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MSB(0H)  as the predominant species, and the metal chelates 
present under these conditions are considered good candidates as 
active intermediates in oxidative deamination and are thus easy 
to identify. The a-deprotonated intermediate of the metal-Schiff 
base chelates formed from phenylglycine and its derivatives are 
expected to be stabilized by conjugation of the imine group with 
the phenyl ring on the a-carbon, and this property is one of the 
reason for selecting phenylglycine Schiff bases for oxidative 
deamination studies. 
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The transfer of a nitrosyl ligand between neutral and oxidized iron and cobalt metalloporphyrins in dichloromethane solutions 
was investigated by electrochemistry and FTIR or ESR spectroelectrochemistry. The transfer of NO from (P)Co(NO) to (P)Fe, 
from [(P)Co(NO)]' to (P)FeC104, and from [(P)Fe(NO)]+ to (P)Co was demonstrated for complexes where P = the dianion 
of tetraphenylporphyrin (TPP), meso-tetrakis(2,4,6-trimethylphenyl)porphyrin (TMP), or octaethylporphyrin (OEP). The driving 
force in these reactions is related to both the nature and oxidation state of the central metal in (P)M(NO) or [(P)M(NO)]+, where 
M = Fe or Co, and follows the order (P)Fe(NO) > (P)Co(NO) > [(P)Fe(NO)]' > [(P)Co(NO)]'. 

Introduction 

N ~ ~ m e r o u s  spectroscopic,'-'' structural,'2-'8 and electrochem- 
i ~ a 1 ' ~ " ~  studies of neutral and oxidized iron and cobalt nitrosyl 

porphyrins have been reported in the literature. These compounds 
are represented by (P)M(NO) and [(P)M(NO)]+, where M = 
co(II), Fe(II), or Fe(III) and p is the dianion of a given porphyrin 
ring, 

Intermolecular N O  transfer between two coordinativelv un- 
saturated transition-metal complexes is of interest in both inorganic 
and bioinorganic c h e m i ~ t r y ~ ~ - ~ ~  and has been shown to occur 
through formation of a transient p-bridged nitrosyl complex. The 
transfer of NO from a non-uorphvrin complex to hemoglobin was 
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reported by Doyle,3s but an NO- transfe; between two metallo- 
porphyrins has never been demonstrated. 

In this paper, we present the first examples for NO-transfer 
reactions between Fe and Co metalloporphyrins. The investigated 
reactions are given by eqs 1-3, where P is the dianion of tetra- 

(P)Fe + (P)Co(NO) - (P)Fe(NO) + (P)Co (1)  
(P)Co + [(P)Fe(NO)]+ - (P)Co(NO) + (P)FeC104 (2) 

(P)FeCI04 + [(P)Co(NO)]+ - [(P)Fe(NO)]+ + (P)CoC104 
(3) 

phenylporphyrin (TPP), rneso-tetrakis(2,4,6-trimethylphenyl)- 
porphyrin (TMP), or octaethylporphyrin (OEP). Each of the 
above reactions was monitored in CH2C12 by thin-layer and 
conventional electrochemistry as well as by FTIR or ESR spec- 
troelectrochemistry . 

T o  date, there are only two reports in the literature involving 
the transfer of a nitrogen atom between two metalloporphyrins. 
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These reactions involve complexes with different porphyrin rings 
and different central metals36 or between metalloporphyrins with 
the same central metal and different porphyrin rings.37 An 
example of these reactions is shown in eq 4, where TTP is the 
dianion of meso-tetra-p-tolylporphyrin and M = Mn or Cr.j7 

(TTP)Mv(N) + (0EP)M"  z (OEP)MV(N) + (TTP)MII 
(4) 

The driving force in reaction 4 is the difference in basicity 
between the OEP and TTP porphyrin rings, and this is also directly 
related to redox potentials for oxidation of (0EP)M" or reduction 
of (TTP)MV(N) under the same experimental conditions. The 
driving force in reactions 1-3 is related in part to differences in 
porphyrin ring basicity but is more strongly influenced by the 
presence of two different central metals (Co and Fe) and the 
different oxidation states of the central metal ions. 
Experimental Section 

Materials. (TPP)Fe(NO), (TMP)Fe(NO), (OEP)Fe(N0),19*22 and 
(TPP)Co(NO)I3 were synthesized and characterized by published pro- 
cedures from (TPP)FeCIO,, (TMP)FeCIO,, (OEP)FeCI04, and (TP- 
P)Co. All of the nitrosyl complexes are air stable in the solid state. 
(P)Fe was in situ generated by controlled-potential electroreduction of 
(P)FeCiO, in a thin-layer cell, while [(P)Fe(NO)]' and [(P)Co(NO)]' 
were produced by electrooxidation of neutral (P)Fe(NO) and (P)Co(N- 
0) under the same experimental conditions. Methylene chloride (C- 
H2CI,) (analytical grade, Fisher Scientific Co.) was freshly distilled from 
P205 before use. Tetrabutylammonium perchlorate (TBAP, Fluka 
Chemical Co.) was used as supporting electrolyte and was twice re- 
crystallized from ethanol and dried in vacuo prior to use. 

Instrumentation and Procedure. Cyclic voltammograms were obtained 
wi th  an IBM Model 225A voltammetric analyzer and an Omnigraphic 
2000 X-Y recorder. A three-electrode thin-layer electrochemical cell was 
utilized and consisted of a platinum-gauze working electrode, a plati- 
num-gauze auxiliary electrode, and a homemade saturated calomel 
electrode (SCE) as the reference electrode.'* A positive pressure of 
high-purity nitrogen was kept above the solution during the experiment. 
Uncompensated i R  drop in the solution was minimized by use of a pos- 
itive feedback device built into the IBM Model 225A. 

FTIR spectra were measured in CH2C12, 0.1 M TBAP by using an 
IBM IR 32 FTIR spectrometer and a light-transparent spectroelectro- 
chemical three-electrode IR cell. The a p p l i c a t i ~ n ~ ~ . ~ ~  and con~truction~~ 
of this cell have been described in the literature. A solution containing 
CH2C12 and 0.1 M TBAP was used to provide the background spectrum. 
The FTIR spectrum of a solution containing 0.5-2.0 mM of the iron or 
cobalt porphyrins was taken as the reference spectrum in difference FTIR 
spectroelectrochemical measurements. Positive peaks in the FTIR dif- 
ference spectra (sample spectrum minus reference spectrum) are due to 
an eiectrogenerated species, while negative peaks correspond to a disap- 
pearance of the reactant upon electrooxidation or electroreduction in the 
thin-layer cell. 

ESR experiments were carried out with a homebuilt three-electrode 
cell, and spectral monitoring was carried out with an IBM ER lOOD 
spectrometer. 
Results and Discussion 

Nitrosyl Transfer from (TPP)Co(NO) to (P)Fe. Parts a and 
b of Figure 1 show thin-layer cyclic voltammograms of 5.0 X IO4 
M (OEP)FeCIO, and 5.0 X M (OEP)Fe(NO) in CH2CI2, 
0.1 M TBAP. (OEP)FeC104 undergoes a reversible one-electron 
reduction a t  E,lz = 0.05 V, while (OEP)Fe(NO) is reversibly 
oxidized at E,,* = 0.61 V under the same experimental conditions. 
These redox potentials and those of related cobalt and iron por- 
phyrins in CH2CI2 are listed in Table I .  

M (0EP)-  
FeC104 and 5.0 X IO4 M (TPP)Co(NO) in CH2CI2, 0.1 M TBAP 
is shown in Figure I C .  The reduction of (OEP)FeCI04 is irre- 
versible in the presence of (TPP)Co(NO) and occurs a t  E = 0.09 
V to generate (0EP)Fe.  The shape of the reduction pea i  is well 
defined in Figure I C  but the reduction potential is positively shifted 
from that of the pure compound (Figure la),  consistent with the 
occurrence of a rapid chemical reaction following the electron- 

The voltammogram for a mixture of 5.0 X 
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Figure 1. Thin-layer cyclic voltammograms of (a) 5.0 X IO4 M 
(OEP)FeCIO,, (b) 5.0 X lo4 M (OEP)Fe(NO), and (c) a mixture 
containing 5.0 X lo4 M (TPP)Co(NO) and 5.0 X lo4 M (OEP)FeC104 
in CH2CI2, 0.1 M TBAP. Scan rate = IO mV/s. 

Table I .  Half-Wave Potentials for the Oxidation and Reduction of 
Iron" and Cobaltb Porphyrins in CH2C12, 0.1 M TBAP 

compd 1st oxidn 1st redn ref 
(TPP)Co(NO) 1.01 -1.18 21 
(TPP)Co 0.75 -0.85 46 
(OEP)Fe(NO) 0.60 -1.08 19, 22 
(OEP)FeCIO, 1.02 0.10 41 
(TPP) Fe(N0) 0.74 -0.93 19, 22 
(TPP)FeCIO, 1 .11  0.24 19 
(TMP)Fe(NO) 0.67 -1.15 22 
(TMP)FeCIO, 1.09 0.16 48 

'The first oxidation and first reduction of each (P)FeCIO, complex 
occurs at the porphyrin K ring system and central metal ion, respec- 
tively. The first oxidation of (P)Fe(NO) generates an Fe(II1) species, 
but the first reduction of this complex may occur at either the central 
Fe or at the axial NO ligand. bThe first reduction of (TPP)Co occurs 
at the central metal ion, while the first oxidation and first reduction of 
(TPP)Co(NO) occurs at the porphyrin ?r ring system. The first oxi- 
dation of (TPP)Co can occur either at the central metal ion or at the 
porphyrin K ring system, depending upon the solvent pr0perties.4'~' 

transfer step. There is no return oxidation peak coupled to the 
reduction peak of (OEP)FeCI04, and an analysis of the cur- 
rent-voltage curve is consistent with an electrochemical EC type 
reduction mechanism.39 

An oxidation peak is not observed in Figure IC when the po- 
tential is first scanned from 0.40 to 0.80 V. However, when a 
second positive scan is initiated after the formation of (0EP)Fe  
in the thin-layer chamber, an oxidation at E,  = 0.56 V is observed 
(see dashed line in Figure IC). This electrode reaction is assigned 
to the oxidation of (OEP)Fe(NO), which is homogeneously 
generated in solution according to eqs 5 and 6. 

( 5 )  

(6) 

(OEP)FeCI04 + e- 2 (0EP)Fe  + C10,- 

(0EP)Fe  + (TPP)Co(NO) - (OEP)Fe(NO) + (TPP)Co 

(36) Bottomley, L. A,; Neely, F. L. J .  Am. Chem. Sot. 1989, 111, 5 9 5 5 .  
(37) WOO, L. K . ;  Goll, J .  G. J .  Am. Chem. Sot. 1989, 111, 3755. 
(38) Lin. X. Q.; Kadish. K .  M. A n d .  Chem. 1985, 57, 1498. (39) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706. 
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Table 11. NO Vibration Frequencies" (cm-I) of (P)M(NO) and [(P)M(NO)]+ in CH2CI2, 0.1 M TBAPb 
uN0( mixtures) 

vNo(pure (TPP)Co(NO) t (TPP)Co(NO) t (TPP)Co(NO) t (TPP)Co t 
comDlex comDds)' (OEP) FeCIO, (TPP)FeClO, (TMP)FeCIO, (OEP) Fe( NO) 

(TPP)Co(NO) 
(OEP) Fe(N0)  
(T M P) Fe( N 0) 
(TPP) Fe( NO) 
[ (TPP)Co(NO)]+ 
[ (OEP)Fe( NO) 1' 
[ (TMP) Fe(NO)]+ 
[ (TPP)Fe(NO)]+ 

1684 
I667 
1672 
1678 
1726 
1854 
1838 
1848 

1684 1684 1684 1689 (0.7) 
1663 (-0.2) 1667 

1674 (-0.2) 
1676 (-0.2) 

1726 (1 .1 )  1726 (1 .1 )  1726 (1 .1 )  
1852 ( 1 . 1 )  1854 (0.7) 

1838 (1.1) 
1850 (1.1)  

'Data good as f 2  c d .  bValues in parentheses are the controlled potentials that were applied to the given solution before taking the IR mea- 
surement.  ?Taken from refs 22 and 23. 

Scheme I 
4.2 v 

(OEP)FeCD4 + (TPP)Co(NO) + e- = (0EP)Fe + (TPP)Co(NO) + CIO; - - 
last NO transfer t 

A 
0.0 V 

~OEP)Fe(NO)J'CK),- + (TPP)C> + e- (OEP)Fe(NO) + (TPP)Co + CIO; 

As seen in Figure Ib, the thin-layer oxidation of (OEP)Fe(NO) 
occurs a t  = 0.61 V, and this is consistent with data in the 
literature for reactions of the same compound a t  a conventional 
electrode.20 In contrast, the oxidation of chemically generated 
(OEP)Fe(NO) in a thin-layer cell is irreversible and occurs at 
E,, = 0.56 V (see Figure IC). The shape of the peak is well defined, 
and the lack of a return rereduction peak and the negative potential 
shift for the oxidation of (OEP)Fe(NO) are both consistent with 
an EC type oxidation mechanism. The difference in behavior 
between the oxidative voltammogram in Figure l b  and that in 
Figure I C  is due to the fact that electrogenerated [(OEP)Fe- 
(NO)]+ undergoes an NO transfer with (TPP)Co to give (TP- 
P)Co(NO) as a final N O  product in solution. This reaction occurs 
as shown in eq 2. 

The overall sequence of electrochemical and chemical steps in 
Figure I C  involves an ECEC type mechanism and results in a 
re-formation of the original solution mixture after a controlled- 
potential reduction at -0.2 V followed by a controlled-potential 
oxidation at 0.8 V. This box mechanism is illustrated by Scheme 
I .  

The above two NO-transfer reactions occur directly between 
the two metalloporphyrins without a preceding N O  dissociation. 
The intermediate of these reactions most likely involves a p-bridged 
Co-NO-Fe species, as has been reported in the literature for other 
N O  transfer reactions.35 

The data by conventional cyclic voltammetry indicate that the 
N O  transfer between [(OEP)Fe(NO)]+ and (TPP)Co (reaction 
2) is much faster than the NO transfer between (TPP)Co(NO) 
and (0EP)Fe  (reaction 1). The reduction of (OEP)FeC104 at 
a potential scan rate of 0.1 V/s shows a ratio of anodic to cathodic 
peak current of -0.5 in CH2C1, containing equimolar (0EP)-  
FeCIO, and (TPP)Co(NO). This indicates that the transfer of 
N O  from (TPP)Co(NO) to electrogenerated (0EP)Fe is -50% 
complete in  -5 s for a solution containing 5.0 X lo4 M of each 
metalloporphyrin. 

In contrast, there is no rereduction peak for electrooxidized 
[(OEP)Fe(NO)]+ at any scan rate up to 10 V/s in CH2CI2 so- 
lutions containing 5.0 X IO4 M (TPP)Co. This is consistant with 
a transfer of N O  from [(OEP)Fe(NO)]+ to (TPP)Co in less than 
0.04 s. Thus, the transfer of an N O  ligand from [(OEP)Fe(NO)]+ 
to (TPP)Co in CH2CI2, 0.1 M TBAP is more than 100 times faster 
than the transfer of an N O  ligand from (TPP)Co(NO) to 
(0EP)Fe under the same experimental conditions and is consistent 
with the increased lability of the singly oxidized species. 

The two nitrosyl-transfer reactions shown in the above scheme 
were also monitored by in situ FTIR spectroelectrwhemistry under 
the same experimental conditions. (TPP)Co(NO) shows a strong 

20001aoO 1800 1400 

WAVENUMBER, cm-' 

Figure 2. FTIR spectra of (a) (TPP)Co(NO), (b) (OEP)Fe(NO), and 
(c) a mixture containing 5.0 X IO4 M (TPP)Co(NO) and 5.0 X lo4 M 
(OEP)FeCIO, in CH& 0.1 M TBAP and (d) FTIR difference spec- 
trum of a mixture containing 5.0 X IO-" M (TPP)Co(NO) and 5.0 X IO4 
M (OEP)FeC104 after controlled-potential reduction at -0.2 V. 

N O  vibration band a t  1684 cm-] in CHZCl2, 0.1 M TBAP (see 
Figure 2a), while the N O  vibration of (OEP)Fe(NO) in CHzClz 
is located at 1667 cm-I. FTIR spectra for pure solutions of these 
compounds are shown in Figure 2a,b. 

Parts c and d of Figure 2 show FTIR spectra for a mixture of 
(TPP)Co(NO) and (OEP)FeC104 in CH,C12, 0.1 M TBAP before 
and after controlled-potential reduction. The 1684-cm-' N O  
vibration of (TPP)Co(NO) disappears after controlled-potential 
reduction at -0.2 V (see negative peak in Figure 2d) and is ac- 
companied by a strong positive absorption peak of the product, 
which appears at 1663 cm-'. This later peak is assigned as due 
to chemically generated (OEP)Fe(NO) and can be compared to 
the 1667-cm-' NO vibration of pure (OEP)Fe(NO) in the absence 
of a cobalt porphyrin (see Figure 2b). 

Similar NO-exchange reactions were obtained between (TPP)Fe 
and (TPP)Co(NO) and between (TMP)Fe and (TPP)Fe(NO) 
in CH2CI2. The IR data to support these assignments are listed 
in Table 11. 
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H(gauss1 
Figure 3. Room-temperature ESR spectrum of a mixture containing 5.0 
X IO4 M (TPP)Co(NO) and 5.0 X IO4 M (OEP)FeCIO, in CH2CI2, 
0.1 M TBAP after controlled-potential reduction at -0.2 V. 

ESR spectroelectrochemistry was also used to monitor the series 
of reactions given by eqs 5 and 6. The initial mixture of 
(OEP)FeC104 and (TPP)Co(NO) is ESR silent at room tem- 
p e r a t ~ r e , ~ ~  but after electroreduction at -0.2 V, a well-defined 
ESR signal is observed. This spectrum (shown in Figure 3)  has 
g = 2.053 and an I4N(NO) hyperfine splitting constant of 16.9 
G. The ESR spectrum is comparable with the one reported for 
(TPP)Fe(NO) (g = 2.054, 14N(NO) = 17.4 G)315 as well as with 
other iron nitrosyl porphyrin c o m p l e x e ~ . ' ~ ~ ~  Thus, the ESR data 
confirm the homogeneous generation of (OEP)Fe(NO) after 
controlled-potential electroreduction of a CH2C12 solution con- 
taining (OEP)FeC104 and (TPP)Co(NO). 

Clearly, the driving force for the nitrosyl-transfer reactions in 
eqs 1-3 is related to both the nature and oxidation state of the 
central metal ions in the (P)M(NO) or [(P)M(NO)]+ complexes. 
A comparison of data in this present study with available structural 
data for (TPP)Fe(NO) and (TPP)Co(NO) also suggests that the 
NO-transfer reactions should be related, at least to some extent, 
to the bond strengths of Fe-NO and Co-NO. 

Theoretically, the extent of back electron donation from a 
transition metal to a bound N O  group leads to a stronger M-NO 
bond and a weaker N - 0  bond. This is reflected by a shorter 
M-NO bond, a longer N - 0  bond, and a lower N O  vibration 
frequency.42 Wayland3s4 has reported that linear diatomic 
molecule adducts of cobalt and iron metalloporphyrins have 
maximum T-K interaction between the central metal and the 
diatomic molecule, thus making the bond between them stronger. 

The N O  vibration frequencies of (P)Fe(NO) and (P)Co(NO) 
also depend upon the extent of ~ - 7 r  i n t e r a c t i ~ n . ~ . ~ ~  (TPP)Fe(NO) 
has an Fe-N-0 angle of 149.2', and this can be compared to a 
Co-N-0 bond angle of 128.5' in  (TPP)Co(NO). Thus, (TP- 
P)Fe(NO) should have a larger T-T interaction between the iron 
and nitric oxide than does (TPP)Co(NO). This is indeed the case, 
as indicated by the Fe-NO bond length (1.717 A),12 which is 
shorter than the Co-NO bond length (1.833 A).13 The FeN-0 
bond length of 1.122 A is longer than CON-0 bond length (1.01 
A),  and the N O  vibration frequency of (TPP)Fe(NO) in either 
the solid state (1670 cm-I)12 or in CH2C12 solutions (1678 cm-1)22 
is at lower frequency than the NO vibration frequency of (TP- 
P)Co(NO) in the solid state (1689 cm-l)13 or in CH2Clz solutions 
(1684 ~ m - ' ) . ~ ~  Thus, all of the data agree with theoretical pre- 
d i c t i o n ~ ~ ~ ~ ~  and indicate that an N O  transfer between (P)Co(NO) 
and (P)Fe should be possible. 

The above discussion on cobalt and iron nitrosyl porphyrin 
complexes does not appear to extend to the nitrosyl complexes 
of Mn. Structural data for (TTP)Mn(N0)43 show that the 
complex has a shorter Mn-NO bond and a more linear Mn-N-O 
angle than does the corresponding (TPP)Fe(NO) species. Thus, 
one might suggest that (P)Mn should accept an N O  ligand from 

(40) The ESR spectrum of (OEP)FeClO, is not detectable at room tem- 
perature. See: Dolphin, D. H.; S a m ,  J .  R.; Tsin, T. B. Inorg. Chem. 
1917, 16, 71 1 .  

( 4 1 )  Yoshimura, T. Arch. Biochem. Biophys. 1983, 220, 167. 
(42) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 5th ed.; 

John Wiley and Sons: New York, 1988; Chapter 2. 
(43) Scheidt, W .  R.; Hatano, K.; Rupprecht, G. A,; Piciulo, P. L. Inorg. 

Chem. 1919, 18, 292. 
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Figure 4. (a) FTIR spectrum of (OEP)Fe(NO) in CH& 0.1 M 
TBAP, (b) FTIR difference spectrum of (OEP)Fe(NO) after electro- 
oxidation at 0.7 V, (c) FTIR spectrum of a mixture containing 5.0 X 10-4 
M (OEP)Fe(NO) and 5.0 X IO4 M (TPP)Co in CH2C12, 0.1 M TBAP, 
and (d) FTIR difference spectrum of a mixture containing 5.0 X IO4 M 
(OEP)Fe(NO) and 5.0 X IOw4 M (TPP)Co in CH,CI,, 0.1 M TBAP 
after controlled-potential oxidation at  0.7 V. 

either (P)Fe(NO) or (P)Co(NO). These reactions were attempted 
in the present study. However, under our experimental conditions 
(CH2C12, 0.1 M TBAP) an NO-transfer reaction did not occur 
between (OEP)Fe(NO) and (TPP)Mn or between (TPP)Co(NO) 
and (TPP)Mn on the cyclic voltammetric time scale. These 
negative results indicate that neither the bond strength of M-NO 
nor the linearity of M - N 4  seem to be key factors that determine 
the observed NO-transfer reactions. The more dominant factors 
must be related to the nature and/or oxidation state of the central 
metal ions. Other factors such as the electron configuration2' of 
the complex may also play a role. In fact, (P)Mn(N0)43 and 
[(P)Mn(NO)]+2' are far more reactive than their corresponding 
Fe and Co derivatives. 

Nitrosyl Transfer from [(OEP)Fe(NO)]+ to (TPP)Co. The 
NO-transfer reaction between [(OEP)Fe(NO)]+ and (TPP)Co 
has already been discussed with respect to its influence on thin- 
layer cyclic voltammograms for the oxidation of homogeneously 
generated (OEP)Fe(NO) (see Figure IC). This exchange reaction 
was also monitored by using thin-layer FTIR spectroelectro- 
chemistry. 

Parts a and b of Figure 4 show FTIR spectra of (OEP)Fe(NO) 
before and after electrooxidation at 0.7 V in CH2C12, 0.1 M TBAP. 
The initial (OEP)Fe(NO) complex has an N O  vibration at 1667 
cm-I, while the N O  vibration of [(OEP)Fe(NO)]+ is at 1854 cm-I. 
FTIR spectra of these compounds are shown in Figure 4a,b. Parts 
c and d of Figure 4 show FTIR spectra for a mixture containing 
5.0 X IO4 M (OEP)Fe(NO) and 5.0 X IO4 M (TPP)Co before 
and after controlled-potential oxidation a t  0.7 V. Only a single 
peak is observed at 1667 cm-' prior to electrooxidation (Figure 
4c), and this can be assigned as the NO vibration of (0EP)Fe-  
(NO). An application of 0.7 V to this solution leads to the 
generation of [(OEP)Fe(NO)]+ (eq 7), but this Fe(II1) complex 
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Figure 5. (a) FTIR spectrum of (TPP)Co(NO) in CH2CI2, 0.1 M 
TBAP, (b) FTIR difference spectrum of (TPP)Co(NO) in CH2CI2, 0.1 
M TBAP after controlled-potential oxidation at 1.1 V, (c) FTIR spec- 
trum of 5.0 X IO4 M (TPP)Co(NO) and 5.0 X IO4 M (TPP)FeCI04 
in CH2C12, 0.1 M TBAP, and (d) FTIR difference spectra of 5.0 X IO4 
M (TPP)Co(NO) and 5.0 X IO4 M (TPP)FeC104 in CH2C12, 0.1 M 
TBAP after controlled-potential oxidation at 1.1 V. 

rapidly transfers the N O  to (TPP)Co and gives (TPP)Co(NO) 
as a final product, as shown in eq 8. 

(7) 

(OEP)FeC104 + (TPP)Co(NO) (8) 

The above nitrosyl transfer leads to the difference FTIR 
spectrum shown in Figure 4d. The homogeneously generated 
(TPP)Co(NO) has an N O  vibration at 1689 cm-I, which compares 
to a value of 1684 cm-' in the mixture (see Figure 2a). 

Nitrosyl Transfer from [(TPP)Co(NO)]+ to (P)FeC104. A 
structural characterization of [(P)Co(NO)]+ has not been pub- 
lished, but solution data indicate that the Fe-NO bond of [(P)- 
Fe(NO)]+ is stronger than the Co-NO bond of [(P)Co(NO)]+. 
For example, [(TPP)Fe(NO)(Me,SO)]+ is stable in CH2C12 
containing 5.0 X M Me2S022*24 but [(TPP)Co(NO)- 
(Me2SO)]+ is not stable under the same experimental conditions24 
and [(TPP)Co( Me2S0)2]+ is formed after a rapid dissociation 
of the N O  group. Likewise, [(TPP)Fe(NO)]+ is quite stable in 
PhCN20 but a displacement of NO by PhCN is rapidly observed 
after the electrochemical conversion of (TPP)Co(NO) to 
[(TPP)Co(NO)]+ in PhCN.44 All of these data indicate that 
one might expect to observe a nitrosyl transfer between [(P)Co- 
(NO)]+ and (P)FeC104 in CH2CI2. This is indded the case, as 
discussed in the following paragraphs. 

Parts a and b of Figure 5 show the FTIR spectrum of (TP- 
P)Co(NO) before and after electrooxidation, while parts c and 
d of Figure 5 show the spectrum for a mixture of 5.0 X IO-, M 

(OEP)Fe(NO) s [(OEP)Fe(NO)]+ + e- 

[(OEP)Fe(NO)]+ + (TPP)Co - 

(44) Kadish, K. M.;  Mu, X. H. Unpublished results. 
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Figure 6. FTIR difference spectra after controlled-potential oxidation 
at 1.1 V of a mixture containing 5.0 X IO4 M (TPP)Co(NO) and (a) 
5.0 X IO4 M (OEP)FeC104 or (b) 5.0 X lo4 M (TMP)FeC104 in 

(TPP)Co(NO) and 5.0 X lo4 M (TPP)FeClO, before and after 
controlled-potential oxidation at 1.1 V. The electrode reactions 
that occur at this potential are given by eqs 9 and 10. 

E,/Z = 1.01 v 

CH2C12, 0.1 M TBAP. 

(TPP)Co(NO) , [(TPP)Co(NO)]+ + e- (9) 

(TPP)FeC104, [(TPP)FeC104]+ + e- (10) 

The difference FTIR spectrum in Figure 5d has a negative peak 
at 1684 cm-I and two positive peaks at 1726 and 1850 cm-I. The 
1726-cm-I peak is due to [(TPP)Co(NO)]+, while the 1850-cm-' 
peak is due to [(TPP)Fe(NO)]+, which is generated as shown in 
eq 11. 

(TPP)FeC10, + [(TPP)Co(NO)]+ - 

E I I 2  = 1.11 V 

[(TPP)Fe(NO)]+ + (TPP)CoClO, (1 1 )  

The sum intensities of the positive 1726- and 1850-cm-' peaks 
are about the same as the intensity of the negative 1684-cm-' peak 
in Figure 5d and indicate that the solution contains a mixture of 
[(TPP)Co(NO)]+ and [(TPP)Fe(NO)]+. The obtaining of a 
mixture is due to the fact that a potential of about 1.1 V is needed 
to quantitatively convert (TPP)Co(NO) to [(TPP)Co(NO)]+, but 
at this potential, the oxidation of (TPP)FeClO, to [(TPP)Fe- 
C104]+ also occurs. 

The Ell, for the conversion of (TPP)FeClO, to [(TPP)FeC104]+ 
is 1.1 1 V, and therefore about 50% of (TPP)FeC104 is oxidized 
to [(TPP)FeCIO4]+ at an applied potential of 1.1 V. The re- 
maining 50% of (TPP)FeClO, reacts with electrogenerated 
[(TPP)Co(NO)]+ to produce [(TPP)Fe(NO)]+ in solution. Both 
[(TPP)Co(NO)]+ and [(TPP)Fe(NO)]+ are stable at this applied 
p ~ t e n t i a l , ~ + * ~  and both complexes are spectrally detected. 

The nitrosyl-transfer reactions between [(TPP)Co(NO)]+ and 
(P)FeC104 where P = OEP or TMP were also monitored. The 
difference IR spectra recorded after these NO transfers are shown 
in Figure 6a,b and are similar to the spectrum given in Figure 
5d for the reaction of [(TPP)Co(NO)]+ with (TPP)FeC104. In 
all three cases, there is a negative peak at 1684 cm-' and a positive 
peak at 1726 an-]. These two peaks are independent of the iron 
porphyrin macrocycle (OEP or TMP) and are due to the neutral 
(TPP)Co(NO) (1684 cm-') and its electrooxidized product, 
[(TPP)Co(NO)]+ (1726 cm-I). The iron nitrosyl complex, 
[(P)Fe(NO)]+, is also a product in this NO-transfer reaction, and 
the peak for this species varies as a function of the specific por- 
phyrin ring. A positive NO peak appears at  1852 cm-I for the 
(TPP)Co(NO)/(OEP)FeC104 system, while a peak is located at 
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1838 cm-l for the (TPP)Co(NO)/(TMP)FeC104 system. The 
former peak is due to [(OEP)Fe(NO)]+, while the latter is due 
to [(TMP)Fe(NO)]+. 

A positive peak at  I535 cm-' (see Figure 6a) only occurs for 
the exchange reaction involving (OEP)FeCI04 and [(TPP)Co- 
(NO)]+ and is assigned as the r-cation-radical marker band of 
[(OEP)FeC104]+, which is generated at  1 .1  V according to eq 
1 2 . 2 2 . 4 5  

E,,* = 1.02 v 
(OEP)FeC104, ' [(OEP)FeCIO,]+ + e- (12) 

Conclusion. A nitrosyl ligand transfer can be observed between 
Fe(I1) and Co(I1) porphyrins, between Co(I1) and Fe(II1) por- 
phyrins, and between Fe(II1) porphyrins and Co(I1) porphyrin 
cation radicals. The driving force behind these different NO- 
transfer reactions is related both to the nature of the different 
central metals of (P)M(NO) and [(P)M(NO)]+ and to the dif- 
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ferent oxidation states of the complex. The N O  transfer is also 
related to differences in the porphyrin macrocycle although, in 
the present series of investigated compounds, this effect was not 
dominant. In summary, the following overall order of stability 
is observed for the investigated nitrosyl complexes: 

(P)Fe(NO) > (P)Co(NO) > [(P)Fe(NO)]+ > [(P)Co(NO)]+ 

Finally, the data and observations reported in the present paper 
should prove helpful in understanding the reactions of these bi- 
ologically important species and should also serve as a basis for 
comparing other published data on metalloporphyrins containing 
diatomic molecule adducts. 
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Synthesis, X-ray Structure, and Characterization of [ (OEP)IrCl],dppe, Where OEP Is 
the Dianion of Octaethylporphyrin and dppe Is 1,2-Bis(diphenylphosphino)ethane 
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The synthesis and characterization of [(OEP)IrC1I2dppe, where OEP is the dianion of octaethylporphyrin and dppe is 1,2-bis- 
(diphenylphosphino)ethane, are reported. [ (OEP)IrCl],dppe was synthesized from a reaction involving (OEP)Ir(C,H,) and dppe 
in CH2C12. The bimetallic complex is not generated in benzene solvent, where (OEP)Ir(C3H7)(dppe) is quantitatively formed 
instead. Single-crystal X-ray analysis showed [(OEP)IrClI2dppe to crystallize in the monoclinic space group P2, / c  with cell 
constants a = 13.989 (4) A, 6 = 19.864 (6) A, c = 17.752 (6) A, /3 = 101.22 (2)O, and Z = 2. The Ir atom is out of the porphyrin 
plane by 0.076 A toward phosphorus. The compound exhibits a normal UV-visible spectrum in nonaqueous media, as opposed 
to the hyperspectrum of other Ir(II1) porphyrins containing bound phosphine ligands. 'H NMR data show that all the porphyrin 
ring protons of [(OEP)IrClI2dppe are shifted upfield compared to those of monomeric iridium(II1) porphyrins, thus suggesting 
a mutual influence of the ring current. The ethylene group in the bridging dppe ligand is shielded by the two porphyrin moieties. 
which results in an unusual upfield resonance at -5.74 ppm. [(OEP)IrClI2dppe undergoes two reversible oxidations and one 
irreversible reduction in methylene chloride or n-butyronitrile at room temperature. The first oxidation involves an overall 
two-electron-transfer process where one electron is abstracted from each porphyrin ring of the dimer. The product of this reversible 
oxidation is a biradical, which was characterized by ESR spectroscopy and spectroelectrochemistry. The reduction of [(OEP)- 
IrC1I2dppe in n-butyronitrile involes an ECE type mechanism, and the formation of [(OEP)Ir]- is postulated to occur on the 
thin-layer spectroelectrochemical time scale after the overall addition of four electrons. However, on the bulk electrolysis time 
scale, a demetalation of reduced [(OEP)IrCl],dppe is observed. 

Introduction 
The electrochemistry of bimetallic porphyrins of the type 

[ (P)Fe],L and [(P)RhCI],L has been investigated for complexes 
with both ~ingle-atornl-~ and m ~ l t i a t o m ~ ~ ~  bridging ligands, L. For 
some of these porphyrins, there is an interaction across the bridging 
ligand, while, for others, the two metalloporphyrins are nonin- 
teracting. For example, [(P)FeI2L, where P = the dianion of a 
given porphyrin and L = C, N ,  or 0, shows significant ligand- 
mediated metal-metal intera~t ionsl-~ but [(TPP)FeI2L, when L 
= pyrazine or 1,2-bis(4-pyridyl)ethylene, shows no interaction 
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23, 1629. 
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( 5 )  Bottomley. L. A.; Gorce, J.-N. Inorg. Chem. 1988, 27, 3733. 
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between the two iron porphyrin  fragment^.^ A recent electro- 
chemical investigation of [(P)RhCl],L indicates that the two 
rhodium porphyrin units can interact when they are connected 
by a conjugated dibasic nitrogen bridging ligand such as 4,4- 
bipyridine or trans-l,2-bis(4-pyridyl)ethylene.4 However, when 
the two Rh(II1) complexes are bridged by a nonconjugated dibasic 
nitrogen bridging ligand such as 1,2-bis(4-pyridyl)ethane or 
4,4'-trimethylenebis(pyridine), little if any interaction exists be- 
tween the two rnetalloporphyrin~.~ Similar results have been 
obtained for other non-porphyrin complexes such a s  
([(NH3),RuI2L)"+ where n = 4, 5 ,  or 6 and L = a 4,4'-dipyridyl 
type 

Bridged bimetallic porphyrins with other central metals or with 
different types of bridging ligands have not been electrochemically 
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