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Abstract
Since the pioneering independent reports of Akiyama and Terada, the use of chiral
phosphoric acids (CPAs) and derivatives as a versatile tool for asymmetric synthesis
with good reactivity, regioselectivity, diastereoselectivity and enantioselectivity has
emerged, forming an important part of the implementation of asymmetric counteranion-directed catalysis reported to date. In these achievements, the combination of
metals with CPAs has enabled various catalytic modes beyond the scope of typical
acid catalysis, such as relay catalysis, ion-pairing catalysis, and binary acid catalysis.
The first-row transition metals (Sc–Zn) are considered to be sustainable transition
metals and have received a great deal of attention. These naturally abundant metals
display excellent Lewis acidity and function as powerful redox catalysts in synthesis
involving both one and two-electron transfers. Hence, in this chapter, we summarize
recent advances in the development of asymmetric reactions using a combination of
first-row transition metals and CPAs. Furthermore, we provide a detailed discussion
of the mechanisms involved in order to understand the interaction of the metal/phosphate and the origins of the asymmetric control of the transformations.
Keywords Asymmetric catalysis · First-row transition metals · Chiral phosphoric
acids · Relay catalysis · Binary-acid catalysis · Enantioselectivity
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1 Introduction
Chiral Brønsted acids, in particular 1,1′-bi-2-naphthol (BINOL)-derived phosphoric acids, have emerged as an increasingly prominent tool for asymmetric synthesis [1, 2]. The chiral phosphoric acids (CPAs, Fig. 1) containing acid/base dual
function simultaneously, have been widely recognized as effective organocatalysts [3–5], and significant progress has been made in their utilization since the
seminal reports by the groups of Akiyama [6] and Terada [7] individually in 2004
[8–11]. Besides BINOLs, chiral diols bearing C2-symmetry, e.g., H8-BINOL,
SPINOL, VAPOL, VANOL, and TADDOL, have been used as variants of CPAs
[5]. The majority of catalyst modifications for CPAs aim towards tuning the substituents at the 3,3′-positions of binaphthyl skeletons to achieve high selectivity.
A new family of planar CPAs has also been reported recently, including ferrocene-bridged paracyclophane [12–15] and 1,8-biphenylene-tethered paracyclophane [16] frameworks.
In view of their application as chirality-inducing agents, CPAs conventionally
provide hydrogen-bonding interactions to form a contact ion pair with electrophilic components, through their relatively strong, yet appropriate, acidity [17, 18].
Further, the combination of metals and CPAs has exhibited multiple and peculiar
reactivity beyond the single acid effect for asymmetric reactions, and many review
articles covering this area have been published [19–32]. Up to now, various transition-metals such as Pd [33–35], Ag [4, 36, 37], Rh [38–40], Ir [41–43], Au [44–47],
Ru [48–51], Fe [52], Cu [53, 54], and main metals e.g., Mg [55–57], Ca [58–60],
and In [61, 62], have been employed in such dual catalytic systems. According to literature reports and catalytic principles, these systems are generally divided into four
catalytic modes: relay catalysis (or cascade catalysis, sequential catalysis, Fig. 2a),
counteranion-directed catalysis (CDC) (Fig. 2b) [27, 29, 47], chiral phosphate catalysis (Fig. 2c), and binary-acid catalysis (Fig. 2d) [19–24, 26, 32]. The resulting ionpairing between the chiral anion (i.e., phosphate anion) and cationic metal complex
(Fig. 2b), or metal cation (Fig. 2c) allows high efficiency and stereocontrol of the
reactions [29]. In the binary-acid catalysis [32], the free phosphoric acid serves as a
dual neutral ligand and Brønsted acid catalyst, resulting in a single binary complex
bearing a bi-/multi-activation site (e.g., proton and metal center). The counter anion
or ligand in the metal cation also shows a dramatic effect on catalytic performance.
Besides protons, a second metal species, such as lithium and calcium, etc., can also
have a synergistic effect in catalysis.
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Fig. 1  Chiral phosphoric acid (CPA) analogs

13

Lewis-basic group for activation
of nucleophile
Brønsted-acidic group for
activation of electrophile
steric hindrance and electronic effect

Topics in Current Chemistry
a relay catalysis
*

O
O

P

Page 3 of 32

b anion directed catalysis

O
O H

(2019) 377:23

*

M

O
O

P

O
O

+
ML n

23

c metal phosphate catalysis
*

O
O

P

O
O

Mn+
n

d binary-acid catalysis
synergistic catalyst: mutually
enhanced acidity/electrophilicity
X
O O M
Ln multi-activation sites
*
P
O
O H/[M] (proton, metal, anion)
combinational flexibility

Fig. 2a–d  Catalytic modes combining phosphoric acids and metals. a Relay catalysis, b anion-directed
catalysis, c metal phosphate catalysis, d binary-acid catalysis

Among the wide range of transition metals, first-row transition metals (Sc–Zn)
display unique advantages (Fig. 3), such as affordability, less toxicity, environment-friendliness, and abundance, ranging from 16 ppm (Sc) to 43,200 ppm (Fe)
in the Earth’s continental crust [63–70]. Further, these metal complexes have
proven to be powerful Lewis acid catalysts, as well as redox catalysts for reactions via either one- or two-electron transfers [66, 71]. For example, copper [72,
73] and nickel [74–77] have been well established as single-electron transfer
(SET) catalysts to initiate radical reactions. Based on a statistical analysis of the
literature, the combination of first-row transition metals (Mn, Fe, Cu, Zn, etc.)
with CPAs has received continuous attention and great progress has been made
in this field in recent years. In this current review, we summarize recent advances
in catalytic asymmetric reactions promoted by the combination of first-row transition metals with CPAs (Fig. 3). According to the metal catalysis involved, the
content is divided into six sections, consisting of Mn, Fe, Cu, Zn, Sc and miscellaneous metals with CPAs.

Fig. 3  Combining first-row transition-metals and CPAs for asymmetric catalysis
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2 Combination of Mn with CPAs
In 2010, List and co-workers developed a novel ion-pairing catalyst for the epoxidation of olefins 1 with PhIO 3 as a terminal oxidant [78]. As shown in Scheme 1,
the ion-pairing catalyst contains an achiral Mn(III)–salen cation complex 4 and a
chiral phosphate counteranion. Under optimized oxidative conditions, both acyclic
and cyclic olefins react rapidly, furnishing the expected optically active oxiranes 2
in excellent yields and enantioselectivities (up to 96% ee). Remarkably, even styrenes bearing ether, nitro, ester, and cyano group were well applicable. This variant
of Jacobsen–Katsuki epoxidation of alkenes [79] provides an efficient implementation of the concept of asymmetric counteranion-directed catalysis (ACDC) [29].
Mechanistically, the phosphate anion acts as a stereocontroller via communication
with cationic intermediate, significantly stabilizing enantiomorphic conformation of
the cationic catalyst [e.g., MnIII(salen) and the oxidation state O = MnV(salen)] [80].
Recently, Schneider and co-workers reported an asymmetric protocol for
4H-chromenes 7 synthesis via a relay manganese(III)/Brønsted acid catalysis
(Scheme 2) [81]. The precatalyst Mn(dbm)3 (Hdbm = dibenzoylmethane) provided
a superior catalytic system for the conversion of 2-alkyl-substituted phenols 5 to
ortho-quinone methide (o-QM, 8) intermediates under an atmosphere of pure oxygen, followed by chiral BINOL phosphoric acid-promoted Michael addition with
β-dicarbonyl compounds. The resulting chiral manganese monophosphate complex
was identified as an effective catalyst in the addition process. Finally, products 7
were obtained via para-toluenesulfonic acid (TsOH)-promoted cyclodehydration sequence. The method was limited to the electron-rich phenols and the acyclic β-dicarbonyl compounds (including β-ketoesters and acetylacetone), and rigid
β-dicarbonyls [82] were inapplicable because they could not act as a bidentate
ligands.
Metal–organic frameworks (MOFs) have attracted increasing interest in recent
years as a new family of porous crystalline hybrid materials as heterogeneous catalysts. In 2017, Liu and Cui [83] demonstrated that the chemical stability, catalytic activity, and enantioselectivity of chiral MOFs can be tuned simultaneously

Scheme 1  Enantioselective epoxidation of olefins with Mn–salen phosphate complexes
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Scheme 2  Asymmetric addition of β-dicarbonyls to ortho-quinone methides (o-QMs) via relay Mn(III)
phosphate catalysis

by changing the steric and electronic effect of the ligand. Three porous chiral
MOFs with the framework formula were prepared from different chiral CPA.
As shown in Scheme 3, under both batch and flow reaction conditions, the
CF3-containing MOF 12 from (R)-L3 displayed excellent reactivity in the enantioselective alkylations of indoles and pyrroles 9 with electron-poor alkenes 10.
In contrast, the corresponding homogeneous catalysts gave targets 11 with low
enantioselectivities.

Scheme 3  Enantioselectivity of metal–organic frameworks (MOFs) for alkylation of indoles and pyrroles
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3 Combination of Fe with CPAs
3.1 Enantioselective Oxidations
Inspired by the study of ACDC chemistry [29] and the Mn(III)–salen system, in
2012, List and co-workers [84] reported an asymmetric oxidation of sulfides 13 with
the combination of achiral Fe-salen cation 15 (Metallosalen) and chiral phosphate
counteranion as an efficient oxygen-transfer catalyst (Scheme 4). The strategy utilized PhIO 3 as an oxidant and chiral iron-salen from (S)-L1 as a catalyst. Thioethers
13, especially the electron-poor and sterically bulky ones, underwent the oxidation
reaction smoothly, resulting in chiral sulfoxides 14 with wide substrate scope, good
yields and excellent enantioselectivities (up to 96% ee). This protocol disclosed the
first application of asymmetric counteranion-directed catalysis to iron catalysis [52].
In 2016, Pappo, Toste and co-workers [85] designed a novel chiral iron(III)BINOL phosphate complex Fe[(R)-L1]3 as the catalyst for the enantioselective oxidative homo- and cross-couplings of 2-naphthols 16 and 16′, allowing expedited
access to 1,1′-bi-2-naphthols (R)-17 with moderate-to-excellent yields and enantioselectivities (54–92% ee) (Scheme 5). The approach provided the first method for
the synthesis of C
 1- and C
 2-symmetric BINOLs 17, in which the 3- and 3′-positions are ready for further chemical transformations. Assisted by di-t-butyl peroxide (DTBP) 18 as an oxidant, a redox mechanism was proposed involving SET iron
species, and a key radical-anion coupling step between the electrophilic naphthoxyl
radical (19) and a second nucleophilic 2-naphthol(ate) partner (16′) to form species
20 (Scheme 5). Further oxidation and deprotonation provided product 17 efficiently
with the aid of tBuO radicals.
In 2017, the Pappo group further used the resulting chiral iron phosphate generated from (R)-L4 for asymmetric cross-dehydrogenative coupling reactions
(Scheme 6) [86]. Current oxidation between 2-naphthols 16 and (–)-mentholderived β-ketoesters 21 provided polycyclic hemiacetals 22 with good yields and
diastereoselectivities (64–80% de). It is worth noting that the reaction temperature of 50 °C was crucial for inducing the combination of β-ketoesters 21. Otherwise, a competitive oxidative radical-anion coupling with a second nucleophilic

Scheme 4  Enantioselective iron-salen-catalyzed sulfoxidation
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Scheme 5  Enantioselective iron-catalyzed oxidative coupling of 1,1′-bi-2-naphthols

Scheme 6  Chiral iron phosphate-catalyzed counteranion-directed catalysis (CDC) reactions between
2-naphthols and β-ketoesters

2-naphthol(ate) partner 16 takes place to afford the homo-coupling product 17. The
chiral iron monophosphate Fe[(R)-L4]3 acts as the active redox catalyst to control
stereoselectivity. As shown in Scheme 6, coupling takes place between two associated ligands via a radical-anion coupling mechanism. The formation of a persistent
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bounded naphthoxyl radical 23 followed by an intramolecular coupling afforded the
expected polycyclic hemiacetal product 22.
3.2 Enantioselective Reductions
Recently, non-noble metal catalysts for the homogeneous hydrogenation of simple
ketones and imines have been reported [87, 88]. The dual catalysis of achiral transition metal with chiral Brønsted acid offers an alternative route to promote asymmetric hydrogenation reactions [87, 88]. In 2011, Beller and co-workers [89] combined
Knölker’s iron complex 26 containing a cyclopentadienone ligand with a CPA, such
as (S)-TRIP L5, to start an asymmetric hydrogenation of imine substrates 24 with
molecular hydrogen as hydrogen donor (Scheme 7a) [90]. Based on the chiral aniondirected catalysis strategy, the expected amines 25 were obtained with 60–94%
yields and excellent enantioselectivities (67–96% ee).
A general asymmetric hydrogen mechanism was proposed in Scheme 7b [90].
Knölker’s iron complex 26 may coordinate with CPA (S)-L5 to form a complex that
possesses an iron hydride and an acidic hydrogen available for transfer to the polar
imine moiety. The resulting reactive intermediate 27 is trapped by H
 2 to regenerate
the iron hydride 26/(S)-L5 complex and release 25, thus accomplishing the asymmetric hydrogenation cycle.
Taking into account the limitations in purification of the unstable ketimines 24,
the authors further developed the direct asymmetric reductive amination of ketones

Scheme 7  Cooperative iron and chiral phosphoric acid (CPA)-catalyzed asymmetric hydrogenation of
imines
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Scheme 8  Cooperative iron and CPA-catalyzed asymmetric reductive amination of ketones

Scheme 9  Enantioselective reductive hydroamination of alkynes with primary amines

29 with anilines 28 under a similar chiral iron phosphate catalysis (Scheme 8) [91].
Various aromatic, heteroaromatic and aliphatic ketones were converted to the corresponding chiral amines 25 in good yields and good-to-excellent enantioselectivities (up to > 99% ee). Electron-rich/neutral anilines 28 have proved to be feasible,
while the ortho-substituted aromatic ketones and ortho-substituted anilines were
inapplicable.
In addition to ketones, Beller’s group also used commercially available alkynes
30 in reductive hydroamination in a relay cascade approach with primary amines 28
and molecular hydrogen (Scheme 9) [92]. This enantioselective reductive hydroamination was carried out by a key three-component catalytic system, comprising a
gold(I) complex-catalyzed hydroamination of alkynes 30 for synthesizing imines,
and sequential asymmetric hydrogenation to give 25 (via cooperative 26/(R)-L5
catalysis).
Afterwards, Beller’s group extended the dual iron-phosphoric acid catalytic system in an enantioselective hydrogenation of substituted quinoxalines and benzoxazines 32, producing chiral tetrahydroquinoxalines and dihydro-2H-1,4-benzoxazines 33 in excellent yields and good-to-excellent enantioselectivities (up to 94%
ee) (Scheme 10a) [93]. Quinoxalines 32 with aromatic, heteroaromatic, cyclic and
aliphatic substituents at the heteroaromatic core were all applicable under standard
conditions. Moreover, treating 1,2-phenylenediamine 34 and phenylglyoxal 35 with
the ligand (R)-L6 and several iron(II)-based hydrogenation catalysts also led to the
chiral tetrahydroquinoxaline efficiently and selectively; the best catalyst 26 could
give the desired tetrahydroquinoxaline 33a in 75% yield and 90% ee (Scheme 10b).
According to density functional theory (DFT) calculations and experimental
observations, Hopmann [94] proposed a concerted imine hydrogenation mechanism
with synergistic effect of Knölker’s complex 26 and CPA catalyst (Scheme 11). For
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Scheme 10  Enantioselective hydrogenation of quinoxalines and 2H-1,4-benzoxazines

Scheme 11  Hopmann’s mechanism of iron complex-catalyzed asymmetric hydrogenation

such cyclic imine benzoxazine substrates 32, the reaction occurred with an involvement of noncovalent interactions (including electrostatic and dispersion interactions,
as shown in 36), that is, the hydroxycyclopentadienyl ligand and the iron complex
do not change oxidation state during the catalytic cycle, rather than the redox mechanism. The H2 splitting assisted by phosphate promotion is the rate-limiting step.
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The subsequent stepwise hydrogenation of imine, where phosphoric acid acts as a
proton donor, afforded the final product 33.
In 2015, Beller’s group reported an asymmetric hydrogenation of benzoxazinones
37 by a relay iron/chiral Brønsted acid catalysis (Scheme 12) [95]. Both chiral 3-aryl
and, more challenging, 3-alkyl substituted dihydrobenzoxazinones 38 were obtained
in good yields and uniformly high enantioselectivities (84–96% ee). Rather than the
possible participation of chiral iron phosphate species, the authors proposed a relay
catalytic mechanism involving Fe3(CO)12-catalyzed reduction of phenantridine 40
to dihydrophenantridine 41 in a molecular hydrogen atmosphere, and sequential
asymmetric transfer hydrogenation of benzoxazinone 37. The latter step, as depicted
in Scheme 12, using a CPA catalyst (S)-L7 provides a high level of enantioselectivity through a possible hydride transfer process. The achiral phosphine ligand
tris(4-methoxyphenyl)phosphine (TMP) 39 effectively modulates the reactivity of
Fe3(CO)12 to decrease unselective background hydrogenations.
3.3 Enantioselective Additions
In 2009, Huang and co-workers reported an enantioselective Friedel–Crafts alkylation of indoles 43 with enones 42 by using iron(III) as Lewis acid and CPA as Brønsted acid to establish a binary catalyst (Scheme 13) [96]. Enones 42, especially those
having an electron-withdrawing group at the para position of the phenyl ring delivered chiral indoles (R)-44 in good to excellent yields and enantioselectivities (up to
90 % yield and 91 % ee). In this catalytic system, the key catalytic species iron(III)
phosphate salt (45 and 46) formed in situ was confirmed by electrospray ionization
mass spectrometry (ESI–MS) studies, which seems to cause high activity and good
enantioselectivity. The hydrogen-bonding interaction (45 and 46) between the basic
site of CPA and indole 43 is important for the catalytic process.
Instead of proton transfer, an alternative protocol via selective β-proton elimination of the resulting carbocationic intermediate was developed by Luo and

Scheme 12  Relay iron/chiral Brønsted acid-catalyzed hydrogenation of benzoxazinones 37
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Scheme 13  Chiral iron(III) phosphate catalyzed Friedel–Crafts alkylation of indoles

co-workers in 2014 [97]. The authors combined 
FeCl3 and sodium phosphate
Na[(S)-L4] to promote a direct conjugate nucleophilic addition of alkenes 47 to α,βenones 48 (Scheme 14) [97]. A remarkably selective β-proton elimination of carbocationic intermediate 50 was revealed, wherein the anionic phosphate ligand was
vital to inhibit cationic olefin polymerization and nucleophilic interception. The use
of phosphate (S)-L4 provides better results than the corresponding acid. Further, an
initial catalytic asymmetric version with the 3,3′-substituted phosphate ligand was
conducted and gave 35% ee [97].
In 2017, Tan and colleagues developed the first asymmetric Paal–Knorr reaction
under a simple binary iron/CPA catalysis (Scheme 15) [98]. 1,4-Diones 51 and substituted anilines 28 underwent the reaction smoothly in the presence of 10 mol% of
Fe(OTf)3 and 10 mol% of (S)-L9 at 0 °C. This Paal–Knorr reaction allowed rapid
access to a wide range of axially chiral arylpyrroles (R)-52 in good yields and enantioselectivities (85–98% ee). When using C
 Cl4/EtOH as co-solvent instead, (S)-52
was obtained.

Scheme 14  FeCl3-catalyzed direct conjugate addition of alkenes to α,β-enones
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Scheme 15  Asymmetric iron-catalyzed Paal–Knorr reaction of 1,4-diones and anilines

4 Combination of Cu with CPAs
4.1 Cyclizations
Cascade cycloisomerization reactions between carbonyl, imine, and alkenyl group
or alkynyl group have provided a versatile tool for synthesis of heterocyclic scaffolds. In 2011, Toste’s group developed a tandem cycloisomerization reaction for
synthesis of furan derivatives 54 by using a chiral anionic copper(II) phosphonate
catalyst (Scheme 16) [54]. Heterocyclization of 2-(1-alkynyl)-2-alkene-1-ones 53
followed by nucleophilic attack by indoles 43 yields products 54 with a high level of
enantioselectivity (72–93% ee).

Scheme 16  Cu-catalyzed enantioselective cycloisomerization–indole addition reactions
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Scheme 17  First enantioselective Prins cyclization

Scheme 18  Enantioselective synthesis of isochromene o-alkynylacetophenones

Lalli and van de Weghe developed the first catalytic enantioselective Prins cyclization in 2014 (Scheme 17) [99]. A superior binary-acid catalysis derived from
CuCl and chiral BINOL-derived bis-phosphoric acid (R)-L10 was used to activate
the key oxonium ion intermediate 58 (through a hemiacetal pathway) and acted as a
chiral counterion for enantioselective control [100, 101]. Treatment of aldehydes 55
and homoallylic alcohol 56 provides tetrahydropyrans 57 containing three contiguous stereogenic centers in high yields, good enantio- and excellent diastereoselectivities. The presence of a phenyl group as an internal nucleophile in homoallylic
alcohol urges the tandem Prins/Friedel–Crafts process. The absolute configuration
of 57 was confirmed as 4S,4aR,10bR by single crystal X-ray analysis.
In addition to the sequential addition with nucleophiles, Akiyama and coworkers reported a chiral copper(II) phosphate-catalyzed enantioselective cycloisomerization/hydrogenation of o-alkynyl(oxo)benzenes 59 with Hantzsch esters
60 as a hydrogen source (Scheme 18) [102]. The reaction is believed to proceed

13

Topics in Current Chemistry

(2019) 377:23

Page 15 of 32

23

by sequential intramolecular cyclization and asymmetric transfer hydrogenation.
This strategy furnishes an enantioselective synthesis of multisubstituted isochromenes 61 containing various substituents in high yields with good-to-excellent
enantioselectivities.
4.2 Conjugate Additions
By using copper catalysis, Kumagai and Shibasaki described a direct catalytic
asymmetric conjugate addition of alkynes to α, β-unsaturated thioamides in 2010
(Scheme 19) [103, 104]. The combined use of a soft copper(I) Lewis acid and a
hard Brønsted base [e.g., Li(OC6H4-p-OMe)] resulted in simultaneous activation
of alkynes 30 and thioamides 62, giving the β-alkynylthioamide 63 with excellent
enantioselectivity. The presence of (S)-L5 enhances the basicity of Li(OC6H4-pOMe), enabling promotion of reaction rate and enantiomeric control, especially
for the success of aliphatic terminal alkyne 30. While the (R)-L5 was ineffective
for the conversions, bisphosphine oxide was applied for aryl alkynes. Crystallography analysis showed Cu/(R)-64/(S)-L5 association can be possible at the transition state. Based on the experiment results, the thioamide functional group was
vital for the asymmetric alkynylation via coordination with copper alkynylide
intermediates. Furthermore, the thioamide is readily converted into carboxylic
acid, and thus the protocol has found useful synthetic application in a concise
synthesis of a potent GPR40 agonist AMG 837 66 via the formation of chiral
alkyne intermediate 65 [105].

Scheme 19  Asymmetric conjugate addition of terminal alkynes to α, β-unsaturated thioamides
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4.3 Radical‑Involved Transformations
Recently, Shi and co-workers established a simple protocol for assembling vicinal
diamines from conjugated dienes 67 with 1,3-di-tert-butyldiaziridinone 68 as nitrogen source [106]. The copper salt CuX-PPh3 (1:2) was applied to the diamination
reaction, and provided the diaminated products 69 in excellent yields and terminal
regioselectivities (Scheme 20) [107]. It was found that the chiral copper(I) diphenyl phosphate produced from mesitylcopper(I) and the corresponding phosphoric
acid (R)-L4 achieve an asymmetric diamination process in moderate enantiomeric
excesses (49–61% ee), where the catalyst provides an anionic counterion effect.
As illustrated in Scheme 20, two distinct mechanistic pathways for Cu(I)-catalyzed
diamination were proposed to account for the different regioselectivity at either the
terminal or internal double bond affected by the reaction conditions. First, in the
presence of copper(I) catalyst Cu[(R)-L4], the N–N bond of 68 is activated and
forms a Cu(II) nitrogen radical 71′ or a four-membered Cu(III) species 71. The
Cu(II) nitrogen radical 71′ further reacts with the conjugated diene 67 to form a new
Cu(II) allyl radical species 72 or a Cu(III) complex 72′, which ultimately results in
the terminal diaminated product. While under simple CuBr catalysis, the four-membered Cu(III) species 71 reacts with dienes 67, providing the internal diamination
target 70 through π-allyl species 73 [108, 109].
In contrast to the well-documented enantioselective nucleophilic and electrophilic transformations, asymmetric radical chemistry still remains a formidable challenge owing to the high reactivity of such free radical species [71, 72, 110–112]. To
address this problem, Liu and co-workers developed a dual-catalytic method that

Scheme 20  Diamination of conjugated dienes with 1,3-di-tert-butyldiaziridinone
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Scheme 21  Enantioselective remote C–H bond functionalization of unactivated alkenes

Scheme 22  Enantioselective α-C–H functionalization of amides with indoles

combines copper and CPA to handle these intrinsically reactive species and further
capture different nucleophiles to create new bonds [113]. In 2014, they reported
the first example of highly enantioselective radical trifluoromethylation of alkenes
which uses a dual copper(I)/CPA catalytic system for simultaneous installation of
two new C–CF3 and C–O bonds (Scheme 21) [53]. This multicomponent protocol
produces a wide range of valuable enantioenriched trifluoromethylated N,O-aminals
77 with good to excellent yields and with excellent regio-, chemo-, and enantioselectivities. The reaction is initiated by addition of the in situ generated trifluoromethyl radical to unactivated alkenes 74 to generate 78 under Cu(I)/CPA catalysis
with Togni’s reagent 75b, followed by a 1,5-hydrgoen atom transfer to give a new
C-centered radical 79 adjacent to nitrogen atoms. A further single-electron oxidation
step produces the imine intermediate 80. The attack of an alcohol to imine through
a two-point hydrogen bonding interaction in the presence of CPA via a zwitterionic
transition state yields the final product. Functionalized primary and secondary alkyl
and benzyl alcohols 76 were applicable for the reaction.
Similar to the enantioselective attack of alcohols with N-(2-allylbenzyl)amides
74, the use of N-benzyl or aryl substituted indoles 9 instead of alcohols as a nucleophile efficiently leads to two new C–CF3 and C–C(sp2) bonds in a one-pot manner (Scheme 22) [114]. Under the synergistic catalytic system of CuSCN and (R)L7, the reaction provides a simple and straightforward method to access various
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trifluoromethylated indole compounds 81 in moderate to good yields and enantioselectivities (up to 86% ee).
In 2016, Liu and co-workers disclosed a novel asymmetric radical aminotrifluoromethylation of alkenes 82 for the first time, providing straightforward access to
densely functionalized CF3-containing pyrrolidines 85 bearing an α-tertiary stereocenter with excellent enantioselectivity (Scheme 23) [115]. The key to success
is not only the utilization of a Cu(I)/CPA dual-catalytic system but also the use of
urea (82) bearing two acidic N–H as both the nucleophile and directing group. The
in situ generated trifluoromethyl radical from 75b would attack the alkene to provide
a benzylic radical intermediate 83. The benzylic radical and urea could be trapped
by Cu(II) phosphate to generate a Cu(III) species 84 (path 1) followed by reductive
elimination to forge the C–N bond formation. An alternative SET process between
benzylic radical and Cu(II) phosphate to yield the carbocation intermediate 84′ and
subsequent C–N bond formation is also possible (path 2). The stereoselectivity of
this process was probably controlled by chiral phosphate (S)-L12 via both hydrogenbonding interactions with N–H bond adjacent to aryl group and ion-pairing interaction in a concerted transition state.
Besides the radical trifluoromethylation with Togni’s reagent, commercially
available fluoroalkylsulfonyl chlorides 86, such as 
CF3SO2Cl, n-C4F9SO2Cl,
CH3O2CCF2SO2Cl, etc. were also suitable as precursors for aminoperfluoroalkylation and aminodifluoromethylation of alkenes 82 (Scheme 24) [116]. The method
provides a sustainable, widely applicable and remarkable enantioselective platform
for efficiently obtaining four types of enantioenriched functionalized α-tertiary

Scheme 23  Asymmetric radical aminotrifluoromethylation of alkenes
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Scheme 24  Asymmetric radical aminoperfluoroalkylation and aminodifluoromethylation of alkenes

pyrrolidines 87 bearing different β-fluoroalkyl groups. It is worth noting that the use
of silver carbonate can absorb in situ generated HCl and inhibit background and side
hydroamination reactions.
Based on the cooperative Cu(I)/CPA catalysis, Liu’s group further extended
the strategy to diamination and azidoamination of unactivated alkenes by
using O-acylhydroxylamines 88 and azidoiodinane 90 as N-radical precursors,
respectively [117]. As shown in Scheme 25, these transformations enable a facile and selective route to enantioenriched α-tertiary pyrrolidines 89 bearing a
β-alkylamine and azido moiety with good yields, giving two C–N bonds in onepot manner. The results indicated that urea 82 bearing electron-withdrawing
N-aryl group is key to the success of conversions. The current program provides
a complementary and efficient method for the synthesis of various chiral vicinal diamines 89 and 91, such as β-primary, secondary, or tertiary amine-containing pyrrolidines, and bicyclic amines. Further, an asymmetric copper-catalyzed
aminoarylation of urea-derived alkenes was also established, and provided the

Scheme 25  Copper-catalyzed asymmetric radical diamination of alkenes
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expected chiral pyrrolidines with good yields and enantioselectivities [118].
Aryldiazonium salts with methylsulfonyl and nitro group at phenyl moiety were
used as the aryl radical precursor. Very recently, a variant of enantioselective
radical aminosilylation with alkene 82 with (TMS)3SiH was developed by Liu’s
group using Cu(I)/CPA cooperative catalysis [119].
Liu’s group revealed that alcohols are also appropriate for asymmetric radical
reactions. They treated alkenes 92 with a pendant intramolecular alcohol moiety
with 75b under copper(I)/phosphoric acid and realized asymmetric oxytrifluoromethylation (Scheme 26) [120]. Conversion with cooperative CuBH4(PPh3)2/
chiral VAPOL-based acid catalysis (R)-L14 provides various trifluoromethylsubstituted tetrahydrofurans 93 bearing an α-tertiary stereocenter with excellent
enantioselectivity. Remarkably, the presence of achiral pyridine (e.g., N,N-diethylnicotinamide 95) was vital to the radical oxytrifluoromethylation to improve the
enantiotopic selectivity, which was considered as a coordinative ligand on copper
metal (94) to stabilize the high-valent copper species in the asymmetric control
process.
Very recently, the authors completed the asymmetric intermolecular dicarbofunctionalization of 1,1-diarylalkenes 96 catalyzed by a dual Cu(I) and sterically
bulky SPINOL phosphoric acid (S)-L15 with diverse carbon-centered radical precursors 97 and electron-rich heteroaromatics 9 (Scheme 27) [121]. This threecomponent radical reaction provides direct access to chiral triarylmethanes 98
bearing quaternary all-carbon stereocenters with high efficiency as well as excellent chemo- and enantioselectivities. Various sulfonyl chlorides 97 and Togni’s
reagent were applied to C-centered radicals. DFT calculations elucidated that
hydrogen-bonding and ion-pair interactions between CPA and substrates (N–H
and O–H moieties, as shown in 99 and resonance 99′) creates a chiral environment

Scheme 26  Asymmetric radical oxytrifluoromethylation of alkenes with alcohols
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Scheme 27  Asymmetric radical 1,2-dicarbofunctionalization of alkenes with heterocycles

for enantiodiscrimination. The incorporation of a hydroxy group as the directing
group, and introduction of a sterically demanding CPA will favor the desired radical difunctionalization over the otherwise remarkable side reactions.
The effect of chiral copper(I) phosphates generated from BINOL-derived
phosphoric acids on Kharasch–Sosnovsky of acyclic alkenes 100 were evaluated
in 2015 (Scheme 28) [122]. It is proposed that peroxybenzoate 101 converts Cu(I)
to copper(II) benzoate and OtBu radical. The latter abstracts the allylic hydrogen
atom to product a key allylic radical species. The combination of copper(II) benzoate and allylic radical species provides the allyl ester 102 in good regioselectivity but low enantioselectivity.

Scheme 28  Cu-catalyzed asymmetric allylic oxidation of linear alkenes
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Scheme 29  Cyclopropanation of alkenes with iodomethylzinc phosphates

5 Combination of Zn with CPA
Charette and colleagues [123–125] first introduced iodine methyl zinc phosphate
105 as a new available cyclopropanation reagent in 2005, providing a method for
asymmetrical Simmons–Smith cyclopropanation of alkenes (Scheme 29). A strong
background reaction without the phosphate catalyst always occurs, which prevents
high enantiopurity. Initial attempts at the racemic reaction were conducted with
diphenylphosphate 104 and diethylzinc 103 (Scheme 29a). The results showed
that 105 was obtained in excellent yield, and was quite stable and crystallized as
a dimeric structure possessing tetrahedral geometry with respect to the Zn atom
(Scheme 29a). Afterwards, the iodomethylzinc phosphate 105 was extended for
the cyclopropanation reaction with alkenes and the reaction furnished the expected
products in good yields. Upon treatment of the reaction with chiral zinc phosphate
derived from (R)-L16 with cinnamyl alcohol and homoallylic ether 106, the desired
cyclopropanes 107 were obtained in very good yields and excellent enantioselectivities. Different additives were optimized to prevent the use of a stoichiometric
amount of phosphoric acid (R)-L16 (1.2 equivalents). They finally identified that the
addition of 0.5 equivalent of dimethyl ether (DME) and 0.9 equivalent of Zn(CH2I)2
could reduce the (R)-L16 to catalytic amount with a slight loss of enantioselectivity
(up to 88% ee, Scheme 29c).
Analogously, Charette’s group applied the chiral zinc TADDOL phosphate species to the cyclopropanation of allylic ethers and 1-phenyl-3,4-dihydronaphthylene
[126]. Allylic ethers showed more reactivity than unfunctionalized olefins, resulting
in high yields and selectivity (up to 75% ee). They also identified (n-BuO)2P(O)
OZnCH2I derived from dibutyl phosphate as a very stable reagent and extended
this to the cyclopropanation reactions [127]. The substrate scope was very broad,
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including allylic alcohols and their derivatives, styrenic substrates with electrondonating or electron-withdrawing substituents on the aromatic ring, and even
unfunctionalized alkenes were applicable to afford the desired cyclopropanes in
excellent yields (72–99%).
Recently, Orthaber and Faber [128] developed an asymmetric allylation of (hetero)aromatic aldehydes 108 with the in situ generated zinc(II)-allylbutyrolactone
species from 119 (Scheme 30). Catalyzed by CPA (S)-L5, the Barbier-type allylation results in β-substituted α-methylenebutyrolactones 110 in good yields and enantioselectivities. NH4Cl is a key additive to activate Zn surface. Based on the experimental observations and DFT studies, the proton of CPA has an important influence
on the success of allylation of activated aldehydes 108, and chiral induction occurs
by forming key zinc complexes (111 and 112) bearing a six-membered ring in the
transition state, as shown in Scheme 30. Unfortunately, aliphatic aldehydes provided
the products only in low enantioselectivities. This allylation strategy has witnessed
synthetic applications, such as in the concise synthesis of natural product (S)-(–)hydroxymatairesinol 113 in 46% overall yield and 98% ee.
Enantioselective control of tertiary α-carbon in the Nazarov cyclization of enones
is challenging because the reaction involves an enantioselective proton transfer
process. In 2017, Zhou and Zhu [129] developed a scalable, highly enantioselective Nazarov cyclization of indole enone substrates 114 bearing one coordinating
site. The reaction was cooperatively catalyzed Lewis acid (ZnCl2) and a chiral Brønsted acid (R)-L17 (Scheme 31). The mechanism studies by DFT calculation and

Scheme 30  Asymmetric allylation reaction for synthesis of α-methylenebutyrolactones
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Scheme 31  Enantioselective zinc(II)-catalyzed Nazarov cyclization of indole enones

experimental results showed that both (R)-L17 and Zn(II) ionic activate the enone
by coordination to promote cyclization and produce carbocation species 116. Then,
ZnCl2 dissociation and CPA-catalyzed [1,3]-proton transfer through the eight-membered transition state 117 to selectively provide a Nazarov cyclized target 115. The
proton transfer of the enol intermediate is the stereochemistry-determining step of
the process.

6 Combination of Sc with CPA
As early as in 1998, Inanaga and co-workers [130] first reported chiral rare-earthmetal phosphate catalysts in the enantioselective hetero-Diels–Alder reaction. In this
platform, scandium organophosphate complexes, Sc[(R)-L4]3, Sc[(R)-L18]3 could
act as homogeneous Lewis acid catalysts for the enantioselective hetero-Diels–Alder
reactions [131, 132]. As shown in Scheme 32, treating carbonyl compounds 118
with Danishefsky’s diene 119 afforded the corresponding cycloadducts 120 with
excellent ee values.
Inanaga et al. [133–135] further introduced chiral scandium complex Sc[(R)L4]3 into the aziridination of chalcone 121 with O-substituted hydroxylamines
122 to provide optically active α-keto aziridines 124 with good enantioselectivity (Scheme 32). The reaction occurred by an enantioselective Michael addition to
generate 123, followed by treatment with La(OiPr)3 or sodium tert-butoxide to give
the target aziridine-ring (αR, βS)-124 in quantitative yields and without loss of ee
values.
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Scheme 32  Scandium phosphate-catalyzed hetero-Diels–Alder reaction and conjugate addition

Scheme 33  Asymmetric fluorination of β-keto esters with 1-fluoropyridinium triflate

In 2006, Inanaga’s group identified the perfluorinated phosphate complex Sc[(R)L19]3 as a chiral catalyst in the fluorination reaction of β-ketoesters 125 with electrophilic 1-fluoropyridinium triflate 126 (Scheme 33) [136]. The presence of fluorine atom in Sc[(R)-L19]3 is critical and causes a stronger Lewis acidity than its
analogous Sc[(R)-L4]3. Under simple conditions, both cyclic and acyclic dicarbonyl
substrates 125 were applicable for the asymmetric fluorination to provide 127 with
high enantioselectivities (up to 88% ee).
In 2013, Luo and co-workers [61] published a highly selective [4 + 2] cycloaddition of olefins 47 with β, γ-unsaturated α-ketoesters 10 (Scheme 34). Significant
binary catalysis with Sc(BArF)3 [BArF = [3,5-(CF3)2C6H3]4B] and chiral calcium
phosphate proved to be effective for the synthesis of endo-cycloaddition products 128 in excellent diastereoselectivity (Scheme 34). Based on the literature and
experimental observations, a bidentate activation (129) between ketoester 10 and
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Scheme 34  Asymmetric binary acid-catalyzed [4 + 2] cycloadditions with simple olefins

the cationic scandium metal center was proposed to promote the reaction. The
TRIP group of ligands (S)-L5 in complex with Ca/Sc constitute a well-defined
chiral environment that tunes the orbital-favored and less-space-demanding endo
transition state (Scheme 34).
In 2014, Luo and co-workers developed a new intermolecular azo-transfer
of aryl triazenes 132 with 1,3-dicarbonyl compounds under Sc(OTf)3 catalysis
(Scheme 35) [137]. The combination of Sc(III)-activated triazenes 133 and enol
ether species 132 completed a conjugate addition and a N–N bond cleavage providing aliphatic azo compounds 131 with good yields and wide substrate scopes.
However, an initial catalytic asymmetric variant with (R)-L20 showed a disappointing ee value (24% ee).

Scheme 35  Sc(OTf)3-catalyzed transfer diazenylation of dicarbonyl compounds with triazenes

13

Topics in Current Chemistry

(2019) 377:23

Page 27 of 32

23

Scheme 36  Enantioselective decarboxylative alkylation of β-keto acids to form chiral benzopyrans

7 Miscellaneous
Very recently, Kim and co-worker [138] developed a gram-scale asymmetric
synthesis of 2,4-diaryl-1-benzopyrans 137 via a one-pot two-step transformation
(Scheme 36). With the aid of (R)-L6, the β-keto acid 135 is efficiently subjected
to a decarboxylative process to provide an enol intermediate 139 at room temperature, which then reacts with ortho-quinone methide 138 in situ generated from
o-hydroxy benzylic alcohol 134 to produce the chiral adduct 136. Subsequently,
Sc(OTf)3 promotes the cyclization and dehydration sequence to give synthetically

Scheme 37  Nucleophilic substitution reaction of racemic alkyne–dicobalt complexes with thiols
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useful chiral benzopyrans 137 in good yields and enantioselectivities (up to 94%
ee).
Compared to the enantioselective nucleophilic substitution reactions at the
prochiral sp2-hybridized carbon atom, the involvement of sp3-hybridized carbon
atom has been underdeveloped [139]. In 2016, Terada and co-workers developed
a novel nucleophilic addition of thiols 141 to the racemic alkyne–dicobalt complex
140 derived from the corresponding secondary propargylic alcohols (Scheme 37)
[140]. A key planar cobalt-based carbenium ion 143 was probably formed by phosphoric acid-catalyzed rearrangement and stabilized by the conjugate base phosphate
anion (R)-L6 or L21. The racemization process is markedly quick over nucleophilic
addition with thiols 141, enabling better results for addition conversion. Increasing
temperature would advance the enantioconvergent of (S)-substrate 140 to intermediate 144 for forming (R)-configured product 142.
Further, the authors developed an intramolecular enantioconvergent Nicholas
reaction version to synthesize seven-membered cyclic ethers 147 in high yields
with good enantioselectivities (Scheme 38) [141]. In the presence of CPAs, racemic
diols 145 containing an (hetero)aryl substituent at the propargylic position reacted
efficiently via key intermediates 148. The resulting enantioenriched cyclic ethers
(R)-146 were further treated in one-pot manner with 1,3-dibromo-5,5-dimethylhydantoin 149 for de-complexation, to afford densely functionalized cyclic ethers 147
bearing an unsaturated diester moiety without loss of enantiomeric excess.
In 2009, Terada’s group reported a highly enantioselective synthesis of optically active anti β-amino alcohols 154 (Scheme 39) [142, 143]. Under optimal
conditions, various racemic hemiaminal allyl ethers 150 bearing alkyl-, benzyland phenyl-substituents at the β-position were well applicable. A Ni(II) complex
catalyzed the olefin isomerization of starting material 150 to racemic hemiaminal
vinyl ethers 151, followed by a CPA catalyzed aza-Petasis–Ferrier reaction (e.g.,
(R)-L5) to afford the β-amino aldehydes 153 via key intermediate 152. The racemic vinyl ethers 151 underwent a sequential C–O bond cleavage and C–C bond

Scheme 38  Enantioselective intramolecular Nicholas reaction of racemic diols
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Scheme 39  Alkene isomerization/enantioselective aza-Petasis–Ferrier rearrangement reaction of hemiamial vinyl ethers

formation to form β-amino aldehydes 153 with high level of anti-, diastereo- and
enantioselectivities (up to 99% ee). Finally, a formyl reduction by N
 aBH4/methyl
alcohol yielded the β-amino alcohol compounds 154.

8 Conclusions and Prospects
In this chapter, we have provided an overview of the development and applications of organic phosphoric acids in combination with different first-row transition metals in asymmetric catalysis, providing a mechanistic discussion to better
understand the interaction of the metal/phosphate and the factors for asymmetric
control. The combination of metal cations/complexes with phosphates provides a
variety of catalytic modes, including relay catalysis, counterion-pairing catalysis,
and binary-acid catalysis, thus enabling a range of enantioselective transformations. This progress represents an essential part of the implement of asymmetric
counteranion-directed catalysis reported so far. In addition, concerning the property of metals, e.g., copper, iron, and manganese can act as one or two-electron
transfer catalysts to permit redox reactions. Significant efforts in enantioselective
oxidations and hydrogenations, C–H bond functionalizations and radical-initiated
difunctionalizations of olefins have been made recently. Consequently, the complexity and diversity of the catalytic systems between first-row transition metals and phosphate derivatives potentially provide a powerful, viable and accessible route for asymmetric synthesis, although it is still less developed and limited
to some transition metals. Due to the versatility of metal Lewis acids and chiral
Brønsted acids, the dual metal-CPA catalysis is bound to stimulate more evolutionary research in the future, especially in the field of radical-involved enantioselective chemistry, which remains largely underdeveloped.
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