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Reactions of thiophene, 2-methylthiophene, 2-methoxythiophene,
2,3-dimethylthiophene, and benzothiophene with the aluminium(i)
complex [{ArNC(Me),H}Al] (Ar = 2,6-di-isopropylphenyl) are reported. In
all cases, carbon-sulfur bond activation and ring-expansion of the
heterocycle is observed. For thiophene, we identify a reaction network
for desulfurisation that includes an unusual second carbon-sulfur bond
activation step.

Aromatic heterocycles such as thiophene have been identified
as some of the most pervasive sulfur-containing contaminants
in petroleum. Their removal is typically achieved through
hydrodesulfurisation using heterogeneous catalysts." The
potential mechanisms underpinning the desulfurisation pro-
cess are fundamentally interesting. For example, in the case of
thiophene, dearomatisation of the heterocycle and breaking of
two carbon-sulfur bonds is required to separate the sulfur
content from the hydrocarbon chain.

Beginning in the 1960s, there has been keen interest in
studying the desulfurisation of thiophenes, and related hetero-
cycles, using homogeneous metal complexes. In early work, it
was demonstrated that the complete desulfurisation of thio-
phene could be achieved by reaction with [Fe;(CO);0].>™* Sub-
sequent studies provided evidence for a stepwise process that is
initiated by insertion of a reactive Fe fragment into the carbon-
sulfur bond.” Numerous examples of this type of reactivity have
been reported since and transition metal complexes based on
Ti,6 MO,7,8 Mn® Fe’10 Ru,ll’lz C0,13 Rh,14_20 Ir,21—26 and pt27-3°
are all capable of activating carbon-sulfur bonds of thiophenes.
Typically, these reactions are proposed to occur through oxida-
tive addition mechanisms. In cases they can be reversible and
C-H bond activation is potentially competitive. That said, the
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ring-expanded products are usually stable with respect to sub-
sequent carbon-sulfur bond activation step and extrusion of
the sulfur atom. There is very limited precedent in which
these two discrete events can be observed in a single reaction
sequence.

We recently reported that the reaction of 1 with furans led to
carbon-oxygen bond activation and ring-expansion (Fig. 1). The
selectivity of this reaction could be controlled through addition
of a palladium-catalyst and the scope expanded to include
dihydrofurans and dihydropyrans.®" Under the same catalytic
conditions, thiophene failed to undergo dearomatisation and
ring-opening with 1, instead metalation at the 2-position was
observed (Fig. 1).*?

Here we show that thermal reactions with 1, while compli-
cated, lead to carbon-sulfur bond activation and ring-opening
of substituted thiophenes. More importantly, for thiophene
itself we identify a reaction network for desulfurisation that
evolves from the ring-opened intermediate and includes a
unique product derived from a second carbon-sulfur bond
activation. Our findings shed light on potential mechanisms
in desulfurisation chemistry, and demonstrate, for the first
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Fig. 1 Reactions of an aluminium(i) reagent with furans and thiophenes.
Ar = 2,6-di-iso-propylphenyl, L = PCys.
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Scheme 1 Reactions of thiophenes with aluminium() complex [{ArNC(Me),H}Al (Ar

spectroscopy against hexamethyldisiloxane as an internal standard.

time, well-defined steps in which the two carbon-sulfur bonds
of thiophene are broken in sequence.

Reaction of 1 with 1.1 equiv. of thiophene in C¢Dg at 60 °C
led to a mixture of hydrocarbon soluble products as identified
by "H NMR spectroscopy which formed alongside a colourless
crystalline precipitate (Scheme 1). Through variation of the
reaction time, the stoichiometry and development of work-up
procedures to partially separate mixtures, 2a, 3 and 4 were
identified as the hydrocarbon soluble products of this reaction.
These results contrast the reaction of 1 with thiophene in the
presence of catalytic [Pd(PCy;),] where C-H activation of the
2-position was observed as a major pathway.>* The insoluble
side product was confirmed as the aluminium disulfide
complex 5 through isolation and comparison of unit cell data
obtained by X-ray diffraction to that in the literature.*?

Compound 2a is characterised by resonance in the
"H NMR spectrum at § = 4.87 (s, 1H) corresponding to the
B-diketiminate backbone methine. Analogues of 2a can be
obtained on reaction of 1 with substituted thiophenes
(vide infra).

Compound 3 is unique. Its structure was unambiguously
confirmed from a fractional crystallisation and manual separa-
tion from the components in the mixture (Fig. 2). In the
solid state, 3 exhibits a ternary spirocyclic array with a central

2b 2c
Fig. 2 Crystal Structures of 2b, 2¢, and 3 Selected bond lengths (A) and angles (°).
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= 2,6-di-isopropylphenyl) 1. Yields determining by *H NMR

7-membered ring-system that incorporates two aluminium,
one sulfur and four carbon atoms. This ring system is
derived from the double C-S activation of thiophene by
two equiv. of 1. The 7-membered ring system is non-planar
and puckers into a distorted twist-boat structure. The Al-S bond
lengths of 2.2054(18) and 2.2147(17) A are consistent
with known aluminium(m) sulfide derivatives containing the
B-diketiminate ligand system, while Al-C bond lengths of
1.957(5) and 1.977(6) A are similar to related 5-membered
aluminocycles derived from 1.*>* Within the hydrocarbon unit,
C-C and C—C bonds alternate, consistent with a localised
butadiene structure. In Cg¢Dg solution, 3 demonstrates 'H
resonances at 6 = 6.14 (d, 2H, J = 16.9 Hz) and 7.00 (d, 2H, J =
16.9 Hz) ppm for the butadiene motif. The data are consistent
with the retention of a symmetric structure in solution and
chemical and magnetic equivalence of sites on opposite sides
of the ring.

Of the mixture formed on reaction of 1 with thiophene, 4
was the most challenging to unambiguously characterise. This
compound could not be isolated, and assignment is tentative.
In situ NMR data shows a chemical shift at ¢ 6.00 (d, 2H,
J = 13.7 Hz) ppm, observed in a 2:1 with the B-diketiminate
backbone methine environment at ¢ 4.90 (s, 1H) ppm, consis-
tent with the proposed formulation. DOSY NMR studies on

Al-C
2b: 1.954(3)
2c¢: 1.956(2)
3:1.957(5), 1.977(6)

Al-S
2b: 2.2072(11)
2¢:2.2281(11)
3:2.2054(18), 2.2147(17)

C-Al-S
2b: 104.67(11)
J 2c¢: 103.95(8)
3 3:119.37(17), 119.02(18)
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Fig. 3 Calculated thermochemistry of the reaction of 1 with thiophene.
Values in kcal mol™.

mixtures containing 3 and 4 are consistent with 4 showing the
fastest diffusion coefficient and smallest hydrodynamic radii
(D(3) =8.03 x 10 ' m* s %, D(4) = 1.03 x 10~ ° m? s~ 1), which
argue against higher aggregation states or more complex ring-
systems. While the formation of 4 is logical based on genera-
tion of the desulfurisation product 5, its assignment remains
tentative.

Reactions of 1 with substituted thiophenes were more
selective, and in all cases lead to analogues of 2a as the major
component in solution (Scheme 1, Fig. 2). For example, 2-
methylthiophene forms a 3.5:1 mixture of 2b:2b’ both derived
from insertion of the aluminium(i) fragment into a single C-S
bond of the ring, with preferred selectivity for the most sub-
stituted position. 2-Methoxythiophene reacts similarly, but
forms 2c exclusively. This selectivity parallels that found for
reactions of 1 with furans. An anomeric effect was proposed as
a selectivity influencing factor, with electron-donating groups
in the 2-position of the heterocycle acting to weaken the
adjacent bond through population of the C-O c*-orbital. It is

t
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TR (A1
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likely a similar effect is operating for thiophenes. 1 reacts with
benzothiophene to form 2d and 2,3-dimethylthiophene to form
2e. In the latter case, there is no evidence for formation of
products from insertion into the most hindered position of the
ring, and it is likely the 2,3-disubstitution pattern sterically
disfavours the electronically preferred reaction site. Desulfur-
isation was observed to only occur for thiophene and 2-
methylthiophene, with crystals of 5 not being observed during
reactions with the other substrates.

The formation of an array of ring-opened and desulfisation
products from the reaction of 1 with thiophene raises questions
as to their mechanism of formation. A series of DFT calcula-
tions were undertaken to better understand these results.i The
proposed reaction network that leads to the formation of 2a, 3,
4 and 5 is presented in Fig. 3. Formation of 2a is proposed to
occur directly from 1 and thiophene (step I). From 2a, either a
second C-S bond activation to form 3 (step Ila) or direct
desulfurisation to generate 4 and 5 (step IIb) is plausible. 3 is
also a potential intermediate for desulfurisation and could lead
to the formation of 4 and 5 (step IIla).

Consideration of the thermochemistry for each of the reac-
tions, reveals that while steps I, IIa and IIb are all exergonic,
step IIla is considerably endergonic. This suggests that once
formed there is little driving force for 3 to react further and it
would be expected to be a thermodynamic sink of the reaction
sequence. As such it remains more likely that the pathway
bifurcates at 2a and this is a common intermediate to form the
double C-S activation product 3 and desulfurisation products 4
and 5.

The mechanistic sequence from 1 — 2a — 3 was considered
in more detail (Fig. 4). Formation of 2a from 1 and thiophene
was calculated to occur through an initial (4+1) cycloaddition
(TS-1) to form the [2.1.1] bicycle Int-2 which then undergoes a
concerted framework rearrangement (TS-2) with C-S bond
activation. The pathway parallels that previously calculated
for furan. From 2a, the reaction sequence can repeat. The

[An #
o
-8.1(-44.4)
¢ 158 % (an *
/ 5 AN
-304 / Q_\SJA']
(-62.2) / |
—_ \ -347 7 N\
gl e 0 g
4 [an 789 e AN
Int-4 ‘/‘/\ -100.8
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3

(4+1) Cycloaddition ———» o-migration ———» (4+1) Cycloaddition ———» a-migration

Fig. 4 Calculated reaction mechanism for 1st and 2nd C-S activation steps of thiophene with 1. Gibbs free energies, values in kcal mol™. Enthalpies are

given in parentheses in kcal mol™.
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aluminocycle of 2a contains a butadiene motif which can react
again with 1 by a (4+1) cycloaddition (TS-3) to generate a [2.2.1]
bicycle Int-4 containing two aluminium sites.

Concerted rearrangement breaks the second C-S bond (TS-
4) and opens the bicycle to form 3. The highest barriers on the
pathway are those associated with TS-1 and TS-3 which are
AGiosk = 24.8 and AGhosk = 34.8 keal mol ™! respectively. The
latter barrier is likely an overestimate of the true experimental
barrier and comparison of AGiogx and AH* values revels there
is a significant entropy contribution to this step. Nevertheless,
calculations are consistent with the lack of spectroscopic
observation of bicyclic intermediates. Sulfur extrusion from
2a could potentially occur from Int-4 from a retro-cyclo-
addition that forms 4 and a monomeric terminal sulfide, which
then dimerises to form 5. While we have not calculated this
pathway, related terminal sulfide complexes have recently been
reported from reaction of aluminium(r) complexes with sulfur-
containing molecules.*®

The observation of two sequential C-S bond activation
events in the reaction of 1 with thiophene is unique. The result
prompted us to re-investigate the addition of 1 to furan, in no
case, however, were double C-O activation products observed.
While this divergent reactivity is yet to be fully understood, it
remains likely that the second insertion transition state TS-3,
which brings together two bulky aluminium fragments, is
susceptible to steric effects that may be more pronounced in
furan derivatives which possess shortened C-X and Al-X bonds
compared to the sulfur analogues (X = O, S). Bond strengths
may also play an important role with stronger C-O bond in the
intermediate being less susceptible to onward reaction that the
corresponding species with a C-S bond. In summary, we report
the reaction of a low-valent aluminium(i) complex with a series
of thiophenes. In all cases, a C-S bond activation and ring-
expansion is observed, with products obtain from insertion of
the aluminium fragment into the ring system. For thiophene,
the reaction does not stop at the 1st C-S activation and a 2nd
C-S bond activation and desulfurisation are observed. We are
thankful to Imperial College London for support in the form of
a President’s PhD Scholarship to JSM.
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