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37. Hyperfine Shifts of the 13C-NMR. in Protoporphyrin IX Iron (111) 
Dicyanide and Deuteroporphyrin IX Iron (111) Dicyanide 
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Institut fur Molekularbiologie und Biophysik 

Eidgenossische Technische Hochschule, CH-8049 Zurich-Honggerberg 

(31. VIII. 73) 

Sunzmary. The W-NRIR. in Zn(I1) (Protoporphyrin IX), Fe(II1) (Protoporphyrin IX) (CN),, 
Zn(II) (Deuteroporphyrin 1X dimethylester), and Fe(II1) (Deuteroporphyrin IX) (CN), have 
been idcntified, and the 13C hypcrfine shifts in the iron complexes evaluated. In a partial analysis 
of these data the parameters QFCH,, QFcH, and QEtCH, which characterize the isotropic coupling 
through hyperconjugation between the lH and 13C: nuclei of the porphyrin side chains and the 
unpaired electron spin density on the aromatic ring carbon atoms, have been re-examined. This 
paper is part of an investigation of the electronic states in low spin ferric hemes and hemoproteins, 
and thc relations between the electronic structures and thc biological rolcs of these molecules. 

Introduction. - Several years ago high resolution lH-NMR. spectroscopy was 
found to be a suitable method for the investigation of the unpaired electron spin 
density distribution in low spin ferric hemes and hemoproteins [l] 121. It became soon 
apparent, however, that additional data were needed to remove certain ambiguities 
in the spin density distributions derived from proton NMR. hyperfine shifts alone 
[2] [3]. Recently we have started to complement the lK-NMR. results by studies of 
the l3C-NMR.hyperfine shifts in the fourfold symmetrical low spin iron (111) complexes 
with porphin and tetraphenylporphin (41. In the present paper the 13C-NMR. hyper- 
fine shifts for Fe(II1) (PROTO (CN),’) and Fe(II1) (DEUT) (CN),’) are discussed. 

1) Abbreviations used: NMR. : nuclear magnctic resonancc; ppm: parts per million; TMS.: 
tetramethylsilane ; PROTO : protoporphyrin IX; DEUT : dcuteroporphyrin IX ; DEUTME : 
deuteroporphyrin TX dimethyl ester; EI’R. : elcctron paramagnetic resonance ; FT. : Fourzer- 
transform. 
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Analysis of the Experimental 1H- and W-NMR. Hyperfine Shifts. - The 
nuclear resonance positions A v observed in paramagnetic species can be decomposed 
into two terms, 

where A vdiam would be the resonance positions in the absence of the electronic para- 
magnetism, and dvhf are the hyperfine shifts which arise from the interactions with 
the unpaired electrons. In  the present and in the previous work [2] [4] d v h f  was 
obtained as the difference between the positions of the corresponding resonances in 
the paramagnetic iron porphyrins, and in the diamagnetic zinc porphyrin complexes. 
It appears that only very small contributions to the hyperfine shifts in low spin ferric 
hemes should come from electron spin delocalization through o-bonds [2] [4-6], and 
hence Avhf would to a good approximation be given by 

= Av&! + 0,;: + dv," (2) 
A v g  is the pseudocontact shift arising from dipole-dipole coupling with the electron 
spin localized on the central metal ion [7] [8], AviF is the pseudocontact shift from 
interactions with the electron spin delocalized to  the ligands through the n-bonds [S], 
and A v," the contact shift from spin delocalization in the n-bond system [9] [lo]. 

The first step in the evaluation of the spin density distribution consists in determin- 
ing the term Av," from equation (2).  For protons, Av;: appears not to be important 
[8], so that Avi  = dvhf - APE * A Y E  could in principle be computed from the 
electronic g-tensor [7] [8]. However, because of the extremely short longitudinal 
electronic relaxation times [Z], no EPR. spectra of low spin ferric hemes at  ambient 
temperature have as yet been reported. Therefore the separation of the terms dv," 
and 0.: in the proton hyperfine shifts has so far remained somewhat ambiguous 
[a] [3] [5] [6] [l l] .  For 13C, 0.;: can also be an important contribution to the hyper- 
fine shifts of the aromatic carbon atoms [4]. Again, as for protons, the evaluation of 
Ov,X from equation (2) is not straightforward. However, combining the data on lH- 
and l3C-NMR. hyperfine shifts appears to allow a considerable reduction of the 
uncertainties in the estimates of the pseudocontact shift contributions [4]. For the 
partial analysis of the hyperfine shifts in this paper, we will assume that the electronic 
g-tensor in Fe (111) (PROTO) (CN), and Fe (111) (DEUT) (CN), has axial symmetry, 
where the principal symmetry axis would be perpendicular to the heme plane. The 
relative pseudocontact shifts for the different nuclei are then given by 

where AviA(i) and AvE(j) are the pseudocontact shifts in ppm for the nuclei i and j ,  
and ri and rj the distances of these nuclei from the iron [7]. 

With Av," determined through equation (Z) ,  one can proceed to the computation 
of the contact interaction constants AI. For the purpose of the discussion in this 
paper, it is assumed that only the electronic ground state is populated, and that the 
influence of the g-tensor anisotropy on the NMR. contact shifts can be omitted from 
consideration [2]. Avt in ppm is then given by [S] [12] 

22 
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where ye  and y~ are the gyromagnetic ratios of the electron and the nucleus, S is the 
electronic spin, k the Boitzmann constant, and T the absolute temperature. 

The contact interaction constants are related to the unpaired electron spin 
densities & localized on the aromatic carbon atoms by empirical parameters QI. 
For the present analysis of tlie heme data, we will primarily deal with the fragments I 
and 11, in which finite spin density can be localized in the n-orbitals of the three 
aromatic carbon atoms. 

For the aromatic proton H(3) in I, we have 1101 

A corresponding relation holds for the methyl protons in I1 (131 1141 

For an aromatic carbon atom the contact interaction constant AC can be related to 
the spin densities e: and ex: centered on its 3-orbital and on the x-orbitals of the 
three atoms Xi to which it is bonded 1151 [16]. For the central carbon atoms in the 
fragments I and I1 one has 

I 3 \ 3 

where S C  accounts for tlie polarization of the 1s-electrons, the Q&'s for tlie polariza- 
tion of the 2s-electrons by the x-electron spin density on the observed carbon atom, 
and the Q&'s for the polarization of the 2s-electrons by the z-electron spin densities 
on the neighboring atoms. For the methyl carbon atom in (11), one then obtains from 
equation (7) 

where C' denotes the aromatic carbon to which the methyl group is bound. The 
parameters QFH, SC, Q&, and Qkic describe electron-nucleus interactions through 
spin polarization [lo] j13] [15]-[18]. The following numerical values have been derived 
from theoretical considerations, and were found to be in good agreement with the 
experimental data in a variety of organic radicals: Q& w-63 MHz, S" m-35 MHz, 
Q& w 54 MHz, Q&, w 40 MHz, and Q$, w-39 MHz. 

In equation (6) the parameter Q&, accounts for electron-nuclear spin-spin 
coupling which is mainly due to hyperconjugation C13] [14]. For uncharged aromatic 
radicals, QFCCH, w 75 MHz was proposed 1191 [20]. However from studies of a large 
number of aromatic radicals, including paramagnetic metal ion complexes, QFcH, 
was also found to be quite different in different molecules 1141 [20] 1211. 

In the 1H-NMR. studies of hemes and hemoproteins, Q&, is of particular interest 
because the methyl resonances a are most easily observable, and their positions can 
be measured very accurately also in proteins with high molecular weight [Z]. In the 
past, different values for QFcIl, in low spin ferric porphyrin complexes had been 
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proposed [2] [3] [S] [6] [ll]. It is the main purpose of the discussion in this paper to 
reexamine the parameter QFcHH, in equation (6) ,  and to derive the corresponding 
parameters QFcH and Q&, which characterize the isotropic coupling of the unpair- 
ed electron with the ,4-methylene protons and the @-carbon atoms of the propionic 
acid side chains (Fig. l ,d),  from the combined lH- and 13C-NMR. data. 

Experimental. - Iron(II1) protoporphyrin I X  chloride was purchased from Eastanan Chemi- 
cals, Rochester N.Y. Iron(II1) deuteroporphyrin IX chloride was prepared by Mr. J .  Hochnzann 
according to the procedure described by Winterhalter et al. [22]. 

Zn(I1) (PROTO) was prepared from protoporphyrin IX ,B grade', which had been purchased 
from Calbiochenz, and Zn(1I)acetate according to the method of Fischer et al. [24]. The substance 
was characterized by comparison of its IH- and I3C-NMR. spectra with those of Zn(I1) protopor- 
phyrin IX dimethylester obtained from Dr. W .  S. Caughey, and Zn(I1) (PROTO) obtained from 
Dr. T. Yonetani. ca. 10 mg of Zn(I1) (DEUTME) were obtained from Dr. W. S. Caughey. For the 
1%-NMR. studies ca. 0.006 to 0 . 0 5 ~  solutions were prepared, depending on the solubility of the 
complexes, and the available quantities of substance. To obtain the low spin ferric compounds, 
a large excess of KCN was added. On the basis of earlier as yet unpublished studies on the complex 
formation betwecn hemin and cyanide ion in various solvents, it appears that the NMR. spectra 
of the iron compounds presented in this paper correspond to the dicyanide complexes. 

The solvents used for the individual experiments are described in the figure captions. Im- 
portant criteria for the choice of the solvents were that similar solvents should be used to prepare 
sufficiently concentrated solutions of the zinc and the iron complexes, and there should be minimal 
interference between the resonances of the solvent and those of the porphyrin complexes. In  the 
NMR. spectra of the systems which were finally chosen (Fig. 1-6) there appears to be no indi- 
cation that the porphyrin complexes form dimers or higher aggregates, a difficulty which is often 
encountered in work with porphyrin compounds [23]. 

13C-NMR. spectra a t  25.14 MHz were obtained with the FT.I) technique. For this our XL-100 
spectrometer is equipped with a Varian FT attachment including a 16 K Vuviun 620-i computer. 
Sample tubes with 12 mm outer diameter were employed. The sample temperature, which was 
maintained constant during each experiment, varied from ca. 29" to 34", depending on the con- 
ditions of the particular experiment. The following are typical parameters as they were used for 
studies of the diamagnetic Zn(I1) complexes, and the paramagnetic Fe(II1) complexes, respec- 
tively. (i)Zn(II) (PROTO), 0 . 0 1 ~  in d,-pyridine (Fig. 5A) : spectral width 5,000 Hz, pulse width 
60ps, proton decoupler noise band width 5.5 KHz, acquisition time 0.8 s, pulse delay 0.8 s, 150,000 
transients accumulated, sensitivity enhancement 0.2 s (ii)Fe(III) (PROTO) (CN),, 0 . 0 5 ~  in 
d,-pyridine/D,O 4 : l  (Fig. 2A) : Spectral width 10,000 Hz, pulse width 100 ,us, proton decoupler 
noise band width 6.0 ICHz, acquisition time 0.4 s, 120,000 transients accumulated, sensitivity 
enhancement 0.2 s. The chemical shifts are given in ppml) from internal TMS1), where shifts to 
lower field a t  fixed frequency are indicated by negative numbers. 

Results. - The resonance assignments in the T-NMR.  spectra of Fe(II1) 
(PROTO) (CN),, Fe (111) (DEUT) (CN),, Zn (11) (PROTO), and Zn (11) (DEUTME) 
described in this section are based on heteronuclear lH-13C double resonance experi- 
ments, and on comparison with the spectra of the iron and zinc complexes with 
porphin and tetraphenylporphin [4]. The 13C chemical shift data are summarized in 
Table 1. 

To illustrate the procedures used, the lH-NMR. spectrum in a solution in methanol 
of Fe(II1) (PROTO) (CN), is shown in Figure 1, where the resonance assignments 
correspond to  those found previously in different solvents [2]. The proton NMR. 
spectra of the solutions of Fe(II1) (DEUT) (CN),, Zn(I1) (PROTO), and Zn(I1) 
(DEUTME) used in the present study were also found to be essentially identical to 
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Zlz ( I I )  
(PROTO), and Z n ( I I )  ( D E U T M E )  in pfimfvonz internal ThlS  at 29" 

Resonance Fe(II1) (PROTO) (CN), Fe (I I I) Zn(I1) Zn(I1) 
Assigmcnts (DEUT)(CN), (PROTO) (DEUTME) 
(see Fig. 1) 

in CD@D in d,-pyridine/D,O in CD,OD in d,-pyridinc in CDCI, 
4 : l  

solvent - 49.0 centerline - 137.0 - 49.0 ccnterline- 137.0: - 77.3 

methyls 37.0s) 38.8") 39.1 - 13.2 - 11.6 
(4 36.2a) 38.48) 34.6 - 13.2 - 11.6 

29.2b) 29.2b) 28.6 - 14.5 - 13.7 
27.0") 25.5b) 24.9 - 14.5 - 13.7 

propionates 17.6 18.1 19.7 - 24.3 - 21.9 
(c) 16.1 16.6 14.0 - 24.3 - 21.9 

(4 - 93.6 - 90.8 - 90.0 - 39.8 - 37.2 
- 95.9 - 93.6 - 99.2 - 39.8 - 37.2 

400-  -184.4 - 185.5 - 184.3 - 177.2 - 173.9 
- 184.4 - 185.5 - 185.0 - 177.2 - 173.9 

-OCH, - 51.9 
- 51.9 

vinyls - 67.8 - 66.2 - 133.0 
- 69.6 - 70.3 - 133.0 

- 164.6 - 161.4 - 121.1. 
- 166.3 - 165.0 - 121.1 

(f 

(g) 

/?-carbons - 112.9 
(1-8) - 122.6 

- 124.3 
- 124.8 
- 130.2 
- 133.8 
- 134.2 
- 139.6 

- 104.8 
- 115.4 
- 120.3 
- 133.4 
- 135.6 
- 140.8 
- 164.4 
. . . . .  * 9 

- 96.4') . . . . .  . a )  
- 106.4') ' d) 

- 115.2 - 138.6 
. . . . .  

- 116.3 - 139.0 

- 126.6 - 139.3 
- 138.6 - 142.4 

- 123.6 - 139.3 

- 148.6 - 142.4 

- 129.29 
- 129.2c) 

w - 137 to 
- 141 

quaternary - 31.4 - 29.6 
carbons - 36.4 - 29.8 
next tothe - 38.2 - 35.9 
pyrrole - 42.4 - 36.6 

(q in Fig. 3) . . . . .  , d) - 48.0 
nitrogens . . . . . .  d, - 48.0 

. . . . .  , *) - 54.4 

..... . d) - 56.0 

- 21.6 
- 32.6 
- 40.9 
- 52.6 
- 55.9 
- 56.3 
- 58.4 
..... I d )  

- 148.9 
- 149.4 
. . . . .  . d )  

* 6) 

* d) 
. . . . .  . d )  

..... . d )  

d- . . . . . .  
. . . . .  
. . . . .  

FY - 147 to 
- 150 



HELVETICA CHIMIC.4 A4CTA - VOl. 57, Fasc. 2 (1974) - Nr. 37 341 

Table 1. (continued) 

meso-carbons - 50 - 34.4 - 73.4 - 99.8 - 95.9 
- 62.6 - 48.0 - 75.5 - 99.8 - 97.2 
- 69.6 - 56.0 ..... .d) - 99.8 - 99.9 

(b) 

- 80.0 - 71.2 . . . . .  . 6) -100.3 - 100.7 

a) 

b) 

c) 

d) 

These two lines correspond to  the methyl groups which have their proton resonances near 
- 17 ppm (Fig. 1) [25] [26]. 
Methyl substituents with proton resonances between - 11 and - 14 ppm (Fig. 1) [25] [26]. 
These two resonances in Fe(III)(DEUT)(CN), correspond to  the b-carbon atoms 2 and 4 
(f in Fig. 4; sce also Fig. 1). 
The resonances corrcsponding to these atom positions (Fig. 1) have not been observed. They 
are probably hidden by the solvent resonances. 

those published earlier [ 2 ] .  The structures of the different compounds are described 
in the caption of Figure 1. 

Three 13C-NMR. spectra of Fe (111) (PROTO) (CN),, which were essential for the 
resonance assignments, are reproduced in the Figures 2 and 3. In the proton noise 
decoupled spectra in two different solvents (Fig. 2A and 3) ,  all the 34 resonances 
expected from the molecular structure (Fig. 1) can be detected. Because the proton 
resonances in this paramagnetic complex are rather widely separated (Fig. l), the 
resonances of all the carbon atoms which are directly bound to protons could be 
identified from the residual l3C-'H-spin-spin couplings in the off-resonance proton 

I I I I I I I I I 

-1 5 -1 0 -5 0 PPM 
Fig. 1. Fourier tvansform proton N M R .  spectrum at 100 M H s  of F e ( I I I )  (PROTO) (CN) ,  in 
CD,OD. T = 20°C. The structure of the complex, where the axial cyanide ligands have been 
omitted, and the resonance assignments [2] are also indicated. Besides the replacement of Fe by 
Zn, the different compounds discussed in this paper contain the following substitutions : In 
DEUT the vinyl groups in positions 2 and 4 are replaced by  protons, and an additional modi- 
fication in DEUTME concerns the two propionic acid side chains 6 and 7, which are in the form 

of the methyl esters. 
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double irradiation experiment shown in Figure 2B. Those resonances of Fe(II1) 
(PROTO) (CN), which are hidden by the solvent in Figure 2 could be observed in 
Figure 3, and ZI.ZI. The quaternary carbon resonances were assigned from comparison 
with Fe(II1) (Porphin) (CN), and Fe(1II) (tetraphenylporphin) (CN), (41, and on the 
basis of the temperature-insensitive low field position of the carboxylic acid lines 
In additional lH-13C double resonance experiments, the corresponding methyl 
resonances a in the lH- and 13C-NMR. spectra (Tables 1 and 3) could be identified, as 
was described in more detail elsewhere [25] [%I. 

I I l " l ' " ' l l l l  

-200 -1 00 0 t60 PPM 
Fig. 2. Fourier transform I3C-NMR. spectra at 25.14 M H z  of F e ( I I I )  (PROTO) (CN) ,  in CD,OD. 
T = 29°C. The strong resonance at - 49 pprn comes from the solvent. A: proton noise decoupled. 
B: off-resonance proton irradiation a t  + 5 ppm (see Fig. 1). The resonance assignments are in the 

nomenclature of Fig. 1. 

In Fe (111) (DEUT) (CN), (Fig. 4) we were mainly interested in the postions of the 
2,4-ring carbon resonances f (Fig. 1). Since at 29" the 2,4-proton resonances are a t  
ca. +17 ppm 131, and hence widely separated from the other proton resonances, these 
carbon lines could readily be assigned from a double resonance experiment in which 
the proton lines f were selectively irradiated (Fig. 4C). The other resonance assign- 
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- s a  
II- 

w C 

I I I I I I I I I I I I I 

-200 -1 00 0 +50 PPM 
Fig. 3 Proton nozse decoupled I3C-NMR.  spectrum of F e ( I 1 I )  (PROTO)  (CAT), tn d,-pyridzlzel 
D,O 4 7. T = 29OC. The solvent resonances arc a t  - 124, - 137, and - 150 ppm The resonance 
assignments are in the nomenclature of Fig. 1, and q designates the quaternary carbon atoms 

next to  the pyrralc nitrogen atoms. 

ments in Figure 4A are based on the off-resonance proton irradiation experiment in 
Figure 4B. Two of the nzeso-carbon resonances (b in Fig. 1) are probably hidden by the 
solvent resonance. The comparison of Fe(I1I) (PROTO) (CN), and Fe(I1I) (DEUT) 
(CN), confirms also the assignment of the resonances g (Fig. 2 and 3), since these are 
missing in Figure 4. 

In  addition to the resonances of the porphyrin molecules and the solvent, the 
presence of CN- should also b= manifested in the spectra of Figures 2,3 ,  and 4. Only 
one cyanide line could be detected, and the position and appearance of this resonance 
diffm somewhat in the different experiments [4]. Also the line has not in all cases 
been positively identified (Fig. 2-4). We have therefore started additional experi- 
ments with 13C--nriched KCN. These have so far shown that the variations between 
the cyanide resonances in the different spectra a r k  from the solvent dependence of 
the equilibrium between the rapidly interconverting species KCN and CN-. 

While many of the I3C-NMR. assignments in Figures 2-4 depend on the assign- 
ments of the IH-NMR., an unambiguous identification of the methylene proton 
resonances c and d of the propionic acid side chains results on the other hand from 
the combined 13C- and IH-NMR. data. Spectroscopic arguments based solely on the 
lH-NMR. could not differentiate between these lines [Z] 131 [5] [6].  The close similarity 
of the positions of the 13C resonances a and c (Fig. 2-4) now shows that the assign- 
ment of the proton resonances c and d indicated in Fig. 1, which has also been propos- 
ed by different authors [5][6],  is correct. 

The X-NMR. spectra of Zn (11) (PROTO) and Zn (11) (DEUTME) are shown in 
Figures 5 and 6.  All the resonances of these diamagnetic complexes are in the usual 
spectral region for organic compounds between - 10 and - 180 ppm. From the off- 
resonance proton double resonance irradiation experiments (Fig. 5 B and 6 B), the 
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CN' 

I quart.C 11 

n i l  

I I 1  
! IP- 

rn 
rn 

C 
I I I I I 1 I I I I 

-1 50 -50 0 t50 PPM 
Fig. 4. lSC-NMR.  spectra of F e ( I I I )  ( D E U T )  ( C N ) ,  in  CD,OD. T = 29°C. The solvent resonance 
is at - 49 ppm. A: proton noise decoupled; B: off-resonance proton irradiation a t  + 5 ppm. C:  
selective irradiation of the resonances of the 2- and 4-ring protons, which are a t  ca. + 17 ppm at  
29" [2-31. The resulting resonance assignments are also given (the nomenclature is that of Fig. 1, 
except that f now designates the @-carbon atoms 2 and 4). The arrows in spectrum C point to the 

the resonances f .  

assignments of the methyl resonances a, the methylester line in Zn (11) (DEUTME), 
and the carboxylic acid resonances are straightforward. The identification of the 
resonances f and 8 followed from the comparison of Figures 5 and 6, and hence the 
four methine carbon resonances at ca. - 100 ppm had to come from the wzeso-carbon 
atoms (Fig. lb). The propionic acid methylene carbons were assigned on the basis of 
the common rules for substituent effects on 13C-NMR. positions [27]. Finally, the two 
groups of quaternary ring carbon lines centered at  - 138 and - 148 ppm, respectively, 
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I = 71 

rn 

-180 -150 -100 -50 0 
PPM 

B 

Fig. 5. 13C-NMR. spcctva of a ca. 0 . O f M  solution o f % n ( l l )  ( P R O T O )  in d,-pyridine. A :  proton 
noise decoupled. €3: proton off-resonance irradiation at + 5 ppm. The resonance assignments are 

in the nomenclature of Fig. 1. 

were identified from comparison with the spectra of the zinc complexes with porphin 
and tetraphenylporphin [4]. 

It is quite gratifying that single carbon lines could be detected in a solution which 
contained less than 0 . 0 1 ~  of Zn (11) (DEUTME) (Fig. 6). A somewhat lesser sensitiv- 
ity was obtained with the paramagnetic iron complexes, probably mainly because 
small sample temperature variations during the experiment can lead to less than op- 
timal resolution. This is best seen when the quaternary carbon resonances between 
-20 and -60 ppm are considered. These resonances have particularly large hyperfine 
shifts (Table 2 ) ,  and hence are strongly dependent on temperature (eq. 4). In the 
spectrum of Figure 2 B, where the temperature regulation during the measurement 
was more reliable than in the experiment of Figure 2 A with proton broad band 
irradiation, these lines are noticeably narrower. 

Discussion, - In  the experiments described in the foregoing section, the 13C-NMR. 
of the different types of carbon atoms, e.g. the methyl carbon atoms (a) and the Meso- 
carbon atoms (b) (Fig. l), have been identified. Corresponding lSC resonance assign- 
ments had been described for different coproporphyrins and the Zn (11) complex of 
coproporphyrin I 1281, and for various rnetalfree porphyrins with more diverse sub- 
stituents [29] [30]. The data on the zinc (11) compounds in Table 1 are in good agree- 
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i l l ~ l l l l ~ l l l l ~ l l l ~ ~  

-180 -150 -100 -50 0 
PPM 

Fig. 6. l3C-NMR. spectra o j  a ca. 0.0061~1 solutzon of % n ( l f )  ( D E U 1  M E )  an d-chloroform. A: pro- 
ton noise decoupled. B: proton off-resonance irradiation at  + 5 ppm. The resonance assignments 

are in the nonicnclature of Flg. 1, whcre f dcsignates the 2.4-ring carbon atoms. 

ment with these earlier studies. The different groups of proton resonances had also 
previously been assigned [Z-31. It appears that NMR. spectroscopic arguments which 
would lead to the identification of the individual resonances would have to be based 
on experiments with isotopically labelled porphyrins, as was described for the 13C- 
NMR. of the rneso carbon atoms in the protoporphyrin IX dimethyl ester [31]. 

With the individual resonance assignments not available, the following approximate 
procedure was used in the computation of the hyperfine shifts. Since the relative 
chemical shifts between the I3C-NMR. of any given type of atoms in the diamagnetic 
Zn (11) compounds are small compared to the hyperfine shifts of the corresponding 
resonances in the paramagnetic iron complexes, an average value of A v d  was used for 
each type of atoms (Table 2). For practical reasons different solvents had to be used 
for the corresponding Zn (11) and Fe (111) complexes (Table 1). However, since the 
13C-NMR. in diamagnetic porphyrins are quite generally little influenced by the 
solvent (Table 1, [28]-[30]), this should again produce only small errors in Avhf, so 
that for essentially all the carbon atoms the uncertainty in the hyperfine shifts of 
Table 2 is estimated to  be much less than 10%. 

On the basis of the combined IH- and 13C-NMR. hyperfine shifts a quite detailed 
picture of the electronic states in the iron porphyrins should finally emerge. Several 
aspects of this analysis have previously been discussed in a paper on the more highly 
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Table 2. laC-Hyperfine shifts in F e ( l I 1 )  (PROTO) ( C N ) ,  and F e ( l 1 l )  ( D E U T )  ( C N ) ,  at 29". 

Resonances Fe(II1) (PROTO) (CN), Fe(II1) (DEUT) (CN), 
(see Fig. 1) 

average A vd A vhl average Avd A Vhi 
d,-p yridine d,-pyridine/D,O CDC1, CD,OD 

4: l  

methyls - 13.9 + 52.7 
(a) + 52.3 

+ 43.1 
+ 39.4 

- 12.7 + 51.8 
+ 47.3 
+ 41.3 
+ 37.6 

propionates - 24.3 f 42.4 - 21.9 + 41.6 
(4 + 40.9 + 35.9 

39.8 
~~ ~ 

- 51.0 
- 53.8 

- 37.2 
~~ 

- 52.8 
- 62.0 

vinyls - 133.0 + 66.8 
(f) + 62.7 

(g) - 121.1 - 40.3 
- 43.9 

B-carbon atoms - 
(1-8) 

.140 + 35 
+ 25 
+ 20 
+ 7  
+ 4  
- 1  
- 6  
. . . . . a )  

- 129.2 + 32.8&) 
+ 22.8&) 

- 139 + 24 
+ 23 
+ 15 
+ 1 2  

0 
- 10 

quaternary - 150 + 120 - 148 
carbon atoms next 
to the pyrrole 
nitrogen atom 
(q in Fig. 3) 

+ 120 
+ 114 
+ 113 
+ 102 
+ 102 
+ 96 + 94 

~~ 

+ 126 
+ 115 
+ 107 
+ 95 
+ 92 + 92 + 90 
. . . . .b) 

meso-carbon atoms - 99.9 + 65.5 - 98.4 + 25.0 
(b) + 51.9 + 22.9 

b) + 43.9 . . . . .  
* b) f 28.7 ..... 

a) These two resonances in Fe(II1) (DEUT) (CN), correspond to the B-carbon atoms 2 and 4 
(f in Fig. 4, see also Fig. 1 ) .  
The resonances corresponding to these atom positions have not been positively identified. 
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symmetrical iron complexes with porphin and tetraphenylporphin i4], and further 
work is currcntly in progress. Therefore the present discussion will be limited to some 
observations on the side chains of the porphyrin ring carbon atoms 1-8 (Fig. l), which 
bear on the parameters QI which characterize the electron-nucleus scalar coupling 
through hypercon j ugation. 

Approximate numbers for the contact shifts of the side chain resonances were 
derived from Table 2 on the following basis: For the lH-NMR., and the I3C-NMR. of 
the nonaromatic side chain carbon atoms, AukT in equation (2)  is supposed to be 
negligibly small [8] [4]. As in earlier work r4] we chose two limiting values for AYE of 
the meso-protons, i .e. (A) AYE meso-H = 10 ppm, which is approximately the pseudo- 
contact shift that one would expect from the electronic g-values in the frozen solu- 
tions 1-21 141 is] and is taken to represent an upper limit for dv$ in solution at  ambient 
temperature, and (B) AY$ nzeso-H = 3 ppm, which would represent the case of very 
small AYE as indicated by previous lH-NMR. observations [Z] [3]. 

A4pproximatc values for the corresponding Auk of the other carbon and proton 
positions were then obtained with equation ( 3 ) ,  using r = 4.5 A, 5.3 A, 5.7 A, and 
6.4 A for the meso-protons (b), the 2.4-ring protons in DEUT (f) ,  the methyl and me- 
thylene carbon atoms (a), and (c ) ,  and the methyl protons (a), methylene protons ( c ) ,  
and methylene carbon atoms (d), respectively. The resulting contact shifts A Y ~  are 
given in Table 3 in as f a r  as they are used in the present discussion. As was pointed 
out earlier [4], more definite values for A$: which should result at  a later stage of the 
analysis, will most probably lie between the values (A) and (B) of Table 3. Since AYE 

Table 3. A@roximate coiifact shijts of selected side chain ' H -  a d  13C-NMR.  in F e ( I I I )  (PROTO) 
(CN) ,  in a mixed solvent of d,-ppridine/D,O 4 : l  at 29". 

A B 

(LIVE meso-H = 10 ppni) (AY;~  meso-H = 3 ppm) 
Resonances 
(sec Fig. 1) Av: of 'Ha) Av: of 13C Q:b) dv: of lH") AY; of lSC ~ , " b )  

methyls - 10.8 34.4 0.84 - 8.3 37.9 0.92 
( 4 - 12.6 38.1 0.92 - 9.1 41.6 1.02 

- 16.2 47.3 1.15 - 13.7 50.8 1.25 
- 16.7 47.7 1.18 - 14.2 51.2 1.25 

propionates 
(c) 

35.9 0.87 
37.4 0.92 

39.4 0.97 
40.9 1.00 

- 54.5 
- 57.3 

- 52.0 
- 54.8 

a) 

b) 

Computed using da ta  from ref. 121 and [3]. 
In yo of one unpaired elcctron. Computed from Av," of 13C with equation (8), using QEtC = 
- 39 MHz. 
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makes rather small contributions to the hyperfine shifts of the porphyrin side chain 
resonances (Tables 2 and 3), the future modifications of this quantity will therefore 
probably not greatly affect the conclusions of the present discussion. 

The contact shifts of the 1H- and W-NMR. of the porphyrin side chains are related 
to the unpaired spin density on the ring carbon atom by equations (5), (6), and (8). If 
it is assumed that the generally used values for those parameters QI which account 
for coupling through spin polarization are also valid for the low spin ferric hemes, 
which seems to be a reasonable assumption if the observations in other classes of 
compounds are considered [14-161 [l8], equation (8) with Q& = -39 MHz [15] yields 
the spin densities given in Table 3. If we now consider the methyl lines, equation (6) 
yields the following values for QFCH, if the spin densities and the proton contact 
shifts of Table 3 are used: With the assumptions (A) 47 MHz 5 QPCH, 5 53 MHz, 
and for (B) 34 M H z  5 QFcH, 5 42 MHz. In a corresponding approach for the calibra- 
tion of Q&,, where the average of the proton contact shifts of the 2.4-ring protons 
and the 1.3.5.8-methyl protons in Fe(II1) (DEUT) (CN), are used with equations 
(5) and (6), and Q& = -63 MHz [2]  [3] 151, one obtains for (A) that QFCH8 M 48 MHz,  
and for (B) that Q&, M 33 MHz. The close agreement between the results obtained 
from the two different approaches is quite encouraging. The envisaged more complete 
analysis of these data, in which the hyperfine shifts of the porphyrin ring carbons will 
also be considered [4], should make a more definite estimate of Av& and hence of 
QFcH,, possible. 

This preliminary analysis shall be concluded with some observations on the contact 
shifts of the 13C-resonances c and d of the propionic acid side chains (Fig. 1). As one 
would have expected, equation (8) and Av: of the resonances c yield spin densities on 
the ring carbon atoms 6 and 7 (Fig. 1) which are very similar to those on the ring 
carbon atoms 1,3,5, and 8 (Table 3 ) .  Using these spin densities in equation (9), one 

AC = QE*cc * Q: (9) 

finds for the parameter operative in producing the downfield contact shift of the 
resonances d the values (A) Q&c M 60 MHz,  and with the assumptions (B) QE,cc M 
51 MHz. These large positive values for Q$cc imply that the contact shifts of the 
l3C resonances d of the propionic acid side chains (Fig. 1) are mainly caused by hyper- 
conjugation [13-141. It is then interesting to note that the effective QEtCc for the carbon 
atoms d appears to be slightly larger than Q&, for the methyl protons a, but con- 
siderably larger than QgH for the methylene protons c,  which is estimated in the 
case (A) to be QFcH M 20 MHz,  and in (B) QPcH M 9 MHz. These differences come 
probably mostly from the different steric orientations of the methyl and propionic 
acid side chains with respect to the heme plane [32], which are thus in principle also 
accessible for investigation by NMR. 

Wc would like to thank Prof. W .  S. Caughey for a gift of Zn(I1)protoporphyrin 1X dimethyl- 
ester and Zn(I1)dcuteroporphyrin I X  dimethylester, Prof. T.  Yonetani  for a sample of Zinc(I1) 
protoporphyrin IX, and Mr. J .  Hochmann for a sample of Fe(II1)deuteroporphyrin IX chloride. 
We are grateful to  Prof. W .  Schneider and Prof. T.  Yonetani for stimulating discussions on the 
chemistry of the complexes discussed in this paper. Financial support by the Swiss National 
Science Foundation (Project 3.423.70) is gratefully acknowledged. 



330 HELVETICA CHIMICA ACTA - Vol. 57, Fasc. 2 (1974) - Nr. 37 

REFERENCES 

[l] K .  Wiithrich, R. G. Shulman & J .  Peisach, Proc. Nat. Acad. Sci., 60, 373 (1968). 
[2] K .  Wiithrich, Structure and Bonding 8, 53 (1970). 
[3] K.  Wiithrich, R. G. Shulman, B. J .  Wyluda & W .  S. Caughey. Proc. Nat. Acad. Sci., 62, 636 

[4] K.  Wiithrich & R. Baumann, Helv. 56, 585 (1973). 
[5] R. G. Shulman, S. H.  Glarum & M .  Karplus, J. Mol. Biology 57, 93 (1971). 
[6] R. S. Kurland, R. G. Little, D .  G. Davis & C.  Ho, Biochemistry 10, 2237 (1971). 
[7] H .  M .  McConnell& R. E .  Robertson, J. chem. Physics 29, 1361 (1958). 
[8] R. ,J. Kurland & B. R. McGarvey, J. Magn. Res., 2, 286 (1970). 
[9] E .  Fernzi, 2. Physik 60, 320 (1930). 

(1969). 

[lo] H .  M .  McConnell, J. Chem. Physics 24, 764 (1956). 
[ l l ]  H .  A .  0. Hill & K.  G. Morallee, J. Amer. chem. SOC. 94, 731 (1972). 
[12] N .  Blocmbergen, J.  chem. Physics 27, 595 (1957). 
[13] R. Bersohn, J. chem. Physics 24, 1066 (1956). 
[14] J .  R. Bolton, A .  Carrington & A .  D. McLachlan, Mol. Physics 5, 31 (1962). 
[15] M .  Karplus & G. K .  Fraenkel, J. chem. Physics 35, 1312 (1961). 
[16] G. K .  Fraenkel, Pure Appl. Chemistry 4, 143 (1962). 
[17] S. I. Weissmann, J. chem. Physics 25, 890 (1956). 
[18] H .  M. McConnelZ & D. B .  Chesnut, J.  chem. Physics 28, 107 (1958). 
[19] D. B. Chesnut, J.  chem. Physics 29, 43 (1958). 
[20] D. R. Eaton, A .  D. Josey, W .  D. Phillips & R. E. Benson, J .  chem. Physics 37, 347 (1962). 
[21] D. R. Eaton. A .  D. Josey, R. E. Benson, W .  D .  Phillips & T. L .  Cairns, J. Amer. chem. SOC. 84, 

[22] K .  H .  Winterhalter, C. Ioppolo & E.  Antonini, Biochemistry 10, 3790 (1971). 
[23] J .  E.  Falk, Porphyrins and Metalloporphyrins, Elsevier, New York 1964. 
[24] H. Fischer & B.  Piitzer, Hoppe-Seylers Z. Physiol. Chemie 754, 39 (1926). 
[25] K .  Wuthrich, R. M .  Keller & R. Baumann, in uAspects Dynamiques des Changements de 

Conformation dans les Macromoldcules Biologiques N, ed. C. Sadron, Reidel Publishing Com- 
pany, Dordrecht, Holland 1973, p. 151-163. 

4100 (1962). 

[26] K.  Wiithrich & R. Baumann, Ann. New York Acad. Sci. 222, 709 (1973). 
[27] G. C. Levy & G. L. Nelson, ‘Carbon-13 Nuclear Magnetic Resonance for Organic Chemists’, 

[28] R. J .  Abraham, G. E. Huwkes & K. M .  Smith, Chem. Commun. 1973, 401. 
[29] D. Doddrell& W .  S .  Caughey, J. Amer. chem. SOC. 94, 2510 (1972). 
[30] A .  R. Battersby, J .  Moron, E .  McDonald & J .  Feeney, Chem. Commun. 1972, 920. 
[31] A .  I < .  Battersby, G. L. Hodgson, M .  Iharu, E. McDonald & J .  Saunders, Chem. Commun. 1973, 

[32] A .  Carrington & A .  D.  McLachlan, ‘Introduction t o  Magnetic Resonance’, Harper and Row, 

Wiley Interscience, New York 1972. 

441. 

New York 1967, pp. 84-94. 


