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ABSTRACT: The great majority of {NiNO}'® complexes are characterized by short
Ni—N(O) distances of 1.60—1.65 A and linear NO units. Against this backdrop, the
{CuNO}" unit in the recently reported [Cu(CH;NO,);(NO)]** cation (1) has a
CuNO angle of about 120° and a very long 1.96 A Cu—N(O) bond. According to DFT
calculations, metal-NO bonding in 1 consists of a single Cu(d?)—NO(z*) o-
interaction and essentially no metal(d,)—-NO(z*) z-bonding, which explains both the
bent CuNO geometry and the long, weak Cu—N(O) bond. This o-interaction is
strongly favored by a ligand trans to the NO; indeed such a trans ligand may be critical
for the existence and stability of a {CuNO}'* unit. By contrast, {NiNO}'® complexes
exhibit a strong avoidance of such trans ligands. Thus, a five-coordinate {NiNO}"
complex appears to favor a trigonal-bipyramidal structure with the NO in an equatorial
position, as in the case of [Ni(bipy),(NO)]* (6). An unusual set of Ni(d)—NO(z*)
orbital interactions accounts for the strongly bent NiNO geometry for this complex.
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1. INTRODUCTION

The mechanism of copper nitrite reductase (CuNIR), which
reduces nitrite to NO, has been suggested to involve a
{CuNO}'" intermediate."”* Such intermediates have also been
infrequently postulated in synthetic model studies,” but only
very recently have the first such species been fully
characterized.” The crystal structure of the {CuNO}'® complex
[Cu(CH;NO,)s(NO)](PFy),, recently reported by Hayton
and co-workers,” reveals a strongly bent CuNO angle of about
121° as well as a long Cu—N(O) distance of about 1.96 A
(Figure 1). To put these metrical parameters in perspective, we
may note that numerous {NiNO}'® complexes are known, the
vast majority of which feature essentially linear nitrosyl groups
(Figure 2);°~"° several {CuNO}!! complexes are also known,
and these are characterized Cu—N(O) distances of only about
1.76—1.79 A.'" Complicating the picture, however, are a small
handful of {NiNO}* complexes in which the NiNO angle is
strongly bent, that is, <140°. Thus, Caulton and co-workers
reported a four-coordinate {NiNO}'*~PNP complex with a
strongly bent NiNO group.'* Similarly, [Ni(bipy),(NO)]* and
another similar complex, also reported by the Hayton group,
contain strongly bent NiNO units.'* The unusual structures of
[Cu(CH,;NO,)(NO)]*, Caulton’s {NiNO}'°~PNP complex,
and [Ni(bipy),(NO)]"* cannot be ascribed to crystal packing
forces but clearly point to a more elemental origin, which can
only be one or more unusual aspects of the metal-NO
bonding.'* In this study, we have sought to clarify the nature of
this bonding in terms of a simple molecular orbital picture,
which emerged relatively straightforwardly from a set of density
functional theory (DFT) calculations, as described below.
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2. METHODS

The DFT calculations were generally carried out with the BP86' ¢
functional and the Gaussian09'” program system. A few calculations
were also cross-checked with the B3LYP'® functional, with no
significant discrepancies. We employed the 6-311G(d,p) basis set for
first-row atoms, McLean—Chandler (12s, 9p) — (621111, 52111)"°
basis sets for second-row atoms, and all-electron Wachters—Hay>’
basis sets for first-row transition elements. Fine meshes for numerical
integration of matrix elements and suitably tight criteria for SCF and
geometry optimization were used throughout.

3. MOLECULAR STRUCTURES

We have noted for some time the generally excellent
performance of DFT with respect to metal—nitrosyl structures,
and that is also the case in this study.'** The significance of an
accurate optimized structure is that it is a strong indication that
the underlying electronic-structural description is correct.
Gratifyingly, our calculations reproduced the salient structural
features of the various {MNO}! complexes examined,
including [Cu(CH;NO,)(NO)]** (1), three relatively typical
linear {NiNO}*® complexes 2—4, Caulton’s {NiNO}'*~PNP
complex (§), and [Ni(bipy),(NO)]* (6).

As shown in Figure 1, the long Cu—N(O) distance and the
strongly bent CuNO angle of 1 are well reproduced by both
BP86 and B3LYP calculations.* The optimized geometries also
do a fair job of capturing the subtle variations in Cu—O
distances that are observed in the crystallographic structure of
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Figure 1. (a) Experimental, (b) BP86, and (c) B3LYP (C,) geometries (A, deg) of [Cu(CH;NO,)s(NO)]** (1). Color code: C black, N blue, O

red, H pearl, and Cu light orange.

1. If we define the Cu—N vector as the approximate z direction,
the four shortest Cu—N/O bonds may then be thought of as
lying in the yz plane; the two Cu—O bonds along the x axis are
then roughly 0.2 A longer than the other Cu—O bonds.

Experimentally, complex 1 exhibits an unusually high NO
stretching frequency (vyo) of 1933 cm™.,* which is higher by
over 200 cm™' than that of the {CuNO}! complex
TpP*Cu(NO) (1712 cm™)."! Vibrational analyses (BP86)
were carried on both complexes, yielding unscaled vyo’s of
1917.7 and 1717.0 cm™!, in excellent agreement with
experimental results, which may be viewed as an additional
check on the quality of the calculations reported herein.

Figure 2 shows that BP86 calculations also reproduce the
observed linear NiNO units with short Ni—N(O) distances of
1.60—1.65 A for complexes 2—4, as well as the bent NiNO
units of § and 6. The geometry of complex 6 may be described
as roughly trigonal bipyramidal with the NO occupying an
equatorial position.

4. MOLECULAR ORBITAL DESCRIPTION OF
METAL—NO BONDING IN COMPLEX 1

To appreciate the essentials of the Cu-NO bonding in 1, it is
useful to simplify the problem by symmetrizing the complex to
C,. Thus, Figure 3 presents the main d-based valence MOs of 1,
for both a Cgconstrained but otherwise fully optimized
geometry and an artificial C; geometry where the CuNO
angle has been constrained to near-linearity.>" A striking feature
of 1 is that the MOs do not evince any trace of Cu(d,)—
NO(z*) z-bonding. The Cu—N(O) bond thus consists of a
single Cu(d,?)—NO(#*) o-interaction, which explains both the
length and the observed weakness of the bond; the topology of
this orbital (similar to the analogous orbital in {FeNO}’ and
{CoNO}®* porphyrins'***) also explams the strongly bent
geometry of the {CuNO}" unit.”

We are now in a position to consider the subtle variations in
Cu—O distances that have been observed for complex 1. As
mentioned above, a symmetry-unconstrained DFT geometry
optimization (Figure 1) successfully captures these variations.
Figure 4 shows that the highest occupied d_-based MO of 1
(obtained from a symmetry-unconstrained optimization) is not
quite cylindrically symmetric about the Cu—N(O) axis but
rather engages in antibonding interactions with two oppositely
placed oxygens in the equatorial plane but not with the other
two oxygens. Stated differently, this “d?” orbital also has
significant d,2_ character. The lower symmetry of this hybrid
“d” orbital provides an explanation for the diversity of Cu—O
distances observed for complex 1, which may be viewed as a
pseudo-Jahn—Teller distortion. The effect evidently arises from
the near-degeneracy of the d- and d,/_-based MOs. The
complex may break symmetry in the equatorial xy plane by
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Figure 2. Calculated BP86 and experimental (in parentheses, averaged
where applicable) bond lengths (A) of selected {NiNO}'® complexes.
Color code for atoms: C black, N blue, O red, P lime green, Si
magenta, and Ni lilac. Hydrogens have been omitted for clarity.

stretching along either the x or the y axis, suggesting that, in
solution, 1 should exhibit a fluxional structure.

5. MOLECULAR ORBITAL CONSIDERATIONS FOR
NI-NO BONDING IN COMPLEXES 2-5

The {NiNO}'® complexes Nl(nacnac )(NO) (2),° Ni(Cp*)-
(NO) (3),"° and [ Nl(dtbpe)(NO) [4, dtbpe = 1,2-bis(di-t-
butylphosphino)ethane],® which may be viewed as paradigms
of {MNO}" complexes, provide an appropriate backdrop
against which we can appreciate the unique geometric and
electronic structure of 1. Figure 4 provides a visual comparison
of the highest occupied dbased MO of 1 with that of
complexes 2—4. Observe that for 2—4, this MO also has
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Figure 4. Comparison of BP86 d_-based MOs of 1—4.
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significiant Ni s or p character or both. Such s/p infusion has
also been invoked to rationalize the linearity of certain
{FeNO}’ units,** including those in [Fe(CN),(NO)]*~ (S =
1/2)** and [Fe(SBu)3(NO)]™ (S = 3/2).**" The effect of such
mixing is a relatively shrunken “top” lobe of the d: orbital,
which engages in only a weak antibonding interaction with the
nitrogen lone pair on the NO, resulting in a linear metal-NO
geometry. As shown in Figure 4, such s/p infusion typically also
results in an enlarged “central lobe” (e.g,, complexes 2 and 3)
or an enlarged “bottom lobe” (e.g., complex 4) of the d,>-based
orbital.>® These orbital hybridizations are clearly facilitated by
the lack of ligands that are strictly equatorial with respect to the
NO in complexes 2—4 and by the lack of trans ligands in 3 and
4.

Walsh diagrams (Figure S) and metal-NO bending
potentials (Figure 6) help place the above insights on a firmer
footing.26 Thus, the d_-based MO of 1 is strongly destabilized
as the CuNO unit is linearized, providing a clear explanation for
1’s strongly bent CuNO unit. By contrast, the d-based MOs of
2 are modestly affected by the NiNO angle; only the Ni(d,)—
NO(#*) n-bonding MOs are mildly destabilized by bending of
the NiNO angle. As a result, the MNO bending potential of 1 is
characterized by a sharp, relatively steep-walled minimum,
whereas 2, as well as heme—NO complexes, exhibit rather more
flat-bottomed bending potentials (Figure 6)."**’

We may now apply these ideas to complex 5, whose
geometry may be described as either distorted square-planar or
flattened-tetrahedral. For a pincer-like, tridentate PNP
supporting ligand, a square-planar complex might have been a
reasonable prediction. The presence of a strong anionic
nitrogen ligand trans to the NO, however, would strongly
destabilize the d,-based MO that would be responsible for
metal-NO o-bonding, as well as prevent any infusion of metal
s/p character into that MO. A bent NO, coupled with modest
tetrahedralization, is expected to lessen the impact of this
antibonding interaction,” thereby providing a qualitative
explanation for the unique geometry of S. The five primarily
d-based HOMOs of § are depicted in Figure 7: observe that
none of these MOs involves a particularly prohibitive
antibonding interaction involving the anionic nitrogen (N,,)
trans to the NO.

6. MOLECULAR ORBITAL DESCRIPTION OF COMPLEX
6

Figure 8 depicts the five HOMOs of [Ni(bipy),(NO)]* (6),
which, conveniently for our discussion, also correspond to the
five highest occupied d-based MOs. If we align the Ni—N(O)
bond along the z axis, the HOMO may be described as a
Ni(dyz) orbital with lobes pointing toward the pyridines along
the trigonal axis of the trigonal bipyramid. The central annular
lobe of this orbital engages in a key o-interaction with one of
the NO 7* MOs. Except for d,, orbital, which is &-like with
respect to the Ni—N(O) vector, all the other d orbitals also
engage in significant bonding interactions with an NO z* MO.
Had the NO been linear, two of the Ni(d)—NO(z*) bonding
interactions, involving the d,> and the d,>_. orbitals, would not
be possible on symmetry grounds, which is essentially the
rationale for the bent NO group in complex 6.

Figure 9 presents Walsh diagram analyses and potential
energy scans that shed further light on the above reasoning.
Widening the NiNO angle while optimizing all other internal
coordinates (Figure 9a) led to significant stabilization of three
of the five primarily d-based occupied MOs, thus revealing no
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MO-based impetus for a strongly bent NiNO group. An
examination of the molecular total energy as a function of the
widening NiNO angle (Figure 9c) also exibited a modest
increase in energy on the order of a few kilocalories per mole.
Careful examination of the optimized structures showed that, as
the NiNO angle is widened beyond about 140°, one of the Ni—
N(bipy) bonds gradually breaks up. To preclude such bond
breakage, we carried out a second Walsh analysis (Figure 9b),
where we constrained the Ni(bipy), unit at the same geometry
as that in the optimized structure of complex 6. Under these
conditions, the d,> orbital exhibited a steep rise in energy as the
NiNO bond was linearized, consistent with disruption of the o-
interaction involving the central annular lobe mentioned above.
The overall conclusion thus appears to be that, for a five-
coordinate {NiNO}'® complex with relatively weak-field to
moderately strong-field ligands, a trigonal-bipyramidal geome-
try with the NO as an equatorial ligand affords maximum
metal—ligand bonding.
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7. FIVE-COORDINATE {CUNO}'® COMPLEXES

Optimization of [Cu(bipy),(NO)]** (7), the hypothetical
{CuNO}'° analogue of 6, yielded a different structure relative
to 6. Both complexes are approximately trigonal bipyramidal,
but as shown in Figure 10, 7 has the NO as an axial ligand, trans
with respect to one of the pyridines. As in the case of 1, the
BP86 geometry [Cu(bipy),(NO)]*" exhibits a long Cu—N(O)
bond of 1.925 A. As for 1, the d-based HOMOs show no
indication of Cu(d,)—NO(#*) z-bonding. A single, relatively
weak Cu(dz_,>)—~NO(z*) o-interaction, shown in Figure 10,
essentially accounts for the entire Cu—NO bonding. This MO
also shows an antibonding interaction involving a trans pyridine
ligand, which should enhance the Lewis basicity of the
otherwise poorly basic Cu(d,_,?) electrons. Indeed, this
“push effect” may be so critical that a trans ligand may be a
structural requirement for a moderately stable {CuNO}° unit.
A BP86 vibrational analysis on 7 predicts a vyo of 1844.6 cm™,
not unlike but lower than that obtained for 1, consistent with a
somewhat stronger push effect in 7 relative to 1.

Our hypothesis is clearly satisfied for the octahedral complex
1. Five-coordinate {CuNO}'* complexes, where a ligand trans
with respect to the NO can potentially be avoided, may provide
a more stringent test of our hypothesis. Unfortunately, no five-
coordinate {CuNO}' crystal structures have been reported.
Mondal and co-workers, however, have claimed to have
generated the five-coordinate complex [CuL,(NO)J** (8, L =
2-(2-aminoethyl)pyridine) in solution.> DFT calculations by
these authors indicated a square-pyramidal structure for 8 with
the NO in an equatorial position. We have reexamined 8 in this
study and found three different but essentially equienergetic
minima, which are shown in Figure 11. The three stereoisomers
include two trigonal-bipyramidal structures, TBP,,, and TBP,,,
in Figure 11, both with the NO along the trigonal axis, and the
square-pyramidal form with an equatorial NO, SQPy,,, which
was reported by Mondal and co-workers. Like complex 1, all
three isomers are characterized by a long Cu—N(O) bond
(1.96 + 0.01 A) and a strongly bent CuNO angle (122° + 2°).

dx.doi.org/10.1021/ic4028157 | Inorg. Chem. 2014, 53, 4847—4855
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The NO in all three isomers also has a trans amine/pyridine
ligand, consistent with our hypothesis. Conspicuously absent is
a fourth potential isomer where the NO would be an equatorial
ligand in a trigonal bipyramid and thus not have a trans ligand.

Vibrational analyses (BP86) of the three potential energy
minima of 8 yielded vy’s of 1820.9 (TBP,,,), 1794.8 (TBP,,),
and 18132 em™ (SQPy.,), which are some 150—200 cm™'
higher than that experimentally measured for 8 (1630 cm™).?
In our opinion, such high errors are implausible for the
computational methods used in this study, which suggests that
the structure of 8 may have been incorrectly assigned in the
literature. One possibility is that 8 is a copper(I) nitrite
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complex, which would also be consistent with the fact that it is
EPR-silent.

To further test our hypothesis, we also explored part of the
potential energy surface of the hypothetical five-coordinate
{CuNO}"® complex [Cu(CH;NO,),(NO)]** (9). Two differ-
ent minima were found, indicated in Figure 12 as TBP,, and
SQPy.,; both are characterized by the presence of a
nitromethane ligand trans to the NO. No square-pyramidal
minimum with an axial NO could be located as a minimum-
energy structure. To estimate the energy of such a structure, we
optimized 9 while constraining the four equatorial, coordinated
oxygens to a single plane and freezing the equatorial Cu—O

dx.doi.org/10.1021/ic4028157 | Inorg. Chem. 2014, 53, 4847—4855
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Figure 10. Key aspects of the optimized geometry (A, deg) and a plot of the Cu(d,>_?)—NO(x*) o-interaction for [Cu(bipy),(NO)]** (7). The
atomic composition for this MO is 28% Cu dz2_2 12% Nyo, 13% O, 13% N,,.

distances at the same values as those in complex 1. The energy essential structural requirement for a moderately stable
of such an artificially constrained structure, indicated as SQPy,+

in Figure 12, turned out to be 0.33 eV above the global

minimum. Overall, therefore, we believe that a trans ligand is an {CuNO}"® complex.
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8. CONCLUDING REMARKS

Pseudotetrahedral and trigonal-planar {NiNO}" complexes
may justifiably viewed as the paradigm of {MNO}'® complexes.
These complexes are characterized by a short Ni—N(O)
distance of 1.60—1.65 A and essentially linear NiNO units. A
handful of complexes stand out against this structural paradigm,
prompting us to seek a deeper understanding of the factors
affecting the stereochemistry of {MNO}'’ complexes. DFT
calculations have now provided a broad, molecular-orbital-
based explanation of this stereochemical diversity, the key
points being as follows.

(a) The short Ni-N(O) distance and an essentially linear
NiNO angle of a typical {NiNO}' unit reflect the
optimum geometry for Ni(d,)—NO(#*) z-bonding and,
almost equally importantly, the lack of a trans ligand that
could induce NO bending.

(b) A {CuNO}? unit, unlike a {NiNO}'° unit, is not low-
valent, and there is little imperative for Cu(d,)—NO(z*)
z-bonding. Metal-NO bonding in a {CuNO}'° complex
accordingly consists of a single Cu(d,)-NO(z*) o-
interaction, which explains both the length and weakness
of the Cu—N(O) linkage as well as the strongly bent
shape of the CuNO group, as observed for the cationic
complex [Cu(CH;NO,)s(NO)J** (1).

(c) When forced to have a trans ligand, as in complex 5, an
{NiNO}' unit undergoes strong bending.

(d) Five-coordination is rare for {NiNO}'® complexes, but
when it does occur (e.g, complex 6), a trigonal-
bipyramidal geometry is preferred, with the NO in the
equatorial position. A remarkable set of orbital
interactions results in a strongly bent NiNO group in
such a complex.

(e) The low-valent {NiNO}'® group avoids having not only a
trans ligand but also ligands equatorial with respect to the
Ni—N(O) vector. In doing so, the Ni(d,) orbitals avoid
strong antibonding interactions with ligand lone pairs.
These stereochemical imperatives are reflected in the
broad prevalence of trigonal-planar and pseudotetrahe-
dral coordination geometries. By contrast, a trans ligand
appears to be a structural requirement for the existence
and stability of a {CuNO}'° group.
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