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bis-
trans-

Both pseudo-octahedral and pseudo-square pyramidal
iminoxolene complexes trans-(Diso),RuCl, and
(Diso),Ru(PPh3) are structurally distorted, with the ruthenium
atom slipping off the twofold axis of the idealized coordination
polyhedra. These distortions take place because they allow or
enhance n interactions between ruthenium and the iminoxolene nt
orbitals.

Inorganic chemistry is dominated by high-symmetry coordination

polyhedra: tetrahedral and square planar geometries for four-
coordination, trigonal bipyramidal and square pyramidal
geometries for five-coordination, and octahedra for six-

coordination. For coordination compounds, a significant part of this
preference originates in the large ionic contribution to the overall
bonding: in a purely ionic system, the lowest-energy arrangement
will involve a centrally located positive metal ion surrounded by
symmetrically distributed negative ligands. When the ¢ bonding to
the ligands becomes more covalent, such as in metal alkyls or
hydrides, unusual coordination geometries can result.” A canonical
example of this phenomenon is WXg, which is octahedral for X = F
or CI® but exhibits a Csy-symmetric, distorted trigonal prismatic
geometry for X = CH3.4 Pi bonding effects can cause geometric
distortions as well, an example being (ONO),M (M = Ru, Os; ONO =
N[2-0-3,5-Bu,CsH,15), avoidance of metal-ligand m*
interactions drives the structures towards a trigonal prismatic
geometry.5 Here we describe even more striking structural
distortions, driven by improving the quality of m bonding between

where

iminoxolene ligands and ruthenium or osmium.
The sterically hindered iminoquinone N-(2,6-diisopropylphenyl)-3,5-

di-tert-butyl-o-iminobenzoquinone (Diso)6 reacts with  {(p-
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cymene)RuCl,}, to give a mixture of cis- and trans-(Diso),RuCl,,
which can be separated by column chromatography on silica gel (eq
1). The osmium analogues can be prepared analogously, though

Bu
)
Bu” Y "N R
el o_I_C
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sy L N_R
M =Ru, Os A R\‘Qj
. , (1)
By Bu .

R = Pr (Diso) R
R = 3,5-(CF3),CgHg (CF3Tio
3)2CeHa (CFaTio) (Diso)oRuCly: 45%, 2:1 cis:trans
(Dis0),0sCly: 4%, 10:1 cis:trans
(CF3Tio),RuCly: 57%, 2.4:1 cis:trans
yields are lower, and trans-(Dis0),0sCl, is formed in only trace
and could not be completely separated from
paramagnetic impurities. Cis-(Diso),RuCl, and trans-(Diso),RuCl,
interconvert only extremely slowly (~5% conversion after 22 d at 55

amounts

°C), and comparison of the initial rates of interconversion allow one
to estimate K,q = 0.4 for the cis—>trans conversion at 55 °C.

The cis compounds display only a single, cis-o. isomer in solution by
NMR spectroscopy (Figs. S6 and S8). Judging by the solid-state
structures, the observed isomer has the nitrogen atoms mutually
trans (Fig. 1a and S1), as expected on steric grounds. The analogous
osmium compound with smaller N-phenyliminoxolenes, (Hap)ZOsCIZ,
crystallizes as the cis-o. compound with mutually trans oxygens,
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though multiple cis stereoisomers of this compound are observed in
solution.”

Iminoxolene ligands can be viewed as having three possible formal
oxidation states, ranging from the neutral iminoquinone through
the radical iminosemiquinonate to the dianionic
amidophenoxide,8 depending on the occupancy of the key ligand nt
orbital, the so-called redox-active orbital or RAO (LUMO of the
iminoquinone, SOMO of the iminosemiquinone, HOMO of the
amidophenoxide). In complexes of Ru and Os, where the metal
orbitals are close in energy to the RAO, the metal-ligand bonding
becomes highly covalent and a molecular orbital analysis of the
bonding is often more illuminating than an attempt to assign ligand
oxidation states. In this vein, the bonding in (Hap)ZOSC|2 and a cis-B
bis(iminoxolene)dichloroosmium complex9 have been described in
terms of the formation of two strong osmium-iminoxolene it bonds.
The distribution of electron density in the it bonding orbital (on the
metal vs. the ligand) can be assessed from the intraligand bond
distances, which can be read out in the form of a "metrical
oxidation state" (MOS).10 The MOS of cis-(Diso),0sCl, (-1.11(4)) is
similar to characterized

anion

values in previously
bis(iminoxolene)dichloroosmium complexes and consistent with a
bonding orbital that is quite covalent but has slightly more ligand
than metal character.’ No bis(iminoxolene)dichlororuthenium
compounds have been reported previously, but the MOS value of
cis-(Diso),RuCl, (—0.78(4)) is similar to that of a dichlororuthenium
complex with one iminoxolene and one benzenediimide (MOS = —
0.74(9)),11 and shows the expected shift in the bonding orbital to

one that has slightly more ruthenium than ligand character.’

Fig. 1 Thermal ellipsoid plots of (a) cis-(Diso),RuCl, and (b) trans-(Diso),RuCl,.
Hydrogen atoms are omitted for clarity. Only one orientation of disordered
iminoxolene ring 2 in the trans compound is shown.

More suprising are the structures, and even the existence, of the
trans isomers. In a trans octahedral complex, one combination of
the iminoxolene RAOs would have ungerade symmetry and would
have no overlap with any metal d orbitals, meaning that only one
metal-iminoxolene m bond could form, in contrast to the two n
bonds possible in the cis isomer. (Diso),RuCl, does form a stable
trans isomer, but it distorts substantially from a regular octahedral
structure (Fig. 1b). The simplest way to view the structure is that
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the ligating atoms remain in an octahedron, but that the ruthenium
slipped off-center in the plane of the iminoxolenes
perpendicular to the line connecting the centers of the
iminoxolenes. This results in short distances to the nitrogen of one
Diso ligand and the oxygen of the other (Ru-N1 = 1.949(3) A, Ru-02
1.966(3) A), with the other distances (Ru-N2 = 2.064(4) A, Ru-01
2.079(2) A) over 0.1 A longer. The structure of (Diso),RuCl; is
disordered, but the disorder does not appear to be relevant to the
structural distortion, which is also observed in the ordered
structure of trans-(CF;Tio),RuCl,, containing an iminoxolene ligand
with a N-2,6-bis(3,5-bis(trifluoromethyl)phenyl)phenyl group (see
ESI for synthetic and structural information), and is reproduced in
DFT calculations on trans-(ap),RuCl; (ap = 0-CgHs(NH)O).

has
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Fig. 2 Calculated orbital interactions and total energies in trans-(ap),0sCl,
constrained to C,, symmetry (left) and in its minimum-energy C, structure.
Energies of the Kohn-Sham orbitals are from DFT (B3LYP, SDD basis for Os, 6-
31G* basis for other atoms).

This distortion is thus undoubtedly electronic rather than steric in
origin. The fact that the MOS values of the iminoxolene rings are
not significantly different than those of the cis isomers (Os, —
1.03(8); Ru, —0.72(7)) suggests that the distortion has allowed a
significant m interaction with the in-phase RAO combination, as loss
of a m bond would be expected to substantially change the
observed MOS values (e.g., by about 0.4 units for 0s).” Theoretical
calculations support the notion that this distortion is driven by
enhancement of i bonding upon lowering the symmetry from Gy,
to G (Fig. 2). In the presence of the inversion center, the ligand
RAO combination of u symmetry and the metal dnt orbital are very
close in energy and have two electrons between the two orbitals.
Slipping the metal off-center therefore represents a pseudo-Jahn-
Teller distortion™® which results in formation of a it bonding and nt

This journal is © The Royal Society of Chemistry 2023
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antibonding combination and a calculated stabilization in free
energy of 14.3 kcal mol™ for trans-(ap),RuCl, and 15.1 kcal mol™® for
the Os analogue.

The equilibrium trans-(Diso),MCl, are thus
unsymmetrical and should show inequivalent iminoxolene ligands.
At temperatures down to the freezing point of CD,Cl,, NMR spectra
are consistent with C,;, symmetry, indicating that the barrier to
“wagging” the metal from side to side in the complex is very low.
Changing the solvent to 80% CF,Cl,/20% CDFCl, allows access to
temperatures down to 100 K, and at these low temperatures
decoalescence of one of the iminoxolene aromatic resonances is
observed (Fig. 3), allowing one to estimate the barriers for
interconversion of the two ligands to be AG¢298K =6.8(17) kcal mol™®
for Os and 9.4(6) kcal mol™® for Ru (Fig. S50). DFT calculations
indicate that the interconversion likely takes place through C,-
symmetric transition states that retain some n bonding with the in-
phase combination of ligand redox-active RAOs and are lower-
energy than the C,, structures. The observed barriers thus
represent lower bounds for the energetic benefit of m bonding to
this RAO combination, and the experimental data are in reasonable
agreement with the calculated AG® for the C,—C, transformation
(5.3 kcal mol™ for Ru, 8.7 kcal mol™ for Os).

structures of

(a) ‘ (b)

129K ) N

85 g0 75 70 65 60 55 30 25 20 s o 05 ppm

Fig. 3 'H NMR spectra of trans-(Diso),RuCl, in 80% CF,Cl,/20% CDFCl, (400 MHz).
(a) Full spectrum. (b) Downfield region, showing the decoalescence of the
iminoxolene resonance at 6 7.9 ppm..

Reduction of the cis-dichloride complexes, followed by addition of
triphenylphosphine, isolation of  five-coordinate
(Dis0),M(PPh3) (M = Ru, Os, eq 2). X-ray crystallography of the two
isostructural compounds (Figs. 4 and S5) shows that they have
approximately square pyramidal structures, with MOS values for
the iminoxolene ligands that are, as expected, more negative than
those shown by the dichloride complexes (Ru, avg MOS = —1.40(9);
Os, avg. MOS = -1.57(10)). These values are similar to those of
known six-coordinate (iminoxolene),ML, compounds (e.g., M = Ru,
L, = bpy, MOS = —1.44(4) avg;"* M = Os, L = PPh;, MOS = —1.59(9)™).

allows

iPr
!B Ph3
1) 2 Cp,Co .o VPN Bu ()
(Dis0),MCl, o F /‘: ‘
Bu
ipr M =Ru, 71%
M = Os, 67%
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Strikingly, the triphenylphosphine complexes are also distorted in a
similar way to (Diso),MCl,, with the metal-phosphorus bond canted
off the approximate twofold axis of the (iminoxolene),M fragment
in the cleft between the two iminoxolenes. The metal atom is
located closer to one edge of the iminoxolenes, with Ru-N1
0.052(2) A shorter than Ru-N2 and Ru—02 0.0651(18) A shorter
than Ru—01. The distortion is thus qualitatively similar to, though
quantitatively about half the magnitude of, that shown in trans-
(Diso),RuCl,.

Fig. 4 Thermal ellipsoid plot of (Diso),Ru(PPh;) ® 2 CH,Cl,, with hydrogen atoms
and lattice solvent omitted for clarity.

The distortion is undoubtedly driven by electronic factors, as it is
observed computationally in unhindered (ap),M(PMes3). The
distortion must depend on the relatively low energy of the A-
symmetry M—P c* orbital (largely d,2), since octahedral complexes
such as (Phap)ZOs(PPh3)2 are undistorted.” The critical filled orbital
appears to be the B-symmetry d,, orbital, which is nonbonding with
respect to the ligand RAO combinations but is high in energy due to
an antibonding interaction with the appropriate combination of the
lower-energy iminoxolene 1 donor orbital, the so-called subjacent
orbital (5J0).”
bis(iminoxolene) plane allows these two orbitals to mix and thus
stabilizes the filled orbital (Fig. 5). While the structural distortion is
The
equilibrium Cj structure is calculated to be less than 1 kcal mol™

Shifting the metal atom towards one edge of the

appreciable, the energetic stabilization appears to be small.

lower in energy than a structure with enforced C, symmetry of the
(ap),MP core.

The effects of the slipped structure of (Diso),M(PPh3) can be
observed by '"H NMR spectroscopy, which at low temperature in
CD,Cl, confirms a C;-symmetric structure for (Diso),M(PPhs), with
inequivalent iminoxolene ligands as well as inequivalent phenyl
groups on the PPh; ligand (Figs. S48 and S49).
exchange takes place in the temperature range of 267 K — 313 K
(Fig. S51).
ruthenium back and forth as well as partial rotation of the

Iminoxolene
The exchange process involves both rocking the
triphenylphosphine, as can be seen in the fact that phenyl ring

interchange in the PPh; group takes place concurrently with

Chem. Commun.. 2023.59. 1-4 | 3
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iminoxolene exchange. The magnitudes of the observed barriers
(AGth = 13.1(15) kcal mol™ for Ru, 14.3(6) kcal mol™® for Os) are
doubtless principally due to the steric cost of moving the PPhs
phenyl groups past the isopropyl groups of the Diso ligands.
However, these effects should be very similar for the Ru and Os
congeners, which are essentially isosteric, whereas any bonding
effects should be larger for the third-row element Os. The
approximately 7-fold faster rates (AAG¢ = 1.1 kcal mol™) observed
for the Ru compound over the observed temperature range
measured affords a rough experimental estimate of the magnitude
of the electronic contribution to stabilization of the C; structure.

&)

Fig. 5 Filled metal d,,-iminoxolene SJO m* orbital in (ap),0s(PMe;) with the
(ap),0sP core constrained to have C, symmetry (left) or at its equilibrium G
geometry (right).

In conclusion, the bis(iminoxolene) complexes trans-(Diso),MCl,
and (Diso),M(PPh3) show marked structural distortions in which the
metal atom has slipped considerably along the groove between the
iminoxolene ligands, away from the centers of the idealized
coordination polyhedra. These distortions cannot be explained by
steric effects or electrostatic considerations, which must always
favor a more symmetrical structure. Nor are they endemic to all
bis-iminoxolene group 8 compounds, as cis-(Diso),MCl, and trans-
(Hap)ZOs(PPh3)2 adopt highly symmetric structures. Instead, the
metal slippage is fostered by the particular m bonding needs in the
given compounds. The inability to form a second n bond between
the metal and the ligand RAO in symmetric trans-(Diso),MCl,
strongly drives distortion from a Gy, to a C; structure. The presence
of a metal-SJO mt* interaction in (Diso),M(PPh;) likewise causes the
molecule to distort from a G, to a C; structure, though the energetic
benefit here is much smaller than that in the dichloride. Both of
these examples indicate that the covalent metal-iminoxolene m
interactions can be important drivers of structure in metal
complexes.
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