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The continued progress in creating novel acceptorless dehydrogenations for environmentally friendly and
efficient chemical synthesis is anticipated to be significantly shaped by the design of efficient catalysts
that can do the job. In this study, we present a comprehensive mechanistic investigation utilizing DFT cal-
culations to elucidate the mechanism of the [RhCI(PPhsz)s]-catalysed dehydrogenative cycloaddition of
cyano-yne-allene substrates. Overall, the reaction can be described as a cycloaddition involving the three
unsaturations, followed by a hydrogen shift, 6x electrocyclization and acceptorless H, elimination. The
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crucial factors contributing to the observed reactivity are as follows: (i) the favoured cycloaddition
pathway involves the external double bond of the allene in the formation of the initial metallacycle; (i) the
stabilization of the alkyne insertion intermediate that occurs through rf—coordination to the rhodium; and

rsc.li/frontiers-organic (iii) the presence of a weak base that assists in deprotonation.
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1. Introduction

Acceptorless dehydrogenation processes represent a fascinat-
ing and environmentally friendly class of chemical transform-
ations in which molecules undergo dehydrogenation reactions
without the need for external hydrogen acceptors or oxidants."
They are particularly significant in the context of catalysis and
renewable energy applications, as they hold promise for the
development of efficient and green methodologies for the pro-
duction of fine chemicals, pharmaceuticals, and energy car-
riers like hydrogen.”™

The term acceptorless dehydrogenation encompasses a
wide range of transformations. Common examples include the
conceptually simple dehydrogenations® of alkanes,® alcohols,”
and N-containing compounds,® as well as the coupling of alco-
hols, or alcohols with amines, to produce esters and amides,’
respectively. A less explored area involves catalytic dehydro-
genative cycloadditions, including [4 + 2]'° and (3 + 2)
cycloadditions.™

Some years ago, we disclosed the [RhCI(PPh;);]-catalysed
cycloaddition of cyano-yne-allene substrates 1, leading to the
formation of tricyclic scaffolds 2 that can be easily transformed
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to 2,6-naphthyridine compounds (Scheme 1)."> A distinctive
feature of this reaction is the formal elimination of hydrogen
from the substrate throughout the process, allowing it to be
described formally as a dehydrogenative [2 + 2 + 2] cyclo-
addition reaction. A previous example by Saito and co-workers
described the intramolecular [2 + 2 + 2] cycloadditions of bis
(propargylphenyl)carbodiimides, followed by dehydrogena-
tion; however, it required an oxidant (MnO,) to generate aro-
matized L-shaped n-extended polycycles with pyrrolo[1,2-a][1,8]
naphthyridine corner units,"® which is in contrast to our
example.

The literature on the mechanism of transition metal-cata-
lysed [2 + 2 + 2] cycloaddition reactions is extensive.'*
However, there are very few studies that delve into the mecha-
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Scheme 1 [RhCI(PPhs);]-catalysed dehydrogenative cycloaddition of
cyano-yne-allene substrates 1.
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nism of dehydrogenative versions of cycloaddition reactions,
and none on dehydrogenative [2 + 2 + 2] cycloadditions. As
understanding and advancing the mechanisms behind accep-
torless dehydrogenation reactions is crucial for harnessing the
potential of these processes towards a more sustainable and
cleaner future, we present here a comprehensive mechanistic
study, focusing on our previously reported dehydrogenative
cycloaddition.

2. Computational details

DFT calculations were performed with the Gaussian16 soft-
ware package.'® The B3LYP hybrid exchange-correlation func-
tional was used,'®® together with the Grimme D3 correction
term for the electronic energy.'®?° The all-electron cc-pVDZ
basis set>"**> was employed for non-metal atoms and the cc-
pVDZ-PP basis set containing an effective core relativistic pseu-
dopotential was used for Rh.*> The electronic energy was
improved by performing single point energy calculations with
the cc-pVTZ (cc-pVTZ-PP for Rh) basis set and the M06 func-
tional** and including solvent effects computed with the
solvent model based on density (SMD) continuum solvation
(chlorobenzene as solvent).>® Frequency calculations were per-
formed to ensure the nature of located stationary points. In
addition, the Intrinsic Reaction Coordinate (IRC) procedure
was used to confirm the two minima connected by each tran-
sition state.*® The reported Gibbs energies include electronic
energies obtained at the MO06-D3(SMD, chlorobenzene)/cc-
pVTZ-PP//B3LYP-D3/cc-pVDZ-PP level of theory corrected with
zero-point energies, thermal corrections, and entropy effects
evaluated at 393.15 K (the temperature at which the reaction is
carried out experimentally) computed with the B3LYP-D3/cc-
pVDZ-PP method.

3. Results and discussion

3.1. Oxidative cyclization

Due to the ability of transition metals, including rhodium, to
promote metallacycle formation through oxidative cyclization
reactions,"**” we initiated our investigation by analysing the
various possibilities for such a process in our cyano-yne-allene
substrates 1 using Wilkinson’s complex as catalyst. We selected
substrate model 1a as our starting point, which features an
oxygen tether between the alkyne and nitrile unsaturations,
and a mesylamide group tethering between the alkyne and the
allene. In our experimental study, we successfully reacted a
substrate analogous to this one but with a tosylamide in place
of the mesylamide. The substitution of tosylamide with mesy-
lamide was done to reduce the computational cost. We
explored three different oxidative cyclizations, all of them reck-
oning on the entropic gain associated with reacting consecu-
tive 2 components. We conducted a throughout analysis, con-
sidering varying numbers of phosphines attached to rhodium
and different relative ligand orientations. Scheme 2 gathers
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Scheme 2 Most favourable pathways for the oxidative coupling of 1a.

the most favourable reaction paths (in the case of A2 exchan-
ging the ligand orientation leads to almost isoenergetic tran-
sition states, see Fig. 1 for full discussion). Starting from the
Wilkinson’s catalyst, two PPh; ligands are released to generate
the [RhCI(PPh;)] complex that interacts with 1a to form the
16e” square planar coordination intermediates A1, B1, and C1
(Scheme 2). The transition states leading to allene-yne oxi-
dative coupling (TSA1A2 and TSB1B2) exhibited lower energy
barriers than the one leading to cyano-yne coupling (TSC1C2).
Furthermore, the reaction through the inner double bond of
the allene, resulting in the 5-exo intermediate B2, required a
barrier of 29.5 kcal mol™, which is 3.9 kcal mol™" higher than
the barrier for the reaction involving the outer double bond of
the allene, forming the 6-endo intermediate A2. It is important
to note that the 5-exo intermediate B2 could not evolve into

This journal is © the Partner Organisations 2024
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Fig. 1 Gibbs energy changes of [RhCl(PPhs)s]-catalysed oxidative cyclization and nitrile insertion with cyano-yne-allene 1a. Gibbs energies

(393.15 K) with respect to 1a and [RhCL(PPhs)s] are shown in kcal mol ™.

the formation of 2a, corresponding to the experimentally iso-
lated scaffold. Instead, it could lead to the formation of 3a,?®
which corresponds to a scaffold detected when using cationic
rhodium catalysts during the reaction optimization. The for-
mation of 3a can be explained through a canonical [2 + 2 + 2]
cycloaddition and isomerization sequence (see the ESIt for the
complete reaction profile). Consistent with this analysis, oxi-
dative cyclization exclusively occurs with the alkyne and the
external double bond of the allene to generate A2 (Fig. 1).

To gain a better understanding of the preferential reactivity
of the external double bond of the allene, we calculated defor-
mation energies for TSA1A2 and TSB1B2 (see Table S1%). The
deformation energy was computed considering two fragments,
1a and [RhCI(PPh;)]. Our results show that the deformation
energy of the TSB1B2 is 3.5 kcal mol™" higher than that of
TSA1A2. This difference can be attributed mainly to the larger
deformation of 1a in TSB1B2 than in TSA1A2. During the oxi-
dative cyclization the central carbon of the former allene rehy-
bridizes from sp to sp’. In TSB1B2, the angles around this
carbon significantly deviate from the expected 120° for an sp”
carbon, primarily due to the strained angle in the forming rho-
dacyclopentene moiety. This strain becomes evident when
comparing the angles with those of intermediate B2 (see
Scheme S17f). Conversely, the corresponding deformations
around this carbon in TSA1A2 are notably minor, consistent
with the decreased computed deformation energy.

3.2. Nitrile insertion

From the rhodacylopentene intermediate A2, we computation-
ally analysed nitrile coordination and subsequent insertion
(Fig. 1). Nitrile coordination to A2 is exergonic by 11.9 kcal

This journal is © the Partner Organisations 2024

mol™" and leads to A3, a 16e~ complex exhibiting a distorted
square-based pyramid geometry. The insertion of the nitrile
requires a barrier of 8.8 kcal mol™" with respect to A3 and pro-
duces A4, a Rh(m) complex in which the three carbons from
the reacted allene are n*-coordinated to the rhodium (dgp_c =
2.076, 2.201, and 2.342 A, Fig. 2) forming a r-allyl metallacycle.
n-Allyl metallacycle intermediates have previously been spec-
troscopically characterized, including X-ray diffraction, in
cycloaddition reactions involving alkylidenecyclopropanes® or
dienes.'® They have also been postulated, by means of DFT
calculations, in cycloaddition reactions involving allenes.*”

It should be noted that when PPh; and Cl ligands exchange
position, the =m-allyl metallacycle intermediate is no longer
formed. From A'2, the nitrile coordinates to the rhodium in
trans to the Cl (similar to A2) and then it is inserted in a
process that is endergonic by 6.4 kcal mol™, surpassing
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Fig. 2 Intermediate A4; selected distances in A.
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TSA'3A'4 with an energy barrier of 17.6 kcal mol ™. Interestingly,
in contrast to A4, in which rhodium coordinates in an n*
fashion to the allyl, in A’'4 the rhodium coordinates to the allyl
in an n' fashion and completes the coordination sphere
through interaction with one of the oxygen atoms of the tether-
ing mesylamide group (dgrn_o = 2.455 A). Moreover, analysis of
the %V, °' show that in A’4 the ligands are more compressed
and this could explain in part the lower stability of A'4 as com-
pared to A4 (see Fig. S107).

To confirm that the different coordination is not due to
steric hindrance from the sulfonamide moiety, analogous
optimizations were conducted with a tosylamide group as in
the experimental conditions. The same conclusion was
reached suggesting that other factors induced divergent
coordination modes in A4 and A4'. To better understand the
steric requirements for the formation of n-allyl metallacycle
intermediate A4, a predictive study was carried out by introdu-
cing methyl groups either at the terminus of the allene (A4ext)
or at the internal allene carbon (A4int). After optimization,
intermediate Adext (with two methyl groups in the terminal
position of the former allene moiety) still exhibited rhodium
coordinated in an n* fashion, whereas Adint (with the methyl
at the internal position of the allene) isomerized to n'-allyl
coordination with the Rh completing the coordination sphere
by interaction with one of the oxygen atoms of the mesyla-
mide, forming a structure analogous to A'4. Thus, the for-
mation of n*-allyl coordinated intermediates is influenced by
steric factors at the internal carbon of the allene but not at the
external one (refer to the ESI} for a comparison of the
intermediates).

Based on the conventional mechanism of a [2 + 2 + 2] cyclo-
addition, the reductive elimination from A4 and A4 would
yield the cycloaddition product without the extrusion of hydro-
gen. Our calculations reveal that the energy barrier for reduc-
tive elimination from both intermediates results in transition
states with barriers exceeding 31 kcal mol™* (31.1 keal mol™*
for TSA'4A'5 and 31.4 kcal mol™" for TSA4RE). These barriers
are deemed excessively high, prompting the exploration of
alternative pathways. It should be noted that once A4’ is
formed, the barrier to return to Al is less than the one to
proceed through TSA'4A'5, and, therefore, since the equili-
brium is shifted towards A1, this pathway is ineffective.

3.3. Cyclization and H, elimination

The experimentally isolated product (2, Scheme 1) features a
double bond in the newly created non-aromatic 6-membered
ring, an enamine motif when the tether between the allene
and the alkyne is based on nitrogen (Z, Scheme 1). Previous
studies on the cyclization of 1,5-bisallenes with alkenes to
afford dihydroazepine derivatives,*> showed that p-H elimin-
ation from rhodacycle intermediates could explain the for-
mation of this scaffold. We thus analysed the possibility of a
direct f-H elimination from Rh n*-coordinated intermediate A4
(TSA4BH, Fig. 1). However, such a transformation needs to
overcome a reaction barrier of 42 keal mol~", rendering it unfa-
vored at the reaction conditions experimentally used.
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During the optimization of the reaction, we found that the
addition of a catalytic amount of triethylamine not only
improved the yield but also decreased the reaction time. This
observation led to the hypothesis that the base plays a crucial
role in the catalytic reaction. Indeed, when triethylamine
approaches A4, it forms complex A5, from which deprotona-
tion at the a-N position yields rhodium complex A6, overcom-
ing a barrier of 18.2 kcal mol™" (Fig. 1 and 3). This barrier is
notably lower than that for the reductive elimination from A4
and A'4, as well as the direct p-H elimination from A4.
Consequently, the triethylamine-assisted pathway through A6
is the sole pathway we further investigated. Et;N could depro-
tonate in an analogous manner intermediates A2, A'2, A3 and
A’3, however DFT calculations showed that these pathways are
not energetically favoured (see ESIY).

Complex A6 is a 16e~ complex exhibiting distorted square
planar geometry where the ammonium salt is stabilized by
interaction with one of the sulphonamide oxygens. This
complex readily engages in a H transfer to the imine nitrogen,
displacing the rhodium and generating penta-2,4-dien-1-imine
intermediate A7, interacting with the rhodium through the
terminal double bond of the conjugated system and the
newly formed N-H bond (Fig. 3). Therefore, it can be con-
cluded that triethylamine catalyses the observed hydrogen
atom rearrangement.

From A7, a triphenylphosphine ligand displaces the amine
from the rhodium catalyst coordination sphere and the metal
fragment relocates towards the endocyclic double bond of the
six-membered ring, leading to the much more thermo-
dynamically stable intermediate A8. During this process the
triethylamine molecule exits the catalytic cycle. From A8 a
6ém-electrocyclization leads to tricyclic product A9 (Fig. 3). As
expected, this 6m-electrocyclization is disrotatory, although
there is no stereochemical implication.*® Electrocyclization
reactions have previously been postulated as key steps in tran-
sition metal-catalysed cycloaddition reactions that occur with
double bond reorganization.*® Upon electrocyclization, the
rhodium catalyst migrates once again towards the N atom in
the central ring leading to dihydropyridine intermediate A9,
which has the carbonated skeleton of the isolated product
although in a reduced form. Formation of the fused unsatu-
rated pyridine scaffold in 2 is explained by acceptorless dehy-
drogenation catalysed by rhodium. The already coordinated
Rh system undergoes an oxidative addition into the N-H
bond, surpassing a reaction barrier of 23.0 kcal mol™?, to gene-
rate Rh(m) intermediate A10. Subsequent B-H elimination
releases 2a and yields the rhodium intermediate A11 in a
highly exergonic process. Finally, reductive elimination of H,
from the rhodium center, overcoming a reaction barrier of
3.0 kecal mol™, with concomitant coordination of a new sub-
strate molecule displacing one of the PPh; on the rhodium,
recovers the catalytic species A1 and restarts the catalytic cycle.
The possibility of triethylamine-mediated deprotonation,
whether with rhodium coordinated to the amine or not, was
computed but disregarded due to the notably higher energies
required (see Fig. S67).

This journal is © the Partner Organisations 2024
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Taken together, the rhodium catalysed [2 + 2 + 2] cyclo-
addition of cyano-yne-allene substrates operates through the
catalytic cycle shown in Scheme 3. The process is exothermic
by 66.5 kcal mol™" and has, as the rate-determining step, the
rhodium catalysed acceptorless dehydrogenation with a

This journal is © the Partner Organisations 2024

barrier of 26.0 kcal mol™, although the oxidative coupling
between the alkyne and allene units has a barrier of 25.6 kcal
mol ™" very close in energy. Several aspects allow us to theoreti-
cally explain the selective formation of the dehydro-2,6-
naphthyridine scaffold. On one hand, the preferential for-
mation of rhodacyclopentene intermediate A2 over B2 occurs
through the reaction of the external double bond of the allene,
generating the 6-membered ring fused to the rhodacyclopen-
tene. Then, insertion of the nitrile in A2 selectively generates
Rh n*-coordinated intermediate A4, from which reductive elim-
ination is not favored. The increased stability provided by the
Rh n*-coordination in intermediate A4 allows for the Et;N
assisted H shift® that installs the enamine moiety. From this
point, the 6z-electrocyclization of penta-2,4-dien-1-imine inter-
mediate A7 forges the second 6-membered ring in A9, which is
obtained in the form of a rhodium coordinated dihydropyri-
dine and sets the stage for the metal catalysed dehydrogenation.

4. Conclusions

In light of the numerous innovative reactions stemming from
metallacycle intermediates, the identification of unique reac-
tion pathways holds the potential to unveil novel transform-
ations. This is exemplified in the case of the rhodium-cata-
lysed cycloaddition of cyano-yne-allene linear substrates under
investigation here. The selective reaction on either the internal
or external double bond of the allene during the initial oxi-
dative cyclization step diverges the reactivity from a [2 + 2 + 2]
cycloaddition, followed by isomerization, to a formal acceptor-
less dehydrogenative [2 + 2 + 2] cycloaddition. The detailed
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mechanistic study of this latter transformation yields a wealth
of intriguing data. First, it underscores the pivotal role of
Rh n’-coordination in 7-membered metallacycles, which dis-
favors reductive elimination. Secondly, the presence of weak
bases is found to facilitate an H-shift process that produces
a penta-2,4-dien-1-imine intermediate that readily engages
in 6m-electrocyclization, yielding the cyclized core. Finally,
rhodium catalyses the acceptorless dehydrogenation, a step
that yields the final tricyclic compound 2a.
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