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The masked Ti(ll) synthon (X¢tguan)(n®-ImP®PN)Ti (1) oxidatively
adds across thiophene to give ring-opened (Ketguan)(ImPPN)Ti[x?2-
S(CH)3CH] (2). Complex 2 is photosensitive, and upon exposure to
light, reductively eliminates thiophene to regenerate 1 — a rare
example of early-metal mediated oxidative-addition/reductive-
elimination chemistry. DFT calculations indicate strong titanium n-
backdonation to the thiophene n*-orbitals leads to the observed
thiophene ring opening across titanium, while a proposed
photoinduced LMCT promotes the reverse thiophene elimination
from 2. Finally, pressurizing solutions of 2 with H, (150 psi) at 80 °C
leads to the hydrodesulphurization of thiophene to give the Ti(IV)
sulphide (Xetguan)(ImP"*PN)Ti(S) (3) and butane.

The pioneering discovery that Ir'CI(CO)(PPh;), (i.e., Vaska’s
complex) could intermolecularly cleave chemical bonds, such as
H,; to give Ir'''(H),CI(CO)(PPhs),, and then reversibly eliminate
the new bonds to fully regenerate the original Ir(I) complex
established the underpinnings of transition metal-mediated
oxidative-addition (OA)/reductive-elimination (RE) reactions.!
Since that time, OA/RE reactions have become the cornerstone
of many important catalytic cross-coupling transformations.? As
this chemical phenomenon requires two-electron redox cycling
at the metal centre, precious metal catalysts have proven
effective in OA/RE reactions.> However, the sustainability of
precious metals and their inherent toxicity have prompted quests
for viable alternatives.*

In this regard, much attention has been devoted to the
development of late 3d-metal OA/RE catalysts;’ yet, the
abundance of early-metals (Groups 3-5) and their relatively low
toxicity offer viable alternatives. While it is well-established that
low valent early-metals (electron counts > d?) can undergo two-
electron OA reactions, including across C—H bonds,® the reverse
RE is more challenging.” At issue, in these highly electropositive
metals, is their thermodynamic preference for higher oxidation
states, which provides a significant barrier for reversible two-
electron chemistries.??
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Heyduk and Wolczanski have circumvented the limited redox
chemistry of early-metals by employing redox noninnocent
ligands with formally d° metal centres in the complexes
[NNNea)Zr=NAr(C)(CN‘Bu) (NNN¢t = (2-PrN-4-OMe-
CgH3),N)!0  and (dadi)Ti=NAd (dadi = [{—CH=N(1,2-
CsH4)N(2,6-Pr,-CsH3)}2]),!! respectively, to perform nitrene
transfer reactions. In these cases, the metal acts as a redox
conduit, transferring electrons to and from the noninnocent
ligand while facilitating substrate reactivity and bond
formations.!?

Nonetheless, substrate-induced RE reactions involving early-
metals is precedented whereby an added reagent initiates
reductive ligand displacement or reacts with coordinated
molecules to generate a low-valent metal species.!? Tonks et al.
have elegantly capitalized on this phenomenon for the multi-
component, titanium-catalyzed [2+2+1] reaction for the
synthesis of tetrasubstituted pyrroles.'* The proposed
mechanism involves the sequential addition of two alkyne
equivalents across a Ti(IV) imido to generate an
azatitanacyclohexadiene complex, which reductively eliminates
the N-heterocycle to generate a proposed masked Ti(Il) species
that subsequently reacts with diazene to reform the catalytically
active Ti(IV) starting complex.!>

It still remains the case that examples of non-substrate-
induced early-metal OA/RE are extremely limited. In principle,
group 3-5 complexes that exhibit reversible OA/RE chemistry,
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Scheme 1 Synthesis, photochemistry, and HDS reactivity of 2.
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Fig. 1 Solid-state molecular structure of 2:1.5C¢H,4 with the atoms of
the co-crystallized solvent molecules omitted for clarity.

especially those involving C—X bonds, can provide critical
insights for the development of new early-metal redox catalysts.

In our laboratory, we have been exploring the chemistry of
the masked titanium complex (Xetguan)(7°-ImPPPN)Ti (1)
(Scheme 1), which behaves as a Ti(Il) synthon.®* 1¢ Complex 1
is unique as we have shown that it exhibits precious metal type
reactivity in the catalytic transfer hydrogenation of cyclic
olefins.® Based upon this, we have begun to further explore the
extent of late metal mimicry in 1, especially its ability to
participate in two-electron redox cycling. Herein, we show that
1 undergoes OA of thiophene to give the ring-opened
thiotitanocycle complex (Xetguan)(ImPPPN)Ti[x?-S(CH);CH]
(2). Complex 2 is stable in solution to at least 80 °C, but upon
exposure to ambient light regenerates 1 and free thiophene —
demonstrating a fully reversible OA/RE process mediated by
titanium. Insights into the ring opening mechanism are provided
through computational analysis. Finally, we show that heating
solutions of 2 in the presence of H, promotes the
hydrodesulphurization (HDS) of the thiophene to give the
previously reported Ti(IV) sulphide (¥¢tguan)(ImPPPN)Ti(S) (3)
and butane (Scheme 1).16

Treatment of a dark-brown solution of 1 in C¢D¢ with one
equiv of thiophene gives an orange solution with quantitative
formation of a new diamagnetic product as observed by 'H NMR
spectroscopy. In addition to the characteristic peaks of the
supporting ligands, new resonances appearing from 6.25 to 7.31
ppm are observed (Fig. S1, ESIY), assignable to the H, - H;
protons of a thiophene derived moiety, signalling the formation
of 2 (Scheme 1). In line with this, the chemical shifts of these
peaks are similar to the range reported for the proton resonances
of ring-opened thiophene in Cp,W[x?-S(CH);CH].!”

Single crystals of 2-1.5C¢H 4 are grown from the storage of
a concentrated hexanes/toluene solution at —32 °C for two days.
The solid-state molecular structure of 2-1.5C¢H,4 is presented in
Fig. 1 and clearly shows insertion of titanium into the C—S bond
of thiophene to give a six-membered titanocycle. The Til-S1 =
2.4052(9) A and Til-C1 = 2.040(3) A bond distances and C1-
Til-S1 = 86.8(1)° bond angle are unremarkable, while the C1-
C2=1.297(5) A, C2-C3 = 1.459(5) A, C3-C4 = 1.348(5) A and
S1-C4 = 1.721(3) A distances of the ring are consistent with
localized 1,3-butadiene character, similar to that of Cp,W[x?-
S(CH);CH]."7

Notably, 2 represents the first example of an early-metal
thiometallacycle formed from the OA of the metal across the
thiophene C—S bond.'® Moreover, the formation of 2 under mild
conditions differs from the synthesis of nearest-neighbour Group
6 ring-opened thiophene derivatives which typically require
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Fig. 2 Photoconversion of 2 to 1 as monitored by UV-vis electronic absorption (top)
and 'H NMR (bottom) spectroscopies. Asterisks denote resonances attributable to 1.

photolysis or heating to promote thiophene activation,!”- 1° with
the exception of Mo(PMe;)¢ which reacts with thiophene at room
temperature to give (7°-C4HsS)Mo(PMe3),(17>-CH,PMe,).20

Importantly, in our case, the OA of thiophene to 1 is
thermodynamically favoured (vide infra), while the RE of
pyrrole is preferred in Tonks’s titanium-catalysed reactions.!# 13
This is surprising as the azaphilicity of titanium leads to strong
Ti-N bonding; however, the difference in these two systems may
be a consequence of relative aromaticity values that favour the
formation of pyrrole. Yet, this is an oversimplification and
warrants further study. Regardless, the RE of thiophene from 2
can be induced under mild conditions. Photolyzing aromatic
solutions of 2 with blue LED light leads to the formation of 1 and
thiophene as shown by monitoring the reactions by 'H NMR and
UV-vis spectroscopies (Fig. 2, S6 and S9, ESIY). The complete
reversion is only possible in dilute solutions (ca. 5 mM) as 1
immediately back reacts with thiophene to regenerate 2,
especially in the absence of light.

This data clearly points to a fully reversible OA/RE
mechanism at titanium which interconverts 1 and 2 under mild
conditions. It must be said that photolysis of Cp,Ti(x>-SCsHy4-2-
Ph) solutions in the presence of CO does reductively eliminate
dibenzothiophene (DBT) to give Cp,Ti(CO),, which is
unreactive to the free DBT.2> Moreover, this reversible OA/RE
behaviour is not documented among Group 6 ring-opened
thiophene derivative complexes, some of which have been called
reductively inert.!** While the C—S bond cleavage of thiophene
by precious metals has been extensively studied,?! it seems only
one example of reversible OA/RE of thiophene has been
documented where Pt(PEt;); reversibly ring-opens thiophenes in
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solution between 80 — 100 °C when in the presence of excess
PEt;.2122

Utilizing a truncated model where the isopropyl groups of 1 have
been replaced for ethyl groups (1¥%) (see Fig. 3 and ESIT for
computational details), DFT calculations reveal the initial
coordination of thiophene to the unmasked titanium is unlikely to
proceed via n'-sulpfur binding as this leads to a relatively higher
energy intermediate (B, 21.2 kcal'mol™) (Fig. 3). Additionally,
attempts to find #z?-bound isomers, e.g. along C2-C3, were
unsuccessful and implies that these structures are not local minima of
the potential energy surface. This differs from the calculated
mechanisms of the late-metal complexes [Pt(dmpe)] and
[(CsMes)Rh(PMes)] in their interactions with thiophene that show a
variety of initial #?- and 7>-binding modes,?* suggesting the structural
diversity that represents the early stage of thiophene activation by
these late transition metals is absent in our titanium system.

Instead, coordination to the titanium appears to initially take place
through the -system of thiophene in an 73-fashion along the S1-C1-
C2 fragment, leading to intermediate A with a relative stability of 5.2
kcal-mol~! (Fig. 3). Subsequently, the breaking of the S1-C1 bond
takes place through an elementary step traversing TSA'2 with a relative
solution state Gibbs free energy of 13 kcal-mol™!, leading directly to
the Ti(IV) product 2Et. The reaction is computed to be exergonic by
19 kcal-mol™!, which is reasonable given the intrinsic thermodynamic
instability of Ti(II) centers.

The HOMO of A (Fig. S12, ESIY) clearly shows n-back-donation
from the Ti(II) center to one of the m*-orbitals of thiophene, leading
to the 773-type binding at the S1-C1-C2 moiety. Going from A to
TSA2, the torsion of the thiophene moiety transforms this m*-orbital
into an antibonding c*-orbital between S1-C1, a directly recognizable
feature of the HOMO of TSA2 (Fig. S12, ESIt). Consequently, the
increased relative contribution of the thiophene-centred atomic
orbitals results in metal-to-ligand charge transfer, a hallmark of OA,
leading to the complete cleavage of the S1-C1 bond and formation of
2. Accordingly, the HOMO-4 of 2Ft (Fig. S12, ESIY) is one of the
MOs representing the Ti-thiophene o-interactions, and its features
signal a completed OA with formal SC4H,* and Ti(IV) fragments.

TD-DFT simulations were also carried out to illuminate the
electronic transitions of 2Ft that would plausibly induce thiophene
elimination. The electronic absorptions of 2Et are calculated at 440,
402, 396, and 370 nm, which corroborate nicely with the absorption
features of 2 at 445, 390, and 345 nm (Fig. S9, ESI¥). The calculated
absorptions at 440 and 396 nm may be formally described as
HOMO—LUMO+1 and HOMO—LUMO+2 transitions (Fig. S13,
ESIt), respectively, corresponding to ring-opened thiophene w-orbital
(HOMO) to empty metal d-orbitals (LUMO+1, LUMO+2)
excitation.’* While the exact mechanism is not clear, we posit the
excitation process leads to sufficient ligand-to-metal charge transfer
such as to oxidize the thiometallacycle fragment and consequently
reduce the titanium centre, thus initiating the cascade of electronic
structural changes leading to thiophene RE from 2. Importantly, this
differs from the typical substrate-induced RE chemistry of early-metal
systems, where the incoming substrate effectively acts as a two-
electron oxidant to promote product release.?

To support our assessments, photochemical experiments were
carried out using a broadband light source with a cutoff filter to
exclude higher energy wavelengths (< 400 nm). Under this exclusion,
photolysis of 2 did not lead to any observed reaction, thus eliminating
the 445 nm absorption as a pertinent transition. However, photolyzing
solutions of 2 within the wavelength range of 385 — 430 nm promotes
RE of thiophene, lending credence to the calculated LMCT
assignment at 396 nm.

It was noted in the reactivity study of Pt(PEt;); with thiophenes,
that the reversible OA/RE mechanism has important implications as
it pertains to understanding the catalytic HDS process of thiophenes
and designing new catalysts.?> To this end, we have been exploring

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Solution-state Gibbs free energy profile of 1% + thiophene - 2, given together
with the structure of TS#2. Drawings show the truncation (highlighted in green) applied
to the in silico models.

* these transition states were not computed

the viability of utilizing 2 to effect the HDS of thiophene, an
industrially relevant transformation.'%d 26s

Pressurizing solutions of 2 (ca. 0.02 mM) in C¢Dg with H, (150
psi) under the strict exclusion of light fails to produce any reactivity
after one day at room temperature. Yet, heating this mixture to 80 °C
for several days leads to the formation of the previously reported
titanium sulphide 3 in 52% yield (Scheme 1).'® Butadiene or butene
are common HDS products in homogeneous systems;?® however, no
resonances matching these organics were observed in the 'H NMR
spectrum. Instead, a series of multiplets appears at 0.87 and 1.24 ppm
(Fig. S7, ESIf), corresponding to the proton signals of n-butane as
confirmed by comparison against an external standard (Fig. S8,
ESIY).

The formation of butane in this reaction is surprising as it suggests
a multi-step mechanism involving hydrogenation and hydrogenolysis
reactions.?%® NMR spectroscopic analysis of the reaction mixture does
not show any resonances attributable to intermediates. Nonetheless,
this reactivity is in-line with a few precious metal systems which have
been shown capable of HDS to give butane. For instance, Vicic and
Jones have reported the HDS of thiophene by Cp*Ir(H)(CI)[x?-
S(CH);CH] in the presence of H,.2* The reaction produces an isolable
bimetallic, bridging thiolate that can be further reacted with H, to
eliminate butane and form unknown iridium products. In our case,
the reaction leads to the formation of a stable terminal sulphide
complex.

In the study of nickel-based, homogenous thiophene HDS, Jones
and co-workers invoked the formation of a rare terminal nickel
sulphide, viz. [("Pr,P),CH,CH,|Ni=S, as a critical intermediate in their
reaction, while stressing the importance of terminal metal-sulphides
as possible transients/intermediates in both homogeneous and
heterogeneous HDS processes.?’”  Notably, the formation of 3
represents the first isolable example of a terminal metal-sulphide
isolated from a thiophene HDS reaction. It is known that Ti=S bonds
can be sensitive to H, activation,?® and while we have not yet observed
any reductive loss of the sulphide ligand from 3 under the conditions
of our experiments, we are investigating the potential of 1 to effect
HDS catalysis of thiophenes under higher pressures. We are also

J. Name., 2013, 00, 1-3 | 3
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studying the reactivity of 1 towards ring expanded thiophenes, e.g.
benzothiophene, and other heteroatom donors.

In conclusion, we have shown the masked Ti(II) synthon, 1, is
capable of effecting the reductive ring-opening of thiophene to give
the thiotitanocycle complex 2. This OA of thiophene is the first for
an early-metal complex, and DFT calculations suggest the ring-
opening mechanism initiates via #3-coordination of thiophene to an
unmasked Ti(Il) centre and subsequent back-donation into the
thiophene =*-orbitals. = Remarkably, 2 is photosensitive and
reductively eliminates thiophene to regenerate 1. This process is an
exceedingly rare example of a fully reversible, non-substrate induced
OA/RE mechanism mediated by an early-metal. Capitalizing on the
activation of thiophene, pressuring solutions of 1 with H, (150 psi) at
80 °C leads to HDS concomitant with the formation of butane. Thus,
these results show that base metals, such as titanium, have the
potential to act as precious metal surrogates. As the reversible redox
cycling of Vaska’s complex provided the foundation for modern
precious metal catalysis, our system may provide a unique platform
for the development of new early-metal redox catalysts — a major
advantage given the abundance and low-toxicity of titanium. Yet,
much remains to be learned on how to best access and optimize the
ligand environments and electronic structure of the early metal
complexes to harness such reactivity. In this regard, our studies of 1
are ongoing.
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