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PF-Fe"PhCN, 104423-75-8; [a-PF-Fe']-, 90857-60-6; [a-PF-Feol2-, 
90838-25-8; e-(C12)2-AC-Fe111C1, 104486-31-9; e-(C12),-AC-Fe11, 
104486-36-4; e-(C1 2),-AC-Fe1IDMF, 104486-27-3; e-(C12),-AC-Fe11N- 
MA, 104423-65-6; e-(C12),-AC-Fe11PhCN, 104423-72-5; e-(Cl 2),-AC- 
FeIIPrCN, 104423-79-2; [e-(Cl2),-AC-Fe1]-, 90838-01-0; [e-(C12),- 
AC-Fe0l2-, 104486-30-8; e-(C 1 2)2-AT-Fe"1CI, 104486-32-0; e-(C 1 2)2- 
AT-Fe"DMF, 90898-40-1; e-(C12),-AT-Fe11NMA, 104486-33-1; e- 
(C l 2),-AT-Fe11PhCN, 104486-35-3; e-(C l 2),-AT-Fe11PrCN, 104423- 
80-5; [e-(C12),-AT-Fe1]-, 104486-29-5; [e-(C12),-AT-Feol2-, 90898- 
39-8; e-(C 1 2),-CT-Fel1'CI, 79 198-03- 1 ; e-(C 1 2),-CT-Fe", 701 96-65-5; 
e-(C1 2)2-CT-Fe"DMF, 90838- 10- 1; e-(C1 2),-CT-Fe1INMA, 104423- 
66- 7; e- (C 1 2) 2-CT- FeIIPhCN, 1 0443 8- 5 5 - 3; e- (C 1 2) 2-CT- Fe"Pr CN , 
104423-8 1-6; [e-(C 1 2),-CT-Fe1]-, 79209-9 1-9; [e-(C 1 2),-CT-Feol2-, 
90838-06-5; e-(diC4Ph),-CT-Fe"'C1, 83460-51-9; e-(diC4Ph),-CT- 
Fe"'OH, 104423-88-3; e-(diC4Ph),-CT-Fe"DMF, 90838-1 1-2; e- 
(diC4Ph),-CT-Fe"NMA, 104423-67-8; e-(diC4Ph),-CT-Fe"PhCN, 
104423-73-6; e-(diC4Ph)2-CT-Fe"PrCN, 104423-82-7; [e-(diC,Ph),- 
CT-Fe'I-, 90838-03-2; [e-(diC4Ph),-CT-Fe0l2-, 90838-07-6; a-(C12),- 

Notes 

AC-Fe"'CI, 104486-26-2; a-(C 1 2),-AC-Fe11, 104423-86- 1 ; a-(C1 2),- 
AC-Fe"DMF, 90898-43-4; a-(C12),-AC-Fe11NMA, 104423-70-3; a- 
(Cl  2)2-AC-Fe11PhCN, 104423-76-9; a-(C12),-AC-Fe1*PrCN, 104527- 
26-6; [a-(C1 2),-AC-Fe1]-, 90898-44-5; [a-(C1 2),-AC-Fe0l2-, 90898-45-6; 
a-(C1 2)2-AT-Fe111CI, 90838-1 3-4; a-(C1 2)2-AT-Fe11DMF, 90838-1 8-9; 
a-(C12),-AT-Fe11NMA, 104486-34-2; a-(C12),-AT-Fe1IPhCN, 
104423-77-0; a-(C12),-AT-Fe11PrCN, 104423-84-9; [a-(C1 2),-AT-Fe1]-, 
104423-57-6; [a-(C12)2-AT-Feo]2-, 90838-24-7; a-(C12)2-CT-Fer11CI, 
908 38- 1 2-3; a-(C 1 2),-CT-Fe", 93646-94-7; a-(C 1 2),-CT-FeI1DMF, 
90838- 17-8; a-(C 1 2)2-CT-Fe11NMA, 104438-54-2; a-(C1 2),-CT- 
FeI'PhCN, 104438-56-4; a-(C12),-CT-Fe"PrCN, 104438-57-5; [a- 
(C12),-CT-Fe1]-, 90838-20-3; [a-(C12),-CT-Fe0l2-, 90838-23-6; a- 
(diC4Ph),-CT-Fe1IC1, 104423-60-1 ; a-(diC4Ph)2-CT-Fe1110H, 104423- 
87-2; a-(diC4Ph),-CT-Fe"DMF, 104423-56-5; a-(diC4Ph),-CT-FeT1N- 
MA, 104423-71-4; a-(diC4Ph)2-CT-Fe11PhCN, 104423-78-1; a- 
(diC4Ph),-CT-Fe"PrCN, 104423-85-0; [a-(diC4Ph),-CT-Fe1]-, 104423- 
58-7; [a-(diC4Ph)2-CT-Feo]2-, 104423-59-8; C1-, 11 12-67-0; NBu4C104, 
1923-70-2; LiC104, 7791-03-9. 
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The structural characterization of iron coordination is of con- 
siderable importance in understanding the mechanism of action 
of heme iron enzymes. To that end, metalloporphyrin complexes 
have been used extensively as both structural and functional models 
for heme proteins since their ligand composition can be more easily 
varied than that of the proteins they are intended to mimic. 

The role of sulfur donor ligation in the function of heme proteins 
is incompletely understood at  present. For example, both cyto- 
chrome P-450 ( P-450)2*3 and secondary amine mono~xygenase~ 
catalyze reduced pyridine nucleotide- and 02-dependent N-de- 
alkylation reactions but have different axial heme ligands (cys- 
teinate and histidine, respectively). In contrast, the spectroscopic 
similarities between P-450 and chloroperoxidase have suggested 
an identical heme coordination structure for the two enzymes 
(pentacoordinate, cysteinate ligated),5 despite their functional 

differences (monooxygenase and peroxidase, respectively). 
To date, only a very small number of sulfur-donor-ligated 

ferrous porphyrins have been structurally defined. Weiss and 
co-worker~~*~ have used X-ray crystallography to investigate penta- 
and hexacoordinate ferrous porphyrin thiolate complexes, with 
CO and O2 trans to thiolate in the latter case. For ferrous por- 
phyrin complexes containing neutral sulfur donors, only the 
hexacoordinate bis(thioether),8 thioether/imidazole,8 and thio- 
ether/O? adducts have been structurally characterized. No such 
investigations of ferrous porphyrin complexes containing a dialkyl 
disulfide axial ligand have appeared; neither have the previously 
reported hexacoordinate thiol/COI0J1 and thioether/COll com- 
plexes been structurally defined. The present report substantially 
increases this database of Fe(I1)-S bond distances to include 
ferrous porphyrin adducts having thiol, thioether, and disulfide 
ligands trans to CO. All three of these sulfur donor types represent 
potential axial ligands in biological systems. The Fe(I1)-S bond 
length has been found to vary systematically as a function of the 
sulfur donor type. 

The method we have employed for this structural analysis of 
sulfur-ligated heme complexes is extended X-ray absorption fine 
structure (EXAFS) spectroscopy, a technique that has been 
previously shown to accurately probe the iron coordination en- 
vironment of heme proteins and metalloporphyrins.I2 The EX- 
AFS spectra contain local structural information about the type, 
number, and distance of atoms surrounding the absorbing Fe atom. 
These spectra can be collected on solutions in a short time and 
Drovide accurate metrical details. In contrast. orotein crvstallo- 
graphic studies require good single crystals anh the difiaction 

(a) Stanford University. (b) University of South Carolina. 
Dawson, J. H.; Eble, K. S. Adu. Znorg. Bioinorg. Mech. 1986,4, 1-64. 
Abbreviations: DMA, N,N-dimethylacetamide; EtS-, ethanethiolate; 
EXAFS, extended X-ray absorption fine structure; La,, axial ligand; 
MeSSMe, dimethyl disulfide; N, the number of ligand atoms; N,,, axial 
nitrogen donor; N,, porphyrin pyrrole nitrogen; OEP, octaethyl- 
porphyrinato; P-450, cytochrome P-450; PrS-, propanethiolate; PrSH, 
propanethiol; S,,, axial sulfur donor; THT, tetrahydrothiophene; 
TpivPP, meso-tetrakis(Lu,cu,Lu,a-o-pivalamidophenyl)porphyrinato; TF'P, 
meso-tetraphenylporphyrinato; TPP(C5Im), imidazole-tailed TPP TTP, 
meso-tetra-p-tolylporph yrinato. 
(a) Brook, D. F.; Large, P. J. Eur. J.  Biochem. 1975,55,601-609. (b) 
Alberta, J. A.; Anderson, L. A,; Dawson, J. H.; manuscript in prepa- 
ration. 
(a) Champion, P. M.; Miinck, E.; Debrunner, P. G.; Hollenberg, P. F.; 
Hager, L. P. Biochemistry 1973, 12,426-435. (b) Hollenberg, P. F.; 
Hager, L. P. J. Biol. Chem. 1973,248,2630-2633. (c) Dawson, J. H.; 
Trudell, J. R.; Barth, G.; Linder, R. E.; Bunnenberg, E.; Djerassi, C.; 
Chiang, R.; Hager, L. P. J. Am. Chem. SOC. 1976,98, 3709-3710. (d) 
Cramer, S. P.; Dawson, J. H.; Hodgson, K. 0.; Hager, L. P. J. Am. 
Chem. Soc. 1978,100,7282-7290. (e) Sono, M.; Dawson, J. H.; Hager, 
L. P. J.  Biol. Chem. 1984,259, 13209-13216. ( f )  Sono, M.; Dawson, 
J. H.; Hager, L. P. Inorg. Chem. 1985,24,4339-4343. (g) Sono, M.; 
Dawson, J. H.; Hall, K.; Hager, L. P. Biochemistry 1986,24, 347-356. 
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data analysis and refinement are lengthy processes. A limitation 
of the EXAFS technique is its inability to discriminate between 
atoms adjacent in the periodic table (e.g. C, N,  0) due to their 
similar backscattering properties; however, this is not a problem 
in sulfur-ligated heme complexes since the contributions of the 
axial sulfur (S,) and porphyrin pyrrole and axial ligand nitrogens 

(6) Caron, C.; Mitschler, A.; Riviere, G.; Ricard, L.; Schappacher, M.; 
Weiss, R. J. Am. Chem. SOC. 1979, 101, 7401-7402. 

(7) Ricard, L.; Schappacher, M.; Weiss, R.; Montiel-Montoya, R.; Bill, E.; 
Gonser, U.; Trautwein, A. Now. J.  Chim. 1983, 7, 405-408. 

(8) Mashiko, T.; Reed, C. A.; Haller, K. J.; Kastner, M. E.; Scheidt, W. 
R. J. Am. Chem. SOC. 1981, 103, 5758-5161. 

(9) Jameson, G. B.; Robinson, W. T.; Collman, J. P.; Sorrell, T. N. Znorg. 
Chem. 1978, 17, 858-864. 

(10) Berzinis, A. P.; Traylor, T. G. Biochem. Biophys. Res. Commun. 1979, 
87, 229-235. 

(1 1) Collman, J. P.; Sorrell, T. N. J. Am. Chem. SDC. 1975, 97, 4133-4144. 
(12) (a) Cramer, S. P.; Hcdgson, K. 0. Prog. Znorg. Chem. 1979,25, 1-39. 
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Lever, A. B. P., Gray, H. B., Eds.; VCH Publishers: Weinheim, West 
Germany; in press. 
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Table I. Structural Comparisons of Various Sulfur-Donor-Ligated Ferrous Porphyrin Complexes and Heme Proteins 
Fe-N, Fe-Sa, 

c o m p 1 ex R,b 8, Ne R ,  A N ref 

FeOEP(SPr)- 
FeTPP(SEt)-f 
Fe2+P-450-CAMd 

FeOEP(SPr) (C0)- 
FeTTP(SEt)(CO)-f 
Fe2+P-450-CAM + C o d  
FeTpivPP(SC,HF,) (02)-f 

FeOEP(PrSH) (CO)d 
FeOEP(THT)(CO)d 
FeTpivPP(THT)(OJ* 
FeOEP( MeSSMe)(CO)d 

Five-Coordinate: Thiolate 
2.05 3.8 2.33 0.4F this work 
2.096 4 2.360 1 6 
2.08 3 .O 2.34g 0.6 13 

Six-Coordinate: Thiolate/?r-Acceptor 
2.00 4.4 2.33 
1.993 4 2.352, 2.388 
1.98 3.3 2.32 
1.990 4 2.369 

Six-Coordinate: Non-Thiolate/?r-Acceptor 
2.01 5.1 2.41 
2.00 5.2 2.41 
1.99-2.00 4 2.49 
2.03 5.9’ 2.40 

0.2e this work 
1 6, 7 
1 .o 13 
1 7 

0.8 this work 
0.4e this work 
1 9 
0.7 this work 

Six-Coordinate: Non-Thiolate/Non-*-Acceptor 
FeTPP(THT)/ 1.996 4 2.336 2 8 
FeTPP(CSIm)(THT)/ 1.99 4 2.31 1 8 

“Abbreviations are explained in text footnote 3. ’Bond length (in angstroms). CNumber of atoms at the distance indicated. the basis of 
EXAFS measurements; bond distance uncertainties are 0.02 A. eAll samples measured in this work were examined in solution. Analysis of solution 
data using paremeters derived from the solid-state EXAFS of structurally defined model complexes may result in low values for N(S,,) due to 
Debye-Waller effects. /On the basis of crystal structure; bond distance uncertainties range from 0.003 to 0.010 A. 8Best fit to filtered EXAFS data. 
Fe-Sa, = 2.38 A when unfiltered EXAFS data were analyzed. * “Semiquantitative” structural analysis of X-ray crystal data. ‘The unexpectedly 
large value of N(N,,) may be the result of significant contributions from the carbon of the bound C O  to the pyrrole nitrogen EXAFS. 

(Np, Nax) to the observed EXAFS are readily dis t ingui~hable .%~~,~~ 
Experimental Section 

Solvents and ligands (Aldrich) were purified before use according to 
literature methods.I5 The potassium salt of propanethiolate was pre- 
pared as previously described.’, Dibenzo-18-crown-6 cyclic polyether 
(Aldrich) and (octaethylporphyrinato)iron(III) chloride [Fe3+0EP(C1)] 
(Aldrich) were used without further purification. 

FeOEP(CO)(X),17 where X = PrSH or THT,’ was prepared by the 
reduction of Fe”OEP(C1) dissolved in neat ligand with aqueous di- 
thionitek8 in the presence of C O  gas.l0 FeOEP(C0) was prepared in a 
similar manner using toluene or 20% DMA in toluene as the solvent. 
FeOEP(MeSSMe)(CO) was prepared by the addition of neat MeSSMe 
to a toluene solution of FeOEP(C0) until no further spectral changes 
were noted. These complexes were distinct from either FeOEP(CO), 
FeOEP(X), FeOEP(X)2, or Fe3+OEP(CI), as judged by their electronic 
absorption ~ p e c t r a . ’ ~ . ’ ~  FeOEP(SPr)- was obtained by using a modifi- 
cation19 of the method described by Chang and Dolphin.I6 FeOEP- 
(SPr)(CO)- was prepared by bubbling a solution of FeOEP(SPr)- with 
C O  gas.I6 All samples were 2-8 mM in FeOEP. 

Due to their extreme O2 sensitivity, the preparation and handling of 
all complexes were done in an inert-atmosphere box (Vacuum Atmo- 
spheres), in a glovebag, or with glassware that was grease-sealed and 
glass-stoppered to exclude 02. Electronic absorption spectral measure- 
ments were obtained on a Cary 210 or Cary 219 spectrophotometer 
(Varian). Samples were prepared in South Carolina and shipped to 
California in flame-sealed glass tubes stored on dry ice. All X-ray ab- 
sorption data were collected at the Stanford Synchrotron Radiation 
Laboratory as fluorescence excitation spectra20*21 on beam lines 11-2 or 
VII-3 using a Si[220] double-crystal monochromator. The storage ring 
was operated at 3.0 GeV and 35-60 mA. Analysis of the data was 

(13) Hahn, J. E.; Hodgson, K. 0.; Andersson, L. A.; Dawson, J. H. J .  Biol. 
Chem. 1982. 257. 10934-10941. 

(14) Dawson, J. H.; Davis, I .  M.; Andersson, L. A,; Hahn, J. E. Deu. Eio- 
chem. 1980. 13. 565-572. 

~~ ~ ~ ~ 

(15) Perrin, DI D.; Armarego, W. L. F.; Perrin, D. R. Purification of Lab- 
oratory Chemicals; Pergamon: Oxford, 1980. 

(16) Chang, C. K.; Dolphin, D. Proc. Natl. Acad. Sci. U.S.A. 1976, 73, 
3 3 38-3 342. 

(17) Unless otherwise noted, all iron complexes are in the ferrous state. For 
thiolate-ligated complexes, potassium dibenzo-18-crown-6 is the coun- 
terion. 

(18) Brault, D.; Rougee, M. Biochemistry 1974, 13, 4591-4597. 
(19) Svastits, E. W. Ph.D. Dissertation, Universtiy of South Carolina, 1986. 
(20) Penner-Hahn, J. E.; McMurry, T. J.; Renner, M.; Latos-Grazynsky, L.; 

Eble, K. S.; Davis, I. M.; Balch, A. L.; Groves, J. T.; Dawson, J. H.; 
Hodgson, K. 0. J .  Biol. Chem. 1983, 258, 12761-12’764. 

(21) Cramer, S.  P.; Scott, R. A. Reo. Sci. Instrum. 1981, 52. 395-399. 

performed as previously reported.12,22 

Results and Discussion 
The curve-fitting results for Fourier-filtered first-shell data fits 

of various sulfur donor-ligated ferrous porphyrin model complexes 
are given in Table I. This EXAFS data analysis will give an 
accuracy of approximately f0.02 A in distance determination and 
25-35% in coordination number determination.12,22 Although some 
values of N, the number of ligand atoms in a given shell, for Sax 
are small (Table I), the contribution of Sa, is significant for the 
following reason: In the process of curve-fitting analysis, the 
function value F (which is x 2  and measures the goodness of fit 
compared to the experimental data) decreases significantly after 
including the Fe-Sa, shell into the fits. The improvement is 
between 60 and 80% for all the cases reported. 

EXAFS analysis of the pentacoordinate FeOEP(SPr)- and 
hexacoordinate FeOEP(SPr) (C0)- complexes in solution (Table 
I) showed that the Fe-Sax distance (2.33 A) remained constant, 
whereas the Fe-N, distance decreased from 2.05 to 2.00 A upon 
CO ligation, as expected for the change in coordination number.23 
This result is in good agreement with previous X-ray crystallo- 
graphic results of analogous TPP-type adducts6 A similar trend 
was seen by Collman and co-workersZ4 in the case of FeTpivPP- 
(2-methylimidazole), where the Fe-N,, bond length did not differ 
appreciably in the presence and absence of ligated O2 (2.107 and 
2.095 A, respectively). 

In contrast, changing the axial ligand from thiolate to thiol in 
the hexacoordinate CO-bound ferrous porphyrin complexes caused 
a distinct increase in the Fe-Sa, distance from 2.33 to 2.41 A 
(Table I) but did not affect the Fe-N, bond length. Such a large 
increase in the Fe-Sa, bond length (0.08 A) upon protonation of 
bound thiolate indicates that the orbital interaction between the 
heme iron and thiolate sulfur atoms is more extensive. Iterative 
extended Huckel calculations have demonstrated that the d, 
orbitals of CO-bound heme iron are perturbed to a greater extent 
by thiolate than by thiol trans to C0.25 It is the interaction of 

(22) Cramer, S.  P.; Hodgson, K. 0.; Stiefel, E. I.; Newton, W. E. J .  Am. 
Chem. SOC. 1978, 100, 2748-2761. 

(23) Scheidt, W. R.; Reed, C. A. Chem. Rev. 1981, 81, 543-555. 
(24) (a) Jameson, G. B.; Rodley, G. A,; Robinson, W. T.; Gagne, R. R.; 

Reed, C. A,; Collman, J. P. Inorg. Chem. 1978, 17, 850-857. (b) 
Jameson, G. B.; Molinaro, F. S.; Ibers, J. A,; Collman, J. P.; Brauman, 
J. I.; Rose, E.; Suslick, K. S .  J .  Am. Chem. SOC. 1980, 102, 3224-3237. 
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the pt orbitals of thiolate sulfur with the a2"(a) orbital of the 
ferrous porphyrin that is believed to cause the unique spectral 
characteristics of the CO-ligated adduct.25 The shortening of the 
Fe-Sax bond upon deprotonation of the ligated thiol can also be 
explained by electrostatic considerations. 

The other hexacoordinate complexes, FeOEP(THT)(CO) and 
FeOEP(MeSSMe)(CO), serve as models for methionine and 
cystine axial ligation in heme proteins and are structurally 
characterized for the first time herein. The structural properties 
of both complexes are similar to those of FeOEP(PrSH)(CO) and 
distinct from those of FeOEP(SPr)(CO)-. Also, only one of the 
structurally equivalent sulfur atoms in the disulfide-containing 
complex was found to be bound to the iron. These observations 
are not altogether unexpected since the sulfur atoms in PrSH, 
THT, and MeSSMe are all uncharged, are presumably sp3-hy- 
bridized, and are poor a-donors; thus, their bonding to FeOEP- 
(CO) should be similar. The Fe-Sax distance in the THT-ligated 
ferrous porphyrin with CO as the trans ligand is somewhat longer 
than those of the analogous complexes in which imidazole (2.31 
A)* and THT (2.336 A)8 are trans. This can be explained by the 
greater interaction of the d, orbitals of the iron with CO (a-ac- 
ceptor) than with either imidazole or THT (u-donors), thus re- 
ducing the electron density in the iron-to-trans ligand bond. A 
similar lengthening of the Fe-La, bond trans to a a-acceptor has 
been noted upon replacement of l-methylimidazole26 with 02z4 
in Fe(porphyrin)( 1 -methylimidazole)(L) and piperidinez7 for 
in Fe(porphyrin) (piperidine) (L) complexes.z9 

These results suggest the existence of two distinct structural 
categories for sulfur-donor-ligated, hexacoordinate Fe(porphy- 
rin)(RSY)(CO) complexes (R is an alkyl moiety). When the Y 
group is H ,  R,  or S R  (thiol-like), the ligated sulfur is present as 
an uncharged a-donor ligand, resulting in a Fe-Sax distance of 
2.40 A or greater. When the Y group is absent (thiolate), the 
ligated sulfur is present as an anionic a-donor ligand that is able 
to more extensively interact with the molecular orbitals of the iron, 
causing a Fe-Sax bond length contraction to -2.33 A. These 
results are of particular importance in the structural analysis of 
sulfur-donor-ligated heme proteins. In the past, it was not possible 
to use EXAFS to distinguish the kind of sulfur ligand bound to 
ferrous iron, only its distance and number. With the present 
findings, assignment of the nature of the axial ligand trans to CO 
as being either thiolate or thiol-like can be made with greater 
certainty. In the case of the C O  adduct of P-450, axial ligation 
by a sulfur donor other than cysteinate can be completely ruled 
out on the basis of its FeS,  distance, thus confirming the previous 
conclusion from spectral data." Identification of the sulfur donor 
in heme proteins such as cytochrome c13' and hemoprotein H- 
450,32 which have been proposed to contain sulfur donor axial 
ligands, should now be possible on the basis of EXAFS mea- 
surements of their ferrous-CO adducts.33 Inspection of the data 

for ferrous-OZ c ~ m p l e x e s ~ * ~  (Table I) reveals a similar difference 
of -0.1 A in the FeS,  bond distance for thiolate and non-thiolate 
(thioether) sulfur donors.34 

In summary, the length of the Fe-Sax bond trans to C O  in 
hexacoordinate FeZ+OEP(CO)(sulfur donor) complexes has been 
found to fall into two distinct groups (2.33 and 2.40-2.41 A) 
depending on the nature of the sulfur donor (thiolate and non- 
thiolate, respectively). The Fe(I1)-Sax distances in the thiol-, 
thioether-, and disulfide-ligated ferrous-CO complexes (models 
for cysteine, methionine, and cystine ligation, respectively) are 
significantly longer (up to 0.10 A) than those in other sulfur- 
donor-containing ferrous porphyrin complexes, with the exception 
of a thioether/02 ferrous p ~ r p h y r i n ; ~  the Fe(I1)-S bond length 
depends on either the protonation state (thiolate vs. thiol-like) of 
the sulfur donor or the trans axial ligand (CO or O2 vs. imidazole 
and thioether). These results substantially expand the database 
of Fe(I1)-Sax bond lengths in ferrous porphyrin complexes. 
Identification of sulfur donor ligands as either thiolate or non- 
thiolate in ferrous-CO heme protein complexes using Fe(I1)-Sax 
distances determined from EXAFS analysis can now be accom- 
plished with greater certainty. 
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contain an axial sulfur atom trans to dioxygen with an Fe-S bond length 
of 2.37 A and have Fe-N, bond distances of 2.00 A; these values are 
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thiolate/O,-ligated ferrous heme model complex (Table I). 
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Carbonyl-substituted closo polyhedral boranes with B,, and B12 
cages are important classes of derivatives capable of transformation 
to cyanide, amide, keto, ester, amine, etc. functions.] Only the 
perchloro BIo dicarbonyl, however, has been reduced to the hy- 
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