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Abstract: Two-electron reduction of the TiIV compound
(ketguan)(ImDippN)Ti(OTf)2 (3) gives the arene-masked com-
plex (ketguan)(h6-ImDippN)Ti (1) in excellent yield. Upon
standing in solution, 1 converts to a TiIV metallacycle (4)
through dehydrogenation of a pendant isopropyl group.
Spectroscopic evidence shows this transformation initially
proceeds via the oxidative addition of a C(sp3)@H bond and
can be reversed upon exposure of 4 to H2. Interestingly,
treatment of 1 with cyclohexene gives cyclohexane and 4 via
a titanium-mediated transfer hydrogenation reaction, a process
that can be extended to catalytically hydrogenate other
unsaturated hydrocarbons under mild conditions. These
results, rare for the early-metals, suggest 1 possesses chemical
characteristics reminiscent of noble, late-metals.

Catalytic alkane dehydrogenation, proceeding via a formal
H2 transfer mechanism, was first achieved by Crabtree and
Felkin, independently, using iridium and rhenium phosphine
complexes and olefin co-reagents as hydrogen acceptors.[1] In
these reactions, the critical step is the oxidative addition of
a C@H bond to a coordinatively unsaturated metal center.[1b, 2]

Arguably, of the known C@H bond activation mechanisms
(oxidative addition, s-bond metathesis, electrophilic substi-
tution, etc.), the oxidative addition of C@H bonds to low-
valent late-metals (e.g. palladium, iridium) has shown the
most success and versatility.[3] Of course, a major disadvant-
age of using precious metals is their associated cost and
toxicity.

The redox neutral activation of C@H bonds by early-metal
complexes through s-bond metathesis is well-known.[4] How-
ever, in very rare instances, low-valent early-metal (i.e.
Groups 4 and 5) complexes have been shown capable of
effecting alkane C@H bond activation via oxidative addition
pathways.[5] Efforts by Brintzinger and Bercaw to isolate
titanocene, Cp2Ti (Cp = h5-C5H5), were unsuccessful as the
complex undergoes ring hydrogen transfer to give the TiIII

fulvene dimer (m-h5 :h5-C10H8)[(Cp)Ti(m-H)]2.
[5g,6] Rothwell

et al. demonstrated that the two-electron reduction of the

NbV aryloxide Nb(ODipp)3Cl2 (Dipp = 2,6-diisopropyl-
phenyl) resulted in the formation of the cyclometalated NbV

complex Nb(OC6H3-
iPr-h2-MeCCH2)(ODipp)2(THF).[5c] It is

postulated that the reaction proceeds via a three-coordinate,
d2-NbIII intermediate which undergoes intramolecular oxida-
tive addition of an isopropyl C@H bond followed by H2

elimination. In support of this, Wolczanski and co-workers
have shown that the isolable TaIII complex Ta(OSitBu3)3

gradually cyclometalates to give the TaV alkyl hydride Ta-
(H)(OSitBu2CH2)(OSitBu3)2 in low yield.[5b] Notably, in all of
the aforementioned cases, the observed C@H bond activation
involves the putative formation of a coordinatively unsatu-
rated d2-metal species. These examples, although extremely
limited, are noteworthy as they showcase that C@H oxidative
addition chemistry is not the sole province of precious metals
but can be performed under certain circumstances by
abundant and non-toxic early-metals.

In line with this, we describe the synthesis, character-
ization, and reactivity of the 16-electron TiII synthon
(ketguan)(h6-ImDippN)Ti (1). In solution, 1 slowly transforms
into a new cyclometalated product from the intramolecular
dehydrogenation of two C(sp3)@H bonds through an oxida-
tive addition step and subsequent loss of H2. Notably, this
transformation can be utilized to perform intermolecular
transfer hydrogenation chemistry to convert cyclohexene to
cyclohexane. Furthermore, we demonstrate that our system is
capable of catalytically hydrogenating alkenes under mild
conditions. This combined reactivity is unprecedented for
early-metal systems but akin to the hydrocarbon chemistry
observed with late, precious metals.

In an attempt to probe and explore the intriguing
reactivity of coordinatively unsaturated early-metals in low
oxidation states, that is, +d2, we have been endeavoring to
synthesize reduced but low-coordinate complexes of titanium.
To maximize our chances for success, we chose to use a three-
coordinate ligand base with sterically encumbering Dipp
substituents for kinetic stabilization. To enhance the electron
richness at the metal center and thus its reductive capabilities,
we selected a ketimine-guanidinate [(tBu2C=N)C(NDipp)2]

@

(ketguan@) and 1,3-bis(Dipp)imidazolin-2-iminato (ImDippN@)
ligand combination as both are competent s- and p-donors
capable of donating up to 6 electrons each via 2s–1p and 1s–
2p bonds, respectively.[7, 8]

Addition of [Li(THF)2][
ketguan] to (ImDippN)TiCl3 in THF

gives (ketguan)(ImDippN)TiCl2 (2) in 76 % as a dark red
material (Scheme 1). Complex 2 is only partially soluble in
aromatic and polar solvents but solubility can be dramatically
improved through chloride-for-triflate metathesis using
2.1 equiv of AgOTf to give (ketguan)(ImDippN)Ti(OTf)2 (3)
which is highly soluble in THF and aromatic solvents. It
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should be noted that Kempe has reported the synthesis of the
related complex [(Et2N)C(NDipp)2](ImDippN)TiCl2, but its
reduction chemistry has not been explored.[9]

The reduction of a suspension of 2 in THF with 2.5 equiv
of KC8 at @75 88C for 15 h results in the formation of
a complicated product mixture from which we were able to
isolate single crystals of 1 in trace amounts. We attribute the
failure to cleanly reduce 2 to the heterogeneity of the reaction
conditions. Accordingly, the treatment of 3, fully dissolved in
THF, with 2.5 equiv of KC8 at low temperature smoothly
produces 1 in 84 % yield (Scheme 1).

Complex 1 can be synthesized on a multigram scale and is
isolated as a golden-brown solid that is partially soluble in
non-polar solvents, such as hexane, but fully soluble in
aromatics and Et2O. Crystals of 1 can be grown from
a saturated hexane or Et2O solution stored for three days at
@25 88C, and its solid-state structure is shown in Figure 1. Most
notably, the titanium center is capped by an h6-bonded aryl
substituent of the ImDippN ligand with a significantly bent Ti–

N–CIm bond angle and elongated Ti–NDippIm bond distance
(Ti1–N1–C1 118.8(2)88 ; Ti1–N1 1.927(2) c) which accommo-
dates the masking interaction. Inspection of the metrical
parameters within the capping arene moiety reveals severe
ring distortions indicative of aromaticity loss and presence of
a prominent 1,4-cyclohexadiene dianion resonance form. For
example, the sp3-character of the ipso and para carbons
results in a ring fold angle of 1088 at their vertex, while the
endocyclic bond metrics show two localized p-bonds in the
1,4-positions (Figure 1).[10] Accordingly, the meta and ortho
proton resonances of the masking ring shift upfield from the
aromatic region, appearing as a triplet and a doublet at 4.62
and 2.99 ppm, respectively, in the 1H NMR spectrum of 1 in
C6D6.

[8]

Consequently, these features are consistent with predom-
inant TiIV resonance character,[11] as opposed to a TiII canon-
ical form. Nonetheless, masked early-metal complexes have
been shown to be rich electron reservoirs of which 1 is no
exception.[12]

Complex 1 can be stored indefinitely as a solid or in non-
polar solutions at @25 88C. Yet, at room temperature, benzene
solutions of 1 are observed to slowly transform to a new,
diamagnetic product over the course of many days.[8] Warm-
ing these solutions to 60 88C accelerates the transformation
resulting in complete conversion within hours, the product of
which we have identified as the intramolecularly cyclometa-
lated (ImDippN)[(2,6-iPr2C6H3N)(2-iPrC6H3-6-(h2-CH3CCH2)-
N)C(NCtBu2)]Ti (4) (Scheme 2) via X-ray crystallographic
(Figure 2) and NMR spectral analyses.

Complex 4 exhibits many salient features. For instance,
aromaticity is restored to the once-masking aryl group of the
ImDippN ligand, traded in place for the intramolecular C@H
activation of the guanidine ligand. Specifically, two of the
carbon atoms from a flanking isopropyl group of the
guanidine are seen to engage the titanium in an h2-interaction.
The Ti–C (Ti1–C8 2.141(2) and Ti1–C9 2.008(2) c) and C@C

Scheme 1. Routes for the synthesis of 1.

Figure 1. Solid-state structure of 1·Et2O and corresponding bond
distances [b] within its masking ring. Co-crystallized Et2O removed for
clarity.

Scheme 2. Proposed formation of 4 via a TiII intermediate.
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(C8–C9 1.476(3) c) bond distances are consistent with that of
a TiIV metallacyclopropane,[13] indicating partial dehydrogen-
ation of the alkyl moiety via formal loss of H2. The proton
resonances of the diastereotopic hydrogen atoms of the
metallacyclopropane h2-(Me-C-CH2) fragment appear as two
doublets at 3.03 and 2.66 ppm in a 1:1 ratio in the 1H NMR
spectrum.

Following the transformation of 1 to 4 by NMR spectros-
copy, the presence of an intermediate can be detected in trace
amounts. This species is unstable and fully converts to 4 with
time. We postulated that this intermediate was the TiIV

product (ImDippN)[(2,6-iPr2C6H3N)(2-iPrC6H3-6-(h1-CH2CH-
CH3)N)C(NCtBu2)]TiH (5) (Scheme 2) formed by oxidative
addition of a C@H bond of a pendant isopropyl methyl group.
In an attempt to trap 5 by reversing the reaction equilibrium,
a C6D6 solution of 4 was exposed to an atmosphere of H2 at
ambient temperature. This generates 5 in nearly quantitative
yield offset by the formation of 1 in small amount (Figure S25
in the Supporting Information)—the latter indicating full
reversibility of the C@H activation process from 4 back to 1.
Complex 5 is indefinitely stable in the presence of H2, but
efforts to isolate 5 have been unsuccessful as it quickly
converts back to 4 within minutes of removing the H2

headspace (Figure S26). Nonetheless, we have fully eluci-
dated its solution-phase structure via NMR correlation
spectroscopy (COSY, dqCOSY, TOCSY, DEPT-135,
HMQC).[8] The NMR correlation experiments confirmed
our initial assignment of 5 as a TiIV alkyl hydride. In line with
this, the 1H NMR spectrum displays a singlet at 8.60 ppm,
which lacks carbon atom correlation in the HMQC spectra,
that is attributable to the Ti–H hydride resonance (Fig-
ure S29). Based upon these observations and supported by
the earlier findings of Rothwell and Wolczanski,[5b–e] we
contend, that in solution, 1 is in equilibrium with a coordina-
tively and electronically unsaturated d2-TiII, 14-electron
species (1’’) that oxidatively adds across a dangling C@H
bond, yielding 4 upon the concomitant release of H2 via b-
hydride abstraction (Scheme 2). In support of this, exposure
of 2 to CO results in the quantitative formation of the TiII

carbonyl complex (ImDippN)(ketguan)Ti(CO)2 (6) [Eq. (1)]
(Figure S4), unequivocally demonstrating the ability of 2 to
perform as a TiII synthon.

In a preliminary exploration of the chemistry of 1 with
unsaturated molecules, addition of excess cyclohexene to
a C6D6 solution results in the formation of a new product
which we have formulated as the metallacycle (ImDippN)-
(ketguan)Ti(h2-C6H10) (7) [Eq. (2)].[8] Curiously, while olefin
and alkynyl adducts of titanium are well known and
isolable,[14] 7 is not persistent in solution and slowly converts
to 4 with concomitant evolution of 1 equiv of cyclohexane
over two days at room temperature.[8] Even more surprisingly,
we have found that solutions of 7 are unstable under reduced
pressure and quantitatively give 4 upon drying in vacuo.

Remarkably, in these reactions, the olefin mediates the
clean conversion of 1 to 4 by acting as a terminal hydrogen
acceptor. As such, this hydrogenation chemistry is effectuated
through a C@H bond activation pathway, the source of the
hydrogen being the C@H bonds of the aliphatic isopropyl
group. This stands in stark contrast to the long established
hydrogenation chemistry of unsaturated hydrocarbons by
titanocenes which necessitates external hydrogen sources.[15]

The transfer hydrogenation that occurs between 1 and cyclo-
hexene is notable as this reactivity is akin to that known of the
late-metals,[1c,16] and to the best of our knowledge, is the first
instance of such chemistry with titanium or any other early-
metal.

These observations prompted us to investigate the ability
of our system to perform catalytic hydrogenation chemistry.
Treatment of 5 with 5 equiv of cyclohexene under 1 atm of H2

results in full hydrogenation to cyclohexane within five days
at room temperature (Figure S34). Based upon this, the
catalytic activity of our system towards other unsaturated
hydrocarbons was examined under mild conditions (2 atm H2,
55 88C), and the results are summarized in Table 1.[8] Of note,
using 1,5-cyclooctadiene (1,5-COD) as a substrate led to the
expected formation of cyclooctane and cyclooctene after
short reaction times; however, prolonging the experiment
appears to instead favor 1,5-COD to 1,3-COD isomeriza-

Figure 2. Solid-state structure of 4·C6H14. Hexane solvate not shown.

Angewandte
ChemieZuschriften

14309Angew. Chem. 2016, 128, 14307 –14311 T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


tion.[17] The reason behind this phenomenon is not known at
present and is currently under investigation.

In comparison to other titanocene hydrogenation cata-
lysts,[15] the catalytic activity of our system is admittedly low
with the best performance observed with cyclic olefins.
Nonetheless, our results demonstrate that our system can
effect alkene hydrogenation using modest H2 pressures and
temperatures, and further optimization of the reaction con-
ditions or modifications to the ligand manifold may improve
catalytic competency.[18] At this time, the mechanism by which
this chemistry occurs, whether by transfer hydrogenation or
other classic pathways, is not known, but we have discovered
that regardless of catalyst source—i.e., starting with either 1, 4
or 5—the presence of 5 in the reaction mixtures is critical for
successful hydrogenation catalysis.

In conclusion, using a strongly electron-donating, three-
coordinate and sterically encumbered N-donor ligand base,
we have succeeded in synthesizing the reduced titanium
complex (ketguan)(h6-ImDippN)Ti (1) which features a metal
center capped by a pendant arene group of the ImDippN ligand.
While bond metrics support a formal TiIV oxidation state
assignment, 1 behaves as a masked form of low-coordinate
TiII. Notably, 1 effects the intramolecular dehydrogenation of
a peripheral isopropyl group upon standing in solution to give
(ImDippN)[(2,6-iPr2C6H3N)(2-iPrC6H3-6-(h2-CH3CCH2)N)C-
(NCtBu2)]Ti (4)—a transformation that can be reversed upon
addition of H2. Spectroscopic evidence points to a rare
instance of C(sp3)@H oxidative addition across titanium as
a key step. Moreover, treatment of 1 with cyclohexene gives 4
and cyclohexane via transfer hydrogenation. This dual
reactivity is unprecedented for the early-metals, but well-
established for the later d-block elements, thus suggesting that
our titanium system can mimic the chemical characteristics of
late metals. This implies that through judicious molecular
design and reduction chemistry, precious-metal type reactiv-
ity can be elicited from inexpensive, non-toxic base metals
such as titanium. To this end, we are currently exploring the
reduction chemistry of related platforms whereby the “reac-
tive” isopropyl groups have been removed in an attempt to
evoke intermolecular C@H bond activation chemistry.
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