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Acid treatment of the p-oxo bridge in (p-oxo)(octaethylporphinato)iron(III) leads to [Fe(OEP)(Hz0)]C104 or 
([Fe(OEP)]2(0H)]C104 rather than the expected perchlorato or bis(aquo) species. Synthetic procedures, the X-ray 
structure determination, and MBssbauer and magnetic susceptibility measurements for aquo(octaethylporphinat0)- 
iron(II1) perchlorate, [Fe(OEP)(HzO)]Cl04.2H20 are described. The Massbauer spectrum (at 4.2 K) shows a 
quadrupole doublet with a large splitting of L\E, = 3.287(5) mm/s and an isomer shift of 0.391(5) mm/s. The 
temperature-dependent magnetic susceptibility data are understood in terms of an admixed intermediate-spin state 
(S = 3/2, 5/z) and are readily fit to a Maltempo model with two interacting iron(II1) centers and parameters gl 
= 4.65, { = 150 cm-1, and J = -1.0 cm-1. This dimeric model is consistent with the low-temperature (T = 124 K) 
crystal structure which reveals [Fe(OEP)(H20)]22+ units. These are formed by a T-T interaction between cations 
with an Fe-Fe distance of 5.08 A, a lateral shift of 3.39 A, and an interplanar spacing of 3.39 A between the mean 
planes of the cores. These dimeric units are further linked together into an infinite linear chain by a hydrogen bond 
network involving the axial aquo ligands, the perchlorate anions, and two additional water molecules per iron 
porphyrin unit. In the [Fe(OEP)(H20)]+ cation, the average F e N ,  distance is 1.982(4) A, the axial Fe-0 distance 
is 2.045(3) A, and the iron atom is displaced 0.20 A from the 24-atom mean plane. These structural data are 
consistent with an admixee ‘qtermediate-spin state for iron(II1). Crystal data for [Fe(OEP)(HzO)]C104.2H20: 

V = 1770.2(2.5) 143, triclinic, space group Pi, Z = 2, R1 = 0.046, and RZ = 0.064 for 4817 observed data. In 
attempted syntheses of a diaquo complex, we have isolated and structurally characterized the known compound 
[Fe(OEP)(THF)z]C104; more precise structural results are reported. Crystal data for [Fe(0EP)(THF)2]C1O4: 
T = 2 9 2 f  1 K,a= 13.918(1)1(,b= 16.519(6)A,c= 10.654(2)A,P= 118.21(2)0,V=2158.5(5.3)~3,monoclinic, 
space group C2 fm, Z = 2, R ,  = 0.054, and Rz = 0.059 for 2263 observed data. 

T =  124 f 2 K, (I = 12.169(10) A, b = 13.388(11) A,c = 13.409(10) A, CY = 62.71(6)’,0 = 88.65(6)’, 7 = 67.97(6)’, 

Introduction 

It has long been recognized that treatment of p-oxo-bridged 
iron(II1) porphyrinates with acids leads to bridge cleavage and 
formation of monomeric species. Thus, for example, Straub2 
reported the preparation and characterization of a series of [Fe- 
(TPP)XI3 derivatives prepared by HX cleavage of [Fe(TPP)]20. 
Dolphin et al.4 also reported that Fe(OEP)C104 and “Fe(0EP)- 
ClOc2EtOH” were formed by breaking the p-oxo bridge of [Fe- 
(OEP)]zO with aqueous perchloric acid followed by treatment 
with EtOH. Recently, we communicated5 that a novel hydroxo- 
bridged iron(II1) porphyrinate, ([Fe(OEP)]2(OH)]+, could be 
formed by apparent protonation of the p-oxo bridge when only 
a limited amount of acid was used in the reaction. In this pox0 
bridge protonation reaction, less than 1 equiv of protons must be 
used. At even slightly higher proton concentrations, a new iron- 
(111) complex began to be formed. An X-ray structure deter- 
mination confirmed its formulation as [Fe(OEP)(HzO)] C104. 
Further studies on the synthesis of this monoaquo species showed 
that when reaction conditions (acid concentration) similar to that 
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of Dolphin et al. were applied, this compound is the only product 
formed. Herein, we report the synthesis, crystal and molecular 
structure, and spectroscopic and magnetic characterization of 
[Fe(OEP)(Hz0)]C10q2H20. We havealso investigated whether 
a diaquo complex [Fe(OEP)(H20)2]C104, analogous to the known 
[Fe(TPP)(H20)z]C104,6 could be isolated. 

Experimental Section 

General Information. H2OEP was purchased from Midcentury 
Chemicals, AgC104 and HC104 were purchased from Aldrich, and all 
other reagents were obtained from Fisher. All materials were used as 
received; FeCl2 was dried under vacuum (-250 “C) before use. [Fe- 
(TPP)]20 and [Fe(OEP)]20 were prepared by following literature 
methods.’ IR spectra were recorded on a Perkin-Elmer 883 infrared 
spectrophotometer as KBr pellets; electronic spectra were recorded on a 
Perkin-Elmer Lambda 19 UV/vis/near-IR spectrometer. EPR spectra 
were collected at 77 K on a Varian E-line spectrometer operating at 
X-band frequency. MBssbauer spectra were measured on ground crystals 
as Apiezon grease suspensions at 4.2 and 200K. Magnetic susceptibility 
measurements at 2 and 10 kG were obtained on crushed crystals over the 
temperature range 6-280 K on a SHE 905 SQUID susceptometer. 

Synthesis of [F~(OEP)(H~O)ICIOI.ZH@. Method 1. (Fe(OEP)]20 
(69 mg, 0.057 mmol) in 10 mL of CH2C12 was reacted with 15 mL of 

(6) Scheidt, W. R.; Cohen, I. A.; Kastner, M. E. Biochemistry 1979, 18, 
3546. 
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R. H.; Walker, F. A. J. Am. Chem. SOC. 1973, 95, 63. (c )  O’Keeffe, 
D. H.; Barlow, C. H.; Smythe, G. A.; Fuchsman, W. H.; Moss, T. H.; 
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aqueousHC104(1.11 X 1P2M, 0.167 mmol). Themixed-phasesolution 
was stirred for 10 min, the water layer was separated, and the CHzC12 
solution was dried with solid NazS04. The filtrate was taken to dryness, 
redissolved in 5 mL of CHzCIz, and crystallized by diffusion of hexane. 
After several days, crystalline materials were collected, and microscopic 
examination suggested two products. The products were shown to be 
[Fe(OEP)(H~O)]C104*2HzO (black platelike crystab) and the previously 
reportedS ([Fe(OEP)]2(0H))C104 (crystals decay very quickly) by X-ray 
analysis. Caution! Although we have experienced no problem with the 
procedures described in this work in dealing with systems containing 
perchlorate ion, they can detonate spontaneously and should be handled 
only in small quantities; in no case should such a system be heated above 
30 OC, and other safety precautions are also warranted. 

Method 2. A CHzClz solution of [Fe(OEP)]20 (-50 mL, -500 mg) 
was reacted with 100 mL of aqueous HClO4 (-3 M). The aqueous 
phase was discarded, and the CHzCIz phase was washed with 100 mL 
of water. The CHzCIz phase was separated, dried with solid NazS04, 
and filtered. The UV-vis spectrum of this filtrate was essentially identical 
to that of single crystals of [Fe(OEP)(H~O)]CI04 from method I .  
Crystals of [ Fe(OEP)(H20)]C104 could be reproducibly obtained by 
crystallization of the filtrate. IR (UCQ): 1121 (s), 1108 (s), 1090 (s), 
626 (m) cm-I. UV-vis-near-IR (CH2C12): A, (e, cm-I M-I) 386 (1.07 
X 105),500 (9.0 X lO3), 630 (2.2 X lo3), 990 (430), and 1190 (430) nm. 
At 77 K, no EPR signal was detected for either crushed crystals or frozen 
CHzClz solution. 

Attempted Preparation of [Fe(OEP)(HzO)&l04. The synthetic 
method for [Fe(TPP)(H~0)21C104~ was followed. In a typical prepa- 
ration, Fe(0EP)CI (200 mg) was dissolved in 100 mL of freshly distilled 
THF (from CaHZ), AgC104 (0.5 g) was added, and the solution was 
stirred for 2 h with temperature of 540 OC. The solution was filtered, 
and 1 mL of 70% HC104 was added. The solution was then allowed to 
evaporate under air (- 3 days), and large well-formed crystals were 
isolated. An X-ray analysis shows the product to be [Fe(OEP)(THF)z]- 
clod, which has been reported by Ogoshi et aL8 We present in this paper 
a brief summary of these results which are of higher precision than reported 
previously. Recrystallization of [Fe(OEP)(HzO)]Cl04or Fe(OEP)C104 
in undried or water-treated solvents (THF, CHzCIz) did not give the 
desiredcrystallineproduct either; from THFsolution,9 [Fe(OEP)(THF)2]- 
Clod was always obtained, while, in CHzClz, [F~(OEP)(HZO)]CIO~ was 
isolated as the major product. Data for [Fe(OEP)(THF)z]C104 are as 
follows. IR (UCQ): 1090, 623 cm-I. UV-vis-near-IR (CHzCIz): A,,, 
(e) 387 (1.13 X lo5), 498 (9.2 X lo3), 629 (2.0 X lo3) 985 (460), and 
1220 (460) nm. At 77 K, an EPR signal with g = 4.26 was detected for 
both crystals and CHzClz solution. 

X-ray Structure [Fe(OEP)(Hfl)]C1042HzO. De- 
tailed crystallographic data and parameters for data collection are listed 
in Table 1. Intensity data were collected in 6 shells with 6-26 scanning 
with all data with 28 I45.78O collected when a power failure terminated 
data collection. The data to parameter ratio was 10.5 for this symmetric 
data set, and no additional data were deemed necessary. Four standard 
reflections were measured during data collection to check the possible 
crystal decay and orientation change; no significant fluctuations were 
noted. Data were reduced with the profile-fitting algorithm of Blessing; 
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1965.42, 3175. 

Table 1. Crystallographic Data and Data Collection Parameters 

molecule 
[ Fe(OEP)(HzO)]CIO~ 

[F~(OEP)(THF)~~CIOI 2H20 
formula F ~ C ~ O ~ N ~ C ~ ~ H S O  FeClO&C&a 
fw 742.12 832.29 
a, A l2.169( 10) 1 3.9 18( 8) 
b, 8, 13.388(11) 16.519(17) 
c, A 13.409( 10) 10.654(4) 
a, deg 62.71(6) 
A deg 88.65(6) 11 8.21 ( 5 )  
T, deg 67.97(6) 
v, A' 17_70.2(2.5) 

Z 2 
dcalcd. g/cm3 1.39 
(T= 124(1) K) 

p ,  mm-I 0.5521 
diffractometer CAD4 
radiation (A, A) 
temp, K 124(1) 
cryst dimens 

criterion for Fo 2 3.0u(F0) 

no. of unique 4817 

RI 0.046 
Rz 0.064 

spacegroup P1 

Mo Ka (0.710 73) 

0.1 X 0.3 X 0.3 
(mm) 

observn 

obsd data 

2158.5(5.3) 

2 
1.28 

aim 

0.4584 
FAST 
Mo Ka (0.710 73) 
292(2) 
0.15 X 0.25 X 0.33 

Fo L 2.0u(F0) 

2263 

0.054 
0.059 

no absorption correction was applied. The structure was solved by using 
the direct methods program MULTAN. After several cycles of Ieast- 
square refinement, the probable coordinates for the hydrogen atoms of 
the ligand water molecule and one of the solvent water molecules were 
located by difference Fourier syntheses. All porphyrin hydrogen atoms 
were idealized (C-H = 0.95 A, B(H) = 1.2B(C)) and included in the 
refinement as fixed contributors. Least-squares refinement with aniso- 
tropic thermal parameters for all the non-hydrogen atoms and isotropic 
thermal parameters for the hydrogen atoms of the ligand water and one 
of the solvent water molecules led to final discrepancy indices'' of R = 
0.046 and Rz = 0.064 for the fit of 458 variables to 4817 data with Fo 
L 3.0u(F0). Positional coordinates and equivalent isotropic thermal 
parameters are presented in Table 2. 

[Fe(OEP)(THF)$304 A crystal of [Fe(OEP)(THF)2]ClO4 was 
mounted on an Enraf-Nonius FAST area-detector diffractometer with 
a Mo rotating anode source (A = 0.710 73 A) operating at 50 kV and 
40 mA. The area detector to crystal distance was 40 mm, and the offset 
angle of the area detector was 2So.l2 The MADNES package was 
employed for cell constant determination, image measurement, and 
intensity data evaluation. The X-ray exposure time for each image is 10 
s, and a total of 1720 images were collected. "Axial photographs" were 
taken on the FAST to confirm the Laue symmetry, axial lengths, and 
crystal quality. A total of 4740 measured reflections were considered 
above background; after averaging, 2271 unique data were available 
(Rmcrg. = 2.5% on F). No absorption correction was deemed necessary. 
Atomic coordinates of the heavy atoms were taken directly from Ogoshi 
et aL8 into least-squares refinement with unit weights. The final value 
of RI  was 0.054, and Rz was 0.059. Positional coordinates for the non- 
hydrogen atoms are presented in Table 3. 

Results 

The reaction of the oxo-bridged compound [Fe(OEP)]20 with 
aqueous perchloric acid has been found to yield two different 
crystalline products. These are {[Fe(OEP)]2(0H)JCI04S and 
[ Fe(OEP)(H,O)]C104; the proportions of the two are dependent 
on the conditions used (cf. Discussion). We have characterized 
the [Fe(OEP)(H,O)]+ cation by UV-vis-near-IR, IR, EPR, and 
Miissbauer spectroscopies, temperature-dependent magnetic sus- 
ceptibility measurements, and a single-crystal X-ray structure 
determination. The characterization of ([Fe(OEP)]2(0H)~C104 
has been previously c o m m ~ n i c a t e d . ~  W e  also attempted the 
synthesis of the diaquo complex [ Fe(OEP)(H20),] ClO4, but these 

~~ ~ 

(1 1) RI = Elpd - IFJl/ElFd and RZ = [WlFd 1 I F d ) 2 / ~ w ( F o ) ~ l i ~ z .  
(12) These settings approximately provide a hemisphere of data out to a 20 

angle of 5 5 O .  



Aquo(octaethylporphinato)iron(III) Perchlorate 

Table 2. Fractional Coordinates of [Fe(OEP)(H2O)]C104~2H2@ 
atom X V z 

0.10957( 3) 
0.06465(22) 
0.24184(21) 
0.23036(20) 

-0.01538(20) 
-0.00 190(20) 

0.22960(26) 
0.36264(25) 
0.35317(25) 
0.20929(26) 

-0.00652(25) 
-0.13387(25) 
-0.12239(25) 

0.01 792(26) 
0.34259(26) 
0.42624(26) 
0.40898(25) 
0.31958(26) 

-0.1 2083(25) 
-0.20016(25) 
-0.17738(25) 
-0.08885(26) 

0.41487(25) 
0.098 15(25) 

-0.18417(25) 
0.12512(26) 
0.36009(26) 
0.3744(3) 
0.55986(27) 
0.62830(28) 
0.54220(26) 
0.60487(27) 
0.33100(26) 
0.37678(29) 

4.14545(25) 
-0.1 583(3) 
4.33275(27) 
-0,4008 (3) 
-0.30879(27) 
-0.37717(29) 
-0).09802(28) 
-0.1204(3) 
-0,.08291(7) 
-0).10443(23) 
-0.10196(22) 
-0.1644 l(24) 

0.03763(21) 
0.20914(25) 

-0.12324(24) 
0.01 7(3) 
0.120(3) 
0.186(5) 
0.169(4) 

0.33039(3) 
0.21777(21) 
0.19428(20) 
0.35490(20) 
0.48489(20) 
0.33105(20) 
0.11832(25) 
0.14204(24) 
0.28520(25) 
0.43791(25) 
0.55081(25) 
0.54232(24) 
0.40823(24) 
0.24301 (25) 
0.01 768(25) 
0.03389(24) 
0.32602(25) 
0.41795(25) 
0.64783(24) 
0.64260(24) 
0.37034(26) 
0.26885(26) 
0.18646(25) 
0.52689(25) 
0.50742(25) 
0.14275(25) 

-0.08398(25) 
-0.05000(28) 
-0).03937(26) 
0.0 1987(29) 
0.27686(26) 
0.32093 (28) 
0.49136(26) 
0.58780(28) 
0.73403(26) 
0.67737(29) 
0.71631(26) 
0.6494( 3) 
0.42679(27) 
0.3688(3) 
0.19471(28) 
0.0834(3) 
0.18857(7) 
0.29340(21) 
0.22575(23) 
0.13581(25) 

-0.01 5 17(22) 
0.13878(24) 
0.246( 3) 
0.142(4) 

-0.042(5) 
-0).035(4) 

0.10110(22) 

0.45013(3) 
0.41170(20) 
0.57881 (19) 
0.34996(18) 
0.32900( 19) 
0.56027( 19) 
0.688 15(23) 
0.57586(23) 
0.3769 l(23) 
0.23459(23) 
0.21573(23) 
0.33504(24) 
0.53756(23) 
0.67443(23) 
0.75086(23) 
0.68284(23) 
0.27876(24) 
0.1 9036(24) 
0.15075(24) 
0.22513(24) 
0.63699(24) 
0.72242(23) 
0.4821 5(24) 
0.17233(22) 
0.43234(24) 
0.73105(23) 
0.87028(24) 
0.96123(26) 
0.7 1014(25) 
0.74116(28) 
0.28091(24) 
0.33857(27) 
0.06832(24) 
0.05142(25) 
0.025 17(24) 

-0.04746(27) 
0.20041 (26) 
0.1837(3) 
0.63968(25) 
0.6085 (3) 
0.8448 l(25) 
0.86949(28) 
0.20596(6) 
0.221 57(21) 
0.08725(18) 
0.25828(21) 
0.25829(21) 
0.5 1221(26) 
0.55601(22) 
0.349(3) 
0.440(3) 
0.576(5) 
0.475(4) 

(I The estimated standard deviations of the least significant digits are 
given in parentheses. 
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Table 3. Fractional Coordinates of [Fe(OEP)(THF)21C101~ 
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atom X Y z 
Fe o.oo00 0.0000 O.oo00 
N -0).06192( 17) 0.0855 1 (13) 0.07375(23) 
C(a1) -0.05163(20) 0.16820(16) 0.06666(26) 
C(a2) -0).12452(21) 0.07425(17) 0.141 39(29) 
C(b1) -0.10636(21) 0.20954(17) 0.1341 l(28) 
C( b2) 4.15362(21) 0.15 149( 17) 0.17743(29) 

C(m2) -0,.1547(3) 0.0000 0.1696(4) 
C(l1) -0).10694(26) 0.29894(18) 0.1536(3) 
C(21) -0.22337(26) 0.16327(20) 0.248 l(4) 
C(12) -0.0060(3) 0.32899(23) 0.2818(4) 
C(22) -0.1613(4) 0.1646(4) 0.4058(5) 
O(T) 0.15164(23) 0.0000 0.2038(3) 
C(1) 0.2504(7) 0.0251(12) 0.2264( 10) 
C(2) 0.3314(7) 0.0253(8) 0.3771(9) 
(33) 0.2832(8) -0.0323(8) 0.4357(9) 
C(4) 0.1670(8) -0.0406(9) 0.3253(9) 

0.0324(8) CI 0.0104(9) 0.5000 
O(1) 0.0884(8) 0.5000 0.1696( 12) 

0.0570( 13) O(2) -0.0920(7) 0.5000 
O(3) -0.0295(13) 0.5708(4) -0.020(3) 

C(m1) 0.0000 0.206 10( 22) o.OOo0 

The estimated standard deviations of the least significant digits are 
given in parentheses. . 

Figure 1. M6ssbauer spectrum of [Fe(OEP)(H20)]C10~2H20 at 4.2 
K and in a field of 2.2 kG perpendicular to the y beam. The solid line 
is a Lorentzian fit of the majority species with parameters given in the 
text and with an 8% admixture of a species with AEq = 1.24(4) mm/s 
and an isomer shift of 0.41 mm/s. 

experiments yielded only five-coordinate [ Fe(OEP)(H20)] + as 
a solvated species. Reactions carried out in THF solutions, with 
varying concentrations of added water, yielded only the previously 
reportedcomplex [Fe(OEP)(THF)2]C104.8 The complexes [Fe- 
(OEP)(H20)] C104, [ Fe(OEP)(OC103) 1, and [ Fe(OEP)(THF)2] - 
C104 have quite similar electronic spectra, and hence, the probable 
equilibria among these three species cannot be followed by 
electronic spectroscopy. Rather, products of the reaction systems 
were conveniently followed by X-ray identification of the 
crystalline products. 

The low-field M6ssbauer spectrum of [Fe(OEP)(H20)]C104 
is shown in Figure 1. The isomer shifts of 0.346(5) mm/s (200 
K) and 0.391(5) mm/s (4.2 K) fit the oxidation state of iron- 
(III).l3 The large quadrupole splittings of 3.042(5) mm/s (200 
K) and 3.287(5) mm/s (4.2 K) are similar to those observed for 
a series of five-coordinate, admixed intermediate-spin state iron- 
(111) porphyrinate~.~J&16 The sample also contains a small 
amount (18%) of a species with AEq = 1.24(4) mm/s and 6 = 

Experiment 10 kilogauss 
Experiment 2 kilogauss 

0 50 100 150 200 250 300 

Temprature K 

Figure 2. Comparison of observed and calculated values of kfl vs T for 
[ Fe(OEP)(H20)]C104.2H20. 

0.41 mm/s. These values are close to those of ([Fe(OEP)]2- 
(OH)JC104, and this is the probable impurity. 

The temperature-dependent effective magnetic moments of 
[Fe(OEP)(H20)]C104.2H20 are plotted in Figure 2. Thegeneral 
pattern is similar to that observed previously14 and can be fitted 
with a modified admixed intermediate-spin Maltempo model.” 
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Figure 3. ORTEP drawing of [Fe(OEP)(HzO)]ClOp2HzO. Thermal 
ellipsoids are drawn at the 50% probability level. Porphyrin hydrogen 
atoms are omitted for clarity. 

Table 4. Bond Lengths (A) in [Fe(OEP)(H~O)]Cl0~-2H,00 
FeN(1)  
Fe-N(2) 
Fe-N( 3) 
Fe-N(4) 
FeO(w1) 
N( 1)-C(a1) 
N( 1)-C(a2) 
N(2)-C(a3) 
N(2)-C(a4) 
N(3)-C(a5) 
NW-C(a6) 
N(4)-C( a 7) 
N(4)-C(a8) 
C(a i)-C(m4) 
C(a2)-C(ml) 
C(a3)-C(ml) 
C(a4)-C(m2) 
C(a5)-C(m2) 
C(a6)-C(m3) 
C(a7)-C(m3) 
C(a8)-C(m4) 
C(al)-C(bl) 
C(a2)-C(b2) 
C(a3)-C(b3) 
C(a4)-C(b4) 
C(aS)-C(bS) 
C(a6)-C(b6) 
C(a7)-C(b7) 
C(a8)-C(b8) 

1.984(4) 
1.984(3) 
1.976(4) 
1.983(3) 
2.045 (3) 
1.394(4) 
1.380(4) 
1.380(4) 
1.387(4) 
1.390(4) 

1.381(4) 
1.393(4) 
1.371(4) 
1.378(4) 
1.377(4) 
1.371 (4) 
1.376(4) 
1 -38 3 (4) 
1.379(4) 
1.37 1 (4) 
1.428(4) 
1.435(4) 
1.438(4) 
1.437(4) 
1.430(4) 

1.441 (4) 
1.432(4) 

1.377(4) 

1.433(4) 

C(bl)-C(b2) 
C(b3)-C(b4) 
C(b5)-C(b6) 
C( b7)-C( b8) 
C(bl)-C(ll) 
C(b2)-C(21) 
C(b3)-C(31) 
C(b4)-C(41) 
C(bS)-C(S 1) 
C(b6)-C(61) 
C(b7)-C( 7 1) 
C(b8)-C(8 1) 
C(ll)-C(12) 
C(21)-C(22) 
C(3 1)-C(32) 
C(41)-C(42) 
C(5 1)-C(52) 
C(61)-C(62) 
C(71)-C(72) 
C( 8 1)-C(82) 
Cl-O(l) 
C1-0(2) 
C1-0(3) 
C1-0(4) 
O(w1)-H(w1a) 

O( w 2)-H (w 2a) 
O(W 1 )-H(w 1 b) 

0(~2)-H(w2b) 

1.362(4) 
1.350(4) 
1.369(4) 
1.36 l(4) 
1.504(4) 
1.498(4) 

1.5 1 O( 4) 

1.489(4) 
1.499(4) 
1.507(4) 
1.5 17( 4) 
1.520(4) 
1.520(4) 
1.5 15 (4) 
1.524(4) 
1.51 3(5) 
1.506(4) 
1 S O 1  ( 5 )  
1.440(3) 
1.428(3) 
1.41 9(3) 
1.422(3) 
0.87(4) 
0.88(4) 
0.85(6) 
0.89(4) 

1.499(4) 

1.497(4) 

a The numbers in parentheses are the estimated standard deviations. 

In this model, the two weakly interacting iron(II1) centers have 
parameters gl = 4.65, { = 150 cm-l, and J = -1.0 cm-l.18 The 
fit is the solid line in Figure 2. The negative Jva lue  is consistent 
with an antiferromagnetic interaction of the two iron(II1) centers, 
possibly modulated by the T-T interaction between two porphyrin 
cores within the dimer (Figure 5). The consistency of the magnetic 
data a t  2 and 10 kG indicates an absence of crystal alignment 
or ferromagnetic impurities. 

X-ray Struetureof [Fe(OEP)(HzO)ICl04.2HzO. The structure 
of the [Fe(OEP)(HzO)]+ ion is shown in Figure 3, which also 
illustrates the labeling scheme for all atoms used in the tables. 
Individual bond distances and bond angles are given in Tables 
4 and 5, respectively. Averaged values for the unique chemical 
classes of distances and angles in the porphinato core are  entered 
on the mean plane diagram given in Figure 4, which also shows 
the perpendicular displacements of each atoms (in units of 0.01 
A) from the mean plane of the 24-atom core. The agreement 
between chemically equivalent bond distances and angles in the 
core is quite satisfactory. The four Fe-N, bond distances have 
an average value of 1.982(4) A, and the axial F e - 0 ~ ~ 0  bond 
length is 2.045(3) A. The displacement of the iron(II1) atom 

N( 1) FeN( 2) 
N( 1 )FeN( 3) 
N( 1)FeN(4) 
N(2) FeN( 3) 
N(2)FeN(4) 
N( 3) FeN(4) 
N(l)FeO(wl) 
N(2) FeO(w 1 ) 
N(3)FeO(wl) 
N(4) FeO(w 1) 
FeN(l)C(al) 
FeN( 1)C(a2) 
C(al)N(l)C(aZ) 
FeN(2)C(a3) 
FeN( 2)C(a4) 
C(a3)N(2)C(a4) 
FeN(3)C(a5) 
FeN( 3)C(a6) 
C(aS)N(3)C(a6) 
FeN (4)C( a7) 
FeN(4)C(a8) 
C(a7)N(4)C(a8) 
FeO(w 1)H(w 1 a) 
FeO(wl)H(wlb) 
N( l)C(al)C(bl) 
N( l)C(a 1)C(m4) 
C(bl)C(al)C(m4) 
N(l)C(aZ)C(bZ) 
N( l)C(a2)C(ml) 
C(bZ)C(aZ)C(ml) 
N(2)C(a3)C(b3) 
N(2)C(a3)C(ml) 
C(b3)C(a3)C(ml) 
N(2)C(a4)C(b4) 
N(2)C(a4)C(m2) 
C(b4)C(a4)C(m2) 
N(3)C(aS)C(b5) 
N(3)C(a5)C(m2) 
C(b5)C(a5)C(m2) 
N(3)C(a6)C(b6) 
N(3)C(a6)C(m3) 
C(b6)C(a6)C(m3) 
N(4)C(a7)C(b7) 
N(4)C(a7)C(m3) 
C(b7)C(a7)C(m3) 
N(4)C(a8)C(b8) 

89.49(12) N(4)C(a8)C(m4) 
170.03(9) C(b8)C(a8)C(m4) 
89.20(12) C(al)C(bl)C(b2) 
89.24(12) C(al)C(bl)C(ll) 

166.57(9) C(bZ)C(bl)C(ll) 
89.74( 12) C(aZ)C(bZ)C(bl) 
95.13(12) C(a2)C(b2)C(21) 
99.28(11) C(bl)C(b2)C(21) 
94.84(12) C(a3)C(b3)C(b4) 
94.14(11) C(a3)C(b3)C(31) 

126.67(20) C(b4)C(b3)C(3 1) 
127.96(20) C(a4)C(b4)C(b3) 
104.71(25) C(a4)C(b4)C(41) 
127.55(19) C(b3)C(b4)C(41) 
127.74(20) C(a5)C(b5)C(b6) 
104.44(24) C(a5)C(b5)C(51) 
127.22(20) C(b6)C(bS)C(51) 
127.34(20) C(a6)C(b6)C(b5) 
105.05(24) C(a6)C(b6)C(61) 
127.73(20) C(bS)C(b6)C(61) 
127.77(20) C(a7)C(b7)C(b8) 
103.86(24) C(a7)C(b7)C(71) 
122.(2) C(b8)C(b7)C(71) 
115.(2) C(a8)C(b8)C(b7) 
110.47(26) C(a8)C(b8)C(81) 
124.14(27) C(b7)C(b8)C(81) 
125.24(27) C(a2)C(ml)C(a3) 
110.94(26) C(a4)C(m2)C(a5) 
124.54(27) C(a6)C(m3)C(a7) 
124.51(27) C(a8)C(m4)C(al) 
110.99(26) C(bl)C(ll)C(12) 
125.18(26) C(b2)C(21)C(22) 
123.79(26) C(b3)C(31)C(32) 
110.69(26) C(b4)C(41)C(42) 
124.19(26) C(b5)C(51)C(52) 
125.12(26) C(b6)C(61)C(62) 
110.69(26) C(b7)C(71)C(72) 
124.66( 27) C(b8)C( 8 1)C( 82) 
124.65(27) 0(1)C10(2) 
110.66(26) O( 1)C10(3) 
125.36(26) O( 1)C10(4) 
123.97(27) 0(2)C10(3) 
111.59(25) 0(2)C10(4) 
124.65(26) 0(3)C10(4) 
123.74(27) H(wla)O(wl)H(wlb) 
111.21(26) H(w2a)O(w2)H(wZb) 

Table 5. Bond Angles (deg) in [ Fe(OEP)(H20)]ClOv2H2@ 
123.71(27) 
125.04i26j 
107.22(25) 
124.15(27) 
128.63(27) 
106.59(26) 
124.25(27) 
129.1 l(26) 
106.74(25) 
124.55(26) 
128.63(26) 
107.07(25) 
125.35(27) 
1 27.53( 26) 
106.58(25) 
125.16(26) 
128.24(26) 
107.01(26) 
124.06(26) 
128.72(27) 
106.30(25) 
125.45(27) 
128.02(26) 
106.98(25) 
125.16(27) 
127.86(27) 
124.86(28) 
125.26(26) 
124.49(27) 
126.05(26) 
113.34(25) 
112.62(25) 
111.78(24) 
113.08(25) 
11 3.59(25) 
1 1 1.12(26) 
11 1.20(25) 
114.36(26) 
1 10.28( 17) 
108.94(17) 
108.56(16) 
108.80( 16) 
110.41(18) 
109.83(18) 
116.(3) 
9944) 

The numbers in parentheses are the estimated standard deviations. 

from the mean porphinato core is 0.20 A. The porphinato core 
also displays a small, but real, &-ruffling of the porphyrin core 
(Figure 4). 

Figures 5 and 6 show the interactions between porphyrin 
molecules in the crystal lattice. In Figure 5, the two “face-to- 
face” porphyrin rings have a Ct-Ct distance of 4.79 A, an inter- 
ring distance of 3.39 A, and a lateral shift19 of 3.39 A. The four 
“up”/four “down” orientation of the ethyl groups is commonly 
seen for octaethylporphyrin derivatives with this degree of inter- 
ring overlap. The dimeric units are extended by the formation 
of a hydrogen bonding network. As shown in Figure 6, the aquo 
ligand of one iron in the dimer joins the aquo ligand of an adjacent 
dimer by hydrogen bonds that also involve solvent water molecules 
and the perchlorate anions. The hydrogen bond network shown 
in Figure 6 has an inversion operator located a t  the center of the 
network; the six symmetry unique 0-H-0 distances range from 

(13) Debrunner, P. G. Iron Porphyrinr Part 3; Lever, A. B. P., Gray, H. B., 
Eds.; VCH: New York, 1989; pp 137-234. 

(14) Gupta, G. P.; Lang, G.; Scheidt, W. R.; Geiger, D. K.; Reed, C. A. J .  
Chem. Phys. 1986, 82, 5212. 

(15)  Reed, C. A.; Mashiko, T.; Bentley, S. P.; Kastner, M. E.; Scheidt, W. 
R.; Spartalian, K.; Lang, G. J. Am. Chem. SOC. 1979,101, 2948. 

(16) Gupta, G. P.; Lang, G.; Lee, Y. J.; Scheidt, W. R.; Shelly, K.; Reed, 
C .  A. Inorg. Chem. 1987, 26, 3022. 

(17) Maltempo, M. M. J. Chem. Phys. 1974, 61, 2540. 
(18) The Hamiltonian for the evaluation of J has the form <sc = -JS,.S2. 

Complete details of a related analysis are given in ref 14. 
(19 )  Scheidt, W.  R.; Lee, Y .  J .  Strucr. Bonding 1987, 6 4 ,  1 .  



Aquo(octaethylporphinato)iron(III) Perchlorate Inorganic Chemistry, Vol. 33, No. 7, 1994 1323 

-1 

C(m3) - 

-1 6 5 \ I 

Figure 4. Formal diagram of the porphinato core of [Fe(OEP)(HzO)]- 
C104.2Hz0 displaying the average values for the bond parameters. The 
numbers in parentheses are the estimated standard deviations calculated 
on the assumption that the averaged values were all drawn from the same 
population. Also displayed are the perpendicular displacements, in units 
of 0.01 A, of each atom from the 24-atom mean plane of the core. 

Figure 5. ORTEP drawing showing the close “face-to-face” contact and 
lateral shift between two [Fe(OEP)(HzO)]+ ions. Thermal ellipsoids 
are drawn at the 50% probability level. Porphyrin hydrogen atoms are 
omitted for clarity. 

Figure 6. ORTEP drawing showing the hydrogen-bonding network 
between two molecules of [Fe(OEP)(H20)]C10~2H20. A crystallo- 
graphic inversion center is located at the center of the illustrated hydrogen 
bond network. Thermal ellipsoids are drawn at the 30% probability level. 
Porphyrin hydrogen atoms are omitted for clarity. 

2.60to3.13 A. Thereisthusalinearchainof (Fe(OEP)(HzO)]+ 
cations in the crystal lattice with alternating T-T and hydrogen 
bond links. 

X-ray Structure of [Fe(OEP)(THF)$IO,. Figure 7 gives the 
ORTEPdiagram for the [Fe(OEP)(THF)z]+ cation. The cation 
has both a crystallographically required 2-fold axis and a mirror 
plane of symmetry, with the iron(II1) atom at a symmetry center. 

Figure 7. ORTEP drawing of the [Fe(OEP)(THF)t]ClO, molecule. 
Thermal ellipsoids are drawn at the 30% probability level. Porphyrin 
hydrogen atoms are omitted for clarity. 

Table 6. Bond Lengths (A) and Angles (deg) in 
[Fe(OEP)(THF)21CIOda 

Bond Lengths 
Fe-N 1.999(2) C(ll)-C(12) 1.507(5) 
Fe-O(T) 2.199(3) C(21)-C(22) 1.482(6) 
N-C(a1) 1.379(4) O(T)-C(l) 1.344(8) 
N-C(a2) 1.381(3) O(T)-C(4) 1.381(9) 
C(al)-C(bl) 1.442(4) C( 1)-C(2) 1.462( 1 1) 
C(a2)-C(b2) 1.444(4) C(2)-C(3) 1.462(14) 
C(al)-C(ml) 1.377(3) C(3)-C(4) 1.49 1 (1 2) 
C(a2)-C(m2) 1.375(3) C1-0(1) 1.347(12) 
C(bl)-C(b2) 1.361(4) C1-0(2) 1.565(18) 
C(bl)-C(l l )  1.492(4) C1-0(3) 1.301(11) 
C(b2)-C(21) 1.496(4) 

Bond Angles 
N-FeN’ 90.07(13) C(a2)-C(bZ)-C(21) 125.36(26) 
N-Fe-N” 89.93(13) C(Zl)-C(bZ)-C(bl) 127.71(27) 
O(T)-Fe-N 90.15(9) C(bl)-C(ll)-C(12) 112.84(27) 
O(T)-Fe-N’ 89.85(9) C(b2)-C(21)-C(22) 113.75(29) 
Fe-N-C(a 1) 127.09(17) C(al)-C(ml)-C(al), 125.9(4) 
Fe-N-C( a2) 127.27(18) C(a2)-C(m2)-C(a2)” 126.2(3) 
C(a1)-N-C(a2) 105.64(21) Fe-O(T)-C(l) 126.8(4) 
N-C(al)-C(bl) 110.40(23) Fe-O(T)-C(4) 125.2(4) 
N-C(al)-C(ml) 124.88(25) C(l)-O(T)-C(4) 106.8(6) 
C(ml)-C(al)-C(bl) 124.68(26) O(T)-C( 1)-C(2) 112.9(8) 
N-C(a2)-C(b2) 110.18(23) O(T)-C(4)-C(3) 108.9(8) 
N-C(aZ)-C(mZ) 124.59(26) C( l)-C(2)-C(3) 101.3(8) 
C(m2)-C(a2)-C(b2) 125.22(25) C(2)-C(3)4(4) 105.6(8) 
C(al)-C(bl)-C(b2) 106.80(24) O(l)-C1-0(2) 99.(1) 
C(al)-C(bl)-C(ll) 125.23(26) O(l)-C1-0(3) 115.(1) 
C(ll)-C(bl)-C(bZ) 127.95(26) 0(2)-C1-0(3) 80.( 1) 
C( a2)-C(b2)-C( bl ) 106.92( 23) O( 3)-C1-0( 3)” 1 28. (2) 

The numbers in parentheses are the estimated standard deviations. 
The one-primed atom notes the atom translated by a 2-fold axis; the 
two-primed atom notes the atom translated by a mirror plane. 

The 2-fold axis passes through the iron atom and a pair of meso 
carbons (C(ml), C(m3)); the mirror plane goes through the iron 
center, a pair of meso carbons (C(m2), C(m4)), and the oxygen 
atoms of the THF ligands. The perchlorate anion is found to be 
disordered around a symmetry center with the chlorine and two 
oxygen atoms (0(1) ,  O(2)) on the mirror plane and another 
oxygen atom (O(3)) a t  a general position. This disorder is the 
same as that described previously,8 but the precision of the bond 
distances and angles (Table 6) is significantly increased. 

Discussion 

Thereactionof theoxebridgedcomplex [Fe(OEP)]zO inacidic 
media has been found to yield different products depending upon 
the “acidity” of the reaction medium. (An exact definition of 
acid concentration is difficult because of the biphasic reaction 
conditions that are used.) When relatively small amounts of 
acid are used (0.8-2 equiv of H+/mol of [Fe(OEP)lz0), the 
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major isolated product is the novel 1-hydroxo dimer complex 
([Fe(OEP)]2(OH))+.* At only slightly higher concentrations of 
acid (2-4 equiv of H+), the major product is the monoaquo [Fe- 
(OEP)(H20)]+ cation, which can be more readily obtained by 
use of still higher concentrations of acid (cf. method 2 of 
Experimental Section). It is probable that Dolphin et a1.4prepared 
the [Fe(OEP)(HzO)]+ cation as part of their reported procedure 
for the preparation of Fe(OEP)C104.2EtOH and Fe(OEP)ClO4. 

The magnetic properties of the [Fe(OEP)(H20)]+ cation are 
those of the now well-known admixed intermediate-spin iron- 
(111) compounds.1416 It is interesting to note that the five- 
coordinate monoaquo [Fe(OEP)(H20)]+ cation has an admixed 
intermediate-spin state, while the &x-coordinate diaquo [Fe(TPP)- 
(H20)2]+ cation has a high-spin state.23b This difference follows 
the earlier suggestion of Scheidt and ReedZo that a decrease in 
the axial ligand field strength favors the lower of the two spin 
multiplicities. This is the opposite of that observed in more 
symmetrical ligand fields and has its origins in the marked 
tetragonality of iron(II1) porphyrinates with weak-field axial 
ligands. However, the observed spin state of [Fe(OEP)(HzO)]+ 
and [Fe(TPP)(HzO)z]+ must be influenced by the differences in 
porphyrin ligands. To delineate the relative importance of these 
effects, a comparison of the magnetic properties of [Fe(OEP)- 
(H20)]C104 and [Fe(OEP)(H20)2]C104 would be desirable. 

We have been unable to prepare the six-coordinate [Fe(OEP)- 
(H20)2]+ complex using the synthetic procedures employed for 
the [Fe(TPP)(H20)2]+ cation.6 Surprisingly, tetrahydrofuran 
coordination to iron(II1) in (octaethylporphinato)iron(III) de- 
rivatives is favored over water even in THF solvent systems having 
significantly higher concentrations of water? Crystallization 
experiments in solvent systems in which water is the only possible 
ligand yield only the monoaquo [Fe(OEP)(HzO)]+ cation.21 The 
lack of a diaquo species is probably the result of porphyrin U-T 

interactions which favor dimerization and extrusion of the 
intervening ligands. An alternative explanation, which we believe 
less likely, is that the isolation of the [F~(OEP)(HZO)]~~+ dimers 
may simply reflect that the solubility of the U-T dimer is less 
than any other solution species. EPR measurements were also 
employed todetect thepossibleformationofa [Fe(OEP)(H20)2]+ 
species. At 77 K, isolated [Fe(OEP)(H20)]C104 has no de- 
tectable EPR signal. Discrete [Fe(OEP)(H20)2]+ ions would be 
expected to have a signal because the TPP analogue does.6 Since 
no EPR signals are detected for the “wet” solution systems frozen 
at 77 K, the possible formation of [Fe(OEP)(H20)2]+ in solution 
would seem to be largely excluded. 

The coordination group geometry of the five-coordinate [Fe- 
(OEP)(H20)]+ cation is that expected for an admixed interme- 
diate-spin iron(II1) porphyrinate. The average equatorial F e  
N, bond length of 1.982(4) A is quite comparable to 1.983(16) 
A, the averaged value found for five admixed intermediate-spin 
derivatives with five-coordination.15J6922 The iron(II1) ion dis- 
placement of 0.20 A from the mean plane of the 24-atom 
porphinatocoreisin themiddleof the0.10-0.30-Adisplacements 
previously reported for five-coordinate admixed intermediate- 
spin iron(II1) p0rphyrinates.l~J6.22 Finally, the axial F e - 0 ~ ~ 0  
bond length of 2.045(3) A is shorter than all known Fe-0 distances 
to neutral oxygen donors in iron(II1) porphyrinates (range 2.069- 
2.1 34 A).23 These are all high-spin six-coordinate derivatives 
and thus might be expected to have longer axial distances. It is 
to be noted that the dimeric T-T interaction (vide infra) might 
be expected to increase the axial Fe-O distance relative to the 

Cheng et al. 

~~ ~~~ 

(20) Scheidt, W. R.; Reed, C. A. Chem. Rev. 1981, 81, 543. 
(21) To date, cell constants have been determined for 10 different single 

crystals from various different reaction systems. All were the same as 
that of [ Fe(0EP) (HzO) ] Clod. 

(22) (a) Masuda, H.; Taga, T.; Osaki, K.; Sugimoto, H.; Yoshida, 2.-I.; 
Ogoshi, H. Inorg. Chem. 1980, 19, 950. (b) Shelly, K.; Bartczak, T.; 
Scheidt, W. R.; Reed, C. A. Inorg. Chem. 1985, 24, 4325. (c) Shelly, 
K.; Reed, C. A,; Lee, Y. J.; Scheidt, W. R. J .  Am. Chem. SOC. 1986, 
108,3117. (d) Scheidt, W. R.; Geiger, D. K.; Lee, Y. J.; Reed, C. A.; 
Lang, G. Inorg. Chem. 1987, 26, 1039. 

discrete ion; in manganese(II1) a porphyrin-arene T-T interaction 
increases the axial Mn-O distance by about 0.04 A.24,25 

The intermolecular U-T interaction within a pair of [Fe(OEP)- 
(HzO)]+ cations (Figure 5) is commonly seen in four- and five- 
coordinate metallooctaethylporphyrinates. The inter-ring contact 
parameters (Ct.-Ct distance = 4.79 A, lateral shift = 3.39 A, 
porphyrin mean plane separation = 3.39 A) are characteristic of 
the “I” or intermediate class as described by Scheidt and Leelg 
and lead to a rather close Fe...Fe separation of 5.08 A. This 
accounts for the weak antiferromagnetic coupling ( J  = -1 .O cm-l) 
and is similar to that observed previously in several other iron- 
(111) T-T dimers: [Fe(OEP)(2-MeHIm)]22+ ( J  = -0.8 cm-1),26 
[Fe(OEP)(3-Cl-Py)]22+ ( J  = -0.6 cm-1),22d and [Fe(TPP)(BII- 
CH12)]2 ( J  = -3.0 cm-I).I6 

Our X-ray structure analysis of [ Fe(OEP)(THF)2]C104 
produced what we believe to be a more precise structure 
determination compared to the one previously reported by Ogoshi 
et a1.* This is the result, at least in part, of the significantly larger 
number of reflections that we were able to measure (2263 unique 
data versus 597). Despite the increased number of data used in 
the least-squares refinement, our discrepancy indices are sig- 
nificantly lower (by -2.5%). We find an equatorial Fe-N,bond 
distance of 1.999(2) A, a distance that is fully in accord with the 
2.003(8) A averagevalue reported for fivedifferent six-coordinate 
intermediate-spin  derivative^.^^.^* On the other hand, Ogoshi et 
al. report a bond distance of 1.978( 12) A, a short distance almost 
at the lower limit of six-coordinate ruffled low-spin iron(II1) 
porphyrinates. We also find a slight difference in the axial Fe-O 
distance: our observed distance is 2.199(3) A, while the previously 
reported value was 2.187(11) A. 

Thesubtlety andvariety that canbefoundiniron(II1) porphyrin 
chemistry is well-illustrated by the present study. It is the 
complementary application of X-ray, Mbsbauer, and magnetic 
susceptibility techniques to the solid state that best reveals the 
systematic trends that underlie such diverse magnetostructural 
behavior. 
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