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The present review is devoted to the chemistry of tfimethylacetate Ni 11 complexes with 
various nitrogen-containing ligands. Pathways of formation of complexes containing the 
Ni2(Ia-OH2)(g-OOCCMe3) 2 and Ni2(rt-OOCCMe3) 4 fragments are discussed. Pathways of 
degradation of the nine-nuclear complex Nig(HOOCCMe3)4(Ia4-OH)3(g~-OH)3(p. n- 
OOCCMe3)I2 under the action of primary amines (aniline or propargylamine) as well as the 
process of dehydration of N-phenyl-o-phenylenediamine up to the bischelate mononuclear 
complex [I,2-(NH)(NPh)C6H412Ni are demonstrated. 
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In recent years, earboxylate complexes of transition 
metals have attracted considerable attention of chemists 
primarily due to a wide diversity of their structures, t - s  
The metal fragments of these complexes are oRen very 
similar to those present in metal-containing enzymes. 
Synthetic approaches, which have been developed by 
researchers involved in coordination and inorganic chem- 
istry, can be successfully used for designing polyfunctional 
catalysts, which are analogs of natural enzymes. How- 
ever, attempts to virtually completely reproduce metal 
fragments observed in enzymes 6 - t t  including not only 
the nearest ligand environment  but also the peripheral 
environment of particular metal centers are not neces- 
sarily successful due to the complexity of assembly of 
molecules whose protein residues, on the one hand, play 
an important role in electron transport and, on the other 
hand, are responsible for the geometric parameters of a 
mono-,  bi-, or polynuclear fragment, which acts as an 
"engine" of this complex "biochemical machine." In our 
opinion, partial account of steric factors can be taken 
using a carboxylate anion containing a bulky strong 

electron-donor substituent as a ligand directly bonded to 
the metal atom(s). Progress in "assembly" of such mod- 
els depends to a large extent on advances in inorganic 
chemistry and the ability of chemists to synthesize tran- 
sition-metal complexes whose metal fragments have geo- 
metric and electronic characteristics similar to those 
observed for the metal sites of the corresponding en-  
zymes. This rather complicated problem calls for the 
development of synthetic methods as well as for detailed 
physieochemical studies of the structures, properties, 
and reactivity of new compounds. The severity of the 
problem stems from the fact that molecules that possess 
characteristics seemingly required for the realization of 
the catalytic process must withstand a medium in which 
the catalytic reaction proceeds, reagents that are "pre- 
pared" for interactions, etc. In spite of various limita- 
tions and difficulties associated with modeling of active 
moieties of metalloenzymes, the synthesis of model 
complexes is undoubtedly the first necessary step of 
attack on the problem of the design of artificial analogs 
of metal-containing enzymes. 
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Since the magnetic and optical properties of complex 
carboxylates can be varied over a wide range as a func- 
tion of their  molecular  structures, these complexes at- 
tract the attention not only of chemists but also of  
physicists. The carboxylate ligand can be readily el imi- 
nated upon thermolysis of  the complexes. In addition, 
compounds of this class are volatile because their mol- 
ecules are held in crystals through rather weak interac- 
tions. Owing to these facts complex carboxylates show 
considerable promise as starting compounds for prepar- 
ing inorganic materials (primarily, oxides as films and 
finely dispersed compounds)  that often possess unique 
electronic characteristics. 

We used tr imethylacetates (pivaloates) of  transition 
metals (in particular, of  nickel) in investigations, which 
are the subject of  the present review. Due to the pres- 
ence of  the bulky doqor tert-butyl substituent possessing 
pronounced l ipophilicity,  t ransit ion-metal  t r imethyl-  
acetates are generally readily soluble in usual organic 
solvents, which is helpful in using these compounds in 
the synthesis as well as in studying their chemical prop- 
erties. In this work, we discuss ways for controlling the 
assembly of  nickel complexes with different numbers of  
nuclei (from the nine-nuclear  to mononuclear  com- 
plexes). Before we started our investigations in this field, 
only several structurally characterized nickel compounds 
with tr imethylacetate ligands have been reported in the 
literature. Most of  them belong to Ni II dimers with the 
"China-lantern" structure and contain four bridging 
tr imethylacetate groups that link two LNi fragments (L 
is an ct-substituted pyridine ligand), lz-14 

Synthesis and the structure of the starting nine- 
nuclear trimethylacetate nickel complex 

The starting Ni .I compound containing tr imethyl-  
acetate groups was synthesized by the exchange reaction 

of NiCI 2" 6H20 with K O O C C M e  3 (or with a mixture of 
KOH and HOOCCMe 3) in water  (the reagent ratio was 
I : 2). t5 A coagulated pa le-green  water- insoluble pre- 
cipitate was apparently a po lymer  and contained a small 
amount  of  unconsumed chloride ions. Treatment  of  this 
product with an excess of  ct,ct-dipyridyl (dipy) in MeCN 
(Scheme 1, reaction a) afforded an insignificant amount  
(<2%) of the complex [dipy2Ni(OH2)(OOCCMe3)]Cl  
(1) ( N i - - N ,  2.047(3)--2.091(3) A; N i - -O(OOCCMe3) ,  
2.059(4) and 2 .062(3)A;  N i - - O ( O H 2 )  , 2.074(4) and 
2.102(3) A; two independent molecules  per asymmetric  
unit). However, after extraction o f  the above-ment ioned 
polymer with nonpolar solvents (benzene,  heptane,  or 
hexane) (Scheme 1, react ion b), the  n ine -nuc l ea r  
complex  N ig(H O O C C  M e3)4(la4-O H)(vt3-O H)(rt . - 
OOCCMe3)I2 (2) was isolated in high yield (70--90%). Is 

According to the data of  chemica l  analysis, cluster 2 
contains 1.80 carboxylate groups (in the protonated or 
deprotonated form) and approximate ly  0.65 oxygen at- 
oms (apparently as hydroxy groups)  per nickel atom. 
The structures of compounds of  this  type have not been 
studied previously. X-ray diffract ion analysis of  very 
unstable crystals of 2 ~ demons t ra ted  that this com- 
pound is a nine-nuclear cluster in which four pairs of 
nickel atoms (the Ni. . .Ni d is tances  in the pairs are 
nonequivalent and are equal to  2.826(2), 2.746(2), 
2.724(2), and 3.056(2) A) are a r ranged as a bent ribbon 
(the distances between the ad jacent  nickel atoms in 
different pairs are in the range of  2.916(2)--2.924(2) A). 
The ninth nickel atom is bonded to the metal atoms of 
the last pair (Ni. . .Ni,  2x3.383(2) A) through the triden- 
rate oxygen atom ( N i ~ O ,  2.045(8)--2.047(6) ,&.) and 
three bridging carboxylate groups  (N i - -O ,  1.997(6)-- 
2.146(6) A). Two terminal carboxyla te  groups are also 
bonded  to this Ni a tom ( N i - - O ,  2.031(11) and 
2.113(11) A). Each two pairs of t h e  nickel a toms form a 
rectangle, whose center is occup ied  by the O atom, 
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Fig. 1. Metal core of nine-nuclear complex 2. 

which deviates from the N i 4 plane (by 0.5151, 0.5111, 
and 0.6563 A). The geometric characteristics of these 
fragments indicate that the O atoms belong to the 
hydroxy ligands, like the above-mentioned !.13-O atom 
that is located in the center  of  the terminal Ni 3 fragment 
(Ni ( I ) ,  Ni(2), and Ni(3) atoms). Unfortunately, due to 
the large number of  independent nonhydrogen atoms in 
this structure, H atoms could not be located from the 
X-ray data, which made the determination of the exact 
composition of  the complex and the spin state of the 
metal atoms substantially more difficult. However, it 
should be noted that  all four terminal carboxylate 
groups (in addition to the two above-mentioned groups, 
there are two groups bonded to the Ni atoms of the first 
pair) are apparently protonated, which results in the 
inequality of  the C - - O  distances, as Magnetic measure- 
ments for cluster 2 (Fig. 1) in the 83--296 K range 
demonstrated that the effective magnetic moment  per 
metal atom increases from 1.99 to 2.58 laB. The IR 
spectra of compound 2 have stretching vibration bands 

of the bridging carboxylate groups (Vsy m = 1573 and 
1610 cm-I ;  v~ = 1369 and 1425 cm-I ) ,  the OCO frag- 
ments of the terminal-coordinated pivalic acid (voco  = 
= 1703 cmH) ,  and the OH groups (3457 cm- t ) .  The 
electronic absorption spectra of  the complex in a T H F  
solution and in the solid state are similar, which indi- 
cates that the structure of  the complex remains un- 
changed in going from the crystal to the solution. Com-  
plex 2 appeared to be a convenient starting compound 
for preparing a series of nickel t r imethylacetates with 
different numbers of nuclei in the metal core. 

T r i m e t h y l a c e t a t e  Ni H complexes 
with pyridine bases 

Binuclear nickel trimethylacetates with 
the fragments Ni2(g-OOCR)2(g-OH2) and Niz(OOCR)~ 

Studies of  the chemical reactivity of  nine-nuclear  
complex 2 with respect to N-donor  bases with different 
numbers of pyridine rings demonstrated that directed 
modifications of  the structures of  the final compounds  
can be rather smoothly performed according to the 
geometric characteristics and the chelating ability of 
the donor ligand and reaction conditions. Thus, com-  
plex 2 readily reacted with various bases containing 
one  pyridine ring (Py,  3,4-1utidine (3 ,4 -Lu t ) ,  or  
N - n i t r o e t h o x y n i c o t i n a m i d e  (Nic ) )  to form blue 
crysta ls  of  adducts  o f  the genera l  fo rmula  
L4Ni2(OOCC Me3)2(~t-OOCCMe3)2(~-OH 2) (L = 

Scheme 2 
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Reagents aad conditions: a) l t0--140 ~ xylcnr b) Py, 20--50 ~ benzene: c) solid KOH, benzene or MeCN; d) thermolysis of  
solid 6 in vacuo, [70 ~ e) I equiv, of  H20, 2 equiv, oF i tOOCCMe 3. benzene or hept'me, 40--60 ~ 
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Py (3), 3,4-kt,t  (4), or Nic (5)) Is (Scheme 2) in virtu- 
ally quantitative yields. 

According to the data of X-ray diffraction analysis, 
all the complexes in question have similar geometric 
characteristics of  the binuelear metal fragments. Thus, 
the metal  a toms in the molecules are located at 
nonbond iug  d is tances  (Ni . . .Ni ,  3.513(1) A (3); 
3.549(3) A (4); 3.505(4) A (5)). The ligand environ- 
ments around the metal centers are nearly octahedral. 
Each nickel atom is bonded to the terminal (C- -O,  
1.237(4)--1.250(3) A (3); 1.223(18)--1.261(16) A (4); 
1.231(19)--1.268(24) A (5)) carboxylate group (Ni - -O ,  
2.056(2) A (3); 2.099(9) A (4); 2.018(12)--2.062(13) A 
(5)), to the two pyridiqe fragments ( N i - - N ,  2.104(3)-- 
2.123(4) A (3); 2.088(12)--2.103(9) A (4); 2.125(15)-- 
2.155(13) A, (5)), to two oxygen atoms of  the bridging 
tr imethylacetate groups (Ni - -O,  2.012(2)--2.037(2) A 
(3); 1.989(8)--2.023(9) A (4); 1.999(12)--2.030(11) A 
(5)), and to the oxygen atom of the bridging water 
molecule (Ni - -O ,  2.074(2)--2.078(3) A (3); 2.104(6) A 
(4); 2.077(12)--2.091(I 1) A (5); the N i - - O - - N i  angle is 
115.6(I) ~ (3), 1t4.9(2) ~ (4), and 114.4(5) ~ (5)). In the 
complexes under consideration1, the N i - - O  and N i - - N  
distances are close to the corresponding values observed 
in the previously reported carboxylates L4Ni2(OOCR)2( p- 
OOCR)2(la-OH2) t6A7 (L --- Py, R = 2-CIC6H4OCH 2, 
N i - - N  2.104--2.113 A; L2 = T M E D A ,  R = C F  3, 
N i - - N  2.131--2.182 A ) a n d  L2Ni2(la-OOCR)2(p.-OH) + 
(L = N,N'N"- t r imethyl - l ,4 ,7- t r iazacyclononane,  R = 
Me, N i - -N  2.136--2.169 A.) t8 containing the same three- 
bridged Ni II core. Previously, ts based on the data of  
thermomagnetic measurements of samples of 3--5,  which 
were kept in air for several days, we suggested that these 
complexes contain Ni H and Ni III atoms. However, the 
refined magnetic data, which were obtained on a SQUID 
magnetometer  in the temperature range of 2--300 K 
with the use of  freshly prepared single-crystal samples, 
unambiguously indicated that these compounds contain 
only Ni 11 atoms (for example, for a single crystal of  
complex 3 with dimensions of 2x2x  1.5 mm the mag- 
netic moment  per Ni atom increased from 3.077 to 
3.134 laB in the 300--20 K range and then decreased to 
2.700 lab in the 20--2 K range). The difference in the 
magnetic properties of  complex 3 that was stored in air 
and of  a freshly prepared sample may be indicative of  
the possible structural chaqges that occur in the com- 
plexes upon storage. This leads not only to a loss of 
solubility, as we have noted previously, ts but also to a 
partial change in the electronic characteristics of the 
metal centers. However, the ferromagnetic type of spin- 
spin interactions between the metal ions and the spectral 
characteristics of the complexes remain uqchanged. 

So lu t ions  of  complex  3 exhibit  very unusual  
thermal  propert ies .  Thus,  heating of  3 in xylene 
(110--140 ~ for 2--4  h resulted in elimination of 
two pyr id ine  l igands to form the complex  
PY2 N i2( H OOCC M e 3) 2(OOCC M e 3 ) 2( la-OOCC M e3)2(la- 
OH2) (6) (see Scheme 2). Molecule 6 contains two 

metal a toms located at a nonbond ing  distal lce of  
3.465(2) A.. In complex 6, the ligand environments  
arouqd the nickel atoms are equivalent  (nearly octahe-  
dral) as a result of  coordination by the terminal  mol- 
ecules of  pivalic acid (Ni - -O ,  2.142(5) A,), the carboxy- 
late group (Ni - -O ,  2.069(5)A,) ,  the pyridine ligand 
( N i - - N ,  2.095(7) •), the bridging oxygen atom of  the 
water molecule (Ni - -O ,  2.106(4) A,), and the two oxy- 
gen atoms of the bridging t r ime thy lace ta te  ligands 
(Ni - -O ,  1.992(5) and 1.983(5) /~). Note that the two 
last-mentioned distances are not iceably  shorter  than the 
values observed in the original compound  3. Complex 6, 
unlike ferromagnetic complex 3,  is antiferromagnetic 
(t.tcrr/Ni atom = 1.90--0.84 )~B in the temperature  range 
of  293--79 K, - ~  = 265 c m - i ) .  When the reaction 
mixture containing complex 6 was cooled to 20 ~ the 
thermo[ysis products were virtually quanti tat ively con- 
vetted into the original complex 3. Therefore, the re- 
versible temperature-dependent ferromagneticc:)antiferro- 
magnetic equilibrium actually occurs  in solution. 

Complexes 3- -6  contain an unusual  bridging water 
molecule that formally has an "oxane" oxygen atom 
bonded to two nickel atoms and two hydrogen atoms 
(whose positions in complexes 3, 4, and 6 were located 
by X-ray diffraction analysis Is) through covalent two- 
electron bonds. In complexes 3 and 4, the hydroge,1 
atoms of  the bridging H20 molecule  are involved in 
hydrogen bonding with the oxygen atoms of  the terminal  
carboxylate groups, while in complex  6 this interaction 
is absent due to shieldizlg of the hydrogen atoms of  the 
aqua bridge by the coordinated pyr idine molecules.t5 lt~ 
the stnJcture with the maximum covalence  of M - - O  and 
O - - H  bonds, the four-coordinated bridging oxygen atom 
in complexes 3- -6  carries a positive charge +2. It is 
known that "hard" acid centers, such as a luminum and 
silicon, can form the above-ment ioned  "oxane" struc- 
tures, t9-22 To our knowledge, th is  coordinat ion of the 
O atom is very rarely observed in the case of"soft"  acid 
centers, such as NiH. 16-t8 This coord ina t ion  o f  the O 
atom has not yet been observed in complexes of  either 
palladium or platinum (two other  members  of  the triad). 
Noteworthy is the strength of  this  bonding. The stable 
fragment Ni(p.-H20)Ni persists in both complexes 3 and 
6 in spite of severe conditions o f  thermolysis and the 
presence of  strongly basic pyr idine molecules,  which are 
capable of being strongly coordinated,  in solutions (quan- 
titative regeneration of complex 3 would otherwise be 
impossible). Apparently, the stabil i ty of  the aqua dinickel 
fragment is the cause of the l igand exchange resulti,lg in 
the replacement of one pyridine molecule  by the termi-  
nal molecule of tr imethylacetic ac id  to give complex 6. 
However, the yield of complex 6 was no more than 50%, 
which suggests the presence of  o t h e r  thermolysis prod- 
ucts. However, attempts to isolate these products tailed. 

Complex 6 did not decompose  in a decane solution 
up to 160 ~ Only when hea ted  in the solid state 
in vaeuo at [70 ~ did complex  6 lose coordinated 
molecoles of carboxylic acid at'ld water to form the 
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b iuuc lca r  an t i f e r romagne t l c  Ni II t e t racarboxyla te  
Py2Ni2(OOCCMe3)4 (7). According to the data of X-ray 
diffraction analysis, this complex has the shortest Ni...Ni 
distance (2.603(2) ~.) compared to the related nickel 
dinaers with the lantern-like structure (in the knowl] 
dimers L~Ni2(OOCCMe3) 4, where L = 2-methylquino- 
line, 14 2,4-  Me2CsH3N,13 2 ,5-Me2CsH3N,  13 
2-EtCsH4N, 14 or 2-picoline,  tz the Ni.. .Ni distances are 
2.717--2.754 b,). The N - - N i . . . N i - - N  fragment in com- 
plex 7 is linear (176.8(2)~ Complex 7 can be prepared 
by the reaction of compound 3 with solid KOH in 
benzene or MeCN at 80 ~ (see Scheme 2) in high 
yield (70%). Under these conditions, two pyridine ligands 
and the bridging water molecule were displaced from the 
coordination sphere of the metal atoms. Note that it is 
the first example of  the replacement under the action of  
a base, which seems to involve deprotonation of the 
bridging water molecule as the initial stage. 

Bu t Bu t 
C -  C 

0 / w  u.. 0 
--~ / 1  "',,\ i 
? N  i"-'----._. O t N t"-- 

H2 

+OH- 
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C-  C 

0 / u  u, .  0 
-.. / I "  ". . \  . /  
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Sitbsequent interaction of hydroxide-bridged anionic 
complex A with the second equivalent of the nucleo- 
phile ( O H - )  leads to the cleavage of the N i ( O H - ) N i  
bridge to form a complex containing only two carboxy- 
late bridging ligands: 

Bu t Bu t 7 - 
C-  C 

0 ..u U.,. 0 
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In the last stage, both OH groups of the ligand are 
replaced by the oxygen atoms of the terminal carboxy- 

late groups to form structure 7 containing four bridging 
carboxylate groups. However, if the axial pyridine ligand 
does not contain a-substi tuents that stabilize the lan- 
tern-like structure, z3 complex 7 can again be converted 
into aqua-bridged complex 6 by the reaction with two 
equivalents of  trimethyacetic acid and one equivalent of 
water in benzene or hexane at 80 ~ (see Scheme 2). 

Unl ike the complex  sequence  of  convers ions  
2 --, 3 --+ 6 -+ 7, the binuclear four-bridged dinickel 
fragment with the lantern-like structure was readily 
formed (as was ment ioned above) when a - subs t i -  
tuted pyridine bases were used. Actually, the reaction 
of  n ine -nuc l e a r  complex  2 with 2 ,3-1ut idine 
(2 ,3 -Lut )  immed ia t e ly  afforded the d imer  
(2,3-Me2C~H3N)2Ni2(OOCCMe3) 4 (8) (Scheme 3). 
Like pyridine analog 7, complex 8 is antiferromagnetic. 
However, the Ni.. .Ni distance (2.726(2) ~,) in the non- 
linear N ~ N i . . . N i - - N  fragment (168.3(1) ~ of  8 is sub- 
stantially longer than that in 7 and is close to the 
corresponding values observed in the known trimethyl-  
acetate lantern-like dimers containing other a-subst i -  
tuted pyridines (Table I).i2-14 

Scheme 3 

Bu t BU t 
C -  C 

Bu t Bu: 

8: L = 2,3-Lut 
9: L = E~N 

R e a g e n t s  and condi t ions :  L = 2,3-Lut  or Et3N; benzene or 
hexane, 20 *C. 

The binuclear complex with an analogous structure 
was unexpectedly obtained in the reaction of  complex 2 
with tr iethylamine (see Scheme 3). Apparently,  this is 
due to a manifestation of steric factors of  the bulky 
t r i e thy lamine  base. In the l a s t - m e n t i o n e d  case, 
these effects are probably more pronounced than in the 
a b o v e - m e n t i o n e d  a - s u b s t i t u t e d  pyr id ines ,  due to 
which the an t i f e r romagne t i c  four -b r idged  d imer  
(Et3N)2Ni2(OOCCMe3)4 (9) with the lantern-l ike struc- 
ture was formed in one stage. In this complex,  the 
Ni.. .Ni distance is rather large (2.728(2) ]~), even though 
the N- -Ni . . .N i - -N  fragment is virtually linear (177.7(3)~ 
The Ni - -N bond (2.106(6) ~.) in complex 9 is notice- 
ably weaker than those in the known dimeric  tri- 
methylacetates of this type containing a-subst i tu ted py- 
ridines and all the more so with pyridine. This is con- 
firmed not only by the bond length (Table 1) but also by 
the chemical properties of  complex 9. When boiled in 
benzene with 2,3-1utidine or pyridine, tr iethylamine 
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Table I. The Ni...Ni and Ni--N distances (~,) in the lantern- 
like complexes L2Ni2(OOCCMe3) 4 

L Ni...Ni Ni--N Reference 

Py 2.603(2) 2.012(5) 25 
2.3-Lut 2.726(2) 2.030(8) 25 
2,4-Lut 2.721(1) 2.032(4) 13 
2,5-Lut 2.7202(8) 2.034(3) 14 
2-Methylquinoline 2.754(3) 2.047(9) 12 
2-EtCsH4N 2.7227(7) 2.042(3) 14 
2-Picoline 2.7171(7) 2.037(3) 14 
Et3N 2.728(2) 2.106(5) 21 

dimer 9 readily lost coordi~lated Et3N molecules to 
form complexes 8 and 7, respectively, in quantitative 
yields. Analogously, the lutidine ligand in complex 8 
can be replaced by the pyridine molecule (Scheme 4). 

Scheme 4 
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Therefore, the reactivity of complex 9 offers consid- 
erable scope for the use of  this compound in the synthe- 
sis of lantern-like trimethylacetate dimers with virtually 
all types of apical donor ligands, which are characterized 
by smaller values of  the steric characteristics (for ex- 
ample,  the Tolman angle 24) compared to those of tri- 
ethylamine. 

The reactioqs of  2 ,2 ' -dipyridyl  that exhibit the strong 
chelating effect with transit ion-metal complexes gener- 
ally afford monomers.  However, the reaction of  nine- 
nuclear complex 2 with dipyridyt gave the binuclear 
complex dipy2Ni2(OOCCMe])2(p-OOCCMe3)2(la-OH2) 
(10) (Scheme 5) in high yield (60--70%). 

The structure of the metal core in this compound is 
similar to those in compounds 3--5.  In complex 10, the 
nickel atoms, which are located at large distances 
(Ni. . .Ni,  3.479(1) and 3.488(1) A in two independent 
molecules) ,  are l inked by means of  two bridging 
tr imethylacetate groups (Ni - -O,  2.009(3)--2.070(3) A) 
and the bridging water molecule (Ni - -O(H20) ,  2.092(3), 
2.079(3) ~, and 2.092(3),  2 .089(3)A,;  N i - - O - - N i ,  
1t3.0(I)  ~ and 113.6(I) ~ in two independent molecules, 
respectively), z5 As in the case of  complexes 3--5 ,  each 
metal atom in l0  is bonded to the terminal carboxylate 
group and two nitrogen atoms of the dipyridyl ligand. 

In complex 10, the pyridine tings of the dipyridyl 
ligand are located virtually in a single plane (the angle 
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between these rings is 3.2(2)~ d u e  to which the ligand 
enviroqment around each Ni II a t o m  is somewhat dis- 
totted compared, for example,  t o  pyridine derivative 3, 
in which the angle between t h e  pyridine ligands is 
104.2(3) ~ . This difference in t h e  environment  has no 
essential effect on the magnetic properties of  dipyridyl 
complex 10. The latter also exhibi ts  ferromagnetic prop- 
erties (g = 2. t3, S I = S 2 = 1, J I  = 2.0 cm - I )  with a 
weak antiferromagnetic in te rmolecu la r  interaction in the 
temperature range of  2--300 K ( Z J  t = -0 .15  cm- t ) .  

Mononuclear nickel trinnethflacetates 
with 2,2"-dipyridyl a n d  terpyridine 

Unlike pyridine-coordinated complex 3, dipyridyl-  
coordinated complex 10 is t he rmodynamica l ly  much 
more stable and does not d e c o m p o s e  upon heating in 
xylene or decane up to 160 ~  Thermolysis  of  solid 
complex 10 resulted in e l imina t ion  of  the water mol- 
ecule, but the chela te-bonded dipyridyl ligand that 
occupies two coordination sites was retained. In this 
case, the formation of the four-br idged lantern-l ike 
dimer is unfavorable, and therrnolysis  yielded the mono- 
mer dipyNi(OOCCMe3) 2 (11) con ta in ing  two chelate- 
coordinated trimethylacetate g roups  ( N i - - N ,  2.033(3), 
2.059(4) A and 2.0337(3), 2.052(5) ~.; N i - -O ,  2.106(4)-- 
2.137(3) ~ and 2.104(4)--2.135(4) A in two indepen- 
dent molecules, respectively). 25 T h e  monomer  with four 
formatly different ligands was formed in the reaction of 
complex 10 with aniline. In the  resulting complex 
d i p y N i ( N  H , P h ) ( O O C C M e 3 )  2 (12) ( N i - - N ( d i p y ) ,  
2.066(6), 2.075(5) ;k and 2 .053(6 ) ,  2.073(5) A: 
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N i - N ( N H 2 P h ) ,  2_097(4) and 2.113(4) i in two inde- 
pendent molecules),  which was isolated in almost quan- 
titative yield, the tr imethylacetate groups are coordi-  
nated differently,  namely,  as the terminal (N i - -O ,  
2.039(4) and 2 . 0 2 3 ( 4 ) A )  and the chelate  ligands 
(Ni--O,  2.194(4), 2.059(5) ~ and 2.221(4), 2.070(5) ]k) 2s 
(see Scheme 5). 

The reaction of  terpyridine (terpy) that has three 
pyridine rings with complex 2 immediately afforded the 
monomer ( terpy)Ni(OOCCMe3) 2 (13) 25 (Scheme 6). 
Although the ligand environment around the nickel 
atom in 13 is analogous to that observed iq monomer 12 
(three nitrogen atoms and one oxygen atom are located 
in the equatorial plane and the OOCCMe 3 groups are 
coordinated to the metal center as the terminal and 
chelate ligands), the N i - - N  distances in the planar 
terpyridine ligand of complex 13 are noticeably non- 
equivalent. The bonds between the nickel atoms and the 
terminal nitrogen atoms (2.087(4) and 2.111(3) ~) are 
substantially elongated compared to the bond with the 
central N atom (1.991(4) ~). 

Scheme 6 
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Probably, in consequence of the specific geometric 
characteristics of  the terpyridine ligand (the nitrogen 
atoms are located virtually in the same line and all three 
rings are located in a single plane) in molecule 13 the 
electron density around the metal center is redistributed, 
which is reflected in the bonding of the nickel atom with 
tile terminal carboxylate group, resulting in the strength- 
ening of the N i - - O  bond (1.994(3) A). The parameters 
of  the chelate metallocycle NiO2CR (Ni - -O ,  2.073(4) 
and 2.176(2) A) are analogous to those observed in 
compotmd 12. All three monomers 11--13 are paramag- 
netic, which is typical of  mononuclear Ni II complexes. 
Their magnetic moments  (3.12--3.09 p.B; S = I; g = 
2.18) are temperature independent in the 77--300 K 
range. 

I n t e r a c t i o n s  of  the  n i n e - n u c l e a r  Ni tI c l u s t e r  
with o r g a n i c  m o n o -  and d i amines  

Unlike pyridine bases, primary anfines contain two 
hydrogen atoms at the nitrogen atom. These bases can 
undergo deprotonat ion in the reactions with transition- 

metal complexes and can be oxidized in the presence of 
an oxidizing agent to form new nitrogen-containing 
organic ligands. For example,  in the reaction with the 
o s I V  2.6 o r  Rt l  I11 27 complexes aniline was oxidized to 
form the N - p h e n y l - o - b e n z o q u i n o n e d i i m i n e  ligand, 
1,2-(NPh)(NH)CsH4, which is chelate-coordinated to 
the metal atom due to the presence of  the lone electron 
pairs of two nitrogen atoms. It can be assumed that the 
aniline molecule in the coordination spheres of  Ru m 
and Os w enters into the reaction of oxidative dehydro- 
genation, in the course of which two H atoms are 
eliminated and the nitrene particle NPh is generated. 
Transit ion-metal complexes with the nitrene ligand NPh 
were obtained under certain conditions, zs However, in 
this case the active particle is apparently inserted into 
the ortho C - - H  bond of  the adjacent aniline molecule: 

[ ~  NH2 ~ NH2 
+ [PhN] ,, 

H / v "N--H 
Ph 

Further dehydrogenation of  the resulting N-phenyl-  
o-phenylenediamine ligand (Scheme 7) afforded the 
products (PhNH~)2RuCI2( I ,2 - (NH)(NPh)CoH4)  and 
OsBr2(I ,2-(NH)(NPh)C6H4) 2 that were detected. 
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In addition, the phenylnitrene that appears upon 
dehydrogenation of aniline can replace tile oxygen atom 
in catechol, as is the case in the Rt01 complex,  29 to form 
a new N.O-donor  ligand (see Scheme 7). These conver- 
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sions are very promising from the standpoim of assembly 
of complex organic molecules on metal centers. Conse- 
quently, we studied the chemical  properties of  nine- 
nuclear cluster 2 with respect to aniline and another 
primary amine,  viz., propargylamine, containing the 
"soft" acetylene group along with the amino group. 

Trimethylacetate nickel complexes with aniline and 
propargylamine 

The reaction of anil ine with nine-nuclear  com- 
plex 2 ( the amine  was taken in a d e f i c i e , t  
a m oun t ,  an i l ine  : Ni = I : 2) in benzene  or 
M e C N  gave the t e t ranuc lea r  complex  
( Ph N H 2)2N i4( H O O C C  M el)4( It3 - 0  H )2(P - OOCC Me 3) 6 
(14) coqtaining Ni II atoms (Scheme 8). 3o According to 
the data of  X-ray diffraction analysis, the metal core of  
molecule 14 is a nearly planar distorted rhombus wkh 
nonequivalent Ni. . .Ni distances (the lengths of  the op- 
posite long and short sides of the rhombus are 3.525(1) 
and 3.333(I) ~i,, respectively). Each long side is supple- 
mented with one trimethylacetate bridge (Ni--O,  2.011(3) 
and 2.011(3) A; C - - O ,  1.248(6) and 1.250(6) A), while 
the short sides have two carboxylate bridging ligands 
(N i - -O ,  2.022(3)--2.108(3) A). The tridentate-bridging 
hydroxy groups ( N i - - O ,  1.993(3) and 2 .020 (3 )A;  
O - - H ,  0 .84 (5 )A)  are located above and below the 
triangular metal fragments of  the Ni 4 rhombus. In addi- 
tion, the two metal atoms located at the shorter axial 
distance (3.039(1) A) contain the coordinated molecules 
of t r imethylacet ic  acid ( N i - - O ,  2.166(3)~. ;  C - - O ,  
1.224(5) and 1.307(6) A), while the two other nickel 
atoms bear the coordinated aniline ligands (N i - -N ,  
2.132(4) A; N - - H ,  0.93(5) and 0.83(5) A) along with 
the coordinated molecules of  pivalic acid ( N i - - O ,  
2.153(3) ~,; C - -O ,  1.204(6) and 1.308(6) ~,). As a re- 
sult, the coordination environment around each 20-elec- 
tron metal atom is a distorted octahedron. 

The reactioqs o fan  excess of  anil ine with cluster 2 or 
complex 14 resulted in decomposi t ion  of  the poly- 
nuclear molecules and el iminat ion of  all hydroxy ligands 
and coordinated molecules of  t r i rnethylacet ic  acid to 
form the pa ramagne t i c  m o n o n u c l e a r  complex  
LaNi(OOCCMe3) 2 (15, I = PhNH2) (see Scheme 8) 
in virtually quantitative yield. According to the data of 
X-ray diffraction analysis o f  complex  15, all four 
aniline ligands coordinated to the  nickel atom are lo- 
cated in the equatorial plane ( N i - - N ,  2x2.146(3) and 
2x2.171(3) A; N - - H ,  0.618(8)--0.957(5) A). The two 
m o n o d e n t a t e  t r i m e t h y l a c e t a t e  groups  ( N i - - O ,  
2x2.035(2) A; C- -O,  1.278(5) and 1 .254(4)A;  the 
O - - C - - O  angle is 123.7(2) ~ are  located above and 
below this plane. As a result, the  20-electron nickel 
atom is in the typical octahedral environment .  It should 
be also noted that complexes 14 and 15 were formed 
under an inert atmosphere as well as in air and are 
rather stable. 3~ Apparently, the presence of a strong 
oxidizer is necessary for the generat ion of  phenylnitrene 
from aniline followed by the format ion of  the N-phenyl-  
o-phenylenedi imine ligand. Analogous  reactions with 
osmium and ruthenium complexes  were accompanied 
by reduction of the transition metal atoms in high 
oxidation states (Os TM aqd Rum). l,a the case of nickel(t0 
trimethylacetates,  the electronic s ta te  of  the metal ions 
remains unchanged, and Ni n possesses redox properties 
such that it cannot cause the above-ment ioned  conver- 
sions. 

Unlike aniline, the reaction of  complex 2 with 
propargylamine (k : Ni = I : 2 or 1 : 1) in benzene 
or hexane did not afford tetramers. Only when this reac- 
tion was carried out with the use o f  solid KOH followed 
by extraction of the products with ether, was the ve~, 
unstable complex [ (HC~CCH2NH2)3Ni3(p3-OH)(Ia-  
OOCCMeI)6][K(OEtJ]  (16) isolated as green prismatic 
crystals (yield 22%) (Scheme 9). 
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X-ray diffractio,1 analysis demonstrated that the core 
of the anion of  complex 16 is the triangle formed by the 
nickel  a toms  (Ni . . .N i ,  3.492(1), 3.517(1),  and 
3.494(I) ~) with the oxygen atom of the hydroxy group 
located in the center  (Ni - -O ,  2.021(4)--2.027(4) ~,; the 
deviation of  the oxygen atom from the Ni 3 plane is 
0.12 /~). Each side of  the Ni 3 triangle contains two 
bridging tr imethylacetate groups. Each nickel atom is 
coordinated to the propargylamine molecule through 
the Ni - -N bond (2.065(8), 2.085(5), and 2.076(7) ]k). 
Interestingly, the potassium atom, which is coordinated 
to the diethyl ether molecule (K--O,  2.742(7) ~,), is 
located above the Ni30  f ragment  (K--Ocenter, 
2.864(4) ]~) aqd interacts with six oxygen atoms of three 
carboxylate groups (K--O,  2.845(5)--2.922(5) ]k). 3t 

The reaction of  an excess of propargylamine with 
nine-nuclear  complex 2 afforded the monomeric com- 
plex L4Ni(OOCCMe3) 2 (17, L = H2NCH2C--=CH), 
which is s t ructura l ly  similar  to an i l ine -con ta in ing  
complex 15 (see Scheme 9). In complex 17, the ligand 
environment around the metal atom is also an octa- 
hedron and all four propargyl ligands are coordinated to 
the Ni II atom through the "hard" NH 2 group (N i - -N ,  
2x2 .146(2)  and 2•  ,~; N-- l - l ,  0 .78(3) - -  
0.96(4) .&; C-~C, 2xi .158(5)  and 2x1.149(6) A.). The 
positions and geometric parameters of the carboxylate 

groups ill complex 17 (Ni - -O ,  2x2 .059(I ) ,&;  C- -O ,  
1.270(3) and 1.241(2) ~; the O - - C - - O  angle is 123.7(2) ~ 
differ only slightly from the corresponding values in 
molecule 15. In the 78--300 K range, complexes 15 and 
17 exhibit thermomagnetic  properties typical of  Ni II 
mollomers, I0,11 and their effective magnetic moments  
(3.12 and 3.088 I~B for 15 and 17, respectively) are 
virtually temperature independent.  At helium tempera-  
ture (10--2 K), the magnetic moment  of  compound 15 
sharply decreases to 2.746 ~tB, which is apparently due 
to the appearance of the antiferromagnetic  intermolecu- 
lar exchange. In the case of  nickel carboxylate mono-  
mers, this effect was observed for the first time. Appar- 
ently, the scope of this effect and the role of  the 
structural factors in the manifestation of  this phenom- 
enon calls for further investigation of  this class of  com- 
pounds. 

Interact ion  o f  the n i n e - n u c l e a r  n icke l  c o m p l e x  
with N-phenyl-o-phenylenediamine 

in the case of a deficiency of the diamine (L : Ni = 
I : 2), the structures of  the resulting complexes depend 
substantially o11 the conditions of  the synthesis, in par- 
ticular, on the solvent. For example,  the reaction of 
complex 2 with 1 ,2-(NH2)(HNPh)C6H 4 in noupolar 
hexane or benzene afforded the tetranuclear complex (o- 
C6H4N H2N H Ph)2N i4(p,3-O H ) 2 ( H O O C C  M e3)4(I-t- 
OOCCMe3) 6 (18) isolated as green prismatic crystals 3z 
(Scheme 10, reaction a). According to the data of X-ray 
diffraction analysis, the structure of  complex 18 is virtu- 
ally identical to that of ani l ine-containing tetramer 14. 
The metal core of 18 is a planar Ni 4 distorted rhombic 
fragment (the Ni.. .Ni distances are as follows: the oppo- 
site long sides of  the rhombus  are 3.533(2) and 
3.532(2) ~,; the opposite short sides are 3.309(2) ,& and 
3.315(2) ,&.; the axial Ni. . .Ni distance is 3.045(2) ~). 
The la3-OH groups (Ni - -O ,  2.000(9)--2.033(9) /~.) are 
located below and above the adjacent triangular planes of 
this rhombus. The short sides of  the Ni 4 rhombus are 
additionally linked by pairs of  the bridging carboxylate 
groups (Ni- -O,  2.028(10)--2.116(10) ~), while each long 
side contains only one bridging OOCR group (Ni - -O ,  
2.008(10)--2.032(10) ,&). In addit ion,  each metal atom 
is coordinated to the protonated molecules of  pivalic 
acid, the Ni - -O distances (2.180(I I)--2.208(11) /k) be- 
ing substantially longer and the C - - O  bond lengths in 
the corresponding OCO group being noticeably non- 
equivalent. In addition, in complex 18 the two nickel 
atoms that are located on the long diagonal of  the metal 
rhombus are coordinated to the nitrogen atoms of  the 
NH z groups of the two N-phenyl-o-phenylenediamine 
ligands (Ni - -N ,  2.158(12) and 2.137(12) /~). As a result, 
each Ni u atom in cluster 18 is in a distorted octahedral 
ligand environmem and formally has 20 electrons. The 
last-mentioned fact is apparently responsible for the 
substantial elongation of the bonds between the metal 
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Scheme 10 
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atoms and the coordination centers of the terminal 
ligands, while, for example, in the four-bridged dimers 
L2Ni2(OOCCMe3) 4 (L is a pyridine base) containing 
18-electron Ni H atoms the Ni - -N distances are notice- 
ably shortened (see Table 1) (Ni - -N,  2.034--2.041 /k). 
The magnetic behavior of complex 18 is similar to that 
of  ani l ine-containiqg complex 14, and its effective 
magnetic moment increases (from 3.15 to 3.30 laB) as 
the temperature decreases from 296 to 79 K, which is 
indicative of the ferromagnetic character of exchange 
in te rac t ions .  The reac t ion  of  complex  2 with 
1 ,2-(NH2)(NHPh)CrH 4 in MeCN 30 (see Scheme 10, 
reaction b) resulted in coordinat ion of the second 
funct ional  N H P h  group to form the new te t ra -  
nuclear  complex  [o-CrH4(NH2)(NHPh)]2Ni4( la  3- 
OH)2(MeCN)~(OOCCMe3)2(I. t-OOCCMe3) 4 (19). In 
complex 19, the diamine ligands are chelate-coordinated 
to the nickel atoms (Ni - -N(NH~) ,  2.134(2) /k; N - - H ,  
0.975(25) and 0.897(45) ~; N i - -N(NHPh) ,  2.217(3) A; 
N - - H ,  0.898(27) ~.; N- -C(Ph) ,  1.441(3) ~.), which are 
located on the short axis of  the metal rhombus (Ni. . .Ni,  
3.101(I) ,~,), unlike tetramer 18 in which these ligands 
are monodentate-coordinated to the metal atoms that 
form the long diagonal. The metal core of the molecule 
remains planar. However, the opposite metal- -metal  
distances corresponding to the sides of the rhombus 
differ even more substantially (the long and short Ni.. .Ni 
sides of the rhombus are 2x3.774(1) and 2x3.325(l)  /k, 
respectively). As a resulL the short sides of  the metal 
core are supplemented with pairs of the carboxylate 
bridges (Ni - -O ,  1.993(2)--2.039(2) A.: C- -O,  1.241(4)-- 
1.262(5) A.), while the long sides have no external bridg- 
ing ligands and are linked only through the tridentate 

hydroxy groups, which are located inside the metal core 
above and below the triangular meta l  fragments (Ni - -O ,  
2.020(2)--2.110(2) ~; O - - H ,  0.709(32) ~). In addition, 
the nickel atoms that form the long diagonal of  the 
rhombus contain the coordinated acetonitr i le ligands 
(Ni - -N ,  2.167(3) /k) and the chela te  t r imethylacetate 
ligands (Ni- -O,  2.166(3) and 2.096(2) /~; C - - O ,  1.253(3) 
and 1.268(3) /k). In complex 19, like compounds  14 and 
18, the 20-electron configurations and distorted octahe- 
drat ligand environments of the meta l  atoms are formally 
retained. I11 tetranuclear complex  19, only the ligand 
field around the nickel atoms changes,  which is notice- 
ably reflected in the magnetic propert ies  of  this com- 
pound. Unlike ferromagnetic 14 and 18, tetranuclear 
complex 19 is antiferromagnetic in the 4--300 K range. 
Its magnetic moment decreases monotonical ly  as the 
temperature decreases, and only at 4 - -2  K does the 
magnetic moment slightly increase,  which may be asso- 
ciated with the presence of  a small  admixture of  the 
monomer or with the appearance of  a weak ferromag- 
netic intermolecular exchange in this temperature  range. 
Although detailed calculations o f  the exchange param- 
eters can be performed only after  the development  of a 
special theoretical basis, the fact o f  a sharp change in the 
magnetic behavior of the complexes with the same M4(p.- 
OH) 2 metal core, which frequently occurs in magnetic 
materials and applied catalysts, is quite obvious. This 
fact is of  particular interest because hydroxy-bridged 
tetranuclear carboxylate complexes  were obtained for 
Fe, Mn, and Co but were not found for Ni ~l, which is a 
"catalytically active metal" and enters  into the composi-  
tion of various catalysts 33 and meta l -conta in ing  enzymes 
(for example, urease3,6). 
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N-Phel]yl-o-phenylei~ediamine contains two amino 
groups (N H ~ and H N Ph). The ability of these groups to 
undergo deprotonat ion is higher than that of amines of 
the alipbatic series (for example, of ethylenediamine) or 
of aniline. The reaction of  cluster 2 with an excess of  the 
N-phenyl-o-phenylenediamine ligand (Z : L _= I : 18) 
in a boiling solvent (benzene, heptane, hexane, or MeCN) 
in air  afforded the m o n o n u c l e a r  complex  
Ni(C6H4(NH)(NPh))  2 (20) in an insignificant amount. 
However, when the reaction mixture was treated with a 
large excess of  solid KOH, the yield of  compound 20 
was substantially higher even at ~20 ~ (see Scheme 10). 
Under analogous conditio,as (an excess of  L and KOH),  
the phenylenediamine ligand underwent deprotonation 
and complexes 18 and 19 were also converted into 
mononuclear complex 20 (Ni - -N,  1.828(3)--1.863(4) ~). 
In complex 20, both chelate deprotonated ligands have 
apparently the quinoid form. Thus, the C - - C  bonds in 
the phenylene rings are nonequivalent and four "long" 
and two "short" distances are clearly distinguished 
(I.415(6), 1.412(6), 1.406(6), and 1.423(6) (long dis- 
tances) and 1.361(7) and 1.358(6) /k (short distances) 
and 1.426(6), 1.400(6), 1.408(7), and 1 .407(6)( long 
distances) aqd 1.368(7) and 1.373(6) (short distances) 
in two independent molecules, respectively). The C - - N  
bond lengths (1.364(5),  1.345(6) /~ and 1.350(5), 
1.345(6) ,~. in two independent molecules) in the planar 
fragment C6H4N2NiN2C6H 4 are close to the lengths of 
the corresponding double bonds and are substantially 
smaller than the values observed for the single N - - P h  
bonds (1.436(5) and 1 .443(5)~  in two independent 
molecules). The electronic structure of the ligand is still 
not evident. Since the presence of protons at nitrogeq 
atoms cannot be unambiguously determined by X-ray 
diffraction analysis and N M R spectroscopy, several pos- 
sible forms of this compound may be suggested by 
analogy with the known derivatives of  o-phenylene-  
diamine and maleonitrile. 34,35 

H Ph H Ph 
I I I I 

-N / \N-  
I I I I 
Ph H Ph H 

I I I  

H Ph Ph 

Ph H Ph 

I l l  I V  

Otle should take into account that complex 20 is dia- 
magnetic at~d contains the 16-electron nickel(t0 atom in 
the typical planar-square ligand environment. In this 
case, the formt, las with the semiquinone ( I I I )  and c o i n -  

pletely deprotonated (IV) forms of  the ligand seem to be 
the most probable. In the first case, tile diamagnetism of  
the complex is a result of  strong antiferromagnetic ex- 
change between two paramagnetic centers formed due to 
the appearance of  unpaired electrons on the ligands in 
the semiquinone form. Besides, the possibility of  inter- 
conversion between these two structures (the semiquinone 
and the completely deprotonated) can not be excluded. 
Such interconversion is quite probable iq a reaction 
medium containing proton donors, such as water, hy- 
droxide ions, and trimethylacetic acid, which are formed 
in the course of  the synthesis of  complex 20. 

In conclusion, we emphasize that the data on the 
synthesis and chemical properties of  nickel tr imethyl-  
acetates demonstrate possibilities of the directed synthe- 
sis of  these complexes. Compounds  with different num- 
bers of metal atoms in the cluster can be obtained by 
varying the geometric and electronic characteristics of 
N-donor  organic molecules. This synthetic approach 
allows one to assemble complexes with a particular type 
of magnetic behavior (fen:o- or antiferromagnetics) and 
to perform reversible transformations with a change in 
the type of  spin-spin exchange interactions (ferro- 
magnet ic~=,ant i ferromagnet ic) .  High yields of  t r i -  
methylacetate complexes, their  high solubility in various 
organic solvents, and high volatility give promise that 
complexes of this type may fiqd use as starting com- 
pounds for preparing catalysts and various magnetic 
materials. 
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