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1

COMPOSITIONS AND METHODS FOR
REDUCTION OF KETONES, ALDEHYDES
AND IMINIUMS, AND PRODUCTS
PRODUCED THEREBY

BACKGROUND

The reduction of carbonyl groups is one of the most
significant chemical transformations in chemistry, giving
access to a plethora of products from simple starting mate-
rials.[20] The development of chiral reducing agents has
given access to asymmetric products[20a], including the
crucially important optically pure secondary alcohols, from
prochiral ketones.[21] Commonly available reducing agents
have some drawbacks. Aluminohydrides and trialkylboro-
hydrides decompose rapidly in protic solvents, such as
alcohols. NaBH,, reacts only slowly with protic solvents, but
dissolves poorly in nonpolar solvents. More powerful reduc-
ing agents, such as LiAlH,, are not particularly selective or
tolerant of functional groups. Transition metal-based reduc-
tants share these drawbacks: many are too expensive for
large-scale syntheses, and those useful for asymmetric syn-
thesis are difficult to prepare and handle. Reducing organic
carbonyls stereoselectively/stereospecifically to give chiral
alcohols is a regularly sought goal, using expensive transi-
tion metal based reductants,[43] or the CBS catalyst using
boron-based reagents,[49] although one intriguing case
employing trialkoxysilanes and Lewis bases has appeared.
[44]

Hydrosilanes are also versatile reducing agents for a
variety of organic functionalities[2] including aldehydes[3]
and ketones.[4] Similar to the pervasive borohydrides, the
Si—H bond is polarized towards the hydrogen allowing
silanes to serve as mild sources of hydride. Silanes are
readily and cheaply available, as silicon is the second most
abundant element in the earth’s crust. Despite this signifi-
cant advantage with respect both to environmental friendli-
ness and cost as compared to borohydrides, the synthetic
community has not yet developed a widely applied, opera-
tionally simple, mild, cheap, bench top method for the
reduction of carbonyl groups using silanes.

The main reason for this state of affairs is that silane
reactivity is difficult to tune. While alkylsilanes (such as
triethylsilane) are generally easy to handle,[5] they require
forceful activation in the form of a Brensted acid,[6] Lewis
acid,[7] Lewis base,[8] or transition metal[9] in the reaction
mixture; the method by which these additives catalyze the
reaction varies, but their presence is vital to enhance the
hydridic nature of the hydrosilane. Silanes bearing more
electronegative substituents (such as alkoxy or halide) or
multiple hydrides are more reactive, allowing for the devel-
opment of many excellent methods, yet simultaneously
making them difficult—or at least inconvenient—to handle.
[10] For example, Nikinov and co-workers described a
useful and economical method to reduce carbonyls to alco-
hols using the readily available polymethylhydrosiloxane
(PMHS) with catalytic hydroxide in a sealed vial within a
glovebox; this method necessitates the use of a carefully
sealed reaction vessel and moisture-free techniques as the
active reducing agent is the volatile and highly reactive
SiR,.[11] Silane reduction of aldehydes are frequently
accompanied by the formation of symmetric ethers or,
particularly in the case of aryl aldehydes, deoxygenated
products.[16] While methods have been developed to con-
trol the product ratios in known systems, application to
novel molecules requires optimization on a case-by-case
basis.
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Silatranes are characterized as caged structures, in which
the nitrogen atom donates its lone pair of electrons to form
a pentacoordinate silicon.[29] Since their discovery in the
1960s,[30] they have been extensively studied for myriad
uses.[31] 1-Hydrosilatrane (1) has been less studied than
other silatranes due to its anomalous physical properties and
its challenging synthesis. However, it is an ideal candidate
as a reducing agent due to its pentacoordinate silicon atom
and its relatively high stability with respect to other silanes.
[32]

In 1976, Eaborn and co-workers reported the use of
1-hydrosilatrane (1) as a reducing reagent.[12] These reac-
tions provided poor yield and required forcing conditions. In
more detail, the reductions of aldehydes and ketones carried
out by Eaborn and co-workers were all carried out at a
temperature of 140-180° C., for a time of 22-72 hours. The
solvents were xylene, benzene and diethylene glycol diethyl
ether. The reduction carried out in diethylene glycol diethyl
ether at a temperature of 180° C. with an 8-fold excess of
1-hydrosilatrane, resulted in a yield of 70%; the other two
reductions of an aldehyde and a ketone produced yields of
32 and 46%, respectively. Since Eaborn and co-workers
disclosed this finding, the enhanced reactivity of hydrosila-
trane has been discussed several times in the literature.|2,
15]

N

-
S //Si \Q
H

In silatranes the lone pair of the nitrogen—fixed directly
opposed to the axial substituent—has been shown to donate
into the o* orbital of the axial substituent.[13] It is presum-
ably by this mechanism that the hydrosilatrane is activated,
with the intramolecular coordination of the nitrogen playing
the role of a Lewis base additive. Similar types of intramo-
lecular activation of hydrosilanes have been demonstrated.
[14] Because of their structural rigidity, silatranes exhibit
remarkable stability when compared to both other pentava-
lent silanes and other silyl orthoesters.

SUMMARY

In a first aspect, the present invention is a method of
producing an alcohol, comprising reducing an aldehyde or a
ketone with a hydridosilatrane. The reducing is carried out
with an activator.

In a second aspect, the present invention is a method of
producing an alcohol, comprising reducing an aldehyde or a
ketone with a hydridosilatrane in water.

In a third aspect, the present invention is a method of
producing a pharmaceutical compound, comprising forming
an alcohol by the method of the prior aspects, and forming
the pharmaceutical compound from the alcohol.

In a fourth aspect, the present invention is a method of
producing an amine by reductive amination, comprising
reacting an aldehyde or a ketone, with an amine and a
hydridosilatrane.

In a fifth aspect, the present invention is a method of
producing an amine, comprising reducing an iminium with
a hydridosilatrane.
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In a sixth aspect, the present invention is a kit, comprising
(1) a hydridosilatrane in a first container, (2) an activator in
a second container, and (3) a package. The first container and
the second container are in the package.

In a seventh aspect, the present invention is a hydridosi-
latrane. The hydridosilatrane is chiral and comprises a bulky
group comprising 4 to 12 carbon atoms.

Definitions

Hydridosilatranes are compounds of formula (I) or for-
mula (II), wherein each R'-R'? are independently selected
from H, OH, OR", NR™R*’, aryl, alkyl and alkenyl, and
R'3, R and R'® are each independently selected from H,
OH, aryl, alkyl and alkenyl; and pairs of R groups which are
bonded to the same carbon atom, together with the carbon
atom, form a carbonyl group (C—0). Examples of hydri-
dosilatranes are shown in FIG. 8.

@

an

A prochiral ketone means a ketone where the groups
bonded to the carbon of the carbonyl group (C—O0) are
different.

A prochiral iminium means an iminium where the groups
bonded to the carbon of the iminium group (C—N) are
different.

An aryl carbonyl or aromatic carbonyl is a compound
which contains a carbonyl group directly attached to an
aromatic ring. An alkyl carbonyl is a compound which
contains a carbonyl directly attached to an alkyl group. Such
compounds include ketones and aldehydes.

An aromatic ring or aryl group refers to any aromatic
carbocyclic or heteroaromatic group, preferably of 3 to 10
carbon atoms. The aromatic ring or aryl group can be
monocyclic (for example, phenyl (or Ph)) or polycyclic (for
example, naphthyl) and can be unsubstituted or substituted.
Preferred aryl groups include phenyl, naphthyl, furyl, thie-
nyl, pyridyl, indolyl, quinolinyl or isoquinolinyl.

Alkyl (or alkyl- or alk-) refers to a substituted or unsub-
stituted, straight, branched or cyclic hydrocarbon chain,
preferably containing from 1 to 20 carbon atoms. More
preferred alkyl groups are alkyl groups containing from 2 to
10 carbon atoms. Preferred cycloalkyls have from 3 to 10,
preferably 3 to 6, carbon atoms in their ring structure.
Suitable examples of unsubstituted alkyl groups include
methyl, ethyl, propyl, isopropyl, cyclopropyl, butyl, iso-
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4
butyl, tert-butyl, sec-butyl, cyclobutyl, pentyl, cyclopentyl,
hexyl, and cyclohexyl. Alkylaryl and alkylheterocyclic
groups are alkyl groups covalently bonded to an aryl or
heterocyclic group, respectively.

Alkenyl refers to a substituted or unsubstituted, straight,
branched or cyclic, unsaturated hydrocarbon that contains at
least one double bond, and preferably 2 to 20, more pref-
erably 2 to 10, carbon atoms. Exemplary unsubstituted
alkenyl groups include ethenyl (or vinyl)(—CH CH—CH,),
1-propenyl, 2-propenyl (or allyl)(—CH,—CH—CH,), 1,3-
butadienyl (—CH—CHCH—CH,), 1-butenyl
(—CH—CHCH,CHs;), hexenyl, pentenyl, 1,3,5-hexatrie-
nyl, and the like. Preferred cycloalkenyl groups contain 5 to
8 carbon atoms and at least one double bond. Examples of
cycloalkenyl groups include cyclohexadienyl, cyclohexenyl,
cyclopentenyl, cycloheptenyl, cyclooctenyl, cyclohexadi-
enyl, cyclopentadienyl, and cyclooctatrienyl.

Substituted means that the moiety contains at least one,
preferably 1 to 3, substituent(s). Suitable substituents
include hydroxyl (—OH), amino (—NH,), oxy (—O—),
carbonyl (—CO—), thiol, alkyl, alkenyl, alkynyl, alkoxy,
halo, nitrile, nitro, aryl and heterocyclic groups. These
substituents can optionally be further substituted with 1 to 3
substituents. Examples of substituted substituents include
carboxamide, alkylmercapto, alkylsulphonyl, alkylamino,
dialkylamino, carboxylate, alkoxycarbonyl, alkylaryl,
aralkyl, and alkylheterocyclic. Two or more substituents
may be attached together, to form rings or clusters. Further-
more, a single substituent may be a substituent to multiple
compounds, for example two hydridosilatranes may be
attached to a single substituent to for a dimer, or many
hydridosilatranes could be attached to a single polymer
change. Also included as substituents are solid supports,
surfaces and polymers, for example polystyrene beads and
particles, and glass surfaces.

A bulky group is a substituent having 3 or more carbon
atoms, such as 4 to 12 carbon atoms, preferably branched.

A pharmaceutical compound is an organic compound
which has a biological effect and may be used to treat or
prevent a disease or condition. Examples include dorzol-
amide (TRUSOPT®; (4S,65)-4-(ethylamino)-6-methyl-7,7-
dioxo-5,6-dihydro-4H-thieno[ 2,3-b]thiopyran-2-sulfona-
mide; administered as dorzolamide hydrochloride)[48],
rosuvastatin (CRESTOR®; (3R,5S,6E)-7-[4-(4-fluorophe-
nyl)-2-(N-methylmethanesulfonamido)-6-(propan-2-yl)py-
rimidin-5-yl1]-3,5-dihydroxyhept-6-enoic acid; administered
as rosuvastatin calcium), duloxetine (CYMBALTA®; (+)-
(S)—N-Methyl-3-(naphthalen-1-yloxy)-3-(thiophen-2-y1)
propan-1-amine; administered as duloxetine hydrochloride),
fluticasone propionate (S-(fluoromethyl)-6c.,9-difluoro-11p,
17-dihydroxy-16c-methyl-3-oxoandrosta-1,4-diene-17f3-
carbothioate, 17-propanoate; administered in combination
with salmeterol xinafoate (ADVAIR DISKUS®)), atorvas-
tatin (LIPITOR®; (3R,5R)-7-[2-(4-Fluorophenyl)-3-phe-
nyl-4-(phenylcarbamoyl)-5-propan-2-ylpyrrol-1-y1]-3,5-di-
hydroxyheptanoic acid; administered as atorvastatin
calcium), chloramphenicol (chloromycetin; 2,2-dichloro-N-
[1,3-dihydroxy-1-(4-nitrophenyl)propan-2-yl]acetamide;
administered as chloramphenicol sodium succinate), indina-
vir (CRIXIVAN®; (2S)-1-[(2S,4R)-4-benzyl-2-hydroxy-4-
{[(18,2R)-2-hydroxy-2,3-dihydro-1H-inden-1-yl]
carbamoyl } butyl]-N-tert-butyl-4-(pyridin-3-ylmethyl)pip-
erazine-2-carboxamide; administered as indinavir sulfate),
entecavir (BARACLUDE®; 2-Amino-9-[(18S,3R,4S)-4-hy-
droxy-3-(hydroxymethyl)-2-methylidenecyclopentyl]-6,9-
dihydro-3H -purin-6-one; administered as entecavir mono-
hydrate), and bedaquiline (SIRTURO®; (1R,2S)-1-(6-
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Bromo-2-methoxy-3-quinolyl)-4-dimethylamino-2-(1-
naphthyl)-1-phenylbutan-2-ol; administered as bedaquiline
fumarate).

All percentages are mole percent, unless indicated other-
wise. Enantiomeric excess (ee) is defined as the difference in
mole percent of the two enantiomer; for example if two

enantiomers are produced in an 80%/20% ration from a
reaction, then ee=80%-20%=60%.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates reduction reactions using commonly
used silane reducing reagents and hydrosilatrane (1).

FIG. 2 illustrates the products and yields of reductions of
heteroatom-containing and polycyclic aryl aldehydes.

FIG. 3 illustrates a reaction scheme for reduction of an
aliphatic aldehyde.

FIG. 4 and FIG. 5 illustrate yields of reductions of various
ketones.

FIG. 6 illustrates steric effects during reduction of men-
thone using hydrosilatrane (1).

FIG. 7 illustrates a reaction scheme for an enantioselec-
tivity reduction of a prochiral ketone using a chiral activator.

FIG. 8 illustrates examples of hydridosilatranes.

FIG. 9 illustrates reaction schemes for preparing trietha-
nolamines from commercially available triethanolamines.

FIG. 10 illustrates yields of reductive amination of vari-
ous aldehydes (0.5M CHCl;, 60° C., 15-72 h).

DETAILED DESCRIPTION

The present invention makes use of hydridosilatranes as
reducing agents for carbonyl and iminium groups (C—N),
such as aryl and alkyl carbonyls, aryl and alkyl iminiums,
including aldehydes and ketones. Unlike other active reduc-
ing agents, the reductions are often tolerant of moisture and
air. The reductions may optionally be carried out with an
activator, such as a Lewis acid, Lewis base, and Brensted
acid. The reaction may be carried out in a variety of solvent;
surprisingly the solvent may be water, and an activator is
optional. The reduction is sensitive to steric effects, and
provides stereoselective reduction when bulky groups are
present within one carbon atom () to the carbonyl or
iminium carbon. Furthermore, with the use of a chiral
activator, such as an amino alkoxide, enantioselective reduc-
tions may also be carried out. Alternatively, a chiral hydri-
dosilatrane may also be used to carry out enantioselective
reductions.

Hydridosilatranes are compounds of formula (I) or for-
mula (II), wherein each R'-R'? are independently selected
from H, OH, OR'?, NR™R'%, aryl, alkyl and alkenyl, and
R'3, R and R'® are each independently selected from H,
OH, aryl, alkyl and alkenyl; and pairs of R groups which are
bonded to the same carbon atom, together with the carbon
atom, form a carbonyl group (C—0). Examples of hydri-
dosilatranes are shown in FIG. 8.
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-continued
1D

§ R 12
3 /

Rore R

Preferred hydridosilatranes include those of formulas (I)
and (II), wherein R?>, R* R’ R®, R and R'? are H.
Preferably, all but a single R group chosen from R” (y=1 to
12 in formula (I) or y=3, 4, 7, 8, 11 and 12 in formula (II))
are H. Alternatively all but three R groups chosen from R”
(y=1to 12 in formula (I) or y=3, 4, 7, 8, 11 and 12 in formula
(II)) are H, and preferably chosen from —(CH,),SO;H,
—(CH,),NH, and —(CH,) OH, where x is an integer from
0 to 6, including 1, 2, 3, 4 and 5; and more preferably the
non-H R groups are the same. In another variation, the
hydridosilatranes have C3 symmetry. Compound 1 corre-
sponds to all R groups being H. For asymmetric syntheses,
preferably the hydridosilatrane is chiral, preferably with at
least one R group chosen from R” (y=1 to 12 in formula (I)
or y=3, 4, 7, 8, 11 and 12 in formula (II)) being a bulky
group, including 2,3, 4,5, 6,7, 8,9, 10, 11 or 12 being bulky
groups in formula (1), or 2, 3, 4, 5 or 6 being bulky groups
in formula (II). Combinations of hydridosilatranes may also
be used.

Additional examples of hydridosilatranes include those of
formula (I) where 1, 2 or 3 pairs of R groups chosen from
R” (y=1 to 12) which are bonded to the same carbon atom,
together with the carbon atom, form a carbonyl group
(C=0); and a single R group chosen from R” (y=1t0 12 in
formula (I) or y=3, 4, 7, 8, 11 and 12 in formula (II)) are
—OH, —NH,, —NO, or —SO;H. Each of these hydridosi-
latranes would be expected to have improved solubility in
polar solvents, especially water. Other examples include
hydridosilatranes where one to all R groups chosen from R”
(y=1to 12 in formula (I) or y=3, 4, 7, 8, 11 and 12 in formula
(II)) are t-Bu, —CH,, or —CF;.

In a further variation, any of the different hydridosila-
tranes described above which have 3, 6, 9, or 12 R groups
which are not H, may have C3 symmetry. Combinations of
any of the different hydridosilatranes described above may
also be used.

Hydridosilatranes of formulas (I) and (II) may be formed
from a triethanolamine via a corresponding boratrane, using
a synthesis similar to that used to prepare compound 1. For
example, a triethanolamine may be reacted with boric acid
in water; removal of the water by heating may be used to
isolate the corresponding boratrane. After purification of the
boratrane, for example by recrystallization, it may be reacted
with triethoxysilane optionally in the presence of a strong
Lewis acid (for example, AlCl;_), in a refluxing solvent (for
example, xylene) to form a silatrane. The silatrane may be
purified by recrystallization from a non-polar solvent, such
as xylene.

Many different triethanolamines are commercially avail-
able (see below) or may be formed from commercially
available triethanolamines (FIG. 9), optionally with the use
of a protecting group for —OH groups of the trietha-
nolamine. Additional guidance may be found in the litera-
ture.[45, 46, 47]
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Examples of commercially available triethanolamines
include:

(7) Bicene (N,N-bis(2-hydroxyethyl)glycine) (Acros
Organics, Thermo Fisher Scientific, New Jersey),

HO\/\ N /\/OH

OH

®) N-(carboxymethyl)-N-(2-hydroxymethyl)glycine
(Sigma-Aldrich, St. Louis, Mo.),

HOW(\ N /\/OH

(6]
OH

(9) Nitrilotriacetic acid (Acros Organics, Thermo Fisher
Scientific, NJ),

HO OH
Y\ N /\’(
(6] (6]

OH

(10)  3-[bis(2-hydroxymethyl)amino]-2-hydroxy-1-pro-
panesulfonic acid (Alfa-Aesar, Thermo Fisher Scientific,
ND),

10
HO

N/\/OH
<~OH

(11) 2-hydroxy-N,N-bis(2-hydroxyethyl)acetamide
(Alfa-Aesar, Thermo Fisher Scientific, NJ),

HO,S

11

0
HO\/\N )‘\/OH
<—OH

Additional commercially available triethanolamines
include (12) 1-amino-3-[bis(2-hydroxyethyl)amino]-2-pro-
panol and (13) 1-[bis(2-hydroxyethyl)amino]-3-dimethyl-
amino-2-propanol (FCH Group, Chernigiv, Ukraine).
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HO\/\N/\/OH

H,N OH

13

HO\/\N/\/OH

Me,N OH

The triethanolamines above that contain carbonyl func-
tionality may be chemically transformed into other hydro-
philic functional groups, which would likely further increase
water solubility of the corresponding hydridosilatranes
(FIG. 9).

A variety of solvents may be used for the reduction
reaction, preferably polar solvents. Unlike many other
reducing agents, when using hydridosilatranes there is typi-
cally no need for drying, degassing solvents or sealing
reactions away from air. However, in some cases it may be
desirable to limit exposure of the reactants to air and/or
exclude water to prevent competing reactions, such as the
oxidation of aldehydes to corresponding carboxylic acids.
Examples of polar solvents include dimethylformamide
(DMF); tetrahydrofuran (THF); acetonitrile; dichlorometh-
ane (DCM); and alcohols such as methanol, ethanol, n-pro-
panol, i-propanol, and ethylene glycol. Non-polar solvents
may also be used, including ethers (such as diethyl ether, and
diglyme) and alkanes (such as hexane), but they are less
desirable.

Surprisingly, water may also be used as a solvent.
Although hydridosilatranes may decompose in water, the
decomposition reaction may be slow compared to the reduc-
tion of aldehydes and ketones. Using hydridosilatranes that
contain one or more hydrophilic groups, such as —OH,
—NH,, —0, —NO, and/or —SO;H may improve water
solubility and improve the yield of the reduction reaction.
Reductions carried out in water may be carried out with, or
without, an activator. Optionally, the water may include
salts, such as NaCl, KCl, MgCl, and/or CaCl,, and in such
cases use of a saturated solution of the salt may be desirable.

The use of an activator, such as a Lewis acid, Lewis base,
and Bremnsted acid is desirable (the oxygen of an ether is not
considered to be a Lewis base). Preferably, the activator is
a strong base, such as alkali or alkaline earth metal hydrox-
ides, for example sodium hydroxide, potassium hydroxide,
and calcium hydroxide; alkoxides, such as potassium t-bu-
toxide and sodium menthoxide; amino alkoxides, such as
sodium 1,2-diphenyl-, 2-amino ethoxide; and amide bases,
(NR“R?)~ where R* and R? are independently alkyl or aryl,
such as dialkyl amides (for example, lithium diisopropyl
amide). In some cases it may be desirable to form the
activator in situ by reaction of an alcohol (including amine
alcohol) with a hydride, such as NaH. Combinations of
activators may also be used. Amines, carbonates and metal
salts were not effective as activators for reductions using
1-hydrosilatrane (1).

Enantioselective reduction of prochiral ketones to form
chiral alcohols may be carried out by using a chiral activator.
Preferably, the chiral activator is an alkoxide of an amino
alcohol, such as sodium 1,2-diphenyl-, 2-amino ethoxide.
For example, an important intermediate of many pharma-
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ceutical compounds are chiral alcohols. Reduction of a
prochiral ketone using a hydridosilatrane with a chiral
activator will produce a chiral alcohol, which may then be
used to form a pharmaceutical compound. Alternatively,
reduction of a prochiral ketone or prochiral iminium using a
chiral hydridosilatrane will produce a chiral alcohol or chiral
amine, respectively, which may then be used to form a
pharmaceutical compound. Example of such pharmaceutical
compounds include dorzolamide (TRUSOPT®; (4S,6S)-4-
(ethylamino)-6-methyl-7,7-dioxo-5,6-dihydro-4H-thieno|[ 2,
3-b|thiopyran-2-sulfonamide; administered as dorzolamide
hydrochloride), rosuvastatin (CRESTOR®; (3R,5S,6E)-7-
[4-(4-fluorophenyl)-2-(N-methylmethanesulfonamido)-6-
(propan-2-yl)pyrimidin-5-yl1]-3,5-dihydroxyhept-6-enoic
acid; administered as rosuvastatin calcium), duloxetine
(CYMBALTA®; (+)-(S)—N-Methyl-3-(naphthalen-1-
yloxy)-3-(thiophen-2-yl)propan-1-amine; administered as
duloxetine hydrochloride), fluticasone propionate (8-(fluo-
romethyl)-6a.,9-difluoro-11,17-dihydroxy-16ca-methyl-3-
oxoandrosta-1,4-diene-17p-carbothioate,  17-propanoate;
administered in combination with salmeterol xinafoate (AD-
VAIR DISKUS®)), atorvastatin (LIPITOR®; (3R,5R)-7-[2-
(4-Fluorophenyl)-3-phenyl-4-(phenylcarbamoyl)-5-propan-
2-ylpyrrol-1-yl1]-3,5-dihydroxyheptanoic acid; administered
as atorvastatin calcium), chloramphenicol (chloromycetin;
2,2-dichloro-N-[1,3-dihydroxy-1-(4-nitrophenyl)propan-2-
yl]acetamide; administered as chloramphenicol sodium suc-
cinate), indinavir (CRIXIVAN®; (2S)-1-[(2S,4R)-4-benzyl-
2-hydroxy-4-{[(1S,2R)-2-hydroxy-2,3-dihydro-1H-inden-
1-yl]carbamoyl}butyl]-N-tert-butyl-4-(pyridin-3-ylmethyl)
piperazine-2-carboxamide; administered as indinavir
sulfate), entecavir (BARACLUDE®; 2-Amino-9-[(1S,3R,
48)-4-hydroxy-3-(hydroxymethyl)-2-methylidenecyclopen-
tyl]-6,9-dihydro-3H-purin-6-one; administered as entecavir
monohydrate), and bedaquiline (SIRTURO®; (1R,28)-1-(6-
Bromo-2-methoxy-3-quinolyl)-4-dimethylamino-2-(1-
naphthyl)-1-phenylbutan-2-ol; administered as bedaquiline
fumarate). Preferably such enantioselective reduction reac-
tions result in an ee of at least 20%, more preferably at least
40%, and most preferably at least 60%.

Preferably, the reductions are carried at a temperature of
at most 100° C., more preferably at a temperature of at most
80° C., even more preferably at a temperature of at most 60°
C.; lower temperatures may be desirable for reduction of
aldehydes and ketones, such as a temperature of at most 40°
C., even more preferably a temperature of at most 20° C. In
some cases, it may be desirable to use a temperature of at
most 0° C., or even a temperature of at most —20° C. Most
reduction reactions may be carried out at room temperature
(about 25° C.). Preferably, the reduction reactions are carried
out at a temperature of 0 to 100° C. Preferably, yields of the
alcohols or amines are at least 50%, more preferably at least
60%, even more preferably at least 70%, still more prefer-
ably at least 71%, still more preferably at least 75%, still
more preferably at least 80%, still more preferably at least
85%, still more preferably at least 90%, still more preferably
at least 95%, still more preferably at least 98%, still more
preferably at least 99% and most preferably 100%, based on
the aldehyde, ketone or iminium. In some cases the reduc-
tion reaction may be catalytic for the activator, or a molar
ration of the activator, to the aldehyde or ketone, is less than
1, more preferably at most 0.5.

The reduction of aldehydes, ketones and iminiums using
hydridosilatranes is sensitive to steric effects, and provide
stereoselective reductions when bulky groups are present
within one carbon atom of the carbonyl carbon of the ketone
(that is, 13 position for the bulky group). Preferably, the
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ketone is a chiral ketone, and one of the two diastereomers
will predominate in the reduction products.

The reduction of iminiums using hydridosilatranes is
preferably carried out without activators. Such a reaction
allows for the one-pot direct reductive amination of an
aldehydes or ketones: an amine may react with the carbonyl
group, to form an iminium, which is then reduced to an
amine by the hydridosilatranes. FIG. 10 illustrates yields of
reductive amination of various aldehydes (0.5M CHCl,;, 60°
C., 15-72 h).

A kit contain a hydridosilatrane, together with an activa-
tor, each in separate containers, may be provided. In such a
kit, the activator is preferably sodium hydroxide, potassium
hydroxide, or t-BuOK.

EXAMPLES

Example 1

Reduction of Aldehydes

Hydrosilatrane is easy to access from inexpensive com-
mercially available substrates and is stable to open air and
ambient moisture: 1-hydrosilatrane has been prepared on a
multi-gram scale and stored in a snap-top vial that was
frequently uncapped for use without any special handling,
and under these conditions no detectable degradation
occurred over the several-month period of the study. For
these reasons, silatrane is an attractive option for a mild and
user-friendly reducing reagent and we desired to explore the
scope for wider application.

We were unable to reproduce the results of Eaborn and
co-workers using either the original or slightly modified
conditions.

0.002M in xylene,
H 1(4eq.),

reflux, 0.5 h
HO

OH

HO

3a
Eaborn, et. al: 32% yield
in our hands: 0% conversion

We chose to examine the reduction of para-anisaldehyde
for several reasons: (a) the resulting alcohol has a high
enough boiling point to be isolated from high boiling
solvents, (b) we believed such electron-rich aryl aldehydes
would be more challenging to reduce, and (c¢) we did not
envision any side reaction with aryl-alkyl ethers. This sub-
strate indeed served as a good model reaction.

Solvent screening (Table 1) showed that both DMF and
THF were viable solvents for the conversion of 2b to 3b.
Solvents were taken directly from a bottle as acquired from
the manufacturer and the reaction was set up in an open
vessel on the benchtop.
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H 0.1IM, 1 (1.5 eq.),
_—
NaOH, RT,0.5h

MeO
2b
OH
MeO
3b
TABLE 1
Solvent screening for the reduction of para-
anisaldehyde (2b) with hydrosilatrane (1).
Yield”
Entry Solvent [%]
1 DMF 95
2 THF 87
3 diethyl ether 3
4 acetonitrile 30
5 hexane 3
6 methanol 35
7 dichloromethane 81
“Yield determined by NMR spectroscopy.

We next focused on identifying the mildest possible base
to enable the activation of silatrane (Table 2). While both
sodium and potassium hydroxide efficiently enabled the
conversion of para-anisaldehyde to the corresponding alco-
hol, no reaction occurred in the presence of other ionic
bases. Additionally, basic amines (primary, secondary, and
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TABLE 2-continued

Additive screening for the reduction of para-anisaldehyde
(2b) with hydrosilatrane (1) in DMF.

Time  Yield

Entry Solvent Additive Equiv. of additive (h) (%)
7 DMF NEt, 1.5 1 0

8 DMF CaCl, 1.5 24 0

9 THF NaOH 30 0.5 87

10 THF NaHCO, 10 1 0
11 THF Na,CO, 10 1 0
12 THF HCO,Na 1.5 1 0

To demonstrate the unique properties of the silatrane with
regard to stability and reactivity, the reaction was attempted
with commonly used silane reducing reagents (FIG. 1). The
first, triethoxysilane, is a highly reactive species that unsur-
prisingly quickly degraded in the open-air (and hydroxide-
containing) solution following partial reduction of the alde-
hyde. The second, triethylsilane, is a mild and well-behaved
reducing agent, which as expected did not undergo any
detectable reaction with the aldehyde under the conditions
for the observed period of four hours. The reaction pro-
ceeded vigorously and relatively well under the conditions
using PMHS (85%), but in the open-air environment sila-
trane was a more effective reductant.

Finally, the generality of the method was explored: the
optimized conditions were applied to a range of commer-
cially available and/or readily synthesized aryl aldehydes
(Table 3). Gratifyingly, unsubstituted benzaldehyde 2c was
reduced in excellent yield (Entry 1). Electron-rich aryl
aldehydes (e.g. 2d and 2h) also were efficiently reduced,
even when the substituent was in the meta (2f) or ortho
position (2g).

tertiary) failed to spur any reaction under the attempted O
conditions. 0.IM in DMF,
Z H 1(15eq.),
40 R—
NaOH, RT, 0.5 h
O N
0.1M in DMF, P
H 1(15eq.),
—_—
additive, RT, 0.5 h 5 7 OH
R_
MeO
AN
2b
3
OH
50
MeO
TABLE 3
3b
Reduction of substituted benzaldehydes 2 with hydrosilatrane (1).
55 Yield®
TABLE 2 Entry R Aldehyde/alcohol (%)
Additive screening for the reduction of para-anisaldehyde 1 H 2¢/3¢ 98”
(2b) with hydrosilatrane (1) in DMFE. 2 4-t-Bu 2d/3d 95
3 4-Me 2e/3e 66
Time Yield g, 4 9254
Entry Solvent  Additive Equiv. of additive (h) (%) 5 4-OMe 2b/3b 95
6 3-OMe 263 96
1 DMF NaOH 30 0.5 95 7 2-OMe 2g/3g 88
2 DMF NaOH 1 24 53 8 4-OPh 2h/3h 94
3 DMF KOH 20 0.5 84 9 4-OBn 2i/3i 99
4 DMF t-BuOK 1 0.5 80 10 4-0All 2i/3j 98
5 DMF iPrNH, 1.5 1 0o 65 11 4-CN 2k/3k 60°
6 DMF HNEL, 1.5 1 0 12 9354
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TABLE 3-continued

Reduction of substituted benzaldehvdes 2 with hydrosilatrane (1).

Yield*
Entry R Aldehyde/alcohol (%)
13 3-NO2 21/31 88
14 4-Cl 2m/3m 76°
15 0854
16 4-F 2n/3n o854
17 3-F 20/30 28°¢
18 9954
19 2-F 2p/3p 46°
20 9654
21 4-OH 2a/3a 0
22 0°
23 3-OH 29/3q 44
24 36°

“Yield determined by NMR unless otherwise noted.

Yield determined by GC-FID.

“Product mixture contained significant amounts (>5%) of corresponding benzoic acid.
“Reaction run under oxygen-free conditions.

“Reaction run with 2.5 equiv. of 1 for 24 h.

While aldehydes bearing electron-withdrawing groups
(including 2k, 21, and 2m) were well tolerated, the alcohol
product was generally accompanied by significant amounts
of the corresponding benzoic acid in the crude product
mixture. This observation suggested that either (a) Can-
nizaro reaction[17] and/or (b) aerobic oxidation were con-
currently taking place. The deleterious benzoic acid product
was also formed in the attempted reduction of 2e. Reactions
run with 2e, 2k, 2m, and 20 in the absence of silatrane
showed conversion to mixtures of alcohol and carboxylic
acid, with the acid being the predominant species; these
results indicate that both side reactions may be taking place.
In order to minimize the contribution of aerobic oxidation to
the generation of unwanted benzoic acid, several substrates
were run under oxygen-free conditions; these trials provided
clean reductions and no observable benzoic acid (Entries 4,
12, 15, 16, 18, and 20).

Under the investigated conditions, hydrosilatrane (1)
exhibited no reaction with other reducible functionalities
examined, including the nitriles (Entries 11, 12), nitro group
(Entry 15), benzyl (Entry 9) and allyl ethers (Entry 10), and
halides (Entries 14-20).

Hydroxybenzaldehydes were unfortunately not reduced
effectively: while 3-hydroxy-(2q, Entry 23) was partially
reduced using the described method, 4-hydroxybenzalde-
hyde (2a, Entry 21) remained unmoved. In these cases,
bubbling is observed initially, which is consistent with an
acid/base reaction occurring between the hydride of the
silatrane and the proton of the phenol.[18] Reduction may
then occur, though the anionic benzaldehyde substituent
significantly decreases the electrophilicity of the aldehyde;
this results in decreased reactivity of the meta variant (2q)
and no reaction at all in the para derivative (2a). Yields in
both cases were not affected by increasing both the concen-
tration of silatrane and reaction time (Entries 22, 24).

The method was also applied to heteroatom-containing
(4a, 4b, and 4c) and polycyclic (4d, 4e, and 4f) aryl
aldehydes. In all cases, the reaction proceeded as expected
with excellent yields and no observation of side products
(FIG. 2). This method was also proven to be effective on
aliphatic aldehyde 6 (FIG. 3).

Conclusions

Cheap and easily accessible hydrosilatrane has been
shown to be an effective reductant of aldehydes bearing a
variety of functionalities in this user-friendly method. Fur-
thermore, hydrosilatrane demonstrates excellent stability to
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air and ambient moisture rendering it amenable to benchtop
reactions and long-term storage.

Experimental Section

General Considerations

All reactions were carried out under ambient conditions in
an open vessel, with no special effort to exclude water or air
from reaction mixtures unless otherwise noted. Chemicals
and reagents were purchased from Sigma-Aldrich and/or
Fisher, and were used without further purification unless
otherwise noted. 1H NMR spectra were recorded at 500/300
MHz at ambient temperature using a Bruker Avance III
spectrometer. The chemical shifts in 1H NMR spectra are
reported relative to residual CHCI; in CDCl; (6=7.27 ppm).
The chemical shifts in 13C NMR spectra are reported
relative to residual CHCl; in CDCly (8=77.23 ppm). The
yields were determined using mesitylene as an internal
standard in CDCI,. The abbreviations used for the chemical
shifts are as follows: s (singlet), d (doublet), t (triplet), dd
(doublet of doublets), dt (doublet of triplets), td (triplet of
doublets), dq (doublet of quartets), m (unresolved multiplet).

Synthesis of Silatrane Via Boratrane

To a 25 mL flask was added boric acid (50 mmol) and
triethanolamine (50 mmol). Water (3 mL) was added to
facilitate solubility. The flask was equipped with a short path
distillation apparatus and heated to 120° C. until no more
water condensed. The isolated boratrane was recrystallized
from acetonitrile and used directly in the next step. The
experimental data collected are in agreement with those
described in the literature.[1] 70%. 1H NMR (500 MHz,
CDCl,): 8=3.65 (t, J=5.5 Hz, 6 H), 3.04 (t, J=5.5 Hz, 6 H).
13C NMR (125 MHz, CDCl;) 62.1, 59.3. IR (ATR) 2988,
2853, 1469, 1370, 1258, 1160, 1115, 1063, 1026, 1001, 933,
889, 730, 621, 560.

To an oven-dried, argon-flushed 100 mL flask containing
boratrane (5 mmol) in mixed xylenes (40 ml.), was added
triethoxysilane (6 mmol) and anhydrous AICI; (0.05 mmol).
The reaction was refluxed over 4 h and then cooled to room
temperature. The resulting solids were filtered and further
recrystallized from xylene to give silatrane as white fibrous
crystals. The experimental data collected are in agreement
with those described in the literature.[19] 88%. 1H NMR
(500 MHz, CDCl,): =3.94 (s, 1 H), 3.83 (t, J=6 Hz, 6 H),
2.89 (t, J=6 Hz, 6 H). 13C NMR (125 MHz, CDCl,) 57.2,
51.2. IR (ATR) 2975, 2936, 2886, 2087, 1487, 1457, 1347,
1268, 1090, 1047, 1020, 926, 860, 748, 630, 591.

General Method for the Reduction of Aldehydes:

To a 2 dram vial containing a stir bar was added silatrane
(0.15 mmol), aldehyde (0.1 mmol), and DMF (1 mL). The
solution was stirred for 5 min to allow for all the silatrane to
dissolve, after which additive (1 pellet of NaOH finely
ground) was added. After 30 min of stirring in ambient
conditions the solution was washed once with 1 M HCI, then
extracted three times with dichloromethane and once with
diethyl ether. The resulting organic extract was concentrated
under reduced pressure and used to determine yield without
any further purification. All of the alcohols synthesized are
known compounds.

Example 2
Reduction of Ketones
Herein we discuss the activation of 1-hydrosilatrane with
a strong Lewis base to reduce ketones, the scope of the

reaction, and stereoselectivity and enantioselectivity in the
process.
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Acetophenone 2a was reduced in N,N-dimethylforma-
mide at room temperature within 70 minutes using 1.1
equivalents of 1-hydrosilatrane in the presence of 1 equiva-
lent of potassium tert-butoxide, giving 94% conversion to
1-phenylethanol 3a (Table 4, entry 1). Tests of different
solvents (Table 4, entries 2-4) indicated that the more polar
the solvent, the greater the yield of alcohol from ketone. This
appears due to the fact that 1 is more soluble in polar
solvents.

Substitution of sodium hydroxide for tert-butoxide (Table
4, entry 5) induced reduction of acetophenone 3a, but with
low conversion. Excess amounts of sodium hydroxide in
optimized conditions gave higher yields, but these still were
not as good as with tert-butoxide. Milder Lewis bases (Table
4, entries 6-7) gave no conversion, indicating the need of a
strong base to activate 1. Lowering the amount of tert-
butoxide to 0.5 equivalents gave lower yields (Table 4, entry
8). When 2-methoxyacetophenone 2b was treated with 1 and
0.5 equivalents of tert-butoxide for 48 h, the yield of alcohol
3b was 100%, implying that in this case the activator acted
catalytically.

TABLE 4
Selection of solvents and activators for reaction
(¢] OH
1
D ——
2a 3a
Activator Eq. activator Eq. 1  Solvent Time (min.) Yield (%)

1 t-BuOK 1 1.1 DMF 40 94
2  t-BuOK 1 1.1 DCM 40 81
3 t-BuOK 1 1.1 MeCN 40 74
4 t-BuOK 1 1.1 THF 40 15
5 NaOH 1 1.5 DMF 70 22
6 K,CO, 1 1.5 DMF 70 0
7 TEA 1 1.5 DMF 70 0
8 t-BuOK 0.5 1.1 DMF 70 20

The scope of this reaction is very broad, as seen in FIG.
4 and FIG. 5. Electron donating groups such as methoxy and
phenyl as in 3b-e, inductively electron withdrawing groups
such as halides as in 3f-g, and strong electron withdrawing
groups such as nitro groups as in 3h give excellent yields.
Changing the substituents on the alpha position is fully
tolerated as in 3i-k, even with phenyl groups as in 31-0. The
system is not limited to phenylketones, as can be seen with
the reduction of cyclohexanone 3p, heptanone 3q, and
octanone 3r. The isolated yields for the aliphatic alcohols
may be lower due to their increased water solubility and
hence lower recovery during work up.

The system, however, is limited by steric effects, as can be
seen by the inability of 1-hydrosilatrane to reduce the
sterically hindered carbonyl in camphor 3s. This steric
limitation was used to reduce (-)-menthone 2t stereoselec-
tively, with great success. The product is almost exclusively
(+)-neomenthol 3t (FIG. 6).

A survey of the literature shows that there are only a few
compounds with such high selectivity for a single diaste-
reomer in the reduction of (-)-menthone 2t, and out of those,
few favor the thermodynamically less stable (+)-neomenthol
3t (Table 5). Unlike reductions using certain bulky reducing
agents where the diastereoselectivity is solvent dependent,
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[35] we do not see a significant difference in our selectivity
when the solvent is changed from a polar solvent, DMF
(Table 5, entry 8), to a nonpolar solvent such as toluene
(Table 5, entry 9). This is likely due to the bulk of the
1-hydrosilatrane 1, which can only approach the (-)-men-
thone 2t from the less sterically hindered face in an equa-
torial attack, giving the resulting product 3t.

TABLE 5

Stereoselectivity of the reduction of menthone

— +
: 0 - OH “IOH
2t 4 3t
Reducing Agent 4:3t Ref.
1 NaBH, 35:65 [38]
2 LiB(C,H,),H 10:90 [38]
3 LiAlH, 72:28 [39]
4 Al(i-PrO)(i-Bu),H 1:99 [35]
5 PMHS/TBAF/Poy 40:60 [40]
6 PY/Ce, 19:81 [41]
7 B(C4Hy),/H, 100:0 [42]
8 1-Hydrosilatrane/t-BuOK* 3:97
9 1-Hydrosilatrane/t- BuOK? 1:99

This stereoselectivity of the reduction of menthone 2t, as
well as the inability to do so with camphor, suggests that the
reaction is concerted between the hydride donor, 1, and the
carbonyl. The increased solubility of 1 in the presence of an
activator, and the need for an activator for a reduction to
occur efficiently, allows us to propose a possible mechanism.
The Lewis base activator coordinates with the silicon, break-
ing the dative bond between silicon and nitrogen, maintain-
ing the silicon as pentacoordinate.

The silicon then forms a hexacoordinate complex with the
carbonyl, at which point the hydride is transferred to the
electrophilic carbon center to reform pentacoordinate sili-
con.[26¢c, 37] This goes on to collapse by elimination of the
Lewis base activator to form the alkoxysilatrane. Support for
this possible mechanism arises from the observation that
when acetophenone is reduced in the presence of tert-
butoxide activator, 1-(phenylethoxy)silatrane can be seen on
the GCMS trace and in the 1H NMR spectrum after neutral
workup.

Due to the steric constraints of the system, a chiral
activator can provide enantioselectivity with prochiral
ketones. If the alkoxide product remains attached to the
silatrane, interference of said product as a less selective
activator is minimized.[26a] (1S,2R)-(+)-1,2-diphenyl-2-
amino-1-ethanol 5, was deprotonated with sodium hydride
and used in situ as an activator for 1 in the reduction of
2-methylbenzophenone 2m. This gave a respectable enantio-
meric ratio of 6.7:1 (FIG. 7).

In summary, we have reduced a broad range of ketones
with 1-hydrosilatrane 1 in excellent yields. High diastereo-
selectivity of the reduction of (-)-menthone 2t to (+)-
neomenthol 3t was observed, consistent with a bulky reduc-
ing intermediate. Enantioselectivity was observed for the
reduction of the prochiral 2-methylbenzophenone 2m with 1
and a chiral activator.
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Experimental Section

General Considerations

With the exception of sodium hydride (which was washed
with hexanes) and 1-hydrosilatrane (1), all chemicals were
obtained from commercial sources and used without further
purification. Column chromatography was performed using
silica gel from Macherey-Nagel (60 M, 0.04-0.063 mm). ‘H
NMR, and **C NMR were recorded on either a 300 or 500
MHz Bruker Avance III spectrometer. Chemical shifts were
reported in ppm with the solvent resonance as internal
standard ('"H NMR CDCl, 5, ,5, "*C NMR CDCl, $=77.01,
13C NMR (CD,),SO 8=39.99). The abbreviations used for
the chemical shifts are as follows: s (singlet), d (doublet), t
(triplet), dd (doublet of doublets), dddd (doublet of doublet
of doublet of doublets), dt (doublet of triplets), td (triplet of
doublets), dq (doublet of quartets), oct (octet), m (unre-
solved multiplet). IR spectra were acquired using an ATI
Mattson FTIR spectrophotometer on neat samples. MS data
were obtained with a Shimadzu GCMS QC2010S spectrom-
eter at 275° C. Optical rotation was obtained with a JASCO
P1010 polarimeter, running a Na lamp at A=589 nm.
Enantiomeric ratios (er) were obtained by comparing the
observed optical rotation to literature precedence.

General Procedure for the Reduction of Ketones

To a 25 ml round bottom flask containing 5 ml N,N-
dimethylformamide, was added 1-hydrosilatrane (0.263 g,
2.0 mmol), and ketone (1.0 mmol). The resulting solution
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was stirred for 1 minute, after which 1 M t-BuOK in THF
(1.0 mmol, 1.0 ml) was added. Reaction mixture was
allowed to stir for 30 min. Reaction was quenched with 25
ml 3 M HCl, and extracted with 30 ml ethyl acetate.
Organic layer was washed with brine (50 mlIx3), and dried
with anhydrous sodium sulphate. After filtration, the solvent
was removed under vacuum to yield product.

General Procedure for the Asymmetric Reduction of
Ketones

To a flame dried 25 ml. round bottom flask, under argon,
was added 10 mL N,N-dimethylformamide, (1S,2R)-(+)-2-
amino-1,2-diphenylethanol (0.213 g, 1.0 mmol), and sodium
hydride (0.052 g, 2.2 mmol). Reaction mixture was stirred
and gently warmed until a colour change from cream to
yellow was observed. A further colour change to deep red
was observed as the reaction mixture was cooled down to
-18° C. using dichlorobenzene/N, slurry. 1-Hydrosilatrane
(0.526 g, 3.0 mmol) was added to the reaction mixture,
followed by 2-methylbenzophenone (0.18 ml, 1.0 mmol).
Reaction was allowed to stir for 3 h before it was quenched
with 3 M HC1 (25 ml). Extraction was done with a 1:1:1
solution of ethyl acetate/diethyl ether/dichloromethane. The
organic layer was washed sequentially with 3 M HCI (25
ml), and brine (25 mlx3), before it was dried with anhydrous
sodium sulphate. After filtration, the solvent was removed
under vacuum to give solid product (2-methylphenyl)(phe-
nyl)methanol.

TABLE 6

Selection of solvents and activators for reactions

Activator  Silatrane Rxn Conversion
Ketone Activator equiv equiv  Solvent time (% by GC)
1 Acetophenone t-BuOK 1.0 1.1 THF 40 min 15
2 Acetophenone t-BuOK 1.0 1.1 DMF 40 min 94
3 Acetophenone t-BuOK 1.0 1.1 MeCN 40 min 74
4 Acetophenone t-BuOK 1.0 1.1 DCM 40 min 81
5 Acetophenone AlCl; 1.0 1.1 DMF 70 min 0
6 Acetophenone CuCl, 1.0 1.1 DMF 70 min 0
7 Acetophenone NaOH Pellet 1.1 DMF 70 min 35
8 Acetophenone t-BuOK 0.5 1.1 DMF 70 min 20
9 Acetophenone NaOH 1.0 1.5 DMF 70 min 22
10 Acetophenone K,CO,4 1.0 1.5 DMF 70 min 0
11 Acetophenone TEA 1.0 1.5 DMF 70 min
12 Acetophenone NaOH Pellet 1.5 DMF 70 min 86
(crushed)
13 Acetophenone NaOH Pellet 2.0 DMF 70 min 82
(crushed)
14 Acetophenone KOH Pellet 1.5 DMF 70 min 42
(crushed)
15 4-Methoxyacetophenone t-BuOK 1.0 1.5 DMF 70 h 66
16 4-Methoxyacetophenone t-BuOK 1.0 1.5 DMF 110 min 95
17 4-Methoxyacetophenone NaOH 1.0 1.5 DMF 110 min 43
18 Acetophenone t-BuOK 1.0 1.5 DMF 70 min 100
19 Acetophenone NaOH exs 2.0 DMF 75 min 52
(60° C.)
20 Acetophenone NaOH exs 2.0 DMF 10 min 15
(60° C.)
21 Acetophenone NaOH exs 2.0 DMF 20 min 37
(60° C.)
22 Acetophenone NaOH exs 2.0 DMF 40 min 42
(60° C.)
23 4-Methoxyacetophenone t-BuOK 1.0 2.0 DMF 35 min 100
24 2-Methoxyacetophenone t-BuOK 1.0 1.5 DMF 35 min 20
25 2-Methoxyacetophenone t-BuOK 1.0 2.0 DMF 30 min 100
26 2-Methoxyacetophenone t-BuOK 0.5 2.0 DMF 70 h 100
27 Acetophenone Ti(Oi- 1.0 2.0 DMF 30 min 0

Pr)y
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Example 3

Reduction of Aldehydes in Water

To a 10 mL round bottom flask was added 0.11 mmol of
1-hydrosilatrane, 0.1 mmol 4-methoxybenzaldehyde and 1
ml of deionized water. The solution was stirred for 6h. This
was then quenched by 1M HCI and extracted three times
with DCM. The combined extracts were concentrated and
yield was determined using NMR with internal standard.
The procedure was also carried out using a saturate solution
of NaCl in water, in place of the deionized water.

Example 4

Asymmetric Reduction of Ketones Using
Mentholate

To a 25 mL round bottom flask flame dried under argon
was added (L)-Menthol 1.0 mmol, DMF 5 mL and 1.05
mmol of sodium hydride. The solution was left stirring until
hydrogen evolution stopped. The resulting mixture was
cooled to —45° C. at which time 2.0 mmol of 1-hydrosila-
trane and 1.0 mmol of Isobutyrophenone was added. The
solution was stirred at —45° C. over 4h and then allowed to
warm up to room temperature. The reaction was quenched
with 1M HCl and extracted with three times with DCM. The
combined extracts were concentrated and purified using
column chromatography with 2/1 hexane ether as the eluent.
(ee 1.12%).

To a 10 mL round bottom flask flame dried under argon
was added (I.)-Menthol 1.0 mmol, DMF 5 ml. and 2 mmol
of sodium hydride. The solution was heated to 100° C. and
left stirring until all the hydrogen evolution stopped. The
resulting mixture was cooled to 0° C. upon which 3 mmol
of 1-hydrosilatrane and 1 mmol of methylbenzophenone
were added. The solution was left to stir at 0° C. over 30 min
and than allowed to warm up to room temperature. The
reaction was quenched with 1 M HCI and extracted with
three times with DCM. The combined extracts were con-
centrated and purified using column chromatography with
4/3/1 hexane/toluene/ethyl ether as the eluent. (ee 22%).

Example 5
Reductive Amination of Aldehydes

1-Hydrosilatrane (1.0 mmol), chloroform (2 mL.), alde-
hyde (1.1 mmol), and amine (1.0 mmol) were added to an 8
mL vial, and stirred at 60° C. for 20 h. The reaction mixture
was quenched with 1M HCl (20 ml) and extracted with
diethyl ether (20 mL.x2). The aqueous layer was basified
with 6M NaOH (10 mL) and extracted with dichlorometh-
ane (20 mlx4), after which the dichloromethane extractions
were combined, dried with Na,SO,, filtered, and distilled in
vacuo to give product.

Example 6
Reductive Amination of Ketones

1-Hydrosilatrane (2.2 mmol), acetophenone (2.5 mmol),
chloroform (0.2 mL), and pyrrolidine (1.0 mmol) were
added to an 8 mL vial, and stirred at 60° C. for 20 h. The
reaction mixture was quenched with 1M HCI (20 mL) and
extracted with diethyl ether (20 mL.x2). The aqueous layer
was basified with 6M NaOH (10 mL) and extracted with

5

10

15

20

25

30

35

40

45

50

55

60

65

20
dichloromethane (20 mlx4), after which the dichlorometh-
ane extractions were combined, dried with Na2SO4, filtered,
and distilled in vacuo to give product.

Example 7

Synthesis of a Chiral Boratrane

B
A

N/\ T N/\
o HO7 © ~ B —@
HO \O

Trimethylsulfoxonium iodide (21 mmol), DMSO (15
mL), and Sodium Hydride (21 mmol) were added to an oven
dried 50 mL round bottom flask, and the reaction mixture
was stirred vigorously under an argon atmosphere for 2 h.
The reaction mixture was cooled to 0° C. in an ice bath and
menthone (20 mmol) dissolved in DMSO (5 mL) was added
dropwise over 10 minutes. The flask was covered in foil and
allowed to stir for 14 h. The reaction mixture is poured onto
ice (80 g) and the resulting slurry is extracted with diethyl
ether (3x40 mL). The organic phase was washed with brine
(2x20 mL), dried with MgSO,, filtered, and distilled in
vacuo to obtain crude product A, which was used without
further purification.

Product A was mixed with diethanolamine (20 mmol) and
the resulting mixture was heated at 120° C. for 96 h, after
which it was cooled down to room temperature and placed
under high vacuum for 5 h, to give crude Product B, which
was used without further purification. (Synthesis of A
adapted from Duran et al.[50])

Product B was added to a solution of boric acid (19.5
mmol) in water (25 ml), and the mixture was stirred at 117°
C. for 6 h. Reaction mixture is allowed to cool down for
maximum amount of white solid to precipitate, which is
filtered and recrystallized from acetonitrile to give pure
product C (44% yield). (Synthesis of B adapted from Wag-
ner et al.[51]).

The corresponding hydridosilatrane may be produced by
reacting product C with triethoxysilane and anhydrous
AlCL,.
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What is claimed is:

1. A method of producing an alcohol, comprising:

reducing an aldehyde or a ketone with a hydridosilatrane;

wherein the reducing is carried out with an activator, and

the activator comprises a strong base.

2. The method of claim 1, wherein the reducing is
reducing the ketone.

3. The method of claim 1, wherein the hydridosilatrane
comprises 1-hydrosilatrane.

4. The method of claim 1, wherein the reducing is carried
out with a solvent, and the solvent is a polar solvent.

5. The method of claim 4, wherein the solvent is water.
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6. The method of claim 2, wherein:
the ketone is a prochiral ketone,
the alcohol produced is a chiral alcohol, and
one enantiomer of the chiral alcohol is produced in excess
of the other enantiomer.
7. The method of claim 6, wherein the one enantiomer is
produced with an ee of at least 60%.
8. The method of claim 6, wherein the activator is a chiral
activator.
9. The method of claim 6, wherein the hydridosilatrane is
a chiral hydridosilatrane comprising a bulky group.
10. The method of claim 1, wherein the reaction is carried
out at a temperature of at most 100° C.
11. The method of claim 4, wherein:
the hydridosilatrane comprises 1-hydrosilatrane,
the activator comprises an alkali hydroxide and/or an
alkoxide,

the solvent is selected from the group consisting of
dimethylformamide (DMF); tetrahydrofuran (THF);
acetonitrile; dichloromethane (DCM); water and alco-
hols,

the reaction is carried out at a temperature of at most 100°
C., and

the alcohol is produced in a yield of at least 90% based on
the aldehyde or ketone.

12. A method of producing an alcohol, comprising:
reducing an aldehyde or a ketone with a hydridosilatrane
in water,
wherein the reducing is carried out with an activator, and
the activator comprises a strong base.
13. The method of claim 12, wherein the hydridosilatrane
comprises 1-hydrosilatrane.
14. A method of producing a pharmaceutical compound,
comprising:
forming an alcohol by the method of claim 1, and
forming the pharmaceutical compound from the alcohol.
15. A method of producing a pharmaceutical compound,
comprising:
forming an alcohol by the method of claim 12, and
forming the pharmaceutical compound from the alcohol.
16. The method of claim 1, wherein the reducing is
reducing the aldehyde.
17. The method of claim 1, wherein the activator com-
prises an alkali hydroxide and/or an alkoxide.

18. The method of claim 4, wherein the solvent is selected
from the group consisting of dimethylformamide (DMF);
tetrahydrofuran (THF); acetonitrile; dichloromethane
(DCM); and alcohols.

19. The method of claim 1, wherein the alcohol is
produced in a yield of at least 75% based on the aldehyde or
ketone.

20. The method of claim 8, wherein the chiral activator is
an amino alkoxide.

21. The method of claim 1, wherein the alcohol is
produced in a yield of at least 75% based on the aldehyde or
ketone.

22. The method of claim 12, wherein the reducing is
reducing the aldehyde.

23. The method of claim 12, wherein the reducing is
reducing the ketone.
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24. The method of claim 23, wherein:
the ketone is a prochiral ketone,
the alcohol produced is a chiral alcohol, and
one enantiomer of the chiral alcohol is produced in excess
of the other enantiomer. 5
25. The method of claim 6, wherein the activator is a
chiral activator.
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