Stereochemistry of Transition Metal Dinitrosyl Complexes.
A New Molecular Orbital Rationale for

the Attracto and Repulso Conformations

Abhik Ghosh*?® and Jeanet Conradie*™°

*Department of Chemistry, University of Tromsg, N-9037 Tromsg, Norway; abhik.ghosh@uit.no (AG).
Department of Chemistry, University of the Free State, 9300 Bloemfontein, Republic of South Africa;
conradj@ufs.ac.za (JC).

Abstract. Transition metal dinitrosyl complexes constitute a fairly large class of compounds,
exemplified by some 500 structures in the Cambridge Structural Database. While many of the
complexes exhibit a claw-like cis-attracto conformation, a handful of them exhibit a peculiar
repulso conformation, in which the two NO groups are splayed outward and away from each
other. Surprisingly, no computational study to date has attempted to explain the existence of these
two limiting conformations of cis-dinitrosyl complexes. Careful examination of the large body of
structural data and DFT-based molecular orbital analyses have identified both specific Enemark-
Feltham electron counts and metal-ligand orbital interactions as crucial to each of the two
conformations. Thus, the common attracto conformation, which is favored by as many as four
metal(d)-NO(rt*) orbital interactions, is observed most characteristically in four- and five-
coordinate cis-{M(NO),}® complexes. The rarer repulso conformation, characterized by an
unusually wide NMN" angle, appears to be typical of pseudotetrahedral {M(NO),}'® complexes
involving 4d and 5d transition metals. These complexes exhibit an a;-symmetry (under a Cyy
molecular point group) metal(d)-NO(rt*) orbital interaction that uniquely favors a repulso
geometry. This orbital interaction, however, appears to be weaker for 3d orbitals, which are
significantly smaller than 4d and 5d orbitals. Pseudotetrahedral {M(NO),}'® complexes involving
a 3d transition metal accordingly thus tend to exhibit an attracto conformation for hard, nitrogen-
based supporting ligands but repulso-like/borderline conformations for soft phosphine and

thioether-type supporting ligands.



Introduction.

Few areas of inorganic chemistry represent a convergence of fundamental questions of
structure and bonding and profound biological relevance as the chemistry of transition metal
nitrosyls."*** Transition metal dinitrosyl complexes beautifully epitomize this convergence.”*’
Best known among this diverse class of complexes are the S =% {Fe(NO),}’ dinitrosyl iron
complexes (DNICs), which rank among the most abundant nitrosylated species in the cellular
environment.®”'® The superscript numeral refers to the Enemark-Feltham electron count, which is
the sum of the number of metal d electrons and the number of NO xt* electrons;'' the {Fe(NO),}’
notation is thus equivalent ‘Fe(I) (d") + 2 NO”. DNICs are formed via NO-induced degradation of
iron-sulfur clusters and, as reservoirs of NO, are thought to play a protective role against oxidative
stress. The majority of structurally characterized transition metal dinitrosyls, including the
DNICs, exhibit a cis-attracto (LOMO’ < LZNMN") stereochemistry. Both the cis-repulso
(£LOMO’ > £LNMN") and trans stereochemistries are less common (Scheme 1). The existence of
the attracto and repulso conformations, somewhat reminiscent of the recently introduced concept
of bond angle isomers or akamptisomers,' has long piqued the curiosity of transition metal
nitrosyl researchers,”"'* but the subject has remained essentially untouched by quantum chemical
studies. The sole, major discussion of the subject, by Martin and Taylor, consists of qualitative
symmetry arguments and does not appear to be based on actual quantum chemical computations
(let alone geometry optimizations). To shed light on the mystery, we surveyed the 500 or so
transition metal dinitrosyl structures in the Cambridge Structural Database (CSD) and attempted
to discern patterns, an exercise that proved rewarding. Subsequently, we carried out a density
functional theory (DFT) study of a representative selection of cis-dinitrosyl complexes, including
both attracto and repulso conformations, and carefully examined their frontier molecular orbitals
(MOs). Together, the two approaches have yielded a new explanation for the stereochemical

diversity of cis-dinitrosyls that differs substantively from that proposed earlier.”
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Table 1. Crystallographic and DFT structural data (A, deg) for representative four- and five-

coordinate cis-dinitrosyl complexes.

Formula dM-N)  ZNMN’ £LOMO” M-N-O Description  Source Ref*
{Mn(NO),}*  [MnH(NO),(PMe;),] 1.652 121.4 115.7 173.1 attracto DFT tw
[MnH(NO),(PMe3),] 1.661 121.7 115.9 173.0 attracto YERWAT 14
[MnL(NO),(PMe),] 1.648 116.9 109.2 170.7 attracto YERWEX "
[MnL'(NO),(PMe;),] 1.666 118.4 111.2 171.1 attracto YERWIB "
{Re(NO),}*  [Re(NO)y(PMe;),]" 1.772 117.1 102.4 161.6 attracto DFT tw
[Re(NO),(PCy;3),]" 1.751 115.9 104.9 166.3 attracto GOXQAL 15
{Os(NO),}*  [0s(NO),(Cl)(PMe3),] 1.777 118.6 108.4 167.2 attracto DFT tw
[Os(NO),(C1)(PPh3),] 1.798 123.6 116.6 170.8 attracto JAXHOF 16
{Fe(NO),}°  [Fe(NO)y(nacnac)] 1.672 107.8 90.5 159.0 attracto DFT tw
[Fe(NO),(nacnac)] 1.692 114.3 103.3 166.4 attracto NUDLII 17
{Fe(NO),}°  [Fe(NO),(Im),(ONO)] 1.703 104.7 82.7 153.1 attracto DFT tw
[Fe(NO),(1-Melm),(ONO)] 1.721 103.4 80.0 150.2 attracto YOYMIJ 18
{Fe(NO),}'*  [Fe(NO),bipy] 1.631 111.6 103.8 170.7 attracto DFT w
[Fe(NO),bipy] 1.649 114.4 104.3 167.8 attracto BUPNIK 19
{Fe(NO),}"*  [Fe(NO),(nacnac)]” 1.629 108.2 94.1 163.3 attracto DFT tw
[Fe(NO),(nacnac)] 1.659 109.1 95.9 164.2 attracto NUDLOO "
{Fe(NO),}'""  [Fe(NO),{0-C¢Hy(PPhy),}] 1.636 120.0 116.3 175.5 borderline  DFT tw
[Fe(NO),{0-C¢H4(PPhy),} ] 1.644 129.5 129.8 181.4 borderline  NODKEY 20
{Co(NO),}'*  [Co(NO),{P(OMe);},]" 1.653 131.3 133.9 184.2 borderline  DFT tw
[Co(NO),{P(OMe);},]" 1.604 128.0 129.2 181.6 borderline ~ CAXRIC 21
{Os(NO),}"  [0s(NO),(PMe;),] 1.792 135.0 135.6 180.8 borderline ~ DFT tw
[Os(NO),(PPh;),] 1.773 139.1 140.7 183.6 borderline ~ NTPOSB 22
{Co(NO),}'*  [Co(NO),(PMe3),]" 1.649 132.0 134.6 183.2 borderline ~ DFT tw
[Co(NO),(dppe)]” 1.664 131.7 136.0 185.6 repulso NDPECO 23
[Co(NO),(PPh3),]" 1.644 136.6 144.0 189.0 repulso NPCOFP 24
{Rh(NO),}'*  [Rh(NO),(PMe3),]" 1.828 148.4 160.7 195.8 repulso DFT tw
[Rh(NO),(PPhs),]" 1.818 157.5 173.7 201.0 repulso DNTPRH 25
{If(NO),}"®  [Ir(NO)»(PMe;),]" 1.809 145.6 153.4 189.9 repulso DFT tw
[Ir(NO),(PPh;),]" 1.771 154.1 167.5 196.5 repulso NOTPIR 26

4w = this work

Results and Discussion

Table 1 summarizes key crystallographic structural parameters and the corresponding

scalar-relativistic DFT (OLYP*"*¥/STO-TZP) optimized values for a set of exemplary, four- and

five-coordinate complexes.'** The choice of the OLYP functional for this study was based both

on the generally excellent performance of GGA functionals based on the OPTX?> exchange



29303132 and on extensive calibration studies on

functional for transition metal systems
nitrosyls.*****>*%37 The assembled data suggest that the the attracto conformation is most
characteristic for four- and five-coordinate {M(NO),}® complexes, while the less common repulso
conformation is largely limited to pseudotetrahedral {M(NO),}'* complexes. That said, far from
all {M(NO),}"’ complexes are repulso; like the {Fe(NO),}’ DNICs, certain {Fe(NO),}'°
derivatives are also attracto.

In this study, we have not concerned ourselves with six-coordinate {M(NO),}® (M =V,
Cr,*”*” Mo*"") complexes, the majority of which exhibit linear nitrosyls; the structures of these
species are readily understood in terms of elementary backbonding considerations. The
unambiguous attracto conformation of an {Mo(NO),}® porphyrin complex (CSD: DNSPMO)**
was analyzed in an earlier DFT study and is thought to reflect stereoelectronic constraints
imposed by the porphyrin ligand.* Also excluded from this study are six-coordinate trans-
dinitrosyl species, examples of which are provided by {M(NO),}® derivatives of porphyrin- and
phthalocyanine-type ligands.**4>46:47:4849

As shown in Table 1, the OLYP/STO-TZP calculations do an excellent job of reproducing
the key structural parameters of dinitrosyl complexes, specifically their attracto, repulso, or
borderline conformations.> Thus, consistent with experiment (CSD: GOXQAL, NOTPIR, and
BUPNIK), the optimized geometries for [Re(NO),(PMes).]" and [Fe(NO),(bipy)]’ correspond to
an attracto conformation and that for [Ir(NO),(PMe;):]" corresponds to a repulso conformation.
Indeed, the excellent agreement between optimized and experimental molecular geometries
provides powerful support for the validity of the calculated MO picture in each case. To our
considerable convenience, the key d-based MOs were invariably found among the frontier MOs
of the complexes. These MOs are depicted for [Re(NO),(PMe3),]", [Ir(NO)2(PMes),]", and
[Fe(NO)y(bipy)]° in Figures 1-3, while the corresponding MO energy levels are depicted in Figure

4. To our great satisfaction,’!-%3%473-56:57.38

these analyses indeed provided the critical insight into
the driving forces underlying the attracto and repulso stereochemistries.

For each complex, the gross topological characteristics of the five metal d-based frontier
MOs may be best described in terms of their C,, irreducible representations. Thus, two of the
MOs transform as a;, while the other three transform as a, b;, and b,. The nature of the metal(d)-
NO(rt*) interactions in latter three MOs (Figures 1-3) are obvious and do not merit much

comment. On the other hand, the two a;-symmetry MOs are mutually rotated in the attracto and

repulso conformations. For the two attracto complexes [Re(NO)2(PMes),]" and [Fe(NO),(bipy)]’,



four of the five d-based MOs involve strong metal(d)-NO(t*) bonding interactions, whereas the
last and highest-energy MO (actually the LUMO for the Re complex), which transforms as ay, is
essentially nonbonding. Recently, Ye and Neese have observed the same “one-over-four” energy
level pattern for a DNIC model complex.”” The metal(d)-NO(t*) bonding interactions in the four
lower d-based MOs provide a clear rationale for the attracto conformations of these two
complexes.

Now, for the repulso {M(NO),}'° complex [Ir(NO),(PMe;),]", the a;-symmetry metal(dyo-
y2)-NO(st*) orbital interaction (top left in Figure 2) is expected to be strongly favored by a wide
NMN" angle, which is indeed what is observed for all repulso and borderline structures listed in
Table 1. For four- and five-coordinate {M(NO),}* complexes such as [Re(NO),(PMes),]", this
orbital interaction corresponds to an unoccupied MO, which does not have any bearing on the
observed molecular conformation. It is worth emphasizing that this rationale for the repulso

conformation is novel and different from that offered by Martin and Taylor.
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Figure 1. Key metal d-based MOs of [Re(NO),(PMes),]". Contour = 0.06 e/A>.
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Figure 2. The metal d-based MOs of [Ir(NO),(PMe;),]". Contour = 0.06 ¢/A°.
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Figure 3. The metal d-based MOs of [Fe(NO),(bipy)]". Contour = 0.06 e/A>.
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Figure 4. Kohn-Sham MO energy level (eV) diagram for [Re(NO),(PMe3),]", [Ir(NO)2(PMes),]",
and [Fe(NO),(bipy)]. Occupied and unoccupied MOs are represented by solid and dotted lines,

respectively.

A more subtle point concerns why all {M(NO),}'® complexes do not adopt a repulso
conformation. Careful examination of the above a;-symmetry MO suggests that the strength of the
metal(dx-y2)-NO(st*) orbital interaction should depend strongly on the size as well as the orbital
energy of the metal d orbital; thus, larger 4d and 5d orbitals should lead to a stronger interaction
relative to a smaller 3d orbital. Such a ‘mechanism’ also explains why this orbital interaction is
less effective for first transition metals, in particular for pseudotetrahedral {M(NO),}°"°
complexes.”" An earlier discussion by Martin and Taylor correctly identified the prevalence of
the repulso conformation among second- and third-row transition metal dinitrosyls, but also went
overboard in essentially ruling out such a conformation for first-row transition metals.” In fact,
numerous borderline to nominally repulso conformations are now known pseudotetrahedral
{M(NO),}'” (M = Fe, Co) complexes with soft supporting ligands such as phosphines and
thioethers (including NODKEY,» MIXDIL® IJOLEZ,*' FOJHOB,*” ENOZAK.* and DPPNFE®

for Fe and CAXRIC?* and NEZHIK® for Co).

Conclusion

A great virtue of MO arguments is that under favorable circumstances they lead to the
formulation of simple rules of thumb, which synthetic chemists can draw upon to create new
molecules. True to that ideal, the present exercise has afforded the following simple thumb rules

for predicting attracto and repulso dinitrosyl complexes.
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(1) Four- and five-coordinate {M(NO),}* complexes are expected to provide paradigmatic
examples of the cis-attracto conformation.

(2) Pseudotetrahedral {M(NO),}'® complexes involving 4d and 5d transition metals may be
expected to exhibit a repulso or borderline conformation with unusually wide NMN" angles.

(3) Pseudotetrahedral {M(NO),}*"'® complexes involving 3d transition metals, are more
variable and may exhibit both attracto and repulso-like/borderline conformations, depending on

the hard/soft character of the supporting ligands.

Computational methods
All calculations were carried out with the OLYP>** exchange-correlation functional, with

66,67,68
) £ to

relativistic effects taken into account via the zeroth order regular approximation (ZORA)
the two-component Dirac equation, applied both as a scalar correction, ZORA STO-TZP basis
sets, and tight convergence criteria, all as implemented in the Amsterdam Density Functional

(ADF 2016)%*"° program system.
Supporting Information Available. Optimized Cartesian coordinates (10 pages).
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Synopsis
Modern DFT calculations have been employed for the first time to address the attracto/repulso
structural dichotomy of transition metal dinitrosyl complexes. Simple rules of thumb now predict

the occurrence of the two conformations.
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