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in fact, the distance is shorter than most of the W-Cl distances 
recently r e p ~ r t e d . ~ * - ~ ~  The smaller trans influence of C1 may 
be responsible for the shortness of the bond distancesz4 As 
crystallographic analysis of monomeric W(II1) complexes is rare,33 
comparison of the W-Cl bond distance in W(II1) complexes is 
difficult. The P-W-P angles are almost the same as those in other 
W(dpe)z type complexes. The W-Cl vector slightly bends toward 
P1 and P2, making P1-W-Cl, and P2-W-Cl angles smaller than 
90'. 

The structure determination of 10 suggests that  the reaction 
product of [W(N,),(dpe),] and H F ~ C O , ( C O ) , ~ ,  (6), in di- 
chloromethane is also a dichloro complex and not an alternative 

(27) Bevan, P. C.; Chatt, J.; Head, R. A.; Hitchcock, P. B.; Leigh, G. J. J .  
Chem. SOC., Chem. Commun. 1976, 509. 

(28) Cotton, F. A,; Felthouse, T. R.; Lay, D. G. J.  Am. Chem. SOC. 1980, 
102, 1431. 

(29) Jackson, R. B.; Streib, W. E. Inorg. Chem. 1971, 10, 1760. 
(30) Akiyama, M.; Chisholm, M. H.; Cotton, F. A,; Extine, M. W.; Murillo, 

C. A. Inorg. Chem. 1911, 16, 2407. 
(31) Bradley, D. C.; Hursthouse, M. B.; Malik, K. M.; Nielson, A. J.; Short, 

R. L. J .  Chem. SOC., DoIton Trans. 1983, 2651. 
(32) Bell, J. M.; Boorman, P. M.; Moinihan, K. M.; Datel, V. D.; Richard- 

son, J. F.; Collin, D.; Mabbs, F. E. J .  Chem. Soc., Dalton Trans. 1983, 
2419. 

(33) Dori, Z .  Prog. Inorg. Chem. 1981, 28, 239. 

such as [ W H ( d ~ e ) ~ l  [ F ~ C O ~ ( C O ) ~ ~ ] . C H ~ C ~ ~ ,  which we had sus- 
pected before the X-ray structure determination. 

Formation of no hydrazido(2-) complexes in the aprotic solvents 
in the present study makes a marked contrast with the very facile 
formation of alkoxide hydrazido(2-) complexes in alcoholsS or 
a hydrazido(2-) hydroxo complex in an aqueous solvent. Although 
the exact sequence of the reaction is still not clear, the coordination 
of an oxygen ligand ROH or HzO to the tungsten center probably 
makes the metal electron rich and this electron flow is transmitted 
to the reaction center of dinitrogen that is to be protonated. Thus, 
the influence of electron-donating ligands upon the 
seems crucial. In the case of simpler acids HX,  coordinated X 
plays the role of electron donor to the metal but an oxygen ligand 
from alcohols or water is necessary for the present reaction using 
the cluster acid incapable of coordinating to the tungsten. 
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The reaction of phenylazo aldoximes, RC(=NOH)N=NPh (HRL; R = Me, Ph), with iron(I1) perchlorate hexahydrate in ethanol 
affords [Fe3(RL)6]C104 (1) crystallizing with or without solvent molecules. The structure of one solvate, viz., [Fe,(PhL),]- 
C104-2CHClp, has been determined X-ray crystallographically. The com und forms monoclinic crystals in the space group P2,/n 
with 2 = 2 and unit cell dimensions a = 15.521 (4) A, b = 12.743 ( 5 )  $ E  = 21.788 ( 5 )  A, fl  = 104.35 (2)O, and V =  4175 (2) 
A'. The structure was refined to R = 0.0881 and R, = 0.1281. The trinuclear cation Fe,(PhL),+ sits on a crystallographic center 
of symmetry. The central iron(II1) atom is surrounded by an octahedron of six oximato oxygen atoms. Each of the two terminal 
iron(I1) atoms is held in the facial tris chelate environment of azo and oxime nitrogen atoms. The FeN6 coordination sphere is 
trigonal antiprismatic. Each oximato function acts as a bridge between iron(II1) and iron(I1) atoms. Both the C104- anion and 
the CHC13 molecules are disordered in the crystal. The reaction of iron(II1) chloride with HRL furnishes [Fe3(RL),]FeCI4 (2). 
The iron(I1I) and iron(I1) atoms of Fe,(RL)6+ are high spin (S  = 5/2)  and low spin (S  = 0), respectively. Subtle rhombic distortion 
of the Fe"'0, sphere in FQ(RL)~+ is revealed by strong EPR lines near g = 4 in both 1 and 2. The observation of intervalence 
band(s) in 1 and 2 has been vitiated by the strong visible and near-UV bands localized on the FeN, chromophore. Hydroxide 
ions selectively and quantitatively extrude iron(II1) from both 1 and 2, liberating the green anion Fe(RL),' (isolated as Na+ and 
Ph&+ salts), which retains the facial stereochemistry characteristic of the parent aggregate. Reaction with iron(II1) salts causes 
reaggregation into Fe,(RL),+. The Fe(RL)< anion is electrochemically oxidized to axially symmetric (EPR data) low-spin Fe(RL),, 
the Fe1"N6/Fe1'N6 formal potential being in the range 0.2-0.4 V vs. SCE. In Fe3(RL),+, the couple Fe1"06/Fe'106 due to the 
central iron atom occurs near 0.0 V but the terminal Fe"'N6/Fe"N6 couple is shifted to potentials above 1.5 V and is not directly 
observable. In the case of 2 the FeCl,/FeCl?- couple is exactly superposed on the Fe1"O~/Fe1'06 couple of the cation. These 
redox patterns have been used to rationalize the formation of 1 and 2 by the chelative redox reactions of iron salts with HRL. 
The possible role of Fe(RL),- as a translocator of metal ions via the reaggregation-extrusion sequence and its similarity to 
ferroverdin, the green pigment of a Streptomyces species, are noted. 

Introduction 
The binding of iron by nitrogen and oxygen donors is of 

widespread chemical interest. Unsaturated nitrogenous groups 
are good donors for low-spin iron(I1). Anionic oxygen functions, 

on the other hand, commonly display pronounced affinity toward 
high-spin iron(II1). The cu-diimines* and P-diketones3 are  good 
examples of these simple rules that  find elegant expression in the 
binding Of iron in nature.4 

(2) Batschelet, W. H.; Rose, N. J. Inorg. Chem. 1983, 22, 2078. Krumholz, 
P. Struct. Bonding (Berlin) 1971, 9, 139. 

(3) Mehrotra, R. C.; Bohra, R.; Gaur, D. P. "Metal @-Diketonates and 
(1 )  (a) Indian Association for the Cultivation of Science. (b) Texas A&M 

University. (c) Permanent address: University of Zaragoza, Zaragoza, 
Spain. Allied Derivatives"; Academic Press: New York, 1978. 
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Table I. Some Characterization Data 
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bulk 

conductivitya IR data,b cm-l bility 
molar suscepti- 

AM, E' (298 K)  
compd cm2 M-' UNO U F ~ I I I O  Weif, PB UV-vis dataa A, nm (E, M-' cm-') 

[Fe(Fe(PhL),),]ClO, 121 1245 400 5.90 585 (15 300), 455 (26 800), 260 (92 500) 
[Fe(Fe(PhL),), ]ClO,.ZCHCl, 122 1240 410 5.91 585 (15 500), 460 (27 400), 260 (94000) 
[Fe(Fe(MeL),)2]C104~2H~Oc~d 133 1240 400 5.92 565 (12 500), 415 (36 700), 280 sh (30 500) 
[Fe(Fe(MeL),), ] PF;2H20dve 140 1240 405 5.89 570 (11 500), 420 (37 loo), 280 sh (31 500) 
[Fe(Fe(PhL),),]FeCl, 140 1250 400 8.32g 585 (14 000), 430 (25 400), 260 (96 700) 
[Fe(Fe(MeL),),]FeCl, 145 1250 405 8.26g 570 (12 800), 415 (40 200), 280 sh (36 500) 
[Ph,As] [Fe(MeL), ].H,Od 85 1240 930 (650), 640 (4500), 395 (16 goo), 290 

sh (20 goo), 260 (26 000) 
a Solvent is acetonitrile. In KBr disks (4000-300 cm-'). Characteristics are as follows: U N O ,  broad and strong; ~ ~ ~ 1 1 1 0 ,  broad and 

weak, uC~o,: -1 100 cm-', broad and strong; -620 cm-', sharp and strong. U O H :  -3400 cm-', broad and strong. e U P F , :  840 cm-', 
very strong. f ' ~ ~ e I I I ~ l :  370 cm'', broad and strong. 
70'" = 8.37 kB. 

If both the cation and the anion have S = ' i 2 ,  the calculated spin-only Goment is 

Table 11. Selected Distances (A) and Their Estimated Standard Deviationsa for [Fe,(PhL), ]ClO4.2CHCl, 

atom 1 atom 2 dist atom 1 atom 2 dist atom 1 atom 2 dist 

1.32 (2) 
1.344 (14) 
1.334 (15) 
1.27 (2) 
1.52 (2) 
1.33 (2) 
1.30 (2) 
1.271 (14) 
1.46 (2) 

a Numbers in parentheses are estimated standard deviations in the least significant digits. 

This work stems from our interest in mixed-valence systems 
in which the intramolecular coexistence of both types of iron is 
supported by ligands5 possessing both types of binding sites. 
Herein we examine the case of phenylazo RC(= 
NOH)N=NPh (HRL; R = Me, Ph), as potential supporters of 
this situation. In H R L  the a-diimine-like azo-imine fragment 
and the oxygen end of the oxime function are potentially good 
binding sites for low-spin iron(I1) and high-spin iron(III), re- 
spectively. Very facile formation of mixed iron(II), iron(II1) 

Neilands, J. B., Ed. "Microbial Iron Metabolism"; Academic Press: 
New York, 1974. 
It is proposed that such ligands which as a single unit or as an ensemble 
can bring about this situation or the more general situation in which two 
distinct redox centers are housed adjacently be called duplex ligands. 
The known transition-metal chemistry of arylazo oximes includes those 
of cobalt(III),' rhodium(II1): palladium(II),8-lo platinum(II),'"-12 
copper(I)," and ruthenium(I1) and -(III).14J5 
Hunter, L.; Roberts, C. B. J. Chem. Soc. 1941, 823. Kalia, K. C.; 
Chakravorty, A. Inorg. Chem. 1968, 7 ,  2016. 
Kalia, K. C.; Chakravatory, A. Inorg. Chem. 1969, 8, 2586. 
Bandyopadhyay, P.; Mascharak, P. K.; Chakravorty, A. J. Chem. Soc., 
Dalton Trans. 1982, 675. Bandyopadhyay, P.; Mascharak, P. K.; 
Chakravorty, A. J.  Chem. SOC., Dalton Trans. 1981,623. Mascharak, 
P. K.; Chakravorty, A. J. Chem. SOC., Dalton Trans. 1980, 1698. 
Bandyopadhyay, P.; Mascharak, P. K.; Chakravorty, A. Inorg. Chim. 
Acta 1980, 45, L219. Mascharak, P. K.; Chakravorty, A. Indian J. 
Chem., Sect. A 1979, 18A, 471. Mascharak, P. K.; Adhikari, S.; 
Chakravorty, A. Inorg. Nucl. Chem. Lett. 1977, 13, 21. 
Bandyopadhyay, D.; Bandyopadhyay, P.; Chakravorty, A.; Cotton, F. 
A.; Falvello, L. R. Inorg. Chem. 1984, 23, 1785. 
Bandyopadhyay, P.; Bandyopadhyay, D.; Chakravorty, A,; Cotton, F. 
A,; Falvello, L. R.; Han, S. J. Am. Chem. Soc. 1983, 105, 6327. 
Mascharak, P. K.; Chakravorty, A. Inorg. Nucl. Chem. Lett. 1979, 15, 
179. 

1.389 (15) 
1.27 (2) 
1.311 (15) 
1.42 (2) 
1.37 (2) 
1.33 (2) 
1.51 (2) 
1.50 (2) 
1.45 (2) 

Figure 1. View of the coordination spheres of the three iron atoms in 
[Fe3(PhL)6]C104.2CHC13. 

Bandyopadhyay, D.; Bandyopadhyay, P.; Chakravorty, A.; Cotton, F. 
A.; Falvello, L. R. Inorg. Chem. 1983, 22, 1315. s 

Dickman, M. H.; Doedens, R. J. Inorg. Chem. 1980,19,3112. Pal, S.; 
Bandyopadhyay, D.; Datta, D.; Chakravorty, A. J.  Chem. SOC. Dalton 
Trans., in press. 
Chakravarty, A. R.; Chakravorty, A. J. Chem. Soc., Dalton Trans. 
1983,961. Chakravarty, A. R.; Chakravorty, A. InOrg. Chem. 1981, 
20, 3138. 
Chakravarty, A. R.; Chakravorty, A.; Cotton, F. A.; Falvello, L. R.; 
Ghosh, B. K.; Tomas, M. Inorg. Chem. 1983, 22, 1892. 

Figure 2. View of one Fe(PhL), unit in [Fe3(PhL),]C10,.2CHCI3. 

specis indeed OwurS in the reaction of HRL with iron salts. The 
structure of one such has been by three-di- 
mensional X-ray crystallography. This has helped to rationalize 
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Table 111. Selected Angles (deg) and Their Estimated Standard Deviationsa for [Fe3(PhL),]C1O;2CHCl3 

Pal e t  al. 

atom 1 atom2 atom 3 angle atom 1 atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 

Fe(2) Fe(1) O(1) 54.8 (3) N(1) Fe(2) N(9) 166.6 (5) 
Fe(2) Fe(1) O(1') 125.2 (3) N(3) Fe(2) N(4) 163.1 (5)  
Fe(2) Fe(1) O(2) 55.1 (3) N(3) Fe(2) N(6) 88.9 ( 5 )  
Fe(2) Fe(1) O(2') 124.9 (3) N(3) Fe(2) N(7) 99.1 (4) 
Fe(2) Fe(1) O(3) 55.3 (3) N(3) Fe(2) N(9) 90.1 (5) 
Fe(2) Fe(1) O(3') 124.7 (3) N(4) Fe(2) N(6) 77.3 (5)  
O(1) Fe(1) O(2) 90.7 (4) N(4) Fe(2) N(7) 96.5 (4) 
O(1) Fe(1) O(2') 89.3 (4) N(4) Fe(2) N(9) 99.5 (5)  
O(1) Fe(1) O ( 3 )  90.9 (4) N(6) Fe(2) N(7) 165.2 (5) 
O(1) Fe(1) O(3') 89.1 (4) N(6) Fe(2) N(9) 90.1 (5)  
O(2) Fe(1) O(3) 89.8 (4) N(7) Fe(2) N(9) 77.6 (5) 
O(2) Fe(1) O(3') 90.2 (4) Fe(1) O(1) N(3) 112.9 (7) 
Fe(1) Fe(2) N(1) 118.6 (4) Fe(1) O(2) N(6) 115.9 (7) 
Fe(1) Fe(2) N(3) 54.1 (3) Fe(1) O(3) N(9) 113.6 (7) 
Fe(1) Fe(2) N(4) 121.9 (3) Fe(2) N(1) N(2) 119 (1) 
Fe(1) Fe(2) N(6) 55 .5  (3) Fe(2) N( l )  C(8) 128 (1) 
Fe(1) Fe(2) N(7) 120.2 (4) N(2) N(1) C(8) 111 (1) 
Fe(1) Fe(2) N(9) 54.0 (3) N(1)  N(2) C(1) 111 (1) 
N(1) Fe(2) N(3) 77.1 (5)  Fe(2) N(3) O(1) 122.4 (8) 
N(1) Fe(2) N(4) 93.8 (5)  Fe(2) N(3) C(1) 115 (1) 
NU)  Fe(2) N(6) 93.5 (5)  O(1) N(3) C(1) 122 (1) 
N(1)  Fe(2) N(7) 100.3 (5) Fe(2) N(4) N(5) 116.9 (8) 

a Numbers in parentheses are estimated standard deviations in the least significant digits. 

magnetic properties, redox activity, and synthetic reactions as well 
as cleavage and reconstitution processes pertaining to the new 
species. 
Results and Discussion 

A. Synthesis and Some Properties. The reaction of iron(II1) 
chloride with H R L  in hot ethanol furnishes1618 a shining black 
solid of composition Fez(RL)3C12 with an average metal formal 
oxidation number of +2.5. We have thus far failed to grow single 
crystals of this material, and this has precluded direct determi- 
nation of its structure. We therefore examined the reactions of 
H R L  with other iron salts. Iron(I1) perchlorate was found to 
undergo facile chelation by H R L  in boiling ethanol, affording a 
solid of empirical formula [Fe3(RL)6] c104 (1) crystallizing with 
or without solvent molecules (Table I). The X-ray structure of 
one such complex, [ Fe3(PhL)6] C104-2CHC13, was finally solved. 

Complex 1 is a 1:l electrolyte and displays the expected C10,- 
bands in the IR region. Certain other data (Table I) collected 
routinely after synthesis could be convincingly rationalized only 
after structure determination. Thus, the bulk susceptibility of 1 
was found to tally with the presence of five unpaired electrons 
corresponding to one spin-free iron(II1) and two spin-paired 
iron(I1) atoms. From a comparative study of the properties, 
particularly EPR spectra and redox behavior (vide infra), of 1 
with those of Fe2(RL)3C12 it emerged that this enigmatic chlo- 

is actually [Fe3(RL)6]FeC14 (2), which differs from 1 
in the anionic part only (FeC14- instead of C104-). Complex 2 
is indeed a 1:l electrolyte. Here both the cation and the anion 
are spin sextuplets. It displays both vFen@ and vFeiqI bands in the 
IR spectrum while 1 has only v F c i i ~  (Table I). Salts of Fe3(RL)6+ 
with anions other than C104- and FeC14- can also be made, e.g., 
[Fe3(MeL)6]PF6-2H20 (Table I). 

B. Structure. a. X-ray Structure of [Fe3(PhL)61C304.2CHC3. 
The lattice consists of discrete trinuclear cations, perchlorate 
anions, and chloroform molecules. A view of the coordination 
spheres within the cation Fe3(PhL)6+ is shown in Figure 1, and 
the relative disposition of the three chelate rings around an iron(I1) 
atom, Fe(2), is displayed in Figure 2.  Selected bond distances 
and angles are listed in Tables I1 and 111, respectively. 

The trinuclear cation is an iron(II1)-mediated aggregate of a 
pair of Fe(PhL)3- units with a Fe( l)-Fe(2) separation of 3.484 

(16) There are two brief reportsl',,'* on iron complexes of arylazo oximes. 
None of these reveal the nature of the primary reaction products of 
HRL with iron(II1) chloride. 

(17) Gupta, S.; Chakravorty, A. Inorg. N u l .  Chem. Lett. 1973, 9, 109. 
(18) Raghavendra, B. S. R.; Gupta, S.; Chakravorty, A. Transition Mer. 

Chem. (Weinheim, Ger.) 1979, 4, 42. 

130.4 (9) 
113 (1) 
113 (1) 
121.9 (8) 
117.7 (9) 
120 (1) 
117.0 (9) 
130 (1) 
113 (1) 
113 (1) 
123.2 (9) 
117 (1) 
119 (1) 
117 (1) 
118 (2) 
126 (2) 
114 (1) 
116 (1) 
129 (1) 
114 (1) 
118 (1) 
128 (2) 

(2) A. The cation sits on a crystallographic center of symmetry, 
as does the counterion, a disordered perchlorate ion at  (l/z, 
0). In addition there is a disordered chloroform molecule on a 
set of general equivalent positions: the two disordered congeners 
have occupancies of 0.65 and 0.35. The oxygen atoms of the 
perchlorate ion had not been refined to stable positions, so they 
were not refined in the final least-squares cycle. 

The central iron atom, Fe( l ) ,  is surrounded by an octahedron 
of six oximato oxygen atoms (Figure 1). All angles a t  the metal 
between cis oxygen atoms are very close to 90°. The average 
metal-oxygen distances (2.021 [7] A)I9 compares favorably with 
thatz0 (1.995 [4] A) in the alum C S F ~ ( S O ~ ) ~ . ~ ~ H , O  as well as 
with those2' in other Ferrr06 species. 

The two iron(I1) atoms, Fe(2) and Fe(2'), have trigonal-an- 
tiprismatic FeN6 coordination spheres (Figures 1 and 2). Since 
the chelate bite angle is only -77O, it is imperative that distortions 
from the idealized octahedron be severe. The geometry about 
Fe(2) can be envisaged as the result of a progressive set of dis- 
tortions from regular octahedral symmetry-a trigonal com- 
pression along the line joining Fe(2) and Fe(l), followed by a 
rhombic distortion of the terminal basal triangular face. Trian- 
gular faces of the coordination polyhedra about Fe( 1) and Fe(2) 
abut: however, they are not eclipsed. The average 0-Fe( 1)- 
Fe(2)-N(O) torsion angle is -18.9 [SI0. The centrosymmetry 
of the Fe3(PhL)6+ cation requires that the two Fe(PhL)< units 
have opposite chirality (A-A) and that the Fe3 unit be linear 
(Figure 1). 

The three chelate rings on Fe(2) are planar, and their dihedral 
angles are 8 8 O  (between the plane containing N ( l )  and that 
containing N(4)), loOD (N(1) and N(7)), and 80' (N(4) and 
N(7)). The chelate rings are facially disposed, bringing all these 
oximato groups into mutually cis positions crucial for concerted 
binding of iron(II1). The average N=N (1.29 [ 11 %.) and N-0 
(1.333 [6] A) distances as well as other dimensions within the 
chelate rings are generally comparable with those of other metal 

The deviation in brackets is calculated as 

in which A, is the deviation of the ith value from the mean of the n 
values. 
Beattie, J. K.; Best, S. P.; Skelton, B. W.; White, A. H. J .  Chem. SOC., 
Dalton Trans. 1981, 2105. 
Hair, N. J.; Beattie, J. K. Inorg. Chem. 1977, 16, 245. Linder, Von H. 
J.; Gottlicher, S. Acta Crystallogr., Sect. B Struct. Crystallogr. Cryst. 
Chem. 1969, B25, 832. Iball, J.; Morgan, C .  H. Acta Crystallogr. 1967, 
23, 239. 
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Figure 3. EPR spectra of polycrystalline [Fe(Fe(PhL),),] C1O4.2CHCl3 
(-) and [Fe(Fe(PhL),),] FeC14 (- - -) a t  77 K. 

Table IV. EPR Spectral Data (77 K )  

compd phase g 

[Fe(Fe(PhL),), ]C10; powder 4.116 4.986 7.537 
2CHC1, glassa 4.242 5.103 7.423 

[Fe(Fe(MeL),),]C10;2H,O powder 4.226 5.316 6.867 
glassa 4.414 5.443 7.423. 

[Fe(Fe(MeL),),]PF;2H20 powder 4.120 5.316 7.165 
[Fe(Fe(PhL),), ] FeCI, powder 2.026 4.265 5.227 7.046 

glassa 2.016 4.355 5.268 6.876 
[Fe(Fe(MeL),),]FeCI, powder 2.016 4.242 5.103 7.423 

glassa 2.029 4.414 5.536 7.595 

a In acetonitrile-toluene (1:l). 

arylazo oximates.10*12*13.15 The average Fe-N distances (Fe-N(0) 
= 1.910 [ l ]  A; Fe-N(Ph) = 1.93 [ l ]  A) are somewhat shorter 
than that2* in the a-diimine Fet1N6 system tris(2,2'-bipyridine)- 
iron(2+). 

All properties of Fe3(MeL)6+ are closely similar to those of 
Fe3(PhL)6+. We therefore assume that the former cation has 
essentially the same gross structure as that in Figure 1. 

b. EPR Spectra. The X-band EPR spectra of 1 and 2 provide 
further insight into the environment around the iron(II1) centers. 
The most dominating feature in the spectra (77 K) of [Fe3- 
(PhL)6]C104*2CHC13 in the polycrystalline phase (Figure 3) as 
well as in a 1 : 1 acetonitrile-toluene frozen glass is the absorption 
near g = 4 (Table IV) characteristic2328 of a rhombic field around 
iron(II1). The completely rhombic field is characterized by E / D  
= 1/3, where D and E are the zero-field parameters related to 
the splitting of the 6S ground state of Fe3+ due to admixture with 
quartet excited states such as 4D. The signal near g = 4 arises 
from the middle Kramers doublet, and in the completely rhombic 
situation g equals 3017. 

~ 

Garza Posse, M. E.; Juri, M. A.; Aymonino, P. J.; Piro, 0. E.; Negri, 
H. A.; Castellano, E. E. Znorg. Chem. 1984, 23, 948. Healy, P. C.; 
Skelton, B. W.; White, A. H. Aust. J .  Chem. 1983, 36, 2057. 
Blumberg, W. E. In "Magnetic Resonance in Biological Systems"; 
Ehrenbera, A.. Vanward, T., Eds.; Pergamon Press: New York, 1967; 
pp 119-133. 

(24) Peisach, J.; Blumberg, W. E.; Lode, E. T.; Coon, M. J. J .  Biol. Chem. 
1971, 246, 5877. 

(25) Aasa, R. J .  Chem. Phys. 1970, 52, 3919. 
(26) Dowsing, R. D.; Gibson, J. F. J .  Chem. Phys. 1969, 50, 294. 
(27) Hall, P. L.; Angel, B. R.; Jones, J. P. E. J.  Magn. Reson. 1974, 15, 64. 
(28) Polycrystalline EPR data were also collected at room temperature. The 

spectral features are essentially similar to those at 77 K except for the 
improved sharpness at the lower temperature. Thus no drastic changes 
in molecular dimensions occur on cooling to 77 K. 

- 

00- 200 
h(nm) 

Figure 4. Electronic spectra of [Fe(Fe(PhL)3)2]C104.2CHC13 (-), 
[Fe(Fe(MeL),),]FeC14 (---), and [Ph,As][Fe(MeL),].H,O (-.-) in 
acetonitrile. 

The distortions from strict Oh symmetry required for observation 
of rhombic spectra are and such spectra in no way con- 
tradict the centrosymmetry required by the X-ray data. Indeed, 
the completely rhombic situation ( E I D  = 113) is necessarily 
~ent rosymmetr ic .~~ The main implication of the EPR results is 
that, within the constraint of centrosymmetry, there are small but 
genuine differences among individual Fe-O distances. The X-ray 
results bear some signs of this-e.g., Fe( 1)-0( 1) is significantly 
shorter than Fe(1)-O(3) (Table 11). 

We now consider the spectra of [Fe3(PhL)6]FeCl, (Figure 3 ,  
Table IV). The region near g = 4 is closely alike to that of the 
perchlorate. A new feature, absent in the perchlorate, is the strong 
absorption near g = 2 ascribable to29 tetrahedral FeC14-. This 
observation has been of crucial help in diagnosing the nature of 
2. 

The grass behaviors of the R = Me species are essentially similar 
(Table IV). In all type 1 and 2 complexes examined, there are 
one or two relatively broad and weak absorptions with g values 
in the range 5-8 (Figure 3, Table IV). These absorptions, which 
probably represent24 deviations from complete rhombicity, have 
not been specifically assigned. Rhombic iron(II1) species can 
s h o ~ ~ ~ - ~ ~  lines near g = 9.7 arising from the lowest Kramers 
doublet, but these are not observed in 1 and 2. 

c. Electronic Spectra. The prime purpose of examining the 
spectra (200-2200 nm) of 1 and 2 was to identify possible in- 
tervalence bands-a task in which we did not succeed. Results 
are shown in Figure 4 and Table I. Even though Fe3(RL)6+ has 
firmly trapped valences, iron(I1) and iron(III), in environments 
of disparate ligand field strengths, a certain amount of valence 
delocalization may still be expected since the oximato bridge 
(M-N-O-M) is a known30 mediator of metal-metal interaction. 
One may expect a t  least weak class I1 ~ h a r a c t e r . ~ ~  

The trinuclear cation has no absorption in the region 1000-2200 
nm. The absence of low-energy intervalence bands is in line31*32 
with the above discussion and the related fact that the metal redox 
potentials of the Fe11106 and FeI1N6 environments differ by more 
than 1.5 V (vide infra). If such bands actually exist in the visible 
or near-UV region, their detection is made virtually impossible 
due to the existence of multiple intense transitions localized within 
the Fe"N6 units in that region. Thus, in acetonitrile, Fe(RL),- 
(Na' or AsPh4+ salt, see below) absorbs33 at 640 nm (presumably 
due to Fe - azo-imine MLCT excitation) with a shoulder at lower 
energy. Another intense band occurs near 400 nm. The gross 

Akon, C. D.; Iredale, T. J .  Chem. Phys. 1961, 34, 340. 
Baral, S.; Chakravorty, A. Znorg. Chim. Acfn 1980, 39, 1. Datta, D.; 
Chakravorty, A. Znorg. Chem. 1983, 22, 1611. 
Robin, M. B.; Day, P. Adu. Znorg. Chem. Radiochem. 1967, 10, 247. 
Dziobkowski, C. T.; Wrobleski, J. T.; Brown, D. B. Znorg. Chem. 1981, 
20, 679. 

(33) An earlier reportLs on the spectrum of NaFe(PhL),-H20 in chloroform 
1s incomplete and has some errors. The correct band maxima (extinction 
coefficients) in chloroform are as follows (nm (M-' cm-I)): 840 (360), 
600 (5630). 410 (13 140), 285 (43 170). 
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Table V. Electrochemical Dataasb at 298 K 

Pal et al. 

complex mV n (E. Vlesf 

[ Fe(Fe(PhL),), IC10, 0.05 60 1.00 (-0.30) 
[Fe(Fe(PhL),),]C104~2CHC1, 0.04 60 g 
[Fe(Fe(MeL),),]C10,.2H20 0.00 60 0.93 (-0.30) 
[Fe(Fe(MeL),),]PF;2H20 0.00 60 g 
[Fe(Fe(PhL),), ] FeC1, 0.02 100 g 
[Fe(Fe(MeL),j,] FeC1, 0.00 80 2.25 (-0.35) 
[Et4N]FeC1, 0.01 80 g 
NaFe(PhL),.H,O 0.35 80 0.92 ( t0 .75 )  
NaFe(MeL),.H,O 0.27 120 1.01 ( t0 .75 )  
[Ph,As] [Fe(MeL),].H,O 0.25 60 g 

Unless otherwise stated, meanings of the symbols used are the 
The solvent is acetonitrile; the supporting 

Cyclic voltammetric data: scan rate 50 mV S C ' .  E O , , ,  calcu- 

same as in the text. 
electrolyte is TEAP (0.1 M ) ;  the working electrode is platinum. 

lated as the average of anodic and cathodic peak potentials. 
e Constant-potential coulometric data. 
observed coulomb count and Q' is the calculated coulomb count 
for l e  transfer; E is the constant potential at which electrolysis is 
performed. Measurement not made. 

n = Q/Q' ,  where Q is the 

features34 of the spectra of Fe3(RL)6+ and Fe(RL)3- are very 
similar (Figure 4), and no identifiable signs of intervalence 
transitions are discernible. 

C. Reactions. a. Selective Extrusion of Iron(III). Hydroxide 
ions selectively extrude iron(II1) from brown acetone solutions 
of 1, liberating the dark green anionic tris complex Fe(RL)< into 
solution. In the case of 2, iron(II1) from both the cation and the 
anion are precipitated by similar treatment. Reactions 1 and 2 
proceed quantitatively . 

1 + 3 0 H -  - Fe(OH)3 + 2Fe(RL),- + Clod- (1) 

2 + 6 0 H -  - 2Fe(OH), + 2Fe(RL)3- + 4C1- (2) 

The green anion can be conveniently isolated35 as the sodium'* 
or tetraphenylarsonium salts. The 'H N M R  spectrum of 
[Ph,As] [Fe(MeL)3].H20 in CDC13 has a single sharp metal 

down to 223 K, strongly suggesting that the Fe(MeL)3- 
moiety (and by inference Fe(PhL)3- retains the facial stereo- 
chemistry3' as in the trinuclear parent (Figure 1) even after 
iron(II1) extrusion. 

b. Trinuclear Reaggregation. This is simply achieved by adding 
Fe3+ to Fe(RL)3- in the correct mole ratio. Reactions 3 and 4 

2Fe(RL)3- + Fe(C104)3 - 1 + 2ClO4- (3) 

2Fe(RL)3- + 2FeC13 - 2 + 2'21' (4) 

2Fe(RL)3- + M"+ -+ M(Fe(RL)3)2(w2)+ n = 2, 3 ( 5 )  

are very facile and proceed smoothly in ethanol. The reaggregation 
reaction is quite versatile (reaction 5 ) ,  and a variety of bivalent 
and trivalent ions can be used instead of Fe3+, affording many 
species of types M"(Fe(RL),), and M111(Fe(RL)3)2+. Their 
chemistry will be reported ~ e p a r a t e l y . ~ ~  

c. Redox Reactions. Voltammetric experiments were performed 
in acetonitrile solutions at  a platinum working electrode. The 
purpose was to ascertain the redox characteristics of the iron(II1) 
and iron(I1) centers. The results (Table V, Figure 5 )  have helped 

(34) The intensities in Fe3(RL)6+ are much higher since the cation has two 
Fe(RL),- units. 

(35) By the respective use of KOH, RbOH, and CsOH in reactions 1 and 
2 the K+, Rb+, and Cs+ salts of Fe(RL),- can also be isolated. 

(36) The only observable effect of lowering the temperature is a small but 
systematic increase in 6Mc values: 293 K, 2.35; 273 K, 2.40 253 K, 2.43; 
233 K, 2.47; 223 K, 2.49. We have reason to believe that this effect 
arises from increased cation-anion association and increased anion- 
solvent hydrogen bonding at lower temperature. 

(37) Being the tris chelate of an unsymmetrical bidentate ligand, Fe(RL),- 
can occur in facial and meridional forms. While Co(RL), occurs only 
in the meridional form,' Rh(RL), is obtainable in both forms.* We now 
find that Fe(RL),- exists only in the facial form. 

(38) Pal, S.;  Mukherjee, R.; Chakravorty, A., unpublished results. 

1 1  I I I  
00 + 0 4  - 0.4 

E ( V )  vs SCE 

Figure 5. Cyclic voltammograms (scan rate 50 mV s-I) of (a) [Fe(Fe- 
(ML)3)2]C104.2H20, (b) [Fe(Fe(MeL)3)2]FeC14, (c) [Et4N]FeC14, and 
(d) [Ph4As][Fe(MeL),].H20 in acetonitrile (0.1 M TEAP) at a platinum 
electrode. 

to rationalize the reactions involved in the synthesis of 1 and 2 
and to clarify further the nature of 2. All potentials are referenced 
to the SCE, and meanings of symbols are as follows: E,, anodic 
peak potential; E,, cathodic peak potential; AE, = E,  -E,. The 
formal potential is taken as the average of E ,  and E,. 

Sodium and tetraphenylarsonium salts of Fe(RL)3- display a 
reversible to quasi-reversible (AEp = 60-1 20 mV) one-electron 
cyclic response in the potential range 0.2-0.4 V assigned to process 
6.  In stirred solution facile electrolysis occurs a t  potentials above 

(6) Fe111(RL)3 + e- + Fe11(RL)3- 

E ,  but not a t  potentials below E,, confirming that Fe(RL)3- 
undergoes oxidation and not reduction. The one-electron stoi- 
chiometry of eq 6 is fully corroborated by coulometric data (Table 
V). Since Ph is more electron withdrawing than Me, the formal 
potential of Fe(PhL)3- is higher than that of Fe(MeL)3-. The 
iron(II1)-iron(I1) formal potential of anionic Fe(RL),- is much 
less than that38 (1.84 V) of the cationic azo-imine complex 
tris(2-(phenylazo)pyridine)iron(2+). The X-band EPR spectrum 
(g,, i= 2.00 and g, ;= 2.13) of reddish brown Fe(RL)339,40 in 1:l 
acetonitrile-toluene glass (77 K) is compatible4's4* with an axially 
symmetric spin-paired d5 configuration. Thus both axial symmetry 
and low-spin characters are conserved in reaction 6. 

The trinuclear perchlorate 1 undergoes a one-electron reversible 
(AE, = 60 mV) reduction near 0.0 V (Figure 5 ) .  Coulometry 
at potentials below E ,  produces the green one-electron reductant 
whose cyclic voltammogram is identical with that of the parent 
oxidant. The latter can be regenerated from the reductant by 
coulometry above E,. These observations are understandable in 
terms of couple 7, in which the central iron atom alone is redox 

Fe111[Fe11(RL)3]2+ + e- Fe1'[Fe11(RL)3]2 (7) 

active. The observed reversibility strongly suggests that the gross 
stereochemistry of 1 and its reduced congener are the same. The 
Fe11106 formal potential in 1 is much higher than that of tris- 

(39) The complex is produced in acetonitrile solution by coulometric oxida- 
tion" of NaFe(RL),.H20. For EPR work the solution is immediately 
frozen in liquid nitrogen after addition of toluene. The solution of 
Fe(RL)3 is somewhat unstable at room temperature. 

(40) The oxidation of Fc(RL),- by dichlorine in acetonitrile is complex and 
produces Fe(RL),, Fe3(RL)6+, and FeCI4-. This is demonstrated by the 
EPR spectrum of the frozen reaction mixture. 

(41) DeSimone, R. E.; Drago, R. S. J .  Am. Chem. Soc. 1970, 92, 2343. 
Kober, E. M.; Meyer, T. J. Inorg. Chem. 1983,22, 1614. Chakravarty, 
A. R.; Chakravorty, A. J.  Chem. SOC., Dalton Trans. 1982, 615. 

(42) The reason for the relatively small shift of the g values from the free- 
electron value in the present case is under scrutiny. This phenomenon 
appears to be a common feature of the EPR spectra of a number of 
systems with cis placement of two or three oximato groups. 



Novel Linear Fe"Fe"'Fe" Species 

(acetylacetonato)iron(III) (-0.69 V in MeCN)43 and tris(hy- 
droxamato)iron(III) (--1 V in MeCN)" but is lower than that 
of F e ( H ~ o ) 6 ~ +  (0.5-V in water).45 

In 1 the redox process corresponding to couple 6 is not observed 
up to 46,47 1.5 V. On binding of Fe(RL),- to cations (eq 5), the 
oxidation of the iron(I1) atom in the former is expected to become 
more difficult (higher Eo298). This phenomenon is systematically 
observed.3s When the cation is bivalent, the process is still dis- 
cernible, but for trivalent ions (as in 1) the formal potential is 
too high to be identified. We add that the near 0.0-V response 
(eq 7) is specific for iron(II1)-centered 1 and it is not observed38 
in other trinuclear species covered by eq 5. 

Preliminary examinations of the stability of coulometrically 
produced solutions of Fe1'3(RL)6 (eq 7) toward dissociation and 
oxidation have been made. The R = Ph complex slowly (- 5 h) 
decomposes, forming Fe(PhL)3- and other unidentified products. 
The R = Me complex is stable for at least 24 h. This augmented 
stability presumably reflects48 higher (compared to that of the 
R = Ph case) electron density at the oximato oxygen arising from 
the electron-dowting power of Me. The complexes are quite stable 
to dioxygen. However, perchloric acid rapidly reoxidizes them 
to 1. 

The cyclic voltammogram of 2 is virtually identical with that 
of 1 except that the current heights (and coulomb counts in 
constant-potential coulometry) are twice as large in the former. 
This happens because the processes 7 and 8 fortuitously occur a t  

FeC1,- + e- * FeC142- 9 ( 8 )  

the same potential, as confirmed by separately running the 
voltammogram of [Et4N] FeC14 (Figure 5). The voltammogram 
of a 1:l mixture of the latter complex and 1 is identical with that 
of 2 in all respects. The presence of FeC14- in 2 is neatly estab- 
lished by these experiments. 

d. Nature of Synthetic Reactiom. In the synthesis of Fe3(RL)6+ 
from iron(I1) perchlorate and HRL onethird of the iron is oxidized 
(eq 9) while its formation from iron(II1) chloride and HRL in- 
volves the reduction of two-thirds of the iron (eq 10). These 

(9) 

(10) 

reactions can now be rationalized in terms of a sequence of primary 
chelation (eq 11) and subsequent redox transformation (eq 12). 

3Fe2+ + 6HRL - Fe3(RL)6+ 

3Fe3+ + 6HRL - Fe3(RL)6+ 
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and H R L  is the most plausible oxidant in eq 12a. In the case 
of reaction 10, the terminal iron(II1) atoms in49 Fe3(RL)63+ (eq 
11; x = 3) are highly oxidizing (EO298 > 1.5 V, vide supra) and 
can possibly oxidize, e.g., the solvent (ethanol), resulting in the 
formation of Fe3(RL)6+. 

D. Concluding Remarks. An ensemble of six arylazo oxime 
molecules is ideally suited for trinucleation by iron. The mix- 
ed-valence Fe112Fe111 aggregate is spontaneously formed by facile 
chelative redox transformations. The subtle rhombic nature of 
the X-ray-characterized centrosymmetric Fe11106 coordination 
sphere is reflected in EPR spectra. The redox properties of Fe1"06 
(S = 5 /2 )  and Fe"N6 (s = 0) are disparate. The FeN6 chro- 
mophore richly absorbs in the visible and near-UV regions, and 
intervalence bands could not be located. It is believed that the 
Fe3(RL)6+ cation belongs to the weak class I1 category. The 
trinucleation capabilities of HRL are potentially widespread: first 
because of the availability of the facile extrusion and reaggregation 
reactions and second because of the proven existence38 of new 
systems based on metals (Mn, Os, and Rh are examples) other 
than iron. Explorations in these areas are under way. 

The extrusion and reaggregation reactions have another sig- 
nificance: Fe(RL)< should be able to act as a shuttle for other 
metal ions, collecting them under neutral or slightly acidic con- 
ditions and depositing them elsewhere under alkaline conditions. 
Oximes in which the azo function of HRL is replaced by a dif- 
ferent donor group would behave like HRL. Isonitroso ketonesSo 
and 2-nitrosophenolss1 indeed afford facial Fe"(bidentate)), and 
there are some indications that these can bind other metal ions.s1,s2 

This brings us to consider the green pigment called ferroverdin 
which occurss3 in the mycelium of a Streptomyces species. Isolated 
as crystalline sodium salts, the anion of ferroverdin is 3, a facial 

[ C H + H e o -  0 j q $ i  

0 ' -I, 
3 

2-nitrosophenol complex of i r ~ n ( I I ) . ~ ~  Hodgkin et al. state that 
in different ferroverdin preparations sodium ions may be replaced 
by other ions, even perhaps by additional iron(I1) ions, according 
to the methods of isolation used.54 The similarity in the behaviors 
of Fe(RL),- and 3 is striking. The biological function of ferro- 
verdin is not known. We note that 3 should be well-suited for 
translocation of metal ions. 
Experimental Section ' 

Materials. Arylazo oximes were prepared as before.' Iron(I1) per- 
chlorate hexahydrate and iron(II1) perchlorate hexahydrate were pre- 
pared by respectively dissolving iron powder and freshly precipitated 
Fe(OH)3 in 70% aqueous perchloric acid and crystallizing the salts. The 
compound [Et4N]FeC14 was prepared by a known procedure.55 An- 
hydrous FeC13 was purchased from Sarabhai M. Chemicals, Baroda, 
India. Tetraphenylarsonium chloride was obtained from Aldrich Chem- 
ical Co., Milwaukee, WI. Ammonium hexafluorophosphate was obtained 
from E. Merck, Darmstadt, West Germany. The purification of aceto- 
nitrile and preparation of tetraethylammonium perchlorate (TEAP) were 
done as described earlier. Solvents used for synthetic experiments and 
for spectroscopy and other measurements were of analytical grade 
available commercially. 

Measurements. IR spectra were recorded in KBr disks with the help 
of a Beckman IR-20A spectrometer. Electronic spectra were measured 

+6HRL, AH+ +F@ 
2FeX+ 2Fe(RL)p-3)+ - Fe3(RL)6(3X4)t 

In reaction 9 the formation of the intermediates (eq 11; x = 2) 
is discernible from the initial green color, which rapidly changes 
to that of Fe3(RL)6+. Perchloric acid is known (vide supra) to 
oxidize Fe3(RL)6 to Fe3(RL)6+. Hence, the perchloric acid lib- 
erated (eq 11) during primary chelation of iron(I1) perchlorate 

(43) Kalinowski, M. K.; cmiel, A. Inorg. Chim. Acta 1981, 49, 179. 
(44) Ghosh, P.; Chakravorty, A. Inorg. Chim. Acta 1981, 56, L77. Abu- 

Dari, K.; Cooper,, S. R.; Raymond, K. N. Inorg. Chem. 1978,17,3394. 
(45) Hupp, J. T.; Weaver, M. J. Inorg. Chem. 1983,22, 2557. Yee, E. L.; 

Cave, R. J.; Guyer, K. L.; Tyma, P. D.; Weaver, M. J. J. Am. Chem. 
Soc. 1979, 101, 1131. 

(46) Beyond 1.5 V irreversible oxidation currents are observed die to an 
unidentified oxidation process presumably involving ligand am groups?' 
In Na+ and Ph4As+ salts of Fe(RL)3- a similar response occurs near 1.2 
V. 

(47) Loutfy, R. 0.; Sharp, J. H. J. Am. Chem. SOC. 1977, 99, 4049. 
Cressman, P. J.; Hartmann, G. C.; Kuder, J. E.; Saeva, F. D.; Wychick, 
D. J.  Chem. Phys. 1974,61, 2740. 

(48) Significantly, the pK of the R = Ph ligand (9.85) isi4 lower than that 
of the R = Me ligand (10.10). 

(49) There is no clear evidence for the formation or even existence of Fe,- 
(RL)63+. However, since Fe(RL), exists39 (eq 6), the postulated for- 
mation of the trinuclear complex at least as a transient species is tenable. 

(SO) Raston, C. L.; White, A. H. J. Chem. SOC., Dalton Trans. 1976, 1915. 
Raston, C. L.; White, A. H.; Golding, R. M. J. Chem. SOC., Dalton 
Trans. 1977, 329. 

(51) Carreck, P. W.; Charalambous, J.; Kensett, M. J.; McPartlin, M.; Sims, 
R. Inorg. Nucl. Chem. Lett. 1974, 10, 749. 

(52) Abraham, F.; Nowogrocki, G.; Sueur, S.; Bremard, C. Acta Crystal- 
logr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1980, B36, 799. 

(53) Chain, E. B.; Tonolo, A.; Carilli, A. Nature (London) 1955, 176, 645. 
(54) Candeloro, S.; GrdeniE, D.; Taylor, N.; Thompson, B.; Viswamitra, M.; 

Hodgkin, D. C. Nature (London) 1969, 224, 589. 
(55) Ginsberg, A. P.; Robin, M. B. Inorg. Chem. 1963, 2, 817. 
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with a Hitachi 330 spectrophotometer. X-Band EPR spectra were re- 
corded with a Varian E-109C spectrometer fitted with a quartz Dewar 
for measurements at 77 K (liquid dinitrogen). The spectra were,cali- 
brated with the help of DPPH (g = 2.0037). Variable-temperature IH 
NMR data were collected in CDC1, with the help of a Bruker WH-360 
spectrometer. Magnetic susceptib es were measured with a Gouy 
balance using C O H ~ ( S C N ) ~  as the calibrant or PAR vibrating-sample 
magnetometer (Model 155) fitted with a Walker Scientific magnet 
(Model L75FBAL). Solution electrical conductivity measurements were 
made with a Systronics (Baroda, India) 303 or a Philips (Calcutta, India) 
9500 conductivity bridge. Electrochemical measurements were done with 
the help of a PAR Model 370-4 electrochemistry system incorporating 
the Model 174A polarographic analyzer, the Model 175 universal pro- 
grammer, the Model RE0074 X-Y recorder, the Model 173 potentiostat, 
the Model 179 digital coulometer, and the Model 377A cell system. The 
three-electrode measurements were carried out with use of a planar 
Beckman Model 39273 platinum-inlay working electrode, a platinum- 
wire auxiliary electrode, and a saturated calomel reference electrode 
(SCE). For coulometry a platinum-wire-gauze working electrode was 
used. All experiments were done at 298 K under a dinitrogen atmo- 
sphere, and the reported potentials are uncorrected for junction contri- 
bution. 

Preparation of Complexes. Bqtris( (pheny1azo)benzaldoxil;lato)iron- 
(II)Jron(HI) Perchlorate, [Fe(Fe(PhL),),IClO,. To an ethanolic solution 
(15 mL) of HPhL (0.45 g, 0.002 mol) was added dropwise an ethanolic 
solution (5 mL) of Fe(C104),-6H20 (0.36 g, 0.001 mol). A green color 
developed, which quickly darkened. The mixture was boiled under reflux 
for 1 h. It was then cooled to 273 K, and a black solid precipitated. The 
shining crystalline material was collected by filtration. It was washed 
with water, dried, and finally washed with hexane. The crystals so 
obtained were dried and stored under vacuum over P4OiO; yield 0.27 g 
(50%). Anal. Calcd for Fe3C78H60N18010C1: Fe, 10.40; C, 58.10; H, 
3.72; N, 15.64. Found: Fe, 10.60; C, 57.91; H, 3.85; N, 15.44. The 
complex [Fe(Fe(MeL)3)2]CI0,.2H20 (yield 40%) was prepared by the 
same procedure as described above with use of the ligand HMeL in place 
of HPhL. Anal. Calcd for Fe3C48H52N18012C1: Fe, 13.13; C, 45.17; H, 
4.11; N, 20.08. Found: Fe, 13.30; C, 44.88; H, 4.29; N, 19.72. 

When a solution of [Fe(Fe(PhL),),]CIO4 (0.025 g, 0.016 mmol) in 
chloroform (1 5 mL) was allowed to diffuse slowly into a hexane (15 mL) 
layer, dark crystals of composition [Fe(Fe(PhL),)2]C104.2CHC13 re- 
sulted, which were used for the X-ray work. 

Bis[tris((phenylazo)acetaldoximato)iron(II)]iron(III) Hexafluoro- 
phosphate Dihydrate, [Fe(Fe(MeL)3)2]PF6.2H20. To a magnetically 
stirred solution of [Fe(Fe(MeL),)2]C104.2H20 (0.1 g, 0.08 mmol) in 
acetonitrile (20 mL) was added dropwise a solution of NH4PF6 (0.2 g. 
1.23 mmol) in a 3:2 acetonitrile-water mixture (20 mL). Stirring was 
continued for 1 h. After the solution was concentrated to 10 mL, a 
shining solid separated. It was collected by filtration and washed thor- 
oughly with water. It was dried under vacuum over P4OLo; yield 0.08 g 
(80%). Anal. Calcd for Fe,C48H,2N1808F6P: Fe, 12.69; C, 43.62; H, 
3.94; N, 19.08. Found: Fe, 12.65; C, 43.56; H, 3.90; N, 18.87. 

Bis[tris((phenylazo)benzaldoximato)iron(II)]iron(III) Tetrachloro- 
ferrate(III), [Fe(Fe(PhL)s)2]FeCI,. To a solution of 12.2 g (0.05 mol) 
of HPhL in 40 mL of ethanol was added dropwise an ethanolic solution 
(70 mL) of 5.8 g (0.36 mol) of anhydrous FeCI,. Immediately the color 
darkened. The mixture was heated to reflux for 1 h. A black shining 
solid started separating. The mixture was then cooled to 273 K and 
filtered. The solid was washed thoroughly with water, dried, and finally 
washed with hexane. Recrystallization was done from a chloroform- 
ethanol (2:l) mixture. The shining black solid so obtained was stored 
under vacuum over P4OI0; yield 6.2 g (40%). Anal. Calcd for 
Fe4C78H60N1806C14: Fe, 13.07; C, 54.75; H, 3.51; N, 14.74. Found: Fe, 
13.45; C, 54.44; H, 3.32; N, 14.76. 

The complex [Fe(Fe(MeL)3)2] FeCI4 (yield 45%) was prepared simi- 
larly. Anal. Calcd for Fe4C48H48NIs06C14: Fe, 16.70; c, 43.07; H, 3.59; 
N, 18.84, Found: Fe, 17.10; C, 43.00; H, 3.63; N, 19.65. 

Tetraphenylarsonium Tris((phenylazo)acetaldoximnto)ferrate(II) 
Hydrate, [Ph4AsIFe(MeL),fH20. To a solution containing NaFe- 
(MeL),.H20 (0.2 g, 0.34 mmol) in 15 mL of methanol was added 
dropwise with magnetic stirring a solution of Ph4AsCI (0.2 g, 0.48 mmol) 
in 5 mL of water. The green solution was warmed and stirred for 1 h. 
The solution was then concentrated to 5 mL. The green crystalline 
precipitate that deposited was filtered, washed with a little ice-cold water, 
and then dried under vacuum over P4010; yield 0.2 g (62%). Anal. Calcd 
for FeC,8HGN904As: Fe, 5.92; C, 61.07; H, 4.88; N, 13.36. Found: Fe, 
6.03; C, 60.08; H, 4.82; N, 13.06. 

Reaction of [Fe(Fe(RL),),~IO, with Sodium Hydroxide. To a solu- 
tion of 0.13 g (0.08 mmol) of [Fe(Fe(PhL),),]ClO, in 100 mL of acetone 
was added dropwise an aqueous solution of sodium hydroxide (0.1 mmol 
in 15 m L  of water). The mixture was warmed and stirred for 15 min 
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Table VI. Summary of Crystal Data, Data Collection Parameters, 
and Least-Squares Residuals for [Fe,(PhL), ]C10,.2CHC13 

formula [ Fe,(N(O)C(Ph)NN(Ph)), IClO,. 

fw 1851.2 for 
2CHC1, 

Fe3C17C80N18010H62 

space group P2 1 In 
a, A 15.521 (4) 
b, A 12.743 (5) 
c, A 21.788 (5) 
P ,  de5 104.35 (2) 
v, '4 4175 (2) 
Z 2 
dcalcd, g/cm3 1.48 
~ ( M o  Ka), cm-' 8.28 
data collecn instrument Enraf-Nonils CAD-4, 

radiation 
Syntex P1 (see text) 

graphite monochromated 
MO Ka (Aa = 0.710 73 A), 

scan method 28-w 
data range, deg 4 < 2e < 48 
no. of unique data, 2697 

no. of parameters refined 509 
Ra 0.0881 
RWb 0.1281 
quality-of-fit indicatorC 0.974 
largest shiftlesd, final cycle 0.05 

Foz > 2o(FoZ) 

a R = X l ~ ~ o I -  lFcl l /XIFo~.  ' R W =  [ Z W ( I F ~ I - I F ~ I ) ~ /  
Z w l F o i 2 ] ' ~ z ;  w = [~'(IFI) + (0.1251Fl) ']~' .  Quality of fit = 
[Xw(lFol - IFcl)'/(Nobservns -Nparameters)] liZ. 

when it rapidly turned dark green and a brown precipitate of Fe(OH), 
was deposited. The green solution was filtered, and the filtrate was 
concentrated. Shining green crystals separated. These were collected 
by filtration and were recrystallized from acetone containing a small 
amount of aqueous sodium hydroxide. The crystals thus obtained were 
dried under vacuum over P4O10. The product was characterized to be 
NaFe(PhL)3.H10,'8 yield 0.1 g (85%). 

The precipitate of Fe(OH), was quantitatively dissolved in 6 N HC1. 
The iron was estimated volumetrically with standard K2Cr20, solution 
with use of standard procedures. The calculated percentage of iron(II1) 
in [Fe(Fe(PhL),),]CIO4 is 3.47%; that found from deposited Fe10H)3 
is 3.53%. 

The complex [Fe(Fe(MeL)3),]C104.2H20 reacted similarly with so- 
dium hydroxide, affording crystalline NaFe(MeL),.H,O." The iron(II1) 
precipitated as Fe(OH), was estimated. Anal. Calcd: Fe(III), 4.38. 
Found: Fe(III), 4.43. 

The reactions of sodium hydroxide with [ Fe(Fe(PhL),),] FeCI4 and 
[Fe(Fe(MeL),),]FeCI, produced1' NaFe(PhL),.H,O and NaFe- 
(MeL)3.H10, respectively. In each case the iron(II1) content estimated 
as before, was found to be half of the total iron present in the precursor 
complexes. 

Reaction of Sodium Salts of Fe(RL),- with Iron(II1) Salts. To a 
solution containing NaFe(PhL),.H,O (0.2 g, 0.26 mmol) in ethanol (20 
mL) was added Fe(C104),.6H20 (0.07 g, 0.15 mmol), and the mixture 
was heated to reflux for 2 h. The deposited crystalline black solid was 
filtered, washed thoroughly with water, and dried under vacuum over 
P4010. The product obtained was found to be [Fe(Fe(PhL),),]ClO,, yield 
0.17 g (80%). The reaction between NaFe(MeL),.H,O and Fe(C1- 
04),.6H20 was carried out similarly, and the product was identified as 
[Fe(Fe(MeL),),]C104.2H20 (yield 80%). 

To an ethanolic solution (25 mL) of NaFe(PhL),.H,O (0.1 g, 0.13 
mmol) was added an ethanolic solution (5 mL) of anhydrous iron(II1) 
chloride (0.025 g, 0.15 mmol). The color immediately turned greenish 
black, and the reaction mixture was heated to reflux for 1 h. The black 
crystalline solid thus obtained was found to be identical with [Fe(Fe- 
(PhL),),]FeCI4, yield 0.06 g (55%). The complex [Fe(Fe(MeL),),]FeCI4 
(yield 50%) was obtained similarly by starting from NaFe(MeL),.H,O 
and iron(II1) chloride. 

Crystal Structure Determination. Data Collection and Reduction. 
Since the data collection procedure was not routine, a summary will be 
given. Data were gathered from two crystals, each mounted at the end 
of a glass fiber and covered with a thin layer of epoxy. 

The first crystal, with dimensions 0.35 X 0.25 X 0.25 mm, was 
mounted on a CAD-4F diffractometer. The automatic procedures of the 
diffractometer were used to locate and to position accurately 25 reflec- 
tions in the range 20 < 28 < 29O. These were used for the determination 
of the lattice parameters and orientation matrix, by the usual indexing 
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Table VII. Atomic Positional Parameters and Isotropic-Equivalent Thermal ParametersaBbOc and Their Estimated Standard DeviationsC for 
[Fe, (PhL), ]C104.2CHC1, 
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atom X Y Z E, A' atom X Y Z E,  A' 

0.000 
0.2098 (1) 
0.0710 (6) 
0.1094 (6) 
0.0285 (5) 
0.3078 (7) 
0.2962 (7) 
0.1578 (6) 
0.2707 (6) 
0.2692 (7) 
0.1740 (7) 
0.2285 (6) 
0.1667 (7) 
0.0995 (7) 
0.2133 (9) 
0.191 (1) 
0.109 (1) 
0.098 (1) 
0.167 (2) 
0.252 (1) 
0.269 (1) 
0.3974 (9) 
0.406 (1) 
0.491 (1) 
0.559 (1) 
0.543 (1) 
0.463 (1) 
0.2101 (8) 
0.1915 (9) 
0.108 (1) 
0.091 (1) 
0.162 (2) 
0.254 (1) 

0.000 
0.0400 (1) 
0.1356 (6) 

-0.0846 (7) 
-0.0134 (7) 

0.0643 (7) 
0.1188 (8) 
0.1204 (7) 

-0.0690 (8) 
-0.1609 (8) 
-0.0850 (8) 

0.1523 (7) 
0.1657 (8) 
0.0421 (8) 
0.154 (1) 
0.228 (1) 
0.251 (2) 
0.319 (2) 
0.374 (2) 
0.372 (2) 
0.297 (1) 
0.008 (1) 

-0.077 (1) 
-0.126 (1) 
-0.084 (2) 
-0.004 (2) 

-0.1706 (8) 
-0.2800 (9) 
-0.309 (1) 
-0.414 (1) 
-0.479 (2) 
-0.449 (1) 

0.044 (2) 

0.000 3.38 (6) 
0.10075 (8) 2.84 (3) 
0.0072 (4) 

-0.0012 (4) 
0.0948 (4) 
0.0643 (5) 
0.0139 (6) 
0.0269 (4) 
0.1573 (4) 
0.1344 (4) 
0.0528 (4) 
0.1638 (5) 
0.1946 (5) 
0.1247 (5) 

-0.0047 (6) 
-0.0604 (6) 
-0.0942 (7) 
-0.1465 (9) 
-0.156 (1) 
-0.1129 (9) 
-0.0614 (8) 

0.0790 (7) 
0.0430 (8) 
0.0563 (9) 
0.108 (1) 
0.145 (1) 
0.134 (1) 
0.0753 (5) 
0.0504 (5) 
0.0171 (8) 

-0.0020 (8) 
0.000 (1) 
0.0330 (9) 

3.7 (2). 
4.0 (2) 
3.7 (2) 
4.0 (3) 
4.8 (3) 
2.7 (2) 
3.3 (2) 
3.3 (2) 
3.4 (2) 
3.3 (2) 
4.0 (3) 
3.7 (2) 
4.1 (3) 
4.5 (3) 
7.8 (5) 

10.3 (6) 
11.5 (8) 
8.9 (6) 
7.7 (5) 
5.3 (4) 
7.0 (4) 

11.2 (6) 
10.0 (7) 
10.4 (7) 
9.5 (7) 
3.0 (3) 
3.8 (3) 
6.0 (4) 
7.5 (5) 
9.8 (6) 
8.2 (5) 

0.266 (1) 
0.3258 (9) 
0.291 (1) 
0.343 (2) 
0.434 (2) 
0.466 (1) 
0.4136 (9) 
0.0946 (9) 
0.0219 (9) 

-0.061 (1) 
-0.132 (1) 
-0.109 (1) 
-0.018 (1) 

0.048 (1) 
0.3016 (9) 
0.3339 (9) 
0.406 (1) 
0.443 (1) 
0.407 (1) 
0.336 (1) 
0.671 (2) 
0.500 
0.7812 (9) 
0.626 (1) 
0.709 (1) 
0.651 (2) 
0.703 (2) 
0.778 (2) 
0.504 (3) 
0.560 (4) 
0.439 (4) 
0.546 (3) 

-0.345 (1) 
-0.0622 (9) 
-0.022 (1) 
-0.019 (2) 
-0.055 (2) 
-0.100 (2) 
-0.107 (1) 

0.102 (1) 
0.109 (1) 
0.089 (1) 
0.090 (2) 
0.121 (2) 
0.143 (2) 
0.134 (1) 
0.221 (1) 
0.239 (1) 
0.310 (1) 
0.358 (1) 
0.344 (1) 
0.273 (1) 
0.342 (3) 
0.500 
0.317 (1) 
0.212 (1) 
0.369 (2) 
0.275 (2) 
0.246 (3) 
0.396 (3) 
0.507 (4) 
0.396 (5) 
0.480 (6) 
0.577 (4) 

0.0587 (8) 
0.2219 (6) 
0.2680 (7) 
0.3295 (8) 
0.3411 (9) 
0.2974 (9) 
0.2317 (8) 
0.1734 (5) 
0.2042 (7) 
0.1755 (8) 
0.207 (1) 
0.2733 (9) 
0.3019 (8) 
0.2691 (7) 
0.1849 (7) 
0.2524 (7) 
0.2697 (8) 
0.2268 (9) 
0.1614 (9) 
0.1409 (7) 
0.142 (2) 
0.000 
0.1147 (6) 
0.1262 (8) 
0.214 (1) 
0.208 (1) 
0.086 (2) 
0.164 (2) 
0.061 (2) 

-0.009 (3) 
-0.036 (3) 
-0.023 (2) 

4 /, [p,,a' + pZ2b' + p3,cz + P,aac cos p ] .  * Entries marked with an asterisk correspond to atoms refined isotropically 
parentheses are estimated standard deviations in the least significant digits. 

and least-squares methods. The 28-w motion was used to scan the bi- 
secting positions of 7579 possible data points in the range 4 I 28 I 48O, 
with Aw calculated as (0.85 + 0.35 tan a)". Three check reflections, 
measured after every 1 h of X-ray exposure time, showed an average loss 
of intensity of 23.1% during the 131 h of data collection. An interpolative 
anisotropic decay correction was applied during data r e d ~ c t i o n . ~ ~  Az- 
imuthal scans of nine reflections were used as the basis of an empirical 
absorption c~rrection,~' but it was found that the intensities varied by 
only ca. 10% as the crystal was rotated about the scattering vector of each 
reflection. Axial photographs were used to verify the Laue class (2/m) 
and lattice dimensions of this crystal. Systematic absences from the data 
unambiguously identified the space group as n 1 / n .  

The second crystal was mounted on a Syntex Pf diffractometer. 
Routine procedures were used to verify the lattice dimensions and to 
obtain the orientation matrix, which was refined by a least-squares fit 
to the positions of 15 accurately located reflections in the range 20 < 28 
< 29'. Axial photography was used to verify the lattice dimensions, Laue 
group, and crystal quality. Intensity data were gathered in the range 33 
I 28 I 47S0, by the 28-w technique. The intensities of 3 check re- 
flections were measured after every 97 data scans. We observed that 
these intensities dropped suddenly after about 70 h of X-ray exposure 
time. We observed further that the crystal and most of its epoxy cover 
had left their mount, with only the base of the crystal and a small partial 
shell of epoxy remaining attached to the glass fiber. The cause of this 
is unknown, but we can speculate that it is related to the process that 
caused a continuous decay in the check-reflection intensities from the 
beginning of data collection. The second crystal had given 11 14 data 
scans by the time the data collection was stopped. Routine data reduction 
included an interpolative decay correction, since the check reflections had 
lost an average of approximately 25% of their intensities in 71.4 h of 
beam time. 

(56) Data were processed on the VAX-11/780 computer in the Chemistry 
Department at Texas A&M University with software from SHE=% and 
from the Enraf-Nonius package VAX SDP. 

(57) North, A. C. T.; Phillip, D. C.; Mathews, F. S. Acta Crystallogr., Sect. 
A :  Crysz. Phys., Diffr., Theor. Gen. Crystallogr. 1968, A24, 351. 

7.7 (5) 
4.1 (3) 
6.5 (5) 

10.2 (7) 
14.0 (7) 
10.4 (6) 
6.2 (4) 
3.8 (3) 
4.9 (4) 
6.9 (5) 

10.3 (7) 
9.4 (5) 
8.3 (5) 
6.0 (4) 
4.5 (3) 
5.2 (4) 
6.2 (4) 
6.9 (5) 
6.9 (5) 
5.2 (4) 

17 (1)* 
11.3 (3) 
14.5 (4)* 
17.1 (5)* 
22.4 (8)* 
16.6 (9)* 
22 (1)* 
21 (1)* 
18 (1)* 
23 (2)* 
23 (2)* 
18 (1)* 

Numbers in 

Data from the two crystals were merged by a least-squares methods8 
with a merging R factor of 0.0551. There were 2697 unique reflections 
with F: > 2u(F:) for use in structure solution and refinement. 

Structure Solution and Refinement. The structure was solved by 
Patterson techniques and developed and refined by an alternating se- 
quence of difference maps and least-squares cycles. In the last least- 
squares cycle, 509 variable parameters were fitted to 2697 reflections, 
giving a data-to-parameter ratio of 5.3:l. The weight of each observed 
reflection was calculated59 as [$(14) + (0.12514)2]-1, with the constant 
0.125 chosen so as to make the least-squares variance approach its the- 
oretical limit. The refinement converged with residuals of R = 0.0881 
and R, = 0.1281 and a goodness-of-fit indicator of 0.974. These and 
other crystal parameters and data are summarized in Table VI. The last 
refinement cycle did not shift any parameter by more than 0.05 times 
its estimated standard deviation. A difference Fourier map following 
convergence contained no peak more dense than 0.72 e/A3. There was 
no serious correlation effect in the final refinement. Atomic coordinates 
and isotropic-equivalent thermal parameters are given in Table VII. 
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