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Abstract: The heme dx prosthetic group of bacterial dissimilatory nitrite reductases is an iron l,3-bis(carbomethoxy-
methyl)-7-(carbomethoxyethenyl)-6-(carbomethoxyethyl)-l,3,5,8-tetramethyl-2,4-dioxoporphyrin. To model this unusual 
macrocycle, we have examined a variety of copper(II)-metalated 2,4- and 2,3-dioxoporphyrins (diones). Peripheral substituents 
were changed systematically to investigate conjugated and nonconjugated substituent effects; 15N4- and meso-rf4-substituted 
isomers of 2,4- and 2,3-octaethylporphyrindiones were also studied. Generalized spectral properties of diones include an increase 
in the resonance Raman (RR) and Fourier transform infrared (FTIR) spectral complexity relative to the case of the porphyrins 
and the presence of a cluster of bands in the 1330-1420-cirT1 region of the RR spectra. These features, a consequence of 
the low effective symmetry of diones, are similar to those of chlorins. However, because of the 45° rotation of the C2 symmetry 
axis for diones, their RR polarization properties are distinct from those of chlorins. Overall spectral properties of diones are 
dominated by the conjugated oxo substituents. Carbonyl region FTIR spectra of diones are perturbed by nonconjugated peripheral 
substituents. The normal-mode composition of dioxoporphyrins differs from those of porphyrins and chlorins, as exemplified 
by both 15N4 and meso-rf4 sensitivity of bands in the ~ 1330-1420-cm"1 region of the RR spectra. The strong, polarized RR 
band at 1340-1350 cm"1 and the ~1710-cirf' K ( C = 0 ) feature(s) appear to be diagnostic for dione macrocycles, as distinct 
from porphyrins, chlorins, or isobacteriochlorins. Although the spectra of heme rf, and the analogous dione models are very 
similar, every structural change away from the substituent pattern of the in vivo dx macrocycle decreases the correspondence. 
This work will aid in the analysis of structure/function correlations for dissimilatory nitrite reductases. 

Introduction 
Cytochrome cdx is a multiheme dissimilatory nitrite reductase 

found in many denitrifying bacteria, including Pseudomonas 
aeruginosa,2 Paracoccus denitrificans,3 Alcaligenesfaecalis,4 and 
Thiobacillus denitrificans} These enzymes are produced 
anaerobically, and in the presence of nitrite function as nitrite 
reductases.6 In the absence of nitrite, cytochrome cd{ also 
functions as a cytochrome oxidase, reducing O2 to H2O.7 

Native cytochrome cd\ is composed of two identical subunits 
of MT ~ 60 000. Each subunit contains one heme c covalently 
bonded to the polypeptide and one noncovalently associated heme 
ds} A chlorin structure with 10 substituents was originally 
proposed for the d\ macrocycle on the basis of spectroscopic data.9 

However, Chang10 subsequently suggested that heme dx was a 
2,4-substituted dioxoporphyrin (dione11) with an acrylate sub
stituent (structure 1 in Figure 1). This macrocyclic structure 
for heme dx is strongly supported by optical and NMR spectra 
of model diones12 and was confirmed by synthesis.13 The complete 
structure of the heme dt macrocycle is assigned as iron m-1,3-
bis(carbomethoxymethyl)-7-(carbomethoxyethenyl)-6-(carbo-
methoxyethyl)-l,3,5,8-tetramethyl-2,4-dioxoporphyrin.13 

Montforts et al.14 have recently reported a new synthetic route 
to these macrocycles. 

Although isobacteriochlorins (iBCs11) also have two adjacent 
saturated pyrrole rings, the two classes of macrocycle have little 
in common. The chemical reactivity of dione models differs from 
that of iBCs.15"17 For example, reduction potentials of diones 
are only slightly above or are comparable with those of the parent 
porphyrins.16 In contrast, it is much harder to oxidize a porphyrin 
than an iBC.18 (Biological iBCs occur as the siroheme prosthetic 
macrocycle of assimilatory nitrite reductases.") Furthermore, 
X-ray crystal structures of diones indicate only a very slight 
ruffling of the macrocycle,14 with a general planarity and imposed 
rigidity, due to the double-bonded oxygens.16" In contrast, con
siderable S4 ruffling is generally typical of iBCs.16b Indeed, data 
suggest that hydroporphyrin and oxoporphyrin complexes are 
distinct species.18 
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Resonance Raman (RR) spectroscopy is a method of spectral 
and structural analysis that can provide detailed insight into the 
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abbreviations used are defined in note 11. 

Figure 1. Metalloporphyrindione with various peripheral substituents. 

active-site structure and environment of heme proteins and en
zymes.20,21 Extension of RR spectroscopy to the study of hy-
droporphyrins has begun to prove very fruitful, with novel findings 
such as the unexpected sensitivity of chlorin RR spectra to 
macrocyclic deformation and even to pyrroline stereochemistry.22 

Cotton et al.23 have reported the RR and SERRS1 1 signatures 
of the c and ^1 chromophores from Ps. aeruginosa and P. deni-
trificans. Subsequently, Ching et al.24 also examined the RR 
spectra of the Ps. aeruginosa enzyme. Most recently, a study of 
the copper(II)-metalated TME1 1 of heme dx extracted from Ps. 
aeruginosa was reported, along with preliminary data for two dione 
model complexes.25 However, no detailed analyses of spectral 
and structural properties of the dione macrocycle exist. 

To explore the effects of each of the structural components of 
the d\ macrocycle, we have examined the electronic absorption, 
Fourier transform infrared (FTIR), and RR spectra of eight 
different dione model complexes (Figure 1). This set of model 
compounds permits the systematic study of spectral and structural 
effects arising from (a) the relative stereochemistry of the acetates 
on the two pyrroline rings (2 vs 3); (b) acetate vs ethyl substituents 
(2 and 3 vs 4); (c) the acrylate moiety (4 vs 5 and 7 vs 8); (d) 
asymmetric vs symmetric patterns of substitution (5 vs 6 and 8 
vs 9); and (e) the position of the oxo groups (2 -6 vs 7-9) . This 
work also includes study of the 1 5N4- and meso-rf4-substituted 
complexes of Cu-2,4-OEPdione (6) and Cu-2,3-OEPdione (9). 
Additional goals of this study were to identify correlations between 
the well-known vibrational modes of porphyrins and those of diones 
and to determine specific spectral properties diagnostic for diones 
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Figure 2. Electronic absorption spectra of the copper diones: solid line, 
trans-Cu-d,-TME (2); dotted line, Cu-2,4-OEPdione (6); dashed line, 
Cu-2,3-OEPdione (9). Peak positions listed in Table I. 

Table I. Absorption Maxima (nm) for Metallodiones" 

compound B 6,(0,1) e/o,o) 

2 trans-C\i-drTUE 
3 m-Cu-rf,-TME 
4 Cu-7-Acr-2,4-dione-DME 
5 Cu-2,4-MPdione-DME 
6 Cu-2,4-OEPdione 

2,4-Diones 

390 
389 

406 
409 
407 
403 
404 

434 
433 
434 
429 
430 

2,3-Diones 
7 Cu-7-Acr-2,3-dione-DME 412 448 
8 Cu-2,3-MPdione-DME 396 422 438 
9 Cu-2,3-OEPdione 393 427 438 

589 
594 
591 
578 
579 

633 
627 
630 

637 
638 
641 
618 
618 

683 
684 
689 

"Samples in CH2Cl2. 

vs porphyrins, chlorins, and iBCs. 
Key findings; (1) Not only conjugated but also nonconjugated 

peripheral substituents affect the RR and FTIR spectral properties 
of diones. (2) Dione "marker bands" include not only the expected 
j<(C=0) modes but also a 15N4-sensitive vibrational mode in the 
~ 1340-1350-cnT1 RR region. (3) The novel meso-rf4 sensitivity 
of the latter feature clearly indicates that the normal-mode 
composition of diones differs from that of porphyrins, as well as 
from chlorins and iBCs. These data should also aid in more 
detailed analyses of correlations between structure and function 
for the heme dx macrocycle of dissimilatory nitrite reductases. 

Experimental Section 
Free-base model dione complexes were synthesized as described by 

Chang13,25 and were examined for purity by 1H NMR spectroscopy. The 
15N4- and meso-</4-substituted derivatives of the 2,3- and 2,4-octaethyl-
porphyrindiones (OEPdiones; Figure 1) were prepared from [15N4]OEP 
(98% 15N) and meso-OEP-dt (95% d), respectively, according to the 
stepwise osmation and rearrangement procedure.I2b Insertion of cop-
per(II) in the dione model complexes was accomplished by heating a 
CHCl3 solution of the compound with copper(II) acetate in CH3OH.12b 

Electronic absorption spectra of the copper dione samples in CH2Cl2 

solution were obtained on a Perkin-Elmer Lambda-9 spectrophotometer 
with a spectral bandwidth of 1.0 nm. FTIR spectra were obtained from 
KBr pellets (~ 1:300 ratio of compound hydroporphyrin to KBr) on a 
Perkin-Elmer 1800 spectrometer. Resonance Raman spectra were ob
tained from solid-state samples (1:300 in a KBr matrix), placed in a 
grooved sample holder that was spun during laser irradiation. Alterna
tively, ~ 1 mg/mL CH2Cl2 solution samples, sealed in standard melting 
point capillaries, were placed in a copper cold finger held in a bath of ice 
water during laser irradiation. Surprisingly, little or no difference in RR 
spectral frequencies or relative intensities was observed between solution-
and solid-state dione complexes. However, solution samples were more 
difficult to study given the fluorescence from trace free-base diones and 
a slight photolability. 

Variable-wavelength excitation was provided with a Spectra-Physics 
Model 2025-11 Krypton ion and a Coherent Innova 90 Argon ion laser 
with a CR 599 dye laser. Resonance Raman spectra were obtained with 
computer-controlled Dilor Z24 and Jarrell-Ash Raman spectrometers. 
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Table II. Structurally Sensitive Vibrational Frequencies for Copper Diones" 

V 
2 
3 
4 
5 
6 

7 
8 
9 

P(C=O)* 

1738 
1738 
1738 
1738 
n.o. 

1738 
1736 
n.o. 

FTIR 

V(C=O)' 

1724 
1721 
1718 
1714 
1717, 1701 

1717 
1712 
1708, 1696 

K(C=C)'' 

1628 
1625 
1627 
n.o.* 
n.o. 

1623 
n.o. 
n.o. 

V(C=O)' 

2,4-Diones 
1721 
1723 
1721 
1721 
1715 
1718, 1701 

2,3-Diones 
1718 
1709 
1706, 1698 

Resonance Raman 

I' 

1647 
1648 
1648 
1648 
1644 
1644 

1645 
1642 
1642 

II 

1536 
1538 
1538 
1535 
n.o. 
n.o. 

1535 
n.o. 
n.o. 

Ill 

1509? 
1511 
1512 
1511 
1513 
1511 

1518 
1519 
1520 

IV/ 

1339 
1340 
1341 
1342 
1340 
1337 

1341 
1342 
1346 

"Frequencies in cm"1. 'Ester carbonyl. 'Oxo carbonyl. ''Acrylate double bond. 'The related porphyrin mode is most likely vl0. /The related 
porphyrin mode is most likely v411. 'In this table, 1 is the Cu(II)-metalated heme ^1.

25 *Not observed. 

D4h to C2.
16,26 This symmetry reduction relative to porphyrins 

means that the mutual exclusion principle is no longer valid. Thus, 
IR modes become Raman allowed and vice versa, leading to an 
increase in the total number of active vibrational modes in both 
the FTIR and RR spectra. 

A significant aspect of the vibrational properties of tetra-
hydroporphyrins with adjacent saturated rings (diones and iBCs) 
derives from the 45° rotation of the C2 symmetry axis relative 
to that of chlorins.25-27~30 This rotation results in a reversal of 
the polarization properties observed in the RR spectra for the 
porphyrin-derived B lg and B2g modes. That is, both the B lg and 
B2J modes are depolarized in RR spectra of porphyrins. However, 
they are, respectively, polarized and depolarized for chlorins but 
are depolarized and polarized for both diones and iBCs. 

C. Effects of Peripheral Substitution. 1. Carbonyl Modes. As 
stated previously,25 "a porphyrindione is not simply an iBC with 
oxo substituents". The conjugated oxo groups of the diones confer 
a surprising rigidity to the macrocycles, relative to other hydro-
porphyrins such as iBCs.14,16a'b'18 This is perhaps best exemplified 
by the fact that RR data for the porphyrindiones were very similar 
between solution- and solid-state samples, with respect to both 
frequencies and patterns of relative intensity. 

As shown in Figure 3 and Table II, the i/(C=0) modes of the 
copper dione model complexes are surprisingly sensitive to 
structural variations at the periphery of the macrocycles. We 
previously suggested that the v (C=0) modes of the two oxo 
groups of Cu-«/, were accidentally degenerate.25 For dione models 
2-5, 7, and 8, neither the FTIR spectra nor the RR spectra display 
separate voxo(C=0) modes. The vOT0(C=O) modes of 2-5,7, and 
8 need not necessarily be accidentally degenerate to display the 
observed lack of splitting. Coupling of the two oxo carbonyl modes, 
with one of the two being strong and the other weak, is perhaps 
more likely. However, for the OEPdione complexes 6 and 9, both 
having the symmetrical octaethyl substituent pattern, there are 
clearly two resolved i>(C=0) bands, although their frequencies 
differ. The frequencies for complex 9 are the lowest of any of 
the model diones studied (Table II). As expected, the v0SO(C=O) 
modes for the OEPdiones are not very sensitive to either 15N4 or 
meso-^4 substitution (Table III). 

The v0X0(C=O) frequency of the dione models decreases 
slightly, but consistently, in response to modification of the pe
ripheral substituents, whether conjugated or nonconjugated. For 
example, the vOT0(C=O) FTIR mode of 2 is at 1724 cm"1, vs 1721 

The Raman instruments were calibrated against indene frequencies. 

Results and Discussion 

A. Electronic Spectra. Upon saturation of one or more por
phyrin pyrrole rings to yield a hydroporphyrin, there are dramatic 
changes in the electronic absorption spectra. For a chlorin, the 
saturation of one pyrrole ring leads to the characteristic strong 
band at ~600 nm [^(0,0)]. For an iBC, the saturation of two 
adjacent pyrrole rings of the macrocycle also leads to altered 
spectral properties vs those of the "parent" porphyrin.15 

The electronic absorption spectra of dione models 2, 6, and 9 
are shown in Figure 2. Electronic transitions for these complexes 
and for the other copper dione model complexes are listed in Table 
I. Several features stand out as notable. First of all, the electronic 
spectra of Cu-2,3-OEPdione (9) are very different from those of 
Cu-2,4-OEPdione (6). For example, the 6(0,0) band of 9 is at 
689 nm, vs 618 nm for the 2,4-OEPdione (6). Thus, it is the 
2,(0,1) band of the Cu-2,3-OEPdione that is close in wavelength 
to the 6,(0,0) band of the Cu-2,4-OEPdione. This wide spectral 
variance is typical for all the 2,4-diones (2-6) vs 2,3-diones (7-9), 
as shown in Table I. Indeed, the absorption spectra of the copper 
2,3-diones are most similar to those of bacteriochlorins, which also 
have a strong band in the far-red region of the absorption spectra.30 

These data illustrate the strong effect that the oxo groups have 
on the electronic absorption spectra. 

An asymmetric vs symmetric pattern of peripheral substituents 
has no major effect on the electronic absorption spectral properties 
of the 2,4-dione models 5 vs 6 (only 1-nm shifts for the transitions). 
However, in the case of the symmetrical 2,3-diones, shifts up to 
5 nm occur, demonstrating a stronger effect from the loss of overall 
macrocyclic symmetry (8 vs 9, Table I). Addition of the 7-acrylate 
substituent has a dramatic effect on the spectra: For both the 
2,4- and 2,3-dione model complexes, the three-banded Soret be
comes two-banded. Furthermore, there are also spectral shifts. 
For example, an ~20-nm red shift of 6,,(0,O) occurs for 2,4-dione 
model 4 vs 5, with an ~ 10-nm red shift of the 6,(0,1) band, but 
no additional (major) changes in the Soret region. In contrast, 
for the 2,3-dione models, there is little shifting of 6 /0 ,0) or 
6,(0,1), but both the Soret bands are shifted from those of the 
models without the 7-acrylate group. These differences between 
the 2,4- and 2,3-diones are an intriguing illustration of the effect 
of a conjugated substituent on the molecular orbitals. 

Finally, as shown in Table I, there are minor red shifts between 
the absorption bands of the cis- vs trans-Cu-di-TME models. 
Similar red shifts occur between the cis- vs frani-nickel(II) di-
oxoporphyrins of Montforts et al.14 Indeed, these data also parallel 
the bathochromic shifts we observed between cis- and trans-
metallooctaethylchlorin models.22 Thus, there now appears to be 
sufficient precedent to make the generalization that the electronic 
absorption spectra of cw-hydroporphyrins can be expected to be 
red shifted with respect to those of rra/w-hydroporphyrins. 

B. Symmetry Reduction. Porphyrins have effective D4h sym
metry and are essentially planar macrocycles whereas chlorins 
are S4 ruffled and can be extremely nonplanar. Crystal structures 
of both iBCs and diones also indicate a lowering of symmetry from 

cm"1 for 3. This shift is admittedly minor. Nonetheless, it is 
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lnorg. Chem. 1990, 29, 2142-2147. 
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Strauss, S. H. New J. Chem. 1991, in press. 

(30) (a) Scheer, H. In The Porphyrins; Dolphin, D., Ed.; Academic Press: 
New York, 1978; Vol. II, pp 1-44. (b) Scheer, H.; Inhoffen, H. H. In The 
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Table III. RR Frequency Correlations for Cu-2,4- and 
-2,3-OEPdiones" 

1800 1750 1700 1650 1600 
Wovenumber, cm"' 

1550 1500 

Figure 3. Carbonyl region FTIR spectra of copper-2,4-diones: A, 
trans-Cu-d',-TME (2); B, cw-Cu-</,-TME (3); C, Cu-7-Acr-2,4-dione-
DME (4); D, Cu-2,4-MPdione-DME (5); E, Cu-2,4-OEPdione (6). 

intriguing that alteration of the relative stereochemistry of the 
acetate groups on the two different pyrroline rings should have 
any effect on the v0X0(C=O) frequencies. Indeed, this observation 
is reminiscent of the surprisingly strong effect that the stereo
chemistry of pyrroline substituents has on the RR and FTIR 
spectra of cis- and /ra/w-metallooctaethylchlorins.22 Substitu-
ent-induced spectral anomalies have also been noted by us for other 
chlorins.31 

Overall, the carbonyl region FTIR spectra of dione models 4 
and 7 (or models 5 and 8) are quite similar. In fact, the vibrational 
spectra of the asymmetrically substituted 2,4- vs 2,3-diones exhibit 
considerably less variance than do their absorption spectra. 

Some of the dione model complexes also have ester and acetate 
carbonyl groups. The 1738-cm"1 K ( C = 0 ) band in the FTIR 
spectra arises from the C7 and C8 esters of model diones 2-5, 7, 
and 8, as well as from the C l b and C3b acetate esters of dione 
models 2 and 3 (Figure 3). The i>(C=0) frequency of the esters 
is essentially identical across the set of models studied, with the 
exception of a slight downshift for model 8 (Table II). The weak 
and broad shoulder at ~ 1650 cm"1 in the FTIR spectra of trans-
and cis-Cw-d\ (2 and 3) may be due to e ( C = 0 ) of the C l b and 
C3I, acetyl groups. Neither of these two p ( C = 0 ) features is 
observed in the RR spectra. 

2. Other Vibrational Modes. RR bands that are also sensitive 
to the change in peripheral substituents across the set of model 
diones are listed in Table II. All of the models that have the 
7-acrylate moiety (2-4, 7) display two bands in the 1500—1550-
cirT1 region (Figure 4). The second band, when present, is found 
at ~ 1535-1540 cm"1. However, when the 7-acrylate group is 
absent, there is only a single band in this region. Given the 
apparent correlation of the ~1535-1540-cm"1 feature with the 
presence of 7-acrylate substituent, the absence of a frequency shift 
between 2,3-diones and 2,4-diones suggests that the vibrational 
mode involved is isolated from oxo group effects. 

The band frequencies in this region also vary with the pattern 
of peripheral substituents. For example, the 2,3-dione models have 

(31) Andersson, L. A.; Sotiriou, C; Chang, C. K.; Loehr, T. M. /. Am. 
Chem. Soc. 1987, 109, 258-264. 
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an RR band at —1520 cm"1 vs an ~1510-cm"' band for the 
2,4-diones (Table II; Figure 4 part A vs parts B and C). Com
parison of RR data for Cu-7-Acr-2,3-dione (7) and Cu-7-Acr-
2,4-dione-DME (4) indicates lower frequencies for many RR 
bands of the 2,3-dione, e.g., 1644 vs 1648 cm"1 and 1603 vs 1606 
cm"1 for models 7 vs 4, respectively (Table III; Figure 3). The 
patterns of relative intensity, and thus the excited states of the 
two macrocycles, differ also, as seen with 457.9-nm excitation. 

D. Dione "Marker Band(s)". An obvious marker for the dione 
macrocycle is the i>(C=0) band, discussed in detail above. 
However, a second feature in the RR spectra is specific and 
diagnostic for the dione macrocycle. This is the strong band at 
1341 cm"1 in the RR spectra of Cu-7-Acr-2,3-dione-DME (Figure 
4A). This feature is present in RR spectra of all the dione models 
and is (most) intense with Soret and/or near-Soret excitation 
wavelengths. For example, the spectrum of //Ww-Cu-O1I-TME, 
a close structural analogue of heme du has a strong 1340-cm"1 

band (Figure 4C). A similar band near 1350 cm"1 is also present 
in RR spectra of heme ^1.

23,24 

The ~ 1340-cm"1 RR band is 15N4-isotope sensitive for both 
the Cu-2,4-OEPdione and Cu-2,3-OEPdione models (Figures 5-7; 
Table III). The downshift observed upon 15N4 substitution is 
similar to that observed for the vt band and to that predicted for 
the vi2 band in the "oxidation-state marker region" of metallo-
porphyrins. This is exemplified for Ni11OEP, as reported by Abe 
et al.,32 and more recently by Li et al.27 

(32) Abe, M.; Kitagawa, T.; Kyogoku, Y. J. Chem. Phys. 1978, 69, 
4526-4534. 



5004 J. Am. Chem. Soc, Vol. 113, No. 13, 1991 

1 r 1 1 
A. S 4 5 7 . 9 nm 

1050 1190 1330 1470 1610 1750 
Wavenumber, cm"1 

Figure 4. High-frequency, 457.9-nm excitation RR spectra of copper 
diones: A, Cu-7-Acr-2,3-dione-DME (7); B, Cu-7-Acr-2,4-dione-DME 
(4); C, JrJfK-Cu-(Z1-TME (2). Experimental conditions: sample in ~ 
1:300 KBr matrix in spinning cell; 30-mW laser power; scan rate, 1 
cm"'/step (Dilor) or 1 cm"'/s (Jarrell-Ash); slit width, 5 cm"1; 5-s ac
cumulation; average of two to five scans. 

A second polarized, 15N4-sensitive feature appears at ~-1385-
1391 cm"1 in spectra of the 2,3- and 2,4-OEPdiones (Table HI; 
Figures 5-7). If we assume that the latter correlates approximately 
with the V4 (A1g) band of porphyrins, then the former, charac
teristic dione band at ~ 1340 cm"1 is likely to correlate with the 
i/4i (Eu) band as predicted by Abe et al.32 It cannot correlate with, 
or arise from, the vl2 (Blg) mode of the porphyrin "parent", because 
the latter mode is expected to be depolarized in RR spectra of 
diones on the basis of symmetry arguments discussed above. 

The ~ 1340-cm"1 RR band of the dione models is surprisingly 
intense. A feature having this intensity is not routinely observed 
in RR spectra of porphyrins, chlorins, or isobacteriochlorins. 
Furthermore, no such feature at this approximate frequency and 
having 15N4 sensitivity is present in RR spectra for the latter 
macrocycles. Thus, the ~ 1341 -cm"1 feature of diones is particular 
to, and diagnostic for, the dione macrocycle, regardless of the 
pattern of 2,4- or 2,3-substitution. 

The RR data clearly and unequivocally indicate that the 
normal-mode composition of a dione is distinct from that of the 
parent porphyrin, at the least with respect to the ~1340-1345-
cm"1 vibrational feature. This can readily be observed from Table 
IH, where we show that the ~ 1340-cm"1, v4)-related mode of the 
dione is also sensitive to meso-rf4 substitution. However, because 
the 9-12-cm"1 shifts observed for this RR band of the 2,4- and 
2,3-OEPdiones are far greater than that calculated or observed 
for the v41 feature of Ni11OEP,32 the mode composition for the 
two types of macrocycle cannot be identical. 

E. Comparison of Cu-2,4- and -2,3-OEPdiones and Their 15N4 

and Meso-rf4 Isomers. High-frequency bands > 1100 cm"1 for 
Cu-2,4-OEPdione are shown in Figures 5 and 6, along with data 
for its 13N4 and meso-rf4 isotopomers. Similar data for the Cu-
2,3-OEPdione complex are shown in Figure 7. The frequencies 
and proposed assignments, or porphyrin mode correlations, for 
both model complexes are listed in Table III. 

Mylrajan et al. 
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Figure 5. High-frequency, 457.9-nm excitation resonance Raman spectra 
of Cu-2,4-OEPdione (6) (center) and its 15N4- (top) and meso-rf4-
(bottom) substituted isomers. Conditions: as in Figure 4. The RR 
spectrum of 6 in CH2Cl2 solution is virtually identical with that of the 
solid-state sample, with respect to both peak positions and relative in
tensities. 

Resonance Raman spectra of Cu-2,4-OEPdione (6) are more 
complex than those of Cu-2,3-OEPdione (9), as shown in Figures 
6 and 7 and Table III. This is because the asymmetric disposition 
of the two oxo groups on the Cu-2,4-OEPdione macrocycle lowers 
the effective symmetry. Thus, one expects to observe more vi
brational bands in spectra of Cu-2,4-OEPdione. 

In the v4 marker region, as many as six bands are present in 
the RR spectra of Cu-2,4-OEPdione, as seen at 1337,1353,1361, 
1375,1391, and 1399 cm"1. In contrast, Cu-2,3-OEPdione has 
only two distinct bands in this interval: the characteristic ~ 
1345-cm"1 band and another at 1386 cm"1. The strong —1345-
cm"1 band of Cu-2,3-OEPdione is fairly weak in the RR spectra 
of Cu-2,4-OEPdione. The latter complex is thus anomalous with 
respect to all other model diones studied here (2-5, 7-9). The 
prominent band at 1345 cm"1 in Cu-2,3-OEPdione (647.1-nm 
excitation) is sensitive to both 15N4 and meso-rf4 substitution and 
is polarized. The band at 1386 cm"1 also shows a 5-cm"1 downshift 
with 15N4 substitution, indicating CaN mode contributions for both 
the ~ 1340- and 1386-cm"1 bands. 

TheRRbandsofCu-2,4-OEPdioneat 1118, 1133, 1144, and 
1165 cm"1 shift with 15N4 substitution, demonstrating CaN con
tributions to their normal modes. Normal-coordinate calculations 
for porphyrins also indicate large contributions to CaN modes in 
this region.27'3233 Bands at 1227 cm"1 in the RR spectra of both 

(33) Boldt, N. J.; Donohoe, R. J.; Birge, R. R.; Bocian, D. F. / . Am. Chem. 
Soc. 1987, 109, 2284-2298. 

(34) As discussed previously,35 we have used an operational definition of 
p <0.S to assign polarized modes. It is known that depolarized modes can 
have p at 0.6-0.7, with Soret and near-Soret excitation, due to polarization 
dispersion.2' For low-symmetry macrocycles such as the diones, considerable 
overlap of the large number of Raman-allowed bands (virtually all vibrational 
modes) can occur, causing precise measurement of depolarization ratios to be 
more difficult. 

(35) Andersson, L. A.; Loehr, T. M.; Sotiriou, C; Wu, W.; Chang, C. K. 
J. Am. Chem. Soc. 1986, 108, 2908-2916. 
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Figure 6. High-frequency, 647.1-nm excitation resonance Raman spectra 
of Cu-2,4-OEPdione (6) (center) and its "N4- (top) and meso-d4-
(bottom) substituted isomers. Conditions: laser power, 50 mW; other 
conditions, as in Figure 4. 

Cu-2,3-OEPdione and Cu-2,4-OEPdione are likely to have CmH 
mode contributions given the large shifts upon meso-</4 substitution. 
The 1021- and 1023-Cm"1 RR bands of Cu-2,4- and -2,3-OEP-
diones did not shift significantly with 15N4 and/or meso-rf4 sub
stitution and are likely to be ethyl modes (Table III). 

The four prominent RR bands of Cu-2,3-OEPdione at 1520, 
1570, 1601, and 1642 cm"1 are insensitive to 15N4 substitution, 
but show 8-17-cm"1 shifts upon meso-</4 substitution (Figure 7). 
The 12-crrr1 rf4 shift of the band at 1642 cm"1 is similar to that 
observed for the vl0 mode of porphyrins.33 The 1Vi0" mode of 
Cu-2,3-OEPdione is depolarized, as predicted on the basis of 
symmetry. Thus, for the dione (as for iBC's33), "K10" is depolarized, 
whereas the analogous band of chlorins is polarized. CaCm modes 
of porphyrins have meso-rf4 shifts, whereas CbCb modes, such as 
V2 and Ku, have no meso-rf4 shifts.27'32 However, in the case of 
diones, all the modes above 1500 cm"1 in the RR spectra are 
meso-</4 sensitive, again indicating a mixing of normal modes. 

Biological Relevance 
Model diones with 2,3-oxo groups are spectrally distinct from 

model and/or biological 2,4-substituted diones. This is perhaps 
most obvious in the elctronic absorption spectra, but may also be 
observed from the RR and FTIR data. As shown here, the spectra 
of model 2,4-substituted diones have bands at —1720 cm"1 as
signable to c(C=0) of the keto groups. The separate K ( C = 0 ) 
features of the 2- and 4-oxo groups are likely to be coupled, or 
possibly accidentally degenerate.25 However, there are two distinct 
K(C=O) bands in the case of OEPdiones. A slight sensitivity of 
the K(C=O) frequency to the peripheral substituents is observed. 
Resonance Raman spectra of the cytochrome cdx oxidase from 
Ps. aeruginosa have bands at —1726 cm"1.23'24 Thus, K ( C = 0 ) 
frequencies agree well for in vivo heme dx and those models with 

1050 1190 1330 1470 1610 1750 
Wovenumber, cm"1 

Figure 7. High-frequency, 647.1-nm excitation resonance Raman spectra 
of Cu-2,3-OEPdione (9) (center) and its 13N4- (top) and meso-rf4-
(bottom) substituted isomers. Conditions: laser power, 50 mW; other 
conditions, as in Figure 4. 

a similar pattern of peripheral substituents (compare 1 and 2-4, 
Table II). 

The RR spectra have a unique K4 band in the 1340-1350-cm"' 
region that is polarized, strong, and both 15N4 and meso-</4 sen
sitive. The strong band is also clearly present in RR spectra of 
the cytochrome cdx oxidase as well as in RR spectra of the tet-
racoordinate copper(II)-metalated TME of extracted heme dxP 
In contrast, bands in this region are generally absent from RR 
spectra of porphyrins, chlorins, and isobacteriochlorins (or are 
very weak). Thus, the presence of a strong, polarized, 15N4-
sensitive band at —1340 cm"1 appears diagnostic for both model 
and biological dione macrocycles. 

Finally, those models bearing all the structural features of the 
in vivo heme dx display a spectral pattern closely analogous to 
that of d\. Each incremental change in structure, from removal 
of the acrylate moiety to substitution of ethyls for acetates, etc., 
results progressively in a loss of spectral correspondence. Although 
the precise functional significance of each substituent of heme 
d{ is not yet known, this study provides a foundation for further 
exploration of diones in dissimilatory nitrite reductases. 
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