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Aldrich Is Pleased to Offer Cutting-Edge Tools for Organic Synthesis

Oxidation Reagent

The selective oxidation of alcohols under conditions which are environmentally
friendly and/or do not require toxic and hazardous chemicals is a well-
precedented problem in organic synthesis. More recently, conditions have
been developed which use a catalyst system comprised of DABCO®-
CuCl in the presence of TEMPO and molecular oxygen as the oxidant.
This mild catalytic oxidation generates water as the only byproduct.

DABCO®-CuCl (5 mol %)
)O\H 703141 JOL

R” "R TEMPO (5 mol %) R™ R
Oy, rt, various solvents* 24-94%
-H,0
R = aryl, alkyl; R' = H, alkyl, aryl
*CHgNO,, 1,4-dioxane, DMF, DMSO, or CH3CN

Mannam, S. et al. Adv. Synth. Catal. 2007, 349, 2253.

DABCO®-CuCl Complex

703141 19
CgHy,CICuUN,

FW: 211.17

Reagent for the Preparation of Organozincs

Zn(OMe), is an exceptional precursor for the formation of reactive and
selective organozinc reagents under salt-free conditions. Historically,
the difficulty in preparing organozinc reagents that has prevented
their widespread use is due to their highly pyrophoric nature as well
as the generation of byproducts. The use of additives, which remove
these byproducts, presents other limitations. Therefore, a method to
control the solubility of the byproducts so that they can be removed
by simple filtration or centrifugation has been developed, and relies
on the use of Zn(OMe), as a precursor to the organozinc reagent to
be formed in solution. Following formation of the active organozinc
compound, filtration or centrifugation is followed by the desired organic
transformation. Examples of such a transformation include the catalytic
enantioselective addition of organozincs to imines, conjugate addition,
addition to aldehydes (example below), and addition to B-nitrostyrene.

Zn(OMe), RMgCI

(2 equiv) (.95 equiv)
702684
[e]
Et,0 Centrifugation OH
“ H
S R
(-)-MIB (2 mol %)

toluene, 0 °C, 12 h
R = Et, 93%, 98% ee
R = n-CyoHay, 63%, 97% ee

Cote, A.; Charette, A. B. J. Am. Chem. Soc. 2008, 130, 2771.

Zinc Methoxide

702684 19
C,He0,Zn 5g
FW: 127.46

DABCO is a registered trademark of Air Products and Chemicals, Inc.
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Reagent for the PMB-protection of Alcohols

Protection with the para-methoxybenzyl protecting group (PMB) has been
an ongoing challenge in organic chemistry due to the limitations with
regard to the reagents that can be used. Common reagents typically require
acidic or basic reaction media and present problems that relate to their
long-term storage. The lepidine ether below (2-(4-methoxybenzyloxy)-4-
methylquinoline) was developed to address some of these limitations and,
in combination with MeOTf, affords an active reagent in situ. A plethora of
alcohols are readily protected under neutral reaction conditions. Additionally,
2-(4-methoxybenzyloxy)-4-methylquinoline is stable, and byproducts
generated by its use are easily removed through aqueous workup or
chromatography.

Me

\
L

e
MeO 701 449
Ph\M (2.0 equiv) Ph\/Y\
SiMeg SiMeg
OH MeOTf (2.0 equiv) OPMB
MgO (2.0 equiv) o
PhCFj, rt 80%

Nwoye, E. O.; Dudley, G. B. Chem. Commun. 2007, 1436.

2-(4-Methoxybenzyloxy)-4-methylquinoline

701440 1g
[937184-70-8] 59
C18H17NOZ

FW: 279.33

Reagent for Selective Methylhydrazine Addition

N-Boc-N-methylhydrazine is a useful reagent that can be employed when
reaction at the less nucleophilic nitrogen of methylhydrazine is desired.
Without protection of the methylated nitrogen with a Boc group, reaction
would occur also at the methylated nitrogen. As demonstrated below,
reaction of the chlorotriazine provides the corresponding, properly hydrazine-
functionalized arene.

I|300
_N. Me. .Boc
Nl,HIo hd,Njiu Rl Mo N EH
I\N/ coEt | NCOEt|  moma mN/IcozEt
43% (2 steps)
Kelly, T. R. et al. J. Am Chem. Soc. 2006, 128, 5646.
1-Boc-1-methylhydrazine
699101 59
[21075-83-2] 25¢g
C6H14NZOZ
FW: 146.19
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“PLEASE BOTHER US.”

Joe Porwoll, President
Aldrich Chemical Co., Inc.

Professor Michael Krische from the University of Texas FC

at Austin kindly suggested that we make Ir and Rh BARF .

_ . N ~

(BARF = {3,5-(CF),C¢Hs},B) salts. These compounds {KDM<J:| } Q
transformations, including hydrogenation and reductive FsC /@ CFg
coupling, that otherwise do not proceed effectively. FsC CFs
(1) Ngai, M.-Y.; Barchuk, A.; Krische, M. J. J. Am. Chem. Soc.

2007, 729, 280. (2) Ngai, M.-Y.; Kong, J.-R.; Krische, M. J. J. Org. Chem. 2007, 72, 1063.

with loosely coordinating properties catalyze various
M =1Ir, Rh
693774 Bis(cyclooctadiene)iridium(l) tetrakis(3,5-bis(trifluoromethyl)phenyl)borate

500 mg
29
692573 Bis(1,5-cyclooctadiene)rhodium(l)tetrakis[bis(3,5-trifluoromethyl)phenyl]
borate 100 mg
500 mg

Naturally, we made these useful reagents. 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 de-
lighted to give it careful consideration. You can contact us in any one of the ways shown on this
page and on the inside back cover.
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Looking at The Bridge at Argenteuil [T e
(oil on canvas, 60 x 79.7 cm) from a
distance of ten feet or so, Claude
Monet's brushstrokes blend to yield a
convincing view of the river Seine and
the pleasure boats that drew tourists
to Argenteuil. Up close, however, each
dab of paint is distinct, and the scene
dissolves into a mosaic of paint—
brilliant, unblended tones of blue,
red, green, and yellow. In the water,
quick, fluid skips of the brush mimic
the lapping surface. In the trees, thicker
paint is applied with denser, stubbier
strokes. The figure in the sailboat is
only a ghostly wash of dusty blue, and the women rowing nearby are indicated by mere
shorthand.

In the early years of impressionism, Monet, Renoir, and others strove to capture the
fleeting effects of light and atmosphere on the landscape and to transcribe directly and
quickly their sensory experience of it. Monet advised his students, “When you go out to
paint, try to forget what objects you have before you, a tree, a house, a field or whatever.
Merely think here is a little square of blue, here an oblong of pink, here a streak of yellow,
and paint it just as it looks to you, the exact color and shape, until it gives your own naive
impression of the scene before you.”

In this early work (1874), Monet (1840-1926) captures a warm, sunny, idyllic day—a
motif he used often and for which he became famous. Today, Monet's characteristic style
and distinctive brushstroke are still fresh, recognizable, and most popular.

This painting is part of the Collection of Mr. and Mrs. Paul Mellon at the National
Gallery of Art, Washington, DC.
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PTS—New Amphiphile for Metathesis and
Cross-Coupling in Water

Recently introduced by Professor Bruce Lipshutz of UC, Santa Barbara, polyoxyethanyl o-tocopheryl sebacate (PTS)
is @ nonionic amphiphile that is proving to be a versatile “solubilizer” for organic molecules in water.’

Lipophilic substrates and catalysts can efficiently enter micelles formed by PTS in water, leading to cross-coupling
reactions at room temperature without the need for a co-solvent.?

WOMOW%"H

PTS (n = ca. 13)

Polyoxyethanyl o-tocopheryl sebacate, 15 wt. % in H,0
698717 10 mL

(1) Sold under license from Zymes, LLC. (2) (a) Lipshutz, B. H. et al. Org. Lett. 2008, 10, 1325. (b) Lipshutz, B. H. et al. Adv. Synth. Catal. 2008, 350, 953. (c)
Lipshutz, B. H. et al. Org. Lett. 2008, 710, 1333. (d) Lipshutz, B. H.; Taft, B. R. Org. Lett. 2008, 70, 1329. (e) Lipshutz, B. H.; Ghorai, S. Aldrichimica Acta 2008, 41,
in press. (f) Lipshutz, B. H. et al. Org. Lett. 2008, 10, ASAP.
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Cross-Couplings Going Green:
in Water at Room Temperature
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1. Introduction

It has now been 15 years since Sheldon introduced the
environmental factor, or “E Factor”, as a numerical measure of
the amount of waste produced in manufacturing processes of
oil, bulk or fine chemicals, and pharmaceuticals (expressed in
kg waste/kg product).! This focus on “atom utilization” takes
into account not only Trost’s “atom economy”,? but also the
associated environmental impact of salt formation and organic
byproducts. Today, the E Factor is “a way of life” for the industrial
chemical enterprise. Academic labs are also faced with increasing
external scrutiny of solvent usage and waste disposal practices,
and expanding environmental safeguard requirements. Efforts
to influence the extent of chemical insults to the environment at
large are manifested throughout the field: journals devoted solely
to this cause (e.g., Green Chemistry); books in their entirety on, or
related to, the subject;* ¢ and conferences dedicated solely to green
chemistry.>® New technologies are being engineered to mitigate
waste production, with advances in organometallic, organic, and
bioorganic catalysis. Alternative reaction media such as fluorous,
aqueous, as well as those involving supercritical CO, and ionic
liquids, are thriving.* Regardless of whether these advances are
driven by truly environmental issues focused on “sustainability”,
improved economics, public relations, and/or other factors, the
trend going forward is clear.

Interestingly, the E Factor does not take water into account. The
reason given is that its inclusion skews the numbers significantly
upward and reduces differences between processes, rendering
them more difficult to interpret and, hence, less meaningful.! The

Bruce H. Lipshutz* and Subir Ghorai
Department of Chemistry & Biochemistry
University of California

Santa Barbara, CA 93106 USA

Email: lipshutz@chem.ucsb.edu

unstated implication is that the quantities of water involved in
workups and the resulting waste streams are huge, and that accurate
data are tough to get. Water as a reaction solvent, however, is an
important alternative medium. Nonetheless, today’s enthusiasm
for the inclusion of water in one’s choice of conditions has been
criticized,’ in part due to the confusion in the literature regarding
terminologies, such as “in water”, “with water”, and “on water”.>¢
While the use of this solvent alone has fundamental merit in that
water is inexpensive, nontoxic, and safe with respect to handling,
the counterargument usually focuses on downstream items: the
amounts of organic solvent(s) still needed for workup, issues of
product isolation, and losses of catalysts involved. Indeed, while
homogeneous catalysis in organic media already plays a prominent
role in green chemistry, Sheldon further notes, “Preferably, the
catalyst solution remains in the reactor and is re-used”.! Thus, the
concept of catalyst recycle and, hence, minimization of organic
solvent(s) invested, are also worthy practical goals.

One approach towards increasing the potential for water to
compete with organic solvents highlights a reaction variable
relatively underdeveloped in the synthetic community, in particular
in transition-metal-based cross-couplings: micellar catalysis.’
Micelles, in general, are formed at low concentrations (CMCs, or
critical micelle concentrations, are typically 103~10-* M) in pure
water.® They are characterized as amphiphilic aggregates that
combine lipophilic interiors with hydrophilic exteriors, and come
in three “flavors™: cationic, anionic, and nonionic. A wealth of
information (mostly physical chemistry) on micelles is available,’
but a surprising dearth of applications to organometallic cross-
couplings currently exists. Why? Could it be that to many synthetic
organic chemists, all surfactants (a contraction of “surface active
agents”) are more or less the same, that “soap is soap”? This may
seem like an oversimplification, but there is extensive evidence
to document this state of affairs. For example, consider some of
the most common name reactions in transition-metal-mediated
organic synthesis, the Heck and Suzuki couplings, and Nobel Prize
winning olefin cross-metathesis chemistry. Are there examples of
such reactions run in pure water, at room temperature, and involving
water-insoluble substrates? In some cases there are, but these are
few in number (vide infra). In the recent monograph Organic
Reactions in Water,* there are several outstanding chapters on all
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aspects of chemistry in water, including reviews by those who have
contributed to organometallic chemistry in this medium."* The
most relevant review to transition-metal-based cross-couplings
is by Chao-Jun Li on “Metal-Mediated C—C Bond Formations in
Aqueous Media”.'® From this extensive summary, and earlier work
and reviews by Li’s group,'®®< it appears that micellar catalysis
has not been commonly applied to key cross-coupling reactions,
including those catalyzed by Pd. And for reactions that do include
surfactants, the choices are usually limited to those introduced
decades ago when the impetus was to provide an inexpensive
approach to enhancing the water solubility of compounds associated
with, e.g., the petroleum, food, textile, and cosmetics industries
prior to the arrival of modern organometallic cross-coupling
chemistry. This is not to say that surfactant technology today is a
dormant area of research; in fact, entire books are available on this
field alone.”® But just as ligands in organometallic chemistry have
evolved exponentially to meet the increasing demands of evermore-
complex synthetic problems, so is there room for amphiphiles to be
tailored to enhance opportunities not only in synthesis, but in green
chemistry. Few uses of micelles appear in popular monographs or
reference works dedicated to organometallics, such as Schlosser’s
Organometallics in Synthesis: A Manual,"* or Beletskaya’s chapter
in Negishi’s Handbook of Organopalladium Chemistry for Organic
Synthesis."® Where is palladium, copper, or ruthenium in the cover
artwork of the issue of Angewandte Chemie featuring the Oehme
review on micellar catalysis in 2005?7 Shaughnessy’s paper on
Pd-catalyzed couplings in aqueous media includes a discussion,
in part, on the uses of ionic surfactants (phase-transfer reagents),
although product isolation is noted as potentially problematic.
Nonetheless, the “trick” of solubilizing organic substrates by
employing micelle-forming amphiphiles derives from the exclusive
presence of water as solvent. In fact, an organic co-solvent would
likely reduce the prospects for catalysis by competing with the
substrate(s) for occupancy within the lipophilic core of the micelle.
This may seem counterintuitive; i.e., that more “greasy” materials

Sebacic
o-Tocopherol acid PEG

1T IT 1
o}
o o
JOUCUSN m IR AW
o}
o)
1
Figure 1. Structure of the Nonionic Amphiphile PTS (1, n = ca. 13).
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Figure 2. Commonly Used Nonionic and lonic Surfactants.
(Ref. 17-20)

should, in principle, make for better substrates in water, and that
any “assistance” by organic co-solvents might actually decrease
reaction rates. Perhaps these observations explain, in part, the
paucity of attention paid to nonionic surfactants in transition-
metal-catalyzed organic synthesis. The question, however,
remains as to whether all such amphiphiles are “created equal”;
that is, are there significant benefits when a particular surfactant
is “matched” to a particular metal-catalyzed cross-coupling? An
analogous query years ago might have been: are all ligands in
metal-catalyzed cross-couplings the same? Intuitively, the answer
may already be obvious; in fact, there are already hints to such
distinctions between amphiphiles.'?

The benefits that “tailor-made” amphiphiles might offer
catalysis: e.g., chemistry in water, rate accelerations, etc.,
could be substantial. However, in order for these to be realized,
well-defined structure—function relationships associated with
surfactants in organic synthesis are needed. In brief, what are the
rules for micellar catalysis here? The short answer is: no one knows.
But there are analytical tools—e.g., Dynamic Light Scattering
(DLS) to study average particle size,' and Transmission Electron
Microscopy (TEM)* to view the size, shapes, and distribution
of micelles in water—that can aid greatly in our understanding;
techniques that are otherwise infrequently employed by synthetic
organic chemists. Thus, in this review, an early spotlight is placed
on a few very common name reactions,” carried out at ambient
temperatures and in water alone, both insofar as prior art is
concerned, as well as with a focus on very recent advances with the
aid of the amphiphile PTS (polyoxyethanyl a-tocopheryl sebacate)
(1; Figure 1).!¢ Perhaps as a library of information is accumulated
as to which amphiphile(s) work best in various situations, an
understanding of the structure—reactivity relationships between
amphiphile, substrates, and catalysts will emerge.

For all intents and purposes in the discussion below relating
to organometallics in organic synthesis, these terms will be
used interchangeably regardless of the technical definition of
each. Virtually all that appear in journals that cater to organic
chemistry are composed of two components: a nonpolar,
usually hydrocarbon tail, and a polar, either charged or neutral
head group that represents the hydrophilic (or “water-loving”)
segment (Figure 2). Examples of nonionic surfactants include
TRITON® X-100,"7 BRIJ® 30, and polysorbates® (e.g., TWEEN®
80). Perhaps the most commonly used anionic surfactant is
sodium dodecyl sulfate (SDS; technically a detergent),® while
cationic surfactant cetyltrimethylammonium bromide (CTAB) is
also a frequently employed, off-the-shelf reagent. Unlike these
combinations of a lipophile attached to a water-solubilizing moiety
such as polyethylene glycol (PEG), PTS (1) is an unsymmetrical
diester and, therefore, contains three components: a dicarboxylic
acid (Sebacic acid in this case), a lipophilic portion in vitamin
E (or a-Tocopherol), and a hydrophilic subsection based on
PEG-600 (which consists of a distribution of oxyethanyl units
centered at 13 in number). Very closely related to PTS is PSS
(Figure 3).1 In this amphiphile (PSS), the hydrocarbon portion of
PTS containing a /inear side chain 13 carbons in length as part of
vitamin E is replaced by a polycyclic hydrocarbon characteristic
of the cholesterol mimic, B-Sitosterol. Note that while PSS is
otherwise identical to PTS insofar as the 10-carbon spacer acid
and the length of PEG are concerned, the well-known emulsifier
TPGS? varies in the nature of the dicarboxylic acid between
the lipophilic vitamin E and hydrophilic PEG moieties. That is,
in TPGS, the parent chain is the 4-carbon-containing succinic



acid. Moreover, the PEG portion in TPGS is PEG-1000, which
substantially shifts the ratio of water-soluble (hydrophilic PEG) to
water-insoluble (lipophilic vitamin E + sebacic acid) components,
usually referred to as the Hydrophilic—Lipophilic Balance (HLB).?
At first glance, these might seem like very subtle distinctions
between “soaps.” However, these three molecules are quite distinct
from each other: neither TPGS nor PSS functions as well as PTS
as a reaction medium in C—C-bond-forming reactions in water that
have been studied to date (vide infra). Perhaps even more crucial
here for developing a fuller appreciation of the micellar array is
recognition that the hydrocarbon interior (vitamin E in the case
of PTS) functions as the reaction solvent. Hence, just as solvent
effects can play a defining role in many organic reactions, so might
the makeup of an amphiphile that is providing, in a “like-dissolves-
like” way, the organic environment...albeit in water.

3. PTS: Brief History and Background

At the National Research Council (NRC) in Ottawa, scientists led
by Dr. Henryk Borowy-Borowski first prepared PTS as described
in U.S. Patent 6,045,826.!° Starting with sebacoyl chloride, initial
esterification with a-tocopherol led to a monoester (Scheme 1).
Second-stage introduction of PEG-600 gave PTS (1) as the major
product, albeit in modest yield (ca. 55%). Purification involving
a variety of non-chromatographic manipulations improves the
quality of the material, but given the variation in the number of
oxyethanyl units [i.e., (-OCH,CH,-),] in most of the commonly
used PEGs (in this case, n = ca.13), along with small amounts
of various diesters formed as side-products, it is technically
inaccurate, as well as economically unrealistic, to claim that PTS
is a “pure” compound. Identical phenomena can be found for other
commonly PEGylated materials, not only among surfactants but
also in the pharmaceutical arena (e.g., PEGylated peptides,? etc.).

The NRC’s goal was to leverage PTS as a carrier for the
expressed purpose of solubilizing a yellow-orange and highly
lipophilic solid, the dietary supplement coenzyme Q,, (CoQ,;,, MW
863; Figure 4A), in water. Dr. Marianna Sikorska and co-workers
conducted extensive biochemical studies at this national lab, relying
on PTS-derived aqueous solutions of CoQ,,. Her team examined
CoQ,,—PTS in both cells and animals (in vitro and in vivo) with
regard to safety and efficacy in specific disease models.?* They
were particularly interested in neurodegenerative disorders and
ischemic brain damage, and demonstrated the neuroprotective
effect of water-soluble CoQ,,. The properties of PTS (vide infra)
allow for the generation of translucent solutions of CoQ,,in pure
water even at concentrations of >50 mg/mL (Figure 4B)!

PTS itself is a viscous, pale-yellow, honey-like substance
(Figure 4C). In water above its critical micelle concentration
(0.28 mg/mL, or 2.31 x 10~* M), it forms essentially colorless
solutions—with micelles averaging 22-25 nm in diameter as
indicated by light-scattering data.”® On the other hand, cryo-TEM
measurements®® show a mixture of smaller spherical (ca. 8 nm)
and worm-like (ca. 50 nm) particles (Figure 5).25%¢ Interestingly,
dissolution of CoQ,, within these nanometer-size micelles does not
alter, on average, their size. This “trend” is corroborated by similar
observations involving other “actives” such as ®-3 fatty acids (i.e.,
fish oil containing DHA and EPA can be solubilized in water at a
remarkable 100 mg/mL),%” as well as the practically water-insoluble
antitumor agent paclitaxel which forms a clear, water-white solution
even at 10 mg/mL (Figure 4D).2% Thus, as a solubilizing agent,
where ratios of PTS to active will vary (e.g., PTS:CoQ,,= 3:1 by

weight;'® PTS:paclitaxel = 10-20:1 by weight),?®* PTS in micelle
form is capable of accommodating compounds that are essentially
insoluble in water. It was the recognition of these properties of

/I\/\)\/\)\/\ MO{\/O%H
O o (n=ca. 13)
PTS (1)

same: different: different:
vitamin E 4-carbon diacid PEG-1000

JOUBUIN Se a e

same:
10-carbon diacid PEG 600
1T 1T 1

different:
B-sitosterol

(]
10
7
(o]
v

T

0 (n=ca. 13)

PSS

Figure 3. Structural Comparisons between PTS, TPGS, and PSS.
(Ref. 16,21)

OH o
)\/\)\/\)\/\ " CIMCI
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EtaN, EtOAC
—15°C
0
owlk
A cl
o

55% yieldl Eiﬁ"f{’o

W@WN%

PTS (1; MW ~ 1200)

Scheme 1. Preparation of the Unsymmetrical Diester PTS.
(Ref. 16)

PTS that triggered the question: Why not apply the benefits of
water-solubilization with PTS to lipophilic substrates, additives,
catalysts, etc. by putting these species into micelles? Surely, such
occupants would react ... and they do.

4. Synthetic Chemistry in PTS-H,0

4.1. Heck Coupling

With so much fundamental literature on the Heck reaction dating
back to the early 1970s,'"* how could we make a contribution
of consequence today in this area? Although recent and highly
effective methodologies exist for Pd-catalyzed Heck olefinations
at room temperature in organic solvents,’® and in water with
heating,’ to the best of our knowledge the overlap of these two

Bruce H. Lipshutz" and Subir Ghorai
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MeO ~ H
o) 10

coenzyme Q1q (CoQ10)
Figure 4. (A) Pure, Water-Insoluble Coenzyme Q,,. (B) Solution

of 50 mg/mL CoQ,, in PTS-H,0. (C) Neat PTS. (D) Solution of
TAXOL® in PTS-H,0 (10 mg/mL). (Photos © B. H. Lipshutz.)

worm-like micelles spherical micelles

Figure 5. Cryo-TEM Image of PTS-H,0. (Photo © B. H.
Lipshutz.) (ref. 25,26)

Pd(OAc), (5 mol %)
Ph3P (10 mol %)

Ph _~
Phol + ™ S
CO-Me K>COg3 (2.5 equiv) COMe
H20, (n-Bu)sNClI o,
" 24 h 98% (GLC)

eq 1 (ref. 32)

highly desirable features had not been accomplished in any general
way; that is, Heck couplings with especially lipophilic aryl halides
in water as the only solvent at ambient temperatures. Independent
of halide (or pseudohalide), the problem of substrate and ligand
solubility, in addition to substrate reactivity as well as catalyst
stability, weigh heavily on the prognosis for success given these
stringent requirements. As early as 1994, Jeffery’s paper entitled
“Heck-type Reactions in Water” suggested that the combination
of an alkali metal carbonate as base and a tetraalkylammonium
salt as phase-transfer agent (PTA), along with catalytic Pd(OAc),—
Ph,P, could be used in neat water to couple iodobenzene and
methyl acrylate (eq 1).> The PTA is presumably providing the
organic phase in which the coupling takes place. In the absence of
a PTA, very low conversion was observed (5%) even at 50 °C. The
following year, Bumagin et al. reported™ the first Heck coupling of
water-insoluble substrates with either styrene or acrylic acid in pure
water without recourse to a PTA (such as n-Bu,NBr, which is also
effective as an additive in heated water 3%). Both aryl iodides and
bromides gave cross-coupled products in the presence of Na,CO,
as base at 100 °C; most reaction times were on the order of 2—-7
hours. Notably, simple palladium salts (PdCl,, Pd(OAc),) served
as catalyst precursors, and Ph;P was only required in reactions of
bromides (eq 2). A decade later, a ligand-free, nanometric form
of colloidal palladium was described by Bhattacharya, Srivastava,
and Sengupta that mediates Heck (and Suzuki) couplings in water
at 80—100 °C (eq 3).* The key to their success was inclusion of
one half to one full equivalent of the cationic surfactant CTAB
(see Figure 2), which was needed to stabilize the newly formed
palladium nanoclusters. Particles of these nanoclusters on average
were shown by TEM to have a diameter of 5 nm. Such reactions
in water are considered “non-conventional methodologies”, a topic
covered in detail by Alonso, Beletskaya, and Yus in their review
on Heck reactions in Tetrahedron in 2005.3

Might nanoparticles of PTS in water supply the “solution” by
simultaneously emulsifying the aryl iodide, olefin, and ligated
palladium catalyst such that coupling would occur without heating
above room temperature? Considering that vitamin E represents
only ca. one-third the weight of PTS (MW ~1200), the effective
concentration inside the micelle could be quite high, thus potentially
dropping the reaction temperature due to this well-known effect in
micellar catalysis.’” Also, advantage would certainly be taken of
the latest developments in ligand design, although the behavior of
ligated Pd complexes in nonionic micelles of PTS had yet to be
established. There were four key questions that had to be addressed
for PTS to succeed: (1) Can the optimum amount of PTS in water
be easily determined, and is it general? (2) Are there significant
differences between metal catalysts under micellar conditions?
(3) Does PTS compare favorably with other surfactants, or none at
all? (4) Is product isolation from PTS easily achieved? Fortunately,
the answer to all four turned out to be yes.

Insofar as these crucial points are concerned, 15% PTS (by
weight) in water appeared to be more effective than were lower
concentrations. Admittedly, this level of amphiphile seemed
high (although it corresponds to only 0.124 M), but it was the
experimentally determined amount that led to the fastest Heck
reactions and highest conversions. That is, under a given set of
conditions, in particular using catalyst 2a (Figure 6), 2, 5, and 10
wt % levels of PTS were not nearly as effective. Only in hindsight
is it now clear that this determination was due to issues specific
to these conditions; i.e., precipitation of in situ generated PdI, and
the resulting net instability of this catalyst system, both translating
into a need for more PTS to maintain the catalyst in solution. Very
recently, in fact, it has been found that far less PTS can be used



with a change in ligand on Pd (vide infra). Hence, again with the
benefit of hindsight, it is not surprising that 15% is not the ideal
amount of PTS for any of the other name reactions discussed herein;
indeed, no more than 5 wt %, and more often 2.5 wt %, in water is
recommended. As originally reported, using 2 mol % of palladium
catalyst 2a% and Et;N as base led to Heck couplings between aryl
iodides and either acrylates or styrenes at room temperature at
an arbitrarily chosen 0.5 M substrate concentration in pure water
(eq 4, 5).° Of the three common commercially available acrylate
esters tested, the least effective was the more water soluble: methyl
acrylate. The more lipophilic #-butyl and 2-ethylhexyl acrylates
performed better in micelle-forming PTS—water. Ratios of olefin
to iodide are in the 1.5-2:1 range. Depending on substrate, the
ratios of £ and Z products can vary, although the expected E
isomer is strongly favored in all cases. Each of the coupling
partners involved is water-insoluble. Other surfactants were also
screened in a model system, including TRITON® X-100, BRIJ®
30, TPGS, PEG-400, and SDS (see Figure 2). Differences between
these and PTS were substantial, with the exception of TRITON®
X-100, which occasionally afforded similar results.

Dynamic Light Scattering (DLS) data on TPGS in water reveal
a very narrow range of particles (12.5-12.8 nm), or about half the
average size of PTS (Table 1).3¥ Switching from PEG-600 to PEG-
1000 in the synthesis of PTS (see Scheme 1) results in TPGS and
PTS now differing only in the diacid (4 vs 10 carbons) that links
a-tocopherol to PEG-1000. DLS on the more hydrophilic PTS-
1000 shows an average micelle diameter of only 7 nm! Remarkably,
the BRIJ® 30 micelle diameter is, on average, ten times that of a
TRITON® X-100 micelle. Such changes in size potentially translate
into significant variations in lipophilic core (i.e., “solvent”) volume
(V), since V is proportional to r* (r = radius of micelle particle).

A few other sources of palladium were examined (e.g.,
Pd(OAc),, PdCl,, and Pd(dba),), but none led to any identifiable
benefit (in rate, yield, etc.). Importantly, product isolation is facile
(at least on a research scale), using either a rough filtration of the
reaction mixture through silica to remove both PTS and water, or
by standard extractive workup. With solvents such as petroleum
ether, diethyl ether, dichloromethane, and ethyl acetate, PTS is
fully retained atop the silica adsorbent. The formation of ter#-butyl
(E)-5-(3-tert-butoxy-3-oxopropen-1-yl)-1 H-indole-1-carboxylate
is a representative reaction (eq 6).%* Well worth noting in the
conditions associated with such reactions are the items missing:
there is no need for solvent degassing, no weighing of substrates
or catalyst in a glove box or other inert atmosphere conditions
(although this is catalyst-dependent), and obviously no concern
about drying any materials involved (including glassware). Given
the phosphine ligand present in the catalyst, however, and the time
for reactions (hours), a blanket of argon is routinely maintained.
Good stirring is also important, although here again, standard
laboratory equipment suffices. PTS—H,O is stable in a (preferably
brown) bottle on the shelf for years.

In an effort to significantly reduce the originally prescribed 15
wt % PTS, a search for another ligand system was undertaken.
The key observation focused on providing a catalyst already in the
active Pd(0) state, thereby avoiding reduction of a Pd(II) precursor
salt, as is required with 2a. Thus, switching to preformed catalyst
[(-Bu,P),Pd] (2b), the Heck coupling of 4-iodoanisole with ¢-butyl
acrylate, now using only 5 wt % PTS under otherwise identical
conditions, gave the anticipated cinnamate in very high isolated
yield (eq 7).2%

While these intermolecular Heck reactions appear well suited to
the aqueous conditions developed, they involve iodides as coupling
partners. Recent preliminary efforts have identified a protocol

Pd(PhgP),Cl,

(n-Bu)3N (10 mol %)

N x
K2CO3 (1.5 equiv) |

o

H,0, 100°C, 7 h N

75%

PACl, (1 mol %)

eq 2 (Ref 33)
CTAB (1 equiv)
NaOAc (2 equiv)

X! - COEt
L s o
H,0, 100 °C, 13 h

(2 equiv) 87%

eq 3 (Ref. 35)

S R(Bue feBus
Fe PdCI, Pd
P(+Bu)o F', (£BU)s
2b

2a
[Pd(dtbpf)Cl,] Pd[(+-Bu)3P]2

Figure 6. Catalysts for Heck Coupling in PTS-H,0. (ref. 38a)

!  2a(2mol %), EtN NS COR
Rr + Xy COR ——— —» R
= PTS-H,0 (15 wt %) >
. 3-8h

(2 equiv)
R R' Yield
4-MeO tBu 92%
4-MeO  2- ethylhexyl 84%
4-(n-Bu) t-Bu 77%
H 2-ethylhexyl 95%
a a 90%

2a (2 mol %), EtzN a
Al + TR
TPTS-H,0 (15wt %) Hgo (15 wt %) AN
(2 equiv)
Ar R' Yield
0Bn OMe 4 MeOCeH 4F  94%
x 4-(n-Bu)CeHs  4-MeO  96%
a= 4-EtO,CCgH4 4-MeO  97%
~ BnO 4-(pyrrol-1-yl)CeHy ~ 2-Cl 95%
N OTBS 2-MeO-1-naphthyl 2,4-Me, 94%
! a a 90%
Ts

eq 5 (Ref 25)

Table 1. Average Diameter of Selected Surfactants in Water
(by Dynamic Light Scattering; DLS) (Ref. 385)

Amphiphile DIET Comparisons

PTS with PEG- 24 nm increased length of
linear 600 (1) PEG: smaller particles
vs CyCIiC PTS with PEG- 7nm only difference:
grease: | 1000 4- vs 10-carbon acid
give linker
different PGS 13 nm
results PSS 20 nm

TRITON® X-100 10 nm | more hydrophilic PEG,

BRI® 30 110nm |much smaller particles
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involving aryl bromides, but not quite yet at room temperature;
very gentle heating to 38—50 °C is still necessary (Scheme 2).%*
As alluded to earlier, the change from iodide to bromide avoids
potential precipitation of palladium halide salts; hence, 5 wt %
PTS along with the Pd(0) catalyst 2b also work well together here.
These conditions approach the mildest of those known to date...
even in organic solvents.’* Given the usual dramatic influence
of the environment surrounding the metal, prospects for finding
a ligand that further lowers the reaction temperature also seem
reasonable.

0]

|
4 . /\H/Ot-Bu 2a (2 mol %) Wotﬁu
N PTS—Ho0 (15 wt %) N
I o EtsN, 1t, 6 h |
Boc Boc

96%

eq 6 (Ref. 25)

use of 5wt % PTS

_~_OtBu ~ PTS-H,0 (5wt%) MeO
/\g/ EtsN, rt, 4 h ., Ot-Bu
[(#-Bu)3P]2Pd (2 mol %) ju
ﬁ 96%
change to catalyst 2b

MeO. :
+
|

Heck coupling using 5 wt % PTS-H,0.% The catalyst {Pd[P(t-Bu),],, 5.1 mg,
0.01 mmol} and 4-iodoanisole (117 mg, 0.50 mmol) were introduced under
argon into a 5.0-mL microwave vial equipped with a stir bar and a TEFLON®
lined septum. The PTS-H,0 solution (1.0 mL, 5 wt % PTS), triethylamine (208
pL, 1.50 mmol), and tert-butyl acrylate (145 pL, 1.0 mmol) were then added by
syringe. The heterogeneous mixture was stirred vigorously at room tempera-
ture, becoming almost homogeneous after 10-30 min, and its progress was
monitored by TLC (10 vol % EtOAc-hexane). Upon consumption of
4-iodoanisole (4 h), the dark-purple mixture was diluted with EtOAc (~1.5 mL),
filtered through a pad of silica gel to remove PTS-H,0, and the pad was rinsed
with additional EtOAc (2 x 5 mL). The ethyl acetate filtrates were combined and
the volatiles were removed in vacuo. The resulting crude product was purified
by silica gel chromatography (5 vol % EtOAc-hexane) to yield 112 mg (96%)
of tert-butyl (E)-3-(4-methoxyphenyl)propenoate as a colorless liquid. The 'H
NMR data of this product matched those previously reported.?®®

eq 7 (Ref. 28a)

With the groundwork laid for the use of PTS—water in Heck
reactions, the only potential major difference between the Heck and
Suzuki—Miyaura couplings was the partner: a boronic acid rather

than an acrylate or styrene. Of course, details had to be addressed
such as (a) the amount of PTS, (b) which aryl halide(s) react(s)
at room temperature, and (c) the “scope and limitations” with
substitution patterns associated with each educt. However, catalyst
2a (see Figure 6) and base (Et;N) were both carried forward from
our experience with Heck reactions.

That only 1-2 wt % PTS in water is needed was established
early on, using an aryl iodide and arylboronic acid.*® Lesser
amounts of PTS gave higher levels of conversion more rapidly
than did solutions containing 5, 10, or 15 wt % in H,O. Relatively
little effort was directed towards couplings with (water-insoluble)
iodides, as they reacted quickly as expected. Bromides were
also excellent partners, both of the electron-rich and electron-
poor varieties (eq 8). Products were easily isolated from PTS
upon workup; there are no issues of frothing or stickiness. Other
surfactants (e.g., TRITON® X-100, TPGS, and BRIJ® 30) served in
a similar capacity to varying extents, as was observed with Heck
couplings.? In general, however, PTS was the carrier of choice for
a wide range of aryl bromides and boronic acids. Nonetheless, there
are several alternatives for effecting Suzuki—Miyaura couplings of
aryl bromides in water at room temperature. Again, a 2008 critical
overview of “non-conventional methodologies” is available from
the team composed of Alonso, Beletskaya, and Yus.*! A number
of advances of late are noteworthy, including Shaughnessy’s
development of trialkylphosphino ligands, in particular ¢#-Bu-
Amphos (3), which is best used with unhindered systems (eq 9).%
In the presence of palladacycle 4 or 5 (Figure 7), more sterically
demanding cases couple at 80 °C. Recycling the catalyst system
based on 5 is also possible. Related complex 6 and palladacycle 7,
described by Sudalai and co-workers,* likewise, effect couplings
in water at 25 °C in the presence of KOH (2 equiv).

Lee and co-workers generated spherical micellar aggregates
of ca. 10—15 nm in diameter associated with amphiphilic rod—coil
molecules (eq 10).* In this system, hydrophobic disk-like rod
bundles function as a reaction medium, surrounded by hydrophilic
PEG chains. Interactions between aromatic moieties within the
host micelle and the substrates (aryl halides and boronic acids)
account for the enhanced rates of C—C-bond formation in water at
room temperature.

The lingering question regarding participation by aryl chlorides
has also been asked and answered insofar as PTS is concerned, but
not to the same level of satisfaction as with bromides—at least
initially. That is, some aryl chlorides did, in fact, react at room
temperature, while others that would be expected to form biaryls

note

S

PTS—-H.0 (5 wt %)

[(+Bu)3P]oPd (2 mol %)

E{ . /\n/or Bu

Et3N, 50°C, 24 h

ﬁ 91%

OtBu
O

use of aryl bromide at only 38-50 °C

0’ OMe

EtsN, 38°C, 18 h

e

J@fﬁ

[(t Bu)3P]>Pd (2 mol %)
PTS-H,0 (5 wt %)

MeO
97%

note

Scheme 2. The Heck Reaction with Aryl Bromidesin 5 wt % PTS—H,O. (Rref. 39)



reacted sluggishly. The problem in these cases could be oftentimes
“fixed” by applying mild heat: no more than 50 °C was usually
enough to drive the reactions essentially to completion. However,
how does one achieve a more general room-temperature Suzuki—
Miyaura coupling with aryl chlorides in PTS—water? The answer:
change the ligand.

Although the Pd-dppf complex 2a, and more recently catalyst
2b (see Figure 6), function extremely well in most Heck?® and
Suzuki-Miyaura couplings*’ in water, the N-heterocyclic carbene
containing complex 8 (Figure 8) leads best to biaryl couplings with
aryl chlorides (eq 11).** Thus, under otherwise identical conditions
(1-2 wt % PTS—water, room temperature, Et;N) catalyst 8 gave
cross-coupled products in high isolated yields. Worthy of mention
is the case of tri-ortho-substituted biaryls (e.g., 10d), which appear
to represent the steric limit of this technology to date. A more
extensive study of catalysts, however, has not been made as yet.
Lowering the amount of PTS 10-fold (i.e., to 0.1% by weight; eq 12)
may provide enough surfactant given the appropriate catalyst. By
way of comparison with the “on water” experiment, coupling to
make terphenyl 11 in the complete absence of PTS, under otherwise
identical conditions, gave significantly lower results: 99% vs 73%
conversion; 93% vs 57% isolated yield (eq 13).

Other technologies that result in biaryl couplings using aryl
chlorides in water also exist, although reaction temperatures tend
to be in excess of 80 °C. There is a hint that room-temperature
couplings may be possible, using capillary microreactors.*
Otherwise,knownprocessesrely onligandscarefully crafted forsuch
Pd-catalyzed purposes, such as sulfonated biarylmonophosphine
1247 and #-Bu-Amphos (3),* usually aided by heat and/or some
degree of substrate water solubility (eq 14).

Phase-transfer agents, including Bu,NBr*® and, more recently,
CTAB as part of the unusual combination with heterogeneous Pd/C
in water, provide access to unsymmetrical biaryls from activated
chloroarenes (eq 15).*

Phenol-based leaving groups represent another opportunity in
PTS-assisted Suzuki—-Miyaura couplings. While triflate (CF;SO,")
and nonaflate (C,F,SO,") derivatives smoothly react, less common
by far is the use of the perfluorooctanesulfonate moiety, CsF;SO,",
as a leaving group (eq 16).”° The additional fluorinated carbon
increases lipophilicity and, hence, the presumed solubility in the
vitamin E core of PTS micelles.*® In terms of cost, it is the least
expensive of these three leaving groups.

Currently under study are Suzuki—Miyaura couplings
involving heteroaromatic halides, heteroaromatic boronic acids, or
combinations of both. Judging from the early returns (e.g., eq 17),!
the breadth of potential applications looks encouraging, although it
is unrealistic to attempt to examine all the combinations from just
commercially available partners.

4.3. Olefin Metathesis

Included within the broad area of olefin metathesis are subcategories
such as cross-metathesis (CM) and ring-closing metathesis (RCM).
Both have been warmly embraced by the synthetic community,*
as they offer astounding functional group tolerance, efficiency,
and potential for fine-tuning via ligand modification on a
ruthenium-based catalyst (Figure 9).%-%° Distinctly missing in
the arsenal of metathesis weapons is a process for conducting CM
in water at room temperature. Up until very recently, such olefin
exchanges were performed exclusively in organic media, typically
in (refluxing) CH,Cl,. Advances in ligand design have altered
not only the reactivity profile of Grubbs and Grubbs—Hoveyda
catalysts, but also produced water-soluble variants (Figure 10).50-64
Nonetheless, accommodation of water-insoluble substrates has

2a (2 mol %) EtsN
PTS HZO (2 wt %)

Br (OH)2
SO ON

(1.5-2.0 equiv)
MeO,C : BnO. l l OBn :
95% 80"/ 78%
ﬂ W ﬂ SRR
96% 99% 85%
Me Me
ﬂ O-om
76% 99% 85%

eq 8 (Ref 40)

F

Br F O
©\ ©\ Na,PdCly (2 mol %) F
¥
+Bu-Amphos (2 mol % )
CO.H F NaxCOs, Hy0, 1, 6 h O

OH B(OH), cout

OH
NMesCl 95%
tBu-Amphos (3)

(+BU)oP< o~

eq 9 (Ref 42)

:NMeQ

Figure 7. Palladacycle and Related Catalysts for the Suzuki-
Miyaura Coupling. (Ref. 42,44)

Br B(OH), Ph
rod—coil, PhaP
+
Pd(OAc),
NaOH, H0, 1t, 12 h

OCH,3 OCHs

o
hexa- 99%
p-phenylene

PEG-750 rod PEG-750

L
oyt Ot

rod—coil

eq 10 (Ref 45)
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MegN—O—'F’(FBU)e
AN

Pd PdCl,
QJ/\Q

8, NEOLYST® CX31

(/\)N\ _cl

N

MeoN P(-Bu),

9, Pd(A-Phos),Cl,

Figure 8. Catalysts Used in Suzuki-Miyaura Cross-Couplings of
Aryl Chlorides in PTS-H,0. (ref 40)

cl 8 (2 mol %), EtsN e A
R + ArB(OH), R
PTS—H,0 (0.1-2.0 wt %) =
(1.5-2.0 equiv) t, 6-24 h
10
10 R Ar Yield
a 2-MeO Ph 100%
b 26-Me, 4-MeOCgH; 99%
¢ 4NC 24-F,CeHs 96%
d 2,6-Me;, 1-Np 100%
eq 11 (Ref. 40)
Me B(OH)2 Me O
cl Me  cat (2 mol %), EtsN O Me
+ —_—
Me Me PTS—HO (ywt%) MeMe
Cat. y T,°C th Yield
2a 1 50 24 28%
8 1 23 4 98%
only 0.1 wt % PTS-H,0 used > 8 01 23 24 97%
eq 12 (Ref. 40)
Ph OMe
8 (2 mol %)
O e O om
EtsN, 1,8 h
cl B(OH), "
Medium Conv. Yield

PTS-H,0 (1 wt %)
No PTS ("on water")

99%
73%

93%
57%

eq 13 (Ref 40)

Pd(OAc), (1 mol %)

cl /©/B(OH)2 12 (3'mol %) O CN
+
KoCOs, HoO
HO NC 80°C, 12h
COuH o
OMe COzH
7\

92%

NaO3zS MeO PCy,

ﬂ 12

water-soluble

eq 14 (Ref 47)

heterogeneous catalyst

soH, &

Cl
OO
F4C NH,

Pd/C, KoCOj4
—_—

100°C, 24 h
CTAB, H;0

)

ionic surfactant

OMe

+
0S0,CgF17

ﬂ B(OH),

rarely used
perfluorosulfonate
leaving group

2a (2 mol %)
—_—

PTS-H,0
(2.5 wt %)
EtsN, 1t, 6 h

3

NH,

FsC ‘

96%

eq 15 (Ref 49)

l OMe

95%

eq 16 (Ref 50)

switch to another ligand on Pd

4

S
N
X PTS-H,0 (1 wt %) N
FsC S EtsN, rt, 19 h FsC
ﬂ ﬂ 99%
heteroaromatic
partners
eq 17 (Ref 51)
PCy; Mes—N_ _N-Mes PCy3 Mes—N_ _N-Mes
C'“R' o] CI\R| CI\;/
u= u= u= u=
[od | _\Ph o~ | _\Ph Cl( | (o) |
PCys PCys 0 o}

Grubbs catalyst
1st generation

Ref. 53 Ref. 54

Mes—N
Cl..

C|’R|u_

O
* Ph
Blechert catalyst
Ref. 57

N-Mes

Grubbs catalyst
2nd generation

Grubbs-Hoveyda catalyst

1st generation
(G

Ref. 55

Mes—N

CI\H
o |u_

o) NO,
_<

Grela catalyst
Ref. 58

N-Mes

Grubbs-Hoveyda catalyst
2nd generation
G

Ref. 56

Ar—N_ _N-Ar

cie ]
u=
a7 “en

PCy3

Nolan catalysts
Ref. 59

Figure 9. Representative, Water-Insoluble Metathesis Catalysts.
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Figure 10. Representative Water-Soluble Catalysts for Metathesis.
remained of paramount concern, oftentimes forcing employment
of low-molecular-weight (and h'ence, somewhat Water—sgl}lbl.e) - (CHz),OH 17 M“\M’OH
educts (e.g., 16), or charged species that have innate solubility in D0, 45 °C HO™ n n
aqueous media. For example, Blechert, Connon, and co-workers 6 E+Z
prepared a PEGA-NH,-derived catalyst, 17 (eq 18),°>% which n=01,3 45-80%
was used in homocouplings of hydroxyl-functionalized olefins, DY N/ \N
16, in heavy water at 45 °C. Levels of conversion, however, Mes™ T “Mes Mes™ T “Mes
were variable. Related cross-metatheses, specifically on allyl Cl = Clgim
. . . N v v
alcohol (16, n = 0), were achieved in high yields (99%) by Grela o™ o
o o}

and Mauduit employing catalyst 18, although the best results
with species 18 were obtained for the related analogous RCM
reactions in CH,C1,.5"% PTS represents one remarkably enabling
technology that goes a long way towards eliminating concerns
regarding the solubility characteristics of both catalysts and
substrates. What organic chemists oftentimes refer to as “dump
and stir” procedures are now in hand for both olefin CM and
RCM, conducted at ambient temperatures; just add water.

For cross-metathesis, introduction of a Type I and Type
IT olefin® combination to a mixture of 2.5 wt % PTS—water
containing the Grubbs 2nd-generation™ catalyst leads to product
olefins 19 in good isolated yields (eq 19).”° The reagents (simple
acrylates and enones, and Ru catalysts) and the reaction medium
(PTS-H,O0) are readily available items of commerce. No special
precautions are needed with respect to either solvent degassing
or protection of reactions from air. Purification follows from
established protocols (vide supra) usually involving simple
filtration of reaction mixtures through a silica gel plug, followed
by a standard extractive workup. Other functional groups that
withstand these mild aqueous metathesis conditions include
epoxides, allylic silanes, and nonracemic N-protected amino
acid derivatives. Most reactions, run at overall concentrations of
0.5 M in PTS—water, usually take <12 hours to reach completion,
and afford mainly, if not exclusively, £ enones or enoates.

Ring-closing-metathesis (RCM) reactions in water have
been of interest for over a decade.’>” Most approaches rely on
ruthenium complexes that bear ligands modified to ensure water
solubility (see Figure 10). An amphiphilic catalyst consisting of a
block co-polymer based on poly(2-oxazoline) also shows promise

eq 18 (Ref 65,67)

in water, with good prospects as well for ease of separation and
recycling.”>? With water-soluble substrates, good conversions to

cyclic products were achieved. A summary of the current state of

ring-closing metathesis in water can be found in Table 2.60063.64.72-76
Just earlier this year, ultrasonication was shown by Grela to
afford carbo- and heterocyclic rings in excellent yields without
recourse to surfactants.*”> Presumably, RCM occurs under
acoustic emulsification within the droplets of each diene,
which are otherwise water-insoluble. In the absence of water,
oligomerization is a competing pathway (eq 20).*

The ionic surfactant SDS had been examined in 2002 by
Davis and Sinou in related RCM reactions in water,” although
in this early study use of the less reactive Grubbs 1st-generation
catalyst precluded formation of tri- and tetrasubstituted olefinic
products. Relatively high percentages (ca. 5 wt %) of amphiphile
were also part of this recipe. The conclusion from this study was
that a surfactant may not be essential for RCM reactions in water.
Use of PTS in this context relies on less surfactant (1.5-2.5%
by weight) than that used in CM reactions (i.e., 2.5 wt %), and
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G-2 (2 mol %)
R G
RS T %\[f PTS—H,0 (2.5 wt %) T
1, 12h o
G= Me, OR) 19
o
N- N Et
A~ OtBu )\S/\/\/\H/opsu on /\/\n/o\)\n_Bu
o o o
76% 55% 92%
Messl/\/\n/ot Bu  CbzHN \)I\ MOI Bu Aco/\/\/\n/OMe
o o
91% 96% 83%
Ot-Bu 0
@\/\/\W CbzHN \)I\o /W\H/O—Z—Ad TBSO\M\/\H/
H 9 7
omss © Bn o} o

88% 94%

Table 2. Literature Reports on RCM Reactions in Water

Senior

Year Catalyst Additive Comments

1998 13 - 2

Examples

5-60% conversions, Grubbs 60b
5-10 mol % catalyst,
degassed H,0, 45 °C

under argon, ring size: 5

2002 Grubbs SDs? 8
1st Gen

23-100% conversions, Sinou 76
5 mol % catalyst,

degassed H,0, 25 °C

under N,, 0.5 h, 0.05 M

SDS, ring sizes:

5and 6

2004 20 - 1 90% conversion, 1 mol %  Weberskirch 72
catalyst, degassed H,0,
25 °C under N,, 1h, ring
size: 5
2006 15 - 5 5-95% conversions, Grubbs 64
5 mol % catalyst,
degassed H,0, 25 °C
under argon, 12-36 h,

ring sizes: 5 and 6

2007 21 DTAC? 1 91% conversion,
25°C,3.5h,0.048 M

DTAC, ring size: 5

Mingotaud 73

2007 14 - 5 5-95% conversions, Grubbs 63
5 mol % catalyst,

degassed H,0,

30-45 °C, under argon,

24 h, ring sizes: 5 and 6

65-99% yields, Grela 74
5 mol % catalyst, 40 °C

ultrasonication, 5 h, ring

sizes: 5and 6

95-99% conversions, Grela 75
5 mol % catalyst, 25 °C,
5-24 h, ring size: 5

2008 Grubbs - 5
2nd Gen

2008 22 - 4

2 SDS = sodium dodecyl sulfate. ® DTAC = dodecyltrimethylammonium chloride.

N_ _N
Mes” ‘Mes Mes” "Mes Mes™ Mes
Cl.. Cl..
Cl«RT— (09F19002)2RU| = crr RT—
(o] o (o] o]
] (o) Q N N + N(Me)Ety
20 21 22 BF,~

Author Ref.

89%

eq 19 (ref. 70)

leads to consistently high conversions and hence, isolated
yields.”” RCM reactions in neutral PTS micelles take high place
fairly quickly (1-3 hours), including the formation of seven-
membered rings and trisubstituted arrays, mediated by the
Grubbs 2nd-generation or Grubbs—Hoveyda 2nd-generation
catalyst without high dilution (0.10 M) (eq 21).”” Although most
examples to date have been carried out under these conditions,
increasing the total concentration of substrate to 0.30 M did not
significantly alter the reaction rate, or the extent of conversion
or homocoupling.

Applications of cross-metathesis to tandem processes can
easily be envisioned. One recent example of dienoate formation
calls for the coupling of an acrylate with a simple phenolic
derivative of homoallyl alcohol (23; formed via O-alkylation of
p-nitrophenol).”® The resulting initial product readily undergoes
elimination to generate the corresponding doubly unsaturated
ester 24 (Scheme 3). Although most examples were studied in
organic media, results in PTS—H,0O were essentially identical.

So, what about “seawater”, rather than water out of the
bottle, as the solvent for these cross-couplings using PTS? The
answer is “yes”; at least insofar as CM and RCM reactions go,
they work equally well in this medium (Scheme 4).” Of course,
we can only make this claim for water taken from the shores of
the Pacific Ocean in Southern California! Interestingly, DLS
indicates that such PTS—seawater contains 75-nm particles;
thus, the presence of Na* (and likely other cations as well)
increases the size of these nanoreactors (from 24 nm, in sweet
water), presumably due to elongation of PEG as a result of
greater ionic strength of the water.

5. Summary and Outlook

Studies to date on Heck and Suzuki—Miyaura couplings, as
well as olefin metathesis reactions, in pure water at room
temperature have been very encouraging. The presence of
the nanometer-micelle-forming amphiphile PTS may provide
the foundation for these aqueous conditions, but the catalysis
is still metal-dependent, and the quality of the resulting
coupling is highly ligand-driven. In other words, PTS offers
an aqueous advantage, and while the metal counts, the ligand
rules. It is also somewhat premature to assume that many of
the remaining important cross-coupling reactions in transition-
metal-catalyzed organic synthesis are amenable and will simply
follow suit. Nonetheless, based on additional preliminary data in



product of RCM  oligomerization

u EBE
E><j - )

neat 81% 18%
H20, ))) 99% 0%

/
E G-2 (5 mol %)

.

E 25-40°C, 5 h
N

eq 20 (Ref. 74)

—& G-2 (2 mol %) —
c ¢ [
~ & PTS-HO (25wt %) ~_
rn,3h
G =RN, R,C
=
TsNij TsNij\ TsN \> TS’\O
99% 97% 99% 85%
EtO,C @
BzN(j N
EtO,C s
b
o) g°
96% 92% 96%
eq 21 (Ref. 77)
R R
WG
O)\‘/\ o)\‘/\’
GH-2 (2 mol %)
+ /\WG R ————
PTS-H,0 (2.5 wt %)
0O
NG, 40°C,15h NO,
23 can be isolated
R=H, Ph or used in situ
DBU (2 equiv)
rn,1h
W
RW G
24 (E,E only)

WG = ketone, ester,
or acid group

Scheme 3. Tandem Cross-Metathesis—Elimination to Form
Polyenes. (Ref 78)

t-butyl acrylate (2 equiv)

C(\/ G-2 (2 mol %) (j\/\/\'(o?(
PTS-H,0 (2.5 wt %) o
oTBS 229G, 12 h 0oTBS

source of H,O Yield

HPLC grade  88%
Pacific Ocean 92%

Ts—N<j|

source of H,0 Yield

G-2 (2 mol %)

PTS-H,0 (2.5 wt %)
22°C,3h

HPLC grade  99%
Pacific Ocean 98%

Scheme 4. Metathesis Reactions in PTS-Seawater. (ref. 79)

hand, there is good reason to suspect that related methodologies
will be forthcoming. For example, Sonogashira couplings in
PTS—-H,O suggest that aromatic acetylenes can be fashioned from
aryl bromides in the absence of copper at 25 °C (eq 22).5%

Initial attempts at asymmetric hydrosilylation of a challenging
case such as isophorone with catalytic CuH, ligated by
Takasago’s nonracemic bisphosphine DTBM-SEGPHOS® (25)%
in PTS-H,0, also look promising (eq 23).%* Thus, PTS is part of
the puzzle; one member of a class of “designer” surfactants. That
such tailor-made materials in pure water could be viewed simply
as supplying “solvents” for several fundamental processes done
in pure water intuitively has appeal. Creating new enabling
technologies for transition-metal-catalyzed reactions based on
micellar catalysis in water may constitute only one approach
among many under the umbrella of green chemistry, but it has
the potential for considerable impact; getting organic solvents
out of organic reactions just makes good sense, and the numbers
support this notion. Estimates suggest that, on a yearly basis, 3.2
million MT of solvents are used in chemical manufacturing; a
shift of only 1% based on (readily hydrolyzed, safe,** and non-
polluting) levels of PTS in water would amount to a savings
of 32,000 MT of organic solvents (1 MT = 1,000 kg). Thus,
it is not hard to see why along “The Road to Sustainability”,
as conveyed by Sheldon, Arends, and Hanefeld in their recent
monograph Green Chemistry and Catalysis,’® “The Medium is
the Message.”
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Accelerate Organic Synthesis

Organocatalyst for the Oxidation of Hindered Alcohols

The conversion of alcohols to their corresponding carbonyl compounds is
a critical functional-group transformation. Green processes that can effect @N

these transformations are of significant interest. While nitroxyl-based TEMPO 1moros O

has had a long-standing reputation as an environmentally friendly oxidant, > oTTTe >

the bulky nature of TEMPQ's piperidine skeleton precludes its use in sterically NaOCI (150 mol %) Q‘
demanding environments. Iwabuchi and coworkers have shown that the related ~ HO KBr (10 mol %) °©
azaadamantane organocatalyst, AZADO (2-azaadamantane N-oxyl) exhibits éﬂ;%?i:‘??éié“é’é? 95%
enhanced reactivity over TEMPO in mild catalytic oxidations of secondary 0°C, 20 min

alcohols such as menthol.
Shibuya, M. et al. J. Am. Chem. Soc. 2006, 128, 8412.

S,

701718

Cyclopropylzinc Bromide for the Negishi Coupling

The Negishi coupling, or the palladium-catalyzed cross-coupling of organozinc reagents
with aryl halides, offers a wider functional-group tolerance relative to related cross- NG NHe NG NH.
coupling reactions. Cyclopropylzinc bromide can be used to convert aryl iodides and @Br%’ @-4
bromides into the corresponding cyclopropylanthranilonitriles in excellent yields,
demonstrating the robust nature of these organozinc reagents in the presence of both
amino and nitrile functionalities.

98%

Campbell, J. B. et al. Synth. Commun. 1989, 19, 2265.

[>—ZnBr
680982

TFESA as an Alternative to Triflic Acid

TFESA (1,1,2,2-tetrafluoroethanesulfonic acid) has recently o OH
been investigated as an alternative to triflic acid due to its gj}p @O:"C's OZN/©/
relatively easier handling and lower volatility, yet comparable Sl HCF:ZESOZC' EGN, OFuCin
activity. Additionally, the hydrogen atom provides a '"H NMR : -15°C—nt 4h
handle, allowing for ease of characterization and monitoring of 693294

experiments. TFESA can be used to prepare aryl tetraflates and 0S0,CF,CFeH 5moIP‘;NF|’-|dZ(dba)3 NHPh
has been employed in various cross-coupling reactions, including OZNO/ 10 mol % XantPhos /@
Suzuki, Heck, and Buchwald-Hartwig couplings. 92% toluene, 105 °C, 40h  O=N 57%

Rostovtsev, V. V. et al. J. Org. Chem. 2008, 73, 711
o R
F
Hoféﬂt
o F

693294
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New DIPAMP Ligands for Enantioselective Hydrogenation
Rewarded by a Nobel Prize in 2001 for his pioneering work in asymmetric @
synthesis, Knowles was the first to develop a chiral transition-metal P\ -
catalyst based on a chiral diphosphine ligand, DIPAMP, that could transfer e [P/Rh<j|
chirality to a prochiral substrate with high enantiomeric excesses. He o o
demonstrated that a chiral diphosphine chelated to rhodium could give HO s on HsCO HOWOH
access to catalysis that mimicks enzyme selectivity. To demonstrate the Ho HN\fo Ho HO HN0
activity and selectivity of this new ligand, Knowles synthesized --DOPA, 957 ee
a compound employed in the treatment of Parkinson’s disease. The
synthesis starts with the asymmetric hydrogenation of (2)-2-acetamido- o
3-(3,4-dihydroxyphenyl)acrylic acid using Rh-DIPAMP, followed by Ho oH
deprotection of the amine. This process has been scaled up at Monsanto. HO Nre
Knowles, W. S. Acc. Chem. Res. 1983, 16, 106. moor
I O SUSwe
HsCO CHO * e ‘
pwp o oy O ® 5 g
©/OCH3 @ OCHs “
(S,S)-DIPAMP (R,R)-DIPAMP (5,5)-1-Naphthyl-DIPAMP (R,R)-1-Naphthyl-DIPAMP
697753 697761 697788 697796
ch/© CH@
P\/\P © @P\/\P"Q
©/CH3 @ CHs
(S,5)-o-Tolyl-DIPAMP (R,R)-o-Tolyl-DIPAMP
697818 697826
Insertion of Aldehyde into a C-H Bond
Isobenzofuran derivatives are widely used as building blocks of natural products %
and bioactive materials. Kuninobu et al. developed a new method to access o T
these molecules via rhenium-catalyzed insertion of different aldehydes into a C-H Boc
bond. Using 2.5 mol % of catalyst and molecular sieves in toluene, a variety of 0
isobenzofurans were synthesized in good yields. 685615 o
Ph o] .5 mol %)
Kuninobu, Y. et al. J. Am. Chem. Soc. 2006, 128, 12376. ©)\\N,Ph N Chsan” CE?O
toluene, 115 °C, 24 h =
R
CI:OCO
0oC- Re Br
OBr*Re CO
Q
685615 93%
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1. Introduction

Chiral vicinal diamines are of considerable interest as ligands
for developing stereoselective catalysts and as intermediates
in the synthesis of drugs (Figure 1). Diamine-based
catalysts have been used for all types of reactions including
oxidation, reduction, hydrolysis, and carbon—carbon-bond-
forming reactions. Bioactive compounds that are based on
vicinal diamines include anticancer, antiviral, antibacterial,
antidepressant, and antihypertensive agents. In fact, the vicinal
diamine structural motif could be considered “privileged”!
when it comes to developing catalysts and drugs. Numerous

Seoul 151-747, Korea

publications, including several review articles,>* have appeared
on the synthesis and applications of chiral diamines. Although
much progress has been made, it has been a challenge to develop
a facile, efficient, and general route to a wide range of chiral
diamines in enantiomerically pure form. Such an approach
would greatly facilitate the development of new diamine-based
catalysts and drugs, and would be advantageous for optimizing
the performance of known diamine-based catalysts by tuning
the steric and electronic properties of the attached ligands.
Libraries of chiral diamines and their derivatives, such as
imidazolines and piperazines, would be valuable for exploring
the chiral space of selected drug receptors. The present review
will start with the diaza-Cope rearrangement (DCR) as a method
for preparing chiral vicinal diamines. Subsequent sections will
describe some diamine-based catalysts and drugs.

2. Synthesis of Chiral, Vicinal Diamines by the
Diaza-Cope Rearrangement (DCR)
The prevalence of the vicinal diamine motif in the structures of
catalysts and bioactive compounds has led to the development
of dozens of methods for the synthesis of vicinal diamines.
Some of the more practical routes to C,-symmetrical diaryl- and
dialkyl-substituted primary diamines are shown in Scheme 1.
There is considerable interest in developing syntheses of
vicinal diamines that are broad in scope.? It is often difficult
or tedious to make enantiomerically pure vicinal diamines
on a large scale. Moreover, the efficient production of
diphenylethylenediamine (DPEN)’and 1,2-diaminocylcohexane
(DACH)® (see Scheme 1) has undoubtedly contributed to the
explosive growth of the field. However, a greater variation in
the diamine structure is needed for discovering better catalysts
and drugs. We recently developed a method for synthesizing
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chiral vicinal diamines by using the diaza-Cope rearrangement 2. 7. Diaryl Vicinal Diamines

(DCR).”® This process provides one of the simplest and most The diaza-Cope rearrangement was first used in 1976 by
versatile approaches to preparing a wide variety of chiral Vogtle and Goldschmitt to prepare a variety of meso vicinal
vicinal diamines, including diaryl- and dialkyl-substituted diamines.” More recently, we developed the chiral version of
ones in C,-symmetrical or unsymmetrical forms, from a single  this rearrangement reaction.® DFT computation revealed that
diamine, 1,2-bis(2-hydroxyphenyl)-1,2-diaminoethane (HPEN resonance-assisted hydrogen bonding is the driving force
in Scheme 1). This rearrangement (i) generally takes place behind all of our reactions for preparing chiral vicinal diamines
under mild conditions without the need for any catalyst; (ii)  in high yields and enantiopurities under mild conditions. Since

is highly stereospecific, thus providing an efficient and direct 1,2-bis(2-hydroxyphenyl)-1,2-diaminoethane(HPEN,

1) is

route to enantiopure chiral vicinal diamines; and (iii) eliminates  the key starting material in the synthesis of all of our chiral
the need for tedious and time-consuming optimizations of the  vicinal diamines (see Scheme 1), we refer to it as the “mother”
chiral resolution conditions. diamine, from which all “daughter” diamines are produced

Chiral, Vicinal Diamines in Known Catalysts

Ph Ph

Rn — /
@ Ar—N__N-Ar :\< Me
1
JTs T‘\CI =N N= o N‘p//O

~Ru—~N /Rum M J: R
c N ¢ I Ph sy 0" Yo tBu Ph” N N
HoN / PCys Me{ >
Ph

+Bu tBu
for transfer for olefin for oxidation for C-C bond
hydrogenation metathesis or hydrolysis formation
O

Chiral, Vicinal Diamines in Biologically Active Compounds

e peky- oW eses :I o

OCHEt,
TAMIFLU® (antiviral) LORABID® (antibacterial) ELOXATIN® (anticancer) Nutlin-3 (anticancer)
(Hoffmann-La Roche)  (King Pharmaceuticals) (Sanofi-Aventis) (Hoffmann-La Roche)

Figure 1. Vicinal-Diamine-Based Catalysts and Bioactive Compounds.
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Scheme 1. Known Syntheses of C,-Symmetrical, Primary Vicinal Diamines.
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Scheme 2. "Mother-to-Daughter” Diamine by DCR. (ref. 7.8)

(Scheme 2). In a typical reaction, addition of two equivalents
of an aromatic aldehyde to 1 results in the formation of the
corresponding diimine, 2, which undergoes the DCR reaction
to give the rearranged diimine, 3. The rearranged diimine is
then hydrolyzed to give the product diamine, 4.”#

In general, the rearrangement reaction goes to completion
within minutes at ambient temperature without the need for any
catalyst. The stability of the two resonance-assisted hydrogen
bonds in the rearranged diimine, 3, drives the rearrangement
reaction to completion for the synthesis of electron-poor
(4a—4g), electron-rich (4h—4k), and sterically bulky (41-4q)
diamines.”® As shown in Scheme 2, all of the diamines are
produced in uniformly high enantiopurities (>99% ee’s).

Some of the diamines in Scheme 2 were previously
synthesized by other methods. Two of these most useful
methods are (a) Corey’s reductive amination of benzil
analogues (Scheme 3a),'” and (b) Pedersen’s reductive coupling
of imines (Scheme 3b).!" Corey and co-workers showed that
chiral vicinal diamines can be prepared as racemic mixtures
in 85-100% yields from the corresponding benzil analogues.
However, the yields for resolution of the diamines with tartaric
acid were low (36—64% of the theoretical yield). Busacca’s!?
and Denmark’s' groups used the reductive coupling method
for preparing a variety of chiral vicinal diamines as racemic
mixtures. The highly bulky diamine (4q) was also previously
synthesized by the reductive coupling method." Although the
reductive coupling reaction has the advantage of requiring
only simple starting materials, the yield for the coupling step is
40-73% without optical resolution'"!* and generally much lower
(14-19%) after optical resolution.!? Tartaric acid resolution gave
acceptable separation of some diamine enantiomers,'*!'>! but
it failed to give satisfactory results for the separation of others
such as 4a's and 4n,'¢ even after several recrystallizations. In
such cases, various chiral acids were screened for resolution'®
or the diamines were derivatized with a chiral reagent and
separated by column chromatography.’*!*> Thus the overall
yields for the synthesis of diamine enantiomers are often low
(on the order of 10% of the theoretical yield).'>!3

One obvious way to avoid the tedious resolution of
racemic diamines is to synthesize the diamine enantiomers
stereoselectively. Recently, the samarium-mediated reductive
coupling of chiral sulfinyl imines has been reported by Xu and

.
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(b) Pedersen's Reductive Coupling of Imines
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Scheme 3. Two of the Most Used Syntheses of Racemic Diaryl
Vicinal Diamines. (ref. 10,11)

co-workers as a direct approach to synthesize enantiomerically
pure diaryl vicinal diamines (Scheme 4a)."” This method gives
diamine enantiomers with variable yields (25-99%). The
Sharpless asymmetric dihydroxylation (AD) of alkenes can
also lead to enantiopure diamines without the need for chiral
resolution (Scheme 4b).'" This method has the advantage of
being catalytic, although scale-up may be difficult with a step
requiring sodium azide.

DFT computation is useful for predicting the equilibrium
constant forthe DCR reaction. The progress of the rearrangement
reaction can be conveniently monitored by the appearance of
the '"H NMR signal from the resonance-assisted hydrogen bond
that is highly downfield-shifted away from other signals.® The
DCR reaction takes place by a chair-like, six-membered-ring
transition state with all the substituents in pseudoequatorial
positions (eq 1).% This results in a highly stereospecific
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Scheme 4. Known Enantioselective Syntheses of Diaryl Vicinal
Diamines. (Ref. 17,19)
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Scheme 5. Synthesis of Mixed-Diaryl Vicinal Diamines by DCR.
(Ref. 8b)

1.1, 15h
2. H,0

77% (overall)
99% ee

Scheme 6. Synthesis of a Tetraamine by DCR. (ref. 8¢)
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eq 2 (Ref. &)

transfer of stereochemistry from the starting diimine to the
rearranged diimine.® Indeed, chiral HPLC shows that there is
no detectible loss of enantiopurity in the preparation of the
daughter diamines from the mother diamine.

The rearrangement reaction takes place in various
solvents including chloroform, THF, ethanol, and DMSO.
The rearranged diimine (3) often precipitates out of solvents
like ethanol and THF, simplifying the isolation of the key
intermediates in pure form. Alternatively, the rearrangement
in DMSO-d; may be monitored by '"H NMR, and water may
be added to precipitate out the rearranged diimine once the
reaction is complete. The DCR method for the preparation of
a wide range of C,-symmetrical diamines should be useful for
the steric and electronic tuning of catalysts that are based on
chiral vicinal diamines (see Diamine Catalysts in Section 3).

Unsymmetrically substituted, chiral, diaryl vicinal diamines
can be prepared in excellent yield and enantiopurity by a slight
modification of the above method.® Addition of one equivalent
of an aromatic aldehyde to (R,R)-1 or (S,5)-1 gives the five-
membered-ring aminal intermediate (Scheme 5).5® Electron-
deficient aromatic aldehydes are particularly well suited for
the preparation of the five-membered-ring compound, and
may often be precipitated out of DMSO by addition of water.
Addition of a second aldehyde to the intermediate gives the
mixed diimine, which rearranges to give the product diimine.
Hydrolysis of the product diimine gives the mixed diamine in
excellent yield and enantiopurity.

The above process for synthesizing mixed diamines can be
extended tomixed tetraamines (Scheme 6).%° Sequential addition
of one equivalent of a monoaldehyde to the mother diamine,
followed by addition of a half equivalent of a dialdehyde, gives
the mixed tetraamine in excellent yield and enantiopurity. This
reaction was utilized to make a novel pentadentate ligand with
four chiral centers in enantiomerically pure form.

There has been considerable interest in developing new
methods for the synthesis of aliphatic vicinal diamines, as they
are found in a wide variety of bioactive compounds including
antiviral, antibacterial, and anticancer drugs (e.g., TAMIFLU®,
LORABID®, and ELOXATIN®).2-22 The methods employed
in the synthesis of diaryl vicinal diamines aren’t always
applicable to the preparation of their dialkyl counterparts. In
addition, alkyl substituents are generally less effective than aryl
substituents in facilitating [3,3] sigmatropic rearrangements.
Initially, we encountered difficulties in synthesizing dialkyl
vicinal diamines by the DCR method.

When two equivalents of an aliphatic aldehyde such
as isobutyraldehyde are added to the mother diamine, the
corresponding diimine, or the rearranged diimine, does not
form as in the corresponding reaction with aromatic aldehydes
(see Scheme 2). Instead, a compound, Sa, containing fused
imidazolidine—dihydro-1,3-oxazine rings is formed in a highly
selective and stereospecific fashion (eq 2).% In principle, one,
two, or three equivalents of isobutyraldehyde could add to 1
to form one, two, or three new rings, respectively. Fourteen
different products could result from the cyclization reactions
including all possible stereoisomers. Interestingly, only one
major product is formed when the diamine is added to two or
more equivalents of the aldehyde.

Although 5a is stable at room temperature, it cleanly gives
the rearranged diimine, 7a, with excellent stereospecificity
when heated at 150 °C for 3 h (eq 3).% We propose that 5a is in



equilibrium with the initial diimine, 6a, which rearranges to give
the product diimine, 7a. Monitoring of the reaction by 'H NMR
spectrometry shows that the concentration of diimine intermediate
6a does not accumulate to any observable extent during the
conversion of 5a to 7a. Thus, the equilibrium appears to greatly favor
5a over 6a. In contrast, 2 does not form the corresponding fused-
ring compound to any observable extent. The dramatic difference
in the tendencies of 2 and 6a to form the fused-ring compounds is
likely due to the fact that the two imine functional groups in 2 are
stabilized by conjugation whereas those in 6a are not. Acid hydrolysis
of the product diimine, 7a, gives the corresponding dialkyl diamine
(S,5)-1,2-diamino-1,2-diisopropylethane dihydrochloride (8a) in
high enantiopurity (>99% ce).

A variety of aliphatic aldehydes were used to make dialkyl
vicinal diamines by the modified DCR method (Scheme 7).% The
enantioselectivity of the rearrangement reaction was determined
by HPLC. Rearrangement of (R,R)-5a in DMSO gave (S,5)-7a in
93% yield with no observable loss in enantiopurity (>99%), while
a one-pot reaction of (R, R)-1 and isobutyraldehyde in toluene gave
(S,8)-7a in 85% yield. The inversion of stereochemistry, confirmed
by CD spectroscopy, is expected from the chair-like transition
state with all substituents in equatorial positions. Although the
rearrangement reaction leading to dialkyl vicinal diamines requires
considerably higher temperatures than the one giving rise to diaryl
vicinal diamines, the observed yield and stereoselectivity of the
former remain exceptionally high.

Some of the diamines in Scheme 7 were previously synthesized
by other methods (Scheme 8).2* Diamines 8a and 8¢ were
synthesized by addition of Grignard reagents to chiral bisimines
for the purpose of preparing NHE3 inhibitors.”> However, the
observed diastereoselectivity for this reaction was low except in
the case where the bulky fert-butylmagnesium chloride was used.?
1,2-Diamino-1,2-dicyclohexylethane (8b) was synthesized in 85%
yield by hydrogenation of DPEN at ambient temperature.*

The breadth in scope of the DCR method can be demonstrated
in the synthesis of mixed alkyl—aryl vicinal diamines. Sequential
addition of an aromatic aldehyde and an aliphatic aldehyde gives
the fused imidazolidine—dihydrooxazine-ring compound in a
highly regioselective and stereospecific manner. The aromatic
aldehyde forms the imidazolidine ring while the aliphatic aldehyde
forms the dihydrooxazine ring. When o-fluorobenzaldehyde and
isobutyraldehyde are added in sequence to the mother diamine,
compound 9 forms as the major product. Although 9 is stable at
room temperature, it cleanly gives the rearranged diimine, 10, in
excellent enantiopurity when heated at 100 °C for 2 h (Scheme 9).
Hydrolysis of the rearranged diimine gives the product diamine, 11.

OH
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——
@\ N N/ 1000c,2n
Z o R2

(R.R)-9

I oo LI
— St S

6a 7a

eq 3 (Ref. &)
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Scheme 7. Dialkyl Vicinal Diamines by a Modified DCR. (Ref. 8¢)
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Scheme 8. Known Syntheses of Dialkyl Vicinal Diamines.
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Scheme 9. Synthesis of Mixed Alkyl-Aryl Vicinal Diamines from the Fused-Ring Compound 9. (Ref. 8¢)
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(S,95)-1,2-Diamino-1-(4-fluorophenyl)butane (11d) had previously
been synthesized by a much longer route and in a lower overall
yield (~10%) for the purpose of preparing cisplatin analogues.?®

3. Vicinal-Diamine-Based Catalysts

Chiral vicinal diamines are some of the most important
ligands in the design of stereoselective catalysts.?’” They
have been utilized in creative ways to develop a wide
variety of innovative chiral catalysts (see Figure 1). Some
of the diamine—based, stereoselective catalysts developed
to date include reduction,?® oxidation,? and hydrolysis
catalysts.3® Other diamine-based compounds catalyze a
variety of carbon—carbon-bond-forming reactions such as
allylic alkylation,’! metathesis,* Michael addition,** Aldol,**
Mannich,* cycloaddition,?® and Strecker’” reactions. Chiral
vicinal diamines are useful not only for developing transition-
metal-based catalysts but also organocatalysts.’® Efficient
methods for obtaining 1,2-diaminocyclohexane (DACH)® and
1,2-diphenylethylenediamine (DPEN)’ in enantiomerically
pure form have led to their widespread use over other vicinal

N 13 (1 mol %) N (o}
PivO z | NaOCl PivO z |
—_—
X PPNO, CH,Cl, X
25°C, 1h
OTBS Me” ~OTBS
14 74%, 80% de

s

PPNO = 4-phenylpyridine N-oxide

eq 4 (Ref. 42)

Ph

P 2

Figure 2. Oxidation Catalysts That Use Hydrogen Peroxide.
(Ref. 43,44)

& @

19

Figure 3. Catalysts Based on Sterically Bulky Vicinal Diamines.
(Ref. 45-49)

diamines. However, a single vicinal diamine is not expected to
be the best ligand for all catalysts. Even for a single catalytic
system, one vicinal diamine is not expected to be the best catalyst
ligand for all substrates. A greater variation in the diamine
structure is desirable for developing stercoselective catalysts.®
The DCR method for making chiral vicinal diamines may be
useful for a number of applications in catalysis including (a)
steric and electronic tuning of known catalysts, (b) designing
new ligands, (c) developing polymer-supported catalysts, and
(d) making water-soluble diamine-containing catalysts.

3.1. Steric and Electronic Tuning of Catalyst
Structure

It is well established that steric and electronic tuning of
catalysts can result in dramatic improvements in reactivity and
stereoselectivity. Jacobsen and Katsuki independently developed
chiral, vicinal-diamine-based Mn complexes for the catalytic
epoxidation of cis alkenes. Extensive steric and electronic tuning
of the salen catalysts resulted in the development of highly
reactive and stereoselective epoxidation catalysts 12 and 13.4%4!
Not surprisingly, no single catalyst is the best for all substrates.
Although 12 has a broad scope in the epoxidation of alkenes,
Nicolaou et al. found that 13 is much better for the epoxidation of
14 in terms of yield and stereoselectivity (eq 4).** Thus, tuning of
the salen ligand, including the diamine backbone, had a profound
effect on the reactivity and selectivity of the catalyst.

More recently, Katsuki and co-workers reported a titanium—
salen based epoxidation catalyst that uses 30% H,0, as an oxidant
(15) (Figure 2)." Beller’s group developed an iron complex of
16 for the catalytic epoxidation of trans alkenes with H,0,.4
Although this catalyst is not very stereoselective, iron has the
advantage of being cheap and nontoxic. While oxidation catalysts
12 and 13 have been extensively tuned, the newer ones, 15 and
16, have yet to be tuned. Thus, it would be of considerable interest
to tune the vicinal-diamine backbone of these environmentally
friendly catalysts for higher reactivity and enantioselectivity.

Interestingly, the same diamine-based salen ligand that
was used in the manganese complex 12 for obtaining highly
stereoselective epoxidations of cis alkenes also leads to a highly
stereoselective hydrolysis of epoxides when the manganese is
exchanged with cobalt.’® Thus, a properly tuned ligand for one
reaction can also be highly effective for a completely different
reaction.

Catalysts based on sterically bulky vicinal diamines can
provide much improved stereoselectivity when compared to
those based on less bulky diamines. Yamada and co-workers
have shown that two such catalysts, 17 and 18 (Figure 3),
are much more stereoselective than those based on less bulky
diamines in cycloaddition*® and cyclopropanation reactions,**in
the borohydride reduction of ketones,*” and in the deuteration
of aldehydes and imines.** The DCR method provides a
convenient, highly stereoselective route to the bulky diamines
in 17 and 18, as well as to novel bulky diamines such as 19%
in a one-pot reaction.

One of the most remarkable chiral catalysts reported to date
is Noyori’s catalyst, 20,2 which is used for the hydrogenation
of prochiral ketones (Figure 4).>° A turnover number of over
a million has been reported for this highly stereoselective
ruthenium catalyst, which consists of a chiral diphosphine
ligand and a chiral vicinal diamine ligand. Ding and co-workers
recently showed that the chiral diphosphine ligand could be
replaced with an achiral one, leading to catalyst 21, without
sacrificing the stereoselectivity of the reaction.



Noyori’s transfer-hydrogenation catalyst, 22, which uses
isopropanol or formic acid instead of molecular hydrogen to
reduce ketones, is also based on a chiral vicinal diamine.’! The
availability of a wide range of chiral vicinal diamines should
allow for tailor-fitting of the catalyst to the ketone substrate
in order to achieve a high stereoselectivity. Mioskowski and
co-workers showed that 23 is more reactive and stereoselective
than 22 as a transfer-hydrogenation catalyst for the reduction
of B-keto ester 24 under dynamic kinetic resolution conditions
to give 25 (eq 5).%? Electron-withdrawing sulfonyl groups
increase the reactivity of the catalyst by acidifying the primary
amine. While the DPEN backbone itself was not tuned in this
study, electron-withdrawing substituents on the phenyl rings
are expected to further modulate the activity and selectivity of
the catalyst. Substituents on DPEN can significantly affect the
basicity (or acidity) of the vicinal diamine. For example, the pK,
value of the protonated decafluoro-DPEN (4a, Scheme 2) is about
three units lower than that of protonated DPEN.'

Busacca et al. reported on the steric and electronic tuning
of the phosphinoimidazoline (BIPI) ligands that are used for
the catalytic asymmetric Heck reaction (eq 6).'> The reactivity
and stereoselectivity of the in situ formed palladium complex
was reported to be highly sensitive to the structure of the chiral
vicinal diamine in the imidazoline group. The BIPI ligands have
the advantage of being easier to tune than the phosphinooxazoline
ligands and the BINAP ligands. The diamines in the BIPI ligands
were initially synthesized by Corey’s'® or Pedersen’s!! methods.
More recently, they have been prepared by the DCR method.

In addition to the metal-based catalysts described above,
many organocatalysts that incorporate chiral vicinal diamines
are known. Denmark et al. reported that chiral, vicinal-diamine-
based phosphoramide Lewis base 26 catalyzed the aldol addition
of ketone silyl enolates to aromatic aldehydes (eq 7).* Both the
diastereoselectivity and enantioselectivity of the reaction were
highly sensitive to the structure of the diamine portion of the
organocatalyst.

We recently showed that chiral vicinal diamines themselves
can be used as organocatalysts for the stereoselective synthesis of
warfarin, a blood thinner for treating thrombosis (eq 8).° As was
observed with 26, the stereoselectivity of this Michael reaction
is sensitive to the diamine structure. The enantioselectivity of
the reaction increases from 47% ee to 92% ee on changing the
diamine catalyst from DACH to the ortho-methyl-substituted
DPEN, 4n.

The DCR method is not only useful for tuning the properties
of known ligands, but is also valuable for developing novel
ones. Diamines may be developed into monodentate, bidentate,
tridentate, tetradentate, and penetadentate ligands with N, O, S, or
P as coordinating atoms. We have reported a novel amino alcohol
receptor based on a Co(Ill)—salen complex, 28, possessing an
axial aromatic substituent in the diamine backbone (eq 9).%
The vicinal-diamine-based, unsymmetrical, tridentate ligand,
27, was prepared in enantiomerically pure form using the DCR
method. The stereoselectivity of 28 in the coordination of amino
alcohols increases from about 2.9 to 36.0 with increasing steric
bulk of the amino alcohols used in the reaction.

Chiral oxazoline ligands are useful in the design of many
catalysts.>* Most of the oxazoline ligands are based on a few
readily available chiral amino alcohols. Replacing chiral
oxazoline ligands with a wide range of chiral diamine-based
imidazoline ligands should be of considerable interest.!?

+
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Figure 4. Vicinal-Diamine-Based Catalysts for the Hydrogenation
of Prochiral Ketones. (ref. 50)
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Figure 5. Chiral, Vicinal-Diamine-Based
Support. (Ref. 63)

Catalysts on Solid

Beller and co-workers have recently reported that ruthenium
complexes of chiral tridentate pyridinebisimidazolines
(Pybim, 30) are effective catalysts for epoxidation®*¢ and
transfer-hydrogenation reactions.”” They found that Ru-Pybim
complexes are much more reactive and stereoselective than
the Ru-Pybox complex in the transfer hydrogenation of
acetophenone (eq 10).

There has been much interest in monodentate phosphorus
ligands ever since the pioneering work of Feringa,*® Reetz,*
and Pringle.®® The “mother” diamine (HPEN) is not only
useful for making “daughter” diamines by the DCR method,
but it can also be converted into an interesting monodentate
phosphorus ligand (DpenPhos). Ding and co-workers showed
that DpenPhos is an excellent ligand for the Rh(I)-catalyzed
enantioselective hydrogenation of acrylates (eq 11).

3.3. Diamines on Solid Support

Chiral vicinal-diamine-based catalysts are often expensive
to prepare, but their polymer-supported counterparts have
the advantage of being recyclable.®> The DCR method also
provides a simple route for preparing diamines that can be
conveniently attached to a solid support; it also simplifies
the purification of the product. Diphenylethylenediamines
(DPENs) with hydroxyl groups attached at the meta or para
positions of the two benzene rings (e.g., 4j) have been used
to prepare various polymer-supported catalysts (Figure 5).%
Such catalysts effected the stereoselective hydrogenation of
ketones and epoxidation of olefins.

3.4. Water-Soluble Diamine Catalysts

The growing interest in green chemistry and the need for
environmentally friendly catalytic systems has led to the
development of water-soluble, chiral, vicinal-diamine ligands.®
Deng and co-workers® reported water-soluble versions of
Noyori’s transfer-hydrogenation catalyst (see eq 5) prepared
from disulfonated N-tosyl-DPEN, 32 (Figure 6). These
catalysts gave excellent results in the reduction of prochiral
ketones, imines, and iminium ions in aqueous solvents. The
DCR method provides a convenient route to a variety of water-
soluble vicinal diamines in enantiomerically pure form.%

4. Diamine Drugs

A number of vicinal diamines possess a wide range of
bioactivities. The amine groups are useful for modulating
the solubility of the drug as well as for donating or accepting
hydrogen bonds to and from a biological receptor. In addition,
vicinal diamines can easily be converted into five- and six-
membered rings like imidazolines and piperazines. These
rigid heterocyclic compounds provide entropic advantage for
binding to the biological target. Some representative diamine
and diamine derivatives with interesting bioactivities are
discussed below.

4.1. Acyclic Diamines

Ever since the serendipitous discovery by Rosenberg et al. of the
anticancer activity of cisplatin,®® there has been much interest
in developing cisplatin analogues that are more active and less
toxic (Figure 7). Oxaliplatin (ELOXATIN®, Sanofi-Aventis)*
is one such analogue that is based on a chiral vicinal diamine
[(R,R)-1,2-diaminocyclohexane (DACH)] and that is active
against colorectal cancer.” Other studies indicate that it is also
active against ovarian cancer,*® non-small-cell lung cancer,* and
breast cancer.”” The wide availability of DACH undoubtedly was



an important factor in the discovery of oxaliplatin, as it was in
the discovery of various stereoselective DACH-based catalysts.
In a recent breast cancer and prostate cancer cell line studies,
33 showed the highest activity among a variety of platinum
complexes.?

Interestingly, (S,5)-33 gave the best result against the MDA-
MB 231 breast cancer cell line and LnCaP/FGC prostate cancer
cell line, while (R,R)-33 gave the best result against the MCF-7
breast cancer cell line. The chiral vicinal diamine ligand in 33
(see 11d, Scheme 9) was difficult to prepare, requiring seven steps
with an overall yield of about 10%. With the DCR process, this
diamine and other close analogues can be prepared in excellent
yield (>90%) and stereoselectivity (99% ee) in a one-pot reaction
under mild conditions.®

Scientists at Hoffmann—La Roche in Nutley, New Jersey, recently
reported a novel strategy for cancer therapy. A cis imidazoline,
that they named Nutlin-3, was shown to activate the pS3 tumor
suppressor pathway.”! Initially, they screened a library of cis
imidazolines that was generated from a variety of meso vicinal
diamines, which were, in turn, prepared by DCR.” Another
series of cis imidazolines possessing anti-inflammatory activity
have been reported by Merriman et al.”? In addition to the cis
imidazolines, trans imidazolines, similarly prepared from chiral
vicinal diamines, also exhibited biological activities. Clonidine,
moxonidine, and ZANAFLEX® are imidazoline I1 receptor
agonists that lower blood pressure. While all of these compounds
are based on unsubstituted vicinal diamines, clonidine analogues
made with chiral vicinal diamines were shown to be active
(Figure 8).» The diamine in 34 was prepared as a racemic
mixture in low yield by the Grignard method (see Scheme 8a).
The DCR process is useful for making a variety of chiral dialkyl
vicinal diamines in enantiomerically pure form (see Scheme 7).

Simple N-substituted piperazines are found in numerous drug
molecules. However, chiral piperazines are only beginning to
make their mark as useful therapeutics. Chiral vicinal diamines
canbereadily converted into chiral piperazines and piperazinones.
Tagat et al. reported piperazine-based CCRS antagonists as potent
HIV inhibitors (Figure 9).”> Wurster and co-workers recently
showed that a chiral, piperazine-based molecule, 35, is a selective
a,c-adrenoceptor antagonist and has potential therapeutic use in
several psychiatric disorders.™

a,pB-Diamino acids are a special class of chiral vicinal diamines
that have potent biological activities.” For example, viomycin is
an inhibitor of protein synthesis, and capreomycin IA, used for
the treatment of tuberculosis, contain L-capreomycidine’ as a
key structural element. In addition, the appearance of penicillin-
or cephalosporin-resistant pathogens has led to the development
of loracarbef (LORABID®),?! a diamino acid based antibiotic
(Figure 10).

There has been much recent interest in oseltamivir
(TAMIFLU®) and zanamivir (RELENZA®) due to the possibility
of a human influenza pandemic (Figure 11).”” The two inhibitors
of sialidase (also known as neuraminidase) are effective
therapeutics for the treatment of the avian HSNI influenza
virus. Oseltamivir is a chiral vicinal diamine monoamide that is
prepared from shikimic acid.?’ The total synthesis of oseltamivir
has been recently reported by several research groups.”® While
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Figure 6. Water-Soluble, Chiral, Vicinal Diamine Ligands.
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the DCR process may not be easily applied to the synthesis of
these challenging targets, it may be useful for making libraries
of their analogues.

5. Conclusions

Many of the best stereoselective catalysts that we know today
contain a chiral, vicinal-diamine structural element, and most of
these catalysts are based on DACH or DPEN. The DCR method
provides a convenient and efficient route to a wide range of
“daughter” chiral, vicinal diamines in enantiomerically pure form
starting from a single “mother” diamine (1 or HPEN). This method
allows not only the synthesis of C,-symmetrical diaryl diamines
but also dialkyl diamines and even mixed alkyl-aryl diamines
in excellent yields and enantiopurities. Some of the advantages
of the DCR method are: (a) The reaction is highly efficient
and stereospecific; (b) No metals are required as catalysts or
reagents; (c) The reaction generally takes place rapidly at ambient
temperatures; and (d) A wide variety of diamines can be made
in a one-pot process. The “daughter” diamines can be used for
electronic and steric tuning of known diamine-based catalysts as
well as for developing novel monodentate, bidentate, tridentate,
tetradentate, and pentadentate ligands. These ligands can have
N, O, S, or P as coordinating atoms. Stereoselective catalysts are
becoming ever more important for the preparation of chiral drugs
and materials. In addition, many bioactive compounds themselves
are based on diamines or their derivatives like imidazolines and
piperazines. Synthetic methods of broad scope and high efficiency
for making chiral vicinal diamines in enantiomerically pure form
should facilitate the discovery of new catalysts and drugs.
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University of Toronto as a professor in 2000, working on anion
and cation recognitions as well as on stereoselective recognition
and catalysis. More recently, he has been investigating the
preparation of chiral vicinal diamines by the DCR method for
which he received the Bernard Belleau Award (2006). He is
the founder and CEO of DiaminoPharm, Inc., and has been
a visiting professor at the California Institute of Technology
(1990), the Institute for Molecular Science in Okasaki (1997),
Pohang University of Science and Technology (1998), and Seoul
National University (2003, 2008).

B. Moon Kim obtained his B.S. and M.S. degrees from
the Department of Chemistry, Seoul National University.
In 1983, he began his Ph.D. level research in the laboratory
of the late Professor Satoru Masamune at M.I.T., where he
studied asymmetric synthesis using organoboron compounds.
Five years later, he became a postdoctoral fellow in Prof. K.
B. Sharpless’s laboratory at M.I.T., where he investigated the
asymmetric, osmium-catalyzed dihydroxylation reaction. In
1990, he accepted a senior research chemist position at Merck
Research Laboratories in West Point, Pennsylvania, where he
was then promoted to research fellow. In 1995, he moved back
to his alma mater in Korea as an assistant professor. In 2003, he
spent a year in the laboratory of Dr. Kenner C. Rice as an adjunct
investigator at the National Institute of Diabetes, Digestive, and
Kidney Diseases, National Institutes of Health, in Bethesda,
Maryland. In 2003, he was a DAAD-sponsored Innovatec Guest
Lecturer at Regensburg University in Germany. He is now
Professor and Chairman of the Department of Chemistry, Seoul
National University, and Head of the Brain Korea 21 Division of
Chemistry & Molecular Engineering. His research is centered
on the development of efficient synthetic methodologies based
on asymmetric catalysis, and on the design and synthesis of
small molecules that could be used for the treatment of various
diseases such as cancer, obesity, and depression.@
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=P Chiral Vicinal Diamines for Asymmetric Synthesis

Chiral vicinal diamines are of tremendous interest to the synthetic chemist as they are found in many chiral catalysts
and pharmaceuticals.

Currently, there is no unified approach to making these chiral vicinal diamines, and they are often challenging

to synthesize, especially if unsymmetrically substituted. Jik Chin and co-workers have recently reported some
preliminary theoretical and experimental studies for converting a parent diamine (1) into other chiral vicinal
diamines.' These diamines can be used as ligands for chiral catalysts, or they can be further elaborated to produce
chiral heterocyclic rings and B-lactams via ring closure.

OH OH NHp OH NH, OH
©/ NHa 1 ) RicHo ©/ Ny R' @ HoN_ R’ O O :
DREAD S B8 HO - TN OH NH, OH NH,
NH, | 2 RécHo - l ,
@C HaN R 685879 685860
1OH OH (S,S)-1 (R:R)'1

Other €E» Chiral Vicinal Diamines

CHo
N 03N
c NH, 4 HOI NH, Cl z NH;
*2 HCI «2 HCI
NH ‘ .CH ‘ NH O
A ’T‘ 3 Cl  NH» > NO»
CHg

685186 684058 684031
OCH.
«2 HCI O O 2 HCI
O NH;
HsCO ,T;fo OCHjs
684023 684147

E HsCO
O NH, « 2 HCl O e « 2 HCl
NH O
NH, O E 2 OCHjg

684139 684120 684104

References: (1) Chin, J. et al. . Am. Chem. Soc. 2003, 125, 15276. (2) Kim, H.-J. et al. J. Am. Chem. Soc. 2005, 127, 16370. (3) Kim, H.-J. et al. .. Am. Chem. Soc. 2005, 127,
16776.
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rebranding

Only the brand has changed. The quality, performance,
manufacturing, and package sizes all remain the same.

HYDRANAL® is a registered trademark of Sigma-Aldrich Biotechnology, L.P. and Sigma-Aldrich Co.
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Did you know

that Alfred Nobel’s innovation
changed the world?

...and that Sigma-Aldrich® enables our customers to change the world with
their own innovations.

e Technology Leadership e Global Reach, Local Availability e Unrivaled Service

Alfred Nobel — chemist, engineer, and the inventor of dynamite — was born to a family of innovators. His father
created plywood and their wide-ranging work enabled countless later advances in many fields. At Sigma-Aldrich,
we recognize that you are the scientific pioneer. We simply lead the way in making innovation possible. Our
products enable you and others to solve key problems in the life sciences, chemistry and analytical disciplines.
We manufacture most of what we offer, controlling our processes from raw materials, to finished products, to
your benchtop. And we have one million customers — innovators — who rely on us to deliver quality products,
technical support and business services anywhere in the world.

We're everywhere there’s science.

SiEMA ALDRICH @ suPELCO @ Fiua
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Discovery

Custom Packaged Reagents

The New Standard in Reagent Management for
Medicinal Chemistry and Organic Synthesis

Flexible | Efficient | Convenient

* Internet-based reagent database and procurement

* Powerful new batch-search and reporting capabilities
* Determine price and availability from your desktop

* Order products from more than 100 vendors

® Order in any amount, from micromoles to grams

® 24-48 hour turnaround time for most compounds

For more information visit DiscoveryCPR.com

sigma-aldrich.com

NVALDRICH

Chemistry

Discovery® |

When projects demand custom arrays of reagents, Discovery“™®
can meet the challenge.

® Reduces waste by eliminating on-site stocking and inventory
management

* No minimum order required
* Specify vial type, labeling/bar-coding and packaging

SIGMA-ALDRICH"®

Green Tidbit

Cyclopentyl Methyl Ether (CPME)

1,4-Dioxane, and other Ether Solvents.

CPME provides a green alternative for those looking to improve their
chemical process. CPME not only reduces energy waste, but also
improves laboratory safety due to its unique composition which resists
peroxide formation.

Cyclopentyl Methyl Ether, contains 50 ppm BHT Cat. No.

Anhydrous, =99.9% 675970

ReagentPlus®, =99.90% 675989

ReagentPlus is a registered trademark of Sigma-Aldrich Biotechnology, L.P, and Sigma-Aldrich Co.

sigma-aldrich.com

Alternative to Tetrahydrofuran, 2-Methyltetrahydrofuran, tert-Butyl Methyl Ether (MTBE),

To learn more about CPME’s unique resistance to peroxide formations, visit us at sigma-aldrich.com/greensolvents

NVALDRICH

Chemistry

Features and Benefits

e More stable than THF when it comes to forming peroxides
e High boiling point (106 °C)

e Narrow explosion range (1.1-9.9% by vol.)

e Stable under acidic and basic conditions

e Forms azeotropes with water

e Conventional drying is unnecessary for general
organometallic reactions
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Sigma-Aldrich® Worldwide Locations

Argentina

SIGMA-ALDRICH DE ARGENTINA S.A.
Free Tel: 0810 888 7446

Tel: (+54) 11 4556 1472

Fax: (+54) 11 4552 1698

Australia
SIGMA-ALDRICH PTY LTD.
Free Tel: 1800 800 097
Free Fax: 1800 800 096
Tel: (+61) 2 9841 0555
Fax: (+61) 2 9841 0500

Austria

SIGMA-ALDRICH HANDELS GmbH
Tel: (+43) 1 605 81 10

Fax: (+43) 1 605 81 20

Belgium
SIGMA-ALDRICH NV/SA.
Free Tel: 0800 14747
Free Fax: 0800 14745
Tel: (+32) 3899 13 01
Fax: (+32) 389913 11

Brazil

SIGMA-ALDRICH BRASIL LTDA.
Free Tel: 0800 701 7425

Tel: (+55) 11 3732 3100

Fax: (+55) 11 5522 9895

Canada

SIGMA-ALDRICH CANADA LTD.
Free Tel: 1800 565 1400

Free Fax: 1800 265 3858

Tel: (+1) 905 829 9500

Fax: (+1) 905 829 9292

China

SIGMA-ALDRICH (SHANGHAI)
TRADING CO. LTD.

Free Tel: 800 819 3336

Tel: (+86) 21 6141 5566

Fax: (+86) 21 6141 5567

Czech Republic
SIGMA-ALDRICH spol. s r. 0.
Tel: (+420) 246 003 200
Fax: (+420) 246 003 291

Denmark

SIGMA-ALDRICH DENMARK A/S
Tel: (+45) 43 56 59 10

Fax: (+45) 43 56 59 05

Finland

SIGMA-ALDRICH FINLAND OY
Tel: (+358) 9 350 9250

Fax: (+358) 9 350 92555

France

SIGMA-ALDRICH CHIMIE S.a.r.l.
Free Tel: 0800 211 408

Free Fax: 0800 031 052

Tel: (+33) 474 82 28 00

Fax: (+33) 474 95 68 08

Germany

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

Free Fax: 0800 64 90 000

Tel: (+49) 89 6513 0

Fax: (+49) 89 6513 1160

Greece

SIGMA-ALDRICH (0.M.) LTD.
Tel: (+30) 210 994 8010
Fax: (+30) 210 994 3831

Hungary

SIGMA-ALDRICH Kft

Ingyenes z6ld telefon: 06 80 355 355
Ingyenes zold fax: 06 80 344 344
Tel: (+36) 1 235 9055

Fax: (+36) 1 235 9050

India

SIGMA-ALDRICH CHEMICALS
PRIVATE LIMITED

Telephone

Bangalore: (+91) 80 6621 9600
New Delhi: (+91) 11 4165 4255
Mumbai: (+91) 22 2570 2364
Hyderabad: (+91) 40 4015 5488
Fax

Bangalore: (+91) 80 6621 9650
New Delhi: (+91) 11 4165 4266
Mumbai: (+91) 22 2579 7589
Hyderabad: (+91) 40 4015 5466

Ireland

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

Free Fax: 1800 600 222

Tel: (+353) 1 404 1900

Fax: (+353) 1 404 1910

Israel

SIGMA-ALDRICH ISRAEL LTD.
Free Tel: 1 800 70 2222

Tel: (+972) 8 948 4100

Fax: (+972) 8 948 4200

Italy

SIGMA-ALDRICH S.r.l.
Numero Verde: 800 827018
Tel: (+39) 02 3341 7310
Fax: (+39) 02 3801 0737

Japan

SIGMA-ALDRICH JAPAN K.K.
Tel: (+81) 3 5796 7300

Fax: (+81) 3 5796 7315

Korea

SIGMA-ALDRICH KOREA
Free Tel: (+82) 80 023 7111
Free Fax: (+82) 80 023 8111
Tel: (+82) 31 329 9000

Fax: (+82) 31 329 9090

Malaysia

SIGMA-ALDRICH (M) SDN. BHD
Tel: (+60) 3 5635 3321

Fax: (+60) 3 5635 4116

Mexico

SIGMA-ALDRICH QUIMICA, S.A. de C.V.
Free Tel: 01 800 007 5300

Free Fax: 01 800 712 9920

Tel: 52 722 276 1600

Fax: 52 722 276 1601

The Netherlands
SIGMA-ALDRICH CHEMIE BV
Free Tel: 0800 022 9088

Free Fax: 0800 022 9089

Tel: (+31) 78 620 5411

Fax: (+31) 78 620 5421

New Zealand

SIGMA-ALDRICH NEW ZEALAND LTD.
Free Tel: 0800 936 666

Free Fax: 0800 937 777

Tel: (+61) 2 9841 0555

Fax: (+61) 2 9841 0500

Norway

SIGMA-ALDRICH NORWAY AS
Tel: (+47) 23 17 60 60

Fax: (+47) 23 17 60 50

Poland

SIGMA-ALDRICH Sp. z 0.0.
Tel: (+48) 61 829 01 00
Fax: (+48) 61 829 01 20

Portugal

SIGMA-ALDRICH QUIMICA, S.A.
Free Tel: 800 202 180

Free Fax: 800 202 178

Tel: (+351) 21 924 2555

Fax: (+351) 21 924 2610

Russia

SIGMA-ALDRICH RUS, LLC

Tel: +7 (495) 621 6037
+7 (495) 621 5828

Fax: +7 (495) 621 5923

Singapore
SIGMA-ALDRICH PTE. LTD.
Tel: (+65) 6779 1200

Fax: (+65) 6779 1822

South Africa
SIGMA-ALDRICH

SOUTH AFRICA (PTY) LTD.
Free Tel: 0800 1100 75
Free Fax: 0800 1100 79
Tel: (+27) 11 979 1188
Fax: (+27) 11 979 1119

Spain

SIGMA-ALDRICH QUIMICA, S.A.
Free Tel: 900 101 376

Free Fax: 900 102 028

Tel: (+34) 91 661 99 77

Fax: (+34) 91 661 96 42

Sigma-Aldrich Career Opportunities

Sweden

SIGMA-ALDRICH SWEDEN AB
Tel: (+46) 8 742 4200

Fax: (+46) 8 742 4243

Switzerland

SIGMA-ALDRICH CHEMIE GmbH
Free Tel: 0800 80 00 80

Free Fax: 0800 80 00 81

Tel: (+41) 81 755 2828

Fax: (+41) 81 755 2815

United Kingdom
SIGMA-ALDRICH COMPANY LTD.
Free Tel: 0800 717 181

Free Fax: 0800 378 785

Tel: (+44) 1747 833 000

Fax: (+44) 1747 833 313

SAFC (UK) Free Tel: 01202 712305

United States
SIGMA-ALDRICH

P.0. Box 14508

St. Louis, Missouri 63178
Toll-Free: 800 325 3010
Toll-Free Fax: 800 325 5052
Call Collect: (+1) 314 771 5750
Tel: (+1) 314 771 5765

Fax: (+1) 314 771 5757

Internet
sigma-aldrich.com
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s a leading Life Science and High Technology company, we are always looking for talented individuals

to join our team. At Sigma-Aldrich we value the contributions of our employees, and recognize
the impact they have on our success. We strive to foster creativity and innovation, and encourage
professional development.

Our biochemical and organic chemical products and kits are used in scientific and genomic research,
biotechnology, pharmaceutical development, the diagnosis of disease, and as key components in
pharmaceutical and other high technology manufacturing. We have customers in life science companies,
university and government institutions, hospitals, and in industry.

UNLEASH YOUR TALENTS

Learn more about our career opportunities by visiting
our award-winning Website at sigma-aldrich.com/careers

Sigma-Aldrich Corporation is an equal opportunity employer.

sigma-aldrich.com
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Aldrichimica Acta Archival Collection on CD
40th Anniversary Edition (1968-2007)

Search, view, and print—at your convenience,
at home or at work—review articles written by
some of the world’s leading chemists on some
of the most compelling chemistry topics.

Aldrichimica

=

Request your complimentary copy of the CD
at sigma-aldrich.com/acta40cd

To receive the Aldrichimica Acta on
a regular basis, subscribe for FREE at
sigma-aldrich.com/acta
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Aldrichimica Acta
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“Impact Factor data published by Thomson Scientific’s Journal Citation Reports®.
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