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INTRODUCTION

Although it may seem normal, particularly in the light of the sophistication of modern organic synthesis, the
practice of carrying out reactions in solution may reflect tradition rather than actually being advantageous. As
described in a recent commentary' concerning the selective binding and removal of guest molecules from a
microporous metal-organic framework,” the reluctance of organic chemists to examine reactions in other
environments may be short-sighted. Consider, for example, the case of reactions run on the surfaces of solids.
Even though this field is relatively new, it is already apparent to practitioners that one can carry out many

synthetically useful reactions on solids, often going faster and/or generating higher yields than via the solution

*E-mail: Kabalka@utk.edu and RPagni@utk.edu FAX: (423)974-2997

7999



8000 G. W. KABALKA and R. M. PAGNI

counterparts. There is also every expectation that new reactions, not attainable in solution, will be discovered as
new solid reaction media are developed.

Organic reactions have been carried out on the surfaces of many solids,*"*° notably zeolites,""” clays,'®*
silica gel,>'* %" alumina,”"* * and polymers, *** all of which have distinctive surface characteristics. Zeolites, both
naturally occurring and synthetic, are aluminosilicates which possess three-dimensional structures with
interconnecting channels and cavities. Reactions may take place in the channels and in the cavities if the substrate
is small enough or on the exterior of the surface if it is not. Zeolites, which also have exchangeable metal cations,
have found wide use in the manufacture of gasoline. Clays are aluminosilicate minerals with exchangeable cations
but, unlike zeolites, they possess lamellar or layered structures with the interiors available to reactants. By contrast,
silica gel and alumina, which are widely used in chromatography, do not contain accessible channels or cavities.
Instead, these materials have large surface areas and highly porous exteriors which are available to substrates.

Of the metal oxides described above, alumina is particularly interesting. It has been used industrially as filler,
adsorbent, drying agent, catalyst, catalytic support, precursor to aluminum metal, and as a reagent in the synthesis
of other aluminum-containing compounds such as aluminum sulfate and fluoride.*® What is especially interesting to
the organic chemist is that alumina can be used as catalyst, support and reagent. Because the surface of alumina can
also be modified in a variety of ways, the number of potential environments available for organic reactions is very
large.

This article will review what is currently known about synthetically useful organic reactions which occur on
the surface of alumina and modified alumina. Just as it is important to understand how solvents influence solution-
phase chemistry,” it is equally important to understand the surface of alumina. An overview of what is known about

the surface of alumina is presented in the next section.

NATURE OF ALUMINA AND MODIFIED ALUMINA

The term alumina refers to a series of ionic solids which have the formula AlLO; (H,0),, wheren=0t0 3,
although none of them actually contains H,0.*° They are derived by heating naturally occurring or synthetic,
crystalline and amorphous Al(OH), [AL,0,(H,0),] and AIO(OH) [ALO;:(H,0)] . Gibbsite and boehmite, for
example, are crystalline Al(OH); (monoclinic) and AIO(OH) (ortho-rhombic), respectively. The endpoint in the
synthesis, which occurs by heating the materials above 1100 °C, is corundum, one of the hardest substances known
and the thermodynamically most stable form of ALO,. This material is not widely used in organic chemistry * At
temperatures below 1100 °C, a series of transition aluminas can be generated whose structures are dependent on
the precursor, final temperature and mode of heating. During the course of thermolysis, hydroxyl groups combine
to generate H,0 which is driven from the solids. Heating to 600 °C, for example, yields the y series of aluminas

which contain p, x, 1 and y types; these materials, have the formula Al,04(H,0),, with n<0.6. Higher
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temperatures, 800 - 1000 °C, yield the & series of aluminas which contain very few OH groups (n ~ 0), and includes
K, 6 and d varieties, all of which are more highly crystalline than the vy varieties. Although outwardly these transition
aluminas are much alike, they possess different physical properties including densities, surface areas, pore volumes
and diameters. When exposed to water, the surfaces of the transition aluminas are hydrated, yielding a surface layer
of hydroxyl groups.®

Y-Alumina, typically formed by heating boehmite between 400° and 500 °C, is widely used to separate
compounds by column chromatography and is the transition alumina most commonly used to carry out surface
organic chemistry*** It possesses a defect spinel structure® and generally has a surface area of 100-300 m¥/gx or
greater. The large surface area implies that the alumina particles are small. The surface area contained in 1 g of
solid is equivalent to the area of a square room 10-17 m on a side. A monolayer coverage on the surface will contain
several mmols of a typical organic compound. This belies the widely held belief that one cannot run surface
reactions on a large scale. Unlike a smooth surface which has a fractal dimension of 2, Y-alumina has a fractal
dimension close to 3,* implying a very rough, irregular surface. The roughness can be attributed in part to the
presence of pores on the surface, which also contributes to the large surface area.

If one looks at the ideal surface of hydrated y-alumina from the side, as proposed by Peri,** one observes
that the surface is terminated by hydroxyl groups, each of which is directly above an aluminum ion in the next layer
of the crystallite. Since there are 12.5 hydroxyl groups on the surface per 100 A2 this corresponds to 3.2 mmol of
hydroxyl groups per gram of solid for an alumina with a surface area of 155 m%g. Water may also be hydrogen
bonded to the surface hydroxyl groups. When the solid is heated, physisorbed H,O is lost initially and then adjacent
hydroxyl groups react with one another by proton transfer to generate oxide (O%) and H,O, which is driven from
the surface. Higher activation temperatures result in the production of greater quantities of water. At 400 °C, for
example, about 50% of the hydroxyl groups are lost; at 600 °C, 80% are lost and, at 800°, close to 100% are

removed. Furthermore, when H,0 is driven from the surface, one Al*® ion is exposed for every O that is generated.
o) Y Ty 8
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Thus, there are three species on the surface, OH', 02 and AI"’, whose concentrations are interdependent and
controlled by the activation temperature. Based on this model, the surface can exhibit a variety of properties; OH’
will act as a very weak Bronsted acid,* as well as a base and possibly a nucleophile, O should be a strong base
and nucleophile, and Al is a Lewis acid. Because the ions are immobile at the temperatures used to carry out
organic reactions, an activated solid will have strongly basic and acidic sites adjacent to each other which is not
possible to achieve in fluid solution. These adjoining sites may act cooperatively, analogous to what occurs at the
active sites of enzymes. In addition to serving catalytic roles, the surface components may also serve as reagents,
donating species such as hydrogen, hydroxyl, oxide and water.

Unactivated y-alumina is basic.” When contacted with H,O, for example, it yields a basic solution. Y-
Alumina can be “neutralized” by reaction with ethyl acetate, HCI or acetic acid to provide neutral and then acidic
alumina. Basic, neutral and acidic aluminas, available commercially from several sources, are the types most
commonly used in organic synthesis. As noted by Posner,®** it is important to report the type (and activity) of the
alumina used in a synthetic procedure because each type influences an organic reaction differently. Alumina is also
amphoteric. When the solid is brought into contact with a sufficiently basic solution (pH greater than the solid’s
isoelectric point which normally occurs at pH = 7.2-9), the surface hydroxyl groups are deprotonated and cations
are placed onto the surface under reversible conditions. This represents a simple method for introducing cations
onto the alumina surface. On the other hand, when the solid is contacted with a sufficiently acidic aqueous solution,
the surface hydroxyl groups are protonated which puts anions on the surface.

Studies in which activated aluminas are placed in contact with a series of indicator dyes of varying
basicity’™*** suggest that the surface has modest acidity. The nature, number and strength of the acidic sites vary
with the activating temperature. Infrared studies of pyridine® chemisorbed onto alumina reveal that the surface acids
sites are entirely Lewis in character. On the other hand, *C NMR studies of n-butylamine, which is considerably
more basic than pyridine, adsorbed on y-alumina which had been activated at 350 °C in vacuo (350°-Al,0;)
demonstrate that both Lewis and Bransted acid sites co-exist on the surface.*® The weakly basic substrates appear
to preferentially interact with the Lewis sites, while more basic substrates interact with both. As described later,
the strongly basic sites are able to deprotonate weakly acidic substrates.

Not all the hydroxyl groups on the surface are in structurally identical environments. IR studies have
revealed up to five OH stretching frequencies, depending on how the alumina is treated.” Peri’s model, which
assumes that a single phase (100) of the alumina crystallite terminates at the surface, was generated to explain the
IR data.® In this model, the unactivated surface contains a layer of structurally and chemically equivalent hydroxyl
groups, each of which resides above an octahedral Al'® ion in the second layer. After activation by heating, a series
of five types of hydroxyl groups are created which differ in the number and arrangement of O and Al ions

surrounding them. Whether the five types of hydroxyl groups are chemically different is not known.
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Unactivated Surface Five Types of OH Groups in Activated Alumina
From Above
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X represents a vacancy below which lies an aluminum ion

Knozinger and Ratnasamy (K-R) proposed an alternate theory*' which not only rationalizes the IR spectra
but also other spectroscopic and chemical data. In the K-R theory, three planes (100, 110 and 111) terminate the
crystallite. This places different types of hydroxyl groups on the surface and octahedral and tetrahedral aluminum
ions in the second layer. Unlike the Peri model, in which the types of hydroxyl groups are determined by the number
of neighboring oxide anions, the K-R theory generates five distinct hydroxyl groups by the way in which OH is

bonded to tetrahedral and octahedral aluminum ions, as shown below. Varying acidities and basicities are
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assigned to the five kinds of OH groups. For the 111 plane, which plays a prominent role in the K-R theory, there
are 75% basic OH’s and 25% acidic OH’s, with the basic ones lying in one row and alternating with acidic ones in
the adjacent row. It is then possible to readily dehydroxylate until the 25% of acidic OH’s are used up. Aluminum
ions are exposed in this fashion. Beyond this total of 50% dehydroxylation, which occurs on activation between 300
°C and 400 C, dehydroxylation becomes abnormal in that adjacent basic OH’s must react with one another to

produce water. Defect sites or holes are created in this process. Other, still different sites are generated at still
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higher temperatures. Although this is an idealized reaction scheme, it has considerable merit because catalytic
activity, including that for the Diels-Alder reaction, occurs at the point that theory predicts the presence of defect

sites on the surface.
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HO GROUP OXYGEN ALUMINUM

Many solid state NMR studies of alumina have been reported, ***** a few of which are relevant in the
present context. Of particular note is a recent '"H NMR study of the surface hydroxyl groups®™ which revealed five
resonances for y-alumina activated at 700 °C in air, a result consistent with the IR results and the K-R model;
physisorbed water was also detected on a less activated alumina. NMR studies of molecules adsorbed on the surface
(ammonia, pyridine and tricyclohexylphosphine) show that there are at least two Lewis acid sites on the surface.****
% Fripiat has assigned the Lewis acidic sites to aluminum ions in tetrahedral and metastable pentacoordinate
environments.*-*** Interestingly, the surface pentacoordinate aluminum ions are in some way associated with one-
electron acceptor sites on the surface which were detected indirectly by ESR using easily oxidized probe molecules.*
One-electron donor sites also exist on the surface of alumina.®® The one-election donor and acceptor sites, which
exist predominantly on more activated aluminas, have yet to be exploited in synthetic organic chemistry.

In conclusion, it is clear that the surface of alumina provides a polar environment,***” favorable to many ionic
and heterolytic reactions. Organic substrates have a variety of mechanisms by which they can interact with the
surface including hydrogen bond formation and acid-base reactions. In addition to these two-electron phenomena,
easily oxidized or reduced molecules can participate in one-electron transfers with the surface, especially on highly
activated surfaces. Subtle differences, of course, may exist because not all surface hydroxyls, oxides, or aluminum
ions are equivalent although this fact has not proven to be important in understanding the majority of reactions. In

some chemistry, these differences in surface characteristics do have an impact. It is also clear that the surface can
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play a role in many organic reactions and that substrates may interact with the surface anisotropically, a result not
possible in most solutions. In addition a large number of surface-modified aluminas have been created and utilized
in organic synthesis. These new materials have been prepared in a number of ways. As noted earlier, one can add
cations and anions to the solid by equilibration at pH's above and below the solid’s isoelectric point. Salts are most
often added to the surface, however, by evaporation of an aqueous salt solution in contact with the solid, yielding
what is generally known as a supported reagent.’* Scores of salts, and other reagents, have been added to alumina
in this fashion. One advantage of using the evaporation method for the introduction of an adsorbate is that the
surface concentration can be readily controlled. One must be cautious in using excess adsorbate because crystallites,
or islands, may form on the surface under those circumstances. One must also be aware of the fact that the
adsorbates may not retain their identity on the surface. Evaporation of KF in water onto alumina yields a widely
used, very basic solid containing no free F* The chemistry of KF on alumina will be described in more detail later
in this article. Even in cases where the added material does not undergo an apparent chemical reaction with the
surface components, one cannot assume that free ions exist there. Anions and other bases, for example, have a
propensity to bind to the Lewis acid sites on the surface.

Modified surfaces have also been prepared by chemical reactions which take into account the likely chemical
characteristics of the surface components.* One can, for example, alkylate the OH groups by reaction with CH,N,
or the oxide ions by reaction with alkyl halides such as benzyl chloride. Both surface hydroxyls and oxides also react

with inorganic and organic acid halides. Numerous reactions of this type have been carried out.

REACTIONS
With knowledge of the nature of the alumina surface, one can begin to understand the organic chemistry
carried out on alumina. As there have been substantive discussions of the organic chemistry of alumina in the

literature, primarily in the late 1970's, this article will report on work published primarily between 1980 and 1996.

DEUTERIUM EXCHANGE

Modified alumina can be used to deuterate acidic organic molecules because the solid is basic. The surface
hydrogens must first be replaced with deuterium. D, has been used for this purpose,®® but this source of deuterium
is not particularly convenient. Pagni and Kabalka described a procedure to deuterate alumina (D/AL,0;)* in which
small amounts of D,0 (6% by weight) and activated solid are equilibrated at 350 °C, then cooled, and the solid
activated again, if necessary. Several such cycles yield a solid whose surface is nearly 100% deuterated, with
minimal wastage of D,0.

D/Al,O; has been used to deuterate a variety of hydrocarbons and ketones.**® Phenylacetylene,
acenaphthenone, acetophenone and diethyl malonate, for example, were readily and extensively deuterated at room

temperature in a pentane or pentane-ether slurry. The diethyl malonate reaction was complete in less than five
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minutes. Fluorene and indene, whose pK,s are comparable to that of phenylacetylene, underwent exchange more
slowly which suggests the operation of a steric effect. Similarly, 2-norbornanone underwent exchange at the 3-exo
position under conditions which the sterically more hindered camphor did not. Triphenylmethane, pK, >30, also
underwent exchange, demonstrating that the surface contains very basic sites. Ethyl acetoacetate behaved oddly,
with its methylene hydrogens exchanging rapidly, but only to the extent of 70% deuteration, while the much less
acidic methyl group yielded 100% deuterium exchange after an extended period of time.

D/ALO3
@—CECH —_— C=CD

Kunick and Messinger developed an alternative method of deuteration® in which basic alumina is used to
catalyze the exchange and CDCI,, an acidic molecule, is the source of deuterium. The CDCI, was used in great

excess and a very high, but not 100%, exchange was observed in the five substrates examined.

CH,CH; CDCh CD,CH;
(93% deuterated)

EPOXIDE RING OPENING

Epoxides are versatile compounds in organic synthesis. They are readily prepared from alkenes, ketones
and aldehydes and, owing to their ring strain (27 kcal/mol) and oxygen lone pairs, the rings cleave regioselectively
under acid and base conditions to give vicinally disubstituted products of defined stereochemistry. In pioneering
work, Posner showed that the nucleophilic ring opening of epoxides by alcohols, thiols, benzeneselenol, amines and

acetic acid occurs readily on neutral and basic alumina, normally yielding a single product uncontaminated by

n-BuNH,, AbO; NH(n-Bu)

25 24h E,O

"OH
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impurities which often plague these reactions in solution. ***¢> More recently, Kropf and coworkers have extended
these epoxide scissions using --BuOOH on activated alumina as nucleophile®*® Oxetanes (ring strain = 26 kcal/mol)
also undergo ring scission with --BuOOH. For the more than twenty examples reported, the nucleophile (+-BuOO")
preferentially attacks the less hindered site of the epoxide or oxetane.

In another interesting application of this methodology, Hudrlik demonstrated that a cis-silylsubstituted
epoxide (below) reacts with pyrrolidine and morpholine on neutral alumina to give an hydroxylamine
stereoselectively which, on treatment with KH, eliminates Me,SiOH to form an (E)-enamine® These reactions are

sluggish in the absence of alumina. Surprisingly, the #rans epoxide is inert to the alumina-catalyzed reaction.

8]
H, +H H _.
HNR,,ALO; H}(I) ! S{CH3)3 KH
CH3(CHp)3 S{CHz); 859 96h CH3(CH2)5> :NRZ CHy(CHy){” "NR,

Epoxides react on activated alumina in the absence of nucleophiles to yield complex mixtures of isomerized
and rearranged products.®”' These reactions appear to be initiated by the Lewis acid-catalyzed ring opening of the
epoxides by acid sites on the alumina. On the other hand, chloroepoxyesters, formed in the Darzens condensation,

isomerize in high yield to single products on alumina in refluxing xylene.”” No reaction occurs in the absence of

alumina.
cl Cl 0O
R
v( ALO,
—_— .
COOEt refluxing xylene R OFt
0 O
60 - 100%

R = Et, n-Pr, i-Pr, n-Bu, 1-Bu, n-Pentyl



8008 G. W. KABALKA and R. M. PAGNI

The supported reagent, LiBr adsorbed on Al,O, (LiBr/Al,O;), also catalyzes the isomerization of epoxides
to aldehydes and ketones, either in refluxing toluene or in the gas phase at 180°.” LiCI/ALO,, MgBr,/Al,0, and
LiBr/SiO, were less effective catalysts for these reactions. A mixture of LiBr and Al,O, also was not as effective.
Clearly, the Lewis acidic cation, its counterion, and the support influence these reactions. Unfortunately, nothing

is presently known about how inorganic salts interact with the alumina surface.

LiBr/ALOs CHO 0
O 180°05n" +

(60%, 7:3 ratio)

ELIMINATION AND DEHYDRATIVE CONDENSATION REACTIONS

Elimination reactions are among the most studied of all solution reactions and they proceed via multiple
mechanisms.™ Concerted reactions including the base-induced E2 reaction, the pericyclic Cope elimination and the
stepwise El and ElcB reactions (which proceed via both carbocation and carbanion intermediates) all yield olefins
by overall B elimination. Solution dehydration reactions are also common and their mechanisms varied.™ Classic
examples of these include Fischer esterification and imine formation by the reaction of an aldehyde or ketone with
ammonia or an amine derivative.

Because activated alumina is polar, contains potentially catalytic acid and base sites on its surface, and is
itself dehydrated, it is not surprising that elimination and dehydration reactions occur readily on alumina ® Many
early reactions were carried out in the gas phase at elevated temperatures; gas-solid reactions are of particular
interest to catalytic scientists and chemical engineers. Two recently reported elimination reactions, one occurring
with a gaseous reactant at high temperatures and the other with the same reactant in solution at room temperature,
demonstrate the utility of the reaction.

Bauer and Thomke studied the elimination of methanol from 2-methoxy-, 2-methoxy-2-deutero-, and d, /-
erthyro-2-methoxy-3-deuterobutane in the gas phase at 183-332 °C in the presence of y alumina.” The reaction
occurred largely by concerted (E2) anti elimination of methanol to give predominately cis-2-butene. Saytzev
elimination to give cis- and #rans-2-butene dominated over Hofmann elimination to give 1-butene at all temperatures.
Syn E2 elimination also occurred and became more important as the reaction temperatures increased. Small
percentages of E1 elimination were also detected at higher reaction temperatures. The predominant reaction
pathway involved an anti elimination from a staggered conformation in which the two methyl groups are close to

one another.
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CH; D CH; CH

OCH;3;

Zavada and Pankova examined the elimination of HX from a series of 2-substituted decanes containing OTs,
Cl, Br and I in ether at 25 °C in the presence of Woelm alumina which had been previously activated at 400 °C for
6 hr.” Similar to what was observed by Bauer and Thomke, 2-decene was formed in greater amounts than 1-decene
in all cases and cis-2-decene was the major geometric isomer. The selectivities are higher than those observed in
KOz?-Bu/benzene. There was also a large leaving group effect. These results are consistent with the reaction
occurring by the concerted anti elimination of HX. Steric effects may be invoked to explain the preponderance of

cis-2-butene in the product mixture.

Al——0 Al————0’
H H
CH; H H CH;
Versus
Ve
, H (CH2)6CH, H (CH3)6CH;3
Al--nmmoeee X I X

Posner was the first to study surface catalyzed elimination reactions from a synthetic perspective.” He and
his coworkers found that tosylates often underwent elimination on Woelm alumina more cleanly than in solution.
Competing displacement of the tosylate by hydroxyl to form an alcohol was also observed in several cases. More
recently, Paquette prepared triquinacene™ and optically active deuterotriquinancene™ by elimination of CH,SO;H
from the corresponding mesylates using alumina. Interestingly, isotriquinacene, which does not isomerize to

triguinacene on alumina, is instead formed in solution.
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Al03, CHxClp
—_—

250 R=D
R 'OSO.CHs

Alz03, /CH,Ch, R=H ALbO3, R=H

KOt-Bu/DMSO
—_—
R=H

CH:S0,0° R

B-Eliminations of sulfinic acids from sulfones® and the conjugate bases of hydroxylamines from a series of
amine oxides® have also been carried out successfully on basic alumina. This latter reaction is particularly interesting
because the thermally induced Cope elimination of the same substrates was not as efficient. Elimination of HBr from
alkyl bromides using the very basic KF/Al O, has also been reported # Alumina-catalyzed f-elimination of HCI®

and HOAC* to form conjugated enones and HF from 1,1-difluoroindene to yield 1-fluoroindene®® are also known.

Me Me Basic Al,O3 z
e Gl
RT, Et;O 0

99% after 3 hr

{ > h

N ic alumi ZHOH

o, N< OH Basic alumina CH=CZ

0O  CH,CHCOMe No Solvent COMe
(HOH 800

Ph
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Alumina was used in a novel, synthetically useful version of the Ramburg-Backland reaction.*® In this
procedure, the sulfone is treated with KOH supported on alumina, and CBr,F,. The function of the KOH/ALO;,
is two fold: (1) to induce bromination of the carbon  to the SO, group via the sulfone’s conjugate base, and (2)
to induce 1,3 elimination of HBr from the a-bromosulfone. Excellent yields were reported for the seventeen

examples reported in the two papers.

KOH/ALO,
S Oz >
t-BuOH, CBr,F,

RT, 1-2 hr

90%

B-Elimination of H,O from alcohols is often used to generate alkenes. Dehydration of 2-aceanthrynol in
refluxing benzene in the presence of alumina afforded aceanthrylene, for example.¥” Other methods of dehydration
were far less effective. Vapor phase dehydration of allylic alcohols over hot Al,O; (230-300 °C) has been used to

generate isomeric heterocycles.®

5 o ()
SO
alumina
OH
Alez Z/ \g / M=Sior Ge

M N

Major Product

ASS

Other dehydrations using hot alumina have been reported. Dibenzyl ketone, for example, affords 1,3-
diphenyl-1,2-propadiene at 350°C which in turn isomerizes to phenylindenes at higher temperatures;* while 2-N-
phenylaminobenzyl alcohol yields acridine and dihydroacridine at 350 °C via an azaxylylene intermediate.** p-
Menthenols generated mixtures of conjugated and non-conjugated dienes on alumina at 240 °C in the injection port

of a GC.*' None of the above reactions occurred at the indicated temperatures in the absence of alumina.

ALO Ph
23 C=C=C\/ ———»  Further reaction
H

|
H o
PRCH,CCH,Ph 35000 py
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Synthetically useful reactions of amines with aldehydes and ketones to form imines on alumina are known.
Texier-Boullet has demonstrated, for example, that these reactants generate imines on alumina in the absence of
solvent in good to excellent yields.”> Aminoalcohols react similarly with aldehydes.” On the other hand, amines,
diamines and hydrazines react with 1,3- and 1,4-diones, usually at 20 °C in the absence of solvent, to yield enamines

and aromatic heterocycles.* Procedures to convert aldehydes into nitriles on KF/ALO,* and into ¢-aminonitriles,

on alumina,” have been published.
M 3
H2NCHCN 7 NHCH.CN  95%

/

n=1
?HzPh
N
PhCH2NH>,
/(ECHz)L n=2 \@/ 9%
PhNHN]’b Th
nol N,
\ 90%

Thioureas react with amines in the presence of triethanolamine and lac (precipated) sulfur on alumina to yield

guanidines.” The function of the sulfur is to facilitate the removal of H,S by reaction with triethanolamine.

j\ S/AL2O3 )N\HEt

82%
PhNH™ “NHPh + H:NEt Triethanclamine PhN” “NHPh (82%)
1 h RT

ADDITION REACTIONS

The polar addition of halogens and strong acids to carbon-carbon double and triple bonds has been studied
extensively in solution.”® Polar additions of species such as water, alcohols and acids to carbon-carbon multiple
bonds have also been achieved on alumina and other solids. The earlier studies were often carried out at elevated
temperatures,® but more recent studies have focused on reaction conditions of interest to organic chemists.

Reaction of Br, with cyclohexene on neutral alumina at room temperature in the absence of solvent
surprisingly affords #rans-1-bromo-2-chlorocyclohexane **'® The trans-1,2-dibromocyclohexane also obtained in

the reaction does not form on the surface of the alumina but during workup when unreacted Br, and cyclohexene
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are extracted from the solid into solution. The chlorine in the product arises from two sources: (1) CI impurity on

the alumina and (2) CCl, which was used to adsorb Br, onto the surface. CCl, is known to react with surface oxide

Br
O /A1203+BrﬂA1203 —_— O/
"l

Alkynes react with I, in petroleum ether in the presence of activated (400°) and unactivated alumina to form

to generated CI".'""

vicinally substituted (E)-diiodoalkenes *1°%*!% No reaction occurs in the absence of the solid. Terminal alkynes

also afford 1,1,2-triiodoalkenes on unactivated alumina through an intermediate 1-iodo-1-alkyne '®®

.. H _ . | E |
R/C_ . - RC=CH ——>» RC=C] —>» R/C_C\I

76.5% R = Propyl 9.5%
I, reacts readily with alkenes and nucleophiles supported on alumina (Merck) and other solids to form stereo-
and regioselectively substituted iodoalkanes.'® The reported yields are superior to those achieved in the absence

of the supports. Based on these results, it is easy to imagine the addition of numerous other halogen/nucleophile

combinations to alkenes on alumina.

1
L + O + Nuc/Al;03 %D O/
“N

N=SCN 80% (thiocyanate)
N3 74%
OAc 70%

The reaction of alkenes with I, on alumina in the absence of an added nucleophile takes a different, but
synthetically useful, pathway than the reactions described above. For example, when cyclohexene is treated with
L in petroleum ether at 35° in the presence of activated (400°) neutral alumina, iodocyclohexane is produced in 85%
yield after 2 hours.® '°'% HI, but not I,, has added to the double bond. HI is apparently generated in situ by the
reaction of I, with surface hydroxyl groups which then undergoes an irreversible two-step ionic reaction with the

alkene in the polar environment. I, also adds to the double bond but this product regenerates the starting alkene.



8014 G. W. KABALKA and R. M. PAGNI

This procedure is a convenient method to generate and add HI to alkenes, a reaction often difficult to carry out in

I I
O/ E— O + Iz/Al203 —_— O/
. I

Kropp'®'® and Laszlo''® have expanded on the concept of reacting an in situ generated hydrogen halide with

solution.

alkenes and alkynes. This chemistry, described below, has developed into a powerful methodology for adding HX
to carbon-carbon multiple bonds. The formation of HX requires the reaction of an appropriate acid anhydride with
the surface hydroxyl groups of alumina or silica gel. Alumina works best when activated at 120° prior to use. Listed

below are common precursors to HX.

HCL:  (COCl),, SOCI,, AcCl
HBr: (COBr), PBr, Me,SiBr, AcBr
HI:  PIL;, Acl, Me,Sil, (1,)
The additions occur by ionic pathways involving carbocations and are much faster on Al,O, than they are
in solution. The initial additions of HX are largely syn but the products often equilibrate with more stable isomers.
Notably, the reactions of HBr on the solids are not prone to competing free-radical, anti-Markovnikov additions

which plague these reactions in solution. Several examples are shown below.

(COBr)2, Al203

csHy” 2 CHiCly, 03 h CSH“/ﬁ'f
T
N SOC2, Al2O3
=
CHxCl2, 16 h N a
Cl
31% 69%

ﬁb Pls, Al203 I
B ——
CHxCI2, 03 h

cl cl CH3
(COCl),, Al203 S >—<

PhC=CCH3
CHxCl2, 03 h Ph CHs Ph H

85% 14%
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Kropp and coworkers also developed a procedure to generate and add HN; to alkenes.'”’

Me3SiN; + CF3SOsH o0
Al03,2h %

Two protocols suitable for use in the undergraduate laboratory have been published concerning the addition

of HC! to 1-propynylbenzene'’ and (R)-carvone'? on alumina.
An alternative to the traditional halolactonization procedure was recently reported'® in which CuBr,
adsorbed on alumina served as the source of Br,. Since the reaction illustrated below proceeds poorly with Br, in

CHCl,, the lactonization in the presence of CuBr,/AlLQO; undoubtedly occurred on the surface of the solid.

i

CuBry/ALO;

CHCL,, 3h, 65° 97%

HO

COOH

AROMATIC AND VINYL SUBSTITUTION

Alumina provides an almost ideal environment for electrophilic aromatic substitution reactions.
Not only is its surface polar but its surface constituents, e.g. the partially exposed aluminum ions, are capable of
catalyzing the formation of electrophiles. The older literature describes many examples of this chemistry®'** but
the reactions were most often carried out at elevated temperatures, either because the substrates were
deactivated or the electrophiles were difficult to generate or were unreactive. Although electrophilic aromatic
substitution has been studied extensively using other solids,>* there are surprisingly few studies involving
alumina. Examples of synthetic interest are described below. Examples relevant to environmental chemistry are
also known.'"*

Halogenation of aromatic substrates on alumina is well documented. Iodinations have been carried out
using I, on neutral alumina®*'® "¢ and CuCl,/Al,Q,, a Lewis acid.'"” Brominations have been carried out using
Br, on neutral alumina'"* or with CuBr, adsorbed on alumina,"*'? which yields Br, in situ; chlorinations have
been carried out using CuCl,/ALQ,."'*"2"'2 Several of these reactions are distinctive.

The reaction of Br, on alumina with alkylbenzenes is surprisingly fast (t,,< 1 minute)''® and the normally
unreactive I, reacts efficiently with a variety of aromatic substrates on activated (400°) alumina at room

temperature.”*'®"¢ Interestingly, N,N-dimethylaniline yields p-iodo-N,N-dimethylaniline at room temperature



8016 G. W. KABALKA and R. M. PAGNI

whereas aniline is unreactive even at 100°."'° Aniline, but not N, N-dimethylaniline, is undoubtedly rendered
unreactive by complexation to aluminum ions on the surface. lodine is also activated toward reaction by the
Lewis acidic CuCl, and CuSO, adsorbed on alumina.""” In most cases, the aromatic compounds are iodinated
readily using CuCl,/AL,O,. Anthracene, on the other hand, is chlorinated. In this case, Cl,, which is generated
in the reaction 2 CuCl, ~ 2CuCI+Cl,, serves as the electrophile. Iodination of anthracene is achieved using I, on
CuSO,/ALO,.

NRz NR2

0o
b 400° - ALO;

R=H 0% at 100°
=CHsz 45% atRT

X

SOOE NG OP
—_—

CuClyAl:03 X =Cl (90%)
CuSO4/Al03 X= 1 (73%)
Several Friedel-Crafts alkylation reactions on alumina are known."?*'** In an attempt to convert an alkyl
bromide into a nitrile, benzyl bromide was treated with CN" on AL, in an aromatic solvent. Inexplicably,
mechanical agitation of the mixture afforded the Friedel-Crafts products, whereas sonication'*® of the mixture

yielded the expected benzyl nitrile.'**'** The reaction of substituted

CH,Br CH; CH; CH,CN
+ CN/ALOs or
CH,Ph
Mechanical Sonication
Agitation

benzenes with allyl chlorides' is interesting because two solids were used in the reaction, one (ZnCl,/Si0O,) to
catalyze the reaction and other (K,CO,/Al,0;) to remove the HC] as it was generated. Indoles react very rapidly
with a-chloromethylthiomethyl ethers on neutral alumina at room temperatue.'*'* An intramolecular alkylation

on the very acidic SOCI, chemisorbed on alumina has also been described.**'%

CH,>SCH3

@ - CICHSCH; ewral N
Alumina
N
H

N
H
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Nucleophilic aromatic substitution reactions also occur on alumina (Table 1). Dalton and Regen
demonstrated that bromo- and iodobenzenes are converted to the corresponding nitriles when treated with
NaCN and (Ph;P),Pd on alumina under mild conditions.”®” The substitution reactions did not proceed as well
in the absence of alumina or in the absence of (Ph,P),Pd. Clark has demonstrated "**'* that it is possible to
displace the halogen on haloaromatic compounds using Cu(I) salts on alumina in which the counterion is also the
nucleophile. These reactions work well although they usually require elevated temperatures and a high boiling,
aprotic, dipolar solvent. In addition Clark has carried out extensive spectroscopic studies in order to character-
ize these reagents. IR studies of CuCN on alumina, for example, show the species to be Cu*Cu(CN),.'*" A
recent example of nucleophilic aromatic substitution used alumina to arylate indole at nitrogen using KF-Al,0,,a
reagent to be described in detail in a later section of this article, and a crown ether in DMSO.'#

Dinitrobenzenes form Meisenheimer complexes in solution when contacted with a slurry of KF-Al,O, or CsF-
Al,0, and DMSO."** Examples are also known in which alumina is an ineffective medium for nucleophilic

aromatic substitutions. 146

I SCF3
CuSCF3/ A.1203 100%
N-pyrrolidone
NO; Zh, 150° NO»
Table 1. Nucleophilic Aromatic Substitution on Alumina
ArX —  ArNuc
Reagent Substrates
X Nuc
Br, 1 CN NaCN on ALO, + (Ph,P),Pd."*” | bromo- and iodoaromatics
Cl, Br I Cul on ALO, ' bromo- and chlorobenzene and
toluenes
Br I KCul, on ALO,."* aryl bromides
L, Br SCF; CuSCF,; on AL,0,.'¥ bromo- and iodobenzenes,
most with activating
substituents
Br CN CuCN on AL, 0, ™ bromobenzene
i -SCN, -NCS, CN, CuSCN + ALO,, CuSCN on 2-iodonitrobenzene
-S-, -8-8- ALO,.'*
F ArX ArX on KF-Al,O, 2- and 4-fluorobenzonitriles
(X=0, S, NMe, NH) (X=OH,SH,NHMe, NH,)."¥
F,ClBr], Indole on KF-ALO, ' substituted benzenes with
NO,, CN, OMe ]‘k activating substituents
Cl Alkoxy Alcohols on KF or CsF on chloroquinones
neutral alumina.'**
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F
KF-Al;03
(I\ * 18-crown-6 @
N —_—
H DMSO, 120 °C
NO;

NO2

Vinylboronic acids react with Br,and 1, in the presence of base to yield vinyl halides. When alumina is
the base, terminal (E)-vinylboronic acids react with 1,'* and Br,'® to yield mixtures of (£)- and (2)-1-
haloalkenes. The (E) product arises by attack of X, on the complexed boronic acid and the (Z) product arises by
anti addition of X, to the double bond of the boronic acid followed by anti elimination of B(OH); and X" from
the complexed adduct.

/:/B(OH)2+ X _;Aﬁ_) _ X . 1\_/X

R Ether, RT R
R=CI(CHy)s, X=1 74 © 26 (82%)
R =Cl{CHyp);, X=Br 20 : 80 (56%)

NUCLEOPHILIC SUBSTITUTION AND SOLVOLYSIS

Nucleophilic substitution reactions readily occur on alumina and many examples using halogen, oxygen,
sulfur and carbon nucleophiles have been reported in the literature. Syl reactions are favorable owing to the
polar nature of, and the presence of nucleophiles (O, OH') on, the surface. Sy2 reactions are often rendered
favorable because an unreactive, uncharged nucleophile can be converted into its more nucleophilic conjugate
base when it contacts the basic solid. Although there is some evidence that charged nucleophiles such as CN°
13L152 and 153 have comparable or better reactivity on alumina than in other environments, there are not enough

data available to state that this is a general phenomenon. One explanation for the seemingly high reactivity of

certain nucleophiles is the high surface area of the reagent when dispersed over the surface of the solid."**'**

155-157 158-161

S\2 reactions in which alkyl halides, tosylates, and sulfates react with carboxylates, alkoxides,

aryloxides,'*'®' hydroxide,'®*'* oxide,'** and the conjugate base of an amide'®® on alumina have been described
in recent years. KF/ALO,, a strong base, has been used in some of these cases to activate the nucleophile.'™
199.161-1682 Microwave activation has also proved helpful '**'5

Several of these reactions are noteworthy. Diols are monomethylated with CH,N, on alumina; 1,10-

decanediol afforded the monomethyl ether in 86%, for example.'® Mitchell and Benicewicz have shown that
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chloroamides are converted into heterocycles on KF/ALO;'** this material is clearly sufficiently basic to
deprotonate amides which have pK,s ~25. The hydroxide and oxide on the surface of alumina also serve as
nucleophiles.'>'** Benzyl chloride and bromide yield dibenzyl ether in two-step processes which uses
nucleophilic OH" on unactivated alumina and oxide on activated alumina.'® Liquid CCl, reacts with oxide, but
not hydroxide, on the surface of alumina at room temperature.’® It has been shown that this reaction represents

a simple, indirect method to measure the oxide concentration of alumina.'®

C
HOCHACH)SCHOH -0~ HOCHy(CH:)sCH:0CHs
NHCH,CH:Cl  KF/Al
CRCL KEARS oo ] 8%

PhCH,Cl + 02 —» Cl+PhCH0r  PRCHRCl o (phcHy),0 + O

Aliphatic nucleophilic substitution reactions involving adsorbed S2,'%"”2 HS",'"" alkyl
S,'% SCN',' the thioenolate of methyl dithiopropanoate,'” phenylsulfinate,'”* and thioethers'”® occur on
alumina and on the more basic KF/ALQ;'™* and KOH/AL,Q;.'* Microwaves and ultrasound accelerate the
reaction of phenylsulfinate with alkyl halides, reactions which work better on alumina than on other solids.'”
H,S, a source of nucleophilic HS", can be generated in situ by the hydrolysis of CH,C(S)NH, on the surface of
unactivated alumina.'’

Ever since Regen’s initial report on the use of S*/AL0, to prepare thioethers,'* this reagent has found
wide use in synthesis, as evidenced by the preparation of cyclic ethers.'*'*'”!  Pagni and Kabalka have shown,
for example, that S%/AL0, is an effective alternative to the high dilution method currently used to prepare
macrocyclic thioethers.'? HS7/ALQ, is also an effective nucleophile for the preparation of cyclic sulfides and

167 which is a reaction known to

disulfides, the latter of which result from the oxidative coupling of thiols by O,
occur on alumina.!”” Gleiter has reported methods to prepare sulfur- and selenium-containing radialenes using S°

*/AL,0"* and Se?/Al,0,," respectively.
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CH3CSNH
Br(CHz2)sBr Als_z(hhz’ O + Cz

s
_ NaS/ALOs  \_/ A\ . N

| |
cl cl
e-S
NazSe/Al203 N 7
G Y
€

Se-S

The behavior of SCN™ on alumina is interesting in that substrates reacting via the Sy2 mechanism yield
thiocyanates exclusively while those reacting by the Sy1 mechanism yield mixtures of thio- and isothiocyantes.'™

The amount of KSCN on the alumina has an effect on yield and distribution of products.

SCN/Al
nBubr SN/ARO: o seN (100%)
SCN'/AlL,03
t-BuBr —— >  BuBr + t-BuNCS  (80%)
%0 10

The use of halide nucleophiles on alumina is rare. Clark has shown that I on Al,O, is a very effective
agent for the iodination of alkyl chlorides and bromides.'” Tundo described a procedure for iodinating alkyl
bromides using modified aluminas as phase transfer catalysts.'®

Amines'®""® and amides'****" undergo S\2 reactions with alkyl halides when activated for reaction by
adsorption on alumina, as well as the very basic KF/AL,O;, KOH/AI,O, and K,CO,/AlL,O,. Alkylation of weakly
acidic amides required the highly basic solids. Recent examples of this chemistry include the alkylation of
hydrazines on KF/Al,0,'* and of arylamines on basic alumina;'®’ neutral alumina was not as effective in this

latter reaction.
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U ‘”‘D
KF/AL0; (30.7%)

CH3I, RT

O overnight
O—NH + (BrCH;CH3) NEOE Basic ALO; | Q @0& (80%)
T t (3
2 e 150°, 40 min N

Alumina-assisted S,.2 reactions involving carbon-centered nucleophiles are also known. Several studies
have described, for example, the utility of CN/ALQ, for the conversion of alkyl halides to nitriles.'**!2*!*"
1521694188190 Eyrthermore, Regen'®! and Clark'*? have reported kinetics studies of several of these reactions.
Clark has also described IR spectra of KCN/ALQ, and KCN on KF/AL,0,."* On KCN/ALQ,; at low loading, the

v (C=N) band is broad but only slightly perturbed from the normal value; at loadings >5 molecules of KCN/nm’,

v (C=N) due to microcrystals of KCN is apparent. Recently Gleiter reported the use of CN7/ALQ; in an

interesting S,2' reaction.'®

CN

o CN/ALO3 \
=+ . P

Cl Cl CN

Enolates™" and carbanions derived from doubly activated methylene compounds such as malononitrile,
acetoacetate esters, malonate, cyanoacetate, and phenylacetate esters also function as nucleophiles on
alumina.'®"*1% The reactions of the acidic methylene compounds occur most readily on basic solids such as
KF/AL0,, NaOEt/ALO,, NaOMe/Al, O, and KOr-Bu/Al,O;. The selectivities are very impressive. Ethyl
acetoacetate, diethyl malonate and 2,4-pentanedione afford monoalkylated products in high yields when treated
with 1 equivalent of NaOEt on Al,O; and high yields of dialkylated products when treated with 2 equivalents of
NaOEt/ALO,."”” Malononitrile is monobenzylated exclusively on basic alumina and KF/AL,O,."* Chiral
acetoacetates react with optically inactive 2-octyl bromide and 1-phenylethyl bromide on KOz-Bu/Al,O, to give
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products with higher optical purities than those obtained for the same reactions carried out in K,CO,/DMSO."*
An ad hoc argument in which steric effects between the reactants and the surface are minimized was used to
explain the observed selectivities. Little unfortunately is known about how organic compounds interact with

solid surfaces. Dithioacetals may also be prepared by this enolate methodology.'”

SCH,
KF/ALO I
NCCH,CO,Et + 2CH,SSO,CH; — 2753, NC ¢ CO,CH,
SCH,

There are surprisingly few examples of nucleophilic substitution reactions which clearly proceed through
carbocations. Some of the previously noted reactions of SCN/ALO, with alkyl halides involve carbocations.'™
The reactions of (E)-5-bromo- and (£)-5-iodo-2-pentene with AgNO, adsorbed on Al,O; apparently also do.'”
The clean isomerizations of strained N-chloroamines to C-chloroamines on alumina may also proceed through
carbocations or intimate ion pairs, although dyotropic shifts not involving carbocations offer another

possibility.**

XX+ ANOyAR0, — <

ONO,
ALOs
CI\A
NC1

CONDENSATION REACTIONS AND CONJUGATE ADDITIONS

The areas in which alumina and modified aluminas, particularly KF/AL,O, , have found their greatest use

X=1,Br
but not Cl

in organic synthesis are the base catalyzed and base induced condensation reactions, conjugate additions and
ylide reactions. A summary of the reactions which appeared since 1980 is found in Table 2.** Prior to
describing these reactions, a short discussion of KF/Al,0;, which is essential to the success of many of these
reactions, will be presented.

Fluoride is a weak base in water where it is highly solvated. On the other hand in aprotic dipolar

solvents, where anions are poorly solvated, F" is a strong base.” In attempts to prepare solid base analogs of
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F in aprotic dipolar solvents, fluoride salts have been adsorbed to the surfaces of numerous solids from aqueous
solution. One of these, KF on alumina, is a particularly effective base for the alkylation of alcohols.® Several
investigators have reported the characterization of KF/Al,Q, using a variety of spectroscopies and physical
organic methods. 2% It is clear from these studies that KF reacts with Al O, to generate base:

12KF + AL, 0, + 3H,0 ~ 2K,AlF, + 6KOH.
However, the activity of KF/ALO, is not entirely due to the KOH generated because catalytic activity is greater
than one can ascribe to KOH alone. Coordinatedly unsaturated F, i.e. unsolvated, and the cooperative
interaction of F~ with the hydrated surface may also contribute to the basicity.?”

Space limitations preclude a detailed discussion of these heterogeneous base catalyzed reactions. Suffice
it to say that the heterogeneous reactions compare favorably (reaction time, temperature, ease of workup, yield,
selectivity, etc.) to analogous reactions carried out in solution. When deciding which solid medium to use,
alumina is the catalyst of choice when an acidic substrate is the source of the nucleophile while KF/Al,O, is the
solid of choice when weakly acidic compounds are used to generate the nucleophile. Several representative

reactions are shown below.

OBn OBn NO2
ozrxl\/\f(ocm+ ~__H  AkOs N oCH
—_—
! /j)f b 3 (Ref 210)
@\ . NC\/ﬂ\ Al203, 24 h (Ref211)
S CHO NHZ 200, THF
h
/\i KF/Al203, 2 h ON
96%
CH30.C Sph CH302C
HC=CCOCH3 +PhSH —> JC=CH : = :H
H H H SPh
(Ref 213)
Al203, ether, 109 1 h (97%) 87 : 13

No AlLO3 (79%) 63 : 37
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(CH3);S'T + PhCHO

H
PhCHO + PhaP=—C{
COzEt

PhCHO + PhCHCICN

KF/AlO3
—_—

G. W. KABALKA and R. M. PAGNI

A

Ph

(75%)

AlXO3

(88%)

KF/Al203
PhH, RT, 4 h

(82%)

A

25° H

CO2Et
93

(Ref 214)
Ph COZEt
e=c{
H H
(Ref215)
7
H, R .Ph
Ph N (Ref 216)
44

Table 2. Base Catalyzed Condensation, Conjugate Addition, and Ylid Reactions

Reaction Type Bond Formation Solid Catalysist References

Aldol, Knoevenagel, Henry C-C AlLO, 210,211, 217-237
and Related Condensations c—C KF/ALO, 238.253

Cc-P AlLO, 254

C-p KF/ALO, 240, 255,256
Michael and Conjugate C-C ALO, 232, 257-262
Addition c-C KF/ALO, 212, 216, 263272

C-0 ALO, 273-275

C-S Al O, 213

C-S KF/ALO, 269

C-N ALO, 276, 277

C-P KF/ALO, 240, 255
Darzens C-Cand O-C KF/A1103_ 216, 240
Tishchenko Cc-0 Na/Al,O,; BuLvVALO; | 278
Wittig and Wittig-Horner C-C AlLO, 214, 215

C-C KF/AlLO, 214
Sulfonium Ylide + Aldehyde| C-C and O-C KF/ALL O, 214
Sulfoxonium Ylide + Enone C-Cand C-C KF/ALO, 214
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REACTIONS OF CARBOXYLIC ACIDS AND DERIVATIVES.

Alumina has been extensively used as a catalyst and medium for the interconversion of carboxylic acids
and their derivatives. As many of these transformations involve the loss or addition of H,O, the use of alumina
should not be surprising because it is both a dehydrating agent, especially when activated, and a source of H,O
in the form of its surface OH groups.

The esterification of acids over solid catalysts has been observed for a long time®* ** and several
synthetically useful examples occurring on alumina have been reported in recent years. Since conversion of
carboxylate anions into esters has already been discussed, the focus here will be on the conversion of acids into
esters. Loupy ef al. described a simple procedure for the Fischer esterification reaction using p-toluenesulfonic
acid adsorbed on alumina, a reaction activated by microwaves.'”” Chihara demonstrated that one can selectively
monomethylate dicarboxylic acids on alumina with CH,N,,” a selectivity not available in solution. This
selective monomethylation (using CH,N, or (CH;),SO,) on alumina has been widely studied in Japan'$%%!-28 gnd
represents a significant contribution to organic synthesis. IR studies have revealed, in the case of terephthalic

284

acid, why this selectivity occurs:** the diacid reacts with the surface to form a monocarboxylate anion lying

normal to the surface leaving the unreacted COOH free to be alkylated.

Me,SO
HOOC(CH,);0COOH —xf5— CH;00C(CH,)oCOOH + CH;00C(CHy)0COOCH;
1,04 2
(97%) 3%

Esters can also be converted into carboxylic acids. Treatment of esters with a mixture of crushed KOH
and neutral Al O, yields carboxylic acids and alcohols in high yield. ** Spectroscopic studies have shown that
alkyl benzoates are hydrolyzed on alumina films.?*¢** terr-Butyl benzoate also undergoes acid-catalyzed

hydrolysis on alumina films.?*’

COOH
COACHICHs 4 51+ AL, ¥ HO(CH,)CH
fckhustebellieln Suet S

Toluene, RT U

89% 91%

COOH
OC(CH3);  AKLO; ©/ . (CHsy, C=CH,
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Ally] acetates react with phenol in the presence of catalytic amounts of Pd(0) and KF/ALO; to yield allyl

288

phenyl ethers in good to excellent yields.**® These reactions likely occur by reaction of n-allyl palladium

complexes with phenoxide anion.

Ac Ph

Pd(0)

+ PhOH —_—
KF/Al203

Synthetically useful transesterification reactions also occur on alumina. Primary alcohols, for example,
are acetylated in high yield in a slurry of ethyl acetate (solvent and reactant) and neutral alumina.” For diols
and triols, primary sites are acetylated in preference to secondary sites.” Aniline and p-bromoaniline, but not

aliphatic amines, are likewise acetylated in a slurry of ethyl acetate and alumina "

H,OCCHj3
i HO,
CH;COEt + neutral | HoOBt + 0
. Al,O3 -
PhCH,0 - 'OCH3 PhCH;0 : 'OCHj3;
PhCH,0 PhCH,O
97% (based on
recovered reactant)
i
NH; NHCCHj3
Il
CH;COEt + neutral HOEt +
alumina
80%

Modified Al,O, in which BBr, is chemisorbed to the surface of Al,O; can be used for the synthesis of
acyl bromides.®' Treatment of carboxylic acids with BBr,/AL,O, which contains BBr bonds yields acyl bromides

in high yields. Interestingly, the reaction of carboxylic acids with BBr, in solution does not yield acyl bromides.
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O
COH CH,(Cl,, 200 Br
+ BBT3/ A1203 ——2E)—h—> Ph (86%)
0 O

Acyl halides react with nucleophiles on alumina. Acyl, for example, react considerably faster with H,O
and CH;0H in the presence of AL, than in homogeneous solution.”> Dimethylthiocarbamoyl chloride reacts
with phenols on KF/ALO, to yield S-aryl N,N-dimethylthiocarbamates in very good yield,”® these esters
isomerize by a formal 1,3 sigmatropic shift to O-aryl N,N-dimethylcarbamates when heated (microwave) on a
variety of supports including alumina. Benzoyl chloride undergoes an interesting reaction with KCN on Al,O,

to yield not only benzoyl nitrile but also a dimer.”

O CN
Il I |
PhCCl + KCN AbOs PhCCN + PhCOCCN
PhCHj, 24 h bh
70% 10%

Acyl chlorides yield r-butyl esters when treated with #-butyl alcohol and activated alumina.”®* The acid
chloride of optically active naproxen yields the #-butyl ester with retention of configuration, thus ruling out a
ketene as an intermediate in the reaction. Acyl bromides yield f-butyl esters in good to excellent yield when

treated with z-butyl alcohol and activated basic alumina. >

CH3 CHs
Q™ v, I 5
—_— 11
0
CH:O PhH, RT, 72 h CH,0

There are two excellent procedures in the literature for the conversion of nitriles into amides using
alumina. This transformation in solution is, of course, often plagued by the competing hydrolysis of the amide.

In the first procedure, the nitrile in refluxing #-butyl alcohol is treated with KF/ALQ, in which a significant
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amount of water is retained on the surface.”” In the second method, the nitrile is treated directly with

unactivated neutral alumina; in this case the surface hydroxyl groups serve as the source of water.”

I
PhCN —_—— PhCNH;
KF/Al203, refluxing -BuOH 74%
Al>,03 (N), no solvent, 60° 83%

Trichloroacetyl carbamates are rapidly cleaved to the corresponding carbonates on neutral alumina®
Carbamates with P-acetyl groups are converted into amines when contacted with neutral alumina** These
transformations undoubtedly occur by a sequence of reactions involving elimination (E1¢B), loss of CO,, and

conjugate addition to the vinyl ketone generated in situ.

0]

1] ? ?
NHCOCH:CH:CCH3 7,0, CHCl3 NHCHoCH:CCH3 — (73%)
—_— >
/©/ 350 24 h
CH; CH3

ISOMERIZATIONS, REARRANGEMENTS, AND PERICYCLIC REACTIONS

Because of the importance of alkene isomerization in heterogeneous catalysis, the mechanisms by which
model alkenes, 1-butene and (E)- and (Z)-2-butene, interconvert have been extensively studied.” On acidic
solids, the isomerizations usually occur by a protonation-deprotonation mechanism involving the 2-butyl cation
whereas, on basic solids, the reactions occur by a deprotonation-protonation mechanism involving allyl anions.
Alumina generally functions as a solid base in these isomerizations. The even more basic NaOH/AL0, *
Na/ALO,,*" K/ALO, ** and KF/ALQ,,*” function as superbasic catalysts in the isomerization of alkenes.

Several of these prototropic reactions have proven useful in synthesis, two of which are shown below.
The driving force for these reactions is the formation of more conjugated, and thus more stable, products. An

interesting example of a prototropic isomerization in which conjugation is not
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. COqEt

P AlLO3 & /\002Et
lre}?wdng PhE] . (Ref. 307)
h h
F Z “Ph
basic
alumina (Ref 310)
Z Br F Br

the driving force of the reaction was reported by Bonin e al*"! In this case the substrate undergoes 1,4-

elimination of HCN (E1) followed by 1,2 addition of HCN to the intermediate.

(Ph (Ph
NC N_ _CH; Al,Os5,CH,Cl, Nc\ij/cm
—_—>
U RT, 2h = (90%)
l CN +CN
Ph Ph Ph
vl é NS
N CH; CH; (\ +

Other isomerization reactions are also known to occur on alumina including the ring opening of
epoxides’™*'* and the mutarotation of glucose.***"* On basic alumina, the terpene (R)-citronellal undergoes the
Cannizzaro reaction."® On acidic alumina, on the other hand, the terpene isomerizes to a cyclic alcohol ** On
alumina acidified with CH;SO,H, HCI and oxaly! chloride, the terpene yields four cyclized products.'®* A diester
related to citronellal also cyclizes when treated with (COCI),/Al,0,.'* The Lewis acid FeCl, on Al,O, also

catalyzes this and related ene reactions. 373"
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(COCI1)2 /AL 03
+
CHxCl5, 0.5h
\o Y OH OH (95%)
AN
a - OH 23% a - OH 7%
B - OH 66% B - OH 4%
(COCl)z /Al03
+
R CH2C12, 05h ., R
R
(COCl,)/A1203,0.5h 62% 5%
1.1%

R = CO,CH;
(FeCl3)/Al;03, CHCly, -78 °C—RT  90.9%

Several rearrangements have been examined on alumina ***32 including the Beckmann rearrangment.”
This latter reaction has been studied extensively on solid acids because of the industrial importance of the
conversion of cyclohexanone oxime into caprolactam.*® An example of a Beckmann rearrangement occurring

on alumina is shown below; *** this rearrangement also proceeds using more traditional catalysts

o)

OMs
N/jN ALOs I HLNH (91%)
Et0,C” N~/

EtO,C

Ve
Recently a cyclic thiocarbonate has been shown to undergo a pinacol-like rearrangement on basic

-Cyclodecynone, on the other hand, undergoes an acid-catalyzed transannular rearrangement on

alumina.’® 5
neutral alumina and in methanol containing HCI or H,SO, to give an isomeric conjugated ketone

o baslc alumina
<0 =00
0
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A e

Pericyclic reactions have been studied extensively on alumina and other solids. As will be apparent in
the following discussion, however, some of these transformations occur by alternate mechanisms. Nevertheless,
regardless of how these reactions occur, many of them are synthetically useful.

Treatment of the cyclic dialkoxylsilane, shown below, with AL,O, on a TLC plate afforded a mixture of
meso and d|/ 1,2,3,4-tetraphenyl-1,4-butanedione. A plausible mechanism for this reaction involves initial
hydrolysis of the silane to form a dihydroxycyclobutene followed by electrocyclic ring opening to form a

dienediol which tautomerizes to yield the observed products.’?’

Ph
Ph Ph o) H
\ ALO Ph o)
SiMe 23
| /o > P 0
Ph o
H
Ph Bh

Thermolysis of diarylcyclopropenones on ALO; in refluxing 1,2-dichlorobenzene generated
diarylacetylenes in 80-95% yield. *** These cheletropic reactions gave higher yields of alkynes than the

comparable homogeneous reactions.

Al203 -
refluxing CsHaCl2

ArC=CAr (Ar = p—CH3PH, 91%)
Ar
Numerous sigmatropic reactions occur on alumina. A remarkable example is the 3,3 sigmatropic
reaction (Cope rearrangement) of meso- and d, /-3,4-diphenyl-1,5-hexadiene ** The d,/ isomer yielded (E,E)-
1,6-diphenyl-1,5-hexadiene in 15 minutes at room temperature on Al,O, previously activated at 650° - 700°.
The meso isomer reacted more slowly and yielded (E,E)- and (E,Z)-1,6-diphenyl-1,5-hexadiene. A reasonable

supposition is that these transformations are catalyzed by Lewis acid sites on the surface of the solid.

Ph Ph Ph
N AlyO4 ’ e
—>
— heptane, 15 min. ~ + h
Ph Ph N
dl 84% —

meso 3.5% 7.5%
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The Carroll rearrangement, which is similar to a 3,3 sigmatropic shift (Claisen rearrangement), also
occurs on alumina at temperatures far lower than required in homogeneous solution™*** Interestingly, an allyl
acetoacetate underwent the Carroll rearrangement on alumina but a 1,3 sigmatropic shift on Si0,. These results

suggest that the Carroll rearrangement occurred from the conjugate base of the allyl ester.

. CH;
A0, C 3\/_\_< %)
60°, 3h . o
CHs\/_\_<CH3
_—_-’ -
m © o
0=C=0

Villemin has shown that propargylic alcohols react with CS, on KF/ALO; to afford dithiocarbonate
anions that add intramolecularly to triple bonds.***** Allyl alcohols, on the other hand, yield stable
dithiocarbonate anions. However, if these anions are treated with methyl iodide, the resulting xanthate esters
undergo the Claisen rearrangement on alumina at room temperature.** Bis(allylthio)enones are not only
prepared from the reaction of ketones containing o-CH, groups with CS, and allyl chloride on KF/ALO, but

also undergo the thio Claisen rearrangement on the solid as well.***

H Ha
(Hs KF/ALO3 4 o
Ha—ﬁ:—CECH + CS) ———» CHz o (94%)

16 h, RT

o N
S
?CH3 ?CH3
1) CS2, KF/A203 s 0 (75%)
o~ CH0H 1) ©52 BHAR A1203 L/
Ph 2) CHsl Ph X\ A
CH;=CHCHzS\, _ SCHCH=CH: 410, P%\; \/\\ (95%)
4h

Ph” ch
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1,3-, 1,5-, 1,6-, And 1,7-sigmatropic shifts have also been observed on alumina. Cyclopropyl ketones,
for example, isomerize with retention of cyclopropane stereochemistry on neutral alumina at room temperature
via a formal 1,3-sigmatropic shift **” 5-Alkyl-4-hydroxycyclopentenone also isomerizes to a 2-alkyl-4-
hydroxycyclopentenone on neutral alumina at room temperature.>*® This unusual transformation undoubtedly
occurs by a 1,5 sigmatropic shift of OH on the enol of the reactant, a 5-hydroxycyclo-pentadiene. Although the
heptamethylcyclohexadienyl cation undergoes a 1,2 (1,5) shift of CH; in solution and in the solid state, the
isomerization is fastest when the substrate is adsorbed on alumina. *** A pentafulvene derivative undergoes an
intramolecular 1,7 acyl shift on Al,O, and Si0,.>*° This formal 1,7-sigmatropic shift likely occurs in two steps.
In the first, the acyl group is transferred from oxygen to the hydrazone nitrogen and, in the second, the acyl

group is transferred to the oxygen atom attached to the other side of the five-membered ring,

CHj;
(0]
H H OOEt
COOEt 20 N\
O
CH30
CH;0
O
R neutral A1203
—»
A RT, 48 h
‘OH
-CH;
= N—="""CcooMe
CH30 CO,CH3 CH;0 CO,CH3 CH50 CO,CH3
—_— —_—
AcO ' HO |
N O N 0 N OAc
NHPh N NHPh
AC” “Ph
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Alumina and several of its derivatives serve a variety of roles in heterogeneous cycloaddition and
retrocycloaddition reactions. With methyl nitroacetate, for example, alumina functions as a dehydrating agent
to yield the N-oxide of methyl cyanoformate which then undergoes a 3 + 2 cycloaddition with dimethyl
acetylenedicarboxylate.**' KF/Al,0, behaves similarly in this reaction.’*! With chloro- (hydroximino)acetate,
alumina functions as a dehydrochlorinating agent to yield a similar nitrile oxide which subsequently undergoes

3+2 cycloadditions with numerous alkynes and alkenes !

MeO,C CO;Me

Al O - MeO,CC=CCOMe —
MeOLCCHNO, 5w MeO,CCEN ~0 He02CC=CC0Me

22h X, O (30%
MeO,C~ N )
a Ph, Ph
Al,O, + - -
“C=NOH ———» Et0;,CC=N-0 Fh [‘{ (75%)
EtO,C 30 min, — s O
microwaves PH Et0,C N

NaOCH,; on alumina, a strong base, deprotonates N-benzylidenebenzylamine to yield an allyl-like anion

which reacts with styrene to ultimately yield a pyrrolidine derivative *** The reaction does not

H

NaOCHyALO;  Ph N\ __Ph
PhCH;N=CHPh > (91%)
PhCH=CH,, 48 h

Ph

proceed with NaOCH, alone. On the other hand, alumina** and a cobalt complex supported on alumina®*

catalyze the retro 2+2 cycloaddition reaction of quadricyclanes. How these reactions occur is presently not

Br
Br neural ALO;
e (19%)

Owing to its importance in mechanistic and synthetic organic chemistry, the Diels-Alder, or 4+2

known.

cycloaddition, reaction has been studied extensively on many solids including alumina. Much of the interest in

the heterogeneous Diels-Alder reaction can be attributed to the fact that the catalysts are Lewis acidic and the
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rate and selectivity of the Diels-Alder reaction are influenced by Lewis acids. Activated alumina is of course a
Lewis acid. Due to space limitations, only reactions on alumina will be described.

Parlar and Baumann determined the endo to exo selectivity of the reaction of cyclopentadiene with
acrolein, methyl acrylate and acrylonitrile on neutral alumina and four other solids.*** The reaction of
cyclopentadiene and methyl acrylate, described in detail below, gave in particular high endo selectivity.

Koreeda ez al. discovered serendipitously that an acid-sensitive tetraene underwent an intramolecular Diels-
Alder reaction when chromatographed on neutral alumina to give a tetracyclic adduct possessing the skeleton of

the sesquiterpene verrucarol

H
o)
neutral -
alumina
0/\0/<

Pagni, Kabaka ef al. have shown that alumina activity profoundly affects the diastereoselectivities of the

57, 347-349 57, 350 57,349-351

heterogeneous Diels-Alder reactions of cyclopentadiene with acrylate, maleate, and fumarate
esters (Table 3). For example, the endo:exo (N:X) selectivity of the methyl acrylate reaction is without
precedent (Table 3).”**" The relatively low selectivity on unactivated alumina is consistent with an uncatalyzed
reaction occurring in a polar environment. The slowly increasing N:X ratio as the alumina activity goes up can
be attributed to an increasing fraction of the reaction being catalyzed by exposed surface aluminum ions. The
very large N:X ratio of 52 on 400°-Al,0;, a value as high as ever achieved in solution, is due to the reaction
being catalyzed by the highly active defect sites which were described earlier. Recall that defect sites begin to
appear on the surface when alumina is activated above 300°.*! On highly activated alumina, where new types of
Lewis acids are exposed to the surface, the exo adduct is slightly preferred. Experiments proved that this effect
is due to a very facile epimerization of the adducts via the retro-Diels-Alder reaction.***” The results for the

350,351
s

menthyl acrylate reaction, where two selectivities were measured, were similar to but not as dramatic as

those for the methyl acrylate reaction.

(0]
—_— —_
SO (P R

COOMe
endo (N) exo (X)
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Table 3. Diastereoselectivities for Diels-Alder Reactions of Cyclopentadiene on Alumina.
Dienophile

Alumina Methyl Menthyl Acrylate  Dimethyl Dimenthyl Menthyl Methyl

Activity Acrylate* Maleate' Fumarate® Fumarate®®
N:X* N:X  %de'of N N:X %de N:X

Unactivated 58 43 14.9 42 145 1.56

200°- ALO, 7.0 5.0 16.7 1.94

300°-AlL0, 10.3

400°-AlLO, 52 8.1 29.1° 7.0 17.7 2.44

600°- Al,0, 1.2

700°- Al,O, 15.6 18.7 3.00

800°- AL O, 0.93 1.2 26.0°

*Reactions run at 50°. "N=endo, X=exo. ‘Reactions run at 65° unless stated otherwise. de=diastereomeric

excess. “Reactions run at 0°. ‘Reactions run at room temp. ®Reactions run at 22°.

™% de’s for these reactions were all close to 0.

57,350

Unlike the previously described results, the N:X selectivities of the dimethyl maleate and menthyl

351

methyl fumarate 349,351

reactions, as well as the diastereomeric excess of the dimenthyl fumarate reaction,
increased steadily as the activity of the alumina increased. The values were large, even on highly activated
alumina, suggesting that the adducts did not epimerize. However, it was found that the adducts did epimerize,
but not as rapidly as the methyl acrylate adducts. Detailed experiments demonstrated that the two dimethyl
maleate and one dimethyl fumarate adducts interconverted by competing reactions, with epimerization via
enolates being faster than epimerization via the retro-Diels-Alder reaction. The dienophiles also interconverted

on highly activated alumina.

retro-Diels-Alder
COOCH3 reaction /
/ COOCH;3; COOCH3

COOCH3
enolate / enolate
mechanisn:\ / mechanism

COOCH;
COOCH3
COOCH; 700° — AL O3 COOCH;3

=

COOCH3; CH;00C
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Highly Lewis acidic solids, prepared by chemisorption of Lewis acids to silica gel,**3%

352-358, 357

alumina, and polymers,>® are also effective catalysts for many Diels-Alder reactions. For example:

COOCH
\i + H\ OCH3 BBr3/Al203 \O/ . 3 \Q (76%)
x coocH,  (Ref 357)

1 : 49

PROTECTION AND DEPROTECTION

Protecting and deprotecting a functional group is a universally used methodology in organic synthesis.
Many of the reactions described in this article can be envisioned in this light. This section of the review will
deal specifically with studies in which this methodology is explicitly highlighted.

Kamitori ef a/. have shown that acidic alumina is an effective catalyst for the acetalization of
aldehydes,** with aldehydes being considerably more reactive than ketones in the reaction. Ranu and
coworkers described two procedures for the protection of alcohols, one with methoxymethyl chloride on

alumina,® and the other with dihydropyran on ZnCl,/AlL,0, **'

O
H . o acidic alumina O  (100%)
—_—>
Ph HO™ N~ Refluxing CCl,,  Ph (Ref. 359)
S5h
0]
oH activated acidic
O’ + Cccmocy, — Aumina O/OCHZoCH3 (83%)
0-5°, 6 h,
Ultrasound (Ref 360)
ZnCly/Al
@ A~ OH 15 '2 = t Q &
0 min, room temp 0" o A

(Ref 361)

A modest number of deprotection reactions on alumina are known (Table 4). Some of these reactions

are chemoselective,
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(CH2)30Ac (CH)30Ac (Ref. 362)
neutral alumina
L4
microwaves, 30 min
OAc OH
OR KF on basic alu@_g’ OR
CH;CN, RT, 30 min (78%)
OR ‘ OH
R = SiMeyr-Bu (Ref. 363)
Table 4. Deprotecting Reactions on Alumina and Modified Alumina
Reactant Product (Yield) Catalyst Conditions Reference
Aryl methyl ethers Phenols (50-80%) KF/AlLO, 210-215% 3-5h 364
Pivaloates and acetates | Alcohols (60-97%) Neutral ALLO, microwave, variable times 365
Phenol acetates Phenols (82-96%) Neutral Al,O, microwave, several 362
minutes

Aryl aldehyde Aryl aldehydes Neutral AL,O, microwave, <1 min 366
diacetates (88-98%)
Benzyl esters Carboxylic Acids Neutral Al,O, microwave, <15 min 367

(89-95%)
t-Butyldimethylsilyl Phenols (55-92%) KF/AlL O, ultrasound, CH,CN, room 363
ethers temp.
t-Butyldimethylsilyl Alcohols (42-98%) Alumina + H;O | room temp, 6-24 h, hexane; 368
ethers
t-Butyldimethylsilyl Alcohols, Phenols Neutral alumina | microwave, 10-15 min 369
ethers (68-93%)
1° and 2° silylethers Alcohols (>80%) Alumina + H,O | room temp, variable times, 370

hexane

Ceccherelli et al. have described a convenient procedure for converting 1,3-dithianes into the

corresponding carbonyl compound using Oxone® and wet alumina *”

oxXone
wet Al,Os

(97%)




Organic reactions on alumina 8039

OXIDATION AND REDUCTION REACTIONS

Although alumina itself is not an oxidizing or reducing agent, it often provides a suitable environment
for the oxidation and reduction of organic compounds by other reagents. These heterogeneous reactions
frequently have desirable characteristics not available to their solution counterparts. The following discussion
will focus first on oxidizing and then on reducing agents.

tert-Butylhydroperoxide is widely used for the epoxidation of alkenes including the Sharpless
asymmetric epoxidation. On alumina this reagent has been used to convert cyclohexanol into cyclohexanone.’™
On basic alumina, it has been used to oxidize sulfoxides,*” while on KF/ALQ,, it has been used to epoxidize

enones.’™ The conjugate base of fert-butylhydroperoxide is the likely oxidant on the basic solids.

[CH3(CHp)slos0  (CHB)SCOOH, CHClz _ [CHy(CH)3)2802 (92%)
basic Al203,4 h

(CH3)3COOH
w\.«“' (8] KF/ A1203, 10h W‘w‘“ﬂ

(85%)

A heterogeneous mixture of aqueous NaOCI and alumina has been used to oxidize primary*”® and
secondary’™® alcohols to aldehydes and ketones and to epoxidize electron deficient alkenes.*’**”” An innovative,
one-flask, tandem Knoevenagel and epoxidation reaction in which alumina plays an essential role has been

described by Foucaud and Bakouetila.?”’

Q  NCCHLCN, Al,03, 00, 3 min. Ph CN
PhCH > >§7< (98%)
Then aq. NaOCl, CHsCN H o CN

room temp, 120 min.

Chromium compounds supported on alumina have also been used as oxidizing agents. The orange-
colored pyridine chlorochromate/Al,O;, for example, converts primary and secondary alcohols into aldehydes
and ketones, often in higher yields than solution counterparts.*”***® KCICrO,/AL,0,*' and CrQ,/Al,O,
(deactivated)** likewise convert alcohols into aldehydes and ketones. K,Cr,0,/ALO;, on the other hand,
oxidizes primary and secondary alkyl halides to aldehydes and ketones.*®® The chromium compound can also be
used as a catalyst if the oxidizing reaction is run in the presence of the expendable Q,.>***** KMnO,/Al,O, can

likewise be rendered catalytic in the presence of 0,.3*
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K2Cr207/Al203 (96%)
PhhCHB >
hCHBr Tl 1300 (autoclave) an ~ T12C0
(0]
CH2CH3 (91%)
K>Cr207/A1203 _
0,, 130-1409,27h

KMnO, has been used stoichiometrically in several heterogeneous oxidations. Lee and coworkers have
shown that carbon-carbon double bonds are cleaved to aldehydes with KMnO, on moist AL, O, in good to
excellent yields;® arenes with benzylic hydrogens, on the other hand, are converted to ketones.** Villemin
showed that arenes also yield ketones when treated with H,IO¢/ALO,**® They demonstrated that, in
conjunction with KMnO,, H,I0,/AL 0, cleaves C-C double bonds. ***%

0
KMnO4/Al>03 (moist) I | (68-73%)
>  HC(CHo)sCH
CH:Clz, 14 h HO(CH)C
Ph H N
So=c” Hsl0gALOS T _ pycho (40%)

H” “Ph KMnOj4, CCl4

K,FeO, has not been widely used as an oxidant in organic synthesis because it is insoluble in organic

solvents. However, when it is mixed thoroughly with basic alumina and CuSO,*5H,0, however, it selectively

oxidizes secondary alcohols to ketones.***”!
OH OH 0 OH
K2oFeQ4/Al203/CuSQ4+ SH20 _ )K) (85%)
PhH, 30 h o

Molecular oxygen serves as an oxidant in the oxidative coupling of 2-naphthols using CuSO,/ALO,
(catalyst)* and the hydroxylation and deformylation of unsaturated sesquiterpene dialdehydes occurs readily on
alumina itself > Although the mechanism by which the sesquiterpene reaction occurs is unknown, the reaction
may be initiated by deprotonation of the reactant by the alumina followed by addition of O, to the resultant
carbanion. The oxidation of a carbanion is known for reactions of active methylene compounds with I,
(oxidant) on KF/Al,O, (base).**



Organic reactions on alumina 8041

CHO

OEt L (05eq.) OEt
NCTY KF/A1205 EtO (52%)
0 CN O

An interesting variant of the Baeyer-Villliger reaction involves the conversion of ketones into lactones in
good yields under mild conditions using oxone® (2KHSO,KHSO,-K,SO,) on alumina (deactivated by addition

of water).>*

oxone® /AL,0; . (79%)
CH2Clz, 20 h, room temp

Sodium dispersed on alumina, a bright to dark grey free-flowing powder prepared by the reaction of Na
(2-10 wt.%) with basic Al,O; at 200°, normally functions as a base for the isomerization of alkenes and as a

reductant. In reactions with the natural product (+)-8-radinene, however, it functions as a dehydrogenation
t 396

agent.
Na/ A1203
1 00°
H

20% 30% 50%

Na/Al,O, and K/Al,O;, a blue solid prepared by melting potassium over Al,O, at 150° under argon,
normally function as reducing agents. K/Al,O,, for example, has been used for the decyanation of nitriles®”’
while Na/AlO; has been used to reduce ketones, esters and oximes.**® Na/Al,O, has also been used to reduce
TiCl; to a lower valent titanium species, subsequently used in the McMurray coupling of aldehydes and

ketones.>
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K/Al

CHs(CHz)rCHCHoCHs 203 CHs(CHo)oCHs (85%)

hexane, 20 min
CN
JoH Na/Al20s, i-PrOH
PhCH 203, i-PrOH PhCH;NHz (60%)
Refluxing PhCH3, 3-4 h
Ph@ c @Ph TiCls + Na/Al203 Ph (76%)
(CHz)4 THF, 1.5 h o

Na,S is a well-known reductant. Na,S/AlL,0;, a reagent previously described in this article as a source
of nucleophilic S?, was found to reduce p-nitrobenzaldehyde and other aromatic and aliphatic aldehydes to the
corresponding alcohols.*® Ando ef al. showed, however, that these were really Cannizzaro reactions in which
the aldehyde is converted into equal amounts of alcohol and carboxylic acid, with the hydroxyl groups on the

surface of the solid serving as the source of hydroxide.*"!

cyclohexane
PhCHO —— > PhCH:OH

NazS/acidic Al203 32% [+ PhCOOH (30%)]
NazSO03/neutral Al2O3 38%
NazSOs/neutral Al2O3 48%

neutral Al,O; 44%

Borohydrides and borane supported on alumina are reducing agents. NaBH,/Al,O,, for example, has
been used successfully since 1969 to reduce aldehydes, ketones and acyl chlorides to alcohols.*>**
NaBD,/Al,0O, has also been used as a reductant.*”® Furthermore, NaBH,/Al,O;, has been used in a two-step
process which converts sulfones to sulfoxides.** The pyridine borane complex, when adsorbed to alumina, has
also been used to reduce aldehydes; under the same conditions ketones were unreactive.*”” NaEt,BH/ALO;, in

conjunction with FeCl, in THF-benzene, has been shown to convert thiols and thiones to hydrocarbons. **
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N,

1) C]/Q/ BFa', 1300

CH3S8CH; —> CH3SCH3 40-60%
E 2) NaBH4#/Al203 ¢ *

NaEt:BH/Al,03

—_—

sy FeCl,, THF-PHH (73%)

CH. CH3
O O Na.Et3BH/A1203 }\CL Q/
CH;

= (68%)

FeCl,, THF-PhH QC
CH3

CHs

Two other intriguing uses of alumina in reduction reactions should be mentioned. The first of these
involves the burgeoning field of fullerene chemistry. When C,0, an epoxide of Cy, is passed through a column of
neutral alumina, Cy, is recovered in 91% yield *® The mechanism of this deoxygenation reaction is unclear. The
other example is in the area of organic synthesis. When lactones are treated with the reducing agent,
polymethylhydrosiloxane (PMHS), a catalytic amount of Cp,Ti(p-CIC;H,0), and a subcatalytic amount of
tetrabutylammonium fluoride (TBAF) on alumina, lactols are produced in excellent yields.*'® The role of the

TBAF/AlL,O; seems to be to activate the catalyst.

BnO Bnl
Excess PMHS in PhCH3 91%)
Catalyst + TBAF/A1203
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PHOTOCHEMICAL REACTIONS
Although there have been many photochemical studies carried out on organic compounds adsorbed on
alumina, few are of synthetic interest because the photoproducts have rarely been identified. A few of the
photoreactions with potential synthetic applications will be summarized.
de Mayo and coworkers studied the photochlorination of aromatic hydrocarbons on FeCly/ALQ, in the

presence of air.*!!

Anthracene, for example, yielded 9-chloroanthracene. The reactions, which were not as
effective when carried out either on FeCl,/SiO, or in the absence of air, were likely initiated by electron transfer
from the arene excited state to Fe (III).

Cl

0 e (JJ
FeCl3/Al203+02

de Mayo has also studied the 2+2 photoaddition of alkenes to steroidal enones.*’*> The addition of an

alkene to one of these steroids on Al,O, demonstrated a reversal of stereochemistry to that observed in

solution.

hy, allene
methanol (-70°) 91.5 : 8:5
alumina (20°) 6 : 94

Photolysis of trans-stilbene adsorbed on crystalline alumina afforded a 2+2 dimer (stereochemistry not
given);*’® no isomerization to cis-stilbene occurred. This behavior is unlike that seen in the gas and solution

phases where isomerization is dominant.

Ph P Ph
P ———’:1203
Ph Ph
Photolysis of benzyl alcohol on alumina, surprisingly, afforded dibenzyl ether;'” this behavior is not
observed in solution. A plausible mechanism for the formation of the ether involves the photogeneration of a

benzyl cation which subsequently reacts with benzyl alcohol.
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hy
PhCH,OH Tz(); PhCH,OCH2Ph + H20

Photolysis of 2,6-di-ferz-butyl-4-methylphenol in methanol in the presence of K,[Fe(CN),] supported on
acid-treated t-Al,Q, afforded two oxidation products.*** Experiments suggest that illumination of Fe(CN),* in
the presence of O, afforded Fe(CN),>, the catalyst in the reaction. Photolysis of phenyl-substituted ethylenes

on alumina in the presence of air also yielded oxidation products.*®

OH OH
t-B t-Bu hy, O t-Bu t-Bu t-Bu t-Bu
Y,

Ku[Fe(CN)sJ/AL2O3 +
in MeOH

Me CH20Me Me 'OMe

hv
2 PlC=CH> » PmCO  (96%)

acidic alumina + air

Several photoreactions on alumina are of environmental, as well as synthetic, interest. Naphthalene*'®
and anthracene,*'” for example, afford oxygenated products when photolyzed on alumina in the presence of air.
The herbicide atrazine undergoes photohydrolysis in a suspension of H,O and ALO; at a rate five times faster

than in H,O alone *'*

L X
Z {\1 Al203 + H0 Other

A THO, o “ brod
i-PrNH)\N*NHEt v i-Pr \NJ\NHEt rocues

MISCELLANEOQOUS REACTIONS
Shinoda and Yasuda have described an unusual metathesis reaction in which 1,3-dichloro- and 1,3-

dibromopropane are generated by passing 1-bromo-3-chloropropane vapor over hot alumina.*”

Activated Al2O3 l/\ . (\‘

Cl  Br 160-280° Cl ¢l Br Br
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Chlorination of fatty acids adsorbed on alumina with Cl, or tert-BuOCI occurs selectively at the w to
w-2 positions.*”* Treatment of the resulting chloroacids with DBU yields marcrocyclic lactones. Chlorination
of primary amines with N-chlorosuccinimide (NCS) on alumina produces N, N-dichloroamines in excellent

yields.*”! Chlorination using NCS alone affords only N-chloramines.
A~ N —— /\/NHCI + /\/NClz

NCS 88% ===
NCS/A1,03 - 82%

One can generate and react diazo compounds on alumina. Active methylene compounds, for example,
afford diazo compounds when treated with tosyl azide on KF/ALQ, *** This is a variation of a weli-known
procedure for making diazo compounds in solution. Ethyl diazoacetate, on the other hand, reacts with

aldehydes on alumina at 30° to yield B-ketoesters in very good yields.

SONs pr/AlLO;
— "
THF, 20°, 16 hr
CH3

+
0 \§
0]
/O/U\H . Nz\i Activated /@)\j\
CH30 OEt neutral Al>O3, 4 hr (83% )
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