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Abstract 

The synthesis and characterization of the new macrocyclic copper complex [Cu(H,TAAB](ClO,), are described 
( HsTAAB =5,6,11,12,17,18,23,24-octahydro-tetrabenzo[~,~j,~][l,5,9,l3]tetraaza~clohexadecine). The crystal structure of the com- 
plex ([Cu(H,TAAB)(H,O),](ClO&.2H,O) was determined. Crystal data: formula CUN,C&H,CI,O,~, space group Pi, 2=2, 

u =9.475(2), b =9.457(l), c = l&222(4) A, cu=90.07(2), p=97.71(2), y=90.02(1)O. The nickel complex of H,TAAB 
([Ni(H,TAAB)(O(H)CH,),](C10,),.2HOCH,) crystallizes in the space group Pi; formula NiN4C32H.,4C12012, Z =2, a = 11.322(5), 
h = 16.752(9), c = 9.703(3) A, (Y= 101.24(4), p=90.76(3), y=86.74(4)“. For the ligand H,TAAB which crystallized with one 
ethylacetate, formula N4C&H3602, the space group P&/c was found with Z=4, a = 18.468(3), b= 13.111(l), c= 11.698(2) A, 
/3=96.36(l)“. A new macrocycle, Me,H4TAAB, was synthesized by methylation of H,TAAB and structurally characterized: 
formula NJ&H,,, space group Pi with Z = 2, a = 12.150(l), b = 12.344(2), c =9.324(l) A, a=90.642(9), p= 102.186(9), 
y = 102.804(9)“. 

Kqwords: Crystal structures; Copper complexes; Nickel complexes; Azamacrocycle complexes; Electrochemistry 

1. Introduction 

In our attempts to find transition metal complexes 
which are able to bind and activate carbon dioxide [l] 
we reinvestigated the chemistry of a series of macrocyclic 
metal complexes. While we were not successful in finding 
new carbon dioxide binding complexes we gained more 
insight into 16-membered macrocyclic complexes. Con- 
densation of o-aminobenzaldehyde in the presence of 
metal ions leads to the formation of metal complexes 
with the macrocyclic ligands tribenzo[b,Lj][l,5,9]- 
triazacycloduodecine (TRI) and tetrabenzo[b,f,j,n]- 
[ 1,5,9,13]-tetraazacyclohexadecine (TAAB) [2,3]. Busch 
and co-workers extensively investigated the metal com- 
plexes of these ligands which do not exist in their free 
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form [2-lo]. Reduction of the nickel complex of TAAB 
leads to the nickel complex of the fully saturated 
macrocycle 5,6,11,12,17,18,23,24-octahydrotetrabenzo- 
[b$,j,n][1,5,9,13]tetraazacyclohexadecine (H,TAAB) 
[ll]. In contrast to TAAB this macrocycle is stable in 
its free form. The nickel complex of HsTAAB was 
investigated by Busch and co-workers, and the synthesis 
of the free ligand was described [11,12]. 
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To our knowledge no further work on this interesting 
macrocycle has been reported. While reinvestigating 
these macrocyclic ligands we were able to synthesize 
and characterize the previously unknown copper(I1) 
complex of HBTAAB and succeeded in obtaining crystals 
of the free ligand and the nickel(I1) complex suitable 
for X-ray structure determination. In addition we syn- 
thesized and crystallized the methylated form of this 
ligand but have so far been unable to obtain crystals 
of metal complexes of this ligand. 

2. Experimental 

2.1. Materials and methods 

Reagents and solvents used were of commercially 
available reagent grade quality. UV-Vis spectra were 
measured in 1 cm quartz cells with (0.5-10) X 10v4 M 
solutions on a Hewlett Packard 8452 A spectropho- 
tometer. ‘H NMR spectra were recorded on a Bruker 
AM-300 300-MHz spectrometer. IR spectra were de- 
termined on a Mattson Polaris FT-IR spectrometer. 
Elemental analyses were performed by E. Norton, 
Brookhaven National Laboratory. H,TAAB was pre- 
pared according to the published method [12]. 

2.1.1. [Ni(H,TAAB)(O(H)CH,),](ClO,),~2HOCH, 
This was prepared by dissolving 100 mg (0.24 mMo1) 

of HsTAAB in 30 ml chloroform and a solution of 180 
mg (0.5 mMo1) of Ni(C10,),‘6H,O in 20 ml methanol 
was added. The solution was kept for three weeks at 
-5 “C and some tiny pale green crystals formed which 
were suitable for X-ray analysis. 

2.1.2. [Cu(H,TAAB)(H,O),](ClO,),~2H,O 
This was synthesized by mixing a suspension of 100 

mg (0.24 mMo1) of H,TAAB in 30 ml methanol with 
a solution of 185 mg (0.5 mMo1) of Cu(ClO& * 6H,O 
in 10 ml methanol. The solution turned green while 
the ligand H,TAAB dissolved and 30 ml water were 
added. The solution was evaporated on a rotary evap- 
orator at room temperature to N 35 ml and filtered. 
The solution in an open beaker was left on the lab 
bench for two days and green crystals formed which 
were filtered off and air dried. Anal. Calc. for 
[CuH,TAAB](ClO,),.4H,O: Cu, 8.4; C104, 26.3. Found: 
Cu, 8.6; C104, 26.0%. 

In addition it was possible to obtain this complex 
by reduction of the copper(I1) complex of TAAB with 
sodium borohydride in acetonitrile. The solution turned 
to a deep red color and dilute perchloric acid was 
added after two minutes until the pH reached 5 (mea- 
sured with wet pH paper). The solution turned green 
during the neutralization. Water was added and the 
acetonitrile evaporated. The residue was put on an ion 

exchange column (sephadex) and the complex was 
washed out with 0.5 M sodium perchlorate. Leaving 
the solution in an open beaker led to the formation 
of small green crystals after several days which are 
identical with the ones described above. This method 
also offers an alternative way to obtain the free ligand 
H,TAAB. Without doing the ion exchange the solution 
above was treated with concentrated ammonia and 
extracted with chloroform. Reducing the volume of the 
chloroform solution and adding methanol led to 
HsTAAB after a few days at -5 “C. 

2.1.3. Me,H,TAAB 
This was synthesized by reductive methylation of 

H,TAAB according to published methods [13,14] with 
a slight modification of the general procedure. 100 mg 
(0.24 mMo1) of H,TAAB were dissolved in 30 ml 
chloroform, and acetonitrile was added until the solution 
became slightly cloudy. Formaldehyde (6 ml) was added, 
followed by 1 g of solid sodium cyanoborohydride. 
Concentrated acetic acid was slowly added to the stirred 
solution until the pH reached 6 (tested on wet pH 
paper). After stirring for N 1 h the progress of the 
reaction was checked by thin layer chromatography 
(solvent: hexane/ethylacetate, 10/l). If more than one 
spot was obtained, addition of formaldehyde, sodium 
cyanoborohydride and acetic acid was repeated. The 
resulting final suspension was evaporated to a paste 
on a rotary evaporator and after treatment with 4 M 
sodium hydroxide it was extracted with chloroform. 
The chloroform solution was dried over sodium sulfate 
and then evaporated to 10 ml and 30 ml of methanol 
were added. White crystals which were suitable for X- 
ray analysis formed when the solution was left for one 
week at - 5 “C. ‘H NMR (CDCI,): 6 2.63 (12H (methyl), 
s), 4.2 (8H (CH,), broad), 6.8-7.5 (16H, (benzene), 
m). 

2.2. Electrochemistry 

Cyclic voltammetry (CV) and differential-pulse vol- 
tammetry (DPV) were performed with a BAS 100 
instrument at 225 2 “C with (CV) a scan rate of 100 
mV s-’ and (DPV) pulse height of 50 mV and a scan 
rate of 4 mV s-‘. The solutions studied contained 1 
mM copper complex and 0.1 M tetrapropylammonium 
perchlorate in acetonitrile. A conventional H-type cell 
was used with glassy carbon, Pt and SCE as working, 
counter and reference electrodes, respectively. Fer- 
rocene was used as an internal standard. 
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2.3. Collection and reduction of X-ray data 

Crystals of H,TAAB. CH,CH,OC(O)CH, (I) were 
white prisms. A crystal 0.40 x 0.50 X 0.70 mm was coated 
with petroleum jelly and mounted in a glass capillary 
tube. The diffraction data indicated the crystal to be 
monoclinic with systematic absences OM), k = 2n + 1 and 
h01, Z=2n+ 1 consistent with space group Q/c [Ua]. 

Crystals of [Ni(H8TAAWO(H)CH&l(C10,),~ 
2HOCH, (II) were very light green prisms. A crystal 
0.20x0.30~0.70 mm was coated with petroleum jelly 
and placed in a capillary tube. The diffraction data 
indicated triclinic symmetry and space group Pi [15b] 
was assumed for the solution and refinement of the 
crystal structure. 

Crystals of [Cu(H,TAAE%)(H,O),](ClO~)~~ 2H,O (III) 
suitable for X-ray analysis were green prisms. A crystal 
0.11 X 0.22 X 0.07 mm was used for data collection. The 
crystal was mounted on a glass fiber. A triclinic unit 
cell was obtained by centering 19 reflections on a CAD- 
4 diffractometer. The CAD-4 software [16] suggested 
the presence of a primitive monoclinic cell. A survey 
of several reflections indicated that the reflections in 
this cell did not have monoclinic symmetry so a sphere 
of data to a value of 20=20” was collected to check 
for higher symmetry. Only triclinic symmetry was ob- 
served in the diffraction data so space group Pi [15b] 
was assumed for the solution and refinement of the 
crystal structure. (Averaging the absorption corrected 
data assuming monoclinic symmetry results in an R,, 
of over 0.20.) 

Crystals of Me,H,TAAB (IV) were colorless prisms 
and a crystal 0.55 X 0.60 X 0.65 mm was cut from a larger 
crystal and mounted on a glass fiber. The diffraction 
data indicated triclinic symmetry and space group Pi 
[15b] was assumed for the solution and refinement of 
the structure. 

Crystal data and information on data collection for 
all four structures are given in Table 1; see also Section 
5, Table Sl. 

2.4. Determination and refinement of structures 

The structures of II and III were solved by standard 
Patterson heavy-atom methods while the structures of 
I and IV were solved by direct methods [17]. In the 
full-matrix (refined in two blocks) least-squares re- 
finement [17], neutral-atom scattering factors [18] and 
corrections for anomalous dispersion were used and 
the quantity Cw(lFO] - IF,])’ was minimized. Anisotropic 
temperature parameters were used for all the non- 
hydrogen atoms (except for the two carbons in the 
partial occupancy ethyl group in I). For II and III 
during the final cycles of refinement, hydrogen atoms 
were introduced in their calculated positions 
(X-H=0.95 A) and allowed to ‘ride’ [17] on the C or 
N atom to which they were bound. A common isotropic 
thermal parameter was refined for all of the hydrogens 
in II and III. The hydrogen atoms in I and IV were 
found on difference Fourier maps and their positional 
and individual isotropic thermal parameters were refined 
(excepted for the hydrogens on the ethylacetate in I 
which were placed in calculated positions and treated 

Table 1 
Crystallographic data for HeTAAES. CH,CH,OC(O)CH, (I), [Ni(H,TkUS)(O(H)CH,),](CIo,), .2HOCH, (II), [Cu(H,TAAB)(H,O),](ClO.,)~ 
2HZ0 (III) and Me,H,TAAB (IV) 

Formula 
a (A) 
b (A) 
c (A) 
a (“) 
B (“) 
Y (“) 
v (A’) 

FW 
Space group 
P~.~. (g cm-‘) 
A (graphite mono- 
chromatized) (A) 

P (cm-‘) 
Transmission coefficient 
R” 
R,” 
Max. shift/error 

final cycle 
T (K) 

N&&MA 
18.468(3) 
13.111(l) 
11.698(2) 

96.36(l) 

2815.4(7) 
4 
508.66 
P&k 
1.200 
1.5418 (Cu Ka) 

6.1 7.6 9.38 
0.529-0.838 0.614-0.876 0.890-0.938 
0.053 0.086 0.076 
0.078 0.089 0.051 
go.01 s 0.02 < 0.05 

295 294 295 295 

NNJX&4CLOl~ C~NG,H&~~O,Z 
11.322(5) 9.475(2) 
16.752(9) 9.457(l) 
9.703(3) 18.222(4) 
101.24(4) 90.07(2) 
90.76(3) 97.71(2) 
86.74(4) 90.02( 1) 
1802(l) 1618.0(5) 
‘ 

806.99 
pi 
1.487 
0.71069 (MO Krr) 

755.06 
pi 
1.550 
0.71069 (MO Ka) 

NC&L6 
12.150(l) 
12.344(2) 
9.324( 1) 
90.642(9) 
102.186(9) 
102.804(9) 
1330.4(3) 
2 
476.66 
pi 
1.190 
0.71069 (MO Ka) 

0.762 

0.045 
0.060 
< 0.01 
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like the hydrogens in II and III.) The atomic coordinates 
for the non-hydrogen atoms are listed in Tables 2-5. 

3. Results 

3.1. Syntheses 

The synthesis of H,TAAB according to the literature 
[12] was straightforward and led to a slightly yellow 
powder. One synthesis led to white crystals which proved 
to be HsTAAR by crystallography but with a 20% 
impurity of an ethyl derivative. Synthesis of the nickel 

Table 2 
Positional parameters” for the non-hydrogen atoms in 
H,TAAB.CH,CH20C(0)CH~ (I) 

x Y 

Nl 
Cl 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
N2 
c2 
c21 
c22 
C23 
C24 
C25 
C26 
N3 
c3 
c31 
C32 
c33 
c34 
c35 
C36 
N4 
C41b 
C4” b 
C4 
c41 
012 
C43 
C44 
c45 
C46 
c51 
c52 
052 
0.53 
C54 
C55 

0.83107(16) 
0.8905(2) 
0.87987( 18) 
0.82186(18) 
0.8159(2) 
0.8655(3) 
0.9221(3) 
0X98(2) 
0.77313(M) 
0.7124(2) 
0.66285(18) 
0.62126(18) 
0.5740(2) 
0.5683(2) 
0.6084(3) 
0.6558(2) 
0.62720( 17) 
0.5659(2) 
0.5796(2) 
0.63389(19) 
O&07(3) 
0.5969(3) 
0.5458(3) 
0.5368(3) 
0.67836( 17) 
0.6702( 11) 
0.6203(14) 
0.7396(2) 
0.78828( 19) 
0.83398(18) 
0.8808(2) 
0.8806(2) 
0.8362(3) 
0.7911(3) 
0.2552(2) 
0.1877(2) 
0.16584(19) 
0.15195(14) 
0.0&X17(2) 
0.0497(3) 

0.4683(2) 
0.4091(3) 
0.3904(3) 
0.3302(2) 
0.3122(3) 
0.3512(3) 
0.4098(3) 
0.4289(3) 
0.2887(2) 
0.2266(4) 
0.1992(3) 
0.2736(3) 
0.2456(4) 
0.1437(4) 
0.0714(4) 
0.0992(3) 
0.3762(2) 
O&26(3) 
0.5471(3) 
0.6101(3) 
0.7100(3) 
0.7464(4) 
0.6836(5) 
0.5852(4) 
0.5709(2) 
0.4689(15) 
0.4857(20) 
0.6298(3) 
0.5683(3) 
0.4927(3) 
0.4399(3) 
0.4636(4) 
0.5375(4) 
0.5&X89(4) 
0.0771(3) 
0.1314(3) 
0.1427(2) 
0.1659(2) 
0.2146(3) 
0.2333(4) 

0.5091(2) 0.059 
0.4699(3) 0.061 
0.3416(3) 0.055 
0.2925(3) 0.052 
0.1742(3) 0.065 
0.1079(4) 0.080 
0.1547(4) 0.080 
0.2735(3) 0.068 
0.3620(3) 0.061 
0.3146(4) 0.069 
0.4032(3) 0.063 
0.4502(3) 0.063 
0.5310(4) 0.075 
0.5618(4) 0.084 
0.5152(5) 0.091 
0.4367(4) 0.081 
0.4175(3) 0.074 
0.4188(5) 0.084 
0.3738(4) 0.073 
0.4305(3) 0.065 
0.3932(4) 0.079 
0.2990(5) 0.094 
0.2395(5) 0.103 
0.2779(4) 0.089 
0.5242(3) 0.075 
0.5423( 18) 0.129 
0.641(2) 0.105 
0.5765(4) 0.064 
0.6621(3) 0.058 
0.6264(3) 0.054 
0.7088(3) 0.064 
0.8243(3) 0.075 
0.8595(4) 0.078 
0.7789(4) 0.072 
0.3150(4) 0.088 
0.2700(4) 0.070 
0.1695(3) 0.093 
0.3549(2) 0.072 
0.3221(4) 0.086 
0.4313(5) 0.120 

u Numbers in parentheses are errors in the last significant digit(s). 
b Atoms C4’ and C4” have occupancy factors equal to 0.20. 
c U.,=‘X.X.U..a*,a*iai.a~ 3 1 I ‘I 
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Table 3 
Positional parameters ’ for the non-hydrogen atoms in 
[Ni(H,TAAB)(O(H)CH,),](ClO,),.2HOCH, (W 

Atom x Y z U,” 

Ni 
Nl 
Cl 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
N2 
c2 
c21 
c22 
C23 
C24 
C25 
C26 
N3 
c3 
c31 
C32 
c33 
c34 
c3.5 
C36 
N4 
C4 
c41 
C42 
c43 
C44 
c45 
C46 
05 
c5 
06 
C6 
07 
c7 
08 
C8 
Cl1 
011 
012 
013 
014 
Cl2 
021 
022 
023 
024 

0.22019(14) 
0.0446(8) 
0.0354( 10) 
0.1173(10) 
0.2370(11) 
0.3108(11) 
0.2621(13) 
0.1424(13) 
0.0674( 11) 
0.2855(S) 
0.4163(10) 
0.4526( 10) 
0.4403( 10) 
0.4726(11) 
0.5124(12) 
0.5227(12) 
0.4928( 12) 
0.3941(S) 
0.4007( 11) 
0.3566( 12) 
0.2366(13) 
0.1991(12) 
0.2785(17’) 
0.3961(16) 
0.4353(13) 
0.1590(9) 
0.0324( 12) 

-0.0442(11) 
- 0.0420( 10) 
-0.1114(11) 
-0.1871(13) 
- 0.1916(14) 
- 0.1206(12) 

0.1841(7) 
0.1804(13) 
0.2354(S) 
0.3346(15) 
0.5992(13) 
0.663(2) 
0.0256(20) 

- 0.035(3) 
0.1810(4) 
0.1047(9) 
0.2938(10) 
0.1693(16) 
0.1521(15) 
0.7267(3) 
0.7940( 11) 
0.7614(12) 
0.6104(10) 
0.7627(17) 

0.25277(10) 
0.3020(6) 
0.3928(7) 
0.4172(7) 
0.4069(7) 
0.4270(8) 
0.4611(g) 
0.4723(8) 
0.4507(8) 
0.3703(6) 
0.3728(8) 
0.3437(9) 
0.2619(9) 
0.2348(9) 
0.2880(11) 
0.3658(11) 
0.3957(10) 
0.2097(6) 
0.1201(8) 
0.0702(8) 
0.0744(7) 
0.0279(8) 

- 0.0235(9) 
- 0.0279(9) 

0.0194(9) 
0.1320(6) 
0.1277(8) 
0.1851(8) 
0.2685(g) 
0.3215(9) 
0.2848(11) 
0.2036(12) 
0.1525(9) 
0.2688(5) 
0.3365(g) 
0.2296(5) 
0.2116(10) 
0.2180(9) 
0.1714(14) 
0X0(2) 
0.223(2) 
0.0594(3) 
0.0245(7) 
0.0553(9) 
0.0294(9) 
0.1419(8) 
0.4081(3) 
0.3423(8) 
0.4767(g) 
0.3935(8) 
0.4175(15) 

0.45717( 17) 0.037 
0.4322( 10) 0.047 
0.4480(13) 0.049 
0.3426( 13) 0.042 
0.3551(13) 0.042 
0.2530( 16) 0.069 
0.1491(15) 0.071 
0.1373( 14) 0.060 
0.2348(14) 0.057 
0.4683(10) 0.041 
0.4886( 14) 0.060 
0.6189(14) 0.054 
0.6276( 14) 0.050 
0.7498(16) 0.065 
0.8643(16) 0.076 
0.8599( 16) 0.073 
0.7387( 18) 0.070 
0.5042(10) 0.051 
0.5082( 14) 0.056 
0.3748(14) 0.049 
0.3376( 14) 0.053 
0.2132(15) 0.058 
0.1274(16) 0.074 
0.1663( 19) 0.079 
0.2893(15) 0.060 
0.4286( 10) 0.053 
0.3909(14) 0.060 
0.4991(13) 0.053 
0.5166(14) 0.053 
0.6185( 15) 0.066 
0.6969(16) 0.077 
0.6823(18) 0.092 
0.5826( 16) 0.078 
0.6759(9) 0.053 
0.7926( 14) 0.079 
0.2351(9) 0.057 
0.1442( 17) 0.104 
0.3235(19) 0.150 
0.263(3) 0.1% 
0.103(2) 0.297 
0.033(3) 0.256 
0.7900(4) 0.083 
0.8726(10) 0.127 
0.8356(13) 0.164 
0.6525(13) 0.238 
0.8038(16) 0.193 
0.2379(5) 0.081 
0.2647( 15) 0.159 
0.3170(17) 0.160 
0.2157(14) 0.145 
0.1062(18) 0.306 

n Numbers in parentheses are errors in the last significant digit(s). 
bUcq=fBi~iUiia*ia:.a~.a~ 

complex of HsTAAB was difficult and many times the 
ligand came out of the solvent mixtures without forming 
the complex. Only very few crystals were obtained in 
the described procedure. In contrast synthesis of the 
copper complex of H,TAAB was easy. Preparation of 
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Table 4 
Positional parameters” for the non-hydrogen atoms in 
[Cu(HsTAAB)(H,o),l(C104)2.2H20 (W 

Atom x Y z Uqb 

Cul 0.00643(9) 
05 - 0.0474(5) 
06 0.0604(S) 
Nl 0.2259(5) 
(L-1 0.2959(7) 
Cl1 0.2457(7) 
Cl2 0.1011(7) 
Cl3 0.0499(8) 
Cl4 0.1442(10) 
Cl5 0.2867( 10) 
Cl6 0.3355(8) 
N2 0.0091(5) 
c2 - 0.1375(7) 
C21 - 0.2062(7) 
c22 - 0.2322(6) 
C23 - 0.2787(7) 
C24 -0.3031(8) 
C25 - 0.2836(9) 
C26 - 0.2357(7) 
N3 - 0.2036(5) 
c:3 - 0.2570(7) 
c:31 - 0.2597(7) 
C:32 - 0.1330(7) 
C33 -0.1384(8) 
c:34 - 0.2689(9) 
(35 - 0.3922(9) 
C36 -0.3881(7) 
N4 - 0.0027(5) 
C4 0.1306(7) 
C41 0.2503(7) 
C42 0.2921(7) 
( 143 0.3882(7) 
(,:44 0.4487(8) 
( 145 0.4161(9) 
<:46 0.3168(S) 
Cl1 -0.1791(2) 
011 -0.1943(6) 
012 - 0.1237(5) 
()13 -0.3102(6) 
014 - 0.0800(6) 
( I2 - 0.2755(2) 
021 - 0.3767(6) 
022 - 0.2022(6) 
023 - 0.1759(6) 
024 - 0.3465(5) 
owl 0.0198(6) 
ow2 - 0.3558(5) 

- 0.07667(9) 
- 0.0914(5) 
-0.0825(S) 
- 0.0820(5) 

0.0574(7) 
0.1502(7) 
0.1845(6) 
0.2544(6) 
0.2946(7) 
0.2688(8) 
0.1966(7) 
0.1398(5) 
0.2045(7) 
0.1821(7) 
0.0476(7) 
0.0258(7) 
0.1417(9) 
0.2752(9) 
0.2965(7) 

- 0.0692(5) 
- 0.2103(6) 
-0.3112(6) 
- 0.3459(6) 
- 0.4234(6) 
- 0.4704(7) 
- 0.4423(8) 
-0.3613(7) 
- 0.2959(5) 
- 0.3610(7) 
- 0.3325(7) 
-0.1944(7) 
- 0.1683(8) 
-0.2821(10) 
-0.4154(11) 
-O&32(8) 
- 0.25892( 19) 
- 0.3824(5) 
- 0.2988(5) 
-0.1900(7) 
-0.1651(5) 

0.1877(2) 
0.1888(6) 
0.3181(6) 
0.0759(6) 
0.1611(5) 

-0.3831(6) 
- 0.0415(6) 

- 0.24973(5) 0.031 
- 0.3818(3) 0.056 
- 0.1184(2) 0.050 
- 0.2477(3) 0.030 
- 0.2366(4) 0.043 
- 0.2999(4) 0.038 
- 0.3156(4) 0.035 
- 0.3809(4) 0.042 
- 0.4286(4) 0.061 
-0.4122(5) 0.064 
- 0.3490(4) 0.054 
- 0.2628(3) 0.033 
- 0.275 l(4) 0.042 
- 0.2062(4) 0.037 
- 0.1827(4) 0.035 
- 0.1145(4) 0.043 
- 0.0715(4) 0.056 
- 0.0960(5) 0.065 
- 0.1625(4) 0.055 
- 0.2304(3) 0.033 
- 0.2081(4) 0.040 
- 0.2716(4) 0.036 
- 0.2988(4) 0.033 
- 0.3632(4) 0.042 
- 0.3984(4) 0.055 
- 0.3702(5) 0.065 
- 0.3074(4) 0.047 
- 0.2577(3) 0.033 
- 0.2797(4) 0.040 
- 0.2207(4) 0.036 
- 0.2012(3) 0.036 
- 0.1389(4) 0.047 
- 0.0973(4) 0.061 
- 0.1183(5) 0.070 
- 0.1788(5) 0.058 

0.05095(10) 0.052 
0.0056(3) 0.078 
0.1243(3) 0.066 
0.0511(3) 0.098 
0.0234(3) 0.084 
0.45902( 10) 0.051 
0.5093(3) 0.081 
0.4603(3) 0.087 
0.4790(3) 0.079 
0.3857(3) 0.065 

- 0.0982(3) 0.084 
- 0.3851(3) 0.075 

a Numbers in parentheses are errors in the last significant digit(s). 
b U.,=f$z,U~ia*,a*ia,.a,. 

Me,H,TAAB was time consuming and only small yields 
were obtained. No nickel or copper complexes of this 
new macrocycle could be obtained. While we observed 
a color change in the reaction of copper perchlorate 
with Me,H,TAAJ3 in a chloroform/methanol mixture 
we only succeeded in recovering the ligand when we 
were trying to isolate the complex. Heating the solution 
led to decomposition. 
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Positional parameters a for the non-hydrogen atoms in Me,H,TAAEJ 
(Iv) 

Atom x Y z U., b 

Cl7 
Nl 
Cl 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
C27 
N2 
C2 
C21 
c22 
C23 
C24 
C25 
C26 
c37 
N3 
c3 
c31 
C32 
c33 
c34 
c35 
C36 
c47 
N4 
c4 
C41 
C42 
c43 
c44 
c45 
C46 

0.5055(2) 
0.41040( 12) 
0.41889(15) 
0.52533( 14) 
0.53592(14) 
0.63322(16) 
0.71906(17) 
0.70891(17) 
0.61383( 16) 
0.4895(2) 
0.44522( 11) 
0.38112(16) 
0.30536( 14) 
0.18676( 14) 
0.12116(17) 
0.17102(19) 
0.2857(2) 
0.35200( 18) 
0.00850( 16) 
0.13383(11) 
0.17456(16) 
0.17534(13) 
0.17808(13) 
0.17236(16) 
0.16630(17) 
0.16573(18) 
0.17079(16) 
0.1540(2) 
0.17929(12) 
0.27128(5) 
0.22696(14) 
0.29797( 14) 
0.25741(17) 
0.14738(18) 
0.07612(17) 
0.11534(16) 

0.3033(3) 
0.26899( 11) 
0.16862(14) 
0.18027(13) 
0.23072( 14) 
0.23119(18) 
0.1815(2) 
0.13141(17) 
0.13148( 15) 
0.39885( 19) 
0.28157(12) 
0.22032(16) 
0.10917(13) 
0.09534(12) 

- 0.01164(14) 
-0.10237(16) 
- 0.08960( 17) 

0.01595(16) 
0.16170( 17) 
0.18704( 10) 
0.27660(13) 
0.39179(13) 
0.48276( 13) 
0.58488( 14) 
0.59767(16) 
0.51014(17) 
0.40839(15) 
0.55928(18) 
0.46963(11) 
0.42256(14) 
0.32390( 13) 
0.25192(13) 
0.16223(15) 
0.14275(17) 
0.21134(17) 
0.30167(16) 

0.3284(3) 0.079 
0.40399( 15) 0.048 
0.48340(19) 0.047 
0.60509(18) 0.043 
0.74273(19) 0.046 
0.8525(2) 0.061 
0.8277(3) 0.069 
0.6918(3) 0.064 
0.5836(2) 0.053 
0.8207(4) 0.075 
0.77077(15) 0.047 
0.87411(19) 0.049 
0.81061(17) 0.044 
0.74602(16) 0.040 
0.6967(2) 0.052 
0.7087(2) 0.063 
0.7697(3) 0.069 
0.8210(2) 0.059 
0.7190(2) 0.054 
0.73952(14) 0.042 
O&4830( 19) 0.044 
0.70887(17) 0.041 
0.61830(18) 0.043 
0.6791(2) 0.052 
0.8232(2) 0.058 
0.9114(2) 0.060 
0.8547(2) 0.052 
0.3754(3) 0.066 
0.46807( 14) 0.050 
0.43101(19) 0.047 
0.31945(16) 0.044 
0.30462(17) 0.045 
0.1999(2) 0.056 
0.1139(2) 0.058 
0.1306(2) 0.058 
0.23208(19) 0.055 

a Numbers in parentheses are errors in the last significant digit(s). 
b U,,=Iz.c.U--a*ia:ai.aj. 3 1 I ‘I 

3.2. Structures 

A view of the ligand, H,TAAB, can be seen in Fig. 
1. The atom labeling scheme used for the ligand in all 
four structures is also presented in this Figure. The 
crystal also contains an ethylacetate of crystallization. 
This ethylacetate is hydrogen bonded to one of the 
amine hydrogens of the ligand. The three other amine 
hydrogen form weak intramolecular hydrogen bonds 
with adjacent amines (see Table 6). The four nitrogen 
atoms of the ligand lie within f0.13 8, of the least- 
squares plane defined by the four nitrogen atoms. The 
four hydrogen atoms on the nitrogen atoms of the 
ligand are alternately above and below the plane formed 
by the four nitrogens. Near the end of the refinement 
some extra electron density was observed around N(4). 
To account for this electron density, the presence of 
an impurity of about 20% of an ethyl substituted ligand 
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c35 

c34 

Fig. 1. An ORTEP drawing of HsTAAB .CH,CH,OC(O)CH, (I). 
The thermal ellipsoids are at the 50% probability level and the 
ethylacetate of crystallization and all the hydrogen atoms except for 
the amine hydrogens are omitted for clarity. The atom labeling 
scheme used for the ligand in all four structures is presented here. 

Table 6 
Proposed hydrogen bonding in H,TAAB.CH,CHzOC(O)CHa (I) 

D-H.. .A D-H H.. .A D...A LD-H.. .A 

(A) (A) (A) (“) 

Nl-Hl . .052” 1.02 2.14 3.10 156 
N2-H2. . .Nl 0.91 2.26 3.04 144 
N3-H3. .N2 1.01 2.52 3.06 114 
N4-H4. . .N3 1.36 2.00 2.95 122 

‘l-x, f+y, 4-z. 

was assumed. This disorder was modeled by having 
H(4) 80% occupancy and C(4’) 20% occupancy share 
a site and C(4”) with a 20% occupancy factor represent 
the second carbon of the ethyl group. The introduction 
and refinement of this group satisfactorily accounted 
for the extra electron density. As a result of H(4) and 
C(4’) sharing a position the nitrogen hydrogen bond 
length is longer than normal while the nitrogen carbon 
bond length is shorter than normal. Selected bond 
lengths and angles are listed in Table 7. 

A view of the cation [Ni(H,TAAB)(O(H)CH,),]‘+ 
can be seen in Fig. 2. The nickel(I1) has an octahedral 
coordination sphere in which the four nitrogen atoms 
of the ligand form an equatorial plane with two 
methanols in the axial positions. The hydrogen atom 
on truns nitrogen atoms are on the same side of the 
ligand. This arrangement permits the benzene rings in 
the ligand adjacent to one another to be on opposite 
sides of the ligand resulting in the ligand having a 
saddle shape. All six metal to ligand bond lengths are 
approximately equal (average Ni-N,,-2.135(10) A and 
Ni-0, = 2.126(9) A, see Table 7). These are similar 

Table 7 
Selected bond distances (A) and angles (“)” for 
HsTAAB.CH,CH,OC(O)CH, (I), lWHJ~)(WWW21- 
(C10&.2HOCHs (II), [C~(HSJTAAB)(H~O)~](CIO,),~~H,O (III) and 
Me,H,TAAB (IV) 

Bond distances (A) in the metal coordination sphere in II and III 

II: X=Ni III: x=Cu 

X-N( 1) 2.138(9) 2.076(S) 
X-N(2) 2.125(10) 2.062(S) 
X-N(3) 2.133(9) 2.068(S) 
X-N(4) 2.142(H) 2.079(S) 
X-O(5) 2.129(8) 2.395(S) 
X-o(6) 2.122(9) 2.380(4) 

Bond angles (“) in the metai coordination sphere in II and III 
II: X=Ni III: x=cu 

N( 1)-X-N(2) 89.7(4) 89.9(2) 
N(l)-X-N(3) 174.1(4) 169.2(2) 
N(l)-X-N(4) 91.1(4) 90.5(2) 
N( 1)-X-O(5) 87.6(3) 95.4(2) 
N(l)-X-O(6) 87.7(3) 84.4(2) 
N(2)-X-N(3) 88.6(4) 90.7(2) 
N(2)-X-N(4) 175.4(4) 169.5(2) 
N(2)-X-O(5) 95.3(3) 86.8(2) 
N(2)-X-0(6) 90.2(3) 97.8(2) 
N(3)-X-N(4) 91.0(4) 90.8(2) 
N(3)-X-O(S) 87.0(3) 95.4(2) 
N(3)-X-0(6) 98.0(4) 84.9(2) 
N(4)-X-O(5) 89.3(4) 82.7(2) 
N(4)-X-0(6) 85.3(4) 92.7(2) 
0(5)-X-O(6) 172.7(3) 175.3(2) 

Bond distances (A) in ligand 
1 II III N 

C(42)-N(1) 1.403(4) 1.487(17) 1.450(S) 1.450(2) 

N(l>C(l) 1.459(S) 1.496(16) 1.479(S) 1.462(2) 
C( 12)-N(2) 1.389(S) l&6(16) l&6(9) 1.449(2) 

N(2)C(2) 1.445(S) 1.494(14) 1.507(8) 1.476(2) 
C(22)-N(3) 1.407(5) 1.449(15) 1.452(g) 1.416(2) 

N(3)-C(3) 1.430(S) 1.507( 17) 1.503(S) 1.465(2) 
C(32)-N(4) 1.392(S) 1.440( 16) 1.435(S) 1.412(2) 

N(4)-C(4) 1.447(S) 1.477( 17) 1.507(8) 1.467(3) 

to values found in high-spin nickel(I1) complexes in 
which the nickel(I1) is octahedrally coordinated [19,20] 
rather than those found in low-spin complexes in which 
the nickel is normally square planar. This is consistent 
with the magnetic measurements of Busch and co- 
workers [ll] on [Ni(H,TAAB)]‘+. The four nitrogen 
atoms of the ligand lie within +O.lO 8, of the least- 
squares plane formed by them. The nickel(I1) ion lies 
in this plane. The two coordinated methanols are in- 
volved in strong hydrogen bonds. 

A view of the cation [Cu(H,TAAB)(H,O),]*+ is 
presented in Fig. 3. The metal coordination sphere is 
similar to that of the nickel complex except that the 
axial positions are occupied by water molecules and 
the metal coordination sphere exhibits the elon 
of the axial bond lengths (av. Cu-N,, = 2.071(5) 
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Fig. 2. An ORTEP drawing, with the thermal ellipsoids at the 50% 
probability level, of the cation of Ni(H,TAAES)(O(H)- 
CH~)2](CIO&~2HOCH3 (II). The axial coordination site of the metal 
center are occupied by two methanol molecules. 

Fig. 3. An ORTJZP drawing, with the thermal ellipsoids at the 50% 
probability level, of the cation of [Cu(H8TAAB)(H,0),](C10&~2H20 
(III). Two water molecules are coordinated to the axial coordination 
sites of the copper@) metal center. 

av. Cu-0, = 2.388(5) A, see Table 7) which is typical 
for copper(I1). The four nitrogen atoms of the ligand 
are within f0.19 8, of the least-squares plane formed 
by them. The copper(I1) ion lies in this plane. 

A view of the tetramethylated derivative of H,TAAB, 
Me,H,TAAB, is presented in Fig. 4. The methylation 
of the amine nitrogen atoms forces the molecule to 
twist so that the four nitrogen atoms are no longer 
almost coplanar as was found for H,TAAB but the 
ligand again is saddle shaped. 

3.3. Spectral properties 

The IR spectra of the copper complex of H,TAAB 
showed the same characteristic frequencies as was found 

Fig. 4. An ORTEP view, with the thermal ellipsoids at the 50% 
probability level, of Me,&TAAB (w. The amine hydrogens of 
H8TAAB (I) have been replaced by methyl groups. 

I 
I I 

400 600 

Wavelength (nm) 

I 

Fig. 5. UV-Vis spectrum of [Cu~TAAB](ClO& in water. 

0 

for the nickel complex [11,21]. The UV-Vis spectra of 
the copper complex of H,TAAB in water is shown in 
Fig. 5. The absorption maxima are at wavelengths (nm 
( E, cm-’ M-l)): 268 (4650), 322 (3900), 408 (4650), 
614 (245). 

3.4. Electrochemisby 

The cyclic voltammogram and the differential pulse 
voltammetry of the CuH,TAAB complex are shown in 
Fig. 6. Two cathodic processes are observed and a very 
sharp anodic peak which is due to anodic stripping of 
the copper metal electrodeposited on the electrode 
[22]. The peak potential in differential pulse voltam- 
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EIUCLTI 
Fig. 6 (a) Cyclic voltammogram of [CuH,TAAB](ClO.& in ace- 
tonitriIea.1 M tetrapropylammonium perchlorate measured with a 
glassy carbon electrode vs. SCE at a sweep rate of 0.1 V SK’ (22 
“C). (b) Differential pulse voltammogram of [CuHsTAAB](CIO,), 
with a pulse height of 50 mV and a scan rate of 4 mV s-l. 

metry was at +72 mV versus SCE and - 320 mV 
versus ferrocene. 

4. Discussion 

Busch and co-workers first obtained the nickel com- 
plex of HsTAAB by reducing the nickel complex of 
TAAB with hydrogen on a platinum catalyst [ll] and 
secondly by reaction of nickel(H) with H,TAAB [4,21]. 
The hydrogenation of the copper(I1) complex of TAAB 
did not lead to the copper(I1) complex of H,TAAB 
but instead the copper(I) complex of TAAB was ob- 
tained [ll]. The same complex was obtained using 
ascorbic acid for the reduction [23]. The reaction of 
H,TAAB with copper(I1) was not reported and we 
used this method to obtain the copper(I1) complex of 
HsTAAB. As described in Section 2, it is also possible 
to obtain this complex by reduction of the copper(I1) 
complex of TAAB with sodium borohydride. While the 
direct reduction of the acid salts of the self condensation 
products of o-aminobenzaldehyde with sodium boro- 
hydride led to the product H,TAAB which was reduced 
to HsTAAB with LiAlH, [4,21], the reduction of the 
copper complex of TAAB led right away to the fully 
saturated macrocyclic complex. The nickel complex was 
extensively described by Busch and co-workers [ll] with 
the exception of the structure of this complex and is 
not further discussed here. 

The UV-Vis spectrum of the copper(I1) complex of 
H,TAAB has absorption maxima at 268 and 322 nm 

that we assign as intraligand bands, while the absorption 
maxima at 408 nm is ascribed to a ligand to metal 
charge transfer band (LMCT) from the tertiary amine 
N to Cu(I1) [24]. The lowest energy band at 618 nm 
is assigned as a ligand field transition of the copper(I1) 
center. That no imine bonds are present in this complex 
was confirmed by IR spectroscopy, where the -C=N- 
stretching modes were missing as was found for the 
nickel complex [11,21]. The electrochemistry of the 
copper complex of H,TAAB showed that the reduction 
process was not electrochemically reversible. This is in 
contrast to the copper complex of TAAB for which 
quasi-Nernstian behavior was observed [8]. This is un- 
derstandable because copper(I) is more stabilized by 
imino nitrogen donors than by the amino nitrogen 
donors. 

Amino bonds are easily oxidized to imino bonds and 
because of our interest in working with low valent 
metal ions we tried to avoid this problem by a complete 
methylation of the nitrogen atoms. Unfortunately it has 
been so far impossible to synthesize metal complexes 
of the macrocycle Me,H,TAAB. The reason for that 
we assume is the rigid steric structure forced onto the 
macrocycle through the methylation. 

In comparing the four structures one can observe 
the effect metal coordination has on the bond lengths 
in a macrocycle. The greatest change in bond length 
in this macrocyclic ligand due to metal coordination 
can be observed in the bond lengths involving the 
nitrogen atoms of the macrocycle. These bond lengths 
are listed in Table 7. The average N-C(methylene) 
bond length is 1.445(9) A in the free ligand I and 
1.496(12) 8, in the metallated macrocycles II and III 
with an intermediate value of 1.465(7) 8, in the meth- 
ylated ligand IV. The same trend can be seen in the 
average value of the N-C(ring) bond length which 
increases from 1.398(9) 8, in the free ligand to 1.451(16) 
A in the coordinated macrocycle with an intermediate 
value of 1.432(20) in the methylated ligand. In the free 
ligand I as well as in the coordinated ligands II and 
III the four nitrogen atoms are approximately coplanar. 
When the amine hydrogens are replaced by larger 
methyl groups as is found in IV, the steric repulsion 
caused by these larger methyl groups causes the ligand 
to twist to relieve this strain so that the nitrogen atoms 
are no longer coplanar as is observed in IV. 

A comparison of the structure of the HsTAAB com- 
plex of Ni” and Cu” with the structures of the TAAB 
complex of Ni” and the MeTAAB [25] complex of 
Cu2+ shows that in all these cases the ligand retains 
the saddle shape, with adjacent benzene rings tilted 
towards opposite sides of the plane of the macrocycle. 
Both nickel(I1) complexes are high spin with the Ni-N 
bond lengths being 0.045 8, longer with the reduced 
ligand. The copper complexes are more difficult to 
compare because with MeTAAB the complex is a 
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bicapped square pyramid with two oxygen atoms of a 
nitrate ion coordinated in the axial position. The equa- 
torial bonds are 0.114 8, longer with the reduced ligand 
but the axial bonds are 0.20 8, shorter. 

In comparing the structures of the 16-membered 
macrocycles H,TAAB and Me,H,TAAB with the struc- 
ture of the 1Cmembered macrocycle 1,4,8,11_tetra- 
methyl-1,4,8,11-tetraazadibenzo[b,i]cyclotetradecane 
(TMBC) [14] we can see that in the copper complex 
of TMBC the four methyl groups are all on the same 
side of the macrocycle while in the copper complex of 
H,TAAB, the hydrogen atoms adjacent to one another 
are on opposite sides of the macrocycle. In TMBC 
metal complexes the benzene rings are both on the 
side of the macrocycle opposite the methyl groups 
whereas with H,TAAB the hydrogen atoms frans to 
one another are on the same side of the macrocycle. 
In the free ligand of TMBC the four nitrogen atoms 
are within f0.08 8, of the plane defined by these four 
nitrogen atoms whereas in Me,H,TAAB the nitrogen 
atoms are severely distorted from planarity to avoid 
contacts between the methyl groups and the benzene 
rings. Steric interactions between the methyl groups 
and the benzene rings of the macrocycle because of 
the preferred saddle shape of the ligand are probably 
responsible for the difficulty in obtaining metal com- 
plexes with this ligand. 

Complexes of the reduced form of the tridentate 
condensation product of o-aminobenzaldehyde TRI are 
not known so far. The macrocycles with methylated or 
benzylated nitrogens were synthesized by Ollis and co- 
workers [26]. The methylated form is reported as un- 
stable. Our attempts to reduce the macrocycle bound 
to Ni(I1) similar to our work on the reductions on the 
TAAB complexes were unsuccessful. 

5. Supplementary material 

Tables of crystallographic data collection parameters, 
anisotropic thermal parameters for non-hydrogen atoms, 
hydrogen atom positional and thermal parameters, com- 
plete listing ofbond length and angles, table of hydrogen 
bonding schemes and listing of structure factors are 
available from D.J.S. on request. 
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