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Abstract: Synthetic iron(1V) complexes are attracting interest both as models for putative intermediates of biochemical 
reactions as well as for proposed catalytic entities. We have previously reported the X-ray structure of [EhN] [FGN- 
C1(v4-MAC*)] (H4[MAC*] = 1,4,8,11 -tetraaza- 13,13diethyl-2,2,5,5,7,7,10,10-octamethyl-3,6,9,12,14-pentaoxocy- 
clotetradecane), where iron is coordinated to a plane of four amide nitrogen anions of a macrocyclic ligand and to one 
axial chloride (Collins, T. J.; Kostka, K. L.; MUnck, E.; Uffelman, E. J. Am. Chem. Soc. 1990,112,5637-5639). In 
zero magnetic field, the 4.2 K Mhsbauer spectrum of [EhN] [FewCl(q4-MAC*)] was a single quadrupoledoublet with 
AEQ = 0.89 mm/s and 6 = -0.02 mm/s, consistent with an iron(1V) assignment. Here we present full synthetic and 
characterization results together with detailed Mbssbauer and integer spin EPR studies of [FeNCl(q4-MAC*)]-prepartd 
with [Ph,P]+, [Et4N]+, [n-BurN]+, and [PPN]+ counterions. In strong applied fields, the Mbssbauer spectra exhibit 
magnetic hyperfine patterns typical of complexes with integer electronic spin. The zero-field splitting parameters ( D  
= -2.6 cm-1 and E / D  = 0.13) are such that the two lowest spin levels of the ground multiplet are nearly degenerate 
(A = 0.16 cm-I). Correspondingly, [FeNCl(q4-MAC*)]- exhibits an integer spin EPR resonance at X-band with g d  
= 8.0, indicative of a high-spin (S = 2) ground configuration. Quantitative analysis of the integer spin EPR spectra 
observed from both frozen CHtCN solution and from polycrystalline samples shows that the principal g-values are less 
than 2, as expected for high-spin iron(IV), and that the spin concentration of the S = 2 species agrees within 12% with 
the concentration determined by optical spectroscopy. We also report synthetic details and the X-ray structure of 
[Et~N]2[FeIIICl(q4-MAC*)]CH~C12*H~0. Crystals of [Et4N]2[Fe111Cl(q4-MAC*)]CH~Cl~-H~0 at 293 K are 
monoclinic, space group n l / n ,  with a = 11.797(9) A, b = 18.662(6) A, c = 21.984(8) A, /3 = 102.75(6)O, V =  4708.6 
A3, Z = 4 (d,,d = 1.423 g ~ m - ~ ) ,  r.(Mo Ka) = 3.92 cm-1, and R1 (unweighted, based on F) = 0.086 for 3298 observed 
reflections [I > 3u(Z)]. Mijssbauer and EPR studies show that this complex has an intermediate-spin (S = 3/2) ground 
state with hyperfine parameters similar to those reported for the porphyrin complex [Fet1I(TPP)(FSbF5)] (Gupta, G. 
P.; Lang, G.; Reed, C. A.; Shelly, K.; Scheidt, W. R. J. Chem. Phys. 1987,86,5288-5293). However, the zero-field 
splitting tensor of [ E ~ N ] z [ F ~ ~ ~ ~ C ~ ( ~ ~ - M A C * ) ]  ( D  = -3.7 cm-I, E / D  = 0.05) is rotated by 90' relative to the magnetic 
hyperfine and electric field gradient tensors. Analysis of the high-field Mbssbauer spectra for both [FeW1(q4-MAC*)]Z- 
and [ FeIvCl(q4-MAC*)]- reveals magnetic hyperfine interactions substantially smaller than expected for an ionic 
complex, suggesting substantial covalency for both redox states. 

Our research groups have longstanding interests in the study 
of high-valent iron species. In part, this interest arises because 
iron(1V) intermediates have been shown to exist for the heme 
peroxidases' and have been postulated for cytochrome P-4502 
and proteins such as methane monmxygenase? ribonucleotide 
reductase$ isopenicillin N-synthase? phenylalanine hydroxylase$ 
and others.' An iron(1V) intermediateobtained from thesynthetic 
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hydrocarbon oxidation catalyst FezTPAzO(Cl04)4 has been 
recently characterized by spectroscopic methods! while high- 
valent iron species have been proposed on the basis of catalytic 
studies for a variety of other oxidation systems.9 The under- 
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standing of the structural, electronic, and catalytic properties of 
these reactive intermediates could be greatly enhanced by the 
detailed characterization of stable iron(1V) coordination com- 
plexes using spectroscopic techniques. We are also interested in 
iron(1V) chemistry because the diversity of the above mentioned 
biological and synthetic systems strongly suggests that a large 
nonbiological chemistry of iron(1V) should be accessible, yet this 
area remains comparatively unexplored and presents a significant 
challenge for synthetic inorganic chemists. 

During the past few years, we have developed a strategy for 
the synthesis of highly donating, oxidant-resistant tetraamido-N 
macrocycles that allow stabilization of high oxidation state 
complexes of a variety of transition metals, including strongly 
oxidizing species.1° Using one of these macrocycles, we have 
recently provided a preliminary communication describing the 
synthesis and the molecular and structural properties of [EtdN] - 
[FeC1(q4-MAC*)] (see Scheme I).'MJ* On the basis of the 
observed Mdssbauer isomer shift, we concluded that this five- 
coordinate complex was at the iron(1V) oxidation state. Our 
present results confirm that this iron(1V) anionic complex is stable 
as a number of salts of varying solubility and that the macrocyclic 
ligand is electrochemically inert over a wide potential range. This 
behavior has allowed for the detailed exploration of the electronic 
structure of the [FeCl(t+-MAC*)]- anion presented here. 

The present studies demonstrate that the [FeC1(q4-MAC*)]- 
anion is, to the best of our knowledge, the first homogeneous 
coordination compound to exhibit a high-spin (S = 2) iron(1V) 
configuration. The high-spin configuration has been previously 
observed in synthetic ferrites with the perovskite structure, Mo.5- 
Lal,sLi,,.sFq.s04 (where M = Ca, Sr, or Ba).I2 In these solids, 
a pronounced tetragonal elongation of the FeO6 octahedron is 
associated with the stabilization of the high-spin SAl manifold. 
The extended lattice of the perovskites exhibits magnetic ordering 
at low temperatures. In contrast, [FeC1(q4-MAC*)]- is para- 
magnetic both as a solid and in frozen solution, allowing the 
magnetic hyperfine tensor, the electric field gradient (EFG) tensor, 
and the zero field splitting (ZFS) tensor to be determined by 
Mbssbauer spectroscopy. Moreover, the values of the ZFS 
parameters allow the relatively new technique of integer spin 
EPR to be utilized in the characterization of this iron(1V) 
complex.13 
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For analogues with the same ligand complement, but with 
different spin and/or oxidation states, it is also useful to be able 
to make comparisons of the spectroscopic data. Accordingly, the 
compound [Et.+N]2[Fe1I1Cl(q4-MAC*)] eCH2Cl2, the immediate 
synthetic precursor to [EhN] [FeW1(q4-MAC*)], has also been 
characterized by X-ray crystallography, elemental analysis, cyclic 
voltammetry, and IR, UV/vis, X-band EPR, and Mbssbauer 
spectroscopies to allow for this comparison. Interestingly, 
[Et4N]2[Fe111Cl(q4-MAC*)]CH2C12 has been found to belong 
to a small group of iron(II1) complexes with an intermediate- 
spin S = 3/2 ground state. Although the intermediate-spin S = 
3/2 state has been studied extensively for hemes and dithiocar- 
bamate~, '~ the electronic structure of this spin state is still poorly 
understood. The Mbssbauer and EPR studies of the S = 3/2 

ground manifold of [EtN]2[FeU1Cl(ly-MAC*)]CH2Cl2 reported 
here provide a complete set of spin Hamiltonian parameters 
obtained from extensive spectral simulations. These and com- 
parable studies of [Et4N] [FeIVC1(q4-MAC*)] reveal that both 
redox states of [FeCl(ly-MAC*)]*exhibit substantial covalency. 

Experimental Section 
Materiala md Reagents. All solvents and reagents were Fisher reagent 

grade unless otherwise indicated, and all materials were used as received. 
Microanalyses were performed by Midwest Microlabs, Indianapolis, IN, 
and by The Chemical Analysis Laboratory, Instituteof Ecology. University 
of Gemgia, Athens, GA. Iron was also determined colorimetrically.ls 

mmol) was dissolved in CHaCN (40 mL, Aldrich) under N2. tert- 
Butyllithium (4.0 mL, 6.8 mmol,1.7 M in 2,4dimethylpentane, Aldrich) 
was added under NZ to the solution at  -45 OC. Ferrous chloride 
(anhydrous, 260 mg, 2.05 mmol, Alfa) was added to the mixture under 
N2. The solution was allowed to warm to room temperature and was 
stirred (2 h),yieldinganolivGgrtenprecipitatc. Airwasadmittedthrough 
a drying tube (2 h), and the solid was collected and washed with CHzC12 
(2 X 10 mL) and hexanes (10 mL). The resulting orange powder was 
dried under reduced pressure. Yield 912 mg (-99%). Because of 
variable solvation and limited solubility, this material was converted to 
a nonlithium salt for further characterization. IR (Nujol): 171 1 cm-1 
(u(C0)ketone). 1609 cm-l (u(CO)amide), 1575 cm-I (u(CO)amide), 1552 
cm-I  (u(C0)amide). 

[ E w m ( # - M 4 C * ) m & l a  Liz[FemCl(#f-MAC*)] (340 mg, 
-0.63 mmol) was stirred in CHZClz with [EtN]CbxH20 (1.34 g, 
Aldrich) overnight. Bright orangered crystals were grown from CHI- 
Clz/hexaneat 4 OC by repeatedlyseparatingexces salt, whichcrystallii 
as a white salt from the mother liquor, until only orange crystals formed. 

H,8.79;N,9.65;C1,12.21. Found: C,53.69;H,8.86;N,9.69;C1,12.17. 
The molar absorptivity was determined in C H F N  (Figure 4) on five 
separatelyweighed samples (mass range: 25-50 mg) from one preparation. 
A propagation of errors analysis was performed on the resulting data. 
Within the 3u confidence level, the molar absorptivity obtained was ~ C ( O  

= 7600 400 L mol-' cm-I. 
[PWFflCl(#-MAC*))& L ~ Z [ F ~ ~ ~ C I ( ~ ~ - M A C + ) ]  (290 mg, 

-0.54 mmol) was stirred in deionized water (15 mL, 20 min), and the 
resulting red-orange solution was centrifuged and filtered to remove 
residual solids. [Pl@][Cl] (609 mg, 1.6 mmol, Aldrich) was dissolved 
in the orange solution by stirring (10 min), and [N&]2[Ce(N03)6] (607 
mg, 1.1 mmol, Aldrich) was added while the reaction solution was stirred 
vigorously. The black precipitate of [PLN] [FenCl(q4-MAC*)] which 
formed rapidly was collected and washed with deionized water (2 X 20 
mL). The fine black powder (287 mg) was dried in a vacuum desiccator 
(1.5 h) and then dissolved in benzene/CH2Clz (170 mL/60 mL). This 

(13) (a) Miinck, E.; Surerus, K. K.; Hendrich, M. P. Merh. Enzymol. 
1993,54,346-379. (b) Hendrich, M. P.; Debrunner, P. G. Biophys. J .  1989, 

(14) (a) Maltempo, M. M.; Moss, T. H. Q. Rev. Biophys. 1976,9, 181- 
215. (b) Gupta, G. P.; Lang, G.; Scheidt, W. R.; Geiger, D. K.; Reed, C. A. 
J .  Chem. Phys. 1986,85,5212-5220. (c) Gupta, G. P.; Lang, G.; Reed, C. 
A.; Shelly, K.; Schcidt, W. R. J.  Chem. Phys. 1987, 86, 5288-5293. (d) 
Wickman, H. H.; Trozzolo, A. M. Inorg. Chem. 1968,7,63-68. (e )  Chapps. 
G. E.; McCann, S. W.; Wickman, H. H.; Shenvood, R. C. J .  Chem. Phys. 
1974, 60,990-997. (f) Wickman, H. H.; Trozzolo, A. M.; Williams, H. J.; 
Gull, G. W.; Merritt, F. R. Phys. Rev. 1967, 155, 563-566. 
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Sptheses. LidF@CI(#-MAC*)J &[MAC*]lm (742 mg, 1.42 

Yield: 245 mg, -45%. h a ] .  Cakd for C39H76N6OsC13Fe: c, 53.76; 

56,489-506. 
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solution was dried over MgSO4 (10 min), and the solvent was removed 
under reduced pressure (120 mL). Black crystals were grown by vapor 
diffusion of hexane into the benzene solution at 4 OC and separated 
manually from the orange oil of the iron(II1) salt which forms slowly on 
standing in solution. The crystals were washed sparingly in deionized 
water (2 X 5 mL). Yield: 129 mg, 25%. Anal. Calcd for 
C52H~N405ClFcP C,66.21;H, 6.41;N, 5.94;C1,3.76;P,3.28. Found: 
C, 66.12; H, 6.37; N, 5.99; C1, 3.80; P, 3.25. Molar absorptivities were 
determined in CH3CN (Figure 4) on five separately weighed samples 
(mass range: 2 0 4 2  mg) from one preparation for which there was a 
corresponding satisfactory elemental analysis to confirm purity. Due to 
the slow conversion of the iron(1V) to the iron(II1) species in CHBCN, 
the solutions were measured in a sealed cuvette within 5 min of their 
preparation. (The iron(1V) to iron(II1) conversion is not found in CH2- 
Cl2, but this solvent was avoided for Mbsbauer studies due to the strong 
absorption of the 14-keV y-rays.) A propagation of errors analysis was 
performed on the resulting data, and the standard error (67 L mo1-I 
cm-') was found to lie within the 1u confidence level. Within the 3u 
confidence level, the molar absorptivities obtained were as follows: €450 

= 10 900 f 500 L mol-' cm-1; €672 = 4100 f 480 L mol-' cm-1. 
[BU*NI[Fe'vcl(~-MAC*)J. [Et4N]2[Fe111CI(q4-MAC*)J (84 mg, 96 

mmol in 100 mL CH2C12, Aldrich Sureseal, with 0.05 M [BudN] [C104], 
Fluka) was electrochemically oxidized at  a potential of +780 mV vs a 
Ag wire quasi-reference electrode until current flow ceased, producing 
a black solution. The solvent was removed under reduced pressure. The 
resulting black solid was dissolved in benzene and was recovered by 
fractional crystallization from benzene/cyclohexane at 4 OC. During 
the first few days of the crystallization process, the mother liquor was 
decanted from the colorless crystals of [BUN] [ClO4] until these ceased 
to form, at which time blackcrystalsof [Bu.+N][FeJVCl(q4-MAC*)] began 
to form. After 1 week, shiny black crystals were collected and separated 
manually from small quantities of an orange oil consisting of the iron- 
(111) salt. Yield: 40 mg, 64%. 

[E4Nl[Fe"%l( fMAC*)]. [EGN] 2[ Fe111C1(q4-MAC*)] (103 mg, 
0.1 18 mmol in 100 mL CHzCI2, Aldrich Sureseal) was electrochemically 
oxidized at a potential of +780 mV vs a Ag wire quasi-reference electrode 
with [Et4N][C104] (1.079 g, 47 mM, Fluka) as supporting electrolyte 
until current flow ceased. During the course of the oxidation, the orange 
solution became black. Upon completion of the oxidation, the solvent 
was removed under reduced pressure and the resulting black solid was 
dissolved inbenzene/CH2Cl2 (250mL/50mL). TheCHzClz was removed 
under reduced pressure, causing [EkN] [C104] to precipitate fromsolution. 
After excess salt was removed, shiny black crystals were grown from 
benzene/hexane at 4 OC and were separated manually from small amounts 
of an orange oil consisting of the iron(II1) salt. Yield: 42 mg, 64 "01, 
54%. IR(Nujo1): 1712cm-I (u(CO)ketone), 1618 cm-I (v(CO)amide), 
1599 cm-l (v(CO)amide), 1577 cm-' (v(C0)amide). 

57Fe-Eariched "Fe-CI2. "Fe metal foil (95% isotopic enrichment, 13 
mg, Atomergic Chemetals, Farmington, NY) was added toa threc-necked 
flask containing Fe metal powder (98 mg, Aldrich) to give a final isotopic 
enrichment of 12%. Concentrated HCI (4.0 mL) and methanol (7.0 mL) 
were added, and the mixture was stirred under N2 until all metal was 
dissolved (48 h). The solvent was then removed under reduced pressure. 
The remaining powder was heated to 170 "C and dried under vacuum 
(3 h). For preparation of 57Fe-enriched Li2[Fe111CI(q4-MAC*)], metal 
was inserted by adding the ligand, solvent, and base directly to the three- 
necked flask containing the freshly prepared 57Fe-enriched FeC12. 

[ P P N I ( l ~ ) ~ e W l ( t + - M A C * ) J  Li2[(12'k)57Fe11xC1(q4-MAC*)] (239 
mg, ca. 0.44 mmol) was stirred in deionized water (20 mL, 20 min), and 
the resulting red-orange solution was centrifuged (40 min), decanted, 
and filtered to remove insoluble iron residues. Bis(triphenylphosph0- 
rany1idene)ammonium chloride ([PPN] [Cl], 779 mg, 1.36 mmol, 
Aldrich), MeOH (0.5 mL), and CH3CN (1 mL) were added to the 
solution. This mixture was vigorously stirred, and then [NH&[Ce- 
(No&] (1.1 3 g, 2.1 mmol, Aldrich) was added with continued stirring. 
The resulting black precipitate, [PPN] [FflC1(q4-MAC*)], wascollected 
and washed with deionized water (3 X 10 mL). The fine black powder 
was dried in a vacuum desiccator (2 h) and was then dissolved in benzene 
(75 mL). The solvent volume was reduced (45 mL), and crystals were 
grown by vapor diffusion of cyclohexane into the benzene solution. 
Yield: 119 mg, 0.12 mmol, ca .  25%. Anal .  Calcd for 
C S ~ H H N ~ O ~ C ~ ( ~ ~ ~ ) ~ ~ F ~ P Z :  C, 65.44; H, 6.06; N, 6.58. Found: C, 65.28; 
H, 5.97; N, 6.34. 

X-ray Crystal Structure Data and Refmemat for [EWHFeWl($- 
MACS)I.CH&l2.H20. Cell and data collection parameters are given in 

Kostka et al. 

Table I. Experimental Data for Structural Determination of 
[EtN12[Fe(III)(CI)(~4-MAC*)l.CH2C1~H20 
formula 
fw 
cryst system 
spa? group 
unit cell constraints 

w 
Mo Ka (monochromatic) h 
temp 
diffractometer 
scan technique 
ZB(min-max) 
no. of unique reflcns 
no. of obsd reflcns 
cryst color, size 
A( min-max) 
least-squares weights 
function minimized 
R, R' 

monoclinic 

a = 11.767(9), b = 18.662(6), 

1.423 g cm-) 
2156 
3.92 cm-l 
0.710 69 A 
293 K 
Nonius CAD4 

n l / n  

c = 21.984(8 A; f l =  102.75(6)O; 
C =  4708.6 d 3 

4 2 e  
2-50' 
6645 
3298 [I > 3u(1)] 
orange, 0.20 X 0.35 X 0.50 mm 
0.84-1.00 
l.O/[o(P) + 0.0001P1 
W W  - Pd12 
0.086,0.091 

Figure 1. Structure of the [Fe111CI(q4-MAC*)]2- in the crystal of 
[ E ~ ~ N ] z [ F ~ ~ ~ C ~ ( ~ ~ - M A C * )  JCH2CIrH20. All non-hydrogen atoms are 
represented by thermal vibrational ellipsoids drawn to encompass 50% 
of their electron density; hydrogen atoms are omitted for clarity. 

Table I, and the structure of [Fe1x1CI(MAC*)]2- present in the crystal 
isshownin Figure 1. Singlecrystaeof [Et4N]2[Fe1"CI(q4-MC*)]oCH2- 
CIZ.HZO were sealed in thin-walled glass capillaries. Cell parameters 
were obtained by least-squares fit to the setting angles of 25 reflections. 
Three reflections monitored throughout data collection showed a steady 
decline in intensity to 62% of the original value. The data were corrected 
for Lorentz, polarization, and decampasition. Absorption corrections 
were applied using an empirical cp The structure was solved by 
direct methods," and all atoms of the anion and one from the cation were 
identified in the initial E map. The remaining atoms were identified in 
subsequent electron density maps. The structure was refined by a full- 
matrix least-squares treatment.I8 While the anion and one cation refined 
well, the second cation and the dichloromethane solvate showed evidence 
of disorder. In the case of the,chlorine atoms of the dichloromethane, 
the anisotropic thermal parameter was allowed to take up the disorder. 
For the tetraethylammonium group, one terminal carbon atom resolved 
into twopeahandwas treatedas two half-weightedatoms. Theremaining 
atoms could not be resolved, and the thermal parameter has been allowed 
to cover the disorder. For the well-refined anion and cation, hydrogen 
atoms were included in calculated positions and were allowed to ride on 

(16) North, A. C.; Phillips, D. C.; Mathews, F. S. Acta Crystallogr.,Scct. 
A 1968,24, 315. 

(17) Sheldrick, G. M. Institut fib Anorganische Chemic, Universitat 
Gottenburg, Germany, 1986. 

(18) Sheldrick, G. M. University Chemical Laboratory, Cambridge, 
England, 1976. 
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Table II. Selected Bond Lengths and Angles for 
(E~N)2[Fe111(Cl)q4-MAC*]-CH2C12*Hz0 with Estimated Standard 
Deviations in Parentheses 
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similar to that of the iron-compound couples in all cases. Plots of peak 
current vs the square root of scan speed over the range 5-500 mV s-1 were 
found to be linear for all coufiles. Bulk electrolvses were Derformed 

FbCI  
Fc-N 1 
Fe-N2 
F b N 3  
F e N 4  
N I X 1  
N I X 1 0  
N2-C2 
N 2 4 3  
NZC5 
N 3 4 6  
N4-C7 
N4-C8 
c2-02 
c4-04 
C6-06 
C8-08 
c10-010 

Nl-FbCl 
NZ-FMI 
N2-Fc-N 1 
N3-FbCI 
V3-Fe-N 1 
N3-FeN2 
N4-FbCI 
N4-Fe-Nl 
N&Fe-N2 
N&FbN3 
CI-Nl-Fe 
ClO-Nl-Fe 

C2-NZ-Fe 
C3-N2-Fe 

CS-N3-Fe 
CbN3-Fe 

C7-N4-Fe 
C8-N4-Fe 
C8-N4-C7 
CZ-Cl-Nl 
ClI-Cl-N1 
Cl l - c l -C2  
C 1 2 4  1-N 1 
c12-C 1 4 2  
C12-Cl-Cll  
02-C2-N2 
C 1 4 2 - N  1 
Cl-CZ-02 
C4-C3-N2 
C13-C3-N2 
C13-C3-C4 

C 10-N 1-C 1 

C3-NZk2 

C6-N3-C5 

C14-C3-N2 

Interatomic Distances (A) 
2.406(6) c2-C 1 
1.932(16) C l l - C l  
1.916(17) C12-Cl 
1.932(17) c4-C3 

1.29(3) c5-C4 

1.927( 16) C 1 3 4 3  
1.50(3) C14-C3 

1.36/3) ClS-CS 
i.47i3j 
1.46(3) 
1.34(3) 
1.46(2) 
1.33(2) 
1.23(2) 
1 -21 (3) 
1.28(3) 
1.25(2) 
1.26(2) 

Bond Angles 

C l b C 5  
C 7 4 6  
C 17-C7 
C18-C7 
C 9 4 8  
C 1 0 4 9  
C 19429 
C21-C9 
C 2 0 4 1 9  
c22-C21 

(ded 
96.7( 5 )  

l02.6(5) 
83.8(7) 

165.8(7) 
92.8(7) 

109.5(5) 
91.6(7) 

147.9(7) 

1 13.0( 13) 
123.4( 13) 
119.0(16) 
114.5(14) 
124.6(13) 
1 18.0( 17) 
125.4(13) 
114.0( 15) 
118.9( 18) 
114.9(13) 
124.0( 12) 
119.6( 17) 
104.0(16) 
11 1.2( 19) 
110.3(18) 
13.9( 17) 

106(2) 
1 10.7 (1 9) 
127(2) 
11 1.4( 17) 
121.1 (19) 
l06.5( 16) 
1 1 1.5( 19) 
113.1(19) 
1 13.0( 18) 

97.5(5) 

83.9(7) 

- . -. 
C14-C3-C4 
C14-C3-C13 
c3-C4-04 
CS-cx-04 
c5-C4-C3 
C4-C5-N3 
C15-C5-N3 

C16-C5-N3 
C15-C5-C4 

Cl6-C5-C4 
C16-C5-C15 
0 6 - C b N 3  
C7-CbN3 
C7-C6-06 
C6-C7-N4 
C17-C7-N4 

C18-C7-N4 
C17-C7-C6 

C18-C7-C6 
C18-C7-C17 
08-C8-N4 
C9-C8-N4 
C948-08  
C1049-C8  
C 19-C9-C8 
C 19-C9-C 10 
C21-C9-C19 
C21-C9-C8 
C2 1 - C 9 4  1 0 
0 1042 10-N 1 
C9-C 1 0-N 1 
C9-Cl0-0 10 
C2O-C 19429 
C22-C21-C9 

1.54(3) 
1.52(3) 
1.53(3) 
1.51(3) 
lSO(3) 
1.57(3) 
1.56(3) 
1.52(3) 
1.54( 3) 
1.50(3) 
1.5 1 (3) 
1.5 l(3) 
1.52(3) 
1.52(3) 
1.54(3) 
1.55(3) 
1.53(3) 
1.48(3) 

104.1 ( 19) 
108(2) 

118(2) 
119.9(19) 
109.4(17) 
108.6( 18) 
109(2) 
116(2) 
105.2(19) 
109(2) 
123(3) 
116.7(19) 
120(2) 
107.0( 17) 
112.2(19) 
107.9(19) 
111.8(17) 
107(2) 
1 lO(2) 
122.4( 18) 
119.4(17) 
1 17.6( 17) 
116.8(17) 
106.1 (16) 
108.0( 17) 

109.2(16) 
106.7(16) 
125(2) 
119.2( 17) 
1 16.1 (19) 
1 15.4( 19) 
114(2) 

122(2) 

110.0(18) 

the atom to which they were attached. Because of the low crystal quality 
and problems with disorder, refinement converged to a residual of 0.086. 
The final difference map shows some peaks of the order of 1 e A-3 located 
in the region of the disordered tetraethylammonium group. These 
presumably reflect some residual disorder in this region. Selected bond 
angles and distances are presented in Table 11. 

Electrochemical Mersurements. Cyclic voltammetry was performed 
under N2 in CHzClz (Aldrich Sureseal) with a supporting electrolyte of 
[Ba] [C104]  (0.1 M, Fluka, vacuum dried at room temperature 
overnight) with a Princeton Applied Research Model 173/179 poten- 
tiostat/digital coulometer equipped with positive feedback IR compcn- 
sation, a Model 175 universal programmer, and a Houston Instruments 
Model 2000 X-Y recorder. The electrochemical cell contained a 3-mm 
Pt disk working electrode, a Ag wire quasi-reference electrode, and a Pt 
foil counter electrode. Ferrocene (Fc) was added as an internal potential 
standard at the conclusion of each experiment. Formal potentials were 
calculated as the average of anodic and cathodic peak potentials and are 
reported vs NHE. Peak-to-peak separation of the Fc+/Fc couple was 

under similar conditions in a Andard three-compartment ceil using Pt 
gauze working and counter electrodes and a Ag wire quasi-reference 
electrode. 

Spectroscopic Methods. Infrared spectra, were obtained on either 
Nicolet 5DXB or Mattson Galaxy Series 5000 FTIR spectrometers. UV/ 
vis spectra were obtained on Pefkin-Elmer Lambda Array 3840, Hewlett 
Packard 8451A, or IBM 9430 UV/visible spectrophotometers. Con- 
ventional X-band EPR spectra were r w d e d  on a Bruker ER300 
spectrometer equipped with an Oxford ESR-900 helium flow cryostat. 
Spin quantitations were performed as previously described under 
nonsaturating conditions using CuC104as standard.19 Integer-spin EPR 
spectra were recorded using a Varian E-109 spectrometer equipped with 
an E231 or E236 cavity, Oxford Instruments ESR-910 cryostat, and 
Hewlett Packard 436A power meter and 5350B microwave frequency 
counter. Spin quantitations were performed under nonsaturating con- 
ditions as previously described using crystals of Fez+ doped into zinc 
fluorosilicate as standard.13” Mbsbauer spectra were obtained on 
constant-acceleration instruments, and isomeric shifts are reported relative 
to an iron metal standard at 298 K. 

X-ray structural studies. X-ray crystal structures have been 
obtained for both [EtN][FeWl(#-MAC*)I1Od and [EhN]z[Fen1- 
C1(q4-MAC*)]CHzC12.H20. The structural analyses reveal that 
the iron complex in [EtdN] [FeIVC1(q4-MAC*)] is most appro- 
priately considered to have Clr symmetry, while the iron complex 
in [E~N]z[F~~~~C~(~~-MAC*)]CH~C~~.HZO has CI symmetry. 
An ORTEP drawing of the iron(II1) complex is shown in Figure 
1, The two distinct symmetries can be seen by examination of 
Figure 2, which shows the geometries and bond angles surrounding 
the two iron centers. Selected bond distances are presented in 
the caption to Figure 2 for [E tN]  [FeCl(q4-MAC*)] and in Table 
I1 for [E~~N]z[F~C~(~~-MAC*)].CH~CIZ~H~O. 

For the iron(1V) complex, the four nitrogen atoms lie in a 
plane where the dihedral angle between any two planes containing 
three of the atoms is Oo. The iron atom sits 0.42 A out of the 
amide nitrogen plane. The iron and chlorine atoms lie in a mirror 
plane which, in Figure 2, is shown slightly tilted out of the plane 
of the paper so that all the nitrogen donor atoms can be seen. This 
symmetry plane also contains the quaternary carbon of the 
diethylmalondiamide unit and the ketone functionality in the 
macrocyclic ring. The bond angles at the iron atom all preserve 
the Uh symmetry element, and at the 3u confidence level, the 
mirror plane is also preserved by the Fe-N distances. The z-axis 
is properly placed perpendicular to the mirror plane and bisects 
the N-Fe-N angles of the five-membered rings above which it 
lies. The a-bonds of the amido-Nligands are arranged such that 
the malondiamide six-membered ring contains two amido-N 
?r-bonds and the ketone ring contains none. The Fe-Cl bond is 
tilted away from the axis perpendicular to the amido4  plane 
toward the ketone six-membered ring and the amide r-bonds 
that lie in the five-membered rings. The low symmetry in the 
a-bonding system around the iron atom could be the cause of the 
Fe-Cl bond tilting and indicates that an approximation to higher 
order symmetry should not be made when considering the 
electronic structure. 

For the iron(II1) complex, [ E ~ ~ N ] Z [ F ~ ~ W ~ ( ~ ~ - M A C + ) ] C H ~ -  
C12-Hz0, a lower symmetry is indicated by the structural data 
(Figures 1 and 2). The mirror plane is no longer present as 
demonstrated by the different bond angles presented in Figure 
2. At the 3u confidence level, the Fe-Cl distance of 2.406(6) A 
is clearly longer than for the corresponding bond of the iron(1V) 
complex of 2.309(3) A, while the Fe-N,, bond distances are not 
significantly different for the iron(II1) and iron(1V) compounds. 

(19) (a) Aasa, R.; VlnngHrd, T. J. Magn. Reson. 1975,19,308-315. (b) 
Lipscomb, J. D. Biochemistry 1980, 19, 3590-3599. 

(20) Hendrich, M. P.; Miinck, E.; Fox, B. G.; Lipscomb, J. D. J .  Am. 
Chem. SOC. 1990, 112, 5861-5865. 
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Figure 2. Diagrams showing immediate coordination sphere bond angles 
for [Fe111Cl(q4-MAC*)]s (top) and [FelVCI(MAC*)]- (bottom), illus- 
trating symmetry properties for both complexes. Selected bond distances 
(A) for [FeIVCl(q4-MAC*)]- are as follows: Fe-CI, 2.309(3); Fe-Nl, 
1.879(7); Fe-N2, 1.892(7); Fe-N3, 1.926(6); Fe-N4, 1.909(6). 

The macrocyclic ligand system in the iron(II1) case is significantly 
distorted when compared to that found in the iron(1V) complex. 
All the amido-N functional groups of the dianion [FeWl-  
($-MAC*)]2- are significantly distorted from planarity,21.22 and 
the likely source of the nonplanarities is a mismatch of the 
geometrical features of the macrocyclic ligand and the structural 
requirements of the iron(II1) center. This type of nonplanarity 
for inorganic amido-N ligands has been found for a planar cobalt 
complex of the [$-MAC*]' ligand.22 

Electrochemistry and UV/Visible Spectroscopy. The cyclic 
voltammogram of [Et4N]2[ Fe111C1(q4-MAC*)]-CH2C12 is shown 
in Figure 3. One wave with a peak to peak separation of 144 mV 
is observed at E/ = -65 mV (vs Fc+/Fc) (ca. 640 mV vs NHE). 
This value can be compared with the value of 770 mV for the 
Fe3+/Fe2+ couple in water under standard conditions (CRC). 
Since the macrocyclic ligand system is devoid of delocalized 
*-bonding networks which can serve as the partial or complete 
siteof oxidation, the low value of E,(Fe'V/FeIrI) can be attributed 
to the large a-donor capacity of the amido-N donors, a point first 
clearly demonstrated by Margerum for copper peptide complexes23 
and foundsubsequently for copper(II1) diamido-N-diphenoxido 
and diamido-NAialkoxido compounds.24 This factor suggests 

(21) The twisted and the pyramidalization terms xc and XN were obtained 
from the primary torsion angle data w1, wz, and w3 as follows: T = (01 + w 2 ) / 2 ;  
XN = (02 - w3 + r)mod 2r; xc = (01 - w3 + r)mod 2r. Here we used the 
modified twist angle, ; = T mod r. ;maximizes at f90° and can be interpreted 
as the angle between the idealized positions of the p?r orbitals on C and N. 
The pyramidalization terms maximize at_+60°. For the amido-N ligand at 
N1, T = -27, XN = -26, xc = -2; at N2, T = -20, XN = -15, xc -8; at N3, 
7 -6, XN -6; at N4, ; - 20, XN = 18, xc = -7: (a) Dunitz, 
J. D.; Winkler, F. K. J. Mol. Biol. 1971,59, 169. (b) Dunitz, J. D.; Winkler, 
F. K. Acta Crystallogr., Sect. B Struct. Crystallogr. Cryst. Chem. 1975, 
831, 251. (c) Walshal, A.; Levitt, M.; Lifson, S. J. Mol. Spectrosc. 1970, 
33, 84. 

(22) Collins, T. J.; Uffelman, E. S. Angew. Chem., Int.  Ed. Engl. 1989, 
28, 1509-1511. 

(23) Bossu, F. P.; Chellapa, K. L.; Margerum, D. W. J.  Am. Chem. Soc. 
1987,99, 2195-2203. 

-14, xc 

- 
100 mV 

Figure 3, Cyclic voltammogram for the [FeCl(q4-MAC*)]-/2- couple 
measured in CHzClz with 0.1 M [B"] [Clod] as supporting electrolyte. 
The cyclic voltammogram for the Fc+/Fc internal standard is not displayed 
since it is nearly coincident with the Fcw/III couple of the complex. 
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Figure 4. UV/visible spectrum of [Et4N]2[Fe111CI(q4-MAC*)] (- - -, 
0.13 mM) and [Ph$][Fe1VCl(q4-MAC*)] (-, 0.12 mM) in CH3CN. 

one should anticipate a large covalency in the bonding of the 
tetraamido-N macrocycle to both the iron(1V) and iron(II1) 
centers. 

The UV/vis spectra of the [Fe111C1(q4-MAC*)]2- and the 
[Fe1VC1(~4-MAC*)]- anions in CHJCN are shown in Figure 4. 
The iron(1V) complex exhibits a manifold of absorption bands 
with three clearly visible features at 450, 672, and 740 nm. In 
addition, the high-energy band has a shoulder in the vicinity of 
530 nm. The most intense absorption for the iron(II1) complex 
occurs at 440 nm, with two weaker bands at 335 and 310 nm. 
Because of a slow conversion of the iron(1V) anion to the iron- 
(111) anion in CHBCN, the molar absorptivies were calculated 
from measurements obtained from multiple, rapidly prepared 
solutions, each of which contained weighed portions of the iron- 
(IV) crystals (20-40 mg). By this method, it was possible to 
obtain reproducible molar absorptivity values of €450 = 10 900 f 
500 L mol-' cm-' and e672 = 4100 f 480 L mol-' cm-l at the 3a 
confidence level. In a similar study, the molar absorptivity of the 
iron(II1) complex was determined to be 6440 = 7600 f 400 L 
mol-' cm-1. We anticipate a more detailed study of the UV/vis 
spectra of both anions. 

MBssbauer and EPR Studies. We have analyzed the Mijssbauer 
and EPR spectra discussed below in the framework of the spin 
Hamiltonian 

H =  He + Hhf (1) 

(3) 

He = D[S,Z - '/3S(S + I)]  + E(S: - S;) + /3S*pH ( 2 )  
Hhf = S.A.1- g,,B,H*I + HQ 

H q = -  eQvd"'[31d? - I (I+  1) + q&? - I y 2 ) ]  
12 (4) 

In eq 2, D and E are the principal values of the traceless zero field 
(24) Anson, F. C.; Collins, T. J.; Richmond, T. G.; Santarsiero, B. D.; 

Toth, J. E.; Treco, B. G. R. T. J. Am. Chem. Soc. 1987, 109, 29742979. 
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mram [ Fe"'C1(~4-MAC*)]2- [ FeNCl(r)4-MAC*)]- 

3 / ~  

-3.7(4) 
0.05(1) 

X Y 
2.03 2.03 

+5(8) -22( 1) 
-3.60( 5) 
-3.7(5)6 
0.25(3) 
0.34 

~ ~~ 

2 
-2.6(4) 
0.14(3) 

Z X Y Z 
2.06 1.84b 1.85b 1.80 

X' Y' Z' 
-16.6(2) -18(1)' -15(1)' -10.8(2)' 

+0.89(2) 

-0.04(2) 
0.40 

-2.7( 2)* 

From EPR simulations. Obtained from = gr - 2D/X( 1 'f E / D )  using g. = 1.80 and X = 129 cm-l. Principal axis values quoted in the (x'y',z? 
frame of the A-tensor. The z'-axis is parallel to the electronic z-axis; x'and y'are obtained by rotating the electronic system by 70° around the z-axis. 

In proper frame (x"y",z'?, AEQ = +3.6 mm/s and r) = 0.15. * Rotation of the electric field gradient into a proper axis frame gives AEQ = 4.89 
mm/s and r) = 0.15. /Full width at half-maximum of the Lorentzian line. 

I ' " ' " " ' " " ' " " ' " ' ' " ' " ' 1  
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H (mT) 
Figure 5. X-Band EPR spectrum of 28 mM [Et4N]z[Fe1I1Cl- 
(q4-MAC*)].CH2C12 in CH3CN. Effective g-values are as marked. The 
dotted line is the sum of the contributions from the A4 - i1/2 and M = 
&/2 doublets of an S = system. These simulations were generated 
with a program for an effective S = l / z  system using the procedures and 
effective g-values listed in the text. Instrumental parameters: 5 mW; 
gain 8000, center field 305 mT; scan range 600 mT; scan time 320 s; time 
constant 0.25 s; modulation amplitude 10 G; modulation frequency 100 
kHz; 9.46 GHz; sample temperature -5  K. 

splitting (ZFS) tensor and g is the electronic g-tensor; for both 
compounds studied here the principal axis values of g are close 
to g = 2. In eq 3, A is the magnetic hyperfine tensor and HQ 
describes the interaction of the quadrupole moment of the 57Fe 
nucleus with the electric field gradient (EFG) tensor; this tensor 
has principal components V . J . ~ ,  Vyt,~, and Vdtd~. We quote in 
Table I11 the components of the EFG-tensor in the coordinate 
frameof the ZFS-tensor; this choice requires that 7 can be outside 
the range 0 5 7 I 1. In the conventional "proper" frame, IV.74 
1 [Vytyd 1 I V X . ~ ~ ,  0 I 7 I 1 with 7 = (VX.!Y# - V y , ~ ) / V i ' p .  At 
T i 4.2 K, the electronic spins of both [FeI11Cl(t14-MAC*)]2- and 
[FeWl(r)4-MAC*) 1- were found to relax slowly compared to the 
nuclear precession times. Consequently, the low-temperature 
Mhsbauer spectra have been simulated by assuming the slow 
fluctuation limit. 

[FeJ*ICl(q4-MAC*)]2--. An X-band EPR spectrum of 
[E~~N]~[F~IIIC~(T+MAC*)] dissolved in CH3CN is shown in 
Figure 5. This spectrum unambiguously identifies the spin of 
the ground multiplet. The major resonances at effective g-values 
of g, = 3.73, gy = 4.38, and g, = 2.06 can be assigned to the M 
= * l /2  doublet of an S = 3/2 system. Thus, for E / D  = 0.035 

and g = (1.97, 2.08, 2.06), eq 2 predicts effective g-values g," 
= 3.73, g,"= 4.38, and g," = 2.06 for the M = f l / z  doublet and 
g,' = gy' = 0.2 and g,' = 6.19 for the M = f 3 / 2  levels. The 
effective g-values of the M = f 3 / 2  level are typical of Kramers 
doublets having uniaxial magnetic properties; that is g,' >> g/, 
g,'. Variabletemperature studies have revealed that the intensity 
of the M = f1/2 EPR spectrum increases with increasing 
temperature between 5 and 10 K, showing that the M = f l / z  
levels are excited states. Hence, D < 0 in eq 2. Although the 
ground M = f 3 / 2  doublet has a substantially higher population 
at 5 K (-90% according to the Mhsbauer results described 
below) than the M = f 1 / 2  doublet, the g,' = 6.22 resonance has 
an intrinsically weaker intensity than the g,," = 4.38 and g," = 
3.73 excited-state resonances because g,' and g,' are small; the 
intensity of the g,' = 6.22 resonance is proportional to (g,')2 + 
(g,,')2.19s The dashed line in Figure 5 is the result of computer 
simulations of the S = 3/2 EPR spectrum. The width of the EPR 
spectra of systems withS 2 3/2is often dominated by contributions 
attributable to a distribution of the ZFS parameter E/D (E/ 
D-strain). We have modeled the spectrum of the M = k1/2 
doublet by assuming that E/D is normally distributed and have 
found that the features around g = 4 are well described by using 
the distribution width U E / D  = 0.05. With the aid of eq 2, the UEID 
values were transformed into us, values (i = x ,  y ,  z) along the 
principal axes of the ZFS tensor and treated as a line width 
tensor in an S = l / 2  simulation program. The u8, thus derived 
produced a width of 6 mT at g," = 2.06, which is substantially 
smaller than the 15 mT observed experimentally. Some of this 
mismatch can probably be attributed to unresolved 14N hyperfine 
interactions of the electronic spin system with the four amide 
ligands. Since we have as yet no information on these transferred 
hyperfine interactions, the width at g," was modeled by adjusting 
ug;tto match the width of thesimulation of that oftheexperimental 
data. The resonance at g,' = 6.22 originates from the M = f 3 / 2  
ground doublet. In order to model its width, a us,, eight times 
larger than that used for the excited state doublet was required.25 
After adjustment of the intensities of both spectra with the 
Boltzmann factor, computed for D = -3.7 cm-1 obtained from 
Mllssbauer spectroscopy, and application of the & corrections 
of Aasa and VlnngArd,l" the computed spectra of the two doublets 
were added to give the dashed line of Figure 5 .  Overall, the 
agreement between theory and experiment is quite good. 

Figures 6 and 7 show selected Mbssbauer spectra of 
[Et4N]2[FeWl(q4-MAC*)] recorded in the temperature range 
from 4.2 K to room temperature in fields up to 6.0 T. Figure 6A 
shows a Mhsbauer spectrum of polycrystalline [ Et4N]2[ FeIII- 
Cl(q4-MAC*)] recorded at 298 K. The spectrum consists of a 

(25) It would beinteresting to investigate the reasons for differences in the 
ground- and excited-state line widths with a more realistic line shape model 
for an S = )/2 system. The development of such a model is beyond the scope 
of this study. 
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CN. These spectra are essentially the same, showing that the 
ligand structure is not measurably perturbed upon dissolving the 
compound. This suggests that the axial chloride ligand present 
in the crystalline material is also likely to be present in solution. 

The low-field Mhsbauer spectra (H I 1 .O T, Figures 6B and 
7A) recorded at 4.2 K exhibit a six-line absorption pattern. Such 
patterns are typically associated with Kramers doublets having 
uniaxial magnetic properties, in accord with the conclusions 
reached from EPR. Mbsbauer spectra recorded at 1.5 K in a 
field of 50 mT were the same as those observed at 4.2 K, showing 
that the M = k1/2 doublet is not detectably populated at 4.2 K. 

The magnetic splittings of the M6ssbauer spectra are deter- 
mined by the magnitude of the effective field, l&d = IHht + HI, 
where Hint = - (S)-A/g& is the internal magnetic field. Owing 
to the uniaxial properties of the ground doublet, the internal field 
is directed along the z-direction defined by the ZFS interaction, 
with (S,) = f1.5 for the two levels of the ground doublet. 
Consequently, A,  and the z-component of the EFG-tensor, V,, 
are determined at low fields. As the applied field is increased, 
the M = k1/2 levels are mixed into the ground state, resulting 
in appreciable values of (S,) and (S,). The extent of mixing 
depends on the magnitude of the ZFS parameter D and thus can 
be used for the determination of D.26 At H = 8.0 T, the strongest 
field used in this study, only the M = -3/2 level is populated at 
4.2 K. Under these conditions (S,) and (S,) of the lowest level 
approach the limit (Sx) = (S,) = -1.5, and thus the spectra 
become sensitive to A,  and A,. 

The solid lines in Figure 7 are computer simulations generated 
by solving eqs 1 4  using the parameters quoted in Table 111. The 
parameters quoted in Table I11 At the spectra of the polycrystalline 
material and the frozen CH3CN solution shown in Figure 6B as 
well. After suitable values for the parameters are found by 
simulations of the individual spectra, the final parameter set was 
obtained by simultaneously least-squares fitting the entire data 
set. It is noteworthy that the EFG- and A-tensors are collinear 
and nearly axial and that the symmetry axes of both tensors are 
in the xy plane of the ZFS tensor. 

[F~JVC~(~J~-MAC*)I-. We have studied samples of [FeIV- 
Cl(+MAC*)]- both as a polycrystalline solid and as a frozen 
CHsCN solution. The zero-field Mbssbauer spectrum of a frozen 
solution is shown in Figure 8A. This 4.2 K spectrum consists of 
a fairly symmetric quadrupole doublet with AEQ = 0.89 mm/s 
and 6 = -0.04 mm/s. The same parameters were obtained for 
the polycrystalline material (Figure 9A); however, the absorption 
lines were narrower in the solid (0.32 mm/s vs 0.38 mm/s). We 
have previously suggested that this value of 6 is indicative of the 
iron(1V) oxidation state.1w In the following, we will demonstrate 
that [FeIVCl(q4-MAC*)]- contains high-spin (S = 2) iron(1V). 

Figure 8B-D shows a series of high-field spectra obtained on 
[PhdP] [FeVl(+MAC*)] dissolved in CH3CN and enriched to 
12% in 57Fe.27 The spectra shown in Figure 9B,C were obtained 
on a polycrystalline sample with the same counterion. The 1 .O-T 
spectra of [Phg]  [FeIVC1(+MAC*)] shown in Figures 8C and 
9C display magnetic patterns consisting of six fairly sharp 
absorption lines. Such patterns result when the magnetic 
hyperfine field is fixed relative to the EFG-tensor for essentially 
all molecules in the sample. This situation arises when the 
electronic system is uniaxial at the temperature of measurement, 
i.e., when (S) is large in one direction and essentially zero 

I , I t  1 i  

-10 -8 -6 -4 -2 0 2 4 6 8 10 
VELOCITY ( W S )  

Figure 6. Mijssbauer spectra of [E4N]2[FetttCI(q4-MAC*)].CH2C12 
obtained in 50-mT magnetic field applied parallel to the propagation 
direction of the y-rays; (A) Polycrystallinesolid dispersed in adamantane 
(as a filler) at  298 K, (B) 4.2 K spectra of sample from (A) and of 
[Etfi]2[FeWl(q4-MAC*)]CH& dissolved in CH3CN (*). Thesolid 
line in (A) is a least-squares fit with Lorentzian lines having the following 
parameters: I = 0.15 " 1 s ;  AEQ = 3.6 " 1 s .  

I I I I I I I I I I I I I I I I I I I I I I I I  
-10 -8 -6 -4 -2 0 2 4 6 8 10 

VELOCrrY(mm/s) ~ 

Figure 7. Mijssbauer spectra of [Et4N]2[Fe1t1C1(q4-MAC*)).CH2C12 in 
CH3CN recorded at  4.2 Kin parallel applied magnetic fields as indicated. 
The solid lines are simulations generated from eq 1 for S = 3/2 using the 
parameters listed in Table 111. 

quadrupole doublet with AEQ = 3.68 mm/s and 6 = 0.14 mm/s. 
The broader low-energy line shows that the electronic system has 
not yet reached the fast fluctuation limit at room temperature. 
Within the uncertainties, AEQ is the same at 298 and 4.2 K (see 
Table 111), demonstrating that no excited orbital state is 
measurably populated at room temperature. Figure 6B shows 
the 50-mT MBssbauer spectra of polycrystalline [Et4N]2[FeCl- 
(+MAC*)] and of [Et4N]2[FeC1(tj4-MAC*)] dissolved in CH3- 

~ ~~~ 

(26) Another method of measuring D by Mbssbauer spectroscopy involves 
increasing the temperature to affect a significant population of the M =  * I / *  
levels and then decomposing the spectra into contributions from the two 
Kramers doublets. Because of unfavorable electronic relaxation rates for T 
> 10 K, this method did not work for [Et*N]z[Fe1nCl(q4-MAC*)]. 

(27) For studies in strong applied fields, a s7Fe concentration of 1-2 mM 
is desirable. Using samples with 5'Fe in natural abundance would then require 
a compound concentration of 40-80 mM. Such concentrations often lead to 
solubility or spin-spin relaxation problems. Synthesis of compounds with 
>90% enrichment is generally expensive and often unnecessary. We have 
found that an isotopic enrichment of -IO-lS% is a good compromise. 
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Figure 8. Mbsbauer spectra of the S7Fe-enriched [ P W ]  [FewCl(q4- 
MAC*)].C& in CH3CN obtained at 4.2 K in the indicated parallel 
applied magnetic fields. The solid lines are simulations generated from 
eq 1 for S = 2 using the parameters listed in Table 111. 

perpendicular to this direction. While such situations occur 
frequently for Kramers doublets (as discussed above for 
[Et4N]2[FeIW1(q4-MAC*)]), they also occur for systems with 
integer electronic spin having ZFS parameters such that the two 
lowest spin levels are nearly degenerate.** The six-line patterns 
of Figure 8 can be observed in magnetic fields as low as 0.1 T. 
This proves that the electronic spin relaxation rate at 4.2 K is 
significantly slower than the nuclear precession rate (- 30 MHz). 
Since the zero-field Massbauer spectrum of Figure 8A lacks 
magnetic interactions, it then follows that [FeIVC1(~4-MAC*)]- 
has integer electronic ~pin.2~ 

The X-band EPR spectra of [FeIVC1(q4-MAC*)]- also show 
the presence of an integer spin system. Signals of systems with 
half-integral spin vanish when the oscillatory field, H I ,  fluctuates 
parallel to the static field, H ,  but the signals of Figure 10 intensify 
as expected for an integer spin systeml3 (for a discussion of the 
connection between the Miissbauer and EPR spectra of integer 
spin systems, see ref 13a). The temperature dependence of the 
g d  = 8.0 signal indicates that it originates from a ground spin 
"doublet". Moreover, the position of the resonance is strongly 
suggestive of S = 2, based on the relation geH = 4S (see below). 
This relation is approximate and does not rule out the possibility 
that S = 1; however, the S = 1 case can be eliminated both by 
quantitative EPR analysis and by the magnetic field dependence 
of the M6ssbauer spectra discussed below. Thus, we will illustrate 
the magnetic properties of [FerVCl(q4-MAC*)]- with the S = 2 
energy level scheme of Figure 11. The Miissbauer spectra of 
Figures 8 and 9 and the EPR spectra of Figure 10 are determined 
by the properties of the two lowest spin levels. Using the standard 

(28) (a) Papefthymiou, V.;Girerd, J.-J.; Moura, I.; Moura, J. J. G.; Miinck, 
E. J. Am. Chem. Soc. 1987,109,47034710. (b) Zimmermann, R.; Huynh, 
B. H.; MUnck, E. J.  Chem. Phvs. 1978.69, 5463-5467. 

(29) A Kramers system with slow spin relaxation would exhibit magnetic 
hyperfine interactions in zero field. For example, the zero-field spectra of 
[FeII'Cl(q4-MAC*)]G are similar to the 50-mT spectra shown in Figure 6. 

I I I I I I I I  I I I I I I I I  I 
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-8 -6 -4 -2 0 2 4 6 8 
VELOCITY (mm/s) 

Figure 9. MBssbauer spectra of polycrystalline samples of [FeIV- 
C1(q4-MAC*)]- prepared with different counterions: (A) [BwN]+; (B, 
C) [Ph.#]+. Thesolidlinein (A) lineisaleast-squaresfitwithhrentzian 
lines having the following parameters: 6 = -0.02 mm/s; AEQ = 0.99 
mm/s. The solid line in (C) was generated from eq 1 using the parameters 
listed in Table 111. 

g = 0.7 I 1  

0 100 200 300 400 

H (mT) 
Figure 10. X-Band EPR spectra (-) and simulations (--) of (A) 2.5 
mM [Et.+N][FerVCl(MAC*)] in CH3CN, HI 11 H, (B) [Et*N][FewCl- 
(MAC*)] powder, H1 11 H, and (C) as in (B), H1 I H. Simulation 
parameters: (A) D = -2.6 cm-l, E = -0.41 cm-l, UE = 0.06 cm-I, g, = 
1.80; (B, C) D = -2.5 cm-I, E = -0.38 cm-I, UE = 0.04 cm-l, g, = 1.80. 
Instrumental parameters: 0.02 mW; gain, (A) 10 OOO, modulation 
amplitude 1, mT; modulation frequency 100 kHz; 9.1 GHz; sample 
temperature 2.6 K. 

representation p , M )  = 12,M) = IM), the eigenstates of these 
levels are in good approximation given by13b 

12"= (1+2) + t2 ) ) /& ( 5 )  

Pa) = (1+2) - t2) ) /& (6) 
In zero magnetic field, the two lowest levels are split by A = 

3D(E/D)z and the expectation values of the electronic spin, (S), 
are zero for all five spin levels. In applied fields of moderate 
strength, i.e. for A << BH << 14, the z-component of the applied 
field mixes the two levels imparting a finite expectation value 
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Zimmermann et and have found that B is confined to 87O 
< /3 < 93' and that 0.05 I r )  < 0.2. Thus, /3 and 8 are essentially 
determined, since B = 90°, the internal magnetic field Hh, and 
the electronic z-axis are in the x'Y''-plane of the EFG-tensor. 

In strong applied magnetic fields, (S,) and (S,) approach 
their saturation values and the spectra become sensitive to A, 
and A,. Lines 2 and 5 of the 1.0-T spectra of Figures 8 and 9 
are nuclear Am = 0 transitions. In the limit /3H >> IDI, the 
intensities of these lines are essentially quenched. From a study 
of the intensities of Am = 0 lines as the function of the applied 
field, the ZFS parameter D can be estimated. From an analysis 
of the high-field spectra, a value of D = -2.6 f 0.4 cm-I has been 
obtained. 

The solid lines in Figure 8 are spectral simulations generated 
by solving eq 1 for a sample containing randomly oriented 
molecules. The parameter set determined by these simulations 
is presented in Table 111. Overall, the fits describe the complete 
set of spectra very well. There is a slight mismatch of the 
intensities in the central part of all high-field spectra, however. 
This mismatch can most probably beattributed to thosemolecules 
of the sample which are oriented such that the applied field is 
close to the electronic xy-plane. For such orientations, the two 
lowest spin levels are separated in energy by less than 4 cm-1 even 
in an applied field of 8.0 T. For these molecules, the electronic 
spin appears to be in the intermediate relaxation regime, a 
condition which causes a partial collapse of the magnetic pattern 
with an accumulation of intensity in the central part of the 
spectrum. Such orientation-dependent relaxation, which has been 
noted for other com~lexes,3~ necessarily places some constraints 
on the accuracy of the spectral simulations. Nevertheless, it 
became clear to us that the shapes of the spectra of Figure 8 
cannot be properly simulated unless the A-tensor is allowed to 
be rotated relative to the frame of the ZFS-tensor. We have 
generated hundreds of simulated spectra before arriving at a 
parameter set which described the data set reasonably well. The 
parameters were then further refined by simultaneously least- 
squares fitting the set of spectra displayed in Figure 8. 

The spectra shown in Figure 9 were obtained with polycrys- 
talline material prepared with different counterions. The 4.2 K 
zero-field spectrum of [ Bu~N]  [ FewC1(r)4-MAC*)] shown in 
Figure 9A consists of a well-defined quadrupole doublet. In 
contrast, when [PU]+ is used as a counterion, a magnetic pattern 
is observed even in zero applied field, showing that the material 
is magnetically ordered at 4.2 K (see Figure 9B).32 The solid line 
drawn through the spectrum of Figure 9C was generated with 
the same parameters as the spectra of the solution sample shown 
in Figure 8, except for AEQ = 0.99 mm/s. As noted for the 
iron(II1) state discussed above, the spectra obtained for frozen- 
solution samples were very similar to those observed for poly- 
crystalline material. 

The properties of integer spin doublets are dominated by ZFS 
interactions, resulting in dramatic changes in the EPR spectra 
relative to the spectra of compounds with half-integral spin. Integer 
spin EPR spectra can be quantified through three properties. 
First, the resonance condition for integer spin doublets with the 
field along the z-directionl3b is 

hv = d A 2  + <ge,#H)2 (7) 

where geH = 2SgJand the factor f depends on S and E/D. For 
the 12s), 12.) doublet considered here, f = 1 - 3/8(E/D)2, and thus 
as E / D  approaches zero, f = 1 and gea = 8 (f= 0.99 for the 
present case). Second, the selection rule for allowed transitions 
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Figure 11. Energy levels of an S = 2 multiplet according to eq 2 for H 
= 0 and D < 0 as a function of the rhombicity parameter E / D .  The value 
of E / D  for which the integer spin EPR resonance is observed for 
[FeIVC1(MAC*)]-is indicated by the arrows. The insert shows the field 
dependence of the ground doublet for E / D  = 0.13, for H applied along 
the z-axis. 
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Figure 12. Spin expectations values (St) for the lowest level of 
[FeWY(MAC*)]- as a function of magnetic field calculated from eq 2 
using the parameters quoted in Table 111. The discontinuities in (S,) 
are caused by level crossings when the magnetic field is applied along the 
y-direction. 

(S,) and thus an internal field Hint(Z) = - (Sz)Az/g&n (the 
relevant matrix elements are ( 2*p212*) = 2 and ( 2$SxJ28) = 0). 
For moderate applied fields and TI 4.2 K, the MBssbauer spectra 
are determined by the properties of the two lowest spin levels. 
Figure 12 shows a plot of the expectation values (S,), (S,), and 
(S , )  for the lowest spin level. A similar plot is obtained for the 
other level except that the signs of the (SI )  are positive. The 
initial slope of (S,) versus H is -8g2/3/A, and thus, Mhsbauer 
studies in small applied fields can be used to determine A. As 
can be seen from Figure 12, (S,) and, correspondingly, the internal 
field Hint(z) has reached 95% of the saturation value for H = 0.1 5 
T. By analyzing the splitting patterns of the low-field spectra, 
weobtained A = 0.16 * 0.02 cm-l, E / D  = 0.13 f 0.03, A2/g.B. 
= -10.6 T, AEQ = +0.89 mm/s, and 0.05 I r )  < 0.2. 

One comment is in order at this point. The spectra of Figure 
8B,C are essentially of the uniaxial type; they reflect a situation 
where an internal magnetic field is fixed relative to the EFG- 
tensor for all orientations of the molecules. Under these 
conditions, there exists an ambiguity in that a family of related 
values for the asymmetry parameter r )  and spherical polar angles 
a and B (which describe the orientation of Hint relative to the 
EFG-tensor) will produce identical powder MBssbauer spectra. 
We have analyzed the spectra using the method described by 

(30) Zimmermann, R.; Mtinck, E.; Brill, W. J.; Shah, V. K.; Henzel, M. 
T.; Rawlings, J.; Orme-Johnson, W. T. Efochem. Bfophys. Acta 1978,537, 
1 RS-207. - - - -- . . 

(31) Zimmermann, R. H.; Spiering, H.; Ritter, G.  G e m .  Phys. 1974,4. 

(32) In a preliminary study, we have determined that [Ph9][FeWl($- 
133-141. 

MAC*)] orders at ca. 9 K. 
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within the 121), 12") doublet is AM = 0 and not AM = f l  as for 
Kramers systems. Third, the line shape of integer spin doublets 
is dominated by a spread in the splitting A due to spreads in the 
ZFS parameters D and E/D. These parameter distributions 
presumably arise from small structural variations of the metal 
site. These structural variations affect the orbital states and, via 
spin-orbit coupling, cause distributions in the ZFS parameters. 
As shown in Figure 10, the EPR spectra of [FeIVCI(q4-MAC*)]- 
are broader for frozen solutions than for polycrystalline material, 
suggesting that additional strains develop at the interface of the 
compound with the solvent upon freezing. 

The convolution of the ZFS distributions and the quadratic 
resonance condition necessitates computer simulation of the 
spectra to determine the ZFS energies and sample concentra- 
tions.13b.M The simulations of the integer spin EPR spectra of 
[FeIVC1(q4-MAC*)]- shown in Figure 10 were generated by 
solving eq 2 for the parameters D = -2.6 cm-', E = -0.41 cm-l, 
and BE = 0.06 cm-1, with D taken from the Mbsbauer results. 
These simulations require that A = 0.19 cm-I, in excellent 
agreement with A = 0.16 cm-' determined from the Mbsbauer 
data. Morever, the EPR simulations also require that g, = 1.80; 
the EPR spectra are insensitive tog, and g,. Quantitation of the 
signal of Figure 10A gave an S = 2 concentration of 2.8 mM, 
which is 12% higher than the concentration determined by optical 
spectroscopy, confirming that the signal represents essentially all 
iron of the sample and not some impurity. 

We have considered the possibility that the EPR signal might 
originate from intermediate-spin (S = 1) iron(1V). Using again 
the spin Hamiltonian approximation, a reasonable simulation of 
the spectrum of Figure 10A was obtained for D = -3.6 cm-l, E 
= -0.14 cm-I, g, = 2.0, and BE = 0.006 cm-I. However, the spin 
concentration determined on the basis of this simulation was a 
factor of 2 lower than the concentration determined optically. 
Moreover, the assumption of S = 1 requires A = 0.28 cm-', which 
is in severe conflict with the Mhsbauer result, and a ratio Q / E  
= 0.04, which is nearly 1 order of magnitude smaller than the 
ratios we have ObSeNed for a variety of other metal complexes. 
Finally, the S = 1 complexes'& of [FeIVCl(q4-MAC*)]- have 
substantially larger values for D (>20 cm-1) and AEQ (>3 mm/ 
s ) .  We thus conclude that the data are not compatible with an 
S = 1 assignment. 

Discussion 
Two oxidation states of the macrocyclic tetraamido coordina- 

tion complex [FeC1(q4-MAC*)]* have been studied here with 
MBssbauer and EPRspectroscopy. In the ferric state, the complex 
has an electronic ground state with intermediate-spin, S =3/2. 
Upon oxidation, the complex k m e s  high-spin iron(IV), S = 
2, a spin state previously not reported for any isolated iron(1V) 
coordination complex. In the following, we discuss some of the 
pertinent features of our results. 

The EPR spectrum of Figure 5 shows unambiguously that 
[FeWl(q4-MAC*)]Z-- has an S = 3/2 ground state. With the 
exception of some iron(II1) halobis(dialky1dithio- 
carbamato)iron(III) and some tetraaza macro- 
cyclic iron(II1) complexes,33 iron(II1) compounds are either low- 
spin (S = 1 / ~ )  or high-spin (S = 5/2). Moreover, most of the 
intermediate-spin heme complexes are not in a pure S = 3/2 spin 
state but occur in a quartet/sextet mixed-spin form. The ground- 
state properties of the porphyrin complexes have been described 
in an electronic model proposed by Maltempo.l& Although it 
fails to account for thelargequadrupolesplittingsoftheporphyrins 
studied, this model has been quite successful in describing the 
magnetic properties of the electronic ground manifold. In 
particular, Maltempo has shown that the effective g-values are 
a very sensitive indicator for the presence of spin-admixed states. 
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(33) Koch, S.; Holm, R. H.; Frankel, R. B. J .  Am. Chem. Soc. 1975.97, 
67 14-6723. 

The g-values reported here suggest strongly that [ F e W l -  
(q4-MAC*)I2- has a pure S = 3/2 ground state. This conclusion 
is supported by the observation of a large and temperature- 
independent quadrupole splitting, a property also considered to 
be a good index for the purity of the S = 3/2 spin state.14b.C 

Inspection of the parameters quoted in Table I11 shows that 
the magnetic hyperfine tensor of [FeW1(q4-MAC*)]" has 
substantial anisotropy. The high-field Mbsbauer spectra of 
Figure 7 establish unambiguously that the two major components 
of the A-tensor are negative and that the minor component is 
positive. Since the g-values are close to g = 2.0, the orbital 
contributions to the A-tensor can be assumed to be small, and we 
thus attribute the anisotropy to the spin-dipolar term. Since the 
latter is traceless, the contact contribution can be obtained by 
averaging the principal components of A. Our value Ac/g,,/3. = 
-1 1.3 T compares well with &/g&, = -1 1.9 T obtained for the 
tetraphenylporphyincomplex [Fe(TPP)(FSbFs)] [C&F], which 
has an almost pure S = 3/2 ground state (see Table I of ref 14b).U 
Wickman and collaborators14d-'have reported substantially larger 
contact interactions for dithiocarbamate complexes, &/g& = 
-22 T. However, due to the uniaxial nature of the electronic 
ground state of the dithiocarbamate complexes, these authors 
were able to determine only the component of the A-tensor along 
the electronic z-axis, and they computed the contact interaction 
by assuming that A was isotropic. 

The EFG-tensor of [Fe1Wl(q4-MAC*)]2- is nearly axial. In 
Table 111, this tensor is quoted in the electronic (xyz)-coordinate 
frame. Alternatively, the EFG is characterized by AEQ = +3.66 
mm/s and q = 0.14 in conventional notation, where JV&A 1 
IVyJ L IVX.*.~ assures 0 I q I 1. The largest component of the 
roughly axial EFG-tensor is in the xy-plane of the ZFS tensor, 
a situation similar to that reported for iron(III)-dithiocarba- 
mates.14f The A-tensor is roughly axial as wellandits "symmetry" 
axis is parallel to the major component of the EFG. Since E / D  
= 0.05, the electronic system is nearly axial and thus the shapes 
of the calculated spectra are not sensitive to a joint rotation of 
both the A- and EFG-tensors around thez-axis of the ZFS tensor. 
Because of the low point symmetry of [Fe111C1(q4-MAC*)]Z-, we 
have considered the possibility that the principal axis frames of 
the various tensors are related to each other by rotations other 
than 90°. On the basis of an extensive set of simulations, we have 
concluded that the principal axes of the A- and EFG-tensors are 
aligned and that the z-axis of the ZFS-tensor is colinear with the 
z-axis of both hyperfine tensors. 

In summary, the hyperfine parameters obtained for [FeIII- 
C1(q4-MAC*)]2- are remarkably similar to those reported for 
[Fe(TPP)(FSbFs)] [C~HSF], the only heme complex with an 
essentially pure S = 3/2 ground state.l4bvC The electronic structure 
of intermediate-spin ferric complexes is still poorly understood, 
and additional computational studies would be highly desirable. 
Theoretical studies must be directed toward understanding the 
origin of the large quadrupole splittings as well as the remarkably 
small contact interactions. 

Oxidation of [FeWI(q4-MAC*)]2- yields a high-spin iron- 
(IV) compound. Three arguments support this assignment. First, 
the material designated as [ FeIVC1(q4-MAC*)]- is obtained from 
the ferric S = 3/2 form by a 1-electron oxidation as shown by 
controlled-potential coulometry. The comparatively anodic 
formal potential obtained by cyclicvoltammetry, 640 mVvs NHE, 
strongly suggests the oxidation site involves the metal rather than 
being centered on the oxidation resistant ligands. Second, the 
-0.22 mm/s change in isomer shift attending this oxidation and 
the observed value of S = -0.04 mm/s for the oxidation product 
strongly supports an iron(1V) as~ignment .~~ Finally, the iden- 
tification of the oxidized compound as an integer spin system by 
Mbsbauer spectroscopy and the observation of an integer spin 

(34) Thcse authors quote A, for the nuclear excited state. To obtain the 
A-values for the nuclear ground state, the values quoted in ref 14c have to be 
multiplied by the ratio of the nuclear magnetic moments, gJg. = -1.71. 
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resonance with a geecharacteristicof an S = 2 multiplet completes 
the proof that the compound is high-spin iron(1V). As discussed 
below, the set of magnetic hyperfine parameters suggests 
substantial covalency for the iron(1V) site. 

Although [Fe1VC1(~4-MAC*)]-is apparently the first isolated 
high-spin iron(1V) compound,35 tetravalent high-spin iron(1V) 
has also been observed in the extended lattices of mixed oxides 
with a perovskite structure.12 The assignment of a high-spin 
state in the mixed oxides is primarily based on susceptibility 
measurements. These compounds have a Mo.sL~~.sL~o.sFQ.sO~ 
composition with iron surrounded by an elongated octahedron of 
oxygens and M = Ca, Sr, or Ba. The strong axial distortions 
(equatorial Fe-0 = 1.85 A; axial Fe-0 = 2.25 A for M = Sr) 
in these mixed oxides leads to the stabilization of the SA1,, ground 
state. 

The S = 2 manifold of [FeIVCl(q4-MAC*)]- has ZFS 
parameters such that an integer-spin EPR transition can be 
observed at low temperature. Quantitative analyses of the g,r 
= 8.0resonanceshows that theEPRsignalrepresents themajority 
of iron in the sample and not a minor impurity. The spectral 
simulations shown in Figure 10 also require that g, = 1.8. Since 
the spin-orbit coupling constant A, in XL-S, is positive for ions 
with a less than half-filled d shell, g, values smaller than the free 
electron g-value are expected for high-spin iron(1V). The best 
simulations to the EPR spectra of Figure 10 were obtained for 
g, = 1.80; however, slightly larger g, values, 1.80 < g, < 1.90. 
cannot be ruled out. The quadrupole splitting of [FeIVCl- 
(+MAC*)]- is independent of temperature showing that the 
ground state consists of an orbital singlet well separated in energy 
from the first excited orbital state. This suggests that the ZFS- 
and g-tensors can be computed by a second-order perturbation 
treatment similar to that commonly used for the complementary 
high-spin iron(I1) configuration. In this approach, g, and gy can 
be expressed by g, and the ZFS parameters D and E thus, gy = 
g, - 2/h(D + E) and g, = g, - 2/h(D - E).” Using the free ion 
value36 h = 129 cm-1, and the ZFS parameters of Table 111, 
values of g, = 1.84 and g, = 1.85 were obtained. In principle, 
these g-values could be checked by Mbssbauer studies in strong 
applied fields at temperatures for which the electronic relaxation 
rate is fast compared to the nuclear precession frequencies. 
However, the compounds studied here do not attain the fast 
fluctuation limit even at 200 K. 

The spectra calculated with the parameter set of Table I11 and 
shown in Figure 8 describe the experimental data obtained for 
[FeIVCl(tl4-MAC*)]- very well. These fits have yielded the first 
determination of the A-tensor for a high-spin iron(1V) complex. 
For symmetries not lower than rhombic, the components of the 
magnetic hyperfine tensor can be written as 

A, = Pt(g, - 2) + 3/141i, - (8) 

where P = 2g,,j34(r3), I,, = (d(L? - L(L + 1)/3]ld), and Id) 
designates the orbital ground state. The (g,- 2) term reflects the 
orbital contribution, the term involving In has spin-dipolar origin, 
and K describes the isotropic Fermi contact interaction. Spin- 
polarized HartreeFock calculations by Freeman and Watson 
suggest that P/gd, = 63 T and that PK/g&, = 27.5 T for the 
free Fe2+ ion and P/gd, = 79 T for the free Fe4+ Analyses 
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(35) Koikawa et al. have recently reported that [RIN]~[F~(L)z].~HzO, 
with L = N-(2-hydroxyphenyl)salicyclamide, has a high-spin iron(1V) 
configuration. This conclusion was based upon the quoted value of = 4.99 
ps at 298 K. However, the 298 K Mbssbauer parameters, AEQ = 0.56 mm/s 
and6 = 0.40mm/s,conflictwithaniron(IV)assignment;infact, theparameters 
are strongly suggestive of the iron(II1) state. Moreover, the quoted Eo for 
theiron(IV/IIl) coupleofthiscomplex was-0.13 V,i.e.,O.53 V morenegative 
than the iron(IV/III) couple of the tctraamido-N complex [FeCI- 
(v4-MAC*)]*: Koikawa, M.; Okawa, H.; M a d ,  Y.; Kida, S. Inorg. Chim. 
Acta 1992, 194, 75-79. 

(36) Abragam, A.; Bleaney, B. In Electron Paramagnetic Resonance of 
Transition Ions; Oxford University Press: New York, 1986. 

(37) Freeman, A. J.; Watson, R. E. In Magnetism; Rado, G. T., Suhl, H., 
Eds.; Academic Pres: New York, 1965; Vol. HA, pp 167-305. 

of a series of distinct high-spin ferrous compounds by Varret 
have indicated that covalency can reduce P and K by as much as 
4096.38 We are not aware of any theoretical studies of the Fe4+ 
contact interaction. However, Hartree-Fock calculations of Mn 
ions indicate that the contact interaction does not decline more 
than 20% in the series Mn+, Mn2+, Mn3+.j7 The theoretical work 
thus suggests that, in the ionic limit, the 5D configurations of 
iron(I1) and iron(1V) produce EFG- and A-tensors of comparable 
magnitude. 

By an averaging of the components of the A-tensor of 

T, the traceless spin-dipolar contribution cancels. For high-spin 
ferrous ions, the orbital contribution opposes the contact term. 
In contrast, because high-spin iron(1V) has (g, - 2) < 0, the 
orbital contribution has the same sign as the contact term for the 
iron(1V) species. Thus, the magnitude of the contact term is 
actually considerably smaller than 14.6 T. By using the Fe4+ 
free ion value for P determined by Freeman and Watson37 and 
the value for K = 0.35, found to be appropriate for a large number 
of iron(I1) and iron(II1) compounds,39 an upper (ionic) range for 
Wav/g&J = 35-40 T is obtained. Thus, it is apparent that the 
valuesofPand~usedfor [Fe1VCl(q4-MAC*)]-need to bereduced 
substantially to account for the observed A,/gd,. 

We mentioned that the Maltempo model1& for S = 3/2 spin 
iron(II1) hemes describes the magnetic properties of intermediate- 
spin hemes quite well. By application of this model to the 
approximately axial magnetic hyperfine tensor of [ FeIIICl- 
(v4-MAC*)l2- (setting A, + A, = 2A1) and by use of eq 6 of ref 
14c, the values P/g& = 42 T and K = 0.25 for [FeIWl- 
( ~ ~ - M A C * ) 1 ~ c a n  be calculated. By using these calculated values 
and theg-values listed in Table 111, we calculateA,/g,,j3, = -17.6 
T for [FeWC1(q4-MAC*)]-, close to the AaV/g,,j3,, value of -14.8 
T determined above. This rough estimate suggests that the iron- 
(111) and iron(1V) forms of [FeC1(q4-MAC*)]* exhibit similar 
degrees of covalency. The observation of small hyperfine 
interactions is not a peculiarity of the H4[MAC*] ligand. In 
fact, Demazeau and co-workers have reported hyperfine fields of 
IHd = 15 T for the magnetically ordered phases of the high-spin 
iron(1V) mixed-oxides.l2 These hyperfine fields are substantially 
smaller that the fields observed along thedirection of the smallest 
A-tensor component for [FeIVCl(q4-MAC*)]-, Hhr = 2Az/gdn 

As judged by the electrochemical properties, the small magnetic 
hyperfine interactions, and the small quadrupole splitting, bonding 
to the iron(1V) ion in [FeIVCl(q4-MAC*)]- is rather covalent, 
almost certainly a consequence of the Fe-N bonding. Interest- 
ingly, small values for AEQ (0.8-1.3 mm/s) have also been 
reported for the high-spin mixed-oxide iron(1V) complexes 
mentioned above.12 These small values of AEQ suggest substantial 
covalencies, a suggestion supported by an examination of the 
magnetic hyperfine interactions for [ FeIVC1(q4-MAC*)]-. Since 
these interactionsaresubstantially smaller than expected for ionic 
complexes, considerable care must be exercised in analyzing the 
data by simple ligand field models. Since these models contain 
a considerable number of adjustable parameters, it seems prudent 
to postpone such analyses until results from complementary 
techniques become available. 

Our findings of a considerable covalency in the amido-N-iron 
bonding for bothiron(II1) and iron(1V) anions are not unexpected 
on the basis of published evidence indicating that amido-N ligands 
have a comparatively high u-donor capacity, a property that tracks 
with a high pK, for the conjugate acid of any given ligand.23 
Thus, in the bonding levels of amido-N complexes, the metal 
d-orbitals can be expected to have greater than usual ligand 
admixtures where symmetry allows, resulting from the compar- 
atively high energy for the nitrogen u-donor lone pairs of the 

[FeIVCl(q4-MAC*)]-, Aav/gdn (A, + Ay + Az)/3g&n -14.6 

-21.6 T. 

(38) Vanet, F. J.  Phys. Coll. C6 1976, 37, 437-456. 
(39) Lang, G.; Marshall, W. Proc. Phys. Soc. 1966,87, 3-34. 
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amide anions which presumably exhibit an increased overlap with 
the metald-orbitals. Fromour studiesof [$-MAC*]Cand related 
amido-Ncontaining ligands with cobalt,ui" nickel,'] and 
it can be deduced that a key bonding feature is that one of the 
metal d-orbitals is substantially destabilized as an antibonding 
orbital such that the electrons traditionally counted as tbe metal 
d-electrons become distributed among the four remaining d-or- 
bitals. For the iron compounds described here, all the splittings 
among these four orbitals are sufficiently small that the S = 2 
for iron(1V) and S = 3 / 2  for iron(II1) states are observed. 

During the course of this study, Mbsbauer and EPR spec- 
troscopies and elemental analysis determinations were used to 
assess the purity of the iron compounds produced and thus to 
guide the search for spectroscopically suitable samples of the 
different materials." According to the standards provided by 
application of these techniques, our complexes have a spectral 
and chemical purity of greater than 95%. Because of the unusual 
spin states found and the stabilities and high purities attained, 
we have initiated near-infrared optical and resonance Raman 
studies to further delineate the electronic structure of the novel 
complexes studied here. Moreover, since polycrystalline samples 
of both [Fe1I1C1(+MAC*)]2- and [FeY!l(v4-MAC*)]- yield 

(40) Collins, T. J.; Powell, R. D.; Slebcdnick, C.; Uffelman, E. S. J.  Am. 

(41) Collins, T. J.; Nichols, T. R.; Uffelman, E. S .  J .  Am. Chem. Soc. 

(42) Collins, T. J.; Uffelman, E. S.; Woomer, C. G. Unpublished results. 

Chem. SOC. 1990, 112,899-901. 

1991,113,47084709. 
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well-resolved EPR spectra, single-crystal EPR studies will allow 
us to relate the ZFS-, A-, and EFG-tensors to the molecular 
coordinates of the complexes. 

Acknowledgment. This work was supported by National 
Institute of Health Grants GM22701 (E.M.) and GM44867 
(T.J.C.) and National Science Foundation Grant CHE-9019804 
(T.J.C.). M.P.H. acknowledges an NIH Postdoctoral Fellowship 
(GM12996). K.L.K. acknowledges an AAUW American Fel- 
lowship. 

Supplementary Material Available: Tables of data collection 
information, atom coordinates, Gaussian amplitudes, and bond 
lengths and angles ( 5  pages); a listing of structure factor 
amplitudes (10 pages). Ordering information is given on any 
current masthead page. 

(43) Throughout this study, we have found it necessary to work with several 
different salts of the [FeNCI(t+-MAC*)]- species in order to achieve the 
necessary purity for detailed spectroscopic studies. Several of the salts give 
excellent spectroscopic signatures but suffer from challenging purification 
problems. The salt, [EtN][FeWl(#-MAC*)], has solubility properties 
similar to those of [EkN][Cl] and [EhN][C10& The iron complex tends 
to crystallize as a mixture with these cation sources, making purification and 
iron quantitation difficult. For at1 the cations utilized here, the crystallization 
process must also compete with the slow conversion of iron(1V) to iron(II1). 
For cations such as [B-N]+, this conversion rate could not be satisfactorily 
overcome to give large amounts of the pure iron(1V)-containing solid. The 
[PW]  [FeNCl(q4-MAC*)] salt has proven easiest to handle and provides 
crystals that can be grown rapidly and reproducibly in large quantities and 
separated easily from iron(II1) species to provide superior material for 
spectroscopy. However, this salf orders magnetically below ca. 9 K, limiting 
its use for determining spin Hamiltonian parameters. 


