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may be easily understood through the drop in energy of the metal 
d orbitals from Mo$+ to Rh;+, which leads again to a better 
energy matching between the 6* orbital of the metal dimer and 
the ligand pa  lone pair. In the Pd2(HNCHNH)4 moleculeI2 the 
d orbitals in Pd$+ may have become even lower than the ligand 
orbital so that the interaction causes the lower lying lb,, orbital 
to be mostly b* in character. 

Finally it may be noticed that the a* orbital (e, type in D4h 
symmetry) of the metal dimers might also be matched well in 
energy with the ligand p a  lone pair of e, symmetry, so that 

interaction between them could be expected in some molecules. 
However, the calculations for all compounds concerned in this 
work show that such an interaction is nearly or completely neg- 
ligible. The reason for this is simple. The relative orientation 
of the a* orbital and the e, p a  lone pair is unfavorable for any 
significant overlapping between them. Therefore, no interesting 
interaction should be expected. 
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Insertion of Fe(II), Ni(II), and Cu(I1) as their chloride salts into tetraphenyl-21-thiaprphyrin, STPPH, yields Fe"(STPP)CI (S 
= 2, gcff = 5.2 gB), Ni"(STPP)CI (S = 1, perf = 3.3 re), and Cu"(STPP)Cl (S = Electronic spectra of these complexes 
show porphyrin-like behavior with a strong Soret peak at 400 nm. The Mossbauer spectrum for Fe"(STPP)CI (QS = 3.93 mm/s, 
IS = 0.88 mm/s at 295 K) is characterized by a large quadrupolar splitting found for related high-spin iron(I1) complexes. The 
structures of these three isomorphous compounds (triclinic, Pi) have been determined by X-ray diffraction: Fe"(STPP)CI(C- 
H,CN), a = 10.059 A, b = 13.661 (4) A, c = 15.033 (5) A, a = 102.53 (2)O, f l  = 104.16 (2)O, y = 106.37 (2)O, Z = 2 at 130 
K, least-squares refinement of 240 parameters using 3034 reflections, R = 0.077; Ni"(STPP)CI, a = 10.154 (3) A, b = 13.687 
(4) A, c = 15.064 (4) A, a = 101.97 (2)O, f l  = 103.62 (2)O, y = 105.90 (2)O, Z = 2 at 293 K, least-squares refinement of 489 
parameters with 4860 reflections, R = 0.053; Cu"(STPP)CI(CH,CN), a = 10.061 (6) A, b = 13.646 (7) A, c = 14.930 (8) A, 
a = 102.12 (4)O, fi  = 104.02 (4)O, y = 108.20 (4)O, Z = 2 at 130 K, least-squares refinement of 228 parameters with 3951 
reflections, R = 0.084. The complexes share a basic five-coordinate structure wiih approximately square-pyramidal geometry 
and an apical chloride. The thiophene ring is bent from the plane of the remainder of the STPP- ligand core and is TI-bound 
to the metal through a pyramidal sulfur. 

Introduction 
The porphyrin core is well recognized as providing a stable yet 

somewhat flexible environment for the coordination of a great 
variety of metal ions. In recent years the modification of that 
core has attracted attention for a variety of reasons. 

Addition of substituents to one of the nitrogens to give an 
N-alkylporphyrin (1) has become significant in a biological context, 
and this represents a significant pathway for physiological por- 
phyrin destruction.' Insertion of an oxygen atom into a porphyrin 
N-metal bond to give a complex of a porphyrin N-oxide (2) may 
be a significant reaction in oxygen atom transfer and oxidation 
processes.2 Insertions of carbenes or nitrenes into N-M bonds, 
which have been observed in model systems, may be related by 
other biological examples of porphyrin de~t ruc t ion .~  

Modification of porphyrins by introduction of other atoms (0, 
S, Se) for one or more of the pyrrole nitrogens produces new 
macrocycles that are of interest for use as new complexing agents 
and for theoretical reasons. In the latter regard, the tetraoxa- 
porphyrin dication 3 has recently been synthesized and discussed 
in the context of the aromatic character of a n n ~ l e n e s . ~  Limited 
reports on the oxaporphyrin 4,5 dithiaporphyrin 5,6 and disele- 
naporphyrin 66 have appeared. We recently reported a reasonable 
synthesis of tetra-p-tolyl-21 -thiaporphyrin (7, STTPH) and de- 
termined its structure and that of its copper(I1) bicarbonate 
complex.' The thiaporphyrin incorporates one thiophene ring 
in its core. Thiophene-transition-metal bonding can occur in 
several fashions: S bound, C bound, or v5 bound.8 Moreover, 
the thiophene-transition-metal bond appears to be relatively weak 
but very important to the process of hydrodesulf~rization.~ 
Therefore, it is of interest to examine the effect of the thiophene 
ring on the coordination of metal ions by 7. Here we report on 
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the structures and spectroscopic properties of complexes of 7 with 
iron(II), nickel(II), and copper(I1) and comment on the structural 
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Table 1. Characteristic Metal-Ligand Distances (A) and Angles (deg) 
[ Fe(STPP)CI] [Ni(STPP)CI] [Cu(STPP)CI] [ Fe(N-CH,TPP)CI]" 

Distances 
M-CI 
M-N(1) 
M-N(2) 
M-N(3) 
M-S 
M-N 3' 

N(  1)-M-CI 
N(2)-M-CI 
N(3)-M-CI 
S-M-CI 
S-M-N(2) 
N (  1 )-M-N( 3) 
C19kS-M 

2.215 (9) 
2.127 (6) 
2.064 (8) 
2.138 (8) 
2.388 (3) 
0.538 

109.4 (5) 
117.6 (5) 
98.2 (5) 

109.9 (5) 
132.3 (2) 
150.5 (3) 
105.0 (3) 

2.275 ( I )  
2.094 (3) 
1.963 (4) 
2.084 (3) 
2.296 (1) 
0.295 

Angles 
96.7 (1) 
11.5 (1) 
97.3 (1) 
98.5 ( I )  
46.0 (1) 
62.8 (1) 
07.6 ( 1 )  

2.373 (3) 
2.055 (6) 
1.962 (8) 
2.057 (7) 
2.335 (2) 
0.274 

97.9 (2) 

94.5 (2) 
97.3 (1) 

144.4 (2) 
163.7 (2) 
106.3 13) 

118.3 (2) 

2.244 (3) 
2.155 (6) 
2.118 (3) 
2.156 (4) 
2.329 (2)b 
0.62 

105.36 (7) 
114.38 (7) 
108.03 (7) 
103.48 (6)b 
142.13 ( 8 ) b  
145.60 (9) 
133.50 12)b 

CilO)-S-M 103.3 (3j  108.6 i i j  107.3 (3 j  112.70 (2jb 
C(9)-S-C(IO) 91.2 (5) 92.4 (5) 91.3 (5) 105.80 (2)b 

"Data taken from ref I O .  bGeometry around N-methylated nitrogen. CDistance from the metal to the plane of the three nitrogen atoms 

relation of these to complexes of normal and modified porphyrins. 
Results 

Formation and Characterization of Iron(II), Nickel(II), and 
Copper(I1) Complexes. Iron(II), nickel(II), and copper(I1) are 
readily inserted into tetraphenyl-21-thiaporphyrin to give five- 
coordinate complexes, M(STPP)CI. The resulting complexes have 
good solubility in dichloromethane and chloroform and moderate 
solubility in tetrahydrofuran and toluene. In the solid state, all 
of these complexes are stable to the atmosphere. In solution the 
nickel(I1) and copper(I1) complexes are stable and can be chro- 
matographed. Solutions of the iron(I1) complex are stable toward 
atmospheric oxidation for several hours, but they do undergo 
gradual demetalation to give free STPPH. Generally, iron(I1) 
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Chem. SOC. 1986, 108, 7836. 
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Smith, K. M., Ed.; Elsvier: Amsterdam, 1975; p 279. 
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1978, 1885. Ulman, A.; Manassen, J. J .  Chem. Soc., Perkin Trans. I 
1979, 1066. Ulman, A.; Manassen, J.; Frolow, F.; Rabinovich, D. Inorg. 
Chem. 1981,20, 1987-1990. Abraham, R. J.; Leonard, P.; Ulman, A. 
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J .  Am. Chem. SOC. 1976, 98, 689. (d) Kwart, H.; Schuit, G. C. A.; 
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Soc. 1984, 106, 2901. (h) Spies, G. H.; Angelici, R. J .  J .  Am. Chem. 
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Figure 1. Electronic absorption spectra of chloroform solutions of 
Fe"(STPP)CI.CH,CN (solid line) and Ni"(STPP)CI.CH2CI2 (dashed 
line). 

porphyrins are exceedingly sensitive toward oxidation by air, but 
in this regard Fe"(STPP)CI resembles Fe"(N-CH,TPP)CI (N-  
CH,TPP is the monoanion of N-methyltetraphenylporphyrin), 
which is also resistant to oxidation by dioxygen.I0 Because of 
the ease of demetalation, crystallization of Fe"(STPP)CI was 
always performed in the presence of an excess of iron(I1). 

The electronic absorption spectra of Fe"(STPP)C1CH3CN and 
Ni"(STPP)CI.CH2CI2 are presented in Figure 1. The corre- 
sponding spectrum for Cu"(STPP)CI has been published." Both 
complexes have spectral characteristics that resemble those of 
porphyrins. Thus, the intense features at 400 nm correspond to 
the porphyrin Soret bands, and the weaker features in the visible 
region are related to the porphyrin Q-band absorptions. Due to 
the lower symmetry of the thiaporphyrin complexes, the low-energy 
portion of the spectrum is more complex than is found for the 
corresponding porphyrin complexes. 

The three complexes are paramagnetic. The magnetic moments 
of Ni"(STPP)CI and Fe"(STPP)CI, as measured by the Evans 
technique in chloroform solution at 300 K, are 3.3 (1) and 5.2 

(IO) Anderson, 0. P.; Kopelove, A. B.; Lavallee, D. K. Inorg. Chem. 1980, 
19, 2101. 

(11) Latos-Grazynski, L.; Jezierski, A. Inorg. Chim. Acta 1985, 103, 13. 
Lisowski, J.; Grzeszczuk, M.; Latos-Grazynski, L. R e d .  Trav. Chim. 
Pays-Bas 1987, 106, 319. Lisowski, J.; Grzeszczuk, M.; Latos-Gra- 
zynski, L. Submitted for publication. 
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Table 11. Delocalization Patterns in 21-Thiaporphyrin Complexes 
~ 

pyrrole thiophene 

N-C, cct-C8 ' 6 8  s-C, ca-c8 c8-C~ 
Fe(I1) 1.379 (12) 1.416 (11) 1.340 (1 3) 1.742 (9) 1.416 (11) 1.340 (13) 
Ni(1l) 1.383 (6) 1.457 (6) 1.380 (7) 1.744 (6) 1.412 (6) 1.370 (6) 
Cu(I1) 1.377 (2) 1.424 (13) 1.365 (13) 1.729 (10) 1.408 (14) 1.380 (141 
thiophene" 

'Data from ref 21 

Figure 2. Perspective view of the structure of Ni"(STPP)CI, showing the 
numbering scheme used for all three S T P P  complexes described here. 

(1) p ~ .  Thus, these complexes have high-spin ground states with 
S = 1 and S = 2 for nickel(I1) and iron(II), respectively. For 
the iron complex, the susceptibility of the solid has also been 
examined over the temperature range 4-300 K. Above 10 K, the 
effective magnetic moment remains constant (5.3 (1) pB), but 
between 10 and 4 K, the moment decreases continuously so that 
a t  4 K it is 4.75 (9) p B .  This decrease at  low temperature is 
characteristic of an effect resulting from zero-field splitting that 
is frequently encountered in high-spin (S = 2) iron(I1) complexes.'* 
The copper(I1) complex gives an ESR spectrum that is consistent 
with an S = 

The Mossbauer spectrum of Fe"(STPP)Cl recorded at 295 K 
exhibits a quadrupole doublet with an isomer shift of 0.84 mm/s 
(vs a-Fe) and a quadrupole splitting of 3.74 mm/s. This quad- 
rupole splitting is unusually large for iron(I1) porphyrins, which 
generally have quadrupole splittings of less than 2.75 mm/s. 
However, two situations do produce these large splittings. Several 
symmetrical, five-coordinate iron(I1) porphyrins with large dis- 
placements of the iron out of the N, plane have quadrupole 
splittings of ca. 4.0 mm/s.I3 Likewise, the unsymmetrical en- 
vironment present in Fe"(N-MeTPP)Cl produces Mossbauer 
spectral parameters (quadrupolar splitting 3.93 mm/s; isomer shift 
0.88 mm/s)I4 that are similar to those of Fe"(STTP)Cl. 

X-ray Structural Studies. Isomorphous crystals of Fe"(STP- 
P)C1-CH3CN, Ni"(STPP)C1-CH2Cl2, and Cu"(STPP)CICH3CN 
were suitable for X-ray diffraction. The nickel complex consists 
of an ordered molecule of Ni"(STPP)Cl and a disordered molecule 
of dichloromethane. A view of the complex is shown in Figure 
2. The copper complex consists of well-separated molecules of 
Cu"(STPP)Cl and a molecule of acetonitrile, which occupies the 
site of the dichloromethane molecule in the crystals of the nickel 
complex. The structure is similar to that of Cu"(STTP)HC03,' 

ground state." 

(12) Eisman, G. A.; Reiss, W. M. Inorg. Chim. Acta 1981, 50, 239. Reiss, 
W. M.; Lang, G. J. Inorg. Chem. 1974, 13, 2150. 

(13) Schappacher, M.; Ricard, L.; Weiss, R.; Montiel-Montoya, R.; Gonser, 
U.; Bill, E.; Trautwein, A. Inorg. Chim. Acta 1983, 78, L9-Ll2. Silver, 
J; Lukas, B. Inorg. Chim. Acta 1983, 80, 107-1 13.  Silver, J; Lukas, 
B.; Al-Jaff, G. Inorg. Chim. Acta 1984, 91, 125. Trautwein, A,; Bill, 
E.; Nasri, H.; Fischer, J.; Weiss, R. Recl. Trau. Chim. Pay-Bas 1987, 
106, 322 .  Nasri, H.; Fischer, J.; Weiss, R.; Bill, E.; Trautwein, A. J. 
Am. Chem. SOC. 1987, 109, 2549. 

(14) Drabent, K.; Latos-Grazynski, L.; Wyslouch, A. Unpublished results. 

1.714 (2) 1.370 (3). 1.423 (3) 

S 

Figure 3. View of the inner cores of Cu"(STPP)Cl (top) and Fe"(ST- 
PP)Cl (bottom) from similar angles. 

with chloride replacing bicarbonate as the axial ligand, and the 
nickel complex. The iron complex is also similar, but suffers from 
disorder. Relative to the copper and nickel complexes, there is 
a 10% occupancy of a sulfur site lying below N(3) and an 8% 
occupancy of a sulfur site lying below N(2), and there is a cor- 
responding 18% occupancy of a nitrogen site lying above the sulfur 
atom. There is also disorder in the location of the chloride ligand. 
The discussion only describes the most highly occupied site. 
Additionally, there is disorder at the acetonitrile site with 15% 
occupancy by a dichloromethane molecule. Bond distances and 
angles for the metal ion coordination core are given in Table I. 
Table I1 gives structural data relating to the geometry of the 
pyrrole and thiophene rings in the complexes. 

The three complexes have a number of common features. All 
have a five-coordinate metal ion that is bonded to three nitrogen 
atoms, the thiophene sulfur, and an axial chloride in a roughly 
square-pyramidal arrangement. The thiophene ring is sharply 
bent out of the plane of the N3 porphyrin core, while the three 
pyrrole rings are only slightly tipped away from that plane. The 
thiophene sulfur is coordinated to the metal in a pyramidal fashion. 

Despite these common structural features, there are some 
significant variations in the detailed geometry about each metal. 
Figure 3 allows a comparison between the porphyrin cores of the 
iron(I1) and copper(I1) complexes, the compounds where the 
differences are greatest. Other differences can be evaluated in 
Table I. There is a shortening of all M-N distances as one 
proceeds from Fe(I1) to Ni(I1) and to Cu(I1). This is seen in other 
cases where one compares the structures of similar high-spin 
complexes and reflects the effect of decreasing nuclear screening 
with increasing atomic number. The Fe-N bond lengths fall in 
the range 2.068-2.108 %, found for other five-coordinate, high-spin 
iron(I1) porphyrin complexes15 including [ Fe"(TPivP)Cl]- and 
Fe"(N-CH3TPP)C1.I0 The Ni-N bond lengths are, as expected, 
longer than those (1.93-1.96 A) found for diamagnetic Ni" 

(1 5) Hoard, J. L. In Porphyrins and Metalloporphyrins; Smith, K. M., Ed.; 
Elsvier: Amsterdam, 1975; p 317. Jameson, G. B.; Molinaro, F. S.; 
Ibers, J. A.; Collman, J. P.; Brauman, J. I.; Rose, E.; Suslick, K. S. J .  
Am. Chem. SOC. 1978, ZOO, 2101-2107. 
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porphyrins16 and similar to that (2.038 (4) A) seen in a six-co- 
ordinate, high-spin nickel( 11) porphyrin 

I n  contrast to the behavior of the M-N bonds, there is a sys- 
tematic lengthening of the M-CI bonds for the same series. The 
largest effect, the 0.10-A increase on going from Ni(I1) to Cu(II), 
can readily be ascribed to the filling of the out-of-plane u* orbital 
in the Cu(I1) complex. The M-S distances show an irregular trend 
within the series, but as with the N-M distances, the Fe-S distance 
is the largest. As a consequence of the relatively long Fe-N and 
Fe-S distances, the iron ion is further from the N3 plane than 
the copper or nickel ions are. 

The thiaporphyrin ring has had to distort from its intrinsic 
planar geometry' to accommodate the coordination of these metal 
ions. Most notably, the thiophene ring is sharply bent from the 
core plane, while the trans pyrrole ring is slightly bent in the 
opposite direction as seen in Figures 2 and 3. The angle between 
the SC(9)C(lO) plane and the N, plane is 40.0' in the iron 
complex, 38.1' in the nickel complex, and 38.4' in the copper 
complex. 

Bending of the thiophene ring allows this group to coordinate 
the metal ion in an q1  fashion through the sulfur atom, which 
acquires a pyramidal (sp3-hybridized) geometry. Thus, the metal 
lies out of the thiophene plane, with the angle between the SC- 
(9)C(lO) plane and the S-metal bond being 69.5' in the iron 
complex, 63.3' in  the nickel complex, and 65.6' in the copper 
complex. Similar angles have been found in two ruthenium- 
thiophenese,' complexes and in an iron-benzothiophene8J complex 
that have ql-S bonding. The Fe-S distance (2.388 (3) A) is 
practically equal to the sum of the covalent radii (2.38 A) and 
is slightly longer than that found recently for the F e S  bond (2.289 
( 1 )  A) in diamagnetic [Fe(dibenzothi~phene)(CO)~(q~- 
CSHs)][BF,].8J However, a fairly wide range (2.27-2.56 A) of 
comparable Fe-S distances exists.ls Moreover, Fe"(STPP)CI 
is high-spin and should be expected to have longer metal-ligand 
bonds. Likewise, the Ni-S distance (2.296 (1) A) is clearly a 
bonding distance. It is somewhat shorter than a previously de- 
termined Ni-S distance (2.396 (1) A) in a thioether complex.19 
Similarly, the Cu-S distance (2.335 ( 2 )  A) falls in the range of 
Cu-S distances (2.297-2.41 10 A) observed in other compounds." 
The Cu-S distance in Cu"(STPP)Cl is slightly longer than that 
(2.277 (3) A) previously reported for the related bicarbonate 
complex, C U ~ ~ ( S T T P ) H C O ~ . '  

The thiophene ring in these complexes is significantly altered 
relative to free thiophene. In particular, it is no longer planar. 
Thus the dihedral angle between the SC(9)C(lO) plane and the 
C(9)C(lO)C(19)C(20) plane is 11.8' in the iron complex, 13.4' 
in the nickel complex, 14.7' in the copper complex, and 15.3' 
in Cu(STPP)HC03. This folding is a characteristic of thia- 
porphyrin coordination and is not found to this degree in free 
tetra-p-tolyl-2 1-thiaporphyrin (dihedral angle 2.4°),7 in thiophene 
itself,21 or in any of the other known, crystallographically char- 
acterized thiophene complexes.8 Clearly, the folding results from 
the need to accommodate a metal ion within a macrocyclic core 
of limited size. 

Additionally, the bond distances within the thiophene ring are 
altered, as can be seen in Table 11. There is a slight elongation 
in the C,-S distances in the complexes relative to free thiophene. 
the C,-C, distances are longer and the C,-C, distances are shorter 
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in the complexes than in free thiophene. The pattern of C,-C, 
and Cp-C, distances follows that seen in the pyrrole rings. These 
bond length changes indicate that x delocalization through the 
thiophene ring is altered in the thiaporphyrins. 'H NMR studies 
of S2TPP and STPPH have demonstrated a shift in the ring 
current that is in agreement with the observed bond length 

Theoretical calculations on S2TPP yield a pattern 
of *-bond orders in the thiophene (S-C, = 0.375; C,-C, = 0.419; 
C& = 0.71 1 A) that agrees qualitatively with that seen In Table 

The geometry of Fe"(STPP)CI is very similar to that of the 
N-methylporphyrin complex Fell(N-MeTPP)C1,10 These simi- 
larities are readily apparent upon comparing the first and last 
columns of Table I. Both complexes have five-coordinate iron 
binding and an out-of-plane chloride ion. The thiophene ring and 
the N-methylated pyrrole are both bent out of the porphyrin plane 
in the same direction. The Fe-N and Fe-CI distances are similar 
in both complexes. These similarities are also seen in the spec- 
troscopic and magnetic properties of the two complexes. 
Discussion 

Structural and spectroscopic data are now available for three 
high-spin five-coordinate complexes of STPP- with divalent 
first-row transition-metal ions. In addition, it is likely that 
Co"(STPP)CI (S = 3/2)24 and Zn"(STPP)CI (S = 0)24 have 
similar structures. These five-coordinate complexes are all geo- 
metrically and magnetically similar to their N-methylporphyrin 
counterparts, where the series from Mn(1I) through Zn(I1) is 
known and the MII( I I ) ,~~  Fe(II),Io CO(II)?~ and Zn(II)27 examples 
are characterized by X-ray crystal structures. The similarity of 
structures for the two iron(I1) complexes is readily apparent from 
Table I, and both have high-spin (S = 2) ground states. Likewise, 
both Ni"(N-MeTPP)Cl, which demethylates too easily to be 
readily crystallized, and Ni"(STPP) have high-spin (S = 1) ground 
states, as shown by their magnetic susceptibilities and IH NMR 
spectra.28 The fact that both STPPH and N-MeTPPH coordinate 
as monoanions facilitates the formation of five-coordinate 
structures for neutral complexes that incorporate an additional 
out-of-plane anionic ligand. Thus, the thiaporphyrin ligand differs 
from the porphyrin and porphyrin N-oxide ligands, which coor- 
dinate as dianions and form, with divalent metal ions, neutral 
complexes that have nearly planar, four-coordinate geometries. 

Characteristic features of complexed thiaporphyrins include 
severe nonplanarity, with the thiophene ring tipped out of the plane 
of the thiaporphyrin, and some degree of nonplanarity of the 
thiophene ring itself. The thiophene sulfur is Vl-bonded to the 
metal ion in a pyramidal fashion. The macrocyclic ring structure 
should be seen as facilitating and strengthening the S-M bond, 
since thiophene itself is generally regarded as a poor ligand. The 
noncoplanarity of the M-SC4 unit can be compared with the 
geometry of ql-cyclopentadienyl complexes, where the relationship 
of the metal to C,HS ring also accommodates sp3 hybridization 
of the metal-bonded carbon.29 
Experimental Section 

Preparation of Compounds. Tetraphenyl-21 -thiaporphyrin (7)' and 
Cu"(STPP)CI" were prepared as  described earlier. All solvents were 
purified under nitrogen prior to use by standard techniques that remove 
traces of water. 

Fe"(STPP)CI-CH3CN. Tetraphenyl-2 1-thiaporphyrin (32 rng, 0.05 
mmol) was dissolved in 15 mL of dichlorornethane, and the solution was 

11.23 

Scheidt, W. R. Porphyrins 1978, 3, 463. 
Kirner, J .  F.; Garofolo, J., Jr.; Scheidt, W. R. Inor,g. Nucl. Chem. L e r r .  
1975, 11, 107. 
Hartmann, G.; Frobose, R.; Mews, R.; Shelfrick, G. M. Z .  Narurforsch. 
8: Anorg. Chem. Org. Chem. 1982, 378, 1234. Albano, V. G.;.Braga, 
D.; Busetto, L.; Molinari, M.; Zanotti, V. J. Chem. SOC., Chem. Com- 
mun. 1984, 1257. English, R. B.; Nassimbeni, L. R.; Haines, R. J. J .  
Chem. Soc., Dalton Trans. 1978, 1379. 
Olmstead, M. M.; Musker, W. K.; Kessler, R. M. Acra Crystallogr. 
1984, C40, 1172-1 175. 
Olmstead, M. M.; Musker, W. K.; Kessler, R. M. Inorg. Chem. 1981, 
20, 151. 
Bak, B.; Christensen, D.; Hansen-Nygard, L.; rastrup-Andersen, J. J .  
Mol. Spectrosc. 1961, 7 ,  5 8 .  Bonham, R. A.; Momany, F. A. J .  Phys. 
Chem. 1963, 67,  2474. Harsbarger, W. R.; Bauer, S. H.  Acta Crys- 
tallogr. 1970, 826,  1010. 

Ulman, A,; Manassen, J.; Frolow, F.; Rabinovich, D. J .  Am.  Chem. SOC. 

Hill, R. L.; Gouterman, M.; Ulman, A. Inorg. Chem. 1982, 21, 

Latos-Grazynski, L.; Lisowski, J. To be submitted for publication. 
Anderson, 0. P.; Lavallee, D. K. Inorg. Chem. 1977, 16, 1634. 
Anderson, 0. P.; Lavallee, D. K. J .  Am.  Chem. SOC. 1977, 99, 1404. 
Lavallee, D. K.; Kopelove, A. B.; Anderson, 0. P. J .  Am. Chem. Soc. 
1978, 100, 3025. 
Latos-Grazynski, L. Inorg. Chem. 1985, 24, 1681. 
Rogers, R. D.; Bynum, R. V.; Atwood, J. L. J .  A m .  Chem. SOC. 1978, 
100, 5238. Calderon, J. L.; Cotton, F. A,; De Boer, B. G.; Takaty, J .  
J .  Am. Chem. SOC. 1971, 93, 3592. 

1979, 101, 7055-7059, 

1450-1455. 
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Table 111. Crystal Data and Data Collection Parameters 
C46H31N4SC1Fe C45H,oN3SC13Ni C ~ ~ H ~ , N ~ S C I C U  

fw 763.15 809.86 770.85 
color and habit 
crystal system 
space group 
a ,  A 
b, A 
c, 8, 
a, deg 
P,  deg 
7, deg v, A3 

T,  K 
Z 
cryst dimens, mm 

radiation (A, A) 
p(Mo K a ) ,  cm-l 
range of transmission factors 
R" 

dcslcd, g c113-3 

Rwb 

dark brown needles 
triclinic 

10.059 (3) 
13.661 (4) 
15.033 (5) 
102.53 (2) 
104.16 (2) 
106.37 (2) 
1828.8 (9) 
130 
2 
0.10 X 0.16 X 0.26 
1.39 
Mo K a  (0.71069) 
5.9 
0.91-0.95 
0.077 
0.074 

pi 

added to a solution of 100 mg (0.62 mmol) of anhydrous iron(II1) 
chloride (Fluka) in 15 mL of acetonitrile. The mixture was heated under 
reflux in an argon atmosphere in the.presence of 200 mg of iron powder 
for 6 h. The deep green solution was filtered while hot under argon to 
remove the solid material. Cooling the filtrate afforded deep green 
microcrystals that were collected by filtration and washed with 5-mL 
portions of acetonitrile, 1% aqueous hydrochloric acid, and water. After 
vacuum-drying, 28 mg (74%) of product was obtained. It was recrys- 
tallized from acetonitrile/dichloromethane in the presence of excess 
iron(I1) chloride. Electronic spectrum (chloroform solution), A,,,, nm 
(log e): 424 (4.66), 456 (4.88), 470 (4.36), 557 (4.03), 602 (3.84), 677 
(3.60). 

Ni"(STPP)CI.CH2CI2. A solution of 500 mg (3.8 mmol) of anhydrous 
nickel(I1) chloride (Alfa) in 150 mL of methanol was added to a solution 
of 126 mg (0.20 mmol) of tetraphenyl-21-thiaporphyrin in 100 mL of 
chloroform. The solution was heated under reflux for 8 h. It was cooled, 
and then the solvent was removed under reduced pressure. The solid 
residue was extracted with 50 mL of chloroform, and the chloroform was 
separated from the remaining solid by filtration. The chloroform solution 
was subjected to chromatography on a silica gel column (3 X 30 cm). 
Elution with chloroform gave a yellow-brown fraction containing STP- 
PH. Further elution with chloroform/methanol (1O:l v/v) produced a 
green fraction that was recovered as a solid after evaporation of the 
solvent under vacuum. Recrystallization of this solid from dichloro- 
methaneln-hexane (1:l v/v) produced 55 mg (34%) of Ni(STPP)CI.C- 
H2CI2. Electronic spectrum (chloroform solution), A,,,, nm (log e): 460 
(5.04), 472 (4.99), 562 (3.94), 618 (3.92), 679 (3.70). 

Physical Measurements. Electronic spectra were recorded on a Cary 
14 or a Specord UV-vis spectrophotometer. Mossbauer spectra were 
measured with a MS 2320 POLON spectrometer with a 57C0 (Cr ma- 
trix) source. A Tesla 100-MHz N M R  spectrometer was used for mag- 
netic susceptibility measurements by the Evans technique with CDCI, 
solutions using the peak of tetramethylsilane as the reference. Magnetic 
susceptibilities of solids were measured by the Faraday technique with 
H ~ [ C O ( S C N ) ~ ] ~  as standard. Diamagnetic corrections (Ni(STPP)CL 
CH2C12, -736 X 10"; Fe(STPP)CICH3CN, -734 X 10") were obtained 
by using the published values for the constitutive corrections for TPPH,)O 
and Pascal's constants. 

[Ni"(STPP)CI].CH2CI,. 
Crystals of [Ni(STPP)CI].CH2CI2 were obtained from dichloro- 
methaneln-hexane. Data were collected at room temperature to prevent 
the shattering that occurred on cooling the crystals. Crystal data are 
compiled in Table 111. The usual corrections for Lorentz and polari- 
zation effects were applied to the data. Crystallographic programs used 
were those of SHELXTL, version 5, installed on a Data General Eclipse 
computer. Scattering factors and corrections for anomalous dispersion 
were from ref 3 1. No decay in the intensities of two standard reflections 
was observed during the course of data collection. Solution of the 
structure was accomplished by a combination of Patterson and Fourier 
methods. A molecule of dichloromethane in the lattice exhibits three 

X-ray Data Collection and Refinement. 

(30) Eaton, S. S.; Eaton, G. R. Inorg. Chem. 1980, 19, 1095. 
(3  I )  International Tables for X-ray Crystallography; Kynoch, Press: Bir- 

mingham, England, 1974; Vol. 14, pp 99-101, 149-150. 

dark blue plates 
triclinic 

10.154 (3) 
13.687 (4) 
15.064 (4) 
101.97 (2) 
103.62 (2) 
105.90 (2) 
1872.2 (8) 
293 
2 
0.32 X 0.30 X 0.14 
1.44 
Mo Ka (0.71069) 
8.2 
0.79-0.91 
0.053 
0.062 

Pi  

dark green prisms 
triclinic 

10.061 (6) 
13.646 (7) 
14.930 (8) 

104.02 (4) 
108.20 (4) 
1796 (2) 
130 
2 
0.25 X 0.45 X 0.50 
1.43 
Mo K a  (0.71069) 
7.9 
0.7 1 -0.8 5 
0.084 
0.087 

pi 

102.12 (4) 

disordered positions for the chlorine atoms with the relative occupancy 
65% ("a" set), 20% ("b" set), and 15% ("c" set). These occupancies were 
initially determined by refinement and later fixed. The central carbon 
atom, C(45), is common to all three sets of chlorine atoms. 

An absorption correction was applied in the final cycles of refine- 
~ n e n t . ' ~  All non-hydrogen atoms (except C(45), C1(2b), Cl(3b),  C1- 
(2c), and Cl(3c)) were assigned anisotropic thermal parameters. Hy- 
drogen atoms were included in the structure factor calculation by use of 
a riding model, with C-H of 0.96 8, and VI,, = Vim* for the bonded 
carbon. In the final difference map the largest feature was 0.74 e A" 
in height, 1.1 8, from S .  

[Fe"(STPP)CI].CH,CN. Crystals of [ Fe"(STPP)C1].CH3CN were 
obtained from dichloromethane/acetonitrile recrystallization in the 
presence of an excess of iron(I1) chloride. Data were collected at low 
temperature (130 K). No decay in the intensities of two standard re- 
flections was observed during the course of data collection. 

Solution of the structure was accomplished by use of the positional 
parameters for the isostructural N i  complex. The position of the sulfur 
atom is disordered among three positions in the proportions 0.82, 0.10, 
and 0.08 for S(a), S(b), and S(c), respectively. These occupancies were 
determined by requiring that all three sulfur atoms have reasonable 
thermal parameters. Once determined from the latter difference maps, 
the positions of S(b), S(c), and N(a) were fixed during refinement. The 
chlorine atom bonded to Fe suffers from large thermal motion or dis- 
order, probably due to the disorder in the sulfur position. The three 
chlorine positions used to model the disorder had occupancies of 0.50, 
0.35, and 0.15. A molecule of acetonitrile in the lattice occupies a site 
occupied by dichloromethane in the Ni structure. However, there is some 
disorder evident, and this was modeled by assuming a 15% occupancy by 
dichloromethane rather than acetonitrile at this site. These occupancies 
were initially determined by refinement and later fixed. The central 
carbon atom, C(46), is common to both solvent molecules. In addition, 
the methyl carbon spends some time as chlorine but was refined only as 
carbon. An absorption correction was applied.32 In the final cycles of 
refinement, only Fe and the most prominent of the CI and S atoms were 
assigned anisotropic thermal ellipsoids. Hydrogen atoms were included 
in the structure factor calculation by use of a riding model, with C-H 
of 0.96 A and U,,, = 1.2U1,,* for the bonded carbon. In the final dif- 
ference map the largest feature was 1.1 e A-' in height, 0.8 8, from the 
central carbon of the disordered acetonitrile/dichloromethane. 

Cu"(STPP)CICH,CN. Crystals of Cu"(STTP)CICH,CN were dark 
green prisms, obtained from dichloromethane/acetonitrile recrystalliza- 
tion. A suitable crystal was mounted on a glass fiber with silicone grease. 
Some cracking was evident, but since this was the only good crystal in 
the sample, it was used anyway, and the data were collected by using a 
rather wide o scan. N o  decay in the intensities of two standard reflec- 
tions was observed during the course of data collection. 

Solution of the structure was accomplished by taking advantage of its 
isostructural relationship to the corresponding Ni and Fe complexes. A 
molecule of acetonitrile in the lattice occupies a site occupied by di- 
chloromethane in the Ni structure and a site occupied by a disordered 

(32) XABS produces an absorption tensor from an expression relating F,, and 
F,: Moezzi, B. Ph.D. Thesis, University of Califoria, Davis, 1988. 
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acetonitrile/dichloromethane in the Fe structure. An absorption cor- 
rection was applied.'2 In the final cycles of refinement, only Cu, C1, and 
S atoms were assigned anisotropic thermal ellipsoids. Hydrogen atoms 
were included in the structure factor calculation by use of a riding model, 
with C-H of 0.96 A and Vi,, = 1.2Uiso* for the bonded carbon. In the 
final difference map the largest feature was 1.2 e A-3 in height, 1.14 8, 
from the nitrogen of the acetonitrile. 
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In contrast to the very large amount of work that has been done 
on azamacrocycles  in recent  t he re  have been only few 
investigations on "large" azamacrocycles.'*b10 These macrocycles 
a r e  very promising compounds tha t  have been employed in anion 
coordination as well as in transit ion-metal  complex studies.  In  
other papers we have studied a series of large polyazacycloalkanes 
with t h e  general formula [3k]aneNk (with k = 7-12). One of 
the  most interesting properties of these compounds is the abili ty 
t o  form polynuclear me ta l  complexes.  In the present paper,  in 
order to complete t h e  [3k]aneNk series, we report  studies on  the  
formation equilibria between zinc(I1) and t h e  four  poly- 
azacycloalkanes 1,4,7,10,13,16-hexaazacyclooctadecane ([ 181- 
aneN,), 1,4,7,10,13,16,19-heptaazacycloheneicosane ([21 IaneN,), 

Part 1:  Bencini, A.; Bianchi, A,; Garcia-EspaAa, E.; Mangani, S.; 
Micheloni, M.; Orioli, P.; Paoletti, P. Inorg. Chem. 1988, 27, 1104. 
(a) Department of Chemistry, University of Florence. (b) Department 
of Energetic. Universitv of Florence. (c) Universitv of Valencia. 
Busch, 6. H.'Helv. Chim. Acta 1967, 173: Curtis, N. F. Coord. Chem. 
Reu. 1968, 3, 3. Cabbiness, D. H.; Margerum, D. W. J .  Am. Chem. 
SOC. 1969, 91, 6540. 
Lindoy, L. F. Chem. SOC. Rev. 1975, 4,421. Steinmann, W.; Kaden, 
T. A. Helv. Chim. Acta 1975. 58, 1358. Kodama, M.; Kimura, E. J .  
Chem. SOC., Dalton Trans. 1976, 116. Fabbrizzi, L.; Paoletti, P.; Clay, 
R. M. Inorg. Chem. 1978, 17, 1042. Clay, R. M.; Micheloni, M.; 
Paoletti, P.; Steele, W. V. J .  Am.  Chem. SOC. 1979, 101, 4119. 
Izatt, R. M.; Christensen, J. J. Synthetic Multidentate Macrocyclic 
Compounds; Academic Press: New York, 1978. Melson, G. A. Co- 
ordination Chemistry of Macrocyclic Compounds; Plenum Press: New 
York, 1979. 
Atkins, T. J.;  Richman, J. E.; Dettle, W. F. Org. Synth. 1978, 58, 86. 
Dietrich, B.; Hosseini, M.; Lehn, J. M.; Sessions, R. B. J .  Am.  Chem. 
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R. B. Helv. Chim. Acta 1983, 66, 1262. Bencini, A,; Bianchi, A,; 
Garcia-Espafia, E.; Giusti, M.; Micheloni, M.; Paoletti, P. Inorg. Chem. 
1987, 26, 681. Bencini, A.; Bianchi, A,; Garcia-Espafia, E.; Giusti, M.; 
Mangani, S.; Micheloni, M.; Orioli, P.; Paoletti, P. Inorg. Chem. 1987, 
26, 3902. 
Bianchi, A.; Mangani, S.; Micheloni, M.; Nanini, V.; Orioli, P.; Paoletti, 
P.; Seghi, B. Inorg. Chem. 1985, 24, 1182. 
Bianchi, A,; Micheloni, M.; Paoletti, P. Inorg. Chem. 1985, 24, 3702. 
Bencini, A.; Bianchi, A.; Garcia-Espafia, E.; Giusti, M.; Mangani, S.; 
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Table I. Crystallographic Data for 
[Zn,( [24]aneNx)C12] (CI)C1O4.H2O 

mol wt 699.13 
a, A 7.601 (7) 
b, A 14.079 (5) 
c, A 15.429 (7) 
a, deg 63.17 (3) 
P,  deg 78.13 (8) 
T, deg 85.65 (8) 
v, A' 1441.6 
2 2 

&ld, g cm-' 1.61 
radiation Mo Ka, graphite monochromated 
A, A 0.7 107 
temp, "C 25 
f i ,  cm-I 20.8 
Ra 0.07 1 
Rwb 0.071 

formula C16H42C14N80SZn2 

space gP pi 

1,4,7,10,13,16,19,22-octaazacyclotetracosane ( [24]aneN8),  a n d  
1,4,7,10,13,16,19,22,25,28,3 1,34-dodecaazacyclohexatriacontane 
([36]aneNI2) (see C h a r t  I). The crystal  s t ructure  of binuclear 
[Zn2(  [24]aneN8)Cl2J (CI)C104.H20 is also reported.  

Experimental Section 
Synthesis of the Complex [Zn2([24]aneN8)Cl2](CI)CIO4~H2O. Good 

crystals, suitable for X-ray analysis, were obtained by slow evaporation 
at room temperature of a solution containing the octahydrochloride 
[24]aneNx.8HC1 (0.01 mol dm-3), Z I I (CIO~)~  (0.02 mol dm-'), and 
NaC104 (3 mol dm-)). The pH of the solution was adjusted to 12 by 
adding NaOH. After a few days, crystals were collected, filtered, washed 
with ethanol, and dried under vacuum at  room temperature. Anal. 
Calcd for C,,H,2NxZn2C1405: C, 27.49; H,  6.06; N ,  16.03. Found: C, 
27.4; H,  6.1; N, 16.0. 

Emf Measurements. All potentiometric measurements were carried 
out in 0.15 mol dm-) NaC104 (C. Erba ACS grade). Purification and 
standardization of solutions used in the potentiometric titrations were 
performed according to the procedure described in ref 11. Hydrochloride 
salts of [ZlIaneN,, [24]aneN,, and [36]aneNI2 have been obtained as 
described in ref 8, 7, and 10, re~pective1y.l~ [18]aneN6 was purchased 
from Fluka. The potentiometric titrations were carried out by using 
equipment that has been fully de~cribed. '~  At least two titration curves 
for each system investigated were used. The experimental details of the 
emf measurements have been reported as supplementary material. The 
computer program SUPER QUAD'^ was used to process emf data and cal- 

( I  l )  Micheloni, M.; Sabatini, A.; Vacca, A. Inorg. Chim. Acta 1977, 25,41. 
( 1  2) For macrocycles [21]aneN7 and [24]aneN8 the protonation constants 

employed in this work have been determined in 0.15 mol dm-) NaC104. 
The values are as follows: for [21]aneN7, pK, = 9.76, pK2 = 9.28, pK3 

3.42, pK7 = 2.71, pK, = 1.9. The protonation constants of the same 
macrocycles at ionic strength 0.5 mol dm-) have been reported in ref 
7 and 8. 

(13) Bianchi, A,; Bologni, L.; Dapprto, P.; Micheloni, M.; Paoletti, P. Inorg. 
Chem. 1984, 23, 1201. 

= 8.63, pK4 = 6.42, PK, = 3.73, pK6 = 2.13, pK7 = 2.0; for [24]aneN8, 
pK, = 9.65, PKI = 9.33, pK3 = 8.16, pK4 = 7.87, pK5 = 4.55, pK6 = 
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