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1. Introduction and Scope
Boranes and borohydride reagents have found utility in

synthesis routes to a number of pharmaceutical and other
products. Boron reagents have become increasingly important
for catalytic reactions and other organic transformations of
highly complex functionalized molecules. Some of the
highlights include asymmetric reductions, Suzuki-Miyaura
cross-coupling, and the introduction of functional groups such
as alcohols and amines. Because of their unique properties

and high selectivities, these reagents have become a valuable
part of the organic chemistry toolbox and found their way
into a number of commercial applications.

Much of the exploratory research on the synthetic ap-
plication of borane chemistry was conducted in the labora-
tories of H. C. Brown. Borane (BH3) is an electrophilic
reducing agent; that is, it is not nucleophilic or hydridic in
nature. This electrophilicity of borane can be viewed as
Lewis acid character since the boron is electron deficient.
Due to the electrophilic nature of borane and complexation
with the electron-rich center of the functional group, reduc-
tions with borane are very selective and specific.

The catalytic effect of ethers in the hydroboration reaction
led to the development of more stable borane ligand
complexes (BH3-L) as the preferred borane sources at
commercial scale. Borane adducts of Lewis bases such as
tetrahydrofuran (THF), dimethyl sulfide (DMS), and some
aromatic and hindered amines have been used very ef-
fectively for hydroboration of double and triple bonds as well
as in reductions of other functional groups.

The strength of the Lewis base determines the reactivity
of the borane complex. Borane tetrahydrofuran complex
(BTHF) is the most reactive. At the other extreme, numerous
amine boranes possess low reactivity even toward proton
sources such as water, alcohols, and carboxylic acids. Sulfide
boranes, dialkylaniline boranes, and bulky amine boranes are
intermediate in reactivity.The amine and sulfide borane
complexes offer concentration advantages over BTHF. For
example, dimethyl sulfide borane (DMSB) is 10 times more
concentrated than BTHF. Both amine and sulfide borane
complexes are more stable than BTHF at ambient or higher
temperatures.

The availability of boron reagents, specifically borane
complexes, substituted borohydride reagents, and chiral boron
compounds, at commercial scale, has dramatically expanded
the uses of these compounds in process chemistry. In the
last 25 years, the development of new synthetic methodolo-
gies using boranes has allowed the preparation of very
complex molecular structures in high selectivities and
excellent overall yields. This review captures the diversity
of borane synthetic applications at the pharmaceutical and
industrial scales.

Since utilization of boron reagents in process chemistry
has not previously been reviewed, the literature from the
1980s up to mid-2005 is included. The purpose of this review
is to highlight some relevant processes to give guidance and
inspiration for the large scale use of these reagents. Many
commercial processes that did not provide details about the
step involving a boron reagent are included, as well as small
scale synthetic schemes with emphasis on reaction protocol.
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The reaction schemes list as much detail as possible about
reaction conditions, solvents, and reagents from the literature
or patent examples. We did not include reactions utilizing
boronic acids or esters in Suzuki-Miyaura C-C coupling
reactions since these topics have been recently reviewed.1

Other excellent reviews covering borohydride reductions,2

hydroborations,3 and boranes in asymmetric synthesis4 have

appeared recently but are not specifically at a particular scale.
A number of processes cannot be discussed in detail due to
their proprietary nature.

2. Hydroboration
The hydroboration reaction is thesyn-addition of a boron-

hydrogen bond across a carbon-carbon multiple bond to
generate the corresponding organoborane. Due to the elec-
trophilic nature of borane reagents, the regioselectivity of
the addition gives predominantly anti-Markovnikov products.
Early in the development of the reaction, Brown found that
ethers catalyze hydroboration. The reaction of diethyl ether
with diborane (B2H6) results in the formation of weak readily
dissociated borane adducts which are more reactive than the
B2H6 dimer.

The hydroboration of simple olefins with borane com-
plexes such as DMSB or BTHF results in the formation of
trialkylboranes. With more hindered olefins, the hydro-
boration can be stopped at the mono- or disubstituted
organoborane. For example, hydroboration of 2-methyl-2-
butene proceeds only to the dialkyl stage, generating the
corresponding disiamylborane. A very useful regioselective
hydroborating agent, 9-borabicyclo[3.3.1]nonane (9-BBN),
is prepared via reaction of borane withcis,cis-1,5-cyclo-
octadiene.5

In contrast to borane complexes, which give mixtures of
Markovnikov and anti-Markovnikov products (up to 93%
favoring the anti-Markovnikov adduct), dialkylboranes are
the reagents of choice where high regioselectivity in the
addition across the double bond is required. The low
solubility and thermal instability of some dialkylboranes,
such as dicyclohexylborane, disiamylborane, thexylborane,
and di-isopinocampheylborane, requiresin situ formation
from a borane complex. The main decomposition pathway
of these reagents at ambient or higher temperatures is via
dehydroboration. Because 9-borabicyclo[3.3.1]nonane (9-
BBN) cannot dehydroborate, it is thermally stable and well
suited for large scale applications where high regioselectivity
is required in the hydroboration. 9-BBN is commercially
available as a 0.5 M solution in THF or hydrocarbon solvent,
because the solid 9-BBN dimer is pyrophoric, making it
difficult to handle for a large scale process.

Hydroboration of optically active substituted alkenes, such
asR-pinene, with borane complexes generates asymmetric
hydroborating agents. Diisopinocampheylborane (DIPBH) is
the reagent of choice for the asymmetric hydroboration of
Z-alkenes. Enantioselectivities of higher than 90% ee are
reported in most of the cases.6 Unfortunately, DIPBH is also
prone to dehydroboration at ambient temperatures.

Dialkoxyboranes can also be used in hydroboration reac-
tions generally at higher temperatures than borane complexes.
These compounds are prepared via reaction of a borane
complex and a diol, such as pinacol and catechol. Transition
metal catalyzed hydroboration with catecholborane (CATB)
and pinacolborane (PINB) dramatically increases the rate of
hydroboration of alkenes. However, the regioselectivity of
the catalyzed reaction can be opposite to that of the
uncatalyzed reaction depending on the catalyst used. The use
of catalytic amounts of dialkylboranes such as dicyclohexyl-
borane in CATB or PINB reactions also increases the rate
of hydroboration.7

The organoborane compound formed through hydrobora-
tion is not the final stage in the pharmaceutical synthesis
but can be used in a number of different ways. Oxidation of
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the boron-carbon bond is often used to regioselectively
introduce a hydroxyl functionality into a molecule.8 Other
transformations include halogenation, amination, and forma-
tion of carbon-carbon bonds through Suzuki-Miyaura
coupling reactions. Although hydroboration followed by
oxidation to an alcohol is the most common application of
the organoborane generated, Suzuki-Miyaura coupling reac-
tions will probably dominate the future of borane intermedi-
ates in synthesis schemes because of the ability to rapidly
construct large molecular fragments.

In this section, the hydroboration reaction for the synthesis
of active pharmaceutical ingredients is reviewed.

2.1. Conversion to Alcohol

An especially important application of the hydroboration
reaction is the conversion of organoborane to an alcohol via
oxidation of the B-C bond. Excellent control of regio- and
stereochemistry in the hydroboration is based mainly on steric
differentiation, although sometimes the electronic bias of the
double bond can direct the placement of boron on the carbon.
The oxidation of the organoborane intermediates can be
accomplished with various oxidizing agents such as hydrogen
peroxide (H2O2),9 sodium perborate (NaBO3‚H2O),10 tri-
methylamineN-oxide,11 and, more recently, Oxone.12 Mild
oxidating agents such as sodium perborate are generally used
for the oxidation of organoborane intermediates that contain
other functionalities sensitive to strong oxidation. Basic
hydrogen peroxide oxidation has been the method most
commonly used at large scale. Because excess hydrogen
peroxide at high pH releases oxygen, measures such as
purging the reactor with an inert gas during the oxidation to
lower the amount of oxygen in the headspace are required
to minimize potential hazardous conditions for large scale
hydroboration/oxidation processes.13

In the synthesis of Artemisinin (3), Deshpande and co-
workers hydroborated a double bond in intermediate1 with
BTHF.14 The intermediate organoborane was oxidized with
basic hydrogen peroxide, delivering the diol2 in high yield
(Scheme 1).

Nicolaou and co-workers used the hydroboration/oxidation
strategy to make one of the key intermediates in the synthesis
of Taxol (6) (Scheme 2). In their approach, the hydroboration
took place chemo- and regioselectively upon the disubstituted
cyclohexene4 preferentially over the ketone and tetrasub-
stituted alkene functionalities.15

Calvo and co-workers utilized hydroboration with BTHF
to prepare one of the intermediates in the synthesis of the
antiglaucoma agent forskolin.16 The important step in their
synthesis was that, by using a LiBF4/BTHF mixture, the
acetal ring in7 opened, thus facilitating the diastereoselective
hydroboration of the double bond to the desired diastereomer
8 (Scheme 3). Couturier and co-workers also reported the
propensity of acetal cleavage in the presence of BF3 during
borane reductions.17

Chandrasekhar efficiently hydroborated a terminal alkene
group in9 to generate a primary alcohol after basic oxidation
for the synthesis of Nebivolol (11), used as aâ-adreno-
receptor antagonist (Scheme 4).18 They obtained gram
quantities of the corresponding alcohol10.

Brown and co-workers developed a scalable synthesis
route to cis-N-benzyl-3-methylamino-4-methylpiperidine dur-
ing manufacturing of a clinical drug candidate.19 One of the
key steps of the reaction involved carrying out the hydro-
boration of12using BTHF (Scheme 5). Initially, they needed

2.2 equiv of BH3 to drive the reaction to completion because
the amino group in the molecule complexed with 1 equiv of
borane. Addition of BF3-EE (1.2 equiv) to complex the amino
group in12allowed the hydroboration to be carried out with
1.4 equiv of borane rather than the 2.2 equiv usually required
for consistent results. BF3-etherate complex also facilitated
the work-up step because less hydrogen was evolved during
the methanol quench.

To quench excess borane in the reaction, the authors found
that the addition of a mixture of 1 N HCl in methanol and
calcium chloride destroyed most of the excess B-H and
decomplexed the amine-borane complex. The calcium
chloride trapped the fluoride liberated from the release of
BF3 from the amine-borane complex. Interestingly, Brown

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5
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and co-workers noticed that, despite the strong acidic
conditions, some B-H still remained in the product mixture.
Heating did not push the hydrolysis further, but it converted
the initially formed borinic ester to the corresponding borinic
acid.

The oxidation of organoborane intermediate14 (Figure
1) of the hydroboration was evaluated with Oxone, in general
a good alternative process to basic hydrogen peroxide
oxidation.20 One of the major drawbacks of Oxone oxidation
is the large solvent volume required to dissolve all the Oxone
needed for the oxidation. For that reason, the authors tried
the oxidation with a mixture of Oxone and hydrogen peroxide
(10:90 for Oxone/peroxide, respectively). However, only
60% conversion of the alkylborane to the corresponding
alcohol resulted. Fortunately, using hydrogen peroxide under
acidic conditions provided rapid oxidation of the alkylborane
intermediate without requiring extended reaction times at
elevated temperatures. This process also allowed lower
volumes of solvents than with the Oxone procedure. After
subsequent transformations of the amino alcohol intermedi-
ate, they obtained multiple kilograms of the desired piperi-
dine hydrotosylate salt13, demonstrating the feasibility of
the hydroboration/oxidation process on a large scale.

Nicolaou and co-workers introduced a critical stereogenic
center at C38 in the synthesis of Sanglifehrin A via substrate-
controlled regio- and stereoselective hydroboration of a
trisubstituted alkene acetonide carboxylic acid15with borane
complex (Scheme 6). The authors obtained a 5:1 mixture of

diastereomeric diols in favor of the desiredtrans-acetonide
16 when they carried out the reaction at-25 °C.21 The use
of more bulky hydroborating agents such as thexylborane
was not successful, because of the low reactivity of the
alkene. Above-25 °C, byproducts resulting from intra-
molecular reduction of the acetonide function were obtained.

Ilmofosine, a very potent antineoplastic ether-linked phos-
phocholine, was synthesized via a milder hydroboration/
oxidation protocol (Scheme 7). The oxidation of the organo-

borane to the corresponding phosphate18 was carried out
with sodium perborate to avoid oxidation of the sulfide.22

One of the most effective methods to introduce hydroxyl
functionality in five-membered heterocycles at the 3-position
is via hydroboration. Massey and co-workers prepared
carboxylate20 via highly chemo- and regioselective hydro-
boration of a dihydrofuran19 with thexylborane (Scheme

8) (the hydroborating agent was prepared from reaction of
DMSB with 2,3-dimethyl-2-butene).23 The reaction was
carried out at temperatures between-20 and 25°C, and the
oxidation of the organoborane intermediate was accom-
plished with hydrogen peroxide in the presence of a base or
aqueous buffer in a pH range from 5 to 14.

Smith and co-workers also used a similar hydroboration
sequence to introduce the hydroxyl group at the 3-position
of a vinyl-dihydrothiophene derivative21 (Scheme 9).24 They
exploited the convex bias of the bicyclic skeleton to favor
the exo stereochemistry.

Due to the importance of arginine catabolism in the
regulation of diverse metabolic pathways, significant efforts
have been devoted to evaluate nonreactive arginine analogues
as enzyme inhibitors or receptor antagonists. Christianson
and co-workers prepared the compound 2-(S)-amino-6-
boronohexanoic acid as the first example of a boronic acid-
based arginine isotere.25 The authors used a chemoselective
hydroboration protocol followed by methanolysis and con-
version to the pinanediol boronic ester product25 (Scheme
10). The BOC protecting group on the amine23 was not

reduced during the hydroboration. The boronohexanoic acid
compound proved to be a very potent inhibitor of Mn2+

arginase. This example shows the usefulness of borane
adducts as active pharmaceutical ingredients.

Dialkylboranes provide superior selectivities in the hydro-
boration of primary alkenes compared to simple borane (BH3)
complexes. For example, Panek and co-workers selectively
hydroborated a terminal olefin with dicylcohexylborane
followed by oxidation to give gram quantities of the alcohol
27, a key intermediate in the synthesis of epothilone A
(Scheme 11).26 Notice that the internal alkenyl group in26
was not hydroborated under the reaction conditions.

Diastereoselective hydroboration/oxidation of a diene
intermediate28 in the synthesis of Maxacalcitol gave the

Figure 1.

Scheme 6

Scheme 7

Scheme 8

Scheme 9

Scheme 10

Scheme 11
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corresponding secondary alcohol29 in 91.6% de without
affecting the internal olefin in28 (Scheme 12).27 The desired
S-isomer29 crystallized in 90% yield (17 kg), leaving the
undesired alcohol in the mother liquor.

Trost and co-workers used 9-BBN to chemoselectively
hydroborate chromene30 (Scheme 13). Oxidation of the
organoborane intermediate with basic hydrogen peroxide
followed by Dess-Martin reagent resulted in the formation
of an aldehyde intermediate. The aldehyde was converted
to the desiredent-calonolide A (32) via a sequence of ZnCl2

cyclization and Mitsunobu inversion.28

Similarly, Takashashi and co-workers selectively hydro-
borated tetrahydropyran-2-yl ether intermediate33 with
9-BBN (Scheme 14). Aqueous basic peroxide oxidation
provided the desired primary alcohol34, one of the key
intermediates in the synthesis of drug candidate ED-71.29

Littlefield and co-workers used 9-BBN to selectively
hydroborate 1,1-disubstituted olefin35, an intermediate in
the synthesis of halichondrin analogues, which have shown
anticancer activity (Scheme 15).30 To oxidize the organo-
borane intermediate, they used mild oxidation conditions of
sodium perborate.

During the preparation of pironetin, a natural product
possessing immunosuppressant activity, Keck and co-workers
found that the selective hydroboration of terminal olefin37
followed by direct oxidation to aldehyde gave low yields.31

A better strategy was to oxidize the organoborane intermedi-
ate and isolate the corresponding alcohol38 (Scheme 16).
Subsequent oxidation using the Ley method (TPAP/NMO,
tetrapropylammonium perruthenate/N-methylmorpholine-N-
oxide) provided the desired aldehyde intermediate39.

Presumably, the cyclooctanediol byproduct was interfering
with direct oxidation to the aldehyde.

The isolation of desired alcohol product via hydroboration
with 9-BBN followed by oxidation sometimes can be difficult
because of the 1,5-cyclooctanediol byproduct generated
during the oxidative workup. Loiseleur and co-workers found
that thexylborane was the preferred hydroborating agent to
convert 1,1-disubstituted alkene to the corresponding diol
41, because it not only gave similar diasteroselectivities as
9-BBN but it also facilitated the isolation of the diol due to
the higher volatility of 2,3-dimethyl-2-butanol byproduct after
oxidative workup (Scheme 17).32

The major drawback of using thexylborane as a hydro-
borating agent on a large scale is the need to prepare the
reagent in situ due to its known propensity to undergo
thermal dehydroboration to other borane adducts at ambient
temperature.

2.2. Suzuki −Miyaura Substrate Formation
The Suzuki-Miyaura cross-coupling reaction is regarded

as an extremely efficient method for the coupling of aromatic
halides with aryl or alkenyl boron compounds. However, the
coupling of aryl halides with alkyl boron compounds has
suffered from dehydroboronation of the boron substrate.
Alkyl 9-BBN reagents, prepared via hydroboration of
terminal alkenes, provide the best effective entry into alkyl
replacement of a halide because of the stability of 9-BBN
derivatives to the Suzuki-Miyaura conditions.

Keen and co-workers used the hydroboration/Suzuki-
Miyaura cross-coupling protocol to prepare one of the
intermediates in the synthesis of a nonpeptidic avb3 antago-
nist. The hydroboration of commercially available acrolein
diethyl acetal42 with 9-BBN generated the trialkylborane
intermediate43 (Scheme 18). Gratifyingly, the cross-coupling
of trialkylborane with chloride44 cleanly afforded desired
acetal45 in 98% yield.33

Danishefsky and co-workers effectively used a similar
reaction sequence to synthesize one of the intermediates for
the synthesis of an epothilone analogue, 12,13-desoxy-
epothilone F, which is active against tumor cells. The
unprecedented coupling of 9-BBN intermediate with iodo-
trisubstituted alkene46 proceeded smoothly to the desired
diketone48 in 60% yield (Scheme 19).34 The key to the
reaction was the Lewis acidity of the 9-BBN derivative,

Scheme 12
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Scheme 15

Scheme 16

Scheme 17

Scheme 18
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which facilitated the transmetalation of the alkyl group to
the palladium prior to C-C bond formation.35

Bauer and Maier recently reported an intramolecular
version of the 9-BBN hydroboration/Suzuki-Miyaura reac-
tion in the synthesis of the core system of salicylihalamide
A.36 The authors envisioned a diasteroselective hydroboration
followed by Suzuki-Miyaura coupling. Unfortunately, the
hydroboration of49 was slow and required 5 equiv of
9-BBN. The best conditions to carry out the intramolecular
Suzuki coupling consisted of adding the intermediate borane
to a heated mixture of solvent, base, and palladium catalyst.
Under these conditions, the desired intermediate50 was
formed in 48% yield and high diastereoselectivity (Scheme
20).

Others have used the same strategy to conveniently build
complex molecules, demonstrating the huge potential of this
sequence scheme strategy for pharmaceutical and industrial
applications.37

Dialkoxyboranes such as catecholborane are the reagents
of choice to hydroborate triple bonds because diboration
byproducts are not formed. Evans and Starr chemoselectively
hydroborated the triple bond in51 followed by hydrolysis
to produce the desired alkenylboronic acid intermediate52
in excellent yields (91%) (Scheme 21). Palladium catalyzed

cross-coupling of52with fragment53provided an 84% yield
of the key intermediate54 for the synthesis of (-)-
FR182877, a compound that exhibits potent cytotoxicity
toward tumor cell lines.38

Similarly, Kobayashi and co-workers prepared
Khafrefungin, a novel inhibitor of fungal sphingolipid
synthesis, via CATB hydroboration of an alkyne. The
hydroboration of55 with CATB and hydrolysis gave the

desired alkenylboronic acid56, which was subsequently used
in the Suzuki-Miyaura cross-coupling reaction (Scheme
22).39

Jensen and co-workers prepared gram quantities of the
alkenylboronate58 from propargylic alcohol and 2 equiv of
CATB. The boronic acid was used in the synthesis of
carbapenem intermediates57 via subsequent Suzuki-
Miyaura reaction (Figure 2).40 These examples demonstrate
the usefulness of CATB to prepare vinylborane intermediates
for alkenyl transfer in the Suzuki-Miyaura reaction.

2.3. Asymmetric Hydroboration
Chiral dialkylboranes can effectively be used for asym-

metric hydroboration. The reaction of BTHF withR-pinene
generates the corresponding chiral diisopinocampheylborane
((Ipc)2BH). This reagent easily dehydroborates and has
limited solubility in THF and other typical solvents. To use
technical gradeR-pinene, the slurry of crystalline (Ipc)2BH
must be held at 0°C for 1-3 days to increase the
incorporation ofdd or ll isomers in the solid state. Use of
upgraded (Ipc)2BH for the hydroboration of alkenes can result
in high enantioselectivity of the corresponding organoborane
product. The oxidation of the organoborane proceeds with
retention of configuration to yield the desired chiral alcohol
in high % ee.

Kotnis and co-workers used the chiral hydroboration/
oxidation reaction to prepare entecavir, a novel carbocyclic
2′-deoxyguanosine analogue with potent and selective anti-
HBV activity. The most challenging part of the sequence
was the separation of the desired intermediate60 from
R-pinene, benzyl alcohol, and pinanol after oxidative workup
(Scheme 23). The authors found that the use of continuous-

counter-current steam distillation was the most effective way
to isolate the desired intermediate60. With the steam
distillation, the pinanol contamination was reduced to less
than 7%.41

The examples in this section clearly demonstrate the power
of borane reagents to introduce hydroxyl into a molecule.
Although many examples concentrated on process optimiza-
tion at smaller volumes, the hydroboration reaction and
subsequent chemistry of the trialkylboranes are very attractive
and applicable for large scale processes. The unique advan-
tages of the hydroboration reaction, such as high stereo-
selectivity, chemical purity, and yields of isolated pharma-

Scheme 19

Scheme 20

Scheme 21

Scheme 22

Figure 2.

Scheme 23
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ceutical and natural products, coupled with the commercial
availability of borane compounds promise to increase the
uses and importance of these reagents at commercial scale.

3. Reduction to Alcohol
One of the most desirable characteristics of boranes is the

mildness of the reaction conditions required for reductions.
The chemoselectivity of borane reduction is highly valued
by organic process chemists.

Aldehyde, ketone, amide, and carboxylic acid functional
groups are effectively reduced by borane complexes in the
presence of other functional groups, such as nitro, halo, ester,
and lactone. The chemoselectivity trend listed below is
demonstrated by many examples in the following sections.

carboxylic acids> aldehydes> ketones> olefins, imines
> nitriles, amides, epoxides> esters

Ester, lactone, and anhydride reduction, as well as cleavage
of an amide to the alcohol, often requires a nucleophilic
alkylborohydride reagent.

3.1. Carboxylic Acid Reduction
The carboxylic acid functional group is reduced at a faster

rate by borane complexes than most other groups, including
nonconjugated alkene, and is therefore the reagent of choice
for the reduction of carboxylic acids. Commonly, halogen,
nitro, carbamate, and ester groups remain intact under borane
reduction of a carboxylic acid. The mechanism of the
carboxylic acid reduction is stepwise. Initially, the acidic
proton reacts giving diacyloxyborane intermediate63 and
hydrogen is evolved (Scheme 24). The carbonyl group in

63 is then reduced with two hydrides from free borane in
the solution. Redistribution occurs such that the intermediate
before protic quenching is a trialkoxyboroxin65. Three
hydride equivalents are required for the carboxylic acid
reduction, since, in the redistribution process, borane is
released from the intermediates. The amounts of borane
required for the process could be minimized by the addition
of BF3 to the reaction mixture.

Lobben and co-workers studied the thermodynamics of
the carboxylic acid reduction by borane during the scale-up
of a COX-2 inhibitor.42 The BTHF reduction of a carboxylic
acid shown in Scheme 25 had a delayed exotherm during

scale-up. The carbonyl reduction is about 3.5 times more
exothermic than the initial diacyloxyborane formation. From
these measurements on the heat evolution, the kinetic model
proposed control of the BTHF addition rate based on the
cooling capacity of the reaction vessel. Thus, a safe controlled
scale-up of this reduction was achieved.

The following example demonstrates the mild borane
reduction, where the nitro group is unharmed by the reduction
conditions, to produce large quantities of 3-hydroxy-4-
nitrobenzyl alcohol, a key intermediate.43 A convenient
reduction of 3-hydroxy-4-nitrobenzoic acid (68) with BTHF
and BF3-etherate was found to deliver the desired alcohol
in 91% yield (Scheme 26). Other highly functionalized

aromatic carboxylic acids also gave clean high yielding
reductions with this combination of reagents. The optimum
ratio was 2 equiv of BTHF and 1 equiv of BF3-etherate
per carboxylic acid. The boron trifluoride presumably acts
as a Lewis acid to activate the carbonyl toward borane
reduction.

Malic acid and esters of malic acid have been used as
building blocks to provide the chiral center in several drugs.
To selectively protect the terminal alcohols after reduction
of (l)-malic acid in the synthesis of Tetrahydrolipstatin, the
reduction was conducted stepwise.44 First, the free alcohol
and the C1-acid were cyclized with cyclohexanone, and then
the C4-acid70 was reduced with DMSB in the presence of
trimethylborate (Scheme 27). Following protection of the
newly formed alcohol, the other acid in71was reduced with
DMSB and catalytic sodium borohydride.

DMSB has been used in the ambient temperature reduction
of (S)-(+)-butyrolactonecarboxylic acid73 to the 2-hydroxy-
butyrolactone74 in 83% yield (Scheme 28).45 Compound
74 was converted to CMI-997 (75), a potent 5-lipoxygenase
inhibitor for the treatment of asthma. 2-Hydroxybutyro-
lactone was also an intermediate in the synthesis of Epothilone
B.46

The reduction of amino acids to the corresponding amino
alcohols has delivered chiral raw materials for drug candi-
dates. In the preparation of Zolmitriptan, BF3 was used to
bind the amine, followed by DMSB reduction of the
carboxylic acid ofL-4-nitrophenylalanine (gram scale) at 80
°C to give a 72% yield of amino alcohol.47

Tebanicline, a pain relieving analgesic, required a car-
boxylic acid reduction of a BOC-protected azetidine car-
boxylic acid 76. Gram quantities of the carboxylic acid
intermediate76were reduced with BTHF to give a 96% yield
of the BOC-aminoalcohol (Scheme 29).48

Similarly, L-ethyl phenylglycine was reduced with BTHF
to the aminoalcohol during the synthesis of kilogram
quantities of a drug candidate for clinical trials.49 Unfortu-
nately, yield and conditions were not described.
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Another drug intermediate was prepared via the reduction
of carboxylic acid78 containing a BOC-protected piperi-
dine.50 Reduction with BTHF gave quantitative yield of79
without BOC cleavage (Scheme 30). Although small scale,
the reaction yield and tolerance of the BOC protecting group
are remarkable.

The mildness of the carboxylic acid reduction with BTHF
is demonstrated on a gram scale by the absence of iodo-
cleavage byproducts in the reduction of 2-iodo-6-methyl-
benzoic acid (80) (Scheme 31).51 In another example of halo-
substituted aromatic carboxylate reduction, 2-bromo-5-
methoxybenzoic acid was reduced with DMSB on a gram
scale, yielding 94% for the preparation of drug candidate
J-104132.52

Recently, BTHF complex was used to reduce carboxylic
acid 82 in the presence of two chloro groups during the
preparation of an antimalaria drug, Halofantrine (Scheme
32).53

In the synthetic route to Sulopenem, reduction of 2-(S)-
bromosuccinic acid (84) to the bromodiol was completed
with DMSB (Scheme 33).54 Due to the high water solubility
of the diol85, the reduction workup was accomplished with
a methanol quench of the reaction mixture followed by
azeotropic removal of the trimethylborate and methanol.

Reduction of 3-(4-fluorobenzoyl)propionic acid (86) with
an excess oftert-butylamine borane (TBAB) in the presence
of AlCl3 provided 4-(4-fluorophenyl)-1-butanol (87) in 63%
yield (Scheme 34) for the synthesis of LM-1507 sodium salt,
a drug candidate in early clinical trials.55 tert-Butylamine
strongly complexes with AlCl3, freeing the borane for
reduction. AlCl3 also acts as a Lewis acid facilitating the
reduction. In the process, the carboxylic acid is converted

to an alcohol and the acetophenone carbonyl to the hydro-
carbon “CH2” with this combination of reagents.

Trimoprostil, a cardiovascular agent and drug for labor
induction, required a carboxylic acid reduction. The car-
boxylic acid88with nitro and lactone functionalities present
in the structure was cleanly and efficiently reduced with
DMSB (Scheme 35).56 In an early step of Smith’s synthesis

of Rapamycin, DMSB cleanly reduced the carboxylic acid
90 in the presence of the methyl ester functionality (Scheme
36).57 Another example of carboxylic acid reduction in the

presence of an ester was demonstrated in the synthesis of
an anti-HIV antagonist for the CCR5 coreceptor. Dimethyl
isophthalate (92) was treated with base to obtain the
monomethyl ester of isophthalic acid (93) (Scheme 37).
Selective reduction of the carbocyclic acid functionality with
DMSB in THF gave methyl 3-hydroxymethylbenzoate (94)
in quantitative yield.58

In summary, the borane mediated reduction of carboxylic
acids delivers excellent yields of the desired alcohol product
and is tolerant to a number of functional groups. The
examples in this section clearly demonstrate the chemo-
selectivity of the borane reduction of a carboxylic acid in
the presence of nitro, ester, lactone, and halo groups which
are often reduced by other methods such as transition metal
catalyzed hydrogenation or lithium aluminum hydride. New
commercial applications that take advantage of the highly
effective borane reduction of a carboxylic acid functional
group are expected to emerge in the coming years.

3.2. Aldehyde, Ketone, and Ester Reduction
The reduction of aldehydes and ketones can be effec-

tively accomplished with borane compounds. In some
cases, water stable amine boranes are ideal for these
reductions. For example, the selective reduction of aldehyde
95 to the corresponding alcohol96 during the synthesis of
Valomaciclovir stearate, an anti-Varicella Zoster virus drug,
was preferentially carried out with TBAB (Scheme 38).59

The reduction was conducted in a THF/water system at
neutral pH.
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The reductions of ketones and the carbonyl groups of
enones are efficiently carried out with BTHF. The addition
of borohydride to the reaction solution is advantageous for
accelerated reduction60 as well as higher selectivity toward
carbonyl reduction in ketones and enones.61 However, trace
borohydride is detrimental when conducting asymmetric
reduction of ketones with an oxazaborolidine catalyst (see
section 5.4 on asymmetric ketone reduction).62

The reduction of the ketone moiety in97 with BTHF is
described, but conditions and yield for the reduction are not
given (Scheme 39).63 In the examples, 1 kg and 2 kg of the

drug candidate Vilazodone hydrochloride was compounded
and formed into tablets, so we assume the borane reduction
was conducted on greater than one kilogram scale during
synthesis of Vilazodone hydrochloride.

Although borane complexes are quite effective for racemic
reduction of ketones, asymmetric reduction of prochiral
ketones is widely used and is covered extensively in section
5.4.

Reduction of the ester functionality with borane complexes
generally requires refluxing conditions to effectively push
the reduction to completion. Several examples exist using
BTHF or DMSB for this purpose. When DMSB is used, the
dimethyl sulfide is usually distilled from the refluxing
solution to drive the reduction to completion. At elevated
temperatures, BTHF can cleave the tetrahydrofuran ring,
producing butyl borate and thus decreasing the amount of
borane available for the desired reduction.

Gadolinium texaphyrin, an anticancer agent, is a lanthanide
complex of texaphyrin. The synthesis of the porphyrin
macrocycle required the reduction of two methyl esters in
the presence of two benzyl esters.64 The reduction of99with
4 equiv of BTHF resulted in 85% yield of the desired diol
100 (gram scale, Scheme 40).

Selective reduction of one ester ofL-malic acid dimethyl
ester using DMSB successfully produced 3-(S)-4-dihydroxy-
butryic acid methyl ester. This diol has been utilized for
preparation of intermediates in the syntheses of the anti-
cholesterol drug Fluvastatin sodium,65 Ruboxistaurin hydro-
chloride,66 and a glaucoma drug candidate, AL-12182.67

During the synthesis of Carzelesin, an antitumor agent, a
methyl ester and acetate were reduced with dimethyl sulfide
borane in refluxing THF. The methyl ester101was converted
to the methyl derivative (102) in the process (Scheme 41).68

The reduction of an ester to an alcohol is more effectively
conducted with lithium trialkylborohydride reagents than
borane complexes, as shown in the following examples.

For the synthesis of a Nizatidine drug intermediate,
reduction of the ester103 with lithium triethylborohydride
(LiTEBH) gave a 66% yield of alcohol104 (Scheme 42).69

Several approaches to the drug Podophyllotoxin and
derivatives have used lithium triethylborohydride for the
reduction of methyl ester105adjacent to a hydroxyl group
functionality in the presence of another methyl ester (Scheme
43).70 In a subsequent step the lactone ring is closed to give
epiisopodophyllotoxin107.

In summary, the reduction of aldehydes and ketones by
borane reagents provides the corresponding alcohols in high
yields, demonstrating the attractiveness of the transformation
for commercial applications. Although the reduction of esters
can be carried out with borane complexes, lithium triethyl-
borohydride is a better alternative than boranes because the
alkylborohydride reagents reduce esters under milder reaction
conditions, increasing the chemoselectivity of the reaction
toward the ester functionality.

3.3. Lactone Reduction to Lactol
The reduction of a lactone to a lactol is difficult since many

reducing agents convert the lactone to the corresponding diol.
This specialized reduction of a lactone to the corresponding
lactol was effectively accomplished using lithium tri-sec-
butylborohydride (LiTSBBH) in the synthesis of the Aprepi-
tant drug.71 The intermediate lithium salt of the lactol could
be trapped directly with substituted benzoyl chlorides or
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triflate esters. An example in the patent demonstrates this
reduction on a multi-kilogram scale to give 70% yield of
110 (Scheme 44).

3.4. Amide Reduction to Alcohol
Amides can be selectively reduced to alcohols with alkali

metal trialkyl borohydride reagents such as lithium triethyl-
borohydride and lithium dialkylaminoborohydrides.

The synthesis of the drug Alfentanil hydrochloride required
the reduction of an amide to the alcohol.72 Use of lithium
aluminum hydride (LAH) for the reduction gave a poor yield
of alcohol and several side products. Fortunately, the
reduction to the alcohol112 was successful with excess of
LiTEBH (Scheme 45). One complication in the reaction was

that, after oxidative workup, product was lost to the water
layer. Killgore and collaborators found that quenching the
reaction with the theoretical calculated amount of water
followed by addition of 2 equiv of NaOH and 3 equiv of
30% H2O2 to oxidize the triethylborane was the best work-
up conditions. In the example,112was obtained in 66% yield
on a gram scale. Some reduction of the amide carbonyl to
an amine byproduct113 was observed. The amino alcohol
product (112) of the reduction was also used for the synthesis
of several analogues of Remifentanil.

In the synthesis of CGP60536B, an inhibitor of human
renin, the chiral auxiliary was removed via an amide cleavage
to the alcohol115using lithium aminoborohydride (Scheme
46). The chiral center was not epimerized by the reducing

agent. LiNH2BH3 was prepared vian-butyllithium deproto-
nation of ammonia borane, NH3BH3.73 Authors noticed that
other amine boranes more readily available than ammonia
borane could be used for preparation of this type of reducing
agent.

The effectiveness of borane complexes for the reduction
of carboxylic acids and other carbonyl groups to alcohols
has been demonstrated on greater than kilogram scale for
the synthesis of advanced pharmaceutical intermediates.
Reduction of esters, lactones, and lactams to the alcohol are
more easily accomplished with alkali metal trialkylboro-
hydride reagents.

4. Reduction to Amines
Borane reagents are effective for the reduction of amides

and nitrile groups to amines. Whereas nitro groups are

usually not affected by boranes, the nitro group can be
reduced via transition metal catalyzed reaction using amine
boranes as the hydrogen source. Reductive aminations can
be conducted using either amine boranes or sodium tri-
acetoxyborohydride. The following section elaborates on
amine formation via boron reducing agents.

4.1. Amide Reduction
The reduction of an amide to an amine with a borane

complex is a key transformation for the development of
pharmaceutical drugs such as antibacterials, HIV inhibitors,
and ocular hypertension drugs. The mechanism of reduction
has been reviewed.74 To reduce the amide to amine, five
hydride equivalents are required (Scheme 47). Two of the

hydrides are used to reduce the amide to amine, and the other
three hydrides are utilized to form the amine borane complex.
Alternatively, BF3 can be added to complex the amine and
lower the amount of borane required for the reduction to2/3
of a mole of “BH3” per mole of substrate. The reduction of
tertiary amides is generally faster than that of secondary or
primary amides.

Although acids, especially acetic acid,75 are commonly
used to hydrolyze the amine borane product after the
reduction is complete, a number of alternative procedures
have recently been developed. One method uses an excess
of n-propylamine to displace the desired amine from the
borane.76 Depending on the steric constraints and electronic
nature of the desired amine, from 2 to 5 equiv ofn-
propylamine was required. Then-propylamine borane can
then be removed from the desired compound through
extraction or distillation. This method works well for tertiary
amine borane complexes. Some secondary amine borane
complexes are decomplexed easily while others require
excessn-propylamine and extended reaction times. 1,4-
Diazabicyclo[2.2.2]octane (DABCO) has also been used to
liberate the amine borane product from amide reductions.77

Another work-up method uses palladium catalysis to
decompose the amine borane.17 Tertiary amine borane
complexes are rapidly hydrolyzed with Pd/C in methanol at
45 °C. In some cases the palladium can make byproducts
resulting from hydroboration or cleavage of benzylamines.
For example, the amine borane124produced during an imide
reduction provided an internal hydrogen source for the
palladium catalyzed removal of a benzyl group from the
amine (Scheme 48).17 Pearlman’s catalyst, Pd(OH)2/C, was
used with allyl alcohol to act as a proton source and to
scavenge the extra hydrogen released during the reaction.

One of the synthesis routes to Terfenadine carboxylate
hydrochloride required a ketone and amide reduction.78 The
reduction of the carbonyl groups in126with DMSB gave a
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96% yield of product127 (Scheme 49). For hydrolysis of
the resulting amine borane, refluxing in ethanol was preferred
over other methods.

The synthesis of antibacterials Trovafloxacin mesilate and
Alatrovafloxacin mesilate required the reduction of an imide
in the presence of a nitro group.79 BTHF was the preferred
reagent for the reduction of the imide128 to the bicyclic
amine intermediate129 (Scheme 50).

In two of the early synthetic routes to the antidepressant
ABT-200, BTHF was used for amide reductions.80 During
the subsequent optimization to produce larger quantities for
clinical trials, a variety of reducing agents were tried. Borane
mediated amide reduction proved best for the reduction of
the succinimide130 (Scheme 51). DMSB (80% yield
reported) was chosen over BTHF (88% yield reported)
because of its higher concentration and stability.

During the preparation of Tecalcet hydrochloride, large
scale reduction of amide132 was conducted with BTHF
(Scheme 52).81

In the synthesis of the heart failure drug Dopexamine, the
1,6-diamide derivative134 was reduced with BTHF to the
bis-amine135 in 80% yield (Scheme 53).82

Amide reduction of 2-oxotetrahydrobenzazepine136 at
gram scale with BTHF gave intermediate137 for the
synthesis of SK&F-86466 (Scheme 54).83 Only the less
sterically hindered amide group in136was reduced. Unfor-
tunately, no yield was given.

The amide and carboxylic acid in138 were reduced in
one step with BTHF at reflux during the synthesis of an
intermediate in the preparation of drug candidate SR 142801
(Scheme 55).84 In another route to SR 142801, Grugni and
co-workers reduced imide140with DMSB in THF at reflux
on a gram scale (Scheme 56).85

Gadoxate disodium is a contrast agent for magnetic
resonance imaging. During one step of the synthesis, amide
142was reduced on gram scale with BTHF without affecting
the chiral center (Scheme 57).86 Gadofosveset sodium,

another MRI contrast agent, also required an amide reduction.
Amidation of L-serine methyl ester with ethylenediamine
gave the amide144, which was reduced with BTHF to 2-(R)-
(hydroxymethyl)diethylenetriamine (145) (Scheme 58).87

Excess BTHF is required because the hydroxyl reacts to
liberate hydrogen and both the amine formed during the
reduction and the primary amines coordinate with a borane.
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One synthetic route to Repinotan hydrochloride required
an amide reduction. High yields of amine147 as the
hydrochloride salt were obtained by reduction of the amide
with BTHF at reflux on a multigram scale (Scheme 59).88

During the synthesis of the antifungal agent Caspofungin
acetate, the reduction of a primary amide, R-CONH2, was
required in the presence of other peptide amide linkages.89

Belyk and co-workers successfully completed this primary
amide reduction on a side chain of the macrocyclic 21-
membered ring polypeptide on a gram scale with DMSB.
The product was isolated in 88-92% yield after preparative
high-pressure liquid chromatography (HPLC).

The preparation of an intermediate in the synthesis of
KUR-1246 required the reduction of an amide adjacent to a
chiral alcohol.90 Reduction of the amide148 with DMSB
gave the desired product149 (gram scale, 68% yield) after
treatment with triethanol amine at reflux (Scheme 60).

The reduction of amides and imides with borane com-
plexes is an excellent method to synthesize amine derivatives
in high yields. The reaction tolerates other functional groups
such as nitro, chloro, and ester. The process has been been
demonstrated on small and large scales. The importance of
the amino functionality in the synthesis of active pharma-
ceutical ingredients (APIs) promises to make the amide
reduction with boranes one of the preferred synthetic tools
to prepare amines at the pharmaceutical level.

4.2. Nitrile Reduction
Reduction of the carbon-nitrogen triple bond to an amine

with borane complexes in the presence of other reducible
functional groups is a primary example of borane’s chemo-
selectivity. Two hydride equivalents add to the carbon of
the nitrile to form a stable borazine structure (150, Figure
3). Acidic hydrolysis converts the borazine to the amine as
the ammonium salt.

For the preparation of Anagrelide hydrochloride, a highly
substituted benzonitrile was reduced with BTHF in the
presence of nitro and chloro groups.91 The reduction was
conducted in THF at reflux and then followed by refluxing
with HCl to quench the resulting borazine.92 A yield of 69%

was obtained by the patented process. This reduction was
conducted on 28 kg of nitrile151using DMSB, and a 75%
yield was obtained (Scheme 61).93

In the small scale synthesis of analogues of Fenoldapam
mesilate, the nitrile of 6-cyanomethyl-5,8-difluoro-1,4-ben-
zodioxane (153) was reduced with BTHF at reflux (2 h,
Scheme 62). Workup involved methanol quench and HCl
addition followed by reflux and neutralization. However, the
yield of 154 was not reported.94

One route to (R)-Fluoxetine (155, Figure 4) used DMSB
for the reduction of a nitrile to an amine on a small scale.95

In summary, the triple bonds of nitrile groups are efficiently
reduced to amines with borane complexes.

4.3. Nitro Group Reduction to Amine
Borane reagents do not reduce the nitro functional group.

However, amine boranes are a valuable source of hydrogen
for transition metal catalyzed hydrogenation. Amine boranes
are a clean source of hydrogen that can be utilized in low-
pressure vessels to reduce nitro functional groups.

During the synthesis of drug candidates for the treatment
of Alzheimer’s disease, the reduction of an aromatic nitro
group to the aniline was required.96 Beaudin and co-workers
initially used iron powder in ethanol, but to streamline several
steps, the nitro reduction was conducted using palladium
catalyzed hydrogenation with trimethylamine borane (TMAB)
as the source of hydrogen. Pearlman’s catalyst (3%) with
1.2 equiv of TMAB at reflux in ethanol effectively reduced
the nitro group in156(Scheme 63). The product was isolated
as a crystalline solid in 93% yield.

The reduction of nitro groups by borane reagents on a large
scale has been less common but nonetheless highly success-
ful.

4.4. Reductive Amination
Reductive amination is an effective way to introduce an

amino functionality into a molecule. An aldehyde or ketone
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first reacts with an amine to form an imine or enamine
intermediate, which can be reduced to the amine in the
presence of mild reducing agents.97 The following sections
highlight amine boranes and sodium triacyloxyborohydride
reagents for reductive aminations.

4.4.1. Via Amine Boranes
One very useful application of amine boranes is the

reduction of imine, enamine, and oxime functionalities. The
imine group is reduced to an amine product by an amine
borane complex, while leaving a wide variety of substituent
functionalities unaffected. The reduction proceeds rapidly
when conducted in glacial acetic acid to give secondary
amines in excellent yields. Since many amine borane reagents
are not hydrolyzed in aqueous solution, they can even be
used in water or methanol for mild reductive amination
reactions.

The solubility of pyridine borane (PYB) in various aprotic
solvents such as toluene and its stability in the presence of
acids such as acetic acid make this reducing agent very
suitable for reductive amination. Confalone and co-workers
prepared intermediates forN,N′-disubstituted cyclic ureas via
reductive amination with PYB.98 They carried out the
reaction in the presence of glacial acetic acid in toluene.
Simple extraction with sodium carbonate solution and
crystallization with 2-propanol provided the alkylated amine
159 in 89% isolated yield (Scheme 64).

To prepare an intermediate for the synthesis of neurokinin
antagonists, Parker and co-workers replaced hazardous
sodium cyanoborohydride with PYB in a reductive amina-
tion.99 The reaction solvent was changed from methanol to
dichloromethane to avoid competing formation of dimethyl
acetal byproduct and to allow telescoping the two steps to
form ZD6021. The procedure was very effective to produce
162 crude in 76% overall yield at multi-kilogram scale
(Scheme 65).

Moseley and co-workers reacted crude amino alcohol164
and aldehyde165 in the presence of PYB to get the desired
alkylated amine product166 in 73% yield (Scheme 66).100

This intermediate was subsequently converted to ZD3638,
an antipsychotic agent for the treatment of schizophrenia.

The reductive amination was carried out in a methanol and
acetic acid mixture. Interestingly, the use of an alternative
hydrogenolysis process resulted in only 43% yield of desired
product. One of the major problems with the hydrogenolysis
was competing reduction of165 to the alcohol. Process
optimization did not improve the overall yields with hydro-
genation. The borane reduction not only gave a higher quality
product but also proved to be an acceptable process at pilot
scale from the hazardous and environmental standpoints.101

The use of alkylamine boranes such as TBAB for reductive
amination is very advantageous when the reaction is carried
out in acidic media. Draper and co-workers effectively used
TBAB to reduce enamine intermediates for the synthesis of
a dopamine D1 antagonist (Sch 39166).102 Substituted
tetralone167was condensed with an amine to the enamine
and reducedin situ with TBAB to a 9:1 mixture ofcis/trans
isomers168 (Scheme 67). The 9:1 ratio was improved by

epimerization with KTB in hot DMSO to give the desired
trans isomer as an 85:15 ratio of diastereoisomers. In a
subsequent step, the benzazepine ring was formed via
cyclization with CH3SO3H followed by reduction using
TBAB.

Despite the shorter steps and better diastereoselectivities,
this scheme was not enantioselective, requiring a resolution
near the end of the synthesis. They were able to develop an
enantioselective route based on formation of aziridine170,
which was converted to benzazepine intermediate173using
the acid catalyzed cyclization followed by a TBAB reduction
protocol (Scheme 68). Some of the problems associated with
this route included the use of environmentally unfriendly
CH2Cl2, a cyclization time of about 2-3 days, and excessive
foaming during NaHCO3 neutralization.
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Gala and co-workers developed a more robust, plant-
suitable process to make large quantities of Sch 39166. They
optimized the previous enamine reduction with TBAB to get
177 in higher yields (Scheme 69).103 The reaction conditions

included addition of174to neat MeSO3H instead of CH2Cl2
solvent, followed by heating for 2 h to give 176. A
suspension of TBAB in MTBE was added to the reaction
mixture at 0-5 °C, providing the desired product in excellent
yields. Gala and co-workers pointed out that the acidity of
the reaction mixture was moderated by residualtert-
butylamine in TBAB complex and the solubility of TBAB
in organic solvents made it the ideal reagent for the reduction
step. With the above modifications, the processing time was
decreased from 7 to 2 days, the throughput was improved
4-fold, and the reaction yield was 20% higher. They also
were able to eliminate environmentally unfriendly CH2Cl2
and demonstrated the usefulness of TBAB in reductive
alkylations on a large scale.

Yoshimi and co-workers used triethylamine borane (TEAB)
or trimethylamine borane (TMAB) to effectively carry out
the amination of 1,2,3-trisubstituted triaminopropane179
with 40% aqueous glyoxal to give180 in quantitative yield
(Scheme 70).104 The key for allowing the reduction to take
place was the high stability of amine boranes in aqueous
medium.

Oximes are usually formed in aqueous media; therefore,
amine borane complexes are ideal for this reduction because
of their stability in aqueous acidic solution up to pH 5. Cai
and co-workers used the amine borane reduction of oximes
to synthesize allergy and asthmatic drug candidate S-5751.105

Aqueous TiCl3 was buffered with sodium acetate, and the

oxime was added to this solution at 0°C followed by
reduction with TBAB (Scheme 71). The desired amino ester
product 183 was isolated as an oil after extraction and
neutralization.

Summers and co-workers reduced oxime intermediate184
with PYB to the corresponding hydroxylamine product
during the synthesis of Fredericamycin A (Scheme 72). The
key aspect of the reaction was the use of 20% HCl solution
in ethanol solvent, which allowed the reaction to be
completed in just 30 min.106

Overall, the above examples have shown that amine
boranes are excellent reagents for reductive amination
especially where acidic/aqueous media are required. Amine
boranes are very attractive for reductive amination on large
scale because of their stability to acidic medium and tolerance
to other functional groups such as alkynes and esters.

4.4.2. Via Sodium Triacetoxyborohydride
Sodium triacetoxyborohydride (STAB) is the reagent of

choice to carry out reductive aminations especially under
nonaqueous conditions. In this process, aldehydes or ketones
are reacted with ammonia or with primary or secondary
amines in the presence of sodium triacyloxyborohydride
reducing agents to produce primary, secondary, and tertiary
amines, respectively.

Due to the three electron withdrawing acetoxy groups in
STAB, this reagent is a very mild reducing agent which
reduces imines and iminium salts in the presence of other
functional groups such as ketones, esters, nitro groups, or
double or triple bonds. STAB also offers advantages during
the workup of the reaction because it does not generate toxic
byproducts such as cyanide, which is one the major problems
of the alternative reducing agent, sodium cyanoborohydride.3g

Abdel-Magid and co-workers reported the reductive alkyl-
ation of aldehydes or acyclic and cyclic ketones with a
variety of primary, secondary, and weakly basic amines such
as aniline. Some examples are shown in Scheme 73.107

Their best procedure consisted of mixing the carbonyl
compound and the amine (1 and 1.05 equiv, respectively)
with STAB without prior formation of the intermediate imine
or iminium salt. A slight excess (1.3-1.6 equiv) of STAB
was used, and a variety of solvents such as THF, dichloro-
ethane, or acetonitrile were suitable for this reaction at room
temperature. The reductive amination with weakly basic and
nonbasic amines such as aniline is slower, leading to
competing ketone reduction and to overall low yields of the
reductive amination products. In these cases, the use of
excess ketone or acetic acid (1-3 equiv) is recommended
to accelerate the reduction.

It is also important to point out that running reductions
with STAB at temperatures higher than 50°C for extended
periods of time may cause degradation of the reducing agent
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via acetate reduction, producing acetaldehyde and ethanol
byproducts. Acetaldehyde in particular may give unwanted
alkylation of the amine substrate, resulting in formation of
difficult to separate ethylamine byproducts.

In the preparation of 3-endo-tropamine (198), an inter-
mediate in the synthesis of Zatosetron, which is useful in
the treatment of central nervous system disorders induced
by oncolytic drugs, Burks and co-workers used the reductive
amination with STAB derivatives (Scheme 74).108

The alternative method to199, catalytic hydrogenation,
required high catalyst quantities to ensure complete reduction
of the imine and removal of the benzyl group. In addition,
catalytic hydrogenation produced some unwanted impurities
due to incomplete Schiff base formation or decomposition
of the imine during reduction. Fortunately, using the standard
STAB procedure (1.5 equiv of STAB, acetic acid (1.0 equiv),
and 1,2-dichloroethane (DCE)), they obtained a 12:1 mixture
(8:1 selectivity via hydrogenation) favoring the desired endo-
N-benzylamine. The reaction also generated significant
amounts ofN-benzylacetamide probably formed by the
addition of benzylamine to acetoxyborohydride. By switching
from 1,2-dichloroethane to methylene chloride, the reductive
amination of198resulted in high yields of199and low levels
of benzylacetamide (2-4%). Based on statistically designed
experiments, the optimal reaction conditions were a stoichi-
ometry of 1.5 equiv of STAB, 0.75 equiv of acetic acid to
accelerate the reaction rate, and 1.35 equiv of benzylamine
to account for the loss of reagent to benzylacetamide
formation.

Interestingly, when Burks and co-workers explored the use
of bulky (acyloxy)borohydrides derived from 2-ethylbutyric
or 2-ethylhexanoic acid, the stereoselectivity of the reaction
for 3-endo-N-benzyltropamine (199) increased to a>30:1
ratio. These acyloxyborohydride derivates provided ad-
ditional advantages such as complete solubility of the reagent
in methylene chloride and no formation ofN-benzylacet-
amide (200). One drawback of the more bulky acyloxyboro-
hydrides is a slower reaction rate compared to that with
STAB. In reactions with tris(2-ethylhexanoyl)borohydride
reagent, the build up of the concentration of imine intermedi-
ate in the reaction suggests that hydride transfer in the
reduction step is rate limiting. Therefore, it was necessary

to use 2 equiv of the tris(2-ethylhexanoyl)borohydride
reagent to drive the reaction to completion at rates compa-
rable to those with STAB. The excess 2-ethylhexanoic acid
could be recovered via a NaOH wash.109

In the final synthesis step of OSU 6162, a potential central
nervous system (CNS) agent, a reductive amination was
conducted by generation of sodium acyloxyborohydridein
situ.110 The propionic acid202 is reduced in situ and
aminated, giving then-propylamine derivative203 in 72%
yield after formation of the hydrochloride salt (Scheme 75).

The key to this successful reductive amination was to add
the sodium borohydride in portions to the reactor containing
the amine and propionic acid. When the sodium borohydride
was added too quickly, a difficult to separate aminoborane
impurity formed. In addition, it was necessary to neutralize
and extractL-tartaric acid from the prior resolution step to
avoid a dimeric impurity resulting from incorporation of the
tartaric acid.

HSP-117 is active for treatment of nausea and vomiting
and is a tachykinin NK1 antagonist. The synthesis described
in patents required a reductive amination of a substituted
benzaldehyde (205) with a 3-aminopyridine derivative (204).
Catalytic hydrogenation was not suitable because of C-Cl
bond cleavage. STAB effectively reduced the iminium
intermediate at 0-4 °C to generate206 for the synthesis of
HSP-117 (Scheme 76). Ice water quenching, followed by
addition of sodium hydroxide and extraction resulted in
isolation of desired chloropyridine product (206).111

Hu and co-workers described the total synthesis of a
piperidine derivative209. A key step in the synthesis was
the use of STAB to carry out the reductive amination
(Scheme 77). The double bond and carbamate group in the
molecule were not reduced during the reductive amination.
Racemization of the amino aldehyde derivative208was not
observed.112

Cossy and Belotti efficiently synthesized Licofelone, which
is used for the treatment of arthritis. The authors carried out
the reductive amination of glycine methyl ester hydrochloride
(211) with aldehyde210in the presence of STAB as reducing
agent and Et3N to deprotonate the glycine compound
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(Scheme 78). The isolation of212 and quenching of the
reaction was accomplished with an aqueous saturated
NaHCO3 solution to give an 80% yield of desired prod-
uct.113

Beshore and Dinsmore recently prepared 1,4-disubstituted
2,3-diketopiperazines and 1,4,5-trisubstituted 2,3-diketo-
piperazines via tandem reductive amination and acylation
(Scheme 79). Interestingly, the use of (R)-R-methyl benzyl-

amine (214) as a chiral auxiliary resulted in the diastereo-
selective formation of diketopiperizine intermediate215(6:1
ratio), which was eventually transformed to the piperizine
analogue216.114

During the synthesis of L-779575, Hutchinson and co-
workers prepared piperizone derivatives (such as217,
Scheme 80) using STAB for the reductive amination. The

authors adjusted the pH of the reaction with Et3N and added
crushed molecular sieves to remove water to help drive the
reaction to completion.115,116 Organic acids, such as acetic
acid, were also added to accelerate the reduction. For the
workup, the authors used a solution of sodium bicarbonate
in water to quench the reaction mixture.

Wallace and co-workers used STAB to prepare a benz-
azepinone derivative (221) from a diester aldehyde interme-
diate220 during the synthesis of SB-273005 (Scheme 81),

a vitronectin receptor antagonist, which could be useful in
the treatment of inflammation, cardiovascular disorders,
cancer, and osteoporosis.117 The reaction was problematic
due to the incomplete formation of Schiff base resulting in
contamination of the desired amine product with 10-15%
of benzyl alcohol after workup. The authors were able to
cyclize the crude amine directly with TFA in refluxing
toluene. After acid/base workup (aqueous H2SO4, aqueous
NaHCO3, and H2O) and precipitation from toluene, the

desired benzazepinone compound was obtained in 72% yield,
with 97% purity and free of benzyl alcohol contaminant.

Cai and co-workers developed a large scale production of
cis-3-methylamino-4-methylpiperidines using reductive ami-
nation with STAB.118 Originally, the reductive amination was
carried out in methylene chloride. For environmental reasons,
methylene chloride was replaced by toluene. The authors
found that the best mode of addition was adding the
piperidine and benzaldehyde to a slurry of STAB in toluene.
Excess STAB and acetic acid were quenched with aqueous
sodium hydroxide. The pH was controlled to about 6-7 to
prevent the formation of thick emulsion layers. After
precipitation of the amine byproduct with HCl at high
temperatures, they cooled and filtered the resulting crystals
to isolate 73% yield of223 (Scheme 82).

Lejeune and co-workers prepared the tetrahydropyrrole
derivative226 using STAB (Scheme 83). The cyano and
nitro functionalities were not attacked under the reaction
conditions that included acetic acid, a basic quench, and a
relatively long reaction time (15 h), demonstrating the
selectivity of STAB for imine reduction.119

For initial scale-up to kilogram quantities, Urban and co-
workers carried out the reductive amination of lactol
intermediate227 in good overall yield (Scheme 84). Even
though some of the scale-up batches gave yields comparable
to those produced in the lab,227 proved to be unstable to
the reaction conditions, resulting in the generation of complex
reaction mixtures. Because of the instability of227, Urban
and co-workers used an alternative route for the large scale
production of desired compound229.120

For initial preparation of gram quantities of an aniline
dihydrochloride derivative, a key intermediate for the
synthesis of TAK-779, a potential drug candidate for HIV-1
therapy, Hashimoto and co-workers carried out two reductive
aminations with STAB (Scheme 85). Although233 was
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isolated in excellent yields, the STAB route was abandoned
for large scale manufacture of the benzylamine intermediate
233 because of the limited availability of starting material
in bulk, separation of a large amount of solid waste including
reducing agents, and the use of environmentally unfriendly
1,2-dichloroethane solvent in the reductive amination step.121,122

Denmark and Fu recently reported the synthesis of
LY426965, a serotonin antagonist. They effectively carried
out the reductive amination of aldehyde234 in the presence
of a ketone group with STAB (Scheme 86). The overall yield

for the reaction was 93%. The high chemoselectivity was
attributed to theâ-quaternary center, which would interfere
with the formation of imine intermediate, consequently
preventing ketone reduction.123

Payack and co-workers developed an efficient synthesis
of a potent KDR inhibitor. Intermediate239 was prepared
via reductive STAB amination of BOC-piperazine238with
aldehyde237 (Scheme 87). An aqueous workup, followed
by crystallization from methanol, gave multi-kilogram
quantities of239.124

Hoerrner and co-workers prepared L-756423, useful for
the treatment of HIV infection, via reductive amination with
STAB (Scheme 88). The reaction required 3 kg of STAB.
The aldehyde241was premixed with the amine intermediate
240 in isopropyl acetate solvent followed by the addition of
solid STAB over 15 min at ambient temperature. Glacial
acetic acid was also added to assist the reduction. Quenching
the reaction mixture with bicarbonate and an extractive
workup allowed for the isolation of the desired amine product
as free base242. The isolation of242as free base was critical
for the next protonolysis step with sulfuric acid to give a

sulfate salt which was shown to have much greater oral
absorption and bioavailability in animal models.125

Bhide and co-workers prepared an intermediate (245) for
the synthesis of BMS-214662, a solid tumor therapy agent,
via reductive amination with STAB (Scheme 89).126 To drive
the reaction to completion, they used acetic acid as an
additive and stirred the mixture for 2 h at 50°C.

Recently, Cai and co-workers reported a reductive ami-
nation reaction with formyl triazole derivative247to prepare
triazole intermediate248, a valuable intermediate in the
preparation of pharmaceutical compounds (Scheme 90).127

It is worth noticing that the hemiacetal functionality in246
survived the STAB reduction conditions.

The synthesis of farnesyl pyrophosphate analogues re-
quired the preparation of aniline derivative251. Chehade
and co-workers prepared251 via mild reductive amination
with STAB (Scheme 91). They found that under these mild

reducing conditions the yields were consistently higher with
fewer side products than was the case for conventional
reductive amination reagents such as NaBH3CN/MeOH, PYB
or catalytic hydrogenation. This is one of the few examples
reported that have used a reductive amination with anR,â-
unsaturated aldehyde and the weak base aniline. The corre-
sponding allylic aniline product251 was obtained in 85%
isolated yield.128

The synthesis of Gadolinium, a relaxation agent for
magnetic resonance imaging, involved an interesting STAB
reductive amination of chiral amino aldehyde252 and
ammonium acetate (Scheme 92). The desired tertiary amine
253 was obtained without loss of chirality in the molecule,
demonstrating the usefulness of STAB for mild reductions.129

Thaisrivongs and co-workers chemoselectively reacted
3-bromo-4-fluorobenzaldehyde (254) with morpholine fol-
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lowed by addition of STAB in portions to get the tertiary
amine intermediate256 (Scheme 93). Contrary to the cases
of other methods, the fluoro and bromo functionalities were
not reduced in the process.130,131

In some cases, the reductive amination works better by
preparing the imine intermediate prior to reduction with
STAB. For example, Duan and co-workers heated 4-benzyl-
oxyaniline (258) with intermediate257using a Dean-Stark
apparatus for 6 h followed by addition of STAB (Scheme
94).132 After 48 h the reaction was still incomplete, requiring

additional portions of STAB to drive the reaction to
completion. As mentioned before, slightly basic amines, such
as aniline, are the most challenging substrates to alkylate
using STAB.

Recently, Mackey and co-workers reported the synthesis
of Trecetilide hemi-fumarate, a compound developed for the
treatment of chronic atrial arrythmia. The key amine262
was synthesized via reductive amination with STAB (Scheme
95).133 Hydride reduction was preferred for the application

because equipment limitations did not allow the use of
hydrogenation. Other reducing agents, such as sodium
cyanoborohydride, were not attractive on a large scale due
to the toxicity of the reagent and its byproducts. The iminium
intermediate was formed prior to transfer into the STAB
slurry at 0-4 °C to afford 262. Interestingly, the reaction
worked well in ethyl acetate solvent. The solvent choice also
facilitated the workup of the reaction because the free base
amine product (262) was completely soluble in the aqueous
phase below pH 6.5 while most of the reaction impurities
were eliminated with the ethyl acetate organic phase. The
free base (262) was subsequently extracted at pH 8-8.5 with
ethyl acetate. The extractive acid/base workup provided262
with greater than 90% chemical purity and yield.

Brown and co-workers carried out a reductive amination
step during the synthesis ofcis-N-benzyl-3-methylamino-4-
methylpiperidine (264) (Scheme 96).134 The reductive ami-
nation was more selective with STAB than with NaBH4. On
a lab scale, they added 1 equiv of STAB to the imine

intermediate generated from reaction of ketone263 with 2
equiv of methylamine in THF and acetic acid. The selectivity
of the reaction was in the 97:3 range. When the reaction
was done with a solvent mixture of EtOH/THF, a slight drop
in selectivity was observed (93:7 ratio). The mode of addition
did not influence the selectivity.

On a large scale, 4 equiv of methylamine was needed to
ensure rapid and clean conversion to the imine. The mixture
was added to a STAB suspension in THF. The imine transfer
to the STAB reactor was troublesome because some ketone
was regenerated when the imine was transferred to the STAB
vessel under partial vacuum. Using extra methylamine and
a nitrogen atmosphere solved the problem. Under these
conditions, the authors obtained product264 in 86% purity,
with less than 4% of alcohol byproduct.

Kawasaki and co-workers used STAB to carry out the
reduction of a Schiff base (Scheme 97). The authors isolated

the alkylated amine267 via basic quenching with aqueous
sodium hydroxide and subsequent extraction. The aqueous
basic medium facilitated the removal of borate and acetate
byproducts from the organic phase.135

Reductive amination with STAB is an excellent methodol-
ogy to incorporate methyl groups in an amine compound.
For example, Maag and co-workers prepared the methylated
diazepan-2-one269 via reaction of diazepin-2-one268 in
tetrahydrofuran and 37% formaldehyde in the presence of
triethylamine and STAB (Scheme 98). The reaction took 16
h at room temperature. Normal basic quenching and con-
centration provided269 in high puritities.136,137

Barrish and co-workers used a modified reductive ami-
nation procedure to convert aldehyde270 to theN-methyl
benzylamine derivative271 (Scheme 99). The modification
included the use of 3 Å molecular sieves and an acetic acid/
sodium acetate buffer solution to control the pH of the
reaction.138,139
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Myers and Kung reported the enantioselective synthesis
of (-)-Saframycin A, a potent antitumor agent currently in
preclinical trials. The key introduction of the methyl group
was accomplished by reaction of272with formalin (2 equiv)
in the presence of STAB (1.5 equiv) in acetonitrile to give
the correspondingN-methylated compound273in 94% yield
(Scheme 100). The labile morpholino nitrile function was
unaffected by the mild reductive conditions.140,141

Enamines are also reduced with STAB. Urban and co-
workers reported the reduction of enamine274with STAB
in 1,2-dichloroethane (Scheme 101).142 Solid STAB was
added in portions, and the reaction was complete after
overnight stirring. Standard basic workup with sodium
carbonate solution and extraction provided the desired amine
product275 in 71% isolated yield.

Numerous other examples of reductive amination with
STAB have been recently reported.143,144In general, reductive
amination with STAB is an excellent method to alkylate
amines. All the applications reviewed in this section dem-
onstrate the great potential of STAB for large scale uses.
As shown in this section, the reductive amination with STAB
has become one of the preferred methods to synthesize active
pharmaceutical ingredients containing secondary and tertiary
amines as a structural feature.

5. Stereoselective Reactions with Boranes and
Borohydrides

Borane and borohydride reagents have advanced the field
of stereoselective reactions through chiral catalysts, chiral
reducing agents, and trialkylborohydride reducing agents. The
examples in the following sections will illustrate the utility
of these reagents.

5.1. Stereoselective Ketone Reduction
The stereoselective reduction of cyclic ketones is a difficult

task but critical for the synthesis of several drug intermedi-
ates. The reduction of a substituted cyclohexanone to a
specific diastereomer of the cyclohexanol is often required.
Alkali metal tri-sec-butylborohydride reagents have fulfilled
the requirements of high yield and excellent stereoselectivity
for the reduction of cyclohexanones. The bulkiness of the
nucleophillic hydride reagents allows addition of hydride to
primarily one face of the ketone; thus, an extremely selective
reduction is achieved. The stereoselective reduction of cyclic
ketones with these hindered reagents has been exploited in

several drug syntheses to deliver the correct isomer of the
desired intermediate as shown in the examples below.

A note of caution concerning the workup of reductions
using alkali metal trialkylborohydride reagents is neces-
sary: trialkylboranes are not hydrolyzed by water or aqueous
base and will remain in the organic layer. Trialkylborane
that is released from the reducing agent must be chemically
oxidized prior to air exposure to avoid rapid unexpected
exothermic air oxidation and possible spontaneous combus-
tion upon air exposure.145

Potassium tri-sec-butylborohydride (KTSBBH) was the
reagent of choice for the stereoselective reduction ofR-amino
ketone276 for the synthesis of Cisapride hydrate (Scheme
102).146 The reduction was quantitative and stereoselective,
giving the desired compound withcis orientation of the
hydroxyl and amide groups.

A similar structural feature in Ifoxetine sulfate was
achieved by stereoselective reduction of theR-oxo ketone
278with KTSBBH (Scheme 103). Unfortunately, the yield
and stereoselectivity were not given in the patent.147

Squalamine, an antibiotic, required stereoselective reduc-
tion of theB-ring cyclohexanone on the steroidal structure
280. Using KTSBBH for this reduction gave the desired 7R-
alcohol 281 in 94% yield (gram scale, Scheme 104).148

Kinney and co-workers recently reported examples where
grams of280 were reduced with KTSBBH to give a 96%
yield of 281.149

Small scale stereoselective reduction of the keto group in
the substituted flavanone (282) with lithium tri-sec-butyl-
borohydride (LiTSBBH) gave a 70% yield of product283
(Scheme 105).150 This intermediate283was used to prepare
Procyanidin B-2, a hair growth stimulant in clinical trials.

In addition to stereoselective cyclohexanone reduction with
hindered borohydride reagents, cyclobutanone was also suc-
cessfully reduced with the bulky reagent lithium trialkyl-
borohydride. During the synthesis of the antiviral Cygalovir,
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stereoselective reduction of the carbonyl group284gave the
corresponding alcohol285 in 80% yield after oxidative
workup (Scheme 106).151 Multi-kilogram quantities of the
drug were prepared.

The stereoselective reduction of acyclic ketones to the
desired diastereomer is also important for the synthesis of a
number of drug intermediates. Again, alkali metal trialkyl-
borohydrides are very useful for diastereoselective reduction
of acyclic ketones. For example, Urban’s synthesis of an
intermediate for the synthesis of HIV and blood pressure
control drugs required the stereoselective reduction of a
BOC-protected-amino ketone286.152 Of the hydride reagents
tried, sodium tri-sec-butylborohydride (NaTSBBH) at-78
°C gave the best selectivity, and a 4.3:1 ratio favoring the
desired (S,S)-isomer287was achieved (Scheme 107). In fact,
reduction with sodium borohydride and diisobutylaluminum
hydride delivered the opposite selectivity (see Table 1).

Further refinements in the synthesis route to increase the
selectivity led to reduction of a similar amino ketone (288,
289) where a 46:1 ratio of the desired isomer290 was
obtained in about 50% overall yield (Scheme 108). Multiple
kilograms of lactone were produced with this optimized
route.

Recently, NaTSBBH was used for the stereoselective
reduction of an acetylenic ketone during the synthesis of
HAK-2701. Although the work in this paper is no doubt at
a small scale, several borohydrides were compared for
diastereofacial selectivity in the nucleophilic reduction. A
diastereomeric ratio of 33:1 was obtained with NaTSBBH
versus one of 20:1 for KTSBBH and low selectivity for
STAB and sodium borohydride.153

These examples demonstrate that alkali metal trialkyl-
borohydrides are excellent reagents for diastereofacial se-
lectivity in cyclic and acyclic ketone reductions. The

selectivity is sometimes governed by the counter-cation,
requiring experimental testing to determine the best reagent
for highest selectivity.

5.2. Diastereoselective Reduction of
â-Hydroxyketone

Diastereoselective reduction ofâ-hydroxyketones to the
corresponding 1,3-syn-diols is a very important synthetic
transformation because of the occurrence of 1,3-dioxygenated
fragments in biologically active natural products such as
compactin, macrolides, and others, as well as statins, an
important class of pharmaceuticals. Of the available synthetic
methods to make 1,3-syn-diols fromâ-hydroxyketones, the
sodium borohydride reduction of aâ-hydroxyketone com-
plexed to a borane reagent has proven to be the preferred
choice to achieve high stereoselectivity in the ketone
reduction.

In early work, Prasad and others used a trialkylborane in
the presence of air or other activators to generate an
alkoxydialkylborane. The dialkylborane acts as a diastereo-
directing group by forming six-membered boron chelate292
with the substrate (Scheme 109). The substrate alcohol

displaces the alkoxy group from the borane reagent, and the
ketone coordinates to the boron, which activates the ketone
by further polarizing the double bond. The sodium boro-
hydride then delivers the hydride from the less hindered side
of the six-membered ring to give thesyn-diol in high yield.

Recently, alkoxydialkylboranes such as methoxydiethyl-
borane (MDEB) were successfully used directly as chelating
agents in the diastereoselective reduction ofâ-hydroxy-
ketones to the corresponding 1,3-syn-diols. The alkoxydi-
alkylborane method provides more consistent results than
triethylborane. In addition, the lower pyrophorocity of MDEB
over trialkylboranes make this reagent more suitable for large
scale applications. In this section, examples ofâ-hydroxy-
ketone reduction using trialkylboranes and alkoxydialkyl-
boranes are reviewed.

Bode and Carreira used triethylborane (TEB) to form
MDEB in situ for theâ-hydroxyketone reduction to make a
key 1,3-syn diol intermediate295 in the synthesis of
epothilone A and B (Scheme 110).154 The reaction required

Scheme 105

Scheme 106

Scheme 107

Table 1. Diastereoselective Reduction of Acyclic Ketone with
Various Hydride Reagents

reducing agent ratio of (S,S) to (R,S)

NaTSBBH 4.3:1
KTSBBH 2:1
LiTSBBH 1.3:1
NaBH4 1:3
(isobutyl)2AlH 1:3.4

Scheme 108

Scheme 109

Scheme 110
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methanol to convert TEB to MDEB. Interestingly, any excess
TEB or MDEB was azeotropically distilled off with metha-
nol. The biggest challenge of the azeotropic distillation was
to ensure complete removal of the borane byproduct from
the desired product.

In the synthesis of Atorvastatin calcium, Nanninga and
co-workers used a strategy similar to Carreira’s to make the
key 1,3-syn-diol intermediate297 (Scheme 111).155 To

activate TEB, they utilized a mixture of acetic acid and
methanol. The reduction ofâ-hydroxyketone296 with
NaBH4 in the presence of alkylborane was carried out under
cryogenic conditions at temperatures between-65 and-75
°C. The complete removal of borane residues required
multiple and lengthy azeotropic distillations using a com-
bination of methanol and acetic acid.

Repic and co-workers found that the use of MDEB and
NaBH4 to reduceâ-hydroxyketone298 was a more con-
venient combination to make the 1,3-syn-diol intermediate
299 than TEB.156 Several reducing agents, chelating agents,
solvents, and temperatures were screened during the opti-
mization of the stereoselective reduction ofâ-hydroxy-
ketones. Interestingly, the selectivity of the reaction signifi-
cantly increased from 80% to 98% when methanol was added
to the triethylborane/sodium borohydride reaction. The
authors reasoned that methanol was converting triethylborane
into diethylmethoxyborane. The other available methods to
activate triethylborane, such as introducing air to the reactor,
were difficult to reproduce in the plant. Using MDEB, very
high stereoselectivities in the reduction ofâ-hydroxyketones
to syn-diols (99%) were achieved (Scheme 112).

The amount of diethylmethoxyborane was successfully
reduced to 0.5 equiv, but thesynselectivity of the reduction
deteriorated at lower levels of MDEB. Apparently, the
reaction is autocatalytic because methanol can displace the
product from the boron reagent, regenerating diethylmethoxy-
borane, which can activate another molecule.

One of the intermediates after the reduction was boronate
300(Figure 5), which methanolizes much more slowly, thus
causing a amount of high boron residue in the desired diol
product.

Instead of multiple azeotropic distillations with MeOH to
remove the boron, Repi and co-workers decided to use an
oxidative workup with hydrogen peroxide. The oxidation of
diethylmethoxyborane and other borane intermediates was
essential for clean product isolation.

During the synthesis of Cerivastatin sodium, Angerbauer
and co-workers activated TEB by passing air into the reaction
mixture for 5 min before the addition of NaBH4 (Scheme
113).157 Even though the authors isolated 79% of desired

diol 303, the biggest challenge of this procedure was to
ensure the formation of alkoxydiethylborane intermediates.
The selectivity of the reduction depended on formation of
enough alkoxydialkylborane in the reaction so that the
borohydride did not competitively reduce unchelatedâ-
hydroxyketone.

Hirai and co-workers also used the MDEB/NaBH4 protocol
in methanol to make Rosuvastatin calcium.158 The syn-diol
305 was isolated in 85% yield (Scheme 114).

Other synthetic routes to active pharmaceutical ingredients
such as Dalvastatin,159 Brevastatin,160 and Nivastatin161 have
used similar MDEB or TEB/NaBH4 protocols, demonstrating
the scope of the reaction to preparesyn-diols.

Sodium triacetoxyborohydride is a very useful mild
reducing agent for the diastereoselective reduction ofâ-
hydroxyketones to the correspondingâ-anti diols. High
diastereoselectivity and good yields are generally observed.
Evans and co-workers extensively studied the effect of
solvent, temperature, and reducing agent to increase theanti-
selectivity.162 The preference ofanti-diastereoselectivity is
explained by exchange of one acetoxy group with the alcohol
moiety followed by intramolecular hydride delivery (Scheme
115). Competition between two chairlike transition states,
TA and TS, accounts for the diastereoselectivity. The 1,3-
diaxial interaction of R2 and OAc destabilizes TS more than
the analogous 1,3-diaxial interaction of OH+ and OAc in
TA, thus favoring formation ofanti-diol 309. Evans used a
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modified STAB derivative to prepare the keyanti-diol
intermediate in the synthesis of the marine macrolide
Bryostatin 2.

Paterson and co-workers recently reported the synthesis
of (+)-Discodermolide.163 The synthesis required the selec-
tive formation of diol intermediate312 (Scheme 116).

Carrying out the reduction with STAB in the presence of
acetic acid and THF at-20 °C gave an excellent diastereo-
selectivity (90:10 dr). The diastereomeric mixture was
conveniently purified via recrystallization from diethyl ether/
hexanes to give pureanti-diol 312 in 62% yield.

In the synthesis of drug candidates to inhibit cholesterol
synthesis, Gribble and co-workers used STAB preparedin
situ for the reduction ofâ-keto alcohol313(Scheme 117).164

The desired product314was isolated in 70% yield after an
acidic removal of a ketal protecting group.

Turnbull and co-workers reported the synthesis of
Milbemycin â1, an insecticidal compound.165 The synthetic
pathway required a dihydroxy cyclohexane carboxylate
resulting from a Robinson annelation (without dehydration
to an enone) and reduction. Reduction of cyclic hydroxy-
ketoester with NaBH4 in THF or 2-propanol gave a mixture
of isomeric diols, with the undesired C5 axial diol predomi-
nating. The reduction with STAB gave a higher selectivity
to the desiredanti-diol 316 (C5-equatorial, C7-axial diol,
Scheme 118). The authors isolated an 80% yield of316after

recrystallization. The undesired isomer was not detected by
thin-layer chromatography. The diastereoselectivity is ex-
plained by the C7 axial hydroxyl exchanging with an acetoxy
group on the borohydride, followed by intramolecular
hydride attack on the carbonyl group.

Epoxy derivatives are considered interesting building
blocks for the preparation of APIs. Regioselective ring
opening of 2,3-epoxy alcohols with nucleophiles is a very
important area in multistep synthesis. Honda and collabora-
tors reacted epoxy alcohol317 with a modified triacetoxy-
borohydride derivative (Me4NBH(OAc)3) at 70°C to provide
selectively C3 ring opening product as a 1,2-diol318 with
the C2 alcohol319 as the acetoxy ester (Scheme 119).166

The triacetoxyborohydride derivative is acting as Lewis acid,
increasing the reaction rate and regioselectively via chelation
of the metal center and the epoxy alcohol oxygens.

Williams and co-workers reported the convenient prepara-
tion of 1,3-amino alcohols via a stereocontrolled reduction
of â-hydroxy o-benzyl oximes.167 High selectivities of the
desired amino alcohol321 were obtained (Scheme 120).

Haight and co-workers developed a practical method to
prepare diamino alcohol for the synthesis of Ritonavir, an
HIV protease inhibitor.168 One of the processes involved the
reduction of amino ketone322 with a mixture of trifluoro-
acetic acid (4 equiv) and sodium tris(trifluoroacetoxy)-
borohydride (4 equiv, Scheme 121). The conversion was very

high (98%), and a significant improvement in the diastereo-
selectivity was reported over those achieved with other
reducing agents (83%).

In general, the complementary reagents MDEB/NaBH4 and
STAB are excellent for the stereoselective synthesis ofsyn-
andanti-diols, respectively. The commercial availability of
these compounds on a large scale has enabled the successful
implementation of diastereoselectiveâ-hydroxyketones re-
duction on a technical scale. New industrial and pharma-
ceutical applications using MDEB/NaBH4 and STAB to
makesyn- or anti-diols are expected in years to come.

5.3. 1,2-Enone versus 1,4-Enone Reduction
The dual pathways available complicate the reduction of

the enone functionality. Addition of hydride across the
carbonyl results in a 1,2-enone reduction forming an allyl
alcohol. Attack of the hydride on the double bond can form
an intermediate enolate anion, which upon quenching with
a protic source results in a saturated ketone. Alternatively,
the intermediate enolate anion can react with electrophiles.
Alkali metal trialkylborohydride reagents are excellent
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choices for enone reduction that are proven to give very high
regio- and stereoselectivities.

The reduction of enones by alkali metal trialkylboro-
hydrides has been systematically studied.169 In general,
acyclic enones and systems with extended conjugation
undergo 1,2-addition to form allyl alcohols after protonation.
â- andγ- substituted cyclohexenones give exclusively 1,2-
addition, yielding the allyl alcohol. Cyclohexenones with no
â-substitution undergo 1,4-addition to give the saturated
ketones after protonation. The enolate formed from 1,4-
addition can be alkylated.170 Cyclopentenones and cyclo-
heptenones tend to give a mixture of products with trialkyl-
borohydride reducing agents. Asymmetric reduction of 1,2-
enones with chiral reducing agents is covered in section 5.5.

Galantamine hydrochloride has a complex fused ring
system. To stereoselectively reduce the carbon-oxygen bond
of the cyclohexenone325 in the final synthetic step,
LiTSBBH successfully delivered a 97-99% yield of allyl
alcohol product326at a multi-kilogram scale. A number of
reducing agents were examined, but LiTSBBH proved
optimal at-15 °C to give the correct stereoisomer (Scheme
122). In addition, only 1.2 equiv of the lithium trialkylboro-

hydride were necessary on the larger scale when the free
base (-)-narwedine was used as substrate instead of
narwedine-tartrate salt.171

Stereoselective reduction of the carbonyl of an enone with
KTSBBH was important to establish the stereochemistry
along the chain in the synthesis of (+)-Discodermolide.172

(+)-Discodermolide is a cytotoxic polyketide with micro-
tubule-stabilizing abilities and is more potent than the
anticancer drug Paclitaxel. Stereoselective reduction of the
carbonyl of the enone with KTSBBH gave higher dia-
stereoselectivity (9:1) versus the cases with NaTSBBH
(3:1) or LiTSBBH (1.2:1). Reduction with (R)-MeCBS and
DMSB gave a 9:1 diastereomeric ratio, but 2 equiv of chiral
reducing agent was required to achieve this selectivity.173

Other reducing agents did not give the desired allylic alcohol
as a primary product.172 In Paterson’s synthesis of Disco-
dermolide, 1,2-reduction of enone with KTSBBH to the
required hydroxy lactone in the second to last step gave a
97:3 diastereomeric ratio in 85% yield.174 Mickel and co-
workers’ synthesis of (+)-Discodermolide on a 60 g scale
successfully used KTSBBH for the 1,2-reduction of an enone
in the second to last step of the synthesis.175 A 97:3
diastereomeric ratio was obtained in 85% yield on a small
scale, but upon scale-up, the yield decreased to 60-70%,
possibly due to sensitivity of the product to the oxidative
workup and chromatography.

Recently, LiTSBBH was used for the reduction of the
spirocyclic enone327 in the synthesis of Fujimycin (Scheme
123).176 The regio- and stereospecific reduction was directed
by the existing stereocenters, giving 100% yield of desired
isomer328.

LiTSBBH was successfully used as well in the 1,4-
reduction of an enone in the synthesis of the antibiotic
Trospectomycin sulfate (Scheme 124).177 Acetic acid in ethyl

acetate was used to quench unreacted LiTSBBH prior to
isolation of the desired product330.

Contrary to the general pattern of 1,2-reduction of acyclic
enones, intermediate331 in an Epithilone B synthesis was
reduced in a 1,4-mode with LiTSBBH (Scheme 125). The
intermediate boron enolate was methylated with methyl
iodode with excellent diastereoselectivity (>99:1).178

In one of several methods to reduce the double bond in
the final step of the synthesis of Rogislitazone, LiTSBBH
selectively completed the desired 1,4-reduction (Scheme
126).179

In summary, the hindered nature of alkali metal trialkyl-
borohydride reducing agents contributes to the high regio-
and stereoselectivity attained in the reduction of unsaturated
carbonyl groups. As demonstrated in the previous examples,
the trialkylborohydrides selectively reduced enones in the
presence of other functionalities such as substituted epoxides
and ketals. The 1,2- or 1,4-reduction of enones with
trialkylborohydrides to the corresponding alcohols is a very
powerful methodology that will find new and interesting
applications on the industrial and pharmaceutical scales.

5.4. Enantioselective Ketone Reduction
Enantiomerically pure pharmaceuticals have driven the

need for highly selective and high yielding reduction
processes. Asymmetric reduction of carbon-oxygen double
bonds is of fundamental importance to the synthesis of chiral
secondary alcohols. Two classes of chiral boron compounds
have contributed to advances in the enantioselective reduction
of ketones: chiral oxazaborolidine catalysts and diisopino-
campheylchloroborane, (Ipc)2BCl. These chiral compounds
have been used on an industrial scale in the production of
chiral intermediates for drug candidates.

Asymmetric reduction using chiral oxazaborolidine cata-
lysts is an excellent tool for the synthesis of secondary
alcohols in high enantiomeric excess and was recently
reviewed.180 The enantioselective borane reduction of prochiral
ketones catalyzed by chiral oxazaborolidine compounds has
effectively competed with enzymatic and transition metal
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catalyzed hydrogenation reactions, because of the mild
reaction conditions, high enantioselectivity, predictability,
and high yields. The reduction is highly efficient and
operationally simple; therefore, it is well suited to an
industrial setting. Several oxazaborolidine compounds have
been used in the scale-up of pharmaceutical compounds and
will be discussed in further detail.

The oxazaborolidine class of chiral catalysts is formed
from chiral amino alcohols and a borane complex, boronic
acids, or boroxins. Although the parent HCBS catalyst335
has been prepared from borane complexes and usedin situ,
the actual amount of active catalyst formed is often question-
able. Addition of borane toR,R-diphenylpyrrolidinemethanol
(DPP) results in the formation of an aminoborate containing
2 equiv of DPP as the major product.181 This compound is
not active as an asymmetric reduction catalyst.

Patents cover the synthesis and use of oxazaborolidine
catalysts.182 Several oxazaborolidines derived from com-
mercially available amino alcohols are shown in Figure 6.

Despite the fact that numerous structural variations of the
amino alcohol have been studied to find an optimum
ozaxaborolidine catalyst for ketone reductions, the com-
mercially available Corey catalyst,S- or R-MeCBS (336or
the respectiveR-isomer), remains the reagent of choice.

The precise stereocontrol of the reduction arises from a
cyclic transition state where the oxazaborolidine holds the
ketone via coordination to the Lewis acidic boron while the
borane is held in proximity by the amine of the catalyst
(Scheme 127).183 The enantioselectivity of the reduction is

dependent on the oxazaborolidine structure, the substrate
structure, and the temperature of the reduction. The enan-
tioselectivity of the oxazaborolidine catalyzed reduction is
highest when the groups flanking the carbonyl are vastly
different or one group is an aromatic ring. Aromatic
substituted ketones and compounds with large steric differ-
ences generally give highly predictable enantioselectivities.
The nature of the substituents on the boron (H, Me, Ph, Bu,
etc.) plays a lesser role in the observed selectivity. Generally,
2-10 mol % of oxazaborolide catalyst is used along with a
borane source such as BTHF, DMSB, orN,N-diethylaniline

borane (DEANB). The ketone is usually added slowly to
the mixture of catalyst and borane. Simultaneous addition
of borane and ketone to the catalyst is also effective for
optimizing enantioselectivity.

The presence of borohydride as the stabilizer in com-
mercial BTHF has been shown to be detrimental to the
enantioselectivity of oxazaborolidine catalyzed reductions.62

Borohydride is a competitive nonselective catalyst for ketone
reductions;184 thus, deactivation of the borohydride with an
acidic compound is essential for high enantioselectivity when
using BTHF.

Very high enantioselectivities and yields can be obtained
in the reduction of acetophenone derivatives, especially when
electron withdrawing substituents are present on the aromatic
ring. For example, in the synthesis of a drug target, Chung
and co-workers developed a multi-kilogram route to enan-
tioselectively reduce the readily available 2,4-difluoro-2′-
chloroacetophenone346 (Scheme 128).185 The (S)-MeCBS

catalyzed reduction was optimized with DEANB as the
borane source at 40°C. A slow addition of the ketone was
also important to achieve high enantioselectivity. A 98%
yield of chiral alcohol347was obtained with 98.9% ee using
0.5 mol % (S)-MeCBS and a 10 h ketone addition time.

In the synthesis of Ezetimbe, several methods have been
published using oxazaborolidine catalyzed reduction of an
aromatic ketone to the desired chiral alcohol. Wu and co-
workers initially used (R)-MeCBS with DMSB as the borane
source on a gram scale.186 However, due to the smell of
dimethyl sulfide, BTHF was chosen as the borane source
for scale-up. Unfortunately, over-reduction of the amide
carbonyl bond occurred when the substrate was added to
BTHF/(R)-MeCBS solution (Scheme 129).187 Reversing the

mode of addition overcame the regioselectivity issue, and
<1% of the over reduced byproduct and a high diastereo-
selectivity, 97:3, of the desired chiral alcohol were obtained
on a small scale.

This oxazaborolidine catalyzed reduction was subsequently
demonstrated on 15-50 kg of ketone with BTHF as the
reducing agent in the presence of (R)-MeCBS catalyst. The
best results were obtained when the reaction temperature was
23-28 °C and the BTHF complex was slowly added to the
mixture of ketone and catalyst. After methanolysis and
concentration of the reaction mixture, the product349 was
obtained in 97-100% yield with a diastereoselectivity of
93-95% de.

Brands and co-workers compared catalytic asymmetric
transfer hydrogenation to oxazaborolidine catalyzed borane
reduction of a bis-trifluoromethylacetophenone intermediate
350 in the synthesis of Aprepitant (Scheme 130).188 Higher
enantioselectivity and yield were obtained with (S)-MeCBS
(2 mol %) catalyzed DEANB reduction of the ketone (95%
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ee, 97%) versus transfer hydrogenation (91% ee, 92%). The
reaction was demonstrated on a multi-kilogram scale.

For the asymmetric reduction of ketones with an amine
functionality, 1 equiv of borane forms a complex with the
amine and is usually not available for the reduction.
Therefore, additional borane reagent is required. Duquette
and co-workers189 required kilogram quantities of an amino
alcohol derived from 3-acetylpyridine. The desired chiral
amino alcohol was obtained via oxazaborolidine catalyzed
reduction of 3-acetylpyridine with DMSB. Two equivalents
of borane were necessary due to the complexation of one
BH3 to the pyridine nitrogen. The chiral catalyst was prepared
in situ by stirring methyl borate and (R)-diphenylprolinol
for 1 h at 25°C.

In our laboratories, we have observed by11B NMR that,
under these conditions, one methoxy group has exchanged
with the alcohol of the diphenylprolinol, but the oxazaboro-
lidine ring had not formed. The actual active catalyst
generated under Duquette’s conditions may be HCBS instead
of methoxy-oxazaborolidine.

Duquette and co-workers found that the enantioselectivity
of the reduction was low with a fast ketone addition, but the
enantioselectivity increased by slow addition of the ketone
and conducting the reaction at 44°C. Higher enantioselec-
tivity seen at an elevated temperature also supports HCBS
as the actual catalyst. A ketone addition time of over 11 h
for 1.5 kg resulted in high yield with 96% ee. Slow turnover
of the active catalyst due to the electron withdrawing effect
of the chloro substitutent was proposed as the reason for the
slow reduction.

For an intermediate in the synthesis of Cizolirtine citrate,
phenyl pyrazol ketone352was asymmetrically reduced using
15 mol % (R)-MeCBS as catalyst (Scheme 131).190 With 2

equiv of catecholborane as the reducing agent at-10 °C,
the chiral alcohol353was obtained in 83% yield with 99%
ee, as compared to using 2 equiv of DMSB as the reducing
agent at 0°C, which gave 84% yield and 92% ee. This
synthesis was run on a multigram scale.

A key step in the synthesis of (+)-d-Sotalol was the
asymmetric reduction of 4′-(chloroacetyl)methanesulfon-
anilide.191 The reduction using BTHF and 6 mol % (S)-
MeCBS was optimized to give 96% ee when conducted at
ambient temperature intert-butyl methyl ether. Even though
the methanesulfonamide proton is acidic, the reduction
provided the chiral chloro-alcohol in excellent yield and
optical purity.

Hett and co-workers have used the oxazaborolidine derived
from (1R,2S)-1-amino-2-indanol with DMSB for asymmetric
reduction of a 3-nitro-R-bromoacetophenone354 in the
synthesis of (R,R)-Formoterol (Scheme 132).192 In a com-
parison study, MeCBS gave a high enantioselectivity in the
reduction (95% ee) but-15 °C was required. Within situ

prepared oxazaborolidine derived from (1R,2S)-1-amino-2-
indanol and BTHF, an acceptable enantioselectivity (90%
ee) was obtained at 25°C. Thus, the asymmetric reduction
was conducted efficiently at ambient temperature with the
latter oxazaborolidine. Further process optimization lead to
use of DEANB as the borane source for the asymmetric
reduction.193 Multiple kilograms of the ketone355 were
reduced at 25°C to obtain a diastereomeric ratio of 94:6
(R:S). The diethylaniline from DEANB was efficiently
removed via two sulfuric acid extractions and a final brine
wash.

Garrett and co-workers developed a practical catalytic
process for the enantioselective reduction of 2′-fluoro-
acetophenone.194 A number of oxazaborolidine-type catalysts
were screened for the reduction of this ketone to obtain an
optimized system. The authors compared HCBS, MeCBS,
and MeOCBS for the 2′-fluoroacetophenone reduction (356)
using borane-diethylaniline (DEANB) as a concentrated
borane source (5 M, Scheme 133). The simplest procedure

used the catalyst formedin situ from (R)-R,R-diphenyl-2-
pyrrolidinemethanol. The chiral alcohol357 was produced
on a large scale with high enantioselectivity (98% ee).

A membrane reactor for large scale synthesis of chiral fine
chemicals has been developed where an oxazaborolidine
catalyst was attached to styrene and used in a ceramic
membrane reactor for a 2 week run.195 An optimum space
time yield of 1 kg/L‚day was obtained with>99% conversion
and >96% enantiomer selectivity in the reduction ofR-
tetralone. This effective use of enantioselective oxazaboro-
lidine catalyzed reduction in a continuous process will ad-
vance production and reduce the costs of chiral intermediates.

Oxazaborolidine catalysts were used in the development
of the following drugs and drug candidates: KUR-1246,196

Luliconazole,197 Tolterodine tartrate,198 Ro 25-8210,199

Duloxetine hydrochloride,200 Fredericamycin A,201 and Uni-
prost.202 It is not known if these processes have been used
at a larger scale since the examples show reduction of only
several grams of ketone.

Another commercially available chiral boron compound,
diisopinocampheylchloroborane ((Ipc)2BCl), is particularly
effective for reduction of aromatic ketones to chiral second-
ary alcohols. The reduction proceeds via a six-membered
cyclic transition state where theâ-hydrogen of the iso-
pinocampheyl group is transferred to the carbonyl carbon
and R-pinene is released (Scheme 134). The reduction is
usually conducted at-25 to -30 °C.
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Diisopinocampheylchloroborane derived from 70% ee or
higher R-pinene can result in final products of very high
enantiomeric purity via asymmetric amplification.203 In the
preparation of (Ipc)2BCl, the minor R-pinene isomer is
incorporated into a heterochiraldl-diastereomer.204 This
heterochiral isomer reduces ketones more slowly than the
ll - or dd-enantiomers, so by use of excess reducing agent,
the chiral secondary alcohol is produced with a very high
enantioselectivity. The ability to use lower purityR-pinene
and improved processing parameters in the synthesis of
diisopinocampheylchloroborane has dramatically lowered the
cost of this commercial product. Reductions with diiso-
pinocampheylchloroborane to make enantiomerically pure
compounds have been reviewed.205

Although asymmetric ketone reductions with diisopino-
campheylchloroborane give very high enantioselectivity, the
isolation of product from the reaction mixture can be
problematic. The isolation of product via extraction into an
aqueous layer while leaving the byproducts in the organic
layer has been most successful.

Leger and co-workers used (-)-(Ipc)2BCl in the synthesis
of the asthma drug Montelukast.206 The reduction of the
aromatic ketone361 (Scheme 135) to the chiral (S)-alcohol

362with (-)-(Ipc)2BCl gave a 65% yield, but enantioselec-
tivity was not discussed. (S)-MeCBS catalysis with BTHF
was used to prepare the corresponding (R)-alcohol on a
multigram scale. The reduction of361 with (+)-(Ipc)2BCl
prepared from DMSB and (-)-R-pinene was demonstrated
on a multi-kilogram scale giving an 87% yield and 99.5%
ee.203 Using in situ prepared (-)-(Ipc)2BCl, an excellent
enantioselectivity of the reduction (g99% ee) and a high
yield of 362have been reported in the corresponding patent
on a gram scale.203d

Another aromatic ketone with a similar structure was
reduced with (-)-(Ipc)2BCl and cyclized to a lactone (88%
ee) on a kilogram scale.207

Scott and co-workers evaluated several methods to prepare
a chiral chlorohydrin364by the reduction ofR-chloroketone
363 for the development and testing of aâ-3 adrenergic
receptor agonist (Scheme 136).208

(-)-(Ipc)2BCl reduction of theR-chloroketone was com-
pared to oxazaborolidine catalyzed borane reduction and
enzymatic reduction (Table 2). The (-)-(Ipc)2BCl reduction

produced the (R)-chlorohydrin in 91% ee. Oxidation of the
remaining boron-carbon bonds after the reduction was best
achieved using the mild oxidant sodium perborate in basic
solution. The base effectively formed the epoxide from the
chlorohydrin during the workup. The epoxide could not be
easily separated from the pinene-related byproducts at this
stage, but after the ring opening of epoxide by amine, the
product was extracted into acidic aqueous media to obtain a
63% yield. The examples reduced 45 g of substrate, but it is
not clear if scale-up was done on this route.

Scott and co-workers then tested oxazaborolidine catalyzed
methods to achieve the chiral reduction. MeCBS catalyzed
reduction of theR-chloroketone363delivered a low enantio-
selectivity; however, Quallich oxazaborolidine catalyst209

derived from 2-amino-1,2-diphenylethanol with dimethyl
sulfide borane as the borane source gave 84% ee and 95%
yield. The oxazaborolidine catalyzed reduction was much
cleaner than (-)-(Ipc)2BCl reduction, and the chlorohydrin
product could be isolated via crystallization for an overall
67% yield of (R)-chlorohydrin with 95% ee.

The enzymatic reduction ofR-363with a yeast,Z. Bailii
ATCC 38924, gave 76%in situ yield (57% isolated) and
98% ee with a substrate loading of 16 g/L. Both oxazaboro-
lidine and microbial routes appeared to be promising
alternatives to (Ipc)2BCl mediated reduction for the large
scale synthesis.

During the synthesis of MK-0417, used in the treatment
of glaucoma, Jones and co-workers screened yeast, (Ipc)2BCl,
and (S)-MeCBS for the enantioselective reduction of ketone
365.210 The oxazaborolidine catalyzed borane reduction was
chosen for the high yield (99%) since yeast gave the opposite
selectivity and (Ipc)2BCl made for difficult separations. The
catalytic reduction was optimized with (S)-MeCBS for
kilogram scale production of chiral alcohol366, and (S)-
DPP was recovered in 95% yield (Scheme 137).

In the synthesis of (S)-Fluoxetine hydrochloride, Senana-
yake and co-workers compared oxazaborolidine catalyzed
ketone reduction and (Ipc)2BCl reduction at gram scale.211

Whereas asymmetric reduction of methyl 3-benzoylpro-
pionate367 with (-)-(Ipc)2BCl gave 92% yield with 97%
ee (Scheme 138), reduction with oxazaborolidine catalyst
derived from (1R,2S)-1-amino-2-indanol with borane gave
high enantiomeric excess and 78% yield of the desired chiral
alcohol368.

Scheme 135

Scheme 136

Table 2. Reducing Agent’s Selectivity

reducing agent % ee 364

(Ipc)2BCl 91
MeCBS 2-42
Quallich oxazaborolidine 84
enzyme 98

Scheme 137

Scheme 138
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In another patented route212 to Fluoxetine hydrochloride,
Jurgens and co-workers used catalytic (1R,2S)-1-amino-2-
indanol with DMSB for asymmetric reduction of the aromatic
ketone. In the same reduction step, a nitrile is also reduced
to the amine.

In a convergent route to Trecetilide hemi-fumarate,
Mackey and co-workers found (-)-(Ipc)2BCl to be the best
reagent for the asymmetric reduction of ketone369(Scheme
139).133 The temperature effect on the reduction was

explored, which showed the best selectivity at-15 °C (97%
ee). From the example at 0°C, 20 g of ketone was reduced
in high yield and selectivity (98% ee). TheR-pinene was
effectively removed from the product through multiple
heptane washes.

For the formation of chiral alcohol372 in the synthesis
of Brinzolamide (AL-4862), (+)-(Ipc)2BCl was used for the
reduction ofR-bromoketone371(multi-kilogram quantities)
at-30 °C in tert-butyl methyl ether (Scheme 140).213 MTBE

as the solvent was superior to THF since it is water-
immiscible and relatively nonhygroscopic. The product was
obtained in 83% yield, but a tedious chromatographic
separation was necessary to separate the product from the
R-pinene, isopinocampheol, and other byproducts. A footnote
mentions several bottles of (Ipc)2BCl in MTBE bursting after
storage in a refrigerator for>1 month. (Ipc)2BCl is sold
commercially in hexanes or heptane, a nonreactive solvent,
and should not be stored in ethers because of ether cleavage
decomposition reactions.

The discovery of asymmetric amplification using diiso-
pinocampheylchloroborane has expanded the options for the
synthesis of chiral alcohols. Furthermore, the commercial
availability of this chiral boron reagent has launched it into
the production of multi-kilogram quantities of drug candi-
dates.

5.5. Enantioselective 1,2-Enone Reduction
For the asymmetric reduction of enones to a chiral alcohol,

both oxazaborolidine catalysts and (Ipc)2BCl have been
employed. Over-reduction of the double bond can be a
potential problem using borane complexes with oxazaboro-
lidine catalyst but does not occur with (Ipc)2BCl.

In the original synthesis of Latanoprost, sodium boro-
hydride with catalytic cerium chloride was used at-78 °C
for the 1,2-enone reduction to obtain the racemic allyl alcohol
in 98% yield.214 Kovacs and collaborators tried LiTSBBH
for this enone reduction at-135 °C, but only a 35% yield
was obtained.215 They found reduction with sodium boro-
hydride at 0°C gave only a 38% yield.

Latanoprost was successfully prepared in optically active
form at gram scale via selective reduction of the carbonyl
group of the enone373 in the presence of a lactone
functionality with (Ipc)2BCl (3.5 equiv) at-25 °C (Scheme
141).216 The chiral allyl alcohol374 was obtained in 85%
yield with 90% ee.

Henegar and co-workers also used (Ipc)2BCl for the 1,2-
enone reduction in the preparation of Latanoprost and
emphasized workup with water and diethanolamine to
precipitate the boron byproducts.217 However, the examples
did not demonstrate the workup or yield via these methods.

During the synthesis of MDL-100240, reduction of 2-
chlorocyclohexenone with (S)-MeCBS and DMSB was
conducted on a multigram scale.218 Using only a stoichio-
metric amount of borane reagent averted the over-reduction
of the double bond.

The number of steps to prepare Squalamine375 (Figure
7) was decreased from 16 to 11 by Kinney and co-workers.219

A key step to set the stereochemistry of the steroidal side
chain used (R)-MeCBS with BTHF for the reduction of the
enone to the allylic alcohol. Unfortunately, experimental
examples were not found in the corresponding patent.

Bryostatin 1 is a large macrocycle which required the
stereoselective reduction of cyclohexenone376. Enantio-
selective reduction (small scale) with DMSB and MeCBS
gave a 91:9 diastereomer ratio of377 in 89% yield (Scheme
142). A footnote states that MeCBS gave the highest yield
and selectivity of all chiral and achiral reducing agents they
tested (other reagents tried were not listed).220

The asymmetric reduction of prochiral ketones and enones
using chiral borane reagents and catalysts is remarkably
effective for the synthesis of chiral alcohols in high enan-
tiomeric excess. The Corey oxazaborolidine catalysts have
proven extremely selective in a number of cases and have
been used at greater than kilogram scale. This technology
has been adopted by process chemists especially for mol-
ecules near the final steps to the API and where other

Scheme 139
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Figure 7.

Scheme 142
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functional groups would be reduced under asymmetric
hydrogenation conditions.

5.6. Enantioselective Imide and Imine Reduction
The use of polymer supported oxazaborolidine catalysts

holds great promise for the future of this method because of
the high yields, selectivity, and ease of product isolation.

An expeditious and enantiocontrolled approach to the total
synthesis ofd-biotin via a polymer supported chiral catalyst
and DMSB for the reduction ofmeso-cyclic imide378was
developed on a small scale (Scheme 143).221 The in situ

generated catalyst gave the chiral lactam380 in 91% yield
and>98.5% ee. The polymer supported catalyst was recycled
five times without a reduction in yield (average yield 95%)
or enantioselectivity. This strategy is an economically
efficient method for the synthesis of the vitamind-biotin
(381).

Asymmetric reduction of imines is a method to obtain
chiral amines that has not yet reached its potential. One
surprising reversal of enantioselectivity has been seen
depending on the borane reagent used. MeCBS catalyzed
reduction of aromatic imines with CATB gave the opposite
selectivity compared to the configuration obtained by using
BTHF as the reducing agent. The effect was rationalized by
more hindered conformations of the CATB aromatic ring
and the imine aromatic ring in the transition state.222

6. Reductive Cleavage
Reductive cleavage of functional groups is a diverse

reaction sometimes occurring as a side reaction but also
useful when the reaction is selective. The Lewis acidic nature
of boron compounds has been exploited in a number of ways
to assist or participate in cleavage reactions. Selective
reductive cleavage of functional groups, such as chiral
auxiliaries, halides,223 tosylates,224 and other sulfonates,225

is important for the synthesis of advanced pharmaceutical
intermediates. Lithium triethylborohydride (LiTEBH), the
strongest of the borohydride reducing agents, has found
utility in these types of cleavage reactions but not yet on a
large scale.

For the reductive ring opening of epoxide382, the re-
lated reagent LiTSBBH was used on kilogram scale during
the synthesis of Maxacalcitol, an antihyperparathyroidism
and antipsoriatic drug.27 Shimizu and co-workers tested a
number of boron and aluminum reducing agents to find that
LiTSBBH gave the best selectivity for this cleavage to the
tertiary alcohol383 (Scheme 144). With LiTSBBH, the

desired isomer was produced, achieving a 99.7:0.3 ratio of
diastereomers in 99% yield as a crystalline solid at a 20 kg
scale. Oxidation of the trialkylborane with basic hydrogen
peroxide after the epoxide cleavage was essential for
production of crystalline product. Apparently, the trialkyl-
borane disturbed the crystallization process.

In a route to Ruboxistaurin mesilate hydrate, condensation
of 2-bromoethanol386with epoxide385 in the presence of
a chiral palladium catalyst and triethyl borane gave chiral
allyl ether 388 with 92% ee (Scheme 145).226 The tri-

alkylborane interacts with both the bromo alcohol and the
epoxide, presumably forming an “ate” complex. The dialkyl-
dialkoxyborate directs an intramolecular attack of the bromo
alcohol on theπ-allyl palladium complex giving the high
selectivity.227

Borane reagents have also been used at kilogram scale
for the cleavage of ketals. To make initial kilogram quantities
of Oseltamivir for toxicological and clinical studies, Fischer
and co-workers used DMSB and trimethylsilyl triflate
(TMSOTf) in methylene chloride to carry out the reductive
opening of pentylideneketal389 (Scheme 146).228 The

selectivity of the reduction resulted in a 10:1:1 mixture of
desired isomer390contaminated with the undesired isomer
and diol. Interestingly, they found that reductive ketal
opening did not take place until they slowly added NaHCO3

to the reaction. Unfortunately, the regioselectivity was prone
to deterioration with time. For larger scale production, other
reductive conditions were used to cleave the ketal to the
desired product.

Couturier and co-workers observed undesired acetonide
cleavage (395) during the reduction of imide393 (Scheme
147).17 Several methods where borane was generatedin situ
gave significant amounts of the acetonide cleavage. Fortu-
nately, use of commercial BTHF minimized this undesired
byproduct formation (see Table 3). The hydroboration section
also gives several examples of undesired ketal or acetonide
cleavage due to borane.

Scheme 143

Scheme 144

Scheme 145

Scheme 146
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Purification of the acetal amine borane394 via crystal-
lization effectively removed the isopropyl ether contaminant.
The amine borane was then used as an internal hydrogen
source for the cleavage of theN-benzyl group. In the presence
of Pearlman’s catalyst [Pd(OH)2/C], the alcohol solvent also
acts as the proton donor. Since only one of the three
molecules of hydrogen is used for the reductive benzyl
cleavage, allyl alcohol acted to scavenge the excess hydrogen
and prevent excess pressure in or venting from the reactor.
By this method, 194 kg of amine as the hydrotosylate salt
was produced.

In the synthesis of a new anti-hypertension drug, FR-
143187, Zanka and co-workers needed to cleave an alkyl-
trimethylammonium iodide.229 Contrary to literature reports,
sodium cyanoborohydride did not accomplish the reduction.
Neither sodium triacetoxyborohydride nor dimethylamine
borane were effective for the reductive cleavage. However,
pyridine borane (PYB) successfully cleaved trimethylamine
from the pyrrole adduct396 to give the desired methyl
pyrrole 397 (Scheme 148). The excess pyridine borane

remaining was washed from the reaction mixture with water
and treatment with diluted formalin removed the last traces
of PYB. Pyridine borane generatedin situ was compared to
purchased PYB and gave nearly the same yield. The
reductive cleavage was conducted on 130 kg of396 with
commercial PYB to obtain a 64% yield of397.

As can be seen from the examples, reductive cleavage of
functional groups is a diverse topic. In some cases, reductive
cleavage is an unproductive impurity generating side reaction.
Boron reagents often display high regio- or stereoselectivity
toward a desired reductive cleavage.

7. Conclusions
The importance of borane and borohydride reagents in the

synthesis of critical drug intermediates has been demonstrated
in a vast number of examples. The future of these reagents
for use in large scale synthesis is promising due to their
excellent selectivity, mild reaction conditions, high yields,
and commercial availability.

The broad number of compounds, reactions, and applica-
tions using borane chemistry that have been developed at
the academic and industrial level in recent years is only the
beginning of the development of organoborane chemistry on

an industrial scale. Many new and exciting uses of boranes
are expected in years to come.

8. List of Abbreviations
Ac acetyl
Ar aryl
9-BBN 9-borabicyclo[3.3.1]nonane
Bn benzyl
BOC, Boc tert-butoxycarbonyl
BTHF borane tetrahydrofuran complex
Bu butyl
°C degrees Celsius
CATB catecholborane
CNS central nervous system
COD cyclooctadiene
Cp cyclopentadienyl
DABCO 1,4-diazabicyclo[2.2.2]octane
DEANB N,N-diethylaniline borane
DMA dimethylamine
DMAP 4-(dimethylamino)pyridine
DME 1,2-dimethoxyethane
DMF dimethylformamide
DMI dimethylimidizole
DMS dimethyl sulfide
DMSB borane dimethyl sulfide complex
DMSO dimethyl sulfoxide
DPP R,R-diphenylpyrrolidinemethanol
dppf diphenylphosphinoferrocene
ee enantiomeric excess
Et ethyl
g gram(s)
h hour(s)
(Ipc)2BCl (+) or (-)-diisopinocampheylchloroborane
k kilo
KTSBBH potassium tri-sec-butylborohydride
L liter(s)
LAH lithium aluminum hydride
LiTEBH lithium triethylborohydride
LiTSBBH lithium tri-sec-butylborohydride
MBX trimethylboroxin
Me methyl
MDEB methoxydiethylborane
MeCBS Corey’s oxazaborolidine catalyst, (R)- or (S)-3,3-

diphenyl-1-methylpyrrolidine[1,2-c]-1,3,2-ox-
azoborole

MeOH methanol
mol mole(s)
MTBE methyl tert-butyl ether
NaTSBBH sodium tri-sec-butylborohydride
NMO N-methylmorpholine-N-oxide
NMR nuclear magnetic resonance
Ph phenyl
PMBO p-methoxybenzyloxy
Pr propyl
Py pyridine
PYB pyridine borane
RT, rt room temperature
STAB sodium triacetoxyborohydride
TBAB tert-butylamine borane
TBDMS tert-butyldimethylsilyl
TEAB triethylamine borane
TEB triethylborane
Tf (trifluoromethyl)sulfonyl
THF tetrahydrofuran
TIPS triisopropylsilyl
TMAB trimethylamine borane
TMS trimethylsilyl
TMSOTf trimethylsilyl triflate
TNBB tri-n-butylborane
TPAP tetrapropylammonium perruthenate

Scheme 147

Table 3. Amide Reduction with BTHF

borane method % isopropyl ether

commercial BTHF 3-5
BTHF generatedin situ ∼15
in situBTHF with excess BF3 19
in situBTHF with excess NaBF4 ∼80

Scheme 148

Boron Reagents as Tools for Selective Reductions Chemical Reviews, 2006, Vol. 106, No. 7 2645



9. Acknowledgments
The authors would like to thank Dr. Michael Lipton for

allowing BASF Corporation to contribute to this special
issue. We would like to thank the reviewers for helpful
comments on the manuscript.

10. Note Added after ASAP Publication
This paper was published on the Web on March 15, 2006.

Corrections were made to the text above Scheme 62 and to
Schemes 130 and 136. The paper was reposted on May 23,
2006.

11. References
(1) (a) Miyaura, N.; Suzuki, A.Chem. ReV. 1995, 95, 2457. (b) Suzuki

A. In Metal-catalyzed Cross-coupling Reactions; Diederich, F., Stang,
P. J., Eds.; Wiley-VCH: Weinheim, Germany, 1998; pp 49. (c)
Suzuki, A. InTransition Metal Catalysed Reactions; Murihashi, S.,
Davies, S. G., Eds.; A ‘Chemistry for the 21st Century’ IUPAC
monograph; Blackwell: Oxford, England, 1999; pp 441. (d) Suzuki,
A. J. J. Organomet. Chem.1999, 576, 14. (e) Miyaura, N.Cross-
Coupling Reaction; Springer: Berlin, 2002. (f) Nakamura, I.;
Yamamoto, Y.Chem. ReV. 2004, 104, 2127. (g) Dembitsky, V. M.;
Ali, H. A.; Srebnik, M. Appl. Organomet. Chem.2003, 17, 327. (h)
Suzuki, A.; Brown, H. C.Organic SynthesisVia Boranes; Aldrich
Chemical: 2003; Vol. 3.

(2) Seyden-Penne, J.Reductions by the Alumino- and Borohydrides in
Organic Synthesis, 2nd ed.; John Wiley & Sons: New York, 1997.

(3) (a) Zaidlewicz, M. Hydroboration.Kirk-Othmer Encyclopedia of
Chemical Technology; John Wiley & Sons: New York, 2005. (b)
Zaidlewicz, M.; Brown, H. C.Organic SynthesisVia Boranes; Aldrich
Chemical: 2001; Vol. 2. (c) Roberts, S. M.; Poignant, G. Asymmetric
Reduction of Ketones Using Nonmetallic Catalysts.Catalysts for Fine
Chemical Synthesis; Wiley: 2002; pp 143-173 (Published Online:
14 Apr 2003). (d) Lin, G.-Q.; Li, Y.-M.; Chan, A. S Asymmetric
Catalytic Hydrogenation and Other Reduction Reactions.Principles
and Applications of Asymmetric Synthesis; Wiley: New York, 2001.
(e) Baxter, E. W.; Reitz, A. B.ChemInform2003, 34.

(4) (a) Ramachandran, P. V.; Brown, H. C.Organoboranes for Synthesis;
ACS Symposium Series 783; American Chemical Society: Wash-
ington, DC, 2001. (b) Senda, Y.Chirality 2002, 14, 110.

(5) Soderquist, J. A.; Negron, A. InOrganic Synthesis; Meyers, A. I.,
Ed.; 1991; Vol. 70.

(6) (a) Brown, H. C.; Hadhav, P. K.; Mandal, A. K.Tetrahedron1981,
37, 3547. (b) Brown, H. C.; Murali, D.; Singaram, B.J. Organomet.
Chem.1999, 581, 116. (c) Kotnis, A. S.; Vanyo, D.; Srivastava, S.;
Singh, A. K.; Bush, J.; Prasad, J. S.; Kientzler, D. C.; Delaney, E.
J.; Kiang, S.Org. Process Res. DeV. 2002, 6, 301.

(7) Arase, A.; Hoshi, M.; Nishi, K.Synth. Commun.1995, 25, 1957.
(8) (a) Kawasaki, A.; Miyake, H.; Okegawa, T.; Ono Pharmaceutical

Co., Ltd. EP 0171146, U.S. Patent 4,792,550, 1988. (b) Takadoi,
M.; Katoh, T.; Akihiro Ishiwata, A.; Terashima, S.Tetrahedron Lett.
1999, 40, 3399. (c) Nakatsuka, M.; Ragan, J. A.; Sammakia, T.;
Smith, D. B.; Uehling, D. E.; Schreiber, S. L.J. Am. Chem. Soc.
1990, 112, 5583. (d) Marshall, J. A.; Xie, S. P.J. Org. Chem.1995,
60, 7230. (e) Moore, R. E.; Tius, M. A.; Barrow, R. A.; Liang, J.;
Corbett, T. H.; Valeritoe, F. A.; Hemscheidt, T. K. JP 1994025092,
WO 9640184, 1996. (f) Davidsen, S. K.; Steinman, D. H.; Sheppard,
G. S.; Xu, L.; Holms, J. H.; Guo, Y.; Florgancic, A. S.; Summers, J.
B.; Michaelides, M. R. EP 1021423, WO 9830551, 1998. (g) Baggio,
R.; Elbaum, D.; Kanyo, Z. F.; Carroll, P. J.; Cavalli, R. C.; Ash, D.
E.; Christianson, D. W.J. Am. Chem. Soc.1997, 119, 8107. (h) Van
Gool, M.; Zhao, X.; Sabbe, K.; Vandewalle, M. Eur. J. Org. Chem.
1999, 2241, 1. (i) Lavielle, G.; Cimetiere, B.; Verbeuren, T.; Simonet,
S.; Descombes, J.-J. EP 1118610, FR 2803848. (j) Dutta, A. K. WO
0198266, 2001. (k) Glick, S. D.; Kuehne, M. E. U.S. Patent 6,211,-
360, 2001. (l) Marotta, E.; Righi, P.; Rosini, G.Org. Process Res.
DeV. 1999, 3, 206. (m) Bergbreiter, D. E.; Sung, S. D.; Li, J.; Ortiz,
D.; Hamilton, P. N.Org. Process Res. DeV. 2004, 8, 461.

(9) (a) Zweifel, G.; Brown, H. C.Org. React.1963, 13, 1. (b) Brown,
H. C.; Snyder, C.; Subba Rao, B. C.; Zweifel, G.Tetrahedron1986,
42, 5505.

(10) (a) Kabalka, G. W.; Shoup, T. M.; Goudgaon, N. M.Tetrahedron
Lett. 1989, 30, 1483. (b) Kabalka, G. W.; Shoup, T. M.; Goudgaon,
N. M J. Org. Chem.1989, 54, 5930.

(11) Rivera, I.; Soderquist, J. A.Tetrahedron Lett.1991, 25, 2311.
(12) (a) Ripin, D. H. B.; Dai, W.; Brenek, S. J.Tetrahedron Lett.2000,

41, 5817. (b) Ripin, D. H. B.; Abele, S.; Cai, W.; Blumenkopf, T.;

Doty, J. L.; Flanagan, M.; Koecher, C.; Laue, K. W.; McCarthy, K.;
Meltz, C.; Munchhoff, M.; Pouwer, K.; Shah, B.; Sun, J.; Teixeira,
J.; Vries, T.; Whipple, D. A.; Wilcox, G.Org. Process Res. DeV.
2003, 7, 115.

(13) Ashbury, G. R.Org. Process Res. DeV. 2002, 6, 893.
(14) Deshpande, V. H.; Bhonsle, J. B.; Pandey, B.; Ravindranathan, T.

Tetrahedron Lett1994, 35, 5489.
(15) Nicolaou, K. C.; Yang, Z.; Liu, J. J.; Ueno, H.; Nantermet, P. G.;

Guy, R. K.; Claiborne, C. F.; Renaud, J.; Couladouros, E. A.;
Paulvannan, K.Nature1994, 367, 630.

(16) Calvo, D.; Lett, R.; Delpech, B.Tetrahedron Lett.1996, 37, 1015.
(17) (a) Couturier, M.; Tucker, J. L.; Andresen, B. M.; Dube´, P.; Negri,

J. T. Org. Lett.2001, 3, 465. (b) Couturier, M.; Andresen, B. M.;
Jorgensen, J. B.; Tucker, J. L.; Busch, F. R.; Brenek, S. J.; Dube´, P.;
AmEnde, D. J.; Negri, J. T.Org. Process Res. DeV. 2002, 6, 42.

(18) Chandrasekhar, S.; Reddy, M. V.Tetrahedron2000, 56, 6339.
(19) Ripin, D. H. B.; Abele, S.; Cai, W.; Blumenkopf, T.; Doty, J. L.;

Flanagan, M.; Koecher, C.; Laue, K. W.; McCarthy, K.; Meltz, C.;
Munchhoff, M.; Pouwer, K.; Shah, B.; Sun, J.; Teixeira, J.; Vries,
T.; Whipple, D. A.; Wilcox, G.Org. Process Res. DeV. 2003, 7,
115.

(20) Ripin, D. H. B.Tetrahedron Lett.2000, 41, 5817.
(21) (a) Nicolaou, K. C.; Xu, J.; Murphy, F.; Barluenga, S.; Baudoin, O.;

Wei, H.; Gray, D. L. F.; Ohshima, T. Angew. Chem., Int. Ed. Engl.
1999, 38, 2447. (b) Nicolaou, K. C.; Murphy, F.; Barluenga, S.;
Ohshima, T.; Wei, H.; Xu, J.; Gray, D. L. F.; Baudoin, O.J. Am.
Chem. Soc.2000, 122, 3830.

(22) Reddy, K. C.; Byun, H.-S.; Reddy, R. B.Tetrahedron Lett.1994,
35, 2679.

(23) (a) Massey, S. M.; Monn, J. A.; Valli, M. J.; Eli Lilly and Co., U.S.
Patent 5,688,826, 1997. (b) Also see: Massey, S. M.; Monn, J. A.;
Valli, M. J.; Eli Lilly and Co., WO 9718199.

(24) (a) Smith, A. B.; Empfield, J. R.; Rivero, R. A.; Vaccaro, H. A.J.
Am. Chem. Soc.1991, 113, 4037. (b) Brown, H. C.; Prasad, J. V. N.
J. Am. Chem. Soc. 1986, 108, 2049.

(25) Baggio, R.; Elbaum, D.; Kanyo, Z. F.; Carroll, P. J.; Cavalli, R. C.;
Ash, D. E.; Christianson, D. W.J. Am. Chem. Soc.1997, 119, 8107.

(26) Bin Zhu, B.; Panek, J. S.Org. Lett.2000, 2, 2575.
(27) Shimizu, H.; Shimizu, K.; Kubodera, N.; Mikami, T.; Tsuzaki, K.;

Suwa, H.; Harada, K.; Hiraide, A.; Shimizu, M.; Koyama, K.;
Ichikawa, Y.; Hirasawa, D.; Kito, Y.; Kobayashi, M.; Kigawa, M.;
Kato, M.; Kozono, T.; Tanaka, H.; Tanabe, M.; Iguchi, M.; Yoshida,
M. Org. Process Res. DeV. 2005, 9, 278.

(28) Trost, B. M.; Toste, F. D.J. Am. Chem. Soc.1998, 120, 9074.
(29) (a) Takashashi, T.; Shiono, M. EP 0503630. (b) Murata, M.;et al.

WO 9321186, EP 0636133.
(30) (a) Littlefield, B. A.; Palme, M. H.; Seletsky, B. M.; Towle, M. J.;

Yu, M. J.; Zheng, W.; Eisai Co., Ltd. WO 9965894, 1999; U.S. Patent
6,214,865, 2001. (c) Denmark, S. E.; Fu, J.Org. Lett.2002,4, 1951.

(31) (a) Keck, G. E.; Knutson, C. E.; Wiles, S. A.Org. Lett. 2001, 3,
707. (b) Nicolaou, K. C.; Ninkovic, S.; Sarabia, F.; Vourloumis, D.;
He, Y.; Vallberg, H.; Finlay, M. R. V.; Yang, Z.J. Am. Chem. Soc.
1997, 119, 7974. (c) Pandey, G.; Kapur, M.Tetrahedron Lett.2000,
41, 8821. (d) Iida, H.; Yamazaki, N.; Kibayashi, C.J. Org. Chem.
1987, 52, 3337. (e) Trost, B. M.; Tang, W.Org. Lett.2001, 3, 3409.
(f) Labrecque, D.; Charron, S.; Rej, R.; Blais, C.; Lamothe, S.
Tetrahedron Lett.2001, 42, 2645. (g) Smith, A. B.; Zheng, J. Y.
Tetrahedron2002, 58, 6455. (h) Xue, C.-B.; Cherney, R. J.; DeCicco,
C. P.; DeGrado, W. F.; He, X.; Hodge, C. N.; Jacobsen, I. C.;
Magolda, R. L.; Arner, E. C.; Duan, J.; Nelson, D. J. WO 9718207,
1997, EP 0863885. (i) Xue, C.-B.; Cherney, R. J.; DeCicco, C. P.;
DeGrado, W. F.; He, X.; Hodge, C. N.; Jacobsen, I. C.; Magolda, R.
L.; Arner, E. C.; Duan, J.; Nelson, D. J. WO 9851665. (j) Nicolaou,
C. K.; He, Y.; Ninkovic, S.; Pastor, J.; Roschangar, F.; Sarabia, F.;
Vallberg, H.; Vourloumis, D.; Winssinger, N.; Yang, Z.; King, N.;
Finlay, M. R. V. WO 9825929, 1998. (k) Forbes, I. T.; Gribble, A.
D. WO 0262788, 2002.

(32) Loiseleur, O.; Koch, G.; Wagner, T.Org. Process Res. DeV. 2004,
8, 597.

(33) Keen, S. P.; Cowden, C. J.; Bishop, B. C.; Brands, K. M.; Davies,
A. J.; Dolling, U. H.; Lieberman, D. R.; Stewart, G. W.J. Org. Chem.
2005, 70, 1771.

(34) (a) Zhu, B.; Panek, J. S.Org. Lett.2000, 2, 2575. (b) Sawada, D.;
Kanai, M.; Shibasaki, M.J. Am. Chem. Soc.2000, 122, 10521. (c)
Meng, D.; Bertinato, P.; Balog, A.; Su, D.-S.; Kamenecka, T.;
Sorensen, E. J.; Danishefsky, S. J.J. Am. Chem. Soc.1997, 119,
10073. (d) Bertinato, P.; Danishefesky, S. J.; Su, D.-S.; Meng, D.
F.; Chou, T.-C.; Kamenecka, T.; Sorensen, E. J.; Balog, A.; Savin,
K. A. U.S. Patent 6,242,469, 2001; WO 9901124. (e) Harris, C. R.;
Kuduk, S. D.; Balog, A.; Savin, K.; Glunz, P. W.; Danishefsky, S.
J. J. Am. Chem. Soc.1999, 121, 7050.

(35) Matos, K.; Soderquist, J. A.J. Org. Chem. 1998, 63, 471.
(36) Bauer, M.; Maier, M. E.Org. Lett. 2002, 4, 2205.

2646 Chemical Reviews, 2006, Vol. 106, No. 7 Burkhardt and Matos



(37) (a) Lee, C. B.; Chou, T.-C.; Zhang, X.-G.; Wang, Z.-G.; Kuduk, S.
D.; Chappell, M. C.; Stachel, S. J.; Danishefsky, S. J.J. Org. Chem.
2000, 65, 6525. (b) Clader, J. W.; Kozlowski, J. A.; McCombie, S.
W.; Miller, M. W.; Vice, S. F. WO 0121590.

(38) Evans, D. A.; Starr, J. T. Angew. Chem., Int. Ed.2002, 41, 1787.
(39) Kobayashi, S.; Mori, K.; Wakabayashi, T.; Yasuda, S.; Hanada, K.

J. Org. Chem. 2001, 66, 5580.
(40) (a) Jensen, M. S.; Xiao, Y.; Yang, C.; Wells, K. M.; Yasuda, N.;

Merck & Co., Inc. U.S. Patent 6,194,568, 2001. Other examples can
be found in: (b) Rossi, R.; Carpita, A.; Ribecai, A.; Mannina, L.
Tetrahedron2001, 57, 2847. (c) Jensen, M. S.; Yang, C.; Xiao, Y.;
Wells, K. M.; Yasuda, N. WO 2000002880. (d) Krushinski, J. H.,
Jr.; Rocco, V. P.; Schaus, J. M. WO 2000000490; WO 9308259,
1993.

(41) Kotnis, A. S.; Vanyo, D.; Srivastava, S.; Singh, A. K.; Bush, J.;
Prasad, J. S.; Kientzler, D. C.; Delaney, E. J.; Kiang, S.Org. Process
Res. DeV. 2002, 6, 301.

(42) Lobben, P. C.; Leung, S. S.; Tummanla, S. Org. Process Res. DeV.
2004, 8, 1072.

(43) Chen, M. H.; Lakovleva, E.; Kesten, S.; Magano, J.; Rodriguez, D.;
Sexton, K. E.; Zhang, J.; Lee, H. T.Org. Prep. Proced. Int.2002,
34, 665.

(44) (a) Hanessian, S.; Tehim, A.; Chen, P.J. Org. Chem.1993, 58, 7768.
(b) Barbier, P.; Schneider, F.; Widmer, U. EP 0189577, 2001.

(45) Cai, X.; Chorghade, M. S.; Fura, A.; Grewal, G. S.; Jauregui, K. A.;
Lounsbury, H. A.; Scannell, R. T.; Yeh, C. G.; Young, M. A.; Yu,
S.; Guo, L.; Moriarty, R. M.; Penmasta, R.; Rao, M. S.; Singhal, R.
K.; Song, Z.; Staszewski, J. P.; Tuladhar, S. M.; Yang, S.Org.
Process Res. DeV. 1999, 3, 73.

(46) Mulzer, J.; Mantoulidis, A.; O¨ hler, E.J. Org. Chem.2000, 65, 7456.
(47) (a) Martin, G. R.; Robertson, A. D.; Hill, A. P.; Glen, R. C.;

Burroughs Wellcome Co. WO 9118897, U.S. Patent 5,399,574, 1995;
EP 0486666; EP 0636623. (b) Robertson, A. D.; Hill, A. P.; Glen,
R. C.; Martin, G. R.; Burroughs Wellcome Co. U.S. Patent 5,466,699,
1995.

(48) (a) Lynch, J. K.; Holladay, M. W.; Ryther, K. B.; Bai, H.; Hsiao,
C.-N.; Morton, H. E.; Dickman, D. A.; Arnold, W.; King, S. A.
Tetrahedron: Asymmetry1998, 9, 2791. (b) Holladay, M. W.;
Arneric, S. P.; Bai, H.; Dart, M. J.; Lin, N.-H.; Lynch, J. K.; Or, Y.
S.; Ryther, K. B.; Sullivan, J. P.; Wasicak, J. T.; Ehrlich, P. P.; Abbot
Laboratories. U.S. Patent 6,403,575, 2002. (c) Holladay, M. W.;
Arneric, S. P.; Bai, H.; Dart, M. J.; Lin, N.-H.; Lynch, J. K.; Or, Y.;
Ryther, K. B.; Sullivan, J. P.; Wasicak, J. T.; Ehrlich, P. P. WO
9825920, WP 0950057. (e) Holladay, M. W.; Abreo, M. A.; Gunn,
D. E.; Lin, N.-H.; Garvey, D. S.; Ryther, K.; Lebold, S. A.; Elliott,
R. L.; He, Y.; Wasiak, J. T.; Bai, H.; Dart, M. J.; Ehrlich, P. P.; Li,
Yihong; Kincaid, J. F.; Schkeryantz, J.; Lynch, J. K. WO 9932480,
EP 1047690.

(49) Bodurow, C. C.; Boyer, B. D.; Brennan, J.; Bunnell, C. A.; Burks,
J. E.; Carr, M. A.; Doecke, C. W.; Eckrich, T. M.; Fisher, J. W.;
Gardner, J. P.Tetrahedron Lett.1989, 30, 2321.

(50) (a) Halczenko, W.; Duggan, M. E.; Egbertson, M. S.; Hartman, G.
D.; Merck & Co. Inc. U.S. Patent 5,292,756, 1994. (b) Halczenko,
W.; Duggan, M. E.; Egbertson, M. S.; Hartman, G. D.; Merck &
Co. Inc. WO 93190046, 1993.

(51) (a) Fujimoto, R. A.; McQuire, L. W.; Murgrage, B. B.; VanDuzer,
J. H.; Xu, D. U.S. Patent 6,291,523, 2001. (b) Novartis-Erfindungen
Verwaltungsgesellschaft M. B. H.; Fujimoto, R.; McQuire, L. W.;
Mugrage, B. B.; Van Duzer, J. H.; Xu, D. WO 9911605, 1999.

(52) Devine, P. N.; Dolling, U. H.; Frey, L. F.; Tillyer, R. D.; Tschaen,
D. M.; Katom, Y.; Merck & Co. EP 0923557, WO Application
9806700, 1998.

(53) Pharmaceutical Substances, 4th ed.; Kleemann, A., Engel, J., Eds.;
Thieme: Stuttgart, 2001.

(54) Volkmann, R. A.; Kelbaugh, P. R.; Nason, D. M.; Jasys, V. J.J.
Org. Chem.1992, 57, 4352.

(55) Carganice, G.; Casellas, D. M.; Avellana, J. P.; Garcia Perez, M. L.;
Benet, A. P.; Laboratories Menarini S.A. U.S. Patent 5,990,142, 1999;
WO 9734885, 1997, EP 0888327.

(56) Holland, G. W.; Jernow, J. L.; Rosen, P.; Hoffman-LaRoche Inc.
U.S. Patent 4,112,225, 1978.

(57) Smith, A. B.; Maleczka, R. E.; Leazer, J. L.; Leahy, J. W.; McCauley,
J. A.; Condon, S. M.Tetrahedron Lett.1994, 35, 4911.

(58) Chen, M. H.; Davidson, J. G.; Freisler, J. T.; Iakovleva, E.; Magano,
J. Org. Prep. Proced. Int.2000, 32, 381.

(59) Leanna, R. M.; Hannick, S. M.; Tien, J.-H.; Bhagavatula, L.; Singam,
P. R.; Gates, B. D.; Kolaczkowski, L.; Tel, R. R.; Wayne, G.;
Lannoye, G.; Lukin, K.; Narayanan, B.; Riley, D. A.; Chang, S.-L.;
Curty, C. B.; Plata, D.; Dellettine, J.; Shellat, B.; Spitz, T.; Yang,
C.-X. Medivir ABWO 0008025, 2000.

(60) Jockel, H.; Schmidt, R.J. Chem. Soc., Perkin Trans. 21997, 2719.
(61) Arase, A.; Hoshi, M.; Yamaki, T.; Nakanishi, H.J. Chem. Soc., Chem.

Commun.1994, 7, 855.

(62) Nettles, S. M.; Matos, K.; Burkhardt, E. R.; Rouda, D. R.; Corella,
J. A. J. Org. Chem.2002, 67, 2970.

(63) (a) Boettcher, H.; Greiner, H.; Seyfried, C.; Bartoszyk, G.; Merck
AG. U.S. Patent 5,418,237, 1996, U.S. Patent 5,532,241, 1996. (b)
Bathe, A.; Helfert, B.; Bottcher, H.; Schuster, K.; Merck AG. U.S.
Patent 5,723,614, 1998.

(64) Sessler, J. L.; Mody, T. D.; Hemmi, G. W.; Lynch, V.Inorg. Chem.
1993, 32, 3175.

(65) (a) Kathawala, F.; Sandoz Pharmaceuticals Corp. WO 8402131, U.S.
Patent 4,739,073, 1988. (b) Lee, G. T.; Sandoz Pharmaceuticals, Corp.
EP 0244364. Kapa, P. K. U.S. Patent 4,571,428, 1986.

(66) Faul, M. M.; Engel, G. L.; Farid, N. A.; Jirousek, M. R.; Richardson,
L. A.; Winneroski, L. L., Jr.; Eli Lilly and Company. WO 9718809,
U.S. Patent 5,710,145, 1988.

(67) Fox, M. E.; Jackson, M. EP 1282627;Chem. Abstr.2001, 135,
371564.

(68) Fukuda, Y.; Furuta, H.; Shiga, F.; Asahina, Y.; Terashima, S.
Heterocycles1997, 45, 2303.

(69) Ploch, R. P.; Eli Lilly and Company. U.S. Patent 4,375,547, 1983;
EP 0049618.

(70) (a) Ward, R. S.Synthesis1992, 719. (b) Glinkski, M. B.; Durst, T.
Can. J. Chem.1987, 45, 517.

(71) (a) Dorn, C. P.; Hale, J. J.; MacCoss, M.; Mills, S. G.; Merck &
Co., Inc. U.S. Patent 5,691,336, 1997. (b) Cowden, C. J.; Wilson,
R. D.; Bishop, B. C.; Cottrell, I. F.; Davies, A. J.; Dolling, U.-H.
Tetrahedron Lett.2000, 41, 8661. (c) Dorn, C. P.; Finke, P. E.; Hale,
J. J.; MacCoss, M.; Mills, S. G.; Shah, S. K.; Chambers, M. S.;
Harrison, T.; Ladduwahetty, T.; Williams, B. J.; Merck & Co., Inc.
U.S. Patent 5,719,147, 1998; WO 9965900; WO 0196315. (d) Very
similar lactone to lactol conversion: Dorn, C. P.; Finke, P. E.; Hale,
J. J.; MacCoss, M.; Mills, S. G.; Shah, S. K.; Chambers, M. S.;
Harrison, T.; Ladduwahetty, T.; Williams, B. J.; Merck & Co., Inc.
U.S. Patent 5,637,699, 1997.

(72) Killgore, J. K.; Jacob, M.; Mallinckrodt Inc. WO Application
0140184, 2001.

(73) Sandham, D. A.; Taylor, R. J.; Carey, J. S.; Fa¨ssler, A.Tetrahedron
Lett. 2001, 41, 10091.

(74) Pilo-Veloso, D.; de C. Alcaˆntara, A. F.; dos S. Barroso, H. Quim.
NoVa 2002, 25, 300.

(75) Acetic acid hydrolysis of amine borane complexes in refluxing
solution is complete in 2-4 h.

(76) Houpis, I. N.; Molina, A.; Reamer, R. A.; Lynch, J. E.; Volante, R.
P.; Reider, P. J.Tetrahedron Lett.1993, 34, 2593.

(77) Ogura, K.; Shimamura, Y.; Fujita, M.J. Org. Chem.1991, 56, 2920.
(78) Schroeder, C.; Huddleston, R.; Charles, R. Aventis PharmaWO

Application 02102776, 2002.
(79) Braish, T. F.; Pfizer, Inc. U.S. Patent 5,256,791, 1993.
(80) Deshpande, M. N.; Cain, M. H.; Patel, S. R.; Singam, P. R.; Brown,

D.; Gupta, A.; Barkalow, J.; Callen, G.; Patel, K.; Koops, R.;
Chorghade, M.; Foote, H.; Pariza, R.Org. Process Res. DeV. 1998,
2, 351.

(81) (a) Yamazaki, N.; Atobe, M.; Kibayashi, C.Tetrahedron Lett.2001,
42, 5029. (b) Vanwagenen, B.; Duff, S.; Nelson, W. A.; D’Ambra,
T. E. WO 9602492, 1996.

(82) Farmer, J. B.; Ince, F.; Brown, R. A.; Dixon, J. CA 1191846, EP
0072061.

(83) Holden, K. G.; Kaiser, C.; Smithkline Corp. U.S. Patent 4,265,890,
1981, EP 0007070.

(84) Bichon, D.; Gueule, P.; VanBroeck, D.; Emonds-Alt, X.; Proietto,
V.; Sanofi. U.S. Patent 5,741,910, 1998, EP 0673928. Bichon, D.;
Gueule, P.; VanBroeck, D.; Emonds-Alt, X.; Proietto, V.; Sanofi.
U.S. Patent 5,942,523, 1999; U.S. Patent 6,124,316, 2000. 5 g scale
in patent.

(85) Grugni, M.; Rigolio, R.; Erhard, K. F.; Smithkline Beecham S.P.A.
WO 9805640, 1998.

(86) Schmitt-Willich, H.; Greis, H.; Platzek, J.; Schumann-Giampieri, G.;
Weinmann, H.-J.; Vogler, H.; Deutsch, J.; Conrad, J.; Schering
AG WO 980752, 1998; U.S. Patent 6,039,931, 2000. Schmitt-Willich,
H.; Greis, H.; Platzek, J.; Schumann-Giampieri, G.; Weinmann, H.-
J.; Vogler, H.; Deutsch, J.; Conrad, J.; Schering AG. U.S. Patent
5,695,739, 1997.

(87) McMurry, T. J.; Sajiki, H.; Scott, D. M.; Lauffer, R. B. WO 9623526,
1996.

(88) Junge, B.; Schohe, R.; Seidel, P.-R.; Glaser, T.; Traber, J.; Benz,
U.; Schuurman, T.; Devy, J.-M. V.; Bayer AG. EP 0352613, U.S.
Patent 5,137,901, 1992. Junge, B.; Schohe, R.; Seidel, P.-R.; Glaser,
T.; Traber, J.; Benz, U.; Schuurman, T.; Devy, J.-M. V.; Bayer AG.
U.S. Patent 5,506,246, 1996.

(89) (a) Belyk, K. M.; Bende, R. D. R.; Blac, R. M.; Hughes, D. L.;
Leonard, W. WO 9624613, 1996. (b) Hugues, D. L.; Belyk, K. M.;
Bender, D. M.; Black, R. M.; Hughes, D. L.; Leonard, W.; Merck &
Co., Inc. U.S. Patent 5,552,521, 1996. (c) Leonard, W.; Belyk, K.
M.; Merck & Co. WO 9747645, 1997, U.S. Patent 5,936,062, 1999.

Boron Reagents as Tools for Selective Reductions Chemical Reviews, 2006, Vol. 106, No. 7 2647



(d) Kaufman, M. J.; Neururkar, M. J.; Hunke, W. A.; Merck & Co.
U.S. Patent 6,136,783, 2000.

(90) Kitazawa, M.; Okazaki, K.; Tamai, T.; Saito, M.; Tanaka, N.;
Kobayashi, K.; Muranoika, H.; Kissei Pharaceticals Co., Ltd. U.S.
Patent 6,133,266, 2000; WO 9730023, 1997, EP 0882704.

(91) Jenks, T. A.;et al. CA 1137474.
(92) Brown, H. C.; Choi, Y. M.; Narasimhan, S.J. Org. Chem.1982, 47,

3153.
(93) Berestecky, K., BASF Corp., personal communication.
(94) (a) Weinstock, J.; Wilson, J. W.; Ladd, D. L.; Brush, C. K.; Pfeiffer,

F. R.; Kuo, G. Y.; Holden, K. G.; Yim, N. C. F.; Hahn, R. A. J.
Med. Chem.1980, 23, 973. (b) Weinstock, J. EP 0004794; U.S. Patent
4,171,359, 1979.

(95) Pandey, R. K.; Fernandes, R. A.; Kumar, P.Tetrahedron Lett.2002,
43, 4425.

(96) Beaudin, J.; Bourassa, D. E.; Bowles, P.; Castaldi, M. J.; Clay, R.;
Couturier, M. A.; Karrick, G.; Makowski, T. W.; McDermott, R. E.;
Meltz, C. N.; Meltz, M.; Phillips, J. E.; Ragan, J. A.; Ripin, D. H.
B.; Singer, R. A.; Tucker, J. L.; Wie, L.Org. Process Res. DeV.
2003, 7, 873.

(97) Rappoport, Z. The Chemistry of Enamines.Patai Series: The
Chemistry of Functional Groups; Wiley: New York, 1994.

(98) (a) Smyser, T. E.; Confalone, P. N. WO 9639393. (b) Lui, H. L.;
Hoff, B. H.; Berg, T. C.; Anthonsen, T.Chirality 2001, 13, 135.

(99) Parker, J. S.; Bowden, S. A.; Firkin, C. R.; Moseley, J. D.; Murray,
P. M.; Welham, M. J.; Wisedale, R.; Young, M. J.; Moss, W. O.
Org. Process Res. DeV. 2003, 7, 67.

(100) Moseley, J. D.; Moss, W. O.; Welham, M. J.Org. Process Res. DeV.
2001, 5, 491.

(101) Other groups have also carried out similar reductive aminations with
PYB: (a) Bernstein, P. R.; Dedinas, R. F.; Russell, K.; Shenvi, A.
B. WO 0002859, 2000. (b) Hishitanki, Yasuhiro-Shionogi & Co.,
Ltd.; Itani, Hikaru-Shionogi & Co., Ltd.; Irie, Tadashi-Shionogi &
Co., Ltd. WO 0032606, 2000, EP 1134222.

(102) (a) Draper, R. W.; Hou, D.; Radha Iyer, R.; Lee, G. M.; Liang, J.
T.; Mas, J. L.; Tormos, W.; Vater, E. J.; Gu¨nter, F.; Mergelsberg, I.;
Scherer, D.Org. Process Res. DeV. 1998, 2, 175. (b) Berger, J. G.;
Chang, W. K.; Gold, E. H.; Clander, J. W. Schering Corp. EP
0230270, WO 870443, 1987.

(103) Gala, D.; Dahanukar, V. H.; Eckert, J. M.; Lucas, B. S.; Schumacher,
D. P.; Zavialov, I. A.Org. Process Res. DeV. 2004, 8, 754.

(104) Hirokawa, Y.; Horikawa, T.; Noguchi, H.; Yamamoto, K.; Kato, S.
Org. Process Res. DeV. 2002, 6, 28.

(105) Cai, D.; Larsen, R.; Journet, M.; Campos, K.; Merck & Co., Inc.
WO 02 32892, 2002.

(106) Summers, J. B., Jr.; Gunn, B. P.; Brooks, D. W.; Abbott Laboratories.
EP 0279263, U.S. Patent 4,873,259, 1989.

(107) Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff, C.
A.; Shah, R. D.J. Org. Chem.1996, 61, 3849.

(108) Burks, J. E.; Espinosa, L.; LaBell, E. S.; Ritter, A. R.; Speakman, J.
L.; Williams, M. Org. Process Res. DeV. 1997, 1, 198.

(109) McGill, J. M.; LaBell, E. S.; Williams, M.Tetrahedron Lett. 1996,
37, 3977.

(110) Lipton, M. F.; Mauragis, M. A.; Maloney, M. T.; Veley, M. F.;
VanderBor, D. W.; Newby, J. J.; Appell, R. B.; Daugs, E. D.Org.
Process Res. DeV. 2003, 7, 385.

(111) Tanoue, Y.; Beppu, K.; Okayama, A.; Sakamoto, O. US 5886011,
1995. Similar application: Godek, D. M.; Rosen, T. J. WO 9118878,
1991.

(112) Hu, L.-Y.; Ryder, T. R.; Rafferty, M. F.; Feng, M. R.; Lotarski, S.
M.; Rock, D. M.; Sinz, M.; Stoehr, S. J.; Taylor. C. P.; Weber, M.
L.; Bowersox, S. S.; Miljanich, G. P.; Millerman, E.; Wang. Y.-X.;
Szoke, B. G.J. Med. Chem.1999, 42, 4239. Rafferty, M. F.; Ryder,
T. R.; Hu, L.-Y. WO 9907689, 1999. Similar application: Cai, D.
E.; Journet, M. S.; Kowal, J. I.; Larson, R. D.; Merck & Co., Inc.
U.S. Patent 6,051,717, 2000.

(113) Cossy, J.; Belotti, D.J. Org. Chem.1997, 62, 7900.
(114) Anthony, N. J.; Ciccarone, T. M.; Dinsmore, C. J.; Williams, T. M.;

Hartman, G. D.; Merck & Co., Inc. U.S. Patent 5,856,326, 1999.
(115) Hutchinson, J. H.; Anthony, N. J.; deSolms, S. J.; Gomez, R. P.;

Graham, S. L.; Hutchinson, J. H.; Stokker, G. E.; Merck & Co., Inc.
EP 0820445, WO 9630343 1996.

(116) (a) Hutchinson, J. H.; Anthony, N. J.; deSolms, S. J.; Gomez, R. P.;
Graham, S. L.; Hutchinson, J. H.; Stokker, G. E.; Merck & Co., Inc.
WO 9610034, U.S. Patent 5,652,257, 1997. (b) Hirayama, F.; Koshio,
H.; Matsumoto, Y.; Kawasaki, T.; Kaku, S.; Yanagisawa, I. EP
0798295, WO 9616940, 1996. (c) Lin, L.-L.; Chen, J.; Schievella,
A. R.; Genetics Institutes, Inc. U.S. Patent 5,849,501, 1998. (d) Elliott,
M. L.; Welch, W. M. EP 0901487, WO 9743276, EP 0968194, WO
9838173, 1998. (e) Lombardino, J. G.J. Org. Chem.1971, 36, 1843.
(f) Laubie, M. JP 1995188155, FR 2711139, EP 0648741, CA
2118102. (g) Belliotti, T.; Wise, L. D.; Wustrow, D. J. EP 0906294,
WO 9745419, 1997. (h) Nash, D. J.; Stemp, G. EP 0922035, WO

9806699. (i) Kitazawa, N.; Ueno, K.; Takahashi, K.; Kimura, T.;
Sasaki, A.; Kawano, K.; Okabe, T.; Komatsu, M.; Matsunaga, M.;
Kubota, A.; Furuya, K. WO 9843956, WP 0976732. (j) Branch, C.
L.; Johnson, C. N.; Stemp, G. WO 9850364, EP 0983244.

(117) Wallace, M. D.; McGuire, M. A.; Yu, M. S.; Goldfinger, L.; Liu,
L.; Dai, W.; Shilcrat, S.Org. Process Res. DeV. 2004, 8, 738.

(118) Cai, W.; Colony, J. L.; Frost, H.; Hudspeth, J. P.; Kendall, P. M.;
Krishnan, A. M.; Makowski, T.; Mazur, D. J.; Phillips, J.; Ripin, D.
H. B.; Ruggeri, S. G.; Stearns, J. F.; White, T. D.Org. Process Res.
DeV. 2005, 9, 51.

(119) Lejeune, F.; Lavielle, G.; Dubuffet, T.; Hantefaye, P.; Millan, M.;
Adir et Compagnie. EP 0887350, U.S. Patent 6,090,837, 2000.

(120) Urban, F. J.Org. Process Res. DeV. 2001, 5, 575.
(121) (a) Kitayoshi, T.;et al. WO 9932468. (b) Hashimoto, H.; Ikemoto,

T.; Itoh, T.; Maruyama, H.; Hanaoka, T.; Wakimasu, M.; Mitsudera,
H.; Tomimatsu, M.Org. Process Res. DeV. 2002, 6, 70.

(122) (a) Carruthers, N. E.; Reichard, G. A.; Alaimo, G. A.; Shih, N.-Y.;
Ting, P. C.; Lavey, B. J.; Schering Corp. EP 1032561, WO 9926924,
1999; U.S. Patent 6,063,926, 2000. (b) Meagher, K. L.; Mewshaw,
R. E. WO 0064886, 2000. (c) Hirst, G. C. WO 0119829, EP 1212327.
(d) Mirigesam. N.; Tellew, J. E.; Macor, J. E.; Gu, Z.; Bristol-Myers
Squibb Company. US 2002143024, WO 0001389, WO 0144239,
2001. (e) Hill, J.; Parr, I.; Morytko, M.; Siedlecki, J.; Yu, X. Y.;
Siverman, J.; Keith, D.; Finn, J.; Christensen, D.; Lazarova, T.;
Watson, A. D.; Zhang, Y. WO 0144274, 2001.

(123) (a) Kohlman, D. T.; Xu, Y.-C.; Godfrey, A. G.; O’Toole, J. C.; Zhang,
T. Y. EP 0924205, WO 9931077, 1999. (b) Denmark, S. E.; Fu, J.
Org. Lett.2002, 4, 1951.

(124) Payack, J. F.; Vasquez, E.; Matty, L.; Kress, M. H.; McNamara, J.
J. Org. Chem. 2005, 70, 175.

(125) (a) Askin, D.; Purick, R. M.; Hoerrner, R. S.; Reider, P.; Varsolona,
R. J.; Volante, R. P.; Merck & Co., Inc. WO 9854178, U.S. Patent
6,071,916, 2000. (b) Vacca, J. P.; Lin, J. H.; Yeh, K. C.; Chodakewitz,
J. A.; Deutsch, P. J.; Ju, W. D. WO 9925352.

(126) Ding, C. Z.; Kim, S.-H.; Hunt, J. T.; Mitt, T.; Bhide, R.; Leftheris,
K.; Bristol Myers Squibb Co. U.S. Patent 6,011,029, 2000.

(127) (a) Edison, D. C.; Somerset, M. J.; Iselin, J. K.; Larson, R. D.; Merck
& Co., Inc. U.S. Patent 6,051,717, 2000. (b) Journet, M.; Cai, D.;
Hughes, D. L.; Kowal, J. J.; Larsen, R. D.; Reider, P. J.Org. Process
Res. DeV. 2005, 9, 490.

(128) Chehade, K. A.; Andres, D. A.; Morimoto, H.; Spielmann, H. P. J.
Org. Chem.2000, 65, 3027.

(129) Hajela, S.; Botta, M.; Giraudo, S.; Xu, J.; Raymond, K. N.; Aime,
S. J. Am. Chem. Soc.2000, 122, 11228.

(130) Thaisrivongs, S.; Turner, S. R.; Strobach, J. W.; Vaillancourt, V. A;
Schnute, M. E.; Tucker, J. A.; Phgarmacia & Upjohn Co. WO
004065, 2000; U.S. Patent 6,248,739, 2001.

(131) (a) Carruthers, N. I.; Reichard, G. A.; Alaimo, G. A.; Shih, N.-Y.;
Ting, P. C.; Lavey, B. J.; Schering Corp. WO 9926924, 1999; U.S.
Patent 6,063,926, 2000. (b) Finke, P. E.; Caldwell, C. G.; MacCoss,
M.; Mills, S. G.; Oates, B.; Kothandaraman, S.; Kim, D.; Wang, L.;
Merck & Co., Inc. WO 9938514, 1999; U.S. Patent 6,140,349, 2000.

(132) (a) Duan, J. J.-W.; Lu, Z.; Xue, C.-B.; He, X.; Seng, J. L.; Roderick,
J. J.; Wasserman, Z. R.; Liu, R.-Q.; Covington, M. B.; Magolda, R.
L. Bioorg. Med. Chem. Lett.2003, 13, 2035. (b) Duan, J.; Bristol-
Myers Squibb Pharma Company. WO 0059285, U.S. Patent 6,495,548,
2002.

(133) Mackey, S. S.; Wu, H.; Matison, M. E.; Goble, M.Org. Process
Res. DeV. 2005, 9, 174.

(134) Ripin, D. H. B.; Abele, S.; Cai, W.; Blumenkopf, T.; Casavant, J.
M.; Doty, J. L.; Flanagan, M.; Koecher, C.; Laue, K. W.; McCarthy,
K.; Meltz, C.; Munchhoff, M.; Pouwer, K.; Shah, B.; Sun, J.; Teixeira,
J.; Vries, T.; Whipple, D. A.; Wilcox, G.Org. Process Res. DeV.
2003, 7, 115.

(135) Suzuki, K.;et al. Symp. Med. Chem.1999, Abst. 1P-02. Matsumoto,
Y.; Akamatsu, S.; Ichihara, M.; Kawasaki, T.; Kaku, S.; Yanagisaura,
I.; Yamanonchi Pharmaceutical Co., Ltd. WO 9745413, U.S. Patent
6,057,324, 2000; EP 0905129.

(136) Maag, H.; Dvorak, G. A.; Fisher, L. E.; Green, K. L.; Harris, R. N.,
III; Prince, A.; Repke, D. B.; Stabler, R. S.; Syntex, LLC. U.S. Patent
6,667,301, 2003, U.S. Patent Application 2002004501, WO 0190081,
2001.

(137) (a) Baxter, A. D.; Boyd, E. A.; Guicherit, O. M.; Porter, J.; Price,
S.; Rubin, L.; Curis, Inc. U.S. Patent 6,683,108, U.S. Patent
6,613,798, WO 0174344, WO 0327234, U.S. Patent Application
2002198236. (b) Smyser, T. E.; Confalone, P. N.; The DuPont Merck
Pharmaceutical Company. U.S. Patent 5,532,356, 1996. (c) Bellioti,
T.; Wise, D. L.; Wustrow, D. J. EP 0906294.

(138) Barrish, J. C.; Meirugesan, N.; Gu, Z.; Morrison, R. A. V.; Bristol-
Myers Squibb Co. EP 0996618, WO 9833780, 1998; U.S. Patent
6,043,265, 2000.

(139) (a) Hu, L.-Y.; Ryder, T. R.; Rafferty, M. F.; Feng, M. R.; Lotarski,
S. M.; Rock, D. M.; Sinz, M.; Stoehr, S. J.; Taylor, C. P.; Weber,

2648 Chemical Reviews, 2006, Vol. 106, No. 7 Burkhardt and Matos



M. L.; Bowersox, S. S.; Miljanich, G. P.; Millerman, E.; Wang, Y.-
X.; Szoke, B. G.J. Med. Chem.1999, 42, 4239. (b) Rafferty, M. F.;
Ryder, T. R.; Hu, L.-Y. WO 9907689. (c) Hu, L.-Y.; Malone, T. C.;
Nadasdi, L.; Rafferty, M. F.; Ryder, T. R.; Silva, D. F.; Song, Y.;
Szoke, B. G.; Urge, L. WO 9854123, 1998.

(140) Myers, A. G.; Kung, D. W.J. Am. Chem. Soc.1999, 121, 10828.
(141) (a) Procopiou, P. A. WO 0196278, 2001. (b) Bream. R. N.;et al. J.

Chem. Soc., Perkins Trans 12002, 20, 2237. (c) Rosen, T. J. WO
930033, 1993; EP0589924, WO9217449, 1992. (d) Snyder, W. M.;
et al. WO 9424081, 1994. (e) Laubie, M.;et al. EP 2711139 and EP
0648741. (f) EP 0720609: Armour, D. R.; Evans, B.; Middlemiss,
D.; Naylor, A.; Pegg, N. A.; Vinader, M. V.; Giblin, G. M. P.;
Hubbard, T.; Hann, M. M.; Lewell, X.-O.; Watson, S. P.; Glaxo
Group Ltd. U.S. Patent 5,703,240, 1997. WO 9508549: Armour, D.
R.; Evans, B.; Middlemiss, D.; Naylor, A.; Pegg, N. A.; Vinader,
M. V.; Giblin, G. M. P.; Hubbard, T.; Hann, M. M.; Lewell, X.-O.;
Watson, S. P.; Glaxo Group Ltd. U.S. Patent 5,843,966, 1998. (g)
Hosokawa, S.; Sekiguchi, K.; Hayase, K.; Hirukawa Y.; Kobayashi,
S. Tetrahedron Lett.2000,41, 6435. (h) Corey, E. J.; Li, W.-D. Z.
Chem. Pharm. Bull.1999, 47, 1. (i) Corey, E. J.; Li, W.; Nagamitsu,
T. Angew. Chem., Int. Ed. Engl.1998, 37, 1676. (j) Matsumoto, Y.;
Akamatsu, S.; Ichihara, M.; Kawasaki, T.; Kaku, S.; Yanagigawa,
I.; Yamauouchi Pharmacetuical Co., Ltd. WO 9624583, 1996; U.S.
Patent 5,773,442, 1998.

(142) (a) Urban, F. J.;et al. Synth. Commun.1996, 26, 1629. (b) Urban,
F. J. U.S. Patent 5,359,068, 1994.

(143) (a) Min, B.-M. WO 9843601, EP 0976732. (b) Nishida, H.; Hosaka,
Y.; Miyazaki, Y.; Matsusue, T.; Mukaihira, T.; Watanabe, M. EP
1048652, WO 9933805. (c) Branch, C. L.; Johnson, C. N.; Stemp,
G. WO 9850364, EP 0983244. (d) Stokker, G. E.Tetrahedron Lett.
1996, 37, 5453. (e) Ryder, T. R.; Rafferty, M. F.; Hu, L.-Y.; Warner
Lambert. WO 9943658, U.S. Patent 6,251,919, 2001. (f) Taisho
Pharmaceutical Co., Ltd.; Asaka, T.; Kashimura, M.; Matsuura, A.;
Sugimoto, T.; Tankikawa, T.; Ishii, T.; Asamura, K. WO 9823628,
EP 0945459. (g) Scott, I. L.; Raju, B. G.; Biediger, R. J.; Grabbe,
V. O.; Kassir, J.; Keller, K. M.; Timothy, P.; Lin, Shuqun; Market,
R. V.; Texas Biotechnology Corporation, Inc. US 6,096,773, 2000;
WO 9952493, WO 9952898. (h) Ozaki, Satoshi-Banyu Pharmaceuti-
cal Co., Ltd; Kawamoto, Hiroshi-Banyu Pharmaceutical Co., Ltd.;
Ito, Yoshiki-Banyu Pharmaceutical Co., Ltd; Hirano, Kaori-944-13;
Hayashi, Kyoko-Banyu Pharmaceutical Co., Ltd.; Iwasawa, Yoshikazu-
Banyu Pharmaceutical Co., Ltd. EP 0990653, WO 9854168. (i) Naya,
A.; Owada, Y.; Saeki, T.; Ohwaki, K.; Iwasawa, Y. WO 9804554,
WP 0916668. (j) Henry, K. J.;et al. Drug Data Rep.1995, 17, 138.
(k) Smallheer, J. M.; Jadhav, P. K.; The DuPont Merck Pharmaceuti-
cal Company. US 5,760,029, 1998, 0888344, WO 9733887. (l)
Feenstra, R. W.; Van der Heijden, J. A.; Mos, J.; Long, S. K.; Visser,
G. M.; Kruse, C. G.; Van Scharrenburg, G. J. M.; Toorop, A. G.
WO 0029397. (m) Sikorski, J. A.; Durley, R. C.; Mischke, D. A.;
Reinhard, E. J.; Fobian, Y. M.; Tollefson, M. B.; Wang, L.;
Grapperhaus, M. L.; Hickory, B. S.; Massa, M. A.; Norton, M. B.;
Vernier, W. F.; Parnas, B. L.; Promo, M. A.; Hamme, A. T.; Spangler,
D. P.; Rueppel, M. L. WO 0018721 and WO 0018724. (n) Beight,
D. W.; Craft, T. J.; Denny, C. P.; Franciskovich, J. B.; Goodson, T.
J.; Hall, S. E.; Herron, D. K.; Joseph, S. P.; Klimkowski, V. J.;
Masters, J. J.; Mendel, D.; Milot, G.; Pineiro-Nunez, M. M.; Sawyer,
J. S.; Shuman, R. T.; Smith, G. F.; Tebbe, A. L.; Tinsely, J. M.;
Wier, L. C.; Wikel, J. H.; Wiley, M. R.; Yee, Y. K. WO 0039118.
(o) Eisai Co., Ltd.; Yamamoto, N.; Komatsu, M.; Suzuki, Y.;
Kawano, K.; Kimura, T.; Ito, K.; Nagato, S.; Norimine, Y.; Niidome,
T.; Teramoto, T.; Iimura, Y.; Hatakeyama, S.; Furuya, K. WO
0005210. (p) Williams, R. M. WO 0075135.

(144) (a) Zhang, H.-C.; Maryanoff, B. E; Pandey, A.; Scarborough, R. M.
WO 0100656. (b) Kimura, T.;et al. WO 0107406, 2001. Guntrip,
S. B.; et al. WO 9935146, 1999; EP 1047694. (c) Taylor, E. C.
Synthesis1981, 606. (d) Baxter, A. D.; Boyd, E. A.; Guicherit, O.
M.; Price, S.; Rubin, L. WO 0126644. (f) Wang, J.; Crocker, L.;
Cai, D. WO 0132656. (g) Kaneko, T.; Su, W.-G.; Wu, Y.-J. WO
0017218 and EP 1088828. (h) Collins, J. L.; Fivush, A. M.; Maloney,
P. R.; Stewart, E. L.; Wilson, T. M. WO 0224632. (i) Ho, K.-K.;
Baldwin, J. J.; Bohnstedt, A. C.; Kultgen, S. G.; McDonald, E.;
Morphy, J. R.; Rankovic, Z.; Horlick, R.; Appell, K. C. WO 0471445,
US 2004167119.

(145) Oxidation of tri-sec-butylborane requires a large excess of base (4-9
equiv) along with the hydrogen peroxide oxidant to completely
oxidize the boron-carbon bonds.

(146) Lu, Y.-F.; So, R.; Slemon, C.; Oudenes, J.; Ngooi, T.-K.; Torcan
Chemical Ltd. WO 9611186, 1996.

(147) Paioni, R.; Cibi-Geigy Corp. U.S. Patent 4,160,837, 1979; DE
2738477.

(148) (a) Moriarty, R. M.; Tuladhar, S. M.; Guo, L.; Wehrli, S.Tetrahedron
Lett. 1994, 35, 8103. (b) Moriarty, R. M.; Enache, L. A.; Kinney,
W. A.; Allen, C. S.; Canary, J. W.; Tuladhar, S. M.; Guo, L.

Tetrahedron Lett.1995, 36, 5139. (c) Moriarty, R. M.;et al. WO
9419366. (d) Pechulis, A. D.; Bellevue, F. H.; Cioffi, C. L.; Trapp,
S. G.; Fojtik, J. P.; McKitty, A. A.; Kinney, W. A.; Frye, L. L.J.
Org. Chem.1995, 60, 5121.

(149) Kinney, W. A.; Jones, S.; Zhang, X.; Rao, M. N.; Bulliard, M.;
Meckler, H.; Lee, N. WO 9824800, 1998.

(150) Romanczyk, L. J., Jr.; Lippman, M. E.;et al. WO 9919319.
(151) (a) Bisacchi, G. S.; Singh, J.; Godfrey, J. D.; Kissick, T. P.; Mitt,

T.; Malley, M. F.; Di Marco, J. D.; Gougoutas, J. Z.; Mueller, R.
H.; Zahler, R.J. Org. Chem.1995, 60, 2902. (b) Bisacchi, G. S.;
Mitt, T. E. R.; Squibb & Sons. EP 0579421, U.S. Patent 5,306, 837,
1994.

(152) Urban, F. J.; Jasys, V. J.Org. Process Res. DeV. 2004, 8, 169.
(153) Umino, T.; Minakawa, N.; Matsuda, A.Tetrahedron Lett.2000, 41,

6419.
(154) Bode J. W.; Carreira, E. M. J. Org. Chem. 2001, 66, 6410.
(155) (a) Roth, B. D.; Warner-Lambert Co. EP 0409281, U.S. Patent

5,273,995, 1993. (b) Nesbitt, R. U.; Mills, N.; Muhammad, N. A.;
Weiss, J.; Warner-Lambert Co. EP 0680320, U.S. Patent 5,686,104,
1997; WO 9416693, 1994. (c) Zeller, J.; Nelson, J.; Chiral USA,
Oct. 21, 2003. (d) Butler, D. E.; Nanninga, T. N.; Le, T. V.; Warner-
Lambert Co. US 5,298,627, 1994. (e) Brower, P. L.; Butler, D. E.;
Deering, C. F.; Le, T. V.; Millar, A.; Nanninga, T. N.; Roth, B. D.
Tetrahedron Lett.1992, 33, 2279. (f) Baumann, K. L.; Butler, D.
E.; Deering, C. F.; Mennen, K. E.; Millar, A.; Nanninga, T. N.;
Palmer, C. W.; Roth, B. D.Tetrahedron Lett.1992, 33, 2283. (g)
Neuenschwander, K. W.; Regan, J. R.; Kosmider, B. J.; Rorer
Pharmaceutical Corp. EP 0403487, U.S. Patent 4,863,957, 1989; WO
8905639, 1989.

(156) (a) Kathawala, F.; Sandoz Pharmaceutical Corp. WO 8402131, US
4,739,073, 1988. (b) Kapa, P. K.; Sandoz, Inc. US 4,571,428, 1986.
(c) Repic, O.; Prasad, K.; Lee, G. T.Org. Process Res. DeV. 2001,
5, 519.

(157) (a) Angerbauer, R.; Fey, R.; Hubsch, W.; Phillips, T.; Bischoff, H.;
Petzinne, D.; Schmidt, D.; Tomas, G.; Bayer AGEP 0325130, U.S.
Patent 5,006,530, 1991; U.S. Patent 5,169,857, 1992. (b) Angerbauer,
R.; Fey, R.; Hubsch, W.; Phillips, T.; Bischoff, H.; Petzinne, D.;
Schmidt, D.; Tomas, G.; Bayer AG. US 5,177,080, 1993, EP
0491226.

(158) (a) Hirai, K.; Ishiba, T.; Koike, H.; Wantanabe, M.; Shionogi. US
5,260,440, 1993, EP 0521471. (b) Kumar, Y.; De, S.; Rafeeq, M.;
Meeran, H. N. P. N.; Sathyanarayana, S. WO 0397614. (c) Bauer,
M.; Maier, M. D. Org. Lett.2002, 4, 2205.

(159) (a) Neuenschwander, K. W.; Regan, J. R.; Kosmider, B. J.; Rorer
Pharmaceutical Corp. EP 0403487, WO 8905639, 1989. (b) Neuen-
schwander, K. W.; Regan, J. R.; Kosmider, B. J.; Rorer Pharmaceuti-
cal Corp. US 4,863,957, 1989.

(160) (a) Gunter, B.;et al. JP 1994025092. (b) Miyachi, N.; Yanagawa,
Y.; Iwasaki, H.; Ohara, Y.; Hiyama, T.Tetrahedron Lett.1993, 34,
8267. (c) Suzuki, M.; Yanagawa, Y.; Iwasaki, H.; Kanda, H.;
Yanagihara, K.; Matsumoto, H.; Ohara, Y.; Yazaki, Y.; Sakoda, R.
Bioorg. Med. Chem. Lett.1999, 9, 2977.

(161) Festal, D.; Nioche, J.-Y.; Descours, D.; Bellemin, R.; Decerprit, J.;
Lipha Sante. US 5,082,859, 1992; US 5,183,924, 1993.

(162) Evans, D. A.; Chapman, K. T.; Carreira, E. M.J. Am. Chem. Soc.
1988, 110, 3560.

(163) Paterson, I.; Delgado, O.; Florence, G. J.; Lyothier, I.; Scott, J. P.;
Sereinig, N.Org. Lett.2003, 5, 35.

(164) Gribble, A. D.; Groot, P. H. E.; Shaw, A. N.; Dolle, R. E. US Patent
5447954, 1994; WO 9322304.

(165) Turnbull, M. D.; Hatter, G.; Ledgerwood, D. E.Tetrahedron Lett.
1984, 25, 5449.

(166) Honda, T.; Mizutani, H.Heterocycles1998, 48, 1753.
(167) Williams, D. R.; Osterhout, M. H.J. Am. Chem. Soc.1992, 114,

8750.
(168) Haight, A. R.; Stuk, T. L.; Allen, M. S.; Bhagavatula, L.; Fitzgerald,

M.; Hannick, S. M.; Kerdesky, F. A. J.; Menzia, J. A.; Parekh, S. I.;
Robbins, T. A.; Scarpetti, D.; Tien, J.-H. J.Org. Process Res. DeV.
1999, 3, 94.

(169) Fortunato, J. M.; Ganem, B.J. Org. Chem.1976, 41, 2194.
(170) Martin, H. J.; Drescher, M.; Mulzer, J. Angew. Chem., Int. Ed. Engl.

2000, 39, 581.
(171) (a) Chaplin, D. A.; Johnson, N. B.; Paul, J. M.; Potter, G. A.

Tetrahedron Lett.1998, 39, 6777. (b) Küenburg, B.; Czollner, L.;
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S.; Röckel-Stäbler, O.; Trussardi, R.; Zwahlen, A. G.Org. Process
Res. DeV. 1999, 3, 266.

(229) Zanka, A.; Nishiwaki, M.; Morinaga, Y.; Inoue, T.Org. Process Res.
DeV. 1998, 2, 230.

CR0406918

2650 Chemical Reviews, 2006, Vol. 106, No. 7 Burkhardt and Matos


