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2-(4-Biphenylyl)-5-phenyloxazole, 98%

21,698-4 19

QT:/ b

Widely used as an activator in CsFs-based scintillators for the study
of a-particles, y-rays,> and solar neutrinos from p-decay.’

(1) Britvich, G.I. et al. Nucl. Instrum. Methods Phys. Res., Sect. A 1993, A326, 483; Chem.
Abstr. 1993, 118, 200826r. (2) Barabanov, I.R. et al. Prib. Tekh. Eksp. 1995, 75; Chem.
Abstr. 1995, 123, 125307v. (3) Barabanov, |.R. et al. ibid. 1996, 41; Chem. Abstr. 1996, 125,
98054t.

a-Sexithiophene

59,468-7 19
PN NN NN\
S S S S S )

This thiophene oligomer is known for its semiconducting,
electrochemical, and photoelectric properties.
Bungs, M.; Tributsch, H. J. Appl. Electrochem. 2002, 32, 91.

1,10-Phenanthrolin-5-ylamine, 97 %
63,150-7 Nt 5g

7 N\ \

= =
Employed in the formation of luminophores and metal-ligand
complexes for the detection of chemical and biochemical
materials.'?
(1) Lecomte, J.-P. et al. J. Chem. Soc., Faraday Trans. 1993, 89, 3261. (2) Meggers, E. et al.

Helv. Chim. Acta 1997, 80, 640.
tert-Butyl N-(2-oxiranylmethyl)carbamate
63,066-7 Q9 1g
N__ O
NG v \’7

o

This functionalized epoxide can undergo hydrolytic kinetic
resolution.” It has also been used as a building block for the
construction of HIV proteinase inhibitors.>?

(1) Schaus, S.E. et al. J. Am. Chem. Soc. 2002, 124, 1307. (2) Rocheblave, L. et al. J. Med.
Chem. 2002, 45, 3321. (3) Kitchin, J. et al. J. Med. Chem. 1994, 37, 3707.

tert-Butyl phenyl carbonate, 98%
12,430-3 o. o 25g
Y T 100g

Allyl phenyl carbonate, 97%

63,065-9 00 19
o 5

Benzyl phenyl carbonate, 97%

63,064-0

59
QOEOJQ

These carbonates provide a practical and versatile method for
selective Boc, Alloc, and Cbz protection of primary amines in
simple symmetrical aliphatic diamines, and can selectively protect
primary amines in the presence of secondary amines.

Pittelkow, M. et al. Synthesis 2002, 2195.

from Aldrich R&D

2,4,6-Trichloropyridine, 97 %

63,353-4 o 1g
® >9
N el

Building block for a variety of biologically active compounds such
as some cephalosporins,” anticancer agents,? and herbicides.?

(1) D’Andrea, S.V. et al. Tetrahedron 2000, 56, 5687. (2) Kyoji, T. et al. Int. Patent Appl.
WO 9534,559, Dec 21, 1995; Chem. Abstr. 1996, 124, 289559a. (3) Hisashi, K. et al. Eur.
Patent Appl. EP 693,490, Jan 24, 1996; Chem. Abstr. 1996, 124, 289242s.

B-p-Galactose pentapivalate, 98%

63,247-3 . 19
o} Q 59
Q o s
-0 g
Bu' o 4
o o
'Bu o=<

Bu!

This fully protected carbohydrate is a convenient precursor for
2,3,4,6-tetra-O-pivaloyl-B-p-galactopyranosylamine, a useful chiral
auxiliary for chiral a-amino nitrile preparation via the Strecker
synthesis.

Kunz, H. et al. Tetrahedron Lett. 1988, 29, 4397.

6-Chloropyran-2-one, 97 %

63,299-6 ~ 19
|
A 5o
Has been used as a starting material for alkynylpyranones,” and
for a wide spectrum of biologically active substrates including
pretetramides.?

(1) Biagetti, M. et al. Tetrahedron Lett. 2003, 44, 607. (2) Gilbreath, G. S. et al. J. Am.
Chem. Soc. 1988, 110, 6172.

1-Benzenesulfinylpiperidine, 97%

63,023-3 19

7
o0 ?
Novel reagent for the synthesis of glycosides from thioglycoside

donors in high yields and excellent stereoselectivities.
Crich, D.; Li, H. J. Org. Chem. 2002, 67, 4640.

4-(Trimethylsilylethynyl)morpholine, 97%

63,277-5 /N 19
e} N——=—=—SiMe3
/ 109

Employed in the Lewis acid mediated ring opening of terminal
epoxides leading to the corresponding y-butanolides.
Movassaghi, M.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 2456.

Trichloro(4-chlorophenyl)silane, 97 %

63,045-4 _ 19
a—@—s.oh 59

Employed as a starting material in the synthesis of tripod-shaped
oligophenylenes designed for thin-film applications.
Deng, X.; Cai, C. Tetrahedron Lett. 2003, 44, 815.

Please see pages 90-91 for additional new products.

For competitive quotes on larger quantities contact www.sigma-aldrich.com/safc.
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Autumn—On the Hudson River (oil on canvas, 151.8 x
274.9 cm) was signed and dated by the American painter
Jasper Francis Cropsey in 1860. This enormous painting
represents a panoramic view of the Hudson River valley
about 60 miles north of New York City near West Point and
Storm King Mountain.

At first glance, this landscape, painted in brilliant autumnal
colors under a magnificent sunlit sky, may appear to show
nature in a completely wild state. Mankind is not entirely
absent, however. In the foreground and left of center, three hunters and their dogs have stopped to rest; a
log cabin sits among the trees in the middle distance on the right; a town can be seen along the bank of the
river; and a number of boats, including a steamer, are on the river itself. The setting is neither completely
untouched by man nor overly domesticated. Man may at first seem dwarfed by nature, but is shown here to
take his place harmoniously in the natural world.

Photograph © Board of Trustees, National Gallery of Art, Washington.

More than simply a visual record of a certain time and place, however, this painting embodies certain ideas
that were current in nineteenth-century America. The natural world was thought to be the most profound
manifestation of the Divine order. Moreover, the magnificence of the American landscape came to signify the
expansionist ideal and the opportunities and potential greatness of this new country. The critics praised the
picture extravagantly when it was exhibited in London, where it was painted from memory and from sketches
brought from America during the second of two study trips the artist made to Europe. Viewers, however,
questioned the brilliant colors of the foliage represented in the painting, which were more intense than
anything they had ever seen. Cropsey, however, had thought to bring from America samples of brightly
colored autumn leaves pasted on cardboard to demonstrate that his painting was not an exaggeration, but
was quite true to nature, at least in America.

This painting is a gift of the Avalon Foundation to the National Gallery of Art, Washington, DC.

Professor Donal F. O'Shea of the Depart-
ment of Chemistry at University College
Dublin kindly suggested that we offer

2,4,6-trivinylcyclotriboroxane-pyridine
complex. This stable vinylboronic acid
equivalent undergoes facile Suzuki cross-
coupling with aryl halides to provide
valuable functionalized styrene derivatives.

Kerins, F; O’'Shea, D. F. J. Org. Chem. 2002, 67, 4968.

63,799-8
Vinyl boronic anhydride-pyridine complex

56,814-7
Vinylboronic acid dibutyl ester, 97%

63,334-8
Vinylboronic acid pinacol ester, 95%

Naturally, we made not only this reagent
but also two other stable vinylboronic acid
esters—vinylboronic acid dibutyl ester and
vinylboronic acid pinacol ester—which are
useful for the Suzuki coupling, Heck coupling,
and Grubb's olefin cross-metathesis reactions.
It was no bother at all, just a pleasure to be
able to help.

Do you have a compound that you wish Aldrich could list,
and that would help you in your research by saving you
time and money? If so, please send us your suggestion; we
will be delighted to give it careful consideration. You can
contact us in any one of the ways shown on this page or on
the inside back cover.
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= |_ab Notes

A Funnel Assembly for the Safe Disposal of Nitrogen
Discharged from an NMR Magnet during Cryogen Refilling

|n NMR laboratories, where large volumes of
cryogens are routinely dispensed, a condition of

displacement or deprivation of atmospheric
oxygen may occur if the released gases are not
efficiently removed. There is at least one reported

Nitrogen -

case of displacement of oxygen by nitrogen during Stand |
the installation of a magnetic resonance imaging 1L
system causing the death of a worker by =
asphyxiation." In addition, similar incidents of 1
asphyxiation resulting from unsafe handling of ed

liquid nitrogen have been reported in other
laboratory settings.** In setting up a Bruker 400
MHz NMR instrument in our laboratory, we were |
constrained to install the magnet as well as the |
ancillary LC-NMR components in a 6 %2 '-deep well
and the computers at the main level of the room. |
The well and the main level of the room were )
equipped with ZoneGuard sensors (Biosystems
Inc., Middletown, CT) for a constant monitoring of

the well and room oxygen levels. The monitoring h—

systems were set to activate an audible alarm if the
oxygen level dropped to 19.5% from the normal

" Latex tube

|- ciamp

y e Ly
T -

e

Figure 1. Schematic Diagram of the Funnel Assembly.

~  hear an exhaust line located in the well. When the
magnet is full, liquid nitrogen spraying into the
funnel is clearly visible from several feet away.
There is practically no drop in the oxygen level in
the well or in the rest of the room during the
refilling procedure, suggesting efficient trapping
and disposal of nitrogen by this device.
Occasionally, water condenses in the first two-foot
segment (from the stem of the funnel) of the
exterior of the cloth hose carrying the cold gas;
placing an absorbent pad underneath the hose
takes care of this problem.

Copper tube
Opening
=5~ Lid

Funnel

Tripod
._,..-al ripoc

The funnel assembly helps in maintaining the

e 1 room oxygen level during refilling of the NMR

magnet with liquid nitrogen, especially if the room
is not spacious or not adequately ventilated.
In addition, it minimizes the chances of spillage of
the cryogen and thus accidental freezing of the
O-rings in the base plate and top flange of the
magnet cryostat. (If freezing occurs, the sealing
O-rings will be hardened leading to loss of vacuum
between the casings of the magnet cryostat.)

Cloth hose

-

e

J

reading of 20.9%. During refilling of the magnet -
with liquid nitrogen, the oxygen level in the well
dropped below the danger level of 18.0% and the alarm rang continuously.*
To minimize the risk of oxygen displacement, we explored the possibility of
diverting the flow of cold nitrogen gas exiting the magnet into an area outside
the NMR room. To accomplish this goal, we have fabricated a funnel assembly
(Figure 1) for efficiently capturing and disposing of nitrogen gas and for
maintaining safe oxygen levels in the room.

The assembly consists of a funnel mounted on a tripod, a clamp supported
by the funnel, and a flexible hose attached to the stem of the funnel—as
shown in the figure.* The mouth of the funnel is sealed with a lid that has a
circular opening (3" diam) at its center, and through which the nitrogen
stream enters the funnel's chamber. The internal diameter of the funnel at the
lid is 9” and that of the stem 2%" and, at 2" into its depth, the funnel’s body
gradually begins to narrow along the 8”-long curvature. The length of the
funnel, including the two-inch-long stem, is 12" and its capacity is adequate
to capture the nitrogen gas emitted from the NMR magnet during refilling.
The clamp (4" long x %" thick) is supported by a stand (7 high x %" thick)
welded to the rim of the funnel. A copper tube (7" long x %" i.d.) is clamped
in an upright position to deliver the nitrogen gas at the center of the funnel.
The tip of the copper tube is positioned approximately 3" above the opening
in the funnel lid, and its top end is attached to a latex tube (5' long x 3" i.d.)
that receives nitrogen gas from the magnet. The supporting tripod consists of
a partial O-ring (7" i.d.) mounted on top of 3 legs (16" high), which are
fastened to a heavy circular base (14" diam). The O-ring has a 3%"-wide slit
through which the funnel along with its attached stand can be readily
dismounted from the tripod whenever needed. The material used for the
fabrication of the funnel is nonmagnetic stainless steel, whereas that of the
tripod is aluminum. The stem of the funnel is connected to a cloth hose
(14" long x 3" i.d.) for carrying nitrogen gas into an exhaust line. The figure
shows a segment of the latex tubing carrying nitrogen into the funnel and of
the cloth hose discharging the gas.

Before liquid-nitrogen refilling, the funnel assembly is placed near the
magnet and the funnel’s latex tubing is connected to the left-hand-side turret.
During refilling of the magnet, the funnel collects the gas discharge with no
significant diffusion into the air. As it is denser than air, cold nitrogen gas
settles well in the funnel and flows through the hose without applying suction.
It also appears that the force of nitrogen streaming through the circular
opening prevents back diffusion and exerts pressure sufficient to cause
expulsion of the gas from the funnel through the hose. The gas is discharged

Certain modifications of the funnel assembly may
be needed depending on the room’s configuration
or on whether added efficiency in the removal of nitrogen gas is warranted.
For instance, if an exhaust line is not accessible, the delivery end of the hose
may be placed outside the room for safe disposal of the gas. If improved gas
flow is needed, a suction fan may be attached at the delivery end of the hose.

References and Notes: (1) Gill, J.R.; Ely, S.F; Hua, Z. Environmental gas
displacement: three accidental deaths in the workplace. Am. J. Forensic Med.
Pathol. 2002, 23, 26; abstract available at the National Library of Medicine
website at  http://www.ncbi.nlm.nih.gov/entrez/query.fcgi (accessed March
2003). (2) Kernbach-Wighton, G.; Kijewski, H.; Schwanke, P; Saur, P;; Sprung,
R. Clinical and morphological aspects of death due to liquid nitrogen. Int. J.
Legal Med. 1998, 711, 191. (3) Tabata, N.; Funayama, M.; lkeda, T.; Azumi,
J.-i.; Morita, M. On an accident by liquid nitrogen—histological changes of
skin in cold. Forensic Sci. Int. 1995, 76, 61. (4) Aside from recommending the
installation of oxygen sensors, the manufacturer does not provide any device
or recommend any procedure for handling the nitrogen discharged from the
magnet during cryogen refilling. (5) The funnel, stand, and clamp were
fabricated by Atlantic Sheet Metal Manufacturing (Essex, MD). The tripod was
fabricated at the Division of Engineering Services, National Institutes of Health
(Bethesda, MD). The entire assembly can be readily fabricated in any
workshop using nonmagnetic metal sheets and rods (e.g., aluminum, copper,
or nonmagnetic stainless steel) and cloth hose.

H. Umesha Shetty (Ph.D.),* Jinsoo Hong, and Victor W. Pike
PET Radiopharmaceutical Sciences Section

Molecular Imaging Branch

National Institute of Mental Health

National Institutes of Health

10 Center Drive, Room B3C351, MSC 1003

Bethesda, MD 20892-1003, USA

Email: shettyu@intra.nimh.nih.gov

Editor's Note: Caution. The potential user of this note should carefully evaluate its
suitability for a particular application, as well as familiarize himself/herself with any
potential hazards associated with the construction and use of this assembly. The
procedure described in this note has not been tested by Sigma-Aldrich scientists. Its
publication in this magazine should not be construed as being endorsed or
recommended by Sigma-Aldrich.
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1. Introduction

Transition-metal-catalyzed cross-coupling
of organometallic reagents with organic
halides has become a powerful method for
carbon—carbon-bond formation. Organotin,*
organoboron,? and organozinc® reagents are
well established as competent precursors
for palladium-catalyzed cross-coupling

Scott E. Denmark* and Michael H. Ober

Roger Adams Laboratory
Department of Chemistry
University of Illlinois

Urbana, IL 61801, USA
Email: denmark@scs.uiuc.edu

Michael H. Ober

reactions, and have found wide application in
synthetic organic chemistry. But, due to a
number of drawbacks inherent to these
substrates, organosilicon reagents have
emerged as competitive aternatives. The
lack of toxicity, high chemica stability, and
low molecular weight of organosilanes make
them ideal for use as nucleophilic partnersin
cross-coupling with organic halides and
pseudohalides. Silicon-based reagents were
originaly considered to be insufficiently
active toward palladium-catalyzed cross-
coupling, but early work by Hiyama et al.
showed that organosilanes could be activated
by a nucleophilic promoter.* Following this
discovery, a multitude of organosilanes
bearing a wide variety of substituents about
the silicon center as well as an assortment of
transferable groups have been identified.®
This review will concentrate on recent
advances in the use of organosilanes in
palladium-catalyzed cross-coupling reac-
tions, with an emphasis on the preparative

Aldrichimica AcTa voL.36, NO.3 + 2003 75
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\ 1. tBuLi, THF, 78 °C \ P
: —— > Si-H Ref. 6b
0] 2. (i-Pr)2SiHCI, —78 °C odih
71%
Br RN .Me
1. n-Bui, THF, —78 °C =
- —> OH Ref. 8d
MeO 2. (MesSiO)3 (0.21 equiv) T~
63%
gr 1. tBuli, THF, ~78 °C Me\Si,Me Fof.
A : : 2 o A ef. 8e
n-Cs™ ™ 2. (Me,SiO)s (0.33 equiv)  ™CsH1™ 7 oy
74%, E1Z>99:1
Figure 1. Preparation of Organosilanes by Reaction
of Organometallic Reagents with Halosilanes or Cyclosiloxanes.
S J
s 2
1. HoPtClg (0.5 mol %) ipr
Ho— (-Pr) SiHCI /\/\Si,/-Pr ot s
n-Cshhii—="H 5 NahCOsaq) n-CsHir™ el.oe
78%, E/Z> 99:1
RhCI(PPhg)s (0.1 mol %)
Nal (5 mol %
Ph—=—H ( ), Py Ref. 11b
HSiMe(OEt), 0 °C, 2 h SiMe(OEt),
95%
Figure 2. Preparation of
Organosilanes by Hydrosilylation of Alkynes.

S J
s N\
[Rh(cod)(MeCN),]BF4 (3 mol %) .

HSI(OEt)3 (2 equiv) Si(OEYs
- Ref. 13a
Et3N (1.5 equiv)
DMF, 80 °C, 2 h 86%
Pd(dba)z (3 mol %) (OF
Br  HSi(OEt)s (1.5 equiv) Si(OE)s
: —> Ref. 13b
MeO P(t-Bu),(o-biphenyl) (6 mol %) MeO
(i-Pr);NEt, NMP, 60 °C, 12 h 68%
Figure 3. Preparation of Organosilanes by
Transition-Metal-Catalyzed Coupling of Aryl Halides with Silyl Hydrides.
\ J

aspects of this chemistry and on the synthesis
and applications of these substrates.

2. Synthesis of Organosilicon
Reagents

In response to the growing interest in
the palladium-catalyzed cross-coupling of
organosilicon compounds, a number of
methods to prepare a wide range of coupling
precursors are now available. The prepara-
tions of these compounds are diverse, and are
based on the type of organic moiety being
employed as well as the substituents about
the silicon atom. Of the methods described,
most can be preformed on a large scale to
provide useful quantities of material thanks,

in large measure, to the relatively low cost
and availability of the silicon-containing
starting materials. Once synthesized, organo-
silanes are stable compounds that can be
purified by chromatography or distillation
and can be easily handled in most cases.

2.1. Reaction of Organometallic
Reagents with Halosilanes
or Cyclosiloxanes

The use of organolithium and organo-
magnesium reagents for the nucleophilic
displacement of aleaving group at the silicon
center is one of the simplest methods to
introduce silicon into an organic molecule
(Figure1). Thereaction of phenyllithium or

vinylmagnesium bromide with a dialkyl-
chlorosilane® readily provides the corre-
sponding aryl- or vinylsilyl hydride. The
newly formed silyl hydride can then be
subjected to further manipulations to gain
access to silyl ethers, silyl halides, and
silanols®” Direct formation of organosilanols
can be similarly accomplished by addition of
the organometallic reagent to a number of
readily available and inexpensive cyclo-
siloxanes.® Aqueous hydrolysis of the
substituted polysiloxane formed in situ
provides the organosilanol, which can then
be easily purified by column chroma-
tography or distillation. Although this
method of synthesis is both straightforward
and efficient, it is limited by substrate
compatibility with the organometallic agent
employed. This problem can be avoided by
protection of the sensitive functional group
or, better still, by use of one of the alternative
methods described below.

2.2. Hydrosilylation of Alkynes
and Alkenes

The metal-catalyzed hydrosilylation of
alkynes and alkenes to provide substituted
akenylsilanes and akylsilanes avoids the
use of highly reactive organometallic
reagents and the limitations associated with
them.* The insertion of a platinum,©
rhodium,** or ruthenium®? catalyst into an
Si—H bond, provides an active metal hydride
that undergoes addition across an
unsaturated organic precursor generating an
organosilyl halide or organosilyl ether
(Figure 2). Aswith the previous method, the
organosilicon compounds thus generated
can be further manipulated to obtain
organosilanols or other silicon species. The
stereo- and regioselectivity of the hydro-
silylation are dependent on the catalyst
employed and the silicon precursor involved
in the reaction, but a judicious choice of the
two agents can lead to high levels of control
in most cases® Obvioudy, this method
is well suited for the preparation of
alkenylsilanes and alkylsilanes. Other
methods are needed to install the silicon
functionality into aryl or heteroaryl subunits.

2.3. Transition-Metal-Catalyzed
Coupling of Aryl Halides
with Silyl Hydrides

Recently, investigations into the trans-
ition-metal-catalyzed coupling of organic
halides with silyl hydrides have provided a
powerful method for the synthesis of
organosilanes. Base-activated insertion of a
transition-metal complex into an Si-H bond
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followed by transfer of the silyl group to an
aryl or vinyl halide successfully provide the
desired organosilane (Figure 3).®* This
reaction is limited to the coupling of
alkoxysilanes, alkylsilanes, and halosilanes
with electron-rich aryl iodides and bromides.
The process is catalyzed by Pd(dba),** or
[Rh(cod)(MeCN).]BF* in the presence of
a stoichiometric amount of base, and is
thought to proceed through Si—-H/C-I bond
exchange by oxidative addition of the
hydrosilane followed by o-bond metathesis
of the S—Pd/C— bonds.**

3. Palladium-Catalyzed
Cross-Coupling

The coupling of organosilicon reagents
with organic halides and pseudohalides has
evolved to be comparable in scope to other
palladium-catalyzed coupling methods.*®
Generally, the conditions for the palladium-
catalyzed cross-coupling are mild, but do
require a promoter [tetrabutylammonium
fluoride (TBAF), tetramethylammonium
fluoride (TMAF), tris(diethylamino)sulfonium
trimethyldifluorosilicate (TASF), potassium
trimethylsilanolate (TMSOK), Ag,0O, Cs,CO;,
etc.] to provide high yields of the desired
cross-coupling products. The byproducts of
the cross-coupling reaction are polysiloxanes,
which can be removed by conventional
methods such as chromatography (silica gel
or reverse-phase) or distillation. Many types
of organosilanes are competent coupling
partners for the palladium-catalyzed
reaction. The following survey of silicon-
containing cross-coupling components is
organized around three principal rubrics: (1)
the type of transferable group on the
organosilane, (2) the method of organosilane
activation, and (3) the nontransferable
substituents about the silicon center.

3.1. Alkynylsilanes

The palladium-catalyzed coupling reac-
tion of terminal akynes developed by
Sonogashira and co-workers has been widely
applied in many synthetic endeavors.*
Nevertheless, new general methods that
employ mild conditions are still of great
interest for the synthesis of substituted
alkynes. Alkynyl(trialkyl)silanes and akyn-
ylsilanals, which are easily synthesized by
addition of akynyllithium reagents to
chlorosilanes, are competent reagents for the
palladium-catalyzed cross-coupling reaction.”
The successful coupling of substituted
trimethylsilylethynes with aryl or vinyl
iodides or with vinyl bromides requires the
use of 1.3 equiv of TASF and 2.5 mol % of

4 N
. TASF (1.3 equiv)
SiMej
Pz APC (2.5 mol %) X Ph
=z X Ph AT e T Rl /\/
R/ + THEN . Z
eq 1
APC = allylpalladium chloride dimer, [z-allylPdClyl, R Yield
TASF = tris(diethylamino)sulfonium Ph 83%
trimethyldifluorosilicate n-CsHqyy  86%
84%
Ref. 15a CHz0H
~ J

[realylPdCl,), (APC) in THF at ambient
temperature, to provide substituted akynes
in good yields (eq 1).** Catalytic amounts of
CuCl or CuCl—-Pd(PPhs), can aso be used at
elevated temperatures in DMF to effect the
coupling of akynyl(trialkyl)silanes with
aryl chlorides or triflates® Alternatively,
dimethyl (phenylethynyl)silanol undergoes
facile coupling with aryl iodides in THF at
60 °C in the presence of a stoichiometric
amount of TBAF or Ag.O and 5 mol % of
Pd(PPhs),.»

3.2. Alkenyilsilanes

The palladium-catalyzed cross-coupling
of akenylsilanes with organic haides and
pseudohalides has gained much attention
because of the mild reaction conditions
required and broad scope of olefinic products
that can be obtained.*> In general, the cross-
coupling reactions of alkenylsilanes are
highly efficient, but several side processes
can intervene under the reaction conditions.
Of these undesirable processes, the most
notable are the unproductive removal of the
silicon moiety (protodesilylation) and the
formation of undesired regioisomers. In
most cases, manipulation of the reaction
conditions (choice of promoter, palladium
catalyst, and ligands) can avoid many of
these pitfalls to provide high-yielding and
selective reactions.

3.2.1. Fluoride Activation

Because of the high affinity of fluoride
for silicon (BDE Si—F = 135 kcal/mal),** the
use of a fluoride ion source (in the form of
TBAF, TMAF, TASF, KF, or CsF) together
with tetracoordinate silanes is believed to
provide pentacoordinate fluorosiliconate
intermediates, which are considered to be the
“active” species in the palladium-catalyzed
cross-coupling reactions.* Silicon-29 NMR
spectroscopic studies on the use of TBAF as
a promoter for the palladium-catalyzed
cross-coupling of several types of
alkenylsilanes (alkenylsiletanes, alkenylsilyl
halides, alkenylalkoxysilanes, alkenyldi-
siloxanes, and alkenylsilanols) provide that

all of these precursors react via a common
intermediate, hypothesized to be a hydrogen-
bonded silanol—fluoride adduct.”” Because of
this mechanistic commonality, a wide range
of organosilanes, that display a similar
reactivity yet provide a variety of precursor
options, are competent reagents for the
fluoride-activated cross-coupling reaction.

Three classes of alkenylsilanes undergo
facile fluoride-promoted cross-coupling: (1)
alkenylsilanes bearing akyl groups on the
silicon, (2) akenylsilanes bearing fluoride-
cleavable organic groups (akenylsilanol
surrogates), and (3) heteroatom-substituted
alkenylsilanes. In general, alkyl-substituted
akenylsilanes are extremely stable to
chemical manipulations prior to fluoride
activation, but do not readily undergo
productive cross-coupling.  Alkenylsilanol
surrogates are aso stable under conditions
for many reactions. However, these silanes
contain a cleavable group that, in the
presence of a fluoride activator, produces a
heteroatom-substituted alkenylsilane in situ,
which provides a compromise of stability
and reactivity. Heteroatom-substituted
alkenylsilanes are, of al the types identified
here, the most reactive toward palladium-
catalyzed cross-coupling due to the ease with
which they can access an “active” species
under fluoride promotion. Unfortunately,
these silanes are also the most |abile toward
unproductive reactions including hydrolysis,
protodesilylation, and dimerization and,
therefore, must be promptly subjected to
palladium-catalyzed cross-coupling without
prior chemical manipulations. Thoughtful
selection of the akenylsilanes and the
reactions in which they can be employed
leads to a balanced combination of precursor
and conditions, allowing for a wide range of
olefinic cross-coupling products.

3.2.1.1. Alkenyl(trialkyl)silanes

The combination of readily available
trimethyl(vinyl)silane and an aryl iodide,
under somewhat modified conditions to
those developed for alkynyl(trialkyl)silanes
mentioned previously (2.4 equiv of TASF
and 5 mol % of Pd(PPhs), in THF at 50 °C),

Aldrichimica AcTa voL.36, NO.3 + 2003 77



TBAF (3.0 equiv)

Me THF, rt, 10 min

1)\{3? + R3—| Pd(dba), (5 mol %) __
R |

)\/RS

Series

E Siletane Series Z Siletane i

/\Q N
n-CsHys™ ™ X

91% (E/Z99.9/0.1) 90% (E/Z0.9/99.1)

/\/©/ n-csw
o X
n-CsHi4

94% (E/Z 99.0/1.0) 75%
(z E)(Z,2)+(E,E) 97.2/2.8]

n- 05H11/\/©/

84% (E/Z99.7/0.3)

n-CsHy 1/\/\/©

73% [(E,E)/(E,2) 98.0/2.0] Ref. 19b

eq 2

R2 Me TBAF (1.2 equiv)
2

Si. s Pd(OAc)» (5 mol %

NS —
R \L/)" A=l T THF 1, 05-1.0h

)\/ Aryl

OMe CF.
n-CgHq3 X X

97%

98%

98%
Ref. 20a

95%

eq3

\ ,/ Pr TBAF (2.0 equiv)

“R2

APC (2.5 mol %) _ 31’\rAry'

F{1 — >
/\f * AV e 02-15h .0

COzEt
X CO,Et ﬁ/
(0} n-BuO

81% 89%

COMe
G/Ej V&
(0] n-BuO

71% Ref. 6b

n-BuO

CN
76%

Me
83%

eq 4

is effective for the production of vinylated
products. The reaction is tolerant of diverse
functionaity on the aryl iodide, but sub-
stitution on the trimethyl(vinyl)silane
inhibits productive cross-coupling. The
failure to engage substituted alkenyl (trialkyl)-
silanes in this process is believed to arise
from their inability to form the required
pentacoordinate fluorosiliconate species.®

3.2.1.2. Alkenylsilanol Surrogates
3.2.1.2.1. Alkenylsiletanes

Alkenylsilacyclobutanes represent a
specia class of akenyl(trialkyl)silanes that
can undergo facile palladium-catalyzed
cross-coupling with aryl and vinyl iodides.
These reactions proceed rapidly in the
presence of 3 equiv of TBAF and 5 mol % of
Pd(dba), in THF at ambient temperature
(eqg 2).* Alkenylsiletanes, which can be
readily prepared from organometallic
addition to 1-chloro-1-methylsilacylobutane,**®
originally were thought to undergo cross-
coupling this rapidly due to the enhanced
Lewisacidity of the silicon center from strain
release during the formation of the
pentacoordinate fluorosiliconate.** However,
under the reaction conditions, the siletanes
are observed to undergo a fast initiad ring
opening to form akenyl(propyl)(methyl)-
silanols, which are most likely the active
species for the cross-coupling reaction.'
Direct comparisons to akenylsilanols,
alkenylsilyl halides, and akenylsilyl ethers
reveal a similar reactivity, and corroborate
the observation that these alkenylsilanes
react via the same intermediate.””

3.2.1.2.2. Alkenyl(thienyl)- and
Alkenyl(pyridyl)silanes

The observation that 2-thienyl and 2-
pyridyl groups on silicon are not transferred
to organic halides under standard palladium-
catalyzed cross-coupling conditions,
combined with the fact that at least one
activating group or heteroatom is required
on the silicon center to provide the coupling
product, prompted the investigation of
alkenyldimethyl(2-thienyl)silanes and akenyl-
dimethyl (2-pyridyl)silanes. These compounds
are considered excellent cross-coupling
substrates due to the enhanced stability
provided by the heterocyclic groups toward
moisture, acid, and base as compared to
the corresponding halosilanes or other
heteroatom-substituted silanes.®* Thisallows
for the akenylsilane coupling precursors to
resist some chemical manipulations prior to
palladium-catalyzed cross-coupling. Alkenyl-
dimethyl(2-thienyl)silanes undergo cross-
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coupling with a number of aryl iodides and
bromides in the presence of 1.2 equiv of
TBAF and 5 mol % of Pd(OAc), in THF at
ambient temperature (eq 3).2* Similarly,
alkenyldimethyl(2-pyridyl)silanes  afford
cross-coupling products from aryl and vinyl
iodides at dlightly elevated temperatures.?®<

3.2.1.2.3. Alkenyl(benzyl)silanes

Benzyldimethylsilyl-substituted alkenes
are similar to the aforementioned 2-thienyl-
and 2-pyridylsilanes in that the benzyl group
is also considered non-transferable. In
addition, it is stable to acid, buffered fluoride
medium, and strong base. However, the
benzyl substituent does suffer rapid cleavage
with 2.2 equiv of TBAF in THF at 0 °C
to provide the corresponding silanol.
Accordingly, benzyldimethylsilanes are
expected to possess enhanced chemical
stability compared to heteroaryl-containing
silanes and yet till be activated with TBAF
for cross-coupling.?

3.2.1.2.4. Alkenylsilyl Hydrides

Silyl hydrides, which are easily
synthesized through organometallic addition
to dialkylchlorosilanes, are more stable to
hydrolysisthan are the heteroaryl-substituted
organosilanes. In addition, they have lower
molecular weights compared to other non-
heteroaryl-substituted organosilanes and
are thus ideal for use with sensitive or
precious substrates. These characteristics
are illustrated in the palladium-catalyzed
cross-coupling of 2-(4,5-dihydrofuranyl)-
diisopropylsilane and 2-(5,6-dihydro-4H-
pyranyl)diisopropylsilane These akenylsilyl
hydrides undergo oxidative hydrolysis when
combined with TBAF+3H,O, producing
the akenylsilanols in situ.?? Indeed, the
corresponding silanols give similar results
under identical conditions. A number of
(a-akoxyvinylsilyl hydrides are effective
cross-coupling agents when combined with
aryl iodides in the presence of 2 equiv of
TBAF and 2.5 mol % of APC in THF at room
temperature (eq 4).* The reaction is com-
patible with a broad range of functiona
groups, and manipulation of the intermediate
alkoxy vinyl ethers with 1 N HCI provides
the corresponding ketones directly.®

3.2.1.3. Heteroatom-Substituted
Alkenylsilanes

3.2.1.3.1. Alkenylsilyl Halides

Alkenylsilyl chlorides and fluorides were
among the first alkenylsilanes to act as
effective and general substrates in the

a N\
TASF (1.5 equiv)
Re APC (2.5 mol %) R?
A or (PhzP)4Pd (5 mol %
R1)\/S'Me(3-n)Fn + R®—X (PhaP)aPd | 2 > R1)\/R3
THF or DMF, 50 or 60 °C
X =1, Br, or OTf 0.5-24 h
n-CgHy7
-CeH n-CgH
"'CGH13/V\\/,7 CeH1a \/\/ sHig
83% 84%
n=1,X=1 n=1,X=1
n-03H17 eq 5
X
n-CeH13M =
n-CeHiz n-CgH1g
89% 74%
n=1,X=1 n=1,X=1
‘ n=1,81%
-CaHin X n=2,74%
n Ce 13 O n=3, 0%
X=1
Ref. 18a
~ J
‘ N\
TBAF (1.5 equiv)
SiMe 3.n)(OEt) APC (2.5 mol %) R3
17 (3-n) n R3_X 1N
A /\F; * EORPGmol %) 1 /\RI/2
X=lorBr THF,50°C,5-16h £, £ g5 999
N O G0
n-Bu” X n-Bu” nBuT Y
n-Bu n-Bu n-Bu
- 10, p— 0,
n=1,90% ni=1,73% n=1,95%
n=2,96%
- 0,
Ref. 23a NS €, SR
~ J

palladium-catalyzed cross-coupling reaction.*
The combination of halo(alkyl)silanes or
dihalo(alkyl)silanes with organic haides in
the presence of 1.5 equiv of TASF and 2.5
mol % of APC in THF at 50 °C or,
aternatively, with 5 mol % of (PhsP).Pd in
DMF at 60 °C provides the desired cross-
coupling products in good yields (eq 5).:
Many organic halides and pseudohalides are
suitable as coupling partners, and the
reaction is highly stereo- and regioselective
in the case of (E)- and (2)-fluoro(di-
methyl)silyl-1-alkenes. Interestingly, trihalo-
silanes are ineffective in the cross-coupling
reaction of 1-iodonaphthalene, but do
function in the coupling with an akenyl
triflate.r®

3.2.1.3.2. Alkenyl(alkoxy)silanes

Alkenyl(alkoxy)silanes (silyl ethers)
react at rates comparable to those of
alkenylsilanols and akenylsilyl halides with
similar numbers of heteroatoms about the
silicon center, but are less prone to hydrolysis

or oligomerization. Alkenylmono-, di-, and
trialkoxysilanes—in the presence of 1.5
equiv of TBAF, 2.5 mol % of APC, and 5
mol % of (EtO),P in THF at 50 °C—undergo
cross-coupling with a number of organic
halides (eq 6).%* Vinyltrimethylsiloxane has
also proved useful as a vinyl transfer agent
for aryl iodides.

3.2.1.3.3. Alkenyldisiloxanes and
Poly(alkenylsiloxanes)

Alkenyldisiloxanes are readily formed by
dehydrative dimerization of their parent dkenyl-
slanols with a catalytic amount of base.”
The disiloxane moiety is thermodynamically
stable, making akenyldisiloxanes one of the
more easily handled types of organosilicon
compound. Because they converge to the
same intermediate in the presence of TBAF
as the corresponding akenylsilanols,
alkenyldisiloxanes undergo cross-coupling
with the same outcome” Similarly, the
readily available siloxane oligomers also
provide productive cross-coupling with
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S/I/O CHa

\\O

o\\ + 4 Aryl—I

TBAF (2.0 equiv)
Pd(dba), (5 mol %)

OSl

JCH

HaC

> 4 /\Aryl
THF, rt, 0.2-24 h
eq7

Yield:  72% 63%

AryI: 2—MeOCeH4 4-MeOCeH4 3-N0206H4 4-CH3COCGH4 4-E1020C6H4
87%

Ref.

88% 85%

24b

TBAF (2.0 equiv)
Pd(dba), (5 mol %)

R1)\/‘Si\'R

+ R3—I

OH THF. 11, 0250h

)\/Rs

R4
n—C5H11/\/©/

R =Me, R* =
R =iPr,R*=

MeO: 95% (E/Z97.2/2.8)
Ac: 80% (E/Z 99.5/0.5)

H H
n-CanM/ (CH2)40

R =Me: 91% [(E,E)/(E,2) 95.8/4.2]
R = i-Pr: 87% [(E,E)/a-isomer 97.8/2.2]
a-isomer = cine-rearranged product

Ref. 8e

R4
n-CsHi4
X

R=Me, R*=
R=iPr,R*=

MeO: 94% (E/Z 2.6/97.4)
Ac: 86% (E/Z1.0/99.0)

n-CsHi
N

eq 8

X
(CHy)4OH

R = Me: 64% [(Z,2)/AOI 87.8/12.2]
R = i-Pr: 68% [(Z,2)/AOI 92.4/7.6]

AOI = all other isomers

+ Aryl—I

Ag»0 (1 equiv)
Pd(PPh3)4 (5 mol %)

> X~ Aryl

THF, 60 °C

67%,3 h

.

/\/©/ -
Ph” X n-CsH1

Ref. 26a

eq9

/\/©/ -
X

3
95%, 4 h

J

TBAF activation. Poly(akenylsiloxanes) are
easily synthesized by hydrosilylation of
terminal akynes with poly(methylhydro-
siloxane) (PMHS) and a catalytic amount
of (BuN),PtCls. Cross-coupling of poly(al-
kenylsiloxanes) with a number of aryl
iodides proceeds smoothly with 5 equiv of
the polysiloxane, 1.2 equiv of TBAF, and 2.5
mol % of Pd,(dba);»*CHCl;in THF at 60 °C.*
Several commercially available cyclo-
oligodisiloxanes, orthosiliconates, and
disiloxanes are extremely efficient vinyl
transfer agents for a broad range of aryl
iodides with 2-3 equiv of TBAF and 1-5
mol % of Pd(dba), in THF at ambient
temperature.®  1,3,5,7-Tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane is the most
competent of the vinyl transfer agents under
these conditions, allowing all of the possible

vinyl groups to transfer during the cross-
coupling reaction (eq 7). This reaction is
genera and, due to the inexpensive and
nontoxic nature of the starting materials,
amenable to large-scale preparations.*®

3.2.1.3.4. Alkenylsilanols

Alkenylsilanols are excellent substrates
for the palladium-catalyzed cross-coupling
reaction when activated by TBAF
Alkenyl(dimethyl)silanols and akenyl-
(diisopropyl)silanols couple rapidly with a
large number of aryl and vinyl iodidesin the
presence of 2 equiv of TBAF and 5 mol % of
Pd(dba), in THF at ambient temperature
(eq 8).% Highly substituted and functionalized
(E)- and (2)-akenyl(diakyl)silanols also
undergo facile coupling, with good efficiency

and high stereospecificity.® The palladium-
catalyzed cross-coupling of akenyl(dimethyl)-
silanols with aryl and vinyl triflates and
nonaflates can al so be accomplished at ambient
temperature by the use of a hydrated TBAF
(TBAF+3-10H.0) in 1,4-dioxane solution in
the presence of 5 mol % of PdBr, and 10 mol %
of 2-[di(tert-butyl)phosphino]-1,1-biphenyl.
Under these conditions, the undesired cleavage
of the pseudohalide to the corresponding phenol
or ketone is minimized by the increased
hydration level of the TBAF solution.®

3.2.2. Fluoride-Free Activation
of Alkenylsilanols, Diols,
and Triols

Tetrabutylammonium fluoride (TBAF)
and other fluoride-containing reagents are
highly effective for promoting the palladium-
catalyzed cross-coupling of a range of
organosilanes. However, the widespread use
of silicon protecting groups in complex-
molecule synthesis precludes the application
of a fluoride-activated coupling that may
jeopardize theintegrity of the silicon protecting
groups. Thus, a non-fluoride promoter that
would facilitate the silicon-based couplings
with equal efficiency and selectivity ishighly
desirable. The first such promoter that has
been identified is silver oxide (Ag,O), which
can activate alkenylsilanols, diols, and triols
in the presence of a palladium catalyst in
THF at 60 °C (eq 9).%* Silver oxide is
thought to act as a nucleophilic activator for
the silanol to form a pentacoordinate silicate
species, and to assist in halide abstraction
from the palladium center thus facilitating
transmetal ation.*®

Alternatively, the inexpensive salt,
potassium trimethylsilanolate (TMSOK),
can aso be employed for the activation of
akenyl(dimethyl)silanols.®¢ For example,
the cross-coupling of (E)- and (2)-1-
heptenyl (dimethyl)silanols with a variety of
aryl and vinyl iodidesis efficiently promoted
by 2 equiv of TMSOK and 5 mol % Pd(dba),
in DME at ambient temperature (eq 10).%¢
When activated by TMSOK, silanols are as
reactive as when activated by TBAF and
give rise to cross-coupling products in high
yields and with excellent regio- and
stereoselectivities. Direct comparison of the
palladium-catalyzed cross-coupling  of
alkenyl(dialkyl)silanols under activation by
TBAF or TMSOK reveals a striking
difference in the sensitivity of the coupling
rate to steric effects at the silicon center.
For example, whereas under TBAF
activation both akenyldimethyl- and
alkenyldiisopropylsilanols couple at the
same rate, under TMSOK activation the
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dimethylsilanols react nearly 20 times faster!
This and other observations suggest that a
different mechanism may be operating under
the fluoride-free conditions. It is possible to
employ other bases (e.g., KH, NaH, KOt-Bu,
NaOt-Bu, or NaOH) for the palladium-
catalyzed cross-coupling of akenyl(dialkyl)-
silanals, but they are not as effective nor as
well studied as those already mentioned.2>

3.3. Arylsilanes

Compared to akenylsilanes, arylsilanes
have similar physical and chemical
properties and may be prepared through
similar synthetic routes. Unlike their alkenyl
counterparts, however, arylsilanes require
more forcing conditions to undergo
palladium-catalyzed cross-coupling with aryl
and vinyl halides. These harsher conditions
often lead to undesirable side reactions such
as protodesilylation and homocoupling of the
organic halide.** A number of protocols have
been developed to suppress or minimize the
unproductive pathways and maximize the
formation of the desired cross-coupling
products.

3.3.1. Arylsiletanes

Unlike akenylsilacyclobutanes, the
palladium-catalyzed cross-coupling of
methyl (phenyl)silacyclobutane with aryl
iodides in the presence of 3 equiv of TBAF
and 5 mol % of APC in refluxing THF
provides no desired cross-coupling products.
However, activation of the siletane by
substituting a chloride or fluoride for the
methyl group on the silicon alows these
halo(aryl)silacyclobutanes to couple readily
with aryl iodides under somewhat modified
conditions (eq 11).# These conditions aso
provide a moderate amount of undesired
homocoupling product, which can be
minimized by the addition of 20 mol % of
(t-Bu);P to the reaction mixture. The
addition of the phosphine ligand to the
reaction retards both the homocoupling and
cross-coupling pathways, but overal
provides a more favorable ratio of the two
observed products. Under these conditions,
both  aryl(chloro)silacyclobutanes and
aryl(fluoro)silacyclobutanes are competent
coupling precursors, with aryl(chloro)-
silacyclobutanes  providing biaryl cross-
coupling products with slightly extended
reaction times.?”

3.3.2. Arylsilyl Halides

Palladium-catalyzed phenyl transfer to
aryl iodides, bromides, and triflates can

e ™
e, o
S| . 2)p (5 mol %) Anyl
Y= —OME, i, 1-13n )\’
COMe
/\/©/ n_CSwCOMe
Y
n-CsH
5H11 eq 10
82% (E/Z98.8/1.2) 83% (E/Z2.9/97.1)
/\/©/0Me ’ Csw
n-CsHyy™ ™
88% (E/Z99.3/0.7) 91% (E/Z 1.1/98.9)
Ref. 26¢
N Y,
e ™
Si TBAF (3.0 equiv)
B Ol i _APCEEmOI%) AN AY
s Ay (B 2o mol %) Y
R THF, reflux, 1-5 h
CHs O COLE
sos
MeO MeO
92% 83%
“I” Q) (\‘
CHa CHjy
85% A %
S Ref. 27 77% )

be performed with tetrabutylammonium
triphenyldifluorosilicate (TBAT), an active
difluorosiliconate, in the presence of 10
mol % of Pd(dba), in DMF at 95 °C to afford
unsymmetrical biarylsin good yields.?* The
cross-coupling of substituted aryl(alkyl)-
difluorosilanes with aryl iodides, bromides,
and triflates takes place smoothly to provide
a number of biaryls in high yields.®2®e
Aryl(alkyl)dichlorosilanes can also be
employed as cross-coupling partners with
aryl halides under activation with fluoride
[KF, APC (5 mol %), DMF, 120 °C],* or
with sodium hydroxide [Pd(OAc),, PhsP,
THF, 60 °C].#¢ Application to solid-phase
synthesis can aso be accomplished using
iodobenzoic acid tethered to Wang resin.?¢

3.3.3. Aryl(alkoxy)silanes

Compared to the corresponding halides,
aryl(alkoxy)silanes are more stable and,
in some cases, readily available.
Phenyltrimethoxysilane undergoes facile
palladium-catalyzed cross-coupling with aryl
iodides and bromides. In the presence of 2
equiv of TBAF and 10 mol % of Pd(dba), in
DMF at 95 °C, the desired substituted
benzene products are formed with little or no

homocoupling byproduct observed.? The
cross-coupling of phenyltrimethoxysilane
with aryl chlorides can also be accomplished
with the addition of phosphine®* or N-
heterocyclic carbene ligands to the reaction
mixture. Alkyl halides can also be subjected
to the palladium-catalyzed cross-coupling
with substituted aryltrimethoxysilanes in the
presence of 2.4 equiv of TBAF, 4 mol % of
PdBr,, and 10 mol % of (t-Bu).MeP in THF.
Both alkyl iodides and bromides are
competent coupling partners, and the
reaction is preformed at ambient temperature
to provide akyl-substituted arenes in good
yields.>*

3.3.4. Arylsilanols, Diols, and
Triols

The preparation of arylsilanols is
discussed in Section 2.1. Arylsilanediols and
triols can easily be synthesized by addition
of aryllithium reagents to chlorosilanes
followed by careful hydrolysis of the
corresponding di- and trihalosilanes. Aswith
their alkenyl counterparts, all three types can
be activated with 1 equiv of Ag.O in the
presence of a paladium catalyst in THF
at 60 °C to give cross-coupling products with
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SiMe(g.n)(OH)n

Pd(PPhs)s (5 mol %) N

Ag-0 (1 equiv) Anyl

| +Aryl—I

THF, 60 °C, 5-36 h

|//
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’/‘O i
MeO

n=1,50%

Ref. 26a,b

n=1,75%

FsC
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eq 12

. .Me
Si

Cs2CO3 + n Ho0 (2 equiv)
APC (5 mol %)

I
| OH + Aryl—X
YA

n=2or3 X =1lorBr

_ N Aryl
PhsAs or DPPB (10 mol %)~ |//

R dioxane or toluene R
90 °C, 6-24 h

DPPB = 1,4-bis(diphenylphosphino)butane

eq 13

X
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I 4-MeO
I 4-MeO
I 4-MeO 4-EtO,CCgH4

90%
85%
87%

4-MeCeH4
2-MGCGH4

Ref. 30

Me Me

(+-Bu)sP-P{(DVDS)

HSI—0-§iH + R'—=
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I\Ille
osn o ) [R50
Me 2
R2—I
TBAF (2.0 equiv)

Me Me
H
H

R? = aryl, vinyl

R! R? Yield

n-CsHq4 4-MeOCgH4
n-CsHq4 4-AcCgH4
n-CgHq4 n-CsHy1CH=CH
Ph 4-MeOCgH4
HO(CHy)3 4-MeOCgHg4

84%
94%
67%
74%
89%

|\

Ref. 32

Scheme 1. One-Pot, Intermolecular
Tandem Hydrosilylation/Cross-Coupling Reaction.

Pd(dba), (5 mol %)
THF, rt, 0.2-16 h

DVDS = 1,3-divinyl-1,1,3,3-
tetramethyldisiloxane

J

aryl iodides (eq 12).** The coupling of
arylsilanols with aryl iodides can also be
achieved at 90 °C in dioxane by the action of
2 equiv of Cs,CO42H.0 in the presence of 5
mol % of APC and 10 mol % of Ph:As.
The corresponding reaction of aryl
bromides requires the use of 10 mol % of
1,4-bis(diphenylphosphino)butane (DPPB)
instead of Ph;Asand iscarried out at 90°C in

toluene (eq 13).* Both methods provide high
yields of biaryls and little or no
homocoupling byproduct.

3.4. Alkylsilanes

Protocols for the palladium-catalyzed
cross-coupling of alkylsilanes with organic
halides include highly activated organo-

silicon reagents which alow for methyl,
alyl, or alkyl cross-coupling. Methyl
transfer to aryl iodides is accomplished
with 2 equiv of TASF and 1.3 mol %
of APC in THF at 50 °C to provide
methylated cross-coupling products in good
yields** More interestingly, akyltrifluoro-
silanes yield cross-coupling products
with aryl iodides and bromides when
activated with 4 equiv of TBAF and
5 mol % of (PPhy),Pd in refluxing
THFE:*  Allyltrifluorosilanes couple with
aryl iodides and triflates under the action
of TBAF or TASF and 5 mol % of a
paladium catalyst.®** Overall, the cross-
coupling of alkylsilanes is not as well
established as those of akynyl-, alkenyl-, or
arylsilanes, and few general procedures have
been identified.

4. Tandem Reactions of
Organosilicon Compounds

The diversity of organosilicon com-
pounds that undergo palladium-catalyzed
cross-coupling, as well as the different
methods by which they can be synthesized
enable a wide range of synthetic
applications. Multistep or tandem reactions
that harness the power of the organo-
silicon moiety can be effectively applied
to create complex structures rapidly.
These tandem reactions, terminating
with palladium-catalyzed cross-coupling,
highlight the advantages that silicon-
based carbon—carbon-bond formation can
offer to the realm of synthetic organic
chemistry.

4.1. Intermolecular
Hydrosilylation/
Cross-Coupling

The hydrosilylation of termina alkynes,
followed by palladium-catalyzed cross-
coupling of the akenylsilane product,
affords 1,2-disubstituted E akenes in high
yields and with high stereoselectivities. For
example, a symmetrical akenyldisiloxane
can be generated by reaction of 0.5 equiv
of tetramethyldisiloxane, (t-Bu);P-Pt(DVDS)
with atermina akyne. The hydrosilylation
is highly regio- and stereoselective for the
production of the E 1-alkenyldisiloxane. The
subsequent cross-coupling reaction can be
performed directly on the in situ generated
alkenyldisiloxane with aryl or vinyl iodide
under the action of 2 equiv of TBAF and 5
mol % of Pd(dba), to yield the desired
products (Scheme 1).2 This efficient Pt—Pd
system effects the net hydroarylation of
terminal alkynes.
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4.2. Intramolecular
Hydrosilylation/
Cross-Coupling

Starting from simple propargylic and
homopropargylic acohols, highly func-
tionalized trisubstituted allylic and homo-
alylic alcohols are obtainable through an
intramolecular hydrosilylation followed by a
rapid palladium-catalyzed cross-coupling of
the intermediate cyclosiloxanes with aryl
iodides. Propargylic acohols can easily be
converted to E or Z alkenylcyclodisiloxanes
under Pt(DVDS) or [RUCI,(CsHs)], catalysis,
respectively, in high yields and with
excellent stereo- and regioselectivities. The
palladium-catalyzed cross-coupling of these
cyclodisiloxanes with a number of aryl
iodides (in the presence of 2 equiv of TBAF
and 5 mol % of Pd(dba), in 1,4-dioxane at
ambient temperature) leads to trisubstituted
Z or E dlylic acohols (Scheme 2).3* The
one-pot  synthesis of trisubstituted
homoallylic alcohols is accomplished by
treating the corresponding homopropargylic
alcohol with 1 equiv of tetramethyldisilazane
(TMDS), and 0.3 mol % of Pt{(DVDS) in
THF at ambient temperature. This provides
the intermediate alkylidene-1,2-oxasilolanes,
which are then treated with aryl iodides, 2.2
equiv of TBAF, and 10 mol % of Pd(dba), to
afford the trisubstituted homoallylic
alcohols®®

4.3. Silylformylation/
Cross-Coupling

In the preceding two cases, hydro-
silylation provided olefinic coupling
precursors containing a newly formed
carbon-silicon bond. Silylformylation, on
the other hand, gives rise to new, vicina
carbon-silicon and carbon—carbon bonds to
create an aldehyde-containing alkenylsilane.
These compounds provide functionalized
a,B-unsaturated aldehydes when subjected
to the palladium-catalyzed cross-coupling.
The realization of this tandem silyl-
formylation/cross-coupling process begins
with the intramolecular silylformylation of
homopropargylic silyl ethers with 0.5 mol %
of [Rh(CNt-Bu),][Co(CO),] under 150 psi of
carbon monoxide in toluene a 70 °C. The
newly formed, adehyde-containing, cyclic
silyl ethers are competent cross-coupling
partners with aryl iodides in the presence of
2 equiv of KFe2H,0, 5 mol % of APC, 10
mol % of Cul, and 25 mol % of
methylhydrocyclosiloxane in DMF at
ambient temperature (Scheme 3). The use of
both Cul and the hydrosilane are essential for
the efficiency of the cross-coupling reaction

P{(DVDS) (0.3 mol %)
(Pr);NEt (0.17 equiv)_ 3G

’ [RUCI>(CeHe)l2

CH,Cl,—CH4CN < "Me  Phl (1.0 equiv)
| 0°C,55h H Me’s,‘:/l © dioxane, rt, 3.3 h oo Ph
_ 60% e 79%
H3CT\ E ZIE =100/1
H 0
Me—ISi-O-E‘I:i-Me
Me Me

(63mol%) H /=0 Me| Pd(dba), (5 mol %) e
CHoCly, reflux, 1.5h < Me Phi(1.0equv) . ‘pn
82% HsC Me/S\I L dioxane, rt, 75 h S
Me
57%
V4 E/Z=97.7/2.3
Ref. 33a

Scheme 2. Intramolecular Tandem Hydrosilylation/Cross-Coupling Reaction.

TBAF (2.0 equiv)
O Me Pd(doals (5 mol %) H30>_(_ o
SRS P P —

TBAF (2.0 equiv)

N\ J
e ™
[Rh(CN£Bu)4]J[Co(CO)4]
OSiH(i-Pr), CO (150 psi) _
— > .0
HT/_ toluene, 70°C, 9 h Si
OHC . _ °\.
79% i-Pr i-Pr
1,2-oxasilolane
OH
APC (5 mol %), Cul (10 mol %) H
H>=<_\ ' [MeSi(H)O-lgs (2.5 mol %) _
OHC S KF+2H,0 (2.0 equiv) ~ OHC
Pr” “iPr DMF, rt, 1 h
93%
Ref. 34
Scheme 3. Tandem Silylformylation/Cross-Coupling Reaction.
N J

and are thought to mediate the formation of
the key reactive catalytic species.®

4.4. Mizoroki-Heck
Reaction/Cross-Coupling

As mentioned in Section 3.2.1.2.2, the
use of 2-pyridylsilanes as cross-coupling
agents allows for the preservation of the
silicon moiety through chemical manip-
ulations prior to the palladium-catalyzed
cross-coupling. A secondary property of the
pyridyl group is that it can be employed as a
directing group for the Mizoroki—-Heck
reaction. These two assets allow for a
tandem Heck reaction/palladium-catalyzed
cross-coupling reaction to afford highly
substituted alkenes efficiently and in good
yields. Exposure of dimethyl(hexenyl)-
(2-pyridyl)silane to 0.5 mol % of
Pd,(dba):»CHCl;, 2 mol % of tri(2-furyl)-
phosphine (TFP), 1 equiv of Et:N, and an
aryl iodide in THF at 60 "C produces in situ
the Mizoroki—Heck coupling product with
retention of the 2-pyridylsilane unit. This
intermediate, aryl-substituted dimethyl-
(hexenyl)(2-pyridyl)silane can then undergo
a subsequent cross-coupling reaction upon

addition of 1 equiv of TBAF and a second
aryl iodide to provide the olefinic productsin
good yields and excellent stereo- and
regioselectivities?®* The selectivity of the
Mizoroki—Heck process is proposed to be
enhanced by the 2-pyridylsilane func-
tionality, which directs the carbopalladation
across the double bond of the akenyl-
dimethyl(2-pyridyl)silane.®

4.5. Ring-Closing
Metathesis/Cross-Coupling

The combination of ring-closing me-
tathesis (RCM) and palladium-catalyzed
cross-coupling constitutes a powerful
sequence for the synthesis of substituted,
unsaturated alcohols and medium-size rings
with cis,cis-1,3-diene units. Alkenyl-
(dimethyl)silyl ethers containing terminal
alkenes undergo efficient ring closure in the
presence of Schrock’s catalyst to afford
cycloalkenylsiloxanes of varying sizes.
These siloxanes couple with aryl iodides
in the presence of 2 equiv of TBAF and 5
mol % of Pd(dba), in THF at room
temperature to provide highly substituted
styrenesin high yields.®®* The intramolecular
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Me  Me
| 05" 1 (8mol%) |

—_—
M/\ CgHe, 11, 24 h X
[ n 80-83%

Me Me

O,Sl |

APC (7.5 mol %)
TBAF (10 equiv)
THF, 001 M, it~ (
slow addition " -
45-75 h HO

m n

m=1-5;n=1,2
HO

HO

60%* 70%

OO CO

OH

71% 55%

(*) A 1:1 mixture of this compound and 3-vinyl-4-cycloheptenol.

Ref. 35b,¢c

Scheme 4. Tandem Ring-Closing Metathesis/Cross-Coupling
Reaction (Yields Shown Are for the Cross-Coupling Step).

i-Pr\Q
HaC(FaC)2CO, N
M

I-Pr

OH Moy
HsC(F3C),CO  CHC(CHg)2Ph

63%
1
Schrock's catalyst

OH
72%

(+)-brasilenyne
(19 steps; 5.1% overall yield)

X" (CHz):0C0,Me

CpRu(CH3CN)sPFg (10 mol %) |

BDMS

dh

BDMS————
OPiv

62%

NC |

acetone, rt, 4 h

. 0 NC
S (CHy)a0CO Mo ¢ "82(d02)s"CHCIs (2.5 ol %)

L S (CH2)30002Me

ISR

OPiv

TBAF (2.2 equiv)

OPiv
BDMS = benzyldimethylsilyl

.

Ref. 21

Scheme 5. Tandem Alder-Ene/Cross-Coupling Reaction.

THF, 50 °C, 4 h
70%

J

variant of this reaction provides access to a
number of medium-size rings,*® and has been
exemplified in the synthesis of (+)-
brasilenyne, an antifeedant isolated from
Aplysia brasiliana (Scheme 4).%*

4.6. Alder-Ene/Cross-Coupling

The intermolecular Alder-ene reaction of
benzyldimethylsilylalkynes, catalyzed by 10
mol % of CpRu(CH;CN);PFs, provides
trisubstituted vinylsilanes in good yields and
regioselectivities. These benzyldimethyl-
silyl-substituted alkenes can then be further
functionalized through palladium-catalyzed
cross-coupling with aryl iodides or bromides
in the presence of 2.2 equiv of TBAF and 2.5
mol % of Pd,(dba);»CHCI; in THF at 25 or
50 °C (Scheme 5).2 Both the Alder-ene and

cross-coupling reactions proceed efficiently
to provide highly functionalized alkenes in
good yields.

5. Summary and Outlook

The scope and generality of synthetic
applications for which organosilanes can be
employed in palladium-catalyzed cross-
coupling reactions have grown substantially
in the past five years. Nonetheless, the
palladium-catalyzed cross-coupling  of
organosilanes with organic halides and
pseudohalides is still an evolving field.
Some of the major challenges that appear on
the horizon are the development of (1) new,
more reactive and more functional-group-
tolerant organosilicon species, (2) new
methods for activation of the cross-coupling

process, (3) new methods for the
introduction of organosilicon moieties into
cross-coupling precursors, and (4) a better
understanding of the mechanistic detail s+
of the activation and transmetalation stepsin
the process. Ongoing and future studies are
certain to broaden the potential of these
reactions and their applications in complex-
molecule synthesis. We are confident that
the burst in activity in this area over the past
few years will continue unabated, and bring
with it new and exciting advances in
organosilicon chemistry.
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New Alkoxysilanes

THE usk of silicon compounds as transmetalation reagents has attracted much attention as a viable alternative to the
popular Stille and Suzuki coupling reactions, mainly due to the formation of nontoxic byproducts and the stability
of the reagents to many reaction conditions.’

. . . . , PdCIo(MeCN),
Silicon-based coupling reactions can be carried @S'(OE% S X (cat)

. . —_—
out using ar_yl, het.eroaryl, or alkenyl hallde.s §F %, Dioxane, NaOH (aq)
and alkoxysilanes in the presence of palladium R. R, = alkyl, halogen X = Cl. Br, |

or rhodium catalysts. Among the various types
of silicon compounds available, alkoxysilanes are most effective in the coupling reactions.

RECENTLY, considerable attention has been paid [Rh(COD)(MeCN),IBF4
to the rhodium-catalyzed addition of R-Si(OEY f R 2mol %

—Si + —_—
aryl(trialkoxy)silanes to carbonyl compounds, R = anyl alk39nyl 1\/\[]/ 2

Dioxane—H,0 (10:1)
90°C, 20 h R O
such as aldehydes, a,B-unsaturated ketones and ©

esters.?
59,275-7 17,556-0 59,791-0 59,701-5
R F 59 ~__Si(OEt); 100mL Si(OEt)s 19 Si(OEt)s 59
109 nd 500mL /©/ 109 /©/ 20g
F Si(OEt)3 25g cl MeO'
FF
59,264-1 59,700-7 17,560-9 59,635-3
Si(OEt); 19 19 Si(OEt); 59 19
H 59 Q\Si(OEt)a 109 ©/ 2509 ©)LS‘(OE‘)3 109
1kg
59,242-0 59,231-5 59,647-7 59,803-8
; 19 Si(OEt) 59 Si(OEt)s 19 SiOEY);  5g
(O-seomn 59 s o O 10g /©/ 20g
o HoN (EtO)3Si
63,043-8 59,604-3 59,157-2 59,813-5

Si(OEt) 19 Si(OEt 59 Si(OEN) 19 Si(OEt)3 19
AT 59 g O 10g
s Me’

Si(OEt)s

22,565-7 Bis(acetonitrile)dichloropalladium(ll), 99%

PdCI»(MeCN), 500mg
59

ALDRICH is proud to contribute to this new emerging field by making several aryl-, alkenyl-, and alkyl(triethoxy)silanes
available to our customers.

IF you have any technical questions or would like to suggest an alkoxysilane we currently do not list, please call us
at 800-231-8327 (USA). If you would like to order any of the products listed here, please call us at 800-558-9160
(USA) or visit our website at sigma-aldrich.com.

References: (1) For a review, see the preceding article in this issue: Denmark, S. E.; Ober, M. H. Aldrichimica Acta 2003, 36, 75. (2) Oi, S. et al. Org. Lett. 2002, 4, 667.

Ready to scale up? For larger quantities, please contact

fA\ °
Sigma-Aldrich Fine Chemicals at 1-800-336-9719 (USA) or your local Sigma-Aldrich office. ® ALD Rl CH
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hat if phosgene reagents were available off the shelf in your lab? What if you could obtain them without any transport and storage concerns?
Or use them without complicated equipment, or worrying about handling them due to the safety hazards commonly associated with phosgene?

mpossible? NOT ANYMORE! Sigma-Aldrich now offers Eckert’s Cartridges for Safe Phosgenation (U.S. Patent 6,399,822 B1) to our customers
worldwide. Based on the catalytic formation of phosgene, the cartridge contains a unique, safe precursor capable of generating this versatile
reagent in quantities of 20 mmol and 50 mmol.

Eckert's Cartridges for Safe Phosgenation offer many benefits: PRODUCTS:

* More versatile chemistry through phosgene, when other Starter Kit:

Ir:eaas’?fgsit?s;irf:;grr:iiljtsconditions Contains one Cartridge for Safe Phosggne Generatioq,
0.02mol (Cat. No. 51,975-8), one gastight adapter with

High conversion rates and yields hose, one dosimeter badge and paper, and instructions.
Simple workup of reactions to obtain pure products 51,978-2
Safe transport and storage
Safe and easy handling through premeasured, commonly Replacement Cartridges:
used quantities Cartridge for Safe Phosgene Generation, 0.02mol
Time and cost savings 51,975-8

Solvent-free reagent Cartridge for Safe Phosgene Generation, 0.05mol
Less waste and easy disposal of used cartridges 51,976-6

Eckert’s cartridges provide easy access to the world of phosgene chemistry.
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Introducing:

The \ersaFlash

High Throughput
Flash Purification—
System

VersaFlash

Pure...and Simple VersaFlash

High Throughput Flash Purification

The VersaFlash™ system combines a patent-pending, cartridge-sealing station with a unique,
disposable-cartridge design leading to fast and easy cartridge replacement, stackable and
reversible cartridges, and scale-up capability.

The VersaFlash™ system allows you to purify samples from discovery scale all the way up to development
scale with simple mechanical adjustments to the same system hardware. Cartridge replacement is quick
and easy by simply turning and pulling the handle out to release the cartridge.

The unique mechanical clamping design of the VersaFlash™ station also means that simple
adjustments of the sealing platens is all that is required to work with the entire range of
VersaPak™ cartridges. VersaPak™ cartridges are available in four sizes (40 x 75 mm,

40 x 150 mm, 80 x 150 mm, and 80 x 300 mm) with spherical silica or C18-bonded silica.

For a detailed overview of the unique features and benefits of the new Supelco’s VersaFlash™ brochure
VersaFlash ™ system, call 800-359-3041/814-359-3041 to request your copy Request yours today!
of the Supelco VersaFlash™ brochure (literature code FWL).

VersaFlash and VersaPak are trademarks of Sigma-Aldrich Biotechnology, L.P.

: : LEADERSHIP IN LIFE SCIENCE, HIGH TECHNOLOGY AND SERVICE c
sigma-aldrich.com/supelco SUPELCO ® 595 NORTH HARRISON ROAD e BELLEFONTE, PA 16823-0048 ® USA \) S U p E LC 0



ALDRICH STAINLESS STEEL OIL BATHS

Rapid, Even Heating up to 250°C

These rugged oil baths were developed in the Aldrich R&D laboratories to offer the chemist the best in design, performance, and
convenience. Aldrich oil baths are cost-effective, because they are compatible with all digital temperature controllers that have an
8-inch-diameter thermocouple probe.

Special Features

* Heavy-gauge stainless steel basin has a flat bottom and vertical walls for maximum stability; extra tall profile allows ample
room for flask immersion without oil sloshing; dust cover keeps oil clean when not in use.

e Immersion heating element sealed in a grounded metal sheath for safety; will not burn out even if operated dry for an
extended period of time; detachable power cord.

¢ Bath disassembles, separating all electrical parts from the stainless steel basin for easy cleaning.

e Integral, basin-stabilizing clamp attaches to % to %-inch-diameter vertical lattice rod or ring stand.

e Suitable for magnetic stirring.

® 115/230 V, CE approved design.

Aldrich oil baths include a stainless steel basin, dust cover, immersion heating element, and detachable power cords with US, UK,
and Schuko plugs. Order temperature controller with thermocouple probe separately below.

Inside diam. x H 115V 230V
Bath Size (mm) Cat. No. Cat. No.
Small 110 x 50 751,312-1 751,314-8
Medium 150 x 75 751,315-6 751,316-4
Large 200 x 100 751,317-2 751,318-0

Silicone bath oil, high temperature
Usable range: -40 to 230 °C 17,563-3

DigiTrol 1l Heat Controllers

e Microprocessor-based temperature control.
e Accuracy: 0.1% of span; range: 32 to 999 °F (0 to 750 °C); CE compliant.

Excellent for use with Aldrich oil baths and suited for use with heating mantles, tapes,
and small ovens. Digital display for set point and actual process temperature. Easy
setup with selectable °F/°C readout and up/down temperature set point keys.
Includes 6-inch-long, stainless steel, Type-K immersion thermocouple. 240 V units
have a Schuko plug and receptacle.

Volts Amps Watts Cat. No.
120 15 1,800 728,549-8
240 10 2,400 728,550-1

For technical assistance or applications questions, please contact us at
aldglass@sial.com or call 800-231-8327 (USA) or 414-273-3850 (international).

LEADERSHIP IN LIFE SCIENCE, HIGH TECHNOLOGY AND SERVICE
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More New Products from Aldrich

Organic Building Blocks

63,263-5
Cy5Hi0 19
182.22 59
H
o
nee
63,335-6
Cy6H150Si 19
254.41 59
P SiMeg
=z

|
63,194-9
CeH105 19
278.05 59

(0]

'ﬁom
HO
59,316-8
Ci5Hi60s 19
252.27 59
o O
OEt
MeO'
OMe

63,264-3
CsHsBrO, 19
229.07 59

SN

New Reagents

59,228-5
CigHssP 100mL
280.44
Q.0
Tricyclohexylphosphine
1M solution in toluene

59,239-0
CisHs:P 100mL
280.44
Q.0
Tricyclohexylphosphine
1M solution in THF

59,370-2

HAIL 25mL

37.95 100mL
LiAlH,4 Lithium

aluminum hydride
2.0M solution in THF

59,737-6
CsHsBro; 19
229.03 59
CHO

o) Br

<

o]
63,180-9
CsHeF,0, 19
172.13 59

F
/C[CHO
MeO F
63,195-7
CsH:s0, 19
148.16 59
: _CHO
()

63,454-9
CqHst 59
148.16

o

HO\Gé

57,894-0
CHaBFP 19
290.13 59

Buf £
t P+ B-
Bu 1 H F”|: SE

bt Tri-tert-butylphosphine

tetrafluoroborate
57,649-2
CooHsBFP 1g
290.13 5g
e
Bu—{rH | K , .
b |FEF Tri-n-butylphosphine

tetrafluoroborate

59,666-3

CioHiBrsS
239.13

[ \>—< >—Br
S

59,732-5

CiiHs0S
188.25

S

63,051-9

C14H1882
250.43

s S
63,295-3

CZDH3GSZ
334.59

S S

46,355-8

CoHaNP
216.27

59,815-1

CoHa,CINGP
252.73

[

500mg
19

59

59

N-Methyl Superbase

19
59

N-Methyl Superbase
hydrochloride
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Heterocyclic Building Blocks

63,393-3 63,420-4 63,246-5
Ci,H:BrNO,S 19 C;HBrN, 19 CsH.BrNO, 19
336.21 109 201.07 59 202.01 5g
Br o
$0.Ph N7 NH, N Br
47,996-9 63,215-5 63,341-0
CaHeN, 1g CH.CINO 1g CeH.CINO, 1g
120.11 59 141.56 59 157.56 59
NHz oN NCHO Oy OH
N | Cl
(Nj/ (N:[CI &/
N
63,406-9 63,276-7 59,317-6
CouHyeBINO, 1g CH,NO, 1g CHFNO, 1g
286.17 153.14 59 141.10 59
Br o [e]
n-Bee Ny oH Ny oH
H L. P
N >oMe N>E
63,444-1 63,214-7 63,181-7
CiiHieN O, 19 CeH.BrNO 19 CsHsBrNO 19
208.26 59 186.01 5q 188.02 59
.Boc CHO MeO. Br
A N X X
I I I
o (N:[Br N
Versatile Boronic Esters
56,814-7 59,287-0 63,296-1
CioH2:BO, 19 CieH2,BO; 19 CH2BO,S, 19
184.08 59 286.23 59 376.39 59
ol
O-Bu" 7 ple}
g B, S s
e S s
63,334-8 59,298-6 63,156-6
CsHisBO, 19 Ci9H2sBO, 59 CsH1,BNO, 19
154.02 109 300.25 25¢g 162.99 5g

//_B\o:é /\/\/©/\/ ) L
N

To view more new products, visit www.sigma-aldrich.com/newprod.

For competitive quotes on larger quantities contact www.sigma-aldrich.com/safc.
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2003 Young Chemist in Industry Awards

igma-Aldrich is pleased to announce the winners of the Young Chemist in Industry awards, presented on April 30, 2003 at the 12th Young

Chemists Meeting in London.

his annual, one-day meeting showcases organic chemistry research undertaken in an industrial setting by chemists under the age of 30 who do
not hold a Ph.D. It represents a unique opportunity for younger chemists to present their research to an industry-wide audience. This year's
gathering was attended by over 85 young scientists and featured 10 presentations by participants, and a guest lecture by Dr. Dave Tapokzay.

Sigma—AIdrich applauds the work of these talented young
scientists. It is our honor to recognize the important
contributions being made by young chemists throughout the
industry. We congratulate the winners and commend all those
who participated in the symposium.

First Prize:
Amanda Boase, Merck, Sharp & Dohme (Harlow)
GABA-A a5-Subtype Selective Inverse Agonists as
Potential Cognition-Enhancing Agents

Second Prize:
James Peace, Syngenta (Bracknell)
Discovery of the Cyanotropanes, a Novel Class of Insecticides

Third Prize:
Colin Gray, Organon (Newhouse)
Web Based Chemoinformatics: Making the Drug Discovery
Process More Efficient

Front row (left to right): Julia Lainton (Scientific Organizer), David Walker, Helen Feilden, Cedric Poinsard, and David Proctor
(Scientific Organizer). Back row (left to right): Frederic Cordier, James Peace, Alex Smith (Scientific Organizer), Colin Gray,

Peter Barton, and Robert Sheppard.

Why Mini-BurLk™?

¢ Our MINI-BULK™ system
provides a safe, easy, and
cost-effective way to transfer
high-hazard, air-sensitive, and
high-purity chemicals to your
process vessels.

Packaged under inert
nitrogen atmosphere in a
variety of cylinders and
portable tanks in 18 to 1000
liter sizes.

e Allyl alcohol, allyl chloride,

chlorosulfonic acid,
chlorosilanes, epichlorohydrin,
and high-purity HPLC and
anhydrous solvents are a few
of the chemicals we have
readily available.

Setting the standard for
chemical packaging in
less-than-tank-trailer
quantities.

For more information, please call Dan Zagrodnik
or Ted Eslinger at (800) 213-1206 (USA) or visit our
website at www.sigma-aldrich.com/minibulk.

www.sigma-aldrich.com/minibulk

Mini-Butk is a trademark of Sigma-Aldrich Biotechnology, L.P.
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1. Introduction

Olefin  metathesis is now firmly
established as an important and genera
reaction in synthetic organic chemistry. One
variant, known as cross metathesis (CM),
uses a transition metal to catalyze the
exchange of alkylidene groups on two
independent akenes to give a new,
differently substituted alkene. The first
reports of CM featured the coupling of alyl
methyl sulfide with unfunctionalized alkenes
using a tungsten—carbene complex,* and the
use of Schrock’s catalyst (1) in the cross
metathesis of styrene.? Cross metathesis has
since evolved into a highly practical
synthetic tool, owing to the availability of
advanced catalysts that provide excellent
functional-group tolerance and the ability to
conduct reactions under mild conditions.

A number of other types of metathesis
reactions are known, including ring-closing,
domino, ring-opening, ring-expansion, and

polymerization metatheses. However, this
review focuses on the cross metathesis of
nitrogen-containing alkenes and alkynes,
many of which are of biological significance.
The review begins with a survey of the
catalysts that are currently available for
metathesis chemistry. Those catalysts that
are most suited to cross metathesis are
identified, as are practical considerations that
need to be taken into account when carrying
out these reactions. A number of other
reviews have been written over the past few
years in the area of metathesis chemistry:
general reports*” the application of
metathesis to carbohydrate chemistry,®®
sequential metathesis,”® the ring-closing
metathesis of nitrogen-containing com-
pounds,* and a review of ruthenium
complexes as metathesis catalysts.”

2. Catalysts

Numerous catalysts are available to
facilitate metathesis reactions. However,
only a few are used on a regular basis
(Figures 1 and 2). The complexes shown in

Andrea J. Vernall and Andrew D. Abell
Department of Chemistry

University of Canterbury, Private Bag 4800
Christchurch 1, New Zealand

Email: a.abell @chem.canterbury.ac.nz

these two figures have alternately been called
“precatalysts’, “initiators’, or “promoters’ in
the literature. To simplify the discussion in
the rest of the review, complexes 1-24 will
be called catalysts, with the understanding
that they often are the precursors of the active
catalytic species, which is formed by
dissociation of a suitable ligand from 1-24.
Schrock’s molybdenum—alkylidene catalyst
(1), one of the first metathesis catalysts to be
developed,® is known to tolerate B-lactam®
and acrylonitrile functionalities, but is not
compatible with unprotected amines, free
alcohoals, acetate groups, enones, and enoic
esters. Despite these drawbacks, commer-
cialy available 1 is highly reactive toward a
range of substrates that contain a variety of
functional groups. In general, Schrock’s
catalyst gives shorter reaction times and
higher yields than the more widely used
ruthenium catalysts such as 9. However,
the general use of 1 remains somewhat
problematic due to its sensitivity toward
atmospheric oxygen. There are a number of
other molybdenum catalysts available (see
Figure 1); for example, chiral carbenes 2©
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Figure 1. Molybdenum, Tungsten, and Titanium Metathesis Catalysts.

J

and 3, and achiral carbene 4, the latter of
which is activated in situ by dichloro-
methane. Catalyst 4 has found use in the
cross metathesis of alkynes that contain both
electron-donating and electron-withdrawing
substituents, and where tolerance of polar
groups such as ethers, esters, nitriles, acetals,
sulfones, and silyl ethersis required.”

Complex 8, one of the first ruth-
enium—carbene catalysts reported,”® effects
the ring-closing metathesis (RCM) of
suitably substituted precursors, leading to
conformationally constrained amino acids
and peptides.’* However, its use has been
somewhat superceded by what remains one
of the most commonly used metathesis
catalysts—Grubbs “first generation” catalyst,
9.2  Commercially available 9 initiates
metathesis reactions more rapidly than the
earlier catalyst 8, and tolerates functionalities
such as carbamate hydrogens,® unprotected
carboxylic acids,? and a wide range of
peptide protecting groups, while remaining
relatively air- and moisture-stable. Despite
its widespread applications in metathesis
reactions, catalyst 9 does have some
drawbacks such as sluggish reactivity
especially in the cross metathesis of
unprotected homoallylic acohols and
alyltrimethylsilane,® and of substituted
double bonds* The bimetallic catalyst 10
was recently reported to have a catalytic
activity that is similar to that of 9, but with
the advantage of increased stability, ease of
storage, and the ability to be recovered and
recycled.®

Water-soluble ruthenium catalysts such as
11 and 12 have been developed to allow
metathesis reactions to be carried out in polar
solvents, a feature that is particularly
important if biological applicationsinvolving
water-soluble substrates are to be fully
realized. These catalysts, synthesized by a
ligand-exchange reaction of catalyst 9, show
good RCM activity in solvents such as water
and methanol.* Catalysts 11 and 12 have,
however, found limited use to date due to
their high air sensitivity in solution,
decomposing rapidly to form a bright green
solution in the presence of trace levels
of oxygen. It is interesting to note that,
while catalyst 12 is also soluble in
dichloromethane, it does not show activity
due to its rapid decomposition in this
solvent.” A number of other ruthenium-
based catalysts have also been developed,
including the infrequently used photo-
inducible dimer 13® and the chira
benzimidazolidene catalyst 15 that has an
activity comparable to that of 9.2

Hoveyda reported the first recyclable
ruthenium-based catalyst, 14. This complex
can be purified in high yield by silica gel
column chromatography for reuse.®
However, while 14 is comparable to 9 in its
catalytic activity, it is only reactive toward
terminal akenes. Other cataysts (e.g., 20),
that exhibit improved initiation rates as
compared to 14, have also been developed.

The emergence in 1999 of the now
commercialy available Grubbs *second
generation” catalyst, 16, proved to be a

particularly significant advance in metathesis
chemistry.? The steric bulk and increased
basicity of the dihydroimidazolidene ligand
in 16 and 17 impart improved stability and
activity as compared to the “first generation”
catalyst 9. Catalyst 16, which hasasimilar,
if not improved, functional-group tolerance
with respect to 9, has been used to prepare
functionalized trisubstituted double bonds by
cross metathesis.* Catalyst 16 has found use
in cross-metathesis reactions involving a,f3-
unsaturated esters, ketones, aldehydes, and a
variety of other groups as detailed in this
review.®

A ‘“second generation recoverable”,
phosphine-free catalyst, 17, has been
developed by Hoveyda and co-workers.®
This catalyst is highly reactive, recyclable
via silica gel based chromatography, and
extremely stable when exposed to water
and/or air. Although not widely available
commercially, its preparation has been
published and its crystal structure
determined. Catalyst 17 is very effective in
cross-metathesis reactions, where one olefin
is electron-deficient. For example, highly
selective cross metathesis of a,3-unsaturated
nitriles and acrylonitriles has been achieved
using 17 but not 16. Also, in contrast to 16,
catalyst 17 is reasonably soluble in methanol
at room temperature and readily soluble at
50 °C; however, it remains completely
inactive in water-based solvent systems.®
In addition, catalyst 17 is compatible with
unprotected alcohol®# and acid* groups, and
has been used to synthesize unsymmetrical,
functionalized, disubstituted olefins with
good stereoselectivity under mild con-
ditions® A variety of functionadities are
tolerated including base-sensitive groups,
and as such cross metathesis can be used to
replace Wittig or Horner—Wittig reactions
where substrates are base-sensitive. The
dendrimeric 24 has been reported as an
aternative to 17, with an improved ability to
be recycled by silicagel filtration.®

A variety of solid-phase catalysts related
to 17 have also been reported, including 21,
22, and 23. Deep-greenresin 22, synthesized
from 16 and immobilized onto Wang resin, is
a particularly stable and recyclable catalyst
that shows good cross-metathesis activity
even with highly electron-deficient olefins.®
Solid-supported 21 shows high ring-closing
metathesis activity, but much lower cross-
metathesis activity as compared to 22.
Catalyst 23 has been used for cross-
metathesis reactions in methanol or water in
ambient air.¥

Blechert and co-workers reported the
novel ruthenium-alkylidene catalysts 18
and BINOL-based 19 as an addition to
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Figure 2. Ruthenium Metathesis Catalysts.
\ J
the growing list of second-generation 3. Catalysis Mechanism The key steps in the catalytic cycle are

cataysts.®* These catalysts are significant
in that they display increased activity,
relativeto 16 and 17, while retaining stability
even after exposure to air for one week. The
improved reactivity and stability of these
catalysts has been attributed to the increased
steric bulk of the ligands.

Metals other than molybdenum and
ruthenium can also form the basis of
metathesis catalysts (see Figure 1). For
example the titanium carbene 5% and the
tungsten catalysts 6 and 7 have found use in
cross-metathesis reactions.*®

The generation of metallacyclobutane
intermediates by aternating [2+2] cyclo-
additions and cycloreversions is the
generally accepted mechanism for the cross
metathesis of alkenes and akynes.* A
simplistic version of this, the so-called
“Chauvin  mechanism”, is depicted in
Figure 3. The choice of olefin that initially
binds to the catalyst (step A) is dependent
upon a variety of issues related to the
electronic and steric properties of the alkene
or akyne.®s*

as follows: The cycle is initiated by
coordination of an akene to the ruthenium
metal (step A) to form what has been termed
a “ruthenacycle” which fragments rapidly
(step B) to give a newly substituted
alkylidene with the release of ethylene gas.
A second alkene then reacts regio- and
stereoselectively with this akylidene (step
C) to give a second metallacyclobutane
(steps D or D1). The formation of the
metalla ring shown in step D is highly
favored over that in D1. The favored
metallacycle breaks down to regenerate the
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Figure 3. Schematic Representation of the Cross-Metathesis Mechanism.
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active catalytic species and the desired cross-
metathesis product (step E). It should be
noted that phosphine-based catalysts
coordinate to the alkene only after an initial
pre-equilibrium dissociation of a PCy,
group.12‘2°v45

Catalyst activity is directly related to the
electron-donating ability of the phosphine
ligands: o donation of the phosphine ligands
stabilizes the fourteen-electron metalla-
cyclobutane intermediate; while the larger
and the more strongly electron-donating the
halide ligands (I<<Br<Cl) are, the lower the
catalytic activity.? Catalytic activity also
depends on catalyst initiation (related to the
nature of the alkylidene moiety) and catalyst
lifetime (decomposition rate of catalyst).

4. Reaction Scope and Conditions

While a variety of reaction conditions
have been employed in metathesis chemistry,
there are some standard techniques that
generally improve reaction yields. A number
of the factors that are known to influence the
outcome of cross-metathesis reactions are
discussed in this section.

The efficiency of formation of coupled
alkene productsin cross-metathesis reactions
can befacilitated by removing the byproduct,
ethylene, formed during the course of the
reaction. For example, the conversion of
vinylsilanesinto cross-metathesis productsis
guantitative when ethylene is removed using
a gentle stream of argon. In contrast, yields
decrease considerably to around 20% in the
absence of purging.”” This simple procedure
should be adopted in all cross-metathesis
reactions. Where the substrates have a low

viscosity, a static vacuum can be used to
remove ethylene.’

There seems to be no advantage in using
argon rather than nitrogen? in cross-
metathesis reactions involving ruthenium-
based carbene catalysts, or by working in a
dry box rather than using Schlenk techniques
for reactions involving common catalysts
such as9 and 16.* However, theyield of the
cross-coupled product can, in genera, be
improved by increasing the number of
equivalents of one terminal alkene coupling
partner (up to four equivalents). It has also
been shown that the most effective molarity
range of second-generation Grubbs catalyst
16 is 520 mol %. Lower levels of 16 gen-
erally result in sluggish reaction with very
low yields of product, while higher levels
tend to giverise to side products in which the
benzylidene group from the catalyst is
transferred to the alkene substrate.*

The most commonly used solvents in
metathesis reactions are dichloromethane,
carbon tetrachloride, benzene, or 1,2-
dichloroethane at reflux or at room
temperature. It isimportant to notethat 16 is
more thermally stable than 9, such that
reactions at reflux are best carried out using
the former complex. The use of reflux
conditions has the added advantage of better
facilitating the removal of ethylene from the
reaction.

Isolation of Grubbs ruthenium catalysts
9 and 16 from reaction mixtures is often
difficult due to the presence of residual
ruthenium byproducts and, as such, a
number of experimental techniques have
been developed to aid catalyst removal
and subsequent purification. Georg and

co-workers devel oped an effective method for
removing catalyst 9 from crude ring-closing-
metathesi s reaction mixtures. Here, the crude
product is stirred with triphenylphosphine
oxide or dimethyl sulfoxide, and the
resulting complex is removed by filtration
through silica gel.** Maynard and Grubbs
aso reported a method in which residua
ruthenium byproducts from 9 are removed as
water-soluble ruthenium-tris(hydroxymethyl)-
phosphine complexes.® However, this
method has the drawback that many
equivalents of the expensive phosphine
ligand are required. Residual ruthenium from
catalyst 9 and other highly colored impurities
have been effectively removed from crude
reaction mixtures by oxidation with a small
amount of Pb(OAc). followed by filtration
through a silica plug.* These experimental
techniques for the removal of residual
ruthenium from the crude reaction mixture
have become somewhat redundant with the
development of recyclable catalysts such as
17, which can be separated from reaction
mixtures by silicagel based chromatography
and subsequently recycled for future use.

5. Cross Metathesis with Alkenes

Cross-metathesis reactions of akenes
have been carried out on a range of
substrates, many of which contain nitrogen,
an element that is often associated with
biological activity. In the following sections,
we have divided these examples of nitrogen-
containing substrates into a number of useful
and functional groupings.

5.1. Amino Acids and Peptides

The application of cross-metathesis
methodol ogy to amino acids and peptides has
attracted considerable attention as a means
to prepare modified amino acids and
peptidomimetics that possess useful
chemical and biological properties. A
number of variants of cross metathesis have
been reported, which differ in the point of
attachment of the alkene to the amino acid
participant in the metathesis reaction. For
example, a substituent bearing a terminal
double bond can be attached at either the
(i) a carbon, (ii) amino acid side chain,
(iif) amino terminus, or (iv) carboxyl end of
an amino acid. Reactions can be further
classified on the basis of the parent amino
acid, e.g., glycine, tyrosine, and serine.

5.1.1. a-Carbon-Substituted

Modified glycine has proven to be
a popular scaffold for cross-metathesis
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chemistry. In 1997, Gibson and co-workers
published the first examples of cross
metathesis using protected amino acids.?
This was followed soon after by further
systematic studies (eq 1).2 A variety of
solvents, temperatures, reaction times,
catalyst loadings, and substrate concen-
trations were investigated, as well as the
effect of changing from a static pressure to a
steady flow of nitrogen. In general, optimum
conditions were achieved using a 0.25 M
solution of amino acid substrate in 1,2-
dichloroethane with two equivalents of
styrene, 5 mol % of Grubbs first-generation
catalyst 9 at room temperature, and with a
steady flow of nitrogen for thirty hours. In
al cases, both cross-coupled products and
homodimers were isolated.

The outcome of these reactions seems
to be relatively independent of the nature
of the amine protection. The nature of the
C-terminal group also seems to be relatively
unimportant with methyl, benzyl, and tert-
butyl esters giving similar results. A free
acid aso proved to be a suitable substrate,
and homoallylglycine was generally more
reactive than allylglycine® However,
vinylglycine does not undergo efficient cross
metathesis, presumably due to the steric
inaccessibility of the double bond to the
catalyst. These findings illustrate the
importance of the length of the alkene tether
to the efficiency of cross-metathesis
reactions. The applicability of this
methodology to the solid phase has also been
investigated using Wang resin.* Here,
initial attempts at cross metathesis gave
mixtures of cross-metathesis and self-
metathesis products in relatively equal
amounts, due to the lack of site isolation
on the resin. It was subsequently found
that “capping” the Wang resin allowed
preparation of the desired cross-metathesis
product in good yield.

Heterocycles have been successfully
coupled to glycine derivatives. For example,
racemic methyl N-acetylallylglycinate was
coupled to 2,8-diallyldibenzothiophene as a
key step in the production of antibiotic
agents.®> Two dibenzothiophene cross-
metathesis products, the amino ester and the
bis(amino ester), were isolated, along with
two homodimeric products including a novel
dibenzothiophenophane.

Cross-metathesis reactions have been
employed by Blechert and co-workers as a
preliminary step in developing a method for
the catalytic cyclization and cleavage of
tetrapeptide-derived macrocycles from solid
supports.® Here, the side chain of Fmoc-
alylglycine methyl ester was selectively
coupled to O-trityl-protected alkenols of
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racemic 83%, ZIE 3:1
Ref. 33
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differing chain lengths, to give cross-
metathesis products that were deprotected,
resin-linked, and subsequently incorporated
into tetrapeptides (eq 2).

The application of cross metathesis to
allylsilanes has been developed as a basis for
subsequent side-chain elaboration via the
silyl group. In one example, a protected
glycine derivative was functionalized using
alyltrimethylsilane in excellent yield and
with good stereoselectivity.* More recently,
Blechert and co-workers utilized second-
generation catalyst 17 for a highly selective
cross metathesis between acrylonitriles and
protected amino acids—reactions that could
previously only be achieved using sensitive
molybdenum catalysts (eq 3).* Again, this
allows for subsequent side-chain modification.

Roy and co-workers carried out the cross
metathesis of a protected homoallylamine
and a protected glycine derivative with
suitably substituted monosaccharides to give
C-linked carbohydrates that possess
enhanced stability towards enzymatic and
metabolic cleavage.® Reactions of this type
provide convenient access to important

glycopeptidomimetics, where the parent
glycopeptides are known to play an
important role in a number of important
biological processes including tumor
metastasis and chemotaxis.

Nolen and colleagues reported related
work using Grubbs second-generation
catalyst 16 to give improved overall yields of
C-glycosyl amino acids (eq 4).* Here, cross
metathesis of a tetra-O-protected-glucose
with a vinylglycine derivative proceeded
efficiently, and the products obtained were
hydrogenated to give C-glycosyl asparagines
for use in enzyme assays. C-Glycosyl amino
acids have also been prepared by reaction
of N-Boc-vinyloxazolidine, a vinylglycine
equivalent, and a sugar using Grubbs second-
generation catalyst 16; 9 does not catalyze
these reactions (eq 5). The resulting
metathesis products were hydrogenated,
acylated, and the oxazolidine ring
oxidatively cleaved to afford a versatile
building block for the synthesis of modified
glycopeptides.

In a related study, Danishefsky and co-
workers developed a mild and efficient
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cross-metathesis synthesis of a hexasaccharide
glycosyl amino acid that was suitable for
incorporation into polymeric antitumor
vaccines.® Here, Fmoc-L-alylglycine benzyl
ester was coupled to a range of O-allyl
glycosides to give the desired cross-
metathesis products in good yields.

Other reports on the synthesis of stable
glycopeptide analogues using cross-
metathesis methodology have appeared with
a view to identify potential therapeutic
agents.® For example, protected C-alyl-
glycosides have been coupled to protected
allylglycine using second-generation Grubbs

catalyst 16—introduced in two equal portions
at 24-hour intervals—to give moderate-to-
good overall yields of coupled products.
Both Boc and Fmoc protecting groups seem
to function equally well in these reactions.
This initial work was extended to allow the
conjugation of C-alyllactose asafirst stepin
the development of a co-translational
glycopeptide synthetic strategy (eq 6).%

The amino acid serine has aso been used
as a basis for developing cross-metathesis
methodologies. For example, Grubbs and
colleagues explored a number of cross-
metathesis reactions of serine derivatives

with both terminal and substituted akene
coupling partners.®> Allyl ethers of protected
serine residues were dimerized by cross
metathesis under reduced pressure (eq 7),
while treatment of Boc-L-serine(O-allyl)
methyl ester with bis(9-nonenyl acetate),
itself made by cross metathesis, generated a
lipophilic amino acid in high yield and with
good stereoselectivity.® Larger and more
complex architectures also appear to be
compatible with cross-metathesis chemistry.
For example, a hydrophobic pentapeptide
framework has been elaborated.® The
dimerized pentapeptide represents an
example of side chain to side chain cross-
linking via a non-native C—C linkage.

Aryl-substituted C-fucopeptides have
been synthesized using cross-metathesis
methodology These products are important
in that they mimic tetrasaccharide sialyl
Lewis X, a carbohydrate-based terminal unit
found in cell-surface glycoproteins and
glycolipids, which interacts with E- and
P-selectin to mediate the early stages of an
inflammatory response. It was found that
cross metathesis at room temperature failed
to give the desired coupled products.
However, reaction at reflux afforded an array
of products in reasonable yields, with the
electron-poor pentafluorostyrene giving the
lowest yield of cross-metathesis product
(eq 8).* The authors noted that activated
aromatic and nonaromatic olefins gave
mixtures of E and Z isomers, while
nonactivated aromatic olefins produced only
the E isomers. The fina products were
screened for E- and P-selectin binding.

Tyrosine-based systems have been used
in cross-metathesis reactions, where the
O-allyl tether is of sufficient length to allow
cross metathesis to proceed.® By contrast,
the analogous dimerization of Boc-L-
alylglycine methyl ester does not proceed
well, because the close proximity of the
double bond to the amino acid backbone
appears to hinder catalyst binding.

5.1.2. N-Substituted

There are comparatively far fewer
examples of cross-metathesis reactions of
an olefin attached to the a nitrogen of an
amino acid or peptide. Nevertheless, cross
metathesis of N-alkenylpeptoids and O-alyl
glycosides has been reported by Hu and Roy
to give mixtures of E and Z metathesis
products (eq 9).* The reaction is tolerant of
free carboxylic acids, but not of secondary
amine functionalities. It was found that a
shorter tether between the nitrogen and the
double bond results in a lower yield of the
desired cross-metathesis product.
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5.1.3. O-Substituted

Cross metathesis at the C terminus of
suitably substituted amino acids and peptides
has also been reported. For example, 9-
decen-1-yl Boc-glycinate reacts with 9-
decen-1-yl acetate homodimer, in the
presence of catalyst 9, to give a differently
functionalized 9-octadecene-1,18-diol (eq 10).5
This glycine derivative also undergoes self-
metathesis to give a novel amino acid
homodimer in excellent yield.®

Cross-metathesis reactions of this type
have also been extended to the solid phase
using a polystyrene (1% DVB) resin.® These
resin-bound amino acids and peptides can be
chemically manipulated and subsequently
cleaved from the resin. In another solid-
phase example, Schreiber and colleagues
carried out “intra-site” cross-metathesis
reactions in near quantitative yields on
individual polystyrene polymer beads with a
silyl linker (eq 11),% and found that the alkyl
chain length had little effect on the reaction
efficiency. Here, the metathesis step can be
viewed as a ring-closing metathesis, despite
the net overall result being the same as that
from a solution-phase cross metathesis.

5.2. Carbamates

There are numerous non-amino acid
based examples of cross metathesis in which
an amine nitrogen is protected by a
carbamate (e.g., Cbhz, Boc, and Fmoc). (The
protection of an amine is especialy
important in cross-metathesis chemistry
since most catalysts are poisoned by this
functional group.) For example, carbamates
have been utilized to synthesize func-
tionalized alylsilanes using  cross
metathesis* In addition, Fmoc-protected
amines, which are potential starting
materials for the synthesis of nonnatural
amino acids, have been prepared by cross
metathesis of an allylstannane using
molybdenum catalyst 1 (eq 12).* The fact
that cross-metathesis chemistry is com-
patible with alylstannanes is of particular
significance, because allylstannanes are
valuable reagents for nucleophilic additions
and radical reactions.

Second-generation Grubbs catalyst 16
has been used to promote the cross
metathesis of a number of non-amino acid
carbamates. A key step in a reported
synthesis of (-)-prosophylline, a prosopis
alkaloid with antibiotic and anesthetic
properties, involves a cross-metathesis-based
side-chain extension (eq 13).* The cross-
coupling step was followed by hydro-
genation and deprotection to give the final
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natural product. Roy and co-workers have  subsequently screened for mu opioid

also used catalyst 16 to facilitate the cross
metathesis of allyl halides and terminal
olefins in good yield and with excellent E/Z
selectivity.®® This sequence was extended to
N-protected alylglycine to provide con-
venient access to useful peptidomimetics.

In an interesting piece of work, Vashinder
and Miller explored the i sosteric replacement
of peptide bonds using a convergent, cross-
metathesis synthetic strategy.” The isosteric
replacement of amide bonds to give B,y-
unsaturated d-amino acids results in useful
structural peptidomimetics that are less
susceptible to biodegradation via proteolytic
cleavage and, as such, have proved valuable
in pharmaceutical drug design.®® Allylic
amines derived from either valine,
phenylalanine, or glycine were coupled to
methyl 3-butenoate to afford the isosteres in
moderate yields (eq 14). In another
example of this methodology, a Pro-Gly
dipeptide isostere was formed in 83% yield
from vinyl-substituted pyrrolidine, itself
prepared from Boc-protected proline methyl
ester.”

A stereodiversified library of trans-
1,4-enediols has been synthesized and

receptor affinity. Eight enediol diastereo-
mers were synthesized by cross metathesisin
yields ranging from 51 to 81%. These were
then separated into a total of sixteen
stereoisomers using reverse-phase HPLC.®

5.3. Amides

Suitably substituted amides, other than
those that constitute a peptide bond,
have aso proven to be useful substrates
for cross metathesis. For example, Piva
and co-workers submitted oxoamides to
cross metathesis with trimethyl(allyl)silane
to produce novel alylsilane derivatives.™
Functionalized alylsilanes have also been
prepared in excellent yields from chlorinated
substrates containing amide linkages.*
In addition, N,O-acetals bearing an olefinic
side chain undergo cross metathesis with
methyl acrylate in excellent yields—
the longer the tether, the higher the yield
(eq 15)."

The ability to dimerize resin-bound,
amide-containing olefins in good yields has
been demonstrated using metathesis
chemistry.? The initial metathesis reaction

is strictly an example of ring-closing
metathesis, since both coupling partners are
attached to the solid support. However, the
net result after cleavage from the solid
support is analogous to a solution-phase
cross-metathesis reaction. (This approach is
similar to that depicted in equation 11 for
resin-bound amino acids.)

There are a number of cross-metathesis
reactions on systemsthat are not true amides.
These reactions are included here for
convenience. A key step in a recently
reported enantioselective total synthesis of
(+)-amphidinolide T1 involves a cross-
metathesis coupling of two key fragments, in
the presence of catalyst 16, to give a 60%
yield of the desired cross-metathesis product
as a 1:1 mixture of E and Z isomers in
addition to some akene dimers™ These
akene dimers were then exposed to catalyst
16 in a second metathesis reaction, affording
an additional 36% yield of the cross-
metathesis product (96% overall). In a
related example, a cross-metathesis reaction
was carried out that gave high E-olefin
selectivity (eq 16).2 This selectivity is
thought to be due to the formation of afive-
membered chelate ring between the
homoallylic hydroxyl group and the
ruthenium in a metalacyclic intermediate,
thus giving rise to kinetically controlled
products highly selectively.

There are numerous examples of
nitrogen-containing cross-metathesis reac-
tions that involve o,B-unsaturated amides.
Grubbs and co-workers conducted a
systematic study on the cross metathesis of
a,B-unsaturated amides with terminal olefins
using the second-generation catalyst 16.7
Cross metathesis was shown to be
compatible with Weinreb amides and
oxazolidinone imides, both of which are
widely utilized in organic synthesis. All
reactions afforded products with excellent
E/Z diastereoselectivities. The authors report
that electron-donating substituents on the
amide nitrogen, such as akyl groups, gave
lower yields, whereas electron-withdrawing
groups afforded higher cross-metathesis
yields. It has been suggested that the amide
carbonyl group chelates to the metal center,
the extent of which is dependent on the
electron density at the oxygen atom.®*™” The
amide nitrogen substituent greatly affects the
outcome of the metathesis reaction, since
chelation of the amide carbonyl group to the
metal center results in a decrease in catalyst
turnover. This is demonstrated by the
electron-donating N,N-dimethylacrylamide
giving a significantly lower cross-metathesis
yield than that of the electron-deficient N,N-
diphenylacrylamide.™
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Recyclable catalyst 17 has been used in
a related cross-metathesis transformation
involving an a,B-unsaturated amide and a
terminal olefin (eq 17).” The solid-phase
catalyst 22 has also been used to facilitate the
cross metathesis of N,N-dialkylacrylamides
as examples of electron-deficient alkenes.®

Despite the obvious potential for cross
metathesis in biological systems, little
progress has been made in developing
methods applicable to protic solvents such as
methanol and water. To date, attempts to
carry out selective cross-metathesis reactions
in these environments have proven to be
problematic. For example, cross metathesis
between N-isopropylacrylamide and 3-
butenol in methanol gave a mixture of cross-
coupled and homodimer products in almost
equal amounts (eq 18).* Connon and
Blechert postulated that the particularly
electrophilic alkylidene intermediates in
these reactions are of insufficient stability in
nucleophilic solvents, thus giving unsel ective
reactions and poor yields of cross-metathesis
products.

5.4. Acrylonitriles

Organonitriles are useful synthetic
intermediates that can be reduced to an
amine or adehyde, or hydrolyzed to the
corresponding acid. These derivatives can,
in theory, be prepared by cross metathesis of
a suitable acrylonitrile.  However, acrylo-
nitriles tend to be unreactive in cross
metathesis and, in some cases, Cross
metathesis of an olefin can even take place
in the presence of a hindered acrylonitrile
(eq 19).” Cross metathesis only occurs with
the relatively electron-rich terminal double
bond and not the hindered, electron-deficient
nitrile double bond, when using these
particular catalysts. However, the acrylo-
nitrile functionality does participate in a
competitive intramolecular RCM reaction
to give a 5-membered ring. In addition,
Grubbs first-generation catalyst 9 does not
generally tolerate this functionality, and
molybdenum catalysts are particularly
sensitive and their use is often impractical.
However, the emergence of second-
generation, recyclable catalysts has made
these reactions possible.

Hoveyda and co-workers carried out
studies on acrylonitriles using catalyst 17,
with a resulting intriguing product
selectivity:** a homodimer was isolated in an
E/Z ratio of 4:1 and the cross-metathesis
product exclusively as the Z isomer. The
authors postulate that the Z selectivity is the
result of kinetic control, probably related to
either the small size or the electron-
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withdrawing properties of the cyano reactions requires a reaction partner that is

substituent. By comparison, cross metathesis
of acrylonitrile using 9 gave a product with
high E stereoselectivity.® (Thisisthought to
be the only example reported, where first-
generation Grubbs catalyst 9 promotes cross
metathesis of an acrylonitrile.) Blechert and
co-workers have also used catayst 17 to
facilitate cross metathesis of acrylonitriles
(eq 20);™ Grubbs second-generation catalyst
16 proved to be unsuitable, as it does not
facilitate cross metathesis with electron-
deficient alkenes.

The molybdenum complex 1 has been
used in cross-metathesis reactions of
acrylonitrile with a series of akenes to give
predominantly the substituted Z acrylonitrile
products in 18-90% vyields.® The poor
nucleophilicity of an acrylonitrile dictates
that its participation in cross-metathesis

more nucleophilic. This is why reactions
involving styrene do not take place: both
substrates (styrene and acrylonitrile) are
good alkylidene donors but poor nucle-
ophiles. In contrast to other studies,™ yields
were lower for akyl-substituted olefins
bearing apolar group in the alky! substituent.
Catalyst 1 has also been employed to prepare
a chain-extended, o,B-unsaturated nitrile
with high Z stereoselectivity (eq 21).* Crowe
and co-workers have also reported the cross
metathesis of unsaturated aliphatic nitriles
of variable tether length between the C=C
and CN groups with allylsilanes using
catayst 1. Here, the coordinating solvent
dimethoxyethane was used, since it is known
to stabilize reactive methylene complexes
formed as intermediates in the Mo-catalyzed
olefin metathesis reactions.®®
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RO P\_ 16 (20 mol %) q
CH,Cl,, 385°C, 16 h
R Yied E/Z  TBDPSO
Me 58% >20:1
CH,CH,CN 19% > 20:1
Ref. 48
~ J

5.5. Carbohydrates

The application of cross-metathesis
chemistry to carbohydrate-based systems
has generated considerable interest (see
section 5.1.1 for a discussion of amino
acid and peptide-based examples). Oligo-
saccharides are critical components of
synthetic vaccines, drug-delivery systems
and the like, and the ability to tether small,
organic molecules onto these backbone
structures is critical to the development of
applicationsin these and related areas. Cross
metathesis is now an important tool in this
field. For example, cross metathesis has been
used to provide a route to 1,4-butanediol-
linked head-to-head dimers derived from
daunosamine, the amino sugar group present
in daunomycin, the RNA groove-binding
antibiotic natural product.*® Reaction to form
the dimeric product proceeded in good yield;
however, cross metathesis was sluggish
for substrates containing an unprotected
hydroxyl group. Roy and Das have aso

utilized cross metathesis in the carbohydrate
arena by forming homodimers of sugar
substrates and by coupling N-protected
terminal alylamines with O-alyl glycosides
(eq 22)°

5.6. Other Functionalities

Cross metathesisis aparticularly versatile
reaction that seems to tolerate a number
of functional groups within the olefinic
substrates. Lera and Hayes investigated
the formation of vinylphosphonate-linked
nucleotide dimers via a cross-metathesis
reaction employing 16 as catalyst (eq 23).%
The reaction proceeded in moderate yield
to afford the E isomer as a 1:1 mixture
of diasterecisomers at phosphorus. In
contrast, no reaction occurred when
first-generation Grubbs catalyst 9 was
used. Some interesting side products, in
which the benzylidene group from catalyst
16 had been transferred to the starting

material, were also isolated. The cross-
metathesis product had previously been
prepared using palladium(0)-catalyzed
P—C=C cross-coupling methodology; however,
the cross-metathesis-based synthesis is
significantly more effective.

Dinucleosides have been synthesized by
linking an olefinic chain at the 3' position of
the glycosidic moiety using cross-metathesis
chemistry.®  Yields of these dinucleotide
analogs were independent of the amount of
catalyst used; however, coupling was
sluggish when the amine group of the
heterocyclic base was unprotected. The E
isomer was marginally favored over the Z,
and the thymine analogue gave a noticeably
lower yield than the other nucleotides.

Disubstituted olefins have been suc-
cessfully employed in cross-metathesis
reactions.>® For example, Boc-protected
cis-1,4-diamino-2-butene underwent cross
metathesis with 9-decen-1-yl benzoate in
good yield; however, an attempt to introduce
aWeinreb amide gave a poor yield attributed
by the authors to the coordination of the
amide to catalyst 9, consistent with
observations made by Crowe and Goldberg.”
Problems arising from the use of a Weinreb
amide in cross-metathesis reactions have
been overcome with the development and
use of second-generation Grubbs catalyst
16.

There are other examples of cross
metathesis of nitrogen-containing systems,
including the reaction of allyl cyanide with
alylstannanes.® Cross metathesis has also
been used to prepare N,N-akenyl-
substituted bis(hydrazino carbenes), a class
of Fischer-type carbenes® To date, there
have been limited applications of cross-
metathesis chemistry to this type of
compound, but again the versatility and
tolerance of the metathesis reaction is
apparent.

Grela and Bieniek have shown that
phenyl vinyl sulfone can participate in cross-
metathesi s reactions using second-generation
catalyst 16 (eq 24).>* Despite the low yield,
presumably due to steric crowding in the
indole starting material, this remains an
efficient way to access functionaized a,B-
unsaturated  sulfones with  excellent
stereosel ectivity under mild conditions.

A small family of chira 2-(2'-
oxazolyl)phenols, which offer potential as
novel tridentate ligands, has been

synthesized using cross metathesis by
Grubbs and co-workers (eq 25).° A related
oxazoline underwent cross metathesis using
Grubbs second-generation catalyst 16 to give
the corresponding salen-like dimer in 32%
yield.®
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6. Ring-Opening Cross Metathesis

Ring-opening cross metathesis (ROCM
or ROM-CRM) is an important strategy for
assembling complex structures from readily
available bicyclic substrates, since the chiral
information inherent in the ring system
is transformed into the stereochemistry of
the cyclic product.*® However, metathesis
reactions of this type remain relatively
unexplored due to problems with lack of
regioselectivity. In addition, ring-opening
cross-metathesis reactions must be carried
out in relatively dilute solutions to suppress
competing ring-opening polymerizations.
An example of the basic strategy can be seen,
where a strained 2-azanorbornene derivative
givesrise to ay-lactam product in good yield
in the presence of Grubbs first-generation
catalyst 9 (eq 26).** Resin-bound norbornene
derivatives have aso been shown to undergo
metathesis with styrene to give 50/50
mixtures of regioisomers.*®

In another example, 4-vinylanisole reacts
with a symmetrical bicyclic substrate
to afford diastereomeric, cis-substituted,
cyclic hydrazines in near quantitative yield
(eq 27).* An analogous addition of an
unsymmetrical cycloadduct to 4-vinylanisole
gave four cyclic hydroxylamine products in
nearly equal amounts.® Hydroxylamines of
this type are important intermediates to
conformationally restricted peptidomimetics.

Ishikura and co-workers have reported
a ring-opening cross metathesis of a 2-
azabicyclo[2.2.1]hept-5-en-3-one that gives
rise to two regioisomeric products, which
were purified by HPLC.® This example
reinforces the earlier point that cross-
metathesis reactions tolerate a number of
nitrogen-protecting groups within the
substrate, e.g., Boc, Cbz, and Ac. Somework
has also been done to develop the ring-
opening cross-metathesis reactions of
bicyclic akenes with termina aryl akenes
on the solid phase in an attempt to suppress
competing cross-metathesis polymerizations.®
Ring-opening polymerizations compete with
the desired cross metathesis, and athough
this can be somewhat controlled in solution
phase by using very dilute concentrations,
solid-phase synthesis offers a means of
preventing polymerization by isolating the
bicyclic or fused akene on a resin. The
solution-phase chemistry proceeded in
moderate-to-excellent yields to give two
regioisomers.® A Wang resin bound bicyclic
substrate was also reacted with an
electronically diverse range of aryl akenes,
including 4-vinylanisole, to give 60-77%
yields of two regioisomeric metathesis
products (eq 28).%

N
J

PhSO,

SO,Ph SO,Ph
MeO. { /\SOZPh MeO {
N :3?4 (1C oI molﬂ%) N\\ eq 24
\\ >Clo, reflux
OMe 33%, Eonly OMe
material balance = unreacted indole starting material
S Ref. 24 )
f )
R
J 1
H 16 (5 mol %), H
0 Cl,CHCHjZ 70 °C o
it eq 25
R Yield E/Z
C(CHg)-OH 81% >955
CHoP(Ph,)BH5 63% 6:1
2-AcOCgHy 61% >95:5
CH,>SCH4 43% 4:1
Ref. 6
AN J
f )
SiMe;
LA\/O A~ SiMeg f
/ Semam sl N
N 9 (5 mol %), rt N N0 eq 26
Boc |
Boc
Ref. 49b 83%
AN J
f )
/ W/Q/
LE\ ~CO,Et s @5mol % eq 27
O CHCI
Hel EtOQC C02Et
Ref. 84 > 99%, E/Z2.5:1
AN J
f )

./\)L)lﬁb

1.9 (10 mol %), rt, 18 h

o <l
- /Q “““ SN

» &% XH
MeOZC 2.50% TFA, CHZC|2 MeO,C 'n/
o A
X R A:B R o
eq 28

piperizine-1,4-diyl ~ 4-OMe  2.7:1 =7 a

HNCH,CH,CHoNH — 3-Cl 1.0:1 x o

HNCH,CH,CHNH  4-CF;  1.3:1

piperizine-1,4-diyl  3.NO,  1.4:1 MeO,C" "'.n/ XH

overall isolated yields based on resin B o

loading = 60-77%

Ref. 86

- J

7. Cross Metathesis with Alkynes
akyne and an akene to generate a

Alkyne-based cross metathesis is a disubstituted butadiene for wuse in

comparatively unexplored area of metathesis
chemistry with few nitrogen-containing
systems having been reported (eg 29).” One
important general application of akyne-
based cross metathesis is the reaction of an

Diels-Alder chemistry. This combination of
cross metathesis and Diels-Alder chemistry
provides straightforward and versatile access
to some structurally quite complex
systems.®#  For example, a-amino acid
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4 N\
NC—@ = ; NC—@—/_/
_ 4 (10 mol %)
CH,Cly, toluene, 80 °C 70%
NN R=R NN 9
CN 4 (5 mol %) R
CHCly, toluene, 80 °C 55%
= THPO
Ref. 17 R NN
. J
g N\
H OAc OAc OAc
H = H CO.M
l | )/ - 1. Diels—Alder ZHE
CH 9 (10-12 mol %) 2. DDQ oxidation
2 anhydrous benzene COMe
1 2 |
R'O,C NHCOR reflux, 40-50 h R'0,C NHCOR2 R'0,C NHCOR2
R"_R® Yield EiZ 32-56% eq 30
Me Me 45% 1:1
Me tBu 47% 11
Et Me 37% 11
Et tBu 56% 11
Ref. 89
(& J
4 N\
f k
FmocHN\)J\
9 (4 mol %) ~ @ < > _ﬁ_\ﬂ/\ \n/\NHFmoc
N CH,Cly, reflux, 18 h eq 31
E/Z 3:1
Ref. 91 (for resin-cleaved diene)
(& J
4 N\
,Bu"
N
///\-Irs 16 (5 — ©/\ /\/\/\n/\
CHyCly, reflux, 2 h eq 32
Y
Ref. 29 99%
. J

based dienes, prepared by enyne cross
metathesis, undergo the Diels-Alder reaction
to give functionalized phenylalanine
derivatives (eq 30).® Despite the moderate
yields, this method is synthetically viable,
since the acetylene building blocks used are
readily obtainable from glycine-derived
starting materials. The lack of E/Z
stereoselectivity observed in these reactions,
although not desirable, is of no consegquence
to the fina target molecule. Highly
substituted tetrahydropyridines, important
structural  components of numerous
alkaloids, have also been prepared by enyne
cross metathesis followed by an aza-
Diels-Alder synthetic step.®

Other examplesinclude a selective, enyne
cross metathesis of solid-phase-supported
alylsilylpolystyrene (1% DVB) with Fmoc-
protected norvaline propargyl ester—itself

formed from the free carboxylic acid, Fmoc-
Nva-OH (eq 31).* Reactions of thistype, in
which an akyne is coupled to an akene
through cross metathesis avoid problems of
homodimer formation. Blechert’'s group
demonstrated other applications in this area
with the synthesis of pseudooligo-
saccharides.®? There is significant scope in
this methodol ogy, since arange of sugars and
dienophiles can be employed.®

Tandem enyne cross metathesis between
an alkyne and 1,5-hexadiene, followed by in
Situ ring-closing metathesis, has also been
carried out using second-generation catalyst
16 (eq 32).%2 The crude diene products were
subsequently subjected to a Diels-Alder
reaction with N-methylmaleimide to give
bicyclic products of substantially greater
molecular complexity than the alkene and
alkyne starting materials.

8. Conclusions

While cross-metathesis chemistry is yet
to reach the maturity level of other
metathesis-based methodologies, it has
aready made a significant impact in the area
of nitrogen-containing systems. The mild
conditions under which these reactions can
be performed, aong with the high
functional-group tolerance of the current
catalysts, mean that cross metathesis will
clearly be of significant value in many areas
of chemistry. There are numerous other
cross-metathesis-based methodologies, in-
cluding domino metathesis, which is a
combination of ring-opening (ROM), ring-
closing (RCM), and cross (CM) metatheses.
Although domino metathesis is a useful
method for the synthesis of various novel
cyclic compounds, it is not discussed in this
review. Origina articles and reviews of this
topic, including discussions of stereo-
specificity and regiocontrol, have recently
been published.<

9. Acknowledgments

We thank the Marsden Fund of New
Zedland (ADA) and the Foundation for
Research, Science, and Technology (Bright
Futures Top Achiever Doctoral Scholarship
to AJV) for their financial support.

10.References and Notes

Couturier, J-L.; Tanaka, K.; Leconte, M.;
Basset, J-M.; Ollivier, J. Angew. Chem., Int.
Ed. Engl. 1993, 32, 112.

Crowe, W. E.; Zhang, Z. J. J. Am. Chem. Soc.

1993, 115, 10998.

Mori, M. Farumashia 2002, 38, 931.

Schuster, M.; Blechert. S. Angew. Chem., Int.

Ed. Engl. 1997, 36, 2036.

Blackwell, H. E.; O'Leary, D. J;; Chatterjee, A.

K.; Washenfelder, R. A.; Bussmann, D. A;;

Grubbs, R. H. J. Am. Chem. Soc. 2000, 122, 58.

Toste, F. D.; Chatterjee, A. K.; Grubbs, R. H.

Pure Appl. Chem. 2002, 74, 7.

Hoveyda, A. H.; Schrock, R. R. Chem. Eur. J.

2001, 7, 945.

Jorgensen, M.; Hadwiger, P; Madsen, R.;

Stitz, A. E.; Wrodnigg, T. M. Curr. Org.

Chem. 2000, 4, 565.

(9) Roy, R.; Das, S. K. Chem. Commun. 2000, 519.

(10) Arjona, O.; Csaky, A. G.; Plumet, J. Eur. J.
Org. Chem. 2003, 611.

(12) Phillips, A. J.; Abell, A. D. Aldrichimica Acta
1999, 32, 75.

(12) Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res.
2001, 34, 18.

(13) (a) Schrock, R. R.; Murdzek, J. S.; Bazan, G.
C.; Robbins, J.; DiMare, M.; O'Regan, M. J.
Am. Chem. Soc. 1990, 112, 3875. (b) Fox, H
H.; Schrock, R. R.; O’'Déll, R. Organometallics
1994, 13, 635.

(14) Barrett, A. G. M.; Baugh, S. P. D.; Braddock,

@

@

©)
4

®)

(C)]
U]
®

104 Aldrichimica ACTA VoOL.36, NO.3 - 2003



D. C,; Flack, K.; Gibson, V. C.; Giles, M. R;;
Marshall, E. L.; Procopiou, P. A.; White, A. J.
P; Williams, D. J. J. Org. Chem. 1998, 63,
7893.

(15) Fujimura, O.; Grubbs, R. H. J. Org. Chem.
1998, 63, 824.

(16) La, D. S,; Alexander, J. B.; Cefado, D. R;
Graf, D. D.; Hoveyda, A. H.; Schrock, R. R. J.
Am. Chem. Soc. 1998, 120, 9720.

(17) Furstner, A.; Mathes, C. Org. Lett. 2001, 3, 221.

(18) Nguyen, S. T.; Grubbs, R. H.; Ziller, J. W. J.
Am. Chem. Soc. 1993, 115, 9858.

(19) Miller, S. J;; Grubbs, R. H. J. Am. Chem. Soc.
1995, 117, 5855.

(20) Schwab, P; France, M. B.; Ziller, J. W,
Grubbs, R. H. Angew. Chem., Int. Ed. Engl.
1995, 34, 2039.

(21) Biagini, S. C. G.; Gibson, S. E.; Keen, S. P J.
Chem. Soc., Perkin Trans. 1 1998, 2485.

(22) Gibson, S. E.; Gibson, V. C.; Keen, S. P.
Chem. Commun. 1997, 1107.

(23) Engelhardt, F. C.; Schmitt, M. J;; Taylor, R. E.
Org. Lett. 2001, 3, 2209.

(24) Grela, K.; Bieniek, M. Tetrahedron Lett.
2001, 42, 6425.

(25) Maishal, T. K.; Sarkar, A. Synlett 2002, 1925.

(26) Kirkland, T. A.; Lynn, D. M.; Grubbs, R. H. J.
Org. Chem. 1998, 63, 9904.

(27)Lynn, D. M.; Mohr, B.; Grubbs, R. H;
Henling, L. M.; Day, M. W. J. Am. Chem. Soc.
2000, 122, 6601.

(28) Furstner, A.; Ackermann, L. Chem. Commun.
1999, 95.

(29) Smulik, J. A.; Diver, S. T. Tetrahedron Lett.
2001, 42, 171.

(30) Kingshury, J. S.; Harrity, J. P A.; Bonitatebus,
P J, J.; Hoveyda, A. H. J. Am. Chem. Soc.
1999, 121, 791.

(31) Love, J. A.; Morgan, J. P; Trnka, T. M,;
Grubbs, R. H. Angew. Chem,, Int. Ed. 2002,
41, 4035.

(32) Scholl, M.; Ding, S; Lee, C. W.; Grubbs, R.
H. Org. Lett. 1999, 1, 953.

(33) Randl, S.; Gessler, S.; Wakamatsu, H.;
Blechert, S. Synlett 2001, 430.

(34) Chatterjee, A. K.; Grubbs, R. H. Org. Lett.
1999, 1, 1751.

(35) Chatterjee, A. K.; Morgen, J. P; Schall, M,
Grubbs, R. H. J. Am. Chem. Soc. 2000, 122, 3783.

(36) Garber, S. B.; Kingsbury, J. S,; Gray, B. L;
Hoveyda, A. H. J. Am. Chem. Soc. 2000, 122,
8168.

(37) Connon, S. J.; Blechert, S. Bioorg. Med.
Chem. Lett. 2002, 12, 1873.

(38) (@ Cossy, J; BouzBouz, S; Hoveyda, A. H.
J. Organomet. Chem. 2001, 634, 216. (b) Blanco,
O. M.; Castedo, L. Synlett 1999, 557.

(39) Randl, S.; Buschmann, N.; Connon, S. J;
Blechert, S. Synlett 2001, 1547.

(40) Waekamatsu, H.; Blechert, S. Angew. Chem.,
Int. Ed. 2002, 41, 794.

(41) Wakamatsu, H.; Blechert, S. Angew. Chem,,
Int. Ed. 2002, 41, 2403.

(42) Nicolaouy, K. C.; Postema, M. H. D.; Yue, E.W,;
Nadin, A. J. Am. Chem. Soc. 1996, 118, 10335.

(43) Descotes, G.; Ramza, J.; Basset, J-M,;
Pagano, S. Tetrahedron Lett. 1994, 35, 7379.

(44) Hérisson, J.-L.; Chauvin, Y. Makromol. Chem.
1970, 141, 161.

(45) Kujawa-Welten, M.; Pietraszuk, C,;
Marciniec, B. Organometallics 2002, 21, 840.

(46) Randall, M. L.; Snapper, M. L. J. Mal. Catal.
A: Chem. 1998, 133, 29.

(47) Pietraszuk, C.; Marciniec, B.; Fischer, H.
Organometallics 2000, 19, 913.

(48) Lera, M.; Hayes, C. J. Org. Lett. 2001, 3, 2765.

(49) (@) Ahn, Y. M.; Yang, K.; Georg, G. |. Org.
Lett. 2001, 3, 1411. (b) Arjona, O.; Cséky, A.
G.; Plumet, J. Synthesis 2000, 857.

(50) Maynard, H. D.; Grubbs, R. H. Tetrahedron
Lett. 1999, 40, 4137.

(51) Paquette, L. A.; Schloss, J. D.; Efremov, I.;
Fabris, F; Gallou, F.; Méndez-Andino, J,;
Yang, J. Org. Lett. 2000, 2, 1259.

(52) Bremner, J. B.; Keller, P A.; Pyne, S. G,;
Robertson, A. D.; Skelton, B. W.; White, A. H.;
Witchard, H. M. Aust. J. Chem. 2000, 53, 535.

(53) Pernerstorfer, J.; Schuster, M.; Blechert, S.
Chem. Commun. 1997, 1949.

(54) Brimmer, O.; Ruckert, A.; Blechert, S. Chem.
Eur. J. 1997, 3, 441.

(55) Dominique, R.; Liu, B; Das, S. K.; Roy, R.
Synthesis 2000, 862.

(56) Nolen, E. G.; Kurish, A. J; Wong, K. A;
Orlando, M. D. Tetrahedron Lett. 2003, 44, 2449.

(57) Dondoni, A.; Giovannini, P. P; Alberto, M. J.
Chem. Soc., Perkin Trans. 1 2001, 2380.

(58) Biswas, K.; Coltart, D. M.; Danishefsky, S. J.
Tetrahedron Lett. 2002, 43, 6107.

(59) McGarvey, G. J.; Benedum, T. E;
Schmidtmann, F. W. Org. Lett. 2002, 4, 3591.

(60) Huwe, C. M.; Woltering, T. J.; Jiricek, J;
Weitz-Schmidt, G.; Wong, C. H. Bioorg. Med.
Chem. 1999, 7, 773.

(61) Hu, Y.-J.; Roy, R. Tetrahedron Lett. 1999, 40,
3305.

(62) Schuster, M.; Lucas, N.; Blechert, S. Chem.
Commun. 1997, 823.

(63) Blackwell, H. E.; Clemons, P. A.; Schreiber,
S. L. Org. Lett. 2001, 3, 1185.

(64) Feng, J.; Schuster, M.; Blechert, S. Synlett
1997, 129.

(65) Cossy, J.; Willis, C.; Bellosta, V. Synlett 2001,
1578.

(66) Liu, B.; Das, S. K.; Roy, R. Org. Lett. 2002, 4,
2723.

(67) Vashinder, M. M.; Miller, S. J. J. Org. Chem.
2002, 67, 6240.

(68) Beresis, R.; Panek, J. S. Bioorg. Med. Chem.
Lett. 1993, 3, 1609.

(69) Shi, Z.; Harrison, B. A.; Verdine, G. L. Org.
Lett. 2003, 5, 633.

(70) Faure, S.; Piva-Le Blanc, S.; Piva, O.
Tetrahedron Lett. 1999, 40, 6001.

(71) Mentink, G.; van Maarseveen,
Hiemstra, H. Org. Lett. 2002, 4, 3497.

(72) Tang, Q.; Wareing, J. R. Tetrahedron Lett.
2001, 42, 1399.

(73) Ghosh, A. K.; Liu, C. J. Am. Chem. Soc. 2003,
125, 2374.

(74) Chai, T.-L.; Chatterjee, A. K.; Grubbs, R. H.
Angew. Chem,, Int. Ed. 2001, 40, 1277.

(75) Feldman, J.; Murdzek, J. S.; Davis, W. M.;
Schrock, R. R. Organometallics 1989, 8, 2260.

(76) Gessler, S.; Randl, S.; Blechert, S.
Tetrahedron Lett. 2000, 41, 9973.

(77) Imhof, S.; Randl, S.; Blechert, S. Chem.
Commun. 2001, 1692.

J H;

(78) Crowe, W. E.; Goldberg, D. R. J. Am. Chem.
Soc. 1995, 117, 5162.

(79) Crowe, W. E.; Goldberg, D. R.; Zhang, Z. J.
Tetrahedron Lett. 1996, 37, 2117.

(80) Kirschning, A.; Chen, G. Tetrahedron Lett.
1999, 40, 4665.

(81) Batoux, N.; Benhaddou-Zerrouki, R,
Bressolier, P; Granet, R.; Laumont, G.;
Aubertin, A.-M.; Krausz, P. Tetrahedron Lett.
2001, 42, 1491.

(82)O’Leary, D. J; Blackwell, H. E,;
Washenfelder, R. A.; Grubbs, R. H.
Tetrahedron Lett. 1998, 39, 7427.

(83) Lincandro, E.; Maiorana, S.; Vandoni, B.;
Perdicchia, D.; Paravidino, P; Baldoali, C.
Synlett 2001, 757.

(84) Ellis, J-M.; King, S. B. Tetrahedron Lett.
2002, 43, 5833.

(85) Ishikura, M; Saijo, M.; Hino, A. Heterocycles
2002, 57, 241.

(86) Cuny, G. D.; Cao, J; Hauske, J R.
Tetrahedron Lett. 1997, 38, 5237.

(87) Kotha, S.; Halder, S.; Brahmachary, E;
Ganesh, T. Synlett 2000, 853.

(88) Stragies, R.; Schuster, M.; Blechert, S. Angew.
Chem,, Int. Ed. Engl. 1997, 36, 2518.

(89) Kotha, S.; Halder, S.; Brahmachary, E.
Tetrahedron 2002, 58, 9203.

(90) Schurer, S. C.; Blechert, S. Tetrahedron Lett.
1999, 40, 1877.

(91) Schuster, M.; Blechert, S. Tetrahedron Lett.
1998, 39, 2295.

(92) Blechert, S. Pure Appl. Chem. 1999, 71, 1393.

(93) (@) Arjona, O.; Csky, A. G.; Medd, R;;
Plumet, J. J. Org. Chem. 2002, 67, 1380.
(b) Usher, L. C.; Estrella-Jimenez, M.;
Ghiviriga, |.; Wright, D. L. Angew. Chem., Int.
Ed. 2002, 41, 4560. (c) Hagiwara, H.;
Katsumi, T.; Endou, S.; Hoshi, T.; Suzuki, T.
Tetrahedron 2002, 58, 6651.

About the Authors

Andrea Vernal was born in 1981 in
Wellington, New Zealand. In 2002, she
obtained a Bachelor of Science with First
Class Honours in Chemistry from the
University of Canterbury. Currently a
member of Professor Abell’s research group,
sheisin her second year of a Ph.D. research
program investigating metathesis reactionsin
biological systems.

Andrew Abell was born in 1960 in
Adelaide, South Australia He obtained a
Bachelor of Science with First Class
Honours in Organic Chemistry from the
University of Adelaide in 1982 and, in 1986,
he received his Ph.D. from the same
university under the supervision of Dr. Ralph
Massy-Westropp. Two years were then spent
working as a postdoctoral fellow with
Professor Sir Alan Battersby at Cambridge,
UK and, in 1987, he took afaculty position at
the University of Canterbury, Christchurch,
New Zealand. His current research interests
include the design, synthesis, and biological
properties of peptidomimetics. &}

Aldrichimica AcTa voL.36, NO.3 + 2003

105



Ruthenium-Based Metathesis Catalysts
Research Quantities Offered Exclusively by Sigma-Aldrich

Sigma-AIdrich is pleased to announce an agreement with Materia, Inc. to exclusively distribute research quantities of Grubbs

catalysts and Hoveyda—-Grubbs catalysts.

lefin metathesis is a synthetically powerful transformation enabling the production of novel compounds and high-performance

materials for the pharmaceutical and materials science markets. The synthetic utility of ruthenium-based catalysts is derived
from their ability to orchestrate metathetical transformations including cross metathesis (CM), ring-closing metathesis (RCM), ring-
opening metathesis polymerization (ROMP), and acyclic diene metathesis polymerization (ADMET). See the preceding review for a
focus on cross-metathesis of nitrogen-containing systems and for pertinent references to other systems.

Grubbs Catalyst 1st Generation

57,972-6 PCys 19
Clu. Rlu_ f 59
a” |
PCys

The first metathesis catalyst to be widely utilized in organic
synthesis, Grubbs First Generation Catalyst effects ring-closing
metathesis, olefin cross-metathesis, and ROMP with high activities
and tolerance for functional groups and protic media.™?

Grubbs Catalyst 2nd Generation

56,974-7 100mg
500mg
29

Clu,
CI/ |
PCys

Grubbs Second Generation Catalyst is a more active analog of the
first-generation Grubbs catalyst for ring-closing metathesis, cross
metathesis, and ROMP,? and can lead to trisubstituted olefins via
cross metathesis;* it ring-closes olefins with excellent functional-
group tolerance and selectivity.®

Dichloro(3-methyl-2-butenylidene)bis(tricyclopentyl-
phosphine)ruthenium(ll)

57,870-3 19

Ao 5

p
Clo.

C,/ _\_<
O@@

Hoveyda-Grubbs Catalyst 1st Generation

57,794-4 PCy3 100mg

500mg
Clu, Zg
C|/$ C

An efficient, recyclable catalyst for RCM of terminal olefins.®’

Hoveyda-Grubbs Catalyst 2nd Generation

56,975-5 100mg
Q @7 500mg
Cln.,
Cl/i) C

The Hoveyda-Grubbs Second Generation catalyst shows
efficiencies similar to those of second-generation Grubbs catalyst,
but with different substrate specificities. The catalyst is unique in
catalyzing the ring-closing, ring-opening, and cross-metathesis
reactions of highly electron-deficient substrates.”®

Dichloro(3-methyl-2-butenylidene)bis(tricyclohexyl-
phosphine)ruthenium(ll)

57,868-1 PCys 19
- | 59
o | _\_<
PCy3

References: (1) Schwab, P. et al. . Am. Chem. Soc. 1996, 118, 100. (2) Miller, S. J. et al. ibid. 1996, 118, 9606. (3) Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 2001, 34,
18. (4) Chatterjee, A. K.; Grubbs, R. H. Org. Lett. 1999, 7, 1751. (5) (a) Scholl, M. et al. ibid. 1999, 7, 953. (b) Saito, N. et al. ibid. 2002, 4, 803. (6) Kingsbury, J. S. et al.
J. Am. Chem. Soc. 1999, 121, 791. (7) Garber, S. B. et al. ibid. 2000, 722, 8168. (8) Rand|, S. et al. Synlett 2001, 430.

TO ORDER: Contact your local Sigma-Aldrich office or call 1-800-558-9160 (USA)
or visit our website at www.sigma-aldrich.com.
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2, 5-I\Iorbornadlene

(Bicyclo[2.2. ‘l]hepta-z S-dlene “
Product No. B3, 380—3 CAS nln. 121-46-0) *’

e High Quality, 98%, Low-Metals Content
e Research- and Commercial-Scale Capacity
e Superior Value

For more information on how we can fulfill your norbornadiene needs,
please contact us at (800) 336-9719 (USA) or at CHESS@sial.com.

To place an order, please call us at (800) 336-9719 (USA) or contact your local Sigma-Aldrich office.

H . H LEADERSHIP IN LIFE SCIENCE, HIGH TECHNOLOGY AND SERVICE %g
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2004 ACS Award Recipients

Idrich, a proud sponsor of three ACS awards,
congratulates the following recipients for their
outstanding contributions to chemistry.

ACS Award for Creative Work in Synthetic Organic
Chemistry
Professor Tohru Fukuyama, University of Tokyo

K

Measure your browing suc
conductinggmultiple studics us)
our 24 arofna chemicals

ACS Award in Inorganic Chemistry
Professor Herbert W. Roesky, Georg-August-Universitat
Gottingen

: : ik Herbert C. Brown Award for Creative Research in
containedin this kit. Synthetic Methods
Professor Edwin Vedejs, University of Michigan

Congratulations to each and all!

We6000
Flavors & Fragrances Kit
No. 3, Beverage Study Kit

B a0

Serrated
This kit offers a variety of Nat“ral R“bber septa

flavor characteristics from . .
A Annular serrations depress themselves against
tobacco to apple-like notes. — the inside wall of the bottle neck or ¥ joint,
Improve your sensory and training ' making each serration a suction sealing point.
programs to troubleshoot the 1 pkg = 100 septa.
off flavors in your product. i

CHEERS!
-
number W600016, please contact
us today at 800-227-4563 (USA) 6.5 85 751,248-6  751,255-9  751,262-1
or visit our website 80 10 1030 751,216-8  Z751,217-6  751,264-8
t w.siama-aldrich.com 95 115 751,249-4  751,256-7  751,265-6
at www.sigm . 4 1.0 13 751,250-8  751,257-5  751,266-4
Email us at ff@sial.com, or contact 125 145 1420 7512117  751,212-5  751,267-2
your local Sigma-Aldrich office. 140 165 751,251-6  751,258-3  751,268-0

16.0 18 Sure/Seal™ 751,218-4  751,219-2 751,269-9
175 195 19/22 751,220-6 751,221-4 751,270-2

19.0 21 751,252-4  751,259-1  751,271-0

Hli El:l DTEERCSHHI\: :‘) L'(;\'G l;{' FAEN g Csl E ;'VCIEC- . 205 23 24/40  751,213-3  751,214-1  751,272-9

! . E ! 220 25 751,253-2  751,260-5  751,273-7

1001 West Saint Paul Avenue ¢ Milwaukee, Wisconsin 53233 240 265 751.254-0 751.261-3 7512745

(800) 227-4563 255 28 29/42 751,222-2 751,223-0 751,275-3

Mixed set of 130

% septa with case 751,276-1 751,278-8 751,279-6

SIGMA-ALDRICH

FINE CHEMICALS

PRODUCTS AVAILABLE IN THE USA ONLY.

Sure/Seal is a trademark of Sigma-Aldrich Biotechnology, L.P.

sigma-aldrich.com




NEW!

WHEATON GRADUATED VALUMETRIC™ BOTTLES

Ideal for use as sample bottles. They are also useful for
dry powders, soil samples, and specimen storage. All
bottles are made of clear, Type lll soda lime glass.

With White Polypropylene
Cap and Poly-Vinyl Liner

Capacity (oz/mL) Cap Size Cat. No.
1/30 33-400 754,753-0
2/60 38-400 754,754-9
4/125 48-400 /54,755-7
8/250 58-400 755,096-5
16/500 70-400 755,097-3

With White Polypropylene Cap
and PTFE-Faced Foamed Polyethylene Liner

Capacity (oz/mL) Cap Size Cat. No.
1/30 33-400 755,098-1
2/60 38-400 755,100-7
4/125 48-400 755,102-3
8/250 58-400 755,103-1
16/500 70-400 755,105-8

With Black Phenolic Cap and Poly-Seal® Liner

Capacity (oz/mL) Cap Size Cat. No.
1/30 33-400 755,117-1
2/60 38-400 755,119-8

With White Polypropylene Cap and Rubber Liner

Capacity (oz/mL) Cap Size Cat. No.
1/30 33-400 Z55,120-1
2/60 38-400 /55,122-8
4/125 48-400 755,123-6
8/250 58-400 /55,124-4

For technical assistance or applications questions, please contact us at

aldglass@sial.com or call 800-231-8327 (USA) or 414-273-3850 (international).

| sigma-aldrich.com ‘

LEADERSHIP IN LIFE SCIENCE, HIGH TECHNOLOGY AND SERVICE

ALDRICH e BOX 355 ¢ MILWAUKEE ¢ WISCONSIN ¢ USA

Valumetric is a trademark of Wheaton Science Products. Poly-Seal is a registered trademark of Poly-Seal Corp.
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ALDRICH VACUUM MANIFOLDS

Single-Bank Manifolds

The single-bank manifolds come with either 4-mm-bore glass stopcocks or 0—10-mm-bore, high-vacuum, PTFE J Young valves, and
an optional vacuum-gauge port. All versions accommodate %-in. i.d. tubing.

Glass Stopcock

Positions Overall L (mm) Cat. No.

Standard manifold

3 300 753,213-4

4 400 753,214-2

5 500 7/53,215-0
Manifold with vacuum-gauge port

3 300 7/53,216-9

4 400 753,217-7

5 500 753,218-5

High-Vacuum PTFE Valve

Positions Overall L (mm) Cat. No.

Standard manifold

3 300 753,219-3

4 400 753,220-7

5 500 753,221-5
Manifold with vacuum-gauge port

3 300 753,222-3

4 400 753,223-1

5 500 753,225-8

Dual-Bank Manifolds with § Joints

This practical design provides clearance to accommodate 250-mL flasks with the snap of a KECK® clip. Manifolds are available with
either '§14/20, §$24/40, or $29/32 joints. Glass stopcocks have a 4-mm bore. Accommodate %-in. i.d. tubing.

Overall L $14/20 '$24/40 $29/32

Positions (mm) Cat. No. Cat. No. Cat. No.
3 300 753,066-2 753,069-7 751,752-6
4 400 753,067-0 753,070-0 751,753-4
5 500 753,068-9 753,071-9 751,754-2

For technical assistance or applications questions, please contact us at @ o
aldglass@sial.com or call 800-231-8327 (USA) or 414-273-3850 (international). o ALDR.CH

KECK is a registered trademark of Cole-Parmer Instrument Co.




Space-Saver Vacuum Manifolds

Designed for laboratories where space is at a premium. Single-bank design.

Features:
* Take up 35% less space than the traditional 5-position manifolds.
e Compact size with ample space for lattice clamps.
e High-vacuum PTFE J. Young valves.
e Accommodate %-in. i.d. tubing.

Positions Overall L (mm) Cat. No.
3 225 /53,072-7
5 305 /53,073-5
8 420 753,074-3

Dual-Bank Vacuum Manifolds

See the Equipment Section of the Aldrich Handbook of Fine Chemicals T

and Laboratory Equipment for a complete listing of dual-bank vacuum ¥
manifolds. C

ALDRICH CUSTOM VACUUM MANIFOLDS

Design a glass vacuum manifold for your special application.

Your custom-made manifold will typically ship within 48 hours after receipt of order.

Unlimited design choices:
e Number of banks

LT Save Up To . e
e Ends of banks bl 4"‘1‘ 45% on _
* Vacuum-gauge support g ? i Aldrich Glass FTL“’
* Valve type S i'fﬁr* - Lab Kits
e Number of positions l["‘ & Components!
e Position connections I -~
= Get a quote online at _W

www.sigma-aldrich.com/glassware.

Email aldglass@sial.com or phone 800-231-8327 (USA) for your free copy of the
Aldrich custom vacuum manifold specification sheet and order form.

(2 ALDRICH"

Order from our glassware catalog online at www.sigma-aldrich.com/glassware.



CRC Handbook of
Chemistry and Physics, 84th ed.

Organic Synthesis:
Concepts and Methods, 3rd ed.

David R. Lide, Ed., CRC Press, 2003, 2616pp.
Hardcover. New tables, extensive updates, and
added sections to this edition continue to be
the standard for the most reliable, accurate, and
current source of chemical data. This edition
features a completely new table of Physical
Constants of Organic Compounds with data on
almost 11,000 compounds, new structure
diagrams, and a new, more convenient format.

Z55,087-6

Medicinal Chemistry:
Principles and Practice, 2nd ed.

. D. King, Ed., Royal Society of Chemistry, 2002,
450pp. Softcover. This book covers the key
topics for drug discovery from the perspective
of the practicing industrial scientist and
manager. This new edition introduces new
topics such as combinatorial chemistry,
genomics, and chem-informatics, alongside
revised and updated original chapters.

Z54,794-8

Polymer Chemistry:
An Introduction, 6th ed.

Charles E. Carraher, Jr, Marcel Dekker, 2003,
960pp. Hardcover. Contains extensive listings
of laboratory exercises and demonstrations,
web resources, and new applications for in-
depth analysis of synthetic, natural,
organometallic, and inorganic polymers.
Provides special sections on current topics such
as the human genome and proteonics, optical
fibers, combinatorial chemistry, and much
more.

254,775-1

The Organic Chem Lab
Survival Manual: A Student’s
Guide to Techniques, 6th ed.

James W. Zubrick, John Wiley & Sons, 2004,
339pp. Softcover. Written for the laboratory
that accompanies the sophomore/junior level
courses in organic chemistry.  The book
describes the instruments and techniques used
in an organic chemistry lab. Diagrams show
students how to make measurements, set up
labs, and perform meaningful experiments.

Z55,092-2

Jirgen-Hinrich Fuhrhop and Guangtao Li, John
Wiley & Sons, 2003, 533pp. Hardcover. This
edition is specially written with advanced
undergraduate and graduate students in mind,
although it is equally useful for research
chemists. The text has been enlarged to include
new chapters on combinatorial chemistry, non-
covalent molecular assemblies, and the use of
the Internet to search for chemical compounds.

Z54,743-3

Organic Synthesis Workbook 11

C. Bittner, A. S. Busemann, U. Griesbach, F.
Haunert, W.-R. Krahnert, A. Modi, J. Olschimke,
P L. Steck, John Wiley & Sons, 2001, 304pp.
Softcover.  This book describes new synthetic
targets including tricycles, macrolides, terpenes,
and alkaloids, and the relevant synthesis tasks,
before going on to classify them into smaller
problems. The solution section has a
comprehensive discussion of reaction sequences
and their actual applications.

Z55,093-0

Handbook of Thin-Layer
Chromatography, 3rd ed.

Joseph Sherma and Bernard Fried, Eds., Marcel
Dekker, 2003, 1048pp. Hardcover. Contains
the latest procedures and applications of TLC to
19 important compound classes, offers
numerous figures that illustrate techniques and
chromatograms, and includes a glossary and
directory of equipment suppliers.

Z55,095-7

Hydrocarbon Chemistry, 2nd ed.

George A. Olah, Arpéd Molnér, John Wiley &
Sons, 2003, 871pp. Hardcover. Includes a new
section on the chemical reduction of carbon
dioxide—focusing on  catalytic, ionic,
electrocatalytic, photocatalytic, and enzymatic
reductions—as well as a new chapter on new
catalysts and activation methods, combinatorial
chemistry, and environmental chemistry.

Z55,094-9

Metal Complexes and Metals in
Macromolecules: Synthesis,
Structures and Properties

Dieter Wéhrle, Anatoli D. Pomogailo, John
Wiley & Sons, 2003, 685pp. Hardcover. This
book is aimed at all organic, inorganic, polymer
and physical chemists as well as materials
scientists looking for information on the current
state of this interdisciplinary area of research. It
covers the design of metallic macromolecules,
the determination of their structures, the
physical-chemical properties of promising
compounds and  their  potential in
microelectronics and sensors.

Z54,746-8

Carbanion Chemistry:
Structures and Mechanisms

Erwin Buncel and Julian M. Dust, Oxford
University Press, 2003, 364pp. Hardcover. This
book describes the properties and structures of
carbanions, the conditions under which they
form, and the factors that affect their
thermodynamic and kinetic stability. Important
chapters on the spectroscopy of group 14
anions and on carbanion reactions catalyzed by
heterogeneous, basic catalysts are included.

254,747-6

Handbook of Metathesis,
3-Volume Set

Robert H. Grubbs, Ed., Wiley-VCH, 2003,
1180pp. Hardcover. There is probably no name
more closely linked to metathesis than that of
Robert H. Grubbs of the California Institute of
Technology, whose pioneering work has led to
the success of this important and fascinating
reaction.  This comprehensive three-volume
work presents all the critical aspects of
metathesis.  Clearly divided into sections
covering catalyst developments, organic
synthesis applications, and polymer synthesis,
this important new reference is an instant
classic, incorporating even the most recent
developments in the fast-moving study of the
field.

Z55,157-0

Search, browse, and order books online at www.sigma-aldrich.com/books

eBookShelf is a trademark of Sigma-Aldrich Biotechnology, L.P.



Sigma-Aldrich Worldwide Locations

Argentina

SIGMA-ALDRICH DE ARGENTINA, S.A.

Tel: 54 11 4556 1472
Fax: 54 11 4552 1698

Australia
SIGMA-ALDRICH PTY., LIMITED
Free Tel: 1800 800 097
Free Fax: 1800 800 096
Tel: 612 9841 0555
Fax: 612 9841 0500

= =

Fax: 55 11 3733-

Canada
SIGMA-ALDRICH

Free Fax: 800-265-3
Tel: 905-829-9500
Fax: 905-829-9292

China
SIGMA-ALDRICH CHINA IN
Tel: 86-21-6386 2766
Fax: 86-21-6386 3966

Czech Republic
SIGMA-ALDRICH s.r.0.
Tel: 246 003 200

Fax: 246 003 291

Denmark

SIGMA-ALDRICH DENMARK A/S
Tel: 43 56 59 10

Fax: 43 56 59 05

Finland
SIGMA-ALDRICH FINLAND
Tel: 358-9-350-92 50

Fax: 358-9-350-92 555

France

SIGMA-ALDRICH CHIMIE S.a.rl.
Tel appel gratuit: 0800 211 408
Fax appel gratuit: 0800 031 052

Germany

SIGMA-ALDRICH CHEMIE GmbH
Free Tel: 0800-51 55 000

Free Fax: 0800-649 00 00

Hungary
SIGMA-ALDRICH Kft
Tel: 06-1-235-9054
Fax: 06-1-269-6470
Ingyenes zold telefon: 06
Ingyenes zold fax: 06-8

India
SIGMA-ALDRICH
PRIVATE LIMITED,
Telephone

Hyderabad:
91-40-5531 5548 / 2784 2378

Delhi:
-11-2616 5477 / 2619 5360

X
angalore: 91-80-5112-7473
Hyderabad: 91-40-5531 5466
Mumbai: 91-22-2579 7589

New Delhi: 91-11-2616 5611

Ireland

SIGMA-ALDRICH IRELAND LTD.
Free Tel: 1800 200 888

Free Fax: 1800 600 222

Israel

SIGMA-ALDRICH ISRAEL LTD.
Tel: 08-948-4100

Fax: 08-948-4200

Italy

SIGMA-ALDRICH S.r.l.
Telefono: 02 33417310
Fax: 02 38010737

Numero Verde: 800-827018

bai: 91-22-2579 7588 / 2570 2

Japan

SIGMA-ALDRICH JAPAN K.K.
Tokyo Tel: 03-5796-7300
Tokyo Fax: 03-5796-7315

Korea
SIGMA-ALDRICH KOREA
Tel: 031-329-9000

Fax: 031-329-9090

Malaysia

SIGMA-ALDRICH (M
03-56 1

Poland

SIGMA-ALDRICH Sp. z 0.0.
Tel: (+61) 829 01 00

Fax: (+61) 829 01 20

Portugal

SIGMA-ALDRICH QUIMICA, S.A.
Free Tel: 800 20 21 80

Free Fax: 800 20 21 78

Russia
SIGMA-ALDRICH RUSSIA
TechCare Systems, Inc.
(SAF-LAB)

Tel: 095-975-1917/3321
Fax: 095-975-4792

Solutions for Oligonucleotide Synthesis

Singapore
SIGMA-ALDRICH PTE. LTD.
Tel: 65-6271 1089

Fax: 65-6271 1571

South Africa
SIGMA-ALDRICH

SOUTH AFRICA (PTY) LTD.
Tel: 27 11 979 1188
Fax: 27 11 979 1119

Tel: +41 814755 2828 \’

Fax: +41 81 755 2815 ~ -

United King
SIGMA-ALDRI

Free Tel: 0800
Free Fax: 080 85 2 y
Tel: 01747 833000
Fax: 01747 833313

United States
SIGMA-ALDRICH

P.0. Box 14508

St. Louis, Missouri 63178
Toll-free: 800-325-3010
Call Collect: 314-771-5750
Toll-Free Fax: 800-325-5052
Tel: 314-771-5765

Fax: 314-771-5757
Internet:
sigma-aldrich.com

Precisely Blended Capping, Deblocking, and Activator solutions for oligonucleotide synthesis.

55,534-7  Cap Mix A 1L 55,535-5  Cap Mix B, with pyridine 1L
(Contains 90% tetrahydrofuran: 2L (Contains 80% tetrahydrofuran: 2L
10% acetic anhydride) 10% pyridine: 10% 1-methylimidazole)

55,531-2  Cap Mix A, with 2,6-lutidine 1L 56,193-2  Deblock 1L
(Contains 80% tetrahydrofuran: 2L (Contains 3% trichloroacetic acid 2L
10% acetic anhydride: 10% 2,6-lutidine) in dichloromethane)

55,533-9  Cap Mix A, with pyridine 1L 55,404-9  Activator 1L
(Contains 80% tetrahydrofuran: 2L (1H-Tetrazole, 3 wt. % 2L
10% acetic anhydride: 10% pyridine) solution in acetonitrile)

55,532-0 Cap Mix B 1L
(Contains 84% tetrahydrofuran: 2L

16% 1-methylimidazole)

For additional pre-blended solvents or larger container options, email us at labchem@sial.com.

SIGMA-ALDRICH
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Sigma-Aldrich Fine Chemicals provides products and contract manu'fap_tlti‘n"gr' rvice . from Discove
through Commercialization to the Pharmaceutical, Biopharmaceutical, a _Hi?‘l Technology industries.

We manufacture over 40,000 prodilcts.
What can we manufacture for you?

Take a Virtual Tour of our MANUFACTURING facilities at
http://www.sigma-aldrich.com/tours

To discuss how our expertise can benefit your next scale-up project or to obtain a quote,
call us at 800-336-9719 (USA) or visit us at www.sigma-aldrich.com/safc

France: tel. 04 74 82 28 82 - fax 04 74 82 28 90 ¢ Germany: tel. 089 6513 1900 - fax 089 6513 1919

o Italy: tel. 02 33 41 7350 - fax 02 33 41 7201 * Japan: tel. 03 5821 3171 - fax 03 5821 3170 * Switzerland: tel. 081 755 2732 - fax 081 755 2770 ®
U.K.: tel. 01202 712222 - fax 01202 740171 * USA: tel. 800 336 9719 or 314 534 4900 - fax 314 652 0000 e Email: safinechem@sial.com
= = LEADERSHIP IN LIFE SCIENCE, HIGH TECHNOLOGY AND SERVICE -
SIgma-aIdrICh'com SIGMA-ALDRICH CORPORATION ¢ BOX 14508 ¢ ST. LOUIS ® MISSOURI * USA SlGMA ALDRICH

FINE CHEMICALS

ALDRICH CHEMICAL COMPANY, INC.
P.O. BOX 14508
ST. LOUIS, MISSOURI 63178 USA

®
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