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ABSTRACT: The work details a mechanistic study based on DFT modeling on the
cycloisomerization of polyunsaturated substrates catalyzed by all-metal aromatic tripalladium
complexes and carboxylic acids. These clusters are an emerging class of catalysts for a variety of
relevant transformations, including C—C forming processes that occur under mild conditions and
display synthetic features complementary to those of established mononuclear complexes. This
study is the first computational one devoted to the comprehension of the series of elementary steps
involved in a synthetic transformation catalyzed by an all-metal aromatic complex. Present results
confirm previous experimental hints on the striking mechanistic differences exerted by these
clusters with respect to the usual cyclization pathways of related substrates. Moreover, a keen
parallel with the popular reactivity of regular arenes in their substitution reactions could be

established for the mode of action of present all-metal aromatic catalysts.

Introduction

The title of this work refers to that of a computational study by Shaik and Hiberty on the
connection between aromaticity and reactivity. This link is a fundamental cornerstone of
chemistry that is routinely introduced around the world at the early stage of every chemical degree.
As well detailed in the above-mentioned study and countless others, a straightforward parallel
between the extra stabilization given by electronic delocalization and peculiar reactivities can be
established for most regular aromatics, which involve not just carbon but also several other main-
group elements in their structures.*” Since the original introduction of the concept of aromaticity,
more than 150 years ago, brilliant chemists and physics managed to rationalize the tight association

between a few electromagnetic/structural criteria and reactivity properties that differed



significantly from early expectations based the chemistry of alkenes. Although both olefins and
regular arenes have molecular orbitals of © symmetry and share similar geometric features,
addition reactions on the latter class of compounds still remain few, rare and challenging
transformations.*» Nowadays, consensus exists on a set of properties that indicates an aromatic
character in a given molecule, and this could serve as a solid foothold to predict its likely reactivity.
In this context, the energetic cost connected with the loss of aromaticity is usually the most relevant
issue that prevents the easy development of chemical reactions enabling smooth addition reactions
on aromatic rings. On the contrary, substitution reactions are routinely observed and countless
industrial processes involve in particular electrophilic aromatic substitutions. These popular
transformations are often characterized by a two-transition state (TS) mechanism and a
cyclohexadienyl cation as endoergonic intermediate,”» which is usually named after George
Willard Wheland.” From an energetic point of view, the first TS is the costliest one and this directly
correlates with the burden associated with the loss of aromaticity. This price, which has been
estimated around 36 kcal/mol* (or higher) for simple benzenoids, offsets the energetic gain
associated with the otherwise usually favorable replacement of a n-type bond with a o- one. This
issue comes however with an upside, too. The relative instability of the Wheland-type intermediate
paved indeed the way to a second low-barrier TS, which ensures the rearomatization of the organic

fragment with the concomitant loss of a cation, which is most often a proton (Scheme 1, way a).
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Scheme 1. The textbook energy profile of electrophilic aromatic substitution (a) and the trend

observed in present study on the mechanism of cascades catalyzed by aromatic Pd.: complexes (b).

We present herein the first mechanistic study on the series of elementary transformations that
allow to form new C—C bonds in an atom-economical fashion from polyunsaturated substrates,
such as 1,6-enynes, in the presence of all-metal aromatic»> tripalladium clusters and carboxylic
acids. The former are an emerging class of discrete,* multinuclear noble-metal complexes that
display both synthetically relevant catalytic properties, which are typical of tailor-made
homogeneous complexes, and robust chemical stability, which is on the contrary a usual feature

of heterogeneous materials. Throughout this study, we realized that the most favorable pathway of



the catalytic reaction evenly parallels that of electrophilic aromatic substitutions (Scheme 1, way
b). Indeed, the substrate is activated thanks to the synergy between the metal cluster and a
carboxylic acid, which results in endoergonic intermediates that do no longer present delocalized
metal-metal bonds. This relatively difficult activation of the catalytic system is however at the root
of both a convenient reaction profile, characterized by low barriers, and an energetically favorable
regeneration of the aromatic cluster at the end of the reaction. The latter point can thus well explain
the strong chemical stability of present tripalladium complexes that is usually not observed by
most homogeneous mononuclear complexes, in particular Pd-based ones. Indeed, most cross-
coupling methods that occur in basic media and use Pd(0) catalysts are characterized by the
extensive formation of metal nanoparticles (aka Pd-black), which could not be easily
removed/recovered, at the end of these reactions.

Moreover, the concept might serve as a tool to design noble-metal catalysts minimizing the
consumption of rare, precious elements by fully exploiting the perks offered by aromaticity. This
would be a major breakthrough both for the application of small metal clusters in catalysis and,
foremost, to reach a more sustainable developing pattern able to fulfill the future needs of mankind.
To this end, it is worth noting that the few literature precedents of catalytic reactions promoted by

all-metal aromatic clusters looks already very promising (Scheme 2).



a) Me -
cat. 4 SbFg

H H ArsP., PArg
-1 ol — I35
P 0.01-1 mol% R>—<R' @ @

. @S-
HCO, /Et;NH+
up to quant. PAra
b)
cat. Me  SbFg

=

) S JPAI
/ 1 mol% ZC</0A @ _ A Pt@Pt &
—_— (3
Z. XA AcOH Me’s Pt S'Me
Al upto 72% H
PArg

°)

x SbFg"

Br B(OH),
cat. Phsp .PPh3
[Pd Pd
+ 0.08 mol% P\ D

—_—
R R Base PPh, Yon
R up to quant.

| @ cat. thHP PHth
= 2 mol% _ Ph.,
er@ _Emere GK ®- " gim

MgBr i PHPhZPh
up to 95%

e)
® -
Dipp
" 2.5mol% R @ AU\U/AU N
co L BF,

up to 74%

Scheme 2. Catalytic applications of discrete M clusters presenting delocalized metal-metal bonds.

Our group intensively worked on reactions of alkynes derivatives with all-metal aromatic
complexes .=+ In particular, efficient catalysts for the selective semi-reduction of C—C triple bonds
to Z-alkenes under transfer hydrogenation conditions have been developed. These methods ensure
broad functional group tolerance coupled with complete lack of over-reduced alkane byproducts
and catalyst loading down to 0.01 mol%. It is worth noting that these features are usually not
observed by the vast majority of reported homogeneous catalysts for this transformation, whose
loading is usually stuck at 1 mol% as lowed bound.=* The stability of the Pd.- cluster has been
showed by both HRMS+ and UV-analyses® in these reactions. In parallel, C—C forming
sequences, too, have been triggered, using various polyunsaturated substrates and either Pd; or Pt

clusters as catalystss= In all cases, the activation of alkynes occurred in a mildly acidic



environment and the trinuclear complexes could be recovered by chromatography at the end of the
reaction (up to ca 70%). Related aromatic tripalladium complexes could also catalyze various
cross-coupling sequences. Reported examples includes Suzuki-type arylation methods using
boronic acids and aryl bromides* or iodides.* The group of Shoenebeck reported an elegant method
for Kumada-type coupling that has a chirurgical selectivity for the activation of C(sp’)—I bonds,
leaving the corresponding C—Br and C—Cl ones completely untouched.” Once more, this feature
is usually inaccessible using popular mononuclear palladium complexes. Preliminary modeling
results indicated a strong convenience for the oxidative addition of aryl iodides compared with
their halogenated peers, which nonetheless required a rather costly barrier (ca 30 kcal/mol) because
it likely broke the delocalized metal-metal bond of the cluster. Detailed kinetic studies by
Fairlamb* showed the catalytic competence of tripalladium species in cross-coupling reactions and
revealed that the latter could easily form in reaction media with relatively low Pd:ligand ratios (2:1
or below), which is a common feature of many synthetic methods based on this metal .#< Moreover,
the study presents a strong energetic convenience for the formation of these small clusters and this
likely suggests that they are actually involved in many more catalytic methods than what has been
currently realized. Finally, gold catalysis, too, could be a promising domain for developments, as
witnessed by the pioneering report by Bertrand that prepared an aromatic trigold cluster and
showed its catalytic prowess." Taken together, these findings highlight the vast potential of discrete
aromatic platforms in catalysis. They suggest that a better understanding of the precise mode of
action of these clusters is crucial to devise the next generation of synthetic methods and thus reduce

the necessary loading of rare elements by taking advantage of metal aromaticity.

Computational methods



Calculations were performed at the DFT level using Gaussian09.» The exchange/correlation
hybrid M06~ functional was used reasoning that it could better describe metal-metal bonds
compared to orthodox hybrid ones.* Moreover, it already showed to be well suited to match the
structural features of these trinuclear complexes (see the SI for the comparison of different
functionals).* Optimization were performed without any constraint using the Def2-SVP basis set,*
as retrieved from the basis set exchange website.~ This version includes an effective core potential
to describe the inner electrons of Palladium atoms, which is usually preferable to achieve reliable
data on the catalytic properties of cluster compounds.”= To exclude significant bias due to the basis
set, free optimizations were carried out with the lacvp(d) basis set, too.»» The two sets of results
were comparable, differences remaining around or below 3 kcal/mol. The approximate geometry
of TSs was obtained by scans of the corresponding reaction coordinate. This served as starting
point for free optimization, and TSs were characterized by the presence of a single imaginary
frequency in their Hessian matrix, which corresponded to the vibration connecting the reactant
with the product. Together with gas-phase geometries, solvated structures were modeled using
toluene as implicit solvent through the use of the CPCM method.”” Overall, energetic trends
observed in the two cases were perfectly coherent. Structures were modeled using PMe, as
ancillary ligand, although experiments performed with aliphatic phosphines usually provided
lower yields compared to those using aromatic ones. However, this enabled to keep in check an
already elevated computational cost and to minimize errors due to conformational effects, which
might become severe especially on large molecular systems (up to ca 150 atoms in present

complexes).”

Results and Discussion



Enyne 1 can undergo sequential cycloisomerization/[4+2] cycloaddition providing 2 when
reacted in toluene in the presence of 1 mol% of tripalladium complex A and 1 equiv. of benzoic
acid upon warming at 100 °C for 16 hours (Scheme 3)." Monitoring the reaction by NMR, it is
possible to observe the initial formation of 1,3-diene 3 as intermediate, which undergoes the Diels-
Alder cyclization once the concentration of 1 faded, upon ca 10 hours. In parallel, the diagnostic
*P resonance of the complex around 15 ppm disappears, and a new signal could be observed in the
Pd(II)-P region around 30 ppm. Once 1 is consumed, the phosphorous peak of the starting cluster
A reappears, and the intermediate complex is no longer detected at the end of the reaction upon ca
16 hours. If warming in prolonged further, decomposition of A then begins; alternatively, it can

be (partly) recovered by column chromatography on silica gel together with the desired organic

product.
(R) A, 1 mol% Ry ® 7
2 ANANR RCOH 1 equiv. ~ A~ DRy
\ toluene, 100 °C z \
S Np 16 h R)

1 2, up to 87%

GINNAR / Me  SbFg
RaP. s PR3

Scheme 3. The cascade of 1 catalyzed by Pd; cluster A.

Modeling studies begun with the aim to find a rationale for these experimental observations.
According to the literature, enyne cyclization affording 1,3-dienes in the presence of a palladium

catalyst could occur through two processes.”* The reaction could involve an oxidative
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cycloaddition, leading to a metallacycle that could evolve via B-hydrogen elimination. The
resulting palladium hydride would then liberate the desired product via reductive elimination.
Several attempts to model a similar pathway proved fruitless. Stationary points found for the
putative intermediates of a similar manifold were always more than 50 kcal/mol in AG above the
entry channel, suggesting that a similar scenario would be unlikely at best.

An alternative mechanism involves the generation in-situ of a palladium(Il) hydride by treating
a Pd(0) precursor with a protic acid. We thus modeled a few potential dissociations of the trinuclear
cluster to provide a dimer and a mononuclear complex, using 2-butyne as model alkyne (Scheme
4).
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Scheme 4. Unfavorable fission of cluster A into a Pd-dimer and a mononuclear complex.

Once more, these routes proved unfeasible, providing energies more than +50 kcal/mol in AG
above the entry channel. We speculate that the energetic cost associated with the loss of the
aromatic character of cluster A was at the root of these highly demanding processes, and we thus

tried to find alternatives that could have preserved the delocalized metal-metal bond of the cluster.
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The delocalized HOMO of the complex can act as a Lewis base, despite its positive charge, and
coordinate Lewis acidic metals,” paralleling the behavior of traditional ligands based on lone pairs
of electron-rich main group elements. This counterintuitive bonding event, in which two cationic
fragments can be bonded together despite Coulombic repulsion, could be observed as well with

acidic protons (Scheme 5).
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with acids and the unfavorable direct proton transfer on enyne 1.
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By using formic acid as model, optimization converged to structures in which the acidic proton
points toward the center of the metal cluster. Although the three metals share a positive charge, it
was not possible to find stable structures in which the oxygen atoms of formic acid came
closer/bind the Pd nuclei. Intermediate I has an almost equilateral metal triangle in its core and
Pd—Pd distances below 2.9 A, in perfect agreement with the structural features observed
experimentally on A and its peers. Complex I is +4.0 kcal/mol in AG above reagents. This is due
to a positive enthalpic contribution (AH = -10.0 kcal/mol), which is partly offset by entropic costs.
This is confirmed modeling the same process with complex A’, that has bulkier
triphenylphosphines as ancillary ligands. In this case, intermediate I’ is -1.7 kcal/mol in AG below
the entry channel. Several attempts to transfer the acidic proton of formic acid to one of the Pd
atoms (vide infra) failed. We thus tried to replace one of the ancillary ligands with substrate 1 and
attempt a direct transfer of the acidic proton onto one of its C(sp) carbons. The ligand exchange
provides intermediate II, which is +10.9 kcal/mol above the entry channel. We then managed to
find a TS for the direct proton transfer. However, TS (II-III) came with a barrier of +37 .4 kcal/mol
in AG, which seemed too steep to account for experimental results.

Upon a long series of frustrating dead ends, it has been possible to find a feasible TS from

intermediate I (Scheme 6), which lied +27.7 kcal/mol in AG above the entry channel.
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of key intermediates.

In TS (I-IV), an oxygen atom of formic acid comes close to one of the metal centers, which, in
turn, has its ancillary phopshine that are tilted almost perpendicular to the triangular core. The
acidic proton is transferred to the two other palladium atoms, eventually leading to intermediate
IV that has a bridged hydride* character (AG = +20.2 kcal/mol). The three Pd—H distances are
indeed 1.74, 1.74 and 2.11 A, respectively. The metal triangle is no longer equilateral and the Pd
bound to oxygen is at the vertex of an isosceles one in IV. The Pd—O distance is 2.11 A and the
other oxygen atom is more than 3 A away from the two other noble metal ones. Pd—Pd distances
are 2.89, 3.05 and 3.06 A, respectively (for sake of comparison, those of A and 1 are 2.88-2.90 A).
This result suggests that the delocalized metal-metal bond of the parent complex is no longer

present. The hypothesis was confirmed by analyses of molecular orbitals, which do not present
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major metal-metal interactions. These features suggest that I'V has lost the aromatic character of
I, and, likely, this energetic cost has been partly offset by the creation of a new Pd—O bond and
the presence of the bridged hydride. The geometry of IV, with its increased Pd—Pd distances, is
indeed similar to those of Pd(II) dimers that present d*-d* interactions rather than a covalent metal-
metal bond.”* Complex IV is in equilibrium with V (AG = +22.7 kcal/mol), in which the formate
fragment caps two palladium atoms and the hydride becomes localized on the third one. Pd—Pd
distances are 2.87, 3.85 and 3.86 A, respectively, in V. This structural feature indicates the absence
of any meaningful Pd—Pd bonding interaction that is still delocalized over the three metal atoms
because the sum of Van der Waals radii of Palladium is 3.36 A. Among the three metal atoms, a
d:-d* interaction is likely present instead between the two closer ones. The similar energy of I'V and
V further suggests that the former, too, has no significant metal-metal bonding among its three Pd
nuclei. The replacement of an ancillary ligand with a molecule of 1 is more favorable from IV than
from V. Out of the three Pd—P bonds of IV, those with the two metals involved in the bridged
hydride are the more labile ones (distances being 2.30,2.32 and 2.32 A, respectively), in agreement
with the higher trans- influence of hydrides compared to O- ligands. The exchange of a phosphine
with a molecule of enyne can give intermediate VI. This species has a formate group that caps two
palladium atoms and a hydride localized on the third noble metal. This makes the structure of VI
similar to that of V. However, the metal triangle is smaller in this case (Pd—Pd distances are 3.04,
3.07 and 3.09 A, respectively). This is likely due to the lower electron-donating properties of the
organic substrate compared to the phosphine that push the three metal atoms of the cationic
complex closer. In VI, the substrate coordinates the metal through its C—C triple bond, which is
likely a better donor compared to the styryl arm. The steric demands of the organic substrate

pushed the hydride to the opposite face of the metal triangle in the optimized structure in this case.
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The ligand replacement comes with a certain enthalpic cost (AH = +17.4 kcal/mol, thus 11.2
kcal/mol above IV), reflecting the higher c-donating properties of the phosphorous ligand. The
entropic contribution is also negative, in part as a result of the use of small trimethylphosphine as
ligand in this model. Overall, these factors affect the stability of VI, which lies +36.1 kcal/mol
above the entry channel.

We were unable to find a TS for the seemingly straightforward insertion of the alkyne group into
the Pd—H bond of VI. This is likely due to the quasi trans- arrangement of the two functional
groups in the structure of the intermediate. However, this issue could be solved modeling the
reaction from the almost isoenergetic complex VII. We were unable to find a barrier for the formal
ligand exchange between VI and VII. The process is thus likely to occur through a dissociative
mechanism in which the two nearly degenerate intermediates are in equilibrium. The organic
substrate binds the metal atom through its C—C double bond in intermediate VII. Although an
alkene is a worse donating ligand compared to an alkyne, this coordination modes helps to reduce
the overall steric strain of the crowded multinuclear complex. As a result, the energy level of the
two intermediates is essentially degenerate (AAG = +0.1 kcal/mol). The hydride group is flipped
with respect to the plane described by the metal triangle in the optimized structure of VII. This, in
turn, pushes it much closer to the terminal C(sp) atom of the alkyne group, paving the way for a

low-energy insertion barrier (Scheme 7).
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of key intermediates.

The resulting TS (VII-VIII) is +8.9 kcal/mol in AG above its parent intermediate, further
confirming the easiness of this step. This TS leads to the formation of vinylpalladium complex
VIII, which is significantly more stable than VII thanks to the formation of a new ¢ bond (AG =
+15.1 kcal/mol). The alkene group of the organic substrate remains 1- bound to the metal in VIII.
The two other palladium atoms are almost unaffected by the transformation and are capped by the
formate group. In VIII, they are pushed far from the third palladium atom because of the steric
congestion around the latter. Pd—Pd distances are indeed 3.98 and 4.07 A, in analogy with the
structural features observed in V. The n-bound styryl arm of VIII could then insert into the vinyl-
palladium bond. This step occurs through TS (VIII-IX), which has a low barrier of +6.3 kcal/mol

in AG, leading to the formation of alkylpalladium complex IX. The latter lies below the entry
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channel (AG = -34 kcal/mol), highlighting the energetic convenience associated with the
formation of a new C—C bond. The structural features of IX are similar to those of VIII, with a
vinyl group m-bound to one Pd atom and a C(sp*) carbon that is 6- bonded to the same metal. This
is still far from the two other metal nuclei (Pd—Pd distances are 3.91 and 4.03 A), and the whole
structure remains tethered thanks to bridging thiolates. Then, the n-bond of the vinyl group has to
be cleaved in order to undergo B-hydrogen elimination. This could indeed create a partial
coordination vacancy on the metal center and ensures the required syn- arrangement between the
latter and the hydrogen atom in 3 with respect to the metal. This switch in the coordination mode
leads to the optimized structure of X, in which the alkylpalladium fragment has its vinylidene
heterocyclic arm away from the metal center. Complex X is more stable than its - parent IX (AG
= -7.9 kcal/mol). This apparently counterintuitive result can be explained by a partial restoration
of metal-metal interactions. Indeed, the removal of the n-bond is accompanied by a significant
shrinkage of the metal triangle. In X, Pd-Pd distances are 2.97, 3.03 and 3.07 A, respectively.
Although still longer than those in aromatic complex A by more than 0.1 A, these metal-metal
distances come back within the range of positive d:-d* interactions, which are typical of Pd(II)
complexes. This is similar to results observed in previous intermediates for comparable metal-
metal distances around 3 A and these interactions are likely the main reason of the stabilization of
X. The latter could then undergo PB-hydrogen elimination through TS (X-XI) (AG = +11.6
kcal/mol), affording intermediate XI, in which the 1,3-diene is n-bonded to one Pd atom. The step
is slightly endoergonic (AG = +2.3 kcal/mol), as could be expected for the overall replacement of
a o- bond with a n- one. The structural features of XI are similar to those of X and IV, featuring

two Pd atoms capped by a formate, a rather compact metal triangle and a hydride closer to one of

its three corners (Pd—Pd and Pd—H distances being 3.02, 3.12, 3.18, and 2.07, 2.09, 1.57 A,
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respectively). From XI, the organic product 3 could be liberated and an additional molecule of 1
could take its place, reforming for instance VII (AG = -1.1 kcal/mol) and then reiterating the

catalytic cycle (Scheme 8).
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Scheme 8. Ligand exchange from XI ensuring turnover and favorable regeneration of the

aromaticity of the tripalladium complex from intermediate I'V.

Alternatively, the ligand exchange might involve a phosphine molecule, reforming IV (AG = -
17.0 kcal/mol). Although the latter seems a much more favorable scenario compared to the former,
it is worth noting that the concentration of 1 in solution is ca two orders of magnitude greater than
that of phosphorous ligands at the beginning of the catalytic reaction, likely forcing the
equilibrium. Once the concentration of 1 fades, and 1,3-diene 3 is completely consumed into
spirocyclic product 2, which is poorly-coordinating because of its steric demands, the regeneration

of IV is more likely. However, at this point, the most energetically favorable pathway becomes
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then the rearomatization of the complex itself. Because IV lies +20.2 kcal/mol above the entry
channel, the regeneration of cluster A (or complex I) is highly favorable and could occur through
TS (I-IV), which has moreover a significantly lower barrier, of +7.5 kcal/mol in AG, going from
IV to I. This rationale correlates with the initial disappearance of the diagnostic phosphorous
resonance of the aromatic cluster at the initial stages of catalytic C—C forming reactions and its
eventual come back.

In analogy with the provocative example of the introduction on the energetic features of
electrophilic aromatic substitutions (vide supra), the catalytic behavior of all-metal aromatic
complexes in cascades of polyunsaturated substrates would require a challenging activation. This
is finally rewarded by a favorable rearomatization, which ensures greater chemical stability to the

catalytic system itself.

Conclusions

We reported a study on the mechanism of enyne cycloisomerization catalyzed by an aromatic
tripalladium cluster and a carboxylic acid. The reaction likely involves an initial, costly removal
of the aromaticity of the complex. This demanding step is followed by a series of relatively easy
ones, which can account for the formation of the desired organic product. In agreement with
experimental evidences, the non-aromatic tripalladium intermediates have a strong tendency to
revert back to the original structure at the end of the catalytic cycle. This ensures the pronounced
chemical stability of the precatalyst. Moreover, we anticipate that this concept might become a
crucial factor to allow the development of synthetic methods using low amounts of rare and

precious elements in the future. We hope that these findings will both shed light on the catalytic

20



role of trinuclear aromatic clusters and foster the development of new methods that fully exploit

their unique properties.
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