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Reaction of pymzhuuubonitrilc ( p e a  with c o p p a 0  in methanol solution led to formation 
of solid cornplum containing O-methylpy&mcarboximidatc (PZ-C(NH)OMe) as a li@. 
The analogous d o n  of pyrazinecarbonitrile in ethanol led to isolation of solid complcxts 
containing udumged pa. Six n o d  copper0 compounds have been obtained under var- 

‘stry and the mode of ligand coordhtion has been 
c 111c88unmmtp. Monovcr, the crystal stme 

bus reaction conditioas. Their stmochenH 
-bYspectroscopl ’c and condummctri 
turc of the complex [CuC12(~~thy lpyraz inccarbo~da~~  - 2 H D  has bcm dctumincd by 
x-ray diffraction techniques. 

Kcyworh: copper0 complcxq nucleophilic d o n ;  pyrazjnccarbonitrilc; 
o - d y l p -  Ximidatc; crystal stnlctw 

INTRODUCTION 

Nitriles, R-C=N, isoelectronic with unsaturated ligands such as dinitrogen, 
carbon monoxide, isocyanides and alkynes, have been extensively used 
in the preparation of transition metal complexes. Activation of molecules 

Corresponding author. 
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102 P. SEGL'A et al. 

SCHEME 1 Examples of the nucleophilic addition: (a), methanol to a coordinated dicyana- 
mide; (b), methanol to a coordinated nitrosodicyanmtham 'de; (c), methanol to a coordinated 
pyridine-2-carbonitrile. Asterisks denote the ndeophilic sites. 

containing the nitrile group upon their coordination to a metal atom has 
been exploited in addition reactions of nucleophiles such as water, alcohols 
and amines.' 

Reactions of some nitriles R-CEN with methanol are outlined in 
Scheme 1. Some ligands having a linear R-CEN group (e.g., N(CN), and 
(NO)C(CN),, as well as pyridine-2carbonitrile) become bent upon 
coordination; the activated &carbon atom, originally sp-hybridized, alters 
to sp2-hybridized. This site becomes saturated by nucleophilic addition of 
solvent molecules such as water, methanol and ethan01.~-~ 

Reactions in which nucleophilic addition of water or alcohols to a 
ligand nitrile bond is promoted by chelation of the pyridine-2-carbox- 
amide or 0-alkylpyridine-2-carboximidate products to the metal atom are 
known to occur with pyridine-2-carbonitrile.z.5-* Similarly, we have 
foundg that the reaction of pyrazinecarbonitrile (pz-CN) in the presence 
of some nickel(II) salts in dry methanolic and ethanolic solution led to the 
formation of solid complexes containing 0-alkylpyrazinecarboximidate. 
Furthermore, a preparative method for free O-methylpyrazinecarbox- 
imidate (pz-C(NH)OMe) in the presence of Ni(I1) chloride has been 
de~cribed.~ 

This paper describes the synthesis and structural characterization of some 
new copper(I1) complexes prepared by the reaction of pz-CN in alcoholic 
solutions of Cu(I1) salts. There are many structures that can be proposed for 
Cu(I1)-pz-C(NH)OMe complexes because this potentially multidentate 
ligand can interact with a metal ion in several ways. In order to help solve 
the problem of pz-C(NH)OMe coordination, the X-ray crystal structure of 
one of the complexes, [CuC12(O-methylpyrazinecarboximidate)~~ 2H20 was 
determined. 
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RKACTIONS OF COORDINATED LIGANDS 103 

EXPERIMENTAL 

All chemicals used were of reagent grade. Solid pyrazinecarbonitrile 
(Aldrich) was used without additional purification. Other chemicals were 
purchased from Lachema. Anhydrous Cu(I1) chloride and bromide were 
prepared according to previously described procedures.’o Methanol and 
ethanol were dried by standard methods.” 

Analyses pad Physical Measurements 

Copper was determined by EDTA titration; carbon, hydrogen and nitrogen 
by microanalytical methods (Carlo Erba Instruments EA 1108). Analytical 
data, colours and yields of prepared complexes are given in Table I. 

Electronic spectra of the powdered samples in nujol mulls were recorded 
at room temperature on Specord M40 and Magna 750 spectrophotometers. 
A Radelkis OK 104 conductometer was used for conductivity measurements 
of complexes (concentration 1.0 x M) in acetonitrile, dimethylforma- 
mide and nitrobenzene at 298 K. IR spectra were recorded on a Philips Ana- 
lytical PU 9800 FTIR spectrophotometer at room temperature with 4cm-I 
resolution. Spectra of solid samples were obtained in nujol mulls as well as 
in KBr pellets (1 wt%). 

X-ray Strocture Determination 

The diffraction intensities for the complex [CuC12( pz-C( NH)OMe)J - 2H20 
(complex 4) were collected with a KUMA KM 4 diffractometer using a 
graphite-monochromated MoK, radiation. The space group Pi was 
assumed throughout the structure analysis and was confirmed by successful 
refinement of the structure. Lorentz and polarization corrections were 
applied. The structure was solved by standard heavy atom procedures with 
SHELX86,I2 and subsequent Fourier synthesis using SHELXL93.13 Aniso- 
tropic thermal parameters were refined for all non-hydrogen atoms. Geomet- 
rical analysis was performed using SHELXL93.” The structure was drawn 
using ORTEPI4 (Figure 1). A sufnmary of crystal structure, experimeatal 
and refinement data are listed in Table 11. Final positional and equivalent 
isotropic displacement parameters are given in Table III. 

Supplementary material including non-hydrogen and hydrogen atomic 
coordinates (x  lo4), anisotropic displacement parameters for non-hydrogen 
atoms (A2 x lo3) are available on request from the authors. 
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FIGURE 1 ORTEP plot of the [CuCl~(O-mcthylpyrazinccarboximidate)2l~ WzO (complcx 4); 
thermal ellipsoids arc shown at the 50% probability level. 
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106 P. SEGL‘A et al. 

TABLE III Aton$ coordinates (x104) and equivalent isotropic displace- 
ment paramtters [A’ x l@ for [cuQ2(pz-C(NH)OMeW.~ 2Hz0 (complu 4). 
U(eq) is defined as one-third of the tracc of the orthogonalized Uu tensor 

4 0  Y P  zlc U(eq) 

c u  0 0 0 3W)  
c1 3543( 1) 3081(1) 2 W 1 )  39(1) 

16(2) 3377(2) -3428(2) 33U) 
194(3) 450) 

-1731(2) W1) 
3350(3) 63W3) 

W) 

-4187(3) 38U) 
1576(3) 1622) 

O(2) 

3650(3) 825(3) 
“1) 

-727(3) 1791(2) -1239(2) 2W)  
“2) 

1473(3) 1362(3) -2717(2) 26( 1) 
N(3) 
(31) 

3738(4) -370(3) -3202(3) W )  
C(2) 

(24) 2718(4) -706(3) -1960(3) 3W) 
(33) 

129(3) 22423) -240 l(2) 25(1) 
C(6) - 1203(4) 4355(4) -3214(4) 3 9 w  
C(5) 

2525(4) 1715(3) -3927(3) 3 2 ~ )  

Preparation of Complexes 

All the new complexes under study (1)-(6) can be prepared in reaction mix- 
tures containing Cu(I1) salts, pyrazinecarbonitrile and dry solvent (metha- 
nol or ethanol). Reflux of metal-free methanolic solution of pz-CN for 5 h 
did not induce any significant change in electronic spectra. Thus, no nucleo- 
philic addition of solvent molecules in the absence of metal ions took place 
under our experimental conditions. 

The complexes can be obtained in high yields under mild reaction condi- 
tions. The Cu(II) salt to pz-CN molar ratio was 1 : 2 or 1 : 4. The resulting 
solution was then worked up at two different temperatures, room tempera- 
ture and boiling temperature of the solution. Some special conditions used 
in preparing the complexes are described below. Yields of the solid com- 
plexes are related to the initial metal contents in the reacting mixtures. 

A filtered solution of c U C l 2  or C a r 2  (5 mmol) in dry ethanol (40 cm3) was 
mixed with an ethanolic solution (loan3) of pz-CN (10 or 20mmol). The 
solid complexes (1) and (2) started to crystallize from the solutions after sev- 
eral minutes; the yields of green (1) and tawny (2) were 90% and 95%. In 
the same way as above complexes (1) and (2) were obtained from metha- 
nolic solutions of CuX2 (Cux, to pz-CN molar ratio was 1 : 2 and 1 : 4 for 
(1) or 1 : 2 for (2)) at room temperature in high yield (80%) for both com- 
plexes. The resulting fine microcrystals of products were filtered, washed 
with ethanol and dried in vacuo. 
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REACTIONS OF COORDINATED LIGANDS 107 

Ic~cl2(pz-c(NH)oMe)l(3) and Ic~c~2~pz-c(NH)oMehl a m20 (4) 

Complex (3) was prepared by reaction in a stirred methanolic solution 
(40 an3) of CuCl2 (5 mmol) and pz-CN (10 -01). Light green precipitates 
were obtained from the solution after several days; the yield of (3) was 
about 95%. Well shaped dark green crystals of (4) were obtained in small 
yield (15%) from the methanolic filtrate (CuC12 to pz-CN molar ratio 1 : 2) 
been left at room temperature after the isolation of (1) (see above). The 
deposited complex (4) was filtered, washed with ethanol and dried in vumo 
at room temperature. 

ICnBrz(pZ-C(NH)oMe)l (5) and Ic~r2(pz-c(NH)oMew - w20 (6) 

Complex (9 was prepared in dry methanolic solution (40cm3) of CuBrz 
(5-01) by reaction of pz-CN (20mmol). Greenish yellow crystals of (5) 
were deposited during several days by slow evaporation of the solvent at 
room tempera-; the yield of (5) was 80%. For the preparation of complex 
(6) a filtered methanolic solution of CuBr2 (5mmol) was mixed with a 
methanolic solution (10 an3) of pz-CN (10 or 20 mmol). The reaction solu- 
tions were further refluxed for 5 h. Dark green precipitates which started to 
deposit during reflux were collected by filtration, washed with dry ethanol 
and finally dried in v m ;  yields were 65% (CuBr2 to pz-CN molar ratio 
1 : 2) and 50% (CUX, to pz-CN molar ratio 1 : 4). 

When methanolic solutions of Cu(I1) salts containing pz-CN were heated 
under reflux for several hours to a few days, we isolated a mixture of solid 
complexes containing different condensation products of pz-CN and pz- 
C(NH)OMe. However, the resulting complexes were not characterized in 
more detail. 

RESULTS AND DISCUSSION 

Syatheais and Reactivity 

While aqueous, methanolic or ethanolic solutions of pyrazinccarbonitrile 
remain unchanged for long periods, the presence of Cu(II) salts leads to the 
formation of solid complexes containing pyrazinecarbonitrile or its addition 
products as ligands. All solid complexes (1)-(6) were.prepared only by the 
reaction of pz-CN with Cu(II) salts in methanol and ethanol. 
The formation of O-methylpyrazinecarbdate (pz-C(NH)OMe) and 

of their solid complexes (3)-(6) prepared by the reaction of pz-CN with 
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108 P. SEGL'A et al. 

NH 
II 

CuX, + CH,OH L [ N T c h C H ,  

N 

(PZ-CN) (pz-C(NH)OMe) 

(0 )  = nitrogen in ortho position to the nitrile group 

(m) = nitrogen in mefa position to the nitrile group 

X = Br, CI 

SCHEME 2 Formation of Cu(II) complexes (3)-(6) which contain U-methylpynwinecarboxazinscarbox- 
imidate (pz-C(NH)OMe). 

Cu(lI) salts in dry methanol is shown in Scheme 2. While solid complexes 
(3)-(5) containing addition product .were isolated at room temperature, the 
pure complex (6) was isolated only from the reaction mixture containing 
CuBr2 heated under reflux. The reaction of pz-CN in methanolic solution 
of NiClz (NiC12 to pz-CN molar ratio 1 :4) under reflux givesg free 
pz-C(NH)OMe, whereas from the methanolic solution of CuX2 under the 
same experimental conditions only a mixture of solid complexes was 
isolated, containing different condensation products of pz-CN and 
pz-C( NH)OMe. 

Pure solid complexes (1) and (2) containing unchanged pz-CN as ligand 
could be prepared when ethanolic solutions of CuClz and CuBrz, respec- 
tively, were either stirred at room temperature or heated under reflux. These 
complexes with pz-CN could be prepared in methanolic solution too, but 
only at room temperature. 

As has previously been o b s e ~ e d > ~ ~ *  the reaction of pyridine-2-carbo- 
nitrile with alcohol (methanol or ethanol) in the presence of metal@) salts 
leads predominantly to the formation of complexes containing O-alkyl- 
pyridine-2-carboximidate. Analogous nucleophilic reaction of pz-CN under 
the same experimental conditions in the presence of Cu(I1) salts proceeds 
only with methanol. 

Crystal structure of (4) 

Possible alternatives with respect to the structure were resolved by single- 
crystal X-ray analysis. A perspective view and the atom numbering of com- 
plex (4) is shown in Figure 1. The crystal structure of the complex 
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REACTIONS OF COORDINATED LIGANDS 109 

TABLE IV Selected bond lengths (A) and angles (") for [CuCldpz- 
C(NH)OM&I - mi0 (camplcx 4) 

1.316(2) 
1.267(3) 

cU-N(3) 2*017(2) O(lkC(5) 

1.3333) 
Cu-N( 1) 2025(2) N(3)-co 
a-cl 2.800(3) N(l)-C(4) 

1.3833) 
N(l)-C(l) 
"2)-C(3) 1.326(3) C(l)-C(2) 

1.341(3) C(3)-C(4) 1.390(3) 
1.49 l(2) 

N(2tC(2) 

N(3)-CU-N(1)#1 99.33(7) N(l)-C(l)-C(2) 121.5(2) 
N(3)-cU-N(1) 80.670 N(3)-C(5)-0(1) 130.3(2) 

117.6(2) C(5)-N(3)-Cu 114.47(14) 
117.6(2) C(l)-N(l)-Cu 113.39(13) 

C(5)-0(1)-C(6) 
CU)-W)-C(4) 
C44)-N( I)-& 129.0(2) C(3)-N(2)-C(2) 116.6(2) 

Symmetry trancrormationo wed to generate equivaknt atoms #1: -8. -y. -2. 

1.3333) O(lkC(6) 1.448(2) 

C(lFC(5) ~ 

[CuClz(pz-C(NH)OMe)d - WzO (4) consists of discrete [CuClz(pz-C(NH)- 
0Me)d units and water of crystallization linked by hydrogen bonding inter- 
actions. Bond distances and angles for complex (4) arc listed in Table IV. 

The copper@) atom is six-coordinate. As shown in Figure 1, molecules 
of 0-methylpyrazinecarboximidate (pz-C(NH)OMe) are coordinated to 
the Cu(IX) atom via two N atoms (Cu-N(l) being 2.025(2)A where N(l) is 
the nitrogen atom of the pyrazine ring, Cu-N(3) being 2.017A where N(3) 
is the nitrogen atom of the imino ether group) as N,N-coordinated bidentate 
chelate ligands to form a square planar arrangement. Donor atoms of each 
of the two molecules form two fused five-membered metallocycles with the 
copper atom. The pyrazine ring is coordinated through only one nitrogen 
atom. Coordination of the second nitrogen atom of the pyrazine ring is not 
observed in any case. The N(3)-C(5) and O(l)-C(5) distances of the imino 
ether group (N(3)=C(5)-0(l)-C(Q) suggest a bond order of between 1 and 
2 and indicate delocalized n-bonding (see IR spectra). In addition, there are 
weak axial interactions between the copper and chlorine atoms in axial 
positions (Cia which allow formation of an elongated tetragonal bipyramid 
around the Cu(I1) atom. The Cu-Cl, interatomic distances in the 
coordination polyhedron of complex (4) are 2.800(3) A. The mean C u - G  
bond distance 2.85A for other c~mplexes'~ with the chromophore 
{CuN&ld which have tetragonal bipyramidal configuration around Cu(I1) 
atoms is very similar. This stereochemical finding is in good agreement with 
electronic spectra of complex (4) (see below). 

Stereochemistry of Solid Complexes 

Solid complexes (1) and (2) contain pyrazinecarbonitrile coordinated as a 
monodentate by the nitrogen of the pyrazine ring and complexes (3)-(6) 
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110 P. SEGL'A et al. 

contain bidentate N,N-cmrdinated 0-methylpyrazinecarboximidate ligands 
(see crystal structure of complex (4) and IR spectra). In agreement with this 
finding and based on the values of molar conductivities and electronic spec- 
troscopic data, compositions and stereochemistries were assigned to the 
complexes under investigation. 

Molar conductivities and electronic spectra data for the solid complexes 
under study are given in Table V. Molar conductivity values for complexes 
(1) and (3)-(5) in acetonitrile (AM = 31-95 Q-' cm2mol-'), for complex (2) 
in dimethylformamide (AM = 38 S2-I  cm2 mol-I) as well as for complex (6) in 
nitrobenzene (AM = 5 a-' cm2mol-') show that all complexes are non- 
electrolytesI6 and all halide anionic ligands lie in the primary coordination 
sphere. 

The electronic spectra of the solid complexes (l), (2), (4) and (6) are con- 
sistent with a tetragonally distorted octahedral Cu(I1) ~omplex.'~ Moreover, 
the determined composition and stereochemistry for complex (4) are in 
good agreement with its crystal structure determined by singlacrystal X-ray 
diffraction. Complexes [CuX2(pz-C(NH)OMe)] ((3) and (9) exhibit in the 
electronic spectra a broad symmetrical absorption band at 14700 and 
14400cm-', respectively, consistent with a square planar str~cture. '~ 

Structure of Solid Complexes 

The structure of the organic ligand in the complexes was determined mainly 
on the basis of IR data. The principal infrared absorption bands of the pre- 
cursor compIexes (1) and (2) containing unchanged pz-CN and those of the 
free base are listed in Table VI. A small increase in y(C=N) for complexes 
(1) and (2) compared to that of free nitrile i~dicates'~ that in the above 
complexes the nitrile group nitrogen is, not coordinated to Cu(I1). We note, 

TABLE V Electronic spectroscopic data, molar conductivities and stmochemistry of 
d i d  complexes with pyrazmecarbanitrile (PPCN') and U - m e t h y l p y e b o * d a k  

 maxim^ of AM bfid StereochemLvtry' 

(pz-C(NH)OMe) 

absorption b u d  (n-'cm2moI-') 
vmu (10-~~m-*) 

13.70 23.50-25.50 54b 0 [CUC12(PZ-CN)d 
[CuBr2(pz-CNw 
[CuClz(pz-C( MI)OMe)] 14.7Obr 24.00-26.00 33b 
[CuCl2(pz-C(NH)OMe)J. 2H@ 15.30 23.50-25.00 31 0 

14.40br 19.00-21.00 125b S [CuBrz(p~-C(NH)OMell 
[CuBrz(pz-C(NH)OMeh]. 2H20 16.00 25.00-27.00 5d 

0 
S 

13.50 38' 

0 

'br -broad. acetonitrik. 'In dimethylfonnamide. nitm-m. 'S - qua=-planar, 0 - octahedral. 
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TABLEVI charactcn 'stic IR bands' of solid complcxcs containing 
-Ilia (PZ-CN) 

F-CN 224Om 157Ow 1526w 1015s 410s 

[CuBr#3JpzM 224% 1576m 152Ow 1016m 440s 468w 

's - strong, m -medium, w - weak. bFor dgnmmt yc Ref. 1181. 

[cUCl~(CNp&l 2251~ 1582~ 1525~ lozOm 441s 491~ 

moreover, that the strong pz-CN band (v16b) observed at 410cm-' for the 
free ligand is shifted to the significantly higher wave numbers at 441 and 
440 cm-' , respectively, for the complexes (1) and (2) and also that the shift is 
typical for monodentate coordination of the pyrazine ring in the above 
complexes. On the other hand the observation of a weak band at 491 cm-' 
(complex (1)) and 468cm-' (complex (2)) indicates the presence of a small 
amount of complexes containing bidentate, bridging pyrazine ligands.mJ' 
In the present paper the pyrazine ring nitrogen in the ortho position with 
respect to the nitrile group will be called the ortho nitrogen and the other 
nitrogen atom at the metu position will be called the metu nitrogen (see 
Scheme 2). It can be supposed that pz-CN is coordinated in the complexes 
(1) and (2) predominantly through the more basic pyrazine ring m t u  
nitrogen and only in a few cases by the ortho nitrogen for bidentate bridg- 
ing pyrazine ligands. Other pyrazine ring absorptions (v~a ,  q & b  and v12) are 
shifted slightly from the free ligand values, but none of them appears to be 
sufficiently coordination sensitive to be of diagnostic value. 

The mode of pz-CN coordination is important for its reactivity. Com- 
plexes containing pz-CN coordinated only by the m t u  nitrogen do not 
undergo addition reactions of nucleophiles such as methanol. On the other 
hand bidentate bridging coordination of pz-CN (see IR spectra) induces the 
addition of nucleophiles to the nitrile group. Similarly, addition reactions 
were observed only for pyridine-2-carbonitrile (which is more reactive than 
pyrazinecarbonitrile) but not for pyridine-3-carbonitrile~* bonded by its 
meta nitrogen. 

The spectra of the solid complexes (3)-(6) no longer exhibit the character- 
istic band at 2240cm-' assigned to the stretching vibration y(C=N) of the 
nitrile group in free pyrazinecarbonitrile. At the same time, however, several 
new, often very intense, characteristic bands appear. Now the crystal and 
molecular structure of complex (4) fully confirms formation of the new 
organic ligand, ie., conversion of the nitrile group to the imino ether. 
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112 P. SEGL'A er al. 

IR spectra of the complexes (3), (5) and (6) when compared with that of 
complex (4) provide evidence that these complexes contain coordinated 
U-methylpyrazinecarboximidate molecules as the only organic ligands. 
Characteristic absorption bands of the irnino ether group for free and 
coordinated pz-C(NH)OMe are given in Table VII. IR spectra of 
pz-C(NH)OMe and of its Ni(II) complexes have been published? 

The most significant spectroscopic change following coordination of 
pz-C(NH)OMe molecules (Table VII) was observed as shifts of the band 
at 1085cm-' belonging to the v,(COC) vibration to higher wave numbers. 
The band attributed to v(C=N) exhibits only a small shift. These results 
indicate that the "order" of the C=N bond, which might be expected to 
change on coordination through the nitrogen atom, is being maintained by 
drawing electrons from the C-0-C moiety. The fragment N=C-0-C of 
the imino ether group is more delocalized in the complexes and the "bond 
order" of the =C-0 group is raised (see crystal structure of complex (4)). 

For pz-C(NH)OMe (similar to pz-CN), a strong band (qa) at 442 cm-' as 
well as one at 1019 cm-' for the free ligand is shifted to significantly higher 
wave numbers (about 460 and 1040cm-', respectively) for all complexes 
which contain pz-C(NH)OMe. These shifts are typical of monodentate 
coordination of the pyrazine ring. All data are consistent with the conclu- 
sion that pz-C(NH)OMe in all complexes is coordinated as a chelate 
through the pyrazine ring nitrogen as well as the imino group nitrogen. 
Moreover, t h i s  type of N,N-coordination has been confirmed by the X-ray 
structure analysis of complex (4). 

TABLE VII Characteristic IR bands' (in cm-') of the solid complexes containing 
0-rmthylpyrazinecarboximidatc (pz-C(NH)OMe) 

~ 

pz-C( NH)OMe 3281s 16% 1085s 952s 1574m 1527m 101% 
[CuC12(pz-C(NH)OMe)] 3258s 1639s 1152s 956s 1582s 153% 1044s 

[cucl2(pz-C(NH)OMe)~. 3227s 16509 1155s 955s 1582m 153% 1049s 

[CuBr2(pz-C(NH)OMc)] 3298m 1648s 1154s 961s 1580x11 1536w 1039s 
1021w 

[CuBr2(pz-C(NH)OMe~. 3233s 1641s 1154s 956s 1578s 1537w 1047s 

's - strong, m - medium, w -weak, sh - shoulder, v - stretching. bFor assignment rn Ref. [18]. 

1157sh 946& 

2H20 164Osh 

2H20 

442s 
457m 

463s 
441w 
453s 
442m 
4 6 1 s  
44lsh 
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