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Abstract: A new type of six-coordinate, high-spin ferric porphyrin complex, having as different axial ligands alcohol and 
amine, has been shown to be formed in CHCI3 or CH2CI2 solution from octaethylporphyrin chloride. Structural and magnetic 
characterizations are made by 1H NMR hyperfine shifts, solution magnetic susceptibility, and optical absorption spectra. In 
addition to this new complex, [OEPFe3+(ROH)(amine)]+Cl-, we have also studied the complex [OEPFe3+(ROH)2]+Cl
in the high-spin ferric state. These new types of six-coordinate high-spin complexes were examined for a variety of alcohols and 
amines and are also discussed in relation to the models of aquometmyoglobin. The equilibrium constants for the formation of 
these complexes in solution were also determined. 

Introduction 

The structural characterization of a wide variety of hemo
proteins3"5 has revealed that the heme moiety is bound to the 
protein by at least one coordinate bond between the iron and 
a nitrogen of a histidine residue (imidazole) of the protein. 
Although the one iron-imidazole linkage appears to be ubiq
uitous in hemoproteins, there is a great diversity in the ligands 
located trans to the histidyl imidazole, ranging from none in 
deoxyhemoglobin (Hb)3 and deoxymyoglobin (Mb),3,4 to 
various ligands such as methionine sulfur4-5 in cytochrome c, 
histidyl imidazole4,5 in cytochromes bi and 65, and water3,4 

in methemoglobin (met-Hb) and metmyoglobin (met-Mb). 
Hence, structural effects on metal-ligand binding are a central 
theme in the understanding of the role played by the iron 
porphyrin center, in various heme proteins, in a variety of bi
ological functions. In an attempt to understand structure-
function relationships, many investigations have focused on 
the correlation between molecular structure in the heme en
vironment, oxidation states, and spin states for model porphyrin 
complexes. 

During the past 10 years, studies on the physicochemical 
properties6-13 of low-spin ferric porphyrin complexes, with a 
variety of axial ligands, have provided significant information 
on the nature of porphyrin-iron and axial ligand-iron binding. 
Such six-coordinate complexes are also available in naturally 
occurring systems, such as 62 and b$ type cytochromes,4,5 

where the existence of two coordinated histidyl imidazoles is 
well established. On the other hand, high-spin ferric porphyrin 
complexes have been well known only in the five-coordinated 
porphyrins,14- '6 such as hemin halides and /n-oxo derivatives, 
etc. The five-coordinate derivatives have a considerable dis
placement1 7 of the iron atom from the mean plane of the por
phyrin ring. This structural feature is potentially useful for 
studies of the stereochemistry of porphyrin complexes. This 
proposition has become questionable with the recently reported 
structure18 of the bis(aquo-TPP)19 complex. With this as a 
start, several other six-coordinate ferric porphyrins20 utilizing 
weak field ligands, such as sulfoxide, tetramethyl sulfoxide 
(Me4SO), and pyridine N-oxide, have been synthesized and 
characterized as ferric high-spin complexes. The X-ray crys
tal-structure studies revealed that the iron atom is in the heme 
plane, and the bond distance between the iron and porphyrin 
core nitrogen atom is unusually large in comparison with 
normal high-spin ferric porphyrin complexes. Concurrently, 
NMR studies21 in solution have shown that the six-coordinated 
high-spin ferric porphyrin complex with dimethyl sulfoxide 

as the axial ligand, TPPFe (Me2SO)2+, is formed at low 
temperature (—70 0C). These works imply that six-coordinate 
high-spin ferric porphyrins can be produced by the use of 
weak-field ligands. 

Six-coordination is frequently encountered in high-spin 
ferric hemoproteins3,5 such as met-Hb and -Mb, etc., which 
are stable under physiological conditions. Hence, of great in
terest is the characterization of six-coordinate models for the 
high-spin met-Hb and -Mb. The major concern in this study 
is to present the pertinent models for aquomet-Hb and -Mb 
in which the iron(III) atom is coordinated by water trans to 
a nitrogenous base of the histidyl imidazole. We are also con
cerned with the other new type of six-coordinate high-spin 
ferric porphyrins in solution, which has alcohol in the two axial 
positions at room temperature. We report herein the structure 
and dynamic equilibria of the six-coordinate high-spin ferric 
porphyrins with amine and alcohol as the ligands. These are 
expected to be appropriate models for aquomet-Hb and met-
Mb, since (i) the axial ligands of the heme moiety are struc
turally analogous in both model and protein systems, and (ii) 
the present aquomet-Mb model complex is selectively and 
stably formed with various combinations of amine and alcohol 
derivatives in solution. A scheme for the complex formation 
in solution will also be presented. 

NMR studies of paramagnetic molecules in solution can 
afford information on the equilibria associated with ligand 
binding as well as on the electronic structure of the complex 
on the basis of isotropic shifts and solution magnetic suscep
tibilities. Such NMR data for six-coordinate high-spin ferric 
porphyrins have been lacking except in the case of TPPFe-
(Me2SO)2.21 

Here we will examine ligand exchange reactions of por
phyrin chloride (PFeCl) in methylene chloride solution in the 
presence of alcohol and/or aliphatic'amine (L). In the case of 
six-coordinated ferric porphyrin complexes, two steps are 
possible for the axial ligand addition to an iron atom. The first 
step is the formation of the 1:1 complex: 

PFeCl+ Li ^ P F e L 1 C l (1) 

with: 

ATi = [PFeL1Cl]Z[PFeCl][L1] (2) 

The second step is represented by: 

P F e L 1 C l - I - L 2 ^ P F e L 1 L 2
+ C l - (3) 

0002-7863/80/1502-2429S01.00/0 © 1980 American Chemical Society 



2430 Journal of the American Chemical Society / 102:7 / March 26, 1980 

( d ) 

b »-<*_, 

JU_ U 

(a) OEPFeCI U mM 

y** ^S* 

-50 -40 -30 -20 20 30 40 50 60 

PPM 

Figure 1. 1H NMR spectra at 24 0C of: (a) CD2Cl2; (b) 3:1 CD2Cl2/CD30D; (C) 3:2 CD2C12/CD30D; and (d) 3:4 CD2Cl2/C2D5OD solutions; 
[OEPFeCl]o = 14 mM for a, b, and c and 5 mM for d. Peaks ai and bi are the a-CH2 and /3-CH3 resonances for OEPFeCl, respectively. Peaks a2 and 
b2 are the a-CH2 and /3-CH3 resonances for OEPFe(ROH)2

+Cl-, respectively. 
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with the product, a tight ion pair, and: 

K2 = [PFeLiL2
+Cl-]/[PFeLiCl][L2] (4) 

Low-spin ferric porphyrins with nitrogenous ligands (Li = L2) 
are well documented,9'10 and the electronic, steric, and solva
tion factors that affect the complex stability have been ex
amined. Such low-spin ferric porphyrin complexes with ni
trogenous bases have, in general, larger values for AT2 than for 
K i™ and 1:1 complex formation (eq 1) is not always detected. 
In these cases the reaction follows an apparently single-step 
process, as given by eq 5: 

PFeCl + L, + L 2 ^ P F e L i L 2
+ C l - (5) 

where 

ft = K,K2 (6) 

We are concerned here with the case of Li = amine and L2 

= alcohol, where eq 5 and 6 can be applied to define the coor
dination stoichiometry. 

Experimental Section 

Materials. The free porphyrins, H2OEP and H2TPP, and their 
ferric complexes were synthesized according to methods described 
in the literature.22"24 The final products, OPEFeCl and TPPFeCl, 
were recrystallized from benzene-chloroform solution. The purity 
of these complexes was checked optically and by ' H NMR. The var
ious axial bases, piperidine (pip), pyrrolidine (pyrr), and aziridine (az), 
were distilled over calcium hydride before use. Methanol-*^ and 
ethanol-^6, purchased from Merck, were utilized for 1H NMR 
spectroscopic studies without further treatment. The alcohols such 
asmethanol, ethanol, and propanol used for optical studies were dried 
and distilled before use. 

1H NMR Measurements. 220-MHz 1H NMR spectra were ob
tained with a Varian HR 220 spectrometer equipped with a Nicolet 
pulse FT accessory TT-IOO. Between 512 and 1024 transients were 
accumulated using a 30-/is (90°) pulse; 2K data points were collected 
over bandwidths of 30.3 kHz. All of the temperatures were calibrated 
to an accuracy of ±2 0C using the temperature-dependent difference 
between the CH3 and OH shifts of pure methanol. The alcohol and/or 
amine coordinated complexes were prepared in chloroform-rf and 
dichloromethane-rf2 solutions. 1H NMR measurements on very dilute 
solutions were performed by employing a JEOL FX-100 spectrometer 
with a homonuclear gated decoupling program. 

Solution Magnetic Susceptibilities. These were determined by the 
method of Evans25 for a sample containing 10 mM complex. The 
magnetic moment of the paramagnetic adduct was obtained from the 
separation between the 1H signals from Me1(Si and the solution of the 
adduct contained in concentric tubes. This assumes that a single 
species is formed in solution, which is verified by monitoring the 
a-CH2 resonance of OEP and pyrrole-H resonance of TPP. 

Equilibrium Constants. Equilibrium constants for the complexes 
OEPFe(amine)(CH30H)+Cl_ were determined by integration of 
the a-CH2 signals of OEPFe(amine)(CH3OH)+Cl-, while those for 
OEPFe(ROH)2

+Cl- were determined by optical spectroscopy be
cause of the collapse of two a-CH2 peaks upon formation of the 
symmetrical OEPFe(ROH)2 complex. The detailed analyses are 
mentioned in the following section. 

Electronic Spectral Measurements. Spectrophotometric measure
ments were made on a Shimazu 200S spectrometer; 10-mm path 
length cuvettes were utilized for the measurements. Equilibrium 
constants were typically measured from the absorbance of ~8 /ttM 
OEPFeCl and TPPFeCl solutions. 

Results and Discussion 

(a) Formation of High-Spin Ferric OEP Complexes Coor
dinated by Alcohol. In Figure 1 are shown the typical' H NMR 
spectral changes that occur when alcohol (methanol and eth
anol) is added to OPEFeCl in CD2Cl2 solution. Addition of 
methanol caused two effects on the spectrum: the porphyrin 
peripheral /3-CH3 resonance shifted downfield and the meso-H 
peak shifted upfield, with concomitant line broadening, and 

Table I. Observed 1H NMR Shifts for Some Ferric 
Octaethylporphyrin Complexes" 

axial ligand a-CH2 0-CH3 meso-H 

Cl" -44.5 -40.9 -6.7 56.1 
CH3OH6 -46.9 -7.4 58.7 
C2H5OH^. -47.6 - 7 J 

" Shifts are in ppm from Me4Si at 25 0C, in CD2Cl2 solution. * In 
CD2Cl2-CD3OD (1:1, v/v) solvent.c In CD2Cl2-C2D5OD (3:4, v/v) 
solvent. 

Scheme I 
+ amine (D) 

PFe(CH3OH)2
+Cl- - PFe(amine)(CH3OH)+ 'Cr 

+ CH3OH 
2 ^ ^ 4 

PFeCl — - PFe(amine)2
+-Cl-

•. + amine 

a new single peak appeared at —47 ppm, as illustrated in Figure 
lb. As more methanol was added, the new peak (a2) increased 
in intensity at the fixed position. This indicates that chemical 
exchange between OEPFeCl and the new species is slow 
enough to afford their proton signals simultaneously. Finally, 
in the 1:1 CD2Cl2ZCD3OD solution the peak ai of high-spin 
OEPFeCl disappeared as shown in Figure Ic. A spectrum 
similar to Figure Ic was obtained in a very dilute solution of 
OEPFeCl (~40 juM) in CDCI3/CD3OD, indicating that 
methanol does not influence the aggregation of OEPFeCl. In 
the case of ethanol (Figure Id), the peak intensities of the 
spectrum of OEPFeCl decreased, and another set of resonances 
appeared and grew in intensity at the fixed position that is 
displaced from the peak position of pure OEPFeCl, unlike the 
case of methanol. Thus, the use of different alcohols allows us 
to assign the new peaks a2 and b2 to the a-CH 2 and /3-CH3 

proton signals, respectively, of the ferric OEP complex with 
axially coordinated alcohol molecules. Accordingly, only a 
single new species (complex 2, Scheme I), designated as 
OEPFe(ROH)„ + Cl_ , may be formed according to eq 7: 

OEPFeCl + « - R O H ^ O E P F e ( R O H ) „ + C l - (7) 

2 
The observed shifts for these proton resonances are given in 
Table I. 

In order to determine the stoichiometry of the formation of 
complex 2, we have measured the visible spectra. In Figure 2a 
are shown the typical spectral changes in the 300-460-nm 
region when methanol is successively added to OEPFeCl in 
CH2Cl2 solution. The resulting two isosbestic points (380 and 
400 nm) are also indicative of the equilibrium expressed by eq 
7. According to the usual procedure,26 plots of log (A — AQ/'AC 

— A) vs. log [CH3OH] were constructed (Figure 2b), where 
A is the absorbance at the wavelength (390 nm) of interest, AQ 
is the absorbance of OEPFeCl in the absence of methanol, and 
Ac is its absorbance in the presence of a large excess of alcohol. 
The slope of the linear plot affords the coordination number, 
«, ineq7. For methanol, the value of n is 4. The results for all 
of the complexes studied here are summarized in Table II. 

We have also examined the alcohol-coordinated porphyrin 
complex formation from TPPFeCl. The value of n is also four 
in this case. The coordination number 4 may be accounted for 
by hydrogen bonding between the iron-bound methanols and 
nearest neighbors contained in the excess of alcohol present 
in solution. This unusually high coordination number has also 
been obtained for TPPFe(imidazole)2

+Cl_ in benzene solu
tion.10 The hydrogen bonding of the iron-bound aquo ligands 
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Table II. Equilibrium Constants for the Addition of Alcohols to the 
Ferric Complexes of Some Synthetic Porphyrins in CH2Cl2 at 21 
0C 

porphyrins 

OEPFeCl 
OEPFeClO4 

TPPFeCl 

axial 
ligand 

CH3OH 
CH3OH 
CH3OH 
C2H5OH 

n" 

3.9 ±0.1 
2.3 ± 0.2 
4.1 ±0.2 
3.8 ±0.2 

log ft,* 

-2.3 ±0.1 
-2.3 ±0.2 
-3.2 ±0.1 
-3.8 ±0.1 

Meffc 

5.9 ± 0 . 3 

5.9 ± 0 . 3 
5.9 ± 0 . 3 

" n as defined in eq 7. * /3„ as defined in eq 7 was calculated from 
absorbance data taken at 391 and 540 nm for OEP, and 395 and 413 
nm for TPP. c In MB at 24 0C. 

with the tetrahydrofuran solvates, for TPPFe(H2O)2Cr 18 

(as visualized from crystallographic study), also helps to 
substantiate the alcohol coordination number of 4. When 
OEPFeClO4 is used in place of OEPFeCl, the resulting coor
dination number for alcohol is 2. This is presumably because 
the perchlorate anion may associate with the coordinated al
cohols more readily than does the chloride anion and thus 
breaks the hydrogen bonding between the iron-bound and bulk 
alcohol molecules. It is worth noting that a fairly large excess 
of alcohol was required to form complex 2 from OEPFeCl and 
that, as Table II shows, the formation constant /34 for 
TPPFe(CH3OH)4

+Cl- is substantially larger than that for 
TPPFe(C2H5OH)4

+Cr. In other words, when alcohol sub
stitutes the chloride of TPPFeCl to form the TPPFe(alco-
hol)4

+Cl~ complex, the concentration of alcohol required 
should be in the order methanol < ethanol a* propanol. This 
trend appears to be opposite to the order for the bulk dielectric 
constants (e) of these alcohols,27 €(CH3OH) = 33, e(C2H5OH) 
= 24, and 6(C3HvOH) = 20. This correspondence may allow 
us to expect that solvent polarity (e) may facilitate the for
mation of the alcohol complex of ferric porphyrin (eq 7). 
Consequently, the step of Fe-Cl bond fission which is supposed 
to depend on the bulk solvent property (e) is likely to be sig
nificant in the ligand substitution reaction. This is substan
tiated by the finding that complex 2 also forms from OEP-
FeClO4 with a weak Fe-CIO4 bond, in the presence of a small 
amount of methanol. Inspection of Table I shows that the 
Q-CH2 proton shift of complex 2 exhibits a slight downfield 
bias with respect to OEPFeCl and that it is almost insensitive 
to the variation of alcohol. Such features of the shifts are most 
probably due to the weak binding of alcohol to the iron 
atom. 

The solution magnetic susceptibility of complex 2 corre
sponded to 5.9 us for both OEPFe(CH3OH)4 and TPPFe-
(CH3OH)4 at 24 0C. These magnetic moments are indepen
dent of temperature between —40 and 24 0C. This value is 
characteristic of high-spin ferric TPPFeCl. On the basis of the 
proton hyperfine shifts and solution magnetic susceptibility 
data, it appears that complex 2 in CD2Cl2/CD3OD is in the 
high-spin ferric state. 

300 
X "W 

Figure 2. (a) Visible spectral changes for an 8.2 X 1O-5 M solution of 
OEPFeCl in solvents consisting OfCH2Cl2 and CH3OH. (b) Method of 
analysis of absorbance data for the reaction of methanol with OEPFeCI 
in CH2Cl2. 

(b) Formation of OEPFe(amirieXROH)+Cl- in Solution. The 
monoamine- and alcohol-coordinated porphyrin complexes 
were generated by adding an amine to a CD2Cl2 solution of 
OEPFeCl in the presence of a small amount of methanol. The 
ligand coordination reaction in this case follows eq 5. An in
crease in the concentration of amine displaces the equilibrium 
to the right. In Figure 3a the well-characterized proton spec
trum of OEPFeCl in CD2Cl2 solution containing a small 
amount of methanol is illustrated. Addition of piperidine ex
hibits a remarkable effect on the spectrum: a new set of four 
peaks at -33.8, -32.0, -5.2, and 35.0 ppm with signal in
tensities of 2,2,6, and 1, respectively, was assigned to the a-H2 
doublet, /3-CH3, and meso-H of a newly generated single 
species. The four new peaks were not observed in the absence 
of alcohol; thus this new species (complex 4, Scheme I) may 

Table III. Observed Shifts" for Ferric Octaethylporphyrin Complexes, [OEPFe(amine)(ROH)]+Cl" 

alcohol 

CH 3OH d 

CH 3 OH" 
CH 3 OH' ' 
CH3OH r f 

C H 3 O H / 
C 2 H 5 OH? 
C 3 H 7 OH* 
C H 3 O H ' 
CH 3 OH' 

amine 

piperidine 
piperidine 
pyrrolidine 
triethylamine 
aziridine 
piperidine 
piperidine 
4-Me2Py 
1,2-Me2Im 

p/CaC 

1.1.1 
11.1 
11.1 
10.7 
8.0 

11.1 
11.1 
9.7 
7.9 

-33 .8 
-34 .1 
-33 .6 
-34 .5 

-33 .6 
-33.1 

H-CH2 

-32 .0 ( -32 .9 ) J 
- 3 2 . 9 ( - 3 3 \ 5 V 
-31.1 (-32.4V 
— 31.7 (—33.1)^ 

-33.8 
-31 .6 (-32.6V 
-31 .7 ( -32 .4) ' 

-34.1 
-34.7 

/3-CH3 

-5 .2 
- 5 . 2 
- 5 . 3 
- 5 . 3 

-5 .2 
- 5 . 0 

-6 .1 

meso-H 

35.0 
34.7 
34.6 

36.0 
35.5 
33.0 

" Shifts in ppm (±0.1) in CD2Cl2 at 21 0C, referenced against Me4Si. * [OEPFeCl]0 = 10.6 mM in each case. c In ref 34. d 1 ^L OfCD3OD 
(0.082 M). MO ^L of CD3OD (0.82 M). / 6 fit of CD3OD (0.50 M) and 6.7 mM of aziridine. * 10 fiL of C2D5OD (0.58 M). h 10 fiL OfC3H7OH 
(0.45 M). '' 40-60 fiL of CD3OD (2.3-3.5 M). J Mean values of two peaks. 
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Figure 3. 1H NMR spectra at 22 0C of a CD2Cl2 solution of 12 mM in total porphyrin, i.e., [OEPFeCl]0 = 12 and 72 mM in total CD3OD. The solution 
was titrated with piperidine: (a) 0; (b) 1.4; (c) 8.0; (d) 43; (e) 110 mM. The numbers 1 and 4 denote the species OEPFeCl and OEPFe(Pip)(CH3OH)+Cl-, 
respectively. 

be assigned to the porphyrin complex having methanol and 
piperidine as axial ligands. Doubling of the a-CH 2 peak is, 
therefore, due to the diastereotopism28 of this new complex in 
which different axial ligands remove the mirror plane sym

metry to maintain the nonequivalence of the Qi-CH2 protons 
as was the case for OEPFe(imidazole)(piperidine).29 We have 
examined the formation of this mixed-ligand OEP complex 
with a variety of alcohols and amines. The observed proton 
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Figure 5. 1H NMR spectra at 21 °Cof CDCI3/CD3OD (4:3, v/v) solution 
of 27.5 mM in total OEPFeCl. The solution was titrated with piperidine: 
(1)0; (2) 10; (3) 30; (4) 71; (5) 17OmM. 

Table IV. Equilibrium Constants and Solution Susceptibility Data 
for [OEPFeL1Lj]+Cl- " 

L1* L2 

CH3OH piperidine 
CH3OH pyrrolidine 

&2C Meffd 

(7.6 ±0.2) X 102 5.8 ±0.2 
(4.1 ±0.2) X 102 

o [OEPFeCl] = 8.2 mM in CD2Cl2 solution. b [CD3OD] = 0.82 
M. c (32 as defined in eq 5, in units of M - 2 . d In ^ B at 22 ± 1 0 C. 

shifts for these complexes are summarized in Table III. 
Since the new peaks grow in intensity at their fixed positions 

with increasing concentration of amine, the ligand exchange 
rate is slow on the NMR time scale. Hence, the equilibrium 
constants were readily computed from the relative intensities 
of the Q-CH2 doublet peaks of OEPFeCl and OEPFe-
(CH3OH)(piperidine)+. The equilibrium30 stoichiometry in 
eq 5 affords /32 when amine ([Li]) is added to the OEPFeCl 
solution containing a small amount of methanol (0.8 M). The 
method of analysis is given in footnote 31 and is shown in 
Figure 4. The calculated /32 values (listed in Table IV) are 
about 102 M - 2 , which is comparable to that obtained by Sat-
terlee et al.9 for the formation of OEPFe(I-MeIm)2

+Cl- from 
OEPFeCl in CHCl3. 

(c) Equilibria in the Formation of Six-Coordinated High-Spin 
Ferric Porphyrin Complexes in the Presence of Amine and 
Alcohol. Based on the observations in Figures 1 and 3 and eq 
1 -7, Scheme I is now proposed for the process of formation of 
OEPFeL1L2

+Cl- in CD2Cl2 solution. In the previous section, 
we have discussed the processes labeled A and B in Scheme I 
by which complexes 2 and 4 are formed, respectively. Complex 
4 is also generated from complex 2 by process D. Figure 5(1) 
shows the well-resolved 1H NMR spectrum of complex 2. 
Successive addition of piperidine causes upfield shifts for the 
a-CH2 and /3-CH3 proton peaks and a downfield shift for the 
meso-H resonance, respectively. The formation of complex 4 
is exemplified in Figure 5 (5). As Figure 5 (5) shows, the singlet 
signal is obtained for the a-CH2 group of complex 4 in the 
presence of a large excess of alcohol, indicating that rapid 
chemical exchange occurs. When complex 4 is formed by 
process B, further addition of alcohol displaces the equilibrium 
between complexes 2 and 4 in Scheme I to the left, so that 
complex 2 is also formed from complex 4. 

Although the six-coordinate piperidine complex 3 can be 
formed by process C, its ferric iron is reduced automatically 

Scheme II 

L = piperidine 

4 

pyrrol idine 

4 

aziridine 

/ 
-»-3 

in the presence of a large amount of amine.32 However, by 
process E in Scheme I the bisamine complex 3 in the ferric 
low-spin state is formed without reduction of the iron atom. 
Thus, complex 3 is formed by adding relatively large amounts 
of piperidine at low temperatures.33 

A negligible amount of complex 4 was formed with some 
amines. Figure 6 shows the formation of complexes 3 and 4 in 
the presence of methanol and aziridine at 21 0C. Addition of 
aziridine to a solution of 11 mM OEPFeCl and 80 mM 
methanol yielded the bisamine complex 3 rather than the 
mixed-ligand complex 4 (Figure 6b). A relatively large amount 
of methanol was required to form OEPFe(aziridine)-
(CH3OH)+Cl- (Figures 6c and 6d). Scheme II represents the 
formation of complexes 3 and 4, which depends upon the choice 
of amine in the presence of an equal amount of alcohol. In the 
case of piperidine, complex 4 is selectively generated, while 
complex 3 is predominantly formed by the use of aziridine. As 
Table IV shows, the value of /32(Pip) for the formation of 
OEPFe(CH3OH)(PiP)+Cl- by process B is twice as large as 
^(Pyrr). This trend appears to correspond to the relative 
basicities of the amines in the order /32(Pip) £ /32(Pyrr) » 
/32(Az). Consequently, the stability of complex 4 may be de
termined by the basicity of the amine. The correlation between 
basicity of the axial ligand and the complex formation constant, 
|82, is also found for low-spin ferric porphyrin complexes of 
N-substitued imidazoles.9'10 It is thus tempting to conclude 
that stabilization of the positive charge on Fe(III) by the axial 
ligands appears to be an important structural factor for the 
production of the mixed ligand complex 4 in solution. 

(d) Properties of Monoamine Ferric OEP Complexes in 
Relation to the Model of Aquometmyoglobin. We are now 
concerned with the properties of the mixed-ligand high-spin 
ferric complex 4 in relevance to the physical properties of the 
ferric porphyrin moiety in ferric hemoproteins. The effective 
magnetic moment of OEPFe(Pip)(CH3OH)+Cl- in CDCl3 
solution is found to be 5.8 HB at 21 0C (Table IV), which is in 
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Figure 6.1HNMR spectra at 21 0C of a CD2Cl2 solution of 10.8 mM in total OEPFeCl: (a) [CD3OD]0 = 73 mM; (b) [CD3OD]0 = 73 mM and [azir-
idine]0 = 6.7 mM; (c) [CD3OD]0 = 430 mM and [aziridine]0 = 6.7 mM; (d) [CD3OD]0 = 3.1 M ajid [aziridine]0 = 6.7 mM. 

good agreement with the spin-only moment of 5.9 /XB9 observed 
for five-coordinate high-spin (S = %) ferric porphyrins. To 
examine whether or not complex 4 resides in a single spin state, 
we have measured the temperature dependence of the isotropic 
shift ranging from 40 to —50 0C (Figure 7). 

Figure 7 shows an apparently linear relation for all of the 
resonances of complex 4, which is characteristic of a single spin 
state. Hence, OEPFe(CH3OH)(Pip)+Cl- can be assigned as 
a pure high-spin (S = %) ferric complex. This contrasts with 
the low-spin six coordinate complex,16 FePPIXDEBL 1L2 (Li 
= phenoxide and L2 = pyridine or imidazole). The combina
tion of weak and moderate field ligands (CH3OH and piperi-
dine) employed here has allowed us to reproduce a six-coor
dinate high-spin ferric porphyrin complex, which is a suitable 
model for aquomet-Hb and -Mb. 

It is worth noting in Tables I and III that all of the observed 
a-CH2, /3-CH3, and meso-H shifts of OEPFe(CH3OH)-
(Pip)+Cl_ are considerably smaller than those of OEPFeCl 
and OEPFe(ROH)2

+Cl-. This is qualitatively interpreted35 

in terms of a competitive balance between iron-porphyrin 
binding and iron-axial ligand binding in high-spin complexes. 
When an axial ligand has a high affinity for the ferric iron, the 
iron-porphyrin interaction is weakened and consequently 
smaller shifts of the porphyrin resonances are observed. The 

present results, concerning the relative magnitudes of the hy-
perfine shifts for the high-spin OEPFe(CH3OH)(Pip)+Cl-
and OEPFe(CH3OH)2

+Cl- complexes, are attributable to 
differences in the strengths of the iron-porphyrin and iron-
axial ligand bonds in these complexes. 

Furthermore, as shown in Table III, the porphyrin reso
nances for OEPFe(ROH)(amine)+Cl_ are not affected by the 
weak perturbation produced by the varying basicities of the 
amines (pA"a = 10-11) and alcohols at the axial positions. The 
combination of axial ligands (alcohol/amine) appears to be 
intrinsically responsible for the differences in the observed 
isotropic shifts. 

With the aim of gaining insight into the nature of iron-
nitrogenous base'bonding, we have attempted here to obtain 
the mixed ligand complexes with imidazole, or its derivatives, 
at the fifth position that are more relevant structural models 
for aquomet-Mb. The corresponding pyridine complexes were 
also examined. Among the imidazole derivatives only hindered 
imidazoles (2-methylimidazole, 1,2-dimethylimidazole, and 
benzimidazole) yielded mixed ligand complexes whose 1H 
NMR spectra exhibit a chemical exchange effect due to labile 
ligation of these ligands to the iron (see Figure 8). The other 
imidazole derivatives examined led to low-spin bis adducts. In 
the case of pyridine derivatives, only a jY.jY-dimethylamino-
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Figure 7. Temperature dependence of the observed shift of the protons of 
OEPFe(PiP)(CH3OH)+Cl- (O) and OEPFe(Pip)2

+Cl- (•). 

pyridine, which has a high basicity compared with the other 
pyridine derivatives, selectively yielded the desired mixed-
ligand high-spin complexes. The other pyridine derivatives 
produced low-spin bis adducts. The complexes associated with 
the hindered imidazoles showed porphyrin 1H resonances av
eraged by chemical exchange effects. A similar observation 
was made for a high-spin complex OEPFe(Az)(CH3OH)+Cl-

(Figure 7). The observed C2-CH2 shift was —34 ppm for 2-
MeIm, close to the shift for aziridine in Table III. Conse
quently, when imidazoles are used as axial bases at the fifth 
position of a high-spin ferric porphyrin complex, the sterically 
hindered interaction between the substituted group on the Ii-
gand molecule and the porphyrin ring appears to be important 
enough to allow the formation of an alcohol-imidazole adduct 
of high-spin ferric porphyrin complexes. This implies that a 
delicate balance of axial ligation modes is needed to form 
mixed-ligand high-spin ferric porphyrin complexes. 

The NMR study reported herein demonstrates a new 
structural type for high-spin ferric porphyrins in solution. 
Although the high-spin ferric mixed-ligand porphyrin com
plexes studied here are largely concerned with nonimidazole 
nitrogenous bases, the alcohol-amine containing porphyrin 
complex is expected to serve as a structural model for 
aquometmyoglobin and aquomethemoglobin. We are currently 
studying the hyperfine-shifted 1H NMR spectra of high-spin 
ferric hemoproteins in order to delineate the heme microen-
vironmental structures in relation to their biological func
tions.36 In connection with this, our present study on a new type 
of high-spin ferric complex is being extended to a natural 
porphyrin, namely protoporphyrin dimethyl ester. 

(3) 
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(I) Q-CH2 

-50 - 4 0 -30 
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Figure 8.1HNMR spectra of the downfield region at 22 0C of a CDCl3 
solution of 8.7 mM in total porphyrin, i.e., [OEPFeCl]o = 8.7 mM and 
[CD3OD]o = 1.6 M. The observed shift is referenced against internal 
(Me)4Si. The solution was titrated with 2-methylimidazole: (1) O; (2) 8; 
(3) 12; (4) 20 mM. The intensity of the «-CH2 signal for OEPFeCl de
creases and a new signal at -41 ppm increases simultaneously. The new 
signal is assigned to the Ct-CH2 group of a mixed-ligand complex. This 
signal shifts upfield with an increase of [2-MeIm]. The concentration 
dependence of this shift is different from the case that occurs in the absence 
of methanol. 
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we have carried out experiments with chlorin models that in
dicate that the specificity of the oxidative cleavage, which gives 
only one photobilin isomer, 5, is controlled by the presence of 
the cyclopentanone ring.8 In the present paper we describe the 
mass and NMR spectra of the pheophorbides and derivatives 
from Chloropseudomonas ethylicum,6 and describe our ulti
mately successful attempts at separation of the homologous 
mixture. Our previous NMR assignments2b of the «-propyl and 
isobutyl groups had depended upon comparisons with /j-propyl-
and isobutylbenzenes. Owing to the fact that chlorophylls and 
porphyrins (unlike simple benzenoid compounds) undergo 
extensive aggregation phenomena9 which affect observed 
chemical shifts, we also describe the partial syntheses of n-
propyl and isobutyl derivatives (from pheophytin b) which 
enable a better estimation of the NMR parameters of these 
substituents in the homologous mixture. 
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Bacteriochlorophylls c from Chloropseudomonas ethylicum. 
Composition and NMR Studies of the Pheophorbides 
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Abstract: The carbon-13 and proton NMR spectra of the methyl pheophorbides 6, methyl 2-vinylpheophorbides 2, methyl 
mesopheophorbides 7, and other degradation products from the green sulfur bacterium Chloropseudomonas ethylicum are 
described and assigned. In order to clarify certain spectra, model chlorins substituted with n-propyl, isobutyl, propenyl, and 
isobutenyl side chains are synthesized from the chlorophyll b degradation product, rhodin gi trimethyl ester (17). Successful 
separations of the homologous mixture of pheophorbides, using reverse-phase high-performance liquid chromatography, are 
detailed; only four major bands (rather than the six obtained from Chlorobium thiosulfatophilum cultures) were observed, 
and only a minute amount of 4-ethyl-5-methylpheophorbide (band 6) was apparent in the C. ethylicum culture presently being 
studied. 
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