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ABSTRACT: The conversion of inorganic NOx species 
to organo-N compounds is an important component of 
the global N-cycle. Reaction of a C-based nucleophile, 
namely the phenyl anion, with the ferric heme nitrosyl 
[(OEP)Fe(NO)(5-MeIm)]+ generates a mixture of the C-
nitroso derivative (OEP)Fe(PhNO)(5-MeIm) and 
(OEP)Fe(Ph). The related reaction with [(OEP)Ru(NO)-
(5-MeIm)]+ generates the (OEP)Ru(PhNO)(5-MeIm) 
product.  Reactions with the N-based nucleophile di-
ethylamide results in the formation of free diethylnitros-
amine, whereas the reaction with azide results in N2O 
formation; these products derive from attack of the nu-
cleophiles on the bound NO groups. These results pro-
vide the first demonstrations of C–N and N–N bond 
formation from attack of C-based and N-based nucleo-
philes on synthetic ferric-NO hemes. 

Nitric oxide (NO) is the simplest of the nitrogen ox-
ides. It is an intermediate in denitrification as part of the 
global nitrogen cycle, being generated from nitrite re-
duction, and converted to nitrous oxide in a process in-
volving N–N bond formation.1-2 NO is also biosynthe-
sized in mammals from enzymatic oxidation of L-
arginine.  An important reaction of NO in biology is its 
binding to heme Fe of the known receptor soluble guan-
ylyl cyclase to regulate normal blood pressure in mam-
mals.3  Many other biological reactions of NO have been 
established, and these include enzyme inhibition,4 oxida-
tively-induced modification of amino acid residues (e.g., 
cysteine nitrosation) to influence protein function,5-6 and 
NO dioxygenase activity.7 

A critical gap in knowledge exists, however, regarding 
the chemical steps in heme mediated modifications of 
NO to organo-NOx species. In fact, apart from (i) the 
well-studied hydroxide/alkoxide attack (and a prelimi-
nary study of azide attack) on the bound nitrosyls in fer-
ric–NO hemes as part of reductive nitrosylation,8-11 and 
(ii) hydride attack on ferric–NO heme models12-13 or 
proton attack on reduced heme model-NO moieties14-16 
to generate Fe–HNO derivatives, very little is known 
regarding the chemistry of heme mediated generation of 

organo–NOx species from NO. This is somewhat sur-
prising, given the fact the cytochrome cd1 enzymes from 
denitrifying and non-denitrifying bacteria have been 
shown to catalyze, using nitrite, the nitrosation of organ-
ics such as morpholine in vitro and in vivo to generate 
carcinogenic nitroso compounds.17-18 Such heme-based 
nitrosations during bacterial infections have been postu-
lated to contribute towards some cancers in animals and 
humans.17 In the observed heme-based nitrosations, the 
active nitrosating intermediates in these cyt cd1 enzymes 
are proposed to be the electrophilic [Fe3+–NO ↔ Fe2+–
NO+] species.18-19 Interestingly, related nitrosations of C-
based, N-based, and S-based organics have been demon-
strated in vitro for the muscle protein myoglobin.20   

It has been difficult to probe these heme-based nitrosa-
tion reactions, in large part due to the presumed instabil-
ity of synthetic ferric–NO hemes. In fact, despite known 
examples of nucleophilic attack at bound nitrosyls in 
coordination and organometallic compounds,21-23 it is 
surprising that there are no examples reported for bio-
logically relevant ferric-NO heme models that generate 
new C–N and N–N bonds.  We recently reported the 
synthesis of the elementally pure ferric nitrosyl 
[(OEP)Fe(NO)(5-MeIm)]OTf that is stable to NO disso-
ciation in the solid state (≥4 months in air) and in solu-
tion (≥7 d under nitrogen) in the absence of added NO.13 
We showed that the coordinated nitrosyl in this and re-
lated ferric-NO heme compounds can be attacked by 
hydride to generate Fe–HNO derivatives.12-13 We thus 
explored the possibility that the coordinated nitrosyl in  

 

Figure 1.  Attack of a C-based nucleophile on a coordinated ni-
trosyl in a heme model to generate a coordinated C-nitroso ligand. 

Page 1 of 11

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

[(OEP)Fe(NO)(5-MeIm)]OTf might also be susceptible 
to attack by C-based and N-based nucleophiles (e.g., Fig. 
1). In this paper, we report the first demonstration of 
carbon-nitrogen and nitrogen-nitrogen bond formation 
mediated by synthetic ferric–NO porphyrins as models 
for biological heme-mediated nitrosations.  

    The reaction of [(OEP)Fe(NO)(5-MeIm)]OTf at 0 °C 
with 1.3 equiv. of PhLi in THF for 30 min results in a 
gradual change in color of the solution from red-purple 
to red.  IR monitoring of the reaction shows the concur-
rent disappearance of the υNO band of the precursor at 

 

 

Figure. 2.  IR spectra showing the formation of the 
(OEP)M(PhNO)(5-MeIm) products, as KBr pellets, for M = Fe 
(left) and M = Ru (right).  (a) Formation of  (OEP)Fe(PhNO)(5-
MeIm) (υNO 1336 cm-1) and (OEP)Fe(PhNO)2 (υNO 1347 cm-1) 
from the reaction of [(OEP)Fe(NO)(5-MeIm)]OTf with PhLi 
(left); and formation of the analogous (OEP)Ru(PhNO)(5-MeIm) 
(υNO 1309 cm-1) product (right).  The related spectra when the 
isotopic [(OEP)M(15NO)(5-MeIm)]+ compounds are used in the 
reactions are represented by the dotted lines.  (b) IR spectra of 
independently synthetized (OEP)Fe(PhNO)2 (left; formed in (a) 
above) and (OEP)Ru(PhNO)2 (right; not formed in (a) above).  (c) 
IR spectra of independently synthesized (OEP)Fe(PhNO)(5-
MeIm) (left) and (OEP)Ru(PhNO)(5-MeIm) (right) using PhNO. 

Table 1.  Summary of the NO stretching frequencies of the 

(OEP)M(PhNO)(L) (M = Fe, Ru; L = 5-MeIm, 1-MeIm) 

products generated from reactions of the 

[(OEP)M(NO)(L)]
+
 precursors with PhLi.   

 IR (KBr, cm-1) 

Compound υNO υ15NO 

(OEP)Fe(PhNO)(5-MeIm) 1336 n.o.a 

(OEP)Fe(PhNO)(1-MeIm)b 1337 n.o.a 

(OEP)Fe(PhNO)2 1346 1319 

(OEP)Ru(PhNO)(5-MeIm) 1309 1284 

(OEP)Ru(PhNO)(1-MeIm) 1306 1281 

 a Not observed; overlapping with porphyrin bands.         
b Previously reported in reference 24. 

1912 cm-1 (NaCl plate), and the IR spectrum (Fig. 2a) of 
the resulting product mixture, obtained in ~50–55% total 
yield after work-up, as a KBr pellet revealed the forma-
tion of (OEP)Fe(PhNO)(5-MeIm) (υNO 1336 cm-1; mi-
nor) and (OEP)Fe(PhNO)2 (υNO 1347 cm-1; minor),25-26 
and (OEP)Fe(Ph) (υC-C 1556 cm-1; major)27 that were 
difficult to separate (eq. 1). 

 
(1) 

 

     The spectral assignments of the mono- and bis-
nitrosobenzene adducts (Table 1) were verified by the 
independent syntheses of (OEP)Fe(PhNO)2 (Fig. 2b; 
left) and (OEP)Fe(PhNO)(5-MeIm) (Fig. 2c; left) (see 
Supporting Information). The analogous reaction of 
[(OEP)Fe(NO)(1-MeIm)]OTf with PhLi yielded a simi-
lar product mixture containing (OEP)Fe(PhNO)(1-
MeIm) (υNO 1337 cm-1),24 (OEP)Fe(PhNO)2, and 
(OEP)Fe(Ph). The formation of both the Fe–N(=O)Ph 
and Fe–Ph containing products demonstrates that the 
phenyl anion is capable of attacking both the nitrosyl N-
atom and the Fe atom in these reactions.28  

   We extended this nucleophilic reaction to the conge-
neric Ru system. The reaction of [(OEP)Ru(NO)(5-
MeIm)]BF4 in THF at 0 °C with PhLi resulted in spec-
tral changes indicative of the formation of a Ru–PhNO 
species (υNO 1309 cm-1; υ15NO 1284; Fig. 2a, right). The 
product with υNO 1309 cm-1 was isolated after workup 
that included column chromatography using neutral 
alumina, and was identified as (OEP)Ru(PhNO)(5-
MeIm)  (27% isolated yield) that was characterized by 
comparison of its IR spectral properties with those of an 
independently synthesized sample (Fig. 2c, right).  We 
did not detect the formation of the (OEP)Ru(PhNO)2 
compound (υNO 1337 cm-1)26 in this reaction. Important-
ly, the product with υNO 1309 cm-1 from the reaction of 
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[(OEP)Ru(NO)(5-MeIm)]BF4 with PhLi was verified 
unambiguously as the (OEP)Ru(PhNO)(5-MeIm) de-
rivative by single-crystal X-ray crystallography. The 
molecular structure is shown in Fig. 3, and clearly estab-
lishes that a new carbon-nitrogen bond has been formed 
from the phenyl attack at the linear nitrosyl ligand in the  

 

 

Figure. 3.  Molecular structure of the product from the reaction of 
[(OEP)Ru(NO)(5-MeIm)]BF4 with PhLi, revealing the identity of 
the PhNO ligand resulting from C–N bond formation. Thermal 
ellipsoids are shown at 50% probability (CCDC 1545442).  The 
hydrogen atoms (except for the imidazole N7 proton) have been 
omitted for clarity.  Selected bond lengths (in Å) and angles (°):  
Ru–N5 = 1.887(2), Ru–N6 = 2.123(2), ∠Ru–N5–O1 = 
124.42(18), ∠Ru–N5–C = 123.00(17), ∠N5–Ru–N6 = 177.15(9).  

precursor cation. The analogous reaction of 
[(OEP)Ru(NO)(1-MeIm)]OTf with PhLi also generated 
the (OEP)Ru(PhNO)(1-MeIm) derivative in 33% isolat-
ed yield. This observed C-based nucleophilic attack at a 
bound nitrosyl ligand is unprecedented in heme model 

systems.  

   We thus sought to explore if such nucleophilic attack 
could be extended to other N-nucleophiles.  The reaction 
of [(OEP)Fe(NO)(5-MeIm)]OTf with LiNEt2 in THF 
generates the free nitrosamine Et2NNO (by 1H NMR and 
GC-MS; Fig. S1) and (OEP)Fe(NO) (by IR), in 13% and 
71% unoptimized yields, respectively.29-31 The analo-
gous reaction with [(OEP)Ru(NO)(5-MeIm)]BF4 also 
yielded Et2NNO, albeit in lower 8% unoptimized yield. 

   The reaction of 1.5 equiv. of NaN3 with 
[(OEP)Fe(NO)(5-MeIm)]OTf in THF/DMF (4:1) sol-
vent resulted in the generation of gaseous N2O as deter-
mined by IR spectroscopy of the headspace gases. When 
[(OEP)Fe(15NO)(5-MeIm)]OTf was used in this reac-
tion, the IR spectrum of the headspace revealed bands at 
2189 and 2165 cm-1 assigned to the formation of mixed 
N-isotope gaseous product 14N15NO (Fig. 4a);32 we did 
not detect 15N14NO or either of the single N-isotope gas-
es 15N2O or 14N2O.32 The analogous reaction of 
[(OEP)Ru(NO)(5-MeIm)]+ with azide also resulted in 
the generation of N2O. However, when the 15N-labeled 
[(OEP)Ru(15NO)(5-MeIm)]+ was used in this reaction, 
both singly-labeled 14N15NO and unlabeled 14N2O were 
generated (Fig. 4b).  

    The generation of the single 14N15NO product when 
the Fe–15NO reagent is used, but both 14N15NO and 
14N14NO when the Ru–15NO reagent is used, suggests 
different intermediates. The Fe case is reminiscent of the 
products obtained when azide reacts with cyt cd1

18-19 or 
nitroprusside,33 and strongly suggests an intermediate of 
the form "Fe–15N(=O)NNN" containing a coordinated 
linear nitrosyl azide.34-35 In contrast, the generation of 
both 14N15NO and 14N2O in the case of Ru suggests an  

 

 

Figure 4.  (a) The gas-phase IR spectrum of the headspace col-
lected from the reaction of [(OEP)Fe(15NO)(5-MeIm)]OTf with 
azide shows bands at 2189/2165 cm-1 (red dotted line) characteris-
tic of the 14N15NO isotopomer. IR spectra of unlabeled N2O 
(2237/2211 cm-1; solid line) and doubly labeled 15N2O (2167/2142 
cm-1; dashed line) are also shown for reference.32 (b) The gas-
phase IR spectrum from the reaction of [(OEP)Ru(15NO)(5-
MeIm)]BF4 with azide (red broken line) shows bands at 
2237/2212 cm-1 (major) and 2189/2165 cm-1 (minor) due to unla-
beled N2O and labeled 14N15NO, respectively. IR spectra of unla-
beled N2O (2237/2211 cm-1; solid line) and singly labeled 
14N15NO (2189/2168 cm-1; dotted line) are also shown for refer-
ence. 

intermediate with a cyclic N4O contribution that decom-
poses via the two paths shown in Fig. 5, where cleavage 
of bonds 1 and 3 in this intermediate would generate the 
unlabeled 14N2O, whereas cleavage of bonds 3 and 5 
would generate the singly labeled 14N15NO.35-38 That the  

 

Figure 5.  Proposed pathway for the production of labeled 
and unlabeled N2O mediated by the Ru heme model. 
14N2O (major) and 14N15NO (minor) gases are formed in 
unequal amounts suggests a decomposition while the 
N4O is still bound to Ru, as dissociation of N4O prior to 
decomposition should give equal amounts of 14N2O and 
14N15NO. 

In summary, we provide the first demonstration of nu-
cleophilic attack of C-based and N-based nucleophiles at 
the electrophilic nitrosyls in ferric-NO heme models to 
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generate new C–N and N–N bonds.  These reactions are 
of relevance to the study of biological nitrosations car-
ried out by heme enzymes. 
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