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Abstract

Heme-HNO species are crucial intermediates in several biological processes. To date, no well-

defined Fe heme-HNO model compounds have been reported. Hydride attack on the cationic 

ferric [(OEP)Fe(NO)(5-MeIm)]OTf (OEP = octaethylporphy-rinato dianion) generates the Fe-

HNO product that has been characterized by IR and 1H NMR spectroscopy. Results of DFT 

calculations reveal a direct attack of the hydride on the N atom of the coordinated ferric nitrosyl.

HNO is the conjugate acid of the product of one-electron reduction of NO. HNO elicits 

biological responses such as vasodilation and cardioprotection, but unlike NO, readily 

dimerizes generating N2O and water. 1 It is also present as a heme ligand in heme-HNO 

intermediates in important biological processes such as NO detoxification by fungal 

cytochrome P450 nitric oxide reductase (P450nor),2,3 and in the reaction cycles of cyt c 

nitrite reductase (ccNiR)4,5 and hydroxylamine oxidoreductase.6 Outstanding work by 

Farmer has resulted in the spectroscopic characterization of several heme protein-HNO 

adducts.7 Coordination compounds with HNO ligands have been reviewed.1,8,9

Heme-HNO intermediates in biology may be generated either from proton attack at reduced 

nitrosyl moieties such as proposed in ccNiR,4,5 or from hydride attack at the ferric nitrosyl 

center in P450nor.2 Elegant work by Ryan,10 Meyer,11 and others have shown that (por)Fe-

HNO species are likely intermediates during the electrochemical reductions of ferrous-NO 

porphyrins in the presence of protons to yield Fe-NH2OH derivatives and NH3. A similar 

inference of an Fe-HNO species was based on UV-vis spectroscopy,12 but no spectral 

signals to verify the presence of bound HNO were obtained. The related anionic five-
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coordinate [(TFPPBr8)Fe(NO)]− (TFPPBr8 = octabromo[tetrakis(pentafluorophenyl)] 

porphyrinato dianion) complex has been isolated,13 and its crystal structure determined.14

Although nucleophilic attack by hydride (H−) at a ferric-NO moiety is a key step in NO 

detoxification by fungal P450nor en route to hyponitrite and N2O formation, there are no 

well-defined examples of this nucleophilic reaction type in Fe heme models. In fact, there 

are only two known examples of hydride attack at metal-coordinated nitrosyls. In 2001, 

Sellman reported hydride attack on [(py(by)S4)RuNO]+ to give the Ru-HNO product,15 and 

in 2004 we reported hydride attack on [(TTP)Ru(NO)(1-MeIm)]+ to give the Ru-HNO 

derivative.16 The latter was, prior to our current work, the only heme model-HNO 

compound reported for any metal. Indeed, despite the importance of heme-HNO 

intermediates in biology, it is surprising that there are no reports of well-characterized Fe 

heme model-HNO compounds. Some DFT calculations on (porphine)Fe-HNO species have 

have been reported.17,18 In this paper, we report the first experimental generation of a heme 

model-HNO complex from hydride attack at a ferric nitrosyl moiety, and utilize DFT 

calculations to probe the reaction pathway to form the heme-model-HNO adduct.

Our selection of the ferric nitrosyl reagent [(OEP)Fe(NO)(5-MeIm)]OTf (υNO 1895 cm−1; 

KBr pellet) was based on our observation that, unlike most ferric nitrosyls, this cationic 

precursor could be prepared in analytically pure form (Supporting Information). The 

molecular structure of the cation is shown in Figure 1, and confirms the identity of this 

formally {FeNO}6 precursor with a near-linear FeNO moiety. Hydride attack on this ferric 

nitrosyl cation was monitored by both IR and 1H NMR spectroscopy, and both point to the 

formation of the ferrous (OEP)Fe(HNO)(5-MeIm) product as shown in eq 1. Addition of 1.5 

equiv. of the hydride reagent [NBu4]BH4 to a CHCl3 (1.5 mL) solution of [(OEP)Fe(NO)(5-

MeIm)]OTf (9.5 mg, 0.011 mmol) at −20 °C resulted in a decrease of the precursor υNO 

band in the IR spectrum at 1912 cm−1 with the concomitant formation of a medium intensity 

band at 1383 cm−1 (Figure 2a).

Employing the 15N-labeled precursor [(OEP)Fe(15NO)(5-MeIm)]OTf (υ15NO 1874 cm−1) 

for the reaction shifted this isotope-sensitive band from 1383 cm−1 in the unlabeled product 

to 1360 cm−1 (Figure S1; Supporting Information), confirming the assignment of this new 

band to υNO of the product. Addition of PPh3 as an HNO trap19 to the product mixture at –

20 °C resulted in the generation of HN=PPh3 (m/z 278.1101) and O=PPh3 (m/z 279.0937) as 

determined by ESI mass spectrometry, confirming the presence of HNO in the product of 

eq. 1. The υNO band at 1383 cm−1 for this ferrous porphyrin derivative is in the range 

observed for non-porphyrin metal-HNO complexes (1335-1493 cm−1)8 and is similar to the 

υNO determined for Mb(HNO) (1385 cm−1).20 This new 1383 cm−1 band assigned to 
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(OEP)Fe(HNO)(5-MeIm) slowly converts, even at −20 °C, to the υNO band at 1668 cm−1 

assigned to the known five-coordinate (OEP)Fe(NO), with an overall yield of the latter 

ferrous nitrosyl, based on the precursor ferric nitrosyl cation (υNO 1912 cm−1; Figure 2a), of 

~85% as judged by IR spectroscopy.

Monitoring the hydride addition to the ferric nitrosyl cation (eq. 1) in CDCl3 at −20 °C 

by 1H NMR spectroscopy revealed the appearance of a new peak at 13.99 ppm assigned to 

the bound HNO of the product of eq. 1 (Figure 2b). When the 15N-labeled nitrosyl cation 

precursor is used for the reaction, the new peak splits into a doublet with a JNH coupling of 

77 Hz. The downfield 1H NMR chemical shift of 13.99 ppm for the bound HNO ligand in 

(OEP)Fe(HNO)(5-MeIm) is close to those determined for ferrous heme globin-HNO 

adducts (14.63-15.53 ppm) by Farmer and coworkers.7 The magnitude of the JNH coupling 

constant (77 Hz) is typical for N-coordinated HNO ligands and consistent with the direct 

attachment of the proton to the N atom of the HNO moiety.21 Examination of the 1H NMR 

spectrum (Figure 2b) revealed the presence of a minor (~9% of the HNO signal) species 

with δ = 13.91 ppm and JNH 74 Hz, which we tentatively assign as a rotational isomer. We 

note that similar minor signals have been observed in some heme protein-HNO adducts.7 

Consistent with the IR spectral results, the (OEP)Fe(HNO)(5-MeIm) compound decomposes 

slowly even at –20 °C, and we have identified H2 as a byproduct of this decomposition 

based on its characteristic 1H NMR chemical shift22 at 4.62 ppm in CDCl3. The 1H signal 

for the bound Fe-HNO persists in the product mixture for at least 2-4 hours at −20 °C, and 

integrates to ~11% yield at this temperature. The H2 product is also present in the headspace 

after the reaction as determined by 1H NMR spectroscopy and gas chromatography 

(Supporting Information, Figure S3), consistent with a previous report by Ryan.10

Importantly, our results represent the first experimental demonstration of hydride attack on a 

coordinated Fe heme nitrosyl to give a heme model-HNO compound, and the first direct 

spectroscopic characterization of a bound HNO ligand in an Fe heme model.

We investigated the mechanism of hydride attack on the ferric nitrosyl cation (eq. 1) using 

density functional theory (DFT) calculations. Three different DFT methods were used 

(Supporting Information), and all three methods showed basically the same trends. The 

mPW1PW91 method was previously found to yield excellent predictions of mechanistic 

properties,23-25 hence results from this method are shown in Scheme 1 and discussed here.

For the isolated nitrosyl cation [(P)Fe(NO)(5-MeIm)]+ (reactant 1; R1 in Scheme 1; P = 

unsubstituted porphine macrocycle), the nitrosyl N-atom has a large positive charge of 

0.705e, whereas the O-atom has a charge of – 0.040e. This suggests that the N-atom shall be 

more easily attacked (than the O-atom) by the incoming negatively charged hydride from 

BH4
− (reactant 2; R2) to form the HNO rather than the NOH product. Interestingly, we find 

that for the first intermediate formed from the intermolecular interaction between R1 and 

R2, all trials that placed the hydride closer to the nitrosyl N of R1 than the O atom, to form a 

potential I-1N intermediate, resulted in the same structure as the intermediate I-1O (i.e., I-1N 

= I-1O; Scheme 1),26 with the distance between the hydride (H) to be transferred and the O-

atom (2.738 Å) being shorter than that for the nitrosyl N-atom (3.353 Å). This is probably 

due to repulsion between the strong negative charge of BH4
− and the porphine ring if they 
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are too close. This result is reminiscent of that obtained from quantum chemical 

investigations of hydride attack on the NO moiety in the heme protein cyt P450nor.3

Since both the N and O atoms of the nitrosyl moiety in the first intermediate I-1N/O may, in 

principle, accept the transferred hydride from borohydride, we investigated both the N- and 

O-pathways for hydride addition to the bound nitrosyl of the common intermediate I-1N/O 

(Supporting Information, Scheme S1). Relative electronic energy (ΔESCF), zero-point 

energy corrected electronic energy (ΔESCF+ZPE), enthalpy (ΔH), and Gibbs free energy (ΔG) 

results with respect to reactants for both the N- and O-pathways are shown in the Supporting 

Information Table S8. All the energy results show the same trend with the formation of the 

HNO complex (i.e., N-pathway) having a much lower kinetic barrier and more favorable 

thermodynamic driving force.27 Optimized structures of the lowest energy conformations of 

key species for the N-pathway are shown in Scheme 1, as are selected bond lengths and 

angles for the complexes.

Hydride attack along the N-pathway (Scheme 1) proceeds via the transition state complex 

TS-1N, in which the hydride to be transferred is positioned between the nitrosyl N-atom and 

boron. The geometric parameters (Table S11; Supporting Information) show that this TS-1N 

geometry is more similar to the reactants than the products, suggesting an early transition 

state for a facile reaction as observed experimentally. Charge analysis (Table S12) for TS-1N 

shows that both the boron atom and the hydride to be transferred possess negative charges, –

0.671e and –0.073e respectively, to help repel each other to break the B–H bond in the 

borohydride. The B– H bond cleavage generates the second intermediate I-2N, followed by 

the BH3 molecule dissociating completely to form the products P-1N and P2.

In contrast, reaction along the O-pathway (bottom of Scheme S1, Supporting Information) 

generates the first transition state TS-1O, for which charge analysis shows opposite charges 

for the boron atom (−0.237e) and the hydride to be transferred (0.243e). This results in an 

attraction between B and H and hinders the bond-breaking process needed for the hydride 

addition reaction to proceed via the O-pathway.

Further evidence for the formation of the Fe-HNO rather than the Fe–NOH product comes 

from calculations of the spectral properties of these adducts (Table 1). The NMR properties 

were calculated using the B3LYP method with solvent effects (Supporting Information), 

similar to the approach used previously to study 1H NMR chemical shifts in various 

organometallic complexes.28 Compared to the experimental values for (OEP)Fe(HNO)(5-

MeIm), our results for (P)Fe(HNO)(5-MeIm) (P-1N in Scheme 1) only have errors of 0.08 

ppm (1H NMR) and 6 cm−1 (IR). In contrast, the calculations for the various (P)Fe(NOH)(5-

MeIm) conformations yield much greater errors of ~2 ppm and/or up to 400 cm−1.

In summary, this report represents the first experimental demonstration of hydride attack on 

a coordinated nitrosyl of a synthetic ferric-NO porphyrin and the first spectral 

characterization of a bound HNO group in an Fe heme model. DFT calculations are 

consistent with a direct hydride attack at the nitrosyl N-atom in the precursor ferric nitrosyl 

porphyrin. Experiments to determine the fundamental chemistry patterns of heme model Fe-

HNO moieties are currently underway.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ordered molecular structure of the cation of [(OEP)Fe(NO)(5-MeIm)]OTf, with thermal 

ellipsoids shown at 50% probability. The hydrogen atoms (except for the imidazole N6 

proton) and the anion have been omitted for clarity. The imidazole N6 proton is hydrogen-

bonded to an O atom of the triflate anion, with N6…O(OTf) = 2.880(2) Å (not shown). 

Selected bond lengths (Å) and angles (deg): Fe1–N7 = 1.6437(16), N7–O1 = 1.152(2), Fe1–

N5 = 1.9823(15), Fe1–N(por) = 2.0039(14)– 2.0119(14), ∠Fe1–N7–O1 = 175.38(16).
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Figure 2. 
Spectroscopic characterization of the bound HNO ligand in (OEP)Fe(HNO)(5-MeIm). (a) IR 

spectrum showing formation of the υNO 1383 cm−1 band (dashed line) upon hydride 

addition to the cationic precursor (υNO 1912 cm−1). The new 1383 cm−1 band slowly 

converts to the band at 1668 cm−1. (b) 1H NMR spectrum showing formation of the HNO 

ligand at δ = 13.99 ppm (left) and the JNH coupling for the H15NO derivative (right).
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Scheme 1. 
DFT-calculated N-pathway for hydride addition to the [(P)Fe(NO)(5-MeIm)]+ cation.
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Table 1

1H NMR chemical shifts (in ppm) and NO vibrational stretching frequencies (cm−1) for the bound HNO/NOH 

ligands

system δ H υ NO

(OEP)Fe(HNO)(5-MeIm) expt 13.99 1383

(P)Fe(HNO)(5-MeIm) P-1N calc 13.91 1375

(P)Fe(NOHDown)(5-MeIm) P-1O (trans)a calc 11.92 1005

(P)Fe(NOHDown)(5-MeIm) P-1O (cis)a calc 11.36 992

(P)Fe(NOHUp)(5-MeIm) calc 13.54 955

a
NO trans/cis with respect to the Me substituent of 5-MeIm. As this trans/cis effect is relatively small, only the trans isomer for the NOHup 

conformation was studied here. The Down/Up conformations are for the H pointing to and away from the porphyrin ring, respectively.
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