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The compounds Co(OC2OPor)‚CH2Cl2 (1), Co(OC2OPor)(NO)out‚0.46CHCl3 (2), Co(OC3OPor)‚CHCl3 (3), and
Co(OC3OPor)(MeIm)‚3C7H8 (4) (OC2OPor ) 5,10,15,20-(benzene-1,2,4,5-tetrakis(2-phenyloxy)ethoxy)-2′,2′′,
2′′′,2′′′′-tetraylporphyrinato dianion; OC3OPor ) 5,10,15,20-(benzene-1,2,4,5-tetrakis(2-phenyloxy)propoxy)-
2′,2′′,2′′′,2′′′′-tetraylporphyrinato dianion; MeIm) 1-methylimidazole), have been synthesized, and their structures
have been determined by single-crystal X-ray diffraction methods atT ) -120 °C: 1, a ) 8.824(1) Å,b )
16.674(1) Å,c ) 16.836(1) Å,R ) 104.453(1)°, â ) 92.752(1)°, γ ) 90.983(1)°, P1h, Z ) 2; 2, a ) 9.019(1)
Å, b ) 16.588(2) Å,c ) 16.909(2) Å,R ) 103.923(2)°, â ) 92.082(2)°, γ ) 93.583(2)°, P1h, Z ) 2; 3, a )
13.484(3) Å,b ) 14.404(3) Å,c ) 14.570(3) Å,R ) 105.508(3)°, â ) 100.678(3)°, γ ) 93.509(4)°, P1h, Z )
2; 4, a ) 16.490(1) Å,b ) 22.324(2) Å,c ) 17.257(1) Å,b ) 92.437(1)°, P21/n, Z ) 4. These compounds are
the first structurally characterized Co-bound members of the OCnOPor ligand system. The NO ligand in2 and
the MeIm ligand in4 bind asymmetrically and lead to several metrical changes in these porphyrins, e.g., variations
in average porphryin deviations and Co atom displacements relative to the porphyrinato N atoms and the mean
porphyrin planes.

Introduction

For several decades porphyrin-based model systems of the
heme active site have been used in an attempt to understand
structure-function relationships in myoglobin (Mb) and hemo-
globin (Hb).1-6 A number of strategies have been employed to
generate models that do not undergo irreversible oxidation and
that mimic five-coordinate heme precursors. Models that can
mimic the R- and T-states7 of Hb are of particular interest. A
plethora of elaborated porphyrins have been prepared, including
“strapped”,8-14 “picnic basket”,15-19 “picket fence”,20-23

“pocket”,22,24,25and “capped”.26-43 The number of structurally
characterized model complexes continues to lag behind the
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number that have been characterized by other techniques.3 The
preparation and structural characterization of model complexes
continues to play an important role in the study of these
proteins.44 In particular, the precise determination of metrical
changes upon ligand binding to models provides important
benchmarks for understanding structure-function relationships
of ligand binding in heme proteins.

It has been known for some time that Co-substituted Mb and
Hb exhibit reversible oxygen binding.45 Simple compounds, e.g.,
Co(TPP)(NO),46 have been used as isoelectronic models for
ferrous dioxygen systems.46 Also, Co substitution has been used
to study other heme active sites, e.g., soluble guanylyl cyclase
(sGC).47 The sGC protein has not been structurally characterized,
but it is known to contain a heme active site that binds NO.
Reconstitution of this NO-activated protein with Co(heme)
instead of Fe(heme) actually leads to an increase in activity.47

Recently, fundamental questions regarding ligand binding effects
in Co(porphyrin)(NO) systems48,49have been raised. There are
relatively few structurally characterized Co-based model com-
plexes compared with the many well-reviewed Fe-based models.
Moreover, Co model systems offer advantages of stability over
Fe model systems. These issues have led to a resurgence in the
study of Co-substituted heme proteins21,26,45,50-59 and related
Co(porphyrin) systems.19,48,57,60-74

This paper reports the first four structurally characterized Co-
(OCnOPor) complexes: Co(OC2OPor)‚CH2Cl2 (1), Co(OC2-
OPor)(NO)out‚0.46CHCl3 (2), Co(OC3OPor)‚CHCl3 (3), and
Co(OC3OPor)(MeIm)‚3C7H8 (4). Insofar as we know, only one
other cobalt capped-porphyrin structure, Co(C3-Cap),75 is known,
and only one other metalated OC2OPor structure, Ru(OC2OPor)-
(H2O)in(CO)out,34 is known. The present structures are free of
crystallographically imposed symmetry that often results in
disorder of the metal-ligand interactions in porphyrin systems.
As a result, compounds1-4 allow precise internal and
comparative analysis of Co-ligand interactions.

Experimental Section

Materials and Equipment. All solvents and reagents were used as
purchased, except CHCl3, which was freshly distilled under N2 from
CaH2; CH2Cl2, which was freshly distilled under N2 from P2O5; and
toluene, which was freshly distilled under N2 from Na/benzophenone.
Methyl alcohol, anhydrous 99.8% from Aldrich (packaged under N2

in Sure/Seal bottles), was used for crystallizations. IR spectra were taken
on a Bio-Rad FTS infrared spectrophotometer. Mass spectra were taken
on a QUATTRO II electrospray mass spectrometer from Micromass,
Altringham, England.

Porphyrin Metalation. Co was inserted into the free-base porphyrins
by a modification of a literature method.76 Co(CH3CO2)2‚4H2O (1.0 g)
was refluxed in 25 mL of acetic acid, and 1-2 mL of the resultant
solution was transferred to a refluxing solution of 5-10 mg of the
porphyrin and 0.5 g of NEt4Cl in 10 mL of acetic acid. The solution
was refluxed for an additional 30 min. To the cooled solution was added
50 mL of CHCl3. The solution was washed with 100 mL of H2O, then
with 50 mL of 5% Na2CO3(aq), filtered through a Na2SO4 cone, and
dried on a rotary evaporator. The resultant Co(porphyrin) was stored
under N2.
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Synthesis of Co(OC2OPor)‚CH2Cl2 (1). H2(OC2OPor) was prepared
following the literature method,41 and it was recrystallized from CH2-
Cl2/CH3OH. Co was inserted, and then crystals of1 were grown by
slow diffusion of CH3OH (∼4 mL) into a CH2Cl2 solution of1 (∼4
mg) at-20 °C. Low-resolution mass spectrum (ES):m/z 980.5 [Co-
(OC2OPor)]+ (100%).

Synthesis of Co(OC2OPor)(NO)out‚0.46CHCl3 (2). With the use
of air-free techniques, Co(OC2OPor) (∼5 mg) was dissolved in 1.5
mL of CHCl3. Excess 1,2-Me2Im was added. NO(g) was bubbled into
the solution for 10 min.77 Then 0.65 mL of solution was transferred to
a Schlenk diffusion tube by gastight syringe, where it was layered with
CH3OH (∼5 mL) and stored at-20 °C. Crystals of2 formed over 1
month. Low-resolution mass spectrum (ES):m/z1018.1 [Co(OC2OPor)-
(NO)]+ (15%) and 980.6 [Co(OC2OPor)]+ (100%). IR (KBr, cm-1):
νNO ) 1667. CAUTION: NO is toxic, and reactions should be
performed in a well-Ventilated fume hood.

Synthesis of Co(OC3OPor)‚CHCl3 (3). H2(OC3OPor) was prepared
following the literature method,35 and it was recrystallized from CHCl3/
CH3OH. Co was inserted, and crystals of3 were grown by slow
diffusion of CH3OH (∼4 mL) into a CHCl3 solution of3 (∼4 mg) at
-20 °C. Low-resolution mass spectrum (ES):m/z 1037 [Co(OC3-
OPor)]+ (100%).

Synthesis of Co(OC3OPor)(MeIm) ‚3C7H8 (4). Co(OC3OPor)‚
CHCl3 (∼5 mg) was dissolved in 0.9 mL of toluene. Then 20µL of
MeIm was added. The solution was transferred to a Schlenk diffusion
tube by gastight syringe and layered with∼6 mL of hexane. The tube

was sealed under N2 and stored at 25°C. Crystals of4 formed in 2
weeks. Low-resolution mass spectrum (ES):m/z1036 [Co(OC3OPor)]+

(100%) andm/z 980.6 [(OC3OPor)]+ (80%).

X-ray Crystal Structure Determinations. A chosen crystal was
attached with silicone cement to the tip of a drawn glass fiber on a
goniometer head and transferred to the cold stream of a Bruker Smart
1000 CCD diffractometer. The crystal was kept at-120 °C for the
length of the data collection. For all four structures, data were collected
with 0.3° ω scans for 10, 2, 15, or 30 s/frame for1, 2, 3, or 4,
respectively. Final unit cell parameters were determined from a global
refinement of the positions of all reflections havingI > 10σ(I), as
performed by the processing program SAINT+.78 No absorption
correction was applied to compound2. A face-indexed absorption
correction was applied to1, 3, and4 with the use of XPREP.79 Then
the program SADABS,78 which relies on redundancy in the data, was
used to apply some semiempirical corrections for frame variations and
other effects to all four compounds. The structures were solved with
the use of the direct methods program SHELXS of the SHELXTL PC
suite of programs.79 The structures were refined by full-matrix least-
squares techniques with the program SHELXL.79 For all four structures
all non-hydrogen atoms were modeled anisotropically, except the
chloroform C atom, C59, of compound2, which was refined isotro-
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Table 1. Selected Crystallographic Data

Co(OC2OPor)‚
CH2Cl2 (1)

Co(OC2OPor)(NO)out‚
0.46CHCl3 (2)

Co(OC3OPor)‚
CHCl3 (3)

Co(OC3OPor)(MeIm)‚
3C7H8 (4)

formula C58H42N4O8Co‚CH2Cl2 C58H42N5O9Co‚0.46CHCl3 C62H50N4O8Co‚CHCl3 C66H56N6O8Co‚3C7H8

fw 1066.81 1067.58 1157.36 1396.5
space group P1h P1h P1h P21/n
a, Å 8.824(1) 9.019(1) 13.484(3) 16.490(1)
b, Å 16.674(1) 16.588(2) 14.404(3) 22.324(2)
c, Å 16.836(1) 16.909(2) 14.570(3) 17.257(1)
R, deg 104.453(1) 103.923(2) 105.508(3) 90
â, deg 92.752(1) 92.082(2) 100.678(3) 92.437(1)
γ, deg 90.983(1) 93.583(2) 93.509(4) 90
V, Å3 2394.8(2) 2447.4(5) 2661.3(9) 6346.8(9)
Z 2 2 2 4
Fcalc g/cm3 1.479 1.449 1.444 1.461
µ, cm-1 5.4 5.0 5.4 3.4
T, °C -120 -120 -120 -120
R(F)a 0.041 0.082 0.069 0.082
Rw(F2)b 0.113 0.196 0.145 0.160

a R(F) ) (∑|Fo| - |Fc|)/∑|Fo|. b Rw(Fo
2) ) [∑[w(Fo

2 - Fc
2)2]/∑wFo

4]1/2; w-1 ) σ2(Fo
2) + (0.04Fo

2)2 for Fo
2 > 0; w-1 ) σ2(Fo

2) for Fo
2 e 0.

Figure 1. Labeling schemes for Co(OC2OPor)‚CH2Cl2 (1), Co(OC2OPor)(NO)out‚0.46CHCl3 (2), Co(OC3OPor)‚CHCl3 (3), and Co(OC3OPor)-
(MeIm)‚3C7H8 (4).
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pically. Hydrogen atoms were placed at calculated positions and refined
with a riding model.

The refinements of1-3 were straightforward. The occupancy of
the chloroform site in2 refined to an occupancy of 0.464(4). However,
for 4 there were difficulties in refining solvent(s) of crystallization, as
only one toluene could be resolved. Electron density associated with
two 210 Å3 potential solvent regions, each containing 47 electrons,
was identified and removed with the SQUEEZE80 algorithm in the
PLATON81 suite of programs. From these volumes and electron counts,

it is likely that each region contains a highly disordered toluene
molecule.

Crystallographic details for the four compounds may be found in
Table 1. Additional information is available in the Supporting Informa-
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Crystallogr.1990, 46, 194-201.

(81) Spek, A. L.Acta Crystallogr., Sect. A: Found. Crystallogr.1990,
46, C34.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
Co(OC2OPor)·CH2Cl2 (1), Co(OC2OPor)(NO)out·0.46CHCl3 (2),
Co(OC3OPor)·CHCl3 (3), and Co(OC3OPor)(MeIm)·3C7H8 (4)

(1) (2) (3) (4)

Co-N1 1.962(2) 1.970(4) 1.957(4) 1.985(3)
Co-N2 1.968(2) 1.990(3) 1.938(4) 1.993(3)
Co-N3 1.964(2) 1.958(4) 1.957(4) 1.988(3)
Co-N4 1.966(2) 1.973(3) 1.946(4) 1.976(3)
av Co-Neq

a 1.965(1) 1.972(7) 1.949(5) 1.985(4)
av N-Ca 1.384(2) 1.383(2) 1.387(4) 1.380(4)
av Ca-Cb 1.433(2) 1.435(4) 1.432(3) 1.439(2)
av Ca-Cm 1.386(2) 1.389(6) 1.383(2) 1.388(3)
N1-Co-N2 90.11(6) 90.03(13) 90.34(16) 89.69(12)
N1-Co-N3 176.52(6) 173.56(14) 174.28(17) 172.31(12)
N1-Co-N4 89.78(6) 89.24(14) 90.29(16) 89.96(12)
N2-Co-N3 90.00(6) 88.85(13) 90.15(16) 89.96(12)
N2-Co-N4 178.92(6) 169.59(14) 171.56(17) 173.76(12)
N3-Co-N4 90.17(6) 90.71(14) 90.06(16) 89.56(12)
C21-C26 dihedralb 64.7(1) 68.1(1) 57.3(1) 64.2(1)
C27-C32 dihedral 78.0(1) 76.0(1) 86.2(1) 70.7(1)
C33-C38 dihedral 70.8(1) 79.5(1) 63.4(1) 82.2(1)
C39-C44 dihedral 62.0(1) 61.2(1) 65.8(1) 76.4(1)

a The standard deviation is that of the mean. In some instances, for
example Co-Neq for 2, there are significant differences among
quantities averaged and the entry is only given for comparative
purposes.bMeasured as the dihedral angle between the 6-atom mean
plane of the phenyl ring and the 24-atom mean plane of the porphyrin.
Ca, Cb, and Cm stand respectively for theR andâ pyrrole carbon atoms,
and methine carbon atoms. Neq stands for the porphyrinato nitrogen
atoms N1, N2, N3, and N4.

Table 3. Displacementsa (Å) from the 24-Atom Porphyrin Mean
Plane

1 2 3 4

Cob -0.019(2) 0.161(3) 0.036(4) 0.133(3)
N1 0.029(2) 0.047(3) 0.067(4) -0.027(3)
N2 -0.028(2) -0.006(3) -0.122(4) 0.009(3)
N3 0.052(2) 0.055(3) 0.129(4) 0.027(3)
N4 -0.048(2) -0.032(3) -0.092(4) 0.042(3)
C1 0.064(2) 0.062(4) 0.269(5) -0.038(4)
C2 0.224(2) 0.209(4) 0.520(5) -0.137(4)
C3 0.252(2) 0.253(4) 0.473(5) -0.152(4)
C4 0.109(2) 0.136(4) 0.222(5) -0.065(4)
C5 0.034(2) 0.074(4) -0.0671(5) 0.018(4)
C6 -0.036(2) -0.014(4) -0.305(5) 0.053(4)
C7 -0.151(2) -0.167(4) -0.544(5) 0.123(4)
C8 -0.233(2) -0.268(4) -0.499(5) 0.103(4)
C9 -0.152(2) -0.161(4) -0.183(5) 0.033(4)
C10 -0.157(2) -0.185(4) 0.085(5) -0.002(4)
C11 0.028(2) 0.005(4) 0.292(5) -0.038(4)
C12 0.192(2) 0.172(4) 0.533(5) -0.131(4)
C13 0.302(2) 0.315(4) 0.472(5) -0.128(4)
C14 0.178(2) 0.190(4) 0.190(5) -0.022(4)
C15 0.087(2) 0.151(4) -0.085(5) -0.002(4)
C16 -0.064(2) -0.038(4) -0.280(5) 0.029(4)
C17 -0.222(2) -0.228(4) -0.549(5) 0.050(4)
C18 -0.278(2) -0.328(4) -0.481(5) 0.096(4)
C19 -0.138(2) -0.164(4) -0.183(5) 0.090(4)
C20 -0.047(2) -0.078(4) 0.067(5) 0.068(4)
avc 0.129 0.160 0.282 0.062

a Here and in succeeding tables a positive displacement is away from
the benzene cap for compounds1-4 (and toward the ligand for2 and
4). bNot involved in the calculation of the mean plane.cAverage
deviation from the 24-atom porphyrin core.

Figure 2. Stereoviews of1-4. Ellipsoids are drawn at the 50% level.
H atoms and solvent molecules are omitted for clarity.
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tion. Drawings of the molecular structures of the porphyrinic portions
of 1-4 are presented in Figure 1, and stereoviews are presented in
Figure 2.

Results and Discussion

Co(OC2OPor)‚CH2Cl2 (1) and Co(OC2OPor)(NO)out‚
0.46CHCl3 (2). Note that, despite the presence of excess 1,2-
Me2Im in the reaction mixture, compound2, a five-coordinate
nitrosyl complex, is the sole product. There are no reported six-
coordinate Co(Por)(NO)(base) structures, where base is an
imidazole. It appears that NO can displace 1,2-Me2Im, a
sterically hindered nitrogenous base, in elaborated Co(Por)
systems, in agreement with some observations on heme
systems82 and the idea that NO binding to the Co-substituted
heme site of sGC can trigger cleavage of the histidine bonds.47

The crystal structures of both Co(OC2OPor)‚CH2Cl2 (1) and
Co(OC2OPor)(NO)out‚0.46CHCl3 (2) consist of the packing of
one porphyrin molecule with an ordered solvent molecule (one
CH2Cl2 molecule in1 and 0.46 CHCl3 molecule in2) in the
asymmetric unit. The benzene cap of1 and 2 consists of a
1,2,4,5-substituted benzene cap connected by four-atom linkages
of the type-O(CH2)2O- to the ortho positions of the phenyl
rings of 5,10,15,20-tetraphenylporphyrin. Compound1 is un-
ligated, whereas compound2 has NO bound on the sterically
unhindered face of the porphyrin. The similarity of unit cell
contents and volumes implies no unusual differences in packing,
despite the differences in solvation. Hence these two structures
provide an excellent opportunity to examine the structural
changes to Co(OC2OPor)‚CH2Cl2 upon NO binding.

In Co(OC2OPor)‚CH2Cl2 (1) the Co center is coordinated
symmetrically to the four Neq atoms, with Co-Neq distances
ranging from 1.962(3) to 1.968(2) Å (Table 2). The Co atom is
-0.019(2) Å out of the mean 24-atom porphyrin plane (Table
3) in the direction of the cap. Upon ligation by NO, the Co
atom in Co(OC2OPor)(NO)out‚0.46CHCl3 (2), now five-
coordinate, moves 0.161(3) Å out of the mean porphyrin plane
in the direction of the NO ligand. But the Co atom in2 is not
symmetrically disposed with respect to the Neq atoms, as the
Co-Neq distances range from 1.958(4) to 1.990(3) Å. Other
individual and averaged bond lengths seem unaffected by NO
binding. The 24-atom porphyrin plane in both compounds is
saddle shaped, but is more distorted in compound2, as reflected
in a 0.031 Å increase in average deviation. The dihedral angles
of the phenyl groups are similar in the two structures.

Three structures containing OC2OPor have been structurally
characterized previously (Table 4). Two of these are different

solvates of H2(OC2OPor),31,83 and the other is Ru(OC2OPor)-
(H2O)in(CO)out.34 The metrical details for H2(OC2OPor) are in
good agreement, despite the different solvents of crystallization.
Among the five OC2OPor structures, lateral displacement of
the cap shows little variation, differing by only 0.06 Å between
the most extreme values. In contrast, average deviation of the
24-atom plane seems metal dependent, with compounds1 and
2 exhibiting greater average deviation than H2(OC2OPor), and
Ru(OC2OPor)(H2O)in(CO)out

34 exhibiting less deviation. Vertical
displacement of the cap is obviously affected by ligand binding,
especially by binding under the cap. Thus, Ru(OC2OPor)(H2O)in-
(CO)out

34 shows the greatest increase in vertical displacement,
∼1 Å, relative to H2(OC2OPor). But for unknown reasons the
displacement for compound2, which has the NO ligand on the
unhindered face, is 0.16 Å greater than that in compound1.
The tilt of the cap relative to the porphyrin plane seems
unaffected by metalation or ligand binding.

Table 5 lists additional metrical details of the ligands bound
to compounds2 and4. For compound2, the NO ligand exhibits
asymmetry in its binding. The Co-N(NO) vector, rather than
being normal to the mean porphyrin plane, is 2.1° off-axis with
the ligand tilted slightly toward atoms N2 and N3. This small
deviation would certainly go undetected if a crystallographic
rotation axis through the metal atom were present, as is often
the case with metalloporphyrin crystal structures. Atom O9 of
the nitrosyl ligand is oriented almost directly toward one of the
phenyl rings (C33-C38), with a closest calculated nonbonded
contact of 2.80 Å for H34A‚‚‚O9.

Table 6 provides comparisons among other five-coordinate
Co porphyrin nitrosyl complexes. Discounting Co(TPP),46 whose
structure suffers from crystallographically imposed symmetry
that makes the resolution of the NO atoms imprecise, bond

(82) Traylor, T. G.; Sharma, V. S.Biochemistry1992, 31, 2847-2849. (83) Jene, P. G.; Ibers, J. A. Unpublished results.

Table 4. Comparison of Structural Parameters among (OCnOPor) Porphyrins

displacement of cap (Å)

structure av deva(Å) ∆M (Å) b vertical lateral
dihedral angle
of cap (deg) T (°C) ref

H2(OC2OPor)‚acetic acid 0.10 3.81 0.54 8.0 -115(2) 31
H2(OC2OPor)‚CH2Cl2 0.09 3.80 0.54 7.3 -163(2) 83
Co(OC2OPor)‚CH2Cl2 (1) 0.13 -0.02 3.78 0.56 7.2 -120(2) this work
Co(OC2OPor)(NO)out‚0.46CHCl3 (2) 0.16 0.16 3.94 0.55 7.6 -120(2) this work
Ru(OC2OPor)(H2O)in(CO)out 0.06 0.26 4.80 0.60 8 -167(2) 34
H2(OC3OPor) 0.07 4.74 0.54 14.3 -167(2) 40
Co(OC3OPor)‚CHCl3 (3) 0.28 0.04 4.51 1.02 4.6 -120(2) this work
Co(OC3OPor)(MeIm)‚3C7H8 (4) 0.06 0.13 5.27 0.27 23.1 -120(2) this work
Fe(OC3OPor)(Cl) 0.15 0.52 4.65 1.35 3.9 -167(2) 40
Fe(OC3OPor)(CO)(MeIm) 0.08 0.06 5.55 0.21 20.3 -167(2) 40
Fe(OC3OPor)(CO)(1,2-Me2Im) 0.07 0.10 5.59 0.66 5.3 -167(2) 40

a Average deviation from the mean plane through the 24 atoms of the porphryin core (N1-N4 and C1-C20).bDisplacement of the metal from
the mean plane.

Table 5. Selected Bond Lengths (Å) and Angles (deg) for
Porphyrins2 and4

2 4

Co-Lax
a 1.837(4) 2.132(3)

angle between Co1-Lax and the 2.1 2.6
porphyrin plane normal

ligand orientationb 134.1 74.9
Lax to 24-atom mean plane 89.3 85.9
N1-Co-Lax 94.25(17) 91.99(12)
N2-Co-Lax 92.20(16) 93.31(12)
N3-Co-Lax 92.20(16) 95.70(12)
N4-Co-Laxa 93.78(14) 92.93(12)

a Lax ) N (of NO) for 2 and N(of MeIm) for4. bMeasured as the
angle between the Co-N-O plane and the N1-N3 vector for2 and
the N5-N6, C63-C65 plane and N1-N3 vector for4.
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lengths, angles, and IR frequencies are generally in good
agreement among these porphyrins. The asymmetry of axial
ligands in Co48,49(Table 6) and Fe49,84five-coordinate porphyrin
nitrosyls has been commented on recently. The asymmetry found
in Co(T(p-OCH3)PP)(NO),66 seems excessive.

Co(OC3OPor)‚CHCl3 (3) and Co(OC3OPor)(MeIm)‚3C7H8

(4). The crystal structures of both Co(OC3OPor)‚CHCl3 (3) and
Co(OC3OPor)(MeIm)‚3C7H8 (4) consist of the packing of one
porphyrin molecule and one (compound3) or three (compound
4) solvent molecules in the asymmetric unit. In4, two of the
three toluene solvent molecules are badly disordered. The
linkage between benzene cap and porphyrin in these structures
is -O(CH2)3O-. Compound4 can be considered as a model
for deoxyCoMb or R-state deoxyCoHb.

Compound3 is unligated, whereas compound4 has MeIm
bound on the sterically unhindered face of the porphyrin. Upon
ligation of MeIm the average Co-Neq bond length increases
by 0.036(5) Å, but in contrast to ligation of Co(OC2OPor)‚CH2-
Cl2 by NO all Co-Np bonds lengthen. Other average bond
lengths are essentially unchanged. The Co atom, which is not
symmetrically positioned in either compound3 or 4, shifts from
slightly closer to atom N2 to slightly closer to atom N4. The
N1-Co-N3 bond angle decreases by 2.0(2)°, but the N2-Co-
N4 bond angle increases by 2.2(2)°, implying that the Np atoms
follow the Co atom out of the mean porphyrin plane. This is
supported by the N atom displacements in Table 3. The Co atom
moves from 0.036(4) to 0.133(3) Å out of the mean porphyrin
plane toward the MeIm ligand. This is a smaller displacement
than that seen in compound2, despite the fact that MeIm is a
bulkier ligand than NO.

Average distortions of the 24-atom mean planes for com-
pounds3 and 4 also display a pattern different from that in
compounds1 and 2 (Table 3). Compound3 has the largest
average deviation of the known OCnOPor structures, whereas
compound4 has the smallest. This variation is opposite to that
of 1 and 2, and certainly differs from the pattern of Fe(OC3-
OPor)(CO)(base) species in Table 4. Among the (OC3OPor)-
based structures, cap dihedral angles and lateral displacement
of the cap do not seem to be related to metalation or ligand
binding. This suggests that the cap superstructure is flexibly
attached to the porphyrin core, and likely has only a limited
impact on mean deviations of the (OC3OPor)-based porphyrins.
Of course the maximum vertical displacement of the cap is
correlated with ligand binding under the cap. The two carbonyl
species have vertical cap displacements that are 0.28-1.08 Å
greater than those of the other (OC3OPor)-based porphyrins.

Both compounds3 and4 show saddle distortions (Table 3),
but the maximum deviations are three to four times larger in

compound3. This is visible in the stereoviews of Figure 2. The
cap superstructure in these compounds is flexible, and the 18.5°
change in cap tilt between3 and4 probably results simply from
differences in crystal packing, although it is not possible to
comment further given the solvent disorder in compound4. In
the solid state the flexibility of the porphyrin core, as manifested
in its various modes of distortion, has been well docu-
mented.62,85-89 In some instances, for example Ni(OEP)90-92

and Fe(OEP),89 polymorphs exist that show pronounced struc-
tural differences. In addition, subtle crystal packing effects, as
engendered for example by solvate molecules, can bring about
profound structural changes in a given porphyrin system. Interest
in the role ligands play in porphyrin distortions has generated
predictive rules for the TPP and OEP systems.69,72,93But the
relative importance of crystal packing forces, solvents of
crystallization, and ligand binding on the conformational varia-
tions in the (OC3OPor) system remain unclear.

Comparisons of compound4 with other unligated CoMb
model complexes and a recent unligated Mb protein structure
are presented in Table 7. Among the models, the Co-Neq bond
length average differs by a maximum of 0.03(1) Å, the Co-
NMeIm bond length differs by a maximum of 0.025(3) Å, and
the ∆Co displacements are equal. This excellent agreement
among the unconstrained94,95models and compound4 suggests
that the cap superstructure has minimal effect on MeIm
coordination. An important corollary is that differences in six-
coordinate ligand binding between unconstrained models and
(OC3OPor)(MeIm)-based models can reasonably be assigned
to ligand-cap interactions.

(84) Ellison, M. K.; Scheidt, W. R.J. Am. Chem. Soc.1997, 119, 7404-
7405.

(85) Munro, O. Q.; Bradley, J. C.; Hancock, R. D.; Marques, H. M.;
Marsicano, F.; Wade, P. W.J. Am. Chem. Soc.1992, 114, 7218-
7230.

(86) Sparks, L. D.; Medforth, C. J.; Park, M.-S.; Chamberlain, J. R.;
Ondrias, M. R.; Senge, M. O.; Smith, K. M.; Shelnutt, J. A.J. Am.
Chem. Soc.1993, 115, 581-592.

(87) Barkigia, K. M.; Renner, M. W.; Furenlid, L. R.; Medforth, C. J.;
Smith, K. M.; Fajer, J.J. Am. Chem. Soc.1993, 115, 3627-3635.

(88) Jentzen, W.; Simpson, M. C.; Hobbs, J. D.; Song, X.; Ema, T.; Nelson,
N. Y.; Medforth, C. J.; Smith, K. M.; Veyrat, M.; Mazzanti, M.;
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W. R. Inorg. Chim. Acta1999, 291, 49-59.
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1988, 110, 3919-2924.
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Table 6. Selected Five-Coordinate Cobalt Porphyrin Nitrosyls

complex M-Neq
a (Å) M-NNO (Å) ∠MNO (deg) N-O (Å) ∆Mb(Å) νNO (cm-1) T (°C) ref

Co(OC2OPor)(NO)out‚ 1.958(4), 1.837(4) 121.8(3) 1.174(4) 0.16 1667c -120(2) this work
0.46CHCl3 (2) 1.970(4),

1.973(3),
1.990(3)

Co(OEP)(NO) 1.977(1), 1.8444(9) 122.70(8) 1.1642(13) 0.16 1677d -143(2) 48
1.977(1),
1.989(1),
1.994(1)

Co(TPP)(NO) 1.978(4) 1.833(53) ∼135 1.01(2) 0.09 1689c -45(2) 46
Co(T(p-OCH3)PP)(NO) 1.837(3), 1.854(5) 119.6(45) 1.195(8) 0.20 1696c -20(1) 66

2.128(4)

a Symmetry independent Co-N(Por) bonds.b Displacement of the Co atom from the 24-atom mean porphyrin plane.c KBr pellet. d Nujol mull.
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Table 7 provides an interesting comparison of the accuracy
obtainable in modern studies of the Mb system versus that in
model systems. It seems clear that structural studies of model
systems, even if such systems are not functional models for
Mb and Hb, remain important as one means to probe structure-
function relationships in the hemoproteins.
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Table 7. Comparison of Selected Co(Por)(MeIm) Species with Mb

complex
M-Neq

a

(Å)
M-N(MeIm)

(Å)
∆Mb

(Å)
MeIm angle

(deg)
MeIm tilt

(deg)c
T

(°C) ref

Co(OC3OPor)(MeIm‚3C7H8 (4) 1.985(6) 2.132(3) 0.13 74.9 2.6 -120(2) this work
Co(OEP)(MeIm) 1.96(1) 2.15(1) 0.13 10 1 presumed 25(2) 95
Co(TPP)(MeIm) 1.977(3) 2.157(3) 0.13 ∼45 7.2 20(1) 94
unligated ferrous Mb 2.07(3) 2.14(2) 0.39 not reported 5.8 -163 44

a Average of the metal porphyrinato N atom bonds.b Displacement of the metal from the 24-atom mean porphyrin plane.c Measured as the
angle between the metal-N(MeIm) or metal-N(histidine) bond and the normal to the mean porphyrin plane.
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