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The synthesis of pharmaceutical ingredients, natural products,
agrochemicals, ligand systems, and building blocks for materi-
als science has reached a high level of sophistication over the
past decades. Most known processes, however, are still
frequently hampered by lengthy protecting-group strategies and
very costly purification procedures derived from the "stop-and-
go" synthetic methods (Figure 1a). Those protocols are still far
from the ideal synthesis, implying high atom efficiency, step
and pot economies, decreased number of purification steps, or

protecting-group-free synthesis.

Multi-step domino [1,2] and one-pot [3] reactions represent a
new powerful toolbox in organic synthesis to install molecular
complexity economically and sustainably, starting from simple
compounds. In particular, catalytic domino reactions and one-
pot processes with excellent selectivity and functional-group
tolerance are of significant interest to industrial and academic
research. In the so-called domino reactions, all of the required
reagents, the catalyst, and a solvent are mixed in one flask, in
which all reaction steps take place autonomously without the
addition of further reactants [1]. The domino process contrasts
the conventional "stop-and-go" synthetic approach in the way

that multiple reactions proceed in a direct sequence. In such a
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reaction sequence, one step triggers the next, which in the end
yields a complex product. In contrast to a conventional “stop-
and-go” method, only a single workup and purification is
needed (Figure 1b), and therefore these reaction cascades can be
considered superior to stepwise synthetic approaches in the
context of green chemistry because they are time-saving, waste-
reducing, and atom efficient [1-6]. These efficient and straight-
forward synthetic methods make the isolation and purification
of intermediate products after each reaction step superfluous,
thereby drastically reducing the number of workup and purifica-

tion steps, which is superior to conventional organic synthesis.

The Thematic Issue “Catalytic multi-step domino and one-pot
reactions” in the Beilstein Journal of Organic Chemistry, which
I had the pleasure to edit, covers the recent strategies of domino
reactions and one-pot syntheses and presents the advances in
the field. A Review article by Pounder, Tam, and co-authors
summarizes new transition-metal-catalyzed domino reactions of
strained bicyclic alkenes, including both homo- and heterobi-
cyclic alkenes highly useful for the construction of biologically
significant compounds with multiple stereocenters [7]. In the
Review paper by Kisszékelyi and Sebesta, the diverse variety of

chiral metal enolates obtained by asymmetric conjugate addi-
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a) stop-and-go synthesis approach:

Beilstein J. Org. Chem. 2024, 20, 254-256.
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Figure 1: Comparison of a classical “stop-and-go” synthesis with a domino reaction.

tions of organometallic reagents and the possibilities to engage
metal enolates in tandem reactions with new electrophiles are
presented [8]. A Perspective from X. Zhang, Ma, and W. Zhang
reflects the state of the art in the a-amino acid-based [3 + 2]
cycloaddition reactions of N-H-type azomethine ylides in
multicomponent, one-pot, and stepwise reactions for the synthe-
sis of diverse bioactive heterocyclic compounds and natural
products [9].

Computational studies of transannular cycloadditions of
cycloalkenone hydrazones catalyzed by BINOL-derived phos-
phoric acid are reported in the Full Research Paper by Vicario,
Merino, and co-workers [10]. Their methodologies can now be
used to predict the reactivity of different substrates in other
cycloaddition reactions through concerted or stepwise mecha-
nisms. An enantioselective palladium-catalyzed three-compo-
nent reaction of glyoxylic acid, sulfonamides, and aryltrifluoro-
borates toward synthetically useful a-arylglycine compounds is
described by the Manolikakes group [11]. Moreover, Sebesta
and co-workers report a facile stereoselective tandem reaction
based on the asymmetric conjugate addition of dialkylzinc
reagents to unsaturated acylimidazoles, followed by trapping of
the intermediate zinc enolate with carbocations [12]. A prac-
tical one-pot synthesis of fluorescent pyrazolo[3,4-b]pyridin-6-
ones by reacting S-aminopyrazoles with azlactones under sol-
vent-free conditions, through subsequent elimination of a benz-
amide molecule in a superbasic medium, is described by the

Fisyuk group [13]. A further facile one-pot process toward a

new series of copper(Il) benzo[f]chromeno[2,3-k]quinoxalino-
porphyrin analogues is described in the Full Research Paper by
Nath and co-workers. The newly synthesized porphyrin deriva-
tives displayed significant red-shifted absorption and emission
compared to simple meso-tetraarylporphyrins [14]. The Carlone
group reports an Enders-type triple cascade reaction toward
cyclohexenals, using acetaldehyde dimethyl acetal as a masked
form of acetaldehyde, which is hydrolyzed in situ, allowing for
a higher product yield and fewer byproducts [15]. The group of
Miiller describes an elegant consecutive four-component reac-
tion involving an alkynylation—cyclization—iodination—alkyl-
ation sequence toward trisubstituted 3-iodoindoles, which are
valuable substrates for the synthesis of, e.g., blue emitters in
good yield [16]. The power of double click reactions toward
functionalized bis(1,2,3-triazole) derivatives has been demon-
strated in the Full Research Paper by Reissig and Yu. The
authors successfully combined nucleophilic substitution of
benzylic bromides with sodium azide and a subsequent
copper(I)-catalyzed double click reaction in one pot [17].

In summary, these contributions by renowned experts demon-
strate the broad diversity of impressive catalytic domino,
tandem, and one-pot processes towards many valuable com-
pounds.

Finally, I would like to take this opportunity to warmly thank all

the authors of this thematic issue for their beautiful contribu-

tions. I also sincerely thank all the referees and the Editorial and
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The contribution to the energy barrier of a series of tethers in transannular cycloadditions of cycloalkenes with hydrazones has been

computationally studied by using DFT. The Houk's distortion model has been employed to evaluate the influence of the tether in the

cycloaddition reaction. That model has been extended to determine the contribution of each tether and, more importantly, the effect

exerted between them. In addition to the distortion induced by the tethers, the entropy effects caused by them has also been studied.

The analysis of the evolution of the electron localization function along the reaction revealed the highly concerted character of the

reaction.

Introduction

Transannular cycloaddition reactions (TCRs) are useful for the
synthesis of complex natural products and other biologically
active compounds with high efficiency and stereoselectivity
[1-4]. There are several different ways in which TCRs can
occur, depending on the nature of the starting materials and the
conditions used [5]. Some common types of TCRs include
Diels—Alder reactions [6-20], photocycloadditions [21-28], and
other types of multistep cycloadditions [29].

Steric hindrance can have a significant effect on the outcome of
these reactions. The tether(s) connecting the reactive functional
groups affects the spatial orientation of the reacting species and
introduces strain into the starting cyclic molecule. As a conse-
quence, the reaction barrier is highly dependent on distortion
and entropic effects as Houk and co-workers demonstrated for
transannular Diels—Alder cycloaddition reactions of symmetri-

cally tethered large systems (10—18-membered rings) [29].
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In this context, we have recently reported the transannular enan-
tioselective (3 + 2) cycloaddition of cycloalkenone hydrazones
under Brgnsted acid catalysis in route to enantiomerically pure

bicyclic 1,3-diamines (Scheme 1) [29]. The reaction led to

RO\P'OF;
o 0”0
)  PhNHNH, H H 50 °C
! PhN—N®
RO_ OH \ toluene
O/ \\O 'm n
1a-k
t
ro_ OR RO\P/OR
- e
HoN o 9 o~ "Q
cleava e H - : H
Gt sommse & 0 | 41
\—N PN )
hN I } n
m
2a-k TS1a—k
m n vyield (%) A-B (R,0)P(O)OH:
a2 1 88-92% 6-5
b 2 2 69-99% 6-6
c 2 3 <5% 6-7
d 2 4 <5% 6-8
e 2 5 n.d. 6-9
f 26 n.d. 6-10
g1 1 n.d. 5-5
h 1 2 n.d. 5-6
i 1 3 n.d. 5-7
] 1 6 n.d. 5-10
k 3 4 <5% 7-8
n.d.: not determined Cy: cyclohexyl

Scheme 1: Experimental data (series a—d, k) and non-studied exam-
ples (series e—j) for transannular cycloadditions of cycloalkenone
hydrazones.

Beilstein J. Org. Chem. 2023, 19, 477-486.

excellent results when decalines and octahydro-1H-indene
bicyclic scaffolds were formed (series a and b) but failed in
other cases (series ¢, d, and k). Series e, f, g, h, and i have not

been tested experimentally.

In this work, we present our results on the computational study
of the transannular reaction illustrated in Scheme 1 for several
nonsymmetric tether combinations between the hydrazone and
double bond moieties leading to a sort of condensed cyclo-
hexanes (series a—f) and other bicyclic systems (series g—k)
with the aim of explaining the observed lack of reactivity and
predicting new reactive substrates. For that purpose, we applied
the Houk's distortion model [30] to nonsymmetrically tethered
systems and extended the model to estimate the mutual influ-
ence of the two different tethers. We have also carried out an
analysis of the electron localization function (ELF) [31,32] and
the charge transfer along the reaction coordinate to determine
the different stages and the polarity of the reaction.

Results and Discussion

The enantioselective intermolecular cycloaddition between
hydrazones and alkenes under chiral BINOL-derived Brgnsted
acid catalysis has been studied by Houk and Rueping in 2014
[33]. These authors established the origin of the enantioselectiv-
ity and the differences between the catalyzed and uncatalyzed
reactions, suggesting that the catalyzed reaction is, actually, a
so-called (3 + 2) reaction in which distortion effects are crucial
for achieving the required ion-pair geometry in the transition
state. Following this precedent, we proceeded to calculate the
energy barriers and the corresponding activation parameters for
all the reactions illustrated in Scheme 1 (series a-k), which are
listed in Table 1. We used the phosphoric acid derived from
2,2'-biphenol as a model for the catalyst.

Table 1: Calculated activation parameters for transannular cyclizations illustrated in Scheme 1.2

reactant product system AE(0)* AH* -T-AS* AG*
1a 2a 6-5 21.3 20.6 2.1 23.2
1b 2b 6-6 20.5 19.7 2.1 22.4
1c 2c 6-7 27.2 26.4 1.9 28.8
1d 2d 6-8 32.2 315 1.8 33.7
1e 2e 6-9 30.3 28.9 6.1 36.6
1f 2f 6-10 35.5 345 2.7 37.8
19 2g 5-5 23.0 22.3 1.4 24.0
1h 2h 5-6 21.3 20.4 2.8 23.9
1i 2i 5-7 30.8 30.1 1.6 321
1j 2j 5-10 35.6 34.4 2.7 37.8
1k 2k 7-8 33.7 325 4.1 37.6

3 evel: m062x/6-311+G(d,p)/SMD=toluene/m062x/6-31G(d).
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The optimized geometries of the corresponding transition struc-
tures are given in Figure 1 (only those corresponding to fused
cyclohexanes are shown, for the rest see Supporting Informa-
tion File 1).

Only the reactions corresponding to the reaction of 1a and 1b
show barriers close to 20 kcal/mol thus being plausible to work
at ambient temperature or under some heating, which is consis-
tent with the fact that the formation of these adducts were ex-
perimentally observed to happen with good yields. Similarly,
data of Table 1 predict that the reaction of 1g and 1h leading to
5-5 and 5-6 systems (not tested experimentally, yet), respective-
ly could also be observed experimentally. On the other hand,
the higher activation barrier of compounds 1¢, 1d, and 1k
makes the cyclization way more energy demanding, which is
fully consistent with the experimental results, where no reac-
tion could be observed. In all these cases, the starting hydra-
zones were recovered unchanged.

For the other systems (1e, 1f, and 1j), we predict no reaction at
all, since, as before, the energy barriers become unreachable at

common reaction conditions.

The reaction has been defined by Houk and Rueping as a
(3* + 2) monopolar cycloaddition [33] pointing out the proto-

Beilstein J. Org. Chem. 2023, 19, 477-486.

nated state of the imino nitrogen of the hydrazone in contrast to
the well-known 1,3-dipolar cycloaddition of azomethine imines
in which the terminal nitrogen has a negative charge. While
both reacting C—-N-N systems fulfil the requirements to give a
cycloaddition with an alkene; which are (i) electron density
default on the carbon atom and (ii) an electron density excess
on the nitrogen atom; the overall positive charge of the hydra-
zone moiety forces a role inversion of the reagents and whereas
in the classical cycloadditions with azomethine imines, they act
as a nucleophile (involving their HOMO, interacting with the
LUMO of the alkene), in our case, the protonated hydrazone
acts as an electrophile (involving their LUMO, interacting now
with the HOMO of the alkene) (Figure 2). Thus, we can
consider the reaction of hydrazones with alkenes an inverse-
demand cycloaddition with respect to that of azomethine imines
(Figure 2).

In fact, we monitored the global electron density transfer
(GEDT) [34] between the reagents along the reaction coordi-
nate (Figure 3) and we found, in both cases, values lower than

0.4, typical for nonpolar processes.

To assess the concertedness of the reaction we carried out an
analysis of the electron localization function (ELF) [31,32]. The
ELF analysis applied to an IRC represents the evolution of the

Figure 1: Optimized (m062x/6-31G(d)) geometries for the transition structures of series a—f.
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Figure 2: Top: Cycloaddition of protonated hydrazones as inverse-
demand reaction of cycloaddition of azomethine imines. Bottom: mo-
lecular orbitals involved in the reaction and energy diagram of the reac-
tivity of ethylene with azomethine imine and protonated hydrazone.
Energy (eV) of molecular orbitals has been calculated at the m062x/6-
311+G(d,p)/SMD=toluene level of theory.

electron density (electron population) during the whole reaction.
In consequence, it is possible to analyze the concertedness of
the reaction by establishing the moment in which a given bond
is broken or formed as well as to analyze changes in the elec-
tronic population in bonds and atoms with lone pairs. The ELF
analysis of the reaction corresponding to series b, leading to a

6-6 system is illustrated in Figure 4.

The first event corresponds to lowering the V(C1,N11) electron
population with concomitant decreasing of V(C5,C6) corre-
sponding to the C=N and C=C bonds, respectively. At the same
time both V(N11) and V(C1,C6) appear and increase their

Beilstein J. Org. Chem. 2023, 19, 477-486.

population till ca. 2 e~ indicating the formation of the C1-C6
bond and the pyramidalization of N11. Although the next bond,
corresponding to basin V(C5,N12) seems to be formed with
some delay, we can consider the cycloaddition as a highly
concerted process, because the bond formation occurs during
the other reacting basin’s evolution. During the process, N12
loses its lone pair which is involved in the C5-N12 bond forma-
tion, and after the cyclization reaction, in a second stage, the
lone pair is recovered after the proton (H13) is abstracted by the
phosphoric acid. As expected, no significant variations are ob-
served for the bonds N11-N12 and N11-H14, confirming that
protonation of N11 is maintained during all the process. In
summary, we can define the whole situation as a concerted
process taking place in two stages, i.e.: (i) the first one
comprises a series of concomitant events in which all bonds
involved in the cycloaddition are formed and broken and (ii) a
second one consisting of the deprotonation of the nitrogen
yielding a neutral compound and liberating the catalyst.

The comparative quantitative analysis of the noncovalent inter-
actions (NCI) [35,36] of fused cyclohexanes clearly showed
that NClIs increase with the size of the tether (Figure 5) and the
same effect is expected to account for the reagents. In general, a
barrier could increase either by a destabilization of the transi-
tion structure or the stabilization of the reagents. In our case, the
more stable is the reagent the higher is the barrier (for similar
transition-state energies) justifying the observed reactivity.
Only the two systems (a and b) with lower values of the inte-
gration parameter have barriers compatible with observed reac-
tions upon heating, the rest presenting too high barriers to allow
the reaction.

To investigate further the origin of the observed lack of reactivi-
ty for medium- and long-size tethers we applied the Houk’s dis-
tortion model [30] to our substrates using the modified model
[9] that allows the analysis of intramolecular reactions. Accord-
ing to that modified model, the two reactive moieties, hydra-
zone and double bond, are separated from the tethers and
capped with hydrogens resulting in hydrazone 3 and ethylene
(4). In that way, the reactive components preserve the original
geometries adopted during the transannular reactions (Figure 6a
and 6b). Following the Houk model [30] the distortion energy
(AE*y) corresponds to the difference between the single point
corresponding to interacting 3 and 4, and the sum of single-
point calculations for TS2-a and TS2b.

The apparent activation energy (AE‘app) refers to the energy
difference between TS2 and the interacting reagents 3 and 4
(single point calculations). The difference between AEiapp
and AE” is the distortion energy of the tether (AE* cther)
(Equation 1).
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a series [6-5]

b series [6-6]
(-22.92371245)

c series [6-7]
(-23.62148514)

(-24.36586404)

d series [6-7]

e series [6-9] f series [6-10]
(-25.04363097)

(-25.6907579) (-26.43116161)

Figure 5: Quantitative NCI analysis [36] for the reaction of series a—f leading to fused cyclohexanes. The resulting system is given in square brackets.
In parentheses the integration over the volumes of -A2:p2 representing the total integration data corresponding to the weak noncovalent van der
Waals interactions (represented in green). Higher forces like H-bonds are indicated as blue discs. In red unfavorable interactions are represented.
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AEZ,, = AE] +AEj,
AE{her = AE” —AEL, (1)

# # # #
AE ether = AE( +AEG + AEG

Since our system has two different tethers, we introduced an ad-
ditional modification by calculating single points of the system
with just one tether (Figure 6¢ and 6d) in order to estimate the
individual contribution of each tether to the energy distortion.
The corresponding model reactions for tether A (6a—c to give
7a—c through TS3a—c) and tether B (8a—d to give 9a—d through
TS4a-d) were constructed by eliminating the other tether and
keeping the original geometry. From these calculations and
applying the Houk’s model we can obtain the corresponding
distortion energy for each different tether (AE*; and AE™; t1
and t2 correspond to tether A and B, respectively). Besides, we
have added an additional term (AE™;) corresponding to the
penalty (or synergy) exerted by the combination of the two
tethers, which might force additional distortion (or relaxation).
That term can be directly calculated from the values obtained by
applying the Houk’s distortion model to the full system
(AE*(oiher) and each of the isolated tether (AE*; and AE™(5).
The obtained value for the analysis of the full systems should be
the sum of each tether calculated from the individual models
plus the term representing the interaction exerted by the combi-
nation of both tethers, i.e.: AE*ier = AE* ] + AE*» + AE™;
(Equation 1). In addition, and for the purpose of comparison,
we also calculated the bimolecular reactions for simple models
capped with hydrogen and methyl groups without restrictions
(Scheme 2).

The calculated activation parameters for bimolecular cycloaddi-
tions for R = H and R = Me are given in Table 2.

Table 3: Distortion—interaction analysis for fused cyclohexanes.
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Table 2: Calculated activation parameters for transannular cycliza-
tions illustrated in Scheme 2.2

reactant product AE(0)* AH* -T-AS* AG*
3 4 22.2 20.7 4.2 25.9
10 12 6.8 5.3 4.6 11.1

3L evel: m062x/6-311+G(d,p)/SMD=toluene//m062x/6-31G(d).

Table 3 and Table 4 collect the analyses for fused cyclohexanes

and cyclopentanes, respectively.

All the reactions leading to fused cyclohexanes (Table 3) in-
creased tether strain in the transition structures, showing a nega-

1a 1b 1d 1e 1f
system 6-5 6-6 6-7 6-8 6-9 6-10
AE*q dipole 28.6 27.0 25.7 27.2 26.5 33.9
AE*§ aikene 4.0 7.1 6.2 7.9 7.7
AE*4 total 32.6 341 32.0 33.4 34.4 41.6
AE#int -22.7 -23.4 -20.7 -22.8 -23.3 -23.2
AE*3pp 9.9 10.8 11.3 10.7 11.2 18.4
AE* 20.9 19.8 26.2 31.2 27.4 31.3
AE*§ tether 11.0 9.0 14.9 20.5 16.2 12.9
AE*y 3.5 7.2 6.3 8.7 3.0
AE*o 11.2 6.9 124 18.4 14.6 10.7
AE* -3.8 -5.0 -4.7 -4.2 -741 -0.8

3Level: m062x/6-311+G(d,p)/SMD=toluene//m062x/6-31G(d).
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Table 4: Distortion-interaction analysis for fused cyclopentanes and system 7-8.

19 1h
system 5-5 5-6
AE*4 dipole 19.4 18.6
AE;éd,alkene 8.2 9.8
AE* 4 total 27.6 28.3
AEZ i -11.1 -11.9
AE*app 16.4 16.4
AE* 23.2 20.8
AE;gd,tether 6.8 4.4
AE* 1.8 6.7
AE* 2.6 1.4
AE#; 2.4 -3.7

4 evel: m062x/6-311+G(d,p)/SMD=toluene//m062x/6-31G(d).

tive contribution of the tether to the reactivity. The reaction of
1b has the lowest tether strain, because a decalin is formed. Rel-
atively low values are also observed for the reaction of 1a and
1f. However, in the case of 1f a high distortion of the reactants
(particularly of the dipole) is observed contributing to a high
barrier. Consequently, only the reactions of 1a and 1b are ex-
pected to be experimentally observed, as it is confirmed by our
previous results. The rest of the compounds are also predicted
to be difficult to undergo the transannular reaction as a conse-
quence of the high distortion of the tether. In the case of com-
pounds 1e distortion of the reagents also contributes to the lack
of reactivity.

Interestingly, the Houk’s distortion analysis applied to indi-
vidual tethers shows that tether B (AE*;,) contributes to a
greater extent to the barrier of the reaction. Only in the case of
the experimentally observed 6-6 both tethers present a similar
contribution. Indeed, this case is the only one in which tether B
(AE*(») has a value lower than 10 kcal/mol being the main re-
sponsible of the lack of reactivity. Notably, in all cases, AE™;
has a negative value indicating that both tethers have a synergic
effect, although in any case it is not enough for favoring the
reaction. In the case of fused cyclopentanes we observed simi-
lar results predicting the only reaction of the observed 5-6
system.

The differences observed between the terms of the distortion
analysis corresponding to the transition structures (Figure 6,
TS1a-k) revealed very similar energies, in the range of
2 kcal/mol for both fused cyclohexanes and cyclopentanes, with
the exception of the highly constrained system 5-5. Consid-
ering the simplest bimolecular model 3, the fused cyclohexanes
contribute with ca. 6-8 kcal/mol while the fused cyclopentanes
contribute with ca. 15 kcal/mol (Table 5).

1i 1j 1k
5-7 5-10 7-8
27.0 30.5 38.5
11.0 12.3 7.5
38.1 42.7 46.0
-13.1 -16.6 -23.2
25.0 26.1 22.8
27.9 31.8 31.8
2.9 5.7 9.1
1.5 2.8 8.1
0.9 2.3 16.6
0.5 0.5 -5.8

Table 5: Comparison of relative energies (kcal/mol) between transition
structure terms of distortion analysis.

system relative energy?

6-5 8.0
6-6 7.2
6-7 6.1

6-8 7.7
6-9 6.8
6-10 7.2
5-5 20.2
5-6 154
5-7 14.7
5-10 14.8

2Relative to transition structure TS2.

Conclusion

In conclusion, the computational topological study (ELF and
NCI analysis) of a series of transannular cycloadditions of
hydrazones catalyzed by BINOL phosphoric acids, indicated
that the process is an apolar concerted process in which all the
events (bonds breaking/formation) take place in a concomitant
way. In spite of the polarity of the reacting groups the global
charge transfer is not so high to be considered a polar process.
The reaction, as previously reported by the classical intermolec-
ular reaction takes place smoothly by the action of the organo-
catalyst that renders a protonated hydrazone as the reacting
functional group. However, in several cases the reaction does
not work. Application of the Houk's distortion model to those
reactions suggested that the observed lack of reactivity for reac-
tions involving the formation of medium-size fused rings is
mainly due to the negative effect of the tethers consisting of

allowing a more stable (i.e., less distorted) disposition of the
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involved functional groups, leading to more stable reagents
(rather than more unstable transition structures) which results in
an increase of the reaction barrier. In fact NCI analyses points
in the same direction. The combined effect of the two tethers is
less negative than a simple additive effect as results from the
comparison between global and individual distortion analyses
of the tethers. Application of these methodologies can be used
to predict the reactivity of different substrates in other transan-

nular cycloadditions.

Supporting Information

Supporting Information File 1
Computational methods, energies, and Cartesian
coordinates.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-37-S1.pdf]
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This review presents a comprehensive overview of transition-metal-catalyzed domino reactions of strained bicyclic alkenes, includ-

ing both homo- and heterobicyclic alkenes. These compounds are important synthons in organic synthesis, providing an important

platform for the construction of biologically/medicinally significant compounds which bear multiple stereocenters. The review has

been divided according to the metal used in the reaction. An overview of the substrate scope, reaction conditions, and their poten-

tial applications in organic synthesis is discussed. A comprehensive outlook on the reactivity paradigms of homo- and heterobi-

cyclic alkenes is discussed and should shed light on future directions for further development in this field.

Introduction

A well-orchestrated sequence of events — cascade, also known
as domino, tandem, and sequential reactions, constitutes a
fascinating branch of organic chemistry dedicated to the
synthesis of highly functionalized products through sequential
transformations in a single reaction. Classically, a domino
reaction has been defined by Tietze as a reaction involving
two or more bond-forming transformations that take place
under the same reaction conditions, without adding additional
reagents and catalysts, and in which the subsequent reactions
result as a consequence of the functionality formed in previous

steps [1].

Bicyclic alkenes, a family of strained ring systems, have seen
widespread applications in organic synthesis in the last 20 years
[2-6]. Broadly speaking, bicyclic alkenes can be classified into
two groups: homobicyclic and heterobicyclic alkenes. Homobi-
cyclic alkenes are hydrocarbons, like norbornadiene, while
heterobicyclic alkenes contain at least one heteroatom in the
bicyclic framework. Typically, reactions involving these
strained bicyclic alkenes are thermodynamically driven forward
with the release of ring-strain energy (Figure 1) [7,8]. Intu-
itively, increasing the number of olefin moieties in the bicyclic

system from zero, one, and two, increases the ring-strain
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Figure 1: Ring-strain energies of homobicyclic and heterobicyclic alkenes in kcal mol-. a) [2.2.1]-Bicyclic systems. b) [2.3.1]-Bicyclic systems.
¢) Benzo-fused [2.2.1]-bicyclic systems; ring-strain energy relative to benzonorbornadiene.

energy. Moreover, the introduction of a bridging heteroatom in-

creases the ring-strain energy of the system, conceptualized by a) o exo face more sterically accessible

the decrease in bond distances. Typically, there are two modes o predisposition of metal catalysts
for ring-strain release. First, functionalization of the double Lb towards exo-coordination

o easily enables stereoselective

bond mildly alleviates the ring strain by relieving nonoptimal
exo endo reactions

bond angles enforced by the rigid bicyclic framework. Second-

ly, through ring opening of the bicyclic framework; the C—X b)

bond of a heterobicyclic alkene is much weaker than the corre- N/ —
sponding C—C bond of a homobicyclic alkene, which allows the v e -
C-X bond to be readily cleaved over the course of a reaction. ”

- restricted geometry (not synperiplanar) hampers -H

The stereochemically well-defined and rigid nature of these a” Test
elimination

bicyclic alkenes creates two diastereotopic faces, namely the

endo and exo face (Figure 2). The exo face is sterically less - unfavourable for §-H elimination (Bredt's rule)

congested than the endo face; therefore, the exo face will typi-
cally interact with metal catalysts through side-on coordination Ol\ m oo, jb’

of the olefin, and in the case of heterobicyclic alkenes, the A\// - = G)j)
heteroatom. This preferential exo coordination is not always the K
case, as norbornadiene derivatives are known to preferentially

form chelated endo complexes which can change the stereo- | introduction of a bridging heteroatom ! l

. . . . ! enables B-heteroatom elimination
chemical outcome of the reaction. Nevertheless, the predisposi- ! p

I
I
I
tion of metal catalysts towards coordination on the exo face ! the metal center can be tuned to I
I
biases the reaction outcome towards exo-selective functionaliza- : promote or hamper B-heteroatom :
tion | elimination !

Upon exo coordination of a metal catalyst with the 7t system and
subsequent migratory insertion, the resulting alkyl metal inter-

mediate is quite limited in how it can propagate. In the case of a Figure 2: a) Exo and endo face descriptions of bicyclic alkenes.

. k . Lo K . b) Reactivity comparisons for different B-atom elimination steps for an
carbobicyclic system (Figure 2b), the rigidity of the bicyclic exo-metallated intermediate carbobicyclic system. ¢) Reactivity com-
framework restricts f-H elimination. The inability to rotate to parisons for different B-atom elimination steps for an exo-metallated

. . . . .. intermediate oxabicyclic system.
achieve an optimal synperiplanar geometry restricts efficient
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elimination (Figure 2b, H,). Bridgehead protons are in a more
favorable geometry for f-H elimination (Figure 2b, Hy,); howev-
er, their elimination would generate a highly unstable alkene at
the bridgehead, violating Bredt’s rule [9]. For these reasons,
carbobicyclic alkenes have been exploited as propagation medi-
ators, as seen in Catellani-type reactions [10-12]. In this review,
we will focus on the functionalization of the bicyclic frame-
work itself rather than its use as a transient mediator for domino
reactions [13-17]; however, we point the reader to several
excellent reviews. The “trapped” alkyl metal intermediate can
undergo subsequent migratory insertion steps with other
systems or can be intercepted by an electrophile.

The introduction of a bridging heteroatom into the bicyclic scaf-
fold can dramatically alter the reactivity (Figure 2c). Besides
the apparent increase in the ring strain (vide supra), their poten-
tial propagation steps are more complex. After an exo coordina-
tion of a metal catalyst with the  system and migratory inser-
tion, the resulting heterobicyclic alkyl metal intermediate is not
as kinetically stable as its carbocyclic counterpart. While 3-H
elimination is still limited, these heterobicyclic alkenes will
often undergo B-heteroatom elimination to generate ring-opened
intermediates (Figure 2c). Fortunately, the metal center can be
tuned to promote or hamper the B-H elimination, providing two
routes for reaction propagation: ring opening and interception of
the ring-opened intermediate or functionalization of the alkyl

metal intermediate.

Throughout the past decade, research efforts have demon-
strated a broad range of strained bicyclic alkenes can be
exploited in domino reactions to selectively generate highly
functionalized ring systems. Over the years, several different
metal catalysts have been used, each allowing for a breadth of
unique coupling partners to either propagate the reaction or to
terminate the process.

This review presents a comprehensive examination of domino
reactions involving strained bicyclic alkenes. Rather than being
exhaustive in the range of potential difunctionalization pro-
cesses covered, the review will be limited to domino reactions
which include at least two distinct reactions. The review is
divided on the basis of the transition-metal catalyst used in the
reaction and will not cover metal-free methods. The literature is
covered up to and including January 2023. For reasons of
clarity, newly formed bonds are sketched in red, with newly

formed cyclic structures being highlighted.

Review
Earth-abundant metals

Among the transition metal used in organic synthesis, the late

transition metals like rhodium, palladium, and iridium have
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taken center stage when it comes to methodology development.
Although these late-stage transition metals have contributed
immensely to synthetic organic and organometallic chemistry,
increasing societal awareness in terms of sustainable develop-
ments and resource management has prompted chemists to
explore the use of environmentally benign, inexpensive, and
earth-abundant metals [18-27]. In this section, we summarize
recent progress in Ni, Fe, Cu, and Co-catalyzed domino reac-

tions of strained bicyclic alkenes.

Nickel-catalyzed reactions

Without close inspection, nickel might seem like the peculiar
younger sibling of palladium within the field of transition-metal
catalysis. Nickel lies directly above palladium in the periodic ta-
ble, as such, it readily performs many of the same elementary
reactions. Because of their reactive commonalties, nickel is
often seen as the budget-friendly replacement; however, this
misconception will clearly be refuted in this section, show-
casing several diverse nickel-catalyzed domino reactions.

In 2001, Rayabarapu and co-workers investigated the Ni-cata-
lyzed ring-opening/cyclization cascade of heterobicyclic
alkenes 1 with alkyl propiolates 2 for the synthesis of coumarin
derivatives 3 (Scheme 1) [28]. The reaction initiates with the in
situ reduction of Ni(II) to Ni(0) followed by the side-on coordi-
nation of the alkene and alkyne substrates to the metal center
with subsequent oxidative cyclometallation to form a nickel
metallacycle, similar to several reported Ni-catalyzed [2 + 2]
cycloadditions [29,30]. Rather than undergoing reductive elimi-
nation to afford to [2 + 2] adduct, B-oxygen elimination fol-
lowed by E/Z isomerization and intramolecular lactonization
generates the annulated coumarin scaffold. In 2003, the Cheng
lab extended on this Ni-catalyzed ring-opening strategy [31]. It
was noted the addition of 1.5 equivalents of water interrupted
the cyclization step and led entirely to reductively coupled
alkenylated ring-opened products. Interestingly, when this
methodology was applied to the ester-bearing oxabicyclic 1a,
the anticipated reductive coupling product was not detected;
instead, bicyclic y-lactone 4 was solely observed (Scheme 1).
This unprecedented lactone is presumed to be generated through
the expected reductive coupling to generate the ring-opened
intermediate 5 which undergoes subsequent intramolecular
lactonization with the distal ester group. In the same year,
Cheng and co-workers observed the identical reactivity when
exploring the Pd- and Ni-catalyzed asymmetric reductive ring
opening of heterobicyclic alkenes, ultimately generating the
bicyclic product 7 (Scheme 1) [32].

In 2003, the Cheng laboratory continued studying Ni-catalyzed

routes towards coumarin cores through the Ni-catalyzed ring-

opening/cyclization cascade of heterobicyclic alkenes 1 with
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NiBr,(dppe) (5 mol %)

Zn (2.75 equiv)
MeCN, 80 °C
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56-89% yield

NiBr,(dppe) (5 mol %)

0
MEOQC 1
Meozcj:\/ + R

=——CO,R?
Zn (2.75 equiv)
1a 2 MeCN, 80 °C
1 equiv 1.2-2 equiv 4 4examples
75-89% yield
———————————————————————————————— mechanism ------------------------------—--
‘OH R!
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MeO2C + R COzRZ 2 :
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———————————————————————————————— hydride -------------------------"-------
Cheng (2003) [32] MeO,C
0 O
MeO,C Ni((S)-BINAP)I, (5 mol %) 1)
Me02C~Z‘\/>\/ + %OH Zn (5 equiv) C?/ H
1a 6 toluene, rt 7 H
1 equiv 3 equiv 85% yield
53% ee

Scheme 1: Ni-catalyzed ring-opening/cyclization cascade of heterobicyclic alkenes 1 with alkyl propiolates 2 to generate coumarin 3 and bicyclic

y-lactone 4 derivatives.

B-iodo-(Z)-propenoates and o-iodobenzoates 9 (Scheme 2) [33].
The authors noted the ring-opening/cyclization cascade
proceeded smoothly for a variety of heterobicyclic alkenes in-
cluding both oxa- and azabenzonorbornadienes as well as
oxanorbornenes; however, the latter two substrates did not
undergo dehydrogenation, generating cis-selective annulated
coumarins (10b and 10d). In 2006, the same group applied this
methodology for the total synthesis of arnottin I (10h), a
coumarin-type natural product isolated from the bark of the
Xanthoxylum arnottianum Maxim which possesses some antibi-
otic properties [34]. Mechanistically, the authors proposed the
reaction begins with the in situ reduction of Ni(II) to Ni(0) by
zinc to generate Ni(0) which undergoes oxidative addition with
the organo iodide to yield Ni(II) intermediate 11. Coordination
of 11 to the bicyclic alkene followed by migratory insertion
affords intermediate 12 which undergoes B-oxygen elimination
to form 13. Rearrangement of 13 via f-hydride elimination and

enolization generates a 1-naphthol species which undergoes

intramolecular cyclization with the ester to form the final prod-
uct 10. The selectivity for the non-dehydrogenated coumarins
10d is not understood, but 10b likely does not undergo dehy-
drogenation because there is no formation of aromaticity to
drive the reaction forward. When the bicyclic alkene is substi-
tuted unsymmetrically at the bridgehead position, the reaction is
entirely regioselective for the formation of a 1,2,4-trisubstituted
pattern. The observed regioselectivity arises from the preferen-
tial migratory insertion of the aryl group distal to the bridge-
head substituent.

In 2010, Ogata and Fukuzawa explored the Ni-catalyzed two-
and three-component difunctionalization of norbornene deriva-
tives 15 with alkynes (Scheme 3) [35]. It was noted the reac-
tion is amenable to both electron-donating groups (EDGs) and
electron-withdrawing groups (EWGs); however, yields were
diminished with increasing electron deficiency. Moreover, the

use of the bulkier terz-butyldimethylsilyl-protecting group
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Cheng (2003) [33]
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CO,Me
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Me

63% (10f) 80% (10g)

Scheme 2: Ni-catalyzed ring-opening/cyclization cascade of heterobicyclic alkenes 8 with B-iodo-(Z)-propenoates and o-iodobenzoates 9.

resulted in the corresponding 1,5-enyne only being produced in
a 33% yield. Several different norbornene derivatives were
explored and gave the anticipated exo,exo-difunctionalized
product in good yield. In contrast, when using an ethylene-
bridged bicycloalkene to generate the product 19c¢, the latter
was obtained in a greatly reduced yield, perhaps due to less ring

strain providing a thermodynamic driving force.

In 2013, Mannathan et al. discussed a Ni-catalyzed intermolecu-
lar three-component difunctionalization of oxabicyclic alkenes
1 with organoboronic acids 20 and alkynes 17 (Scheme 4) [36].
While broadly successful, when electron-deficient arylboronic
acids were used, slightly diminished yields were observed.
Moreover, when 3-hexyne was used, the reaction failed to

afford any product. The reaction likely begins similarly to
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Ogata and Fukuzawa (2010) [35]
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Ni(COD), (10 mol %)

R2 PMePh, (20 mol %)

/ Si(iPr)3
ED/\/\RZ

11 examples
52-94% yield
up to 99% E

toluene, 80 °C
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1
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15 16
1 equiv 2.5 equiv
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selected examples
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R? = Si(iPr)s
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6 examples
12-99% yield
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63% (19b) 12% (19¢)

Scheme 3: Ni-catalyzed two- and three-component difunctionalizations of norbornene derivatives 15 with alkynes 16 and 17.

Cheng’s 2003 report (Scheme 1) [31] where the coordination of
the alkyne 17 and alkene 1 to the Ni(0) center, followed by oxi-
dative cyclometallation, yields the following nickelocycle 24.
Unlike Cheng’s 2003 report, which proposes subsequent
B-oxygen elimination (Scheme 1) [31], alkoholysis by MeOH
affords an alkyl(methoxy)nickel intermediate 25. Transmetal-
ation of 25 with the organoboronic acid gives intermediate 26,
which upon reductive elimination affords the difunctionalized
product 21 and regenerates the Ni(0) catalyst.

In 2019, the Stanley laboratory explored the Ni-catalyzed inter-
molecular three-component carboacylation of norbornene deriv-
atives 15 using imides 27 and tetraarylborates 28 (Scheme 5)
[37]. The method utilizes C-N bond activation to trigger the
reaction. The authors demonstrated a broad reaction scope.
Electron-deficient amides were shown to perform worse than
their electron-rich counterparts with the p-trifluoromethyl sub-
stituent forming the ketone product in <10% yield. While sub-
stitution of the norbornene was tolerated, both EWGs and EDGs
hindered the reaction. Upon several mechanistic studies, the
authors proposed the catalytic cycle begins with the oxidative
addition of the active Ni(0) catalyst to imide 27 to afford the
acyl-Ni(II)-amido intermediate 30. Side-on coordination fol-
lowed by migratory insertion of the bicyclic alkene selectively

generates the exo-alkyl-Ni(II)-amido complex 31. Transmetal-

ation with triarylborane affords 32 which undergoes reductive
elimination to form the carboacylated product 29 as well as
regenerates the Ni(0) catalyst. In 2022, the Tobisu group
explored a two-component carboacylation of norbornene deriv-
atives. Exploiting a Ni/NHC system, the authors were able to
develop an entirely atom-economic carboacylation process

utilizing N-indoyl arylamides [38].

In 2019, Gutierrez and Molander reported the coupling 4-alkyl-
1,4-dihydropyridines 31 with heterobicyclic alkenes 30 under
photoredox/Ni dual catalysis (Scheme 6) [39]. In contrast to
other photoredox-mediated transformations, the authors utilized
the inexpensive organic photosensitizer 4-CzIPN (Scheme 6
and Scheme 7) instead of the more commonly, and expensive,
metal-based photocatalysts. While broadly successful, tertiary
radicals failed to deliver any desired product. Of note, the reac-
tion was amenable to a broad scope of derivatized heterobi-
cyclic alkenes with mono- and disubstituted bridgeheads having
little effect on the reaction (32b) with reactions involving un-
symmetrically substituted bicyclic alkenes demonstrating com-
plete regioselectivity for either 1,2,3- or 1,2,4-trisubstitued
products (32a, 32f). DFT calculations were used to explain the
syn-1,2-substitution experimentally observed rather than the
possible syn-1,4-substituted product. It was found the reductive

elimination transition state leading to the 1,4-disubstituted prod-
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Scheme 4: Ni-catalyzed intermolecular three-component difunctionalization of oxabicyclic alkenes 1 with alkynes 17 and organoboronic acids 20.

uct TS33.p1 would require an increase in distortion energy com-
pared to TS35.pp which contributes to an overall greater kinetic

barrier.

The following year, Lautens and Renaud expanded the scope of
the photoredox/Ni dual-catalyzed coupling of alkyl nucleo-
philes 36 with heterobicyclic alkenes 30 to include a-amino
radicals (Scheme 7) [40]. The authors noted the electron-rich
oxabenzonorbornadiene derivatives provided the corresponding
ring-opened adducts in good yields (63—-68% yield) while those
bearing EWG led to poor product formation. Unlike Gutierrez
and Molander’s work (Scheme 6) [39], it was found mono- and
disubstituted bridgeheads affected the efficacy of the reaction
with the demethylated bridgehead oxabenzonorbornadiene only

delivering the product in a 20% yield. Although yields were

slightly diminished, unsymmetrical bridgehead-monosubsti-
tuted oxabenzonorbornadiene led solely to the 1,2,4-trisubsti-
tuted regioisomer (Scheme 7), similar to that observed by
Gutierrez and Molander [39]. Selected substituents on the
aniline motif were found to hamper reactivity with a few exam-
ples failing to provide the desired product when 4-CzIPN was
used as the photocatalyst; however, the products were isolated
when [Ir(dF(CF3)ppy)a(bpy)]PFg was used. Based on experi-
mental observations and control reactions, the authors proposed
the reaction begins with the photoexcitation of the photosensi-
tizer 43 to form 44 which can oxidize aniline 36a to give radical
cation 46 (Scheme 7). Deprotonation by DBU produces the
radical 40. The radical anion photosensitizer 45 can reduce
Ni(I) to Ni(0), closing the first catalytic cycle. The Ni(0) com-

plex can undergo oxidative addition into the C—O bond of the
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Scheme 5: Ni-catalyzed intermolecular three-component carboacylation of norbornene derivatives 15.

oxabicyclic alkene 30a to afford the o-allyl intermediate 38

which can isomerize to the more stable m-allyl intermediate 39.

Addition of the a-amino radical to the Ni(II) center generates
the Ni(IIl) complex 41. Reductive elimination, followed by

protodemetalation, leads to the final ring-opened adduct 37.

Copper-catalyzed reactions

In 2009, Pineschi and co-workers explored the Cu-cata-
lyzed rearrangement/allylic alkylation of 2,3-diazabi-
cyclo[2.2.1]heptenes 47 with Grignard reagents 48 (Scheme 8)
[41]. The reaction is thought to proceed via the Lewis acid-cata-

lyzed [3,4]-sigmatropic rearrangement of the diazabicycle 47 to

form the allylic carbazate intermediate 51. Nucleophilic attack
of an organomagnesium, or organocuprate, in an anti SN2’
fashion on 52 furnish the final ring-opened product 49. The
authors note the use of a carbamate protecting group was crucial
for the success of the reaction, hypothesizing it inhibited the
classical [3,3]-sigmatropic Lewis acid-catalyzed rearrangement
often observed. Both alkyl and aryl Grignard reagents were
amenable to the reaction; however, heteroaryl Grignard reagents
resulted in poor conversion.

The Cu-catalyzed borylative difunctionalization of m-systems is

a power tool for the facile synthesis of complex boronate-con-
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Gutierrez and Molander (2019) [39]
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Scheme 6: Photoredox/Ni dual-catalyzed coupling of 4-alkyl-1,4-dihydropyridines 31 with heterobicyclic alkenes 30.

taining compounds [42]. Generally, these reactions proceed
through the generation of a Cu—boryl species via o-bond me-
tathesis, followed by migratory insertion with a m-system. The
subsequent alkyl-Cu intermediate is intercepted by an electro-
phile to generate the difunctionalized system. This methodolo-
gy has been applied several times to strained bicyclic alkenes

with a variety of electrophiles.

In 2015, Hirano and Miura developed a Cu-catalyzed aminobo-
ration of bicyclic alkenes 1 with bis(pinacolato)diboron
(Bopiny) (53) and O-benzoylhydroxylamine derivatives 54
(Scheme 9) [43]. While the scope of bicyclic alkenes was quite
extensive with aza-, carbo-, and oxabicyclic alkenes being
amenable to the reaction, electron-deficient substrates resulted

in lowered yields. Of note, the reaction is highly regioselective
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Scheme 7: Photoredox/Ni dual-catalyzed coupling of a-amino radicals with heterobicyclic alkenes 30.

Pineschi (2009) [41]
HN-NHBoc

(CuOTf), (3 mol %)
Boc. NH
N +  R-MgX  (£)-BINAP (6 mol %) + NHBoc
Boc=N THF,0°C, 1h 40 R 5
47 48 _ R
3 equi X=Cl, Br 9 examples
equiv 58-80% yield
up to 92:8
———————————————————————————————— mechanism -------------------—---—---—---—----

0 5
Boc. = (CuOTH), é\‘ \<© NHBoc “M/NHBoc %
>Lo Hog N A

[3,4]-sigmatropic A

,N
77"!/\‘ 47  rearrangement - : 51 ) 52 R°Cu 49
o N 9 B Q &V R

Scheme 8: Cu-catalyzed rearrangement/allylic alkylation of 2,3-diazabicyclo[2.2.1]heptenes 47 with Grignard reagents 48.
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Hirano and Miura (2015) [43] RS
CuSCN (5-10 mol %) R 5
X R i phen (5-10 mol%) (Bl
R! Bopiny 5
I R LiOt-Bu (3 equiv), DCE, rt RS
1 + or +  BzO-N R’ N
R \ !
Rni R4 or 2 4
R? Bdan-Bpin CuCl (10 mol %) s 0
1 53 54 dppbz (10 mol %)
. . ) LiOt-Bu (3 equiv), THF, rt 24 examples
1 equiv 1.5 equiv 1.5 equiv 47-99% vield

——————————————————————————————— selected examples - -----------------------------

Bpin “:Bdan “:Bdan ED:Bpin ©iD:Bpin
O‘, B
”: N N/Bn '}‘ n
én Bn

91% (55a) 65% (55b) 59% (55c¢) 81% (55d) 92% (55e)
h O BnO Bpin R Bpin R =H, 92% (550)
_ HN BNO Bn = OMe, 76% (55h)
| bl _B. N R BN =Br, 54% (550)
=N %N Bn . = F, 56% (55j)
H Bn
phen Bdan 81% (55f)
—————————————————————————————— asymmetric variant - -----------------------------
R2
2
X R R . RC;;)ILSO mol %) . OH
e w T R G T g € g
R2 RS LiOt-Bu (4 equiv) ’Tj/
THF or 1,4-dioxane, rt R2 RS
30 53 54 then 56
1 equiv 2 equiv 2 equiv NaBO3-OH, THF, rt 5 examples
17-66% yield
up to 88% ee
———————————————————————————————— mechanism ------------------—-—-—--—---—----—-—--

P Ph
/CUC| 57 PD D
P ~p P
LiOt-Bu P
Ph

Ph
LiOBz B,pin, 53 (R,R)-Ph-BPE
CuOt Bu
LiOt-Bu
BpinOt-Bu

CuOBz 61 Cu Bpln
\ Bpm /\
BzO- N Cu )

54 R

Scheme 9: Cu-catalyzed aminoboration of bicyclic alkenes 1 with bis(pinacolato)diboron (Bgpiny) (53) and O-benzoylhydroxylamine derivatives 54.

497



with the unsymmetrically methyl-substituted bicyclic alkene
producing a single regioisomer 55a. The authors noted the
aminoborylated products bearing a BPin moiety were not
always stable upon isolation, so they were either converted into
the more stable Bdan (dan = 1,8-diaminonaphthalenyl) or Bpin-
Bdan was used directly which showed comparable yields. The
authors also reported preliminary results for an asymmetric
variant of the reaction using (R,R)-Ph-BPE as a chiral ligand.
Although the use of the chiral phosphine ligand resulted in
slightly diminished yields, the authors were able to achieve ees
up to 88%. The authors proposed the reaction begins with the
generation of the fert-butoxide Cu salt which undergoes o-bond
metathesis with B,Pin, generating the Cu-boryl species 59
(Scheme 9). Side-on coordination on the exo face of the bicyclic
alkene followed by migratory insertion generates the alkyl-Cu
species 60 which after electrophilic amination with the
O-benzoylhydroxylamine 54 liberates the final aminoborylated
product 55 and a benzoyl-Cu complex 61. To close the catalyt-

Xiao and Fu (2017) [44]

o Bpin
: Ii/ + Bypin, + Br———R IMesCuCl (10 mol %)

30b 53 62

1.5 equiv 2 equiv

[\
T I
CuCl
IMesCuCl

selected examples

o

90% yield (63a)

Beilstein J. Org. Chem. 2023, 19, 487-540.

ic cycle a transmetalation of 61 with LiOz-Bu regenerates the

active catalyst.

In 2017, Xiao and Fu studied the Cu-catalyzed borylalkynyla-
tion of oxabenzonorbornadiene (30b) with Bypin; (53) and
bromoalkynes 62 (Scheme 10) [44]. The scope of the reaction
was limited to only two examples of bromoalkynes reacting
with oxabenzonorbornadiene (30b). Notably, the yield of the
reaction dramatically diminished when the terminal triiso-
propylsilyl (TIPS) group in 63a was swapped for a Ph (63b).
Mechanistically, the reaction operates in a similar manner re-
ported by Hirano and Miura (Scheme 9) [43]; however, the
alkyl-Cu species 60 is intercepted by the bromoalkyne rather

than an O-benzoylhydroxylamine.

In the same year, the Brown laboratory investigated the Cu-cat-
alyzed borylacylation of bicyclic alkenes 1 (Scheme 11) [45].
Like the previous borylative difunctionalization reactions, it

LiOt-Bu (2 equiv) N
THF, rt 63 R

2 examples
41-90% vyield

sosl

41% yield (63b)

TIPS

Scheme 10: Cu-catalyzed borylalkynylation of oxabenzonorbornadiene (30b) with Bopins (53) and bromoalkynes 62.

Brown (2017) [45]

X O
1
w + @CI +  Bypin,
R1
1 64 53
1 equiv 1.5 equiv 1.5 equiv

Bpin Bpin

74% (65a) 67% (65b)

Scheme 11: Cu-catalyzed borylacylation of bicyclic alkenes 1.

selected examples

S0as .

o)
SIMesCuCl (1 mol %)  R!
LiOt-Bu (1.5 equiv) ‘* _ O
Et,0, rt R Bpin
65
X=CHy, O 4 examples

67-78% yield

L0

Bpin Bpin

70% (65¢) 78% (65d)
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was found the reaction generated a single exo,exo diastereomer.
A brief investigation into an enantioselective variant of the
borylacylation was investigated; however, the methodology was

not applied to bicyclic alkenes.

In 2019, the Yang lab examined the Cu-catalyzed diastereose-
lective 1,2-difunctionalization of oxabenzonorbornadienes 30
for the synthesis of B-thiocyanato thioethers 68 (Scheme 12)
[46]. In contrast to the previous difunctionalization reactions,
the authors noted the reaction was stereoselective for the trans-
addition product. Mechanistically, the authors proposed the
reaction begins with the Cu-mediated substitution reaction of
iodobenzene (66a) with KSCN to afford phenyl thiocyanate

(70). The Cu complex can then undergo oxidative addition into

Yang (2019) [46]

Beilstein J. Org. Chem. 2023, 19, 487-540.

the S—C bond of the thiocyanate 70 to afford intermediate 71
which can side-on coordinate to the exo face of 30b. Subse-
quently, the thiocyanate attacks the olefin from the endo face
via 72 to give complex 73. Reductive elimination furnishes the
final difunctionalized product and regenerates the active Cu(l)
catalyst. The reaction was broadly successful with the steric and
electronic nature of the aryl iodide having little effect on the
reaction.

Iron-catalyzed reactions

Being the most earth-abundant d-block element, as well as
orders of magnitude less expensive than other transition-metal
catalysts, iron is bringing a renaissance to the idea of sustain-

able, green catalysis. In 2011, Ito et al. reported a diastereose-

0O R?
0,
RL// y . Ar—| + KSCN Cul (20 mol %)
N phen (20 mol %)
R? DMF, 140 °C )
30 66 67 68 R
1 equiv 2 equiv 4 equiv 23 examples
21-72% yield
——————————————————————————————— selected examples - ----------------------------—-
N R X
| N4 R=4-Me, 57% (68a) | P
P = 2-OMe, 48% (68b) OMe
= 3-Cl, 64% (68c) S
S = 4-Br, 49% (68d) S
= 4- 0 oy
“SCN = 4-OMe, 57% (68f) "SCN
= 3,5-Me, 55% (68g) OMe
= H, 72% (68h) 21% (68i) 46% (68k)
———————————————————————————————— mechanism ---------------------—---—----~--—--
68h
SPh /ﬁé Cu'X
|
Cu'"Xphen
o P phenCu'X
69 66a Phl KSCN
SCN phenCu'X
73 PhSCN K
@CN 70
?N
O)—: Cul”'Xphen (|:N
[ henCu'llxX
SPh

>

72

S ‘\—( 71
SCN

30b

Scheme 12: Cu-catalyzed diastereoselective 1,2-difunctionalization of oxabenzonorbornadienes 30 for the synthesis of B-thiocyanato thioethers 68.
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lective Fe-catalyzed carbozincation of heterobicyclic alkenes 1
with diphenylzinc (74a) (Scheme 13) [47]. Using an ortho-
phenylene diphosphine ligand L3, the authors were able to
suppress f-heteroatom elimination enabling sequential electro-
philic trapping of the alkylzinc complex. Although this reaction
would more closely fall under the definition of a telescoped
reaction than a strict domino reaction, this methodology

allowed for the synthesis of difunctionalized strained alkenes.

Nakamura (2011) [47]

Beilstein J. Org. Chem. 2023, 19, 487-540.

While broadly successful, strongly electron-withdrawing groups
lowered the yield of the reaction. In 2021, Isozaki and Naka-
mura reinvestigated the reaction and established an asymmetric
variant of the Fe-catalyzed carbozincation of azabicyclic
alkenes 77 (Scheme 13) [48]. Using (S,S)-chiraphos, the authors
were able to achieve enantioselectivities of up to 99%. Unfortu-
nately, only two examples of electrophilic capturing were
explored, using CD3CO;D to give deuterated products and I».

RS
X R FeCls (1 mol %) XR R Ph
R+ phozn L3 (2 mol %) R; li/Z/ZPI:h £
7 / n
R 7 THF/toluene 1:1, 0 °C R A R' E
2
1 74a 75 76 R
_ _ 24 examples
1 equiv 1.5 equiv 47-99% yield

2

E = H, 94% (76a)

=D, 92%, cis/trans = >99:1 (76b)
=1, 91%, cis/trans =
= allyl, 93%, cis/trans = >99:1 (76d)

= COMe, 77%, cisl/trans = >99:1 (76e)

Isozaki and Nakamura (2021) [48]

Ph
E Ph

asymmetric variant

TBDPSO" @:
; H

&

Me

83:17 (76¢) 75% (76f)

Boc
Boc FeCl; (2 mol %) R N oh R! po° Ph
R! +  Ar,Zn-2MgBrCl  (S,S)-Chiraphos (4 mol %) 7; I ZZ A E® ﬁ
W nAr .
R THF/toluene 1:4 R R E
—-20°Cor0°C 79
77 74 78 15 examples
. . 75-99% yield
1 equiv 1.5 equiv up to 99% ee
———————————————————————————————— mechanism ----------------—---—---—-~---~—---~-—--
S,S)-Chiraphos
Focy, (SSFONTaphos
AryZn
P P Boc
Boc Boc \F/
Ar ©) Ar _i N |
N B N Ar  Ar
E ZnAr 80 77a
79a 78a
AryZn
Boc Ao Boc K)
Ph,P  PPh
(S,S)-Chiraphos Fe/\ | “Ar
Ar/ =] Ar
82 81

Scheme 13: Fe-catalyzed carbozincation of heterobicyclic alkenes 1 with arylzinc reagents 74.
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Most reports simply underwent protodemetalation upon
quenching to afford the monosubstituted bicyclic alkene. The
catalytic cycle starts with a diaryl Fe(I)—(S,S)-chiraphos com-
plex 80 being generated through the reduction of FeCls with
excess diarylzinc in the presence of the phosphine ligand.
Side-on coordination to the exo face of the azabicycle 77a
generates 81 where subsequent migratory insertion affords the
alkyl-Fe(II) complex 82. Transmetalation with an organozinc
produces 78a which can be trapped by an electrophile to
generate the final product 79a.

Cobalt-catalyzed reactions
In 2014, the Yoshikai lab investigated the Co-catalyzed addi-

tion of arylzinc reagents 83 of norbornene derivatives 15

Yoshikai (2014) [49]

k7 - @fz”x

CoCl; (5 mol %)
dppf (5 mol %)

THF, 40-60 °C, 12-24 h

Beilstein J. Org. Chem. 2023, 19, 487-540.

(Scheme 14) [49]. In contrast to the 1,2-difunctionalization of
bicyclic alkenes via arylzinc reagents reported by Nakamura
under Fe catalysis (Scheme 13) [48], this reaction is considered
to undergo a 1,4-Co migration ultimately generating 1,4-difunc-
tionalization species. Mechanistically, the reaction likely
proceeds similarly to Nakamura’s Fe-catalyzed methodology
(Scheme 13) [48].

In 2017, the Cheng laboratory investigated the Co-catalyzed
ring-opening/dehydration of oxabicyclic alkenes via the C—H
activation of arenes (Scheme 15) [50]. First, the group explored
the ortho-naphthylation of N-pyrimidinylindole derivatives 85.
The reaction was amenable for both electron-rich and deficient

indoles. When the reaction was attempted on electron-deficient

. PPy
% E@ R
. [Col L

15 84 R 85
19 examples
1 equiv 1.5 equiv 8-97% yield
Scheme 14: Co-catalyzed addition of arylzinc reagents of norbornene derivatives 15.
Cheng (2017) [50] —\_R!
210 TN /\ 5
(e} R°T — N R2,| N /
RL~ + l}\ [CoCp*(CO)I5] (5 mol %) K/ N
LAY N7 N AgSbF (20 mol %) Ju
\Q) CsOAc (30 mol %) N\\) 86
30 85 TFE, 90 °C, 18 h =
. . 12 examples
1 equiv 1.5 equiv 71-96% yield
—————————————————————————————— 2-arylpyridines - -----------------------------
o [CoCp*(CO)l5] (10 mol %)
RL~ + AgSbFg (20 mol %)
- LAY Ad-CO,H (30 mol %)
TFE, 120 °C, 30 h
30 85a
1 equiv 1.5 equiv 18 examples
51-86% yield
—————————————————————————————— acidic conditions - -----------------------------
Li (2016) [51] —\_R!

Rz_'/\ N X //
0 = N * o Rz“ N
[Cp*CoCly] (5 mol %) N

RL—/— +
A N% N AgSbF (30 mol %) e
\Q) AcOH (2 equiv) N \\) 86
30 85 DCE, 50 °C, 12 h =
1 equiv 1.5 equiv 18 examples

48-84% yield

Scheme 15: Co-catalyzed ring-opening/dehydration of oxabicyclic alkenes 30 via C—H activation of arenes.
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oxabicyclic alkene derivatives, it was observed the reaction did
not undergo dehydration to give the 2-naphthyl product, rather
the ring-opened 1,2-hydroxy adduct. When the Lewis acid
cocatalyst AgSbFg was removed from the reaction mixture, it
was noted only ring-opened 1,2-hydroxy adducts were formed,
so it is likely the Lewis acid is required for dehydration. In
contrast, when N-pyrimidinylbenzimidazole derivatives were
used, the 1,2-C—H addition product was observed exclusively.
By slightly altering the reaction conditions, 2-arylpyridines 85a
were able to undergo the ring-opening/dehydration reaction
with oxabicyclic alkenes to afford ortho-naphthylated products
86a.

Concurrently, the Li group investigated the same ortho-naph-
thylation of N-pyrimidinylindole derivatives 85 (Scheme 15)
[51]. In contrast to Cheng’s report, it’s noted the addition of
AcOH rather than CsOAc enabled the same ring-opening/dehy-
dration cascade to occur; however, acidic conditions seem to
require less energy to drive the dehydration step.

Zhai (2019) [52]

Beilstein J. Org. Chem. 2023, 19, 487-540.

In 2019, the Zhai Group investigated the Co-catalyzed [3 + 2]
annulation/ring-opening/dehydration domino reaction of oxabi-
cyclic alkenes 30 with 2-(1-methylhydrazinyl)pyridine (MHP)
directed arenes 87 for the synthesis of benzo[b]fluorenones 88
(Scheme 16) [52]. C-H bond functionalization with heterobi-
cyclic alkenes as annulation partners has received considerable
attention in recent years. Several different arene and directing
groups have been investigated; however, they typically result in
the exo-selective addition product with the bridge heteroatom
intact. Although this limits the applicability of the reaction, the
authors noted the use of 5.0 equivalents of Cs,CO3 provided the
naphthalene core via sequential dehydration. Based on prelimi-
nary mechanistic experiments, the authors proposed the reac-
tion begins with the oxidation of Co(II) to Co(III) by O,. MHP-
directed C—H activation of the ortho-C—H position generates 90
which can coordinate to the bicyclic alkene forming 91. Migra-
tory insertion of the olefin affords 92 which undergoes intramo-
lecular nucleophilic addition followed by protodemetalation and
elimination of MHP to afford 94. Base-mediated ring opening

o 0
e ! Co(OAG), (30 mol %)
RL~— - A
/A W/ R2f N N| Cs,CO03 (5 equiv) .OO
= = ° N
TFE, 140 °C, O >/
30 87 2 R2 88
1 equiv 2 equiv 28 examples
35-93% vield
———————————————————————————————— mechanism --------------------------------
TN col 89 .
=N |
8 N S OrT
—IN_ H |
NH N~
-~ 1]
O "O .90 Co 87a
90
94 lcSzco3 O
93
0
i |
= 1 23 SEhs
\ /) L . Pz CIIO'”"N 7
95 HN 0-Coll 90
92
l\’ H0 & ., A
N= 0
] \ O N—N Y’
D ) /
N
O <1, e
91

88a

<

Scheme 16: Co-catalyzed [3 + 2] annulation/ring-opening/dehydration domino reaction of oxabicyclic alkenes 1 with 2-(1-methylhydrazinyl)pyridine

(MHP) directed arenes 22.

502



of the bridging ether generates 95 which undergoes an elimina-

tion reaction to afford the naphthalene product 88a.

Inspired by Zhao’s seminal report on the racemic carboamina-
tion of bicyclic alkenes [53], the Cramer laboratory studied the
Co-catalyzed enantioselective carboamination of bicyclic
alkenes 1 via C-H functionalization in 2021 (Scheme 17) [54].
The authors noted decreasing the steric bulk of the amide
moiety of the substrate from isopropyl to ethyl to methyl de-
creased the enantioselectivity of the reaction. Carbon- and
nitrogen-bridging bicyclic alkenes were also identified as
competent substrates. In this respect, norbornadiene was found
to give the desired carboaminated product in slightly dimin-
ished yields while azabicyclic alkenes generated the targeted
products in excellent yield, albeit with slightly reduced enantio-
selectivity. To showcase the synthetic capabilities of this meth-
odology, the authors synthesized the non-natural amino acid de-
rivative 98j in good diastereoselectivity.

Ruthenium-catalyzed reactions
In 2006, the Tam laboratory investigated the Ru-catalyzed
cyclization of oxabenzonorbornene derivatives 30 with propar-

Cramer (2021) [54]

I X
R O.
A + RZ—K\ N™ R?
" g
1 equiv 1 equiv

O _R®
%]/

90 NH!
HO

Co-1 R3 = iPr, 96%, 86% ee (98a)
= Et, 97%, 84% ee (98b)
OYiPr = Me, 99%, 68% ee (98c)

HO 81%, 8:1dr

tyrosine derivative 98;j

Beilstein J. Org. Chem. 2023, 19, 487-540.

gylic alcohols 99 for the synthesis of isochromenes 100
(Scheme 18) [55]. After coordination of the Ru-center to the
exo face of 30b, oxidative cyclization can afford the
ruthenacycle 101. Unlike previous works studying Ru-cata-
lyzed cyclizations involving bicyclic alkenes and alkynes [56-
59], the reaction preferentially undergoes f-hydride elimination
to generate 102 rather than reductive elimination which would
afford the [2 + 2] adduct. Hydroruthenation of the allene
produces 103 which can either undergo reductive elimination to
afford the cyclopropanated bicyclic alkene or undergo a [2 + 2]
cycloreversion to generate the Ru-carbene 104. The
Ru—carbene 104 can rearrange to 100 through a 1,3-migration
of the alkoxy group which can finally reductively eliminate the
isochromene product. Based on control reactions, the authors
proposed the active catalytic species is cationic, as the use of
the cationic precatalyst [Cp*Ru(CH3CN)3]PFg in THF afforded
the isochromene as the major product, suggesting a similar
cationic species may be generated in MeOH [60].

In 2011, Tenaglia and co-workers investigated the Ru-cata-
lyzed coupling of oxabenzonorbornene derivatives 30 with

propargylic alcohols and ethers 106 to access benzonorcaradi-

Co-1 (10 mol %) R! NH
AgSbFg (20 mol %)

selected examples

. R? N
CsOPiv (50 mol %) | +—R2
K3PO, (50 mol %) 98 Lo ~F

HFIP, 40 °C 13 examples
74-99% vyield
X =0, CHy NBoc up to 92% ee

2
O R MeO,C
HO HO

R2 = Me, 89%, 92% ee (98d) /4% 84% ee (98g)

= t-Bu, 98%, 90% ee (98e)
=F, 77%, 84% ee (98f)

OYiPr
1 R! NH
R' = OMe, 99%, 88% ee (98h)
= Br, 80%, 84% ee (98i) R O
HO

Scheme 17: Co-catalyzed enantioselective carboamination of bicyclic alkenes 1 via C—H functionalization.
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Tam (2006) [55] R3
R3 OH LTS
R~ + RI=—=— . o R'T _ 0 10 examples
_ YA ” Cp Ru(COD)CIO (5 mol %) 26-77% yield
30 99 MeOH, 60 °C, 1 h 100 X 0
1 equiv 1 equiv R® R*
———————————————————————————————— mechanism -----------------------------—---
[Ru] = Cp*Ru* 100 30b + 99
% o k\
+
~ “[Ru]
0 Q +
0 [Rul  oH
~ s H
4
105 Ls R R
101 R
0 U
0 " R [Ru]
Ru] OH
Al
= e
O
R3 102 R

10

4
\ 0} 5 +
[Rul |

o
103 R o4

Scheme 18: Ru-catalyzed cyclization of oxabenzonorbornene derivatives with propargylic alcohols for the synthesis of isochromenes.

enes 107 (Scheme 19) [61]. While discriminating between the
neutral and cationic active ruthenium species, the authors noted
the use of [Cp*Ru(CH3CN)3]PFg as the precatalyst produced
the cyclopropanated bicyclic alkene adducts exclusively. This
contrasts with Tam’s report (Scheme 18) [55] which found
cationic Ru species formed the isochromene 100 preferentially
which may be attributed to the solvent playing a more impactful
role in the reaction than previously anticipated. Of note, the
reaction was amenable to a broad scope of derivatized heterobi-
cyclic alkenes. Electron-deficient bicyclic alkenes were found
to react much slower, ultimately affording products in dimin-
ished yields. Mono- and disubstituted bridgehead variants were
applicable, but with reduced efficacy with the former produc-
ing a dihydronaphthofuran 107i as the major product.

In 2019, the Cramer group continued studying this reaction and
developed an enantioselective variant utilizing a chiral Cp* de-

rivative (Scheme 19) [62]. Similar reactivity trends were ob-

served in both accounts. Mechanistically, the transformation
was proposed to begin with the coordination of Cp*Rul to the
exo face of the bicyclic alkene. Oxidative addition into the
C-0 bond, which is proposed to be the enantiodetermining
transition state, followed by coordination to the alkyne gener-
ates intermediate 109. Migratory insertion of the alkyne results
in the ruthenacycle 110. Subsequent reductive elimination
generates putative allyl vinyl ether 111 and regenerates the
active ruthenium complex. The allyl vinyl ether intermediate
undergoes a Claisen rearrangement to afford the endo-isomer
112. Thermal isomerization of 113a by a 6m-electrocyclic ring-
opening/closing cascade leads to the to the final exo-isomer
107.

In 2018, the Zhang lab investigated the Ru-catalyzed ring-
opening/dehydration of oxabicyclic alkenes 30 via the C—H ac-
tivation of anilides 114 (Scheme 20) [63]. When the optimized

conditions were applied to azabenzonorbornadiene derivatives,
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Tenaglia (2011) [61]
O R®

Beilstein J. Org. Chem. 2023, 19, 487-540.

e . R4o\%\ [CPRUCI(PPh3),] (5 mol %) 17 examples
S OR* Mel (35 mol %) 18-94% yield
R? 1,4-dioxane, 60-90 °C, 2-62 h
30 106
1 equiv 1 equiv
R = OAc, 49% (107a)
= OMe, 60% (107b)

= OMOM, 63% (107c)
= OBn, 60% (107d)

= OH, 94% (107e) Br
= Et, 18% (107f)

57% (107g)

Cramer (2019) [62] o

asymmetric variant

Ru-3 (5 mol %), TBAI (6 mol %)

R0
1 +
R\\// 7

4 18 examples
“oré  2-butanone, 100 °C, 30 min R 26-81% yield
106 up to 94% ee
1 equiv 107
———————————————————————————————— mechanism ----------------—---—---—---—---—----
R? Cp*Ru(MeCN)PFg [Ru] = Cp™Rul
2 (0]
N\ R l TBAI @‘b p— 3
/)
PF
% Cp*Rul \_{ e
30b
{| 6m-electrocyclic 111 |
R2 .'RU ®
o= ‘
R2 MeCN NCMe
> / o___,’[Ru] MeCN
— 113a R2 ;\ Ru-3
| L [Ru] /
LN,
' 0 R 108
R? // R2
ﬁ_u— \ 113b SR
R2 O 110 O/[Ru] 106
{| 6mn-electrocyclic \

109

Scheme 19: Ru-catalyzed coupling of oxabenzonorbornene derivatives 30 with propargylic alcohols and ethers 106 to access benzonorcaradienes

107.

the dehydrative naphthylation sequence did not occur with the
reaction being exclusive for exo-ring-opened products, similar
to that observed in a typical Rh-catalyzed ring-opening reaction

(vide infra). The reaction seems to be sensitive to the steric bulk

of the amide functionality with n-propyl and isopropylamides
having diminished yields. While the scope of anilides was quite
extensive, electron-deficient substrates resulted in lowered
yields.
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Zhang (2018) [63]

[Ru(p-cymene)Cly], (5 mol %)

Beilstein J. Org. Chem. 2023, 19, 487-540.

O
e
O
114
1 equiv

0}
1 +
7
30

2 equiv

AN
|
AgSbFg (20 mol %) R O HN. O
PivOH (2 equiv)
1,4-dioxane, 100 °C, 8 h 115 R?2
17 examples

44-82% yield

Scheme 20: Ru-catalyzed ring-opening/dehydration of oxabicyclic alkenes via the C—H activation of anilides.

In 2022, the Jeganmohan group investigated the Ru-catalyzed
ring-opening/lactamization of azabenzonorbornadiene deriva-
tives 30 with arylamides 116 (Scheme 21) [64]. Weinreb
amides outperformed other arylamides, likely serving as a better
directing group for the initial aryl-C—H activation. While the
scope of functionalized aryl Weinreb amides was quite wide, in-
cluding different EWGs and EDGs, as well as heterocycles,
ortho-substitution was not tolerated. The authors applied the
methodology for the synthesis of biologically important
benzo[c]phenanthridine derivatives 117. Through methylation
and subsequent aromatization of the phenanthridinones pro-
duced, the authors were able to quickly afford novel fagaronine
117j and nitidine 117k derivatives.

Rhodium-catalyzed reactions
In 2002, the Lautens laboratory reported a tandem cyclization of

arylboronate esters 118 with a variety of bicyclic alkenes 15

using a water-soluble Rh-catalytic system (Scheme 22) [65].
The authors reported the reaction proceeded smoothly with a

limited variety of substituted norbornenes and boronate esters.

In 2004, the same group expanded this Rh-catalyzed cycliza-
tion to heterobicyclic alkenes 1 with arylboronate esters 118 for
the synthesis of a variety of functionalized indanes 120
(Scheme 22) [66]. This reaction proceeded smoothly with a
broad range of [2.2.1] and [3.2.1]-bicyclic alkenes; however,
doubly bridgehead-substituted bicyclic alkenes exclusively pro-
duced an undesirable demetalated aryl ester byproduct. The
authors attributed this to a steric prevention of the attack of the
arylrhodium nucleophile to the alkene. Azabicyclic alkenes also
proved difficult and failed to react. Mechanistically the authors
proposed the arylboronate ester 118 first undergoes a trans-
metalation with the Rh(I) complex producing 122 which
performs an exo-carborhodation with the bicyclic substrate to

Jeganmohan (2022) [64] o)
Boc Q
N _.OMe  [Ru(p-cymene)Cl,], (5 mol %) HN | N,
R! + r2fl ~ N R! = R
m J Me AgSbF (20 mol %)
R? AgOTf (20 mol %) 117
30 116 DCE, 100 °C, 24 h R’
2 equiv 1 equiv 30 examples
29-88% yield
——————————————————————————————— selected examples - ---------------------------- -~
0 0 O
J L 2 R2 = 3-OMe, 87% (117c) Me. OMe
1 HN O HN™ Y e = 3-Br, 64% (117d) N O
R 2, = 3.1, 60% (117e) =0 OMe
1 O‘ 5 = 4-OMe, 70% (117f) oo
R = 4-F, 64% (117 =
64% (1179) O-methyloxyfagaronine (117j)
R! = OMe, 55% (117a) o o o
=F, 51% (117b
b ) HN Me. OMe
Me N
Me Cl o
OMe
Me <
o

67%, (117h)

70%, (117i)

Scheme 21: Ru-catalyzed of azabenzonorbornadiene derivatives with arylamides.
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Lautens (2002) [65]
[Rh(COD)CI], (2 mol %)
t-Bu-amphos Cl (4.8 mol %)

SDS, N82003 ¢
R? toluene/H,0 1:1 t R3
15 118 80 °C, 2-5h 119
1.2-2 equiv 1 equiv 6 examples
62-94% yield
———————————————————————————————— expansion - - - - - - - - - - - - oo - - ————— -

[Rh(COD)Cl], (2 mol %)

R2 Bpin t-Bu-amphos CI (4.8 mol %)
A/ + @i%Rs KF (2 equiv) |

SDS, Na,COs

1 —R3
118 toluene/H,0 1:1 120
1.05-2 equiv 1 equiv r-80 °C,2-16 h 15 examples
X=0,NR 60—99% yield
———————————————————————————————— mechanism --------------------~----------—--
Bpln Pt-Bu,
/ S
“~COR | PNivteg
119a Rh'(OH
@ (OH) t-Bu-amphos ClI
121 BpinOH
H,O
I
(\ Rh
7 CoR
122
/\ 15a
==
( Rh!
COR 123

Scheme 22: Rh-catalyzed cyclization of bicyclic alkenes with arylboronate esters 118.

produce 123. A 5-exo-trig ring closure of 123 produces 124 fol-
lowed by a rapid protodemetalation with water releasing the
final indane product 119a and regenerating the active Rh(I)
species. The authors proposed that the origin of the diastereose-
lectivity is due to significant steric interactions between the
—COR group on the pendant alkene and the bridging group of
the bicyclic alkene in 123.

In 2006, the Lautens lab continued to extend this reaction to
include dienylboronate esters 125 and found that an unexpected
vinylcyclopropane product 126 was generated (Scheme 23)

[67]. Again, nitrogen-containing bicyclic alkenes proved diffi-

cult, as diazabicyclic alkenes produced the desired product in
low yields while azabenzonorbornadienes failed to react
entirely. It was found the introduction of a methyl group a to
the boron on the dienylboronate caused the selectivity to be
shifted to the 1,4-addition producing a cyclopentene product
leading to the conclusion that the substitution pattern on the
boronate ester played a significant role in the selectivity be-
tween 1,6-addition and 1,4-addition. The mechanism proposed
by the authors initially begins in the same manner as Scheme 22
with the transmetalation of the boronate ester with Rh(I) pro-
ducing 127 which undergoes an exo-carborhodation with the

bicyclic substrate 15a producing 128. The reaction path
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0 [Rh(COD)CI], (3 mol %)
, X Y t-BusPH*BF 4~ (6.6 mol %)
R - + Bpin (0]
A j< KF (2 equiv) R,
R 125 1,4-dioxane/H,0 10:1  [BUOC H
1 o 126
80°C,3h
X=0,NR 9 examples
1.0-1.2 equiv 1 equiv 15—97°/0F;/ield
———————————————————————————————— mechanism --------------------------------
" ol Bu.H_tB
/,,.A § = t-| u.f_-i-bu
<D I o ©
< pin Ot-Bu t-Bu
t-BuO,C H Rh!(OH) 125 BF4
126a BpinOH t-BusPH*BF -
H,0
H MO
tBuO_ /- /"% A Rh' Ot-Bu
(~rh . 127
o) H &
129 H
15a
128
—————————————————————————— heteroaromatic boronate esters --------------------------
Lautens (2009) [69]
Bpin [Rh(COD)CI], (3 mol %)
Y}D \ t-BusPH*BF 4~ (6 mol %)
+
Y. X COZR N32003 (2 eqUiV)
1,4-dioxane/H,0 10:1
130 131 80°C,3h 132
1.0-1.9 equiv 1.0 equiv 10 examples
X=0,NR X=N,0,S 22-98% vyield
Y =CR, NR

Scheme 23: Rh-catalyzed cyclization of bicyclic alkenes with dienyl- and heteroaromatic boronate esters.

diverges from the previous mechanism undergoing a 1,6-addi-
tion resulting in 129. A rapid protodemetalation with water then
occurs releasing the final vinylcyclopropane product 126a and
regenerating the active Rh(I) species. A later 2009 investiga-
tion revealed methyl groups a to the ester produced a hydro-
functionalization product [68]. Dienylboronate esters bearing
methyl groups B to the ester group produced vinylcyclopropane
products 126 while dienylboronate esters bearing methyl groups
at the 0 or y position resulted in cyclopentene products.

In 2009, the Lautens lab continued investigating the reactions of
bicyclic alkenes 130 with a novel range of heteroaromatic

boronate esters 131 (Scheme 23) [69]. This has previously been

a challenging transformation due to the propensity of these
systems to produce non-cyclized hydroarylation products due to
an unproductive rhodium 1,4-migration on heteroaromatic
moieties. The use of benzothiophene, benzofurans, and
benzopyrrole boronate esters in this investigation prevented this
shift as these systems lack the hydrogen to participate in this
shift. This reaction proceeded smoothly with a variety of
bicyclic alkenes although diazabicyclic alkenes had little to no
reactivity. Moreover, benzofuran and benzopyrrole boronate
esters resulted in low yields.

In 2011, the Lautens lab reported the Rh-catalyzed domino

reaction of doubly bridgehead-substituted oxabicyclic alkenes
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134 with secondary amine nucleophiles 135 for the synthesis of
bicyclo[2.2.2]lactones 136 (Scheme 24) [70]. This reaction
proceeded smoothly with a variety of secondary amine nucleo-
philes, including those with hydrocarbon, ether, acetal, and ester
functionalities; although, aniline nucleophiles only resulted in
the one step asymmetric ring-opening (ARO) product under the
standard reaction conditions. Fortunately, the authors noted the
addition of triethylamine allowed for aniline nucleophiles to
undergo the domino reaction, generating the desired
bicyclo[2.2.2]lactone 136. The authors proposed the reaction
first takes place through an ARO of the doubly bridgehead-
substituted oxabicyclic alkene with the secondary amine
nucleophile ultimately producing 137. The Rh(I) catalyst then
facilitates the allylic alcohol isomerization in 137 resulting in
the aldehyde 138. This aldehyde, in close proximity to the
tertiary alcohol, leads to the production of the hemiacetal 139
which can finally undergo an oxidation producing the final bi-
cyclo[2.2.2]lactone product 136.

Lautens (2011) [70]

Beilstein J. Org. Chem. 2023, 19, 487-540.

In 2011, the Radhakrishnan laboratory reported the carboannu-
lation of diazabicyclic alkenes 130a with 2-cyanophenyl-
boronic acid (140) and 2-formylphenylboronic acid (142) for
the synthesis of indanones 141 (Scheme 25) [71]. This reaction
proceeded smoothly with a variety of substituted diazabicyclic
alkenes including a variety of ester substituents on the nitro-
gens and sterically more hindered tricyclic adducts. Mechanisti-
cally, the authors proposed the reaction begins with a trans-
metalation of 2-cyanophenylboronic acid with the Rh(I) species
resulting in 143. Upon association of 143 with the diazabi-
cyclic alkene 132a a syn exo-addition occurs producing 144.
Subsequently, coordination of the Rh(I) to the electrophilic
cyano group leads to an intramolecular addition producing 145.
The imine undergoes a hydrolysis releasing the final carboannu-
lated product 141 as well as regeneration of the active Rh(I)
catalyst. A similar mechanism can be envisioned for the carbo-
nannulation of diazabicyclic alkenes with 2-formylphenyl-
boronic acid up to the last step which likely operates through a

HO HO
H Rh(COD),OTf (5 mol %)
| A @ + ! (R, Sp)-Josiphos (6 mol %) (
= RTN\RZ
THF (0.3 M), 60 °C, 16—-18 h
HO NEt; (0—1.1 equiv)
134 135
1 equiv 1.1 equiv 14 examples

I
N
«N< o

S R

™
/
g 136
134
oS w

31-78% yield
97 to >98% ee

R‘N\RZ > s

R1
HO. .
DO
=
137
HO

Scheme 24: Rh-catalyzed domino lactonization of doubly bridgehead-substituted oxabicyclic alkenes with secondary amine nucleophiles.
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CN [Rh(COD)CI], (5 mol %) O
N +)-BINAP (10 mol %
ZE\( COR * @ ® ( ) Necor
“CO,R B(OH), Cs,CO3 (2 equiv) N. 2
1,4-dioxane/H,0 9:1 COR
130a 140 a0 °C 242h ' 141
1.0 equiv 1.0 equiv ’ 10 examples
67-96% vyield
———————————————————————————— 2-formylphenylboronicacid ----------------------------
CHO [Rh(COD)CI], (5 mol %) O
N. (x)-Monophos (10 mol %)
A coRr * @[ ° Necor
“CO,R B(OH), KoCO3 (1.5 equiv) N\CO Fi
CH3CN, 80 °C, 24 h 2
130a 142 s ‘ 141
1.25 equiv 1.0 equiv 7 examples
25-41% yield
———————————————————————————————— mechanism -----------------------------—---
140
141a Rhl(OH) (\
=
B(OH)3 PPh
PPh,
99
CN (£)-BINAP
NRh!
Rh!
143 0 0
p—-NMe,
!
o
144 130a OO

(x)-Monophos

“CO,R

Scheme 25: Rh-catalyzed domino carboannulation of diazabicyclic alkenes with 2-cyanophenylboronic acid and 2-formylphenylboronic acid.

B-hydride elimination of the Rh(I) alkoxide, furnishing the final
carbonyl-containing product.

In 2013, Lautens reported the synthesis of oxazolidinone scaf-
folds 147 through a domino ARO reaction followed by cycliza-
tion reaction of oxabicyclic alkenes 30 with sodium cyanate
(146) (Scheme 26) [72]. This reaction proceeded smoothly with
electron-rich oxabenzonorbornadiene derivatives; however,
electron-poor oxabenzonorbornadiene derivatives resulted in
reduced yield and enantioselectivity. Bridgehead-substituted,
non-benzo-fused oxabicycles, as well as azabicyclic alkenes
failed to produce the desired product. When the benzo-fused
moiety was unsymmetrically substituted, little regioselectivity
was observed. Based on X-ray crystallographic data for their
final product, and previously reported Rh-catalyzed ARO reac-
tions, the authors hypothesized the reaction begins with the oxi-
dative addition of the Rh(I) catalyst into the bridgehead C-O

bond of the oxabenzonorbornadiene producing 148 which is
considered the enantiodetermining step. The isocyanate anion
then nucleophillically attacks the alkene in an SN2’ fashion pro-
ducing the trans-isocyanate 149. Subsequently, insertion of the
Rh-O bond into the isocyanate results in 150. Finally, protonol-
ysis produces the oxazolidinone product 147e as well as regen-
erates the active Rh(I) catalyst.

In 2013, the Radhakrishnan laboratory reported the Rh-cata-
lyzed oxidative coupling of salicylaldehyde derivatives 151
with diazabicyclic alkenes 130a producing fused chromanone
derivatives 152 (Scheme 27) [73]. It was determined alkyl- and
methoxy-substituted salicylaldehydes resulted in a minor reduc-
tion of yield while salicylaldehydes with EWGs failed to react.
The authors hypothesized the reaction mechanism begins with
the association of the Rh(II) catalyst with the hydroxy group of

salicylaldehyde (151a) resulting in a selective cleavage of the
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Rh(COD),0Tf (8 mol %) Z
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—R
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30 146 7 examples
1 equiv 2 equiv 35-73% yield
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Scheme 26: Rh-catalyzed synthesis of oxazolidinone scaffolds 147 through a domino ARO/cyclization of oxabicyclic alkenes 30 with sodium cyanate

(146).

aldehyde C-H bond producing the rhodocycle 153 which side-
on coordinates with the alkene of the azabicycle producing 154.
A C-N bond cleavage occurs creating m-allylrhodium 155.
Subsequently, the phenol oxygen then adds to the m—allyl
species in a cis fashion, furnishing 156 which is proposed to be
the enantiodetermining step. The carbonyl-rhodium species 156
inserts into the alkene to produce 157. Following this, B-hydride
elimination occurs yielding the final product 152 and a Rh(I)
species which is oxidized back to its active Rh(III) state by
Cu(OAc);,-H;0.

In 2017, Radhakrishnan reported a Rh-catalyzed annulation of
O-acetyl ketoximes 159 or N-methoxybenzamides 161 with

[2.3.1]-bicyclic alkenes 158 for the synthesis of isoquinoline
(160) or isoquinolone-fused bicycles 162 (Scheme 28) [74].
Compared to their previous C—H functionalization reaction
(Scheme 27) [73], no ring opening was observed. This reaction
with O-acetyl ketoximes was amenable to a variety of para-sub-
stituents including methoxy and halide groups; however,
O-acetyl ketoximes with ortho- or meta-substituents failed to
react. A small number of substituted [2.2.1]diazabicyclic
alkenes 130a were successfully employed, albeit with slightly
lower yields. In the reaction with N-methoxybenzamides 161,
the same substituent trends were seen as that with the reaction
with O-acetyl ketoximes. Mechanistically, the reaction begins
when the Rh(III) catalyst is converted to an active Rh(III)
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R? R'0,C

[RhCI,Cp*]2 (3 mol %) H
Cu(OAc),'H50 (2 equiv)

R2
N OH
ﬁl}N’ COR' *

“CO,R!

) NH
R3 C02R1

R3 CHO CH3CN, 80 °C, 16 h 152
130a 151 0
. . 17 examples
1.0 equiv 1.0 equiv 40-70% yield
———————————————————————————————— mechanism ---------------------------—---—--
JC
152a . CHO
% Rh lem
1
R OQC\N 2cu O
l\\l, H 2cu'
R10,C" 0 -Rh'"
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Rh'! H 153 H 130a
o]
) 157
R'0,C.-
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No.,

Scheme 27: Rh-catalyzed oxidative coupling of salicylaldehyde derivatives 151 with diazabicyclic alkenes 130a.

species, by AgSbFg and Cu(OAc),, which oxidatively inserts
into the ortho C-H bond forming 163. Migratory insertion of
the alkene forms 164. Next, cleavage of the N-O bond fol-
lowed by an oxidative addition of the Rh(III) to the N-O bond
forms intermediate 165 which can finally undergo reductive

elimination giving the final product 160a.

In 2013, Li reported the domino coupling reaction of 2-phenyl-
pyridines 165 with oxa- and azabicyclic alkenes 30
(Scheme 29) [75]. When investigating the reaction with oxaben-
zonorbornadiene (30b), the resulting product was found to ex-
clusively be the dehydrated 2-naphthalene derivative 166. It
was found that the addition of pivalic acid greatly improved the
yield, likely due to its facilitation of C—H activation as well as
its involvement in the dehydration process. This reaction
proceeded smoothly with a variety of both EWGs and EDGs on
the 2-phenylpyridine. Interestingly, when swapping the pyri-
dine directing group for thiophene or furan, yields were im-

proved although quinolinyl and pyrimidyl directing groups,

despite reacting, resulted in a mixture of mono- and diarylation
products. When investigating substituted oxabenzonorbornadi-
enes both mono- and diarylated products were formed with only
moderate yield. When azabenzonorbornadienes 30 were investi-
gated in the same redox-neutral conditions no reaction occurred;
however, upon the addition of AgOAc a cis-fused dihydrocar-
bazole product was formed (Scheme 29). Mechanistically this
reaction was proposed to proceed through first a conversion of
the Rh(III) catalyst to the active Rh(III) species by AgSbFg.
This active Rh(III) catalyzes the cleavage of the ortho-C-H
bond of 2-phenylpyridine furnishing 168. This is followed by
the cis addition of 168 to the oxabenzonorbornadiene produc-
ing 169 whereby subsequent f-oxygen elimination affords 170,
followed by protonolysis producing 171 and regenerating the
active Rh(III) species. Finally, a dehydration occurs furnishing
the final product 166. In terms of the azabicyclic substrates,
following the B-eliminated heteroatom, a second round of C—H
activation/reductive elimination occurs to generate the annu-
lated product 167.
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X [RhCp*Cl,], (5 mol %) N X
; A—N-0Bn . S -OAc _AgSbFs (10 mol %) S—N-OBn
N Cu(OAc), (2 equiv) N
BnO Yo R toluene, 80 °C, 12 h " BnO o
158 159 X =CH,, O,NR 160
1 equiv 1 equiv 17 examples
47-91% yield
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- NH
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1 equiv 1.2 equiv 16 examples
2-75% yield
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RhCp*Cl
AgSbF, Cu(OAc) [RRCP™CLI2 A1, cu(sbFe),
_N /OBn \ S OAC
Rhlll
159a
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Rh'” (\ - OAC
i
/
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BnO o)
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'/
N
BnO o)
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Scheme 28: Rh-catalyzed reaction of O-acetyl ketoximes with bicyclic alkenes for the synthesis of isoquinoline-fused bicycles.

In 2014, Chen and Li reported the Rh-catalyzed domino dehy-
drative naphthylation of oxabenzonorbornadienes 30 with

N-sulfonyl 2-aminobenzaldehydes 172 (Scheme 30) [76].

This reaction was amenable to a variety of EDG, EWG, as
well as a broad scope of sulfonyl groups. Surprisingly, this
reaction also proceeded smoothly with nitro substituents on
the benzene ring which are typically problematic in C-H activa-
tion reactions. Through mechanistic studies, the authors pro-
posed the rate limiting step for this reaction is the C-H
cleavage.

In 2015, Miura and co-workers reported the Rh-catalyzed

domino dehydrative naphthylation of oxabenzonorbornadienes

30 with arylphosphine derivatives 174 (Scheme 31) [77]. The
reaction was amenable to a wide range of substituted arylphos-
phine derivatives. Moreover, the reaction could be extended to
include various phosphinate, phosphonate, and phosphonamide
derivatives. The use of triarylphosphine oxides required the
reaction to be performed at a 2:1 ratio with oxabenzonorborna-
dienes 30 to prevent multiarylated products from being formed.
Arylphosphine sulfides were also investigated but gave unim-
pressive yields (8%); however, upon a substitution of the
AgOAc for 3 equiv of AcOH moderate yields were obtained
(39%). Mechanistically, this reaction likely operates in a simi-
lar manner to the previously discussed C—H activation/dehydra-

tion domino reactions.
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Li (2013) [75]
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Py PivOH (2 equiv) L~
1,4-dioxane PY 166
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. . ’ 20 examples
1 equiv 1.5 equiv 40-90% yield
———————————————————————————— azabenzonorbornadienes ----------------------------
R EWG
|\ S N’EWG [RhCp*Cl,], (4 mol %) N
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. . 20 examples
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Scheme 29: Rh-catalyzed domino coupling reaction of 2-phenylpyridines 165 with oxa- and azabicyclic alkenes 30.

Chen and Li (2014) [76]
[RhCp*Cl,), (2.5 mol %)
NN

(0] (0]
(0]
R2.7~— + H A92003 (2 equiv) | ~R2
S / / 1 . N
NHSO.R KPFg (2 equiv) NHSO.R'
DCE, 100 °C, 16 h 2
173

19 examples
49-87% vyield

30 172
1.2 equiv 1 equiv

Scheme 30: Rh-catalyzed domino dehydrative naphthylation of oxabenzonorbornadienes 30 with N-sulfonyl 2-aminobenzaldehydes 172.
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Scheme 31: Rh-catalyzed domino dehydrative naphthylation of oxabenzonorbornadienes 30 with arylphosphine derivatives 174.

In 2020, a similar method for the construction of 2-aryl-substi-
tuted naphthalene cores was discussed by Wang and co-workers
who disclosed a Rh-catalyzed C-H bond naphthylation of
anilides and benzamides with azabenzonorbornadienes [78].
Interestingly, the dehydration step occurred smoothly with an
aza-leaving group rather than the more common oxa-leaving

group discussed above.

In 2013, the Radhakrishnan laboratory reported the Rh-cata-
lyzed domino ring-opening coupling reaction of azaspirotri-
cyclic alkenes 176 using arylboronic acids 177 (Scheme 32)
[79]. This reaction proceeded well with a variety of ester sub-
stituents on the nitrogens of the azaspirotricyclic alkenes. The
authors proposed this reaction proceeds first through a trans-
metalation of the arylboronic acid 177a with the Rh(I) catalyst
producing 179 which undergoes a cis addition to the azaspirotri-
cyclic alkene resulting in intermediate 180. C—H cleavage at the
ortho-position followed by an intramolecular reductive elimina-
tion affords in 182. Unlike previous reports [80], this aryl-
rhodium complex has a long enough lifetime to propagate
further. A subsequent migratory insertion into a second
azaspirotricyclic alkene furnishes 183. Finally, the anion from
the catalyst attacks 183 causing a ring opening, forming the
final product 178d and regenerating the Rh(I) catalyst. Keeping
with other mechanisms, the Rh(I) may also undergo an anti-f-
nitrogen elimination to furnish the ring-opened intermediate
[80].

In 2016, Liu reported the Rh(III)/Sc(IlI)-catalyzed domino reac-
tion of oxabenzonorbornadienes 30 with alkynols 184 directed
by a transient hemiketal group (Scheme 33) [81]. The use of a

transient directing group avoids the tedious process of installa-

tion and then removal of directing groups which is a common
issue. A variety of substituents were tolerated on both the
alkynols 184 and oxabenzonorbornadienes 30; however, substi-
tuted oxabenzonorbornadiene derivatives typically had dimin-
ished reactivity. Expansion of the bicyclic scope was limited as
other bicycles such as norbornene failed to react. The authors
propose the catalytic cycle begins with the Rh(III)-catalyzed
hydration of the alkynol to produce 186 followed by a Sc(III)-
catalyzed addition to form the transient hemiketal 187. Ortho-
C-H activation generates 188 which can undergo migratory
insertion with the Sc(Ill)-coordinated oxabicyclic alkene 189 to
form 190. B-Oxygen elimination, likely assisted by the Sc(III)
Lewis acid, produces 191 which subsequently undergoes a
protonolysis forming 192 and regenerating the Rh(III) and
Sc(III) catalysts. Next, 192 is dehydrated producing 193 which
finally undergoes a Prins-type cyclization to afford the final
product 185.

In 2018, the Fan laboratory reported the Rh-catalyzed asym-
metric cyclization/addition domino reaction of 1,6-enynes 194
with oxa/azabenzonorbornadienes 30 (Scheme 34) [82]. Both
oxa- and azabenzonorbornadienes 30 worked well; however, the
authors noted the latter produced better enantioselectivities
while sterically bulky substituents led to both reduced yield and
enantioselectivities. The authors proposed the reaction mecha-
nistically occurs though the coordination and reaction of the
Rh(I) species with the 1,6-enyne 194a producing 196 which
undergoes an oxidative cyclization leading to 197. Subsequent
B-hydride elimination forms 198 which side-on coordinates
with azabenzonorbornadiene 30c¢ forming 199. Migratory inser-
tion of the olefin followed by reductive elimination of the
hydride affords the final product 195a.
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Scheme 32: Rh-catalyzed domino ring-opening coupling reaction of azaspirotricyclic alkenes using arylboronic acids.

In 2019, the Shao group reported the Rh/Zn-catalyzed domino
ARO/cyclization of oxabenzonorbornadienes 30 with phos-
phorus ylides 201 (Scheme 35) [83]. Despite the difficulty of
using phosphorus ylides as nucleophiles in metal-catalyzed
reactions due to their ability to strongly bind transition metals,
this reaction proceeded smoothly with a broad range of ester-,
ketone-, and amide-stabilized phosphorus ylides. Oxabenzonor-
bornadienes bearing both EWG and EDG substituents worked
well including bridgehead-substituted substrates which only
experienced a slight reduction in yield. Similar to other ARO

reactions, the catalytic cycle is proposed to begin with the oxi-

dative insertion of the Rh(I) catalyst into the bridgehead C-O
bond producing 204. The phosphorus ylide attacks 204 in an
SN2’ fashion on the endo face giving the ring-opened 205 as
well as regenerating the Rh(I) catalyst after dissociation. Alter-
natively, 205 can undergo a ring closure followed by a subse-
quent C-P-bond cleavage causing a ring opening resulting in
207. Intramolecular SN2’ and elimination of the phosphine
oxide generates the final product 202e which the authors
propose is stereoselective due to significant steric interactions
between the carbonyl and aryl groups. The authors proposed
that the Zn(OTf), Lewis acid cocatalyst may activate the
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Liu (2016) [81]

RZ
(0]
X 4 \(H + 3 =
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H
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1.5 equiv 1 equiv
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2
[RhCp*Cly], (2.5 mol %) R
Sc(OTf)3 (5 mol %) 0
AgOAc (50 mol %) il A J \/R3
PivOH (1.5 equiv) A __
H,0 (6 equiv)

DCE, 80 °C, 18 h

185
27 examples

30-78% yield

Scheme 33: Tandem Rh(lll)/Sc(lll)-catalyzed domino reaction of oxabenzonorbornadienes 30 with alkynols 184 directed by a transient hemiketal

group.

bridging oxygen of the oxabenzonorbornadiene lowering the

kinetic barrier of C—O oxidative addition.

In 2019, Lautens reported the Rh-catalyzed domino ring
opening/lactonization of oxabenzonorbornadienes 30 with
nosyl-protected amino acid-derived nucleophiles 208
(Scheme 36) [84]. This reaction proceeded smoothly with a
range of amino acid derivatives; however, the authors noted that
increased steric bulk of the nucleophiles reduced the yields
which they attributed to the lactonization being disfavored
on steric grounds. In contrast to other ARO reactions, substitu-
ents on the oxabicycles were not tolerated well and only two
derivatized substrates successfully reacted with greatly dimin-

ished yields. Moreover, amino acid derivatives without a-sub-

stituents failed to react, leading the authors to conclude that
a-substitution is required to make lactonization kinetically

feasible.

In 2019, the Punniyamurthy lab reported the Rh-catalyzed
domino C-C/C-N bond formation of azabenzonorbornadienes
30 with aryl-2H-indazoles 210 (Scheme 37) [85]. This reaction
was amenable to both EWGs and EDGs; however, it was noted
that an azabenzonorbornadiene bearing a pyridine-2-sulfonyl
protecting group only produced a trace amount of product
which was attributed by the authors to an unproductive chela-
tion of the Rh(IIl) by the pyridine nitrogen. Furthermore, aryl-
2H-indazoles with para-substituents failed to react which the

authors attributed to both electronic and steric effects.
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—= R?x R%x
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Scheme 34: Rh-catalyzed asymmetric domino cyclization and addition reaction of 1,6-enynes 194 and oxa/azabenzonorbornadienes 30.

In 2020, Bian and Wang reported the Rh/Pd-catalyzed domino
reaction of indole derivatives with 2-(phenylethynyl)anilines
212 and oxabenzonorbornadienes 30 (Scheme 38) [86]. In this
reaction, both EWG and EDG substitutions were tolerated; al-
though, the authors noted the latter reduced the yield and enan-
tioselectivity of the final product. These indole derivatives are
widely present in many nonsteroidal anti-inflammatory drugs
such as indomethacin. The indole derivatives synthesized were
subjected to virtual screenings for their anti-inflammatory prop-
erties and three of them (213a, 213b, and 213c) showed better
results than indomethacin. Mechanistically, this transformation
proceeds initially through a Rh-catalyzed ARO via the aromat-

ic amine nucleophile followed by an Pd-catalyzed cyclization.

In 2021, He and Tian reported the Rh-catalyzed domino 1,2-
carborhodation of heterobicyclic alkenes 30 with B,pin; (53)
(Scheme 39) [87]. EDGs and EWGs were well tolerated on the
benzo-fused moiety; however, bridgehead substituents shut-
down the reaction. Carbocyclic alkenes, like benzonorborna-

diene, failed to produce the desired product leading the authors

to conclude the bridging heteroatom of oxa- and azabenzonor-

bornadiene played a vital role in the carboboration reaction.

In 2021, Ellman reported a Rh(IlI)-catalyzed three-component
1,2-carboamidation reaction of bicyclic alkenes 30 with aromat-
ic and heteroaromatic C—H substrates 215 and dioxazolones 216
(Scheme 40) [88]. This reaction was successful with a wide
range of directing groups and substituents on the heteroaro-
matic C—H substrate and a broad range of bicyclic alkenes.
Bicyclic diene derivatives like norbornadiene failed to react,
likely due to non-productive complexation to the catalyst. Using
a chiral cyclopentadiene ligand, the authors showcased an
asymmetric variant of the reaction producing 5 enantioenriched
products with an average enantiomeric excess of 80% ee. The
authors proposed the reaction begins with a concerted metala-
tion—deprotonation of the aromatic C—H substrate 215a with the
Rh(III) catalyst yielding 218. Migratory insertion of the olefin
of 15a to 218 produces 219. Subsequently, nitrene insertion of
the dioxazolone 216a to 219 furnishes 220, which after
protodemetalation yields the final product 217e.
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1 equiv 2-3 equiv 56-99% vyield
86—99% ee

CO,Et
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Scheme 35: Rh/Zn-catalyzed domino ARO/cyclization of oxabenzonorbornadienes 30 with phosphorus ylides 201.

Palladium-catalyzed reactions

In 1998, Kosugi and co-workers explored the Pd-catalyzed
diarylation and dialkenylation reactions of norbornene deriva-
tives 8 (Scheme 41) [89]. The authors noted the use of
chloroacetone was crucial to the reaction as it acted as an
exogenous oxidant. Although not perfect, alkenyl stereochemis-
try was retained for the majority of examples. In the case of (Z)-
tributylstannylacrylate, the exclusive product was the exo-cis-
(E,Z)-difunctionalized product. Albeit low yielding, heterobi-
cyclic alkenes were tolerated and produced both diarylated and
dialkenylated products 222. On the other hand, benzo-fused

heterobicyclic alkenes failed to give the difunctionalized prod-

uct with the corresponding monofunctionalized ring-opened
species being the sole product. Concurrently, the Kang laborato-
ry investigated similar reactivity, disclosing an alternative
method for diarylated norbornene derivatives through the three-
component coupling of bicyclic alkenes and iodonium salts or
diazonium salts with organostannanes, or sodium tetraphenyl-
borate [90]. In 2021, Liu and Chen investigated the use of
organoammonium salts and organoboronic compounds as a
simple method for the synthesis of diarylated norbornene
derivatives [91]. The reaction was also applicable for the addi-
tion of benzyl and allyl groups via the organoammonium

species.
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Lautens (2019) [84]

0 0 [Rh(COD)OH]; (2.5 mol %)
R NsHN\)J\OMe (R, Sp)-PPF-Pt-Bu (5.0 mol %)
X = 4 AMS (25% wiv)
MeCN 0.2 M
30 208 60°C, 16 h 19 examples
1 equiv 1.1 equiv 12-87% yield
98:2-99:1 er

61%, >99:1 er (209a) 87%, >99:1 er (209b) 66%, >99:1 er (209¢c)

Scheme 36: Rh-catalyzed domino ring opening/lactonization of oxabenzonorbornadienes 30 with 2-nitrobenzenesulfonamides amino acid-derived
nucleophiles 208.

Punniyamurthy (2019) [85]

NR? nd [Cp*Rh(CH3CN)3](SbFe), (5 mol %)
R! > X Cu(OAc),*Ho0 (2.5 equiv)
R RAF CsOAc (1 equiv)
DCE, 110 °C, 24 h
30 210 211
1-1.2 equiv 1-1.2 equiv Ind = 2H-indazole 31 examples

37-80% yield

Scheme 37: Rh-catalyzed domino C—C/C—N bond formation of azabenzonorbornadienes 30 with aryl-2H-indazoles 210.

Bian and Wang (2020) [86]

o AN NH2 N X
E [Rh(COD)CI], (1.25 mol %) Riv
R=d 7 ° AN L4 (2.75 mol %) N
S OH =
R? Pd(MeCN),(OTf), (5 mol %) 213 R?
30 212 DMF, rt 27 examples
1.2 equiv 1 equiv 57-88% yield
85-99% ee

——————————————————————————————— selected examples - ---------------------------- -~

< l l )p Pt Bu,

i PCy
OH )= H
SiPPry OMe OH )=
Ph
67%, 97% ee (213a) 71%, 90% ee (213b) 83%, 92% ee (213c)

Scheme 38: Rh/Pd-catalyzed domino synthesis of indole derivatives with 2-(phenylethynyl)anilines 212 and oxabenzonorbornadienes 30.
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R? y Rh-cat 1 (5 mol %)
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R? MeOH (2.5 equiv)
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30 53 70-98% yield R
1.0 equiv 1.0 equiv 98 to >99% ee

91%, >99% ee (214a)

70%, 98% ee (214b)

Rh-cat 1
83%, >99% ee (214c)

Scheme 39: Rh-catalyzed domino carborhodation of heterobicyclic alkenes 30 with Bopin, (53).

In 2008, the Liu laboratory explored the Pd-catalyzed three-
component 1,2-arylalkynylation of oxabenzonorbornadiene
derivatives 30 (Scheme 42) [92]. Unlike previous reports
disclosing the coupling of aryl halides and oxabicyclic alkenes,
the authors disclosed the use of 5 M aqueous NaOH to hinder
unwanted B-oxygen elimination, promoting difunctionalization
of the olefin. The use of the phase-transfer catalyst was para-
mount, as its removal resulted in little to no conversion. Aryl,
alkynyl and alkenyl iodide derivatives, as well as methyl iodide,
were shown to operate in the reaction; however, only aryl
iodide derivatives routinely gave the desired product in appre-
ciable yield.

In 2022, Wan and Chen explored similar reactivity using aryl
triflates (Scheme 42) [93]. The scope of aryl triflates was
expansive with derivatives from biologically relevant com-
pounds, like vanillin (227b) and eugenol (227a), being applic-
able. Unfortunately, the authors did not expand their scope
beyond carbobicyclic frameworks; however, it would be ex-
pected the difunctionalization likely does not occur with hetero-
bicyclic alkenes as f-heteroatom elimination could likely be the
predominate pathway.

In 2023, Ji and Liu expanded on the Pd-catalyzed three-compo-
nent arylalkynylation of oxabenzonorbornadiene derivatives
(Scheme 43) [94]. Initially reported by Liu and co-workers in
2006 [95], present conditions were altered to avoid aqueous
NaOH, opting for Cs,CO3. Interestingly, the reaction was
applicable to a variety of functional groups, including esters,

chlorines, and bromines. In line with similar reports, the scope

of bicyclic alkenes was limited with all but a single example
being performed on norbornene. DFT calculations were used to
explore the reaction mechanism which involves the oxidative
addition of the C-I bond, coordination, migratory insertion,
transmetalation, and reductive elimination. The authors deter-
mined the migratory insertion via TSj35_733 is the rate-deter-
mining step for the catalytic cycle.

In 2014, Ma and Wang reported the Pd-catalyzed three-compo-
nent coupling of N-tosylhydrazones, aryl halides, and
norbornene (Scheme 44) [96]. The reaction tolerated small sub-
stituents on the N-tosylhydrazone and aryl halide coupling part-
ners, but the reaction was quite sensitive to ortho-substitution
and steric bulk. Generally, the reaction gave the corresponding
product in good yield and excellent diastereoselectivity; howev-
er, a few substrates produced diastereomeric ratios of 3:1. As
the propensity for an exo-selective migratory insertion is well
understood, it is surprising some products displayed such poor
selectivity. As such, this may indicate some form of stereoiso-
merization rather than a poorly selective migratory insertion. In
the following year, Xu and Liang reported a reaction involving
the same three coupling partners [97]. By altering the reaction
conditions, the authors observed the first palladium-catalyzed
ring opening of norbornene to prepare methylenecyclopentane

derivatives via an unusual -carbon elimination.

In 2016, the Song laboratory reported the Pd-catalyzed arylbo-
ration of norbornene derivatives (Scheme 45) [98]. Generally,
electron-rich aryl halides afforded the product in a higher yield

than those bearing electron-withdrawing groups. Moreover, the
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X = CHp, O, NR

24 examples
45-91% yield

Scheme 40: Rh-catalyzed three-component 1,2-carboamidation reaction of bicyclic alkenes 30 with aromatic and heteroaromatic C—H substrates 215

and dioxazolones 216.

reaction was amenable to heteroaromatic iodides, but yields
were diminished. The authors showed aryl bromides were toler-
ated albeit with slightly diminished yields relative to their
iodide-containing counterparts. The scope of bicyclic alkenes
was mainly limited to norbornene with a single example using

norbornadiene.

In 2019, Jiang and co-workers expanded on this chemistry and
revealed allyl carboxylates can be used as the nucleophilic
partner in carboborylation difunctionalization reactions
(Scheme 45) [99]. Besides allyl acetates, the authors revealed
formates, propionates, and butanoates were able to afford the

desired product; however, allyl bromides and chlorides failed.
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Scheme 41: Pd-catalyzed diarylation and dialkenylation reactions of norbornene derivatives.
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Scheme 42: Three-component Pd-catalyzed arylalkynylation reactions of bicyclic alkenes.

Unfortunately, the reaction was sensitive to the bicyclic alkene
used; norbornadiene and 2,3-diester-substituted norbornene
were unable to undergo the transformation. Surprisingly,
oxabenzonorbornadiene was amenable and afforded the difunc-
tionalized product in 44% yield rather than a ring-opened prod-

uct.

In 2018, Fu and Chen reported the Pd-catalyzed, three-compo-
nent annulation of aryl iodides 66, alkenyl bromides 241, and
bicyclic alkenes 1 (Scheme 46) [100]. Similar reports by the
Lautens [101] and Perumal [102] laboratories have demon-
strated the use of norbornene derivatives for the synthesis of
tetrasubstituted olefins; however, limited work has been done
for the synthesis of trisubstituted olefins. The authors noted
ortho-substituted iodobenzenes delivered products in a greater

yield compared to their strictly meta- or para-substituted coun-

terparts like due to the elimination of complex byproducts. Typ-
ically, reactions gave products with very high Z stereoselectivi-
ty. The authors demonstrated the methodology could be applied
towards the synthesis of tetrasubstituted olefins as well, giving
the desired product in moderate to good yields. This methodolo-
gy avoided the use of highly substituted internal alkynes, a sub-
strate which can be more difficult to synthesis than its alkenyl
bromide counterpart. The reaction is applicable to other bicyclic
alkenes although with slightly diminished yields compared to
norbornene. Unsymmetrically substituted bicyclic alkenes bear-
ing relatively sensitive functionalities, such as -CHO and -CN,
worked, albeit with no regioselectivity.

In 2019, Perumal and Cho reported a Pd-catalyzed double inser-

tion/annulation reaction for synthesizing tetrasubstituted olefins
(Scheme 47) [103]. Mechanistically, the transformation
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/ |
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= Cs,CO5 (3.0 equiv) ’s BN ,
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61-98% yield
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Scheme 43: Three-component Pd-catalyzed arylalkynylation reactions of norbornene and DFT mechanistic study.

Ma and Wang (2014) [96]
| NNTs
=
P 2Ry G
N R2— |

15a 66 236

2 equiv 1 equiv 1.1 equiv

iR
Pd(PPh3)s (5 mol %)
K5COj3 (3.0 equiv) =
toluene, 80 °C 237 = 0 o
L
18 examples

47-98% yield
dr = 4:1 to >20:1

Scheme 44: Pd-catalyzed three-component coupling N-tosylhydrazones 236, aryl halides 66, and norbornene (15a).

524



Beilstein J. Org. Chem. 2023, 19, 487-540.

Song (2016) [98]

| Pd(OAc), (10 mol %) ~ I
ﬂb + R +  B,Pin, PPh; (20 mol %) N
. N . 238
K3PO4H,0 (2.5 equiv) BPin
15 66 53 THF, 100 °C
2 equiv 1 equiv 1.5 equiv 20 examples

38-87% yield
allyl carboxylates ------------------------------

Jiang (2019) [99]

X R A Rt
, Pd(PPhs) (5 mol %) @\/\/\
R1
A7t RS Toae t BRI 50601, (20 mol %) R BPin
R‘l
8 239 53 n-PrOH, 90 °C 240
1.1 equiv 1 equiv 1.1 equiv X =0, CH, 20 examples

38-87% yield

Scheme 45: Pd-catalyzed arylboration and allylboration of bicyclic alkenes.

Fu and Chen (2018) [100] B R2
r
3 —
» ~R? Pd(OAc), (10 mol %) "¢ .ﬁ .
X | TFP (25 mol %)
2 .
R 7 o+ R - + RS - K,COj3 (5.0 equiv) RS
1 NG~ L~ CH3CN
R R 54 examples
120°C, 12-24h 45-91% yield
1 66 241 242
3.0 equiv 1.0 equiv 1.5 equiv X=CH, 0O
Scheme 46: Pd-catalyzed, three-component annulation of aryl iodides 66, alkenyl bromides 241, and bicyclic alkenes 1.
Perumal and Cho (2019) [103]
1 —R'
Pd(OAc); (10 mol %) %
R! PPh3 (20 mol %) |
+
Lb * K2CO; (3.0 equiv) TN\
R2 DOMF __R2
15a 100°C, 3h 20 examples 245
. . 70-96% yield
3.0 equiv 1.0 equiv up to 607)/1 dr minor
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DMF
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15a : p
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Scheme 47: Pd-catalyzed double insertion/annulation reaction for synthesizing tetrasubstituted olefins.
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involves the formation of four new C—C bonds through three
consecutive carbopalladations and a C—H activation. Unlike the
anticipated exo migratory insertion seen almost exclusively in
these types of systems, the authors noted the second norbornene
moiety undergoes an endo-selective reaction, as confirmed
through X-ray crystallography. The diastereoselectivity of the
reaction was limited due to the production of the unanticipated
exo-endo adduct 244/247 which was formed as the major prod-
uct while the thermodynamically more stable exo-exo product

244/248 was only ever achieved in minor yields. The methodol-

van Vranken (2013) [104]

Pd(OAc), (10 mol %)

Beilstein J. Org. Chem. 2023, 19, 487-540.

ogy was explored with a broad scope of aryl substituents
revealing the robustness of the reaction. Additionally,
heteroaromatic alkynes 246 were found to be tolerable but gave

slightly diminished yields.

In 2013, van Vranken and co-workers reported the Pd-cata-
lyzed aminocyclopropanation of bicyclic alkenes 1 with
5-iodopent-4-enylamine derivatives 249 (Scheme 48) [104].
The reaction was effective for a range of N-substituted deriva-

tives 249; however, the reaction was sensitive to steric bulk.

PPh; (80 mol %)

R} NHR?
A7+
R !
1 249
10.0 equiv 1.0 equiv

87% (250a) 61% (250b)

n-BuyNCl (1.0 equiv)
selected examples

H U Q HoE Ho

82% (250c)

EtoNH (2.0 equiv)

RZ
H \
R! H N
I
R H
250
8 examples
45-87% yield

DMF, 80 °C
X=0,CH

45%, 1:1 dr (250d) 69% (250e)

———————————————————————————————— mechanism --------------------------------
H
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NHBn
X
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Scheme 48: Pd-catalyzed aminocyclopropanation of bicyclic alkenes 1 wi

ith 5-iodopent-4-enylamine derivatives 249.
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With large groups, like N-adamantyl, only modest yields of the
desired pyrrolidine product were obtained, owing to the forma-
tion of the vinylcyclopropane side product. Other bicyclic
alkenes were amenable, including an example with an oxabi-
cyclic alkene which underwent the desired reaction rather than
the anticipated f-oxygen elimination side reaction. The mecha-
nism for this transformation involves the oxidative addition of
the alkenyl iodide to the Pd(0) and side-on coordination to the
olefin 252, followed by the migratory insertion of the bicyclic
alkene to afford complex 253. Aminopalladation of the olefin
affords 254 which undergoes a reductive elimination to generate
the final product 250. In the case of the vinylcyclopropane side
product, complex 253 preferentially undergoes a carbopallada-
tion to generate a cyclopropane intermediate 255 which under-

goes a B-hydride elimination to give 256.

In 2017, Wu and Jiang reported a Pd-catalyzed, three-compo-
nent coupling of alkynyl bromides 62, norbornene derivatives
15, with electrophilic trapping agents (Scheme 49) [105]. Mech-
anistically, the transformation begins with the oxidative addi-
tion of the alkynyl bromide to the Pd(0) catalyst. From here,
four consecutive carbopalladation reactions ultimately end up
producing an alkylpalladium intermediate which undergoes a
B-carbon elimination to afford a Pd—m-allyl species. First, the
authors captured this m-allyl species with N-tosylhydrazone de-

Wu and Jiang (2017) [105]

Beilstein J. Org. Chem. 2023, 19, 487-540.

rivatives 236. Notably, alkynyl bromides 62 bearing electron-
withdrawing groups typically afforded the desired product in
greater yield. The scope of the N-tosylhydrazones 236 was
expansive with electronic substituents having little effect on the
reaction. Heteroaromatic N-tosylhydrazones 236 were applic-
able but gave diminished yields. Moving on, the authors
showed the Pd—m-allyl species can be trapped with boronic
acids 20. Like the N-tosylhydrazones 236, the substituents on
the boronic acid had little effect on the reaction. Lastly, the
authors demonstrated the use of Bypin, 53 to capture the Pd—m-
allyl species.

In 2006, the Cheng group investigated the Pd-catalyzed intra-
molecular cyclization/ring-opening reaction of heterobicyclic
alkenes 30 with 2-iodophenoxyallenes 260 (Scheme 50) [106].
Surprisingly, the efficacy of the reaction was more susceptible
to derivatization of the benzo-fused moiety with sterically
demanding functionalities rather than altering the electronics, as
seen with severely diminished yields with phenanthrene-fused
oxabicyclic alkenes. The reaction was unaffected by the iden-
tity of the bridging heteroatom with both oxa- and aza-bridging
atoms performing equally as well; although, the latter was only
explored a single time. Altering the tether length of the allene
moiety seemed to mildly affect the reaction with 5-membered
rings being formed in slightly greater yields compared to their

Pd,(dba)s (10 mol %)

" NNHTs  tri(2-furyl)phosphine (40 mol %)
Ay ¢ oe=e e K
R? t-BuOLi (4.0 equiv)
toluene
15 62 236 100 °C, 4 h 26 examples R2
] ] 23-80% yield
4.0 equiv 1.0 equiv 2.0 equiv dr > 20:1
——————————————————————————————— boronic acids  -------------------------------
Pd(OAC), (10 mol %) H AN\ 2
b, tri(2-furyl)phosphine (20 mol %) *i™
Lb ¢ Ri=— g + RIBOH), —elDIPnosphine@Imolk) o
Lo MeONa (4.0 equiv) R H
. 62 20 toluene R2
5 °
100 °C, 4 h 15 examples 258
47-73% vyield
4.0 equiv 1.0 equiv 2.0 equiv dr >/§0y:|1e
———————————————————————————————— diboron --------------------------------
Pd(OAc), (10 mol %) H..
) tri(2-furyl)phosphine (20 mol %) e
+ R'——-r + Bopin; -
¢-BuOLi (4.0 equiv) R'H
toluene Bpin
15a 62 53 100°C, 4 h 3 examples 259
. ) , 51-64% yield
4.0 equiv 1.0 equiv 2.0 equiv dr > 20:1

Scheme 49: Pd-catalyzed, three-component coupling of alkynyl bromides 62 and norbornene derivatives 15 with electrophilic trapping agents.
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Cheng (2006) [106]

X N
W RZ—I/\ Y/\.§
R/ Y/ /) + L |
30 260
1.2 equiv 1.0 equiv

Beilstein J. Org. Chem. 2023, 19, 487-540.

PdCl,(PPh3), (5 mol %)
Zn (1.5 equiv)
THF

80°C,16h
X =0, NCO,Et
Y =0, NTs
n=0,1

12 examples
45-87% yield

260a

Zn
PdCly(PPh3), —— [Pd]°

ZnX2

Scheme 50: Pd-catalyzed intramolecular cyclization/ring-opening reaction of heterobicyclic alkenes 30 with 2-iodophenoxyallenes 260.

6-membered counterparts. Mechanistically, this reaction oper-
ates similarly to other cyclization/capture chemistry seminally
presented by Griggs [107,108]. First, the Pd(II) catalyst is
reduced to the Pd(0) active catalyst with Zn metal. Oxidative
addition of the aryl iodide 260a to Pd(0) gives 262 which can
side-on coordinate with the allenyl group. Intramolecular migra-

tory insertion affords the Pd—m-allyl species 263 which can side-

on coordinate to the exo face of the bicyclic alkene 264. Rather
than dissociation of the iodide ligand to generate a cationic Pd
center, it has also been proposed the loss of a phosphine ligand
could allow for the generation of a free coordination site.
Migratory insertion affords intermediate 265 which undergoes a
B-oxygen elimination to 266. Transmetalation with ZnCl,

affords the zinc alkoxide 267 which is hydrolyzed to give the
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final product 261a. Alternatively, Zn metal could reduce Pd(II)
intermediate 266 to Pd(0) directly, bypassing the transmetal-

ation step.

In 2019, the Fan group explored the Pd-catalyzed dimer- and
trimerization of oxabenzonorbornadiene derivatives 30 with
anhydrides 268 (Scheme 51) [109]. The authors noted electron-
deficient oxabenzonorbornadiene derivatives resulted in dimin-
ished product yields. When electron-rich bicyclic alkenes were
used, the trimer 270 to dimer 269 ratio was increased. When
applied to unsymmetrically substituted bicyclic alkenes, the
authors propose the dimerized product was formed as a single
regioisomer, as evaluated by IH NMR, with no trimerization
observed.

In 2013, the Hu laboratory developed a method to form annu-
lated xanthones 272 using norbornadiene (15b), 3-iodo-
chromones 271, and aryl iodides 66 via a Catellani-type reac-
tion (Scheme 52) [110]. The authors proposed a mechanism
beginning with the oxidative addition of Pd(0) to 271a, fol-
lowed by migratory insertion across norbornadiene (15b) and
alkenyl C-H activation of the chromone ring, furnishing the
palladacycle 274. The oxidative addition of 274 to the aryl
iodide 66b yields a Pd(IV) species 275 that can undergo reduc-
tive elimination by either an sp?—sp> or sp2—sp? coupling event.
The authors probed the regioselectivity of this step using
p-iodotoluene and, based on the product, concluded that only
sp2—sp> coupling occurred. The resulting intermediate 276
undergoes an aryl C—H activation step and a subsequent reduc-
tive elimination yielding a norbornadiene-fused xanthone deriv-
ative 277, which forms the final product 272a via a retro-
Diels—Alder reaction. The reaction was generally tolerant of
substituted 3-iodochromones; however, substituted aryl iodides
were shown to have significant effects. Electron-donating para-
substituents and bulky ortho-substituents resulted in lower

Fan (2019) [109]

0O R

L , R?_O__R® POAC) (5mol %) pafl
R A j)f \fg Na,CO3 (0.5 equiv) 7

DCE, 80 °C
30 268

1.0 equiv 1.5 equiv

Beilstein J. Org. Chem. 2023, 19, 487-540.

yields while bulky meta-substituents could be used to influence
the regioselectivity of the C—H activation step. The scope was
limited to dienes because of the necessity for a retro-
Diels—Alder to furnish the desired product but a norbornane-
fused xanthone was also produced in 82% yield.

In 2017, Vijayan et al. investigated both the Pd-catalyzed
hydroarylation and annulation of urea-derived bicyclic alkenes
158 using aryl iodides 66 (Scheme 53) [111]. In both reactions,
the 1,2-migratory insertion of palladium across the olefin
resulted in a palladacycle intermediate that was further reacted,
either via hydride-donor or an ortho-directing group, to form
the hydroarylated 280 or annulated products 282, respectively.
For this reason, the formic acid additive was necessary in the
hydroarylation but was left out in the annulation to promote
capture by the phenolic directing group. The hydroarylation
gave moderate to good yields with EWGs and EDGs alike, as
well as accommodating ortho-substituents. It was also tolerant
of spiro-, furan-derived, and N-protected pyrrole-derived
bicyclic alkenes, all giving similar yields. The heterobicyclic
alkenes were shown to be compatible with the annulation as
well, though they resulted in slightly reduced yields compared
to the carbocyclic examples. Although the authors focused on
the use of an alcohol directing group for the annulation to
furnish dihydrobenzofurans, they also provided a simple exam-
ple using methyl bromide and nitrile directing groups giving

indane and indanone products in similar yields.

In 2018, the Chen laboratory explored a Pd/norbornene cocat-
alyzed Catellani annulation reaction of phenyl iodides 66 and
NH-sulfoximines 283 in an attempt to produce dibenzo-
thiazines [112]. Though they were successful in this effort, they
also reported accessing eight-membered sulfoximine hetero-
cycles when norbornene was not extruded, which was accom-
plished in two distinct ways (Scheme 54) [112]. The first

269 270
12 examples 10 examples
30-77% yield 20-45% yield

Scheme 51: Pd-catalyzed dimer- and trimerization of oxabenzonorbornadiene derivatives 30 with anhydrides 268.
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Hu (2013) [110] 0
B | Pd(OAc), (5 mol %)
IE ’ A;E CsPiv (2.0 equiv) R1_:/ =
1 I
A R ‘LS4 DMF, Hy0 (1.5 equiv) o o
130°C,3h 272 S
15b 66 -
19 examples
6.0 equiv 1.0 equiv 2.0 equiv 39-85% vyield
———————————————————————————————— mechanism ----------------—---—---—-------~---
)
o 280
=
(6] retro-| Dlels—AIder
reactlon
277 272a
O
| ! Pdl2 Csl,PivH  cspiv
O
271a
O
E\ | Pdl
0”7 213
CsPiv
Csl, PivH

15b A

Scheme 52: Pd-catalyzed Catellani-type annulation and retro-Diels—Alder of norbornadiene 15b yielding fused xanthone derivatives 272.

requires aryl iodides with meta-EWGs, which was shown by
DFT calculation to favor sp2—sp> coupling over sp?—sp? cou-
pling. This coupling step prevents the extrusion of norbornane
later without restricting the Pd catalyst’s access to the sulfox-
imine directing group, thus allowing the formation of the
8-membered heterocyclic product 284. The other method
requires slightly modified conditions, mainly by increasing the
equivalents of NH-sulfoximines 283, and for the phenyl iodides

have two ortho-hydrogens. The second hydrogen allows for

sequential C—H activation after the standard sp’—sp? coupling,
again preventing the extrusion of norbornene, and creating a
Pd(II) species that undergoes oxidative addition with the extra
sulfoximines provided, eventually forming a heterocycle bear-
ing two sulfoximine moieties 285. Understandably, the
presented examples are limited, as these products were of
secondary interest to the authors but yields of up to 94% for
product 284 and from 42% to 64% for product 285 were re-
ported.
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Radhakrishnan (2017) [111]
X

[Pd(allyl)Cl], (5 mol %)

Beilstein J. Org. Chem. 2023, 19, 487-540.

X
IA\N,OBn HCOOH (2.0 equiv) H >\N,OBn
AN * Ar—l Et;N (2.0 equiv) Ar\ZLN& 280
BnO CH3CN Bnd
0 80°C, 8h ¢
158 66
X = CH,, O, NBoc 16 examples
1.0 equiv 1.2 equiv cyclopropyl 55-93% yield
——————————————————————————————— 2-iodophenols - --------------------"-----—---—-
X o, X
0Bn oH PdCl, (5 mol %) 0 0Bn
An AN K,COj3 (2.0 equiv) 20 N
N R L~ Ris N
Bnd | CHSCN Bno’
% 80°C, 12h o}
158 281 282
. . X = CHa, O, NBoc 8 examples
1.0 equiv 1.2 equiv

45-70% vyield

Scheme 53: Pd-catalyzed hydroarylation and heteroannulation of urea-derived bicyclic alkenes 158 and aryl iodides 66.

Chen (2018) [112]

Pd(OAc), (10 mol %) 0=

PPh; (25 mol %) 284

double sulfoximine addition

K5CO3 (2.0 equiv)
MeCN

105°C, 24 h 4 examples

61-94% yield

Pd(OAc), (10 mol %)
PPh; (25 mol %)

o]
N\ /M
+ + @[ NH
R1 Br
15a 66 283
2.0 equiv 1.2 equiv 1.0 equiv
| o]
N /M
Lb b k
+ R + ©i N
Z Br
15a 66 283
3.0 equiv 1.0 equiv 2.4 equiv

Na,CO3 (4.0 equiv)
DMAc
105°C, 18 h

3 examples
42-64% yield

Scheme 54: Access to fused 8-membered sulfoximine heterocycles 284/285 via Pd-catalyzed Catellani annulation cascades.

Six years after the work of Hu and co-workers producing annu-
lated xanthones, Yang et al. completed a 2,2-bifunctionaliza-
tion of bicyclic alkenes 1 to produce xanthone derivatives
bearing spirobicyclic moieties 277 (Scheme 55) [113]. This was
achieved via a Pd-catalyzed [2 + 3 + 1] annulation of
3-iodochromones 271, bromoacetones 276, and bicyclic alkenes
1. The reaction generally afforded good yield and diastereose-
lectivity even across the wide swathe of functionalized sub-
strates and few bicyclic alkenes tested and provided a good
yield (71%) at the gram scale.

In 2019, Zhong et al. reported a method to produce phenan-

threne derivatives 279 using 2-iodotoluenes 66, o-bromo-

benzoyl chlorides 278, and norbornadiene (15b). This
method proceeds through a Pd-catalyzed Catellani reaction;
however, norbornadiene extrusion is avoided via the loss
of the acyl chloride group as CO, allowing the formation
of a 7-membered palladacycle, reductive elimination,
and subsequent retro-Diels—Alder reaction to the phenanthrene
279 (Scheme 56) [114]. This was an improvement over
past methods that used less reactive ortho-haloaryl carboxylic
acids which required harsher conditions and longer reaction
times to optimally perform. The reaction was shown to
be tolerant of diverse functionality, providing excellent
yields barring a couple notable examples; 1-iodonaphthalene
(64%) and o-iodonitrobenzene (75%). The authors were also
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Han and Chen (2019) [113]

3X

P(4F-C5H4)3 (20 mol %)
Br
RZU\/

Beilstein J. Org. Chem. 2023, 19, 487-540.

Pd(OPiv), (10 mol %)

K3POy4 (2.0 equiv)

RS ) / mesitylene | )
100 °C, 24 h 27
1 271 276
X = O, CH,, CH,CH, gg Z’;?,/m}‘ji':;
4. i - [ : i 10 99
0 equiv 1.0 equiv 1.0 equiv up to 99:1 dr

Scheme 55: Pd-catalyzed 2,2-bifunctionalization of bicyclic alkenes 1 generating spirobicyclic xanthone derivatives 277.

Li and Shi (2019) [114]

Pd(OAc), (5 mol %)
PPh; (12.5 mol %)

1
TS : cl
7 R2-! R3— .
L Cs,CO3 (2.25 equiv)
Br DMF
15b 66 278 105°C, 10 h

RT#H 21 examples

2.0 equiv 1.0 equiv 1.2 equiv 64-98% yield

Scheme 56: Pd-catalyzed Catellani-type annulation and retro-Diels—Alder of norbornadiene (15b) producing substituted phenanthrenes 279.

able to demonstrate its efficacy at the gram scale with a yield of
88%.

In 2020, Zhang and colleagues explored a three-component
Pd-catalyzed annulation reaction furnishing norbornane-fused
indanes 281 (Scheme 57) [115]. This reaction sees an aryl
iodide 66 coupled to a bicyclic alkene 30 to produce a 5-mem-
bered palladacycle intermediate that is then captured by the

third reagent, either methylene bromide (280) or an a-diazoester

Zhang (2020) [115]

I
PPN X
W) * RL:/ *  CHyBr,
30 66 280
2.0 equiv 1.0 equiv 5.0 equiv

282. A reduced yield was seen in the absence of iPrOH, so it
was kept as an additive with the authors proposing it functions
as a reductant, reducing Pd(II) to the active catalyst Pd(0). A
great variety of examples using methylene bromide (280) were
reported, including using a few different bicyclic alkenes 30,
with up to 96% yield. A similar variety of examples with simi-
lar yields were shown using a-diazoesters 282, however, only
norbornene proved suitable in this case with heterobicyclic

alkenes unable to afford the desired product.

Pd(OAc), (10 mol %)
K2COj3 (5.0 equiv)
KOACc (7.0 equiv)
iPrOH (2.0 equiv)

H,0 (40 equiv)

DMF, N2, 90 °C, 16 h 25 examples

X =0, CH, 52-96% yield

——————————————————————————————— a-diazoesters - ----------------------—---- -

| N,
Ay o O K
4 R2 CO2Me

15a 66 282

3.0 equiv 1.0 equiv 2.0 equiv

Pd(OAc), (10 mol %)

P(o-tol)3 (20 mol %)

Cs,CO3 (1.0 equiv) B
DMF/MeCN 1:1 Rr2 CO,Me
N2, 90 °C, 16 h

_I/\

R'G

283

16 examples
50-96% yield

Scheme 57: Pd-catalyzed [2 + 2 + 1] annulation furnishing bicyclic-fused indanes 281 and 283.
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In 2009, the Radhakrishnan laboratory investigated a Pd-cata-
lyzed annulation of diazabicyclic alkenes 130a, and 2-iodophe-
nols 284 or 2-iodoaniline (286) towards fused benzofuran 285
or indole 287 products (Scheme 58) [116]. The reaction begins
with the oxidative addition of Pd(0) into the aryl iodide 284a,
followed by migratory insertion across the bicyclic alkene to

Radhakrishnan (2009) [116]

|
N. OH
ﬁE\NI COR'  *

Beilstein J. Org. Chem. 2023, 19, 487-540.

form 289. Base-assisted addition of the alcohol and B-nitrogen
elimination forms a ring-opened cyclopentene intermediate 290
which then undergoes oxypalladation and B-hydride elimina-
tion, furnishing the benzofuran product 284a. The authors noted
that in the absence of the BuyNCI additive the reaction did not
work. The authors hypothesized the chloride ions are important

[Pd(allyl)Cl], (5 mol %)
K>CO3 (2.0 equiv)

BuyNCI (1.0 equiv)

~COZR1 R2 [bmim][PFg]
130a 284 80°C.8h
[obmim] = 1-butyl-3-methylimidazolium 10 examples
1.5 equiv 1.0 equiv 55-94% yield
———————————————————————————————— 2-iodoaniline -----------------"------"---------
[Pd(allyl)Cl]> (5 mol %)
NH; K,CO3 (2.0 equiv
ﬁE\ e == ( a ) 287
N“CO R LiCI (1.0 equiv)
2 toluene )
130a 286 100 °C, 36 h NHCO,R!
. . 3 examples
1.5 equiv 1.0 equiv 75-93% yield
———————————————————————————————— mechanism ------------------------------—--
284a
| B-hydride
elimination
S OH PdL,
= HBI 5
284a
PdL,l
‘ . -OH
¥z
288
130%
9
“Pd.
I:‘LO 289 !
Pd BH 290
L ¢

1
CO,R!

y
QyNcogr?

Scheme 58: Pd-catalyzed ring-opening/ring-closing cascade of diazabicyclic alkenes 130a.
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for regenerating and stabilizing the Pd(0) species. While only a
handful of examples were reported, it was demonstrated that
diazabicyclic alkenes with bulkier ester groups caused reduced

yields.

One year later, the Gilbertson laboratory expanded on this annu-
lation reaction, increasing its efficiency and significantly de-
creasing the reaction time using tweaked conditions and micro-
wave irradiation (Scheme 59) [117]. They also significantly in-
creased the scope of the reaction, providing many examples
with up to 98% yield, and utilizing N-substituted anilines to
create N-substituted indoles 284. The authors were also able to
apply their methodology to an acetal-protected vanillin deriva-

tive, producing the corresponding benzofuran with 90% yield.

Two years after their previous work, the Radhakrishnan group
explored a non-ring-opening annulation utilizing 2-iodoben-
zonitrile (292) and 2-formylphenylboronic acids 142 to access
diazabicyclic-fused indanones 293 and indanols 294
(Scheme 60) [71]. The authors noted the addition of base in-

Gilbertson (2010) [117]

Pd-NHC (5 mol %)

Beilstein J. Org. Chem. 2023, 19, 487-540.

creased the yield of 2-iodobenzonitrile (292) reactions but
reduced it for those with 2-formylphenylboronic acids 142.
Only a few examples producing indanones 293 were presented
showing very small changes in yield with different diazabi-
cyclic esters. Different N-substituted triazolinedione-derived
bicyclic alkenes were also tested but failed, likely due to their
base sensitivity. The annulation reaction yielding indanols 294
was seen to produce the 3,4-disubstituted cyclopentene 295 in
ratios of about 1:9 when the diazabicyclic alkenes 130a were
used. However, when using the N-substituted triazolinedione-
derived bicyclic alkenes the 3,4-disubstituted cyclopentene 294
could be produced exclusively in yields of up to 90%.

In 2013, Pihko and Radhakrishnan revisited their 2009 annula-
tion reaction using 2-iodophenols 284 and 2-iodoaniline (286)
in an attempt to access larger polycyclic compounds 296
through the use of spirotricyclic olefins 176 (Scheme 61) [118].
It is proposed that the reaction follows a similar ring-opening/
ring-closing mechanism to their 2009 report (Scheme 58), but

the cyclopropane moiety allows a second ring opening and the

X H iPr iPr
N M\
H K>CO3 (1.0 equiv) N. N
DMF, MW, 0.5 h
ﬁE:,'N\Cozw * RZ—(\ — o T.P
~ 1 PZ or 1 IPr | iPr
COsR ! Pd-NHC (10 mol %) R1020HN -NCOR Pd.,
130a 284 K>CO3 (1.0 equiv) 284 =
DMF, 80 °C, 12-48 h 20 examples L
1.0 equiv 1.1 equiv ;
- 20-98% yield
X =0, NR > Pd-NHC
Scheme 59: Pd-NHC-catalyzed cyclopentannulation of diazabicyclic alkenes 130a.
Radhakrishnan (2011) [71]
N Pd,(dba)s-CHCI3 (10 mol %) 2
\ X © PPh; (10 mol %) N
A coRrt L N COR'
*C02R1 | Et3N (2.0 equiv) ~C02R1
CH3CN/H,0 9:1 293
130a 292 80 °C, 24 h
4 examples
1.0 equiv 1.0 equiv 61-69% yield
———————————————————————————————— boronic acids - -------------------------------
O
0 N
| Pd(OAC), (5 mol %) OH
X dppe (10 mol % R20 Nyw
; N,N\R1 + R { b ppe ( ) Rz_/ \ Necort * T 1
130a 142 ‘ 294 295 \\ /
. . 4 examples 7 examples ~
1.0 equiv 1.0 equiv 76-83% yield 7-90% yield

Scheme 60: Pd-catalyzed annulation cascade generating diazabicyclic-fused indanones 292 and indanols 294.
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Pihko and Radhakrishnan (2013) [118]

[Pd(allyl)Cl]2 (5 mol %)
KoCOj3 (2.0 equiv)

Beilstein J. Org. Chem. 2023, 19, 487-540.

+ X OH
Z 'N\cozw R2+; BuyNCI (1.0 equiv) O
N*CozR'l = CH3CN H N—=N
80°C, 16 h 296 pig.c X 1
176 284 R10.C ~ COR
) 17 examples
1.5 equiv 1.0 equiv 39-82% yield
———————————————————————————————— 2-iodoaniline -----------------"-"------~-----—---
| [Pd(allyl)Cl], (5 mol %)
K5>COg3 (2.0 equiv)
N + o NH2
y " “CO,R! | BuyNCI (1.0 equiv)
N*CozR'l = CH3CN
176 286 80°C,16h
1.5 equiv 1.0 equiv 4 examples

60-64% yield

Scheme 61: Pd-catalyzed skeletal rearrangement of spirotricyclic alkenes 176 towards large polycyclic benzofuran derivatives 296.

subsequent generation of a m-allyl-palladium complex. This
complex undergoes an intramolecular nucleophilic attack by
hydrazine, forming the fourth fused ring. When the methodolo-
gy was applied to 2-iodoaniline (286), the anticipated poly-
cyclic product was not formed; instead, trans-disubstituted
spiro[2,4]hept-4-enes 297 were formed. A variety of substi-
tuted 2-iodophenols 284 were tested showing significantly
reduced yields with para-EWGs, emphasizing the importance
of an electron-rich alcohol directing group.

In 2017, the Radhakrishnan group investigated another ring-
opening/ring-closing reaction of diazabicyclic alkenes 130a,
synthesizing cyclopenta[b]pyrroline derivatives 299 using aro-
matic enamides 298 (Scheme 62) [119]. Since the reaction
begins with an alkenyl C—H activation, forming a 6-membered
palladacycle intermediate with amide oxygen chelation,
Cu(OAc); was added as an oxidant to regenerate Pd(Il). After-
wards, the transformation progresses similarly to their 2009
report (Scheme 58). The 6-membered palladacycle will undergo
migratory insertion into the diazabicyclic alkene 130a which

after a f-nitrogen elimination, adds to the amide via the

John and Radhakrishnan (2017) [119]

NHAc
N<
ﬁl}N' COR' * [
“CO.R! L~
130a 298
1.25 equiv 1.0 equiv

nitrogen atom. Aminopalladation forms the C—N bond that
produces the fused pyrroline moiety in the product 299. The
authors reported several examples using substituted aromatic
enamides finding that EWGs were well tolerated while EDGs
significantly reduced yields. When applied at the gram scale,
the desired product was produced with 60% yield.

In 2018, Radhakrishnan and colleagues again expanded on their
past work, attempting to produce 3,4,5-trisubstituted
cyclopentenes 300 from diazabicyclic alkenes 130a and
2-iodobenzoates 9 (Scheme 63) [120]. The authors proposed a
charged fused-oxane intermediate is produced after the ring-
opening/ring-closing sequence, as anticipated in 2009
(Scheme 58), whose eventual breakdown furnishes a
mr-allyl-palladium complex which undergoes nucleophilic attack
by the acetate or azide anion. Several examples were reported,
ranging a 60-85% yield, showing minimal electronic influence
by 2-iodobenzoate substituents. However, another reaction path
was observed when 2-iodo-3-methylbenzoate (9a) was used,
producing a cyclopentene-fused indane 302. The authors sug-
gested that the mechanism of this reaction follows the same

AC\ H
Pd(OAc), (10 mol %) RZ; A N
dppe (10 mol %) - \
Cu(OAc); (2.0 equiv) H Nco.R!
, 2
CH3CN 299 R'0,CHN
80°C,12h
19 examples

40-83% yield

Scheme 62: Pd-catalyzed oxidative annulation of aromatic enamides 298 and diazabicyclic alkenes 130a.
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John and Radhakrishnan (2018) [120]

O CsOAc (2.0 equiv)
XN “OR? [Pd(allyl)Cl], (10 mol %)
4 ’N\CO R! + RZ—:
N“CO F\%1 AN BuyNCI (1.0 equiv)
2 toluene
130a 9 80°C,5h
_ R3 = Me, Et 13 examples
1.0 equiv 1.0 equiv 70-85% yield
———————————————————————————————— azide il il
O

NaN3 (2.0 equiv)

N ORS3 [Pd(allyl)Cl], (10 mol %)
/ 'N\CO R’l + RZ*:
N 2 = BusNCI (1.0 equiv)

~ 1
COR ! DMSO
130a 9 80°C,5h
R3 = Me. Et 7 examples
1.0 equiv 1.0 equiv ’ 60-70% yield

———————————————————————————————— C—H activation---------------------~--------- -~

<7 CsOAc (2.0 equiv)
’ | X OR3 [Pd(allyl)Cl], (10 mol %) 302

N\
LE/ N. COR! + 2N Bu,NCI (1.0 equiv)

SCO4R! toluene

130a 9b 80°C,5h
_ R3 = Me, Et 7 examples
1.0 equiv 1.0 equiv 60-76% vyield

Scheme 63: Accessing 3,4,5-trisubstituted cyclopentenes 300, 301, 302 via the Pd-catalyzed domino reaction of diazabicyclic alkenes 130a and
2-iodobenzoates 9.

steps until the formation of the m-allyl-palladium complex, In 2012, Ge et al. investigated a palladacycle-catalyzed reaction
which can undergo cyclopalladation via benzylic C-H activa-  furnishing highly substituted fused furans 304 using bicyclic
tion of the 3-methyl group, and subsequently reductive elimina- alkenes 1 and terminal ynones 302 (Scheme 64) [121]. The
tion to yield the fused indane product 302. authors noted the reaction was sensitive to the identity of both

Hou (2012) [121]

Ac
RE‘(? N 9 Pd-cat 1 (5 mol %) R! \O ] R thF’—Pd
R / % R% ) -MeOCGH,COLH (0.5 equiv) R@j “
1 -
1.0 equiv 1.5 equiv B 16 examples Pd-cat 1

36-84% yield
——————————————————————————————— alkynyl imines  ---------------------------—----
Hou (2014) [122]

R3
R! 0
R? (0] \©\N Pd-cat 1 (10 mol %)

7t I p-BrCeH4CO,H (0.5 equiv)
R2 = DCE, rt 1
R’ R4 R 306
30 305 11 examples
1.3 equiv 1.0 equiv 31-72% yield

Scheme 64: Palladacycle-catalyzed ring-expansion/cyclization domino reactions of terminal alkynes and bicyclic alkenes.
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basic and acidic additives, as bases tended to slow down reac-
tions while stronger acids typically produced only a trace
amount of the desired product 304. Eventually, the authors
discovered their goldilocks additive, settling on p-methoxyben-
zoic acid which showed a significant increase in yield. The
reaction was generally tolerant of a variety of substituted termi-
nal ynones 303 and bicyclic alkenes 1, as well as norbornene
(15a) and norbornadiene (15b). Two years later, this methodol-
ogy was expanded by the same group, using terminal alkynyl
imines 305 to access polycyclic SH-benzo[b]azepines 306
(Scheme 64) [122]. The authors reported low yields when R2 or
R3 were weak EWGs and no reaction with strong EWGs at R3,
somewhat restricting the scope of the reaction.

In 2018, the Jiang laboratory explored a Pd-catalyzed carbo-
esterification reaction, using bicyclic alkenes 15 and alkynoates
307, ynamides 309, and alkynols 310 to produce a-methylene
y-lactone 308 and tetrahydrofuran derivatives 311 (Scheme 65)
[123]. The reaction was shown to be functionally tolerant,
boasting a large number of high yielding examples. Largely, the
authors noted substitution of the ester or the amide moiety
had little influence on the reaction. Only two examples were
reported for the reaction of the alkynol 310, albeit in good
yields.

Wu (2018) [123]

Beilstein J. Org. Chem. 2023, 19, 487-540.

Conclusion

Over the last two decades, there has been remarkable progress
in transition-metal-catalyzed domino reactions of homo- and
heterobicyclic alkenes. Bicyclic alkenes can be exploited in two
ways. Firstly, through the release of ring-strain energy which
drives the reaction forward under milder conditions compared
to strainless alkene counterparts. Secondly, the stereochemical-
ly well-defined, dual-faced nature of these systems can be

exploited to synthesize highly stereoselective products.

Multicomponent domino reactions can be challenging due to
selectivity issues, but recent advancements have provided
straightforward protocols for the construction of complex mole-
cules with multiple carbon—carbon and carbon—heteroatom
bonds in a single step. When participating in a well-orches-
trated domino sequence, these bicyclic alkenes can quickly
generate highly functionalized products with extreme stereo-,
regio-, and enantioselectivity.

Currently, a majority of transition-metal-catalyzed domino reac-
tions use simple carbocyclic alkenes, such as norbornene, as the
propagative ni-system of choice, limiting its relevance. To see
further advancements in this field, it is necessary to expand the
scope to include more heterobicyclic alkenes and understand

O
PdCl, (5 mol %) =Y 0
BN O CuCl,-2H,0 (2.0 equiv)
IO + RI— { - Cl
BPENY OR? KoCO3 (3.0 equiv) NN
HOAG/AC,0 1:1 (V/v) 308 | .-
15 307 O, (1 atm), 100 °C, 12 h <.
44 examples
1.2 equiv 1.0 equiv 65-88% yield
——————————————————————————————— alkynamides T T T s s m oo m oo —m——— o
PdCl, (5 mol %) ? o
0 CuCly2H,0 (2.0 equiv) R' _
+ RI—
NHR2 K>COj3 (3.0 equiv) cl
HOACc/Ac,0 1:1 (viv) 308
15a 309 O, (1 atm), 100 °C, 12 h
. . 18 examples
1.2 equiv 1.0 equiv 80-90% yield
——————————————————————————————— alkynols ST o s m oo —m— - ——— - ——m- -
PdClI; (5 mol %)
CuCly-2H,0 (2.0 equiv)
+ Ph%{— -
OH K2COj3 (3.0 equiv)
HOACc/Ac,0 1:1 (viv)
15a 310 0, (1 atm), 100 °C, 12 h n
1.2 equiv 1.0 equiv 2 examples

75-85% yield

Scheme 65: Pd-catalyzed carboesterification of norbornene (15a) with alkynes, furnishing a-methylene y-lactones 308 and tetrahydrofurans 311.
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their fundamental reactivity. As heterobicyclic alkenes have the
tendency to undergo some form a B-heteroatom elimination
which can prematurely terminate a cascade, their use requires
more thought. However, altering coupling partners, reaction
conditions, and the metal center have all been used to promote
difunctionalization of heterobicyclic alkenes while hindering
B-heteroatom elimination. We hope this comprehensive
overview of bicyclic alkene chemistry will drive further
advancements in the area of transition-metal-catalyzed domino

reactions.
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Metal enolates are useful intermediates and building blocks indispensable in many organic synthetic transformations. Chiral metal

enolates obtained by asymmetric conjugate additions of organometallic reagents are structurally complex intermediates that can be

employed in many transformations. In this review, we describe this burgeoning field that is reaching maturity after more than

25 years of development. The effort of our group to broaden possibilities to engage metal enolates in reactions with new electro-

philes is described. The material is divided according to the organometallic reagent employed in the conjugate addition step, and

thus to the particular metal enolate formed. Short information on applications in total synthesis is also given.

Introduction

The formation of complex chiral molecules is a crucial task of
organic synthesis that enables the synthesis of pharmaceuticals,
crop-protecting agents, or advanced materials. Their syntheses
often involve numerous reaction steps requiring laborious isola-
tion and intermediate product purification steps. An important
strategy for improving syntheses’ effectiveness is the concept of
domino reactions, cascade, or tandem reactions. These transfor-
mations combine several reactions into a sequence that uses

functionalities generated in previous steps without isolating

intermediates [1]. Stabilized carbon-based nucleophiles, or in
other words, conjugate bases of weak C—H acids, are termed
enolates, and they participate in a large array of organic synthe-
tic transformations. Enolates are usually formed by deproton-
ation of the corresponding organic compound. However, other
synthetic approaches for their generation exist, such as cleavage
of enol ethers and esters, halogen—metal exchange, transmetal-
ations, and conjugate additions to a,p-unsaturated carbonyl

compounds [2]. In particular, the last-mentioned method is
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highly synthetically relevant. This approach has the advantage
of being more selective and affording more molecular complex-
ity in one step. In addition, transition-metal catalysis allows the
introduction of stereogenic information, thus leading to chiral
products. Enolate species are uniquely positioned for reactivity
with a broad array of electrophiles and thus allowing quick and
efficient construction of highly complex structures from readily
available starting materials. Various polar organometallic
reagents were successfully employed in asymmetric conjugate
additions (ACA) [3-9], mainly organozinc [10], Grignard [11-
13], trialkylaluminum [14], or organozirconium reagents [15].
Additions with these reagents lead to corresponding zinc,
magnesium, aluminum, and zirconium enolates, which all pos-
sess helpful and, to an extent, specific reactivity characteristics.
Interesting boron and silicon enolates can be generated by
asymmetric conjugate boration [16], or silylation [17]. From
several potentially catalytically active transition metals, copper
combines beneficial properties for both activation of the
Michael acceptor and the formation of intermediate
organocuprates from stoichiometric organometallic reagents
[18]. Metal enolates formed in this way can react in many trans-
formations (Scheme 1) [19,20]. It has been documented that
metal enolates from conjugate additions engaged in aldol, and
Mannich-type reactions, Michael addition, nucleophilic substi-
tutions, cyclopropanations, and reactions with carbocations. The
field of asymmetric conjugate addition with its extension into

enolate trapping reactions began to develop approximately in

R',Zn (1.3 equiv)
Cu(OTf), (2 mol %)
(R,S,S)-L1 (4 mol %)

R'zZn.

CH,Cl,, —40 to —30 °C ug

1 1-2h 2

\
T
P4

n-Bu

Ph

O/\fph

K OH

"y

4c, 6%, dr 80:20 4d, 32%, dr 91:9
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1996. In this review article, we analyze more recent realiza-
tions of this strategy focusing on lesser-studied trapping reac-
tions and works after 2010. We also present here our attempts to
broaden the scope of these enolate trapping reactions by using
different types of electrophilic reagents.

0
1w | U ®
Al culr | YN @ Al
! | —_— 1 _—> |
\ \ R N

- - J—

ACA of organometallic enolate trapping

reagent

Scheme 1: General scheme depicting tandem reactions based on an
asymmetric conjugate addition followed by an enolate trapping.

Review
Conjugate additions with organozinc

reagents

Following the seminal work of Feringa in 1997 [21], the tandem
asymmetric organozinc conjugate addition followed by subse-
quent aldol reaction was scarcely applied in the last decade.
Welker and Woodward studied the reaction of zinc enolates 2
with chiral acetals 3 (Scheme 2) [22]. The Lewis acid (TiCly or
TMSOTT) promoted trapping gave the aldol adducts 4 in good

to excellent diastereoselectivity (up to a single diastereomer),

Ph

T

pr" O
3 (1.5 equiv)

TiCly or TMSOTf
(1.5 equiv)

oy OH

4a, 25%, single diast.

4b, 34%, single diast.
Cl

Ph

O/\rPh

ooy OH

4e, 46%, single diast.

4f, 41%, single diast.

Scheme 2: Cu-catalyzed tandem conjugate addition of RoZn/aldol reaction with chiral acetals.
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but the yields were relatively low (25-44%). To overcome this
limitation, the authors used TMSOTT to prepare and isolate the
corresponding silyl enol ethers, which were later successfully
applied in the Mukiyama aldol reaction to gain the originally
desired aldol adducts with improved yields and still good dr.
Finally, the cerium ammonium nitrate (CAN) promoted one-
step oxidative removal of the chiral auxiliary group was also

successfully demonstrated.

In 2012, Aikawa et al. presented their work on the asymmetric
desymmetrization of cyclopentene-1,3-diones 5 (Scheme 3)
[23]. Following the Cu(OTf),-catalyzed conjugate addition of
R»Zn, the enolate 6 was trapped by several aromatic aldehydes
7. These complex chiral cyclopentane derivatives 8 bearing all-
carbon quaternary stereocenters were isolated in excellent yields
and high diastereoselectivity. The authors have shown that cata-
lyst loadings as low as 0.5 mol % can still be sufficient to
promote the highly stereoselective reaction.

Similarly to aldol reactions, Mannich-type additions are also
suitable to trap the metal enolate. Gonzalez-Gémez et al.
studied the tandem conjugate addition of dialkylzincs to cyclic
enones (9, 12) and the subsequent reaction of the enolate with
N-tert-butanesulfinylimines 10 (Scheme 4) [24-26]. Their
method was applied to a broad range of substrates (5—7-mem-
bered rings) with equally high diastereoselectivity and good to

EtoZn (1.5 equiv)
Cu(OTf); (4 mol %)
(S,R,R)-L1 or

o
(R)-L2 (8 mol %)
R Et,0, -40 °C, 0.5 h Et
el

5

OH
L o
<" 0oBn
X~ 3 j:? N~
Et
o)

dr >95:5

8a, X = Br, >99%,
8b, X = NO,, >99%
8c, X = Ph, 98%
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excellent yields. In most cases, the authors detected only a
single diastereomer in the crude reaction mixture (NMR). Using
the enantiomeric form of the ligand or the chiral sulfoximine
reagent, four diastereomeric B-aminoketones can be produced in
excellent enantiomeric purity. Further transformations of the
products were demonstrated in several examples, including
reduction, acidic deprotection and subsequent base-mediated

cyclization, or Baeyer—Villiger oxidation.

At about the same time, Huang and co-workers have developed
similar asymmetric tandem sequences using acyclic enones 14
[27]. Their tandem conjugate addition/Mannich reaction meth-
odology offers access to various non-cyclic f-aminoketones 16
with multiple contiguous stereocenters in high diastereo- and
enantioselectivity (Scheme 5a). Additionally, chiral isoindo-
linones 18 and 2,3,4-trisubstituted azetidines 19 were also syn-
thesized using this methodology (Scheme 5b).

Nitronate anions were also found suitable for Mannich-type
trapping reactions [28,29]. Anderson and co-workers accom-
plished several Cu-catalyzed conjugate additions of RyZn to
nitroolefins 20, followed by subsequent reaction with
p-methoxyphenyl (PMP)-protected imines 21 (Scheme 6A). By
varying the reaction conditions, the syn-anti and the syn-syn
diastereomers can be prepared with good yields and excellent

stereoselectivity. Using nitroacrylate 23, the authors have also

ArCHO

O-ZnEt OH
7 H O
- (1.5 equiv) Ar .
N _— Lot
R R
Et
(0]
6 8
OHH 0
o 8d, R = Ph, 98%, dr 93:7
Ph R 8e, R=2-Nap, 94%, dr 90:10

Scheme 3: Cu-catalyzed asymmetric desymmetrization of cyclopentene-1,3-diones using a tandem conjugate addition/aldol reaction sequence.
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13a, 81%, dr >95:5 13b, 83%, dr 94:6

13c, 78%, dr 87:13

“iPr

13d, 79%, dr 84:16 13e, 62%, dr 70:30

Scheme 4: Stereocontrolled assembly of dialkylzincs, cyclic enones, and sulfinylimines utilizing a Cu-catalyzed tandem conjugate addition/Mannich

reaction sequence.

demonstrated a tandem conjugate addition/nitro-Mannich/
lactamization three-step reaction sequence resulting in trisubsti-
tuted nitropyrrolidinones 24 with exceptional enantioselectivity
(Scheme 6B).

In contrast to conjugate additions to nitroolefins, these acti-
vated alkenes can also be utilized in the enolate trapping step. In
the last decade, several highly stereoselective methodologies
have been published that demonstrate the Cu- or Ni-catalyzed
conjugate addition of organozincs to o,B-unsaturated ketones 14

followed by the reaction of the metal enolate with a nitroolefin

(20) (Table 1) [30-33]. These reactions were facilitated by dif-
ferent ligand families (phosphite/phosphine-pyridine amide,
phosphine-sulfoxide, phosphoramidite, MINBOL, see Figure 1)
and they usually showed excellent diastereoselectivity (dr
>20:1). The catalytic systems even with low catalyst loadings
tolerated both electron-donating and withdrawing groups on the
aromatic substituents. Therefore, numerous structurally distinct

substrates were successfully utilized.

Other than nitroolefins, Liao and co-workers have observed a

side reaction of the a,fB-unsaturated ketone 26 and the enolate
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N e e e — o

16d, 90%, 94% ee 16e, 77%, 95% ee

dr91:9 dr 91:9 dr 88:12 dr 93:7 dr 67:33
Et O
Cl
Ph
s

Ph N

H H
16f, 95%, 94% ee 169, 94%, 92% ee 16h, 85%, 94% ee 16i, 76%, 87% ee

dr 92:8 dr 95:5 dr 89:11 dr 81:19
B) Ety,Zn (1.5 equiv)
o Ts CuBr (1 mol %)
/\)J\ N NNT L1 (1.2 mol %) . R
ArT Ar2 COOMe Et,0,-20 °C, 12 h
14 17 then, 50 °C
Et O Ft 18a, R' = Br, RZ = H, 71%
A Ph PdCH, TsCLKOH AT\ PP 93/86% ee, dr 67:33
Ts U G— N 18b, R = CI, R? = H, 73%
PREAN ¢ - refiux PRT s 95/95% ee, dr 78:22
18c, R'=H, R2=Cl, 72%
16a or 16e 19a, Ar = Ph, 62%, dr >95:5

90/90% ee, dr 83:17

19e, Ar = 4-MeCgHy, 65%, dr >95:5

Scheme 5: Cu-catalyzed tandem conjugate addition/Mannich reaction (A). Access to chiral isoindolinones and trisubstituted azetidines with

contiguous stereocenters (B).

27 when they studied the conjugate addition of RyZn reagents to
chalcone and its derivatives (Scheme 7A) [34]. Encouraged by
this, they have also attempted an intramolecular tandem conju-
gate addition/Michael reaction sequence, which has resulted in
the expected cyclization product 30 in a diastereopure form
(Scheme 7B).

Zinc enolates readily react with allyl iodides 31 or the struc-

turally similar Stork—Jung vinylsilane reagents 33. Kawamura et

al. performed zinc enolate trapping reactions using ligand L10,
a chiral quinoline-based N,N,P-ligand (Scheme 8A) [35].
The authors have concluded that the strict control of the amount
of organozinc reagent added is essential to avoid side-product
formation (diallylation) because the strongly basic RyZn
can form the enolate from the monoallylated product 32. There-
fore, using only 1 equiv of dialkylzinc, the desired allylated
products 32 were isolated in good yields and excellent

diastereo- and enantioselectivity. Soon after, Jarugumilli et al.
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229, 72%, 93% ee 22h, 74%, 90% ee
dr 5:95:0 dr 5:95:0
B)
Ety,Zn (1.5 equiv)
_PMP
Cu(OTf), (2 mol %) RSN
ligand (4 mol %) 21, 2 equiv
- NO2 - >
MeOOC™ ™% Et,0,-78°Ctort  TFA (3.5 equiv)
23 1.5h -78°Ctort
16 h
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24a, 80%, 89% ee
(71%, 99% ee after recryst.)

24b, 74%, 89% ee

Scheme 6: Cu-catalyzed tandem conjugate addition/nitro-Mannich reaction (A) with syn—anti or syn—syn selectivity (the products were isolated as tri-
fluoroacetamide). Additional in situ lactamization results in nitropyrrolidinones with excellent stereoselectivity (B).

Table 1: Tandem reactions composed of ACA of RoZn and enolate trapping with nitroalkenes.

Reference

Huang, 2011 [30]
Kang, 2011 [31]
Uang, 2015 [32]

Hu, 2019 [33]

Catalyst (mol %) Ligand (mol %)

CuCl (1.0) L3 (1.2)
Cu(OTH)2 (3.0) L6 (6.0)
Ni(acac)s (0.5) L7 (12.5)

CuCl (2.0) L8 (2.5)

A3 N0z
20

Conditions Yield (%) ee (%)
EtoO, - 20 °C, 24 h 52-90 91-97
toluene, -40 °C 25-89 76-96
CH3CH.CN, -50 °C; 66-84 91-97
then, 0 °C, 3 h
toluene, 0 °C, 12 h 60-88 90-97
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Figure 1: Various chiral ligands utilized for the tandem conjugate addi-
tion/Michael reaction sequences.
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0 Cu(OTf)/L1 j\)o\
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P X" ph P ph
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0~ “Ph

28, 27% (side product)

0 0
ph)]\/\WJ\Ph
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4 \
Ety,Zn (1.5 equiv) : L9 {-Bu :
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L9 (4.0 mol %) ! ~0 !
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: OMe :
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Scheme 7: Cu-catalyzed tandem conjugate addition/Michael reaction:

side-product formation with chalcone (A) and application to an intramo-

lecular cyclization reaction (B).
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investigated the enolate-trapping tandem sequence using
various vinylsilanes 33 (Scheme 8B), allyl halides 35, and
benzyl bromide (37) (Scheme 8C) [36]. Although the asym-
metric conjugate addition step routinely provided excellent
selectivity (93-96% ee), only a moderate to good diastereo-
meric ratio was achieved.

Entrapping of the Zn enolate directly with acetyl chloride was
found inefficient and led to a mixture of C-, O-, and diacylated
products as described by Murphy and co-workers [37]. Encour-
aged by the work of Noyori on the activation of Li enolates
using Me,Zn [38], they have tried to facilitate the enolate trap-
ping by adding MeLi (1.05 equiv), which indeed led to a signif-
icant increase in yield and selectivity due to the high reactivity
of the lithium dialkyl zincate enolate. Various 1,3-diketones 39
were prepared using this method with good yields and excellent
enantioselectivities while only the frans diastereomers were
detected (Scheme 9A). Furthermore, the authors have also
demonstrated a four-component coupling reaction: by simply
increasing the amount of the organolithium reagent (2.05 equiv)
used for the activation of the Zn enolate, f-hydroxyketones 40
were gained via 1,2-addition of the zincate nucleophile (R3Zn"™)
to the ketone with moderate yields but still good stereoselectiv-
ities (Scheme 9B).

In 2018, Wang and co-workers extended the group of applic-
able electrophiles for the zinc enolate-based tandem reactions.
Following the conjugate addition of Et,Zn to acyclic a,f-unsat-
urated ketones 41, they have shown that several electrophilic
SCFj reagents (e.g., 43) are suitable for enolate trapping
(Scheme 10) [39]. This way, the strong electron-withdrawing
SCFj group can be efficiently introduced stereoselectively
allowing access to structurally diverse compounds with altered
pharmacochemical properties. In several cases the a-SCF3-
substituted ketones 44 were isolated in good yields and enantio-
selectivities but with low diastereoselectivities.

Even though no asymmetric catalyst was involved, Kawano et
al. recently demonstrated an attractive one-pot procedure for
preparing complex bicyclic and bridged compounds utilizing
catalytically generated bicyclic Zn enolates [40].

Welker et al. have introduced the Pd-catalyzed trapping of zinc
enolates with various vinyloxiranes [41]. This way, several
allylic alcohols 45 were synthesized with moderate yields and
excellent enantioselectivities (up to 98%) but low trans/cis
selectivity (Scheme 11). Organoaluminum reagents (Me3Al,
Et3Al) were also compatible with the reaction, however, they
gave lower yields than the corresponding organozincs. The
authors have also shown that these products are suitable for

forming [6,7]-bicyclic adducts.
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32c, 85%, 99% ee

A) R2
R',Zn (1 equiv) |/W(
Q Cu(OTf), (1 mol %)
L10 (1.5mol %) _ 31 (5 equiv)
CH,Cl,, -40°C = rt,48h
1 5-24 h
(0] O
? Et
32a, 76%, 99% ee 32b, 71%, 99% ee
dr 95:5 dr 93:7
B) RoZn (1.2 equiv) TMS
CuTC (2.0 mol %)
(S,R,R)-L1 (4.0 mol %l 33 (1 5 equiv)
toluene, 0 °C M 12-24h
n 3h
9
"“‘\)\TMS
34a, X = Br, 78%, dr 14:1 34b, X = Br, 70%, dr 14:1
X =1, 80%, dr 20:1
C) R?
1
Me,Zn (1.2 equiv) R%\/X
o CuTC (1.0 mol %) R2
(S,R,R)-L1 (2.0 mol %) 35 (1.2 equiv)
toluene, 0 °C rt, 12-24 h
3h
1
BnBr (37)
(1.2 equw)

rt, 12 h

38, 51%, dr 17:1

(0] J\ (0]
RN~ ™S é\\\ %
Et

e e

36b, X = Br, 64%, dr 9:1
X=1,62%, 11:1
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dr97:3 dr 96:4

@¢WS

34c, X = Br, 35%, dr 9:1

SNF
36a, X = Br, 62%, dr 7:1

(6]

36d, X =Br, 51%
dr11:1

36¢, X =Br, 52%
dr 17:1

Scheme 8: Zn enolate trapping using allyl iodides (A), Stork—Jung vinylsilane reagents (B), and allyl bromides or benzyl bromide (C).

Conjugate addition with Grignard reagents
Feringa and co-workers realized the tandem conjugate addition
of Grignard reagents to 4-chlorocrotonates 46 [42]. The enolate
47, which was formed in this process, underwent an intramolec-
ular nucleophilic substitution to form cyclopropane derivatives.
Thioesters, esters as well as ketones were compatible with this
process. The chiral ligand L12 afforded the highest enantiose-
lectivities of up to 98% ee (Scheme 12).

Conjugate addition of Grignard reagents to coumarin (49)

generated the corresponding magnesium enolates 50 [43]. In

one instance, this enolate was trapped by benzaldehyde (51)
(Scheme 13a). Related to this work, Feringa“s team realized
also the conjugate addition to chromone (53) [44]. The enolate
was again trapped with benzaldehyde in an aldol reaction
(Scheme 13b).

Naphthol derivatives 55 bearing an a,B-unsaturated ester group
undergo a copper(I)-catalyzed asymmetric conjugate addition.
The magnesium enolates 56 then participated in a copper(1l)-
mediated intramolecular oxidative coupling to afford benzo-

fused spirocyclic cycloalkanones 57 (Scheme 14) [45].
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A) R1,Zn (1.05 equiv)
Cu(OTf), (2.0 mol %) 1. MeLi (1.05 equiv)
(R.S,5)-L1(4.0mol %)  _78°C, 1-5 min
- Et,0,-30t0 0 °C 2. R2COCI (1.2 equiv)
9 05-5h —-78t00°C
15 minto 3 h
o o
é)k OBn
“iPr
39a, 80%, 96% ee 39b, 83%, 90% ee 39c, 82%, 96% ee  39d, 61%, 96% ee  39e, 70%, 96% ee
o o o o o o o O
COOMe
39f, 81%, 96% ee 39g, 74%, 96% ee 39h, 84%, 96% ee  39i, 76%, 94% ee  39j, 36%, 98% ee
B)
R',Zn (1.05 equiv)
O cy(OTf), (2.0 mol %) 1.R%Li (2.05 equiv) OH O
(R,S,S)-L1 (4.0 mol %)  —78 °C, 1-5 min R3
Et,0,-300r0°C ~ 2. R3cOC B g
2h .
1 (1.2 equiv) 40 40a, 54% 40b, 50% 40c, 54%
-78°C,1h 96% ee, dr >20:1 96% ee, dr >20:1 94% ee, dr >20:1

Scheme 9: Cu-catalyzed tandem conjugate addition/acylation through Li RoZn enolate (A). A four-component coupling reaction using nucleophilic
trialkyl zincate (B).

O
O,N
Et,Zn (3.0 equiv) SCF;, P P
o CuCly2H,0 (10 mol %) *LZn\o P (U)\/-\ O {
L11 (10.5 mol %) 43 O i ~R2 1k('\ 2
R1U\/\R2 > RH\/\RZ > R i R + R R
THF, -20°C,1h THF, -20 °C SCF3 SCF3
4 42 24-48 h syn-44 (major) anti-44 (minor)
" PPh, |
o £
| | H
| OH | ph)J\i/ | AN
! OH | ScFy N~
| O‘ | Br s CF;
I
| PPh, | 44a, 92%, 91% ee 44b, 87%, 94% ee 44c, 89%, 93% ee
: L11 X dr 8:1 dr 5:1 dr 4:1
o} ./ OMe o O -/
OMe Ph™ Y Ph)g/.\f) ( ~Ph
SCF, SCF, 1/ 5, SCF3
44d, 86%, 88% ee 44e, 85%, 76% ee 44f, 82%, 91% ee 4449, 83%, 95% ee
dr 20:1 dr17:1 dr 20:1 dr1:1

Scheme 10: Selected examples for the Cu-catalyzed tandem conjugate addition/trifluoromethylthiolation sequence.
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Cu(OTf), (1 mol %)

o (R,S,S)-L1 (2 mol %)
toluene, —40 °C, 3 h .
2. Pd(PPhs), (5 mol %)
9 " vinyloxirane (1.5-5 equiv)

toluene, 0 °Ctort, 24 h

Beilstein J. Org. Chem. 2023, 19, 593-634.

—_— e e

"Ph
45a, 68% 45b, 52% 45c¢, 64% 45d, 47% 45e, 50%
96% ee 98% ee 94% ee 94% ee 98% ee
ElZ=2:1 ElZ=2:1 E/Z =>10:1 E/Z =>10:1 EIZ =6:1

transi/cis = 3:1 transl/cis = 3:1

Scheme 11: Zn enolates trapped by vinyloxiranes: synthesis of allylic alco
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O
S P(p-Tol),
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P(p-TO|)2
N 949
| 0,
2o 580 e L12 (R)-TolBINAP

Scheme 12: Stereoselective cyclopropanation of Mg enolates formed by ACA of Grignard reagents to chlorocrotonates.

A) CuBr-SMe; (2.5 mol %) PhCHO
(R,S)-L13 (3.0 mol %) 51
@C’jo EtMgBr (2.5 equiv) S 0 | OMgBr | (50 equiv)
> _—
% MTBE, -72 °C % —72°Ctort
49 Et Et Ph
50 52, 78%, dr 3:1
B) o CuBr-SMe; (2.5mol %)  PhCHO o on Me
(R,S)-L13 (3.0 mol %) 51 H PPh,
(\ | EtMgBr (1.25 equiv) (4.0 equiv) E\ Ph Fe PCyz
“Z o DCM, -80°C,18h -80 °Ctort 0" et PN
53 54, 90%, dr 1:1.15 L13
(R,S)-Rev-Josiphos

Scheme 13: Domino aldol reactions of Mg enolates formed from coumarin and chromone.

Our team became interested in domino reactions of metal
enolates generated by Cu-catalyzed asymmetric conjugate addi-
tions of Grignard reagents. At the outset of our studies, there

were works in which dialkylzinc additions were utilized to

generate zinc enolates, and these enolates were then trapped
with chiral sulfonylimines [24]. Specifically, we asked whether
these magnesium enolates could be trapped with imines or their

synthetic equivalents. Furthermore, we wanted to develop an
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Scheme 14: Oxidative coupling of ACA-produced Mg enolates.

enantioselective and diastereoselective process without adding

chirality elements within the reagents.

For our initial studies, we have selected the well-studied cyclic
enones as substrates and the Taniaphos ligand (L.14) that has
been shown to impart high levels of enantioselectivity for these
ketones [46]. We performed the conjugate addition for 2 h and
then added imine 58 having a tosyl protecting group. The
workup allowed the isolation of domino products 59 as a mix-
ture of diastereomers with dr 3:2 and enantiomeric purities up to
97:3 er (Scheme 15) [47]. These experiments showed that the
concept of interception of magnesium enolates, derived from
Cu-ACA, with imines can be realized. As it could have been
predicted, chiral enolates reacted with high diastereoselectivity
with their Si-face (attack anti to the R group introduced during
the conjugate addition). On the other hand, a typical problem of
these reactions was also revealed. The diastereoselectivity with
respect to the addition to the imine was only very modest.

Beilstein J. Org. Chem. 2023, 19, 593-634.

X
RT-
L~
Cu(ih EtOOC ©
—40°Ctort )
R2 "
EtO” “OMgBr 57
-~ up to 84% yield
56 up to 20:1 dr

up to 94% ee

To address the problem of low facial selectivity of the imine ad-
dition, we continued our study with several imines bearing
various N-protecting groups [48]. We have argued that this
protecting group could influence the enolate addition. Indeed,
an effect of the nitrogen protecting group was observed.
Interestingly, small sulfonyl-based protecting groups led
to the (R,R,S)-diastereoisomer of the product 61. On the
other hand, the sterically bulky diphenylphosphorane group
afforded the (R,R,R)-diastereoisomer 63 as the main product.
The large protecting group likely overrides the repulsive
interaction between the enolate and a phenyl group in a
preferred synclinal Mg-bound arrangement of the reagents
(Scheme 16).

Within the framework of these domino reactions, we have
mainly employed ferrocenyl phosphane ligands such as
Taniaphos or Josiphos. In collaboration with Prof. Schmalz
from Cologne University, we have also tested phosphite-

®MgBr
&2 9 NS
1. RMgBr )I
CuX, (R,S)-L14 Ph workup
> —_—
2. T = Ty,
SN ph R
1 58 (R,R,R)-59 (R.R,S)-59
up to 97:3 er
Si-face enolate addition (anti to R group) dr 3:2
PPh2 UMGZ

R/H%/%o@

Scheme 15: Tandem ACA of Grignard reagents to enones and Mannich reaction.

603



[e) 1. CuCl
Taniaphos
MeMgBr

Beilstein J. Org. Chem. 2023, 19, 593-634.

61, 92% ee (R.R,S)
dr 3:2

®
_pcPh

63, 96% ee (R.R.R)
dr 4:1

TS calculated at HF/6-31G*

Scheme 16: Diastereodivergent Mannich reaction of Mg enolates with differently N-protected imines.

phosphine ligands (e.g., L15) from their lab. The advantage of
these ligands is that they can also promote the conjugate addi-
tions of aryl-based or branched Grignard reagents (Scheme 17)
[49].

Further extending this methodology, we have investigated form-
aldehyde imine equivalents. These kinds of imines are not
readily available, but they are highly important synthetic build-
ing blocks providing an aminomethyl moiety upon adding
nucleophiles. Protected formaldehyde aminals are useful syn-

thetic equivalents to formaldehyde imines. The imine function-

1. RMgBr
o) CuBr-SMe; (5 mol %)
L15 (6 mol %)

2. Ts., =
S\ pp 57

64a
78%, 58% ee

64b
83%, 96% ee

64c
79%, 78% ee

ality can be unmasked (68) in the reaction medium by Lewis
acids such as TiCly. The formed Mg enolates 66 readily react
with the transient iminium species 68 to afford the correspond-
ing aminomethylation products 69 (Scheme 18) [50]. As seen
from Table 2, the diastereoselectivities were somewhat compro-
mised compared to what one can expect from the reactions of
cyclic enolates. This erosion was likely caused by Lewis acid-
mediated epimerization.

Guénée et al. described the allylation, benzylation, and propar-

gylation of magnesium enolates. These enolates were generated

64d
45%, 78% ee

64e
20%, 64% ee

Scheme 17: Tandem Grignard—ACA-Mannich using Taddol-based phosphine-phosphite ligands.
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O HN OBn
Y7 R PPh, NMe;
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> L14
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,____________
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Scheme 18: Tandem reaction of Mg enolates with aminomethylating reagents.

Table 2: Domino aminomethylation of cyclic ketones with Grignard
reagents.

RMgX Yield dr ee (trans) ee (cis)
MeMgBr 66 2:1 92 95
MeMgl 27 2.7:1 84 88
n-PentMgBr 63 2.41 92 60
iPentMgBr 34 2.21 92 60
cyclopentylMgBr 16 n.d. 74 74
HexMgBr 41 1.8:1 92 92

by a Cu-NHC-catalyzed conjugate addition of Grignard
reagents to f-substituted cyclic enones (70) (Scheme 19) [51].

Fox and co-workers developed an intriguing synthesis of enan-
tiomerically enriched cyclobutanes 77 [52]. Their strategy em-
ployed a three-component process in which zert-butyl (E)-2-
diazo-5-arylpent-4-enoates 74 were treated with the chiral
rhodium catalyst C1 to provide enantiomerically enriched bicy-
clobutanes 75. These highly strained compounds then partici-

1. EtMgBr (2 equiv)

pated in the Cu-catalyzed homoconjugate addition of Grignard
reagents and subsequent enolate trapping to give densely func-
tionalized cyclobutanes 77 with high diastereoselectivity
(Scheme 20). The enolates were alkylated, allylated, benzylated,
benzoylated, and thienylated.

Minnaard and co-workers developed a copper/Rev-Josiphos-
catalyzed asymmetric conjugate addition of Grignard reagents
to 2-methylcyclopentenone (78), which provided 2,3-disubsti-
tuted cyclopentanones in high yields and enantiomeric purities
[53]. The one-pot alkylation reaction of the in situ formed
magnesium enolate with alkylating reagents required the pres-
ence of 1,3-dimethyltetrahydropyrimidine-2(1H)-one (DMPU)
(Scheme 21). Reactive alkylating reagents such as iodomethane,
benzyl bromide, allyl iodide, propargyl bromide, or bromo-
acetate reacted well and afforded the products 80 in good
yields.

In an attempt to expand the available electrophiles for reactions
with metal enolates, we were inspired by the work of Cozzi and
co-workers. They described reactions of organocatalytically
generated enamines with stabilized carbenium ions [54-56].

o Cu(OTf), (6 mol %) T T h
L16 (9 mol %) \ M\ e :
CH,Cly, —10 °C ! NN i
’ I

X 2. EX (2 equiv) ! :

X ; ! HO
70 SiMe3 rl—t”V‘:FZ)Af\](’I 1 equw) SiMe3 : C|@ :
! 3 L16 !

conversions 82-95% T TTTTTTTTT
dr 82:18 to 87:13
EX = /\/I | X Br /Br
Pz TMS
72 37 73

Scheme 19: Tandem reaction composed of Grignard ACA to alkynyl enones.
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\/\,LE 2. R2MgX, CuX-cat CO,t-Bu ! O c1 !
74 3. R3X 77 : Q :
/ : o .
| N O F|zh !
|
o \
t-Bu-O ! §
H O-t-Bu R _ ! tBi  OfRh |
R f\ /“ / (o] | |
o S
M-R2 R2
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Scheme 20: Rh/Cu-catalyzed tandem reaction of diazo enoates leading to cyclobutanes.

/\/\/MgBr
(1.7 equiv)
CuBr-SMe; (5 mol %)
L13 (6 mol %)

tBuOMe, -78 °C,3h
78 full conversion
91:9er

80a, 67%

80b, 90%
dr 90:10

80c, 75%
dr 82:18

RX (3.5 equiv)
DMPU

20 h, rt

80d, 62%
dr 82:18

80e, 70%
dr 80:20

Scheme 21: Tandem Grignard-ACA of cyclopentenones and alkylation of enolates.

These seminal results prompted us to push this question further
and we asked whether metal enolates generated by conjugate
additions would be compatible and react productively with suit-
able carbenium ions (Scheme 22). To investigate this question,
we started our study with the well-known conjugate additions of
Grignard reagents to cyclic and linear enones 1, 85, and 87. At
first, the addition of tropylium or benzodithiolium tetrafluoro-
borates were not highly productive because these onium com-
pounds were not well soluble in typical solvents used for conju-
gate additions of organometallic reagents, e.g., Et;O, t-BuOMe
or CH,Cl,. Therefore, we exchanged the BF, anion in the
onium compounds for the more lipophilic NTf,. This exchange
led to more soluble onium compounds 81 and 83, and conse-
quently, also significantly improved the reaction with the metal
enolates. As a result, the corresponding products were success-
fully isolated with tropylium and benzodithiolium cations [57].
The reaction worked well with Mg enolates generated from

cyclic and linear enones 1 and 85 and enoyloxazolidinones 87.

Apart from the most robust tropylium and benzodithiolium
cations, reactions were also possible with the dianisyl-
methylium cation. Interestingly, tritylium cations reacted only
in the para-position of a phenyl ring, while flavylium triflate
and 2,4,6-triphenylpyrylium tetrafluoroborate were not compat-

ible with our reaction conditions.

Heterodonor ferrocenyl phosphane—carbene ligands efficiently
promote the conjugate addition of Grignard reagents to a,f3-
unsaturated lactones [58]. Building on this knowledge, we have
investigated the domino reaction of the formed metal enolates
with activated alkenes 91 [59]. Alkenes with two activating
groups were needed for efficient enolate-trapping reactions,
sulfone or phosphonate activating groups being the most suit-
able ones (Scheme 23).

Harutyunyan and co-workers developed a Lewis acid-promoted

conjugate addition to unreactive Michael acceptors such as
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1. RMgBr T \
5 CuCl (5 mol %) ! PPh, NMe; !
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- : Fe Phop |
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—78°C,2h
S
2. S
1 (;F@) Me
S g3 84
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overnight
1. MeMgBr O Me i \
o CuBr-SMe,, : Me !
R,S)-L17 M B !
Me)l\/\B (R,S) _ Me u ! PCy, i
2. | Fe PPh2
85 le) I
. NP2 | an) L17 |
86 | (R.S)-Josiphos !
81 56%, 88/95% ee oI .
49:51 dr
1. EtMgBr

Phosferrox (6 mol %)

87, R=Ph, t-Bu
81

EE 0 O
(Cul)g-(SMez)s (1.25 mol %) " N
CH,Clp, ~78 °C N © P
R NT,

88a, R = Ph, 52%, dr 60:40
88b, R = t-Bu, 71%, dr >95:5

Scheme 22: Tandem ACA of Grignard reagents followed by enolate trapping reaction with onium compounds.

amides or vinyl heterocycles [60]. Trimethylsilyl triflate or
boron trifluoride-activated unsaturated amides underwent
highly efficient and enantioselective addition of Grignard
reagents. When this methodology was applied to a substrate
with a pending bromo substituent (93), the formed enolate 94
underwent a spontaneous cyclization via an SN2 displacement
(Scheme 24).

The Harutyunyan team showed that this methodology also
applies to aza-enolates that are generated by the conjugate addi-
tion of Grignard reagents to alkenyl heteroarenes [61]. The aza-
enolates were trapped with various Michael acceptors such as
unsaturated ketones, esters, and amides (Scheme 25) [62]. The
authors noted a strong substrate dependence of this process. The

trapping reaction worked best with benzoxazole-derived sub-

strate, while thiazole was also possible. Among electrophilic

reagents, unsaturated esters worked best.

In collaboration with the Harutyunyan group, we have further
explored the possibilities of chiral enolate trapping which were
obtained by asymmetric conjugate addition of organometallic
reagents. We intended to employ the Lewis acid-mediated gen-
eration of magnesium enolates in the trapping reactions with
carbocations. Indeed, unsaturated amides, alkenyl heterocycles,
or even unsaturated carboxylic acids successfully participated in
this process affording structurally interesting products
(Scheme 26) [63].

Apart from unsaturated amides, the trapping worked also with

alkenylheterocycles 103. Interestingly, the corresponding aza-
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Scheme 23: Mg enolates generated from unsaturated lactones in reaction with activated alkenes.
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Scheme 26: Si enolates generated by TMSOTf-mediated ACA of Grignard reagents and enolate trapping reaction with onium compounds.

enolates could be generated by two sets of experimental condi-
tions where ACA was promoted either by BF3-OEt, or
TMSOTT (Scheme 27A). Based on the recent Harutyunyan
discovery of ACA to unsaturated carboxylic acids [64], we
have attempted a similar trapping reaction here as well.
Gratifyingly, the corresponding trapping products 106 could be
isolated with tropylium and benzodithiolium cations
(Scheme 27B).

We have continued our exploration of enolate reactions with
carbocations by studying the trapping of heterocyclic enolates
108 generated from coumarin and chromone [65]. The high
enantio- and diastereoselectivity of these transformations were
ensured by a Josiphos-type ferrocene ligand. The reaction of
chiral metal enolates with onium compounds enabled the instal-
lation of structurally attractive substituents on the chromenone

or piperidinone core (Scheme 28).

Furthermore, cycloheptatrienyl and benzodithiolyl substituents
can be further modified, thus, expanding the synthetic possibili-
ties of this methodology. The cycloheptatrienyl substituent

allows oxidative ring contraction to form a phenyl ring, which

is otherwise not easy to introduce into the C-2 position of car-
bonyl compounds. Finally, the benzodithiolyl group can be
reduced into a methyl group (Scheme 29).

Conjugate additions with trialkylaluminum

reagents

Conjugate additions of trialkylaluminum reagents are some-
what less populated as a basis for generating and trapping of
reactive metal enolates. The conjugate addition of R3Al to
cyclic enones catalyzed by a combination of copper(Il) naph-
thenate (CuNaph) and SimplePhos ligand L.19 led to the corre-
sponding aluminum enolates. Alexakis and co-workers used
these enolates in a Mannich-type reaction with the a-aminoether
118. This reagent released an iminium ion into the reaction me-
dium that reacted with the Al enolate 117 [66]. Furthermore, the
Mannich adduct was then reacted with Grignard reagents that

replaced the dimethylamino group (Scheme 30).

Alexakis and co-workers also investigated the trapping of metal
enolates by Michael reactions with nitroalkenes 122 and disul-
fonyl ethylenes 124 (Scheme 31) [67]. The conjugate additions

of dialkylzinc, Grignard, and trialkylaluminum reagents to
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Scheme 27: Trapping reactions of enolates generated from alkenyl heterocycles (A) and carboxylic acids (B) with onium compounds.

cyclic enones 121 were realized using previously established
chiral phosphoramidite, carbene or ferrocene ligands. All types
of metal enolates generated via these processes were able to
react with Michael acceptors and afforded the corresponding
products in good yields.

The alkynylation of enolates generated by conjugate addition
was described by Teodoro and Silva (Scheme 32) [68]. Even
though the conjugate addition of trialkylaluminum or Grignard
reagents was realized only in an achiral manner, this work
merits discussion here. Aluminum and magnesium enolates
were alkynylated with ethynylbenziodoxolone (EBX). This dia-

stereoselective electrophilic alkynylation afforded the corre-
sponding a-alkynylketones 129 in good yields.

Conjugate additions with organozirconium
reagents

The hydrozirconation of alkenes and alkynes generates mild
organozirconium compounds that can be used in various trans-
formations. Fletcher and co-workers developed the utilization of
organozirconium reagents in Cu-catalyzed conjugate additions
and allylic substitutions [15]. Given these developments, we
posed the question of how would Zr enolates 133, formed by

the corresponding conjugate addition, would react with highly
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Scheme 28: Reactions of heterocyclic Mg enolates with onium compounds.

reactive electrophiles. With typical electrophiles such as
benzaldehyde or nitrostyrene no enolate trapping was observed,
however, we isolated trapping products with onium compounds
having tropylium, benzodithiolium, and 1,3-dithian-2-ylium
cations. The zirconium enolate also reacted with a highly acti-
vated alkene (Scheme 33) [69]. A comparison with related Mg
and Si enolates revealed a lower reactivity of zirconium
enolates, presumably, due to the considerable steric hindrance
caused by bulky ligands around the Zr center.

Fletcher investigated the formylation of zirconium enolates with
the Vilsmeier—Haack reagent [70]. Interestingly, the reaction

afforded chloroformylation rather than simple formylation prod-

ucts. The methodology was later exploited in the expedient syn-
thesis of the Taxol core (Scheme 34) [71].

Tandem conjugate borylations and silylations
Chiral organoboron compounds are well-known synthetic build-
ing blocks with diverse possibilities for subsequent derivatiza-
tion (e.g., oxidation, transformation to potassium trifluoro-
borate salt, hydrolysis, C—C cross-coupling, base-mediated
elimination, radical C-B cleavage) [72]. Therefore, enantio-
enriched boronates are commonly applied intermediates in
organometallic, medicinal, and other fields of chemistry. At
the same time, some organoboronic acid derivatives have

been found to exhibit potent biological activities, which has
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led to the development of several FDA-approved drug mole-

0._0 1. NO*BF4~ . . .
CH-CN 4rt cules [73,74]. Following the seminal works of Hosomi [75]
ey e and Miyaura [76], the synthesis of -boron-substituted carbon-
2. Hz0; (aq) . . ) .
yl compounds by conjugate addition of boron species to acti-
109a (85% ee) vated alkenes has matured into a well-developed strategy
(Scheme 35).
Q +
- 1. NO'BF, Despite its ability to build complex structures, the conjugate
M» borylation with subsequent enolate trapping has rarely been
0 2. H202 (aq) applied in the last decade. These few examples are mostly
0,
112a (87% ee) limited to aldol reactions. In 2009, Shibasaki and co-workers
explored the copper-catalyzed asymmetric conjugate borylation
Raney-Ni, H, of B-substituted cyclic enones using chiral bisphosphine ligand
CH-OH THF, L21 [77]. Other than the oxidation and hydrolysis of the
33h,‘rt produced enantiomerically enriched tertiary boronates, in

109f (85% ee)

115: 38%, 91% ee

Scheme 29: Synthetic transformations of cycloheptatrienyl and

benzodithiolyl substituents.

118

one example, they have demonstrated the utilization of
the enolate intermediate in a cascade sequence, including bory-
lation, aldol reaction, and finally oxidation (Scheme 36). The
product 146 containing three consecutive stereocenters was ob-

O R2;Al (1.2 equiv) BuO._-NMe, o 'T“V'ez 1. mCPBA (1.5 equiv) o R?
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Scheme 30: Aminomethylation of Al enolates generated by ACA of trialkylaluminum reagents.
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Scheme 31: Trapping reactions of enolates with activated alkenes.

612



Beilstein J. Org. Chem. 2023, 19, 593-634.

O—I|——=——TMS
0 128
o) R2 _R2 _
R’ A.|2 CuCN oM 1 TMS-EBX (1.3 eguw)
+ R2 = Me, Et . >
f THF, 0 °C R? THF, -72 °C
126 or !
o~ 127 129
Z~ "MgBr 16 examples
X=CHy, O up to 89%
n=0,1
R' = aryl, Me, CO,Et
Scheme 32: Alkynylation of racemic aluminum or magnesium enolates.
: é «Cl
ZI'\H R1 R1
% R CuL,X _ZrCp,Cl E* o)
RI~ 1 Yy zepe —— o o .
0 = R2 R3
H 2 R3
130 132 ~ R E
R2 X RS 133 134
41
hydrozirconation conjugate addition Zr enolate trapping
achiral CA:
o S \““LS
o, /\R ‘o, /\R Hex Hex
134a, R = n-Bu, 35% 134c, R = n-Bu, 23% 134e, 35% 134f, 34% 1349, 20%
134b, R = c-Hex, 12% 134d, R = c-Hex, 13%
enantioselective CA:
1. CpyZr(H)CI (2 equiv),
(CuOTf),"PhCH3 (10 mol %),
o} (R,S,S)-L1 (10 mol %) (o}
TMSOTf (5 equiv), Et,0/CH,Cl, E (TTT T T T 3
R , > | Ph i
2. electrophile N Bu : o |
1 130c (2.5equiv)  CHCl 134 ! BN |
—————————————————————————————————————————————————————— : o |
: Ph \
° 3 0 s ) LI esom
i‘)xs S
" n.Bu " pBu " nBu

134c, 2%, ee n.d. 134f, 13%, 96% ee 1349, 20%, 98% ee

Scheme 33: Trapping reactions of Zr enolates generated by Cu-ACA of organozirconium reagents.

613



CuCl/L20

O
131 . MTBE
Rr\ RZ
n
130 121
___________________ oo
OO Ph>_ ! + o ZrCpoCl
0) Ph | |
P-N ' SNT
o )7 | |
99 | /
|
L20 ! 138
I
O
e
—_—
* ACA/
chloroformylation
141 142

143, 69%, 92% ee

Beilstein J. Org. Chem. 2023, 19, 593-634.

\Nl/
O[zr] Cl
o c |
136
R? R R? R
135 137, 41-57%
86-98% ee
_ _ZrCp,Cl cl
(0)
Cl - P
e AN
- \[Tj T , 'T‘ +
/ v
139 140
Cl Ccl O H
| 4 steps
X —_— A
R —
\%\
Br

taxol core 144
11% overall yield
92% ee, dr 1:1

Scheme 34: Chloromethylation of Zr enolates using the Vilsmeier—Haack reagent.

enolate
trapping
|

conjugate
borylation
I

| ,ML* |
o} | :
L ML* N E «E
| 4
S TN e N < N
S \ B A B \
\iB/ L’// L’//
_B
\ 1

Scheme 35: Tandem conjugate borylation with subsequent proton-
ation or enolate trapping by an electrophile.

tained in a dr of 6.5 to 1 and with good yield and enantioselec-
tivity.

Lam and co-workers described a highly enantioselective tandem
borylation/intramolecular aldol cyclization procedure

(Scheme 37) [78]. The desymmetrization process of cyclic

Bopin, (1.1 equiv)
Cu(CH3CN)4PFg (10 mol %)

0 L21 (12 mol %) PhCHO (51, 2.5 equiv)

LiOt-Bu (15 mol %) r,1.5h, O,
DMF, rt, 6 h
Ph /.6 l
145
: \ «Bu | O H OH
I N P |
1R ! Ph
oL Cle
/
I NIOWR OH
! L21 t-Bu/ - ! 146, 71%, 91% ee

dr 6.5/1

Scheme 36: Tandem conjugate borylation/aldol reaction of cyclo-
hexenones.

diones 147 gave the densely functionalized bicyclic products
148 with four contiguous stereocenters usually in a highly dia-
stereoselective fashion. Presumably, the difference in diastereo-
control originates from the preferred E/Z enolate geometry
during the transition state. Interestingly, using r~-BuOH instead
of iPrOH resulted in exceptionally better results for some sub-
strates with different ring sizes.

In 2015, the group of Feringa investigated the copper-catalyzed

conjugate borylation of a,B-unsaturated phosphine oxides 149
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Scheme 37: Selected examples for the tandem asymmetric borylation/intramolecular aldol reaction; synthesis of functionalized bicyclic compounds.

[79]. Their work also included an example of the consecutive
trapping of the enolate by Mel (Scheme 38). Using the (R,Sp)-
Josiphos ligand (L.17), the product of the tandem reaction (150)
was gained in 63% yield (dr 5.2:1).

Bopin, (1.5 equiv)
[Cu(CH3CN)4]PFg (10 mol %)
(R,S)-L17 (12 mol %)
LiOt-Bu (1.1 equiv)

0, Ph Mel (4.0 equiv) Bpin
R > Me
5 Ph THF, rt, 16 h
P(O)Ph,
149 ___________ 150, 63%, dr 5.2:1
| |
I I
: : PCy, :
t Fe pph, [
I L I
I
I
\

<& (R,S)-L17/:

Scheme 38: Cu-catalyzed tandem methylborylation of o,B-unsatu-
rated phosphine oxide in the presence of (R,Sp)-Josiphos ligand (L17).

At the beginning of the new decade, Fernandez et al. presented

a Cu-catalyzed tandem borylation/transannular aldol cycliza-

tion using decane and undecane macrocyclic substrates 151
(Scheme 39) [80]. This methodology enabled the synthesis of
complex bicyclic scaffolds in a completely diastereoselective
and straightforward manner. Based on their NMR experiments
(Hy coupling constants = 6.4-8.6 Hz), the high level of dia-
stereocontrol can be associated with the preferred Z-configura-
tion of the cyclic copper enolate intermediate. In the presence of
the chiral ligand (R,S)-L17, the tandem reaction was accom-
plished in a highly enantioselective way (ee up to 92%).

In the same year, Lautens and co-workers introduced a novel
methodology for preparing enantioenriched N-heterocycles
utilizing a Cu-catalyzed tandem conjugate borylation/Mannich
cyclization sequence (Scheme 40A) [81]. The procedure was
found to be generally relevant as several structurally different
Michael acceptors were successfully applied. Their work also
included a 3 mmol scale-up (62%, 87% ee, dr >20:1) and
various derivatizations of the Mannich products. Furthermore,
they have also attempted a multi-electrophile cascade reaction,
which harnesses the nucleophilic nature of the secondary amine
157 generated in the cyclization step (Scheme 40B). Conse-
quently, the complex tetracyclic compound 158 was produced
in 47% yield and with good stereoselectivity (84% ee, dr 7.5:1).
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Scheme 39: Cu-catalyzed tandem transannular conjugated borylation/aldol cyclization of macrocycles containing an o,B-unsaturated ketone and an

additional ketone moiety.

At about the same time, comparable results were reported by
the group of Zhang [82]. Their Cu-catalyzed cascade boryla-
tion/aldol cyclization methodology provides rapid access to
various indane derivatives 160 (Scheme 41A) with good yields
and excellent chemo-, and stereoselectivities. Next, they suc-
cessfully extended this process to 6-, and 7-membered benzo-
cyclic compounds and the corresponding boronates 162 were
isolated with equally good yields and excellent stereoselectiv-
ities (98-99% ee) (Scheme 41B). Surprisingly, when the alde-
hyde was exchanged with imine 163, the Mannich product 164
was gained only in 23% yield, however, with excellent enantio-
selectivity of 94%.

In the following year, Aponick et al. systematically modified
atropisomeric C1-symmetric stack ligands to identify suitable
catalytic systems for a highly enantioselective synthesis of
organoboranes (Scheme 42) [83]. Their best attempt to realize a
tandem borylation/aldol cyclization reaction resulted in 72%
yield, 90% ee, and a diastereomeric ratio of 93:7 using ligand
L25.

Recently, Chegondi and co-workers have demonstrated an en-
antioselective Cu-catalyzed tandem borylation/Michael addi-
tion reaction of aryl enones 167 and 170 to cyclohexadienones
in an intramolecular fashion (Scheme 43A) [84]. The 1,4-conju-
gate borylation is followed by a desymmetrization step during

which the chiral enolate attacks (Si-face) the prochiral cyclo-

hexadienone ring via a chair-like transition state. The reaction
requires an excess amount of base, resulting in the formation of
a more favorable lithium enolate. Subsequent oxidation of the
boronates gave the corresponding alcohols without a significant
change in yield or selectivity. Interestingly, in the absence of
the base, the reaction led to fused dioxane derivatives
(Scheme 43B). This can be explained by a borylation/oxidation/
oxa-Michael tandem sequence instead of the C-Michael addi-
tion. The role of the base was thoroughly examined using DFT
calculations. Other than the broad substrate scope, the synthetic
utility of this method was demonstrated by a scale-up reaction
(3.73 mmol scale, 87% yield, 88% ee), and by several different
transformations of the tandem products.

Similarly, Ghorai et al. studied a Cu-catalyzed cascade boryla-
tion/Michael addition sequence leading to enantioenriched
spiroindane boronates 174 (Scheme 44A) [85]. The reaction
showed good functional group tolerance. Further derivatization,
as well as scale-up (1 mmol) of the reaction were successfully
performed (72% yield, 89% ee, dr >20:1). Based on their
control experiments and literature mechanistic studies
(Chegondi et al.) [84], the role of the base (LiOz-Bu) was
considered. Following the Cu-catalyzed conjugate addition of
B,piny, the Michael cyclization is facilitated by the transmetal-
ation of stoichiometric Li base with the Cu enolate
(Scheme 44B). In the end, protonation of the Li enolate affords

the spiroindane boronate.
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Scheme 40: Stereoselective tandem conjugate borylation/Mannich cyclization: selected examples (A) and a multi-electrophile cascade reaction

furnishing a complex tetracyclic scaffold (B).

Due to their paramount role in the fields of bioactive natural
products and medicinal chemistry, there is a growing interest in
enantioenriched cyclobutanes. Recently, the group of Hall was
engaged in developing enantioselective methods for the synthe-
sis of cyclobutylboronates which could serve as important
building blocks [86]. Utilizing high-throughput (HTS) chiral

ligand screening, they have presented the highly asymmetric

conjugate borylation of disubstituted cyclobutenones. Next,

they thoroughly studied the stereoselective conjugate boryla-
tion of cyclobutene 1-carboxyester 175 (Scheme 45A) [87]. As
a result, the cis-pB-boronyl cyclobutylcarboxyester 176 was pre-
pared on a gram scale with 80% yield and an excellent 99% ee
(dr >20:1). Subsequent transformation to the corresponding tri-
fluoroborate salt 177 resulted in a highly beneficial scaffold
which was successfully involved in diastereoselective Ni/

photoredox dual-catalyzed cross-coupling reactions. Further-
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Scheme 41: Some examples of Cu-catalyzed asymmetric tandem borylation/aldol cyclization (A). Application to different ring sizes and combinations

with Mannich reaction (B).

B,pin, (1.5 equiv)

COOMe CuClI (5 mol %)
ligand (5.5 mol %) Bpin COOMe
~ KOt-Bu (0.2 equiv)
CHO MeOH (1.5 equiv) OH
toluene, rt, 24 h
165 166
Ph,  pPh Ph  Ph
F\5 NN F\s N__N
Z PPh; A PPh,
N S
X X

L23: (S,,R,R)-StackPhim
21%, -3% ee, dr 95:5

L24: (S,)-StackPhos
32%, —12% ee, dr 90:10

Scheme 42: Atropisomeric P,N-ligands used in tandem conjugate borylation/aldol cyclization sequence.

72%,

L25: (R,,R,R)-StackPhim
90% ee, dr 93:7
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Scheme 43: Selected examples for the enantioselective Cu-catalyzed borylation/intramolecular Michael addition (A). Without the base, the reaction

proceeds through a tandem borylation/oxidation/oxa-Michael sequence (B).

more, rather than the stereoselective protonation, they have also
demonstrated the successful trapping of the Cu enolate with
benzaldehyde (Scheme 45B). This tandem conjugate borylation/
aldol reaction gave the aldol product 178 in 79% yield and an
exceptional 95% ee (dr 15:1).

Similarly to conjugate borylation, silyl functional groups can be
also introduced into activated alkenes. Furthermore, the addi-
tional transformation of the silyl motif might be similar or even

complementary to boronates (e.g., sensitivity to organometallic

reagents). In 2010, the Hoveyda group accomplished the
NHC-Cu-catalyzed enantioselective conjugate addition of
PhMe,Si-Bpin to a,B-unsaturated enones [88]. Additionally,
they have also presented the successful trapping of the Cu
enolate intermediate with benzaldehyde (51) and methyl bromo-
acetate (181) (Scheme 46).

At about the same time, Riant and co-workers investigated the

chiral auxiliary-assisted Cu-catalyzed tandem silylation/aldol

reaction between enoyloxazolidinones and different aromatic
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Li enolate product

Scheme 44: Selected examples for the preparation of enantioenriched spiroindanes using a Cu-catalyzed tandem conjugate borylation/Michael addi-

tion sequence (A). Role of the stoichiometric base (B).

aldehydes [89]. In the case of acryloyloxazolidinone 183, the
reaction gave the expected aldol product 184 in good yields and
diastereomeric ratios with a preference toward the syn-adduct
(Scheme 47A). Interestingly, when they used methacryloyloxa-
zolidinone 185 as a Michael acceptor, the X-ray analysis of the
product showed a rearranged structure (Scheme 47B). The
authors concluded that the new structure 186 is formed by intra-
molecular ring opening of the oxazolidine unit initiated by the
hydroxy group either following the aldol condensation or during

the reaction workup.

In 2021, Zhang and Oestreich presented a Cu-catalyzed tandem
conjugate silylation/aldol cyclization sequence where the dia-
stereoselectivity of the reaction is determined by the Si nucleo-
phile used [90]. Using Me,PhSiZnX-2LiX in combination with

ligand L21 leads to the trans adduct, while Me,PhSiBpin
together with L30 provides the cis product. Consequently, the
authors have successfully synthesized a broad range of bicyclic
structures with excellent enantio- and diastereocontrol
(Scheme 48). The thermodynamically driven cis-to-trans isom-
erization is also available by a retro-aldol-aldol procedure facil-
itated by a strong base (NaOH or Me,PhSiZnX-2LiX). Addi-
tionally, further derivatization is possible through the oxidation
of the silyl motif to alcohol or the dehydration of the aldol
adduct.

Other tandem conjugate addition/enolate-
trapping reactions

In 2016, Nishiyama and co-workers have studied a three-com-

ponent coupling reaction of alkynes, enones, and aldehydes via
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Scheme 45: Enantioselective conjugate borylation of cyclobutene-1-
carboxylic acid diphenylmethyl ester 175 with subsequent enolate trap-
ping using benzaldehyde.

direct conjugate alkynylation and consecutive aldol addition
(Scheme 49) [91]. The chiral ruthenium complex C2 (Phebox-
type)-catalyzed procedure delivered f-hydroxyketone deriva-
tives 192 having a-propargyl groups in good yields, however,
only with low diastereoselectivities (up to 3:1). While the syn-
diastereomers had low ee values, the trans-products showed
better enantioselectivities (up to 78%). Their control experi-
ments suggested that the Ru enolate, formed by the conjugate
addition of the alkyne to the enone, plays a significant role in
the following aldol reaction.

Later, Tian et al. have also employed a Phebox-based rhodium
complex (C3) to catalyze the tandem conjugate addition of a
terminal alkene followed by reacting the bicyclic dienol silyl
ether intermediate with Michael acceptors in a one-pot proce-
dure (Scheme 50) [92]. The bridged cyclic products 196a,b,
formed by a double Michael addition sequence, were isolated in

moderate to good yields and with high enantiopurities.
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Scheme 46: Cu-catalyzed enantioselective tandem conjugate silyla-
tion of a,B-unsaturated ketones with subsequent enolate trapping.

Continuing with other Rh-based catalysts, the group of Lautens
has also studied the stereoselective conjugate addition of
alkynyl species to a,B-unsaturated ketones with subsequent
trapping of the metal enolate by aldol cyclization (Scheme 51A)
[93]. The reaction starts with the coordination of the Rh cata-
lyst to the propargyl alcohol 198. In the presence of a base, the
rhodium-alkynyl reagent is generated with the concomitant
extrusion of benzophenone. Finally, the alkynylation of the
enone is followed by the cyclization step which yields the
a-propargyl-p-hydroxyketones 201 in good yields and excellent
diastereo- and enantiopurities. Soon after, the Lautens group has
further extended their methodology to the synthesis of spirooxi-
rane derivatives 203 by implementing a spiro-cyclization step
following the aldol reaction (Scheme 51B) [94]. Giving only a
single diastereomer with good enantioselectivity using a Rh/bi-
cyclo[2.2.2]octane-2,5-diene (bod) complex, a broad variety of
spiro compounds were isolated in good to excellent yields. The
authors have also shown that this skeleton provides a great op-
portunity to prepare complex molecules by further transformat-
ions.

Similarly, Huang et al. have recently published their work on

the Rh-bod complex-catalyzed highly stereoselective tandem
arylation/aldol cyclization [95]. The conjugate addition of aryl-
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Scheme 47: Cu-catalyzed enantioselective tandem conjugate silylation of o,3-unsaturated ketones with subsequent enolate trapping.

boronic acids to acyclic a,B-unsaturated ketones 147 with
sequential intramolecular addition of the enolate to the cyclic
dione moiety resulted in various bicyclic compounds with quan-
titative diastereoselection and excellent yields and enantioselec-
tivities up to 99% (Scheme 52A). Interestingly, when the
authors exchanged the Cs,CO3 base to Et3N, the hydroarylated
derivative 205 was isolated as the main product (Scheme 52B).
Thus far, the direct hydroarylation of such enone-dione sub-
strates was unprecedented, presumably, due to the preferred
metal-catalyzed aldol cyclization. Their protocol was further
verified by a wide substrate scope. Additionally, the reaction
showed high functional group tolerance with excellent stereose-
lectivities.

In 2016, Ellman and co-workers demonstrated a Rh- or Co-cata-
lyzed highly diastereoselective tandem C—H bond addition/aldol
reaction sequence [96,97]. The C—H activation was promoted
by pyridine, pyrazole, or imine directing groups, while the aldol
addition step was performed either in a two-component (intra-

molecular aldol) or a three-component (intermolecular aldol)

arrangement. The enantioselective implementation of this
methodology was realized by Herraiz and Cramer in 2021
(Scheme 53) [98]. The reaction sequence is initiated by the C-H
activation of aryl pyrazoles, followed by the asymmetric conju-
gate addition to the Michael acceptor. Then, the formed cobalt
enolate participates in the intermolecular aldol reaction with an
aldehyde 207. The stereochemistry of this tandem procedure is
controlled by the chiral Co(IIT) complex C4 bearing binaphthyl-
derived Cpx ligands. The authors have successfully isolated a
broad scope of B-hydroxyketones 208 in good yields and high
enantioselectivities. Although only a moderate diastereomeric
ratio was achieved, their ligand screening showed that properly
tuning the ligand structure can significantly affect the diastereo-

meric ratio, resulting in even opposite selectivity.

Roush and co-workers have presented a simple stereoselective
reductive aldol procedure for the synthesis of tetrasubstituted
enolates 210 from substituted morpholine acrylamides 209
(Scheme 54) [99]. Subsequent trapping of the boron enolate
with various aldehydes provided the aldol adducts with good
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Scheme 48: Cu-catalyzed tandem conjugate silylation/aldol condensation.

yields. Compared to general aldol reactions, the boron enolates
showed lower reactivity and required overnight reflux to
achieve good conversions. Nevertheless, the stereoselectivity of
the reaction was still excellent (up to >95% ee, dr >20:1). Due
to the high diastereoselectivity, the authors have concluded that
the boron enolates are stable and do not isomerize by reversible

formation of C-boryl species. The stereochemical information

OMe CF,

(A): ent-trans-188c
40%, 93% ee, dr 80:20
(B): cis-189c, 83%
99% ee, dr >98:2

SiMe,Ph

FsC
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—— e e e e e — =
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SiMe,Ph

Cl
(A): ent-trans-188h
53%, 89% ee, dr 77:23

(B): cis-189h, 70%
95% ee, dr 93:7

The diastereoselectivity is controlled by the silicon nucleophile.

of the enolate is most likely transferred to the final product via a

chair-like transition state.

Application in total synthesis

As shown before, asymmetric tandem conjugate additions fol-
lowed by enolate trapping are robust methodologies for synthe-

sizing complex structures with multiple stereogenic centers. For
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Scheme 49: Chiral Ru-catalyzed three-component coupling reaction.
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Scheme 50: Rh-Phebox complex-catalyzed reductive cyclization and subsequent reaction with Michael acceptors through the silyl enol ether.

this reason, such stereoselective procedures are commonly used
in total synthesis (Figure 2) [100,101]. In this chapter, a few
other examples are discussed.

Malaria is one of the most widespread diseases that still poses a
severe threat to inhabitants and travelers of tropical regions

within Africa, Asia, and Latin America. Uncomplicated cases,

caused by Plasmodium parasites, are usually successfully
treated by artemisinin combination therapy (ACT). Artemisinin
can be isolated from the Artemisia annua (sweet wormwood)
plant. This sesquiterpene lactone bearing a peroxide is a
prodrug of the biologically active dihydroartemisinin. In 2012,
Zhu and Cook developed a gram-scale asymmetric total synthe-

sis of (+)-artemisinin (Scheme 55) [102]. Using the commer-

624



Beilstein J. Org. Chem. 2023, 19, 593-634.

[Rh(coe),Cl], (2.5 mol %) 0 R? oy
A) o o (S)-L31 (6 mol %) AN
AT oH Cs,CO3 (10 mol %) R
R R2 + / " >
| Rs// Ar toluene, 60 °C, 36 h 3/
198, Ar = Ph 201, dr >20:1
197 or 4-MeO-CgH,
deprotonation Rh-ACA A
base, [Rh] + +
coordination aldol cyclization
[Rh]O elimination
R3=——\Ar R3-—==— Rh]
Ar — Ar2CO
199

TIPS
201a, 83%, 95% ee

/OH
=~ "Ph

198a (1.2 equiv)
R + or

1. [Rh(L33)Cl), (2.5 mol %)
Cs,CO3 (3.0 equiv)
DCE, 85°C,21h

ArB(OH),
(2.0 equiv)
202

MeO BocHN

203b, 85%, 91% ee

203d, 74%, >99% ee
203e, 61%, 89% ee

2. [Rh(L32)Cl], (2.5 mol %)
CSZCO3 (1 .2 equiv)
CHyCly, 60 °C, 24 h

203c, 85%, 93% ee

Cl

MeO

TIPS
203f, 61%, 89% ee

2039, 58%, 92% ee

Scheme 51: Rh-catalyzed tandem asymmetric conjugate alkynylation/aldol reaction (A) and subsequent spiro-cyclization (B).

cially available and cheap cyclohexenone 1 as starting material,
they have demonstrated an economic synthesis plan in only five
steps. In the first step, the Cu-catalyzed conjugate addition of
Me,Zn is followed by alkylation with 1-bromobut-2-ene (212).

The product of this tandem sequence was isolated on a multi-

gram scale (26 g) in 61% yield and 91% ee with a trans/cis dia-
stereomeric ratio of 7:1.

Later, Luo and co-workers developed a modular, enantioselec-

tive synthetic approach to various amphilectane and serrulatane
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Scheme 52: Rh-bod complex-catalyzed tandem asymmetric conjugate arylation/intramolecular aldol addition (A). Simple asymmetric arylation with-

out the subsequent cyclization in the presence of triethylamine (B).

diterpenoids (Scheme 56B) [103]. These complex natural com-
pounds exhibit strong pharmacological activities like anti-
inflammatory, antituberculosis, analgesic properties, etc. The
key reaction steps included a highly stereoselective gold-cata-
lyzed or thermally activated Cope rearrangement and a gold-
catalyzed 6-endo-dig cyclization. The chiral starting material
was prepared by an asymmetric Cu-catalyzed tandem conjugate
addition/acylation sequence using ethyl cyanoacetate (Mander’s
reagent) as a trapping agent (Scheme 56A). Activation of the
zinc enolate by MeLi was necessary, but with optimum reac-
tion conditions the authors were able to isolate product (+)-214
in good yield (75-85%) and excellent stereoselectivity (>95%)
on a multigram scale. Additionally, both stereoisomers are
available by simply using the ligand with the opposite stereo-
chemistry.

Pleuromutilin-based antibiotics are an essential line of defense
in the war against resistant bacteria strains. The tricyclic diter-
pene fungal metabolite (+)-pleuromutilin was isolated in 1951

[104]. Since then it has served as a starting point for devel-

oping new antibiotics, including semisynthetic derivatives
effective against Gram-positive or even both types of bacterial
species. The C14 analogs, tiamulin, and valnemulin have been
used by veterinarians since the 1980s. The topical antibiotic
retapamulin was approved by FDA in 2007 for the treatment of
the skin infection impetigo. In 2019-2020, lefamulin was intro-
duced both in the USA and the EU to treat community-acquired
bacterial pneumonia. Herzon et al. have demonstrated the
modular synthesis of various pleuromutilins and created the
foundation for the development of novel antibiotics against
complicated infections. The key stereochemical information
was usually introduced by a stereoselective tandem Cu-cata-
lyzed conjugate addition and subsequent trapping of the zinc
enolate by acylation or aldol reaction with an overall yield of
71-78% and good stereoselectivity (Scheme 57) [105-107].
Recently, Poock and Kalesse demonstrated the first total syn-
thesis of halioxepine, a meridoterpene isolated from the Indone-
sian sponge Haliclona sp. [108]. Their synthesis takes advan-
tage of the same tandem procedure that gives f3-ketoester 219.

The asymmetric conjugate 1,4-addition and subsequent acyl-
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Scheme 53: Co-catalyzed C—H-bond activation/asymmetric conjugate addition/aldol reaction.
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Scheme 54: (Diisopinocampheyl)borane-promoted 1,4-hydroboration of o,B-unsaturated morpholine carboxamides and subsequent aldol reaction.
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L

H Q o)

3 Qij/\% H\OH
5 &

(+)-9-oxoeuryopsin aflavazole

(=)-nodulisporic acid C

Figure 2: Some examples of total syntheses that have been recently reviewed.

Me,Zn (1.0 equiv) /:f Br
0 Cu(OTf), (1 mol %) 212

L36 (2 mol %) (1.1 equiv)
toluene, 3 h —30°Ctort
-30°C 12h
1 213, 61%, 91% ee
dr7:1,26 g
O Ph
o. > " 4 steps

(+)-artemisinin

Scheme 55: Stereoselective synthesis of antimalarial prodrug (+)-
artemisinin utilizing a tandem conjugate addition/alkylation sequence.

ation provided good stereocontrol and the authors could revise
the thus far incorrectly assigned configuration of the target
compound.

A similar tandem conjugate addition/acylation reaction se-
quence was utilized by the group of Jia in their work on the
total synthesis of (—)-glaucocalyxin A [109]. Such diterpenoids,
containing a 14-oxygenated bicyclo[3.2.1]octane ring system
with several continuous stereocenters, are quite challenging
targets for total synthesis, however, their biological properties
render them highly valuable compounds. The authors utilized a

Mn(OAc)3-mediated oxidative cyclization strategy, which

begins with the introduction of the fundamental stereochemical
information through an asymmetric tandem conjugate addition
to cyclohexenone 1, followed by the trapping of the Mg enolate
with ethyl cyanoacetate (221). Consequent a-alkylation resulted
in the multifunctionalized product 223 in 61% yield
(Scheme 58).

Natural products with complex multicyclic structures lacking
functional groups (lack of oxygenation) are particularly diffi-
cult targets for synthetic chemists. Nevertheless, Huang and
co-workers have successfully resolved the total synthesis of
waihoensene which was isolated in 1997 from a New Zealand
podocarp [110]. This diterpene has a unique substructure with
fused 5-membered rings in an angular fashion and contains six
contiguous stereogenic centers out of which four are all-carbon
quaternary stereocenters. The authors have achieved the stereo-
selective synthesis of waihoensene for the first time with a 3.8%
overall yield (15 steps) (Scheme 59). The construction of the
triquinane core included a Cu-catalyzed asymmetric conjugate
addition/aminomethylation followed by an oxidation to install
the exocyclic double bond. The enone 226 was isolated in 61%
yield and 91% ee.

Paclitaxel (taxol) is a highly successful chemotherapy medica-
tion that can be isolated from the Pacific jew tree (Taxus brevi-
folia), however, production from the natural source could hardly
satisfy the high demand. Therefore, considerable effort was
made toward the development of a cost-effective chemical pro-
duction. In 2020, Fletcher and Wang joined the pursuit of a

more efficient approach to produce taxol and related com-
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A
) 1. MeyZn (1.05 equiv)
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L37 (1 mol %) o 0 | O Ph |
toluene, 3h,-30°C OFt ! o )—Et!
2. MeLi (1.1 equiv) ! o/P_N>_._"Et:
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(+)-caribenol A

(+)-erogorgiaene (+)-pseudopteroxazole (+)amphilectolide

Scheme 56: Amphilectane and serrulatane diterpenoids: preparation of chiral starting material via asymmetric tandem conjugate addition/acylation
(A) and structures of prepared molecules (B).
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Scheme 57: Various asymmetric syntheses of pleuromutilin and related compounds based on a tandem conjugate addition/acylation sequence. The
same procedure provides access to halioxepin as well.
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Scheme 58: Total synthesis of glaucocalyxin A utilizing a tandem
conjugate addition/acylation reaction sequence.
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Scheme 59: Installation of the exocyclic double bond using a tandem
conjugate addition/aminomethylation sequence followed by oxidation
during the total synthesis of waihoensene.
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pounds [71]. Their methodology employed a multistep tandem
procedure (Scheme 60): first, the alkylzirconium nucleophile
was produced by hydrometalation of the functionalized alkene
142. Next, this organozirconium reagent was used in a Cu-cata-
lyzed asymmetric conjugate addition to 3-methyl-2-cyclohex-2-
ene-1-one (141) followed by the trapping of the metal enolate
with Vilsmeier—Haack reagent. This way, the B-chloroaldehyde
143 was isolated in 69% yield and 92% ee. Further transformat-
ion of this compound resulted in the taxol core in only 4 steps
with 11% overall yield while retaining the correct stereochemis-
try introduced in the first step by the phosphoramidite ligand
L39 (92% ee, dr 1:1) (Scheme 60).

]
: !
: |
Cp,ZrHCI ! |
(1.86 equiv) ! “P-N :
BT CHlCL, 1h 0 nBu |
| T el ™

I
]
142 . L3 ______ y

POCls
o CuCl (8.3 mol %) (11 equiv) cl o
L39 (9.8 mol %) DMF
@\ AgNTf, (0.14 equiv) (10 equiv)
DCE,1h  60°C,1h
141 143, 69% Br
92% ee
H
o
Cl 4 steps

taxol core 11% overal yield

92% ee, dr 1:1

Scheme 60: Synthesis of the taxol core using a tandem conjugate ad-
dition/enolate trapping sequence with Vilsmeier—Haack reagent.

Recently, Liu and co-workers reported the stereoselective syn-
thesis of the tricyclic core of dodecahydrodibenzo[b,d]furan
skeleton containing 12-epi-JBIR-23 and -24 [111]. Besides their
intriguing complex structures, these novel compounds also
found interest due to their potential inhibitory activity against
malignant pleural mesothelioma (MPM) cell lines. Their syn-
thetic route includes a key tandem sequence producing three
neighboring stereocenters. Zirconium enolate 228 was prepared
by the Rh-catalyzed conjugate addition of organozirconium
reagent 227 to enone 1. In the presence of the (R)-BINAP
ligand, the Michael adduct 228 could be isolated in 97% ee.
Finally, the Zr enolate was trapped by aldehyde 229 prepared
from p-ribose. The aldol adduct 230 was isolated in 80% yield
and excellent diastereoselectivity (>20:1). Additional transfor-
mation of compound 230 following an A-AB-ABC synthetic
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strategy resulted in the desired complex tricyclic skeleton
opening the door for the total synthesis of 12-epi-JBIR-23/24
(Scheme 61).

CGHQ/\/ZGCQCI

227 (1.15 equiv)
[Rh(cod)Cl], (3.8 mol %)
(R)-L31 (7.6 mol %)

OZrCp,Cl

@...,/
7 “CeHis

228, 97% ee

THF, rt, 4 h

e —— N

s
PPh,
OO (R)-L31

OTBS

|
I
|
I
|
I
|
|
|
|
1

229 (0.6 equiv)
THF, rt
1h

OTBS =—————

.

multiple
steps

tricyclic core of
epi-JBIR-23/24

Scheme 61: Synthesis of the tricyclic core of 12-epi-JBIR-23/24
utilizing a Rh-catalyzed asymmetric conjugate addition/aldol reaction
tandem sequence.

The sulfated B-glycoside peyssonnoside A was isolated only
recently from the red algae Peyssonnelia sp. This diterpene
showed promising biological activity against methicillin-resis-
tant Staphylococcus aureus (MRSA) and liver-stage Plas-
modium berghei. Structurally, peyssonnoside A belongs to a
new class of diterpene glycosides with a distinctive tetracyclic
carbon skeleton. From the point of view of a synthetic chemist,
the most remarkable feature of this structure is the highly
substituted cyclopropane ring incorporating two all-carbon
quaternary centers, while the whole structure contains 7 stereo-
centers. Xu et al. recently demonstrated their 13-step total syn-
thesis of (—)-peyssonnoside A, which begins with a Cu-cata-
lyzed enantioselective conjugate addition/enolate alkylation
tandem reaction sequence utilizing the N-heterocyclic carbene
ligand L40 [112]. Ketone 232 was isolated in 61% yield and
81% ee. Hereafter, the authors were able to synthesize the com-
plex tetracyclic structure within only 12 additional steps,
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demonstrating how contemporary catalytic methodologies can
facilitate the preparation of synthetically demanding natural

products (Scheme 62).

Br\/

iPrMgBr (1.2 equiv)

o) Cu(OTf), (3.3 mol %) 231 (2.0 equiv)
5& . L40 (4 mol %) HMPA (4.8 equiv)
Et,0,-30°C,4 h Et,0,-30 °C to rt
78 overnight
t-Bu OH
L40 (o}

232,61%, 81% ee

12
steps

., ©
‘0S05

HO

(—)-peyssonoside A

Scheme 62: Total synthesis of (-)-peyssonoside A utilizing a Cu-cata-
lyzed enantioselective tandem conjugate addition/enolate alkylation
reaction sequence.

Conclusion

Tandem reactions based on asymmetric conjugate addition and
subsequent enolate trapping reactions have undeniably matured
into a robust methodology. The multitude of chiral ligands
available for the Cu-catalyzed addition of organometallic
reagents allows the efficient introduction of chirality and func-
tionalization of various Michael acceptors as substrates. Typical
polar organometallics such as dialkylzinc, Grignard, trialkylalu-
minum, or organozirconium reagents are suitable for fine-tuning
the conjugate addition step and the generation of the corre-
sponding metal enolates. Less reactive Michael acceptors can be
advantageously activated by Lewis acids (e.g., TMSOTTf and
BF3-OEt;). These methods likely lead to silicon or boryl
enolates that are also highly synthetically relevant nucleophiles.
The methodology applies also to asymmetric conjugate silyla-
tion or borylation, which directly produces Si or B enolates. The
high reactivity of metal enolates generated by these conjugate
additions enables them to engage directly with various electro-

philes such as carbonyl compounds, imines and their synthetic
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equivalents, Michael acceptors, alkyl halides, and carbenium
ions. These trapping reactions allow rapid construction of mole-
cules having high synthetic complexity and provide access to
great structural variability in the final products. Unsurprisingly,
tandem reactions of ACA-formed enolates were utilized in the
syntheses of numerous natural products.

Newer advances in this methodology document that the synthe-
tic community is continually pushing the limitations of these
transformations, which paves the way to more exciting applica-
tions. Among the limitations of this methodology is the high
basicity and reactivity of metal enolates formed in the conju-
gate addition step. This fact stems from the conjugate addition
of polar and highly reactive organometallic species, which
require careful handling and cryogenic conditions. The utiliza-
tion of milder organozirconium reagents is an attempt to solve
this issue. On the other hand, the high reactivity of metal
enolates is advantageous for subsequent trapping reactions with
electrophiles. We believe that here lies the possibility for further
development. Finding more active catalysts would enable the
conjugate addition of less reactive organometallic reagents. At
the same time, it is necessary to identify suitable electrophilic
reactions that would allow the use of less reactive enolates. The
possibility for catalytic activation of these enolate trapping reac-
tions still needs to be explored but it may hide undetected reac-
tivities so far. Another problem is the stereoselectivity of the
enolate trapping reactions. Chiral ligands import chirality on the
initial Michael acceptor and the chirality of the enolate usually
determines the stereoselectivity of the trapping reaction. How-
ever, stereoselectivities concerning enolate additions to carbon-
yl compounds or imines were often poor and new strategies are

needed to address this problem.

Intriguing question is whether some less traditional activation
techniques such as microwave, photocatalysis, flow chemistry
or mechanical activation might not be applicable also to the re-
activity of ACA-generated enolates. There are some hints that
the use of polar organometallics might be possible and benefi-

cial under these conditions.

In this review, we analyzed recent developments in the trap-
ping reactions of chiral enolates obtained by conjugate addi-
tions. We have also highlighted our attempts to explore possi-
bilities for enolate trapping reactions with unusual electrophiles.
We hope that we helped researchers working in or interested in
this area to navigate this fascinating field of research and stimu-
late further development of this methodology.
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A palladium-catalyzed enantioselective three-component reaction of glyoxylic acid, sulfonamides and aryltrifluoroborates is de-

scribed. This process provides modular access to the important a-arylglycine motif in moderate to good yields and enantioselec-

tivies. The formed a-arylglycine products constitute useful building blocks for the synthesis of peptides or arylglycine-containing

natural products.

Introduction

o-Amino acids play a crucial role in every aspect of our human
life [1]. They are important synthetic intermediates in the chem-
ical industry and used for the production of drugs, fertilizers,
(biodegradable) polymers or nutritional supplements [2]. More
importantly, a-amino acids form the backbone of all proteins
and enzymes are therefore essential for almost all biological
processes. In the last twenty years non-proteinogenic and chem-
ically synthesized unnatural amino acids received increasing
attention due to advances in protein-engineering and the devel-
opment of protein-based therapeutics [3,4]. Among the differ-

ent types of non-proteinogenic and unnatural amino acids,

a-arylglycines play a particular important role. The arylglycine
scaffold can be found in several well-known natural products
with interesting biological properties, such as the glycopeptide
antibiotics vancomycin and teicoplanin [5] or feglymycin [6], a
13mer peptide which contains nine a-arylglycines in its back-
bone. a-Arylglycine derivatives are used in the production of
important drugs, e.g., the antiplatelet drug clopidogrel [7] or the
B-lactam antibiotic amoxicillin [8] (Figure 1).

Therefore, the chemical synthesis of a-aryglycines has received

considerable attention. Among the different methods intro-
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Figure 1: Biologically active molecules containing a-arylglycine motifs (highlighted in green and blue).

duced over time, multicomponent reactions utilizing an in situ
generated reactive imine species provide a very flexible ap-
proach to the arylglycine scaffold [2,9]. The Petasis borono-
Mannich reaction constitutes a prominent example for such an
imine-based multicomponent reaction (Scheme 1a). The reac-
tion of glyoxylic acid, an amine component and an arylboronic
acid offers a highly modular access to arylglycines from three
readily available building blocks [10-12]. The Petasis borono-
Mannich reaction usually proceeds in the absence of any
external catalyst via zwitterionic intermediates and an intramo-
lecular transfer of the aryl residue form the activated boronate
to the electrophilic iminium carbon, leading to the amine prod-
uct as racemic mixture. Consequently, examples for asym-
metric Petasis borono-Mannich reactions are rare [13] and
usually rely on the utilization of chiral amine components in
stoichiometric amounts [10,11].

As part of our research program utilizing the in situ generation
of reactive imine species, we have disclosed iron- and bismuth-
catalyzed three-component reactions for the synthesis of a-aryl-

glycines [14-16], in which the arylboronic acid could be

replaced with an electron-rich (hetero)arene as nucleophile. In
parallel, we have developed palladium-catalyzed three-compo-
nent reactions between arylboronic or carboxylic acids, amides
or sulfonamides and different aldehyde components as attrac-
tive and broadly applicable alternative to the classical Petasis
borono-Mannich reaction (Scheme 1b) [17-21]. Recently, we
were able to extend these transformations to a palladium-cata-
lyzed enantioselective synthesis of a-arylglycine bearing a free
carboxylic acid functionality directly from the parent glyoxylic
acids (Scheme 1c) [22]. We could show that the desired aryl-
glycine can be synthesized in good to excellent enantioselectivi-
ties. However, depending on the nature/substitution pattern of
the arylboronic acid, some of the arylglycine products could
only be obtained in very low enantioselectivities. This can be
attributed to a fast, uncatalyzed racemic background reaction of
the boronic acids, in particular for electron-rich or sterically
hindered arylboronic acids.

Herein, we report an improved version of this palladium-cata-

lyzed enantioselective three-component reactions using aryltri-

fluoroborates as replacement of the arylboronic acid building
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a) classical Petasis borono-Mannich reaction:
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b) Pd-catalyzed enantioselective three-component synthesis of arylglycine esters:
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c) Pd-catalyzed enantioselective 3-component reaction with free glyoxylic acid:
Pd(TFA)
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5 2 3 40°C,64 h 8
d) this work:
o. 0 Pd(TFA), co
3t , Q (8.S)iPBox O 72
R NH»> + R BF3K + J‘k R \N/\RZ
H> "COO MeNO, H
5 9 40°C,64 h 8

- extension to stable ArBF3K salts

- decreased racemic background reaction due to slow release of ArB(OH),

Scheme 1: The Petasis reaction — fundamental reactivities and recent developments.

block (Scheme 1d). The broader scope of this 2nd generation
protocol is exploiting a slow release of the boronic acid from
the aryltrifluoroborates and enables to enantioselectively
synthesize of a broader variety of arylglycines, including a
common building block for several biologically active com-

pounds.

Results and Discussion

During our previous studies, we observed that the enantioselec-
tivity of the three-component coupling of glyoxylic acid (em-
ployed as its solid, easy-to-handle monohydrate) with 2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-sulfonylamide, and an
arylboronic acid was significantly affected by the nature of the
boronic acid. Whereas the reaction with phenylboronic acid
afforded the Pbf-protected [23] phenylglycine derivative 10a in
high yield and enantioselectivity, an almost racemic mixture of
10b was obtained from the corresponding (p-methoxy-

phenyl)boronic acid (2b, Scheme 2a). This decrease in enantio-

selectivity can be attributed to a faster racemic background
reaction (pathway A) via ate complex 11a [10] of the electron-
rich, more nucleophilic (p-methoxyphenyl)boronic acid (2b),
which outcompetes the palladium-catalyzed pathway B
(Scheme 2b). In turn, suppression or at least a significant decel-
eration of the uncatalyzed background reaction should lead to
an increase in enantioselectivity. Decreasing the arylboronic
acid to active catalyst ratio could be one possible opportunity to
decrease the rate of the background reaction. Thus, we envi-
sioned that this could be achieved by the slow generation of
small amounts of the boronic acid from a suitable precursor.
Among different boronic acid derivatives, we identified aryltri-
fluoroborates as most promising candidates for the slow genera-
tion of the corresponding arylboronic acids under our slightly
acid reaction conditions [24].

Therefore, we performed two initial control experiments. The

reaction of potassium phenyltrifluoroborate with 2,2,4,6,7-
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A)
. Pd(TFA), 10.0 mol % COOH
0 L1 15.0 mol % .
be\NHZ L N A
H” “COOH MeNO, Ho
5a 3 2a 40°C,64h 10a
64%; 99:1 er
Pd(TFA), 10.0 mol % cooH
o - BOH)2 L1 15.0 mol %
be\NH . )k ‘ be\
’ COOH # MeNO, A(A
40°C, 64 h OMe
5a 3 2b 10b
68%; 60:40 er
B)
0.0
~ : [B(R")2]
Pbf = / Pofs\H, + + (j/
) /G
R
6a 3 2-precursor
(HO)B o) —H,0
H T slow-release
N. R/\/
Pbf
2 N ~B(OH),
z . _L Z 7 Pbf (j/
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R
@ @ Pd B(OH)s
(O on i
_ B~
Pbf i G)\O
b
oy 0 12b
11a
N N
NS
B © ®Pd
TF. OH
13a
N
TFA@ H\
H,0 Pbf
Pbf = |
\ e
/>_<\ ”\R
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Scheme 2: Observations from previous studies and mechanistic rationale.

pentamethyl-2,3-dihydrobenzofuran-5-sulfonylamide and
glyoxylic acid in nitromethane at 40 °C in the presence and
absence of our previously established Pd(TFA),-S,S-iPrBox
catalyst system (Scheme 3). To our delight, the palladium-cata-

lyzed transformation afforded the desired a-arlyglycine in 30%
yield and an enantiomeric ratio of 94:6. In the absence of a cata-
lyst, the racemic product was formed in 61% yield. The com-

parison with the uncatalyzed reaction using free phenylboronic
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(ONO)
s BF3K 0
M O A e
e} H® "COOH
5a 9a 3
1.0 equiv 2.0 equiv 1.3 equiv

Scheme 3: Initial experiments.

acid showed that the reaction of the phenyltrifluoroborate is
considerably slower (61% yield after 16 h vs 89% after 2 h with
PhB(OH),). These preliminary studies confirmed our initial
hypothesis that aryltrifluoroborates can be utilized as precur-
sors for a slow release of the free boronic acid in our palladium-

catalyzed three-component reaction.

Therefore, we started to optimize the reaction conditions for the
use of potassium aryltrifluoroborate salts (Table 1). A quick

Table 1: Reaction optimization.

Beilstein J. Org. Chem. 2023, 19, 719-726.

o, 0 COOH

~

N
MeNO,, o)
40°C,2h
14a
61%
PA(TFA), 10.0 mol % o, 0 COOH
S,S-iPrBox 15.0 mol % \N/\©
H
MeNO,, o
40°C, 16 h
10a

30%; 94:6 er

survey of different solvents showed that the reaction proceeds
efficiently only in nitromethane (Table 1, entry 1). Reactions in
other common solvents, such as ethyl acetate, acetonitrile, tetra-
hydrofuran or dichloromethane led to the formation of the aryl-
gylcine in trace amounts (Table 1, entries 2-5). Contrary to our
previous report with arylboronic acids, the presence of air is
highly detrimental to the reaction outcome (Table 1, entry 6).
Therefore, inert conditions were employed throughout all subse-
quent studies. Increasing the reaction temperature to 60 °C and

QS PA(TFA), 10.0 mol % O COOH

S<\H - BFK O  ho SS-PrBox15.0 mol % SN

2 4 Ej + )J\ 2 S\N

o} = H> "COOH  solvent, temperature, H/\©
time, additives o
5a 9a 3 10a
1.0 equiv 2.0 equiv 1.3 equiv

Entry Conditions Yield (%)2 er
1 10 mol % Pd(TFA)z, 15 mol % ligand L1, 40 °C, 16 h, MeNO, 30 94:6

2 EtOAc instead of MeNO» traces -

3 MeCN instead of MeNO» traces -

4 THF instead of MeNO» traces -

5 CH.Cl, instead of MeNO» traces -
6 under N atmosphere 40 98:2
7 reaction at 60 °C 54 96:4
8 reaction at 80 °C 55 94:6
9 64 h reaction time 45 98:2
10 with 2.6 equiv glyoxylic acid monohydrate 65 97:3
11 with 2.6 equiv glyoxylic acid monohydrate, 1.0 equiv CaCOg, 2.0 equiv 79 96:4

tartaric acid; MS 4 A

3Isolated yield of analytically pure product.
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80 °C furnished the desired product in increased yields of 54
and 55%, respectively, together with a slight erosion of enantio-
selectivity (Table 1, entries 7 and 8). Prolonging the reaction
time to 64 h increased the yield to 45% without affecting the en-
antioselectivity (Table 1, entry 9). Also, increasing the amount
of glyoxylic acid monohydrate to 2.6 equivalents furnished the
arylglycine product in an improved yield of 64% and compa-
rable enantioselectivity (Table 1, entry 10). During our experi-
ments, we often observed partial clouding of the used glass
vessel, most likely due to slow release of hydrofluoric acid, an
effect which has been observed before with trifluoroborate salts
[25]. Since the release of hydrofluoric acid could lead to
complications with acid-labile substrates (e.g., the Pbf-pro-
tected compound 10a) and safety issues, we decided to investi-
gate the influence of various fluoride scavengers as additives in
the three-component process [25,26]. An extensive study (not
shown), revealed that most common scavengers either led to a

Beilstein J. Org. Chem. 2023, 19, 719-726.

decreased yield, a decreased stereoselectivity or a combination
of both. Yet a combination of CaCOj3, tartaric acid, and 4 A mo-
lecular sieves, each already employed a HF scavenger by itself,
did afford the desired arylglycine in high yields and enantiose-
lectivities (Table 1, entry 11). Although, the use of this scav-
enger combination did lead to a slightly decreased enantioselec-
tivity (96:4 vs 97:3), we decided to rely on these conditions in

order to avoid potential troubles arising from HF release.

With the optimized conditions identified, next we studied the
reaction of glyoxylic acid monohydrate and 2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-sulfonylamide with dif-
ferent aryltrifluoroborate salts. To our delight, these three-com-
ponent reactions afforded the desired arylglycines in consis-
tently high levels of enantioselectivity, even for electron-rich
aryltrifluoroborates (Scheme 4). This can be highlighted by the
synthesis of the methoxy-substituted arylglycine 10b, which

N/ BE-K Pd(TFA), 10.0 mol % COOH
S. o . X AN K 15.0 mol % :
N NH> Py HO0 ] Pbf< N
\ +
o H” “COOH S 1.0 equiv CaCO;y Rl R
| 2.0 equiv L-tartaric acid
MeNOZ N2
5a 3 9 40°C, 64 h 10
1.0 2.6 2.0 MS 4 A
COOH COOH COOH COOH
Pbf Pbf< N Pbf Pbfs - N
H Hool H Hoo
OMe F c
10a 10b 10c 10d

79%; 96:4 er
(64%; 99:1 er)

55%; 87:13 er
(68%; 60:40 er)

COOH

Pbf. .~

10e 10f
56%; 96:4 er
(61%; 92:8 er)

COOH COOH

PM\NJ PM\N/ PM\NJ
H H H
Cl Br

10h 10i
30%; 52:48 er traces
(23%; 64:36 er) (16%; 59:41 er)

57%; 96:4 er
(74%; 88:12 er)

COOH
X

Pbf
. b\H |
H =

14%; 99:1 er

39%; 94:6 er
(66%; 87:13 er)

COOH

H

10g
13%; 93:7 er
(47%; 74:26 er)

QP
Pbf=
e =

CF3

COOH

10j
traces

Scheme 4: Reaction scope — aryltrifluoroborates (yields and enantiomeric ratios in parentheses refer to our previous study with the corresponding

boronic acids [22]).
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was obtained in 55% yield and an enantiomeric ratio of 87:13
(compared to 68% and an enantiomeric ratio of 60:40 with the
boronic acid). As in the case of arylboronic acids, reactions with
a sterically hindered ortho-substituted trifluoroborate furnished
the arylglycine product in almost racemic form. Unfortunately,
reactions with aryltrifluoroborates did not proceed as effi-
ciently as with the free boronic acid and the arylglycine prod-
ucts 10c—j were obtained in decreased yields compared to our
previous reactions with ArB(OH),. We assume that a faster
protodeborylation, presumably associated with the release of
HF, leads to this general decrease of the isolated yields.

As already demonstrated in our previous work, the Pbf-pro-
tected arylglycine products can be directly used as building
blocks for peptide synthesis [22].

Finally, we utilized our method for the preparation of a pro-
tected version of p-hydroxyphenylglycine (Scheme 5), a
common structural motif in vancomycin, teicoplanin,
feglymycin, and amoxicillin. Therefore, the OBn-protected
aryltrifluoroborate was subjected to our standard reaction condi-
tions, affording the desired N,O-protected (S)-arylglycine deriv-
ative 10k in 38% yield and an enantiomeric ratio of 88:12. By
employing the corresponding R,R-iPrBox-ligand the second en-
antiomer, (R)-arylglycine 101 could be prepared with a similar

yield and enantioselectivity.

Pd(TFA), 10.0 mol %

Beilstein J. Org. Chem. 2023, 19, 719-726.

Conclusion

In summary, we have reported a palladium-catalyzed enantiose-
lective three-component reaction of aryltrifluoroborates, sulfon-
amides, and glyoxylic acid. This method is an improved exten-
sion of our pervious protocol with arylboronic acids and
provides access to enantioenriched a-arylglycines with an im-
proved substrate diversity. It can be used for the direct synthe-
sis of peptide-like building blocks, which can find direct appli-
cation in the total synthesis of arylglycine-containing natural
products. Currently, we are performing a detailed mechanistic
study in order to overcome still existing limitations of the
method and to provide a truly general approach to arylglycines
with uniformly high yields and enantioselectivities.
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We present here a stereoselective tandem reaction based on the asymmetric conjugate addition of dialkylzinc reagents to unsatu-

rated acylimidazoles followed by trapping of the intermediate zinc enolate with carbocations. The use of a chiral NHC ligand

provides chiral zinc enolates in high enantiomeric purities. These enolates are reacted with highly electrophilic onium compounds

to afford densely substituted acylimidazoles. DFT calculations helped to understand the reactivity of the zinc enolates derived from

acylimidazoles and allowed their comparison with metal enolates obtained by other conjugate addition reactions.

Introduction

Asymmetric metal-catalyzed conjugate additions provide access
to numerous chiral scaffolds. This type of C—C bond formation
efficiently enables the construction of stereogenic centers using
polar organometallics [1]. In this way, 1,4-additions of typical
organometallics such as dialkylzinc, Grignard reagents, and
trialkylaluminum have been developed [2-9]. Recently, also
Cu-catalyzed conjugate additions of organozirconium [10,11] or
organoboron reagents were realized [12]. Also, in terms of suit-
able Michael acceptors as substrates, unsaturated ketones, alde-
hydes, esters, thioesters, amides, alkenyl heterocycles and enoyl
heterocycles became viable for conjugate additions. The matu-

rity and robustness of this methodology is documented by its

applications in the total syntheses of complex natural products
and other molecules of biological relevance [13,14].

Acylimidazoles proved to be versatile building blocks broadly
applicable in asymmetric catalysis and organic synthesis.
Today, acylimidazoles are used as ester/amide surrogates,
because of their particular chemical and physical properties
[15]. In addition to ester/amide synthesis, enoyl imidazolides
were developed as excellent Michael acceptors. Acylimida-
zoles are unique electrophiles that demonstrate moderate reac-
tivity, relatively high stability, chemical selectivity, and high

solubility in water. Among exceptional properties belongs to
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easy post-transformation of acylimidazoles to common carbon-
yl analogs. These tunable properties allow the use of acylimida-
zoles in chemical biology research, which includes chemical
synthesis of proteins/peptides, structure analysis, and func-
tional control of RNA [16]. Moreover, Campagne and
co-workers showed that Cu—NHC-catalyzed conjugate addi-
tions of dialkylzinc reagents proceed with high enantioselectivi-
ties [17-19]. Furthermore, this methodology allows iterative
access to 1,3-disubstituted motifs that are present in various

natural products [20].

A salient feature of conjugate additions of organometallic
reagents is that they generate reactive metal enolates as primary
products. These enolates can be used in a variety of subsequent
transformations [21]. Chiral enolates generated by conjugate
additions react with carbonyl compounds, imines, other Michael
acceptors, or alkyl halides. Our group is developing trapping of
metal enolates with stabilized carbocations and could show that
magnesium enolates generated from enones [22], unsaturated
amides [23], or heterocycles reacted with tropylium, dithi-
olylium or flavylium cations [24]. These non-traditional electro-

philes allow access to structurally highly interesting motifs. In

Cu/L*

(RIS (RJ

(0] 0OZnMe
MeoZn
r~z

Beilstein J. Org. Chem. 2023, 19, 881-888.

addition, they are amenable to valuable synthetic transformat-
ions such as oxidative ring contraction of the cycloheptatrienyl

ring or reduction of the benzodithiolyl group.

In this context, we decided to study a tandem reaction com-
prising the Cu—-NHC-catalyzed addition of dialkylzinc reagents
to enoyl imidazoles followed by a trapping reaction with
various onium compounds (Scheme 1). In this work we show
the development of this methodology and its application to a

range of acylimidazoles and carbocations.

Results and Discussion

For initial experiments, we have selected the conjugate addition
of Me»Zn to acylimidazole 1a catalyzed by a chiral NHC ligand
derived from imidazolium salt L1. This NHC precursor has
been described previously by Gérard, Mauduit, Campagne and
co-workers [19]. The ligand L1 is excellent in asymmetric
conjugate additions of dialkylzincs to acylimidazoles [25]. The
initial reaction conditions were inspired by literature prece-
dence on conjugate additions. As the first electrophile for trap-
ping of the chiral enolate, we have used tropylium bistriflimide

(Scheme 2). Following our earlier experience, we employed

asymmetric electrophile
conjugate addition trapping
Scheme 1: Concept of this work.
Cu(OTf); (2 mol %) [TTTTTT T Tt N
o L1 (3 mol %) Me OZnMe, | N/‘\ |
N Me,Zn (1.5 equiv) ! N !
C7H15/\)J\\(\/> CoHys \ N : oY :
N n-BuLi (8 mol %) N\/> ! HO !
1a THF, 1t, 2h Enl-(2)-1a ! 5 !
I 11 Fe |
@ _______________
©
NTH, Me O
2a N
(1.1-3.3 equiv) CsH45 ]
fo) NJ
N\
N
N- 3a
(DMEU, 0.75 equiv)
CH2C|2, rt, time

Scheme 2: Initial experiments for the trapping of the intermediate enolate Enl-1a with tropylium NTfo.
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the tropylium ion with the more lipophilic bis(trifluoro-
methane)sulfinimide (NTf,) anion because of its better solu-
bility in the applied organic solvents than the commercially
available tetrafluoroborate (BF,4) form [22-24]. The cyclic urea
DMEU (1,3-dimethyl-2-imidazolidinone) [26] additive was
used as polar aprotic solvent, which also increases the homo-
geneity of the reaction mixture.

In the first reaction, 1.1 equiv of tropylium NTf, were used. The
reaction worked at room temperature and after 16 h the product
3a was isolated in low 22% yield and a 2:1 diastereomeric ratio
(Table 1, entry 1). First we attempted to increase the yield and
the diastereoselectivity of the reaction by prolonging the reac-
tion time (Table 1, entry 2). However, a shorter reaction time
was preferable as after only one hour the product was isolated
in a better yield (33%) with good dr (4:1, Table 1, entry 3). The
addition of two equivalents of tropylium NTf; led to a decrease
of the diastereoselectivity (Table 1, entry 4). In the next tandem
reaction, 1.1 equiv of tropylium bistriflimide (2a) were added to
the reaction mixture every hour until the full conversion of the
starting acylimidazole 3a (Table 1, entry 5) as monitored by
TLC analysis. The reaction was completed after 3 hours,
meaning that the in situ-formed enolate needed 3.3 equiv of
tropylium NTf, (2a) to complete the reaction. By this route, the
tandem product 3a was isolated in a high yield of 93% but with-
out any diastereoselectivity. The reaction was also carried out
using 3.3 equiv of the electrophile added in one portion. The
full conversion of the starting acylimidazole 1a was observed
after 30 minutes (TLC monitoring), however, the diastereose-
lectivity remained low (Table 1, entry 6). Neither an increase
nor decrease of the reaction temperature led to improved reac-
tion outcomes (Supporting Information File 1, Table S1, entries
2 and 11). We have continued the evaluation of reaction condi-
tions for improving the diastereoselectivity of the reaction. We
have tested transmetallation of the in situ-generated zinc enolate
to the ammonium enolate by treatment with n-tetrabutylammo-

Table 1: Results of selected optimization experiments.

Entry Tropylium NTf> [equiv] Additive

1 1.1 -

2 1.1 -

3 1.1 -

4 2.0 -

50 33 -

6 3.3 -

7 3.3 n-BugN*CI~
8 3.3 LiCl

Beilstein J. Org. Chem. 2023, 19, 881-888.

nium chloride (Table 1, entry 7). For this purpose, the enolate
was added to a solution of n-BuyNCl in THF, and then the reac-
tion mixture was stirred for 30 min before the addition of tropy-
lium NTf,. Prolonging the transmetallation reaction time led to
the formation of only one diastereomer, but in a low yield of
11%. Neither the addition of LiCl helped to increase the dia-
stereoselectivity of the reaction (Table 1, entry 8). See Support-
ing Information File 1, for complete optimization of the reac-
tion conditions.

Achieving diastereoselective reactions on acyclic systems is
often difficult due to small energy differences between reacting
conformers. In the case of our trapping reaction of chiral imida-
zolyl enolates, the lack of diastereoselectivity may be associat-
ed with the presence of an E/Z mixture of enolates. This would
also explain why at lower onium salt amount and shorter reac-
tion times the diastereoselectivities are higher but at the expense
of the overall yield.

With the optimized reaction conditions in our hands, we next
explored the scope of the domino reaction. Structurally diverse
onium compounds 2 were tested to probe their reactivity with
the Zn-enolate derived from 1a (Scheme 3). The onium com-
pounds 2a and 2b were obtained by anion exchange using
LiNTf, from the commercially available tetrafluoroborate salts.
Onium compounds 2¢ and 2d were obtained by acidic dehydra-
tion of the corresponding hydroxy derivatives using HBF4 or
CF3SO3H (see Supporting Information File 1 for more details).
The corresponding tandem products were isolated in medium to
good yields as mixtures of diastereomers and high enan-
tiomeric purities were recorded for selected tandem products.
The enantioselectivity of this reaction is mainly governed by the
conjugate addition step and, in comparison to conjugate addi-
tion products described in the literature [19], these tandem prod-
ucts differed only slightly. So, we can assume that all tandem
products have high enantiomeric purities.

Time [h] Yield [%] dr (S,R)/(R,R)-3a2
16 22 2:1

72 15 1:1

1 33 4:1

16 33 2:1

3 93 1:1

05 94 1:1

1 11 >99:1

16 73 1:1

aThe diastereoselectivity of the reaction was determined by 'H NMR spectroscopy of the crude reaction mixture; °3 portions (1.1 equiv each) of
tropylium NTf, were added to the reaction mixture every one hour until the full conversion of 3a.
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Cu(OTf), (2 mol %) ®
o L1 (3 mol %) O © 2 Me O /
“ N Me,Zn (1.5 equiv) A (3.3 equiv) N
C7H15 o - 7H15
N \/) n-BuLi (8 mol %)  DMEU (0.75-1.5 equiv) ) j
1a THF, rt/0 °C—rt, 2 h CH,Cly, rt, 30 min -
effective onium compounds:
e} A
0 @~ oS BF, P |
\ —
NTE Q NTf. g @ Fe o O
2
2a 2b 2c OTf 2d
tandem products with different cations:
Me O / Me O / Me O / Me O /
N N N
C7H15 ‘\\\/\7 C7H15/'Y“\\/ C7H15 \ C7H15 H H \
N N N N
s s / Ph |
_Fe
3a 4 5 O 6 Ph

90%, 92% ee, 83%, 94/88% ee,
1:1dr 1:1dr

tandem products with different acylimidazoles:

Me

)

3b 3c
68%, 88% ee, 58%, 94% ee,
2:1dr 1:1dr
Ph
Me O / Me O

C7H45

O

3f 39
25%, 3:1dr 19%, 1:1 dr
non-effective electrophiles:
)
®
O Ph.® Ph S
vt L he LY
BF,4 OMe BF4 o\
NTf,

Scheme 3: The reaction scope.

Absolute configurations of tandem products were determined
by comparison of experimentally measured electronic circular
dichroism (ECD) spectra with those of the DFT-calculated ones
(Figure 1 and see Supporting Information File 1 for more

details). CD spectra were calculated for the two most populated

44%, 89/82% ee,
1:1:1:1 dr

3e
69%, 3:1dr

Me O /

e A
O oG

3h 3i

21%, 1:1 dr 65%, 1:1dr

3d
21%, 3:1dr

Me O n-Bu
i)

D,

C7H48

conformers for both diastereomers of product 4. The best match
between the experimental and averaged calculated spectra was
achieved by B97-3c/def2-mTZVP and PBEO-D4/def2-SVP
methods. The presence of many conformers in these types of

derivatives complicates their analysis and decreased the fit be-
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Figure 1: Comparison of DFT-calculated and experimental ECD of (2R,3R)-4 and (2S,3R)-4.

tween experimental and calculated CD spectra. Furthermore,
the configuration at the position C-3 is determined by the chiral
ligand L1 and was determined previously as (R) [19].

To gain insight into the reactivity of enolates formed in this
transformation, we evaluated properties of Zn enolates by DFT
calculations (Figure 2). The corresponding (E) and (Z)-enolates
were calculated for products 3b and 3d, which possess either an
alkyl (ethyl) or an aryl (phenyl) substituent on the stereogenic
center. To probe the nature of the imidazole moiety, enolates for

products 3g and 3i were also calculated (with a shorter alkyl

chain to simplify the calculations). Single point energy calcula-
tions were performed using long-range corrected hybrid density
functional wB97X, which offer very good performance and
have been recommended for general use in chemistry [27] with
empirical dispersion correction D4 [28] (wB97X-D4) and the
triple-zeta def2-TZVPPD basis set [29]. Geometry optimiza-
tions were performed at the PBEh-3c/def2-mSVP level [30].
The energies of HOMOs show only small variations from —7.77
to —7.89 eV and the charges at the C-2 carbon obtained via
natural population analysis also ranged only little from —0.254
to —0.291. Differences in HOMO energies and charges at C-2 of
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Ph-E-enolate-Me-imid (for 3d)

Ph-Z-enolate-Me-imid (for 3d)

—\ .ZnMe

O
X = /N
S0t

N\ N—

E(HOMO) = -7.88 eV
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O
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NBO charge (C-2): —0.252

Figure 2: DFT calculated (wB97X-D4/def2-TZVPPD//PBEh-3c/def2-mSVP) HOMO energies and NBO charges for representative metal enolates.

enolates cannot account for the differences in the yields of the
trapping products as these are affected by their specific stabili-
ties and issues during isolation and purification. As an addition-
al question that we tried to answer with these calculations was
the comparison of the Zn enolates obtained from acylimida-
zoles in this work with other metal enolates obtained by related
conjugate additions. In comparison, the HOMO energy of a
related silyl ketene aminal was similar (=7.87 eV) but its
NBO charge was more negative —0.343. The TMS enolate of
benzoxazole has a higher HOMO energy of —7.13 eV and an
even more negative NBO charge of —0.368 at the C-2 position.
We can confer from these data that Zn enolates obtained from
acylimidazoles are somewhat less reactive than silyl enol ethers
obtained in the Lewis acid-promoted conjugate addition of
Grignard reagents [23]. This finding correlates also with the
slightly lower yields for the tandem products obtained with Zn
enolates from acylimidazoles.

Conclusion
Enantioselective conjugate additions of dialkylzinc reagents

afford chiral zinc enolates. These reactive species were trapped

with several highly electrophilic onium compounds to intro-
duce synthetically valuable functionalities. In this way, a range
of acylimidazoles featuring cycloheptatrienyl, benzodithiolyl,
ferrocenyl, and chromenyl substituents were prepared. The DFT
calculated HOMO energies and NBO charges of the intermedi-
ate zinc enolates allowed placement of these reactive intermedi-
ates among other metal enolates obtained in conjugate addi-

tions.

Experimental

General procedure for the one-pot conjugate addition of
organozinc reagents to acylimidazole followed by trapping
with carbocations: In a flame-dried Schlenk flask flushed with
Ar, Cu(OTf); (1.81 mg, 0.005 mmol, 2 mol %) and chiral NHC
ligand L1 (3.36 mg, 0.0075 mmol, 3 mol %) were dissolved in
freshly distilled anhydrous THF (1.0 mL) and the mixture was
stirred for 10 min at rt. The reaction mixture was cooled to
0 °C, and then 1.6 M n-BuLi (12.5 pL, 0.02 mmol, 8 mol %)
was added dropwise and the mixture was stirred for 10 min.
Subsequently, 1.2 M dimethylzinc reagent in toluene (0.31 mL,

0.38 mmol, 1.5 equiv) was added dropwise to the solution and
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the resulting mixture was also stirred for 10 min. The acylimi-
dazole (0.25 mmol, 1.0 equiv) dissolved in anhydrous THF
(0.5 mL) was added dropwise to the mixture. The reaction was
stirred for 2 h, while it was slowly warmed up to rt. Then, the
electrophile in anhydrous CH;,Cl, (1.0 mL) together with
DMEU (20.2-40.4 uL, 75-150 mol %, to achieve homogeneity
of the reaction mixture) were added to the reaction mixture fol-
lowed by stirring at rt for 0.5-1 h. The reaction was quenched
by the addition of 1 M HCI (6 mL) and EtOAc (6 mL). Then,
the organic phase was washed with a sat. aq. solution of
NaHCOj3 (6 mL), brine (6 mL), dried over MgSQOy, and concen-
trated under vacuum. The residue was purified by flash chroma-
tography on SiO, (hexane/EtOAc 15:1).

Supporting Information

Supporting Information File 1

Characterization data for all compounds, computational
details, and picture of NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-65-S1.pdf]
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An effective one-pot strategy was developed for the synthesis of 4-arylpyrazolo[3,4-b]pyridin-6-ones from pyrazolo[3,4-b]pyridin-

6-ones, obtained by reacting 5-aminopyrazoles with 4-arylidene-2-phenyloxazol-5(4H)-ones (azlactones) under solvent-free condi-

tions, through subsequent elimination of a benzamide molecule in a superbasic medium (#-BuOK/DMSO). The fluorescent proper-

ties of the synthesized compounds were studied. 4-Arylpyrazolo[3,4-b]pyridin-6-ones luminesce in the region of 409—440 nm with

a quantum yield of 0.09-0.23 when irradiated with UV light.

Introduction

The pyrazolo[3,4-b]pyridine scaffold is present in many biolog-
ically active compounds [1-12]. Among them, 4-aryl-substi-
tuted derivatives should be distinguished, exhibiting antiviral
[13] and anti-inflammatory properties [14], being modulators of
estrogen-related receptor alpha [15], JAK1 kinase inhibitor
[16], GSK3 [17] and GyrB [8] inhibitors (Figure 1).

Despite the high demand, their synthesis methods are few
(Scheme 1). To obtain 4-arylpyrazolo[3,4-b]pyridin-6-ones, the
only known one-step method is most often used, including the
acid-catalyzed condensation of aminopyrazoles with ketoesters
[1,16,18] (method A). Its significant disadvantage is the low
yields of the target products (11-60%). Yields are also low in

two-stage synthesis methods. The first of them is based on the
three-component condensation of aminopyrazoles, Meldrum's
acid, and aromatic aldehydes, followed by the oxidation of the
intermediate with DDQ [13,16,19] (method B). The second one
includes the reaction of an aromatic aldehyde with thioglycolic
acid and aminopyrazole, followed by the extrusion of sulfur
from the resulting thiazepine [20] (method C). The three-stage
synthesis of 4-arylpyrazolo[3,4-b]pyridin-6-ones, involving the
preparation of 3-aryl-N-(1H-pyrazol-5-yl)propiolamides
(method D), also leads to the formation of the target products
with low yields [21]. Therefore, the development of a new
effective method for the preparation of 4-arylpyrazolo[3,4-

b]pyridin-6-ones is an urgent task.
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Figure 1: Biologically active 4-arylpyrazolo[3,4-b]pyridin-6-ones.
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Scheme 1: Methods for the synthesis of 4-arylpyrazolo[3,4-b]pyridin-6-ones.

Results and Discussion

One of the rational approaches to the synthesis of fused pyri-
dine derivatives is based on the domino reaction of enamines
with azlactones [22-30]. We have previously reported a plau-
sible mechanism of such reactions [22,25]. 1H-Pyrazol-5-
amines also enter into similar transformations with azlactones in
various solvents. The yields of tetrahydro-1H-pyrazolo[3,4-
b]pyridones 3 obtained by this method vary widely [31-33].
Solvent-free reactions are convenient from both economic and
environmental points of view. We obtained tetrahydro-1H-pyra-
zolo[3,4-b]pyridinone 3a by heating 5-aminopyrazole 1 with
azlactone 2a in the absence of solvent at 150 °C in 62% yield
(Table 1). For compound 3a, the possibility of benzamide elimi-
nation was studied. The benzamide fragment is a poor leaving
group; however, in a superbasic medium, we were able to elimi-
nate this group in compound 3a. In order to select optimal syn-
thesis conditions, we heated compound 3a in DMSO at temper-
atures from 90 to 150 °C for 1.5, 3.5 and 6 h in the presence of
KOH or t+-BuOK (Table 1).

The best yield of 4-phenylpyrazolo[3,4-b]pyridin-6-one 4a
(81%) was achieved at 150 °C in DMSO containing 1.5 equiv
of -BuOK for 1.5 h. Obviously, the preparation of

4-phenylpyrazolo[3,4-b]pyridin-6-one 4a could be carried out
as one-pot synthesis, without isolation of the intermediate
dihydro derivative 3a. In this case, the solvent (DMSO) could
be added at the stage of obtaining dihydro derivative 3a or
introduced into the reaction together with #-BuOK. We have
explored both variants. When intermediate 3a was obtained
under solvent-free conditions followed by the addition of
t-BuOK in DMSO, the yield of pyrazolo[3,4-b]pyridin-6-one 4a
was higher (73%, Table 1, entry 5) than when performing the
reaction in a solvent (60%, Table 1, entry 6). Therefore, this
procedure was used for the synthesis of compounds 4b—i, 9a,
10a. The yields of pyrazolo[3,4-b]pyridin-6-ones 4a-i, 9a, 10a
obtained by this method are in the range of 55-75%
(Scheme 2).

It should be noted that for compounds containing an electron-
donating substituent in the C-4 position, such as 4-methoxy-
phenyl- (4¢), 3,4-dimethoxyphenyl- (4d), 3,4,5-trimethoxy-
phenyl- (4e), 2-furyl- (4h) and 2-thienyl- (4i), the product yields
are reduced to 55-60% (Scheme 2).

All the compounds obtained are colorless crystalline substances.

When dissolved, they produce colorless solutions exhibiting
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Table 1: Optimization of reaction conditions?.

Ph
\ N
D—pp, Me
070" 2a
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Ph
N _NHBz
NHBz N
) * base® )fji - BZNH_ N |
N, || conditions () N NH - HBase NH X0
! NH, Fl’h conditions (1) p
Ph 1 3a 4a
entry conditions (1) conditions (II) yield of 4a (%)P
1 150 °C, 40 min, (62%)° KOH (1 equiv), DMSO, 90 °C, 6 h traces
2 KOH (1 equiv), DMSO, 150 °C, 6 h 58¢
3 KOH (1.5 equiv), DMSO, 150 °C, 3.5 h 63
4 t-BuOK (1.5 equiv), DMSO, 150 °C, 1.5 h 81
54 150 °C, 40 min then t-BuOK (1.5 equiv), DMSO, 150 °C, 1.5 h 73
6d DMSO, 150 °C, 2.5 h then -BuOK (1.5 equiv), 150 °C, 1.5 h 60

aReaction conditions: 1 (2 mmol), 2a (2 mmol). Plsolated yield after column chromatography. c<Compound 3a was additionally isolated in 6% yield.

d0One-pot method.
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Scheme 2: One-pot synthesis of 4-arylpyrazolo[3,4-b]pyridin-6-ones 4a—i, 9a, and 10a.
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distinct fluorescent properties with blue emission when exposed
to UV light. We recorded absorption and fluorescence spectra
of ethanolic solutions of compounds 4a-i, 9a, and 10a. The
emission and absorption spectra of all the compounds differ
slightly from each other. Their spectral parameters are
presented in Table 2.

Beilstein J. Org. Chem. 2023, 19, 1155-1160.

In the UV spectra of ethanolic solutions of compounds 4a-i, 9a,
and 10a, a band with a maximum at 260-265 nm is observed,
which has a shoulder at 300-305 nm. These signals seem to cor-
respond to m—r* and n—r* transitions. In the luminescence spec-
tra of compounds 4a—i, 9a, and 10a, there is one broadened
band with an emission maximum at 409—440 nm (Figure 2).

Table 2: Data of absorption and fluorescence spectra of compounds 4a—i, 9a, and 10a.2

Compound UV-vis Photoluminescence
MaX\ s, NIM g, 103, Aex, NM Max\, . nm Stokes shift, Quantum yield P
M-1-cm™1 nm; eV

(A, nm)

4a 260; 302 30.3+0.7 300; 320 419 117;1.15 0.22 + 0.01
(260)

4b 260; 302 38.3+0.7 300; 320 428 126; 1.21 0.23 + 0.01
(260)

4c 262; 302 222+0.8 300; 320 409 107;1.07 0.16 £ 0.01
(262)

4d 260; 301 35.1+0.9 300; 320 414 113;1.12 0.15 + 0.01
(260)

4e 262; 301 22.7+0.9 300; 320 416 115;1.14 0.18 + 0.01
(262)

4f 260; 302 27.6+0.8 300; 320 415 113;1.12 0.20 + 0.01
(260)

4g 261; 300 415+0.9 300; 320 411 111;1.12 0.20 + 0.01
(261)

4h 265; 305 324+1.0 300; 310 421 116; 1.12 0.23 + 0.01
(265)

4i 263; 301 26.2+0.8 300; 310 431 130; 1.24 0.09 £ 0.00
(263)

9a 259; 303 40.0+0.9 305 433 130; 1.23 0.19 + 0.01
(261)

10a 261; 288 349105 290 440 152; 1.49 0.11 £ 0.01
(259)

ajn EtOH solution, ¢ = 1.0-10-5 mol-L~". PQuantum yield determined relative to quinine sulfate standard in 0.5 M HSO, (¥ = 0.546).

Normalized absorbance and fluorescence

Wavelength, nm

Figure 2: Normalized absorption and fluorescence spectra of solutions of compounds 4a—i, 9a, and 10a in EtOH.
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Their diluted alcohol solutions luminesce with a quantum yield
of 0.09-0.23. Pyrazolo[3.,4-b]pyridinones 4a—i, 9a, and 10a are
characterized by an abnormally high Stokes shift (107-152 nm,
1.07-1.49 eV, Table 2). Such luminophores, which are color-
less in daylight but become colored when irradiated with UV
light, are used in forensics, in protection against forgery of
banknotes, securities, and other important documents [34].

Conclusion

In summary, we developed a simple one-pot synthesis of
4-arylpyrazolo[3,4-b]pyridin-6-ones, based on the solvent-free
reaction of the available starting compounds 5-aminopyrazoles
1, 5, 6 and azlactones 2a—i, followed by heating the resulting
intermediate in DMSO in the presence of -BuOK. Photophysi-

cal properties of the obtained compounds were studied.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data, and 'H and
13C NMR spectra for all new compounds.
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A facile one-pot four-component synthetic methodology is evolved to construct novel copper(Il) benzo[f]chromeno([2,3-A]quin-

oxalinoporphyrins in good yields via a sequential reaction of copper(Il) 2,3-diamino-5,10,15,20-tetraarylporphyrins, 2-hydroxy-

naphthalene-1,4-dione, aromatic aldehydes, and dimedone in the presence of a catalytic amount of trichloroacetic acid in chloro-

form at 65 °C. Further, the newly prepared copper(Il) porphyrins were transformed to the corresponding free base and zinc(II)

benzo[f]chromeno[2,3-h]quinoxalinoporphyrins under standard demetallation and zinc insertion conditions. The absorption and

emission properties of the obtained porphyrins were investigated by using UV—visible and fluorescence spectroscopy. The prelimi-

nary photophysical results revealed a significant red-shift in their absorption and emission spectra as compared to the meso-

tetrakis(4-methylphenyl)porphyrins due to the extended m-conjugation.

Introduction

m-Conjugated porphyrin macrocycles are known for their appli-
cations in numerous areas ranging from oxygen transport,
photosynthesis, catalysis and medicine [1-3]. In the past several
years, diverse organic scaffolds have been incorporated at the
porphyrin periphery and different metal ions in the porphyrin
core to modulate ground-state and excited-state characteristics
of easily accessible meso-tetraarylporphyrins. Some of these

m-extended tetrapyrrolic macrocycles have emerged as poten-

tial candidates in photodynamic therapy and other materials ap-
plications [4-7]. Among the previously synthesized synthetical-
ly modified porphyrinoids, B,B’-fused meso-tetraphenylpor-
phyrins have gained a considerable importance because of their
red-shifted absorption and emission due to the extended
m-conjugation. In particular, B,8’-fused quinoxalinoporphyrins
displayed a wide range of applications in many fields including

molecular electronics [8-10]. Additionally, appropriately
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functionalized quinoxalinoporphyrin-based photosensitizers
are of great interest in the area of dye-sensitized solar cells
(DSSC) due to their strong absorption in the visible
and near IR regions [11-14]. Similarly, simple quinoxaline-
based heterocycles have shown their potential as photosensi-
tizers to induce toxicity in a single cell green algae such as
Chlamydomonas reinhardtii [15] and also displayed efficacy
against Mycobacterium tuberculosis and other microbial strains
[16,17].

Thorough literature search revealed that the fused heterocycles
such as benzo[a]pyrano[2,3-c]phenazines and benzo[a]chro-
meno[2,3-c]phenazines have been prepared as fluorescent mate-
rials [18,19]. On the other hand, xanthenes exhibited a number
of biological and pharmaceutical profiles such as antimicrobial
[20,21], antiviral [22,23], anti-inflammatory [24], anticancer
[25], antimalarial agents [26] and are also found to be useful in
photodynamic therapy applications [27-29]. In view of above
background and also our interest to device convenient proto-
cols for the contruction of periphery-modified porphyrinoids
[30-41], we thought to assemble benzo[f]chromeno[2,3-#]quin-
oxalinoporphyrins by incorporating porphyrin, quinoxaline and
xanthene scaffolds in a single molecular framework using a
multicomponent synthetic strategy. The present study discloses
an easy and first synthetic approach to build highly m-conju-
gated copper(Il) benzo[f]chromeno[2,3-k]quinoxalino-
porphyrins through a trichloroacetic acid-catalyzed one-pot
four-component reaction of 2,3-diamino-5,10,15,20-tetraaryl-
porphyrins, 2-hydroxynaphthalene-1,4-dione, aromatic alde-
hydes and dimedone in chloroform at 65 °C. The optical proper-
ties of the newly prepared porphyrins have been investigated by
using UV-vis and emission spectroscopy and the results are

presented in this paper.

Results and Discussion

Synthesis

The required precursors, copper(Il) 2,3-diamino-5,10,15,20-
tetraarylporphyrins 1 were synthesized from the corresponding
2-nitro-meso-tetraarylporphyrins in two steps by following the
literature procedure [42]. The first step involved an amination
of copper(Il) 2-nitro-meso-tetraarylporphyrins by using
4-amino-4H-1,2,4-triazole in the presence of NaOH in refluxing
ethanol/toluene 1:10 mixture under inert atmosphere to afford
2-amino-3-nitro-meso-tetraarylporphyrins which on reduction
through sodium borohydride in the presence of 10% Pd/C in
CH,Cl,/MeOH provided the desired porphyrins 1 in good
yields as key starting materials for the synthesis of newly de-
signed benzo[f]chromeno(2,3-#]quinoxalinoporphyrins 3-8. For
the optimization of the reaction conditions, a model four-com-
ponent reaction of copper(Il) 2,3-diamino-5,10,15,20-tetra(p-
tolyl)porphyrin with 2-hydroxynaphthalene-1,4-dione (2), benz-
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aldehyde and dimedone was carried out in the presence of
20 mol % p-toluenesulfonic acid (PTSA) as an acidic catalyst in
chloroform at 65 °C for three hours, which provided copper(II)
benzo[f]chromeno[2,3-#]quinoxalinoporphyrin 3 in 40% yield
(Table 1, entry 1). To improve the isolated yield of the desired
porphyrin 3, various experiments were performed by reacting
copper(Il) 2,3-diamino-5,10,15,20-tetra(p-tolyl)porphyrin (1)
with 2-hydroxynaphthalene-1,4-dione, dimedone and benzalde-
hyde in the presence of different acidic catalysts such as p-tolu-
enesulfonic acid (PTSA), La(OTf)3, L-ascorbic acid, p-dodecyl-
benzenesulfonic acid (DBSA), trichloroacetic acid (TCA) and
trifluoroacetic acid (TFA) in CHClI; for 3 hours at 65 °C under
one-pot operation (Table 1, entries 1-6). Surprisingly, the reac-
tion did not proceed when La(OTf)3 and r-ascorbic acid were
used as acidic catalysts (Table 1, entries 2 and 3). In contrast,
the use of Brgnsted acidic catalysts such as DBSA and PTSA
afforded porphyrin 3 in only 32% and 40% yield, respectively
(Table 1, entries 1 and 4). Interestingly, when trichloroacetic
acid (TCA) was used as an acidic catalyst under identical condi-
tions, the output of the reaction was improved giving the
desired porphyrin 3 in 65% isolated yield (Table 1, entry 5).
However, the reaction in the presence of comparatively strong
trifluoroacetic acid (TFA) afforded an inseparable mixture of
products under the same conditions (Table 1, entry 6). Hence,
trichloroacetic acid was found to be an efficient acidic catalyst
for the formation of the targeted porphyrin 3 in good yield.
Furthermore, various organic solvents such as 1,2-dichloro-
ethane, toluene, 1,4-dioxane and THF were also screened for
the synthesis of porphyrin 3 by using 20 mol % of TCA at
65 °C (Table 1, entries 7-10). When the reaction was carried
out in 1,2-dichloroethane and toluene at 65 °C, the desired prod-
uct 3 was obtained in 58% and 10% yields, respectively
(Table 1, entries 7 and 8), whereas the reaction did not proceed
by using either 1,4-dioxane or THF as a solvent under other-
wise identical reaction conditions (Table 1, entries 9 and 10).
Thus, chloroform was found to be the best solvent for the syn-
thesis of porphyrin 3. Further, the effect of catalyst loading on
the rate of reaction was examined by varying the concentration
of TCA. The yield of the desired product 3 decreased signifi-
cantly by lowering the amount of TCA from 20 mol % to 10
mol % (Table 1, entry 11). Whereas no increment in the yield of
the desired product 3 was observed when the amount of TCA
was increased from 20 mol % to 30 mol % (Table 1, entry 12).
Therefore, 20 mol % TCA was found to be sufficient to afford

the maximum yield of porphyrin 3.

Finally, the effect of temperature was also investigated by per-
forming the experiments at 80 °C in 1,2-dichloroethane and
50 °C in chloroform under the same reaction conditions which
produced the desired porphyrin 3 in lower yields (56% and
34%, respectively; Table 1, entries 13 and 14). In contrast, the
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Table 1: Optimization of the reaction conditions for the synthesis of copper(ll) benzo[flchromeno[2,3-h]quinoxalinoporphyrin 3.2

Ar Ar Ar Ar
g )
ieen po
+
NH, PhCHO, catalyst N/
0 solvent, 65 °C, 3 h
Ar Ar Ar Ar  Ph
1; Ar = 4-CH3CgHy4 2 3; Ar = 4-CH3CgHy
Entry Catalyst Solvent Time (h) Yield (%)

1 PTSA (20 mol %) CHCl3 3 40
2 La(OTf)3 (20 mol %) CHCl3 3 NR
3 L-ascorbic acid (20 mol %) CHCl3 3 NR
4 DBSA (20 mol %) CHCl3 3 32
5 TCA (20 mol %) CHCI3 3 65
6P TFA (20 mol %) CHCl3 3 0
7 TCA (20 mol %) CICH2CHoCI 3 58
8 TCA (20 mol %) toluene 3 10
9 TCA (20 mol %) 1,4-dioxane 3 NR
10 TCA (20 mol %) THF 3 NR
11 TCA (10 mol %) CHCl3 3 53
12 TCA (30 mol %) CHCl3 3 65
13¢ TCA (20 mol %) CICH2CH.CI 3 56
144 TCA (20 mol %) CHCl3 3 34
158 - CHCl3 3 NR
16¢ - toluene 6 NR

a8NR = no reaction; TCA = trichloroacetic acid; PTSA = p-toluenesulfonic acid; DBSA = p-dodecylbenzenesulfonic acid; TFA = trifluoroacetic acid;
binseparable mixture of products was obtained; reaction was performed at 80 °C; Yreaction was performed at 50 °C; ®reaction was carried out at

reflux in the absence of TCA.

reaction neither proceeded in chloroform nor in toluene at
reflux temperature in the absence of catalyst and always starting
material was recovered quantitatively (Table 1, entries 15 and
16). As evident from Table 1, the use of 20 mol % TCA as an
acidic catalyst in chloroform at 65 °C was considered to be
an optimum condition for the formation of copper(Il)
benzol[f]chromeno[2,3-k]quinoxalinoporphyrin 3 in appreciable
yield. Further, a new series of copper(Il) benzo[f]chromenol[2,3-
h]quinoxalinoporphyrins 3-8 were constructed in good isolated
yields by using the optimized reaction conditions (Scheme 1).

For a comparative study of absorption and emission properties,
the copper complexes of benzo[f]chromeno[2,3-A]quinoxalino-
porphyrins 3—7 were converted to the corresponding free-base
porphyrinoids 9-13 through a standard demetallation process
using conc. HpSO4 in CHCI3; under cooling conditions
(Scheme 1). On complexation with zinc by using Zn(OAc), in
CHC13/MeOH, free-base porphyrins 9, 10 and 13 afforded

zinc(IT) benzo[f]chromeno[2,3-k]quinoxalinoporphyrins 14-16
in good yields (Scheme 1).

The proposed mechanistic pathway for the formation of
copper(Il) benzo[f]chromeno(2,3-h]quinoxalinoporphyrins 3—8
under one-pot operation is presented in Figure 1. At the begin-
ning of the reaction, copper(Il) 2,3-diamino-5,10,15,20-
tetraarylporphyrins 1 react with 2-hydroxynaphthalene-1,4-
dione (2) in the presence of trichloroacetic acid to form an
imine intermediate which on intramolecular cyclization affords
a key benzo[f]quinoxalinoporphyrin intermediate 17. Further, a
condensation of intermediate 17 with 2-arylidene-5,5-dimethyl-
cyclohexane-1,3-dione 18 (formed in situ through an Aldol
condensation of aldehydes with dimedone), to generate
copper(II) benzo[f]chromeno[2,3-k]dihydroquinoxalinopor-
phyrins which on dehydration produce the desired copper(1I)
benzo[f]chromeno|2,3-/]quinoxalinoporphyrins 3-8 in 61-68%
yields.

1218



Beilstein J. Org. Chem. 2023, 19, 1216-1224.

Ar Ar Ar Ar
(0]
NH> x OH N\ O
- C _
4 o 7
NH, RCHO, TCA (20 mol %) N
(0] CHCI3, 65 °C, 3 h
Ar Ar Ar Ar R
1; Ar = 4-CH3CgHy4, Ph 2

Zn(OAc),-2H,0

3; Ar = 4-CH3CgHy4, R = CgH5 (65%)

4; Ar = 4-CH3CgHy4, R = 4-OCH3CgH4 (67%)
5; Ar = 4-CH3CgH4, R = 4-NO,CgHy4 (65%)
6; Ar = 4-CH3CgH4, R = 4-BrCgH, (61%)

7; Ar = CgHs, R = CgHs5 (68%)

8; Ar = CgHs, R = 4-BrCgH,4 (66%)

conc. HySO4
CHCl3, 0 °C

Ar Ar
we
N
1
N
Ar Ar R

14; Ar = 4-CH3CgHg, R = CgHs (78%)
15; Ar = 4-CH3CgHa, R = 4-OCH3CgHy (80%)
16; Ar = CgHs, R = CgHs (80%)

CHCIl3/MeOH, 25 °C

Ar Ar
e
N
1
N
30 min
Ar Ar R
9; Ar = 4-CH3CgHy4, R = CgHs (80%)
10; Ar = 4-CH3CgHy4, R = 4-OCH3CgH4 (78%)
11; Ar= 4-CH306H4, R= 4-N0206H4 (70%)

12; Ar = 4-CH3CgHa, R = 4-BrCgH, (77%)
13; Ar = CgHs, R = CgHs (76%)

Scheme 1: Synthesis of benzo[flchromeno[2,3-h]quinoxalinoporphyrins 3—16.

To authenticate the proposed reaction pathway, a control exper-
iment was carried out by reacting copper(Il) 2,3-diamino-
5,10,15,20-tetrakis(4-methylphenyl)porphyrin (1) with
2-hydroxynaphthalene-1,4-dione (2) in CHCl3 containing
20 mol % TCA at 65 °C as presented in Scheme 2. After
workup and chromatographic purification, the isolated product
was characterized based on spectral data analysis as copper(Il)
benzo[f]quinoxalinoporphyrin intermediate 17. Further, porphy-
rin 17 reacted with benzaldehyde and dimedone in chloroform
containing 20 mol% trichloroacetic acid at 65 °C to afford
copper(Il) benzo[f]chromeno[2,3-#]quinoxalinoporphyrin 3 in
65% yield (Scheme 2). The successful isolation of intermediate
17 and its conversion to copper(Il) benzo[f]chromeno[2,3-
h]quinoxalinoporphyrin 3 as shown in Scheme 2 clearly support
the proposed mechanism for the formation of the desired
copper(Il) porphyrins 3-8.

Finally, the structures of all newly synthesized benzo[f]chro-
meno[2,3-h]quinoxalinoporphyrins 3—-16 and benzo[f]quin-
oxalinoporphyrin 17 were assigned on the basis of IR, 'H and
13C NMR, and HRMS data analysis.

Photophysical characteristics

The UV-vis spectra of the newly synthesized benzo|f]chro-
meno[2,3-h]quinoxalinoporphyrins 3—-16 (Figures 2—4) were re-
corded in chloroform at 25 °C. Interestingly, the absorption
spectra of copper(Il) benzo[f]chromeno[2,3-A]quinoxalino-
porphyrins 3-8 are significantly broadened and feature split
Soret bands between 408—445 nm probably due to the loss in
Dy, symmetry after the fusion of a large benzo[f]chromeno[2,3-
h]quinoxaline moiety across the porphyrinic B-positions [43],
and two Q-bands at ~562 and 603 nm (Figure 2). Further, the

electronic absorpion spectra of free-base benzo[f]chromeno[2,3-
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Figure 1: Plausible mechanism for the formation of copper(ll) benzo[flchromeno[2,3-h]quinoxalinoporphyrins.
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Scheme 2: Sequential synthesis of copper(ll) benzo[flchromeno[2,3-h]quinoxalinoporphyrin 3.
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h]quinoxalinoporphyrins 9-13 exhibited Soret bands between
439-442 nm and four Q-bands between 526 and 642 nm
(Figure 3). In contrast, UV-visible spectra of zinc(II)
benzo[f]chromeno[2,3-A]quinoxalinoporphyrins 14-16 showed
broadened Soret bands with slight splitting between
445—-450 nm and two Q-bands at =566 and 606 nm (Figure 4).
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—14
—5
0.4 4 6
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Figure 2: Electronic absorption spectra of copper(ll) benzolf]chro-

meno[2,3-h]quinoxalinoporphyrins 3-8 in CHCl3 (1.5 x 106 M) at
298 K. (Inset shows Q-bands).
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Figure 3: Electronic absorption spectra of free-base benzo[f]chro-
meno[2,3-h]quinoxalinoporphyrins 9-13 in CHCI3 (1.5 x 10-5 M) at
298 K. (Inset shows Q-bands).

All the newly prepared copper(1l), free-base and zinc(1l)
benzo[f]chromeno[2,3-k]quinoxalinoporphyrins displayed a sig-
nificant red-shift in their Soret and Q-bands by ~20-30 nm as

compared to their corresponding meso-tertakis(4-methyl-

Beilstein J. Org. Chem. 2023, 19, 1216-1224.
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Figure 4: Electronic absorption spectra of zinc(ll) benzo[f]chro-
meno[2,3-h]quinoxalinoporphyrins 1416 in CHCl3 (1.5 x 10-6 M) at
298 K. (Inset shows Q-bands).

phenyl)porphyrins (Cu-TMPP, Soret band at 416 nm; TMPP,
Soret band at 419 nm; Zn-TMPP, Soret band at 425 nm) due
to the extended m-conjugation after the fusion of the
benzo[f]chromeno([2,3-#]quinoxaline moiety at the B-pyrrolic
positions of the porphyrin macrocycle.

In the fluorescence spectra, free-base benzo[f]chromeno[2,3-
h]quinoxalinoporphyrins 9-13 showed emission bands at
~675 nm and 730 nm (Figure 5a). These newly synthesized
free-base porphyrins displayed significant red-shifts in their
emission spectra in comparison to meso-tetrakis(4-methyl-
phenyl)porphyrin (TMPP; emission bands at ~652 and
717 nm). Similarly, fluorescence spectra of zinc(II)
benzo[f]chromeno[2,3-k]quinoxalinoporphyrins 14, 15 and 16
(Figure 5b) showed two emission bands between 623 and
678 nm with a red-shift of 21-25 nm in comparison to zinc(II)
meso-tetrakis(4-methylphenyl)porphyrin (Zn-TMPP; emission
bands at 602 and 653 nm). However, no emission was observed
in the case of copper(Il) porphyrins due to the paramagnetic

nature of copper(Il) ions [44].

Conclusion

In summary, we have successfully synthesized a new series of
copper(Il) benzo[f]chromeno[2,3-A]quinoxalinoporphyrin ana-
logues in good yields following the one-pot synthetic strategy
applying the reaction of copper(Il) 2,3-diamino-meso-tetraaryl-
porphyrins with 2-hydroxynaphthalene-1,4-dione, aromatic
aldehydes and dimedone in the presence of 20 mol %
trichloroacetic acid in chloroform at 65 °C. Interestingly, a
sequential approach for constructing copper(Il) benzo[f]chro-
meno[2,3-h]quinoxalinoporphyrin 3 was also followed by

capturing a key intermediate, copper(Il) benzo[f]quinoxalino-
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Figure 5: (a) Emission spectra of free-base benzo[flchromeno[2,3-h]quinoxalinoporphyrins 9—13 and (b) emission spectra of zinc(Il) benzo[flchro-
meno[2,3-h]quinoxalinoporphyrins 14-16 in CHCI3 (1.5 x 10-8 M) at 298 K (Agy = 420 nm).

porphyrin 17 for the mechanistic studies. On photophysical
evaluation, the newly synthesized porphyrins displayed signifi-
cant red-shifted absorption and emission as compared to simple
meso-tetraarylporphyrins due to the extended m-electronic
conjugation. Hence, the present study is potentially useful for
the development of highly conjugated m-electron rich porphyri-

noids with improved light harvesting properties.

Experimental

Materials and instrumentation methods

All reagents and solvents used in this study were purchased
from Sigma-Aldrich (Merck) and were used as received unless
otherwise stated. The column chromatographic purifications of
all products were carried out using either activated neutral alu-
minium oxide (Brokmann grade I-II, Merck). The melting
points of all newly prepared products were determined on a
Biichi M-560 melting point apparatus. "H NMR (400 MHz) and
13C NMR (100 MHz) spectra were recorded in CDCl5 on a Jeol
ECX-400P (400 MHz) NMR spectrometer. Chemical shifts are
reported in d scale in parts per million (ppm) relative to CDCl3
(5 =7.26 ppm for 'H NMR and & = 77.00 ppm for 13C NMR).
The coupling constants are expressed as (J) and are reported in
hertz (Hz). Infrared (IR) spectra of the synthesized compounds
were recorded in film or KBr on Perkin Elmer IR spectrometer
and absorption maxima (V) are given in cm™!. UV-vis
absorption and fluorescence spectra were recorded on an
Analytik Jena’s Specord 250 UV-vis spectrophotometer and a
Varian Cary Eclipse fluorescence spectrophotometer, respec-
tively. The mass spectra were recorded on an Agilent G 6530
AA LC-HRMS QTOF system in positive mode. Spectroscopic
grade chloroform was used to measure UV-visible and emis-

sion spectra of the samples. Thin-layer chromatography (TLC)

was performed on silica gel 60 Fy54 (pre-coated aluminium)

sheets from Merck.

General procedure for the synthesis of
copper(ll) benzo[flchromeno[2,3-h]quin-
oxalinoporphyrins 3—8

To a solution of copper(Il) 2,3-diamino-meso-tetraarylpor-
phyrin (1; 0.131 mmol) in chloroform (20 mL), 2-hydroxynaph-
thalene-1,4-dione (2; 0.157 mmol) and trichloroacetic acid
(0.026 mmol) were added and the reaction mixture was stirred
at reflux temperature for 30 minutes. Then, the aromatic alde-
hyde (0.157 mmol) and dimedone (0.157 mmol) were added
and the reaction mixture was refluxed for additional two and a
half hours. The progress of the reaction was monitored by TLC.
After completion of the reaction, the product was extracted by
using chloroform (3 x 50 mL). The organic layers were
combined and washed with water (3 X 50 mL), dried over an-
hydrous sodium sulfate and evaporated under reduced pressure.
The crude product was purified on a neutral alumina column by
using 20% chloroform in hexane as eluent to afford porphyrins
3-8 in 61-68% yields.

General procedure for the synthesis of free-
base benzo[flchromeno[2,3-h]quinoxalino-
porphyrins 913

To a solution of copper(Il) benzo[f]chromeno[2,3-h]quin-
oxalinoporphyrin 3-7 (0.090 mmol) in chloroform (20 mL),
conc. HySOy4 (1.6 mL) was added and the reaction mixture was
stirred at 0 °C for 7 min. After completion of the reaction, the
reaction mixture was quenched with water and neutralized with
saturated sodium bicarbonate solution. The resulting mixture

was extracted with chloroform (50 mL). The organic layer was
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washed with water (3 x 50 mL), dried over anhydrous sodium
sulfate and evaporated under reduced pressure. The crude prod-
uct was purified on a neutral alumina column by using 40%
chloroform in hexane as eluent to afford porphyrins 9-13 in
70-80% yields.

General procedure for the synthesis of
zinc(ll) benzo[flchromeno[2,3-h]quinoxalino-
porphyrins 14—16

To a solution of free-base benzo[f]chromeno[2,3-A]quinoxalino-
porphyrins 9, 10 and 13 (0.038 mmol) in chloroform (10 mL), a
solution of Zn(OAc);,-2H,0 (0.136 mmol) in methanol (2 mL)
was added and reaction mixture was stirred at 25 °C for thirty
minutes. The progress of the reaction was monitored by TLC.
After completion of the reaction, the reaction mixture was
diluted with chloroform (50 mL). The resulting solution was
washed with water (3 x 50 mL), the organic layer was dried
over anhydrous sodium sulfate and evaporated under reduced
pressure. The crude product was purified on activated neutral
alumina column by using 80% chloroform in hexane as eluent
to afford porphyrins 14-16 in 78-80% yields.

Synthesis of copper(ll) benzo[flquinoxalino-
porphyrin 17

To a solution of copper(Il) 2,3-diamino-meso-tetraarylpor-
phyrin 1 (0.131 mmol) in chloroform (15 mL), 2-hydroxynaph-
thalene-1,4-dione (2; 0.157 mmol) and trichloroacetic acid
(0.026 mmol) were added and the reaction mixture was stirred
at reflux temperature for 2 hours and the progress of the
reaction was monitored by TLC. After completion of the reac-
tion, the crude product was extracted by using chloroform
(3 x 50 mL). The organic layer was washed with water
(3 x 50 mL), dried over anhydrous sodium sulfate and evaporat-
ed under reduced pressure. The crude product obtained was
purified on a neutral alumina column by using 20% chloroform
in hexane as eluent to afford porphyrin 17 in 67% yield.

Supporting Information

Supporting Information File 1

Characterization data, 'H and '3C NMR spectra of newly
prepared porphyrin products.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-89-S1.pdf]
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Asymmetric organocatalyzed multicomponent reactions represent an important toolbox in the field of organic synthesis to build

complex scaffolds starting from simple starting materials. The Enders three-component cascade reaction was a cornerstone in the

field and a plethora of organocatalyzed cascade reactions followed. However, acetaldehyde was not shown as a successful reaction

partner, probably because of its high reactivity. Herein, we report the Enders-type cascade reaction using acetaldehyde dimethyl

acetal, as a masked form of acetaldehyde. This strategy directly converts acetaldehyde, nitroalkenes and enals into stereochemical-

ly dense cyclohexenals in good yield and excellent enantioselectivity.

Introduction

Multicomponent reactions (MCRs) are chemical processes that
involve three or more compounds, in which the product
contains all the atoms of the reagents, except for condensation
coproducts, such as water, hydrogen chloride or other small

molecules [1-3]. MCRs have a great advantage over the clas-

sical two-component reactions; they allow the construction of
complex molecular motifs in only one synthetic operational step
starting from simpler building blocks. For this reason, the use of
MCRs is appealing in the construction of natural or synthetic

products [2-5] or libraries of compounds [2], and is generally
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considered an advantage in organic synthesis for atom
economy, waste reduction and time saving. Cascade reactions
are defined as chemical processes in which two or more bond-
forming steps happen under identical reaction conditions, and
where a subsequent transformation takes place at the function-
ality obtained in the former bond-forming event. Cascade reac-
tions are valuable tools for streamlining the synthesis of struc-
turally complex molecules in a single operation and from
readily available substrates. Their combination with asym-
metric aminocatalysis [4,6-8] has recently led to innovative ap-
proaches for the one-step enantioselective preparation of stereo-
chemically dense molecules. Nowadays, organocatalytic
cascade processes provide a powerful tool for achieving molec-
ular complexity. Their synthetic potential has been demon-
strated by their application in the total synthesis of complex

natural compounds [2,4,9-12].

A remarkable example of an amino-catalyzed cascade process
was reported by Enders [11], a three-component cascade
reaction for the synthesis of polyfunctionalized cyclohexenes
bearing multiple stereocenters. The reaction is promoted by a

chiral secondary amine, which is capable of catalyzing each

O
2 N P

h
OTMS

T

Ph

N Ph
OTMS

[
3 N Ph

H  oTms
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step of the process activating the substrates through enamine
and iminium ion catalysis towards a Michael/Michael/aldol
process. The ingenious crafting of the reaction lies in the selec-
tion of the reactivity of the different nucleophiles and electro-
philes present in the mixture, both as reagents and as intermedi-
ates. First, the chiral aminocatalyst 1 activates the saturated
aldehyde 2 via enamine intermediate A, which intercepts the
nitroalkene 3 in a Michael-type addition forming intermediate
B. Hydrolysis regenerates catalyst 1 that can then selectively
condense with the a,f-unsaturated aldehyde 4 to form chiral
iminium ion intermediate C. Iminium ion C reacts with inter-
mediate B in a further Michael-type reaction. The last step
involves the enamine intermediate which drives an intramolecu-
lar aldol condensation to form the final product 5. In this
elegant cascade process, catalyst 1 promotes three consecutive
carbon—carbon bond forming steps generating four stereogenic
centers with high diastereoselectivity and complete enantiocon-
trol (Scheme 1).

This elegantly designed example established a new direction in
asymmetric aminocatalysis, leading to an impressive growth of

methods based on organocascade processes [8,10,13-16]. The

Ph
N Ph
H  oTmMs '
AS
1
5
0 intramolecular O
| " |
aldol condensation N
b 5

Scheme 1: Original triple organocatalytic cascade reaction developed by Enders.
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experimental simplicity of the strategy offers the potential of
rapidly increasing structural and stereochemical complexity
starting from readily available substrates. The scope of the
process was shown to be successful with aliphatic aldehydes 2,
aromatic nitroalkenes 3, and both aromatic and aliphatic unsatu-
rated aldehydes 4.

Given our recent interest in the use of a surrogate of acetalde-
hyde [17-19] to address the challenges of working with free
acetaldehyde, we wondered why the scope of this reaction did
not include acetaldehyde and questioned whether a three-com-
ponent triple cascade would indeed work employing this highly
reactive substrate. The use of acetaldehyde as a reagent has
always been challenging. The low boiling point and high
volatility pose a problem with its handling and safety. The small
steric hindrance gives rise to a high reactivity both as an elec-
trophile and as a pro-nucleophile, hampering chemoselectivity
(further to side reactions such as self-aldol condensations, poly-
merization and Tishchenko-type processes) and stereoselectivi-
ty [20]; the activation of acetaldehyde via aminocatalysis,
furthermore, suffers from a lack of proper steric hindrance for
the enantio-discrimination process. However, some methodolo-
gies enabling the use of acetaldehyde have been reported [20-
24].

The safety and handling problems associated with acetaldehyde
can be solved by synthetic equivalents that can be generated in
situ through different paths. Some examples are represented by
vinyl acetate [25], silyl vinyl ethers [26], ethanol, pyruvic acid,
(E)-3-chloroacrylic acid, 2,4,6-trimethyl-1,3,5-trioxane
(paraldehyde) [24,27], and acetaldehyde dimethyl acetal (6)
[17-19]. On the basis of a long-term project based on masked
reagents, our group has previously demonstrated the feasibility
of the addition of a masked acetaldehyde 6 to nitroalkene deriv-
atives with low reagent excess and high enantioselectivity; this

a) bicomponent Enders
cascade using acetaldehyde

b) structural analogue
bicomponent Enders cascade
using unsaturated aldehydes

Beilstein J. Org. Chem. 2023, 19, 1243-1250.

reaction represents the first step in the Enders triple cascade cat-
alytic cycle.

The use of acetaldehyde in a two-component cascade reaction
was previously reported by Enders [27]; however, the scope of
this reaction is limited to cyclohexene carbaldehydes bearing a
methyl group on the C-6 atom (Figure 1a). On the other hand,
these structural motifs can also be synthesized via the condensa-
tion of two equivalents of an enal and nitromethane (Figure 1b),
although in this case C-4 and C-6 present the same substituent
[28]. Interestingly, to the best of our knowledge, the use of
acetaldehyde in the original Enders triple cascade reaction has
not been explored despite its synthetic value. Indeed, this
protocol would enable a wide structural variability in the syn-
thesis of 3-substituted cyclohexene carbaldehydes (Figure 1c).

Results and Discussion

In order to explore the feasibility of the triple cascade reaction
with acetaldehyde (2a) as a substrate, we tested the original
reaction conditions reported by Enders using frans-p-nitro-
styrene (3) and trans-cinnamaldehyde (4) as the other sub-
strates (Table 1, entry 1). The reaction proved to yield the
desired product, indicating that the catalytic system may indeed
be applicable. Lowering the amount of organocatalyst 1 to
10 mol % (Table 1, entry 2) resulted in a decrease of both yield

and selectivity.

Based on the results obtained (Table 1, entry 2) and the reac-
tion conditions developed in our previous work [17], we tried to
introduce 6 as an acetaldehyde equivalent, adding water in the
reaction system and Amberlyst-15 as a catalyst to accelerate the
hydrolysis process (Scheme 2).

To our delight, 6 as an acetaldehyde surrogate allows a slightly
better yield with doubled selectivity, measured as the ratio be-

c) this work

Figure 1: Approaches based on the original Enders cascade reaction to access trisubstituted cyclohexene carbaldehyde derivatives.
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Table 1: Enders reaction with acetaldehyde.?

<_)L‘6Fh
0 N Ph 0

H
XN 1 OTMS N
+ +
toluene, rt, 24 h Ph
2a 3a 4a 5a":5a"
dr = 50:50
Entry 1 (mol %) eeP (%) Conversion® (%) Yield® (%) Selectivityd (%)
1 20 99 91 43 48
2 10 99 95 33 35

aReaction conditions: 3 (0.5 mmol, 1 equiv), 2a (0.6 mmol, 1.2 equiv), 4 (0.525 mmol, 1.05 equiv) were added to a solution of 1 (0.05 mmol, 0.1 equiv)
in toluene (0.625 M wrt limiting reagent) and allowed to stir for 24 hours at room temperature. ®Determined by chiral HPLC analysis.
CCalculated by 'H NMR using triphenylmethane as an internal standard. Ratio between yield and conversion.

Ph
N Ph

H  OTMS '

H,0, Amberlyst-15

intramolecular
aldol condensation

D ol

Ph
OTMS

2a

T

D

O
|
N Ph N Ph
OTMS | OTMS
A B A c
/v Ci)
e Mo
3 N Ph 4

H  oTms

Scheme 2: Acetaldehyde dimethyl acetal (6) as an acetaldehyde surrogate to effect a triple organocatalytic cascade reaction.

tween yield and conversion (Table 2, entry 1). This means that  vent screening (see Supporting Information File 1) did not
the productivity of the reaction using 6 is superior, since far  reveal any better alternative to toluene. The use of chloroform

more substrate was converted into the desired product. A sol- (Table 2, entry 2), as in our previous report [17], showed an
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Table 2: Selected optimization reaction conditions.?

Entry Deviation from above eeP (%)
1 none 99
2 CHCl3 99
3 0.25M 99
4 0.5M 99
5 1M 99
6 0.25M,48 h 99

Beilstein J. Org. Chem. 2023, 19, 1243-1250.

%Pp“h

9 OTMS <|3
1 (10 mol %) X
Amberlyst-15 (10 mol %) Ph
H,0 (6 equiv)
toluene (0.1 M), rt, 24 h
5a':5a"
dr = 50:50
Conversion® (%) Yield® (%) Selectivityd (%)
61 40 66
54 43 79
72 35 48
93 39 42
88 35 40
79 44 56

@Reaction conditions: 3 (0.1 mmol, 1 equiv), 6 (0.2 mmol, 2 equiv), 4 (0.1 mmol, 1.05 equiv), H>O (0.6 mmol, 6 equiv), and Amberlyst-15 (10 mol %)
were added to a solution of 1 (10 mol %) in 1 mL of solvent (0.1 M) and allowed to stir for 24 hours at room temperature. ®PDetermined by chiral HPLC
analysis. °Calculated by 'H NMR using triphenylmethane as an internal standard. 9Ratio between yield and conversion.

improvement on selectivity, however, toluene was chosen as a
more benign solvent. After further optimization of the acidic
resin, stoichiometry, concentration, temperature, and reaction
time (see Supporting Information File 1), we identified the best
reaction conditions that yield the desired product in 44% yield,
over 48 h (Table 2, entry 6). Unfortunately, side products and
unwanted reactions do not allow to have a higher yield. All
reactions provide the product in >99% ee, which is expected for
a process which involves two consecutives stereoselective reac-
tions. The control of the diastereomeric ratio is, however, diffi-
cult to attain as demonstrated by an extensive screening and is
always near 50:50 without significant deviations changing the
reaction conditions. On the contrary, the use of aldehydes other
than acetaldehyde generates higher control [11]. It was previ-
ously shown that the first stereogenic center formed in the
presented cascade process is formed with high control [17].
Therefore, the second carbon—carbon bond forming step, i.e.,
the organocatalyzed Michael addition of the nitronate to the
o,B-unsaturated iminium ion, should be tackled to improve the
diastereocontrol. All efforts to discriminate the two faces of the
nitroenolate during the addition proved unproductive during the
optimization, therefore, a potential epimerization was envis-
aged during the course of the reaction, but this hypothesis was
discarded after further experimentation; submitting the two iso-
lated diastereomers to the reaction conditions did not show any
change. A slight improvement in the dr was found by exposing
the mixture of the diastereomers to a strong basic environment

(--BuOK/MeOH) to force the formation of secondary nitronates.

However, it could not be improved to synthetically interesting
values. The observed diastereomeric ratio is, therefore, the
direct result of the second Michael addition reaction, as previ-
ously reported [29], and no post-process epimerization event

could be found.

With the best conditions in our hand, we evaluated the scope of
our triple cascade reaction enabled by masked acetaldehyde. As
highlighted in Figure 2, the reaction proceeded smoothly
regardless of structural and electronic variations of both sub-
strates, giving access to a variety of complex cyclohexenals. Al-
though the scope is limited to aromatic nitroalkenes and enals,
the yields are good considering the complexity of the domino
process that involves highly reactive partners, and the ees are
consistently very high. Finally, albeit there is low diastereocon-
trol, the diastereomers can be easily separated by simple flash

chromatography.

Conclusion

An unprecedented methodology for the synthesis of 4,6-disub-
stituted S-nitrocyclohexene carbaldehydes with three contigu-
ous stereogenic centers using acetaldehyde as one of the reac-
tion components of an Enders cascade reaction has been de-
veloped. The masked form of acetaldehyde, which is hydro-
lyzed in situ using Amberlyst-15 as an acid catalyst, instead of
directly using acetaldehyde allows for higher yields and fewer
byproducts. Using mild reaction conditions, it was possible to

obtain a variety of functionalized cyclohexene carbaldehydes in
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Ph o)
0 N Ph |

H oTMms N
]
+ * o/\) 1 (10 mol%)

Amberlyst-15 (10 mol %)
6 3 4 H,0 (6 equiv)

toluene 0.25 M, rt, 48 h S
i i i i
[ [ [ [
| A | A | X | A
= = cl = E 5 O/
5a 5b 5¢c 5d
yield 43% 64% 41% 47%
ee 99% 99% >99% 98%
dr 51:49 50:50 51:49 53:47
i j i
X X | X
| A
7>
5e 5f 5g
yield 25% 41% 26%
ee 99% 99% 97%
dr 42:58 55:45 47:53
i 0 i
| A A ’ A
A | N
| _
v
5h 5i 5j
yield 47% 48% 45%
ee >99% 99% 98%
dr 41:59 59:41 53:47

Figure 2: Scope of the cascade reaction using 6 as an acetaldehyde equivalent. Reaction conditions: 3 (0.5 mmol, 1 equiv), 6 (1 mmol, 2 equiv), 4
(0.525 mmol, 1.05 equiv), H2O (3.0 mmol, 6 equiv), and Amberlyst-15 (10 mol %) were added to a solution of 1 (10 mol %) in 2 mL of solvent (0.25 M)
and allowed to stir for 48 hours at room temperature. Yields of isolated compounds are given. Diastereomeric ratio (dr) determined by 'H NMR analy-
sis. Enatiomeric excess (ee) determined by chiral HPLC analysis.

good yields and very high enantiomeric excesses. Unfortu-  difficult to control, leading to a mixture of two diastereomers.
nately, the developed methodology is currently limited to aro-  Current efforts in our laboratories are addressing these chal-
matic substrates and the formation of one stereocenter is lenges.
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A library of 19 differently substituted 3-iodoindoles is generated by a consecutive four-component reaction starting from ortho-

haloanilines, terminal alkynes, N-iodosuccinimide, and alkyl halides in yields of 11-69%. Initiated by a copper-free alkynylation,

followed by a base-catalyzed cyclizive indole formation, electrophilic iodination, and finally electrophilic trapping of the intermedi-

ary indole anion with alkyl halides provides a concise one-pot synthesis of 3-iodoindoles. The latter are valuable substrates for

Suzuki arylations, which are exemplified with the syntheses of four derivatives, some of them are blue emitters in solution and in

the solid state, in good yield.

Introduction

Indoles and their derived substitution patterns are omnipresent
heterocyclic structural motifs in nature [1], many natural prod-
ucts [2,3], drugs [4-8], and dyes [9-11] and their preparation is
an evergreen in organic synthesis [12-15]. Although the clas-
sical Fischer indole synthesis provides a very reliable and
broadly applicable access to indole derivatives [16-18], striving
for new indole syntheses is ongoing. In particular, metal-cata-
lyzed processes for accessing indoles have become attractive al-
ternatives over the past decades [19-24]. Besides Larock's

indole synthesis employing alkyne anellation [25] and Cacchi's

cyclization of ortho-alkynylanilines [20,22] catalytic syntheses
of indoles from alkynes have become increasingly interesting
[26,27]. In addition, as one-pot processes with a huge explorato-
ry potential and diversity-oriented character, syntheses of
indoles by multicomponent reactions have aroused consider-
able interest [28-30].

As part of our program to develop heterocycle syntheses based

upon transition-metal catalysis [31], we disclosed an activating

group-free alkynylation—cyclization sequence to (aza)indoles
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[32,33] that could be readily concatenated with a concluding
N-alkylation of the 7-azaindole intermediate in the sense of
consecutive three-component coupling—cyclization—alkylation
synthesis of 1,2,5-trisubstituted 7-azaindoles [34]. Inspired by
the coupling—cyclization—alkylation sequence and the stepwise
Sonogashira coupling—cyclization—iodination protocol to give
valuable 3-iodoindoles by Amjad and Knight [35], we reasoned
that the interception by an electrophilic iodination step prior to
terminal alkylation could provide a straightforward entry to
trisubstituted 3-iodoindoles, which are valuable building blocks
for accessing highly decorated (aza)indoles (Scheme 1). Here,
we report the concise consecutive four-component synthesis of
trisubstituted 3-iodoindoles.

Results and Discussion

In our previous studies on the alkynylation—cyclization synthe-
sis of 2-substituted (aza)indoles [32-34], we could show that the
copper-free Pd-catalyzed alkynylation of 2-aminobromo-
pyridines or 2-bromoanilines and the subsequent base-cata-
lyzed anellation in a one-pot fashion proceeds without nitrogen
protection or activation using KOz-Bu in DMSO as a base.
Under these conditions, the formation of the terminal
(aza)indole anion is the driving force (Scheme 1) [34]. As a
consequence, the electrophilic trapping of this intermediate with
alkyl halides provides as concise access to N-substituted
(aza)indoles. As already shown for N-alkyl 7-azaindole forma-
tion in one case, the crucial 7-azaindole anion could be trapped
with electrophilic iodine (from N-iodosuccinimide), resulting in
a 3-iodo-7-azaindole anion, which could then be alkylated, still
in a one-pot fashion [34]. Therefore, we set out to directly
employ these standard conditions to the sequence of ortho-halo-

anilines 1, terminal alkynes 2, N-iodosuccinimide (3), and alkyl

Beilstein J. Org. Chem. 2023, 19, 1379-1385.

halides 4 to screen the scope of the one-pot synthesis of trisub-
stituted 3-iodoindoles 5 in a consecutive four-component
fashion (Scheme 2).

The sequence commences with a copper-free alkynylation using
DBU as a base at 100 °C. This step is followed by the addition
of KOz-Bu and reaction at 100 °C for 15 min and subsequent
reaction with N-iodosuccinimide (3) at room temperature.
Finally, the reaction with alkyl halides 4 at room temperature
gives the title compounds § in yields between 11-69% after
chromatographic workup. The structures of the products were
unambiguously confirmed by 'H and '3C NMR spectroscopy,
as well as by mass spectrometry. Assuming that four new bonds
are being formed in this one-pot process, the range of yield
from 11 to 69% (after isolation) accounts for an average yield
of 55-90% per bond-forming step which can be considered to
be relative efficient, also because only a single terminal purifi-
cation step is required. However, noteworthy, the 3-iodoindoles
are sensitive to light and prolonged storage at room tempera-
ture, even under protective gas atmosphere, leads to slow de-
composition. Therefore, storage at low temperature in a dark

vial is strongly recommended.

Upon using 2,4-dibromoaniline (1¢) as the substrate and an
excess of phenylacetylene (2a), both carbon—bromine bonds
are transformed in the alkynylation step affording the
alkynyl-substituted 3-iodoindole 6 as product in 42% isolated
yield in the sense of a pseudo-five-component reaction
(Scheme 3).

Finally, the 3-iodoindole 5a and arylboronic acids 7 were

employed in a standard Suzuki protocol with cesium carbonate

=—R?

R! X
\@ + =——R?
NH, R

[Pd], DBU, DMSO, A

oz //i
Py
)

R! X
X,
NH,

[Pd], DBU, DMSO, A

then: KOt-Bu, A via — then: KOt-Bu, A
then: R3X, rt then: N-iodosuccinimide
R © then: R3X, rt
1 N R2 I
R \ m R1
R2 N N\
(I : | R?
N =
R3 N
R3

one-pot alkynylation—
cyclization—alkylation
sequence

one-pot alkynylation—
cyclization—iodination—
alkylation sequence

Scheme 1: Consecutive alkynylation—cyclization—alkylation three-component synthesis and conception of a consecutive alkynylation—cyclization—iodi-
nation—alkylation four-component synthesis via an (aza)indole anion intermediate.
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2.50 mol % Pd(PPhs),Cl,
5.00 mol % (1-Ad),PBn-HBr |

1
R N X o DBU (3.00 equiv), DMSO, 1-2 h, 100 °C Rm
+ = > R2
=z NH, then: KO¢-Bu (4.50 equiv), DMSO, 15 min, 100 °C N
then: N-iodosuccinimide (3, 1.50 equiv), DMSO, h3
1(X=Br1) 2 2-5h, 1t 5 (18 examples, 11-69%)
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H3C B F —
-0 TO OO \
Z N N N N N7
CHs

\
CHj

CH, CHs
5a (51%) 5b (35%) 5¢ (20%32, 40%) 5d (69%)
| [ [ [
Cl
X
LS wer Cromwe CT-on
N N N Z N
CH3 CH3 CH3 CH3
5e (62%) 5f (32%) 59 (57%) 5h (34%)
[ | [
HsC HsC
X
Cry-Ore 0O " 00p-Oren
Z N N N
CHs CHg CHg
5i (11%) 5j (60%) 5k (54%)
| | | I |
HsC HsC
Cry<t Clyes "0 pe CO-O
N N N N N
CHs CHs CHs Bn b
51 (53%) 5m (52%) 5n (33%) 50 (52%) 5p (50%)
[ [
Br — —
O O
N 7N
Bn
5q (25%) \ ) 5r(43%)
Br

Scheme 2: Consecutive alkynylation—cyclization—iodination—alkylation four-component synthesis of trisubstituted 3-iodoindoles (2with 2,4-dibromo-
aniline (1c); Pwith 4-bromo-2-iodoaniline (1d)).

as a base to give rise to the formation of 1,2,3-trisubstitued
indoles 8 in good yield (Scheme 4). The 1,2,3-trisubstitued
indoles 8 were unambiguously confirmed by 'H and 13C NMR
spectroscopy, as well as by mass spectrometry and elemental
analysis.

Miura et al. could show that 1-alkyl-2,3-diarylindoles consti-
tute a class of blue-emissive indole derivatives that are acces-
sible in two steps from indole carboxylates [36]. Our two-step
approach taking advantage of a de novo formation of 3-iodo-
indoles with variable substitution pattern in a consecutive four-
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Br Br 5.00 mol % (1-Ad),PBn-HBr Ph A I
\C[ + =—_ph DBU (3.00 equiv), DMSO, 1-2 h, 100 °C . N\ oh
NH, then: KOt-Bu (4.50 equiv), DMSO, 15 min, 100 °C N
then: N-iodosuccinimide (3, 1.50 equiv), DMSO l‘\/le
2h,rt
1c 2a then: Mel (4, 4.50 equiv), 5 min, rt 6 (42%)

Scheme 3: Consecutive double alkynylation—cyclization—iodination—alkylation pseudo-five-component synthesis of 5-phenylethynyl-1,2-disubstituted

3-iodoindole 6.

5.00 mol % Pd(PPh3)s

\ 4.00 equiv Cs,CO;3
DMSO, Hy0, 2 h, 85 °C

Y

L
Z N

CHs
8 (4 examples, 71-91%)
8a (R = OMe, 85%)
8b (R = Me, 71%)
8c (R=H, 79%)
8d (R=CN, 91%)

Scheme 4: Suzuki coupling of 3-iodoindole 5a with arylboronic acids 7 to give 1,2,3-trisubstituted indoles 8.

component process provides a concise access to the aforemen-
tioned class of emitters. For example the absorption maximum
of indole derivative 8b appears at 309 nm with an absorption
coefficient ¢ = 10700 M~! cm™! and the emission maximum is
found at 423 nm with a Stokes shift of 8700 cm™! (Figure 1A).
Moreover, compound 8b emits intensively blue in both the solid

state and solution (Figure 1B).

wavenumber [cm™"]

A

Conclusion

In summary the indole anion intermediate resulting from a one-
pot alkynylation—cyclization sequence, which has been previ-
ously shown to be efficiently trapped by carbon electrophiles to
give N-substituted indoles in a consecutive three-component
synthesis, can be selectively iodinated in the 3-position with

N-iodosuccinimide prior to N-alkylation to give substituted

B

35000 30000 25000 20000
1 1 1 1 1‘0
Me
1.0 1
[ os
S 0.8 c
o
O s §
Q N 0.6 &
@ £
S 0.6 th, s
g &
= F0.4 ®
E 0.4+ =
S 2
0.2 1 0.2
0.0 T T T T T T 0.0
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Figure 1: A: Absorption and emission spectra of 1-methyl-2-phenyl-3-(p-tolyl)-1H-indole (8b), recorded in dichloromethane, T = 298 K, Agxc = 290 nm.
B: Emission of compound 8b in the solid state (right) and in solution (left) (UV lamp, Agxc = 365 nm.
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3-iodoindoles in a concise consecutive four-component fashion
in modest to good yields. These target compounds are versatile
building blocks for instance for a Suzuki coupling to give
1-alkyl-2,3-diarylindoles that can be of particular interest as
indole-based blue emitters in solution and in the solid state. The
expansion of this practical concise synthesis of indoles and
azaindoles and their exploration as biologically active apopto-
sis inducers [37] and as functional blue emitters is currently

underway.

Experimental
Consecutive four-component synthesis of
1,2-disubstituted 3-iodoindole 5d

(typical procedure)

PdCl,(PPh3), (17.4 mg, 25.0 umol) and (1-Ad),PBn-HBr
(23.6 mg, 50 pmol) were placed in an oven-dried Schlenk tube
with magnetic stirring bar under nitrogen. Then, 2-iodo-4-
fluoroaniline (1e, 237 mg, 1.00 mmol), phenylacetylene (2a,
122 mg, 1.20 mmol), DBU (457 mg, 3.00 mmol), and DMSO
(1.50 mL) were added under nitrogen. The reaction mixture was
heated at 100 °C (oil bath) for 2 h. After cooling to room tem-
perature, potassium fert-butoxide (505 mg, 4.50 mmol) and
DMSO (1.50 mL) were added to the reaction mixture and
heated to 100 °C (oil bath) for 15 min. After cooling to room
temperature, N-iodosuccinimide (3, 338 mg, 1.50 mmol) and
DMSO (1.00 mL) were added and the mixture stirred at room
temperature for a further 2 to 5 h (monitored by TLC). Then,
methyl iodide (4a, 639 mg, 4.50 mmol) was added and the reac-
tion mixture was stirred at room temperature for 0.1 to 2 h
(monitored by TLC). Deionized water (20 mL) was added to the
reaction mixture and the aqueous phase was extracted with
dichloromethane (3 X 20 mL). The combined organic phases
were dried (anhydrous sodium sulfate), filtered, and the solvent
was then removed under vacuo. The residue was purified by
chromatography on silica gel (n-hexane/ethyl acetate 100:1 to
5:1) to give pure compound 5d (243 mg, 69%) as a beige solid.
Mp 118.2 °C; R¢ 0.50 (n-hexane/ethyl acetate 10:1); 'H NMR
(600 MHz, CDCl3) d 3.68 (s, 3H), 7.02-7.07 (m, 1H),
7.17-7.20 (m, 1H), 7.23-7.26 (m, 1H), 7.46-7.54 (m, 5H);
13C NMR (150 MHz, CDCl3) & 1.9 (Cgyar), 32.4 (CH3), 106.7
(CH), 110.8 (CH), 111.5 (CH), 128.6 (Cquar), 129.3, 130.9,
131.5 (Cquar)s 134.5 (Cquap)> 143.5 (Cquap)> 160.0 (Cquap); IR
(cm™) 9: 604 (w), 619 (W), 662 (W), 689 (s), 733 (m), 756 (s),
789 (m), 860 (w), 907 (w), 934 (w), 957 (w), 997 (w), 1028
(w), 1051 (w), 1074 (w), 1107 (w), 1132 (m), 1165 (w), 1206
(m), 1238 (w), 1261 (w), 1275 (w), 1292 (w), 1315 (w), 1352
(W), 1406 (w), 1445 (w), 1456 (m), 1472 (w), 1541 (w), 1585
(W), 1622 (w), 1865 (w), 2853 (w), 2924 (w), 2961 (w), 3032
(W), 3957 (w), 3103 (w); EIMS (70 eV) m/z (%): 351 (IM]™, 2),
211 (C14H|FN*, 100), 149 (19), 106 (12), 71 (10), 57 (22);
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HRMS (m/z): [M + H]" calced for Cq5H,FIN, 351.9993; found,
351.9831.

Consecutive pseudo-five-component
synthesis of 3-iodo-1-methyl-2-phenyl-5-
(phenylethynyl)-1H-indole (6)

PdCl,(PPh3), (17.4 mg, 25.0 umol) and (1-Ad),PBn-HBr
(23.6 mg, 50 pmol) were placed in an oven-dried Schlenk tube
with magnetic stirring bar under nitrogen. Then, 2,4-dibromo-
aniline (1¢, 254 mg, 1.00 mmol), phenylacetylene (2a, 245 mg,
2.40 mmol), DBU (457 mg, 3.00 mmol), and 1.50 mL DMSO
were added and flushed with nitrogen. The reaction mixture was
heated at 100 °C until complete conversion of the starting mate-
rial (via TLC control). Potassium fert-butoxide (505 mg,
4.50 mmol) and 1.50 mL DMSO were then added and the reac-
tion mixture was stirred for an additional 15 min. After cooling
the reaction mixture to room temperature, NIS (338 mg,
1.50 mmol) and 1.00 mL DMSO were added. After complete
conversion (via TLC control), methyl iodide (639 mg,
4.50 mmol) was added and also stirred at room temperature for
5 min. Water was added to the mixture and the aqueous phase
was extracted with dichloromethane. The combined organic
phases were dried with anhydrous sodium sulfate, filtered, and
the solvent was removed under reduced pressure. The residue
was purified by chromatography on silica gel (n-hexane/ethyl
acetate 20:1 to 5:1) to give compound 6 (184 mg, 42%) as a
colorless solid. Mp 204.5 °C; R¢ 0.35 (n-hexane/ethyl acetate
10:1); 'TH NMR (300 MHz, CDCl3) & 3.69 (s, 3H), 7.27-7.30
(m, 1H), 7.31-7.39 (m, 3H), 7.46-7.56 (m, 6H), 7.57-7.60 (m,
2H), 7.72-7.75 (m, 1H); 13C NMR (75 MHz, CDCl3) & 32.3
(CH3), 59.2 (Cquav)> 87.9 (Cquar)s 90-8 (Cquar), 110.1 (CH),
115.5 (Cquar)s 123.9 (Cquay), 125.4 (CH), 126.6 (CH), 128.0
(CH), 128.5 (CH), 128.6 (CH), 129.1 (CH), 130.5 (Cqua), 131.0
(CH), 131.4 (Cgyap), 131.7 (CH), 137.6 (Cgyap), 142.9 (Cquap); IR
(em™ 9: 611 (m), 621 (w), 664 (w), 679 (m), 691 (s), 702 (s),
754 (s), 787 (m), 806 (s), 870 (w), 916 (w), 970 (w), 1022 (w),
1069 (w), 1103 (w), 1148 (w), 1179 (w), 1209 (w), 1229 (w),
1277 (w), 1298 (w), 1337 (w), 1364 (w), 1431 (w), 1441 (w),
1473 (w), 1493 (w), 1595 (w), 1873 (w), 1954 (w), 2029 (w),
2810 (w), 2847 (w), 2893 (w); EIMS (70 eV), m/z (%): 433
(IM], 100), 304 ([M - 1], 38), 227 (11), 153 (29); Anal. calcd
for Co3H gIN: C, 63.76; H, 3.72; N, 3.23; found: C, 63.81; H,
3.74; N, 2.96.

Synthesis of 1,2,3-trisubstituted indole 8b
(typical procedure)

3-Iodoindole Sa (167 mg, 0.50 mmol), (p-tolyl)boronic acid
(7b, 204 mg, 1.50 mmol), Pd(PPh3), (28.9 mg, 25.0 umol), and
cesium carbonate (652 mg, 2.00 mmol) were placed in an oven-

dried Schlenk tube with magnetic stirring bar under nitrogen.
Under nitrogen DMSO (5.00 mL) and deionized water
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(0.80 mL) were added and the reaction mixture was heated to
85 °C (oil bath) for 2 h. Then, deionized water (20 mL) was
added to the reaction mixture and the aqueous phase was
extracted with dichloromethane (3 x 20 mL). The combined
organic phases were dried (anhydrous sodium sulfate), filtered,
and the solvent was removed under vacuo. The residue was
purified by chromatography on silica gel (n-hexane/ethyl
acetate 20:1 to 5:1) to give compound 8b (105 mg, 71%) as a
colorless solid. Mp 150.8 °C (lit.: 157 °C [38]); Rs 0.58
(n-hexane/ethyl acetate 10:1); 'H NMR (300 MHz, CDCl3) 6
2.24 (s, 3H), 3.58 (s, 3H), 6.98-7.02 (m, 2H), 7.08-7.14 (m,
3H), 7.40-7.17 (m, 7H), 7.68-7.73 (m, 1H); '3C NMR
(75 MHz, CDCl3) & 21.3 (CH3), 31.1 (CH3), 109.7 (CH), 115.1
(Cquap), 119.8 (CH), 120.2 (CH), 122.2 (CH), 127.2 (Cgya),
128.1 (CH), 128.5 (CH), 129.1 (CH), 129.8 (CH), 131.3 (CH),
132.2 (Cquap)s 132.2 (Cquap) 135.1 (Cquap)s 137.4 (Cquar), 137.6
(Cquap); IR (cm™) ¥: 698 (s), 721 (m), 741 (s), 783 (w), 810
(m), 918 (w), 939 (m), 1005 (w), 1020 (m), 1037 (w), 1072 (w),
1088 (m), 1117 (w), 1138 (w), 1227 (w), 1261 (w), 1306 (w),
1329 (m), 1368 (m), 1391 (w), 1414 (w), 1431 (w), 1460 (m),
1499 (w), 1512 (w), 1545 (w), 1607 (w), 2855 (w), 2914 (w),
2961 (w), 3013 (w), 3026 (w), 3053 (w); EIMS (70 eV), m/z
(%): 297 ([M], 1), 208 ([C;5H,N], 100), 180 (12), 165 (12);
Anal. calcd for CyoH gN: C, 88.85; H, 6.44; N, 4.71; found: C,
88.65; H, 6.29; N, 4.52.

Supporting Information

Supporting Information File 1

Experimental details of the synthesis and analytical data of
compounds 5, 6, and 8, IH and 13C NMR spectra of
compounds 5, 6, and 8.
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The nucleophilic substitution of benzylic bromides with sodium azide was combined with a subsequent copper-catalyzed (3 + 2)

cycloaddition with terminal alkynes. This one-pot process was developed with a simple model alkyne, but then applied to more

complex alkynes bearing enantiopure 1,2-oxazinyl substituents. Hence, the precursor compounds 1,2-, 1,3- or 1,4-bis(bromo-

methyl)benzene furnished geometrically differing bis(1,2,3-triazole) derivatives. The use of tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA) as ligand for the click step turned out to be very advantageous. The compounds with 1,2-oxazinyl end

groups can potentially serve as precursors of divalent carbohydrate mimetics, but the reductive cleavage of the 1,2-oxazine rings to

aminopyran moieties did not proceed cleanly with these compounds.

Introduction

The concept of click reactions [1,2], in particular, the discovery
of the copper-catalyzed alkyne azide (3 + 2) cycloaddition
(CuAAC) [3,4], has dramatically changed the approaches
to many problems in chemistry, supramolecular chemistry,
materials science, biological chemistry and related fields
(selected reviews: [5-15]). Mechanistic aspects of the
CuAAC have been studied in detail [16,17]. Whereas the
traditional 1,3-dipolar cycloaddition (Huisgen reaction) [18-20]

of azides and alkynes requires often — but not always — relative-

ly harsh conditions and proceeds with moderate regioselectivity
only [21], the copper-catalyzed version can generally be
executed at room temperature and it affords exclusively 1,4-
disubstituted 1,2,3-triazole derivatives, thus allowing a
controlled and highly efficient connection of a variety of molec-
ular building blocks. This “Lego-approach” found countless ap-
plications and the bestowal of the Nobel Prize in 2022 to
M. Meldal, K. B. Sharpless and C. R. Bertozzi did not come as

a surprise.
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In most cases the (3 + 2) cycloadditions were performed with
isolated (and purified) organic azides, but it was early found
that one-pot processes generating the potentially hazardous
azides [22] in situ are possible [23]. Later, examples were
published showing that these methods are also compatible with
the conditions of CuAAC. The earliest case was probably
published by Fokin et al. [24,25], one of the inventors of the
original copper-catalyzed (3 + 2) cycloaddition. Many exam-
ples of nucleophilic substitutions employing sodium azide and
organic substrates with potential leaving groups have been re-
ported. The resulting organic azides were trapped in situ by a
suitable alkyne to give the 1,2,3-triazoles [26-36]. Fairly recent
review articles summarize these results [37,38].

For several years, our group was interested in preparing multi-
valent carbohydrate mimetics [39-43] on the basis of efficient
coupling reactions of aminopyran and aminooxepane deriva-
tives with suitable linker elements. Hence, the aminopyran de-
rivatives A could be converted into several multivalent com-
pounds B by amine or amide bond formations [44-47]. The
transformation of the corresponding azidopyrans and azidoox-
epanes C or E into multivalent 1,2,3-triazole derivatives D and
F by Meldal-Sharpless cycloadditions with suitable alkynes
proceeded generally in good yields and furnished another set of
multivalent carbohydrate mimetics [48-50]. In the current
report, we want to disclose our experience with an “inverted”
approach to multivalent systems [51]: bicyclic 1,2-oxazine de-
rivatives of type G [52,53], which can be regarded as internally
protected aminopyrans [54], should be converted into divalent
compounds via coupling of the terminal propynyl group with
benzylic biazides. Since biazides are potentially explosive [22]
it was very desirable to avoid their isolation and to generate
these reactive species in situ from the corresponding benzylic
halides. In this study we investigated the compatibility of the
1,3- or 1,4-bis(bromo-
methyl)benzene H with sodium azide and the copper-catalyzed

nucleophilic substitution of 1,2-,

alkyne—azide cycloadditions with compounds of type G to
provide divalent compounds I (Scheme 1). These may serve as
precursors of divalent carbohydrate mimetics with aminopyran

end groups.

Results and Discussion

We started our investigations by preparing the [2-(trimethyl-
silyl)ethoxy]methyl-substituted 1,2,3-triazole derivative 3 as
simple model compound applying different conditions
(Scheme 2). The highest yield for 3 was recorded when benzyl
azide (1) and the simple alkyne 2 were combined in the pres-
ence of 0.2 equiv of copper(I) iodide in triethylamine as solvent
(Scheme 2, reaction 1). After 16 hours at room temperature and
chromatographic purification compound 3 was isolated in 79%

yield as colorless liquid. Interestingly, under similar conditions,
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Scheme 1: Earlier approaches to multivalent carbohydrate mimetics
B, D or F based on enantiopure aminopyran and aminooxepane deriv-
atives and goal of this study employing alkyne component G and
biazides in situ-generated from H.

but employing two equivalents of copper(I) iodide in the pres-
ence of Hiinig’s base [55] in acetonitrile at 40 °C provided 4,4'-
bis(1,2,3-triazole) 4 in low yield (Scheme 2, reaction 2). Per-
forming this reaction at room temperature gave a mixture of 3
and 4. The formation of oxidative dimers in minor amounts has
already been observed by Sharpless and co-workers in their

original report on CuAAC reactions [4] and was systematically
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PN 0.2 equiv Cul n=N OTMSE
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rt, 16 h
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- SiMe3
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|
. N Y/,
P o 2 equiv Cul Bn
P Ne v = i otMse @
OTMSE N(IPI‘)ZEt Bn-N =~
CH4CN W=N
40°C,19h
1 2 4 17%
NaN3
cat. CUSO45H20
sodium ascorbate n=N OTMSE
PN — \
Ph” "Br t*t — / (3)
OTMSE Na,COg, L-Pro Bn/N
5 2 DMF/H,0 9:1 3 82%
60 °C, 16 h
L-Pro = L-proline

Scheme 2: Synthesis of model compound 3 under conventional conditions and as a one-pot process employing benzyl bromide (5), alkyne 2 and so-

dium azide as precursors for the click reaction.

investigated by Burgess et al. [56] who found that the base
plays a crucial role during the formation of this type of bistria-
zoles. This dimerization was also discussed in a review article
[57] dealing with the various types of bis(1,2,3-triazoles). Since
we were not interested in compounds such as 4 we did not
further investigate details in order to optimize this process.
Instead, we looked at the one-pot nucleophilic substitution to
generate benzyl azide 3 in situ from benzyl bromide (5) and so-
dium azide and to directly trap the intermediate with alkyne 2.
Under conditions summarized in reaction 3 of Scheme 2 we ob-
tained the desired 1,2,3-triazole derivative 3 in 82% yield.
Copper(Il) sulfate pentahydrate (0.07 equivalents based on 2) in
the presence of sodium ascorbate as reducing agent and sodium
carbonate as base as well as L-proline as ligand in a DMF/water
mixture at 60 °C provided this promising result. These condi-
tions applied are similar to those described by Fokin et al. [24],
which had also been employed by other groups [37,38].

+

o
5 6

NaNs + pp™>

Br

Z

/lllll

"Bn

The conditions found were studied with a second model reac-
tion in order to examine its suitability for the synthesis of poten-
tial carbohydrate mimetic precursors (Scheme 3). Sodium azide,
benzyl bromide (5) and enantiopure bicyclic 1,2-oxazin-4-one
derivative 6 [53] which bears a propargylic ether moiety as sub-
stituent undergo a one-pot reaction with reasonable efficiency
and furnished the expected 1,2,3-triazole derivative 7 in 61%

yield under the approved conditions.

Next, we turned our attention to the generation of divalent
systems, starting with the reactions of 1,3- (8) and 1,2-
bis(bromomethyl)benzene (11), respectively, in the presence of
sodium azide and alkyne 2 (Scheme 4). The conditions em-
ployed above converted the meta-substituted dihalide into the
expected symmetric bis(1,2,3-triazole) derivative 9 in very good
yield, but we also isolated azide 10 in small quantities, where
the intermediate biazide has undergone only one cycloaddition

0 WS
(0]

cat. CuS0O4-5H,0
sodium ascorbate

i N=y
Na,CO3, L-Pro 2 N.
DMF/H,0 9:1 O Bn
60 °C, 18 h 7 61%

Scheme 3: One-pot reaction employing enantiopure alkynyl-substituted 1,2-oxazin-4-one derivative 6 leading to 1,2,3-triazole 7.
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cat. CuSQOy4-5H,0

_ sodium ascorbate N;N\ N-N N—-N
NaN3 + + =\ S [\ N3 S \ (1)
Br OTMSE  Na,COj, L-Pro =
OTMSE OTMSE
60 °C, 18 h
8 2 9 84% 10 6%

cat. CuSO4-5H,0

/\ sodium ascorbate =N, N=p N=p
NaN; + \ = N N + N3 N (2)
4>_<; OTMSE NayCOj3, L-Pro = = =
Br Br DMF/H,0 91 GrygE OTMSE OTMSE
60 °C,19h
11 2 12 83% 13 7%
Bn

cat. CuSQ4-5H,0

sodium ascorbate
TBTA

Na,COs3, L-Pro
CH3CN/H,0 4:1
40°C,23h

N
% ]/\N
12 94% N V\Nﬂgn
TBTA

Scheme 4: One-pot reactions of dihalides 8 and 11 with sodium azide and alkyne 2 leading to symmetric divalent bis(1,2,3-triazoles) 9 and 12 as

major products.

(Scheme 4, reaction 1). Under the same conditions the ortho-
dihalide 11 delivered a very similar result, furnishing the ex-
pected product 12 in 83% yield. But again, the corresponding
azide 13 was obtained in low yield (Scheme 4, reaction 2). In
order to improve the process we examined the influence of the
ligand tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(TBTA) which has been identified by Sharpless et al. [58] as a
very beneficial component in CuAAC reactions. After compre-
hensive optimization, we found that the addition of 0.2 equiv of
this ligand not only allowed to lower the reaction temperature
from 60 °C to 40 °C, but it also induced full consumption of the
intermediate biazide derived from dihalide 11 (Scheme 4, reac-
tion 3); 0.2 equiv of copper(ll) sulfate pentahydrate, 0.4 equiv
of sodium ascorbate and 0.4 equiv of L-proline in very little of
acetonitrile/water as solvent furnished the exclusively isolated
bis(1,2,3-triazole) derivative 12 in excellent 94% yield. These
conditions of the one-pot nucleophilic substitution double-click
reaction became the standard reaction conditions and were
applied in most of the following experiments. When the reac-
tion of 2 with 11 in the presence of sodium azide was per-
formed under similar conditions, but without TBTA (not
shown), 58% of 12 and 12% of 13 were isolated, clearly empha-
sizing the rate enhancing effect of this ligand on the (3 + 2)
cycloaddition step.

With enantiopure alkynyl-substituted 1,2-oxazin-4-one deriva-

tive 6, a potential aminopyran precursor, as alkyne component

similar experience was gathered (Scheme 5). This sterically
more demanding component reacted slower under the initially
examined conditions and provided the desired bis(1,2,3-
triazole) 14 and the mono-cycloadduct 15 in almost equal
quantities (Scheme 5, reaction 1). Again, the addition of
TBTA as ligand strongly improved the performance of
the CuAAC reaction: the symmetric divalent compound 14 with
two 1,2-oxazinyl end groups was isolated in very satisfying
87% yield (Scheme 5, reaction 2). When 1,4-bis(bromo-
methyl)benzene (16) was employed as starting material, these
conditions afforded the para-substituted bis(1,2,3-triazole) 17 in
very good yield although the azidomethyl-substituted com-
pound 18 was also isolated in 6% yield in this case (Scheme 5,

reaction 3).

Finally, the one-pot click reactions were examined with the
alkynyl-substituted 1,2-oxazin-4-ol derivative 19 which is
smoothly available from the corresponding ketone 6 by highly
stereoselective reduction with sodium borohydride [53].
Starting from 1,3- (8) or 1,4-bis(bromomethyl)benzene (16), re-
spectively, the approved conditions in the presence of TBTA
led to the expected bis(1,2,3-triazoles) 20 or 21 in moderate or
very good yield (Scheme 6). We cannot decide whether the
lower yields in this series are caused by the unprotected
hydroxy group of precursor 19 or the corresponding products.
Although we did not isolate the conceivable mono-adducts we

cannot rigorously exclude their formation.
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Scheme 5: One-pot reactions employing enantiopure alkynyl-substituted 1,2-oxazin-4-one derivative 6 leading to bis(1,2,3-triazoles) 14 and 17 as
major products.
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Scheme 6: One-pot reaction employing enantiopure alkynyl-substituted 1,2-oxazin-4-ol derivative 19 leading to bis(1,2,3-triazoles) 20 and 21
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Compared to bis(1,2,3-triazoles) 14 and 17, compounds 20 and
21 are one step closer to the desired divalent aminopyran-
substituted carbohydrate mimetics, since they already contain a
free hydroxy group instead of the carbonyl group. However,
their reductive transformation into divalent carbohydrate
mimetics turned out to be a difficult task. We started the experi-
ments with the hydrogenolysis of bicyclic 1,2-oxazin-4-ol 19 as
simple model compound (Scheme 7). A methanol solution of 19
under an atmosphere of hydrogen was stirred for 17 h in the
presence of palladium on carbon and provided the expected
(propyloxy)methyl-substituted aminopyran 22 in 81% yield
(Scheme 7, reaction 1). The reductive removal of the N-benzyl
group and the cleavage of the N-O bond occurred apparently
without problems. With the second model compound, 1,2,3-tri-
azole 23, which is almost quantitatively available by sodium
borohydride reduction of 7, we encountered the first problems.
Under similar conditions of the hydrogenolysis the expected
product 24 could be isolated as major component and character-
ized (Scheme 7, reaction 2), but the obtained sample contained
unknown byproducts. It is possible, that the N-benzyl group at-
tached to the 1,2,3-triazole moiety is partially removed under
these conditions and/or that even the C—O bond connecting the
1,2,3-triazole part with the aminopyran part is reductively
cleaved since this bond also has benzylic character. In earlier
investigations with other triazolyl-substituted aminopyran de-

O |\\\

OH O/\\\ Ha, Pd/C
i N MeOH

0" "Bn rt,17 h

19

O ‘.n\\ e O Lot
NG 8
AD)J \%N_Bn NaBH,, EtOH ﬂ

Beilstein J. Org. Chem. 2023, 19, 1399-1407.

rivatives we encountered similar selectivity problems due to the
sensitivity of benzylic bonds to the applied hydrogenolysis
conditions [59].

Despite of the discouraging results with model compound 23
we nevertheless examined the reductive cleavage of bis(1,2,3-
triazole) 21. It turned out that the hydrogenolysis of this com-
pound was very capricious and (in part) depended on the batch
of palladium on carbon used. In most cases, incomplete
consumption of starting material was observed, even after long
reaction time. The best result is depicted in Scheme 8 (reaction
1), when after five days of hydrogenolysis and 0.8 equivalents
of palladium at least 40% of impure divalent aminopyran deriv-
ative 25 was isolated. The major component of the isolated ma-
terial is certainly fitting to the proposed structure according to
the NMR data and their comparison with related compounds,
but the sample again contains unknown impurities, which are
probably due to additional bond cleavage events. Compound 25
contains four bonds of heteroatoms to carbon atoms which have
benzylic character and are possibly attacked under the reaction
conditions, in particular, considering the long reaction time and

the fairly high amount of catalyst employed.

As an alternative method, which should be more chemoselec-
tive, we examined the reduction with samarium diiodide [60].

22 81%

X N rt,3h N N=N
~oMNen ’ ~oNgn
7 23 99%
MeOH | 1\ paic
rt, 21 h (2)
N
g
] /\,\f\/N—Bn
"NH, °N
ca. 92%
(impure)

Scheme 7: Reductive ring-openings of 1,2-oxazine derivatives 19 and 23 as simple model compounds by hydrogenolysis in the presence of palla-

dium on carbon leading to aminopyran derivatives 22 and 24.
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N\N .
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HO Bn. OH
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Scheme 8: Attempted reductive ring-openings of compound 21 by hydrogenolysis or by samarium diiodide leading to impure samples of divalent

aminopyran derivatives 25 or 26.

This versatile one-electron transfer reagent is known to cleave
N-O bonds with high selectivity [61,62] and was applied
several times by our group with good success for reductive ring-
openings of 1,2-oxazine derivatives [63,64]. A slight excess of
samarium diiodide in tetrahydrofuran completely consumed
compound 21 within five hours. Compound 26 was isolated in
50% yield, but again the sample was not clean. The NMR data
revealed that the N-benzyl groups were still intact, however, we
cannot exclude that partial reductions had occurred at other
positions of this relatively complex molecule. Thus, better
conditions for the clean transformation of compounds such as
21 into carbohydrate mimetics have still to be developed. We
abstained from the conversion of compounds 24, 25 or 26
into their sulfated form due to the presence of the impurities in
these samples. However, only the sulfated forms of this type of
multivalent carbohydrate mimetics had earlier shown
respectable biological activity as ligands of P- and L-selectins
[44-50].

Conclusion

We found very good conditions for a one-pot nucleophilic sub-
stitution of benzylic bromides with sodium azide and direct
subsequent CuAAC reactions with alkynes. The conditions

were tested with the simple alkyne model compound 2, but

could be applied to more complex alkynes such as 1,2-oxazin-4-
one derivative 6 or 1,2-oxazin-4-ol derivative 19. With 1,2-,
1,3- or 1,4-bis(bromomethyl)benzene as precursors bis(1,2,3-
triazole) derivatives were isolated in good to excellent yields.
The use of TBTA as ligand for the click step turned out to be
very advantageous. The reductive ring openings of bis(1,2,3-tri-
azole) derivative 21 to divalent carbohydrate mimetics with
hydrogen under palladium catalysis or with samarium diiodide
did not proceed cleanly and need further optimization.
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The [3 + 2] cycloadditions of stabilized azomethine ylides (AMYSs) derived from amino esters are well-established. However, the

reactions of semi-stabilized AMYs generated from decarboxylative condensation of a-amino acids with arylaldehydes are much

less explored. The [3 + 2] adducts of a-amino acids could be used for a second [3 + 2] cycloaddition as well as for other post-con-

densation modifications. This article highlights our recent work on the development of a-amino acid-based [3 + 2] cycloaddition

reactions of N-H-type AMY's in multicomponent, one-pot, and stepwise reactions for the synthesis of diverse heterocycles related

to some bioactive compounds and natural products.

Introduction
The 1,3-dipolar cycloaddition of azomethine ylides (AMYSs)

[1-6] is a powerful method for the synthesis of bioactive pyrrol-

idine-containing compounds and natural product analogs [7-15].

AMYs generated from the reaction of aldehydes and a-amino
esters (via dehydration) or a-amino acids (via decarboxylation)
could be classified based on the substitution groups on the N
atom to: 1) N-substituted (N-R type), 2) hydrogen containing
(N-H type), and 3) metal complexes (N-M type) (Figure 1)

[16,17]. These AMYs could also be classified as stabilized
(A1-A4) which contain an electron-withdrawing group (EWG),
semi-stabilized (B1-B4) which have an aryl (Ar) substituent,
and non-stabilized (C1 and C2) which have neither an Ar group
nor an EWG on the a-carbon atoms.

The routes to access AMYs of different classes are shown in

Scheme 1: A1-type AMYs can be generated from the condensa-
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Figure 1: Classification of AMYs.

tion of aldehydes with a- and N-dialkylglycine esters, A2-type
AMYs are derived from a-alkylglycine esters, A3-type AMYs
are derived from N-alkylglycine esters, and A4-type AMYs are
derived from glycine esters. Stabilized zwitterions A1-A4 have
the anionic charge on the a-carbon connecting to the EWG.
They are popular AMYs for 1,3-diploar [3 + 2] cycloaddition
reactions with alkenes to generate pyrrolidines 1a—d with high
regio- and stereoselectivities. They have been reported in a huge
number (1,000+) of publications [18-28]. It is worth noting that
among the products 1a—d, only compound 1d has hydrogen
atoms on both the nitrogen and a-carbon atoms, which makes it
suitable to be used for a second cycloaddition to form double
[3 + 2] cycloaddition products 2 [29,30].

The N-R-type AMYs B1 and B2 bearing an Ar group on the
a-carbon atom are semi-stabilized (Scheme 1) [16]. The
B1-type AMYs can be generated from the decarboxylative con-
densation of aldehydes with a- and N-dialkylglycines or from
cyclic amino acids (such as proline) [31-33], while AMYSs of
type B2 are accessible through the decarboxylative condensa-
tion of N-dialkylglycines [34-51]. The N-H-type semi-stabi-
lized AMYs B3 are generated through decarboxylative conden-
sation of arylaldehydes with a-alkylglycines, while B4-type
AMYs are derived from the reaction of glycine [52-58]. The

[3 + 2] cycloadditions of AMYs B1-B4 with alkenes lead to the
formation of cycloaddition products 3a—d with attenuated regio-
and stereoselectivity, since the Ar group is not strong enough to
fully localize the negative charge on the carbon connecting to
Ar in the 1,3-dipoles. Both products 3¢ and 3d can be used for a
second cycloaddition to form products 4a and 4b. The non-
stabilized AMYs C1 and C2 have neither an EWG nor an Ar
group to localize the negative charge. The 1,3-dipolar cycload-
ditions of C-type AMYs lead to the formation of [3 + 2] adducts
5 or 6 with low regio- and stereoselectivity which limits the
synthetic utility of non-stabilized AMYs of type C.

There are over 300 papers on the amino acid-based decarboxyl-
ative [3 + 2] cycloadditions of N-R-type AMYs B1 (such as
that derived from proline) and B2 [31-51]. However, to the best
of our knowledge, there are only few examples on the reactions
of N-H-type semi-stabilized AMYs B3 or B4 which were either
derived from special carbonyl compounds (such as isatin) [52-
55] or the AMYs were reacted with uncommon alkenes as the
1,3-dipolarophiles (such as Cgo/C7q fullerenes) [56-58].

Other than amino esters and amino acids shown in Scheme 1,

cyclic amines can also react with arylaldehydes to form B1-type

semi-stabilized AMYs. In this context, the Seidel group re-
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ported the reactions of pyrrolidines 5 with arylaldehydes for the
formation of AMYs B1 which then were reacted with nucleo-
philes to form C—H-functionalized pyrrolidines or subjected to
the 1,3-dipolar cycloaddition with olefins to afford bicyclic
compounds (Scheme 2A and B) [59,60]. We employed cyclic
amines for the synthesis of spirooxindole-pyrrolidines 7a or 7b
in good stereoselectivity (Scheme 3) [61,62].

From the results shown in Scheme 2 and Scheme 3, we envi-
sioned that pyrrolidines 3¢ or 3d generated from the cycloaddi-
tion of AMYs B3 or B4 could undergo a second cycloaddition
to form double cycloaddition products 4a or 4b (Scheme 4).
The double cycloaddition process involves two kinds of AMYs,
with the first ones (N-H-type B3 or B4) derived from amino
acids, while the second ones (N-R-type B1) derived from
pyrrolidines 3¢ or 3d. It is worth noting that the double cycload-
dition reaction is a pseudo-five-component reaction of amino

acids with two equivalents each of aldehydes and alkenes. The

Beilstein J. Org. Chem. 2023, 19, 1677-1693.

first cycloaddition products 3¢ or 3d can also be used as inter-
mediates for other transformations to synthesize novel hetero-
cyclic rings via multicomponent, one-pot, and stepwise synthe-
sis [63,64].

Presented in the following sections is our work on the develop-
ment of amino acid-based decarboxylative [3 + 2] cycloaddi-
tions of N-H-type AMYs B3 and B4 for double cycloadditions.
The stereochemistry of the cycloadditions and the combination
of the cycloaddition with other transformations to be one-pot or
stepwise reactions are also presented.

Perspective
One-step synthesis of trifluoromethylated

pyrrolidines
As mentioned above, the unexpected double cycloaddition and
low stereoselectivity are the major challenges for [3 + 2] cyclo-

R1
|‘>\
o el @
R |
N T S S o
R2 N H —_H* N/_
H ! R4 = R4
Ar — M 5
5 B1 - N (B)
R2 Ar
Scheme 2: Formation of semi-stabilized AMYs B1 from pyrrolidines.
i
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Scheme 3: Cyclic amine-based AMYs A3 and B1 for [3 + 2] cycloadditions.
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Scheme 4: Proposed double cycloaddition reactions involving semi-stabilized AMYs.

addition reactions of semi- and non-stabilized AMYs derived
from the condensation of amino acids with aldehydes. However,
the reactions of amino acids with ketones can result in a differ-
ent kind of AMYs to address the issue. The reaction of tri-

H/R R
0 N
OH
H2N)\[( + )k + ONV\jO
O AI’ CF3 f—

9b, 76%, 5:1 dr

9f, 61%, 3:1dr

9e, 55%, 5:1dr

fluoromethyl ketones with glycine or a-substituted amino acids
generated stabilized AMY 8 which underwent cycloaddition
with maleimides to give 2-CF3-substituted pyrrolidines 9 in
50-76% yield (Scheme 5) [65]. Both the Ar and CF3 groups can

AcOH, 110 °C
EtOH, 12 h

H H/R

<§e\ ACFS .

endo-TS

0
Ph\N//é

9h, 50%, 3:1dr

99, 55%, 3:1 dr

Scheme 5: [3 + 2] Cycloaddition for the synthesis of trifluoromethylated pyrrolidines 9.
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localize the negative charge and also provide steric effects to
afford stereoselective cycloaddition products with 3:1 to 6:1 dr.
The steric hindrance also prevents products 9 from undergoing
a second cycloaddition. The control reactions of methyl ketone
or benzaldehydes gave much lower yields and stereoselectivity
because of the lacking CF3 group. This was the first example of
synthesizing 2-CF3-substituted pyrrolidines via decarboxyla-
tive [3 + 2] cycloaddition which is more efficient than multi-
step and metal-assisted syntheses reported in the literature
[66,67].

Pseudo-five-component double

cycloadditions for polycyclic pyrrolizidines
With the success of the three-component [3 + 2] cycloadditions
shown in Scheme 5, we then explored the double cyclo-
addition reactions proposed in Scheme 4. The reaction
has synthetic significance since the resulting pyrrolizidine
scaffold can be found in many biologically active com-
pounds and natural products such as 1-epiaustraline,
hyacinthacine A1, (-)-isoretronecanol, and (-)-supinidine
(Figure 2) [68,69].

After the method development work, a pseudo-five-component
double cycloaddition reaction of glycine with two equivalents
each of arylaldehydes and N-substituted maleimides was carried
out in EtOH as a protic solvent at 90 °C for 3 h to afford
pyrrolizidines 10 in 73-93% yield with greater than 9:1 dr
(Scheme 6). The scope of the reaction could be readily extend-
ed for a-substituted amino acids, such as alanine, leucine,
serine, and norvaline to give products 11a—f in 53-88% yields
with greater than 8.5 dr (Scheme 7). The reactions with leucine
and phenylglycine (R = iPr and Ph) as amino acids gave
mainly mono-cycloaddition products and very little double
cycloaddition products 11g and 11h due to the steric hindrance
of the RZ group.

The stereochemistry of products 10 and 11 was confirmed by
X-ray crystal structure and the 'H NMR analysis of both the
major and minor diastereomers [69]. The first cycloaddition
gives adducts 12 and 12’ as a diastereomeric mixture. At the
second cycloaddition, both major and minor adducts from the

HO

HOw

HO H
hyacinthacine A1

HO

(—)-supinidine

Figure 2: Biologically interesting pyrrolizidines.
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first cycloaddition generate the same products 10 or 11
(Scheme 8).

We also evaluated the double cycloadditions in two operational
steps by using two different sets of aldehydes and maleimides to
afford products 13a—d in 45-60% yields with 2:1 to 3:1 dr
(Scheme 9). The low diastereoselectivity is caused by the differ-
ent R%R?" and R3/R¥ groups which no longer have the same

stereochemistry as that shown in Scheme 8.

Double cycloadditions for bis[spirooxindole-

pyrrolizidine] compounds

After completing the pseudo-five-component double cycloaddi-
tion reactions leading to polycyclic pyrrolizidines shown in
Scheme 6 and Scheme 7, we then conducted similar reactions in
order to synthesize spirooxindole-pyrrolidines. This unique ring
skeleton exists in some natural products and biologically active
compounds such as (—)-horsfiline, (+)-alstonisine, pteropodine
and spirotryprostatin A (Figure 3) [70].

We expected that using olefinic oxindoles 14 as alkenes for the
[3 + 2] cycloaddition could afford spirooxindole-pyrrolizidines.
The method development revealed that recyclable zeolite HY
acid is a good catalyst for the cycloaddition [70]. Thus, the
zeolite HY-catalyzed reaction of glycine with two equiv each of
arylaldehydes and olefinic oxindoles 14 in EtOH at 90 °C for
6 h gave bis[spirooxindole-pyrrolizidine] compounds 15a—g in
60-73% yields with up to 6:1 dr (Scheme 10). It is worth noting
that this pseudo-five-component reaction gives butterfly-shaped
molecules which have a plane of symmetry. The stereochemis-
try of the products was confirmed by X-ray crystal structure and
NMR analysis. The reaction mechanism shown in Scheme 11
suggests that a semi-stabilized AMY 16 generated from the
reaction of glycine and arylaldehydes undergoes a [3 + 2] cyclo-
addition with 14a via the favorable endo-transition state A to
give spirooxindole-pyrrolizidine 17 which spontaneously reacts
with another equiv of arylaldehyde to form ylide 18 in the pres-
ence of zeolite HY. The second [3 + 2] cycloaddition of 18 with
14a affords product 15a as a major product through an endo-
cycloaddition and 15a’ as a minor diastereomeric product
through an exo-cycloaddition.

HO H on HO

1-epiaustraline (—)-isoretronecanol
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One-pot synthesis of

triazolobenzodiazepines

Other than the multicomponent double cycloaddition reactions
shown in the last section, we also utilized the first cycloaddi-
tion products for post-condensation reactions to generate new
heterocyclic scaffolds. a-Substituted amino acids, such as
2-aminoisobutyric acid, could be used to block the second
cycloaddition. Shown in Scheme 12 is a method development
for the stepwise synthesis of triazolobenzodiazepines. The reac-
tion of 2-azidobenzaldehyde, 2-aminoisobutyric acid and
N-ethylmaleimide in MeCN under the catalysis of AcOH at
110 °C for 6 h afforded the monocycloaddition product 19a in
93% LC yield [71]. The isolated compound 19a was used for an
N-propargylation to produce compound 20a in 94% LC yield.

The following Cu-catalyzed click reaction afforded triazoloben-
zodiazepine 21a in 88% LC yield (Scheme 12).

Our next goal was to convert the stepwise reaction process into
a one-pot synthesis. After optimizing the reaction conditions, a
one-pot two-step reaction was developed by the reaction of
2-azidobenzaldehydes, 2-substituted amino acids and male-
imides with AcOH as a catalyst in MeCN at 110 °C for 6 h to
afford the monocycloaddition compounds. Without isolation,
the reaction mixtures were then used for the N-propargylation in
the presence of KoCOj3 under microwave heating at 110 °C for
1 h to give triazolobenzodiazepines 21a—f in 35-65% yields
with 2:1 to 7:1 dr (Scheme 13). Other than 2-aminoisobutyric

acid, phenylglycine and valine with Ph or iPr groups could also
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Scheme 8: Stereochemistry for the formation of products 10 or 11.

be used for the synthesis of the monocycloaddition products for
the post-condensation reactions. It is worth noting that in the
one-pot synthesis involving an intramolecular click reaction, no
Cu catalyst was used. A similar reaction sequence using stabi-
lized AMYs was also reported from our lab [72]. The triazolo-
benzodiazepines obtained through this highly efficient one-pot
synthesis have structure similarity with some drug molecules

shown in Figure 4 [71].

N~y ) AN

- \ H/IR R
R1 \\O O
10 or 11

One-pot synthesis of pyrroloquinazolines and

pyrrolobenzodiazepines

We developed a 2-azidobenzladehyde-based reaction sequence
including a one-pot [3 + 2] cycloaddition, N-acylation and
Staudinger/aza-Wittig reactions for the construction of pyrrolo-
quinazolines and pyrrolobenzodiazepines [73]. The AcOH-cata-
lyzed reaction of 2-azidobenzaldehydes, a-substituted amino
acids and maleimides in MeCN at 110 °C for 6 h afforded the
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Scheme 9: One-pot and stepwise double cycloadditions. Conditions: i) MeCN (0.02 M), 90 °C, 6 h; ii) then AcOH (0.5 equiv), 125 °C, 12 h.

MeO
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Figure 3: Biologically interesting spirooxindole-pyrrolizidines.

corresponding monocycloaddition compounds followed by
acylation to yield intermediates 22. The subsequent sequential
Staudinger/aza-Wittig reaction of intermediates 22 gave prod-
ucts 23a—g in 48-75% yields with 5:1 to 6:1 dr (Scheme 14).
This one-pot reaction could also be applied for the synthesis of
pyrrolobenzodiazepines when using 2-bromoketones instead of
the acid chlorides affording products 24a—g in 59-77% yields
with 3:1 to 6:1 dr (Scheme 15). The pyrroloquinazolines and
pyrrolobenzodiazepines made by this route have structure simi-
larity with bioactive compounds and natural products such as
PB1-5 [74], lixivaptan, and (+)-anthramycin (Figure 5) [73].

Stepwise synthesis of
pyrrolo[2,1-alisoquinolines

A stepwise synthesis involving [3 + 2] cycloaddition, N-allyla-
tion and Heck reactions has been developed for the synthesis of

pyrrolo[2,1-alisoquinolines. The reaction of 2-bromobenzalde-

pteropodine

spirotryprostatin A

hydes, 2-aminoisobutyric acid, and maleimides in MeCN under
the catalysis of AcOH at 110 °C for 6 h afforded the cycloaddi-
tion products 26. The purified intermediates were used for the
one-pot N-allylation with allyl bromide to afford intermediate
25 followed by a Pd-catalyzed Heck reaction to give products
26 in 65-78% yields (Scheme 16) [75]. The pyrrolo[2,1-
alisoquinoline core installed by this route can be found in some
natural products and synthetic compounds with antitumor, anti-
bacterial, antiviral, antioxidizing, and other biological activities
(Figure 6) [75].

One-pot double annulations for the synthesis
of tetrahydropyrrolothiazoles

The unique tetrahydropyrrolothiazole and spiro[indole-tetrahy-
dropyrrolothiazole] scaffolds are found in bioactive compounds
such as those shown in Figure 7 [76,77]. Using cysteine as a

key reactant, we developed a pseudo-four-component reaction
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dropyrrolothiazoles 29 in 66-79% yields with up to 7:1 dr

for the synthesis of tetrahydropyrrolothiazole derivatives. The
(Scheme 17) [76]. Using olefinic oxindoles to replace male-

reaction of cysteine with two equiv of arylaldehydes and one
equiv of maleimides in EtOH at 90 °C for 12 h afforded tetrahy-  imides, the reactions gave spiro[indoline-tetrahydropyrrolothia-
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zole] products 30 in 55-70% with greater than 4:1 dr [76]. The
reaction mechanism suggests that the reaction of cysteine with
arylaldehydes gives N,S-acetals 27 which convert to AMYs 28
after decarboxlyation. Cycloaddition of 28 with maleimides or
olefinic oxindoles gives products 29 and 30, respectively. The
reactions could be carried out as a two-step synthesis using two
different arylaldehydes to give products 31 in 43-72% yields
with greater than 4:1 dr (Scheme 18). A similar reaction se-
quence based on a [3 + 2] cycloaddition of stabilized AMYSs has
been reported by our lab [78].

Conclusion

The amino acid-based decarboxylative [3 + 2] cycloaddition
reactions developed from our lab are summarized in this paper.
The semi-stabilized N-H-type azomethine ylides derived from
amino acids could be used for multicomponent, one-pot, and
multistep reactions in the synthesis of heterocyclic compounds.
The methods have advantages of using readily available starting
materials, performing streamlined reactions, producing diverse
product structures, and having high pot, atom, and step
economy (PASE) [79-81] for the diversity-oriented synthesis
(DOS) [82-88]. The work presented in this paper may also be
helpful to understand the reaction mechanism and stereoselec-
tivity of semi-stabilized N-H-type AMYs. We hope the new de-
velopment for 1,3-dipolar cycloaddition chemistry can be used
for the synthesis of bioactive heterocyclic compounds in medic-

inal and drug discovery programs.
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