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On the border between localization and
delocalization: tris(iminoxolene)titanium(IV)†

Travis Marshall-Roth, Kun Yao, John A. Parkhill and Seth N. Brown *

The tris(aminophenol) ligand tris(4-methyl-2-(3’,5’-di-tert-butyl-2’-hydroxyphenylamino)phenyl)amine,

MeClampH6, reacts with Ti(OiPr)4 to give, after exposure to air, the dark purple, neutral, diamagnetic

complex (MeClamp)Ti. The compound is six-coordinate, with an uncoordinated central nitrogen (Ti–N

= 2.8274(12) Å), and contains titanium(IV) and a doubly oxidized ligand, formally a bis(iminosemi-

quinone)-mono(amidophenoxide). The compound is unsymmetrical in the solid state, though the three

ligands are equivalent on the NMR timescale in solution. Ab initio calculations indicate that the ground

state is a multiconfigurational singlet, with a low-lying multiconfigurational triplet state. Variable-temp-

erature NMR measurements are consistent with a singlet–triplet gap of 1200 ± 70 cm−1, in good agree-

ment with calculations. The distortion from threefold symmetry allows a low-lying, partially populated

ligand-centered π nonbonding orbital to mix with largely occupied metal–ligand π bonding orbitals.

The energetic accessibility of this distortion is inversely related to the strength of the metal–ligand π

bonding interaction.

Introduction

The central problem posed by redox-active ligands when co-
ordinated to redox-active metal centers is the oxidation state
problem: does the electron reside on the metal, on the ligand,
or is it shared between the two? This ambiguity, absent with
more common, redox-inert ligands, has given rise to the
moniker “noninnocent” to describe redox-active ligands.1 A
frequently occurring secondary problem, if there are multiple
redox-active ligands present, is whether any ligand-centered
electrons are localized or delocalized among the ligands. One
can view this problem in the language of mixed-valency:2 are
the electrons fully delocalized (Class III), fully localized on one
ligand (Class I), or somewhere in between?3 This question can
be answered in many cases for specific compounds, but
general principles that govern the degree of delocalization
have not yet been clarified.

When redox-active ligands are bound to early transition
metals, the first problem, of redox non-innocence, is usually
unimportant. These electropositive metals have a high propen-
sity to adopt their highest possible oxidation state, so when

the complexes exhibit redox activity, it is unambiguously loca-
lized on the ligands.4 The problem of localization of oxidation
state among multiple redox-active ligands still remains, and
even rather similar compounds may give divergent outcomes.
Thus, a vanadium complex with three bis(arylimino)ace-
naphthylene ligands appears to be completely delocalized,5

while a complex with three 3,6-di-tert-butylcatecholate ligands
contains a fully localized semiquinonate ligand, as judged in
the solid state by X-ray crystallography and in solution by EPR
spectroscopy.6

We recently reported the encapsulating tris(amino-
phenol) ligand tris(4-methyl-2-(3′,5′-di-tert-butyl-2′-hydroxy-
phenylamino)phenyl)amine, MeClampH6, and described
its seven-coordinate complex with molybdenum, κ7-
(MeClamp)Mo.7 This complex is completely symmetrical, as
expected for a compound whose electronic structure can be
satisfactorily described as containing fully oxidized Mo(VI)
and fully reduced amidophenoxides, albeit with substantial
ligand-to-metal π donation and concomitant covalency in
the metal–ligand bonds. Here we describe the air- and
water-stable neutral complex (MeClamp)Ti, where a fully
oxidized Ti(IV) oxidation state requires mixed oxidation
states among the amidophenolate arms, either one amido-
phenolate and two iminosemiquinones or two amidophe-
nolates and one iminoquinone. The complex appears to sit
on the energetic border between a fully delocalized and a
fully localized structure, thus offering the possibility of illu-
minating the factors that favor electronic localization or
delocalization.

†Electronic supplementary information (ESI) available: Symmetry-breaking,

energy and Cartesian coordinates for calculated structures of (Clamp)Ti and
related complexes. CCDC 1845533. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/c8dt04528c
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Experimental
General procedures

Where indicated, procedures were carried out under an inert
atmosphere in a nitrogen-filled glovebox. When needed,
chlorinated solvents were dried over 4 Å molecular sieves, fol-
lowed by CaH2. Deuterated solvents were obtained from
Cambridge Isotope Laboratories, dried using the same pro-
cedures as their protio analogues, and stored in the drybox
prior to use. All other reagents were commercially available
and used without further purification. Routine NMR spectra
were measured on Bruker Avance III HD 400 and 500 spec-
trometers, while variable temperature experiments were per-
formed on a Varian Inova 500 instrument. Chemical shifts for
1H NMR spectra are reported in ppm downfield of TMS, with
spectra referenced using the chemical shifts of the solvent
residuals. Infrared spectra were recorded on a JASCO FT/
IR-6300 spectrometer. UV-visible-NIR spectra were measured
in a 1 cm quartz cell on a Jasco V-670 spectrophotometer. ESI
mass spectra were obtained using a Bruker micrOTOF-II mass
spectrometer, and peaks reported are the mass number of the
most intense peak of isotope envelopes. Samples were injected
as acetonitrile solutions. In all cases, the observed isotope pat-
terns were in good agreement with calculated ones. Elemental
analyses were performed by Robertson Microlit Laboratories
(Ledgewood, NJ, USA).

Synthesis

κ
6-[Tris(4-methyl-2-((3′,5′-di-tert-butyl-2′-oxyphenyl)amido)

phenyl)amine]titanium(IV), (MeClamp)Ti. In the drybox,
0.607 g MeClampH6

7 (0.642 mmol) is dissolved in 8 mL of
chloroform. To the stirred solution is added 285 μL Ti(OiPr)4
(0.964 mmol, 1.5 equiv.), whereupon the solution turns dark
red. After 45 min, the flask is opened to the air and stirred
overnight to give a dark purple solution. The solution is fil-
tered through a silica gel column with methylene chloride and
the solvent is removed from the filtrate on the rotary evapo-
rator to give a dark purple solid. The solid is slurried with a
minimum of acetonitrile and filtered to give 0.448 g
(MeClamp)Ti (71%). 1H NMR (CD2Cl2, 23 °C): δ 1.25 (s, 27H,
tBu), 1.31 (s, 27H, tBu), 2.08 (s, 9H, CH3), 6.0 (v br, 3H, ArH),
7.32 (v br, 3H, ArH). ESI-MS: 987.5657 (M+, calcd 987.5633).
UV-Vis-NIR (CH2Cl2): λmax = 347 nm (ε = 31 600 L mol−1 cm−1),
520 (11 500), 829 (6780), 1331 nm (6870), 1961 nm (7680).
Anal. calcd for C63H78N4O3Ti: C, 76.65; H, 7.96; N, 5.68.
Found: C, 76.42; H, 7.67; N, 5.72.

Variable-temperature NMR of (MeClamp)Ti

1H NMR spectra were acquired from −95 °C to 30 °C in CD2Cl2
solution. For those peaks that showed a significant depen-
dence of the chemical shift on temperature and were observa-
ble over a sufficient temperature range, the chemical shifts
were described by eqn (1a), with the hyperfine coupling con-
stants A in MHz, the absolute temperatures T in K, ΔE in
kcal mol−1, and chemical shifts in ppm. Due to the relatively
small energy gap in this compound, the temperature-dependence

of the diamagnetic chemical shift was neglected in the
analysis.8,9,10

δobsd ¼ δdia þ
2gβA

ðγH=2πÞkT
ð3þ eΔE=RT Þ�1 ð1Þ

δobsd ¼ δdia þ ð63150Þ
A

T
ð3þ eΔE=0:001987TÞ�1 ð1aÞ

Unweighted nonlinear least-squares fitting was carried out,
optimizing one chemical shift and one hyperfine coupling per
resonance and a single global value of ΔE for all resonances,
using the Levenberg–Marquardt algorithm as implemented in
the Solver routine of Microsoft Excel.11 Uncertainties were esti-
mated using established methods.12

Electrochemistry of (MeClamp)Ti

Electrochemical measurements were performed in the drybox
using a Metrohm Autolab PGSTAT128N potentiostat. A three-
electrode arrangement (glassy carbon working electrode,
glassy carbon counter electrode, silver/silver chloride pseudo-
reference electrode) was used. The electrodes were connected
to the potentiostat through electrical conduits in the drybox
wall. The sample solution contained 1 mM (MeClamp)Ti in
CH2Cl2 with 0.1 M Bu4NPF6 as the electrolyte. Potentials were
referenced to ferrocene/ferrocenium at 0 V,13 with the refer-
ence potential established by spiking the test solution with a
small quantity of decamethylferrocene (E° = −0.565 V in
CH2Cl2).

14

Theoretical calculations

Correlation effects in the electronic structure of (Clamp)Ti
(ClampH6 = tris(2-(2′-hydroxyphenylamino)phenyl)amine) were
investigated using RAS-CI.15 The RAS-CI active space included
the three orbitals derived from the redox-active orbitals on the
amidophenoxide ligands and the five titanium d orbitals (2
occupied, 6 virtual). The RAS-CI calculations were performed
using a 6-31G* basis set at geometries optimized by unrest-
ricted DFT using the B3LYP functional and TZVP basis set.
The unrelaxed RAS-CI triplet state energy was calculated at the
DFT-optimized singlet geometry and the relaxed RAS-CI triplet
state energy at the DFT-optimized triplet geometry. DFT calcu-
lations with B3LYP functionals and 6-31G* were performed to
predict the geometries of simplified models in which the
(MeClamp) is replaced by three catecholate, amidophenolate
or benzenediamide ligands. To treat dynamical correlation,
unrelaxed NEVPT216 calculations were also performed on
(Clamp)Ti using an SVP basis set at geometries optimized by
DFT with a B3LYP functional and SVP basis set. All DFT and
RAS-CI calculations were performed using the Q-Chem 4.017

software package, while NEVPT2 calculations were carried out
using BAGEL.18

X-ray crystallography

Crystals of (MeClamp)Ti·2CH3CN were grown by dissolving the
metal complex (as a crude oil) in a minimum of CH3CN and
allowing the solution to stand at room temperature. Crystals
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were placed in a mixture of DuPont Krytox GPL 105 PFPE lubri-
cant and DuPont Krytox GPL205 grease before being transferred
to the cold N2 stream of the diffractometer. Data were reduced
and corrected for absorption using the program SADABS. The
structure was solved using direct methods. All non-hydrogen
atoms not apparent from the initial solutions were found on
difference Fourier maps, and all heavy atoms were refined ani-
sotropically. Iminoxolene ring 1 was disordered in two different
orientations (probably driven by the disorder of the tert-butyl
group centered at C18, which is in two different orientations in
the two ring orientations). All thermal parameters of the corres-
ponding atoms in the two orientations were fixed as equal, and
their occupancies were allowed to refine, giving a 57.8(2)% occu-
pancy for the main orientation. No disorder was apparent for
C11, and the two sites for C173 were so close that the refine-
ment was only stable if their coordinates were fixed as equal.
One of the acetonitriles of solvation was discerned in three
different orientations. Thermal parameters of the corres-
ponding atoms were fixed as equal and the sum of the occu-
pancy factors constrained to 1.00; occupancies refined to 67.1(3),
23.7(5), and 9.2(5)%. All hydrogen atoms were placed in calcu-
lated positions, with their isotropic thermal parameters tied to
the equivalent isotropic thermal parameters of the carbon
atoms to which they were attached (1.2× for aromatic and 1.5×
for methyl). Calculations used SHELXTL (Bruker AXS),19 with
scattering factors and anomalous dispersion terms taken from
the literature.20 Further details about the structure are given in
Table 1.

Results and discussion
Preparation and structure of (MeClamp)Ti

Titanium(IV) isopropoxide reacts with the tris(aminophenol)
MeClampH6

7 under a nitrogen atmosphere to form a red solu-

tion. In situ 1H NMR spectroscopy (Fig. S1†) indicates that one
isopropoxide remains bound to the major titanium-containing
product, which has no symmetry and is tentatively assigned as
(MeClampH3)Ti(O

iPr). Presumably the isopropoxide groups
deprotonate the phenols but are not sufficiently basic to de-
protonate the diarylamines.21 On exposure of this reaction
mixture to the atmosphere, the remaining isopropoxide group
is lost as isopropanol and a single titanium-containing
product, dark purple (MeClamp)Ti, is formed (eqn (2)). This
air-stable material can be purified by column chromatography
on silica gel and is isolated as a crystalline solid in 71% yield.

The complete deprotonation of the ligand in the complex is
confirmed by IR spectroscopy (no N–H or O–H stretches) and
by X-ray crystallography, which shows trigonal planar environ-
ments for all the iminoxolene nitrogens (sum of angles at N >
356°; Fig. 1). The coordination geometry of titanium is octa-
hedral, with no significant interaction of titanium with the
central triarylamine nitrogen (Ti–N = 2.8274(12) Å). This situ-
ation contrasts with the seven-coordinate capped octahedral
geometry shown by (MeClamp)Mo (Mo–N = 2.28 Å).7 The
absence of a bond between the triarylamine and titanium is
presumably due to the smaller size and lower Lewis acidity of
the titanium center. (MeClamp)Mo binds the triarylamine
nitrogen despite the intrinsically low Lewis acidity of the
tris(amidophenoxide)molybdenum(VI) fragment.22

Assignment of the oxidation state of titanium as +4 seems
secure based on the air-stability of the complex and the
difficulty of reducing titanium(IV) in oxygen-rich coordination

Fig. 1 Thermal ellipsoid plot of (MeClamp)Ti·2CH3CN. Hydrogen atoms
and solvent molecules are omitted, and only the major orientation of
ring 1 is shown.

Table 1 X-ray crystallography of (MeClamp)Ti·2CH3CN

Empirical formula C67H84N6O3Ti
Temperature/K 120(2)
λ/Å 1.54178 (Cu Kα)
Crystal system Orthorhombic
Space group Pbca
Total data collected 180 382
No. of indep reflns. 12 331
Rint 0.0439
Obsd refls [I > 2σ(I)] 11 853
a/Å 22.8836(6)
b/Å 12.2462(3)
c/Å 45.2221(12)
α/° 90
β/° 90
γ/° 90
V/Å3 12 672.9(6)
Z 8
μ/mm−1 1.511
Crystal size/mm 0.24 × 0.12 × 0.08
No. refined params 750
R indices [I > 2σ (I)] R1 = 0.0406, wR2 = 0.1106
R1 indices (all data) R1 = 0.0421, wR2 = 0.1118
Goodness of fit 1.039
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environments. This oxidation state assignment is supported by
analysis of the intraligand bond distances in the complex.
Using established correlations to determine metrical oxidation
state (MOS) values for each of the ligands23 gives a total MOS
for the three iminoxolenes of −3.85(7). The difference from −4
is only marginally significant, but may indicate a small
amount of π donation from the iminoxolenes to titanium(IV),
at least from ring 3, whose titanium-oxygen distance is longer
than typical aryloxide-titanium distances (∼1.85 Å) but shorter
than those of non-π-donor oxygen anions such as acetyl-
acetonate (∼1.95 Å).24–26 The bis(amidophenolate)titanium(IV)
complex (tBuNC6H2

tBu2O)2Ti(THF)2 has an average MOS of
−1.88(7).27

The iminoxolenes are thus formally in mixed oxidation
states, nominally two iminosemiquinones and one amidophe-
nolate. The isoelectronic complex based on bis(arylimino)ace-
naphthenequinone, Ti(C12H6[NAr]2)3, shows a highly sym-
metric structure (crystallographic D3 symmetry).28 In contrast,
(MeClamp)Ti shows a noticeably unsymmetrical coordination
environment in the solid state (Table 2), as evidenced by the
variation in metal–ligand bond distances (for example, Ti–O
distances that range from 1.8961(9) to 2.0069(10) Å) and in
intraligand distances (MOS values of −0.95(8), −1.27(3), and
−1.63(5)). These values are most consistent with a structure
that is neither fully delocalized (MOS = −1.33 for all three
ligands) nor fully localized (MOS = −1 for two ligands and −2
for one ligand).

Characterization of (MeClamp)Ti

The cyclic voltammogram of (MeClamp)Ti shows four revers-
ible one-electron redox waves, two oxidations and two
reductions, between −2.0 V and +1.0 V vs. ferrocene/ferroce-
nium (Fig. 2). Given the difficulty of reducing titanium(IV) in
oxygen-rich environments,29 all of the redox events may be
assigned as ligand-centered. The reduction waves at −0.85 V
and −1.34 V are very similar to those shown by bis(arylimino-
benzosemiquinone) complexes of group 10 metals8,30–33 and

are thus assigned to iminoxolene-centered reductions. The oxi-
dations are more ambiguous, since both iminoxolenes (as in
(MeClamp)Mo, E° = −0.17, +0.55 V)7 and triarylamines are
expected to show oxidation waves at these potentials. Tri-p-
tolylamine itself oxidizes at +0.33 V,34 and ortho-amino substi-
tution is expected to lower this potential. However, triaryl-
aminium ions have the aryl groups nearly coplanar with the
coordination plane of the central nitrogen in order to allow
delocalization of the positive charge. For example, tris(4-bro-
mophenyl)aminium ion has an average angle of 36.7° between
these planes, and lower-potential oxidants tend to have even
smaller angles.35 The constraints of the hexadentate chelate in
(MeClamp)Ti require the aryl groups to align much closer to
perpendicular to the NC3 plane (average angle 55(3)°), which
decreases the overlap between the nitrogen p orbital and the
arene rings and makes the triarylamine harder to oxidize. The
two oxidation waves in (MeClamp)Ti are thus tentatively
assigned as iminoxolene-localized; the potentials observed are
strikingly similar to those shown by (MeClamp)Mo.7

The optical spectrum of (MeClamp)Ti (Fig. 3) shows an
intense band in the UV, probably due to ligand-to-metal
charge transfer (compare bis(amidophenoxide) complex
Ti(tBuNC6H2

tBu2O)2(THF)2, λmax 371 nm (ref. 27)). A series of
moderately intense transitions in the visible region extending
into the near-infrared is also observed. These bands are likely
due to intraligand transitions, which are typically observed at
long wavelengths in complexes containing iminosemiquinone
ligands.8

(MeClamp)Ti is diamagnetic both in the solid state and in
solution (by Evans method). Its 1H NMR spectrum at ambient
temperatures (Fig. 4), however, shows substantially broadened
peaks due to the tert-butyl and methyl resonances, and two of

Table 2 Selected bond distances (Å) and metrical oxidation states
(MOS) for the three iminoxolene rings (n = 1, 2, or 3) in (MeClamp)
Ti·2CH3CN

n = 1 n = 2 n = 3

Ti–On 2.0069(10) 1.9693(10) 1.8961(9)
Ti–Nn 2.1231(12) 2.1219(11) 2.0704(11)
On–Cn1 1.2952(19) 1.3141(16) 1.3367(16)
Nn–Cn2 1.361(11)a 1.3637(17) 1.3938(17)
Cn1–Cn2 1.449(11)a 1.4295(19) 1.4178(18)
Cn2–Cn3 1.414(11)a 1.4072(19) 1.4031(18)
Cn3–Cn4 1.373(6)a 1.382(2) 1.3874(19)
Cn4–Cn5 1.425(4)a 1.412(2) 1.405(2)
Cn5–Cn6 1.377(7)a 1.385(2) 1.392(2)
Cn6–Cn1 1.445(7)a 1.4177(18) 1.4075(19)
MOS −0.95(8) −1.27(3) −1.63(5)
Ti–N 2.8274(12)

a Ring 1 is disordered in two different orientations; the values given
are the weighted averages of the two components.

Fig. 2 Cyclic voltammogram of (MeClamp)Ti in CH2Cl2 (100 mM
Bu4NPF6, 100 mV s−1).
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the aromatic resonances. The other three aromatic resonances
are apparently so broad as to be undetectable, though two
more can be discerned at low temperature. Lowering the temp-
erature causes all the resonances to change chemical shift
towards their expected diamagnetic positions. At all tempera-
tures, the presence of only two tert-butyl peaks and one methyl
peak indicates that the asymmetry shown in the solid state is
either lost in solution, or more likely is averaged by a rapid
fluxional process.

Broadening of NMR spectra has been observed in other
complexes with redox-active ligands due to traces of one-elec-
tron oxidized material which is in rapid exchange with the
neutral, diamagnetic species.7,36,37 Partial oxidation does not
appear to be the explanation for the behavior of (MeClamp)Ti.
Its NMR spectrum is reproducible from sample to sample, and
is unaffected by addition of a reducing agent such as deca-
methylferrocene (which causes spectra to sharpen in case of
adventitious oxidation). Furthermore, the peaks of paramag-
netic species become increasingly shifted as the temperature is
lowered, while those of (MeClamp)Ti shift toward their dia-
magnetic values.

Instead, the pattern of nonlinearly increasing chemical
shift with temperature is most consistent with a singlet–triplet
equilibrium. Such a situation was studied by Cotton and co-
workers in metal–metal quadruply bonded dimers9,10 and has
subsequently been observed in other chemical contexts,38–41

including in complexes containing redox-active ligands.8,42,43

The temperature dependence of the chemical shifts (Fig. 5) is
well described by the model of a thermally populated triplet,
with a measured singlet–triplet gap of 1200 ± 70 cm−1.

Electronic structure of (MeClamp)Ti

A qualitative starting point for understanding the electronic
structure of (MeClamp)Ti is that of (MeClamp)Mo, which has

Fig. 3 UV-Vis-NIR spectrum of (MeClamp)Ti in CH2Cl2.

Fig. 4 1H NMR spectra of (MeClamp)Ti (CD2Cl2, 500 MHz). The solvent
residual CHDCl2 peak is marked with *; traces of C6H6 (•) and CH3CN (#)
are also discernible.

Fig. 5 Temperature-dependence of the 1H NMR chemical shifts of the
aromatic resonances of (MeClamp)Ti (CD2Cl2). Solid lines represent the
best fit to eqn (1a).
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been described in detail.7 The three ligand orbitals that are
important are the high-lying ligand redox-active orbitals (the
HOMOs of the fully reduced amidophenolates, corresponding
to the B1-symmetry combination of heteroatom lone pair orbi-
tals in catecholates44). The E-symmetry combinations of these
ligand π orbitals (in C3 symmetry) interact strongly with two of
the metal dπ orbitals (essentially dxy and dx2−y2), while the
A-symmetry combination is roughly nonbonding because of its
poor overlap with the dz2 orbital.

There are three critical differences in the bonding of
(MeClamp)Ti that distinguish it from (MeClamp)Mo. First, the
titanium compound is pseudo-octahedral and lacks the
M–N10 interaction present in (MeClamp)Mo, removing the σ*
character from the dz2 orbital in (MeClamp)Ti and lowering its
energy. Second, titanium(IV) is substantially more electroposi-
tive than molybdenum(VI),45,46 which increases the separation
of the metal and ligand orbitals. The increase in the energy
gap between metal and ligand orbitals, in concert with the
lesser spatial extension of the 3d orbitals of Ti, is expected to
significantly decrease the extent of ligand-to-metal π bonding
in the titanium complex. Experimentally, the structural effect
of π bonding is more modest in the bis(amidophenolate)tita-
nium(IV) complex cis-(tBuNC6H2

tBu2O)2Ti(THF)2 (MOS =
−1.88(7)27) than in the bis(amidophenolate)molybdenum(VI)
complex cis,α-(tBuClip)Mo(OiPr)2 (MOS = −1.50(10)47).

Third, and most importantly, (MeClamp)Ti has two fewer elec-
trons than (MeClamp)Mo. In the molybdenum complex, the prin-
cipally ligand-based orbitals are completely filled, there is a
sizable energy gap between them and the principally metal-based
orbitals, and single-determinant methods suffice to give a reason-
able representation of the molecule’s electronic structure. In con-
trast, (MeClamp)Ti is anticipated to have four electrons among
the three delocalized ligand-centered orbitals. While there should
be an appreciable stabilization of the two metal–ligand π bonding
combinations relative to the ligand-localized πnb orbital, for the
reasons discussed above this gap will be smaller than the
7600 cm−1 gap observed in (MeClamp)Mo.7 Other systems with
partially occupied ligand π levels, even in the presence of signifi-
cant splitting, have appreciable multireference character.48–51

Fig. 6 shows the RAS-CI natural orbitals of the ground state
of (MeClamp)Ti, constrained to C3 symmetry, and their occu-
pation numbers. The RAS-CI calculation shows considerable
multireference character in the ground singlet state, with the
major configurations being (e)4(a)0(e*)0 (36%) and (e)2(a)2(e*)0

(12%). There is a clear predominance of occupation of the
ligand-centered π bonding orbitals, but there is also a signifi-
cant contribution of configurations with the π-nonbonding
orbital populated as well. The population of the metal-centered
A-symmetry orbital (essentially dz2) is negligible despite its low
energy, presumably because it contains so little ligand character
that it does not couple well to the ligand-centered E-symmetry
orbitals that have the majority of the electron density.

Symmetry breaking in (MeClamp)Ti

The spatial symmetry of the (multiconfigurational) ground
state of C3-symmetric (Clamp)Ti is A, so the compound is not

susceptible to (first-order) Jahn–Teller distortion. However,
distortion along an E vibrational coordinate that shortens one
Ti-ligand distance at the expense of the other two allows the
A-symmetry ligand-centered orbital to mix with the ligand-cen-
tered E-symmetry orbitals and, given partial occupancy of the
three orbitals, can lead to net stabilization of the complex.
Such second-order Jahn–Teller distortions have been shown to
be strongly stabilizing in certain 4π-electron organic diradicals
such as cyclopentadienyl cation,52,53 though these systems
differ significantly from (Clamp)Ti in that the A-symmetry MO
in the organic systems is invariably lower in energy than the E

combination.54 In the present system, both Kohn–Sham and
correlated calculations predict that the C3 geometry of
Ti(Clamp) is unstable relative to a C1 structure with one short
and two longer sets of ligand–metal bonds (Fig. S2 and S3†).
However, the energetic driving force for distortion is small,
0.04 eV in a RAS-CI calculation with a 6-31G* basis set and
0.14 eV in a NEVPT2 calculation with a SVP basis set.

Geometrically, the distortion results in a 0.06 Å shortening of
the Ti–N bonds to one ligand and a 0.02–0.04 Å lengthening of
the other two, with a similar pattern in the Ti–O bonds, though
the changes are smaller in magnitude (Table 3). The calculated
MOS values behave accordingly, with two becoming more posi-
tive by 0.1 units and the third becoming more negative by 0.2
units. The calculated C1-symmetric structure is in reasonable
agreement with the solid-state structure of (MeClamp)Ti, though
the calculated distortions are more uniform than those observed
in the solid, possibly due to crystal packing effects. Significantly,
even in the calculated C1-symmetric structure, the redox states of
the ligands are not fully localized, with the iminosemiquinone-
like ligands in particular showing MOS values that are two stan-
dard deviations away from −1.00.

In the triplet state of (Clamp)Ti, the lowest-energy configur-
ation of the C3-symmetric compound would be expected to be

Fig. 6 Shape, symmetry, and occupation number of RAS-CI natural
orbitals of ground-state singlet (Clamp)Ti, constrained to a C3-sym-
metric geometry.
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(e)3(a)1, which would be unstable to a first-order Jahn–Teller
distortion. Indeed, calculations on triplet (Clamp)Ti confirm
an unsymmetrical minimum-energy geometry. Both the
metal–ligand distances and the calculated MOS values
(Table 3) indicate that the triplet is more localized than the
singlet, with greater distortion from C3 symmetry. The MOS
values are consistent with an essentially localized geometry,
and the spin density of the triplet (Clamp)Ti (Fig. 7) indicates
that the spins are indeed essentially localized on the two
ligands with longer metal–ligand bonds and MOS values close
to −1 (that is, the two iminosemiquinone ligands). The triplet
still has considerable multireference character, with major
configurations in the RAS-CI calculation of
(e1)

1(e2)
1(a)1(e1*)

1(e2*)
0 (36%) and (e1)

1(e2)
2(a)1(e1*)

0(e2*)
0

(24%). The calculated singlet–triplet gap is 320 cm−1 in relaxed
RAS-CI (480 cm−1 in unrelaxed RAS-CI) and 1100 cm−1 in
NEVPT2, in good agreement with the experimental value of
1200(70) cm−1.

In order to clarify the features that favor localization or
delocalization, we considered computationally the octahedral
tris(ligand) complexes with O,O (catecholate, cat), N,O (amido-
phenolate, ap), and N,N (benzenediamide, bd) donors
(Table 3). The lowest-energy structures of the catecholate and
amidophenolate ligands are both unsymmetrical. The catecho-
late structure is appreciably less symmetrical than the amido-
phenolate, as judged both by the differences in MOS values
and the differences in Ti–O distances. The minimum-energy
structure of the benzenediamide complex is C3-symmetric.
There is thus a clear trend that the degree of asymmetry in the
complexes decreases as oxygen donors are replaced by nitrogen
donors in the ligands.

This trend is consistent with the limited experimental data
available for early metal tris-ligand complexes. No neutral
titanium tris(dioxolene) complexes have been characterized
experimentally. The tris(iminoxolene) (MeClamp)Ti described
here is unsymmetrical in the solid state, while a tris(bis(aryl-
imino)acenaphthylene)titanium complex Ti(C12H6[NAr]2)3
has a symmetrical structure,28 as does the isoelectronic
vanadium cation.5 While the neutral vanadium compounds
are not strictly comparable, having one more electron, the
available data are informative as well. The tris(dioxolene)
complex V(3,6-tBu2C6H2O2)3 is essentially localized in the
solid state, with MOS values of −1.05(7) for the crystallogra-
phically unique (semiquinonate) ligand and −1.61(4) each for
the other two crystallographically equivalent (catecholate)
ligands.23 Further evidence for the propensity of this com-
pound to adopt a localized electronic structure is provided by
the room-temperature solution EPR spectrum, which shows
hyperfine coupling to only a single dioxolene ligand.6 The
neutral tris(iminoxolene)vanadium complex, V(OC6H2-
4,6-tBu2-2-NPh)3, has been prepared and characterized.55

Since this compound is observed as the meridional isomer, it
cannot strictly speaking exhibit any symmetry. Nevertheless,
the very similar MOS values exhibited by the three ligands
(−1.17(10), −1.26(7), and −1.33(6), with a total span of only
0.16 units) suggest a considerable delocalization of the elec-
tronic structure, certainly more than is exhibited in the
experimental structure of (MeClamp)Ti (span of MOS values
of 0.68 units) or calculated (Clamp)Ti (0.35 span of MOS) or
fac-(ap)3Ti (0.38 span of MOS). The fully nitrogen-ligated
V(C12H6[NAr]2)3 is again completely symmetrical in the solid
state.5

A second-order Jahn–Teller distortion is expected to be
more favorable the smaller the energy difference between the
lower-lying ligand-centered E orbitals and the higher-lying,
less highly occupied, A orbital. This correlation is observed in
the calculations on (cat)3Ti, fac-(ap)3Ti, and (bd)3Ti, where in
the structures constrained to C3 symmetry, the Kohn–Sham
HOMO–LUMO gaps are 0.84 eV, 1.25 eV, and 1.55 eV, respect-
ively. Since the HOMO levels are metal–ligand π bonding in
character while the LUMO orbitals are essentially nonbonding,
the energy differences must be due to increasing π interaction
in the nitrogen donor ligands compared to oxygen donor
ligands. For early transition metals such as titanium and

Table 3 Calculated structural features of Ti complexes

Complex Level of theory Ti–O, Å Ti–N, Å MOS

Singlet (Clamp)Ti, C3 B3LYP/TZVP 1.922 2.176 −1.29(9)
Singlet (Clamp)Ti, C1 B3LYP/TZVP
Ring 1 1.948 2.198 −1.18(9)
Ring 2 1.932 2.213 −1.18(9)
Ring 3 1.889 2.116 −1.53(9)

Triplet (Clamp)Ti, C1 B3LYP/TZVP
Ring 1 1.964 2.224 −1.12(11)
Ring 2 1.938 2.252 −1.11(10)
Ring 3 1.863 2.078 −1.73(9)

Singlet (cat)3Ti, C2 B3LYP/6-31G*
Rings 1 and 2 2.018 n/a −1.04(6)

2.060
Ring 3 1.878 n/a −1.82(8)

Singlet fac-(ap)3Ti, C1 B3LYP/6-31G*
Ring 1 1.986 2.103 −1.02(9)
Ring 2 1.960 2.098 −1.09(9)
Ring 3 1.914 2.040 −1.40(9)

Singlet (bd)3Ti, D3 B3LYP/6-31G* n/a 2.058 n/a

Fig. 7 Calculated spin density of triplet (Clamp)Ti.
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vanadium, the ligand levels are lower in energy than the metal
orbitals, so decreasing the electronegativity of the donor atom
improves the energy match between metal and ligand and
hence increases the strength of the π interaction. The greater
ability of amidophenolates compared to catecholates to donate
to early transition metals has been documented.23 Vanadium,
because of its greater electronegativity and hence better orbital
energy match with the ligands compared to titanium, is
expected to have stronger π interactions than titanium. This
difference in π bonding may in part explain the apparently
higher propensity of the tris(iminoxolenes) of vanadium to
adopt a delocalized structure, though the additional electron
present in the vanadium complex, which would be expected to
decrease the favorability of second-order Jahn–Teller distortion
due to the greater occupancy of the A-symmetry orbital, may
also play a role.

Conclusions

The air- and moisture-stable neutral tris(iminoxolene)
(MeClamp)Ti contains titanium(IV) and mixed oxidation states
of the iminoxolenes. The compound is diamagnetic, but NMR
studies indicate that the triplet state is only 1200 cm−1 higher
in energy than the singlet ground state. Crystallographic and
computational studies show that the compound is unsymme-
trical, with a structure intermediate between the fully localized
(two iminosemiquinones and one amidophenolate) and the
fully delocalized (three ligands with oxidation states of −1.33)
limits. The distortion from C3 symmetry can be explained as a
second-order Jahn–Teller effect caused by mixing of the nom-
inally filled E-symmetry iminoxolene-titanium π bonding orbi-
tals with the nominally empty A-symmetry iminoxolene-loca-
lized π nonbonding orbitals. The driving force for distortion is
inversely related to the strength of π bonding, with stronger π
donor ligands (such as diamidobenzenes) fostering a sym-
metrical structure and weaker π donor ligands (such as cate-
cholates) fostering a localized structure. The amidophenolates
in the MeClamp ligand are intermediate in their π donor
ability, so (MeClamp)Ti sits on the border between a localized
and a delocalized structure.
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