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Abstract: 240 Years have passed since the discovery of ele-
mental phosphorus. During that time organophosphorus
chemistry has emerged as an interesting and exciting field
of research. Recently organophosphorus chemistry has
been raised to a new level. Organophosphorus compounds
have found applications in asymmetric organocatalysis for
the synthesis of optically active compounds of synthetic or

\

biological importance. The aim of this review article is to
present recent contributions to this developing field of
chemistry and to point out synthetic advantages of meth-
odologies developed so far.

Keywords: asymmetric synthesis - organocatalysis « orga-
nophosphorus compounds - phoshonates - phosphines )

Introduction

For centuries before the chemistry was born in its modern
form alchemists searched for the philosopher’s stone—a
substance that could turn inexpensive metals into gold. In
1669 the German alchemist Henning Brand in his quest for
the philosopher’s stone accidentally discovered a new ele-
ment, which he named phosphorus after the Greek word
meaning “light-bearing” or “light-bearer”. Since then phos-
phorus has been found to be present in many organic com-
pounds and the chemistry of organophosphorus compounds
started to attract chemists. The extraordinary richness of or-
ganophosphorus compounds, their tremendous structural
and electronic diversity, as well as specific chemical behavior
makes them versatile reagents that play a very important
role in modern synthetic organic chemistry.! For example,
phosphorus ylides, phosphine oxides, and phosphonates are
widely used for the stereoselective introduction of olefinic
bonds into target molecules.”! Optically active organophos-
phorus compounds are also valuable chiral building blocks
for the synthesis of natural products.’! Furthermore, various
tri- and pentacovalent phosphorus compounds serve as
ligands or catalysts in different enantioselective transforma-
tions.! Additionally, many organophosphorus compounds
can be found in nature and possess significant, and in many
cases, very specific biological activity that is often related to
their absolute stereochemistry.”’ Taking into account the in-
teresting chemical behavior and diverse biological properties
of organophosphorus compounds there is a great need for
the development of methods enabling their preparation in
an asymmetric fashion.

Catalytic asymmetric reactions constitute one of the most
potent and useful method for introduction of chirality into
target molecules. Until very recently the field of enantiose-
lective catalysis has been dominated by metal and enzyme
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catalysts. Since 2000 organocatalysis has emerged as a very
powerful tool in modern asymmetric synthesis, being com-
plementary to metal and enzyme catalysis. Combined efforts
of different scientific groups resulted in great development
of this new methodology of asymmetric synthesis.®! As a
result, asymmetric organocatalysis has become an important
method of choice enabling simple and efficient approach to
optically active compounds.

In recent years the increasing number of papers concern-
ing applications of organophosphorus reagents in asymmet-
ric organocatalysis has been published showing growing im-
portance of this methodology. We believe that this review
will deliver a comprehensive outlook on this interesting sub-
ject and will familiarize the reader with the recent advances
achieved. The applications of different organocatalytic strat-
egies for the synthesis of biologically interesting o-hydroxy-
and a- or B-aminophosphonates, as well as utilization of
organophosphorus compounds in organocatalytic syntheses
of important organic molecules will be presented. It should
also be noted that the results concerning applications of
organophosphorus reagents in asymmetric organocatalysis
are very rarely disclosed in reviews about organocatalysis
and this topic has not been previously summarized. The ma-
terial concerning applications of axially chiral phosphoric
acids as Brgnsted base catalysts in asymmetric organocataly-
sis is not covered in this review.

Modes for Catalytic Activation of Substrates in
Asymmetric Organocatalysis

From a mechanistic point of view, the interactions between
the substrate and the catalyst in asymmetric organocatalysis
are different from mechanisms operating in classical metal-
catalyzed reactions. In general, a catalyst interacting with
the substrate activates it and creates the chiral environment
that is essential in all enantiodifferentiating reactions. The
interactions between substrate and the catalyst that are
postulated to occur in asymmetric organocatalysis can be di-
vided into three main groups:

Covalent catalysis—the catalyst binds to the substrate by a
covalent bond: Aminocatalysts 2 are mainly secondary
amines, such as proline and derivatives, that interact with
the substrates by a covalent bond (Scheme 1). In this amino-
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Scheme 1.

catalytic approach, carbonyl compounds, such as aldehydes
or ketones and o,f-unsaturated aldehydes or enones, 1 and
6, respectively, are activated either by the formation of en-
amine 3, which in turn can react with electrophilic species 4
leading to the formation of the new bond in an enantioselec-
tive manner, or iminium ion 8, which can act as a highly re-
active electrophilic species. The stereochemical outcome of
the reaction is determined by chirality located at the amino-
catalyst 2. Its ability to discriminate two diastereotopic faces
of the corresponding enamine 3 or iminium ion 8 and effi-
ciently control their geometry is crucial for obtaining high
enantioselectivities.

Another important class of covalent catalysts are
N-heterocyclic carbenes 11 (Scheme 2). In this approach tri-
azolium salts 10 serve as precursors of in situ generated
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Scheme 2.

N-heterocyclic carbenes 11. The triazolyl proton of the salt
10 can be abstracted under basic conditions resulting in the
formation of the catalyst 11, which in turn reacts with car-
bonyl compound 12 and activates it. A subsequent reaction
of the acyl anion equivalent 13 obtained with electrophile 4
and carbene elimination leads to the formation of optically
active product 14.

Noncovalent catalysis—the catalyst interacts with the
substrate by other than covalent bond interactions, such as
hydrogen or ionic bonds: The first noncovalent approach in-
volves the activation of the substrate by a selective hydro-
gen bond with a chiral hydrogen-bond donor 16 leading to
intermediate 17 (Scheme 3). Thiourea derivatives are most
commonly used in this field of organocatalysis.
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Chiral Brgnsted bases constitute another important class
of noncovalent catalysts (Scheme 4). Deprotonation of the
pro-nucleophile 19 by such a base results in the formation of
chiral ion pair 20. This activated intermediate can be also
obtained under phase-transfer catalysis (PTC) conditions in
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the presence of a chiral phase-transfer catalyst. In both of
the cases a chiral cation is responsible for enantioselectivity
of the reaction.

The chiral ion pair 22 can be also formed as a result of a
protonation of carbonyl compounds or imines 15 by a chiral
Brgnsted acid catalyst (Scheme 5). In this approach, the
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Scheme 5.

chiral anion is the factor conditioning enantioselective
course of the reaction. Very recently, chiral phosphoric acids
derived from binaphthol with axial chirality have emerged
as a very powerful class of catalysts enabling this mode for
catalytic activation of substrates.

Bifunctional catalysis—the organocatalyst is designed to
activate independently electrophile and nucleophile at the
same time: This approach enables the reactions to proceed
through a well-defined transition states and consequently to
achieve high levels of stereoinduction.

The progress in particular fields of organocatalysis has
been recently reviewed.”! These accounts create the possibil-
ity for more detailed glance at the specific modes for cata-
lytic activation of substrates in asymmetric organocatalysis
and provide some mechanistic insights, as well as starting to
rationalize of the stereochemical outcomes of the organo-
catalytic reactions.

Enantioselective, Organocatalytic Synthesis of
o-Hydroxyphosphonates

a-Hydroxyphosphonic acids and a-hydroxyphosphonates
constitute an interesting group of organophosphorus com-
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pounds that can be found in nature and exhibit intriguing
biological properties.”! They have been shown to possess an-
tiviral® and antitumor! activity. Additionally, they are very
potent inhibitors of enzymes such as rennin,'” human im-
munodeficiency virus (HIV) protease, and polymerase.''l a-
Hydroxyphosphonates can be easily accessed by means of
Pudovik reaction between carbonyl compounds and dialkyl
phosphites."

Already in 1983, when the amazing field of asymmetric
organocatalysis was yet to discover, Wynberg et al. carried
out enantioselective, organocatalytic Pudovik reaction for
the first time (Scheme 6).'"1 They used quinine 25 as a
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Scheme 6.

chiral-base catalyst. However, this study is restricted to only
the Pudovik reaction with aromatic aldehydes 12a,b bearing
electron-withdrawing substituents in the ortho-position of
the aromatic ring, namely o-nitro- and o-chlorobenzalde-
hyde. It was found that the enantioselectivity of the reaction
was highly dependent on the bulkiness of the phosphonate
ester moiety. Good enantioselectivity was obtained only in
the reaction between di-fert-butyl phosphite (23a) and
o-nitrobenzaldehyde (12a). However, the reaction rate was
six times slower than in the case of dimethyl phosphite
(23b). No systematic studies on the scope or mechanism of
this organocatalytic reaction were undertaken.

Since Wynberg’s pioneering works, the enantioselective
organocatalytic hydrophosphonylation of aldehydes was not
a subject of detailed research until recently. In 2009 Ooi
et al. identified triaminoiminophosphorane (27), generated
in situ from the chiral P-spiro tetraaminophosphonium salt
26 and potassium tert-butoxide, as a very potent catalyst of
this very important P—C bond-forming reaction
(Scheme 7). Among the catalysts tested, iminophosphor-
anes 27 with electron-donating substituents on the aromatic
ring possessed the highest catalytic activity. It should be
noted that the catalyst loading could be easily reduced to
1 mol% without noticeable influence on enantioselectivity.
Excellent results were obtained at —98°C yielding the corre-
sponding a-hydroxyphosphonates 24a in up to 99 % ee. The
reaction proved to be general, since aliphatic, heteroaromat-
ic, and aromatic aldehydes 12 with different electronic prop-
erties were very well tolerated. The authors postulate that
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the reaction proceeds through the formation of highly reac-
tive dimethylphosphite salt with a chiral tetraaminophos-
phonium cation that is responsible for the stereochemical
course of the addition.

Ketones are less commonly used as substrates in the Pu-
dovik reaction. There is only one example of enantioselec-
tive organocatalytic hydrophosphonylation of ketones
(Scheme 8).1'"1 This is the reaction between aromatic a-ke-
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Product S-29 (cat. 30)
85-94% yield
88-91% ee

Product R-29 (cat. 31)
84-95% yield
80-90% ee

Scheme 8.

toesters 28 and dimethyl phosphite (23b) catalyzed by the
cinchona alkaloid derived thioureas 30 or 31. The ability of
this type of organocatalysts to act as bifunctional promoters
that can independently activate electrophile (acting as a hy-
drogen-bond donor) and nucleophile (acting as a Brgnsted
base) has been recently demonstrated by the various re-
search groups.' The screening of organocatalysts revealed
that cinchonidine-derived thiourea 30 gave the best results.
Generality of the established synthetic protocol was con-
firmed by reaction of various aromatic and heteroaromatic
a-ketoesters 28 with phosphite 23b. Notably, reactions cata-
lyzed by the cinchonine-derived thiourea 31 afforded the op-
tically active products with slightly lower enantiomeric ex-
cesses, especially in the case of heteroaromatic and electron-
withdrawing group substituted aromatic a-ketoesters 28.
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To rationalize the stereochemical outcome of the reaction,
the authors proposed that in the transition state the o-ke-
toester is activated by double hydrogen bonding to the thio-
urea moiety (Figure 1). Moreover, this interaction enables

Figure 1. Transition state of the o-ketoester 28 activated by double
hydrogen bonding to the thiourea moiety 30.

sufficient discrimination of the two enantiotopic faces of the
electrophile necessary in all enantiodifferentiating reactions.
Additionally, due to the presence of quinuclidinic nitrogen
atom, the corresponding phosphite—phosphonate equilibri-
um is shifted towards the phosphite form that undergoes ad-
dition to activated electrophile in an enantioselective
fashion.

Acylphosphonates are another important class of organo-
phosphorus reagents that can serve as precursors of o-hy-
droxyphosphonates. Their strong electrophilic character
makes them excellent partners in nucleophilic additions that
can lead to the formation of secondary or tertiary alcohols.

In 2006 Zhao and Samanta developed the organocatalytic
cross aldol reaction between a-ketophosphonates 32 and
enolizable ketones 33 (Scheme 9).'"! The reaction was found

35 (20 mol%)

ji O or36 (15 mol%) O R' OH
2
R P(OR), TR Carbonyl P(OR),
compound 5
32 33 as solvent 34
-30°C, 0°C or RT 32-94% yield
24-120 h 71-99% ee
Q‘COZH Q‘CONHZ
H H
35 36

Scheme 9.

to proceed in the presence of the secondary amines as the
catalyst and the formation of the corresponding enamine in
the catalytic cycle is postulated. Among the catalysts tested
L-proline (35) gave the best results in the reaction with ace-
tone as the carbonyl compound. The influence of phospho-
nate ester moiety on the reaction outcome was also deter-
mined. It was found that methyl and isopropyl esters 32 per-
formed the best affording the corresponding o-hydroxy-
phosphonates 34 with the highest yield and enantioselectivi-
ty. 2-Butanone and methoxyacetone could also be utilized
for the synthesis of optically active phosphonates 34 when

Chem. Eur. J. 2010, 16, 28—-48
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L-prolinamide (36) was used as the catalyst. In this case the
reactions were regioselective and less hindered nucleophilic
centers of the starting ketones 33 were involved in the new
C—C bond forming process.

In a similar fashion the same research group achieved an
efficient synthesis of secondary a-hydroxyphosphonates,
which are generally more difficult to obtain in enantiomeri-
cally enriched form (Scheme 10)."®! The authors envisioned

/‘i‘" 0 3®(Bmol%) O OH
b - .
I CH,Cl,, 0°C [ (OMe),
R'" R? 24 h R'" R* 0O
37 38 39
58-95% yield
65:35-95:5 dr
43-99% ee

HO (OEY), *

Scheme 10.

the reaction between diethyl formylphosphonate and ketone
enamines as an efficient synthetic route to these compounds.
However, because of documented instability of diethyl for-
mylphosphonate they decided to use its hydrate 37, which is
known to be more stable and exists in equilibrium with the
requisite formyl form. In this study L-prolinamide (36)
turned out to be the best catalyst in terms of yield and enan-
tioselectivity. Various ketones reacted smoothly under opti-
mal reaction conditions affording highly enantioenriched
secondary a-hydroxyphosphonates 39 in good yields. Addi-
tionally, in the case of unsymmetrical ketones good regio-
and diastereoselectivities of the reactions were observed.

To provide an explanation of the stereochemical outcome
of the reaction, the authors proposed that the addition pro-
ceeds by a nine-membered chair-like transition state in
which the large phosphonate moiety occupies the pseudo-
equatorial position (Figure 2). As a consequence, the corre-
sponding enamine undergoes addition from the Si-face of
the diethyl formylphosphonate to afford the observed ste-
reochemistry of the product.

N
(EtO)z(O)P\rém‘j}li
H H O

Figure 2. Proposed nine-membered chair-like transition state for the reac-
tion of diethyl formylphosphonate and 38 catalyzed by 36.

In 2007 Zhao et al. established the organocatalytic asym-
metric nitroaldol reaction of acylphosphonates 32 with nitro-
methane (40a) as an entry to optically active -nitro-o-hy-
droxyphosphonates 41 (Scheme 11).l] Cupreine (42) and 9-
O-benzylcupreine (43) have been successfully applied as the
catalysts of this transformation. Catalyst 42 gave slightly
better yields then 43. However, the reactions were per-
formed at 0°C and were terminated after longer reaction
times. Both aryl- and alkyl-substituted a-ketophosphonates
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32 afforded the corresponding products with high yields and
enantioselectivities. Additionally, the product 41a could be
converted into biologically important f-amino-o-hydroxy-
phosphonate 44a without loss of optical purity.

The same reaction was further studied by Feng, Hu et al.
in 2008 (Scheme 12).2% This time the reaction was catalyzed
by the secondary amine amide catalyst 45. It was found that

o}
0 R. OH
R)J\P(OR) + CHNo, _RBM) o P(OR
I 2 MTBE/PhOMe (2:1) n( k
e} -20°C, 1-45d
32 40a 41
54-95% yield
_0Q09,
Ph Ph 84-99% ee
3 o
NH HN—Z
NH HN >
45
Scheme 12.

additive of catalytic amounts of 2,4-dinitrophenol and per-
forming the reaction with excessive MeNO, in a mixture of
BuOMe and PhOMe at —20°C was crucial to obtain high
enantioselectivities. Under these conditions various aromat-
ic, heteroaromatic and aliphatic a-ketophosphonates 32
were smoothly reacted to afford the products 41. The
authors also performed theoretical calculations in order to
explain the high enantioselection achieved in the reaction.
The results obtained suggest that achiral acidic additive pro-
tonates one of the piperidinic nitrogen atoms of catalyst 45
which subsequently activates the acylphosphonate 32 by hy-
drogen bonding. The second piperidinic nitrogen atom of 45
acts as a base and abstracts the proton from nitromethane
(40a).

The Mukaiyama aldol reaction is a potent means of form-
ing new C—C bond in organic synthesis.”"! In 2009 Rawal
et al. reported the highly stereoselective Mukaiyama aldol
reaction between dimethyl acetylphosphonate (32a) and
various N,O-ketene acetals 46 (Scheme 13).2 A range of
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chiral hydrogen-bond donors was evaluated in this study for
their ability to catalyze this transformation. Very good re-
sults were obtained with commercially available TADDOL
(48; o,0,0,0'-tetra(1-naphthyl)-1,3-dioxolane-4,5-dimetha-
nol) as the catalyst. The stereoselectivity of the reaction was
highly temperature dependent and increased with lowering
of the reaction temperature. Additionally, the tert-butyldi-
methylsilyl (TBDMS) group could be convincingly removed
from the final product by quenching the reaction mixture
with 5% HF solution in CH;CN. All tertiary alcohols 47
possessing adjacent tertiary and quaternary stereogenic cen-
ters were obtained in good yields with high enantio- and ex-
cellent diastereoselectivities. It is worth noting that f-heter-
oatom-substituted N,O-ketene acetals could be successfully
utilized in this reaction. In this manner optically active a,f3-
dihydroxyphosphonates could be easily accessed.

Enantioselective, Organocatalytic Synthesis of a-
Aminophosphonates

a-Aminophosphonates and a-aminophosphonic acids have
received considerable interest over the years as an isoelec-
tronic analogues of the corresponding o-amino acids.”’!
They have been isolated from natural sources and exhibit
significant biological activity such as antibacterial,*! antivi-
ral,”™ antifungal,” or anticancer.””’ Moreover, they can
serve as enzyme inhibitors of many proteolytic enzymes in-
cluding synthase,”! HIV protease,'"* rennin,*” or PTPas-
es.’ As a consequence, they have been a target of numer-
ous synthetic endeavors and several routes for their prepara-
tion have been established.”” Since the biological activity of
a-aminophosphonic acids and their derivatives is related to
the absolute configuration of the stereogenic center located
at a-position to the phosphorus atom, enantioselective
methods of their preparation are of great importance.”
Hydrophosphonylation of imines, commonly known in the
literature as the Pudovik reaction, represents an attractive
approach for the synthesis of a-aminophosphonates. Enan-
tioselective catalytic version of this reaction has been a sub-
ject of detailed studies and different chiral catalysts were
found to be effective promoters of this transformation."”
The first synthesis of enantiomerically enriched a-amino-
phosphonates by means of organocatalytic Pudovik reaction
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was accomplished by Jacobsen and Joly (Scheme 14).% The
authors performed the nucleophilic addition of di(o-nitro-
benzyl) phosphite (23¢) to N-benzylimines 49 in the pres-

NG,

NO,
Q_\ i NB™ 51 (10 mol%) \/:/< i
O—/P\H " )J\ ° OC;
o Et,0 HN.
4°C orRT, 7-72 h NO Bn
NO, >
23c

R™ "H
49 50
52-93% yield
81-99% ee

H, (1 atm)
Pd/C (20 mol%)

MeOH
RT, 24-72 h

gBu S
MezN\ﬂ/'\N)J\N\\-
O H H

N o

1l
Ho . (HOLP_-R
51 )j\ NH,

52
87-93% yield
97-98% ee
R = Ph, Pentyl, iBu

tBu (0]

Scheme 14.

ence of chiral thiourea derivative 51 as the catalyst. The re-
actions proceeded efficiently and high yields and high enan-
tioselectivities could be obtained for imines 49 derived from
both aromatic and aliphatic aldehydes. Hydrophosphinyla-
tion products 50 were readily converted into a-aminophos-
phonic acids 52 by global deprotection performed under
mild hydrogenolytic conditions. The desired products 52
were obtained in high yields and with conservation of opti-
cal purity achieved in the organocatalytic Pudovik reaction.

In 2005 Akiyama et al. described chiral Brgnsted acid cat-
alyzed Pudovik reaction between dialkyl phosphites 23 and
N-(p-methoxyphenyl)imines 53 (Scheme 15).54 3,3"-Bis(3,5-
ditrifluoromethylphenyl)-1,1’-8-binaphtyl-2,2"-diyl hydrogen-
phosphate (55) was found to be the most effective catalyst
in terms of both reactivity and enantioselectivity. The struc-

PMP 55 i
o N” (10mol%)  (PrO)P.__R
(Pro),P-H * e :
R™ "H m-Xylene NHPMP
RT, 24-101 h
23d 53 54
72-97% yield
52-90% ee

Scheme 15.
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ture of the substrate was another important factor that influ-
enced the reaction outcome. In terms of phosphite 23, the
highest enantioselectivities were obtained with diisopropyl
ester 23d as the nucleophile. Particularly good results were
achieved in the reactions with aldimines 53 derived from
cinnamaldehydes, especially when aromatic ring was substi-
tuted with electron-withdrawing groups in the ortho-
position.

The authors proposed a nine-membered transition state in
order to explain stereoselectivity of the reaction (Figure 3).
It is anticipated that phosphoric acid serves as a bifunctional
catalyst activating both the imine by hydrogen bonding and
the phosphite by the phosphoryl oxygen atom acting as a
Brgnsted base.

CF,
CF,
_H-O-P(OPY),
Ar
O~y 2
PMP

Figure 3. Proposed nine-membered transition state for the reaction of
23d and 53 catalyzed by 55.

Very recently two research groups independently under-
took DFT studies on the hydrophosphonylation of imines
catalyzed by chiral phosphoric acids in order to explain the
origins of enantioselectivity in this reaction.® Although dif-
ferent model substrates were chosen for the calculations,
similar results were obtained. According to the calculations,
the reaction proceeds through a di-coordination pathway. It
means that two different oxygen atoms of the catalyst are
involved in hydrogen bonding with both of the substrates
(one oxygen atom acts as a hydrogen-bond donor, the other
as an acceptor). Consequent proton transfer leads to a zwit-
terionic intermediate. Nucleophilic addition of the activated
phosphorus species and proton transfer proceed in a con-
certed manner and at this stage the stereochemistry of the
product is determined. Furthermore, the energies of the
transition states of the reaction catalyzed by different chiral
phosphoric acids were calculated and the effect of the sub-
stituents in 3,3’-positions evaluated. The energy difference
between transition states representing attacks from the Si-
and Re-faces was highest for hydrophosphonylation reac-
tions of aldimines catalyzed by 55 when compared to other
catalysts. Additionally, the influence of substrate substitu-
tion pattern was also evaluated. In general, the difference in
energy between two transition states increased with the size
of the ester moiety in the dialkyl phosphite. Both observa-
tions are in accordance with the experimental results, since
the highest enantioselectivities were attained using 55 as the
catalyst and diisopropyl phosphite as phosphonylating
reagent.
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In the studies of Yamanata and Hirata the investigation
on aldimine substituent effect on enantioselectivity of the
reaction was conducted.”! The energy difference between
transitions states leading to R- or S-configured products was
higher for acrolein and cinnamaldehyde derived imines,
then for the imine derived from benzaldehyde. This is in ac-
cordance with the experimental observation that the pres-
ence of an olefinic bond was crucial to obtain high enantio-
selectivities.

Additionally, Shi and Song demonstrated that the Brgnst-
ed acid catalyst is involved in the phosphonate—phosphite
tautomerism enabling the reaction to be carried out at room
temperature.® Furthermore, the authors performed reac-
tions between diethyl phosphite (23e) and (E)-N-benzyli-
dene-4-methylbenzo[d]thiazol-2-amine (56) catalyzed by 55
expecting that the introduction of a heterocyclic moiety into
the target a-aminophosphonate 57 might result in interest-
ing biological properties (Scheme 16).7* Disappointingly,

(EtO),P

o N™ S 55 (10 mol%) c R
(EtO),P-H + — = Hy Ny
: H Toluene Y
RT, 24 h S
F
23e 56 57

10% ee

Scheme 16.

the enantioselectivity of this reaction was very low
(10% ee). Theoretical calculations revealed that the differ-
ence in transition-state energies accounting for the Si- and
Re-face attacks in the reaction with 56 was very low (only
0.1 kcalmol™"). This result explains very low enantioselectiv-
ity of this particular hydrophosphonylation.
a-Aminophosphonates were also obtained by chiral base-
catalyzed reaction of N-Boc-protected imines 58 derived
from aromatic aldehydes with diethyl phosphite (23e;
Scheme 17).5°1 Among catalysts tested quinine (25) was
found to be the most efficient allowing the synthesis of opti-
cally active a-aryl-a-aminophosphonates 59. The reaction

O .Boc 25 o i
(EtOLP-H + (10 moi¥e) (Eto)zp\rAf
AT TH Xylene NHBoc
20°C, 2-3d
or-20°C, 3-7d
23e 58 59
20 °C: 50-83% vyield, 48-88% ee
H = -20 °C: 52-69% vyield, 88-94% ee
HO N
MeO 7z
-
N
25
Scheme 17.
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was proven to be quite general, since both electron-donating
and electron-withdrawing substituents could be present at
the aromatic ring of 58 without noticeable influence on reac-
tivity and enantioselectivity. The enantioselectivity of the
process could be easily enhanced by performing the reaction
at —20°C; however, longer reaction times were required to
obtain the products.

The authors proposed that the free hydroxyl group at C-9
of the catalyst 25 was responsible for imine activation by hy-
drogen-bonding (Figure 4). On the other hand, the quinucli-
dinic nitrogen atom is involved in corresponding phosphite—
phosphonate equilibrium and shifts it towards reactive phos-
phite form.

! o

MeO !
BooN 9 EtO),P—H
~pory, = FOk
Ar 23e

Figure 4. Transition state showing the proposed imine activation by the
free hydroxyl C-9 group of catalyst 25.

Simple cinchona alkaloids such as hydroquinine (62), hy-
droquinidine (63), and quinine (25) were also successfully
employed as the catalysts of enantioselective hydrophospho-
nylation of aldimines 60 by Toru, Nakamura et al.
(Scheme 18).57 N-(6-Methyl-2-pyridylsulfonyl) imines 60 de-
rived from aromatic aldehydes were found to be superior re-
agents in the reaction with diphenyl phosphite (23 f) yielding
the products 61 with quantitative yields and high enantiose-
lectivities. The enantiomeric excesses could be enhanced by
single recrystallization. The authors postulate that the 6-
methyl-2-pyridylsulfonyl group acts as efficient activating
group as well as stereocontroller that enables to achieve
high enantioselectivities. In the transition state (Scheme 18,
bottom) the hydroxyl group at C-9 of the catalyst activates
the imine 60 through a double hydrogen bond. Additionally,
the quinuclidinic nitrogen atom of the catalyst as a Brgnsted
base activates the phosphite 23 f. The use of pseudoenantio-
meric hydroquinine (62) and hydroquinidine (63) gave
access to oposite enantiomers of 61 with comparable enan-
tioselectivity. Additionally, desulfonylation of the hydro-
phosphonylation products 61 and subsequent deprotection
of the phosphonate moiety could be efficiently performed
giving access to optically active a-aminophosphonic acids.

Asymmetric hydrophosphonylation of imines was also ac-
complished under PTC conditions (Scheme 19).5*! In this
study a-amido sulfones 64 were used as a source of in situ
generated N-protected imines. Optimization studies re-
vealed higher efficacy of the catalysts with ortho-substitu-
ents on their benzylic moieties. The best results were ob-
tained with ortho-fluoro-substituted catalyst 66, derived
from hydroquinine, that was used throughout the study. The
reactions were performed at —78°C in the presence of KOH
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A H Toluene
' -40 or - 78°C NHSOAr
<16 h
23f 60 61
95-99% yield
H 81-98% ee
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MeO =
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N
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HO N
MeO =
|
N
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“‘H-0. _OPh
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Scheme 18.
PG 66 or 67 0
o HN- (5 mol%) (MeO),P.__R
i + - . 2N
MeO),P—H z
(MeO), R”OSO,Ar KOH NHPG
Toluene
Product 65 (cat. 66) Product ent-65 (cat. 67)
66-97% yield 88-99% yield
79-95% ee 34-84% ee
H /7Bj S)
H O
O N® Br MeQ HO, N2/ Br
MeO = ‘
F
SN \//\
66
Scheme 19.

as a base using dimethyl phosphite (23b) as phosphonylating
agent. The reactions proceeded efficiently with - or y-
branched and unbranched a-amido sulfones 64. Disappoint-
ingly, the reactions with 64 derived from aromatic aldehydes
led to the formation of nearly racemic products. It was also
demonstrated that enantiomeric products ent-65 could be ac-
cessed by using pseudoenantiomeric catalyst 67 derived
from hydroquinidine, albeit with lower enantioselectivity.
Importantly, the protecting groups at the nitrogen and phos-
phorus atoms could be convincingly removed giving access
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to either the a-aminophosphonic acids or N-protected phos-
phonic acid monomethyl esters with conservation of optical
purity.

In a very recent study the possibility of employing a phos-
pha-Mannich reaction between phosphine oxides 68 or H-
phosphinates 72 and N-tosyl imines 69 for the synthesis of
a-aminophosphine oxides 70 and phosphinates 73 was estab-
lished by Tan et al. (Scheme 20).*! The guanidinium salt 71

o 0
I NTS 71 (5-20 mol%) I
RI-P_ + - R1—/P R
RR R H THF T
-50 or -60 °C NHTs
68 69 14-96 h 70

72-97% yield

O Ph Ph Q dr: 1:1
N > S N 52-90% ee

=No N=(

71: Ar = 3,5-(CF,),-CoHy-

0] Ts

I N 71 (10 mol%) I
BnO-Py + [ BnO P _ Ar
R Ar H K,CO; (10 equiv) R liJHT
CH,Cl,/Toluene s
72 69 (1:1) syn-73
-40 °C, 35-168h  71-93% yield
dr (syn:anti).
3:1-16:1

82-94% ee (syn)
Scheme 20.

was recognized as very efficient catalyst of this P—C bond
forming reaction. Various symmetric and nonsymmetric
phosphine oxides 68 were evaluated in the study. The scope
of the developed synthetic protocol was very broad. Imines
69 derived from aliphatic, aromatic, and heteroaromatic al-
dehydes were well tolerated. Reactions involving 72 as phos-
phorus nucleophile required the use of threefold excess of
72 and the additive of K,CO; (10 equiv) in order to achieve
high levels of stereoinduction and reasonable reaction rates.
a-Aminophosphinates 73 bearing a stereogenic center at the
phosphorus atom were formed as mixtures of two diastereo-
isomers in which the syn-isomer predominated. The reaction
proceeded efficiently with aromatic and heteroaromatic
imines 69. Moreover, the authors demonstrated that differ-
ent R substituents can be present in 72, further increasing
the attractiveness of this methodology.

An alternative route to o-aminophosphonates constitutes
the one-pot three-component Kabachnik-Fields reaction be-
tween a carbonyl compound, an amine, and a dialkyl phos-
phite. This multicomponent protocol is especially attractive,
since only one synthetic step is required to obtain the final
product. The corresponding imine is formed in situ without
the necessity of its synthesis in a separate reaction vessel.

In 2008 List et al. developed organocatalytic asymmetric
variant of this interesting reaction (Scheme 21). The
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0-P.
" hH

OMe (10 mol%)

Cyclohexane
o) 50 °C

|
‘\(Ar 76
R R = cPent, iPr, Cy:
61-89% vyield, dr: 6.5:1-28:1, 76-94% ee
R = Me, Et:
63-84% yield, dr: 3:2-3:1, 2-84% ee

1) CAN,
CH,CN/H,0
2) TMSBr,
CH,C,

Ph

0]
HopP .

NH,

cPent

78a
54% overall yield

Scheme 21.

authors performed a Kabachnik-Fields reaction between p-
anisidine (74), a-branched aldehydes 75, and di(3-pentyl)
phosphite (23g) under dynamic kinetic resolution conditions
and catalyzed by chiral phosphoric acid. 3,3'-Bis(4-anthra-
cenyl-2,6-diisopropylphenyl)-1,1’-8-binaphtyl-2,2’-diyl hydro-
genphosphate (77) was found to be a highly effective cata-
lyst for this transformation allowing the access to f3,3-disub-
stituted-a-aminophosphonates 76 in an enantio- and diaste-
reoselective manner. It was found that the bulkiness of the
alkyl substituent in aldehyde 75 had a pronounced influence
on the stereochemical outcome of the reaction. High levels
of stereocontrol were achieved with branched isopropyl,
cyclopentyl and cyclohexyl substituents. In contrast, reac-
tions with methyl- and ethyl-substituted aldehydes 75 pro-
ceeded with modest stereoselection. The Kabachnik-Fields
product was also utilized for the synthesis of a-aminophos-
phonic acid 78a that was accomplished in a two-step reac-
tion sequence involving p-methoxyphenyl and alkyl groups
removal with cerium ammonium nitrate (CAN) and trime-
thylsilyl bromide (TMSBr), respectively.

Enantioselective, Organocatalytic Phospha-Michael
Additions

The phospha-Michael reaction constitutes one of the most
important methods for the construction of P—C bonds. An
excellent review on this reaction was published in 2006.*!!
Since then a few reports on organocatalytic phospha-
Michael reaction appeared in the literature successfully uti-
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lizing both trivalent and pentavalent phosphorus species as
Michael donors.

The first example of enantioselective, organocatalytic
phospha-Michael addition using trivalent phosphorus spe-
cies was reported by Melchiorre et al. (Scheme 22).”! In this

82
(10 mol%)
PhPH + pXNO: F’th’\ﬁNo2
Et,0-PrOH 9:1 R
79 30 -40°C, 16 h 81
CF,
HCO,H | THF, -40°C
F.C
NaBH, 30 min
ot
Ph,P.
NO.
MeO :(\ 2
83
67-90% vyield
36-67% ee

Scheme 22.

work diphenylphosphine (79) was added in an enantioselec-
tive manner to nitroalkenes 80 in the presence of the cin-
chona alkaloid derived thiourea 82 as the catalyst. The origi-
nally formed B-nitrophosphines 81 were transformed in situ
into the corresponding boranes 83 to facilitate the isolation
and purification of the products. Solvent choice and reagent
concentration turned out to be of importance. Under opti-
mal reaction conditions hydrophospination of various nitro-
alkenes 80 proceeded with moderate or low enantioselectivi-
ty. In some cases, the optical purity of the products could be
further enhanced with a single crystallization.

In 2007 two research groups independently described imi-
nium-catalyzed hydrophosphination of a,3-unsaturated alde-
hydes 84 with diphenylphosphine (79) using diarylprolinol
trimethylsilyl ethers 86 as the catalysts (Scheme 23).%% In
both reports, the reactions were performed in the presence
of a benzoic acid derivative as co-catalyst and the originally
formed adducts 85 were reduced in situ to alcohols 90,
which are stable and easier to handle. Enantioselectivities of
the reactions were high and rendered from the attack of the
phosphorus nucleophile on the iminium-ion activated enal
from the less sterically hindered Si-face. Furthermore, Mel-
chiorre et al. presented the usefulness of the optically active
phospha-Michael adducts 85 for the synthesis of f-amino-
phosphine 87a through reductive amination.[* In contrast,
Cordova et al. oxidized the products into 3-(diphenylphos-
phoryl)alkanoic acid 88a*®! or phosphine oxides 89.*! In
further studies!® Cérdova et al. evaluated the possibility of
employing different tri- or pentavalent phosphorus nucleo-
philes in this reaction. However, the reactions either did not
proceed or the Michael adducts were formed with low yields
and enantioselectivities. The stereochemical course of the
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A) 86b (10-20 mol%)
4-NO,-C,H,CO,H
(10-20 mol%),
Et,0, 0, -10 or -30 °C,

CHO CHO
24-48 h
PhPH + Jf - . —
R or ... R “PPh,
B) 86a or 86b (20 mol%)
2-F-C4H,CO,H (10 mol%)
79 84 CHCI,, 4 °C, 20 min
P
Ar Reductive HN Ph
A amination
N r — Ph
H otms R” “P-BH,
86a: Ar = Ph Ph
86b: Ar = 3,5-(CF,),-C;H,-
87a: R = Ph (Method A)

71% yield, 87% ee

NaClo,

oxidation J/
R

/"FI’PhZ

CO,H

88a: R = 4-CIC;H, (Method B)
65% yield, 92% ee

1,/P
oxifiat)i/on J/CHO
>
R "’|F|>Ph2
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NaBH, OH
reduction
R "II’*BHS
Ph
90

Method A: 60-92% vyield, 75-94% ee
Method B: 70-87% yield, 83-99% ee

Scheme 23.

organocatalytic hydrophosphination of a,f3-unsaturated alde-
hydes 84 was confirmed by DFT calculations.

The B-phosphonylation of o,fB-unsaturated aldehydes 84
by trialkyl phosphites 91 has also been developed
(Scheme 24)." A crucial and most challenging task for the
success of the envisioned synthetic protocol was the proper
choice of nucleophilic additive enabling P™ to PV oxidation
by means of an Sy2-type dealkylation reaction proceeding at

86b (10 mol%)
Nal (1 equiv)
CHO PhCO,H (2 equiv) J/CHO

POPr), + Jf

R CH.Cl,, RT R .I/ﬁ(oipf)z
(¢}
91a 84 92
41-67% vyield
Ar 74-88% ee
N Ar
H oTms

86b: Ar = 3,5-(CF;),-C¢H,-

Scheme 24.
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one of the phosphite alkyl moiety. Optimizing experiments
showed that B-phosphonylation of enals 84 proceeded with
the highest efficacy in the presence of stoichiometric
amounts of benzoic acid and Nal. Moreover, tri-iso-propyl
phosphite (91a) was found to be an efficient phosphonylat-
ing reagent. Under these conditions chemoselective reac-
tions proceeded with good yields and enantioselectivities.
The authors also conducted DFT calculations in order to
give some mechanistic insights to the reaction performed
and to explain the observed absolute stereochemistry of the
products. Additionally, optically active phosphonates 92
were proven to be useful precursors of various phosphonic
acids, glutamic acid analogues and fosmidomycin deriva-
tives.

The phospha-Michael reactions using pentavalent phos-
phorus species in general require basic conditions. Tan et al.
demonstrated that chiral bicyclic guanidine derivative 95
can act as a Brgnsted base catalyst for the Michael addition
of diarylphosphine oxides 68 to nitroalkenes 93
(Scheme 25).") Among the phosphine oxides evaluated in

95

0 (10 mol%) Q R’
i y NO, 5
RoP-H * R ”\; Euo 2 NO,
-40 °C or -60 °C R
12-36 h
68a 93 94
R = 1-naphthyl R = 1-naphthyl
70-99% yield
tBu'—(\p “1tBu dr (anti:syn): 95:5
N N 90-96% ee
H
95

Scheme 25.

this study di(1-naphthyl) phosphine oxide (68a) turned out
to be the most useful in terms of reactivity and enantioselec-
tivity. The generality of the developed methodology was
confirmed by performing the reaction with various [-nitro-
styrenes 93, possessing either electron-withdrawing or elec-
tron-donating substituents at the aromatic ring. In all the
cases, high yields and enantioselectivities were obtained.
Moreover, o,f3-disubstituted nitroalkenes could be success-
fully utilized as Michael acceptors in this reaction affording
optically active B-nitrophosphine oxides 94 in a highly enan-
tio- and diastereoselective manner. Interestingly, enantio-
merically enriched phospha-Michael adducts 94 were uti-
lized for the synthesis of potentially useful (3-aminophos-
phine oxides and f3-aminophosphines.

In a similar fashion Terada et al. accomplished the synthe-
sis of B-nitrophosphonates (Scheme 26).! In this study, the
axially chiral guanidine derivatives 97 were used as catalysts
of a Michael addition of diphenyl phosphite (23 f) to nitroal-
kenes 80. Optimization studies revealed that the size of the
aryl as well as N-alkyl substituents in the guanidine catalyst
97 had a pronounced impact on enantioselectivity, which im-
proved with the increasing bulkiness of those groups. Fur-
ther screening enabled the establishment of the key reaction
parameters and the best results were obtained with catalyst
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O‘ N RT,35h
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77% yield
91% ee

Scheme 26.

97a using methyl tert-butyl ether (MTBE) as the solvent at
—40°C. It is worth noting that the reaction could be easily
performed in the presence of 1 mol% of the catalyst 97a
and that such a low catalyst loading did not affect enantiose-
lectivity of the addition step. The scope of the developed
phospha-Michael reaction was very broad. Aromatic, heter-
oaromatic, and aliphatic nitroalkenes 80 were well-tolerated
and the corresponding adducts 96 were obtained with high
yields and enantioselectivities. The authors also demonstrat-
ed the usefulness of the Michael adducts for the synthesis of
biologically important 3-aminophosphonate 98a. The reduc-
tion of the nitro group was conducted in the presence of
Boc,O enabling in situ protection of the originally formed
amine.

A complementary route leading to the formation of the
opposite enantiomer of the product 96 was developed by
Wang et al. (Scheme 27).*"! The authors demonstrated that
the same reaction can be catalyzed by a simple cinchona al-
kaloid—quinine (25). Catalyzed by 25, the phospha-Michael
addition of diphenyl phosphite (23f) to aliphatic, aromatic,
and heteroaromatic nitroalkenes 80 proceeded in good
yields and moderate or good enantioselectivities. However,
long reaction times (4-7 d) and low temperature (—55°C)
were required. The best results were obtained for heteroaro-
matic nitroalkenes as well as for f-nitrostyrenes substituted
with electron-donating groups in the para-position. Notably,
in this reaction, catalyst 25 serves as bifunctional catalyst ac-
tivating both phosphorus nucleophile through the quinucli-
dinic nitrogen atom and Michael acceptor by means of hy-
drogen bonding to the free hydroxyl group at C-9 serving as
hydrogen-bond donor (Scheme 27, bottom). Conversion of
the optically active (3-nitrophosphonate ent-96a into biologi-
cally important [3-aminophosphonic acid 99a was also dem-
onstrated.

Vinylphosphonates in Asymmetric Organocatalysis

Vinylphosphonates constitute a very interesting class of
organophosphorus reagents that have found widespread ap-
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plications in organic synthesis.*! These compounds have
been very frequently utilized as acceptors in Michael addi-
tion. The progress in this field of chemistry has been recent-
ly reviewed.[*"!

Surprisingly, there is only one example of application of
simple vinylphosphonates in asymmetric organocatalysis. It
was reported in 2008 by Rovis et al. and they showed the in-
tramolecular Stetter reaction of vinylphosphonates 100 and
102 catalyzed by N-heterocyclic carbene 105 generated in
situ from triazolium salt 104 in the presence of potassium
hexamethyldisilazane (KHMDS) as a base (Scheme 28).1*!
Vinylphosphine oxides were also included as acceptors in
this study. Intramolecular addition of acyl anion equivalent

o}
| 105
':"A“‘if (20 mol%) f”“qfﬁ,.n\\ﬁRz
gt x/\/\pR Toluene, 23°C  “. = X e}
i 12h
100 101
X=0,8,- 65-99% yield
80-96% ee
0 105 0
\ o (20 mol%) r\é—\
X \/\/E’Rz Tolue1r12e,h23 °c X PR,
0
102 103
X=CH,, O 66-96% yield
74-90% ee

O =N le} N
\\\\\ g e Cﬁ \

X N\“/N‘CGF5

Scheme 28.
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proceeded efficiently and with high levels of enantioselec-
tion, giving access to a wide range of carbo- and heterocyclic
compounds 101 and 103. Aromatic and aliphatic substrates
could be successfully applied in this reaction. It is also worth
noting that no racemization occurred during the reaction
even though carbenes are considered as strong bases. The
potential usefulness of the products was demonstrated in a
few stereoselective transformations.

More attention has been devoted towards utilization of
activated vinylphosphonates bearing additional electron-
withdrawing group at the o-position in asymmetric organo-
catalysis. Four examples of asymmetric, organocatalytic
Michael addition to activated vinylphosphonates can be
found in the literature.’>* Three of them apply the Michael
addition of unmodified aldehydes or ketones catalyzed by
chiral secondary amines for the formation of the corre-
sponding enamine in the catalytic cycle.’ The fourth
work deals with chiral base-catalyzed Michael addition of {3-
ketoesters.”!

In 2007 Alexakis et al. reported that in the presence of
86a various aldehydes 106 can be added to tetraethyl meth-
ylidenebisphosphonate 107a in a highly asymmetric fashion
leading to the formation of geminal bisphosphonates 108
(Scheme 29).P% The Michael adducts were further converted
into functionalized vinylphosphonates with conservation of
optical purity achieved in the Michael addition step.

o o Je 86a o
J\ (EtO),P<__P(OEt), (20 mol%) . P(O)(OEt),
N T e e
i CHCI,, RT, 8-24 h R P(O)OE),
106 107a 108
65-85% vyield
46-97% ee
Scheme 29.

The authors suggest that high enantioselectivity is con-
nected to the ability of the catalyst to control geometry of
the corresponding enamine. The Re-face of thermodynami-
cally stable enamine anti-E is effectively shielded by the
bulky substituent present at C-2 of the catalyst 86a
(Scheme 30). As the consequence, 107a approaches the
enamine anti-E from less hindered Si-face and affords the
product in a highly enantioselective manner.

The Michael addition of unmodified cyclic and acyclic ke-
tones 109 to phosphonate 107a was studied in details by

Ph
Ph_{“wo O™ Phﬁ OO o O)(OEY),

TMSO \Eto TP(O)(OH)Z TMSO %Eto W PO)

Si-face attack Re-face attack

Scheme 30.
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Barros and Phillips (Scheme 31).°Y The reaction was cata-
lyzed by (S)-1-(2-pyrrolidynylmethyl)pyrrolidyne (112) and
performed in the presence of benzoic acid as co-catalyst to
facilitate the corresponding enamine formation. All the re-

o]
R o P(O)(OEt),
12 R2  P(QO)OEt),
o (10 mol%) ...~
o Il (| PhCO,H 110
(EtO)P~_P(OEY) (10 moi%)
R + T — or
; ) CH,C,, RT,
: R
) 1h-7d
o
109 107a

(EtO)z(O)P\(\é,_»YP<O)<0Et)z
(j (EtO),(O)P P(O)(OEt),
OJN 111

N 35-86% yield

H 112 64-98% de
0-99% ee

Scheme 31.

actions proceeded efficiently, affording geminal bisphospho-
nates 110 or 111 in high yields and with good or high diaste-
reoselectivities. However, enantioselectivities obtained
varied very much. In some cases racemic products were ob-
tained. While cyclohexanone and its derivatives afforded
mono-alkylated products 110 in a highly regioselective
manner, reaction with cyclopentanone gave 2,5-dialkylated
derivative 111 as the only product.

Highly enantioselective, direct, organocatalytic Michael
addition of various enolizable aldehydes 106 to ethyl 2-(di-
ethoxyphosphoryl)acrylate (113) catalyzed by 86b has been
reported (Scheme 32).5%! The reaction proceeded by means
of the standard enamine catalytic cycle. Enantiomerically
enriched adducts 114 were found to be useful precursors of
v-substituted-a-methylene-8-lactones 116 and d-lactams 119.
The synthesis of 116 required reduction of the carbonyl
group in the originally formed adducts 114 followed by lac-
tonization and a Horner—Wadsworth—-Emmons reaction of
a-diethoxyphosphoryl-6-lactones 115 with formaldehyde. In
a similar fashion the synthesis of 119 was accomplished. In
the first step, reductive amination of the optically active Mi-
chael adducts 114 was performed. It is worth noting that the
proper choice of aminating reagent had great influence on
stereochemical outcome of the reaction. The best results
were obtained when aniline was used in reductive amination
step. The d-aminoalkanoates 117 obtained were submitted
to Horner—Wadsworth—-Emmons reaction followed by lac-
tamization to yield 119.

The same research group showed that hydroquinine 62
was a very effective organocatalyst for Michael addition of
various cyclic and acyclic a-substituted-f-ketoesters 120 to
phosphonates 107 (Scheme 33).5¥ It was found that the
bulkiness of the ester substituent in starting [-ketoester 120
had a distinct impact on stereochemical outcome of the re-
action. Very high enantioselectivities were obtained when
tert-butyl esters were used as Michael donors. Notably, the
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use of pseudoenantiomeric hydroquinidine led to formation
of opposite enantiomer of the product with comparable
enantioselectivity. The standard transformation of the prod-
ucts obtained into functionalized optically active bisphos-
phonic acids or vinylphosphonates proceeded without sub-
stantial decrease in optical purity.

Phosphoryl-Group-Stabilized Carbanions in
Asymmetric Organocatalysis

Carbanion chemistry plays a pivotal role in modern organic
synthesis. The use of phosphoryl-group-stabilized carbanions
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for the construction of the new C—C bond is well document-
ed in the literature. Surprisingly, there is only one example
describing their application in asymmetric organocatalysis.
In 2008 Johnston et al. reported highly enantio- and diaste-
reoselective addition of a-nitroethylphosphonate 122 to N-
Boc imines 58 (Scheme 34).°Y The reaction was catalyzed

Boc.
Q Boc 124 oc

1} -
Me\rP(OR)z . )NL (10 mol%) )>/llfl’(OR)2
A ’
NO, Ar” “H  CICH,CHCI e
4AMS, 20°C, 7 d

122: R = CH/Pr, 58 123: R = CH/Pr,

46-86% yield

® dr (anti:syn): 2:1-
15:1
H H 67-99% ee

TO 1) Zn, HCl,,,
84% yield

2)50% HCl,,
quantitative yield

NH, ICIJ
P(OH),

Me” “NH
o ¢ N pnel

Ph” 125a

Scheme 34.

by 124 that served as bifunctional catalyst. On the one hand,
catalyst 124 acted as Brgnsted acid activating the imine 58
by selective hydrogen-bonding. On the other hand, its
Brgnsted basicity enabled deprotonation of 122 and forma-
tion of the chiral ion pair. Among the parameters tested for
the influence on the reaction outcome the phosphonate
ester bulkiness was crucial. 2,4-Dimethylpentane-3-yl phos-
phonate 122 was found superior in terms of stereoselectivity
ensuring particularly high anti diastereoselectivities. In gen-
eral both electron-rich and electron-poor aldimines 58 could
be successfully applied in this reaction affording products in
a highly stereoselective manner. However, yields of the re-
action with electron-poor aldimines were generally lower.
Furthermore, transformation of the adduct 123a into opti-
cally active anti-o,B-diaminophosphonic acid 125a was
shown.

Organophosphorus Reagents in Asymmetric,
Organocatalytic, Domino Reactions

Domino reactions, in which more than one bond is being
formed in a multistep one-pot reaction sequence giving
access to molecules of complex architecture, without isola-
tion and purification of the intermediates, are of great im-
portance in organic chemistry. As it has been demonstrated,
organocatalysis provides a possibility to perform this type of
reaction in an asymmetric fashion with high levels of stereo-
control. The immense progress in this field of organocataly-
sis has been recently reviewed."!

In 2009 the development of a highly stereoselective, orga-
nocatalytic Michael-Knoevenagel domino reaction of 4-di-
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ethoxyphosphoryl-3-oxobutanoates 126 with o,f3-unsaturated
aldehydes 84 catalyzed by 86b leading to enantiomerically
enriched 6-substituted-3-diethoxyphosphoryl-2-oxocyclohex-
3-enecarboxylates 127 was presented (Scheme 35).5° This

86b (10 mol%)

62 (0 -5 mol%) o o
PhCO,H
O CHO (2.5-10 mol°/) (Eto)z COR
(E'fO)2 CO,R * J/ —>
CH,CI,, -30°C, 24 h R
126 127
71 - 95% yield
H dr: 3:1- >95:5
94-98% ee
Ar HO. N
N Ar
H otms Me©
o
N
86b: Ar = 3,5-(CF,),-C4H- 62

Scheme 35.

methodology proved to be general, since a wide range of
a,B-unsaturated aldehydes 84 bearing either aromatic or ali-
phatic 3-substituents could be easily reacted, affording the
corresponding products 127 with high levels of stereocon-
trol. In the case of aliphatic enals, the use of hydroquinine
(62) as a Brgnsted base co-catalyst to facilitate the forma-
tion of the corresponding enol turned out to be necessary.
Furthermore, the application of optically active 127 in vari-
ous stereoselective transformations was demonstrated pro-
viding access to a range of cyclohexene and cyclohexane de-
rivatives with up to four stereocenters, thus indicating the
high synthetic utility of the compounds obtained.

Stabilized phosphorus ylides constitute another useful
class of organophosphorus reagents widely used for the con-
struction of new C=C double bonds.” Domino Michael/
Wittig reactions represent convenient and important ap-
proach for the synthesis of carbocyclic compounds.”” In
2009 Chen et al. demonstrated the utilization of (3-carboxy-
2-oxopropylidene)triphenylphosphorane® (128) in asym-
metric organocatalytic Michael/Wittig domino reaction
(Scheme 36).5"! The domino protocol employed aminocata-

86¢ (20 mol%)
LiCIO, 20 mol%) O

o CHO paBCO (40 mol%)
CO,tBu
. it Rl
Phsp%)J\/COJBU R Jr CHCI,, RT, 48 h b’

"R
128 84 129
— 60 - 85% vyield
OMe dr: 3:1- >50:1

tBu O {Bu 86-99% ee

N OTMS
)
tBu Bu
OMe

86¢c

Scheme 36.
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lytic Michael addition of 128 to o,fB-unsaturated aldehydes
84 as the key step. It was found that the use of bulky pyrro-
lidine derivative 86¢ was necessary to achieve particularly
high levels of stereoinduction. The yield of the reaction
could be enhanced by employing 1,4-diazabicyclo-
[2.2.2]octane (DABCO) and LiClO, as co-catalysts. Under
these reaction conditions, the originally formed Michael ad-
ducts underwent an intramolecular Wittig reaction to pro-
duce 6-substituted-2-oxocyclohex-3-enecarboxylates 129 in a
highly enantio- and diastereoselective manner. It is worth
noting that the aminocatalytic domino Michael/Wittig reac-
tion could easily be performed for aromatic, heteroaromatic,
and aliphatic a,B-unsaturated aldehydes 84, confirming the
high generality of the process. Additionally, various transfor-
mations of optically active cyclohexenones 129 obtained are
also discussed in the paper.

Enantioselective, Organocatalytic One-Pot
Procedures Involving Organophosphorus Reagents

One-pot procedures constitute an interesting alternative to
domino reactions, enabling efficient synthesis of complex
molecules and minimizing the number of steps and purifica-
tion procedures required to obtain the product. The recent
advancement of asymmetric organocatalytic reactions and
their high efficiency and selectivity makes them particularly
well suited for applications in one-pot transformations.

An interesting advance in the area of asymmetric organo-
catalytic one-pot operations was reported in 2009 by
Hayashi et al., who described the total synthesis of (—)-osel-
tamivir phosphate (133; Tamiflu; Scheme 37).! The syn-
thetic protocol is composed of three separate one-pot opera-
tions, with three reactions performed in each of them. The
first, most important organocatalytic step started with ent-
86a-catalyzed Michael addition of alkoxyaldehyde 106a to
the functionalized nitroolefin 80a. The nitroalkane thus ob-
tained was further reacted with acrylate 113 to produce 7-
oxophosphonate, which in turn underwent intramolecular
Horner-Wadsworth-Emmons reaction yielding the cyclo-
hexene framework 130. It is also worth noting that diester
130 was formed as a mixture of two diastereoisomers in
which undesired 5R isomer predominated. According to the
authors, (5R)-130 and (55)-130 isomers are in equilibrium
and Michael addition of thiol, performed in the last stage of
the first one-pot procedure, proceeded to (5R)-130 predomi-
nantly in a highly stereoselective manner. The originally
formed Michael adduct (5R)-131 isomerized under basic
conditions to give the thermodynamically stable and desired
(58)-131, which was then purified by column chromatogra-
phy. The second one-pot operation consisted of deprotection
of tert-butyl ester and conversion of the acid obtained into
acyl azide 132 via the corresponding acyl chloride. Notably,
the azide 132 was not purified, but used as crude in the next
transformations. In the final one-pot operation compound
132 was submitted to a Curtius rearrangement and subse-
quent protection of the thus obtained amine as its acet-
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amide. Reduction of the nitro group and base-promoted
retro-Michael reaction of the thiol afforded the target Tami-
flu (133) with 57 % overall yield. The whole process requires
only one purification procedure (column chromatography)
and was conducted in three separate reaction vessels.

In another interesting one-pot approach organophospho-
rus reagents are not involved directly in organocatalytic
step. However, they are used to trap optically active a- or (3-
functionalized aldehydes obtained utilizing aminocatalytic
approach and the whole procedure is performed in a single
reaction vessel. In such a manner, double or triple bonds
can be easily introduce into the molecules leading to the for-
mation of allylic, propargylic, or homo-propargylic stereo-
genic centers.

In 2004 Zhong and Yu established the possibility of em-
ploying one-pot procedure consisting of organocatalytic o-
aminoxylation of aldehydes 106 and subsequent Horner—
Wadsworth—-Emmons olefination for the synthesis of highly
enantiomerically enriched O-amino-substituted allylic alco-
hols 137 (Scheme 38).°! Proline-catalyzed o-aminoxylation
of 106 with nitrosobenzene (134) was performed according
to the procedure developed earlier in this research group.
Horner—Wadsworth-Emmons olefination with diethyl (2-ox-
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opropyl)phosphonate (136a) was accomplished by using
Cs,CO; as a base. Notably, no racemization occurred at this
stage despite basic reaction conditions and corresponding al-
lylic alcohols 137 were formed in high yield and in a highly
enantioselective manner. Additionally, the N—O bond in the
products formed could be easily cleaved to produce free al-
lylic alcohols.

Armstrong etal. applied a one-pot o-sulfenylation/
Horner—-Wadsworth-Emmons olefination strategy to the
synthesis of allylic sulfides 141 (Scheme 39).1”! a-Sulfenyla-
tion of aldehydes was accomplished in the presence of 86b
as the catalyst and 138 as electrophilic sulfur source accord-
ing to the procedure developed earlier.* Subsequent
Horner—-Wadsworth—-Emmons olefination was performed in
the presence of nBuLi as a base and at low temperature in
order to avoid racemization and achieve high E/Z selectivi-
ty. The allylic sulfides 141 thus obtained were utilized for

O o
EtoppP. OFt
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‘\ . N’ - > S,S—nHex
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R N R
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Ar nHeX\S
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N —
H oTMms R™>7cose
86b: Ar = 3,5(CF3)o-CoHs- 52-79% yield
88-93%
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the synthesis of vinyl glycines 144. The reaction sequence in-
volving amination and [2,3]-sigmatropic rearrangement
proved to be fully stereospecific affording FE-configured
product 143 with complete transfer of chirality. Additionally,
the authors established the possibility of employing ethyl
(diphenoxyphosphoryl)acetate in the Horner—Wadsworth—
Emmons olefination step to produce (Z)-allylic sulfides,
which underwent amination/rearrangement sequence to give
enantiomeric product ent-143. Furthermore, the cleavage of
the S—N bond was accomplished under mild conditions with
P(OEt); and Et;N at room temperature to give 144. Impor-
tantly, the transformation of 141 into 144 involving amina-
tion/rearrangement/desulfurization could be performed in
“one-pot” without isolation and purification of 143.

Very recently the organocatalytic synthesis of optically
active propargylic and allylic fluorides 148 and 150 was re-
ported (Scheme 40).1°! Both of the synthetic one-pot proce-
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| . PhOZS\N,SOZPh m ‘ o,
,'; MTBE, RT
R 4-8 h R
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N Ar 9 o}
H OTmS (MeO),P.
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45-69% vyield
91-99% ee
Ph,Py.CO.Me
149a MeO,C. -~ _R
E
150
43-47% vyield
93-96% ee

Scheme 40.

dures leading to the formation of these compounds were ini-
tialized by enantioselective organocatalytic a-fluorination of
enolizable aldehydes 106 with N-fluoro-dibenzene-sulfoni-
mide (145; NFSI) in the presence of 86b as the catalyst.
Enantiomerically enriched aldehydes 146 were transformed
into 148 by reacting with Ohira-Bestmann reagent 147
(Ohira modification of the Seyferth-Gilmann homologa-
tion). Importantly, despite the basic conditions the reaction
proceeded without noticeable degree of racemization. More-
over, it was demonstrated that compound 147 could be gen-
erated in situ from dimethyl 2-oxopropylphosphonate and 4-
acetamidobenzenosulfonyl azide, further increasing the at-
tractiveness of this methodology. On the other hand, the
synthesis of 150 required a Wittig reaction to be performed.
Again, the one-pot procedure turned out to be well suited
for the developed reaction sequence, since no racemization
of a-fluoro aldehydes 146 occurred. All propargylic and al-
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lylic fluorides 148 and 150 were obtained with moderate to
good yields and very high enantioselectivities. The potential
of the optically active propargylic fluorides 148 synthesized
was demonstrated in various interesting transformations.
Ohira modification of the Seyferth-Gilmann homologa-
tion was also utilized by the same research group for the
construction of propargylic epoxides 152 as well as homo-
propargylic amines and sulfides 153 (Scheme 41).1°! Both

1) 86b (10 mol%)
H,0,, CH,Cl,, RT

5h
2) K,CO,, MeCN, MeOH o
RT, 18 h N, W»R
Q @ ©
(MeO)ZP\)J\ 152
58-86% yield
136b 91-99% ee
? AcHN@SOZNa
HL 151
R 1) 86b (10 mol%)
84 XH, Additives
RT or -20°C
18-30 h
2) Homologation ///Y
X
o)
_N, 153
XH = NH, BuSH ,[© NH 30-49% yield
N=/ 79-89% ee
Ar o
N Ar
H oTms

86b: Ar = 3,5-(CF,),-C;H,-

Scheme 41.

synthetic one-pot procedures started with hetero-Michael
addition to iminium-activated o,B-unsaturated aldehydes 84.
Treatment of a,f3-unsaturated aldehydes 84 with H,O, in the
presence of 86b as the catalyst afforded trans-epoxy alde-
hydes, which were further reacted with the Ohira-Bestmann
reagent prepared in situ from dimethyl 2-oxopropylphospho-
nate (136b) and 4-acetamidobenzenosulfonyl azide (151) to
give optically active propargylic epoxides 152. The devel-
oped synthetic protocol proceeded with good yield and ex-
cellent enantioselectivity. The synthesis of homopropargylic
amines and sulfides 153 required Michael addition of succi-
nimide or 1,24-triazole as nitrogen nucleophiles and tert-
butyl sulfide as sulfur nucleophile to be performed. Subse-
quent trapping of the Michael adducts thus obtained with in
situ generated Ohira-Bestmann reagent afforded homo-
proprgylic stereocenters with good enantioselectivity and
moderate yield. In the case of the reaction with ftert-butyl
sulfide, a pre-prepared Ohira—Bestmann reagent was used.
The scope of both approaches to propargylic and homopro-
pargylic compounds 152 and 153 was very broad and both
aliphatic and aromatic enals 84 were well tolerated. Enan-
tiomerically enriched epoxides 152 and amines 153 were
demonstrated as valuable reagents in the synthesis of allenic
alcohols, bromohydrins, aminoalcohols, thiiranes, and other
useful heterocycles.
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Other Organocatalytic Reactions Involving
Organophosphorus Reagents

A very elegant organocatalytic approach to enantiomerically
enriched  N-Boc-f-amino-a-methylenecarboxylates 156,
products usually obtained by means of aza-Morita-Baylis—
Hillman reaction, was developed by Chen et al
(Scheme 42).°7! The devised methodology utilized a bis-

155
CO,Et .Boc 0, ISHBOC
rCOR N (A0mol%) oo -
PPh, R H m-Xylene
4AMS, -20 °C, 60 h PPh,
1490 58a 154
Formaline
THF
RT,24 h
s \ s r;JHBoc
S—NH HN— EtO,C. A~
Ar—NH HN-Ar \H/\
155: Ar = 3,5-(CF,),-C,H.- 156
35-87% yield
57-96% ee
Scheme 42.

thiourea 155-catalyzed Mannich-type reaction between ylide
149b and N-Boc imines 58a and subsequent olefination of
154 with formaldehyde. Imines 58a derived from both ali-
phatic and aromatic aldehydes were successfully applied in
this reaction sequence. Additionally, it was demonstrated
that imines derived from aliphatic aldehydes could be gener-
ated in situ. Furthermore, the catalyst could be recovered by
flash chromatography and reused without decrease in cata-
Iytic activity. It is worth noting that this reaction sequence
could be performed without isolation of 154; however, the
final product 156 was formed with lower yield and enantio-
selectivity.

In 2007 Zhao et al. in extension to their previous studies
(Scheme 9)'7 found that reaction of enolizable aldehydes
with a-ketophosphonates in the presence of L-proline used
as a chiral catalyst failed to give expected secondary a-hy-
droxyphosphonates. Surprisingly, performing the reaction of
diethyl trans-1-oxo-2-butenylphosphonate (157a) with
propanal 106a led to the formation of the hetero-Diels—
Alder (HDA) adduct with 38 % ee (Scheme 43).1°! After in-
tensive screening the proline dithioacetal 159 was found as a
highly effective organocatalyst of this unexpected transfor-
mation. Under optimal reaction conditions various alde-
hydes 106 were reacted with f,y-unsaturated-o-ketophosph-
onates 157 to give 5,6-dihydro-4H-pyran-2-ylphosphonates
158 in a highly enantioselective manner. In some of the
cases, for the ease of HPLC analysis, the HDA adducts 158,
formed as mixture of two diasteroisomers with different
configuration at the anomeric carbon, were oxidized to v,0-
unsaturated-d-lactones 160. These products were obtained
as single trans-diasteroisomers. The authors suggest that en-
amine generated in situ from the corresponding aldehyde
and chiral catalyst acts as a dienophile in this inverse-elec-
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tron-demanding HDA reaction and is responsible for its ste-
reochemical outcome.

The ability of phosphoryl group to act as activating elec-
tron-withdrawing substituent as well as good acid-labile pro-
tecting group is manifested in N-phosphorylated imines
which have found application as reactive electrophilic spe-
cies in various C—C bond forming reactions. Takemoto et al.
demonstrated that thiourea derivative 163 developed in
their research group can serve as very efficient organocata-
lyst for the aza-Henry reaction between N-phosphorylated
imines 161 and nitroalkanes 40 (Scheme 44).”! The reac-
tions of various imines bearing N-diphenylphosphoryl sub-
stituent 161 with nitromethane and nitroethane proceeded
with high yields and good to moderate enantioselectivity.
Diastereoselectivity attained in the reaction with nitro-
ethane was moderate.

_PPh
N 2 163 (10 mol%) F’th\NH
+ RCH,NO, = R
A H ) CH,CI
! (10 equiv) RT, 2242h Ar/\(
NO,
161 40 162

57-91% yield
64-76% ee
dr (R =Me): 73:27

CF3
00
163 -

Scheme 44.

Summary and Outlook

In summary, applications of asymmetric organocatalysis for
the synthesis of optically active organophosphorus com-
pounds constitute an interesting and challenging field of re-
search. The devised solutions deliver a direct and efficient
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approach to nonracemic phosphorus compounds of biologi-
cal interest such as a-hydroxy- or a- and f-aminophospho-
nates. Furthermore, enantiomerically enriched phosphonic
acids and phosphines can be easily accessed by means of
asymmetric organocatalysis. These compounds may find ap-
plications as chiral ligands or catalysts in asymmetric synthe-
sis. Additionally, organophosphorus compounds have been
utilized in organocatalytic asymmetric syntheses of various
organic molecules of importance. Particularly interesting are
approaches utilizing domino and one-pot procedures. These
methodologies are very similar to what nature use for natu-
ral product synthesis and can be regarded as biomimetic.
Despite remarkable achievements, there is still a great
demand and space for further development. We believe that
in the years to come this interesting field of chemistry will
further advance and new even more efficient methodologies
enabling achieving higher enantioselectivities and reducing
the catalysts loadings will be developed.
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