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Disclaimer

Throughout this thesis, when referring to cycloadditions we use the Huisgen notation, using
parenthesis, where the numbers refer to the atoms involved in the forming ring [for instance in (4+3),
(4+2), (2+2) cycloadditions] to distinguish from the Woodward-Hoffman notation, using brackets,
where the numbers refer to the electrons involved in bonding changes.! However, in some specific
examples we use the brackets notation that is also acceptable.

1 2) Huisgen, R. Cycloadditions — Definition, Classification, and Characterization. Angew. Chem. Int. Ed. 1968, 7, 321.; b)
Limanto, J.; Khuong, K. S.; Houk, K. N.; Snapper, M. L. Intramolecular Cycloadditions of Cyclobutadiene with Dienes:
Expetimental and Computational Studies of the Competing (2 + 2) and (4 + 2) Modes of Reaction. J. Am. Chen. Soc. 2003,
125, 16310.
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Organic synthesis has profoundly impacted fields such as medicinal chemistry, materials science, and
agriculture by enabling the creation of complex molecular structures beyond those found in nature.
In recent years, the field has embraced sustainable practices aligned with the principles of Green
Chemistry, prioritizing efficiency, environmental responsibility, and atom economy. In this context,
catalysis has emerged as a key synthetic tool, driving more selective and efficient reactions, often
under milder conditions, and reducing waste and energy consumption.

Among homogeneous catalytic methods, in which catalysts and reactants are in the same phase, those
based on complexes featuring transition metals stand out for their tunable electronic and steric
properties. Advances in this field have allowed to broaden significantly the catalogue of chemical
transformations available in the toolbox of synthetic chemistry. Therefore, palladium-catalyzed cross-
coupling reactions are indispensable tools in organic synthesis. Pioneered in the 1970s by Heck,
Negishi, and Suzuki, these transformations enable the creation of C-C bonds by coupling organic
halides with partners such as alkenes, alkynes, organozinc, or organoboron reagents. Their
groundbreaking work has been recognized with the 2010 Nobel Prize in Chemistry. Related
advancements, such as the Buchwald-Hartwig amination for C-N bond formation, among many
others, continue to expand the utility of cross-couplings.

Cycloaddition reactions are powerful transformations for constructing cyclic frameworks, particularly
heterocycles, by generating at least two o-bonds in a single step. Traditional cycloadditions, like the
Diels-Alder reaction, are well-understood but often require activating functional groups and harsh
conditions, limiting their scope. Transition metal catalysis has addressed these limitations by enabling
formal cycloadditions under milder conditions, and introducing new reaction types, while including
enantioselective processes when chiral ligands are employed. This is particularly relevant for
applications related to medicinal chemistry, since opposite enantiomers usually hold different
biological profiles. The importance of asymmetric catalysis with transition metals became visible with
the Nobel Prize award of 2001, which was shared by W. Knowles, R. Noyori and B. Sharpless.

Alkylidenecyclopropanes (ACPs) are relevant organic scaffolds, featuring a three-membered ring with
an exo-cyclic double bond. These structural features make ACPs highly strained systems, facilitating
the insertion of transition metals into one of their C-C bonds. Additionally, the double bond can also
be used as a handle for triggering the metal-catalyzed transformations.

Therefore, ACPs can behave as olefins, reacting as 2C synthons in different cycloadditions or, more
interestingly, as 3C components. While cycloadditions of ACPs catalyzed by heat or Lewis acids are
well-established, those promoted by transition metal catalysts are still scarce. Binger developed
pioneering examples in the eighties, in particular, intermolecular Pd-catalyzed (3+2) cycloadditions
of methylenecyclopropane (MCP) and strained alkenes. Mechanistically, the authors proposed the
participation palladacyclobutane and trimethylmethane (TMM) species as key intermediates (Scheme
1).

Pd(acac)y, P'Prs Via: |
Et,AIOEt Py

Ao L@ g -
Benzene, 100 °C [Pd] [Pd]
th 96% TMM

Scheme 1. Pd(0)-catalyzed formal (3+2) cycloaddition between MCPs and strained alkenes.

These and additional studies were primarily focused on such intermolecular processes. The
development of intramolecular variants, enabling the synthesis of more complex polycyclic
structures, was pioneered by our group in the eatly 2000s. The methods included a range of TMC
intramolecular cycloadditions using ACPs tethered to carbon-based unsaturated partners, such as
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alkenes, alkynes, dienes and allenes. Moreover, intermolecular and intramolecular multicomponent
(3+2+2) cycloadditions were also developed, allowing the construction of larger polycyclic scaffolds.

In contrast to TMC cycloadditions of ACPs with C-C unsaturated systems, the number of related
ACP cycloadditions involving heteroatom-containing partners is extremely low and essentially limited
to the pioneering cases reported in 2001 by Yamamoto and coworkers. In particular, these authors
reported a Pd(0)-catalyzed intermolecular (3+2) cycloaddition of ACPs with aldehydes and tosyl
imines, to respectively afford tetrahydrofurans and pyrrolidines. However, the scope and versatility

of these processes is very limited, while the reaction conditions are not synthetically convenient
(Scheme 2).

R Pd(PPhs), (2 mol%) Pd(PPhs), (5 mol%) R
- P(0)Bus (4 mol%) z P(O)Phs (10 mol%) R

neat, 120 °C R R' Toluene, 120 °C

35 to 86% 71 to 94%
up to 1.3:1dr up to 1.3:1dr

Scheme 2. Pd(0)-catalyzed intermolecular (3+2) heterocycloadditions of ACPs reported by Yamamoto.

At the first stages of my PhD work, our group explored the development of intramolecular
heterocycloadditions of ACPs, describing a Pd(0)-catalyzed (3+2) cycloaddition of ACP-tethered
carbonyls, to deliver polycyclic tetrahydrofuran scaffolds with high efficiency (Scheme 3a). The use
of Pd(0) catalysts bearing Buchwald ligands proved crucial for the cycloaddition, although the
mechanistic basis for such efficiency remained unclear. Preliminary results of Dr. Verdugo revealed
that the same catalytic system was also effective to promote the intramolecular (3+2) aza-
cycloaddition of ACPs when oxime ethers were used as counterparts, forming bicyclic pyrrolidine
frameworks (Scheme 3b). These preliminary results set the basis for new objectives that were
addressed in this PhD work.

a) (3+2) Cycloaddition of ACPs tethered to carbonyl moieties

K/YRZ Pd,(dba); (6 mol%) R
X
T

X RuPhos or BrettPhos (13 mol%)
Ay Toluene, 100 or 110 °C, 3 h

H. Me 40t0 94 %
' up to 1:0 dr

b) Preliminary results of (3+2) cycloadditions of ACPs tethered to oxime ethers

Pd,(dba); (6 mol%) H
e % RuPhos (13 mol%) £
E Toluene, 110 °C, 4 h E
H
E = COEt 65 %, dr 1:0

Scheme 3. Pd(0)-catalyzed intramolecular (3+2) heterocycloadditions of ACPs explored by our group.

Cycloisomerization reactions of ACPs have also been explored using transition metal catalysts,
offering new pathways to complex cyclic frameworks. For example, in 2018, Evans reported a Rh(I)-
catalyzed ene-cycloisomerization of ACPs tethered to substituted allyl sulfides, achieving high yields
and good diastereoselectivities (Scheme 4).

10
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Via:
J [Rh(COD)ClI], (4 mol%) R /
R P(O-p-Tol)3 (16 mol%) = \‘
X X [Rh]
. DCE, 100 °C, 20 h o
R
R, R"and R"=H or Me 42 to 93%
X = 0, NTs, C(CO,Me), dr=19:1

Scheme 4. Rh(I)-catalyzed ene-cycloisomerization of ACPs with intramolecular 3-sulfide elimination.

Despite the synthetic potential of this and other ACP cycloisomerizations, tandem and
multicomponent processes, particularly with heteroatom-containing partners, remained
underexplored.

Tandem ring-opening/addition reactions of ACPs can be promoted by transition metal catalysts such
as Ni, Rh, or Pd, forming allylic and homoallylic compounds through selective hydrofunctionalization
processes. A seminal example by Yamamoto in the late 1990s involves a Pd(0)-catalyzed
hydrofunctionalization ~with malonate nucleophiles, to yield 1,1-disubstituted alkenes.
Mechanistically, an initial palladium hydride species and and m-allyl Pd(Il) intermediates were
proposed (Scheme 5). Later, Yamamoto and others extended this strategy to various nucleophiles.

R Pd(PPh3)4 (10 mol%)
\— <I + R
THF, 100 °C, 3 days
R= alkyl, Ph CN, CO,Et 55 to 95%

Via:
R\/Q,—[Pd"]—

Scheme 5. Pd(0)-catalyzed hydrocarbonation of ACPs with malonate-type nucleophiles.

Based on these precedents, this PhD thesis aimed to expand the metal-catalyzed chemistry of ACPs
addressing three primary objectives.:

- Discovery novel cycloaddition reactions of ACPs with hetero-unsaturated partners,
focusing on functionalized pyrrolidines, and use of DFT studies to elucidate mechanistic
details, for both oxa- and aza-cycloadditions.

- Development of tandem cycloisomerization processes of ACPs to access new cyclic
scaffolds, supported by computational studies

- Perform multicomponent cycloadditions of ACPs with heteroatom partners to
uncover new methodologies for synthesizing medium-sized heterocycles.

Pd(0)-Catalyzed (3+2) Cycloadditions between ACPs and Imines

Pyrrolidine scaffolds play a crucial role in medicinal chemistry, as they constitute the core of
numerous biologically active molecules. Although various synthetic methods exist, many require
multistep processes, underscoring the need for more efficient and direct catalytic approaches. In this
regard, transition-metal-catalyzed (TMC) cycloadditions stand out for their ability to construct cyclic
frameworks from simple acyclic precursors, often with high regio- and stereocontrol.

ACPs can participate as counterparts in TMC cycloadditions with unsaturated heteroatom containing
partners to form five-membered aza-heterocycles; however, such examples are scarce and of very
limited scope. In this context, our group envisioned the development of an intramolecular

11
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cycloadditions using ACPs tethered to oxime ethers. In preliminary investigations, Dr. Verdugo
discovered that the catalyst generated from Pdz(dba); and RuPhos can promote the desired
annulation to yield pyrrolidine products (see Scheme 3b, page 10). The use of bulky phosphite
ligands also enabled the formation of the cycloadducts. Notably, by employing Pd(0)-catalysts with
chiral phosphoramidite ligands the cycloaddition of a model precursor led to the desired heterocycle
with promising enantioselectivities.

Based on these precedents, we aimed to thoroughly explore the Pd(0)-catalyzed intramolecular
cycloaddition between ACPs and oxime derivatives, as well as to develop an intermolecular variant
that could overcome the important limitations of the previously reported method. Moreover, we
combined this experimental research with a computational analysis of the hetero-cycloadditions,
trying to elucidate key mechanistic information.

Regarding the intramolecular transformation, the Pd(0)-catalyzed (3+2) cycloaddition between ACPs
and oxime ethers proved to be highly sensitive to structural features of the substrates (Scheme 6).
The desired cycloadducts were only obtained with aldoxime precursors bearing a diester moiety at
the tether. In many case, dienic side-products were also obtained. We hypothesized that the limited
scope arose from the challenges associated with the migratory insertion of the C=N bond in the
oxime ether. Attempts to enhance reactivity using acidic additives and electron-poor imines were

unsuccessful.

PCyz ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
iPro ofPr 1 1

! =
/ (RuPhos, 13 %mol) 1 f( !
Pd,(dba)s (6 mol%) | x o X o
0, ! 1
(\—)n—<\N o Toluene, 90 or 110 °C bR \N - Mm
| N-oR |

E =CO,R" Diene side-products

Scheme 6. Pd(0)-catalyzed intramolecular (3+2) heterocycloaddition of ACPs tethered to oxime ethers.

We carried out mechanistic DFT studies using Pd(0)-BuXPhos as model catalyst, which confirmed
that these cycloadditions occur via an initial insertion of the Pd complex into the distal C—C bond of
the ACP, followed by a metallo—ene rearrangement and a final reductive elimination. Remarkably,
computations showed the critical role of the hemilabile interactions between the Pd center and the
ligand, as well as the relevance of the ligand conformation, in stabilizing key reaction intermediates.

Deuterium labeling experiments revealed a new reactivity pattern for ACPs, a stepwise rearrangement
which leads to some of the diene obtained as side-products (Scheme 7). DFT calculations supported
this pathway, showing a minimal energy difference between the cycloaddition and diene-forming
pathways, which is consistent with the formation of these dienes in many cases.

B ———T =

R OMe
==\
<
0% & \ [P
rearrangement \ Nu attack E
..|IE\

‘NOMe

R= \—\\ E = CO,Me
N—-OMe

Scheme 7. Mechanistic proposal for diene by-products formation based on DFT studies.
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For the intermolecular variant, a catalytic system consisting of Pdz(dba)s; and a phosphoramidite
ligand facilitated the (3+2) cycloaddition between ACPs and sulfonyl imines (Scheme 8). The
method tolerates different substituents at the ACP and a wide range of cyclic and acyclic imines as
partners, including ketimines, to afford functionalized pyrrolidines in high yields. Additionally,
enantioselective studies with a model substrate, led to the identification of a (S)-VAPOL-derived
phosphoramidite that affords an 83% yield and an enantioselectivity of 78%.

L,

P-N(Pr);
1 O © (L, 13 mol%) R'
R 2
—<] . Pd,(dba)s (6 mol%) R
R? MeCN, 100 °C, 20 h
1.5 -2 equiv. 43 to 99%

35 examples
Scheme 8. Pd(0)-catalyzed intermolecular (3+2) heterocycloaddition of ACPs and various imine partners.

DFT studies supported a palladaene mechanism similar to that proposed for the intramolecular
cycloaddition. These computations emphasized the role of hemilabile interactions between the Pd
center and the bulky ancillary ligand, which help to stabilize key intermediates and to determine the
selectivity of the heterocycloaddition.

A DFT Mechanistic Study of Pd(0)-Catalyzed (3+2) Cycloadditions between ACPs and
Carbonyls

Transition-metal-catalyzed (TMC) cycloadditions between ACPs and carbonyl partners are very
scarce. To address this gap, our group investigated intramolecular cycloadditions of ACPs with
aldehydes and ketones. Initial ligand screenings revealed that common ligands used for related (3+2)
cycloadditions with alkenes failed to deliver satisfactory yields. However, Buchwald’s biaryl
monophosphines, such as BrettPhos or RuPhos, proved to be highly effective, enabling the synthesis
of 5,5- and 6,5-fused bicyclic THFs with excellent yields, sy selectivity and broad scope (see Scheme
3a, page 10). Moreover, these catalytic systems also promoted efficiently the intermolecular (3+2)
cycloadditions between ACPs and trifluoromethyl ketones, to afford -methylene THFs in high
yields.

Based on these foundations, we computationally investigated the mechanism of these
heterocycloadditions, specifically focusing on uncovering the key role of Buchwald ligands in
enabling these reactions. Therefore, we explored Pd(0)-catalyzed (3+2) cycloadditions between ACPs
and carbonyl partners, both intra- and intermoleculatly. For comparative purposes, we employed the
simple Pd(0)-PH3 complex to get simple idea of the different alternatives and the a realistic catalysts,
comprising BuXPhos as ligand, to determine the specific role of this type of ligands.

For the intramolecular transformation, we have evaluated the most plausible pathways: a metalloene
process (a) ot an isometization/migratory insertion process (b, Scheme 9).
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Scheme 9. Evaluated pathways for the Pd(0)-catalyzed intramolecular (3+2) cycloaddition.

Studies with Pd(0)-PHj3 suggested that the metalloene pathway (path a) might be energetically
preferred. These conclusion was further confirmed using Pd(0)-BuXPhos as catalyst. Notably, the
Buchwald ligands appear to be crucial for the heterocycloaddition, as various hemilabile interactions
between the palladium center and specific atoms of the ligand (Pd-H and Pd-Cj,, of the biaryl),
stabilize the different intermediates throughout the catalytic cycle (Figure 1). In this regard, the biaryl
conformation of the Buchwald ligand plays a key role, as its “inward” conformation facilitates the
afore mentioned secondary interactions, ultimately favoring a less energetic overall reaction pathway.

Additional studies on migratory insertion and reductive elimination confirmed the importance of
these hemilabile interactions in the stabilization of key intermediates.

Pd-Cj,, interaction facilitated by an Pd-H agostic interaction
imward biaryl conformation

Figure 1. 3D examples of key Pd- ‘BuXPhos interactions stabilizing palladacyclic intermediates.

For the intermolecular cycloaddition, we examined the metalloene pathway using both acetophenone
and 2,2 2-trifluoroacetophenone as carbonyl partners, as well as Pd(0)-PH3 and Pd(0)-BuXPhos as
catalyst. Remarkably, the fluorinated carbonyl partner significantly facilitated the migratory insertion
with both Pd(0)-catalysts. Studies with Pd(0)-BuXPhos suggested that the Buchwald ligand could
play a role in improving the selectivity of the cycloaddition, suppressing side pathways. Moreover,
these studies showed again the importance of hemilabile secondary interactions between the ligand
and the metal center, and the relevance of the “inward” ligand conformation.
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Pd(0)-Catalyzed Tandem Cycloisomerization/Allylic Substitution Reactions of ACPs
tethered to Carbonyl and Imine partners

Palladium-catalyzed reactions involving w-allyl intermediates have become pivotal in organic
synthesis, enabling the efficient formation of C—C and C-heteroatom bonds. These intermediates,
which are typically obtained via oxidative addition of allylic substrates with leaving groups, can react
with various nucleophiles including organometallic reagents (e.g. organoboron or organozinc
reagents), to give the corresponding allyl cross-coupling products. Strained systems like ACPs can
also generate m-allyl intermediates under palladium catalysis, so these intermediates could be trapped
by appropriate nucleophiles. However, the exploration of this type of tandem processes, especially
when using organometallic reagents, remains underexplored.

In this context, our group developed a tandem cycloisomerization and cross-coupling methodology
that intercepts n-allyl-Pd(II) intermediates, generated from ACPs tethered to carbonyl moieties, with
boronic acids, to yield highly functionalized cyclopentanols (Scheme 10). Using a catalyst generated
in situ from Pdz(dba)s and an electron-poor phosphine, the transformation showed a broad scope
and high stereoselectivities.
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/_/)> Lcds (L, 9 mol%)

ia:

e

Vi
L
X( . R-B(OH), Pd,(dba); (4 mol%) X‘/\j R x‘ij" [\Pd]
n K3POy4 (2 equiv.) . ~“1No”
Dioxane, 100 °C, 2 h
2 equiv. 50 to 96%, dr 1:0 A ,
R = aryl, alkenyl 15 examples Key intermediate

Scheme 10. Tandem cycloisometization / cross coupling between keto-ACPs and boronic acids.

Preliminary results further showed that 1,3-dicarbonyls can serve as nucleophiles under similar
catalytic conditions, yielding cyclic alcohols efficiently.

On these bases, we planned to explore the scope of these cycloisometization / cross-coupling
reactions using 1,3-dicarbonyls and phenols as nucleophiles. Moreover, we aimed to develop tandem
processes with analogue ACP-imine partners, and shed light on the mechanism of these
transformations through DFT computational studies.

Thus, using a catalyst generated from Pdz(dba); and an electron-poor phosphine, the reaction of
ACPs-tethered carbonyls with a variety of 1,3-dicarbonyl nucleophiles provided the expected cyclic
alcohols in good-to-excellent yields and high sy selectivity for most cases (Scheme 11).

F3C
/—/)> P
- F.C 3 (L, 9 mol%) H’“‘uE
n

X N Y Pd,(dba); (4 mol%)

K3POy4 (2 equiv.)
Dioxane, 100 °C, 2 h

2 equiv. 53 to 90%, dr up to 1:0
E = COy,Me 9 examples

Scheme 11. Tandem cycloisometization / cross-coupling between keto-ACPs and 1,3-dicarbonyl compounds.

The use of a phosphoramidite as ligand, instead of the electron-poor phosphine, enabled the
participation of alcohols as nucleophiles, providing the corresponding products in good yields and
total syz selectivity (Scheme 12).
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Scheme 12. Tandem cycloisometization / cross coupling between keto-ACPs and alcohols.

Additionally, we have developed a tandem cycloisometization/cross-coupling process of ACPs
tethered to sulfinyl imines, and aryl boronic acids, using a catalyst generated from Pdz(dba); and a
bulky phosphite. Although more restricted compared to the analogous reaction with ACPs tethered
to carbonyl moieties, the transformation provided the corresponding cyclic amines in good-to-
excellent yields and complete syz selectivity (Scheme 13).

Jo gy
/_/)> By 5 (L, 13 mol%) H k
X Pd,(dba); (6 mol%) ij\ Ar
N

+ Ar-B(OH), - X
Dioxane, 100 °C, 2 h

2 equiv. 66 to 99%, dr 1:0
7 examples

Scheme 13. Tandem cycloisometization / cross coupling between imine-ACPs and aryl boronic acids.

DFT computations of tandem processes involving keto-ACPs, using Pd(0)-P(OMe); as model
catalyst, revealed that Pd(II)-allyl intermediates preferentially proceed via transmetalation with the
boronic acid rather than through a C—O reductive elimination. In contrast, the use of Pd(0)-BuXPhos
promotes the formation of c-allyl oxapalladacyclic intermediates, which energetically favor the
reductive elimination toward the (3+2) adduct. Consistently, calculations with Pd(0)-P(OMe);
revealed that the out-of-sphere attack of dimethyl malonate on the Pd(Il)-allylic intermediate is
energetically preferred over the competitive C-O reductive elimination. These findings align well with
experimental results, as electron-poor monophosphines favor the formation of tandem products,
whereas Buchwald ligands such as BuXPhos promote the (3+2) intramolecular cycloadducts.
Preliminary DFT analysis of ACPs tethered to imines and boronic acids also revealed a mechanistic
pathway similar to that proposed for keto-ACPs.

Pd(0)-Catalyzed Cross-Coupling between ACPs and Boronic Acids

The Pd(0)-catalyzed hydrofunctionalization of ACPs is a versatile approach for synthesizing 1,1-
difunctionalized alkenes via ring-opening reactions that generate Pd m-allyl intermediates. This
method has been applied predominantly to relatively acidic hydrogen-containing pronucleophiles
such as alcohols, amines, and amides, whereas the use of carbon-based nucleophiles is underexplored
and limited to malonates or electron-rich heteroaromatics. Mechanistically, the process is proposed
to proceed through a palladium hydride species that, after a hydropalladation delivers a o-cyclopropyl
intermediate. A subsequent 3-carbon elimination leads to a key n-allyl species that is trapped by the
nucleophile. However, alternative pathways involving palladacyclobutane intermediates have been
suggested in specific cases (Scheme 14).

16



Summary

[ Path A:

R1
ACP
PdY-Nu > R2 [Pd'1—

R [Pdo] - R;/( I R!
=] — s AP =N =

Path B:

R /
—rpay

R2

Scheme 14. Possible mechanisms for Pd(0) catalyzed hydrofuncionalizations of ACPs.

Despite its potential, the scope of nucleophiles remains narrow, and the use of organometallic
reagents such as boronic acids has not yet been explored. Building on prior work involving the cross-
coupling of ACP-carbonyl compounds with boronic acids, we aimed to develop a Pd(0)-catalyzed
allyl cross-coupling reaction between ACPs and boronic acids. This approach involved intercepting
acyclic n-allyl Pd intermediates, resulting from the alcohol addition to ACPs, with boron-based
carbon nucleophiles.

Screening of reaction conditions demonstrated that a Pd(0)/phosphoramidite catalytic system
effectively facilitates the reaction, enabling the use of various ACPs and aryl or alkenyl boronic acids
to produce 1,1-disubstituted alkenes with high efficiency and selectivity (Scheme 15). Notably, the
reaction can be conducted either in the presence of base or with an acidic additive like phenol.

Cl,
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Scheme 15. Allylic cross-coupling reaction between ACPs and boronic acids.

DFT computations were conducted to discern between the possible reaction pathways. Using Pd(0)-
P(OMe); as a model catalyst indicated that, regardless of the reaction conditions (basic or acidic
conditions), the pathway involving oxidative addition of the ACP to the Pd(0) species, followed by
protonation of the resulting alkylidenepalladacyclobutane intermediate (see Scheme 14 , Pazh B), is
energetically more favorable than the alternative hydropalladation route, involving palladium hydride
species (see Scheme 14 , Path A).

Pd(0)-Catalyzed (3+2+2) Cycloaddition between ACPs tethered to Carbonyl Moieties and
Isocyanates

Dipolar cycloadditions between 1,#-dipoles and dipolarophiles are a key tool in organic synthesis,
enabling the construction of diverse carbo- and heterocyclic frameworks, including medium-sized
ring systems. While early work focused on stable 1,3-dipoles like azides or nitrile oxides, recent
advances have expanded the field to include 7z situ-generated 1,#-dipoles, often leveraging transition
metal catalytic methods. Zwitterionic  m-allyl ~palladium complexes, generated from
vinylcyclopropanes, epoxides, or carbonates have proven particularly versatile, participating as 1,3-
dipoles in several [3+n] formal cycloadditions. However, the development of methodologies utilizing
1,4- or 1,5-dipoles remains underexplored, with notable exceptions involving vinyl carbonate-derived
precursors.

Building on our previous mechanistic studies on Pd-catalyzed transformations involving ACPs and
carbonyls, which revealed the formation of allyl oxapalladacyclic intermediates, we aimed to develop
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novel cycloadditions in which these intermediates could behave as formal 1,5-dipoles. Specifically,
our objective involved the development of a Pd(0)-catalyzed (3+2+7) cycloaddition between keto-
ACPs and an external unsaturated partner. This approach aimed to expand the repertoire of ACP
multicomponent annulations, enabling the direct synthesis of heterocycloadducts with exocyclic

double bonds.

An initial evaluation of the reactivity of an ACP-tethered carbonyl with a Pd(0)/phosphoramidite
catalyst was conducted using a wide range of partners, including activated alkenes, dienes, allenes,
and hetero-unsaturated substrates such as carbonyl compounds, imines or isocyanates. Most of the
partners did not participate in the reaction, leading to diene side-products. However, using an aryl
isocyanate as partner, we observed a formal (5+2) cycloaddition to afford fused-cyclic carbamates in
good yield and complete syz diastereoselectivity.

An optimization of the reaction conditions enabled the use of various keto-ACPs and aryl isocyanates
to provide the corresponding bicyclic or tricyclic structures, containing a carbamate functionality, in
good yields and high diastereoselectivity (Scheme 16).

Cla

P-N(Pr);

(o] .
Via: .
/ O (L, 13 mol%) ' Y @
_N_ Pd,(dba)s (6 mol%) \
X M X [Pd]
R Dioxane, 100 °C, 6 h . P
(\ﬁ\( n 2O
n\ R §
o
2 equiv. 36 to 80%, dr up to 1:0 1,5-dipole

10 examples

Scheme 16. Pd(0)-catalyzed (3+2+2) cycloaddition between keto-ACPs and aryl isocyanates.

Preliminary studies on an asymmetric transformation, employing a Pd(0)-catalysts bearing a chiral
phosphoramidite showed modest enantioinduction. DFT computations supported the in situ
generation of a palladium w-allyl 1,5-dipole, which reacts selectively with an isocyanate partner, with
preference to the C-O reductive elimination pathway that would deliver the intramolecular (3+2)
cycloadduct.
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A sintese organica tivo un gran impacto en campos como a quimica médica, a ciencia dos materiais
e a agricultura, ao permitir a creacién de estruturas moleculares complexas mais al6 das atopadas na
natureza. Nos ultimos anos, este campo adoptou practicas sostibles alifiadas cos principios da quimica
verde, priorizando a eficiencia, a responsabilidade ambiental e a economia atémica. Neste contexto,
a catalise emerxeu como unha ferramenta sintética clave, impulsando reacciéns mais selectivas e
eficientes, a miudo baixo condiciéns mais suaves, reducindo asi os refugallos e o consumo de enerxfa.

Entre os métodos cataliticos homoxéneos, onde catalizadotes e reactivos estin na mesma fase,
aqueles baseados en complexos que contefien metais de transicion destacan polas suas propiedades
electronicas e estéricas modulables. Os avances neste campo permitiron ampliar significativamente o
catalogo de transformacions quimicas dispofiibles na caixa de ferramentas da quimica sintética. Asi,
as reacciéns de acoplamento cruzado catalizadas por paladio son ferramentas indispensables na
sintese organica. Desenvolvidas de forma pioneira na década de 1970 por Heck, Negishi e Suzuki,
estas transformacions permiten a formacion de ligazéons C-C ao acoplar haluros organicos con
compofientes como alquenos, alquinos, organozinc e organoboranos. O seu rompedor traballo foi
recofiecido co Premio Nobel de Quimica en 2010. Avances telacionados, como a aminacién de
Buchwald-Hartwig para a formacién de enlaces C-N, entre moitos outros, contindan expandindo a
utilidade dos acoplamentos cruzados.

As reacciéns de cicloadicién son transformacions utiles para construir estruturas ciclicas,
particularmente heterociclos, ao xerar polo menos dous enlaces ¢ nun s6 paso. As cicloadicions
tradicionais, como a reaccién de Diels-Alder, estin ben desenvolvidas, pero frecuentemente requiren
grupos funcionais activadores e condicions de reaccion severas, o que limita o seu alcance. A catalise
con metais de transicién aborda estas limitaciéns, permitindo cicloadiciéns baixo condiciéns mais
suaves e introducindo novos tipos de reaccions, incluidos procesos enantioselectivos cando se
empregan ligandos quirais. Isto ultimo ¢ particularmente interesante para aplicacions relacionadas coa
quimica médica, xa que enantidmeros opostos con frecuencia mostran perfis bioléxicos diferentes.
A importancia da catdlise asimétrica con metais de transicion foi visible co Premio Nobel de Quimica
en 2001, compartido entre W. Knowles, R. Noyori e B. Sharpless.

Os alquilidenociclopropanos (ACPs) son estruturas organicas relevantes, que contefien un anel de
tres membros cun dobre enlace exociclico. Estas caracteristicas estruturais fan aos ACPs sistemas
altamente tensionados, facilitando a insercion de metais de transicion nun dos enlaces C-C. Ademais,
o dobre enlace pode tamén desencadear transformacions catalizadas por metais.

Asi, os ACPs poden comportarse como olefinas tipicas, reaccionando como sinténs de 2C en
diferentes cicloadicidns ou, de xeito mais interesante, como sinténs de 3C. Ainda que as cicloadiciéns
de ACPs catalizadas termicamente ou mediante acidos de Lewis estin ben establecidas, aquelas
promovidas por metais de transiciéon son ainda escasas. Como exemplo pioneiro, en 1980 Binger
desenvolveu unha reacciéon (3+2) intermolecular catalizada por Pd entre metilenociclopropanos
(MCPs) e alquenos tensionados. Mecanisticamente, os autores propofien a participacion de especies
de paladaciclobutano e trimetilmetano (TMM) como intermedios clave (Esquema 17).

Pd(acac), P'Prs Via: |

A Et,AIOEt * PSS
L@ [Pd] bl

Benceno, 100 °C
1h

96% TMM

Esquema 17. Cicloadicién formal (3+2) catalizada por Pd(0) entre MCPs e alquenos tensionados.
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Este e outros estudos centraronse principalmente en procesos intermoleculares. O desenvolvemento
de variantes intramoleculares, que permiten a sintese de estruturas policiclicas mais complexas, foi
iniciado polo noso grupo a principios dos anos 2000. Estas transformaciéns incluiron unha serie de
cicloadicions intramoleculares catalizadas por metais de transicion (TMC), empregando ACPs
(alquilidenociclopropanos) unidos a compofientes insaturados baseados en carbono, como alquenos,
alquinos, dienos e alenos. Ademais, tamén se desenvolveron cicloadiciéns (3+2+2)
multicompofiente, tanto intermoleculares como intramoleculares, o que permitiu construir esqueletos
policiclicos de maior tamafio.

En contraste coas cicloadicions TMC de ACPs con sistemas insaturados C-C, o numero de
cicloadiciéns relacionadas que involucran compofientes con heteroatomos é extremadamente
reducido, e limitase esencialmente aos casos pioneiros descritos en 2001 por Yamamoto e
colaboradores. En particular, estes autores reportaron unha cicloadicién intermolecular (3+2)
catalizada por Pd(0) entre ACPs e aldehidos ou iminas tosiladas, obténdose respectivamente
tetrahidrofuranos e pirrolidinas. Con todo, o alcance e a versatilidade destes procesos é moi limitado,
ademais de que as condiciéns de reaccién non resultan sinteticamente convenientes (Esquema 18).

R Pd(PPh3)4 (2 mol%) Pd(PPh3)4 (5 mol%) R
R P(O)Bus (4 mol%) ‘ P(O)Ph3 (10 mol%) R
120 °C R R' Tolueno, 120 °C
35a86% 71 a94%
ata 1.3:1dr ata 1.3:1dr

Esquema 18. Heterocicloadicions intermoleculares (3+2) de ACPs e compofientes hetero-insaturados.

Nas primeiras etapas do meu PhD, o noso grupo explorou o desenvolvemento de heterocicloadicions
de ACPs intramoleculares, describindo unha cicloadicién (3+2) catalizada por Pd(0) de ACPs
conectados a grupos carbonilo, proporcionando esqueletos policiclicos de tetrahidrofurano con alta
eficiencia (Esquema 19a). O uso de catalizadores de Pd(0) con ligandos de Buchwald foi
determinante para a cicloadicién, ainda que a base mecanistica da sda eficiencia segue sen estar
completamente clara. Os resultados preliminares do Dr. Verdugo tamén revelaron que o mesmo
sistema catalitico é eficaz para promover a aza-cicloadicién (3+2) intramolecular de ACPs cando se
empregan éteres de oxima como compafieiros, formando esqueletos biciclicos de pirrolidina
(Esquema 19b). Estes resultados preliminares sentaron as bases para novos obxectivos que estan
exXpostos nesta tese.
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a) Cicloadicion (3+2) de ACPs conectados a grupos carbonilo

2
/ Pd,(dba)s (6 mol%) 0
R2
X RuPhos ou BrettPhos (13 mol%) X
M Tolueno, 100 ou 110 °C, 3 h e
H. Me 40 a 94%
' up to 1:0 dr

b) Resultados preliminares de cicloadiciéns (3+2) de ACPs conectados a éteres de oxima

Pd,(dba)s (6 mol%) H
e 7 RuPhos (13 mol%) E
E Tolueno, 110 °C, 4 h E
H
E = COEt 65%, dr 1:0

Esquema 19. Heterocicloadiciéns intramoleculares (3+2) catalizadas por Pd(0) de ACPs exploradas polo
gtupo.

As reacciéns de cicloisomerizacion de ACPs tamén foron exploradas utilizando catalizadores de
metais de transicion, abrindo novas vias para a construcién de esqueletos ciclicos complexos. Como
exemplo, en 2018, Evans reportou unha ene-cicloisomerizacion catalizada por Rh(I) de ACPs

conectados a sulfuros alilicos substituidos, logrando altos rendementos e diastereoselectividades.
(Esquema 20).

Via:
/ [Rh(COD)Cl], (4 mol%)
R P(O-p-Tol)3 (16 mol%)
X =
_ DCE, 100 °C, 20 h
e
R, R"e R"=H ou Me 42 a 93%
X =0, NTs, C(CO,Me), dr=19:1

Esquema 20. Ene-cicloisomerizacion catalizada por Rh(I) de ACPs con eliminacién intramolecular de -
sulfuro.

A pesar do potencial sintético das cicloisomerizaciéns de ACPs, os procesos en tandem e as reaccions
multicompofiente, particularmente con compofientes que conteflen heteroatomos, permanecen
pouco exploradas.

As reaccions en tindem de apertura de anel/adicion de ACPs poden ser promovidas por catalizadores
de metais de transicién como Ni, Rh ou Pd, formando compostos alilicos ¢ homoalilicos a través de
procesos de hidrofuncionalizacién selectivos. Un exemplo pioneiro, reportado por Yamamoto a
finais da década de 1990, implicou a hidrofuncionalizacién de ACPs catalizada por Pd(0) con
nucleéfilos de tipo malonato, xerando alquenos 1,1-disustituidos a través de intermedios de hidruro
de paladio e especies m-alilicas de Pd(Ill) (Esquema 21). Posteriormente, Yamamoto e outros
ampliaron esta metodoloxia a diferentes nucleéfilos.
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R Pd(PPh3)4 (10 mol%)
\=<l * R\)'L/
THF, 100 °C, 3 dias
R= alquilo, Ph CN, CO,Et 55 a 95%

Via:
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Esquema 21. Hidrocarbonacién de ACPs catalizada por Pd(0) con nucledfilos tipo malonato.

En base a este precedentes, esta tese doutoral ten como obxectivo expandir a quimica de ACPs
catalizada por metais de transicién a través de tres obxectivos principais:

- Descubrir novas reacciéns de cicloadicion de ACPs con compofientes
heteroinsaturados, centrandonos en pirrolidinas funcionalizadas, e empregando estudos de
DFT para elucidar detalles mecanisticos, tanto para as oxa- como aza-cicloadiciéns.

- Desenvolver procesos en tandem de cicloisomerizacion de ACPs para acceder a novos
esqueletos ciclicos, apoiados por estudos computacionais.

- Explorar cicloadicions multicompofiente de ACPs con compofientes con
heteroatomos para descubrir novas metodoloxias para a sintese de heterociclos de tamafio
medio.

Cicloadiciéns (3+2) Catalizadas por Pd(0) entre ACPs e Iminas

Os esqueletos de pirrolidina desempenan un papel crucial en quimica médica, xa que constitien o
nucleo de moitas moléculas con actividade bioléxica. Ainda que existen diversos métodos sintéticos,
moitos deles requiren procesos multietapa, o que pon de manifesto a necesidade de desenvolver
enfoques cataliticos mais eficientes e directos. Neste sentido, as cicloadicions catalizadas por metais
de transiciéon (TMC) destacan pola sta capacidade para construir estruturas ciclicas a partir de
precursores aciclicos simples, frecuentemente cun alto control rexio- e estereoselectivo.

Os ACPs poden participar como compofientes en cicloadiciéns TMC con sistemas insaturados que
contefien heteroatomos, permitindo acceder a aza-heterociclos de cinco membros; con todo, estes
exemplos son escasos e de alcance moi limitado. Neste contexto, 0 noOso grupo propuxo o
desenvolvemento dunha cicloadicién intramolecular utilizando ACPs unidos a éteres de oxima. En
estudos preliminares, o Dr. Verdugo descubriu que o catalizador xerado a partir de Pdz(dba); e
RuPhos ¢é capaz de promover a anulaciéon desexada para formar produtos de pirrolidina (véxase
Esquema 19b, paxina 21). O uso de ligandos fosfito voluminosos tamén permitiu a formacién dos
cicloadutos. De xeito destacado, ao empregar catalizadores de Pd(0) con ligandos fosforamidita
quirais, a cicloadicién dun precursor modelo conduciu ao heterociclo desexado con prometedoras
enantioselectividades.

Baseandonos nestes precedentes, propuxémonos explorar en profundidade a cicloadicién
intramolecular catalizada por Pd(0) entre ACPs e derivados de oxima, asi como desenvolver unha
variante intermolecular que puidese superar as importantes limitacions dos métodos previamente
reportados. Ademais, combinamos esta investigacion experimental cunha analise computacional das
heterocicloadiciéns, tratando de esclarecer aspectos clave do mecanismo.

En canto 4 transformacion intramolecular, a cicloadicién (3+2) catalizada por Pd(0) entre ACPs e
éteres de oxima resultou ser altamente sensible as caracteristicas estruturais dos substratos (Esquema
22). Os cicloadutos desexados s6 se obtiveron a partir de aldoximas que presentan unha unidade
diéster no conector. En moitos casos, tamén se observaron subprodutos de tipo dieno.
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Hipotetizamos que o alcance limitado da transformacién débese as dificultades asociadas 4 insercion
migratoria do enlace C=N da oxima. Os intentos de mellorar a reactividade mediante aditivos acidos
e iminas electrodeficientes non tiveron éxito.

PCyz ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
’PrO ofPr 1 1
! - i
(RuPhos 13 %mol) H : /} ﬁ( ;
Pd,(dba); (6 mol%) E Py _ R ou X N
\_)_<\ Tolueno, 90 ou 110 °C E ) N (\_)_<\ (\)m
N~ OR OR l N-~OR N. |
: OR -
E = CO,R" Subprodutos tipo dieno

Esquema 22. Heterocicloadicion (3+2) intramolecular catalizada por Pd(0) de ACPs conectados a éteres de
oxima.

Levamos a cabo estudos mecanisticos DFT utilizando Pd(0)-BuXPhos como catalizador modelo, os
cales confirmaron que estas cicloadicions tefien lugar mediante unha insercién inicial do complexo
de Pd no enlace C—C distal do ACP, seguida dun reordenamento tipo metalo—eno e, finalmente, unha
eliminacién redutora. Os calculos mostraron o papel critico das interacciéons hemilabiles entre o
centro de Pd e o ligando, asi como a importancia da conformaciéon do ligando, na estabilizacién de
intermedios de reaccion clave.

Experimentos de marcaxe con deuterio tevelaron un novo patrén de reactividade para os ACPs: un
reordenamento en dous pasos que conduce a certos dienos obtidos como subprodutos (Esquema
23). Os calculos de DFT apoiaron este camifio, mostrando unha minima diferenza enerxética entre a
via de cicloadicién e a de formacion de dienos, o cal é consistente coa aparicién destes subprodutos
en NUMerosos casos.

R OMe
=\
MeO \O (0] \ /)[Pd]
reordenamento \ ataque nucledfilo E
B - --neE

‘NOMe

R= \—\\ E = CO,Me

N-OMe
Esquema 23. Proposta mecanistica para a formacion subprodutos diénicos baseada en estudios DFT.

Para a variante intermolecular, un sistema catalitico composto por Pdz(dba); e un ligando
fosforamidita facilitou a cicloadicion (3+2) entre ACPs e sulfonil iminas (Esquema 24). O método
tolera diversas substituciéns no ACP e unha variedade de iminas ciclicas e aciclicas, incluidas as
cetiminas, logrando pirrolidinas funcionalizadas con altos rendementos. Ademais, estudos
enantioselectivos co substrato modelo, mostraron que o uso dunha fosforamidita derivada do (§)-
VAPOL proporciona o cicloaduto cun 83% de rendemento e un 78% de enantioselectividade.
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Cl,

P-N(Pr),
1 © (L, 13 mol%) R!
R 2
=< . Pd,(dba); (6 mol%) R
R? MeCN, 100 °C, 20 h
1.5 - 2 equiv. 43 a 99%

35 exemplos
Esquema 24. Heterocicloadicion (3+2) catalizada por Pd(0) entre ACPs e varios compofientes imina.

Os estudos DFT apoiaron un mecanismo de pallada-eno similar ao da cicloadicién intramolecular.
Estes calculos destacaron o papel das interacciéons hemilabiles entre o centro de Pd e os ligandos
auxiliares voluminosos, os cales estabilizan intermedios clave e determinan a selectividade da
heterocicloadicion.

Un Estudio Mecanistico DFT de Cicloadicions (3+2) Catalizadas por Pd(0) entre ACPs e
Carbonilos

As cicloadiciéns catalizadas por metais de transiciéon (TMC) entre ACPs e compostos carbonilicos
son extremadamente escasas. Para abordar esta carencia, o noso grupo investigou cicloadiciéns
intramoleculares de ACPs con aldehidos e cetonas. Os estudos iniciais de cribado de ligandos
revelaron que os ligandos comunmente empregados en cicloadiciones (3+2) relacionadas con
alquenos non permitian obter rendementos satisfactorios. Con todo, as monofosfinas biarilo de
Buchwald, como BrettPhos ou RuPhos, demostraron ser altamente eficaces, permitindo a sintese de
sistemas biciclos 5,5- ¢ 6,5-fusionados de THFs con excelentes rendementos, selectividade sy e un
amplo alcance (véxase Esquema 19a, paxina 21). Ademais, estes sistemas cataliticos tamén
promoveron de forma eficiente as cicloadiciéns (3+2) intermoleculares entre ACPs e cetonas
trifluorometiladas, proporcionando THFs B-metilénicos con altos rendementos.

Sobre esta base, investigamos computacionalmente o mecanismo destas heterocicloadicions,
centrandonos en desentrafiar o papel crave dos ligandos de Buchwald para facer posibles estas
reaccions. Asi, exploramos as cicloadicions (3+2) catalizadas por Pd(0) entre ACPs e compostos
carbonilicos, tanto en procesos intra- como intermoleculares. Con fins comparativos, empregamos
un complexo sinxelo, Pd(0)-PHj;, para obter unha visiéon basica das posibles alternativas; e un
catalizador mais realista, que inclie ‘BuXPhos como ligando, co obxectivo de determinar o papel
especifico deste tipo de ligandos.

Para a transformacion intramolecular, avaliamos os camifios mais plausibles: un proceso metaloeno
(a) ou un proceso de isomerizacién/insercién migratoria (b, Esquema 25).
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Esquema 25. Camifios avaliados para a cicloadicién (3+2) intramolecular catalizada por Pd(0).

Estudos con Pd(0)-PH; suxeriron que o camifio metaloeno (camifio A) é enerxeticamente mais
favorecido na formacién do cicloaduto. Estas conclusiéns foron mais tarde confirmadas utilizando
Pd(0)-BuXPhos como catalizador. E importante destacar que o uso dos ligandos de Buchwald parece
ser crucial para a heterocicloadicion, xa que diferentes interacciéns hemilabiles entre o centro de
paladio e 4tomos especificos do ligando (Pd-H e Pd-Cj, do biarilo), estabilizan diferentes intermedios
a través do ciclo catalitico (Figura 2). Ademais, a conformacién do biatilo do ligando de Buchwald
desempefia un papel crave, dado que a sia conformacién "cara a dentro" facilita as mencionadas
interaccions secundatias, favorecendo un camifio de reaccion global menos enerxético.

Estudos adicionais sobre a insercién migratoria e a eliminaciéon redutora confirmaron a importancia
destas interaccions hemilabiles para estabilizar intermediarios clave.

Interaccién Pd-Cj,, facilitada pot unha Interaccion agoéstica Pd-H
conformacion cara adentro do biarilo

Figura 2. Exemplos 3D de interacciéns Pd- BuXPhos clave estabilizando intermedios paladaciclicos.

Para a cicloadicién intermolecular, examinamos a proposta metaloeno utilizando tanto acetofenona
como 2,2,2-trifluoroacetofenona como compofientes carbonilicos, asi como Pd(0)-PHs; e Pd(0)-
‘BuXPhos. De maneira notable, o compofiente carbonilico fluorado facilitou significativamente a
insercién migratoria con ambos catalizadores de Pd(0). Os estudos con Pd(0)-BuXPhos suxeriron
que o ligando de Buchwald poderfan desempefar un papel na mellora da selectividade da cicloadicion,
suprimindo camifios secundarios. Ademais, estes estudos destacaron novamente a importancia das
interacciéns secundarias hemilabiles entre o ligando de Buchwald e o centro metalico, asi como a
relevancia da conformacién "cara a dentro" do ligando.

Reaccions en Tandem de Cicloisomerizacion/Substitucion Alilica Catalizadas por Pd(0) de
ACPs conectados a Compoiientes Carbonilo e Imina
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As reacciéns catalizadas por paladio que implican intermedios m-alilo convertéronse en ferramentas
clave en sintese organica, xa que permiten a formacién eficiente de enlaces C—C e C-heteroatomo.
Estes intermedios, que normalmente se xeran mediante adicién oxidativa de substratos alilicos con
grupos saintes, poden reaccionar con diversos nucleéfilos, incluidos reactivos organometalicos (p.e.,
reactivos de organoboro ou organozinc), dando lugar aos correspondentes produtos de acoplamento
cruzado alilico. Sistemas tensionados como os ACPs tamén poden xerar intermedios n-alilo baixo
catalise con paladio, polo que ditos intermedios poderfan atraparse cos nucle6filos adecuados. Con
todo, a exploraciéon deste tipo de procesos en tindem, especialmente utilizando reactivos
organometalicos, segue estando pouco desenvolvida.

Neste contexto, 0 noso grupo desenvolveu unha metodoloxfa de cicloisomerizacion e acoplamento
cruzado en tandem que intercepta intermedios m-alilo-Pd(Il), xerados a partir de ACPs unidos a
grupos carbonilo, con acidos boroénicos, para producir ciclopentanos altamente funcionalizados
(Esquema 26). Utilizando un catalizador xerado z situ a partir de Pdz(dba)s e unha fostina deficiente
en electréns, a transformaciéon mostrou un amplo alcance e altas selectividades.

F3C,

/ P Via: ,
FC s (L 9 mol%) H /</ H K\
X R . R-B(OH), Pd,(dba); (4 mol%) X‘/\;I R X(ij;

N [Pd]
e b K3PO, (2 equiv.) l "OH nl~o”
Dioxano, 100 °C, 2 h R R
2equiv. 50 a 96%, dr 1:0 .
R = arilo, alquenilo 15 exemplos Intermedio clave

Esquema 26. Cicloisometizacién/ acoplamento cruzado en tindem entre ceto-ACPs e 4cidos bordnicos.

Resultados preliminares mostraron ademais que os 1,3-dicarbonilos poden actuar como nucleéfilos
baixo condicions cataliticas similares, xerando alcois ciclicos de xeito eficiente.

Sobre estas bases, propuxémonos explorar o alcance das reacciéns de cicloisomerizacién e
acoplamento cruzado utilizando 1,3-dicarbonilos e fenois como nucledfilos. Ademais, tamén
decidimos explorar procesos en tindem con substratos ACP-iminas andlogos, e dilucidar os aspectos
mecanisticos destas transformaciéns mediante estudos computacionais de DFT.

Asi, empregando o catalizador derivado de Pdz(dba)s; e unha fosfina deficiente en electréns, a reaccién
de ACPs conectados a carbonilos, e unha gran variedade de nucledfilos 1,3-dicarbonilo,
proporcionou os correspondentes alcois ciclicos en rendementos de bos a excelentes, e alta
selectividade sy# na maioria dos casos (Esquema 27).

F3C
/ P
FC 3 (L 9 mol%) HJ R
X R B R Pda(dba); (4 mol? E
- . h 2(dba); (4 mol%) X c
i S E K3PO, (2 equiv.) nl “OH
Dioxano, 100 °C, 2 h R’
2 equiv. 53 a 90%, dr ata 1:0
E = CO,Me 9 exemplos

Esquema 27. Cicloisomerizacién/ acoplamento cruzado en tindem entre ceto-ACPs e compostos 1,3-
dicarbonilo.

O uso de fosforamiditas como ligando, en lugar de fosfinas deficientes en electréns, permitiu o uso
de alcois como socios de reaccién, proporcionando os correspondentes produtos en bos
rendementos e total selectividade sy# (Esquema 28).
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L

P-N(Pr),
/ O © (L, 13 mol%)

E £ H/</
. )
E . HOR Pd,(dba)s (6 mol%) E><j o\R

H,0 (10 equiv.)
Dioxano, 80 °C, 3 h
E=CO,Me 2 equiv. 45 a 80%, dr 1:0
5 exemplos

Esquema 28. Cicloisomerizacién/ acoplamento ctuzado en tindem entre ceto-ACPs e alcois.

Ademais, desenvolvemos un proceso en tindem de cicloisometizacién/acoplamento cruzado entre
ACPs unidos a iminas sulfinilicas, e acidos bordnicos arilicos, utilizando o catalizador xerado con
Pdz(dba); e un fosfito voluminoso. Ainda que mais restrinxida que a reaccién andloga con ACPs
unidos a motivos catbonilicos, a transformaciéon proporcionou as aminas ciclicas correspondentes
con rendementos de bos a excelentes e unha selectividade syz total (Esquema 29).

Bu

T
/ By 5 (L, 13 mol%) H U»
Pd;,(dba); (6 mol%) X(j_.\\ Ar

X + Ar-B(OH),
| Dioxano, 100 °C, 2 h

2 equiv. 66 a 99%, dr 1:0
7 exemplos

Esquema 29. Cicloisometizacién/ acoplamento ctuzado en tindem entre imino-ACPs e acidos botrénicos.

Os calculos DFT de procesos en tindem que involucran ceto-ACPs, utilizando Pd(0)-P(OMe)s como
catalizador modelo, revelaron que os intermedios alilicos-Pd(Il) evolucionan preferentemente a
través dunha transmetalacion co 4acido borénico en lugar da eliminacién redutora C-O
intramolecular. En contraste, o uso de Pd(0)-BuXPhos promove a formacién de intermedios o-
alilicos oxapalladaciclicos, o que favorece enerxeticamente a eliminacion redutora cara o aduto (3+2).
Consistentemente, os calculos con Pd(0)-P(OMe); mostraron que o ataque féra-de-esfera do dimetil
malonato sobre o intermedio alilico-Pd(II) é enerxeticamente preferido sobre a eliminacién redutora
C-O competitiva. Estes achados coinciden cos resultados experimentais, onde as monofosfinas
electronicamente pobres favorecen a formacion de produtos en taindem, mentres que os ligandos de
Buchwald promoven os cicloadutos (3+2) intramoleculares. Unha analise DFT preliminar de ACPs
conectados a iminas e acidos borénicos revelou unha ruta mecanistica similar 4 proposta para ceto-

ACPs.
Acoplamento Cruzado Catalizado por Pd(0) entre ACPs e Acidos Borénicos

A hidrofuncionalizacién de ACPs catalizada por Pd(0) é unha estratexia versatil para a sintese de
alquenos 1,1-difuncionalizados mediante reacciéns de apertura de anel que xeran intermedios m-alilo
de paladio. Este método aplicouse principalmente a pronucleéfilos que contefien hidréxeno
relativamente acido, como alcois, aminas e amidas, mentres que o uso de nucledfilos de base
carbonada esta pouco explorado e limitase a malonatos ou heteroaromaticos ricos en electrons.
Desde un punto de vista mecanistico, proponse que o proceso transcorre a través dunha especie
hidruro de paladio que, tras unha hidropaladacién, xera un intermedio o-ciclopropilo.
Posteriormente, unha eliminacién B-carbénica conduce a unha especie n-alilo clave, que é atrapada
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polo nucleéfilo. Con todo, en certos casos especificos suxerironse roteiros alternativos que implican
intermedios de tipo paladaciclobutano (Esquema 30).

Camino A:

R1
[Pe¥u _ACP

RZ [Pd”]_

R! [Pd9]

e ; , R%/U\/
] R ' I

— —[Pd"]—Nu [—>=
RN N L r?
Camino B:
R /
%[Pd”]
R2

Esquema 30. Posibles mecanismos para hidrofuncionalizacions catalizadas por Pd(0) de ACPs.

A pesar do seu potencial, o alcance dos nucledfilos segue sendo limitado e o uso de reactivos
organometalicos, como os acidos borénicos, ainda permanece inexplorado. Baseandonos en traballos
previos sobre a acoplamento cruzado de compostos ACP-carbonilo con acidos borénicos,
propuxémonos desenvolver unha reaccion de acoplamento cruzado alilico catalizada por Pd(0) entre
ACPs e acidos borénicos. Este enfoque implica interceptar os intermedios n-alilicos aciclicos
resultantes da adicién de alcol a ACPs, con nucleédfilos de carbono baseados en boro.

O cribado de condiciéns de reaccién revelou que un sistema catalitico Pd(0)/fosforamidita pode
promover de forma efectiva a reaccién, permitindo o uso de diferentes ACPs e 4cidos borénicos de
arilo ou alquenilo, para obter alquenos 1,1-disustituidos con alta eficiencia e selectividade (Esquema
31). Cabe destacar que a reaccién pode realizarse tanto en presenza dunha base como usando un
aditivo 4acido como o fenol.

(L,

P-N(Pr),
o
R’ (L, 11 mol%)
2§:<] . B(OH), CpPd(rr-cin.) (10 mol%) R%k
R K,COg0u p-F-C4H,OH (2 equiv.) )
Dioxano, 100°C , 3 h R
2 equiv. 40 a 92%, dr ata to 1:0

16 exemplos
Esquema 31. Reccién de acoplamento cruzado alilico entre ACPs e acidos borénicos.

Realizaronse calculos DFT para discernir entre os posibles camifios de reaccion. Utilizando Pd(0)-
P(OMe); como catalizador modelo, os resultados indicaron que, independentemente das condicions
de reaccién (condicions basicas ou acidas), o camifio que implica a adicion oxidante do ACP 4 especie
de Pd(0), seguida da protonaciéon do intermedio alquilideno paladaciclobutano resultante (véxase
Esquema 30, Camifio B), é enerxeticamente mais favorable que o camifio alternativo de

hidropaladacién, que transcorre a través de especies de hidruro de paladio (véxase Esquema 30,
Camifio A).

Cicloadicions (3+2+2) Catalizadas por Pd (0) entre ACPs conectados a Grupos Carbonilicos
e Isocianatos

As cicloadiciéns dipolares entre 1,z-dipolos e dipolaréfilos constitien unha ferramenta clave en
sintese organica, permitindo a construcién dunha ampla variedade de esqueletos carbo- e
heterociclicos, incluidos sistemas de aneis de tamafio medio. Ainda que os primeiros estudos
centraronse en dipolos 1,3 estables, como azidas ou 6xidos de nitrilo, avances recentes ampliaron o
campo ao incluir dipolos 1,7 xerados 7 situ, frecuentemente aproveitando métodos cataliticos
mediados por metais de transiciéon. Neste contexto, complexos zwitteridnicos n-alilo de paladio,
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xerados a partir de vinilciclopropanos, epoxidos ou carbonatos, demostraron ser especialmente
versatiles, patticipando como dipolos 1,3 en diversas cicloadiciones formais [3+7]. Con todo, o
desenvolvemento de metodoloxias que utilicen dipolos 1,4 e 1,5 segue estando pouco explorado, con
algunhas excepcions destacadas a partir de precursores derivados de carbonatos vinilicos.

Baseandonos nos nosos estudos mecanisticos previos sobre transformacions catalizadas por Pd entre
ACPs e carbonilos, que revelaron a formaciéon de intermedios oxapaladaciclicos alilicos,
propuxémonos desenvolver novas cicloadiciéns onde estes intermedios puidesen actuar como
dipolos 1,5 formais. En concreto, o noso obxectivo consistia en desenvolver unha cicloadicién
(3+2+n) catalizada por Pd(0) entre ceto-ACPs e un compofiente insaturado externo. Esta estratexia
buscaba ampliar o repertorio de anulaciéns multicompofiente de ACPs, permitindo a sintese directa
de heterocicloadutos con enlaces dobres exociclicos.

Levouse a cabo unha avaliacion inicial da reactividade dun ACP unido a un carbonilo empregando
un catalizador de Pd(0)/fosforamidita, e unha ampla gama de socios, incluidos alquenos activados,
dienos, alenos e substratos heteroinsaturados, como compostos carbonilicos, iminas ou isocianatos.
A maiorfa dos compofientes non participaron na reacciéon, o que conduciu 4 formacién de dienos
como subprodutos. Con todo, ao utilizar un isocianato arilico como socio observouse unha
cicloadicion formal (5+2) que proporcionou carbamatos ciclicos fusionados en bo rendemento e con
completa diastereoselectividade syz.

A optimizacién das condiciéns de reacciéon permitiu o uso de diversos substratos ceto-ACPs e
isocianatos atilicos, obténdose as estruturas biciclicas ou triciclicas correspondentes, que contefien
unha funcionalidade carbamato, en bos rendementos e con alta diastereoselectividade (Esquema

32).
(e
P=N(Pr),
° Via: -
/ (L, 13 mol%) H kb
_N_ Pd,(dba); (6 mol%) \
X o r ) 5 X [Pd]
(\‘)\/R Dioxano, 100 °C, 6 h N0
n\\ R §
O

2 equiv. 36 a 80%, dr ata to 1:0 dipolo 1,5

10 exemplos
Esquema 32. Cicloadiciéns (3+2+2) catalizadas por Pd(0) entre ceto-ACPs e isocianatos arilicos.

Estudos preliminares sobre unha transformacién asimétrica, empregando catalizadores Pd(0) con
fosforamiditas quirais, mostraron unha moderada enantioinducciéon. Ademais, realizironse calculos
DFT, os cales apoiaron a xeracion 7z situ de dipolos 1,5 (complexos n-alilo de paladio), que reaccionan
selectivamente con isocianatos, en lugar de seguir a via intramolecular de eliminacién redutora C-O
para dar o cicloaduto (3+2).
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General Introduction

1.1 Modern Organic Synthesis

Organic synthesis is probably the branch of Chemistry that has contributed more to the scientific
and technological progress of our society, particulatly in areas such as medicinal chemistry, materials
science, and agriculture. By enabling the construction of complex molecular structures, beyond those
that can be obtained from nature, synthetic chemistry plays a key role in drug development and
facilitates the creation of new products with novel properties.

During the last decades, the focus of organic synthesis has moved from the mere interest in obtaining
a specific product to its synthesis in alighment with the principles of green chemistry. Therefore,
concepts such as efficiency, sustainability and minimal environmental impact must be now carefully
considered. Traditionally, synthetic chemists have used the global yield to measure the success of a
chemical synthesis. However, other aspects such as atom economy, which takes into account the
fraction of reactants that actually ends up in the final product, are nowadays very important.?
Accordingly, an zdeal synthesis should be fast, mild and safe, involving the use of cheap, non-toxic and
readily available starting materials and solvents.

In this context, catalytic processes are especially relevant. A catalyst is generally defined as a substance
that increases the rate of a chemical reaction without being consumed in the process. The catalyst
does not affect the overall AG, but it lowers the activation energy of the process, enabling a more
selective and efficient reaction, often under mild conditions (Figure 3). Consequently, catalytic
synthetic methods offer two main advantages over stoichiometric ones. First, since catalysts are
regenerated during the reaction, the amount of waste is reduced. Secondly, by decreasing the energy
barrier, a catalyst not only accelerates the reaction but can also make possible chemical
transformations that do not occur under non-catalyzed conditions.

A
AG

@ Non-catalyzed

Catalyzed

Intermediate

Reaction progress
Figure 3. Reaction energy profile using a catalyst (red) or without catalyst (blue).

Homogeneous catalysis, in which the reactants and catalysts are in the same phase, can be divided
into three main types depending on the nature of the catalyst: organometallic catalysis (metal
complexes bearing organic ligands), organocatalysis (organic molecules), and biocatalysis (enzymes).

1.2 Organometallic Catalysis in Synthesis

Transition metals, with their diverse oxidation potentials and electronegativities, facilitate the
feasibility of catalytic cycles. The use of organometallic complexes, in which the metallic center is
surrounded by different ancillary ligands is key to modulate the catalytic properties. These catalysts
are characterized by the donation and back-donation of electron density between the metal and the

2 a) Anastas, P. T.; Warner, J. C. Green chemistry: Theory and practice. Ed. Oxford university press, 1998.; b) Erythropel, H. C.;
Zimmerman, . B.; De Winter, T. M.; Petitjean, L.; Melnikov, F.; Lam, C. H.; Lounsbury, A. W.; Mellor, K. E.; Jankovié, N.
Z.; Tu, Q.; Pincus, L. N.; Falinski, M. M.; Shi, W.; Coish, P.; Plata, D. L.; Anastasas, P. T. The Green ChemisTREE: 20
years after taking root with the 12 principles. Green Chem. 2018, 20, 1929-1961.; ¢) Wender, P. A. Toward the ideal synthesis
and molecular function through synthesis-informed design. Naz. Prod. Rep. 2014, 31, 433-440.
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ligands orbitals, which are key to tune the properties of the metals. By modifying the steric and
electronic properties of these ligands, the reactivity of the metal catalyst can be modulated, offering
excellent possibilities to promote chemical transformations that could otherwise be challenging or
even impossible.? Notably, the importance of organometallic catalysis has already been acknowledged
with three Nobel prizes in recent decades.*

1.2.1 Cross-coupling reactions

The formation of C-C and C-heteroatom bonds is a cornerstone of organic synthesis. In this context,
the palladium catalyzed cross-couplings, initially developed by Richard Heck, Fi-ichi Negishi and
Akira Suzuki in the early 1970s, are highly valuable transformations.

Carbon-carbon cross-coupling reactions enable the connection of two different fragments through
the creation of a new C-C bond, and typically involve an organic halide (or pseudo halide) as
electrophilic partner (Figure 4). The type of cross-coupling is determined by the nature of the second
partner, which can be an activated alkene (Heck), an alkyne (Sonogashira), an organozinc reagent
(Negishi), or an organoboron reagent (Suzuki-Miyaura), among others.

SR

a
Mizoroki-Heck
[Pd?] (cat)
. R-B(OR'"), Suzuki-Miyaura
R-SnR';  Stille R
X
©/ R-ZnX Negishi
R-MgX  Kumada
X =Cl,Br, I, OTf
— R
jR
=
Sonogashira

Figure 4. Pd(0)-catalyzed cross-coupling reactions.

Mechanistically, a Pd(0)-catalyzed cross-coupling reaction typically begins with the oxidative addition
of an organic halide (or pseudohalide, RX) to the Pd(0) complex, forming a Pd(II) species (I, Scheme
33). In most processes, this step is followed by a transmetalation with an organometallic reagent
generating the intermediate II (Jf? pathway). Finally, a C-C bond is formed through a reductive
elimination, delivering the corresponding product and regenerating the Pd(0) species. In the case of
the Heck reaction, after oxidative addition, a sy#-migratory insertion of the alkene into de Pd-C bond

3 a) Crabtree, R. H. The Organometallic Chemistry of the Transition Metals, 4 ed.; Wiley: Hoboken, 2005, Chapter 2.; b) Astruc,
D. Organometallic Chemistry and Catalysis; Springer-Verlag: Berlin, 2007.
4 Related Nobel Prize in Chemistry: a)www.nobelptize.org/prizes/chemistry/2001/summary/;

b)www.nobelprize.org/prizes/chemistry/2005/summary/; ¢) www.nobelprize.org/prizes/chemistry/2010/summary
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occurs, forming the alkylpalladium species IIT (right pathway). Finally, a 3-hydride elimination and a
subsequent reductive elimination complete the cycle, delivering the corresponding product.

R-R' R,/\/R + HX
base
reductive
elimination .
R ;\/R
[Pd°] H—[Pd"]
Suzuki y
Stille a oxidative | R-x X
Negishi  [Pd addition phydide  Heck
Kumada " \R' elimination
Sonogashira X—[Pd"]—R
X—[pd" H
|
R' R
t talation g migratory
ransme R'—M insertion

Scheme 33. General mechanism for Pd(0) cross-coupling reactions.

Cross-coupling reactions have found relevant applications in pharmaceutical industry, as exemplified
with the Suzuki-Miyaura cross-coupling shown in Scheme 34, which is a key step for the Pfizer’s
preparation of PF-06815345, a PCSKY protein inhibitor studied for stroke prevention.

= , = |
N
Ny Cl N Cl
1. Pd(PCys), (4 mol%) N. _O
NeN ! BocN N0 CsF (3 equiv.) HN
N“ »% Dioxane/H,0 (9:1), 90 °C
O N /. : HCI
PR )\ N—N 2. HCl, ProH
EtO” O / F N F
_B. N,
o © o N @&
N—N

EtOJ\O)\ /

PF-06815345, 75%
Scheme 34. Kilogram-scale Suzuki-Miyaura coupling by Pfizer.

Over the years, new types of cross-coupling reactions have been developed, incorporating new
reagents, reaction conditions, and expanding the synthetic applications.® A relevant example is the
Buchwald-Hartwig amination, which enables C-N bond formation by coupling aryl halides with
primary or secondary amines (Scheme 35).7 In fact, this reaction is a key step in many large-scale

pharmaceutical and agrochemical processes in industry.8

5 Parmentier, M.; Wagner, M.; Wickendick, R.; Baenziger, M.; Langlois, A.; Gallou, F. A General Kilogram Scale Protocol
for Suzuki-Miyaura Cross-Coupling in Water with TPGS-750-M Surfactant. Org. Process Res. Dev. 2020, 24, 1536—1542.
6 Campeau, L.; Hazari, N. Cross-Coupling and Related Reactions: Connecting Past Success to the Development of New

Reactions for the Future. Organometallics 2019, 38, 3-35.
7 Yang, B. H.; Buchwald, S. L. Palladium-Catalyzed Amination of Aryl Halides and Sulfonates. J. Organomet. Chem. 1999,

576, 125-146.
8 Dorel, R.; Grugel, C. P.; Haydl, A. M., The Buchwald—Hartwig Amination After 25 Years. Angew. Chem. Int. Ed. 2019, 58,

17118.
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Scheme 35. Example of a Buchwald-Hartwig amination.

1.2.2 Transition metal catalyzed cycloadditions

A common feature of many bioactive organic compounds is the presence of cyclic structural motifs
in their core structure, particularly heterocycles. For this reason, cycloaddition reactions have become
highly relevant transformations in organic synthesis, as they enable the building of these cyclic
frameworks by generating at least two ¢ bonds and a cycle in a single step. This approach allows a
rapid increase in both structural and stereochemical complexity, enabling shorter synthetic routes and
promoting atom economy.’

A representative example of a classic cycloaddition is the Diels-Alder reaction.!0 This (4+2) pericyclic
annulation involves the coupling of a 1,3-diene (4n component) and an olefin (dienophile, 2n
component) in a concerted manner, forming a six-membered ring with up to four new stereogenic
centers (Scheme 36).

( __EWG N @ _EWG
+ —
-

diene dienophile

HOMO
LUMO

[T + 2]
Woodward-Hoffmann allowed

Scheme 36. The Diels-Alder reaction.

Classic cycloadditions, like Diels-Alder, can be generally explained by the Woodward-Hoffmann
rules!! and the Fukui frontier orbital theory.!2 They proceed spontaneously or under heating, whereas
the symmetry-forbidden reactions can be induced by other stimuli such as photochemical conditions,
radical initiators or the action of other reagents. However, these classic cycloadditions usually require
the presence of certain functional groups that activate the substrates, which can restrict their

applicability.

For this reason, there is a clear need for the development of new cycloaddition processes for
constructing cyclic structures. In this sense, transition metal catalysis provides excellent opportunities
to develop new types of formal cycloadditions under mild conditions. Besides, the use of catalysts
bearing chiral ligands enables the development of enantioselective variants of these cycloadditions.!3

A representative example of the potential of transition metal catalyzed (TMC) cycloadditions is the
synthesis of the cyclooctatriene (COT), shown in Scheme 37. The first synthetic route to this
antiaromatic compound was reported by Richard Willstitter and Ernst Waser in 1911,14 requiring 13
steps with a very low overall yield. In contrast, Reppe's approach in 1948 afforded COT directly from

9 Kobayashi, S.; Jorgensen, K. A. Cycloaddition reactions in organic synthesis. Wiley-VCH, 2001.

10 2) Diels, O.; Alder, K. Synthesen in der hydroaromatischen Reihe. Justus Liebigs Ann. Chem. 1928, 460, 98.; b) Nicolaou,
K. C; Snyder, S. A.; Montagnon, T. The Diels—Alder Reaction in Total Synthesis. Angew. Chem. Int. Ed. 2002, 41, 1668—
1698.

11 Woodward, R. B.; Hoffmann, R. The Consetrvation of Orbital Symmetry. Angew. Chem. Int. Ed. 1969, 8, 781-853.

12 Inagaki, S.; Fujimoto, H.; Fukui, K. Orbital Interaction in Three Systems. J. An. Chem. Soc. 1976, 98, 4693—4701.

13 Lautens, M.; Klute, W.; Tam, W. Transition Metal-Mediated Cycloaddition Reactions. Chen. Rev. 1996, 96, 49-92.

14 Willstitter, R.; Waser, E. Uber Cyclo-octatetraen. Ber. Ditsch. Chem. Ges. 1911, 44, 3423-3430.
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acetylene in a single step, with a 90% yield, via a nickel-catalyzed (2+2+2+2) cycloaddition.'> Notably,
this transformation is thermically forbidden by the Woodward-Hoffman rules.

O H
10 steps NiBrp CaC, | |

1-2% 90%
H

Scheme 37. Classic synthesis and Ni-catalyzed synthesis of cyclooctadiene.

The development of new transition metal catalyzed cycloadditions that could be further applied to
the synthesis of natural products has been a long-standing goal in our group (Scheme 38). For
example, the platinum-catalyzed (4+3) cycloadditions of allene-tethered dienes, developed in the
group in 2008,'¢ were later applied as key step to the asymmetric synthesis of the antitumoral agent
(-)-englerin A.17

0

Rr . Y\_pn
TBSO ) PtCl, (5 mol%) Q g
B /' P(06F5)3 (5 mol%)
R
y/ o-Xylene, 150 °C, 0.5 h - o
- OH
71% (-)-englerin A
11% overall yield, 99% ee
17 steps

Scheme 38. Platinum-catalyzed (4+3) cycloaddition towards (-)-englerin A.

1.2.3 Asymmetric transition metal catalysis

Chirality plays a critical role in many fields, especially in medicinal chemistry, as different enantiomers
of a molecule can exhibit totally different biological activities. Therefore, having efficient access to
single enantiomers is of primary relevance.

Transition metal catalysts have proven to be very effective in promoting enantioselective reactions,
since the use of chiral ancillary ligands might induce the stereoselective coordination of the metal to
the reactants, eventually leading to the preferential formation of one of the two enantiomeric
products.

A well-known pioneer example is the rhodium catalyzed asymmetric hydrogenation of alkenes,
developed by W. Knowles at Monsanto, which was the first demonstration of the use of asymmetric
catalysis in the synthesis of a chiral drug (Scheme 39). For its great contribution to the field of
asymmetric catalysis, Knowles was awarded the Nobel Prize in Chemistry in 2001, alongside R.
Noyorti and K. Sharpless, who also made outstanding contributions to this field.*

15 Reppe, W.; Schlichting, O.; Klager, K.; Toepel, T. Cyclisierende Polymerisation von Acetylen I Uber Cyclooctatetraen.
Justus Liebigs Ann. Chem. 1948, 560, 1-92.

16 Ttrillo, B.; Lopez, F.; Gulias, M.; Castedo, L.; Mascarefias, J. Platinum-Catalyzed Intramolecular [4C+3C] Cycloaddition
between Dienes and Allenes. Angew. Chem. Int. Ed. 2008, 47, 951-954.

17 Nelson, R.; Gulias, M.; Mascarefias, J. L.; Lépez, F. Concise, Enantioselective, and Versatile Synthesis of (—)-Englerin A
Based on a Platinum-Catalyzed [4C+3C] Cycloaddition of Allenedienes. Angew. Chem. Int. Ed. 2016, 55, 14359.
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Scheme 39. Monsanto synthesis of I-DOPA using a Rh(I)-catalyzed asymmetric hydrogenation.

1.3 Alkylidenecyclopropanes and Transition Metal Catalysis

1.3.1 Alkylidenecyclopropanes (ACPs)

Structural features

Alkylidenecyclopropanes (ACPs) are a group of organic compounds characterized by the presence
of a cyclopropyl ring that bears an exo-cyclic double bond. The notable reactivity of these compounds
is largely attributed to the coordinating abilities of the alkene, together with their high strain energy,
which is significantly higher than in other small carbocyclic systems (Figure 5).18

ACPs
0 D o A A Aoa O
13 7.4 26.3 27.6 29.0 | 388 | 55.7 66.3

increasing strain energy (kcal-mol™)
Figure 5. Strain energies of small ring systems.

The simplest member of this family is the methylidenecyclopropane (MCP), which features a
terminally unsubstituted alkene. MCP is more strained than cyclopropane due to the presence of the
exo-cyclic double bond (Figure 6). The higher strain is related to the presence of a cyclopropyl sp?
carbon, which has larger bond angle requirements than a sp3 counterpart (5p?, 120° vs 5p3, 109°). The
bond angles of an ACP are around 60°. Moreover, the presence of the double bond also causes bond
length distortion, further increasing their reactivity.!® Despite these features, ACPs are generally stable
molecules at ambient conditions and are even found in some natural products.

I
60° 63.5° !
(sp%) /7_« e (sp?) ﬂ ~1.46 A i MOH

( NH2
151 A 1.54 A
Cyclopropane Methylenecyclopropane (MCP) Hypoglycine
(Natural product)

Figure 6. Structural differences between cyclopropane and methylidenecyclopropane (MCP).
Activation of cyclopropyl C-C o-bonds by metal complexes

The activation of C-C o-bonds via transition metal reagents is not trivial, since C-C single bonds are
thermodynamically very stable, with dissociation energies over 85 kcal'moll. In contrast, the M-C
bonds formed through the oxidative addition to a metal complex present dissociation energies around
70 kcal'mol-'. From a kinetic perspective, unlike side-on orientation of the n-orbital in C-C double

18 Souillart, L.; Cramer, N. Catalytic C—-C Bond Activations via Oxidative Addition to Transition Metals. Chem. Rev. 2015,
115,17, 9410-9464.

19 Laurie, V. W.; Stigliani, W. M. The Microwave Spectrum, Structure, and Dipole Moment of Methylenecyclopropane. J.
Am. Chem. Soc. 1970, 92, 1485.

38



General Introduction

bonds, the c-orbital of C-C bonds is highly directional, being constrained along the bond axis. This
factor, along with the steric hindrance around the s carbons, hinders the approximation of a metal
complex (Figure 7).20

However, the structural properties of cyclopropanes facilitate the C-C bond activation. The
formation of a metal complex is thermodynamically favored due to the release of the three-membered
ring strain. In addition, the orbitals connecting the carbon atoms are bent outwards from the
internuclear axis, facilitating the interaction with the metal orbitals and enhancing the kinetics of the
cleavage. These properties of cyclopropanes are even more acute in ACPs and, moreover, the exo-
double bond can also facilitate the metal-promoted C-C bond cleavage.

Olefin Typical C-C bond Cyclopropane C-C bond
Q
M v M
Bonding O ?34 O
— OCADCO L d N
(_—
n orbital o orbital o orbital
QO . Qo
M Qo M
, IdD M g
Back-bonding (AR |
8-@ oCca>CD \,’/@Q‘
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Figure 7. Orbital representation in the activation of C-C double bonds by transition metals.

1.3.2 Reactivity of ACPs

Alkylidenecyclopropanes (ACPs) exhibit a versatile reactivity due to the ring strain of the cyclopropyl
ring and the presence of the exo-cyclic double bond. They can behave like typical olefins, reacting as
2C synthons in different reactions or, more interestingly, evolve through ring opening, acting as 3C
components.?! In the following sections, we will describe their most significant reactivity modes,
focusing on transition metal-catalyzed transformations, which is the topic of this PhD thesis.

Cycloadditions

ACPs can participate as 2C or 3C components in different types of cycloadditions. For instance, in
1989 Nakamura reported a thermal (3+2) cycloaddition between specifically designed
methylenecyclopropanes (MCPs) and electron-deficient olefins, to afford cyclopentanes with good
regio- and diastereoselectivities (Scheme 40).22 The authors proposed a concerted pathway through

20 Murakami, M.; Ito, Y. Cleavage of Carbon-Carbon Single Bonds by Transition Metals. In Activation of Unreactive Bonds and
Ourganic Synthesis; Murai, S., Ed.; Topics in Organometallic Chemistry, vol 3; Springer: Berlin, Heidelberg, 1999.

2l For reviews about ACP reactivity, see: a) Pellissier, H. Recent developments in the reactivity of methylene- and
alkylidenecyclopropane derivatives. Tetrabedron 2010, 66, 8341-8375.; b) Pellissier, H. Recent developments in the synthesis
and reactivity of methylene- and alkylidenecyclopropane derivatives. Tetrahedron 2014, 70, 4991-5031.; c) Souillart, L.;
Cramer, N. Catalytic C—C Bond Activations via Oxidative Addition to Transition Metals. Chewz. Rev. 2015, 775, 9410-9464.;
d) Fumagalli, G.; Stanton, S.; Bower, J. F. Recent Methodologies That Exploit C—C Single-Bond Cleavage of Strained Ring
Systems by Transition Metal Complexes. Chens. Rev. 2017, 117, 9404-9432.; ¢) Yu, L.; Shi, M. The Construction of Molecular
Complexity from Functionalized Alkylidenecyclopropanes (FACPs). Chen. Eur. ]. 2019, 25, 7591-7606.

22 Yamago, S.; Nakamura, E. Use of methylenecyclopropanone ketals for cyclopentane synthesis. A new efficient thermal
[3 + 2] cycloaddition. J. Anz. Chem. Soc. 1989, 111, 18, 7285-7286.
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a trimethylenemethane (TMM) intermediate. The presence of stabilizing substituents (e.g. ketal) is
critical for the success of the method.

e . Via: 1
O\A . EWGTR' ><:o R i ><:o ;v\v\g
7&0 R MeCN, 80 °C o: qR E g \,—IR
84-95% '

Scheme 40. Thermal (3+2) cycloaddition between MCPs and activated olefins.

Cycloadditions can also be promoted by Lewis acids, as demonstrated by De Meijere and co-workers
in their Ag(I)-catalyzed (2+2) cycloaddition of ACPs and imines, which afforded azetidine derivatives
in good yields (Scheme 41).2> The high diastereoselectivities in favor of the syz cycloadduct were
explained by proposing a stepwise mechanism, which involves an equilibrium between intermediate
I and its more stable conformer II. Notably, enol ethers lacking a cyclopropyl ring did not react with
tosylimines, suggesting that the cyclopropyl group is key to stabilize the proposed zwitterionic
species.?*

) OR
Ar o R
__OR EN\ Ag(fod) (10 mol%) - ﬁ
[ R EtOAc, 30 °C, 4-48 h A R
R'= SO,R" 71-97%
OR OR
+[Ad] %H AE;H -Ag]
Ry"‘r\i Ar Ar ON=<R
Agl® [Ag1®
I (anti) Il (syn)

Scheme 41. Silver salt-catalyzed (2+2) cycloaddition between ACPs and imines.

As previously commented, ACPs can participate in a variety of transition metal catalyzed
cycloaddition processes. In a pioneering example, Binger demonstrated that palladium catalysts can
promote cycloaddition reactions of ACPs through the cleavage of the distal C-C bond of the
cyclopropyl ring (Scheme 42).2> Thus, the catalyst derived from Pd(acac),, P(Pr); and EtAIOEt
enabled the formal (3+2) cycloaddition between MCP and norbornene, to give the corresponding
carbocyclic product in excellent yield. Mechanistically, the reaction was proposed to begin with an
oxidative addition of the distal C-C bond, to yield the palladacyclobutane I, which evolves to a
trimethylmethane (TMM) species II. This intermediate would then undergo a migratory insertion of
the olefin and a final reductive elimination to afford the cycloadduct.

23 Nakamura, I; Nemoto, T.; Yamamoto, Y.; de Meijere, A. Thermally Induced and Silver-Salt-Catalyzed [2+2]
Cycloadditions of Imines to (Alkoxymethylene)cyclopropanes. Angew. Chem. Int. Ed. 2006, 45, 5176-5179.

24 De Meijere, A. Bonding Properties of Cyclopropane and Their Chemical Consequences. Angew. Chem. Int. Ed. 1979, 18,
809-826.

25 Binger, P.; Schuchardt, U. Reaktionen des Methylencyclopropans, IV. Palladium(0)-katalysierte Codimerisierungen des
Methylencyclopropans mit Alkenen. Chen. Ber. 1980, 773, 3334.
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Scheme 42. Pd(0)-catalyzed formal (3+2) cycloaddition between MCPs and strained alkenes.

Early reports of TMC transformations of ACPs were mainly focused on similar intermolecular
processes using Pd or Ni catalysts.?!d The development of intramolecular reactions, which allow to
obtain more complex polycyclic structures, was introduced by our group in the early 2000’s, through
a variety of TMC intramolecular cycloadditions using ACPs tethered to different carbon-based
unsaturated partners (alkyne, alkene, diene or allene).?¢

A relevant example is the Pd(0)-catalyzed intramolecular (3+2) cycloaddition between ACPs and
alkenes, reported in 2006. Remarkably, the use of a Pd(0)-catalyst bearing a bulky phosphite ligand
L1 was key to enable the selective (3+2) annulation towards the bicyclo[3.3.0]octane systems, which
were obtained in good yields and high diastereoselectivities (Scheme 43).20b

‘Bu

o
y By , (L1,20 mol%) M
Pd,(dba); (6 mol%) X
X
—\ Toluene, 110 °C, 6 h H &
W
X =C(CO,Et); NBn 57 - 96%

up to 1:0dr
Scheme 43. Pd(0)-catalyzed intramolecular (3+2) cycloaddition between ACPs and alkenes.

In 2012, in collaboration with Cardenas and Garcia Fandifio, our group proposed different
mechanistic paths for these Pd-catalyzed cycloadditions, based on DFT computations.?’” Although
the authors examined the influence of electron-deficient and neutral substituents on the alkene
partner, the studies were limited to PHj3 as the model ligand due to computational constraints.
Consequently, the results should be interpreted with caution, particularly given the small energy
differences observed between certain pathways. In all cases, calculations supported the formation of
palladacyclobutanes as key intermediates, arising from the initial oxidative addition of the distal C—C

21d Fumagalli, G.; Stanton, S.; Bower, J. F. Recent Methodologies That Exploit C—C Single-Bond Cleavage of Strained Ring
Systems by Transition Metal Complexes. Chem. Rev. 2017, 117, 9404-9432.

26 a) Delgado, A.; Rodriguez J. R.; Castedo, L.; Mascarefias, J. L. Palladium-Catalyzed [3+2] Intramolecular Cycloaddition
of Alk-5-ynylidenecyclopropanes: A Rapid, Practical Approach to Bicyclo[3.3.0]octenes. J. Am. Chem. Soc. 2003, 125, 9282—
9283.; b) Gulias, M.; Garcfa, R.; Delgado, A.; Castedo, L.; Mascarefias, ].L. Palladium-Catalyzed [3 + 2] Intramolecular
Cycloaddition of Alk-5-enylidenecyclopropanes. J. Am. Chem. Soc. 2006, 128, 384-385. ¢) Gulias, M.; Duran, J.; Lopez, F.;
Castedo, L.; Mascarefias, J.L. Palladium-catalyzed [4 + 3] intramolecular cycloaddition of alkylidenecyclopropanes and
dienes. J. Am. Chem. Soc. 2007, 129, 36, 11026-11027.; d) Trillo, B.; Gulias, M.; Lépez, F.; Castedo, L.; Mascarefias, J.L.
Palladium-catalyzed intramolecular [3C+2C]| cycloaddition of alkylidenecyclopropanes to allenes. Ady. Synth. Catal. 2006,
348, 2381-2384.

27 Garcfa-Fandifio, R.; Gulias, M.; Mascarefias, ].L.; Cardenas, D. J. Mechanistic study on the palladium-catalyzed (3 + 2)
intramolecular cycloaddition of alk-5-enylidenecyclopropanes. Dalton Trans. 2012, 41, 9468-9481.
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bond of the ACP to the Pd(0) complex.?8 Figure 8 shows the calculated profile with a non-activated
alkene as cycloaddition partner.
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Figure 8. DFT energy profile about Pd-catalyzed (3+2) cycloaddition of ACPs and unactivated alkenes,
using Pd(0)-PHs. [B3LYP/6-31G(d) (LANL2DZ for Pd)//B3LYP/ 6-311+G-(2df2p) (SDD for Pd)].
Values of AG (kcal-mol™).

The initially generated palladacyclobutane intermediate I1, decoordinates one of the PHj; ligands to
generate the intermediate 12 (AG =10.2 kcal'mol!), which can now evolve through different
pathways. One of them (red pathway), consists of its isomerization towards the exo-methylene
palladacyclobutane I3 (AG = 12.0 kcal'mol), followed by a migratory insertion of the tethered
alkene, to afford the palladacyclohexane 14 (AG = 26.0 kcal - mol ). Alternatively, intermediate I2 can
undergo a metalloene rearrangement to directly provide intermediate I4 (AG = 18.6 kcal'mol!, blue
path). The stepwise formation of I4 (red pathway) seems favored since the initial isomerization
involves a lower energy barrier than the metalloenic step (AAG = 6.6 kcal'mol!). However, the
subsequent migratory insertion (T'S3-4) involves a transition state that is only 1.2 kcal'mol! less
energetic than TS2-4. Thus, both pathways seem feasible to generate I4 and, from this intermediate,
the bicyclic product is obtained through an easy reductive elimination (AG = 11.3 kcal -mol).

Additional studies were conducted with electron-deficient alkenes, revealing that the favored pathway
varies depending on the E or Z stereochemistry of the alkene and the number of ligands coordinated
to the metal center.

In summary, the preferred pathway for the formation of cycloadducts from ACPs and C-C
unsaturated bonds remains inconclusive, emphasizing the need for further investigations. Moreover,
a theoretical study with a more realistic ancillary ligand should also bring new relevant information
about these reactions, particularly considering their critical role in the selectivity experimentally
observed.

28 Garcfa-Fandifio, R.; Gulias, M.; Castedo, L.; Granja, J. R.; Mascarefias, J. L.; Cardenas, D. J. Palladium-Catalysed [3+2]
Cycloaddition of Alk-5-ynylidenecyclopropanes to Alkynes: A Mechanistic DFT Study. Chew. Eur. J. 2008, 14, 1, 272-281.
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In 2018, our group developed an asymmetric variant of these Pd-catalyzed (3+2) cycloadditions,
which represented the first highly enantioselective TMC cycloaddition of ACPs (Scheme 44). In
particular, employing a catalyst comprising CpPd(n-cin.) and the bulky chiral phosphoramidite
(S,R,R)-L2, derived from VAPOL, the corresponding (3+2) cycloadducts were obtained in good-
to-high yields, with excellent diastereoselectivity and enantiomeric ratios of up to 97:3.2%

O 0 >'--'1-Napht

Ph NN
Ph O o )<1—Napht
/_/)> ‘O [(S,R,R)-L2, 10 mol%] H

CpPd(t-cin.) (5 mol%)

X R X -
\—\ Toluene, 110 °C, 6 h RT b
e
X =C(CO4R),, O, NR 55 -90%
R'=H, Me R? = CO,R up to 1:0 dr

up to 97:3 er
Scheme 44. Asymmetric Pd(0)-catalyzed intramolecular (3+2) cycloaddition of ACP-tethered alkenes.

Remarkably, the same Pd-catalyst also promotes the (4+3) cycloaddition between ACPs and
conjugated dienes, providing appealing 5,7-bicyclic systems in an asymmetric fashion (Scheme 45).

26¢, 29
Ph O 0 >'--'1-Napht

CP-N
Ph O © )—1—Napht
‘O [(S,R,R)-L2, 10 mol%]
/ CpPd(1-cin.) (5 mol%)

X
—\ ,—CO,Me
A\ //

+1CO,Me
Toluene, 150 °C, 6 h

X =C(CO,Me), 75%
96:4 er

Scheme 45. Asymmetric Pd(0)-catalyzed intramolecular (4+3) cycloaddition between ACPs and dienes.

On the other hand, in 2021 our group reported an asymmetric Co(I)-catalyzed (3+2) cycloaddition
between ACPs and alkynes, employing the catalyst iz situ generated from CoBrz, (5)-BINAP and a
reducing agent (Scheme 46).3° DFT studies indicated that the mechanism differs from that previously
proposed for Pd catalysts. In particular, instead of the standard initial insertion of the cyclopropyl
ring to the metal, the ACP evolves via an oxidative cyclometallation toward the cobaltacycle I. This
species subsequently undergoes a cyclopropyl to m-allyl rearrangement to yield the stable m-allyl
cobaltacycle II, which was even isolated in a specific case.

26e Gulfas, M.; Duran, J.; Lépez, F.; Castedo, L.; Mascarefias, J.L. Palladium-catalyzed [4 + 3] intramolecular cycloaddition
of alkylidenecyclopropanes and dienes. J. Am. Chem. Soc. 2007, 129, 36, 11026-11027.

2 Verdugo, F.; Villarino, L.; Duran, J.; Gulias, M.; Mascarefias, J. L.; Lépez, F. Enantioselective Palladium-Catalyzed [3C +
2C] and [4C + 3C] Intramolecular Cycloadditions of Alkylidenecyclopropanes. ACS Catal. 2018, &, 6100-6105.

30 Da Concepcioén, E.; Fernandez, 1.; Mascarefas, J. L.; Lépez, F. Highly Enantioselective Cobalt-Catalyzed (3+2)
Cycloadditions of Alkynylidenecyclopropanes. .Angew. Chem. Int. Ed. 2021, 60, 8182—8188.
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/ CoBr, (10 mol%)
(S)-BINAP (12 mol%)
R Znl, (20 mol%), Zn (50 mol%)
\’n\

X
I DCE, 100 °C, 3 h
R
X = C(CO,R),, NTs, O 51-85%
R =H, Me up to 96:4 er
+Col” “1Co

—_—

Scheme 46. Asymmetric Co(I)-catalyzed (3+2) cycloaddition between ACPs and alkynes.

ACPs can also participate in multicomponent cycloadditions. In 2010, our group reported a nickel-
catalyzed (3+2+2) cycloaddition of alkyne-tethered ACPs and external alkenes, to yield bicyclic
systems bearing a seven-membered carbocycle (Scheme 47).31:32 The reaction, which is promoted by
Ni(COD),, was proposed to proceed via a proximal insertion of the Ni(0) complex to the ACP,
followed by an intramolecular alkyne migratory insertion. The resulting metallacycle IT can then
interact with an external alkene, yielding after a sequence of migratory insertion and reductive
elimination, the corresponding 6,7- fused bicyclic product.

___________________

; EWG :
X ' '
/ EWG Ni(COD), (10 mol%) EWG | i
+ r X ' // i
X ‘ Toluene, 40 °C o : X :
— R E ——R E
X = C(COE),, NTs, O 24-91% T Sideproduct
R = CO,Et, CH,0R, Me
+[Ni] l T -[Ni]
_ EWG
[Ni] = 1 = [Ni]
X - > X > _[Ni] —_— X A\ EWG
AN R R
I R I m

Scheme 47. Ni(0)-catalyzed (3+2+2) cycloaddition between ACP-tethered alkynes and alkenes.

31 a) Saya, L.; Bhargava, G.; Navarro, M. A.; Gulias, M.; Lopez, F.; Fernandez, I.; Castedo, L.; Mascarefias, J. L. Nickel-
Catalyzed [3+2+2] Cycloadditions between Alkynylidenecyclopropanes and Activated Alkenes. Angew. Chem. Int. Ed. 2010,
9886-9890.; b) Saya, L.; Fernandez, 1.; Lépez, F.; Mascarefias, J. L. Nickel-Catalyzed Intramolecular [3 + 2 + 2]
Cycloadditions of Alkylidenecyclopropanes. A Straightforward Entry to Fused 6,7,5-Tricyclic Systems. Org. Letz. 2014, 16,
5008-5011.

32 For other multicomponent cycloadditions using nickel catalysts, see: a) Saito, S.; Masuda, M.; Komagawa, S. Nickel-
Catalyzed Intermolecular [3 + 2 + 2] Cocyclization of Ethyl Cyclopropylideneacetate and Alkynes. J. Am. Chem. Soc. 2004,
126, 34, 10540—-10541.: b) Saito, S.; Maeda, K.; Yamasaki, R.; Kitamura, T.; Nakagawa, M.; Kato, K.; Azumaya, I.; Masu, H.
Synthesis of Nine-Membered Carbocycles by the [4+3+2] Cycloaddition Reaction of Ethyl Cyclopropylideneacetate and
Dienynes. Angew. Chem. Int. Ed. 2010, 49, 1830-1833.; ¢) Komagawa, S.; Wang, C.; Morokuma, K.; Saito, S.; Uchiyama, M.,
Mechanistic Origin of Chemo- and Regioselectivity of Nickel-Catalyzed [3 + 2 + 2] Cyclization Reaction. J. Am. Chem. Soc.
2013, 735, 14508-14511.
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Rhodium catalysts can also promote multicomponent cycloadditions of ACPs.33 One of the most
recent examples, described by Evans in 2023, consists of an intramolecular (3+2+2) cycloaddition of
skipped diene-tethered ACPs (Scheme 48).34 This transformation affords complex tricyclic scaffolds
in good yields and with excellent diastereoselectivity. Notably, the synthetic utility of this reaction
was shown with the total synthesis of (+)-zizazene from the commercially available ($)-(-)-citronellal.
Mechanistically, the reaction was proposed to begin with the distal C-C bond activation of the
cyclopropyl ring to afford the TMM rhodium complex I, which undergoes two consecutive migratory
insertions toward the n-allyl intermediate I1I. Finally, a reductive elimination closes the catalytic cycle,
affording the corresponding (3+2+2) cycloadduct.

), o N
/_/2> [Rh(COD)CI], (5 mol%) Re ‘ H
R4 PPhg or P(OPh)3 (20 mol%) ‘

X / > R4 : 3

Xylene, 170 °C | Me |

(5 B X | ‘

R n=1or2 ' ) :

’ 41-95% | (*)-Zizaene |

X = NTs, C(CO,Me), O SRR ;
R = H, Me, Ph

Via: [~ Ry 4 7

Scheme 48. Rh(I)-catalyzed (3+2+2) cycloaddition of ACPs tethered to a 1, n-dienes (n=1 or 2).

Despite the huge synthetic potential of TMC multicomponent cycloadditions involving ACPs, these
transformations remain restricted to the use of carbon-based unsaturated partners. This limitation
offers an opportunity to explore new multicomponent transformations involving heteroatom-
containing counterparts.

TMC heterocycloaddition reactions of ACPs

As can be deduced from the previous section, the number of TMC cycloadditions between ACPs
and different C-C unsaturated bonds, such as alkenes, dienes or alkynes, is significant. However,
cycloaddition examples involving heteroatom-based unsaturated partners are extremely scarce.?

In 2001, Yamamoto reported a (3+2) intermolecular cycloaddition between ACPs and aldehydes
using a palladium catalyst derived from Pd(PPhs)s and the phosphine oxide P(O)Bus (Scheme 49,
lef?).30 Employing a similar Pd(0) catalyst, they also developed a (3+2) intermolecular annulation
between ACPs and tosyl imines, to afford interesting pyrrolidine scaffolds (Scheme 49, righ?).%7
However, the scope of both transformations is extremely narrow, and the reactions required neat

3 For Rh-catalysed multicomponent cycloadditions, see: a) Evans, P. A.; Inglesby, P. A., Intermolecular Rhodium-Catalyzed
[3 + 2 + 2] Carbocyclization of Alkenylidenecyclopropanes with Activated Alkynes: Regio- and Diastereoselective
Construction of cis-Fused Bicycloheptadienes. J. Am. Chem. Soc. 2008, 730, 12838-12839.; b) Araya, M.; Gulias, M.;
Fernandez, I.; Bhargava, G.; Castedo, L.; Mascarefias, . L.; Lopez, F. Rhodium-Catalyzed Intramolecular [3 + 2 + 2]
Cycloadditions between Alkylidenecyclopropanes, Alkynes, and Alkenes. Chew. Eur. ]. 2014, 20, 10255-10259.

3 Zhu, Y.; Zheng, J.; Evans, P. A. Intramolecular Rhodium-Catalyzed [(3+2+2)] Carbocyclization Reactions with
Dienylidenecyclopropanes: A Concise and Stereoselective Total Synthesis of the Sesquiterpene (+)-Zizaene. J. Am. Chenm.
Soc. 2023, 745, 7, 3833-3838.

3 Brandi, A.; Cicchi, S.; Cordero, F.M.; Goti, A. Heterocycles from Alkylidenecyclopropanes. Chem. Rev. 2003, 103, 1213—
1270.

36 Nakamura, I.; Oh, B. H.; Saito, S.; Yamamoto, Y. Novel [3+2] Cycloaddition of Alkylidenecyclopropanes with Aldehydes
Catalyzed by Palladium. Angew. Chem. Int. Ed. 2001, 40, 1298—-1300.

370h, B. H.; Nakamura, L; Saito, S.; and Yamamoto, Y. Palladium-catalyzed [3+2] cycloaddition of alkylidenecyclopropanes
with imines. Tetrahedron Lett. 2001, 42, 6203-6205.
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conditions or a great excess of ACP precursors, which makes the processes less convenient. The
authors proposed the n-allyl Pd(II) complex I as a key reaction intermediate; nevertheless, since no
mechanistic studies were performed, alternative reaction pathways cannot be discarded.

=J0) —NTs
Arﬁ Ar/i
R Pd(PPhs), (2 mol%) Pd(PPhs), (5 mol%) R
R P(O)Bus (4 mol%) | P(O)Ph; (10 mol%) R
@) neat, 120 °C R™ R Toluene, 120 °C N,
Ar Ar Ts
35 to 86% Via: 71 to 94%
up to 1.3:1dr V o up to 1.3:1dr

Scheme 49. Pd(0)-catalyzed intermolecular (3+2) heterocycloadditions of ACPs reported by Yamamoto.

Another example was reported by Bhargava’s group in 2020, consisting of a Ni(0)-catalyzed (3+2)
cycloaddition between bis(alkylidenecyclopropanes) and diazenes, to deliver pyrazole-1,2-
dicarboxylates (Scheme 50).38 The reaction, which requires a large excess of diazene as reaction
counterparts (DIAD or DEAD, 10 equiv.), usually provides moderate yields and, overall, the scope
is very narrow. The process was proposed to begin with an oxidative addition at the proximal C-C
bond of the ACP, followed by a migratory insertion and an eventual reductive elimination to give the
heterocycle.? Curiously, the presence of a second ACP as partner is required for the reaction,
obtaining no reactivity when substrates bearing only one ACP are used.

RO,C~F l\‘l‘/E Ni(COD); (5 mol%)
+
RO,C. M N-g Toluene, 90 °C, 16 h
E=COR 60-72%
+[Ni(0)] -[Ni(0)]

Scheme 50. Nickel(0)-catalyzed (3+2) cycloadditions of bis(alkylidenecyclopropanes) with diazenes.

While examples of intermolecular ACP heterocycloadditions were ratre, intramolecular variants
remained entirely unexplored at the beginning of this PhD. Given the significant synthetic potential
of these transformations, which could generate polyheterocyclic systems in one step, our group tried
to fill this gap.

3 Kuila, B.; Naikoo, R.; Mahajan, D.; Singh, P.; Bhargava, G. Nickel(0)-Catalyzed [3+2] Cycloadditions of
Bis(alkylidenecyclopropanes) with Diazenes: A Facile Synthesis of Functionalized Pyrazolidine-1,2-dicarboxylates. Syn/est
2020, 37, 1, 65-68.

39 a) Saya, L.; Bhargava, G.; Navarro, M. A.; Gulias, M.; Lépez, F.; Fernandez, L.; Castedo, L.; Mascarefias, J. L. Nickel-
Catalyzed [3+2+2] Cycloadditions between Alkynylidenecyclopropanes and Activated Alkenes. Angew. Chem. Int. Ed. 2010,
49, 9886-9890.; b) Kuila, B.; Mahajan, D.; Singh, P.; Bhargava, G. Nickel catalyzed [3+2] cycloaddition reaction of
bis(methylenecyclopropane) with cyclic and acyclic dienophiles. Tetrabedron Lert. 2015, 56, 1307—1311.
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Thus, Dr. Verdugo made the initial experiments in this area, demonstrating the viability of
palladium(0)-catalyzed (3+2) intramolecular cycloadditions between ACPs and carbonyl moieties
(Scheme 51).40 Using the Pd catalyst generated 7 situ from Pdz(dba); and Buchwald biaryl ligands,
the (3+2) cycloaddition effectively occurs, leading to bicyclic tetrahydrofurans in good-to-excellent
yields and high diastereoselectivity. The versatility and broad scope of this reaction, particularly when
compared to the original intermolecular reaction of Yamamoto, encouraged us to study, from a
computational perspective, the mechanistic details of the process. This research will be summarized
in Section 4.2.

2
/ Pd,(dba); (6 mol%) R
R2
X RuPhos or BrettPhos (13 mol%) X
5 Toluene, 100 or 110 °C, 3 h M
H, Me 40 to 94%
up to 1:0 dr

Scheme 51. Palladium(0)-catalyzed intramolecular (3+2) cycloaddition between ACPs and carbonyl moieties.

On the other hand, Dr. Verdugo also initiated the exploration of the Pd(0)-catalyzed intramolecular
cycloaddition of ACPs tethered to different C=N partners. Interestingly, his preliminary results
showed that the same catalytic system employed for the cycloaddition with carbonyls is also effective
for the aza-cycloaddition with oxime ethers. Thus, bicyclic pyrrolidines of type 2 can be obtained in
good yield (Scheme 52).

Overall, these studies indicated that the use of Pd(0) catalysts bearing Buchwald ligands was crucial
for the effective development of the intramolecular (3+2) heterocycloadditions; however, the
underlying reasons responsible for such efficiency remained unclear at the moment I started my PhD.
Therefore, an important part of my work was focused on further exploring and understanding these
heterocycloadditions.

I PCy,

Pro O'Pr
O (RuPhos, 13 %mol) H
% Pda(dba)s (6 mol%)
EtO,C 2dba)s EtO,C
EtO,C Toluene, 110 °C, 4 h EtO,C )

65% (dr 1 : 0)
Scheme 52. Palladium(0)-catalyzed (3+2) cycloaddition between ACPs and oxime ether partners.
Cycloisomerizations and rearrangements of ACPs

A variety of metal catalysts have been shown to promote cycloisomerizations or rearrangement
processes of ACPs. Gagné reported in 2012 an asymmetric Au(I)-catalyzed Cope rearrangement of
ene-alkylidenecyclopropanes to provide chiral vinylcyclopropanes with very good enantioselectivities
(Scheme 53).4!1 The authors proposed that the reaction starts with the coordination of the gold
complex to the ACP (I), which undergoes a first rearrangement toward the cyclic tertiary carbocation
species II and, finally, to the vinylcyclopropane product. Notably, similar substrates without the

40 Verdugo, F.; da Concepcién, E.; Rodifio, R.; Calvelo, M.; Mascarefias, J. L.; Lépez, F. Pd-Catalyzed (3 + 2)
Heterocycloadditions between Alkylidenecyclopropanes and Carbonyls: Straightforward Assembly of Highly Substituted
Tetrahydrofurans. ACS Catal. 2020, 70, 14, 7710-7718.

41 Felix, R. J.; Weber, D.; Gutierrez, O.; Tantillo, D. J.; Gagné, M. R. A gold-catalysed enantioselective Cope rearrangement
of achiral 1,5-dienes. Nature Chem. 2012, 4, 405-409.
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cyclopropane moiety did not undergo the rearrangement, which suggests that the release of ring strain
is crucial.
(S)-3,5-xylyl-PHANEPHOS(AUCI), (5 mol%)

1 1
‘ " AgSbFg (20 mol%) "

AN

R? CH,CI,/DCE, -35°C, 18 h R2
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R?= alkyl, H up to 93% ee
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Scheme 53. Asymmetric Au(l)-catalyzed Cope rearrangement of ene-alkylidenecyclopropanes.

Apart from this and other rearrangements, cycloisomerization processes are particularly interesting,
enabling the construction of complex cyclic frameworks from linear precursors.#? This type of
reactivity was explored by Evans, in a Rh(I)-catalyzed ene-cycloisomerization of ACPs tethered to
alkenes.*® Employing Rh(COD)Cl/P(O-p-Tol); as catalyst, five-membered rings are generated in
excellent yields with complete diastereoselectivity (Scheme 54). The reaction was proposed to start
with a distal ring opening of the ACP, followed by an isomerization to the rhodacyclobutane I. After
a regioselective migratory insertion, the resulting complex (IT) undergoes a 3-hydride elimination to
afford III, and a subsequent reductive elimination provides the observed product.

/ [Rh(COD)CI], (4 mol%)
P(O-p-Tol)3 (16 mol%)
X ' X or X
/"R Toluene, 100 °C, 12 h NS N0
R R
R
R =H or Me R'= Me R'= CH,OH
X = 0, NTs, C(CO,Me), 80-97% 84-96%
dr=19:1 dr=19:1
+[Rh] l T - [Rh]
H
6] [Rh]
X ; e —_— X
! _R'
\7;“¢Rv Z

| I ]
Scheme 54. Rh(])-catalyzed ene-cycloisomerization of ACPs.

Employing the same catalytic system, Evans also reported an ene-cycloisomerization of ACPs
tethered to an allylic sulfide moieties, which yielded the expected cyclic products in good-to-high
yields with complete diastereoselectivity (Scheme 55).# The proposed mechanism resembles the

42 For reviews on this topic, see: a) Michelet, V.; Toullec, P.; Genét, J.-P. Cycloisomerization of 1, #-enynes: challenging
metal-catalyzed rearrangements and mechanistic insights. Angew. Chem. Int. Ed. 2008, 47, 4268-4315.; b) Yamamoto, Y.
Transition-metal-catalyzed cycloisomerizations of «,w-dienes. Chezz. Rev. 2012, 112, 8, 4736—4769.

4 Evans, P. A, Inglesby, P. A. Diastercoselective Rhodium-Catalyzed Ene-Cycloisomerization Reactions of
Alkenylidenecyclopropanes: Total Synthesis of (—)-a-Kainic Acid. . Am. Chem. Soc. 2012, 134, 8, 3635-3638.

44 Su, Y; Inglesby, P.A.; Evans, P.A. Intramolecular thioether migration in the rhodium-catalyzed ene-cycloisomerization
of alkenylidenecyclopropanes by a metal-mediated 3-sulfide elimination. Angew. Chem. Int. Ed. 2018, 57, 673.

48



General Introduction

previous transformation, being the key step a B-sulfide elimination from complex I, to generate a
metal sulfide intermediate, which subsequently undergoes a C-S reductive elimination to the product.

Via:
| [Rh(COD)CI], (4 mol%)
R P(O-p-Tol) 3 (16 mol%)
X
R DCE, 100 °C, 20 h
\ SAr
R
R, R"and R"=H or Me 42-93%
X = O, NTs, C(CO,Me), dr>19:1

Scheme 55. Rh(I)-catalyzed ene-cycloisomerization of ACPs with intramolecular 3-sulfide elimination.

Despite these elegant examples, cycloisomerization processes of ACPs remain largely underexplored,
especially tandem processes and multicomponent reactions, as well as related reactions involving
heteroatom-containing partners.

Tandem ring-opening/addition reactions

Alkylidenecyclopropanes can undergo ring-opening processes to generate organometallic
intermediate species that can be trapped by different nucleophiles, typically leading to allylic and
homoallylic compounds. These transformations can be promoted by Lewis or Bronsted acids,* and,
more commonly, by transition metal catalysts of Ni, Rh or Pd, which offer enhanced selectivity and
efficiency.

A pioneering example was reported by Yamamoto in the late 1990s and consists of a palladium (0)
catalyzed hydrofunctionalization of ACPs with malonate nucleophiles. The method affords 1,1-
disubstituted alkenes in good yields (Scheme 56).46 Mechanistically, the authors suggested the initial
formation of a palladium hydride species (I), followed by a regioselective hydropalladation of the
ACP. The resulting intermediate IT would then undergo a 3-carbon elimination to deliver the n-allyl
Pd(I) intermediate ITI. After a reductive elimination, the allylic compound would be eventually
released. However, the authors did not support this proposal with further experimental or theoretical
studies.

R'

2 Pd(PPhg), (10 mol% R' .
R o + XR ( 3)a ( o) R\/U\)<R2
] H™ Me THF, 100 °C, 3 days Me

R= alkyl, Ph R' = R? = CN, CO,Et 55-95%

[Pd’]

+

R . -[PdY]
N . Q ol
u H-[Pd%]-Nu ﬁ» R Pd—ny  —= 7/< [Pd"—Nu

I Hon T

H-Nu = malonate-type nucleophile
Scheme 56. Pd(0)-catalyzed hydrocarbonation of ACPs with malonate nucleophiles.

In subsequent years, Yamamoto and coworkers exploited this chemistry using different nucleophiles,
mostly with heteroatoms. This topic will be covered in more detail in Section 4.4, where we explored

4 For a review on this topic, see: Shao, 1..-X.; Shi, M. Lewis and Bronsted Acid Mediated Ring-Opening Reactions of
Methylenecyclopropanes and Further Transformation of the Ring-Opened Products. Curr. Org. Chem. 2007, 11, 1135-1153.
46 Tsukada, N.; Shibuya, A.; Nakamura, I.; Yamamoto, Y. Ring Opening in the Palladium-Catalyzed Hydrocarbonation of
Methylenecyclopropanes with Pronucleophiles. J. Awz. Chem. Soc. 1997, 119, 34, 8123-8124.
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new types of hydrofunctionalization reactions, together with the computational study of their
mechanisms.

The hydrofunctionalization of ACPs can also occur with the opposite regioselectivity to afford 1,3-
dienes as products. A recent representative example is the Pd(0)-catalyzed hydrophosphinylation of
ACPs reported by Wang and coworkers. The reaction, which ultimately leads to chiral allylic
phosphine oxides with high enantioselectivity (Scheme 57),4” was proposed to proceed via a
Markovnikov hydropalladation of the ACP to yield intermediate I, which undergoes subsequent 3-
carbo- and B-hydride eliminations to form the diene IIL. The final product would be obtained via a
regioselective hydropalladation of the terminal alkene and an eventual C-P reductive elimination. The
participation of diene intermediates was corroborated experimentally.

Pd(PPhg3), (10 mol%) Ar
AL < . HP(O)Ar, A A hd
THF, 100 °C, 3 days P(O)Ar;
42-96%
80-94% ee
ACP
+ Ar,p=0
[Pd] o | o
HO-PA A n [Pd"]—H -[Pd]
—FPAr r PA |
‘ H — A"\/\/Tpd”]/ 2 A A
[Pd'I—RAr2 1 m
! 0

Scheme 57. Pd(0)-catalyzed hydrophosphinylation of ACPs.

Notably, the metalation of ACPs can also generate nucleophilic intermediates capable of reacting
with electrophiles. A recent example, consisting of a Cu(l)-catalyzed borocarbonylation of
arylidenecyclopropanes was described by Peng in 2022 (Scheme 58).4 In this process, a cooper
catalyst derived from IMesCuCl and BINAP, promotes the reaction between the ACP, Bpin, and
an acyl chloride to yield y-boryl-y,5-unsaturated carbonyl compounds with complete regio- and
diastereoselectivity. Mechanistically, the generated Cu—Bpin species I, undergoes regioselective
migratory insertion into the ACP leading to intermediate II, and eventually to the homoallylic copper
III, after a B-carboelimination. Then, this cuprate species reacts with the acyl chloride to afford the
observed products.

MesCuCl (5 mol%)
BINAP (7.5 mol%)

.
cl R LiO'Bu (3.5 equiv.) P R
e R - Y
[o}
(0] Toluene, 100 °C, 12 h Ar o
24-93%
Bpin 0
B,pin, ACP [Cu]l  Bpin . Cl)KR -[Cu]
[Cul —>— Bpin—iCul A>_v AT
r

I I m[Cul

Scheme 58. Cu(I)-catalyzed borocarbonylation of ACPs.

47 Zhou, J.; Meng, L; Lin, S; Cai, B,; Wang, ]. Palladium-catalyzed enantio- and regioselective ring-opening
hydrophosphinylation of methylenecyclopropanes. Angew. Chem. Int. Ed. 2023, 62, ¢202303727.

% Yang, L.-M.; Zeng, H.-H.,; Liu, X.-L; Ma, A.J; Peng, J.-B. Copper catalyzed borocarbonylation of
benzylidenecyclopropanes through selective proximal C—C bond cleavage: synthesis of y-boryl-y,5-unsaturated carbonyl
compounds. Chem. Sci. 2022, 13, 7304-7309.
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General Objectives

Considering the abovementioned precedents, the limitations of some of the methodologies, and the
clear potential for further expanding the metal-catalyzed chemistry of ACPs, we set out the following
general objectives for this PhD thesis:

- Discovery of novel cycloaddition reactions of ACPs with hetero-unsaturated partners
and development of a mechanistic rational using computational chemistry
Building on the promising experimental results obtained by Dr. Verdugo in ACP

heterocycloadditions, we aimed to explore new aza-cvcloadditions that lead to functionalized
pyrrolidines.

Computational studies on ACP cycloadditions, particularly those involving heteroatom
unsaturated partners, have never been addressed. To fill this gap, DFT mechanistic studies
will be performed, in order to elucidate the undetlying principles of both oxa- and aza-
cycloadditions, as well as the critical role of ancillary metal ligands.

- Development of tandem cycloisomerization processes of ACPs promoted by metal
catalysts
Given the potential and limited examples of ACP cycloisomerization reactions, we aim to

explore new cycloisomerization processes involving ACPs, to access novel appealing cyclic

scaffolds. We also aim to support this work with computational studies.

- Uncover multicomponent cycloadditions of ACPs involving heteroatom partners
Despite the extensive number of metal-promoted cycloadditions involving ACPs,
multicomponent reactions, particularly those with hetero-unsaturated partners, remain

underexplored. Thus, we aim to uncover new multicomponent cycloaddition reactions with

ACPs that lead to interesting medium-sized heterocycles.
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Methodology

3.1 Materials and Methods

Pdz(dba); (98%) [51364-51-3] was obtained from Sigma-Aldrich. Phosphoramidite ligands are known
and were synthesized according to the previously reported procedures.?* All other ligands,
precatalysts, solvents, reaction partners or reagents for the synthesis of precursors were purchased
from Sigma-Aldrich, Acros Organics, Alfa Aesar, Fluorochem, TCI or Abcr. Dry solvents were
obtained from a solvent purification system (Mbraun, SPS-5) or, eventually, freshly distilled under Ar
from an appropriate drying agent before use (1,4-dioxane and toluene were distilled from Na /
benzophenone; Et;N and CH2Cl,, from CaHy).

Reactions were monitored by TLC, GC-MS or NMR analysis of the crude mixture. TLCs were
performed on silica gel plates and components were visualized by observation under UV light, or by
treating the plates with either p-anisaldehyde, ninhydrin, potassium permanganate or cerium nitrate
solutions, followed by heating. Regarding GC-MS, we employed the Agilent Tech. 6890N, Network
GC System, equipped with the Agilent 190915-433 column and the Agilent 5973 Inert Mass Selective
Detector, in Electron Impact or Chemical Ionization Mode (with Methane). NMR spectra of the
crude reaction mixtures were recorded on a Varian 300 MHz spectrometer. 1,3,5-Trimethoxybenzene
(TMB) was typically employed as an internal standard for quantitative analysis.

Reaction mixtures were stirred using Teflon-coated magnetic stirring bars. Reaction temperatures
were maintained using Thermowatch-controlled silicone oil baths. Concentration refers to the
removal of volatile solvents via distillation using a Biichi rotary evaporator followed by residual
solvent removal under high vacuum. In reactions carried out in sealed tubes, the mixture must be at
rt before sealing for safety reasons, to avoid overpressure at high temperatures.

3.2 General Protocol for Catalysis

To a purged Schlenk flask or sealed tube under an argon atmosphere, the palladium precatalyst, ligand
and other solid reagents were added. Dry solvent was then introduced to the solid mixture, followed
by the addition of liquid reagents via syringe. If necessary, the syringe was flushed with clean, dry
solvent to ensure the complete transfer of the reagents.

With all the reaction components in the reaction flask, the mixture was heated to the corresponding
temperature. Progress was typically monitored by thin-layer chromatography (TLC); however, gas
chromatography-mass spectrometry (GC-MS) or nuclear magnetic resonance (NMR) spectroscopy
were occasionally employed. To quench the reaction, the mixture was cooled to room temperature
(20-25 °C) and filtered through a short pad of Celite® or Florisil®, using EtOAc for flushing. The
crude product was concentrated under reduced pressure and purified by flash column
chromatography to isolate the compound of interest.

3.3 Characterization of Compounds

All compounds were characterized using NMR (typically 'H, 13C and 2D experiments) and mass
spectrometry (exact mass measurement).

1H and 13C NMR spectra were recorded in CDCl; at 300 MHz or 500MHz (Varian) for substrates
and products. Carbon types were determined from DEPT or HSQC-NMR experiments. 2D-NMR
experiments (COSY, NOESY, HMBC and HMQC) were conducted, in addition to standard 1D-
NMR experiments. The stereochemistry of substrates, products and other compounds was
confirmed by nOe experiments, measured at 300 MHz, and reported as follows: H (irradiated)=> H
(observed), % enhancement. 'H NMR spectral data are reported as follows: chemical shift (d ppm),

2 Verdugo, F.; Villatino, L.; Duran, J.; Gulias, M.; Mascareias, J. L.; Lopez, F. Enantioselective Palladium-Catalyzed [3C
+ 2C] and [4C + 3C] Intramolecular Cycloadditions of Alkylidenecyclopropanes. ACS Cazal. 2018, 8, 6100-6105.
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multiplicity (s = singlet, d = doublet, t = triplet, ¢ = quartet, quint = quintet, dd = double doublet,
td = triple doublet, m = multiplet, br = broad), integration. Data for 13C is reported in terms of
chemical shift relative to the residual solvent peak. NMR spectra were analyzed using MestreNova®
processing software.

The exact mass of the compounds was acquired using electrospray ionization (ESI) and Atmospheric-
pressure chemical ionization (APCI) and were recorded at the CACTUS facility of the USC. Single-
crystal X-ray diffraction data were collected for some crystalline compounds using the CACTUS
facility of the USC. Structures were solved and refined using standard methods to determine
molecular geometry and confirm connectivity. Enantiomeric ratio (er) of the compounds was
determined on an Agilent HPLC 1100 Seties or a Jasco SFC 4000 series using commercially available
chiral columns.

3.4 Computational Details

All DFT calculations have been carried out with the software Gaussian 09.50 First, the geometries of
all complexes and other compounds were optimized using the B3LYP hybrid functional®!, applying
D3 version of Grimme’s dispersion (GD3)%? and ultrafine integration grids when specified, together
with the standard 6-31G(d) basis set for C, H, B, N, O, F, P and S; and the LANL2DZ basis set for
Pd, which includes the relativistic effective core potential (ECP) of Hay and Wadt and employs a split
valence (double-zeta) basis set.>> The possibility of different conformations was considered for all
structures. All stationary points were characterized by a frequency analysis performed at the same
level used in the geometry optimizations, from which thermal corrections were obtained at 298.15 K.
Then, single-point (SP) calculations of the optimized geometries were carried out using different
DFT functionals, M06>* and/or B3LYP hybrid functional with D3 version of Grimme’s dispersion
(GD3),°1:52 together with the 6-311++g(d,p) basis set for C, H, B, N, O, F, P and S; and the Stuttgart-
Dresden (SDD) ECP for Pd.>® In this case, a self-consistent reaction field (SCRF) method using the

4 Willcott, M. R. MestRe Nova. J. Am. Chem. Soc. 2009, 7131, 36, 13180.

50 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B.
Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. ]. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M.
Cossi, N. Rega, ]. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski,
G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski
and D. J. Fox, GAUSSIAN 09 (Revision C.01), Gaussian, Inc., Wallingford CT, 2010.

51 2) Becke, A. D. Density-functional exchange-energy approximation with correct asymptotic behaviour. Phys. Rev. 411988,
38, 3098. b) Lee, C.; Yang W; Parr, R. G. Development of the Colle-Salvetti correlation-energy formula into a functional
of the electron density. Phys. Rev. B 1988, 37, 785. c) Becke, A. D. Density-functional thermochemistry. III. The role of
exact exchange. J. Chem. Phys. 1993, 98, 5648. d) Stephens, P. ].; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab Initio
Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force Fields. J. Phys. Cherm.
1994, 98, 11623. ¢) Kohn, W.; Becke, A. D.; Patr, R. G. Density Functional Theoty of Electronic Structure. |. Phys. Chem.
1996, 700, 12974.

52 Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional
dispersion correction (DFT-D) for the 94 elements H-Pu. |. Chem. Phys. 2010, 732, 154104.

53 a) Hay, P. J.; Wadt, W. R. Ab initio effective core potentials for molecular calculations. Potentials for the transition metal
atoms Sc to Hg. J. Chem. Phys. 1985, 82, 270. b) Hay, P. J.; Wadt, W. R. Ab initio effective core potentials for molecular
calculations. Potentials for main group elements Na to Bi. J. Chem. Phys. 1985, 82, 284. c¢) Hay, P. ].; Wadt, W. R. Ab initio
effective core potentials for molecular calculations. Potentials for K to Au including the outermost core orbitals. J. Chem.
Phys. 1985, 82, 299.

54 Zhao, Y.; Truhlar, D. G. The MO0G6 suite of density functionals for main group thermochemistry, thermochemical kinetics,
noncovalent interactions, excited states, and transition elements: two new functionals and systematic testing of four M0G6-
class functionals and 12 other functionals. Theor. Chenm. Ace. 2007, 120, 215-241.

55 Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Energy-adjusted ab initio pseudopotentials for the first row transition elements.
J. Chem. Phys. 19817, 86, 866.
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SMD model®¢ has been employed in order to obtain the solvation-corrected relative free energies,
using corresponding solvent.

Gibbs free energies (AG) were used for the discussion on the relative stabilities of the considered
structures unless otherwise stated. Free energies were calculated using the gas phase standard state
concentration (1 atm = 1/24.5 M), by the combination of the thermal correction calculated during
geometry optimization and the SP energies. In general, the lowest energy conformer for each
calculated stationary point was considered in the discussion of calculated selectivity. Connection
between all transition states with their corresponding minima were confirmed performing Intrinsic
Reaction Coordinate (IRC) studies.>’

Natural Bond Orbital (NBO) analysis was conducted using the NBO 7.0 program® and Gaussian 9
as an interface. The outcomes were visualized using Multiwfn 3.8.5

Regarding the naming of stationary points in the energetic profiles, minima will be generally
designated as “I” (intermediate), followed by the corresponding number; while transition states will
be labeled as “T'S” (transition state), followed by the numbers of the connected minima. For clarity
and convenience, the numbering of stationary points will restart in each chapter.

5 Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal Solvation Model Based on Solute Electron Density and on a
Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B.
2009, 773, 6378.

57a) Hratchian, H. P.; Schlegel, H. B. Accurate reaction paths using a Hessian-based predictor—corrector integrator. J. Chem.
Phys. 2004, 720, 9918-9924.; b) Hratchian, H. P.; Schlegel, H. B. Using Hessian updating to increase the efficiency of a
Hessian-based predictor-corrector reaction path following method. J. Chens. Theory Comput. 2005, 1, 61—69.

38 Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; Bohmann, J. A.; Morales, C. M.; Karafiloglou, P.;
Landis, C. R.; Weinhold, F. Theoretical Chemistry Institute, University of Wisconsin, Madison, 2018.

59 a) Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580-592.; b) Lu, T. A
comprehensive electron wavefunction analysis toolbox for chemists, Multiwtn. J. Chew. Phys. 2024, 161, 082503.
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Results and Discussion. Section 4.1

4.1.1 Precedents

4.1.1.1 Relevance of pyrrolidine scaffolds

Nitrogen-containing heterocycles are of immense importance in medicinal chemistry, due to their
presence in the structural core of a wide range of biologically active molecules.® Among these, five-
membered heterocycles, particularly saturated systems like pyrrolidines, are highly relevant in drug
discovery. These structures offer a higher structural diversity compared to more common aromatic
planar compounds, such as pyrroles. In addition, the possibility of exploring the three-dimensional
space around their core due to the sp> nature of the carbons opens many possibilities in chemistry
and medicine (Figure 9).!

OH
v 0
NH
§ )on
MeO
OMe
Atrasentan Vochysine Dusuanlansine A
(Anti-cancer activity) (Drug intermediate) (Natural product from Pleione
bulbocodioides)
COH O
N P
N h
H H Me CO.H
Jamtine Telaprevir Raprimilat
(Antihyperglycemic activity) (Antiviral drug for Hepatitis C virus) (Angiotensin-Converting

Enzyme Inhibitor)
Figure 9. Biologically relevant molecules containing functionalized pyrrolidine scaffolds.

Despite the number of synthetic strategies already available for constructing these scaffolds, many of
them involve multistep processes. Therefore, the development of efficient, versatile, direct and
practical catalytic approaches to these scaffolds is of primary relevance. In this context, transition-
metal catalyzed cycloadditions are particularly valuable because of their ability to create cyclic
structures from accessible acyclic precursors, often with high regio- and stereocontrol. The following
section summarizes the most relevant precedents in this theme.%?

00 2) Pozharskii, A. F.; Soldatenkov, A. T.; Katritzky, A. R. Heterocycles in Life and Society: An Introduction to Heterocyclic Chemistry,
Biochemistry and Applications; John Wiley & Sons: 2011.; b) Blakemore, D. C.; Castro, L.; Churcher, I; Rees, D. C.; Thomas,
A.W.; Wilson, D. M.; Wood, A. Organic Synthesis Provides Opportunities to Transform Drug Discovery. Naz. Chem. 2018,
10, 4, 383-394.; ¢) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the Structural Diversity, Substitution Patterns, and
Frequency of Nitrogen Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med. Chem. 2014, 57, 10257-10274.
01 Li Petti, G.; Raimondi, M. V.; Spano, V.; Holl, R.; Barraja, P.; Montalbano, A. Pyrrolidine in Drug Discovery: A Versatile
Scaffold for Novel Biologically Active Compounds. Top Curr Chem (7)) 2021, 379, 34.

62 Nakamura, I.; Yamamoto, Y. Transition-Metal-Catalyzed Reactions in Heterocyclic Synthesis. Chen. Rev. 2004, 704, 5,
2127-2198.
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4.1.1.2 TMC azacycloadditions of ACPs and related three-carbon precursors

Palladium-trimethylenemethane (TMM) species

Pd-trimethyenemethane (TMM) intermediates have been proposed to participate as 3C units in a
broad variety of (3+n) cycloadditions. Among them, the generation of pyrrolidine systems through
their annulation with different imines stands out as one of the most remarkable processes. The initial
examples were described by Trost in 1993, using a TMM precursor , N-tosylimines as partners and a
catalyst based on Pd(OAc)z and P(OPr); (Scheme 59).63 The Pd-TMM species I, undergoes a 1, 2-
addition to the imine, generating the zwitterionic species II which evolves to the corresponding
pyrrolidine by an intramolecular interception.

Pd(OAc), (10 mol%)
\)L/ JTs P(O'Pr); (60 mol%) &
+ /=N
AcO ™S / Toluene, 110 °C, 4 h N

Ar Ts

Ts
/
/—N
= —_—

® _ \
[Pd9] ~ > . LN N
[Pd”] ! [Pd”]_ ,>_/7 Ts

1 1}
Scheme 59. Pd-catalyzed intermolecular (3+2) between TMM precursors and imines.

In 2007, the same group developed an asymmetric protocol by using the catalyst derived from
CpPd(n3-CsHs) and the phosphoramidite ligand (R,R,S)-L3 (Scheme 60).9 Remarkably, both IN-
Boc or N-Tosyl imines were suitable partners and chiral pyrrolidines with up to two stereocenters
could be generated with excellent diastereo- and enantioselectivities. Moreover, few N-Ts ketimines
participate in the process, leading to pyrrolidines bearing a-quaternary chiral centers.

OO 2-Napht

Q
P-N
O o [(R,R,S)-L3,
2-Napht 10 mol%)]
ACQ%L/TMS A CpPd(n3-C3Hs) (5 mol%) R
. —
i R,ﬁ Ts Toluene, -15to0 45 °C, 4 h ar TN
R' Ts
R =-H, -CN R' = -H, alkyl 43 t0 99%

70 to 99% ee

Scheme 60. Asymmetric Pd-catalyzed intermolecular cycloaddition between TMM precursors and imines.

In subsequent years, Trost reported different Pd(0) catalysts derived from CpPd(n*-CsHs) and
diamidophosphite ligands, that promote the cycloaddition between aldimines and more sophisticated
TMM precursors, bearing alkyl or electron-withdrawing groups, leading to highly substituted
pyrrolidines with excellent selectivities (Scheme 61a).95 Other groups further contributed to the field
with related examples. Thus, Kim and coworkers reported a Pd-catalyzed (3+2) cycloaddition of

03 Trost, B.M.; Marrs, C. M. A [3+2] cycloaddition and [4+3] cycloaddition approach to N-heterocycles via palladium-
catalyzed TMM reactions with imines. J. Am. Chem. Soc. 1993, 115, 15, 6636-6645.

¢4 ) Trost, B.M,; Silverman, S. M., Stambuli, J.P. Palladium-Catalyzed Asymmetric [3+2] Cycloaddition of
Trimethylenemethane with Imines. J. Am. Chem. Soc. 2007, 129, 41, 12398-12399.; b) Trost, B.M.; Silverman, S. M.
Enantioselective Construction of Pyrrolidines by Palladium-Catalyzed Asymmetric [3 + 2] Cycloaddition of
Trimethylenemethane with Imines. J. Am. Chem. Soc. 2012, 134, 10, 4941-4954.

05 a) Trost, B.M.; Lam, T. M.; Herbage, M. A. Regio- and Enantioselective Synthesis of Pyrrolidines Bearing a Quaternary
Center by Palladium-Catalyzed Asymmetric [3 + 2] Cycloaddition of Trimethylenemethanes. J. An. Chem. Soc. 2013, 135, 7,
2459-2461.; b) Trost, B.M.; Wang, Y.; Hung, C.I. Use of a-trifluoromethyl carbanions for palladium-catalysed asymmetric
cycloadditions. Naz. Chem. 2020, 12, 294-301.
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TMM precursors and cyclic sulfamate-derived imines, using a Pd(0)-phosphoramidite catalyst
(Scheme 61b).%¢

a) Trost 2020 Ph \/Y Ph

N0 0N (L4, 5 mol%)

. l/—" ;
Ot -
\)L/ R CpPd(n3-C3Hs) (3.5 mol%) R
+ =N
R ™S A/‘ THF, rt, 24 h N
Ar R’
R = CF3, CHF,, Arg R'= Cbz, Boc 82 to 99% (up to 50:1 dr)

up to 99% ee

b) Kim 2021 OO Ph
0 e

P-N
. oor
Ph (L5, 11 mol%)
ACO\)&/TMS = ‘ SN Pd,(dba); (2.5 mol%)
+ o |

SO, Toluene, 30-60 °C, 20 h

R = H, Ar, styrene 71 to 99%
Scheme 61. Pd(0)-catalyzed (3+2) cycloadditions between TMM precursors and imine partners.

Vinyl cyclopropanes

Vinyl cyclopropanes (VCPs) have been used as 3C synthons in several TMC cycloadditions leading
to pyrrolidine scaffolds. In 2018, Vitale developed a diastereoselective (3+2) cycloaddition between
VCPs and various N-sulfonyl aldimines, such as tosylimines and sulfamate-derived imines. This
reaction employed a catalyst generated iz sitn from Pda(dba);* CHCl; and dppe, providing access to
functionalized pyrrolidines with excellent yields and diastereoselectivities (Scheme 62).972 The
reaction begins with the insertion of the Pd(0) catalyst into the cyclopropyl ring to form the
palladacyclobutane I, which undergoes a migratory insertion of the imine towards the m-allyl Pd
species II. Finally, an intramolecular nucleophilic attack delivers the product.

7
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R =-CN, -CO5R, -COR 77 to 99%

up to >50:1 dr

Ko}
5 X
0 ] ‘ —R' (0]
+[Pd"] N Pz -[Pd9
_—

Scheme 62. Pd(0)-catalyzed (3+2) cycloaddition between VCPs and N-sulfonyl aldimines.

% Choi, S.; Kim, K. D.; Park, J.; Xuan, Z.; Kim, J. H. Pd-catalyzed [3 + 2] cycloaddition of cyclic ketimines and
trimethylenemethanes toward N-fused pyrrolidines bearing a quaternary carbon. RSC Adp. 2021, 72, 785-789.

7 a) Ling, ].; Laugeois, M.; Ratovelomanana-Vidal, V.; Vitale, M. R. Palladium(0)-Catalyzed Diastereoselective (3+2)
Cycloadditions of Vinylcyclopropanes with Sulfonyl-Activated Imines. Syn/erz 2018, 29, 2288-2292.; b) Wang, Q.; Wang, C.;
Shi, W.; Xiao, Y.; Guo, H. Pd-Catalyzed diastereoselective [3 + 2] cycloaddition of vinylcyclopropanes with sulfamate-
derived cyclic imines. Ozg. Biomol. Chen. 2018, 16, 4881—-4887.
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One year later, Liu reported an asymmetric (3 + 2) cycloaddition of imines and VCPs bearing a
geminal diester group (Scheme 63).9 The catalyst derived from Pd(dba), and the chiral
phosphoramidite (8)-L6 can promote the annulation with isatin derivatives, whereas the use of
(S,R,R)-L7 as ligand enabled the reaction with N-sulfonyl aldimines. The transformation generally
provides good yields and high enantioselectivities, but modest diastereoselectivities.
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Scheme 63. Asymmetric Pd(0)-catalyzed (3+2) cycloaddition between VCPs and imines.
Vinyl aziridines

Arziridines can be used as nitrogen-containing three-atom partners in TMC cycloadditions to build 5-
membered azacycles. In particular, Zhang developed in 2016 a Rh(I)-catalyzed stereoespecific (3+2)
cycloaddition between allenes and enantioenriched vinyl aziridines (Scheme 64).9° Curiously, the
reaction with monosubstituted allenamides resulted in 3-methylene-pyrrolidines (Scheme 64, /f),
while the use of 1,3-disubstituted allenes led to 2-methylene-pyrrolidines (Scheme 64, righ?). Both
processes afforded chiral pyrrolidines with very good yields and enantioselectivities, but the need of
enantioenriched substrates is an important drawback of the method. Mechanistically, the authors
proposed an oxidative addition of the aziridine C-N bond to the rhodium catalyst, generating the
rhodaazetidine intermediate I. A migratory insertion, either through the Rh—C bond (lkf side,
allenamides) or the Rh—N bond (rght side, disubstituted allenes), would lead to the rhodacyclic
intermediates II and III, which eventually deliver the pyrrolidine products after a reductive
elimination.

08 Huang, X.-B.; Li, X.-].; Li, T.-T.; Chen, B.; Chu, W.-D.; He, L.; Liu, Q.-Z. Palladium-Catalyzed Highly Enantioselective
Cycloaddition of Vinyl Cyclopropanes with Imines. Ozg. Letz. 2019, 217, 6, 1713-1716.

© Lin, T.; Zhu, C.; Zhang, P.; Wang, Y.; Wu, H.; Feng, J.; Zhang, ]. Regiodivergent Intermolecular [3+2] Cycloadditions of
Vinyl Aziridines and Allenes: Stereospecific Synthesis of Chiral Pyrrolidines. Angew. Chem. Int. Ed. 2016, 55, 10844—10848.
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R3
X ‘ 5, 6
X N. R4 R A\ R
R2 [Rh(NBD),|BF 4 (5 mol%) [Rh(NBD)CI], (5 mol%) R2
) AgOTf (10 mol%) 2 AgOTf (10 mol%)
R® R
N ’N DCE, 0 °C, 15 min N—R Acetone, 0°C, 2 h
R
62 to 94% 86 to 99% ee 42 t0 94%
86 to 98% ee 83 to 98% ee
+[Rh'
-[Rh'] [Rn1 ] -[Rh']
'\?3 f%
) AN 5 gy
,33 .\/N\Rél ” R o
R2- Rh||| RS
2 .*‘N\ 4 N
R n : $h|” L 6
nyRh 1N "
R R!

Scheme 64. Rh(I)-catalyzed (3+2) cycloaddition between vinyl aziridines and allenes.

In 2018, Campagne reported a Pd(0) catalyzed (3+2) cycloaddition between vinyl aziridines and
sulfamate-derived cyclic imines to give cyclic imidazolidines in good yields and excellent
diastereoselectivities (Scheme 65, /f?).”0 The reaction was proposed to involve a C-N oxidative
addition, followed by a migratory insertion of the imine to generate the m-allyl Pd complex I. An
eventual interception of this electrophilic species delivers the cycloadduct. In 2018, the same group
developed an asymmetric variant using a Pd catalyst comprising the chiral phosphoramidite (K)-L8,
and AcOH as additive (Scheme 65, righ?).”! Both diastereo- and enantioselectivities were highly
dependent on the vinyl aziridine substitution.

Me

OO Me
0,S OO [(R)-L8,
R 02570 NQ\Q Me 12 mol%] R 02570

//\’[N@R' Pd(PPhs)s (10 mol%) ) Pd,(dba);-CHCl; (2.5 mol%) //\[N>/®

N 1 — LiCl (2 equiv.) R AcOH (10 mol%) N H O
\ THF, rt = Toluene, -30 °C ;
Ts /\éN*Ts Ts
40 to 96% R =H, alkyl 83 to 90%
up to >20:1 dr 13 t0 90% ee
Via: up to 9:1dr
=3 ,R‘ /\\ //\
1Ty o O
Pd"
N™ -~ |
|
| Ts 0\
R’

Scheme 65. Pd(0)-catalyzed (3+2) cycloaddition between vinyl aziridines and cyclic derived-sulfamate imines.
Alkylidenecyclopropanes

While most TMC cycloadditions of ACPs so far described lead to carbocycles, ACPs can also
participate in TMC cycloadditions to form five-membered heterocyclic adducts. A relevant precedent
to this PhD work, briefly mentioned in the Infroduction (see Scheme 49, page 40), is the formal (3+2)

70 Spielmann, K; Lee, A. v. d; de Figueiredo, R. M.; Campagne, J. Diastereoselective Palladium-Catalyzed (3 + 2)-
Cycloadditions from Cyclic Imines and Vinyl Aziridines. Org. Lezt. 2018, 20, 1444-1447.

"1 Spielmann, K.; Tosi, E.; Lebrun, A.; Niel, G.; van der Lee, A.; de Figueiredo, R. M.; Campagne, J. Vinyl-aziridines and
cyclopropanes in Pd-catalyzed (3+2)-cycloaddition reactions with cyclic N-sulfonyl imines. Tetrabedron 2018, 74, 6497—-6511.
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cycloaddition between ACPs and N-tosyl imines, reported by Yamamoto in 2001 (Scheme 66).5
Using Pd(PPhs)s and triphenylphosphine oxide as catalyst, the reaction affords functionalized
pyrrolidine scaffolds in good yields. However, the method holds important limitations, such as the
need of high temperatures, the use of excess of the ACP, and it has a very limited scope, being
restricted to aromatic aldimines and alkyl-disubstituted ACPs. Furthermore, when the ACP
precursors contain different substituents, the process exhibits a complete lack of diastereoselectivity.
The authors proposed that the reaction proceeds through an initial insertion of the metal at the distal
C-C bond of the ACP to give palladacyclobutane I. This intermediate undergoes a metalloene
rearrangement with the imine, forming the m-allylic intermediate II, which is followed by a reductive
elimination to give the corresponding heterocycle. However, no mechanistic studies support the
proposed pathway, so alternative routes might also be plausible.

Pd(PPhs), (5 mol%) R
R;f < . ’\“CS P(O)Phs (10 mol%) -
R' Ar Toluene, 120 °C, 16 h N,
Ar Ts
2 equiv. 71 to 94%
RorR'= alkyl up to 1.3:1dr

-[Pd(0)]

+[Pd(0)] R%
—<_Pd"

Scheme 66. Pd(0)-Catalyzed intermolecular (3+2) Cycloadditions of ACPs and tosyl aldimines.

In 2004, the same group reported a Pd(0)-catalyzed (3+2) cycloaddition involving disubstituted ACPs
with 1,2-diazines (Scheme 67).72 Interestingly, the transformation afforded fused pyrroles, instead of
the expected exo-methylene cyclic scaffolds. However, the reaction offers a limited scope and requites
harsh conditions. The authors suggested an initial insertion of the Pd at the distal C—C bond of the
cyclopropane, followed by coordination with the diazine (I). Then, a 1,2-addition to the C=N bond
would lead to intermediate II, which evolves through a reductive elimination to ITI. A final oxidation
and aromatization step would yield the 5-azaindolizines, although specific details of the process were
not provided.

370h, B. H.; Nakamura, I; Saito, S.; and Yamamoto, Y. Palladium-catalyzed [3+2] cycloaddition of alkylidenecyclopropanes
with imines. Tetrahedron 1ett. 2001, 42, 6203-6205.

72 Yamamoto, Y.; Nakamura, L; Siriwardana, A. I. Synthesis of 5-Azaindolizine Derivatives by the Palladium-Catalyzed
Intermolecular Formal [3+2] Cycloaddition of Alkylidenecyclopropanes with 1,2-Diazines. J. Org. Chem. 2004, 69, 9, 3202—
3204.
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Scheme 67. Pd(0)-catalyzed intermolecular (3+2) cycloadditions of ACPs and 1,2-diazines.
4.1.1.3 Other annulations of ACPs leading to pyrrolidine scaffolds

In addition to TMC cycloadditions with ACPs, other annulation methods that proceed in a stepwise
manner can provide five-membered azacycles. An interesting example was reported by Shi in 2006,73
who used a cationic gold catalyst to promote a formal (4+1) annulation between ACPs and primary
tosyl amines (Scheme 68). The suggested mechanism starts with the activation of the olefin precursor
by the gold catalyst and the subsequent nucleophilic attack of the amine to form intermediate II.
After protodemetallation, the complex IIT undergoes an intramolecular cyclization to reach I'V, which
protodeaurates to give the pyrrolidine product.

R Au(PPh3)CI (5 mol%) R)(j
()
—<] TeNH, AgOTf (5 mol%) R

+ N
R' Toluene, 85 °C Ts
34 to 76%
l +Au] T -Au]
[Au]
RIAUI '/_T;\l Ho R [Au] RIAUIH R
=] — )= — )= — R
R’ R’ R’ N
I I NHTs n NHTs Ts IV

Scheme 68. Au(l)-catalyzed intermolecular (4+1) annulation between ACPs and tosylamides.

In 2011, Wu reported a Cu(I)-catalyzed annulation of alkyne-bearing ACPs and azides, which affords
fused indolines (Scheme 69).7* The reaction proceeds under mild conditions, although the scope is
very narrow. Mechanistically, a copper-catalyzed click annulation to give species I was proposed as
first step. Then, the release of Nz leads to ketimine II, which undergoes a 6m-cyclization and an
eventual rearrangement, to deliver the indoline. Notably, the metal is only involved in the click
transformation and does not participate in the subsequent steps.

73 Shi, M. Liu, L.-P; Tang, ]. Gold(I)-Catalyzed Domino Ring-Opening Ring-Closing Hydroamination of
Methylenecyclopropanes (MCPs) with Sulfonamides: Facile Preparation of Pyrrolidine Derivatives. Org. Lert. 2006, 8, 18,
4043-4040.

74 a) Li, S;; Luo, Y.; Wu, J. An Efficient Approach to Fused Indolines via a Copper(I)-Catalyzed Reaction of Sulfonyl Azide
with 2-Ethynylaryl Methylenecyclopropane, Org Lesz. 2011, 73, 3190-3193.; b) Li, S.; Li, Z.; Wu, J. Synthesis of
Benzoindolines via a Copper-Catalyzed Reaction of 1-Bromoethynyl-2-(cyclopropylidenemethyl)arenes with IN-
Allylsulfonamide, Adp. Synth. Catal. 2012, 354, 3087— 3094,
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R R"SO,N; N
R Et;N R
‘\\ X Cul (5 mol%) ‘\\
= N Dioxane, rt, 6 h = N
e
R=H, Me 34 to 76%
[Cu]
R"SO,N;

R R R
N . 7
-N2 AL onre
AN\R - NR"
I N=N I I

Scheme 69. Cu(I)-catalyzed (3+2) annulation between ACPs and alkynes.
4.1.1.4 Precedents from our group

As mentioned in the Infroduction (see Scheme 52, page 47), our group explored the viability of
intramolecular (3+2) cycloadditions of ACPs bearing a tethered oxime ether.

Therefore, Dr. Verdugo discovered that the catalyst generated from Pda(dba); and the
phosphoramidite L9 atforded the bicyclic pyrrolidine 2a in 30% yield, along with dienic products 3a
and 4a, in 9% and 35% yield, respectively (toluene, at 110 °C for 4h, entry 1, Table 1). Notably, the
use of the bulky phosphite L1 provided the cycloadduct 2a in 60% yield, together with the diene 3a
in 18% yield (entry 2). In addition, the Pd-catalysts featuring RuPhos or BuXPhos ligands also
afforded the azacycle 2a in good yields (54% and 65% yield, respectively), together with varying
amounts of diene side products 3a and 4a (entries 3 and 4).

The influence of the oxime stereochemistry was assessed with the O-benzyl ether precursor 1b, using
Pdz(dba)s/L1 as catalyst. When using E-1b, the cycloadduct 2b was obtained in 62% yield (entry 5).
In contrast, the reaction with the Z precursor (Z-1b) was less efficient (37% of 2b, entry 6).
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Table 1. Selected screening conditions for the intramolecular Pd-catalyzed (3+2) cycloaddition of ACPs and
imine partners.?

Pdy(dba)s (6 mol%) H
% Ligand (13 mol%) ~ HJ\/

N Toluene, 110 °C, 4 h X 1 ’ N ' X~
1, X= C(CO,E), 2 3 4
Entry R Ligand 2 (%) 3 (%) 4 (%)
1 E-OMe, 1a L9 30 9 35
2 E-OMe, 1a L1 60 18 -
3 E-OMe, 1a BuXPhos 54 9 10
4 E-OMe, 1a RuPhos 65 - 35
5 E-OBn, 1b L1 62 28 -
6b] Z-OBn, 1b L1 37 9 -

[a] Conditions: 1, sz(dba) (6 mol %), ligand (13 mol %), dry toluene (0.05 M), Ar atmosphere, 110 °C.
Conversion of 1 >99%. [b] 75%Conv. of L.

L.
pcy2 P'Bu,
N(Pr), ’PrO olpr Pr Pr
¢

RuPhos Pr tBuXPhos

The formation of dienes of type 3 can be explained as shown in Scheme 70. The initially formed
palladacyclobutane I would isomerize to species II, which evolves via 3-hydride elimination to the
palladium hydride complex IIL. Finally, a reductive elimination yields the diene 3. This type of
competitive pathway has been previously described in related ACP cycloadditions;”> however, to the
best of our knowledge, the formation of diene side products of type 4 had never been reported in
any type of metal-catalyzed reactions of ACPs.

R — L 1<EPd] M )\)J\[Pd] — R/\)J\/H
3

[Pd] - [Pd]

Scheme 70. Formation of diene side products of type 3.

In addition, Dr. Verdugo preliminary explored an asymmetric version of the above cycloaddition.
Using the model substrate 1b, he found out that the catalyst generated from Pdx(dba); and
phosphoramidite (S,R,R)-L2, provided good results in toluene, using H O (5 equiv.) as additive.
Thus, E-1b afforded the cycloadduct 2b in 85% yield, with an excellent enantioselective ratio (94:6),
whereas its Z-isomer (Z-1b) led to 2b in 60% yield, but with a lower 70:30 er (Scheme 71).

75 a) Gulias, M.; Garcia, R.; Delgado, A.; Castedo, L.; Mascarefias, J. L. Palladium-Catalyzed [3 + 2] Intramolecular
Cycloaddition of Alk-5-enylidenecyclopropanes. J. Am. Chem. Soc. 2006, 128, 2, 384-385.; b) Milner, P. J.; Maimone, T. J.;
Su, M,; Chen, J.; Mueller, P.; Buchwald, S. L. Investigating the dearomative rearrangement of biaryl phosphine-ligated Pd(II)
complexes. . Am. Chem. Soc. 2012, 134, 19922— 19934,
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o. >—-w1-Napht

Ph O o )—1—Napht
[(S, R, R)-L2, 13 mol%]

_ P ’ Pd,(dba)s (6 mol%)
E Ny~OBn Toluene, H,0 (5 equiv)
110°C,4 h
E=CO,Et
E-1b:
Z-1b:

E TN
OBn

2b, 85% er 94:6
2b, 60% er 70:30

Scheme 71. Asymmetric conditions for the intramolecular (3+2) cycloaddition of ACPs and oxime ethers.
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4.1.2 Objectives

Based on these preliminary results, the first goal of the chapter was to further develop the Pd-
catalyzed intramolecular cycloaddition between ACPs and oxime derivatives.

/_/)> [Pd%] G//é
X —_— X

N

Scheme 72. Pd(0)-catalyzed intramolecular (3+2) cycloaddition of ACPs tethered to oxime ether partners.

Additionally, we aimed to uncover an intermolecular variant of these (3+2) azacycloadditions
that could show a higher scope and potential than that previously reported by Yamamoto (see
Scheme 66 and Scheme 67, page 70).

R? - Broader scope
R [Pd%] R1 A
2> — ﬂ * - ACPs as limiting reagent
R

-Asymmetric version
Scheme 73. Goals of Pd(0)-catalyzed intermolecular (3+2) cycloaddition between ACPs and imine partners.

Finally, considering the lack of mechanistic studies on hetero-cycloaddition reactions of ACPs, we
also aimed to carry out a DFT computational analysis to gain mechanistic insights.

T DFT studies
[Pd] r{
" [Pd]l T [Pd]
- t
;T [Pd] - I K "
- ‘:jﬂ\_" ' N ) . : (,_\/,‘l\\
NG L : i '
Pd] b [Pd]

Scheme 74. Mechanistic outline for the Pd(0)-catalyzed (3+2) azacycloadditions.
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4.1.3 Intramolecular (3+2) Aza-Cycloadditions

Part of this research was carried out in collaboration with Dr. Verdugo.

First of all, different cycloaddition precursors of type 1 were prepared. Substrates 1a and 1b were
synthesized following a protocol consisting of an initial Pd-catalyzed allylic substitution between the
diester derivative 5 and vinyl tosylate 6, subsequent acidic treatment to generate the aldehyde 7a, and
a final treatment with the corresponding O-alkylhydroxylamine hydrochloride, under basic conditions
(Scheme 75). Thus, 1a and 1b were obtained in good yields and E:Z ratios of 2:1. The synthesis of
the O-Bn aldoxime 1c, bearing a longer connecting tether between the ACP and the oxime ether, was
performed using the same strategy.

1.Pdy(dba 10mo|°/
2(dba)s ( 0) NchI

H O/ dppe (20 mol%) TsO /
E>|\)\ NaH, THF, 3 h = NaOAc E
e
E 0 2. pTsOH, Acetone:H,0 CHZC|2 r, 16 h E
reflux, 1 h \N«\OR
E = CO,Et E:Z Ratio 2:1
5 7a, 67% 1a (R=Me), 78%

1b (R=Bn), 72%
Scheme 75. Synthesis of the aldoxime precursors 1a and 1b.

We also prepared the ketoxime ether 1d, using the ketone 8a as nucleophile for the first Tsuji-Trost
reaction with tosylate 6. The condensation of intermediate 9a with the O-methylhydroxylaminium
salt gave the precursor 1d as a pure E isomer.

=/ 6

O.

Pd,(dba)s (2 mol%) Me” " "NH;Cl
H / /
E dppe (4 mol%) NaOAc
E>§_< E _ ek E
o NaH, THF, 3 h E CH,Cly, 1t, 16 h E (
o) N~ OMe
8a, E = CO,Me 9a, 81% 1d, 66% E:Z Ratio 1:0

Scheme 76. Synthesis of the ketoxime precursor 1d.

Precursor le was prepared from ethyleneglycol and tosylate 6 through a related approach, including
the oxidation of the intermediate alcohol 10 under Swern conditions (Scheme 77). The resulting
highly volatile aldehyde was used without further purification in the condensation with O-
methylhydroxylamine hydrochloride to afford le in 57% yield (E:Z ratio 2:1).

=/ 6

1. Oxalyl Chloride, DMSO
Pdy(dba); (10 mol%) /\/} Et;N y
dppe (20 mol%) CHCly rt1h

OH —_———> 0
HO™ o!
NaH, THF, 3 h " oH 2. MeO—NH;,Cl, NaOAc \
CHCly, 1t, 16 h N OMe
10, 71% 1e, 57% E:Z Ratio 2:1

Scheme 77. Synthesis of the oxime precursor le.

The synthesis of a nitrogen-based analogue (1f) was carried out from NHTsBoc (Scheme 78). After
an initial Tsuji-Trost reaction with tosylate 6, the Boc group was thermally removed to give tosylamine
11. Next, a second alkylation with 2-bromo-1,1-dimethoxyethane led to the expected acetal, which
was hydrolized to give the aldehyde 7b. A condensation with O-methylhydroxylamine hydrochloride
yielded the oxime precursor 1f in 71% yield (E:Z ratio 1.3:1).
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O_
1.Pdy(dba)s (10 mol%) Br’ :O—
dppe (20 mol%) T337A /
Ts. .H NaH, THF, 3 h —/6 // 1. NaH, DMF, 100 °C, 16 h
N TsN
Boc 2.DMSO,180°C,1h TsHN 2. pTsOH, Acetone:H,0 \
reflux, 1 h (o)
1,61% 7b, 60%
PN /\/A
Me NH3Cl | NaOAc
TsN S .OM
CH,Cly, 1t, 16 h A T

1f, 71% E:Z Ratio 1.2:1
Scheme 78. Synthesis of the oxime precursor 1f.

4.1.3.1 Pd-catalyzed cycloadditions

With the substrates in hand, we explored the cycloadditions using the catalysts generated from
Pdz(dba)s and either phosphite L1 or RuPhos, in toluene under heating (Table 2).

The treatment of the E-1a with Pdz(dba)s;/L1 at 90 °C, afforded the bicyclic product 2a in 47% yield,
alongside diene 3a in 26% yield (entry 1). Employing RuPhos as ligand, instead L1, the cyclic
compound 2a was obtained in 65% vyield, together with the diene 4a in 35% yield (reaction
temperature 110 °C, entry 2). Curiously, the best result was obtained when using the E:Z ratio directly
obtained from the condensation (E:Z = 2:1). Heating this mixture at 90 °C with the Pd(0) catalyst
made from L1, the fused pyrrolidine 2a was isolated in 70% yield, together with the diene 3a in 28%
yield (entry 3).

In addition, the treatment of the O-benzyl analogue 1b (E:Z = 2:1) with Pdx(dba)s;/L1 at 90 °C,
provided the bicyclic system 2b in 69% yield, together with the diene 3b in 20% yield (entry 4).

Then, precursor 1c, bearing a longer connecting tether between the reactants, was tested using the
Pd(0)-catalyst derived from L1, at 110 °C. The reaction proceeded with high conversion, but we only
detected small amounts of diene 3¢ (12%, entry 5). Employing RuPhos as ligand, we observed full
conversion, but only the diene 4c was obtained (entry 6). Similarly, reactions of the ketoxime ether
1d only afforded the dienes 3d [6%, with Pd(0)-L1, entry 7] and 4d [60%, Pd(0)-RuPhos, entry §].

On the other hand, reactions of substrate le, containing an oxygenated tether, led to high
consumption of the precursors but neither cycloadducts nor diene products were detected (entries 7
and 8). A similar result was observed when the precursor 1f, which features a nitrogenated tether, was
tested with Pdz(dba)s/L1 (entry 9), whereas the use of RuPhos as ligand led to the diene 4f in 35%
yield (entry 10).

All these reactions were also explored in different solvents and at lower temperatures but,
unfortunately, these conditions generally provided partial conversions of starting materials and only
diene products of type 3 and/or 4. Therefore, we can conclude that the scope of the method is limited

to a very narrow range of precursors.
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Table 2. Scope of the intramolecular (3+2) cycloaddition using L1 and RuPhos.k

/_/)> Pd,(dba); (6 mol%) H /_>\* f(
L1 or RuPhos (13 mol%)
X R
N

M Toluene, 90 or 110 °C, 4-6 h (\-;—<\ ( - \
" N-OR R N~OR N
OR
1(EorZ2) 2 3 4
Entry Substrate T (°C) Ligand Conv. (%) 2/3/4%)
1 . & 90 L1 100 2a,47 / 3a, 26
E \N OMe
2 £ 110 RuPhos 100 2a, 65 / 4a, 35
-1a
. Y
3 E X «OMe 90 L1 100 22,70 / 3a,28
N
(E:Z 2:1)-1a
. Y%
4 E X OB 90 L1 100 2b, 69 / 3b, 20
N
(E:Z2:1)-1b
5 ><i 110 L1 75 3¢, 12
E . 0OBn
£ N
6 110 RuPhos 95 4c, 95
(E:Z1.1:1)1
7 / 110 L1 76 3d,6
Er
Me
. \
8 N-OMe 110 RuPhos 100 4d, 60
(E:Z1:0)-1d
9 /\/} 110 L1 84 -
o
\/\\N¢0Me
10 110 RuPhos 92 -
(E:Z1.1:1)-1e
11 /\/% 110 L1 100 -
TsN
\/\\N.rOMe
12 110 RuPhos 100 4f, 35
(E:Z1.1:1)1f

[a] Conditions: 1, Pdz(dba)s (6 mol %), L (13 mol %), dry toluene (0.05 M), Ar atmosphere, T. E = COzEt,

E’ = CO;Me.
®
olp _ PCy,
'PrO O'Pr
O

L1 RuPhos
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Despite this poor scope, we decided to test asymmetric variants. Therefore we tested the reaction of
precursors E-1 using Pd»(dba); (6 mol%) and (S,R, R)-L2 (13 mol%) in refluxing toluene, in presence
of 5 equivalents of water as additive (Table 4).7¢ As mentioned in the Precedents, treatment of the O-
benzyl substrate 1b under these conditions led to 2b in 85% yield, and 88% ee (entry 1). Gratifyingly,
the use of the O-methyl analogue E-1a, under identical catalytic conditions, provided the product 2a
in 90% yield, and 94% ee (entry 2).

However, we also encountered problems when trying to expand the scope of the asymmetric version.
Using Pdz(dba)s/ (S, R, R)-L2 as catalyst, substrates with longer tethers, such as E-1c; the ketoxime
E-1d, or precursors like E-le or E-1f, which bear alternative connecting chains, resulted in low
conversions, and the desired cycloadducts were not observed (entries 3-6). Moreover, reactions
conducted at higher temperatures (130 or 150 °C) only led to a higher consumption of the precursors
(1), but none of the expected cycloadducts were formed.

Table 3. Scope of the asymmetric (3+2)-cycloaddition between ACPs tethered to oxime ethers.[

Ph O o. >~“1-Napht
P—N

Ph O o )<1—Napht
/_/)> ’ [(S, R, R)-L2, 13 mol%] H
Pd,(dba); (6 mol%)
X

X R
(S Toluene, H,O (5 equiv) CTEN
N-~OR 110 °C, 4 h R' OR
E-1 2
Entry Substrate Conv. (%) 2 (%) ee (%)

1 Eg E-1b 100 85 38
E XN _OBn

2 E>CiA E-la 100 90 94
E X _OMe

N
N
M

/
3 %ﬁ
E

0Bn E-1c 20 0 -
N
/
4 E e E-1d 10 0 -
E
\
N—-OMe
Y
5 o E-le 15 0 -
NN -OMe
/\/%
6 TsN E-1f 25 0 -
\/\\N/OMe

[a] Conditions: 1, Pdz(dba); (6 mol %), (S,R,R)-L2 (13 mol %), dry toluene (0.05 M), Ar atmosphere, 110
°C. E = COEt, E’ = CO;Me.

76 The asymmetric scope was mainly explored by Dr. Verdugo.
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These results confirm the problems for performing the desired cycloadditions, likely because of the
difficulties associated to the migratory insertion of the oxime ether, as in most of the cases we
observed dienic by-products as a result of the exclusive reactivity of the ACP moiety, or
decomposition of the precursor. To favor the migratory insertion step and promote the formation
of cycloadducts of type 2, we considered the use of Lewis and Brensted acid additives, to activate the
oxime partner. Additionally, we also explored the use of oxime ethers bearing electron-withdrawing

groups.

Screening of acidic additives

These assays were catried out with methyl oxime 1a, using as catalytic system Pdz(dba);/L1, and
heating the mixtures at 80 °C. Unfortunately, the formation of the desired cycloadduct was not
observed. Apparently, the additives deactivated the Pd catalyst, resulting in varying degrees of la
consumption (Table 4).

Table 4. Screening of Lewis and Bronsted acids using Pdz(dba)s and L1.1

Bu

T
Bu s (L1, 13 %mol) H
Y Pd,(dba); (6 mol%) —
X +
N

X\/\\ ,OMe (0.5 equiv.) { X\/\\ .OMe
N Toluene, 80 °C, 3 h H OMme
(E:Z2:1)1a 2a 3a
X=C(CO,Et),
Entry Additive Conv. (%) 2a (%) 3a (%)
1 - 75 50 20
2 NiClO4 6H20 8 - -
3 Al(Me)s 100 10 -
4 Cu(OTf)> 10 - -
5 InCl3 15 - -
6 Sc(OTH); 26 - -
7 B(OMe); 15 - 10
8 Thiourea 45 - -
9 p-TsOH-H,O 20 <5 <5
10 (R)-CPA 12 - 12

[a] Conditions: 1a, Pdz(dba); (6 mol %), L1 (13 mol %), dry toluene (0.05 M), Ar atmosphere,

80 °C.
IBU tBu OO
(0]
S \P:/O
)L -~ "OH
[ § o
Bu N N Bu
H H

Thiourea (R)-CPA

In addition, the reaction of the oxime ether 1a was studied using the catalyst generated from Pdx(dba);
and RuPhos, at 80 °C, in presence of various additives (T'able 5). Disappointedly, we again observed
low consumption of 1a and only small amounts of cycloadduct 2a.
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Table 5. Additives screening using Pdz(dba); and RuPhos. !

I PCy,

iPro o'Pr
O (RuPhos, 13 %mol)

H
/\/A Pd,(dba); (6 mol%) Hj\%
X +
X (0.5 equiv.) N Xy -OMe

N OMe Toluene, 80 °C, 4 h H oMme

(E:Z1.5:1)-1a 2a 4a

X=C(CO,Et),

Entry Additive Conv. 1a (%) 2a (%) 4a (%)
1 - 26 <5 <5
2 FeCls 32 - -
3 DMF 13 <5 <5
4 NiClO4 6HO 12 - -
5 DMA 20 <5 <5
6 Cu(OTH), 22 - -
7 InCl3 38 - -
8 B(OMe); 11 10 -

[a] Conditions: 1a, Pdx(dba); (6 mol %), RuPhos (13 mol %), dry toluene (0.05M), Ar
atmosphere, 80 °C.

Use of electron deficient oxime ethers

To check whether we could increase the reactivity of the oxime partner, we prepared the acetyl oxime
1g, and the oxime ethers 1h and 1i, bearing a trifluoromethylethyl group (-CH2CF3). For the synthesis
of 1h and 1i, we first prepared the O-(2,2,2-trifluoroethyl)hydroxylamine hydrochloride 12 (Scheme
79).

After the triflation of trifluoroethanol, a reaction with N-hydroxyphtalimide provided 13 in 66% yield.
A subsequent deprotection with hydrazine, followed by treatment with HCI, afforded the O-alkyl
hydroxylammonium chloride 12 in 82% yield.

0
N-OH
o cr Tf,0, EtsN o e DIPEA o) CF,
’ 2h ’ CH,Cl, 3h PhthN—-O
89% 13, 66%
NH,NH,-H,0 cl
+ /CFs
CH,Cly:CH30H 10:1 HsN-0
2h 12, 82%

Scheme 79. Synthesis of the electron deficient hydroxylammonium salt 12.

The oxime precursors 1g, Th and 1i were prepared following the procedure previously used for the
synthesis of 1a and 1f (see Schemes 76 and 78, page 76 and 77), by condensing the corresponding
aldehydes with the hydroxylammonium salts (Scheme 80).
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_O.
R™7NH,CI
/\/A NaOAc /\/A
X
NN CH,Cl,, rt, 16 h NN
O N
1
VY Vi /\/A

EtO,C EtO,C TsN
Et0,C \NNOAC EtO,C \Nﬂo\/CF3 \/\\NJ*‘O\/CF3
19, 51% E:Z Ratio 2.5:1 1h, 51% E:Z Ratio 2:1 1i, 74% E:Z Ratio 2:1

Scheme 80. Synthesis of oxime ether precursors 1g-i.

The reaction of the O-acetyl oxime precursor 1g with the catalyst generated from Pdx(dba); and L1,
in toluene at 110 °C, unexpectedly delivered the nitrile derivative 14g, as only observed product (20%
yield). Its formation can be explained by assuming a favored insertion of the palladium(0) catalyst
into the oxime N-O bond, and a subsequent 3-hydride elimination to deliver 14g. Related insertions

of low valent metal catalysts in the N-O bonds of oxime esters have been previously reported.”

Bu

Jo sl
Bu

5 (L1,13 %mol)

/
Et0,C 7 Pd,(dba)s (6 mol%) E10,C
EtO.C N ~OAC Toluene, 110 °C, 4 h EtO,C =N
E-g 14g, 20%

EtO,C
Ox. Addition | EtO2C SN—[Pd]—OAc p-H Elim.

Scheme 81. Pd-catalyzed intramolecular cycloaddition using acetyl oxime E-1g as substrate.

Next, we evaluated the efficiency of the O-CH2CF; oxime ether 1Th (Table 6). The reaction of an
equimolar E:Z mixture of this precursor with the Pd catalyst generated from Pdx(dba); and L1, in
toluene at 90 °C, afforded the desired cycloadduct 2h in 16% yield, together with the side-diene
product 3h (33% yield, entry 1, Table 6). Curiously, when using exclusively the E-isomer (E-1h) at
90 °C, the reaction was fully selective towards the diene 3h, which was isolated in 59% yield (entry
2). Carrying out the same reaction at a higher temperature (110 °C), increased the yield of 3h, while
the cycloadduct 2h was formed in a low 10% yield (entry 3). In contrast, using RuPhos as ligand, at
110 °C, product 2h was obtained in a moderate 48% yield (entry 4).

77 a) Kukushkin, V. Y.; Pombeiro, A. J. L. Oxime and oximate metal complexes: unconventional synthesis and reactivity.
Coord. Chem. Rev. 1999, 181, 147.; b) Tan, Y.; Hartwig, . F. Palladium-Catalyzed Amination of Aromatic C—H Bonds with
Oxime Esters. J. Am. Chem. Soc. 2010, 132, 3676- 3677.; ¢) Shimbayashi, T.; Okamoto, K.; Ohe, K. C-H Activation Induced
by Oxidative Addition of N-O Bonds in Oxime Esters: Formation of Rhodacycles and Cycloaddition with Alkynes.
Onganometallics 2016, 35, 2026-2031.
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Table 6. Results from precursor 1h.[

Pd,(dba)z (6 %mol) H
£ V7 Ligand (13 %mol) E . c —
E N Toluene, T, 3 h E N E N

N H ¢ N
E-1h, E=CO,Et 2h 3h
Entry  1h, E:Z ratio T (°C) Ligand 2h (%) 3h (%)
11 1.11 90 11 16 33
2 1:0 90 11 0 59
3 1:0 110 11 10 74
4 1:0 110 RuPhos 48 0

[a] Conditions: 1h, Pdz(dba); (6 mol %), ligand (13 mol %), dry toluene (0.05M), Ar
atmosphere at indicated temperature. Conversion of 1h >99%. [b]%Conv. 1h = 85

®
olp PQyz
'PrO, O'Pr
T

R RuPhos

Finally, oxime precursor 1h was evaluated under asymmetric conditions (Scheme 82). Using E-1h,
the catalyst generated from Pdz(dba)s and (S,R,R)-L2, led to the cycloadduct 2h in 53% yield. In
contrast, when using Z-1h, the yield decreased to 11%. The enantiomeric excesses could not be
determined due to the impossibility of separating enantiomers via HPLC or SFC (with chiral

Ph O o. >--'1—Napht
P—N

Ph O 0" )«1—Napht
[(S, R, R)-L2, 13 mol%]

98 i
Et0,C Y Pd,(dba)s (6 mol%) Et02C>d‘j£
EtO,C N Toluene, H,0 (5 equiv.) Et0,C N

\

columns).

N® 110 °C, 3 h H
CH,CF4

E-1h: 2h, 53% er nd

Z-1h: 2h, 11% er nd

Scheme 82. Treatment of the activated oxime ether Th under Pd(0)-(S, R, R)-L2 conditions.

On the other hand, the reactions of 1i (E:Z ratio 1.8:1) with the catalysts generated from Pdx(dba);
and L1 or RuPhos, did not provide any product (entries 1 and 2). Furthermore, the asymmetric
conditions [Pdz(dba)s/(S,R,R)-L2 and 5 equivalents of water] neither afforded the desired product
2i (entry 3), despite full conversion of 1i.

Additional studies were performed by varying solvents or adding additives, but we did not observe
significant improvements. Therefore, the scope of the asymmetric reaction seems to be also narrow.
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Table 7. Results from precursor 1i under racemic conditions.?

/\/A Pl_dz(dbc?)3 o) \
i 0,
igand (13 %mol) TeN
N

TN
N Toluene, 110 °C, 4 h L
(E:Z 1.8:1)-1i 2i
Entry Ligand Conv. (%) 2i (%)
1 L1 64 -
2 RuPhos 100 -
3l (SR,R)-L2 100 -

[a] Conditions: 1i, Pdz(dba); (6 mol%), ligand (13 mol%), dry toluene (0.05 M), Ar
atmosphere, 110 °C. [b] 5 equiv. of H>O as additive.

vl O O
o, ' PCy Ph o, /-Napht
'PrO O'Pr Ph O”PiN
- O O 1-Napht
3
L1 RuPhos ,O (S, R, R)-L2

4.1.3.2 Mechanistic studies

Experiments with deuterated compounds

To obtain a better understanding of the mechanism under the formation of cycloadducts 2 and side
products of type 4, a deuterium labelled precursor, E-dj-1a, was prepared with the same protocol as
for the non-deuterated analogue 1a (Scheme 75), using a deuterated vinyl tosylate (d4-6).

Treatment of E-dj-la with the Pd(0)/RuPhos catalyst, in refluxing toluene, provided the fused
pyrrolidine dj-2a (57% yield) and the diene E-dj-4a in 33% yield (Scheme 83, deuterated positions
depicted with red dots).

I PCy,

iPro o'pr
N O (Ruphos, 13 mol%) H
P Pd,(dba); (6 mol%) E )]\/
E ) +
E N _OMe Toluene, reflux, 4 h E N EM _OMe
N H OMe E N
ds-2a, 57% E-d4-4a, 33%

E-d,1a, E =CO,Et
Scheme 83. Pd(0)-catalyzed (3+2) cycloaddition using the deuterated precursor E-dj-1a (%D>99).

DFT studies

To shed further light on the mechanism behind the formation of products 2 and 4, we carried out
DFT calculations using B3LYP-GD3/6-31G(d) (LANL2DZ for Pd) for the optimization of the
stationary points, and B3LYP-GD3/6-311++g(d,p) (SDD for Pd), in toluene, for single point energy
optimizations. The precursor E-1j, similar to E-1a, was employed as model substrate and ‘BuXPhos,
which is experimentally competent (Table 1, entry 3), was used as model ligand. Figure 10 shows
the computed energy profile, while key palladium complexes are illustrated in Figure 11.

The reaction starts with the coordination of the Pd complex to the distal C-C bond of the
cyclopropane (I1), followed by an easy oxidative addition to reach palladacyclobutane 12 (AG=3.4

84



Results and Discussion. Section 4.1

kcal-mol). From this intermediate, a slight rotation of the phosphine enables a y-agostic interaction
between a hydrogen atom of the Bu group and the Pd [4(H-Pd) = 2.7 A, Figure 11], forming the
species I3 (AG=0.9 kcal-mol ). Alternatively, intermediate 12 can evolve to a T-shaped isomer 16,
bearing the biaryl moiety of the ligand oriented away from the palladium, therefore lacking any kind
of hemilabile interaction. Remarkably, this intermediate is 12.7 kcal-mol! less stable than I2.

From I3, the reaction proceeds through a migratory insertion of the C=N bond, via the TMM-like
transition state (T'S3-4, AG=10.6 kcal-mol!), which exhibits C-C bond lengths of 2.42-2.45 A. This
step delivers the square planar o-allyl Pd-complex I4, which holds a secondary interaction between
the C-ipso of the biaryl phosphine and the metallic center [4(C-Pd) = 2.7 A, Figure 11].

The reductive elimination step from intermediate I4 is elusive, but this species can easily evolve to
the isomeric intermediate I5, via TS4-5 (AG=3.6 kcal'mol'!). Then, complex I5, which holds the N
and P atoms #rans to each other, and exhibits a y-agostic interaction between the Pd and a H atom of
the Bu group [d(H-Pd) = 2.5 A, Figure 11], can undergo a C-N reductive elimination to afford 2j
(T'S5-2j, AG= 20.0 kcal'mol!). Thus, the reductive elimination, with a AG of 20.0 kcal -mol-!, would
be the turnover limiting step.”

Despite the formation of palladacyclobutane I6 was significantly less favored, we also calculated the
evolution from this intermediate, to gather more information about the relevance of the subtle
interactions between the metal center and the Buchwald ligands. Thus, complex 16 can also undergo
a migratory insertion with an energy barrier of 12.5 kcal-mol", just slightly higher than that from 13,
through T83-4 [AAG= 1.9 kcal'mol"']. Finally, the resulting square planar complex I7, bearing an y-
agostic interaction, suffers a reductive elimination with an energy barrier of 17.4 kcal-mol, to give
the cycloadduct 2j. Although the relative energy barrier for the reductive elimination is lower than
that from I5, via TS5-2j, [AAG= 2.6 kcal'mol], this alternative pathway via 16 and I7 can be fully
discarded, as it involves significantly higher energetic stationary points than the route from I3.

The energy difference between the two pathways may be attributed to the ligand’s ability to provide
more stable intermediates throughout the entire reaction profile, by establishing secondary hemilabile
interactions with the Pd center.

78 Kozuch, S.; Shaik, S. How to Conceptualize Catalytic Cycles? The Energetic Span Model. Ac. Chem. Res. 2011, 44, 101-
110.
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Figure 11. Selected simplified 3D representations of the most relevant structures of Figure 10.

To shed more light on the formation of dienes of type 4, we further explored alternative pathways
from intermediate I2 (Figure 12). Thus, we found that this palladacyclobutane could also evolve to
a slightly more stable conformer I8 (AG=1.9 kcal'mol!), bearing a secondary interaction between
the Pd and the Czpso of the biaryl moiety. This intermediate can undergo a rearrangement (AG=12.4
kcal'mol?) to form a C2-vinyl m-allyl Pd complex (I-9), in which the released malonate anion
establishes electrostatic interactions with the allyl moiety though the oxygen atoms [¢(C-O) = 2.6-3.0
A]. Finally, an eventual trapping of the mt-allyl-palladium electrophile with the malonate unit, in a Sx2’
manner, would generate the observed diene 4j (AG=4.1 kcal-mol).

An alternative route was found from the more energetic palladacyclobutane conformer I10, with a
different biaryl moiety configuration, lacking secondary interactions. However, this pathway can be
discarded due to the higher energy of all its stationary points. Additionally, all attempts to achieve a
direct transposition from palladacyclobutanes I8 or I10 to the product 4j were unsuccessful.

The fact that the TS83-4, leading to the (3+2) cycloadduct 2j, is 1.0 kcal'mol"! above TS88-9, is
consistent with the experimental results shown in Table 2 (page 78). Indeed, although the
cycloaddition of 1a provides cycloadduct 2a in 65% yield, together with a 35% of diene 4a, the small

energy gap (AAG = 1.0 kcal'mol!) qualitatively indicates that both pathways are competitive, so
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minor modifications in the reagents (e.g. length of the tether, stereochemistry of the oxime ether,
etc.) might severely influence the selectivity, as it is experimentally observed (Table 2, page 78).

Notable, the computed route towards diene 4 is in agreement with the deuterium-labeling
experiments, as the distribution of the CD2 moieties fits with the evolution from palladacyclobutane
I8 to diene product 4. Therefore, this proposal seems to be in good agreement with the experimental
results and is coherent with the energetic requirements of the reaction.

E
E# TS10-11
[ —
R — // +20.1
//
/
/
//
/
/
e T58-9
- S

E_] . F MeO «"8 LR \
w / N <
E<>Pd . A \
VS 157 Nt P
/ BN\ b,’k" E g E
N, R venecE
OMe |2 ! MR
K . NOMe
\ 4j+Pd1
\—
E = CO,Me -316

Figure 12. DFT-calculated energy profile AGgly (kcal'mol™!) for the formation of diene 4j from oxime-
tethered ACP 1j using Pd(0)/BuXPhos (Pdl) in toluene, with [B3LYP-GD3/6-31G(d) (LANL2DZ for
Pd)//B3LYP-GD3/6-311++g(d,p) (SDD for Pd)].

Cross-experiments

To gather more information about the final step of the above-described pathway, the Sn2’
interception of the 2-vinyl n-allyl Pd species I9 by the malonate anion (see Figure 12), we conducted
a series cross-experiments to see whether this trapping could be achieved by external nucleophiles.
In particular, we observed that the O-benzyl oxime ether 1c, when treated with Pdz(dba);/RuPhos
conditions, afforded the diene 4c quantitatively (see Table 2, page 78).

When 1c was reacted in presence of an excess of dimethyl malonate and K>COj3, the standard diene
4c was obtained in 49% yield, and no traces of the cross-product diene (4¢’) were detected (Scheme
84a). Besides, treatment of both 1c and E-dsla with the catalyst generated from Pdz(dba); and
RuPhos afforded 4c in quantitative yield, along with the cycloadduct dg2a (55% yield) and diene E-
dr4a, derived from E-dg#la (36% yield). In any case, cross-products were not observed (Scheme
84b), indicating that the putative trapping of the m-allyl species can only be achieved intramoleculatly,
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within the ionic pair proposed in 19 (Figure 12). These experimental results are in consonance with
the low energy barrier calculated for this step, via TS9-4j, of 4.1 kcal'mol!.

a)
j Pd,(dba); (6 mol%)
RuPhos (13 mol%) o

X + X +
— K,CO4 (2 equiv.) \ -
N~OBn Toluene, 110 °C N~OBn
4 h
(E:Z1.1:1)-1¢c 2 equiv. 4c, 49% 4c’, 0%

X=C(CO,Et),

b)
j Pd,(dba)s (6 mol%)
RuPhos (13 mol%) X —

X + _— + +
o\ Toluene, 110 °C (ra\
N~OBn 4 h N~ OBn
(E:Z1.1:1)1¢c E-ds1a 4c, >95% E-d4-4a, 36% ds-2a, 55%

X=C(CO,Et),

Scheme 84. Cross-experiments related to the diene of type 4 formation.

4.1.4 Intermolecular (3+2) Aza-Cycloadditions

4.1.4.1 Development of the racemic transformation

Reactivity and optimization

For this study, we selected as model ACP the precursor 9b, bearing a carbonyl tether, which can
undergo an intramolecular cycloaddition to yield bicyclic tetrahydrofuran (THF) products (see
Scheme 51, page 47, Introduction). In this way, we could better uncover selective conditions to favor
the desired intermolecular cycloaddition with an external imine.

The substrate 9b was obtained from the Pd-catalyzed reaction between the malonate 8b and vinyl
tosylate 6 (Scheme 85).

0,
MeO,C_H Pdy(dba) (2 mol%) Meo,c_$O2Me
o CO,Me \X NaH, dppe (4 mol%) o
+ —
2 OTs THF, 0 °C to rt 2
8b 6 4n 9b, 75%

Scheme 85. Synthesis of model ACP precursor 9b.

As imine partners, we prepared the oxime ether 15a, the phenyl imine 15b, the tosyl imine 15¢ and
the acyl imine 15d. The first three imines were synthesized using a condensation reaction (Scheme
86). The acyl imine 15d required a first reaction between the aldehyde and the benzamide, followed
by basic treatment. In addition, the sulfamate-derived imine 15e was obtained from or#ho-hydroxy
benzaldehyde and sulfamoyl chloride, 7% situ prepared from formic acid and chlorosulfonyl isocyanate.
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R 15a, R=H R'= OMe
—0 _NS' 95% E:Z2:A1
R'-NH, Base
, 15b, R= H R' = p-OMe(CgH,)
CH,Cl, 96% E:Z 1:0
R R 15¢,R=FR'=Ts
99% E:Z1:.0
- benzamide Ts Bz . Bz
0o TolSO,Na, TMSCI NH Cs,CO; Na,SO, N
MeCN, t, 24 h CH,Cly, t, 6 h
1% 15d, 97%
~o
=0
'}1/ Formic acid (2.7 equiv.) Cl_ ,NH, OH (1.0 equiv.) SN
S0, N $o
cl” 0°Ctort, 1-2h o0 DMA, rt, 18 h o2
2.7 equiv. 15e, 80%

Scheme 86. Synthesis of imine partners 15.

We initially tested the reaction of oxime ether 15a, with substrate 9b, in presence of the catalyst
generated iz situ from Pdz(dba)s and BuXPhos. The reaction did not afford the desired pyrrolidine
16ba, but the bicyclic THF cycloadduct 17b in 95% yield (entry 1). Similarly, the aryl imine 15b and
the benzoyl imine 15d, did not participate in the process, so 17b was isolated in excellent yields
(entries 2 and 3). Interestingly, when tosyl imine 15¢ was used,? the pyrrolidine 16bc was formed in
a moderate 47% yield, as a mixture of diastereoisomers (16bc:16bc’ = 3:1), with the major
diastereoisomer (16bc) featuring the hydrogens in syz disposition, according to nOe experiments.
However, the intramolecular adduct 17b was also obtained in 26% yield (entry 4).

Gratifyingly, using the sulfamate-derived cyclic imine 15e, we exclusively observed the intermolecular
cycloadduct 16be as a mixture of diastereoisomers (91% yield, dr = 1:2.4, entry 5). nOe experiments
confirmed that the major diastereoisomer (16be’) holds the hydrogens in an# disposition. This result
is particularly appealing since sulfamate moieties are present in numerous drugs with anticancer,
antifungal and antiviral properties, as well as in hormone-enzyme inhibitors.”

370h, B. H.; Nakamura, L; Saito, S.; and Yamamoto, Y. Palladium-catalyzed [3+2] cycloaddition of alkylidenecyclopropanes
with imines. Tetrahedron Lett. 2001, 42, 6203-6205.

7 a) Winum, J.-Y; Scozzafava, A.; Montero, J.-L.; Supuran, C. T. Sulfamates and Their Therapeutic Potential. Med. Res. Rev.
2005, 25, 186-228.; b) Winum, J.-Y.; Scozzafava, A.; Montero, J.-L.; Supuran, C. T. The Sulfamide Motif in the Design of
Enzyme Inhibitors. Expert Opin. Ther. Pat. 2006, 16, 27-47.; c) Woo, L. W. L.; Purohit, A.; Potter, B. V. L. Development of
Steroid Sulfatase Inhibitors. Mol Cell. Endocrinol. 2011, 340, 175-185.
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Table 8. Viability of a (3+2) intermolecular cycloaddition between 9b and imine partners 15.

iPr,
e
/\? Bu,P (BuXPhos, Q
uP 'Pr X
13 mol% H
y 0) )LMZ ‘\/ﬂ
X
(0]

X i SN-R Pd,(dba)s (6 mol%) Me
+ 2 H +
o Dioxane, 100 °C, 4 h —" N
R . Me
) \ / R

9b 15, 1.2 equiv. 16 + 16’ 17b + 17b'
X=C(CO,Me),
————————————————————————————————— Imine partners (15) - == - - - - - - - - m e — -~
_.OMe

y-OMe J N-BZ N TS ; ::z:o
N oS
15a Ux;i:: 15b . 15¢ - 15d 15eO 0
Entry 15 16+16°,% (dr)[P! 17b+17b,% (dr)b!
1 15a - 95 (8:1)
2 15b - 97 (7:1)
3 15d - 85 (6:1)
4le] 15¢ 16bc, 47 (3:1) 26 (4:1)
5 15e 16be, 91 (1:2.4) -

[a] Conditions: 9b, 15 (1.2 equiv.), Pdz(dba); (6 mol %), BuXPhos (13 mol %), dry 1,4-
dioxane (0.05 M), Ar atmosphere, 100 °C. [b] Diastereometic ratio syn/anti by "H-NMR of
the crude reaction mixture. [c] 1.5 equiv. of 15c.

To see whether we could further improve the yield and, particulatly, the diastereoselectivity of the
cycloaddition, we evaluated different ligands, Pd sources and reaction conditions, including variations
in solvents and temperature (Tables 9 - 11).

The catalyst derived from Pdz(dba); and the bulky phosphite L1 resulted in partial consumption of
9b, providing 16be in a poor 15% yield, as a mixture of diastereoisomers (symanti 1:2.8, entry 1). The
use of P(o-tolyl)s raised the yield of 16be to 29% yield (dr 1:1.4), with minor amounts of dienic
product 18b (entry 2).8 Using Pd(PPhs)4 (12 mol%) and Ph;P(O) (24 mol%),?” the pyrrolidine 16be
was obtained in a moderate 47% yield (dr 1:1.1), with small amounts of diene 18b (20%, entry 3).
Gratifyingly, phosphoramidite L9 led to the formation of cycloadduct 16be in excellent yield (96%,
dr = 1.2:1, entry 4). In addition, the reaction with the electron poor phosphine P[3,5-(CF3)2CsH3]3
(L17) atforded 16be in 85% vyield (dr 2:1, entry 5). Meanwhile, the use of PPh; provided the
cycloadduct 16be in a low 7% yield (dr 1:1, entry 6). On the other hand, Pd-catalysts using
bisphosphines, such as dppe, proved inefficient, resulting in full consumption of 9b, but no products
were observed (entry 7)

Catalysts generated from Pdz(dba); and diverse Buchwald ligands, like RuPhos, BrettPhos or
‘BuBrettPhos, resulted in low yields of 16be (up to 13% yield, entries 8-10). With XPhos, the reaction
led to 16be in 57% yield, but the conversion of 9b was not complete (entry 11). ‘BuXPhos affords

370h, B. H.; Nakamura, I; Saito, S.; and Yamamoto, Y. Palladium-catalyzed [342] cycloaddition of alkylidenecyclopropanes
with imines. Tetrabedron 1ett. 2001, 42, 6203-6205.

80 Dienes of type 18 are formed from precursors 9 via the same mechanism as dienes 3, from precursors of type 1. See
Scheme 54, Precedents, page 73.
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the desired adduct 16be in 91% yield, providing the best performance among these ligands (dr 1:2.4,
entry 12).

Table 9. Ligand screening for (3+2) intermolecular cycloadditions between 9b and 15e.1

M)
Me 2HM J\
Y Pd,(dba); (6 %mol) X
X . Ligand (13 %mol)
+
\l Dioxane, 100 °C, 4 h o

Me

0
Me" gp, 15¢ 16be + 16be’ 18b
X=C(COZMG)2

Entry Ligand Conv. 9b (%)  16be+16be’,% (dr)P! 18b (%)
1 L1 67 15 (1:2.8) -
2 P(o-tolyl)s 35 29 (1:1.4) 5
3le] P(O)Phs 95 46 (1.1:1) 19
4 L9 100 96 (1.2:1) <5
5 L17 100 85 (2:1) 15
6 PPhs 67 7 (1:1) 15
7 dppe >95 - -
8 RuPhos 100 9 (1:1) -
9 BrettPhos 16 10 (1:1) -
10 BuBrettPhos 17 13 (1:1.0) -
11 XPhos 65 57 (1:2.4) -
12 BuXPhos 100 91 (1:2.4) -

[a] Conditions: 9b, 15e (1.2 equiv.), Pd2(dba); (6 mol %), ligand (13 mol %), dry 1,4-dioxane (0.05 M),
Ar atmosphete, 100 °C. [b] Diasteteomertic ratio syn/ anti by 'TH-NMR of the ctude reaction mixture.
[c] Pd(PPhs)4 (12 mol%)/PhsP(O) (24 mol%y), 120 °C, 14 h. [d] #= 20 h.

- ® o )
Olp Q PCy,
P=N(Pr); P iPro oPr
1)
L 0

3

L1 L9 L17 RuPhos
® S
PRy MeO PCy,
iPr ! iPr iPr. ] iPr
I R=Cy XPhos | R=Cy BrettPhos
1
Pr R= By '‘BuXPhos 'Pr R= 'Bu 'BuBrettPhos

We then evaluated alternative Pd(0) sources using L9 as ligand (Table 10). While Pdx(dba)s affords
the pyrrolidine 16be in 96% yield (dr 1.2:1, entry 1), the use of Pd[P(o-tolyl)s] gave 95% (dr 1:1, entry
2). We also tested Pd[P(o-tolyl)s] in absence of L9, but we observed a lower conversion of 9b (entry
3). On the other hand, the use of CpPd(n-cin.) or Pd(PPhs)4 resulted in lower consumptions of 9b,
reduced yields and similar diastereoselectivities (56 and 37% yield, entries 4 and 5). Curiously, with a
Pd(0)-N-heterocyclic carbene (NHC) complex, the reaction provides the intramolecular
oxacycloadduct 17b in 14% yield, as the only product (entry 6).
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Table 10. Precatalyst screening for (3+2) intermolecular cycloadditions between 9b and 15e.1

O

0
Me" op 15¢
X=C(C02Me)2

o

P N(Pr),

L9 13 mol%)
Pd(O source (6

X
Me)\\% ]f{
H
N o

Dioxane, 100 °C, 7 h

o]

~

(1%
O o

16be + 16be’ 17b

Entry Pd(0) source  Conv.9b (%)  16be + 16be’ (%o)l! 17b (Yol
16 Pdy(dba)s 100 96 (1.2:1) -
2 P[P (o-tolyl)s], 100 95 (1:1) -
31d) P[P (o-tolyl)s]» 61 20 (1.9:1) -
4 CpPd(n-cin.) 90 59 (1.2:1) -
5 Pd(PPhs), 79 37 (1:1) -
6 Pd(0) NHC 87 - 14 (10:1)

[a] Conditions: 9b, 15e (1.2 equiv.), Pd(0) source (6 mol %), L9 (13 mol %), solvent (0.05M), Ar
atmosphere, 100 °C, 7 h. [b] Diastereomeric ratio syn/anti by "H-NMR of the crude reaction mixture. [c]
t= 4 h. [d] Without L9, 21 h.

&4/

Pd(0)-NHC

Finally, we performed a solvent screening using Pdz(dba)s/L9 as catalyst (Table 11). Surprisingly, the
reaction tolerates solvents with varying polarity and coordination abilities. For instance, both dioxane
and MeCN afforded the cycloadduct 16be in 96% yield and equal dr’s (entries 1 and 2). Similarly,
solvents such as toluene, hexane,’/AmOH and 2-MeTHF also performed well, enabling the formation
of the pyrrolidine 16be in very good yields (88-90%, entries 3-6). On the other hand, the use of DCE
or DMF led to lower yields, with minor amounts of diene 18b being formed (entries 7 and 8). From
all the solvents tested, only DMSO proved to be incompatible with the transformation (entry 9).
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Table 11. Solvent screening for (3+2) intermolecular cycloadditions between 9b and 15e.

L,

\

0
P-N(Pr), )LMX
o Me 2H“' —
Y {/EE%N (L9, 13 mol%) X
! ~N
= / \ \ //O
st\b ’

= 0,
X + O/S\\/O Pd,(dba)s (6 %mol)
i © Solvent, 100 °C, 20 h o
Me
Me o
9b 15¢ 16be + 16be’ 18b

X:C(COZMG)Z

Entry Ligand Conv. 9b (%)  16be + 16be’ (o) 18b (%)

1l 1,4-dioxane 100 96 (1.2:1) <5
2 MeCN 100 96 (1.2:1) -

3 Toluene 100 89 (1.1:1) 11
4 Hexane 100 90 (1:1) -

5 '"AmOH 100 90 (1.1:1) <5
6 2-MeTHF 100 88 (1:1) 12
7 DCE 86 74 (1.1:1) 12
8 DMF 100 60 (1.1:1) 20
9 DMSO 46 <5 -

[a] Conditions: 9b, 15e (1.2 equiv.), Pdz(dba); (6 mol %), L9 (13 mol %), solvent (0.05M), Ar
atmosphere, 100 °C, 20 h. [b] Diasteteomeric ratio syn/anti by 'TH-NMR of the crude reaction mixture.
[c]#=4h.

Scope with respect to ACP precursors

We next explored the scope of the transformation, using as optimal catalyst the species generated 7#
sitn tfrom Pdz(dba)s; (6 mol%) and the phosphoramidite L9 (13 mol%) at 100 °C. Acetonitrile was
selected as solvent since generally provided faster reactions and cleaner crude mixtures, although 1,4-
dioxane also proved to be a suitable alternative in some cases.

Therefore, different ACP precursors were synthesized. The ACPs 9a, 9c and 19a were prepared via
a Tsuji-Trost reaction using vinyl tosylate 6 and the corresponding nucleophilic partners (Scheme
87).

Pd,(dba)sz (2 mol%)

NaH, dppe (4 mol%
NeH \X ppe ( ) Nu—
OTs

THF, 0°C to rt

6 4h
o TN Me0,c. COMe EtO,C,
_ 0
9c, 85% 9a, 81% 19a, 85%

Scheme 87. Synthesis of ACP precursors of type 9 and 19 via Tsugi-Trost reactions.

On the other hand, ACP’s 19b-19f were prepared through Wittig reactions of the corresponding
carbonyl precursors (Scheme 88).
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R ©\(§/© ‘BuOK R

=0 + \v4 o THF, 60 °C, 4 h —

R' Br R'
"Hept Ph "Hex Ph Ph
"Hex Ph Me
19b, 60% 19¢, 71% 19d, 87% 19e, 60% 19f, 70%

Scheme 88. Synthesis of ACP precursors of type 19 via Wittig reactions.

The ACP precursors 19g and 19h, bearing an ester group in the exvo-methylene moiety, were prepared
following the procedure depicted in Scheme 89.

EtO><] . EtOZC\?PPhs Benzoic acid (cat) EtO,C
TMSO

R Toluene, 90 °C, 20 h R

19g (R = H), 62%
19h (R = Me), 63%

Scheme 89. Synthesis of ACP precursors bearing an ester moiety.

Finally, the ACP 19i, bearing an amide moiety, was synthetized from the alcohol precursor 20, which
was converted into an amine derivative (21) via Mitsunobu reaction, and further monoprotected with
a nosyl group (Scheme 90).

0]
HO— DIAD, PPh, PhthN—
+ NH _— =

Me THF, 0 °C Me

20 o] 4h 21, 60%

NaOH
HN NS,

NH2NH2'H20 2 _ NsCl, Py HN
Ethanol, 50 °C Me 0°Ctort M

1h 4h e

22,76% 19i, 65%

Scheme 90. Synthesis of ACP precursor 19i.

With the ACP precursors in hand, we evaluated their corresponding cycloadditions with the model
imine 15e (Scheme 91). Monosubstituted ACPs with tethered carbonyl groups, such as 9c and 9a,
that could undergo competing intramolecular cycloadditions, also exhibited complete preference for
the intermolecular reaction with the imine, yielding pyrrolidines 16ce and 16ae in 51% and 68% yield,
respectively.

The substrate 19a, which holds a malonate moiety, afforded the pyrrolidine 23ae in 80% yield.®!
Simpler ACP precursors, bearing aliphatic or aromatic moieties instead of the malonate unit, were
also suitable partners, leading to the corresponding cycloadducts in good yields (23be: 90% and 23ce:
52% yield, respectively). The ACP 19g, featuring a carboxy ester at the alkene, reacted faster (=2 h
for full conversion), providing the corresponding cycloadduct in 63% yield, as a single
diastereoisomer that holds the hydrogen atoms in ant/-disposition.

81 For clarity and consistency with the following sections of the manuscript, ACPs precursors tethered to ketone moieties
are labeled as 9, while the substrates without carbonyl moieties are named 19. Consequently, the corresponding
intermolecular (3+2) cycloadducts between ACPs and imine partners, are named as 16 (from ACPs 9) and 23 (from ACPs
19).
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L,

P-N(Pr),

(L9, 13 mol%)

P ©\AN Pds(dba); (6 mol%)
+ /S:
\
%%

MeCN, 100 °C, 20 h

16 (syn) + 16" (anti)®!
9 or 19 15e, 1.2 equiv. or

23 (syn) + 23’ (anti)

E
E E E

H
N

\ N N ‘
©\ S0, ©\ S0, ©\ S0, o502
o 0 o

16be, 96% (dr 1.2:1) 16¢ce, 51% (dr 1.2:1)"] 16ae, 68% (dr 1.5:1) 23ae, 80% (dr 1:1)

"Hept Ph EtOZC%
N N <N
o o o

23be, 90% (dr 1:1) 23ce, 52% (dr 1.2:1) 23ge, 63% (dr 0:1)"
E = CO,Me

lAlsee footnote 81. [P'Using 1,4-dioxane instead MeCN. [t = 2h.

Scheme 91. Scope for (3+2) intermolecular cycloaddition between monosubstituted ACPs (9 or 19) and 15e.

Importantly, the methodology also supports the use of 1,1-disubstituted ACPs (Scheme 92). The
symmetric ACP 19d, bearing #-hexyl chains, participated in the cycloaddition to give the fused
pyrrolidine 23de in quantitative yield. Meanwhile, diphenyl substituted ACP 19e afforded the
corresponding product, 23ee, in 58% yield. Its structure was further confirmed by X-ray diffraction
analysis. On the other hand, the asymmetrically substituted ACPs 19f and 19h led to the
corresponding compounds, 23fe and 23he, in excellent yields as mixtures of diastereoisomers (90
and 97%, respectively). Gratifyingly, the presence of a nosylamide, like in ACP 191, was well-tolerated,
so that the pyrrolidine adduct 23ie was obtained in 68% yield. Its structure was also confirmed by X-
ray diffraction analysis.

81For clarity and consistency with the following sections of the manuscript, ACPs precursors tethered to ketone moieties
are labeled as 9, while the substrates without carbonyl moieties are named 19. Consequently, the corresponding
intermolecular (3+2) cycloadducts between ACPs and imine partners, are named as 16 (from ACPs 9) and 23 (from ACPs
19).
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L

P-N(Pr),

/

o]
< < O (L9, 13 mol%)
—] . ©\/\Z’O Pda(dba)s (6 mol%)
N
%

R' MeCN, 100 °C, 20 h

19 15e, 1.2 equiv. 23 (syn) + 23' (anti)

'\{ pr—
a8t
(6]

23he, 97% (dr 1.6:1) 23ie, 65% (dr 1:1)

X-ray structure

Scheme 92. Scope for (3+2) intermolecular cycloaddition between disubstituted ACPs of type 19 and 15e.

Scope with respect to the aldimine partners

A variety of sulfamate-derived cyclic imines of type 15 were prepared according to the protocol used
for 15e, using 7 sitn generated sulfamoyl chloride and the corresponding o-hydroxy benzaldehydes.

As shown in Scheme 93, the cycloaddition showed excellent tolerance for sulfamate-derived imines
with larger aromatic rings, providing the expected fused pyrrolidines 16bf, 16gf and 23dg in almost
quantitative yields. On the other hand, the cycloadduct 16bh was obtained in 58% vyield. The
structures of 16bh and 16bh’ could be further confirmed by X-ray diffraction analysis.
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Cl,

P-N(Pr), R

O
O (L9, 13 mol%) R
R =N Pd,(dba)s (6 mol%) N
—< + s=0 1,0
0y MeCN, 100 °C 20 h o

o)

16 (syn) + 16" (anti)®!
or

23 (syn) + 23" (anti)

\
S0,
0]

16be, 96% (dr 1.2:1) 16bf, 96% (dr 1.2:1)"! 23df, 95% 23dg, 75%!°!
o E_GE
2
MeO o
N —
SO,
o 2 )\
16bh, 58% (dr 1.2:1)"] anti-16bh’ syn-16bh
E = CO,Me

[elsee footnote 81. [°lUsing 1,4-dioxane instead MeCN. [°lt=48 h.

Scheme 93. Scope for (3+2) intermolecular cycloaddition between ACPs (9 or 19) and sulfamate-derived

imines 15.

To check whether other cyclic Z-sulfonyl imines could also be suitable partners, we prepared the
imine 15i from bromobenzenesulfonamide, via a Suzuki coupling followed by an acid-promoted

condensation (Scheme 94).

/Bu
MegN\Q\P\" - tPdCl,
Bu
2

Pd(amphos)Cl, (30 mol%)

Br (\)\//o ¢ /O OH
S\N/BU é K3PO4
+ ~
H OH Dioxane-water, reflux
16 h

Scheme 94. Synthesis of Z cyclic sulfonyl imine 15i.

|
NHBu
82% 15i, 95%

Gratifyingly, under Pd»(dba)s/L9 catalytic conditions, this imine participated in the cycloadditions
with different ACP precursors, leading to the corresponding pyrrolidines 23di, 23fi, 23hi and 23gi’
in yields varying from 55 to 95% (Scheme 95). Notably, the product 23gi’, derived from the ACP

81For clarity and consistency with the following sections of the manuscript, ACPs precursors tethered to ketone moieties
are labeled as 9, while the substrates without carbonyl moieties are named 19. Consequently, the corresponding
intermolecular (3+2) cycloadducts between ACPs and imine partners, are named as 16 (from ACPs 9) and 23 (from ACPs

19).
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19g, was obtained as the only diastereoisomer, bearing the hydrogen atoms of the stereocenters in

anti-configuration (60% yield).
(L

P-N(Pr), R
d RS
] Nego, O (L9, 13 mol%) .

0, \
—] . N Pd,(dba)s (6 mol%) O 50,
O O MeCN, 100 °C 20 h O

19 15i, 1.2 equiv. 23 (syn) + 23' (anti)

Ph EtO:C EtO,C
Me" Me"
N

23di, 95% 23fi, 55% (dr 2 :1) 23hi, 63% (dr 2:1) 23gi', 60% (dr 0:1)
Scheme 95. Scope for (3+2) intermolecular cycloaddition between ACPs and cyclic Z-tosyl imine 15i.

Pleasingly, the use of acyclic E-tosyl imines like 15¢ is also possible, employing the Pd(0)-catalyst
containing the phosphoramidite L9 in acetonitrile (Scheme 96). The reaction tolerates different
aromatic N-tosyl imines, with various functional groups in the aromatic ring (e.g. fluorine, nitro, ester,
aldehyde or methoxy groups), giving the corresponding cycloadducts 16 or 23 in good to excellent
yields (70-99%). Moreover, a N-benzoyl imine such as 15d also afforded the desired cycloadduct,
23dd, in 90% yield. Notably, in these reactions of E imines, the use of L9 as ligand and MeCN as
solvent was crucial, as other conditions led to significantly lower yields and /or the formation of side
products.
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,

P-N(Pr),
O n
O (L9, 13 mol%) oA
R ﬂ\N’R” Pd,(dba)z (6 mol%)
> < + Ar N
R' MeCN, 100 °C, 20 h AL
16 (syn) + 16' (anti)l?!
9 or 192! 19, 1.5 equiv. () or ( )
23 (syn) + 23" (anti)
o E_E
"Hex pFCgHy, 23dc, 95%
Hex .Y p(NO,)CH., 23dj, 70% 2
o Ar= R p(COMeCH,, 23dK, 99% N
Ts p(CHO)CoH,, 23dl, 83% Ts
p(MeO)CgH,, 23dm, 98% F
23dn, 99% 16bc, 86% (dr 2:1) 23dd, 90%
E = CO,Me

[#See footnote 81.
Scheme 96. Scope for (3+2) intermolecular cycloaddition between ACPs and acyclic E-imines 15.

Ketimine partners

The use of ketimines as imine partners, instead of aldimines, would allow the formation of interesting
pyrrolidines bearing up to two quaternary carbon centers. For this purpose, we prepared the
sulfamate-detived ketimine 150, just like previous sulfamate-derived imines. Unfortunately, treatment
of the ACP 9b and ketimine 150 with the catalyst generated from Pdx(dba); and L9, in dioxane at
100 °C, only led to small amounts of the intramolecular cycloadduct 17b, despite full consumption
of 9b (entry 1, Table 12). Using BuXPhos instead of L9, the intramolecular adduct 17b was obtained
in 60% vyield (entry 2). With the electron poor phosphine L17, which had provided an excellent
performance in the intermolecular cycloaddition of 9b (see Table 9, page 92), we observed partial

consumption of 9b, but the desired azacycloadduct was not detected (entry 3).

81For clarity and consistency with the following sections of the manuscript, ACPs precursors tethered to ketone moieties
are labeled as 9, while the substrates without carbonyl moieties are named 19. Consequently, the corresponding
intermolecular (3+2) cycloadducts between ACPs and imine partners, are named as 16 (from ACPs 9) and 23 (from ACPs
19).
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Table 12. Evaluation of methyl ketimine 150 with 9b for Pd(0)-catalyzed (3+2)-cycloadditions.

v
Me Me 2
J Ft Pd,(dba)s (6 mol%) Me H
X N U NTSN Ligand (13 mol%) 7~ N0 X
L _s=0 ) NS *
oy Dioxane, 100 °C, 4 h 0" 1o
e
0
Me 9y 150, 1.2 equiv. 16bo + 16bo’ 17b
X=C(C02Me)2
Entry Ligand Conv. 9b (%) 16ar+16ar’ (%) 17b,% (dr)l)
1 L9 100 - <5
2 BuXPhos 100 - 60 (10:1)

3 L17 65 - -
[a] Conditions: 9b, 150 (1.2 equiv.), Pd2(dba); (6 mol%), ligand (13 mol%), dry dioxane (0.05 M), Ar
atmosphere, 100 °C, 4 h. [b] Diasteteometic ratio syn/anti by 'H-NMR of the ctude reaction mixture.

O O F3C
o) P( Bu),

P-N(Pr),

] Pr. 'Pr
(o]
O Cﬂ P,

L9 iPr tBuXPhos L17

On these bases, we hypothesized that more activated ketimines, bearing electron-withdrawing groups
such as CFs; or COzEt could afford the desired heterocyclic products. The synthesis of these
substrates followed the same protocols previously used for sulfamate-derived imine 150.

Gratifyingly, the reaction of ACP 19d with the trifluoromethyl ketimine 15p, using Pdz(dba)s/L9 as
catalyst, afforded the desired (3+2) cycloadduct 23dp, bearing a trifluoromethyl group at the ring
fusion, in 60% yield (Scheme 97). Furthermore, ketimine 15p also participates in the cycloaddition
of different ACP precursors, leading to the corresponding pyrrolidine products 23 in good yields, but
poor diastereoselectivities (61-70%, dr up to 1.7:1). Note that the incorporation of trifluoromethyl
groups in bioactive molecules is highly relevant from a drug development perspective.83

83 Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Fluorine in medicinal chemistry. Che. Soc. Rev. 2008, 37, 320—330.
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L,

P-N(Pr),

(L9, 13 mol%)
R N Pd,(dba)s (6 mol%)
>—<_ + /S;O
\
%

MeCN, 100 °C, 20 h

N
=0
W\

0]

19 15p, 1.2 equiv. 23 (syn) + 23" (anti)

23dp, 60% 23bp, 70% (dr 1.7:1) 23fp, 70% (dr 1.2:1) 23hp, 61% (dr 1.7:1)

Scheme 97. Scope for (3+2) intermolecular cycloaddition between ACPs and trifluoromethyl ketimines 15p.

We next examined ketimine 15q, bearing an ester group, and 15r, bearing a phenyl ring. The reaction
between the imine 15q and the ACP 19b afforded the pyrrolidine 23bq in good yield (70%, Scheme
98). Meanwhile, the use of the disubstituted ACP 19d also led to the desited pyrrolidine (23dq), but
in alower yield (43%0). Similarly, the reaction between the phenyl ketimine 7r and the ACP 19b yielded
the product 23br in a good 82% yield, but when using the disubstituted ACP 19d, the efficiency of
the reaction was significantly affected (10% yield, after 20 h).

L

P-N(Pr),
EWG 0

O (L9, 13 mol%)
R =N Pd,(dba); (6 mol%)
—< + /S;O
\
9%

MeCN, 100 °C, 20 h

19 15, 1.2 equiv.

23bq, 70% (dr 1:1) 23dq, 43% 23br, 82% (dr 1.2:1) 23dr, 10%
(32 %Conv. 19d)

Scheme 98. Scope for (3+2) intermolecular cycloaddition between ACPs and ketimines 15q and 15r.

&, B-Unsaturated imines

We also analyzed the reactivity of «, -unsaturated tosyl imines such as 15s and 15t. These compounds
were prepared from benzofuranone and indanone via an aldol condensation with benzaldehyde,
followed by a second condensation with tosyl amide to yield the imine (Scheme 99).

102



Results and Discussion. Section 4.1

P Ph—\ o Ph—\ /N Ts
Ph Conditions A or B TiCly, Et3N, p-TsNH,
W + X X X
o CH,Cly, 40 °C, 16 h
X=CHy:  Cond A.AlO3, CHyCl;  X= CH,, 96% 15s, X= CH,, 69%
X=0 : Cond B. KOH, MeOH X=0, 93% 15t, X= O, 88%

Scheme 99. Synthesis of a, 3-unsaturated tosyl imines 15s and 15t.

In a preliminary screening, we found that only the highly reactive ACP 19g, bearing a carboxy ester
unit, was able to participate in the cycloaddition with these a, 8-unsaturated imines. However, to our
surprise, employing the catalyst generated from Pda(dba)s/L9 in MeCN at 70 °C, the reaction of 19g
with imines 15s or 15t did not yield the desired (3+2) adducts, but the corresponding (4+3) derivatives
24gs and 24gt, in moderate yields (46 and 37% yield, respectively) and variable diastereoselectivity
(dr = 1:0 and 4:1, Scheme 100). This is a particularly interesting transformation that will be further
studied in the future, to uncover a new direct route to hydrogenated azepines.

L,

P-N(Pr)
(0]
EtO,C
N~Ts O (L9, 13 mol%) 2
Ph /
EtO,C . w Pd,(dba)s (6 mol%)
— X.
Y MeCN, 70 °C 20 h
=
24gs, X= CH, 46% (dr 1:0)
199 15, 1.2 equiv. 24gt, X= 0 37% (dr 4:1)

Scheme 100. Formal (4+3) intermolecular cycloaddition between ACP 19g and a, B-unsaturated tosyl imines
15.

Curiously, when a related o, B-unsaturated sulfamate imine like 15u was tested, under otherwise
identical conditions, neither the seven-membered ring nor the pyrrolidine cycloadduct were formed
(Scheme 101). Instead, the reaction afforded the cyclopentane 25gu, resulting from a (3+2)
cycloaddition with the alkene (58% yield as a 3.5:1 mixture of diastereomers). A similar reactivity had
been previously reported between vinyl cyclopropanes and a, 3-unsaturated imines. Further studies
will be performed, varying the Pd(0)-catalyst and/or reaction conditions.s5

L

P-N(Pr)

O\ 0 o

N)S// (L9, 13 mol%) EtO,C EtO,C...

/ O Pd,(dba); (6 mol%

EtO,C . P D 2(dba)s ( o) s . e
] - ) MeCN, 70 °C, 20 h NG N
N 028~0 028-0
199 15u, 1.2 equiv. 25gu + 25gu’, 58% (dr 3.5:1)

Scheme 101. (3+2) cycloaddition between ACP 19g and «, B-unsaturated sulfamate-derived imines 15u.

84 a) Lin, Y.; Wang, Q.; Wu, Y.; Wang, C,; Jia, H.; Zhang, C.; Huang, J.; Guo, H. Pd-Catalyzed [3 + 2] Cycloaddition of
Vinylcyclopropanes with 1-Azadienes: Synthesis of 4-Cyclopentylbenzo|¢][1,2,3]oxathiazine 2,2-Dioxides. RSC Ady. 2018,
8, 40798-40803.; b) Qing, Z.; Chen, B.; Huang, X.-B.; Zeng, Y.-L.; Chu, W.-D.; He, L.; Liu, Q.-Z. Palladium-Catalyzed
Diastereo- and Enantioselective Formal [3 + 2] Cycloaddition of Vinyl Cyclopropanes with Cyclic 1-Azadienes. Ozg. Cherm.
Front. 2019, 6, 1891-1894.

85 Other o, B-unsaturated imines, such as tosyl imines derived of #runs-cinnamaldehyde, did not participate in the
cycloaddition.
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4.1.4.2 Derivatization of the pyrrolidine cycloadducts

The synthetic potential of the fused pyrrolidines was preliminary analyzed with the model cycloadduct
23de (Scheme 102). This adduct can be easily converted into the free pyrrolidine scaffold 26de in
78% yield using LiAlH,4 at 70 °C. Moreover, treatment of 23de with RuCl;/NalOy afforded the 3-
pyrrolidinone 27de, in 65% yield. Alternatively, the exo-cyclic double bond can also be reduced with
high selectivity under Pd/C conditions, forming 28de in 58% yield (syn/anti 4.8:1). Remarkably, the
reaction of 23de with ‘BuOK in DMSO at 70 °C, not only resulted in the cleavage of the carbamate
moiety, but also in a subsequent oxidation, providing the 3H pyrrole 29de in 71% yield. Worth to
note, 3H pyrroles are the core of several bioactive molecules with antitumoral and antimicrobial

properties.8

THex "Hex

Hex''’ LiAIH, BUOK

N - _—

H THF, 80 °C DMSO, 70 °C

OH
26de, 78% 29de, 71%
RuCl3 (15 mol%), NalO4 Pd/C (10 mol%)
MeCN:Hzo:ACOEt MeOH. rt, 20 h
rt, 1h

\/O

\
~

0
27de, 65% 28de, 58%
(syn/anti 4.8:1)

Scheme 102. Synthetic derivatization of the fused pyrrolidine product 23de.

4.1.4.3 Studies on asymmetric transformations

We evaluated the viability of an enantioselective variant using ACP 9b and imine 15e as model
substrates. Thus, the catalyst generated from Pd»(dba); (6 mol%) and the (§)-BINOL-derived
phosphoramidite (8,R,R)-L5 (13 mol%) in dioxane at 100 °C afforded the pyrrolidine product 16be
in quantitative yield as an equimolar mixture of diastereoisomers (Table 13, entry 1). The pyrrolidine
16be (sy77) was obtained with 48% ee, while 16be’ (an#) was formed with 22% ee. Additionally, we
tested the diastereomeric ligand (&, R, R)-L5, which led to the pyrrolidines 16be and 16be’ in 77%
yield. The ee of 16be was 26% whereas that of 16be’ turned out to be of 61% (entry 2).

86 a) Cirrincione. G.; Almerico, A.M.; Grimaudo, S.; Diana P.; Mingoia, F.; Barraja, P.; Misuraca, F. 3-Diazopyrroles. Part
6. Mutagenic activity of 3-diazopyrroles in Streptomyces coelicolor A3(2) during various phases of growth. Farmaco, 1996,
51, 49-52.; b) Citrincione. G.; Almerico, A.M.; Dattolo, G.; Aiello, E.; Diana P.; Misuraca, F. 3-Diazopyrtoles. Part 5.
Antibacterial activity of 3-diazo-2-phenylpyrroles. Farmaco, 1992, 47, 1555-1562.; ¢) Padmavathi, V.; Lakshmi, T.R.; Mahesh,
K.; Padmaja, A. Synthesis and Biological Activity of a New Class of Sulfone-Linked Pyrrolylpyrazoles and Pyrrolylisoxazoles
from Methyl-3-aryl-2-(E-arylethenesulfonyl)acrylate. Chewz. Pharm. Bull. 2009, 57, 1200-1205.
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Table 13. Initial asymmetric apptroach to the (3+2) intermolecular cycloadditions.

L, Ve

OO )<Ph )\\MX
2 -
SN (L5, 13 mol%) H"

- |
/ ] =0 Pd,(dba); (6 mol%) N
o X + [ ): oS 0
>\ 2 o Dioxane, 100 °C, 3 h )

9b, X=C(CO,Me), 15e, 1.2 equiv. 16be : 16be’ (syn:anti)
Entry Ligand 16be+16be’% (dr)  16be (% ce) 16be’ (% cc)
1 (S,R,R)-L5 99 (1:1) 48 22
2 (R,R,R)-L5 77 (1:1) 26 61

We next performed a brief screening of solvents, using the Pd-catalyst involving (S, R, R)-L5 (Table
14). Different solvents allowed to obtain the cycloadduct 16be in very good yields (78 — 99%, entries
1-5). However, the ee’s were lower than those achieved using dioxane as solvent (entry 1).

Table 14. Solvent screening using the Pd-catalyst with (S,R,R)-L5 as ligand.F

L, e

X

S il S

©\/§N [(S,R,R)-L5, 13 mol%] H
_/ ] L0 Pd,(dba)s (6 mol%) N

0 X + o/‘?’\ 1O

e 0 Solvent, 100 °C, 3 h 0%

9b, X=C(CO,Me), 15e, 1.2 equiv. 16be (syn) : 16be’ (anti) 1:1
Entry Solvent 16be + 16be’ (%)  16be (% ce) 16be’ (% ee)
1 1,4-dioxane >95 48 22
2 2-Me THF 78 45
3 ‘AmOH 90 32 4
4 Hexane >95 25 10
5 MeCN >95 -6 -10

[a] Conditions: 9b, 15e (1.2 equiv.), Pdz(dba); (6 mol%), (S,R,R)-L5 (13 mol%), dry solvent (0.05
M), Ar atmosphetre, 100 °C, 3 h.

We also conducted a brief screening of precatalysts with (S,R,R)-L5 as ligand (Table 15). The use
of CpPd(n-cin.) afforded the cycloadduct 16be in 53% overall yield and almost identical ee’s (16be:
49% ee and 16be’ 21% ee, entry 2). Both Pd(dba), and Pdx(dba);CHCl; provided 16be
quantitatively, with very similar ee’s (entries 3 and 4). Notably, performing the model reaction with a

lower catalyst loading (entry 5) resulted in incomplete conversion and lower enantioselectivities (16be:
38% ee and 16be’: 12% ee, entry 5).

105



Pd(0)-Catalyzed (3+2) Cycloadditions between ACPs and Imines

Table 15. Pd(0) source screening with (S,R,R)-L5 as ligand.1
L Yo )

/P*N X
O s
©\AN [(S,R,R)-L5, 13 mol%] H
- |
=0 Pd(0) source (6 mol%) N
o X + oS ©\ P
it o Dioxane, 100 °C, 3 h 0"

9b, X=C(CO,Me), 15e, 1.2 equiv. 16be (syn) : 16be’ (anti) 1:1

Entry  Pd(0) source  Conv.9b (%) 16be+16be’ (%) 16be (%o ce) 16be’ (% ec)

1 Pdy(dba)s 100 >95 48 22
2 CpPd(r-cin.) 96 53 49 21
3 Pd(dba), 100 >95 51 14
4 Pdy(dba)sCHCIs 100 >95 48 14

50 Pd,(dba); 85 68 38 12

[a] Conditions: 9b, Pdz(dba); (6 mol %), ligand (13 mol %), dry toluene (0.05 M), Ar atmosphere, 110 °C.
Conversion of 9b >99%. [b] 75%Conv. of 9b. [b] Pd2(dba)s (3 mol%) and (S,R,R)-L5 (7 mol%).

Bu
Bu

Bu
//\
N\/N
Bu T
O .
AN

1)
'Bu Pd_'BU

1 7 o, /
72 Pd(0)-NHC

Finally, we explored different chiral phosphoramidites, instead of (S,R,R)-L5, under optimal
conditions, using Pdz(dba); (6 mol%) in dioxane at 100 °C. The main results are presented on Table
16.

Using the biphenol-derived phosphoramidite (S,5)-L10, the diastereomeric cycloadducts were
obtained in quantitative yield but both with moderate ee’s (16be: 44% ce and 16be’: 35% ce). The
use of the BINOL derivative (R,R,R)-L11, bearing a 1-(naphthalen-1-yl)ethyl)amine, led to the an
excellent global yield, and moderate enantioselectivities of both 16be’ (-64% ee) and 16be (-40% ee).
Other ligands like (R,R,R)-L12 and (R, R,R)-L13, as well as those featuring aryl groups at the 3,3’-
positions of the BINOL [e.g. (5,R,R)-L14 or (R,R,R)-L15], afforded the desired cycloadducts in
very good yield, but poor enantioinductions. Regarding VANOL derivatives, the use of (S,R,R)-L16
afforded the pyrrolidine 16be in 81% yield, with moderate enantioselectivities (16be: -49% ee and
16be’: -58% ee).

The best result was obtained with the VANOL derivative (8,R,R)-L2, bearing a bulkier amine
moiety, which provided the desired pyrrolidines in quantitative yield, with remarkable
enantioselectivites (16be: 77% ee and 16be’: -78% ee).

106



Results and Discussion. Section 4.1

Table 16. Selection of the ligand screening for (3+2) intermolecular cycloadditions.

o
Pave
2
S H
J:<] N Pd,(dba)s (6 mol%)
o x . O/S\;o Ligand (13 mol%) ©\ N o
\!
bt 0 Dioxane, 100 °C, 3 h 0%
9b, X=C(CO,Me), 15e, 1.2 equiv. 16be (syn) : 16be’ (anti) 1:1
O >‘Ph OO >"'Ph ! l N )--iaph
O. CN
PN

N ~P—N
- ] Napht
it ¢ ¢ pib ol €< Sy

1-Napht: (R, R, R) - L11, 99%
-40% ee -64% ee

(S, S) - L10, 99% (S, R, R) -L7,99% -48% ee 22% ee 2-Napht (R, R, R) - L12, 84%
44% ee 35% ee (R,R,R)-L7,77% -26% ee -61% ee 35% ee 48% eel®

MeO
Ph
I, ) ) 1Y, R
(@) (@)
P-N :P—sz
(0] (6] N
) eedlt
Ph
MeO
(R, R, R) - L13,99% (S, R, R) - L14, 78% (R, R, R) - L15, 83%
34% ee 37% ee 17% ee -43% ee 64% ee 7% ee

O oY ‘ >-"'1-Napht
Ph o > Ph Ph (0]

~ ~P—-N
“P—N -
Ph ! o )_Ph Ph O ° )‘1-Napht

(R,R,R)-L16, 82% -29% ee 68% ee (S,R,R)-L2, 83% 77% ee -78% ee
(S,R,R)-L16, 81% -49% ee -58% ee (R,R,R)-L2, 99% 67% ee 72% ee

[a] Conditions: 9b, 15e (1.2 equiv.), Pd2(dba); (6 mol%), ligand (13 mol%o), in 1,4-dioxane was heated under
Ar at 100 °C. Conversion 9b > 99%, as determined by "H-NMR of the crude reaction mixture. Yield
determined by NMR with internal standard. Diastereomeric ratio by 'H-NMR of the crude reaction mixture.
16be:16be’ dr = 1:1, unless otherwise noted. Negative ee values imply that the minor enantiomer elutes first.

[b] dr = 1.4:1.
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Scope of the intermolecular asymmetric transformation

The scope of the asymmetric transformation was explored using ligand (R,R,R)-L11, instead of
(R,R,R)-L2, asitis less expensive and easier to prepare, while its performance in the model reaction
(see Table 16, page 107) is more or less similar than that of L2 (Scheme 103).5!

Treatment of ACP 9b and imine 15e with the catalyst derived from Pdz(dba)s; and (R,R,R)-L11
provided the corresponding pyrrolidine isomers in overall quantitative yield. Unfortunately, the ee of
16be was only of 40% whereas that of 16be’ was of 64%. The cycloaddition of precursor 9b and the
cyclic imine 15h promoted by this Pd(0)-catalyst, led to the cycloadducts in a good 83% yield, but
poor enantioselectivities (16bh: 28% ee and 16bh’: 50% ee). With other monosubstituted ACP
precursors, such as 19b or 19g, the reaction afforded the pyrrolidines 23 in good to excellent yields
but again, with poor enantioselectivities, below 40% ee.

In addition, the petformance Pd(dba)s/ (R, R, R)-L11 was also tested in the cycloadditions between
the ACP 19d and different imine counterparts; but again, the corresponding products were obtained

with modest enantioselectivities.

OO o. > -11-Napht
o/PfN)_
1-Napht
OO R1 ,'l’

3 "
R R (R, R, R)-L11, 13 mol%] Rz'sv\.“\
ey . 7 =N ) Pd(dba)s (6 mol%) R,?"“N'
R? A Dioxane, 100 °C, 3 h " R*
9 or 196! 15, 1.2 equiv. 16 (syn):16' (anti) 1:1%
or

23 (syn):23' (anti) 1:1

N n /Il
Moy Hepty - EtO,C, t/é
R A
MeQ H'} > s N o .

) o B2 ” «" N
Ao N ! S )
AN h ,O ' dei AT SO
« \ g ) )
i - ,S\ N (@) ©\O
SV Ol
16be, 99% 16bh, 83% 23be, 82% 23ge, 60%
40% ee 64% ee 28% ee 50% ee 30% ee 34% ee 25% ee

23de, 87% 23di, 90% 23dc, 40% 23dp, 52%
36% ee 42% ee 44% ee 0% ee

Enantiomeric excess (ee) presented as absolute values. E = CO,Et
[elsee footnote 81.

Scheme 103. Scope for (3+2) intermolecular cycloaddition using Pda(dba)s/ (R, R, R)-L11.

81 For clarity and consistency with the following sections of the manuscript, ACPs precursors tethered to ketone moieties
are labeled as 9, while the substrates without carbonyl moieties are named 19. Consequently, the corresponding
intermolecular (3+2) cycloadducts between ACPs and imine partners, are named as 16 (from ACPs 9) and 23 (from ACPs
19).
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4.1.4.4 DFT mechanistic studies

To shed light on the mechanism of these intermolecular (3+2) cycloadditions, we performed a DFT
computational analysis. As model substrates, we selected the dihexyl ACP 19d and the sulfamate-
derived imine 15e, while the Pd(0)-catalyst featuring the phosphoramidite L9 was used as model
catalyst. As in the intramolecular variant, we employed the B3LYP-GD3/6-31G(d) (LANL2DZ for
Pd) level of theory for the optimization of stationary points, and B3LYP-GD3/6-311++G(d,p)
(SDD for Pd) for the single-point energy calculations, using acetonitrile as solvent. The calculated
energy profile is shown in Figure 13 and the key stationary points are depicted in Figure 14.

In analogy to the intramolecular transformation, the reaction starts with the coordination of the
Pd(0)-catalyst to the distal C-C bond of the cyclopropane (I12), and evolves through an oxidative
addition toward the palladacyclobutane I13 (AG=4.3 kcal'mol"!, Figure 13). Notably, this Pd
complex exhibits an agostic interaction with a hydrogen atom of one of the isopropyl groups of the
ligand [d(H-Pd) = 2.5 A, Figure 14].

After coordination of the imine 15e to I13, a migratory insertion, via TS14-15, leads to I15 (see Figure
14). Remarkably, the associated energy barrier, of only 1.9 kcal'mol", is significantly lower than that
observed for the intramolecular cycloaddition (7.9 vs 10.6 kcal-mol!, TS14-15 vs TS3-4). Then, the
n-allyl azapalladacycle I15, can easily evolve to the more stable o-allyl species I16, featuring a Pd-H y-
agostic interaction with the isopropyl moiety of L9 [d(H-Pd) = 2.5 A, Figure 14].

Intermediate I16 can evolve through a reductive elimination (T'S16-23de) toward the product, with
an energy barrier of 30.6 kcal'mol'. However, its evolution towards the square planar species I17,
with the coordination of a sulfonamide oxygen to Pd [4(O-Pd) = 2.5 A, Figure 14], enables 2 more
accessible reductive elimination path (TS17-23de, AG=20.0 kcal'mol'"). This new transition state,
TS15-23de, involves a n-allyl Pd complex; whereas TS14-23de holds a o-allyl conformation (Figure
14). Therefore, the reductive elimination via TS15-23de would be the turnover determining step of
the intermolecular process.
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2.90 A
TS16-23de

2.20A

TS17-23de

Figure 14. Selected simplified 3D representations of the most relevant structures of Figure 13.

Analysis of the chemoselectivity of the migratory insertion using carbonyl-tethered
precursors like 9b

We also performed a preliminary computational analysis of the chemoselectivity in the reaction
between the carbonyl-tethered ACP 9b and the cyclic sulfamate-derived imine 15e, using
Pd(0)/BuXPhos (Pd1) as model catalyst. Experimentally we observed the pyrrolidine 16be instead
of the bicyclic fused intramolecular oxaadduct 17b (see Table 9, entry 5, page 92). Given that these
cycloadditions are not under thermodynamic control, and assuming that both C-heteroatom
reductive eliminations may involve similar energy barriers, we focused our attention on the migratory
insertion steps.
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As model substrates, we employed carbonyl-tethered ACP 9d, which is very similar to the
experimentally used substrate 9b without the malonate functionality in the tether, and the sulfamate-
derived cyclic imine 15e (Figure 15).

The study began from the palladacyclobutane I18, which bears the carbonyl chain extended and a
secondary interaction between the Cipso of the biaryl and the metallic center. A conformational
folding of the chain in I18, affords I19, which has the carbonyl moiety appropriately located for a
subsequent intramolecular migratory insertion. This transition state, TS19-20, entails a 19.9 kcal -mol-
! energy barrier from I18, and leads to the n-allyl intermediate 120.

Alternatively, the approximation of the imine 15e to I18 leads to the more stable intermediate, 121,
which easily undergoes an intermolecular migratory insertion of the imine, via a TMM-like transition
state (T'S21-22), to give the m-allyl intermediate I22. Remarkably, the energy penalty for this step is
only of 2.0 kcal-mol! from I21, much less energetic than the intramolecular migratory insertion over
the carbonyl [AAG(T'S19-20-T'S21-22)=17.9 kcal-mol-'].

These results are in consonance with the experimental results obtained with the catalyst generated
from Pda(dba); and BuXPhos, which shows electivity towards the external imine, to give the
intermolecular (3+2) cycloaddition (Table 9, entry 11, page 92).
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J#199 S
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Me R| e \ Pd'l S
, L )
19 W\ /
o o e— P
-7 TT +4. ’
M8 ---- 45 Mel 4
00  To--. TS21-22
: ~--.._+15e L —
o 21 -7 -3.1 AN
R
= R A
< pg-ts _ /_/_/_</ d .
M sP_ 2 AN ‘ R S
e S N\a=s N
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Figure 15. Study of the migratory insertion for the carbonyl-tethered ACP 9d and imine 15e using
Pd(0)/BuXPhos (Pdl), in 1,4-dioxane [AGsy (kcal'mol ). [B3LYP-GD3/6-31G(d) (LANL2DZ for
Pd)//B3LYP-GD3/6-311++g(d,p) (SDD for Pd)].
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4.1.5 Conclusions

In summary, we have developed new inter- and intramolecular Pd(0)-catalyzed (3+2) cycloadditions
between ACPs and C=N partners, enabling the synthesis of a variety of pyrrolidines and pyrrolidine-
fused polycyclic systems, featuring B-exo-methylene moieties.

Regarding the intramolecular transformation, the cycloaddition of ACPs tethered to oxime ethers
proved to be highly sensitive to structural features of the substrates, providing the desired
cycloadducts 2 only when precursors bearing a diester moiety at the tether were used, whereas dienic
by-products 3 and 4 were obtained in many of the cases. The limited scope was attributed to
difficulties in the C=N migratory insertion of the oxime ether, but efforts to enhance reactivity using
acidic additives and electron-poor imines proved unsuccessful.

Mechanistic DFT  studies using Pd(0)-“BuXPhos as model catalyst, confirmed that these
cycloadditions occur via an initial insertion of the Pd complex into the distal C—C bond of the ACP,
followed by a metalloene rearrangement and a final reductive elimination. We also identified a novel
stepwise path leading to dienes 4, a pathway that energetically competes with the cycloaddition (AAG
= 1.0 kcal'mol™). These theoretical results are in qualitative agreement with experimental data, which
shows that diene 4 is the major product in many cases with these Pd(0) catalysts.

Remarkably, the computations showed the importance of secondary hemilabile interactions between
the Pd center and the Buchwald ligand, as well as the relevance of the ligand conformation in
stabilizing reaction intermediates.

Regarding the intermolecular variant, the catalyst generated from Pdz(dba); and L9 facilitates the
(3+2) cycloaddition between ACPs and sulfonyl imines. A range of cyclic and acyclic imines,
including ketimines, participate in the process, leading to functionalized pyrrolidines in high yields.
Additionally, studies on the enantioselective version enabled to find out that (S, R, R)-L2 is the ligand
that so far provides the highest enantioselectivity, of 78% ee.

Finally, DFT computations with the Pd(0)-L9 catalyst supported a palladaene process for the
cycloaddition, similar to that of the intramolecular transformation, and underscored again the
importance of hemilabile interactions between the Pd center and specific atoms of the bulky ancillary
ligand.
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Results and Discussion. Section 4.2

4.2.1 Precedents

As mentioned in the Introduction, ACPs can participate in numerous transition metal-mediated
cycloadditions as 3C synthons. However, examples of their cycloadditions with carbonyl compounds
are scarce. Indeed, the only precedent is the work of Yamamoto in 2001, describing a TMC (3+2)
cycloaddition between ACPs and aromatic aldehydes, but the scope is very limited and the reaction

requires neat conditions (Scheme 49).5¢

Considering these scarce precedents, and the lack of intramolecular variants of these cycloadditions
with carbonyl partners, our group explored these processes at the first stages of my PhD. During the
optimization with model substrates like the aldehyde 7a or the methyl ketone 9e (Table 17), Dr.
Verdugo found that bulky phosphites, phosphoramidites or phosphine oxides, typically used for
promoting Pd-catalyzed (3+2) cycloadditions between ACPs and carbon-based unsaturated partners,
failed to give the cycloadducts in good yields (entries 1-3). However, Pd(0) complexes equipped with
Buchwald’s biaryl phosphines, which had been traditionally used for Pd-mediated C-N and C-O
cross-couplings,’” were excellent catalysts for promoting these (3+2) cycloadditions (entries 4 and 5).
For aldehydes, the optimal conditions involved a catalyst derived from Pdz(dba)s; and BrettPhos, in
toluene at 100 °C; whereas for ketones, the use of RuPhos, instead of BrettPhos, provided better
results, at 110 °C.

Table 17. Screening conditions for the intramolecular Pd-catalyzed (3+2) cycloaddition of ACPs and aldehydes

or ketones.
/ [Pd] (6 mol%), Ligand (13 mol%) O C><:T/<
Et0,C 2
E10,C Toluene, 100 or 110 °C, 3 h Et0,C
7a R - H 30a,R=H
9e, Me 17e, Me
Entry 7/9, R T (°C) [Pd] Ligand Yield 30 / 17 (%)
1 7a, H 100 Pdz(dba); 11 -
2 7a, H 100 Pdz(dba); L2 30a, 20
3 7a, H 100 Pd(PPhs)4 P(O)Bus 30a, 20
4 7a, H 100 Pdz(dba); RuPhos 30a, 45
5 7a, H 100 Pdz(dba); BuXPhos 30a, 74
6 7a, H 100 Pdz(dba); BrettPhos 30a, 75
7 7a, H 100 Pdz(dba); XPhos 30a, 71
8 9e, Me 110 Pdz(dba); BrettPhos 17e, 65
9 9e, Me 110 Pdy(dba); BuXPhos 17e, 80
10 9e, Me 110 Pdz(dba); RuPhos 17e, 90
OMe
{ Euj/ O}P O\F'N<'F>r) 'Progfcpyrz ’Pr":r:{z M;?;?yz
* ’ O ’ O R= Cy XPhos
L1 L9 RuPhos 'Pr R= 1By tBuXPhos 'Pr BrettPhos

36 Nakamura, I.; Oh, B. H.; Saito, S.; Yamamoto, Y. Novel [3+2] Cycloaddition of Alkylidenecyclopropanes with Aldehydes
Catalyzed by Palladium. Angew. Chem. Int. Ed. 2001, 40, 1298—-1300.

87 Ingoglia, B. T.; Wagen, C. C.; Buchwald, S.I.. Biaryl monophosphine ligands in palladium-catalyzed C-N coupling: An
updated Uset's guide. Tetrabedron 2019, 75, 32, 4199-4211.
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The transformation, studied by Dr. Verdugo, proved to be highly versatile, leading to appealing exo-
methylene 5,5- and 6,5-fused oxabicyclic adducts (15 examples), in high yields and with excellent

diastereoselectivities (Scheme 104).40

J Pd,(dba); (6 mol%) R
R BrettPhos or RuPhos (13 mol%) X
Nn\(o Toluene, 100 or 110 °C,* 3 h tlo
R
7,R =H 30,R'=H
9, R’ = alkyl, Ph 17, R' = alkyl, Ph
H H H H E' H
E l
c H,C TN o E
o o o o o
R Bn R Me R
30a, R = H, 75% 17f, R = H, 40% 30b, R = H, 60% 17h, 90% 30c, R = H, 93% (dr 3.3:1)
17e, R = Me, 90% 179, R = Me, 80% 17b, R = Me, 94% (dr 10:1)
B Me Me H H , H
e £ - - E :
O E e} E o} E o O
H Me Et Ph
30d, 86% (dr 1:1) 17i, 50% 17}, 90% 17k, 60% 171, 86%

E=CO,Et E'=CO,Me

[eIBrettPhos (100 °C) for aldehydes 7, RuPhos (110 °C) for ketones 9

Scheme 104. Pd-catalyzed intramolecular cycloaddition between ACPs and carbonyls (selected examples).

Considering the broad scope of the intramolecular processes, Dr. da Concepcién explored the
viability of intermolecular variants. These studies revealed that the above catalysts are not efficient
when carbonyl partners such as benzaldehyde or acetophenone. However, the use of trifluoromethyl
ketones allowed the reaction to occur efficiently. In particular, when ACP 19 and
trifluoroacetophenone (31a) were refluxed in toluene, in the presence of Pdz(dba)s and a Buchwald
ligand, like XPhos, BrettPhos or BuXPhos, the desired cycloadducts were obtained in excellent yields
(Table 18). Remarkably, the method leads to 3-methylene THFs (10 examples) with excellent yields,

and modest diastereoselectivities.

40 Verdugo, F.; da Concepcién, E.; Rodifilo, R.; Calvelo, M.; Mascarefias, J. L.; Lopez, F. Pd-Catalyzed (3 + 2)
Heterocycloadditions between Alkylidenecyclopropanes and Carbonyls: Straightforward Assembly of Highly Substituted
Tetrahydrofurans. .ACS Cazal. 2020, 70, 14, 7710-7718.
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Table 18. Screening conditions for the intermolecular Pd-catalyzed (3+2) cycloaddition of ACPs
and trifluoromethylated ketones.

o Ph Pd,(dba)s (6 mol%) RO—,
Ligand (13 mol%)
g o .
FsC Toluene, 110 °C, 3 h F’h“'CFO :
3
19j 31a (5 equiv.) 32ja 32ja’
R = (CH,),0TBDPS
Entry Ligand Yield (%) 32ja:32ja’
1 XPhos 81 1.5:1
2 BrettPhos 82 1.4:1
3 BuXPhos 87 1.6:1
4 RuPhos 96 1.4:1
® ® L
PCy, PR3 MeO PCy,
Pro O'Pr Pr 'Pr Pr O Pr
R= Cy XPhos )
RuPhos 'Pr R= 1By 'BuXPhos 'Pr BrettPhos
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4.2.2 Obijectives

The above transformation between ACPs and carbonyl moieties was only found efficient and general

when Buchwald ligands like ‘BuXphos or RuPhos were used.

With my experience in DFT calculations, we aimed to use this type of studies to uncover mechanistic
insights into the heterocycloadditions described in Scheme 105, and to understand the role of the

ligands.

DFT studies

Scheme 105. DFT studies with experimentally relevant ligands.
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4.2.3 Analysis of the Intramolecular Oxacycloaddition
4.2.3.1 Initial hypothesis

Considering prior mechanistic information gathered for the Pd-catalyzed (3 + 2) cycloadditions,?”. 88
we hypothesized that the current annulations with carbonyls might proceed by an initial insertion of
the Pd(0) complex into the distal C—C bond of the cyclopropyl ring, to yield a palladacyclobutane
intermediate of type A (Figure 16). This species might then undergo a rearrangement to its exo-
methylene isomer of type B, prior to carbonyl coordination and migratory insertion to yield an
oxapalladacycle of type C (Figure 16, route a). Alternatively, species A could engage in a metallo—
ene process to directly afford species C (Figure 16, route b), which would eventually provide the
product through a C-O reductive elimination. The precise role of the biaryl ligand, facilitating the
overall process, was unclear at this stage.

R 42
[Pd] =<
R' 3
R2
Rs/go R 2
= [Pd]
a) metallo-ene R? A
2
migratory R/)k
insertion R‘—\1 )3 isomerization
Rz _[Pd]
=0
R3 B

Figure 16. Initial mechanistic hypothesis based on prior work.

To discern between these two mechanistic alternatives, we performed a DFT analysis of the
intramolecular cycloaddition of 9m (Figures 17 and 18), which is very similar to the experimentally
used substrate 9f, but lacks the diester group in the connecting tether (see Scheme 104, Precedents,
page 118). Related precursors lacking the diester also undergo the cycloaddition reaction, so it can
be considered a valid model.

In a first approach, we chose PHj3 as model ligand to explore the proposed reaction pathways saving
computation time while keeping the rough electronic properties of the system. We then conducted
the same studies using ‘BuXPhos, as model Buchwald ligand, as it provides optimal results in all types
of reactions (with aldehydes, ketones and in intermolecular cases) (see Table 17, entries 5 and 9;
Table 18, entry 3). In all cases, we employed the B3LYP/6-31G(d) (LANL2DZ for Pd) level of
theory, for the optimization of the stationary points, and M06/6-311++g(d,p) (SDD for Pd), in

toluene, for the single-point energy calculations.

27 Garcfa-Fandifio, R.; Gulias, M.; Mascarefias, J.L.; Cardenas, D. ]J. Mechanistic study on the palladium-catalyzed (3 + 2)
intramolecular cycloaddition of alk-5-enylidenecyclopropanes. Dalton Trans. 2012, 41, 9468-9481.

8 Araya, M.; Gulias, M.; Fernandez, I.; Bhargava, G.; Castedo, L.; Mascarefias, J. L.; Lépez, F. Rhodium-catalyzed
intramolecular [3+2+2] cycloadditions between alkylidenecyclopropanes, alkynes, and alkenes. Che. Eur. J. 2014, 20,
10255—10259.

30 Da Concepcion, E.; Fernandez, I.; Mascarefias, ]. L.; Lopez, F. Highly Enantioselective Cobalt-Catalyzed (3+2)
Cycloadditions of Alkynylidenecyclopropanes. .Angew. Chem. Int. Ed. 2021, 60, 8182—8188.
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4.2.3.2 Studies using PH; as model ligand

In consonance with previous studies, the reaction starts with an oxidative addition of the distal C-C
bond of the ACP to the palladium catalyst, to reach the palladacyclobutane I2 (Figure 17, AG=18.0
kcal-mol, from 9m+PdL,).%

From intermediate I3, which already holds the carbonyl moiety in an appropriate orientation for the
migratory insertion, a metalloene process might occur via TS83-5, in which the palladium is
unsymmetrically coordinated to the four carbon atoms of the TMM unit. Besides this route, which
generates the m-allyl Pd intermediate I5, we also located the isomerization of I3 to the exo-methylene
palladacyclobutane I4 (AG=16.4 kcal'mol'). However, the transition state for this step lies 2.3
kcal-mol! above that of the metalloene process and, more importantly, the subsequent migratory
insertion, via TS4-5, is significantly more costly (AG=29.4 kcal'mol!), making this pathway very
unlikely. These results contrast with previous calculations on cycloadditions between ACPs and
unsubstituted alkenes, in which the energy difference between these two types of TS’ was minimal,
but against the metalloene process (see Figure 8, General Introduction, page 42).27

The reductive elimination from n-allyl intermediate I5 provides smoothly 17m’ with an energy barrier
of 9.9 kcal'mol-'. We also found alternative pathways which could be competitive. In particular, I5
can also tautomerize to a slightly less stable c—bound oxa—palladacyclic T-shaped intermediate 16 (O
and P are ¢s to each other).%0 All attempts to obtain a TS for the reductive elimination process from
I6 failed; however, we found that this intermediate can easily evolve to its #ans derivative I7, which
can undergo the reductive elimination (T'S7-17m) with an enetrgy battier of 21.2 kcal-mol-'.

8 For additional steps involving two PHj; ligands attached to the palladium, see Figure Al (Appendix, page 328).

27 Garcfa-Fandifio, R.; Gulfas, M.; Mascarefias, J.L.; Cardenas, D. J. Mechanistic study on the palladium-catalyzed (3 + 2)
intramolecular cycloaddition of alk-5-enylidenecyclopropanes. Dalton Trans. 2012, 41, 9468-9481.

% During the studies of the analog cycloadditions between ACPs and alkenes, n-allyl palladacyclic species like I5 could not
be located computationally, so only o—complexes of type 14 were found. Indeed, the analog metalloene transition state
directly leads to a o-allyl-Pd intermediate of type I4. See reference 27: Garcfa-Fandifio, R.; Gulias, M.; Mascarefias, ].L.;
Cardenas, D. J. Mechanistic study on the palladium-catalyzed (3 + 2) intramolecular cycloaddition of alk-5-
enylidenecyclopropanes. Dalton Trans. 2012, 41, 9468-9481.
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4.2.3.3 Computational analysis using ‘BuXPhos as ancillary ligand

Having studied the overall pathway with PH3 as ligand, we next explored the energy surface with
BuXPhos, using as reference the stationary points located with PHj. Therefore, we performed a
detailed DFT analysis of the intramolecular cycloaddition using the Pd(0)-BuXPhos complex (Pd1)
as model catalyst (Table 17, entry 8, 80% yield). In consonance with previous reports on related Pd-
complexes of Buchwald biaryl phosphines,” the 7 sifico analysis of Pd1 revealed the bidentate while
hemilabile character of the ligand, which coordinates the Pd through the phosphorus and its ortho-
aryl ring (in particular through C2'and C3', Figures 18 and 19).

Upon coordination of the alkylidenecyclopropane moiety through its distal C—C bond (I8), the
hemilabile Pd—arene interaction is partially loosened, but the aryl ring remains blocking one side of
the ACP—Pd complex, almost perpendicular to the Pd plane [dPd—C1) = 3.21 A]. The stabilization
provided by such Pd(0) interaction is significant, since the energetically closest intermediate lacking
this interaction, I13, turned out to be >10 kcal-mol-! less stable than I8 (Figure 18).

From intermediate I8, the oxidative addition of the ACP takes place through a very accessible
activation barrier (T'S8-9, AG = 6.0 kcal'mol™'), to yield the palladacyclobutane species 19, a square
planar (distorted) intermediate wherein the 7ps0 catbon of the biaryl group (C1") occupies the fourth
coordination site [d(C1'-Pd) = 2.7 A].2 This Pd—Cipso interaction seems essential for the stability of
this palladacyclobutane. Indeed, alternative square planar complexes bearing a y-agostic interaction
with the Bu group of the phosphine (I14) or related three-coordinate T-shaped isomers lacking any
kind of hemilabile interactions (I14°)3 were found to be more than 18 kcal-mol-! less stable than I9.
In consonance with the high stability of 19, the oxidative addition step via TS8-9 is exergonic by 5.9
kcal-mol-! (from 9m+Pd1).

These results contrast with those resulting from the use of PH3 as the model phosphine ligand, as in
that case the oxidative addition step was endergonic by 16.1 kcal'mol~! from 9Im+PdL, (TS1-2,
AG=5.6 kcal'mol-!, see Figure 17).

From the palladacyclobutane intermediate I9, the migratory insertion of the methyl ketone, through
a palladaene pathway (route b) was found to involve an energy barrier of 16.0 kcal-mol-! (via TS9-
10).9* The resulting o-allyl oxapalladacycle intermediate I10 is a square planar complex that holds the
oxygen and the phosphorus ¢s to each other. The Pd—C1' interaction, which is now #rans to the
oxygen, has been strengthened, as judged by the shorter Pd—C1' distance (2.61 A, I10 vs 2.71 A, 19).

An alternative path, based on a stepwise process involving an initial isomerization to the exo-
methylene palladacycle of type B (see Figure 16, page 121) and a subsequent migratory insertion of
the carbonyl moiety, could not be located from I9; however, this pathway is feasible from the isomeric
metallacyclobutane species 114 (via I15), which features a weak Pd—H y-agostic interaction. Curiously,
the generated oxapalladacycle I16 features a n-allyl ligand (engaging the three carbons of the former

91 a) Melvin, P. R.; Nova, A,; Balcells, D.; Hazari, N.; Tilset, M. DFT investigation of Suzuki-Miyaura reactions with aryl
sulfamates using a dialkylbiarylphosphine-ligated palladium catalyst. Organometallics 2017, 36, 3664— 3675.; b) Tkawa, T.;
Barder, T. E.; Biscoe, M. R.; Buchwald, S. L. Pd-catalyzed amidations of aryl chlorides using monodentate biaryl phosphine
ligands: a kinetic, computational, and synthetic investigation. J. Awm. Chem. Soc. 2007, 129, 13001— 13007.; c) Barder, T. E.;
Biscoe, M. R.; Buchwald, S. L. Structural insights into active catalyst structures and oxidative addition to (biaryl)phosphine—
palladium complexes via density functional theory and experimental studies. Organometallics 2007, 26, 2183— 2192.

92a) Milner, P. J.; Maimone, T. J.; Su, M.; Chen, J.; Mueller, P.; Buchwald, S. L. Investigating the dearomative rearrangement
of biaryl phosphine-ligated Pd(II) complexes. . Am. Chem. Soc. 2012, 134, 19922— 19934.; b) We also located the isomer of
I9 in which the alkyl chain of the alkene and the P atom are in anti-disposition (19474, Figure A2, Appendix, page 329).

93 T14°, lacking any Pd-H interaction, is not included in Figure 17. Its relative energy is 15 kcal-mol-.

%4 The evolution of I9 towards I10 involves an additional step, from I9 to I9’, which was omitted in the Figure 17 for
clarity. It involves a conformational change consisting of the folding of the carbonyl chain to enable the subsequent
palladaene step (T'S9-10). The relative energy of 19’ is -2.5 kcal-mol-L.
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cyclopropane), a type of intermediate that was not computationally located from palladacyclobutane
intermediate 19.% From n-allyl intermediate I16, the reductive elimination was found through an

energy barrier of 13.8 kcal-mol-' to give the cycloadduct 17m’.

All attempts to locate a reductive elimination step from y-allyl intermediate I10 were not successful.
However, this step was again located from an isomeric #rans intermediate (I12, O and P are #rans to
each other). This complex exhibits a weak y-agostic interaction between the Pd and a hydrogen atom
of a ‘butyl group.?® The energy value of the reductive elimination, 21.6 kcal'mol-! (via TS12-17m), is
similar to that calculated for analogous step using PH3 as ligand [AG(TS12-17m —=TS7-17m) < 1
kcal'mol-1]. Therefore, it fits with the heating requirements of the reaction and suggests that it is the

turnover limiting step.

Overall, the significant energy differences between the paths starting from I8 and I13, allow to
propose the former as the most favorable route. Remarkably, when considering PH3 as model ligand,
instead of BuXPhos, the energy difference among the different routes were much shorter, in

consonance with a relevant role for the ligand (Figure 17 vs Figure 18).

%5 As we mentioned in Figure 16, this type of n-allyl palladacyclic species was not located in any of the (3 + 2) cycloadditions
between ACPs and alkenes, for which a o-complex of type C was found. See reference 27: Garcia-Fandifio, R.; Gulias, M.;
Mascarefias, J.I.; Cardenas, D. ]. Mechanistic study on the palladium-catalyzed (3 + 2) intramolecular cycloaddition of alk-
5-enylidenecyclopropanes. Dalton Trans. 2012, 41, 9468-9481.

%6 For selected examples on related y-agostic interactions in Pd(II) complexes, see: a) Stambuli, . P.; Incarvito, C. D.; Buhl,
M.; Hartwig, ]. F. Synthesis, structure, theoretical studies, and ligand exchange reactions of monomeric, T-shaped
arylpalladium(II) halide complexes with an additional, weak agostic interaction. J. Am. Chem. Soc. 2004, 126, 1184— 1194.; b)
Walter, M. D.; White, P. S.; Brookhart, M. Synthesis, structure and computational studies of a cationic T-shaped Pd-
complex. New . Chem. 2013, 37, 1128— 1133.
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Results and Discussion. Section 4.2

2.43 A

Figure 19. Selected simplified 3D representations of the most relevant structures of Figure 18.

In addition to the above-described reductive elimination pathway from the o-allyl oxapalladacycle 110
via I11 and I12 (Figure 18), we identified other alternative routes (Figure 20). I10 and its energetically
related rotamer I17, can evolve towards their O-P #rans isomers (I19 and I18, respectively), each
featuring a Pd-H y-agostic interaction, and eventually undergo energetically feasible reductive
eliminations, with barriers comparable to those from I12 (AG’s 21.6 vs 23.1 and 23.9 kcal'mol-,
Figure 20, right, blue pathways). Additionally, we also located the isomer 120, with a Pd-Ciy,
hemilabile interaction, which might also evolve through a reductive elimination to 17m (AG=24.1
kcal-mol!, Figure 20, /ff, green pathway). In contrast, the reductive elimination could not be located
from 121, a T-shape isomer of I10 that lacks any hemilabile interaction (red pathway).

127



Cycloadditions between ACPs and Carbonyls

-Catalyzed (3+2)

©)

A DFT Mechanistic Study of Pd

‘[suanor wr (pg 103 AAS) ([AP)S++11¢-9/90//(Pd *03 ZAZTINVD P)O1¢-9/dX1¢dl

*(;_[OW.T€DY]) AMOSO)Y7 *SUOTHEUTWID JARINPIT 3uanbasqns oy} Pue SIOWOST su247 (- 2ARdsax 31013 ‘g1 9d£ JO sa3erpawzniut o12AdEpE[Ted-EX0 U3 JO STOWIOFUOD JANEUIANY *(g INL]

uolezIIBWOoS| SUB/}-0}-S19 O-d

uoljeuIwi|® BAONPaY

uoljeulwIi|® 8AONPaY

Ww/l-8lSL wyzp-ziSL !
V06T
\—
w/il-6lSL

uoljez|awWos| SUe}-0}-si9 O-d

saxajdwoo Jeue|d aienbs onysobe-L H-pd

LU ozl
JEE—
E i O o ! 9 o iy
d , | N !
. o ' ! _-Pd 1
Al | ” - |
. \) 3 ; ! ng, 3m~ |
| = ! ” \
o | | A !
| ' e i
b P < I \
' 0- 9'0- \\\\\ / \
e ST T T T T T T T T T T T \\HH\&I\ / \
L e =277 om / j
/ P L / i
,/ \\\ LU e \\ \ \
T~s ’ I P / \ )
~_ \\ e P / | |
AT ’ i g / ! !
S LOoL+~7 L L / \ h
\ — IIII mOF+ \\ \\ \\ / \
\ 8L-LISL ~— - / ' |
. Zi-1sL - / / i
N ) ;
\ - \\ / \
/ \\\ \\ / I
\ 4 1 \ I
/ \\ 1 \ I
. . 6LL+/ ' !
N 7 « ] | i
\ <. lzI  edeys-L \ !
AN 4% \\\ \ \
— oo / !
6L-0LSL @ Pd , i
:mu_¢ / I
Vg ng, / \
// \
\ I
\ 602+ |
—_—
w/l-0Zsl

saxa|dwos Jeuejd asenbs °%¥9-py

128



Results and Discussion. Section 4.2

In conclusion, our DFT calculations suggest that the use of bulky biaryl ligands such as ‘BuXphos, is
instrumental to facilitate the oxidative addition of the cyclopropane as well as the migratory insertion
of the carbonyl moiety through a metalloene process (Figure 16, route b). Indeed, this type of ligands
seems to favor the whole process when compared with regular monodentate phosphines, through
secondary hemilabile interactions with the metallic center that low down the energies of both
intermediates and transitions states. This is well exemplified in the Figure 18, where the orientation
of the secondary aryl of the ligand (inward or outward) enables or disables secondary interactions
between the palladium and the aryl moiety, stabilizing the stationary points to varying degrees and,
ultimately, leading to two routes (red and blue, Figure 18) with significant differences in energy.

Analysis of the diastereoselectivity of the cycloaddition

We also performed a preliminary analysis of the diastereoselectivity of the process. 5,5-Fused and
6,5-fused bicyclic systems can be either ¢/s ot #rans regarding the ring fusion. Since these cycloadditions
are not under thermodynamic control, and the reductive eliminations might be energetically similar

in both cases, we focused our attention on the migratory insertion steps (Figure 21 and 22).

Figure 21 shows the migratory insertion involved in the formation of 5,5-bicyclic systems for 9m.
Starting from palladacyclobutane intermediates (I9! and 19'7259), the migratory insertion to provide
the #rans palladacycle (I10279) involves an energy barrier of 26.6 kcal-mol-!. Meanwhile, the migratory
insertion to give the s fusion intermediate (I10) proceeds through a 12.6 kcal'mol! barrier. The
higher energy barrier of the T89-10%22s (AAG=13.6 kcal'mol-!) might be explained by the quasi-
planar conformation adopted by the connecting tether in the transition structure and the smaller
stabilizing Pd-Cipso interaction (2.77 A vs 3.00 A). These results are in consonance with the

experimental results, since the cis-fused 5,5-bicycles are obtained with total diastereoselectivity.
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Figure 21. Stercoselectivity in the migratory insertion towards 5,5-bicyclic systems. AGgly (kcal'mol™).
[B3LYP/6-31G(d) (LANL2DZ for Pd)//M06/6-311++g(d,p) (SDD for Pd)].
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We also analyzed the diastereoselectivity in processes leading to 6,5-bicycles. The methyl ketone 9d
and the aldehyde 7e were selected as model substrates (Figure 22, A and B).

Regarding the methyl ketone 9d (%f# side), the palladacyclobutane species 1227275 undergoes a
migratory insertion to provide the frans fused palladacycle 123%#ns with an energy barrier of 22.9
kcal-mol-!. Meanwhile, the migratory insertion to give the s fusion (I22¢%) has a lower energy barrier,
of 15.2 kcal'mol-'. Notably, this difference (AAG=7.7 kcal-mol-) is smaller than that observed for
the formation of 5,5-bicycles (AAG=13.6 kcal -mol-!, Figure 21). This is qualitatively consistent with
the experimental results, since the 06,5-bicyclic product 17b is obtained with slightly lower

diastercoselectivity (cis:trans ratio= 10:1) whereas the 5,5-counterpart 17e, is exclusively s (see
Scheme 104, Precedents, page 118).

Furthermore, the computed barriers for the aldehyde precursor 7e (Figure 22, righ?) show an even
smaller difference (AAG=4.7kcal-mol-'), which qualitatively aligns with the lower diastereoselectivity
observed for the 6,5-bicyclic product 30c (¢is:trans ratio = 3.3:1, see Scheme 104, Precedents, page 118).
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Figure 22. Analysis of the migratory insertion related to 6,5-bicyclic systems for 9d (%ff) and 7e (righ?) using

Pd(0)-BuXPhos (Pd1), in toluene. AG.y, (kcal'mol™). [B3LYP/6-31G(d) (LANL2DZ for Pd)//MO06/6—
311++g(d,p) (SDD for Pd)].-

4.2.4 Analysis of the Intermolecular Oxacycloaddition

Regarding the intermolecular variants of the cycloadditions, we aimed to shed some light on the
critical relevance of the CF3 substituents in the ketone partner, which seemed mandatory for the
success of the reactions. Therefore, we performed DFT calculations using as model ACP 19k, which
is similar to the expetimentally used substrate 19j (see Table 18, Precedents, page 119).
Trifluoroacetophenone (31a) and acetophenone (31b) were used as carbonyl partners. Based on the
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previous results, only the metalloene pathway, to yield oxapalladacyclic intermediates of type C, was
explored (Figure 16, route a, page 121).

4.2.4.1 Study using PHj3 as model ligand

Initially, computations were conducted with PHjs as ligand, focusing exclusively on the pathways
leading to the experimentally observed major diastereoisomer (Figure 23). The black pathway shows
the reaction profile of the ACP 19k with trifluoroacetophenone, whereas the blue one displays the

analogous profile with acetophenone.

The former starts with the palladacyclobutane intermediate 126, which suffers a migratory insertion
to reach the m-allyl 127, with an accessible energy barrier of 7.2 kcal'mol!. Finally, the cycloadduct
32ka is obtained through a reductive elimination (AG=8.8 kcal -mol™!).

The blue pathway begins with the analogue palladacyclobutane intermediate 128, bearing the methyl
ketone 31b coordinated to the metallic center through the carbonyl oxygen. The subsequent
migratory insertion involves a much higher energy barrier (AAG=17.9 kcal'mol!) while the final

reductive elimination is energetically very similar, with an energy penalty of 8.9 kcal-mol.

Therefore, the CFs; moiety stabilizes all the stationary points, resulting in a significant difference
between the two systems. The most pronounced effect is observed in the migratory insertion, in

which the use of the trifluoromethyl ketone reduces the energy cost by almost 18 kcal-mol-'.
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Figure 23. DFT-calculated energy profile AGgoy (kcal'mol™) for the (3+2) cycloaddition of 19k with
trifluoroacetophenone 31a (black route) and acetophenone 31b (blue route) using Pd(0)-PH3, in toluene.
[B3LYP/6-31G(d) (LANL2DZ for Pd)//M06/6-311++g(d,p) (SDD for Pd)].
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4.2.4.2 Study using ‘BuXPhos as model ligand

Based on the above results with PHs, DFT computations were conducted using ‘BuXPhos as ligand,
which is experimentally competent (Table 18, entry 3, 87% yield, dr 1.6:1). Thus, the Pd(0)-BuXPhos
complex (Pd1) was used as model catalyst.

Figure 24 illustrates the route involving the ACP substrate 19k and the fluorinated partner 31a. As
shown in intramolecular studies, Buchwald ligands give access to different pathways depending on
the biaryl disposition. Starting from 130, where 7050 carbon C1” is coordinated to the metallic center,
I31 is reached through a metalloene migratory insertion with an energy barrier of 8.6 kcal-mol,
similar to that calculated for PHs (AAG=1.4 kcal'-mol-'). The alternative square planar complex 132,
is much less stable (AG=19.2 kcal-mol-"), although it can proceed through an accessible barrier to
I33 (AG=4.5 kcal-mol"). We could not locate a direct reductive elimination from this complex, but
it can easily evolve to 134, from which a reductive elimination is possible, but was found to be highly
demanding (AG=30.9 kcal -mol-1).

On the contraty, the analog reductive elimination from the o-allyl Pd intermediate I31 is accessible
(AG=22.4 kcal'mol'!). Notably, this barrier is significantly higher than that observed when using PH3
as ligand, which highlights the importance of performing the study with realistic models. In any case,
the barrier fits with the heating requirements of the reaction and suggests that the reductive
elimination is the turnover limiting step, similar to the intramolecular reaction. Like in the
intramolecular profiles (Figure 18, page 126), BuXPhos provides more stable pathways by enabling
secondary hemilabile interactions with the metallic center, stabilizing both intermediates and
transitions structures.
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Figure 24. DFT-calculated profile AGly (kcal'mol™) for the cycloaddition between 19k and 31a using Pd(0)-
‘BuXPhos (Pd1), in toluene. [B3LYP/6-31G(d) (LANL2DZ for Pd)//M06/6-311++g(d,p) (SDD for Pd)].

In parallel, preliminary DFT studies were also performed using acetophenone instead
trifluoroacetophenone as partner (Figure 25). The profile starts from palladacyclobutane 135,
containing a hemilabile coordination of the Cspso to the Pd center. The subsequent metalloene step
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to m-allyl I36 has an energy barrier that doubles that calculated for trifluoracetophenone (AG=16.1
kcal-mol").”7 From 136, the reductive elimination takes place to give the corresponding cycloadduct

32kb with a short energy barrier.

Interestingly, despite these energy values seem accessible, the cycloadducts derived from the methyl
ketone 31b and ACP precursors similar to 19k, were never observed experimentally. This suggests
the existence of alternative side pathways, more favorable than the migratory insertion, which could
explain the complete conversion of the starting materials into a complex mixture of products, when

acetophenone is used.

To conclude, the role of the fluorine atoms (CF3) appears to be twofold: not only facilitating the
migratory insertion, but also hampering potentially competitive processes, such as 3-hydride

eliminations and others.
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e 2R | -20.1

Figure 25. DFT-calculated energy profile AGy (kcal'mol™!) for the (3+2) cycloaddition of 19k and methyl
ketone 31b using Pd(0)-BuXPhos (Pdl), in toluene. [B3LYP/6-31G(d) (LANL2DZ for Pd)//MO06/6—
311++g(d,p) (SDD for Pd)].

7 Figure A4 shows the pathway from an alternative square planar complex bearing a y-agostic interaction (I139).
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4.2.5 Conclusions

In summary, we have computationally explored the reaction pathways for the Pd(0)-catalyzed (3+2)
cycloadditions between ACPs and carbonyl partners, both intra- and intermolecularly. For
comparative purposes, we employed a simple Pd(0)-PHs model and the more realistic Pd(0)-
‘BuXPhos system.

Regarding the intramolecular transformation, we have evaluated the most plausible pathways based
on the precedents: a metalloene process (path A) and an isomerization/migratory insertion sequence
(path B). Studies with Pd(0)-PHs suggested that the metalloene pathway is energetically preferred.
These conclusions were much more clear when using Pd(0)-BuXPhos as catalytic system.

Overall, the use of Buchwald ligands seems crucial for the heterocycloaddition, enabling hemilabile
interactions between the palladium center and specific atoms of the ligand (Pd-H and Pd-Cj,, of the
biaryl), which stabilize the metal complexes. The "inward" biaryl conformation of BuXPhos was
particularly important, facilitating these interactions and favoring a less energetic overall reaction
pathway. Additional studies on migratory insertion and reductive elimination steps confirmed the
importance of these secondary metal-ligand interactions in stabilizing key intermediates.

For the intermolecular cycloaddition, we examined the metalloene proposal using acetophenone and
2,2,2-trifluoroacetophenone as carbonyl partners, both with Pd(0)-PHs and Pd(0)-BuXPhos.
Remarkably, the fluorinated carbonyl partner significantly facilitates the migratory insertion with both
catalysts. In addition, the studies with Pd(0)-BuXPhos suggested that these catalysts could play a role
in favoring the cycloaddition path, suppressing side reactions. They also reinforced the importance
of the hemilabile interactions between the Buchwald ligand and the metal center, and the relevance
of the “inward” ligand conformation in enabling lower energy profiles.
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Results and Discussion. Section 4.3

4.3.1 Precedents

4.3.1.1 TMC reactions involving Pd(II) w-allyl intermediates

Metal-catalyzed allylic substitutions are fundamental processes in organic synthesis, allowing the
efficient formation of C—C, C—N, and C—O bonds.”® These transformations proceed through n-allyl
metal complexes, that are easily obtained from allylic systems with leaving groups (OAc, OCO2R, Cl
...) in presence of metal complexes, although they can also be generated from other substrates like
vinyl epoxides, dienes and others. Among the different metals that have been used for generating
these reactive intermediates (e.g. Pd, Rh, Ir, Ru), palladium stands out due to its versatility and wide
scope.” Indeed, palladium 7-allyl species can act as electrophiles with a myriad of nucleophiles
(malonates, amines, alkoxides...) and pronucleophiles, to create new allylic systems bearing carbon-
catbon or carbon-heteroatom bonds. These nucleophiles are usually soft, and generated from
conjugated bases of low pKa’s, to warrant easy deprotonations.

The general mechanism of this reactivity is represented in Figure 26. It starts with the coordination
of the Pd(0) catalyst to the double bond, followed by an oxidative addition to afford a m allyl Pd(1I)
complex II, with release of the leaving group. This intermediate can suffer a direct nucleophilic
addition (out-sphere attack), usually through the face opposed to the palladium, to give complex I'V.
Alternatively, the coordination of the nucleophile to the metal, prior to the nucleophilic addition, is
also possible, leading to an inner-sphere pathway, that gives IV.

.. Nu X
2 . P N nd
decoordination > coordination
! N.u. Nu \
0 addition [I':’d”]
P N — gl Pd X
S A Y and
v |
\ :
\ coordination K
Nu Nue K
addition  oxidative
. addition
fo g [P LT
- G
Nu™" AR X@

n allyl complex (Il)
Figure 26. General mechanism for n-allyl PA(IT) complexes.

This reactivity can also be exploited using organometallic reagents as nucleophiles, for instance,
organozinc or organoboron reagents, which allow the generation of allyl cross-coupling products,
which are very useful in organic synthesis. The more common strategy is based on the use of allylic
acetates as palladium n-allyl precursors.'® For instance, in 2008 Sawamura reported a reaction

% a) Trost, B. M.; Van Vranken, D. L. Asymmetric transition metal-catalyzed allylic alkylations. Chew. Rev. 1996, 96,
395—422.; b) Trost, B. M.; Crawley, M. L. Asymmetric transition-metal-catalyzed allylic alkylations: Applications in total
synthesis. Chen. Rev. 2003, 103, 2921—2943. ¢) Pamies, O.; Margalef, J.; Cafiellas, S.; James, ].; Judge, E.; Guiry, P. J.; Moberg,
C.; Bickvall, J.-E.; Pfaltz, A.; Pericas, M. A.; Diéguez, M. Recent Advances in Enantioselective Pd-Catalyzed Allylic
Substitution: From Design to Applications. Chenz. Rev. 2021, 121, 8, 4373—4505.

9 a) Tsuji, J. The Tsuji—Trost Reaction and Related Carbon—Carbon Bond Formation Reactions: Overview of the
Palladium—Catalyzed Carbon—Carbon Bond Formation via n-Allylpalladium and Propargylpalladium Intermediates; In
Handbook of Organopalladium Chemistry for Organic Synthesis; Negishi, E., Ed.; Wiley, 2002, 1669-1687; b) Trost, B. M.; Crawley,
M. L. Asymmetric Transition-Metal-Catalyzed Allylic Alkylations: Applications in Total Synthesis. Chezz. Rev. 2003, 7103,
2921-2943.

100 2) Ohmiya, H.; Makida, Y.; Tanaka, T.; Sawamura, M. Palladium-Catalyzed y-Selective and Stereospecific Allyl—Aryl
Coupling between Allylic Acetates and Arylboronic Acids. J. An. Chem. Soc. 2008, 51, 17276-17277.; b) Li, C.; Xing, J.;
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between chiral allylic acetates and boronic acids, using the catalyst derived from Pd(OAc),, AgSbF
and 1,10-phenanthroline, to provide different arylated products with an excellent a-to-y chirality
transfer (Scheme 106).1°! The active catalyst I evolves through a transmetalation step to reach species
IL. After coordination of the allylic precursor, the complex III suffers a regioselective migratory
insertion to give intermediate IV, and eventually the product.

</ ;:2 \>
=y =/ (1,10-phen, 12 mol%)

Pd(OAc), (10 mol%)

OAc AgSbF, (10 mol%) ar
R»]/\/\RZ + AI_B(OH)Z > R,]/\/\Rz
DCE, 60°C, 12 h
R'= alkyl 26 to 84%
R2=H, alkyl y-E-selective
OAc
Ar—B(OH), R1/.\/\R2
R2
Pd(OA), N+ AT Ar R!
+ N +/OAC No +/AI’ /Pd\ R2
Pd —1 = Pd —1 » N \ — N *
AgSbFg Pl A8 by \Pd o)
+ N SbFe N SbFs N/ N —_<
o=
1,10-phen I I I R NOAC v Me

Scheme 106. Pd(0) catalyzed allyl-aryl coupling between allyl acetates and boronic acids using the bidentate
neutral phenanthroline as ligand.

Another example, reported by Fernandes and coworkers in 2016, involves the reaction between y-
vinyl lactones and atyl boronic acids using Pd(OAc),/TMEDA as catalyst, to afford atylated allylic
products (Scheme 107).192 In these cases, the initially generated n-allyl Pd complex of type I reacts
with the boronic acid through a transmetalation step to give the Pd(Il) intermediate IL. After a
reductive elimination, the monoarylated allylic alcohol is released.

TMEDA (10 mol%)

0 Pd(OAc), (10 mol%) CO,Me
/1710 +  Ar—B(OH), ArW
HO Dioxane:'AmOH (1:1)
110 °C, 12 h OH
35 to 90%
5 : Na,CO3, Mel
: .0.__0O ?r 0. 0 Acetone, rt, 4 h
O [Pq"] ’ Ar—B(OH), P~
NG~ <l
.1 OH Sy

Scheme 107. Pd(0) catalyzed cross-coupling of y-vinyl-lactones.

The reactive m-allyl Pd species can also be obtained from alternative precursors, such as dienes, as
demonstrated by Sigman in 2009 (Scheme 108).103 Thus, the Pd(II) catalyzed hydroarylation of dienes
with boronic esters proceeds through the formation of a catalytically active Pd hydride, that
regioselectively hydrometalates the diene to yield the key m-allyl Pd species I. A subsequent

Zhao, ].; Huynh, P.; Zhang, W.; Jiang, P; Zhang, Y. J. Pd-Catalyzed Regioselective and Stereospecific Suzuki—-Miyaura
Coupling of Allylic Carbonates with Arylboronic Acids. Org. Lett. 2012, 74, 390-393.

101 Ohmiya, H.; Makida, Y.; Li, D.; Tanabe, M.; Sawamura, M. Palladium-Catalyzed y-Selective and Stereospecific Allyl—Aryl
Coupling between Acyclic Allylic Esters and Arylboronic Acids. J. Am. Chem. Soc. 2010, 132, 2, 879—889.

102 Nallasivam, J. L.; Fernandes, R. A. Pd-Catalyzed Site-Selective Mono-allylic Substitution and Bis-arylation by Directed
Allylic C-H Activation: Synthesis of anti-y-(Aryl,Styryl)-3-hydroxy Acids and Highly Substituted Tetrahydrofurans. J. Am.
Chem. Soc. 2016, 138, 13238—13245.

103 Liao, L.; Sigman, M. S. Palladium-Catalyzed Hydroarylation of 1,3-Dienes with Boronic Esters via Reductive Formation
of n-Allyl Palladium Intermediates under Oxidative Conditions. J. Am. Chem. Soc. 2010, 732, 10209—-10211.
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transmetalation with the boronic ester leads to species II, that eventually affords the branched
products after reductive elimination.

BUOK (0.5 mol%)
(-)-Sparteine (20 mol%)

/o “ Pd[(-)-Sparteine]Cl, (0.75 mol%) /\)\
Ar—B ] + XN - > X )
o R IPrOH, ballon O, R Al
R = Alk, Ar, alkenyl 75°C,8h 60 to 90%
0
H%OH Ar—B, ]
[P?”] o [Pfli"]/
Pdll X Pd” X-H sl o]l
[PdIX; % [PdT] R/\/\l R/\/\l
O + HX 1 H n H

Scheme 108. Pd(0) catalyzed hydroarylation of dienes.

4.3.1.2 Tandem processes involving ACPs and related strained systems entailing m-allyl
intermediates

ACPs and other 3C-membered strained rings can be cleaved to give n-allyl metal intermediates, which
can be further trapped with appropriate nucleophiles. However, such examples remain scarce. One
notable case, reported by Hyland in 2015, consists of a Pd(0) catalyzed ring-opening/cross-coupling
of vinyl cyclopropanes (VCPs) with boronic acids, to afford linear and branched allylic products with
high diastereoselectivity (Scheme 109).194 The reaction starts with the 7z situ generation of Pd(0)
nanoparticles from Pd(OAc)2 and boronic acid. Then, an oxidative addition of the vinylcyclopropane
gives the n-allyl Pd complex I, which transmetalates to intermediate II. Finally, a reductive elimination
releases the cross-coupled products, regenerating the active catalyst.

EWG FWG EWG EWG
A/\ ) Pd(OAc), (1 mol%)
A Ri + RBOHp —— > EWG — * EWG \
H,O, t, 8 h R R2 R R2
EWG = -CO,Et, -CN R'=H R'=Ar
R'=H, Ar R? = Ar, alkenyl 23 to 96% 38 to 96%
R?-B(OH),
Pd(OAc) % Pd(0)NP B(OH), R2
C)2 S EtO.__O— . EtO.__O ¢
[Pd"| RZ-B(OH), [Pd']
- o —3 |
R2-R g I,

EtO,C EtO,C S R?
| 1

+
2 AcOB(OH),
Scheme 109. Pd(0) catalyzed VCP ring-opening/Suzuki-type coupling process.

Another example, reported by Rousseaux in 2020, involves a nickel(0) catalyzed ring opening/ cross
coupling reaction between arylcyclopropyl tosylates and boronic acids, to produce 2-arylated allyl
derivatives with moderate yields (Scheme 110).1%> Interestingly, the boronic acid has a dual role in
the transformation, enabling the ring-opening to give a n-allyl Ni(II) intermediate I, and participating
in the subsequent cross-coupling process.

104 Yin, J.; Hyland, C. J. T. Ring-Opening of Vinylcyclopropane-1,1-dicarboxylates by Boronic Acids under Ligandless
Palladium Catalysis in Neat Water. J. Org. Chem. 2015, 80, 6529—-6536.

105 Mills, I.. Reginald; Monteith, J. J.; Rousseaux, S. A. L. Boronic acid-mediated ring-opening and Ni-catalyzed arylation of
1-arylcyclopropyl tosylates. Chem. Commmun. 2020, 56, 12538-12541.
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NiCl(PPhs), (10 mol%)
+  A-B(OH), - 1JVN2
Arl OTs K3PO, (4 equiv.) Ar

Toluene, 110 °C, 1 h
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Scheme 110. Ni(0) catalyzed ring-opening/Suzuki-type coupling process involving aryleyclopropyl tosylate.

Shi and coworkers reported a rhodium(I) promoted cycloisomerization/ allylic substitution tandem
processes between vinilydenecyclopropanes (VDCP) tethered to carbonyls and alkynes. The reaction
provides functionalized 6-membered rings bearing a new chiral center, with enantioselectivities above
93% (Scheme 111).19 The catalyst generated from [Rh(COD)a]., AgNTf, and (R)-SDP reacts with
the ACP to give a rhodacyclobutane intermediate I, which undergoes a migratory insertion of the
ketone to deliver a m-allyl Rh(III) species (II). After transmetalation with an 7 situ generated silver
alkynylide, and a reductive elimination, the coupling product is obtained.

&w [Rh(COD),], (2.5 mol%)

X R2 . — R3 AgNTF, (6 mol%)
5 Dioxane, 80 °C, 4-12 h
R' or R?= alkyl, Ar R3 = alkyl, Ar, TMS 48 to 95%
X =NTs, O, CH, 93 to 99% ee
R1
LY Rh .
M _[RA]
\rf ——R3 Agx
o Ag/

HX
Scheme 111. Rh(I) /Ag(I) catalyzed cycloisometization / cross coupling tandem reaction involving VDCPs.

Shi ¢ al. extended this Rh(I)-catalyzed methodology to other nucleophiles, such as indoles!?” and 1,3-
dicarbonyls'%8, instead of the silver alkynylide (Scheme 112). However, the scope of these
transformations is more limited, and the use of a N-T's group at the linker between the carbonyl and
the VDCP is mandatory. Unlike the previous transformation with alkynes, these nucleophiles are
proposed to perform an outer-sphere nucleophilic attack to the n-allyl Rh(I1I) intermediate of type 1.

106 Yang, S.; Rui, K. H.; Tang, X.Y.; Xu, Q.; Shi, M. Rhodium/Silver Synergistic Catalysis in Highly Enantioselective
Cycloisometization/Cross Coupling of Keto-Vinylidenecyclopropanes with Terminal Alkynes J. Anm. Chem. Soc. 2017, 139,
16, 5957-5964.

107 Yang, S.; Li, Q.; Xu, C.; Xu, Q.; Shi, M. Rhodium-catalyzed asymmetric hydroamination and hydroindolation of keto-
vinylidenecyclopropanes. Chen. Sci. 2018, 9, 5074-5081.

108 Xu, C.; Ning, C.; Yang, S.; Wei, Y.; Shi, M. Rhodium-Catalyzed Asymmetric Cycloisomerization of 1,3-Diketones with
Keto-Vinylidenecyclopropanes: Synthesis of Enantiomerically Enriched Cyclic 3-Amino Alcohols. Ady. Synth. Catal. 2021,
363, 1727-1732.
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Scheme 112. Rh(I) catalyzed cycloisometization/ amination ot alkylation tandem teaction of VDCPs.

Regarding the use of ACPs in this type of chemistry, in our group, Dr. Verdugo explored the
possibility of intercepting n-allyl Pd species of type C, that were computationally proposed in Pd-
catalyzed (3+2) cycloadditions between ACPs and carbonyls (see Figures 16 and 18, Section 4.2, pages
121 and 1206),'”” with a suitable boron-based nucleophile to get access to functionalized 1,2-
disubstituted cyclic alcohols (Scheme 113).110 Note that related, but acyclic, n-allyl Pd(II) complexes
of type C, featuring coordination to both oxygen and carbon atoms to the palladium, have been
postulated as intermediates in Suzuki cross-couplings.!!!
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Scheme 113. Interception of the computationally described Pd(II) m-allyl intermediate of type C with
organoboron reagents.

109 This transformation is further discussed in Section 4.2 and reference 40: Verdugo, F.; da Concepcién, E.; Rodifio, R.;
Calvelo, M.; Mascarefias, J. L.; Lépez, F. Pd-Catalyzed (3 + 2) Heterocycloadditions between Alkylidenecyclopropanes and
Carbonyls: Straightforward Assembly of Highly Substituted Tetrahydrofurans. ACS Catal. 2020, 10, 14, 7710-7718.

110 Verdugo, F.; Rodifio, R.; Calvelo, M.; Mascarefias, J. L. Lopez, F. Palladium-Catalyzed Tandem
Cycloisometization/Cross-Coupling of Carbonyl- and Imine-Tethered Alkylidenecyclopropanes. Angew. Chens. Int.
Ed. 2022, 61, ¢20220229.

111 For selected mechanistic studies on Suzuki couplings, see: a) Ortufio, M. A.; Lledés, A.; Maseras, F.; Ujaque, G. The
Transmetalation Process in Suzuki—Miyaura Reactions: Calculations Indicate Lower Barrier via Boronate Intermediate.
ChemCatChem 2014, 6, 3132-3138.; b) Carrow, B. P.; Hartwig, J. F. Distinguishing Between Pathways for Transmetalation
in Suzuki—Miyaura Reactions. J. Am. Chem. Soc. 2011, 133, 2116-2119.; ¢) Braga, A. A. C.; Morgon, N. H.; Ujaque, G.;
Maseras, F. Computational characterization of the role of the base in the Suzuki-Miyaura cross-coupling reaction. J. Am.
Chem. Soc. 2005, 127, 9298-9307.; d) Melvin, P. R.; Nova, A.; Balcells, D.; Hazari, N.; Tilset, M. DFT Investigation of
Suzuki—Miyaura Reactions with Aryl Sulfamates Using a Dialkylbiarylphosphine-Ligated Palladium Catalyst. Organometallics
2017, 36, 3664-3675.

141



Pd(0)-Catalyzed Tandem Cycloisomerization/ Allylic Substitution Reactions of ACPs tethered to
Carbonyl and Imine partners

As shown in Table 19, treatment of the ACP-ketone 9a and 4-methoxyphenylboronic acid (33a) with
the catalyst derived from Pdz(dba); and RuPhos or ‘BuXPhos (standard cycloaddition conditions),
led to the (3+2) cycloadduct 17a as the only product (entries 1 and 2). In contrast, using PPh; as
ligand, which is not able to establish secondary interactions with the metallic center, switches the
selectivity to give the desired syn-cyclopentanol 34aa, but with a low 15% conversion (entry 3).
Gratifyingly, using more electron deficient ligands, such as the phosphoramidite L9, phosphite L1
and phosphine L17, allowed higher yields of 34aa, above 90%, with complete diastereoselectivity
(entries 4-6). Importantly, Dr. Verdugo found that when using more challenging boronic acids, such
as the alkenyl derivative 33b, the addition of an external base (e.g. KsPOy) is required to achieve full
conversions, likely by favoring the transmetalation step (entries 7 and 8).

Table 19. Optimization of the tandem reaction between keto-ACP 9a and boronic acids 33a and 33b.1

/_/)> Pd,(dba)s (4 mol%) H R H
Ligand (9 mol%)

X  Me + R-B(OH), X + X

\—< K3POy (0 or 2 equiv.) “'OH o}

9a O Dioxane, 100 °C, 1h Me Me
X = C(CO,Me), 33, 2 equiv. 34 17a
Entry Ligand 33 Base (equiv.) 34 (%)l 17a (%o)lbl

1 RuPhos 33a - - 90

2 BuXPhos 33a - - 64
3 PPh; 33a - 34aa, 0 (15) -
4 L9 33a - 34aa, 90 -
5 11 33a - 34aa, 90 -
6 L17 33a - 34aa, 94 -
7l L17 33b - 34ab, 40 (60) -
8 L17 33b K5POy4 (2) 34ab, 95 -

[a] Conditions: 9a, boronic acid (33, 2 equiv.), base (0-2 equiv.), Pd2(dba)s (4 mol%), ligand (9 mol%), dry
1,4-dioxane (0.05 M), Ar atmosphere, 100 °C. [b] Determined by NMR with an internal standard. Values
of conversion are shown under patenthesis. [c] 7= 3 h.

I
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‘
Bu O F3C, i B(OH)
O PCy, O P'Bu, O QP—N(iPr) | z B(OH),
iPro opr  fpr Pr P g 2 P 3 é
Bu O F.C |
O O 3 8 3 !
|
L1 |

RuPhos 'PrtBuxPhos

Lo L17 33a 33b
The scope of the transformation was explored by Dr. Verdugo under optimal conditions, comprising
Pdz(dba); (4 mol%) and phosphine L17 (9 mol%), in the presence of KsPOy (2 equiv.) under refluxing
dioxane (Scheme 114). The reaction works with arylboronic acids bearing a variety of functional
groups in the aryl moiety, affording the corresponding cyclopentanols in good to excellent yields (66-
96%, 34aa-34af). Notably, the precursor 91, bearing a cyclopentanone moiety, led to the
bicyclo[3.3.0]octanol derivative 34la in 90% yield and with complete diastereoselectivity. Likewise,
aryl ketone 9k provided the product 34ka in 53% yield (dr 2:1).

The use of alkenylboronic acids led to products like 34ag and 34ab in excellent yields (95% and
88%). Curiously, when using an alkylboron species, such as "butylboronic acid, the lactone 35a’ was
obsetved as the only product (70%). Its formation was explained by assuming a preferred 3-hydride
elimination, after the transmetalation of the alkylboron reagent. Thus, the generated m-allyl Pd(II)
hydride species would evolve through a C-H reductive elimination and, eventually, an intramolecular
transesterification to deliver the product 35a’.
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Finally, substrates containing different connecting tethers between the ACP and the carbonyl moiety
(-CHa2-, -NTs-, -O-) were also viable, providing the corresponding products in good to excellent yields
(50-93%). The use of substrates with longer connecting tethers, such as 9i, allowed the obtention of
the cyclohexanol 34ba' in 70% yield, with complete diastereoselectivity.

F3C,

/ P
/—)> i |3 (L17, 9 mol%) H K
X ;R' . RB(OH), Pd;(dba)s (4 mol%) XC/I R
M o) K3PO, (2 equiv.) S ""OH

9 33, 2 equiv. Dioxane, 100 °C, 2 h R' 34

N
-
H /(/ 34aa, Ar = pMeO-Ph, 94% ;
Ar

MeO,C 34ac, Ar = p'Bu-Ph, 93% ”'\,\ ,\J\r
MeO,C 34ad, Ar = pF-Ph, 96% /,\< f\

A
Me ™ 34ae, Ar=3,5F,-Ph, 66% < 7
34af, Ar = oMe-Ph, 67% ’
Crystal structure of 34ad 34la, 90%
H
MeO,C /</ ! V. VA MeO-C HK
Mo 02 C><:I AT Meo,C MeO,C ;[g\ H
2 'OH MeO,C 5 Ph Me0,C y o7 o~ Me
Ph ‘OH ‘OH
Me M 35a', 70%
34ka, 53% (dr 2:1) 34ag, 88% 34ab, 95% [Using "Bu-B(OH), 33h]
9y OH
H
LA 1. L o (ot
HQCCI' Ar TsN<:I. R O<:I' r
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1oH mcOH Ve MOH
34fa, 50% 34ga, R = pMeO-Ph, 93% 34ha, 63% 34ba’, 70%
34gb’ R = cyclopent-1-enyl, 63% (After LIA|H4 treatment)
Ar' = pMeO-Ph

Scheme 114. Scope of the tandem cycloisometization/ ctoss coupling between ACPs and boronic acids.

Preliminary work by Dr. Verdugo also showed that this methodology could be extended to other
nucleophiles, in addition to organoboron reagents (Scheme 115). Using the same catalytic system,
dimethyl malonate reacts with ACP 9a to give 37aa’ in 90% yield, with complete syz selectivity.
Interestingly, by using KoCOj3 instead K3POs, the initially expected cyclopentanol 37aa was obtained
in 89% yield. Control experiments suggested that the lactone 37aa’ results from an intramolecular
transesterification of the initially formed alcohol 37aa.!12

112 Product 37aa can lactonize to 37aa’ in presence of K;PO,4 under refluxing dioxane (40% yield, 3 h).
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MeO,C H CO,Me
Base = K3PO,
>
FaQ Al e CO,Me
i 37aa’, 90%
/ F:C 13 (L17, 9 mol%)
X Me _, MeO,C._CO;Me Pdy(dba); (4 mol%)
Base (2 equiv.)
o Dioxane, 100 °C, 1 h
9a 36a, 2 equiv. y / o
X = C(CO,Me), Base = K,CO.
—_—
,OH COZMS
Me
37aa, 89%

Scheme 115. Tandem cycloisometization/malonate addition reactions.

Despite these findings, the feasibility of the reaction and its potential extension to other nucleophiles
was uncertain. Likewise, the mechanism underlying the divergent pathways remained unclear.
Moreover, the possibility of using ACPs tethered to imines, instead of carbonyl moieties, which
would enable the synthesis of functionalized cyclic amines, had neither been assessed.
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4.3.2 Objectives

Based on these precedents, we set out the following objectives:

- Extend the cycloisomerization/cross-coupling reaction to other nucleophiles,
like 1,3-dicarbonyls and phenols.

- Develop analog tandem processes using ACPs tethered to imines, instead to
carbonyl moieties.

- Obtain mechanistic insights using DFT computational studies.

R
[Pd?] : O\/Q\’[PdI]J Nu .-Nu

A . X boronic acids XH
X ' 1,3-dicarbonyls
X=0 Intermediate C alcohols
X =NR

Scheme 116. Study of the cycloisometization/ allylic substitution tandem processes.
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4.3.3 Tandem Cycloisomerization/Nucleophilic Addition of ACPs, using
1,3-Dicarbonyls as Nucleophiles

Preliminary results indicated that dimethyl malonate can also trap intermediates of type C, generated
from keto-ACPs 9 with a Pd/L17 catalyst (see Scheme 115, Precedents, page 144), although the
reaction needs further analysis.

Therefore, we prepared other precursors of type 9 following the same strategy used for 9a, consisting
of a Tsuji-Trost reaction between the corresponding nucleophile and the vinyl tosylate 6. Precursor
9f, bearing an aliphatic tether between the ACP and the carbonyl group, was synthetized through a
Wittig reaction from the corresponding aldehyde, followed by a nucleophilic addition of BnMgBr to
its Weinteb amide (Scheme 117).

o Br7+
/ [>—PPh, / y

QMe NaH CI)Me BnMgBr Bn
N THF, 65 °C N< Et,0, -78 °C to rt
¢} o ©
38% of, 78%

Scheme 117. Synthesis of the precursor 9f.

With the substrates in hand, we explored the scope of the reaction using the catalyst derived from
Pdz(dba); (4 mol%) and the electron-poor phosphine L17 (9 mol%), and 2 equivalents of K3POy as
base, in refluxing dioxane (Scheme 118). Under these conditions, the reaction between carbonyl-
tethered ACP 9a and dimethyl malonate (36a) provided lactone 37aa’ in 90% yield. As
aforementioned, the intramolecular transesterification can be avoided by using KoCOsj instead
K5POq, delivering the cyclopentanol 37aa in 89%. Substrate 91, bearing a cyclopentanone moiety,
afforded the bicyclic product 371a in 90% yield (dr 5:1).

The tandem process tolerates different tethers between ACP and the carbonyl partner, such as an
aliphatic chain (product 37fa, 74%) or an ether moiety (product 37ha, 55%). The use of a longer
connecting tether afforded the lactonized product 37ba’ in an excellent 90% yield (dr 1:1). Finally,
other monoalkylated malonates and other 1,3-dicarbonyl compounds, such as ethyl acEtOAcetate,
also proved to be suitable nucleophiles, enabling the synthesis of products like 37ab’, 37ac' or 37ad’
in moderate to good yields.
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FsC
P
W o .
£ r FC 13 (L17,9 mol%) ‘/\;l"“uE
X
oy E

Pd,(dba)s (4 mol%)

. T
(ﬂ E K3POy4 (2 equiv.)

o Dioxane, 100 °C, 2 h
9 36, 2 equiv. 37 or 37"
H
E Wl e W E J E
Ha
E E E 5 E
07 o~ Me OH oH
Me Bn
37aa’, 90% 37aa, 89% 37la, 90% (dr = 5:1) 37fa, 74% 37ha, 55%

(K2COg instead K3POy)

S S A (A (v

37ba’, 90% (dr = 1:1) 37ab’, 55% 37ac’, 53% 37ad’, 69% (dr = 1:1)
E = CO,Me

Scheme 118. Scope of the tandem cycloisomerization/ allylic substitution reaction between keto-ACPs 9 and
1,3-dicarbonyl reagents 36.

4.3.4 Tandem Cycloisomerization/Nucleophilic Addition of ACPs using
Alcohols as Nucleophiles

4.3.4.1 Optimization

In collaboration with Dr. Verdugo, we also examined the ability of phenols to intercept allylic
intermediates of type C. The initial results are presented in Table 20.

The reaction involving the catalyst generated 7 sitn from Pdz(dba)s and the bulky phosphite L1 led
to almost full recovery of the starting material; however, traces of the desired product 39aa were also
observed (entry 1). The use of the electron-poor phosphine L.17 or the phosphoramidite L9, instead
of L1, led to higher conversions, although yields were not significantly higher (15% and 17% of 39aa,
entries 2 and 3). Besides, the use of K5PO4 with L1 as ligand, aiming to enhance the reactivity of the
phenol, only led to traces of the product, despite the high consumption of 9a (entry 4). Similar results
were observed when the reaction was carried out employing L9 or L17 in the presence of K3POyq
(entries 5 and 6).
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Table 20. Viability of a tandem process between phenol and keto-ACP 9a.l

/_/)> HO Pd,(dba); (6 mol%) H/</
e . \© Ligand (13 mol%) ><:I %,
\ g K3POy, (0 or 2 equiv.) "OH

9a @) Dioxane, 100 °C, 3 h Me
X = C(CO,Me), 38a, 2 equiv. 39aa
Entry Ligand K3;POy (x equiv.) Conv. 9a (%o)["! 39aa (%)l
1 L1 - <5 <5
2 L17 - 60 15
3 L9 - 20 17
4 L1 2 60 <5
5 L17 2 100 20
6 L9 2 50 10

[a] Conditions: 9a, phenol (2 equiv.), KsPO4 (x equiv.), Pd2(dba)s (6 mol%), ligand (13 mol%), dry
1,4-dioxane (0.05 M), Ar atmosphere, 100 °C, 3 h. [b] Determined by NMR with an internal standard.

Bu O o FsC
Op P=N(Pr), P
| e
Bu

3 F3C
L1 L9 L17

At this point, we decided to study the effect of water in the reaction (Table 9). The addition of 10
equivalents of water, using L1 or 117 as ligands, did not affect significatively the formation of product
39aa (entries 1 and 2). However, when using phosphoramidite L9, the yield of the cyclopentanol
(39aa) raised up to a 50% (entry 3). Further variations in the amounts of water did not lead to any
additional improvements (entries 4 and 5). Although the exact role of water is unknown, we
hypothesize that small amounts of water might enhance the overall homogeneity of the mixture, or
help to establish key interactions within the metal complex.

Table 21. Effect of water in the tandem process with phenol and keto-ACP 9a.l

/_/)> HO Pd,(dba); (6 mol%) H\/</
X Me . \© Ligand (13 mol%) X/\:I o,
\—§ H,0 (x equiv.) 'OH

ia— ot 38a, 2 equiv. Dioxane, 100 °C, 3 h Ve
= C(CO,Me),
Entry Ligand H,O (x equiv.) Conv.9a (%) 39aa (%)bl
1 L1 H.O (10) o >
2 L17 FLO (10) [0 N
> L2 H,0 (10) 100 50
! L9 HL0 (20) 100 50
° L9 H:O (5) 60 »

[a] Conditions: 9a, phenol (38a, 2 equiv.), H2O (x equiv.), Pdz(dba); (6 mol%), ligand (13 mol%), dry
1,4-dioxane (0.05 M), Ar atmosphere, 100 °C, 3 h. [b] Determined by NMR with an internal standard.

Bu O o F3C
0 P
F3C 3

P P-N(Pr),
L1 L9 L17

e
3
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Finally, the effect of the temperature in the tandem process was investigated (Table 22). Intriguingly,
when the reaction was conducted at higher temperatures, such as 130 °C, the formal (3+2)
cycloadduct 17a was exclusively obtained (75% yield). Interestingly, the use of the same reaction
conditions in the absence of phenol (38a), afforded only traces of 17a, which confirms that the phenol
plays a role in the formation of the cycloadduct 17a (entry 3). When the reaction was carried out at
80 °C, the allylic compound 39aa was obtained in 70% yield as the only detected product (entry 3).

Table 22. Effect of the temperature in the tandem process with phenol and keto-ACP 9a.l

Cl,

P-N(Pr),

y O © (L9, 13 mol%) H H
HO Pd,(dba)s (6 mol%) /</
X  Me . \© 29ba)s ° Xq %G X
\—§ “1OH * o

H,O (10 equiv.)

9a O Dioxane, T, 3 h Me Me
X = C(CO,Me), 38a, x equiv. 39aa 17a
Entry 38a (x equiv.) T (°C) 39aa (%o)[P! 17a (%) 1Pl
1 2 100 50 <5
2 2 130 <5 75
3 0 130 - <5
4 2 80 70 <5

[a] Conditions: 9a, phenol (38a, 2 equiv.), H2O (10 equiv.), Pd2(dba); (6 mol%), L9 (13 mol%), dry 1,4-
dioxane (0.05 M), Ar atmosphere, 3 h. [b] Determined by NMR with an internal standard.

To try to rationalize the formation of 17a, product 39aa was treated under the optimal catalytic
conditions [Pdz(dba); and L9] at 130 °C, and the bicyclic product 17a was obtained in 70% yield
(Scheme 119). This result confirms that 39aa is formed at 80 °C but, at higher temperatures, it evolves
to the THF derivative 17a. This transformation might occur through an oxidative addition of the
allylic C-O bond to the Pd(0) complex, followed by an intramolecular nucleophilic attack by the
hydroxy group to the Pd-allyl moiety.

SN

P-N(Pr),
o ,Ph
H /Q O (L9, 13 mol%) [ H /</ (1) H
oV o Y
XCI o\Ph Pd,(dba); (6 mol%) XCI [Pd] o
'OH H0 (10 equiv.) el {PdIOPh o
Me Dioxane, 130 °C, 1 h Me [Pd] Me
39aa, X = C(CO,Me), 17a, 75%

Scheme 119. Control experiment for the formation of 17a at high temperature.

4.3.4.2 Scope of the transformation

Using as optimal conditions Pdz(dba); (6 mol%), L9 (13 mol%) and 10 equivalents of water, in
dioxane at 80 °C, we explored briefly the scope of the reaction with different alcohols (Scheme 120).
The transformation can be performed using different aromatic alcohols, providing the expected
products in good yields and complete diastereoselectivity (39ac-39ac). The use of benzyl alcohol led
to the lactone 35a’ (45% yield), which incorporates a hydrogen atom at the allylic position. However,
the use of an electron deficient benzyl alcohol, such as pentafluorobenzyl alcohol, inhibits this side
pathway, leading to the cyclopentanol 39ad in 80% yield, as a single diastereoisomer.
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L,

P-N(Pr);

/ O © (L9, 13 mol%) H /</
E
c Me . HOR Pda(dba)s (6 mol%) E o
E “IOH

H,O (10 equiv.)

9a 0 Dioxane, 80 °C, 3 h Me
E=CO,Me 38, 2 equiv. 39
Pr
4 H 1o 1o
Ze s 26
E E y E y
OH ‘OH 'Pr ‘OH 0
Me Me Me o—/
39aa, 70% 39ab, 65% . 39ac, 56%
F F
H
: k/ y ”\/o
o o Me E “oH F
352", 45%
(from BnOH at 90 °C) 39ad, 80%

Scheme 120. Scope of the tandem cycloisometization/ allylic substitution reaction between keto-ACPs 9 and
alcohols 38.

The formation of product 35a’ can be explained assuming that the n-allyl intermediate I (type C),
bearing the benzyloxy group coordinated to the metallic center, evolves through a B-hydride
elimination to the palladium hydride intermediate IT and benzaldehyde (Scheme 121). Product 352

would be obtained after C-H reductive elimination and intramolecular transesterification.

H \\ L9
E>/,\\»‘ Spg’ B-H-Elim.
g 1.0

E - “\Pd/ C-H RE E o
—— X | —_—
- H E

E - - [Pd]

Me OF \,‘iiﬂ O..-H me " Me OF
| P Ph I n
H
Transesterification E;\@:\kH
- OMe o 0 Me
E=CO,Me 3%5a

Scheme 121. Mechanistic explanation for the formation of lactone 35a’.

4.3.5 Tandem Cycloisomerization/Allylic Substitution Reactions of
Imine-tethered ACPs

4.3.5.1 Tandem cycloisomerization/cross couplings using boronic acids

Reactivity and optimization

To test the viability of the process, we prepared three types of imine precursors, either bearing an
oxime ether (1d and 1k) or a sulfinyl imine (40a). The synthesis of the former was previously indicated
in Section 4.1, via condensation of the appropriate carbonyl precursors (see Scheme 33, page 35). On
the other hand, the sulfinyl imine 40a was obtained from the corresponding aldehyde 30e and
sulfinylamine, using tris(2,2,2-trifluoroethyl)borate as dehydrating agent (Scheme 122). The product
40a was obtained in 93% yield as a single isomer (E).
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y NH,S(0)Bu y
MeO,C B(OCH,CF3)3 MeO,C
MeO,C o THF, 1t, 24 h MeO,C N\-S(0)Bu
7e 40a, 93% (E:Z 1:0)

Scheme 122. Synthesis of sulfinyl imine 40a.

We first evaluated the reactivity of ketoxime 1d under conditions previously shown successful for the
tandem process with carbonyls, namely Pdz(dba)s (6 mol%), an electron-poor phosphine ligand (13
mol%) and K5;POy4 (2 equiv.), under refluxing dioxane (Table 23). Disappointingly, the reaction using
phosphoramidite L9 afforded a very low yield of the desired product, 41da,'? and small amounts of
diene 3d (10%)."14 The use of L1 provided exclusively diene 3d in a 10% yield, whereas with L17 we
obtained 41da, but in a poor 10% yield.

Table 23. Tandem reaction with the ketoxime-ACP 1d using different ligands.

OMe
(OH), Pd,(dba)z (6 mol%) k/©/ /_>:
/©/ Ligand (13 mol% q
+

K3POy4 (2 equw) "NH(OMe)
N OMe Dioxane, 100°C, 2 h Me N OMe
1d
X = C(CO,Me), 33a 41da 3d
Entry Ligand 41da (Yo)b 3d (%)

1 L9 6 8

2 L1 - 10

3 L17 10 7

[a] Conditions: 1d, boronic acid (33a, 2 equiv.), base (2 equiv.), Pdz(dba); (6
mol%), ligand (13 mol%), dry 1,4-dioxane (0.05 M), Ar atmosphere, 100 °C, 2h.
[b] Determined by NMR with an internal standard.

Bu O fo) F3C
Orp P-N(Pr), P
' e
Bu

3 FaC 3
L1 L9 L17

On the other hand, the reaction promoted by Pdz(dba)s/L9 using the aldoxime precursor 1k (E:Z =
3:7), led to full consumption of 1k, but the expected adduct, 41ka, was not observed in the crude
mixture (entry 1, Table 24). The use of L17 as ligand provided similar results (entry 2).

Gratifyingly, the reaction with phosphite L1 afforded the cross-coupling product 41ka in a 37% yield
with total syz selectivity. However, the diene 3k, resulting from side 3-H elimination processes, was
also observed in 28% yield (entry 3). To check the influence of the E/Z geometty of the oxime ether,
we tried different samples of 1k with diverse E:Z ratios. Unfortunately, the E isomer just led to traces
of the desired product, 41ka, together with the diene 3k (26% yield, entry 5), a result that diminishes
the synthetic potential of these oxime precursors.

113 Product 41ka was identified by homology to 42aa NMR signals in the reaction crude.
114 For a detailed mechanism of the formation of these dienes, see Figure 11, Section 4.1, page 87.
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Table 24. Evaluation of the aldoxime-ACP 1k in tandem processes. [

OMe
/ B(OH),  Pdx(dba)s (6 mol%) H “\/©/
/©/ Ligand (13 mol% - —
+ + X
MeO \_\

)
x\_\\ K3POy, (2 equiv.) X “‘NH(OMe)
N~ OMe Dioxane, T, 2 h H N« OMe

;<k= C(CO,Me), 33a 41ka 3k
Entry E:Z ratio (1k) T(C) Ligand 41ka (%)l 3k (%o)lbl

1 3:7 100 L9 - -

2 3.7 100 117 (53) -

3 3:7 100 L1 37 28

4 1.5:1 100 11 24 40

5 1:0 100 L1 5 26

[a] Conditions: 1k, boronic acid (33a, 2 equiv.), base (2 equiv.), Pd2(dba)s (6 mol%), ligand (13 mol%), dry
dioxane (0.05M), Ar atmosphere, 2 h. [b] Determined by NMR with an internal standard. Values of
conversion are shown under parenthesis unless conversion>99%.

By O o F3C O
e P-N(Pr), P PCY,
5 O o] Pro o'Pr
u
: < L "0
L17

L1 L9 RuPhos

Considering these results, we focused on the reactivity of the sulfinyl imine 40a (Table 25). The
catalyst generated from Pdz(dba); and either RuPhos or P(CeFs)s as ligand, provided a complex
mixture of products (entries 1 and 2). However, the use of phosphoramidite L9 allowed to obtain
the desired cycloadduct, 42aa, with total sy selectivity in 52% yield (entry 3). A similar result was
obtained when using the electron-poor phosphine L17 (53% yield, entry 4). Notably, a Pd(0)-catalyst
featuring the bulky phosphite L1 afforded the cyclopentamine 42aa in a higher 80% yield (entry 5).

Table 25. Evaluation of the sulfinylimine-ACP 40a in tandem processes with different ligands.

/_/)> B(OH), Pd,(dba)s (6 mol%) H | OMe
/©/ Ligand (13 mol%) q
X + X
MeO R

403 \N—S(O)tBu Diosane, (1203(]:3\,/% h  NHS(0)Bu
X = C(CO,Me), 33a 42aa
Entry Ligand Conv. 40a (%) 42aa (o)
1 RuPhos 100 -
2 P(CeF)s 70 i
3 L9 100 52
4 117 100 53
5 11 100 80

[a] Conditions: 40a, boronic acid (33a, 2 equiv.), base (2 equiv.), Pd2(dba)s (6 mol%), ligand (13 mol%),
dry dioxane (0.05 M), Ar atmosphere, 2 h. [b] Determined by NMR with an internal standard.

By O o F3C O
e P-N(Pr), P PCy,
8 O °© Pro or
u
s <L
L17

L1 L9 RuPhos
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Worth to mention, product 42aa consists of a 1:1 mixture of diastereoisomers, because of the
presence of the chiral sulfinamide. However, they can be separated by chromatography or
transformed into the common sulfonyl derivative (43aa) by treatment with #CPBA (Scheme 123).

H / OMe H / OMe
R mCPBA (1.2 equiv.) R
X X

7 /9 CH,ClI, rt, 5 min 9/0
H N\S«. 2Ll T, h N— =
H iy H gy
42aa or 42aa’, X = C(CO,Me), 43aa, 75-78%

Scheme 123. Conversion of 42aa and 42aa’ into 43aa by oxidation of the sulfoxide center.

We also evaluated the effect of different bases (Table 26). Interestingly, bases such as Cs2COs,
K>CO3;, KOH or NaOAc, also allowed the formation of product 42aa in excellent yields, between
85% and 95% (entries 2-5), although a similar yield was obtained without base (94% yield, entry 6).
These results align with those obtained using the ACP precursor 9a, which contains a carbonyl moiety

and required an external base only when challenging boronic acids were used (see Table 19, Precedents,
page 142).

Table 26. Influence of the base in the tandem process with sulfinylimine-ACP 40a.k

Bu
O

T
/_/)> B(OH), fBu 5 (L1, 13 mol%) H @/OMe
v . /©/ Pdj(dba); (6 mol%) )<:I
MeO

N—s(oyeu Dovare 10001 h LNHs(oyBu
40a
X = C(COMe), 33a 42aa
Entry Base (2 equiv.) 42aa (%)Ml
1 K3POy4 80
2 Cs2CO; 86
3 K>COs3 94
4 KOH 95
5 NaOAc 95
6 - 94

[a] Conditions: 40a, boronic acid (33a, 2 equiv.), base (0 or
2 equiv.), Pdz(dba); (6 mol%), L1 (13 mol%), dry 1,4-
dioxane (0.05 M), Ar atmosphere, 1h. [b] Determined by
NMR with an internal standard. Conversion > 99%

Using different solvents like 1,4-dioxane, /AmOH, heptane or 2-methyl THF led to similar yields. We
also performed a brief analysis of the influence of the temperature, observing that the reactions
provided similar results in a range of temperatures from 70 to 115 °C, with the formation of the
cyclopentylamine 42aa in all cases.

In conclusion, to ensure full conversions, we established as optimal reaction conditions the use of
Pdz(dba); (6 mol%) and phosphite L1 (13 mol%), in dioxane, at 100 °C for 2 hours.

Scope of the transformation

With the optimal conditions in hand, we analyzed the scope of the method (Scheme 124). The imine
partners were obtained from the corresponding aldehydes 7, as indicated for the preparation of 40a.

We started testing the reactivity of 40a with different boronic acids (33). The reaction tolerates para-
substituted arylboronic acids bearing either electron-donating groups, such as p-OMe or p-Bu (42aa
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and 42ac, respectively), or electron-withdrawing ones, such as p-F (42ad), with yields above 90%.
Gratifyingly, the reaction works with naphthyl and or#ho-tolyl boronic acids, affording good to
excellent yields (42ai, 76% and 42af, 99%). However, it seems sensitive to steric hindrance, as
demonstrated by the low consumption of 40a when the mesitylene-2-boronic acid (33j) was used as
partner (42 %Conv. 40a).

Alkenyl boronic acids, such the cyclopentenyl derivative 33b, are much less efficient (42ab, 19%
yield) and, not unexpectedly, alkyl boronic acids led to complex mixtures of products. The use of a
2-pyridine boronic acid provided the product in a poor yield (42ak, 13%), likely due to catalyst
poisoning by coordination of the palladium to the nitrogen atom. In addition, the reaction employing
the electron poorer imine 40b, containing a sulfonyl group instead the sulfinyl moiety, provided the
product 42ba in a low 20% yield. Finally, a precursor with a NTs group at the connecting tether
between the ACP and the imine moiety afforded the corresponding product, 42ca, in 66% yield.

By
T
/_/)> 'Bu 5 (L1, 13 mol%) H U\/
N o) Pd,(dba); (6 mol%) « N_R
+ R-B(OH),
\_\\ Dioxane, 100 °C, 2 h “'NHS(0),'Bu
N—S(0),'Bu H
40 33 42

H | " H | o
£ 42aa,R = OMe, 90% g E
E I 42ac, R = 'Bu, 93% E . E -,

R NHS(O)YBu  42ad, R = F, 91% A 'NHS(0)Bu A "NHS(0)Bu
42ai, 76% 42af, 99%
H | o Wl
£ E E Bu
E f £ “NHS(0)B £ “NHS(0)B
f 'NHS(0)'Bu H (O)yBu H (0)Bu
42aj, 0% 42ab, 19% 42ah, 0%
(42 %Conv. 40a) (100 %Conv. 40a)
7
OMe OMe
H\\l | H H
E e N E Lev Lt
E ~ E ~ TsN
A ‘NHS(0)Bu H"NHS(O)QtBu H"NHS(O)tBu
42ak, 13% 42ba, 20% 42ca, 66%
E = CO,Me

Scheme 124. Scope of the tandem cycloisometization/ cross-coupling reaction between imine-ACPs 40 and
boronic acids 33.

Additional experiments were catried out with some substrates at lower temperatures or increasing
the reaction times, but no improvements in the reactivity were observed. The use of an external base
(K5POy) neither increased the efficiency of these processes.

4.3.5.2 Tandem cycloisometization/nucleophilic additions using 1,3-dicarbonyl partners

To see whether the ACP-tethered imines could also be coupled to other nucleophiles, we tried the
reaction of 40a and dimethyl malonate, using the optimal conditions comprising Pdx(dba); (6 mol%o)
and L1 (13 mol%), in the presence of K3PO4 (2 equiv.). Unfortunately, the product 44aa was not
observed (Table 27, entry 1). The use of other ligands, such as L9 or L17, did not bring any

154



Results and Discussion. Section 4.3

improvement (entries 2 and 3). In all cases, high consumptions of ACP 40a were observed, leading
to complex mixtures of products.

Table 27. Evaluation of sulfinylimine-ACP 40a in tandem process with dimethyl malonate.f

/—/)> Pdy(dba)s (6 mol%) H /&OzMe
Ligand (13 mol%) ><:I

X + MeO,C.__CO,Me CO,Me
K3POy4 (2 equiv.) v,
\N—S(O)‘Bu Dioxane. 100 °C, 3 h H NHS(0)Bu
40a
X = C(CO,Me), 36a, 2 equiv. 44aa
Entry Ligand Conv. 40a (%o)[] 44aa (%)
1 L1 72 _
2 L17 91 _
3 L9 90 .

[a] Conditions: 40a, dimethyl malonate (36a, 2 equiv.), K;PO,; (2 equiv.),
Pdx(dba); (6 mol%), ligand (13 mol%), dry 1,4-dioxane (0.05M), Ar
atmosphere, 100 °C, 3 h. [b] Determined by NMR with an internal standard.

Bu O o F3C
o P-N(P
P P~N(Pr), P
| e
Bu

3 FasC 3
L1 L9 L17

The oxime ether precursor 1k was also tested (Scheme 125). Despite the complete consumption of
the substrate, cross-coupling products were not detected and only the diene 4k could be isolated in
low yield.

By
o
/_/)> ‘Bu 5 (L1, 13 mol%) /_C
0,

. . MeO,C._CO,Me Pd,(dba)s (6 mol%) v

—\ K3PO, (2 equiv.) —\

N+~ OMe Dioxane, 100 °C, 2 h N« OMe

X = C(CO,Me),
1K, (E:Z = 1.5:1) 36a, 2 equiv. ak, 29% (E:Z = 1.5:1)

Scheme 125. Evaluation of aldoxime-ACP 1k in tandem process with dimethyl malonate.

4.3.6 DFT Mechanistic Studies

To gain mechanistic insights on these cycloisometization/ cross-coupling processes and to find out
the factors behind the suppression of the (3+2) cycloaddition pathway, we performed a detailed DFT
analysis of the transformations using the B3LYP/6-31G(d) (LANL2DZ for Pd) level of theory for
the optimization of stationary points and M06/6-311++g(d,p) (SDD for Pd), in 1,4-dioxane, for
single-point energy calculations.

4.3.6.1 Tandem cycloisomerization/ Suzuki-like coupling between ACP-tethered carbonyls
and boronic acids

This reaction was studied using the boronic acid 33a, p(MeO)CsHy—B(OH)., and the keto-ACP 9m,
a precursor closely related to the experimentally used substrates 9a and 9f (see Scheme 114, page
143). Initially, our model catalytic species was a Pd(0) complex bearing one P(OMe); ligand (Figure
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27), which should mimic the behavior of the Pd catalysts bearing electron-deficient ligands like L1,
L9 or L17.11

The Figure 27 starts with the palladacyclobutane I1,'¢ which undergoes a migratory insertion of the
carbonyl moiety, via TS1-2 (AG=10.8 kcal-mol ), delivering the n-allyl intermediate 12, analogue to
the proposed intermediate C (see Scheme 113, page 141). However, a coordination of the boronic
acid to the carbonyl oxygen of I1, via hydrogen bonding, leads to a more stable palladacyclobutane,
I3, from which the migratory insertion occurs with a lower energy barrier of 7.2 kcal-mol! (T'S3-4).
The resulting n-allyl oxapalladacycle 14, is similar to 12, but more stable by ~10 kcal-mol-l. We could
not identify alternative c-allyl Pd species, previously located for (3+2) cycloadditions promoted with
Pd(0)-BuXPhos (see Sections 4.1 and 4.2). From oxapalladacycle 14, we can obtain the (3+2)
cycloadduct (17m) through a reductive elimination with an energy barrier of 14.7 kcal-mol! (via TS4-
17m).

However, we located a significatively more favored pathway via TS4-5 (AAG=3.1 kcal -mol!), which
delivers the aryl boronate I5.117 A z-allyl to o-allyl isomerization via TS5-6 delivers a new intermediate
(I6), which undergoes a conformational change to coordinate the aryl group to the Pd center (I7).
This enables the transmetalation process to occur with a very accessible energy barrier of 5.5 kcal-mol-
I (overall barrier of 8.3 kcal'mol! from I6) to form the o-allyl Pd(Il) complex I8. A cis-trans
isomerization provides 19, a o-allyl species with the proper ligand spatial arrangement for the
following C-C reductive elimination (T'S9-34ma, AG= 11.1 kcal'mol'!).

Alternatively, the o-allyl oxapalladacycle I8 can undergo a o-allyl to n-allyl isomerization to provide
the very stable complex I10 (T'S8-10, AG=3.7 kcal-mol™").!'8 From I10, a reductive elimination entails

an energy barrier of 18.2 kcal-mol-'.

Both reductive eliminations, from I8 and I10, are compatible with the temperature required for the
reaction, and lead to the cross-coupling product 34ma, which after further protonation, would
provide the experimentally isolated cyclic alcohol. Probably, the precise structure and electronic
properties of the ancillary ligand play a crucial role in determining which of these pathways prevails.

115 Complementaty profiles with additional steps (Figure A5 and Figure A6) or different model catalysts [Figure A7,
Pd(0)-L17; and Figure A8, Pd(0)-PMes] can be found in the Appendix.

116 The initial oxidative addition is computed in Figure A5 (AG= 6.9 kcal'moll, Appendix, page 333). For previous
mechanistic studies on Pd-promoted ACP cycloadditions, covering this first oxidative addition step, sec Section 4.2 and/or
reference 40: Verdugo, F.; da Concepcion, E.; Rodifio, R.; Calvelo, M.; Mascarefias, J. L.; Lopez, F. Pd-Catalyzed (3 + 2)
Heterocycloadditions between Alkylidenecyclopropanes and Carbonyls: Straightforward Assembly of Highly Substituted
Tetrahydrofurans. .ACS Cazal. 2020, 70, 14, 7710-7718.

17 Two alternative pathways that deliver the (3+2) cycloadduct 17m were found, from I5 and 16 respectively, but both
were significantly less favorable than the transmetalation pathway through 16 (AAG=4.3 and 5.8 kcal-mol", see Figure A6,
Appendix, page 334).

118 An alternative transmetalation process was found from I5 to provide I10 (AG= 6.9 kcal-mol!, Figure A5, Appendix.,
page 333).
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We then analyzed the profile of the reaction from intermediates of type 12, using the Buchwald ligand

‘BuXPhos, instead of P(OMe)s. By using this ligand, the (3+2) adduct is experimentally observed, so
we wondered whether a computational analysis would replicate this trend

As depicted in Figure 28, intermediate I13 (analog of I2) can undergo a reductive elimination through
a 21.6 kcal'mol! energy barrier to give the (3+2)-cycloadduct 17m. Alternatively, the oxygen of I11
can coordinate the boronic acid through a hydrogen bond. Contrary to the situation shown in Figure

27, where this coordination stabilized I3 in almost 11 kcal:mol-, in this case there is a destabilization
by 8.7 kcal'mol"!, forming 112

From this intermediate, the formation of the boronate I13 proceeds with an energy barrier of 5.0
kcal'mol!. After an isomerization to orientate the aryl group towards the metal center, the

transmetalation occurs through TS14-15, to give the n-allyl complex I15. Finally, the cross-coupling
product 34ma is formed through a reductive elimination (AG=22.8 kcal-mol™)

Remarkably, the transition state TS14-15, that leads to the allylic product 34ma, is 1.2 kcal-mol-!
above TS11-17m, which delivers the cycloadduct 17m. These outcomes qualitatively align with the

experimental results, which show that catalysts featuring Buchwald ligands exclusively provide the
(3+2) cycloadducts, despite the presence of boronic acids in the reaction media
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Figure 28. DFT-calculated energy profile AGsory (kcal'mol™) for the tandem process between 9m and boronic

acid 33a using Pd-"BuXPhos (Pd1), in toluene. [B3LYP/6-31G(d) (LANL2DZ for Pd)//M06/6-311++g(d,p)
(SDD for Pd)]. [Ar=p(MeO)CsH,]

Moreover, we also explored the tandem process between keto-ACPs 9m and the aryl boronic acid
33a using monophosphines L17 and PMes as ligands (Figure A7 and Figure A8, respectively,
Appendix). Collectively, all these results highlight that the m-acidic character of the monodentate ligand

plays a crucial role in the formation of the cycloisomerization/cross-coupling products, since these
acidic ligands lower the energy barriers of key steps such as the transmetalation and reductive
elimination.

158



Results and Discussion. Section 4.3

4.3.6.2 Tandem processes between ACP-tethered carbonyls and 1,3-dicarbonyl nucleophiles

To analyze these processes, we employed as model substrates the keto-ACP 9m, and the malonate
anion of 36a’. A Pd(0) complex with one P(OMe); ligand was employed as model catalyst (Figure
29).

The process starts from the key n-allyl oxapalladacycle I2, which is obtained from I1 (see Figure 27,
page 157). Then, the out-sphere attack of the malonate ion (362a’) to 12 occurs through an accessible
barrier of 7.9 kcal-mol"!, affording the alkylated product 37ma (Figure 29). Alternatively, 12 could
also reach the (3+2) cycloadduct 17m through a reductive elimination with a barrier of 9.5 kcal -mol-
1. This step is 1.6 kcal'mol! more energetic than the out-sphere nucleophilic attack, which is in
qualitative agreement with the experimental results, as only the cyclopentanols of type 37 are

observed.
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Figure 29. Energy profile for the evolution of I2 in the presence of anion 36a’, in 1,4-dioxane. AGgok
(kcal'mol~"). [BALYP/6-31G(d) (LANL2DZ for Pd)//M06/6-311++g(d,p) (SDD for Pd)].

4.3.6.3 Tandem processes between ACPs tethered to imine partners and boronic acids

We also performed preliminary computations with the N-sulfinyl imine 40d, a precursor closely
related to the experimentally tested substrate 40a. The results of the key carbometallation step are
summarized in Figures 30 and 31.

Figure 30, using (5)-sulfinyl imine 40d, starts from the palladacyclobutane I17, which undergoes a
migratory insertion to the palladium n-allyl species I18 (AG=11.6 kcal-mol'). Curiously, coordination
of the boronic acid to either the oxygen (blue path) or nitrogen atom (red path) of the imine led to a
destabilization of the palladacyclobutane I17, affording 119 and I21. However, these interactions
favor eventually easier migratory insertions, with overall energy barriers of 8.8 and 10.5 (respectively

via T'S19-20 and T'S21-22).
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Figure 30. Energy profile AGyoy (kcal-mol™) for carbometallation step from for (8)-40d, in 1,4-dioxane.
[B3LYP/6-31G(d) LANL2DZ for Pd)//M06/6-311++g(d,p) (SDD for Pd)]. Ar=p(MeO)CsHa.

Figure 31 shows the analog migratory insertion step for the (R)-sulfinyl imine 40d. Again, the
coordination of the boronic acid to the sulfinyl imine, both through de nitrogen or oxygen atom,
causes a destabilization of palladacyclobutane I23. In this case, this energy penalty is sufficient to
favor the migratory insertion without coordination (via TS23-24) by 1.4 and 5.0 kcal'mol”,
respectively.

In conclusion, the presence of a chiral center at the sulfur atom of these precursors opens
diastereoisomeric pathways that might have different behaviors, as demonstrated in the migratory
insertion, where the activation of the imine by hydrogen bonding with the boron reagent is only
favorable from ($5)-40d.
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Figure 31. Energy profile AGyy (kcal'mol™!) for the carbometallation step for (R)-40d, in 1,4-dioxane.
[B3LYP/6-31G(d) (LANL2DZ for Pd)//M06/6-311++g(d,p) (SDD for Pd)]. At=p(MeO)CsHs.

Besides, we explored the transmetalation step for (8)-40d. From the o allyl intermediate 129 (Figure
32, path A), the transmetalated intermediate I30 is formed via a 3.8 kcal-mol! energy barrier. On the
other hand, the = allyl species I31 is more energetic than the o allyl complex 129 (AG=7.3 kcal -mol-
), and transmetalates through an energy barrier of 5.0 kcal'mol? to form the very stable 7 allyl
intermediate I32 (Figure 32, path B). Therefore, the transmetalation step seems to proceed
preferentially through o allyl species.
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Figure 32. Energy profile AGy (kcal'mol™!) for the transmetalation step for (8)-40d, in 1,4-dioxane.
[B3LYP/6-31G(d) LANL2DZ for Pd)//M06/6-311++g(d,p) (SDD for Pd)]. Ar=p(MeO)CsHa.

In conclusion, the overall process follows the same steps as for the carbonyl precursor 9m. The main
difference lies in the migratory insertion of the imine double bond [AG=8.8 kcal ‘mol! for (S)-40d
and AG=9.1 kcal ‘mol! for (K)-40d], which is slightly more demanding than that of the methyl
ketone 9Im (AG=7.2 kcal ‘mol", Figure 27, page 157). In addition, the chirality of the sulfur atom
leads to different carbometallation pathways, where the coordination of the boronic acid provides a

less energetic step only with the (S)-isomer.
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4.3.7 Conclusions

In summary, we have developed novel Pd(0)-catalyzed tandem cycloisometization/allylic substitution
reactions through the nucleophilic interception of Pd(Il) allylic intermediates of type C, 7 situ
generated from ACPs tethered to carbonyl or imine partners.

The reaction between ACP-tethered carbonyls and a variety of 1,3-dicarbonyl nucleophiles, promoted
by the catalyst generated from Pdz(dba)s; and the electron poor phosphine L17, provided the expected
cyclic alcohols in good-to-excellent yields and high sy# selectivity for most cases. Furthermore, the
use of the phosphoramidite L9, instead L17, allowed the use of alcohols as coupling partners,
providing the corresponding products with ether allylic functionalities in good yields.

DFT computations demonstrated that the characteristics of the ancillary ligand can modulate the
results of the Pd(0)-catalyzed reactions of these ACPs-tethered carbonyl systems. Using Pd(0)-
P(OMe)s as model catalyst, the studies demonstrated that the allyl oxapalladacyclic species C
preferentially evolves through transmetalation with the boronic acid rather than the competitive C—
O reductive elimination to give the cycloadduct. In contrast, the use of Pd(0)-BuXPhos favored the
formation of c-allyl oxapalladacyclic intermediates that eventually evolve to the (3+2) cycloaddition
products.

Similarly, calculations with Pd(0)-P(OMe); revealed that the out-of-sphere attack of a dimethyl
malonate on intermediate C is energetically preferred over the potentially competitive C-O reductive
elimination. These findings align with experimental results, since electron-poor monophosphines
favor the formation of tandem products, whereas Buchwald ligands promote (3+2) intramolecular

cycloadducts.

Additionally, we developed a tandem cycloisomerization/cross-coupling process of ACPs tethered
to sulfinyl imines, and aryl boronic acids, using Pda>(dba)s/ L1 as catalyst. Although with a narrower
scope than the analogue process with carbonyls, these transformations provided the expected

cyclopentamines in good-to-excellent yields and complete sy selectivity.

A preliminary DFT analysis of these reactions with ACP-tethered imines and boronic acids, indicated
that the transformation follows a similar mechanistic pathway than the analogue reaction with keto-
ACPs.
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Results and Discussion. Section 4.4

4.4.1 Pd(0)-Catalyzed Hydrofunctionalization Reactions of ACPs

The transition metal catalyzed hydrofunctionalization of ACPs is an efficient tool to synthesize 1,1-
difunctionalized alkenes. Under Pd(0) conditions, in the presence of certain pronucleophiles, ACPs
can undergo ring-opening reactions to form w-allyl intermediates of type A, which can evolve to a
broad range of products (Figure 33).!” This method, initially developed in the late nineties (see
Scheme 56, Introduction, page 49), has been applied to various hydrogen-containing nucleophiles like
alcohols, amines or amides. Its use with carbon-based nucleophiles is underexplored and limited to

malonates or electron-rich heteroaromatics.

R EWG
R NR" > = R'W EWG

Figure 33. Pd(0)-catalyzed hydrofuncionalization of ACPs.

From a mechanistic point of view, these processes were generally proposed to involve the formation
of an initial palladium hydride species of type B, followed by a regioselective hydropalladation of the
ACP affording the o-cyclopropyl complex C, which eventually evolves through a B-carbon
elimination to a key n-allyl Pd(Il) intermediate A (Scheme 126, path A). As an alternative, a path
involving palladacyclobutane intermediates like D has also been suggested in few specific cases (path
B).[11% 119%-g, 1191 Nonetheless, the mechanistic experimental data is very scarce and not conclusive,
whereas computational studies have never been reported.

119 a) Tsukada, N.; Shibuya, A.; Nakamura, I.; Yamamoto, Y. Ring Opening in the Palladium-Catalyzed Hydrocarbonation
of Methylenecyclopropanes with Pronucleophiles. J. Aw. Chem. Soc. 1997, 119, 34, 8123—-8124.; b) Tsukada, N.; Shibuya, A.;
Nakamura, I.; Kitahara, H.; Yamamoto, Y. Inter- and Intramolecular Palladium-Catalyzed Hydrocarbonation of
Methylenecyclopropanes with Carbon Pronucleophiles. Tetrabedron 1999, 55, 30, 8833—8844.; ¢) Nakamura, 1.; Saito, S.;
Yamamoto, Y. Hydrofurylation of Alkylidenecyclopropanes Catalyzed by Palladium. J. An. Chen. Soc. 2000, 122,11, 2661—
2662.; d) Camacho, D. H.; Nakamura, 1.; Saito, S.; Yamamoto, Y. Palladium-Catalyzed Addition of Alcohol Pronucleophiles
to Alkylidenecyclopropanes. J. Org. Chem. 2001, 66, 1, 270-275.; €) Nakamura, L; Siriwardana, A. L; Saito, S.; Yamamoto,
Y. Addition of Heteroaromatics to Alkylidenecyclopropanes Catalyzed by Palladium. J. Org. Chem. 2002, 67, 10, 3445-3449.;
f) Camacho, D. H.; Nakamura, I; Oh, B. H.; Saito, S.; Yamamoto, Y. Palladium-catalyzed addition of ketones to
alkylidenecyclopropanes. Tetrabedron 2002, 43,16, 2903-2907.; g) Siriwardana, A. I.; Kamada, M.; Nakamura, I.; Yamamoto,
Y. Palladium-Catalyzed Addition of Nitrogen Pronucleophiles to Alkylidenecyclopropanes. J. Org. Chem. 2005, 70,15, 5932—
5937.; h) Villatino, L.; Lépez, F.; Castedo, L., Mascarefias, ]. Palladium-Catalyzed Hydroalkynylation of
Alkylidenecyclopropanes. Chemistry — A European Journal 2009, 15, 13308-13312.; i) Yao, J.; Chen, Z.; Yu, L.; Lv, L.; Cao,
D,; Li, C.-]. Palladium-catalyzed hydroalkylation of methylenecyclopropanes with simple hydrazones. Chen. Sci. 2020, 71,
10759-10763.
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Scheme 126. Possible mechanisms for Pd(0)-catalyzed hydrofuncionalizations of ACPs.

Regardless the type of mechanism, the interception of the resulting n-allyl Pd species is limited to a
restricted range of nucleophiles (Figure 33), and the use of organometallic reagents, like
organoboronic acids [HNu = ArB(OH),|, which could drastically increase the synthetic versatility of
these transformations, has never been addressed.
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4.4.2 Objectives

In the previous section, we demonstrated that the reactions of ACP-carbonyls like 9 with boronic
acids proceed via n-allyl oxapalladacycles, which undergo a transmetalation step with the boronic acid
(Scheme 127).
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Scheme 127. Pd(0)-catalyzed tandem cycloisometization/ cross coupling process.

Considering the aforementioned hydrofuncionalization precedents, we reasoned that it would be
possible to develop an intermolecular cross-coupling reaction between ACPs and boronic acids,
assuming that acyclic m-allyl intermediates of type A, resulting from the addition of alcohols, could
be intercepted by a boron-based nucleophile (Scheme 128).

R’ [Pd?], R®-OH -B(OH), R

R2T
H

Scheme 128. Pd(0) hydrofunctionalization of ACPs with boronic acids.

On these bases, we set as objective the development of a Pd-catalyzed allylic cross-coupling
between ACPs and boron-based organometallic reagents. The approach would be synthetically
relevant, since the obtained 1,1-disubstituted alkenes are often challenging to synthesize by other
methods, whereas alternative allylic Suzuki couplings with allyl bromides are scarce.

Additionally, we planned to explore the reaction mechanism using computational methods.
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4.4.3 Results and Discussion
The experimental work was carried out in collaboration with Dr. Verdugo.
4.4.3.1 Optimization

We first explored the reaction between ACP 19b and phenyl boronic acid, under the catalytic
conditions developed for the cycloisometization/cross-coupling reactions [Pd2(dba); / L1, L2 or L3
(ratio Pd:LL 1:1.1) in refluxing dioxane]. We employed phenol as additive (38a, 2 equiv.), aiming to
favor the formation of alkoxide Pd species of type A (Scheme 128, Objectives), which could enable

the subsequent transmetalation of the boronic acid.

The reaction in presence of Pdz(dba)s; and phosphine L17 provided full consumption of the ACP
19b, but we only observed a complex mixture of products (Table 28, entry 1). Gratifyingly, when
using the phosphite L1, we observed the desired coupling product 45bl in 40% yield (entry 2), and
traces of the subproduct 45bl’ (detected in the crude mixture). The reaction with phosphoramidite
L9 provided a slightly higher yield (45bl, 50%) after 6 h of reaction (entry 3). As expected, the use of
more electron-rich phosphines, such as PPhs or RuPhos, led to complex mixtures of products (entries
4 and 5). Notably, by switching the Pd(0) source from Pdz(dba); to CpPd(n-cin.), the arylated product
45bl could be obtained in 80% yield, after just 3 h (entry 6). Under the same conditions, but using p-
fluorophenol as additive (38e), the product 45bl was obtained in a slightly higher yield (85%, entry
7).

As expected, a control experiment in the absence of boronic acid, afforded the allylic phenoxide
product 46ba in 55% yield (entry 8).!1%4 This result suggests the formation of the putative alkoxide
Pd species A, which, in the absence of boronic acid, would proceed via a C-O reductive elimination
to deliver 46ba.

However, to our surprise, when the reaction was carried out in the absence of phenol (38a), we
observed that the product 45bl was still formed, although in a somewhat lower yield (60%, entry 9).
Interestingly, the yield could be enhanced by using KOH or K>CO3 (2 equiv.) instead of phenol,
obtaining the product 45bl in 85% and 90% yield, respectively (entries 10 and 11). Contrary, using
the preformed phenyl boronate [PhB(OH);]- as nucleophilic partner, the desired product 45bl was
not detected in the reaction crude mixture (entry 12), what is an interesting result from a mechanistic

perspective.

119 Camacho, D. H.; Nakamura, I.; Saito, S.; Yamamoto, Y. Palladium-Catalyzed Addition of Alcohol Pronucleophiles to
Alkylidenecyclopropanes. J. Org. Chem. 2001, 66, 1, 270-275.
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Table 28. Optimization of the catalytic conditions for the allylic cross-coupling process.[?

[Pd] (X mol%)

R o) Ligand (11 mol%) <
—< + PhB(OH), > JJ\/ + (R Ph + \)J\/ )
Additive (0 or 2 equiv.) R Ph Z R OPh

19b, R= "Hept 331 Dioxane, 100 °C , t 45bl 45bI' 46ba

Entry Pd (x mol%) Ligand  Additive (2 equiv.) t/h  45bl (%) 46ba (%)

1 Pdy(dba)s (5) L17 38a, PhOH 6 <5 -
2 Pdy(dba)s (5) L1 38a, PhOH 8 40 -
3 Pda(dba)s (5) L9 38a, PhOH 6 50 -
4 Pdy(dba)s (5) PPh; 38a, PhOH 6 - -
5 Pdy(dba)s (5) RuPhos 38a, PhOH 6 - -
6 CpPd(n-cin.) (10) L9 38a, PhOH 3 80 -
7 CpPd(n—cin.) (10) L9 38e, p-F(CH)OH 3 85 -
8l CpPd(ncin.) (10) L9 38a, PhOH 3 - 55
9 CpPd(n—cin.) (10) L9 - 3 60 -
10 CpPd(n-cin.) (10) L9 KOH 3 85 -
11 CpPd(n-cin.) (10) L9 K>CO; 3 90 -
124 CpPd(n-cin.) (10) L9 - 3 -

[2] Conditions: 19b, boronic acid (331, 2 equiv.), additive (0 or 2 equiv.), [Pd] (x mol%), ligand (11 mol%),
dry 1,4-dioxane (0.1 M), Ar atmosphere, 100 °C. %Conv. 19b > 99. [b] Traces (< 5%) of 45bl’ were detected
in the crude ("H-NMR). [c] Without boronic acid. [d] Catried out with preformed [PhB(OH);]K, previously
prepared from PhB(OH); and KOH.

‘Bu O o F3C O
olp P-N(Pr) P PCy2
B O o Pro o'Pr
u
3 < L0
L17

L1 L9 RuPhos

4.4.3.2 Scope of the transformation

To evaluate the scope, we established as optimal conditions the use of CpPd(n-cin.) (10 mol%) and
phosphoramidite L9 (11 mol%) as catalyst, together with KoCOs3 (2 equiv.), in refluxing dioxane.

We initially evaluated different boronic acids with the model ACP 19b. As can be seen in Scheme
129, the reaction works with electron-rich boronic acids, such as p-OMe-phenylboronic acid,
affording the product 45ba and its regioisomer 45ba’ in 92% yield, in a ratio (tf) 5:1. The formation
of isomer 45ba’ can be minimized by using p-fluorophenol as additive, instead KoCOj3 (70% yield,
45ba:45ba’ ratio >15:1).

The reaction can be used for the synthesis of other products, like benzodioxole derivative 45bm,
which was formed in an excellent 90% yield, while the or#ho-tolyl derivatives 45bf and 45b’ were
isolated in 50% yield (rr = 5.3:1). In this case, the use of p-fluorophenol enhanced both the ratio (up
to >12:1) and the overall yield of 45bf (71%).

The method tolerates boronic acids exhibiting larger aromatic rings, such as 1-naphthalene (45bi,
55% yield), and electron-deficient boronic acids, like p-fluorophenylboronic acid. In this case, the
corresponding products (45bd and 45bd’) were obtained in an excellent 90% yield (6:1 ratio) under
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basic conditions. Meanwhile, when p-fluorophenol was used as additive, 45bd was isolated as an only

isomer in 60% yield.

The transformation is not restricted to aromatic boronic acids, so products derived from alkenyl
boronic acids, such as 45bb and 45bb’ (80%, tr = 5:1), and 45bj and 45bj’ (85%, rr = 5:1), could also
be generated. Moreover, heteroaromatic boronic acids, such as 3-pyridinylboronic acid (33k), are also
compatible, providing the corresponding allylic product, 45bk, in 40% yield. As expected,
alkylboronic acids were not suitable reactants, as 3-hydride elimination processes might compete.
This was demonstrated in the reaction between 19b and "Bu-B(OH). (33h), which resulted in traces
of the product 45bh.
L

P-N(Pr),

/

o}
"Hept O (L9, 11 mol%)
— -Ci 0,
\% + R2-B(OH), CpPd(-cin.) (10 mol%) ”Hept\/U\/Rz N ”Hept\)\/Rz
45 45'

K,CO3 (2 equiv.)

19b 33, 2 equiv. Dioxane, 100°C, 3 h
R o)
"Hept\/u\/©/ "Hept\/\k/C[o> ”Hept\/u\:©
45bl, R = H, 90% 45bm, 90% (rr 6:1) 45bf, 50% (it 5:1)
45ba, R = OMe, 92% (rr 5:1) 56% (rr >1:0)( 71% (rr >12:1)E

70% (rr >15:1)

F
n n
”Hept\)J\/1-Napht Heptw Hept\/U\/Q

45bi, 55% (rr 7:1) 45bd, 90% (rr 5:1) 45bb, 80% (rr 5:1)
60%!!
7
“Hept\)ULPh "Hept SN "Hept\JV”BU
45bj, 85% (rr 4:1) 45bk, 40% (%Conv.= 75) 45bh, <5%

[lysing p-F-CgH,OH (38e, 2 equiv.) instead K,CO4
rr = regioisomeric ratio

Scheme 129. Scope of the allylic cross-coupling reaction between model ACPs 19b and boronic acids.

We next evaluated different monosubstituted ACPs (Scheme 130). The reaction with substrate 191,
containing a gez-diester group, provided the product 45la in a poor 35% yield, together with a
complex mixture of side products. The reaction was also tested using p-fluorophenol, instead of the
base and, in this case, the product 45la was isolated in 88% yield as unique isomer. Under the same
conditions, the product 47na, containing a ketone, was obtained in 85% yield. Additionally, ACP
19g, bearing a carboxy ester directly attached to the alkene, provided the adduct 45gl in a moderate
40% yield, at 60 °C.
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Cl,

P-N(Pr),

/

(6]
R (L9, 11 mol%)
=]+ A-BOH), CpPd(rr-cin.) (10 mol%) RJ&N

K5,CO3 (2 equiv.)

19 or 92l 33, 2 equiv. Dioxane, 100 °C , 3 h 45 or 472
OMe OMe
E R EtO,C
2 2
45la, 35% 47na, 85%!"] 45gl, 40%
88%!"! (T=60 °C, %Conv.= 80)
E = CO,(CH,),Ph R' = (CH;);COMe E'= CO,Me

[elsee footnote 120. PlUsing p-F-CgH4OH (38e, 2 equiv.) instead K,CO4
Scheme 130. Scope of the allylic cross-coupling reaction using different monosubstituted ACPs 19 or 9.120

The method also works with 1,1-disubstituted ACPs (Scheme 131), which were prepared through
Wittig reactions from the corresponding ketones. Symmetric substrates like 19d and 19e led to the
corresponding products, 45dl and 45el+45el’, in 85% and 83% yield, respectively. Meanwhile, the
non-symmetric ACP 19m, containing a pentyl and an ethyl group, afforded the corresponding
products (45ma and 45ma’) in 71% yield in a 7:1 ratio. Likewise, the ACP 19f, containing a phenyl
and a methyl group, provided the products 45fa and 45fa’ in excellent yield (92%, rr= 10:1).

L,

P-N(Pr),
Q)
R' (L9, 11 mol%)
=] . Ar-B(OH), CpPd(rr-cin.) (10 mol%) R%)L/Ar . R%Ar
R? K,CO3 (2 equiv.) R? R
19 33, 2 equiv. Dioxane, 100°C ,3 h
nHexw m ”Pentw w
"Hex Et
45dl, 85% (rr 1:0) 45el, 83% (1t 7:1) 45ma, 71% (v 7:1) 45fa 92% (rr 10:1)

rr = regioisomeric ratio

Scheme 131. Scope of the allylic cross-coupling reaction between disubstituted ACPs 19 and boronic acids 33.

4.4.4 Mechanistic Studies

4.4.4.1 Experimental studies

To gain insight into the reaction mechanism, the deuterated phenylboronic acid d-331 was prepared
from triphenylboroxine using deuterated water, observing a 74% of deuteration (Scheme 135).

120 For clarity and consistency with the different sections of the manuscript, ACPs precursors tethered to ketone moieties
are labeled as 9, while the substrates without carbonyl moieties are named 19. Consequently, the products from ACPs 9 are
named as 45, while product from ACPs 19 are named as 47.
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5 1.120 °C, high vacuum, 12 h o
_B. Bo
9 ©
©/B\O/B\© 2. D,0, 80°C, 16 h
d-331, 68% ( )

Scheme 132. Synthesis of the deuterated phenyl boronic acid d-331.

The reaction between ACP 19b and the deuterated phenyl boronic acid d-331, using Pdz(dba)s and
phosphoramidite L9, in absence of additives, afforded the allylic product d-45bl in 50% yield, with
a 70% of deuteration, and the subproduct d~45bl’ in 14% (Scheme 137).12! This result suggests that
boronic acids are behind the formation of the proposed =n-allyl Pd intermediate A, but cannot
determine which is the precise pathway (see Scheme 126, Precedents, page 168).

L,

P-N(Pr),
o

(L9, 11 mol%)

"Hept i o,
p o . Ph-B(OD), CpPd(1r-cin.) (10 mol%) ”Hept\(U\/Ph 4 "Hept\)\/Ph

Dioxane, 100°C, 3 h

19b d-331, 2 equiv. d-45bl, 50% d-45bl', 14%
( ) ( ) ( )

Scheme 133. Pd-catalyzed cross-coupling reaction between ACP 19b and deuterated boronic acid d-331.

On the other hand, we confirmed that the product 46ba, generated from the Pd-catalyzed cross-
coupling between ACP 19b and phenol (Table 28, entry 8, page 171), reacts with phenyl boronic
acid, using CpPd(n-cin.)/L9 in refluxing dioxane, to afford the cross-coupling product 45bl in 95%
yield (Scheme 134). This result suggests that the proposed n-allyl Pd alkoxide intermediate (A) can
be regenerated from 46ba after an initial C-O oxidative addition, eventually affording the cross-

Cle

P-N(Pr);

5
(L9, 11 mol%)
—Ci 9
"Hept\/U\/OPh N CpPd(r-cin.) (10 mol%) ”Hept\)J\/

Dioxane, 100°C , 3 h
46ba 331, 2 equiv. 45bl, >95%

coupling product 45bl.

Scheme 134. Treatment of product 46ba under Pd,(dba);/L9 conditions in presence of phenyl boronic acid.

4.4.4.2 DFT studies

DFT studies were performed to shed light on the mechanism of these processes, both using basic
conditions and with phenol as additive. The ACP 19b and phenyl boronic acid were selected as model
reagents, together with a Pd(0)-P(OPh); complex, which should mimic the behavior of the
experimentally used catalysts with L1 and L9 as ligands. We employed B3LYP/6-31G(d) (LANL2DZ
for Pd) for the optimization of the stationary points, and B3LYP-GD3/6-311++g(d,p) (SDD for
Pd) in 1,4-dioxane for the energy calculations of the resulting single points.

Study of the cross-coupling process under standard basic conditions

Firstly, we analyzed the formation of the m-allyl intermediate A through a hydropalladation step
(Scheme 126, path A, page 168). The route begins with the Pd(0) catalyst coordinated to the boronic

121 The deuteration percent of subproduct d-45bl’ could not be determined due to its small proportion, and being
inseparable of d-45bl by employed purification methods.
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acid (I1, Figure 34). This species evolves via oxidative addition of the OH bond to the Pd(0) center,
(AG = 27.7 kcal-mol), to deliver the palladium hydride species I2. Then, a coordination of the C-
C double bond of the ACP (I3) enables a regioselective hydropalladation of this alkene (T'S3-4,
AG=4.2 kcal'mol1), which gives rise to the cyclopropyl intermediate I4. A subsequent -carbon
elimination in I5 proceeds with a relatively high energy barrier of 27.3 kcal-mol! and, curiously,
delivers a o-allyl Pd complex I6, rather than the initially expected m-allyl counterpart. This n-allyl
isomer of type A (I7) was obtained from I6, through an isomerization step; however, it proved to be

less stable than its o-allyl counterpart.

TS5-6
[r—
| +33.0 |
TS1-2 | \
N / \
| +27.7 H 1
! L’R 1’ ll
1 il -
l TS3-4 ) '
/ 12 -19b S 4 'Pd\‘ Dl |
,' —_— [ +206 L '1
/ \
| +17.1 4 3 / i 11
" +16.4 / :
| -Pd--L ' ML ; ‘11 s
! \ - Pd
! +8.0 3 ! 1l R\/k‘ .
| 15 1 \
| | — \
Mo P +5.7 !
L 1
50 L R = R | 17
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1 ’
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,
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Figure 34. Energy profile AGyly (kcal-mol™1) for the formation of n-allyl intermediate I7, by a hydropalladation
process, using 19b, phenyl boronic acid and Pd(0)-P(OPh)s, in 1,4-dioxane. [B3LYP/6-31G(d) (LANL2DZ for

Pd)//B3LYP-GD3/6-311++g(d,p) (SDD for Pd)].

Although compatible with the general heating requirements of the transformation, the energy barriers
of the oxidative addition and B-carbon elimination steps are considerably high (>27 kcal-mol).
Therefore, we evaluate the alternative pathway involving palladacyclobutane intermediates of type D

(Scheme 126, path B, page 168).

The route starts with the Pd(0)-P(OPh); complex coordinated to the distal bond of the ACP (I8,
Figure 35). This species evolves through an accessible oxidative addition (T'S8-9, AG=5.8 kcal -mol-
1 to form the T-shaped palladacyclobutane I9, which can be stabilized by the boronic acid
coordination (AG=1.9 kcal'mol!). Upon a slight decoordination of the boronic acid from the Pd
center (AG=4.9 kcal-mol™'), the resulting species, I11, undergoes a protonation of the y-carbon of the
palladacyclobutane (T'S11-7, AG=11.8 kcal-mol"'), leading to the n-allyl Pd species I7 (type A). This
intermediate holds the boronate anion coordinated to the metallic center.

Interestingly, an NBO analysis of the HOMO of TS11-7 shows interactions between the y-carbon
of the ACP and the acidic hydrogen atom of the boronic acid, as well as between the Pd center and

the oxygen atom that releases this hydrogen (Figure 36).
Therefore, from these computational studies, we can conclude that the formation of the m allyl
intermediate 17, is significantly more favorable from palladacyclobutane species I11 (Scheme 126,

path B, page 168, and Figure 34), rather than through the hydropalladation route (Scheme 126, path
A, AAG = 18.5 kcal'mol'!, and Figure 35). Further analysis from this intermediate revealed that 17
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can be stabilized by the addition of a hydroxy anion to the boron center to provide the c-allyl Pd
intermediate 112, 122 which mimics the basic experimental conditions. Then, a transmetalation step
would afford the o-allyl intermediate I14, with an overall energy barrier of 6.7 kcal-mol-!. Finally, 114
undergoes an almost barrierless isomerization to its m-allyl isomer I15, followed by a reductive
elimination (T'S15-45bl, AG = 20.0 kcal-mol), to deliver the product 45bl. The reductive elimination
would be the turnover limiting step.”®

Worth to mention, an analog route from I9 involving the boronate reagent PhB(OH)s instead of the
boronic acid was also computed, although the corresponding y-protonation step exhibited a
significantly higher energy barrier (AAG = 10.1 kcal'mol'!, Figure A9, Appendix, page 333). These
results are in consonance with the low performance observed when the reaction was conducted with
a the preformed boronate reagent PhB(OH)s (see Table 28, entry 12, page 171).

122 Equilibrium between neutral boronic acids and anionic boronate species are commonly established in basic media. For
more information, see: a) Carrow, B. P.; Hartwig, J. F. Distinguishing Between Pathways for Transmetalation in Suzuki-
Miyaura Reactions. J. Am. Chem. Soc. 2011, 133, 2116-2119.; b) Thomas, A. A.; Denmark, S. E. Pre-Transmetalation
Intermediates in the Suzuki-Miyaura Reaction Revealed: The Missing Link. Seience 2016, 352, 329-332.

78 Kozuch, S.; Shaik, S. How to Conceptualize Catalytic Cycles? The Energetic Span Model. Ac. Chem. Res. 2011, 44, 101-
110.
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TS11-7

Figure 36. NBO analysis of the HOMO orbital of TS11-7.

Study of the cross-coupling process using phenol as additive

As deduced from Table 28 (entries 6 and 7, page 171), the reaction can also proceed without base,
when phenol (or p-fluorophenol) is used as additive. Therefore, the energy profile was
computationally reanalyzed using PhOH (Figure 37).

Accordingly, we found that the initial palladacyclobutane I16 can react with phenol to give the = allyl
complex I17 (TS16-17, AG = 10.8 kcal'mol").123 From I17, the coordination of PhB(OH) (I18) and
subsequent formation of a mixed-boronate species coordinated to the Pd center (I19), enables a
transmetalation step with an energy barrier of 17.8 kcal'mol! (T'§19-20). Remarkably, the energy
barrier of this step is significatively higher than that calculated when using a base (T'S19-20 vs TS13-
14; AAG = 11.1 kcal-mol™).

Nonetheless, the overall barrier is still feasible, so that after transmetalation, the resulting c-allyl Pd
intermediate (I20) can evolve directly to product 45bl via a reductive elimination (AG= 20.2 kcal-mol-
1. Alternatively, its tautomerization to its more stable n-allyl isomer (I21), enables a new reductive
elimination toward 45bl, with a very similar barrier (AG = 20.5 kcal-mol™). Overall, this route seems
feasible and is quite similar to the one previously calculated under basic conditions (Figure 35).
However, the transmetalation step is considerably more favorable with base (AAG = 11.1 kcal-mol-
1), which is consistent with the higher yields achieved under these conditions.

123 An alternative pathway based on hydropalladation to reach I17 was calculated using PhOH, instead of PhB(OH),. It
resulted in energy barriers of 26.1 and 29.3 kcal-mol!, respectively for the initial O-H oxidative addition and for the B-
carboelimination step (Figure A10, Appendix, page 333). Thus, the route is less favored than the one showed in Figure 37.
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Figure 37. Energy profile AGoy (kcal'mol™!) for the model reaction involving 19b, phenyl boronic acid (331),

phenol and Pd(0)-P(OPh)s;, in 1,4-dioxane. [B3LYP/6-31G(d) (LANL2DZ for Pd)//B3LYP-GD3/6—
311++g(d,p) (SDD for Pd)]. See also Figure A1l (Appendix, page 334) for a complete energy profile.

In addition, computations confirmed that intermediate I17 can also evolve to product 46ba in the
absence of boronic acid (T'S17-46ba, AG = 26.7 kcal-mol'!, Figure 37). Worth to note, product 46ba

was not experimentally detected in the presence of boronic acids under catalytic conditions, which is

in full agreement with its reversible formation shown in this energy profile (see Scheme 134, page
174).
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4.4.5 Conclusions

In conclusion, we have developed the first transition-metal-catalyzed allylic cross-coupling between
ACPs and boronic acids. Using a Pd(0)/phosphoramidite catalyst, various alkylidenecyclopropanes
and aryl- or alkenyl boronic acids can be employed, to yield 1,1-disubstituted alkenes with high
efficiency and good selectivity. Notably, the reaction can be conducted either in the presence of base
or with a phenol additive.

DFT computations helped us to discern between two possible reaction pathways. Using Pd(0)-
P(OMe)s as a model catalyst, the pathway involving an oxidative addition of the ACP to the Pd(0)
species, followed by protonation of the resulting alkylidenepalladacyclobutane turned out to be more
favorable than the alternative hydropalladation route.
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Results and Discussion. Section 4.5

4.5.1 Precedents

Dipolar cycloadditions between 1,#-dipoles and unsaturated partners (dipolarophiles) are a
cornerstone in classical and contemporaneous organic synthesis, providing access to a wide range of
structurally diverse carbo- and heterocyclic frameworks. These transformations are particulatly
relevant for the construction of complex cyclic scaffolds, such as fused- and bridged-ring systems, as
well as medium-sized rings (7 to 11-membered rings), which are a common core in many natural
products and drugs.!?*

These reactions originally employed relatively stable 1,3-dipoles, such as azides, carbonyl ylides or
nitrile oxides, which undergo dipolar cycloadditions via a concerted mechanism following the
Woodward—Hoffmann rules.'?> However, the field has further evolved to include newly designed 1,%-
dipolar species, often non-conjugated, which are generated 7 sitn from stable neutral precursors,
generally using catalytic methods.

Many types of reactive dipolar intermediates have been explored,'?® being especially relevant the
transformations involving zwitterionic m-allyl palladium complexes.!?” This type of palladium
intermediates can be generated 77 sitn from vinylcyclopropanes, epoxides, aziridines or carbonates, as
well as from alkylidene lactones, among others (Figure 38). They usually participate as 1,3- dipoles
in [3+#n] formal cycloadditions. Notably, the number of methods wherein these intermediates
participate as 1,4- or 1,5-dipoles, providing access to seven-membered rings, is much more limited.

1,3- and/or 1-5-dipoles precursors 1,4-dipoles precursors
o) ' 7z
R J ‘ X. 0 XH
ANy 07 x ‘ Y 0 NP
\_& 1 @ P T
N\_r ‘ N0
! R
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(X=0, NR', CE,,

1 exo-methylene
methylene ethylene " lactones (X = CR,)  Vinyl dihydrobenzo- homoallyl
compounds (X=0, NR’) 2 oxazinones compounds

0CO,) ' carbonates (X = O) (X=0, NR' or CE,)
[ - ’ 2
1~ - 1 X
5 ~_ 3R 0] ‘ 7 P .
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[P(lzi]a, 3A3’R ! 4 o ~[ \ )
- s ; | ST
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Figure 38. Representative precursors of 1,7- m-allyl Pd dipoles for cycloaddition reactions.

1,7-Dipoles bearing an O-centered anion can provide rapid and practical access to carbo- or oxacyclic
products from simple precursors.!?8 A representative example is the regioselective Pd(0)-catalyzed
cycloaddition reported by Zi in 2021, in which methylene ethylene carbonates (MECs) serve as n-
oxyallyl 1,3-dipole precursors, reacting with dienes to give five-or seven-membered carbocycles
(Scheme 135).'% Using a catalytic system involving CpPd(mn-cin.) and the phosphine L18,

124 Yao, T.; Li, J.; Jiang, C.; Zhao, C. Recent advances for the catalytic asymmetric construction of medium-sized rings. Chem
Catalysis 2022, 2, 2929-2964.

125 2) Huisgen, R. 1,3-Dipolar Cycloadditions. Past and Future. Angew. Chem. Int. Ed. 1963, 2, 565-598.; b) Breugst, M.;
Reissig, H.-U. The Huisgen Reaction: Milestones of the 1,3-Dipolar Cycloaddition. Angew. Chem. Int. Ed. 2020, 59, 12293~
12307.

126 De, N.; Yoo, E.-]. Recent Advances in the Catalytic Cycloaddition of 1, #-Dipoles. ACS Catal. 2018, &, 48-58.

127 a) Du, ].; Li, Y.; Ding, C. Recent advances of Pd-n-allyl zwitterions in cycloaddition reactions. Chinese Chemical 1 etters
2023, 34, 108401.; b) Niu, B.; Wei, Y.; Shi, M. Recent advances in annulation teactions based on zwitterionic n-allyl
palladium and propargyl palladium complexes. Org. Chem. Front. 2021, 8, 3475-3501.

128 Example of another relevant n-oxyallyl 1,3-dipole precursor: Trost, B.M.; Huang, Z.; Murhade, G.M. Catalytic palladium-
oxyallyl cycloaddition. Science 2018, 362, 564-568.

129 Chai, W.; Zhou, Q.; Ai, W.; Zheng, Y.; Qin, T.; Xu, X.; Zi, W. Lewis-acid-promoted ligand-controlled regiodivergent
cycloaddition of Pd-oxyallyl with 1,3-dienes: reaction development and origins of selectivities. J. Am. Chem. Soc. 2021, 143,
3595-3603.
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cyclopentanones were obtained in good yields and high regioselectivity. However, a Pd(0)-catalyst
containing L.19 led to formal (4+3) cycloadducts. The authors proposed an initial decarboxylative
ring-opening of the carbonate forming the dipolar species I. After coordinating the diene, the
complex I undergoes migratory insertion, leading to the n-allyl Pd(Il) species II. Depending on the
ligand employed, different reductive eliminations occur, affording either the seven- or the five-
membered carbocycle.

OMe
(0] PPh; OMe (L18, 20 mol%)
CpPd(1-cin.) (10 mol%)
P(O)Ph3 (2 mol%)

Li(OTf)

..CO,Me

X
oo
\—«\»COQMe
.

ipr

PPh, Pr (L19, 20 mol%)
CpPd(1-cin.) (10 mol%)

P(O)Ph; (2 mol%) .CO,Me

Li(OT#) R

Toluene, 65°C, 2 d

R
R = Ar, alkyl

R Toluene, 65°C, 2 d

45-72%
up to 9.5:1 rr

42-89%
up to 20>1 rr

Via: 1 3

Scheme 135. Pd(0)-catalyzed (3+2) and (4+3) cycloadditions between MECs and diene partners.

In 2019, Xiao reported a Pd(0)-catalyzed (5+2) cycloaddition using vinylethylene carbonates (VECs)
as 1,5-dipoles precursors and 7 sitn photogenerated ketenes as 2C partners. The reaction provides
seven-membered lactones bearing a quaternary stereocenter, with high enantioselectivity (Scheme
136).130 Mechanistically, the ring-opening of the vinyl carbonate generates the zwitterionic Pd
complex I, which reacts with the generated ketene through its central carbon. The resulting n-allyl
species II undergoes a regioselective reductive elimination forming the seven-membered lactone.
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Scheme 136. Pd(0)-catalyzed (5+2) cycloaddition between vinyl carbonates and 7 sizu photogenerated ketenes.

Feng reported in 2024 a formal Pd(0)-catalyzed (4+3) cycloaddition of 2-alkylidenetrimethylene
carbonates (ADTMCs) and oxo-bicyclobutanes, leveraging n-oxyallyl palladium 1,4-dipoles to yield

130 Wei, Y.; Liu, S.; Li, M.-M.; Li, Y.; Lan, Y.; Lu, L.-Q.; Xiao, W.-]. Enantioselective trapping of Pd-containing 1,5-dipoles
by photogenerated ketenes: access to 7-membered lactones bearing chiral quaternaty stereocenters. J. Am. Chem. Soc. 2019,
141,1,133-137.
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2-oxabicyclo[4.1.1]octane frameworks (Scheme 138).13! The reaction proceeds via a decarboxylative
ring-opening of the ADTMC, generating a transient 1,4-dipole that reacts with the bicyclobutane to
form the 7-allyl complex I. A subsequent reductive elimination delivers the cycloadduct.

Via:
[Pd] ™+

o Pd,(dba)s'CHCl3 (5 mol%)
DTBM-Segphos (10 mol%) o
O +
\[(O RJN Dioxane, 25 °C, 12 h o
(0]

R = Ar, alkyl 43-93%

Scheme 137. Pd(0)-catalyzed (4+3) cycloaddition between ADTMCs and oxo-bicyclobutanes.

131 Gao, X.-Y., Tang, L., Zhang, X., Feng, J.-J. Palladium-catalyzed decarboxylative (4 + 3) cycloadditions of bicyclobutanes
with 2-alkylidenetrimethylene carbonates for the synthesis of 2-oxabicyclo[4.1.1]octanes. Chem. Sci. 2024, 15, 13942—13948.
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4.5.2 Objectives

Our mechanistic studies on Pd-catalyzed transformation involving ACPs and carbonyls, revealed the
formation of n-allyl oxapalladacyclic species A and B, which can evolve via reductive elimination to
(3+2) cycloadducts (Scheme 139, /f?), or undergo a transmetalation/reductive elimination process
toward cross-coupling products (Scheme 139, righ?), depending on the palladium catalyst.!3?

R N .
B v LRIN
] Pd(0) / L / Pd(0) / L rea e
el ' R Base, R-B(OH), *-"J"OH
R — or NuH R
0
" l*lpd] .
R I R W,
P S N L
o Pd--L N Pd
o
R R
A B
c-allyl Pd n-allyl Pd

Scheme 138. Pd(0)-catalyzed cycloisometization/ allylic substitution reactions of ACPs tethered to carbonyls.

We envisioned that, under appropriate catalytic conditions, intermediates of type B could behave as
n-allyl 1,5-dipoles, and undergo formal annulation reactions with external unsaturated pattners.
Therefore, we set as objective the development of Pd formal (3+2+2) catalyzed cycloadditions
between ACP-tethered carbonyls and diverse two-atom unsaturated components (Scheme
140). This would provide direct access to interesting oxacyclic cycloadducts bearing an exo-cyclic

double bond.

: Wt

_/)> Pd(0) /L DT : =X
R . 5
—( 5 :
o) L :

Pd-n-allyl 1,5-dipole

Scheme 139. Pd(0)-catalyzed (3+2+2) cycloaddition between ACP-tethered carbonyls and 2-atom unsaturated
pattners.

As cycloaddition partners, we will test activated alkenes, dienes or allenes, but also hetero-
unsaturated partners, such as carbonyl compounds, imines and isocyanates, which have been much
less explored in multicomponent cycloadditions with ACPs.

132 These transformations are further discussed in Sections 4.1 and 4.2. See also the following references 40 and 110: a)
Verdugo, F.; da Concepcién, E.; Rodifio, R.; Calvelo, M.; Mascarefas, J. L.; Lopez, F. Pd-Catalyzed (3 + 2)
Heterocycloadditions between Alkylidenecyclopropanes and Carbonyls: Straightforward Assembly of Highly Substituted
Tetrahydrofurans. ACS Catal. 2020, 10, 14, 7710-7718.; b) Verdugo, F.; Rodifio, R.; Calvelo, M.; Mascarefias, J. L.; Lopez,
F. Palladium-Catalyzed Tandem  Cycloisomerization/Cross-Coupling of  Catbonyl- and  Imine-Tethered
Alkylidenecyclopropanes. Angew. Chem. Int. Ed. 2022, 61, ¢20220229.
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4.5.3 Experimental Results
4.5.3.1 Study of the reactivity of the 1,5- dipolar intermediate

We preliminary explored the reactivity of the keto-ACP 9b with different partners. Based on the
conditions developed for the tandem cycloisomerization process, we employed the catalyst generated
from Pdz(dba); and phosphoramidite L9, using an excess of the cycloaddition partner. Scheme 141
summarizes the results obtained.

The use of carbonyl partners 31a and 31c, led to small amounts of the intramolecular cycloadduct
17b, and diene 18b, derived from a B-elimination process. When using activated alkenes, only the
diene 18b was formed in varying yields. When testing dienes 48d and 48e, the intramolecular
cycloadduct 17b was obtained in good yields (63-80%). On the other hand, the use of an a,B-
unsaturated imine (15s) led to small amounts of diene 18b. Overall, the desired cycloadducts of type
50ba were not obtained.

With isonitriles and sulfur ylides, we did not observe any new product and, in the presence of ketenes
(48h), we fully recovered 9b. However, the use of the isocyanate 49a led to the formal (5+2)
cycloadduct 50ba, which was isolated in a good 76% yield with complete diastereoselectivity.

L,

P-N(Pr),
O
y (L9, 13 mol%) H
Pdy(dba); (6 mol%)  x . X —
X + Partner —— ot X
(\ g Dioxane, 100 °C o-- 0 (\) g
2\, 4-24 h 2%,
9b 1.2 - 2 equiv. 50 17b 18b
X= C(COZME)Z
Partners: 5 o
! Ph o
CF, T\ 2
31a F 31c 48a NO2 48b
18b, 15% 17b, 20%; 18b, <5% 18b, 36% 18b, 20%
NTs
— > py N C0o,Me
CO,Et —
48¢c 48d 48e 15s Ph
18b, 20% 17b, 80% (dr 4:1) 17b, 63% (dr 2.5:1) 18b, 10%
+ 2~ _ o 3
N4 (0] [ o* O//
ph/Jl\\f;S\\
48f 48¢g 48h 49 ¢
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Scheme 140. Study of reactivity for the 7 situ generated 1,5-dipole with different dipolarophiles.
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Among nitrogen heterocycles, seven-membered ring carbamates are relatively under-represented
despite their notable biological activities.!3> Thus, our method could provide a rapid access to this
type of appealing bicyclic products.

4.5.3.2 Formal (3+2+2) cycloaddition between ACPs tethered to carbonyls and isocyanates

Racemic studies

With this preliminary result in hand, we performed a ligand screening (Table 29). In contrast to the
previous result with L9 (entry 1), the use of other phosphines, such as L17 or PPh;, provided 50ba
in poorer yields (12 and 14%, respectively), being the diene 18b the major product (21 and 28%,
entries 2 and 3). The phosphite L1 led to the diene 18b in 11% yield (entry 4). The catalyst generated
from Pdz(dba); and BuXPhos afforded the (3+2) cycloadduct 17b in 35% yield, while diene 18b was
also observed in 12% (entry 5). In addition, bisphosphine ligands proved to be inetfective, leading to
the recovery of 9b (entries 6-8).

Using Pda(dba)s/L9 as optimal catalyst, we tried several temperatures and solvents (entries 9 — 12),
concluding that 100 °C is required for full conversion, but different solvents, such as toluene, hexane,
or DCE, afford the (3+2+2) cycloadduct 50ba in similar yields to dioxane (72-80%, entries 10-12).

133 a) Green, L.; Guba, W.; Jaeschke, G.; Jolidon, S.; Lindemann, L.; Ricci, A.; Rueher, D.; Stadler, H.; Vieira, E. Arylethynyl
Derivatives. U.S. Pat. Appl., US20110251169A1, 2011.; b) Claremon, D. A.; Zhuang, L.; Tice, C. M.; Singh, S. B.; Ye, Y.;
Zhao, W.; Leftheris, K. 1,3-Oxazepan-2-One and 1,3-Diazepan-2-One Inhibitors of 118-Hydroxysteroid Dehydrogenase
1. U.S. Pat. Appl. US20100041637A1, 2010.; ¢) Hino, T.; Yamada, Y.; Shigenari, T.; Mametsuka, K. Haloalkylsulfonanilide
Derivative or Salt Thereof, Herbicide Comprising the Detivative as Active Ingredient, and Use of the Herbicide. PCT Int.
Appl. WO2008059948A1, 2008.; d) Madera, A. M.; Stabler, R. S.; Weikert, R. J. Substituted 1-Aminoalkyl-Lactams and
Their Use as Muscarinic Receptor Antagonists. PCT Int. Appl. WO2001090082A1, 2001.
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Table 29. Ligand screening for the (3+2+2) cycloaddition between keto-ACP 9b and isocyanate 49a.1!

/ Pdy(dba)sz (6 mol%)
ngand (13 mol%)

+ e Ar
X(\ < o~ Solvent, 100 °C. £
2

9b 49a, 2.0 equiv. 50ba
X = C(CO,Me),

Entry Ligand Solvent Conv.9b (%) t/h 50ba (%) 17b/18b (%o)l]

1 L9 dioxane 100 4 76 -

2 L17 dioxane 100 24 14 18b, 21
3 PPh; dioxane 46 20 12 18b, 28
4 L1 dioxane 38 17 - 18b, 11
5 BuXPhos dioxane 100 3 12 17b, 35
6 dFppe dioxane 14 17 - -

7 BTFM-Garphos dioxane 13 17 - -

8 Walphos dioxane 11 17 - -

oldl L9 dioxane 71 14 40 -

10 L9 toluene 100 20 72 -

11 19 hexane 100 3 80 -

12 L9 DCE 100 2 75 -

[a] Conditions: 9b, isocyanate (49a, 2 equiv.), Pdz(dba); (6 mol%), ligand (13 mol%), dry solvent (0.05 M),
Ar atmosphere, 100 °C. Ar = 3,5-bis(trifluoromethyl)benzene. [b] Determined by NMR with an internal
standard. [c] T = 80 °C.

. ®
Y o Q ; tBuz
p P=N(Pr),
' e
Bu
3

L1 L9 OMe 'pr'BuXPhos
»
. Ar'
CsFs MeO PAr'; boar
CsFs- P MeO PAF _
e '\D/\/ “CsFs 2 é “Me
CsFs
Ar =35 OMe Ar'=35-
Bis(trifluoromethyl)phenyl Bis(trifluoromethyl)phenyl
dFppe BTFM-Garphos Walphos SL-W008-2

Reaction scope
Using as optimal conditions Pdz(dba)s; (6 mol%) and phosphoramidite L9 (13 mol%) in refluxing
dioxane at 100°C, we analyzed the scope of the above formal (3+2+2) cycloaddition (Scheme 142).

First, we evaluated different keto-ACPs of type 9, using isocyanate 49a as partner. As previously
indicated, the precursor 9b, bearing a diester at the tether, afforded the cycloadduct 50ba in 76%
yield. Its structure was further confirmed by X-ray diffraction analysis. A precursor bearing an NT's
group at the linker (9c), afforded the desired product 50ca in 36% yield. Meanwhile, the use of a
shorter tether between the ACP and the ketone (9a) afforded the 5,7-bicyclic product 50aa in a good
78% yield, in this case as a 7:1 mixture of ¢s#rans isomers at the ring fusion.
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On the other hand, the cyclopentanone derivative 91 reacted to afford the tricyclic carbamate 501a in
a moderate 41% yield, as a 2:1 mixture of diastereoisomers. In contrast, the use of a phenyl ketone
(9p) was detrimental, so that the (3+2) intramolecular cycloadduct 17p was obtained in 28% (dr 13:1).
In addition, with substrate 90, bearing the ACP moiety disubstituted in the exo-cyclic alkene, we
obtained the diene 510, derived from a rearrangement, in 60% yield.!3*

Cl,

P-N(Pr),
o
/ N CF3 (L9, 13 mol%)
R 0 Pd,(dba)s (6 mol%)
X +
( R Dioxane, 100 °C, 6 h
Moy FaC
9 o 49a, 2 equiv.

z
1
>
I

50ca, 36% (dr 1:0)

Products from 9p and 90

Me

! e _H |
s T e |
> N-Ar > N--Ar ! E 1
E \"T\O—‘(\ E \ (,]\\O‘_é ! O E ( Me .
Me™ ‘o ] ) ko) 1 Ph 5 3

Y ! (0] !

50aa, 78% (dr 7:1) 50la, 41% (ds 2:1) 17p, 28% (dr 13:1) 510, 60% 1

E = CO,Me; Ar = 3,5-bis(trifluoromethyl)phenyl
Scheme 141. Scope of the (3+2+2) cycloaddition between keto-ACPs 9 and isocyanate 49a.

The reaction is not limited to the use of 3,5-bistrifluoromethyl phenyl isocyanate (49a). The
cycloaddition of phenyl isocyanate (49b) with ACP 9b afforded the (3+2+2) cycloadduct 50bb in
55% yield as a 4:1 mixture of diastereoisomers (Scheme 143). The reaction between the precursor
9a and phenyl isocyanate 49b provided 50ab in 75% (dr 5:1).

Other aryl isocyanates bearing electron withdrawing substituents at the aromatic ring are also suitable
partners, affording the expected carbamate bicycles in good yields (50bc — 50bf, 45 — 65% yield).
Non-aromatic isocyanates, such as N-benzyl or N-acyl isocyanates, did not participate in the reaction,
leading to complex mixtures of products.

134 For more information about the formation diene product 510, closely related with products of type 4, see Section 4.1.
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(L,

P-N(Pr);
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9, E= CO,Me 49, 2 equiv. 50
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50bd, 45% (dr 3:1) 50be, 64% (dr 6:1) 50bf, 60% (dr 5:1)

Scheme 142. Scope of the (3+2+2) cycloaddition between ACP precursors 9 and different isocyanates 49.

Finally, we evaluated additional ACP precursors tethered to different unsaturated moieties (Scheme
144). Thus, aldehyde 7c resulted in a complex mixture of products; while the trifluoromethyl ketone
9q afforded diene 3q, derived from a B-hydride elimination, in 29% yield. On the other hand, the
ketoxime 11 and sulfinyl imine 40e did not lead to the desired cycloadduct.

Cl,

\

P=N(Pr),
o
/ (L9, 13 mol%)
E . _ AN Pd,(dba); (6 mol%)
£y R 0~ Dioxane, 100 °C, 6-24 h or
2
X
1, E=CO,Me 49a, 2 equiv. 50
J J J
E E E
E CF4 E E H
( ( (
9 2 11 2\ 40e 2\
9 o N~ oMe N~soBu
100 %Conv. 100 %Conv. 100 %Conv. 47 %Conv.
29% of 3q

Ar = 3,5-bis(trifluoromethyl)phenyl

Scheme 143. Evaluation of ACP precursors tethered to different unsaturated components.
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Cleavage of the carbamate moiety

The treatment of the seven-membered cycloadduct 50ba with H>SO4 at room temperature promoted
the carbamate cleavage and, presumably, dehydration of the resulting alcohol, yielding product 52ba

in 40% yield (Scheme 145).
E H
H,S0O4 (1.5 equiv.) E N\Ar
CHyCly rt, 6 h

50ba, E = CO,Me 52ba, 40%
Ar = 3,5-bis(trifluoromethyl)phenyl

Scheme 144. Synthetic derivatization of the cycloadduct 50ba.
4.5.3.3 Preliminary asymmetric tests

We explored the viability of an asymmetric version of this (3+2+2) cycloaddition using 9b and 49b
as model substrates. First, we performed a ligand screening of different chiral phosphoramidites. The
main results are presented on Table 30.

The (S)-Carreira’s ligand afforded the cycloadduct 50ba in 15% yield with a poor 5% of
enantioinduction. The use of the BINOL derivatives (S,R,R)-L5 and (R, R, R)-L5 provided 50ba in
good yields and slightly better enantioselectivity (10 and 14% ee, respectively). On the other hand,
the Hs—BINOL-derivative (S,R,R)-L21 led to the product in 65% yield, with only 6% ee. The Pd(0)-
catalyst derived from the BINOL phosphoramidite (R,R,R)-L12, bearing a 1-(naphthalen-1-
ylethyl)amine, led to the product in 75% yield and 30% ee. We also tested the analogue (R,R,R)-
L13, bearing a 1-(naphthalen-2-yl)ethyl)amine, but led to lower yields and enantioinductions.

Additionally, we tested the chiral Pd(0)-catalyst with the VAPOL derivative (8,R,R)-L2, which
afforded the cycloadduct 50ba with 20% ee. The tetrahydroquinoline-derived ligand (R,S)-L22,
yielded the bicyclic product 50ba in moderate yield, with 24% ee; while the spirocyclic
phosphoramidite (R, R,R)-L23 provided 50ba in excellent yield, but 18% ee. Finally, the use of (K)-
BriPhos also led to the seven-membered ring 50ba in good yields, but in an almost racemic fashion
(2% ee).
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Table 30. Selection of the ligand screening for (3+2+2) cycloadditions.

/_/)> O//-//N CFs Pd,(dba)s (6 mol%)

Ligand (13 mol%)
X Me +
\-,—< Dioxane, 100 °C, 6 h
( 2 ol F;C
9b
X = C(CO,Me), 49a, 2 equiv. 50ba
o, & D0, vl GO v
PN | _P-N _P-N
O‘ O O OO o )‘Ph ‘O (6] )<Ph
(S) - Carreira's Ligand (S, R, R) -L5,70% 10% ee (S, R, R)-L21,65% 6% ee
15% -5% ee (R,R,R)-L5,57% 14% ee

OO O\P_’\>--"1-Napht OO O\P_'}--uz-Napht Ph O O\P_,}--'W-Napht
sesibailieeaias e ¢ late

(SR, R) -L12, 90% 22% ee

(R, R, R) - L12, 75% 30% ee (R, R, R) - L13, 45% 3% ee (S,R,R)-L2, 72% 20% ee
OO 1-Napht
Opn o %9
. N
o OO

(R, S) - L22, 50% -24% ee (R, R, R) -L23,90% 18% ee (R)-BriPhos, 65% -2% ee

[a] Conditions: 9b, 49a (1.2 equiv.), Pdz(dba); (6 mol%), L (13 mol%), in 1,4-dioxane was heated under Ar
at 100 °C. Conversion > 99%, as determined by H-NMR of the crude reaction mixture, unless otherwise
value of conversion under parenthesis. Yield determined by NMR with internal standard. Negative values in
“ee” imply that the peak area of the enantiomer that elute later is higher. Ar = 3,5-bis(trifluoromethyl)phenyl.

We also performed a brief solvent screening using the Pd-catalyst involving (R, R, R)-L5, but none
of the solvents checked provided good enantioselectivities (Table 31). Therefore, we can conclude
that, although Pd(0)/phosphoramidite complexes seem to be excellent catalysts to promote the

(3+2+2) cycloaddition between keto-ACPs and isocyanates, their ability to induce asymmetry is very
limited.
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Table 31. Screening of solvents for (3+2+2) cycloadditions using (R, R, R)-L5 as ligand.

seslias
/_/)> N CF, (R, R, R) - L5, 13 mol%]
’d
Vet o \©/ Pd,(dba)s (6 mol%)
e + -
(\'Y?& Solvent, 100 °C, 6 h

o o Fs;C
X = C(CO,Me), 49a, 2 equiv. 50ba
Entry Solvent Conv. 9b (%)  Yield 50ba (%) 5bba (% ce)

1 1,4-dioxane 100 75 30
2 Hexane 100 55 12
3 Toluene 100 68 13
4 DCE 100 45
5 Trifluorotoluene 84 15 4

Ar = 3,5-bis(trifluoromethyl)phenyl

4.5.4 DFT Mechanistic Studies

To shed light on the mechanism of these (3+2+2) cycloadditions we performed DFT computations.
As model substrates, we selected the ACP precursor 9d, which is very similar to the experimentally
used substrate 9b, and the isocyanate 49a. We employed the phosphoramidite L9 as ligand, the
B3LYP/6-31G(d) (LANL2DZ for Pd) level of theoty for the optimization of stationary points, and
M06/6-311++G(d,p) (SDD for Pd) in 1,4-dioxane for the single-point energy calculations.

The Figure 39 starts with the palladacyclobutane I1, which exhibits an agostic interaction between
the palladium and a hydrogen atom of one of the isopropyl groups of the ligand [d(H-Pd) = 2.3 A].135
This intermediate undergoes a migratory insertion of the carbonyl moiety with an energy barrier of
20.8 kcal'mol! (T'S1-2) to reach the m-allyl palladium complex I2, which can evolve to a much more
stable o-allyl intermediate I3 (AG=23.0 kcal'mol!). Although this o-allyl species might yield the
intramolecular (3+2) cycloadduct 17d via TS3-17d (AG=23.1 kcal-mol'!), its interaction with the
isocyanate moiety leads to a more stable regioisomeric intermediate (I4, AG=11.5 kcal-mol 1), from
which new favorable pathways were eventually located.13¢0

The oxapalladacycle I4 could easily evolve to I5, which holds the nitrogen atom of the isocyanate
close to the Pd center [d(IN-Pd) = 2.7 A]. Then, an oxygen attack to the central carbon of the
isocyanate unit via TS5-6 (AG=0.5 kcal'mol! from I4), leads to the oxaazapalladacyclic species 16
(see Figure 40 for 3D structures). All attempts to find a C-N reductive elimination from I6 were
unsuccessful, but this step is possible from the related n-allyl Pd complex 17, 2.5 kcal-mol! less stable,
which yields the seven-membered bicycle 50da through an overall energy barrier of 26.0 kcal-mol!
from 16 (T'S7-50da). This energy penalty fits with the heating requirements of the reaction and
suggests that it is the turnover limiting step.

We also found an alternative migratory insertion of the isocyanate from complex I4 via TS4-8
(AG=9.6 kcal'mol), delivering the o-allyl oxapalladacyclic species I8. However, this step entails a

135 For see the initial oxidative addition of the distal C-C of the ACP to the Pd(0) complex (T'§10-11, AG=17.1 kcal-mol'!),
and other additional steps, see Figure Al12 (Appendix, page 340).

136 Intermediate I2 can also undergo a reductive elimination (TS2-17d) to give the (3+2) cycloadduct 17d (AG=12.6
kcal-mol). However, the evolution from I2 to I3 seems more feasible. See Figure A12 (Appendix, page 340).
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significantly higher energy penalty regarding T85-6 (AAG=3.1 kcal'mol'), and the resulting
intermediate (I8) is substantially less stable than I6 (AAG=17.8 kcal-mol'!). Moreovetr, its progression
toward the 6,7-bicycle 50da, although feasible, involves a more energetic reductive elimination step
via TS9-50da. Therefore, the overall evolution via TS5-6 and TS7-50da is favored.

The absence of the (3+2) cycloadducts of type 17 under reaction conditions can be explained by the
evolution of intermediate I2 to the o-allyl complexes of type I3, which react rapidly with the
isocyanate, instead of undergoing the less favored C-O reductive elimination, to further deliver the
(3+2+2) cycloadducts of type 50 as only products.

Calculations in previous sections demonstrated that biaryl Buchwald ligands, such as ‘BuXPhos,
facilitate subtle hemilabile interactions between the Pd center and specific atoms of this type of
ligands, enabling the reductive elimination from complexes like I3, to yield the (3+2) cycloadducts of
type 17. However, this pathway is inhibited when phosphoramidite ligand L9 is used, as in this case.
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TS7-50da

Figure 40. Selected simplified 3D representations of the most relevant structures of Figure 39.
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Pd(0)-Catalyzed (3+2+2) Cycloaddition between ACPs tethered to Carbonyl Moieties and
Isocyanates

4.5.5 Conclusions

In summary, we have developed a formal Pd(0)-catalyzed (3+2+2) heterocycloaddition between
ACPs tethered to carbonyl moieties and aryl isocyanates to access to complex bicyclic or tricyclic
structures, containing a carbamate functionality, in good yields and high diastereoselectivity. Notably,
the transformation involves the 7 situ formation of a palladium n-allyl 1,5-dipole, which under the
appropriate catalytic system, can react selectively with an isocyanate partner, instead of following the
intramolecular C-O reductive elimination pathway to give a (3+2) cycloadduct. These results are
supported by DFT computations. In addition, a preliminary asymmetric transformation is being
carried out.
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General Conclusions

Through this doctoral thesis, we have explored different reactive modes of alkylidenecyclopropanes
(ACPs) under Pd(0)-catalysis.

In the first part, we developed Pd-catalyzed (3+2) heterocycloadditions between ACPs and
unsaturated partners, uncovering new synthetic approaches to functionalized five-membered
heterocycles. Sectzon 4.1 describes the use of ACPs and imine partners to synthesize functionalized
pyrrolidines; while Section 4.2 is centered on mechanistic computational studies of the cycloadditions
between ACPs and carbonyl counterparts. These studies revealed the critical role of secondary
hemilabile interactions between the Pd center and the ligand, underscoring the importance of
selecting an appropriate catalytic system for promoting these (3+2) heterocycloadditions.

In Section 4.3, we successfully developed Pd(0)-catalyzed tandem cycloisometization/allylic
substitution reactions. Using Pd(0)-catalysts with electron-poor monophosphines, Pd(Il)-allylic
intermediates generated from precursors bearing an ACP tethered to a carbonyl moiety were
intercepted by various nucleophiles (boronic acids, 1,3-dicarbonyls or alcohols) to yield
functionalized cyclic alcohols. A related catalytic system also enabled the synthesis of cyclic
cyclopentamines from ACPs tethered to imine moieties and boronic acids as coupling partners. DFT
computations revealed how electron-poor phosphines favor the tandem processes, whereas
Buchwald ligands promote the intramolecular (3+2) cycloaddition. Furthermore, in Section 4.4 we
developed the first transition-metal-catalyzed allylic cross-coupling between ACPs and boronic acids,
yielding 1,1-disubstituted alkenes. DFT computations revealed the importance of palladacyclobutane
species as key intermediates.

In Section 4.5, we explored a formal Pd(0)-catalyzed (3+2+2) cycloaddition of ACPs tethered to
carbonyl moieties with aryl isocyanates, leading to carbamate polycyclic structures. This
transformation involves a palladium n-allyl 1,5-dipole, which selectively reacts with isocyanates
instead of undergoing C-O reductive elimination, as corroborated by DFT studies.

In conclusion, this thesis underscores the versatility of Pd(0)-catalyzed transformations involving
ACPs, particularly for the synthesis of heterocycles. It highlights the importance of studying reaction
intermediates to uncover novel reactivity modes and emphasizes the pivotal role of selecting
appropriate catalytic systems to direct reaction pathways.
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Experimental Procedures and Characterization of Compounds

This section details the synthesis of starting materials and products, along with the characterization
of the unreported compounds. The compounds are listed numerically, not strictly following their
order of appearance in Results and Discussion.

Diethyl 2-(2-cyclopropylideneethyl)-2-(2-(methoxyimino)ethyl)malonate (1a)!3’
1.Pdy(dba)z (10 mol%)
e dppe (20 mol%) NaOAc
g 0 TsO NaH, THF, 3 h E ~ MeONH,-HCI E ~F
Ej\/ko/ A
2. pTsOH, Acetone:H,0 E Yo CH2Cly, 1t, 24 h E \N;OMe
7a 1a

5 E = CO.Et 6 reflux, 1 h
,E=CO,

In a round bottom flask, a solution of Pdx(dba); (111 mg, 121 pmol, 0.1 equiv.), 1,2-
bis(diphenylphosphino)ethane (96.3 mg, 242 umol, 0.2 equiv.) and 1-vinylcyclopropyl tosylate (6,
3.74 g, 15.7 mmol, 1.3 equiv.) in dry THF (20 mL) was stirred at rt for 15 min.

In a separate round bottom flask, a solution of diethyl 2-(2, 2-dimethoxyethyl) malonate (5, 3.00 g,
12.1 mmol, 1.0 equiv.) in dry THF (25 mL) was added to a suspension of NaH (530 mg, 13.3 mmol,
1.1 equiv., 60% in mineral oil) in dry THF (100 mL), at 0 °C and the mixture was stitred for 30 min
at rt. Then, the solution of vinyl tosylate (6) was added dropwise via cannula. The resulting mixture
was stirred for 3 h, poured into water and extracted with Et;O (3x60 mL). The organic layers were
dried, filtered and concentrated to give a crude oily residue that was purified by flash chromatography
(10% EtOAc/Hexane) to yield the intermediate acetal diethyl 2-(2-cyclopropylideneethyl)-2-(2,2-
dimethoxyethyl)malonate as a coloutless oil (2.66 g, 8.50 mmol, 70% yield).

Next, p-toluenesulfonic acid (323 mg, 1.70 mmol, 0.2 equiv.) was added to a solution of the acetal
intermediate (2.66 g, 8.50 mmol, 1.0 equiv.) in H>O:acetone 1:1 (85 mL), and the mixture was stirred
under reflux for 1 h. The acetone was removed under reduced pressure and the product was extracted
with EO (3x40 mL). The combined organic layers were dried, filtered and concentrated. The
product 7a was isolated by flash chromatography (10% EtOAc/Hexane) as a coloutless oil (2.20 g,
8.10 mmol, 95% yield). Spectroscopic data of 7a agrees with that reported in the literature.26c TH
NMR (300 MHz, CDCl3) 6 (ppm) 9.70 (s, 1H), 5.63 (m, 1H), 4.22 (q, ] = 7.25, 4H), 3.09 — 2.39 (m,
4H), 1.35-1.21 (t, ] = 7.17 Hz, 6H), 1.03 (dd, J = 26.9, 7.7 Hz, 4H).

In a round-bottom flask, the aldehyde 7a (1.30 g, 15.3 mmol, 1.0 equiv.) was added dropwise over a
suspension of NaOAc (2.50 g, 30.5 mmol, 2.0 equiv.) in CH2Cl> (30 mL) at rt. After 5 minutes,
methoxyamine hydrochloride (3.67 g, 15.3 mmol, 1.0 equiv.) was added in one portion and the
mixture was stirred for 16 h. The reaction was quenched with NaHCO3a (50 mL), and the aqueous
phase was extracted with EtoO (3x20 mL). The combined organic layers were dried, filtered,
concentrated and the resulting residue was purified by flash chromatography (5% EtOAc/ Hexane)
to afford diethyl 2-(2-cyclopropylideneethyl) -2-(2-(methoxyimino)ethyl)malonate, 1a, as a pale-
yellow oil (3.54 g, 11.9 mmol, 78% yield, E:Z ratio 2:1).

- E:Z mixture 2:1. 'TH NMR (300 MHz, CDCl3) 8 (ppm) 7.69 (t, ] = 6.4 Hz, 0.67H), 7.06 (t, ] = 5.3
Hz, 0.33H), 6.04 — 5.90 (m, 1H), 4.66 — 4.46 (m, 4H), 4.20 (s, 1H), 4.15 (s, 2H), 3.22 (d, ] = 5.3 Hz,
0.67H), 3.17 (d, ] = 7.4 Hz, 2H), 3.08 (d, ] = 6.4 Hz, 1.33H), 1.62 (t, ] = 7.1 Hz, 6H), 1.50 — 1.28 (m,
4H). BC NMR (75 MHz, CDCL3) 8 (ppm) 170.7 (C), 146.9 (CH), 146.8 (CH), 127.6 (C), 127.4 (C),
111.6 (CH), 111.5 (CH), 61.8 (CH3), 61.8 (CH3), 61.7 (CHy), 61.6 (CH>), 61.5 (CH3), 61.5 (CH3), 56.1
(©), 56.0 (C), 36.4 (CHy), 36.1 (CH>), 32.9 (CHy), 29.1 (CHy), 14.2 (CH3), 3.1 (CHy), 2.0 (CHz). HRMS
(ESI-TOF): m/z calculated for CisH24NOs* [M + H]*: m/z 298.1649, found 298.1651.

137 nOe experiments were performed to establish the E/Z isometism, but they were not conclusive. The ratio of isomers
has been calculated by NMR, assuming that E is the major because it is thermodynamically more stable.

26e Gulfas, M.; Duran, J.; Lopez, F.; Castedo, L.; Mascarefas, J.L. Palladium-catalyzed [4 + 3] intramolecular cycloaddition
of alkylidenecyclopropanes and dienes. J. Am. Chem. Soc. 2007, 129, 36, 11026-11027.
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- E isomer. 'TH NMR (300 MHz, CsD¢) 8 (ppm) 7.69 (t, ] = 6.4 Hz, 1H), 6.02 — 5.78 (m, 1H), 4.20 —
3.90 (m, 4H), 3.79 (s, 3H), 3.17 (d, ] = 7.5 Hz, 2H), 3.04 (d, ] = 6.4 Hz, 2H), 1.24 — 0.77 (m, 10H).
BC NMR (75 MHz, C¢Dg) & (ppm) 170.4 (C), 146.6 (CH), 127.3 (C), 112.2 (CH), 61.4 (CH>), 61.3
(CH3), 57.2 (C), 36.5 (CHy), 33.4 (CH>), 14. (CH3), 3.1 (CH>), 2.1 (CHz). HRMS (ESI-TOF): m/z
calculated for CisH24NOs* [M + H]*: m/z 298.1649, found 298.1651.

Diethyl 2-(2-(cyclopropylidene-ds)ethyl)-2-(2-(methoxyimino)ethyl) malonate (d4-1a)

p_p Compound dy-1a was prepared following the procedure employed for the

D synthesis of precursor 1a, using d4-7a as starting material. Purification by flash

EtO,C 7 b  chromatography (5% EtOAc/ Hexane) afforded to ds-1a in 72% yield as a
EtO,C N OMe yellowish oil (E:Z ratio 2:1).

(E:Z2:A)de1a | Fisomer. TH NMR (500 MHz, CDsOD) & (ppm) 7.36 (t, | = 6.4 Hz, 1H),
5.68 (t, ] = 7.4 Hz, 1H), 4.23 (t, ] = 7.1 Hz, 4H), 3.81 (s, 3H), 2.82 (d, ] = 7.5 Hz, 2H), 2.72 (d, ] =
6.4 Hz, 2H), 1.30 (t, ] = 7.1 Hz, 6H). 2H NMR (77 MHz, CD;0D) & 1.15 (m, 4H). 3C NMR (126
MHz, CD;0D) & (ppm) 171.7 (C), 148.0 (CH), 128.2 (C), 112.7 (CH), 62.7 (CH>), 61.7 (CH3), 58.0
(C), 36.8 (CHy), 33.7 (CH,), 14.4 (CH3), 3.3-1.0 (m, CD5). HRMS (ESI-TOF): m/z, calculated for
(:15}—12()D4B]C)5+ M+H]+: rn/z 3021900, found 3021899

- Z isomer (NMR data deduced from a E:Z mixture = 1:9). TH NMR (500 MHz, CD;OD) 3 (ppm)
6.72 (t, ] = 5.3 Hz, 1H), 5.66 (t, ] = 7.4 Hz, 1H), 4.23 (q, /] = 7.1, 1.2 Hz, 4H), 3.86 (s, 3H), 2.86 (d, ]
= 5.4 Hz, 2H), 2.82 (d, ] = 7.4 Hz, 2H), 1.29 (t, ] = 7.1 Hz, 6H). ZH NMR (77 MHz, CD;0D) &
(ppm) 0.96 (d, ] = 5.8 Hz, 4H). BC NMR (126 MHz, CD;0D) & (ppm) 171.8 (C), 148.0 (CH), 128.30
(©), 112.7 (CH), 62.8 (CHy), 62.1 (CHs), 57.2 (C), 37.2 (CHy), 29.9 (CHy), 14.4 (CH3), 2.9-1.3 (m,
CD3). HRMS (ESI-TOF): m/z, calculated for CisHxDsNOs* [M+H]*: m/z 302.1900; found
302.1899.

Diethyl 2-(2-((benzyloxy)imino)ethyl)-2-(2-cyclopropylideneethyl)malonate (1b)

Compound 1b was prepared following the procedure employed for the

>Ci% synthesis of precursor la, using benzoxyamine hydrochloride as starting
Et0,C material. Purification by flash chromatography (5% EtOAc/ Hexane) afforded
EtO,C Ny-0Bn to la as a yellowish oil in 72% (E:Z ratio 2:1). NMR data of both E and Z

(E:Z2:1)-1b isomers can be easily deduced from the NMR data of two different fractions,
with 10:1 and 1:6 E: Z ratios, respectively.

- E isomer (NMR data deduced from a E:Z mixture = 10:1). ITH NMR (300 MHz, CDCls) 8 7.36 (t,
J= 6.4 Hz, 1H), 7.29 — 7.18 (m, 5H), 5.58 — 5.48 (m, 1H), 4.96 (s, 2H), 4.07 (q, ] = 7.1 Hz, 4H), 2.73
(dt, J = 7.4, 1.2 Hz, 2H), 2.66 (d, ] = 6.4 Hz, 2H), 1.15 (t, ] = 7.1 Hz, 6H), 1.04 — 0.85 (m, 4H). 13C
NMR (75 MHz, CDCl3) & 170.5 (C), 147.5 (CH), 137.7 (C), 128.5 (CH), 128.3 (CH), 127.9 (CH),
127. (C), 111.5 (CH), 75.8 (CH>), 61.6 (CH»), 56.8 (C), 36.0 (CHz), 32.9 (CH>), 14.1 (CH3), 3.1 (CH>),
2.0 (CHz). HMRS (ESI-TOF): m/z calculated for C»H»yNOs* [M + H]|*: m/z 374.1967, found
374.19606.

- Z isomet (NMR data deduced from a E:Z mixture = 1:5.7). TH NMR (300 MHz, CDCls) § 7.29 —
7.18 (m, 5H), 6.68 (t, ] = 5.2 Hz, 1H), 5.60 — 5.48 (m, 1H), 5.02 (s, 2H), 4.14 — 4.02 (m, 4H), 2.87 (d,
J=5.2Hz,2H),2.74 (dt, ] = 7.4, 1.3 Hz, 2H), 1.16 (t, ] = 7.2 Hz, 6H), 1.03 — 0.84 (m, 4H). 3C NMR
(75 MHz, CDCls) 8 170.7 (C), 147.5 (CH), 137.9 (C), 128.4 (CH), 128.1 (CH), 127.4 (C), 127.3 (C),
111.5 (CH), 76.0 (CHy), 61.7 (CH»), 55.9 (C), 36.3 (CH>), 29.3 (CH>), 14.1 (CH3), 3.1 (CHy), 2.0 (CHs).

Diethyl 2-(3-((benzyloxy)imino)propyl)-2-(2-cyclopropylideneethyl)malonate (1c)
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Compound 1c was prepared following the procedure employed for the
Et0,C % synthesis of precursor la, using benzoxyamine hydrochloride as starting
EtO,C _N, material and the corresponding aldehyde. Purification by flash

chromatography (5% EtOAc/ Hexane) afforded to 1c, which was isolated as

a colourless oil in 90% yield (E:Z ratio 1.5:1). TH NMR (300 MHz, CD,Cl)
8 7.44 —7.21 (m, 5.6H), 6.62 (t, ] = 5.3 Hz, 0.4H), 5.66 — 5.53 (m, 1H), 5.07 (s, 0.8H), 5.01 (s, 1.2H),
4.25 — 4.06 (m, 4H), 2.78 (dq, ] = 7.4, 1.2 Hz, 2H), 2.36 — 2.22 (m, 1H), 2.18 — 2.08 (m, 1H), 2.07 —
1.95 (m, 2H), 1.32 — 1.14 (m, 6H), 1.14 — 0.91 (m, 4H). BC NMR (75 MHz, CD:Cl,) 5 171.5 (C),
151.4 (CH), 150.7 (CH), 138.9 (C), 138.6 (C), 128.9 (CH), 128.7 (CH), 128.5 (CH), 128.3 (CH), 128.2
(CH), 127.1 (C), 127.0 (C), 112.4 (CH), 76.3 (CHz), 76.0 (CHy), 61.9 (CHy), 57.7 (C), 57.6 (C), 35.5
(CHy), 35.3 (CHy), 29.6 (CH>), 29.2 (CHy), 25.3 (CH>), 21.5 (CH>), 14.4 (CH3), 3.3 (CH>), 2.3 (CHy),
2.3 (CHy). HRMS (ESI-TOF): m/z calculated for C22H3NOs [M + H]*: m/z 388.2124, found
388.2119.

(E:Z1.5:1)-1c

Dimethyl (E)-2-(2-cyclopropylideneethyl)-2-(2-(methoxyimino)propyl)malonate (E-1d)

Compound E-1d was prepared following the procedure employed for the
/ synthesis of precursor 1a, using ketone 9a as starting material. Purification by
flash chromatography (5% EtOAc/ Hexane) afforded to E-1d, which was
isolated as a yellowish oil in 66% yield (E:Z ratio 1:0). TH NMR (300 MHz,
CDCl) 8 (ppm) 5.62 — 5.24 (m, 1H), 3.59 (s, 3H), 3.52 (s, 6H), 2.71 (d, ] = 7.5
Hz, 2H), 2.62 (s, 2H), 1.57 (s, 3H), 1.03 — 0.60 (m, 4H). BC NMR (75 MHz, CD;0D) & (ppm) 170.9
(©), 152.3 (C), 126.2 (C), 111.9 (CH), 61.0 (CH3), 56.3 (C), 52.1 (CH3), 37.6 (CH>), 34.9 (CHy), 14.8
(CHs), 2.6 (CHy), 1.4 (CHz). HRMS (ESI-TOF): m/z calculated for Ci4H2NOs* [M+H]*: m/z
284.1492, found 284.1490.

MeOzC
MeO,C

\
E-1d N—OMe

2-(2-Cyclopropylideneethoxy)acetaldehyde O-methyl oxime (le)

. 1. Oxalyl Chloride, DMSO
Pd,(dba)s (10 rrlol %) /\/} EtsN /
TsO dppe (20 mol%) CH.Cly rt1h
Il ,

OH .
HO™ > — o
NaH, THF, 3 h MNoH 2. MeO-NH5Cl, NaOAc —\
CH,Cl,, 1t, 16 h N OMe
6 10 1e

In a round bottom flask, a solution of Pdx(dba); (740 mg, 805 pmol, 0.1 equiv.), 1,2-
bis(diphenylphosphino)ethane (640 mg, 1.60 mmol, 0.2 equiv.) and 1-vinylcyclopropyl tosylate 6
(1.92 g, 8.10 mmol, 1.0 equiv.) in dry THF (29 mL) was stirred at rt for 15 min.

In a separate round bottom flask, ethylene glycol (901 pL, 16.1 mmol, 2.0 equiv.) was added carefully
to a suspension of NaH (644 mg, 16.1 mmol, 2.0 equiv., 60% in mineral oil) in dry THF (10 mL), at
0 °C and the mixture was stirred for 30 min at rt. Then, the solution of vinyl tosylate (6) was added
dropwise via cannula. The resulting mixture was stirred for 3 h, poured into water and extracted with
EtO (3x50 mL). The organic layers were dried, filtered and concentrated to give a crude oily residue
that was purified by flash chromatography (5-10% EtOAc/Hexane) to vyield the 2-(2-
cyclopropylideneethoxy)ethan-1-ol 10 as an uncolored oil (731 mg, 5.70 mmol, 71% yield).
Spectroscopic data of 10 agrees with that reported in the literature.?? TH NMR (300 MHz, CDCl3) &
(ppm) 6.07 — 5.82 (m, 1H), 4.16 (d, /] = 6.7, 1.2 Hz, 2H), 3.79 — 3.65 (m, 2H), 3.64 — 3.40 (m, 4H),
1.96 — 1.67 (br s, 1H), 1.19 — 1.02 (m, 4H).

At -78 °C, DMSO (1.00 mL, 14.1 mmol, 2.4 equiv.) in CH>Cl> (7 mL) was added dropwise over a
solution of oxalyl chloride (1.00 mL, 12.0 mmol, 2.0 equiv.) in CH2Clz (20 mL). After 10 minutes, a
solution of the alcohol 10 (0.74 g, 6.0 mmol, 1.0 equiv.) in CHCl, (7 mL) added by slow addition

2 Verdugo, F.; Villarino, L.; Duran, J.; Gulias, M.; Mascarefias, J. L.; Lopez, F. Enantioselective Palladium-Catalyzed [3C +
2C] and [4C + 3C] Intramolecular Cycloadditions of Alkylidenecyclopropanes. ACS Catal. 2018, &, 6100-6105.
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over the mixture. After 30 minutes, Et;N (2.20 mL, 15.8 mmol, 2.8 equiv.) was added. After stirring
for 30 minutes, the reaction was allowed to warm to rt and quenched with brine (40 mL). Then,
extractions were carried out with CH2Clz (3x30 mL), and the organic layers were washed with H2O
(20 mL), dried, filtered and partially evaporated to 10-15 mL. To this solution, NaOAc (2.50 g, 30.5
mmol, 2.0 equiv.) was added at rt. After 5 minutes of stirring, methoxyamine hydrochloride (752 mg,
9.00 mmol, 1.0 equiv.) was added in one portion and the mixture was stirred for 16 h. The reaction
was quenched with NaHCOj3(,g (10 mL), and the aqueous phase was extracted with Et2O (3x5 mL).
The combined organic layers were dried, filtered, concentrated and the resulting residue was purified
by flash chromatography (5% EtOAc/ Hexane) to afford 2-(2-cyclopropylideneethoxy)acetaldehyde
O-methyl oxime, le, as a pale-yellow oil (528 mg, 3.40 mmol, 57% yield, E:Z ratio 1.5:1). 1TH NMR
(300 MHz, CDCls) 8 (ppm) 7.44 (t, ] = 5.7 Hz, 0.6H), 6.84 (t, ] = 3.7 Hz, 0.4H), 5.92 (m, 1H), 4.25
(d,J = 3.7 Hz, 0.8H), 4.14 (m, 2H), 4.07 (d, /] = 5.7 Hz, 1.2H), 3.86 (s, 1.8H), 3.86 (s, 1.2H), 1.18 —
1.01 (m, 4H). 3C NMR (75 MHz, CDCl3) 8 (ppm) 150.3 (CH), 147.1 (CH), 127.7 (C), 114.1 (CH),
114.0 (CH), 71.1 (CHy), 70.5 (CHz), 66.3 (CHz), 63.9 (CHy), 61.9 (CHs), 61.5 (CHs), 2.2 (CHy), 1.7
(CHy), 1.7 (CHz). HRMS (ESI-TOF): m/z calculated for CsHisNO2* [M+H]*: m/z 156.1019, found
156.1020.

IN-(2-cyclopropylideneethyl)- N-(2-(methoxyimino)ethyl)-4-methylbenzenesulfonamide (1f)

O_
1.Pdy(dba); (10 mol%) Br’ :O—
dppe (20 mol%) '|'Si7A //
Ts., .H NaH, THF, 3 h —/ 6 / 1. NaH, DMF, 100 °C, 16 h
N TsN
Boc 2. DMSO, 180°C, 1h TsHN 2. pTsOH, Acetone:H,0 N
reflux, 1 h (o)
1 7b
O« /\/A
Me NH3Cl  NaOAc
’ TsN < .OM
CH,Cl, 1t, 16 h N OMe

1f

In a round bottom flask, a solution of Pdx(dba); (772 mg, 840 pmol, 0.1 equiv.), 1,2-
bis(diphenylphosphino)ethane (680 mg, 1.70 mmol, 0.2 equiv.) and 1-vinylcyclopropyl tosylate 6
(2.00 g, 8.40 mmol, 1.0 equiv.) in dry THF (29 mL) was stirred at rt for 15 min.

In a separate round bottom flask, a solution of zer#-butyl tosylcarbamate (3.40 g, 12.6 mmol, 1.5 equiv.)
in dry THF (20 mL) was added carefully to a suspension of NaH (504 mg, 12.6 mmol, 1.5 equiv.,
60% in mineral oil) in dry THF (47 mL), at 0 °C and the mixture was stirred for 30 min at tt. Then,
the solution of vinyl tosylate (6) was added dropwise via cannula. The resulting mixture was stirred for
3 h, poured into water and extracted with EtoO (3x50 mL). The organic layers were dried, filtered
and concentrated to give a crude oily residue that was purified by flash chromatography (20-40%
EtOAc/Hexane) to yield the zert-butyl (2-cyclopropylideneethyl)(tosyl)carbamate as a white solid
(2.10 g, 6.30 mmol, 75% yield). Spectroscopic data this product agrees with that reported in the
literature.?? TH NMR (300 MHz, CDCls) 8 6.07 — 5.82 (m, 1H), 4.16 (d, ] = 6.7, 1.2 Hz, 2H), 3.79 —
3.65 (m, 2H), 3.64 — 3.40 (m, 4H), 1.96 — 1.67 (br s, 1H), 1.19 — 1.02 (m, 4H). For removing the Boc
group, a solution of zerr-butyl (2-cyclopropylideneethyl)(tosyl)carbamate in DMSO (38 mL) was
heated in a sealed tube at 180 °C for 1 h. After cooling down to rt, the mixture was poured over a
H>O:NaClg 10:1 solution (330 mL), and extracted with Et2O (3x50 mL). The organic layers were
dried, filtered and concentrated to give a crude oily residue that was purified by flash chromatography
(40% EtOAc/Hexane) to yield the zr#-butyl (2-cyclopropylideneethyl) (tosyl)carbamate 11 as a yellow
solid (1.20 g, 5.10 mmol, 81% yield). Spectroscopic data the 11 product agrees with that reported in

2 Verdugo, F.; Villarino, L.; Duran, J.; Gulias, M.; Mascarefias, J. L.; Lopez, F. Enantioselective Palladium-Catalyzed [3C +
2C] and [4C + 3C] Intramolecular Cycloadditions of Alkylidenecyclopropanes. ACS Catal. 2018, &, 6100-6105.
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the literature.2 'TH NMR (300 MHz, CDCI3) 8 (ppm) 7.75 (d, ] = 8.0 Hz, 2H), 7.29 (d, ] = 8.0 Hz,
2H), 5.74 — 5.59 (m, 1H), 4.91 (t, ] = 6.1 Hz, 1H), 3.70 (t, ] = 5.9 Hz, 1H), 2.42 (s, 3H), 0.98 (s, 4H).

In a round bottom flask, the monosubstituted amine 11 (1.00 g, 4.21 mmol, 1.0 equiv.) was added in
one portion to a suspension of NaH (185 mg, 4.64 mmol, 1.1 equiv., 60% in mineral oil) in dry DMF
(17 mL), at 0 °C and the mixture was stitred for 30 min at rt. Then, 2-bromo-1,1-dimethoxyethane
(1.50 mL, 12.6 mmol, 3.0 equiv.) was added dropwise to the mixture. After 16 h at 100 °C, the reaction
was quenched with NH4Clg,: (200 mL) and extracted with Et2O (3x30 mL). The organic layers were
dried, filtered and concentrated to give a crude oily residue that was purified by flash chromatography
(50% EtOAc/Hexane) to give the desired acetal as a pale-yellow solid (1.00 g, 3.15 mmol, 75% yield).
Spectroscopic data the N-(2- cyclopropylideneethyl)-N-(2,2-dimethoxyethyl)-4-
methylbenzenesulfonamide agrees with that reported in the literature.* TH NMR (300 MHz, CDCl3)
8 (ppm) 7.67 (d, J = 6.9 Hz, 2H), 7.25 (d, ] = 7.5 Hz, 2H), 5.49 (tq, ] = 6.6, 2.0 Hz, 1H), 447 (t, ] =
5.4 Hz, 1H), 4.01 (d, ] = 6.8 Hz, 2H), 3.31 (s, 6H), 3.17 (d, | = 5.4 Hz, 2H), 2.36 (s, 3H), 1.04 — 0.81
(m, 4H).

The acetal N-(2- cyclopropylideneethyl)-N-(2,2-dimethoxyethyl)-4-methylbenzenesulfonamide (250
mg, 768 pmol, 1.0 equiv.) and p-toluenesulfonic acid monohydrate (438 mg, 2.31 mmol, 3.0 equiv.)
were dissolved in acetone/water (1:1, 7.6 mL). The resulting mixture was refluxed for 1 h and cooled
to rt. The acetone was removed under reduced pressure and the aqueous solution was extracted with
Et20O. The resulting organic phase was dried and evaporated under reduced pressure and the crude
was purified by flash chromatography (10% EtOAc/ Hexane) to afford the aldehyde N-(2-
cyclopropylideneethyl)-4-methyl-IN-(2- oxoethyl)benzenesulfonamide, 7b, as a pale-yellow solid (172
mg, 614 mmol, 80% yield). Spectroscopic data of 7b agrees with that reported in the literature.*0 TH
NMR (300 MHz, CDCl3) 8 (ppm) 9.55 (t, ] = 1.7 Hz, 1H), 7.71 (d, ] = 8.3 Hz, 2H), 7.35 (d, ] = 8.4
Hz, 2H), 5.75 — 5.55 (m, 1H), 3.93 (d, ] = 7.2 Hz, 2H), 3.71 (s, 2H), 2.45 (s, 3H), 1.18 — 0.82 (m, 4H).
The aldehyde 7b (172 mg, 618 umol, 1.0 equiv.) was reacted with methoxyamine hydrochloride (51.6
g, 618 umol, 1.0 equiv.) following the abovementioned procedure for the synthesis of the oxime ether
la, providing after flash chromatography (10% EtOAc/ Hexane) to afford N-(2-
cyclopropylideneethyl)-N-(2-(methoxyimino)ethyl)-4-methylbenzenesulfonamide, 1f, as a coloutless
oil (135 mg, 439 umol, 71% yield, E:Z ratio 1.2:1). ITH NMR (300 MHz, CDCls) & (ppm) 7.67 (d, ]
= 7.4 Hz, 2H), 7.34 — 7.23 (m, 2H), 7.13 (t, ] = 6.0 Hz, 0.55H), 6.58 (t, ] = 4.2 Hz, 0.45H), 5.70 —
5.49 (m, 1H), 3.94 (d, ] = 4.2 Hz, 0.9H), 3.89 (dd, ] = 6.9, 1.2 Hz, 2H), 3.82 (d, ] = 6.0 Hz, 1.1H),
3.77 (s, 1.35H), 3.72 (s, 1.65H), 2.39 (s, 3H), 1.11 — 0.87 (m, 4H).3C NMR (75 MHz, CDCl;) 8 (ppm)
148.3 (CH), 145.7 (CH), 143.6 (C), 143.5 (C), 136.8 (C), 1306.2 (C), 129.8 (CH), 129.7 (CH), 129.0 (C),
128.5 (C), 127.1 (CH), 112.0 (CH), 111.8 (CH), 61.9 (CH3), 61.5 (CH3), 50.5 (CHy), 49.2 (CH»), 45.7
(CH>), 42.8 (CHy), 21.4 (CH3), 2.6 (CHy), 2.5 (CH>), 1.8 (CHy), 1.6 (CHz). HRMS (ESI-TOF): m/z
calculated for CisH21N>O3S [M + H]|*: m/z 309.1273, found 309.1270.

Diethyl 2-(2-(acetoxyimino)ethyl)-2-(2-cyclopropylideneethyl)malonate (1g)

Compound 1g was prepared following the procedure employed for the

Et0,C ><:\/A synthesis of precursor la, using O-acetylhydroxylammonium chloride and
EtO,C N\ ,0Ac Aldchyde 7a as starting matetials. Purification by flash chromatography (5%
(E:Z2.3: 1)_1Ng EtOAc/ Hexane) afforded to 1g as a yellowish oil in 51% yield (E:Z ratio 2.3:1).
TH NMR (300 MHz, CDCls) 8 (ppm) 7.78 (t, ] = 6.4 Hz, 0.7H), 7.22 (t, ] =

4.7 Hz, 0.3H), 5.67 — 5.56 (m, 1H), 4.28 — 4.12 (m, 4H), 2.95 (d, ] = 5.2 Hz, 1H), 2.88 — 2.79 (m, 3H),
217 (s, 1H), 2.12 (s, 2H), 1.26 (t, ] = 7.1 Hz, 6H), 1.14 — 0.92 (m, 4H). 3C NMR (75 MHz, CDCl;)
8 (ppm) 169.0 (C), 169.0 (C), 167.2 (C), 155.3 (CH), 155.2 (CH), 153.5 (CH), 126.9 (CH), 126.8 (CH),
110.0 (CH), 109.9 (CH), 60. (CHz), 60.9 (CHy), 55.5 (C), 55.4 (C), 54.5 (C), 51.6 (CH), 35.6 (CHy),
35.4 (CHy), 31.9 (CHy), 29.2 (CHy), 18.4 (CH3), 18.3 (CH3), 12.9 (CH3), 2.0 (CHy), 1.9 (CHy), 0.9

40 Verdugo, F.; da Concepcién, E.; Rodifio, R; Calvelo, M.; Mascarefias, J. L; Lépez, F. Pd-Catalyzed 3 + 2)
Heterocycloadditions between Alkylidenecyclopropanes and Carbonyls: Straightforward Assembly of Highly Substituted
Tetrahydrofurans. ACS Catal. 2020, 70, 14, 7710-7718.
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(CHy), 0.8 (CHz). HRMS (ESI-TOF): m/z calculated for CisH2sNOs [M+H]*: m/z 326.1604, found
326.1599.

Diethyl 2-(2-cyclopropylideneethyl)-2-(2-((2,2,2-trifluoroethoxy) imino)ethyl)malonate (1h)

Compound 1h was prepared following the procedure employed for the

E10,C >Ci% synthesis of precursor 1a, using amine hydrochloride 12 and aldehyde 7a

Et0,C N .0 as starting materials. Purification by flash chromatography (5% EtOAc/

Th NT"N\-CFs Hexane) afforded to 1h as a yellowish oil in 51% yield (E:Z ratio 2:1),
allowing the separation of both isomers.

- E isomer. TH NMR (300 MHz, CD;0D) & (ppm) 7.50 (t, ] = 6.4 Hz, 1H), 5.74 — 5.55 (m, 1H),
445 (q, ] = 8.8 Hz, 2H), 4.20 (q, ] = 7.0 Hz, 4H), 2.81 (d, ] = 7.6 Hz, 2H), 2.72 (d, ] = 6.4 Hz, 2H),
1.26 (t, ] = 7.1 Hz, 6H), 1.15 — 0.93 (m, 4H). 3C NMR (75 MHz, CD;0OD) & (ppm) 171.6 (C), 150.7
(CH), 128.5 (C), 125.3 (q, ] = 279.7 Hz, C), 112.4 (CH), 71.6 (q, ] = 33.7, CH,), 62.7 (CH»), 57.9 (C),
36.8 (CHz), 33.5 (CH2), 14.4 (CH3), 3.3 (CHy), 2.4 (CH,). F NMR (282 MHz, CD;0OD) & (ppm) -
72.0 (t, ] = 8.8 Hz). HRMS (ESI-TOF): m/7 calculated for CisHoFsNOs* [M+H]*: m/z 366.1528,
found 366.1522.

- Zisomer. TH NMR (300 MHz, CD;0D) & (ppm) 6.85 (t, ] = 5.3 Hz, 1H), 5.76 — 5.52 (m, 1H), 4.52
(q, ] = 8.8 Hz, 2H), 4.22 (q, ] = 7.1 Hz, 4H), 2.89 (d, ] = 5.3 Hz, 2H), 2.82 (d, ] = 7.5 Hz, 2H), 1.27
(t, ] = 7.1 Hz, 6H), 1.19 — 0.90 (m, 4H). 3C NMR (75 MHz, CD;0D) & (ppm) 171.7 (C), 150.6 (CH),
128.7 (C), 125.3 (q, ] = 279.5 Hz, C), 112.4 (CH), 71.6 (q, ] = 33.7 Hz, CH,), 62.9 (CH.), 57.0 (C),
37.2 (CHy), 30.1 (CH,), 14.3 (CHs), 3.3 (CH,), 2.4 (CH.,). ¥F NMR (282 MHz, CD;OD) & (ppm) -
72.3 (t, ] = 8.8 Hz). HRMS (ESI-TOF): m/z calculated for CisHpFsNOs* [M+H]*: m/z 366.1528,
found 366.1522.

NN-(2-cyclopropylideneethyl)-4-methyl- N-(2-((2,2,2-trifluoroethoxy)imino)ethyl)benzene-
sulfonamide (1i)

Compound 1i was prepared following the procedure employed for the
/\/A synthesis of precursor 1a, using amine hydrochloride 12 and aldehyde 7b as
AN o starting materials. Purification by flash chromatography (5% EtOAc/ Hexane)

1 N""N—~CFs  afforded to 1i as a pale-yellow oil in 74% yield (E:Z ratio 1.9:1). TH NMR (300
MHz, CD;0D) & (ppm) 7.76 — 7.68 (m, 2H), 7.48 — 7.36 (m, 2H), 7.32 (t, ] = 5.7 Hz, 0.65H), 6.79 (t,
J=4.1Hz, 0.35H), 5.71 — 5.52 (m, 1H), 4.49 (q, ] = 8.8 Hz, 0.7H), 4.40 (q, ] = 8.8 Hz, 1.3H), 4.00
(d, ] = 4.1 Hz, 0.7H), 3.94 (d, ] = 7.0 Hz, 2H), 3.89 (d, ] = 5.7 Hz, 1.3H) 2.54-2.35 (m, 3H), 1.17 —
0.90 (m, 4H). 3C NMR (75 MHz, CD3;0D) & (ppm) 152.6 (CH), 150.0 (CH), 145.5 (C), 145.3 (C),
138.1 (C), 137.4 (C), 131.1 (CH), 130.9 (CH), 130.5 (C), 129.9 (C), 128.4 (CH), 125.2 (q, ] = 279.4
Hz, C), 113.1 (CH), 112.9 (CH), 71.9 (q, ] = 33.8 Hz, CH>), 71.5 (q, /] = 33.8 Hz, CH>), 51.7 (CHy),
50.4 (CHy), 46.3 (CHz), 43.9 (CHy), 21.5 (CH3), 21.5 (CH3), 2.9 (CH»), 2.8 (CH>), 2.3 (CH»), 2.2 (CH»).
BF NMR (282 MHz, CD;OD) 8 (ppm) -72.00 (t, ] = 9.3 Hz, 3.9F), -72.29 (t, ] = 9.3 Hz, 2.1F).
HRMS (ESI-TOF): m/z calculated for CisHF3N2O38* [M+H]*: m/z 377.1141, found 377.1139.

Dimethyl 2-(2-cyclopropylideneethyl)-2-(2-(methoxyimino)ethyl)malonate (1k)

Compound 1k was prepared following the procedure employed for the
>C% synthesis of precursor 1a, using amine hydrochloride 12 and aldehyde 7e as
MeO.C starting materials. Purification by flash chromatography (5% EtOAc/
MeO;C S OMe Hexane) affordedto 1k as a pale-yellow oil in 80% yield (E:Z ratio 1.2:1).
E:Z:1.2:1)-1k
( ) - E isomer. tTH NMR (300 MHz, CDsOD) 6 (ppm) 7.32 (t, ] = 6.4 Hz, 1H),
5.67 — 5.55 (m, 1H), 3.77 (s, 3H), 3.73 (s, 6H), 2.79 (dd, ] = 7.4, 1.6 Hz, 2H), 2.70 (d, ] = 6.4 Hz, 2H),
1.23 — 1.02 (m, 4H). 3C NMR (75 MHz, CDs;OD) & (ppm) 172.1 (C), 147.7 (CH), 128.6, (C) 112.4
(CH), 61.8 (CHs), 58.1 (C), 53.1 (CH3), 36.8 (CHy), 33.7 (CHy), 3.3 (CHz), 2.4 (CHy).
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- E:Z mixture 1:2.3. TH NMR (300 MHz, CD;0D) & (ppm) 7.30 (t, ] = 6.4 Hz, 0.3H), 6.67 (t, | =
5.4 Hz, 0.7H), 5.68 — 5.53 (m, 1H), 3.82 (s, 2.1H), 3.75 (s, 0.9H), 3.75 (bt. s, 6H), 2.83 (d, | = 5.4 Hz,
1.4H), 2.80 — 2.74 (m, 2H), 2.68 (d, ] = 6.4 Hz, 0.6H), 1.16 — 0.95 (m, 4H). 3C NMR (75 MHz,
CD;0D) & (ppm) 172.3 (C), 172.1 (C), 147.9 (CH), 147.7 (CH), 128.7 (C), 128.6 (C), 112.4 (CH),
112.3 (CH), 62.1 (CHs), 61.7 (CHs), 58.1 (C), 57.3 (C), 53.2 (CH3), 53.1 (CH3), 37.2 (CH,), 36.8 (CHy),
33.7 (CHa), 29.9 (CH,), 3.3 (CHy), 2.4 (CH.), 2.3 (CH.).

- Zisomer (NMR data deduced from a E:Z mixture = 1:2.3). TH NMR (300 MHz, CD;0D) & (ppm)
6.67 (t, ] = 5.4 Hz, 1H), 5.68 — 5.53 (m, 1H), 3.82 (s, 3H), 3.75 (s, 6H), 2.83 (d, ] = 5.4 Hz, 2H), 2.80
— 2.74 (m, 2H), 1.16 — 0.95 (m, 4H). 3C NMR (75 MHz, CD;0D) & (ppm) 172.3 (C), 147.9 (CH),
128.7 (C), 112.4 (CH), 62.1 (CHs), 57.3 (C), 53.2 (CH3), 37.2 (CHs), 29.9 (CH,), 3.3 (CH.), 2.3 (CHb,).

Dimethyl 2-(3-((benzyloxy)imino)propyl)-2-(2-cyclopropylideneethyl)malonate (1)

Compound 1l was prepared following the procedure employed for the

V synthesis of precursor 1a, from the corresponding starting materials.

Me0,C Purification by flash chromatography (5% EtOAc/ Hexane) afforded 11 as
MeO,C _N., a pale-yellow oil in 84% yield (E:Z ratio 1:0). 'TH NMR (300 MHz, CDCls)
11 OMe 5 (ppm) 5.66 — 5.54 (m, 1H), 3.80 (s, 2H), 3.77 (s, 1H), 3.73 — 3.62 (m, GH),

2.81 (d, ] = 7.4 Hz, 2H), 2.26 — 1.98 (m, 4H), 1.82 (s, 1H), 1.78 (s, 2H), 1.13
—0.93 (m, 4H). 3C NMR (75 MHz, CDCl;) 8 (ppm) 171.7 (C), 171.6 (C), 156.9 (C), 156.4 (C), 126.7
(C), 126.7 (C), 111.9 (CH), 111.8 (CH), 61.2 (CH3), 61.2 (CH3), 57.6 (C), 57.5 (C), 52.5 (CH3), 35.4
(CH>), 35.0 (CHy), 30.9 (CH3), 29.3 (CH»), 28.1 (CH»), 24.3 (CH), 19.8 (CH3), 14.0 (CH3), 3.0 (CH.),
1.9 (CHy), 1.9 (CH,).

Diethyl (3aR,6aR)-1-methoxy-3-methylenehexahydrocyclopenta[ b] pytrole-5,5(1.H)-
dicarboxylate (2a)

PCy2
’PrO O'Pr H
EtO,C 7 (RuPhos 13 %mol) EtO,C _—
Pd,dbs (6 19
EtO,C \N/OMe ,dbs (6 mol%) EtO,C N + EtO,C \N/OMe
Toluene, 110 °C, 4 h H (\)Me EtO,C
E-ta 2a, 65% E-4a, 35%

Prepared following general procedure for catalytic reactions (see Methodology, page 57), using Pda(dba)s
(7.40 mg, 8.10 pmol, 6 mol%y), RuPhos (12.6 mg, 27.0 umol, 20 mol%) and E-1a (40.0 mg, 135 umol,
1.0 equiv.) in freshly distilled toluene (1.1 mlL). The reaction crude was purified by flash
chromatography (5% EtOAc/Hexane) to afford 12a as a coloutless oil (26.0 mg, 88.0 umol, 65%
yield). 'TH NMR (300 MHz, CDCls) 8 (ppm) 5.00 (s, 1H), 4.93 (s, 1H), 4.31 — 4.04 (m, 4H), 3.85 (d,
J =142 Hz, 1H), 3.70 (dt, /] = 10.4, 5.7 Hz, 1H), 3.53 (s, 3H), 3.43 (d, /] = 13.5 Hz, 1H), 3.16 (q, ] =
7.9 Hz, 1H), 2.56 — 2.38 (m, 3H), 2.31 (dd, /] = 13.5, 6.8 Hz, 1H), 1.24 (t, ] = 7.1 Hz, 6H). 3C NMR
(75 MHz, CDCl3) & (ppm) 172.2 (C), 171.3 (C), 149.5 (C), 107.6 (CH»), 72.9 (CH), 61.7 (CHy), 61.5
(CHy), 61.0 (CH), 60.8 (CHy), 45.0 (CH3), 40.2 (CH>), 38.8 (CHy), 14.2 (CH;), 14.1 (CH;). 