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Thiourea- and squaramide-based bifunctional base catalysts
represent nowadays a powerful tool in the field of asymmetric
catalysis and have demonstrated very efficient for promoting a
wide variety of transformations enantioselectively. New versions
that incorporate one or various additional H-bond donor site(s)
in the catalyst structure have been developed recently which
led to more active (reduced catalyst loadings) and selective

1. Introduction

Multifunction is inherent to the mode of action of enzymes in
catalysing bond forming/breaking processes with extremely
high efficiency and selectivity.") In the realm of small-molecule
catalysis, and particularly organocatalysis, the potential advan-
tages of catalysts capable of displaying bi(multi)functional
activation mechanisms were postulated quite long time ago,
but its realization has progressed with paucity.” Notably, in
1981 (more than four decades ago) the bifunctional character
of naturally occurring cinchona and ephedra alkaloids -which
integrate as key structural moiety a chiral B-hydroxy amine
fragment- was already noted by Wynberg et al.®! Their studies
on the enantioselective conjugate addition of arenethiols to
enones in the presence of such organocatalysts led to the
conclusion that “[these compounds] can be regarded as bifunc-
tional catalysts...They activate the thiol via ion-pair formation
and the enone via hydrogen bonding”. While moderate enantio-
selectivities were achieved, in their 1981 paper authors
concluded that “the development of new chiral catalysts with the
principle of multifunctional catalysis in mind will certainly
enhance the importance of catalytic chiral synthesis as a method
for obtaining optically active substances.” and that “the scope of
the utility to other Michael reactions can perhaps be extended by
constructing a catalyst containing a stronger base or a better
hydrogen bond donor.”

Over the last two decades, that prediction has come true
and several chiral catalysts integrating a Brgnsted base (BB) and
a hydrogen-bond (HB) donor moiety have demonstrated
effective in promoting C—C and C-heteroatom bond-forming
reactions enantioselectively.” In this evolution, BB’s other than
tertiary amines have been introduced in the catalysts design,
but these latter remain dominant.”’ On the contrary, the search
of HB donor units other than simple alcohols has resulted quite
fruitful, with urea and thiourea being among the most
successful in this context.”” Thus, fundamental and independent
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catalysts. This review highlights the pioneering ideas and the
most recent contributions to the area with the material
organized according to the nature of the additional H-bond
donor functionality. The advantages, current limitations and
perspectives of these new multifunctional catalysts are dis-
cussed.

discoveries by the groups of Jacobsen” and Schreiner® in the
late 1990’s/early 2000’s uncovered the capacity of a-amino
acid-derived chiral (thio)ureas and electron-poor N,N-bisaryl
(thio)ureas, respectively, as effective HB catalysts. Ground on
these studies, in 2003 Takemoto realized the highly enantiose-
lective, direct Michael reaction between 1,3-dicarbonyl com-
pounds (malonates) and nitroolefins using tertiary amine/
(thio)urea catalyst (Figure 1a),” a realization that set a trend.
Five years later, Rawal expanded this category of tertiary amine/
HB catalysts by introducing the squaramide functionality as a
highly efficient HB donor unit (Figure 1a)."” Since these
ground-breaking findings, a large body of work involving both
(thio)urea- and squaramide-based bifunctional BB catalysts""
has been developed based on refining catalysts design, thus
broadening the portfolio of reactions within reach.

In the above developments, it is generally recognized that
HB interactions during substrate activation and, ultimately,
control of the reaction outcome, including stereoinduction, play
a critical role. The perception that catalysts incorporating
additional HB donor units in their structure may perform
superior, while vague, has guided the design of new catalysts

a) Prototypical bifunctional Brensted base/H-bonding catalysts
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Figure 1. a) First BB catalysts incorporating thiourea/squaramide units. b)
Various topologies explored within multifunctional Brgnsted base/H-bonding
catalyst architectures. Asterisk denotes chiral backbone.
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that, in fact, resulted comparatively more efficient in many
instances. A practical consequence of this idea is that prepara-
tion of catalysts with increasing structural and functional
complexity is necessary, which means slightly longer catalyst
preparation sequences. However, benefits in terms of more
effective substrate activation, better catalyst pre-organization,
tighter transition state geometries, and ultimately higher
degree of stereoinduction, often override. This review describes
the most salient contributions in the area with a focus on the
underlying key design elements and, when available, showing
any gained efficiency in catalyst activity and selectivity by
incorporation of the additional HB donor site(s). As the general
pictograms I-IV in Figure 1b represent, various topological
arrangements of the main three active units of the catalyst have
been conceived, with | being the most frequently explored
topology and IV the less often studied. Content has been
organized based on the catalyst structure/functionality, cover-
ing first thiourea and urea-based catalysts, and then squar-
amide-based developments. In its turn, methods within each
section are ordered according to the nature of the additional
HB donor functionality, i.e., sulfonamides, alcohols, amides,
organoboronic acids, amidines, amines, and bis (thio)urea
systems. While some of these developments may have been
already discussed in a fractional manner in previous review
articles,”“'? to the best of our knowledge there is a lack of a
focus review, except a Featured Article by Wang that mainly
covered their own laboratory contributions to the area until
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year 2015.°7 Herein we report the main contributions since the
first examples until the end of 2021.

2. Thiourea-based Multifunctional Brgnsted
Base Catalysts

2.1. Thiourea-sulfonamide systems

In 2008 Wang laboratory reported newly designed catalysts of
general structure A (Scheme 1) as effective promoters of
Michael additions of acetylacetone to nitroolefins,"® thus
introducing a new family of bifunctional amine-thiourea
catalysts bearing multiple H-bonding donors with efficiencies
usually higher than that achieved with previously known
Brgnsted base/H-bonding bifunctional catalysts. The presence
of multiple H-bonding donors in the catalyst structure guided
the new design inspired by the mode multidentate enzymes
work in Nature. Furthermore, this design allows also variation
regarding the BB, the chiral diamine and the sulfonamide
group, which set the basis for the synthesis of other related
sulfonamide-containing multifunctional BBs as outlined in this
section. Subsequently, this research group further expanded
the utility of this family of catalysts to various reaction settings,
including domino processes, as summarized next.

In their initial report, thiourea-sulfonamide C1 was demon-
strated to be able to trigger the Michael addition reaction of
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Scheme 1. First demonstration by Wang of the efficiency of new multifunc-
tional catalysts A in enantioselective Michael additions, 2008."

acetylacetone 1 to nitroolefins 2 with high enantioselectivities
using very low catalyst loading (95 % ee with catalyst loading as
low as 0.1 mol%) (Scheme 1). The substrate scope using 1 mol%
catalyst in Et,O at room temperature was demonstrated wide
for aromatic nitroolefins, affording high enantioselectivity (>
95% ee). The aliphatic nitroolefins performed slightly inferior,
with longer reaction times and 5 mol% catalyst loading being
necessary to achieve ee values in the range of 81-85%. Still,
these figures are among the best in the literature for Michael
additions to aliphatic nitroolefins. Control experiment using as
catalyst a methylated sulfonamide derivative (instead of the
free sulfonyl NH) led to less efficient and selective addition
reaction, thus demonstrating the relevant role played by the
third H-bonding donor group in the present design. In
subsequent work by Wang group it was demonstrated that this
same catalyst C1 is also effective in the Michael reaction to
nitroolefins of nitroalkanes 4"¥ and cyclopentanones 5,
respectively, as pronucleophiles.

In following up studies Wang and co-workers found that
the efficiency of this new family of catalysts can be translated to
the aza-Henry reaction between nitroalkanes and N-Boc
aldimines 6 to afford 7/8 (Scheme 2a)."® It is significant that
among the several isomeric forms tested, C1 demonstrated
again the highest stereoinduction during the new C—C bond
forming event, this time in acetonitrile as solvent at —20°C.
Once more, both the free sulfonyl NH and the electron-
withdrawing aryl group attached to the sulfonyl in catalyst
structure were essential for efficiency. It is important to remark
that aliphatic aldimines were also well tolerated in the reaction
as well as the fact that the reaction diastereoselectivity when
using superior nitroalkanes to give rise adducts 8 remained
high. In addition, the authors reported that cyclic -keto esters
9 and diketones 10 may also react with azodicarboxylate
reagents in the presence of 10 mol% catalyst C1 in cryogenic
conditions to afford a-diazo compounds 11."” Cyclic substrates
9 usually provided products in very good yields and enantiose-
lectivity, while acyclic B-keto esters seem to lead to impractical
selectivity (Scheme 2b).

A few years later, Pen, Wang, Shao and coworkers found C1
as the optimum catalyst to achieve Michael additions to
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Scheme 2. The new thiourea-sulfonamide catalyst C1 as promoter of
enantioselective aza-Henry and a-amination reactions. Wang, 2008,
20111617

nitroolefins in which activated alkynyl methyl ketones 12 were
employed as equivalents of acetyl acetone kinetic enolate
(Scheme 3)."® During catalyst screening, the similar amine-
thiourea catalyst that lacks the sulfonamide group (Takemoto’s
catalyst) showed to be also competent but led to somewhat
lower isolated yield (73 % vs. 84%) and enantioselectivity (80 %
vs. 85% ee). Curiously, in their stereomodel proposal TS1
authors fail to assign any relevant role to the free sulfonyl NH
group during the key C—C bond forming step.

Complementing their pioneering studies on the catalytic
performance of thiourea-sulfonamide catalysts of general
structure A, Wang group carried out further evaluation of this
catalyst model in the context of sulfa-Michael reactions. After
screening several compounds with varying substituent groups
and relative configurations, the catalyst represented by C1
afforded, once again, the highest activity and enantiocontrol (ee
>90%) for the conjugate addition of aryl thiols to Z-trifluor-
ocrotonates 15 (Scheme 4a)."™ The reaction with alkyl thiols
proceeded with poor selectivity (R=Bn, 52% ee). Control
experiments with enoates lacking the CF; substituent at Cp

o R?
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—
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o 1. g™Xx-NO2 R 13
) 840
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Scheme 3. A decarboxylative Michael addition strategy with alkynyl ketoest-
ers based on Wang's catalyst. Peng, Wang & Shao, 2016."®
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Scheme 4. Thiourea-sulfonamide catalyst C1 promoted sulfa-Michael reac-
tions. Wang, 2011-2013.0'*%2

required higher catalyst loading, longer reaction times and
provided lower selectivity, indicating the CF; group has a critical
role. One problem of this method is that the reactions involving
the E-configured analogs proceeded with considerably low
enantioselectivity. Further research from the same group
identified a solution to this problem by using the corresponding
E-configured pyrazolyl amides 18 instead (Scheme 4b). In
addition, the resulting adducts 19 are crystalline, so that simple
crystallization may afford essentially enantiopure products.”” A
transition-state model TS2 was proposed for these reactions in
which the three thiourea and sulfonamide N—H groups
associate through H-bonding to the acylpyrazole moiety of the
substrate. Using the same catalyst system, the enantioselective
sulfa-Michael reaction could be extended to Michael acceptors
lacking the CF; group. Thus, addition of thiols to esters 202"
and dienone systems like 21%? also proceed under smooth
conditions affording adducts 22/23 in high diastereo- and
enantioselectivity (Scheme 4c).

The capacity of thiourea-sulfonamide molecules as efficient
catalysts in reactions involving more elaborated Michael accept-
ors in domino or cascade processes has been explored
successfully. Soon after its introduction by Wang group, Chen
and co-workers identified C1 as the best catalyst to trigger the
sulfa-Michael/Michael reaction cascade of thiols with nitroolefin
enoates 24 to afford polyfunctionalized chromane derivatives
25 in a highly stereoselective manner (Scheme 5a).”® An array
of C- and O-tethered substrates 24 were suitable and products
25 were obtained in good yield and usually excellent stereo-
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Scheme 5. Stereoselective domino processes promoted by catalysts based
on a thiourea-sulfonamide system: a) Sulfa-Michael/Michael reaction of thiols
with nitroolefin enoates. Chen, 2010;% b) intramolecular crossed Rauhut-
Currier reaction. Gu and Xiao, 2014.%

selectivity. For the first sulfa-Michael addition, a transition-state
similar to TS2 (Scheme 4) is proposed with the participation of
the sulfonamide NH group in which Re-face attack is favored.
For the second intramolecular Michael the Si-face attack is
preferred, as in TS3.

In a variation of the above method, Gu, Xiao and co-workers
developed an intramolecular crossed Rauhut-Currier reaction
involving the same type of unsaturated nitro-esters 24 to
produce bicyclic structures 27 in the presence of thiourea-
sulfonamide catalyst C2, which again demonstrated to be
superior to other similar bifunctional catalysts lacking the
sulfonamide group.”” The key for this chemodivergent reaction
outcome was the nucleophilic promoter, which in this latter
case could be either stoichiometric N,O-diacylated hydroxyl-
amine 26 or alternatively substoichiometric amounts of benzo-
triazole or p-thiocresol (Scheme 5b). The reaction afforded
bicyclic structures 27 in generally good yields and enantiose-
lectivity with C1 being also competent catalyst.

More recently, Wang, Sheng and co-workers described the
catalytic Michael-Henry reaction cascade between S-tethered 2-
oxindole-ketones 28 and nitroolefins 2 to afford spiranic
products 29 (Scheme 6).*) Optimal stereoselectivity was at-
tained using Wang's catalyst C3, a stereoisomer of C1, under
very smooth reaction conditions. Interestingly, chlorination of
adducts 29 employing the typical pyridine/thionyl chloride
system was accompanied with an unexpected rearrangement
to afford tricyclic compounds 30. A transition-state model TS4
involving multiple H-bonding interactions was proposed for the
key stereochemistry-determining step.

In another approach to functionalized chromene systems,
Peng described a catalytic oxa-Michael/aza-Henry reaction
cascade between N-tosyl salicylimines 31 and nitroolefins 2
(Scheme 7a).?? After screening several multifunctional catalysts,
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Scheme 6. Domino Michael-Henry process promoted by multi H-bonding
thiourea catalyst leading to enantioenriched spiranic compounds. Wang and
Sheng, 2018.%
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Scheme 7. a) Asymmetric oxa-Michael/aza-Henry reaction cascade between
N-tosyl salicylimines and nitroolefins promoted by C4. Peng, 2012.2% b)
Michael addition of a-cyano ketones to nitroolefins catalyzed by C5. Kim,
201 2.[27]

including Wang’s catalyst, thiourea-sulfonamide C4 derived
from two trans-cyclohexane-1,2-diamine units afforded the best
results, thus showing that following general design A, other
efficient sulfonamide-containing catalysts can also be devel-
oped. Chlorobenzene was proven to be better solvent than
most commonly used chlorinated and non-chlorinated solvents
such as CH,Cl, or acetonitrile, and low temperatures were
needed that turned the reaction seemingly slow. However,
yields and selectivities were generally high or very high. A
comparatively more sophisticated thiourea-sulfonamide cata-
lyst, also derived from two trans-cyclohexane-1,2-diamine units,
but incorporating a conformationally restricted binaphthyl
framework (i.e. C5), was developed by Kim. This catalyst proved
successful in promoting the asymmetric Michael reaction of

Eur. J. Org. Chem. 2023, 26, e202201254 (6 of 31)

cyclic and acyclic a-cyano ketones 33 with nitroolefins to afford
the corresponding Michael adducts 34 in high yield, moderate
to very good diastereoselectivity and very good enantioselectiv-
ity (Scheme 7b).?”

Ye group investigated the conjugate addition of oxazolones
to enones under various BB/H-bonding bifunctional catalysts
hoping to broaden the scope of suitable enone substrates for
this transformation. Initial screening using some well-estab-
lished catalysts led to products in good yields and diastereo-
meric ratios, but poor enantioselectivity (<10% ee). Further
exploration using Wang’s multiple H-bonding catalysts afforded
adducts with comparable yields and dr values but improved ee
values (up to 66%). Finally, they synthesized a new thiourea-
sulfonamide catalyst subfamily C6 derived from tert-Leucine,
which ultimately achieved similar reaction yields and diaster-
eoselectivity but ee values above 90% in all cases reported
(Scheme 8).%% It is worth of noting that products 37 with
adjacent tertiary and quaternary stereocenters are formed as
essentially single stereoisomers using unusually high reaction
temperatures (50°C).

In 2011, almost simultaneously, independent work by the
groups of Ye,”® on the one hand, and Zhao and Shi,®” on the
other, documented the synthesis of novel thiourea-sulfonamide
systems (eg. C7 and C8) derived from 9-amino(9-
deoxy)epiquinine and 1,2-diphenylethene-diamine moieties.
These multiple H-bonding donor sites bearing catalysts per-
formed exceedingly in conjugate additions of enolizable
precursors such as diketones 38 and 2-oxindoles 40 to nitro-
olefins and vinyl sulfones, respectively (Scheme 9).

Both catalysts C7 and C8 were also efficient in triggering
addition reactions of enolizable pronucleophiles to isatin and
isatin-derived imine substrates. Thus, Zhao and Shi found that
C8 is the catalyst of choice for the addition-trapping reaction
cascade involving isatins 43 and a-isonitrile esters 44 to afford
spiro-compounds 45 in a stereocontrolled fashion
(Scheme 10a).”" On the other hand, Sha, Wu and co-workers
developed a Mannich-type reaction of pyrazole amides 47 to N-
Boc ketimines 46 (Scheme 10b).5? The pyrazole moiety in this
latter reaction showed to be crucial for attaining desired
catalytic reactivity.

Wu and coworkers examined various bifunctional BB/HB
catalysts for the Michael-nitrile addition reaction cascade
between [-ketonitriles 49 and isatiliden malonotriles 50 for the

Ph )SL By
Ph.__J.,
TN
O\\S,NH HoH
o~
R

o R: 4-NO,CgH, 0O Rz o

o
N C6 (10 mol%) N
f&w ¢ e Lo
o pn” O R

1,2-DCE, 50 °C, 72 h
35 36 37

Ph

28 entries, 81-98%
dr 10:1 to >30:1
92->99% ee

Scheme 8. tert-Leucine derived sulfonamide-thiourea tertiary amine base for
promoting the asymmetric conjugate addition of oxazolones to enones. Ye,
201 2.[28]
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construction of spiranic oxindole derivatives 51 (Scheme 11).5%

While various catalyst were equally competent for bringing the
reaction to completion, the quinidine-derived thiourea-sulfona-

\ ; )N\H P B e ;éﬂszsH“ mide system C9, a diastereomer of C8, provided the highest
SN HN\\ R enantioselectivities. Control experiments with catalysts afford-
a) % NS able from various combinations of cinchona alkaloid derived
o o o7 5 mo) o a amine and 1,2-diamine moieties demonstrated that the config-
RZWV\RZ RN uration of the product was dictated by the quinidine moiety
38 2 wrren o & Lo mainly, C9 resulting the optimum catalyst. Upon screening the
39 effect of various additives it was found that addition of a base
20 e;‘f_‘:;;;%% improved the chemical yield. However, while secondary amines
considerably improved the enantioselectivity, both primary and

°) \ PhO.S tertiary amine additives have a limited effect on selectivity.
R3 A C8 (20 mol%) " ’ L Rt In another approach to immobilization of multiple H-
mo SR L — o bonding catalysts, Khan group designed quinine- and 1,2-

. 21 Toluene:CHCI; (1:1) N . . . . .

40 BoC ~20°C, 6d boc diamine-derived thiourea-sulfonamide catalysts grafted on
_42 MCM-41 mesoporous silica (Scheme 12).5¥ Before conducting
20 e?;?géa/]ife% catalysis experiments, the prepared insoluble materials like C10

Scheme 9. Cinchona-derived thiourea-sulfonamide systems described by Ye
and Zhao and Shi simultaneously for conjugate additions, 2011.2%°"

could be characterized by techniques such as FTIR and *°Si and
BC CP/MAS solid-state NMR spectroscopy, as well as via
nitrogen sorption isotherms or powder X-ray diffraction XRD
spectra. Evaluation of the catalytic ability of these heterogenous
materials was performed using the isatin cyanoeth-

a) R*0,C N . . .
2 NC S— Ri,,, \Wo oxycarbonylation as model reaction. As the results in Scheme 12
] = i W .
R'T v o Raj\COZR“ Tmoocaan  RE NN show, catalyst C10 was able to promote formation of adduct 53
1,0, , = . .
5 R 4 2 N\R2 in chloroform at room temperature in the presence of MeOH as
45 . ars . . o ele .
18613 eniies, 51-65% enabling additive. Yields as well as enantioselectivities with N-p-
dr 2:1 to >20:1 nitrobenzyl isatins 43 were consistently high. In parallel
27-97% ee

reactions conducted under similar but homogeneous condi-
tions using the corresponding soluble catalyst, slightly inferior
reactivity and selectivity were obtained. Catalyst recycling could

NBoc
o . . . . .
ng/g:o NS C7 (10 mal%) be achieved through centrifugation and washing with chloro-
Z N a7 ND CHiCN, 4A form, and the reused material was equally selective along 5
R 25°C,1.5-84 h
46 g

28 entries, 84-97%
dr 16:1 to 99:1
96->99% ee

Scheme 10. Isatin derivatives as electrophiles in asymmetric reactions
catalyzed by cinchona-derived thiourea-sulfonamide catalysts. Zhao & Shi,
2013.5" Sha & Wu, 2014.5%

consecutive runs, although yields commenced to decrease.

2.2. Thiourea-alcohol systems

Soon after the introduction of multifunctional thiourea-sulfona-
mide catalysts of general structure A, Wang group found that

CFy
Ph o
H N
. o N’S\b o
o MCM-41 30 _~_ H
1 o
y HN-RR
{N__N,,
i Ph OMe
S Ph
(R: CF3) 0w OBt
NC " 9 [} ] Y
o} CN €9 (2 mol%) €10 (50 mg/0.1 subs. mmol) NG &
)K/CN N J Morpholine (1 mol%) 1N + EtOkCN NN
q - N
Ar TR R >~ ° MeOH 1.5 equiv. R o
49 LN CH,Cl, 0 or —10°C, 0.75-12 h N 2 equiv. Chel "ﬂ 24H Z N
50 R 43 R 52 5 R R?
R RZ: H, alkyl, allyl, OR, Ac 53
12 entries, 45-94%
26 entries, 96-99% 61-99% ee

76-97% ee

Scheme 11. Enantioselective synthesis of spiranic oxindole derivatives 51
catalysed by quinidine-derived thiourea-sulfonamide C9. Wu, 2016.°*

Eur. J. Org. Chem. 2023, 26, e202201254 (7 of 31)

Scheme 12. Multiple H-bond donating thiourea catalysts grafted on MCM-41
mesoporous silica for isatin cyanoethoxycarbonylation reactions. Khan,
201 9.[34]
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these catalysts, while effective in promoting the addition of a-
substituted [-ketoesters 10 to nitroolefins 2, the resulting
adducts 54 were obtained with low diastereoselectivity and low
to moderate enantioselectivities (Scheme 13).** This lack of
selectivity was attributed to unfavorable interactions between
the bulky sulfonamide NHSO,R group and the reactants in the
proposed transition-state. Indeed, improved results were ob-
tained by using the second generation catalysts B, in which the
sulfonyl group is replaced by the less bulky OH group
(Scheme 13). In the presence of C11 the addition reaction of
cyclic ketoesters 10 to nitroolefins 2 proceeded smoothly at
—45°C within less than 24 h to afford adducts 54 in high
isolated  yields and very good diastereo- and
enantioselectivity.”™ The method is also compatible with acyclic
ketoesters and 1,3-diketones, although slightly lower selectiv-
ities accompanied. The significant role multiple hydrogen-
bonding donors played in this catalyst system was apparent as
catalysts with similar structure but lacking the alcohol group,
i.e. C12, or presenting blocked alcohol in the form of methyl
ether, i.e. C13, led to drastically reduced enantioselectivity.
More recently, Wang group explored a new access to chiral
B-trifluoromethyl substituted alkylsulfones 56 via catalyst-con-
trolled conjugate addition of thiols to p-trifluoromethyl sub-
stituted vinyl phenyl sulfone 55.59 Using as low as 1 mol%

: i Ph S Ph
: ” u)\rPh = NJ\N)\(Ph
HN nvet M on

1 NMe,

. “SO,R
: A (1%t generation) B (2" generation)
! Wang, 2008
CLr
_Ph
NMe, OH o O
o 0 C11 (10 mol%) Pyt
AR+ oo, o “
" ) N S 2
CH,Cly, 45 °C, 12-20 h
1 9/10 2 2012 54 R?
R': Me, OR 21 entries, 89-98%
dr 5.7:1 to >99:1
90-99% ee
CLir., QAT
SSNTONTN <N ”‘“K,—/Ph
S OOH OH - 3
NMe 1 OMe!
NMe, c12 2 3 oV

suboptimal catalysts

Scheme 13. Stereoselective Michael addition of cyclic ketoesters 9 to nitro-
olefins promoted by multifunctional tertiary amine/thiourea/alcohol cata-
lysts. Wang, 2008.5

S Ph
ON B

et P oH

C14 (1 mol%) RS

RSH + x_-SO,Ph :
FiC” 702 FsC/\ss/SOzPh

16 55 CH,Cly, 20°C, <2 h

13 entries, 82-99%
36-84% ee

Scheme 14. Asymmetric Michael addition of thiols to sulfone 55 promoted
by thiourea-alcohol bearing catalyst C14. Wang, 2013.5¢
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equivalents of the thiourea-alcohol C14 the reaction with a
range of aryl thiols was brought to completion in less than 2 h
at —20°C affording adducts 56 in good yields with enantiose-
lectivities from moderate to good (Scheme 14). Screening of
several bifunctional amine-thiourea catalysts, including various
stereoisomers of C14, resulted in inferior enantioselectivity
(typically ee <25%) for this transformation. The reaction with
alkyl thiols were less selective.

Starting from the corresponding chiral 1,2-aminoalcohol
building block, several bifunctional catalysts bearing thiourea-
alcohol moiety as multiple H-bonding donor system have been
developed in which the amine unit is changed from
cyclohexane diamine to quinine or related alkaloid structures. In
this context, in 2009 the groups of Koskinen®” and Lu,®
independently, reported the preparation and evaluation of
quinidine-derived thiourea-alcohol catalysts of general structure
C (Figure 2). However, initial exploration of these molecules as
catalysts for the Michael addition reactions of nitroalkanes to
vinyl bis-sulfones and of Meldrum'’s acid to nitroolefins provided
unsatisfactory levels of enantioselectivity.

Further studies by Lu and co-workers led to identify 2-
aminoindanol-derived thiourea-alcohol C15 as optimum cata-
lyst for the tandem aza-Michael-Henry condensation reaction
between ortho-sulfamido benzaldehydes 57 and nitroolefins to
construct 1,2-dihydroquinolines 58 in high yields and enantio-
selectivities (Scheme 15).%¥ The overall process required consid-
erably long reaction times. Additionally, the trisyl sulfonyl group
proved to be crucial for attaining high selectivities, with some
common sulfonyl groups such as tosyl, nosyl or mesyl providing
poor ee values.

Figure 2. General structures of the alkaloid derived multifunctional thiourea-
alcohol catalysts independently reported in 2009 by Koskinen® and Lu.®®

OMe
_ N

HN ‘\
s LA

D
R! CHO
\@ e €15 (20 mol%) R N N0z
N T No, .
N

A 2 Toluene RT, 36-72 h “R2
—Q— I
0=8=0 0=8=0
57 Trisyl 58  Trisyl
12 entries, 92-75%
70-90% ee

Scheme 15. Enantioselective preparation of 1,2-dihydroquinolines 58
through an aza-Michael-Henry condensation tandem reaction. Lu, 2010.”
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Thiourea catalysts with multiple H-bonding groups derived
from the merging of aminoquinine and aminoindanol frag-
ments have found applications in cascade processes. Xu has
reported the domino vinylogous Michael-intramolecular Henry
reaction of unsaturated aldehydes 59 and nitroolefins to form
pentasubstituted cyclohexene products 60/61 in the presence
of a bifunctional BB/H-bonding catalyst (Scheme 16).*” Cyclo-
adduct formation required additional treatment of the reaction
mixture with Ac,O/DMAP system. Examination of a variety of
bifunctional catalysts revealed a diastereodivergent behavior of
the cascade process, with common bifunctional catalysts such
as C17 affording 61 as major isomer while catalyst C16, a
diastereomer of C15, bearing multiple H-bonding donors,
afforded 60 as major isomer. The Cl16-catalyzed process
proceeded with high yields, diastereoselectivity ratios of about
4:1 or higher and very high ee for a variety of a-branched enals
59 and aromatic nitroolefins 2. On the basis of X-ray crystallo-
graphic analysis and control experiments the authors propose
the transition states TS5-TS8 (Scheme 16) for the razionalization

OMe

% Q. j:fA,F

c17 Arf: 3, 5 (CF3)205H3

R! €16 or C17 (20 mol%)
/\/\ + R NNO:
R CHO 2 THF or CH,Cl,, up to 8 d

:\:z

59 then DMAP, Ac,0
10 entries, 65-86% 6 entnes 61-90%
dr 3:1 to >20:1 dr4:1to>20:1
92-99% ee 71-94% ee
(with cat C16) (with cat C17)
B 7 r _H--- 7
HoA Ny TEENG
,u'/ ’\\‘/ "6 g--H |
o f

secondary
steric

Ph" o‘ repulsion

primary '
steric - vs.
repulsion

Ts6

TS5
Re-Si approaching

Re-Re approaching

| unfavored | favored
Y Y
OHC Ph
OHC IPhF’h | Ph
----> 61 60 <----

Ph NO, Ph  NO,

A A

! favored ! unfavored

steric
repulsion

TS7
— Re-Si approaching —
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Scheme 16. Stereodivergent Michael/Henry tandem reactions of aldehydes
and nitroolefins with thiourea/alcohol containing BBs as catalysts. Xu,
2017.4%
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of this stereodivergence. For catalyst C16 the intramolecular H-
bonding interaction between the OH group and the thiourea
sulfur places the bulky indane moiety in such a way that
significant steric repulsion with the phenyl ring of the nitro-
olefin favors the Re-Re approach (TS6) over the Re-Si one (TS5)
to provide adduct 60. For catalyst C17 this repulsive interaction
is not present and, instead, steric repulsion between the
substrate substituents dictates the Re-Si approach (TS7) as the
most favorable one, thus leading to adduct 61.

Ouyang, Chen and co-workers discovered a base-promoted
addition followed by rearrangement process involving a-chloro
2-oxindoles 62 and azomethine ylides 63 to produce the diaza-
spiro systems 64 (Scheme 17).*" Development of a practical
asymmetric version of this transformation was not straightfor-
ward. After extensive screening, the authors found that a
combination of the multifunctional catalyst C18, 20 mol% of 1-
hydroxy benzotriazole 66 and 2-amino-3-methylpyridine 65
could successfully induce high diastereoselectivity and enantio-
selectivity for the transformation to give product 64 in a
mixture of chloroform and trifluorotoluene as solvent.

Compounds bearing multiple H-bonding donor groups of
general structure C, and the related quinine-derived structure D
(Figure 2), soon became frequently explored in various reaction
settings. In 2011 He group evaluated catalysts C15,C19 and C20
for the Michael reaction of 2,5-propanedione to nitroolefins 2
and found C15 as the most effective (Scheme 18a).” During
the reaction optimization, low temperatures and the presence
of molecular sieves proved beneficial in terms of enantioselec-
tivity. Selectivity was also highly solvent-dependent, with
acetonitrile providing the best figures. As usual, alkyl and
alkenyl substituted nitroolefins behaved inferior than aryl
analogs leading to a decrease of about 10 or 20 units of ee.

The same group also developed similar Michael reactions of
simple symmetrical ketones, i.e. acetone, to nitroolefins as well
as aza-Henry reactions between nitroalkanes and N-Boc aldi-
mines catalyzed by quinine- and cinchonine-derivedthiourea-
alcohols (Scheme 18b-c).** €22 was also found efficient for the
conjugate addition of 2,5-propanedione to nitroolefins 2
(Scheme 18a). Interestingly, these studies further revealed the
high variability of solvent dependence: while acetonitrile was
the best option for diketones addition to nitroalkenes in the
presence of C22 as catalyst, the addition of acetone in presence
of C21 worked better in toluene and the aza-Henry reaction

%f%

Cc18 (20 mol%
o N.-.B
N ZY°N"P%  CHCIy/CF3Ph, —10°C, 72 h

H 63
62 CHs Mo N \CHS
| N 64
7 cl N
65 N N 66 OH 1 entry, 71%
1929
1.0 equiv. 20 mol% dr13:1, 92% ee

Scheme 17. Multifunctional BB catalyzed asymmetric synthesis of diaza-spiro
systems. Ouyang and Chen, 2019.%"
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Scheme 18. Alkaloid derived multifunctional thiourea-alcohol catalysed
addition reactions: a) He, 2011."? a,b,c) He & Zhang, 2012.*’ d) He, 2014.")

proceeded better in dichloromethane with catalyst C24. In
connection to this work, Lin, Duan and co-workers documented
the highly diastereo- and enantioselective aza-Henry reaction of
nitroalkanes with isatin-derived N-Boc ketimines for which the
dihydroquinine-derived catalyst C25 was the best."”

The He group also demonstrated the efficacy of these
catalysts in promoting the conjugate addition of malonic esters
to enones (Scheme 18d). In this particular case, out of various
cinchona alkaloid-derived thiourea-alcohol molecules with dif-
ferent configurations, €23 provided the highest selectivity.””
Importantly, a small amount of an inorganic base, preferably
NaOH (5 mol%), was necessitated for the reactions to proceed.

In the same context Y. Wang, X. W. Wang and co-workers
studied the Strecker-type reaction of azomethine imine 70
under the presence of various cinchona alkaloid-derived
organocatalysts (Scheme 19).¢ Initial screening showed that
both the basic quinuclidine and the acidic thiourea moiety
were crucial to catalyze the reaction and for attaining stereo-
induction. Moreover, investigation of the reaction conditions

Eur. J. Org. Chem. 2023, 26, €202201254 (10 of 31)

o 0
0,
H €28 (1 mol%) HNB\ \
N.+ + TMSCN N
N Mesitylene, —15 °C, 10 h to 6 d :
J AN
R RCN
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18 entries, 87-99%
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Scheme 19. Aminoalcohol-thiourea containing BBs for the stereocontrol of a
Strecker-type reaction through multiple H-bonding. Wang & Wang, 2013.“¢

and additives revealed that addition of catalytic amounts of (S)-
BINOL increased enantioselectivity notably. Considering this
latter observation, new catalysts incorporating a 1,2-diphenyle-
thanol fragment, such as C28/C29, were tested in the above
reaction, being C28 the best. The reactions tolerated a wide
range of aryl substituted azomethine imines 70, but the alkyl
counterparts (e.g. R=cyclohexyl) led to products 71 with
drastically diminished ee. Computational calculations for this
reaction localized a preferred transition-state structure (TS9)
with multiple hydrogen bonds formed between the catalyst
and the acceptor substrate 70, highlighting the importance of
multiple H-bonding donors on catalyst structure.

Applications of cinchona-alkaloid-derived thiourea-alcohol
catalysts to other types of reactions, including cycloadditions
and tandem reactions, have been demonstrated. Lattanzi™”
reported moderate enantioselectivities in the epoxidation of
alkylidenmalononitriles 72 with cumyl hydroperoxide 73 in the
presence of C30 (Scheme 20a), while Dong and Wang™®
realized the highly diastereo- and enantioselective Diels-Alder
reaction between 3-hydroxy-2-pyrones 76 and cyclopentene-
diones 77 in the presence of C31 to afford adducts 78
(Scheme 20b). In the former case, treatment of adducts 74 with
1,2-diamines afforded piperazine-2-ones 75, while in the latter
treatment of adducts 78 with sodium methoxide led to a
decarboxylative aromatization to provide desymmetrisized
cyclopentanediones 79.

Shibata found an interesting synergic effect between
organocatalysts bearing multiple H-bonding donors, for exam-
ple €32, and Lewis acids, such as TiCl, in the cross-aldol
reaction between aldehydes and o-fluoro bis-sulfone 80
(Scheme 21).% In the absence of any Lewis acid in toluene at rt,
bifunctional organocatalyst necessitated 4 days to bring this
reaction to full conversion but led to enantioselectivities below
20% ee. However, in the presence of 2.3 equivalents of TiCl,,
enantiocontrol increased dramatically. Authors recognized the
significant role played by the hydroxy group of the organo-
catalyst in controlling the enantioselectivity of the addition
reaction. This method was quite general for aromatic aldehydes
which, however, afforded aldols 81 with highly variable ee

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

85U0]7 SUOWILLIOD BAFER.D (el dde 8y} Aq peusenoh aJe e O ‘8sn JO S9N 10} Ariqi T 8UIjUO A1 UO (SUONIPUCD-PUR-SLLIBI WO A8 | 1M ARIq 1BU1|UO//SANL) SUORIPUOD PUe SWie | 8U188S *[7202/T0/cZ] U0 A%iqiaulluo A8|IM ‘NHI/AdN BLBISBAIIN 89101 Iq1g AQ ¥52T02202 208/200T 0T/10p/w0d A8 |m Are.q i puljuoadoine-Ansiweyo//sdny wouy pepeojumod ‘2 202 '0690660T



Chemistry
Europe

European Chemical
Societies Publishing

Review

EurJOC
J doi.org/10.1002/ejoc.202201254

European Journal of Organic Chemistry

=
R
N

NNH
N
< S}\NH
€30 R: OMe |
ph K‘/OH
€31 R:H
a) Ph
3
RN cnuomo) o <Con RN e
CN o\OH Toluene, —20 °C N CH4CN, RT
2067 h 1
72 73 74 3

12 entries, 47-90%

R
50-81% ee [Nio
N R!

b)

RS ol
o
NaMeO
P Rogr C31(5mol%) s aMe
OH CHyCly -20°C  R¢Hid THF/MeOH
o

76 77

18+8 entrles 43-91%
(exo0) dr>20:1 7., Ph
80-96% ee

MeO,C 79 ©
58%, 93% ee

Scheme 20. Cinchona-alkaloid-derived catalysts bearing thiourea and alco-
hol H-bond donors for promoting: a) epoxidation of alkylidenmalononitriles.
Lattanzi, 2015.*” b) Diels-Alder cycloadditions. Dong & Wang, 2017.1%

=
OH
N

0 N NH
N~ S)\I}JH
Arf: 3,5-(CF3),CeHz  ArF
w0 OH 0,
S, o C32 (10 mol%) S
L, A
”S\\O R™ 'H Ti(O'Pr)4 (2.3 equiv.) F's
o 0,
80 Toluene, RT, 2-24 h 81
13 entries, 73-91%
32-96% ee
OH Sml;, (6 equiv.)
/k MeOH/THF
R™ "CHyF

—70 ©f _40 °f
82 70°Cto-40°C

Scheme 21. Synergic Lewis acid/multifunctional BB catalysis for enantiose-
lective cross-aldol reaction between aldehydes and a-fluoro bis-sulfone 80.
Shibata, 2013.1*”

values. The reaction using aliphatic aldehydes tend to be less
practical as the reported enantioselectivities keep below 44 %
ee. The reaction adducts can be easily converted into the
corresponding monofluoromethyl carbinols 82 by reductive
desulfonylation with Sml,/MeOH.

Amine/thiourea catalysts with additional H-bonding donor
groups have also been built on less common chiral architec-
tures. Chai, Zhang and co-workers prepared several chiral
ferrocenyl tethered amino-thioureas bearing a carbinol sidearm.
The screening of these molecules as catalyst candidates for the
Michael addition of acetylacetone 1 to nitroolefins identified
prolinol-derived €33 as the most efficient (Scheme 22).°% It
should be noted that while the reaction in protic or polar

Eur. J. Org. Chem. 2023, 26, €202201254 (11 of 31)

H
=
Fe N/[<NM82
H_ N
HO o o
O O .
M + A X NO (Rc,SFc,S)-C33 (10 mol%) )%
1 2 Toluene, 0°C, 24 h Ar NO,
3
20 entries, 79-98%
67-96% ee

Scheme 22. Chiral ferrocenyl tethered amino-thioureas for the asymmetric
Michael reaction between 1,3-diketones and nitroolefins. Chai & Zhang,
2015.5%

solvents such as MeOH or CH;CN was very fast, these solvents
led to racemic product. Instead, toluene was the solvent of
choice considering both reactivity and enantioselectivity.

Sirit group developed chiral p-tert-butylcalix[4]arene-derived
amine-thiourea hybrids, such as C34 and C35, and investigated
their behavior as catalysts in various C—C bond forming addition
reactions. Catalyst C34 was the best to promote the cross-aldol
reaction between acetone and aromatic aldehydes to provide
83 (Scheme 23).5" Control experiments demonstrated that the
presence of free hydroxyl groups on calixarene structure was
crucial for catalyst activity and stereoinduction. The effect of
both acidic and basic additives was evaluated, but none of
them improved the reaction outcome. Most intriguing, some of
the substituted aryl aldehydes provided aldol adducts with
opposite configuration randomly. The rationale for this observa-
tion was not provided. The same group also showed that this
class of multifunctional catalyst is able to promote the Michael
addition of acetylacetone to nitroolefins affording adducts 84
enantioselectively.®?

C><NE12 EtzN”‘Q

NH HN

Qe e

o o
o o C34 (10 mol%) OH O )‘ji‘\
ArJ\H + Ar” Ar® NO,

with C35 (10 mol%)

i

i
Toluene, 3-5 days 83 i 84
RIS configuration |
i

10 entries, 79-90% CHsCN, 8-24 h
86-99% ee 10 entries, 65-97%
77-92% ee

Scheme 23. Enantioselective cross aldol reaction promoted by chiral p-tert-
butylcalix[4]4arene-derived amine-thiourea hybrids. Sirit, 2016, 2018.°"?
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2.3. Thiourea-amide systems

Pioneering studies by Jacobsen group in 2005 identified
thiourea-amine bifunctional structures derived from a-amino
acids and bearing an amide side arm of general structure E as
efficient catalysts in the context of the enantioselective
cyanosilylation reaction of ketones (Scheme 24).%¥ tert-Leucine
proved to be the optimum amino acid component (R": tBu) with
less sterically demanding amide derivatives, for example
secondary methyl amide, leading to improved enantioselectiv-
ities. For this particular reaction, replacement of primary amine
as the basic functionality with the corresponding N,N-dimethyl
tertiary amine (R: Me) completely supressed the reaction.
However, introduction of trifluoroethanol as an additive for in
situ generation of HCN restored the reactivity maintaining
enantioselectivity high. Upon further catalyst adjustment, C36
was found to provide the highest enantioselectivity and was
adopted for reaction development which resulted to be suitable
for a wide range of ketones. Detailed mechanistic studies
carried out subsequently confirmed the bifunctional operating
nature of the catalyst, and allowed to establish the most
favourable transition structure involving amine-bound HCN
adding to thiourea-bound ketone, as in TS10. Curiously, there
was no apparent role ascribed to the amide NH unit thus far.>"
Examples of applications of this catalyst in cyanation reactions
by other groups include Ley’s synthesis of bengazoles A and B,

a Con s i
: N~ o 1

 Me” NN ‘

! I ‘

L B R |
o C36 (R: nPr, R": t-Bu)
5 mol% TMSO CN
AL, + TmscN (5 mol) N
RTR CF3CH,OH, CH,Cl, R
85 12-48 h, -78 °C )
- 18 entries
81-98%
s, L~ N R 89-98% e
Ho N 7
tBQ»N\ HoW
o H-O, ¢”
P
NH
Me H,C Ph
TS10
b) Applications in synthesis by other groups:
OH
o)
OH ¢\ N\
: (Ley, ref 55) o N
S en T T . 6 o OH OH OH
\Sie]
87, 90%, 71% ee Bengazole A
Me
S Me (Seo, ref 56) B
"""""""" > + _CO
NZ N . Me N7 oH
TMSO CN Me OH

88, 82%, 50% ee Hydroxy wilfordic acic

Scheme 24. Enantioselective cyanosilylation of ketones promoted by thiour-
eas bearing an amide as additional H-bond donor,Jacobsen, 2005,°* 2007,
and applications of this catalytic reaction described by other groups, Ley,
2007;%" Seo, 2009.59
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involving aldehyde-derived cyanohydrin 87,°% and Seo’s syn-
thesis of hydroxy wilfordic acid, involving ketone-derived
cyanohydrin 88.5

Whether or not the amide NH group in E has any role in
substrate activation during key catalytic events, as a matter of
fact this catalyst system has been demonstrated successful in
various unrelated reaction settings. For example, independent
work by Berkessel group described the effectiveness of
thiourea-based bifunctional organocatalysts in the enantioselec-
tive dynamic kinetic resolution of azlactones 89 with alcohols
(Scheme 25).°” A wide variety of thiourea-tertiary amine based
structures were screened and those bearing an amide side-arm
such as C37 demonstrated to be the most efficient. It should be
noted that for this particular reaction, not only the free NH
amide but also N-dialkylated amide congeners worked effi-
ciently.

In a more recent application of the Jacobsen'’s catalyst, Shi
described the diastereo- and enantioselective construction of
dihydroisocoumarin-based  spirooxindole frameworks 92
(Scheme 26).°8 The transformation involves an aldol-intramo-
lecular transesterification cascade between homophthalic anhy-
dride 91 and isatin 43, and product isolation was preceded by
an esterification with diazomethane. In the tentative activation
model proposal described (e.g. TS11), no specific role was
assigned to the free NH amide side arm.

In a series of papers, Mukherjee group demonstrated the
effectiveness of Jacobsen-type thioureas in catalysing conjugate
additions of transiently generated vinylogous enolates
(Scheme 27).5% In their initial studies, the addition of a-

N ~ K
B ) NN

‘Bu o " M Rwve
C37 (5 mol%)

O Bu
&f )J\ O
\ Ph H/\IO( X

@

)_0 Allyl alcohol

Ph
89 Toluene, RT, 48 h 20

38% conv., 92% ee

Scheme 25. Dynamic kinetic resolution of azlactones employing chiral multi-
functional thiourea C37. Berkessel, 2006.°”

Do
Me’N\n/\N N
o H H o
fo) [e] NPry _
1.C38 19 D2
Z o ZN THF, -30 °C, 3A MS N
91 43 R 2. TMSCHN,, MeOH MeOC o R3

92
H 38 entries, 53-99%
Pr. Pr K dr>19:1
/ [N
<:>—-\N~-Hfa b o—~o H' o:&é\i} . 40-99% ee
- — o
N—H----- o%@ k@
s= 2 ‘
N
; N-H---0 R? o N
3:0

N aldol step ring closing/opening
Me  TSM step

Scheme 26. Aldol-intramolecular transesterification cascade reaction be-
tween anhydrides 91 and isatins 43 promoted by catalyst C38. Shi, 2016.®
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Scheme 27. Various conjugate additions of a-Angelica-type lactones 93
promoted by amide-containing thiourea bases. Mukherjee, 2012-2016."

TS12

Angelica-type lactones 93 to N-aryl maleimides 94 was shown
to proceed smoothly to give adducts 96 in high isolated yields
and enantioselectivity.”® Cryogenic temperatures were re-
quired for the highest enantiocontrol without compromising
too much the reactivity. The nature of the R group attached to
the catalyst amide moiety proved to have an impact on reaction
stereoselectivity. Thus, while the N-1-adamantyl derivative C39
was the most selective catalyst for the above reaction, the
addition reaction to cyclopentenones 77 proceeded with
suboptimal enantioselectivity with this and the related N-propyl
and N-benzyl catalysts.*® However, catalyst C40, bearing a N-
bis(trifluoromethyl)phenylmethyl group achieved increased se-
lectivity for this challenging desymmetrization process. With
this latter catalyst products 97 were obtained as essentially
single diastereomers in high yields and enantioselectivities from
good to very high for a range of substituent patterns.
Interestingly, base-promoted decarboxylation of thus generated
adducts allowed to develop an enantioselective two-step vinyl-
ation of 2,2-disubstitutes cyclopentene-1,3-diones.** This same
catalyst was able to promote the addition of 93 to vinylsulfones
95.5%" The reactivity attenuation observed at the low temper-
atures (—40°C) required for optimum stereocontrol could be
avoided by performing the reactions in the presence of
molecular sieves. A transition-state structure TS12 was pro-
posed for the reaction leading to product 96.

Thiourea-tertiary amine conjugates bearing two or more
amide side-arms have been explored as multiple hydrogen-

Eur. J. Org. Chem. 2023, 26, €202201254 (13 of 31)

bonding chiral catalysts in enantioselective bond-forming
reactions. For instance, in a recent study by Liu and co-workers,
a new reaction cascade for accessing polyfused heterocyclic
compounds 101 bearing five continuous stereogenic centers,
including a quaternary one, was developed (Scheme 28).”)
Evaluation of a variety of thiourea-tertiary amines, with or
without NH amide group(s) as additional H-bonding units,
revealed increased reactivity and enantiocontrol as the number
of amide groups in the catalyst increases, suggesting that
multiple H-bonding interactions may be involved. Among the
catalysts evaluated, those with two and three NH amide groups,
C41 and C42, respectively, outperformed, providing cyclo-
adducts with high yields. The presence of 4 A molecular sieves
in the reaction mixture allowed to diminish the catalyst loading
down to 1 mol% without deteriorating the enantioselectivity
nor the reactivity. The transition structure TS13 was proposed
to explain the observed stereoselectivity.

A rather spectacular demonstration of multiple H-bonding
interactions within thiourea-tertiary amine catalyst was reported
by Clayden laboratory in the context of the conjugate addition
of malonates to nitroolefins selected as model reaction
(Scheme 29).°" While the moderate enantioselectivity achieved
makes this method unpractical at the present stage of develop-
ment, the study shows how critical a single additional H-
bonding unit within catalyst structure may be regarding
conformation of the whole catalyst molecule. As the conforma-
tional switch between C43 and C44 in Scheme 29 shows,
insertion/deletion of a NH amide unit in a thiourea-terminated
oligopeptide may cause foldamer twist leading to a reversal of
the sense of enantioinduction.

Dixon group further explored the potential of thiourea-
amide-based catalysts by incorporating to the catalyst structure
an iminophosphorane unit as in F (Scheme 30). Stronger
organic bases may deprotonate pronucleophiles to a greater
extent, thus increasing the actual nucleophile concentration in
solution and broaden the repertoire of suitable nucleophile/
electrophile combinations. The realization of the highly enantio-

CF3
H ] R 3
: NJ\I\I‘/N\-)J\N:‘B-: R: R: H\/@\
" R § G H cat = CF3
- ™ CF; O ca2
NC_CN
o CN o o C41 (1 mol%) O COEt
N 4AMS 100 “/0H
Z N o CH,Cl,, 40°C, 10 h !
99 100 o 101 = i)
1 ‘BU 1
. B“HN H 24 entries, 78-95%
99 89
N N ar 87-99.8% ee
H™ o

Scheme 28. Multiple amide-containing thiourea-base catalysts for preparing
polyfused heterocyclic compounds 101 bearing five consecutive stereo-
centers. Liu, 2019.%
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Scheme 29. H-Bonds mediated conformational switch on oligopeptidic
catalyst as a base for programable reaction enantioswitch. Clayden, 2016."
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Scheme 30. Multi H-bond donating thioureas bearing an iminophosphorane
as BB for the sulfa-Michael addition to unsaturated esters 103 and alkenyl
benzimidazoles 105. Dixon, 2017, 2018.1%¢

selective conjugate addition of thiols to simple o,f3-unsaturated
esters 103, which are recalcitrant Michael acceptors in asym-
metric organocatalysis, is a powerful illustration (Scheme 30).°?
The bifunctional iminophosphorane (BIMP) C45, which is
prepared in situ by treatment of the corresponding chiral azide
with a triarylphosphine, was able to promote the reaction with
a variety of alkyl thiols quite efficiently to lead to products 104
in high yields and enantioselectivities usually high. Both the
amide-thiourea moiety as the H-bond donor group and tris-(4-

Eur. J. Org. Chem. 2023, 26, e202201254 (14 of 31)

methoxyphenylphosphine) derived iminophosphorane as the
Brgnsted basic group were crucial for optimum catalyst
performance. The high activity and versatility of this family of
chiral organo-superbases was further demonstrated in the
context of direct sulfa-Michael addition of alkyl thiols to alkenyl
benzimidazoles 105, most frequently N-tosyl benzimidazoles.
Using C46 as the catalyst, this reaction led to products 106 with
high yields in most cases and enantioselectivities up to 98%
ee.®™ During reaction optimization it was observed that the
parent thiourea-iminophosphorane catalyst lacking the amide
group imparted attenuated selectivity, and that both stereo-
centers on the new family of multiple H-bonding catalyst have
an impact on the level of stereoinduction. In addition, the
reaction proved to be solvent-sensitive, with THF and, in most
cases, Et,0 being the optimum solvent. The authors inves-
tigated by DFT calculations the origins of the reaction
enantioselectivity considering the most usual coordination
patterns with these Brensted base catalysts, the so-called
Takemoto’s®™ and Papai’s®® models. In Takemoto’s coordination
geometry the nucleophile interacts with the protonated
Brensted base and the electrophile coordinates to the thiourea
NHs via H-bonding. In its turn, in Papai’s coordination mode the
nucleophile coordinates to the thiourea NHs while the electro-
phile interacts with the protonated Brgnsted base. For the
reactions in Scheme 30, TS14, (Takemoto’s model) was found to
be energetically more favorable than TS15 (Papai’s model) in
4.3 kcal/mol.

The amide-containing thiourea-organobase systems de-
scribed until now all feature an amide-thiourea-Brgnsted base
(A-TU-BB) connectivity pattern as represented by topology I.
Amide-containing bifunctional catalysts that follow the comple-
mentary TU-A-BB arrangement (topology Il) have also been
developed. In 2010, Lu designed a new subfamily of thiourea-
amide systems, namely G, in which the amide function is
intercalated between the thiourea group and the tertiary amine
unit, this latter accessible from cinchona alkaloids. In a first
demonstration of this subtype of catalysts, the highly enantio-
selective Michael addition of 2-oxindoles 40 to vinyl
bis(sulfones) 107 was achieved (Scheme 31).%¢ While the
reaction with a-aryl 2-oxindoles 40 (R’=aryl) could be
performed with known bifunctional amine-thiourea catalysts in
highly enantioselective fashion, the a-alkyl derivatives proved
to be more challenging leading to poor selectivities. However,
using catalyst C47 even these latter substrates afforded adducts
108 in high enantioselectivity, further underlying the benefits of
catalysts bearing various H-bond donors. Transition state model
TS16 nicely matches the observed configuration of products
and underlines the role played by the amide NH in merging
both reactants during transition state.

Two vyears later, Lu and co-workers reported a catalytic
Michael-intramolecular alkylation cascade involving o-bromo
nitroolefins 109 and 2-oxindoles 40 to give spiranic cyclo-
propanes 110 and 111 as major products (Scheme 32).“” For
this reaction, catalyst C48 proved to provide the highest
enantiocontrol. However, extensive additive and solvent studies
were required to achieve useful levels of 110:111:112 products
ratio. Finally, using 5 A molecular sieves in CHCl; as solvent, in
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Gh/\sﬁo : W Scheme 33. Michael addition of phthalide derivatives 113 to nitroolefins

In parallel studies Liu, Chen and co-workers applied this
Scheme 31. Enantioselective Michael addition of 2-oxindoles to vinyl P PP

bis(sulfone) promoted by thiourea-amide organocatalysts. Lu, 2010.°¢ type of catalyst to an N-allylic amination-ring opening-oxa-
Michael cascade process starting from chromone-derived Mor-

ita-Baylis-Hillmann (MBH) carbonates 115 (Scheme 34).%" The
cascade process, the racemic version of which was previously

NO,
B a8 (R ="Bu, 10 moi%) X , described feasible under In(OTf); catalysis by same authors,
%\No2 =0 * R ﬁo . . .
2 (NH,),C0s, ouene, & resulted also amenable for bifunctional catalysis. However,
1 ;;1 common tertiary amine-thioureas led to products 117 with only
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Scheme 32. Stereodivergent synthesis of spiranic cyclopropanes 110-112 Q  OBoc NH, €49 (10 mol%) N _
promoted by thiourea-amide alkaloid derived C48. Lu, 2012."” | X ‘ | N[ |
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allowed to shift the reaction towards isomer 110 in variable Y4 | E E
yields, but high selectivity and very high ee values for most y TR ‘
cases. Importantly, it was found that base-promoted epimeriza- Nx\ 7 '\f O
tion of 110 to 112 was feasible, especially with nucleophilic \ /H
bases. This second process was most effective with DABCO in o8 Usi
THF, which lead to a one-pot two-step access to compounds - —
112. Thus, a highly enantioselective and diastereodivergent o os Y
. . 0oC O HN Ar
entry to either isomer 110 or 112 was uncovered. _
. = N, + NH, c49 =
Soon thereafter, the same group applied catalyst C48 to the S E UL Arr W
. - . . . . (o) STN0TT TN
Michael addition of phthalide derivatives 113 to nitroolefins R’ 15 16 R 47 @RZ

leading to products 114 as essentially single isomer in highly
enantioselective fashion (Scheme 33).“® A transition-state mod-
el TS17 was proposed in which both the thiourea and amide
groups of the catalyst are involved in H-bonding to both
reactants during the carbon-carbon bond forming event. VS
Strinckingly, the hydrogen bonding matching between nucleo-
philic/electrophilic reactants and the catalyst in model TS17 is

just the opposite to that proposed in TS16 (Scheme 31). Scheme 34. N-allylic amination-ring opening-oxa-Michael cascade process
promoted by thiourea-amide catalyst C49. Liu and Chen, 2013.%”

intramolecular
oxa-Michael reaction
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moderate enantioselectivity. Gratifyingly, multifunctional cin-
chonidine-derived thiourea-amides proved superior catalysts
with C49 leading to the highest enantioselectivity. According to
the author’s proposal, in the first step, the amine attacks the
MBH carbonate allylic position activated by the thiourea-type
catalyst providing 118. Subsequently chromane ring opening
would afford intermediate 119, which then would undergo an
intramolecular oxa-Michael addition. In this last step the tertiary
amine would assist the OH group deprotonation while the
thiourea NHs would coordinate to the carbonyl and imine N
inducing Si face attack (proposed TS19). However, no specific
role is assigned to the NH group of the amide function.

Yuan and coworkers studied this type of cinchona alkaloid-
derived multiple H-bonding thiourea-amide catalysts in the
context of addition reactions involving benzo-fused heterocyclic
systems (Scheme 35). In a first development, the cinchonidine-
derived thiourea-amide C50 was the optimum catalyst to

e
Z o SArF
C50 R: OMe Bn S
R:H
NO, o o c51 o ’\/‘\r,:
N .C50 o 2% OAc
RWT N\ . OR® 1 (20 mol%) LN
ZN \ RC s
R? Ar 124 CHCl3, 4A, -10°C, 72 h Z N H COR
120 ) b2
2. AcCl, Et3N, CH,Cl,, 20 min 122 R
20 entries, 65-97%
dr >20:1

97->99% ee

R7
C51 (20 mol%)

TN
o Z~N Xylene, —20 °C, 24-90 h

123 40 R°

N
124 e
26 entries, 70-99%

dr 3:1 to >20:1
71-96% ee

Scheme 35. Dearomative reactions involving benzo-fused heterocyclic sys-
tems promoted by amide containing thiourea-bases. Xu & Yuan, 2017. Zhao
and Yuan, 2020.7071

R2

€48 (1 mol%) R? SR

RH\(NOz + RSH S_NO,
3 MTBE, -40°C, 4 h R
R R3
125
Mainly R3= aryl L
38 entries, 61-99%
65-99% ee
F3C
FsC

Scheme 36. Enantioselective addition of arenethiols to nitroolefins promoted
by multi H-bond donating C48. Peng, 2017.7?
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promote the dearomative formal [4+ 2] cycloaddition between
3-nitroindoles 120 and Nazarov reagents 121.7% Hydrocarbazole
skeletons 122 were obtained with generation of three new
stereocenters in essentially perfect diastereo- and enantiomeric
control. Comparative experiments using as catalysts analogs
lacking either NH amide or thiourea groups led to substantially
lower reactivity and selectivity, supporting the need of cooper-
ative multiple H-bonding interactions for high stereoselectivity.
In a subsequent development, authors identified the quinine-
derived thiourea-amide system C51 as the best catalyst to
trigger the dearomative addition of 2-oxindoles 40 to 2-
nitrobenzofurans 123."

Recently, Lu’s catalyst has been applied by Peng and co-
workers to an enantioselective addition of arenethiols to
substituted nitroolefins 125 (Scheme 36).7? Several catalytic
and enantioselective methods were available for the addition of
alkylthiols, but highly enantioselective methods suitable for
direct addition of aryl thiols remained rare. Since the resulting
sulfa-Michael adducts 126 tend to racemize at ambient temper-
ature, cryogenic conditions were required for both the reaction
and the products purification aftermath. The high activity of
multiple H-bonding catalysts such as €48, even at low temper-
atures and low catalyst-loading, was a key for success. In the
proposed TS19 by the authors the amide NH coordinates to the
thiolate nucleophile.

Complementing the above thiourea-amide molecules with
TU—A-BB type arrangement derivable from cinchona alkaloids,
similar multifunctional catalysts have been designed starting
from other chiral cyclic and acyclic 1,2-diamine scaffolds. In this
context, Lee, Jiang and coworkers designed dipeptide-based
catalysts of general structure H derivable from tert-Leucine and
the corresponding 1,2-diamine moiety (Scheme 37). Formal [4 +
2] annulation of 5H-thiazol-4-ones 127 and nitroalkenes to yield
1,4-sulfur bridged piperidones and their derivatives 128 could
be carried out with good yields and excellent enantioselectivity
with C52 as a catalyst.” DFT calculations on model reaction are
compatible with a two-step process involving first Michael-type
addition via TS20, followed by an intramolecular diastereose-
lective nitro-Mannich addition via TS21. For the Michael
addition step four pathways leading to adducts with both (S,5)-
and (R,R)- configurations according to Takemoto’s and Papai’s
binding modes were calculated. Among them, TS20 was found
to be the lowest in energy. Furthermore, the authors found that
this first step was not the rate determining one. For the second
step (intramolecular Mannich reaction) TS21, featuring an
amide-nitro NH...O H-bonding, is the most kinetically dominant
route (AG” =18.5 kcal/mol) among all the other possibilities,
including the competing protonation reaction. This type of
reactivity could be further extended to other dienophiles,
opening new stereocontrolled entries to sulfur-containing
complex products like 129 and 130.

Recently, Guo laboratory reported a Diels-Alder cycloaddi-
tion reaction between 3-vinyl indoles 131 and substituted
nitroolefins 125 promoted by multifunctional thiourea-amide-
tertiary amine catalysts leading to cycloadducts 132.”¥ Among
various thiourea-amide molecules, including some derived from
quinine, C53 provided the highest enantioselectivity, and
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Scheme 37. Formal cycloaddition of 5H-thiazol-4-ones 127 and nitroalkenes
promoted by thiourea-amide catalyst C52. Lee & Jiang, 2016.”%

further fine tuning of solvent and conditions led to identify
xylene as the solvent of choice along with trace amount of
water as additive. Although no conclusive, some control experi-
ments led the authors to suggest the catalyst amide moiety
acting as an H-bond acceptor through its C=0 moiety rather

than H-bond donor through NH (see model TS22 in
Scheme 38).
o)
s Ph
SNH HN
NH Ph
N
) _ . 8 C53(10mol%)Q ,
— + = ——
N NO2  Xylene, 0°C, 48-72 h N7 g3
H 125 H NO,
131 132
CF, (R3: H) 24 entries, 29-70%
78-93% ee
s (R Me) 1 entry, 16% y
CF3
N/QN BN
H 1 &
A L 7/\Ph
TS22 Q.. 1 T Ph
=0
i H
= "N
s §
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Scheme 38. Diels-Alder reaction between 3-vinyl indoles 131 and nitro-
olefins promoted by organocatalyst C53. Guo, 2019.7%
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In another recent development, Yuan group reported
organocatalyzed tandem sulfa-Michael/aldol reactions between
unsaturated sulfolanes 133 and aromatic 1,2-mercapto alde-
hydes 134 and 135 to access dihydrothiopyran-fused benzosul-
folane skeletons 136 and 137, respectively (Scheme 39).7
Screening of various related multifunctional molecules led to
identify C54 as the best catalyst, affording the respective
products in high yields, diastereo- and enantioselectivities.

2.4. Thiourea-boronic acid systems

In 2016 Takemoto introduced a new amine-thiourea bifunc-
tional catalyst family featuring an organoboronic acid side-arm
as additional H-bond donor group, represented by general
structure | (Scheme 40)."® The capacity of boronic acids to
activate carboxylic acids was previously known in the literature,
presumably operating through formation of intermediate mixed
anhydride (an acyloxyboronate complex is formed). On this
basis, initially Takemoto developed a dual catalysis approach for
the intramolecular addition of tethered N- and O-centered
nucleophiles to unsaturated carboxylic acids.”” That first

2
N YT
o NMe; Bu S
0=d
S | s C54 (10 mol%)  CF, 22 entries, 81-99%
\ /—R dr 7:1 to >20:1
133 Toluene 61-99% ee
—200r0°C,50r48h HO
*HQ o
R! ~NSST
B / \
R! CHO STH \Re
137
SH 6 entries, 89-99%
135 dr >20:1
93-98% ee

Scheme 39. Thiourea-amide structures based on cyclic 1,2-diamines to
promote tandem reactions leading to dihydrothiopyran-fused benzosulfo-
lane skeletons 136 and 137. Yuan, 2020.7"!

pevve

N CF3 B(OH),
€55 (20 mol%)

w 20 mol% o) {)
HO™ HO/U\)*

138 (X: O, NR) @ 139

\
z

Scheme 40. Combining thiourea/amine and boronic acid activation modes.
From dual catalysis to bi(multi)functional catalysis. Takemoto, 2014-
201 6.[76'77]
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realization, which required high loading (20 mol%) of each
catalyst component, then evolved into the idea of merging
both components in the same catalyst molecule, as in 1.

The successful realization of this idea was demonstrated first
in the addition reaction of O-benzylhydroxylamine 141 to a,f3-
unsaturated carboxylic acids 140 (Scheme 41).”® During opti-
mization of catalyst structure, it was observed that the N-(4-
nitrophenyl) thiourea termination, i.e. C56, performed superior
than the most commonly used N-bis(trifluoromethyl)phenyl
thiourea termination. From the point of view of practicality and
for safety reasons, the need to use CCl, as solvent is a drawback
of the method. However, selectivities from moderate to very
good were obtained for most cases, which is remarkable
considering the fact that free carboxylic acids are employed as
substrates. Control experiments using dual catalysis approach
instead of catalyst C56 led to drastically diminished enantiose-
lectivities, further stressing the advantage of using integrated
catalysts. Ulterior spectroscopic analysis and detailed kinetic
studies of this catalytic process revealed a mechanism more
intricate than expected and allowed for reoptimization of the
experimental protocol.”® Thus, more than one discrete mole-
cule of carboxylic acid was involved in key reaction intermedi-
ates, which could be experimentally translated in dramatic
improvement in product enantioselectivity with the addition of
1 equivalent of benzoic acid. Also, more environmentally
friendly halogenated solvents could be used. In addition,
catalyst C57 proved superior and addition of molecular sieves
was found critical in generating the ternary borate complexes,
which were crucial for obtaining high enantioselectivity. The
method was applied to the first chemical enantioselective
synthesis of N-hydroxyaspartic acid derivatives through regiose-
lective addition of O-benzylhydroxylamine to fumaric
monoacids.”” In the transition state proposed by the authors
(TS23) a H-bonding network with participation of the boronic
acid OH group, is key for structure rigidification/stabilization.

Qi
N

H H
C56 R:NO, Me”
C57 RiH  (HO),B

o €56 (10 mol%) BnOw o
RA\)LOH + BnONH, :
140 141 CCly, 4A,RT, 24 h R OH
142
s
A I

19 entries, 57-90%
. 71-97% ee
A
H H &

LA H-N-Me
R O) o Reoptimized conditions (ref 78):
[ H™N _H-O - C57 (10 mol%)
<9\ ; on“;B PhCO,H (1.0 equiv)
“RTY o0 4A MS, CI,C=CCl, RT, 24 h
Hoo 2w Y :
oRH L
OBn
1523

Scheme 41. Addition of O-benzylhydroxylamine to a,f3-unsaturated carbox-
ylic acids promoted by new chiral thiourea-amine-boronic acid systems.
Takemoto, 2016-2019.77-79
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During further validation of the present multifunctional
thiourea-boronic acid catalyst system, Takemoto group found
that the catalyst is competent in promoting the conjugate
addition reaction of thiols to unsaturated carboxylic acids.
Moreover, it was found that the addition reaction may follow
enantiodivergent pathways depending on the solvent
employed.® As shown in Scheme 42, while nonpolar solvents,
for example CCl,, led to S-configured product 144 in the
presence of catalyst C57, aprotic polar solvents, for example
acetone, led to R-configured product in the presence of C58.
Based on spectroscopic data, including detection by mass
spectroscopy of the 1:2 complex between the catalyst and the
unsaturated acid, authors proposed each pathway to proceed
through a distinct boron coordination mode. In one case the
unsaturated acid would adopt a s-trans conformation (TS24),
with a s-cis conformation being adopted in the other (TS25).

The usefulness of this catalyst system has been extended to
the protonation of in situ generated enolate species, such as
those formed upon conjugate addition of hydroxylamines to a-
aryl acrylic acids (Scheme 43).%" This reaction could be
triggered by the thiourea-boronic acid catalyst C59 in p-
chlorotrifluoromethylbenzene with variable levels of enantiose-
lectivity. Here, while the rate-limiting step appears to be the
C—N bond forming step, product configuration is set during the
subsequent protonation. The transition-state model TS26 was
proposed by authors to justify the configuration of major
enantiomer. The method was applied to a short enantioselec-
tive synthesis of (—)-nakinadine B.

2.5. Thiourea-(thio)urea systems

Bifunctional base/H-bonding catalysts featuring thiourea-thiour-
ea (bis-thiourea) and thiourea-urea systems have also been

cs57 Z
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ccl, :
g2~ COaH
(S)-144

6+18 entries, 58-93%
0-88% ee

SH
= 4A MS

143 140

C58 =
9 R— |
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",
R'= p-CF3, p-MeO variable results Acetone $
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o QMe (R)-144
JU 6+18 entries, 65-88%
NN ! 0-94% ee
Me”
cs8 B(OH),
S
S
Al
r\.J\N ,,,,, Q Ar\N/ILN vvvvv Q
H H _Me !
N 'H*'N Ar H M N-Me
(5)-144 ~— 7 H-o- SerR\G ¥ — (R)-144
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Scheme 42. Boronic acid-BB thioureas for the enantiodivergent sulfa-Michael
addition of thiols to unsaturated carboxylic acids. Takemoto, 2020.2”
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Scheme 43. Conjugate addition of hydroxylamines to a-aryl acrylic acids
promoted by €59, and subsequent transformation of the obtained chiral
product into (-)-nakinadine B. Takemoto, 2021.%"

developed. Based on previous observations on the effectiveness
of dual catalysis using a combination of amine bases and bis-
thioureas on MBH-type reactions® and also the unique
catalytic properties of C2-symmetric guanidinium-bisthiourea
under phase-transfer conditions,®*? Sohtome and Nagasawa
developed carbon-linked guanidine/bisthiourea catalysts of
general structure J (Scheme 44). Authors first applied these new
multifunctional catalysts to the Friedel-Crafts type 1,4-addition
reaction of phenols and naphthols 149 with nitroolefins 2.
Extensive optimization of catalyst structure for this reaction
suggested both six-membered ring containing the guanidine
moiety and the a-branched alkyl substituent on the chiral
spacer are crucial for the achievement of high levels of
asymmetric induction. With C60 identified as the best catalyst,
the ortho-addition adducts 150 were obtained in generally
good yields and high enantioselectivity.® Kinetic studies
provided evidence that differences in the activation entropies
play a main role in the stereodiscrimination of this catalytic

R! R?
i X  fx
At )\6’)/\ _AF
r NN N N N
H H H H H
FAr:35-(CF3)CeHs (n:0, 1)
it (E TR
F H F
Ar\N N)\/\N/ N/\/\N N Ar
H H H H H
NP €60 (5 mol%) O
X _ + \/\NO2 X _
2 Toluene, 20 °C, 9-48 h NO,
149 150 R

14 entries, 66-99%
82-94% ee

Scheme 44. Design of the new guanidinium/bis-thiourea catalyst subfamily J
and its application in the asymmetric Michael addition of phenols to
naphthols. Sohtome & Nagasawa, 2010.%%
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reaction. It was also observed that high levels of enantioselec-
tivity are attained over a wide temperature range (optimum at
20°C), making the reaction operationally simple.

The above finding that stereodiscrimination is governed by
differential activation entropy rather than differential activation
enthalpy opened the possibility of dynamic control over the
reaction stereochemical outcome. This idea crystallized in a
solvent-dependent enantiodivergent Mannich reaction between
N-Boc aldimines 6 and malonates 68 (Scheme 45). The reaction
catalyzed by 1 mol% guanidine/bisthiourea C61 afforded either
adduct 151 or 152 in high yields and enantioselectivity when
using nonpolar solvents (e.g. xylene) and polar aprotic solvents
(e.g. acetonitrile), respectively.® More detailed kinetic data
suggested that the solvent-dependent enantioswitch may be
explained assuming entropy differences are determinant in the
former solvents while enthalpy differences in the latter. The
data also suggested that the stereo-determining steps in both
(R)- and (S)-selective Mannich reactions are governed by
cooperative effect of guanidine and thiourea and that both
enantiodivergent pathways follow similar mechanisms. Based
on this principle, a sequential enantiodivergent process was
discovered which allows enantio-switching with single-flaks
operation and high in situ tunability.®®

The impact additional H-bonding donor units installed
within a bifunctional amine-thiourea system have during
catalysis is well recognized. However, whether these units
interact directly with the reactant(s) or just do it internally
within the catalyst, tuning its conformation and electronics,
remains unanswered for the majority of cases. In 2012 Pihko
reported purposefully designed thiourea-urea systems like C62
(Scheme 46) and demonstrated that in these systems the H-
bonds established internally between each urea NH site and
thiourea sulfur atom are maintained intact during catalysis.®”
C62 efficiently catalyzes the Mannich reaction of malonates
with N-Boc aldimines affording products 151 in high yields for
most cases and very high ee values. Analogs of C62 derived
from different 1,2-diamines and 1,2-aminols were prepared and
evaluated, but C62 resulted the most active and selective owing
probably to an optimum structure preorganization. Combina-
tion of crystal X-ray determination and solution NMR studies

vl NHBoc
ylene CO,R
Ar 2
o
0or-10°C, 1-8 h CO,R

Cé61

151
NBoc (1 mol%) 9 entries, 97-99%

CHACOR) + 87-97% ee
Ar H
68 6
CH4CN yHBoc
3 -
CO,R
Ar 2
L) -10to -40°C, 2-20 h CO,R
oK N oK 152
Arf N 9 entries, 88-99%
\[sl/ H/\M/e 80-89% ee

FAr: 3,5-(CF3),C¢Hz €61

Scheme 45. Enantiodivergent Mannich reaction between N-Boc aldimines
and malonates promoted by H-bond donating bifunctional guanidine C61.
Sohtome & Nagasawa, 2010,2013.%559
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Scheme 46. Thiourea-BB catalysts bearing a demonstrated stabilizing intra-
molecular H-bond system for the enantioselective Mannich reaction of
malonates. Pihko, 2012, 2019.%7%8

along with model DFT calculations of both the catalyst alone
and ion paired to anions were insightful.®® In its native form,
the catalyst folds through intramolecular H-bonds between the
urea and thiourea units. This folding is maintained intact when
forming catalytically relevant salts with larger anions that mimic
the dialkyl malonate substrates. In contrast, with smaller halide
anions it folds around the halide anion (anion receptor folding)
and the intramolecular hydrogen bonds are disrupted. Interest-
ingly, the catalyst dynamic refolding from the native to the
anion receptor form was possible.

Bobal documented an ease to prepare C2-symmetric
diamine-tethered bis(thiourea) organocatalyst C63 for the
asymmetric Henry reaction of nitroalkanes 4 and aromatic
aldehydes (Scheme 47).%% Products 153 were obtained with
very high yields along with high selectivities. Not surprisingly,
the reactions with superior nitroalkanes took considerably
longer times for completion and afforded products 154 with
diminished selectivity. Control experiments using as catalyst the
parent “monomeric” amine-thiourea C64 led to only marginal
activity and selectivity. Another interesting feature of catalyst
C63 is that it can be recovered by precipitation of the oxalate
salt upon addition of an ethereal solution of anhydrous oxalic
acid to the reaction mixture and filtration.
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Scheme 47. Asymmetric reaction between nitroalkanes and aromatic alde-
hydes catalyzed by C2-symmetric bis-thiourea BBs. Bobal, 2017.%”
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2.6. Thiourea-amine systems

Li and Chen have found that thiourea-tertiary amine bifunc-
tional catalysts that are fruitful in various 1,2- and 1,4-addition
reactions performed suboptimal in the nitro-Mannich reaction
of a-substituted nitroacetates 155 and N-Boc aldimines 6. Much
to their surprise, they found that the corresponding secondary
amine-thiourea analogs like C65 performed comparatively
superior.”” Based on this observation, they concluded that the
catalysts secondary amine unit plays a crucial role in the
reaction transition-state other than merely acting as a Bragnsted
base. Upon optimization of the catalysts derived from 1,2-
diphenylethanediamine, those bearing an ArCH, group at-
tached to nitrogen (1-naphthylCH, was the best) led to
consistently higher selectivity than catalysts with alkylCH,
groups attached. Under optimal conditions, adducts 156,
bearing a tetrasubstituted carbon, were obtained in high
diastereo-and enantioselectivity (Scheme 48).

In an unrelated development, Lattanzi and coworkers have
showed that epoxidation reactions of challenging p-substituted
o,p-unsaturated esters 157 with TBHP is promoted by thiourea-
tertiary/primary diamine catalysts, affording epoxy adducts 158
as essentially single diastereomers and high enantioselectivity
(Scheme 49).°Y Simple thiourea-tertiary amine catalysts could
also promote the reaction but provided low enantioselectivity.
Thus far, replacing the primary amine in the catalyst structure
with a secondary amine or a hydroxyl group as alternative H-

CF3

Ph S
Ph\)\N)kN CFs

. i, H H
R'<_NH R 1-Np

NO.
T\oz NHBoo €65 (10 mol%) MO
RZ>coMe T gty R¥ ™
m-xylene, 4A, —20 °C, 72 h NHBoc
155 6 156

11 entries, 38-86%
dr17.2:1to0 3.8:1
91-96% ee

Scheme 48. Thiourea-secondary amine combining catalyst C65 for the nitro-
Mannich reaction. Li & Chen, 2008.”

TBHP, C66 (20 mol%)

1<<,%ﬁl

R OMe
Toluene, —20 °C, 15-130 h CN
4AMS 158
15 entries, 76-99%
OMe 77-95% ee

TS27

Scheme 49. Enantioselective epoxidaton of -substituted o,B-unsaturated
esters 157 promoted by thiourea BBs bearing a primary amine. Lattanzi,
201 7.[9'\]
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bonding sites dramatically depressed the efficiency and
enantiocontrol through a complete loss of activity. The crucial
importance of the NH, and the thiourea units in tuning the
enantioselectivity was ascribed to cooperative H-bonding
engagement with the cyano and ester groups, as shown in the
scheme (TS27). While the method tolerated a broad range of
differently substituted a-cyanocinnamates, the asymmetric
induction appears to be highly dependent on the nature of the
[B-substituent and the ester groups.

3. Urea-based Multifunctional Bronsted Base
Catalysts

In comparison with multifunctional organobase catalysts based
on thiourea unit, the urea analogs have been developed to a
lesser extent, in part because the thiourea congeners provide
superior efficiency and selectivity usually. However, this trend is
not universal. Lee Liu, Jiang and co-workers documented
organobase catalysts comprised of a urea-amide moiety as
multiple H-bond donor system for triggering the asymmetric
conjugate additions of 5H-oxazol-4-ones 35 or 5H-thiazol-4-
ones 127 to maleimides 94. These authors reported that the
parent urea C67 behaved as superior catalyst as compared with
the corresponding thiourea congener, affording adducts 159 in
excellent yield and selectivity (Scheme 50).°? Further substrate
exploration led to the finding that naphthoquinone 160 was
also a competent substrate in the urea-amide-catalyzed
addition-aromatization-oxidation cascade promoted by the
analogous C68 catalyst to yield adducts 161 in good yields and
enantioselectivity.

The Palomo group developed urea-carbamate systems of
general structure K as new bifunctional catalysts capable to
interact to the reaction substrates through multiple H-bonds
(Scheme 51). The new catalysts are easily tunable and prepared

o
FsC )
S—NH HN
o NH

N o)
[ N-R? FsC Q N
C67 (10 mol%) )NI\ °

X R

9‘? Toluene, 25 °C Ar 159
X:0;11-40h 28 entries, 82-98%

X:S;36-48 h 94->99% ee

X I 0o
X0 35 c 2
X:s 127 NHyNH .
N 00,
mol%
o

g R
THF,0°C, 36 h Ph

161
(9] (addition-aromatization-oxidation) 3 entries. 70-71%

160 70-91% ee

Scheme 50. Urea-amide bases employed to promote various Michael
additions. Liu & Jiang, 2016.°?

Eur. J. Org. Chem. 2023, 26, e202201254 (21 of 31)

R': -CH,CH3 R': -CH,=CH, R':-CH,CH;C71
1. -
C69 c70 R': -CH,=CH, C72
o)
NJ&— O R!
1. HCI 6M,
ML _/7R 2 ce9 (20 mol%) N//g)\/Noz dioxane, 45° C
2-Quin” S PR "R
127 CH,Cl, -60°C ~ 2-Quin Sez 2. NaOH 2M,
R: Alkyl o dioxane
Y 62-96% vyield, 3. NaH. R2|
R (het)aryl, alkyl 90-94% ee, d.r. >92:8 '
Y 5. a
1
Q@ vy W@ L e
Ts28 Hon o\ = HN 2

: E_(o- H res’ R
N N A-
7\ /R‘%N'O 163
— s/\R 6

Scheme 51. First ureidopeptide-like BB catalysts described and the proposed
four point-contact transition state for the addition of 127 to nitroolefins.
Palomo, 2013.*

from the coupling of the corresponding cinchona alkaloid-
derived amine (or related chiral amine) and a-amino acid-
derived isocyanate, and have proven to be successful in
promoting several carbon-carbon bond-forming reactions. The
first successful application of this catalyst type is represented by
C69, which demonstrated to be very efficient for the conjugate
addition of thiazol-4-ones 127 to nitroalkenes 2, which
proceeded with high yields (lower for (3-alkyl nitroolefins) and
very high stereoselectivity. Ulterior elaboration of adducts 162
thus provides a new enantioselective route to otherwise
difficult to prepare tertiary thiols and sulfides, as 163.”® The
authors proposed a Papai-type transition state TS28 with the
urea and carbamate three NH groups of the catalyst simulta-
neously H-bonded to the multidentate quinoline-thiazolone
substrate, while the protonated quinuclidine nitrogen coordi-
nates to the acceptor reagent.

As shown in Scheme 52, these type of catalysts performed
exceedingly in several other addition reactions that involve
donor substrates capable of bidentate H-bonding to the
catalyst. These include the Mannich reaction of sulfonyl
acetonitriles (Scheme 52a),*" the aldol reaction of a-ketoamides
with aldehydes (Scheme 52b)*' and the Mannich reaction of
pyridyl N-oxide acetates and aromatic imines (Scheme 52¢).*
More recently it has been found that this catalyst type are also
efficient for the aldol reaction of Schiff bases of glycine o-
nitroanilide and aldehydes (Scheme 52d).”” In this case cyclo-
hexyldiamine derived C73 provided very good results thus
demonstrating that fine tune of these structures can be easily
accomplished. Control experiments using conventional bifunc-
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Scheme 52. Described asymmetric reactions employing multiple H-bond
donating ureidopeptide-like catalysts C70-C73. a,b,c) Palomo 2014~
2017.5%499 d) Mielgo & Palomo 2021.°”

tional thiourea and squaramide bifunctional catalysts in the
aforementioned transformations usually led to lower reactivity
and/or stereoselectivity, thus indicating the importance of the
additional H-bond donating group in catalysts of type K.

More recently Dixon described a novel two-stage strategy
for the synthesis of stereogenic phosphorous (V) compounds
through an unprecedented enantioselective nucleophilic de-
symmetrisation reaction and subsequent enantiospecific
derivatization.”® A novel bifunctional iminophosphorane (BIMP)
catalyst bearing an urea-carbamate H-bond donor moiety (C74,
Scheme 53) provided a unique chiral environment and sufficient
pronucleophile activation to allow the desymmetrisation of
derivatives 172 through reaction with phenols to proceed with
excellent yield and enantioselectivity. Subsequent enantiospe-
cific reaction of products 174 through Sy2 displacement of the
nitrophenol leaving group with alcohols, thiols and amines as
the nucleophiles affords different phosphorous derivatives in
excellent enantiospecifity /diastereoselectivity. DFT studies on
the desymmetrization step showed HB interactions between
the three NH groups of the ureidoaminal catalyst and the
substrate both P=0 and nitro groups, thus revealing again the
significant role of the additional H bond donor in the catalyst.

Eur. J. Org. Chem. 2023, 26, e202201254 (22 of 31)

1%t step: Nucleophilic desymmetrization

o
g, O,N OH B
RO A C74 (10 mol%) RS
b — =
* |// PhF [0.5M], 0 °C, 24 h
ON={ \ R2 ON-{ \
\\R1 < R
172 173 174, 64-98%
78-97% ee
ond step: Enantiospecific nucleophilic substitution: o
i Me
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O Me i Me
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Ph” O{}Me
OzN@ DBU (3 equiv.), \s
THF, RT,2h \ 59%
174 90%ee, 98% es
0
92% ee BocHNBnN (1.5 equiv.) B, Me
" Ph\ O Me
t-BuMgCl (1.5 equiv.), N-g
n
THF, RT, 2-48 h Bod 84%
93%ee, 100% es
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Scheme 53. Catalytic enantioselective desymmetrisation reaction of phos-
phonate esters promoted by the ureidopeptide-like BIMP catalyst C74 and
subsequent enantiospecific derivatization. Dixon, 2021.°®

4. Squaramide-based Multifunctional Brgnsted
Base Catalysts

Since the first report by Rawal demonstrating the capability of
squaramide unit to act as dual H-bond donor in bifunctional BB
catalysis, many examples illustrating the often superior perform-
ance of this unit as compared to related H-bonding units, inter
alia urea and thiourea, have appeared."™ No surprisingly,
catalysts comprised of a squaramide unit, a BB unit and
additional H-bond donor function have been successfully
developed. Main advances based on such multifunctional
catalyst development are summarized below, the various
examples being organized according to the nature of the
additional HB donor group (sulfonamide, alcohol, amide).

4.1. Squaramide-sulfonamide systems

Bifunctional amine/squaramide catalysts bearing an additional
sulfonamide group can also be useful for asymmetric catalysis.
In this context in 2017 Hirashima and Miura introduced catalyst
C75 for the asymmetric vinylogous aldol reaction of furan-2-
(5H)-one 175 with aldehydes to afford the corresponding aldol
products 176 in high to excellent enantioselectivities
(Scheme 54).°7 The stereoselectivity was significantly lower
when the reaction was ran in the presence of catalyst C76
lacking the sulfonamide moiety. The authors proposed a
plausible transition state (TS29) wherein one of the NH groups
of the squaramide together with the sulfonamide NH activate
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89-97% ee
Ph
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Scheme 54. Squaramide-sulfonamide BB catalyst for the direct vinylogous
aldol reaction of furan-2-(5H)-one with aldehydes. Hirashima & Miura,
2017,

the aldehyde and the protonated tertiary amine and the other
NH group of the squaramide coordinate to the oxygen of the
deprotonated furan-2-(5H)-one.

4.2. Squaramide-alcohol systems

In 2012 Dong described for the first time the synthesis of a
series of new chiral bifunctional squaramide multiple H-bond
organocatalysts by merging chiral privileged scaffolds of f3-
amino alcohols and cinchona alkaloids, as represented by L
(Scheme 55)."% The resulting catalysts incorporate a hydroxy
functionality as an additional potential coordinating point for
the substrates activation. The authors investigated these new
structures in the Michael addition of acetylacetone to nitro-
olefins and, among all the tested derivatives and chirality

C77 (1 mol%)

15 °C, CH,Cl,

12 examples, 89-92%
78-96% ee

Scheme 55. Michael addition to nitroolefins promoted by a squaramide-
aminoindanol derived BB. Dong, 2012."%

Eur. J. Org. Chem. 2023, 26, e202201254 (23 of 31)

sources, 2-aminoindanol-derived squaramide-alcohol C77 was
found the optimum catalyst as the corresponding adducts 3
were afforded in excellent yields and ee values with only
1 mol% catalyst loading (Scheme 55). Heterocyclic olefins such
as 2-furyl and 2-thienyl-nitroolefins were also tolerated, but
gave inferior ee values (77 % and 78 %, respectively). In addition,
1,3-dicarbonyl compounds other than 1,3-diketones (i.e. -
ketoesters) were also employed as nucleophiles. Excellent yields
and ee values and moderate diastereomeric ratios were
observed in these latter cases. In the proposed TS by the
authors (TS30) the squaramide N—Hs and the indanol O—H both
activate the nitroolefin, whilst the protonated tertiary amine of
the cinchona alkaloid coordinates to the 1,3-dicarbonyl sub-
strate. The OH group in catalyst C77 is key for attaining high
stereoselectivity as the reaction using the O-Me analog instead
proceeded in significantly lower ee (24 % ee).

Inspired by the same general structure L, Zhao and Shi
developed a cinchona alkaloid squaramide/AgOAc coopera-
tively catalyzed diastereo- and enantioselective Mannich/cycli-
zation cascade reaction of isocyanoacetates 177 and cyclic
trifluoromethyl ketimines 178 to afford optically active
trifluoromethyl-substituted tetrahydroimidazo[1,5-clquinazoline
derivatives 179 in good yields, good diastereoselectivities and
excellent enantioselectivities"™" (Scheme 56). The Ag (I) salt
seems to be essential in the cooperative catalytic process to
facilitate deprotonation of the isocyanoacetate through chela-
tion. The incorporation of the OH functionality into the BB
catalyst C78 provides enantioselectivity improvement (Aee
11 %) when compared with the analogous catalyst lacking this
motif. The authors proposed transition state model TS31 that
accounts for the experimentally encountered stereoselectivity.

Catalysts that follow the general structure L but show a
trans-cyclohexane-1,2-diamine basic unit instead of the cincho-
na fragment, have also been developed. In this context the
squaramide-linked chloramphenicol based catalyst C79 was

Ph
X NH N
or, N\ P wPh co
NC o 0 HO N
'Y N C78 (5 mol%) Lo N»
RTCcoR2 + Lz N/&O - | Y
177 X ‘s AgOAc (5 mol%) NG N o
R 0°C, THF X b
R': Ar 178 R

2. 4 3. 179
R“: Me, 'Bu, Bn  R”: PMB, TMB, H 18 examples, 76-99 %

>15:1 dr
91-98% ee

Meo. 0
( T Si-face attack
<

1Ph

‘¢l through Re-face

Scheme 56. Squaramide-alcohol cinchona derived BB/AgOAc cooperatively
catalyzed Mannich/cyclization cascade reaction of isocyanoacetates and
cyclic trifluoromethyl ketimines. Zhao and Shi, 2014."°"
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demonstrated effective in promoting the Michael addition of
2,3-dihydrobenzofuran-2-carboxylates 180 to nitroolefins."®?
Control experiments suggested that this catalyst was more
efficient than the bifunctional catalysts lacking the amino-
alcohol scaffold and that matching chirality between the two
chiral scaffolds, namely the chloramphenicol and the 1,2-
diamine, was key for having good reactivity and high stereo-
selectivity. Only 0.5 mol% catalyst loading was enough to
produce 2,3-dihydrobenzofuran-2-carboxylate derivatives with a
broad scope and in good yields, moderate to low diastereose-
lectivities and good to excellent enantioselectivities
(Scheme 57).

Palomo’s group has shown that a bifunctional squaramide
multiple H-bond organocatalyst bearing a bulkier carbinol
functionality (C80) is optimal for the enantioselective addition
of barbiturate equivalents 182 to enones, giving rise, upon
subsequent acidic hydrolysis, chiral barbiturates 184 with an in-
ring quaternary stereogenic center (Scheme 58).""¥ In contrast
to the previously showed squaramide-alcohol catalysts, the only
chirality source in catalyst C80 comes from the cinchona
moiety. Catalyst C80 is also able to promote other highly
enantioselective reactions of templates 182, including their
addition to the acrylate equivalent 185 and their S2’

0 NO, P
CO,R®
N €79 (0.5 mol%) ~ 2
R? o 4-NO,CgH4COOH R? gt NO
180 2 -10 °C, toluene 181
R2: Me, MeO, X R': Ar, Ph(CH,), 26 examples, 68-98 %
R3: Et, 'Bu dr 56:44-8:92

89-98% ee

Scheme 57. Squaramide-linked chloramphenicol based hybrid catalyst in the
Michael addition of 2,3-dihydrobenzofuran-2-carboxylates to nitroolefins.
Peng and Chen, 2018."%?

Ar: 3,57(CF3),CeH3

C80 MeO

o)
o " var N P "l
N €80 (10 mol%) 7\ A" HCIBN N
Bns—( RR——MM  » an_< @( v O=< N2
—<N§7 0°C, CH,Cly N S O Dioxane E\‘ R%20
R'" O
184

3 1
R' O R
183, 63-73%
182 ,
90-96% ee

o) (0]
Other electrophiles: \)ROSiMeg Br/\[ﬁj\o’ R
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Scheme 58. a-Functionalization of 2-alkylthio 4,6-dioxo pyrimidines cata-
lyzed by a bulkier carbinol containing squaramide BB. Oiarbide and Palomo,
201 7_[103]

R': Me, Ar, Bn, nPent
R?: Alk, Bn, Allyl
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substitution reaction with the Morita-Baylis-Hillman-type bro-
mides 186. Control experiments using the O-TMS analog of C80
led to reaction adducts with decreased enantioselectivity (Aee
aprox. —20%), an observation in support of the relevant role
played by the free OH group in the transition state.

In the same context Dong’s group developed a BINOL
derived squaramide catalyst exemplified by C81 that could
function as multiple hydrogen bond donor. This catalyst is able
to promote the Michael addition of 1,3-dicarbonyl compounds
9/10 to nitroolefins efficiently to afford adducts 54 in very good
yields and excellent diastereo- and enantioselectivity
(Scheme 59a)."" Importantly, the BINOL catalyst performed
well at only 0.5 mol% catalyst loading. The adducts 54 were
transformed aftermaths into optically active isoxazole deriva-
tives in high yield and with high enantioselectivity. The same
catalyst C81 was later screened in the Michael addition of 2-
hydroxy-1,4-naphthoquinones 188 to nitroalkenes to afford
products 189 in excellent yields and stereoselectivity at, again,
low catalyst loading of 0.5 mol% (Scheme 59b)."*' Dong's
group has also demonstrated the efficiency of catalyst C81 for
the a-amination of 1,3-dicarbonyl compounds 9/10 and a-
cyanoacetates 190 with azodicarboxylates to obtain chiral a-
amino acid precursors 11 and 191 respectively, the absolute
configuration of which was not reported (Scheme 59¢)."® The

g e A
82 N ¢ N

=N
c81 g F e
a o o /
) ., _(05mol%) MONOE NH,HCI Hac/k)\CHs
T ) _— o
R' 2 G ] /) “__NO
22 .’ R EtOH RN1TY2
i 54 187
9/10 25 examples up to 91% yield,
up to 92% vyield, 99% ee
>99% ee
b) o o R
O‘ RPN €81 (0.5 mol%) O‘ A _NO,
OH 2 CH,Cl,, RT, 24 h OH
o _ _ o
188 R: Ar, aliph., 2-thienyl, 189
2-furyl et al.
16 examples
up to 99% vyield,
0 93% ee
PR R%0,C. €81 (2 mol%) 7R
é/& + N 16 examples
\R 3 = 96-88%
(o] .
¢} S (B:Oz'; THF, -78 °C NCOzR3 91-99% ee
N |
9/10  ShUEn BN (S 11 NHCO,R?
CN
R“AT\COZEt 8 examples
NCO,R® 75-99%,
999
NHCO,R?  91-99% ee
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Scheme 59. Enantioselective reactions promoted by BINOL containing
squaramide-alcohol BBs C81 and C€82. Dong 2013-2015.1%+%")
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catalyst can be recovered and reuse for four cycles without loss
of activity and enantioselectivity. To explain the excellent
enantioselectivity the authors propose the transition state TS32
wherein the catalyst squaramide and cinchonine NH groups
interact through three H-bonds with the 1,3-dicarbonyl moiety,
while the two binaphthol OH groups activate through H-
bonding the azodicarboxylate. Similar reactivity was observed
when using the C,-symmetrical catalyst C82 instead, although
enantioselectivities were slightly lower."®”

Catalyst C83, derived from 2’-amino-[1,1'-binaphthalen]-2-ol
and trans-1,2-diaminocyclohexane was found by Herrera's
group to promote the Henry reaction between nitromethane
(or nitroethane) and aromatic aldehydes efficiently
(Scheme 60a)."*® The reaction affords the corresponding aldols
154 in good yields and usually very good enantioselectivities in
the presence of only 0.25mol% of the catalyst, which
represented at that moment one of the lowest catalyst loading
used for this reaction. DFT calculations predicted the aldehyde
gets activated by H-bonding to the squaramide NH groups and,
at the same time, by m-interactions with the naphthyl moiety.
Additionally, nitromethane gets activated through H-bonding
to the protonated amine moiety (TS33). Curiously, no direct
involvement of the catalyst OH group is predicted for this
reaction."™ When the same reaction was carried out in the
presence of catalyst C84, the reaction proceeded more slowly
and with lower selectivity too, presumably because of the
inability of C84 to display effective m-interactions. Later on, the
authors implemented a one-pot alcohol oxidation/Henry reac-
tion sequence starting from the corresponding alcohols and
with MnO, as the oxidant (Scheme 60b)."'”

a) o OH
J\ 4 C83 (0.25-2 mol%) H R!
R”H + R'CH2NO, T R/\_/
NO,
R: Ar (R:alkyl, 1 example) 154
R'": H, Me 12 examples,
86->95%
79-94% ee
b on
) op _Mn0; 807 1 cesmotn) A NO2
CH3CN Ar” H CH3CN/CH3NO,, 2:8 153
4-13h ~24°C,23-96h 7 examples,
70-86%
93-99% ee

TS33

o o ---- H-bond interactions
j\;/( Q n interactions
‘g ‘g NN
H

Scheme 60. Henry reaction between nitromethane and aldehydes in the
presence of BINOL-squaramide BB C83. Herrera, 2016-2018."%"1%
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In 2016 Durmaz reported €85 as a new class of multifunc-
tional catalyst comprised of a chiral calix[4]larene and two
squaramide/amine residues through an ether bond thus leaving
two free hydroxyl groups available. This catalyst is able to
trigger the enantioselective conjugate addition of acetylacetone
to various nitroolefins 2 at room temperature to give the
Michael adducts in moderate to excellent yields with good
enantioselectivities (Scheme 61).""" Control experiments con-
firmed the cooperative effect and special role of the calixarene
moiety on the degree of enantioinduction.

4.3. Squaramide-amide systems

a-Amino acids have also shown to be useful building-blocks for
the construction of squaramide catalysts with multiple H-
bonding sites. The incorporation of the amino acid unit onto
the catalyst structure via amide bond results in various possible
arrangements as illustrated in Figure 3. In 2019 Yan introduced
catalyst C86, which incorporates a valine unit between the
cinchona fragment and the squaramide motif (topology I1)."'?
This catalyst performed. well in the Michael addition reaction of
a-amido sulfones 192 to ynones 193 to access axially chiral
styrenes 194 (Scheme 62a). The products were obtained with
moderate to good yields (44-99 %), excellent enantioselectivity
and almost complete E/Z selectivity (up to 97 % ee, >20:1 E/Z).
Catalyst C86 was slightly superior in terms of enantioselectivity
than the analogous catalyst carrying a thiourea motif instead
the squaramide. Also important, conventional cinchona-thiour-
ea based bifunctional catalysts lacking any additional amide NH
behaved significantly worse.

Other amide-containing squaramide-organobase systems
that follow topology | have also been developed, as illustrated
in the next examples. For instance, in 2019 Zhao reported that
L-tert-leucine derived catalyst C87, structurally related to C86,
but changing the position of the amino acid unit was efficient
in promoting the three-component reaction between vy-aryl-

o O C85 (10 mol%)

A+ e

1 2

CH,Cl RT

11 examples
50-99%
55-94% ee

Scheme 61. Calix[4]arene bis-squaramide C85 promoted Michael addition of
acetylacetone to nitroolefins. Durmaz, 2016."""
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Figure 3. Arrangements for amide-containing squaramide-organobase cata-
lysts and representative examples.

substituted a,f-unsaturated aldehydes 195 and nitroalkenes via
the aldehyde dienolate intermediate (Scheme 62b)."" The
unprecedented 1,3 and 1,5-reactivity of the dienolates led to
the formation of cyclohexenol derivatives with four contiguous
stereogenic centers with good diastereoselectivities and high ee
values. The incorporation of the amino acid unit in C87
provided better stereoselectivity than that afforded by the
analogous catalyst lacking such a unit.

In another recent example, Palomo laboratory has reported
C88 as efficient catalyst for the addition reaction of N-acyl a-
aminoaldehydes 197 to nitroolefins to yield the corresponding
quaternary o-amino aldehydes 198 with very good enantio-
and diastereoselectivity (Scheme 62¢)."¥ As shown in TS34 DFT
calculations predict a strong intramolecular H-bonding inter-
action between the amide NH and the squaramide carbonyl in
the catalyst which probably enhances the H-bonding capability
of the squaramide. This intramolecular interaction may also be
responsible for catalyst conformational rigidification and hence
improved facial selectivity through steric shielding imparted by
the tert-butyl group. The least energetic TS34 shows the a-
amino enolate adopting a Z-configuration (fixed by an intra-
molecular H-bonding interaction between the enolate carbonyl
oxygen atom and the NH), and an additional H-bond between
the enolate NH and the nitro group of the electrophile. This TS
(Papai’'s model) correctly predicts the preferential formation of
isomer 198 from a Sicoate/Renitrooiefin @aPProach. The alternative
Renotate! Sinitrooiefin @PProach that would lead to minor ent-198
product lies 3.1 kcal/mol higher in energy, as happens with the
Re.noiate /Renitrooiefin @PProach leading to the syn diastereomer of
198 (5.2 kcal/mol higher in energy). As shown in Scheme 62d,
the same group also demonstrated that related catalysts C89
and C90 are capable of efficiently promoting the Michael
addition of a-branched aryl acetaldehydes 199.""¥ More
specifically a-methyl arylacetaldehydes react efficiently with -
(hetero)aromatic and p-alkyl nitroolefins 2 to provide 1,2,3-

Eur. J. Org. Chem. 2023, 26, e202201254 (26 of 31)

a) R2 _O
RZ N SO,R!
H.\-Boc 1 ' €86 (20 mol%) o OAcC
)\ + OAc
Ph” SO,R! OO PhCF, 50 °C, 24 h
192
193 27 examples, 44-99 %
R': Ar, Alkyl R2 Ar E/Z > 201
91-97% ee
b) cHo on LK
- NO> C87 (20 mol%) S
. % (xz) — TR, NG
2
R® THF,RT, 72 h R
R 3
R
195 2 196
R3ArPr  R:Ar, 2-thiophenyl, Pr 16 entries, 61-80%
dr 78:22 to 92:8, 95-98% ee
o
c) R4 NO, o R
H)Kr . % €88 (10 mol %) @%Noz
N RSHN® R
AN R CH,Clp, RT 195
197 2 18 examples, 53-80 %
dr81:19 to 98:2
97-99% ee
Ar
< Ar
NH. (
o i NH._
o o) o)
N N
H ’,H
H— f
Re face Sl face .~
Si face Re face M, /Z /f
Bo?h
TS34'
o
d) €89 or €90 (10 mol %) o R

RS
H)K( + 2

Ar

199 /2]
Ar: aryl, heteroaryl
RS: Me, Et, CH,CH=CH,, Bn Q/ij(

CH,Cl,, 0°C

12 examples 57-92 %
dr90:10 to 98:2

91-97% ee
‘ _N
Cc90 MeO
NH--O NH-
G = °
N
H‘ ..
5 j,’ H b
27 - %
//( C Ph—
Si-Si approach p/ +°0 Re-Re approach
S35 O TS35"

Scheme 62. Stereoselective reactions promoted by amide-squaramide BBs
C86-C90. a) Yan, 2019;"'? b) Zhao, 2019""* and c,d) Mielgo and Palomo,
2021.[114,'\15]

trisubstituted syn y-nitroaldehydes 200 in high enantio- and
syn-selectivity. In this case DFT calculations predict the reaction
to occur through the intermediacy of the E-enolate. While both
catalysts, C89 and C90 provided very good stereoselectivity,
C89 turned out to be more active, presumably because of the
intramolecular H-bonding interaction described above. In fact,
the least energetic TSs TS35 and TS35' once again show an
intramolecular NH-O=C interaction in the catalyst structure.
The calculated energy difference between TS35 (major product
200) and TS35’ (ent-200) was 8.0 kcal/mol. This was attributed
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to a larger steric congestion between the tert-butyl group of
one of the tert-Leucines and the phenyl group of the enolate in
TS35'. The calculated energy for the TS affording the minor syn
diastereomer of 200 was found to be 6.3 kcal/mol higher in
energy. It is worth of mention that arylacetaldehydes 199 with
a-substituents larger than methyl were also tolerated, although
stereoselectivity was moderate.

Similar multifunctional squaramide-amide catalysts derived
from basic structures other than cinchona alkaloid derivatives
have also been developed. This is the case of 1,2-cyclohexyldi-
amine derived catalyst C91, reported by Mukherjee in 2019,
which is capable to promote the addition reaction of
deconjugated butyrolactams 201 to N-arylmaleimides 94 to
furnish the a-addition products 202 exclusively (absolute
configuration not determined). These adducts exhibit consec-
utive tertiary and all-carbon quaternary steroecenters and are
obtained in good yield, moderate diastereoselectivity and good
to excellent enantioselectivity (Scheme 63)." However, N-alkyl
maleimides and ortho-substituted N-aryl maleimides were
completely unreactive under these conditions.

In 2021 Dixon reported his third generation iminophosphor-
ane catalysts represented by €92, in which the tert-Leucine-
squaramide moiety provides multiple sites for HB interactions.
In particular, C92 is able to promote the synthesis of hydro-
quinazolines 204 via intramolecular aza-Michael reaction of
urea linked o,B-unsaturated esters 203 (Scheme 64a).""”’ The
protocol tolerates various functional groups on both aromatic
rings on the starting substrates 203. The reaction adducts are
obtained in very good yields and diastereoselectivities, and
excellent enantioselectivity. Additionally, multi-gram scale syn-
thesis is suitable using catalyst loading as low as 2 mol%. DFT
studies predicted that the optimal catalyst conformation (TS36)
creates a pocket-like binding site for the substrates to impart
enantiofacial selectivity, whilst the squaramide motif demon-
strates advantages over urea and thiourea H-bond donor
groups on decreasing the destabilizing Pauli repulsion between
the reactants. This prediction is in agreement with experimental
results which showed that the reaction in the presence of the
parent thiourea derivative C45 (Scheme 30) and related ones
provided products in poorer enantioselectivity. TS36 that has a
catalyst conformation and coordination mode to the substrate
that both reduces steric repulsion and maximizes interactions,
is energetically preferred in this reaction. As shown in the
scheme, this TS features several stabilizing interactions, includ-

NN
DO
Ph. _N ’}‘ ’}‘
1
Et0,C Ar o] O H H NMe,
C91 (10 mol%)
Me—( + N-Ar?
N CHCI3 0,056 M
Bri (0] o) 4A MS
0
201 04 25°C,48h
10 entries, 67-75%
dr2.4:1to 3:1
90-96% ee

Scheme 63. Michael addition reaction of deconjugated butyrolactams to N-
arylmaleimides, Mukherjee, 2019.M%

Eur. J. Org. Chem. 2023, 26, €202201254 (27 of 31)
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| R
X 0o €92 (2-10 mol %) % OR
RIL
LA A Toluene 0.025M HN__N_ O
NN A
H H RT, 24 h
203 O 204
R: Bu (Me also works) 36 examples, 85-99%
64-92% ee

R': H, 4-Me, 4-OCF3,4-F, 2-F 4-CO,Me, 4-CF, 4-CN
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y L 5™
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aN— N ,N/% @ © HH Nep
_/ H H H N ’F'/
Ph— o N, \ \o,' N\
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i OR .~
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Ph,
NH
o ' ;
b) o o o} R
jg s 0
1
RZ’\)J\N’R“ RISH B " A — R¢
b co3 EERaNTEN s R N
R*  (2-10 mol %) vd N Me R®
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EtOAc (0.2M) Ph F
RT, 24 h 837 Ph pp 39 examples,
up to 99% yield
S up to 95% ee
Y (up to 10g scale, 64-92% ee)

N. >
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F’hxp// H--0O o H H N
7\

Ph™ Ph

Leading to ent-206

TS37' I
€93 (R: 3,5-('Bu),CgHs) PR3

Scheme 64. Amide-squaramide iminophosphorane BBs C92 and €93 as
promoters of: a) Intramolecular aza-Michael reaction of urea linked a,f3-
unsaturated esters. Dixon, 2021."'” b) Sulfa Michael addition (SMA) of alkyl
thiols to unactivated o,B-unsaturated amides. Hamlin and Dixon, 2022.""®

ing H-bonding, CO-it and CH-mt interactions and was found to
be 1.2 kcal/mol more stable than the TS leading to ent-204.
More recently, Hamlin and Dixon found catalyst C93 is
optimal for the first metal-free catalytic intermolecular sulfa-
Michael addition of alkyl thiols to unactivated o,f-unsaturated
amides 205, recalcitrant Michael acceptors (Scheme 64b)."® A
wide range of sulfa Michael products, including heterocyclic
derivatives, were produced in high yield and enantioselectivity
with the process being scalable to decagrams using as low as 2
mol% catalyst loading. The catalytic transformation was thor-
oughly investigated computationally and the conjugate-addi-
tion step was found to be the stereoselectivity-determining
one. All the possible TSs including Takemoto’'s and Papai's
coordination modes were computed. The results revealed TS37,
as the least energetic TS leading to the experimentally found
major enantiomer. In this TS an intramolecular H-bonding
interaction between the amide NH and the squaramide oxygen
fixes the conformation on one of the arms of the catalyst,
creating a three-dimensionally defined pocket within which the
o,pB-unsaturated amide can fit without considerable steric
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repulsion during the C-S bond-forming event. The stereo-
selectivity for this transformation originates from the TS37
transition state that benefits from multiple inter- and intra-
molecular stabilizing interactions, including hydrogen bonding,
CH—m, and t—m interactions. These stabilizing features are
enhanced in TS37 in relation to the lowest energetic TS37'
leading to ent-206 (AAG” =4.1 Kcal/mol).

Amide-containing squaramide-organobase systems that do
not incorporate a-amino acid units have also been reported. In
this context, Palomo group described a new subclass of
cinchona-alkaloid-derived bifunctional catalysts C94-C96 bear-
ing a carboxamide group as an additional moiety for catalyst
fine tuning (Scheme 65). On the one hand, catalyst C94 was
found to promote the regio-, diastereo-, and enantioselective
C,-alkylation of p-tetralones 207 and related aromatic-ring-
fused cycloalkanones via Michael addition to nitroolefins
(Scheme 65)."'¥ Both, a-substituted and a-unsubstituted tetra-
lones reacted under the optimized conditions affording prod-
ucts 208 in excellent stereoselectivity. For a-unsubstituted
substrates 207 (R*#H) the amide lacking catalyst C97 was
found to be equally effective at 2 mol% loading. However, for
the o-substituted congeners 207, this latter catalyst was
inferior. Control experiments using the N-methylated catalyst
C94' led to addition products with a moderate 60% ee, thus
indicating the amide NH in catalyst C94 is important.

On the other hand, carboxamide derived catalysts C95
enabled the highly enantioselective addition of C,-substituted
pyrrolidin-2,3-diones 209 to tert-butyl azodicarboxylate to
produce the corresponding a-hydrazination adducts 210 in
very good yields and enantioselectivities (Scheme 66a)."* In
the presence of either catalyst C95 or the N-methyl analog C95’,
the reaction could be extended to some other electrophilic
reaction partners such as o,p-unsaturated ketones. Significantly,
catalysts lacking the carboxamide motif afforded the reaction
adducts in lower enantioselectivities. Interestingly, adducts 210

Q CF3
CFs

El 24 J% 5?% )¢
N ﬁ “& =

C95R:H
C94R: H R c96
C94'R: Me C95'R: Me
R? RZR No
N Io) C94 or C97 (2-10 mol%) SN o)
~No, —— T,
R RO CH,Cly, -10, -20 °C R
= 2U12, g =
207 2 208

CF Z
R': H, 6-MeO, 6-Cl, 7-MeO 3 o o
R2: AT, PhC=C .CH3(CHz)z, Ph(CHy), Q j\;ﬁ fN
RTINS
H o H N
co7
MeO

Scheme 65. Amide-containing squaramide-organobase new subfamily cata-
lysts and first example of a Michael addition of tetralones to nitroolefins
promoted by this catalyst type. Palomo, 2017."""
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C96 (10 mol %) 7 examples, 78-98%
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Hoij CH,Cly, 0°C Y s
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Scheme 66. C4-Functionalization of pyrrolidin-2,3-diones promoted by
amide-containing squaramide-organobases C95 and C96 and development
of an efficient route to f**-amino acid derivatives. Palomo, 2017."*"

could aftermaths be transformed into B**-amino acids 212 via
oxidative ring-expansion to N-carboxyanhydrides (NCA's) 211
and subsequent coupling with nucleophiles. In a variation
involving the C,-unsusbstituted pyrrolidin-2,3-diones 209 to
provide adducts 213, among the catalysts tested C96 provided
the best results (Scheme 66b). Interestingly, a C96 catalyzed
two-step, one-pot process that involves nitroolefins and acryl-
aldehyde as the consecutive Michael acceptors, worked nicely
to furnish spirocompound 214 with four consecutive stereo-
centers as essentially single stereoisomer. Further oxidative ring
expansion to NCA's 215 and treatment with an amine provided
access to highly functionalized a,f3-amino acid dipeptide hybrid
216.

In another example, catalyst C95 was able to promote the
aldol reaction between a-hydantoin surrogates 217 and
azaarene 2-carbaldehyde N-oxides 218 to provide adducts 219
bearing two vicinal tertiary/quaternary carbons in excellent
diastereo- and enantioselectivity (Scheme 67)."?" The use of the
N-oxide derivatives instead of the parent azaarene carbalde-
hydes was key for attaining reactivity, as is the nature of catalyst
C95 for reaching high stereoselectivity. DFT studies of the
potential energy surface of the reaction correlate the activity of
the catalysts and support an intramolecular hydrogen-bond-

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

85U0]7 SUOWILLIOD BAFER.D (el dde 8y} Aq peusenoh aJe e O ‘8sn JO S9N 10} Ariqi T 8UIjUO A1 UO (SUONIPUCD-PUR-SLLIBI WO A8 | 1M ARIq 1BU1|UO//SANL) SUORIPUOD PUe SWie | 8U188S *[7202/T0/cZ] U0 A%iqiaulluo A8|IM ‘NHI/AdN BLBISBAIIN 89101 Iq1g AQ ¥52T02202 208/200T 0T/10p/w0d A8 |m Are.q i puljuoadoine-Ansiweyo//sdny wouy pepeojumod ‘2 202 '0690660T



Chemistry
Europe

European Chemical
Societies Publishing

Review

EurJOC
J doi.org/10.1002/ejoc.202201254

European Journal of Organic Chemistry

2

(@] R /R _( Bn
R! 7T A R'N
AFNJS/ S ,]C/ H———————— r NAr
)= TN CH,Cl,, 10/-20 °C
BnS e o)
217 218 219

23 examples, 85-95 %
dr10:1 to >20:1
70-98% ee

C95 (10 mol %)

Scheme 67. Reaction between a-hydantoin surrogates and azaarene 2-
carbaldehyde N-oxides promoted by amide-squaramide catalysts C95. Dinér,
Oiarbide & Palomo, 2019.'*"

assisted activation of the squaramide moiety in the transition
state of the catalytic reaction (TS38). The relevance of the
amide NH group in this new catalyst subclass was supported by
the fact that the above reactions proceeded with notably lower
enantioselectivity (45% ee) when the N-methyl derivative C95’
was employed as catalyst instead.

5. Summary and Outlook

In this review we showcase the progress on thiourea-, urea-,
and squaramide-based Brgnsted base/H-bonding (BB/HB) bi-
functional catalysts featuring an additional H-bond donor
functionality (catalysts with multiple H-bond donor capability).
After first reports dealing with these type of catalysts about
15 years ago, in recent years the use of, mainly, thiourea- and
squaramide-based organobase catalysts with multiple H-bond
capability has grown steadily. New catalysts incorporating
alcohol, sulfonamide, amide, amidine, amine and thiourea
groups as additional H-bonding unit (HB2) have been devel-
oped. Out of them, (sulfon)amides and alcohols are prevalent
by far. The order in which the three nominal active sites (HBT1,
BB, HB2) are located on the catalyst covalent backbone follows
various patterns, which we defined as topologies I-IV, respec-
tively. Successful examples of each topology I-IV have been
documented, although topology I (namely, HB2-HB1-BB con-
nectivity pattern) is dominant. As control experiments in many
cases show, the resulting multifunctional catalysts are compara-
tively more active and selective than the conventional BB/HB
bifunctional catalysts or the analogs of the actual catalysts
featuring a blocked HB2 site, enabling reduction of the thresh-
old catalyst loading for attaining practical conversion. Also,
incorporation of the second H-bonding unit (HB2) on catalyst
structure is often concomitant to an additional stereogenic unit,
which provides further element for catalyst fine tuning. Since
these multifunctional catalysts have been applied to a wide
variety of reaction categories, including carbon-carbon, -oxy-

Eur. J. Org. Chem. 2023, 26, €202201254 (29 of 31)

gen, -nitrogen, and -halogen bond formations, as well as
isomerizations and tandem/cycloaddition processes, there is no
universally accepted mechanism of catalyst mode of action.
However, two prototypical functions are most often ascribed to
the HB2 unit in the transition state (TS) of the key bond-forming
step: (i) it H-bonds to one or both the reactants (the actual
nucleophilic and electrophilic species), or (ii) it internally H-
bonds to the carbonyl group of the catalyst primary HB site,
that is, the (thio)urea or squaramide. In either case, the
additional H-bond would help in stabilizing TS while facilitating
catalyst preorganization and/or TS rigidification. Multifunctional
catalysts comprised of a thiourea, a tertiary amine and a boronic
acid are unique in that the boronic acid residue is presumed to
participate by formation of mixed anhydrides with the substrate
carboxylic acid, rather than solely participating in H-bonding.
Most of the catalysts in the above developments are based on
tertiary amines as the base unit. Few examples incorporating
stronger Brgnsted bases such as guanidines and iminophos-
phoranes have also appeared which set the principle of mutual
compatibility between the various basic and acidic sites within
the same catalyst structure and suggests further expansion of
the substrate scope in the area is to come. While these
multifunctional catalysts are usually more active than common
bifunctional catalysts, the effective catalyst loading remains
relatively high yet and even more active catalysts are needed.
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