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Figure 2. Drawing showing the interaction between adjacent, centro- 
symmetrically related Ni'(SDPDTP) molecules. The disorder in one 
phenyl ring and large thermal parameters for C(25) and C(26), pre- 
sumably due to short intermolecular contacts, are also illustrated. Atoms 
drawn as circles were refined with isotropic thermal parameters and are 
given an arbitrary size. The solid lines connecting Ni and S' and Ni' and 
S do not represent conventional chemical bonds. 

from Ni"(SDPDTP)CI by reduction with aqueous sodium di- 
thionite and crystallized by diffusion of acetonitrile into a benzene 
solution of the complex. The core structure, as determined by 
X-ray crystallography, is shown in Figure 1 along with that of 
Ni11(STPP)C1.8 Relevant structural parameters, along with those 
for Ni"(STPP)Cl and Cu11(STPP)C1,8 are presented in Table I. 
The geometry of Ni'(SDPDTP) resembles that of other thia- 
porphyrin complexes with the thiophene ring tipped 52.3O out of 
the N, plane and pyramidal coordination of the thiophene sulfur. 

The Ni' ion has nearly planar geometry and surprisingly short 
Ni-N and Ni-S bonds. Comparison of the data in Table I in- 
dicates that the Ni-N and Ni-S bond lengths decrease upon 
reduction of high-spin (S = l ) ,  five-coordinate NiI1(STTP)C1 to 
four-coordinate (S = Nil(SDPDTP). Additionally, the Ni-N 
and Ni-S distances in d9 Nil(SDPDTP) are shorter than those 
in five-coordinate, d9 CuI1(STTP)Cl. The NiI-N distances are 
also shorter than the Ni"-N distances (2.024, 2.052 A) in a 
high-spin, six-coordinate Ni" porphyrin." Moreover, the Nil- 
N(2) distance is shorter than the NiILN distances (1.92-1.96 A) 
in four-coordinate, diamagnetic Ni" porphyrins12J3 while the 
Nil-N( 1) and Nil-N(3) distances are longer. Similarly, the 
Ni1-N(2) distance is shorter and the Nil-N(l) and Ni1-N(3) 
distances are longer than the CuII-N distance (1.98 1 (7) A) in 
the four-coordinated d9 C~"(tetraphenylporphyrin).'~ 

Comparison of the Ni" and Ni' structures clearly shows that 
reduction does not necessarily imply expansion of metal-ligand 
distances. In cases where the coordination number is lowered, 
a lack of expansion upon reduction is a fairly general phenomenon 
that is maintained, for example, in the following pairs: Ni"- 
(PMe3)3Br2, Ni"-P = 2.19-2.20 A;'S Ni1(PMe3)4+, NiI-P = 
2.21 1-2.221 A;I6 C~(2,5-dithiahexane)~(ClO~)~, Cu"-S = 
2.320-2.354 A; C~(2,5-dithiahexane)~(ClO~), CuLS = 2.263 A;17 

Dark-brown plates of Ni'(SDPDTP)CH,CN belong to the space group 
P2,/c with a = 15.746 (6) A, b = 15.944 (4) A, c = 15.472 (6) A, j3 
= 113.25 ( 3 ) O ,  and Z = 4 at 130 K. Refinement yielded R = 0.077 for 
1585 reflections with I > 3 4 )  and 273 parameters. There is disorder 
in the carbon atoms of two phenyl rings. In one case (C(33)-C(38)) 
the disorder could be modeled by the assignment of two equally probable 
positions of the phenyl ring, one rotated with respect to the other. In 
the other case (C(21)-C(26)) it could be only modeled by assuming 
anisotropic thermal motion. 
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Cu(3-methoxy- 1,5-dithiacyclooctane)~+, Cu"-S = 2.294-2.35 1 
A;16 C~(3-methoxy-l,5-dithiacyclooctane)~+, CuLS = 2.346 A.I8 
There also are examples in which reduction without ligand loss 
is accompanied by a decrease in metal-ligand distances. These 
include the four-coordinate iron porphyrins with formal oxidation 
states of Fe", Fe', and Feo l9 and the corresponding cobalt com- 
plexes with formal oxidation states CO' and Coo.20,21 In these 
cases the structures have been interpreted to indicate a significant 
degree of porphyrin reduction. Evidence for predominant, 
metal-based reduction for 2 in solution has been p r e ~ e n t e d . ~  
Attempts are in progress to obtain a four-coordinate Ni" thia- 
porphyrin complex so that a comparison can be made of Ni" and 
Ni' without a change of coordination number. The dramatic 
shortening of the Ni-S bond that occurs upon reduction may 
reflect increased x back-donation as suggested previously for Cu-S 
b o n d ~ . ~ ~ J ~  It remains to be seen whether the presence of the sulfur 
atom in Nil(SDPDTP) plays a role in producing the short Ni-N 
bonds seen here. 

Figure 2 shows the interaction of a pair of Ni'(SDPDTP) 
molecules within the crystal. The intermolecular Ni-S' contacts 
(shown as solid lines) are quite long (4.106 (6) A), and the nickel 
ions lie on the side of the thiaporphyrin plane that is opposite the 
neighboring sulfur. Consequently, the Ni-S interaction is weak 
and is of minor importance to the geometry of the molecule. 
However, it probably is a major component involved in the an- 
tiferromagnetic behavior of the solid (p = 2.28 pB (per Ni) at 295 
K and 0.71 pB at  2 K). Contact between molecules also leads to 
disorder in the positions of two phenyl rings. Notice that in Figure 
2 the phenyl ring involving C(21)-C(26) is close to the p-tolyl 
ring containing C(33)-C(38). These contacts lead to two alternate 
positions for the p-tolyl ring and large amplitudes for thermal 
parameters for the phenyl ring C(21)-C(26). 
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Aromatic Ring Stacking in Ternary Copper(I1) Complexes 
[Cu(histamine)(~-AA)(CIO,)] (AA = Phenylalaninate, 
Tyrosinate). Structural Evidence for Intramolecular 
Stacking Involving a Coordinated Imidazole Ring 

Biological molecular recognition is achieved by combination 
of various noncovalent interactions.' Aromatic ring stacking has 
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Figure 1. Structure of [Cu(hista)(~-Phe)(CIO~)] (l), showing the 50% 
probability thermal ellipsoids and the atom-labeling scheme. Selected 
bond lengths (A) and angles (deg): Cu-N(1) = 1.991 (6); Cu-N(2) = 
1.942(7); Cu-N(4) = 2.002 (6); Cu-O(l) = 1.983 (5); Cu-O(4) = 2.705 
(8); N(I)-Cu-N(2) = 170.9 (2); N(I)-Cu-N(4) = 90.9 (3); N(1)- 
Cu-O(l) = 83.7 (2); N(2)Cu-N(4) = 93.9 (3); N(2)-Cu-O(1) = 92.8 
(2); N(4)-Cu-O(1) = 169.3 (3). 

attracted much attention because of its significance such as in 
DNA-intercalator interactions leading to denaturation of DNA.2 
The imidazole group of histidine (His) is the most important metal 
binding site3 and at  the same time a potential partner of stacking 
interactions for other aromatic rings in biological systems! 
Solution chemical studies on the ternary Cu(I1)-histidineamino 
acid c o m p l e ~ e s ~ * ~  indicated the existence of intramolecular stacking 
between the imidazole ring and the side-chain aromatic rings of 
phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp), which 
was supported by circular dichroism spectral magnitude anomaly! 
It is interesting to note in this connection that enkephalin and other 
endogenous analgesic peptides (opioid peptides) have essential 
N-terminal tyrosyl and phenylalanyl residues’ and that the receptor 
was reported to have an imidazole group at the binding site.E This 
raised the possibility that the peptidereceptor bonding might be 
achieved at least partly by the imidazole-tyrosine phenol stacking. 
On the basis of the solution equilibria of ternary Cu(I1)aromatic 
diamine-aromatic amino acid systems, it was concluded that the 
stacking interactions occur between the aromatic rings of amino 
acids and coordinated diamines such as histamine (hista) and 
1,lO-phenanthroline   hen).^ We have now established the 
stacking interactions in two Cu(I1) complexes, [Cu(hista)(L- 
Phe)(C104)] (1) and [Cu(hista)(~-Tyr)(ClO~)] (2), in the solid 
state by X-ray crystal structure analysis. To our knowledge these 
are the first examples of intramolecular aromatic ring stacking 
involving imidazole and aromatic amino acids and serve as evi- 
dence for similar stacking interactions hitherto proposed in so- 
l ~ t i o n ~ ~ ~ . ~  and in biological  system^.^ 

~~ 
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Figure 2. Structure of [Cu(hista)(~-Tyr)(ClO~)] (2), showing the 50% 
probability thermal ellipsoids and the atom-labeling scheme. Selected 
bond lengths (A) and angles (deg): Cu-N(l) = 1.982 (3); Cu-N(2) = 
1.948 (2); Cu-N(4) = 2.020 (2); Cu-O(l) = 1.982 (2); Cu-O(4) = 
2.682 (3); N(l)-Cu-N(2) = 170.1 (1); N(l)-Cu-N(4) = 91.4 (1); 
N(l)Cu-O(l) = 83.09 (9); N(2)Cu-N(4) = 93.6 (1); N(2)Cu-O(1) 
= 93.40 (9); N(4)-Cu-O(1) = 168.6 (1). 

Complex 1 was isolated as deep blue crystals from an aqueous 
solution containing C U ( C ~ O ~ ) ~ ,  histamine hydrochloride, and L-Phe 
in the molar ratio of 1:l:l a t  pH 8. Crystals suitable for X-ray 
studies were obtained by recrystallization from water.l0 The 
crystals of 2 were obtained in a similar manner by using L-Tyr 
in place of L-Phe.” The molecular structures of 1 and 2 are 
respectively shown in Figures 1 and 2, which indicate a remarkable 
structural similarity between the two complexes. In both cases 
the Cu(I1) ion has a five-coordinate square-pyramidal structure 
with the two nitrogen atoms of hista and the nitrogen and the 
oxygen atom of Phe or Tyr coordinated in the equatorial plane, 
a perchlorate oxygen occupying a remote axial position (Cu-0(4) 
distances: 2.705 (8) A for 1 and 2.682 (3) A for 2) to complete 
the square pyramid. The amino groups from hista and Phe or 
Tyr occupy equatorial cis positions. The equatorial Cu-N and 
Cu-0 bond lengths agree well with those reported for CU(L- 
Phe)2,1z C u ( ~ - T y r ) ~ , ~ ~  and Cu(~-asparaginate)(~-His).’~ 

(IO) The complex was isolated from an aqueous solution (10 mL) containing 
CU(CIO,)~ .~H~O (3.70 g, 10 mmol) and recrystallized from water in 
ca. 50% yield. The perchlorate salt is stable ai room temperature bui 
should be handled with care (see for example: J .  Chem. Educ. 1973, 
50, A335). It  may decompose when irradiaied by a laser beam. Crystal 
data for 1: CI~HI9N4O6C1Cu. M, = 438.31, monoclinic, space. group 
PZ1, a = 9.142 ( 1 )  A, b = 16.469 (2) A, c = 5.889 ( I )  A, j3 = 92.55 
(2)O, Y = 885.8 A’, z = 2, pdcd = 1.643 g cm-’, pow = 1.641 g cm-?, 
p(Cu Ka) = 34.95 cm-I, crystal dimensions 0.20 X 0.20 X 0.10 mm. 
The structure was solved by the heavy-atom method and refined an- 
isotropically for non-hydrogen atoms by block-diagonal least-squares 
calculations using the program KPPXRAY (Taga, T.; Higashi, T.; Iizuka, 
H. ‘KPPXRAY, Kyoto Program Package for X-Ray Crystal Structure 
Analysis”, Kyoto University, 1985). The final R and R,  factors were 
0.0398 and 0.0460, respectively, for 1337 unique reflections with IFoI 
L 3a(FoI. 

(1 1) This complex was prepared in ca. 6056 yield in the same way as above. 
The precautions for the perchloraie salt should also be iaken. Crystal 
data for 2: Cl4Hl9N,O7CICu. M, = 454.31, monoclinic, space. group 
P2,, a = 9.186 ( I )  A, b = 16.394 (2) A, c = 5.976 (1) A. j3 = 90.35 

= 899.9 A’, z = 2. paid = I ,676 g cm-1, pow = 1.676 g cm-?, 
p ( M o  Ka) = 14.09 cm-I, crystal dimensions 0.50 X 0.16 X 0.10 mm. 
The structure was solved by a method similar to that used for 1 by using 
the program UNICS 111. The final R and R,  factors were 0.0252 and 
0.0322, respectively. for 2130 unique reflections with 1F.I 2 3uIFoI. 
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Interestingly, the side-chain aromatic rings of Phe and Tyr are 
located above the coordination plane to be involved in the stacking 
with the coordinated imidazole, which in turn deviates from the 
plane toward the aromatic side chain probably through the dis- 
tortion of the N(l)-Cu-N(2) angle (170-171') from 180°.'5 The 
shortest distances between the two rings (C(7)--C( 10)) are 3.49 
and 3.45 A for 1 and 2, respectively. The stacking seems to be 
less effective than that detected in Cu(phen)(L-Trp),I6 because 
the ring overlapping is limited and the dihedral angle between 
the rin s in 1 is 38.5' (38.1' in 2) with the distance of 4.15 A 

benzene and imidazole rings. The side-chain conformation of 
L-Tyr in 2 is similar to that reported for Cu(~-Tyr) , , '~  where one 
of the two phenol rings approaches the Cu(I1) ion form above the 
coordination plane. While Cu(L-phenylalaninamide), with the 
two amino and two deprotonated nitrogens coordinated in the plane 
has a similar bent conformation," Cu(L-Phe), has the two Phe 
side chains directed outward from the Cu(I1) center,I2 so that the 
bent conformation in 1 may reflect the effect of the stacking 
interaction. The Cu(I1) coordination planes formed by Cu, N(1), 
N(2), N(3), and 0 ( 1 )  atoms are planar only to within 0.17 and 
0.15 A for 1 and 2, respectively, and C u ( ~ - T y r ) ~  with a similar 
bent conformation also exhibits a large distortion (0.10 A).13 These 
deviations are in contrast with the planarity revealed for CU(L- 
Phe)2 with a very small distortion (0.012 A)'2 and are indicative 
of the effects of the intramolecular stacking. 

Close contacts between a metal ion and aromatic rings have 
been reported for a number of complexes in the solid state, such 
as Cu(phen)(L-Trp),16 Cu(~-Tyr) , , '~  Pd(~-Tyr),,l* Cu(glycy1-L- 
t rypt~phanate) , '~  and Cu(glycyl-L-leucyl-L-tyrosinate),20 where 
the Cu(I1)-.aromatic ring separations are 3.04-3.34 A. Complexes 
1 and 2 also exhibit such a contact with the shortest distances of 
3.14 and 3.20 A, respectively, for Cu(II)...C(9), but the central 
Cu(1I) ion is not appreciably moved toward the aromatic ring from 
the mean plane, the deviation being negligibly small (0.007 and 
0.005 A in 1 and 2, respectively). 

The stability enhancement due to intramolecular ligand-ligand 
stacking interactions is evaluated by the constant K for the fol- 
lowing hypothetical e q ~ i l i b r i u m : ~ * ~ * ~ '  

Cu(en)(L-Phe) + Cu(hista)(L-Ala) 
Cu(hista)(L-Phe) + Cu(en)(L-Ala) 

where en is ethylenediamine and stacking is possible in Cu(his- 
ta)(L-Phe) only. The log K values for 1 (0.26) and 2 (0.51) 
indicate stabilization due to aromatic ring stacking, although they 
are smaller than those for Cu(phen)(L-Trp) (1.39), Cu(phen)- 
(L-Phe) (0.64), and Cu(phen)(L-Tyr) ( 1.05).9 They reasonably 
explain the extent of stacking among various aromatic rings, 
because Cu(phen)(L-Trp) with perfect stacking16 shows the highest 
stabilization. The ESR parameters for both complexes at 77 K,22 
which are exactly the same (gll = 2.228; g, = 2.054; lAlll = 195 
X lo4 cm-I; IAN I = 14.4 X lo4 cm-I), show that the Cu(I1) 
environment is otaxial symmetry. On the other hand, Fischer 
and Sige15 concluded the presence of stacking in ternary Cu- 
(11)-amino acid complexes containing His by careful examination 

(4.20 f in 2) between the centers of the mean planes of the 

In  contrast with this the imidazole ring in Cu(Tyr.His) (Tyr.His = 
L-tyrosyl-L-histidinate) does not interact with the Tyr phenol ring with 
the result that the former faces the outside of the coordination sphere 
and that the N(1)-Cu-N(2) angle is close to 180' (177.0'): Masuda, 
H.; Odani, A.; Yamauchi, 0. Inorg. Chem. 1989, 28, 624-625. 
(a) Aoki, K.; Yamazaki, H. J .  Chem. SOC., Dalton Trans. 1987, 
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Chem. SOC., Dalton Trans. 1975, 2569-2572. 
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1299-1310. 
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The ESR spectra were measured for solutions of 1 and 2 in 10% 
ethylene glycol-water at 77 K on a JEOL JES RElX ESR spectrometer. 

of the stability constants: The complexes CU(L- or D-His)(L-AA) 
(AA = Trp, Phe) in solution were calculated to be mostly in the 
stacked form (28-90%) depending on the aromatic ring size and 
the combination of enantiomers around the central Cu(I1) ion. 
On the assumption that the amino groups occupy cis positions, 
higher stabilization of the meso form Cu(D-His)(L-AA) as com- 
pared with the active form Cu(L-His)(L-AA) has been interpreted 
as due to the interference of stacking in the active form by the 
carboxylate group probably coordinated and located on the same 
side of the coordination plane as that for the aromatic r i t ~ g . ~ , ~  

The present structural studies support the previous conclusions 
that the stacking interactions involving imidazole exist in aqueous 
solution and in biological systems. They may further add to 
evidence for the cis configuration in His-containing ternary Cu- 
(11)-amino acid complexes. 
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Synthesis and Characterization of the New Soluble 
Selenide Anion Pt(Se&*- 

The chemistry of soluble metal sulfides has been studied ex- 
tensively over the past two decades.l Quite recently, studies of 
the chemistry of the soluble anions of the higher chalcogenides 
have been initiated., This chemistry generally differs significantly 
from that of the corresponding sulfides. Examples of species that 
have no known sulfur analogues include V2Se132-,3 W,Se4- 
( Se,) ( Se3) 2-,4*5 W2Se4( Se3)22-,495 Ni( Se2) ( WSe4)2-,6 In2( Se4)4- 
(Se5)&97 Au2S~(Se,),2-,8 Cr3Q243-9 (Q = Se, Te), and NbTel2-.Io 
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