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ABSTRACT: Relativistic and nonrelativistic density functional theory calculations
were used to investigate rare or nonexistent ruthenium and osmium analogues of
nitrosylhemes. Strong ligand field effects and, to a lesser degree, relativistic effects
were found to destabilize {RuNO}7 porphyrins relative to their {FeNO}7

analogues. Substantially stronger relativistic effects account for the even greater
instability and/or nonexistence of {OsNO}7 porphyrin derivatives.

■ INTRODUCTION

“Compounds whose structures do not offend the normal rules
of valence, but which are nevertheless characterized by a low
degree of stability”, reviewed by Dasent over a half-century
ago,1,2 continue to fascinate chemists.3 The ruthenium and
osmium analogues of nitrosylhemes4,5 arguably provide
paradigmatic examples of such species. Transition-metal
nitrosyls6−10 are conveniently described in terms of the
Enemark−Feltham notation,11 which assigns an effective d
electron count to a metal center and consists of the sum of the
numbers of metal d and NO π* electrons. According to this
notation, nitrosylheme is an {FeNO}7 complex, which may be
formally thought of as derived from Fe(II), a d6 ion, and NO•.
Unlike nitrosylhemes, which are stable and widespread in both
biology and coordination chemistry, analogous {RuNO}7

porphyrin species have only been characterized in solution as
electrogenerated species12−14 and genuine {OsNO}7 porphyr-
ins, to our knowledge, remain unknown.15 In a similar vein,
only a small handful of nonporphyrin {RuNO}7 and {OsNO}7

species have been reported, generally only as solution-state
species.16−23 Presented herein is a density functional theory
(DFT) study aimed at explaining the rarity and instability of
{RuNO}7 and {OsNO}7 porphyrins. In particular, we have
sought to determine whether relativistic effects24 play a
significant role in influencing the stability of these species.

Given that there is no such thing as a nonrelativistic reality,
relativistic effects by definition are purely theoretical quantities.
For a given property, the relativistic effect consists of the
difference between a value calculated at an adequately high
level of relativistic theory and that calculated with an analogous
nonrelativistic theory. Over a series of studies on porphyrinoid
complexes involving group 6,25−27 7,28,29 8,30−32 and 1133−35

elements, we and others have found that, for the 5d elements,
relativistic effects affect redox potentials by up to a few
hundred mV and UV−vis absorption maxima by several tens of
nm; relativistic effects on the analogous 4d complexes are by
comparison much smaller. Here, we have used relativistic and
nonrelativistic DFT calculations on two series of {MNO}7

porphyrins, viz., the five-coordinate (5c) M(Por)(NO) series
and the six-coordinate (6c) M(Por)(NO)(ImH) series (M =
Fe, Ru, Os; Por = porphyrinato; ImH = imidazole), to assess
the importance of nonrelativistic ligand field effects and
relativistic effects to the relative stabilities of the complexes.

■ RESULTS AND DISCUSSION

The BP8636,37-D338/STO-TZ2P and B3LYP36,39,40-D3/STO-
TZ2P optimized geometries of the molecules do not warrant a
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great deal of comment (Table 1). The calculations largely
reproduce the short, experimentally observed Fe−N(O)
distances, significantly longer Fe−N(ImH) distances (a
reflection of the trans influence of NO), and FeNO angles of
∼140°. The calculations also reproduce (not shown here) the
experimentally observed tilting of the Fe−N(O) vector relative
to the heme normal and the asymmetry of the equatorial Fe−
N bonds.41,42 Although there are no experimental precedents,
t h e h e a v y e l emen t comp l e x e s Ru(Po r ) (NO) ,
Ru(Por)(NO)(ImH), and Os(Por)(NO) exhibit the same
structural trends. Curiously, scalar-relativistic zeroth-order
regular approximation (ZORA)43,44 BP86-D3 calculations
yield a dramatically anomalous optimized geometry for
Os(Por)(NO)(ImH), characterized by a linear OsNO unit.
Analogous scalar-relativistic B3LYP-D3 calculations, on the
other hand, yield the expected bent geometry. Another notable
point is that the scalar-relativistic BP86-D3 calculations predict
a significant shortening of the Os−N(O) distance in Os(Por)-
(NO)(ImH), relative to its 5-coordinated analogue Os(Por)-
(NO), whereas all the other calculations indicate a lengthening
of the M−N(O) distance in the presence of the imidazole
ligand.
Depending on the functional, the nonrelativistic calculations

indicate a modest to substantial lowering of the adiabatic
ionization potentials (IPs) for the 5-coordinated series down
the group 8 triad, a reflection of the greater ligand field
destabilization of eg-type (in Oh symmetry) 4d and 5d orbitals
relative to the 3d orbitals (Table 2). The sixth ligand also
exerts a major influence on the IPs, lowering them by up to an
eV, relative to the 5-coordinated series. By and large,

relativistic effects on the IPs proved marginal (<0.1 eV) for
Fe, slightly higher for Ru (∼0.2 eV), and substantial (∼0.5 eV)
for the 5-coordinate Os complex, consistent with the expected
relativistic destabilization of the Os 5d orbitals relative to the
Ru 4d orbitals. Once again, the scalar-relativistic BP86-D3
results on Os(Por)(NO)(ImH) proved anomalous, predicting
a modest 0.1 eV lowering of the adiabatic IP relative to the
nonrelativistic BP86-D3 calculations.
An examination of the scalar-relativistic spin density profiles

of the complexes studied (Table 3 and Figure 1) provided an

explanation for the above anomalous findings. The presence of
a sixth ligand in {FeNO}7 porphyrins generally drives much of
the spin density from the metal to the NO,45,46 which is indeed
what is observed; the Ru spin density profiles also reveal the
same trend. For Os(Por)(NO)(ImH), on the other hand, the
scalar-relativistic spin density profile proved dramatically
different, which is consistent with an essentially {OsNO}6−
Por•3− radical formulation. This computational result nicely
parallels experimental observations by Richter-Addo and
coworkers,15 who concluded on the basis of infrared
spectroelectrochemical studies that one-electron reduction of
Os[OEP](NO)(SEt) (OEP = octaethylporphyrin) initially
yields an {OsNO}6−Por•3− radical anion, which subsequently,
presumably upon valence tautomerism, loses NO. The
{OsNO}6−Por•3− formulation provides a simple explanation
for the linearity of the OsNO unit and the short Os−N(O)
distance for Os(Por)(NO)(ImH).

Table 1. Scalar-Relativistic (rel) and Nonrelativistic (nrel) Structural Parameters (Å, deg) for the Five- (5c) and Six-
Coordinate (6c) Complexes Obtained from BP86-D3/TZ2P (without Parentheses) and B3LYP-D3/TZ2P (in Parentheses)
Geometry Optimizations

Fe(Por)(NO) Ru(Por)(NO) Os(Por)(NO)

5c nrel rel nrel rel nrel rel

M−N(NO) 1.698 (1.796) 1.690 (1.792) 1.827 (1.831) 1.811 (1.808) 1.862 (1.866) 1.807 (1.809)
N−O 1.176 (1.164) 1.177 (1.170) 1.183 (1.167) 1.187 (1.177) 1.185 (1.171) 1.197 (1.189)
M−N1 1.998 (2.009) 1.993 (2.007) 2.062 (2.069) 2.053 (2.060) 2.081 (2.078) 2.052 (2.061)
M−N2 2.026 (2.026) 2.021 (2.024) 2.082 (2.086) 2.072 (2.078) 2.091 (2.088) 2.070 (2.073)
∠M−N−O 144.6 (140.9) 144.6 (141.2) 139.9 (140.6) 140.8 (140.5) 138.7 (138.5) 143.8 (142.4)

Fe(Por)(NO)(ImH) Ru(Por)(NO) Os(Por)(NO)(ImH)

6c nrel rel nrel rel nrel rel

M−N(NO) 1.739 (1.791) 1.733 (1.774) 1.880 (1.910) 1.858 (1.878) 1.914 (1.943) 1.762 (1.863)
N−O 1.181 (1.162) 1.182 (1.166) 1.186 (1.169) 1.188 (1.177) 1.186 (1.172) 1.176 (1.186)
M−N1 2.005 (2.013) 2.000 (2.011) 2.068 (2.074) 2.058 (2.061) 2.079 (2.079) 2.074 (2.061)
M−N2 2.023 (2.024) 2.018 (2.027) 2.073 (2.077) 2.063 (2.072) 2.082 (2.083) 2.076 (2.068)
M−N(Im) 2.107 (2.078) 2.097 (2.102) 2.167 (2.179) 2.154 (2.177) 2.152 (2.157) 2.133 (2.174)
∠M−N−O 139.5 (138.7) 139.4 (139.3) 139.0 (141.2) 140.6 (139.7) 142.8 (140.1) 179.8 (143.6)

Table 2. Nonrelativistic (nrel) and Scalar-relativistic (rel)
Adiabatic IPs (in eV) of the Complexes Studied: BP86-D3/
TZ2P and B3LYP-D3/TZ2P (within Parentheses)

complexes nrel rel

Fe(Por)(NO) 6.27 (6.71) 6.22 (6.63)
Ru(Por)(NO) 5.92 (6.00) 5.79 (5.83)
Os(Por)(NO) 5.82 (5.78) 5.38 (5.27)
Fe(Por)(NO)(ImH) 5.41 (5.81) 5.35 (5.79)
Ru(Por)(NO)(ImH) 5.06 (5.21) 4.91 (5.00)
Os(Por)(NO)(ImH) 4.79 (4.98) 4.69 (4.47)

Table 3. Selected Mulliken Spin Populations from ZORA
Scalar-relativistic BP86-D3/TZ2P and B3LYP-D3/TZ2P (in
Parentheses) Calculations

complex M N O

Fe(Por)(NO) 0.931 (0.861) 0.056 (0.162) 0.005 (0.068)
Ru(Por)(NO) 0.575 (0.477) 0.213 (0.289) 0.124 (0.173)
Os(Por)(NO) 0.489 (0.456) 0.226 (0.288) 0.131 (0.172)
Fe(Por)(NO)(ImH) 0.511 (0.194) 0.297 (0.503) 0.174 (0.297)
Ru(Por)(NO)(ImH) 0.175 (0.146) 0.421 (0.504) 0.262 (0.304)
Os(Por)(NO)(ImH) −0.040 (0.074) 0.140 (0.490) 0.083 (0.299)
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■ CONCLUSIONS

Low IPs, which translate to low oxidation potentials, provide a
partial explanation for the rarity and/or nonexistence of
{RuNO}7 and {OsNO}7 porphyrin complexes. Relativistic
effects play a particularly major role in lowering the IPs of
potential {OsNO}7 species. The sixth ligand plays a critically
important role in determining the stability of the species in
question: the {MNO}7 state may spontaneously lose NO or
otherwise decompose in the presence of strong-field trans
ligands such as alkoxide, thiolate, or aryl. The equatorial ligand
is also important; thus, whereas electroreduction of certain
{RuNO}6 porphyrins occurs reversibly and yields {RuNO}7

species in solution,12−14 electroreduction of {RuNO}6 corroles
occurs irreversibly, with concomitant loss of NO.32 Last but
not least, the fact that the BP86-D3 and B3LYP-D3 methods
afford radically different electronic descriptions for the six-
coordinate {OsNO}7 model complex underscores the need for
further methodological investigations for heavy-element−
containing compounds, especially for open-shell 4d and 5d
transition-metal complexes.

■ COMPUTATIONAL METHODS

All calculations were carried out with the Amsterdam Density
Functional (ADF 2016)47,48 program system (see above for
additional details). Relativistic effects were taken into account
via the ZORA approximation to the two-component Dirac
equation, applied both as a scalar correction and with spin−
orbit coupling (SOC). For structural parameters and IPs, the
SOC results proved essentially identical to those obtained from
scalar relativistic calculations; accordingly, only the latter are
explicitly tabulated in this paper. Suitably tight convergence
criteria were used throughout, as implemented in the ADF
program system. Frequency analyses were performed for all
optimized geometries to confirm the absence of imaginary
frequencies.
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S.; Kaim, W. The Metal−NO Interaction in the Redox Systems
[Cl5Os(NO)]

n−, n= 1−3, and cis-[(bpy)2ClOs(NO)]
2+/+: Calcula-

tions, Structural, Electrochemical, and Spectroscopic Results. Inorg.
Chem. 2006, 45, 4602−4609.
(23) Lahiri, G. K.; Kaim, W. Electronic structure alternatives in
nitrosylruthenium complexes. Dalton Trans. 2010, 39, 4471−4478.
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