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alkane-methylcycloalkene system shows a monotonic sequence 
of equilibrium constants.I7 

Acknowledgment. We are grateful to Professors Z, Rappoport 
and Y. Apeloig for communicating the results of their calculations 
to us prior to publication and to the Natural Sciences and En- 
gineering Research Council of Canada and the donors of the 
Petroleum Research Fund, administered by the American 
Chemical Society, for financial support of this work. 

N w 

I "  

(16) Bigley, D. B.; May, R. W. J .  Chem. SOC. B 1970, 1761-1766. 
(17) Cope, A. C.; Ambros, D.; Ciganek, E.; Howell, C. F.; Jacura, Z .  J. 

Am. Chem. SOC. 1960,82, 1750-1753. 

Detection of the Fe-0-0-Fe Intermediate in the 
Oxidation Reaction of Ferrous Porphyrins by 
Resonance Raman Spectroscopy 

Insook R. Paeng,Ia Hideaki Shiwaku,Ib and 
Kazuo Nakamoto*la 

Todd Wehr Chemistry Building 
Marquette University 

Milwaukee, Wisconsin 53233 
Received October 15, 1987 

In general, the oxidation reaction of ferrous porphyrins proceeds 
through the following intermediates2 

0 2  PFe PFe 
PFe - PFeOz - PFeOOFeP - PFeO - PFeOFeP 
A B C D E 

Previously, we observed the IR spectra of oxyiron porphyrins (B) 
in 0 2 / A r  matrices3 and resonance Raman (RR) spectra of fer- 
rylporphyrins (D) in O2 matrices$5 and Balch et al. observed the 
IH N M R  signals (pyrrole and phenyl protons of tetraphenyl- 
porphyrin (TPP) derivatives) of the Fe-0-0-Fe bridged species 
(C) and ferrylporphyrins (D) in toluene.2q6-8 

In this communication, we report the RR spectra of C for the 
first time. Direct observation of the Fe-O-O-Fe bridge vibration 
described below provides definitive evidence for the existence of 
this elusive intermediate in the oxidation process of ferrous 
porphyrins. 

Figure 1 (parts A and B) shows the R R  spectra (406-nm 
excitation) of tetramesitylporphyrinatoiron(II), Fe(TMP), in 
toluene which were saturated with I6O2 and measured at - -78 
OC and - -46 OC, respectively. The experimental techniques used 
for these and other measurements are basically the same as that 
reported previously? The most significant features of these spectra 
are the marked strengthening of the 845-cm-' band and the 
complete disappearance of the 574-cm-' band when the tem- 
perature is raised from - -78 O C  to - -46 O C .  Figure 1 (parts 
C and D) shows the R R  spectra of Fe(TMP) in toluene which 
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Figure 1. RR spectra (406-nm excitation) of Fe(TMP) in toluene which 
were saturated with 02: (A) I6O2, - -78 OC; (B) I6O2, - -46 OC; ( C )  
1*02, - -78 "C; (D) l a 0 2 ,  - -46 OC. The asterisks denote the solvent 
bands. 

were saturated with I8O2 and measured at  - -78 OC and - -46 
"C, respectively. In this case, the band at 812 cm-I becomes 
stronger, and the band at 547 cm-' disappears completely when 
the temperature is raised from - -78 OC to - -46 OC. The nature 
of the bands at 845 and 812 cm-I is well established; these vi- 
brations are due to the v(Fe0) of Fe(TMP)I60 and its I8O 
analogue, respectively, which are characteristic of five-coordinate 
fe r ry lporphyr in~ .~*~J~ 

The nature of newly discovered bands at  574 and 547 cm-I is 
of particular interest. Since these bands are relatively weak and 
partially overlapped by porphyrin bands, we repeated careful 
measurements to confirm the reproducibility of the spectra. We 
assign these bands to the symmetric Fe-0 stretch, u,(Fe-0), of 
(TMP)F-Fe(TMP), which is presumably centrosymmetric. 
The reasons for these assignments are listed below. 

(1) These bands cannot be attributed to the ~ ( F e - 0 ~ )  of Fe- 
(TMP)02 since such a 'base-free" O2 adduct is rapidly oxidized 
to form (TMP)Fe-O-0-Fe(TMP) in toluene solution at - -78 
T 2 v 8  Furthermore, the observed frequency of 574 cm-I is too 
high to assign it to the ~ ( F e - 0 ~ )  of a five-coordinate species. For 
example, Fe(Pc)02 (Pc: phthalocyanato anion) in O2 matrices 
exhibits the ~ ( F e - 0 ~ )  a t  488 cm-','l whereas the v(Fe-02) of 
Fe(TMP)(piperidine)O, in toluene (- -78 "C) is observed at 568 
cm-'.'* In the case of cobalt porphyrins, the ~ ( C O - 0 2 )  of Co- 
(TPP)02 in O2 matrices is a t  -345 cm-I,l3 while that of Co- 
(TPP)(piperidine)O, in toluene (--78 "C) is a t  509 cm-I.l4 
However, the v,(Co-0) of the peroxo-bridged complex, [(N- 
H3)SCo(02)C~(NH3)5](N03)r (642 cm-'),I5 is much higher than 
the ~(CO-0,)  mentioned above. 

(2) According to the NMR studies,* (TMP)F-Fe(TMP) 
is stable near -70 O C  in toluene and, upon warming, decomposes 
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Figure 2. Electronic spectra of (A) Fe(TMP) in toluene at  - -78 ' C  
and (B) Fe(TMP) + O2 in toluene a t  - -78 O C .  

into (TMP)FeO and (TMP)FeOH, the latter being the final 
product a t  room temperature. (This process which is different 
from the general scheme shown earlier occurs only for Fe(TMP).)* 
In fact, we observed that the u(Fe0) of (TMP)FeO appears a t  
845 cm-I in toluene when the solution was warmed from N -78 

(3) These bands cannot be assigned to the u,(FeO) of the K-oxo 
dimer (E) since such a vibration should appear near 360 cm-I.l6 

(4) Figure 2 (parts A and B) show the electronic spectra of 
Fe(TMP) and Fe(TMP) + 02, respectively, in toluene at  - -78 
OC. These spectra are very similar to those of Fe(TmTP) and 
Fe(TmTP) + 02, respectively, obtained under similar experimental 
conditions (TmTp: tetra-m-tolylporphyrinato anion).*V6 The three 
A,, values shown in Figure 2B (650, 543, and 480 nm) are close 
to those of the Fe(TmTP) + O2 system (630, 540, and 480 nm) 
which were previously attributed to the Fe-0-0-Fe bridged 
species2 These electronic spectra provide further support to our 
band assignments. 

In the centrosymmetric (TMP)Fe-O-0-Fe(TMP), the anti- 
symmetric Fe-0 stretch, uas(Fe-O), is only IR-active, and its 
frequency is expected to be much lower than u,(Fe-0). For 
example, the u,(Co-O) (547 cm-I) of the peroxo-bridged amine 
complex mentioned above is 95 cm-' lower than the ~ ~ ( C o - 0 )  (642 
cm-l).lS Although its u(O?-) is Raman-active and should appear 
in the peroxo2vbs region (900-700 cm-l), it was not possible to 
resonance-enhance this mode with our laser lines (406-676 nm), 
as are the cases of many other oxyiron porphyrins." It should 
also be noted that the v,(Fe-O) of the bridged species mentioned 
above can be observed only by excitation in the 406-41 5-nm 
region.'* Thus, this mode must be in resonance with the Soret 
*-a*, Fe-0-0-Fe CT transition or a combination of both near 
410 nm. 

Finally, our R R  studies show that (1) (TMP)Fe-0-0-Fe- 
(TMP) is stable indefinitely in toluene at  N -78 OC, (2) the step 
A - C is not reversible, and (3) the u,(Fe-0) of the bridged 
species is observed at  N 576 cm-' for analogous TPP and OEP 
complexes (OEP: octaethylporphyrinato anion).12 

to N -46 O C .  
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Bleomycins (BLM l), a family of glycopeptide antitumor drug 
cause DNA strand cleavage in the presence of metal ions like Fe2+ 
and molecular oxygen. The requirement of a metal ion for the 
drug action has prompted research in coordination chemistry of 
BLM and the interaction of metallobleomycins (M-BLMs) with 
DNA.] The coordination structures of various M-BLMs have 

R: terminal amine 
OH OH 

b H  
O&H, BLM (1 1 

been predicted primarily on the basis of spectroscopic data. The 
only exception is Cu(I1)-BLM in which the assignment of the 
donor centers around Cu(I1) relies on the preliminary crystal 
structure of a Cu(I1) complex of P-3A, a biosynthetic intermediate 
of BLM.2*3 Studies on the synthetic analogues of M-BLMs4s5 
reported so far are all restricted to measurements in solutions. 
In absence of crystallographic studies, precise structure-reactivity 
correlations with M-BLMs are therefore not available. As part 
of a systematic synthetic analogue approach to metallo- 
bleomycins,@ we report here the synthesis, structure, and selected 

Inquiries related to crystallographic data should be addressed to this 
author. 
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