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A (Carbonmonoxy)heme Complex with a Weak Proximal Bond. Molecular 
Stereochemistry of Carbonyl( deuteroporphinato)( tetrahydrofuran)iron( II)? 
W. Robert Scheidt,* Kenneth J. Haller, M. Fons, Toshio Mashiko, and Christopher A. Reed* 

ABSTRACT: The synthesis and structural characterization of 
a six-coordinate (carbonmonoxy)(porphyrin)iron(II), car- 
bonyl(deuteroporphinato)(tetrahydrofuran)iron(II), is de- 
scribed. The choice of tetrahydrofuran as the sixth ligand 
represents one of the weakest field and weakest binding ligands 
possible and leads to stronger than usual bonding of CO to 
the heme. The Fe-C(C0) bond distance is 1.706 A, unusually 
short. The Fe-O(THF) bond distance in the low-spin complex 
is 2.127 A. The Fe-C-0 and 0-Fe-C groups are essentially 

B i n d i n g  of the strong-field ligand carbon monoxide has been 
frequently exploited in studies of hemoproteins and porphyrin 
species. These studies have focused particularly on exploring 
the nature of the heme binding site and the evaluation of cis 
and trans effects (Caughey et al., 1972; Buchler et al., 1978). 
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The work done at Notre Dame was supported by National Institutes of 
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linear with angles of 178.3' and 177.4', respectively. The iron 
atom is displaced out of plane 0.10 A toward the tightly bound 
CO. The results suggest that the different CO stretching 
frequencies observed in myoglobin might result from modu- 
lating the bonding of the histidine trans to CO. Crystal data 
are as follows: a = 11.524 (3) A, b = 14.915 ( 5 )  A, c = 10.583 
(2) A; CY = 91.51 (2)O, p = 108.99 (2)O, y = 102.86 (3)'; 
triclinic, space group P i ,  Z = 2; pcald = 1.363 g/cm3, pow 
= 1.370 g/cm3. 

Such studies have shown, for example, that there are spec- 
troscopically distinguishable (and probably structurally dis- 
tinct) components of (carbonmonoxy)myoglobin, both in so- 
lution (McCoy & Caughey, 1971; Alben, 1978) and in the 
crystalline state (Makinen et al., 1979). The affinity of CO 
for a deuteroheme has been found to be significantly influenced 
by the nature of the ligand trans to the CO (Rougee & Brault, 
1975). 

Crystallographic study of carbon monoxide liganded hem- 
oglobins and myoglobins (Huber et al., 1970; Heidner et al., 
1976; Norvell et al., 1975; Tucker et al., 1978; Steigemann 
& Weber, 1979; Baldwin, 1980) has shown that the CO ligand 
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niques.2 Atomic form factors were taken from Cromer & 
Mann (1968) and for hydrogen from Stewart et al. (1965). 
The effects of anomalous scattering of the iron atom were 
included in the calculated structure amplitudes (Cromer & 
Liberman, 1970). After initial refinement, a difference 
electron-density map showed a second orientation of the co- 
ordinated THF molecule approximately perpendicular to the 
first. The peak heights suggested occupancy factors of 0.6 and 
0.4 for the first and second orientations, respectively. The 
model was refined to convergence by allowing the occupancies 
of the THF carbon atoms to vary. All atoms were anisotropic 
except for the THF carbon atoms. The occupancies of the 
two THF groups were reset to the averages of the individual 
atoms after every second cycle. Final occupancy factors for 
the two T H F  groups were 0.58 and 0.42. Fixed idealized 
hydrogen atom positions were included in the final cycles of 
refinement [d(C-H) = 0.95 A, B(H) = B(C) + 1.0 A*]. 
During the course of refinement, it was noted that the positions 
of N, and N3 appeared to be systematically too close to the 
iron atom as judged by deviations from expected values for 
Fe-N and N-C, distances. The positions of N1 and N3 were 
manually adjusted so that the Fe-N distances were 2.00 A. 
However, the positions of N1 and N3 refined back to their 
original positions. The discrepancy indices at convergence were 

IFc1)2/Cw(Fo)2] = 0.084. The final electron-density dif- 
ference map was judged to be free of significant features. The 
error in an observation of unit weight was 2.26, and the final 
data/parameter ratio was 8.0. 

The values of the final atomic coordinates are reported in 
Table I. The final values of the fixed hydrogen atom coor- 
dinates and the anisotropic B values for the unique atoms are 
reported in Tables I11 and IV and are available as supple- 
mentary material (see paragraph at end of paper regarding 
supplementary material). Final values of the observed and 
calculated structure amplitudes are also available as supple- 
mentary material. 

Results and Discussion 
Figure 1 presents an overall view of the Fe(CO)(deut)- 

(THF) molecule displaying the numbering scheme used for 
the atoms. Figure 1 also displays the bond distances in the 
coordination group. Selected individual bond distances and 
angles for the Fe(CO)(deut)(THF) molecule are given in 
Table 11. A complete listing of bond distances and angles 
is given in Table V of the supplementary material. Figure 1 
shows only one of the two observed orientations of the THF 
ligand. The two orientations are displayed in Figure 2 which 
gives a view down the Fe-O(THF) axis. The diagram clearly 
shows that the two orientations of the THF ligand are chem- 
ically equivalent. Both THF rings show a slight puckering 
(Figure 2). 

In this porphinato complex, the geometry of the 24-atom 
core is very similar to that found in other metalloporphyrins 
(Hoard, 1975; Scheidt, 1978), with the possible exception of 
the bond parameters involving N1 and N3 as described under 
Experimental Procedures. The peripheral substituents of the 
porphyrin ring appear to be well-behaved with no positional 
disorder of the type commonly encountered with naturally 
occurring porphyrin derivatives. The deviations from planarity 
of the 24-atom core are shown in Figure 3. The pattern of 
deviations of the core from exact planarity are unremarkable. 

The structural features of the coordination sphere of the 
complex are consistent with low-spin (porphinato)iron(II) 

R1 = CllFOl - I ~ C I I / C I ~ O l  = 0.083 and Rz = [Cw(lFol - 

exhibits a bent or tilted configuration with respect to the heme 
plane. This ligand geometry is not expected for unconstrained 
heme derivatives since this stereochemical feature of the he- 
moproteins is associated with nonbonded interactions of the 
axial ligand with nearby amino acid residues. In heme de- 
rivatives, the substantial differences in affinities of CO as a 
function of the trans ligand, as well as variations in the infrared 
stretching frequencies, do suggest, however, that the trans 
ligand may lead to structurally significant differences in CO 
bonding to iron of the heme. As part of a program to in- 
vestigate such possible effects, we have prepared and struc- 
turally characterized carbonyl(deuteroporphinato)(tetra- 
hydrofuran)iron(II), hereinafter abbreviated as Fe(C0)- 
(deut)(THF).' The use of tetrahydrofuran as the sixth (trans) 
ligand represents one of the weakest field and weakest binding 
ligands. The equilibrium constant for the reaction Fe- 
(CO)(deut) + THF - Fe(CO)(deut)(THF) has been reported 
to be -290 M-l. For comparison, the equilibrium constant 
for a stronger binding ligand such as 1-methylimidazole is 6.5 
X lo5 M-' (Rougee & Brault, 1975). 

Experimental Procedures 
Synthesis. Deuteroporphyrin IX dimethyl ester was pre- 

pared by the method of Adler et al. (1977) and converted to 
Fe(deut) by standard methods (Collman et al., 1975). 
Anaerobic treatment with carbon monoxide in THF solution, 
followed by heptane addition, gave a purple crystalline product: 
IR (KBr) v(CO), 1955 cm-'. 

Structure Determination. A single crystal of Fe(C0)- 
(deut)(THF) with dimensions 0.30 X 0.35 X 0.60 mm was 
mounted in a thin-walled glass capillary under dinitrogen. 
Preliminary examination on a Syntex PT four-circle diffrac- 
tometer established a two-molecule triclinic unit cell. A 
Delauney reduction did not reveal any hidden symmetry. The 
unit cell parameters, at 20 f 1 'C, were obtained from a 
least-squares refinement based on the setting angles of 41 
reflections (24.5' < 28 < 35.5'), each centered at f28: a = 
11.524 (3) A, 6 = 14.915 ( 5 )  A, c = 10.583 (2) A; cy = 
91.51(2)', /3 = 108.99(2)', y = 102.86(3)' ( A  Mo Ka = 
0.71073 A). The unit cell volume of 1667 A3 and a cell content 
of two Fe(CO)(deut)(THF) molecules led to a calculated 
density of 1.363 g/cm3; the experimental density, determined 
by flotation (CCl,/hexane), was 1.370 g/cm3. 

X-ray intensity data were collected by using graphite- 
monochromated Mo Kcy radiation and 8-28 scanning. Vari- 
able scan rates (2-12'/min) with scans of 0.9' below Ka l  to 
1 -0' above Kcyz and backgrounds collected at the extremes of 
the scan each for 0.25 times the time required for the scan 
were used. Four standard reflections from diverse regions of 
reciprocal space were monitored every 50 reflections 
throughout the data collection. The intensities of the standard 
reflections did not exhibit any systematic variation during the 
time required to collect the data. The intensity data were 
reduced and standard deviations calculated as described pre- 
viously (Scheidt, 1974). With a linear absorption coefficient 
of only 0.456 mm-' for Mo KCY radiation, no absorption cor- 
rection was made. A total of 4209 unique reflections having 
sin ( B / X )  5 0.65 A-' and F, > 3a(F,) were retained as ob- 
served and used in the solution and refinement of structure. 

The structure was solved by the heavy-atom method and 
refined by block-diagonal and full-matrix least-squares tech- 

' Abbreviations used: deut, dianion of deuteroporphyrin IX dimethyl 
ester; THF, tetrahydrofuran; TPP, dianion of 5,10,15,20-tetraphenyl- 
porphyrin; 1-MeIm, 1 -methylimiddzole; 4-MePip, 4-methylpiperidine; py, 
pyridine; r-BuNC, tert-butyl isocyanide. Details of the computations ran be found in Mashiko et al. (1978). 
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FIGURE 1 :  ORTEP drawing of Fe(CO)(deut)(THF) molecule showing atom numbering scheme. The figure also displays the bond distances 
in the coordination group. All thermal ellipsoids are drawn at the 50% probability level. 

FIGURE 2: Computer-drawn diagram showing the two orientations 
of the THF ligand. The THF ligand with the double-primed atom 
labels is the minor orientation (final occupancy 0.42); the THF with 
the unprimed labels is the major orientation (occupancy factor 0.58). 

complexes. The four independent Fe-N distances average to 
1.98 (3) 8, in agreement with those observed in a number of 
other low-spin complexes: 2.004 (4) 8, for Fe(TPP)(piperi- 
dine)2 (Radonovich et al., 1972); 2.001 (3) A for Fe(TPP)- 
(NO) (Scheidt & Frisse, 1975); 2.008 (4) 8, for Fe(TPP)- 
(NO)(l-MeIm) (Scheidt & Piciulo, 1976); 1.999 (10) and 
2.004 (10) 8, for two forms of Fe(TPP)(NO)(4-MePip) 
(Scheidt et al., 1977); 2.02 (3) 8, for Fe(TPP)(CO)(py) (Peng 
& Ibers, 1976); 2.005 (4) 8, for F~(TPP)(~-BUNC)~ (Jameson 
& Ibers, 1979). 

The axial Fe-O(THF) distance of 2.127 (4) A in this low- 
spin complex is considerably shorter than the 2.351 (3) 8, value 
for the corresponding bond in high-spin Fe(TPP)(THF), (Reed 
et al., 1980). This observation of a 0.22-8, bond length dif- 
ference again points out the importance of the electronic 
configuration in controlling bond lengths in metalloporphyrin 
complexes (Scheidt, 1977). The short axial Fe-0 bond is 
correlated with the absence of an electron in the dZz orbital 
and the long Fe-0 bond with its presence. It has been sug- 
gested (Peng & Ibers, 1976; Goedken et al., 1976) that the 
CO ligand exerts a structural trans effect leading to long axial 

r7\ 

\ I  10- 4 

FIGURE 3: Formal diagram of porphinato a r e  having the same relative 
orientation as Figure 1. The erpendicular displacement of each 
individual atom, in units of 0.01 d , from the mean plane of the 24atom 
core is given. 

bonds trans to the CO. This does not seem to be a significant 
effect in Fe(CO)(deut)(THF). 

The Fe-C(C0) bond distance of 1.706 (5) 8, is quite short 
compared to the 1.77 (3) 8, value observed in Fe(TPP)- 
(CO)(py) (Peng & Ibers, 1976) and, indeed, when compared 
to the values observed for all carbonyliron(I1) macrocycles 
(range 1.730-1.779 A, average 1.76 8,) (Goedken et al., 1976; 
McCandlish et al., 1979). In fact, the Fe-C(C0) distance 
is almost as short as the 1.694 (4) 8, distance observed in a 
five-coordinate macrocyclic species (Goedken et al., 1976). 
This suggests that the bonding to CO in Fe(CO)(deut)(THF) 
is stronger than usual. This is consistent with the CO 
stretching frequencies observed in a number of carbonyl- 
(porphinato)iron(II) derivatives. The CO stretching frequency 
in Fe(CO)(deut)(THF) is 1955 cm-', considerably lower than 
that observed for related deuteroporphyrin derivatives, for 
example, 1973 cm-' in Fe(CO)(deut)(py) (Alben & Caughey, 
1968) and [Fe(CO)(deut)I2(p-hydrazine) (Caughey et al., 
1972) and the 1980-cm-' stretching frequency of Fe(TPP)- 

Further evidence for the strong interaction of CO with iron 
(CO) (PY). 
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Table I :  Fractional Triclinic Coordinates for Fe(CO)(deut)(THF)a 

atom X Y z 

Table 11: Selected Interatomic Distances (A) and Angles (deg) 
for Fe( C0)(  deu t)(THF) a 

0.19761 (7) 
0.3062 (7) 
0.4053 (9) 

-0.3124 (4) 
-0.1524 (4) 
-0.0491 (4) 

0.3858 (3) 
0.2329 (4) 
0.2670 (4) 
0.1798 (4) 
0.1407 (4) 
0.2078 (5) 
0.2858 (5) 
0.3096 (5) 
0.2713 (5) 
0.2008 (5) 
0.1394 (5) 
0.1044 (5) 
0.1 244 (5) 
0.2477 (5) 
0.2966 (5) 
0.3427 (5) 
0.3185 (6) 
0.1734 (6) 
0.1351 (5) 
0.0672 (5) 
0.0787 (5) 
0.3198 (5) 
0.2422 (6) 
0.1036 (5) 
0.1539 (5) 
0.2362 (6) 
0.3919 (6) 
0.1864 (7) 
0.0922 (6) 
0.1809 (8) 
0.3073 (12) 
0.441 3 (1 7) 
0.0313 (5) 

-0.1 115 (6) 
-0.1 890 (6) 
-0.4001 (7) 

0.0519 (6) 
0.0493 (5) 
0.4941 (11) 
0.6083 (14) 
0.5636 (16) 
0.4241 (15) 
0.4645 (1 8) 
0.5912 (29) 
0.582 (4) 
0.4424 (15) 

~~ 

0.30756 (6) 

0.0491 (6) 
0.1988 (3) 
0.1315 (3) 
0.27372 (28) 
0.3374 (3) 
0.4365 (3) 
0.2731 (3) 
0.1811 (3) 
0.34426 (27) 
0.5138 (4) 
0.4771 (4) 
0.3313 (4) 
0.1862 (5) 
0,1034 (4) 
0.1436 (4) 
0.2863 (4) 
0.4286 (4) 
0.5967 (4) 
0.5734 (4) 
0.2781 (5) 
0,1909 (5) 
0.0228 (4) 
0.0476 (4) 
0.3398 (4) 
0.4256 (4) 
0.4235 (4) 
0.1088 (4) 
0.1950 (4) 
0.5067 (4) 
0.6887 (4) 
0.3177 (5) 

-0.0861 (5) 

-0.0705 (5) 
-0.0114 (4) 

0.0101 (5) 
-0.0078 (9) 
-0.1000(15) 

0.3028 (4)  
0.2828 (4) 
0.1970 (5) 
0.1151 (6) 
0.5072 (4) 
0.2862 (4) 
0.3789 (16) 
0.3897 (23) 
0.3639 (25) 
0.3233 (18) 
0.2768 (15) 
0.3216 (25) 
0.425 (3) 
0.4169 (15) 

0.13953 (7) 
-0.1844 (7) 
-0.2219 (8) 
-0.5158 (4) 
-0.43 18 (4) 

0.15 87 (4) 
0.1359 (4) 
0.2116 (4) 
0.3263 (4) 
0.0675 (4) 

0.1415 (5) 
0.3444 (5) 
0.4435 (5) 
0.3621 (6) 
0.1357 (6) 

-0.0477 (4) 

-0.0684 (6) 
-0.1655 (5) 
-0.0844 (5) 

0.2291 (6) 
0.3537 (6) 
0.5574 (6) 
0.5058 (6) 
0.0455 (6) 

-0.0807 (6) 
-0.2799 (5) 
-0.2302 (5) 

0.4516 (5) 
0.2755 (6) 

0.0025 (5) 
0.1859 (6) 
0.7016 (6) 
0.0879 (7) 

-0.1743 (5) 

-0.2110 (6) 
-0.2924 (7) 
-0.2286 (9) 
-0.1269 (15) 
-0.4248 (5) 
-0.5046 (5) 
-0.4774 (6) 
-0.4985 (8) 
-0.3046 (5) 

0.1496 (5) 
0.2464 (15) 
0.2125 (18) 
0.0675 (20) 
0.0338 (16) 
0.166 (3) 
0.149 (6) 
0.120 ( 6 )  
0.0898 (22) . .  

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

comes from the displacement of the iron atom from the mean 
plane of the porphinato core. The iron(I1) atom is displaced 
0.10 8, from the mean plane of the core, toward the CO ligand. 
This is compared with the virtual centering of the iron atom 
in Fe(TPP)(CO)(py). In six-coordinate (porphyrin)iron(II) 
derivatives, iron atom displacements as large as 0.10 8, are 
found only in species with quite dissimilar axial interactions, 
for example, 0.07 8, in Fe(TPP)(NO)( 1-MeIm) (Scheidt & 
Piciulo, 1976) and 0.1 1 8, in Fe(TPP)(NO)(CMePip) (Scheidt 
et al., 1977), and where the displacements are toward the 
tightly bound N O  ligand. 

The C-0 distance of 1.144 (5) A is normal as is the nearly 
linear angle for the two axial ligands, 0-Fe-C = 177.4 (9)'. 
As expected, the Fe-C-0 group is essentially linear with an 
observed angle of 178.3 (14)'. In distinct contrast to the 
carbonylheme proteins, the Fe-C-0 vector is within 2' of 
being perpendicular to the heme plane. In the proteins, the 

Distances 
Fe-N, 1.954 (5) N,-Ca7 1.386 (6) 
Fe-N, 2.004 (4) N,-C,, 1.360 (6) 
Fe-N, 1.957 (4) Ca,-Cm4 1.389 (7) 

Fe-C,, 1.706 (5) Ca,-Cm, 1.405 (7) 
Fe-N, 2.007 (4) Cal-Cbl 1.417 (7) 

Fe-0, 2.127 (4) Caz-Cbz 1.412 (7) 
Nl-Cal 1.420 (6) Ca,-Cm, 1.353 (8) 
N,-Ca2 1.396 (6) Ca,-Cb, 1.454 (7) 
N,-Ca3 1.375 (7) Ca4-C,, 1.362 (8) 

N,-Ca5 1.406 (7) Ca5-Cm, 1.393 (8) 
N,-Ca, 1.416 (6) 

N2-Ca4 1.366 (7) ca4-cb4 1.443 (7) 

ca 5-cb 5 

C,64,3 

Ca 7-Cm 3 

ca74b7 

Ca84m4 
Ca8-Cb8 
cb i-cbz 
cb3-cb4 

cb 7-cb 8 

Ca6-Cb6 

cb5-cb6 

1.425 (8) 
1.378 (7) 
1.423 (7) 
1.360 (7) 
1.467 (7) 
1.372 (7) 
1.456 (7) 
1.344 (7) 
1.331 (8) 
1.353 (8) 
1.332 (7) 

N,-Fe-N, 
N,-Fe-N, 
N,-Fe-N4 
N ,-Fe-N , 
N,-Fe-N4 
N,-Fe-N, 
C , ,-Fe-06 
Fe-C,,-O, 
Fe-N,-C,, 
Fe-N,-C,, 

Angles 
90.04 (1 7) Fe-N,-C,, 

174.25 (27) Fe-N,-C,, 
89.70 (16) Fe-N,-Ca5 
89.57 (17) Fe-N,-Ca6 

175.92 (22) Fe-N4-Ca, 
90.29 (17) Fe-N,-Ca8 

177.4 (9) Cai-Ni-Caz 
178.3 (14) Ca3-N 24a4  
128.8 (3) Cas-N,-Ca6 
129.8 (4) Ca7-N,-Ca, 

126.3 (4) 
126.6 (4) 
129.6 (4) 
128.7 (4) 
126.0 (4) 
127.3 (3) 
101.4 (5) 
106.9 (5) 
101.7 (5) 
106.7 (4) 

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

Fe-C-0 group is either bent or more likely tilted (Deatherage 
et al., 1976) with respect to the heme plane. In the most recent 
results of Baldwin (1 980) [for human (carbonmonoxy)- 
hemoglobin] an assumed linear Fe-C-0 group was found to 
be tilted by 13' from the heme normal. Other heme protein 
derivatives have even larger apparent deviations from idealized 
geometry. It has been suggested (Collman, 1977; Moffat et 
al., 1979) that the decreased CO affinity and kinetics of ligand 
binding are influenced by steric hindrance in the ligand binding 
pocket of the heme proteins compared to heme complexes. 

Conclusion 
This study of Fe(CO)(duet)(THF) demonstrates that the 

bonding and structure between CO and iron is sensitive to the 
ligand field strength of the trans ligand. It suggests that the 
different CO stretching frequencies observed in crystalline 
(Makinen et al., 1979) and solution state (McCoy & Caughey, 
1971) carbonylmyoglobin could result, at least in part, from 
modulating the bonding of the proximal histidine trans to the 
CO. Such modulation may arise either from changes in the 
bonding relationships of the proximal histidine trans to CO 
as suggested by Makinen et al. (1979) or from different de- 
grees of hydrogen bonding by the exo N-H of the proximal 
histidine which can provide a mechanism for both decreasing 
[Reed et al. (1979) and references cited therein] or increasing 
[Landrum et al. (1980) and references 3-10 therein; Peisach, 
19751 the field strength of histidyl imidazole. 

Supplementary Material Available 
Table 111, hydrogen atom positions, Table IV, anisotropic 

temperature factors, Table V, bond distances and angles, and 
a listing of observed and calculated structure factors (XlO) 
(27 pages). Ordering information is given on any current 
masthead page. 
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