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1. Introduction

Epoxides have long enjoyed popularity as synthetic intermediates because of
their facile preparation, often with substantial stereochemical control, and their
high chemical reactivity, a feature attributable to the ring strain of these
small-ring heterocycles. (1, 2) The preponderance of synthetic applications
involves nucleophilic opening of the epoxide ring, and an enormous range of
nucleophilic species has been utilized for this purpose. (1, 3) The conversion
of epoxides to isomeric compounds under the influence of acidic reagents has
also been used preparatively for some time. (1) However, it is only relatively
recently that such isomerizations have been effected by strong,
non-nucleophilic bases such as lithium dialkylamides (LiINR3). This chapter is
concerned with the synthetic potential of these base-promoted reactions of
epoxides. (4, 5)
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epoxides with strong bases, the most interesting conversion from a synthetic
point of view is the formation of allylic alcohols as indicated by the generalized
transformation of Eq. 1. A specific example illustrating the remarkable
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stereoselective generation of the epoxide by peracid oxidation of a -pinene,
converts a simple double bond into an allylic alcohol with both positional and
stereochemical control. Isolated early reports (7, 8) on the transformation of Eq.
1 have been followed by extensive studies leading to the definition of the
structural features and reaction variables that determine the course of the
epoxide to allylic alcohol rearrangement. This subject constitutes the major
emphasis of the discussion that follows.
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A second, much less common transformation is typified by the conversion of
cis-cyclooctene oxide to endo-2-bicyclo[3.3.0]octanol (1), along with some of
the expected allylic alcohol (Eqg. 3). (9) This early observation attracted
considerable attention because of the unanticipated generation of a new
carbon skeleton in the isomerization process and is largely responsible for the
subsequent flurry of activity in the area of base isomerization of epoxides.
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A third type of conversion also occasionally observed leads to the production
of an isomeric carbo | co
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The final isomerization pathway included in this survey involves the
transformation of epoxides possessing allylic, propargylic, or benzylic
methylene groups with a 1,3 relationship to an epoxide carbon into
cyclopropylcarbinols by lithium amides in the presence of
hexamethylphosphoramide (HMPA). (11)
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This review attempts to provide the necessary information for predicting the



type of isomerization to be expected for a given epoxide under a specified set
of conditions and, where possible, for manipulating these conditions to achieve
the desired conversions. The survey is limited to the isomerizations of simple
epoxides by powerful, relatively non-nucleophilic bases. Thus the significant
literature concerning epoxides with proximate carbonyl functions and other
anion-stabilizing substituents is not considered since the chemistry of such
molecules is typical of the stabilized anions (intramolecular alkylations,
Favorskii rearrangements, etc.) with the epoxide unit serving the trivial function
of a good leaving group. (1, 4, 5) In addition to lithium amides and
organolithium reagents, the recently developed dialkylaluminum amides (12)
are systematically covered. Studies utilizing non-nucleophilic alkoxides (e.qg.,
potassium tert-butoxide), particularly in polar aprotic solvents, are also
included. However, the vast literature concerning the interaction of epoxides
with metal alkoxides in alcohol solvents is not reviewed since these conditions
are generally conducive to nucleophilic addition and are only rarely effective in
promoting the epoxide isomerizations of concern in this chapter.
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2. Mechanism

Most of the mechanistic information available regarding the title reactions has
been deduced from product studies and deuterium-labeling experiments
designed to show the site of proton removal by the basic reagents. Little useful
kinetic data are available because of the complicated nature of the commonly
utilized lithium reagents. These species undoubtedly exist as aggregates, the
nature of which is likely to depend strongly on the solvent systems and other
reaction conditions. (13, 14) Moreover, the character of these reagents surely
changes as the reaction proceeds to generate lithium alkoxides, which can
themselves be involved in the aggregation process.

2.1. Allylic Alcohol Formation

The formation of allylic alcohols from the reaction of epoxides with lithium
amide bases in relatively nonpolar solvents appears to proceed predominately,
if not exclusively, by a B -elimination pathway. This is shown most clearly in a
study of the isomerization of cis- and trans-4,5-epoxyoctanes labeled with
deuterium at the two ring carbons (Eqg. 4). (15) The allylic alcohol product
retains almost all of the deuterium label, thereby demonstrating that the major
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proton removal from an adjacent carbon center ( 8 elimination). Similar results
are obtained with an appropriately deuterated cis-epoxycyclodecane (Eq. 5).
(16) It has been noted that the loss of a small amount of the label in these
experimen mpe f ol that
proceeds tﬁmmmm d hy ' mmgmzement of
the resulting carbenoid species. This mechanismis illustrated in Eq. 6 for
cis-epoxycyclodecane. However, the observation that unlabeled
cis-epoxycyclodecane incorporates deuterium in the presence of lithium
diethylamide and diethylamine-N-d; strongly suggests that the loss of label
arises from reversible metalation of the epoxide ring in a process that is
unrelated to its rearrangement to allylic alcohol. (16) Other instances of the
reversible metalation at an epoxide ring under the conditions of the
rearrangement are known. (17-20) Thus, whereas an a -elimination route to
allylic alcohol cannot be excluded as a minor mechanistic contribution, this
pathway has yet to be conclusively demonstrated. Consequently, a 3
-elimination mechanism is assumed for much of the discussion concerning
allylic alcohol formation.
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A second, crucial mechanistic point concerns the stereochemistry of the 3
—ellmlnatlo c H.“@.l..@l‘wation in the
isomerizations of cis- and trans-4-tert-butylepoxycyclohexanes by lithium
diethylamide. (21) The trans isomer 2 reacts more readily and yields only
allylic alcohol products with a high degree of regioselectivity for 3. A rather
complicated deuterium-labeling experiment demonstrates that epoxide 2d is
transformed to alcohol 3 with loss of deuterium. (17) Thus the proton syn to the
epoxide function is preferentially abstracted by the base. The more slowly
reacting cis epoxide 4 yields considerable amounts of two cyclohexanone
products and, furthermore, shows little regioselectivity in its transformation to
allylic alcohols 5 and 6. Nonetheless, labeled epoxide 4d gives alcohol 6d with
retention of the deuterium label, indicating that syn elimination is also operative
in this transformation.
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lithium amide reagent is extremely useful in rationalization of these results and
many others discussed in this chapter. Coordination of an oxygen lone pair
with an electron-deficient lithium center of the reagent gives a species whose
essential features are represented by structure 7. (The lithium amide reagent
is depicted mm% s : E@me base unit
may actual .J DECOM oncerted
manner provides a reasonable route to allylic alcohol products. Such a process
requires the removal of a syn hydrogen in cyclic systems such as the rigid
epoxycyclohexanes 2 and 4 discussed above. Furthermore, stereoelectronic
considerations suggest that 8 elimination should be facilitated by the
availability of a conformation that permits bond reorganization to occur with a
maximum of orbital overlap and a minimum of molecular deformation in the
transition from reactant to product. This is achieved best from a conformation
in which the more acute dihedral angle of the epoxide ring subtends the
dihedral angle of the adjacent proton-bearing carbon in the fashion indicated
by the Newman projection structure 8. This situation obtains for removal of a
syn quasi-axial proton in a half-chair conformation of epoxycyclohexane, but
not for abstraction of a syn quasi-equatorial hydrogen. This line of reasoning
explains the regio selectivity found for the trans epoxide 2, since base removal
of the syn quasi-axial proton at Cg in the favored half-chair conformation
(equatorial tert-butyl group) leads to the predominant allylic alcohol 3 as
illustrated by structure 9.
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According to these arguments, the cis epoxide 4 should react by removal of
the quasi-axial hydrogen at Cz as shown in 10 and, indeed, the appropriate
alcohol 5 is the major product from this epoxide. However, the sluggishness of
this reaction suggests that the nearby tert-butyl group provides some steric
hindrance to this process, allowing the formation of other products in
significant quantities. The syn elimination leading to the isomeric allylic alcohol
6 most probably proceeds by way of the accessible half-boat conformation 11,
ol AL R EIE B R EEEO0000000
give alcohol 5 since both adjacent syn hydrogens have the appropriate
relationship to the epoxide ring. Alternatively, product 6 could arise by syn
elimination of a quasi-equatorial hydrogen atom from the energetically more
favorable half-chair conformation; steric interference by the tert-butyl group
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The proposed involvement of epoxide—base complexes in epoxide
isomerizations is also useful in understanding some of the other propensities
of these
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reactions. In general, a given epoxide can give rise to two isomeric complexes,
depending on which lone pair of the oxygen is used as the donor site. This is
depicted by structures 12 and 13. The relative stabilities of these complexes
are largely determined by steric interactions between the base moiety and the
syn substituents. The steric demands of the base are also important in this
regard. Furthermore, these features are probably highly influential in
determining the activation parameters for subsequent transformations of the
complexes. Thus the number and steric bulk of the substituents exert
significant control over the competition among potential isomerization
pathways.
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show a preference for complex 13 in which the base unit is syn to the single
hydrogen substituent on the epoxide ring. Consequently, in the absence of
other overriding effects, B elimination into the alkyl group (R3) cis to the
hydrogen is expected to predominate.

A second Aol e e e e o s

(R1, R2 = R; R3, R4 = H). In this instance complex 13 with the base situated anti
to the alkyl substituents is clearly preferred over complex 12. However, allylic
alcohol formation must proceed by way of the less stable complex if the
mechanism previously elaborated is operative. Although B elimination is
usually observed with this type of epoxide, it is frequently accompanied by
formation of other products. This is especially true with epoxycycloalkanes
whose carbocyclic rings provide additional steric destabilization of complex 12.
The other products are derived from metalated epoxide intermediates.
Metalation presumably occurs from the more stable complex 13 in which the
base is held in close proximity to the epoxide hydrogen atoms. Products
derived from epoxide metalation are normally observed only with
cis-disubstituted epoxides, apparently a result of slow 3 elimination by means
of the destabilized complex 12. Experimental illustrations of these ideas are
deferred to the section entitled “Scope and Limitations.”

The concept of a syn B elimination from an epoxide—base complex is a useful
generalization for describing most epoxide isomerizations. This is particularly



important when lithium amides are used in relatively nonpolar solvents such as
hexane or ether. Alkyllithium reagents are used less frequently as bases but
appear to behave similarly. The more recently introduced dialkylaluminum
amides undoubtedly form complexes with even more avidity and seem to
display analogous behavior. (12) However, metal alkoxides in polar, aprotic
solvents probably utilize other mechanistic pathways that do not involve
complexation to the degree suggested for the other bases. Kinetic studies (22,
23) of several activated epoxides that isomerize to allylic alcohols under the
influence of alkoxide bases in hydroxylic solvents seem to indicate typical E-2
elimination reactions. (24, 25) Likewise, the use of more polar solvents or
additives such as hexamethyl-phosphoramide profoundly influence certain
reactions with lithium amides in a manner suggestive of mechanistic change.
(26, 27) The ability of hexamethyl-phosphoramide to break up the base
aggregates and coordinate with the electrophilic lithium species surely
precludes significant association with weakly basic epoxides under these
conditions. (28)

An important feature of the 8 -elimination reactions is the very high degree of
stereoselectivity for the trans double-bond isomer of the allylic alcohol product.
This is again illustrated most conclusively with the cis- and
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into trans-oct-5-en-4-ol (Eq. 4, p. 349). (15) The isomeric cis alcohol is not
formed in detectable quantities in these reactions. Likewise, this reagent
converts the spiroepoxide 14 exclusively to the trans allylic alcohol 15. (29)
Similarly, both n-butyllithium (30) and diethylaluminum
2,2,6,6-tetr i Em rsion of
either cis- mm\m mm allylic
alcohol. Of course, the cis isomer is formed exclusively when the double bond
is endocyclic to an eight-membered or smaller ring. However,
trans-cyclodec-2-en-1-ol is apparently the major allylic alcohol derived from
cis- and trans-epoxycyclodecanes (Eqg. 5). (33)

O OH
O%/ LiNE, O\i\
1 15

The distinct propensity for formation of a trans double bond in conformationally
unrestricted systems appears to be a result of the syn-elimination mechanism.
Thus extensive studies on a wide variety of elimination reactions show that the
production of trans double bonds is generally associated with syn elimination.



(34)

This is understandable in terms of the transition states that lead to the cis and
trans olefins. Clearly, the transition state that yields the cis double bond
experiences substantial nonbonded interaction involving the side chain R. This
is not the case with the transition state that gives the trans double bond.
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2.2. Cyclic Alcohol Formation
In a number of instances where the 3 -elimination process is retarded or
somehow excluded, a competing cyclization such as that of
cis-epoxycyclooctane to bicyclic alcohol 1 (Eqg. 3) is observed. (9) The
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initial step in these transformations almost certainly involves metalation of the
epoxide ring. The corresponding metalated epoxide is thought to undergo a
elimination and insertion of the carbenoid center into a neighboring C — H
bond.
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supported by several deuterium-labeling studies. (16, 17, 19, 20) Thus the
treatment of exo-norbornene oxide (16) with lithium cyclohexylamide in the
presence of an excess of cyclohexylamine-d, gives recovered starting material
with a very substantial level (83%) of deuterium incorporation. (18) In addition,
the concomitantly formed rearrangement product nortricyclanol (17) also
shows significant label incorporation (69%), specifically at the carbinol center.
The lack of appreciable amounts of deuterium elsewhere in alcohol 17 is not
consistent with a mechanism triggered by base attack at another site of
epoxide 16, for example, a 1,3 elimination (35) resulting from proton removal
from the unfunctionalized two-carbon bridge. The metalation of the epoxide
ring most probably takes place within an epoxide—base complex similar to that
proposed as an intermediate in 3 elimination.
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Ample precedent for the postulated carbene insertion process in the
norbornane skeleton and, indeed, in many of the other ring systems where this
type of cyclization occurs, is available from studies of the analogous
unfunctionalized carbenes generated by alternative methods. (36) However, a
complication arises with the stepwise mechanism depicted for norbornene
oxide when it is applied to a detailed description of the results with the
stereoisomeric cis- and trans-epoxycyclodecanes. (33) In addition to some 3
-elimination product, the cis epoxide gives endo-2-cis-bicyclo[4.4.0]decanol

18) along with a little endo-2-cis-b o 5 3.0]decanol (19), whereas the trans
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18. Thus, whereas a transannular carbene insertion mechanlsm satisfactorily
accounts for the products from each of the epoxides when taken individually,

the stereospecificity of the conversion of the isomeric epoxides to epimeric
cis-2-bicyclo[4.4.0]decanols
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clearly precludes common intermediates, most notably the free carbene
species 21. An analogous situation exists for cis- and trans-epoxycyclooctanes
that stereospecifically produce the epimeric endo- and exo-2-cis-bicyclo[3.3.0]

octanols, r "i F’ I
cis-epoxyc ~ S=TE T TEL T T

proceeds with loss of approximately half of the label to give bicyclic alcohols 18
and 19 with the remaining deuterium at the carbinol carbons; (16) these
observations complement those on the norbornene oxide rearrangement.

The results can be accommodated within the mechanistic framework shown
for the latter process, provided a elimination and C —H insertion are
compressed into a single, concerted reaction step. Structure 22 illustrates a
hypothetical
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transition state for the rather complicated bonding changes implicit in this

one-step process. Such “carbenoid” mechanisms (carbenelike reactions that



do not proceed by way of a free divalent carbon species) have been invoked to
rationalize aspects of “carbene” chemistry where the data are inconsistent with
a simple carbene intermediate. (37, 38) In the present reaction a concerted a
elimination—insertion mechanism allows for the absence of crossover products
from epimeric epoxycycloalkanes. It is noteworthy that cyclizations by C — H
insertion occur only with epoxides in which the appropriate C — H bond is
held in very close proximity to the reactive center by structural features of the
molecule. Finally, the stereospecificity of the rearrangements discussed above
also demonstrates that the intermediate metalated epoxides are
configurationally stable to the usual reaction conditions.

The involvement of carbenes or carbenoid intermediates in the isomerization
of epoxides under strongly basic conditions is supported by consideration of a
side reaction that occurs on treatment of certain monosubstituted and
disubstituted epoxides with alkyllithium reagents. (19, 39, 40) The overall
conversion results in transformation of an epoxide into an olefin with
concomitant substitution of one of the original ring hydrogen atoms with an
alkyl group from the reagent (Eq. 7). A particularly efficient example of this
process is the reaction of tert-butyllithium with tert-butylethylene oxide to yield
trans-di-tert-butylethylene. (40) This unusual reaction has been rationalized by
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alkyllithium reagent. This generates intermediate 23, which gives the observed
olefin by the loss of lithium oxide. With the monoepoxide of 1,5-hexadiene, this
reaction is accompanied by intramolecular trapping of the carbenoid center by
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reactions of epoxides under strongly basic conditions.
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The stereochemical features of the transannular carbenoid reactions of
medium-ring epoxycycloalkanes follow from the conformational properties of
the metalated epoxide intermediates and the known propensity for retention of
configuration in C — H insertions. (36) Thus cis-fused bicyclic systems are
formed exclusively in these transformations as, indeed, they are in other
transannular carbene insertions. (36) This is a result of the relative stabilities of
the ring conformations that allow a transannular C — H bond to interact with
the carbenoid center. In principle, the C — H group can approach this site in
two different fashions termed “backside” and “frontside.” In the former, the C
— H approaches the metalated epoxide center from a direction away from the
departing oxygen; in the latter, attack is from the oxygen side of the reactive
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interaction with the ring residue, the backside mode is clearly favored for these
cyclic compounds as illustrated for cis-cyclooctene oxide in structure 25. This
defines the stereochemistry of the hydroxyl group, namely, endo alcohols from
cis epoxides and
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exo alcohols from trans epoxides. However, backside attack is not inherently
favored, but rather is a result of specific structural features of the medium-ring
compounds. Thus frontside and backside modes compete in the conversion of
the acyclic epoxide trans-di-tert-butylethylene oxide into the diastereomeric
cyclopropylcarbinols 26 and 27, along with some tert-butyl neopentyl ketone.
(39) In fact, frontside approach is observed exclusively with
2,3-epoxybicyclo[2.2.2] octane, a structurally unbiased substrate that yields
tricyclic alcohol 28 as the only transannular insertion product. The major
product from this epoxide is bicyclic ketone 29. (18)
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2.3. Ketone Formation
In a number of base isomerizations of epoxides, ketones are generated as
primary products. This type of transformation is generally found under
circumstances where neither 8 elimination nor transannular insertion
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further isomerization of allylic alcohols under the reaction conditions.
Consequently, it is not always clear whether the observed ketone products are
formed directly from the epoxides or are secondary products. However,
several unambiguous examples of direct ketone production from epoxides
have been pt T3 FZ3yon jﬂ:m lation of the
epoxide rlnmmmmmmﬁ o the
enolate anions, which are the actual products prior to hydrolysis. The first of
these proceeds by a elimination and hydrogen migration from the adjacent ring
carbon as illustrated by path a. The alternative is an electrocyclic ring opening,
sometimes referred to as B elimination, which is depicted in path b.
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The two mechanisms predict different products when the substituents on the
metalated epoxide are not the same. Unfortunately, in most instances of
ketone formation there is competitive metalation at the two ring sites,

obscuring the relationship between the products and the mechanism. The
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mechanism occurs in this reaction, if the reasonable assumption of metalation
at the benzylic epoxide position is made. (41) In several other instances, more
involved arguments can be generated to support this mechanistic possibility.

(42-44) At the present time, however, adequate information is not available to

enable con W mmm @ ﬁ for

rearrangems
k|
:)Li ;0

an

2.4. Formation of Cyclopropyl Carbinols
Relatively few examples of this type of conversion are known and little rigorous
mechanistic information is available because of the rather specific structural
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requirements and reaction conditions necessary for such reactions to occur.
However, it is most likely that this kind of transformation is not truly an epoxide
isomerization since the reactive site appears to be a carbanion generated by
proton abstraction from an activated (allylic, benzylic, or propargylic) center.
This accounts for the required structural features in the reactant and also the
need for hexamethylphosphoramide, which facilitates the metalation process.
An appropriately situated epoxide function then alkylates the nucleophilic
carbanion in the usual fashion. This mechanism is illustrated for the conversion
of the phenyl-activated epoxide 32 to the indicated cyclopropyl carbinols. (11)
The high

(86 %)
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(cis:trans = 6:94)

yield in this reaction is noteworthy, in view of the fact that many
monosubstituted epoxides react with lithium amides to give nucleophilic
addition to the terminal carbon. The high degree of selectivity for the trans
product is rationalized on steric grounds. Analogous mtramolecular lations
JEbEEDENEE ML BO00000000
routes to cyclopropanes and larger carbocyclic rings. (4, 5) A relevant example
is the reaction of 4,5-epoxycyclooctanone (33). (45)
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The Sy2-type mechanism with its inherent inversion of configuration at the site
of attack on the epoxide ring requires that the reactant be able to achieve an
appropriate geometry in cyclic systems. Furthermore, this process defines the
stereochemistry of the products. Thus the trans isomer of
3-allylepoxycyclohexane (34) is smoothly converted to a mixture of alcohols 35
(epimeric at the vinyl group) with a trans relationship between the cyclopropyl
and hydroxy functions. (11) The corresponding cis epoxide gives no
cyclopropane product because of the unfavorable geometric relationship
between the allyl and epoxide functions that renders an intramolecular
alkylation impossible.
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3. Scope and Limitations

The main focus of this section is on the isomerization of epoxides to allylic
alcohols (Eqg. 1) as commonly effected by lithium amide bases in relatively
nonpolar solvent systems. Other reaction conditions that significantly modify
the chemistry taking place are specifically indicated. The discussion is
subdivided according to increasing complexity of the epoxide reactant. Thus
saturated epoxides are considered first, followed by epoxides possessing
unsaturation (double bonds, triple bonds, or aryl groups) and finally, epoxides
with other functional groups in the molecule. Departure from this classification
occurs in the selection of examples only where the additional functionality has
no significant influence on the transformations observed.

3.1. Saturated Epoxides
These substrates are considered according to their substitution patterns.

3.1.1.1. Terminal Epoxides
Relatively few examples of the formation of allylic alcohols from epoxides with
an unsubstituted ring carbon have been recorded. Nucleophilic additions of the

o o o o o o o

epoxides with structural features that sterically retard this side reaction appear
to be suitable precursors of allylic alcohols, as illustrated with B -pinene oxide
(36). (48) The use of more sterically encumbered bases such as lithium
dllsopropylamlde shows romlse in ex and |n e of substrates for
epoxide |sl fiolts 1 i :. ﬁ ample is
given by the conversion of epoxide 37 to the correspondlng primary allylic
alcohol. (49) Hindered aluminum amide 38 (diethylaluminum
2,2,6,6-tetramethylpiperidide) is reported to successfully isomerize terminal
epoxides such as 39 in several instances. (31, 32) However, organolithium
reagents seldom are useful bases for isomerizations of such epoxides
because of competing processes. (39, 40, 50) Further work designed to

elaborate on the reaction conditions necessary for the synthesis of allylic
alcohols from terminal epoxides is clearly warranted.
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3.1.1.2. 2,3-Disubstituted Oxiranes

A large number of substrates in this category have been examined, including
both acyclic and alicyclic epoxides. The concept of an epoxide—base complex
is basictom T 8y | 2 isie lvar [ mmese
epoxides. e over both
the competition among the different types of isomerization and the
regiochemistry of the B -elimination reaction.

The simple aliphatic epoxides normally undergo clean 3 elimination with an
extraordinary degree of discrimination for proton removal from the least
substituted site. (21) Thus both cis and trans isomers of epoxide 40 suffer base
attack at the CH3z group much more readily than at the CH; unit. Likewise,
proton abstraction from a CH; group is preferred over that from a CH center,
as illustrated with epoxide 41. In each of these cases the indicated conversion
is favored by a factor of at least 100 over the alternative mode of 8 elimination.
In fact, removal of a methine proton is ordinarily quite difficult as indicated by
the lack of reactivity of epoxide 42. (29) As discussed previously, removal of a
proton from a CH; group proceeds with high stereoselectivity for the trans
allylic alcohol as observed in the isomerization of 41.
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Epoxycycloalkanes show a more complicated pattern of reactivity because of

the importance of transannular C — H insertion and ketone formation with

this type of substrate. Because of the propensity for such epoxides to form

complexes unsuitable for B elimination, plus the unfavorable stereoelectronic
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metalation and the ensuing transformations are significant processes in many

instances. Both the epoxide structure and the reaction conditions can be

important in determining the course of isomerization with these substrates.
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trans-epoxycyclohexadecanes to the corresponding trans allylic alcohol. (51)

H
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Cyclohexene oxide is smoothly converted to 2-cyclohexenol under a variety of
conditions, (26, 52, 53) as are a number of more complicated analogs. (54-56)
The high regioselectivity shown by the rigid trans-decalin system 43 is
rationalized by preferential syn elimination of the quasi-axial 8 hydrogen (p.
350). (21) A mixture of cis- and trans-3-methylcyclohexene oxide (44) leads
predominately to the epimeric 6-methyl-2-cyclohexenols, consistent with both
proton abstraction from a CH; over a CH group and syn elimination. (21)




However, ketone formation is important with certain cyclohexene oxides as
shown for apopinene oxide (45). (52) In fact, the use of sterically bulky amides
results in the formation of significant amounts of cyclohexanone from
cyclohexene oxide itself. (53) Thus a 62% conversion to ketone is observed
with lithium 2,2,6,6-tetramethylpiperidide. This reagent favors epoxide
metalation over 3 elimination because of steric destabilization of the requisite
syn complex for the latter process.
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An observation of obvious relevance for synthetic applications concerns the
dramatic effect of hexamethylphosphoramide on epoxide rearrangements. (26)
Whereas the bulky base lithium diisopropylamide converts cyclohexene oxide
to a product mixture consisting of roughly equal amounts of 2-cyclohexenol,
cyclohexanone, and the nucleophilic adduct 46 under the usual reaction
conditions, the addition of two equivalents of hexamethylphosphoramide to this
reaction results in the exclusive formation of 2-cyclohexenol. A further example
of this dramatic effect is found in the rearrangement of bicyclic epoxide 47.
This substrate yields only the allylic alcohol 48 in hexamethylphosphoramide
solvent as compared to a mixture of 48 and isomeric ketones in the usual
ether—hexane system. (18, 26)
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Another report on cyclohexene oxide concerns the intriguing possibility of
asymmetric induction during epoxide isomerizations. (57) The use of bases
prepared from optically active amines results in enrichment of the
2-cyclohexenol in one of its enantiomers. Several amine enantiomers have
been used, and, depending on their structure, either the R or the S alcohol is
preferentially generated in optical yields in the range 3-31%. These results,
particularly with such a simple epoxide, point to great potential for asymmetric
induction in epoxide isomerizations. Further exploration of this subject can be
anticipated in the near future.
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significant process with medium-ring epoxides of 7- to 10-membered
carbocycles. Thus cycloheptene oxide yields bicyclic alcohol 49 in addition to
cycloheptanone and 2-cycloheptenol on base isomerization. (52) The use of
hexamethylphosphoramide as solvent does suppress the first two products,
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Some very useful information concerning epoxide rearrangements is provided
by the transformations of cis-epoxycyclooctane, which have been studied
extensively. Interestingly, the initial observation that bicyclic alcohol 1 is the



major product of this epoxide, in fact, depends on the presence of lithium
bromide in the lithium diethylamide reagent. (9, 58) When salt-free lithium
diethylamide is used, 2-cyclooctenol is the predominant product. (42, 58)
However, the bulkier base lithium diisopropylamide converts this epoxide
almost exclusively to bicyclic alcohol 1. (58) On the other hand, this same base
in hexamethylphosphoramide results in the slow but complete isomerization to
2-cyclooctenol. (26) The allylic alcohol is also the major product when the
reaction is conducted with potassium tert-butoxide in dimethyl sulfoxide. (59)
Finally, n-butyllithium is an effective reagent for the generation of bicyclic
alcohol 1. (42)
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The conformationally rigid trans-epoxycyclooctane yields 2-cyclooctenol,
bicyclic alcohol 50, and cycloheptanecarboxaldehyde on treatment with lithium
diethylamide. (9) A favorable geometry for 8 elimination is difficult to achieve
with this compound, allowing for competitive epoxide metalation and

subseque aE Qi@i the
rearrangemer N TSOTET - anaans-epoxyCyTIooCEanes to the
epimeric bicyclic alcohols is discussed in connection with the analogous

reactions of the epoxycyclodecanes (p. 354). (33) Transannular C —H
insertions are not reported for larger carbocycles.
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The second class of epoxides that give C — H insertions are bridged bicyclic
derivatives that are precluded from 3 elimination by Bredt's rule restrictions.
The structures of these compounds, like the medium-ring carbocycles, are
often favorable for transannular carbenoid reactions. Norbornene oxide and its




derivatives are particularly prone to such transformations. (18, 60) Thus the
endo-5-methyl compound 51 behaves analogously to the parent system in
isomerizing to the tricyclic alcohol 52. (18) However, bicyclic epoxide 53 yields
ketone 54 as the only significant rearrangement product. (18) Ketone
formation is also the principal process with epoxides in the
bicyclo[2.2.2]octane and bicyclo[2.1.1]hexane systems. (10, 18) The striking
transformation of tetracyclic epoxide 55 into alcohol 56 is noteworthy in that
insertion occurs into a proximate C — H unit that is several bonds removed
from the carbenoid center. (61)
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These results emphasize the stringent geometric requirements forC — H
insertion. This process is efficient only when the structure of the molecule
holds a C — H bond in close proximity to the metalated epoxide carbon in a
rigid or readily accessible conformation. With substrates that do not fulfill this
prerequisite, metalation is usually followed by ketone formation. Isomerization
of epoxides to ketones is observed with normal-ring and large-ring
epoxycyclo-alkanes that are not susceptible to transannular carbenoid
reactions. Significant ketone formation is normally confined to cyclic epoxides
and is enhanced by conditions that favor epoxide metalation, namely, the use
of bulky lithium amides or alkyllithiums as isomerizing agents. A notable
exception to this generalization is found with the di-tert-butylethylene oxides.
The cis isomer 57 is converted to tert-butyl neopentyl ketone under forcing
conditions with tert-butyllithium as the base. (62) This ketone is also produced
from the trans epoxide that gives carbenoid insertion into the C — H bonds of
the adjacent tert-butyl group as the principal reaction. (39)
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3.1.1.3. Trisubstituted Epoxides

This class of substrate is also well studied, and a number of important
applications in synthesis are recorded in the literature. Allylic alcohols are the
only significant isomerization products normally observed from these epoxides,
which apparently are not easily metalated. The major allylic alcohol is usually
derived from the more stable epoxide—base complex.

For example, epoxide 58 gives the only possible 3 -elimination product in good
yield. (52) The complications introduced by the availability of more than one 3
-elimination pathway are illustrated by the isomerization of trimethyloxirane
with lithium diethylamide. (21) The low degree of regioselectivity in this
reaction indicates that base attack at the gem-dimethyl and monomethyl
centers is reasonably competitive. Interestingly, potassium tert-butoxide in
dimethyl sulfoxide reacts slowly with this epoxide to give a product mixture that
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enriched in the isomer derived from proton removal at the single methyl group.
(46) Although this point has not received experimental attention, bulkier amide
bases are expected to favor 3 elimination at the gem-dimethyl center since
they should favor the less hindered complex.

The sterically hindered diethylaluminum 2,2,6,6-tetramethylpiperidide (38)
offers some useful advantages as a base for the isomerization of trisubstituted
epoxides. Thus, the Z epoxide 59 is converted cleanly to alcohol 60 by proton
abstraction from the CHjs substituent. (31, 32) On the other hand, the E
epoxide 61 gives only a minor amount of alcohol 60, and the major product is
the isomeric alcohol 62 formed by base attack at the CH, of the alkyl group cis



to the hydrogen substituent. It is noteworthy that elimination toward the other
CH_ group is not observed for either of these epoxides. These results indicate
a predisposition for reaction by means of the least crowded complex that
overcomes the usual selectivity for elimination toward a CHs group.
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An important aspect of the reaction of epoxide 61 is the high degree of
stereoselectivity for the E form of the trisubstituted double bond in 62. This
suggests that isomerization proceeds by way of conformation 63 of the

complex in mm : sterically
demanding

fle generation
of trisubstituted olefins.
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A number of terpenoid epoxides of partial structure 64 are converted to allylic
alcohols of type 65 in good yields by the aluminum amide 38. (32) A related
transformation by use of lithium diisopropylamide proceeds equally selectively,
(63) but an isomerization analogous with that for this base is reported to give
some of the allylic alcohol derived from attack at the CH; substituent. (64)
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A striking example illustrating the difference between lithium diethylamide and
aluminum amide 38 is found in the reactions of the farnesol diepoxide 66.
Lithium diethylamide is reported to give exclusive proton abstraction from the
CHj; group at both sites to yield 67. (65) However, the use of 38 results in the
formation of the isomeric triol 68. (32) Thus it appears that, whereas the
aluminum amide reaction is controlled by the more stable complex, the less
hindered lithium amide selects proton removal from a CHs group over that from
a CH.. This difference is of obvious interest in synthetic applications.
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The isomerizations of the spiroepoxides of structure 69 by lithium diethylamide
represent a competition between two different CH, groups. (29) With one
notable exception, it is the endocyclic CH, that participates preferentially in the
elimination process. This is once again consistent with reaction by way of the
sterically favored complex. The exception is the cyclohexyl derivative 69 (n = 2)
that is slowly isomerized by elimination into the ethyl substituent to give 70. In
this reaction the conformational preference of the cyclohexane ring does not
allow a readily accessible geometry that fulfills the stereoelectronic
requirements for 3 elimination. Consequently, proton abstraction from the
conformationally mobile ethyl group is the preferred pathway despite the
necessity for proceeding by way of the more hindered epoxide—base complex.
The other spiroepoxides have no serious problem in achieving an optimum
geometry for elimination into the ring.
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The lower homologs of 69, with a methyl group in place of the ethyl side chain,

show poor regioselectivity between elimination into the ring and into the methyl

group. (29) The tendency for reaction from the less hindered complex is

counter-balanced by that for proton removal from a CH; over a CH, group in

this case. The cyclohexyl system is an exception again, yielding only
NoOooooOooboo0Ho00s0000000000000000000000000

The use of HMPA can influence the regioselectivity of B elimination with

epoxides of this type. This is illustrated by the synthetically relevant example of

steroid epoxides of partial structure 71. (66) In this case a mixture of alcohols

72 and 73 is obtained on treatment with lithium diethylamide under the usual

conditions, sH S PPSHVEF THThE ivalents of
hexamethymﬁ(@ l!ﬁ. ,“ vw @EEJ

hexamethylphosphoramide appear to implicate attack of the base at the most
accessible site without prior complexation.
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The 1-methylepoxycycloalkanes are an interesting class of cyclic epoxides
whose base-promoted reactions are frequently utilized in synthesis. Proton
removal from the CH; group by way of the more stable complex is normally
anticipated for these substrates. Thus 1-methylepoxycycloheptane can be




converted cleanly to 2-methylenecycloheptanol. (67) However, such
conversions must be monitored closely to achieve good yields and purities of
the methylenecycloalkanols since the intermediate alkoxides are especially
susceptible to further isomerization. Further examples of relevant
transformations are shown for epoxides 74 and 75. (68, 69)
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Structural features in more complicated epoxides can, however, overcome the
selectivity for elimination into the CHs group. This is demonstrated with
epoxide 76 (a stereoisomer of 75) that gives competitive base attack at the
CHjs and ring CH.. (69) The use of the basic solvent tetrahydrofuran in this
study may be a significant feature leading to these results. Other examples
that show little selectivity are known. (70-73)

The nature of the base can exert a significant influence on the course of the
isomerization of epoxides of this type. In the conversion of epoxide 77, lithium



diethylamide gives a mixture of alcohols 78 and 79 in a 17:83 ratio. (74) The
use of lithium tert-butyltrimethylsilylamide, on the other hand, favors the
desired compound 78 by an 80:20 ratio. Other amides of intermediate steric
bulk result in roughly equal amounts of the two alcohols. These observations
imply an important steric effect, although it is not clear in this case whether this
operates on the regioselectivity of the 3 elimination or on the secondary
isomerization of alcohol 78 to its endocyclic isomer 79.
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the amide diethylaluminum 2,2,6,6-tetramethylpiperidide (38) yields the
exo-methylene isomer 81 cleanly. This result suggests more widespread
application of aluminum amides with trisubstituted epoxides that give complex
product mixtures with lithium amides.

(92%0)
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Little information is available concerning 1-alkylepoxycycloalkanes with alkyl
groups other than methyl, despite the synthetic potential for isomerizations of



such substrates. However, the reaction of 1-tert-butylepoxycyclooctane is
interesting in that only products from 3 elimination are found. (67) This reversal
of character of the eight-membered ring, which usually undergoes
transannular insertion, is attributed to the difficulty of metalation as a result of
steric retardation.
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Finally, bicyclic compound 82, whose epoxide ring is fused to one cyclohexane

unit and spiro to the second, is converted solely to the endocyclic olefin 83
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the fused ring is preferred over 3 elimination into the spiro cyclohexane. This is

reasonable on the basis of stereoelectronic considerations and parallels the

behavior of the spiro epoxides discussed earlier.
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3.1.1.4. Tetrasubstituted Epoxides

Data are available for only a few substrates of this type, but the selectivities
appear to follow the principles already elaborated for less highly substituted
epoxides. Thus selective proton abstraction from a CHz group is observed with
epoxide 84. (78) Likewise, base attack is highly regioselective for a CHz over a
CH; group with the interesting spiro epoxide 85. (79) Excellent yields of the
highly reactive cyclopropanol can be obtained if the product is converted
directly into the trimethylsilyl derivative. The bis—spiro epoxides 86a and 86¢
undergo similar transformations to yield cyclopropanols 87a and 87c. (79)
Elimination into the three-membered ring is not competitive because of the
highly strained nature of the cyclopropene derivative that would result.



Interestingly, the cyclohexane analog 86b does yield some of this product,
alcohol 88, illustrating once again the resistance to elimination into the spiro
cyclohexane moiety.
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extent in most isomerization reactions. The addition products formed in this
manner from amide bases are conveniently removed from the neutral products
during processing of the reaction mixture as a result of their basic properties.
As a consequence, these materials are rarely examined in synthetic
conversions, where they pose no great inconvenience apart from decreasing
the yields of the desired isomerization products. Base adducts have been
characterized in a number of reactions using lithium amides. (11, 15, 44, 47,
52)

This side reaction is expected to be subject to the usual considerations that
govern Sy2-type substitutions. (3) Thus an increase in the number and steric
size of the substituent groups on the epoxide ring should retard nucleophilic
attack. Likewise, an increase in the steric encumberment of the lithium amide
should be detrimental to the nucleophilic addition process. It appears that
these steric effects are usually more critical for nucleophilic processes than for
the competing proton-abstraction events that lead to epoxide rearrangement.



In a number of instances the initially formed allylic alcoholates are subject to
further isomerizations under the reaction conditions. (21, 43, 67, 70) For
reasons that remain obscure, this is especially true of the reactions of
1-methylepoxycycloalkanes. Thus lithium salts of the primary products,
2-methylenecycloalkanols, are transformed into the precursors of
2-methyl-2-cycloalkenols and 2-methylcycloalkanones. (67, 70) This reaction
pathway is indicated by studies of the evolution of product mixtures with time
and by independent transformations of the allylic alcohols. The most obvious
explanation of these secondary isomerizations invokes allylic metalation of the
intermediate alkoxides followed by allylic rearrangement and reprotonation.
This is illustrated for the 2-methylenecycloalkanols. A similar process accounts
for the slow conversion of 1-penten-3-ol to 3-pentanone. (21) In a number of
other reactions complex product mixtures probably result from secondary
isomerizations. (67, 71, 74, 76, 80)
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The formation of small amounts of 3-cyclohexenol during the rearrangement of
cyclohexene oxide is another side reaction that must proceed by a related
mechanism. (53) Thus metalation of the lithium salt of 2-cyclohexenol,
followed by rearrangement and protonation, results in double-bond migration
away from the alkoxide function. This reaction appears to be favored by
hexamethylphosphoramide, a solvent that greatly enhances the prospects for
metalation. This is illustrated with epoxycycloheptane, which gives
2-cycloheptenol contaminated with significant amounts of 3-cycloheptenol
when hexamethylphosphoramide is used. (26)
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Analogous transformations of allylic alcohols can sometimes be performed
efficiently on a synthetic scale by using the lithium salt of ethylenediamine as
the base. (78, 81) This is demonstrated in the reactions of alcohol 89, the
clean isomerization product of the lithium diethylamide treatment of epoxide 90.
Reaction of alcohol 89 with the lithium salt of ethylenediamine for a brief period
of time gives isomeric alcohol 91, whereas longer reaction times yield alcohol
92, which is presumably the thermodynamically favored product. These further
isomerizations have considerable synthetic potential in their own right.
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In a few instances conjugated dienes are found as minor products from
epoxycycloalkanes, as in the formation of cycloheptadiene from cycloheptene
oxide. (51, 52) These dienes are secondary products derived from the allylic
alcohols and are favored by high temperatures and prolonged reaction times.
A reasonable mechanism invokes allylic metalation as the initial event, but
decomposition of the key intermediate gives lithium oxide and the diene. The
elimination of lithium oxide as a driving force for reactions is proposed in
several other instances. (40)
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Finally, it should be mentioned that certain terminal and cyclic epoxides react
with organolithium reagents at higher temperatures to give substituted olefins
in low to moderate yields according to the transformation indicated below. (20,
39, 40, 50, 82) Thus 1,2-epoxybutane gives olefins of the indicated structure
on prolonged heating with various alkyllithium reagents. The yields appear to
increase with the size of the alkyl group of the reagent; the trans isomers of the
product are preponderant. In a similar fashion cyclopentene oxide is converted
to the analogous trisubstituted olefins. This reaction is less prevalent for the
medium-ring and bicyclic epoxides that undergo transannular insertions. (50)
In certain situations this conversion constitutes a satisfactory synthesis of
NOO000oObOb0H0b0000000000000000000000000000
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R (yield): t-C,H, (49 %), n-C H, (41 %), CgH, (16%), CH, (7%)

3.1.1.6. Influence of the Base

A number of examples are cited in the survey of epoxide types in which the
nature of the base system plays an important role in determining the course of
a reaction. However, relatively little attention is usually given to the choice of
an appropriate base in experimental work. Consequently, it is worthwhile
summarizing some of the factors that appear to be significant in deciding on a
reagent for a specific transformation. Because of a lack of systematic study on
representative substrates, there is a fair amount of speculation in the
generalizations that follow. Nonetheless, these hypotheses should be useful in
devising experimental conditions for controlling isomerizations.



Lithium amides are the most widely used reagents, and in a variety of
situations these bases function effectively. A range of amides with different
substituents are easily prepared from readily available materials. Lithium
diethylamide is often the reagent of choice for promoting 3 eliminations. This
amide generally favors allylic alcohol formation even for the
epoxycycloalkanes, which have a tendency to undergo epoxide metalation.
The high selectivity for the sequence CH3; > CH, > CH is of substantial
importance in determining the regiochemistry of 8 elimination with lithium
diethylamide. There are indications that this strong preference can overcome
the propensity for reaction from the more stable complex in some instances.
Sterically smaller bases may enhance this tendency, whereas more bulky
amides are expected to favor the product derived from the more stable
complex.

Nucleophilic addition of the base to the epoxide is occasionally a problem. The
use of bulkier lithium amides such as lithium diisopropylamide is indicated in
such circumstances.

Increase in the steric hindrance of the reagent also results in a shift toward
metalation with epoxycycloalkanes. This leads to ketone formation or
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be adopted or avoided according to the desired outcome of the isomerization.

A detailed study of the isomerization of cyclohexene oxide provides some
useful insight into the influence of the amide structure. (53) The onIy important
products fr i lprereeng—the
nucleophilimﬂlﬂmm ; ﬂ"‘ ﬂh . alkylamides,
with the exception of lithium tert—butylamlde, give large amounts of nucleophilic
addition and are, therefore, of limited utility in synthesis. These reactions are
slow and usually result in noticeable secondary isomerization of the allylic
alcohol to 3-cyclohexenol. The dialkylamides function more rapidly and tend to
give less nucleophilic addition. The best conversions to 2-cyclohexenol are
achieved with the rarely used di-n-propylamide and di-n-butylamide that are a
little more efficient than lithium diethylamide. Both nucleophilic adducts and
cyclohexanone are important products with amides of intermediate steric bulk
such as lithium diisopropylamide. With severely hindered amides such as
lithium 2,2,6,6-tetramethylpiperidide, nucleophilic addition is minimal, but
cyclohexanone is the major product. Thus the less congested amides favor
allylic alcohol, whereas ketone formation is promoted by bulky bases. A similar
effect is noted for cis-epoxycyclooctane, where the competition is between 3
elimination and transannular insertion.

Hindered amides are also suggested for the isomerization of
1-methylepoxycycloalkanes. These bases should show more selectivity for 3



elimination into the CH3 group and limit secondary isomerization with this type
of substrate. Bulky amides are also expected to modify the regiochemistry of
elimination with other trisubstituted epoxides by directing reaction through the
more stable complex.

The amide diethylaluminum 2,2,6,6-tetramethylpiperidide (38) shows high
regioselectivity with trisubstituted epoxides, indicating that this large,
congested reagent displays a very pronounced preference for 8 elimination by
way of the least hindered complex. Consequently, this reagent is suggested
when it is important to maximize this regiochemistry, in spite of the
inconvenience involved in its preparation. Significantly, neither epoxide
metalation nor secondary isomerizations are found with aluminum amide 38.
Nucleophilic additions of diethylaluminum 2,2,6,6-tetramethylpiperidide are
also unimportant, although less hindered variants of this species are reported
to add to epoxides in a useful synthetic preparation of amino alcohols. (83)
Amide 38 does not isomerize normal-ring and medium-ring epoxycycloalkanes
presumably because of the severe destabilization of the more hindered
complex that is required for 3 elimination. Diethylaluminum
2,2,6,6-tetramethylpiperidide is generally used in benzene since the reaction is
retarded by basic solvents such as ether and tetrahydrofuran that can compete

OO000000OmCOEFEETRMBANTROEIN 0000000000000aa0ooa0

There is a pronounced effect of hexamethylphosphoramide on epoxide
rearrangements promoted by lithium amides that strongly favors formation of
allylic alcohols as illustrated above. (11, 26, 42, 84)

Hexameth mt D repeiesHT
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conditions B elimination is the only important pathway for isomerization. The
mechanism for this process is probably of the typical E-2 variety. (24, 25) This
hypothesis lifts the restriction for syn elimination and predicts regioselectivities
determined by steric approach control of the attacking base and relative
product stabilities. As a consequence, the regio-chemistry of
hexamethylphosphoramide-mediated isomerizations may differ appreciably
from the usual lithium amide reactions in nonpolar solvents. This should lead
to useful product modifications in some instances. However, the addition of
hexamethylphosphoramide is most useful for suppression of the metalation
process with epoxycycloalkanes that tend to yield ketones or transannular
insertion products.

Isomerizations promoted by potassium tert-butoxide in dipolar aprotic solvents
such as pyridine, dimethyl sulfoxide, and dimethylformamide have been
recorded. (46, 59, 85) However, t-butanol is seldom a suitable solvent with this
base. (86) Elevated temperatures are required for these conversions, and it is
difficult to drive the reactions to completion since the alcohol generated in the



reaction appears to inhibit isomerization. The reaction conditions of these
isomerizations are not likely to favor the complexation phenomena proposed
for lithium amides. Mechanistic details are probably more akin to those of
amide—hexamethylphosphoramide reagents. Thus 3 elimination is the
dominant process even with epoxycyclooctane. (26) The regioselectivity is
consistent with base attack at the more accessible proton adjacent to the
epoxide ring. For example, the difference in the product distribution from
trimethyloxirane with potassium tert-butoxide and lithium diethylamide is
detailed above. The isomerization of a-pinene oxide, which gives exclusively
trans-pinocarveol with lithium diethylamide, yields a mixture of this alcohol and
the isomeric allylic alcohol 93 with potassium tert-butoxide in dimethyl
sulfoxide or dimethylformamide. (85) Whereas reasonably clean
isomerizations are observed in a few cases with regioselectivities different
from or better than those obtained with lithium amides, the potassium
tert-butoxide isomerizations are not, in general, very useful synthetically. The
lithium amide—hexamethylphosphoramide reagent, if carefully controlled to
minimize secondary isomerizations, may result in more facile conversions with
similar product distributions.
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Organolithium reagents are also used to effect epoxide rearrangements. For
the most part, these reagents give results that are at best equivalent to those
achieved with amide bases. Furthermore, unlike the situation with the latter,
the byproducts formed from nucleophilic addition of organolithium reagents are
a nuisance to remove from the desired isomerization products. However,
n-butyllithium in hydrocarbon solvents does show a strong bias for metalation
of cis-epoxycycloalkanes. Thus normal-ring and large-ring epoxides vyield
appreciable amounts of the corresponding cycloalkanones in addition to allylic
alcohols. (42, 51) Medium-ring epoxides are converted almost exclusively to
ketones and bicyclic alcohols by transannular insertion under these conditions.
There are some obvious synthetic advantages to the use of n-butyllithium
when the desired products result from the metalated epoxide.

The hindered tert-butyllithium reagent displays an enhanced propensity for
epoxide metalation that can be used to advantage with substrates that are
particularly susceptible to nucleophilic attack or are unreactive to the usual
bases. An example of the latter is trans-di-tert-butylethylene oxide, which is not



affected by prolonged treatment with lithium diethylamide at elevated
temperatures but does yield isomeric products with tert-butyllithium (p. 357).
(39)

Finally, limited information regarding the use of aluminum isopropoxide (87-89)
and the reagent obtained from isopropylcyclohexylamine and

methylmagnesium bromide (90) suggest the need for further evaluation of
these bases for epoxide isomerizations.
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3.2. Unsaturated Epoxides

In many instances the presence of unsaturation in a substrate, particularly if it
is remote from the epoxide site, has little effect on the rearrangement reactions.
Several examples of this behavior are cited in the discussion on saturated
epoxides. However, the activating effect of double bonds, triple bonds, and aryl
groups can have a profound influence on the course of rearrangements when
these functions are more proximate to the epoxide. Secondary isomerizations
are also often promoted by this type of activation. Of course, the position of the
activating group relative to the epoxide unit is an important consideration with
these epoxides.

3.2.1.1. o Unsaturation

Rather diverse behavior is found for epoxides that are directly bonded to an
activating group, and a consistent pattern of reactivity is not presently
discernible. Epoxides 94 and 95, which do not have acceptable alternative
modes of isomerization, display typical 8 -elimination reactions. (91, 92) The
high yields of these lithium diisopropylamide rearrangements are note-worthy
for terminal epoxides, probably reflecting some assistance of the unsaturated
function in the elimination process.
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HC—C(CHa}CH CH, —*. HOCH,C(=CH,)CH=CH,
(16 %)
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(85%2)

On the other hand, appropriately substituted vinyl epoxides can undergo 1,4
eliminations. Thus epoxide 96 is cleanly and rapidly converted to the trans
dienol 97 by lithium diethylamide. (44) There is little mechanistic information
available about the 1,4-elimination process. Consequently, the involvement of
complexes and the geometric requirements for this reaction remain to be fully
explored. The preference for 1,4 elimination disappears in the isomerization of
epoxide 98, where the additional methyl substituent must somehow retard this
pathway, perhaps by forcing the double bond away from a favorable
elimination geometry. (44)
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The cis epoxide 99 gives mainly 1,4 elimination with lithium diethylamide. (44)
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to the B, y -unsaturated ketone 100. The cis double bond in 100 suggests that

it is a primary product derived from epoxide metalation, most probably at the
carbon adjacent to the double bond. The trans epoxide 101 reacts more slowly
with the diethylamide to yield predominantly the nucleophilic adduct. This side

reaction caﬂ@ Jvﬂ gives
mainly elim On PTO T ame NOU y for the 1,4

mode over the 1,2 process.



o OH O O
\ZA/_\ '/I\N'f)'k/\/"'“/“\/ﬁ
o
100

LiNEt, 99:1:0 (70%)
LDPA 26:10:64 (70%)

- OH
—* /l\/\/ + M
OH
1{i1]

+ aminoalcohols + enones

LiNEt; 15:6:71:8 (805,)
LDPA 54:30:5:21 (75%)

00000000 Chind Hedidf d{d b Hobklévtiokie b diobh M i il b HbdRAER 11O OOOOOMNN

rapidly leads to a quantitative yield of benzene. (44) This conversion
undoubtedly proceeds by 1,4 elimination to give the lithium salt of benzene
hydrate (103), followed by metalation and loss of Li,O in a process similar to
that that transforms allylic alcohols into dienes. Benzene hydrate can be
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Isomerization of cis- B -methylstyrene oxide (104) leads to a mixture of
propiophenone, a small amount of phenylacetone, and allylic alcohol 105. (43)
Propiophenone results from a facile secondary isomerization of alcohol 105
under the reaction conditions. Phenyl activation for this process is clearly
important. The trans isomer 106 is more reactive and gives more
phenylacetone and alcohol 105. It is reasonable that the faster reaction results
in less rearrangement of 105 to propiophenone, but the more effective



isomerization of the trans epoxide to phenylacetone is puzzling since
metalation leading to ketone formation normally occurs best with cis epoxides.

503 _LNB:, C.H,CH,COCH, + CcH,COC,H,
CeH; CH,
105

cis (104) Shr1.5:91:7.5
trans (106) 2 hr 15:41:44

Epoxides with a-acetylenic substitution undergo selective 1,4 elimination, as
illustrated by the isomerization of 107 by use of potassium tert-butoxide in
dimethyl sulfoxide under mild conditions. The initial cumulene product 108 is
not observed because of its facile tautomerization to vinylacetylene 109 and
cyclization to furan derivative 110. (94)
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The monoepoxide from cyclooctatetraene 111 is transformed rapidly and in
good yield to cyclooctatrienone. (95) This unusually efficient formation of a
ketone probably benefits from allylic stabilization in the metalation event.
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Unsaturated epoxides also partake in transannular insertions similar to those
found with medium-ring epoxycycloalkanes. An example of this behavior is the



conversion of 3,4-epoxycyclooctene (112) to the bicyclic alcohol 113. (26, 96)
This implies that metalation is directed exclusively to the allylic position of 112
and that the intermediate species interacts very efficiently with a proximate C
— H bond. This process can, however, be completely circumvented by the
use of hexamethylphosphoramide. (26, 27) In this reaction 1,4 elimination
gives dienol 114 that is rapidly equilibrated with isomeric dienol 115. Prolonged
base treatment ultimately converts this mixture to 3-cyclooctenone (116).
Alternatively, a clean, one-step transformation to 116 is effected by the lithium
derivative of ethylenediamine. (26)
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3,4-benzocycloheptenone is considered in the context of the mechanism of
ketone formation (p. 358). The nine-membered ring compound gives mainly
bicyclic alcohol 117. Metalation is again directed by the aryl group and the C
— Hinsertion process is highly selective for the center that is conformationally
more accessible to the reactive site.
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Finally, the dichotomy in the isomerizations of the stilbene oxides is noteworthy.
(47) Whereas the cis isomer rearranges by migration of a hydrogen, a more
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profound change is involved in the transformation of the trans isomer to
diphenylacetaldehyde. This implies that an efficient phenyl migration to the
metalated epoxide center takes place when this group is cis to the lithium, but
not when it is trans. Minor products derived from a similar alkyl group migration
are observed with saturated epoxides with the trans geometry. (9, 15)
Interestingly, triphenylethylene oxide apparently isomerizes without phenyl
migration. (47)

3.2.1.2. B Unsaturation
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propargylic substituent is more straightforward. Normally, removal of a proton
from the activated center leads to a highly regioselective (3 elimination, yielding
the corresponding conjugated system in a fast, clean transformation. (43, 44,
94) Interestingly, trans-disubstituted epoxides of this type do not exhibit the

very high dmﬁ o m ' Eﬂmat the less
reactive sa mm mw@m rs still give
exclusively the trans product. The use of hexamethylphosphoramide in

benzene as the solvent for isomerizations of epoxides of this type results in a

nonstereoselective elimination producing roughly equivalent amounts of the
isomeric alcohols. (97)
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However, the treatment of propargylic epoxides with potassium tert-butoxide in
dimethyl sulfoxide can result in a secondary isomerization to furans as
observed with 118. (94)
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t-Bu)|
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(207%) (50%2)

The activating effect of a substituent can be negated by other features of a
substrate. Thus additional substitution at an activated position can overcome
the influence of an activating group. This is demonstrated with epoxide 119,



which shows a competition between the two possible 3 -elimination modes.
(43)
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—:, (E)-C4H;CH(CH,;)CHOHCH=CHCH,
+ (Z)-CgH;C(CH;)=CHCHOHCH,CH; (54:46)

The spiroepoxide 120 prefers proton abstraction from a CHs over a benzylic
CHa, especially with the bulky lithium diisopropylamide. (98) In this case the
steric congestion on the side of the ring bearing the benzylic substituent favors
complex formation on the other face and probably also twists the aryl group
away from its most effective geometry.
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Finally, stereochemical features are clearly important as shown with the
isomeric 3-phenylcyclohexene oxides. (43) The trans isomer 121 undergoes 3
elimination by proton abstraction at the benzylic position as anticipated.
However, the cis isomer 122 slowly yields alcohol by removal of an
unactivated proton. These results clearly indicate that syn elimination is
preferred even with these activated epoxides.



3.2.1.3. Yy Unsaturation

The isomerizations of epoxides in this category depend significantly on the
reaction conditions. In nonpolar solvents the rearrangements proceed in a
manner analogous to those observed with saturated epoxides. However, the
presence of hexamethylphosphoramide drastically affects the reactions in a
fashion that is quite different from its effect on the isomerizations of saturated
epoxides. This is attributed to the remarkable ability of
hexamethylphosphoramide to promote metalation adjacent to sites of
unsaturation.

The reaction of medium-ring epoxide 123 with phenyllithium under non-polar
conditions is interesting in that 8 elimination is the dominant process. (99)
Transannular carbenoid reactions are not important with 123, unlike the
situation with medium-ring epoxycycloalkanes. The regioselectivity and
stereochemistry of this 3 elimination are also notable. This unexpected
selectivity seems to be derived from conformational features of the substrate.
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gives the anticipated allylic alcohol 125 as the major product. (11) In
hexamethylphosphoramide, on the other hand, the epimeric
cyclopropylcarbinols 126 are the predominant products (cis:trans = 5:95).
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The unsaturated spiroepoxide 127 is an interesting substrate. Under non-polar
conditions some of the tricyclic alcohol 128 is formed along with the
nucleophilic adduct. (11) This reaction is a rare example of an intramolecular
capture of a carbenoid center by a double bond. In hexamethylphosphoramide
a clean conversion to bicyclic alcohol 129 is observed.
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of these reactions. This is illustrated with cis epoxide 130, which reacts slowly
in ether—hexane to yield a mixture of alcohols 131 and 132. (11) The syn
mechanism accounts for the regioselectivity of this 3 elimination. Alcohol 132
is derived from 131 by base isomerization, presumably after epoxide

iy i ) ]
hexamethyip ) V 10 alcO and 134. It

appears likely that double-bond migration precedes epoxide opening in this
instance. The isomeric epoxide 135 thus formed as a transient intermediate is
activated for elimination in the direction observed. Interestingly, B elimination in
the case of 135 probably takes place with anti stereochemistry. Cyclopropane
formation by intramolecular alkylation of the intermediate allylic anion from 130
is precluded by its stereochemistry, unlike the isomeric trans epoxide 34,
which yields the cyclopropyl compound 35 cleanly (p. 360).
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Phenyl activation for cyclopropane formation in
hexamethylphosphoramide-mediated reactions also works well, as illustrated
earlier. (11) However, the ease of metalation of acetylenic compounds leads to
complications with epoxides of this type. Thus treatment of epoxide 136 with
lithium diethylamide in ether—hexane results in dominant 3 elimination toward
a CHs group. (100) Nonetheless, a mixture of products is obtained as a result

of concomitant migration of the triple bond. The isomerization of 136 in
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triple-bond migration is a problem.
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+ CH,=C(CH,)CHOH(CH,);C=CH

+ (CH;];CDH“A—'CECCH; (47:34:13:6)
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136 {CH3}2CDH-~A—-CECCH,

+ (CHy),con-L\ch,c=cH
(77:23)

A somewhat different situation is found with the terminal acetylene 137, which
requires two equivalents of base since removal of the acetylenic hydrogen



consumes the first equivalent. In this case intramolecular alkylation to give the
cyclopropane 138 is the major conversion in ether—hexane. (100) On the other
hand, added hexamethylphosphoramide results in the clean production of the
vinylacetylene shown in the accompanying formula. (101) Under these
conditions rapid isomerization of the triple bond is probably responsible for this
conversion. Thus the usual effect of hexamethylphosphoramide is reversed
with this particular epoxide.

/D\‘ LiNE:
(CH,),C ——CHCH,CH,C=CH —— (CH;)ICDH——A—CECH

137 138

+ CH,=C(CH,)CHOH(CH,),C=CH (85:15)

137 —= (E)-(CH,),COHCH=CHC=CCH,

3.3. Functional Epoxides
Relatively little work is recorded concerning the strong-base isomerizations of
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to the anticipated reactivity of many functional groups under the reaction
conditions normally utilized. However, epoxides possessing remote
functionality in protected form behave in the normal fashion. Several examples
of compounds with ether and ketal groups are discussed along with saturated
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In fact, significant functionality remote from the epoxide group can be tolerated
as indicated by the conversions of the carbonyl compounds 140 and 141. (98,
103) Alcohol 142 is also transformed to the indicated diol by the lithium salt of
ethylenediamine. (104)
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The trimethylsilyl ethers of a number of epoxides of allylic alcohols are
isomerized by diethylaluminum 2,2,6,6-tetramethylpiperidide (38). (105) These
substrates ﬁ i i W' S e AT Pf e protecting
group. Thu T v moval Ofa protor ay from the
protected alcohol, even where the possible modes of elimination involve two
equivalently situated CH, groups, as with epoxide 143. The stereochemical
features of these reactions are identical to those of simple trisubstituted
epoxides with diethylaluminum 2,2,6,6-tetramethylpiperidide. This is illustrated
for the isomeric epoxides 144 and 145 that yield products derived from the
more stable complex. Interestingly, these substrates in their unprotected
alcohol forms both react with lithium diisopropylamide to give diol 146 as the
predominant product. (106)

s
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144 R = H %, 147

(E)-HO(CH,),CH=CHCHOHCH,OH
(50%)

145 R = H Ok, 146
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The above conversions contrast with those of the free alcohols with titanium
tetraisopropoxide. (106) This reagent, like diethylaluminum
2,2,6,6-tetramethylpiperidide, results in stereospecific isomerizations, but just
the opposite stereochemistry is observed, specifically, 144 —147 and

145 — 146. A free hydroxyl group is necessary for the titanium reagent to be
effective, implicating a syn elimination from an intermediate titanium alkoxide
of the substrate. The generality of these results is not entirely clear since
complex cationic reactions occur with other substrates. Nonetheless, the
concept of using a second functional group to control the site of proton removal
is worthy of further exploration.

The isomerization of epoxide 147a yields allylic alcohol 148 in addition to large
amounts of the secondary product 149. (107) The regiochemistry of this
reaction is unexpected and may result from the involvement of the ketal
function as an alternative site for base coordination. This complexation could
direct proton removal from the adjacent CH, group. A second example in



which a ketal group is suspected of directing elimination is the steroid epoxide
150. (108) This compound gives the 1,4-elimination product 151 with
potassium tert-butoxide, whereas lithium amides promote a 1,2 elimination
toward the ketal to yield 152. However, different stereochemical requirements
for the two elimination reagents cannot be discounted with this
conformationally rigid molecule.
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Neighboring reactive functions can be more intimately involved in the
isomerizations. The diepoxides 153 and 154 demonstrate that rather
complicated structural changes occur in some instances. (100, 109) The
chloroepoxide 155 is a further example of such complex behavior. (110)
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A final illustration demonstrating a rather long-range interaction involves the
potassium tert-butoxide-promoted isomerization of epoxide 156 to conjugate

acid 157. (111 ThIS intriquin converS|on is ratlonallzed in terms ofal,6
ellmlnatlon “ |zes to the

observed product 157
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It is clear from the examples discussed above that many functionalized
epoxides undergo complex transformations involving interplay of the two
functions. In some of these cases, useful synthetic conversions take place that
can be understood and perhaps anticipated. In other instances the usual
reactions occur with or without modification by the second functional group.
Surprisingly, reactive functionality (e.g., carbonyl groups) remote from the
epoxide site is not detrimental to isomerizations in several cases. These
results suggest that much profitable work remains to be done with
functionalized epoxides.

Specifically excluded from this survey are the isomerizations of epoxides with
neighboring carbonyl groups and other anion-stabilizing substituents that
dominate the reactions of such substrates with their own typical chemistry.
Nonetheless, some leading references to these rearrangements, eliminations,
and intramolecular alkylation reactions are supplied here for completeness. (1,
4, 5)
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4. Experimental Conditions

The choice of an appropriate base for effecting a desired transformation of a
specific epoxide is discussed in detail in the section entitled “Scope and
Limitations.” The present section is concerned with the experimental aspects
of performing an epoxide isomerization in the laboratory, focusing on the other
parameters that can exert a significant influence on the outcome of an
isomerization.

4.1. Lithium Amide Reactions

The lithium amides are the most commonly used bases, especially the diethyl
and diisopropyl derivatives. These are usually prepared by the addition of a
standardized solution of n-butyllithium in hexane to a solution of the amine in
ether. No particular precautions are required in this preparation other than the
use of a dry apparatus, anhydrous solvents, an inert atmosphere, and syringe
techniques for the transfer of alkyllithium solutions. The quantity of the lithium
amide is estimated by assuming complete conversion of the alkyllithium.
Methyllithium in ether is also occasionally used to prepare amides.
Alternatively, the lithium amides can be prepared directly from the amines and
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large-scale preparations. N-Lithioethylenediamine is readily prepared in this
fashion and is recommended as a base worthy of more widespread application
for epoxide isomerizations. (26, 115) It should be noted, however, that direct

preparatio ithi | ilizi ramide give a
usual fashion because of the special effect of hexamethylphosphoramide on
some epoxide rearrangements. Of course, hexamethylphosphoramide can be
added to the usual preparations of lithium amides when it is needed to produce
a desired effect. Likewise, excess lithium salts, sometimes present in solutions
of organolithium reagents prepared in ether, also have a significant effect on

the course of certain isomerizations. (58)

Typical reaction conditions for performing an epoxide isomerization call for
treatment of the substrate with an excess of the lithium amide, often 2-5 eqgs,
in an ether—hexane solvent mixture. This is convenient, especially with
small-scale reactions, in dealing with impurities that consume base.
Furthermore, base decomposition of the ether solvent also occurs. (53)
However, a large excess of amide is not, in general, necessary. (6, 15, 27, 33,
116) In fact, excess base can be detrimental when subsequent
transformations of the primary products are facile (p. 373). Moreover, in the
well-studied isomerization of cyclohexene oxide, a decrease in the ratio of
base to epoxide results in lowering of the amount of both nucleophilic adduct
and cyclohexanone relative to 2-cyclohexenol. (53)



The ether—hexane solvent system is most often used for lithium amide
isomerizations, partly as a consequence of the usual method of preparation of
this base and partly because this solvent mixture usually results in
homogeneous reaction mixtures, which is seldom the case with less polar
solvents. Although the ratio of the solvent components is usually rather
arbitrarily determined, it is recommended that the amount of ether be limited to
that required to obtain homogeneous solutions. Isomerizations are significantly
slower in pure ether solvent, undoubtedly as a result of complexation of the
lithium amide with ether. This competition between the substrate and the
solvent for the reagent results in lowering of the concentration of the
epoxide—base complex. This situation may also affect the selectivity of certain
epoxide isomerizations that are controlled by complex formation, but
information regarding this point is lacking.

Most isomerizations by lithium amides are run between 0° and reflux
temperature of the ether—hexane solvent mixture, usually the latter. Some
epoxides react very slowly under these conditions. In this situation benzene
can be employed to facilitate reaction by allowing higher reaction temperatures.
However, side reactions are also more likely at higher temperatures.
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noted that this polar solvent can significantly affect the product ratios in cases
where competing processes are possible.

In general, it is strongly recommended that the course of the reaction be
followed clgsq| i mm El graphy or
thinlayer clm'mmﬁmm Et]m hen the
starting epoxide is consumed or when the desired product is maximized.

The significant influence of hexamethylphosphoramide on epoxide
rearrangements is very useful synthetically in a number of instances. Although
many of these reactions have been performed in hexamethylphosphoramide
as the solvent, its effect appears to be achieved with as little as 2—4 eqs of
hexamethylphosphoramide per equivalent of lithium amide. (11, 26, 27, 100)
This is recommended in view of the cost and biohazards associated with
hexamethylphosphoramide.

Caution! Hexamethylphosphoramide is an animal carcinogen. Appropriate
handling and disposal procedures should be followed.

4.2. Organolithium Reactions

Organolithium reagents are only infrequently used as the functioning base in
epoxide isomerizations. Nonetheless, these reagents are of central importance
because they serve as the source of amide bases in most rearrangement
procedures. A recent Organic Reactions chapter details the use of



organolithium reagents. (117) Solutions of n-butyllithium in hexane are
generally available from commercial sources, as are methyllithium solutions in
ether, tert-butyllithium solutions in hydrocarbon solvents, and other
organolithium reagents. When these are not available, organolithium reagents
can be obtained by literature preparations. (118-120) The quality of fresh
commercial solutions is generally good, and the indicated assay is usually
sufficiently accurate for most synthetic applications. In reactions where the
exact amount of base is critical or when the concentration of the reagent is
uncertain (as with aged commercial reagents or those prepared in the
laboratory), several methods of analysis are available. (117, 121-123) The
direct titration with sec-butyl alcohol by use of 2,2-biquinoline as an indicator is
a simple and reliable method for the assay of most organolithium reagents.
(124) The commonly used hexane solutions of n-butyllithium can normally be
stored for several months in bottles capped with serum stoppers, provided
transfers are carefully performed by using dry syringes. The deposit of large
amounts of solid material from the clear yellow commercial solutions is usually
an indication of reagent deterioration.

Isomerizations using organolithium reagents as the effective base are
generally performed with an excess of the reagent in hydrocarbon solvents at
OO0 A A R AR AN OAAn 0000000000
temperatures, the lowest convenient temperatures consistent with reasonable
reaction times are recommended. Ether is sometimes used as a solvent or
cosolvent in isomerizations in which organolithium reagents are used as bases,

but these r f ' mmmnes than do
those run .mgmam

4.3. Aluminum Amide Reactions

These reagents deserve more widespread application to the isomerization of
suitable epoxides. The efficiency of these conversions appears to increase
with increasing steric bulk of the substituents on nitrogen. The diethylaluminum
derivative of 2,2,6,6-tetramethylpiperidine is most commonly used, although

the species derived from diisopropylamine, N-methylaniline, and other more
readily available amines also effect the reaction, albeit more slowly. (32)

Reactions are normally performed with four equivalents of the reagent at 0° in
benzene solution. Hexane is also suitable as a reaction medium, but ether and
especially  tetrahydrofuran  inhibit the reaction. Diethylaluminum
N-methylanilide is a superior reagent for the analogous isomerization of
several oxetanes, which require prolonged reaction times in refluxing benzene.
(125) Use of this reagent with certain epoxides may also be advantageous.

The aluminum amides are prepared in situ in the desired solvent prior to the
addition of the epoxide. The reaction of the appropriate lithium amide,



prepared in the usual manner, with diethylaluminum chloride at 0° in benzene
for 30 minutes is a convenient procedure. (32) Alternatively,
diisobutylaluminum hydride reacts with secondary amines in benzene at
slightly higher temperatures with the evolution of hydrogen to give related
aluminum amides. (32) Secondary amines also react with trimethylaluminum
to give dimethylaluminum amides and methane. (126)

The various organoaluminum reagents required for preparation of the
aluminum amides are available commercially in lecture bottles as the pure
materials or as standardized solutions in hydrocarbon solvents. (127) The pure
materials are highly pyrophoric and require special handling. (128) It is much
more convenient to use the commercial solutions, and this is recommended
whenever possible. These solutions react with air and moisture, but they can
be transferred by dry syringe techniques from solutions stored in bottles sealed
with rubber septa. Reactions should be run under anhydrous conditions under
an inert atmosphere of dry nitrogen or argon.

Ooooooooooooooooodddoooooooooooooooooooooooan
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5. Experimental Procedures

The following procedures have been chosen to illustrate typical reaction
conditions for effecting various types of isomerization with different bases.
Reactions are normally performed in an apparatus consisting of a
three-necked, round-bottomed flask equipped with a reflux condenser to which
a gas inlet tube is attached, with a pressure-regulating dropping funnel and a
rubber septum. A stream of dry nitrogen is passed through the assembly while
it is flame-dried with a Bunsen burner and subsequently charged with the
reactants. At this point the system is closed so as to maintain a slight positive
pressure of nitrogen. A magnetic stirrer is usually adequate for agitation. The
course of the reaction is followed by withdrawing aliquots by syringe through
the rubber septum. These are hydrolyzed and assayed for the disappearance
of starting material by gas chromatography or thin-layer chromatography
(TLC).

5.1. 2-p-Tolyl-2-propen-1-ol (Isomerization of a Terminal Epoxide to an
Allylic Alcohol by Using Lithium Diisopropylamide in Ether) (92)
To a solution of 3 g (0.03 mol) of diisopropylamine in 25 mL of ether was

T T kL

added slowly. The reaction mixture was stirred overnight at room temperature,
heated to reflux for 4 hours, and, after cooling, partitioned between ether and
water. The organic layer was washed successively with water and brine and
dried. Solv lion fo bhy. Qo alumina
afforded Zﬁm [ Pt FDIM12- =] ale (A Q1 ﬁlorr);
IR(neat) 3380, 3070, 1650, 1050, 890, and 820 cm™. This product showed a
single spot by TLC analysis.

5.2. trans-Pinocarveol [2(10)-Pinen-3 a -ol] (Isomerization of a
1-Methylepoxycycloalkane to an Allylic Alcohol with Lithium
Diethylamide in Ether—Hexane) (6)

The isomerization of a -pinene oxide to trans-pinocarveol in 90-95% yield is
described in Organic Syntheses. (6)

5.3. 12-Methoxy-19-norpodocarpa-4(18),8,11,13-tetraen-3 a -ol
(Isomerization of a 1-Methylepoxycycloalkane with Lithium Diethylamide
in Ether) (78)

To 12.1 mL (0.02 mol) of a 1.6 M solution of methyllithium in ether at 0° was
added 3 mL of dry diethylamine in 5 mL of ether. After 10 minutes the evolution
of methane had ceased. A solution of 1.0 g (0.004 mol) of 3a ,4 a
-epoxy-12-methoxy-18-norpodocarpa-8,11,13-triene in 18 mL of ether was
added slowly, and the mixture was heated to reflux for 36 hours. The cooled
reaction mixture was poured into ice water and extracted with ether. The ether



extract was washed with 2 N hydrochloric acid, water, and brine. After drying,
the solvent was removed to give 1.0 g (100%) of
12-methoxy-19-norpodocarpa-4(18),8,11,13-tetraen-3 a -ol, which crystallized
from light petroleum as needles: mp 93-95°, [a ]p + 163° (c, 0.45), IR ( CHCls)
3600, 1660, 1040, and 910 cm™, NMR & 1.00 (s, 3), 1.62 (s, 1, exchanged with
D,0), 3.88 (s, 3), 4.35(m, 1), 4.74 (br s, 1), 5.07 (br s, 1), and 6.7-7.0 (m, 3).

5.4. 2,4,7-Cyclononatrien-1-ol (Isomerization of an Unsaturated Epoxide
to an Allylic Alcohol by n-Butyllithium in Ether—-Hexane) (129)

To a stirred solution of 40.0 g (0.30 mol) of 1,4,7-cyclononatriene oxide in
650 mL of ether at 0° was added 320 mL (0.51 mol) of a 1.6 M solution of
n-butyllithium in hexane over a period of 1 hour. After an additional 4.5 hours,
200 mL of a saturated ammonium chloride solution was added slowly, with
stirring and cooling, over a period of approximately 1 hour. The organic layer
was separated, washed with 200 mL of water and dried over anhydrous
potassium carbonate. The solvent was removed to give a yellow oil that was
distilled under reduced pressure to give 6 g of volatile material followed by
26.3 g (66%) of 2,4,7-cyclononatrien-1-ol of bp 80° (0.1 torr) that crystallized
on standing, mp 40—42°. The IR spectrum of this material was identical with
that of an authentic sample.
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Epoxycycloalkane to a Bicyclic Alcohol by Lithium Diisopropylamide in
Ether—Hexane) (58)
To a solution consisting of 90 mL (0.22 mol) of 2.4 M n-butyllithium in hexane

and 90 mL of ether in an ice bath was added 35 mL (0.25 mol) of
diisopropylEEE@E uths. Hftd g (0.1 mol)
of cis-cyclooctene oxide in 20 mL of ether was added and the reaction mixture
was heated to reflux for 2 days. The cooled solution was washed with 100 mL
of water, dried, and concentrated under reduced pressure. The residue was
distilled under vacuum to afford 10.1 g (80%) of
endo,cis-bicyclo[3.3.0]octan-2-ol, bp 103-105° (25 torr). This product
contained less than 2% of 2-cyclooctenol as determined by gas
chromatographic analysis on a Carbowax 20 M column.

5.6. exo-Tetracyclo[5.2.1.0.>’0*®|decan-9-ol (Transannular Insertion of a
Polycyclic Epoxide by Lithium Diethylamide in Benzene—Hexane) (130)
To a solution of 0.45 g (0.006 mol) of dry diethylamine in 2.8 mL of dry
benzene at 0° was added 2.8 mL (0.0045 mol) of 1.6 M n-butyllithium in
hexane. After stirring for 20 minutes, a solution of 0.40 g (0.0027 mol) of
exo-8,9-epoxytricyclo[5.2.1.0*"|decane in 2.8 mL of benzene was added, and
the mixture was heated to reflux for 48 hours. The cooled reaction mixture was
poured into ice water and extracted with ether. The extract was washed with
saturated aqueous ammonium chloride solution and water, dried, and
concentrated. Distillation at reduced pressure gave 0.34 g (86%) of tetracyclic



alcohol: bp 50-60° (0.4 torr), mp 56—70°, near IR ( CCly) 1.676 uyM ( € 0.38),
NMR ( CCls) & 1.0-2.1 (m, 14), 3.86 (s, 1), and 4.45 (s, 1).

5.7. 1,2-Benzocyclohepten-4-one (Isomerization of an Epoxide to a
Ketone with Lithium Diisopropylamide) (41)

To a solution of 0.77 mL (0.0055 mol) of diisopropylamine in 15 mL of
anhydrous ether at —78° was slowly added 2.4 mL (0.0055 mol) of 2.3 M
n-butyllithium. After 15 minutes the mixture was allowed to warm to room
temperature, and a solution of 0.35 g (0.0022 mol) of
3,4-epoxy-1,2-benzocycloheptene in 5 mL of anhydrous ether was added
slowly. After stirring for 1 hour, the reaction was quenched by the addition of

5 mL of water. The aqueous layer was separated and extracted twice with

10 mL of ether. The combined organic layers were washed with 10% aqueous
hydrochloric acid, dried, and concentrated. Vacuum transfer gave 0.22 g (63%)
of 1,2-benzocyclohepten-4-one: NMR ( CDCl3) 6 1.6-2.0 (m, 2), 2.3-2.8 (m, 2),
2.8-3.0(m, 2), 3.7 (s, 2), and 7.2 (s, 4).

5.8. endo-Bicyclo[5.1.0]oct-5-en-2-0l (Isomerization of an Unsaturated
Epoxide to a Cyclopropylcarbinol by N-Lithioethylenediamine in
Benzene—HexamethyIphosphoramlde (11)
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vessel under an inert atmosphere and washed several times with small
quantities of pentane, which was removed by syringe. Anhydrous benzene
(200 mL) was added, followed by 18 g (0.3 mol) of dry ethylenediamine over a
period of 30 minutes. The reaction mixture was heated to reflux; the liberation
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evolution ceased and a white powder formed in the reaction flask.

5.8.1.2. Isomerization of 5,6-Epoxycyclooctene

The base mixture was cooled to room temperature and 200 mL of
hexamethylphosphoramide was added, followed by 10.0 g (0.08 mol) of
epoxide. The epoxide disappeared within 15 minutes to give a product
containing the desired alcohol and a small amount of 3,5-cyclooctadienol. The
mixture was heated to 60° until the latter was completely converted to
3-cyclooctenone. The cooled reaction mixture was poured into a large amount
of water and extracted with ether. The extract was washed with saturated
ammonium chloride solution, dried, and concentrated. Distillation of the
residue under reduced pressure gave, after a small forerun of 3-cyclooctenone,
8.0 g (80%) of endo-bicyclo[5.1.0]oct-5-en-2-ol: bp 90° (9 torr); IR 3350, 3080,
3008, 1660, 695 cm™; NMR ( CCls) 8 0.3-2.1 (m, 8), 3.5 (s, 1), 3.95-4.35 (m,
1), and 5.1-5.9 (m, 2). (84)



5.9. (2-Phenylcyclopropyl)methanol (Formation of a Cyclopropylcarbinol
by Lithium Diethylamide Prepared in
Benzene-Hexamethylphosphoramide (11)

5.9.1.1. Base Preparation (114)

A mixture of 0.7 g (0.1 mol) of hammered lithium wire, 7.3 g (0.1 mol) of
diethylamine, 20 mL of hexamethylphosphoramide and 20 mL of benzene was
stirred at temperatures below 25° under an argon atmosphere for several
hours until the lithium disappeared, giving a dark red homogeneous solution.

5.9.1.2. Isomerization of 4-Phenyl-1,2-epoxybutane

To 0.05 mol of the lithium diethylamide solution in
benzene—hexamethylphosphoramide was added 2.0 g (0.013 mol) of epoxide.
After 30 minutes the reaction mixture was poured into a large quantity of water
and extracted with ether. The extract was washed with saturated ammonium
chloride solution, dried, and concentrated. The residue was distilled at reduced
pressure to give 1.7 g (86%) of trans-(2-phenylcyclopropyl)methanol: bp 137°
(12 torr); IR 3340, 1605, 1595, 740, 695 cm™; NMR (250 MHZz) 60.68-0.85 (m,
2), 1.16-1.40 (m, 1), 1.60-1.78 (m, 1), 3.30-3.54 (m, 2), 3.98 (s, 1), and
6.70-7.40 (m, 5). A small doublet at 6 3.8 indicated the presence of 6% of the
cis isomer.
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Alcohol by Diethylaluminum 2,2,6,6-Tetramethylpiperidide) (32)

5.10.1.1. Preparation of Diethylaluminum 2,2,6,6-Tetramethylpiperidide

A benzene solution of 1 eq of diethylaluminum chloride was added dropwise at
0° to a solution of 1 eq of lithium 2,2,6,6-tetramethylpiperidide prepared in the
usual fashiEE@ EE jas 30 minutes
and used immediately.

5.10.1.2. Isomerization of trans-Epoxycyclododecane

To a stirred mixture of 0.004 mol of diethylaluminum
2,2,6,6-tetramethylpiperidide in 10 mL of benzene at 0° was added dropwise
over 5 minutes a solution of 0.18 g (0.001 mol) of epoxide in 3 mL of benzene.
The mixture was stirred at 0° until analysis indicated the absence of starting
material. The reaction was quenched by the addition of ice-cold 1 N
hydrochloric acid. The organic layer was separated, and the aqueous layer
was extracted with ether. The organic layers were combined, washed with
brine, dried, and concentrated. The residue was purified by preparative TLC
(R 0.22 in 1:2 ether—hexane) to give 99% of (E)-2-cyclododecenol: IR (neat)
3330-3370, 1465, 1450, 970 cm™"; NMR ( CCl,) 8 3.73-4.20 (1, m), 4.97-5.82
(2, m); mass spectrum (m/z) 182 (16), 164 (13), 139 (32), 125 (46), and 98
(100).



6. Tabular Survey

Examples of base-promoted isomerizations of unactivated epoxides falling
within the limitations described in the text are summarized in the following
tables. An attempt has been made to include all reports of such reactions
appearing in the literature through late 1982. The tables are organized to
parallel the discussion in the section entitled “Scope and Limitations.” Table |
lists the saturated epoxides that have been exposed to base isomerization.
This table is further divided into acyclic, spiro, and cyclic epoxides. Table II
gives epoxides that have unsaturation present in the molecule as olefinic,
acetylenic, or aromatic functions and is subdivided according to the type of
unsaturation present. Table Ill groups those epoxides that have additional
functionality in the molecule. Within each subdivision of these tables the
epoxides utilized as substrates are listed in order of increasing number of
carbon atoms and then increasing number of hydrogen atoms in the molecular
formula. A dash in the yield or reaction conditions column indicates that the
appropriate information was not reported. In many instances products that are
not isomeric with the starting epoxide are given in order to help define the
limitations on the title reaction.

nooooooodonnonooionnonooononnooooonooooooon

he following abbreviations are used in the tables:

DATMP Diethylaluminum 2,2,6,6-tetramethylpiperidide
Diglyme Diethylene glycol dimethyl ether

DHE] it rapdp ILICICICICICI0]
DMSO Dimethyl sulfoxide

Ether  Diethyl ether

HMPA Hexamethylphosphoramide

LDPA Lithium diisopropylamide

THF Tetrahydrofuran

THP Tetrahydropyranyl ether

Table I. Saturated Epoxides

View PDF




Table Il. Unsaturated Epoxides

View PDF

Table Ill. Functional Epoxides

View PDF

Ooooooooooooooooodddoooooooooooooooooooooooan

HOO000000000000c































































7. Acknowledgment

We gratefully thank Mr. T. C. Johns for help with the literature search.

Ooooooooooooooooodddoooooooooooooooooooooooan

HOO000000000000c



Throughout the text, LDPA is used to denote lithium
diisopropylamide.
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Reductive Dehalogenation of Polyhalo Ketones
with Low-Valent Metals and Related Reducing

Agents
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1. Introduction

a-Halo ketones play a significant role in organic synthesis because of their
ready availability and the diversity of their chemical reactions, which reflect the
various functionalities in the molecule, viz., a reactive halogen—carbon bond,
acidic hydrogen atoms, and a carbonyl moiety. An important reaction of halo
ketones is removal of the halogen atom(s) by low-valent transition metals and
related reducing agents to generate reactive species that are capable of
undergoing carbon-carbon bond-forming reactions. The cyclocoupling
reactions of a, a’ -dihalo or more highly halogenated ketones across

OO0000000scMenRNRRES RO RO MIRTEEOEe 000000000

respectively, are especially noteworthy from the synthetic viewpoint.

The direct preparation of odd-membered carbocycles has remained a
persistent problem, and until recently only a few methods of synthesis were
available. Tﬂa i3t mmmm m bocycles
have been EJ - EM Ecyclization
reactions. (1) The construction of five-membered carbocyclic systems has
generally been accomplished only by intramolecular condensation of
open-chain dicarbonyl compounds or dicarboxylic acid derivatives, (2, 3) ring
contraction of six-membered cyclic ketones, (4, 5) or ring expansion of
four-membered cyclic ketones. (6) These methods, however, are not always
useful because of the limited availability of the starting materials in certain
reactions. In principle the most direct method for construction of
seven-membered carbocycles is the cyclocondensation between three-carbon
and four-carbon units, viz., 1,3-dienes, as shown in Eq. 1; for preparation of
five-membered carbocycles, the combination

&S {Eﬁcwf 1)
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of three-carbon and two-carbon units, viz., olefinic substances, or one-carbon
and four-carbon units, as illustrated in Egs. 2 and 3, respectively, can be
considered. However, these reactions are not achieved easily because of the
difficulty of generating reactive three-carbon and one-carbon units that are
capable of undergoing cycloaddition across the unsaturated substrates.
Reactions of low-valent metals and a, a’ -dihalo or more highly halogenated
ketones generate such bifunctional three-carbon species that can enter into
both types of cycloaddition reactions (Egs. 1 and 2). Moreover, these reactive
species also undergo [3 + 2] cycloadditions across certain unsaturated bonds
containing heteroatoms, thereby giving rise to five-membered heterocycles.
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The scope and limitations of these cyclocoupling reactions and their synthetic
applications (7, 8) are the main concern of this chapter, which briefly describes
other examples of dehalogenation of a-mono- and a, a’ -polyhalo ketones

using low-valent transition metals and related reducing agents. Also described
are the m@@@@ i HevHral B)resentative

experimental procedures.




2. Mechanism

2.1. Reduction of a -Monohalo Ketones
For the initial step in the reduction of organic halides by metals or their
complexes, three pathways have been proposed and classified by the mode of
electron changes, which, in turn, depend on the nature of the reducing agent.
9)

Atom-transfer process:

R-X + M" R- + M"*DY

Electron-transfer process'

R-X + M" R-X7 + MC+D

Oxidative-addition process:

Oooooooooannoooooponnoionoooioodoooooooooooon
RX+M' —— R-M X

e reducibrior A st e e e ke s

atom-transfer or electron-transfer process generating the radical species 1 (Eq.
4)is

o] (o]
Ax+m —— [/'Q;_]+M*””x (4)

considered for reactions using one-equivalent reductants such as alkali metals
or certain low-valent transition metal complexes containing, e.g., chromium(ll),
(20) iron(ll), (11) cobalt(ll), (11) and molybdenum(0), (12) which tend to
release one electron to attain a higher oxidation state. Though not general, use
of two or more equivalents of such reagents drives reduction via enolate
intermediate 2, which is generated by two successive one-electron changes

(Eq. 5).
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Reduction takes place via the oxidative addition mechanism, directly forming
the metal enolate intermediate 3 (Eq. 6), when it is carried out with
two-equivalent reductants, e.g., iodide salts or low-valent transition metals
capable

Dm(n+lﬂx

Tonowe — [T — S
3

(6)
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of changing the oxidation state either by concerted two-equivalent
transformations o successions of one-electron transfers. A related
mecnanenl e el ollodled Bk A1 JEcIb b belkelfor of o -nto
ketones. (13) A reactive enolate metal complex has been isolated from a
reduction promoted by an iron carbonyl in an aprotic solvent. (14) In most
reactions, however, the intervention of a metal enolate species is supported
chemically by a subsequent nucleophilic reaction, as depicted in Eq. 7. Zinc
enolates sometimes undergo

OE
3 — /?\/E or/and /L\“+l.'ln.f1""”?‘}|12 (7)

disproportionation with the starting halo ketones to form two equivalents of
radical species (Eq. 8), which have actually been detected by chemical and
spectroscopic techniques. (15)
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2.2. Reduction of a, a -Dihalo Ketones

The reduction of geminal dihalo ketones begins in the same manner as that of
a-monohalo ketones to form the radical species 4 (Eq. 9) or enolate
intermediate 5 or 6 (Egs. 9 and 10), as indicated by their chemical behavior.
Enolate intermediate 5 or 6 further eliminates the remaining halogen atom,

giving rise
0
— M )\-I L,, jﬁ_ M[n+ll
0 X X (9)
/u\/x > :
+ M"
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_ 0 0
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7 B

(11)
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to ketocarbene 7 or its metal complex 8 (Eqg. 11). Intervention of such species
is convincingly argued for the reduction of 9, which leads to tricyclic ketone 10
as the result of carbenoid y C — H bond insertion. (16)
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2.3. Reduction of a, a’-Dihalo and Polyhalogenated Ketones

2.3.1.1. Vapor-Phase Reduction

Vapor-phase reduction of a , a’-dihalo ketones with potassium occurs by the
successive atom-transfer mechanism to generate intermediary 2-oxo-1,
3-alkadiyl diradical species of type 11, which decompose to carbon monoxide
and olefins through cyclopropanones. (17)

0 . : 0
x I x = [ XA = [ 1]
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2.3.1.2. Reduction in Solution

Reductionsl'o'lllr,lr!' lﬁm m app etones in
organic solvefts-Havrc-bten ot uiratthtredietlg agents or
electrochemically. The reaction is initiated by two-equivalent reduction of the
polyhalo ketone to give metal enolate 12, as ascertained by quenching in

protic media to afford the protonated products. Enolate 12 suffers subsequent
Sk 1-type or Lewis-acid-assisted elimination of the

0 0
R R. L R
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X X
12

X

(n+ 2
OM X O R




allylic bromine atom to produce 2-oxyallyl-metal complex 13 or its structural
isomers, viz., cyclopropanone 14 and allene oxide 15 (Eq. 12). The relative
stabilities of these species are influenced by a variety of factors. Theoretical
treatments suggest that the parent 2-oxyallyl dipolar ion in a free form is very
labile, isomerizing immediately to 14 and/or 15. (18, 19) The oxyallyl species
13 receives greatest stabilization from electron-releasing substituents present
at the C-1 and C-3 termini and from an increase in the covalent character of
the M —O bond. Actually, a , a '-dibromoacetone cannot be used as a starting
Cs; substance since it leads to the extremely labile oxyallyl intermediate

13(R = H), which bears no carbocation-stabilizing substituents. On the other
hand, a, a, a', a’-tetrabromoacetone or secondary and tertiary
bis(bromoalkyl)ketones are utilized because the added substituent R (Br or
alkyl) increases the stability of the resulting oxyallyl species 13 by mesomeric
and inductive effects, respectively. The existence of the 2-oxyallyl species is
possible only in the metal-complexed or protonated form (13, M = metal or H).
The stability of 13 depends strongly on the nature of the M — O bond, which
is influenced greatly by the nature of M and the solvents used. The more
covalent the character of the metal-oxygen bond, the more the equilibrium lies
in the direction of 2-oxyallyl cation formation. When the M — O bond is rather
ionic, the equilibrium tends to shift toward the formation of the ring-closed

OO00O0000RAE AR ER N AE RS R EEAn e aC 0000000l

ct the nature of the M —O linkage.

Many lines of evidence suggest the intermediacy of oxyallyl species through
nucleophilic trapping (20-29) (Egs. 13-15) and a variety of cationic

e MNO00000000000000

(CH,),CBrCOCBE(CH;); ———=— (CH;),C(OCOCH,)COCD(CH,),

CH,CO,D
16 (60°%%) (13)
(Eq. 13)%3
0 0
i-C3H, CisH4-i e i-C;H -i
3- T :::lﬂé:::u 3 ? C3H1 I {‘eq 14}23
Br Br : CH,0 (14)

(61%, cisftrans = 2:1)



(CH 3 }2 CBrCOCH BrC4 Hg -f

2, 1-C,H,C0, Na

s (CH,),C(OCOC,H,-1)COCH,C Hy-t (Eq. 1527 (1°)
(67%)

The skeletal changes include electrocyclization of the 2-oxypentadienyl-type
cation (Eq. 16), (28, 29) and [14,4s] sigmatropic (Eq. 17), (28-31) neopentyl (Eq.
18), (28, 29) tert-butylallyl-cyclopropylcarbinyl (Eqg. 19), (28, 29) and cationic

OFe(I)L,
CoHsCHBrCOCHBrCeH, —ai» | CeHs A
CeHs
C(H, (16)
6
(70%)

EIEIEIEIEIEIEIEIEIDDDDDDDDDDDDDDDDDDDDDDDDEIEIEIEIEIEIEIEIEIEII

0

OFe(II)L,
m,uuucju T S

(95%)
(Eq. 17)%8.29

[3, 4] sigmatropic (Eq. 20) (32) rearrangements. Ene reactions between

2-oxyallyl cations and olefins are also reported (Eq. 21). (33) In some reactions
reduction in

OFe(II)L,
Fes(COl ""Cd-Hg
t-C,HyCHBrCOCHBrC Hot —5—
CyHy-t
OFe(IIL, o (18)

it 28,29
— = — -C,Hy (Eq. 18)->
C

CH;*\“‘CH,, (78%)



0 OFe(IT)L,

1-CyH, C.Hg-t  Feyco), t-C4H, C,Hq-t
Br Br GH ﬁ

OFe(I)L,

CH, L,Fe(II)
—_— I'C,‘Hg {!:+ —_— I-C4H9' (19)
™CH,

Oy O

-C4 H H,-i
I I-’C4H9 + 4 g\ﬁ}ca ¥ [EL] 19}23.29

(80%) (3%
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o OFe(IT)L, 0

T, | [T — (Eq. 202 29
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u OFe(IT)L
C,H,CHBrCOCH,Br 2%, [ ]
C.H, CqH
g 5\)“}\

8] O (21)
CGHS CﬁHS
(CH,),C=CH, ) o [Eq. 7 }33

basic media such as tetrahydrofuran (THF) or N,N-dimethylformamide (DMF)
yields a, B -unsaturated ketones resulting from prototropy of the 2-oxyallyl
intermediate. (20, 28, 29, 34, 35) Furthermore, the intervention of an allyl



(CH,),CBrCOCBI(CH,), —2o2®» CH,=C(CH)COC;H,-i (Eq.22)%3 22
16 17 (80 %)

cationic species is in accord with the reductive [3 + 4] or [3 + 2] cyclocoupling
reactions between polyhalo ketones and 1,3-dienes or certain olefins,
respectively. (33, 36) Cyclopropanones as transient intermediates are
detected by IR analysis of certain electrochemical reductions in
dimethylformamide. (37) Some products derivable in principle from
cyclopropanones are isolated from electrolysis (37, 38) or zinc/copper couple
reduction (39) in protic solvents. Formation of allene oxides as
product-determining intermediates has not yet been substantiated.
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3. Scope and Limitations

3.1. Reduction of a -Monohalo Ketones

3.1.1.1. Formation of the Parent Ketones

When a -monohalo ketones are treated with either one- or two-equivalent
reductants in protic or aprotic media, the parent ketones are produced; the
latter reaction usually, though not always, requires aqueous workup.
Electroreduction proceeds analogously.

Lithium metal, a one-electron reductant, in ethereal solvents is adequate for
the reduction of halo ketones lacking active a -hydrogen atoms. (40) Use of

C,H,C(CH,),COCBr(CH;)C,Hs —r— C,HC(CH,),COCH(CH;)C,H;
(97%)

molybdenum hexacarbonyl-alumina (12) and chromium(ll), (41) iron(ll), (11,
42) and cobalt(ll) (42) species also leads to satisfactory reduction; tungsten
hexacarbonyl is rather less effective. (43) Usually such reductions require the

OoooooofmeaRERsn0000000ooaoooooonoooooooooon

Mo(CO), . AlyO,

.p.CEHSCﬁ H4 CUCH: Bl‘ T P“CEH 5C5 H*COCH 3
18 19 (73%)

O000Q0000000000c]
0, 5

BI'_ acetone

0)

0 (85%)

of reducing agents. Reduction can be achieved by the use of either catalytic or
stoichiometric amounts of iron(ll) salts in the presence of thiophenol; the

stoichiometric conditions generally provide better yields. (11, 42)

18 0.1 eq. Fe(ll)-polyphihalocyanine complex, CyH,8H " 19

H;0-CH,0H B7%)



Equations 23 and 24 show examples of reductions that are assisted by
two-equivalent reducing agents. Zinc metal and zinc/copper couple are the
most conventional reagents; the addition of acidic substances accelerates the
reduction to some extent. (44-49) Iron pentacarbonyl [Fe(CO)s] and diiron
enneacarbonyl [Fe,(CO)q] may be employed stoichiometrically; (28, 29) the
former reagent

Ac
Br Zn (23)
CH,0H o
0] (95%)

T

g u CH,0H ’ (24)
r
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reduces the bromo ketone in an aprotic solvent to give the parent ketone
without any aqueous workup. (50) Catalytic reduction using dicobalt

octacarbonﬁCo ﬁ)ﬂis a practical and useful process; a phase-transfer
RS | o o o o o o

H D
Fe,(CO)y
Br D,o-DMF (595 H
O 8]

\‘“D
B

:

a

(80%5)
Fe{CO)4
=
(58%0)

and sodium hydroxide are required to generate the actual reducing agent,
[Co(CO)4]". (51)



13 0.1 eq. Co{CO), CoHCHN(CH,),CH, NaOH lg
H,0-C,H, . 8
. (5854)

Lithium dialkylcuprates perform the reduction under very mild conditions, (52)
but undesired alkylations often occur. (53) Use of aqueous titanium(lll) (54) or
vanadium(ll) (55) chlorides is convenient. Reductive dehalogenation with an

(CH,);Culi
ether
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excess of lithium iodide is promoted to a considerable extent by the combined
use of boron trifluoride etherate (56) or hydriodic acid. (31)

?EIEIEIEIEIEIEIEIEIEIEI oo

OCH, OCH,
(100%;)

AcO !
Br

A clean reduction, even of fluoro ketones, is effected by electrochemical
treatment. (13)

C¢H,COCH,F =%, C,H,COCH,



In general, the two-equivalent reduction of bromo ketones, excluding tertiary
ones, (7) is strongly accelerated by the addition of sodium iodide, (15) because
iodide ion converts the bromo ketones to the more reactive iodo ketones via
Sn2 displacement.

1,4-Diketones resulting from reductive dimerization of the starting halo ketones
are typical side products in the reaction, particularly of alkyl halomethyl
ketones in aprotic media.

3.1.1.2. Formation of a -Alkyl Ketones

The reduction of a -monobromo ketones in the presence of electrophilic
alkylating agents gives rise to a-alkyl ketones. However, only methyl iodide
and certain activated alkyl halides appear to be of synthetic value here;
ordinary higher alkyl iodides are not sufficiently reactive. For instance, the
lithium-promoted reaction of 20 and methyl iodide in ether affords the
methylation product 21 (R = CHs) in 93% vyield, while the reaction

t-C,H,COCBr(CH;), L.RLHMPA) = ,.C,HyCOCR(CH,), (Eq. 25)%0
R = CH,, C;H
20 i 21 (15-93%)
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hexamethylphosphoramide (HMPA) as a solvent facilitates the ethylation to
some extent to give 21 (R = C;Hs) in 15% yield. (40) Similar reactivity is
observed in alkylations promoted by zinc dust in dimethyl sulfoxide
(DMSO)-benzene. (57) Ethylation is achieved very slowly but in moderate to

"o yie"’SI:II:II:II:II:II:II:II:II:II:II:II:II:II:II:II:I

O
_Zn,CHyl
"DMSOC,H,

(6675)

(25)

Zn, CH,l
DMSO-CgH;

O
: (40%

=}



in hexamethylphosphoramide-benzene. (58) Efficient alkylations have been
reported using activated alkyl halides such as allyl bromide (57) and a -chloro
thioethers. (59) Reductive methylations of unsymmetrically substituted bromo
ketones take place specifically at the carbon originally attached to bromine,
producing single positional isomers. (57) A typical side reaction is the

formation
O
Br =
Zn, CH,=CHCH,Br _
DMSO0-C,H,

OCH, OCH,
(75%)

n-C3H,COCHBrC,H,

20 TR,EREGHICA,  3-C,H,COCH(C,H4)CH(SC,H)CH,4

CHyCO,C3H,
(82%)
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a -bromo ketone, which can be suppressed by lowering the concentration of
starting bromide.

The reduction of bromo ketones with lithium dimethylcuprate followed by

treatmentﬂ@@ o THM ¢ HroHeS ED

O
Br
I {":H :.hCﬂLI
2oy
ether

(67%)

The reduction of a -bromo ketones with zinc dust or zinc/copper couple in
dimethyl sulfoxide containing sodium iodide and sodium hydrogen carbonate
produces a radical species via the mechanism illustrated in Eq. 8 (see p. 168).
(15) This intermediate can be trapped by aryl-substituted olefins or
methylenecycloalkanes to give substitutive addition products possessing
predominantly an endocyclic double bond. (15) Conjugated dienes and enynes
undergo similar alkylations. (61)



CH! CgH sCO(CH,)
CﬁHs,CDCHzBI + D Z“J'C“-:"- MaHCO, {O
MSO

(3470

3.1.1.3. Formation of Aldols

A reductive aldol reaction between a -monobromo ketones and aldehydes or
ketones can be achieved with zinc dust either alone (57, 62) or in combination
with diethylaluminum chloride and a catalytic amount of copper(l) bromide. (63)
Regiospecific aldol formation is observed in the reaction of the bromide
derived from an unsymmetrical ketone. (63)

Oo00oooot O0ooon “Cﬁnmumﬁﬁnnnnm

(90%)
(Eq. 26)°7

OO0000000000000c

H'CEHTCOCHB[{:IHE + {Csz)ZCG
n-C3H,COCH(C,H;)C(OH)(C;H;), (Eq.27)62 (27)

(73%)
H H
Pl i)  cat Culr |

Br + (CH3}2CD h.{CH;.:E t .

8] O OH
(94%7)
(0)

+ C6H5CHD ZnFAl{CzH-F:;:lCLMDUFE; CHDHCﬁHj

Br
(100%;, erythro/threa = 4:13)



3.1.1.4. Formation of 1, 3-Diketones and Enol Carboxylates

Acyl chlorides undergo effective C- and O-acylation reactions with the
intermediary enolates generated by reduction of halo ketones, yielding 1,
3-diketones or enol carboxylates, respectively. Diketones are formed by
reduction with zinc dust in ethyl acetate (64) or lithium dimethylcuprate in ether,
(65) whereas enol carboxylates result from use of disodium
tetracarbonylferrate [Na,Fe(CO)4] in tetrahydrofuran containing pyridine (Py).
(66)

n-C,H,COCHBrC,;H,-n + CH,COCI

iz n-C4HyCOCH(COCH,)C3H n
(56%)

CH,COCH,CI + (CHj),CHCH,COCI

MFCOLRY, O C[OCOCH,CH(CH,);1=CH,
©1%

Ooooooooooooooooodgdooooooooooonooooooooooon

3.1.1.5. Reductive Dimerization to 1,4-Diketones, B -Epoxy Ketones, and
Furans

The following three types of reductive dimerizations are reported (Scheme I):
(1) formatiGR=pi=in f=dikei{@re ' formation of
B -epoxy k Lalm ﬁjmmmm h another a
-halo ketone molecule followed by intramolecular Sny2 displacement of the
resulting aldolate anion, and (3) production of unsymmetrically substituted
furan 24, probably arising from thermal rearrangement of the 3 -epoxy ketone

accompanied by dehydration. (67)
Scheme I.




. (RCOCH,),
1z

-
RCOCH,C—CH;

R

3

R
; R
4
These self-coupling reactions are usually nonselective, resulting in complex
mixtures. However, a clean reaction producing 1,4-diarylbutane-1, 4-diones is
achieved by use of Fe(CO)s in 1, 2-dimethoxyethane (DME). (14) The

water—benzene two-phase reaction using Co,(CO)s in the presence of sodium
hydroxide and a phase-transfer catalyst is usually efficient for the self-coupling

0000000 c FM B E e AT RESO 00 000000oooo

H D

2 Br CoiCOl. NaOH. C/H,CH,N(C; Hy),Cl
D;0-C,H, i

OO00000000000000]

A high-concentration reduction with zinc dust in dimethylsulfoxide—benzene
produces furans. (57) Noteworthy is the use of nickel tetracarbonyl [Ni(CO)4]
(58%)

0
Br 7n
2 DMSO-C.H,
C,H,
2 C;H,COCHBICH, i — / \
C,H,

(97%)

2RCOCH,X —1—

for the reaction of aryl bromomethyl ketones, which leads exclusively to 1,
4-diketones in tetrahydrofuran or to 2,4-diarylfurans in dimethylformamide,



respectively. (68) B -Epoxy ketones are obtained from alkyl (but not aryl)
bromoalkyl ketones in dimethylformamide. (67)

—H8E_,  (p-RC4H,COCH,),

(15-45%)
EP-R(:ﬁHdCGCHz Br + NI(CGL IR p—
(R = H! CHJ! Br} .P-RCﬁHﬂ-
DMF / \
CsH R-p
(30-9277)
| PN
21-C,H,COCH,Br 2%, :-C4H9CDCH2{IZ,‘ CH,

C4 Hg -f
(61%)

DDDDDDDDEIIIE‘I‘E’EEIEIIE‘PEI’E‘IIEEIDDDDDDDDDDDDDDDDDI

a-Chloro or a -bromo ketones can undergo reductive Michael addition to a ,
-unsaturated ketones or esters, giving rise to 1, 5-dicarbonyl products.
Reactions with magnesium metal (69) or an organo cuprate (65) in ether are
examples.

citpscbrlbebalell el LI LA ]

Ms_, [(CH,),CHCH,]COCH(i-C3H,)CH(C¢Hs)CH,COCsH;

ether

3.1.1.7. Formation of a -Arenesulfenyl Ketones

When a -bromo ketones are reduced with zinc dust in ether in the presence of
arenesulfenyl chlorides and a catalytic amount of mercury (ll) chloride, a
-arenesulfenyl ketones are produced in high yields. (70)

CH,COCBI(CHj); + CeHsSCl s> CH3COC(SCsH3)(CH5),
(71%)



3.2. Reduction of a, a -Dihalo Ketones

3.2.1.1. Formation of a -Monohalo Ketones and Parent Ketones

a, a-Dihalo ketones are reduced stepwise to form initially the corresponding a
-monohalo ketones and subsequently the parent ketones.

Zinc dust in protic solvents is frequently used for this purpose. Glacial acetic
acid is recommended as a solvent to obtain a high yield of completely
dehalogenated ketone (Eq. 28a), (71) whereas milder reaction in aqueous
acetic acid tends to afford monohalo ketones predominantly (Eq. 27b). (72)

O
I:H,L'(?:H,m' é (Eq. 28a)"!
CeHjs (28a)
o (82%7)
Cl

CgH;
O0000000000000000000000000oooooogooooooooon
i cl
Cl
cu{ 11000 DQDDDDDDD (27b)
o (Eq. 28b)72

CsH;
(6477)

Reduction of a , a -dichloro ketone 25 with lithium dimethylcuprate in
tetrahydrofuran at —78° affords a -monochloro ketone 26 exclusively after
aqueous workup; (73) this procedure is substantially easier and higher yielding
than the zinc reduction. Diethylzinc in benzene is another excellent reducing
agent for the preparation of monohalo ketones. (16)



Cl .
Cl {CH,)yCulLi
N i

THF, — 78" 0O

H 26 (quantitative)
15

3.2.1.2. Formation of a -Alkyl a -Monohalo Ketones and a-Alkyl a, B
-Unsaturated Ketones

Quenching of the reaction mixture of 25 and lithium dimethylcuprate in
tetrahydrofuran—ether with alkyl iodides and hexamethylphosphoramide below
—40° gives rise to a -alkyl a -chloro ketone 27; (73) workup at

R
g\
<=4 o
Oooooooooodoooooonoooddrsiooooooooooooooooon
l. (CH,);Culi, THF-ether, — 78" 7 (T1-7T8%7)
25 2. RI, HMPA

R = CH,, CH,CH=CH,

R
NoOOMEenaEEEO00

28 (68-86%,)

ambient temperature results in dehydrochlorination of 27 and formation of
enone 28. (73)

3.3. Reduction of a, a'-Dihalo and Polyhalogenated Ketones in Solution
3.3.1.1. Formation of a -Monohalo Ketones and Parent Ketones

When a , a -dibromoketones are treated with two-equivalent reductants in
protic media, stepwise debromination occurs to afford ultimately the parent
ketones; the selective preparation of intermediary monobromo ketones is
difficult. (28) Zinc dust and zinc/copper couple in methanol are the most
commonly employed reductants. Formation of a -methoxy ketones is a serious
side reaction, but can be prevented by using methanol containing ammonium
chloride as solvent. (74, 75) Hydriodic



Z
Br / Zn/Cu, NH,CI, CH,0H
Lk!i Z = CH,, 0, NCO,CH,
0 BT

acid also can effect the reduction. (32) Use of two molar equivalents of primary
or secondary alkoxides in tetrahydrofuran or alcoholic tetrahydrofuran reduces
certain dibromides to the parent ketones in fair to good yields. (76, 77)

0O O
Br Br
2 i-C,H 0K
THF

Cd_Hg‘-t C4Hq“r
(60%5)

(1007)
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Reduction of open-chain and cyclic dibromo ketones with organo cuprate
reagents such as lithium dialkylcuprates and lithium alkyl(alkoxy)- or
alkyl(phenylthio)cuprates gives a -monoalkyl ketones after aqueous workup.
(60, 78) Primary, secondary, and tertiary alkylations can be achieved with the

appropriatﬂnﬂ Fy HF {prifee] @ 3 giill DDDDD
#-CyH,CHBrCOCHBIC,Hyn ~—o’s 5.CHyCOCH(CH;)C,yHy-n
(70%)

which has an important influence on the yield of product. Alkyl heterocuprates
generally work better than the corresponding dialkyl reagents for a -secondary
and a -tertiary alkylations. For example, the sec-butylation of 2,
6-dibromocyclo-hexanone (29) is achieved in 75% yield using [C;HsCH(CHs)]
(t-C4HoO)Culi in tetrahydrofuran, but only in 38% yield with
[CoHsCH(CH3)].Culi in ether. (60, 78) Introduction of primary alkyl groups is
performed in comparable yield using dialkyl cuprates or alkyl heterocuprates.
(60, 78)



aooooon

Br Br CH(CH;)C,H;
[C;H,CHICH ,}]{r-C.H,l:I}tuLi_t
THF

29 (75%)

Grignard reagents are adequately effective only for the preparation of a
-methylated ketones; other higher-alkylated derivatives cannot be prepared in
this manner. (78) The major side product obtained in these alkylation reactions
is the parent ketone; no dialkylated products are formed.

Alkylation of unsymmetrical a, a '-dibromo ketones usually affords a mixture of
two possible positional isomers, with the less substituted one predominating.
The degree of regioselectivity decreases in the order tertiary

alkylation > secondary alkylation > primary alkylation (cf. Eq. 29). (78)
B-Substituents also affect the regioselectivity (Eq. 30). (78)

gooooooooofdaogogooooodooooooaoon

“a Ri+-C,H ul THF
Bl’ «HyOHCuli,

R (Eq.29)78 (29)

= n-C.H, 48% ||5g/
CH{EHjE--z LY ﬁlu/

I:IEIEIDEIEIEII:IEEIDEIEDEIEI

O
Br Br C,H,-t
O H(-C H, O [..l
d‘m:—" = (Eq. 3'-5}?5 (30)

(33%)

Another type of reductive a-alkylation of dibromo ketone 30 is achieved with
propargyl alcohol or its ethers using copper powder in acetonitrile containing
sodium iodide. a -Allenyl ketones are produced. (79)



CH,CHBrCOCHBrCH; + HC=CCH,OR

k1]
Cu, Nal, CH,CN

R = H,CH, CIHSC(}C{CH]FCECHCHIDR
(25-35%)

3.3.1.3. Formation of a, a-Dialkyl Ketones

Reaction of a, a -dibromo ketones with organo cuprates followed by treatment
with alkyl iodides affords a , a -dialkyl ketones. (78, 80, 81) Use of alkyl
bromides or alkyl tosylates results in relatively little alkylation. (81) Addition of
N,N,N’,N*-tetramethylethylenediamine (TMED)

t-C4HyCHBrCOCHBrC, H,-1

1. {CH,);Culli, ether

rang* t-CsHyCH(CH4)COCH(CH,)C H,-t
(B0 %)
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alkylation. (81) The formation of a -monoalkyl (80) or a , a-dialkyl ketones is a
serious side reaction.

Q00000 HELO

. m-C Hy(-C,HoO)Culi, THF |
2 CH,l. CH,Cu, HMPA

(50%)

Quenching of cuprate-generated enolates with aldehydes followed by
treatment with ammonium chloride yields a -alkyl a -(E)-alkylidene ketones.
(81)

O

C4Hg'ﬂ
. n-C;H7y

I #CoHgft-C,HyOICuLi, THF

2, #-C,H,CHO

3. NH.CI

29

(43%)



3.3.1.4. Reductive Dimerization to Form 1, 4-Diketones

a, a '-Dibromo ketones undergo two types of reductive dimerizations, giving
the corresponding open-chain and cyclic 1, 4-diketones. Open-chain diones
are obtained by reduction with zinc/copper couple in N-methylformamide (82)
or Fey(CO)yq in tetrahydrofuran, (83) whereas cyclic diones result from sodium
iodide reduction in acetone or acetone-carbon disulfide. (84, 85) Reactions of
unsymmetrical dibromides are nonregioselective. (82)

(CH,);CBrCOCBr(CH3); scommeie  Li-CsH,COC(CH,),],

i (1%
O
CﬁHg C6H5
C H,CHBrCOCHBrCeH;s e
3 CeHs CeHs
O
(60%%)

Ooooooooooooooooodgdooooooooooonooooooooooon
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3.4. Formation of Seven-Membered Ketones by Intermolecular [3 + 4]
Cyclocoupling

3.4.1.1. General Aspects

Before the scope and limitations of the reductive [3 + 4] cyclocouplings
outlined in Scheme Il are discussed, it may be useful to consider some of the
general aspects of the reaction. The yields of 4-cycloheptenones appear to
depend on the efficiency of the generation of 2-oxyallyl or related species and
the ease of the trapping by 1,3-dienes. As mentioned in the MECHANISM
section, secondary and tertiary dibromides can generate the three-carbon
reactive intermediates, while dibromoacetone and other methyl alkyl ketone
dibromides are unable to produce such intermediates effectively. However, a,
a, a',a’-tetrabromoacetone (33) reacts with cyclic dienes to give 34, which on
brief treatment with zinc/copper couple in methanol is converted to ketone 35.
(74) The overall process is regarded formally as a cyclocoupling reaction

CHBr,COCHBr, + @ Reducing agen Br"’_\//Y
i3 Y Br
O0000000000000000000A00000000M00000000000000

(0]

SO

applicable; 37 is obtained using methyl alkyl ketone tribromides such as 36.
(41)

Ri Y

R'R?CBrCOCHBr, + [ ) jpoen
36

— R?
1. Zn/Cu, NH.CI CH,0H
Y

37
Scheme Il.



> (Eq. 31)
X\/?\/X reducing agents
3 Y
¥
Y = CH,.NR. O, e % (Eq. 32)
O

2
The [3 + 4] reaction is a cycloaddition of the intermediary 2-oxyallyl species or
a cyclopropanone, depending on the reaction conditions, across the diene. (36)
Therefore, as in the Diels-Alder reaction, dienes with a high equilibrium
concentration of the s-cis conformer serve as efficient four-carbon receptors.
Thus in general cyclic dienes undergo the cycloaddition reaction better than
conformationally flexible open-chain derivatives. (8)

00000000 B SEEH FE R RO METH MR A RmamEOoooooooo

reaction classified according to the structure of the diene component.

3.4.1.2. Formation of 4-Cycloheptenones and Related Compounds
Whena, a’-dihaloketones are reduced with iron carbonyls or zinc/copper

couple int Qpen. di = es are
obtained. mm inhs a1 dHN ﬁmmmaﬂy give the
best yields of cycloadducts, because of their high equilibrium concentration of
s-cis conformer. For instance, the Fe,(CO)q-promoted cyclocoupling of 16 and
2,3-dimethylbutadiene (40, R' = R? = CHs) proceeds in a higher yield (71%)
than reactions using butadiene (33%) or isoprene (40, R* = H, R? = CHs, 47%).
(74) The 1,2-bismethylenecycloalkane 42, in which the s-cis conformation is
frozen by inclusion of the C-2 and C-3 positions of the diene in the cycloalkane
system, is among the most reactive four-carbon units. (74) Diiron
enneacarbonyl is conventionally employed as the reducing agent. When
dieneiron tricarbonyl complexes of type 43 are used in place of the free dienes
and Fe,(CO),, forcing reaction conditions are required, but the result is still a
remarkable increase in yields of cycloheptenones. For example, the reaction of
16 and butadiene with Fe,(CO), at 60° for 38 hours produces 41 (R* = R? = H)
in only 33% yield, while use of 43 at 80° for 4 hours gives the same adduct in
90% vyield. (74) Iron pentacarbonyl gives a lower yield. (74, 86) Zinc/copper
couple as the reducing agent affords in addition to 4-cycloheptenones many
undesirable side products such as five-membered ketones and 1,4-diketones.
(87, 88)




RCHBrCOCHBIR + CH,=CHCH=CH, — okt

R = CH,, i-C;H,
3
3 (30-4470)
o
(CH,),CBrCOCBr(CH3), + CH,=CR'CR*=CH, 2%
16 40 sflg
R! R?

a (33-71%)

CH,,CHBrCOCHBrCH_,, it Ij F‘;‘f"-"h :C]O

EIEIEIEIEIEIEIEIEIDDDDDDDDDDDDI:]DDDDDDDD@EIDEIEIEIEIEIEIEIEIEIEII

Fe(CO
(CH,),CBrCOCBr(CHy), + | CO® 41(R' = R® = H)

% \l—/ T (90%)
0000000000000000

(CH,),CBrCOCH,I + CH,=C(CH,)CH=CH,

dd
Zn.ﬂ{!u
C H,CN DME

(total 5-12%7)

3.4.1.2.1. Synthetic Applications

2,7-Dialkylated 4-cycloheptenones such as 39 are utilized as key
intermediates in the preparation of various kinds of troponoid compounds
including the 2,7-dialkylated tropone 46, (86, 89) y -tropolone 47, (86, 89) and
4,5-homotropone 48, which exists as the hydrohomotropylium ion 49 in



concentrated sulfuric acid. (89, 90) A single-step synthesis of karahanaenone
(45),

O O O OH
R lf R R f R R f R R | R
OH
46 47
a monoterpene, was achieved by the reaction between 44 and isoprene with
zinc/copper couple or Fe;(CO)g, though in very poor yield. (87)

3.4.1.3. Formation of Bicyclo [3.2.n]alkenones and Related Compounds
Reductive cyclocoupling of dibromo ketones across cyclopentadiene gives rise
to bicyclo [3.2.1]oct-6-en-3-ones in generally high yields. Copper-sodium
iodide in acetonitrile, (91, 92) zinc dust-triethyl borate in tetrahydrofuran, (47)
zinc/copper couple in 1,2-dimethoxyethane or acetone, (93) Fe(CO)q in
benzene, (74, 87) and sodium iodide in acetone or acetonitrile (84, 94) are
reducing agents and solvents of choice. The combination of zinc powder and a

Ooooooobone&E A0 G [ 2 2 L 2 m e e e

44. (47) The 2,4- dlsubstltuted
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CH,CHBrCOCHBrCH, + @ o H
30

(825%, aa/B.f = 64:1)

(CH,),CBrCOCBr(CH), + @ T ; g
16

(65%)
(CHy);cBreocH, 1 + () cmo, %{'
X o]
50 (765)
sH,CHBrCOCHBrC;H-i + @ feaeoy i-C3H,
0" C3Hq-i
0000000000000000000000000088RA0000000000000
C4sH,CHBrCOCHBrC¢H; + @ c—:f%rcﬁH’
i o CeHs

N o

product obtained is usually a mixture of two cis isomers (74, 91) except for the
diphenyl adduct. (94) The reaction of 2,5-dibromocyclopentanone yields
tricyclic ketone 51. (95)

O
wyre(y 2=
(8]

Tri- and tetrabromo ketones also react with cyclopentadiene with the
assistance of Fe(CO)s in benzene (96) or tetrahydrofuran-benzene, (48, 74)
alternatively, cyclopentadieneiron tricarbonyl (52) is a good reducing agent.
(97) The extra bromine atoms in the resulting cycloadducts are quantitatively
removed by treatment with zinc/copper couple in ammonium



chloride-saturated methanol. (48, 74) Poor results are obtained with Fe,(CO)q
(48) or zinc/copper

(CH;),CBrCOCHBr, + @ I. Fe(CO),, THE-C,H,

2. Zn/Cu, NH,C1, CH,OH

s0 (83%)

1. Room temp., ether
HBr r —
C :COCHBr; + 2, Zn/Cu, NH,Cl, CH,0H
13

Fe(CO), O
52 (40-6077)

couple-triethyl borate. (47) 5,5-Dimethylcyclopentadiene fails to give a
cycloadduct. (92)

Fulvenes also enter into cyclocoupling with dibromo ketones, aided by
copper-sodium iodide in acetonitrile, (92) zinc/copper couple in

O000000DGRENULeEHREE R HHEEELUE D HH0L000000000

6,6-dialkylfulvenes generally give
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OCOCH,

CH;CHBrCOCHBICH, + é
OCOCH,
Eu Mal
THeN

o
{39-"‘02; xa/f,f = 5:1)

CaHg-t
C‘Hg'r
Zn{Cu
30 + DME

0]
aaxfeB/BE = 5:1:1
C4,HCHBrCOCHBrC,H _nu CeHs
EIIZIIZIEIEIEIEIEIEIEIEIEIEIDEIEIEIIjIjEI 010 LI OO0000ooaooooal
(90%)

good results; hetero substituents at the C-6 position depress the yields.
6-(Dimethy : : ﬁl@ﬂﬂg a different
type of cyc qaucT, 53, M it F&5(CO)s.

N(CH3),

16

53 (17%)

Cyclopentadienones are fair to good C, substrates, giving
bicyclo[3.2.1]oct-6-ene-3,8-dione 54 by reaction of 16 with Fe,(CO)g in
benzene. (99) Diiron



16 R R Fe;(CO)y, CsHg -
+ R = CH,, C;H;, mC;H,, n-C,H, R

CoHs  CoH O cH; o,
54 (22-35%)

enneacarbonyl assists the cyclocoupling of 30 and 1,3-cyclohexadiene to form
bicyclo[3.2.2]non-6-en-3-one 55. (100)

0+ () ﬁ
(0]

55 (50%, wa/f,f = 1.5:1)
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camphenic acid (57), are prepared via the cycloadduct 50 as a key
intermediate. (48)

0O

/OO0 pE0RRE000000

(8]

3.4.1.4. Formation of 8-Azabicyclo[3.2.1]oct-6-en-3-ones and Related
Compounds

Pyrrole and its N-alkyl derivatives can be employed as diene substrates for the
copper-sodium iodide-promoted [3 + 4] cyclocoupling reaction of open-chain
dibromo ketones. (92, 101, 102) Reaction with cyclic dibromo ketones such as
2,6-dibromocyclohexanone affords only substitution products. Treatment of
both open-chain and cyclic dibromides with zinc or iron carbonyls results only
in substitution. (74, 102, 103)



NR

Cu, Nul, CH,CN
R =H, CH,. C,H,

CH,CHBrCOCHBrCH,; + (/N\) = (65-8972)

30 I

R

c1—13
(81%, «/f = 1.5:1)

Pyrrole derivatives bearing an electron-withdrawing substituent such as acetyl
or methoxycarbonyl on the nitrogen undergo the cyclocoupling reaction with
dibromo (74) or more highly brominated ketones. (75) The reducing agent of

OO000000ERRGRREEERNO0Y0000aA0 g@ﬁﬁhnnnnnnnl

0
COCH, <ol
NCO,CH,
crscrprbtblts AN OO L]
0 qu 1
CO,CH,
(607, o, afee, BIB, B = 3:2:2)
9]
B CH,)
o ' Gals NCO,CH,
e (/ \\) Fe,(COJ, H '\/
N Calls
o H
CO,CH,

(77%)

NCO,CH,

CHBr,COCHBr, + J!/ N\'}, 1. Fey(CO)y, Gy

2. Zn/Cu, NH,Cl, CH,OH
3

I
CO,CH; o~



choice is Fe,(CO)g in benzene. Use of Fe(CO)s or zinc/copper couple gives
less satisfactory results. Attempts to use copper-sodium iodide have not
succeeded.

3.4.1.4.1. Synthetic Applications

The synthesis of a variety of tropane alkaloids has been achieved via
6,7-dehydrotropine (59), derived from 58 by diisobutyl-aluminum hydride
reduction in tetrahydrofuran; subsequent appropriate modification of the
double bond leads to several naturally occurring products, including tropine
(60), scopine (61), tropanediol (62), and teloidine (63). (75, 104) Unnatural
analogs can also be prepared. (101-103)

NCH, NCH, NCH;
OH OH OH
59 [ 1]

NCH, NCH,
DDDDDDDDDDDD@@@DD gAEHB000000000000000)

3.4.15. FOBB‘D mmg.mmmted

Compounds

8-Oxabicyclo[3.2.1]oct-6-en-3-ones can be prepared by reductive
cyclocoupling of dibromo or polybromo ketones with furan or its alkyl,
alkoxy-carbonyl, or halo derivatives; the ester group and halogen atom
attached to the sp?-carbon atom are left intact.

Iron carbonyls, especially Fe;(CO),, are the most widely used reducing agents
for the cyclocoupling of open-chain dibromo or polybromo ketones and cyclic
dibromo ketones to afford the corresponding adducts, generally in fair to high
yields; (74, 89) cyclic dibromides undergo somewhat erratic transformations
accompanied by a -substitution reactions to give 69. (74) Reactions involving
methyl alkyl ketone dibromides are reasonably efficient. (36)
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Zinc/copper (92, 93, 102, 105, 106) or zinc/silver couple (45) also effects the
reactions. In addition, Grignard reagents, (78) the copper-sodium iodide
reagent, (92, 102, 107)
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organo cuprates, (78) a copper/isonitrile complex, (108) and sodium iodide (84,
94) are capable of effecting the reaction with open-chain dibromides.
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When the Fe,(CO)q- and zinc/copper-couple-promoted cyclocoupling reactions
are performed using 1, 3-dibromo-1-phenylpropan-2-one and substituted
furans, a regioisomeric mixture of [3 + 4] adducts is obtained. (36) The
regioselectivity, which is usually moderately good, is controlled by the frontier

molecular orbitals of the intermediary oxyallyl species (LUMOs) and furan
(HOMOs).
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3.4.1.5.1. Synthetic Applications

The resulting oxabicyclic ketones are readily transformed in a few steps to the
tropone 46 or y -tropolone 47. (89) The tricyclic adduct 68 [R = (CH>)¢] can be
converted to the troponophane 71. (89, 109) Success in the use of
tetrabromoacetone and tribromo derivatives of methyl alkyl ketones in these
reactions opens a new route to various naturally occurring troponoid
compounds, viz., nezukone (72) from 65, (89, 110) a-thujaplicin (73) from 67,
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Eq. 33 giving 70 has been utilized for the synthesis of nonactic acid (75). (106)
The Prelog-Djerassi lactone (76), a pivotal intermediate in Masamune's
methymycin synthesis, (112) has been prepared through the key reaction

shown in
: 0 0~ ™0 :

H H :
CDZ
7
Eq. 34. (105) The readily available oxabicyclic ketone 64 is converted to 77,

which provides an efficient entry into the C-nucleoside family. Thus there is



accomplished the stereocontrolled synthesis of natural products such as
pseudouridine (78), pseudocytidine (79), and showdomycin (80), as well as a
number of unnatural analogs such as pseudoisocytidine (81) and
2-thiopseudouridine
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3.4.1.6. Attempted Cyclocoupling between Dibromo Ketones and Thiophene
Several cyclocoupling reactions between dibromo ketones and thiophene have
been tried with copper-sodium iodide (102) or Fe2(CO)g (74) without success,
resulting only in thea-substitution product.

Fe;(CO)s
0 Y e A
S C,H,COCH(CH;)” S

(37%)




3.4.1.7. Formation of 6,7;8,9-Dibenzobicyclo[3.2.2]nonan-3-ones

Reduction ofa, a'-dibromo ketones with zinc/copper couple in dioxane
containing anthracene affords the 6,7;8,9-dibenzobicyclo[3.2.2]nonan-3-one
[3 + 4] cyclocoupling products in 3—25% vyields. (116) Addition of
chlorotrimethylsilane (TMSCI) to the system and changing the solvent to
benzene result in substantially increased yields of products (71-97%). (116)

~
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3.5. Intramolecular [3 + 4] Cyclocoupling Leading to
11-Oxatricyclo[5.3.0.1 **Jundec-2-en-6-ones (Oxidoperhydroazulenes)
The Fe,(CO)o reduction of dibromide 84 in benzene permits the direct
construction of oxatricyclic ketone 85, whose oxidoperhydroazulene structure
is the basic skeleton of naturally occurring daucon, ambrosic acid, and
germacrol. (117)

O

Br 0
Fe,(CO. CoHy
R = H, CH,
Br R

r

3.6. Formation of Five-Membered Ketones and Heterocycles by

Intermolecular [3 + 2] Cyclocoupling

3.6.1.1. General Aspects

When a , a’-dibromo ketones are reduced in the presence of certain olefins or

carbonyl compounds, the [3 + 2] cyclocoupling reactions proceed to give
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depends on the nature of the reducing agents and the structures of the

dibromo ketones or olefins employed.

Scheme Il outlines the general reaction pathways. Actually the Cz units must
be the dibrpmy ' ‘ ATHKEre raie cetone, and
the C, conmmm ' i .“ ﬁ ﬁ Qﬂiition of 86,
form the intermediate 87 stable enough to shift the equilibrium to the right,
thereby completing the cyclocoupling reaction. Therefore the choice of
cationstabilizing R group in the C, units is crucial for the success of the
reaction. Only a few examples have been reported using polybromo ketones or

cyclic dibromo ketones.
Scheme lll.




e J e | 9]

86
0
— M=+ By,
—“L—L R
—E — 88
n’f__ 3
R - M= TR 0: )
87
R
8

Below are described the scope and limitations of the [3 + 2] cyclocoupling
reaction classified by the kinds of receptors and reducing agents.
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3-arylcyclopentanone adducts. The products are mixtures of diastereomers,
where possible (see Egs. 35 and 36). (118, 119)
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CH,CHBrCOCHBrCH; + C;H,CR=CH, Fey(COy, CoHs

- R = H,CH,,
e-CyH,, C H,
C¢H, * (35)
(60-95%)
(Eq. 35)118
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" (5%) 92 (16%)
+ (E)-i-C3H,COC(CH,),CH=C(CH,)CsH;
9 (37%)
+ i-CyH,COC(CH,),CH,C(C¢H,)=CH, (Eq. 37)!18
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Most phenylated olefins, even ferrocenylethylene (90), undergo the reaction.

Placement of a carbocation-stabilizing group, particularly cyclopropyl, phenyl,

or methoxyl, at the arylated olefin carbon or in the aromatic ring, results in a
NO000000O00b0000000000000000000000000000000

As for the reducing agent, Fe,(CO)g gives a satisfactory result; Fe(CO)s is less

effective. Use of aromatic olefin— Fe(CO)4 complexes does not improve the

yield. (118) Reaction using zinc/copper couple in benzene or

1,2-dimethoxyethane gives rise to no cyclopentanones. (118)
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sluggishly, probably because of steric factors, and tends to afford various kinds
of byproducts, including substitution products like 93 and 94, and
2-alkylidenetetrahydrofurans like 92 (see Eq. 37). (118)

An experiment using the a, a’-dibromo ketone 16 and (2)- B -deuteriostyrene
(95) demonstrates that the cyclocoupling reaction giving 96 proceeds
stereo-specifically, whereas the olefinic substitution giving 97 occurs in a
nonstereo-specific fashion. (118-120)
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9 (3%)

A high degree of regioselectivity is observed in the reaction using styrene as
the C, component, which is best interpreted in terms of relative stabilities of the
possible zwitterionic intermediates of type 87 in Scheme lll. (36) The
regio-selective, single-step synthesis of a -cuparenone (98), a sesquiterpenic
ketone, has been performed according to Eq. 38. (121)
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3.6.1.3. Formation of 2-Cyclopentenones and Related Compounds
Enamines are two-carbon substrates capable of entering into the reductive
[3 + 2] reaction. The Fe,(CO)q reduction of tertiary dibromo ketone 16 in the

presence of enamine 99 produces the  -morpholinocyclopentanone derivative
100. (122, 123)
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In the reaction of secondary dibromide 38, the initially formed labile morpholino
adduct 101 suffers elimination of morpholine on brief treatment with silica gel
(124) or dilute ethanolic sodium hydroxide, or even spontaneously in certain
cases, to give the 2-cyclopentenone 102, as depicted in Eq. 39. Thus the

(8]

RCHBrCOCHBIR + —
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overall transformation provides a single-pot procedure for the preparation of
substituted cyclopentenones. Several representative reactions are shown in
Egs. 40-43. (122)

CH;CHBrOOCHBrCH_—, +Q_( Fegcon, ﬁ o

(79%)
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This cyclocoupling reaction is achieved using enamine derivatives of either
open-chain or cyclic ketones, and of aldehydes. Diiron enneacarbonyl is the
best reducing agent; Fe(CO)s gives less satisfactory results. Benzene is
recommended as the solvent; tetrahydrofuran or dimethylformamide gives little
or no cyclocoupling products. The reduction with zinc/copper couple in
1,2-dimethoxyethane drastically diminishes the yield of adduct, and sodium
iodide is not usable.

Equation 44 illustrates some reactions of unsymmetrically substituted C, and
Cs components, giving mixtures of regioisomeric [3 + 2] adducts. The
regiochemistry is controlled primarily by the stability of zwitterionic
intermediates of type 87 (see p. 197). (36)
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R = CH, (41:59, total 865;)
CsHs (75:25, total 612))

Some enol ethers and ketene diphenyl acetal undergo a similar reaction, but
much less effectively. (83)

3.6.1.3.1. Synthetic Utility and Applications

This cyclocoupling reaction using secondary dibromo ketones opens a new
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availability of starting materials, operational simplicity, and wide generality.

The advantages may be offset to some extent by the incapability of preparing

a -unsubstituted cyclopentenones. This feature, however, can be a virtue of

this method in view of the difficulty of introducing alkyl groups, particularly

bulky ones ﬂnmmﬁmmm mimmm{ones. (125)

The reaction with cycloalkanone enamine 103 and secondary dibromo ketones
leads efficiently to the bicyclic cyclopentenone 104, where the second ring size
can be changed ad libitum. The 5/7-fused derivatives [104, R¢ = (CHy)s] are
potential intermediates for the synthesis of 1, 3-dialkylazulenes of type 107.

R

107

Another utility is the convenient formation of the spiro[n,4]alkenone system
106, accomplished by reaction between secondary dibromo ketones and
enamines of cycloalkanecarboxaldehydes (105) (Eq. 43). This spiroannelation
finds wider generality in comparison with existing methods (126) because one



can prepare derivatives bearing optional alkyl substituents at the a and o'
positions to the carbonyl group or a desired second ring size by suitable choice
of starting materials.

3.6.1.4. Formation of 3(2H)-Furanones and Dihydro Derivatives
N,N-Dimethyl-carboxamides undergo the hetero [3 + 2] cyclocoupling reaction
with dibromo ketones, providing a tool for the preparation of the title
five-membered hetero-cyclic ketones. The Fe,(CO)q-assisted reaction of 38
and 108 first leads to the labile dimethylamino cycloadduct 109, which in turn
suffers facile elimination of dimethylamine to product 110 in moderate to good
yield. (34, 35) The overall

RCHBrCOCHBrR + R'CON(CH;),

b1 108
O R R
Fey(COl nN —NH{CH;};
(CH3), :
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conversion can be viewed as the construction of a carbon-oxygen bridge
between the a and a ' positions of the parent dialkyl ketones. Other examples
are shown in Eqgs. 45-48. The reaction of dibromides with bulky alkyl
substituents like isopropyl and tert-butyl gives amino ketones of type 109 in
isolable formm Mt ] ' ' levated
temperaturés km mg:lm on heating.
(34) Use of tertiary dibromo ketones of type 16 generally affords little of the

cyclocoupling product; instead, enones of type 17 predominate (Eq. 48, see
also Eq. 22, p. 173). (28, 34)

(CH,),CBrCOCHBrC¢H; + HCON(CH,),
0 CeH;
_ZofCa | (Eq. 45)12

(45)
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Ooooooooooooooooodgdooooooooooonooooooooooon

(CH,),CBrCOCBr(CH,), + HCON(CH,),
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This operationally simple cyclocoupling procedure has wide applicability. The
employable nucleophilic substrates include dimethylformamide,
N,N-dimethylacetamide, and lactam 111. (34)

The reaction with Fe2(CO)q occurs most successfully. (34, 35) Use of Fe(CO)s
requires irradiation by visible light to achieve reaction. (34) Zinc/copper couple
can be used only in limited cases such as the reaction shown in Eq. 45; (127)
usually another type of 1:1 cyclocoupling product with a 1,3-dioxolane
structure is formed (see p. 205). (128)

3.6.1.4.1. Synthetic Applications



3(2H)-Furanones obtained by this reaction are structurally related to
muscarine alkaloids, (129) and the synthesis of 4-methyl-muscarine iodide
(113) has been achieved via 110 (R = CHz, R¢ = H). (35)

HO
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13

3.6.1.5. Formation of Other Ketonic Five-Membered Compounds

The reduction of 31 with sodium iodide in acetone or acetonitrile containing
certain dipolarophiles such as tetracyanoethylene or diethyl azodicarboxylate
forms five-membered ketone 114 (85) and pyrazolidone 115, (85) respectively.

CsH;CHBrCOCHBrC¢H; + (NC),C=C(CN),
n

O0000000000000000000000000e600 Hiooooooon)

N%c CN
14 (35%)
DDDDDDDDDDDQ@[%C .
31 + C,H,0,CN=NCO,C,H; —o o
C,H,0,C CDICIH,
15 (15%)

3.6.1.6. Formation of Alkylidenetetrahydrofurans

Diiron enneacarbonyl promotes the hetero cyclocoupling reaction of tertiary
dibromo ketone 16 and a -morpho-linostyrene in benzene, yielding the
alkylidenetetrahydrofuran 116. (118). A similar product 117 is obtained in the
reaction of 30 and 1, 1-dimethoxyethene with copper-sodium iodide in
acetonitrile. (79)



(0
(CH,),CBrCOCBr(CH,), + N e 0
i — N_J

CeHs CeH;
116 (86%5)
CH,CHBrCOCHBrCH; + CH,;=C(OCH;); Gien~ FQ—DCHE
") OCH,
117 (90%)

3.6.1.7. Formation of 1,3-Dioxolanes

Reaction of 16 and ultrasonically dispersed mercury in ketonic solvents (but
not aldehydes) allows a simple preparation of the 4-isopropylidene-5,
5-dimethyl-1, 3-dioxolane ring system. (130) Zinc-copper
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O C,H,
(59%)

couple redEE@E amide orN,
N-dimethylaCetamide also affords the 1, 3-dioxolane IT8,; (128) Which is

readily converted to the above-mentioned 3(2 H)-furanone by acid treatment.

Of
i 2 Zn/Cu R! Q
(CH,3);CBrCOCXR] + R*CON(CH,), Tonon® R?
2 wowan N(CH,),
18 (11-50725)

greater importance, these products react with cyclopentadiene or furan under
acid catalysis to give bicyclic ketones of type 32 (Y = CH, or O, respectively,
see Eq. 32, p. 185) on elimination of dimethylformamide. (93)

3.6.1.8. Formation of 5-Alkylidene-2-oxazolines

When dibromo or bromo iodo ketones are reduced with zinc/copper couple (87)
or Fey(CO)q (83) in acetonitrile, 5-alkylidene-2-oxazolines are produced in
generally low yields.



(CH,),CBrCOCH,Br + CH;CN -2, IOS\
N

(CH,),CBrCOCBr(CH,), + CH,CN =% }ii}\
0

(50%2)
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3.7. Intramolecular [3 + 2] Cyclocoupling to Form
Bicyclo[2.2.1]heptan-2-ones

Simple olefins such as isobutylene do not smoothly undergo the intermolecular
[3 + 2] cyclocoupling reaction, (33) rather, the intramolecular version occurs to
give bicyclic products. Thus reduction of dibromide 119 with Fe,(CO)y in
benzene affords a mixture of Cyo products with camphor (120) as the major

Br
F'éiff" + others
O
Br

120 (38 m

component. (117) In a similar fashion reaction of dibromo ketone (E)-121 and
Fe(CO)s in benzene affords a 2:1 mixture of campherenone (122) and
epicampherenone (123). (117) The reaction using the stereoisomer, (Z)-121,
produces a 1:2 mixture of 122 and 123. (117) The ease with which
intramolecular [3 + 2]

aooooon DDDEE%DQPD Q%UQEJDDDDDDDDI
Fgfj:h

DDDDDDDDDDdhﬁDDD

reactions take place is affected profoundly by the substitution pattern around
the olefinic bond as well as the length of the methylene chain that links the
double bond and the dibromo ketone moiety. Attempted reactions of 124-126
fail to afford the desired bicyclic ketones.

R!R2C=CH(R?*)(CH,),CBr(R*)COCH,Br

124,R! =R*=R¥=H;R*=CH;;n =2
125, R! = R2=R*=CH;;R*=H;n=3
126, R' = R? =R*=H;R* =CH;;n =3

3.8. Miscellaneous Reactions
3.8.1.1. Formation of 2-(N-Alkylimino)cyclobutanones



Treatment of a mixture of 16 and an isonitrile with copper in benzene or zinc in
pyridine-benzene gives the 2-(N-alkylimino)cyclobutanone 127. (108) Certain
cyclic dibromides undergo an unusual annelation with ring contraction. (108)

Zat
Cu, CyH,
(CH,),CBrCOCBr(CH;); + RNC o — e Q
% C{CH,)yCyHy 0 NR
127 (43-99%)

0% J‘,/1'~I‘C4H._;,-r

Br. Br
+ f'C4HgNC

Cu
C.Hg
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undergoes Fe,(CO)q-promoted cyclocoupling with 16 to produce azabicyclic
ketone 128. 131a In

HOOQQPMO3000000

Fe,(CO),
154 o
i
CeH,Cl-p
128 (37%)

contrast, its tricarbonyliron complex 129 serves as a 2 p -electron receptor and,
on reaction with 16, gives rise to spiro adduct 130, which is converted to 131
on treatment with trimethylamine N-oxide. 131a



NCgH,Cl-p

0.
16 + ___.."2*2‘“-
' N
" EC0, | Fe(CO),
CﬁH‘ C]"p
130 (229)
O
{CH,),N—0
CH,CN

é,;H‘Cl-p

3.8.1.3. Formation of 8-Oxabicyclo[5.4.0]undeca-2,4,6-trien-10-ones
Tropone derivatives undergo Fe;(CO)q-aided cyclocoupling with 16, yielding
the oxabicyclic ketone 132. (99)
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3.8.1.4. Reaction with Seven-Membered Cyclic Trienes
1,3,5-Cycloheptatriene reacts with 16 in the presence of Fe;(CO)q to give 133
as the sole product. 131b By contrast, reaction with
tricarbonyl(cycloheptatriene)iron gives the isolable

i-CyH,COC(CH;),

Fey(CO)y
16 + @ C.H, O

133 (65%)

tricarbonyl complex 134, whose oxidative degradation with o-chloranil affords
the tricyclic dione 135. 131a When tricarbonyl(N-ethoxycarbonylazepine)iron



16 + @ R Fe(CO),

FC(CU):g =

O
134 (20%)
a-Chloranil G
CHOl, L
138

is used as a cyclic triene, a mixture of adducts 136 and 137 is obtained. 131a
Successive oxidative treatment of the mixture with o-chloranil affords a mixture
of 138 and 139.

EDzCzHﬁ CO,C,H,
w6+ \ e P \
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CO,C,H; CO,C,H;

+ i-CsHAPOE @ E@Jg@aucﬁu — \

13 CO.C.H, 138 (21%)

N

* i—C;HTCUC{CHa)z’O

139 (2437)

3.8.1.5. Formation of Cyclo[3.3.2]azine Derivatives

When dibromide 31 is reduced with Fe,(CO)y or copper-sodium iodide in the
presence of 2-phenylindoline (140), which is an alternative 8 p -electron
reactant, the tricyclic polyenic ketone 141 is prepared, accompanied by a
minor amount of 142. (132)



31 + c:.;H,—CO

140

CeHs sHs CeHs
Fe,(CO), +
GHo CgH; CeH,

141 {35%) 142 (1037)
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4. Experimental Factors

4.1. Preparation and Properties of Bromo Ketones

o -Bromo ketones are prepared according to the methods found in the
literature. (133) Care should be taken to prevent the bromo derivatives from
coming into contact with the skin, since allergic reactions and lachrymatory
properties have been observed in several cases. Although certain bromo
ketones are obtained as mixtures of diastereomers, no efforts to separate
them are usually needed. All substances should be stored under an inert gas
in a refrigerator. It is recommended that liquid materials be used immediately
after distillation or, if more convenient, after passage of stored material through
a short alumina column.

4.2. Preparation and Handling of Reducing Agents

Most commercially available reducing agents can be employed directly or after
ordinary purification. Reagents that require preparation in the laboratory are:
zinc/copper (134) or zinc/silver (135) couple made from zinc metal and
copper(ll) acetate or silver(l) acetate, respectively; 1,3-diene- Fe(CO); (136)
complexes from the dienes and Fe(CO)s by irradiation with visible light; organo

o o o e i o o o o o o o o o

Caution: Reactions with metal carbonyls and the subsequent workup should
be carried out in a well-ventilated hood because the carbonyl complexes are
extremely toxic and carbon monoxide gas is evolved during the reaction .

HOO000000000000c



5. Experimental Procedures

The following examples of reactions have been chosen to illustrate useful and
general experimental procedures. They are organized into the following six
categories: (1) reactions ofa-monobromo ketones, (2) alkylations of a,
a’-dibromo ketones, (3) [3 + 4] cyclocoupling reactions ofa, a’-dibromo ketones
and 1,3-dienes, (4) [3 + 4] cyclocoupling reactions of tri- or tetra-bromo
ketones, (5) [3 + 2] cyclocoupling reactions ofa, a'-dibromo ketones and
olefinic substrates, and (6) miscellaneous reactions.

5.1. Reactions ofa-Monobromo Ketones

5.1.1.1. p -Bromo-(+)-camphor (Reduction of ana-Monobromo Ketone to the
Parent Ketone) (49)

To 155 g(0.50 mol) ofa, p -dibromocamphor dissolved in 600 mL of
dichloromethane was added 104 g (1.59 g-atoms) of zinc powder. A gentle
stream of hydrogen bromide was passed into the mixture with stirring for 2.5-4
hours. Occasionally it was necessary to moderate the reaction by cooling with
a water bath. The mixture was filtered, and the dichloromethane solution was
washed with water and dried over magnesium sulfate. Removal of
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-bromo-(+)-camphor, mp 93-95°, lalf’ +115° cHCl,): IR ( CCly)em™: 1750 (C
= 0O);UV( C2Hs0H ), nm max ( € ): 289 (58.7). Concentration of the mother
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The total yield of ketone was 75%.

5.1.1.2. 1,5-Diphenyl-3-hydroxypent-4-en-1-one (Aldol Reaction of an
a-Bromo Ketone with an Aldehyde) (63)

To a stirred slurry of 196 mg (3.0 mg-atoms) of zinc dust and 14 mg (0.1 mmol)
of copper(l) bromide in 6 mL of anhydrous tetrahydrofuran at 25° under an
argon atmosphere was added via syringe 2.2 mL (2.2 mmol) of a 1 M solution
of diethylaluminum chloride in hexane. The resulting mixture was stirred at 25°
for 10 minutes and cooled to —20° with a carbon tetrachloride-dry ice bath. A
solution of 398 mg (2.0 mmol) of a-bromo-acetophenone and 290 mg

(2.2 mmol) of trans-cinnamaldehyde in 10 mL of anhydrous tetrahydrofuran
was added dropwise at —20° over a period of 40 minutes. Stirring was
continued for an additional 15 minutes at —20°, and then the reaction mixture
was quenched by the addition of 0.6 mL of pyridine at —20°. After removal of
the cooling bath, the reaction mixture was poured into 20 mL of iced 6%
hydrochloric acid and extracted with ether. The ether extract was washed with
brine, dried over magnesium sulfate, concentrated in vacuo, and purified by
preparative TLC on silica gel with 1:5 ether-benzene as eluent to give 464 mg



(92%) of the title compound as a yellow oil that was crystallized from
ether-pentane, mp 51-53°; IR (neat) cm™: 3740 (OH), 1675 (C = 0);
lHNMR( CDCl3) 6: 2.84-3.61 (broad singlet, 1 H, OH), 3.22 (d, J = 6 Hz, 2H,
CH,C = 0),4.91(q,J =6 Hz, 1H, CHOH), 6.24 (dd, J = 16 and 6 Hz, 1H, CH
= CHC¢Hs), 6.70 (d, J = 16 Hz, 1H, CH = CHCgHs), 6.94-8.31 (m, 10H,
aromatic protons); mass spectrum m/e: 234 (M — 18).

5.2. Alkylations ofa, a’-Dibromo Ketones

5.2.1.1. 2-Methylcyclododecanone (Monoalkylation of an a, a-Dibromo Ketone)
(78)

A flame-dried, three-necked, round-bottomed flask equipped with serum
stoppers and a nitrogen-filled balloon was charged with 7.76 g (40.8 mmol) of
copper(l) iodide and 14 mL of anhydrous ether, and to this at 0° was added
46.5 mL of 1.72M (80 mmol) methyllithium in ether via syringe. To the resulting
clear solution at —78° was added 3.44 g (10.0 mmol) of solid cis-2,
12-dibromocyclododecanone through a side arm. After 15 minutes 10 mL of
methanol was added to the yellow suspension. The reaction mixture was
allowed to warm to room temperature and poured into 200 mL of saturated,
aqueous ammonium chloride, and the yellow precipitate thus formed was
removed by suction filtration. The aqueous layer was extracted with three
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Solvent was removed in vacuo to leave 1.88 g (99%) of a yellow oil. Analytical
GC (FFAP on Chromosorb W, 60-80 mesh, 304 x 0.6 cm,200°) indicated two
peaks: A, 7 minutes; B, 8 minutes. A, identified as cyclododecanone by
comparing gs.n oo tj | i ' ted for ca.
1% of the Eﬁ-mmmmnﬁ)ismlaﬂon at
a bath temperature of ca. 100° (0.2 mm) gave a clear colorless oll,
semicarbazone mp 211-213°: IR ( CCly) cm™: 1710 (C = 0O);'H NMR( CCly)
0:1.02 (d, J =7.0 Hz, 3H, CH3), 1.3 (m, 18H, 9 CH,), 2.5 (broad multiplet, 3H,
methylene and methine protonsato carbonyl group); mass spectrum (70 eV)
m/e: 196 (M).

5.2.1.2. 2,12-Dimethylcyclododecanone (Dialkylation of an a,a-Dibromo
Ketone) (78)

To 10.0 mmol of lithium dimethylcuprate prepared according to the same
procedure as above was added at —78° through a side arm 680 mg (2.0 mmol)
of solid cis-2, 12-dibromocyclododecanone. After 30 minutes 3.6 mL (50 mmol)
of neat methyl iodide was added, and the reaction mixture was allowed to stir
at ambient temperature overnight. Workup as in the preceding example was
followed by solvent removal, leaving 420 mg of a yellow oil. Analytical GC (5%
Silicone SE-30 on Chromosorb G, 100-120 mesh, 213 x 0.3 cm,180°)
indicated three products: A, 6 minutes; B, 7 minutes; C, 8 minutes. Product A
was identified as 2-methylcyclododecanone by comparing its retention time
with that of authentic material. Preparative GC (20% Silicone SE-30 on



Chromosorb W, 45-60 mesh, 610 x 0.3 cm,215°) was used to isolate B (30
minutes) and C (34 minutes). B was 2, 12-dimethylcyclododecanone (285 mg,
68%) recrystallized from methanol, mp 43-44°: IR ( CClg)cm™: 1710 (C = O);
'H NMR( CCly) 5 : 1.00 (d, J = 7 Hz, 6H, 2 CHs), 1.31 (m, 18H, 9 CH,), 2.72
(broad multiplet, 2H, 2 CH); mass spectrum (70 eV) m/e: 210 (M). C was an
isomeric 2,12-dimethylcyclododecanone (122 mg, 29%): IR ( CCly)cm™: 1700
(C = O):'HNMR(CCly) 6:1.04 (d, J =7 Hz, 6H, 2 CHs), 1.33 (m, 18H 9
CHy), 2.72 (broad multiplet, 2H, 2 CH); mass spectrum (70 ev) m/e: 210 (M).
The isomeric nature of B and C was confirmed by combining them for
micro-analysis. They are apparently cis- and trans-2,
12-dimethylcyclododecanones. The total yield of the product was 97%.

5.3. [3 + 4] Cyclocoupling ofa, a’-Dibromo Ketones and 1,3-Dienes
5.3.1.1. 3,5-Dimethylbicyclo[5.4.0]undec-1(7)-en-4-one ([3 + 4] Cyclocoupling
Reaction between an a, a-Dibromo Ketone and an Open-Chain 1,3-Diene with
Diiron Enneacarbonyl) (74)

In a 30-mL, two-necked flask equipped with a serum cap and a three-way
stopcock carrying a nitrogen-filled rubber balloon was placed 906 mg

(2.49 mmol) of diiron enneacarbonyl. The system was flushed with nitrogen,
and to this was added a solution of 108 mg (1.00 mmol) of
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at 62—64° for 46 hours, then cooled to room temperature, and poured into

15 mL of saturated sodium hydrogen carbonate solution. To this was added
60 mL of ethyl acetate, and the solid material was removed by filtration through
a pad of Celi | eous layer
was EXtracﬁmﬁﬁmmmmw extracts
were dried over sodium sulfate, and the solvent was evaporated to give

261 mg of a dark brown oil. Purification by silica gel chromatography using 1:1
benzene-hexane as eluent yielded 153 mg (80%) of the title adduct as a
colorless oil that was homogeneous on gas chromatography analysis (10%
Silicone SE-30 on Chromosorb W AW, 80-100 mesh, 100 x 0.3 cm,110°): IR
( CClg)em™: 1705 (C = 0), 1660 (C = C);'H NMR( CCl,) & : 1.03 (d,

J =6.5Hz, 6H, 2 CHg3), 1.4-1.6 (m, 4H, 2 CHy), 1.7-2.3(m, 8H, 4 = CCH)),
2.6-3.0 (m, 2H, 2 CHCHj3); mass spectrum (70 eV) m/e: 192 (M).

5.3.1.2. 2,2,4,5,7,7-Hexamethyl-4-cycloheptenone (41, R! = R? = CHj, p. 186)
([3 + 4] Cyclocoupling Reaction of ana, a-Dibromo Ketone and a
1,3-Dieneiron Tricarbonyl Complex) (74)

In a 300-mL pressure bottle was placed 3.92 g (20.0 mmol) of iron
pentacarbonyl. The system was evacuated and flushed with nitrogen. Then a
mixture of 4.93 g (60.0 mmol) of 2,3-dimethyl-1,3-butadiene and 20 mL of dry
benzene was introduced with a syringe. The mixture was irradiated at 55° for
6.5 hours with a 200-W high-pressure mercury lamp. The bottle was opened,
and an aliquot of the mixture was analyzed by *H NMR using dioxane as an



internal standard to confirm the quantitative formation of the dieneiron
tricarbonyl complex. To this was added a solution of 4.08 g (15.0 mmol) of
2,4-dibromo-2,4-dimethylpentan-3-one in a small amount of benzene. The
mixture was again covered with nitrogen and heated at 80° for 12 hours. The
reaction mixture was filtered through a pad of 2 g of Celite 545, and the filtrate
was concentrated on a rotary evaporator to give a pale yellow oil. This oil was
dissolved in 20 mL of acetone, mixed with 1.70 g (10 mmol) of copper(ll)
chloride dihydrate, and stirred at room temperature for 15 minutes to
decompose the remaining dieneiron tricarbonyl complex. The slurry was then
passed through a short column packed with Celite 545, and the filtrate was
concentrated under reduced pressure. The residue was dissolved in 40-50 mL
of dichloromethane and washed with four 20-mL portions of a 5% aqueous
solution of ethylenediaminetetraacetic acid disodium salt ( Na;H,EDTA). The
organic layer was dried over anhydrous sodium sulfate, and the solvent was
evaporated on a rotary evaporator to give 6.20 g of a yellow oil, distillation of
which under reduced pressure with a Kugelrohr apparatus yielded 2.90 g
(100%) of the title adduct as a colorless oil; bp 120-130° (0.02 mm). An
analytical sample was obtained by preparative GC (33% Apiezon grease L on
Neopak 1 A, 60—80 mesh, 213 x 1 cm,165°); retention time (tg), 20 minutes: IR
( CClgem™: 1685 (C = O);'H NMR( CCly) 8:1.07 (s, 12H, 4 CHs), 1.79 (s,
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), 123 (M — 71, base peak), 110 (M —84), 109 (M — 85

5.3.1.3. 2,4-Diphenylbicyclo[3.2.1]oct-6-en-3-one ([3 + 4] Cyclocoupling of ana,
a'-Dibromo Ketone and Cyclopentadlene with Sodium lodide) (94)

A mixture -dibroma.1 3. =2-one, 25 g
(167 mmo;ﬁ 3 6 m‘ fo] adiene, and
150 mL of acetonitrile was boiled for 15 minutes. Chloroform was added, and
the mixture was washed, first with sodium thiosulfate solution, then water, and
dried over sodium sulfate. Concentration gave the crude material, which was
chromatographed on a long column of silica gel to afford 7.4 g (99%) of a
mixture of 2a,4a- and 2a,4 (3 -diphenylbicyclo[3.2.1]oct-6-en-3-ones in a 40:60
ratio as judged by the IR spectrum. Crystallization from ethanol yielded mainly
the cis isomer as the first crop of crystals, and crystallization of the material in
the mother liquor from acetone gave mainly the trans isomer. The cis adduct
melted at 149.5-151.5° (from ethanol): IR (Nujol) cm™: 1700, 755, 740, 705.
The trans adduct melted at 134-136° (from acetone); IR (Nujol) cm™: 1700,
1665, 750, 740, 700.

5.3.1.4. 2a,4 3 ,8-Trimethyl-8-azabicyclo[3.2.1]oct-6-en-3-one ([3 + 4]
Cyclocoupling Reaction of ana, a-Dibromo Ketone and N-Methylpyrrole with
Copper-Sodium lodide) * (102)

A solution of 0.97 g (12 mmol) of N-methylpyrrole and 2.4 g (10 mmol) of
2,4-dibromopentan-3-one was added during a 30-minute period to a solution of
6.0 g (40 mmol) of sodium iodide in 50 mL of acetonitrile containing 1.9 g



(30 mg-atoms) of copper powder reduced by hydrogen, as supplied
commercially. The mixture was stirred magnetically and maintained under an
atmosphere of nitrogen throughout the preparation. After 8 hours, 25 mL of
water and 50 mL of dichloromethane were added, and the mixture was stirred
vigorously for 10 minutes to precipitate copper(ll) iodide and filtered. The
filtrate was washed successively with dilute ammonium hydroxide solution and
brine. The organic layer was separated and extracted with cold 2N
hydrochloric acid. After neutralization the aqueous layer was extracted again
with dichloromethane, and the extract was dried over magnesium sulfate.
Removal of solvent gave a crude oil, which was purified by fast filtration
through silica gel with ether as eluent, giving 0.8-1.0 g (50-60%) of rather
unstable title product. A sample of at least 95% purity, obtained by preparative
TLC, had the following spectral characteristics: IR (neat) cm™: 3055, 1705,
707; '"H NMR ( CDCl3) & : 1.0 (d, J = 7 Hz, 6H, 2 CHa), 2.3 (s, 3H, NCHs3), 2.7
(m, 2H, 2 COCH), 3.5(d,J =4 Hz, 2H, 2 NCH), 6.1 (d,J=0.5Hz, 2H,2 =
CH); mass spectrum m/e (relative intensity): 165 (M, 25), 108 (M - 57, 100), 94
(M —71, 50).

5.3.1.5. 8-Acetyl-2,2,4,4-tetramethyl-8-azabicyclo[3.2.1]oct-6-en-3-one ([3 + 4]
Cyclocoupling of an a, a-Dibromo Ketone and N-Acetylpyrrole with Diiron
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balloon was placed 1.10 g (3.02 mmol) of diiron enneacarbonyl. After the
system was flushed with nitrogen, 10 mL of dry benzene, 1.62 g (5.96 mmol)
of 2,4-dibromo-2,4-dimethylpentan-3-one, and 218 mg (2.00 mmol) of
N-acetylpyr, iSti | i yccessively added
A m o o o o e
18.5 hours. The reaction mixture was diluted with 15 mL of ethyl acetate,
washed with three 10-mL portions of saturated sodium hydrogen carbonate
solution followed by 5 mL of brine, and dried over sodium sulfate.
Concentration of the organic layer gave 1.2 g of an orange oil, which was
subjected to column chromatography (25 g of silica gel). Elution with 1:3 ethyl
acetate-n-hexane followed by evaporation of the solvents gave some
unreacted starting dibromo ketone. The fractions eluted with ethyl acetate
afforded 302 mg (68%) of the title compound as pale yellow crystals.
Recrystallization from hexane gave an analytical sample: IR ( CCly)em™: 1720
(C = 0), 1660 (NCOCHz);"H NMR( CCl4) & : 1.02 (s, 6H, 2 CHa), 1.23 (s, 3H,
CHs), 1.30 (s, 3H, CHs3), 2.08 (s, 3H, COCHj3), 4.32 (broad singlet, 1H, NCH),
4.92 (broad singlet, 1H, NCH), 6.42 (broad singlet, 2H, 2 = CH); mass
spectrum (70 eV) m/e: 221 (M), 206 (M — 15), 178 (M — 43), 164 (M - 57), 151
(M -70), 150 (M - 71), 109 (M — 112), 108 (M — 113).

5.3.1.6. 2a,4a-Dimethyl-8-oxabicyclo[3.2.1]oct-6-en-3-one ([3 + 4]
Cyclocoupling of an a, a-Dibromo Ketone and Furan with the Aid of Zinc/Silver
Couple) (45)



A mixture of 19.6 g (0.30 g-atom) of zinc/silver couple, 140 mL (2.00 mol) of
furan, and 300 mL of tetrahydrofuran was stirred at —10°, and a solution of
48.8 g (0.20 mol) of 2,4-dibromopentan-3-one in 150 mL of tetrahydrofuran
was added dropwise over a period of 1 hour. The mixture was allowed to warm
to room temperature and stirred for an additional 12 hours. The insoluble
precipitate was removed by filtration, and the filtrate was concentrated.
Chromatography of the residue on a column using 500 g of silica gel with 1:20
to 1:5 ethyl acetate-n-hexane as eluent afforded 24.2 g (80%) of the title
compound as a colorless liquid: IR ( CCl;)em™: 1715 (C = 0O);'H NMR( CCly)
0:0.90(d,J =7 Hz, 6H, 2 CH3), 2.67 (d of g, J =5 and 7 Hz, 2H, 2 COCH),
4.72 (d,J =5 Hz, 2H, 2 OCH), 6.38 (broad singlet, 2H, 2 = CH); mass
spectrum m/e (relative intensity): 152 (M, 23), 137 (M — 15, 14), 109 (M — 43,
10), 97 (M - 55, 9), 96 (M - 56, 54), 95 (M - 57, 40),91 (M-61,9),81 (M- 71,
100), 68 (M — 84, 9), 67 (M — 85, 16), 65 (M —-87, 7), 57 (M- 95, 7), 56 (M — 96,
14), 55 (M - 97, 15), 53 (M — 99, 15), 44 (M - 108, 10), 43 (M - 109, 13),41 (M
—111, 20), 39 (M — 113, 27).

5.3.1.7. 2,2,4,4-Tetramethyl-8-oxabicyclo[3.2.1]oct-6-en-3-one ([3 + 4]
Cyclocoupling of ana, a-Dibromo Ketone and Furan with Diiron
Enneacarbonyl) (74)
> (¢
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2.18 g (8.00 mmol) of 2,4-dibromo-2,4-dimethylpentan- 3 one, 5.44¢g

(80.0 mmol) of furan, and 20 mL of benzene. The mixture was stirred at 40° for

38 hours. The resulting precipitate was removed by filtration through a Celite

545 pad.Tﬁm d \with 59 [Asolution. The
organic lay Isa iuﬂlﬂ d HvanorHiedl {0 a

yellow-green oil, which was subjected to silica gel column chromatography
with 1:10 ether-hexane as eluent to afford 12.8 g (89%) of the title adduct: IR
(CCly)em™: 1710 (C =0); *H NMR( CCly) 5: 0.86 (s, 6H, 2 CH3), 1.29 (s, 6H,
2 CH3), 4.23 (s, 2H, 2 OCH), 6.19 (s, 2H, 2 = CH); mass spectrum (75 eV)
m/e (relative intensity): 180 (M, 23), 110 (M — 70, 85), 95 (M — 85, 100) (major
peaks only).

5.4. [3 + 4] Cyclocoupling Reactions of Tri- or Tetrabromo Ketones
5.4.1.1. 2,2-Dimethylbicyclo[3.2.1]oct-6-en-3-one (Iron
Pentacarbonyl-Assisted [3 + 4] Cyclocoupling Reaction of a Triboromo Ketone
and Cyclopentadiene) (48)

To a stirred, hot (80°) mixture of 1.0 mL of freshly distilled cyclopentadiene,
0.78 mL (1.17 g, 5.98 mmol) of iron pentacarbonyl (Strem), 1.0 mL of
tetrahydrofuran, and 10.0 mL of dry benzene was added dropwise, under
argon, a solution of 1.62 g (5.00 mmol) of 1, 1,
3-tribromo-3-methylbutan-2-one in 7.5 mL of 1:1 cyclopentadiene-benzene
over 25 minutes. The resulting mixture was stirred for an additional 45-minute
period at the same temperature, cooled, quenched by addition of 12.0 mL of



methanol saturated with ammonium chloride, and shaken vigorously with

3.80 g (57.8 mg-atoms) of zinc/copper couple for 20 minutes. The reaction
mixture was diluted with 200 mL of dichloromethane and 100 mL of saturated
aqueous NayH, EDTA solution. The insoluble materials were removed by
filtration, and the filtrate was extracted twice with 50- and 30-mL portions of
dichloromethane. The combined organic layers were dried over sodium sulfate
and concentrated to give 2.16 g of an oily residue, whose GC analysis showed
the yield of the title bicyclic adduct (tg 8 minutes) to be 83%. The oil was
dissolved in 20 mL of dichloromethane and added dropwise to 200 mL of
vigorously stirred hexane. The resulting precipitate was removed by passage
through a Celite 545 pad. The filtrate was evaporated to leave 1.10 g of an oil,
which was chromatographed on 15.0 g of Merck Kieselgel 60 (70—-230 mesh).
Elution with 110 mL of 1:1 benzene-n-hexane and 50 mL of 1:10 ethyl
acetate-n-hexane in 10-mL fractions gave 520 mg (66%) of the title product
(95% pure based on PMR analysis) in fractions 9-15. Bulb-to-bulb distillation
of this oil produced 375 mg of an analytical sample, bp (bath temperature of
70°) 120° (2 mm), as colorless crystals, mp 45-48°: IR ( CCly)em™: 1714 (C
= 0); '"HNMR( CCl,) & : 1.00 (s, 3H, CH3), 1.17 (s, 3H, CH3), 1.75-2.97 (m,
6H, 2 CH,,2 = CHCH), 5.95-6.25 (multiplet appearing to be an AB quartet
centered at 6.1 with Jag approximately 6 Hz and A v a5 ~ 4.5 Hz, 2H, 2 =
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100), 84 (M — 66, 90.8), 79 (M — 71, 87.8) (major peaks only).

5.4.1.2. N-Methoxycarbonyl-2, 4-dibromo-8-azabicyclo[3.2.1]oct-6-en-3-ones
and N-Methoxycarbonyl-8- azablcyclo[3 2.1]oct-6-en-3-one (Diiron

Enneacarb yel

-Tetrabmmmm C mmﬁélﬂﬂlj
Into a 30-mL, two-necked flask charged with 1.09 g (3.00 mmol) of diiron
enneacarbonyl was poured a solution of 1.13 g (3.00 mmol) ofa, q,
o',a'’-tetrabromoacetone in 7.5 mL of benzene. The mixture was heated at 50°
with stirring for 5 minutes. N-Methoxycarbonylpyrrole (125 mg, 1.00 mmol)
was added, and the mixture was stirred at 50° for 72 hours. The dark brown
reaction mixture was diluted with 15 mL of ethyl acetate, and the insoluble
material was removed by filtration through a Celite 545 pad. The filtrate was
evaporated under reduced pressure, leaving a black, tarry oil. *H NMR
analysis using 1,1,2,2-tetrachloroethane as internal standard showed that the
desired 1:1 adducts,
N-methoxycarbonyl-2a,4a-dibromo-8-azabicyclo[3.2.1]oct-6-en-3-one and
N-methoxycarbonyl-2a,4 3 -dibromo-8-azabicyclo[3.2.1]oct-6-en-3-one, were
formed in 70% yield in a 2:1 ratio. Preparative TLC of the tar with 1:3 ethyl
acetate-hexane afforded 145 mg (52%) of a mixture of the bicyclic adducts (R¢
0.6-0.7). Fractional recrystallization from ethyl acetate-n-hexane afforded an
analytical sample of the cis isomer as colorless crystals, mp 155-157°: IR
( CHCls)em™: 1748 (C = 0), 1710 (NCO,CHs); *H NMR( CDCl3) & : 3.82 (s,
3H, OCHz3), 4.80 (d, J = 4.0 Hz, 2H, 2 CHBr), 5.11 (dd, J = 1.0 and 4.0 Hz, 2




NCH), 6.53 (tripletlike multiplet, J = 1.0 Hz, 2H, 2 = CH); mass spectrum

(70 eV) m/e: 341, 339, 337 (1:2:1 ratio, M), 310, 308, 306 (1:2:1 ratio, M —
OCHsy), 282, 280, 278 (1:2:1 ratio, M — CO,CHz3), 260, 258 (1:1 ratio, M —
OCHsg), 282, 280, 278 (1:2:1 ratio, M — CO,CHz3), 260, 258 (1:1 ratio, M — Br).
The mother liquor was concentrated and subjected to further TLC using 1:3
ethyl acetate-n-hexane as eluent, yielding the pure trans dibromide (R:0.60),
mp 112-114° from ethyl acetate-hexane: IR ( CHCls)cm™: 1740 (C =0),
1710 (NCO2CHa); *H NMR( CDCl3) & : 3.82 (s, 3H, OCHa), 4.27 (d, J = 2.0 Hz,
1H, an equatorial methine proton at C-4), 5.11 (d, J = 3.5 Hz, 1H, an axial
methine proton at C-2), 5.0-5.3 (m, 2H, 2 NCH), 6.36 (dd, J = 2.0 and 6.0 Hz,
1H, = CH), 6.61 (dd, J = 2.0 and 6.0 Hz, 1H, =CH); mass spectrum (70 eV)
m/e: 341, 339, 337 (1:2:1 ratio, M), 310, 308, 306 (1:2:1 ratio, M — OCHg3), 282,
280, 278 (1:2:1 ratio, M — CO,CHg3), 260, 258 (1:1 ratio, M — Br).

A 300-mg (0.87 mmol) mixture of the dibromo ketones and 750 mg
(11.5 mg-atoms) of zinc/copper couple in 15 mL of methanol saturated with
ammonium chloride was stirred at room temperature for 10 minutes. To this
mixture was added 30 mL of ethyl acetate, and the insoluble material was
removed by filtration. The filtrate was concentrated to afford an oil containing
some solid, to which was added 20 mL of 1:1 ethyl acetate-n-hexane. The
EIGTHOY
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amount of water, drled, and evaporated to give 160 mg (100%) of
N-methoxycarbonyl-8-azabicyclo[3.2.1]oct-6-en-3-one as colorless crystals.
Recrystallizations from hexane produced an analytical specimen, mp 69-70°:

IR ( CHCly) : . OZCH3)
1600 (C ﬂ d mﬁgﬂm

equatorial protons at C-2 and C-4), 2.80 (dd, J =16.5 and 4.5 Hz, 2H, axial
protons at C-2 and C-4), 3.84 (s, 3H, OCHg3), 4.90 (broad doublet, J = 4.5 Hz,
2H, 2 NCH), 6.27 (tripletlike multiplet, J = 1.0 Hz, 2H, 2 = CH); mass

spectrum (70 eV) m/e: 181 (M), 138 (M — 43).

5.4.1.3. 8-Oxabicyclo[3.2.1]oct-6-en-3-one ([3 + 4] Cyclocoupling of a, a,
a',a-Tetrabromoacetone and Furan with Zinc/Silver Couple) (45)

A mixture of 29.3 g (0.45 g-atom) of zinc/silver couple and 210 mL (3.00 mol)
of furan in 450 mL of dry tetrahydrofuran was placed in a 2-L, three-necked
flask and cooled to —10°. A solution of 112 g (0.30 mol) ofq, a,
o',a'-tetrabromoacetone in 200 mL of dry tetrahydrofuran was added dropwise
over a period of 2 hours with stirring, and the resulting mixture was allowed to
warm to room temperature and stirred for 12 hours. The insoluble materials
were removed by filtration, and the filtrate was concentrated. The tarry brown
residue was chromatographed on a column packed with 700 g of Merck
Kieselgel 60 (70-230 mesh) using 1:20 to 1:5 ethyl acetate-n-hexane as
eluent to give 55 g of crude 2a,4a-dibromo-8-oxabicyclo[3.2.1]oct-6-en-3-one
as yellow crystals. Recrystallization from hexane gave a pure sample melting



at 126.5-127°. The dibromo adduct was dissolved in 1.3 L of saturated
ammonium chloride solution in methanol, and to this was added portionwise
120 g (1.85 g-atoms) of zinc/copper couple over 10 minutes at room
temperature. The suspension was stirred for an additional hour and filtered.
The filtrate was divided into four portions, and each portion was diluted with
200 mL of water and 300 mL of saturated Na,H-EDTA solution. Extraction was
performed with 300 mL and then two 200-mL portions of dichloromethane
successively. The combined extracts were dried, and the organic solvent was
removed by distillation at atmospheric pressure through a 40-cm Vigreux
column. Finally the residue was subjected to light suction by an aspirator at
room temperature to leave 20.4 g of the title bicyclic compound, contaminated
with a small amount of dichloromethane (95% pure by *H NMR analysis).
Overall yield based on tetrabromoacetone was 55%. A pure crystalline sample
of the desired product, mp 37-39°, was obtained by bulb-to-bulb distillation at
a bath temperature of 50-80° (0.01 mm): IR ( CClg)cm™: 1720 (C = 0); 'H
NMR(CCl,) 6:2.19 (dd, J =17 and ~1.5 Hz, 2H, equatorial methylene protons
at C-2 and C-4), 2.61 (dd, J =5 and 17 Hz, 2H, axial methylene protons at C-2
and C-4), 4.91 (broad doublet, J =5 Hz, 2H, 2 OCH), 6.19 (broad singlet, 2H, 2
= CH); mass spectrum (70 eV) m/e (relative intensity): 124 (M, 16), 95 (M —
29,8),83(M-41, 4),82 (M-42,60), 81 (M—43, 100), 68 (M - 56, 14), 67 (M
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5.5. [3 + 2] Cyclocoupling ofa, a’-Dibromo Ketones and Olefinic
Substrates

5.5.1.1. 3-Cyclopropyl- 2 5- dlmethyl -3-phenylcyclopentanone ([3 + 2]
Cyclocouplj ramo KK = lefin) (118)
In a two- nemh.tusﬂ ip Mﬁmammwm, and a
three-way stopcock fitted with an argon-filled balloon was placed 437 mg
(2.20 mmol) of diiron enneacarbonyl; the flask was evacuated and flushed with
argon. To the flask were added successively 9.0 mL of benzene, 288 mg
(2.00 mmol) ofa-cyclopropylstyrene, and 244 mg (1.00 mmol) of
2,4-dibromopentan-3-one through the rubber septum via syringe. The resulting
mixture was magnetically stirred at 65° for 24 hours, diluted with 30 mL of ethyl
acetate, washed with saturated sodium hydrogen carbonate solution and
potassium nitrate solution, dried over sodium sulfate, and concentrated on a
rotary evaporator under reduced pressure (60—90 mm) at 25-50° to leave an
oil that consisted mainly of
3-cyclopropyl-cis-2,5-dimethyl-3-phenylcyclopentanone and
3-cyclopropyl-trans-2,5-dimethyl-3-phenylcyclopentanone (ca. 3:1 ratio based
on *H NMR analysis). The cis isomer: IR ( CClg)cm™: 1736 (C = 0); 'H
NMR( CCl,) & : 0.0-0.5 (m, 4H, methylene protons of cyclopropyl group), 0.75
(d, J=7.5Hz, 3H, CH3), 1.17 (d, J = 6.5 Hz, 3H, CHj3), 1.5-3.0 (m, 5H,
methylene and methine protons of five-membered ring and a methine proton of
cyclopropyl group), 7.15 (m, 5H, aromatic protons); mass spectrum (70 eV)




m/e: 228 (M). The trans isomer: IR ( CClg)cm™: 1736 (C = 0); *H NMR( CCly)
0 : 0.0-1.0 (m, 4H, methylene protons of cyclopropyl group), 1.14 (d,

J =6.5Hz, 3H, CHg), 1.35 (d, J = 6.5 Hz, 3H, CH3), 1.5-2.9 (m, 5H, methylene
and methine protons of five-membered ring and a methine proton of
cyclopropyl group), 7.11 (m, 5H, aromatic protons); mass spectrum (70 eV)
m/e: 228 (M). After long standing, the mixture gave 215 mg (95%) of the
crystalline trans ketone as a single epimer. Recrystallization from hexane
afforded colorless prisms: mp 92-94°.

5.5.1.2. 2,5-Dimethyl-3-phenylpent-2-enone ([3 + 2] Cyclocoupling of ana,

a -Dibromo Ketone and an Enamine with Diiron Enneacarbonyl) " (122)

A mixture of 4.00 g (11.0 mmol) of diiron enneacarbonyl, 2.44 g (10.0 mmol) of
2,4-dibromopentan-3-one, and 3.78 g (20.0 mmol) of a-N-morpholinostyrene
in 25 mL of benzene was maintained at 30° for 20 hours with efficient stirring.
The reaction mixture was diluted with 15-50 mL of ethyl acetate and then
washed with 30 mL of saturated sodium hydrogen carbonate solution and

30 mL of brine. The organic layer was dried over sodium sulfate and
concentrated under reduced pressure (50-90 mm), giving 3.0 g of an orange
liquid. The oil was subjected to column chromatography on 150 g of Merck
Kieselgel 60 (70-230 mesh). Elution with 1:10 ethyl acetate-n-hexane yielded
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cm™: 1696 (C = 0O), 1626 (conjugated C =C); UV ( C2HsOH ), nm max ( € ):
220 (5220), 279 (11200); *H NMR( CCls) & : 1.22 (d, J = 7.0 Hz, 3H, CHCHs),
1.91 (t, J = 2.0 Hz, 3H, vinyl CH3), 2.1-2.7 (m, 2H, CHCH3 and a methylene
proton cis ta.CHg z,1H, a
etyiene bt Al Hoffott L 3000 UHE dEudrey mecs

spectrum (70 eV) m/e: 186 (M), 171 (M — 15), 158 (M — 28).

5.6. Miscellaneous Reactions

5.6.1.1. 2,4-Diisopropyl-5-methyl-3(2H)-furanone (Diiron
Enneacarbonyl-Promoted [3 + 2] Cyclocoupling of ana, a-Dibromo Ketone
and an N,N-Dimethylcarboxamide) (34)

To a mixture of 874 mg (2.40 mmol) of diiron enneacarbonyl and 2.03 g

(6.00 mmol) of NaxH,EDTA was added a solution of 600 mg (2.00 mmol) of
3,5-dibromo-2,6-dimethylheptan-4-one and 26.4 mg (0.20 mmol) of tetralin in
7.0 mL of N,N-dimethylacetamide. The resulting mixture was stirred at room
temperature for 12 hours. The reaction mixture was poured into 20 mL of
saturated sodium hydrogen carbonate-potassium nitrate solution and
extracted with five 8-mL portions of ethyl acetate. The combined organic
extracts were washed with three 8-mL portions of water and dried over sodium
sulfate. After evaporation of the solvent an oil was obtained. The *H NMR
spectrum of this residue indicated two doublets at & 3.95(J = 3.8 Hz) and 3.38
(J = 4.5 Hz) due to the C-2 methine protons of the title 3(2H)-furanone and
5-(dimethylamino)-2, 4-diisopropyl-5-methyltetrahydro-3-furanone,



respectively. The intensity of signals, as compared with that of a singlet due to
the aromatic protons of tetralin added as an internal standard, showed that the
3(2H)-furanone and aminotetrahydro-3-furanone were produced in 49% and
39% vyields, respectively. When the crude oil was heated at 110° for 15
minutes under nitrogen, 316 mg (87%) of the 3(2H)-furanone was obtained as
an oily product. Distillation at a bath temperature of 90° (3 mm), followed by
preparative GC (10% LAC on Chromosorb W AW, 80-100 mesh,

400 x 0.4 cm,108°), afforded an analytical sample: IR (neat) cm™: 1691 (C =
0), 1631 (C= C); UV ( C,HsOH ), nm max (€ ): 273 (9550); *H NMR( CCly) & :
0.79 [d, J = 6.5 Hz, 3H, CHCH(CHj3),], 1.05 [d, J = 6.5 Hz, 3H, CHCH(CH5),],
1.15[d,J =7.0 Hz, 6H, = CCH(CHs3)], 2.15 (s, 3H, = CCHs), 2.0-2.8 [m,
2H, 2 CH(CHz3)2], 3.95 (d, J = 3.8 Hz, 1H, OCH); mass spectrum (70 eV) m/e: 1
82.1295 (M).

5.6.1.2. 2-(N-Cyclohexylimino)-3,3,4,4-tetramethylcyclobutanone (Reaction of
ana, a-Dibromo Ketone and a Copper-Isocyanide Complex) (108)

A solution of 2.72 g (10 mmol) of 2,4-dibromo-2, 4-dimethylpentan-3-one in
4 mL of benzene was added to a mixture of 1.27 g (20 mg-atoms) of metallic
copper and 8.7 g (80 mmol) of cyclohexyl isocyanide in 20 mL of benzene at
room temperature. The mixture was stirred at room temperature for 12 hours

0 il 0

concentrated, and the residue was distilled to give 1.9g (86%) of
2-(N-cyclohexylimino)-3,3,4,4-tetramethylcyclo-butanone, bp 98-100° (2 mm):
IR (neat) cm™: 1765 (C = 0), 1669 (C = N), 890; '"H NMR( CDCl3) & : 1.04
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6. Tabular Survey

An attempt has been made to include in Tables I-X synthetic applications of
reductive dehalogenation of halo ketones using low-valent transition metals
and related reducing agents reported through December 1980, but lack of a
systematic method of searching the literature for the reaction makes it likely
that some examples were overlooked.

The tables are arranged, in general, according to the presentation in the
discussion. Table | summarizes the reductions of a , a'-dihalo ketones that
form intramolecular skeletal-changed compounds, a, B -unsaturated ketones,
etc. Table Il gives examples of the reduction ofa, a'-dihalo ketones in the
presence of oxy or amino nucleophiles producing the parent ketones,
a-oxy-substituted ketones, etc. Table Ill covers the reductive dehalogenation
ofa-monohalo ketones to the parent ketones. Table 1V is concerned with
reductive alkylation of monohalo ketones, including examples of reductive
aldol reaction, acylation, self-dimerization, etc. Table V comprises reactions
ofa, a-dihalo ketones consisting of simple dehalogenation and reductive
alkylation. Table VI, which lists reductive alkylations ofa, a'-dihalo ketones, is
O O T T et v st e i i L LD
which includes the [3 + 4] cyclocoupling ofa, a'-dihalo and more highly
halogenated ketones, consists of the following six sections according to the
structures of the C, receptors: (1) open-chain 1,3-dienes; (2) carbocycles such

as cyclopem reayehef ' mgivatives; (4)
furan deriv ; EI Bk Ummm . | lednsisting of
five sections, is concerned with the [3 + 2] cyclocoupling ofa, a’-dibromo
ketones with: (1) simple olefins, (2) aryl-substituted olefins, (3) enamines, (4)
carboxamides and a lactam, and (5) other C, substrates. Table IX lists other

cyclocoupling reactions ofa, a'-dibromo ketones. Table X covers
miscellaneous reactions.

Within each table the substrates are arranged in order of increasing number of
carbon atoms. Derivatives of alcohols, amines, ketones, and carboxylic acids
are listed by the number of carbon atoms in the parent skeletons, respectively.
For instance, the bromo ketones 143 and 144 are dealt with as C; and Cg
compounds, respectively. Substrates with the same number of carbon atoms
are listed in order of increasing complexity of the structures, e.g., primary
before secondary alkyl, alkyl before alkenyl, aliphatic before aromatic,
five-membered
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NCO,CH,
Br p-CH,0C¢H,COCH,Br
& Br 144

143

before six-membered cyclic, monocyclic before bicyclic, hydrocarbon before
heteroatom-containing, chloro before bromo compounds.

When there is more than one reference, the experimental data are taken from
the first reference, and the remaining references are arranged in numerical
order.

In all the tables the numbers in parentheses shown after the reactants indicate
the stoichiometric ratio of reactants to the halides; no number means that an
excess of reagents is used or that the stoichiometric relation is not critical for
the reaction. The symbol e™ signifies electrochemical treatment with a mercury
cathode. Yields are based on the reactant present in the lowest concentration.
Unless otherwise noted, yields were either estimated by GC or obtained by
product isolation; when both yields are given in the experiments, the
chromatographically obtained ones are shown first, followed by the isolated

DEIEkdn b ied e chiuid Ricka el id 0 C1O00O0 000001
information is given in the reference. In addition to the usual chemical symbols,
the following abbreviations are used in the tables:

Ac Acetyl
BEO0EREERO0000000
bbn 9-Bicyclo[3.3.1]nonyl

DME 1, 2-Dimethoxyethane

DMF N, N-Dimethylformamide

DMSO Dimethyl sulfoxide

Ether Diethyl ether

HMPA Hexamethylphosphoramide

MVK Methyl vinyl ketone

Na;H.EDTA Ethylenediaminetetraacetic acid disodium salt
PC Phthalocyanine

Py Pyridine

THP Tetrahydropyranyl

TMEDA N,N,N" ,N" -Tetramethylethylenediamine
TMS Trimethylsilyl

Ts Tosyl, p-CH3CeH4SO,
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The initially generated anion radical R — X", suffers subsequent
elimination of X7, giving rise to radical R. Thus in practice this
process is difficult to distinguish experimentally from the
atom-transfer process, since they differ mainly in the timing of the
bond-making and bond-breaking sequence.

*

End
Notes

* See also reference (101), which indicates that the reaction gave the 2
a ,4 a ,8-trimethyl-8-aza-bicyclo[3.2.1]oct-6-en-3-one, but not the 2
a ,4 B ,8-trimethyl isomer, in 89% vyield.

* A different procedure on a large scale is cited in Organic Syntheses.
(124)
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Replacement of Alcoholic Hydroxyl Groups by
Halogens and Other Nucleophiles via
Oxyphosphonium Intermediates

Bertrand R. Castro, Ecole Nationale Superieure de Chimie de Montpellier, Montpellier, France

1. Introduction

The Michaelis—Arbuzov reaction involves the formation of dialkyl
alkylphosphonates by heating alkyl halides with trialkyl phosphites, via an
intermediate phosphonium salt 1. (1, 2)

(RO);P + R'X

+ (RO)P'R, X~ —=— (RO)PO)R +RX

In recent years it has been found that phosphonium salts analogous to 1 can
be formed by reaction of a variety of trivalent phosphorus compounds with
0000000 KM N B O BGERE R e e R EeEE RO 0000000
be trapped with an alcohol to form alkoxyphosphonium cations. These cations
can then undergo nucleophilic displacements, either with their own counterions
or with added nucleophiles (Egs. 2 and 3).

v+ e[ IHHOPEIOOBEMER0O00 .

_WE, Y;PO + RE

Y;P'OR X, Y.PO +RX 3)

o~

Y;PO + RA

In Eqg. 2, XE is the oxidizing electrophile. The path followed in Eqg. 3 depends
on the reagents and the reaction conditions.

Although the electrophilic phosphorus species YsP'E, X~ in Eq. 2 are formally
equivalents of phosphorus pentachloride, this review is limited to species
formed in situ from trivalent phosphorus compounds and various oxidants. The
most commonly used trivalent phosphorus compounds are triphenyl phosphite,
triphenylphosphine, and tris(dimethylamino)phosphine. The most commonly
used oxidants are molecular halogens, alkyl halides, carbon tetrahalides,



N-haloamides, N-haloamines, and diethyl azodicarboxylate (DEAD). Other
oxidants that have been used include mercuric salts, peroxides, dithioesters,
and sulfenamides. The more common combinations of phosphorus(lil)
compounds and oxidants are summarized in Table 1.

Table 1. Combinations of Phosphorus(lll) Compounds and Oxidants for
Replacement of Hydroxyl Groups by Halogens (X) or Other Nucleophiles
(O,N, S, CO)

PY3

Oxidant P(OCgHs)s P(CsHs)s  P[N(CHs)2]s

X2 X X
RX X
CX4 x, N x! Na Sl Ol C

O0000000000000ERN0000QRpnOEHioo0000000000001

e retac i b oA b e e e e o s of

oxyphosphonium intermediates, is the principal subject of this chapter.
However, the replacement of hydroxyl groups by oxygen, nitrogen, sulfur, and
carbon nucleophiles is also discussed. This review is restricted to alcoholic
hydroxyl groups, and does not include a discussion of carboxylic hydroxyl
groups.

The principal combinations covered are triphenylphosphine—diethyl
azodicarboxylate, triphenyl phosphite-methiodide, triphenylphosphine-halogen,
triphenylphosphine—tetrahalomethane, triphenylphosphine—N-haloimide, and
tris(dimethylamino)phosphine—tetrahalomethane. Some of these combinations
have been discussed in recent reviews. (3-7)



2. Mechanism

The general course of the replacement of alcoholic hydroxyl groups via
oxyphosphonium intermediates is shown in Egs. 2 and 3. Some insight into the
details of the mechanism has been obtained from studies of the
triphenylphosphine—diethyl azodicarboxylate, triphenylphosphine—carbon
tetrachloride, and tris(dimethylamino)phosphine—carbon tetrachloride systems.

2.1. Triphenylphosphine-Diethyl Azodicarboxylate

The structure of the initial reaction product of a trivalent phosphorus compound
with DEAD depends on the nature of the groups attached to phosphorus. With
triphenylphosphine, both of the betaine intermediates 2a (8) and 2b (9, 10)
have been postulated, and evidence in support of a betaine intermediate is
found in the 3P NMR spectrum of the adduct, in which the phosphorus
chemical shift is 43 ppm downfield from phosphoric acid. On the other hand
3P NMR spectra indicate that a pentacovalent phosphorane 3 is the
intermediate when RO or RzN groups are attached to phosphorus. (11, 12)
These intermediates may be in dynamic equilibrium, as shown in Eq. 4.

00 ) T O i

intermediate 5 (Eq. 5); the former appears more probable. In the absence of
another nucleophile a displacement occurs to form a substituted hydrazino
ester 6 (Eqg. 6). However, in the presence of another nucleophile nucleophilic

QR 5

C;H0,C_
R,P + N:N\\ —
CO,C,H,
R
[ C,H,0,C OP*R, C,H;0,C__ P
- r N O
N—N=C —_— \
G Y N= @)
L 3
R;P:\ -/Cozczﬂa

b



OR’

+ ¥
R'OH R;PTOR 4 P/
n 3
C,H,0,CN—NHCO,C,H, \TF—NHCDECIH,, (5)
4
CO,C,H;
5
RPI O R, _CO,C,H,
4
6
+ #
R;PTOR oy . T
) s ByRTOREY
CIHic}zCNﬁNHCO;Cij
. + (7)
C,H,0,CNHNHCO,C,H;
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mechanis m m [LJ mtes (13-15)
and with substrates that can undergo neighboring group participation. (16)
This characteristic inversion of configuration is one of the useful features of
this reaction. On the other hand mixtures of products are usually found in

substitutions at the anomeric position of sugars, and in reactions of cholesterol,
(17) where an Sy1 mechanism appears to be involved.

2.2. Triphenylphosphine-Carbon Tetrachloride

Pure triphenylphosphine and pure carbon tetrachloride react only very slowly,
even at reflux temperature. (18, 19) A small amount of a polar substance such
as water, an alcohol, a ketone, or a solvent such as methylene chloride or
acetonitrile is necessary to initiate the reaction. Furthermore, the polarity of the
solvent plays an important role in determining the reaction rate, which is 10*
and 10° times higher in methylene chloride and acetonitrile, respectively, than
it is in carbon tetrachloride alone.

It has been shown that in the absence of an alcohol the reaction proceeds as
shown in Egs. 8-11. (20, 21)



R;.;P + C—C’4 =TT R3P+CC13, Cl- (8)
7

R;PTCCl,, CI™ + R,P R,P=CCl; + R;PCl, (9)

R,P=CCl, + R,PCl, —— R,P*CCL,P*R;, 2CI" (10)

RyP*CCI,P*R;,2C1" + R4P —— R,P*CCI=PR,,Cl~ + R,PCl, (11)

There is no accumulation of any of the intermediates in these four steps, and
the reaction appears to proceed directly as shown in Eq. 12.

3R,P + CCl, —— R,P*CCI=PR,, Cl~ + R,PCl, (12)
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However, since the first step of the reaction does not occur spontaneously but
must be catalyzed by a substrate or a solvent, charge-transfer species such as
8 and 9 appear to be involved.

EIEIEIEIEIEIEIEIEIEIEIEIEIEIEIEIm

3P + CCI-4 R3P6+'___Cl___ﬂ CC].E_ —_— Ra. ... :.
' H*('.','\('.:‘13,

m—— R3P+CC]3, Cl™
7

When the reaction is carried out in the presence of an alcohol,

oxyphosphonium intermediates (10) can be formed by two different routes:

1. In the chloroform route (Eq. 13) the alcohol reacts directly with the
charge-transfer species, liberating chloroform.



R P**---Cl---*"CCly; —— R,P*}--Cl--*7CCl,
8 » #*

OH
R (3)

—— R4P*OR’, CI™ + CHCl;

2. In the ylid route (Eq. 14) the reaction of the phosphine and the halide
proceeds by way of Egs. 8 and 9, and the oxyphosphonium ion 10 is formed
by trapping the basic ylid and the chloromethylphosphonium chloride 11.

R,P=CCl, + R;PCl, + ROH
—+ R,P*CHCl;,Cl™ + R;P*OR', CI” (14)

11 i
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When the reaction proceeds by way of Eq. 14, the intermediate phosphonium
salt 11 is dehalogenated by triphenylphosphine to give an ylid 12 and a

molecute oleonbilel o) LI T 9 AT

R,P*CHCl,, CI” + R, —— R,P=CHCI + R,PCl,

1n il 13

(15)
RsP*CH,Cl, C1~ + R,P*OR/, C1~

ROH

Reactions that proceed by the ylid route (Egs. 14 and 15) are characterized by
the facts that (1) little or no chloroform is evolved, and (2) more
triphenylphosphine is required to complete the reaction. The latter point is
important to the achievement of high yields.

The polarity of the reaction solvent appears to influence which of the two
routes is followed. When the reaction is carried out with benzyl alcohol in the
moderately polar methylene chloride, 46% of the theoretical amount of



chloroform is evolved, and the balance of the reaction proceeds by the ylid
route. (20) On the other hand, when the reaction is carried out with
cyclohexanol in the less polar carbon tetrachloride, less than 5% of the
theoretical amount of chloroform is evolved, and the
chloromethylphosphonium chloride 11 is isolated in 95% vyield. (22)

The oxyphosphonium intermediate 10 is generally written in the ionic form first
postulated by Downie and co-workers. (23)

(C¢Hs);P*OR, CI-
1]
However, later investigators favor a molecular pentacovalent intermediate, and
such intermediates have been isolated from reactions of hindered alcohols
such as neopentyl alcohol, (24, 25) isocholesterol, (26) norbornanols, (24) and
benzobicyclooctadienols. (27)

Formation of intermediate salt 10 is generally fast and largely independent of
steric hindrance. (25) On the other hand the rates of decay of the intermediate
salts 10 to the products are much more sensitive to steric hindrance: primary
intermediates i ive halides very quickly at room temperature, whereas
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This feature often allows selective reaction of primary and secondary alcoholic
hydroxyl groups; even if both hydroxyls are activated in the first step of the
reaction, careful optimization of reaction time and temperature can allow decay

s

The intermediate salt 10 usually exhibits a strong tendency to undergo an Sy2
displacement with inversion of configuration, and neopentylic rearrangement
does not take place.

(CyH, ), PCBry
B b it 1

(S)-1-C,H,CHDOH (R)-t-C,H,CHDBr

14

The optical rotation of the deuteriobromide 14 is 3.5 times higher than that of
14 obtained by displacement of the corresponding alcohol tosylate with lithium
bromide. (28)

Alcohols that have a tendency to undergo Syl reactions generally give
rearrangement products if the reaction cannot be performed at low
temperature; such rearrangements are often observed with allylic substrates.
(29, 30) Reactions at the anomeric position of sugars generally proceed by an
Sn1 mechanism. (31) Skeletal rearrangements are usually observed with
hindered structures bearing groups that can participate in the reaction. (24, 27)



2.3. Tris(dimethylamino)phosphine—-Carbon Tetrachloride
This reaction appears to proceed by the mechanism shown in Eg. 16.

ROH

[(CH,);N],P + CICCl, —=— [(CH,),N],P*Cl, CCl;

15

Slow

[(CH;),N];PO + RCl (16)
HCCI,; + [(CH,);N];P"OR, CI~
- “iot [(CHy);N1sP*OR, PF;

H,0

The high nucleophilicity of the aminophosphine allows complete charge
transfer to the trichloromethyl anion, whose existence has been demonstrated
by trapping experiments with aldehydes, ketones, and acid anhydrides. (32-34)
The existence of the oxyphosphonium salt 16 is established by running the
reaction at low temperatures, since the salt does not break down to the alkyl
chloride at temperatures below 0°. The formation of salt 16 is very rapid with
primary alcohols. However, with bulky or secondary alcohols the
aminophosphine must be added to the carbon tetrachloride solution of the

alcohol slowly to obtain high yields; too rapid an addition is signaled by a
00000000EEIRU B oL BEBRE LB GE LN BUOO000000001

shown in Eq. 17. When the formation of the intermediate 17 is slow because of
the bulk of the R group, the alternative reactions shown in Egs. 18 and 19
become prominent.

era,NER{AGH [ RIE] B ST IR E AR, o Ro”

(17)

—— [(CH;);N];P"OR, CI”

16

e CCl; + [(CH,),N];P*Cl, CI”

[(CH,),N1;P"Cl, CCl; (18)
15

[(CH;),N1,P*Cl, CCl3
15 T [(CH,),N],P*CCl,, CI- (19)

Replacement of carbon tetrachloride with N-chlorodiisopropylamine gives a
more stable conjugate base than the trichloromethide ion, allowing the
preparation of oxyphosphonium salts in high yields from secondary alcohols.
(35)



The reaction is faster in nonpolar solvents, where the ionic partners form a
tight ion pair, than in polar solvents, where the ions are dissociated. (36) The
hexamethylaminophosphoryl group appears to be a poorer leaving group than
triphenylphosphoryl in the triphenylphosphine—carbon tetrachloride system,
and there is less tendency for an Syl displacement in the former case.
Hexafluorophosphate salts derived from anomeric hydroxyl groups of
carbohydrates (37-40) and from substituted allylic alcohols (41) are not easily
isolated at room temperature because they are hydrolyzed to the starting
alcohols. They are detectable at low temperatures by their characteristic 'P
NMR signal, which is 35 ppm downfield from phosphoric acid.
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3. Scope and Limitations

Each of the phosphorus(lll) systems covered in this review has its own
characteristics and area of utility; accordingly, the scope and limitations of
each are discussed separately in this section.

3.1. Triphenylphosphine-Diethyl Azodicarboxylate and Related Systems
The first studies of the reactions of azodicarboxylic esters with trivalent
phosphites and phosphines appeared from 1958 to 1960. (42, 43) It was later
shown that the triphenylphosphine—diethyl azodicarboxylate combination can
activate the alcoholic hydroxyl group, leading to formation of substituted
hydrazino esters containing the R group of the alcohol. (8) Addition of various
nucleophiles to this combination has provided routes for conversion of alcohols
to a variety of carbon—nitrogen compounds, esters, ethers, and alcohol
dehydration products. This system has become the most versatile and
synthetically useful of all the phosphorus(lll) systems for replacement of
alcoholic hydroxyl groups.

3.1.1.1. Formation of Carbon — Nitrogen Bonds "

noooooool e R S e e et fhooooooo

N-alkyl-N,N -dicarbethoxyhydrazine (6, Egs. 4-6). (8, 44-46) A tricarbethoxy
compound RN(CO,C,Hs)N(CO,C2Hs) is often obtained as a by-product; the
reason for its formation is not clear. (44) Another side reaction is the formation
of an ethyl alkyl carbonate, particularly when tris(dimethylamino)phosphine is
used in pIaI m position of

sugars gives glycosylhydrazines. (45)

In four-component systems, where the alcohol is used with another
nucleophile, the triphenylphosphine—diethyl azodicarboxylate combination has
the role of a water acceptor.

Condensations with imides, particularly phthalimides, can be used to form
N-alkylphthalimides, which are useful precursors of alkylamines; this reaction
is a modification of the Gabriel reaction. (48-52) Phthalimidation of secondary
alcohols proceeds with inversion of configuration.

(S)-(+)-CeH,;CHOHCH, + HN(CO),C¢H,
(R)-(—)-C¢H,3CH(CH;)N(CO),CH,




Reaction of allylic alcohols in the unsaturated sugar series can proceed by Sy2
(inversion, Eq. 20), SN2’ (retention, Eq. 21), or with elimination (Eq. 22),
depending on the structure of the substrate.

N(CO),CeH,

C,Hy)PADEAD Q
{ MG HLPDEAD sk A
P’hthsllmldc \ (20)

UCH_—, OCH,;
AcO OCH, AcO OCH,

O QO
(C.H.1.P/DEAD
\ " Phthalimide L (21)

C4H,(CO),N
OH
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HD (CeHs ) P/DEAD j‘; (22)

\ Phihalimide

OCH, =—/0OCH,

OOO000000000o0Onc

Phthalimidation of the anomeric position of sugars usually gives a mixture of a
and B anomers.

Other imides, such as benzyloxycarbonyl benzamide (53-55) and saccharin,
(56) can be used. Mixtures of N- and O-alkylation products are generally
obtained (Eqg. 23).



HO N
0,—0 s 0O/~0
0 Sa:_:-: harin 02 0
{CyH,),F/DEAD
0O O

0 oY

(33%) (23)
0O
0 —0
- \N
g 0
0, DJr
(322)

Nucleosides have been made by reacting sugars with 6-chloropurine in the

presence of methyldiphenylphosphine and diethyl azodicarboxylate. The
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no participating or orienting groups. (57)

CH;0 CH,0
O = \"
ONOOEEREOOO N
OCH, {C H,),PCH /DEAD
CH,0O OH CH,O
OCH, OCH,

Use of hydrazoic acid as the nucleophile provides a very useful method for
converting alcoholic hydroxyl groups into azides, (11, 58-64) and can lead to
formation of a carbon — nitrogen bond in reactions in which phthalimide

simply dehydrates the alcohol.



C,H;0,CCHOHCH,CO,C,H,

s  C,H,0,CCH=CHCO,C,H,
(CaHabP (trans) (B0 %)
DEAD

HN,

C,H,0,CCH(N;)CH,CO,C,H,
(75%)

Diphenylphosphoryl azide has been used as a source of azide ion. (65)

{CeH. ), F/DEAD z
3-f-Cholestanol ——=2""",  3.g-
g (CH 0N FOIN, 3-a-Azidocholestane

3.1.1.2. Formation of Esters
Esters of lower alcohols can be prepared by reaction of alkyl phosphites with
acids in the presence of diethﬁl azodicarboxylate. (10, 66)

0000000000000000000000000000000000000000000l

(C,H,0),POCH,CH=CH, + n-C,H,CO,H

DEAD
——

H'C.‘HQC{)zCHzCH:CH;

Inversion of ¢ 'g= ﬂ @E@@y alcohols.

The trivalent phosphorus system most widely used for forming esters is
triphenylphosphine—diethyl azodicarboxylate plus the alcohol and acid. Yields
are generally excellent. Secondary alcohols undergo inversion of configuration.
(11, 13, 15-17, 58, 66-69)

L% T

a0 CEHSCH2CDZH {CeHshP

DEAD
HO : C.H,CH,CO; :
H 6LEs 2 2 H

When highly hindered alcohols are used, only low yields of esters are obtained,
and with retention of configuration. (70) Here it appears that the intermediate is
an acyloxyphosphonium ion rather than an alkoxyphosphonium ion, and that
ester formation results from reaction of this intermediate with the free alcohol.
(71)



Treatment of B3-hydroxy acids with this reagent brings about a decarboxylative
dehydration to form an olefin. (72)

Ra, R1 R3 RI

I I [CaHa), P b SO 4
HD‘—'(F_(I":—"CC':H W" /C_C\\

R4 Rz R4 R:

This reaction can be used for stereoselective preparation of (Z) and (E)
alkenes. (73, 74) For example, the threo- 3 -hydroxy acid 18 is converted into
the (Z) alkene 19, with a small amount of the cis- 8 -lactone 20 as a

by-product.
H
C¢Hs);P'O H H
R__\ c}{ A (Fetlsh k,,\c [ P
Ny el
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However, if R* and R? are bulky, an abnormal carboxyl activation occurs,
resulting in exclusive formation of a trans- 3-lactone (21).

-:?D
0~ R,C 0
L S
H._;C* c{ OP*(C4Hy), j);/[
R2 H H'Rz I_iR]

This reaction reflects the fact that hindered hydroxyl groups react more
sluggishly with the triphenylphosphine—diethyl azodicarboxylate betaine
intermediate, allowing time for activation of the carboxyl group. The effect
seems closely related to the retention of configuration observed in the
esterification of diacetone glucose. (70, 71)



Substitution of allylic sugar alcohols leads to inverted, nontransposed products.

(14)
CH,OCH,C,H,
oCH:0CH; CH,
+C,H,CO,H
HO“=/OCH,
CH,OCH,C4H,4
(CyH P CGH:}COD OCHZDCHZCﬁHs
DEAD
=—/0OCH,
(82%%)

Long-chain w -hydroxy acids can be converted into macrocyclic diolide
lactones. (75) This type of cyclization has proven useful in syntheses of natural
0000000 DEREHMHI T E e e B B a0 0000000
derivatives of the diolides norpyrenophorin and pyrenophorin (23a and 23b)
have been accomplished in 60-75% vyields (Eq. 24). (76) A significantly lower

yield (24%) was obtained in converting 22c to the vermiculine derivative 23c.
The deleterious effect of an unprotected carbonyl group in reactions with this

reagent is iiﬁ . of
vermiculine acton|Zation (Eg. 29). (77)

Another example of a low yield in the lactonization of a compound containing
an open carbonyl group is the synthesis of the antibiotic 26 (designated
A26771B). (78) Treatment of 25 with triphenylphosphine and diethyl
azodicarboxylate gave a 1% vyield of 26; when the betaine 27, preformed from
triphenylphosphine and diethyl azodicarboxylate, was used as the reagent, the
yield of 26 was 8% (Eq. 26).



11 o
s B 2 (60%)
b R =CH, b (75%)

(25)

WDC4H9 : l(‘ . \I/\)J\/Y
)\/Y\/(O e )\/\H/\/J\

O0000000000dd8000000000000000000000000000000

(15%)

npeapRoftitoonon
(CH;}(‘\(““\CGH rf P*(CeHs)s

o CO,C,H;

15 &
(26)
Di/\%DZCHE
b O
o] /i\
(CH;)g

26
(8%)

el



Stereospecific synthesis of the nine-membered lactone ring of griseoviridine
(29) has been reported; (79) the chiral center in the hydroxy acid 28 controls
the stereochemistry at the methyl group of lactone 29 during ring closure.

0 CH}
OH HO
H..
C H.,CONH S 7
CO,CH,
8 O (::H:"

{CsHy)P H\‘ ©
19

(47%)

Ooooooooooooooooodgdooooooooooonooooooooooon

Benzoylation of aliphatic glycols generally gives mixtures of mono- and
disubstituted esters, even where primary or secondary glycols are involved.

cHCHOIEPN 11000000000

A, CH,CHOHCH,CH,0,CC,H, + CH;CHCH,CH,0,CCH,

C,H,CO,H
705,
94 0,CCH,
7%

Selective esterification of the less hindered of two secondary hydroxyl groups
in a steroid has been observed (Eg. 27). (69) The primary hydroxyl group of
sugars is esterified selectively (Eq. 28). (13, 68, 80)

= %

{CqyHa)yP/DEAD
—_— s
CH,CO,H

, 27
CsH,CO; (7)

OH o OH
(887%)

HO



Ad
HO— o (M p-O,NC,H,CO,— O
{CgH, ), F/DEAD
p-O,NC,H,COH (28)
HO OH HO OH
Ad = 9-Adenyl (63 %}

Esters of N-hydroxysuccinimide and N-hydroxyphthalimide can be prepared
with this reagent. (81) The reaction appears to involve formation of an

oxyphosphonium derivative of the N-hydroxyimide, which is attacked by the
acid to give a transient acyloxyphosphonium cation that breaks down to the

ester. (82)
[\ . +HONCORCH, —— [\

(95%)

Ooooooooooooooooodgdooooooooooonooooooooooon

The formation of carbonates, which is sometimes a side reaction in the use of
the triphenylphosphine—diethyl azodicarboxylate reagent, (45) becomes the
principal reactlon When tris d|me Iammoiéhme is used in place of

trlphenylph m ! . m lﬂ E E rbonyl

group from the azo ester is catalyzed by tris(dimethylamino)phosphine, and
nitrogen is evolved. Yields are often good.
(C;H50,CN), + [(CH;),N];P + ROH

"P[N(CH,).]3, RO~

D;)
-y
—+ (C,H;0,CN—NH—C(OC,;H;)OR
GP[N(CHJJ)I]_,,
— [{CHB]IN]EP + CzHgDCD;R + C2H502CN:NH

e CzH‘gDzCH + NZ



The reaction can be used to form carbonates of sugar secondary alcohols
without inversion.

6} 0—0,COC,H;
X O "XD £
OH [{CH 0 N], P

DEAD
8]

A% A

Sulfinic esters can be prepared by reaction of p-toluenesulfinic or
n-dodecylsulfinic acid with alcohols in the presence of
triphenylphosphine—diethyl azodicarboxylate. (84)

The triphenylphosphine—diethyl azodicarboxylate reagent can be used to
prepare trisubstituted phosphates from disubstituted phosphates. (10, 53, 66,
85)

(CaH, )P
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Such esterification of di-t-butyl phosphate gives excellent yields of triesters
that can be readily converted to monoalkyl phosphates by cleavage with
trifluoroacetic acid. ii his reaction can be used for selective

prosphorylfib 4{tkf o [ bstor brHudfotedf dfI[ 1[ 1L ]

HO— o ]
+ (C¢HsCH,0),P(O)OH
HO OH
T = Thymidyl
_ (C¢H;CH,0),P(0)0— o T
m.;::;:f ’ ::; Thymidine 5'-phosphate

(47%)
HO OH

3.1.1.3. Formation of Ethers

N-Hydroxyimides can be reacted with alcohols to give N-alkoxyimides; (87-89)
the latter can be converted to O-alkylhydroxylamines by cleavage with
hydrazine.



CsHsCH,OH + HON(CO),CH, ““52%  C H,CH,ON(CO),C¢H,

DEAD

A similar reaction has been described with N-hydroxybenzotriazole. (90)
Reaction of N-hydroxyphthalimide with phenols produces aryl
N-aryloxycarbonyl-anthranilates. (91)

O O
iw/:(«N—OH {::ip @Q\‘UP%{LH:.}&
DEAD
O O

i

C—0OAr CO,Ar
Ar(y-

c—-ﬂ@—rﬂcmsh C—1:

I Il
O o)
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ArQH Q

he wpher Gl N
alkylation of phenolic hydroxyl groups. (92, 93) These two references differ as
to whether nitrophenols and tertiary alcohols can be used in this reaction.

O
CH,OH /@[ }
s
(CeHs L P/DEAD
HO CH,0

a, w -Glycols can be cyclized into ethers containing 3—8 members in the ring.
(94)



HO(CH,),OH =7, D(cnz},,:]

DEAD
f=2-7

Free sugars can be converted into aryl glycosides in good yields. (95, 96)

HO
O
___GHOH
EI} 3 OH 1L_H,I,P DEAD
HO DC “H,

(80%%)

Glycosides of aliphatic alcohols can be made if mercuric chloride is added to
the reaction mixture; it is likely that the reaction proceeds through formation of
the glycosyl chloride. Anomeric mixtures are generally formed. (97, 98)

Reaction of alcohols with 2,6-di-t-butyl-4-nitrophenol produces aci-nitro ethers,
which can be converted by treatment with base into the aldehyde or ketone
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3.1.1.4. Alcohol Dehydration

Dehydration of alcohols to alkenes is often observed as a side reaction in
substitutions. (58) Acyl derivatives of serine and threonine can be converted to
the corresponding vinyl amino acids by a simple {3 -elimination. (100)



CO,CH, (Izolcm
RCDZNH(F‘CHZ{}H LS, RCO,NHC=CH,

DEAD
H

An unusual dehydration with formation of a thioether bond has been
accomplished in the cyclization of a penam to a (3 -lactam. (101)

HO [CEHQJP:\?
Br ’_CH3
H
0 (CoHy )P
N S DEAD
H
C,ﬁH SCHz'DzC NH

CO,CH,C4H,
C

NO000000000000000000000000000gp000000000000I
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— AL

N_
C4HsCH,0,C
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3.1.1.5. Other Applications

Alcoholic hydroxyl groups can be converted into halides by using alkyl halides
as the source of halide ion. (11) Treatment of diacetone glucose with
triphenylphosphine—diethyl azodicarboxylate in the presence of methyl iodide
gives an oxyphosphonium iodide that decomposes in boiling toluene to the
inverted iodide. (102) The same replacement, also with inversion, can be
achieved with triphenylphosphine, iodine, and imidazole or with
triphenylphosphine and 2,4,5-triiodoimidazole. (103) In contrast, treatment of
diacetone glucose with triphenylphosphine—carbon tetrachloride, triphenyl
phosphite methiodide, or triphenyl phosphite dibromide effects rearrangement
of the 5,6-isopropylidene acetal to the 3,5 positions and halogenation at Cs.
(104, 105)

There are a few reports of the use of triphenylphosphine—diethyl
azodicarboxylate to form carbon —carbon bonds. Thus ethyl cyanoacetate



can be alkylated with alcohols (Egs. 29 and 30). (54, 75) The alcoholic
hydroxyl group in a steroid has been replaced with a cyano group by carrying
out the reaction in the presence of hydrogen cyanide (Eq. 31). (11)

C;H;0;CCH,CN + n-C3H,0H 285 C;H;0,CCH(CN)CyHon ()

(52%)

NC\ i
C,Hs0,CCH,CN + HO(CH,),0H =227, JC___CHa, (o

CL0,0
n=4-6 (20-60 %)
(CaHy), P
,(j[} + HCN Star, O[:} + ,(ji} o
HO NC’ C,H,CO;
(25%)

Ooooooooooooooooodgdooooooooooonooooooooooon

Thiols cannot be used in place of alcohols with this reagent because they are
oxidized to disulfides. (106)

3.1.1.6. Fo[mHfiol{ o Pelftabbol firH:e PHosihdbrHs 111

Reaction of triphenylphosphine—DEAD with cis-1,2-diols and with 1,3-diols
gives pentacoordinated



N (CoHy) P
HO— o | -Smt. |, (62%
HO OH 0O 0
P(CgHy),

0
CH,CO

N

e - 9 - NT O @
HO OH
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triphenylphosphine—hexamethylphosphoramide. (35, 109) Phosphorane
formation occurs only with cis-1,2-diols; the trans diols form epoxides. (11, 58,

107, 108) The phosphorane group can be used for temporary protection of
cis-1,2-diols. (110-112)

Regiospec Aot el v v b e et i

hydrazoic acid or p-nitrobenzoic acid. (63)

OR OR
o OR 0 OR
-0 (CaHs),P -0
HO “pmn ” (GH PO
OCH,

OCH,

A OR
OR

L,. HD _D

OCH,
= —N;, —0,CCeH NO;-p
R = —5i(CH;);CyHg-t



Gluco derivatives that bear free hydroxyl groups at positions 2 and 3 can be
similarly substituted selectively at position 3.

Ooooooooooooooooodgdooooooooooonooooooooooon
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3.2. The Triphenyl Phosphite-Methiodide Reagent

The adduct of triphenyl phosphite and methyl iodide was first described in
1898. (1) The oxyphosphonium salt 30 formed in this reaction is stable in the
absence of moisture, in contrast to the intermediates 1 (Eqg. 1) in the
Michaelis—Arbuzov reaction, which undergo nucleophilic displacement with
their own counterions unless very bulky substituents are involved. (113) The
stability of the salt 30 results from the inability of the phenyl group to under go
nucleophilic substitution.

(CsHs0)3P + CH,I (C¢H;0),P*CH,, I~

30

In 1951 it was reported that Michaelis' salt 30 reacted with alcohols to form
alkyl iodides with the liberation of phenol and methyl diphenylphosphonate.
(114)

(CaH O, P CH,, 17

HOCH,C(CH,),CH,0OH ICH,C(CH,),CH,I

Ooooooooooooooooodgdooooooooooonooooooooooon

The reaction was used to prepare 1,3-diiodo-2,2-dimethylpropane, a key
intermediate for the synthesis of caryophyllenic acid. The reaction appears to
involve initial displacement of a phenoxy group by the hydroxyl group of the

alcohol, followed bﬁUCIeﬁth dlsﬁ(ﬁmﬁﬁ foDrthhe |oﬁ1(ﬁllS)

(Ce¢Hjy D);P CH,;,1” + ROH

C4H;OH + (C4H;0),(RO)P*CH,, I~
——— RI + (C4H;0),P(O)CH,

The ionic tetracovalent nature of phosphorus in salt 30 was confirmed by 3P
NMR studies. (116)

The triphenyl phosphite—methiodide reagent can be used to convert alcoholic
hydroxyl groups into iodides in aliphatic compounds, (116) carbohydrates,
(117, 105-119) and nucleosides. (120-126) Some carbon skeleton
rearrangement is observed with highly hindered compounds: t-amyliodide (6%)
is formed in the preparation of neopentyl iodide from neopentyl alcohol. (127)

It has been reported that a nonrearranged 3-deoxy-3-iodohexose (31) was



obtained from the treatment of diacetone glucose with the triphenyl
phosphite—methiodide reagent, (128) but the report was later questioned, and
structure 32 was proposed for the product (Eq. 32). (105) However, neither of
these references gives experimental conditions, and it now seems likely that
structure 31 is correct in light of a recent report of the preparation of
1,2:5,6-di-O-isopropylidene-3-iodoallose. (103)

o
><DD

0
><D O ID)(’

OH (C4H,0),P* CHy/1- M

Dﬁr G:*o
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A structural rearrangement also occurs to some extent with a
2,3-isopropylidene rhamnoside. (119, 129)

Koo 0 NN N NN N

(CHy O3, P CH,/1 -

O><D O XD DXD

(32)

AlN[< NS

Steroidal neopentylic alcohols undergo rearrangement followed by an
elimination reaction. (130) Allylic and propargylic alcohols give products that
result from Sy2' reactions, but products that arise from secondary
rearrangements may also occur. (116)

HC=CCHOHR

ICH=C=CHR



The 5'-hydroxyl group of nucleosides is substituted in high yield, and the
reaction can exhibit primary/secondary selectivity. (120)

O

O
N Hw)j,
DA\ N (C4H40),P ' CH, /1~ )\
O,

25°/DMF . 0 N
10 min S O

HO

OH OH
(63 %)

Substitution of 2'- or 3'-hydroxyl groups proceeds with retention of
configuration because of participation by the heterocyclic nucleus. (120)

O O
HNJ.k HN
EIEIEIEIEIEIDDDDIJDIJJDQQQQpDD{I;}DiIﬂ]DDDDDDDDEIEIEIEIEIEIEIEIEIEII

0" °N 25DMF
HO— 0O 12 e I O

°° O0000000LA000000

The participating intermediate (33) can be isolated in some reactions.

O O
HN N
T e
(T H,0),P* CHy/l O ~N

D N 257 Pyridine i

HO (43%)



Reactions with vicinal glycols form phosphorane intermediates (34, 35) that
yield a mixture of phosphonates (36, 37). (121)

ROCH, i ROCH,— 0"

(CgH,0) P CH, ™

HO OH HO O
CH31!"*{DC5H,]2
ROCH, E
Q0
CHSI;I(DCEHS]E
ROCH, (ﬁ”’ ROCH,— o_Vr
DDDDDDDDDDDDDDEDDDDD I_J)DElElljDDDD fEDDDDDDDDDDl
CH_-,II’(D]DH CHJIL{(}}DH

r = Uridyl

OOO000000000o0Onc

Whereas primary alcohols undergo replacement by iodide with triphenyl
phosphite—methiodide, secondary alcohols are selectively dehydrated by this
reagent in hexamethylphosphortriamide at 75°. (131) Tertiary alcohols are
unaffected under these conditions.

A modification of the triphenyl phosphite—methiodide reagent involves the use
of methyl trifluoromethanesulfonate (triflate) in place of methyl iodide, thus
producing a nonnucleophilic anion instead of iodide. (132)

{CEHSD]3P + CF;SG;CHg, T (C5H50)3P+CH3, CF:}S{);

Reaction of this reagent with aliphatic alcohols gives symmetrical dialkyl ethers,
whereas with sodium alcoholates, alkyl phenyl ethers are formed.

Reaction of benzyl chloride with triphenyl phosphite gives a reagent that can
be used to form chlorides from alcohols. (115, 133)
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3.3. Reagents Formed from Halogens and Triphenylphosphine or
Triphenyl Phosphite

Only a few studies report the use of the triphenyl phosphite—halogen reagent
for the preparation of halides. (134-136) The reagent has two disadvantages: it
gives phenol as a by-product and usually produces mixtures of phosphorus
species. (137, 138)

Triphenylphosphine—halogen adducts have the advantage of containing only
two replaceable groups, (139) and are useful and versatile reagents for
converting alcohols into halides. (140) Their reaction with alcohols involves the
rapid and irreversible formation of an alkoxyphosphonium salt that
decomposes by a slow Sy2 reaction to form an alkyl halide. (141, 142)

Fast

(CeHs);P*X, X~ + ROH —— HX + (C¢H,);P*OR, X~

Slow

e (CEHE)}}P{} + RK

AIthOUéh acetonitrile or dimethylformamide is recommended as the solvent,
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halomethylene-N,N-dimethyliminium halides 38. (124, 143) These
intermediates can react with alcohols to give

(CﬁH ) pt X - QOCHN(CH
S o o o o e

—— (C¢H;);PO + XCH=N"(CH,),, X~
38

alkoxymethylene-N,N-dimethyliminium halides (39), which can then undergo
either S\2 replacement by halide ion (Eq. 33), especially with primary alcohols,
or hydrolysis during workup to give a formate or to reform the starting material
(Eq. 34).

XCH=N*(CH;),, X~ + ROH —— HX + ROCH=N*(CH,),, X~
38 39

ij Rx + OHCN{CH3]2
ROCH=N"(CH,),, X~ ~ (33)

39



ROCH=N"*(CH,),, X~

H,0
3 T ROCHO + H,N*(CHy),, X~ %

The replacement of alcoholic hydroxyl groups by halogen with the
triphenylphosphine—halogen reagent generally involves inversion of
configuration. No skeletal rearrangement is observed in the preparation of
neopentyl halides from neopentyl alcohol (139) or in the Sy2 reactions of
endo-norbornanol (Eq. 35) and 7-norbornanol.

(Cs Ht]JP Br, Br
Tnglymt (35)

H (622%)

However, a similar reaction of exo-norbornanol appears to involve the
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[Ca shP*Br. B
HO (CeH;)sP*O —— H

i I:II:II:II:II:II:II:II:II:II*_’II:II:II:II:II:II:IEr 0229

L — /Pvﬂyfb

(9%) m (19%)
racemic

Likewise, little rearrangement is observed in the halogenation of
3-methyl-2-butanol. (144)

(CH,),CHCHOHCH,

(CHIPTBBC,  (CH4),CHCHBrCH, + (CH,),CBrCH,CH,
(438%) (1.4%2)



Greater amounts of rearranged product are found in the same reaction with
other reagents: (CeHs)sP'CN , Br(3%), (CeHsO)sP Br, Br(55.6%), and
(C5H5)3P+CBI’3, BI'_(6—100/0).

The triphenylphosphine—halogen reagent has been used less than other
phosphorus reagents for the halogenation of nucleosides. (124, 145)

The triphenylphosphine—iodine reagent is less active than triphenyl
phosphite—methiodide for the conversion of 5¢-O-p-nitrobenzoylthymidine to
3'-desoxy-3'-iodo-5'-O-p-nitrobenzoylthymidine. (122)

Aryl halides are formed at temperatures up to 300°. (135, 146)

B -Diketones react as 3 -hydroxy enones to give  -halo- a , B -enones. (147)

0 0O
Iﬁl\ (CoHshP*1, 1 Iﬁ\
OH |

(727,
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The selective halogenation of unsymmetrical diols can be achieved by
conducting the reaction in dimethylformamide. (148) At temperatures below 0°

e MRS

OH 0,CH

(CyHy )P~ Br, Br~
-5
OH Br
(7874)

Replacement of hydroxyl by bromine in a steroidal glycol is accompanied by
Vilsmeier-type formylation of the dehydrated intermediate. (149)



HO
OH

'\-\ DHC\E;j,\
{CoMy 1P Br, Br- ]: i l "
BO°/DMF

Br

Dehydration of tertiary benzocyclobutanols proceeds with higher selectivity
(Eqg. 36) than the dehydration with p-toluenesulfonic acid (Eq. 37). (150)

CH,
= =
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HO y °

(90%)
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HO GHe
~ ]
N ~ TsOH CH, H
LHE EQH:}E Z s Z OTs (37)
L1 J+ |
T .
CHJ (569:)
(365 1:1)

2-N-Alkylaminoalcohols are converted to N-alkylaziridines in good yield, with



minor amounts of N,N-dialkylpiperazines as by-products. (151) Only
piperazines are formed when R is hydrogen.

|
_ R _N_ _R’
R'ICHOHCHR" -CHf™ebr, R FHR I I
rlmk P|~I R’ I‘rJ R’
R R

It has been shown recently that addition of imidazole to
triphenylphosphine—iodine gives improved results in the conversion of alcohols
to iodides, particularly with highly hindered secondary alcohols. (103) For
example, substitution without isopropylidene rearrangement (120, 121) occurs
with the hydroxyl group of diacetone glucose. The use of triiodoimidazole and
triphenylphosphine appears even more advantageous. The reason for the
beneficial effect of an imidazole in this reaction has not been established.
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An immobilized form of the triphenylphosphine—chlorine reagent has been
prepared by treatment of cross-linked, chloromethylated or brominated
polystyrene beads with lithium diphenyl phosphide, oxidation with peracetic
acid, and reaction with phosgene. (152) This reagent converts benzyl alcohol
into benzyl chloride in 88% vyield, and can be regenerated after use by
retreatment with phosgene.



3.4. The Triphenylphosphine-Carbon Tetrachloride and Related
Reagents

The triphenylphosphine—carbon tetrachloride system has been used
extensively for the transformation of alcohols into chlorides. Variations in the
final stage of the reaction to substitute other nucleophiles have not been
common, and in this respect the system appears less versatile than the
triphenylphosphine—diethyl azodicarboxylate or the
tris(dimethylamino)phosphine—carbon tetrachloride systems.

3.4.1.1. Synthesis of Halides

Halides have been synthesized from a wide variety of primary and secondary
alcohols. With secondary or hindered alcohols inversion of configuration is
often predominant or total. (153) However, the course of the reaction is
dependent on the nature of both the substrate and the halide ion, and the
reaction can produce partially racemized or rearranged products.

Carbon tetrachloride has been used most frequently as the solvent, but it is
often not the most effective solvent for achieving a rapid, high-yield, selective
reaction. Acetonitrile is an effective solvent, usually leading to rapid formation
of the phosphonium salt intermediate. (27, 154, 155)
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preparation of halodeoxy sugars. (156) Twice the normal quantity of
triphenylphosphine must be used to obtain high yields, indicating that the
reaction proceeds by the ylid route (Egs. 14 and 15). Primary hydroxyl groups
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Dimethylformamide has been used as the solvent for most reactions of
nucleosides. (124)
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It is necessary to use pyridine as the solvent when triphenylphosphine—carbon
tetraiodide is the reagent. (143)
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Selective replacement of primary hydroxyl groups is observed in pyridine.

(156)
O O
HN)K/” HN ]
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HO Frtidine Cl— O
HO OH HO OH
(929%)

Somewhat lower yields are obtained with hexamethylphosphortriamide (HMPA)
as the solvent. (157)
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Trimethyl phosphate (TMP) can also be used as the solvent. (145, 158)
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Polystyryl-diphenylphosphine can be used as a polymer-supported

replacement for triphenylphosphine. (159, 160) This reagent avoids the
someumestellolt ipafatp dif Heclbrlbdlul el rdiphosshine
oxide and other phosphorus-containing by-products, and gives higher reaction
rates than those obtained with triphenylphosphine. (161)

Hexachloroacetone can be used instead of carbon tetrachloride to avoid
contamination of lighter allylic chlorides with chloroform and carbon
tetrachloride. (30, 162) The reaction products can be removed by distillation as
they are formed, thereby avoiding the isomerization that can occur if they
remain in the reaction mixture.

_~~_-CH (CoHs 1P A~ Cl\/ka/

Hexachloroacetone

(92%2) (2%)

The reaction products are nevertheless contaminated with a minute quantity of
chloroform, formed by an unknown mechanism.



Carbon tetraiodide can be replaced by 2,4,5-triiodoimidazole, with a slight
improvement in yield. (103) Use of this reagent in substituting the 3-hydroxyl
group of diacetone glucose gives inversion without skeletal rearrangement.
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(78%)

Use of this reagent with vicinal diols gives eliminative deoxygenation, (163) in
contrast with the substitution observed with triphenylphosphine—carbon
tetrabromide. (156)
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triphenylphosphine—carbon tetrabromide—alcohol reaction in the presence of
lithium azide. (164-168)
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HO O ) N,
HO OH HO OH

(92%)

Dimethylformamide must be used as the solvent, rather than pyridine or



hexamethylphosphortriamide. Triphenyl phosphite—methiodide and
triphenylphosphine—diethyl azodicarboxylate are much less effective than
triphenylphosphine—carbon tetrachloride.

Reaction of the 2-aminoalcohol 41 with the carbon tetrachloride reagent in the
presence of triethylamine effects cyclization to the aziridine 42, (169) and
similar aziridine syntheses have been carried out. (170, 171) The same
reagent converts the 4-aminoalcohol 43 into octahydroindolizine (44). (172)
Ring closure of 5-aminoalcohols to piperidines can be effected, (173) as can
the analogous cyclization of 1,5-diols. (174)
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Alcohols can be converted directly to nitriles by reaction with
triphenylphosphine—carbon tetrachloride in the presence of sodium or
potassium cyanide and dimethyl sulfoxide. (153, 175)

(CH,),PTCCL, €
MNaCMN/Mec 50

CH;(CH,),OH CH,(CH,),CN

(85%0)

Reaction of triphenylphosphine—carbon tetrachloride with secondary alcohols
in excess carbon tetrachloride generally leads to formation of chlorides;
however, with acetonitrile as the solvent dehydration of the alcohol is
frequently the principal reaction. (176, 177) The latter reaction can be a useful
method for preparing olefins.
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3.5. The Triphenylphosphine—N-Halosuccinimide Reagent

The triphenylphosphine—N-halosuccinimide reagent is used principally for
replacement of primary hydroxyl groups, with good primary/secondary
selectivity. The reaction is generally carried out in dimethylformamide, and the
oxidant can be N-bromo-(NBS), N-chloro-, or N-iodosuccinimide. The reagent
is useful in the preparation of halides from tetrahydrofurfuryl alcohol (178) and
from carbohydrates and nucleosides. (179-184) An example of the reaction is
shown in Eqg. 38. (180) It is possible to achieve some selectivity in replacing
only one of two primary hydroxyl groups by using a 2:1 ratio of reagent to
substrate (Eq. 39). (183) A large excess is needed to achieve the
disubstitution.

HO Br
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OH OH

{37 o)
{+ 18%; 6,6'-Dibromohexaacetate)

There is one report of the replacement of the 3-hydroxy group in a steroid with
inversion of configuration (Eq. 40), (185) but generally mixtures of a and 3
isomers are obtained. Use of triphenyl phosphite and N-haloacetamides gives
similar results. (185)
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The one-step conversion of alcohols to azides does not occur with this reagent
because the azide ion reacts with the phosphorus intermediate, attacking the
phosphorus and deactivating the hydroxyl group. However, the conversion can
be accomplished by carrying out the reaction in two steps without isolating the
intermediate bromide. (184) This technique provides a route to aminoglycoside
antibiotics; thus only the primary hydroxyl group of
penta(benzyloxycarbonyl)neomycin can be replaced by an azido group in 73%

yield.
ZNH NHZ
0O NHZ
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3.6. The Tris(dimethylamino)phosphine—Carbon Tetrachloride Reagent
Tris(dimethylamino)phosphine reacts with carbon tetrachloride to give a
trichloromethylphosphonium salt. (186) In the presence of an alcohol, alkyl
chlorides are formed above 0°. When the reaction is carried out at —78°, an
insoluble alkoxyphosphonium chloride is formed, which can be converted into
a stable alkoxyphosphonium hexafluorophosphate by treatment with aqueous
ammonium hexafluorophosphate. (187) The stability of the
alkoxyphosphonium chloride is very solvent dependent, and is enhanced by
polar solvents; the salts are completely stable in water. (188) The chloride ion
can be replaced by stronger nucleophiles such as iodide, phenylthio, cyanide,
thiocyanide, or azide, and even with a weaker nucleophile such as an amine, if



the oxyphosphonium salt is isolated with a non-nucleophilic anion such as
perchlorate or hexafluorophosphate. (189)

Alkoxy(trisdimethylamino)phosphonium salts are versatile reagents that can
undergo substitution reactions with a variety of nucleophiles. Although a
two-step reaction is required, it is characterized by high yields, good selectivity,
and easy workup owing to the water solubility of the by-products,
hexamethylphosphoramide and hexafluorophosphates.

The preparation of the salt is usually performed in the temperature range —20°
to —45°. A dilute solution of the aminophosphine is prepared in a solvent such
as tetrahydrofuran, dichloromethane, pyridine, aceto nitrile, or
dimethylformamide. This solution is added very slowly, e.g., using a
motor-driven syringe, to a solution of the alcohol and carbon tetrachloride in
the same solvent. A slight molar excess of carbon tetrachloride relative to
alcohol is used.

The reaction is generally complete at the end of the addition; however, if
alcohol can be detected by TLC, additional tris(dimethylamino)phosphine can
be added. The reaction mixture is then poured into water, and solvents and
OO00O0000aAsE R EET TR A RO ERORNEEHR 00000001
Addition of potassium hexafluorophosphate usually precipitates the salt; if the
salt is water-soluble it can be extracted with dichloromethane.

Some mono-oxyphosphonium salts of polyols are not extractable because of

the remaini ot qetp ' t¢ anhydride
and pyridinmmﬁ . HHJ l “ mﬂﬂﬂﬁﬁlm This

technique is generally used with carbohydrates. (191)

Extraction with dichloromethane is feasible only with salts of large,
hydrophobic anions such as perchlorate, hexafluorophosphate, iodide, azide,
and thiocyanate; salts involving bromide and cyanide are borderline, and salts
of chloride and fluoride are not extractable. (192) This characteristic permits
the use of phase-transfer systems, in which the organic phase “catalyzes” the
reaction. For example, a water solution of sodium azide and an
alkoxy(trisdimethylamino)phosphonium chloride does not react at 60°; addition
of chloroform extracts the alkoxyphosphonium azide into the organic phase,
where nucleophilic substitution occurs. (188)

CH,Cl

C¢HsCH,OP*[N(CH3),]5, CI” + NaN; ——= CeH;CH;,N;



Alternatively, the oxyphosphonium azide can first be extracted with
dichloromethane, isolated, and suspended in boiling benzene; complete
solution signals completion of the reaction.

CH3‘>C0P+[N(CH3}213- L TR CH‘}CNE

Reflux

CH, Cl CH, Cl
(75%)

More often, the isolated hexafluorophosphate is reacted with the nucleophile in
dimethylformamide at 80-110°. This procedure permits the selective
monoalkylation of primary amines (Eq. 41) (189) or the formation of azides
from alcohols (Eq. 42). (40)

HOCH,CH,NH, + C¢HsCH,OP*[N(CH,),];, PF;

DMF

—w— CsHsCH,NHCH,CH,OH (41)
(80%)
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OP*[N(CH3;),13, PFg

CH, CH(CHy),
N, (42)
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A similar technique can be used to prepare halides, using tetrabutylammonium
halides as the source of halide ion. (193)

CH, Cl CH; Cl
{ + (C4Hg)yN'I~ — >C
CH, OP '[N(CH,),]a, PF¢ CH |

3
(T1%)

Carbon — sulfur bonds can be formed by using triethylammonium thioacetate
(190) or ammonium thiocyanate (188) as the nucleophile. Aryl thioethers are
prepared by using triethylammonium (190) or potassium (194) aryl thiolates.



Nitriles are prepared by reaction of the oxyphosphonium salt with potassium
cyanide. Reductive cleavage of the oxyphosphonium salt with lithium in liquid
ammonia results in replacement of oxygen by hydrogen. (192)

CH, OP*[N(CH3)1s, PFs
CH{ OH (80%)

If an electronegative substituent is present in the 8 position to the salt group,
reductive cleavage may be accompanied by elimination. (195)
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This reaction probably involves the intermediate glycosyl chloride formed on
warming to 0°. Reductive cleavage of oxyphosphonium salts can be effected in
high yield with lithium triethyl borohydride. (196)

+ CH,
PF,,[(CH,;),N],PTO 5 5
LiBH{C ;Ha by
05(0 —TaF CP.(O
HO OCH, HOV—0OCH;,
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3.6.1.1. Activation of the Anomeric Position of Carbohydrates

The behavior of oxyphosphonium salts of anomeric hydroxyl groups of
carbohydrates depends largely on the structure of the carbohydrate.
2,3,4,6-Tetra-O-acetylglucose gives two anomeric salts, both stable at —40°.
The a -cis isomer can be isolated as a hexafluorophosphate in 55% yield; the 3
-trans isomer is readily hydrolyzed to the starting materials.



2,3,4,6-Tetra-O-acetylmannose gives only one salt, with the a -trans
configuration. This salt is stable only below —20°, and is converted into the
chloride at higher temperatures. Similar behavior is observed with salts of
carbohydrates with isopropylidene blocking groups: diacetone mannose,
diacetone allose, and 5-O-trityl-2,3-O-isopropylideneribose. Whereas
2,3,4,6-tetra-O-benzylmannose gives a salt in the alpha configuration that is
stable up to —20°, 2,3,4,6-tetra-O-benzylglucose gives the glycosyl chloride
directly even at —100°; the existence of an oxyphosphonium salt could not be
established by *'P NMR. (197) The following oxyphosphonium salts of
carbohydrates have been detected in solution below —20°:
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In the presence of an aglycone the formation of glycosides requires
precipitation of the chloride ion with a silver salt, such as silver tosylate (198)
or silver hexafluorophosphate. (38) With the former reagent a reactive tosyl
glycoside is formed. Glycosidation generally proceeds through an Sy1 process;
although the stereoselectivity is poor with the lighter alcohols, it is better with
hindered aglycones. (199)
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Use of a tertiary base such as triethylamine can suppress the reaction; the
following reaction does not proceed in the presence of triethylamine. (199)
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Arylthioglycosylation can be effected in high yield directly from the
oxyphosphonium chloride and an arylthiotriethylammonium salt. The reaction
occurs with complete inversion of configuration, and can be used to determine
the anomeric configuration of an oxyphosphonium salt. (199)

o O
O
(C:H4 )N
2 + CoHSH x 5

OP*[N(CH;),1s, CI” o
(65%5)

O SCeHj

Glycosyl azides are readily obtained, generally with inversion of configuration,



by reaction of an azide anion with an oxyphosphonium chloride (Eg. 44). The
azide ion is conveniently introduced as a soluble, crystalline, non-hygroscopic
aryloxyphosphonium salt (45) (Eq. 43). This aryloxyphosphonium cation is
completely unreactive, but provides a much more easily handled form of
soluble azide than does tetrabutylammonium azide. (200) Glycosyl azides are
easily converted into 1,2,3-triazolonucleosides.

OH OP*[N(CH,),],, Cl-
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3.6.1.2. Selectivity

The formation of alkoxy(trisdimethylamino)phosphonium salts is very selective
for primary over secondary alcohols. This effect can be used in selective salt
formation from carbohydrates. (201)
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This technique has been used to synthesize Cord-Factor, an immunostimulant.

(202)
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R = —Si(CH;);



Biprimary alcohols, such as 1,3-glycols, can be activated selectively at only
R,

OH R, —OP*[N(CH,),];,CI
P[N{CH,);],
X e, Y
R; OH R; OH

one of the two hydroxyl groups. These oxyphosphonium salts of 1,3-glycols
are easily cyclized into oxetanes. (203)

CgHs OH CeHs

X B
CH3 \—OP*[N(CH,),1s, CI CHy

(70%%)

Treatment of 1,2-glycols with hexamethylphosphoramide—carbon tetrachloride
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1,2-O-Isopropylideneglucofuranose is converted into an amidophosphite by
nucleophilic substitution of the phosphorane intermediate. (205)
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H
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Mono salts of w -biprimary glycols can be obtained by using a solvent such as
tetrahydrofuran that is a solvent for the glycol but not for the mono salt. (249)

& PIN(CH 3);1,. CCO, iz
HO(CH,),(0OH —,=2— HO(CH,),,0P*[N(CH,),];. Cl

KPF, " = MaM,
HO(CH;),,OP"[N(CH;);]s, PFg ———— HO(CH,;);(N;

This synthesis provides an excellent route to w -substituted alcohols.
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4. Experimental Procedures

4.1.1.1. 1-(3-Azido-3"-desoxy-2',5"-di-O-trityl- 8 -D-xylofuranosyl)uracil (Use of
Triphenylphosphine—Diethyl Azodicarboxylate—Hydrazoic Acid) (59)

2 ,5 -Di-O-trityluridine (219 mg, 0.3 mmol) and triphenylphosphine (94 mg,
0.36 mmol) were dissolved in 4 mL of anhydrous benzene and mixed with a
0.36 millimoles of hydrazoic acid in benzene solution; diethyl azodicarboxylate
(63 mg, 0.36 mmol) was then added, and the mixture was refluxed for 10
minutes. After evaporation of the solvent, the crude product was
chromatographed on 30 g of Kieselgel and eluted with benzene—ethyl acetate
(4:1). There was obtained 196 mg (87%) of
1-(3'-azido-3'-desoxy-2',5'-di-O-trityl- 3 -D-xylofuranosyl)uracil. After solution in
ether and precipitation with cyclohexane the compound had mp 136-139°; IR:
3370 (NH), 2115 ( N3), 1720, 1695 (CO) cm™; NMR (100 MHz) & : 2.60 (d,

3 H),3.12(dd,5 bH),3.52(dd,5 aH),4.01(d,2 H),4.10(ddd,4 H),
5.60 (dd, 5 H of uracil), 6.46 (d, 1 H), 7.30 (m, aromatic H), 9.32 (s, b, NH)
ppm.

4.1.1.2. Methyl 3 B -Formyloxy-12 a -hydroxycholanate (Use of

noooooook e e Tt A e noooooon)

10 mmol), and formic acid (0.46 g, 10 mmol) in dry tetrahydrofuran was stirred
at room temperature. There was added dropwise a solution of 1.74 g (10 mmol)
of diethyl azodicarboxylate in 10 mL of tetrahydrofuran. Removal of the
tetrahydrofuran under reduced pressure afforded a syruplike product that was
ervomatoofrlfed oAbt Jpubir i 14 Hflfadfolf b each)
obtained with benzene—hexane (6:4) as the eluant gave 2.1 g (97%) of methyl
3 B -formyloxy-12 a -hydroxycholanate, mp 160-161°.

4.1.1.3. Triphenoxyphosphonium Methiodide (120)

Triphenyl phosphite (52 mL, 0.2 mol) and methyl iodide (16 mL, 0.26 mol)
were mixed in a 250-mL flask fitted with a very efficient 3-ft condenser and a
thermometer well. The flask was placed in a 90° oil bath, and the temperature
was slowly raised to 125° over 8 hours while the pot temperature rose slowly
from 70° to 85° and then rapidly to 115°. This temperature was maintained for
12-14 hours and, on cooling and seeding, the mixture crystallized to a solid
brown mass. Dry ether (100 mL) was added, the product was broken up with a
spatula, and the resulting crystalline material was then washed repeatedly with
fresh, dry ethyl acetate until the washings were only light-colored. The amber
crystals were dried and stored in vacuo, giving 80 g (90%) of product suitable
for direct use; NMR (rigorously dry CDCIs) 6 : 3.11 (d, 3H, Jp 4 = 16.5 Hz,
PCHgs), 7.45 (m, 15H, aromatic) ppm. If the sample is not prepared in a drybox,
appreciable amounts of diphenyl methyl phosphonate are formed, as indicated



by a doublet (Jp 4 = 18 Hz) at & 1.84 ppm. The reagent should always be
weighed and handled in a drybox under a nitrogen atmosphere.

4.1.1.4. 3 a -lodocholestane (Use of Triphenoxyphosphonium Methiodide)
(120)

Cholestanol (0.78 g, 2.0 mmol) and triphenoxyphosphonium methiodide

(1.81 g, 4.0 mmol) were dissolved in anhydrous dimethylformamide (10 mL),
and the solution was stored for 2 hours at 25°. After addition of methanol

(2 mL), the mixture was diluted with chloroform and extracted with dilute
aqueous sodium thiosulfate followed by water. After drying ( Na;SO.), the
solvent was evaporated and the residue was chromatographed on a column of
silicic acid with hexane. The product from the major peak was evaporated to
give 640 mg of 3 a -iodocholestane. Crystallization from acetone gave 562 mg

23 o
(57%) of pure product, mp 112-113°; [a]p +36.9% NMR (CDCl3) 8 : 0.65 (s,

3H, C18H3), 0.79 (S, 3H, C19H3), 0.86 (d, 6H, J=6 HZ, CzeH3 and C27H3), 0.90
(d, 3H, J = 6 Hz, C1H3), 4.95 (m, 1H, C3H) ppm.

4.1.1.5. 3-Bromo-2-cyclohexen-1-one (Use of Triphenylphosphine—Bromine)
(147)

o o oo T 5 o 0 o o ]

was added dropwise 2.2 mL of a 1.0 M solution of bromine in benzene. To the
resulting suspension was added triethylamine (220 mg, 2.2 mmol, freshly
distilled from lithium aluminum hydride) and 1,3-cyclohexanedione (224 mg,
2.0 mmol); stirring was continued at room temperature for 3 hours. The mixture
was filtered thpullh f{sHértldoll @ Eﬁmas eluted
with ether. Concentration of the eluant, followed by distillation (air-bath
temperature 95-105°) of the residual material under reduced pressure

(11 mm), gave 342 mg (97%) of 3-bromo-2-cyclohexen-1-one as a clear,
colorless oil; IR: 1682, 1605 cm™; NMR & : 1.80-3.00 (m, 6H), 6.50 (m, 1H)

ppm.

4.1.1.6. (S)-(-)-5-(Chloromethyl)-2-pyrrolidinone (Use of
Triphenylphosphine—Carbon Tetrachloride) (206)

A solution of triphenylphosphine (6.75 g, 25.7 mmol) in 25 mL of dry carbon
tetrachloride was added by syringe to a solution of 1.94 g (16.7 mmol) of
(S)-(+)-5-(hydroxymethyl)-2-pyrrolidinone in 15 mL of dry chloroform. After 5
minutes the solution became cloudy. The mixture was then heated at 55° for 6
hours, cooled to room temperature, and the solvent was evaporated. The
residue was extracted with benzene in a Soxhlet extractor for 15 hours. After
cooling to room temperature, the benzene solution was filtered and
concentrated. The resulting residue was triturated three times with 45 mL of
distilled water. The combined aqueous extract was filtered through Celite, and
the filtrate was concentrated to give 2.39 g of a semisolid. This yellow residue



was vacuum-distilled to give 1.91 g (86%) of a colorless oil that crystallized to
a white solid on cooling in ice, bp 106.5-107° (0.15 mm); mp 53-55°;

20 -
[a]p =18°¢ 2.5, ethanol); NMR ( CDCls) & : 2.2 (m, 4H), 3.5 (d, 2H, J = 5 Hz),

4.0 (m, 1H), 7.5 (br, 1H) ppm; IR (Nujol): 3200 (br), 1690 (s), 1282 (m), 765
(br), 645 (s) cm™. Anal. Calcd. for CsHgCINO : C, 44.96; H, 6.04; N, 10.49.
Found: C, 45.35; H, 6.24; N, 10.36.

4.1.1.7. Methyl 6-Chloro-6-desoxy- a -D-glucopyranoside (Use of
Triphenylphosphine—Carbon Tetrachloride in Pyridine) (156)

Methyl a -D-glucopyranoside (1 g, 5 mmol) was dissolved in 10 mL of pyridine,
and the solution was cooled to 0°. There was added 2.75 g (10.5 mmol) of
triphenylphosphine followed by 0.8 g (5.2 mmol) of carbon tetrachloride. The
mixture was protected from moisture, heated with stirring to 65° for 12 minutes,
and cooled slightly; 10 mL of methanol was added to decompose any excess
reagent. The solvent was evaporated, and the residue was chromatographed
on silica gel with chloroform—methanol (20:1). Noncarbohydrate materials
were removed by elution with chloroform, and further elution with
chloroform—methanol (20:1) gave 1.07 g (98%) of methyl 6-chloro-6-desoxy- a
-D-glucopyranoside. Crystallization from chloroform—hexane gave product, mp
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4.1.1.8. 3-Chloro-2,2-dimethylpropanol [Use of
Tris(dimethylamino)phosphine—Carbon Tetrachloride] (192, 193)

To a well-stirred solution of 2,2-dimethylpropane-1,3-diol (5.20 g, 50 mmol)
and 5 mL (E@ 1 1o [y Hf thrghydrofuran
at —30° there was added slowly a solution of 8.15 g (50 mmol) of
tris(dimethylamino)phosphine in 15 mL of tetrahydrofuran. (Too rapid an
addition caused the mixture to darken.) The mixture was allowed to come to
room temperature and was stirred for 2 hours. Evaporation of the solvent gave
crystalline (3-hydroxy-2,2-dimethyl)propoxytris(dimethylamino)-phosphonium
chloride (14.7 g, 98%); after crystallization from methanol—ether, mp 61°d.

The salt was dissolved in 80 mL of dimethylformamide and heated at 90-100°
for 6 hours. The reaction mixture was poured into 150 mL of water and
extracted with ethyl acetate, the organic phase was washed with dilute
hydrochloric acid, and the solvent was evaporated. Distillation gave 5.2 g (85%)

of 3-chloro-2,2-dimethylpropanol, bp 67° (19 mm); mp 30°; "'121"1.448; IR (film):
720 (C — CI), 3350 (OH) cm™; NMR ( CCly) 8 : 0.97 (s, CHz3), 3.38 (s, CH,Cl),
3.4 (s, CH,O ) ppm.

4.1.1.9. N-(2,3:5,6-Di-O-isopropylidene- 8 -D-mannofuranosyl)phthalimide
(Use of Triphenylphosphine—Diethyl Azodicarboxylate—Phthalimide) (51)



To a solution of 2,3:5,6-di-O-isopropylidene-D-mannofuranose (260 mg,

1 mmol), phthalimide (147 mg, 1 mmol), and triphenylphosphine (262 mg,

1 mmol) in 5 mL of tetrahydrofuran was added 190 mg (1.1 mmol) of diethyl
azodicarboxylate. A slight exothermic reaction was observed. The reaction
mixture was left at room temperature for 24 hours and then evaporated to
dryness under reduced pressure. The residue was fractionated on a silica gel
column, using benzene—diethyl ether (9:1). There was obtained 98 mg (25%)
of N-(2,3:5,6-di-O-isopropylidene- 8 -D-mannofuranosyl)phthalimide, mp
133-134°[a], + 37° IR ( KBr): 1790, 1730, 1620, 725 cm™;*H NMR & : 7.88
(phthalimide H), 5.82 (d, J = 3.7 Hz, 1H) ppm. Anal. Calcd. for Co0H23NO7: C,
61.7; H, 6.0; N, 3.6. Found: C, 61.5; H, 6.0; N, 3.6.

There was also obtained 19 mg (5%) of the a isomer, mp 125°% [a ]p + 19°%; IR

( KBr): 1780, 1720 (phthalimide C = 0), 1610, 725 cm™; *"H NMR & : 7.90 (m,
4 aromatic H), 5.96 (s, 1H) ppm. Anal. Calcd. for C,0H»3NO7: C, 61.7; H, 6.0; N,
3.6. Found: C, 61.8; H, 5.9; N, 3.5.

4.1.1.10. 2-Phthalimidoacrylic Acid (Use of Triphenylphosphine—Diethyl
Azodicarboxylate to Dehydrate an Alcohol) (100)
To a solution of 0.91 g (4.1 mmol) of (S)-3-hydroxy-2-phthalimidopropionic
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solution was stirred for 4 hours. The solvent was removed under reduced
pressure, the oily residue was dissolved in benzene, and the precipitated
N,N-diethoxycarbonylhydrazine was removed by filtration. The filtrate was
chromatogr, ifd [ i ulting

2 vt ba A AT e 150,
There was obtained 0.61 g (65%) of a solid, mp 111-112°; *"H NMR ( CDCls) & :
3.7 (OCHs3), 5.9, 6.6 (vinyl H), 7.7 (phthalimido H) ppm.

4.1.1.11. 3 a -Cyanocholestane (Use of Triphenylphosphine—Diethyl
Azodicarboxylate to Replace an Alcoholic Hydroxyl Group with Cyano) (11)

To a stirred solution of 3 B -cholestanol (390 mg, 1 mmol) and
triphenylphosphine (288 mg, 1.1 mmol) in 5 mL of dry benzene was added at
room temperature a solution of hydrogen cyanide (30 mg, 1.1 mmol) in 2 mL of
dry benzene and then a solution of diethyl azodicarboxylate (191 mg,

1.1 mmol) in 2 mL of dry benzene. The reaction mixture warmed slightly, and a
precipitate appeared. After 1 hour the benzene was removed by distillation
under reduced pressure, and the residue was chromatographed on a Kieselgel
column with benzene—petroleum ether (1:1). The two principal fractions were 3
a-cyanocholestane (25%) and ethyl 3 B -cholestanyl carbonate (25%). These
compounds were separated by preparative liquid chromatography using
petroleum ether—ethyl acetate (9:1), and the 3 a -cyanocholestane was

recrystallized from diethyl ether—ethanol, mp 165-170°; [@l5’ 20.8%(c 19,



CHCIl3); IR (CN): 2210 cm™t. Anal. Calcd. for CogH7N : C, 84.56; H, 11.91; N,
3.52. Found: C, 84.66; H, 11.58; N, 3.4.

4.1.1.12. Methyl 6-Desoxy-2,3-O-benzyl- a -D-glucopyranoside [Use of
Tris(dimethylamino)phosphine—Carbon Tetrachloride] (196)

A solution of tris(dimethylamino)phosphine (0.66 g, 4 mmol) in tetrahydrofuran
was added dropwise to a cold (—45°), stirred solution of methyl
2,3-di-O-benzyl- a -D-glucopyranoside (1.125 g, 3 mmol) and carbon
tetrachloride (0.912 g, 6 mmol) in 10 mL of tetrahydrofuran. The reaction was
monitored by TLC, using silica gel and 1:4 methanol-ethyl acetate as eluant.
When the reaction was complete, a 1 M solution (12 mL, 12 mmol) of lithium
triethylborohydride in tetrahydrofuran was added, and the mixture refluxed
under an inert atmosphere for 3 hours, then allowed to cool. Excess hydride
was destroyed by the addition of 0.5 mL of water. The mixture was filtered, the
solvent removed under reduced pressure, and the gummy product
chromatographed on a silica gel column using diethyl ether—petroleum ether
(25:75) as eluant. The product was dissolved in 50 mL of diethyl ether, and the
solution was washed with 1 N hydrochloric acid (3 x 2 mL), 1 N aqueous
sodium hydroxide (3 x 2 mL), and water to neutrality. The solution was dried
over magnesium sulfate and filtered, and the solvent removed under reduced
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(0.968 g, 90%), ™5 1.5330; lalfy +33.4%(c 5.3%, CCly).

4.1.1.13. 2,3:5,6-Di-O-isopropylidene- 8 -D-mannofuranosy! Azide [Use of

Tris(dimethylamino)phosphine—Carbon Tetrachloride] (200

A solution Els yipheHol |13 E,bﬁ@@e chloride
(500 mL) containing carbon tetrachloride (20 g, 0.13 mol) was cooled to —40°
under an inert atmosphere. The mixture was stirred while a solution of
tris(dimethylamino)-phosphine (19.56 g, 0.12 mol) in 20 mL of dry methylene
chloride was added dropwise over 3 hours. The mixture was allowed to warm
to room temperature, and a solution of 21 g (0.32 mol) of sodium azide in

20 mL of water was added with stirring. The organic layer was separated, dried
over magnesium sulfate, and evaporated under reduced pressure to give a
yellow syrup. The syrup was dissolved in 70 mL of water and washed with
diethyl ether (3 x 100 mL) to remove excess tris(dimethylamino)phosphine.
The aqueous layer was extracted with methylene chloride (3 x 200 mL), and
the extracts were dried over magnesium sulfate and evaporated to give crude
mesityloxy-tris(dimethylamino)-phosphonium azide. The crude product was
dissolved in 20 mL of acetone and precipitated by addition of dry diethyl ether;
yield, 23.1 g (68%); mp 110-112°; IR (film): 2030 (N3J)em™; *H NMR ( CDCl3)
0:2.29 (s, 9H, 3 CHg), 2.87 (d, 18H, J = 10.33 Hz), 6.90 (s, 2H) ppm.

A solution of 2,3:5,6-di-O-isopropylidene-D-mannofuranose (260 mg, 1 mmol)
in 15 mL of dry methylene chloride containing carbon tetrachloride (308 mg,



2 mmol) was cooled to —40° under an inert atmosphere. The mixture was
stirred while a solution of tris(dimethylamino)phosphine (200 mg, 1.23 mmol)
in dry methylene chloride was added dropwise over 1 hour.
Mesityloxy-tris(dimethylamino)phosphonium azide (680 mg, 2 mmol) was
added to the cold solution, and the mixture was stirred at —10° for 3 hours. The
solvent was evaporated, and the glycosyl azide was dissolved in 200 mL of
hexane, washed with water (3 x 20 mL), dried over magnesium sulfate, and
evaporated. The resulting syrup was chromatographed on silica gel using
diethyl ether—petroleum ether (1:4) as eluant. There was obtained 0.185 g

(65%) of 2,3:5,6-di-O-isopropylidene- 3 -D-mannofuranosyl azide, o] + 27

3.32%, CHCly); IR (film): 2150 cm™ (C — N3); "H NMR ( CDCl3) & : 1.37, 1.44,
1.55 (3 s, 12H), 3.43—4.87 (m, 7H) ppm.

4.1.1.14. trans-2,3-Di-(0-methoxyphenyl)oxirane [Use of
Tris(dimethylamino)phosphine—Carbon Tetrachloride] (204)

To a solution of meso-1,2-di(o-methoxyphenyl)-1,2-ethanediol (2.74 g,
10 mmol) and carbon tetrachloride (3.24 g, 20 mmol) in methylene chloride
cooled to —40° was added tris(dimethylamino)-phosphine (3.26 g, 20 mmol)
dissolved in methylene chloride. After the addition, the solvent was removed

0 o

of the solvent, the residue was crystallized from cyclohexane—ethyl acetate to
obtain 1.5 g (66%) of trans-2,3-di-(0-methoxyphenyl)oxirane, mp 150-152°; *H
NMR ( CDCl3) & : 6.7—7.4 (m, aromatic H), 4.18 (s, CH), 3.78 (s, CHs) ppm.
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5. Tabular Survey

The tables appear in the order in which the various reagent combinations are
discussed in the text. Coverage of the literature extends to April 1981.

The Conditions column includes the temperature, solvent, and reaction time if
provided in the reference; a dash indicates that the conditions were not given.
Yields that were not given in the reference are marked (—) in the Products
column.

Abbreviations used for a few large substituents in the structures of starting
compounds and products are defined in footnotes to the tables. Abbreviations
used in the Conditions column are as follows:

Ac Acetyl

Bz Benzoyl

Bzl Benzyl

DMF Dimethylformamide
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Diethyl ether
HMPA Hexamethylphosphoroustriamide
Methyl carbitol Diethylene glycol monomethyl ether
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Tetrahydrofuran
Trlglyme Triethylene glycol dimethyl ether
Ts p-Toluenesulfonyl

Table I. Replacement of Hydroxyl Groups by Nitrogen Nucleophiles
Using Triphenylphosphine-Diethyl Azodicarboxylate

View PDF




Table Il. Formation of Esters Using Triphenylphosphine-Diethyl
Azodicarboxylate

View PDF

Table lll. Formation of Ethers and Glycosides Using
Triphenylphosphine-Diethyl Azodicarboxylate

View PDF

Table IV. Glycol Cyclizations Using Triphenylphosphine-Diethyl
Diazodicarboxylate
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Phosphite-Methiodide

View PDF

Table VI. Preparation of Alkyl Halides Using Triphenyl
Phosphite-Halogen

View PDF




Table VII. Preparation of Alkyl Halides Using
Triphenylphosphine—Halogen

View PDF

Table VIII. Preparation of Alkyl Halides Using
Triphenylphosphine—Carbon Tetrahalides

View PDF

Table IX. Preparation of Alkyl Halides and Azides Using
Triphenylphosphine-N-Halosuccinimide
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Alkoxy(trisdimethylamino)phosphonium Salts

View PDF

Table XI. Formation of Carbon — Nitrogen Bonds Using
Alkoxy(trisdimethylamino)phosphonium Salts

View PDF




Table XIl. Formation of Ethers and Glycosides Using
Alkoxy(trisdimethylamino)phosphonium Salts

View PDF

Table XIlll. Formation of Carbon — Sulfur Bonds Using
Alkoxy(trisdimethylamino)phosphonium Salts

View PDF

Table XIV. Formation of Carbon —Hydrogen and Carbon —Carbon
Bonds Using Alkoxy(trisdimethylamino)phosphonium Salts
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3-Hydroxy(trisdimethylamino)phosphonium Chlorides

View PDF
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For a review of this reaction see ref. 7.
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