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ABSTRACT: N-(2,6-Diisopropylphenyl)-4,6-di-tert-butyl-o-iminobenzoquinone
(Diso) reacts with the (cyclooctadiene)iridium chloride dimer to form a
monoiminoxolene complex, (Diso)Ir(cod)Cl. Reaction of 2 equiv of the
iminoquinone with chlorobis(cyclooctene)iridium dimer affords the bis-iminoxolene
(Diso),IrCL. This five-coordinate complex adopts a distorted square pyramidal
structure with an apical chloride ligand and undergoes halide exchange to form an
air-stable iodide complex. (Diso),IrCl can be reduced by one electron to form
neutral, square planar (Diso),Ir, while oxidation with PhICL, gives octahedral trans-
(Diso),IrCl,. The cis isomer can be prepared by air oxidation of (Diso),IrCl; cis/
trans isomerization is not observed even on prolonged heating. Structural and
spectroscopic features of the complexes are consistent with the presence of strong,
covalent 7 bonding between the metal and the iminoxolene ligands, with structural
data suggesting between 45 and 60% iridium character in the 7 bonding orbitals,
depending on the ancillary ligands. The spectroscopic similarity of (Diso),Ir and (Diso),IrCl to their cobalt congeners suggests that
the first-row metal complexes likewise have appreciably covalent metal-iminoxolene 7 bonds.
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B INTRODUCTION

Iminoxolenes' and dioxolenes” are quintessential examples of
redox-active ligands, capable of adopting various oxidation
states from the fully reduced amidophenoxides and catecho-
lates to the fully oxidized iminoquinones and benzoquinones.
Their ability to tap into these different oxidation states arises
from the redox-active orbital (RAO) of each ligand, an in-
phase combination of the heteroatom lone pair orbitals that is
m-antibonding to the filled 7 orbital in the benzene ring (Figure
1).” The antibonding interaction puts the RAO at a moderate
energy, making a variety of redox states accessible.

Because the iminoxolene RAO is similar in energy to metal d
orbitals and of 7z symmetry with respect to the metal, metal-
iminoxolene 7 bonding can be quite strong’ and highly
covalent in nature. As one moves from left to right across the
periodic table, metal orbitals become lower in energy; early
transition metals’ d orbitals are thus higher in energy than the
iminoxolene RAO, while late transition metals have d orbitals
that are lower in energy than the ligand RAO. These
mismatches in energy level force the localization of electrons,
essentially separating the metal and ligand electronically.

Redox changes are thus largely localized on the ligands in Figure 1. RAO of an iminoxolene ligand (LUMO of N-phenyl-o-
complexes of both early transition metals (group 4>° and iminobenzoquinone).

group 57%) and late transition metals (group 10°71).

However, the transition metals in the middle of the periodic Received: December 27, 2021

table have d orbitals that are well matched in energy to the Published: March 31, 2022

ligand RAO. Metals such as molybdenum display a moderate
degree of covalency in their bonding, indicated by structural
changes in the coordinated iminoxolene that give an oxidation
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state value between an amidophenoxide and an iminosemiqui-
none."”

Recently, we have shown that the bonding in group 8 metal-
iminoxolene complexes is well described by a covalent model
with significant electron density in the 7 bonding orbitals on
both the ligand and the metal.””> The distribution of electrons
in the bond is affected by the identity of the metal (more
metal-centered for Ru, more h§and -centered for Os)"’ and the
nature of the ancillary ligands.”™ The bonding of iminoxolenes
with the group 9 element iridium thus provides an intriguing
test case: Will the iridium-ligand 7 bonding be highly
delocalized, similar to osmium and ruthenium, or will it
more resemble the more ionic platinum compounds? Known
iridium-iminoxolene complexes, all of the form Cp*Ir(OC¢H,-
2-(NR)-3,5-'Bu,) (R = 2-CF,C4H,,"° 'Bu,'® or 2-
CH;SCgH,'”), seem to point to the latter answer, as all have
been characterized as iridium(III) amidophenoxides, with one-
and two-electron oxidations being largely ligand centered.

Here, we describe the preparation and characterization of
new mono- and bis(iminoxolene)iridium complexes containing
the ligand derived from N-(2,6-diisopropylphenyl)-4,6-di-tert-
butyl-o-iminobenzoquinone (Diso). With this more diverse
suite of compounds in hand, it is clear that the behavior of the
previously reported pentamethylcyclopentadienyl complexes is
atypical; other iridium iminoxolene compounds show evidence
of notably covalent z bonding.

B RESULTS

Preparation of Mono- and Bis(iminoxolene) Iridium
Monochloride Complexes. The known Cp*Ir(iminoxolene)
complexes are prepared by treatment of the iridium(III)
precursor [Cp*IrCl,], with the appropriate aminophenol in
the presence of base.””~'” Since the iminoquinone N-(2,6-
diisopropylphenyl)-3,5-di-tert-butyl-o-iminobenzoquinone
(Diso) is readily available,'® while the preparation of the
corresponding aminophenol has not been described,'” we
sought an appropriate iridium(I) reagent to combine with the
iminoquinone to arrive at the same final overall oxidation level.
The (cyclooctadiene)iridium chloride dimer [(cod)IrCl],
reacts rapidly with Diso to afford the monoiminoxolene
complex (Diso)Ir(cod)Cl in good yield (eq 1). NMR
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iPr

(Diso)Ir(cod)Cl, 78%

spectroscopy shows that the compound is completely
asymmetric and that both alkenes are coordinated to iridium
(as evidenced by the *C NMR resonances of the alkene
carbons at § 71.4, 75.1, 79.7, and 86.1 ppm). This is consistent
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with the structure in the solid state (Figure 2, Table 1), which
is roughly square pyramidal with the chlorine atom apical. The
asymmetry of the NMR spectra indicates that pseudorotation
of the (cod)Cl fragment relative to the Diso ligand must be
slow on the NMR time scale.

Even in the presence of excess Diso, reaction stops at the
monoiminoxolene complex. In contrast, reaction of Diso with
an iridium(I) starting material that has more labile cyclooctene
ligands, [(coe),IrCl],, affords the green bis(iminoxolene)
complex (Diso),IrCl, with no bound cyclooctene (eq 2). (If

fi
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substoichiometric iminoquinone is used, dimetallic (Diso),lr-
(u-Cl),Ir(coe), (Figures S1 and S2, Tables SI and S2) is
observed as a side product.) The bis-iminoxolene compound
adopts a roughly square pyramidal geometry (z*' = 0.26) with
apical chloride (Figure 3). The 'H NMR spectrum indicates
that the compound is diamagnetic and C,-symmetric, with one
methine and one methyl signal appearing unusually upfield (6
1.18 and 0.16, respectively, in CDCl;). Halide exchange of
(Diso),IrCl with Nal leads to clean formation of (Diso),Irl
(eq 3), which is spectroscopically and structurally (Figure S3,

Q’Pr
' ’Pr N
’Pr
Pr
Q’Pr
‘ 17 ’
acetone, RT, 12h g, (3)
80%
iPr

Table 1) very similar to the chloride complex. In contrast to
the air-sensitive chloride, purple (Diso),Ir] is air and water
stable.

Chlorination and Dechlorination Reactions of
(Diso),IrCl. Cyclic voltammetry in dichloromethane solution
reveals that the monochloride complex (Diso),IrCl can
undergo both outer-sphere oxidation (E,, = 0.54 V vs

https://doi.org/10.1021/acs.inorgchem.1c04005
Inorg. Chem. 2022, 61, 5547—-5562
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Figure 2. Thermal ellipsoid plot of (Diso)Ir(cod)Cl-0.SCH;CN. Hydrogen atoms and lattice solvent molecules have been omitted for clarity.
Iridium-alkene distances (A): Ir—C31, 2.1428(15); Ir—C32, 2.1305(15); Ir—C35, 2.1658(16); Ir—C36, 2.1434(15).

Table 1. Summary of Crystal Data

(Diso)Ir(cod)Cl-
0.SCH,CN (Diso0),IrCl-3C¢Hs  (Diso),IrI-C;H,O (Diso),Ir trans-(Diso),IrCl, cis-(Diso),IrCl,

molecular formula C;5HsosCIIrN, ;O C,,H,,CIItN, 0, CssHgolIrN,O4 Cs,H,,IrN, 0, Cs,H,,CLIrN,O, Cs,H,,CLIN,O,
formula mass 735.92 1221.10 1136.31 951.33 1022.23 1022.23
T (K) 120(2)
crystal system triclinic orthorhombic monoclinic trigonal monoclinic monoclinic
space group Pl P2.2.2 P2,/n R3 P2,/n P2,/n
21 (A) 0.71073 (Mo Ka)
total data 56268 97546 237464 72279 47530 94307
indep refls 8176 9532 27124 6116 5885 12469
Ry 0.0224 0.0275 0.1357 0.0544 0.0322 0.0218
Obsd refls [I > 20(I)] 7865 9139 18089 5550 5186 11753
a (A) 10.3311(S) 13.4453(13) 20.398(2) 30.709(4) 11.0507(3) 18.719(2)
b (A) 12.2951(5) 22.813(2) 21.327(3) 30.709(4) 14.3952(4) 12.0379(13)
c (A) 13.9453(6) 10.2898(10) 26.295(3) 13.5320(19) 15.5181(4) 22.122(2)
a () 99.2948(12) 90 90 90 90 90
B (°) 96.8715(13) 90 107.1644(16) 90 106.5966(7) 92.0584(15)
y (°) 109.1824(12) 90 90 120 90 90
V (A% 1622.45(12) 3156.1(8) 10930(2) 11051(3) 2365.73(11) 4981.7(9)
z 2 2 8 9 2 4
u (mm™") 4225 2202 3.049 2.757 2.976 2.827
crystal size (mm) 0.34 X 0.25 X 0.25 0.20 X 0.14 X 0.07 0.59 X 0.35 X 0.10 0.20 X 0.15 X 0.10 0.34 X 0.25 X 022 0.34 X 0.25 X 0.25
refined params 567 470 1111 407 416 828

R1, wR2 [I > 26(D)]
R1, wR2 [all data]
goodness of fit

0.0128, 0.0309
0.0138, 0.0312
1.065

0.0157, 0.0376
0.0172, 0.0380
1.057

0.0774, 0.1463
0.1269, 0.1643
1.122

0.0328, 0.0935
0.0400, 0.0979
1.099

0.0188, 0.0359
0.0242, 0.0378
1.137

0.0155, 0.0328
0.0175, 0.0333
1.094

Cp,Fe*/Cp,Fe) and outer-sphere reduction (E,. = —0.99 V),
but neither redox event is reversible (Figure ssl)J. One possible
explanation for the lack of reversibility is that reduction is
accompanied by dissociation of chloride and that oxidation is
accompanied by binding solvent or counterion. Consistent
with this, oxidation of (Diso),IrCl with iodobenzene
dichloride leads to fast formation of air-stable, paramagnetic
trans-(Diso),IrCl, (eq 4). The '"H NMR of the compound
shows paramagnetically broadened and moderately shifted
signals (Figure S16), though not all hydrogen environments
are observed. The solution magnetic moment of 1.93 uy at
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room temperature is close to that expected for the spin-only
value for a § = 1/2 system. The composition of the compound
is confirmed by elemental analysis and supported by successful
reduction by cobaltocene in THF to reform diamagnetic
(Diso),IrCL. The compound’s stereochemistry is confirmed to
be trans by X-ray crystallography (Figure 4).

While iodobenzene dichloride oxidation of (Diso),IrCl
produces exclusively the trans stereoisomer, cis-(Diso),IrCl,
can be prepared by air oxidation of (Diso),IrCl in a 1:2:2
mixture of benzene:pentane:methanol. The material is isolated
in pure form in low (15%) but reproducible yields. The

https://doi.org/10.1021/acs.inorgchem.1c04005
Inorg. Chem. 2022, 61, 5547—-5562
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Figure 3. Thermal ellipsoid plot of (Diso),IrCl-3C4H,. Hydrogen atoms and lattice solvent molecules are omitted for clarity.
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trans-(Dis0),IrCl,

compound (Figure S) adopts the cis-a configuration with the
nitrogen atoms mutually trans, presumably for steric reasons. It
has properties similar to the trans isomer (broad and
moderately shifted '"H NMR signals, s = 1.60 ug) but is
distinct by "H NMR (Figure S17) and by TLC on silica gel (Rf
= 0.12 vs 0.8S for the cis and trans compounds, respectively, in
2:1 dichloromethane/hexane). The two compounds do not
interconvert readily. Heating the trans complex at 70 °C for a
week in CDCl; shows no isomerization and heating at 100 °C
for 2 d in C,D,Cl,; leads to decomposition, while the cis
complex can be heated at 100 °C for a week in C,D,Cl,
without decomposition or isomerization. Electrochemically,
the two isomers have similar cyclic voltammograms (Figure
S7), with reversible one-electron oxidations (E° = 0.23 V vs
Cp,Fe*/Cp,Fe for trans, 0.31 V for cis) and reversible one-
electron reductions (E° = —0.58 and —0.51 V, respectively) at
moderate potentials. The cis isomer’s redox couples are shifted
about 70 mV to more positive potentials compared to the trans
isomer.

Figure 4. Thermal ellipsoid plot of trans-(Diso),IrCl,. Hydrogen atoms are omitted for clarity.

https://doi.org/10.1021/acs.inorgchem.1c04005
Inorg. Chem. 2022, 61, 5547—-5562
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Figure 5. Thermal ellipsoid plot of cis-(Diso),IrCl,. Hydrogen atoms
are omitted for clarity.

Reduction of (Diso),IrCl with cobaltocene leads to
formation of cobaltocenium chloride and the neutral, air-
sensitive complex (Diso),Ir (eq S), which adopts a square
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planar geometry (Figure 6). The paramagnetic complex shows
a moderately broadened '"H NMR spectrum (Figure S18) and
a solution magnetic moment (p.¢ = 1.59 pg) consistent with an
S = 1/2 system.

Electronic Structure of Monoiminoxolene Iridium
Complexes. The Cp*Ir(iminoxolene) complexes prepared
by the groups of Rauchfuss'>'® and Kaim'’ have been
described as 16-electron complexes that show low Lewis
acidity because of 7 donation from the amidophenoxide ligand
to iridium. DFT calculations (Figure 7a) confirm that the
HOMO of Cplr(ap) (ap = 0-C¢H,(NPh)O) is predominantly
composed of the iminoxolene RAO, consistent with the
characterization of the ligand as an amidophenoxide in this
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complex. Some 7 bonding is apparent, but it is limited by the
fact that the d orbital into which the amidophenoxide can
donate is ¢* in character to the strongly donating cyclo-
pentadienyl ligand. The low Lewis acidity is most likely
principally due not to & donation in the five-coordinate species,
but rather to avoidance of a 7* interaction that would be
present in a pseudo-octahdedral Lewis base adduct. The
metrical data in the isolated Cp* complexes are consistent with
at most modest 7 donation, with metrical oxidation state
(MOS) values of —1.72(6)" and —1.69(9)"” only slightly
lowered from the —2.00 expected for an amidophenoxide with
negligible 7 donation. Analyses of the isoelectronic complexes
Cp*Ir(ArNCHCHNAr)** and (3,5-Bu,Cat)Mn(CO);> are
extremely similar.

Nominally, the cyclooctadiene and chloride ligands form an
L,X set™ isoelectronic with cyclopentadienyl. However, the
much weaker donor ability of (cod)Cl means that the =
interaction of iridium with the iminoxolene is stronger, an
effect that is enhanced by a change in geometry from the two-
legged piano stool of Cplr(ap) to the square pyramidal
geometry of (ap)Ir(cod)Cl, which makes the relevant iridium
7 orbital more nonbonding toward the (cod)Cl than it is to the
Cp* ligand. DFT calculations (Figure 7b) suggest that there is
iridium-iminoxolene 7 bonding character in both the dr orbital
(HOMO-2) and the do* orbital (HOMO). Time-dependent
DFT (TDDFT) calculations suggest that this gives rise to an
optical spectrum with two strong absorptions in the visible
region (A, = 646 and 460 nm, Figure S19), compared to the
single absorption in the blue region of the spectrum observed
in Cp*Ir(iminoxolene) (4., = 450—460 nm)."”>~"”

Structurally, the strong iridium-iminoxolene 7 bonding is
manifested in the intraligand bond distances, which correspond
to an iminoxolene MOS of —1.06(6) (Table 2). The redox
plasticity of the iminoxolene, with a change in apparent
oxidation state of over 0.65 on changing the ancillary ligand
from Cp to (cod)Cl, is noteworthy. On the basis of the MOS,
the iridium could be argued to have a nominal oxidation state
of +2, but this picture has little to recommend it as a way of
affording insight into the compound’s structure and bonding.
Iridium(II) is an uncommon oxidation state in monometallic
compounds, and is most commonly seen in square planar
complexes,”*® though five-coordinate compounds are also
known.”” A more chemically informative way of parsing the
MOS value is to consider it as reporting on the electron
density on the ligand in the RAO. The observed value thus
reflects a filled 7 orbital that is nearly equally shared between
the iminoxolene ligand and the iridium.

Electronic Structure of Bis-iminoxolene Iridium
Monohalides. The bis-iminoxolene complex (Diso),IrCl
can be viewed formally as being related to the monoiminox-
olene complex (Diso)Ir(cod)Cl by replacement of the neutral
bidentate cyclooctadiene ligand by a neutral bidentate
iminoquinone. In contrast to the monoiminoxolene complex,
however, the bis-iminoxolene has two ligand-based RAOs that
form A- and B-symmetry combinations in the C, symmetry of
(Diso),IrX. These two combinations behave rather differently.
In a square planar late-metal complex such as Pt-
(iminoxolene),,”"" the B-symmetry combination would have
good overlap with a metal dz orbital and would form a filled
(largely metal-centered) 7 bonding combination and an empty
(largely ligand-centered) z* combination. The A-symmetry
orbital is strictly nonbonding with respect to the metal and is
filled. The existence of close-lying ligand-centered filled

https://doi.org/10.1021/acs.inorgchem.1c04005
Inorg. Chem. 2022, 61, 5547—-5562
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Figure 6. Thermal ellipsoid plot of (Diso),Ir. Hydrogen atoms have been omitted for clarity.
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Figure 7. MO diagrams of (a) Cplr(ap) and (b) (ap)Ir(cod)CL
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and empty 7* orbitals has led to a description of the square
planar group 10 compounds as bis(iminosemiquinones)
containing strongly coupled radicals, with an open-shell singlet
ground state characterized by substantial configuration
interaction.”® In the platinum congeners, the bonding
interaction is sufficiently strong that the physical markers of

the open-shell singlet (such as a low-lying triplet state) are
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absent, indicating very strong coupling and a small amount of
configuration interaction.''

Two factors cause the bonding description in (Diso),IrX to
deviate from that of Pt(iminoxolene),. The first is the lower
electronegativity of the central metal in the iridium complex.
This brings the metal d orbitals closer in energy to the
iminoxolene RAOs, which increases the covalency of the

https://doi.org/10.1021/acs.inorgchem.1c04005
Inorg. Chem. 2022, 61, 5547—-5562
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Table 2. Selected Bond Distances (A) and Metrical Oxidation States’’ for (Diso)Ir(cod)CI-0.5 CH,CN, (Diso),IrCI-3C4H,
(Diso),IrI*C;H(O, (Diso),lr, trans-(Diso),IrCl,, and cis-(Diso),IrCl,

(Diso)Ir(cod)Cl-0.5CH,CN (Diso),IrCl-3C¢Hg
Ir-0 2.0352(10) 2.0065(14)
Ir-N 2.0077(12) 1.9424(18)
Ir-X (X=CL 1) 2.3966(4) 2.3136(7)
0-Cl1 1.3036(18) 1.313(2)
N-C12 1.3610(18) 1.369(3)
Cl1-C12 1.430(2) 1.415(4)
C12—C13 1.416(2) 1.411(3)
C13—-Cl14 1.369(2) 1.373(3)
C14-C15 1.431(2) 1.420(3)
C15-C16 1.373(2) 1.385(3)
C16—Cl11 1.431(2) 1.426(3)
MOS —1.06(6) —-127(8)

(Diso),IrI-C;H,O (Diso),Ir trans-(Diso),IrCl, cis-(Diso),IrCL,"
2.008(7) 1.964(2) 2.0055(12) 2.020(4)
1.929(16) 1.941(3) 2.0064(15) 2.0165(11)
2.609(5) 2.3413(5) 2.3135(14)
1.311(12) 1.341(4) 1.300(2) 1.304(3)
1.387(16) 1.380(4) 1.340(2) 1.3427(19)
1.418(15) 1.415(4) 1.450(2) 1.444(5)
1.402(16) 1.397(5) 1.417(2) 1.417(3)
1.370(13) 1.387(5) 1.369(2) 1.366(2)
1.418(14) 1.419(5) 1.434(3) 1.432(4)
1.380(15) 1.389(5) 1.376(3) 1.377(3)
1.426(13) 1.413(5) 1.431(2) 1.426(3)

-1.32(11) —1.55(6) —0.88(2) —0.94(3)

“Metrical data are averaged among chemically equivalent values, with stated esd’s reflecting both the variance in the measured values and the

statistical uncertainty of the crystallographic model.

metal—ligand 7 interaction. Thus, the B-symmetry 7 bonding
orbital (Figure 8; HOMO-3 for (ap),IrCl, HOMO-2 for

Ir-iminoxolene
T* (empty)

Ir-iminoxolene
7 bonding (filled)

A symmetry: Bu__ X~ -
AT ’af
'10 £y ¢ =
Bu L ‘ Bu Kr
B symmetry: Bu___ 4
Bu Bu Bu

Figure 8. Qualitative description of Ir-iminoxolene 7 interactions in
(Diso),IrCL. Only the contributions from the metal and first
coordination sphere atoms are shown.

(ap),lrL, Figure 9), while still preponderantly metal-based, has
a sizable contribution from the ligand RAOs, and the B-
symmetry 7* orbital (Figure 8; LUMO, Figure 9) has a sizable
metal contribution.

The second factor is the change in geometry from square
planar to square pyramidal. This allows for 7 overlap between
the A-symmetry RAO combination and the iridium dz* orbital.
Since the latter orbital is 6* with respect to the halide, it is
relatively high in energy, so the filled 7 bonding combination is
largely ligand-centered (Figure 8; HOMO, Figure 9) and the
7* combination is largely metal-centered (Figure 8; LUMO+1,
Figure 9). The ¢ character of the LUMO+1 orbital makes it
sensitive to the identity of the halide, with the more weakly
bonded iodide having the lower-energy orbital (Figure 9). (A
similar halide dependence is seen in the B-symmetry 7 bonding
orbital, which is predicted to be noticeably higher in energy for
the iodide complex by DFT, presumably because this orbital
has metal—halogen 7* character.) The effect of the halogen is
borne out by optical spectroscopy (Figure 10). TDDFT
calculations predict that the visible spectra will be dominated
by intense transitions assigned as 7(A) — #*(B) at low energy
and 7(B) — 7*(A) at higher energy. The former is predicted
and observed to be insenstive to the identity of the halogen,
while the latter is predicted to shift by 1900 cm™ (and
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Figure 9. Molecular orbital diagram of (ap),IrCl and (ap),Irl. Kohn—
Sham orbitals are illustrated for the chloride complex.

https://doi.org/10.1021/acs.inorgchem.1c04005
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Figure 10. Optical spectra of (Diso),IrX (X = Cl, solid line; X =,
dotted line) in CH,Cl,.

observed to shift by 1100 cm™) to a lower energy on
substitution of chloride by iodide.

Electronic Structure of Paramagnetic Bis-
(iminoxolene)iridium Complexes. Square planar (Diso),Ir
has the same electron count as cationic group 10 complexes
(iminoxolene),M* (M Ni, Pd, Pt), whose electronic
structures have been well studied.'”'' In the group 10
compounds, the unpaired electron resides in a purely ligand-
centered A, orbital, giving rise to intense LLCT absorptions in
the near-IR (4., = 1530 nm for (Snip),Pt*, Snip = N-(3,5-di-
tert-butylphenyl)-4,6-di-tert-butyl-o-iminobenzoquinone) "'
and nearly isotropic g values near the free electron value of
2.0023 in the EPR (g = 1.937, 1.997, 2.012 for (*hap),Pt*, Phap
= N-phenyl-4,6-di-tert-butyl-o-iminobenzoquinone).”

The spectroscopic features of (Diso),Ir are not consistent
with those of ("Pap),Pt*. In particular, the optical spectrum
shows intense absorption in the visible rather than the near-IR
(Figure 11), and the EPR spectrum is both highly anisotropic
and has an average g value significantly different from that of
the free electron (Figure 12, g = 1.7267, 1.9001, and 3.6343).
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Figure 11. Optical spectrum of (Diso),Ir (in CH,CL,).
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Figure 12. EPR spectrum of (Diso),Ir (X-band, 10 K, toluene glass).

This indicates that the unpaired electron is in a metal-centered,
rather than a ligand-centered, orbital. The EPR features are
similar to those reported for square planar iridium(II)
compounds with 7z donor ligands such as alkoxides or
amides.”® The spectroscopic observations are consistent with
the results of DFT calculations (Figure 13a), which suggest
that the unpaired electron is in an orbital that is principally
iridium d,, in character. While the d orbitals of the group 10
metals are significantly lower in energy than the ligand RAOs,
the iridium orbitals are higher in energy, and d,, in particular is
raised in energy through its #* interaction with the
iminoxolene subjacent orbital (SJO, the out-of-phase 7 lone
pair orbital). Such 7 interactions have been shown to have
significant effects in osmium and ruthenium complexes,”” and
square planar iridium(II) radicals have been noted to have a
preference for placing the odd electron in a dr orbital rather
than the d,> orbital.” Thus, while the group 10 metal orbitals
are sufficiently far below the RAOs to ensure that they exert
only a modest perturbation on a ligand-centered system, the
metal orbitals in (Diso),Ir are sufficiently close to the ligand
orbitals that they cannot be ignored. The orbital picture shown
here is qualitatively the same as that previously calculated for
isoelectronic (C4H,[NH],),Co.*°

On moving from (Diso),lr to trans-(Diso),IrCl,, these
orbital energies are significantly affected. Addition of two
electron-withdrawing chlorine atoms is expected to lower the
energy of the iridium d orbitals (except, of course, for the
newly ¢* d orbital, which loses its two electrons to account
for the overall two-electron oxidation of the compound).
There is thus a substantial drop in the energy of the d,, orbital
that was singly occupied in (Diso),Ir (B, Ir-SJO 7z*, Figure
13). At the same time, the strictly nonbonding A, RAO orbital
is calculated to rise appreciably in energy. This phenomenon is
likely due to the change in bond lengths in the ligand, where
the more positive MOS in trans-(ap),IrCl, (calculated to be
—0.84(6) vs —1.60(7) in (ap),Ir) reflects a structure where
filling the RAO is less energetically favorable, as has been
invoked to explain the more facile oxidation of ruthenium
tris(iminoxolenes) compared to their osmium analogues.13
These two effects combine to place the ligand-centered A,
orbital substantially above the metal-based B, orbital, giving
rise to a ligand-centered SOMO. The cis isomer has a similar
electronic structure, despite the fact that in the cis geometry

https://doi.org/10.1021/acs.inorgchem.1c04005
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Figure 13. Qualitative MO diagrams of (a) (ap),Ir, (b) trans-(ap),IrCl,, and (c) cis-(ap),IrCl,. Orbital energies are positioned according to the
average energy of the Kohn—Sham a and S spin orbitals. Illustrations of the frontier orbitals are of the Kohn—Sham f spin orbitals. The
predominant contributors to the orbitals (Ir or ligand RAO or SJO) are shown in boldface.

both RAO combinations can overlap with metal dz orbitals,
because the iminoxolene ligand can pivot to minimize the
overlap of the B-symmetry combination with the dz orbital,
weakening the antibonding interaction. In osmium and
ruthenium compounds where this orbital is occupied, typical
X~M-N1-C12 dihedral angles are about 115°, compared to
the ~70° dihedral angles seen in compounds where the orbital
is empty and hence greater overlap leads to enhanced
bonding.”’ The values observed experimentally in cis-
(Dis0),IrCl, (104.5° avg) and computationally in cis-
(ap),IrCl, (93.6°) are intermediate between these two
extremes, as expected for a compound where this orbital is
singly occupied and indicates that this orbital is weakly Ir-
iminoxolene 7 antibonding in character.

Experimentally, the optical and EPR spectra of both isomers
of (Diso),IrCl, contrast with the properties of (Diso),Ir and
are consistent with principally ligand-centered SOMOs. The
compounds both show intense and relatively narrow
transitions in the near-IR region (Figure 14), as is seen for
the group 10 bis(iminoxolene) cations. The cis isomer shows
somewhat lower energy, and markedly less intense bands, than
does the trans isomer. The EPR spectra (Figure 15) show no
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Figure 14. UV—visible-NIR spectra (in CCl,) of trans-(Diso),IrCl,
(solid line) and cis-(Diso),IrCl, (dotted line).
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discernible g value anisotropy and g values close to 2, typical of
organic radicals.

B DISCUSSION

On the Covalency of the Iridium-Iminoxolene =
Interaction. One way of parsing the bonding in compounds
of redox-active ligands such as iminoxolenes is to assign
electrons as either metal-localized or ligand-localized, giving
integer oxidation states. The electronic and magnetic proper-
ties can then be interpreted in terms of coupling between
metal- or ligand-centered radicals. This model is strictly correct
in the limit of purely ionic bonding, where by definition
electrons must be localized on either the metal or the ligand. It
is therefore unsurprising that this approach has been most
successful in compounds with largely ionic bonding, such as
first-row metal complexes of catecholate ligands.” Iminoxolene
complexes of group 10 metals, where the metal d orbitals are
low enough in energy that they have only modest interactions
with the ligand RAOs, have also been successfully described
using this model.”™""'

In complexes of iminoxolenes with second- and third-row
transition metals from the middle of the d block, covalency is
high because of good spatial overlap and energy match
between the metal d orbitals and the ligand RAOs. For these
compounds, the ionic model becomes awkward or even
misleading, and compounds are more sensibly understood not
in terms of assigned oxidation states, but rather using
molecular orbital descriptions featuring strong, covalent
metal-iminoxolene 7 interactions. Iminoxolene complexes of
the group 8 metals ruthenium and osmium are exemplars of
this description, with the composition of the metal-
iminoxolene bonding orbitals for the two metals straddling
equal-sharing covalency (~65% metal-centered for Ru and
~40% metal-centered for Os)."”

The results of the present study indicate that iridium
iminoxolene complexes are generally better understood by the
covalent model than the ionic model. Three characteristic
observations support this conclusion. The first is that there is a
generally poor correspondence between structurally defined
oxidation states (MOS) and chemically reasonable integer

https://doi.org/10.1021/acs.inorgchem.1c04005
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Figure 15. EPR spectra of (a) trans-(Diso),IrCl, and (b) cis-
(Diso),IrCl,. Conditions: X-band, 10 K, CH,Cl, glass.

oxidation states (Table 3). For example, neither (Diso),IrCl
(MOS = —1.27(8)) nor trans-(Diso),IrCl, (MOS = —0.88(2))
correspond well to any whole number of electrons on the
iminoxolene ligands. The appearance of fractional MOSs is an
established hallmark of the presence of significant 7 bonding.*’
Even when the metal oxidation states corresponding to the

structural data are integers within experimental error, the
apparent oxidation state is often not chemically reasonable.
(Diso)IrCl(cod) has an apparent metal oxidation state near +2,
but as discussed above, assigning this compound as Ir(Il) is
chemically unappealing. Assigning the iridium center in
(Diso),Ir as the metrically appropriate Ir(IIl) state is similarly
unpalatable, requiring a rare square-planar geometry26b (four-
coordinate iridium(III) is highly uncommon, and typically
adopts a cis-divacant octahedral geometry”>**). In these cases,
an interpretation invoking nearly equal-sharing covalent &
bonding is a more sensible way of rationalizing the observed
structural data.

A second observation favoring a covalent bonding model is
the extreme redox plasticity of the ligands in response to
changes in ancillary ligation. In a (polar) covalent model of
bonding, the degree of localization of the metal-iminoxolene &
bonding orbital is expected to be tuned by changes in the
energy (and possibly overlap) of the metal dz orbital
participating in the bonding. For example, bis(iminoxolene)
osmium complexes ("ap),0s(OCH,CH,0) and (*ap),0sCl,
have ligand MOS values that differ by more than 0.5 units,
which is most plausibly interpreted as resulting from #
donation from the alkoxide ligands raising the energy of the
osmium dr orbitals.'* In the iridium compounds, a similar
effect engendered by differences in ¢ bonding is observed in
the difference between Cp*Ir(iminoxolene) (MOS = —1.71
avg.) and (Diso)IrCl(cod) (MOS = —1.06(6)).

A final observation relevant to the degree of covalency of the
metal-iminoxolene interaction is the structural response of the
complex to oxidation or reduction. If the bonding is principally
ionic, oxidation of the compound by one electron should result
in a change in overall iminoxolene MOS of either +1 unit (if
the oxidation is ligand-centered) or O units (if the oxidation is
metal-centered). If the bonding is substantially covalent, then
oxidation would result in a fractional change in MOS, with the
fraction reflecting the distribution of the electron density
between ligand and metal in the relevant orbital. For example,
the change of +0.94 in MOS on going from neutral
Cp*Ir(“F3ap) (MOS = —1.72(7)) to cationic [Cp*Ir(“Fap)]*
(MOS —0.78(8)) is consistent with a ligand-localized
oxidation in this compound,'® congruent with the compound’s
HOMO being largely localized on the ligand (Figure 7a). In
the bis(iminoxolene) series, the simplest sequence of oxidation
states is found in (Diso),IrCl, (n = 0, 1, or 2, Table 3). The
changes in MOS on going from (Diso),Ir to (Diso),IrCl
(+0.56 total among the two iminoxolenes) and from
(Diso),IrCl to trans-(Diso),IrCl, (+0.78) are both significantly

Table 3. Metrical Parameters for Group 9 Iminoxolene Complexes

compound” N M-0 (A) M-N (A)
Cp*Ir(io) 2 2.003(10) 1.955(12)
(Diso)IrCl(cod) 1 2.0352(10) 2.0077(12)
(Diso),Ir 1 1.964(2) 1.941(3)
(Diso),IrCl 1 2.0065(14) 1.9424(18)
trans-(Diso),IrCl, 1 2.0055(12) 2.0064(15)
(i0),Co 6 1.825(3) 1.839(5)
(i0),CoX"” 13 1.866(7) 1.859(7)
(i0),Co(EPh)© 3 1.859(5) 1.855(2)
(i0),Co(CH,R) 1.857(10) 1.855(5)
(i0);Co 7 1.890(6) 1.927(6)

%o = iminoxolene. ’X = halide or pseudohalide. “E = S or Se.
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iminoxolene MOS apparent metal oxidn. state refs
—1.71(2) +271 15, 17
—1.06(6) +2.06 this work
—1.55(6) +3.10 this work
—127(8) +3.54 this work
—0.88(2) +3.76 this work
—1.36(7) 272 30, 34—36
~0.89(4) +2.78 35-37
~1.05(2) +3.10 36
—1.12(7) +324 30, 38
—0.98(3) +2.94 39

https://doi.org/10.1021/acs.inorgchem.1c04005
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<1.0. While this is consistent with both the ligand and the
metal sharing in the oxidation, the situation is complicated by
the changes in electronic structure among the three
compounds. In (Diso),Ir and (Diso),IrCl, both the A-
symmetry and B-symmetry RAO-based orbitals are filled,
while in trans-(Diso),IrCl,, the A,-symmetry orbital is singly
occupied. The simplest comparison is actually the two-electron
couple (Diso),lr/trans-(Diso),IrCl,, where the A, orbitals are
strictly nonbonding, while the filled B, orbitals are metal-
iminoxolene 7 bonding. Based on the change in occupancy of
the A, orbital, one would expect a change in MOS of +0.50;
the observed change is +0.67. The additional apparent ligand
oxidation is consistent with the bonding orbital becoming
more metal-centered in the oxidized compound. Since the A,
orbitals are strictly ligand-centered by symmetry, one can
calculate the apparent distribution of the B, 7 bonding orbitals
from the overall MOS as being 45% iridium-centered in
(Diso),Ir but 62% iridium-centered in trans-(Diso),IrCl,.

In comparing (Diso),Ir to (Diso),IrCl, the occupancy of the
orbitals is unchanged, so the entire 0.39 change in MOS must
be due to changes in the distribution of electrons in the two
occupied RAO-based orbitals. Some of this is presumably due
to the presence of the additional chloride in (Diso),IrCl, but
from the above analysis, this would be expected to account
only for a small amount of the overall change. Another major
change is that the A-symmetry orbital is no longer strictly
ligand-centered. Given the appreciable pyramidalization in the
structure, there is good overlap between this orbital and the
iridium dz* orbital, and significant metal character is observed
in the filled orbital (Figure 9, HOMO). Assuming that the
composition of the B-symmetry 7 bonding orbital is
intermediate between that observed in (Diso),Ir and trans-
(Diso0),IrCl, (~53% Ir-centered), this implies ~80% ligand
character in the A orbital, in qualitative agreement with the
MO calculations.

Thus, the occupied B combinations involving the ligand
RAOs in the iridium bis(iminoxolenes) are concluded to be
highly covalent, with metal character from 45 to 60%
depending on the ancillary ligands. The 62% iridium character
of the bonding orbital in trans-(Diso),IrCl, is similar to the
66% metal character in bonding orbitals in octahedral
ruthenium iminoxolenes, " as expected given the two elements’
diagonal relationship.

Implications of Covalency in First-Row Metal Iminox-
olene Complexes. Much has been made of the ability of
redox-active ligands to allow first-row transition metals to
participate in the two-electron redox events more common in
second- and third-row metals.*” The present work illustrates
the inverse property, namely the ability of such ligands to
enable stable compounds separated by one-electron redox
events to be formed from the second- or third-row late
transition metals. One of the most striking aspects of the
chemistry of (Diso),IrCl is its amenability to such single-
electron redox events. Removal of a chlorine atom—a one-
electron reduction—produces stable (Diso),lr, while addition
of a chlorine atom—a one-electron oxidation—affords stable
(Diso),IrCl,. (In contrast to these inner-sphere redox events,
outer-sphere redox chemistry of these compounds is not
always well-behaved. (Diso),Ir and (Diso),IrCl show only
irreversible waves in their cyclic voltammograms [Figures SS
and S$8], though both isomers of (Diso),IrCl, show reversible
oxidations and reductions [Figure S7].) The iminoxolene
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ligands have evidently overridden iridium’s preference for
undergoing two-electron oxidation-state changes.

In this context, it is worth comparing the iridium
compounds to their cobalt congeners. A number of four-
coordinate (iminoxolene),Co complexes have been prepared,
and with the exception of tetrahedral (C¢H,-4,6-'Bu,-2-
(N'Bu)-0),Co,*" their structural (square planar geometry)
and spectroscopic properties (e.g, highly anisotropic EPR
spectra) parallel those of (Diso),Ir. A detailed study concluded
that for the cobalt compounds, “spectroscopic oxidation states
describing a d® (Co™) or d” (Co") electron configuration
cannot be unambiguously assigned””’ and proposed an
electronic structure analogous to that described here for
(Diso),Ir. The MOS values of these compounds (—1.36(7)
average, Table 3) are consistent with such a covalent
description and suggest that the cobalt-iminoxolene bonding
orbital has ~64% cobalt character.

The diamagnetic five-coordinate compounds (iminoxole-
ne),CoX have generally been assigned as containing low-spin
Co(III) with strongly antiferromagnetically coupled iminose-
miquinone radicals.””**** This is in reasonable agreement with
the metrical data (average MOS for pseudohalide complexes =
—0.89(4), Table 3). However, the structural (square pyramidal
geometry) and spectroscopic (presence of two intense bands in
the visible region) similarities between the cobalt compounds
and their iridium congeners strongly suggest that the same
bonding description applies to both types of compounds. This
in turn suggests that covalency plays an important role in the
bonding of the cobalt compounds as well. Foregrounding the
covalency of the cobalt-iminoxolene interaction helps to
explain the structural features of the compounds, in particular
the noticeably more negative values of the ligand MOS as the
electronegativity of the axial ligand decreases (Table 3, X =
pseudohalide vs thiolate/selenolate vs alkyl). This structural
plasticity depending on the ancillary ligands is difficult to
rationalize in the ionic formulation, but is readily rationalized
based on a decrease in cobalt character in the occupied
(bonding) metal-iminoxolene 7 orbitals.

The description of the electronic structure of (iminox-
olene),MX as having a M(III) ion with antiferromagnetically
coupled ligands is not incorrect, but in cases where the
antiferromagnetic coupling constants are extremely large, using
the language of polyradicals to describe the compounds runs
the risk of glossing over key aspects of the bonding. The large
antiferromagnetic coupling must have its origin in chemical
bonding, in this case the difference in overlap between the A-
and B-symmetry RAO combinations and the cobalt dz orbitals.
The language of antiferromagnetically coupled diradicals
suggests an approximate description of the molecule as having
(uncoupled) radicals, with their coupling appended as a
perturbation, while the language of covalency foregrounds the
importance of bonding interactions at the expense of
minimizing the importance of the configuration interaction
that is characteristic of coupled diradicals. Neither verbal
shorthand can thus be entirely satisfactory for these strongly
coupled diradicals. It is not surprising that compounds of the
third-row transition metals, with their characteristically strong
bonding, will require a consideration of the covalency of the
metal-iminoxolene 7 interactions to satisfactorily describe their
electronic structure. The similarity of (iminoxolene),CoX to
(Diso),IrX suggests that even in the first-row transition-metal
compounds, the covalency of the iminoxolene-metal inter-
action cannot be neglected. The difference is that the weaker

https://doi.org/10.1021/acs.inorgchem.1c04005
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bonding in the first-row transition-metal compounds allows the
possibility of compounds with minimal covalency. Thus,
tris(iminoxolene) cobalt complexes, with their longer Co-
ligand bonds, give MOSs very close to —1 (Table 3) and are
well described as triradicals with weak coupling between the
ligand spins.”” Iridium tris(iminoxolene) complexes, which
would require the population of orbitals with strongly metal—
ligand 7 antibonding interactions,' have never been observed.

The ability of redox-active ligands to “ennoble” first-row and
early transition metals has usually been ascribed to their ability
to act as electron reservoirs in redox reactions.*” This is
undoubtedly critical in allowing redox reactions of early or late
transition metals that would normally form redox-inactive
compounds.*” But the present work suggests that in the middle
of the transition series, an equally or more important factor
may be the covalency of the metal—ligand interaction. This is a
familiar phenomenon in organometallic and coordination
chemistry. It is well-known that organometallic complexes,
with strong-field ligands such as carbonyls that form highly
covalent bonds, show much more similarity within a group
than do coordination compounds (thus, Cr(CO)g is rather
similar to Mo(CO)4 while CrCly is not especially similar to
MoCly). This effect leads to an attenuation of the physical
significance of the oxidation state in organometallic com-
pounds.”” In the case of the bis(iminoxolene) complexes of the
group 9 metals discussed here, the delocalization of the metal-
iminoxolene bonding apparently allows the first- and third-row
metal complexes to converge on a common electronic
structure with common properties.

B CONCLUSIONS

Reaction of the iminoquinone Diso (N-(2,6-diisopropylphen-
yl)-3,5-di-tert-butyl-o-iminobenzoquinone) with iridium(I)
precursors is a general route to iridium iminoxolene complexes.
Reaction with [(cod)IrCl], affords the mono-iminoxolene
complex (Diso)Ir(cod)Cl, while the cyclooctene complex
[(coe),IrCl], gives the bis-iminoxolene complex (Diso),IrCL
In the latter complex, there is a strong 7 interaction between
the B-symmetry combination of ligand RAOs and the iridium
d,, orbital and a weaker but still significant interaction between
the A-symmetry RAO combination and the iridium dz* orbital.
(Diso),IrCl readily undergoes one-electron oxidation or
reduction reactions. Reduction by cobaltocene yields square
planar (Diso),Ir, while oxidation by PhICL, gives trans-
(Diso),IrCl, (the cis isomer is available in low yield by air
oxidation of (Diso),IrCl and does not interconvert with the
trans isomer). Since both (Diso),Ir and trans-(Diso),IrCl,
have C,, symmetry, the A, -symmetry RAO combination is
strictly nonbonding. It is filled in the square planar complex
(with the odd electron residing in an orbital that is mostly Ir
d, in character) and singly occupied in the octahedral
complex. In all cases, the strongly iridium-iminoxolene =z
bonding orbitals are filled and are highly covalent, with
structural data suggesting that they are about 45—60% metal in
character, depending on the ancillary ligands. This covalency
makes the assignment of the oxidation state of the metal both
problematic and not especially useful. The spectroscopic and
structural similarity of (Diso),Ir and (Diso),IrCl to their
known cobalt congeners suggests a common bonding
description, with the covalency of the metal-iminoxolene
bonding serving to foster a convergence of the properties of
the first- and third-row metal complexes.
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B EXPERIMENTAL SECTION

General Procedures. Unless otherwise noted, all procedures were
carried out in a drybox under a nitrogen atmosphere. N-(2,6-
Diisopropylphenyl)-3,5-di-tert-butyl-o-iminobenzoquinone  (Diso),"®
[(coe),IrCl],,** and PhICL* were prepared according to literature
procedures. Dried solvents were purchased from Acros Organics and
were stored in a nitrogen-filled drybox until use. Deuterated solvents
(Cambridge Isotope Laboratories) were dried and vacuum transferred
away from the drying agents and were stored in the drybox prior to
use. CD,Cl, and CDCl; were dried over 4 A molecular sieves,
followed by CaH,. C,Dg and C¢DsCD; were dried over sodium and
tetrahydrofuran-dg over sodium benzophenone ketyl. NMR spectra
were measured on a Bruker Avance DPX 400 or 500 MHz
spectrometer. Chemical shifts for 'H and "C{'H} spectra are
reported in ppm downfield of TMS, with spectra referenced using the
known chemical shifts of the solvent residuals. Infrared spectra of air-
stable compounds were recorded by ATR on a Jasco 6300 FT-IR
spectrometer and are reported in wavenumbers. For air-sensitive
compounds, infrared spectra were taken of nujol mulls prepared in the
drybox and pressed between NaCl discs. UV—vis-NIR spectra were
recorded in 1 cm quartz cells on a ThermoFisher Evolution Array
diode array spectrophotometer, an Agilent 8453 diode array
spectrophotometer, or a Jasco V-670 spectrophotometer. Elemental
analyses were performed by M-H-W Laboratories (Phoenix, AZ,
USA) or Midwest Microlabs (Indianapolis, IN, USA). Magnetic
moments were determined by the Evans method* using 1,4-
bis(trimethylsilyl)benzene as the reference compound as previously
described.*”

(Diso)Ir(cod)Cl. Into a 20 mL screw-cap vial are weighed 48.8 mg
of (1,5-cyclooctadiene)iridium chloride dimer (Strem, 0.145 mmol)
and 56.6 mg of Diso (0.149 mmol, 1.03 equiv). To the vial is added 2
mL of dichloromethane. The vial is sealed with a Teflon-lined cap and
shaken vigorously to dissolve the reagents, which react immediately to
give a dark emerald green solution. The mixture is taken out of the
drybox, and the solvent removed on a rotary evaporator. After the
residue is slurried in 3 mL of acetonitrile, the green solid is suction
filtered and the solid washed thoroughly with 1 mL of acetonitrile and
air-dried 30 min to yield 81.2 mg of (Diso)Ir(cod)Cl (78%). 'H
NMR (CD,Cl,): & 8.24 (d, 1.8 Hz, iminoxolene 3- or 5-H), 7.36 (t,
7.5 Hz, 1H, NAr 4-H), 7.17 (d, 7.5 Hz, 1H, NAr 3- or 5-H), 7.15 (d,
7.5 Hz, 1H, NAr 3- or 5-H), 7.12 (m, 1H, cod), 6.62 (d, 1.8 Hz, 1H,
iminoxolene 3- or 5-H), 6.13 (m, 1H, cod), 5.06 (m, 1H, cod), 4.31
(m, 1H, cod), 4.01 (m, 1H cod), 3.36 (sept, 6.5 Hz, 1H, CH(CH,),),
3.07 (m, 1H, cod), 2.53 (m, 2H, cod), 2.36 (m, 1H, cod), 2.26 (sept,
6.5 Hz, 1H, CH(CH,;),), 2.12 (m, 3H, cod), 1.55 (s, 9H, Bu), 1.08
(s, 9H, 'Bu), 1.20 (d, 6.5 Hz, 3H, CH(CHS,),), 1.09 (d, 6.5 Hz, 3H,
CH(CH,),), 0.93 (d, 6.5 Hz, 3H, CH(CH,),), 0.87 (d, 6.5 Hz, 3H,
CH(CHj,),). *C{'H} NMR (CD,CL,): 181.68 (CO), 165.55, 148.35,
14723, 146.14, 139.74, 138.04, 129.09, 128.19, 125.14, 123.95,
117.28, 86.10 (cod alkene), 79.70 (cod alkene), 75.05 (cod alkene),
71.44 (cod alkene), 39.13, 36.38 (C[CH,];), 35.89, 35.77 (C[CH,;]5),
34.19, 30.76 (C[CH,];), 29.53 (C[CH,]5), 28.28, 28.01 (2C), 26.10,
25.74, 24.84, 23.44. IR (ATR, cm™): 2958 (m), 2949 (m), 2971 (w),
2833 (w), 2867 (w), 2835 (w), 1528 (m), 1466 (m), 1450 (m), 1442
(m), 1392 (w), 1383 (m), 1360 (s), 1329 (m), 1305 (m), 1296 (m),
1263 (m), 1251 (s), 1237 (s), 1199 (m), 1159 (s), 1108 (m), 1096
(w), 1074 (w), 1051 (w), 1037 (w), 1027 (w), 1010 (m), 999 (m),
990 (w), 933 (w), 916 (m), 899 (s), 862 (s), 839 (m), 827 (m), 814
(m), 800 (s), 784 (s), 768 (s), 744 (s), 714 (m), 707 (m), 691 (w),
678 (m), 671 (w), 667 (w), 654 (m). UV—vis (CH,Cl,): 4,,,, = 646
nm (& = 7400 L mol™" cm™), 460 nm (12700 L mol™! cm™"). Anal.
caled for C;HClIrNO: C, 58.00; H, 7.44; N, 1.88. Found: C, 58.08;
H, 7.11; N, 2.04.

(Diso),IrCl. Diso (450.7 mg, 0.594 mmol) and [(coe),IrCl],
(250.1 mg, 0.558 mmol Ir) are dissolved in 6 mL of benzene in a
20 mL scintillation vial. The vial is then capped and shaken until all
the solids dissolve, and the resulting green solution is left to stand at
room temperature for 3 d to allow precipitation of the product. The
crystals are collected by filtration through a glass frit and washed with
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methanol (3 X 10 mL) and pentane (1 X 10 mL). The solid is dried
in vacuo and then collected, yielding 507.3 mg (92%) of (Diso),IrClL
'"H NMR (CDCLy): 6 7.51 (d, 8 Hz, 2H, NAr 3- or 5-H), 7.41 (t, 8
Hz, 2H, NAr 4-H), 7.20 (d, 2 Hz, 2H, iminoxolene 3- or 5-H), 7.12
(d, 8 Hz, 2H, NAr 3- or 5-H), 6.59 (d, 2 Hz, 2H, iminoxolene 3- or $-
H), 3.09 (sept, 7 Hz, 2H, CH(CH;),), 144 (d, 7 Hz, 6H,
CH(CH,),), 1.29 (s, 18H, 'Bu), 1.18 (s, 20H, CH(CH,),, ‘Bu),
1.06 (d, 7 Hz, 6H, CH(CHj),), 0.81 (d, 7 Hz, 6H, CH(CHj,),), 0.16
(d, 7 Hz, 6H, CH(CHj,),). *C{'H} NMR (CDCL): § 179.02 (CO),
157.13, 146.95, 144.38, 141.74, 140.13, 138.44, 128.52, 124.58,
124.00, 123.43, 114.20, 35.40 (C[CH,],), 34.80 (C[CH,];), 31.26
(C[CH,];), 2993 (C[CH;]5), 29.00 (CH[CH,],), 28.72 (CH-
[CH,],), 25.35 (CH[CH,],), 25.10 (CH[CH,],), 24.90 (CH-
[CH,],), 24.02 (CH[CH,],). IR (nujol mull, cm™): 1587 (w),
1546 (w), 1530 (w), 1391 (m), 1378 (s), 1359 (s), 1329 (w), 1316
(w), 1284 (w), 1253 (s), 1232 (s), 1198 (s), 1179 (w), 1160 (s),
1106 (m), 1098 (m), 1057 (w), 1021 (m), 1001 (w), 936 (w), 918
(w), 863 (s), 779 (w), 741 (m), 652 (w), 606 (w). UV—vis
(CH,CL): Apy = 710 (e = 9400 L mol™' ecm™), 490 (sh, 8100 L
mol™ cm™), 478 nm (8400 L mol'cm™'). Anal. caled for
Cs,H,,ClItN,0,: C, 63.29; H, 7.56; N, 2.84. Found: C, 63.11; H,
8.00; N, 2.91.

(Diso),lrl. A mixture of (Diso),IrCl (101.2 mg, 0.103 mmol) and
sodium iodide (20.2 mg, 0.168 mmol) in 3 mL of acetone is stirred
overnight under nitrogen. The resulting purple reaction mixture is
exposed to the air and stripped down on the rotary evaporator. The
solid is washed with S mL of water and 3 X 10 mL of MeOH and air-
dried for 1 h to give 89.1 mg of (Diso),IrI (80%). '"H NMR (CDCLy):
5 7.51 (d, 8 Hz, 2H, NAr 3- or $-H), 7.40 (t, 8 Hz, 2H, NAr 4-H),
7.20 (d, 2 Hz, 2H, iminoxolene 3- or 5-H), 7.11 (d, 8 Hz, 2H, NAr 3-
or 5-H), 6.47 (d, 2 Hz, 2H, Diso 3- or 5-H), 3.21 (sept, 7 Hz, 2H,
CH(CH,),), 1.48 (d, 7 Hz, 6H, CH(CHs;),), 1.38 (sept, 7 Hz, 2H,
CH(CH,),), 1.30 (s, 18H, 'Bu), 1.16 (s, 18H, 'Bu), 1.11 (d, 7 Hz, 6H,
CH(CHs,),), 0.77 (d, 7 Hz, 6H, CH(CHj,),), 0.30 (d, 7 Hz, 6H,
CH(CHj;),). BC{'H} NMR (CDCL): & 179.50 (CO), 156.08,
147.31, 142.87, 141.18, 138.89, 138.46, 128.34, 124.13, 123.44,
12329, 114.60, 35.38 (C[CH,l;), 35.03 (C[CH,];), 30.89 (C-
[CH,];), 29.76 (C[CH,]3), 29.70 (CH[CH,),), 29.14 (CH[CH,],),
26.07 (CH[CH,],), 25.54 (CH[CH,],), 25.39 (CH[CH,],), 23.79
(CH[CH;),). IR (ATR, cm™): 3076 (w), 3062 (w), 2958 (s), 2926
(m), 2903 (w), 2865 (m), 1545 (w), 1538 (m), 1463 (m), 1457 (m),
1442 (m), 1392 (w), 1384 (w), 1359 (s), 1325 (m), 1314 (m), 1292
(w), 1284 (w), 1252 (s), 1228 (s), 1200 (s), 1178 (w), 1159 (s),
1109 (m), 1101 (m), 1055 (w), 1045 (w), 919 (m), 903 (w), 891
(m), 863 (m), 826 (m), 799 (m), 778 (m), 768 (w), 742 (s), 720
(w), 708 (w), 700 (w), 690 (w), 686 (w), 667 (m), 652 (m). UV—vis
(CH,CL): Apay = 716 nm (e = 12900 L mol™* ecm™), 555 nm (sh,
5600 L mol™ ecm™), 507 nm (8000 L mol™' cm™). Anal. calcd for
Cs,H,IIrN,0,: C, 57.92; H, 6.92, N, 2.60. Found: C, 57.55; H, 6.62;
N, 2.61.

trans-(Diso),IrCl,. Into a 20 mL scintillation vial are weighed 89.3
mg of (Diso),IrCl (0.090 mmol) and 30.3 mg of PhICL, (0.110
mmol). The reactants are dissolved in S mL of THF, and the purple
solution is layered with 5 mL of CH;OH and allowed to stand for 3 d.
The resulting crystals are collected by suction filtration and washed
with 3 X S mL methanol. After drying in vacuo, the yield of trans-
(Diso),IrCl, is 65.2 mg (70%). '"H NMR (CDCL): § 29.30 (v br),
14.81 (v br), 11.84 (br, 18H, Bu), 3.28 (br, 12H), 2.02 (br, 12H),
1.26 (br, 18H). p.; (CDCLy): 1.932(6) pp. IR (ecm™): 3079 (w),
3062 (w), 2962 (m), 2953 (m), 2926 (m), 2904 (m), 2866 (m), 1588
(w), 1583 (w), 1513 (m), 1464 (m), 1395 (w), 1378 (w), 1345 (s),
1277 (s), 1243 (s), 1232 (s), 1193 (s), 1159 (s), 1089 (s), 1021 (s),
990 (s), 933 (w), 907 (m), 888 (m), 866 (m), 825 (w), 792 (m), 778
(m), 738 (s), 712 (m), 679 (w), 657 (w). UV—vis-NIR (CCl,): 2029
nm (e = 10100 L mol™ cm™), 1685 nm (4900 L mol™' cm™"), 1385
nm (6200 L mol™! cm™), 1148 nm (1400 L mol™ cm™), 788 nm
(5800 mol™ L™! cm™), 756 nm (6000 L mol™' cm™), 676 nm (sh,
6400 L mol™ cm™), 618 nm (9600 L mol™' cm™"), 492 nm (sh, 3600
L mol™! cm™), 432 nm (4700 L mol™! cm™), 413 nm (sh, 4400 L
mol™! cm™), 364 nm (4200 L mol™' cm™), 313 nm (9100 L mol™
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cm™). Anal. caled for Cy,H,,CLIrN,0,: C, 61.10; H, 7.30; N, 2.74.
Found: C, 60.93; H, 7.30; N, 2.86.

cis-(Diso),IrCl,. Diso (164.3 mg, 0.433 mmol) and [(coe),IrCl],
(93.5 mg, 0.208 mmol Ir) are added to a SO mL Erlenmeyer flask
containing a stir bar. The reactants are dissolved in approximately 2
mL of benzene, and the flask is brought out of the drybox and into a
fume hood. In the hood, 4 mL of pentane and 4 mL of methanol are
added, and the reaction mixture is allowed to stir, open to the air.
After 3 days, 2 mL of CH;OH is added to replace any solvent that
may have evaporated. After an additional 2 days, the solvents are
removed on the rotary evaporator, and the purple solid is collected on
a glass frit. Washing with 3 X 10 mL of CH;OH and air-drying for 30
min affords 66.4 mg (15%) of pure cis-(Diso),IrCl,. At shorter
reaction times, the compound is contaminated by a diamagnetic
material, which can be removed by chromatography on silica gel,
eluting with 2:1 CH,Cl,:hexanes and collecting the fraction with R, =
0.12. 'H NMR (CDCl,): 6 26.34 (br, 2H), 19.74 (br, 2H), 9.66 (br,
18H, ‘Bu), 7.00 (br, 6H, CH(CH};),), 5.45 (br, 12H), 4.27 (br, 2H),
1.55 (br, 2H), 1.15 (br, 6H, CH(CHj,),), 0.48 (br, 18H, Bu). u.4
(CDCly): 1.599(2) pp. IR (cm™): 3069 (w), 3056 (w), 2963 (m),
2951 (m), 2923 (m), 2864 (m), 1535 (w), 1513 (m), 1464 (m), 1440
(w), 1395 (w), 1380 (m), 1359 (m), 1348 (m), 1324 (m), 1304 (m),
1277 (w), 1248 (m), 1229 (s), 1199 (s), 1165 (s), 1090 (s), 1054
(w), 1026 (s), 985 (s), 951 (), 933 (w), 916 (w), 906 (w), 886 (w),
876 (m), 865 (s), 825 (m), 798 (m), 768 (m), 737 (m), 706 (m), 676
(s). UV—vis-NIR (CCl,): Adpa = 2365 nm (& = 920 L mol™* cm™),
1803 nm (150 L mol™ cm™), 1413 nm (930 L mol™' cm™), 959 nm
(1900 L mol™! cm™"), 890 nm (sh, 1400 L mol™ cm™), 776 nm (sh,
1500 L mol™! ecm™), 703 nm (5000 L mol™* cm™), 571 nm (3300 L
mol™' cm™), 434 nm (2800 L mol™ cm™), 414 nm (sh, 2700 L
mol™" em™), 287 nm (7800 L mol™' cm™). Anal. caled for
Cs,H,,CLIrN,O,: C, 61.10; H, 7.30; N, 2.74. Found: C, 61.33; H,
7.26; N, 2.77.

(Diso),lr. A mixture of 133.8 mg of (Diso),IrCl (0.136 mmol) and
28.2 mg cobaltocene (Aldrich, 0.149 mmol) is dissolved in S mL of
THF in a 20 mL scintillation vial. The vial is capped and shaken
thoroughly and allowed to stand for 10 min. The resulting deep blue
solution is filtered through a plug of cotton, then layered with 5 mL of
CH;O0H and placed in a —37 °C freezer. After 3 days, crystals are
collected by suction filtration, washed with 3 X 5 mL of CH;0H, and
dried in vacuo to yield 91.7 mg (Diso),Ir (71%). '"H NMR (THF-dy):
8 30.42 (br, 2H), 13.00 (br, 2H), 10.27 (br, 18H, ‘Bu), 2.27 (br, 2H),
1.58 (br), — 1.34 (br), — 2.29 (br, 18H, ‘Bu), — 20.51 (br). g4
(THF-dg): 1.59(2) p. IR (nujol mull, cm™): 1581 (m), 1545 (m),
1377 (s), 1359 (s), 1329 (s), 1289 (s), 1257 (s) 1228 (w), 1219 (w),
1199 (w), 1177 (m), 1151 (s), 1109 (w), 1100 (w), 1073 (w), 1056
(w), 1041 (w), 1026 (w), 997 (w), 937 (w), 923 (w), 863 (m), 828
(m), 801 (m), 770 (m), 739 (s), 696 (w), 669 (w), 652 (w). UV—vis
(CH,CL): Ape = 757 nm (sh, £ = 5400 L mol™" cm™), 697 nm (sh,
9000 L mol™! cm™), 634 nm (25900 L mol™ cm™). Anal. calcd for
Co,H,,IiN,0,: C, 65.65; H, 7.84, N, 2.94. Found: C, 65.28; H, 7.88;
N, 2.92.

Cyclic Voltammetry. Cyclic voltammograms were performed at a
scan rate of 60 mV-s™' using a Metrohm Autolab PGSTAT128N
potentiostat, with glassy carbon working and counter electrodes and a
silver/silver chloride pseudoreference electrode. The electrodes were
connected to the potentiostat through electrical conduits in the
drybox wall. Samples were 1 mM in analyte dissolved in CH,Cl, with
0.1 M Bu,/NPF4 as the electrolyte. Potentials were referenced to
ferrocene/ferrocenium at 0 V.** The reference potential of (Diso),Irl
was established by spiking the test solution with a small amount of
ferrocene, while all other compounds were referenced by spiking with
decamethylferrocene (E° = —0.565 V vs Cp,Fe’/Cp,Fe)."

X-ray Crystallography. Crystals of (Diso)Ir(cod)Cl-CH;CN
were deposited from a solution of the complex in acetonitrile.
Crystals of (Diso),IrCl-3C¢H,; were grown by liquid diffusion of
pentane into a benzene solution of the complex, while crystals of
(Diso),IrI-C;H¢O deposited on slow evaporation of an acetone
solution of the complex. Crystals of cis- and trans-(Diso),IrCl, were
grown by liquid diffusion of CH;OH into CH,Cl, (with the trans
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compound being generated in situ from (Diso),IrCl and PhICL).
Crystals of (Diso),Ir were deposited from a solution in THF after
layering with CH;OH and storage at —37 °C.

Crystals were placed in inert oil before being transferred to the cold
N, stream of either a Bruker Apex II or a Bruker Kappa X8-Apex-II
CCD diffractometer. The data were reduced, correcting for
absorption, using the program SADABS. The structures were all
solved either from a Patterson map ((Diso)Ir(cod)Cl-0.5 CH,CN,
(Diso0),IrCl-3C¢Hy) or by direct methods (all others). All non-
hydrogen atoms were located on difference Fourier maps, and all were
refined anisotropically except for C41 in (Diso),IrI-C;H4O, which did
not refine successfully and was constrained to share the thermal
parameters of the other ipso carbon in the molecule, C21.
(Diso),IrCl-3C4Hg crystallized in the chiral space group P2,2,2, but
was refined as a racemic twin. In (Diso)Ir(cod)Cl-0.5 CH,CN, the
lattice acetonitrile was found to be disordered about the inversion
center and was modeled by refining it at half occupancy.

Hydrogen atoms were found on difference maps and refined
isotropically, except in the structure of (Diso),IrI-C3HO, the lattice
CH,CN in (Diso)Ir(cod)Cl-0.5 CH;CN, and the fert-butyl group
centered at CI18 and the lattice benzene in general position in
(Diso),IrCl-3C¢Hg. In these cases, hydrogen atoms were placed in
calculated positions with their thermal parameters tied to the isotropic
thermal parameters of the atoms they are bonded (1.5X for methyl,
1.2X for all others). Calculations used SHELXTL (Bruker AXS),*
with scattering factors and anomalous dispersion terms taken from
literature.®" Further details are in Table 1.

EPR Measurements. Spectra were acquired on frozen solutions of
the compounds at 10 K. The samples were made up in the drybox in 4
mm quartz tubes sealed with Teflon-lined screwcaps. Samples were
frozen in liquid N, before they were inserted into the EPR cavity. The
samples were then cooled to 10 K and were allowed to equilibrate for
1S min before spectra were taken. All measurements were conducted
on a Bruker EMX X-band (9.624 GHz) EPR spectrometer using a
power of 2.179 mW and a modulation amplitude of 4.00 G.

Computational Methods. Geometry optimizations were per-
formed on Cplr(ap), (ap)Ir(cod)Cl, (ap),IrCl, (ap),Ir], (ap),lr, and
cis- and trans-(ap),IrCl, (ap = o-C¢H,(NPh)O) using density
functional theory (B3LYP, SDD basis set for Ir and I, 6-31G* basis
set for all other atoms), using the Gaussian 16 suite of programs.” X-
ray structures were used as initial geometries, with all tert-butyl and
methyl groups replaced by hydrogen. The optimized geometries were
confirmed as minima by calculation of vibrational frequencies. Plots of
calculated Kohn—Sham orbitals were generated using Gaussview (v.
6.0.16) with an isovalue of 0.04.
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