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Abstract: The field of organocatalysis is growing rap-
idly and attracts an increasing number of research
groups. Most organocatalysts can be classified as
Lewis bases, Lewis acids, Brgnsted acids and Brgn-
sted bases. However, examples of Lewis acid organo-
catalysis under homogeneous conditions are compa-
ratively rare. Phosphonium salts are easily accessible
and frequently used intermediates in organic synthe-
sis, long known phase-transfer catalysts and potential
Lewis acid organocatalysts. This review covers the
application of phosphonium salts as Lewis acidic cat-
alysts for a variety of C-=C, C-O and C—N bond-
forming reactions under homogeneous conditions.

Moreover, recent developments are included which
show the potential of chiral phosphonium salts as
asymmetric (phase-transfer) catalysts.
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1 Introduction

Biological activity often arises through interactions
between a chiral organic molecule and an enzyme or
receptor. Hence, such molecules play an important
part in modern life, especially in the area of pharma-
ceuticals, agrochemicals and flavours."! Asymmetric
synthesis is dedicated to the preparation of molecules
with defined stereochemistry and is a central field in
modern organic chemistry. Nature is in principle the
expert in asymmetric catalysis, physiological reactions
providing the blueprint for asymmetric metal-based
catalysis as well as for organocatalysis.

Over the past four decades asymmetric transition
metal-based catalysis underwent remarkable develop-
ments. This was reflected in the awarding of the
Nobel prize 2001 to Sharpless, Noyori and Knowles
for their achievements in asymmetric homogeneous
oxidation and hydrogenation reactions, respectively.”)
In the excitement over transition metal-based cata-
lysts the area of asymmetric organocatalysis did not
receive the attention it deserved and was only recent-
ly recognised as a valuable addition and/or alternative
to existing, well established often metal-based meth-
odologies.”! Nevertheless, this is surprising since orga-
nocatalysts often have several advantages over homo-
geneous metal catalysts and enzymes. They are usual-
ly non-toxic, readily available, bench-stable catalysts
that are easy to prepare and therefore inexpensive.
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Reactions can be performed under aerobic conditions
and mostly the exclusion of water is not necessary. In
addition, the fixation onto a support is relatively easy,
there is no risk of metal leakage, and no expensive re-
covery processes are required for water treatment.
Moreover, small organic molecules have been used as
catalysts from the early beginnings of synthetic organ-
ic chemistry.”! A milestone in the development of
asymmetric organocatalysis was the discovery of the
enantioselective intramolecular aldol reaction cata-
lyzed by the natural amino acid proline during the
early 1970s.) In the following years isolated examples
of highly enantioselective organocatalytic processes
were reported. The ground-breaking work of List,
MacMillan and others on more general and efficient
asymmetric organocatalysts and asymmetric organo-
catalytic reactions in the late 1990s and early 2000s
led to a paradigm shift, making organocatalysis a
challenging and rapidly growing field of central im-
portance for the asymmetric synthesis of chiral mole-
cules.[*”) Most organocatalysts can be broadly classi-
fied according to their mode of activating a substrate
as Lewis acids, Lewis bases, Brgnsted acids and
Brgnsted bases.”! The vast majority of these catalysts
belong to the latter three classes. By contrast, metal-
based catalysts are usually Lewis acids. In this context
organocatalysis can be regarded as being complemen-
tary to metal-based catalysis.
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Organophosphorus compounds have been exten-
sively utilized in organic synthesis. In the field of or-
ganometallic chemistry they are most frequently used
as ligands to tune reactivity and selectivity in transi-
tion metal complexes for versatile organic transforma-
tions.®! In recent years the use of chiral Lewis
basic”'” and Brgnsted acidic!'"!! organophosphorus
compounds as asymmetric organocatalysts has re-
ceived considerable interest. Among them, catalysts
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1-6 have been extensively investigated as catalysts for
a variety of reactions (Scheme 1).

Phosphoramide 1, for example, has been employed
by Denmark etal. as a catalyst for allylation reac-
tions."?! Vedejs etal. reported on enantioselective
acyl-transfer reactions in the presence of 2" and
Zhang et al. about [3+2]cycloadditions catalyzed by
3.041 Fu et al. performed formal [4+2]cycloadditions
with binaphthyl derivative 4 as a catalyst.'”! Bifunc-
tional catalysts based on phosphorus compounds have
also been developed. Shi et al. successfully used 5 as a
catalyst in the asymmetric aza-Baylis—Hillman reac-
tion."® Most recently, BINOL-based chiral Brgnsted
acid catalysts 6 have been applied by several groups
for a variety of asymmetric reactions, e.g., Mannich-
type reaction,'’l aza-Diels—-Alder reactions,'® trans-
fer-hydrogenation and Nazarov reactions.!"”!

Quaternary phosphonium and ammonium salts can
be considered as Lewis acid organocatalysts. The
most prominent catalytic application of these com-
pounds is phase-transfer catalysis. However, asymmet-
ric reactions in this field are almost exclusively cata-
lyzed by chiral ammonium salts.”” Only few examples
of the application of Lewis acid organocatalysts, for
example, triarylcarbenium,”" iminium,?” imidazolini-
um®! and imidazolium salts* under homogeneous
conditions have been reported.

The key to the successful application of phosphoni-
um salts as Lewis acidic catalysts is the utilization of
hypervalent bonding between a Lewis basic substrate
and the Lewis acidic catalyst to generate an activated
species (Scheme 2).%°?! The n-o* interaction between
a non-bonding electron pair of the Lewis base and
the anti-bonding orbital with o character of the Lewis
acid requires the Lewis acidic acceptor to be able to
expand its coordination sphere to attain a hypervalent
state.'”! The formed hypervalent bond is stabilized
when an electron-withdrawing substituent occupies

3
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6

Scheme 1. Selection of frequently used phosphorus-based organocatalysts.
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Scheme 2. Hypervalent interaction between a phosphonium
salt and a Lewis base.

the apical position of the trigonal bipyramidal ar-
rangement.!?%!

This review covers the application of phosphonium
salts as Lewis acidic catalysts under homogeneous
conditions as well as the use of chiral derivatives as
asymmetric (phase-transfer) catalysts.

2 C—C Bond Forming Reactions

In the course of their investigations to explore novel
metal-free Lewis acidic catalysts Mukaiyama et al. in-
vestigated the use of phosphonium salts as catalysts in
several carbon-carbon bond forming reactions.?>*l
They successfully employed diphosphonium salts 7
and 8 as a catalyst in Mukaiyama-aldol reactions of
aldehydes with silyl enol ethers and ketene silyl ace-
tals (Table 1). In all cases, the reactions proceeded
smoothly in CH,Cl, at low temperature and the corre-
sponding aldol products were obtained in fairly good
yields. Other solvents such as THF, toluene or aceto-
nitrile gave slightly lower yields. The syn-product was
preferably formed in moderate selectivity if applica-
ble. Notably, the catalysts were also effective for the
reaction of aldehydes containing amino groups, such
as p-N,N-dimethylaminobenzaldehyde and indole-3-
carboxaldehyde.

Under the same reaction conditions acetals, syn-
thetic equivalents of aldehydes, were also available in
this reaction (Table 2). Other silyl nucleophiles such
as allyltrimethylsilane and trimethylsilyl cyanide were
smoothly converted to the corresponding aldol-type
products.

Moreover, they employed the enol ethers and tri-
methylallylsilane as nucleophiles in a phosphonium
salt-catalyzed Michael reaction. The best result was
obtained with trimethylallylsilane as a nucleophile
(Scheme 3). Even though yields in this reaction were
only moderate the general potential of phosphonium
salts as Lewis acidic organocatalysts was demonstrat-
ed.

0

_~_-TMs /\)L —_—
= A Me  CH:Cl,-78°C

Scheme 3. Michael reaction catalyzed by diphosphonium salt 7.
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Table 1. Mukaiyama-aldol reaction.?!

o OR* OR* ©
2
J . R\fkﬁ 7 mol% 7 or 8 RW%RE’
1 °
R R CH,Cl,, =78 °C R? R?

catalyst: [BusP—O—-PBu;](CF3S0;), (7)
[PhsP—O—PPh,](CF3S0O3), (8)

Aldehyde Nucleophile Cat. Yield [%]
OTMS
PhCHO S oMo 8 o8Il
Ph
OTBS
PhCHO 7 76
Meo)\
oTBS
PhCHO 7 67
i—PrO)\
OTMS
PhCHO M eo)\r Me 7 54
Me
OTMS

o}
| OTMS
\ Meo&r Me 7 71[c]
N Me
H

0 OTMS
Me,N Me

[l The reaction was carried out in a molar ratio of carbonyl
aldehyde :nucleophile =1:1 in CH,Cl, at —78°C for 2 h.

] The product was obtained in 71:29 dr (syn:anti).

[l THF was used as solvent.

The possibility to convert unprotected indole deriv-
atives in Mukaiyama-aldol-type reactions was utilized
by Metz et al. in the synthesis of a potential glycine-
site  N-methyl-p-aspartate  receptor  antagonist
(Scheme 4).PY The use of substoichiometric amounts
of 8 to mediate the reaction between an indole deriv-
ative and several ketene silyl acetals gave a mixture
of the corresponding alcohols and silyl ethers in low
to moderate yields. The relative stereochemistry was
not significant, since the mixtures were converted to
the corresponding o,fB-unsaturated products under
acidic conditions.

7 mol% 7

M)LM

61%

e
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Table 2. Addition of silyl nucleophiles to acetals.

OR*
~ “R?
2
OMe R OMe
7 mol% 7
+ or
R"” “OMe CH,Cl,, ~78 °C R “Nu
TMSCN
or
/\/TMS
R! Nucleophile  Product Yield [%]
OTMS OMe O
Ph 90
Ph)\ Ph)\/U\Ph
OTMS MeO O
Ph Ph 70!
™S OMe
Ph P A 67
Ph)\/\
OMe
(E}PhCH=CH  _A~\_-TMS /\)\/\ 80
Ph™ X N
OMe
(E}PhCH=CH  TMSCN 60
Ph/\)\CN
OMe
p-MeO-C¢H, TMSCN CN 83

MeO

2] The reaction was carried out in a molar ratio of carbonyl
compound:nucleophile=1:1 in CH,Cl, at —78°C for 2 h.
] The product was obtained in 90:10 dr (syn:anti).

A common substructure of several Stemona alka-
loids is a characteristic pyrrolidinyl-lactone system
with a syn-relationship of the two vicinal stereocen-
tres.’””) Morimoto et al. reported an efficient stereose-
lective approach to this substructure (Scheme 5).*!
They investigated the Lewis acid-catalyzed reaction
between N-Cbz-2-methoxypyrolidine and 3-methyl-2-
trimethylsilyloxyfuran under various reaction condi-
tions. Diphosphonium salt 8 proved to be superior to
several Lewis acidic metal catalysts such as BF;-Et,0,
TiCl,, SnCl, and Et,AlCIl. The desired product was
obtained in excellent yield and good selectivity, 89:11
dr (syn:anti), in the presence of catalytic amounts of 8

0}
Cl A\
OR?
N * RLH»)\
. COEt oTMS
[¢]] H
38 mol% 8
CH,Cl,, =78 °C
6 examples
33 -61%
2 2
TMSO FOR HO FOR
Cl Cl
R' + R
N CO,Et CO,Et
N N
Cl H Cl H

R'=Me, R? = Ph; R'= Et, R? = 2-pyridyl;
R'= Me, R? = 3-methoxyphenyl; R' = Me, R? = 3-phenoxyphenyl;
R'= Me, R?= Bn; R'= Me, R%= cyclohexyl

Scheme 4. Mukaiyama-aldol reaction of an indole derivative
with a variety of ketene silyl acetals.

in diethyl ether. Unfortunately, the exact amount of
catalyst was not specified. In other solvents such as
dichloromethane or THF lower yields and selectivities
were obtained.

Shioiri et al. used catalytic amounts of tetraphenyl-
phosphonium hydrogen difluoride (9) to conduct
Mukaiyama-aldol reactions between aldehydes and
silyl enol ethers (Scheme 6).°**! The reaction pro-
ceeded slowly in THF, MeCN and Et,0 at 0°C. In
contrast to the catalysts 7 and 8 no conversion was
observed in CH,Cl,. However, the use of catalytic
amounts of 9 (5-10 mol% ) in DMF at lower tempera-
ture significantly accelerates the reaction. When the
formation of two diastereoisomeric products is possi-
ble, in most cases the syn-isomer was predominantly
formed. Compound 9 is a powerful source of fluoride
ions.’ The authors assumed therefore that the reac-
tion is mediated by fluoride ions but also take in ac-
count the possible activation of the carbonyl group by
the Lewis acidic phosphonium cation.

Under the same reaction conditions Shioiri et al.
performed Grignard-type additions of 1-phenyl-2-tri-
methylsilylacetylene to the carbonyl group of alde-
hydes, ketones and a,f-unsaturated carbonyl com-
pounds in the presence of catalyst 9 (Scheme 7).+

cat. 8
Et,0, -78 °C

91%, 89:11 dr (syn:anti)

Scheme 5. Efficient access to the pyrrolidinyl-lactone substructure in Stemona alkaloids.
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OTMS 1. 10 mol% [Ph,P]HF, (9) OH
o] ) DMF, =50 °C, 10 min
J + RA 4 > RI R*
R , 2.1 N HCI, DMF, r.t. AN
R

9 examples, 50 - 100% yield
58:42 to 100:0 dr (anti:syn)

OH 0O OH (0] OH

Ph i-Pr Ph
Me Me

100%, 95:5 dr 51%, 91:9 dr 95%, 58:42 dr

Scheme 6. Mukaiyama-aldol reaction catalyzed by 9 and se-
lected examples.

0 10 mol% 9 RY OH
J + TMs—=—rpn -
R R? DMF,-50°C R Ny
Ph
OH Ph  OH
OH
PN T N
Ph Ph Ph
64% 54% 46%
Ph. OH
PR X A
Ph
49%

Scheme 7. Grignard-type addition catalyzed by 9.

The reaction conditions for this transformation were
not further optimized.

An important class of ionic liquids is based on qua-
ternary phosphonium salts.’”) McNulty et al. investi-
gated the potential of these compounds as mild Lewis
acidic catalysts for the Henry reaction.” Phosphoni-
um salt 10 proved to be an effective catalyst for the

CH.NO,

reaction between aromatic aldehydes and nitrome-
thane under very mild conditions (Scheme 8). The
conversion of several aldehydes in the presence of
2mol% of 10 gave the desired products in moderate
to excellent yields. However, the reaction did not pro-
ceed when a free phenolic hydroxy group was present
on the aromatic ring. The authors postulated the acti-
vation of the carbonyl function via the complexation
of the carbonyl compound to the phosphonium salt.

The synthesis of -amino esters has gained consid-
erable attention due to their occurrence in natural
products, pharmaceutically important compounds and
as potential precursors for f-lactams.

Mukaiyama et al. employed diphosphonium salts 7
and 8 as catalysts for the reaction of various imines
with ketene silyl acetals to afford the corresponding
B-amino esters (Scheme 9).*! The reactivity and yield

R2 OSiMe,R°® R’
- 3 2
0,
1J . R~ OR® 7mo|/o7or? R\H OR®
R R CH,Cl,, -78 °C R® R*
12 examples
29 - 100%

R" = i-Pr, Ph, 2-furyl, 2-thienyl, 2-pyridyl; R? = Ph, i-Pr, t-Bu, Bn,
benzhydryl; R® = H, Me; R = H, Me; R® = Me, Et; R® = Me, t-Bu

Ph O Ph O
Ph -
\N)\/U\oa EBuNg OMe
H H
Me Me Me
100%, 5:3 dr (syn:anti) 29%
| AN
N
Ph e}
Ph)\” OMe
Me Me
97%

Scheme 9. Mannich-type reaction catalyzed by 7 or 8 and se-
lected examples.

2 mol% [(CgH13)3PC14H4][CoH15CO,] (10) _ OH

| +
o NO.
R) THF, 24 h, 22 °C R 2
6 examples 65 — 100%

R = p-nitrophenyl, p-chloroxyphenyl, phenyl, p-tolyl, p-methoxyphenyl,
o-hydroxyphenyl, vinyl, benzo[1,3]dioxol-5-yl

OH
NO,

O,N

100%

OH OH

NO, NO,

Me

95% 89%

Scheme 8. Henry reaction catalyzed by 10 and selected examples.
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MeO,C O
10 mol% 11
+ N _R? -/ -
N 5 mol% Tf,0 CON(RR
¥ MS 4 A, CH,Cl, CO,Me

. +
catalyst: P\

Scheme 10. Diels—Alder reaction catalyzed by 11.

decreased with increasing steric demand of the sub-
stituent R? at the nitrogen and R® at the silicon, re-
spectively. However, in most cases the desired prod-
uct was obtained in good to excellent yields but low
diastereoselectivity. Higher reaction temperatures and
lower catalyst loading (2.5 mol% ) had only a marginal
influence on the yield. The authors proposed that the
reaction proceeds via the activation of the Lewis
basic imines by the coordination to the Lewis acidic
diphosphonium salt.

Recently Terada et al. reported about another fun-
damental carbon-carbon bond forming reaction that
can be catalyzed by phosphonium salts. They investi-
gated the Diels—-Alder reaction of ao,f-unsaturated
amides and cyclopentadiene catalyzed by various
phosphonium salts (Scheme 10).”"! The addition of
Tf,0 increased the yield significantly. It was con-
firmed by control experiments that Tf,0O alone did
not catalyze the reaction at all. In the presence of cat-
alyst 11, Z-configurated dienophiles gave the corre-
sponding Diels—Alder product in excellent yields and
high endo-selectivity (>97%). In contrast, E-configu-
rated amide dienophiles showed lower yields and a
preference to form the exo-products.

The ability of the employed phosphonium salts to
function as a Lewis acid catalyst in this reaction
strongly depended on the structure and the substitu-
ents at the phosphorus atom. A five-membered dioxa-
phosphacycle was thereby crucial for catalytic activity.
The performed coordination studies using 11 and
DMF as a model system revealed that DMF coordi-

e,

-0

+ DMF
TfO™

Wy

0—T-0

AT
= % - D
TfO" ﬁ

N
Me™ “Me

Scheme 11. Formation and coordination mode of the DMF/
phosphonium salt 11 complex.
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R' R?=-(CH,),-, 91%
R'=H, R? = Ph, 99%
R'=H, R? = n-Pr, 99%

nates to the Lewis acidic organophosphorus com-
pound (Scheme 11). The performed NMR studies sug-
gest that the phosphonium salt arranged in a trigonal
bipyramidal configuration upon coordination of the
Lewis base DMF. One of the two catechol moiety
oxygen atoms and the carbonyl oxygen of DMF
occupy the apical positions, thus stabilizing the
formed hypervalent bond.

Cyanohydrin trimethylsilyl ethers are versatile in-
termediates, e.g., for the synthesis of a-hydroxy acids
and B-amino alcohols.® The cyanosilylation of an
acetal as an aldehyde equivalent, namely E-cinnamal-
dehyde dimethyl acetal, catalyzed by 7 was first re-
ported by Mukaiyama et al.*®’ Plumet et al. reported
the synthesis of cyanohydrin trimethylsilyl ethers
from aldehydes and TMSCN catalyzed by the simple
and easily accessible phosphonium salt 12
(Scheme 12).17 Aliphatic, aromatic and heterocyclic
aldehydes were converted under very mild conditions
yielding the corresponding cyanohydrin trimethylsilyl
ethers in good to excellent yields. In the case of
o,B-unsaturated aldehydes the exclusive formation of
the desired product was observed. If reactants with

O 10 mol% [PhsPMe]l (12) OTMS

J + TMSCN
R CH,Cl,, RT R N

14 examples 59-96%
R = i-Pr, Ph, p-methoxyphenyl, p-nitrophenyl, o-hydroxyphenyl, vinyl,

2E-phenylvinyl, 1-naphthyl, 2-furyl, 3-furyl, 2-pyrrolyl, 2-pyridyl
3-pyridyl, 3-indolyl

OTMS OTMS OTMS
Me X CN CN
CN |
~
Me N
86% 92% 70%
oTMS
PR CN

96%

Scheme 12. Cyanosilylation of aldehydes catalyzed by 12
and selected examples.
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o 1 - 5 mol% [Ph,PBnICI (13)  TMSO_ CN

+ TMSCN >
R R2 CHCl, R' R2
18 examples 86 — 99%

TMSO CN TMSO, CN TMSO_ CN

MeO
Yo I

MeO

TMSO, CN

98% 99% 98% 94%

Scheme 13. Cyanosilylation of aldehydes catalyzed by 13
and selected examples.

free hydroxy or amine functions were employed the
use of 2 equivalents of TMSCN was required. Howev-
er, catalyst 12 proved to be inconvenient for the con-
version of ketones with TMSCN due to the very long
reaction times needed.

Tian et al. tested several readily available phospho-
nium salts as catalysts for the cyanosilylation of ke-
tones.[*!! The catalytic activity of the employed salts
was closely associated with the nature of both phos-
phonium cation and counterion, e.g., the conversion
of 2-heptanone with TMSCN in the presence of
5mol% of either 12 or benzyltriphenylphosphonium
bromide gave the corresponding cyanohydrin silyl
ether in poor yields (<5%). However, when benzyl-
triphenylphosphonium chloride (13) was used as a
catalyst instead of the bromide the desired product
was isolated in 92% yield. Catalyst loadings as low as
1 mol% orf 13 were sufficient to transform a wide
range of acyclic and cyclic ketones to the correspond-
ing cyanohydrin silyl ethers in excellent yields
(Scheme 13). Remarkably, as for the conversion of
o,B-unsaturated aldehydes, only 1,2-addition was ob-
served for unsaturated ketones. The authors suggest a
double activation mechanism in which the Lewis
acidic phosphonium cation coordinates to the carbon-
yl group of the ketone and thereby increases its elec-
trophilicity. On the other hand IR spectroscopic ex-
periments imply a Lewis basic activation of TMSCN
by the counterion Cl .

3 C—0 and C—N Bond-Forming Reactions

2-Tetrahydropyranyl (THP) and 2-ethoxyethyl (EE)
are two of the most versatile protecting groups for al-
cohols in organic synthesis. They are inexpensive,
easy to introduce, stable to most non-acidic reagents
and easy to remove.l””) Hon et al. developed a useful
protocol for the protection of alcohols as THP, EE
and tetrahydrofuranyl (THF) ethers under very mild
conditions (Scheme 14).*! The reaction of primary,
secondary and tertiary alcohols with the correspond-
ing alkyl vinyl ether catalyzed by acetonyltriphenyl-

Adpv. Synth. Catal. 2009, 351, 1469 -1481
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R? R®

R1

10 mol% [PhyPCH,COMe]Br (14) O: > or O@

CH.Cly rt.

19 examples 80 - 99% or Xy O~_-Me

R? R®

X

OEE

R? R® R? R?

X or X or

R' TOTHP R'"" TOTHF R!

C Me
Me""
", Me O<Me Me Me

. Ph
OTHP OTHP \)QOTHP

88%

P OTHP

97%

Scheme 14. Protection of alcohols as THP, THF and EE
ethers and selected examples.

98% 86%

RI/OE/R
T

Ph 0] Ph
\/T \é/\/ NSX‘LE/OWO/(");Ns
&

5N,

JO 10 mol% 14

R solvent-free conditions, r.t. -
19 Examples 16 — 78%

Ph
78%

Br/HS\OrO\Orﬁi\Br
&

5 Br

68%

72%

Scheme 15. Cyclotrimerisation of aldehydes catalyzed by 14
and selected examples.

phosphonium bromide (14) gave the protected alco-
hols in good to excellent yields. The same catalyst can
be applied to cleave the THP, THF and EE ethers to
the corresponding alcohols in methanol at room tem-
perature with equal efficiency.*’!

Hon et al. also discovered that acetonyltriphenyl-
phosphonium bromide (14) is an effective catalyst for
the cyclotrimerization of aldehyds bearing a variety of
functional groups under solvent-free conditions at
room temperature (Scheme 15).14
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O

1 mol% [Bu,P]CI (15)

o

1atm CO,, 5h, 90 °C
N,N-Dimethylacetamide

86%

Scheme 16. Addition of CO, to 2-phenoxymethyloxirane catalyzed by 15.

Transformations utilizing carbon dioxide as an
easily available and renewable carbon source are re-
ceiving increasing attention.*”! The reaction with oxir-
anes to produce cyclic carbonates as raw materials,
e.g., for polycarbonates, is of particular interest.*
Several reports on the use of phosphonium halides as
homogeneous as well as immobilized catalysts for the
conversion of oxiranes with carbon dioxide have been
published.*”"  Nishikubo etal. investigated the
onium salt-catalyzed conversion of 2-phenoxymethy-
loxirane with CO,. Under mild conditions using tetra-
butylphosphonium chloride (15) as a catalyst they ob-
tained the respective product in 86% yield
(Scheme 16).18! Depending on the degree of introduc-
tion and the solvent, the polymer-supported phospho-
nium salt gave slightly better results.

Sakakura et al. reported the phosphonium salt-cata-
lyzed selective conversion of propylene oxide to the
corresponding cyclic carbonate under supercritical
CO, conditions.”” In the presence of tetrabutylphos-
phonium iodide (16) they obtained the desired prod-
uct in 90% yield and 99% selectivity (Scheme 17).
Polyfluoroalkylphosphonium iodides gave similar
yields but provided a more convenient catalyst recy-
cling. However, upon immobilization of 16 onto a
silica support, a dramatic enhancement of catalytic ac-
tivity compared to the simple salt 16 was observed.*’)
While in the presence of 1 mol% of 16 the yield of
the desired product was 5% after 1 h, it was quantita-
tive after the same period of time using the silica-sup-
ported analogue. The observation of this large cooper-
ative effect between the catalyst part and the solid
support is remarkable, since usually the catalytic ac-
tivities of homogeneous catalysts decrease upon im-
mobilization.

Dialkyl and unsymmetrical methyl alkyl carbonates
are substitutes for highly noxious alkyl halides, dialkyl

(0]
o)
/k/o
Me

90%

/<(I) 1 mol% [Bu,P]! (16)
Me 14 MPa CO,, 24 h, 100 °C

Scheme 17. Addition of CO, to propylene oxide catalyzed
by 16.
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sulfates and phosgene in a variety of reactions.!
Selva etal. employed unsymmetrical carbonates as
methylating agents of primary aromatic amines in the
presence of Lewis acidic ammonium and phosphoni-
um salts, respectively.” Ethyltriphenylphosphonium
iodide (17) proved to be a particularly efficient cata-
lyst for the N,N-dimethylation of various substituted
anilines (Scheme 18). At 170°C the reaction times

NH, NMe,
(@]
| Y . )j\ 1— 25 mol% [Ph,PE]l (17) AN
S MeO~ TOR? solvent-free conditions Y
R’ 30 - 120 min, 170 °C R

6 examples 78 — 95% vyield

R'=H, p-OMe, p-Me, o-Et, p-Cl, p-CO,Me
R? = (CH,),0(CH,),0(CH,),0Me

Scheme 18. NN-Dimethylation of aniline derivatives cata-
lyzed by 17.

were short and the desired products were obtained in
good to excellent yields and selectivities. Even if most
of the results were obtained in the presence of sub-
stoichiometric amounts of 17 (25 mol%), the authors
showed that quantitative conversions with lower cata-
lyst loadings (10 mol%) are also possible. Performed
IR spectroscopic investigations indicated that the ani-
line derivatives are activated by interactions with the
Lewis acidic phosphonium salt.

4 Asymmetric Transformations

Although phosphonium salts catalyze several funda-
mental reactions in organic synthesis and are well-
known phase-transfer catalysts, it is rather curious
that only scattered asymmetric transformations using
chiral phosphonium salts have been reported so far.
Based on their work on aldol reactions catalyzed by
the achiral phosphonium salt 9, Shioiri et al. designed
several chiral binaphthyl-based phosphonium hydro-
gen difluoride catalysts.” The chiral phosphonium
salts were tested in the model reaction shown in
Scheme 19. Under similar reaction conditions (DMF,
—50°C) as previously reported for the reaction cata-
lyzed by 9, the yields and diastereoselectivities ob-
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OTMS
0
|

OH
Me

10 mol% 18 Ph

Me
- 0

catalyst:

Scheme 19. Asymmetric aldol reaction catalyzed by 18.

served were lower. Moreover, the enantiomeric effi-
ciency was very poor (<5% ee). Replacement of
DMF by THF or diethyl ether resulted in even lower
yields and diastereoselectivities, though a slightly
better enantioselectivity for the FE-isomer was ob-
served. The best result in respect to enantioselectivity
was obtained with catalyst 18.

In 1998 Manabe etal. reported the asymmetric
phase-transfer benzylation of tert-butyl 2-oxocylopen-
tanecarboxylate promoted by phosphonium salt 19 in
moderate yield with encouraging levels of enantiose-
lectivity (Scheme 20).°* A higher reaction tempera-
ture (20°C) leads to a decrease in enantioselectivity
(38% ee) but improved the yield up to 80%. Compa-
rable selectivity was obtained with a catalyst loading
as low as 0.2 mol%. Unfortunately, other alkylating
agents or different ester substituents afforded low
enantioselectivities. Furthermore, salt 20 afforded the
product in almost racemic form. This suggests that
two mandelamide units are crucial to create an effec-
tive chiral environment for the substrate anion and
hence for the selectivity of catalyst 19. Recently, Tof-

(0] o) o 0
1 mol% 19
Ot-Bu satd. aq. K,COs3, ~., OtBu
toluene, 7d, 0 °C Ph

44%, 50% ee

Ph,, _OH HO._ _Ph HO._ Ph Ph
i Br~ I Br~ I +,R1
07 "NH HNT o HN” Yo Psge
Ph TIO™
R' = Me; Et
R? = Me, Et, Bu,
*PPh, *PPh, Oct, 2-MeOCeH,
19 20 21

Scheme 20. Asymmetric phase-transfer benzylation.
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THF, 6 h, =70 °C

25%
54:46 dr (anti-syn), 8.8% ee

fano et al. reported the synthesis of a variety of chiral
enantiopure phospholanium salts 21 and their applica-
tion as phase-transfer catalyst in the benzylation of
tert-butyl 2-oxocylopentanecarboxylate as well as the
corresponding methyl ester.”” At room temperature
the conversion was quantitative after 2 h in the pres-
ence of 4 mol% of catalyst and potassium carbonate
as a base. However, the obtained selectivities did not
exceed 20% ee. It was verified that the presence of
potassium carbonate did not modify the phospholane
structure and, in particular, epimerization at the ben-
zylic position could be ruled out. Other bases such as
potassium or sodium hydroxide led to decomposition
of the catalyst.

Bolm et al. employed a variety of chiral phosphoni-
um salts as catalysts for the asymmetric Darzen reac-
tion between benzaldehyde and 2-chloroacetophe-
none.” The best result was achieved with catalyst 22,
yielding 53% of the desired product with 35% ee
(Scheme 21). The amide function, a bulky substituent
in the a-position as well as the absence of a substitu-
ent in the B-position were crucial to obtain selectivi-
ties >30% ee. A further increase of steric demand of
the substituent in the a-position, namely the introduc-
tion of an adamantyl moity, led to a decrease in

0
<I3 o] 10 mol% 22 'L\fo
+ > N
Ph) cl b LIOHH,0, CHCI, Ph
rt,3d Ph
53%, 35% ee
(0} t-Bu
N
H
+ _ OH
PPh;, |
22

Scheme 21. Asymmetric Darzen reaction.
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chemical yield to 13%. However, the influence on the
selectivity was only marginal (36% ee).

Ooi and co-workers reported a highly selective
asymmetric direct Henry reaction catalyzed by chiral
P-spiro-tetraaminophosphonium salt (M,S)-23
(Table 3).5% o B-Unsaturated and aromatic aldehydes
were converted with different nitroalkanes in the

Table 3. Asymmetric direct Henry reaction.

OH
o} 5 mol% (M, S)-23/t-BuOK :
J + ”Rno, . - R1/\{Rz

R’ THF, -78°C

NO,

Aty N iPr
Ar N, A
catalyst: Y P\
e N ONTNA
-H A
Cl
(M,S)-23, Ar = p-CF4-CeH,
R! R> Time Yield dr ee
[h] [%] (antizsyn)  [%]

Ph H 8 90 - 94
Ph Me 8 93 >19:1 97
Ph Et 8 78 13:1 96
o-F-C¢H, Et 5 94 >19:1 96
p-F-CH, Et 9 91 >19:1 97
p-Cl-C{H, Et 9 95 >19:1 97
p-Me-C¢H, Et 24 90 >19:1 97
1-naphthyl Et 8 84 >19:1 96
2-furyl Et 6 96 >19:1 97
(E)-PhCH=CH Et 21 74 >19:1 99
Ph(CH,), Et 24 76 4:1 93
Me(CH,), Et 24 77 4:1 94

presence of catalytic amounts of salt (M,S)-23 to the
corresponding nitro alcohols. The products were ob-
tained in very good yields with high diastereo- and ex-
cellent enantioselectivities. The catalyst loading could
be reduced to 1 mol% without any effect on the selec-
tivity although a longer reaction time was required.
Comparable enantioselectivities but lower diastereo-
selectivites were observed for the conversion of ali-
phatic aldehydes.

The authors postulate the deprotonation of the ni-
troalkane by the triaminoiminophosphorane generat-
ed from (M,S$)-23 and -BuOK (Scheme 22). Since ni-
tronate anions are bidentate hydrogen-bonding ac-
ceptors, the formation of a structured ion-pair is pro-
posed allowing the highly stereoselective addition to
aldehydes. This hypothesis was partially supported by
NMR studies.

The same group employed the chiral tetraamino-
phosphonium carboxylate (P.S)-24 as the catalyst in
direct Mannich-type reactions (Table 4).°”) The con-
version of a variety of azlactones with sulfonyl imines
gave the corresponding Mannich adducts in excellent
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23
lt—BuOK
OH *
17N Me r\|IH
R N=FI>—NH
NO, HN
g RN,
NH
I+
R'CHO H/N—F[’—NH

.2 N
] H

RZM..//N\O'_

Scheme 22. Postulated mechanism for the asymmetric direct
Henry reaction catalyzed by 23.

Table 4. Asymmetric direct Mannich-type reaction of azlac-
tones.

o APO,S

R1\8k N/S‘)zAf2 2 mol% (P,S)-24
D ——————

g i THF, -50 °C
N= R2 T N=
_<Al’1 _<Ar1
Ar' = 3,4,5-(Me0),-CoH, MeMe o
Ar? = 2 5-xylyl iPre, N, N~2""
‘pt+
catalyst: ph—7[N'P\N Ph
Ph H H by
“OPiv - PivOH
(P,S)-24
R! R? Time Yield dr eel?!
[h] [%] (antiisyn) [%)]
PhCH, Me 12 91 4.5:1 92
PhCH, CH,(CH,), 20 92 66:1 96
PhCH, CH~=CH(CH,); 21 99  7.6:1 96
PhCH, PhCH,OCH, 14 98 53:1 95
PhCH, PhCO,CH, 24 88  12:1 93
PhCH, (CH;),CHCH, 17 94  44:1 95
PhCH, c-Hex 37 98 2.3:1 90
(CH,),CH, PhCH,CH, 15 99 78 96
CH,OCH, PhCH,CH, 14 97 31 90

] Enantiomeric excess for the syn-isomers.

yields, moderate diastereoselectivities and excellent
enantioselectivities for the syn-isomers. The enantio-
selectivity strongly depends on the P-spiro chirality
and the aryl substituents. The diastereomerically pure
syn-adducts can easily be converted into the corre-
sponding a,B-diamino acids in very good yields and
without the loss of enantiopurity.

In the proposed working hypothesis the carboxylate
anion acts as a base and deprotonates the azlactone
in the initial step of the catalytic cycle. The thus
formed anion subsequently coordinates to the chiral
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tetraaminophosphonium cation which acts as a biden-
tate hydrogen-bonding donor followed by the addi-
tion to the imine. The formed phosphonium sulfon-
amide could be protonated by carboxylic acid to re-
generate the catalyst.

Recently Maruoka etal. employed binaphthyl-
modified quaternary phosphonium salts 25 and 26 as

Table 5. Asymmetric amination of f-dicarbonyl com-
pounds.®
[e) 0 3-5 mol% 25 or 26 0
J\(k +-BuO,CN=NCO,t-Bu
1 3 > 1 3
R R K,HPO,, toluene R R
R? R? l}lCOQt-Bu
NHCO,t-Bu
l l Ar
alvsts: +_Bu 25 Ar=Ph
catalysts: PNgy 26, Ar=35-(CF;),CeH;
SO
Ar
Substrate Conditions [°C, Yield ee
h] [%] [%]
& coys 20, 14 99 91
_ [b]
\©§>C02t-8u 40, 70 97 90
0
/E:Eg,cozmu -20,22 99 89
é/cozt Bu —40, 16! 99 95
+BUO,C )5/ COHBU 90, 40 99 92
Mm Bu —40, 841> 99 73
—40, 96!>! 75 88

@é/cogﬁ

1 Unless otherwise specified, the reaction was carried out

with 1.2 equiv. of di-ter-butyl azodicarboxylate in the

presence of 3 mol% of 25 and 1 equiv, of K,HPO, in tol-

uene under the given reaction conditions.

5 equiv. of K,HPO, were used.

[l 5mol% of 26 and 10 equiv. of azodicarboxylate were
used.

45 equiv. of azodicarboxylate were used.

[b]
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catalysts for the asymmetric amination of p-keto
esters (Table 5).% They obtained the desired products
in excellent yields and enantioselectivity. For the first
time high levels of asymmetric induction were ach-
ieved when using simple chiral tetraalkylphosphonium
salts as catalysts. In general, the use of K,CO; or
lower catalyst loadings results in a decrease of enan-
tioselectivity. The use of an excess amount of base or
azodicarboxylate increases the reaction rate and yield,
respectively, with only a marginal influence on the se-
lectivity. The best results were obtained with five-
membered cyclic 3-keto esters. Under modified reac-
tion conditions the conversions of an acyclic p-keto
ester and a six-membered cyclic B-diketone were pos-
sible. However, the desired products were obtained in
lower yield and/or selectivity even after long reaction
times (up to 4 d).

5 Conclusion

This review has shown that catalytic amounts of phos-
phonium salts can catalyze a variety of important or-
ganic reactions. Even if there is a lack of information
on the mechanism for most of the described reactions,
it is very likely that the activation of the substrates
can be attributed to the Lewis acidic nature of the
phosphonium salt catalysts. Hence, they are potential
substitutes for many Lewis acidic metal catalysts.
Recent examples also showed promising results in
asymmetric transformations mediated by chiral phos-
phonium salts. The simple accessibility and the vast
range of possibilities to introduce chirality (e.g., by
using chiral phosphine ligands as precursors) allow a
considerable latitude in designing chiral phosphonium
salt catalysts. The scope of these catalysts is by far not
fully evaluated yet. Future studies will undoubtedly
expand the scope and utility of phosphonium salts as
catalysts in organic synthesis.
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