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Abstract

HNO binds with many different metals in organometallic and bioinorganic chemistry. To help

understand experimentally observed metal centre effects, a quantum chemical investigation was

performed, revealing clear general binding trends with respect to metal centre characteristics and

the electronic origin for the first time.

HNO is an interesting molecule in chemistry and plays significant roles in many biological

processes, such as vascular relaxation, enzyme activity regulation, and neurological function

regulation.1–4 A number of the HNO biological interactions occur with metalloproteins,

such as heme proteins,1–3, 5–8 Cu,Zn-SOD,9 and manganese quercetin dioxygenase.10 HNO

has also been investigated in organometallic chemistry for over 40 years. A number of stable

HNO metal complexes have been characterized with spectroscopic tools: OsCl2(CO)(HNO)

(PPh3)2,11, 12 IrHCl2(HNO)(PPh3)2,11, 13 ReCl(CO)2(HNO)(PPh3)2,14 ReCl(CO)2(HNO)

(PCy3)2,14 [Re(CO)3(HNO)(PPh3)2]+,15, 16 Ru(HNO)(‘pybuS4’),17 [OsBr(CO)2(HNO)

(PPh3)2]+,16 RuHCl(CO)(HNO)(PiPr3)2,18, 19 OsHCl(CO)(HNO)(PiPr3)2,18, 19 Ru(TTP)

(HNO)(1-MeIm),20 and [FeII(CN)5(HNO)]3−.21

Clearly, HNO can bind stably with many different metals. However, except for the most

recent pentacyanoferrate HNO complex,21 all other HNO organometallic compounds are

with late transition metals, suggesting that the metal centre may play a role in HNO binding.

Given the broad tremendous interest in heme systems, it is interesting to note that while a Ru

porphyrin complex with HNO was reported many years ago,20 only very recently the iron
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porphyrin complex of the conjugate base of HNO (i.e. NO−) was reported with the

assistance of a specially designed porphyrin,22 and there is still no report of successful

synthesis of iron porphyrin HNO complex. In contrast, most reported HNO metalloprotein

systems are with Fe1–3, 5–8 and the protein environment was found to help stabilize the HNO

binding in myoglobin (Mb).23 These results suggest that the early transition metal may bind

with HNO weaker than the late transition metal, and thus need the aid of a special ligand or

protein environment. Previous studies also indicate that, Mb can contain different metal

centres, such as Mn,24 Co,25 Ru,26 and Zn,27 which can significantly modulate its electronic

properties.

However, there are no prior experimental or computational studies evaluating metal centre

effects systematically to offer general HNO binding trends and the electronic origin of such

trends, which can facilitate numerous organometallic and bioinorganic investigations, given

the broad interest of HNO.1–4 Here, we present the first report to help understand the

electronic origin of metal centre effects on HNO binding and their influences on structures,

stabilities, electronic properties, and spectroscopic properties. To facilitate a systematic

comparison of metals in different rows and periods in the periodic table, a common

porphyrin platform was employed as M(Por)(5-MeIm)(HNO), where M, Por, and 5-MeIm

stand for metal, porphyrin, and 5-methylimidazole (a Cβ truncated histidine residue, the

heme axial ligand in Mb), respectively. Although HNO was found to react with metals of

several different electronic configurations, the reported stable HNO metal complexes and

heme proteins with spectroscopic characterizations are with the diamagnetic d6

configuration.11–21, 28, 29 So, the following d6 metals were investigated: Mn(I), Fe(II),

Co(III), Tc(I), Ru(II), Rh(III), Re(I), Os(II), and Ir(III). Except for Tc (included for the

systematic investigation), all other metals have been found experimentally to bind with

HNO.10–21, 28, 29 For comparison, the diamagnetic d10 metal Zn(II) and s0 main group metal

Mg(II) were also included in this investigation. The quantum chemical method used here

was basically the same as used before for HNO/RNO/NO metal complexes.30

The first interesting thing to note is that all these calculated HNO metalloporphyrins fall into

two clusters. One includes all d6 metals, and the other contains the d10 and s0 metals.

Structures of HNO metal complexes in each cluster are similar, as illustrated in Fig.1A and

1B for the former and latter clusters, respectively. The former cluster for d6 metals involves

stable binding of HNO via the metal centre, with ~1.9 Å metal-nitrogen binding distances

and ca. −20 to −60 kcal/mol binding electronic energies. In contrast, the metal HNO (via N)

distances are >3.0 Å for the d10 and s0 metals, indicating basically no binding. In fact, the

overall binding electronic energies are only ca. −3 kcal/mol in such systems, which is

consistent with the Van der Waals type of interaction between HNO and the porphyrin

moiety shown in Fig.1B. Once the entropic effect is included, the total binding Gibbs free

energies for the second cluster are actually positive (see Fig.2), suggesting that it is

unfavourable to form such complexes. These results provide the first computational

evidence that stable HNO metal complexes involve d6 metals, but not d10 or s0 metals,

which is consistent with experimental findings.11–21, 28, 29

To further investigate the metal centre effects and explore the electronic origin, we then

focused on the first cluster of d6 metals to evaluate their HNO binding energies, electronic
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charges, and NO vibrational frequencies which were experimentally found to be excellent

probes to characterize different HNO metal systems.11–21, 29 Because there is an excellent

correlation between the binding electronic energies (ΔE’s) and the binding Gibbs free

energies (ΔG’s) for these compounds, with a linear correlation coefficient R2 = 0.999, the

following discussion is on the ΔG’s, which also include the contribution from entropic

effect.

Interestingly, although they have the same d6 electronic configuration, there is a clear

dependence of the binding Gibbs free energy on the location of the metal in the periodic

table, as shown in Fig.2. There are two clear trends. The first trend is that in each of the

three studied groups, the HNO binding stability always increases from early transition metal

to late transition metal. For instance, for group 8 metals, ΔG decreases from −20.05 kcal/mol

for Fe(II) to −24.60 kcal/mol for Ru(II) to −39.59 kcal/mol for Os(II). This is consistent with

the overall feature observed in previous experimental systems.11–21 But these computational

results provide a more direct evidence of this metal centre effect because the ligands are the

same here. This systematic investigation also surveys more metals in a comparable way,

which suggests that this metal centre effect regarding early vs. late transition metals may be

a general feature of HNO metal binding. A second interesting trend is that for metals in the

same period, such as Mn(I), Fe(II), and Co(III), ΔG increases from −33.01 kcal/mol for

Mn(I) to −20.05 kcal/mol for Fe(II) to −4.51 kcal/mol for Co(III), suggesting that HNO

binding are more stable with the low oxidation state metal than with the high oxidation state

metal, given that the metals are in the same period and same electronic configuration. Again,

this trend remains the same for all three studied periods.

To explore the electronic origin of these metal centre effects on HNO binding, electronic

charges were investigated. Our prior work on a few Ru and Fe HNO complexes show that

stronger HNO binding entails more back-donation of metal electrons to the anti-bonding

πNO* orbital in HNO, resulting in increased NO charge (QNO), which is associated with

longer NO bond length (RNO) and smaller NO vibrational frequency (νNO).30 So, the NO

geometric, electronic, and spectroscopic properties are all indicators of the metal back-

donation effect. Compared to that investigation of HNO/RNO/NO compounds, here, a

number of different HNO metal complexes were investigated. Some bond lengths, charges,

and vibrational frequencies were reported in Table 1. It is interesting to note that the

computed data basically have the same inter-relationships within these three characteristic

properties, as with the previous HNO/RNO/NO systems. For instance, as shown in Fig.3A,

there is an excellent overall correlation between νNO and QNO among all these NO-

containing systems (black and blue data points are for previous and current systems) with R2

= 0.976. This suggests that the HNO bonding in all the studied metal complexes have

basically the same mechanism, dominated by metal back-donation to πNO* orbital in HNO.

There are also good correlations between binding ΔG and RNO/QNO/νNO, as illustrated in

Fig.3B for ΔG vs. νNO with a linear correlation coefficient R = 0.931. These results indicate

that the metal back-donation to the π-acid HNO is the principal driving force for HNO

binding.

With this common HNO bonding and binding mechanism in the studied metal systems, the

trends observed in this work can then be understood. First, because d10 and s0 metals
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basically cannot donate electrons, while the d6 metals can, only d6 metals were found to

bind with HNO stably, but not the d10 and s0 metals, consistent with experimental

observations.11–21, 28, 29 Second, in the same group, the late transition metal is softer than

the early transition metal, possessing higher capability of back-donation to HNO, so it is

relatively easier to synthesize HNO complexes with late transition metal centres, consistent

with more of such complexes were reported in the area of organometallic

chemistry.11–21, 28, 29 Third, in the same period and with the same electronic configuration,

the metal with a low oxidation state can provide more back-donation than that with a high

oxidation state, therefore, it binds with HNO stronger.

In summary, this work not only explained the current experimental observations of metal

centre effects, but also provided the first straightforward evidence of general trends of HNO

binding regarding metal’s electronic configuration, position in the periodic table, and

oxidation state. It also revealed for the first time the common bonding mechanism that

dominates the HNO binding in various metal complexes, which is metal back-donation to

the strong π-acid HNO. These results shall facilitate future organometallic and bioinorganic

studies of HNO metal systems.
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Fig. 1.
Typical molecular structures of HNO complexes with d6 metals (A) and d10/s0 metals (B).

Atom colour scheme: N-blue, O-red, C-cyan, H-grey, metal centres using different colours.
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Fig. 2.
Binding Gibbs free energies (unit: kcal/mol).
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Fig. 3.
Plots of νNO vs. QNO (A) and ΔG vs. νNO (B).
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