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1. INTRODUCTION

By Nature, the phosphonic acid group (R-PO(OH),) is
incorporated into a vast number of structural diverse mol-
ecules, which are involved in numerous biological functions.
Several therapeutic candidates also comprise a phosphonic
acid group with prominent examples being anticancer, anti-
bacterial, and anti-HIV agents. From a synthetic chemistry
point of view, a wide range of methodologies for the incor-
poration of a phosphonic acid group have been discovered and
reported as early as in 1898." Since then many advances have
been made, which will allow for the introduction of the
phosphonic acid group onto structurally diverse molecules
under mild conditions. Most recently, catalytic methods have
been developed, which in some cases have enabled enantio-
selective protocols.

This review provides the reader with an overview of the
physical-organic chemistry properties of the phosphonic acid
group in connection to medicinal chemistry aspects, together
with an in depth review on advances and modern synthetic
methods for its introduction compiled into sections with respect
to substrate-carbon hybridization.

2. PHYSICAL—CHEMICAL PROPERTIES AND APPLICA-
TIONS OF THE PHOSPHONIC ACID GROUP

The phosphorus atom is found in the fifth main and in the
third row of the Periodic Table as its electron configuration is
15°2s*2p®3s”3p>. The biologically relevant formal oxidation
states of phosphorus are +III and +V with trivial names altering
with respect to the chemical nature of the groups attached
(Table 1).
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The phosphonic acid group provides unique binding
interactions with a biologic target because of its trigonal
pyramidal geometry, di- or trivalent chelating properties
and possible dual function as a hydrogen acceptor and donor

Table 1. Trivial Names of Biologically Relevant Phos-
phorus Groups and Phosphorous Atom Oxidation

State
Constitutional Formal Oxidation

Trivial Name Formula® State
phosphine R'R’PR? il
phosphinite R'R*P(OR?) 111
phosphite P(OR); or HPO(OR), 11
H-phosphonate or HPO(OR), I

dialkylphosphite
phosphonite R1P(OR2), 111
trialkylphosphite P(OR); 111
phosphate PO(OR); A%
phosphinate R'R*PO(OR?) \Y%
phosphine oxide R'R’R’PO %
phosphinic acid R'R’PO(OH) v
phosphonate R'PO(OR?), A
phosphonic acid RPO(OH), or \Y
phosphoric acid ROPO(OH), \Y%

“R-groups comprise a carbon atom as attachment point.

at physiological pH. In water, the pK, values for alkyl
phosphonic acid have been determined to 2.6 and 7.9,
whereas for aryl phosphonic acid the corresponding pK,
values are 1.42 and 6.92.> Introduction of substituents in
the vicinity of the phosphonic acid group may influence the

NH, ) NH,
16) N5< 0 Nf<
HO-P— O A ° B0 NP O A S
HO' \ / - o M \n\_/
M
«FO
EtO
Drug MB05032 Prodrug MB06322
NH,
NH, N7

N7 N
k\ | N\> f— )\ jJ)\ o

N O
o . 0" ~0"N0-p—s
HO-P—/ °

Y T

Tenofovir Tenofovir prodrug
Figure 1. Chemical structure of the Ehosphonic acid comprising
drugs MB05032'® and Tenofovir'®® and their corresponding
prodrug.

Table 2. Recent Examples of Potential Therapeutic Agents which Comprise a Phosphonic Acid Moiety

Entry Structure
ci
1 e
R—OH
a “oH

F
9
2b &'\{ O _P-OH

4¢ H

Cl

OH
NH,

N,

%
o k\N\ N
Qo

HO-P—/
HO

Biological target and function

metallo-B-lactamase inhibitor

5’-adenosine monophosphate (AMP)
inhibition

P2X receptor activation

Inhibitor of the P. falciparum

Chain terminator at the DNA polymerase
level (reverse transcriptase)

Chain terminator at the DNA polymerase
level (reverse transcriptase)

Disease(s)

Used in co-administration with
antibiotic therapy

Type 2 diabetes mellitus

Heart failure

Malaria

Cytomegalovirus retinitis
Human papilloma-, pox-, adeno-,

and polyoma virus infections

AIDS (HIV) and HBV

“From ref 9b. ” From ref 6b. ¢ From ref 10. ¢ From refs 12 and 14. ¢ From ref 15.” From ref 13a and 16.
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pK, value because of their physical chemical nature.>* In
respect to water solubility properties, aryl phosphonic acids
display lower logP values (no substituents: 088, with interval

Scheme 1. Mechanism for the in Vivo Activation of the
Phosphonic Diamide Prodrug MB06322"*

: Oy 0O
o~ ©
Y;IN%%—R esterase " g -
O NH iy
o {NH
EtOH Wi
o
EtQ 0
EtO
MB06322
I\ alanine-ester
phosphor-
amldase - HO\(I? 0\9

MB05032 PR 0 P-R
%\rNH NH
alanine

of 0.88—1.70) as compared with the corresponding aryl
carboxylic acid (no substituents: 2.04, with interval of
1.57—2.62),> which makes it an attractive bioisoster in
medicinal chemistry research.

The use of a phosphonic acid group in drug discovery has
proven successful in many cases, and over the past 10 years a
number of new therapeutlc agents for various dlseases such as
dlabetes, asthma,” inflammation,®® heart failure,"® cancer,>"!
malaria,'> and HIV'? have been discovered. Examples are listed
in Table 2.

In the event that the drug candidate shows poor bioavailability,
prodrug strategies for the phosphonic acid group has been
developed.'™" 7 Examples are phosphonic diamide MB06322
(Figure 1), which is a prodrug of fructose 1,6- blsphophatase
inhibitor, MB05032,"® and phosphonate esterB of the HIV
drug Tenofovir.

Two enzymes are required for the release of MB05032 from
its prodrug MB06322. The first enzyme is an esterase, which
hydrolyses one of the two ethylesters to give the free
carboxylic acid and EtOH as byproduct. Hereafter, an intra-
molecular rearrangement takes place and a cyclic intermediate

Table 3. Examples of Introduction of the Dialkyl Phosphonate Group onto an sp>-Hybridized Carbon Atom by use of Trialkyl

Phosphite as the Reagent (the Arbuzov Reaction)
OR?
|

4 Entry 1-6: R? = Et
X Perp2 + 2.X y
R + R20""oR? ’ RITGRR R Entry 7: R?= Me
Entry Substrate Product Solvent  Temp Time  Yield
O () (%)
MOMO o™~ momo o™~ POCE,
£ FORF fFRF
2" F ! F PO(CE), neat 135 5 57
FFFF FFFF
™\ \
00 o_0

3 ijz)ﬁer

C(jﬁpo(oa)z neat 150 - 51
PO(OE)
ji:[ >~ neat 150 4 80

78

8h

9h

10!\

Ph\/\/Br

Ph \T/hCI

Ph

Cl
Cl

O
Cl Cl

B

Br

EtO)zOP
BnO NH neat 150 8 95
O)\/PO(OEt)2

Ph A~ PO(CEY;, neat reflux 2.5 86

ph 1 "PO(OMe),
g : benzene 80 2 98

Ph
1~~~ POOPr), neat 190 3.17 79
PO(OIPT),

(o o neat 19 317 8t
g~~~ PO(OPr), neat 170 0.17 84

“From ref21c.’ Fromref21d. From ref 21e. ® From ref 21f. ¢ From ref 21a./ From ref 21b. ¢ From ref 22.” From ref 23. GC-MS yields. — indicates data

not available.
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Table 4. Michaelis Reaction Illustrated by Recent Examples

CR2 =
R1_X _P-OR2 base o0, Entry 1,3-5: R? = Et
~ + H \OR2 R\/F(_C;R Entry 2. R? =¢{-Bu
OR Entry 6: R2 = Me
X = leaving group
Entry Substrate Product Base Solvent Temp Time Yield
O (h) (%)
& @Am @PO‘OE')Z CsCOs DMF t 24 97

2" ﬁa'
Br
Br

MeO.
MeO. PO(OEt),
3¢ Br
OMe

OMe
N N
7 ] OMs ~ | PO(OEt),
4 d Na Ny
N N
N—/ N—Z
B’ Bn’
5¢ AL = PO(OE),
TMS/\ TMS/\
6f S 2y PoOve),
n=1-5 n=1-5

NaH THF

/©/\PO(O-t-Bu)2
Br NaH THF reflux 20 95

KHMDS THF 0to25 12 91

-78tort  overnight 84

NaHMDS THF -10 1 78

NaH THF rt 24 32-98

“From ref 24a. ® From ref 24c. ¢ From ref 24d. ¢ From ref 24e. ¢ From ref 24b.” From ref 21b.

is formed. Upon hydrolysis ring-opening takes place to
provide an intermediate, which is a substrate for the enzyme
phosphoramidase. Eventually the active drug MB05032 (Scheme 1)
is released."®

In summary, the physical-chemical properties of the phospho-
nic acid group are distinct from a carboxylic acid group in terms
of solubility, polar surface area, and binding properties to
pharmacological targets. Thus, the phosphonic acid group is a
potentially interesting carboxylic acid bioisoster, which may in
many cases be valuably employed in structure—activity relationship
(SAR) studies.

3. MODERN CHEMICAL METHODS FOR THE INTRO-
DUCTION OF A PHOSPHONIC ACID GROUP

A review of modern chemical methods for the introduction
of a phosphonic acid group is presented in the following
section. For readability the various methods are first classed
with respect to the hybridization state of the reacting carbon
atom, then second by reagents or catalysts. Furthermore,
reaction mechanisms have been included and discussed for
selected reactions.

3.1.0. Introduction on an sp> Hybridized Carbon

3.1.1. Arbuzov Reaction. The Arbuzov reaction was discov-
ered in 1898 by August Michaelis' and subsequently explored
in details by Aleksander Arbuzov.'”?° Because of its simpli-
city, this reaction is still often used for the introduction of a
phosphonic acid group via a dialkyl phosphonate intermediate.
In brief, the reaction takes place between a nucleophilic
phosphite and an electrophilic alkyl halide under elevated

temperature (135—150 °C) to give the dialkyl phosphonate
in a moderate to high yield (50—95%) (Table 3). Subse-
quently, the phosphonate ester can be hydrolyzed to the
corresponding phosphonic acid group by various methods
(section 4).

On the mechanism, the first step of the Arbuzov reaction is
nucleophilic attack by the phosphorus atom of the trialkyl
phosphite at the electrophilic alkyl halide by an Sy2 mechanism
(entry 1—6, Table 3) or at an in situ generated carbocation by an
Sx1 mechanism (entry 7, Table 3) to give a phosphonium
intermediate. The displaced halide anion consecutively reacts
with one of the alkoxymoieties of the phosphonium intermediate
via an Sn2 mechanism to give the desired product and the
corresponding alkyl halide. The driving force for the reaction is
the formation of the P=O bond.

Examples listed in Table 3 shows that both saturated-
(entry 1—2) as well as activated alkyl halides (entry 3—6) are
suitable substrates, and highest yields are in general obtained
for the latter group.”’ One noteworthy substrate is triphe-
nylmethylchloride (entry 7), which is readily converted to its
corresponding dialkyl phosphonate at only 80 °C and me-
chanistically via an Sy1 pathway.”> During the reaction,
competition between the alkyl halide substrate and the alkyl
halide formed constitute an increasing problem. This pro-
blem can be overcome by using an alkyl phosphite reagent,
which generates a less reactive alkyl halide than the substrate
electrophile. Alternatively, a phosphonate reagent with low
molecular weight such as trimethyl- or triethyl phosphite
may be used (Table 3) to produce a low boiling alkyl halide
as byproduct, which can be removed during the reaction
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Table 5. Examples of the Reaction” of Various Benzyl Halide
Derivatives with Diethyl Phosphonate®

1}
R R~ P~
~ + -\ ~OEt _ ~"\-OEt
x H bet R™ OEt
X=Cl, Br, | 86-99%
Entr Substrate Product Vield*
Y %)

| @ﬂm
5 /©/\Br

©/\PO(OE1)Z 39
)ijﬁpowa)2 88
SO

PO(OEY), 87

/©/\PO(OEI)2 %
F
cl /©/\PO(OEt)2 9%
cl
PO(OE),
86
O

|
7 \/@Ac x PR 92
8" w [ ] @ HCI.@APO(OE% 92

N

P
N
PO(OEY),
ci

. o Hoﬂ

9 99
T 0

. o o o o PO(OEt),

10 9 9 90
EtO

“Reagents and conditions: Pd,(dba);(CHCL;) (0.025 equiv), Xantphos

(0.05 equiv), N,N-diisopropylethylamine (1.2 equiv), reflux, THF, 4h. ” Base

52.5 equiv). “ Pd,(dba);(CHCl;) (0.04 equiv), Xantphos (0.08 equiv), 6 h.
Determined by *'P NMR spectroscopy.

to avoid the competition between the two different alkyl
halides.

An efficient and green microwave-assisted synthesis of haloalk-
ylphosphonates was developed by Jansa et al. (entry 8—10,
Table 3).>* This method provides an alternative solution for
the introduction of phosphonates on volatile reagents. Moreover,
the formation of byproducts can be prevented by accurate
temperature control and the desired product is obtained in good
yields (79—84%).>

A disadvantage of this method is the relatively high
temperatures (150 °C) required for the reaction to take
place.” Thus, temperature sensitive functional groups
as well as labile protecting groups such as Boc may
decompose.

3.1.2. Michaelis—Becker Reaction. The Michaelis—
Becker reaction is similar to the Arbuzov reaction in the
sense that an alkyl halide or equivalent is the electro-
phile; however, instead of using a trialkyl phosphite as the
nucleophile a dialkyl phosphonate is used in presence of a
base (Table 4).>'>** The most often applied base is NaH,
which deprotonates the phosphate, thereby enabling nucleo-
philic attack on the electrophilic alkyl halide via an Sy2
pathway.

Examples in Table 4 show that a wide range of different
electrophiles may be employed. For example, both mesylates and
halides are suitable substrates for the reaction and provide the

Scheme 2. Catalytic Cycle for Palladium(0)-Mediated
Benzyl-Phosphonate Formation

Pd Source
i !
R~0R2
Bn”\_OR L.
< Pd(0) Bn-X
L/
Reductive Oxidative
elimination addition
P-OR?
L B L+ L. Bn
<,Pd\ 0 /Pd—> = (P4
4 R |4 Y X
R?0 OR?

Ligand exchange

- 1]
baseH + X H-R~0R2 + base
OR?
P — + b R _ORZ
P~ 2 ase ——» -
HTOR? — pog-PoR? “oR?

OR?

L
( = Xantphos
L

Pd,(dba)s(CHCl3) (2.5-5 mol%)

Xantphos (5-10 mol%) @\/§
- R~oEt

DIPEA (1.2 equiv)

X n
+ y-R-oEt
OEt

THF, reflux, 2-19h OEt
X=Cl 88%
X=Br 79%

Figure 2. Examples of the introduction of H-phosphonotionate diesters
on benzyl halides.*®

desired products in high yields (78—98% with the exception of
entry 6, Table 4). Use of microwave irradiation has in some cases
been successfully applied reducing the reaction times without
affecting the yields.

Both the Arbuzov reaction and the Michaelis—Becker reaction
are effective and complementary stoichiometric strategies for
the introduction of a dialkyl phosphonate group. Whereas the
Michaelis—Becker reaction is carried out at room temperature and
is thus compatible with thermally sensitive compounds, the
Arbuzov reaction is advantageous in cases where a strong base
is not tolerated.

3.1.3. Palladium-Catalyzed Reactions. An alternative
approach for the introduction of a dialkyl phosphonate group
on to a benzyl halide is by a palladium(0)-catalyzed cross-
coupling reaction, originally developed by Laven et al.
(Table §).*° The first publication described the use of
palladium(II) acetate [Pd(OAc)z],26 but shortly after, it was
reported that tris(dibenzylideneacetone) dipalladium(0)-
(chloroform) [Pd,(dba);(CHCI;)] was superior with respect
to reproducibility.”® In both strategies, the bidentate ligand
Xantphos is used with N,N-diisopropylethylamine (DIPEA)

7985 dx.doi.org/10.1021/cr2002646 |Chem. Rev. 2011, 111, 7981-8006
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Table 6. Introduction of a Dialkyl Phosphonate Group by Metal—halogen Exchange or Grignard Reagents

. o
R{Br + CI/'I?I\ORz M» R1"|°I\OR2 Entry 1-2: R? =Et
OR2 OR? Entry 3: R2 =Ph
Entry Substrate Product Reagent Solvent  Temp Time Yield
((Y) (L)) (%)
Br PO(OE),
0 L L LiNp n-BuLi  THF 40  Ovemight 70
BocHN OSEM BocHN OSEM P g
b N 2 LiN(SiMes),,
2 Ph Br Ph PO(OEt), . THF -100 2 62
t-BuLi
3 g ﬂpo(oph)z Mg Et,O reflux  Overnight 21

“From ref 29. ” From ref 30.  From ref 31.

as the base.”>?° Moreover, Stockland et al. showed thata large
bite angle of the bidentate phosphine ligand is advantageous
as it accelerates the reductive elimination step.>” The meth-
odology allows for both electron-deficient and electron-rich
benzyl halides as substrate and affords the desired product in
high yield (86—99%) (Table 5).>° In addition, the reaction
takes place selectively at the benzyl halide functionality and
does not react with an arylic halide if present (entry 4—6,
Table 5). The reaction may also occur with compounds
comprising heterocycles as exemplified by pyridine and furan
(entries 8 and 10, Table 5).°

In the presence of the Pd(0) catalyst [Pd,(dba);(CHCl;)]
and Xantphos, a reactive Pd(0)—Xantphos complex is formed,
which undergoes oxidative addition to the benzyl halide sub-
strate. This Pd(0)—Xantphos intermediate is in equilibrium
with the % and 7'-benzylpalladium complexes (Scheme 2),
which upon reaction with diethyl H-phosphonate and DIPEA
may follow two distinct, mechanistic pathways. With the '-
benzylpalladium complex a ligand exchange process takes place
between the phosphonate and the halide. Then, reductive
elimination occurs and affords the desired product. Following
the other pathway, the desired product results from ligand
substitution by a Tsuji—Trost mechanism®® between the 7°-
benzylpalladium complex and a phosphite anion, which is
previously formed by reaction between the base and the H-
phosphonate (Scheme 2).>* In both cases, the Pd(0)-Xantphos
catalyst is regenerated.

The major disadvantage for this method is the chemical
restriction to a benzylic halides as substrates.”> However, this
methodology also enables the introduction of a phosphono-
thionate moiety, which may add interesting information to a
structure—activity relationship study (Figure 2).°

3.1.4. Introduction by Metal—Halogen Exchange and
Grignard Reagents. The dialkyl phosphonate group may
also be introduced by generating a carbon nucleophile via a
metal—halogen exchange reaction. Subsequently, the carbon
nucleophile reacts with the electrophilic phosphor reagent dialkyl
chlorophosphonate to introduce the dialkyl phosphonate group.
However, only few examples are described for sp>-hybridized
carbons (Table 6).”*° In general, metal—halogen exchange is
mediated by a strong base such as n-BuLi or t-BuLi at —78 °C.*>*
Alternatively, Grignard reagents are formed by an oxidative
insertion of magnesium(0) between the carbon—halogen bond
at room temperature.”’ The corresponding lithium- or Grignard

reagent undergoes reaction with the electrophilic dialkyl chloro-
phosphonate to afford the desired product in moderate yields
(21—-70%).2 3

3.1.5. Summary. The Arbuzov and Michaelis—Becker reac-
tions are commonly used for the introduction of the phos-
phonic acid group on an sp> carbon via a dialkyl phosphonate
intermediate. In general, both methodologies provide the
desired dialkyl phosphonate product in good yields. How-
ever, while the Arbuzov reaction requires high temperature
the Michaelis-Becker reaction utilizes a strong base. Thus,
care must be taken as to select the method, which is
compatible with the given substrate. Alternatively for benzyl
halides the introduction of the dialkyl phosphonate group
may be accomplished in high yields under palladium-
cross-coupling conditions. The disadvantage of all of these
methods is of course the need for subsequent hydrolysis
of the phosphonate diester to yield the desired free phos-
phonic acid functionality. This topic will be discussed in
section 4.

3.2. Introduction on an sp>-Hybridized Carbon with Reten-
tion of Hybridization

3.2.1. Palladium-Catalyzed Reactions. The first cross
coupling reaction of an aryl halide with a H-phosphonate
diester was described by Hirao et al. in the beginning of
the 1980s with the use of palladium(0).>*** The procedure
relies on the use of tetrakis(triphenylphosphine)palladium
(Pd(PPhs),) as the catalyst and triethylamine as the base
under solvent-free condition. Since then, many improve-
ments have been reported in literature and most recently
Pd(OAc), has become the commonly used source of palla-
dium. According to work by Belabassi et al., the ligand plays a
crucial role for the efficiency of the coupling, as with most
other cross coupling reactions, and the bidentate phosphorus
ligands 1,3-bis(diphenylphosphino)propane (dppp) or 1,1’
bis(diphenylphosphino)ferrocene (dfpf) have been shown to
give the best result in several cases.’

GooBen and co-workers have described a method for the
palladium-cross coupling using Pd(OAc),/PPhy; as the catalytic
system and di(c-hex),NMe as base.*® As it is shown in Table 7
(entry 1—3), good-to-high yields (80—92%) are obtained for
aryl halides as substrates and the method allows for great variety
of the electronic nature of substrates such as electron-poor and
electron-rich benzyl moieties.>* On the other hand, some

7986 dx.doi.org/10.1021/cr2002646 |Chem. Rev. 2011, 111, 7981-8006
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Table 7. Scope of the Palladium-Catalyzed Substitution on Aryl or Vinyl Compounds

o)
X g Pd catalyst . B = Aryl, Vinyl
R" + H-R-0OEt —_— R'-\~OEt =
\OEt OEt X = halogen
Entry Substrate Product Methods ° Solvent Temp Time Yield
(W) (h) (%)
Br PO(OEY),
1 O/ /©/ A Ethanol  Reflux 16 92
NC
Br PO(OE),
2 A Ethanol  Reflux 16 91
Br O(OEt),
3 /@( O A Ethanol  Reflux 16 80
HO
B - PO(OEY),
4" - w A Ethanol  Reflux 16 0
N N
Br PO(OEY),
" ~ <
5 CY CO( A Ethanol  Reflux 16 0
6 | S | Ny PR B Ethanol  Reflux 48 73;
HzN _N N 80
NH, NH,
7 f\j& ﬁPO‘OE"Z B Ethanol  Reflux 48 31
N7 N7
Bra_ B (Et0),0P~_~_-PO(OEY),
8" ® U B Ethanol  Reflux 28 60¢
H,N7 N N
B - PO(OEY),
9¢ [ » c THF 120 10min 86
N N
Br PO(OEt),
10° O 91 c THF 120 lomin 84
MeO MeO
Br PO(OEt),
1 /©/ Q c THF 120 10min 96
O,N ON
Br PO(OEt),
12¢ O% O% C THF 120 10min 72
13° N \ OB C THF 120 10min 91
Br PO(OEt),
14¢ O /©/ D THF  Refux 10 9
MeO MeO
Br PO(OEt),
15¢ /©/ O D THF  Reflux 4 98
O,N O,N
Br PO(OEt),
16 O% O% D THF Reflux 23 92
B PO(OE),
17 | U D THF Reflux 15 92
N N
Br PO(OE),
18 (Y /CNV D THF  Refux 3 83"
Br Z Br Z

“From ref 35. " From ref 36. “From ref 37. ¢ From ref 38. °Reagents and conditions: (A) Aryl bromide (1 equiv), diethyl phosphite (1.2 equiv),
di(c-hex),NMe (1.5 equiv), Pd(OAc), (0.02 equiv), PPh; (0.06 equiv). (B) Pyridyl bromide (1 equiv), diethyl phosphate (1.2 equiv), Et;N (1.5 equiv),
Pd(OAc), (0.12 equiv), PPh; (0.30 equiv). (C) Pd(PPh;), (0.05 equiv), Cs,CO; (1.2 equiv), diethyl phosphite (1 equiv), Ar—X or vinyl—X
(1.1 equiv), microwave irradiation. (D) Pd(OAc)2 (0.024 equiv), dppf (0.048 equiv), Et;N (1.2 equiv), KOAc (0.1 equiv), 15 min; then phosphine
(1 equiv) and ArX (1.1 equiv) were added. Pd(OAc), (0.05 equiv) and PPhy (0.15 equiv) were employed. € Pyridyl bromide (1 equiv), diethyl
phosphate (2.4 equiv), Et;N (3.0 equiv), Pd(OAc), (0.12 equiv), and PPh; (0.30 equiv) in EtOH (16 mL) at reflux for 28 h under N,." Only 1 equiv of
ArX was used.

aromatic heterocycles comprising a bromide substituent are the reduced reactivity of the substrate.”> The advantage of this
unable to react under these conditions, presumably because of method resides in the use of ethanol as solvent. This is advantages

7987 dx.doi.org/10.1021/cr2002646 |Chem. Rev. 2011, 111, 7981-8006
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in case of starting materials, which are only soluble in protic polar
solvents. In general, aminopyridines are poor substrates for

Scheme 3. General Mechanism for Palladium-Catalyzed
Reactions

e
~R~or
Ar 2 :
OR, PdL, Ar-X
oxidative
reductive addition
elimination
b
Ar—l?de
L. Ar
Pd, O X
L/ /P\/ A
R,O OR,
b
Ar—Pd—X
L

Ligand exchange

palladium-catalyzed reactions because of their strong coordina-
tion properties, which may interrupt the catalytic cycle.*® To
overcome these difficulties, specific conditions were developed
that address the nature of the solvent as a key parameter. A
detailed study identified ethanol as the solvent of choice in many
cases.>® However, despite this improvement the desired product
is generally only obtained in low-to-moderate yields (31—80%)
as shown in Table 7 (entry 6—38).

Another modification to the palladium catalyzed phospho-
nylation is the use of microwave irradiations as the source of
heating.*”*? In this case, Pd(PPhs), is used as catalyst and
Cs,COyj as base in THF.*>” The advantage of this protocol is
the short reaction time of 10 min. Moreover, this method may
be used with various substrates and affords the corresponding
product in good-to-high yields (72—96%).>” The cross-coup-
ling reaction is efficient with both electron-donating and
electron-withdrawing aryl compounds.®” Furthermore, phos-
phonylation of bulky aryl groups such as phenanthrene
proceed in good yields (72%).>” The methodology also
applies to vinyl bromides, which undergo coupling reaction
with retention of the double bond configuration (entry 12,
Table 7).%” In contrast to the first described method, 3-bro-
mopyridine is converted to the desired product in a high yield
(86%) (entry 4/9, Table 7).>**” In summary, this is an
efficient method, which allows for the use of a wide variety
of substrates and provides the desired product with retention
of configuration.

Table 8. Copper(I)-Catalyzed Phosphination of Aryl and Vinyl Halides or Iodonium Salts

1 H
Rlx + H’R‘ORZ Cul, Ligand
OR? base

Il
R'-R~0R?
OR?

Entry 1-4 : R2=Bu
Entry 5, 8 : R? = Me
Entry 6 : R? = Et

Entry 7 : R?= CgHs

X = halogen or iodonium salt 42-92%
R = aryl or vinyl
Entry Substrate Product Conditions® Solvent  Temp  Time Yield
(9] (h) (%)
I PO(OBu),
12 /©/ /©/ A Toluene 110 - 88
I PO(OBuU),
2" ©i A Toluene 110 - 85
OMe OMe
Br PO(OBU),
3 >:/ >ﬁ e A Toluene 110 - 92
& i@ [ oen A Tol 110 64
EtOM\ EQOJ\A oluene
DMF/THF
5 ©\/A Q (j\A B it 4 82
® IBF4e 2 po(OMe), (1/4)
DMF/THF
6" @\/\ /© B rt 12 79
® IBFAO 2> po(OEt), (1/4)
DMF/THF
7" ©\/A /@ (j\A B it 1 42¢
@IBF e 2 Po(OPh), (1/4)
A
DMF/THF
8" Eji/\ Q B rt 4 76
® IBF4@ > po(oMe), (1/4)

“ From ref 42. " From ref 43. “ Reagents and conditions: (A) Cul (0.0S equiv), N-N'-dimethylethylenediamine (0.2 equiv), Cs,COj (2 equiv), stirred
until complete conversion. (B) Todonium salt (1.5 equiv), TMEDA (1 equiv), Cul (0.3 equiv). “ Released PhOH during the purification. — indicates

data not available
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Table 9. Phosphonylation by NiBr, from Halide Compounds and Trialkylphosphine

X+ RPOLOR® nigr, - Entry 1,2,4,6 : R? = Et
R OR2 = RV E)R(’)ZR Entry 3,5: R2 = j-Pr
X = halogen 59-95%
Entry Substrate Product Solvent Temp Time Yield
(W) (h) (%)
1* NN (Et0)p0P” - POEY, PhMe 110 0.25 95
X X
Br PO(OEt),
2" N N Neat 150 1 89
N Y

Br PO(Oi-Pr),
Br. Br (EtO),0P PO(OEt),
G | 18]
COOMe COOMe

“From ref 45a.

Ph
S)P. PO(0i-Pr),
\Q/ Neat 165 1 59

©/PO(OEt)2
(i-| PrO)ZOP\Q/PO(O/ Pr),

Neat 180 2.5 79
Mesitylene 150 | 82
Mesitylene 180 6 89

b From ref 45f. ¢ From ref 45d. ¢ From ref 4Sc. ¢ From ref 45b.” From ref 4Se.

Scheme 4. General Mechanism for the Phosphonylation of
Halide Compounds by NiBr,

Ar— P*OR NiBr, Ar—Br
oxidative
reductive addition
elimination
‘P(OR)g
Ar—Ni-Br Ar= N' Br
"\
'? ligand
L P(OR)2 exchange
Ar— N|
P(OR),

Improvement of the palladium-catalyzed phosphonylation
reaction may in some cases be achieved by addition of
potassium acetate to exceed 90% yield. The authors explained
this effect to the competition between acetate and halide ions
at the palladium center.®® A large variety of substrates
comprising both electron-donating and electron-withdrawing
aryl groups as well as the bulky phenanthrene moiety are accepted.
Also heterocycles such as 3-bromopyridine and 2,5-dibromopyr-
idine (entry 14 18, Table 7) are synthesized in good yields using
this protocol.® 8 The reaction conditions are mild (refluxing THF)
and with relative short-time reaction (generally <10 h). As
expected, the rate of reaction is slowed down due to increased
steric hindrance of the dialkyl phosphonate deployed (e.g.,
diisopropyl phosphonate), unfavorable interactions (e.g., with
the perihydrogen atom of the phenanthrene) and by a strongly
electron-donating group (e.g., p-methoxogroup). However,
the efficacy (catalyst turnover number) is not affected.®

The generally accepted mechanism for phosphonylation by
palladium cross-coupling is shown in Scheme 3. The catalytic
circle is initiated by oxidative addition of Pd(0) to the aryl halide
generating a cis-Pd(Il) intermediate, which rapidly isomerizes
into the trans-intermediate. The second step is exchange of the
halogen with dialkyl H-phosphonate to give a cis-Pd(II)-inter-
mediate, which upon reductive elimination provides the desired
product and regenerate the active Pd(0) catalyst. The role of
palladium source in combination with anionic additives has
been studied in great details by means of >'P NMR.*’ In case
of method D, the mechanism is slightly different due to the
presence of the acetate ions that are suggested to act as a
bidentate ligand.***'

3.2.2. Copper(l)-Catalyzed Reactions. Gelman et al. re-
ported a method for the synthesis of aryl- and vinyl-phosphonic acids
using copger(l) iodide and Cs,COj as base in toluene (entry 1—4,
Table 8).* The efficacy of the reaction increased by addition of
the chelating ligand agent, the N-N'-dimethylethylenediamine.
This methodology is compatible with both bulky and electron
rich aryl iodides, as exemplified in Table 8 (entry 2) and generally
provides the corresponding product in high yields (85—88%).*
Moreover, this method allows for the synthesis of vinylpho-
sphonic acids from bromo- and iodo-vinyl compounds in mod-
erate-to-high yields (64—92%) with retention of the original
stereochemistry (entry 3,4, Table 8).*

A second method for the synthesis of vinylphosphonic acids is
by use of vinyliodonium tetrafluoroborates as substrate, Cul,
TMEDA and Cs,COj as base in DMF/THF (1/4).* Vinylio-
donium tetrafluoroborates are readily synthesized from their
correspondmg vinylmethylsilyl derivatives by a modified Ochiai’s
method.** The phosphonylation reaction is mild and affords the
desired product in moderate-to-good yields (42—82%) with
retention of the initial configuration of the alkene (entry 5—8,
Table 8).*
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Table 10. Recent Examples of Phosphonylation by Metal —Halogen Exchange, ortho-Lithiation, or Grignard Reagents

1. n-BuLi or Mg (0]
i}
X 2. CIPO(OEt), - ReOEt
> OEt
é - E’;y‘l" H 22-95%
Entry Substrate Product Conditions Solvent Temp Time  Yield
C0) ) (%)
Br PO(OEY),
1" o) ©/\(o n-BuLi THF -78tort 1 78
5 5
Br PO(OEt),
2 N @(O n-BuLi THF 78 tort 1 90
o\{ o\{
Br PO(OEt),
3 X X n-BuLi THF  -T8tort I 69
PPh, PPh,
Qer Q\PO(OEt)z
4 \ P@ \ p@ n-BuLi THF -78 16 95
5 A O A SPo(E, n-BuLi THF -78 2 63
Br PO(OEY),
6! \©/\ \@ Mg THF rt to reflux 14 60
MeO. Br MeO PO(OEY),
7° \©/ \©/ Mg THF 78 tort 3 73

“From ref 46¢. ® From ref 46b. € From ref 46a. ¢ From ref 47b. ¢ From ref 47a.

3.2.3. Nickel-Catalyzed Reactions. Nickel(II)bromide has
also been shown to catalyze the introduction of a phosphonate
group (Table 9).* However, this class of nucleophilic substitu-
tion reactions generally requires harsh reaction conditions to
proceed. This reaction may be considered as a variant of the
Arbuzov reaction**’ and affords the corresponding products in
moderate-to-high yields (59—95%). As it is demonstrated by
entry 1—2, the method conserves the initial configuration of the
vinyl substrates.** Moreover, aryl halides are suitable substrates
and the desired product is obtained in moderate-to-good yields
(59—79%) (entry 3—4)."% Noteworthy is also the high effi-
ciency (82—95%) for the simultaneous introduction of more
than one phosphonate group (entry 1/5/6).*%*>¢

Phosphonylation of aryl halides by use of Ni(I)Br, as the
catalyst (Scheme 4) follows a mechanistic pathway similar to the
one outlined for a Pd(0)L, catalyst (Scheme 3). The first step is
oxidative addition of the nickel catalyst followed by a ligand
exchange to form a nickel—phosphonium intermediate. Then a
nucleophilic attack of the halide at the ethyl group allows for
formation of the P=O double bond. Finally, a reductive elimina-
tion regenerates the Ni(II) catalyst and the desired product is
formed (Scheme 4).

3.2.4. Reactions with Dialkyl Chlorophosphonate as
the Electrophile. Complementary to results shown in Table 6,
metal—halogen exchange followed by reaction with a dialkyl
chlorophosphonate provides the desired dialkyl phosphonate in
moderate-to-high yields (63—95%) (entry 1—5, Table 10).*
Alternatively, formation of the Grignard reagent is possible (entry
6—7), which upon reaction with dialkyl chlorophosphonate affords

the corresponding product in moderate yields (60—73%)."

Both of these methods are to be carried out under dry reaction
condition due to the high reactivity and water sensitivity of the
alkyl lithium- and Grignard reagent. Furthermore, as the reagents
and reactive intermediates are strong bases this strategy is
incompatible with acidic hydrogens being present elsewhere in
the substrate.

3.2.5. Summary. The method commonly used for the
introduction of a dialkyl phosphonate moiety at an sp* hybri-
dized carbon is a palladium-catalyzed reaction. Due to contin-
uous improvements of reaction conditions, this method provides
the desired product in good yields and is compatible with a wide
range of substrates. An alternative strategy is the use of a
copper(I) catalyst. This method is effective, but high temperature
is necessary (110 °C) for the reaction to proceed. However, by
the use of an iodonium salt instead of a halide, the reaction may
be carried out under milder conditions. Complementary to
copper(I), introduction of dialkyl phosphonates may be achieved
by use of a Ni(I) catalyst, however, this methodology also
requires elevated temperature (110—180 °C). Finally, a strategy
by formation of an intermediate lithium derivates or Grignard
reagents, which then react with dialkyl chlorophosphonate may
also be employed. This reaction pathway is attractive due to high
yields, but is not compatible with acidic hydrogens elsewhere in
the substrate.

3.3. Introduction on an sp? Hybridized Carbon with Con-
current Rehybridization

3.3.1. Nucleophilic Addition to Carbonyl Groups. Com-
pounds comprising an a-hydroxy phosphonic acid group can
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Table 11. Formation of ¢¢-Hydroxyphosphonate from Carbonyl Compounds

(o]
catalyst
J__ + Phosphite ———> R14\ 3
r2 PORY)

Entry 1-3 : phosphite = POTMS(OMe),
Entry 4-6 : phosphite = HPO(OEt),
Entry 7-9 : phosphite = HOP(OEt),

Entry Substrate Product Methods’ Solvent Temp Time Yield
(&9) (h) (%)
o oTMS
a Ph
1 oo, H;;)\g(o“"ek A THF 0 0.25 99
oTMsS
a S \
2 jk \;>HS_C)\E:(OM5)2 A THF 0 1 >99
o
o oTMS
3 Py Hf P(OMe), A THF 0 2 77
0
OH
4> /©)LH P(OEt)z B neat 80 2.5 95
F
o
s J@)LH J@)\P(oah B neat 80 1.2 95
N
o
[ X" H oa B neat 80 2 77u
95
o
7 /@*H Q)\ P(OE), C Toluene 25 5 min 94
F
o
8 O)LH /©)\P(OEQ2 C Toluene 25 5 min 95
0N ON
O O
9° O H p(OEt C Toluene 25 5 min 97

“ From ref 48. " From ref 49.  From ref 50. ¢ Reagents and conditions: (A) Carbonyl compound (1 equiv), phosphite (1.3 equiv), KO-t-Bu—18-crown-6
(0.05 equiv). (B) Aldehyde (1 equiv), phosphite (1.2 equiv), MoO,Cl, (0.05 equiv). (C) Aldehyde (1 equiv) and phosphite (1.2 equiv) and
[(TMS),N]3Ln(u-Cl)Li(THF); (0.001 equiv). “ Reaction was carried out in 24 h in THF.

be synthesized from a carbonyl containing substrate (aldehyde
or ketone) and phosphite in the presence of a catalyst. The
silylphosphonylation can be performed using a potassium
alkoxide-crown ether complex as catalyst (entry 1-3,
Table 11).*® This reaction occurs generally in good-to-high
yields (77—99%). Potassium alkoxide-crown ether complexes
act as Lewis base catalysts and the counteranion (t-BuO )
from the complex w111 activate the phosphite to generate
hypervalent silicate.*® Then, the hypervalent silicate will react
with the carbonyl to form a C—P bond.*® The advantage by the
use of a TMS protected phosphite is that TMS protection of
tertiary alcohols is effective in preventing or minimizing the
undesired retro-reactions.*®

A second method for the preparation of a-hydroxy pho-
sphonates is the use of MoO,Cl, under solvent free conditions.”*
Good-to-high yields (77—95%) are reported for distinct sub-
strates (entry 4—6, Table 11).* In addition, De Noronha et al.
have shown that this method may also be performed in refluxing
THEF and that these conditions results in a better yield with
cinnamaldehyde as the substrate. Furthermore, the addition of
the phosphite is chemoselective for the carbonyl group over 1,4-
addition to the enone (entry 6, Table 11).*

A third interesting strategy is the use of the lanthanide
amide: [(TMS),N];Ln(u-Cl)Li(THF);, which is highly

efficient for hydrophosphonylation of aromatic aldehydes
regardless of electronic and steric effects of the substrates.>®
Moreover, this method is rapid (5 min) and performed under
mild conditions. Mechanistically, the lanthanide amide acts
as a base to form an intermediate catalyst complex [Ln]PO-
(OR),.*° The nucleophilic phosphonic moiety adds to the
carbonyl group to generate the desired product in high yield
(94—97%). Examples of this reaction are reported in Table 11
(entry 7—9).50

Over the past five years and in parallel with previous work,
catalysts, which mediate the enatioselective formation of a-hydroxy
phosphonates, have been developed (Figure 3). Five different
catalysts have been reported each displaying dissimilar effectiveness.
The CAT 1 catalyst facilitates a high yield (83—90%), but with alow
enantiomeric excess (9—40% e¢) (entry 1—3,Table 14). st

In contrary, the remaining four catalysts are highly effective in
terms of both yield and % ee. In regard to yield, the best catalyst
reported is a chiral phosphonium dialkyl phosphite (CAT 2,
Figure 3).>> As shown in Table 12 (entry 4—6), this catalyst is
highly efficient (98—99% yield) and gives an excellent stereo-
selectivity (94—98% ee). The methodology is compatible with
a,B-unsaturated, as well as aliphatic aldehydes (Table 12).°*
Furthermore, furfural has also been shown to be as a suitable
substrate.
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Figure 3. New catalysts for the stereoselective formation of a-hydro-
xyphosphonates.

The heterobimetallic complex CAT 3 (Figure 3) comprises
the Lewis acids metal lanthanide(III) and lithium(I).>
Unfortunately, the only example that has been described for
the use of this catalyst is the enantioselective addition of
H-phosphonate (HOP(OR),) to benzaldehyde, which proceeds
in 78% ee (entry 7, Table 12) and with a yield of 92%.* Thus,
the scope and limitations of this protocol remains to be
investigated.

Catalysts CAT 4 and CAT § are similar in the sense that they
are both alumina complexes (Figure 3).>*** The protocol with
CAT 4 requires mild reaction conditions and proceed at room
temperature with short times and low catalyst loading (0.01
equiv).>* However, a limitation to this protocol is that it requires
the use of a phosphite reagent, which comprise an electron
withdrawing alkyl group such as bis(2,2,2-trifluoroethyl) com-
pared to classical phosphites (diethyl- or dimethyl phosphite).>*
Moreover, the catalyst CAT 4 is most efficient, when the reaction
is performed in a nonpolar solvent (93—97% ee and 93—96%
yield) (entry 8—10, Table 12).*

Nevertheless, the second aluminum-salanen catalyst CAT §
has been reported by Katsuki et al. (Figure 3).> In this case, the
enantiomeric excess continues to be high (93—98% ee) in high
yields (94—98%) Table 12 (entry 11—13), which is suggested to
origin from the catalyst be able to trap the phosphite anion.> The
protocol involving CAT S has the advantage compared to the
previous involving CAT 4 that it does not require the use of an
electron deficient phosphite as substrate.

In general, H-phosphonates are the active reagent in all the
reactions, which exists in two tautomeric forms: the phosphite and

H-phosphonate. Deprotonation of the phosphonate provides the
corresponding phosphite that has been shown to be a critical
problem for the enantioselective reaction.*®

3.3.2. 1,4-Addition to ¢,3-Unsaturated Carbonyl Func-
tionalities. 1,4-Addition of a phosphite substrate to an enone
is an effective strategy for the synthesis of compounds compris-
ing a f3-carbonylphosphonic acid moiety.*® A method using a
Baylis Hillman adduct, bis(trimethylsilyl)acetamide (BSA)
and the corresponding phosphite leads to the unsaturated -
carbonylphosphonate in a relative good yield (56—85%) pre-
dominantly with the Z configuration (Table 13). This reaction is
carried out in a minimal amount of THF at reflux until completion
(48—96 h).>

Over the past decade catalytic methodologies were also developed
for the 1,4-addition of a phosphonate moiety. One of these reactions
makes use of the amine base 1,5,7-triazabicyclo[4.4.0]dec-S-ene
(CAT 6, Figure 4) and rapidly (S min) affords the desired pro-
duct in good-to-high yields (70—99%) (entry 1—3, Table 14).°%

The 1,4-addition to a,-unsaturated carbonyl functionalities
can also be performed in a stereoselective fashion by use of the
chiral catalysts CAT 7 or CAT 8 (Figure 4) 5 which exert their
catalytic effect in rather different ways. Whereas CAT 7 reacts
with the carbonyl group to form an iminium ion thereby favoring
attack at one face of the substrate,ssb CAT 8 coordinates to the
carbonyl group and induces the stereoselectivity due to its C2-
symmetry formation from the condensation between the carbo-
nyl group and the secondary amine.** Upon the formation of the
iminium ion, the phosphite reacts by a 1,4-addition to form a
phosphonium ion-enamine intermediate. A nucleophilic substi-
tution then occurs on the alkyl chain of the phosphite protection
and facilitates the P=O double bond formation, which is the key
step of the mechanism.*® Finally, a simple hydrolysis regener-
ates the carbonyl group as well as the catalyst. As described
in Table 14 (entry 4—6), the reaction using CAT 7 is carried
out under mild conditions and affords the product in moderate
yields (54—67%), but with a good enantiomeric excess (84—
88% ee). >

A recently developed methodology uses a dinuclear Zinc
catalyst CAT 8 (Figure 4) for the enantioselective 1,4-addition
of diethyl phosphite. The dinuclear zinc catalyst is thought to
function in a dual Lewis acid/Lewis base manner.>® In addition
to the catalyst itself, this protocol requires the presence of 4 A
molecular sieves to increase conversion and enantioselectivity.
As shown in Table 14 (entry 7—10), this method is very effec-
tive with a wide range of substrates and affords the desired pro-
ducts in high yields (96—99%) and high enantiomeric excesses
(90—98% ee).

3.3.3. Palladium-Catalyzed Reactions. A methodology
has been developed for the synthesis of phosphonate compounds
from H-phosphinate via Pd-catalyzed tandem carbon—phosphorus
bond formation—oxidation process.”” The protocol uses Pd,dbas
as the source of palladium and Xantphos as ligand and is
performed under aerobic conditions. Two rather different
variants of this protocol were later developed: A one-step pro-
cedure (method A), where the intermediate is not isolated, and a
second method (method B), which is a stepwise process, where
the H-phosphinic acid is formed under different conditions
(under N,, with concentrated H3PO,), followed by in situ Pd-
catalyzed oxidation (under aerobic conditions).”” As shown in
Table 15, both methods are effective and afford the desired
product in good-to-high yields (81—100%).
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Table 12. Scope of the Stereoselective Formation of #-Hydroxyphosphonate Compounds

o catalyst OH OH 1_ Entry 1-3 : phosphite = P(OEt);
Jl_ + phosphite 5y o1 R =AYl Entry 4-7 and 11-13 : phosphite = HPO(OMe),
R "H R'”POR?), R'”POR?), R?=AKyl  Entry 8-10 : phosphite = HPO(OCH,CFa)
o o
Entry Substrate Product Catalyst Meth’ Solvent Temp Time % Yield
(WY) (h) ee (%)
[} OH
. SiCly/ .
1 /©)\H /@Ag(oa)z CAT 1 A CH,Cl, -78 - 40 90
MeO MeO
o (E)H
2 /@J\H /@ﬂg(osoz S A amC, 8 -f :m 7
(¢]
Br Br
O, O sicly
z 1
3 O H O P(OEt, CAT1 A CHClL, -78 -8 9 83
(0]
(o] OH
4 ©)LH ©/LE’<°M6)2 CAT2 D THF 98 4 9% 98
o)
Br O Br OH
5" ©/U\H @/LE(OM% CAT2 D THF -98 65 98 98
0
[¢] OH
(Y /©)LH /©/L§=(0Me)2 CAT2 D THF -98 8 94 99
MeO MeO 0
o OH
7¢ ©/U\H (j/'\f(oMe)z CAT 3 C THF -78 8 78 92
o]
OH
o
8¢ /@J\ H g(OCHZCFS)Z CAT 4 B Hexane r.t. 10min 97 93
MeO
MeO
OMe O OMe OH
9! ©/U\H ©/L P(OCH,CF3), CAT 4 B Hexane r.t. 10min 93 93
0
OH
o}
10° /©)LH /@Ag(OCHZCFS)Z CAT 4 B Hexane rt. 15min 95 96
Br Br
[¢] OH
11° /@AH /©/k5»<0Me)2 CAT 5 E Et,0 -30 24 93 98
MeO' MeO ©
o OH
12 /©)LH P(OMe), CAT5 E Et,0 -30 24 98 98
O,N O,N ©
cl o cl OH
13 H P(OMe), CAT5 E Et,0 -30 24 97 94
o]

“From ref 51. * From ref 52. ¢ From ref 53. ¢ From ref 54. ° From ref 55./ Reagents and conditions: (A) Aldehyde (1 equiv), (S)-CAT 1 (0.1 equiv),
P(OEt); (1.5 equiv), i-Pr,NEt (1.5 equiv), and SiCl, (1.5 equiv slowly added over 2 h). (B) Aldehyde (1 equiv), phosphite (1.1 equiv), and catalyst (0.01
equiv). (C) Catalyst (0.1 equiv). (D) Catalyst (0.01 equiv), aldehyde (1.0 equiv), and phosphite (1.0S equiv). (E) Aldehyde (1 equiv), P(OMe); (1.05
equiv), K,COj; (1 equiv), and catalyst (0.02 equiv). € Checking completion of the reaction by TLC analysis.

A second application for the palladium-catalyzed reaction

is the addition of H-phosphonate to 1,3-diene substrates.*®
This coupling is catalyzed by PdMe,(dppb) and provides the
corresponding product with a high degree of stereoselectivity
(81—96% of the E isomer).*® Other palladium catalysts have
been studied such as PdMe,(PPh;), and Pd(PPh;),, but
these catalysts are less stereoselective and afford the product
in a E/Z ratio of approximately 1/1.%® In accordance with
Scheme 4, oxidative insertion of Pd(0) into the H—P bond
occurs in order to form an active Pd(II) complex, which

7993

afterward undergoes ligand-exchange with a 1,3-diene. The
catalytic cycle is completed by a reductive elimination afford-
ing the desired product in good-to-high yields (76—98%)
(Table 16).

The synthesis of alkynylphosphonates may also be achieved
by a palladium-catalyzed reaction of 1,1-dibromo-1-alkene and
H-phosphonate.> The optimal protocol for the synthesis of the
alkyne products (Table 17) is Pd(OAc), as the palladium source
and dppf as the ligand in presence of propylene oxide in DMF at
80 °C. As demonstrated in Table 17, various functionalities are
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Table 13. Introduction of a Phosphonate by 1,4-Addition” on
Substrates Comprising a Leaving Group at the 3'-Position” sed

HPO(OR?),
OTMS R

t-BuO | 2
PO(OR?),
o

AcO_ _R!

©)

THF, reflux, 2-4 days

Entry 1:R"=Ph; R> = Me

Entry 2: R'=Ph; R% = Et

Entry 3:R'=Ph; R2=-Pr

Entry 4 : R'= p-MeO-CgHy; R? = Me
Entry 5: R'=Me; R? = Me

Yield
Entry Substrate Product 1
(%)
AcO___Ph
|
1 t»BuO% t—BuO\n):PO(OMe)z 61
(e} o
AcO.__Ph
|
2 !-Buoj(\\L "B”OY[PO(OEt)z 73
o} o
AcO___Ph
|
3 t»BuO% "BuojH:PO(o: P, 57
0o o}

AcO.
4 t-BuO
t-BuO.
3 PO(OMe),

AcO. |
5 t'B”OmL t-Buo\”/(PO(OMe)z 36

o) [e]

“Reagents and conditions: Phosphite (1 equiv), BSA (1 equiv),
Baylis—Hillman adduct (1 equiv) in THF at reflux until completion
(48—96 h).

O Et
1 Y o Ph
; n
B

N N

s H OTMS

NN Ar =3,5-(CF3),-Ph

CAT® CAT7 CATS

Figure 4. Catalysts for the 1,4-addition to a,f-unsaturated carbonyl
functionalities.

tolerated and afford the corresponding alkynylphosphonates in
low-to-good yields (16—76%). Noteworthy, is the increased
yield obtained when TFP is used as ligand instead of dppf for
the coupling with furan (Table 16, entry 6).

3.3.4. Manganese-Catalyzed Addition. Ishii et al. have
developed a method for the addition H-phosphonate to nucleo-
philic alkenes, which relies on the use of Mn(OAc), as catalyst
(Table 18).°° The reaction runs at high temperature (100—
110 °C), under solvent-free and aerobic conditions. A

mixture of regioisomeric products may be obtained
(Table 18, entry 1) and6%enerally moderate-to-good yields
(62—82%) are obtained.

The mechanism of this reaction may be rationalized by a
radical process. In the presence of oxygen, manganese reacts w1th
the H-phosphonate and an active radical specie is generated.*’
Addition to the alkene occurs and the reaction is continued by
abstracting a hydrogen from another H-phosphonate producing
the desired product (Figure 5).5°

3.3.5. Nanosized Zinc Oxide. The synthesis of 3-phospho-
no malonate analogs may be carried out by conjugated addition
of a phosphorus nucleophile to a,(-unsaturated cyano mal
onate analogs in presence of Zinc oxide as the catalyst.®!
Moreover, solvent-free conditions increase the yield of the
desired product. A comparison between commercially ZnO
catalyst (CM-ZnO) and specially prepared nanosized ZnO
flakes (NF-ZnO) shows that the latter is more effective in
mediating the 1,4-addition (Table 19). ¢! This s suggested to be
due to the increased surface area, but also because of the change
in surface properties such as surface defects.®" Etemad et al.
have shown that the Lewis basic sites of the catalyst (0*)
activates P—H bond, and the Lewis acid moiety (Zn’")
activates malonate analogs.’ As summarized in Table 19
(entry 1—4), NF-ZnO affords the desired -phosphono cyano
malonates analogs in high yields (98%) within relatively short reaction
times (0.5 to 7.5 h), as compared to CM-ZnO (2—28 h). Further-
more, by use of HCIO,-SiO, a dialkyl phosphonate was added
successfully to diethyl malonate in 55% (entry S, Table 19).

3.3.6. Summary. Over the past decades, a number of
methodologies have been developed for the introduction of a
phosphonate group at different sp>-hybridized carbon centers.
Substrates, which comprise a carbonyl group are rehybridized
at the carbonyl carbon to sp®. The catalysts, both achiral, as
well as chiral, exert their action by facilitating the nucleophilic
addition of phophite to the carbonyl functionality. Generally,
the corresponding products, a-hydroxy phosphonates, can be
obtained in high yields under these mild conditions. Phospho-
nylation by 1,4-addition to a,3-unsaturated systems has gained
interest during the past decade. The protocols developed
require mild conditions and selectively afford the desired
1,4-addition product in moderate-to-high yields. Furthermore,
the stereoselectivity can in several cases be controlled by the
use of chiral catalysts.

Palladium(0) catalysts are employed in three different
reactions for the introduction of dialkyl phosphonates, which
in some cases includes rehybridization of the reacting carbon
atom generation diverse scaffolds. The first method described
is of general nature and involves the synthesis of the phos-
phonate compounds using H-phosphinite as reagent and
different substrates including alkenes, alkynes, allylic alco-
hols, and aryl halides. The protocol thrives on the favorability
of the oxidation of phosphinic compounds into phosphonates
under aerobic conditions. The reaction may be conducted in
one or two steps (with or without isolation of the inter-
mediate) and affords the corresponding product in good-to-
high yields. The second method is the addition of H-phos-
phonate into conjugated 1,3-dienes affording the E isomer as
the main product and favoring addition to the less sterically
hindered center in case of asymmetric 1,3-dienes. The reac-
tion proceeds in good yield and with good-to-high stereo-
selectivity. The third class of reaction is the formation of
alkynyl phosphonates from 1,1-dibromo-1-alkene substrates
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Table 14. Methods for 1,4-Additions of the Dialkyl Phosphonate

R cat RRQome - phosphite <
: . _OR Entry 1-3 : phosphite = HPO(OPh),
O}\/L R' +  Phosphite O)\)(RF:\ORA Entry 4-6 : phosphite = P(O--Pr);

R', R? R3 R*=alkyl, aryl

Entry 7-10 : phosphite = HPO(OEt),

Entry Substrate Product Cat® Meth®  Solv. Temp Time ee Yield
(LY M () (%)
9 o
P(OPh),
1° PhnN | ph_Nﬁ CAT6 A  toluene 1t S5min - 85
o o
Q P(OPh),
20 /OQN;; Q ?;( CAT6 A  toluene 1t Smin - 70
o
Q o Q%
P(OPh),
3 Bn—N>\>;| Bn—N;t( CAT6 A toluene t 5 min - 99
o o
N o 9 POOIPr),
4 b\p |z N CAT7 B CH,Cl, rt 5 84 61
T T
. o O POOIPY),
5 lk/\Et "\/\Et CAT7 B CH,Cl, rt 5 85 54
cl) CIJ l;’O(O/Pr)z
6" V\@\ CAT7 B CH,Cl, it 5 88 67
OMe OMe
o,
o] O P(OEt),
7¢ v CAT 8 C toluene rt 12 98 99
Ph/u\/\Ph Ph)J\/(S\)Ph .
Q *P(OEL),
8¢ ph)‘\/A©\ )k/\©\ CAT8 C  toluene 1t 12 92 98
o)
Ph™ N “POE,
9 )K/\©\ CAT8 C  toluene 1t 2 9% 9%
OMe
Q P(OEY),
. 2 Ph
10 CAT 8 C toluene rt 12 96 99

“From ref S6a. " From ref 56b. ¢ From ref 56c.

4 See Figure 4. ° Reagents and conditions: (A) Diphenylphosphite (1.0 equiv), phenylmaleimide (1.0

equiv), and catalyst (0.2 equiv). (B) Enone (3 equiv), tri-iso-propyl phosphite (1 equiv), catalyst (0.1 equiv), PhCO,H (2 equiv), Nal (1 equiv). (C)
Enone (1 equiv), phosphite (1.5 equiv) and catalyst (0.2 equiv) in presence of 4 A molecular sieves.

and H-phosphonates. Even though the reaction conditions
appear to be compatible with substrates comprising various
functionalities, the alkyne products are only obtained in low-
to-good yields.

A direct addition of H-phosphonate on nucleophilic alkenes
can also be accomplished by the use of a manganese catalyst.
However, this method does not allow for regioselective addition
and high temperature is required. The product is obtained in
moderate-to-good yields and the fact that radical intermediates
are involved should be taken into consideration in order to avoid
undesired side reactions.

pB-Phosphono malonate analogs may be synthesized by
use of ZnO as catalyst. An increased efficiency for this method
is observed, when nanosized ZnO particles are applied
instead of the technical bulk standard. The desired product
is synthesized under solvent free conditions and in high
yields.

3.4. Introduction on an sp'-Hybridized Carbon

3.4.1. Copper-Catalyzed Reactions. The synthesis of
alkynyl phosphonates has previously been discussed in section
3.3.3; however, another method was coincidently discovered by
Gao et al.”® The method builds on the use of a copper salt as the
catalyst in the presence of a base in DMSO at 55 °C and under
aerobic conditions. Suitable copper catalysts are Cul, CuBr,
CuCl, and Cu(OAc),-H,0, whereas other metals salts, such
as Agl, NiCl,, PdCL,, Pd(OAc),, and FeCls, do not or only
poorly catalyze this reaction. Both organic and inorganic bases,
such as K,CO3, Cs,CO;, Et,NH, and Et;N, may be apphed
The solvent is also very important and only DMSO and DMF
have resulted in effective conversion.®> As shown in Table 20,
the reaction is selective for alkynes and compatible with func-
tionalities such as alcohols, cyanides, amides, chlorides or a,f3-
unsaturated carbonyl groups. The reaction affords the correspon-
ding alkynyl phosphonate compounds in good-to-high yields
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Table 15. Synthesis of Phosphonic Acids via Tandem C—P Bond Formation—Oxidation Reactions>’

Il
H-R~0H
H
2'&‘;:: Pd,dbay/xantphos (0.02 equiv) <,P? air 0
: R-R~oH —  Rr-R-oH R = alkyl, alkenyl, allyl, aryl
aiﬂf:;f&?' DMIF, heat, air or N, i DMF, heat oy aliyl, alkenyl, allyl, ary
() (b)
Entry Substrate Product Meth” Solvent Temp  Time(h) Temp Time  Yield
O (W9) (h) (%)
(o]
1a AN I A DMF 110 20 - - 100
1b A Ry AN B DMF 85 12 110 24 100
2a Lb(l? A DMF 110 50 - - 81
2b R~on B DMF 85 12 110 64 97
OH
?P.’
30 N PTYTNROR A DMF 110 50 - - 95
PR "0H P,
4 Ph” " p-OH B DMF 85 12 110 22 89
o
%
5 Pr——=—=—pr p.-/\ng'S)H B DMF 85 12 110 50 91
Pr
Cl Br al g
6 \©/ \©/ Ton B DMF 85 12 110 2 82

“ Reagents and conditions: Method A (a) Substrate (1 equiv), Pd,dba;/Xantphos (0.02 equiv), S0% aq. H;PO, (2 equiv), DMF, 110 °C, aerobic
conditions. Method B (a) Substrate (1 equiv), Pd,dbas/Xantphos (0.02 equlv), conc. H3PO,, (2 equiv), DMF, 85 °C, N, (b) Oxidation: DMF, 110 °C,
aerobic conditions. ” Pd,dbas/ dppp (0.02 equiv) and Et;N (3 equiv). “ Purified by recrystallization.

(72—90%).%* At this point, a detail reaction mechanism remains
to be elucidated, however, the authors have proposed that the
reaction follows the classical pathway similar to the one described
for cross-coupling reactions.”®

3.4.2. Palladium-Catalyzed Reactions. The transition-
metal-catalyzed hydrophosphorylatlon of alkynes was discovered
by Han and Tanaka in 1996.°* They reported the use of cis-
PdMe,(PPh,Me), as the catalyst in THF under inert conditions,
which in general affords the 2-substituted product in case of
terminal alkynes.> Ananikov et al. have reported an improved
catalytic system for this type of reactlon using Pd,(dba); and
Ph,P in THF under acidic condition.® ® Noteworthy is the use of
TFA, which not only increases the yield, but also the rate of the
reaction. The use of triethylamine instead does not fac111tate the
reaction and the desired product is not obtained.® The study
further concludes that the use of benzene or THF as solvent
provides the best yields in case of small terminal alkynes. The
regioisomeric outcome of the reaction is controlled by the
formation of the more stabilized carbocation intermediate. As
shown in Table 21, a wide range of functionalities are compatible
with this method such as chlorides, alcohols, cyanides and silyl
derivates, and the desired product is obtained in moderate-to-
high yields (65—91%). 6s

A palladium(0) catalyst may also be employed for the
synthesis of 1,2-diphophonate compounds, Wthh are known
to be active in treatment of bones diseases.’® They are
prepared from alkynes, Wthh undergo two consecutive
additions of H- phosphonate The method uses Pd(PPhs;),
as the catalyst in toluene at 110 °C; however, it only proceeds

with electron-deficient terminal alkynes. Noteworthy, the
reaction provides the best yield, when diethyl phosphite is
employed. The use of dimethyl phosphite only gives the
monoaddition product.®” As shown in Table 22, this double
addition may be carried out on functionalized ethynylben-
zenes as well as heterocyclic alkynes such as 2- or 4-ethy-
nylpyridine and 2-ethynylthiazole. The corresponding
products are generally obtained in good-to-high yields
(72—90%).5”

3.4.3. Nickel-Catalyzed Reaction. An efficacious method
for the addition of dimethyl phosphonate to terminal alkynes
has been developed by Han et al. in 2004.%® This method mainly
generates the 1- or 2-regioisomeric product by a slight mod-
ification of the reaction conditions. Moreover, these reaction
conditions are both practical and mild. The 1-regioisomeric
product is obtained using Ni(PPh,Me) as the catalyst in EtOH,
whereas the 2-regioisomeric product is obtained in the presence
of a combination of the catalysts Nl(COd)z, PPhMe, and
Ph,PO(OH) using THF as the solvent.”® As demonstrated in
Table 23, both methods are efficient with aryl- and aliphatic
alkynes. Furthermore, moderate-to-high yields (72—96%), as
well as stereoselectmty (90—99%) are observed for both
methods.®®

3.4.4. Molybdenum-Catalyzed Addition. A regio- and
stereospecific phosphonylation of phenylacetylene was devel-
oped by Kuramshm et al. using Mo(CO)s as catalyst
(Figure 6).% This method facilitates the formation of the 1,2-
cis regioisomeric product in a simple fashion without formation
of the 1,1-regioisomer.
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Table 16. Palladium-Catalyzed Hydrophosphorylation of 1,3-Dienes’®

a

R? o RZ O
R’ 5-0 Pd catalyst R’ k-0
+ H-R —_— = \
| o o
R® R®

Entry Substrate Product Catalyst Solvent Temp Time Stereo GC
(°C) (h) selectivity yield
(E/Z) (%)
[o] . 97
1 @ @g\o PdMe,(dppb) dioxane 100 12 76)"
o . 87
2 H )ﬁ/\ﬁ"o PdMe,(dppb) dioxane 100 12 (80)°
o
o - .
3 /7 \ /\/\ﬁj(? PdMe,(binap) dioxane 100 12 83/17 98
o
9J§T
SN 93/7 89
4 _/J\ PdMe,(dppf) dioxane 80 16
o
Ay 9 /4 7
o}
/j\/\(l)
A }Iaol\o - 82
5 >/~—\\ o /% PdMe,(dppf) dioxane 60 12
/Yg\o 81/19 16

“Reagents and conditions: phosphite (1 equiv), diene (1—10 equiv), and palladium catalyst (0.05 equiv) in 1,4-dioxane (~0.7M). bFigures in

parentheses are isolated yields.

The selectivity is explained by the formation of the
(alkyne);Mo(CO) complex via a direct interaction of three
alkyne substrates with one hexacarbonyl-molydenum(0)
(Scheme 5).%° This coordination results in a reduction of the
electronic density on the triple bond. Moreover, the steric
repulsion between the phenyl groups of the substrate plays a
crucial role for the observed regioselectivity.”” Only one
reaction has been reported using this protocol and thus no
conclusion can be drawn as to the general applicability of this
method.

3.4.5. Phosphine-Catalyzed Addition to Phosphonic
Alkynes. A simple route to the formation of 1,1-bis(dialkyl
phosphonates) from electron-deficient 1-dialkyl phosphonate
alkynes is catalyzed by the reaction of a highly nucleophilic
tertiary phosphine such as n-BusP in refluxing EtOH. The
presence of ethanol is essential to achieve complete conversion
of the substrate due to its ability to act as cocatalyst.”® This
methodology affords the desired product in good-to-high yields
(80—97%) as shown in Table 24.

Mechanistically, the first step is the nucleophilic addition of
the trialkyl phosphine to the triple bond forming a reactive
phosphonium intermediate (Scheme 6). The hydrogen of the
diethyl phosphonate is transferred to the phosphonium inter-
mediate, which facilitates the attack of the diethyl phosphonate
anion leading to the formation of an ylide.”” A proton shift then
generates a more stabilized zwitterion. The unfavorable disrup-
tion of the ylide is counteracted by resonance stabilization of

7997

the anion by two phosphonate groups. Alkene formation and
consecutive extrusion of the tributyl-phosphine afterward afford
the desired product.”®

3.4.6. Formation of Alkynyl Phosphonates by Lithia-
tion and by Alkyne Sulfones Substitutions. The most
often used route for the syntheses of alkynyl phosphonates
from terminal alkynes is by the formation of the correspond-
ing lithium species by usin% strong bases, such as BuLi, LDA,
or a combination thereof.”” The anionic intermediate under-
goes reaction with an electrophilic diethyl chlorophospho-
nate to afford the desired product. Generally, the reaction is
carried out in ether at low temperature (—78 °C) and the
product is obtained in low-to-high yields (35—96%)
(Table 25).7*

Yatsumonji et al. have developed an alternative method for the
formation of alkynyl phosphonates from alkyne sulfones.”>
According to a method reported by Bieber, alkynyl sulfones
can be prepared by the copper(I) iodide-catalyzed reactions of
terminal alkynes with diphenyl disulfides in excellent yields.”®
The phosphonate can then be introduced by substitution of the
sulfone moiety using different trialkyl phosphites in THF at
60 °C. This method affords the desired product in good-to-high
yields (70—98%).”*

As shown in Table 26 this protocol also tolerates more
sterically hindered phosphites such as tri-iso-propyl phos-
phites. This methodology works well with aliphatic alkynes,
however, the efficiency remains to be investigated with
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Table 17. Palladium-Catalyzed Formation of Alkynyl Phos-

phonates from Dibromo Alkenes™*
Br o Pd(OAc),, ligand
S~ + H-R~0Me R PO(OMe),
R Br oMe R

/7\ » DMF, 14h, 80°C

Ent Substrate Product Ligand Yield

(%)

'}'= ©me),  dppf 66

N Br
1 nheptyl /\Brr / TEP o

n-heptyl
5 B P (OMe dppf 76
Br TFP 35
P(OMe
3 ©/ dffp 63

P(OMe)z

Z
dffp 73
eO

P(OMe)2

dppf 27

TFP 31

P(OMe)z dppf 16
J TFP 60

“Reagents and conditions: Pd(OAc), (0.2 equiv), ligand (0.4 equiv),
H-phosphonate (2.0 equiv), propylene oxide (3.0 equiv), DMF,
80 °C, 14 h.

©/Y
QY
Q/Y

substrates containing substituents that affect the electron
density of the alkyne.

3.4.7. Summary. Several methods for introduction of a
phosphonic ester on alkynes have been described in the literature.
One involves formation of alkynyl phosphonates from terminal
alkynes using a copper(I) catalyst in the presence of base. The
protocol is compatible with functionalities, such as alcohols,
cyanides, or chlorides, and affords the desired product in good-
to-high yields.

Monoaddition of a dialkyl phosphonate to an alkyne may be
achieved by use of a palladium catalyst. Exclusively, the terminal
regioisomeric product is obtained in moderate-to-high yields
and functionalities such as alcohols and chlorides are well-
tolerated. By use of Pd(PPh;), as the palladium catalyst and
diethyl phosphonate as reagent, diaddition to the alkyne is
promoted and the 1,2-diphosphonate compounds, is obtained
in good-to-high yields.

Two methods have been reported for the selective addition
of phosphonate to alkynes with concurrent rehybridization to
an alkene. Both methods are performed by Nickel catalysis
using dimethyl phosphonate at room temperature. The regio-
selectivity may be controlled by the catalyst ligand and different
phosphor additives. Both methods afford the desired product in
good-to-high yields with selectivity for either the geminal
product or the trans isomer.

Table 18. Manganese Catalyzed Addition of H-Phosphonate
on Alkenes®

o o OEt
1] Mn(OAc), S
R + H-R~0Bt ——— R/\/P‘OEt + )\
OEt  100-110°C, air OBt g
1-3h
Entry Substrate Product Temp Time Yield
(WY)] h) (%)
—
Eto~p°
Et0’
Cebh 49
1 7 CHyy % o 110 2
“pOEt
OEt
CsHiy 35
~
o
{£-OEt
“OEt
2 100 1 80
COOE EtOOC |oa
3 I NN EtOOC’LM “oEt 100 1 82
Ph #’OE‘
4 Pha~ N0kt 110 3 62
o
it Mn(OAc), 2~ OEt
=
H-R~OEt + R —_— /—/
OEt ! 100°C, it Rj OFt
Mn /O, H donor
O
-F'?' 7 ~OEt
LOEt —_— /—/ OEt

Figure S. Radical mechanism for manganese-catalyzed addition on
alkenes.*

Addition of a phosphonate to a terminal alkyne generating
the 1,2-cis stereoisomer of the corresponding alkene can be
accomplished by use of Mo(CO)s as catalyst under inert
conditions. The method has only been investigated for
ethynylbenzene as substrate, which provides the product in
quantitative yield, thus, the scope of this reaction remains
elusive.

When an alkynyl phosphonate is the substrate, the corre-
sponding gemimal bisphosphonate analog is obtained. This can
be accomplished in the presence of a highly nucleophilic trialkyl
phosphine reagent such as n-BusP, which is required to catalyze
the addition. Moreover, ethanol as solvent is essential to achieve
complete conversion. The corresponding product is obtained in
good-to-high yields. Alkynyl phosphonates may also be synthe-
sized by lithiation of terminal alkynes and reaction with diethyl
chlorophosphonate. This reaction is generally carried out at
—78 °C and with strong bases such as LDA or BuLi or a
combination. The lithium intermediate is highly nucleophilic
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Table 19. Formation of f-Phosphono Malonate Analogs by ZnO Catalyst

R g ZnOcat. (5mol %)  (EtO),0R Ry
/_<— +  H-R~OEt oventfiee 20°C —
PH R, OFt solvent free, 50°C PH R,
Entry Substrate Product Catalyst” Temp Time Yield
(°C) (h) (%)
- ©/\( OOF: CM-ZnO © 10 83
©)\( NF-ZnO 25 98
PO(OE!
» /@/\( ‘ 022 CM-ZnO “ 2 80
NF-ZnO 0.5 98
OEt)2
CM-ZnO 28 75
NF-ZnO 5 98
PO OFEH
N /@/\ﬂoﬁ ngzEt CM-ZnO “ 28 50
cl CN NF-ZnO 7.5 98
PO(OEY),
COOEt
5 COOEt HCIO,-SiO, 60 1 55
COOEt COOEt

? CM-ZnO: Commercial ZnO; NF-ZnO: nanofalke ZnO. ® From ref 61.  From ref 62.

Table 20. Copper-Catalyzed Coupling between Alkynes and Dialkyl Phosphonates under Aerobic Conditions®*

R——H + H”B‘OiPr R—= P\fOiPr + H,0 R = alkyl, aryl, carbonyl or azacarboxyl
OPr O'Pr
83-99%
Entry Substrate Product Solvent  Temp Time Yield
(9] (h) (%)
1 n-Bu—= n-Bu—=—PO(0i-Pr), DMSO 55 Overnight 72
2’ Ph—= Ph—=—PO(0/-Pr) DMSO 55 Overnight 83
b > PO(Oi-Pr), .
3 NC~_Z NG \/\/ DMSO 55 Overnight 88
b P PO(Oi-Pr), .
4 S~ e~ DMSO 55 Overnight 82
o} o}
5° Ph >—: Ph &%PO(O:‘-Pr)2 DMSO 55 Overnight 85
\—NH \—NH
HO o PO(Oi-Pr),
6 O’ DMSO 55 Overnight 88
PO(Oi-Pr),

DMSO 55 Overnight 90

“ Reagents and conditions: Alkyne ( 1.2 equiv), phosphine (1 equiv), Cu catalyst (0.1 equiv), base (0.2 equiv), DMSO (1 mL), 5SS °C, overnight under
dry air. * Cul, Et;N. “ Cul, Et,NH. ¢ Alkyne (1 equiv), phosphine (1.5 equiv), Cul (0.1 equiv), and Et;N (0.2 equiv).

and reacts readily with the electrophilic diethyl chlorophosphonate strategy for the synthesis of alkynyl phosphonates is by substitu-
to afford the desired product in low-to-high yields. Finally, a tion of readily available alkynyl sulfones. These sulfur-based
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Table 21. Examples of Hydrophosphorylation” of Terminal
Alkynes®

Pd,(dba)s R
H=—r + oo TWPTPA oy P
H” ~O“Pr  THF, 50°C, 8h 6,._8r“’f
Entry Substrate Product Yield
(%)
T o~ 91
PO(O'PrF),
/\/\\
2 O S o~ 85
PO(OPr),
3 HO S HOJ\( , 65
PO(O'P),
A~
4 N S o~ 89
PO(O'Pr),
52 ™ TMS 7 ~PO(OPr), 83

“Reagents and conditions: Alkyne (1 equiv), phosphite (1 equiv),
Pd,(dba); (0.03 equiv), PhsP (0.12 equiv), TFA (0.1 equiv).

Table 22. Formation of Bisphosphonates® from Alkynes®’

o. OEt
P~
X PA(PPh3), R OFt
R——H + H’P\\OEt -y
OEt toluene F’/OEt
R =Aryl 110°C, 19-71h o' “OEt
Entry Substrate Product Yield
(Yo)

@_(PO(OE()Z %
=N =N PO(OEt),
PO(OEt),
O, 89
= PO(OE),
PO(OEY),
PO(OEt), 87
PO(OEY),
O,
PO(OEt), 87

N N PO(OE),
5 [Q—: [ 72

s PO(OEY),

“ Reagents and conditions: Alkynes (1 equiv), dialkyl phosphites (3 equiv),
Pd(PPhs), (0.0S equiv) in toluene, 110°C, 19—71 h.

substrates are reacted with a trialkyl phosphite under gentle reflux
in THF to afford the corresponding product in good-to-high
yields (Table 26).”*

4. METHODS FOR THE HYDROLYSIS OF MONO AND
DIALKYL PHOSPHONATES

The vast majority of the above-described chemical methods
introduce a dialkyl phosphonate group, which subsequently
has to undergo hydrolysis to provide the corresponding phos-
phonic acid functionality. As shown in Scheme 7, dialkyl phos-

Table 23. Nickel-Catalyzed Addition” of Dimethyl Phos-
phonate on Alkyne Derivatives®

’ (0]
o Ni cat. R [l o
R— + L_OMe — 5 R-ome T RA~B
PN \~OMe
H OMe ): OMe 2 OMe
entry substrate (R) condition yield % (1/2)
1 Ph A 91 (1/99)
2 Ph B 72(90/10)"
3 n-CeHys A 96 (7/93)
4 1-CeHys B 91(92/8)

“ Reagents and conditions: (A) Ni(PPh,Me), (0.00S equiv), 1M EtOH,
20 °C, Sh. (B) Ni(cod), (0.01 equiv), PPhMe, (0.04 equiv),Ph,PO(OH)
(0.02 equiv), 1 M THF, 20 °C, 2 h. 67 °C, 3 h.

OE
i _OE
o=P’6 t
. % Mo(CO)g ) H
=—H + y-Reogt — >
OFEt H
100%

Figure 6. Molybden-catalyzed addition on phenyl acetylene.%’

Scheme 5. Proposed Mechanism the Molybden-Catalyzed

Addition®’
=
l Mool {

o 7. N
0:1'3’6'5t Mo,
O O

\J< )

phonates may be hydrolyzed stepwise to the monoprotected
phosphonic acid and then by a second step into the free
phosphonic acid, or in one step directly into the free phos-
phonic acid. Both pathways are discussed in the following
section.

For complete hydrolysis into the free phosphonic acid, two
types of reagents are generally used. One method makes use of
astrong, concentrated, inorganic acid, such as HCl or HBr, in a
polar solvent. As demonstrated in Table 27 (entry 1—3), this
method affords the corresponding free acid phosphonic in
high yields (91—94%). In these cases, aqueous HCl at reflux is
required. In contrary, room temperature is adequate with the
use of HBr. However, since hydrochloride and -bromide are
strong acids, concurrent reactions may take place as exempli-
fied by the simultaneous deprotection of esters or imines
(entry 2—3, Table 27). The second class of reagents used is

EQ okt

H
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trimethylsilyl halides, such as TMSBr, TMSI, or a combination dichloromethane or acetone. As shown in Table 27 (entry
of TMSCI and Nal, in a polar aprotic solvent such as 4—6), these reagents afford the desired phosphonic acid in

Table 24. Phosphine-Catalyzed” 2-Aryl-1-vinyl-1,1-Diphos-

A .70
phonic Acids Derivatives

good yields (72—89%); however, hydrolysis of other labile
protection groups such as acetals may will still occur under
these conditions.

||=l’ n-BusP PO(OEt),
+ R= e = . . .
R PO(OEY), HOLSE EtOH R~ PO(OEY, Scheme 6. Mechanism for the Formation of 2-Aryl-1-vinyl-
reflux, 8h 1,1-diphosphonates Catalyzed by Phosphine”®
) PO(OEt),
Entry Substrate Product Yield —
% A’ PO(OEY)
(%) 2 P-Bu)s Ar P(OE)
O(OEt), o]
1 Ph PO(OEY), / < 95
PO(OEt),
PO(OEt), PO(OEt),
= P(n-Bu% o
PO(OEY), 05 H—<-PO(OEY),
A’ PO(OEY),
®
OMe . P(n-Bu) OEt
Proton shift 3
oEt)z OEt)Z T ):C OEt
PO(OE),
O(OEt), O(OEt), PO(OEt), HIIDI(OEt)z
4
4 \\/\ /\(_< PO(OEY), 97 o
N P(n—Bu)3 H
= )
“Reagents and conditions: Alkyne (1 equiv), phosphite (1.1 equiv), Ar PO(OEt), P(OEt),
n-BusP (0.2 equiv), inert conditions, reflux, 8 h.
Table 25. Formation of Alkynylphosphonates from Alkyne Lithiation
o 1. n-BuLi or LDA _ 9
R—H [e) > R—=—R~0Et
#fOEt OEt
2. cI” O OEt
Entry Substrate Products Reagents Solvent Temp Time Yield
(W9) ) (%)
H He
1 o o OO n-BuLi THF  -78tort 24 56
7 7
2" e 0 puse/ | TOOE n-BuLi THF  -78tort 075 47
3 = { V-=-roce,  LDA/nBuli THF  -8tort 6 85
HoN HoN
4 z > — z > — po(oEY, LDA / n-BuLi THF -78tort 6 35
5¢ n-Bu——=—H n-Bu—==—PO(OEt), LDA / n-BuLi THF -78 to rt 6 86
6f  GON__ 0 CON_ e,  LDA/#Buli EGO 781030 4 80
NO, NO,
7e — Q%pqomz LDA/n-BuLi  THF  -78tort 1 95
cl cl
NO, NO,
8¢ = H =—PO(OEt), LDA THF -78 to rt 1 96

“From ref 71b. * From ref 71d. € From ref 71a. ¢

Br

From ref 71c. “ From ref 71e.
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Table 26. Conversion of Alkynyl Sulfones into Alkynyl
Phosphonates by Substitution””

Selective deprotection of only one of the phosphonic esters
groups is facilitated by reagents such as diluted hydrochloric
acid, alkali metal halides, PhSH/NEt;, and TMSOK. The

R?0___OR? o . .
P selectivity arises from the use of less reactive reagents than
Rl_— s0.ph OR? 1 the ones used for complete hydrolysis into free phosphonic
— _— . .
2 THF, 60°C, 3h R—=—— P‘og acids. As shown in Table 28, all these reagents afford the mono
protected product in moderate-to-high yields (60—98%).
Moreover, various solvents are used depending on the reagent
Entry R' Phosphite Yield applied.
®) (%) Hydrolysis of a monoprotected phosphonic acid into the free
1 Phenyl Me 96 acid phosphonic may be achieved by use of the same reagents as
, Phenyl - 08 described for the direct complete hydrolysis of dialkyl phospho-
Y nates, such as concentrated HCI, TMSBr, or TMSI. As illustrated
3 Phenyl i-Pr 71 in Table 29, the corresponding free phosphonic acid is obtained
in good-to-high yields (78—99%).*°
4 Pha~ Me 93 & gy ( )
5 Pho~ Ft 9 Scheme 7. General Methods for the Hydrolysis of the Dialkyl
Phosphonate into the Free Phosphonic Acid or via Mono-
6 Pha i-Pr 70 deprotected Phosphonic Acid
7 Hexane Me 90 o TMSX
lg or HX lg
R” \~OEt R’ \~OH
8 Hexane Et 95 OEt X=Cl.Br, | OH
9 Hexane i-Pr 71
Nal or TMSI, TMSBr
10 Cyclohexane Me 90 NaOH or HOI conc.
11 Cyclohexane Et 95 o
r-R-OEt
12 Cyclohexane i-Pr 70 OH

Table 27. Methods for the Direct Hydrolysis of Dialkyl Phosphonate into Free Phosphonic Acid

Entry Starting Products Reagents Solvent Temp Time Yields
Material (LY (h) (%)
0 o
it HN_ POE HN PO HCI H,0 100 14 9
Ph n-Pr Ph n-Pr
CF,POsEt, CF,PO3H,
|
N NN N.__NH
2b oYY A HCI H,0 100 12 93
N NH N NH
H H
0 0
OH
EtO. ¢
P=0
/WJ /\J
3¢ HBr AcOH rt 20 94
op o)
>~0t Bu K)>0H
0
cl o cl o
4 Reg ™" R~oH TMSBr CH,Cl, rt 24 72
¢ sHOiPr o s
? Q
RO_R~0Et RO_R-oH
OEt OH
5¢ TMSCl/Nal  CH;CN rt 18 89
R = hexyl R = hexyl
NH,
N NH,
NN N
) > o N)ji\
¢ ) E‘\OJ\ S g ™SI CHCL,  rt 17 78
) o) b HOH 2Cly
o. O )\ H O\\‘ ""OH

P

“From ref 74. ” From ref 75.  From ref 76. ¢ From ref 9b. ¢ From ref 77./ From ref 10.
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Table 28. Scope of the Different Reagents used for the Monodeprotection of the Dialkyl Phosphonate

Entry Starting Products Reagents Solvent Temp Time Yields
Material (9 (h) (%)
[9)
1
- x-R-oH
PogE‘ OFt
R
1° 20% HC1 H,O Reflux 6 80
PO(OEt), O PO(OEY), HO
b 1)LiBr pentan-2-
2 2)HC1 resin one Heat 3 %
O\\P _OEt O\\P,OH
“OEt “OEt
3 CBZHN? CBZ”“? Nal Pyridine 110 - 90
\ \
o o o o
1 n n n ])Na] h
4 Et0-PyR-0Et HO-P+yR~oH MeOH - 0.5 60
£t V) Oet Bt V7 OFt 2)HCI
% }-OEt % B-OH 0
P b ver
Se >=C:< OEt >=C:< OEt NaOH HZO 80 nlght 69
o o o0
o] o o0 B
H‘OMe TrHNw \C;OMe
¢ THN OMe NHBoc 0©  PhSH,NEt; THF/DMF  rt 48 98
NHBoc NHEt
3
0-0
0 8
7% OD\ TMSOK THF 50 4 85

EtO-Px,
B0 ©

“From ref 78. * From ref 79. ¢ From ref 80. ¢ From ref 81. ¢ From ref 82./ From ref 83. ¢ From ref 84. "

EtO-Px,
HO  ©

10 min under microwave irradiation conditions

(100 W) followed by cooling to room temperature. — indicates data not available.

Table 29. Different Reagents Used for the Fully Deprotection of the Monoprotected Phosphonate

Entry Starting Products Reagents Solvent Temp Time Yields
material (K9] (h) (%)
P‘OH P‘OH 2N HCI
a OEt
1 ©/ ©/ Dowex-50W H:0 80 2 %
HOZC NH, Hozc NH
9 F H
R~oH R~oH
FT bgt F o
2b TMSI CH,;CN rt 3 86
NHFmoc NHFmoc
COH COH
A, % A, %
R~0Et R~0H
3 OH OH TMSBr CH,CN rt 24 78
HO  ©OH HO  ©OH
A = Adenin-9-yl A = Adenin-9-yl

“ From ref 85c¢. ® From ref 85b. ¢ From ref 85a.

5. CONCLUSION

In this paper, we have reviewed modern synthetic methods for
the introduction of a phosphonic acid group. Except for one
strategy described herein (Table 15) its introduction is carried
out as a two-step process. First a dialkyl phosphonate is intro-
duced, which is subsequently hydrolyzed to the corresponding

phosphonic acid group. To the organic chemist, the field presents a
large number of diverse methodologies, from which a selection may
be made on the basis of the hybridization state (sp", sp>, or sp>) of
the carbon-atom at which the introduction is to take place, as well as
compatibility of functional groups in the substrate. However, it is
essential to recognize that complete hydrolysis of the phosphonate

8003 dx.doi.org/10.1021/cr2002646 |Chem. Rev. 2011, 111, 7981-8006
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ester is carried out under aqueous strongly acidic conditions or with
the use of a strong Lewis acid (Table 28 and Table 29). This limits
the compatibility with other functional groups and should be taken

into account during retrosynthetic planning.
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GLOSSARY

BINAP 2,2"-bis(diphenylphosphino)-1,1’-binaphthyl
BSA bis(trimethylsilyl)acetamide

cod 1,5-cyclooctadiene

dba dibenzylideneacetone

DEP diethylphosphite

DIPEA N,N-diisopropylethylamine

DMF dimethylformamide

dppf 1,1'-bis(diphenylphosphino)ferrocene
dppp 1,3-bis(diphenylphosphino)propane
KHMDS potassium bis(trimethylsilyl)amide
LDA lithium diisopropylamide

NaHMDS sodium bis(trimethylsilyl)amide
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rt room temperature

TBD 1,5,7-triazabicyclo[4.4.0]dec-S-ene
TFP tris(2-furyl)phosphine

TMEDA tetramethylethylenediamine
TMSBr trimethylsilyl bromide

TMSCI trimethylsilyl chloride

TMSI trimethylsilyl iodide

REFERENCES

(1) Michaelis, A.; Kaehne, R. Berichte 1898, 31, 1048.

(2) Freedman, L. D.; Doak, G. O. Chem. Rev. 1957, 57, 479.

(3) Franz, R. D. AAPS PharmSci 2001, 3, E10.

(4) Kabachnik, M. I; Mastrukova, T. A.; Shipov, A. E.; Melentyeva,
T. A. Tetrahedron 1960, 9, 10.

(5) Combs, A. P. J. Med. Chem. 2010, 53, 2333.

(6) (a) Van Huijsduijnen, R. H.; Sauer, W. H. B.; Bombrun, A,;
Swinnen, D. J. Med. Chem. 2004, 47, 4142. (b) Dang, Q.; Kasibhatla,
S.R; Xiao, W,; Liu, Y.; DaRe, J.; Taplin, F.; Reddy, K. R.; Scarlato, G. R.;
Gibson, T.; van Poelje, P. D.; Potter, S. C.; Erion, M. D. J. Med. Chem.
2010, 53, 441.

(7) Maryanoff, B. E. J. Med. Chem. 2004, 47, 769.

(8) Mattes, H,; Carcache, D.; Kalkman, H. O.; Koller, M. J. Med.
Chem. 2010, 53, 5367.

(9) (a) Greco, M. N.; Hawkins, M. J.; Powell, E. T.; Almond, J.; H.,
R.; de Garavilla, L.; Hall, J.; Minor, L. K.; Wang, Y.; Corcoran, T. W.; Di
Cera, E.; Cantwell, A. M,; Savvides, S. N.; Damiano, B. P.; Maryanoff,
B. E. J. Med. Chem. 2007, 50, 1727. (b) Lassaux, P.; Hamel, M.; Gulea,
M.; Delbriick, H.; Mercuri, P. S.; Horsfall, L.; Dehareng, D.; Kupper, M.;
Frere, J.-M.; Hoffmann, K.; Galleni, M.; Bebrone, C. . Med. Chem. 2010,
53, 4862.

(10) Kumar, T. S.; Zhou, S.-Y.; Joshi, B. V.; Balasubramanian, R;;
Yang, T.; Liang, B. T.; Jacobson, K. A. J. Med. Chem. 2010, 53, 2562.

(11) (a) Kang, S.-U,; Shi, Z.-D.; Worthy, K. M; Bindy, L. K;
Dharmawardana, P. G.; Choyke, S. J.; Bottaro, D. P.; Fisher, R. J.; Burke,
T. R, Jr. ]. Med. Chem. 2005, 48, 3945. (b) Catterall, J. B.; Cawston, T. E.
Arthritis Res. Ther. 2003, S, 12. (c) Lee, M.; Fong, E. M,; Singer, F. R;;
Guenett, R. S. Cancer Res. 2001, 61, 2602.

(12) Haemers, T.; Wiesner, J.; Van Poecke, S.; Goeman, J.; Henschker,
D.; Beck, E; Jomaa, H.; Van Calenbergh, S. Bioorg. Med. Chem. Lett.
2006, 16, 1888.

(13) (a) Balzarini, J.; Holy, A.; Jindrich, J.; Naesens, L.; Snoeck, R;;
Schols, D.; De Clercq, E. Antimicrob. Agents Chemother. 1993, 37, 332.
(b) Robbins, B. L.; Srinivas, R. V.; Kim, C.; Bischofberger, N.; Fridland,
A. Antimicrob. Agents Chemother. 1998, 42, 612.

(14) Verbrugghen, T.; Cos, P.; Maes, L.; Van Calenbergh, S. J. Med.
Chem. 2010, 53, 5342.

(15) (a) De Clercq, E. Med. Res. Rev. 2010, 30, 667. (b) De Clercg, E.
Biochem. Pharmacol. 2011, 82, 99. (c) De Clercq, E. Med. Res. Rev. 2011,
31,118.

(16) De Clercq, E. Expert Rev. Anti-Infect. Ther. 2003, 1, 21.

(17) Hecker, S. J.; Erion, M. D. J. Med. Chem. 2008, S1, 2328.

(18) Dang, Q; Kasibhatla, S. R;; Jiang, T.; Fan, K;; Liu, Y.; Taplin, F.;
Schulz, W.; Cashion, D. K; Reddy, K. R.; van Poelje, P. D.; Fujitaki, J. M.;
Potter, S. C.; Erion, M. D. . Med. Chem. 2008, 51, 4331.

(19) Arbuzov, A. E. J. Russ. Phys. Chem. Soc. 1906, 38, 687.

(20) Arbuzov, A. E. Chem. Zentrabl. 1906, II, 1639.

(21) (a) Eldo, J; Cardia, J. P.; O’'Day, E. M,; Xia, J.; Tsuruta, H.;
Kantrowitz, E. R. J. Med. Chem. 2006, 49, 5932. (b) André, V.; Lahrache,
H.; Robin, S.; Rousseau, G. Tetrahedron 2007, 63, 10059. (c) Boyer,
S.H,; Jiang, H.; Jacintho, J. D.; Reddy, M. V.; Li, H.; Li, W.; Godwin, J. L.;
Schulz, W. G; Cable, E. E,; Hou, J.; Wu, R,; Fujitaki, J. M.; Hecker, S. ] ;
Erion, M. D. J. Med. Chem. 2008, 51, 7075. (d) Bennett, J. A.,; Hope,
E. G,; Singh, K; Stuart, A. M. J. Fluor. Chem. 2009, 615. (e) Tsukada, T.;
Takahashi, M.; Takemoto, T.; Kanno, O.; Yamane, T.; Kawamura, S.;
Nishi, T. Bioorg. Med. Chem. Lett. 2009, 19, 5909. (f) Mike, J. F.;
Inteman, J. J.; Ellern, A,; Jeffries-EL, M. J. Org. Chem. 2010, 75, 495.

(22) Palchaudhuri, R;; Nesterenko, V.; Hergenrother, P. J. J. Am.
Chem. Soc. 2008, 130, 10274.

(23) Jansa, P.; Holy, A.; Dracinsky, M.; Baszczynski, O.; Cesnek, M.;
Janeba, Z. Green Chem. 2011, 13, 882.

(24) (a) Cohen, R. J; Fox, D. L.; Eubank, J. F.; Salvatore, R. N.
Tetrahedron Lett. 2003, 44, 8617. (b) Van Summeren, R. P.; Feringa,
B. L.; Minnaard, A. J. Org. Biomol. Chem. 2005, 3, 2524. (c) Hubbard,
C. E; Barrios, A. M. Bioorg. Med. Chem. Lett. 2008, 18, 679. (d) Snyder,
S. A,; Breazzano, S. P.; Ross, A. G.; Lin, Y.; Zografos, A. L. . Am. Chem.
Soc. 2009, 131, 1753. (e) Hasnik, Z.; Pohl, R.; Hocek, M. Tetrahedron
Lett. 2010, 51, 2464.

(25) G., L. Kalek, M.; Jezowska, M.; Stawinski, J. New J. Chem. 2010,
34, 967.

(26) Lavén, G.; Stawinski, J. Synlett 2009, 2, 255.

(27) Stockland, R. A.J.; Levine, A. M.; Giovine, M. T.; Guzei, L. A;
Cannistra, J. C. Organometallics 2004, 23, 647.

(28) Consiglio, G.; Waymouth, R. M. Chem. Rev. 1989, 89, 257.

(29) Barfoot, C. W.; Harvey, J. E.; Kenworthy, M. N.; Kilburn, J. P.;
Ahmed, M.; Taylor, R. J. K. Tetrahedron 2008, 61, 3403.

(30) Sampson, P.; Hammond, G. B.; Wiemer, D. F. J. Org. Chem.
1986, 51, 4342.

(31) Zhang, H.; Tsukuhara, R; Tigyi, G.; Prestwich, G. D. J. Org.
Chem. 2006, 71, 6061.

(32) Hirao, T.; Masunaga, T.; Ohshiro, Y.; Agawa, T. Tetrahedron
Lett. 1980, 21, 3595.

(33) Hirao, T.; Masunaga, T.; Yamada, N.; Ohshiro, Y.; Agawa, T.
Bull. Chem. Soc. Jpn. 1982, 55, 909.

(34) Belabassi, Y.; Alzghari, S.; Montchamp, J.-L. J. Organomet.
Chem. 2008, 693, 3171.

(35) GooBen, L. J.; Dezfuli, M. K. Synlett 20085, 3, 044S.

(36) Bessmertnykh, A.; Douaihy, C. M.; Muniappan, S.; Guilard, R.
Synthesis 2008, 10, 1575.

(37) Kalek, M.; Ziadi, A.; Stawinski, J. J. Org. Chem. 2008, 10, 4637.

(38) Kalek, M.; Jezowska, M.; Stawinski, J. Adv. Synth. Catal. 2009,
351, 3207.

(39) Hockova, D.; Dracinsky, M.; Holy, A. Eur. J. Org. Chem. 2010,
288S.

(40) Kalek, M.; Stawinski, J. Organometallics 2007, 26, $840.

(41) Kalek, M.; Stawinski, J. Organometallics 2008, 27, S876.

(42) Gelman, D,; Jiang, L.; Buchwald, S. L. Org. Lett. 2003, S, 2315.

(43) Thielges, S.; Bisseret, P.; Eustache, J. Org. Lett. 2008, 7, 681.

(44) Ochiai, M.; Sumi, K; Takaoka, Y.; Kunishima, M.; Nagao, Y.;
Shiro, M.; Fujita, E. Tetrahedron 1988, 44, 4095.

(45) (a) Trostyanskaya, G.; Titskiy, D. Y.; Anufrieva, E. A.; Borisenkko,
A. A,; Kazankova, M. A.; Beletskaya, I. P. Russ. Chem. Bull, Int Ed 2001,
50, 2095. (b) Henn, M.; Jurkschat, K; Mansfeld, D.; Mehring, D.;
Schiirmann, M. J. Mol. Struct. 2004, 697, 213. (c) Dolman, N. P.; More,
J. C. A;; Alt, A;; Knauss, J. L.; Troop, H. M.; Bleakman, D.; Collingridge,
G. L; Jane, D. E. J. Med. Chem. 2006, 49, 2579. (d) Fischer, J.;
Schurmann, M.; Mehring, M.; Zachwieja, U.; Jurkschat, K. Organome-
tallics 2006, 25, 2886. (e) Rueff, ].-M.; Perez, O.; Simon, C.; Lorilleux,
C.; Couthon-Gourves, H,; Jaffres, P.-A. Cryst. Growth Des. 2009, 9, 4262.
(f) Rabasso, N.; Fadel, A. Tetrahedron Lett. 2010, 51, 60.

(46) (a) Edder, C.; Frechet, M. J. Org Lett. 2003, S, 1879.
(b) Reisinger, C. M; Nowack, R. J.; Volkmer, D.; Rieger, B. Dalton
Trans. 2007, 272. (c) Bonnaventure, 1; Charette, A. B. J. Org. Chem.
2008, 73, 6330.

(47) (a) Suto, Y.; Tsuji, R.; Kanai, M.; Shibasaki, M. Org. Lett. 2005,
7, 3757. (b) Branion, S.; Benin, V. Synth. Commun. 2006, 36, 2121.

(48) Hatano, M.; Suzuki, S.; Takagi, E.; Ishihara, K. Tetrahedron Lett.
2009, 50, 3171.

(49) De Noronha, R. G.; Coste, P. J.; Romao, C. C.; Calhorda, M. ] ;
Fernandes, A. C. Organometallics 2009, 28, 6206.

(50) Wu, Q; Zhou, J.; Yao, Z.; Xu, F.; Shen, Q. J. Org. Chem. 2010,
75, 7498.

(51) Nakanishi, K; Kotani, S.; Sugiura, M.; Nakajima, M. Tetrahe-
dron 2008, 64, 6415.

(52) Uraguchi, D.; Ito, T.; Ooi, T. J. Am. Chem. Soc. 2009, 131, 3836.

8005 dx.doi.org/10.1021/cr2002646 |Chem. Rev. 2011, 111, 7981-8006



Chemical Reviews

(53) Wooten, A. J; Caroll, P. J.; Walsh, P. J. J. Am. Chem. Soc. 2008,
130, 7407.

(54) Abell, J. A;; Yamamoto, H. J. Am. Chem. Soc. 2008, 130,
10521.

(55) Suyama, K; Sakai, Y.; Matsumoto, K; Saito, B.; Katsuki, T.
Angew. Chem., Int. Ed. 2010, 49, 797.

(56) (a) Jiang, Z.; Zhang, Y.; Ye, W.; Tan, C.-H. Tetrahedron Lett.
2007, 48, 51. (b) Maerten, E.; Cabrera, S.; Kjaersgaarg, A.; Jorgensen,
K. A.J. Org. Chem. 2007, 72, 8893. (c) Zhao, D.; Yuan, Y.; Chan, A.S. C,;
Wang, R. Chem.—Eur. ]. 2009, 1S, 2738. (d) Spilling, C. D.; Badkar,
P. A; Rath, N. P. Org. Lett. 2007, 9, 3619.

(57) Bravo-Altamirano, K; Montchamp, J.-L. Tetrahedron Lett.
2007, 48, 5758S.

(58) Mirzaei, F.; Han, L.-B.; Tanaka, M. Tetrahedron Lett. 2001,
42,297.

(59) Lera, M; Hayes, C. J. Org. Lett. 2000, 2, 3873.

(60) Tayama, O.; Nakano, A.; Iwahama, T.; Sakaguchi, S.; Ishii, Y.
J. Org. Chem. 2004, 69, 5494.

(61) Hosseini-Sarvari, M.; Etemad, S. Tetrahedron 2008, 64, 5519.

(62) Sobhani, S.; Rezazadeh, S. Synlett 2010, 10, 1485.

(63) Gao, Y.; Wang, G.; Chen, L.; Xu, P.; Zhao, Y.; Zhou, Y.; Han,
L.-B. J. Am. Chem. Soc. 2009, 131, 7956.

(64) Han, L.-B,; Tanaka, M. J. Am. Chem. Soc. 1996, 118, 1571.

(65) Ananikov, V. P.; Khemchyan, L. L.; Beletskaya, 1. P. Synlett
2009, 15, 2375.

(66) Lin, J. H. Bones 1996, 18, 75.

(67) Allen, A. j; Manke, D. R;; Lin, W. Tetrahedron Lett. 2000,
41,151.

(68) Han, L.-B.; Zhang, C.; Yazawa, H.; Shimada, S. J. Am. Chem. Soc.
2004, 126, 5080.

(69) Kuramshin, A. L; Nikolaev, A. A.; Cherkasov, R. A. Mendeleev
Commun. 2005, 15, 155.

(70) Lecerclé, D.; Sawicki, M.; Taran, F. Org. Lett. 2006, 8, 4283.

(71) (a) Cockburn, N.; Karimi, E;; Tam, W. J. Org. Chem. 2009,
74,5762. (b) Moradov, D.; Al Quntar, A. A. A.; Youssef, M.; Smoum, R ;
Rubinstein, A.; Srebnik, M. J. Org. Chem. 2009, 74, 1029. (c) Sasmal,
P. S; Chandrasekhar, A,; Sridhar, S.,; Igbal, J. Tetrahedron 2008,
64, 11074. (d) Schumacher, R. F.; Rosario, A. R;; Souza, A. C. G.;
Menezes, P. H.; Zeni, G. Org. Lett. 2010, 12, 1952. (e) Ashburn, B. O,;
Carter, R. G.; Zakharov, L. N. J. Am. Chem. Soc. 2007, 129, 9109.

(72) Yatsumonji, Y.; Ogata, A.; Tsubouchi, A.; Takeda, T. Tetrahedron
Lett. 2008, 49, 2265.

(73) Bieber, L. W.; da Silva, M. F.; Menezes, P. H. Tetrahedron Lett.
2004, 45, 273S.

(74) Mumford, P. M; Tarver, G.J.; Shipman, M. J. Org. Chem. 2009,
74, 3573.

(75) S, H.; Hashimoto, M.; Magnowska, L.; Bzowska, A.; Yokomatsu,
T. Bioorg. Med. Chem. 2010, 18, 2275.

(76) Boswell, C. A; Regino, C. A. S.; Baidoo, K. E.; Wong, K. J;
Milenic, D. E; Kelley, J. A; Lai, C. C.; Brechbiel, M. W. Bioorg. Med.
Cherm. 2009, 17, 548.

(77) McGeary, R. P.; Vella, P.; Mak, J. Y. W.; Guddat, L. W.; Schenk,
G. Bioorg. Med. Chem. Lett. 2009, 19, 163.

(78) Dawson, M. L; Xia, Z.; Liu, G.; Fontana, J. A.; Farhana, L.; Patel,
B. B.; Arumugarajah, S.; Bhuiyan, M.; Zhang, X.-K.; Han, Y.-H.; Stallcup,
W. B.; Fukushi, J.-L; Mustelin, T.; Tautz, L.; Su, Y.; Harris, D. L.; Waleh,
N.; Hobbs, P. D.; Jong, L.; Chao, W.-R.; Schiff, L. J.; Sani, B. P. ]. Med.
Chem. 2007, 50, 2622.

(79) Grandeury, A.; Martin, C.; Petit, S.; Craescu, C. T.; Gouhier, G.
New J. Chem. 2010, 34, 1089.

(80) Pompei, M.; Di Francesco, M. E,; Koch, U.; Liverton, N. J.;
Summa, V. Bioorg. Med. Chem. Lett. 2009, 19, 2574.

(81) Meziane, D.; Hardouin, J.; Elias, A.; Guénin, E.; Lecouvey, M.
Heteroatom Chem. 2009, 20, 369.

(82) Yu, F; Lian, X;; Zhao, J.; Yu, Y.; Ma, S. J. Org. Chem. 2009,
74, 1130.

(83) Balg, C.; Blais, S. P.; Bernier, S.; Huot, J. L,; Couture, M,;
Lapointe, J.; Chénevert, R. Bioorg. Med. Chem. 2007, 15, 295.

(84) Zhao, Q.; Vargas, M;; Dong, Y.; Zhou, L.; Wang, X.; Sriraghavan,
K; Keiser, J.; Vennerstrom, J. L. J. Med. Chem. 2010, 53, 4223.

(85) (a) Kralikova, S.; Budesinsky, M.; Tomeckova, L; Rosenberg, I.
Tetrahedron 2006, 62, 9742. (b) Liu, W.-Q.; Vidal, M.; Olszowy, C.;
Million, E.; Lenoir, C.; Dhotel, H,; Garbay, C. J. Med. Chem. 2004,
47,1223. (c) Ma, D; Zhy, W. J. Org. Chem. 2001, 66, 348.

8006 dx.doi.org/10.1021/cr2002646 |Chem. Rev. 2011, 111, 7981-8006



