7.1 Hz, 8H, NCH2), 2.46 (t, J =  7.1 Hz, 

- 'H NMR (CDCI,): 6 = 1.01 (t, I = 7.1 Hz, 24H, CH,), 2.54 

(pyrazole-C4). - MS (EI); mlz (9'0): 522 (22) [Mf], 436 (84) [M+ 
- CH2NEt2], 86 (100) [CH2NEtz]. - C29H6ZN8 (522.9): calcd. C 
66.62, H 11.95, N 21.43; found C 65.74, H 11.87, N 21.00. 

p-Chloro-p- (3,S-bis {(N-(3-dimethylamino jpropyl-N-methyl]- 
uminomethyl}pyrazolate)dicobalt(IIj Dichloride (3a): A solution of 
2a (0.18 g, 0.55 mmol) in 20 ml of T H F  was treated with one 
equivalent of BuLi (2.5 M in hexane) and stirred for 15 min at room 
temp. Anhydrous CoC1, (0.14 g, 1.08 mmol) was then added in one 
portion and the reaction mixture was stirred for a further 1 h. After 
evaporation of the solvent, the solid residue was taken up in 
CH2C12 (20 ml), undissolved material was filtered off and all vol- 
atile compounds were removed in vacuo. Purple-blue crystals of 3a 
. 2 CHCI, (0.32 g, 74%) were obtained by vapor diffusion of petro- 
leum ether 40/60 into a CHC1, solution. - IR (KBr): i j  = 3001 
cm-I (m), 1522 (m), 1469 (s), 1313 (s), 1036 (s), 826 (s). - MS 
(FAB); mlz (YO): 512 (100) [M+ - CI]. - C17H35C13C~2N6 (547.7): 
calcd. C 37.28, H 6.44, N 15.34; found C 36.73, H 6.49, N 14.88. 

p-Chloro-p-  {3,5-bis (N, N-di[3-(dimethylamino)propyl]- 
aminomethyl)pyrazolate}dicobult(II) Dichloride (3b): Starting from 
2b (0.27 g, 0.58 mmol) and CoCI2 (0.15 g, 1.16 mmol), the prep- 
aration was carried out analogously to that of 3a. Blue crystals of 
3b . 2 CH2CI2 (0.36 g, 72%) were formed within 10 d when a solu- 
tion in CH2CI, was overlayed with petroleum ether and stored at 
-30°C. - IR (film): 3 = 2962 cm-' (m), 1515 (w), 1466 (s), 1261 
(m), 1042 (m), 801 (s). - MS (FAB); mlz ('%): 654 (100) [M+ - 

N 13.03, CI 28.86: found C 38.17, H 6.73, N 13.14, C1 28.21. 
CI]. - C ~ ~ H ~ ~ C I ~ C O ~ N R  ' 2 CH2C12 (859.8): calcd. C 37.72, H 6.68, 

,u - Ch 1 o r o -p - ( 3 , 5  - A is { N, N - d i [ 2 - ( die  thy  I am in o ) e thy I ]  - 
aminomethyl}~~yrazolate)dicobalt ( I I j  Dichloride (3c): Starting from 
2c (0.26 g, 0.50 mmol) and CoCl, (0.13 g, 1.00 mmol), the prep- 
aration was carried out analogously to that of 3a. Purple-blue crys- 
tals of 3c (0.32 g, 86%) were obtained within 10 d when a solution 
in THF was overlayed with petroleum ether 40l60 and stored at 
-30°C. - IR (KBr): C = 2970 cm-' (s), 1512 (m), 1470 (s), 1459 
(s), 1259 (m), 1064 (s), 763 (s). - MS (FAB); mlz (YO): 710 (100) 

15.02, CI 14.25; found C 46.25, H 8.24, N 14.83, CI 13.95. 
[Mt - CI]. - C29H61C13C02Ns (746.1): calcd. C 46.69, H 8.24, N 

p- Chloro-p J3,S-bis {N,N-di[3-(dimethylamino j p r o p y l j -  
aminomethyl}pyruzolate,'dicobalt(IIj Bis(tetrupheny1borate) (4b): 
To a solution of 3b (0.31 g, 0.47 mmol) in 30 ml of ethanol was 
added NaBPh, (0.32 g, 0.94 mmol) in one portion, causing the 
immediate precipitation of complex 4b. It was filtered off, washed 
twice with small portions of ethanol, and dried in V ~ C U O  to give 
0.56 g (95%) of the crude product. Small violet crystals were ob- 
tained by layering a solution of the complex in acetonitrile with 
Et20  at -30°C (0.31 g, 52%). - 1R (KBr): C = 3053 cm-' (m), 
1579 (m), 1479 (s), 1262 (m), 967 (m), 708 (s), 611 (s). - 
C73H93BZC1C~2N8 (1257.5): calcd. C 69.72, H 7.45, N 8.91; found 
C 67.72, H 7.52, N 8.94. No satisfactory analytical data (C percent- 
age) could be obtained for this compound. 

p - Chloro -p - {3,5- b is {N, N-di[2 - (diet  hy lum in o ) et hy l]am in o- 
methyl}pyrazolute}dicobult(II) Bis(tetrapheny1boratej (4c): Start- 
ing from 3c (0.33 g, 0.46 mmol) and NaBPh4 (0.32 g, 0.93 mmol), 
the preparation was carried out analogously to that of 3b. The 
product could be crystallized by layering a solution in acetonitrile 
with Et20 at -3O"C, to yield 0.49 g (81%) of purple plates. - IR 
(KBr): C = 3053 cm-' (m), 1579 (m). 1478 (s), 1262 (m), 734 (s), 
706 (s), 61 1 (s). - MS (FAB); mlz (YO): 993 (10) [M+ - BPh$, 674 

C77HIOIB2ClC~2N8 (1313.6): calcd. C 70.40, H 7.75, N 8.53; found 
C 70.10, H 8.17, N 8.75. 

(74) [M+ - 2 BPh41, 337 (100) [M2+ - 2 BPhd]. - 
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Table 4. Crystallographic data of compounds 3a, 3b, 3c, 4b, and 4c 

3a 3b 

Formula 

M 
crystal size [mm] 
crystal system 
space group 
a [A1 
b [A1 
c [A1 

F(000) [el 
T [Kl 
P W0-W [m-'I 
scan mode 
hkl range 
2 0 range ["I 
measured refl. 
observed refl. I>20(0 
refined Darameters 

786.5 859.8 
0.15 x 0.25 x 0.25 
orthorhombic 
Pbca 
25.924(4) 
19.325(4) 
13.149(3) 
90 
90 
90 
6587(2) 
1.586 
8 
3200 
200 
1.759 

-10/34, -15/25, +I7 
4.1-52.0 
646 1 
3454 
355 

W 

0.30 x 0.30 x 0.30 
monoclinic 

12.224(2) 
19.898(4) 
16.908(4) 
90 
97.67( 1) 
90 
4076(1) 
1.401 
4 
I792 
200 
1.302 

P2,lc 

W 
-5113, -3121, f18 
4.1-46.0 
5991 
4149 
42 1 

resid. electron dens. [eK3] 0.739l4.513 
RI 0.068 0.032 
wR2 (refinement on F2) 0.159 0.084 
Goodness-of-fit 1.170 1.167 

0.446/4.46 1 

3c 4b 4c 

C29H61C13C02N6 C73H93B2C1C02N8 C77H101B2C1C02N8 
. 1.75 CH3CN 

746. I 1257.5 
0.20 x 0.20 x 0.20 
orthorhombic triclinic 

0.20 x 0.15 x 0.20 

Pbca P i  
23.025(5) 11.773(3) 
14.252(3) 14.750(4) 
24.042(4) 19.995(4) 
90 100.48(2) 
90 99.80(2) 

7889(3) 3275(1) 
1.222 1.273 
8 2 
3008 1332 
200 200 
1.072 0.596 

90 101.00(2) 

W W 
-24/27, -9l16, -21/28 0/13, +17, f24 
3.4-50.0 3.6-52.0 
6946 1 I387 
3239 5417 
378 693 
0.510l4.443 0.962/4.875 
0.082 0.099 
0.212 0.31 1 
1.035 1.491 

1385.4 
0.15 x 0.20 x 0.20 
triclinic 

13.482(3) 

21.854(3) 
8 1.80(2) 
88.95( 1) 
64.84(2) 
3801( 1) 
1.210 
2 
1477 
200 
0.521 

-12114, f16, +25 
3.848.0 
12401 
6668 
853 
0.988l4.363 
0.072 
0.197 
1.028 

P i  

14.417(4) 

W 

Conformation Analyses: The force-field calculations were carried 
out using the molecular mechanics module Discover of the molecu- 
lar modeling software package Insight 11['71 on a Silicon Graphics 
workstation Indigo2, MIPS R4400,200 MHz, 64 MB RAM, 2 GB 
hard disk. The Extensible Systematic Force Field (ESFF) was used. 
The atom type for the cobalt atoms was set to trigonal-bipyramidal 
Co2+ (Co025t). All other atom types were set as assigned by the 
program. A molecular charge of +2 was applied to calculate the 
partial charges. The only force-field parameter modified was the 
force constant for the out-of-plane angle of the pyrazolate nitrogen 
(atom type np). It was set to the value for aromatic carbon (atom 
type cp) to reproduce the observed solid-state structures of 4b, c. 
In the conformational analyses, each of the conformations investi- 
gated was first generated according to the corresponding code by 
restrained minimization starting from the X-ray crystal structure. 
This conformation then served as a starting geometry for the free 
minimization, resulting in a local minimum structure which was 
stored. The restrained minimizations applied 14 torsional restraints 
(quadratic form, force constant = 100.0 kcal/mol, maximum 
force = 1000.0 kJ/mol), two for each of the four coded chelate rings 
and three for each torsional skew A/A, and fixed the atoms of the 
pyrazolate and the two cobalt atoms. Both restrained/fixed and un- 
restrainedhnfixed minimizations were carried out in three steps, 
first using- steepest descent (convergence: maximum derivative = 

10.0 kcal/A . mol), then Polak-Ribiere conjugate gradient (conver- 
gence: maximum derivative = 0.1 kcal1A . mol) and finally 
Broyden-Fletcher-Goldfarb-Shanno (BFGS) Newton minimization 
(convergence: maximum derivative = 0.00 1 k c d A  mol). Param- 
eters not specified explicitly were used as set by default. 

X-ray Structure Determinations: The measurements were carried 
out on a Siemens P4 (Nicolet Syntex) R3m/v four-circle dif- 
fractometer with graphite-monochromated Mo-K, radiation. All 
calculations were performed with a micro-vax computer using the 

SHELXT PLUS software package. Structures were solved by direct 
methods with the SHELXS-86 program and refined using 
SHELX93["1. An absorption correction (y~ scan, A v  = 10') was 
applied to all data. Atomic coordinates and anisotropic thermal 
parameters of the nonhydrogen atoms were refined by full-matrix 
least-squares calculation. In the case of 342, the ethyl groups of the 
non-coordinating N5 and N8 were disordered and were thus re- 
fined isotropically and without hydrogen atoms. Due to the small 
size and moderate quality of their crystals, the structure analyses 
of 3c and 4b could only be refined to final (poor) agreement values 
of R = 0.082 and 0.099, sespectively. Data for the structure deter- 
minations is compiled in Table 4. Further details of the crystal 
structure investigations are available from the Fachinformations- 
zentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germ- 
any), on quoting the depository numbers CSD-406505 (3a), 
-406504 (3b), -406502 (3c), -406503 (4b), and -406501 (4c), the 
names of the authors, and the journal citation. 

Dedicated to Prof. Dr. Walter Siebert on the occasion of his 
60th birthday. 
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