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Acyl-Imidazoles: A Privileged Ester Surrogate for Enantioselective
Synthesis

Jimmy Lauberteaux,? Delphine Pichon,™ Olivier Baslé,' Marc Mauduit,”” Renata Marcia de
Figueiredo,*™ and Jean-Marc Campagne*®

a privileged ester surrogate
. . . 1
for enantioselective synthesis\ R




Abstract: Since the first report by Evans in asymmetric Friedel-
Crafts reactions, the use of acyl-imidazoles has blossomed as
powerful ester/amide surrogates. The imidazole scaffold indeed
displays stability and special activation features allowing both
better reactivity and selectivity in traditional ester/amide
functionalizations: a-(enolate chemistry), f-(conjugate additions),
a,f-(cycloadditions) or y/&(vinylogous). An overview of the
contemporary and growing interest in acyl-imidazoles in metal-
and organo-catalyzed transformations (bio-hybrid catalytic
systems will be fully described in a back-to-back Minireview) will
be highlighted. Moreover, post-functionalization expediencies
are also going to be discussed in this Minireview.

1. Introduction

Esters/amides are essential in the organic chemists tool-box due
to their easy transformation via o-(enolate chemistry), pB-
(Michael and Friedel-Crafts-type additions), a,B-(Cycloadditions)
or y/3-(vinylogous) functionalizations.
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Figure 1. Acyl-imidazoles: a privileged scaffold for enantioselective synthesis.
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The lower intrinsic reactivity of esters (amides) compared to
ketones has paved the way for the development of ester
surrogates. The preeminent features for such surrogates are: i)
higher stability; ii) enhanced reactivity (compared to
esters/amides); iii) improved stereoselectivities due to privileged
modes of coordination; iv) easy transformation not only towards
their parent ester/amide but also to ketones, aldehydes... under
mild conditions. Among the wide range of ester surrogates
(oxazolidinones, acylphosphonates, imides, pyrrolidinones...),
acyl-imidazoles have emerged as privileged partners in catalytic
and asymmetric transformations (Figure 1). Indeed, more than
90% of the papers have been published after 2010. The salient
features of acyl-imidazoles are:

= The possibility to form a chelate with metals, via double
coordination, leading to a better anchoring of metals and an
increased structural transition state organization, as illustrated
with the successful use of a wide range of metal-based
catalysts: Cu, Pd, Rh, Ir, Ru, Ce, Sn ...

= The stability of the metal complex, notably with copper salts, in
the presence of water, allowing the use of complex
macromolecules such as DNA or proteins as the source of
chirality.

= An easy introduction of the imidazole
moiety and easy post-functionalization
of the acyl-imidazole to common
carbonyl analogs: aldehydes, ketones,
esters, amides, amines etc.

= A good structural interaction in the
presence of organocatalysts, affording
high stability (privileged n-stacking),
reactivity and selectivity.

= Acyl-imidazoles are more electron-
withdrawing groups compared to esters
and other ester-surrogates and stable
towards hydrolytic cleavage.

reactions

1,4-Organometallic
additions:
R3-M

1.1. Synthesis of acyl-imidazoles
derivatives

The acyl-imidazole derivatives, first
reported by Okamato,"! are readily accessible from the
corresponding aldehydes or pyrrolidino/Weinreb amides, as
illustrated in scheme 1. o,B-Unsaturated derivatives can be
obtained using the above strategies but are also easily
accessible through Wittig or HWE reagents (Scheme 2).
Alternatively, o,B-unsaturated aromatic derivatives can be
obtained on large scale in a single step by an aldol
condensation between 2-acetyl-1-methylimidazole and the
corresponding aromatic aldehyde.

i HoN H‘\//N

. R DI/

R NQ Nf\/) .o Rz'N\Z‘,,/

RZ - N BuLi o

or R‘lk(/ -

i BuLi ,N\() } 2) [0] R1JLH
_OMe R2

R' N
Me

Scheme 1. Synthesis of acyl-imidazoles by Okamoto and co-workers.
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Scheme 2. Synthesis of a,p-unsaturated acyl-imidazoles.
1.2. Easy post-functionnalization reactions

After N-alkylation of the imidazoyl group, the resulting
imidazolium salt A can act as an excellent leaving group
enabling an easy post-transformation into a wide range of
carbonyl derivatives (Scheme 3).2* Carboxylic acids B, esters
C and amides D, B-oxoesters or 2-carbonyl malonates (and
derivatives) H can be directly obtained by the reaction of the
corresponding nucleophiles to the N-R? imidazolium salts.
Alternatively, ketones E and aldehydes F can be obtained using
a different strategy by first treating the acyl-imidazole with the
corresponding nucleophile (Grignard reagent or hydride source).
The resulting imidazole moiety is then alkylated and finally a
base-promoted elimination unveils the ketone (or aldehyde)
product. In the synthesis of aldehydes, the use of an excess of
an amine (s-amino caproic acid, glycine...) is essential to
prevent extensive formation of cross-aldol products through the
formation of a less reactive imine.” At the end of the reaction,
an acidic work-up is carried out to finally reveal the aldehyde
functionality. The formation of such imine intermediates was
next used to promote a one-pot reductive amination enabling the
formation of secondary amines G from acyl-imidazoles.”
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R*MgX or R"I;/ \EaBH4 Mel or RAKH
F

MeOTf
Melor ~ HO R* HO H 4;9
(0] MeOTf R1KV/N B R1KV/N _ aminoacid
R R4 base NJ y NJ \\;
E R2 N RZ . ./ Mel
5
then R°NH, R1/\NHR5
then NaBH, G

Scheme 3. Post-functionnalizations of acyl-imidazole derivatives.
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1.3. One functionality enabling diverse modes of activation

The potential of acyl-imidazoles as bidentate conjugate
acceptors in enantioselective synthesis was early recognized by
Evans in Friedel-Crafts (FC) reactions using scandium salts in
the presence of chiral ligands.”! The concept in which the acyl-
imidazole is activated through a chelate with a transition metal
equipped with a chiral ligand could next be extended to a wide
variety of metals and reactions (section 2). Acyl-imidazoles also
proved excellent partners with chiral-at-metal (Ir, Rh) complexes
notably enabling photoredox enantioselective catalysis (section
3). Playing on other modes of activation, acyl-imidazole
derivatives have also been used in organocatalyzed reactions
(section 4). Finally, thanks to the solid coordination of acyl-
imidazoles to copper derivatives, and the stability of such

complexes in water, bio-hybrid catalysts (DNA, metallo-enzymes,
peptides) were successfully used in various reactions (section 5).

2. Classical Transition Metal catalysis (M+L*)

2.1. B-Functionalization through 1,4-additions (Friedel-
Crafts; soft nucleophiles; organometallic reagents...)

2.1.1. Friedel-Crafts type additions

As previously mentioned, the first report describing the use of
o,B-unsaturated 2-acyl-imidazoles 1 in enantioselective catalysis
was made by Evans and coworkers in 2005.®! The chiral
bis(oxazolinyl)pyridine (pybox)-scandium(lll) triflate complex |
demonstrated excellent catalytic activity and high chiral induction
(up to 98% ee) in the FC alkylation of a series of indole
derivatives with 1 (Scheme 4). Also illustrated in the alkylation of
2-methoxyfuran and pyrrole, the authors could evidence the
beneficial role of the sterically demanding imidazole N-isopropyl
substituent in the level of reaction enantioselectivity. Using the
same catalytic system, Evans and co-workers extended their
investigation in the alkylation of pyrroles (up to 99% ee)
highlighting the synthetic potential of the acyl-imidazole
function.”! The enantioenriched 2,3-dihydro-1H-pyrrolizine 3 is
accessible thanks to a one-pot methylation/cyclization of the
pyrrole alkylated product leading after reduction to the (+)-
heliotridane alkaloid 4.1

2.1.2. Soft nucleophiles additions

In the field of catalysis through metal complexes bearing chiral
ligands, and among pioneering works in this area, Roelfes,
Liskamp and co-workers published the enantioselective Cu-
catalyzed Michael addition of malonate to 1 wusing a
triazacyclophane-based ligand.®! Unfortunately, only modest
enantioselectivity (24% ee) was obtained. It should be
emphasized that much higher selectivities have been observed,
by the same authors, using bio-hybrid catalysts (see section 5).

In 2015, Wang and co-workers reported the asymmetric Michael
addition of 5H-oxazol-4-ones 5 on 1.°! Using the dinuclear zinc-
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ProPhenol complex Il with achiral phenol derivative as co-ligand,
they were able to access a wide range of p-functionalized acyl-
imidazoles 6 with excellent diastereo- and enantioselectivities
(Scheme 5).

SclL*

\
R2 (complex I)
/\)Kr (1 to 5 mol%) /\)Kr
\/7 MeCN, 4A ms A \7 N—SC—N
TfO OTf “
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Scheme 4. Sc(lll)-complex on FC additions to a,3-unsaturated acyl-imidazoles.
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Scheme 5. Dinuclear Zn-ProPhenol complex Il on Michael additions.
2.1.3. Addition of organometallic compounds

In the area of modern enantioselective catalysis, the ‘transition
metal-catalyzed’ asymmetric conjugate addition (ACA) of
organometallic reagents to electron deficient alkenes has
emerged as an efficient methodology for the selective formation
of C-C bonds." Important breakthroughs were accomplished
in this field, offering a versatile toolbox to the organic chemist to
tackle manifold issues often encountered in the total synthesis of
complex natural molecules.""® Curiously, among the myriad of
Michael acceptors, the acyl-imidazole function as electron-
withdrawing group (EWG) was scarcely investigated in ACA
involving organometallic reagents.



2.1.3.1. Addition of alkyl boron reagents

Sawamura, Ohmiya and co-workers were the first to report the
copper-catalyzed enantioselective conjugate addition of alkyl
borons to 1. After a previous successful study involving the
achiral IMes/CuCl catalytic system and various in situ generated
functionalized alkyl boranes (alkyl-9-BBN) readily available via
alkene hydroboration,"'® they developed an asymmetric version
by screening a set of chiral NHC ligands (Scheme 6).1'""™ L1
appeared the most efficient toward o,fB-unsaturated 2-acyl-1-
methylbenzimidazoles 7 affording the desired 1,4-adducts 8 in
excellent vyields and remarkable high enantioselectivities.
Advantageously, a wide range of functional groups are tolerated.
Moreover, thanks to the 2-acyl-imidazole function, adducts 8
could be readily converted into the corresponding esters and
alcohols in good yields without racemization.

R ; By OMe
(9-BBN-H), l |
Rz ; tBu
Rz’\/B
\G Cuc| (10 mol%) R1\)K( H
(12 mol%) \©
PhOK (25 mol%)
\ _ toluene or mesitylene 13 examples tBu
R2 Ar, Alkyl, 2-Thieny! 30°C,48h (57-93% yields)
R2 = Ar, C(Me),CH,CO,Me up to 93% ee ] sy OMe

Scheme 6. Enantioselective conjugate addition of alkyl boranes to a,B-
unsaturated 2-acyl 1-methylbenzimidazoles catalyzed by a Cu-NHC complex.

2.1.3.2. Addition of dialkylzinc and Grignard reagents

Numerous biological active molecules feature a methyl
stereogenic center and the enantioselective transfer of a methyl
group remains a real challenge. In 2015, Mauduit, Campagne
and co-workers proposed a highly selective addition of
dimethylzinc to acyl-imidazole Michael acceptors as a versatile
synthetic platform to build many desirable chiral building-blocks
and related natural products (Scheme 7). After a screening of
various chiral ligands in presence of Cu(OTf), complex, NHC
precursor L2 was the most efficient to promote the 1,4-addition
of MeyZn to various o.fB-unsaturated 2-acyl-imidazoles 1 with
good yields and enantioselectivities. Notably, poor selectivity
(<20% ee) was observed with diethyl- and diphenyl-zinc. The
synthetic potential of the acyl-imidazole moiety has been
illustrated through the 3-step synthesis of (+)-ar-turmerone 10
and odorant molecules 11 and 12 which were isolated in good
overall yields from the corresponding enantioenriched 1,4-
adducts. Moreover, the rapid access to the aldehyde function
allowed an iterative process leading to 1,3-deoxypropionate
skeletons 9a and 9b in good overall yields and excellent
diastereomeric ratios.
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Scheme 7. Cu-catalyzed enantioselective conjugate addition of dimethylzinc

to a,B-unsaturated 2-acyl 1-methylimidazole.

The methodology was extended to di- and trienic 2-acyl-1-
methylimidazole substrates 13. As depicted in scheme 8, the
reaction proceeds with a remarkable 1,4 regioselectivity (vs 1,6
and 1,8) with high enantio discriminations. Interestingly, DFT
calculations highlighted the crucial role of the N-imidazole
heterocycle towards the 1,4-regioselectivity.®

2.1.4. Mukaiyama-Michael additions

Substrates 1 were also employed in modified Mukaiyama-
Michael reaction. Preliminary work on this purpose was done by
Doyle’s group where the addition of enolates from 2-diazo-3-
butanoates 15 under Cu(ll)-box ligand catalysis afforded
functionalized diazoacetoacetates 16 in good vyields and
enantioselectivities (Scheme 9a)." Following on this seminal
report, y-butenolides 18 were prepared through the use of
silyloxyfurans 17 as substrates under either Sc(lll) or Er(lll)-
indapybox catalysis (Scheme 9b).I"¥ Interestingly, by keeping
the same chiral ligand, a simple switch in the metal-center from
Sc(lll) to In(lll) resulted in a complete reversal of the
enantioselectivity. This could be observed during the synthesis
of 1,5-diketones.!"¥

[e] Me Cu(OTf), (2 or 4 mol%) Me O Me
W(N + Meszn L2 (3 or 6 mol%) G
RN, s N 27 hBuLi (8 or 16 mol%) RS )

. N THF,0°Ctort 14 N
R Alkyl or Ar 160 6 examples

' (51-85% vyields)
11,4/1,6 ratio: 95/5 to 98/2
up to 95% ee

Scheme 8. 1,4-Regioselective asymmetric conjugate addition of dimethylzinc
to poly-unsaturated 2-acyl-1-methylimidazoles. Adapted with permission from
Ref. 6b. Copyright 2016 John Wiley & Sons.
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Scheme 9. Mukaiyama-Michael addition to a,B-unsaturated acyl-imidazoles.

2.2. Cycloadditions

2.2.1. [3+2]

Enantioselective nitrone 1,3-dipolar cycloadditions catalyzed by
bis(oxazolinyl)pyridine-Ce(lV) triflate complexes was described
in 2006 by Evans and co-workers (Scheme 10). " The adducts
are flexible building blocks for easy transformation into p’-
hydroxy-f-amino acid derivatives 21. One similar transformation
was reported in 2015 by Meggers and co-workers using chiral
Ir(1l) complex (see section 3). "¢

o o [
2 >—1/
N = " O. ﬁ R complex Il (5 mol%) R’
= RY+ | —» M
<\/N SJ\ EtOAc, 4A MS © o
"Me R 0°C, 17-120 h RN
2
1 19 15 examples 20 R
R'= Me, Et, iPr, n-Bu, Ph, CO,Et (72-99% yields)
R2 = Me, Ph, Bn; R3 = Ar, Et, Cy endo:exo (up to >99:1) l
up to >99% ee
N i ? Me
o | o : Nuc) 1~ NOR
Phw</1 Ny Ph :
\—N—~Ce—N ! Ph NHBoc
Ph ot i | R= IT TBS
complex Il g Nuc = M!eO, HO

Scheme 10. Enantioselective 1,3-dipolar cycloadditions of 1 with nitrones.

Trost developed a Pd-catalyzed vinyl-substituted
trimethylenemethane (TMM) asymmetric [3+2] cycloaddition with
1. The transformation relied on the use of unprecedented
bisdiamidophosphite ligand L5 and engendered tetrasubstituted
cyclopentanes 23 in high yields with good regio-, diastereo- and
enantioselectivities (Scheme 11). Due to the high functional
tolerance at the B-position on the acyl-imidazole substrates, the
products could be easily transformed into more elaborated

compounds as illustrated with the synthesis of tricyclic adduct 24.
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Scheme 11. [3+2] Cycloaddition of 1 with trimethylenemethane.

2.2.2. [4+2]

Liskamp and co-workers have proposed an alternative catalytic
system based on the combination of bio-inspired
triazacyclophane (TAC)-based ligands and Cu(ll)-salts.®! Even
though these ligands could mimic the structure of the tris-
histidine triad metal-binding site found in metalloenzymes, low
enantioselectivity (51% ee for the endo-product) was obtained.
Higher selectivities are obtained with bio-hybrid catalysts in
these reactions (see section 5).

2.3. a-Functionalization through acyl-imidazole enolates

Enolate derivatives have been found to be versatile substrates
for the a-functionalization of acyl-imidazoles. o-Alkylation of
acyl-imidazole enolates was described by Trost and co-workers
in 2010 "8 using the catalytic Asymmetric Allylic Alkylation (AAA)
of a wide range of 2-acyl-imidazole enol carbonate derivatives

5 (Scheme 12). Thanks to this method, compounds 26 have
been obtained in good yields and good enantioselectivities. This
methodology was successfully applied to the enantioselective
total synthesis of cetiedil 27.

i o Pdy(dba)s
Ph o” o (R RyL6 W)K/
|
N U R? dloxane rt, 16h
N 25

13 examples
(54-99% vyields)
up to >99% ee

R' = Allyl, Cycloalkenes
R2 = Me, Ph, OR, Allyl, Propargyl, Heterocycle

S 0
N o~ _n. &
: R © S
> N \HN—w" : ;
- Yen s
J‘*Pth PhP-< % 27
(R,R)-L6 B ' cetiedil

Scheme 12. AAA of 2-acyl-imidazoles 25 described by Trost and co-workers.

Following this pioneering work, the nickel-catalyzed
enantioselective Michael addition on nitroalkene derivatives was
investigated. The N,O-chelation of the chiral metal complex on
the acyl-imidazole moiety facilitated the soft enolization of this
nucleophile to afford a chiral metal enolate intermediate which
could achieve enantioselective addition to an electrophile



(Scheme 13). For this process, nickel complexes bearing chiral
bisoxazoline ligands (L7 and L8) have been used.
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S h Ph
Ph L7 Ph L8

Scheme 13. Mechanism rational for the Michael addition of acyl-imidazoles to

nitroalkenes.

The concept could be illustrated by Lam and co-workers in
2013 in the addition of the N-methyl-2-acetyl-imidazole 28 on
several nitroalkenes 29 (Scheme 14). In this case, aromatic p-
substituted nitroalkenes displayed higher enantioselectivities.

o L7 (5.5 mol%) o R
MMe N0 N'(OAC)g:ngO r(t5 mol%) WNOZ
\_N. PrOH, \_N.

Me Me

28 29 30
R = Ph: 85%, 97% ee
R = 2-MeCgH,: 76%, 95% ee
R = 1-Naphthyl: 82%, 97% ee
R = Cy: 54%, 67% ee

Scheme 14. Michael addition of 2-acetyl-1-methylimidazole to nitroalkenes.

The methodology could then be extended to the formation of
quaternary centers (Scheme 15).12%2"

2 R! O R2R!
N L8-Ni(OAc), (10 mol% .
&%Me N Rz&Noz i(OAc), (10 mol%)
N

N
. iPrOoH, 0° C &N
Me 28 31 ‘Me 32

= =
gm0 - -
N L__NO, O/ CO,tBu O/ CO,Bu
- NMNOZ NMNOZ
N
‘Me <\/ <\/

N, N,
. Cano . Me Me
R" = CF5: 81%, 96% ee 85% 88%
R' = CO,tBu: 92%, >99% ee >99% ee >99% ee

Scheme 15. Enantioselective formation of quaternary stereocenters via
Michael addition of 2-acetyl-1-methylimidazole to nitroalkenes.

Wang and co-workers have described in 2017 the use of a-
substituted acyl-imidazoles 33 (if R' # H, Scheme 16). High
anti  diastereoselectivities,  associated  with  excellent
enantioselectivities, could be observed for a broad range of
substrates.® Interestingly, epimerization could be carried out
under mild conditions to give the corresponding syn adducts 35.
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o o R
1 L9, Ni(OA
N\W)K/R RN NO2 O N : ez
&N dioxane (0.25 M) \ N F:{1
‘Bh 33 29 4AMS “Ph

anti-products 34
17 examples
(73%-99% vyields)
up to 99% ee

Et;N
THF, 40 °C

R'=H, Et, Pr, iPr, Bu, Ph
R? = Alkyl, Cycloalkyl, Alkene,
Aryl, Heterocycle, Indole

: 24h
! i o R?
Br NH HN Br | N \W)H/‘V NO,
LS S : <\/N\ R'
L9 i Ph

syn-products 35

Scheme 16. Anti-selective Michael addition of acyl-imidazoles to nitroalkenes.

Recently, acyl-imidazole enolates were applied to the AAA
reaction on nitroallylic acetate substrates 36 (Scheme 17).1%
Using Ni(ll)-acetate source and the chiral diamine ligand L10 as
optimized catalytic system, a wide scope of syn-a-allylic adducts
37 was obtained.

o) 0o R?
Nj)&w sz["‘oz L10, Ni(OAc), (10 mol%) N
X + ~ Y
<\/N\ OAc Al20s, THF <\/N\ R" NO,
Ph Ph
33 36
N__pn 37
~ 25 examples
R = Ph, 4-CICgH,, Alkyl, H O’ (51-96% y'i)elds)
R? = Aryl, Heteroaryl, Alkyl “N"Ph up to >20:1 d.r.
H

L10 up to 97% ee

Scheme 17. AAA reactions between nitroallylic acetates and acyl-imidazoles.

3. Metal-centered chirality catalysis

3.1. B-Functionalization through 1,4-additions (Friedel-
Crafts; soft nucleophiles; organometallic reagents)

In 2014, Meggers and co-workers introduced octahedral iridium
() and rhodium (lll) as a new class of chiral Lewis acid
catalysts.”” The general structure of these cationic complexes
is relatively simple and contains only two cyclometallated
benzoxazole or benzothiazole achiral ligands in addition to the
two labile coordinated acetonitriles. These complexes that
exclusively display octahedral metal centrochirality (A or A) are
configurationally stable (Scheme 18). In the past years, acyl-
imidazoles have become the substrates of choice with such
chiral catalysts allowing for high efficiency in a variety of
asymmetric transformations.



] pd
R! W PFY W pF
Bu X or Bul "6
Z €] @
N BF, BF4
MeCN.,,, | R2 m, | wNCMe
L '
MeCN” | “SNewe
N /N
T i
A-IrO1 (M =1Ir, X =0, R' = H) A-Ir01 (M =1Ir, X = O, R'and R? = H)
A-Ir'S1T (M =1r,X=S,R" = H) A-Ir'S1 (M =1r, X =S, R'and R? = H)
A-RhO1 (M =Rh, X =0, R"=H) A-IrS2 (M =1r, X =S, R = H, R? = tBu)

A-RhO1 (M =Rh, X = 0, R" and R? = H)

A-RhO2 (M = Rh, X = O, R = 3,5-CF3-CgH3, R? = H)
A-RhO3 (M = Rh, X = O, R" = 3,5-Me-CgHg, RZ—H)
A-RhS1 (M =Rh, X = S, R'and R? = H)

A-RhS2 (M =Rh, X = 8, R" = CgHg, R? = H)

A-RhS1 (M =Rh, X =S,R'=H)

Scheme 18. Chiral-at-metal bis-cyclometallated Ir(lll) and Rh(lll) catalysts by

Meggers and co-workers.
3.1.1. Friedel-Crafts type additions

The first example of successful asymmetric catalysis using this
novel class of chiral transition metal catalysts was reported in
the enantioselective FC reactions of 1 with electron-rich indoles
38.%% |n 2014, Meggers and co-workers demonstrated that bis-
cyclometallated octahedral iridium(lll) complexes A/A-IrO1 could
induce high chirality transfer at room temperature with high
functional group tolerance (Scheme 19).

R4
A/A-IrO1 RS
W [Q (02520 mol%) N
R
</ N r¢ TNH

39
21 examples
(75-99% yields)
up to 98% ee

R" = Ph, Alkyl, CO,Et; R? = Me, iPr
R®=H, Me, Ph; R* = H, Me, OMe, CI, Br; R® = H, OMe

Scheme 19. FC reactions catalyzed by chiral-at-metal Ir(lll) catalysts with
indoles 38 and 1.

The same authors could further evidence the versatility of
catalyst A-IrO1 and demonstrated that the  2-
phenylbenzothiazole-based complex A-IrS1 could provide
higher asymmetric induction in the FC reaction with 3-
dimethylaminoanisole, 2-methoxyfuran and pyrrole to provide
the desired products in high yields and high enantioselectivities
(Scheme 20).1'" Interestingly, crystal structure of the o,B-
unsaturated 2-acyl-imidazole substrate la coordinated to the
chiral iridium complex A-IrO1 could be obtained. It showed the
shielding of the Si-face by one tert-butyl group that directed the
nucleophilic attack to the Re-face. It is also important to note
that the isostructural rhodium congener A-RhO1 was also
described to display high selectivity in FC alkylation of indole
(one example).?®! In 2017, a polymer-supported chiral-at-metal
Ir(Il) Lewis acid was used in enantioselective FC alkylation and
Diels-Alder (DA) reactions.?”)
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Selected examples: up to 99% ee
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Scheme 20. FC reactions catalyzed by chiral-at-metal A-IrS1 catalysts.
Adapted with permission from Ref. 16. Copyright 2015 John Wiley & Sons.

The more challenging enantioselective C2-alkylation of 3-
substituted indoles 40 with 1 was described by the same group
in 2017.?® While complex A-IrO1 demonstrated poor catalytic
activity in the C2-alkylation of 3-methylindole, the structurally
modified catalyst A-IrO-uracil exhibited improved activity and
excellent enantioselectivity due to its bifunctional Lewis
acid/hydrogen-bond network activity (Scheme 21). The authors
proposed that the replacement of the tert-butyl groups on the
catalyst by the hydrogen bond acceptor (i.e. N-methyl uracil)
increased the reaction rate by rendering the indole substrate
more nucleophilic.

R®  A-IrO-uracil
o
</W)K/\ . g A (2 0 mol%) C
N toluene 55°C .
R? H 18-72h
41 R*
R' = Ar, Heteroaryl, Me R®= Me, Et, Ph 20 examples

(55-99% yields)

R* = Me, OMe
up to 98% ee

R? = Me, iPr, Ph

i Proposed transition state: i
: Ohydrogen bond

| N
: N, TN
! N — O,,//H
Ir N

tBu \’\OX\\LV/

3 /N o. Si-face attack 3
i N\ '
| A-IrO-uracil o g%N I

Scheme 21. FC reactions catalyzed by modified chiral-at-metal A-IrO-uracil
catalyst.

3.1.2. Addition of soft nucleophiles
In contrast to FC reactions, where Ir(lll) complex gave better

results (see above), octahedral A-RhO1®® and A-RhS1%?
complexes displayed better catalytic efficiency in Michael



addition reactions with soft nucleophiles (Scheme 22). Moreover,

the formation of all-carbon quaternary centers was also allowed
with diastereoselectivities of up to 14:1. ¥ Concerning the
mechanism, it works like previously stated for these chiral-at-
metal catalysts; bidentate fashion coordination with 2-acyl-
imidazole substrate (chiral Lewis acid behavior) followed by the
addition of the carbon nucleophile to the prochiral B-carbon. The
Rh superiority on the conjugated addition of soft carbon
nucleophiles is mainly due to the lability of acetonitrile ligands
which could be easily replaced by acyl-imidazole substrates.
Consequently, the Rh complexes afforded higher turnover
frequencies and turnover numbers that limit non-catalyzed
background reactions.

1
0 A-RhO1 (1.0 or 2.0 mol%) 2 R
WW Nu-H (1.2 to 3.0 equiv.) QWN”
N, THF, rtto 5 °C N,
Me 1 6-48 h Me 42
1_ 5 examples
R’ =MeorPh (83-99% vields)
Selected examp/es‘ up to 99% ee
.y @%Me @%
OtBu
96% A-RhO1 (1 mol%): 96%, 95% ee (R) 92%
92% ee A-RhS1 (1 mol%): 99%, 93% ee (S)  96% ee, 14:1 d.r.

Scheme 22. Soft carbon nucleophiles on conjugate addition in the presence of
Meggers’ catalyst and 1.

Kang and co-workers recently described the use of A-RhO2 in
the enantioselective conjugate addition of pyrazolones 43 to 1
(Scheme 23a).*% N-Methylimidazole unit was crucial to obtain
high yields and enantioselectivities. In fact, when it was replaced
by 2-pyridyl moiety (see 46) much lower ees were attained and
in the presence of 1-pyrazole ring the transformation was very
reluctant (traces of product 45) (Scheme 23b).

a) Michael addition of pyrazolone with a,fp-unsaturated 2-acyl imidazoles

1) A-RhO2
dv o Nﬁ e

(0.05-1.0 mol%)
__DCE,30°C _
R' = Ar, Heteroaryl, Alkyl, CF3 21 examples
R2 = Me, nPr, Ph (85-96% yields)

2) Et3N (20 mol%)
Ac,0 (2.0 equiv.)
up to >99% ee

b) With other Michael-acceptor substrates

o N

trace 91%, so% ee
Scheme 23. Conjugate addition of pyrazolones to 1.

Enantioselective sulfa-Michael addition to 1b bearing an ester
function at the y-position was described in 2015.2" In this study,
stable octahedral 3-aminopyrazolato Ir(lll) complex (A-IrO3), in
which the two labile acetonitrile ligands were replaced by a
pyridine/3-aminopyrazole moiety, was ideal for the asymmetric
sulfa-Michael addition of aromatic thiols (down to 0.05mol%
catalyst loading) (Scheme 24). The catalyst seems to act
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through both chiral Brgnsted base/H-bonding activation. The
plausible mechanism relies on a first proton transfer from the
aromatic thiol to the catalyst followed by the thiolate addition to
the Michael acceptor. Then, protonation releases the catalyst
and ends the catalytic cycle. Again, 2-acyl-imidazoles
(compared with different = N-acyl pyrazoles) were better
substrates concerning enantioselectivity outcomes, probably due
to its stronger hydrogen bond acceptor skills.

o o S,Ar
A-IrO3 (0.2-0.5 mol%
M I o T @Mmu

N o) 2Clp, = N

N -

P 2.5-15h \pr

47
”””””””””””””””””””””””””” 13 examples

(85-99% vyields)
up to 97% ee

-Ph
O ) H H OtBu :
O O-O\\OH s Siattack
nHex Q

Proposed transition state ‘

Scheme 24. Enantioselective sulfa-Michael addition to o,B-unsaturated 2-acyl-
imidazole 1b.

In 2017, Kang and co-workers proposed a protocol to achieve
enantioselective aza-Michael addition through chemoselective
conjugate addition of N-protected hydroxylamines 48 to 1
(Scheme 25).22

N s tBu
@A/\R HO. PG 1 Si-face
N, A-RhO1 0 N""7 i blocked R N

) N ‘
REA1 (20mol%) N W)V 1
+ —_ S R'" ! Y |
H CHClj3, 50 °C <\/N\ , 3 R' ) o ;
PG “OH R e : :
48 49 ‘a acl HN OH x !
PG o 1

AN
7
\ z
Z‘N‘Z
=

>20 examples
R' = Ar, Het I, Alkyl, CO,Et
,— An neteroaryl, AL ER251 (16-93% yields)
R* = Me, iPr, Ph

up to >99% ee
PG = Boc or Cbz
Scheme 25. Enantioselective aza-Michael addition of hydroxylamines to 1.

Along the same lines, and playing on the nature of the metal (Ir
vs Rh), decarboxylative addition of -oxoacids®® and addition of
nitroalkane derivatives have also been described.®

3.1.3. Addition of 1,1’-diarylethenes

The catalytic asymmetric addition of alkenyl nucleophiles to
Michael acceptors represents an elegant way to build enantio-
enriched chiral centers adjacent to an alkenyl moiety. Studies
disclosed in the literature are traditionally mainly based on vinyl
organometallic reagents.® Simple alkenes have been more
scarcely investigated due to their poor reactivity and
uncontrolled side reactions. Kang and co-workers recently
reported a relevant enantioselective conjugate addition of 1,1’-
diarylethene 50 to various o,B-unsaturated 2-acyl-imidazoles 1
catalyzed by a chiral-at-metal Rh(lll) complex (A-RhOZ2)



(Scheme 26).P® The corresponding 1,4-adducts 51 were
isolated in good yields and selectivities. It is noteworthy that a
gram-scale reaction involving a catalyst loading as low as 0.05
mol% was performed with a similar efficiency.

Ar
o R?
! A-RhO2 (1 mol%) ArT (o} R2

17X N i 1
R\)K’\}r\/) %\Ar DCE, 30 °C, 2-24 h R \N
1 51 N\/)
20 examples
(67-95% vyields)
up to 95% ee

R" = Alkyl, Aryl, Heteroaryl, CO,Et
R? = Me or iPr

Scheme 26. Asymmetric conjugate addition of 1,1’-diarylethene to 1.
3.1.4. Radical-based B-functionalization

Merging bis-cyclometallated chiral Rh(lll) complexes and o,f-
unsaturated acyl-imidazoles 1 under photoredox conditions gave
a straightforward alternative route for highly enantioselective B-
functionalization of such substrates. Alkyl radicals generated
from  organotrifluoroborates,®”  nitrogen-centered  radicals
obtained through proton-coupled electron transfer (PCET),F®!
and a-amino radicals supplied from tertiary amine derivativest™
allowed the formation of C—C and C—N bonds at the B-position of
1 in an impressive enantiocontrol. Additionally, remote,
unactivated 8-C(sp®)—-H bonds of N-alkyl amides were also prone
to radical formation and reaction under Rh(lll)-photoredox
catalysis (Scheme 27).14"

N R* RS
N‘RZ 52 Ph 55
> 20 examples
(57-97% vyields) >20 examples
up to 99% ee (40-82% yields)
up to 97% ee
3 ARAS1 ARho/ i
R *BF3 K H
R2= Ph, Me, jpr ~-""" 1T WH PMP
' o : R4 RS
: NW)K/\ .
TS R
(@] i <\/N H

1 ‘R? :
A : ;
r\N)LOR A ! @Q\‘
}l| “Ar
ARhO1 ARBO1
O R' Ar

o
P

> 15 examples
(76-98% vyields)
up to 99% ee

17 examples
(54-92% vyields)
up to 84:16 d.r., 99% ee

Scheme 27. B-Functionalization of 1 via photoredox with bis-cyclometallated
Rh(lll) catalysts.

Thanks to the ability of substrates 1 to efficiently coordinate to
the catalysts through a bidentate manner, the combination of
asymmetric catalysis and photoredox catalysis allowed this
unique reactivity. In general, the catalytic cycle starts with the
formation of N,O-Rh coordinated 2-acyl-imidazole substrate
(intermediate |) (Scheme 28). Then, depending of the nature of
the radical partner (R®), the intermediate | can undergo either
radical addition reaction to form intermediate Ila (mechanism A)
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or reduction to the rhodium enolate radical intermediate Ilb
which recombine to generate intermediate Ill (mechanism B).
After protonation (l11->1V), product release and coordination of a
new substrate (IV->1), a new cycle can be initiated.

A [Rh]—o
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Scheme 28. Proposed mechanisms for radical-based enantioselective f-
functionalization of 1.

Very recently, the concept could be extended to the use of
Hantzsch esters 56 as alkyl radical reservoirs (Scheme 29).1"
The authors assumed that both mechanisms A and B could
operate simultaneously.

R2
o}
, BuO,C COfBu A-RNS1 (4.0 mol%)
& ) a
CH,Clp,13-18 h &

CFL (21 W) N‘ph
. 56 57
R2 = Alk, Ar . 16 examples
R“ = Ar, 2-thienyl, NHBoc, OBn (53-100% yields)
ST T T up to 98% ee
: g-r? i
! [Rhl~g :

col \ :
3 Q\?‘)\/gw or &NR‘
Ph ;

radical-radical coupling Giese-type radical addition ‘

Possible reaction pathways

Scheme 29. Hantzsch esters on photoredox B-alkylation of 1. CFL = Compact
Fluorescent Lamp.

3.2. Cycloadditions

3.2.1. [2+1]



Kang and co-workers have employed chiral Rh(lll) complex to
catalyze asymmetric Michael-initiated ring-closure (MIRC)
reaction between 1 and 2-bromomalonates 58 (Scheme 30).4%
The polyfunctionalized cyclopropane products 59 were isolated
in high yields, diastereo- and enantioselectivities. The illustrated
transformation displayed good substrate tolerances concerning
both 2-acyl-imidazole and bromomalonate substrates.

o R*0,C CO,R®
Br A-RhO1 (0.1-2.0 mol% N
NWW . )\ ( o) (/\\ .

<\/N R*0,C” “CO,R®  Et3N (1.2-2.0 equiv) N IRt

2 - 2

R 1 58 CHClj, rt, 3-24 h R o)

59

R' = Aryl, Heteroaryl, C;Hq5 20 examples

R? = Me or Ph
R3/R*=Et, iPr, Bn, tBu

(70-99% yields)
up to >20:1 d.r., >99% ee

Scheme 30. Cyclopropanes synthesis via [2+1] cycloadditions with 1.
3.2.2. [2+2]

Following a seminal publication by Yoon,*¥ Meggers developed
an intermolecular photocatalytic [2+2] cycloaddition reaction
enabling the formation of cyclobutanes 61 through reaction of
o,B-unsaturated 2-phenyl imidazoles and 2,3-dimethyl-1,3-
butadiene 60 (Scheme 31).** Thanks to the ability of acyl-
imidazole to form a chiral Rh/substrate complex which acted as
a ‘light harvesting antenna’ and consequently suppressed
racemic non catalyzed background reaction, high levels of
selectivities were obtained.

Ph e} R1H
W)K/\ )\( A-RNS1 (2 0r 4 mol%) N i \L
</ Q\/{\l N “Me
Me

acetone rt
Blue LED

10 examples
(72-97% vyields)

R" = Aryl, Heteroaryl, Styrene
up to 16:1 d.r., 99% ee

Scheme 31. Cyclobutanes synthesis through [2+2] cycloadditions with 1.
3.2.2. [4+2]

o,B-Unsaturated 2-acyl-imidazoles 1 are substrates of choice for
performing [4+2] cycloadditions acting as both practical and
alternative class of dienophiles. They exhibited excellent
reactivity towards Diels-Alder (DA) reaction in the presence of
metal-transition/ligands catalytic system or several biohybrid
catalytic systems. In the field of chiral transition-metal catalysis,
bis-cyclometallated chiral A-IrO1 complex displayed excellent
diastereo- and enantioselectivities in DA and hetero-Diels-Alder
(HDA) reactions (Scheme 32a).' Switching to A-RhO1
complex, the synthesis of several hydrocarbazoles 64 through
DA reaction between N-Boc-protected 3-vinylindole 63 and f-
carboxylic ester-substituted o,B-unsaturated acyl-imidazoles 1d
was reported (Scheme 32b).*! The compounds were isolated in
high regio-, diastereo- and enantioselectivities. In both cases,
the Ir(lll)- and Rh(lll)-catalysts act as chiral Lewis acids to
activate the acyl-imidazole through bidentate coordination with
the carbonyl and nitrogen binding sites.
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(a) @

A-IrO1 (2 mol%)

CH20I2 MS
24-48 h
1¢c:R', R2 = Me 62c: 99%, 98% ee
1a:R'=Ph, R? = jPr 62a: 81%, 99% ee
endo.exo >50:1
®) Boc 1d: R' = CO,R Boc 002
A-RhO1 (2 -4 mol%) ' ‘
CH20I2 0°C O ’ S/
6-72 h N
63 64 R2 \)

15 examples
(86-99% vyields)
up to 99:1 regioselectivity
>50:1 d.r., up to 99% ee

Scheme 32. DA and HDA reactions with a,B-unsaturated acyl-imidazoles 1.
3.3. a-Functionalization of acyl-imidazole derivatives
3.3.1. Asymmetric photoredox catalysis (a-radicals)

Prior to the use of a,B-unsaturated 2-acyl-imidazoles 1, o-
alkylation processes have been reported by Meggers and co-
workers on saturated 2-acyl-imidazoles. The enantioselective a-
alkylation of 33 with electron deficient benzyl bromides and
phenacyl bromide derivatives 65 was described in the presence
of A-IrS1 complex (Scheme 33).%! The addition of a weak base
(i.e. Na;HPOg) to facilitate the enolate chemistry, together with
the optimization of concentration and temperature parameters,
allowed better conversions at a reduced reaction time.

&f} R’ &W

A-IrS1 (2.0 mol%)
Visible ||ght

T NepHPO;, 40 °C
65

= Aryl, Alkyl 15 examples
R? = Me or iPr (84-100% yields)
o
Selected examples: up to 99% ee

CO,Me

dm d“@ dkA@

100% vyield, 99% ee 97% yield, 99% ee 98% vyield, 99% ee

N._Ph O
iPr

87% yield, 97% ee 99% yleld 97% ee 91% yield, 90% ee

Scheme 33. a-Alkylation of saturated 2-acyl-imidazoles 33 with benzyl and
phenacyl bromide derivatives.

As previously described for unsaturated substrates (see 2.6.
Radical additions), the key intermediates were the nucleophilic
Ir(Ill) enolate complex (intermediate I, obtained by o-
deprotonation) and the electrophilic radical derived from the
photoredox cycle after bromine discharge (Scheme 34). By
merging both cycles (the asymmetric and the photoredox ones)
the key intermediate Ill was formed. Then, through a SET



oxidation, Il gave intermediate IV that ended the catalytic cycle
via final exchange with unreacted substrate.
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Scheme 34. Proposed mechanism for the a-alkylation of 33 with derivatives
65.

The enantioselective a-trichloromethylation®*”! (Scheme 35a) and
a-perfluoroalkylation!®! (Scheme 35b) of 33 using
bromotrichloromethane or perfluoroalkane iodides as reagents
were next described by the same group.

A-IrS1 (2-4 mol%) o .
&7)& + Brccy  ViSble lght 20W CFL) &
(6 equiv.) NaHCOj (1.1 equiv.) N_  CCly
Ph 33 MeOH/THF, rt Ph
R' = Aryl, Allyl 67
12 examples
(64-96% yields)
up to >99.9% ee
®) o A-IrS2 (2-4 mol%) (o}
4 i .
MR o Ry Vebleln @w AL MR
\ N, (6 equiv.) NaHCOj (1.5 equiv.) \ N. R
Ar 33 MeOH/THF, 25 °C Ar
Ar = 2-MePh 68
R" = Aryl, Alkyl 14 examples

(43-93% yields)
up to >99.5% ee

R¢l = CFans1l or CgF5CFal
Scheme 35. a-Trichloromethylation and a-perfluoroalkylation of 33.

After proving that chiral octahedral Ir(Ill) complexes were able to
carry out a-functionalization under reductive activation, Meggers
and co-workers investigated enantioselective a-alkylations under
oxidative conditions (Scheme 36).4® From the enantiopure A-
IrO1 complex exposed to air and an a-silylamine 69, a radical
cation is produced which undergoes a rapid a-deprotonation to
afford an a-aminoradical that after air oxidation can give the
intermediate iminium [ll. This iminium can react with the
nucleophilic iridium enolate 11 (Scheme 36), to get the expected
product after exchange with unreacted substrate. Thus, in this
oxidative process, contrary to the mechanism described above,
the photoredox catalysis plays only a role in the generation of
the electrophilic iminium 1. Through this process, chiral f-amino
functionalized acyl-imidazoles 70 were obtained in good yields
and enantioselectivities.
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Substrate R2
N’ X = SiMeg or H

\ N, Ii1 Ar 1l = Imine when RZ = H

Ph IV
Scheme 36. oa-Alkylation under oxidative conditions of saturated 2-acyl-
imidazoles with a-silylamines and proposed mechanism.

Moreover, by using blue LED, Meggers, Gong and co-workers
have reported that A-RhO1 could be used as photosentizer for
the C—H activation of alkyl amine substrates to generate the key
intermediate 11l (Scheme 36).°” Then, IIl could react with the
rhodium-enolate complex Il following the same mechanism
described above (Scheme 36) to make the aerobic asymmetric
Csp®-H cross coupling reaction (Scheme 37). Concerning the
substrate scope, despite moderate yields, good
enantioselectivities with high substituent tolerances for the
aromatic groups on the amine or the acyl-imidazole were
observed. Thus, in this work they proved that chiral rhodium
complexes could serve both as catalyst for the enantioselective
enolate chemistry and as Vvisible-light-activated photoredox
catalyst.

~,,.PMP A-RhO1 (2-4 mol%) O  CO,Bu
1Bu0C7 "N* TFA (2 mol%) N \PMP
‘ NMP, rt \ N & H
0z RZ 13
Q ] 8 examples
N\W)K/R R! = Ph, iPr (69-85% yields)
2
<\/N R2 = Aryl, Heteroaryl up to 98% ee
‘R2 [e]
Me. .Ar Ar
33 ‘ N A-RhO1 (2-4 mol%)
72 Ar Blue LED </N e @ Ar
CH,Cly, 1t 70
air 14 examples

(35-81% vyields)
up to 97% ee

Scheme 37. Asymmetric Csps—H cross coupling reactions in the presence of
Rh(lll) catalysts.

The enantioselective alkylation and amination of 33 with diazo
74 or azide 75 compounds have been next developed. In this
work, benzothiazole analogues A/A-RhS1P?! displayed better
efficiency (Scheme 38).°" The proposed mechanism involves
cooperation between the photoredox cycle catalyzed by the
ruthenium complex and the asymmetric catalytic cycle based on
the chiral rhodium complex. While, two different transition-metal



based catalysts are necessary in this case, strong similarity can

be found with the previously described mechanism in scheme 34.

In this paper, a wide substrate scope is allowed showing the
good functional groups tolerance of these reactions. The
procedure is also compatible with natural products scaffolds
such as cholesterol, menthol, L-(-)-borneol or geraniol
fragments.

A-RhS1 (4 mol%) Q
Ru(bpy)s(PFe)2 (cat.) O)H \\YO
¢}

R dkr “EWG
LN, A
r Ar

“Ar Visible light (CFL)
+ e
NayHPO, (20 mol%)
NA N OR acetone/DMSO/H,0, rt 76 77
274 o or 16 examples 18 examples
N;—EWG (58-99% yields) (47-93% yields)
75 up to 98% ee up to >99% ee

Scheme 38. Asymmetric a-alkylation and a-amination of 2-acyl-imidazoles 33.

In the reaction between 2-acyl-imidazoles and 24-
dinitrophenylsulfonyloxy-carbamates, no C-N bond formation
has been observed with iridium catalyst whereas the rhodium
analogue A-RhO1 allowed the formation of the desired products
with excellent results (yields up to 99 %, enantioselectivity up to
98%). Mechanistic studies highlighted that this striking difference
is mainly due to kinetic effects. Indeed, because of the high
reactivity and short life time of the amidyl radical generated
during the reaction, a high turnover frequency is required to
ensure the catalytic reaction. Thus, despite their inferior ability to
light-activate substrates, the rhodium complexes have faster
ligand exchange kinetics than the iridium systems which better
match with the high reactivity of the nitrogen-centered radical
intermediates.’®?

The methodology could be next extended to the C(sp®)-H B-
functionalization with 1,2-dicarbonyl compounds 78 (Scheme
39).%% A wide range of chiral y-hydroxy acyl-imidazole 79 was
obtained in good yields and good diastereo- and
enantioselectivities.

Q A-RhS2 (4 mol%) o A ,
NW’“ . 1lSrOR2 DABCO (20 mol%) NMCOzR
_DABCO (20 mol%) 1
<\/N\ acetone r.t. <\/N\ HO R
Ph Blue LED p
33 79
22 examples
R" = Aryl, Alkyl (43-99% vyields)
R? = Alkyl up to >20:1 d.r.
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, up tolggazalee
o) [¢)
1 '
- * 1%0'?2 R*g)kORZ !
[thl o H R [Rhl~g f :
Nel A o ., OH |
Q \N B Ar SET & N\ S Ar '
Ph B-H ™ transfer N

Scheme 39. Enantioselective B-C(sp®)~H functionalization of 33.

Recently, the sequential photoredox chemistry and Asymmetric
Transfer Hydrogenation (ATH) between the saturated 2-acyl-
imidazole 33a and the a-bromo ketone 80 in presence of A-IrS1
catalyst was reported (Scheme 40).°*! First, the formation of the
intermediate 81 takes place, as previously described in scheme
34 via the reaction of the Ir-enolate complex (obtained after a-
deprotonation) with the phenacyl electrophilic radical. Then, after
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solvent exchange and the addition of both the ammonium
formate as hydride source and the 3,5-dimethylpyrazole (dmp)
ligand, the ketone was reduced through ATH reaction.

o)
N Ar Visible light ° Br
&\ 1) A-IrS1.(2.0 mol%)
N, Na,HPO,, MeOH/THF, 40 °C  Nx .
+ : :
0 .

332 2) HCO,NH,, THF/H,0 N, Ar OH
Br dmp (80 mol%) Me
B -c 82
Br 80 Ar = 2-MePh 80% yield

96% ee, 4.5:1 dr

' o Br transfer
\ phalaredax N hydrogenation J
,,,,,,,,,, L ! I Anhcadibannatd

"

Scheme 40. a-Functionalization of 33a via sequential photoredox and ATH
reactions.

3.3.2. Asymmetric Lewis acid catalysis

If chiral octahedral Rh(lll) or Ir(lll) are efficient for the o-
functionalization of saturated acyl-imidazole through asymmetric
photoredox processes, they can also be used as Lewis acid
catalysts in acyl-imidazole enolate chemistry. In 2015, the a-
amination of substrates 33 using either A-IrO1 or A-RhO1 as
Lewis acid catalyst (Scheme 41) was reported.”® In this
transformation, A-RhO1-based complex has been the most
efficient catalyst affording enantioselectivities up to 97% ee.

o o ?bz
N\j)&w Cbz. N A-RhO1 (0.1-1.0 mol%) Nj)b -Cbz
+ ~ 4»
<\/N\ N"Cbz {PrOH, 20 °C </N R
Me Me
33 83 84
(2 equiv.) 7 examples

(64-95% yields)
up to 97% ee
Scheme 41. Enantioselective a-amination of 2-acyl-imidazoles 33.

R' = Aryl, 3-thienyl, Me

In 2016, Xu and co-workers have developed the a-fluorination of
33 using A-IrS1 as catalyst and selectfluor as fluorine source
(Scheme 42).P° After optimization, a wide range of a-fluorated
2-acyl-imidazole derivatives 85 has been obtained in good yields
and good enantioselectivities.

o}
N\j)&w
('
RZ

R" = Aryl, 3-Thienyl, Alkyl
R? = Me, iPr, Ph

AIrS1 (4.0 mol%)

&%“

85
22 examples
(60-97% vyields)
up to 99% ee

Selectfluor (1.2 equiv.)
MeOH, 20 °C

Scheme 42. Enantioselective a-fluorination of 2-acyl-imidazoles 33.

Moreover, the a-functionalization of saturated 2-acyl-imidazoles
33 with oxindole derivatives 86 allowed the synthesis of 3,3-
disubstituted oxindoles 87 in excellent selectivities (Scheme
43)_[561



MeOZC A-RhO1
7)& (1 0-2.0 mol%)
</ o 4A MS, Toluene
20°C

R' = Aryl, 3-Thienyl; R? = Me, iPr
R® = Me, Et, Bn; R* = CI, Br, F, OMe, Me,

18 examples
(93-99% vyields)
up to >200:1 d.r.

up to >99% ee

Scheme 43. Enantioselective synthesis of 3,3-disubstituted oxindoles.
One-pot three component Mannich reactions®! and the use of

triazinanes 88 as aryl imine sources have next been described
(Scheme 44) .58

Ar A-RhO3 [e]

(e}
1 ‘ 0.1-2.0 mol?
N%R . er ( %) NWN'AF
<\,N N. N CH,Cly, 25 °C <\/N g H
‘R2 Ar” > Ar ‘R2
33 88 89
= Aryl, 3-Thienyl, Alkyl 27 examples
R2Z = 2-MePh (81-99% yields)

up to >99% ee

Scheme 44. Enantioselective Mannich reaction with 33 and triazinanes 88.

Recently, Kang and co-workers have reported the
enantioselective conjugate addition of saturated 2-acyl-
imidazoles on nitroalkenes catalyzed by chiral Lewis acid
complex A-RhO2 (Scheme 45).1°%

o
N R' 3
N R
w * B o,

‘R? 33 29

A-RhO2
(1.0 mol%)

tBuOH/DCE (2:1)

@)KKV

20 examples
(33-99% yields)
up to 82:18 d.r., >99% ee

R" = Aryl, Heteroaryl, Alkyl, CO,Et
R2 = Me, iPr

Scheme 45. Conjugate addition through Lewis acid catalysis of 33 on
nitroalkenes.

4. Organocatalysis

In the field of the a-functionalization of acyl-imidazole derivatives,
Andrus and co-workers have used Phase-Transfer-Catalysis
(PTC) with cinchonidinium catalysts to show that saturated 2-
acyl-imidazole 33b is a very suitable nucleophile to react with
allyl and benzyl electrophiles (Scheme 46).*% The reaction
rationale was relied on the a-hydrogen of substrate 33b which is
acidic enough to ensure good reactivity through an ion-pair
mechanism at mild conditions (—40 °C) (see enol intermediate I).
The observed S stereochemistry for the products was explained
through a transition state model (see TS-S) where the Z-enolate
of the acyl-imidazole is located between both the quinoline and
quinuclidine moieties of the catalyst. The oxygen of the enolate
is ion-paired with the least encumbered face of the ammonium
nitrogen. Thus, an extended n-system of enolate and imidazole
ring is obtained which interacts with the quinoline part of the
catalyst structure. Moreover, the 2-NPM protecting group (i.e. 2-
naphthylmethyl) is aligned with the aryl moiety bore by the
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ammonium nitrogen. Another point that was stressed by the
authors was the facility to post-transform the imidazole moiety
into other functionalities. Indeed, the PTC asymmetric acyl-
imidazole alkylation methodology was further applied to the
synthesis of kurasoin B 911" and to the formal synthesis of 12-
(S)-hydroxy-eicosatetraenoic acid [12-(S)-HETE] 92.16%

®
® .
R*;N" (10 mol%) RN

l'\l CsOH*H,0 (4 equiv.) N ~_ONPM
<\/:\l nHexane:CH,Cl, <\/1

—40 °C N

33b
P e b . R = Allyl and RBr
! HCD ' benzyl (5 equiv.)
3 : derivatives | 5-22 h
1 NG ° Me O
' b : ’\‘IW)&R
: 1 ' | H
3 O ' <\/N ONPM
| o | %
] ' 9 examples

(75-92% yields)
up to >99% ee

o]
Ph
| 91
HN OH Kurasoin B

= _ o Me 92
OH 12-(S)-HETE

Scheme 46. a-Alkylation of 2-naphthylmethyloxy acyl-imidazoles through PTC
catalysis. NPM = 2-naphthylmethyl.

In 2010, the potential of quaternary ammonium catalysts and 2-
acyl-imidazole substrates was further extended to chemo- and
enantioselective oxidative cycloetherification by Ishihara and co-

workers (Scheme 47).
%RZ

R?=H (10 examples)
78-99% yield; up to 93% ee
R? = Me (99% yield, 96% ee)

R1

0 Ph A (1-10 mol%)
N H,0, or TBHP (2 equiv.)

X
R P o N\ \/) Et,O/H,0 5:1 viv
OH or Et;0, rt
93

B or C (1-10 mol%)
CHP (2 equiv.) R

R' Me N
R3 0y

B
N K,CO3 (1 equiv.) N
Et,0, rt
B (R)-product 96
5 examples
(85-98% vyields)
up to 93% ee

l MeOTf then

C (S)-product

DBU/MeOH

: Precatalysts

! A:Ar=3,53,5-(CF3),CeH3]CeH3 :

i B : Ar = 3,5-(CF3),CqHs : v
' 1C : Ar=4-{3,5 [CF3(CF2)4CF2]206H3}CBH4

Tocopherol derivatives

Scheme 47. Chemo- and enantioselective oxidative cycloetherification of 2-
acyl-imidazoles with chiral quaternary ammonium salts.

By combining in situ generated chiral quaternary ammonium
(hypo)iodite salts with peroxides the enantioselective synthesis



of five-membered (2-acyl 2,3-dihydrobenzofurans® or 2-acyl
tetrahydrofurans)®! and six-membered (2-acyl chromans)®
rings could be achieved. Interesting to note, the formation of
quaternary stereocenters was also allowed. Finally, thanks to
both the ability of acyl-imidazoles to induce excellent
enantioselectivities and their easy post-functionalization, the
formal asymmetric synthesis of tocopherols could be
successfully achieved.® It is interesting to mention that acyl-
imidazoles were also prone to intermolecular a-oxoacylation with
carboxylic acids in the presence of (hypo)iodate catalysts even
though not yet enantioselective.®®¢”

In 2015, the organocatalyzed enantioselective conjugate
addition of an aryl trifluoroborate nucleophile to an 2-acyl-
imidazole Michael acceptor was described (Scheme 48).°%! |t is
worth to underline that ester and amide Michael acceptors failed
to provide the corresponding 1,4-adducts whereas the
remarkable reactivity of the 2-acyl-imidazole represents a
synthetic alternative for their access.

@\BFsK

O
L11 (20 mol%)
-
4A MS, toluene
80°C,48h

94% yield
98% ee

Scheme 48. Organocatalyzed enantioselective conjugate addition of aryl
trifluoroborate to o,B-unsaturated 2-acyl 1-methylimidazole.

In 2016, 2-acyl-imidazole acceptors were also used in a
stepwise strategy for the atroposelective Hantzsch-type
synthesis  of  4-arylpyridines.®™ The work combines
organocatalyzed enantioselective Michael addition synthesis of
4-aryl-1,4-dihydropyridines  (with  bifunctional =~ Takemoto’s
thiourea catalysis) followed by a central-to-axial chirality switch
via an oxidative aromatization (with MnO,).

5. Dual or cooperative catalysis

In 2016, a merger of enamine and Lewis acid activation (i.e. dual
catalytic system composed by chiral-at-metal Rh(lll)- and an
organo-catalyst) gave a synergistic system that successfully
enabled the alkylation of aldehydes with a.B-unsaturated 2-acyl-
imidazoles 1 (Scheme 49)."” Isobutyraldehyde and symmetrical
aldehydes 98 worked well on this Michael addition reaction (>15
examples, up to 99% ee). Moving to linear aliphatic aldehydes
high yields albeit with low diastereoselectivities were observed.
The use of Jorgensen-Hayashi catalyst was thus tried in
combination with chiral-at-metal Rh(lll) catalyst, however only a
moderate improvement of the diastereomeric ratio (1.0:1.4 to
1.0:4.0) was obtained with a very high enantioselectivity for the
major diastereomer (98% ee). This point supports the
hypothesis that the chiral-at-metal catalyst was the only one
responsible for the stereoselection.
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A-RhO1 (2.0-4.0 mol%)
_ EtNH (20mol%)

CH,Cl,, 25-50 °C

@VV i @M

16-96 h
1 19 examples
R" = Ar, heteroaryl, Me, CH,0OBn, CO,Et (40-99% yields)
R? = Me, iPr, Ph up to 99% ee
[Rh]
7/K/\ /L \/
Lewts Acid enamine
catalysis catalysis

Scheme 49. Michael reactions of 1 with aldehydes 98 via dual catalysis.

A similar transformation using a A-RhO-based precatalyst
embedding both the metal-transition and the organocatalyst was
also described."" Accordingly, the L-B-phenylalanine (i.e.
organocatalyst present in the coordination sphere of the Rh(lll)
precatalyst) was released during the initiation of the catalytic
cycle through bidentate coordination of the Rh(lll) with the 2-
acyl-imidazole substrate. Moreover, the conjugate addition of
cyclic ketones to 1 was also devised affording a broad range of
products 101 in high vyields, high enantioselectivities and
moderate to good diastereoselectivities (Scheme 50).1"
CH,Cly, 1t \_N o

W A-RhO3 (2.0 mol%) o R O
24h ‘Me ~

pyrrolidine (20 mol%) N
100 101

>15 examples
(70-98% yields)
up to 99% ee

R' = Ar, Heteroaryl, Et, Me

to 10:1 d.r.
Selected examples upto "
o Ph
Ph, o Ph,
N 5 N B
<\/N\ <\/N\ [e)
Me Me
98% 92% 70%

7:1d.r;99% ee

3.2:1d.r.; 98% ee 2:1d.r.; 59% ee

Scheme 50. Conjugate addition of cyclic ketones with 1 through dual metal-
transition and organo-catalysis.

The concept of cooperative catalysis was used by Hu and co-
workers during the enantioselective synthesis of -
hydroxyketones 103 bearing a tetrasubstituted carbon
stereocenter via multicomponent reactions (MCRs) (Scheme
51).1

[Rhy(OAC),] (2.0 mol%) Ho, SO2Me
(o} (S)-tBu-box-Zn(OTf), o f—Ar
CO,Me (30 mol%)
N\W)%Af rooh, v MO 40' <,\
&N Ar SN, TSOH (40 mol%)
“ph CH,Cly, -8 °C
1 102 6-12 h 103
16 examples

(60-86% vyields)
up to 99% ee
up to 99:1 d.r.

Scheme 51. Multicomponent reaction via cooperative catalysis towards the
synthesis of tetrasubstituted y-hydroxyketones.



6. Summary and Outlook

While the use of acyl-imidazole in biohybrid catalytic
transformations are described by Arseniyadis, Smietana and co-
workers in the back-to back accompanying paper,”™ we intend,
through this minireview, to describe the potential of acyl-
imidazole derivatives as valuable substrates for enantioselective
transformations. Since the seminal publication in 2005 by Evans
and co-workers on their use in enantioselective Friedel-Crafts
reactions, such ester surrogates have attracted intensive interest
among the synthetic chemists community. Indeed, most of the
published papers (> 90%) appeared after 2010. Compared to
other Michael acceptors, the distinctive structure of acyl-
imidazoles afforded unique reactivity through double
coordination with metals. We have shown that this crucial point
paved the way to improved outcomes in both reactivity and
selectivity in asymmetric syntheses. Moreover, a point that
should not be underestimated, the easy post-synthetic
transformation of acyl-imidazoles into other carbonyl derivatives
that allows further structural diversification for a myriad of
applications. Given the practical features by using acyl-
imidazoles as substrates, further developments in terms of
reactivity, stability, selectivity and post-diversifications are
expected to both enlarge their attractiveness and encourage
their use in organic and biological chemistry. Moreover, their use
in multicomponent, sequential, and cascade processes are still
in their infancy and efforts on these key areas should allow for
the rapid access to complex structures.
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