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The complexes of Zn(tmtaa) and Zn(tmtaa)L [H2tmtaa = tetramethyldibenzotetraaza[14]- 
annulene; L = triethylamine, pyridine (Py) and p-dimethylaminopyridine (p-N(CH3)zPy)l were 
synthesized and characterized by IR, UV, mass and NMR spectra as well as DSC measure- 
ments. The effects of different axial ligands (L) on the spectral properties of the complexes have 
been studied. The crystal structure of Zn(tmtaa)N(C2H5)3 was determined by X-ray diffraction. 
The crystal belongs to a monochi? system and the-space group is P2&. The cell parameters 
are a =  11.134(2)A, b= 17.453(4)A, c=13.784(3)A, p= 106.19(3)”, 2 = 4 ,  R1=0.0336 and 
wR2 = 0.0805 for 4539 independent reflections with I > 2a(I). The zinc(I1) is coordinated 
through four nitrogen atoms of tmtaa and a nitrogen of triethylamine to form a five-coordinate 
square-pyqmidal structure. The average bond length of Zn for the four nitrogens of tmtaa 
is 2.050(2)A and for a nitrogen of triethylamine is 2.188(2)A. The displacement of the zinc to 
the plane of four nitrogens of tmtaa is 0.563(2)A. 

Keywords: Zinc(I1) complexes; macrocycles; crystal structures; tmtaa complexes; 
square-pyramidal complexes; NMR spectra 

INTRODUCTION 

Tetramethyldibenzotetraaza[ 14]annulene, abbreviated as H2tmtaa, is a 
macrocyclic compound of a 14-membered ring and has a structure and 

* Corresponding author. Fax: (93)884-3300. 
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542 Z.L. WANG et al. 

properties similar to porphyrins and phthalocyanines. It also features 
important differences with porphyrins and phthalocyanines such as ring 
number, core size, extent of conjugation and molecular structure. Thus, 
similarities to porphyrins make the tmtaa macrocycle of bioinorganic inter- 
est, and its peculiarities make it of fundamental interest in its own right.'-' 
Transition-metal tmtaa complexes have been extensively studied.2b Syn- 
theses and structures of Fe(II), Fe(III), Co(III), Mn(I1) and Mn(II1) com- 
plexes of H2tmtaa were reported by Goedken er aL3 Syntheses and 
structures of Pd(tmtaa) and Co(tmtaa)DME (DME = 1 ,Zdimethoxy- 
ethane) were also studied.435 The synthesis and characterization of 
Zn(tmtaa)N(C2Hs)3 were already reported,6 but the crystal structure of 
the complex has not been determined. Continuing our research, the com- 
plexes of Zn(tmtaa) and Zn(tmtaa)L [L = triethylamine, pyridine (Py) and 
p-dimethylaminopyridine (p-N(CHJ2Py)] were synthesized and character- 
ized. The crystal structure of Zn(tmtaa)N(C2H5)3 was determined by X-ray 
diffraction. 

EXPERIMENTAL 

Materials and Physical Measurements 

All chemicals were reagent grade and were used without further purifica- 
tion except as noted. Solvents were distilled from sodium-benzophenone 
blue solutions (benzene) or from phosphorus pentoxide (acetonitrile) under 
a nitrogen atmosphere. Triethylamine was dried over sodium hydroxide and 
distilled. All reactions were performed under a nitrogen atmosphere. The 
H2tmtaa was prepared according to the literature.' 

Infrared spectra in the 400-4000 cm-' region were obtained on a Hitachi 
260-30 spectrophotometer at room temperature with a KBr disk. Ultraviolet 
and visible spectra covering the 14 000-37 000 cm-' range were recorded on 
a Shimadzu UV-200s double beam spectrophotometer for benzene solu- 
tions at room temperature. 'H-NMR and I3C-NMR spectra were taken on 
a JEOL JNM-A500 spectrometer operating in a Fourier transform mode. 
The NMR measurments were run in benzene-d6 and in chloroform-d. Chem- 
ical shifts are given in ppm relative to tetramethylsilane as an internal refer- 
ence standard. FAB mass spectra in matrices of glycerin were carried out 
with a JEOL JMS-SX102A gas chromatograph-mass spectrometer. DSC 
were performed with a Shimadzu Model DT-50 thermal analyzer in a dry 
nitrogen atmosphere and a heating rate of 10 deg/min. Elemental analyses 
were determined with a Yanaco CHN Corder MT-3. 
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MACROCYCLIC ZINC COMPLEXES 543 

Preparation of Zn(tmtaa)N(CzH& Complex 

The complex Zn(tmtaa)N(CzH& was prepared according to the literature.6 
Crystals for X-ray diffraction were obtained by recrystallization from 
benzene/acetonitrile (2 : 1 vol/vol); yield 52.3% (Ref. [6] yield 56.8%). Anal. 
Calc. for C28H37N5Zn(%): C, 66.07; H, 7.33; N, 13.76. Found: C, 65.98; 
H, 7.38; N, 13.81. IR (KBr): 1616(m), 1545(s), 1480(s), 1450(s), 1420(s), 
1276(m), 1182(s), 1020(m), 745(s). 

Preparation of Zn(tmtaa)( p-N(CH&Py) Complex 

A mixture of H2tmtaa (0.688 g, 2.0 mmol), P - N ( C H ~ ) ~ P ~  (0.976 g, 
8.0 mmol), Zn(SO3CF& (0.728 g, 2.0 mmol) and methanol (40 mL) was 
refluxed under a nitrogen atmosphere for 1.5 h. After the reaction mixture 
cooled to room temperature, the precipitate was recovered by filtration and 
washed with methanol to give a dark red powder. The complex was recrys- 
tallized from benzenelacetonitrile (1 : 1 vol/vol), and dark red crystals were 
obtained; yield 0.514 g (48.2%). Anal. Calc. for C ~ ~ H ~ ~ N ~ Z I I ( % ) :  C, 65.72; 
H, 6.09; N, 15.86. Found: C, 65.73; H, 6.26; N, 16.01. IR (KBr): 1616(m), 
1541(s), 1466(s), 1450(s), 1418(s), 1276(m), 1228(m), 1186(s), 1022(m), 
1010(m), 804(m), 745(s). 

Preparation of Zn(tmtaa) Complex 

Ground powder of Zn(trntaa)N(CzH~)~ was put into a vacuum oven at 80°C 
and 1 mmHg for 12 h. The triethylamine was lost, and Zn(tmtaa) was 
obtained. Anal. Calc. for C22H22NdZn(%): C, 64.79; H, 5.44; N, 13.74. 
Found: C, 64.19; H, 5.50; N, 13.69. IR (KBr): 1616(m), 1540(s), 1470(s), 
1455(s), 1280(m), 1190(s), 1028(m), 745(s). 

Preparation of Zn(tmtaa)Py and Zn(tmtaa)Py . 2 C a s  Complexes 

A mixture of Zn(tmtaa) (0.407 g, 1 .O mmol), Py (0.3 16 g, 4.0 mmol) and aceto- 
nitrile (1 5 mL) was refluxed under a nitrogen atmosphere with stirring for 
12 h. After the reaction mixture cooled to room temperature, the red powder 
was collected by filtration and washed with acetonitrile. When the product 
was recrystallized from acetonitrile, Zn(tmtaa)Py was obtained; in benzene, 
Zn(tmtaa)Py .2C6H6 was obtained. For Zn(tmtaa)Py, the yield was 0.409 g 
(77.2%). Anal. Calc. for C27H27N5Zn(%): C, 66.60; H, 5.59; N, 14.38. 
Found: C, 66.52; H, 5.77; N, 14.43. IR (KBr): 1616(m), 1547(s), 1450(s), 
1416(s), 1272(m), 1182(s), 1020(m), 740(s). For Zn(tmtaa)Py .2C6H6, the yield 
was 0.443 g (69.0%). Anal. Calc. for C39H39N5Zn(%): C, 72.83; H, 6.1 1; N, 
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10.89. Found: C, 72.07; H, 6.21; N, 11.30. IR (KBr): 1616(s), 1566(s), 
1470(s), 1450(s), 1416(s), 1380(m), 1360(m), 1344(m), 1320(m), 1184(s), 
1022(m), 1010(m), 800(m), 740(s). 

X-ray Crystallography 

Red crystals of Zn(tmtaa)N(C2H& were selected and mounted on glass 
fibers. X-ray data were collected on a Siemens P4 four circle diffractometer 
by means of an w-scan and MoK, radiation at room temperature. The cell 
parameters and an orientation matrix for data collection were obtained 
from the least squares refinement of the diffraction data from 25 reflections. 
The three check reflections measured with 100 reflections show no decay in 
intensity. The data were corrected by Lorentz-polarization factors and the 
empirical absorption correction. The structure was solved by standard 
heavy atom methods and refined by full-matrix least-squares methods. All 
non-hydrogen atoms of the complex were refined anisotropically. All hydro- 
gen atoms of the complex were located on a difference Fourier map. A sum- 
mary of the crystal data, the experimental detail and the refined results are 
listed in Table I. 

TABLE I Crystallographic data for Zn(tmtaa)N(C2H5), 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume, 2 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
6 Range for data collection 
Limiting indices 

Reflections collected 
Independent reflections 
Max. and Min. transmission 
Refinement method 
Data/restraints/parameters 
Goodness-of-fit on Fz 
Final R indices [ I  > 2u] 
Largest diff. peak and hole 

C ~ E H ~ ~ N S Z ~  
509.00 
293(2) K* 
0.71073 A 
Monoclinic 

a = 11.134(2)&, (Y = 90” 
b= 17.453(4)+, p= 106.19(3)” 
C =  13.784(3)A,7=90” 
2572.3(9) A3, 4 
1.3 14 M ~ / T ~  
0.980mm- 
1080 
0.48 x 0.42 x 0.40mm 

P211n 

1.93-25.01” 
-1Sh513 ,  - 1 5 k 5 2 0 ,  
-16515 16 

4539 (Ri,t = 0.0248) 
5855 

0.60268 and 0.57273 
Full-matrix least-squares on F2 

0.705 

0.203 and -0.276 e A-3 

4539/0/455 

R1= 0.0336, w R ~  =0.0805 
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MACROCYCLIC ZINC COMPLEXES 545 

RESULTS AND DISCUSSION 

Syntheses and Characterization of Zn(tmtaa) and Zn(tmtaa)L Complexes 

Zn(tmtaa)N(CzH& could be prepared according to the literature,6 but 
Zn(tmtaa)(p-N(CH3)2Py) could not be obtained by the same method. 
The latter complex was synthesized by refluxing a mixture of H2tmtaa, 
Z I I (SO~CF~)~  and P - N ( C H ~ ) ~ P ~  for 1.5 h with stirring. For Zn(tmtaa)Py, 
it is difficult to prepare the complex by direct reaction of H2tmtaa with 
Zn(S03CF3)2 in excess pyridine because of the weaker basicity of pyridine. 

The complexes were characterized by IR, UV, mass and NMR spectra as 
well as DSC measurements. UV, mass spectra and DSC data are compiled 
in Table 11. The IR spectra of Zn(tmtaa)L are similar to those of Zn(tmtaa) 
except for bands of the axial ligands and are different from those of 
H2tmtaa. The IR bands of H2tmtaa at 1620(s), 1600(m), 1554(s) and 1512(s) 
are assigned C=N and C=C stretching modes.* After formation of the 
complexes, the IR bands shift to lower frequency at 1540(s), 1470(s) and 
1455(s). Comparing Zn(tmtaa) with Zn(tmtaa)L, the band positions for 
C=N and C=C stretching modes are slightly different. 

The electronic absorption spectra for the complexes were measured in 
benzene solution at room temperature. The electronic spectra of all zinc 
complexes are similar with two absorption bands at about 380 and 410nm 
(shoulder). Comparing a maximum absorption band (348 nm) of Hztmtaa 
with that of Zn(tmtaa) shows a 33.5nm shift to longer wavelength, which 
may be attributed to 7r- i  7r* transitions within a ligand molecule and CT 
transitions from metal to ligand.’ When an axial ligand is coordinated to the 
zinc ion and the five-coordinate complexes formed, the maximum bands 
(about 380nm) of the complexes were shifted to a shorter wavelength by 
only 3-5.5 nm. This seems to indicate that coordination of the axial ligands 
causes displacement of the zinc ion from the plane of nitrogens. The com- 
plexes are stable as solids, but are not stable in solution for Zn(tmtaa) and 
Zn(tmtaa)N(C2H5)3. Though the basicity of N(CzH5)3 is the strongest of the 
axial ligands, the order of stability within the complexes is Zn(tmtaa)(p- 
N(CH3)2Py) > Zn(tmtaa)Py > Zn(tmtaa)N(C2H5)3 > Zn(tmtaa). This pre- 
sumably explains that the stability of the complexes is balanced for the 
basicity and 7r-back donation of the axial ligands. 

The FAB mass spectra establish the presence of molecular ions [M + 1]+ 
at m/z 407, 508 and 529, for Zn(tmtaa), Zn(tmtaa)N(C2H5)3 and 
Zn(tmtaa)(p-N(CH3)2Py), respectively. On the other hand, Zn(tmtaa)Py 
shows a cluster of ions corresponding to [M + 1 - Py]+ at m/z 407. For all 
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MACROCYCLIC ZINC COMPLEXES 547 

complexes, the base peaks of the mass spectra are at m/z 407, which corre- 
sponds to [Zn(tmtaa) + 1]+. 

The DSC data show that thermal decomposition of the complexes is divi- 
ded into three kinds. Zn(tmtaa) only reveals a melting process at 392.8"C, 
and then decomposes. Zn(tmtaa)N(C2H5)3, Zn(tmtaa)Py and Zn(tmtaa)- 
(p-N(CH&Py) first lose the axial ligands and subsequently produce 
Zn(tmtaa), which passes the smelting process and decomposes. On the other 
hand, Zn(tmtaa)Py .2C6H6 loses the benzene at first, and then gives the 
same process as Zn(tmtaa)Py. 

The zinc(I1) complexes gave well-resolved proton NMR spectra. The chem- 
ical shift assignments were accomplished on the basis of comparison with 
H2tmtaa and are compiled in Table 111. The proton signal of the amine 
disappears on formation of the complexes. The methyl proton signal of 
Zn(tmtaa) is shifted downfield and the methine proton signal is shifted 
upfield in comparison with H2tmtaa. The downfield shift and upfield shift 
of the proton signals in the Complexes are associated with the change of 
electron density of the protons. When the non-conjugate 2,4-pentanedimi- 
nato rings of H2tmtaa became delocalized after complex formation (see the 
crystal structure results), the distribution of electron density in the ligand 
varied. Since the distances of the methyl group and/or of the methine group 
from the positive zinc ion are different, the inductive effect from the zinc(I1) 
is different. This variation of electron density is confirmed by carbon-1 3 
NMR for the complexes. When the axial ligand is coordinated to Zn(tmtaa), 
the methyl, methine and aromatic proton signals are shifted downfield. The 
amount of shift for the proton signals is different for different axial ligands. 
Though the basicity of N(C2H5)3 is largest at the axial ligands, the methine 
proton signal of Zn(tmtaa)N(C2H5)3 is shifted downfield only 0.1 19ppm 
in comparison with Zn(tmtaa). However, the methine proton signals of 
Zn(tmtaa)Py and Zr~(tmtaa)(p-N(CH~)~Py) are shifted downfield by 0.23 1 
and 0.251 ppm, respectively. This larger downfield shift is due to ring 
current effects of the pyridine ring in Py and (p-N(CH3)2Py)." 

The proton NMR signals of the axial ligands are well-resolved (see 
Table I11 and Scheme 1). 

13CNMR data and their assignments for the zinc complexes are collected 
in Table IV. All methyl peaks in the zinc complexes show downfield shifts of 
2.5-3.1 ppm in comparison with H2tmtaa, while the carbon peaks at the 
8- and 17-positions bonded to the olefinic methine exhibit slight upfield 
shifts. These are in agreement with the results of the proton NMR except for 
Zn(tmtaa)Py and Zr~(tmtaa)(p-N(CH~)~Py) which have ring current effects. 
The aromatic carbon peaks at 2-, 5, 11-, 14-, 3-, 4- 12- and 13-positions 
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show slight upfield shifts in comparison with H2tmtaa. On the other hand, 
the aromatic carbon peaks at 1-, 6-, 10- and 15-positions bonded to the 
nitrogen atoms exhibit apparent downfield shifts. The signals of the olefinic 
carbons at 7-, 9-, 16- and 18-positions are observed at lower field (1.6- 
3.9ppm) than those of H2tmtaa. The carbon peaks of the axial ligands are 
compatible with the proton NMR spectra. 

Crystal Structure of Zn(tmtaa)N(C2H5)3 Complex 

An ORTEP of Zn(tmtaa)N(C2H5)3 is shown in Figure 1 and the selected 
bond lengths and selected bond angles are listed in Table V. The structure 
reveals that the zinc(I1) ion is coordinated though four nitrogen atoms of 
tmtaa and one nitrogen atom of triethylamine to form a five-coordinate 
complex of square-pyramidal geometry. The macrocyclic ligand has a 
markedly nonplanar, saddle shape similar to Mn(tmtaa)N(CzH5)3.3(d) The 
bond lengths of Zn for the four nitrogen atoms of tmtaa are almost 
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C28 

c3 13 

FIGURE 1 ORTEP of Zn(tmtaa)N(C*H&. 

TABLE V Selected bond lengths [A] and selected bond angles ["I 
Zn-N(2) 2.034(2) Zn-N(3) 2.053(2) 
Zn-N(l) 2.054(2) Zn-N(4) 2.057(2) 
Zn-N(5) 2.188(2) N(1 )-C(7) 1.321(3) 

1.403(3) N(2)-C(16) 1.328(4) 
1.327(3) 

1.402(4) N(4)-C(9) 1.323(4) 
1.488(4) 

N(l)-C(6) 

N(3)-C(1) 

N(5)-C(23) 1.49 l(4) N(S)-C(25) 1.494(4) 
C(71-W) 1.407(4) C(8)-C(9) 1.394(4) 

N(3)-Zn-N( 1) 79.33(9) N(2)-Zn-N(4) 79.57(9) 

N(2)-C(15) 1.403(4) N(3)-C(18) 

N(4)-C( 10) 1.404(4) N(5)-C(27) 

C( 16)-C( 17) 1.398(4) C( 17)-C( 18) 1.403(4) 
N(2)-Zn-N(3) 92.60(9) N(2)-Zn-N( 1) 146.76(9) 

N(3)-Zn-N(4) 149.44(9) N( I)-Zn-N(4) 91.12(9) 
N(2)-Zn-N(5) 105.24(9) N(3)-Zn-N(5) 104.78(9) 
N( I)-Zn-N(5) 108.00(9) N(4)-Zn-N(5) 105.77(9) 
C(7)-N(l)-C(6) 124.9(2) C(7)-N( 1)-Zn 124.8(2) 
C(6)-N( 1)-Zn 108.1(2) C( 16)-N(2)-C( 15) 126.7(2) 
C(16)-N(2)-Zn 124.6(2) C( 15)-N(2)-Zn 108.2(2) 
C(18)-N(3)-C( 1) 126.0(2) C( 18)-N(3)-Zn 123.9(2) 
C( I)-N(3)-Zn 108.3(2) C(9)-N(4)-C( 10) 125.9(2) 
C(9)-N(4)-Zn 124.1(2) C( IO)-N(4)-Zn 107.6(2) 
C(27)-N(S)-C(23) 111.3(2) C(27)-N(S)-C(25) 110.4(2) 
C(23)-N(S)-C(25) 107.8(3) C(27)-N(S)-Zn 109.2(2) 
C(23)-N(5)-Zn 109.4(2) C(25)-N(S)-Zn 108.7(2) 
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equivalent and the average bond length is 2.050(2) A, which is longer than 
that of Mn(tmtaa)(NCS) (1.958(2) A), and Fe(tmtaa)Cl (2.002(2) A), but 
is shorter than that of Mn(tmtaa)N(CzH5)3 (2.118(3) A).3(d) Though the 
distance of the metal-donor atoms is correlated with the number of atoms in 
macrocylic rings and the extent of the ligand conjugation, the coordination 
number of metal ions is also important to the distance of the metal-donor 
atoms. For four-coordinate Fe(tmtaa) and five-coordinate Fe(tmtaa)Cl, the 
Fe-N bond lengths are 1.918(3) and 2.002(2) A, re~pectively.~@),(~) This 
may be attributed to the displacement of the iron from the equatorial plane 
and the steric hindrance between the macrocyclic ligand and the axial 
ligand. Consequently, the metal-donor distance for a higher coordination- 
number complex is not only lengthened in the equatorial bond length, but 
also the bond length from the metal to the axial ligand is lengthened. The 
bond length of Zn for the nitrogen atom of triethylamine is 2.188(2) A in 
Zn(tmtaa)N(C2H=J3. The M-N distance for the five-coordinate complexes 
of H2tmtaa and the empirical crystal ionic radii of metal atoms are 
summarized in Table VI. The data in Table VI show that the distance of 
M-N in the complexes is lengthened with increasing the metal ion size. 

After formation of the complex, the four C-N bond lengths in two six- 
membered rings are approximately equivalent and the average bond length 
is 1.325(4) A which shows more double bond character. The four C-C bond 
lengths in two six-membered rings are also equivalent and the average bond 
length is 1.400(4) A which is longer than that of a C=C double bond and is 
shorter than that of a C-C single The average C-N distance in the 
five-membered chelate ring shows more single bond character. 

The four nitrogen atoms of tmtaa are coplanar and the average atomic 
deviation from the plane is 0.022(3) A. When Zn(tmtaa) is coordinated to 
an axial ligand, the displacement of Zn from the nitrogen atom plane is 
increased. This seems to indicate that the steric hindrance between the 

TABLE VI Average M-N distance for five-coordinate complexes of Hztmtaa and empirical 
crystal ionic radii of metal atoms 

Complex M - N ( A )  Ionic radii (A)" Reference 

Zn(tmtaa)N(CZH& 2.050(2) 0.82 This paper 
[Mn(tmtaa)(NCS)]z. CH3CN 1.958(7) 0.72 12 
Fe(tmtaa)Cl 2.002(2) 0.72 3 
Co(tmtaa)I 1.90 l(3) 0.685 3 
Mn(tmtaa)N(C*H& 2.118(3) 0.81 3 
Mn(tmtaa)(NCS) 1.958(2) 0.72 4 
Cr(tmtaa)Cl. C6H6. l/2C6HI2 1.97 l(6) 0.775 14 

'See Ref. [13]. 
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macrocyclic ligand and the axial ligand may prevent the metal ion from 
sitting in the plane. Hence, the displacement of Zn from the 4N atom plane 
of tmtaa is 0.563(3) A, larger than that of Mn(tmtaa)(NCS) (0.356A)3(a) 
and smaller than that of Mn(tmtaa)N(CzH& (0.730 A) and Fe(tmtaa)Cl 
(0.600 

Supplementary Material 

The bond lengths and bond angles, hydrogen atom positions, anisotropic 
thermal parameters of the non-hydrogen atoms, stereoview of the unit cell 
packing, selected torsion angles and least-squares planes are all available 
from the authors on request. 
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