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The octaazabis(cu-diimine) macrocyclic complexes of the type [M(CloH20N8)]"+ (M = Fe(II), Co(II), Co(III), Ni(II), 
Cu(I1)) react with formaldehyde giving tricyclic macroring tetradentate ligand complexes, [M(C14H24N802)]"+. Formaldehyde 
attacks the secondary nitrogen centers forming a -CH2-O-CH2- linkage between the uncoordinated nitrogen atoms. Isomeric 
products in which the -CH2-0-CH2- linkages have formed on the same (syn) or opposite (anti) sides of the macrocyclic 
ligand plane have been identified. Crystal structures of two complexes, [ C U ( C ~ ~ H ~ ~ N ~ O ~ ) ( H ~ O ) ]  (C104)2 and 
[CO(C~~H~~N~O~)(CH~CN)~](C~O~)~ have been determined from three-dimensional x-ray crystal data. The structure of 
the [CO(C~~H~~N~O~)(H,O)](C~O~)~ complex was shown to be isomorphous with the Cu(I1) analogue. Pertinent crystal 
data are the following: [CU(C~~H~~N~O~)(H~O)](C~O~)~, space group c2h6-c2/c, a = 16.697 (2) A, b = 7.8196 (9) A, 
c = 18.904 (2) A, P = 100.42', paid = 1.687 g/cm3, pexptl = 1.68 (3) g/cm3 for Z = 4; [CO(C~~H~~N~O~)(CH~CN)~](C~O~)~, 
space group = D2h'5-Pbca, a = 17.346 (4) A, b = 21.001 (5) A, c = 17.145 ( 5 )  A, &]cd = 1.650 g/cm3, pexptl = 1.63 (3) 
g/cm3 for Z = 8. The -CH2-O-CH2- linkages in each structure are on the same side of the ligand. The H20  of the Cu(I1) 
complex is coordinated to the least encumbered side of the molecule and symmetrically hydrogen bonded to the two perchlorate 
anions. The average Cu-N bond distance is 1.936 (8) A; the Cu-0 distance is 2.262 (6) A. High thermal motions and 
apparent disorder of the C10; oxygen atoms precluded accurate refinement of the Co(II1) structure. The average Co-N 
(macrocycle) distance is 1.90 (1) A; the average Co-N(CH,CN) distance is 1.89 (1) A. In neither complex do the oxygen 
atoms of the six-membered ring interact significantly with the axial coordination sites. 

Introduction 
Properly designed macrocyclic ligands provide a stable 

framework on which to build peripheral groups which may be 
chosen to interact with vacant coordination sites or selectively 
block access to axial sites by certain or all  substrate^.^-^ The 
octaaza macrocyclic complexes, I, obtained by the metal 
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template condensation of 2,3-butanedione dihydrazone with 
aldehydes5 have uncoordinated secondary nitrogen atoms 
which a re  capable of undergoing further reactions with al- 
dehydes. The nature of these condensations was expected to 
be analogous to those of formaldehyde with ammonia which 
yield hexamethylenetetramine and to those of formaldehyde 
with ethylenediamine to yield the lesser known product, II.6 
Amine ligands have also been shown to undergo condensation 
reactions with formaldehyde and other amines to yield new 
polydentate ligands as  indicated below.' 

I t  was therefore expected that I might undergo further 
condensation reactions with formaldehyde and ammonia to 
yield a tricyclic macroring ligand I11 in which two triaza- 

111 

cyclohexane rings were fused to the original 14-membered 

macrocyclic ring. Other possibilities envisaged were the 
formation of cofacial binuclear dimers such as  IV, V, or 

IV V 
polymeric species. Dreiding models indicate that structures 
such as IV might be possible if a metal-metal bond formed; 
the formation and stabilization of structures such as V would 
be assisted by an  additional bridging ligand between the two 
metals. 

The  products obtained in all cases were of type VI which 

O/' 
VIa VIb 

formally result from the condensation of four molecules of 
formaldehyde with the macrocyclic complexes of type I. This 
paper is an account of the synthesis and characterization of 
these complexes, including three-dimensional x-ray structure 
determinations of two complexes, [ C U ( C ~ ~ H ~ ~ N ~ O ~ ) ( H ~ -  
011 ( C W 2  and [ C O ( C ~ ~ H ~ ~ N B ~ ~ ) ( C H ~ C N ) * I ( C ~ ~ ~ ) ~ ,  which 
contain the isomeric form of the ligand depicted in VIb. 
Experimental Section 

All solvents and chemicals used in the experiments were obtained 
commercially and were of reagent grade; they were used without 
further purification except for drying with 4A molecular sieves. 

All infrared spectra were recorded on a Beckman IR-10 infrared 
spectrophotometer in the range of 4000-250 cm-'. Samples were 
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Table I. Crystal Data for the Tricyclic Complexes 

Inorganic Chemistry, Vol. 17, No. 4, 1978 821 

Formula wt 
Space group 
a, A 
b, A 
c, a 
a, deg 
0, deg 
Y, deg 
No. of reflections used 

2e 

dexpt1, dcm3 

to determine cell constants 

dcaicd, g/cm3 

775.79 
Pbca 
17.346 (4) 
21.001 (5) 
17.145 (5) 
90.0 (0) 
90.0 (0) 
90.0 (0) 
12 

20 Q 28 Q 30" 
1.650 
1.63 (3) 

prepared as Nujol or hexachlorobutadiene mulls and the spectra were 
calibrated with the 2951.5- and 1601.8-cm-' absorptions of polystyrene 
film. A Beckman RC 16B2 conductivity bridge was used for all 
conductivity measurements. Ultraviolet and visible spectra within 
the range 10000-2000 A were obtained using a Cary Model 14 
recording spectrophotomer. Nuclear magnetic resonance spectra were 
recorded on either Varian A-60 A or Bruker 270-MHz spectrometers. 

Elemental analyses were performed commercially by Galbraith 
Laboratories, Inc., Knoxville, Tenn., or Chemalytic, Inc., Tempe, Ariz. 

Magnetic susceptibilities of the complexes were measured on a 
lance using H ~ C O ( N C S ) ~  as a calibrant. Molar sus- 
were corrected for diamagnetism of the ligands with 

Pascal's constants. 
Warning! Some of the compounds containing perchlorate anions 

must be regarded as extremely hazardous and potentially explosive. 
Since the possibility of unprovoked detonation exists, only minimal 
quantities should be prepared and we do not recommend long term 
storage (greater than 1 month). 
Syntheses of Tricyclic Complexes. The macrocyclic precursor 

complexes [M(CioHmN8)X2]* were prepared as previously described.s 
[Ni(C14H24N802)](C104)2. A solution was prepared by dissolving 

2.04 g (4 mmol) of the cyclic complex [Ni(CloHzoN8)](C104)2 in 25 
mL of acetonitrile. Then 1.44 g of an aqueous solution of 37% 
formaldehyde (16 mmol) was added, followed by 0.5 mL of con- 
centrated perchloric acid catalyst. The orange product started 
precipitating within 1 min. After 0.5 h the product was filtered, washed 
with acetonitrile, and air-dried. Yield is about 90%. 

Anal. Calcd: C, 28.29; N, 4.04; N, 18.87. Found: C, 28.06; H, 
4.20; N, 17.86. 
[Fe(C14H24N802)(CH3CN)2](C104)2. The procedure was similar 

to that described above, but since the product is soluble in acetonitrile, 
diethyl ether was added drop by drop to precipitate the pink-red 
product. Yield is 80%. 

Anal. Calcd: C, 32.09; H, 4.46; N, 20.81. Found: C, 30.35; H, 
4.19; N, 19.01. 
[Fe(C14H24N802)(CNCHs)2](C104)2. One gram of the bis(ace- 

tonitrile) complex was dissolved in acetonitrile and 0.25 mL of methyl 
isocyanide was added a t  room temperature. Diethyl ether was added 
dropwise to facilitate precipitation of the complex and the solution 
was allowed to stand in a refrigerator for 2 h. The precipitate was 
filtered, washed with ethanol, and dried in vacuo. Yield is about 80%. 

Anal. Calcd: C, 32.09; H, 4.46; N, 20.81. Found: C, 30.22; H, 
4.60; N, 20.77. 

(1.35 g) was dissolved in 30 mL of acetonitrile and NaNCS solution, 
0.5 g of NaNCS in 20 mL of acetonitrile, was added. The blue product 
precipitated immediately. The product was filtered and washed with 
acetonitrile and air-dried. The yield was virtually quantitative. 

Anal. Calcd: C, 37.81; H, 4.73; N, 27.56; S ,  12.59. Found: C, 
37.66; H, 4.81; N, 27.38; S ,  12.66. 
[Fe(C14H2dN802)(CSHsN)2](C104)2. To a solution of 1.35 g of 

[Fe(C14H22N80Z)(CH3CN)2] (C104)2 in 20 mL of acetonitrile, a large 
excess of pyridine, 5 mL, was added. The color of the solution changed 
immediately from pink-red to blue. Diethyl ether was added drop 
by drop to precipitate the product. The product was filtered and 
washed by methanol and dried in air. Yield is 90%. 

Anal. Calcd: C, 37.66; H, 4.61; N, 19.32. Found: C, 38.45; H, 
4.54; N, 18.69. 

[Fe(C14H24N802)(NCS)21. [Fe(C14H22N802)(CH3CN)21(C104)2 

616.85 

16.6971 (15) 
7.8196 (9) 
18.9040 (18) 
90.0 (0) 
100.42 (1) 
90.0 (0) 
25 

a / c  
612.24 
C2lc 
16.714 (6) 
8.111 (3) 
18.304 (6) 
90.0 (0) 
98.78 (2) 
90.0 (0) 
12 

30 Q 28 G 35" 20 Q 2e 6 30" 
1.687 
1.68 (3) 

[CU(C~~H~~N~O~)(H~O)](CI~~)~. To a solution of 1.8 g of 
[CU(C,~H~,N~)C~(H~~)](C~~~) in 25 mL of acetonitrile, 1.44 g of 
37% aqueous solution of formaldehyde was added, followed by 1 mL 
of concentrated perchloric acid. The red crystalline product formed 
after approximately 0.5 h. The product was filtered, washed with 
1 : 1 acetonitrile-diethyl ether mixture and air-dried. Yield is about 
60%. 

Anal, Calcd: C, 27.25; H, 4.21; N, 18.16; CI, 11.52. Found: C, 
26.62; H, 4.10; N, 17.99; C1, 11.87. 
[CO(C~~H~,N~O~)(H~~)](CIO~)~. The procedure was the same as 

for the Cu(I1) complex. The starting material was [Co(CloH14- 
Ns)](C1O4), and the reaction was carried out under N2. Yield is about 
80%. 

Anal. Calcd: C, 27.45; H, 4.25; N, 18.30. Found: C, 26.67; H, 
4.30; N, 17.85. 
[CO(C~~H~~N~O~)(CH~CN)~](CIO~)~. A solution of the aquo 

complex described above was prepared by dissolving 1 g in 15 mL 
of acetonitrile. Triethyl orthoformate, 0.5 mL, was added and then 
the solution was warmed at 40 OC for 1 h to dehydrate the solution. 
Precipitation of the complex was facilitated by the dropwise addition 
of diethyl ether until the solution became turbid. The solution was 
then placed in a refrigerator for several hours to ensure more complete 
precipitation of the product. The orange crystalline material was 
filtered, washed with anhydrous ethanol and dried in vacuo. 

Anal. Calcd: C, 31.94; H, 4.44; N, 20.70; C1, 10.48. Found: C, 
31.80; H, 4.54; N, 20.42; C1, 10.53. 
[CO(C~~H~~N~~~)(CH~CN)~](C~O~)~ The procedure was the same 

as above, but the solution was bubbled with molecular oxygen for 0.5 
h. The oxidation of Co(I1) to Co(II1) is slow in this case. 

Anal. Calcd: C, 27.83; H, 3.87; N, 18.04; C1, 13.72. Found: C, 
27.38; H, 3.913; N, 17.77; C1, 13.16. 
Details of the X-Ray Structure Determinations 
Crystal Examination and Data Collection. X-ray precession 

photographs of [Cu(C14H~N8O2)(H2O)] (ClO& exhibited monoclinic 
symmetry with systematic absences consistent with either C ~ / C - C ~ * ~  
or Cc-C; space groups.8 Subsequent satisfactory refinement assuming 
the centrosymmetric space group confirmed C2/c  as the correct space 
group. Lattice constants and their estimated standard deviations, 
together with the other pertinent crystal data, are given in Table I. 
The lattice parameters for the isomorphous Co(I1) compound are listed 
in the table for comparison. 

Precession photographs of [ C O ( C ~ ~ H ~ ~ N @ ? )  (CH3CN),] (C104)3 
indicated an orthorhombic cell; the systematic absences indicated 
P ~ C ~ - D , , , ~ ~ ~  as the unique space group. The lattice parameters and 
other important crystal data are given in Table I. 

The details of the data collection for the Cu(I1) and Co(II1) 
complexes are presented in Table 11." The data were reduced in 
the conventional manner with corrections for Lorentz and polarization 
effects. Estimated standard deviations of the reflection intensities 
and derived P ' s  based primarily on counting statistics were calculated 
using the following equation: 

S, B1, and B2 are the accumulated counts for the scan and the two 
backgrounds, T, and T, are the scan and individual background 
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Table 11. Data Collection Details for Tricyclic Complexes 
[Co(C,,Hz4Ns- [Cu(C,,Hz4N,- 
O,)(CH,CN),] Oz)(HzO)l- 

Diffractometer Picker-FACS-1 Picker-FACS-1 
Monochromator Graphite (6.093) Graphite (6.093) 

h (W, A 0.71069 (Mo) 0.71069 (Mo) 
Takeoff angle, deg 3.0 3.0 
Method 8-28 8-28 
Scan speed, deg/min 1 2 
Scan width, deg (28 = 0”) 2 2.3 
Background time, s 2 x  20 2 x  20 
Standards 3 3 
Av max deviation 2 2 

28 limits of data 0 < 2 8 < 5 5 ”  0 < 2 8 < 5 5 ”  

in final refinement (F 2 20(F)) ( F  2 3 d m  

cm“ 
0.10 X 0.40 X 

(clod), (C10,), 

(Brag angle) 

of standards from mean, % 

No. of data collected 7165 (unique) 2793 (unique) 
No. of data used 4231 2129 

Absorption coefficients, 9.12 12.28 

Crystal dimension, mm 

counting times, andp is a factor,” here taken to be 0.02, to account 
for machine fluctuations and other factors which would be expected 
to cause variations proportional to the reflected intensity. The F2’s 
and F’s were calculated in the usual way from the intensities and the 
( q ’ s  were calculated using the approximation 

0.09 X 0.11 X 
0.22 0.20 

a(F) = 0(1)/2F(Lp)”2 
A total of 2129 independent reflections having F’s 2 3 4 3  were used 
in the refinement of the Cu(I1) complex and 4231 data with F’s 1 
2 4 7 )  for the Co(I1) complex. 

The effects of absorption (p = 12.28 and 9.12 for the Cu(I1) and 
Co(II1) complexes) were judged to be minimal and were not com- 
pensated for. 

Both 
structures were solved by standard heavy-atom methods and refined 
by full-matrix least-squares techniques.I2 Scattering factors of neutral 
atoms were taken from standard sources.13 Corrections for anomalous 

Structural Solution and Refinement of the Structures. 

dispersion were applied to the copper, cobalt, and chlorine atoms from 
the values of Af’and Af” tabulated by Cromer.14 The details of the 
solution and refinement of the structures are summarized in Table 
111. 
[CO(C~~H~~N~O~)(CH~CN)~](C~O~)~. The position of the cobalt 

atom was determined from a Patterson map. Successive Fourier maps 
based upon the phases generated from the coordinates of the cobalt 
atom revealed the location of the remaining nonhydrogen atoms. 
Refinement of the positional parameters and isotropic thermal pa- 
rameters using the 1588 most intense data within the sphere 26 I 
40” yielded a conventional R factor of 11.6%. Two cycles of full-matrix 
least-squares refinement the positional and isotropic thermal pa- 
rameters using an expanded data set of the 2244 most intense data 
yielded R1 = 14.0% and R2 = 13.8%. A difference Fourier map 
calculated at this time revealed most of the hydrogen atom positions; 
enough methyl group hydrogen atoms were located to calculate the 
positions of those unobserved. The positions of all hydrogen atoms 
were then recalculated, using a least-squares fit and assuming idealized 
standard geometry (sp’ hybridization) and C-H distances of 0.95 A.I5 
The contributions of the hydrogen atoms were included as fixed 
quantities in the subsequent cycles of least-squares refinement. The 
final cycles of refinement utilized 4231 data with F’s 2 2 a ( q  within 
the sphere 0 5 26 I 55” and varied the positional parameters for all 
atoms, the anisotropic thermal parameters for the Co and CIO, atoms, 
and the isotropic thermal parameters for the remaining nonhydrogen 
atoms. At convergence, RI  = 14.8% and R2 = 14.1%. 

The final difference Fourier map had residual peaks of 1.6 e/A3 
between the oxygen atoms of the C104- anions with a noise level of 
less than 0.4 e/A’. Despite the high “R factor” the general features 
of the macrocyclic complex appear to be reasonably resolved. The 
estimated standard deviations of the C-C and C-N bond lengths are 
in the range of 0.01-0.02 A and those of Co-N are 0.01 A. Equally 
important, the chemically equivalent bond lengths do not differ 
significantly from one another and the bond distances fall within 
accepted ranges. The one exce tion is the C(3)=N(S)(imine) bond 
length of 1.25 A which is 0.04 ishorter than the average of the three 
other C=N bond lengths. 

The high R factor has its origin in the distressingly high degrees 
of thermal motions associated with the Clod- anions. This, combined 
with the fact that the three CIO; anions comprise nearly 40% of the 
compound’s molecular weight, contributed to the very rapid fall-off 
of intensities with increasing 26 values. “R” factors were calculated 

Table 111. Summary of Structure Determinations for Tricyclic Complexes 
[Co(C,,H,,N,O,)(CH,CN),I(ClO,), [CU(C,~H,~N,O,)(H,O)](CIO,), 

Method 

Heavy atom 
position from Patterson 

Problems in refinement 

No. of least-squares 

Model for final 
cycles used in refinement 

cycle of refinement 

Final R I a  

Standard error of an 
R’ 

observation of unit weight, 
[Zw(lF0l-  IF,I)’/[NO- NV)”’ 

Highest peak in final 
difference Fourier 

Noise level of final 
difference Fourier 

Ratio of observations to variable 
‘ R ,  =C[lIF,I- IFoII]/ZIFoI,R,= {Zw[IF,.l- 

Heavy atom Patterson 

General position 
x = 0.231 
y = 0.115 
2 = 0.000 
High thermal motion 

and/or disorder of 
perchlorate 

technique 

6 

Positional and aniso- 
tropic thermal para- 
meters of Co and C10, 
atoms varied. Positional 
and isotropic thermal para- 
meters of remaining non- 
hydrogen atoms varied. 
Hydrogen atoms included 
as fixed contributions 

14.9 
14.1 
3.007 

1.6 e/A3 around oxygen 
positions of C10, 

Less than 0.4 e/A3 

16.2: 1 
IFo l ] ’ /ZW IFo I’} 

Heavy atom Patterson 

Special position 
x = 0.000 
y = 0.094 
z = 0.250 
High thermal motion 

and/or disorder of 
perchlorate 

technique 

6 

Positional and aniso- 
tropic thermal parameters 
of all nonhydrogen atoms 
were varied. Hydrogen 
atoms were included as 
fixed contributions 

7.2 
5.9 
3.450 

0.8 e/A3 around oxygen 

Less than 0.25 e/A3 

13:l  

atoms of C10, 
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Table IV. Final Positional and Thermala Parameters of Nonhydrogen Atoms of [Co(Cl,H,,N,O,)(CH,CN),](C1O,), 
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Atom X V Z B. 4 B", B,. B.. B.. Be. 
Co 0.23185 (9) 
C11 0.1717 (3) 
01 0.2031 (9) 
0 2  0.1654 (18) 
0 3  0.1055 (13) 
0 4  0.2121 (9) 
C12 0.4214 (2) 
0 5  0.4626 (7) 
0 6  0.4202 (11) 
0 7  0.4552 (9) 
0 8  0.3460 (9) 
C13 0.4942 (3) 
0 9  0.4846 (11) 
010 0.4649 (13) 
011 0.5725 (13) 
012  0.4801 (17) 

0.11221 (8) 
0.1234 (3) 
0.1775 (7) 
0.0364 (12) 
0.1352 (12) 
0.0847 (7) 
0.1722 (2) ' 

0.2284 (5) 
0.1619 (7) 
0.1196 (7) 
0.1796 (8) 
0.4289 (2) 
0.4820 (6) 
0.3779 (9) 
0.4154 (11) 
0.4374 (10) 

0.00694 (9) 
0.471 1 (4) 
0.4528 (11) 
0.4069 (15) 
0.5021 (17) 
0.5249 (10) 
0.2247 (2) 
0.2375 (8) 
0.1427 (9) 
0.2602 (9) 
0.2496 (12) 
0.1799 (3) 
0.2256 (9) 
0.2088 (13) 
0.1778 (14) 
0.1021 (12) 

17.9 (5) 17.5 (4) 18.2 (5) 2.5 (4) 
35 (2) 26 (1) lOS(4) -2(1) 
84 (9) 37 (5) 124(11) -12(5) 

373 (24) 76 (10) 157 (15) -78 (13) 
87 (11) 103 (10) 408 (22) 66 (9) 
58 (8) 36 (4) 109 (10) 6 (5) 
32(1) 24(1) 45 (2) -5 (1) 
52(5) 27 (3) 58(6) -13 (3) 
97 (9) 46 (5) 49 (7) 10 (6) 
79 (8) 37 (4) 82 (8) 2 (5) 
53 (7) 55 (6) 126 (11) -11 (5) 
60 (2) 21 (1) 50 (2) -5 (1) 

138 (12) 27 (3) 70 (9) 20 (6) 
186 (15) 53 (6) 142 (14) -66 (8) 
88 (11) 106 (10) 163 (15) 27 (9) 

300 (22) 65 (9) 65 (11) 21 (11) 

-0.6 (4) 1.6 (4) 
-12 (2) 5 (2) 
-37 (8) 21 (6) 

-118 (16) 5 (10) 
116 (14) 119 (13) 

1(7)  17 (5) 
-13 (1) 5 (1) 

-6 (5) 1(4)  
-19 (7) -7 (5) 
-33 (7) 21 (5) 

29 (8) 4 (7) 
17 (2) -5 (1) 

-10 (9) -16 (4) 
103 (12) -25 (8) 

-51 (12) -13 (8) 
17 (11) -36 (10) 

Atom X Y z B, Az Atom X Y z B, A' 
013 0.1613 (6) 0.1967 (5) 0.1675 (6) 4.8 (2) C4 0.3378 (10) 0.0730 (8) -0.1304 (11) 5.4 (4) 
014 0.3955 (7) 0.1883 (6) -0.0686 (7) 5.3 (2) C5 0.1789 (9) 0.1801 (7) -0.1140 (9) 3.9 (3) 
N1 0.1336 (6) 0.1516 (5) 0.0073 (6) 2.8 (3) C6 0.1164 (8) 0.1839 (6) -0.0547 (8) 3.5 (2) 
N2 0.0825 (6) 0.1588 (5) 0.0706 (6) 3.2 (2) C7 0.0925 (10) 0.2017 (8) 0.1240 (10) 5.2 (4) 
N3 0.1620 (7) 0.0836 (5) 0.1588 (7) 3.6 (2) C8 0.1669 (9) 0.1400 (8) 0.2088 (9) 4.5 (3) 
N4 0.2276 (6) 0.0791 (5) 0.1090 (5) 2.6 (2) C9 0.4318 (10) 0.1298 (9) -0.0527 (10) 5.4 (4) 
N5 0.3133 (6) 0.0742 (5) 0.0094 (6) 3.1 (2) C10 0.3550 (13) 0.1863 (10) -0.1372 (13) 7.1 (5) 

N7 0.2980 (8) 0.1368 (6) -0.1466 (7) 4.4 (3) C12 0.1584 (8) -0.0093 (7) -0.0505 (8) 3.4 (3) 
N6 0.3823 (7) 0.0760 (6) -0.0552 (7) 3.9 (2) C11 0.2951 (8) 0.2352 (7) 0.0703 (8) 3.3 (2) 

N8 0.2376 (7) 0.1476 (5) -0.0952 (6) 3.3 (2) C13 0.2976 (10) 0.0153 (8) 0.2073 (10) 4.9 (3) 
N9 0.2736 (6) 0.1890 (5) 0.0448 (6) 3.0 (2) C14 0.4267 (10) 0.0173 (8) 0.0878 (10) 4.8 (3) 
N10 0.1875 (6) 0.0357 (5) -0.0321 (6) 2.7 (2) C15 0.1693 (11) 0.2147 (9) -0.1912 (12) 6.2 (4) 
C1 0.0921 (8) 0.0873 (7) 0.1110 (8) 3.6 (3) C16 0.0437 (9) 0.2223 (8) -0.0660 (9) 4.7 (3) 

C3 0.3508 (8) 0.0474 (6) 0.0716 (8) 3.0 (2) C18 0.1198 (11) -0.0678 (9) -0.0714 (11) 5.7 (4) 
C2 0.2883 (7) 0.0490 (6) 0.1325 (7) 2.9 (2) C17 0.3206 (11) 0.2942 (9) 0.1036 (11) 6.1 (4) 

a The form of anisotropic thermal parameter is exp[-(B,,h' t B,,k2 + BJ' + 2B,,hk + 2B13hZ t 2B,,kZ) X lo',]. 

Table V. Positional and Anisotropic Thermala Parameters of Nonhydrogen Atoms for [Cu(C1,H,,N,O,)(H,O)](C1O~), 

c u  0.0 (0) 0.0836 (1) 0.2500 (0) 35.8 (4) 172 (2) 19.7 (3) 0 (0) 
C1 0.3662 (1) 0.1325 (2) 0.0915 (1) 50.9 (8) 155 (3) 25.9 (5) -1 (1) 
01 0.3035 (4) 0.0553 (7) 0.0476 (3) 150 (4) 329 (15) 78 (3) -92 (7) 
0 2  0.3478 (5) 0.2847 (9) 0.1079 (6) 164 (6) 261 (15) 235 (8) 53 (8) 
0 3  0.3886 (5) 0.0400 (10) 0.1524 (4) 208 (7) 632 (24) 65 (3) -156 (10) 
0 4  0.4296 (5) 0.1492 (17) 0.0640 (4) 108 (5) 1619 (63) 103 (5) -44 (15) 
0 5  0.0 (0) -0.2056 (8) 0.2500 (0) 132 (6) 151 (13) 69 (3) 0 (0) 
0 6  0.1223 (2) 0.3861 (5) 0.1776 (2) 46 (2) 258 (9) 28 (2) -11 (4) 
N 1  -0.0004 (3) 0.1170 (5) 0.3516 (2) 33 (2) 168 (9) 20 (1) -6 (3) 
N2 0.1153 (2) 0.1140 (5) 0.2826 (2) 34 (2) 154 (9) 21 (1) 8 (3) 
N3 0.1721 (3) 0.1229 (6) 0.2353 (2) 33 (2) 236 (11) 26 (2) 18 (4) 
N4 0.0725 (3) 0.1251 (6) 0.1186 (2) 39 (2) 234 (11) 20 (2) 25 (4) 
C1 0.0699 (3) 0.1370 (6) 0.3913 (3) 40 (2) 101 (10) 17 (2) -11 (4) 
C2 0.1389 (3) 0.1358 (6) 0.3503 (3) 31 (2) 100 (10) 22 (2) 5 (4) 
C3 0.1378 (4) 0.0337 (8) 0.1671 (3) 40 (3) 266 (14) 31 (2) 39 (5) 

C5 0.0978 (4) 0.3019 (8) 0.1107 (3) 46 (3) 321 (15) 22 (2) 6 (5) 

C7 0.2240 (3) 0.1561 (7) 0.3878 (3) 35 (3) 185 (12) 27 (2) 4 (4) 

C4 0.1900 (4) 0.3017 (9) 0.2193 (3) 41 (3) 303 (15) 32 (3) -15 (6) 

C6 0.0845 (3) 0.1585 (7) 0.4706 (3) 55 (3) 222 (13) 19 (2) -24 (5) 

a The thermal parameters are of the form exp[-(p,,h* t Pz2k2 + p3,Z2 + 2p12hk t 2P,,hZ + 2p,,kZ) x lo',. 

in shells using increments of 0 = 5' and also as a function of the 
magnitudes of the structure factors. In general, the agreement between 
observed and calculated structure factors was good for the lower angle 
and high intensity data but the agreement became progressively poorer 
as the data approached the 2 4 F )  cutoff limit. The final positional 
and thermal parameters are listed in Table IV. 
[CU(C~~H~~N~O~)(H~O)](C~O~)~. The coordinates of the copper 

and chlorine atoms were located from a Patterson synthesis. A Fourier 
map based on the phases obtained from the heavy atoms revealed all 
the nonhydrogen atom positions. Least-squares refinement of the scale 
factor, the positional and isotropic thermal parameters for the 
macrocyclic ligand atoms, and anisotropic thermal parameters of the 
copper atoms and those of the perchlorate anion converged to R, = 
7.7% and Rz = 8.4% using the 1155 most intense data. A difference 
Fourier revealed all the hydrogen atoms; their positions were re- 

calculated assuming idealized geometry and C-H distances of 0.95 
A. All hydrogen atoms were assigned isotropic B values of 5 and 
included as fixed contributions in the last two cycles of the least-squares 
refinement. In the final cycles of refinement, the positional and 
anisotropic thermal parameters for all nonhydrogen atoms were varied. 
At convergence, R, = 7.2% and R2 = 5.9% for 2129 data having F's 
2 3 4 7 ) .  The final difference Fourier had a noise level of ap- 
proximately 0.25 e/A3 with the highest peak of 0.8 e/A3 located in 
the vicinity of the oxygen atoms of the perchlorate ion. The final 
positional and thermal parameters for the copper complex are listed 
in Table V. 

Results and Discussion 
The acid-catalyzed reaction of macrocyclic complexes, I, 

with aqueous formaldehyde yields tricyclic species of type VI. 
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Table VI. ‘H NMR Data of Tricyclic Complexes 

Shie-Ming Peng and Virgil L. Goedken 

Compd Solvent Chemical shift* 

[Fe(C,,H,,N,O,)(CH,CN), l(C104), 

sYlz-[ Fe(C 14 H24 N, O,)(CNCH, 1 2  I(C104 1, 

D,O/CD,CN mixture 

CD,CN 

NC-CH,’ 1.97 (6, s), -CH, 2.86 (12, s), 

CNCH, 3.26 (3), 3.05 (3), C H ,  2.57 (12, s), 
-CH, 4.6-5.8 (12, m) 

-CH, 4.5-5.9 (12, m) 

-CH. 4.5-6.0 (12. m) 
anti- [Fe(C,, H2s N, 0, )(CNCH,), l(C104), CD,CN CN-CH, 3.15 ( 6 ) ,  -CH,, 2.57 (12, s), 

NC-CHS 2.25 (3; s); 2.37 (3 ,  s), -CH,, 3.22 (12, s), 

NC-CH, 2.32 (6, s), C H ,  3.22 (12, s), 
C H ,  4.6-6.1 (12, m) 

-CH, 4.6-6.1 (12, m) 
[Ni(C14H,4N,0,)I(C10,), CF,COOD C H ,  i.61 (12, s), -CH, 4.2-5.6 (12, m) 

a Exchanged with CD,CN. Key: s = singlet; m = overlapping multiplets. 

The  products incorporate four formaldehyde residues into two 
-CH2-0-CH2- linkages with each end attached to one of the 
uncoordinated nitrogen atoms of the six-membered chelate 
rings. The  formation of structural isomers having syn or anti 
conformations of the ether linkages with respect to the nominal 
plane of the macrocyclic ligand has been demonstrated (vide 
infra). 

The  chemical properties of the tricyclic ligand complexes 
a re  considerably different from their simple 14-membered 
macrocyclic precursors. The  “simple” 14-membered mac- 
rocyclic ring complexes fragment in acidic media and readily 
deprotonate under mildly basic conditions, and the ligands 
readily undergo a variety of oxidation and reduction reactions. 
In contrast the tricyclic complexes are remarkably inert. For 
example, the Ni(I1) complexes can be dissolved in concentrated 
sulfuric acid (one of the few solvents in which appreciable 
quantities of the compound can be dissolved), with insignificant 
ligand decomposition occurring even after several days. The  
Fe(I1) complexes, like most Fe(I1) complexes of a-diimine 
ligands, a r e  unreactive toward molecular oxygen. 

Attempts to induce syn-anti isomerization of the imine 
linkages to VI1 by prolonged heating (days) of the compounds 

VI1 
in solution or by irradiation with ultraviolet light were un- 
successful. 

The  N M R  and IR spectra of the new complexes, together 
with the  analytical data,  provided the necessary information 
for their structural interpretation. The  IR spectra of all the 
tricyclic complexes a re  similar; no absorptions a re  present to 
indicate the presence of NH2,  N H ,  or carbonyl groups. The  
a-diimine functions give rise to weak absorptions in the vicinity 
of 1550-1630 cm-I; these vary in position and intensity, 
depending upon the amount of dT(meta1)-pT(a-diimine) bond 
interaction. For example, the a-diimine absorptions of the 
Fe(I1) and Ni(I1) complexes a re  so weak as to be virtually 
undetectable but a re  of moderate intensity in the Co(I1) 
complexes. Similarly, large variations exist in the intensity 
of the C=N absorption of the acetonitrile complexes. Those 
of the Fe(I1) complex are very weak with a barely observable 
absorption a t  2300 cm-I when thick Nujol mulls were used. 
The  acetonitrile of the  Co(II1) complex has a moderately 
strong absorption a t  2350 cm-’, while that  of Co(I1) occurs 
as three closely spaced peaks a t  2240, 2280, and 2310 cm-’ 
and shifted only a few wavenumbers from the absorptions of 
free acetonitrile, 2241 cm-I,l6 which was measured and su- 
perimposed on the  same spectrum. The  bis(isocyanide) 

complex of Fe(I1) had a very intense - N r C  absorption a t  
2205 cm-I compared to  the free isocyanide of 2169 6m-I.’’ 

The  N M R  spectra, Table VI, of the [ C O ( C , ~ H ~ ~ N ~ -  
0 2 )  (CH3CN)2] ( c l o d 3  and  [Fe(C14H24Ns02) (CH3C- 
N ) J  ( C104)2 complexes provided indirect evidence for the 
existence of two isomers, VIb and VIa (hereafter designated 
syn and anti), of the macrocyclic ligand. The acetonitrile of 
the Co(II1) complex and the methyl isocyanide of the Fe(I1) 
complex a re  tightly bound and do  not exchange with deu- 
terioacetonitrile under the conditions used to  obtain the IH 
N M R  spectra. The axially coordinated molecules of the  
complexes having the “syn” form of the ligand experience 
distinct chemical environments and give rise to separate 
resonances. The  crude reaction product, [ C O ( C ~ ~ H ~ ~ N * -  
02) (CH3CN), ]  (C104)3, obtained from the oxidation of the 
Co(I1) complex in acetonitrile contains three peaks of ap- 
proximate equal intensity in the acetonitrile region of the lH 

N M R  spectrum. Fractional recrystallization afforded two 
products, corresponding to the “syn” and “anti” isomers, with 
the syn isomer having CH3CN resonances a t  6 2.25 and 2.37 
ppm; the equivalent CH3CN groups of the trans isomer appear 
a t  2.32 Rpm. From the analysis of the crude reaction products, 
it appears that the ratio of the “syn” to “anti” form of the 
ligand when obtained from the formaldehyde condensation 
reaction of the five-coordinate Co(I1) complex is about 2:1. 
The  NMR spectrum of the bis(methy1 isocyanide) complex 
of Fe(I1) also Contains three resonances attributable to the 
coordinated methyl isocyanide. The anti form appears to be 
the predominate isomer produced and gives rise to a single 
methyl isocyanide resonance a t  3.15 ppm. Two peaks of equal 
but lesser intensity a t  3.26 and 3.05 ppm are  assigned to the 
unequal methyl isocyanides of the syn isomer. The positions 
of the remaining absorptions of the tricyclic ligand are virtually 
unchanged from those in the acetonitrile complexes (Table VI). 
In general, the two types of -CH2- groups (those from the 
-CH2-0-CH2- and from the N-CH2-N linkages) appear as 
unresolvable overlapping A B  multiplet patterns between 4.5 
and 6.0 ppm in all the complexes. 

The  resonances from the two types of the -CH,- groups of 
the nickel complex were broad, possibly as a result of in- 
terconversion between boat and chair forms of the  six- 
membered rings. Interaction of the oxygen atoms with the 
axial site of the metal is considered impossible in view of the 
results of the x-ray structural results. 

The  two a-diimine chelate rings of the tricyclic ligand 
produce strong ligand fields. All of the tricyclic complexes 
a re  low spin. The  Fe(I1) and Co(II1) complexes a re  six- 
coordinate and diamagnetic, the Ni(I1) complex is square- 
planar and diamagnetic. The  Co(I1) and Cu(I1) complexes 
have been isolated as five-coordinate species with water co- 
ordinated to one axial position, vide infra, and have magnetic 
moments of 2.0 and 1.9 pB, respectively. The Co(I1) complex 
of the stoichiometry [ C O ( C ~ ~ H ~ ~ N ~ O ~ ) ( C H ~ C N ) ~ ]  (C104)2 is 
believed to be six-coordinate, but with the acetonitrile bound 
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Table VII. Electronic Spectra of Tricyclic Complexes, [M(C,,H,,NaOz)L,](C1O,), 
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Compd Solvent Absorptions‘“ 

[Fe(C,,H,,N,0z)(CH3CN), l(ClO,), CH3CN 
[Fe(C,,H,,N,O,)(C,H,N), l(C104)2 

[Fe(C,,H,,NaOz)(NH3), I(ClO,), 

[Co(CI,Hz,N,O,)(H,O)I(ClO,)z 
[ Co(C 14 Hz, Na 0, )(CH3 CN)z I(C10,) 3 

[Ni~C,,H,,NaO,~I~C1O,), 
[Cu~C,,H,,NaO,~~HzO~l~C1O,), 

551 (9.10 X lo3), 515 (5.42 X lo3, sh), 309 (5.19 X 10’) 
589 (8.03 X lo3),  555 (6.10 X lo3), 435 (9.87 X 10’) 

368 (3.68 X lo3), 320 (5.80 X 10’) 
682 (1.08 X lo4), 625 (5.85 X lo3,  sh), 444 

(4.08 X lo’), 311 (4.85 X lo’) 
510 (1.83 X lo’), 288 (1.02 X lo4) 
294 (1.44 X lo4), 250 (8.67 X lo4) 
370 (1.60 X lo3, sh), 282 (5.28 X lo’), 233 (1.03 X lo4) 
523 (6.78 X loz), 319 (8.72 X lo’), 248 (9.11 X lo3) 

C H , C N ~  

C H , C N ~  

HZ 0 
CH3CN 
H2SO4 
C H , C N ~  

a Absorption in nm, extinction coefficient in parentheses. Large excess of axial ligands were added. 

only weakly to the axial coordination sites. 
Electronic Spectra of Tricyclic Complexes. The data for 

the electronic spectra of the complexes are listed in Table VII. 
All the tricyclic complexes reported are very intensely colored. 
The  electronic spectra are dominated by intense charge- 
transfer absorptions in the visible and ultraviolet portions of 
the spectra and obscure the d-d transitions that also occur in 
these regions. The  charge-transfer bands of even the bis- 
(acetonitrile) complex of Co(II1) tail into the visible region 
and precluded assignments of d-d transitions. The positions 
and intensities of these charge-transfer bands are sensitive to 
a multitude of factors, i.e., ligand field strength of the 
macrocyclic ligand, effects of the ligands on the redox po- 
tentials of the coordinated metal, the nature of the axial 
ligands, and the types of atoms and degree of unsaturation in 
the six-membered chelate rings. Solvents that interact with 
the a* orbitals of the a-diimine linkages are also known to 
influence these bands. Since the study of charge-transfer 
absorptions of complexes containing a-diimine ligands has been 
largely relegated to those of Fe(II),18 our comments will 
primarily be restricted to the complexes of Fe(I1) also. 

T h e  e l ec t ron ic  s p e c t r u m  of [ F e ( C 1 4 H 2 4 N 8 -  
02)(CH3CN)2](C104)2 has intense absorption at  551 nm (e,,, 
9.0 X lo3), approximately 100 nm lower than in the simple 
precursor macrocyclic complex, [Fe(CloH~oN8)(CH3CN)~l2+, 
of I. This difference is attributed to the greater interaction 
between the lone electron pairs of the secondary nitrogen atoms 
and the a-diimine functions in the latter complex. The  
flexibility associated with the six-membered chelate rings of 
I probably permits some flattening of the geometry about the 
secondary nitrogen atoms introducing a significant amount 
of sp2 character. This would enhance conjugation of the lone 
electron pair with the a-diimine function, via resonance forms 
of the type depicted below. (This would also account for the 

relative ease with which these nitrogen atoms are deproton- 
ated.) 

The  configuration of the nitrogen atoms becomes rigidly 
fixed upon formation of the tricyclic structures, reinforcing 
the sp3 character of these atoms and preventing conjugation 
of the lone pairs with the a-diimine functions. 

The energy of the charge-transfer absorptions is dependent 
upon the axial ligands in a qualitatively predicted fashion. 
Basic ligands place increased electron density on the metal, 
raising the energy of the d orbitals, thus decreasing the gap 
between the metal and ligand a* orbitals and give rise to red 
shifts. Strong a-acceptor ligands, i.e., cyanide and isocyanides, 
remove electron density from Fe(I1) and increase the energy 
separation between the metal d orbitals and the a*-acceptor 

Co-N1 
CO-N4 
CO-N5 

Co-N9 
Co-N10 
Cll-01 
Cll-02 
Cll-03 
Cll-04 
C12-05 
C12-06 
C12-07 
C12-08 
C13-09 
C13-010 
C13-011 
C13-0 1 2 
Nl-N2 

Co-N8 

Nl-C6 
N2-Cl 
N 2 4 7  
Cl-N3 
N3-N4 

1.89 (1) 
1.88 (1) 
1.90 (1) 
1.91 (1) 
1.89 (1) 
1.90 (1) 
1.34 (2) 
1.35 (2) 
1.29 (2) 
1.42 (2) 
1.40 (1) 
1.42 (2) 
1.39 (1) 
1.38 (2) 
1.37 (2) 
1.29 (2) 
1.39 (2) 
1.37 (2) 
1.40 (1) 
1.30 (2) 
1.48 (2) 
1.45 (2) 
1.47 (2) 
1.43 (1) 

N 3 4 8  
N4C2 
C 2 4 1 3  
C2C3 

C3C14 
C3-N5 

N5-N6 
N6-C4 

C4-N7 

N7-N8 
N8-C5 

C5-Cl5 

N9-C11 
N10-C 12 

N 6 4 9  

N7C10 

C5C6 

C6C16 

C l l C 1 7  
C12C18 
01 3-C7 
013-C8 
014-C9 
01 4-C 10 

1.46 (2) 
1.29 (2) 
1.47 (2) 
1.50 (2) 
1.25 (2) 
1.49 (2) 
1.42 (2) 
1.50 (2) 
1.42 (2) 
1.53 (2) 
1.44 (2) 
1.39 (2) 
1.28 (2) 
1.49 (2) 
1.51 (2) 
1.51 (2) 
1.13 (2) 
1.12 (2) 
1.43 (2) 
1.47 (2) 
1.41 (2) 
1.39 (2) 
1.41 (2) 
1.37 (2) 

orbitals thus resulting in blue shifts. 
Description of the X-Ray Structures. [Co(Cl4HZ4NSO2)- 

(CH3CN),](CI04),. The cation is composed of six-coordinate 
Co(II1) of the form of the tricyclic ligand, VIb, with two 
acetonitrile molecules occupying the axial sites. The  cation 
has approximate C, symmetry; the average of the chemically 
equivalent bond parameters will be used to describe the 
structure in view of the limited accuracy of the refinement.lg 
The interatomic distances and angles for the structure are listed 
in Tables VI11 and IX,  respectively. A side view of the 
[CO(C~~H~~N~O~)(CH,CN)~]~+ cation, together with the 
atomic labeling scheme, is shown in Figure 1. 

The parameters of the inner-coordination sphere are con- 
sistent with low-spin Co(II1). The  average C O - N ~  distance 
is 1.90 (1) A, comparable to the Co-N distance, 1.89 A, of 
a number of cobalt(II1) dimethylglyoxime (DMG) complexesz0 
and to another bis(a-diimine) macrocyclic Co(II1) complex 
[Co( [ 14]tetraeneN4)(NH3),]Br3 which has a Co-N planar 
distance of 1.90 (2) A.21 The average Co-N(CH3CN) bond 
length 1.89 (1) A is virtually identical with the “in-plane” 
Co-N distance. This short bond length is indicative of strong 
CH3CN-Co”’ bonding and is supported by the very slow 
exchange rate of the axial CH3CN.  No detectable exchange 
of coordinated CH3CN with CD3CN solvent was observed in 
a 2-week period. The Co-N distance is significantly shorter 
than the Co-N(NH3) distance, 1.972 (15) A, observed in the 
[Co( [ 141 tetraeneN4)(NH3)2]3+ species.21 This is attributable 
to the combined effects of hybridization differences about the 
nitrogen atom (sp hybridized for CH3CN vs. sp3 for NH,) and 
T bonding between the d.lr orbitals of Co(II1) and the orbitals 
of CH3CN.  The short C=N distance, 1.12 (2) A, is slightly 
shorter than that of free acetonitrile, 1.157 A.24 The Co-N 
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N 1 -Co-N4 
N1-CO-N5 
Nl-Co-N8 
Nl-Co-N9 
N 1 -Co-N10 
N4-Co-N5 
N4-Co-N8 
N4-Co-N9 
N4-Co-NlO 
N5-Co-N8 
N5-Co-N9 
N5-CO-N10 
N8-Co-N9 
N8-Co-NlO 
N9-Co-NlO 
01-c11-02 
01-Cll-03 
01-Cll-04 
02-Cll-03 
02-Cll-04 
03-Cll-04 
05-C12-06 
05-C12-07 
05-C12-08 
06-C12-07 
06-C12-08 
07-C12-08 
09-C13-010 
09-C13-011 
09-C13-012 
N6-C9-014 
N7-C10-014 
N9-Cll-Cl7 
C7-013-C8 
C9-014-C10 

97.1 (4) 
178.1 (4) 
83.1 (5) 
88.3 (4) 
90.4 (4) 
81.9 (4) 

178.4 (4) 
90.6 (4) 
90.0 (4) 
97.8 (5) 
90.1 (4) 
91.2 (4) 
87.9 (4) 
91.5 (4) 

178.6 (4) 
109.6 (15) 
110.7 (14) 
114.0 (10) 
112.0 (19) 
103.9 (14) 
106.4 (15) 
106.9 (9) 
112.8 (8) 
109.9 (9) 
108.5 (10) 
107.9 (12) 
110.6 (11) 
114.2 (12) 
107.4 (13) 
115.3 (12) 
113.1 (13) 
117.9 (17) 
178.5 (16) 
113.2 (13) 
111.6 (14) 

01 0-C13-011 
01 0-C13-012 
011-C13-012 
N2-Nl-C6 
Nl-N2-C1 
Nl-N2-C7 
Cl-N2-C7 
C 1 -N3-N4 
C 1 -N 3-C8 
N4-N3-C8 
N3-N4-C2 
N6-N5-C3 
N5-N6-C4 
N5-N6-C9 
C4-N6-C9 
C4-N7-N8 
C4-N7-C10 
N8-N7-C10 
N7-N8-C5 

. N2-Cl-N3 
N4-C 2-C 3 
N4-C2-C13 
c3-c2-c13 
N5 -C 3-C2 
N5-C3-C 14 

N6-C4-N7 
N8-C5-C6 
N8-C5-C 15 
C6-C5-C15 
Nl-C6-C5 
Nl-C6-C 16 

N2-C7-013 
N3-C8-013 

C2-C3-C14 

C5-C6-C 16 

103.2 (15) 
114.5 (15) 
100.2 (16) 
120.8 (11) 
109.1 (10) 
112.4 (11) 
111.2 (12) 
109.2 (10) 
109.4 (11) 
110.9 (11) 
119.7 (10) 
120.6 (11) 
110.4 (11) 
112.1 (12) 
111.7 (13) 
111.6 (12) 
107.5 (14) 
109.3 (13) 
122.1 (12) 
113.7 (11) 
112.5 (11) 
126.6 (13) 
120.9 (12) 
112.7 (12) 
126.1 (13) 
121.2 (12) 
110.5 (13) 
115.7 (13) 
124.5 (15) 
119.8 (14) 
111.8 (12) 
125.2 (13) 
123.0 (13) 
112.2 (14) 
113.1 (13) 

Figure 1. View of the [CO(C~~H~~N~O~)(CH~CN)~]~’ cation together 
with the atom numbering scheme (ORTEP diagram, 20% probability 
ellipsoids). 

and CEN distances, as well as the higher CEN stretching 
frequencies in the complex, lend greater credence to arguments 
based on hybridization than those based upon back-bonding 
schemes. 

The  average C=N bond length 1.28 (2) A is only 0.01 A 
longer than observed in a number of isolated imine ligand 
complexes and not judged to be significant. They are  
comparable to most other imine and a-diimine containing 
ligands of other Fe(I1) and Co(II1) complexes.20~21 

The  two fused oxodiaza six-membered rings a re  “cis” with 
respect to the macrocyclic plane and each has a normal chair 

Table X. Interatomic Distances (A) and Angles (deg) for 

Cu-N1 1.944 (4) N4-C5 1.462 (7) 

CU-05 2.262 (6) 06-C4 1.419 (7) 
N1-C1 1.285 (6) 06-C5 1.421 (7) 
Cl-C2 1.500 (6) C1-01 1.356 (5) 

1.280 (6) 
C2-C7 1.477 (7) C1-03 1.355 (6) 
C2-N2 1.283 (6) C1-04 1.267 (7) 
N2-N3 1.419 (6) 03-0Sb 3.094 (8) 
N3-C3 1.487 (7) 05-H13 0.94 
N3-C4 1.472 (7) 03-H13 2.43 

[Cu(C,,Hz,N, O~)(HzO)l(ClO~)~ 

CU-N~ 1.928 (4) N4-Nl’’ 1.418 (5) 

Cl-C6 1.487 (7) C1-02 

N4-C3 1.477 (7) 
N 1-CU-N 1 ’ 
Nl-Cu-N2 
N1-Cu-05 
N2-Cu-N2’ 
N2-CU-05 
N2-CU-05 
N4l-Nl-c~ 
N4’-Kl-C1 
Cu-N1-C1 
N 1 -C 1-C6 
N1-C1-C2 
C2-C 1-C6 
c 1-c2-c7 
Cl-C2-N2 
N2-C2-C7 
C2-N2-N3 
C2-N2-Cu 
Cu-N2-N3 

164.6 (2) 
81.3 (2) 
97.7 (1) 

165.8 (2) 
97.1 (1) 
96.8 (2) 

120.9 (3) 
121.0 (4) 
115.7 (3) 
124.7 (5) 
113.8 (4) 
121.5 (4) 
120.8 (4) 
113.1 (4) 
126.1 (5) 
120.3 (4) 
115.9 (3) 
121.4 (3) 

N2-N3-C4 
N2-N3-C3 
C3-N3-C4 
C3-N4-N1’ 
C3-N4-C5 
C5-N4-N1’ 
N3-C3-N4 
N3-C4-06 
N4-C5-06 
C4-06-C5 
01-c1-02 
0 1 -C 1-03 
01-C 1-04 
02-C 1-03 
02-C1-04 
03-C1-04 
Cu-05-Hl3 
05-H13-03 

111.0 (4) 
109.1 (4) 
109.1 (4) 
108.4 (4) 
109.1 (4) 
111.4 (4) 
116.0 (5) 
112.7 (5) 
112.9 (5) 
110.6 (5) 
111.7 (5) 
110.4 (4) 
113.7 (6) 
109.4 (6) 
105.0 (7) 
106.4 (6) 
124 
128 

a Primed atoms are transformed by -x, y ,  l /  - z.  0 3  and 
0 5  are involved in the hydrogen bonding. 

conformation. The distance of the ether oxygen atoms from 
the axis defined by the axial sites is 2.869 A; the distance of 
the oxygen atoms from the N atom of CH3CN is 2.873 A. 
This is slightly shorter than the sum of the normal van der 
Waals separation for these two atoms and indicates a slight 
amount of repulsive interaction between the two. If the re- 
pulsive interactions were severe, a boat conformation would 
be preferred by the oxodiaza rings. 

[ C U ( C ~ ~ H ~ ~ N ~ O ~ ) ( H ~ O ) ] ( C ~ ~ ~ ) ~ .  The cation is composed 
of five-coordinate Cu(I1) bound to the “cis” form of the 
tricyclic ligand and to a molecular of water. The molecule 
has crystallographic twofold symmetry with the C2 axis passing 
through the Cu  atom and the oxygen of the water molecule. 
The  final positional and thermal parameters for the nonhy- 
drogen atoms are given in Table V. A side view of the cation, 
together with the atomic labeling scheme is shown in Figure 
2. 

The structure of the closely related copper compound, VIII, 

I 
c H3 CH3 

VI11 

obtained by the oxygenated condensation of oxalodihydrazide, 
acetaldehyde, and copper(I1) has recently been reported.23 The 
macrocycle of VI11 formally contains four amide linkages and 
four negative charges. The major structural difference in the 
coordination sphere of the two types of copper(I1) complexes 
is the placement of the molecule of water. In our structure, 
the water is opposite the side of the macrocyclic plane con- 
taining the ether linkages whereas in VI11 the water molecule 
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Figure 2. View of the [ C U ( C ~ ~ H ~ ~ N ~ O ~ ) ( H ~ ~ ) ] ~ +  cation together 
with the atom numbering scheme (ORTEP diagram, 20% probability 
ellipsoids). 

Table XI. Comparison of the Average Bond Lengths (A) of the 
Co(II1) and Cu(I1) Tricyclic Species 

Compd Co complex Cu complex 
C=N 1.279 1.284 
c-c 1.496 1.500 
C-CH, 1.497 1.484 
N-N 1.409 1.418 
C-N 1.469 1.474 
0-c 1.394 1.420 

is sandwiched between the ether oxygen atoms. 
The average Cu-N(p1anar) distance in our structure, 1.936 

(4) A, is 0.04 8, longer than observed in the Co(II1) complex 
and 0.08 8, longer than in the Cu(I1) complex of VIII. The  
Cu-O(H20)  distance, 2.262 (6) A, although long is not 
atypical of axial Cu(I1)-O(H20) distances. Despite the length 
and expected accompanying weakness of the Cu(II)-OH2 
bond, it has the effect of leading to a significant displacement, 
0.25 A, of the Cu atom from the least-squares plane defined 
by the N4 donor atoms. Displacement resulting from the donor 
pairs being directly slightly out of the plane, as in other 
macrocyclic  structure^,^^^^^ can be discounted because the 
displacement, 0.15 8, in VIII, is opposite in direction with 
respect to the oxodiaza rings but toward the axially coordinated 
water which has a long Cu-O(H20)  distance, 2.74 (1) A. 

The geometry of the polycyclic ligand of the Cu(I1) and 
Co(II1) complex is not significantly different. The  average 
bond lengths of the two structures are compared in Table XI. 
The  distance of the ether oxygen atom from the twofold axis 
is 2.656 A, 0.21 8, closer than observed in the Co(II1) 
structure, and is attributable to the absence of a ligand. 

The  water is symmetrically hydrogen bonded to the two 
Clod-  anions related by a twofold rotation axis (Figure 3). 
Assuming a standard 0-H distance of 0.958 8, for H 2 0 ,  the 
hydrogen bonded 03 - -H13  distance is 2.41 8, and the 
03-H13-05 angle is 128'. Hydrogen bonding involving the 
C104- anion is probably responsible for the C104- positional 
parameters being better defined than in the Co(II1) complex 
for which hydrogen bonding interactions are absent. Inspection 
of the thermal ellipsoids of the oxygen of the water molecule 
(Figure 3) clearly shows that motion of the oxygen atom is 
perpendicular to the hydrogen bond direction. Disorder in 
which the water molecule was unsymmetrically bound to the 
perchlorate anions would lead to apparent thermal motions 
along the direction of the hydrogen bond. 

Comparison with Related Structures. Precession photo- 
graphs of the cobalt(I1) complex, [Cu(CI4HZ4N8O2)(H2- 
O)] (C104)2, indicated isomorphism with the Cu(I1) complex. 
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Figure 3. ORTEP plot illustrating the orientation of the coordinated 
water molecule with respect to the perchlorate anions. 

The refined lattice parameters for the Co(I1) are listed in Table 
I. Since the b cell axis is 0.291 8, longer in the Co(I1) complex 
and since the molecules are constrained to lie along this axis 
(the crystallographic twofold axis), it may be speculated that 
the Co"-OH2 bond is longer than in the Cu(I1) complex. 
Axial ligation of low-spin Co(I1) complexes is generally weak; 
Co"-O(H20) distances of related complexes in the range 
2.2921 to 2.48 8,26 have been observed. 

Con c I u s i o n s 
The results of the x-ray structural studies show that the ether 

oxygen atoms of the tricyclic ligand are too far removed from 
the central metal to interact significantly. These oxygen atoms 
are also far enough away from the axial site to allow small 
molecules such as acetonitrile and water to occupy these sites 
without serious steric interactions. More bulky axial ligands, 
e.g., quinuclidine, substituted phosphines, etc., might produce 
sufficient interaction to force the oxodiaza six-membered rings 
to assume a boat conformation. 

It may only be fortuitous that the structures reported herein 
and those by Waters et al. have the syn arrangement of the 
oxodiaza six-membered rings. A possible explanation is the 
following. In the absence of interactions with axial ligands, 
as in four-coordinate square-planar complexes, the "cis" and 
"trans" tricyclic ligand isomers are expected to have ap- 
proximately the same stability and to form in equal amounts. 
When the condensation reactions yielding the oxodiaza six- 
membered rings take place on metal complexes which are 
five-coordinate, such as many low-spin Co(I1) and Cu(I1) 
systems, the syn isomer will have the greater probability of 
forming. Steric interactions of the condensing formaldehyde 
units with the axial substitutents, especially large bulky ligands, 
would inhibit condensation on the side containing the axial 
ligand. The observation of the "syn" isomer predominating 
with the Co(II1) complexes and the Cu(I1) complexes may 
thus be related to the five-coordinate nature of the precursors. 
In those cases where the oxodiaza six-membered rings are 
formed on six-coordinate precursors, such as low-spin Fe(I1) 
and Co(II1) complexes, the trans isomer is predicted to form 
in slight excess because both axial ligands can tip slightly to 
one side partially relieving the steric interaction. 
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Further Studies of Metal-Metal Bonded Oligomers of Rhodium(1) Isocyanide 
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The room-temperature electronic absorption spectra of [Rh(CNR),]+ (R = Ph, i-Pr, cyclohexyl, t-Bu, vinyl) in solution 
do not follow Beer’s law. This behavior has been attributed to oligomerization of Rh(CNR)4t units to form species of 
the type [Rh,(CNR),,]”’. Band maxima attributable to oligomers are as  follows: R = Ph, 568 nm (n = 2), 727 nm (n 
= 3), in acetonitrile solution; R = t-Bu, 490 nm (n = 2), 622 nm (n = 3), in  aqueous solution; R = z’-Pr, 495 nm (n = 
2), 610 nm (n = 3),  in aqueous solution; R = cyclohexyl, 516 nm (n = 2), in acetonitrile solution; R = vinyl, 555 nm (n 
= 2), 715 nm (n = 3), 962 nm (n = 4), in aqueous solution. The molar extinction coefficients ( e , )  and formation constants 
K,-, have been obtained for R = Ph in acetonitrile solution and R = t-Bu in aqueous solution. Parameter values are as 
follows: for R = Ph, K,  = 35 (15) M-’, e z  = 1.05 (20) X lo4, tjK2 = 1.83  (40) X lo5 M-’; for R = t-Bu, K ,  = 250 (125) 
M-’, e2  = 1.69 (34) X lo4. The x-ray crystal structure of Rh(CNPh)4BPh4 has been completed (final R = 0.057). The 
compound crystallizes in the Pbcn space group (a = 23.80 ( l ) ,  b = 19.23 ( I ) ,  c = 19.08 (1) A) with four discrete cationic 
[Rh2(CNPh)8]2+ units and eight BPh4- anions. The dimeric cation has idealized D4d symmetry; the two [Rh(CNPh),]+ 
units are bonded face to face so as to give a staggered configuration of ligands. The Rh-Rh distance is 3.193 A. The 
electronic absorption spectra of D4d [Rh2(CNR)8]2+ and assumed D4h [Rh3(CNR)12]3+ complexes are interpreted in terms 
of the interactions expected between the occupied alg(dz*) and unoccupied a2,,[pr, r’(CNR)] monomer orbitals. The lowest 
band in each of the [Rh2(CNR),]’+ complexes is assigned to the allowed lbz - 2al transition. In the spectra of [Rh3(CNR),2]3t 
complexes, the lowest band is attributed to 2aIg - 2a2,. 

W e  are continuing systematic investigations of the ground- 
and excited-state physical and chemical properties of com- 
plexes in which metal(ds)-metal(ds) interactions14 are present. 
Systems that we have singled out for extensive study are based 
on planar rhodium(1) is~cyanides.~-’ In previous work we have 
established4 that [Rh(CNPh),]+ units oligomerize in aceto- 
nitrile solutions, yielding species such as [Rh2(CNPh).J2+ and 
[Rh,(CNPh) 12]3? The  dimeric and trimeric complexes a re  
characterized by intense low-lying electronic absorption bands, 
which fall a t  568 and 727 nm, respectively. These electronic 
spectral characteristics coupled with infrared spectral results 

Technology. 
*To whom correspondence should be addressed at California Institute of 

led us to propose4 that the structures of these oligomers feature 
face-to-face contact of [Rh(CNPh),]+ units, with weak, direct 
Rh(1)-Rh(1) bonds. Purple crystalline samples of Rh- 
(CNPh),BPh4 have now been obtained, whose electronic 
spectra strongly suggest that dimeric [Rh2(CNPh)J2+ units 
are present. This paper reports the crystal structure analysis 
of Rh(CNPh),BPh,, as well as additional detailed spectral 
studies of the oligomerization reactions of several [Rh- 
(CNR),]’ complexes in solution. 

Experimental Section 
The starting materials [Rh(COD)X], (X- = Cl-, Br-) were prepared 

by the method of Chatt and Venanzi.’ Phenyl, isopropyl, cyclohexyl, 
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