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Phosphine-catalysed transformations of ortho-
and para-quinone methides

Aitor Maestro (2 *3° and Mercedes Zurro*©

Organocatalytic methodologies for the derivatization of 0-QM, p-QM and the analogous aza-QM have
been recently developed and involve different catalytic systems such as phosphoric acids, thioureas,
squaramides, NHC carbenes or chiral ammonium salts. Besides, phosphines, commonly used as ligands
in metal-catalysed reactions, can be also used as organocatalysts. In this case, they are mainly involved as
nucleophilic catalysts in reactions such as the Rauhut—Currier (RC) reaction. In this review, an analysis of
the recent developments in racemic and enantioselective phosphine-catalysed transformations of o-QM,
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1. Introduction

Quinone methides are very reactive species present in organ-
isms and are involved in many chemical and biological pro-
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p-QM and aza-o-QM has been carried out.

cesses such as enzyme inhibition, DNA alkylation and cross-
linking." They have been known for more than a century,” but
their synthetic potential as versatile reactive molecules has not
been exploited until recent years.

In the last two decades, different authors have reviewed the
chemistry of quinone methides, highlighting their underdeve-
loped study and versatility for their derivatization into a variety
of valuable diarylmethine derivatives and oxa-heterocyclic
structures.’®

Quinone methides (QMs) consist of a cyclohexadiene
moiety conjugated with a carbonyl and an exo-methylene com-
ponent via para-conjugation (p-QM) or ortho-conjugation
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(0-QM) (Fig. 1). They are neutral molecules with an aromatic
zwitterionic resonance structure, responsible for their electro-
philicity toward the 1,4- and 1,6-positions, respectively.
Quinone methides can be generated from a variety of pre-
cursors involving an acidic or basic medium, oxidation, ther-
molysis, photolysis, etc., but it is also possible to synthesize
stable quinone methides, whose reactivity is suitable for asym-
metric transformations. 2,6-Substituted p-QM and o0-QM
bearing multiple electron-donating substituents are stable
reactants used in asymmetric transformations (Scheme 1).
While p-QM can undergo 1,6-addition of a nucleophile, the
0-QM chemistry is richer and there are three typical reaction
modes: 1,4-addition, [4 + n] cycloaddition (mainly [4 + 2] and
[4 + 1]) and oxa-6m-electrocyclization. The [4 + 2] cycloaddition
and oxa-6m-electrocyclization pathways provide chromane
derivatives, while the [4 + 1] cycloaddition gives access to ben-

zofuran derivatives.
0®
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Fig. 1 Resonance structures of o-QMs and p-QMs.
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Scheme 1 Stable p-QM and 0-QM and typical reactivity.
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Asymmetric catalytic transformations for the derivatization
of 0-QM”® and p-QM°™! and the analogous aza-QM'*** have
been developed recently. Among the organocatalysts used in
asymmetric transformations of 0-QM and p-QM, it is common
to identify chiral phosphoric acids as Brensted acids,"*>*
chiral ammonium salts as phase transfer catalysts,*> >’ NHC
carbenes,”®*° and hydrogen bond donor systems such as
thioureas®® or squarimides.*’° In this review, we aim to focus
on transformations of 0-QM and p-QM where an organocatalyst
bearing a phosphine moiety in its structure is employed.
Phosphine catalysis mainly deals with nucleophilic catalysis,
in which phosphine acts as a nucleophile for activating a sub-
strate. Compared to the analogous tertiary amines, phosphines
have higher nucleophilicity which gives them some clear
advantages in reactions involving allenes or vinyl ketones,
such as the Morita-Baylis-Hillman (MBH) or the Rauhut-
Currier (RC) reactions.’” >

The enantioselective Morita-Baylis-Hillman reaction invol-
ving a 1,2-addition of activated alkenes to aldehydes, ketones,
and imines has been well established.*®™ In contrast, the
asymmetric Rauhut-Currier reaction, also called the vinylo-
gous MBH reaction, was not carried out until 2011.°°
Specifically, if we look at (asymmetric) Rauhut-Currier reac-
tions with p-QM, only some examples are found in the litera-
ture involving vinyl ketones or activated allenes (Scheme 2). If
we look at (asymmetric) phosphine-catalysed reactions with
0-QM, different MBH carbonates or activated allenes have been
used as nucleophiles but just a few works have been reported
(Scheme 2).

Along this review article, different works of Rauhut-Currier
reactions involving activated alkenes, allenes or MBH carbon-
ates and 0-QM or p-QM will be described.

Besides, in the asymmetric reactions with quinone
methides, the activation of the quinone methide derivatives
is often required. Bifunctional organocatalysts bearing a
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Scheme 2 Phosphine-catalyzed enantioselective intermolecular
1,n-addition of vinyl ketones and [4 + 1] annulation of MBH carbonates.
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phosphine moiety in addition to different functionalities such
as thiourea, squaramide or peptidic residues are a perfect
match for the reactions involving quinone methides by phos-
phine catalysis. These bifunctional catalysts are able to activate
both quinone methide through hydrogen bonding and the
nucleophile, as phosphine acts as a Lewis base or nucleophile.
Many of the examples described in the review deal with the
use of a bifunctional catalyst.

On the other hand, there are some catalytic reactions in
which instead of phosphine, a phosphonium salt is used as
the organocatalyst. In this case, the reactivity of the phos-
phorus atom is reversed and the phosphonium salts can acti-
vate negatively charged species, acting as phase transfer
catalysts.

This review will provide a clear and chronological analysis
of the literature related to phosphine-catalysed reactions of
QM derivatives as well as a critical perspective of the future of
the topic. Aiming to be a guide for researchers in the above-
mentioned topics, this review will include not only enantio-
selective approaches but also racemic transformations, allow-
ing the readers to obtain a clear picture of the existing litera-
ture when designing their future projects.

2. Catalytic transformations of para-
quinone methides

2.1. Covalent phosphine activation

In 2017, Liu, Zhang and coworkers reported a phosphine-cata-
lysed asymmetric intermolecular cross-vinylogous Rauhut-
Currier reactions of alkyl vinyl ketones with p-QM.”" The reac-
tion of p-QM 1 and vinyl ketone 2 in the presence of 10 mol%
of catalyst I, K,HPO, as a base, and trifluoromethyl benzene as
solvent at —20 °C provided facile access to a variety of diaryl-
methine stereogenic centres with excellent enantioselectivities
and yields (Scheme 3). This work represents the first catalytic
methodology of derivatization of p-QM through nucleophilic
catalysis. The mechanism is depicted in Scheme 15: the phos-
phine catalyst is added to vinyl ketone leading to intermediate
A, and then p-QM 1 undergoes addition with A forming inter-
mediate B, which finally leads to the formation of addition
product 3. The formation of intermediate B is the key step con-
trolling the enantioselectivity of the reaction. The bifunctional
phosphine catalysts stabilize the nucleophile through an intra-
molecular ion pairing effect combined with hydrogen bonding
between the carbonyl group of nucleophile 2 and the amide of
the catalyst. The bulky substituent on the catalysts favors the
selective Re-face attack.

Furthermore, a scale-up reaction was carried out leading to
product 3e in 96% yield and 99% ee (Scheme 4) and the syn-
thetic applicability of derivatives 3 was demonstrated. Firstly,
the selective reduction using CeCl; and NaBH, provided
alcohol 4 with retained enantioselectivity and low diastereo-
selectivity (Scheme 4). The sulfa-Michael addition of p-TolSH
to 3e afforded product 5 in a good yield with excellent stereo-
selectivity (>20: 1 dr, 99% ee). Besides, the tert-butyl groups at
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Scheme 3 Phosphine-catalysed asymmetric intermolecular cross-viny-
logous Rauhut—Currier reactions of alkyl vinyl ketones with p-QM.
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Scheme 4 Synthetic applicability of 3.

the 2,6-position of p-QM were removed using a standard proto-
col providing derivatives 6d-f in good yields and without
racemization.

Also, at the beginning of 2017, the group of Wu developed a
Rauhut-Currier reaction of methyl vinyl ketones and p-QM
(Scheme 5).%° Firstly, a bifunctional phosphine-thiourea cata-
lyst was tested in the reaction and 32% ee and 87% yield were
obtained, which showed the feasibility of the reaction. Then,
screening of the reaction conditions showed that catalyst II
was suitable for the reaction affording chiral diarylmethines 8
with excellent yields and enantioselectivities. Scheme 5 shows

This journal is © The Royal Society of Chemistry 2023
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Scheme 5 Enantioselective vinylogous Rauhut—Currier 1,6-conjugate
addition of methyl vinyl ketone to p-QM.

a possible transition state which explains the high enantio-
selectivities in the reaction.

In mid-2017, Fan and coworkers reported an enantio-
selective  phosphine-catalysed intramolecular vinylogous
Rauhut-Currier reaction of p-QM.>> With this methodology,
chiral 4-aryl-3,4-dihydrocoumarins (10, X = O) and 4-aryl-3,4-
dihydroquinolin-2-ones (10, X = N) were synthesized from
P-QM esters (9, X = O) and p-QM amides (9, X = N), respect-
ively, in excellent yields with moderate to excellent enantio-
selectivities (Scheme 6).

A scale-up reaction was carried out affording dihydrocou-
marin 10e in 98% yield and 98% ee with only 5 mol% of the
catalyst. Furthermore, in order to show the synthetic applica-
bility, chiral 4-aryl-3,4-dihydrocoumarins 10 were subjected to
several reaction conditions. Hydrogenation on Pd/C afforded
derivative 11 in 90% yield, >20:1 dr, and 98% ee. Next, deriva-
tive 11 was treated with AlCl; affording 12 in high yields with
retained enantioselectivity. Besides, a cyclopropanation of 10e
with 2-bromomalonic ester led to spirocycle 13 with an excel-
lent yield and diastereoselectivity. The treatment of 10e with
NaOMe promoted the opening of lactone to yield the acyclic
derivative 14 in 99% yield and 97% ee.

At the end of 2017, Li, Tang and coworkers reported an
asymmetric intermolecular Rauhut-Currier reaction of vinyl
ketones 2 and p-QM derived from isatins 15.>® This method-
ology allowed the formation of 3,3-disubstituted oxindoles 16
with quaternary centres in good yields and selectivities by
using a bifunctional thiourea-phosphine organocatalyst IV
(Scheme 7).

In order to show the synthetic potential of 3,3-disubstituted
oxindoles, different transformations were carried out. Firstly,
the tert-butyl groups were removed by using AICl; in benzene,
affording derivatives 17e-g in good yields. Next, a Chan-Lam

This journal is © The Royal Society of Chemistry 2023
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Scheme 6 Enantioselective intramolecular vinylogous Rauhut—Currier
reaction of p-QM.

cross-coupling between 17e and PhB(OH), afforded derivative
18 in a good yield. The sulfa-Michael addition of thiol
p-CICsH,SH to derivative 16 led to the addition product 20 in a
good yield with excellent diastereoselectivity. Finally, the
addition of phenyl magnesium bromide to derivative 16 yielded
alcohol 19 in a good yield with retained enantioselectivity.

In 2022, Wang and coworkers reported the enantioselective
Rauhut-Currier reaction with p-QM 21 and a variety of
a,p-unsaturated carbonyl compounds (Scheme 8).°® The
mechanism involves the initial 1,4-addition to the carbonyl
compound 22. The formed phosphonium salt stabilizes the
enolate as the nucleophile for 1,6-addition to p-QM. The pres-
ence of an ester moiety in quinone methide may indicate a
crucial role of the carbonyl group in the activation of the elec-
trophile (A). The reaction tolerates the use of ketones, esters
and aldehydes as nucleophiles, obtaining the reaction pro-
ducts 23 with high yields and enantiocontrol. Although with
lower yields, the presence of amides or thioesters in p-QM is
also well tolerated. Moreover, the authors explored the use of
chiral esters derived from natural products and chiral drugs in
the p-QM moiety, obtaining high yields and stereocontrol.

In 2022, Rachwalski and coworkers reported an intra-
molecular Rauhut-Currier reaction catalysed by a chiral phos-

Org. Biomol. Chem., 2023, 21, 8244-8258 | 8247
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phine/aziridine catalyst VI (Scheme 9).>° The reaction works
through a similar mechanism shown in previous examples,
affording optically active chroman-2-ones 25. Although the
reaction yields and the enantiocontrol of the process are high,
the scope is rather limited.

In 2019, Waser and coworkers reported an enantioselective
phosphine-catalysed [4 + 1]-cyclization of o-hydroxy p-QM with
allenoates.>® In the first attempt, the reaction between 26 and
27 using PPh; (VII) as the catalyst afforded dihydrobenzofuran
28 in 90% yield (Scheme 8). Then, a screening of chiral phos-
phine catalysts was performed, showing that phosphine VIII
was suitable for the reaction. Under the optimized conditions,
a variety of dihydrobenzofuran derivatives were obtained with
good yields and selectivities (Scheme 10).

A proposed mechanism of the reaction based on NMR
studies is depicted in Scheme 11. Firstly, the addition of phos-
phine to allenoate leads to the zwitterionic form B after proton
transfer of the addition product A. Next, the addition of B to
quinone methide 21 leads to intermediate C. The formation of
this intermediate is also the key step controlling the enantio-
selectivity of the reaction. However, there are no further
studies shedding light on the detailed interactions between 21
and the chiral intermediate B. After proton transfer, C is con-
verted into D. Next, the isomerization of D through proton
transfer occurs to generate E, which finally can react through
an Sn2’ reaction to yield the dihydrobenzofuran derivative 23.
This last step seems to be the rate-determining step, which
also explains why slightly larger amounts of the catalyst were

Bu Bu
B 'Pr
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- _ N
Toluene, 0°C  gfL A - | ©i
6h ) : PPh,
25 : vi
5examples T

82-95%
80->99% ee
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Scheme 9 Enantioselective intramolecular Rauhut—Currier reaction.

o
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Scheme 10 Phosphine-catalysed [4 + 1]-cyclization of o-hydroxy
p-QM with allenoates.

This journal is © The Royal Society of Chemistry 2023
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Scheme 11 Enantioselective catalytic [4 + 1]-cyclization of hydroxyl-
substituted p-QM with allenoates.

needed to obtain a good catalyst turnover. The elimination of
phosphine in intermediate E is also the key step controlling
the diastereoselectivity of the reaction, which seems to be
directed by the steric demand of the molecule.

In 2019, Shi and coworkers reported a phosphine-catalysed
synthesis of chromanes through a formal [4 + 2] cyclization of
p-QM 29 and allenes 30 (Scheme 12).>> The initial reaction of
phosphine with allene forms a vinylogous enolate as a nucleo-
phile as shown in the addition model A. Then, an intra-
molecular oxa-Michael addition (B) followed by a subsequent
elimination of phosphine leads to the regeneration of the
phosphine catalysts. The reaction works with a broad variety of
substituted benzyl allenes, affording chromane derivatives 31
in yields up to 97% with excellent E/Z selectivity. However,
when aliphatic allenes are used, a drastic decrease of the reac-
tivity is observed.

At the same time, Huang and coworkers reported another
synthesis of chromanes through a phosphine-mediated
addition of allenes 33 to p-QM 32 (Scheme 13).%° In this case,
they obtained chromane derivatives 34 containing two chiral
centers with high yields and diastereocontrol. Moreover, they
also applied the methodology for the synthesis of 3,4-di-
substituted tetrahydroquinolines in high yields but with
limited stereocontrol.

Regarding the reaction mechanism, phosphine has a
double function (Scheme 14). Initially, it reacts with the allene,
favouring the elimination of the acetate moiety in order to

This journal is © The Royal Society of Chemistry 2023
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Scheme 13 Synthesis of chromane derivatives 34 from allenes and
p-QM.

form a diene intermediate B. A subsequent base-mediated
elimination allows the regeneration of phosphine as well as
the formation of an acrylate derivative 35. The phospha-
Michael addition to this intermediate led to nucleophile C,
which reacts with p-QM. Next, an H-shift followed by intra-
molecular cyclization (E) affords the chromane or tetrahydro-
quinoline products 34. The fact that bulky esters (R = 'Pr, ‘Bu)
resulted in higher diastereocontrol than less sterically hin-
dered substituents (R = Bn, Et) might indicate a crucial role of
the steric demand in the selectivity of the reaction.

In 2021, Wang et al. reported the reaction between alkynes
37 and p-QM 36 (Scheme 15).°” The reaction, catalysed by a
combination of 2-nitrobenzoic acid (38) and tributylphosphine
(IX), affords dienylation products 39 in moderate to high yields
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Scheme 14 Proposed catalytic cycle for the synthesis of chromane
derivatives 34.
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Scheme 15 Phosphine-catalysed addition of alkynes 37 to p-QM 36.

as a single diastereomer. Moreover, they also reported the reac-
tion with some isatin-derived p-QM, forming in this case an
all-carbon quaternary center with excellent stereocontrol.
Concerning the mechanism, the initial conjugate addition of
phosphine to propiolic acid esters and amides 37, followed by
an intramolecular isomerization of the formed alkene leads to
the nucleophile as shown in Scheme 15 (A). The elimination of
phosphine leads to product 39 with the consequent recovery of
the phosphine catalyst. The high flexibility of the phos-
phonium salt obtained after the initial 1,6-addition allows the
formation of a thermodynamically most stable product as the
major isomer.

2.2. Non-covalent phosphine activation

In 2016, Lin, Yao and coworkers reported the first asymmetric
bifunctional  thiourea-phosphine-catalyzed  1,6-conjugate
addition of dicyanoolefins 41 to p-QMs 40 (Scheme 16).*° This
reaction provided chiral diarylmethines 42 in good yields with
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Scheme 16 Asymmetric 1,6-conjugate addition of p-QM with

dicyanoolefins.

good to excellent enantioselectivity and diastereoselectivity. To
gain insight into the reaction mechanism, a mass spec-
trometry study was carried out. When organocatalyst XI, 40
and Et;N were mixed in Et,O for 40 minutes, a new peak was
detected (m/z = 885.5), which corresponded to a complex exist-
ing between 40 and XI. This finding indicates the existence of
hydrogen bonding between thiourea and p-QM. The authors
propose that the phosphine moiety may act as a Lewis base
activating dicyanoolefin. Based on this finding, the transition
state depicted in Scheme 16 was proposed to explain the
enantioselectivity of the reaction.

In 2017, Zhang and coworkers reported one of the pioneering
works on phosphine-mediated additions to p-QM 43
(Scheme 17).°%%* In particular, they achieved the addition of
2-naphthols 44 mediated by a catalytic amount of phosphine XII
and methyl acrylate 45. The initial phospha-Michael addition of
phosphine to acrylate forms the phosphonium salt 47 as the
active catalyst of the reaction. This catalyst acts as a base by sta-
bilizing the enolate of naphthol (A) as the nucleophile for 1,6-
addition to p-QM. The reaction works with a broad scope of aryl
and heteroaryl p-QM, affording yields from 55 to 99%.

Also in 2016, Wu, Cao and coworkers reported an asym-
metric 1,6-addition of ester malonates to p-QM 48 by using an
amide-phosphonium salt as a bifunctional phase transfer cata-
lyst (Scheme 18).°* The reaction between stable p-QM and
ester malonate 49 in the presence of 1 to 5 mol% of chiral
phosphonium salt XIII and K,CO; as a base provided chiral
diarylmethine stereocenters with high yields and stereoselec-
tivities. The amide moiety seems to be crucial for the enan-

This journal is © The Royal Society of Chemistry 2023
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Scheme 18 Asymmetric bifunctional phosphonium salt-catalysed

1,6-addition of malonate esters to p-QM.

tioinduction as the reaction with the organocatalyst bearing an
N-methyl substituent in amide led to only 19% ee in the reac-
tion. N-H can form hydrogen bonds between p-QM stabilizing
the transition state A, which leads to the major enantiomer.
Also in 2019, Wang and coworkers reported an enantio-
selective phosphonium salt-catalysed formal [4 + 1] annulation
of hydroxyl-substituted p-QM with a-halogenated ketones.®*

This journal is © The Royal Society of Chemistry 2023
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The reaction between hydroxyl-p-QM 51 and o-halogenated
ketone 52 in the presence of dipeptide-derived phosphonium
salt catalyst XIV and CsCOj; as a base afforded functionalized
2,3-dihydrobenzofurans 53 in high yields with excellent stereo-
selectivities (Scheme 19). In order to understand the function
of the chiral phosphonium salt, DFT calculations were carried
out revealing the presence of multiple H-bonding interactions
between the catalyst and the enolate intermediate, which
determine the transition state of the reaction and the transfer
of the chirality to the 2,3-dihydrobenzofuran products 53. Also,
mechanistic studies were carried out, revealing that the reac-
tion occurred through a nucleophilic substitution and sub-
sequent intramolecular 1,6-addition pathway.

Although it is not strictly a phosphine-catalysed reaction, in
2021, Wang and coworkers reported the enantioselective
addition of secondary phosphine oxides 55 to p-QM 54 in the
presence of a chiral phosphonium salt catalyst XV.%> Based on
the DFT studies, it was proposed that after the removal of the
acidic proton by the base, the amide and carbamate moieties
as hydrogen donors activate the phosphoryl group while the
phosphonium salt stabilizes the formed anion as shown in
Scheme 20 (A). The key transition state involves the
1,6-addition of phosphine oxide to p-QM (B). The products 56,
bearing a tetrasubstituted chiral centre, are obtained with
excellent yields and enantiocontrol. Moreover, the authors
explored the possibility of using chiral phosphine oxides in
the reaction, obtaining in this case low diastereocontrol but
high enantioselectivity for both isomers.

o
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Scheme 19 Bifunctional phosphonium salt-catalysed enantioselective
formal [4 + 1] annulation of hydroxyl-substituted p-QM with
a-halogenated ketones.
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Scheme 20 Phosphonium salt-catalysed asymmetric construction of
chiral phosphonates.

In 2022, Wang’s group reported the 1,6-cyanation of p-QM
57 (Scheme 21).°® Similar to the mechanism shown in previous
examples, a combination of phosphine XVI and acrylate 59 is
used as the precatalyst. In this case, the TMS protection of the
ester enolate is proposed as the key step to activate the nucleo-
philicity of the cyanide anion (A). The reaction affords phenol
derivatives 60 in excellent yields and can also be applied to the
synthesis of tetrasubstituted products. The authors explored

o TMSCN ; ;
R R -
Xvi (5 mol% P
59 (5mol%) _ i e |
‘ CHCly 1t : :
Ar R2 H o
57 \)J\Ofau :
30 examples H 59
80-99% oo
OH OH OH OH
Bu ] Bu Bu I 'Bu 'Bu By ipr. ipr
CN CN S CN O CN
\ cl
oM NC O
60a 60b 60c 60d
97% 92% 84% 82%

XVI+59 ——

60 Ne

09
6’/\%
R R
oTms RqP O'Bu
® A
4
RaP/Q\O’Bu ’—/157
B
Ar CN
R

Scheme 21 1,6-Cyanation of p-QM.
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Scheme 22 Phosphine-catalysed addition of fluorinated 1,3-dicarbonyl
compounds 63.

the possibility of inducing some enantiocontrol in the process
by using chiral phosphines and acrylate derivatives, but only
the racemic cyanation products 60 were obtained.

In 2022, Mohanan and coworkers reported the addition of
fluorinated 1,3-dicarbonyl compounds 63 to p-QM derived
from isatin 62.°” The obtained products 64 were isolated in
yields up to 98% but with moderate to low diastereocontrol.
Concerning the mechanism, the authors proposed a double
function of the QM derivatives. The initial 1,6-addition of
phosphine VII to p-QM could lead to the corresponding phos-
phonium salts (VII') as the active catalyst of the reaction. V'
salts are basic enough to activate 1,3-dicarbonyls 63 (A). After
the reaction, the phosphonium salt VII' could be recovered by
an intermolecular H-shift as shown in Scheme 22.

3. Catalytic transformations of ortho-
quinone methides

3.1. Covalent phosphine activation

In 2017 Lu, Wang and coworkers reported the first phosphine-
catalysed [4 + 2] cycloaddition of 0-QM 65 with allene ketones
66 to synthesize chromane derivatives 67 in high yields with
excellent enantioselectivity.® The most effective catalysts were
found to be a ¢t-Leu-derived phosphine-amide XVII or XVIII (in
case of vinyl-substituted 0-QMs), affording enantioselectivities
of up to 99% ee in the reaction (Scheme 23). The mechanism
is depicted in Scheme 23: firstly, phosphine is added to the

This journal is © The Royal Society of Chemistry 2023
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Scheme 23 Phosphine-catalysed enantioselective [4 + 2] annulation of
0-QM with allene ketones.

allene forming the zwitterionic form A, which is then added to
0-QM leading to intermediate B, which yields chiral phosphine
as the product of the reaction.

In 2018, Shi and coworkers reported an organocatalytic
[4 + 1] cyclization of 0-QMs 65 with MBH carbonates 68 for the
construction, in this case, of 2,3-dihydrobenzofuran scaffolds
(Scheme 24).%° Although the mechanism is not fully disclosed,
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Scheme 24 Naphthylindole-derived phosphine-catalysed [4 + 1] cycli-
zations of 0-QM with Morita—Baylis—Hillman carbonates.
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two potential pathways are proposed. In both of them, 0-QM
acts as a 4C synthon and MBH carbonate as a 1C synthon,
making the generation of 5-membered heterocycles possible.
In this work, a novel naphthylindole-derived phosphine
organocatalyst was used for the first time.”® The 2,3-dihydro-
benzofuran derivatives 69 were obtained in good to excellent
yields. Furthermore, different chiral naphthylindole-derived
phosphines were tested under the optimized conditions
observing low enantiomeric ratios in all cases (<26% ee).

In the same year, Li and coworkers reported an enantio-
selective variant of this reaction.”' This work represents a
facile strategy for the synthesis of enantioenriched 2,3-dihydro-
benzofurans 72. The mechanism proposed by the authors is in
agreement with the reaction pathway B proposed by Shi and
coworkers and is depicted in Scheme 25: phosphine is added
to MBH carbonate provoking the release of ‘BuOH and CO,
and formation of intermediate A, Then, A is added to 0-QM
affording intermediate B, which then reacts through an intra-
molecular nucleophilic substitution reaction affording the
product of the reaction.

Also in 2018, Zhang, Liu and coworkers reported an
enantioselective phosphine-catalyzed [4 + 1] annulation of
0-QM 73 with MBH carbonates 74.”> The main difference
between this work and the report by Li and coworkers, relies
on the nature of the catalyst and the use of an aryl-substituted
MBH carbonate, which allows the formation of a tetrasubsti-
tuted stereocenter. In this work, a diphosphine ligand bearing
a 3,5-bistrifluoromethyl benzoyl amide moiety provides the
highest enantioselectivities in the catalytic reaction
(Scheme 26), which might be explained through the
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Scheme 25 Phosphine-catalysed enantioselective [4 + 1] annulations
between o-QM and Morita—Baylis—Hillman carbonates.
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H-bonding properties of the NH of the amide. The mechanism
of the reaction is analogous to previous work. The authors
reported the synthesis of several cyclization products 75 with
high yields and enantiocontrol but, in contrast to the previous
reports from Li and Shi, low diastereoselectivity.

4. Catalytic transformations of aza-
ortho-quinone methides

4.1. Covalent phosphine activation

In 2015, Chen and coworkers reported an unprecedented [4 +
3] cycloaddition reaction with bromosubstituted Morita-
Baylis-Hillman adducts of isatins 77 and N-(ortho-chloro-
methyl)aryl amides 76 for the construction of a challenging
azaspirocycloheptane oxindole scaffold 78 (Scheme 27).”°
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Scheme 27 [4 + 3] Cycloadditions with bromo-substituted Morita—

Baylis—Hillman adducts of isatins and N-(ortho-chloromethyl)aryl amides.
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The use of a stoichiometric amount of phosphine XXIII
enables the formation of a reactive allylic ylide (B).
Simultaneously, transient aza-o-quinone methide was gener-
ated from precursor 76 in the presence of Cs,CO; (A). The
allylic ylide acted as a nucleophile in the addition to aza-0-QM
and followed by cyclization, led to the azaspirocycloheptane
oxindole derivative 78 in moderate to good yields with a wide
substrate scope.

4.2. Non-covalent phosphine activation

Recently, in 2022, Li’s group reported the first example of
phosphine-catalyzed reaction of isocyanates with aza-0-QM.”™
Inspired by the chemistry of benzoxazinanones and following
their research program on phosphine catalysis with Morita-
Baylis-Hillman (MBH) adducts, they developed a new type of
MBH adducts bearing a benzoxazine motif 79 that could serve
for the in situ generation of polarized aza-0-QM by phosphine
catalysis. This methodology enables the synthesis of chiral
dihydroquinazolinones 81 in good yields with good to excel-
lent enantioselectivities (Scheme 28). The proposed mecha-
nism based on *'P-NMR analysis is depicted in Scheme 28:
the phosphine catalyst is added to the vinyl moiety, generating
the polarized aza-0-QM A. Then, the negatively charged nitro-
gen atom of aza-0-QM attacks isocyanate generating inter-
mediate B, which upon intramolecular nucleophilic addition
of the N atom of isocyanate leads to intermediate C, and
finally releases the phosphine catalyst and yields dihydroqui-
nazolinone 81.
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Scheme 28 Asymmetric phosphine-catalysed reaction of isocyanates
with aza-o-QM intermediates.
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5. Non-catalytic transformations
with quinone methides

Aiming to give a more general overview of the field, different
examples involving a stoichiometric use of phosphines will be
summarized in this section.

In 2018, Waser and coworkers reported a phosphine-
mediated addition of allene-derived nucleophiles to 0-QM 82
(Scheme 29).”® Following Lu’s work®® concerning formal [4 + 2]
reactions with stabilised 0-QM, they aimed to mimic the reac-
tivity with in situ formed o-QM. However, unlike in the pre-
vious precedents, dihydrobenzofurans 84 were observed in this
case. The reaction involves an initial base-mediated elimin-
ation to afford the 0-QM intermediate as the electrophile,
while phosphine forms the nucleophile through a nucleophilic
addition to the allene 83. After the initial addition (A), an
intramolecular oxa-Michael addition (B) leads to the final
product 84 as a single isomer in yields ranging from 28 to
90%.

In 2019, Lin and coworkers reported a methodology for
accessing 2,3-disubstituted benzofurans through a phosphine-
catalysed reaction of acyl chlorides 86 and p-QM 85
(Scheme 30).”° Although the reaction mechanism is not fully
elucidated, it may involve an initial protection of the phenol
with the acyl chloride. Then, a 1,6-addition of phosphine to
p-QM forms the phosphonium salt intermediate for an intra-
molecular Wittig reaction. However, the initially developed
conditions required a stoichiometric amount of phosphine,
which is oxidized to phosphine oxide during the Wittig reac-
tion. For this reason, the authors developed an alternative
method for regenerating in situ the phosphine catalyst. Both
methods allowed the formation of benzofuran products 87 in
high yields.

In 2021, Xiong et al. reported the addition of sodium sulfi-
nates 89 to p-QM 88 mediated by a combination of sulfuric
acid and triphenylphosphine VII (Scheme 31).”” Although the
mechanism is not clear, phosphine is involved as the reduc-
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Scheme 29 Phosphine-mediated synthesis of chiral dihydrobenzofuran
derivatives.
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Scheme 31 Phosphine-mediated thiolation of p-QM.

tant of sulfur oxides. One of the tentative reaction pathways
involves the reduction of sulfinates 89 to form sulfanyl radicals
as nucleophiles for the 1,6-addition. Another possible route is
the partial reduction of sulfinates, leading to sulfide oxides as
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Scheme 32 Phosphine/Lewis acid-mediated one-pot construction of
2-quinolones 93.

the initial reaction products, which are reduced to their corres-
ponding thioethers 90 by phosphine. The authors reported a
broad scope of nucleophiles and electrophiles, which are
highly selective towards p-QM in the presence of other reactive
groups such as aldehydes or alcohols.

In 2022, Singh and coworkers reported the synthesis of
2-quinolone derivatives 93 from isatins 92 and p-QM 91
(Scheme 32).”® The activation of isatin as indole derivatives by
XXVI allows an initial 1,6-addition to p-QM (A). The overall
reaction is a two-step reaction involving an initial 1,2-phospha-
Brook rearrangement. Once the cyclopropane intermediate C
is formed, a stoichiometric amount of BF;-Et,O is added as a
Lewis acid (D), activating the cyclopropane ring opening and
leading to the 6-membered N-heterocycle 93 in moderate to
high yields (30-92%).

6. Conclusions

In this review, an analysis of the recent developments in phos-
phine-catalysed transformations of 0-QM, p-QM and aza-0-QM
has been carried out. It should be noted that most of the
reported examples are related to p-QM, and the analogous
reactions with 0-QM or aza-QM are still almost unexplored.
Among the nucleophiles involved in the covalent phos-
phine-catalyzed reactions, we can find activated alkenes,
allenes, and MBH carbonates, which intervene in cyclo-
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addition reactions or Rauhut-Currier reactions with 0-QM or
p-QM providing a wide variety of addition products such as
chiral diaryl methine stereocenters and cyclization derivatives,
such as chiral dihydrobenzofurans and chromanes. On the
other hand, reactions involving non-covalent interactions and
phosphonium salts have also been disclosed. This type of
phosphonium salt catalyst stabilizes the corresponding nucleo-
philes. In this case, anionic nucleophiles are typically used, in
contrast to allenoates and MBH carbonates. Among the
involved nucleophiles, alkoxy or phosphoryl groups have been
employed.

Among the phosphine catalysts involved in the asymmetric
reactions with 0-QM and p-QM, we can find bifunctional phos-
phine catalysts that possess a hydrogen donor such as a
thiourea or peptidic residue enabling the activation of
quinone methide and at the same time the nucleophile, which
provides a preferred transition state ensuring high enantioin-
duction in the reactions.

Although phosphine catalysis has a broad scope, the
reactions involving asymmetric MBH or RC-type processes
are quite scarce. Moreover, the enantioselective phosphine-
catalysed reactions of quinone methide intermediates invol-
ving allenes, alkynes or Michael acceptors are rather
limited. Therefore, we expect further developments in
enantioselective phosphine-catalysed reactions to 0-QM and
p-QM in the following years. In particular, the development
of novel methodologies involving 0-QM, o-hydroxy p-QM
and aza-0-QM would be of great interest as an alternative
to the actual synthetic methodologies for the construction
of optically active chromane and tetrahydroquinoline
derivatives. Furthermore, we expect novel phosphine-cata-
lysed cyclization strategies of quinone methide species to
appear soon in the literature, which would be useful
approaches for the synthesis of novel oxa-heterocycles and
N-heterocycles.
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