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ABSTRACT: Nitrogen ring structures are widely found in
biologically active compounds and natural products, making their
construction an important area of focus in modern organic
synthesis. In this work, the synthesis of products containing the N, [Rhy(esp) ]
1H-isoindole motif has been successfully accomplished through a DCM. 4A MS
rhodium-catalyzed cascade, resulting in a significant increase in © .25°C, 24 h
molecular complexity. This reaction, which encompasses the
trifunctionalization of a nitrile moiety, is triggered by the formation
of a nitrile ylide with extended conjugation by reaction of a
rhodium vinylcarbene with a nitrile. The mechanism has been - Nitrile trifunctionalization " Upto 86 % yield
investigated by means of density functional theory calculations and * 5 new bonds, 4 new rings in one reaction step.
supported through experimental data, enabling us to elucidate the

precise steps that explain the rare nitrile trifunctionalization. A crucial step in this trifunctionalization is the attack of the second
vinylcarbene to the azepine ring formed upon 1,7-electrocyclization of the nitrile ylide with extended conjugation.
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B INTRODUCTION access benzoazepine scaffolds. Seminal work was described by
Padwa et al.” back in 1975 by generation of nitrile ylides via
photochemical ring opening of azirine rings (Scheme 1B (i))
and was also explored by Sharp et al® (Scheme 1B (ii))
although the process competed with a ring contraction. To the
best of our knowledge, only one example of 1,7-electro-
cyclization involving a nitrile ylide generated by the reaction of
a nitrile with a diazo compound has been described. Krasavin
et al.” reported the rhodium-catalyzed reaction of a styryl diazo
compound with a nitrile, generating a nitrile ylide with
extended conjugation. Following 1,7-electrocyclization and a
subsequent 1,5-H shift, the reaction resulted in the formation
of tricyclic 2-benzazepines (Scheme 1B (iii)). A related
transformation was reported in 2022 by Hashmi et al.'’
Phenanthridines were synthesized by reacting a vinylcarbene,
generated through gold-catalyzed diazo-yne cyclization, with a
nitrile. However, the cyclization did not involve the vinyl group
of the in situ generated vinylcarbene; instead, the nucleophilic
attack of a pendant aryl ring led to the formation of a 6-
membered ring.

The construction of intricate ring structures containing
nitrogen stands as a key focus in contemporary organic
synthesis given their prevalence in biologically active
compounds and natural products. Significant efforts have
been directed toward creating reactions that tackle this goal in
a rapid and efficient manner, with cascade reactions leveraging
versatile reaction intermediates proving to be advantageous
alternatives."

Nitrile ylides are intriguing chemical compounds that play a
crucial role as powerful intermediates in organic chemistry.”
They are among the most reactive dipoles known,” capable of
participating in 1,3-dipolar cycloadditions with CC, CN, CO,
CS, NN, and NO multiple bonds, leading to the formation of
various N-heterocyclic compounds. In addition to their
intermolecular reaction pathways, nitrile ylides conveniently
functionalized with multiple bonds readily give rise to
heterocyclic molecules through 1,5-electrocyclization (Scheme
1A, left). Various methods exist for the preparation of nitrile
ylides, and the direct reaction of a nitrile with an electrophilic
carbene is particularly appealing. This approach offers a
straighforward access to conjugated nitrile ylides, facilitating an
easy entry to oxazoles,” pyrroles,5 and imidazoles® through 1,5-
electrocyclization.

If the conjugation is further extended, 1,7-electrocyclization
can also occur (Scheme 1A, right), and a 1,5-H shift
constitutes an insufficiently explored but very efficient way to
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Scheme 1. (A) Reactivity Modes of Conjugated Nitrile Ylides, (B) State of the Art on 1,7-Electrocyclization Reactions, and (C)
Our Preliminary Work on 1,7-Electrocyclization on a CAM Generated Nitrile Ylide”
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Carbene-alkyne metathesis (CAM) stands out as a potent
transformation for the in situ generation of vinyl metal carbene
intermediates,'" particularly providing access to donor—donor
carbenes that are dangerous to obtain directly from diazo
compounds and whose reactivity is less explored."” In the
course of our project aimed at the development of molecular
complexity through the reaction of in situ generated vinyl metal
carbenes,"” we decided to explore whether a simple propargyl
diazoacetate model was amenable to a CAM/nitrile ylide
formation/1,7-electrocyclization reaction (Scheme 1C). Nu-
merous challenges were faced, including difficulties in
controlling the cascade order of the events and favoring the
intermolecular reaction with the nitrile. Nonetheless, treatment
of propargyl diazoacetate 1 with various nitriles under
[Rh,(esp),] catalysis yielded two products. On one hand,
the in situ generated donor—donor rhodium vinylcarbene
inserted in the C(sp’)—H bond leading to 2, as already
reported by Padwa et al.'* and Doyle et al."> On the other
hand, a benzoazepine derivative 3 was forged resulting from
the anticipated cascade reaction.'® In various reactions,
product 3 was consistently the minor product, regardless of
the amount of nitrile used.

B RESULTS AND DISCUSSION

In our pursuit of developing a process with increased molecular
complexity, we conceived the idea of synthesizing a propargyl
diazoacetate conveniently functionalized with a nitrile group in
a position where the formation of the nitrile ylide was not
favored intramolecularly. Our goal of this work was to promote
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intermolecular reactions to enable a more prolonged cascade.
Thus, we synthesized propargyl diazoacetate 4a and inves-
tigated its reactivity. Following some optimization, in which
lowering the temperature proved to be pivotal in controlling
the reaction, we isolated a small quantity of a new product in a
reaction catalyzed by [Rh,(esp),] (esp = a,a,a’,a’-tetramethyl-
1,3-benzenedipropionic acid). Through spectroscopic charac-
terization, particularly X-ray diffraction,'® we confidently
identified it as the azaspirocyclic compound Sa (Scheme
2A). Of note, the formation of C(sp*)—H inserted products
analogous to 2 (Scheme 1C) was not observed. This product is
a dimer constructed by forming up to five new bonds,
including two C=C, one C=N, and two C—C bonds, in a
process that generates four new cycles, all in a single reaction
step. In addition to the remarkable increase in molecular
complexity, this process has captivated interest from various
other angles. The preparation of the 1H-isoindole core proves
to be challenging'” due to its inherent propensity to undergo
isomerization, leading to the formation of aromatic isoindoles.
Furthermore, it is a key motif found in AZD3839,"" a potent
and selective inhibitor of human BACEL1 that reached clinical
trials for Alzheimer’s disease treatment as part of AstraZeneca’s
development. Spiroisoindoline-based molecules have also
demonstrated utility as agrochemical pesticides'” (Scheme
2B).

Since the formation of a product with 1H-isoindole core
holds interest and relevance for its potential uses and
furthermore does not align with what would typically be
expected in a reaction between a nitrile and a metal

https://doi.org/10.1021/acscatal.4c00932
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Scheme 2. (A) Discovered Nitrile Ylide Dimerization Cascade, (B) Biologically Relevant Compounds Containing the 1H-
Isoindole Motif, (C) General Reaction with Key Data on the Optimization Process, and (D) Reaction Scope”
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“Unless otherwise noted, reactions were performed at 0.035 M in dichloromethane (DCM) at —25 °C (with a stirring plate in the freezer) using
0.11 mmol of substrate and catalyst (2 mol %) under a N, atmosphere for 22 h

vinylcarbene, we decided to optimize the reaction conditions
and we found that other complexes, such as
[Cu(MeCN),(PFy),], [Rhy(OAc),] or [Rh(COD),]BF,/
(R)-BINAP, could not promote the reaction. The most critical
parameters were found to be concentration and temperature,
with the optimal results achieved at 0.035 M and —-25 °C,
yielding product Sa in an excellent 75% yield (Scheme 2C, see
the Supporting Information for the complete optimization). It
is important to note that product 5a has two stereocenters and
was isolated as a single diastereomer in every case. With the
optimized reaction conditions in hand, we evaluated the scope
of the process (Scheme 2D). The catalytic reaction was
successfully applied to substrates bearing different substituents

in the para position of the 2-diazo-2-phenylacetate moiety. For
example, derivatives containing electron-withdrawing halogen
and CF; groups were efliciently converted into the desired
products Sb—e. While the introduction of a fluorine had no
effect on the yield of 5b, the introduction of chlorine, bromine,
or trifluoromethyl reduced the overall yield to a range of 54—
57%. The introduction of a methyl group in the same position
resulted in the formation of 5f with nearly the same yield as the
unsubstituted substrate Sa, and the introduction of an iso-butyl
group slightly reduced the yield of 5g to 65%. To examine the
effect of an aromatic ring, a phenyl group was introduced in the
para position in substrate 4h, resulting in a reaction with an
excellent yield. The effect of introducing a methoxy group with

7383 https://doi.org/10.1021/acscatal.4c00932
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increased electron-donating character provided Si with an
excellent yield. In summary, the yield of the reaction increases
with electron-donating groups. At this point, we also decided
to analyze the effect of introducing substituents to the
benzonitrile ring on the substrate already containing a methoxy
group in the 2-diazo-2-phenylacetate moiety. The introduction
of a methyl ring at the para position to the cyano moiety
considerably reduced the yield (compare the results of 5i to
Sj). Surprisingly, the introduction of a methyl in the para
position to the alkyne in 4k resulted in a reaction with
excellent yield. Finally, a methyl group was introduced to the
2-diazo-2-phenylacetate moiety but in the meta position. Not
unexpectedly, the reaction was efficient but provided a mixture
of regioisomers in a 25:75 relative ratio. Due to the challenges
in assigning the two regioisomers Sl and SI’ solely through
NMR spectroscopy, density functional theory (DFT) calcu-
lations were employed to verify that the major isomer was the
less sterically hindered one, wherein the methyl group remains
in para to the 1H-isoindole ring (refer to Section S12 for
details).

In an effort to comprehend the mechanism underlying the
discovered transformation, a series of DFT calculations at the
B3LYP-D3/6—311+G**~LANL2DZ-SMD(DCM)//B3LYP-
D3/6—31+G*~LANL2DZ level of theory were performed
using the Gaussianl6 software package (see Supporting
Information for further details).”® We initiated our inves-
tigation by examining the pathway leading to the formation of
the rhodium vinylcarbene species D, originating from the
carbene-alkyne metathesis and subsequent intermolecular
nitrile attack on the rhodium vinylcarbene (Figure 1). Given
the size and complexity of the system involving two substrate
molecules and the associated computational cost, we chose to
employ [Rh,(OOCH),] as a truncated model'"*" of the
catalytic system experimentally used in our experiments. The
reaction starts by coordination of the rhodium complex to the
carbon linked to the diazo moiety in a mildly endergonic step
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(6.0 kcal/mol). This step is followed by the extrusion of
nitrogen through transition state TS-AB, with an overall energy
barrier of 14.4 kcal/mol with respect to reactants A and
[Rh,(OOCH),], leading to rhodium carbene B (—12.5 kcal/
mol). Following this, a nucleophilic attack of the alkyne onto
the carbenic carbon induces a S-exo-dig cyclization, yielding
zwitterionic vinyl cationic species C in an exergonic step (10.0
kcal/mol) with an energy barrier of 7.0 kcal/mol. The reaction
progresses further with the nucleophilic attack of the negatively
charged rhodium atom on the carbocation, directly giving rise
to the rhodium #7'-vinylcarbene D, surpassing a reaction barrier
of 8.9 kcal/mol. At this point, a second molecule of substrate A
comes into play. Upon coordination, the carbenic carbon of
the 7'-vinylcarbene D unit accepts an electron pair from the
nitrile moiety of A, yielding rhodium-bound nitrile ylide F in a
mildly exergonic process (1.7 kcal/mol) that surpasses an
energy barrier of 14.6 kcal/mol. The process continues with
the formation of the rhodium unbound nitrile ylide F-free,
releasing 1.3 kcal/mol of energy. Overall, the formation of
nitrile ylide F-free is very exergonic (46.6 kcal/mol).
Depending on the substituents, nitrile ylides can be categorized
as the propargyl type or the allenyl type. The bending on the
N—C—C(Ph) unit, with an angle of 167.1°, indicates that F-
free is best described as a 2-azonia-allenyl anion, as already
observed for vinyl nitrile ylides by Fabian et al.”> This bending
facilitates 1,7-electrocyclization through TS-FG, which has an
activation energy of 9.8 kcal/mol. This process is only mildly
exergonic (3.4 kcal/mol), most likely due to the loss of
aromaticity of one of the six-membered rings in intermediate
G.

Upon formation of intermediate species G, two different
possibilities were considered: the formation of a rhodium
carbene by the reaction of the catalyst with the diazo unit or a
1,5-hydride shift to forge a benzoazepine core in a process
analogous to what was observed through the reaction with
nitrile derivatives (Scheme 1C) (the Gibbs energy profile

https://doi.org/10.1021/acscatal.4c00932
ACS Catal. 2024, 14, 7381-7388
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energies (298 K) relative to 4a and [Rh,(esp),] are shown in kcal/mol ([Rh] = [Rh,(esp),]).

comparing both pathways is shown in Figure S1). The latter Indeed, species G coordinates with the Rh catalyst to form
was disregarded due to its higher kinetic cost. Thus, the adduct H, and then proceeds through the nitrogen extrusion
reaction evolves via carbene formation and CAM (Figure 2). step TS-HI with a relative activation energy of 11.1 kcal/mol.

7385 https://doi.org/10.1021/acscatal.4c00932

ACS Catal. 2024, 14, 7381-7388


https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c00932/suppl_file/cs4c00932_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00932?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00932?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00932?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00932?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00932?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00932?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00932?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c00932?fig=fig3&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c00932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

From the metal carbene species I, a S-exo-dig cyclization
surpassing a reaction barrier of 7.9 kcal/mol yields the
zwitterionic vinyl cationic species J and subsequent nucleo-
philic attack of the negatively charged rhodium atom on the
carbocation gives rise to the rhodium #'-vinylcarbene K-
[Rh,(OOCH),], surpassing a reaction barrier of 13.2 kcal/
mol, in a process analogous to the one observed in the first
CAM.

We then decided to run the calculations from this point with
the actual [Rh,(esp),] catalyst (Figure 3) due to the
considerable geometric differences that conditioned the
outcome of the reaction. Substitution of formate by esp
ligands results in a difference of 2.8 kcal/mol in the relative
energies of K-[Rh,(OOCH),] and K-[Rh,(esp),]. From K-
[Rh,(esp),], we analyzed two alternative reaction pathways
(see Figure S2). At first, K-[Rh,(esp),] evolves through a 1,5-
H shift, surpassing an energy barrier of 17.7 kcal/mol to forge
the benzoazepine core. Second, there is a nucleophilic attack of
the azepine N atom to the carbenic carbon, yielding the
isoindole derivative L through a kinetically very favorable
reaction (1.3 kcal/mol reaction barrier, Figure 3). From
intermediate L, to which the rhodium is not fully coordinated
but interacts with the isoindole ring, a 1,5-H shift takes place
through TS-LM, recovering the aromaticity of the six-
membered ring fused to the azepine, with an energy barrier
of 14.1 kcal/mol and releasing 25.9 kcal/mol, in part due to
the aromatization of this six-membered ring. At this point, the
rhodium leaves the system closing the rhodium-catalyzed cycle.
However, a ring contraction is still needed to explain the
formation of the final product. After exploring various
possibilities (see Figure S3), we found that a proton catalyzes
this final ring contraction.””** Protonation of the isoindole
nitrogen changes the geometry around the nitrogen from
roughly planar (C8—N64—C63—C44 dihedral angle 170.8°
(refer to Figure 3 for atom labeling)) to roughly tetrahedral
(dihedral angle 116.6°). This geometry change enables ring
contraction, surpassing that of TS-NO with an activation
energy of 23.2 kcal/mol. This exergonic step (27.3 kcal/mol)
leads to O, which upon deprotonation results in the formation
of isolated product P. The formation of the other
diastereoisomer was also computationally evaluated by
analyzing the protonation on the other side of the nitrogen.
However, the reaction path was found to be unproductive (see
Figure S4).

Even though the reaction is conducted under anhydrous
conditions, we postulate that this last part of the trans-
formation occurs upon opening the reaction flask or due to the
treatment of the crude reaction mixture with silica gel, as
evidenced by a noticeable color change. Unfortunately, all
efforts to experimentally detect the intermediate M-free have
proven to be unsuccessful. Conversely, given that the
formation of compound $ involves the migration of a hydrogen
atom from the phenylacetic ring in 4, we prepared the
corresponding C¢Dj derivative 4a-ds to assess the fate of this
H(D) (Scheme 3). Product Sa-d;, was obtained, with the
deuterium originating from the C—D cleavage located
exclusively in the position anticipated for a 1,5-H shift
consistent with the proposed mechanism and with no
scrambling into other positions.

In summary, the rhodium-catalyzed reaction (A to M) has
an overall Gibbs reaction energy of —157.6 kcal/mol through a
highly extended cascade process. The energetic span between
the turnover frequency (TOF) determining intermediate

7386

Scheme 3. Deuterium Labeling Experiment

W
d [Rhy(esp)]
K p DCM, 4A MS
950
5 5 25°C, 24 h
D D
4a-ds 53-d10

(TDJ, D) and the TOF determining transition state (TDTS,
TS-EF) is 14.6 kcal/mol.”> However, the energetic span in this
nitrile ylide formation step is almost isoenergetic to that in the
carbene formation step (span from TDI A to TDTS TS-AB is
14.4 kcal/mol) and the 1,5-H shift (span from TDI H to
TDTS TS-HI is 14.1 kcal/mol). The proton-catalyzed ring
contraction is a separate process that we postulate occurs
during the reaction workup and releases 2.7 kcal/mol.

An alternative pathway, involving the reaction of two units of
vinylcarbene intermediate D, has also been evaluated (see
Figure SS). This alternative pathway has an almost isoenergetic
span between the TOF determining intermediate (TDI) and
the TOF determining transition state (TDTS) and is not
competitive with the limiting or selective steps. Although the
two pathways can coexist, given the low probability of two
carbenes lasting enough to react with one another, we believe
that the pathway shown in Figures 1—3 is more favorable
under the reaction conditions used. It is important to note that
the transformation globally encompasses a trifunctionalization
of the nitrile moiety, which is a quite exceptional trans-
formation, involving the generation of two new bonds to the
C(sp) of the nitrile, triggering the formation of the 1H-
isoindole moiety. Key to this trifunctionalization is the attack
of the azepine N atom on a rhodium vinylcarbene. This new
method adds to the portfolio of selected transformations that
control the reactions of highly active chemical species, enabling
the strai(ghtforward synthesis of valuable polycyclic com-
pounds.*

B CONCLUSIONS

In conclusion, we have presented a novel cascade process
leading to a significant enhancement in molecular complexity
for the diastereoselective synthesis of products containing the
1H-isoindole motif. An isotope labeling experiment and an in-
depth computational study have elucidated the reaction
pathway, encompassing both a rhodium-catalyzed and a
proton-catalyzed steps. The current reaction leverages the
specific reactivity of in situ generated donor—donor rhodium
carbenes, taking advantage of the versatility of these
intermediates, which in this intricate cascade selectively react
at different points in the catalytic cycle.
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