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1. Introduction

Under a variety of basic conditions 2,3-epoxy alcohols rearrange with inversion
at C-2 (Eq. 1). The reaction, originally referred to in the literature as the 8
-oxanol rearrangement, (1) is now exclusively referred to as epoxide migration
(2) or Payne rearrangement. (3, 4)
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Epoxide migration is reversible, often leading to a mixture of epoxy alcohol
isomers. Furthermore, in the presence of hydroxide or other nucleophiles, in
situ opening of the equilibrating species may be observed (Scheme I). When
such opening is desired, epoxide migration becomes a powerful method for the
introductio functionality into a substrate containing a 2,3-epoxy alcohol
moiety. Ho er, when opening is not desired, epoxide migration can become
a significant problem.
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The epoxide migration process lends itself to other synthetically useful
manipulations. For example, the anionic equilibrating species may also be



trapped with electrophiles such as alkyl and silyl halides, alkyl sulfonates, and
epoxides (Scheme l1). Electrophilic trapping may be inter- or intramolecular,
and has been used as a means of delivering functionality to either C-2 or C-3
selectively.
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The intent of this chapter is to provide a comprehensive review of epoxide
migration, including factors influencing the equilibrium position, conditions
leading to in situ epoxide opening, and examples of electrophilic trapping. The
reaction is discussed in relation to its utility as a synthetic method as well as its
prevention as an unwanted side reaction.

Related rearrangements in which either the epoxide or hydroxy oxygen has
been replaced with nitrogen or sulfur have also been studied (Eg. 2). These
reactions, r:EJrred to in the literature as aza-Payne and thia-Payne

rearrange ts, respectively, are comprehensively included in this chapter as
well. For the purposes of this discussion, the term “forward” aza-Payne
rearrangement refers to the direction of reaction leading from oxirane to
aziridine. Similarly, “forward” thia-Payne rearrangement refers to the direction
of reaction leading from oxirane to thiirane. In the case of aza-Payne
rearrangements, both forward and reverse reactions have been effected, and
in this chapter the term “reverse” aza-Payne rearrangement refers to reactions
leading from aziridine to oxirane.
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Epoxides have long been considered important in the chemistry of
carbohydrates, and epoxide migration in the context of carbohydrate chemistry
has been discussed in several reviews. (5-14) In addition, particularly since
discovery of the catalytic asymmetric epoxidation of allylic alcohols (15) and
the rise in importance of enantiomerically enriched acyclic epoxy alcohols,
epoxide migration with in situ opening in acyclic systems has been much
studied. A recent chapter of Organic Reactions discusses epoxide migration
with in situ opening in the context of asymmetric epoxidation. (16) Two reviews
of the stereoselectivity and regioselectivity observed for the opening of
selected agyc]ic epoxy alcohols derived from asymmetric epoxidation are also
available. ﬂl?) Reviews relating specifically to aza-Payne rearrangements
(18-20) and thia-Payne rearrangements (18, 21) have been published.
However, to date there is no comprehensive review of epoxide migration,
aza-Payne rearrangements, or thia-Payne rearrangements. The tabular survey
summarizes the literature of epoxide migration and related reactions, including
equilibration, in situ opening and trapping, aza-Payne rearrangements, and
thia-Payne rearrangements, from 1931 to 1999. Reports referring to reactions
involving addition at C-1 or C-3 without inversion of stereochemistry at C-2 as
“Payne rearrangements” are not covered in this review. (22, 23)



2. Mechanism and Stereochemistry

2.1. Epoxide Migration

2.1.1. Proposed Mechanism

The vast majority of epoxide migrations have been carried out in the presence
of strong base in protic (usually aqueous) media. The accepted mechanism of
epoxide migration under these conditions, first proposed by Angyal and
Gilham in 1957, (2) involves deprotonation of the epoxy alcohol to form an
alkoxide followed by direct intramolecular displacement at the adjacent
epoxide center. An isomeric alkoxide with inverted stereochemistry is
produced (Eqg. 3). Reprotonation of this alkoxide by solvent completes the
reaction.
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However, the mechanism of epoxide migration is almost certainly not this
simple. In particular, the migration itself seems to depend strongly upon
solvent, as the example in Eqg. 4 indicates. In tetrahydrofuran using sodium
hydride to rotonate the alcohol, there is no evidence of reaction even after
refluxing foL2lhours. In aqueous medium using sodium hydroxide as the base,
the migration is complete within 1 hour at room temperature. (24) Thus,
although epoxide migration requires deprotonation, deprotonation in and of
itself does not necessarily lead to epoxide migration. Similarly, reaction of
epoxide 1 with sodium hydride in tetrahydrofuran for 1.5 hours at 10° returned
only starting material.

NaH/THF o
r— = N0 migration
MeO._ .0 reflux, 2 h
3¢ 0
D°T NaOD, D,O , .
D = = 1:1 mixture of epoxides
rt.

It is important to realize that equilibration under protic conditions involves the



protonated epoxy alcohols, while equilibration under aprotic conditions using
an irreversible base such as sodium hydride does not. It has been suggested
that under aprotic conditions, association of the metal cation with the initial
alkoxide prevents further isomerization. (3) Nonetheless, numerous examples
of epoxide migration under aprotic conditions do exist. (25, 26) No mechanistic
or theoretical studies have addressed the issue of solvent or counterion effect
in epoxide migration.

2.1.2. Thermodynamic vs. Kinetic Control

Theoretical calculations at the G2 level suggest that all epoxide migrations are
technically the result of kinetic rather than thermodynamic control. (27, 28)
Thus, as depicted in Figure [, for the anion of 2,3-epoxypropanol in the gas
phase, the lowest energy isomer is not an epoxide at all. Rather, it is oxetane 2.
(28) In a mass spectrometer there is enough energy to effect an equilibration
among all three of these species. (28) In solution there is far less energy
available, and the oxetane isomer has never been observed in the
solution-phase product mixture of epoxide migration. Thus, in solution, epoxide
migration per se may be considered to be under local thermodynamic control.
Figure I.
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The selectivity of opening of equilibrating epoxy alcohols is governed by the
Curtin-Hammett principle. (29) Thus, while two equilibrating epoxy alcohol
isomers may be of similar energy, the product of epoxide migration and
opening may not reflect this, because opening is generally a considerably
slower process than migration (Figure Il ). Thus, epoxide migration with
opening is under kinetic control, with selectivity governed by the slow opening
of relatively rapidly equilibrating epoxy alcohol species.

Figure Il.
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For example, consider Egs. 5,6, and 7. Treatment of either epoxide 3 (25) or
its rearranged isomer 4 (30) with aqueous base leads to a roughly 1:1 ratio of
isomers. Thus, these two isomers are of approximately the same free energy.
Nonetheless, treatment of epoxide 3 with base in the presence of thiophenol
leads to an 81% vyield of sulfide 5, the product of epoxide migration to
monosubstituted epoxide 4 followed by selective opening at the less
substitutedmsition. (31)
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2.1.3. Stereochemical Considerations

Epoxide migration by definition involves stereochemical inversion at C-2.
Extensive work with carbohydrates has demonstrated that multiple epoxide
migrations may occur for substrates with more than one hydroxy group,
leading to multiple stereochemical inversions. For example, treatment of
lactone 6 (Scheme lll) with aqueous potassium hydroxide for 5 minutes results
in the quantitative formation of epoxide 7, the product of bromide displacement
and one epoxide migration. (32) However, with prolonged exposure to
hydroxide, this product is completely converted into tetraol 8, the product of a
second epoxide migration (to give a cis-disubstituted epoxide), intramolecular
opening of the epoxide by the carboxylate to form a lactone, and hydrolysis.
Note that all three stereocenters in the substrate have been inverted.

Scheme Il
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A closely related study involved the conversion of carboxylic acid 9 into lactone
10 (Scheme 1V). (33) In this and related cases (34) it was found that the
solvent has to be scrupulously anhydrous for effective epoxide migration. If it is
not, then direct reaction of the initially formed terminal epoxide with hydroxide
ion competes with epoxide migration. In that case, no stereocenters are
inverted, and the competitive pathway leads to a decrease in enantiomeric
excess.

Scheme IV.
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In fact, whenever epoxide migrations are effected in the presence of hydroxide,
an additional stereochemical concern must be addressed. Specifically, when
the stereocpmjers in the substrate consist solely of the carbons involved in
epoxide mimtion, then, as illustrated in Scheme V, opening with and without
epoxide migration may lead to full or partial racemization. (35) (Scheme V is a
generalization of the case in Scheme | when X = OH.)
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As a further example, consider epoxy alcohol 11 (Scheme VI). Treatment with
potassium hydroxide in aqueous dioxane produces a roughly 6:1 mixture of
enantiomers. (36, 37) The major isomer in this case is the result of epoxide
migration, while the minor isomer is the result of direct addition of hydroxide at
the terminal carbon. However, mild acid treatment results in direct opening at
the terminal position without migration, preserving the high enantiomeric purity
of the substrate.
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In the special case of pseudo-symmetrical epoxy alcohols with only one
stereocenter (necessarily at C-2), nucleophilic opening both with and without
epoxide migration gives the same product (Scheme VII). This special
degeneracy has been exploited in syntheses involving glycidol (R = H). (38,
39)
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The regioselectivity of in situ epoxide formation can also play an important role
in dictating the stereochemical outcome of epoxide migration. (14, 40) For
example, treatment of bromodiol 12 with 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) gives the cis-disubstituted epoxy alcohol 13 exclusively (Scheme VIII).



(41) Had the primary alcohol displaced the bromide, the outcome would have
been completely different. Note that DBU is not effecting epoxide migration
itself. Indeed, the observed product is only slightly favored at equilibrium
relative to its rearranged counterpart. (3, 42) Such kinetic selectivity for
disubstituted over primary epoxide formation prior to epoxide migration is well
documented in the carbohydrate literature. (43-45)
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2.1.4. Epoxide Migration Under Nonbasic Conditions

Despite the fact that complex mechanisms involving “epoxide migration” under
acidic conditions have occasionally been proposed, (46-52) work with
carbohydrates has demonstrated conclusively that epoxide migration under
acidic conditions is not generally observed. (53, 54) However, a recent report
of epoxide gigration under nonbasic conditions involves treatment of meso
diol 14 wit 2 mol% of the chiral cobalt(lll) complex (R,R)-15 (Eqg. 8) to give
1,2-diol 16 in high yield and enantiomeric purity. (55) This result suggests that
catalytic kinetic resolution of epoxy alcohols might be effected with chiral
epoxide migration catalysts.
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2.1.5. Nucleophilic Trapping in Situ

Many examples of in situ nucleophilic trapping of epoxide migration products
have been reported, and many of these are intramolecular, such as illustrated
in Schemes Ill and IV. A related example (Eg. 9) involves treatment of
dibromide 17 with aqueous potassium hydroxide. (45) Within 30 minutes at 20°,
17 is converted to bicyclic ether 18 in over 70% vyield, presumably via
intermediates 19 and 20. Note that both epoxide openings are favored
exo-openings. (56) Since all four stereocenters in the substrate take part in the
epoxide migration, all end up inverted.
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2.1.6. Electrophilic Trapping in Situ

Electrophilic trapping of epoxy alcohols after epoxide migration involves
selective reaction of the hydroxy group of one of the equilibrating isomers
(Scheme I1). Specific reactions are discussed below, in the context of the
scope of epoxide migration.

2.2. Aza-Payne Rearrangements

The proposed mechanisms for aza-Payne rearrangements are considerably
more varied than those for epoxide migration because of two factors. First,
with the added nitrogen atom, there are two distinct directions of
reaction—"“forward” (toward aziridine) and “reverse” (toward oxirane). Second,
variation of the aziridine nitrogen substituent significantly affects the
mechanism of the reaction.



Forward and reverse reactions carried out under basic conditions are
presumed to follow a pathway analogous to Eq. 3. Forward reactions
employing Lewis acids are presumed to be initiated by activation of the oxygen
of the oxirane by the Lewis acid followed by aziridine formation.

Theoretical gas-phase calculations (MP2/6-31 + G* single-point energies at
RHF/3-21 + G* optimized geometries, Figure Ill) (57) suggest that for the
parent substrate, the aziridine isomer 21 lies approximately 5 kcal/mol in
energy above the oxirane 22. Deprotonation, however, would be expected to
favor the aziridine by virtue of the lower energy of oxy anion 23 relative to aza
anion 24.

Figure Ill.
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Experimentally it is observed that deprotonation of epoxy amines results in
rearrangement to the aziridine. For example, deprotonation of oxirane 25 with
n-butyllithium/potassium tert-butoxide (58) (Eq. 10) gives aziridine 26 in 85%
yield after quenching. (57) A number of other bases, including sodium hydride,
potassium hydride, and potassium tert-butoxide, were ineffective.

\?)\/NHE -BuOK, n-Buli \1/\" (85%)

n-hexane, THF, —78° OH (10)
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The equilibrium between epoxy amine and aziridine alcohol can also be driven



toward aziridine by complexation with titanium(lV), (59) boron trifluoride, (60)
trimethylaluminum, (61) or trimethylsilyl triflate. (62) Examples include oxirane
27 rearranging to aziridine 28 upon treatment with titanium(lV) isopropoxide
(Eqg. 11), (59) 4-(tert-butoxycarbonyl)phenyl-protected ribopyranoside 29
rearranging to aziridine 30 upon treatment with boron trifluoride etherate in
trimethylsilyl azide (Eg. 12), (60) and epoxy amine 31 rearranging to aziridine
alcohol 32 upon treatment with butyllithium/trimethylaluminum (Eq. 13). (61)
No evidence exists that these rearrangements under Lewis acid conditions are
reversible equilibria. Rather, it appears that complexation with oxygen drives
the reaction to the aziridine isomer. No detailed mechanistic or theoretical work
has been done in this area.
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When trimethylsilyl triflate is employed in forward aza-Payne rearrangements
of epoxy amines, in situ opening may be effected (Scheme 1X). The formation
of an aziridinium ion has been observed for the reaction of epoxy amine 33
using "H NMR spectroscopy. (62) Treatment of aziridinium ion 34 with
methanolic K,CO3 regenerates epoxide 33; treatment with a broad variety of
amine nucleophiles leads to opening.

If the nitrogen is activated as a sulfonamide, then calculations suggest that the
energy picture is considerably different (Figure 1V). (57) Once again the more
stable neutral species is the epoxide, 35, rather than the aziridine, 36.



However, now the more stable anion (at least in the gas phase) is predicted to
be aza anion 37 rather than oxy anion 38.

Figure IV.
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In practice, results for sulfonamides depend strongly upon substrate structure
and conditions. In aqueous solution, where deprotonation is reversible, the
structure of the substrate critically determines the equilibrium ratio. (57, 63)
However, consistent with these calculations, use of irreversible hydride bases
such as sodium hydride or potassium hydride in polar aprotic solvents
(dichloromethane or tetrahydrofuran/hexamethylphosphoric triamide mixtures)
leads to a preponderance of the oxirane. (57, 64)

In selecteduses, however, brief treatment with refluxing agueous sodium
hydroxide converts epoxy sulfonamides into the aziridines (Eq. 14). (63)

Structural factors are clearly at work here. No rearrangement was seen for
primary sulfonamide 39 (Eq. 15); prolonged treatment led to decomposition.
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2.3. Thia-Payne Rearrangements

All reported thia-Payne rearrangements have been in the “forward” direction,
starting with a 2,3-epoxy sulfide. Except for a single report, (65) these
rearrangements have been carried out under Lewis-acidic conditions that have
led to opening. Treatment, for example, of epoxide 40 with trimethylsilyl triflate
(Eqg. 16) produces an intermediate thiiranium salt (41), which is then opened
with pyridine to form the pyridinium salt 42 in quantitative yield. (66)

“OTf . SPh _
\/\{6}\,513!1 TMSOTT, u::Hga:lg= -SPh Rl 4\ OTi
__;"8“, IU' ITIiI'I \/Y\ _-}rgql to rt N - (16)
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When aluminum reagents are used, both reduction and carbon-carbon bond
forming reactions are made possible. (67, 68) However, the regiochemistry of
opening with aluminum reagents is unlike that found in epoxide migrations and
aza-Payne rearrangements, and it is sensitive to both substrate and reagent.
For example, with trimethylaluminum, opening of epoxide 43 occurs at C-2
with retent:-m(actually double inversion) exclusively to give alcohol 44 (Eq. 17).
(67) Substriigs prone to carbocation formation at C-3, such as epoxide 45,
undergo reactions that probably do not involve thiiranium intermediates (Eq.

18).
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The proposed mechanism for the reaction of epoxy sulfides with
trimethylaluminum (Scheme X) involves (a) complexation of the aluminum
reagent with the epoxide oxygen, (b) formation of a thiiranium ion, and (c)
opening by either the internally complexed aluminum species or a second
equivalent of reagent. This reactivity appears to be unique to
trimethylaluminum. The more active aluminum reagents,
1-hexenyl(diisobutyl)aluminum, diethyl(1-hexynyl)aluminum, and
diisobutylaluminum hydride (DIBAL), all tend to open the thiiranium ion at the
less substituted terminal position.
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Excellent selectivities at C-2 have also been observed for opening of
2,3-epoxy sulfides with phenylborinic acid (Eqg. 19). (69) Again, double
inversion is observed.
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The single report of a thia-Payne rearrangement not involving a Lewis acid is
the reaction of thioacetate 46 with ammonia to produce thiirane 47 in 89% yield
(Eg. 20). (65)

o SAc NH;, MeOH S (89%)
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3. Scope and Limitations

In general, epoxide migration requires strongly basic conditions such as
sodium hydroxide/water (3) or sodium methoxide/methanol. (54) Despite
reports of their general inappropriateness, (3, 24) aprotic conditions such as
butyllithium/lithium chloride/ tetrahydrofuran, (25) sodium
hydride/tetrahydrofuran with (25) and without (26) [18]-crown-6, and lithium
chloride/tetrahydrofuran (25) have been utilized with limited success. This
narrow range of conditions places considerable limitations on the reaction.

The primary considerations in epoxide migration involve (a) direction of
epoxide equilibration, (b) selectivity in epoxide opening by nucleophiles, and (c)
selectivity in epoxy alcohol trapping by electrophiles. These subjects are
discussed for epoxide migration, aza-Payne rearrangements, and thia-Payne
rearrangements in this section. As will be seen, much research has focused on
understanding the scope and limitations of epoxide migration in both cyclic and
acyclic systems, and many generalizations have been made. In addition, many
studies have shown that despite unfavorable thermodynamic preference for a
desired epoxide, selectivity in opening can be achieved kinetically.

3.1. Direction of Epoxide Equilibration in Acyclic Systems

To a certain extent, the more stable of two isomeric acyclic epoxy alcohols is
predictable based on the substitution pattern around the epoxide.
Representative acyclic systems for which equilibrium has been approached
from both sides under identical conditions (aqueous sodium hydroxide at room
temperatu:mre shown in Figure V. The ratios, initially determined by gas
chromatography, (3, 42) have been confirmed by NMR spectroscopy. (42, 70)
Figure V.
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There is sigmtficant variability in the thermodynamic product ratios due to both
steric and tronic effects. For example, whereas cis-disubstituted epoxide
48 and monosubstituted epoxide 49 establish only a 58:42 equilibrium ratio
when treated with aqueous sodium hydroxide (Eg. 21), cis-disubstituted
epoxide 50 and monosubstituted epoxide 51 establish a 5:95 equilibrium ratio
(Eq. 22). (42)

o} i NaOH Hoo <9
H,O.t, 1 h \(\ (21)

48 58:42 49
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There is also evidence that vinyl and phenyl groups attached to the oxirane in
one isomer lower its free energy relative to the other isomer, at least in
comparison with simple alkyl substitution. Thus, vinyl epoxy alcohol 52 can be
equilibrated to a 3:97 mixture with its 2,3-epoxy isomer by very careful
isomerization with base (Eg. 23). (37) In comparison, isomerization of the
saturated epoxy alcohol 53 gives a slightly lower selectivity (Eq. 24). (71)
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A strong effect of phenyl substitution is seen in comparing the equilibrations of
epoxy alcohols 54 (70) and 55 (3) (Egs. 25 and 26).
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Generally only subtle effects of conditions on equilibrium ratios are observed.
(70) However, the equilibrium ratio between epoxy alcohol isomers 56 and 57
(Eqg. 27) using typical aqueous conditions is reversed using aprotic conditions.
(25) The equilibrium is driven in the direction of the cis-disubstituted oxirane
isomer 56 in this case. The equilibrium ratio for the isomerization of epoxy
alcohol 58 to 59 (Eqg. 28) is somewhat dependent upon base concentration.
(70)

OBn OBn
56 57 (27)
Conditions 56 :57
MNaOH, H-0O, 25", 1.5h 46:54
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The following general observations relating to equilibrating acyclic epoxy
alcohols have been reported:

1. An isomer with higher substitution around the oxirane is favored. (3, 42, 70)

2. A trans substituent on the epoxide is a stabilizing influence; a cis substituent
is destabilizing. (3, 42, 70)

3. An isomer with a primary hydroxy group is favored. (42)
4. A substituent at C-2 has only secondary influence on the equilibrium. (42)
5. Resonance-donating substituents (such as phenyl (70) and allyl (37, 72)) on



the oxirane are stabilizing influences (relative to the other epoxide migration
isomer, not to reactivity), while electron-withdrawing substituents (such as
triluoromethyl (73)) on the oxirane are destabilizing.

6. The concentration of base has little effect on equilibrium ratio. (70)

3.2. Direction of Epoxide Equilibration in Cyclic Systems

All reported equilibrium ratios for pyranoside epoxy alcohols where equilibrium
was reached starting from both isomers under identical conditions are shown
in Figure VI, although conditions vary among the five examples. Yields of
isolated of pure regioisomers have been as high as 85%. (74) Note that any
anomeric effect that might place the methoxy substituents in an axial
orientation appears to be overshadowed substantially by the preference for
equatorial hydroxyl. (That is, the methoxy group in each example is presumed
to be equatorial as well, at least for predictive purposes). The situation is
somewhat more complicated when the pyranoside is a -substituted (C-1 and
C-5 substituents trans disposed), because in those cases simple
conformational analysis appears to be of little help, and more subtle factors are
involved. (75, 76)

Figure VI.
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Three generalizations for pyranoside-based epoxide migrations have been

made:

1. The favored epoxide is the one with more pseudoequatorial groups, with the
anomeric center substituent generally assumed to be equatorial, provided
that is possible. (78)

2. Substitution trends are similar in cyclic and acyclic systems, favoring
trisubstituted oxirane isomers over disubstituted ones. (70, 79)

3. There is no evidence of significant through-space interactions such as



hydrogen bonding or lone-pair—lone-pair repulsions influencing the
equilibrium ratio. (78)

Preference for the isomer with more equatorial groups is seen especially
clearly for conformationally locked 1,6:3,4-dianhydro- 3
-D-galacto-hexopyranose 60. Treatment of this compound with sodium
hydroxide in methanol (Eq. 29) produces a 1:4 ratio of the starting material to
its gulo isomer 61. (80) Similarly, treatment of tosylate 62 with sodium
hydroxide in water (Eq. 30) results in an 85% yield of isomer 63. (81) In both
cases, the favored isomer is the one with the pseudoequatorial hydroxy group.

@]

QO NaOH. MeOH
ax
A 29)
H 20 (
O O ()80
60 61
O O N}IOH._ Hg{:}
- (85%)

HO™ " “OH (30)

{JTSD

62 63

A dramatic reagent effect on epoxide migration in cyclic systems has been
observed in one alkaloid synthesis (Eq. 31). (82) Attempts to reduce epoxy
alcohol 64 with LiBHELt; instead resulted in epoxide migration to form isomer
65 in 80% yield, while attempts to reduce epoxy alcohol 65 with sodium
borohydride instead resulted in epoxide migration to regenerate isomer 64 in
85% vyield. No explanation of this unique result is provided, but it is probable
that sodium borohydride in alcohol is effectively equilibrating the alcohols,
while LiBHEt; under aprotic conditions involves irreversible deprotonation and
equilibration favoring the primary alkoxide. This preference would be
consistent with that observed for the equilibration of epoxide 56 using sodium
hydride, as illustrated in Eq. 27



LiBHEt;, THF 25%, 16 h (80%)

NaBH,. NaOH, 1-BuOH, 25°, 12 h (85%)

| 1
SO.CeH,OMe-4 SO,CyHsOMe-4
64 65

3.3. Selectivity of Epoxide Opening

Despite the fact that generally the more substituted epoxide is more stable,
nucleophilic opening of a pair of equilibrating epoxy alcohols often can be
engineered to occur primarily, if not exclusively, at the less substituted carbon
of the less substituted epoxide, in accordance with the Curtin-Hammett
principle (Figure Il, above). Evidence suggests that in comparing
monosubstituted, cis-disubstituted, and trans-disubstituted epoxy alcohols,
although the order of stability is trans > cis > mono, (3, 42) the order with
respect to the kinetics of epoxide opening is mono >> cis > trans. (31, 83)

Nucleophiles investigated include hydride, (4, 84) cyanide, (4, 85, 86) acetylide,
(87-89)alkyl and alkenyl cuprates, (25, 90) amines, (91, 92) sulfonamides, (4)
azide, (93-95) halides, (96, 97) phenythiolate, (31, 38, 98-102)
tert—butylthimte, (91-103) and numerous oxygen-based nucleophiles (for
references ks€e Table IlI-D). Although yields have been moderate to excellent,
regioselectivity has been mixed. Notable problems involve hydride (4, 84, 104)
and acetylide (87-89) addition, for which the principal difficulty is competitive
opening at C-2; amine addition, which is complicated by competitive opening
at C-1, C-2, and C-3; (91) and phenylthiolate addition, which often exhibits low
selectivity relative to opening at C-1 and C-3. (38) Generally, tert-butylthiolate
is more selective than phenylthiolate. (91) The relative amount of opening of
one isomer is reduced if that isomer has additional electron-withdrawing
substituents vicinal to the oxirane. For example, opening of epoxide 66 (Eq. 32)
with tert-butylthiolate is considerably more selective than opening of epoxide
67.

OH R % C-1 opening

O “BuSH, NaOH » . -

oH FPuod,Na HO SBu-f H,
4}\'/ - HOLA_SBut 66 CHOH 95 (32)
R R

t-BuOH, H:O 67 H-C',rH[j 66



Where the alcohol or epoxide is allylic (36, 37, 105) or benzylic, (91) opening
with and without epoxide migration often compete, even when hydroxide is the
nucleophile. For example, the percent of opening of epoxide 68 (Eqg. 33) at C-1
with diethylamine is considerably less than that for alkyl-substituted epoxide 69.
(91)

OH R % C-1 opening

R\?)‘N/UH 1. EaNH. KOH, H0 R\(*\/NEI: 68 Ph 12 (33)
31

2. Ac,0, py OH 69 n-C;H;5s 80

As noted above (Scheme VI), when the nucleophile is hydroxide, competitive
opening at C-1 vs. C-3 can lead to a decrease in enantiomeric excess. For
example, asymmetric epoxidation of divinylcarbinol (Scheme XI) gives only the
product of epoxide migration (52a) when the original stoichiometric conditions
reported for that reaction are used, including workup with sodium hydroxide.
(106) When a nonbasic workup is used instead, (106) or the reaction is carried
out using molecular sieves and a catalytic amount of titanium isopropoxide,
(106, 107) then the unrearranged product 52 b can be isolated in moderate
yield. Rearrangement of 52b to 52a is effected by brief treatment with 0.5 M
aqueous sqaiym hydroxide at room temperature. (37) No epoxide migration is
observed n either epoxy alcohol isomer is opened with ammonia. (108,
109) The high regioselectivity of these vinylic epoxide openings stands in
contrast to the reaction of trans-2,3-epoxyhexan-1-ol with amines, which leads
to a complex mixture of isomers. (91)

Scheme XI.
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¢: 1. Ti(OPr-1)4 (0.1 eq), +-BuO-H, 1-(+)-DET, MS 4A, CH,Cl,, -25°, 7 d; 2. distillation

In the conversion of hepoxilin (10S)-HxB3 (70) into trioxilin
(10R,11S,12S)-TrXB3 (71), epoxide migration precedes opening at the allylic
position when lithium hydroxide is used as the base (Eg. 34).

OH

B 70

lLiDH. H,0, +-BuOH, 23°, several days  (88%)

—" = CO,Me

(34)
OH OH

— = CO,H
OH
7

Where there is no allylic or benzylic activation of the epoxide, nucleophilic
addition of hydroxide has been observed to occur with very high selectivity at
the least substituted epoxide position. (31) Nonetheless, the reader is
cautioned that reports of selective addition of hydroxide ion to racemic
substrates can only be tentatively extrapolated to nonracemic cases, (110)
since competitive addition in the racemic case has no observable effect, while
competitive addition in the nonracemic case leads to a decrease in



enantiomeric excess (Scheme V).

In cyclic systems such as pyranosides, the regioselectivity of epoxide opening
is highly biased toward axial addition to form a (possibly transient) diaxial
species. Thus, for example, both 1,6:3,4-dianhydro-
B-D-galacto-hexopyranose (60) and 1,6:2,3-dianhydro- 3
-D-gulo-hexopyranose (61) give the same 17:83 ratio of products, both of
which result from a trans-diaxial opening of the epoxide (Eq. 35). (111) Since
opening is slower than equilibration, it is simply fortuitous that the product ratio
is similar to the equilibrium substrate ratio of 20:80. (80)

KOH. H,0
ax
“OH 20:80
fast
slow (35)
- 17:83

3.4. Epoxide Migration with Electrophilic Trapping in Situ

One might think that it would be possible to selectively remove one isomer of
an epoxy alcohol equilibrium by kinetic trapping of the less substituted alcohol
with electrophiles such as alkyl halides (Scheme Il). However, the few results
to date that bear on this question suggest otherwise. Part of the problem may
be that the anhydrous aprotic conditions generally employed in alkylations and
silylations are specifically the conditions that were found in Payne's original
work (3) to not be conducive to epoxide migration.

The problem is almost certainly that alkylation and silylation are generally
faster processes than epoxide migration, leading to no significant equilibration.
Nonetheless, two reports do suggest that in certain highly biased cases such
trapping is possible (Egs. 36—38). Specifically, deprotonation of either tertiary
alcohol 72 or 73 with sodium hydride in tetrahydrofuran leads to epoxide
migration and alkylation of the primary alcohol, albeit in unspecified yield. (112)
Silylation of 74 with trimethylsilyl chloride and imidazole followed by hydrolysis



effects its isomerization to the more highly substituted epoxide in 80% yield.
(113)

Ho < LNaHTHF X .
X\ 2. allyl bromide (36)

72

OH .0 |, NaH, THF O 0
O/\' 2. allyl bromide O%/ (37)

73
Ph O pp 1. TMSCL imidazole, DMF O o
- 2. H,0 :
HO Bu-n : 2Bu  OH (38)
74

[]

Much more generally successful has been the intramolecular electrophilic
trapping of epoxide migration isomers. Examples include the reaction of
epoxide 75 with potassium tert-butoxide to give diepoxide 76 (Eq. 39), (114)
and the treatment of diepoxide acetate mixture 77 with aqueous sodium
hydroxide to produce tetrahydrofuran 78 (Eq. 40). (115)

+-BuOK 0 0
~BuOH

(83%) (39)

76



8
OAc : 0
o NaOH 0
(66%) (40)
77 78

3.5. Rearrangement and Opening in Aza-Payne Systems
Conditions used for effecting equilibration in aza-Payne reactions are
summarized in Egs. 41 and 42.

" : " 'xz
(E>\/ X! forward” _ HO 2
x! Reagents Effecting Rearrangement Only X refs
NH- n-BuLi/t-BuOK NH 57, 59, 61 (41)
NHR n-BuLi/AlMe;, Ti(OPr-i)4 NR 116
NHR; RNH- NR,* 62
NHAr TMSOTT NAr 60
NHMs NHTs BF3Et,0, NaOH NMs, NTs 63
M ¥ = 'D

Q\/DH reverse” X2~
X! Reagents Effecting Rearrangement Only X? refs (42)
NR;* NaH. K,CO4 NR» 62,117
NMs NaH NHMs 57
NTs KH, NaH, NaOH, r-BuOLi. pyridine NHTs 20,57,64, 118

Considerable experimentation has gone into discovering the best conditions
for the aza-Payne rearrangement when in situ opening is desired. Again we
consider both the “forward” (Eq. 43) and the “reverse” (Eq. 44) sense of
reaction. Here we see the exclusive use of Lewis-acidic conditions for forward
rearrangement and opening, and the use of strongly basic conditions for
reverse rearrangement and opening. Of these methods, by far the most
explored involve treatment of 2,3-epoxy dialkylamines with trimethylsilyl triflate



(19), (62), (121) and treatment of N-tosyl-2-aziridinemethanols with potassium
hydride. (20, 57, 124)

§) "forward opening” R
L>~_NR;, - - HO._A~_X
Rearrangement/Opening Reagents X refs (43)
Si0, / H0 OH 119
BF3Et;0 / NaBH4CN H 119
TMSOTf / amine NH2, NR; 19, 62, 120, 121
RN "reverse opening” SH
1>~_OH - - R'HN._A_X
R Rearrangement/Opening Reagents X refs
H KOH / HA0 OH 122
Ts MeCu(CN)Li*LiBr Me 537,64
Ts BuCu(CN)Li=2LiCl Bu 57 (44)
Ts KH / Me,Cu(CN)Li,*2LiBr Me 123, 124
Ts KH / Bu,Cu(CN)Li; Bu 123, 124
Ts KH / Me3SiCN, cat. Yb(CN)4 CN 123, 124
Ts  KH f#]:N),Cu(CN)Li, NR, 123, 124
Ts KH f(:jlc;;ﬂn}QCm;{:t«I}Li2 SnMe; 123, 124
Ts KH / (Me;S1):Cu(CN)Li» SiMe; 123,124
Ts KH /RSH SR 123, 124

When the nitrogen is activated as a sulfonate, treatment with potassium
hydride in aprotic media drives the equilibrium “in reverse” toward the oxirane
form, and opening by a variety of cuprate reagents occurs, as for epoxy
alcohols, at the less substituted position. (25, 123, 124)

3.6. Rearrangement and Opening in Thia-Payne Systems

The scope and limitations of thia-Payne rearrangements have been little
explored. Conditions used for rearrangement of epoxy sulfides to thiiranium
salts with in situ opening are summarized in Equation 45. Note that, as
discussed above, some aluminum reagents open the resultant thiiranium salt
selectively at C-2.
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SR
1 1 1

+ HO._J SR

Major
Rearrangement/Opening Reagents X Product refs
(i-Bu)-AlH H | 67
MezAl Me 11 67
Et;Al Et II 67
Et-AlIC=CBu-t C=CBu-t I 67
Me- AlC=CTMS C=CTMS I1 68
PhB(OH}, OH I 69
BF;+Et,0O / R,NTMS NR> I 66, 125
TMSOTF/ RNH- NHR I 126, 127
TMSOTTE/ RN=CHR’' NHR I 66, 128
TMSOTf / TMS-imidazole imidazolyl I 66, 125
TMSOTT / pyridine py* I 66
TMSOTf / (O0)-TMS amide enolate  NHAc, NRAc 1 66, 125
TMSOTT / PRSTMS SPh I 129



4. Applications to Synthesis

4.1. Epoxide Migration in Acyclic Systems

4.1.1. Epoxide Migration Prior to Opening (“Payne Rearrangement
Method ”)

A rare example of the isolation of an epoxide migration product in a natural
product synthesis is found in the synthesis of (-)-borjatriol (Scheme XllI). (130)
A key transformation involves Payne rearrangement of epoxy alcohol mixture
79 to 80. Without separation, this mixture was carried through to ketone 81,
which was ultimately converted into the target compound.

Scheme XII.
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4.1.2. Nucleophilic Opening in Situ (“Payne Rearrangement/Opening
Method”)

One common use of epoxide migration in acyclic systems has been the
transformation of an allylic alcohol into a 2,3-diol with addition of a nucleophile
at C-1. The most direct route for this transformation is asymmetric epoxidation
followed by epoxide migration with in situ nucleophilic opening (Scheme XIII).

(4)
Scheme XIII.
OH
3 base A0 [
R%DH R\{i}>\/f]H e R\‘/\: —= R\]/\/N“
371
OH OH

For example, asymmetric epoxidation of geraniol with L-(+)-diethyl tartrate
gives epoxy alcohol 82 (Scheme XIV). Treatment of this compound with



sodium cyanide followed by mild acid hydrolysis leads to lactone 83, an
intermediate in the synthesis of (—)-vertinolide. (131)

Scheme XIV.
|. NaCN
| s OH
2.pH3
82 83 (40%) © ()-vertinolide O

Although not particularly regioselective, in situ opening by alkynyllithium
reagents in the presence of boron trifluoride etherate (89) has been used in the
synthesis of lepidopteran pheromones (Scheme XV). (87) Even though
regioselectivity was only 75:25 for C-1 vs. C-2 addition, Payne
rearrangement/opening solved a difficult problem in this case, because the
previously reported attempted synthesis of this class of compounds (132)
using an alternative strategy was not successful.

Scheme XV.
0 OH
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3. K,COs, M'.DDﬁDDﬂmDDDDDD O

With hydroxide as the nucleophile, Payne rearrangement/opening has been
used to synthesize all possible simple carbohydrate pentitols and hexitols (31)
as well as a variety of 2-deoxyhexoses. (133) In all instances, regioselectivity
for opening at C-1 is high because of the presence of an alkoxy substituent at
C-4.

When the nucleophile is a thiolate, Payne rearrangement/opening is especially
successful and has been used effectively in several natural product syntheses,
including the syntheses of all possible simple tetritols (31) and hexoses. (99,
134) Here the strategy (Scheme XVI) was to carry out a Pummerer reaction
(135) on the resultant phenyl thioether to give the aldehyde. Reduction with
lithium aluminum hydride produces the tetritol; Wittig reaction extends the
carbohydrate backbone by two carbons and sets the stage for another

asymmetric epoxidation in the synthesis of the hexoses.
Scheme XVI.



OH OH

PPN N — RD/\[/'\,SPh . RO/\l/l\{SPh

2
OH OH OAc

OH

)
o RD/\]/*\/( H

OH OH

—= R{J/\l/\ﬂ HO — OH
OH .

two steps = OH
WO steps _ R(}/Y\/—\/

OH

4.1.3. Three-Step Equivalent Sequence (“Diol-Sulfide Method”)

Epoxide migration and opening can be carried out in separate steps in cases
where competition with C-3 opening is a problem or where the basic conditions
necessary for epoxide migration are not compatible with the required
nucleophile (Eqg. 46). (91) In this method, the initial epoxide migration/opening
is carried out using a tert-butylthiolate nucleophile. Treatment of the isolated
thioether with trimethyloxonium tetrafluoroborate (Meerwein's reagent) (136)
and displacement of tert-butyl methyl sulfide under aprotic basic conditions
produces the less favorable epoxide migration product cleanly. This epoxide is
then opened in a separate step using aprotic conditions, thus avoiding

B o 8

OH
0 - 0
R J>~_ OH R SBu-t R C (48)

The advantages of the diol-sulfide method over the direct Payne
rearrangement are that the steps involved are generally all high yielding, and
isolation of the less favorable epoxide prior to opening allows the use of a
broader range of nucleophiles, including hydride, acetylide, cyanide,
methylcuprate, and azide. Thus, this method provides the synthetic chemist
with a “back-up plan” when direct in situ opening is found to be unsuitable.

4.1.4. Intramolecularly Directed Chirality Inversion
A relatively unexploited use of epoxide migration in the synthesis of acyclic
systems is based on the phenomenon that migration can lead to inversion of



multiple stereocenters. Indeed, in certain cases, all of the centers of a
molecule may be inverted if opening by hydroxide or a hydroxide equivalent is
employed. Whereas the inversion of all of the stereocenters in a molecule may
seem contrary to the goal of synthesis, in fact exactly this strategy has been
used to good effect in at least one case. (34) Thus, both enantiomers of
leukotriene A, methyl ester are available from the same starting compound
(Scheme XVII). (-)-LTA4 is available from triol 84 directly. (137) Alternatively,
activation of triol 84 as the 2,4,6-triisopropylphenylsulfonate and hydrolysis
gives acid 85. Treatment of this acid with sodium ethoxide in strictly anhydrous
ethanol (so as to prevent opening by hydroxide) followed by acetylation gives
lactone 86, with both stereocenters inverted, in 88% yield. Conversion into the
activated ester 87 allows for the formal synthesis of (+)-LTAs methyl ester.

Scheme XVII.
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A second example involves the synthesis of tetrahydrofuran diol 89 from
readily available dibromide 88 in 52% yield (Eq. 47). (45) Although not utilized
to date in synthesis, this diol would seem to hold potential as a
pseudo-C,-symmetric ligand. (138, 139) Note that the a - and B -epoxides are
identical compounds.
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4.1.5. Epoxide Migration with Electrophilic Trapping in Situ

The last two steps in the total synthesis of spatol illustrate the in situ
electrophilic trapping of an epoxide migration product (Eq. 48). Treatment of
mesylate 90 with potassium tert-butoxide in tert-butyl alcohol gives spatol after
oxidative removal of the p-methoxybenzyl protecting group. (114)

R
O e H,0Me-p ;o

. -BuOK, -BuOH
2. DDQ

OMs (48)

{+)-spatol O

4.2. Epoxide Migration in Cyclic Systems

In the carbohydrate area, epoxide migration has not been used systematically
except for the simple transformation of one known pyranose into another.
Primary interest has been in understanding the chemistry of carbohydrates,
with no specific synthetic goal in mind.

However, the lessons learned in the carbohydrate field have been applied to
more complex syntheses. In particular, the preference for equatorial groups in
pyranose systems was used in the synthesis of a derivative of gibberelin A7
(Eqg. 49). Upon treatment with base, iodohydrin 91 closes and rearranges to
give migrated epoxy alcohol 92 in 63% yield. (140)



In a model study for the synthesis of taxinine (Scheme XVIlI), the
transformation of epoxy ketone 93 into enone 94 has been proposed to take
place via a tandem aldol/Payne rearrangement. (141) No intermediates were
isolated, and exposure of epoxide 93 to base in the absence of acetic
anhydride led only to decomposition.

Scheme XVIII.
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Unanticipated epoxide migration led to problems in the natural product
isolation and surprises in the synthesis of epoxycyclohexenes 95 and 96
(Scheme XIX). These two compounds were not recognized to be distinct
substances when isolated from the fungus Chalara microspora. (142) With
almost identical 100 MHz NMR spectra, the presence of isomer 96 in the
natural isolate was not initially noticed. However, when epoxide 95 was
independently synthesized from (-)-methyl shikimate, it was discovered to



have an unexpectedly high optical rotation. (143, 144) It would appear that the
natural isolate, with a rotation of +95°, was actually a 1:1 mixture of epoxy
alcohols 95, with a rotation of of +248°, and 96, with a rotation of —54°. (145)

Scheme XXI.
CO-Me Cﬂah-'ir, COaMe L(]ﬂ
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In this instance, epoxide migration could be prevented by using cold sodium
methoxide in methanol for the synthesis of isomer 95: Use of sodium
methoxide in methanol at room temperature generates a 25:75 ratio of 95 to 96.
Since isomer 96 has been converted into (-)-chorismic acid independently,
(145) its preparation from (—)-methyl shikimate constitutes a formal synthesis
of (—=)-chorismic acid from (—)-methyl shikimate.

4.3. Aza-Payne and Thia-Payne Rearrangements

Aza-Payne and thia-Payne rearrangements are new enough discoveries that
only a few applications to synthesis have been described, and these mainly
involve simple demonstratlons of the method For example, aza-Payne

rearrangerﬁ idine G 0 2 e reagent g|Ves

intermedi iﬂ 4| i gl ol gkid of
dihydrosphingosine (99). (123, 124)

Scheme XX.
OH
TsN i
BnU/’\l}\/OH 1. KH = B“O/\I/‘\/{:HHEU_”
2. (n-CgHag ) »Cu(CNY) Mg Cl)4
97 (11-C14Hag)2Cu(CN)HMgCl)» R
98
OH
. HD/\('\/C 1 4ng.)—ﬂ
B NH>
99

A recent application of the thia-Payne rearrangement has been reported. Thus,
thia-Payne rearrangement of epoxide 100 (Scheme XXI) to thiirane 101 in 89%
yield allowed for the synthesis of the novel nucleoside 102, which was
investigated for HIV-1 inhibitory activity. (65)
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5. Comparison with Other Methods

5.1. Asymmetric Dihydroxylation Sequence | (“Cyclic Sulfate Method”)
A method leading from allylic alcohols to 2,3-diols with nucleophilic opening at
C-1 has been developed that involves 2,3-sulfates rather than 2,3-epoxides
(Scheme XXII). (146, 147)

Scheme XXII.
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This sequence begins with the initial asymmetric dihydroxylation (148-150) of
an allylic silyl ether. Treatment of the resultant diol with sulfuryl chloride (151)
or, preferably, thionyl chloride followed by oxidation (152, 153) generates a
cyclic sulfate. This sulfate, when treated with fluoride in a nearly anhydrous
solution followed by acidic hydrolysis, generates a terminal epoxide identical to
that achieved by asymmetric epoxidation and epoxide migration. The cyclic
sulfonate od has the advantage of avoiding the strongly basic conditions
required fﬁoxide migration.

5.2. Asymmetric Dihydroxylation Sequence Il (“C-3 Sulfonate Method”)
A second alternative method involving asymmetric dihydroxylation has been
developed in the area of pheromone synthesis (Scheme XXIlII). (154) In this
method, the triol from asymmetric dihydroxylation of an allylic alcohol is treated
with sodium hydride and N-tosylimidazole (155) to provide the
1,2-epoxy-3-tosylate 103 directly. Coupling of this compound with an
alkynyllithium reagent, treatment with potassium carbonate, and
hydrogenation gives the target pheromone 104.

Scheme XXIII.
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5.3. C-2 Stereochemical Retention Sequence | (“Diol-Sulfonate Method”)

Treatment of a 2,3-epoxy alcohol with an alkyl- or arylsulfonyl chloride followed
by acid-catalyzed C-3 opening and sulfonate displacement using base (Eg. 50)
is an alternative method of transposing epoxy alcohol functionality. (91) There
is no inversion at C-2, and an epoxy alcohol of opposite relative configuration

to that of epoxide migration is obtained.

OH
0 s 18]
R\D\/UH 1. MsCl, p}ndine R\'/'\/OMS NaH R\(/Q (50)
2. HCIOy ( cat. ) ! !
OH OH

[]

5.4. C-2 Stereochemical Retention Sequence Il (Titanium-Mediated
Opening)

A second method of transposing epoxy alcohol functionality without inversion
at C-2 involves initial treatment of the product of asymmetric epoxidation with
benzoic acid in the presence of titanium(lV) isopropoxide, (156) followed by
C-1-selective sulfonylation and displacement. (157) For example, in the
synthesis of laurediol-related polyene 107 (Scheme XXIV), epoxy alcohol 105
is converted into epoxy alcohol 106 in 60% yield by treatment with benzoic
acid in the presence of titanium(lV) isopropoxide followed by tosylation and
displacement. (158) Note that in this method, as in the diol-sulfonate method, it
is C-3 that is inverted, not C-2.

Scheme XXIV.
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5.5. C-2 Stereochemical Retention Sequence Il (Lithium Salt Induced
Double Inversion)

Several intriguing reports suggest that lithium salts can be used to transpose
epoxy alcohol functionality without inversion at C-2 in only one or two steps.
Treatment of epoxy alcohol 108 (Eq. 51) with lithium iodide in hot methanol
gives rearranged epoxy alcohol 109 in 50% isolated yield, presumably by
iodide addition at C-2 followed by displacement by the C-3 hydroxyl. (159)
Similarly, treatment of 2,3-anhydropyranoside 110 (Eq. 52) with lithium
bromide in refluxing 1,1,1-trichloroethane (which acts as a proton source for
lithium alkoxides) gives bromodiol 111, the product of opening at C-3
(pyranose numbering), displacement by the C-4 hydroxyl, and opening again
at C-4. Treatment of this bromodiol with sodium methoxide gives the
rearranged 3,4-anhydropyranoside 112 in 40% overall yield. (160)
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OH
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A similarly intriguing result involves the treatment of trans-2,3-epoxy alcohols
with lithium iodide in hot dimethoxyethane, which results, effectively, in the



reverse of Eq. 52. A product analogous to 111 is isolated in moderate yield (Eq.
53). (161) Although the yields in these transformations, typically 65-85%, are
not especially high, one must marvel at the complexity of the reaction, which
almost certainly involves reversible addition of iodide at all three possible
positions, C-1, C-2, and C-3. Ultimately, thermodynamic control leads to a
preponderance of the primary iodide. The corresponding cis-2,3-epoxy
alcohols are equally good substrates, and the product iododiols are excellent
substrates for reduction, alkylation, and cuprate coupling reactions at C-1.
(162)

OH

\/\?>\/OH - Lil /\/\l/'\/ l (63%) (53)
DME, 70"

OH

5.6. C-1-Directed C-2 Opening (Neighboring Group Assistance)

Finally, a strategy that effects the transformation of a 2,3-epoxy alcohol into a
1,3-diol with nucleophilic opening at C-2 is outlined in Eq. 54. Though outside
the scope of this chapter and reviewed elsewhere, (13) this strategy is
mentioned here as an alternative to epoxide migration.

Rf,}\,xg' N r\l/:)} "

OH

Examples include X =0O using carbamates, (163-165) carbonates, (166)
acetals, (167, 168) X = N using carbamates, (169) N-acylcarbamates, (170)
and acetimidates, (171) and X = S using xanthates. (172, 173) C-1-Directed
opening of cyclic sulfates has also been demonstrated, (174, 175) but as yet
has been little explored.



6. Experimental Conditions

6.1. Epoxide Migration Without Opening

The classic conditions for epoxide migration are treatment of an epoxy alcohol
or epoxy alcohol precursor with either aqueous barium hydroxide (2, 77) or
sodium hydroxide (3) at room temperature. In the case of barium hydroxide,
reactions are allowed to proceed for several hours; with sodium hydroxide,
reactions are generally complete within 1 hour. (176) However, in many of
these historically interesting examples yields are either low or not determined,
and many represent crystallizations from complex mixtures. It is almost certain
that substantial opening by hydroxide occurred. It now appears that the best
way to effect epoxide migration without adventitious opening by hydroxide is
the use of strictly anhydrous protic conditions such as freshly prepared sodium
methoxide in methanol. (33, 34, 54, 177) Under these conditions migration is
slower, and reactions typically run for at least 24 hours.

Other protic conditions that have been reported to be effective in specific
cases include sodium sulfite (178) or potassium hydroxide (52, 179) in
aqueous methanol, sodium hydroxide in acetone or tert-butyl alcohol, (73)
lithium hydroxide in a two-phase water/ether system, (180) potassium
tert-butoxide in tert-butyl alcohol, (181) potassium carbonate in hot isopropyl
alcohol, (182) and brief treatment with room-temperature (32) or hot (183)
agueous potassium hydroxide.

Despite th t that aprotic conditions were first reported to not effect epoxide
migration,meveral successful epoxide migrations utilizing aprotic bases
have been reported. Conditions include sodium, potassium, or calcium hydride
in tetrahydrofuran, (184) potassium tert-butoxide in dimethyl formamide, (185)
and lithium diisopropyl amide (84) or tert-butyllithium (186) in tetrahydrofuran
at —78°. In the case of tert-butyllithium, the system was sufficiently substituted
that nucleophilic opening was strongly disfavored.

6.2. Epoxide Migration with Nucleophilic Opening in Situ

When in situ epoxide opening is desired, optimal conditions depend strongly
on the nucleophile. Hydride addition has been effected using sodium
borohydride in refluxing water/tert-butyl alcohol mixtures with only moderate
yields and selectivity. (4) Lithium aluminum hydride in tetrahydrofuran has also
been used in isolated cases. (84, 104) Cyanide addition has been
accomplished in 30—60% yield using sodium cyanide in hot aqueous alcohol.
(4, 85, 86, 131, 187) A variety of conditions for cuprate additions are tabulated
in Table 11I-B.

In a detailed study of conditions for alkyl addition to
cis-4-benzyloxy-2,3-epoxy-1-butanol (113, Eq. 55), it was found that addition



of lithium chloride enhances epoxide migration and leads to high yields and
selectivities. (25, 90) For example, addition of methylcopper or lithium
methyl(cyano)cuprate to epoxy alcohol 113 gives diol 114 in high yield only
when lithium chloride is present. Reaction without lithium chloride or the use of
more reactive cuprate reagents results in nonselective opening.

OH
T OH HOL -
MeCu or MeCuCNLI
X 5 - (>90%) (55)
OBn LiCl, THF, 0" to 25 OBRn
113 114

High yield and selectivity for the addition of azide to epoxy alcohol 113 result
from using sodium azide in acetonitrile in the presence of lithium perchlorate.
(93) Epoxide migration upon direct addition of amines has been attempted with
only moderate success, as indicated in Table IlI-C, with yields of selected
isomers ranging from 30-60%.

Where hydroxide addition is desired, use of excess aqueous potassium
hydroxide and pH above 14 has been recommended. (14) Many studies have
employed sodium, potassium, or lithium hydroxide in water or water/organic
solvent mi s, and most involve heating to 70-100°. Thiol addition has been
carried ou;ﬁost exclusively with thiophenol (31, 38, 99) or tert-butylthiol (91)
in the presence of sodium hydroxide in aqueous tert-butyl alcohol or
1,4-dioxane. Heating is generally required.

6.3. Epoxide Migration with Electrophilic Trapping in Situ

Conditions for in situ electrophilic trapping of epoxy alcohols after epoxide
migration have generally been standard conditions for epoxide migration:
aqueous hydroxide (115, 188) or alcoholic potassium tert-butoxide. (114)
However, as mentioned above (Egs. 36—38), trapping of a primary alcohol over
a tertiary one has been reported using allyl or benzyl bromide with sodium
hydride in tetrahydrofuran, (112) and trapping of a secondary over a tertiary
alcohol has been accomplished upon silylation. (113)

6.4. Aza-Payne Rearrangement

6.4.1. Forward Aza-Payne Rearrangement of 2,3-Epoxy Amines

Two reported procedures appear to be useful for the general transformation of
a 2,3-epoxy amine into a 2-aziridinemethanol. Butyllithium/potassium
tert-butoxide (58) in tetrahydrofuran at —78° is effective, (57) as is
trimethylaluminum added to the lithium salt of the 2,3-epoxy amine (prepared



by treatment of the 2,3-epoxy amine with butyllithium). (61) In cases where
both methods have been used on the same substrate, butyllithium/potassium
tert-butoxide appears to give slightly better yields.

6.4.2. Forward Aza-Payne Rearrangement of N-Tosyl Epoxy Amines (63)
These transformations, only possible for highly biased substrates (i.e. tertiary
sulfonamides), are carried out under typical epoxide migration conditions,
namely 5% aqueous sodium hydroxide solution at room temperature or
warmed briefly to reflux.

6.4.3. Reverse Aza-Payne Rearrangement of
N-Tosyl-2-Aziridinemethanols (57)

The formation of an N-tosyl-2,3-epoxy amine from an
N-tosyl-2-aziridinemethanol is best carried out using potassium hydride or
sodium hydride in tetrahydrofuran or a mixture of tetrahydrofuran and
hexamethylphosphoric triamide at reduced temperature. Yields are typically
high, in the range 80—99%.

6.4.4. Forward Aza-Payne Rearrangement of 2,3-Epoxy Amines with
Opening in Situ (62)

These reactions, using tertiary amine substrates, are performed using
trimethylsilyl trifluoromethanesulfonate in dichloromethane at —78°. The epoxy
amine is treated with the sulfonate for just a few minutes, then the nucleophile
is added and the reaction is allowed to warm to room temperature and stirred
for up to several days. Yields in the range 60—90% are typical.

6.4.5. Rev Aza-Payne Rearrangement of N-Tosylaziridinemethanols
with Addittefd in Situ (124)

These reactions, effective with a wide variety of cuprate reagents of the type
XCu(CN)Li- LiBr or X,Cu(CN)Li, are carried out in two steps. First the
substrate is deprotonated in THF at —78° and allowed to warm to 0°. Then the
reaction mixture is cooled again to —78° and treated with five equivalents of the
cuprate reagent. Early procedures involving cuprate reagents directly without
initial deprotonation by potassium hydride (57, 64) are no longer
recommended. (20, 123, 124)Use of a higher-order cuprate reagent is critical;
methyllithium and methylmagnesium bromide have been found to lead to
complicated mixtures of products. For addition of cyanide, ytterbium
cyanide/trimethylsilyl cyanide (189, 190) is effective. Yields are typically in the
80-95% range.

6.5. Thia-Payne Rearrangement

6.5.1. Thia-Payne Rearrangement of Epoxy Sulfides with Nucleophilic
Opening at C-1in Situ

These reactions are carried out much the same as for the forward aza-Payne
rearrangement of 2,3-epoxy amines, with in situ opening using trimethylsilyl



triflate at low temperature. (66, 126, 127) Boron trifluoride etherate is an
alternative Lewis acid for this transformation. (66, 125) Yields are typically in
the range 50-80%. Reduction and acetylide addition using aluminum reagents
involves treatment with two equivalents of reagent at 0° in hexane. (67)

6.5.2. Thia-Payne Rearrangement of Epoxy Sulfides with Nucleophilic
Opening at C-2 in Situ

As mentioned above, recent reports indicate that trimethylaluminum (Eq. 17),
(67) dimethyl(trimethylsilylethynyl)aluminum, (68) and phenylborinic acid (Eq.
19) (69) all react with 2,3-epoxy sulfides with opening at C-2. In the case of the
aluminum reagent, reactions are carried out using two or three equivalents of
reagent at 0° in hexane (67) or at —78° in dichloromethane. (68) Phenylborinic
acid reactions are carried out with heating.

6.6. Prevention of Epoxide Migration

Over forty references to epoxide migration in the literature specifically describe
substrates and conditions for which the reaction does not occur. In addition,
over twenty of the cited examples in Tables | through IV are references to
epoxide migrations as an unwanted side reaction. These numbers suggest
that a brief discussion of the means available to prevent epoxide migration is in
order. Table VI lists all substrates and associated conditions for which it was
deemed by the original authors significant or unusual enough to relate their
negative results. Many of these reactions (or nonreactions, as the case may be)
are related to successful epoxide migrations of the same or similar substrate,
and all of the tables have been cross-referenced for purposes of comparison.

Payne's S'[L@ clearly showed that epoxide migration does not generally occur
when the base used is sodium hydride in tetrahydrofuran. (3) What becomes
clear from these additional reports is that weakly basic conditions, particularly
amine or carbonate bases in tetrahydrofuran, methanol or water, rarely lead to
rearrangement and can often be utilized to effect other changes in the system
without effecting epoxide migration. Both aqueous potassium carbonate (32,
191, 192) and aqueous ammonia (43, 44) have been shown to effect epoxide
opening without migration.

In the context of asymmetric epoxidation of acyclic allylic alcohols, epoxide
migration was identified as a problem in the initial communication. (15) The
difficulty arose from the strongly basic conditions used to hydrolyze the full
equivalent of tartrate ester used in the reaction. However, with the use of
distillation in the isolation of low molecular weight epoxy alcohols such as
glycidol (193) and 4,5-epoxypent-1-en-3-ol (11, Scheme VI), (37, 106) and the
discovery that inclusion of molecular sieves in the reaction mix allows the use
of a ten- to twenty-fold decrease in the amount of tartrate ester, (16, 107, 194)
the problem of epoxide migration in asymmetric epoxidation can now be
largely avoided.



For carbohydrates, epoxide migration typically occurs upon formation of the
epoxide from a 1,2-trans-hydroxy tosylate. Migration can be avoided
completely if the base used for ring closure is the basic form of Amberlite 400
resin, (195) or if the addition of base is done slowly at high temperature. (74)

In terms of hydroxy protection, formyl groups (196) can be removed, and
silylation, (196) acetylation, (53) tritylation, (53) benzylation, (197) and
Mitsunobu inversion (165, 198, 199) can all be accomplished without migration.

Temperature can also be a critical factor in preventing epoxide migration. (53,
144) For example, with tosylate 115, treatment with sodium methoxide
(Scheme XXV) at low temperature produces unrearranged epoxide 116, while
treatment at room temperature produces the product of epoxide migration
(117). (200)

Scheme XXV.
NaOMe, MeOH SH 0
: - X - (43%)
4, 10 min
OH OH 116 OH
W\/DTS  ———
OH NaOMe, MeOH, CH,Cl, OH
: - OH (80%)
115 229 15 min \/\<(l}\/

117

[]



7. Experimental Procedures

0 NaOH. H,0

H{J7<‘\';/ \i}\n:

7.1.1. (¥)-trans-2-Methyl-3,4-Epoxy-2-Pentanol and
(2RS,3RS)-4-Methyl-3,4-Epoxypentan-2-ol (Epoxide Migration Using
Agqueous Sodium Hydroxide) (3)

To 150 mL of 0.5 M aqueous sodium hydroxide previously cooled to about 5°
was added 32.8 g (0.28 mol) of (x)-trans-2-methyl-3,4-epoxypentan-2-ol. The
solution was allowed to warm to room temperature and remain there for 1 hour.
After saturation with 100 g of ammonium sulfate, the solution was extracted
with three 50-mL portions of chloroform. The combined chloroform extracts
were washed with 25 mL of half-saturated aqueous ammonium sulfate, dried
over magnesium sulfate, and concentrated on the steam bath to an internal
temperature of 80—85°. Gas chromatographic analysis of the concentrate was
made by means of a 2.5-m column packed with DC-710 on Fluoropak 80. The
temperature was 100°, and a flow rate of 60 mL/min of helium was used.
Emergence times of 9 and 15 minutes, respectively, were observed for the
starting magefal (45%) and its isomer,

(2RS,3RS) ethyl-3,4-epoxypentan-2-ol(55%).

0 O oo
T]_D/\./j\/ NaOMe "I'I.O/\/I/
OH e ¥
HO' OTr MeOH HO OTr

7.1.2. 2,3-Anhydro-1,6-Di-O-Trityl-D-Iditol (Epoxide Migration Using
Sodium Methoxide in Methanol) (54)

To 25 mL of 0.2 M sodium methoxide in methanol was added 2.5 g (3.9 mmol)
of 3,4-anhydro-1,6-di-O-trityl-D-altritol. After 18 hours at room temperature, the
solution was heated to reflux for 1 hour. The products were examined by TLC
using Kieselgel G that had been spread as a slurry with 2% boric acid. Water
(30 mL) was added to the solution, and the product was isolated by extraction
with chloroform. The resulting syrup (2.3 g) was crystallized from aqueous




methanol to give 2.1 g of the title compound (84%), mp 85°; [ a ]p +10.0° (c
10.1, CHCIs).

1-BuO-H, Ti(OPr-i)y4,
A0

I: O
m L-(+)-diethyl tartrate _ f\]/‘\j NaOH, H,O MOH

OH 4 A molecular sieves OH

7.1.3. (2S,3S)-2,3-Epoxy-4-Penten-1-ol (Asymmetric Epoxidation with
Epoxide Migration in Situ) (37, 201)

A mixture containing 15 g of activated powdered 4 A molecular sieves in

450 mL of dichloromethane was cooled to —10°. To this vigorously stirred
mixture was added 7.35 g (35.6 mmol) of L-(+)-diethyl tartrate and 8.44 g
(29.7 mmol) of titanium(lV) isopropoxide. After cooling to —35°, the mixture
was treated with 200 mL of a solution of tert-butyl hydroperoxide in
dichloromethane (2.05 M, 410 mmol). After an additional 30 minutes stirring at
—35°, a solution of 25.0 g (297 mmol) of divinylcarbinol in 20 mL of
dichloromethane was added slowly over the course of 1 hour. After 7 days at
—27°, the cold reaction mixture was slowly treated with 90 mL of a 16% w/w
solution of acetic acid in water. The molecular sieves were removed by
filtration, and the organic phase was removed and combined with five 40-mL
dichloromethane extractions of the aqueous phase. After drying over sodium
sulfate, thegggmbined organic phases were concentrated and distilled in a
30-cm Vigreuk column at water asprirator pressure (21 mmHg) to give 22.1 g
of a colorless liquid, which by NMR spectroscopy was found to be 92%
(3S,4R)-4,5-epoxy-1-penten-3-ol (the product of asymmetric epoxidation
without epoxide migration) and 8% of a mixture of tert-butyl alcohol and
tert-butyl hydroperoxide.

A solution of 2.10 g of a crude mixture prepared as described above
(containing 19.9 mmol of unrearranged epoxy alcohol) in 30 mL of 0.5 M
agueous sodium hydroxide was stirred at room temperature for 45 minutes.
After neutralization to pH 8 with ammonium chloride, the mixture was extracted
four times with 30 mL of chloroform, and the combined organic phases were
dried over sodium sulfate. Evaporation of solvent and Kugelrohr distillation
(90-100°, 20 mmHg) provided a mixture containing 1.69 g of the title
compound (85%) along with approximately 0.06 g of
(3S,4R)-4,5-epoxy-1-penten-3-ol (3%), and 0.10 g of a mixture of tert-butyl
hydroperoxide and tert- butyl alcohol; [ a ]p —54.0° (c 1.43, CHCIs); IR (neat)
3600-3300, 3090, 2990, 2920, 2870 cm™; *H NMR ( CDCls) & 3.08 (dd,
J=23,1.7Hz, 1 H), 3.29 (br, 1 H), 3.39 (dddd, J = 7.5, 1.7, 1.5, 1.5 Hz, 1 H),



3.66 (dd, J = 12.5, 4.5 Hz, 1 H), 3.92 (dd, J = 12.5, 2.3 Hz, 1 H), 5.31 (ddd,
J=10.0, 1.5, 1.0 Hz, 1 H), 5.49 (ddd, J = 17.5, 1.5, 1.0 Hz, 1 H), 5.61 (ddd,
J=17.5,10.0, 7.5 Hz, (1 H).

5 OH
OH 1. BuLi, LiCl HO
2, MeCuCNLi
OBn OBn

7.1.4. (2RS,3RS)-1-Benzyloxy-2,3-Pentanediol (Epoxide Migration with
Cuprate Addition in Situ) (25)

A solution of methyl(cyano)cuprate (Solution A) was prepared as follows: to a
suspension of 0.35 g (3.91 mmol) of copper(l) cyanide in 5 mL of
tetrahydrofuran under argon at 0° was added dropwise over about 5 minutes
2.76 mL of a solution of methyllithium in ethyl ether (1.4 M, 3.86 mmol). The
colorless solution was stirred for 10 minutes at 0°, warmed to 25° over 30
minutes, then cooled again to 0°. Separately, a solution of the lithium salt of
(%)-cis-4-benzyloxy-2,3-epoxy-1-butanol (Solution B) was prepared as follows:
to a solution of 0.5 g (2.58 mmol) of the epoxy alcohol and 0.90 g (21.4 mmol)
of lithium chloride in 10 mL of tetrahydrofuran under argon at —78° was added
dropwise 1.65 mL of a solution of n-butyllithium in hexane (1.56 M, 2.58 mmol).
The solutiop=was stirred for 5 minutes at —78°, allowed to warm to 0°, and then
stirred at thatkemperature for 10 minutes. The reaction was effected by the
addition of Solution A to Solution B via cannula at 0° followed by warming to
room temperature over 2 hours. The reaction mixture was then stirred for a
further 12 hours and then cautiously treated with 5 mL of saturated aqueous
ammonium chloride. The mixture was stirred for 1-2 hours to aid removal of
copper residues. Ethyl ether (20 mL) was then added, and the organic layer
was separated. The agueous phase was extracted twice with 20 mL of ethyl
ether, and the combined organic phases were dried over magnesium sulfate,
filtered, and concentrated to give 0.51 g of the title compound as a colorless oll
(95%), IR (film) 3400, 3100, 3060, 3030, 2970, 2930, 2870, 1600, 1500, 1465,
1445, 1385, 1370, 1320, 1285, 1210, 1180, 1120, 1100, 1075, 1030, 1020,
980, 905, 830, 750, 730, 710, 695 cm™; *H NMR ( CDCls) 5 0.90 (t, J = 6.0 Hz,
3 H), 1.37-1.53 (m, 2 H), 3.20 (br s, 2 H), 3.40-3.65 (m, 4 H), 4.48 (s, 2 H),
7.29 (s, 5 H).
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7.1.5. (2S,3R)-1-Benzyloxy-4-tert-Butylthio-2,3-Butanediol (Epoxide
Migration with Nucleophilic Opening in Situ by tert-Butyl Thiol) (91)

The solvents required for this reaction were deoxygenated prior to use by the
rapid passage of nitrogen through the solvent for not less than 30 minutes. A
solution of 3.02 g (1.56 mmol) of (2R,3S)-4-benzyloxy-2,3-epoxy-1-butanol in
7.8 mL of tert-butyl alcohol and 7.8 mL of 0.5 M aqueous sodium hydroxide
was immersed in a preheated oil bath at 70°. The reaction mixture was stirred
vigorously as a dropwise addition of a solution of 0.176 g (0.220 mL,

1.96 mmol) of tert-butyl thiol in 2 mL of tert- butyl alcohol was conducted over a
period of 40 minutes. During this time the oil bath temperature rose to 78°.
Stirring was continued for 20 minutes after the dropwise addition was complete.
The reaction mixture was then cooled to room temperature and neutralized
with saturated aqueous ammonium chloride. Sufficient water was added to
clarify the aqueous phase, and the phases were then separated. The agqueous
phase was extracted five times with dichloromethane, and the combined
organic phases were washed with saturated agueous ammonium chloride,
dried over sodium sulfate, concentrated, and the residue was dried under high
vacuum. Fl chromatography gave 0.276 g of the title compound as an oll
(62%), [a] 0.6° (c 1.98, CHCI3); [ a ]o +5.8 (c 0.80, EtOH); IR ( NaCl) 3400,
3090, 3070, 3030, 2960, 2930, 2900, 2870, 1455, 1365, 1100, 740, 700 cm™*;
'H NMR ( CDCl3) 5 1.32 (s, 9 H), 2.61-2.85 (m, 3 H), 2.92 (d, J = 4.1 Hz, 1 H),
3.64 (m, 2 H), 3.81 (m, 1 H), 4.54, 4.58 (AB, Jag = 12 Hz, 2 H), 7.25-7.41 (m, 5
H).

OH
O PhSH, NaOH : :
': & i
PI]ECH{J/\D\/ JOH T o P|13CHU/\K\/SPh
b OH

7.1.6. (2S,3S)-1-Benzhydryloxy-4-Phenylthio-2,3-Butanediol (Epoxide
Migration with Nucleophilic Opening in Situ by Thiophenol) (99)

To a vigorously stirred refluxing mixture of 8.075 g (29.87 mmol) of
(2S,3S)-4-benzhydryloxy-2,3-epoxy-1-butanol in 150 mL of tert-butyl alcohol



and 150 mL of 0.5 M aqueous sodium hydroxide was added via syringe over a
period of 3 hours a solution of 4 mL (38.8 mmol) of thiophenol in 40 mL of
tert-butyl alcohol. The reaction mixture was cooled to room temperature, and
the two phases were separated. The organic phase was concentrated and
diluted with 150 mL of dichoromethane, and the aqueous phase was extracted
with portions of dichloromethane. The combined organic phases were washed
successively with 1 M aqueous sodium hydroxide, water, and brine. Drying
over sodium sulfate and concentration gave a crude solid, which was
recrystallized from dichloromethane/hexane to give 8.070 g of the title
compound as white needles (71%), mp 76-77.5°; [ a ]po +43.4° (c 1.15,
ethanol); IR ( KBr) 3400, 2900 cm™; *H NMR ( CDCls) 82.55 (d, J = 5.1 Hz, 1
H),2.71(d,J = 4.1 Hz, 1 H), 2.99 (dd, J = 13.9, 8.6 Hz, 1 H), 3.33 (dd, J = 13.9,
3.6 Hz, 1 H), 3.61 (dd, J = 9.6, 5.8 Hz, 1 H), 3.68 (dd, J = 9.6, 3.8 Hz, 1 H),
3.77-3.88 (m, 2 H), 5.38 (s, 1 H), 7.20-7.40 (m, 15 H).

9 ~BuOK., n-Buli .NH
n-Bu\l>\/ NH- = - n-Bu !
n-hexane, THF, 78"

7.1.7. 2R, a S)- a -Butyl-2-Aziridinemethanol. (Forward Aza-Payne
Rearrangement of an Epoxy Amine Using Super Base (58)) (57)

To a stirre lution of 505 mg (4.5 mmol) of potassium tert-butoxide in 5 mL
of tetrahydiafiiran under argon at —78° was added dropwise 2.76 mL of a
solution of n-butyllithium in hexane (1.63 M, 4.5 mmol), and the mixture was
stirred for 10 minutes. To this mixture was added with stirring a solution of
388 mg (3.0 mmol) of (2S,3S)-2,3-epoxyheptylamine in 3 mL of
tetrahydrofuran. Stirring was continued for 90 minutes. With vigorous stirring,
the reaction was quenched at —78° with 4 mL of saturated aqueous ammonium
chloride. The inorganic salts were removed by filtration through Celite, and the
Celite was washed twice with 40 mL of ethyl ether. The combined organic
solutions were dried over magnesium sulfate and concentrated under reduced
pressure to give 328 mg of the title compound as a colorless solid (85%).
Recrystallization from ethyl ether/n-hexane (1:5) gave colorless crystals, mp
65° [a Jo +39.9° (c 1.69, CHCIls); IR ( CHCIs) 3450, 3330 cm™; 'H NMR

(270 MHz, CDCls) 6 0.92 (m, 3 H), 1.28-1.43 (m, 4 H), 1.45-1.57 (m, 3 H),
1.61(d,J=3.6Hz,1H),1.72 (d,J =5.9Hz, 1 H), 2.14 (ddd, J = 5.9, 3.6,

3.6 Hz, 1 H), 3.63 (m, 1 H).
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7.1.8. (2S,3R)-N-Tosyl-3,4-Epoxy-2-Butylamine (Reverse Aza-Payne
Rearrangement of an N-Tosyl-2-Aziridinemethanol Using Sodium
Hydride) (57)

To a stirred suspension of 24 mg (1 mmol) of sodium hydride in a mixture of

2 mL of tetrahydrofuran and 0.33 mL of hexamethylphosphoric triamide under
argon at —40° was added a solution of 60.3 mg (0.25 mmol) of
(2S,3S)-3-methyl-1-tosyl-2-aziridinemethanol in 2 mL of tetrahydrofuran. The
mixture was allowed to warm to room temperature, and stirring was continued
for 2 hours. The reaction mixture was cooled to —78° and quenched with 2 mL
of 5% aqueous citric acid with stirring. The mixture was extracted with ethyl
acetate, and the extract was washed successively with saturated citric acid,
brine, 5% aqueous sodium hydrogen carbonate, and brine. After drying over
magnesium sulfate and concentration, flash chromatography (silica, 1:3 ethyl
acetate/n-hexane) gave 56 mg of the title compound as a crystalline mass
(92%). Crystallization from ethyl ether gave colorless crystals, mp 102-103°;

[ alo +9.9° (c 0.88, CHCI5); IR ( CHCI3) 3385, 1602, 1335, 1152, 1092 cm™; *H
NMR (300 MHz CDCl3) & 1.14 (d, J = 6.9 Hz, 3 H), 2.43 (s, 3H), 2.69 (m, 2 H),
2.92 (m, 1 H), 3.60 (dddd, J = 15.5, 13.8, 6.9, 2.9 Hz, 1 H), 4.55 (d, J = 8.5 Hz,
1 H), 7.29-7.32 (m, 2 H), 7.73-7.82 (m, 2 H).

] - 1
\/\C‘}\/ NBn, - TMSOTE, CHyCl, \/\‘/M N

2. 2-trimethylsiloxypyridine
3. K;CO4, MeOH

7.1.9. (2RS,3SR)-2-Dibenzylamino-1-(2-Pyridon-1-yl)-3-Hexanol
(Aza-Payne Rearrangement of a Tertiary Epoxy Amine with in Situ
Nucleophilic Opening by an Amide Equivalent) (62)

To a solution of 0.30 g (1.02 mmol) of
(x)-trans-N,N-dibenzyl-2,3-epoxyhexylamine in 6 mL of dichloromethane
under nitrogen at —78° was added 0.27 g (0.24 mL, 1.15 mmol) of trimethylsilyl
trifluoromethanesulfonate. After 10 minutes, 0.34 g (2.04 mmol) of
2-trimethylsiloxypyridine was added, and the solution was allowed to warm to
room temperature and stirred for 5 days. To the solution were added 9 mL of



methanol and 0.80 g (5.8 mmol) of potassium carbonate, and the mixture was
stirred an additional 12 hours. The solvent was removed in vacuo, and the
residue was purified by column chromatography (flash silica, 85:15 ethyl
acetate/petroleum ether) to give 0.37 g of the title compound as a colorless
viscous oil (93%), IR (thin film) 3480-3180, 2940, 2900, 2880, 1650, 1570,
1540, 1450, 1245, 1140, 1065, 840, 750, 700 cm™; *H NMR (300 MHz, CDCls)
6 0.88 (t, J = 6.9 Hz, 3 H), 1.25-1.44 (m, 4 H), 2.91-2.92 (m, 1 H), 3.16 (d,
J=6.9Hz 1H),3.68 (d,J =14.1 Hz, 2 H), 3.80 (dd, J = 13.5, 6.3 Hz, 1 H),
3.93(d,J =14.1 Hz, 2 H), 4.03-4.06 (m, 4H), 4.59 (dd, J = 13.5, 5.7 Hz, 1 H),
6.21 (t, J = 6.6 Hz, 1 H), 6.51 (d, J = 9.0 Hz, 1 H), 7.21-7.38 (m, 12 H); *3C
NMR (75 MHz, CDCls) & 14.02, 19.18, 38.46, 47.65, 54.56, 61.19, 69.79,
106.26, 120.84, 127.00, 128.33, 128.38, 138.78, 139.55, 163.14.

OH

TsN. H
% OH  LKH TsNur'\_/
I/\/ 2, ME‘]CUCNLI:

7.1.10. (2S,3S)-2-[(4-Methylphenyl)sulfonamido]-3-Pentanol (Reverse
Aza-Payne Rearrangement of an N-Tosyl-2-Aziridinemethanol with
Cuprate Addition in Situ) (124)

To a stirred suspension of 40 mg (1 mmol) of potassium hydride in 2 mL of
tetrahydrofgkgn under argon at —78° was added 121 mg (0.5 mmol) of
(2S,3S)-3-rhelhyl-1-tosyl-2-aziridinemethanol in 2 mL of tetrahydrofuran. The
mixture was allowed to warm to 0°, and stirring was continued for 1 hour. To
the mixture cooled to —78° was added by syringe 6 mL of a solution of
Me,Cu(CN)Liy- 2LiBr in a 1:1 mixture of tetrahydrofuran and ether (0.42 M,
2.5 mmol), prepared from 224 mg (2.5 mmol) of copper(l) cyanide and 3.3 mL
of a solution of methyllithium/lithium bromide in ethyl ether (1.5 M, 5 mmol).
The mixture was stirred at —78° for 30 minutes. With vigorous stirring at —78°,
the reaction was quenched with 4 mL of a 1:1 mixture of saturated aqueous
ammonium chloride and 28% aqueous ammonium hydroxide. The mixture was
extracted with a 4:1 mixture of ethyl ether and dichloromethane. Evaporation,
drying, and flash chromatography (silica, 1:2 ethyl acetate/n-hexane) gave
128 mg of the title compound as a crystalline mass (99%). Crystallization from
ethyl ether/n-hexane (3:1) gave colorless crystals, mp 90°; [ a ]p —3.3° (c 0.546,
CHCls); IR ( CHCI3) 3550, 3400, 1598 cm™. *H NMR (300 MHz, CDCl;) 50.88
(t,J=7.4Hz, 3H),1.02(d,J =6.6 Hz, 3H), 1.44 (m, 2 H), 1.80 (br, 1 H), 2.43
(s,3H), 3.21-3.37 (m, 2H), 4.78 (m, 1 H), 7.29-7.31 (m, 2 H), 7.75-7.79 (m, 2
H).
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7.1.11. (2R,3S)-1-(4-Bromobenzyloxy)-3,4-Epithio-2-Butanol (Thia-Payne
Rearrangement of an Epoxy Thioacetate) (65)

To a solution of 4.60 g (13.9 mmol) of
(2R,3R)-S-acetyl-4-[(4-bromobenzyl)oxy]-2,3-epoxy-1-butanethiol in 120 mL of
methanol at 0° was added 12 mL of a saturated solution of ammonia in
methanol. The reaction mixture was stirred at 0° for 3 hours, diluted with
dichloromethane, washed with water, dried, filtered, and evaporated. Column
chromatography (1:9 ethyl acetate/toluene) gave 3.57 g of the title compound
as a colorless oil (89%), 'H NMR (250 MHz, CDCls) 8 2.20 (d, J = 8.0 Hz, 1 H),
2.40 (dd,J =5.6, 0.8 Hz, 1 H), 2.44 (dd, J = 6.5, 0.8 Hz, 1 H), 3.26 (ddd,
J=6.5,5.6,4.0Hz,1H), 3.53(dd, J =9.5, 5.8 Hz, 1 H), 3.61 (dd, J = 9.5,

5.6 Hz, 1 H), 3.85 (ddd, J =8.0,5.7,4.0Hz, 1 H), 457 (s, 2H), 7.2-7.5 (m, 4
H); *C NMR (62.9 MHz, CDCl3) & 21.2, 38.1, 69.6, 72.8, 74.1, 121.7, 129.3,
131.6, 136.9.

SPh
O . BF:*E 1{-}, 'H-Cl-
SPh B0, CHC, & rO
2. I-(trimethylsilylpiperidine \/Y\/

3. K2CO5, MeOH OH

7.1.12. (2RS,3SR)-2-Phenylthio-1-Piperidino-3-Hexanol (Thia-Payne
Rearrangement of an Epoxy Sulfide with Nucleophilic Opening in Situ
Using a Silyl Amine) (66)

To a solution of 100 mg (0.48 mmol) of (x)-trans-2,3-epoxyhexyl phenyl sulfide
in 2mL of dichloromethane at -78° was added 68 mg (0.48 mmol) of
trimethylsilyl trifluoromethanesulfonate. After 10 minutes, 76 mg (0.48 mmol)
of 1-(trimethylsilyl)piperidine was added, and the solution was stirred for an
additional 10 minutes at —78°. The solution was allowed to warm to 0° and
stired at that temperature overnight. Potassium carbonate (227 mg,
1.64 mmol) and 3 mL of methanol were added, and the mixture was stirred for
2 hours at room temperature. The mixture was concentrated, redissolved in
10 mL of dichloromethane, and washed twice with 2 mL of water. The aqueous
washings were back-extracted four times with 5 mL of dichloromethane, and



the combined dichloromethane solutions were dried over magnesium sulfate,
filtered, and concentrated. Flash chromatography using 15 g of kieselgel and a
1:8:1191 mixture of aqueous ammonia (specific gravity 0.880), ethanol, and
dichloromethane gave 56 mg of the title compound as a yellow oil (40%), IR
(thin film) 3660-3040, 3080, 3060, 2960, 2940, 2860, 2820, 1580, 1480, 1460,
1440, 1380, 1350, 1310, 1270, 1190, 1155, 1135, 1110, 1090, 1070, 1040,
1030, 990, 965, 860, 740, 690 cm™; *H NMR (300 MHz, CDCls) & 0.95 (t,
J=7.0Hz, 3 H), 1.20-1.70 (m, 9 H), 1.90-2.03 (m, 1 H), 2.17-2.43 (m, 2 H),
2.43-2.67 (m, 2 H), 2.73 (AB, A v=6.8,J =10.4 Hz, 2 H), 3.16 (dt, J = 10.4,
4.6 Hz, 1 H), 3.73 (dt, J=11.5, 4.6 Hz, 1 H), 7.21-7.34 (m, 3H), 7.39 (d,
J=7.5Hz 2 H).



8. Tabular Survey

Reactions involving epoxide migration are grouped in Tables I-;IV. Aza-Payne
rearrangements are presented in Tables V-A and V-B; thia-Payne
rearrangements are collected in Table VI. Table VIl is a collection of
observations by authors specifically identifying substrates and conditions for
which epoxide migration did not occur.

Tables I-A and I-B both present epoxide migrations in acyclic systems. Here
acyclic system refers specifically to those structures for which the epoxide
itself is not a part of a fused ring system in either isomer. Table | is separated
into two parts: reactions where the substrate itself underwent the reaction
(Table 1-A) and reactions where the epoxy alcohol undergoing migration was
generated in situ (Table 1-B). Epoxide migration in cyclic systems (the epoxide
is part of a fused ring system in one or both isomers) are similarly presented in
Tables II-A and II-B.

In Tables I-A and II-A, the major isomer is tabulated in the first column and the
minor in the second so as to allow a quick comparison of the effect of
substituents on isomer ratio. Where one set of conditions favored one isomer
and another set of conditions favored the other isomer, this organization
requires two separate entries with switched major/minor isomers. The isomer
ratios given here may or may not be true equilibrium ratios. In some cases they
are simply ratios based on isolated yield.

Tables III—Aurough IlI-E present epoxide migrations which were followed by in
situ nucleophilic addition. This includes reduction by hydride (Table IlI-A),
addition of carbon-based nucleophiles including cuprates, acetylides, and
cyanide (Table 11I-B), addition of nitrogen-based nucleophiles (amines, azide,
and sulfonamides, Table I1I-C), addition of oxygen-based nucleophiles
including hydroxide and alkoxides (Table 11I-D), and addition of thiols and
halides (Table IlI-E).

Table IV presents epoxide migrations that involve in situ electrophilic trapping,
either intra- or intermolecular.

Aza-Payne reactions are catalogued in Tables V-A (simple rearrangements)
and V-B (rearrangement with in situ opening of the aziridine or aziridinium ion).
In Table V-A the oxirane isomer is in the first column and given the designation
I, while the aziridine isomer is in the second column as Il. The starting isomer
is then identified as either oxirane (1) or aziridine (Il), and for the purposes of
this chapter, “forward aza-Payne” reaction is thus from | to Il.



Table VI presents all thia-Payne rearrangements reported to date. All start with
the oxirane, all except one of which involve in situ opening of a presumed
thiirane intermediate.

Table VIl is somewhat of a departure from traditional Organic Reactions format
in that it is a comprehensive collection of cases where the title reaction was
specifically reported not to occur. This table is cross-referenced to the other
tables to help the reader identify the sometimes subtle differences between
successful and unsuccessful epoxide migration. It includes both reactions for
which mild conditions allowed for synthetic transformations in the presence of
a potentially migrating epoxide and reactions for which slight changes in
substrate stereochemistry or regiochemistry led to surprisingly different
epoxide behavior. Table VIl does not include alicyclic systems bearing hydroxy
and epoxide groups in a cis configuration, where migration is inherently
impossible.

In all tables, entries are organized first by increasing number of carbons in the
contiguous carbon system containing the migrating heterocycle, then by total
number of hydrogen atoms. This organization was chosen so as to place
related entries as close together as possible. Structural formulas have been
normalized to emphasize the migration of interest. In particular, although many
of the references are to the carbohydrate literature, all carbohydrates have
been recast in a standard organic acyclic or alicyclic notation. The choice of
this notation was made so as to allow a general overview of the reactions
without a major distinction between carbohydrates and noncarbohydrates and
to avoid tw ecific problems: the assumptions of conformation implicit in
more stan carbohydrate notation and the odd sort of depiction required for
representing trans-epoxides in Fischer projections. As much as possible,
pyranose systems have been explicitly named so that those readers familiar
with carbohydrate chemistry can make identifications quickly.

The following abbreviations are used in the tables:

(R,R)-15 See Eqg. 8

Ac acetyl

Bn benzyl

Boc tert-butoxycarbonyl
Bz benzoyl

DBN 1,5-diazabicyclo[3.4.0]non-5-ene

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DEAD diethyl azodicarboxylate



DET diethyl tartrate

DMAP  4-(dimethylamino)pyridine
DMF dimethylformamide
DMSO dimethyl sulfoxide

DMTS dimethylthexylsilyl

EE ethoxyethyl

HMPA hexamethylphosphoric triamide
LDA lithium diisopropylamide
Ms methanesulfonyl

py pyridine

TBDMS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl

Tf triluoromethanesulfonyl
THF tetrahydrofuran

THP tetrahydropyranyl

TMS trimethylsilyl

Tr trityl

Ts p-toluenesulfonyl

[]

Table 1-A. Epoxide Migration in Acyclic Systems

View PDF

Table 1-B. Epoxy Alcohol Formation in Situ and Epoxide Migration in
Acyclic Systems

View PDF




Table 2-A. Epoxide Migration in Cyclic Systems

View PDF

Table 2-B. Epoxy Alcohol Formation in Situ and Epoxide Migration in
Cyclic Systems

View PDF

Table 3-A. Epoxide Migration with Reduction in Situ

View PDF

Table 3-B. Epoxide Migration with C-Nucleophile Opening in Situ
|

L

View PDF

Table 3-C. Epoxide Migration with N-Nucleophile Opening in Situ

View PDF

Table 3-D. Epoxide Migration with O-Nucleophile Opening in Situ

View PDF



Table 3-E. Epoxide Migration with Halide and S-Nucleophile Opening in
Situ

View PDF

Table 4. Epoxide Migration with Electrophilic Trapping in Situ

View PDF

Table 5-A. Aza-Payne Rearrangements

View PDF

[]

Table 5-B. Aza-Payne Rearrangements with Nucleophilic Opening in Situ

View PDF

Table 6. Reactions Involving Thia-Payne Rearrangements

View PDF




Table 7. Conditions not Leading to Epoxide Migration

View PDF
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m!“j nn MaDMe, MeOH. L 1 b 35450 (TE) ur
a-D-guio
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TARLE 3-4. EPOXIDE MEEATION I8 CCLIC SYSTEMS (Conimand]

Mlajor [samerih Miner Isamer cil| fririal Corliom Final Miatere Refu
Ty i Field %)
e
0. .0k
i b #ie, Mo, it 1.5 & - a0
ok
m-CFmEann
Oy o
i 1 LHOTEL. Esl, 6, 7 h s —F 218
Kifi
Csbe L "peatua] prosdect bl stk e 1—I 145, L4
n Balihde, M=DH, 1 muy Jo® b
n Naliaa, Mo, i T — 43, 14
e ] Helike. M8, 5T, 25 min ™E i 43,
0. OMe
| i N T, CTHO0, 7, Th §R ) M,
oy
- D-manen
0. 0k
0 MalscTy, CT,00, m, 46 FLE f=1 0,7
a--galscin
' Il  NaDCDy, COHOD, 28 w1 = W
i
a-L-goks
Ty H
H Terid LA o0 = 34
Of
'a.
M—-ﬂ" Twl  LDA wes =) 4
0.
.r-\_f\.,;"_{\/’" n BuLd, THF, ~T9 ta e, L TS R
Cp
C n Wi, TS0y, n, 2 h 1 f—I 0
: Ol
1
.--‘"“‘hg
i BateE Halm % h El f—b I
H |
bl
Cia
L1} LA, Ha0, Beplh, X1, 4 h - (211 (1.1]
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TABLE I-A. EPOKIDE MIGRATION [N CYCLEC SYSTEMS { Consnasd)

Wl oo a1 Mol o By | AT il Crndeamy Freal Miziurs Bafs.
Isermer :nm eld iF|
LFl B, ﬂ |
o - o n HMaHL THF, 4F, U5 h R 1T 184
(: 1] Calil,, THF, 80P, & b WHISE B
- HM llr-l—{:lu
Q
. o
- " L1} KH. THF. #0F. 6.5 & Mar {imm 184
% I
0
T
1] LiOH, HyD, B, 19 4k — [FFE]] 130
EII
i LH, B, T, 205 4 — L] i
Cis
i K, iyl MR = 14
L HI.,
HH L[] LM, THF, 25°, ik - 180 n
MaBH, Ne0H -Bul#E, 257 11§ —_ I BRI n
n
EOHL B3=0H, reflux, 1.3 W == iy 50 82
= - L 4 .32

Ol

= The |samer raik 1 haed on volbsicd nckd

*The prmadast was isaleived ax ihe acciaic.

* hidicional p du in derer e abeilifend.
# rom sl Tahie %11 usder e wame carbeon codnl
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TAnLE I-B POy AL CH, FORMS TICH B SITL ARy EROSEE MIGHATION I CYOLIC S7STIMS

Sutsirmic

O Lidos

Prosdeciis) and Yieklis o3} Hafn

o

WO O

Wz By, I, 15K

piperidine, ®F 05

merphaling, 157 116

i. MeLi, THF, B0, -T9"
21 M, NOAE, =250

Malda. MsDE, 53-8 | b

Mallkds, Bal¥] . I3 h

R, Meldll, mevemgi

B, MeOH n. bR

1. BB, THE. =Tl i —15°, 134

* WHCL HiD

i. MeLi, THE. Eiz0, ~T8°

1. HOA, ~TF
1. FiDAs, -29%
1. 850, 1P

1. MeLL THEF. i, ~TH°
1. HyD, Hie, -25°

MO B
’E}F & [ }..m bl
x "

X [{%) H{%)

L -t 12
i M L .1
RiF = §
0. e W’J:iifﬂr yt
i s - o it
._'::I a 0H
fi-D-riba (133 @-L-hmn 1231 oL mrahire (15"

e

o-D-lpan (BT} E-D-arnbinn (157

A
S50 "

v -

P-L-msabinn (E7) P-Lelpan (—F

([ ::'_a

a-Delwan (75) e -armbino |14
o _OMe 0, Ode

Hn'j:-j ) IEJ .
8 | o
g

f-LAyea £ P L~ pa 97

:__§_w i i
XX P

aCealke 0 a-Degale

Tim)  INpR)y O
& L L
n 54 .
L ] &

fﬁiﬁqm“

@=L (18] o-L-galbarin (22}
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TARLE 3-8, EPOKY ALCOSICL FORMATION [ AITL AKND EPOKIDE MIGRATION BN CYCLIC SYSTEMS (Comfineedy

Sabalrne Corditions Froduct(i) sad Vield{a} (%) Rels.

s
g T
o o

5 % . Ball THF

S

126
0H OH
OH
»ck]:j’m' MM, CHICL. MeOH mc b o ]:f:[ e
BO™ . ]
o 0
(6 [l
FiuCibe, M=0H, reflus, 4 & | | T, 81
W ML HADT, m 2 h TH, 81
Ty
E-p-alken
r
.';I:.IW I, BaliMe, CH;Cla {TH 124
T O 2. LiAIDy, THP
e
fHr-gein
i
H
Rl 0y, HaL L 5 h 125
H oM
Q.
S, Me#, 01, 12k + 7
EE OTs Bo o
B D-manns [—] B0 alino (BRI
-0 lucn
ik _DMe Me
NaCHe. MeGaL \[j\o {6-72) ik
HI™ B ] refluis, H min T
a-D-glac a-O-alwo (LT
L =14

H
T o om
WelL HyD, . 12k | s o
o'
NaMe, MelHLm, 6h L\cﬂ 7%
W

B-Cmanno (40} Bi-alirs (2117
X
Paliide, Ms0H, n, 6 B + 7
H { "o
o
B-Drgalacio

Pty (srongly preferedr
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TAHLE -B.

EFTRCY ALCOHDL FORMATION (M SITU AND EPOKIDE MIGRATION [N CYCLE EY¥STEMS {Coathu

Condiians

P, WeH

Malvie, Me(lH, n, B8

P, MeOH. CHO,

L
Balibe, Mo, CHCY,
el “DAs
ot
e
BT, Ho, s, 1.5
Ty OB
B
i-D-gleen
AF Tl
DL
n TE

[H

HIDL.
[ i
o
fikay
+
(Fir
_ka
T
a-pgalei—1

~ Prodent} snd YhekHe) (%

Refs.

.
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Tanii 3-B EPOXY ALCOHOL FORMATION 1 SITU AND EPOXIDE MIGRATION IN CYCLIC STSTEMS (Cominwed)

_ Sclmime Condiions Products) and Yiekish (%3 Ry,
Ti—, g
b "-\“I:I'T:
ST 1. Nallhe, MeDS, reflus, T b
HO™ OTs
i
Cy L
1, MeOM, MeCHL 7, 30 min
Be 1 5P, 35 mn
Ol
I Mk OH
aiiMe. Ms0H, THF. seMls ¥ ™
o u'
o _,}—u-
HEF
Cia
i
EH byl THE, B0, . 14 B
L
H H H
H W HI:H{ + “q. B
a a
I i [l
LELIT
MeLi, LiCL THF. i 44 F7AK
oL, THF, 1, 44 4TSN
ML, siher, 10 4051k
kiekigl, THF, 0, 3d SR 1RE

Ii%) M%) 102

RLL THE.&° R
Me T IS
B - =
L
X Lo
B, THF, 2, 3 Ho IS
SdaLi, THF, m, | Me BRI
w-Bull, THE, L, | & nBu  TRMD
s-Huli, THF, n, Lk B BT

Ball THF. . 1h i-Bu  LIDD
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TAHLE 3-8, EPOXY ALCOHOL FORMATION [N SITU AND EFOXIDE MIORATRIM IN CYCLIC S STERS (Cosinand)

Sutairain Conditions Produc{ s} and Fakiis (%) Haly,
H K
H MECH O TH DS, THEP + H M I{%) TR 2%
Brig &1 M
TRIMSTHCH t‘ Li o i)
[
o CTIH
Eg E Py a3 -
]
I i o
X 1]
bk, THE, m 3d H T30
LAATH:, THF, . Uk H A5IK
B, THF, L | K L5 k0
n-Bela, THF. M, 1h n-Hu 100
d-Bull, THF.m. 1h i=Bu D100
¢Huli, THF, L | k [N T8 i 10
Phli, THI. . 1h M )
: %
Phaldgile, THF 311 [T

i

.ol

T

L. 3% Kz, MeDH, . 10
2 Argdl gy

i BuNF. THE
Ay, pr

R
m.iMh
4F Ek

KO, HA, i, B

oy {35% '“

DI®) W%
i n
as b
n I
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TAHLE I-B. EFOXY ALCCHCH. FOSCSATICN M ST AN EPOX D0 MIGRATHIN 1M CYCLIC 57 STEMS (Coyined)

Coradinhon. Prosfuoryishmsd Yiekhsl (%5 Rt

Fi%1 F% I

Fp00y, MeDH. i 4 b 16 iE =
KOO, i 2 b o il i
=
EIl
LiABL THF, Fom 15h
o
Kball,, CuSil,
Cay
KIH, MeTH. W00, 1, T mn
= This s @ peodit of spoxids migraion

* B o Tulble VTT under sha same carbon oo,
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SubaTaie Condisiony Produciis] ard ¥iakds) (®h Rl
[ -
MaRH,, Nall, B0, HO 1 "
a1, meflan
O8n DB
Cy \jl‘— ‘4_
| ok
u‘-’w MaBHy, NaOiH, Ha0, ?\j\r\,““ * “\j\('\ a
- B, pefian it S
{EH Ee
o
Wi, Mat, B3, ’jf\ o i
- BEEH, e _ﬁ
b
o,
MaBH,. MaOH, Hy0, g 057 .
SN, refle ;
0
Cig |
i uH, Mo, L, _ g M
1 BuleL, reflux !
i
R nm
LaAIDy: THE. . 14 [ F] L3 ]01] [
LiAlDy, THF, 1, 45 d Me  BER M
LAAIE, THIR, i, 44 d sBe 5140 i
£l o K
MM, MeCH 4 (23} 141
H
oW o oH o
T
LAAID, TR M1 4 I

= This weas @ prndhis of eprasds migraim.



TABLE 3-B. EPCKIDE MIGRATHON WITH C-RUC LR HEILE CPEMIMNG [N 51T

Sishiras Ciaditions Produsctis} nd Yiehlis} % Refs,
G oo D I, Malw, By, D0, veflax, d b 0B ow
LB D L SBCH ; i1 I
b 3 ks, reflen 6 h
o
Qe
mf‘-j:"-\.a':"“ 1. MeC, MO, Hald, diosare, 39 o (A% 4
LW b
(¥
(Y
1. WaCH, ExOHL HyD, s=las, 8 b Ben (&1 18
1. il areoaope &
H B oH
ERA, LR, THIP, 0 2 t'{\/ﬂ‘ . D\E’\Jm . )D'\E’“\/t FLA ]
COHn Cin ‘OBe
I i e
& M EILNN ()
e e LD 5
M Mst L [T TIR
Mz Myl w9
e HuuCHLi LS %0
P PhCasIS LS 2
CHe=CICHY  ICH=CICHWCWCNLE, 100 88
ll.ﬁ ol k
ROmCLL, BRpE0, -3, L h "’T\./‘“ . R\(\/@/ ”
OTES TS
1 [
K i) 1)
T - =
-yl n 51
LE o P I ki
®
&

RCmCLL B0, 3, 1 b

= h/"‘ P4, B LD, T8, 30 min

iy

Ph
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TARLE 31, EPOXIDE MIGRATION WITH C-NUCLEGPHILE OPFEMING BN SITL Continued)

Cimditions.

Produci[s) and ¥ lelas] (%) faia.

Cip

RC=CLE I =120, -8, Ml min

|, el LiCl, THF, -8
2 MeCwCNILL 0F. 3 min
ifm sk

1. Biels LiCl, THF, -T&"
2 {MeLily 20T, P, 30 min
311, 4 days

I, Mal™, EXOEL HyD), reflus, Hah
1. wolmme, areowope

|, MwlTH, ExOH, HyOL, sellua, b& &
1. imfusme, arererogs

L PR, B, BCLH reflux, 338
2 Te0H. benaene, e, | b

HE=EL4, [P =Eag, ~T65, M mmin

-CaHly CmCLL, BF g,
-7, Wi min

I o
\f\g\ﬂ"\/ﬁ %

R L0 %)
H'c_d'ln 1581 -}]
Fhi KT m
OH
! .
%b/\/m + %[3/\/ 2
(20 Thig

o
(i) &
o
[ i1

oH
a1 ®
0
|

] i
R I L]
ALyl Hrul .ol
Fh 45:9% o

CiHjya

(£ Hn
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TARLE 1-R. EPOXIDE MIGRATICN WITH C-NUCLECFHILE OFENDNG TN STTU [ Contiauad)

Ealvitrase Cosditors FProduciis) and Yield!si (%} Brix

[ puss
O el _on HOSCLL By, -T8° *ﬂlﬁmi\uﬂ“ + ":uﬂw B
=7y

i 1R}

Cis

oM B, BF B0, ’ i 42
THF, =78 1o 4" [wicl]

2 Thin was & proxdoct of spoaide mipestion,
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TABLE 3-C. EPOXICE MEGRATION WITH K-NUCLEOPHILE OPENING 14 5TTU

— Conditioe Froctect{u) sl Yiakdie) (%) Rets.
., ':H":
: i R [ . A, Bl
2 Mg, gy i o
(Il
+ Pl MMieg R = & 2175 B
e sl
el
f1ic
1. E3H, KW, B0, reflax e e S “
. Ay, py
e
hady, LICHD, M M\E\-’H' e o
OBn
o
WeMHTs, H, diouire, 52° ‘"’Nf\_’ Wi i 4
LR
.
WM | BayMH. KOH, Hoi, reflus (LT T ME g "
pFTE VRN ke
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TABLE 3.C. EPOXICE MICRATION WITH M-NUCLEOPHILE DOFENING IN SITU | Covitvasd)

Suberae Tradiramae Procheci|a] snd Y iekdiy (%] ..h.'!‘l
uuo/"*-:/"]\-f':'“ Mahs, n M, BeO™ M -
L A-Seannc. Hyll. HiF it
Oy i
"-.f“\i:’xr"“ 1. W, KWL, Hy FHAS  eam #l
L AcyD. gy
W/t/ﬂ'ﬂ H&t
1. Mg, M. Hyln V‘\!::‘\,r‘“ #l
L Acyl, ps
+ oo WMy
\T LA = 19774 (34
[[L
e b
Hy
Paley, CYMEF, Hoh, refiux, 14 b " a4
oM
(]
y 0 ki
P [ e, OH I EagH, KOH, Htl, it Pu‘T_.a._v_,m - %
2 Acqll, py NEI;
(L]
Cig F
1,2 A-trinrole, Mo, ) N
(0 F
HBRCHL 7T, 15 b el =N
oK LA ?l.

1. Melea N, MOUE HzDL |
L Ay, gy

o o
...:,....\rr,m

H RN = 3 T: T3 (G}
Dhe e g
e
I, BiNH. KO, Ho, refius oMy i MNP A a
2 Ayl py
* Thii ‘s i prodect of cpeaide mipraion
¥ Thvis wis the yieH of perified product. Sigaificsi of ol | W [

" Bas plio Tible VIl under the same corbon counl.
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TANLE 3-11. BPOXICE MERATION WITH (-NUCLEOPHILE OPENING TN SITU

Subeicilc Condizmy Produils) and Vieldia} %) Rcfa
e
' Rl S
b“'\._.e I-Huphehal, a0, 1 BulH, Ha {54 ]
a@
. m,
E‘v"“ P, H0, 1B, redly ““-(r.a':“ M3
ORw BN
L .2
Hr«f:‘-._,-ﬂ'l HalCHH, Hyid, B, WP, | b = ; (-6} T
I
CioEn
o
Q.
] QJ_,E,II(
mosc. S 1L +-He, BF, | ﬂ='f.ﬂ o8 0
G
| A EOH B0 a IJTA.I:\ -ﬂQT,.A.“q_‘I Ll
n{lv*
ime  Ii®I  Hewy DRy DN WOR)
Smin A T] [ 1 M
Smin 2 18 b 12 m
Ih n F] EL i 5
Mk o 7 b 1 (1]
i h i i o ] 5
W, 17

o
EH. HyOL divasne, vella, 14 5 “‘-ba.-""-r""-m B "’i/i:./\m
o8

1 r (A IEREE

M. HyD. +-Roli, 7, 15k ™

AL
d X g on
g A e Helben

M
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TABLE %[ EFQINEDE MIGRATION WITH C-NUCLEOPHILE OPENING BN SITU | Canriased

Subwzwa Condition Pronkietiil ard Yickdii (%) Rl
0.,
J./\/L* HeOH, HyD, - BudH, 70, |5k My 3
1]
.
o
KL, i, DOF, S h et i
i -
P Do
| i KR, HaOy 100, 3 3 ¢ : 1l
0 ‘OH (Fen oM
> Be-D-gabucio il) B0 ploen (1TF 1:0 &3:8T j—)
0,
KIOH, Hl, 1007, 5% * T
“on s - .
D-gaiacin i o
" -l (1) F-o-galacic (1P 100 3RS —)
0=y
NalH, M0, 100F, 5 R = 145, 247
H
dewman subne
OH
Hr 1. EOH, B0, n e 4K 1
& Acgl), HOID, f
(&
Oae Ohe
fir I EOH, HaOum ] (44} 141
1 I Aoy, WOy
- ke
i, B I, EOH HaL OAc (%) b2
m-gz/\' 2 Aoy, HOID, :
ke
‘0H e g
.. _.Br I KOH, FyD, r : -
H a 2. Wy 50, Mo 5 o A o
3, A, gy



TABLE }-[1, EPOKITE MIGRATION WITH C-NUCLEGPHILE DFENING BN SITU (Coviawed)

— ——

Subsrair Crmsitioes Prostuct{s) urel Yisd{s) (%) Rt

6

S6

OAc
Hi. 1 MM L T b LT
(I: 2, refuas, 3 b @: =1 F]
|- 1. Bzl pp Ao v
el dae
QAL r
L BaiCiHky, i Actl, A Acll, A
2100, 1h ]:IZ +
A Al py Aty mm
e el
W

(E

kE

o
: -’\j“"m
N0, DL 100, | 5 & Hu’\lij’m+ M i
L

1 H L
L1 S Wi 0
o e iy
he o
HH1 4] ik
REIL W0, 2P, 20 VD’ _L ' o “
Lig i
a3
241
248

AN
: i | Malikie, Me(E, 11, 48 b A;q’@ (e} 2
PeliY e ]_m_m- T
ke
B T = TP~ ¢ S
ém



TABLE 3-0. EPCXITE MIORATION WITH (L NUCLEDPHEUE DFEMING 1N SITL (G

Suhumiz Tl Pessduatiah mnd Yickiin] (%) Axfs.

96

16

ke Dide e 0l
M Melide, MeOH. P, 15 h - ' i~ 8
MeD : e
G
e

OMe O
[ ] G
N v s saa
= 51D i
c ke
m{’?/ﬁﬁ- Nﬂ{q\m MASCR, T, 13 B i3
HO' .
1 n O
LIT= 793 mr
e (e
pre
! Malihie, McOH, T, 13 h 2
Hey :
1 il o
LHIEE ] e
oM o
b om I, KO, Hal = ; Gae (4T n
2 Aesll, ;
Okt
e
1. R, EIp, B0, eefhan b/\/m‘ " :;E{;‘ 11
. L Aoy, py
O BT
{16F et
Ohe
1. Wi, HyD\ +BelH, reflo i (45 x|
L Azt pr
AM i MalEL, F o0, r-BraliHL 707, 26 b By, e e 33
o 2 Aol M, DMAF W
e
A/F\z"‘ i MaiH, HaD, =BelH, TIF, 24 b y e -
| L. ez, By, DHAAP :
o 0Ea 07 "o
- I M, B0, eI reffea ;s w 8 i3
W 2. B0 W“"‘
3 A0y SR
I W8, Bl r-BeliHL el e H0 133
2 HEl
. Al py i
e
I, s, F 1, -Beat 20, mflun R PR - ] 1
2 b 54
L Aci py
DAc

1. KaOH, H;O, i BaOTHL s=MNas ' (L' 133
e ﬁ‘\rﬂ"
B gD py ke



TanLe -0 BPOXITE MIGEATION WITH O NUCLEGPHILE OFENIMG [M SITU | Contnasd

86

66

Subnibraic Condrinm Poaduons) nnd Yeeldia) (%) Hale
m’\/\'f}\/':“' KL DMS, B, 12 h i
,Hin
. MR, 13, 1 4-chrse, TUF, 401 17
K
OH
mmﬂﬂ&m
CIhH
I HeDH, EndH, Hyd Bl = 16— M
1 wretylasan
1, Mol Bl m, (95
1. OF", HyD, Ba#L m, | b (FRETY 15,14
Y. Ay, py
- b, Matal, BSEHHL. 1, 34
CHE s 20HE, Halh, ENOHL L 1 & oK 1
1 A, Y
Y id i
oK
MsCiH, HaD\ | A-owane, 70F, 34 h 15
MBI H0, 1 d-doems, T, 24 & 54, 255
il
H -ﬂ}{: WaliH, Had, |.&diosane, 7 1K b LT
v ]
"
o g™
KW (1 ), SeeT, n, 30 dugs - 134) b |

H
! L

KO 5, E 0, M, 1, 30 dayn W\m ({EH 248
H i ]
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TARLE 301, EFONIDE MIGRATICN ®TTH (- NUCLEOFHILE OPENTNG I8 5TTU [ mfimiard)

Subwirate

Cundiion IProcisca{n] s YiakiE) (B4

Cis

EOH (0 1%), MoDH, e 10 days

Wall, B=OiH, #OF, & h

MaliH, HyD, I A-dioess, 1007

0L 'R0, 1 e, 1 00F

WalHHL B, 1 4-dcase, T, 28

MeDH, B, 1 A-digasne, 30, 34 b
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TARLE -0, ERCIIE MOCEATION WITH QL MLCLEDIPHILE DPIESTNG [N SITL (Comyimasd)
Subanme Caafiiom Prosiumcin e Wisliin {4

el
tf;:;j:){ HaOH, HoD, | A-divanre, MF. 32 b hi}( e LR

d

T

o HalHL. ;0. P, | h o (it 12

EOH, HO, DRE50, 110, 2 h {11 258

LiCH, »-BeOH, HeOr, 157, 0 dire

FaMa [TH)
E=H =

LacaH, +-RuliH, Hyl, 237, 2 days 1o
R=Me (RE)
ReH (=)
LACH, MeCIH, My, 237, 15 b OH  OMe e
o RaMe (7]
R=H (—]
H

“ Ths wns & prodect of eposide migration.

# See alen Table WII undsr U same cartn ooumi. )
*mmm“nmThMHMIhhmwﬂﬂmHH!MHﬂfﬂMh#“m
by Lhe -1 scypes. Ahemativedy, formathon of the 1.2 -epowide follewnd by necleophilic openiag by the C-4 cxygen would give the ssantismer,
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TABLE 3-E. EFCIIDG MIGHATION STTH HALIDE AkTr £-NUCLEOPHILE OPENENG 1N STV

Sk Conkiiom o __hunm.-d b LETL ] Bt
Cy MOy an
b\/lk"/g PRUEH, Ml +Re0HL HzD HO., A 5P (g T
i)
= - 3 o
PhAH, M, r-Ba{3H, HL \.,r.-r,_fm * \x\,ﬂu“ . "-\T,"\-",-m L
o L {aH
1 n -
FALEIT = 25 T4 (A%
N e
o PHH, NaOH, 1-Bus8l, bl HG‘,,J‘L,M e u
0
mf\'i}x,m 5
EBi
- BuSH, MaliH, ¢ Ba0H, H:0, Bl an al
-6, 1-28 T
O
PhiH, iaCHL H0, | 4-dicaane. - Rl "
B 3 h I
¢ I o
ppg e TR PHSE, MaCiH, B, HyD, Bl i g 58
el 16 .
& aH
QJ“’“ - BuSH, MuDH, r B0 HyDL “'3‘--,4-1-\_‘-5'*" IEi) 5l
8P, 1-1h i
' “timn
PRSH, MelHE, Myt 1 4-dnmans, B, Ph EL) Al
53R e
P ™ o8l
I'h"L‘ ,-H\.b"-.__,-ﬂl‘ iRicH, Ml +-BudH, g, Ph"i" : L I T w
0 i ,-_-,""-Tr"‘*-..a-
s, 3 h .=
Cy .
i, i-PrEH, el 1 BudH, EIDH, m#\_,mu 1= o
\r/-\_,ﬂ"' LS
M O
PRSH, MaliH, 1-BulH, HyO “':'-l?{';‘-w 5P 1| =
a
"‘;-—n- j— o
n\.r'l'“j}‘u"" - HuH, HaDH, r-BasH. HD, BBl g Bl
T8, 1-2h o

mﬂ sz, Mal, BT 0 m BBt
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TARLE 5-B. AZA-FAYME REARLANCESMENT WITH MU CLEQPHILIC DFENING 1N S1TU

Sabwraic Comdi s Proakaens) and Wishdinl %) Hefa.
oH
c. ¥
Ii""w':’” I KM, THILEE. 1A '\I""»..«-"l 124
HTs
X 1]
T Myl CMLay+IiEe, THF, Erylu Fle o
- ndhe
I A:BusCiECMILEy: a-benare, THF. B =
~Thizl® 1R
I FRSH.THF, n, 3 h 5Ph L]
I r-BeEH, THF. .2 h 1: m
1 KILTHE P, | h b
2 M SN, YTN joaL, “-I-"‘V':H | By 134
THF, hexaaz ri, ¥ h YT
3, aBegSF, THE . 13 mia
oM
It CM el THEF, E1400, + ; 57,68
T W R T MiTL
129} 153
il
- BTl ML= 2151, M 191 5
w-hacess, THF YHT:



0zt

12T

Sukairme
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TABELE & REACTIONS PvnLviNG THIA-PAYNE REARRANGEMENTS
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The Intramolecular Heck Reaction

J. T. Link, Abbott Laboratories, Abbott Park, IL

1. Introduction

Since the discovery of the Heck reaction, (1, 2) the process has gained
widespread acceptance within the synthetic community both as a practical tool
and a research area. (3-15) The intramolecular Heck reaction has enjoyed a
similar renaissance, particularly within the last decade. (16) The reaction has
emerged as a reliable method for efficiently constructing small, medium, and
large rings and is outlined in generic form in Eq. 1 (1®2 and/or 3). Since the
reaction occurs under mild and nearly neutral
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conditions, the functional group tolerance is high. Tandem reactions, which are
initiated by intramolecular Heck reactions, have been developed allowing for
multiple ri formations, cyclization and intermolecular coupling, and a
multitude other ever-expanding possibilities. Furthermore, congested
tertiary and quaternary centers can be efficiently constructed
diastereoselectively or enantioselectively during the ring-forming reaction. The
numerous advances in reaction technology and capability have led to frequent
application of the reaction in complex molecule synthesis and combinatorial
library preparation. (17, 18) For the purposes of this review, the intramolecular
Heck reaction is defined as the palladium[0]-catalyzed intramolecular coupling
of an aryl or alkenyl halide or perfluorosulfonate with an alkene, alkyne, allene,
or arene.



2. Mechanism and Stereochemistry

The mechanism of the Heck reaction is an active area of research. Precise
mechanistic details vary substantially depending upon catalyst, substrate,
additives, and reaction conditions. The introduction given here is designed to
give the chemist a basic understanding of the currently accepted mechanisms
to aid in the rational selection and optimization of reaction conditions. For more
detailed analyses, several reviews on the mechanistic forefront of the Heck
reaction have been published. (19, 20)

2.1. Neutral Pathway of the Heck Reaction

Two mechanistic manifolds are invoked to explain the majority of
intramolecular Heck reactions. (21-28) Alkenyl and aryl halides 4 commonly
react via the “neutral pathway” (Scheme 1). The catalytically active palladium
species 5 typically has two phosphine ligands, and oxidatively adds into the
carbon-halogen bond. The reactivity order for the formation of palladium
complex 6 (and often for the overall reaction) is X =1 > Br >> CI. Ligand
exchange by decomplexation of a phosphine ligand and coordination of the
pendant unsaturated group (in this case alkene) provides complex 7. Syn
insertion of the alkene yields the s -bonded alkylpalladium intermediate 8. Syn
B -hydride elimination provides product 9 and a hydrido palladium complex 10,
which is converted by a stoichiometric amount of base into the catalytically
active palladium complex 5. One notable feature of the neutral mechanism is
that one of the phosphine ligands leaves the palladium coordination sphere
during the rse of the reaction. For asymmetric reactions, which commonly
employ chim)identate phosphines, this is commonly invoked as an
explanation for the loss of enantioselectivity often observed in reactions
postulated to occur via the neutral pathway.

Scheme 1.
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2.2. Cationic Pathway of the Heck Reaction

Aryl and vinyl perfluorosulfonates 4 (X = Tf (trifluoromethylsulfonyl), Nf
(non-aflate)) react via the “cationic pathway” of the Heck reaction (Scheme 2).
After oxidatiwe addition of the palladium complex 5 into the carbon triflate bond,
cationic intmediate 11 is obtained. Coordination of the pendant unsaturated
group (in this case alkene) then provides complex 12. Insertion yields the s
-bonded palladium complex 13, which after § -hydride elimination gives the
product 9 and a hydrido-palladium complex 14. As in the neutral case, a
stoichiometric amount of base converts the hydridopalladium triflate complex
14 back into the catalytically active palladium complex 5. In this mechanistic
pathway, both phosphines remain complexed to palladium during the entire
reaction. For this reason, most asymmetric reactions use the cationic pathway.
Scheme 2.
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Reaction conditions have been developed to allow vinyl and aryl halides to
undergo reaction via the “cationic pathway”. (24, 29, 30) Addition of silver (31,
32) or thalligmm salts (33) to the reaction mixture accomplishes this task. Vinyl
and aryl trilmas can also be directed into the “neutral manifold” by the addition
of tetrabutylammonium halide salts. (34)

2.3. Insertion

Alkenes undergo suprafacial insertion into palladium carbon s -bonds. (35, 36)
Depending upon the geometry (enforced by the substrate structure), the
alkene can approach the palladium-carbon s -bond by two limiting relative
orientations (Eqg. 2). In the eclipsed orientation, the palladium-carbon s -bond
approaches the alkene in the plane of the alkene p -bond en route to the
insertion product. If the approach is somewhat out of plane, a twisted
orientation leads to the insertion product.
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Cyclization of substrates that can access either insertion orientation has been
conducted (Eq. 3). (37) For example, aryl iodide 15 upon treatment with a
catalyst derived from palladium acetate and triphenylphosphine, in the
presence of silver carbonate, yields cyclic either 16 in good yield. The
diastereoselectivity of the reaction, which presumably proceeds via the
cationic pathway, is greater than 20 : 1.

[\ PA(OAC)~, PPhs,
0. 0 (DAC), s
ABCO, (909%)
: THF. reflux, 15 h .
<'D
| NHCO->Me
NHCO,Me 2
0 ( (3)
15
(63-70%)
after recrystallization
dr = 20:1

The two potential competing cyclization conformers with the carbamate group
disposed equatorially are 17 and 18 (Scheme 3). In boat conformer 17, the
carbonpalladium bond and alkene are aligned in an eclipsed orientation.
Insertion, followed by B -hydride elimination, yields the observed diastereomer
16. Chair conformer 18 places the carbon-palladium s -bond and alkene in a
twisted orientation. No product was observed from this conformer.
Examination of this reaction indicates a preference for an eclipsed

conformation; however, even in closely related systems, the trend erodes.
Scheme 3.
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Aryl iodides 19a and 19b are closely related to cyclization precursor 15 (Eq. 4).
(38) Reaction of carbamate 19a yields 20a as a 1.4:1 mixture of diastereomers
under the same reaction conditions. Although the major product has the same
relative stereochemistry as 16, a significant amount of the diastereomer
derived from a twisted chair conformer analogous to 18 is isolated. Under
identical reaction conditions a number of substrates cyclize similarly, with
tosylate 19b giving the most diastereoselective reaction. The results indicate
the potential for the twisted orientation and show that subtle variations in
structure can play an important role in the intramolecular Heck reaction.

0. .0
Pd(OAc),. PPhs,
Ag:CO; L
THE. reflux, 15 h o
R (a)
R dr
19a NHCO-Me 20a 1.4:1
19b OTs 20b 2.5:1

2.4. Pentacoordinate Palladium Intermediates

Detailed studies of the intramolecular Heck reactions of anilino amides have
revealed an additional mechanistic possibility. (34) When the bidentate ligand
(R)-BINAP is employed, iodoamide 21 cyclizes to oxindole 22, which upon
enol ether cleavage and reduction provides alcohol 23 enantioselectively in
91% ee (Eqg. 5). Such a highly enantioselective reaction occurring via the
neutral pathway is unusual.
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In the neutral pathway, oxidative addition of a bidentate palladium species
yields complex 27 (Scheme 4). Ligand dissociation (27®28) and insertion
(28®30) then deliver the cyclized intermediate 30. Enantioselectivity is usually
low for therocesses. This observation has been rationalized by the loss of
rigidity of intefmediate 28 with only one phosphine coordinated during the
insertion event. Experimentally, it was determined that the catalytic species is
a monomeric Pd-BINAP complex. In addition, neither oxidative addition nor 3
-hydride elimination is believed to be the enantioselective step. Experimental
support for oxidative addition not being the enantioselective step was found
when iodides were discovered to react with different enantioselectivity in the
presence of silver salts. The possibility that § -hydride elimination is the
enantioselective step was ruled out since the geometry of the double bond of
the substrate affects the enantioselectivity of the process. To determine if the
normal neutral pathway could be responsible, the reaction was conducted with
monodentate phosphine BINAP mimics 24a, 24b, and 24c (Eqg. 5).
Intramolecular Heck reactions with these ligands occur with low and opposite
enantioselectivities compared to those with BINAP and at much increased
rates. These experiments suggested that the path 25®27®28®30 is not in
operation. Two additional alternatives were considered. The dissociation of X
from the palladium coordination sphere and replacement by the alkene (27®29)
were also ruled out by the differing results obtained under cationic conditions.
Another possibility is the associative generation of 29 via the pentacoordinate



intermediate 31. In this event, the conversion of 27®31 or 31®29 could be the
enantiodiscriminating step. Although migratory insertion from complex 31
directly to s -bonded palladium intermediate 30 has not been disproven, it has
been deemed unlikely.

Scheme 4.
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2.5. Anionic Mechanism

Recently, a new catalytic cycle involving anionic Pd[0] and Pd[ll] intermediates
has been proposed (Scheme 5). (39, 40) The catalytic cycle is thought to arise
from the mixture of the common Heck precatalysts Pd(OAc), and phosphines.
Their combination yields palladium complex 33. Reduction of 33 with
triphenylphosphine (which produces triphenylphosphine oxide) provides
anionic complex 34, which undergoes oxidative addition with substrate 32 to
yield the short-lived pentacoordinate complex 35. Loss of X~ then yields an
equilibrating mixture of complex 36 and cationic complex 37. Further reaction
of 36 yields cyclized adduct 38, which after 8 -hydride elimination yields
product 39 and hydridopalladium complex 40. Deprotonation of 40 with base
yields the anionic complex 34 ready to initiate another turn of the catalytic
cycle. This mechanism provides an attractive rationale for the effect of many
additives like KOAc in Heck reactions.

Scheme 5.
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2.6. Phosp alladacycles

Phosphap acycles have been introduced as catalysts for the Heck reaction
(Scheme 6). (41, 42) These air-stable, yellow solids are generated by heating
phosphines like P(CsHsMe—2); with Pd(OAc), to provide the
phosphapalladacycles (e.g. 42a and 42b) via cyclometallation. (43, 44) Many
earlier examples of Heck reactions in the presence of Pd(OAc), and
P(CsHsMe—-2); are potentially mediated by trans-di( p
-acetato)-bis[o-(di-o-tolylphosphino)benzyl]dipalladium(ll) (42a; HBC;
Herrmann-Beller catalyst). These catalysts deliver excellent turnover numbers
(TON) and turnover frequencies (TOF) and have good thermal stability. The
precise mechanism for participation of these catalysts in Heck reactions has
yet to be delineated. However, initial studies indicate the involvement of a Pd[0]
complex rather than a Pd[ll]/Pd[IV] catalytic cycle. Studies with
1-bromo-4-chlorobenzene and a -methylstyrene implicate the Pd[0] species 43,
which upon oxidative addition gives complex 44. (45)

Scheme 6.
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2.7. Substitution Reactions

Intramolecular Heck reactions that result in the substitution of an alkenyl or aryl
group for an alkenyl proton during cyclization are termed substitution reactions
(Eqg. 6). The reaction (45—46) also changes the olefin geometry because of
the reaction mechanism. Intramolecular Heck cyclization of precursor 45 after
cis-carbopalladation yields s -bonded palladium intermediate 47. Bond rotation
to allow for syn B -hydride elimination provides complex 48 en route to the
substitutionqaroduct 46. In some examples, alkene geometry changes are not
observed. umably, olefin isomerization by palladium [II] salts present in
the reaction mixture or anti elimination explains these results.

(6)




2.8. Stereogenic Center Formation

When the reacting alkene 49 is substituted (R " H), the intramolecular Heck
reaction (49®50) forms a quarternary center (Eq. 7). In this case, 3 -hydride
elimination must occur toward the terminal allylic carbon. Intramolecular Heck
reactions can be diastereoselective or enantioselective depending upon
substrate and catalyst. Asymmetric reactions typically employ bidentate
phosphines of which BINAP is most frequently selected. When R = H, a
mixture of the substitution product and products containing a tertiary
stereocenter (50) are usually obtained. Allylsilanes can be employed to control
the regiochemistry of B-elimination (vide infra) yielding a tertiary stereocenter
as in 50 (R = H).

V\ i %” _/:' 7)

2.9. Aromatic Substrates

Arenes alsg participate in the intramolecular Heck reaction as illustrated by the
conversionarene 51 into cyclized biaryl 52 (Eqg. 8). Mechanistically, these
reactions differ from alkene reactions and are thought to occur via reductive
elimination of intermediate 53. Intermediate 53 could arise from an
intramolecular electrophilic aromatic substitution or a Pd [IV] intermediate.
There is little experimental support for either reaction pathway, thus inviting
mechanistic studies to better understand these transformations. Some alkenyl
substrates may also react via a similar mechanism. (46)
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2.10. Other Termination Pathways

Syn B -hydride elimination is the most common termination step for Heck
reactions. Many examples of anti 8 -hydride elimination have also been
documented. (47) Several additional synthetically useful termination pathways
for s -bonded palladium intermediates have been identified. Many, including
anion capture and carbonylation, are discussed in the Tandem Reactions
Section. By appropriate selection of silyl substrate and reaction conditions, 3
-silane elimination can occur in preference to  -hydride elimination. These
reactions will be discussed in the Asymmetric Reactions Section. 3 -Alkoxy
elimination is uncommon, but has been observed when the alkoxy group is at
the anomeric position of a sugar. (48-53) Vinyl bromide 54 is cyclized to glycal
55 in moderate yield, by a process formally requiring a syn 3 -alkoxy
elimination (Eq. 9). (48, 49, 51) Interestingly, the isomeric vinyl bromide 56
reacts similarly to give enol ether 57 (Eg. 10). (53) This reaction formally
requires an anti 3 -alkoxy elimination. Mechanistically it has been proposed
that coordination of the anomeric oxygen to the s-bound palladium insertion
product leads to oxonium ion formation en route to the product. (49)

Yﬂr’i/\r{]\@\ Pd{OAc),. PPhs, N
Et:N, BuyNHSO v
o O - 3 4 L i 0 (32%)

H,0, CH:CN, 07 ™
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54 =%

(9)

H,0, CH;CN,
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56 57

YEI’ O(}\Q\ P{l[DAC}11 PP"I_L g =
g 0 Et_?,N. BlI4NHSU.g . O :
07 Bu- 07 ™ 2 bk (10)



3. Scope and Limitations

3.1. Potential Substrates

Substrates for the intramolecular Heck reaction are typically aryl or vinyl
halides or perfluorosulfonates. lodides, bromides, and triflates make up the
majority of the documented examples. One strategy to activate typically
unreactive aryl chlorides results in the cyclization of chloride 58 to the
substitution product 59 (Eqg. 11). (54) Formation of the electron-withdrawing
chromium tricarbonyl complex increases the

wf Pd(OAc),, PPhs.
i Et-N &,

Cr(CO); CHACN, 23°,24h L
0% Ome CriCO); OMe
=5 59

reactivity of the substrate, leading to an efficient reaction under mild conditions
(room temperature). Recently, ligands have been discovered that efficiently
promote intermolecular Heck reactions of chlorides. (55) Use of these
catalysts may provide for reactions of vinyl and aryl chlorides without having to
resort to other activation strategies. Several unsaturated groups, including
alkenes, alkynes, allenes, and arenes, also participate in the reaction. The
connecting tether can vary in length and composition. Four- through
27—membe|ﬂ rings have been formed and a wide array of functionality is
tolerated.

3.2. Isomerization

The intramolecular Heck reaction frequently creates a new alkene, which can
isomerize under typical conditions. The isomerization presumably occurs by
readdition of the hydrido palladium complex to the alkene followed by 3
-hydride elimination (or possibly from catalysis by palladium [l]] complexes).
One example, in which the isomerization is exploited, is the conversion of aryl
bromide 60 into indole 61 (Eq. 12). (56) Addition of silver or thallium salts to the
reaction mixture typically reduces the amount of isomerization. (32) For
example, iodide 62 can be converted into the substitution product 63 without
formation of the indole (Eq. 13). (57)
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3.3. Allylic Stereocenters

Allylic stereocenters bearing leaving groups can undergo competitive reaction
with palladium [0] complexes under typical Heck reaction conditions, owing to
the formation of palladium p -allyl intermediates. For many substrates, such a
pathway can be avoided by a judicious choice of protecting groups. For
instance, the tert-butyldimethylsilyl-protected vinyl bromide 64 undergoes
conversion into diene 65 (Eg. 14). (58-60) An allylic acetate would probably be
reactive. One reactive

Pd(PPh3)y.
K,CO;
CH,CN, reflux

TBDMSO' TBDMSO™

allylic system is revealed by the conversion of aryl iodide 66 into tetracycle 67
(Eqg. 15). (61) During this reaction, the N-O bridge is inverted, which has been
rationalized by the formation of a palladium p -allyl intermediate followed by
reclosure. Imaginative uses of this type of chemistry have led to tandem
reactions. (62)
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3.4. 4-Exo Cyclization

The majority of intramolecular Heck cyclizations are exo, although many endo
examples exist. The smallest ring that has been constructed is a cyclobutane
although there are currently only a few examples. Nonaflate 68 undergoes a
substitution reaction to provide diene 69 in moderate yield (Eq. 16). (63)
Perhaps more impressive is the formation of two cyclobutanes in one reaction
by the conversion of bis(nonaflate) 70 into tricycle 71 (Eq. 17). (63) Typically,
intramolecular Heck reactions prefer a 5-endo pathway over 4-exo.

Pd{OAc);, PPhs, Et;N

; (52-65%)
DMEF, 80°, 12 h | (16)
Bn
0
69
Pd(OAc),, PPhs, Ei3N -
DMF, 80°, 12h (17)
71

3.5. 5-Exo Cyclization

5-Exo intramolecular Heck reactions are the most facile (Eq. 18). For this
reason, the reaction is popular for constructing five-membered rings,
particularly if acid-sensitive functional groups are present. It is commonly used
to produce indoles, benzofurans, benzothiophenes, oxindoles,
benzofuranones, and other heterocycles. One
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example is the conversion of aryl iodide 72 into the substitution product
carbacycle 73. (64) Annulations typically produce a cis ring juncture. For
example, vinyl iodide 74 is converted into the cis-fused bicycle 75 (Eg. 19). (65)
Alkene isomerization in this

| ! Pd(OAc),, PPhs, H
Ag,CO4
N.80°.5d : 19
CN CH;CN, 80°,5d N (77%)  (19)
74 ’s

case is suppressed by Ag.COs. Similarly, the cyclization of diol 76 produces a
cis ring junction. (66) In this case 3 -hydride elimination yields an enol which
tautomerizes to ketone 77. These three examples also illustrate the wide
functional group tolerance of the reaction, which leaves esters, nitriles, and
alcohols as well as many other potentially labile groups unperturbed.

Br OH Pd(OAc),, PPhs,
T fq:/ Et;N. CH;CN
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3.6. 6-Exo Cyclization

The formation of six-membered rings via a 6-exo intramolecular Heck reaction
is also common (Eqg. 21). One example of a substitution reaction is the
conversion of aryl bromide 78 into tricycle 79. (67) The conversion illustrates
the ability of the reaction
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to construct rings in a potentially sensitive system. Heck catalysts are typically
stable at high temperatures, allowing the construction of strained systems.
During the cyclization of 78 to 79, both groups on the dioxolane ring must
move into energetically unfavorable axial orientations. Another bridged system
can be formed via the reaction of sulfonamide 80 to give tricycle 81 (Eq. 22).
(68, 69) The intramolecular Heck reaction also efficiently constructs quaternary
centers. Triflate 82 undergoes 6-exo cyclization to provide enol ether 83 by
forming a 6-membered ring, a quaternary center, and converting a protected
alcohol into a protected aldehyde in one step (Eq. 23). (70, 71)
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As with the 5-exo reaction, 6-exo reactions typically deliver a cis ring juncture.
For instance, aryl bromide 84 cyclizes to tetracycle 85 under the influence of
the Herrmann-Beller catalyst 42a (Eq. 24). (72, 73) An interesting example in
which a trans ring juncture is formed predominantly is the cyclization of amide
86 (Eq. 25). Trans-fused tetracycle 87 is produced as the major product and
cis-fused 88 as the minor product. (74)
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3.7. 7-Exo Cyclization

Seven-membered rings are efficiently constructed by the intramolecular Heck
reaction. Although not as facile as the formation of five- and six-membered
rings, many high yielding examples of 7-exo cyclization have been
documented. An example of a substitution reaction is the conversion of aryl
iodide 89 i benzazepine 90 in high yield (Eq. 26). (75) Similarly, ether 91
cyclizes to tricycle 92 (Eq. 27). (76)
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Again, a preference for cis ring junctures is observed as illustrated by the
reaction of bromide 93 to yield pentacyclic amine 94 (Eq. 28). (77-79)

o Br HBC,
< n-BuyNOAc, H,O
0 N CH;CN, DME, 120°, 7 h

93 94

o
(81%) (28)

Intramolecular Heck reactions also are effective ways to build strained ring
systems. An example of this is the conversion of vinyl iodide 95 into tricycle 96
(Eqg. 29). (80) Hydroxyketone 96 is highly strained owing to its anti-Bredt
alkene,

Pd(PPh3):(0Ac),, 3
TN S
THF, 70° ] (32%) (29)

HO 3

95 96

geminal dingnyl substituted bridge carbon, and five sp? hybridized centers in
the seven-membered ring. Allenes are competent reaction partners for forming
medium and large rings. (81, 82) Typically, as in intermolecular reactions,
attack at the central sp-carbon of the allene is observed. One example is the
reaction of iodide 97 to yield diene 98 (Eq. 30). (81, 82)
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3.8. 8-Exo Cyclization



Medium-sized rings, including eight-membered, are suitable targets for the
intramolecular Heck reaction (Eqg. 31). The alkenyl examples arise from
synthetic studies toward the natural product taxol® (vide infra). Allenes also
participate (including cases in which the corresponding alkene is reluctant to
react), as demonstrated by the conversion of aryl bromide 99 into styrene 100
(Eg. 31). (81, 82)

Br PACL,(PPhy)s. K2CO4 .
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3.9. Macrocyclization

Large rings can also be synthesized by the intramolecular Heck reaction.
Examples can be either exo or endo and are typically controlled by the
electronics of the reacting partners rather than by the tether. For instance,
enoate 101 undergoes 22-endo cyclization to cinnamate 102 (Eq. 32). (83) As
with medium-sized rings, allenes are also good substrates as exemplified by
the highly efficient reaction of allene 103 to styrene 104 (Eq. 33). (82) The
reaction clﬁs a 20-membered ring in 86% vyield.
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3.10. Endo Cyclization

Although most intramolecular Heck reactions are exo, the endo reaction can
be used in a number of situations. 5-endo Reactions are typically preferred
over 4-exo reactions. For example, enoate 105 undergoes reaction under
Jeffery's conditions to yield indole 106 (Eq. 34). (84) Similarly,
aziridinylquinone 107 cyclizes efficiently to tetracycle 108 (Eq. 35). (85) It is
interesting that the reaction is effective with substrates that have different
alkene polarization.
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Although 5-exo cyclization is generally preferred over 6-endo, there are
examples of efficient 6-endo reactions. One example is the closure of
eneamide 109 to tricyclic lactam 110 (Eq. 36). (86) A related reaction



(111 112, Eq. 37) indicates that alkene electron polarization does not
dominate the reaction. (87)
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As the ring size increases to medium and large rings, the intramolecular Heck
reaction begins to behave more like the intermolecular reaction. For instance
the 7, 8, a -endo closures of iodides 113 to bicyclic compounds 114 follow
this trend (EQ. 38). (88-90) Interestingly, the yield of the reaction increases with
increasing ring size.
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3.11. Rearrangement



Several examples of intramolecular Heck reactions give a product that upon
first inspection is the result of endo cyclization with a change in olefin geometry.
For example, vinyl iodide 115 undergoes reaction to give diene 116 (Eq. 39).
(91) The

n-Bu
S PACl:(PPhy)s.  m-Bu™ ™=
EGN, EoNH (94%)
DMF. 80,8 h G S R
I:.IUQ{: COEt
EtO:C o0,k
115 \ » 116
 n-Bu PdL, | R i (39)
X L.Pd N
F_tDEC CU*_&EI F‘:[Dgc CO*_:EI
117 118

reaction is not a violation of the rules governing these palladium-mediated
reactions, but is actually a rearrangement. Upon 5-exo cyclization, 115 is
converted into the neopentyl palladium intermediate 117; 3-exo cyclization
then yields cyclopropane 118. Bond rotation, cyclopropane cleavage, and 3
-hydride elimination then provide product 116 in good yield. (91, 92)

The reactiom\as been observed in complex systems when a normal Heck
reaction was anticipated. (93) In one case, 6-exo cyclization of vinyl iodide 119
yields palladium complex 121 (Eg. 40). Complexation with the neighboring
carbamate is invoked to explain why rearrangement to polycycle 120 via
cyclopropane formation/fragmentation occurs instead of  -hydride elimination.
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3.12. Aromatic Cyclization

Although mechanistically different from alkenes and alkynes, aromatic groups
also undergo intramolecular reactions. Halides (I, Br, Cl) and triflates are
substrates, and the reaction creates a biaryl bond closing 5-7 membered rings.
Aryl bromide 122 undergoes reaction to provide lactam 123 in nearly
quantitative yield

Br PA(OAc). P(CgHsMe-2)s. O
DME > (250)
e Creflux, 1.5h NMe (41)
O 0
122 123

(Eqg. 41). (94-96) In addition to six-membered rings, five-membered ring
examples are common as illustrated by the regioselective closure of triflate
124 to pentacyclic aromatic 125 (Eqg. 42). (97) Seven-membered ring closures
are rarer, but the cyclization of bis-indolemaleimide 126 to the hexacycle 127
proceeds efficiently (Eq. 43). (98)
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Phenolates are excellent substrates for the reaction although electron-deficient
aromatic rings will also react. Furthermore, they often react regioselectively as
in the conversion of iodide 128a into tricycle 129 (Eq. 44). (99) The
corresponding methyl ether 128b gives a different regioisomer 130 and is a
poor participant in the coupling reaction under identical conditions.
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3.13. Tandem Reactions

s -Alkylpalladium complexes are capable of undergoing a broad range of
chemistry in addition to 3 -hydride elimination. The intramolecular Heck
reaction is one method for generating these complexes, whose rich chemistry
leads to tandem reactions capable of producing complex products from simple
starting materials in a predictable manner. (100-102) These reactions have
also been termed domino reactions. (103, 104) As in the Heck reaction, s
-alkylpalladium complexes undergo alkene insertion reactions that can be
exploited in an inter- or intramolecular sense. This versatility leads to multiple
insertion pathways capable of forming rings and coupling fragments. For
instance, generic precursor 131 under palladium catalysis yields the
s-alkylpalladium complex 132 (Eg. 45). Since 132 has no 3 -hydrogens,
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no elimination takes place, and an intermolecular Heck reaction with an alkene
yields product 133. In order for this catalytic cycle to function efficiently, the
cyclization of precursor 131 to intermediate 132 must be faster than the direct
coupling of precursor 131 with the alkene. Thus, for many intramolecular Heck
initiated tandem reactions, the first ring formed must be small (five- or
six-membered), although in some cases medium-sized (seven- or
eight-membered) rings can be formed. The second insertion can also be
intramolecular, leading to the formation of two rings as in the conversion
131—-134—135. Alkynes are also effective relay partners. For example, alkyne
136 undergoes Heck cyclization to provide vinylpalladium intermediate 137
ready to undergo a second insertion reaction en route to tricycle 138 (Eq. 46).
Many variations of these themes are possible and are detailed in the following
sections arﬂﬁ the tables on multiple insertions.

(45)

[

~ LnPd

T —C
137 13

136 2 38

(46)

Carbonylation is another reaction pathway available to s -alkylpalladium
complexes (Eq. 47). After carbon monoxide adds to the insertion product 139
to produce acylpalladium complex 140, a variety of nucleophiles (XH) can
react to provide products 141. Nucleophiles (XH) include hydride equivalents,
alcohols, amines, and soft carbanions (like malonate), leading to aldehydes,



esters, amides, and ketones, respectively. The nucleophilic X and pendant
group R! can also be connected to provide an intramolecular reaction.

8

8]
PdL,, S
S /”“ ! 1 — /“ X
SoNSeTalN ol
SN = R! XN gl
139 140

141

The intramolecular Heck reaction with a diene or allene can yield a p
-allylpalladium intermediate that can trap soft nucleophiles or undergo other
reactions. Reactions with dienes can generate p-allyl complexes in two
different ways. Intramolecular Heck reaction of generic diene 142 (Eq. 48) can
yield p -allyl intermediate

Nu
< @P{IL” -
/‘“| X # PdL, /“| MNu ""L‘| (48)
S S o S S
142 143 144

143 directly%ich, after capturing a nucleophile, yields alkene 144.
Alternatively, after Heck reaction of diene 145 (Eq. 49) yields s -alkylpalladium
complex 146, 3 -hydride elimination and readdition provide p -allyl complex
147 that again can react with a soft nucleophile to deliver products 148.
Allenes are also effective

PdL

X <\= o . __\{Fdl_fn /‘“KL\“
Q|L_,/ ] |;|\U/!, ] QJ __/'.J Q} _)*Nu (49)
45

1 146 147 148

partners for inter- and intramolecular Heck reactions (Eq. 50). The
intramolecular reaction of allene 149 yieldsp -allyl complex 150, which reacts
wth nucleophiles to give products 151. Allenes close to give small, medium,



and large rings at suitable rates to allow these types of tandem processes to
occur.

Nu

sUdieols <ol

151

Anionic capture is a term coined to describe the reaction of various anions,
neutral molecules, and organometallics with s-bonded alkylpalladium
complexes (152 153; Eq. 51). (100, 101) Anions include hydride equivalents,
cyanide, acetate, azide, TsSNR, SO,Ph, and malonates. Neutral species
include amines, MeOH/CO, acrylates, and allenes. The organometallics
include stannanes, boronic acids, and organozincs.

- f< el

..,.

3.13.1. Multiple Insertions

3.13.1.1. Intermolecular Insertions

Intramolecular Heck reaction followed by an intermolecular Heck reaction is an
effective one-pot method for constructing a ring and coupling two fragments.
One example from a benzoprostacyclin synthesis is the reaction of iodide 154
(Eqg. 52). (105) Treatment with palladium acetate under Jeffery's conditions
leads to 5-exo cyclization and establishes the cis ring juncture. 3 -Hydride
elimination is precluded by the neighboring hydroxy group, allowing for
intermolecular Heck coupling with 1-octen-3-one to give tricyclic product 155.
The reaction closes a ring, sets two stereogenic centers, couples two
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(52)

(42%)

CO-Et
154

fragments, and builds two carbon-carbon bonds. Vinyl bromide 156 (Eq. 53)
undergoes a related reaction. (106) 5-exo Cyclization onto the pendant alkyne
provides a vinylpalladium intermediate that undergoes an intermolecular
reaction with methyl acrylate. Ring closure in similar systems is thought to
occur by two different mechanisms: 6-endo insertion prior to § -hydride
elimination or 6 p electrocyclization. In both cases, oxidation gives the
aromatic ring. In this case, the mechanism involving 6-endo insertion is
thought to be operating.

CO-,Me Me0-C
- Pd(OAc), PPhs,

Br| | methyl acrylate
Aggﬂﬂg..
O

CH;CN, 120°, 3 h

(56%) (53)

OBz
156 157

An example of an intramolecular Heck reaction followed by an intermolecular
insertion followed by an intramolecular insertion is shown in Eq. 54. 5-exo
Cyclization of aryl iodide 158 yields a vinylpalladium intermediate that reacts
with norbornene. (107, 108) The s -alkylpalladium intermediate 159 cannot 3
-hydride eliminate and undergoes a 3-exo reaction followed by (3 -hydride
elimination to yield cyclopropane 160. The reaction couples two fragments and
assembles a tetrasubstituted



Pd(OAc),. PPhs,
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cyclopropane while controlling the relative configuration of each stereogenic
center. Allene can also play a key role in tandem reactions. Intramolecular
Heck reaction of ether 161 yields the corresponding 5-exo vinylpalladium
adduct. Reaction with allene yields a p -allyl intermediate that is trapped by
piperidine to give dienyl amine 162 (Eq. 55). (448)

)
] J' Pd(OAc),, PPhs,
allene
- 05
EID piperidine, K,CO3, ) S (55)

toluene, 70°, 20 h

161 162
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3.13.1.2. Intramolecular Insertions
Multiple intramolecular insertions can be utilized to rapidly assemble a variety
of polycyclic skeletons (Eq. 56). (109, 110) For example, amide

I

\: Pd(OAc),, PPhs,
K,CO;, EtyNCI
—_— = - _ .
N\,_/f CH4CN,80°.3h N (92%) (56)
2 0
163 164

163 undergoes a 5-exo cyclization to yield a neopentyl s -bonded palladium
intermediate incapable of B -hydride elimination. (111) Subsequent 6-exo
substitutive coupling then provides tricycle 164, assembling one quaternary
center and closing two rings in high yield. In a second example, sugar-derived



vinyl bromide 165 undergoes a tandem 5-exo; 5-exo coupling to give product
166 (Eq. 57). (50) The reaction closes

Ph
Ph R
,/\F\(;. Pd(OAc), PPhs, N
Bi = BusNHSOy, Et;N . 0 )
0 H,O, CH:CN, (79%) (57)
L ! 80°, 15-24 h 0 0O
LH'DTHDl"n«*'IS k\
OTBDMS
165 166

two five-membered rings, sets two ring junction stereocenters, and determines
the final alkene geometry. One can also install a cyclopropane at a ring
juncture using multiple insertions. For instance, treatment of vinyl triflate 167
under standard Heck conditions leads to 5-exo cyclization to a neopentyl
intermediate, which undergoes 3-exo cyclization and B -hydride elimination to
give cyclopropane 168 diastereoselectively (Eq. 58). (110)

OTf
Pd(OAc),, PPhs,

0 Et:N 0 -
- 90%) (58
Q/D CH;CN, 82° Q/O H (%0%) (55)

6] 168

Alkynes are effective relay units for multiple insertion reactions (Eq. 59). For
example, vinyl iodide 169 undergoes a 6-exo intramolecular reaction with the
alkyne. (112) Two additional 5-exo insertion steps close two five-membered
rings, efficiently producing the tricyclic compound 170. This “zipper” mode
polycyclization

Pd(PPh3)4, EtzsN
- (90%)
CH:CN, reflux, 7 h (59)
COEt

CO,Et
170




efficiently produces an angularly fused polycyclic network. (109, 110) Related
cyclizations can be designed to build linearly or spiro-fused polycyclic
networks. A different type of cyclization is illustrated by the reaction of 171 to
tricycle 172 (Eq. 60). (113) A tandem 5-exo; 5-exo; 6-endo cyclization
accounts for the reaction.

" Ph
Ph = . OMe
Br Pd{OAc),, PPhy,
e = X 3%
CHLCN. 60°, 72 h OMe
Et0,C” CO,Et e COEt
171 172

3.13.2. Carbonylation

Tandem Heck/carbonylation reactions are most effective when used to
construct five- and six-membered rings. With larger rings, carbonylation
competes with cyclization. Capture of the intermediate acylpalladium
intermediate with alcohols yields esters efficiently. Thallium salts are not
required, but have been shown to promote many reactions, including the 5-exo
cyclizationﬁulfonamide 173 to indoline 174 (Eq. 61). (114) Similarly, the

diastereos tive closure of amide
| CO-Me
@{ PACl,(PPhs),.
} CO. TIOAc
- L
N McOH, 65°, 21 h 3 O1%)  (61)
S0y SO,Ph
173 174

175, carbonylation, and intermolecular capture with methanol yields ester 176
efficiently (Eq. 62). (114) The reaction occurs across the less hindered face of
the alkene. In both cases, a sterically congested neopentylpalladium
intermediate is carbonylated effectively. The reaction also works with
vinylpalladium intermediates, and the trapping alcohol can be a part of the
substrate. Alkyne 177 undergoes 6-exo cyclization followed by carbonylation
and primary alcohol capture to give bicyclic lactone 178 (Eq. 63). (115)
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Amines can be used in the reaction in place of alcohols, leading to amides. For
example, sulfonamide 179 undergoes 5-exo cyclization, carbonylation, and
amine trapping to give indole 180 after olefin isomerization (Eg. 64). (101, 102)
Some unisomerized material 181 is also obtained from the reaction.
Intramolecular examples are also known, such as the conversion of aryl iodide
182 into th@ght—membered ring lactam 183 (Eg. 65). (116)
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+  H
HNT Y o CONH,
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CHiCN, 60", 18h * 5%)
S0,Ph i
179 180 o (64)
0 ¢ :[‘HE
H 4 ' (—)
N
SO,Ph

181



Bn
BnHN 0. N
N

l = Pd(OAC),, PPhs, \®
. N
@ ,}KJN 7 €O.TOAc__, (45%)
N CH:CN, 807,48 h (65)

SO,Ph
182 153

The reaction can also be conducted in the presence of diphenylmethylsilane to
yield aldehydes. For instance, aryl iodide 184 is converted into aldehyde 185
by this protocol (Eg. 66). (117) Intramolecular capture by soft carbon
nucleophiles is also effective, as demonstrated by the reaction of diester 186
to give cyclopentanone 187 (Eq. 67). (116)

[ Pd(OAc)s, PPh;, CO,
PhsMeSiH, Et;NCI CHO
N ] N (61%) (66)

SO,Ph tol, 110°, 7 h N
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CO, TIOAc _
N CH:CN, 80°,24h (50%) (67)
2 N
SOaPh SO,Ph
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3.13.3. Aromatic Cyclization Termination
Aromatic groups also react intramoleculary with s -bonded palladium
intermediates. Thus, they can be used to terminate tandem reactions as in the



cyclization of aryl iodide 188. 5-exo Cyclization followed by reaction with the
furan derivative produces spirocycle 189 (Eg. 68). (118)

7 0 0

, = Pd(OAc),, PPhs, Ph(),SN \ |
EtyNCI, TIOAc
NSO,Ph gl _ .
@ >\J i CH;CN, 80", 15 h (64%) (68)

N- 5
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188 784

3.13.4. p-Allylpalladium Intermediates

Intramolecular Heck reactions that form p -allylpalladium intermediates allow
for intriguing tandem reactions. In most examples, the resultant p
-allylpalladium intermediates are used to trap nucleophiles inter- or
intramolecularly. For example, in a total synthesis of (—=)-morphine,
intramolecular Heck reaction of substrate 190 presumably yields a p
-allylpalladium intermediate that then reacts with the pendant phenol (Eg. 69).
(119) Frequently,

Me(O) 0

Pd(OsCCF4)»(PPhs)s
- 56%)
PMP. toluene, 120°, 10 h ; (69)

L
NCO,Me NCO,Me
190 191

nucleophiles attack p -allyl intermediates at the less substituted end of the allyl
unit on the face opposite the palladium group. In this example, the
intramolecular nature of the reaction allows for capture on the same face and
at the more substituted end to give product 191. In a related reaction, allene
192 undergoes a 7-exo reaction to yield a p -allyl intermediate that is then
captured on the less substituted terminus by the phenol to give tricycle 193 (Eq.
70). (82)
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As with many palladium-catalyzed reactions, the precise reaction conditions
can have a substantial influence on the outcome of the reaction. For example,
6-exo cyclization of allene 194 and capture of the resultant p -allylpalladium
intermediate occur with opposite regioselectivities under different reaction
conditions (Eg. 71). (120, 121) In the presence of potassium carbonate,
capture occurs at the less substituted end to give isomer 195. Switching to

Ag.COg reverses the selectivity, giving adduct 196.
(0

Pd(OAc),, PPhy, KoCO4,

e B (91%)
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Carbon nucleophiles can also be accomodated by this type of tandem reaction.
Allene 197 reacts and captures potassium diethyl malonate to give product
198 in 84% yield (Eqg. 72). (82) This reaction is remarkable in the efficient
closure of an eight-membered ring and nucleophile capture, both of which
construct carbon-carbon bonds.

(71)



3.13.5. Reductive Cyclization

Alkene insertion followed by reduction of the resultant s -bound palladium
intermediate lead to a net reductive cyclization. Inclusion of reductants like
sodium or potassium formate can divert a Heck reaction down this path.

EtO,C

Br Pd(PPh3),Cl5,
CH;(CO;EL),, K2CO;4
EtOH, DME 120°,3 h

CO»Et
CO-Et

197

For instance, treatment of amide 199 under standard Heck conditions with the
additives formic acid and piperidine yields lactam 200 (Eq. 73). (122) The
reaction is also

Pd(OAc)2, PPhs,
HCO,H, piperidine x
NBn CH;CN, 80°, 1-2 h

0 0
199 200

(65%)
(73)

PP
o
=

effective with alkynes as demonstrated by the conversion of alkynylsilane 201
into vinylsilane 202 (Eq. 74). (123) The reaction is noteworthy because of the
fragility of exocyclic allylsilanes (and the reactivity of allylsilanes, vide infra).
The reaction can be applied to some seven-membered ring cases as
exemplified by the reaction 203—204 (Eq. 75). (124) Medium and large rings
often do not perform well owing to competing triflate or halide reduction.
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3.13.6. Capture
Capture of the s -alkylpalladium adducts of intramolecular Heck reactions by
other groups can lead to highly functionalized products. For example, 6-exo
cyclization of ether 205 followed by cyanide anion capture gives benzopyran
206 (Eqg. 76). (125) Two carbon-carbon bonds are formed in this reaction. The
reaction can be intramolecular as illustrated by the 6-exo cyclization of
alkynone 207. (70, 71, 126) Capture of the pendantenol gives pentacyclic
furan 208 (Eq. 77). The tandem reaction results in the net annulation of a
furan.

L Pd(OAc),, PPhs, CN
@ I8-crown-6, KCN (62%)

0 toluene, 110°, 18 h & (76)

205 200
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3.13.7. Organometallic Capture



Organometallic reagents can also be captured efficiently. Suzuki coupling of
boronic acids and related reagents with the s -alkylpalladium complexes
derived from insertion reactions can be quite efficient. Ring closure rates in
these reactions are critical since direct coupling prior to ring closure can occur.
Typically, five- and six-membered ring cases are most effective. Triflate 209
undergoes a diastereoselective 5-exo Heck reaction to produce a neopentyl s
-alkylpalladium intermediate. Tandem Suzuki coupling with
3-nitrophenylboronic acid yields ester 210 in high yield (Eq. 78). (127, 128)
6-exo Closures are also effective as

OTr Pd(OAc),, PPhy,
3-nitrophenylboronic acid
p T,} : nic acid _ (94%)
Nﬂ;(.{}:;. |'_‘.T.4NCL (78)
CO;Me toluene, reflux
209

shown by the conversion of iodide 211 into oxacycle 212 (Eq. 79). (128)
Lactam 213 also undergoes a 6-exo closure and Suzuki coupling with sodium
tetraphenylborate to produce tetracycle 214 (Eq. 80). (128) As expected,
syn-carbopalladation followed by Suzuki coupling with retention of
configuration explains the stereochemical result.
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Vinyl, alkynyl, allyl, aryl, and other stannanes also participate in organometallic
capture reactions. Tandem intramolecular Heck/Stille reactions are again
effective in reactions where five- and six-membered rings are formed. Vinyl
bromide 215, when treated with tetrakis(triphenylphosphine)palladium,



undergoes 5-exo closure to provide a vinylpalladium intermediate. Stille
cross-coupling with an alkynyl stannane yields dienyne 216 in good yield (Eq.
81). (129) Another 5-exo cyclization example

TBDMSO
OBn \\\\
B|‘| | - OTBDMS Bn0
| SnBuy—=——" _ I (75%) (81)
Pd(PPhy),. toluene, 70°. 5-6 h
OTBDMS
215 216 OH

is the reaction of iodoamide 217 with tri-n-butyl(vinyl)tin to yield lactam 218
stereoselectively (Eq. 82). (130, 131) The reaction occurs on the less hindered
face of the alkene, and Stille coupling occurs with retention of configuration.
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Alkylzinc reagents are rapidly gaining popularity amongst synthetic chemists
because of their functional group tolerance and cross-coupling capacity.
(132a), (b) Heck reaction with subsequent coupling allows these reagents to
be used in a tandem reaction. One example is the 5-exo cyclization reaction of
alkynyl iodide 219 to provide a vinylpalladium intermediate. Cross coupling
with PhZnCl yields indoline 220 in moderate yield (Eg. 83). (132)
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3.13.8. Heck/Diels-Alder Reactions
Intramolecular Heck reactions of vinyl halides and triflates frequently form
dienes, which are substrates for Diels-Alder reactions. Frequently the two
reactions are conducted in a one-pot process because of the instability of
some of the dienes and the efficiency of both the intramolecular Heck and
Diels-Alder reactions. One example is the reaction of vinyl bromide 221 in the
presence of tert-butyl acrylate (Eq. 84). (133) 5-exo Intramolecular Heck
reaction provides an exocyclic diene that reacts regioselectively with the
acrylate to produce cyclopropane 222. Alkynes and quinones also can be
employed as Diels-Alder partners, as demonstrated by the reactions of

223 224 (Eq. 85) (133) and 225 226 (Eq. 86). (133)
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3.14. Diastereoselective Reactions

The intramolecular Heck reaction can be highly diastereoselective depending
upon substrate structure. Two types of diastereoselective reactions have
already been mentioned. In the first, a stereocenter in the chain between the
reacting aryl iodide and alkene imparts selectivity (Egs. 3, 4, and Scheme 3). A
second type of diastereoselective reaction is observed when the cyclization
creates a ring junction. Typically cis junctures are formed preferentially (Egs.
10, 20, 21, 24, 28, 40, 52, 57). Chiral auxiliaries have been employed to take
advantage of diastereoselective reactions to produce enantiomerically pure
products. In one case, the chiral auxiliary is appended to the tether linking the
reacting aryl iodide and alkene. (134) Cyclization of aryl iodide 227 delivers
lactam 228 diastereoselectively (Eqg. 87). (134) In a second example, sulfoxide
229 cyclizes to cyclopentane 230 (Eq. 88). (135) The factors by which the
sulfoxide attached to the reacting alkene influences the reaction are still under
investigation. In both cases, the chiral auxiliary (proline-derived pyrrolidine and
aryl sulfoxide, respectively) can be removed, albeit inefficiently under
conditions that may not be broadly applicable.
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Stereocenters on the reacting halide or triflate can affect the reaction
diastereoselectivity just as those on the tether and reacting unsaturated group.
For instance, vinyl triflate 231 undergoes 6-exo cyclization to form a

guaternary center yielding the diastereomeric enol ethers 232 and 233 (Eg. 89).

(136) When the reaction is conducted under conditions that presumably favor

(

87)

§aCgH NMe,-2

—)

(88)



the neutral pathway with the monodentate ligand triphenylphosphine, an
unselective reaction favoring tricycle 232 is observed. However, when the
bidentate ligand dppp is employed under cationic conditions, diastereomer 233
is the major product of a more selective and efficient reaction.

MOMO ’:__H:/{]TEDPS

232 233
Pd(OAc),, PPhy, KOAc, TPAB, DMSQ, 85°, 14 h (35%) (23%)
Pd(OAc), dppp, KoCOs, toluene, 100°, 7 h (5%) (85%)
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Examples of several types of diastereoselective tandem reactions are known.
Aryl chloride chromium complex 234 reacts under carbonylative conditions to
give indane 235 in high diastereoselectivity (Eq. 90). (54) In product 235, the
newly formed stereocenter orients the ester on the face opposite the Cr(CO);
group. In a related

II.---'C{ hMc

o Pd(PPhs).,
@/\)/ Et;N, CO (4 bar), m (73%)
: MeOH, CH;CN p > QR0
Cr(CO); (E)M;;: 0 1Oh - - ( de > 98% (90)
st Bad Cr(CO); OMe

234 235
example, the bulky silyl ether 236 undergoes tandem 6-exo

cyclization/carbonylation to yield tetralins 237 and 238 (Eq. 91). (137) ester
237, in which the ester and bulky OTBDMS group are on opposite faces of the



newly-closed six-membered ring, is the major product. Tandem 5-exo0;6-exo
cyclization of aryl iodide 239 occurs diastereoselectively (Eq. 92). (101, 114,
128, 138, 139) Trapping by carbonylation or Suzuki reaction provides products
240a and 240b, respectively.

| PAdCl5(PPh;y)s, COsMe L CO:Me
CO, EzN : 6568 it
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3.15. Asymmetric Reactions

The asymmetric intramolecular Heck reaction is a powerful method for
synthesizing enantiomerically enriched polycycles. (71, 140-143) Furthermore,
it is one of the most effective methods for building quaternary centers. (144)
The reaction typically employs bidentate phosphines, and BINAP is often the
most effective ligand. Typically, the substrates and reaction conditions are
selected to ensure the reaction occurs via the cationic pathway. For bidentate
phosphines this is critical because it guarantees that both phosphines will
remain bonded to palladium during the catalytic cycle and therefore be more
able to impart asymmetric information throughout the course of the reaction.
For instance, E-alkenyltriflate 241 undergoes reaction in the presence of a
palladium complex derived from (R)-BINAP and Pd.dbas- CHCI; (Eq. 93). (145)
Tetralin 242 is obtained in 95% yield and 51% ee as an 84:11 E:Z mixture.
Z-Alkenyltriflate 243 cyclizes similarly with higher enantioselectivity to enol
ether tetralin 244 in 87% yield and 93% ee as a 21:3 E:Z mixture (Eq. 94). (145)
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Both reactions employ triflates as precursors, so presumably occur under
cationic conditions.
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Most asymmetric intramolecular Heck reactions are more effective under
cationic rather than neutral conditions. In order to induce halides such as
iodide 245 to react via this pathway, the reaction is conducted in the presence
of a silver or thallium salt (Eq. 95). (146, 147) Cyclization in the presence of
AgsPO4 anﬁ catalyst derived from (R)-BINAP yields tetracycle 246 in 81%
yield and 7I% ee. Cyclization of iodide 245 under conditions that favor the
neutral pathway delivers tetracycle 247 (the enantiomer of 246) using the
same ligand. The latter reaction is surprisingly enantioselective (66 %ee) given
that it probably occurs via the neutral pathway. Pentacoordinate intermediates
are potentially involved.

_ Pd»(dba);*CHCl5, Ry
oTf (R)-BINAP. K,CO; _ 519 ee
THE, 70", 48 h E:z84:11 (93
242

)

(94)
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An example of kinetic resolution using an intramolecular Heck reaction is the
conversion of racemic triflate 248 into enol ethers 249 and 250 (Eq. 96). (136)
In the presence of a catalyst derived from Pd(OAc). and (R)-Tol-BINAP, enol
ether 249 is produced in modest yield and in 96% ee. Unfortunately, the
starting triflate 248 could not be recovered.

(R)-Tol-BINAFP -

K-CO5,
toluene, 100°, 2 h

(96)
MOMO ,—*-'“‘::/UTB DPS

(2%)

3.15.1. Asymmetric Tandem Reactions



Asymmetric tandem reactions offer the potential for constructing multiple
bonds and introducing new functionality into substrates enantioselectively. An
example from polyene cyclization is the conversion of aryl triflates 251a-d into
tetracycles 252a-d (Eq. 97). (148) The reaction occurs via a

R i Pda(dba)s, R ‘ R
(R) or (S)-BINAP, Ror§
w QU
7T R toluene, 110°,23d O
0O O 0
251 252 (97)

R' R? yield % ee
a H H (S)-BINAP a (88%) 718
aH H (R)-BINAP b (83%) 71 R
¢ H Me (R)-BINAP ¢ (83%) 90 R
d Me H (R)-BINAP d (71%) 96 R

tandem 6-exo;6-endo cyclization pathway under reaction conditions that favor
the cationic pathway. The first carbon-carbon bond built in the reaction forms a
guaternary center and the enantioselectivity for some substrates like 251d is

excellent. Reductive cyclization of iodide 253 also constructs a quaternary

center in modest yield and moderate enantioselectivity (Eq. 98). (149)

3.15.2. Gr
Substrates
termed group selective reactions. In the presence of an asymmetric catalyst,
the reaction can be induced to occur preferentially with one group, leading to
enantiomerically enriched products. Again, substrates and reaction conditions
are selected to drive the reaction to the “cationic” manifold. lodide 255,

MeO,C

Pt

0O

-Selective Cyclizations

t cyclize via the reaction of one of two equivalent groups are

253

Pd(OAc),
(R) or (S)-BINAP,
HCO,Na

CaC();. Ag zeolites,
CH;CN, 60°, 8 h

(R)-BINAF
(5)>-BINAP

MeO,C g 0

254
yield

9 ee

a

(42%)

b (35%)

81
80

(98)



in the presence of a silver salt, reacts to give diene 256 (Eg. 99). (150)
Differentiation of the two enantiotopic alkenes is efficient, giving ester 256 in
72% yield and 86%

| PACL,[(R)-BINAP], H
m c}'clohexﬂﬂﬂ = {?2‘:‘{"_} RO oo
[!_‘” M Ag3 POy, CdCO'; i (99)
~2VE NMP, 407, 138 h CO,Me
255 256

ee. Triflate 257 undergoes cyclization to enone 258 in 76% yield and 86% ee
(Eg. 100). (151, 152) In this case, B -hydride elimination yields an enol that
tautomerizes to the corresponding ketone. Pivalate 258 and related substrates
are useful for preparing enantioenriched cis-decalins, which are
complementary to enantioenriched trans-decalins typically prepared by
Robinson annulation.

-
P

Pd,(dba)y*CHCl5,
(R)-BINAP,
-BuOH. K»COy
DCE. 607,42 h

(76%) 86% ec
(100)

PivO

257 D

Tandem group-selective asymmetric reactions are also potentially capable of
assembling a wide array of molecules. One example is the cyclization of triflate
259 (Eqg. 101). (153-155) The 5-exo asymmetric closure yields a p
-allylpalladium intermediate that is regio- and stereoselectively trapped with
NaCH(SO2Ph), as well as other nucleophiles. The product sulfone 260 is
obtained in 83% yield and 94% ee and is the result of two carbon-carbon bond
formations. One generates a quaternary center enantioselectively, and the
other constructs an allylic center diastereoselectively.
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3.15.3. Allylsilane Termination

Allylsilanes are useful terminators for intramolecular Heck reactions. (31, 156,
157) They can be used to effectively direct the regioselectivity of s
-alkylpalladium intermediate elimination. Depending on reaction conditions, 3
-hydride or 8 -silane elimination can occur. For example, cyclization of
cis-allylsilane 261 provides both the products of B-silane elimination 262 and 3
-hydride elimination 263 (Eq. 102). (158, 159) Under reaction conditions that
favor the neutral pathway, B -silane elimination is the primary result, and
benzazepine 262 is obtained in 70% yield. In the presence of a silver salt,
under conditions that favor the cationic manifold, B -hydride elimination occurs
preferentially to deliver benzazepine 263 as the major product in 72% yield.

SiMes SiMey
2
| 7
Me(O .
MeO ' ] - NCOCF; + <0
D NCOCF; MeO (102)
261 262 263
262 263
Pd(OAc)s, PPh;, KOAc, NPryBr, DMFE 80°, 6 h  (70%) (4%)
Pds(dba)s, PPhy, Ag-0, DMF, 80°, 24 h (4%)  (72%)

One potential limitation of the asymmetric cyclization of substrates like iodides
264 is the potential for achiral product formation. 7-exo Cyclization can be
followed by B -hydride elimination of the newly formed stereocenter to yield a
styryl product with no stereogenic center. Since the rate of 3 -silane elimination
can be greater than (3 -hydride elimination, the use of allylsilanes allows for the
asymmetric cyclization of substrates that build tertiary centers. For example,
cis-allylsilane 264a undergoes reaction to give benzazepine 265 in 71% vyield
and 92% ee (Eqg. 103). (158, 159) The trans-allylsilane 264b cyclizes to



benzazepines 265 and 266. Interestingly, B -hydride elimination product 266 is
the major product and is formed in 91% ee. Both reactions are conducted
under conditions that favor the cationic pathway. This fact helps explain the
high enantioselectivity, but it is interesting that so much 3 -silane elimination
product is observed.

] SiMe;
R: R2 &
I Pdy(dbas. &
e ! ligand ¢ S MeO
AgsPO PEOCES: “OCF
NCOCF; 7834 405 NCOCF;
leO DMF, 80° MeO
264 265 266
R! R? 265 266
a H CH,SiMe;  (+)-TMBTP, 68 h (719%) 92% ee (§)  (0%)
b CH.SiMe; H (R)-BITIANP, 24 h (219%) 60% ee (S)  (66%) 91% ee ()

(103)



4. Applications to Synthesis

Intramolecular Heck reactions have been employed extensively to solve a
variety of synthetic challenges. Chief among them have been natural product
synthesis and the creation of libraries on solid supports.

4.1. Total Synthesis of Natural Products and Other Complex Molecules
Complex molecule synthesis provides a challenging testing ground for
synthetic methods. One example of the use of the intramolecular Heck
reaction in natural product synthesis comes from a total synthesis of
(£)-FR9O00482. (160) Aryl iodide 267 undergoes a 6-exo substitutive cyclization
to tetracycle 268 (Eq. 104). The reaction

BnO Z"]

[ _OMOM Pd(PPhs)4, EGN
- . CH3CN, 90°, 18 h
0 : 3 |
MeOsC NEDNCQM'E MeO,C
267 268 (93%)

illustrates the functional group tolerance of the reaction. The slightly basic
reaction conditions allow both the potentially sensitive allylic ketal and aziridine
to survive. Many of the catalyst systems employed in the Heck reaction are
stable at higtmtemperatures, allowing cyclizations from high energy conformers.
For examplen the reaction of aryl iodide 269, the aromatic group must
assume an axial orientation over the decalin ring system in order to react to
provide polycyclic 270 in a synthesis of (-)-morphine. (161)

OBn Me() BnO
MeO I Z Pd(O,CCF;)2(PPh1),, Q Q
LA
O PMP N .’ (60%) (105)
tol, 120°

L\NDBS lL“[W’ITIB?'-

269 270

Intramolecular Heck reactions are among the most powerful methods for
constructing quaternary centers embedded in a variety of ring systems. One
example that assembles two adjacent quaternary centers comes from the total



syntheses of meso- and (-)-chimonanthine (Eqg. 106). (162) Treatment of
diamide 271 with

TBDMSO OTBDMS TBDMSO OTBDMS

I I Fd(PPh3),Cl, EtzN
@[ D DMA, 100° :
N N BnN

Bn OO Bn 00
271 272

Pd(PPh3).Cl, under typical Heck conditions delivers (bis)oxindole 272
stereoselectively in good yield. In the first of two sequential 5-exo
diastereoselective intramolecular Heck reactions, the tetrasubstitued alkene
reacts to form an oxindole and the second establishes the ring system en route
to meso-chimonanthine. The remote protected alcohols control the
stereoselectivity of the reaction. The corresponding trans-acetonide 273 reacts
under similar conditions to give (bis)oxindole 274 stereoselectively (Eq. 107).
(162) In this case, the relative configuration of the quaternary centers is
different, ultimately leading to (—)-chimonanthine. The factors governing
stereoselectivity have not yet been described.

Pd(PPh3),Cls, EtsN

| | _
@: D DMA. 100°
N

N
Bn OO Bn

273

(90%

The reaction has been used to construct medium-sized rings in a number of
natural product syntheses. A 7-exo intramolecular Heck cyclization has been
used to assemble CP-263,114. lodofuran 275 undergoes reaction to yield
bicyclo[4.3.1]Jundecenone 276 in good yield (Eq. 108). (163) The reaction sets
a cis-ring juncture,

(71%)

(106)

: (107)
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R Et;N (85%
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THF, reflux, 72h O _

R = (CH2)OPMB  1ppMS "OTBDMS
275 276

TBDMS ' H
TBDMSO

closes a 7-membered ring, and occurs despite opposing alkene polarization.
Eight-membered rings can also be closed by the reaction. From a total
synthesis of Taxol®, vinyl triflate 277 undergoes 8-exo cyclization to diene 278
(Eqg. 109). (164, 165) The reaction assembles a strained ring system in the
presence of the oxetane, which could be destroyed by other ring closure
methods.

OTBEDMS

Pd{PPh?,]_j KgCO},
molecular sieves (4 A)
CH;CN, 90°,16.5h

277 278

In an approach to diazonamide A, an intramolecular Heck macrocyclization is
a key step. A 13-endo closure of aryl iodide 279 under cationic conditions
yields macrocycle 280 (Eq. 110). (166, 167) The unprotected phenol in
precursor 279 plays an important role in the reaction. The corresponding
methyl ether cyclizes less efficiently.

Pd-(dba)s,
2-(di-tert-butylphosphanyl)biphenyl.
AgsPOy
THE. 90°

(69%)

R = NHBoc

' (108)

(110)



The intramolecular Heck reaction can play additional roles in drug discovery
and in the bulk synthesis of complex molecules. The reaction has been utilized
to assemble camptothecin. (168, 169) Related synthetic efforts to produce
potential anticancer agents have identified Gl47211 (a salt of piperazine 282)
as an interesting candidate. (170) Cyclization of aryl halide 281 to the potential
anticancer agent 282 occurs in good yield, as do reactions of the
corresponding iodide and chloride (Eq. 111). Cyclization of aryl bromide 281
was performed on a 125-g. scale.

[ I
0 = | [D (111)
I Pd(OAC),, -
N PPII;. K:C{]_’q _ o
MeN._ CHCN, gt TR
281 reflux,3-19h  MeN_J 282

Intramolecn.u Heck cyclization of an aromatic substrate has been employed in
a total synthesis of gilvocarcin M (Eq. 112). (171, 172) Cyclization of aryl
iodoester 283

PdCl-(PPhy)-,
LOBEn NaQAc

EE—— -

DMA, 125, 5h

(90%) (112)

283 284

yields lactone 284 in 90% vyield. The reaction allows for the synthesis of other
A-ring substituted gilvocarcins because the ester bond is formed late in the
synthetic sequence prior to Heck ring closure. The reaction is also notable



since the iodide is activated for closure despite the electron-donating methoxy
and bulky carboxy groups that flank it.

The intramolecular Heck reaction also plays a role in materials synthesis,
including polycyclic aromatic hydrocarbons. Palladium-catalyzed
intramolecular arylation of aryl bromide 285 yields polycycle 286 in very good
yield (Eq. 113). (173) Three carbon-carbon bonds and three oxidative
aromatization steps efficiently construct the product.

Pd(OAC)>.
KECO;, HHMEANHT
DME, 130°,24h

(113)

Tandem rerns can be powerful in natural product synthesis. In a synthesis
of (-)-scopadulcic acid, alkenyl iodide 287 undergoes a polyene cyclization in
the presence of Ag,COs to give tricycle 288 after deprotection (Eq. 114). (174)
A 6-exo cyclization sets the quaternary center and provides a neopentyl s
-palladium intermediate, which undergoes a 5-exo reaction to give the ring
system.

(\D 1. Pd(OAc),, PPhs, (\u
_ Ag>CO;, THF,
0 65°, 18 h _ 2

2. TBAF, THE, 1t

/ H
TBDMSO OH
287 288

(90%)

(114)




4.2. Intramolecular Heck Reactions on Polymer Supports

The intramolecular Heck reaction can be used with substrates that are
attached to solid supports. This strategy offers an excellent method for building
libraries of heterocycles. (175) For example, aryl iodides 289 attached to a
Rink amide or Rink amide AM resin undergo 5-exo cyclization and
isomerization to give indoles 290 in good yield after cleavage from the solid
support (Eg. 115). (176) A reductive cyclization reaction has been performed
on iodoaryl amides 291 attached to a Wang resin to give benzazepines 292
(Eq. 116). (177)

_ H
O~__N CONH-
p! _
I O 1. Pd(PPh3)Cl,, EtsN, A5\
& ALl O -85%
R'—(I n-BuyNCI, DMF, RIL k (ei-857)
NN H,0.80°%6:-8h S (115)
N 2. TFA ) k@m
289 g 290 ¥
e P! = Rink amide AM or

Rink amide resin

1. Pd(OAc)», PPhs,
n-BuyNCl
HCO»Na, DMF, 70%;
CH,N,

2. TFA, CH.Cl, R'T

(47-73%)

(116)

CcO g Me

P? = Wang resin 0O >

Macrocyclization reactions are often performed on polymer supports in order
to prevent intermolecular reaction. Aryl iodide 293 undergoes
palladium-catalyzed reaction to give an example of a 20-endo intramolecular
Heck reaction (Eqg. 117). (178) Cyclization of aryl iodide 293, followed by
cleavage from the solid support, delivers macrocycle 294. In this case,
cyclization of the corresponding acid in solution is also successful, but
relatively slow.
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5. Comparison with Other Methods

The closest competing methodology to the intramolecular Heck reaction is
radical cyclization. (179-181), (182a) Although both methods typically give
efficient exo ring closure, radical cyclizations (usually mediated by n—BusSnH)
are often reductive. Heck reactions are generally not reductive, but can be run
under reductive conditions. Both reactions employ vinyl and aryl halides as
precursors, although triflates are not typical radical substrates. Radical
cyclization substrates can be primary, secondary, or tertiary alkyl halides,
which are not substrates for palladium-mediated cyclizations. Both
methodologies allow the chemist to perform related tandem reactions including
multiple alkene insertions. One difference between the reactions arises from
the termination events. In radical cylizations, chain termination is usually
reductive leading to a reductive cyclization. In the Heck reactions, 8 -hydride
elimination is the usual outcome, although additives can lead to a reductive
cyclization. One drawback of radical cyclization is the use of stoichiometric
quantities of n—BusSnH, which can be difficult to separate from the reaction
products, is toxic, and poses disposal challenges. Newer reagents like
(MesSi)3SiH overcome some of these limitations. (182, 183) There are several
examples of substrates that have been cyclized by both radical and
intramolecular Heck reactions. (105, 184-189) In some cases, one reaction is
superior, but they can also give complementary results. For instance,
cyclization of aryl bromide 295 under standard radical cyclization conditions
gives the 5-exo reductive product tetracyclic lactone 296 as the major product
(Eqg. 118). , 191) The minor product, lactone 297, results from a 6-endo
cyclization.l=stposure of aryl bromide 295 to typical Heck reaction conditions
yields the 6-endo product 298. Interestingly, cyclization of the alkene isomer of
295 by both radical and reductive Heck procedures yields lacone 296
efficiently.
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6. Experimental Conditions

6.1. Palladium Complexes

A variety of palladium(0) and palladium(ll) complexes are common
precatalysts for the Heck reaction. Palladium(0) precatalysts include
Pd(PPhs)., Pdz(dba)s, Pd(dba),, and Pd,(dba); - CHCI;. These complexes are
commercially available. However, they can be prepared in higher purity and
lower cost by standard procedures. (10) Pd(PPhs), should be stored cold in an
inert atmosphere and is stable in air for a short time. In solution, the complex is
readily oxidized, so inert atmosphere conditions should be employed. The
dibenzylideneacetone complexes are air stable, making them attractive
catalyst precursors. Stoichiometric quantities of phosphines are typically
added to make the active catalyst. Both phosphine structure and the
phosphine/palladium ratio affect catalyst structure and performance. The
activity of the catalyst is generally higher with low phosphine/palladium ratios,
while catalyst stability is often higher at high phosphine/palladium ratios.
High-activity systems often employ two equivalents of phosphine per palladium
and have modest stability. More robust systems use four or more equivalents
of phosphine per palladium.

Palladium(ll) precatalyst complexes include Pd(OAc),, PdCI,(CHsCN) ,
Pd(PPh3)2C|2, Pd[(aIIyI)CI]z, Pd(PCy3)2CI2, and Pd(PPh3)2(OzCCF3) . The
precatalysts are air stable and commercially available. In the first two cases,
phosphine ligands are added in varying ratios. Phosphines and water are the
reductants udiich typically reduce the palladium (1) precatalysts generating
Pd(PPhs) E 119). (192, 193)

Reduction of Pd[Il] to Pd[0] by a phosphine
CeHg
40°

(119)

Pd(OAc); + HyO + 3 PPhs + 2 EtizN Pd(PPh;), + OPPh; + 2 Et;NHOAC

Three equivalents of phosphine per equivalent of Pd(OAc), is a common
catalyst cocktail since palladium acetate is the cheapest source of palladium. If
a phosphine is not present, a tertiary amine commonly serves as a reductant
(Eqg. 120). (194) After amine coordination,  -hydride elimination provides a
hydridopalladium complex which, after reductive elimination of HX, provides
the Pd(0) catalyst. Catalyst activity can differ depending upon the counterion of
the palladium salt used in the reaction.



Reduction of Pd[II] to Pd[0] by an amine

RoN—-CHR' (120)
R;NCH:R'+PdXa —= | Pd H  |X —= [Ry*N=CHR'IX +PdHX —= Pd[0] + HX
X

Most of the intramolecular Heck reactions reported to date use 5-20 mole
percent of catalyst. Although many of these reactions have not been optimized
with the goal of minimizing catalyst loadings, studies of recently developed
high-stability catalysts indicate that substantially lower loadings are possible.
Two such examples are the phosphapalladacycles (for details see the
Mechanism and Stereochemistry section) typified by 42a and catalyst 299
(Strs-1). (195, 196)

6.2. Ligands

Many phosphines have been used to prepare catalysts for the intramolecular
Heck reaction. Achiral phosphines include PPhs, P(tol-0);, TFP, PCys, 2-
(di-tert- butylphosphanyl)-biphenyl (300) (197), dppe, dppp, dppb, and dppf.
AsPhj has also been used in a few examples. For most substrates, PPh3
and/or P(tol-0); are suitable. PCysz has been found to be effective for aromatic
cyclizations of aryl chlorides and may be more broadly applicable to reactions
of aryl and vinyl chlorides. (198-200) Bidentate phosphines are utilized when
the monodentate ligands are ineffective or to modify diastereoselectivity.
Typically trmare used with triflates or other substrates manipulated to react
via the cati pathway. Intramolecular Heck reactions can also be carried out
in aqueous media. (201-204) In order to increase catalyst solubility, sulfonated
versions of phosphines like TPPTS or dibenzofurans 301 and 302 have been
employed. (205, 206)
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Asymmetric intramolecular Heck reactions employ chiral phosphines. BINAP
((R) isomer 303, Strs-2) is most commonly employed, and both antipodes as
well as the racemate are commercially available. It typically gives high
enantioselectivities. Related ligands (R)-Tol-BINAP (304), (R)-BINAPAS (305)
(207), and (R)-BINAs (306) (208) can be utilized to optimize a reaction if
BINAP does not give the desired level of selectivity. Other biarylphosphines,
which hav t been as widely used, include (+)-TMBTP (307), (R)-BITIANP
(308), andeg—MeO—BlPHEP (309). Other ligands include the dppf relative
(R)-(S)-BPPFOH (310) and the alkylphosphines (S,S)-BCPM (311),
(R,R)-CHIRAPHOS (312), and (R,R)-DIOP (313). Bidentate (P,N) chiral
phosphinooxazolines (exemplified by ligand 314) have also been developed
and show advantages in some systems. (209, 210) Because oxygen oxidizes
phosphines to phosphine oxides in the presence of palladium, Heck reactions
should be conducted under an inert atmosphere (nitrogen or argon). (211) This
is particularly important for asymmetric reactions where catalyst degradation
can result in loss of enantioselectivity.

6.3. Bases

A stoichiometric amount of base is required for the intramolecular Heck
reaction, and frequently multiple equivalents are employed. Inorganic bases
include NaOAc,
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NaHCOs;, Li,CO3, Na,CO3, K,CO3, CaCO3, and K3PO,4. Potassium carbonate
is perhaps the most frequently used. Soluble bases include bases such as
EtsN, i—ProNEt, n—BusN, PMP, Proton Sponge®, and TMEDA. The highly
hindered base PMP has been utilized in asymmetric intramolecular Heck
reactions. Other bases such as NaOBu-t or KOBu-t have been used less
frequently. Aromatic cyclizations have employed DBU and NaOPiv, while
Cs2CO3 has been particularly effective with phenol aromatic cyclization
substrates.

6.4. Additives

Additives have substantial effects on the Heck reaction. They can shift the
basic mechanistic pathways (neutral versus cationic versus anionic pathways)
altering product yields and selectivities, as well as having other subtler effects.
Silver (31, 32) ( Ag2.CO3, AgsPO4, AgOTf, AgOAc, Ag.O , AgNOs, and
silver-exchanged zeolite) and thallium (33) (TI.COs, TIOAc, and TINO3) salts



are probably the most common additives. They often increase the rate of
reaction, lower reaction temperatures, minimize alkene isomerization, modify
regioselectivity, and alter enantioselectivity. Many of these changes in the
reaction occur because of a change in mechanism since they drive reactions
of halides down the cationic pathway. Halide salts ( NaCl, LiCl, KCI, NaBr,
TBAC, TBAB, TBAI, BnEtzNCI, PrysNBr , and Et;NCI) can divert reactions of
triflate precursors from the cationic to the neutral pathway. (34) In some cases,
this change can improve enantioselectivity. Halide salts can also divert a
reaction down the anionic pathway, however the consequences of this shift
have not been well studied.

Alcohols like t-BuOH and pinacol have been used as additives in asymmetric
intramolecular Heck reactions. Catalyst stability studies indicate that pinacol
(as well as NaOAc) prevents the oxidation of the catalytically active Pd(0)
species in DCE. (152) N,O-bis(trimethylsilyl)acetamide (BSA) has been shown
to be a useful additive during the cyclization of a secondary amide. (212) It
may be in situ silation of the amide during the intramolecular Heck reaction that
assists the cyclization. The temporary protection of other functionalities during
Heck reactions with this reagent can be envisioned.

6.5. Jeffery's Conditions

The solid-liquid phase-transfer conditions reported by Jeffery are routinely
employed. (213-216) Tetrabutylammonium chloride (TBAC) or bromide (TBAB)
is added in stoichiometric amounts and frequently increases reaction rates,
allowing for lower reaction temperatures. It has been proposed that the
ammoniumdalides stabilize the catalytic species by halide coordination, shift
the equilibr between the hydridopalladium complex and the catalytically
active Pd(0) species toward the latter, and shunt the reaction down the anionic
pathway. Future mechanistic investigations in this area should prove
interesting.

6.6. Solvents and Reaction Temperatures

Common solvents for the intramolecular Heck reaction are polar aprotic
solvents like THF, DMF, NMP, DMA, and CHsCN . Toluene, C¢Hg, DCE, EtOH,
and H,O are also used on occasion. Perfluorous biphasic solvent systems can
also be utilized. Recently the first examples of fluorous-phase synthesis using
a triarylphosphine bearing a perfluoroalkyl side chain were reported. (217)
Reaction temperatures vary between room temperature and reflux in these
high-boiling solvents. The catalyst's stability to these thermal conditions allows
for the formation of strained ring systems. High pressure conditions that
increase catalyst lifetime and can alter selectivity have also been successfully
applied to the reaction. (218) Microwave radiation has been used to drive
some cyclizations which fail under thermal conditions. (219, 220)

6.7. Polymer Supports



Polymer supports have been used in intramolecular Heck reactions in two
different ways. Several reactions using a polymer-supported catalyst have
been performed. (217, 221) This development might allow for the simple
recovery and reuse of the catalyst. Reactions of substrates attached to the
polymer support has also allowed for the preparation of libraries of
heterocycles. (175) A number of polymer supports and linkers have been
demonstrated to be compatible with the Heck reaction conditions (see Table
6).



7. Experimental Procedures

Pdi Pphﬂ_»l._
Br NBn Et;N
@[ CH4CN,
N 1207, 40 h
Me O
315

7.1.1. N-Methylspirooxindole (316) (5-Exo Intramolecular Heck Reaction)
(222, 223)

A solution of amide 315 (0.365 g, 0.809 mmol), Pd(PPhs)4 (0.187 g,

0.162 mmol), and triethylamine (1.12 mL, 8.08 mmol) in MeCN (8 mL) in a
sealed tube was heated slowly to 120°. After stirring for 40 hours, the reaction
mixture was cooled to room temperature, and the solvent was evaporated. The
residue was chromatographed (loaded with CH,CI,) to give the title product
316 (0.270 g, 90%) as a colorless oil; R; 0.42 (EtOAc/petroleum ether 10:1);

[ a 15 +14.9 (c, 1.0, CHCIs); IR 3027, 2930, 1712, 1673, 1608, 1492, 1343,
1248 cm™; 'H NMR (400 MHz) & 7.33-7.21 (m, 6 H), 7.07 (dd, J = 7.3,

16.4 Hz, 1 7.00 (t,J=75Hz,1H),6.77(d,J =7.7 Hz, 1 H), 6.30 (dd,
J=8.7, 11.mlz, 1H),532(d,J=15.7Hz, 1 H), 5.04 (s, 1 H), 4.95 (s, 1 H),
493 (d,J=11.1Hz,1H),4.17 (s, 1 H), 3.98 (d, J=15.7 Hz, 1 H), 3.62 (d,
J=8.7Hz, 1 H), 3.17 (s, 3 H), 2.56 (dd, J = 3.5, 15.5 Hz, 1 H), 2.06 (dd,

J =2.8,15.5 Hz, 1 H); 3C NMR (100 MHz) 8 177.4, 172.9, 147.8, 142.2, 136.5,
132.2, 131.6, 128.8,128.4,128.2,127.7, 127.1, 123.7, 122.9, 107.9, 105.9,
61.0,54.7, 49.9, 44.4, 38.2, 26.4; HRMS Calcd. for Cy4H22N,0,: 370.1681.
Found: 370.1692.



EllMe OBn

PdCl:(PPhy),
Na(OAc -
DMA, 125°,5h

0

284

7.1.2. 1-(Benzyloxy)-10,12-dimethoxy-8-methyl-4-(2,3,5-tri-O-benzyl- a
-D-fucofuranosyl)-6H-benzo[d]naphtho[1,2-b]pyran-6-one [Gilvocarcin M
Tetrabenzyl Ether] (284) (Aromatic Cyclization) (171, 172)

A yellow suspension of naphthyl benzoate 283 (303 mg, 0.312 mmol),
Pd(PPhs).Cl, (57 mg, 0.081 mmol), and NaOAc (79 mg, 0.96 mmol) in DMA
(45 mL) was heated at 125° for 5 hours. After the solution was cooled to room
temperature, the resulting dark brown suspension was diluted with Et,O, and
the mixture was washed successively with 2 N HCI and brine, dried ( Na;SO,),
and concentrated in vacuo. The residue was purified by flash column
chromatography (hexane/EtOAc = 8/2 to 6/4) to afford gilvocarcin M
tetrabenzyl ether (284) (235 mg, 89%) as a yellow oil, which crystallized by
concentrating from hexane-Et,0 as a yellow foam: mp 37-45°; Ry = 0.35
(hexane/EtPAc 7/3); *H NMR (400 MHz, CDCls) 5 8.45 (s, 1 H), 8.14 (d,

J =8.3 Hz,4-#H), 7.85 (s, 1 H), 7.60-7.63 (m, 2 H), 7.23-7.49 (m, 13 H), 7.16 (s,
1H),7.11(d,J =8.3Hz, 1H),6.84-6.88 (m, 3H), 6.71-6.74 (m, 2 H), 6.25 (d,
J=3.4Hz 1H),522(s,2H),511(d,J=3.4Hz,1H),492(d,J=11.7Hz, 1
H),4.77 (d,J =12.2 Hz, 1 H),4.74 (d,J =12.2Hz, 1 H),453(d,J=11.7 Hz, 1
H), 4.20 (d,J =12.0 Hz, 1 H), 4.12 (dd, J = 6.4, 4.6 Hz, 1 H), 4.07 (s, 3 H), ca.
4.07 (1 H, concealed in the singlet peak), 4.03 (d, J =12.0 Hz, 1 H), 3.99 (s, 3
H), 3.94 (dq, J = 6.4, 6.4 Hz, 1 H), 2.51 (s, 3 H), 1.30 (d, J = 6.4 Hz, 3 H); *3C
NMR (100 MHz, CDCl3) 6 160.4, 157.2, 154.8, 153.2, 141.5, 139.8, 138.4,
138.1, 137.5, 129.2, 128.41, 128.38, 128.29, 128.25, 127.8, 127.7, 127.6,
127.5, 127.3, 127.09, 127.06, 126.1, 124.9, 122.4, 122.2,122.1, 118.8, 118.1,
114.4,110.4, 104.8, 86.4, 85.3, 82.4, 82.3, 75.3, 71.8, 71.7, 71.5, 71.3, 56.8,
56.3, 21.6, 16.3; IR ( KBr) 2920, 2850, 1720, 1610, 1590, 1485, 1450, 1370,
1330, 1300, 1270, 1240, 1225, 1135, 1065, 1025, 960, 845, 785, 735,

700 cm™; [ a]®p —220° (c 1.2, CHCIs); Anal. Calcd. for CssHsoOg: C 76.94; H,
5.98. Found: C, 76.83; H, 6.05.



1. Pd(OAc),, PPhs,
Ag,CO;, THF,
65°, 18 h _

. TBAF, THF. 1t

(90%)
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7.1.3.(2S,4aS,7S,9
aS)-4-[4-(1,3-Dioxolanyl)butyl]-7-methyl-1,2,5,6,7,9a-hexahydro-4a,7-met
hano-4aH-benzocyclohepten-2-ol (288) (Tandem 6-Exo0;5-ex0
Intramolecular Heck Reaction) (174)

A solution of vinyl iodide 287 (740 mg, 1.35 mmol) in THF (75 mL) was
degassed (Ar, evacuate-refill), and PhsP (107 mg, 0.41 mmol), Ag.CO3

(410 mg, 1.5 mmol), and Pd(OAc), (46 mg, 0.20 mmol) were added. The
resulting suspension was stirred at room temperature for 15 minutes and then
heated at 65° in a sealed tube for 12 hours. A black suspension resulted after
10-20 minutes at 65°. After GC analysis of a filtered aliquot showed that the
reaction had not proceeded to completion, additional PhsP (107 mg,

0.41 mmol), Ag2CO3 (411 mg, 1.49 mmol), and Pd(OAc), (46 mg, 0.20 mmol)
were added, and the black suspension was stirred in a sealed tube at 65° for
an additional 6 hours. The suspension was then cooled to room temperature
and filteredptfyough a plug of silica gel (1.5 cm x 12 cm, EtOAc), and the
filtrate was centrated to give the crude product as a yellow oil. This sample
was dissolved in THF (4 mL), and TBAF (1.0 M solution in THF, 2.0 mL) was
added. The resulting solution was maintained at room temperature for 20
hours and quenched with saturated aqueous NH4Cl (20 mL). The resulting
mixture was extracted with CH,CI, (3 x 20 mL), the combined organic layers
were dried ( Na,SO,), filtered, and concentrated, and the residue was purified
by flash chromatography (4:1 hexanes-EtOAc) to provide 370 mg (90%) of
tricyclic allylic alcohol 288 as a pale yellow oil: Rf = 0.25 (5:1 hexanes-EtOAc);
[ a ]24D +49.5, [G]24577 +53.9, [G]24546 +61.6, [G]24435 +109, [0]24405 +133 (C 1.0,
CHCl3); *H NMR (300 MHz, CDCl3) 8 5.53 (d, J = 9.5 Hz, 1 H), 5.32 (br s, 1 H),
5.19(dd,J =9.5,1.6 Hz, 1 H), 4.87 (t,J =4.5Hz,1H),4.33 (t,J = 7.5 Hz, 1 H),
4.00-3.83 (m, 4 H), 2.50 (d, J =13.3 Hz, 1 H), 2.52-1.25 (m, 15 H), 1.11 (s, 3
H); 3C NMR (75 MHz, CDCls) & 145.3, 137.2, 127.7, 125.0, 104.4, 68.4, 64.8,
47.3,46.4,45.2,42.4,41.3, 34.0, 33.6, 32.4, 30.6, 23.9, 22.8; IR (film) 3390,
1652 cm™; HRMS (El) m/z 304.2042 (calcd. for C19H2503: 304.2038).
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I PACly(PPh3),. L\ ~COMe ~™~CO;Me
CO.EGN (71%) + (5%)
DMF, MeOH,

TBDMSO H,0, 0., 85° OTBDMS OTBDMS

317 318 319

7.1.4. (1R,3S)-1-(tert-Butyldimethylsilyloxy)-3-methyl-3-methoxycarbonyl
methyl)indane (318) (6-Exo;Carbonylative Tandem Intramolecular Heck
Reaction) (137)

A mixture of iodide 317 (217 mg, 0.54 mmol), Pd(PPhs).Cl. (18 mg,

0.027 mmol), triethylamine (0.3 mL, 2.2 mmol), and H,O (0.11 mL) in a 2:1
mixture of DMF/MeOH (3.3 mL) was stirred under 1 atm of CO at 85°. The
yellow reaction mixture turned black, and then slowly turned back to its original
yellow color. This mixture was then exposed to air for 20—-30 seconds, flushed
with CO, and stirred until it turned black over 0.5 to 1 hour. The reaction
mixture was concentrate, the residue was diluted with Et,O, washed with H>O ,
dried over MgSQ,, filtered, and concentrated. Analysis by NMR spectroscopy
indicated that the title product (318) was formed in 76% yield as a 94:6 mixture
of diastereomers. Chromatography on silica gel (98/2 n-pentane-Et,0)
afforded 135 mg (74%) of isomer 318: *H NMR & 7.1-7.4 (m, 4 H), 5.27 (t,
J=6.7,Hz, 1 H), 3.60 (s, 3 H), 2.66 (dd, J = 13.0, 6.8 Hz, 1 H), 2.52 (d,
J=139H H), 2.42 (d, J =13.9 Hz, 1 H), 1.85 (dd, J = 13.0, 6.6 Hz, 1 H),
1.47 (s, 3 H9=0.94 (s, 9 H), 0.18 (s, 3 H), 0.16 (s, 3 H); *C NMR & 172.03,
148.57, 144.59, 128.04, 127.34, 124.25, 122.53, 74.22, 51.26, 49.53, 45.84,
44.43, 27.47, 25.87, 18.19, —4.42, -4.61; IR (neat) 1736 cm™. The following
signals were discernible for the minor isomer 319: *H NMR & 3.66 (2, 3 H),
2.1-2.4 (m, 2 H); **C NMR 5 128.12, 124.42, 122.53, 122.28, 74.42, 46.11,

26.69.

orgpps  Pd(OAc), MeO f'%{]TEDFS{B?%
(R)-BINAP, K ,CO; ¢ 05
: > b o >
e
THE, 60°, 48 h ——-

243 244



7.1.5. Tetralin 244 (6-Exo Asymmetric Intramolecular Heck Reaction)
(145)

To a mixture of Pd(OAc), (36 mg, 0.16 mmol), (R)-BINAP (243 mg,
0.39 mmol), and K>COs3 (962 mg, 6.96 mmol) was added triflate 243 (1.41 g,
2.32 mmol) in THF (40 mL). The resulting mixture was degassed through three
freeze-pump-thaw cycles, stirred at 60° for 48 hours, diluted by the addition of
saturated NH4Cl , and extracted with Et,O. The organic layer was washed with
brine, dried ( Na,SO,4), and concentrated to give an oily residue, which was
purified by flash chromatography ( SiO,, 0.5% EtOAc in hexane) to give title
product 244 (954 mg, 90%, trans:cis =21:3) as a colorless oil. The trans
isomer: IR (neat) 2930, 1650, 1110 cm™; *H NMR ( CDCls) & 7.62—7.69 (m, 4
H), 7.32-7.44 (m, 6 H), 6.90 (d, J = 8.2 Hz, 1 H), 6.70 (d, J = 2.6 Hz, 1 H), 6.62
(dd,J=8.2,2.6 Hz, 1 H), 6.16 (d, J = 12.3 Hz, 1 H), 5.24 (d, J = 12.3 Hz, 1 H),
3.69(s,3H),2.63(t,J =6.4Hz, 2H), 1.51-1.73 (m, 4 H), 1.24 (s, 3 H), 1.05 (s,
9 H); C NMR ( CDCls) 5157.4, 144.2, 140.8, 135.5, 133.1, 129.8, 129.7,
128.6, 127.7, 123.7,113.1, 111.9, 55.1, 38.5, 37.9, 29.4, 29.2, 26.6, 19.3, 19.2;
MS m/z 399 (M*-tert-Bu), 175 (base peak); Anal. Calcd. for C3oH360,Si : C,
78.90; H, 7.95, Found: C, 78.65; H, 8.12; [a]**> -5.89 (c 0.81, CHCls) (90% ee).
The cis isomer: IR (neat) 2930, 1650, 1110 cm™; *H NMR ( CDCls) 57.62—7.69
(m, 4 H), 7.33-7.42 (m, 6 H), 6.99 (d,J = 2.7 Hz, 1 H), 6.96 (d, J = 8.1 Hz, 1 H),
6.66 (dd, J=8.1,2.7Hz, 1 H),5.99 (d,J =5.2Hz, 1 H), 458 (d,J =5.2Hz, 1
H), 3.77 (s, 3 H), 2.71-2.80 (m, 2 H), 2.23-2.36 (m, 1 H), 1.77-1.91 (m, 4 H),
1.56 (s, 3 H), 0.94 (s, 9 H); *C NMR ( CDCls) 5157.8, 147.2, 137.8, 147.2,
137.8, 135.4, 132.6, 128.6, 129.9, 129.6, 128.1, 127.7, 119.6, 113.0, 111.5,
55.2, 38.6, 37.0, 31.5, 29.6, 26.3, 20.0, 18.9; MS m/z 456 (M"), 399 (M*-tert-Bu,

bp). D



8. Tabular Survey

The tables are organized according to increasing carbon count including
protecting groups and other abbreviated structures. The tables cover
examples of the intramolecular Heck reaction up to October 15, 2000. The
tables themselves are organized by the ring size of cyclization and whether the
cyclization is exo or endo. Table 1 contains the examples of exo cyclization
(4—8-exo plus exo-macrocyclization). Table 2 contains examples of endo
cyclizations (5-8-endo plus endo-macrocyclizations). Both the exo and endo
macrocyclization sections are grouped by the size of the ring formed in the
reaction and then by carbon count. Table 3 covers 5- to 7-membered ring
forming aromatic cyclizations. Table 4 consists of tandem reactions grouped
by ring sizes formed in the reaction (4-8 plus macrocyclization) and by the
type of reaction terminating event. Asymmetric reactions are covered in Table
5 and polymer supported cyclizations on polymer supports are the subject of
Table 6. Footnotes within the polymer symbol indicate the solid support used
in the reaction. When a reaction was reported using several protocols only the
highest yielding one is listed, however references are given for all reports.

The following abbreviations are used in the tables:

18-C-6 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane)

Ala alanine

(S,S)-BCPM (2S,4S)-N-(tert-Butoxycarbonyl)-4-(dicyclohexylphosphino)-2-[(diphenylphosphino)methyl]pyrrolidine
BINAP 2,(dipheny|phosphino)-1, 1'-binaphthy!l

(R)-BINAP (R)-(+)-2,2"-bis(diphenylphosphino)-1,1"-binaphthyl

(S)-BINAP (S)-(-)-2,2"-bis(diphenylphosphino)-1,1-binaphthyl

BINAPAs 2-diphenylarsino-2’ -diphenylphosphino-1,1¢-binaphthyl

BINAs 2,2"-bis(diphenylarsino)-1,1-binaphthyl

(R)-BITIANP (R)-(+)-2,2"-bis(diphenylphosphino)-3,3"-dibenzo[b]thiophene

BOC tert-Butoxycarbonyl

(R)-(S)-BPPFOH  (R)- a -[(S)-1',2-bis(diphenylphosphino)ferrocenyllethyl alcohol
BSA N,O-bis(trimethylsilyl)acetamide

Camphorsultam 10,2-camphorsultam

Chz benzyloxycarbonyl

(R,R)-CHIRAPHOS (2R, 3R)-(+)-bis(diphenylphosphino)Butane

Cy cyclohexyl

dba dibenzylideneacetone

DBS dibenzosuberyl



DBU

DCE

de
(+)-DIOP
(R,R)-DIOP
(S,S)-DIOP
DMA
DMAD
DMAP
DMF
dmphen
DMSO
dppb

dppe

dppf

dppp

dr

ee

Gly

HBC

HMPA
kbar

Leu

MEM
(R)-MeO-BIPHEP
Mts
Mesityl
mol sieves
MOM

Ms

Mtr

Nf

NMI

NMP

Pd/C

Phe

1,8-diazabicyclo[5.4.0Jundec-7-ene

1,2-dichloroethane

diastereomeric excess
(+)-2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane
(-)-2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane
(+)-2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane
N,N-dimethylacetamide

dimethyl acetylenedicarboxylate

4-dimethylaminopyridine

dimethylformamide

2,9-dimethyl-1,10-phenanthroline

dimethyl sulfoxide

1,4-bis(diphenylphosphino)butane

1,2-bis(diphenylphosphino)ethane

1,1"-bis(diphenylphosphino)ferrocene

1,3-bis(diphenylphosphino)propane

diastereomer ratio

enantiomeric excess

glycine

Herrmann-Beller catalyst {trans-di( p -acetato)-bis[o-(di-o-tolylphosphino)benzylldipalladium(ll)}

(42a)

he ethylphosphoric triamide

kilﬂ

leucine

methoxyethoxymethyl
(R)-(6,6'-dimethoxybiphenyl-2,2'-diyl)-bis(diphenylphosphine)
mesitylsulfonyl (2,4,6-trimethylphenylsulfonyl)
2,4,6-trimethylphenyl

molecular sieves

methoxymethyl

methanesulfonyl
4-methoxy-2,3,6-trimethylbenzenesulfonyl
nonaflate

N-methylimidazole

N-methylpyrrolidine

palladium on carbon

L-phenylalanine



Phth phthalimide

Piv pivaloyl

PMB 4-methoxybenzyl

PMP 1,2,2,6,6-pentamethylpiperidine

P" polymer (type denoted in footnote n)
Pro L-proline

Proton Sponge® 1,8-bis(dimethylamino)naphthalene

PS polystyrene

SEM 2-(trimethylsilyl)ethoxymethyl

TBAB tetrabutylammonium bromide

TBAC tetrabutylammonium chloride
TBDMS tert-butyldimethylsilyl

TBDPS tert-butyldiphenylsilyl

TCNE tetracyanoethylene

TDS thexyldimethylsilyl

TES triethylsilyl

Tf trifluoromethylsulfonyl

TFA trifluoroacetic acid

TFE 2,2,2-trifluoroethanol

TFP trifurylphosphine

THF tetrahydrofuran

TIPS trii W opyisilyl

(+)-TMBTP (+)-4,4'-bis(diphenylphosphino)-2,2',5,5-tetramethyl-3,3"-bithiophene
TMEDA N,N,N’,N"-tetramethylethylenediamine
tol toluene

(R)-Tol-BINAP 2,2"-bis(di-p-tolylphosphino)-1,1-binaphthyl

TPAB tetrapropylammonium bromide

TPPTS 3,3',3"-phosphinetriyltribenzenesulfonate
tr trace

Ts tosyl

THP 2-tetrahydropyranyl

Table 1. Exo-Cyclizations



View PDF

Table 2. Endo Cyclizations

View PDF

Table 3A. 5-Aromatic Cyclizations

View PDF

Table 3B. 6-Aromatic Cyclizations

View PDF

Table 3C. 7-Aromatic Cyclizations

View PDF

Table 4. Tandem Reactions

View PDF




Table 5. Asymmetric Cyclizations

View PDF

Table 6. Cyclizations on Polymer Supports

View PDF




1474

GT¢

TABLE 1. EXO CYCLIZATIONS
A. 4-EXO CYCLIZATIONS

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cig2
ONf
= Pd(OAc),, PPhy. EN, 63
R DMF, 80°, 12 h R
(o] [¢]
R
Allyl (52-65)
Bn (52-65)
C
ONf
—
Pd(OAc),, PPh;. EtsN, =) 63
NfO DMF, 80° 12 h
Ca
ONf
= Pd(OAC),, PPh;, N, (56) 63
Bn DMF, 80°. 12 h Bn
NfO NfO
TABLE 1. EXO CYCLIZATIONS (Continued)
B. 5-EXO CYCLIZATIONS
Substrate Conditions Product(s) and Yicld(s) (%) Refs.
Cras
Br /
R} R}
R} CH,CN. 80° 1 + I
3 3 R}
R' R2 R R “R? R R' R?
R! R? R? I 1] Alkene Isomers of 11
H H H Pd(OAc);, PPh;, K;CO3 37 (30) ©0) 225,226
COEt  COEt H Pd(PPh3)s, K2CO3, 4 h M (67 (0) 225,226
CO,Et COEt H Pd(OAc),, PPh;, K;COs, 1 h (37 (30) (0) 225,226
Me COPh H Pd(OAc),, PPh;, K;CO3, 35 h 52) (2D ()] 225,226
Me COPh H Pd(OAc)2, PPh;, Et3N, 2d (23) (58) ) 225,226
COMe COMe H Pd(OAc);, PPhy, K»CO3,23 h 54 20 (15) 225,226
COMe COMe H Pd(PPhs),, PPh;, K2CO3, 1.25 h (38) (26) 34) 225,226
COMe H Me Pd(OAc),, PPh;, K2COs3, 18 h (55 (39 ©) 226
CO,Me H Me Pd(PPh3)s, PPh;, K2CO;, 12h 61) (28) 0 226
G H H
L7 at %
|\ Pdy(dba)*CHCl, dppb, N G5+ v Jan 227
Ag3P04. DMF
o o] o}
Br Z OH
Pd(OAc),, PPh;, Et3N, (65) 66
o” o tol. 100°, 18 h 0" ~o
Br 7z B
PA(OAc);, PPh;. (63) + {an 226
o N N
N CH;CN, 80°.2.5h NoMe

COMe
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TABLE 1. EXO CYCLIZATIONS (Continued)
C. 6-EXO CYCLIZATIONS (Continued)
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MeO 1 Z '
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k NDBS K NDBS
@ A second product (12%) appeared to be a Diels-Alder dimer of unknown structure.
b An isomer of undetermined stereochemistry was also formed.
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H H
M H ok, CHCH, reffux N 1+
x oH o
Pk, PPhy, E1 N, 8+ 4 HE
CECH P, A b
COMe CiMe CMe
Ci
Ar
P03y, TRPTS. PNl 140 il
- CHCH, Hol, 5. 1k e
Ciirar i B ,
B [ x R! ® Tmw
- Pl PP B, H H i0h (= By
4 CHWCN, m=flan Me H —
M 0
) Fh Ho —
—CH MM Hbe— 12 19
— &
Ci
1
X Yo - !
= CH:ON, |HP, T2h
H
tl:.h "
” ; R 1, P b, PPy, Kp,
\f} a-BaghC, BE, s
A, 13 R
. e 1. iy, OCE, L 488
L1 B (3
ClOOGHMer O Ta 2B
CHILOT MM € Ok B
CHOLOCHOMep O CO-Mprmdlidiey a-Sa
w O DOgMe (40
H 0 ik El i14)
TR e HH COMe wBE PdDwch, PPl K00y, (B8 i
B C1, DMF.
HOP, 138
EIl
Ee
P, PPy, E1, Pt kT i
N" o CHAN, ritex " ¥ B

1571

LLLN!
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TABLE 2 ENDO CWELEEA IO | Canibawre|
B, 6-ENDO0 CYCLIZAT NS (Cramed)

Ciy

HeD, CH M el

Rabarww Corad @iirwed. Preiincd i f mmd Yaekding 0% 3 [P0
1
ﬂ"ﬁ PACl, TRPTS, #-Pry KEL m an . m 1 15
¥
l\,.r'a% = L\.,,.faq;_

Py, Py, g0,
CHACH, m 38

PP Hapl iy,
H:3, THF, 3"

PAilIACY, PPy
00y, CHyCHL BEF

B, P By M,
DT, HOF, 170

Piliiihcly. PPt F1S,
CHCH, exflin

K0, CHACH,
L] ]

[P eue s, MR,
a-Hu M0

POy, KO,
e-Ha 0L DMF.
Ll by

BagT0y, B WCL DMF
My CHLON

am s @\/:} {1

k3

o

|

bt

G

g B

L

o

d
»

rt

z
W
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TABHLE 2B B ENDHOY CYOLIZATIONS {Cantauat)

Ebuimae Cosdisom: Preduciii) sad Yield{a) (%) Ref
Chn ] R
R R
pi K
§ + H_-f
Ly |
! B
3
u
R ® g B R' R* |ql ] n
H CH H Br H Ok POy, PPy, MO0k, Byl CHpON reflix — LRI ] 249, 39}
H CH H | H OMe PAOAcly, FPRy, Ma;O0 ELNET CHGOM miflex — (6T} 00 249, 290,
Sy
H N H © H O POOACE, PPy, Macl0h, ELHC] CHOH mfles — @ 1R 240
H CH H 1 H —OTHD—  PiOAC), PPy, KO0, CHCN B 4h ) 240
O CH OMe | H —OCHA—  POWc, PPy, 00, B0 DMF M 4TSm (M ) 2449, 250
Obds CH OMe | H (e FDAC), PP, KxDDy, Bl CHyOM BF ME (38 00 240, 250
W CH H 1 H H P OAc, FPhy, EGNCL EGDDy,  CHECN  BF 1k 0571 40 250
H CH H | MM P, BPhy, KO0 DMF 100" I& (16 (64) 9
H CH H 1 MeH Fid, PPly, KO0, ELMC] CHENM K0P IR (R (@Y 0
Cn
e
Py, Fral-oh. EnH, (i Il
CH O, §5°, 4 B
POz fy, PPy,
B 00, FigMOs, STy .l
CHAN, 507, 12 h
Cien
‘r g 1] Terp  Time
Fikifukely. Piinbaly, By, H - = m
o CHES £ CoeEr MO BB (89
1'-‘lll 1 H
Pujfiacy, PPhy,
P K. g, [ 33 9, 130
CHCN, 30F, 14 Iy
o
o
= [ ] —
Hr
5
{IJ FaOAcl, PP Eayh | 61 + ,:::L\" ol
CHCT, reffas, 64 N H
a1 L]
e
5
QI‘— PRl by, Py, Bl | {57 m
CHCHN, sellan, 6 N
- o
g )
FaFth s KO0, T 191, 1M
M. 507, 3 h
Are L8 Ml B M
Carm R & B
R,
! R Temy Tine
{Dﬂ’ PAHOIACY, KOAT, BT, <n Bl 5T e 3e T e,
o Gl H.ﬂ.@H.ﬂ [IeiF OTHES o= o= {Bd)
H
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TABLE 2. ENDO CYCLIZATIONS (Continued)
B. 6-ENDO CYCLIZATIONS (Continued)

Substrate

Conditions Product(s) and Yield(s) (%) Refs.

Cys
OMe
Br \
Me N )
PH Ph
Ca6-27
OMe
Br R
Me N)/
PH P

h

Pd(OAC)y, P(tol-)s, BN, ©6) 87
CH,CN, 100°, 15h Me .

OMe
SN
N
Py
OMe, R
| R
PA(OA, Plioko)y BN, H (9 87
CH,CN, 100°, 15 h € N Me (78)
P
H, H
Pd(PPhy)g, Et3N, CH;CN, R g @ 6
THF, reflux, 1 h
n-B n-Bi

n-B
TABLE 2. ENDO CYCLIZATIONS (Continued)
C. 7-ENDO CYCLIZATIONS
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cn L/ . —
@ PdCl,, TPPTS, i-ProNE, an o+ m (14) 75
N H,0, CH;CN, reflux N lljde
Me Me
Cu Br X HBC, n-BluNOAC, NCOzMe
NCO,Me H,0, DMF, CH5CN, O (70) 315
— reflux, 2 h
Cia?
1 COMe COMe R Solv Temp Time
\’ ? Pd(OAc),, NaHCO;, T her Ac CHCN95° 165h (54) 88,89,
N.p n-BuNCl, 3 A MS Boc DMF 110° 16h (55 90
CIS /
Br
Pd(OAc),, PPhs, Ei3N, (53) 388
MeO DMF, 100°, 12h
(4
2~ COMe Me0:C" o0, Me
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TABLE 2. ENDO CYCLIZATIONS (Continued),
C. 7-ENDO CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cun
|
ﬁ/ Pd(OAc),, PPhs, =
N TI,COs, N + N 395
CH:CN, 80°,48 h
K o] ¢ Y . 0
I I
R L1
OBn (70) 5:1
N-Phth (74) 6:1
0 (700 11
#N o
Cas.36
Rl
Rl
Me I 364
N\ NHR?
N
Me
o}
Rl R2
H 4-MeOCgH, Pd(OAc),, P(tol-0)3, EtN,
CH;CN, H,0, 80°
H 4-MeOCgH, Pd(OAc),, n-BugNCl, KOAc, 48) (0)
DMF, 100°
OTBDMS ¢-CgH)) Pd(OAc),, n-BuyNCl, 58) (©)
KOAc, DMF
TABLE 2. ENDO CYCLIZATIONS (Continued)
D. 8-ENDO CYCLIZATIONS
Substrate Conditions Product(s) and Yield(s) (%) Refs.
C|7
1 —
s
@E A/> PdCl,, TPPTS, i-Pr2NEt, d} (55 + w @ 75
N H,0. CH1CN, reflux N—"
c Me ]I;I,le Me
15-18
CO;Me CO:Me R Solv Temp Time
! %{ Pd(OAc);, NaHCO3, KR Ac CHCN 95° 165h (60) 88
NR n-Bu,NCl, 3A MS Boc DMF  105° 16h (73)  89.90
Cig
(™
o S N)—OH PA(OAC);, n-BugNCl, 0 o @ 364
< o KOAc, DMF <
o o
Cx3
CO;Me
| NHCbz
Br
COMe Pd(OAc),, P(tal-0)3, EN, O NCHOCz::e + \ 396, 397
) NHCbz CH;CN, reflux, 6 h N / g
HN (59) Ho (s

COzMe
O NHCbz

N
H (15)

+
—
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TABLE 2. ENDO CYCLIZATIONS (Continued)
D. 8-ENDO CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ca
\\_-NH PA(OAC),, n-BusNCl, \ NH o) 364
0 TN KOAc, DMF o
< o N7 O
0 ¢
8]
Cas2s R? R?
I \ —
N OMe Pd(OAc),, n-BuyNCl, KOAc, N OMe 398
\ DMF \
N OMe rﬂ
Rl COMe L COMe
I
R' R? Temp Time
H COEt 40-80° 2h (18) (12)
Me CO;Et 80° 6h 39 O
H SO,Ph — — (14) (0)
TABLE 2. ENDO CYCLIZATIONS (Continued)
E. MACROCYCLIZATIONS
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cie-19
COMe COZI;(e R Solv Temp Time
I R Pd(OAc),, NaHCO;, = NC Ac CHiCN 95° 165 (58)  88,89,90
n-BusNCL, 3A MS Boc DMF 110° 16h (86)
Cy
e e
1 CO,Et CO,Et
CO,Et Pd(PPh3),Cl, K>COs3, CO,Et 82
)4 #-BugNCI, DMF, 80°, 35 h )4
CO,Et CO,Et
EO,C ~ ° EOC _°
37
+ dimer (<5)
Cs7.38 R¢
OBn
R! R?
d S CN Pd,(dba);, AgsPOy4, THF
_R3 EN
0 >N ]/
H
R' R? R® R* Temp Time
H I NHBoc H — 75° — (©® 167
H I NHBoc OH 2-(di-tert-butylphosphanyl)- 90° — (69) 167, 168
biphenyl
H 1 NHBoc OMe — 75° — @ 167
Br Br NHBoc OH — 75° 12h (12) 167
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TAnLE 2, EMIENCYCLIZATHING [Caniinwe
E. MACROCYCLIZATIONS | Conymand]

Cusndifings Prodiectja] and ¥icldia) (%) Flefi.
|
3]
PR N . A% T
CHWCH. 257, 11 h iy
o
|8 .
POV, Pitobaly, B, 0 I Mende (24 ]
CHCN, 85 ru n Y 1 Meerda (184
o [
o
HH B
HH m"l“m
Hiemdn  PiiCAC), BP, EIN, o [—} i
n-HEgNEL, DMF, il 57 i
N
o M
T
HIkL
Cn
Ei
COEs 11-emds PiFPin Ty, K00, T [H]
L oML DOAT, 130°, 17 R
0y E Bk
L=
Cia
PP 1, Al
#1-mdn Ko, m Bl 1%
DF. 301207 36 s
By DB
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TAnLE L ENOOCYCLEEATHINS (s
E MACROCYCLEZATIONS | Coatiniadd)

Condition Prodictinf and Yieldii b &)

PvAL by Fincd-aly
g M, CFH R, 330
n Time
| Zanda IN @D
2 g —
i Mgl = (P
B Famin — (3}




TABLE 3A. 5S-AROMATIC CYCLIZATIONS

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Co.10 R? R2 R?
RI
T HBC, Cs,CO;, DMA 7 1+ 4 I+ I 400
(o) R* Y R* 0 R2 HO R
R3 R3 RJ
R RZ R' R* Temp Time 1 n I
Br OH H H 70° 3d @n @n «ds
I OH H H 700 2d (7)) 37 (>
Br OH H OH 65°  3d (1) O (—)
Br H Me OH 700 15d  (61) (©) (—)
Ci I /
— Pd(OAc),, PPhs, Et4yNCl, |
©;f 1@ K,CO3, CH;CN, N (80) 249
reflux, 12 h
o o
Ciiz
R! R* = R! )/ N R?
j;/;[ Q Pd(OAC); =R’ , R /N + PhOPh
R? (0] R R? o —RS
R} R} I O 1 11T
R! R R¥ R* R’ Temp Time I I I
H H H Br N Na,CO3, DMAC 170°  48h  (10) (0) (0) 94
H H H Br CH Na,CO3. DMAC 170° 0.75h  (74) (0)  (0) 401
H H H I CH NMI 190°  8h (95 (© (5 94
H H NO, Br CH Na,CO3, DMAC 170°° 2h (78 (©) (0) 401
H NO, H Br CH Na,CO3, DMAC 170° 3h  (68) (0) (0) 401
NO, H H Br CH Na,CO3, DMAC 1700 2h  (78) (0) (0) 401
CN H H Br CH Na,CO3, DMAC 170°  1.5h  (80) (0) (0) 401
CH,OH H H Br CH Na,CO3, DMAC 170°  24h  (56) (0) (0) 401
H Me H Br CH Na,CO3, DMAC 170° 0.75h  (66) (7) (0) 401
CO,H H H Br CH Na,CO3, DMAC 170°° 7h  (66) (0) (0) 401



TABLE 3A. 5-AROMATIC CYCLIZATIONS (Continited) .

Substrate . Conditions Product(s) and Yield(s) (%) Refs.
Cii //\ Br /N I}\I’_\\\
: =
@ /&J Pd(OAc),, NayCOs, | = (&2)) 401a
N DMF, reflux, 14 h X N
H ’ H
N
Br
AN ~ ANy
R/'K )\/ Pd(OAc),, Na,CO3, u\ =/ (0 401a
g DMEF, reflux, 10 h A N
H
= Br
=
EI /@ Pd(OAc),, Na,COs3, | 31 401a
N~ N X
N DMEF, reflux, 67 h N E
= Br
=
I\Q[ /@ Pd(OAc),, Na,CO3, (61) 401a
N DMF, reflux, 67 h NN
H
N Br
’
@i /@ Pd(OAc),, NayCOs, N | A7 401a
N DMEF, reflux, 67 h XN
H
/N Br = N
-
(\\/T\ A | Pd(OAc)y, Na;CO;, r I (51 401a
N DMEF, reflux, 67 h \/\H
OH OH OH
Br
400
\VL /@ HBC, Cs,CO3, DMA, 1d / + 4 +
N
N R N OH
COMe COMe 1R COMe . HN .
R Temp I nm 1
H 78 40 40 (—)
OH 70° 71 0 0
1
= | . Pd(OAc),, PPhy, Et;NClI, 7\
N K2CO3, CHyCN, N (62) 249
80°, 12h
° . o)
Ci2
" [
©[ @ PA(OAC)y, NasCO, O @n 401a
g DMEF, reflux, 15 h N
H
Cis
Br CHO
@ /©/ Pd(OAC), NayCOs, + PhOPh  (—) LH=41 o4
o DMA, 170°,22h J I
‘ &
O O Pd(OAc),, NMI, 190°, 4.5 h O’ + O O 94
le) o
0 i
R I I
Br (99 (1)
1 99) (1)
I
@NQ PA(OAC),, BN, O Q 73) 04
H CH5CN, 150°, 7 h COH
COH ? Y :
Cis
_N Br
Ny /@ R
R Pd(OAc),, ethyl acrylate, o (19 402
Et3N, CHACN, 150°, 5 h NH (55)




TABLE 3A. 5-AROMATIC CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cis OMe MeQ,
I .
O O Pd(OACc) or Pd(PPh;),Cl,, ’ (92) 403
NaOAc, DMA, 130° OMe
[¢] OMe o)
Cs.
15-17 o
I R?
o
/@[ PdCl,, EN, reflux, 8 h (75-95) 404
(0] R}
R! R! R? R3
H H H
OMe OMe H
OMe H OMe
Cis.16 5
R
Rl
—
N/ \
R? R*=
R!' R? R’ R* Temp Time
Br O H CH Pd(OACc),, PPhs, EtyNCI, K,CO3, CH;CN reflux  12h  (80) 405
1 O H CH Pd(OAc),, PPhs, EtyNCl, K,CO3, CH3CN reflux  12h  (80) 249
Br O CHO CH Pd(CH3CN),(PPhs),, TBAC, NaOCHO, DMF 90° — @8 186
1 O CHO CH Pd(CH3CN),(PPhs),, TBAC, NaOCHO, DMF 90° — (0 186
Br O Me CH Pd(OAc),, PPhs, Et4NCI, K,CO3, CH3CN reflux ~ 4h  (63) 249
I O Me CH Pd(OAc),, PPhs, Et4NCI, K,CO3, CH3CN reflux  4h  (63) 249
Br HH H CH Pd(PPhs),, KOAc, DMA 130°  10h  (86) 405
Br HH CHO CH Pd(PPhs), KOAc, DMF 110°  25h  (87) 406
Br HH CHO N Pd(PPhs),, KOAc, DMF 110°  10h  (25) 406
Br HH CN CH Pd(PPhs)s, KOAc, DMF 110°  15h  (87) 406
Cis
v ) e
(PPhs)s, KOAc,
O | y Pd(PPhs), oOAc e ©9) 405
Me DMA, 130°, 8 h
0o
o}
CHO OHC
B
r _ /
N Pd(CH3CN),(PPh3),, TBAC, N (60) 186
NaOCHO, DMF, 90°
0 o
Cyy
'~ 7 O
N Pd(OAc),, PPhs, K,CO5, N (59 249
DMF, 100°, 1 h N
0O CN
o)
" O
O ‘ PdCl,(PPhs),, PPhs, LiCl, O. (90) 407
O DBU, DMF, 140°, 6 h O
C
) I O
O OO Pd(OAC),, KoCOs, O (85) 403

OMe

DMA, 130°

oA

OMe



TABLE 3A. 5-AROMATIC CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
o ‘O ‘O
O R Pd(PR?3),Cl,, 140° O' 200
R! O R! R? R? R! O
cl oTf Ph DBU, LiCl, 6 h (88)
Me OTf Ph DBU, LiCl, 6 h (92)
OMe  OTf Ph DBU, LiCl, 6 h (94)
CO,Me OTf Ph DBU,LIiClL 6h 93)
Ph NaOAc, DMA, 6 h (85)
Cy DBU,DMA, 10h (72)
Cy NaOAc,DMA, 12h (79)
COEt
Pd(OAc),, n-BuyNBr, KOAc, N\ 7 N\ (57) 408
CH;CN, reflux, 3 h N
Z o
Pd(OAc),, TBAC, NaHCOy3, OQO 92) 409
DMF, 11,30 h
Pd(OAc),, 90° 169, 170,
410, 411,
o 412
R_
Br n-BugNBr, KOAc, DMF, 3 h (59)
I K,CO3, n-BugNBr, CH;CN, 5 h 47
Cay
O ‘O Pd(PPhs),Cly, LiCl, DBU, O’O (52) 97
DMF, 140°, 15 h
F
F
O ‘O Pd(PPh3),Cl,, LiCl, DBU, O 29 + ’O 29) 97
TC O O
F
Cai2
R! OTf
R2 O O Pd(PPh3),Cl,, LiCl, DBU,
R? O DMF, 140°
R! R2 R3 Time
F H H — 10h  (55) 97
H F H — g8h  (72) 97,407
H H F — I5h (50 97
H H H — 6h  (85) 97, 407
OMe H H PPh; LiCl 14h  (73) 97
H OMe H PPh; LiCl 10h  (62) 97,407
H H OMe PPh;_LiCl 6h  (42) 97
Ca
97

O
C §
é@m

Pd(PPhs),Cl,, LiCl, DBU, OO’ (64)
DMF, 120°,3 h O



TABLE 3A. 5-AROMATIC CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
O O Pd(PPh;),Cl,, LiCl, DBU, O ’O 93) 97
O O DMF, 120°, 10 h O
8, ¢ )
O OO Pd(PPhs),Cl,, LiCl, DBU, O ’O (60) + O’Q (30) 97
O DMF, 120°, 10 h O O
O O“O QO
O Pd(PPhs),Cl,, LiCl, DBU, O (84) 97,407
O DMEF, 140°, 15 h O
Cx
OMe OMe
I Pd(PPh3),Cl,, NaOAc,
O OO DMA, 140°, microwave, OMe (53) 403
1 min OMe
o] OMe OMe le}
Cx
oTf
O ‘ PdCl,(PPhj),, O
O‘ LiCl, DBU, o1 407
‘ DMF, 140°, 6 h Q
Caq OMe MeO OMe
R! OTf OMe
O ‘O PdCl,(PPhs),, PPh;, DBU., Rl O 413
i~ v DMEF, 55° O’
S,
R! R? Time
H H 8h (73)
H OMe 8h (55
OMe H 7h  (83)
Co CONPr-i i-P,NOC
Br J
- Pd(PPh3)4, KOAcC, (74) 405
N DMA, 160°, 6 h O N
Cas
SiMe;
MeO OoTf MeO
PACI,(PPhs),, PPhs,
LiCl, DBU, (73) 407
DMEF, 140°, 6 h Q
9¢¢ g
R R R
Pd(PCy3),Cl,, DBU, Me  (91) 201
O DMA, 140°, 30 h OO OMe (70)



TABLE 3A. 5-AROMATIC CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
0. N R
X
o = Pd(OAc),, PPh;3, K,CO;, 171, 300
CH;CN, reflux
N
MeN\)

Time

16h (65-72)
12h (67-78)
19h  (55)




TABLE 3B. 6-AROMATIC CYCLIZATIONS

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ci213
R' R? Time
1 R2
/R R! N Cl 20h 42)
“ | Pd(OAc),, Na,CO3, - CH Cl 36h (15 94
N DMA, 170° N N, CH Br 25h (53)
H o H CH 1 2h @4
Cizis
R3 RS R3
. ¢
SUse g '
2
R? R* R
R! R? R R* R® Temp  Time I I
Br O H H H Pd(PPh;),Cl,, NaOAc, DMA 160°  2h 40)* (0 94
Br O H H OH Pd(PPhy)s, K,CO5, DMA 95°  2d (88) (<5) 99
1 o H H OH HBC, Cs,CO5, DMA 80°  1d 97 () 99
I O H H OMe HBC, Cs,COs, DMA 80°  1d ©0) (10) 99
1 O H Me OH HBC, Cs,CO3, DMA 95°  1d ©) (80) 99
Br CH, H H OH HBC, Cs,CO5, DMA 115°  2d (5)  (©) 99
I NCOMe H H OH HBC, Cs,COs, DMA 90°  60h (76)  (0) 99
Br O OH H OH HBC, Cs,C03, DMA 95°  2d (84) (0) 99
Cis HO HO OH
Br HBC, Cs,COs, ‘ (55) + —) 400
(I/ DMA, 70°, 2 d ‘ o
0

HO



TABLE 3B. 6-AROMATIC CYCLIZATIONS (Continued)
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ciz16 R? Q
R R?
e w o
R R R’ Temp  Time
H Br (6] Pd(OAc),, PPh3, NaOAc, DMA 170° 2h 41) 94
H I NMe Pd(OAc),, dppp, PBus, i-PryNEt, DMF  reflux  1.5h  (98) 95, 96
H Br NMe Pd(OAc),, Ag,CO3, P(tol-0); DMF reflux  1.5h  (99) 94, 95,
96
H OTf NMe Pd(OAc),, dppp, PBuj, Ag,CO3, DMF  reflux 5h (93) 96
OMe OTf NMe Pd(OAc),, dppp, PBus, i-Pr,NEt, DMF reflux 30 min (88) 96
Cia17 o P Q
R\ __R? I
~ Pd(OAc),, PPhs, TI,CO3, RL__R? + RL_R? 414
N "No tol, 110° < |
R? R R O . "o
R} I LD g3 I
H N 82 11
CHO CH 82 61
Cis
N.__Br @ /
- N
&/\Igr N Pd(OAc),, PPhs, n-BusNBr, E/\QSQ 92) 415, 416
NMe K,COj3, DMF, 120° N NMe
o (0]
Me MeN—)
Br ¢ 3 PA(OAC),, @iN
@[ N NaHCO3, n-Bu3NCl, 83) 418
N/z/ DMA, 150° 24 h N (o]
n-CyHy © CoHoen
1 N .
<Om @) Pd(OAC),. KOAC o ~° o a7
[¢) NCO,Et ) <O NCO,Et
Cie-18 R2 R! R? Time
OHC _—
N H 3h (90)
Br ] N\,—R? Pd(PPhs)s, KOAc, CH H 3h (85) 406
@(JN R'/ DMF, 110° CH Br 4h (34)
CH OMe 2h (76)
Ci7.33 Rl R! R
% Br QW NaOAc, DMA % ‘ R?
(6] R? 0
(0] (]
R! R? R? Temp Time
Et Me H Pd(OAc),, PPh; 130°  18h (73) 421
i-Pr Me H Pd(OAc),, PPh; 130°  18h (70) 421
OMe Et H Pd(OAC),, PPh; 130°  18h (73) 01
Me Et H Pd(OAc),, PPhy 130° 18h (62) 421
H i-Pr H Pd(OAc),, PPh3 130° 18h a7 421
OMe i-Pr H Pd(OAc),, PPh3 130° 18h (84) 421
Me i-Pr H Pd(OAc),, PPh; 130°  18h (76) 421
Et i-Pr H Pd(OAc),, PPh3 130° 18h (69) 421
t-Bu H t-Bu HBC 160° 3h (81) 419, 420,
422
H H H Pd(OAc),, PPh3 120° 15h (70-91) 419,420
OMe H OMe Pd(OAc),, PPh3 120° 15h (77-90) 419,420
OCsHy-n H  OCgH)7n Pd(PPh3),Cl, 130°  57h  (81) 419
Me H Me Pd(OAC),, PPh; 120° 15h  (72-90) 419,420
Et H Et Pd(PPh3),Cl, 130°  5-7h  (71-83) 419,420
i-Pr H iPr Pd(PPh3),Cl, 130°  .5-7h  (72-82) 419, 420



TABLE 3B. 6-AROMATIC CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
c
Y HO, HO OH
% Br HBC, Cs,CO3, O O 32) + O O (64) 99
DMA, 115°,2d O O
g o) o)
: >
406
@/N Pd(PPhs),, KOAc, H—cio 97)
=~ ~CHO DMF, 110°,1h N
Ci7.18
2
R! R Rl O
N BuyNBr, KOAc, DMF, 100° O 423
N
s p
o k/o o)
R! R?
Me Br PdCl,, 30 h (60)
Me I Pd(OAc), 3 h (98)
H 1 Pd(OAc),. 4 h (93)
NO, Br Pd(OAc),. 3 h (78)
Ci7.19 R3 O/w
R3
o0 R! R? R® Time
Pd(OAc),, BusNBr, KOAc, o H Br NO, 1.5h  (77) 423
DMF, 100° H I NO, 1.5h  (90)
—OCH,0— Br H 24h  (76)
l —OCH,0— I H 56h (90-96)
R! R OMe I H 910h (81-87)
Rl
Rl
Cis
Br
Pd(OAc),, NayCOs, 04
N S<o DMA, 160°, 24 h
Pho,s O
Cig21
R!O. Br Rl R?
Pd(PPh;),, KOAc, dioxane —CH,— H ©n 424
R'O N R
Me H (96)
CO,Me Me COMe  (76)
Cio
OTf O PA(OAc),, dppp, PBus,
Q Ag,CO3, DMF, reflux, ‘ 97) 96
NMe 20 min NMe
o 0
Cao-21 Br Q O
N O . PA(OAC);, K,CO3, DMF O“ 425
J : &
R Temp Time
F BnMe3NBr 130°  2d (65
NO, n-BugNBr 70°  48h  (57)
H n-BuyNBr 130°  2d (52
OMe Lil 130°  4d (50
Cao
Br
Pd(OAc),,
Q K2CO3, BnMe3NBr, . (39) 425
DMF, 160°, 4 d

OMe



TABLE 3B. 6-AROMATIC CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
® g
O Br O Pd(OAc),, PPhs, NaOAc, O
O DMA, 100°
0O R 0o
i
0 o}
LI
H (—) (—) 3:1 426
OBn (76) (0) — 435
Ca
W ") ® DY
Pd(OAc),, K,COs, ‘O ‘O
BnMe;NBr, ' @41+ ) 425
‘ DMEF, 100°, 24 h O
NO, NO, ]
Coz o
R! R? 1 >
R o
Q 0 Pd(OAc),, DMF, reflux
Me NMe J NMe
MeO
R? O Y 2
R® O
R' R R
H OMe I dppp, Ag,CO3, 15 min 95) 95, 427
H  OMe Br P(tol-0)3, Ag,CO3, 3 h (96) 95,427
H OMe OTf dppp. i-Pr,NEt, 30 min (73) 427
OMe H OTf dppp, i-Pr,NEt, 30 min (93) 427
OMe H I dppp, i-Pr,NEt, 30 min 94) 427
C21 OMe
Pd(OAc),, Na,COs, O (25) 94
N/soz DMA, 150°, 6 h
SO,
4-MeOC6H4502 E
COzMC
CO,Me O CO,Me
Pd(OAc),, PPh;, O' COMe  (62) 414
T1,CO4, tol, 110° \ _N
0 MeQ
Q Me Pd (11 (89) 4
¢ EtO,C
2429 CO,Et CO,Et
CO,Et .
Pd(OAc);, PPhs, O ¥ 414
T1,CO3, tol, 110°
R II
R I+ LILIX O
NCO,Me (94) 5.7:1:0 O
NTs 96)  5.7:1:83 N’502
EtO;,

Et0,C I



TABLE 3B. 6-AROMATIC CYCLIZATIONS (Continued)

Substrate

Conditions

Cos

3oz

N—S02
/
2-naphthylSO,
SO,Ph

N
Br
\(@
NlHo

MeO,C - NMe

Pd(OAc),, PPhs, NaOAc, 16 428
DMEF, 135°, 6 h
P Fh Pd(PPhs),B
PA(OAC),, PPhs, NaOAc, N\ o+t T\ o VB0 g
DME, 110° 19 h N N
o) 0
an (8.5)
Ph Ph
\
HBC, NaOAc, ! AR Br oG9 48
DMF, 140°, 72 h N
OMe OBn

Pd(PPh3),Cl,, NaOAc,
DMAC, 130°,2-3h

— -

P e
H H Br  (40) 429
O o Me OMe (76)
R! Et OMe 719
o}
R—
PhO,SN
hOSN—\ R
S N (72 430
o CH (15
H

Pd(OAc), PPhy, Ag,CO3,
DMF, 100°, 24 h

1. Pd(OAc),, PPhs, t-BuCO;Na,

DMA, 110°, 1.5h (86) 431
2. NaBH,, THF,
MeOH, —40°, 3 h
COMe
R
R
OMe
OMe O
Pd(PPh;),Cl,, NaOAc, @25 + (—) 432
DMA, 130° 0o MeO Y
MeO
o]
0
Bu-t
OMe
MeO.
Pd(OAC);, PPhy, NaOAc, O OMe (32 433
. . o)
DMA, 140°, 100 min +Bu

o

Pd(OAc);, Na,COs3, O (25) 94
DMA, 150°,6 h
S0,
N

H

Pd(OAc),, PPhy, K5COs, (85) 340

EtsNCl, CH;CN, 80°, 45 min

Product(s) and Yield(s) (%) Refs.



TABLE 3B. 6-AROMATIC CYCLIZATIONS (Continued)

Substrate

Conditions

Product(s) and Yield(s) (%) Refs.

Ca7.29

R' R? R}

H H H
OMe OMe H
H OMe H
H NO, H
H H NO,
Ca7.28
Vs
(Sl
Cas
e
. o
oY,
~ B,
[STE)

MeO

MeO i o NBn

Pd(OAc),, PPhs. K,COs,

Et;NCI, CH;3CN, 80°, 45 min

Pd(OAc),, K,CO3;, DMF

n-BuyNBr
Lil

LiI
n-BuyNBr
BnMe;NBr

Pd(OAc),, K,CO3,
BnMe;NBr, DMF, 70°

Pd(OAc),, K,CO3, n-BuyNBr,
DMF, 140°, 36 h

HBC, DBU, DMF, 150°, 72 h

Pdy(dba)s, P(Bu-£)3, Cs,CO3,
DMF, 150°,72 h

PdCl,(PPhs),, NaOAc,
DMA, 130°

SO,Ph
N

MeO,C (85) 340

l 425

135°¢  5d (30)

R Time
H 48h (41 425
OMe 24h (67)

425
O‘D :
Ph
i
Ph .Q
O Ph I
I n
607 (57) 20" 200 434
10°(8) 85> st
R
H (75 437,438
OMe (87) 436




TABLE 3B. 6-AROMATIC CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cay
NBn
Br OPr-i Pd(OAc),, P(tol-0)3, NaOAc, 439, 440
DMA, 140°,22 h
i-PrO o
0
Cx
N~ O
Br B CO,H
T Pd(OAc),, PPhs, NaOAc, (20) + OO 20 (—) 435
(v
o
J b O DMA, 130
o 0
MeO
OMe
MeO. Br HO,C
— Pd(OAc),, PPhs, EN, 441
MeO N OMe CH;CN, 150°, 5 h
[ A
(o} (6] & OMe
)—NBn
O OMe
MeO Br OMe PACI,(PPh3),, DMA, 95° 420, 438,
442
MeO o
0 (15)
) NBn
O 5 Pd(PPhj3),Cl,, NaOAc, 443
MeO O ' OMe DMA, 130°
MeO o
(&3]
OoTf
O O O Pd(OAc),, PPh;, NaOAc, 435
DMA, 130°
0O o
o)
POy
i-PtO ‘ Pd(PPh3),Cly, NaOAc, ©2) 444
MeO O > —NBn DMA, 100°
J ,
Ci3aa
OR
RO
Me (39) 331

Pd(PPhs),Cly




TABLE 3B. 6-AROMATIC CYCLIZATIONS (Continued)

Substrate X Conditions Product(s) and Yield(s) (%) Refs.

Pd(PPh3),Cl,, NaOAc,

DMA, 100°

H Br o-H Pd(OAc),, K,COs, BnMe;NBr, (71-79) 174
DMEF, 130°, 24 h

H Br PB-H Pd(OAc),, DMF or (=) 174

. DMA, 150-165°, 36 h

Q“s; Br o-H Pd(OAc),, K,CO3, BnMe;NBr, (42) 446
DMA, 140°, 36 h

" OTf o-H Pd(PPh3),Cl,, NaOPiv, an 446

DMA, 120°,26 h

Csy
PdCI,(PPhs),, NaOAc, (90) 172
DMA, 125° 6 h
OMe OBn
OMe
,OBn
PACI,(PPh3),, NaOAc, H— (90) 173
OBn
DMA, 125°, 5 h o) o
o
OBn
Csg
PdCly(PPhs),, NaOPiv, (65) 173

DMA, 80°, 1 h

OBn

4 PhOB is also isolated in 35% yield.

b These yields were determined by HPLC. Isolated yields are in parentheses.



TABLE 3C. 7-AROMATIC CYCLIZATIONS

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cie
N Br
- ) Pd(OAc);, PPhy, K;CO3, 416
S N/N n-BusNBr, DMF, 110°, 2 h
o) Me
Cy ==
Br QR
. R
i Pd(OAc),, PPh, TLCOs, 0 (60 395
N? --OBn tol, 110°,48 h S (66)
0
Ca125
R! 1 \\ _R3
S | Pd(OAc),, PPhy, T,CO3 395
N
R? (¢}
Rl RZ R3
CH OBn o) tol, 110°, 24 h (52)
CH OBn S tol, 110°,24 h (65)
CH o) o) CH5CN, 80°, 48 h (73)
}’NJ\O
Ph
CH " S CH5CN, 80°, 48 h (62)
CH " CH=CH CH5CN, 80°, 48 h (68)
N " CH=CH DMF, 140° (—)
Cos
i-Pr;NOC
Pd(PPhs),, KOAc, 405
DMA, 160°, 6 h
Cy
Pd(OAc),, dppp, Et3N, 98

DMF, 110°, 18 h




85¢

65€

TABLE 4. TANDEM REACTIONS

A.4-EXO
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cis
1 R
Pd,(dba)s, n-BusNCI, 447
DMSO, 100° 16 h \
CO;Me CO;Me
R
CH»(CO,Et);, K,CO3 CH(CO;EY), (70)
morpholine, Na,CO3 N-morpholiny! (54)
Ca
ONf Pd(OAc),, PPhs,
= tert-butyl acrylate, Bn 43) 63
Bn EzN, DMF, 80°, 12 h =
NfO
CO,Bu-1
ONf Pd(OAC),, PPhs,
= tert-butylethyne, Bn 49 63
Bn EtN. DMF, 80°, 12 h Il
NfO
Bu-t
TABLE 4. TANDEM REACTIONS (Continued)
B-1. 5-EX0; INTERMOLECULAR HECK REACTIONS; MISCELLANEOUS
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cg.13
COMe MeO,C R
C(COMe); (56)
Br | PA(OAC),, PPh, methyl acrylate, CO;Me ) 0) 106
K,COs, AgNO;3, CH5CN, 110°,3 h NPh (14)
R R
Co.15 R? R?
l
Pd(OAc),, PPhy, allene, R?H, y/ + / 449
R! K,COs, tol, 70°, 20 h
1 R!
R I
R! R? I n
0o N-piperidinyl ©n O
(o] N-(8)-(+)-2-pyrrolidylmethanol o7 O
(o} N-tetrahydroisoquinolinyl (61) (V)]
NSO,Ph N-piperidinyl 30) (30)
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TAHLE 4. TANDEM REACTIGNS |Conbinami

Bl FERD: lP'I'I'EH.H'U'L'ECLﬂ.-'LH HECK BEACTIONS: MISCTLLANIOLS ICsonmwnd)

Sataac Conditons Prodeciis| snd Tieldie} (9 R,
I:!IJ "J.
ﬁ' Il Pd0IAL Yy, PPy, rerbomess, N2, 1M
| CHCH
H_r"
K R
2 L Bk, melhun [ERH
HOOM: H K00y, BighCL ., 1B (4%
MCTHA: e g%, reflus rasy
Cwin
] i!
P b, PPy aleres,
B, ELNOL KD, 50
] iod, 20h !
Q!
gl W [ Jemp
] HMH fi~pyraladeyl e sl
o HH N pperiing CITI -
MM O Mepyrralialimg| e (i, ]
MM: O M-pipanisinyd W Eh
MT: HH pegyrmalating] ]
WTs MM segipendiey (1T T Y
Ci
L PIFPhy,, methyl serylaie, i) T
Eiq M, CH AN, refles, 12 h
EII-H
: PO, FPhy, R dr
1.1 dmmethylallens, o L. T E L
K Memeihylnsbeside, i shic [ T I |

Aoy, 304, 4k b
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TABLE 4. TANDEM HEACTIONS (Conimand]
B-1 S-EXCr INTERAS ECULAR HECK REACTIONS; MISCELLANEOUS {Contmard)

Linarar Cerbiiom Posaliparsd and Vel 1 %) R,
'|:'||-|l| i F:' B H.J ! R ]
B ||| n' ‘§ R’
Hi—=——n' 4 = “
1 m mn
an B B CTHE B
k! R r' _'.I'_-rp ‘hn:l I %0 1] m =D
H L1 Hi Pd|FPhjbe. By, DMEF — as LR ] ] m = 4
S5iMe; B El Peb{ PPhy by DinaM, [28EF as" 11k N — =] m = 452
1] ] wi Pud{FFi Ty, m- Bk, B, DMF = 1Th 4N — o] imn — 454
Me W . Pel{ P, 7Yy, B, B2, DMF I Ik W - @ I = 4%
e O Sidley PiPPa Tl ARl By, DMP L= L] (1] — L 1m — 435
Siklsy M -l Pu{FFh; 0y, n-Bedlk, Bl DMF = Ly T = 1471 m == 43
SiMe;  nlgHy SMe P PP oL, oD, B, DMF I ik B — M W — 4%
™ M M, 1. Pl PP 0 a-Bail L THIF. hecise  -TH" =r T - 4] m — 454
1 BN HF ik
Fu ¥ o PHFFqECh, A-Bell; Eigs, DMP e 18 ] A wy ] — 4538
™ ] P L. B PPy, o-Billd, THF, hesase  -TE" = iy TRERAR Hn = 433
1. N L= 1 ik
(2] Uy Saviey 1. FlFPCh; iRl THE. hesase o= = 0] == m m — ELL]
3. EigM e 1k
[ Fi Elles 1. PP, w-Rell, THP. hecass — — [LEH — U] G — 45%
A EM I i g 1h
i nFr LRl I, PP PhOCh, o-leld, THE, heome — — Al — m = ELE]
L EN Do 1h
L] P " L, PdiFPh 0, e-Beli, THF, hexims _ _ [0 — m (=] — 41%
3. EisN [ 1h
m o a-CaHy Pukiihe ks FPE;. Cdl, By, DRIF [ i ah AN ApMFE- [ 1121 H-AE 448
Ciy K
e n
B{FFhyy, allere. KH, N-pyrrolicding] ] &4
K00, CHLCH, 757, 15 h N-remabyrotsogui el KT7)
Crnrr COR?
E' ,;5
| 0 i 1 o
—0H "hp'u“-ﬂ:l PO _<:]’
#-Hu ML OME, 507 1
3
L. R’ 3
alfyl H [ BigH.tih [ A5
H  (CHyyOMEL wCul g #Pra¥El 12y 1]
clll EDIH* el
e l|| CilMEe
| PliQifely, FPhy, methyd scrylaie, 5 [E3
Agh, CHLHCH, 12 3 h
=
Br Ph
PThAch;, PPy, cthyl vyl ether, Y 457
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‘TABLE 4. TANDEM REACTIMNE (St
B2, REX{: 3.EXD

Suniraiz Cenbtiom Predbcnis) andl Yiehtis} (%) Bl
cIIII
(:‘-)ﬁi): Pk, PP, s Q;E) ¢ @ 100, k27
mi BN, CHACN, B fom g B
Iy nl 1 n
cH; Ma [T
CHCHy B many o
CHLHLH, Me (£
T
{IF
“Q’\_): PiCHac):, PPy, BN, 50 1o
{_ﬂ CHH, k2 {_
- o
Ciaga . |
B
A, CICN, RS%, 3-8k * s s I
T Ml MeCC™ CO:Me 00, M
o m

e

egggeeeee

PPy Bk
PPl NaloCH
PPhy By

Py, gLt
PP, B

dmphen E2,
PPhy BN
P, Ex,B

dmgkan. By M

1
LiAr .
. i“:hQ:’*
WeC " CThMe MsliL
mw i Wi

i 0 m W ¥ W
0 om W 6
03 Mm%
Iy 3 2 mom
m Mmoo
B @ Wm0 EE R
Py 48 dp G (0 W0
@ Dmesl 3 M o
im 3l O Mmoo @ En
Ly g o
Gy 2 om0
rared 2N (g M 0 HO
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TABLE 4. TANDEM BEACTHING { Contrund)
-5 S-EXOr J-EXO: MISCELLANEOUS

Subsirure Congdainem Produsiis) end ¥ieldis) (%) Refs,
Ca
X PCIAPPhy by, B, EijNH, M[jj/qm 8l
OSF, B, A b
Cia
1 I
; PAOAE], PP, KOO, 1361 a5
JD CHLCN, 307, 12k
Ci
B
FdOAe);, FPhy, ELN, 133 15
CHLOM, 9, & h
Cig
h (k) o}
"":*"ﬁ( ) T 1. Pantincly, PPy, Koy, L i
/ CHOM, i, M b & H 458
Eﬁ[—> L Haflug, nme i H i
Tine 1 1
Bhmin (0 (1%
L5%h (5%
Br CyFyyn Cobly 1
*‘:*“ﬁ%( W
; PHOACE PPy, K25, ' -+ + sk
H e N ™
1 n m
n-CiHy
N
w
] o m
B, 1 h (LU ER T &
Big™C1, mi, 1ED CIE} i) 28 0
TIO&E, 58 h (U7 414y (145 20
Cu
=By
1 n-
FCT; By, 1N, ErgH, () 3|
DMF, 8iF, & h
I
Cis
LE n-Ba
I B
Piliudbaly=CHO, PPy, w5 = SiMer gy qm
B, CHAOH, 8P, 1 b o
MO MOt




TABLE 4. TANDEM BEEACTIONS | Conrisasd)

B4, S-EN0N; 5-END
& brstrone Conditinms I'bhiu.i.[i.]lld‘_r_'l.:iﬂli-m:l Reis
Cy
I
| Pl [N 411 (]
o
Ciyy -
I
PdiCuAcy, PPy, Agal0, .
CHyCN
1 u
Temg Time | n
geflun  B&  (43) 80 254
3 m 1Ak () {35 hrd
@
Crum
R g o' opt dr
PAIMAC;, PP, AgalTh, HH H H (B85 = 51,100
CHiCH, A, 2-Bh 254
H Me H H (813 114 e AR
H H MeH 73 Bl b B ]
Me H Mo B R0 il 110
H H H Men LI (§[13
Cii
I
FeiChacy, PPy, Ag Oy, 43} = 1253 )
CHCM, m 3-Eh
Pl Py, EhL o= m 23
CHALN, 70° i
0
0
Cia
PHDIAS ], PPy, : THE 2L df 140
E1yM, CHCH, 77 <°‘:0
) Tz
8 =
nr Pl Ay, PP i -
ET e, Bih, HyD, X o 0% 0, 860
BT CHCH, 8P, 1524 h . HTs 80
b i CIoDyMel:  (TE)
CTHDMS OTHORS
-
1 - :J
—l'\_\ ——
¥ B NHS T, DeyH, 140, H o =
CHyCH. BIP, 1524 b 0 Me (TR
“OTBDMS “orhoMS
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TABLE 4. TANDEM REACTIONS [Caariaid)
B4, 3-ENDy, S-CEIEI|I'.':|-|.I.'-.|:-".|

Poedocns ) mnd Yiekisr %)

Caftwtradr
Chaay
| ™ ey
R
B
M
H
H
W
oH
oM
aH
OTROES
(RO
&0
Ciosi
® o
=

Pl cualymi, AT, 320
T i i n
P, PRy, Agllhe &h LE] — il
Pyl by =TT, PP, Al Th I — i
Pt b, PPy, K0Due, MPr B 2h {ET = i
PopidtayCICT, (NFRIMAP, Agd0y 4Kk [15] R fE5)
FoiChies b, PP AgDa ih 16 k1 il
gty CHICY;, PP, Ag Ik B 2T il
POk, FPRs KEWG, WFrfir ih LTI E S I - H
Pl FPRy. AgDve ah e LE A
Pyt CHOL,, FPhy, Aga 5h LTI K S I
Pyl THOT, (R INAR, AgPT1, e (&) — iR
®
PAICHAL Ty, PP,
CHCN, F, B h
(1ka
Lyl
i
K000y " mm
m": (%] 165)
Ay Lo )
A CoMe EZ= 1T T8 dra 1.7
Fi
Pl |z, PR, MagWEIRy,
iy HyDL CHCN, ]
B, 152 A
“OTROME
Meli
PlIAC, PPy, K00, 72, L
CHyCK. MF, & h
OvE

L&

(L1
Li¥
[ 1]

0]
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THBELE 4, TANDES KEACTHINS (Cowimaed]
Bed 3-EX: 3-EXD. MISCELLANEDL'S

Silsime Comdisont Productish ans Tieliss %) [
Cipm
L S—
B o HEC, K00, il NTe 35 T
*‘%.1_‘}—'“ CHCN, B 46 h . B NTi 080
e H O (8
Cm Rl &
I g ! 0 i "
b, ": Pebf 1y, PP, | + -
1 n
] ‘Q
i) o
L o Termp Time I 1]
e BTN ELNOL. DMF H B B (T i, 139,
14
Fh FalBCE, ELST, DA il WIDF 15k (W i0L. 14
e FaBPh, EL MO i hode i @ IAh {Hn #m 13, 1%,
140
Me R¥5nifisy E1-Ae S il — — Qi iol
M ELMCI, BT SaBuy 2farid - — im0 10, 13
P 12 nfiay P I-ASEM ity l)  — — 3 A ol
i EylC1, B Sabuy ey - — 48 [y 101, 131
Me Eg,KC1, A1 EaBuyy A{LMESEM Indalyl]  — — 3| 1
Fr M1, 1Sl B40-AEEM-ipdalyl]  — —  {E (16 131
Fh EyhCl, B SaBu CHaHy - — {1 131
T
t
%f"'| Il Pell PPy . B, L ast
|| MR, el 12
[l il e o ¥ 1
EIll’l
8 i Tomp  Time
T T
B PVl PPy Az, . E % &8 AN 457
CHN iPr i &k (95)
ooy P B 1h G
PO e B TR Q¥
Cis
-'%..:"H Tefihely, PPy, Age00y, oy o+ {3+ Fom 437,462
i DM CH T, 8%, 2 d
E COMED C0:E
B’ coE '
Chan 50hPh
g A I POSCAES. PPhy, o-NegSni, "" R
THF. I, 1 h o 41 m
‘ 2. BN, CHYCN, sellia MEFh (3130
B
Crm
-_I HI
oR? &l
N B Time
B | P PPy AgiDil, |- M Me kBN 83
CH.CH, & —— e H @h ®3
CihE —iCHgl— M= Lk (HT)
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TABLE 4. TAMDEM REACTIONS [Castiawedi
B-8. S-ENO; 5-EXO; MISCELLANEOUS (Certinund)
P — Carchliom Peadictisl arsd Yiehlis) %5 Refs
C
a1 mm .
(ki
tr ||| Priisaty, PPhy. CHLEN " n
OMe OMe
/]
- coyEr B omEn I
Temp I 1
Aoy (TR L TR
Kl [ T TN
| P, PP AT e ) m
CHCH, EIY, 3h
Tk
. H
"’” DA, PRI, CHACN + Ij 57
ikie
Bl A o i By i
' EZ Temp  Times I ciiroas 0T
i S KAt B* Eh i El W
Co:Me 1T Ag:Ei BF Eh (TR LXL W
ChMe 1.1 KLy IMF MR (30 M (4T
s cos
| Py, PPy, ClE EL
el HCO:M, piperidine, ELNCT, @ . i) 139, 464
U CHCH, M, Tk
N
Ao ot B
CO-El Oy Er
@ POk, PPy, LN, = Col
a FhienCl, THI o)+ P (7 13
s X
N
Ae

N
A

el DO
Bl pzaim Pk, PPy, KqDih, ' [T oHp 10113
CHLCHN, 1307, 85 ¥
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TABLE & TAMNDEM REACTIONS | Contlausal
B-5. 5.EXN0; 5-EX0; MISCELLANBOUS {Cantnsnd)

Cas

Curalitions

FE

PR PPy, g1y,
CHLCH, 3™

FiThc]y, FPhy, Agalh,
CH,CH, B

Py, FPHy,
BaySaCH=CH,, EyMNCL
CHACN, 25 2 h

PG PP,
HeDCHD, Byl
OMF, M. 1 h

PdiDuAcly, PP, AgrClh,
CHyCH, B, 4k

Pl DALl PP, AgalTh,
CH(CH, 6%, B b

PHOMAC]:, FPRy, KO0
CHECH

Temp Time 1 W
BF 14 (R3) )
B Td 271 O

Produstis) nd Yiddis) (%) Refs.
E Time
T 457, 463
Mz 4h K
E  Tene
H ih (ES) 437
Me 4h (4d)
CO4EL
(80488 13
{ETy 457
ol -
5K = [FL)]
B
Fh
- R M
OMe . 113, 437
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TABLE 4. TANDEM REACTIONS (Continued)
B-5. 5-EX0; 5-EXO; MISCELLANEOUS (Continued)

CH3;CN, 70°

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cor.3 Rz\l R?
(R¥N
ol Pd(OAc);, PPh;, Ag,CO;,
@( NaOHCO, CHyCN, 80°
N NR?), N
R! R
R' R? R3 R Time
Ac  C(COEt), —(CHp)s— th () 464, 465
Ac  C(COEt), Et 2h (70 464, 465
SO,Ph NSOPh  —(CHy)s— 2h (60 464
SO,Ph NSOPh  Et 15h  (65) 464
Ac  NSOPh  —(CHp)s— 12k (6577 465
N OMe 7
Br | l Pd(OAc);, PPhs, K,CO3, 30) + 19 () 457
CHiCN, 60°,3 d OMe
Et0,C
Et0.C" COsEt CO,Et
Cz
OMe Ph
Ph o\l/‘\ :
Br [ Pd(OAc);, PPhs, K,CO3, OMe  (67) de>95% 13
CH,CN, 60°, 72 h 0 .
EtO,C ) )
E0,C” “COEt COE
¢ An unidentified product was formed in 10% yield.
TABLE 4. TANDEM REACTIONS (Coniinued)
B-6. 5-EXO; 6-EXO
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cyy
I
N> \——r/ Pd(OAc),, PPhs, K,CO3, N 92) 1
ENCI, CH:CN, 80°, 3 h
0
o
Cis
1
Pd(OAc),, PPh;, (70) 4:1 cis:trans 110
- Ag:CO3, THF, 65°
H
=
I Pd(OACc)», PPhs, Ag;CO3, (85) 32,110
CH,CN, 70°
Cis
OTf
Pd(OAc),, PPhy, EGN, (70) 236
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TAHLE 4. TANDEM REACTIONS {Convnasd)
B-7, SExo 6-EX0; MBOELLANEMIE

Satmram Crndinaas Froduciis arad Viebde 151 Refs.
chl-
\%ﬁ PN | PR AT ET) 255
- o CHCH, 61, 48
0
Cis [
)
OH _Ben o
PeCl PPy, OO0, Bayb, pun O 4 uay ns
Pl 2P, 34 b HD
RO
Cmm i} ]
R e N |
Doyhde 081
B PiThAy, PR Kl Ll X Ak
CHyCN, 1207, 33 h CHOHGE  08T)
COCH, (1%
Bl OOGE
) ot
1
J PPy, 00, Bl Biw ol 115
WD, 07, 24k TH
Cay il
. JH Sl at M?:
MEDPh +
1 n
S N
[ Temp T | n
PN Ay, PPhs MalHHI, [TRaF H ¢ &4h (M0 (30 L35, 145
Py, PPy BaDCHO, DMF, TiO0, H HF dER M (10f 140
Peidbagy. TFF, Ex,NCL, RSBy, il Ch=iH; 1MF = @ @& i
PO PRIz, ©0, THAG, Mt ks B — [N W ra
PeyliL 3-{BaSniparicine Dy — — N HD 11, 131
Pdoidtal, THP, Malifh,, sniszie 4] 1B Wb R 0 10l K,
135, 14D

= An orable compoond of enpeoven sructan was sluo iasloed. Teeiiresty i bas been wni gred as ihe prodect el ling Trom srosasaaion of the cenomsl

dans-carianing rirg
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TABLE 4. TANDEM REACTIONS (Continued)
B-8a. 5-EXO; CARBONYLATIVE; REDUCTIVE

Substrate Conditions Product(s) and Yield(s) (%) Refs.

C
10 | Pd(OAc),. PPhs, CO, H
@ ): Ph,MeSiH, Ey,NCI, (45-60) 117
o tof, 110%, 7 h - °
Cie
1 Pd(OAc);, PPh, CO, H
Ph,MeSiH, ELNCI, S 61 117
N o N
¥oen tol, 110°,7h No.eh
Cpy o H
! Pd(OAc),, PPhs, CO,
PhyMeSiH, Et;NCI, (45-60) 17
N tol, 110°, 7h o
Bn O 1]\3;
n
1 MeO,C
COMe PA(OAc),, PPhs, CO, H
>= PhyMeSiH, Et;NCl, o (45-60) 17
N o
ot tol, 110°, 7 h gOZPh

TABLE 4. TANDEM REACTIONS (Continued)
B-8b. 5-EXO; CARBONYLATIVE; ALCOHOL CAPTURE

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cn MeOy
gl /
PdCly(PPhs),, CO, TIOAc, (50) 114
N~ MeOH, 65°,21 h
Ac N
Ac
Me0; COMe
Pd(PPh;),, CO, Et3N, @2 + 28) 451
MeOH, CH;CN, 100° =
COzMe (0] COzMi -Bu C one
PACIy(PPhs);, COEGN, n-Bu + B * M 7
MeOH, DMF, 100°, 4 h
(63) (<2) (16)
I/COZMC
Pd(PPhj3)s, Et3N, CO (4 bar), ~ !
MeOH, CH;CN, [ (50) 54
CgHe, 85°, 15h /
CxCO);  bH
COzMe
. Pd(OAc),, PPhs, CO, 127
Rlzzo ,C MeOH, reflux
! R2 CO,R?
CH, Me EtN (56-69)
CH,=CH, Et EuN (56-69)

CH,CH,=CH, Me Ag;CO;4 (56-69)
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TaBLE 4, TANDES REACTIONS (Coninasa
B_-'l-h S-ENO; CARRONYLATIVE. ALCOROL CAPTURE {Contnard)

Crodidom Proclecsis sl ¥ isidin) (%) Refa.
=P
0l i
Pk PPl ke, By OO bas), . R &
MelH, CHCN, M 1 R =
il T Cylly. B, 118 TEOME (71 »9E%
“u Oy ::I'\-hl
Cid
i
s
Se A = I
"\~—-\,.§:= K00y, O3, i, 94° \_\= —CHil— {6154
o o —CHyl— {61545
[
; Bz
E:]: :"" PUCTPPYq b, 0L THAE, @l 114
M MEeOH £5°, 21 b
S0 v o
1:\.II
1 E —
P PPy, 010, i T M =T
EiyN. DMF, MsDR, i o+ m (T}
Hyl, O, K8 3 3
OTROMS OTRDMS CITHDME
Cx
D0-M:
I ]
[ | r;1% P PP, DO THA, },-=‘J i44) + a5
M, B5® el
h g:lri'h %
Eh
* @\ _,-J'L‘_,-J? ()
Eu-,-n "
1
PG PPk OO0, THIAS, L 136 14
. MeDH, 585°, 21 h N
Cy
"‘l; P L
PCl PP, CfMz o
| OO0 (280 i) B, + i
MeDH, 1087, 1 b ”_\—O'
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TAHLE 4, TAMDERM REACTIONS | Contiaseh
B8, SEX0 CARRONYLATIVE: AMINE CAFTURE

Esteae Conditions Productis} and Fielia) (%) R,
Cipn 1 P DAy, PP,
H _}— 03, NH0Bn, KOy, 467
E wl 110, 14R ra::npu 158
fﬂllﬁl P EX "ﬁ“
_gf 0, ROWHO AR, KA, f )
i! - ERIL A TTY E:I xi E:-f
R i R’ u .
0 ™ H m.n i
o Hz B (LT
MCOLMe  Hy H i
RODGME e (LTI
WEOFN  H; H e -
FELFR  H Box im0
Ky o Bes E-LH ]

RI

r r? it

o Oy CHy 11

a o iCHyh (52

o CH; gl 11

¥Ts O CHy .11

N M, iCHyhs il )

WTs Oy (s L [k

sie OO CHy 1
=) CH, CEH
i (CHh (hy]

% T

Ci O e CONH
[ OH
LT ’“\g’wm
B . 101, 182
I[.H""E Tk NHTs
SChPR
1
&y
"-\E'"MHHT"
|
PaOAC), Piicl-aly, OO, g o
Proton Spuege™, CHYCN, 607, LE b ) b
e, £0

L

sl om (T

g’-'i:-ﬂ Pz, OO i
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TABLE 4. TANDEM REACTIONS (Continued)
B-8d. 5-EXO; CARBONYLATIVE; INTRAMOLECULAR CAPTURE

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ci A
| X HO |
¥ PdCly(PPh3),, CO, EGN, G0 + PN\ = o a3 468

i-PrOH, 80-85°,4 h

o (o]
[o] (o]
(o]
Pd(OAc),, CO, n-CgH;3 + V4 + 327
CH;CN, 100°,24 h
n-CeHy3
n-CeHy5

&X
N

n-CgHy3
Cia 36) (<2) (<2)
AcHN PdCl,(PPhy),, CO, Q
. EtN, CH5CN, [/ TNHAe g 468
// MeOH, 100°, 10 h
Ca Bn Po)
1 NHBn N0 NBn
@ >// Pd(OAC), PPhs, CO, a9+ J\ e 116
N o
SO.Ph TIOAc, CH;CN, 80 N /N
SO,Ph PhO,S
c 0
i Et0,C _COsEL COEt
I CO,Et
@ Pd(OAc)z, PPhs, CO, (50) 116
N TIOAc, CHiCN, 80°,24h
SO,Ph N
SO,Ph
Cx BaHN =
Z ) N/
1
N Pd(OAc),, PPhs, CO, (45) 116
TIOAc, CH;CN, 80°,48h PhO,SN NBn
N
SO.Ph Y
TABLE 4. TANDEM REACTIONS (Continued)
B-8e. 5-EXO; CARBONYLATIVE; MISCELLANEOUS
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cioa7 o. R
I Pd(OAG),, PPhs,
‘2: CO, R?SnBu3, EyNCl, 469
R N2 tol, 110°, 15 h R?
Rl
R! R? R}
o H, 2-furyl (88)
0 H, 2-pyridyl (83)
o H, E-CH=CHPh ©1)
o H, 2-(1-SEM-indolyl) (52)
NSO;Ph H, 2-pyridyl b
NBn o] 2-furyl (¢.1)]
NBn O E-CH=CHPh (78)
NBn O 2-(1-SEM-indolyl) ©1)
Cio.16
1 Ph R
@ ): Pd(OAc);, TEP, CO, NaBPh,, 5 0 ®0 469
R anisole, 110°, 15 h R NSO,Ph (82)
Cu Et__Et R R

O $to 0 s N-piperidiny] (60)

1
©[ (k)a/ OH  1-N-4-phenylpiperazinyl (50) 453
N g }’N(:©/CN 5
Me ‘O
© 1. Pd(OAG),, TFP, CO, RH, 0

N
i-Pr;NEL, tol, 50°, 18 h Me ¥N B NO; n
2. HF, pyr, THF, 20 min N/

3. NaHCO;, EtOAc
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TABLE 4. TANDEM REACTIONS (Continued)
B-8e. 5-EXO; CARBONYLATIVE; MISCELLANEOUS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cn
@ /21 Pd(0), allene, CO, piperidine (56) 101
N
Me 0 0]
N
Me
C
13 | o] Ph
@ Pd(OAc),, TFP, CO, NaBPhy, (84) 469
O anisole, 120°
O H
R
‘ b
X p!
N N 470
(o] 1.MeO,C COMe,
CO,Me
\\ (PPh3)3RhCl, tol, reflux, 4 h
2. Pd(OAc),, PPh; CO,Me
R
RSnBuj3, 90°, 12-16 h 2-thienyl 45)
NaBPhy, Ey4NCI, 100°, 12-16 h Ph (56)
Cy (o]
D
Pd(OAc),, PPhs, CO, (82) 469
NBn 2-furylSnBus, tol, 110°
[0}
(o]
% The polymer is a silane resin from Argonaut Technologies.
TABLE 4. TANDEM REACTIONS (Continued)
B-9a. 5-EXO; REDUCTIVE
Substrate Conditions Product(s) and Yield(s) (%) Refs.
G 1 Pd(PPhs),
@: HCO,H, piperidine, (40) 31
S CH;CN, reflux, 17 h s
C
10-28
R! R! RS 0 R? RS fo)
R2 I RS
[0} + o
R (o} R3 O H R! J g
R4 Y (&) R6 1 RG n
R! R’ R} R*R? R® Solv. Temp Time I I
H HH HH H  Pd(OAc)y(PPhj), Et3N, HCOH DMF 50° 15h (91) ©) 471
H HH H Me H  PdCly(CH3CN),, Et3N, HCO,H DMF 50° 35h (42) ) 471
Me I H 1 H H  PdCly(CH3CN),, BuyNCl, NaOCHO DMF 50-80° — (11) ) 472
OMe H OSO,Ph H O(CH;),TMS H  PdCl,(CH;CN),, BuyNCl, NaOCHO DMF 50-80° — (20) ) 472
OBn H OSO,Ph1 H H  PdCly(CH3CN),, BusNCl, NaOCHO DMF 50-80° — 71) 0) 472
OBn H OSOPhH H H  PdCl(CH3;CN),, BusNCl, NaOCHO DMF 50-80° — (51) 0) 471,472
H HH H OMe H  PdCly(CH3CN), BuyNCl, NaOCHO DMF 50-80° — 57 (V)] 189,472
H H H H O(CH;),TMS H  PdCl,(CH;CN);, BuyNCl, NaOCHO DMF 50-80° — (58) ) 189,472
H H H H OCsH;-n H  PdCly(CH3CN);, BuyNCl, NaOCHO DMF 50-80° — (11) ) 472
OBn H OSO,PhH O(CH;),TMS H  PdCly(CH;CN),, BuyNCl, NaOCHO DMF 50-80° — (1)) ) 189,472
OBn H OMe 1 O(CH;,TMS H  PdCl;(CH;CN),, BuyNCl, dppe, NaOCHO DMF 85° 4h (200 (21 472
OBn H OMe 1 O(CH),TMS I PdCL(CH3;CN),, BuyNCl, dppe, n-Bu3zSnH C¢He 85° 23h  (6) ()] 472
OBn H OMe I O(CH;,TMS H  PdCl(CH3CN),, dppe, n-BusSnH C¢Hg 81° 2h (3l (34 472
2-0;NC¢H4CHH OMe 1 O(CH;),TMS H  PdCl(CH3;CN),, dppp, LIOCHO DMF 85 3h (27) (@D 472
OCON(CHy)s-cH OMe I O(CH),TMS H  PdCI(CH3CN)y, dppe, n-Bu3SnH tol 110° 4h (27) (40) 472
OCONPh; H OMe 1 O(CH;,TMS H PdCI(CH3CN),, dppe, LIOCHO DMF 120° 22h (0) (15) 472
OCONMe, H OMe I O(CHy),TMS I PdCly,(CH3CN),, dppe, n-Bu3SnH, ultrasound  C¢Hg 82° 3h (1) @270 472
OCONMe; H OMe I O(CHy),TMS H  PdCly(CH3CN),, dppe, LIOCHO DMF 110° 12h (30) ©) 472
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TABLE & TANDEM REACTHING { Continund)
Bl S-EO; REDUCTIVE ( Continuad)

Subsuule Curalitizn Produsiis) and Yieldis) (%) Erfs.
c|I'.|-|T I
Pk, PPy, NaDCHO, @\
Egy W1, 8F
i
ii"_c:hm""_iu'f—miu_mu_ Td:i 140
H TDMF 168 (2 3 (45 iz
HBa CH,CHN 126 (B e () 140
l:'u .
1y PG, MaDCHO,
Nf ELyM, n-BayNBz, oE8) 23t
H DMF, 307, 34 b B
Cijir .
RZI
R! ll I RJ\U{
FaOACl, PPy, HOO + 4n
ﬂu CHLCN, 67, 12 | .
Ar A I U (|
R W 1 o
H H piperiding e T
CyEr H Fiperiding LE
Ho Ma plpesidine e
. H CHy- - pperidisy] LS TR
Li
B
mﬁ P, HODy M, ELMOL i (8} 1l
M EHellF, 110F, 3 h [a}
Cia-in 1 i "
Ly S .
ol
Ar A
i Temp Time
e ARy, HOOZH A 16k
SiMe, Fa,HOL HOOLH, pigesdine B 1h
CH - Nepiperiding] A, Mat 0 Sh ()
[ H M, AR T, NEDCHD 6 15h (W
Cu [ PU{CHCN YL,
@: L&) Ei,MH"HO0,, e-Bu MO0 % 7] v d
- DMF, %1, 4l min
H Ag
i NC ;
; j TR
SWq MR o
'.m 1] L]
Cinas Salley Sl
PlA);, PPhy. o M
il RO, n-FryNEr. o () 113
EI OMF, 15807 HOOCF, (1)
B
Cram E
Br
PGl by, PPhe, HODGHL -IM
piperidine cu,a
— R Temg  Time
H Dﬁf & Ik -IUP 'ﬂi-:l ||1P
H CHLM  E* dlh 0y (AL @
BiMey  Calis W 8h AT
SMe, CHAN ®F — (0 20 0
SiMe, CHEN B — (T #01 ()




76€

G6€

TABLE 4, TANTHAM REACTINS (Canrinse)
B-%a 3-ENH REDUCTIVE (oimaal

Cordibaes

Producus band Yiekdis 0%

Cis

cIl

Ti1

FeChAT 1y PPy NalCHI,
DF, B0, 3¢

?==§=#§==“

o)
S9y

AP
S

P DA, PP,
Py NBr, MaDTHO,
DsgF, 75-K57, 2.1 &

Pi0iAc ), P,
PO, Byl
DMF. 120°, 16k

PeliDAC]y, FPhy, OO,
MT, By KO
w1, Th

PHOAC,. PPy, HCThNa,
CLEF, B". ML N

PROAL . Plal-sh,
Eigd, CHCH, He D

2221

2!

:2::?:%
YERERE

14

ny

&M

122, 140
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TABLE &, TARDEM REACTRONS | Cosviasedi
B-%Fa. 3-EXNO; REDUCTIVE (il wimanil

Eabirade Ceraftion Produrtis | and Fieldia} (0 [LF=2%
Meld
Br
| 1:} PEILRAC |y, PP, HOTK N0, E ]
§ ELNOL CHAOW, refln -
0
0
Hr
S e . PPy, OO,
s 0 g b, m-Tug P10y, Hy, (] 4%
: CHy, 307 :
e OTHOMS RS
: PIFPh i Ay, B
X H HCOGH. Exi, N [ M 1T
1 oMF, fr cCgHy 7
]
" PaICAC ), PP,
NalHHI0, BN, ) 14
DME, 32, 18 h
Sihim 4P
R PO, PR,
HOOyNe, ELNCL ]
CHyCH, reflux
e FCAcY, FPh,, NaCHI,
BugNHS0,, Pigs, HA0), ; 5 =+ [ 30
CHyCN, B0F, 24 h ]
! - "-mm
OTROMS “OTHDMS
R E!
| R:
PDAch, PP, '-".“ (1]
DME. B0-100F
B B
CHI HCO4H, pipezifine, 251 [£5]
N O ParICHO, FLNCL S h 154)
1 PAAC):, PP,
HOD:H, piperidise, hsh 122
NEn CHLCH, 80°, 1-2 h
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TARLE 4. TANDEM REACTIONS (Contisued)
B-fa. HIXO; REDUCTIVE {Conrmed)

Sutsirae Conditions Pbdﬂh]-fl:'l:ﬂ_lrﬂl L]
s I
" PHiChAC):, PR,
;C_ HCENa, ELNCL no 8 12
OMF, 8, 16k
L P iy, PPh
OO H, pipesifing, (8] LEL L&D
HBa CHyCH, B°, 458
M
oM
Pl PP, KyDOy
TiAe, HOONa, 2 21 192
CHWCH, 110°, 30
a
]
m{@( Fd{Tac);, ROOYH, {3 150
m-Hus™ CH.CH, &
Xy
Com & -
r! I R L
o u e ST SO < g
®°
i | o 4]
R jﬁ‘u F:I i
1
= L g R B Tog Time 1 O
H Cishie H adarrantyl Citia FFln o Td (e PR T
M Cigsta W scarmanyd ke KOO H W 4k D W
l COgMe H ke sdurmnil 10 & 4k ) 8
H Cilghle H  —C3 ey CH LT — HODsH [ TR
M CooMe Mo —C0MeipCH OO — HO0H 6 4N (S5F 00
OOuse H H  sdamasiy L HEOSH i 4k [T
Cilysie H H —COMeCH HOOGH 6F AN T O
Ciihe H H =M CH O e hy— HEXMIE B dh Ir ]
CoMe B Me  —CiMesdCHoCTMe— HEDH BF 4 (& 0%
Oy |
@( E PR b P @k‘ﬂ
% NCh e, ByMC, N i 4m
DMF. 120, E1h mw
T ke
i Py P,
[ NarRI, MM, 143} 14
. CHCH, B, 185 MEn
o a
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TABLE 4. TANDEM REACTIONS (Continued)
B-9a. S-EXO; REDUCTIVE (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ca
1 Pd(OAc),, PPh;,
1
7 NaOCHO, Et,NCl, " CoMe  (s5) 140
NBn COMe CH4CN, 80°,20 h NBn
o
0
Cxn
X
Q o
— PhO,SN
Pd(OAc),, PPhs, \ /
1 NSO,Ph EtyNC], NaOCHO, (60) 118
>_/ CHiCN, 80°, 15 h
N
N SO,Ph
SO,Ph
o)
I Pd(OAc),, n-BusN, HCOZH, (85) 18% de 150
/@( o CH;CN, 60°, 4 h
MeO,C o O
MeO,C Y
TABLE 4. TANDEM REACTIONS (Continued)
B-9b. 5-EXO DIENE; REDUCTIVE
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cia
7 _ =
B Pd(OAc),, PPh;,
HCO,H, pyrolidine, 34) + 33) 140
CH;CN, reflux,6h COMe
Me0,C” COMe Meol O MeO,C
Cig
=z —
i Pd(OAc),, PPhs, =
[/ HCO,H, piperidine, @ + NBn  (45) 140
NBn NBn
CH;CN, reflux, 3h
o)
o o
Cz
Pd(OAc),, PPh,,
HCO,H, piperidine, ’ 45) + 140
CH,CN, reflux, 19 h .O
Cy

NBn DMF, 80°,24h

I Pd(OAc),, PPhs, @
NaOCHO, EyNCl, - (1) + N ©4 140
NBn NBn
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TARLE 4, TANDEM REACTHING (Costiranl)
B«0. 5-EXCk STILLE REACTION

Siivimale Crrrabliom

—

TS Pd{IPhy la. THE
Pdi PPy ls. THE
PPy . THE
Pd{ P ls. THF
PiiDuhihs. PPhy, 1od, 50°_ 5
P, 9Py, ind, B0, 4

Ll
Wi, Licl,
DMF 7. Eh

wiriyl P2y, PPhs, FrN
syl P11

=—TM5 PAIOAC . PPy, ElgN
Meq5i PdIFFh,
iyl PudiFPha,

~"844448%
|
:

Py, Pty RSnBuy
Enleil nd, 9. BB

R

CH=CH;
frona-2-wtyryl
2-furyl
3-(1-SEM-indulyl)
- |-prenyisulineytmdalyl)
-pyridyl
Cis i

LE'CHy== , Pdddha)y,
TFF, w-BuySabl, i, &

- 2. Substrue. | 10°

]'I.I

Produciln ) and Yicldahd %) Rete
THDMSI =
13 48
TRO e
THO o
!

R AT
[—1 478
i—I 478
1=l LRl
1511 410
[3%1 4m

E

& - 480

o1
1 1]
oo™
m

I m m
wi @ W
(4ah (39 0 0
% W (M 0N
i LTI L L R
45 [ 0h 0
AT my e
MR W
(541 (ED} O O

]

[EEE M, id
(£ 1H] ML, K30
(5 14K, 13
05} 140, L3
(1] 18
(&) 131

L
481



TAHLE 4. TAMNDEM EEACTIONS (Cosninard)
B-00, S-EXCE STELLE REACTIOM ( Cossinuedy

Cenditims Procducap and: T i ldis) (%) Refa
L & dr
Mg 0 By 1
]
¥
4] H.H - i.'-l"t_ [B&] Il
N 0 fDE;)j)( EL= R B
] HH r R
ML B H L R B
S AN, . Iv!;
Lt} H, B " (L] Bl
HSO-Fh H, M 2 o nl
b
0 HH . [ 1] LB
Mikle 0 i} Ty -
Y%
‘fkﬂ. i
o HH . o8y —
REOFE LW "éhl'ﬁbnl (]
M M B
o
o H.H B i —
REOGPm M0 0 i 7 -
-%'5“»
o H,H . By —
MM: O W =
e S
H-u.'fi‘q,.-‘h‘"
o
CO"I ‘-:I-Il CEJEH
nl 1
._I
i
Ej\/ i PeiCA 15, PPy, A%SnBay
5
At Ac
B! rt Temp  Tima
H THF vyl n LSE (43 133, 130
Ma CHAN vl 51 AR (B ERE
Sy CHH vyl 533 6h o 133, 130
H ELHCL THF allsl MF ISR (4 33, 130
M ELNC, THF iy T EE TR TH i3, 130
H CHCH f—=—Bus 523 26h (4% 13
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TABLE 4. TANDEM REACTEING ({owmasd]
B-11k E-E:I:ll,'l STILLE REALCTRON {Contmand

Selritsue

Prodacli) aid Wk %)

Rel

Ciy

Cig

THF. I'IIE‘LHHH.

I Hﬂ:l.'x_=
MO = iy e,
iod, pelkin, 4 b,

1. PICHAc], Py,
iyl saasliiophens,
136, i3-i6h

| FdiOvhe by, PPhy. s-BagSnH,
fal, B, |n
L

Pl sy, TFP,

WSkl
i, [HP

Pdi0Acy, PPy,

REnBus, F b,
1o, " 4R

u-aq,m’%-'j::,ﬂ..... }

P b, -, -PraNEL
IBMF. 33, 12h

PG k. TP,
BeySnCH=CHy,
ml LI, 19h

Meyin—=—CHjimn.
PP 08, OMF, bF, 3 b

[ITHORS

Pud{ PP by Bl
TF, 35h

e SRSR

'

o

(L

il

R nd

[k} HH (T
NEO-FN HH TV
ROOFh Wl 7]
Hiin o 154}

 ————
el [
iroias 2 erprsl (£ ]
Ii-REM-mdolyl) (A1)
-5 Es-indalyll (90
B I -PR50y-LadofyT) (30

j—fﬂu'ﬂ

o 51?

=HZE

-"E-e-"l:l

2=

oH
(151 =

00

i
LLEA]
CohE

L= h

am

4R 468

131
LM E]
LI E
LR ]
I3
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TAHLE 4. TANDEM REACTIONS (Cosfinnnd)

B-10. 5-EXCx STILLE REACTION {Continuad)

Refe.

Subsimte Conditinms Procuci{n) arsd Vield{} {%)
c!l H
1 RI"
| FidiOAe)y, PPy R'SniR *
| | ‘nEm
MHn
n
il e fobv Temp Teme 1 O
el BB CHEN B Th 8% 130131
WeySn Me CHyCW BO® 1h (E0p O} 1341, 131
E-turyd [y il e Eh (32 dm (R
Ippridyl  mBu ind 1 Zh Wl W 130 131
Tinrolyl o-Ba THF 0" — N dm 1L 13
=—Fh mlu THF 6F  &h 4L} (%) 1M1
- =Py sBu THF &0°  ISh (19 (19 130
Fi;) i (R
Izu PiCuac]y, FPh, RSaBiy, vinyl 1471 (&) (K]
NN CHyCW, B, 45 b allyd 23 01
Civge
' WQ\L n__ ragis
1 Pdlyiisay, TFP. 5By Sn 2 i apd
@: ‘}\ | il 3 12 {53 aK3, 484
N L100e 128 4 " 4E3, 454
PERE Eu,ﬁ 5 (PR 4K, 4R
i 15 {51 4E3, 4R4
7 (L] [hl ARN, 4B
] IT (5N dE3, 484
Cam
9
v jwa.v*‘“‘ ~ o
R B ring sive Temp Time
o ] 1. PSRz, FPhy, s-BusSaH, il TR 443, 484
L Heat W —
o 4 1. F&i0azly, FFhy, =-BuySnH, wl I3 2% [h (44 AY, 484
¥ Heai e —
o L] 1. P&0A. PPhy 8- BuySnH, ml MO2¥ [R W 481, 484
2 Hent M —
NADPR 6 1. Pezdhag, TFF, =-HusSnH, ol [ - 123} 484
2 Hem ] -
Cum I s
n n! I
Pilyibay, TFP. m-BuySabl, fi i En 433, 2k
LIiCL 1ol 1007 . 7 W B &1, 454
M e T R T s 83, 284
w17 an iy

A Tha siyrene Stille produst from reastion of the ary| mdcde with the viry | danrene way abo moleied m 20% pisld
J"I'H.I'|l|l.li|:|'!:plﬂ.|:ll'tl"l'l-l'-‘rcﬂ'l-i wilh {12 M HOL THF, 14
T Thix wa the yield afier THF amd sceionide permoval with 1M HOL THE, 14
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TARLE 4 TANDEM REACTIONS |[Craatiised
B0 SEMD, SUZUE] REACTION

Coasitions Prodecifs] s Yiek{s] /8 Reln
T Br g3 ? K %
{T L:' PPy, RYBIOH, %_S*"* . Y‘T . Ef 87
i3 a0y, By, THE, 80" N ] ¥
Bl R E m
'@ B 1 B
At H Y T ]
B H T, o
T W £FCH, e i
T H M T M
WM I-naghatryl T
™ H LM H,y B i 0y
T H SO, Mo
T H T-farairyl 0% am o 0
™ H oyl W HE (1%
i Me i “IoE W
Cy R
I
@Eﬁﬂ Pl PPYg, 1 . m_l 128
6
1 [}
i i m
MaBFhy, 110%, 1 & - Py —
E-3-(3-phenyleneyll- ECH=CHP 480 (mace)
3.2 berarodiastoesle.
BingCih, HaOL B, 156
T
I L Pei0tc by, PPy, ml, ni,
ﬁof Dude @ffﬂ -
2 Mag0s, ELNCT, Hy0 o
Adldied im wiep 2 R Termp (sicp ZFTime sicp 24
Rkt a—— T3 TG
RECOH:, BN ™ 11 Eh okl
RECOH, EITE ONTH, 1Hr h o
BB O, A-PrCgHy 1 4h [y 1]
RESOH::, EITH E-CH=CHP G Eh 8T
ROy, Fi Laferyl 1 e Eh (BN
BB, B I -iphenylmifonyllindole 9 Eh Rl
A-Bi
Cu = Bu:n
1 & ..“.a-bq,,_.-blnl:diﬂ-l-l:nl:lh-lil.i [+ P a3
) —
Cp;
@:' PR c s, PP 111,128
= A g
1. Anissde. . 15 min Ph 1
2, WaBPhg, BI°, | &
|. THE, m., 10 mia; 1. E-hea-1-mmy) E-CH=CHHu-n  (41)
1,12 bermediseburnle,
KO, W0, 50¢, 35 h
Ciy
I i B
<O o allilg o
[PPh;}REC], 1oL reflax, 4h 470
I\% 1. PdiAcY, PPy ik
OO
" Temg  Time
RBE; Tppridyl 1HF [3-16h (49}

Ph L Lo o - TR
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TAHLE 4. TANDEM EEACTIONS [(Coaninund)
B-11. 5-EXx SLRUK] REACTION | Contizuad)

Sutainin Conaitines Produci{ ] and Vicldz) (%) Bels.
i i ' R Time
@I:__): LA, P IR B o An (50 12
el m, b0 mia Lppridd B BB (MY
Som % P00y PUHCL e, LOMNCH,OH 88 (83
B, §19¢ & OH 12h (5K
DY, i
PiThacly, PPy, NagO0y, 2, 14
Eighl
R _
[rirthul-pyridy | lhorane, sohose, refiua (910 -pyridyl
3-Himophery bornic scid, mlsens, r=flus (84 HLHEH,
KeHPh,, DMF, 1007, R b ) M
Cir I i
L womm, (L5
| Bin
i B Time
1. BB, wl, m, 10w Pl 08 MWh (aE 12E
2. Mag 00, BrgMCLL Hy0, BOH, 1007
. MR 1] Bk (W5 12K
. £BTH, H Bh (e 128
3 E-CHR=CHh O ik {¥) 12E
. 2-furyl Lil] Bh (M 128
" 3-1-ipheybul oy Tlisdsle OH L (6% 128
i 3-pymayl k= #h TH 1R
1. B'BR)y, CyH, . 10 min E-1kexenyl benpodiomsboris 3h (351 101,136
2. MaliB, EdL reflex, 5 h
€n o ]
1 : P{CkA iy, PRy, EuNC, 155 128
ﬂ i NERPhy, CHyCW, 807, 15 b L3
1 PHOAE . P,
E-bex:1-enyl-1,3,2- * L EE BiE, 1
f betaidinnaberale, "=
NaER. Coble, 60°. 6 h {,‘:-:
Ca i
1 e, TRy, RIS,
i_jr\ﬁ E-nex. 1-enyl-1,3,2- : (k) 1
L]
- bezsndinusharsle,
& Calle, B0, 24 b




1494

STy

TAHLE 4. TANDEM REATTIONS {Conlismed])

B-12. 5-EXC: OROANOZING

Cendilimms

Procuct'a) asd Yikd(s) (%)

?EEIIIIEIEIIII

Cipaz

K

=

.:II

en EFFE

g

d

B |

Cim

iR ip PPy, BEnTL BN, I

THF, m, 1k

PO, PPy

PhEnCl, Eigl, THF
Phndd, i), THF

BT HEar, Pinl. HMPA

Pl PRy, B2l
ErjH, THF. m, 2 h

Py, PPt PRZalll,

B0, THF, 50°, L5 h

=z

g

*
-]
]
]
'

"

" ]
2-faryl i)
-thizryl qady
I-N-methylpymolsl (545
2-pyridiyl T
F-pymidyl i)

Temp 1 n_om
R TR S
n (33 (mmee) 0%
i (58] 28} IH]
PR T
1 (& ri] £33} (L1
[ (Rl [=1}] (L]
P R
& (L0 s (L]
s feswl 211
L1 L1 (L1 x|
1] (£ 11] (115 %
m (&1 (115 (L]
4] (195 2. 1] m
L] £ 1] (1] [LE]
- R !
&
e B 0
B Temp Time 1 W
h n 44k {6l o
h i 45k (&3
CHAODLER 3% I8R {38 (2§
261
Tyl Iz}
Teibienyl ET)
i Tpmdyl  (36)
a-Ba (ET)
Lwyryl 10}
n- = 41}
MimSi== (3]

3 -

nCsHp

Ll CgHj-n, FEPPagC] ;.

n-Bali BN, DMFE 1P, 2 h

EE]]

I EERE AR AN

13
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TABLE 4. TANDEM REACTIONS (Continued)
B-12. 5-EXO; ORGANOZINC (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cy
IS Ph Ph I
Pd(OAc);, PPh;, PhZnCl, (19) + 49) + (18) 11
NBn Et,0, THF, 25°,3 h o CONHBn CONHBn
N
o Bn
Ph
Ca
| & "
Pd(OAc),, PPh;, PhZnCl, N 21y + 62) 219
NBn THF, 50°, 7h NBn NBn
o 0 o
TABLE 4. TANDEM REACTIONS (Continued)
B-13. 5-EXO; SONOGASHIRA REACTION
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cii3 R! R? R R?
Br | ] R! H C(CH,),0H an
=—R? Pd(OAc),, PPhs, Cul, H 1-hydroxycyclohexyl (92) 488
Et3N, CH;CN, reflux, 10-14 h H CH,OTHP (76)
MeO,C 'CO,Me H n-C¢Hj3 a0
MeO,C COMe
02 2 Et C(CHs»OH (79)
Et 1-hydroxycyclohexyl (97)
Et CH,OTHP (84)
Et n-C6Hl3 (3)
Ci2 Ph n-CH3
Br| Pd(PPhy),Cl,, n-BuLi, 1-octyne, Ph (75 455
Et;N, DMF, 125°,1.5h
0 O
Cis
Et R
Br | RN S
=—R, Pd(OAc),, PPh;, Cul, C(CH;),OH (81) 488
N Et;N, CH3CN, reflux, 10-14 h n-C¢Hi3 (61
Bn Il;n
Cu Ph
x
! \Y
Pd(OAc), PPhsPh—= , (30) 489
NBn KOAc, C¢Hg, 80°, 8 h NBn
o 0
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TakLE 4, TaklEM REACTIONE (Caanawn
B-14 5EXO;R-ALLYL

Cordriomm Prouctin] s Yickba) %) H-:.rln.
Co
%_& “Tf\
r _,FI Pl Pl H\.".-;‘--Jp -y = N (L]
1}— pperifioe, 100° d K
T o R
U PiAchy, Pis-aly el -
- C ol
I i
L i
i - [TTT
H CaHy —3 2
Me 120", &6 ¥ Hn
Cey
Tﬁf Q E:j .
PN b, P H I;E!-!l Ak =
li‘ 15 o Be a3 (0D
FipEnier,
4 Ac (B 1)
R
i O
Br
%"[ P |, Pind-aly, pieridiag, _H_ (] =
CHCN, 1007, il b o
i
Be Mz by, Pkl (AT e
Bk M, 5h
- " Q R Time
Br P A, Pal-0 b, H & (71 430
piperidine, 100 Me IFRR (0
7
Br
U PAOIAC, CHACD Mk, Nibl, g 481, 492
A-BaNCL DME, 20, 24 b
Minkaly [.'Ill]'l' [E!] ‘IL'.I.]
dopp () (M0 (20
Cy
R Ealv TE me 1 H
PdiPPhsle Mal My DisiF A 12k {7 {0 121
PiFFhyls. Nkt BOLFH DMF  m 12E {60 @ 121
P OACk, PP, KO0 RH AL, EF &k (TI) 60 130
PdOACh. PPy, AgaU0y, BH 8- 1LE 54 inmabydrotsonquinalingCH,CN &1 &6 6 @3 120
b PO 0D, Pick-si " 2590
piperidise. 1007, 42 h
Cin COEs
- PPl )Ty, CHICOyELy,
-0, B0, i51) 2
DMF. 12,1k
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THELE 4. TANDEM REACTHINS {Cowmand}
B-14. REX{: g-ALLYL 1Caanawmdi

Submtrate Conbiim Produsoms psd Vieldis) (% | Eirfu
I L]
| PAHIACS, DIFRIOIS, Mg Moass, fLES] 154, 153
CH/CRLEF, 112k
o,
T H
w PebiiAcsy, DIFHOS, 011 (133
MR, jod, 41
Cijm [
] I 1
| Pebpi s, o8- i RCL, B! M7
K DML 10
D Me 3
B R K DOMe o Time
HoM EMICTh T, KaCOy CHIOO.ED, 22k (0%
H H FHH;, MaO0y PEMIE ok ED
H M CH T, K00, CHICOGEN;  22h (A%
H Me PhMH;, Ne;00, PaNH IEh M
M Fh CHACOEDy, K00y CHICIMB, 130 (0
m rrphuiine, Nyl Wmoplelios 135 078
M Pa LilAceHizD. LiC] Who
En 1
m iy}l o ICgHOR, MaHCT: FrL)
COMe a-Bu N1, DMS0, 108, 13 h
T i
Buie  Tewp
Pebyichmaly, BEHL n-Bau, MO0 CHCTLEy KO0,  80° (50 T
OSSO, 24 b 3 FiiH MeTDy HEF {10
—t
Meh T B M,
H@—Jf PaDAcly. Pisl-aly, N, 50} + | an  as,am
=By MO, DF, 507, 24 |
':I!
| Faili, M
| 1,28 dirtrabyroisoquinsling A0 20
CRCN. B[R b @E
&
Ph
I R
m Pidplilia, m-HusNCl, E::EQ a7
Cionbe [ k1] ;
CMe
R Temp Time
RH, KT Ci00GEx); B0* 178 (B
REAIR0, LiC) [RF T |{f® Ik 4T
fir PDAY, Piisk-al,
mm\/\f‘l M0, BugNCI, 48 8, 515
DOE. 657, 28 b T
T 2 B!
% .
PO, PP, B!
Be CHCN, B
R R R” gl R Time Z:E
. COgE H R'Ma CHICW); B 91 84 a6
Ol H R*SnBus, LiCI wingl 40ROk 131, 130
OOEr M MO H, pymolidne H 13 77 10 113
CiEs e R'Na CHICWY  |h  §55) 38 &y
S0P Me R'Ha CHICMYy  Ih (88 11 &30
OOyEL Me R'Ma CHICO:EL; 1h  {H3) @100 L0
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TABLE 4. TaNDES REACTHING (Caarisued)
B-14. 5-EX{: £-ALLYL |Coniinsed

{Conditiorn

':B-I-I.'l

PO k. Piookaby, WaH,
m-Buy MO, DMF, 507, 34 b

Pt by Pitod-aly, NagOOy,
Mgl [

Pekiiaiely, Piakshy

BN, CHACH
My L0y, BuyCL DOF

PO . Pliabsn. Mgl
n-Bu ML DME, 1007, 48

PeiChae Jp, Fild-o . Mgy,
A-Hug N1, EHAF, 307, 46 b

Pl PP, CHyCH. B

B, H, pyrmibdins, 1-2 h
RSB, LICL 24 b

Peadiaored and Tielin) (%) Hifa.

.

&
2,

G

{

m O3 + g | fn dwldE

o
), 513
["-h
L
R Temp Tum [N
Ba — — [0
e 4k (& (16
&, 518
FTYET,
2 ®N
%2 am3, 519
£ a0, 518
R
H
H k| B2 122
c}l.ui, (801 100% £ 130131

i ﬁi% @S s

(M C o THa. DI, M

1,23 A-tetrabypdroi soquinoing, ol 1107

PeriAcly, PP, B1°

WO N
RIZeBiu;, ELNCT

R Snfim, BNl
RiseBu;, BN
M, CH N

RH, CHA™

R, CHyC™

R0, Faghall, KTty

H—R!
i}

Snle H

DMF Mhb g

CHyCN — B0 ol 130,130
Z-thisrslyl CHaCW — (M0 =) I3
Pimsn CHAN — (M1 (—) 130
CHICHY CHyCM 1B (8D 4 Ll

merphaslis

(=TS

CHyCW [ B r40-80) 40

F1.
110 A spmhydrsosuisolisgTHLON LB (4080} 40 489
aEz

F 48 50 D)
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TABLE 4. TANDEM REACTIONS (Continued)
B-15. 5-EXO; CAPTURE

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cyy
1
CN
@( Pd(OAc),, PPhj, 18-crown-6, @\)go (62) 125
N’2 ° N
Y KCN, C¢Hg, 80°,8h N
Cig
Br
@ > Pd(OAc),, PPh3, 18-crown-6, (68) 125
N 0°, 12 h
f 801 KCN, C¢Hg, 8
Cy
IR NC
@ PA(OAc),, PPhs, 18-crown-6, 4 (50) 125
N KCN, C¢Hg, 80°,8h =0
Bn O I];In
TABLE 4. TANDEM REACTIONS (Continued)
B-16a. 5-EXO; 5-AROMATIC CYCLIZATION
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ca0.21 R -
7
I (NjL N/ R Time
@ >_/ R Pd(OACc);, PPh;, KOAc, H 64h (59 118
N anisole, 130° CHO 24h (81
SO.Ph N
Ca SO.Ph
=
7 N\ \
I N N 7O
@ % Pd(OAC),, PPhy, EtNCI, 80) 118
N K2COs, CHiCN, 80°,3.5h
SO,Ph IS\IOZPh
o}
0
@ L
1 N Pd(OAc),, PPhs, Et;NCI, N (75) 118
@[ )\-—/ K2COs, CHiCN, 80°, 3 h
N
SO,Ph go o
2
&
N Pd(OAc),, PPhy PHO,S N O 118
N

R Temp Time
K>CO3, EtyNCl, CH;CN 60° 15h (74)
KOACc, anisole 130° 24h (9D

KOAc, anisole 130° 24h  (77)
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TABLE 4. TANDEM REACTHINS {Cravasd}
B-lih 5-EXC6,7-ARCMATIC CYCLIZATION

Prar— Cenditams Produenis) e Vieldis) (%) Rty
Eu-l!
rt_R? .
'}-= il
H\ﬂ PdiiAcy, ¥y, THO0, i a7
[nd t'l
S Towp Tome
CH I o ] 1FE kR (72
cH I 3 wd CRT T T -
oo Ex WL [F 1M W6k (HTI
N O 5§ ELNL DMF IMF dBR (0T
Ciam
I Rt
ST s ®ow e
A PR(CHAC);, PP Ty, i CH I H (70 a3
\_Q—l’ tml, 1O0F, 16k ol Me (T
o ¥ O H %7
Crasa '
I ,}:
ﬁﬁ( Pkl by PPy, ' FI
4 \_Q:L T Tk, mal, 110 M
o I o n
i L
0 T &l
CiChMek {TH  &F
Crp
M
PO, PP, ELNCT, o i 114
Ij—/ K00, CHACN, BEF, 1.5 b
505Ph
Ca CHICk
CHO
| Pk, PPy, Bl 16K &
EIE;}_/ KO0, CHECN, 30, 3.5 h
|
iy S
Cx i Ph,;5
s
,ﬂ-’" Pk, PPy, TI00,, %) 0%
misole, 150F, 24 h
Cyy

R Salv  Temp Time
PHTRAC), PRy, BN, HEQFh O CHpCH B 13k ()
THRAE & DMF 100" %h (40
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TABLE 4. TANDEM REACTIONG [ owfimmsd]
B-17. 5EX{x HELS-ALDER REACTION

Conbiiom

Proakaciu) and Yk | %)

Rels

=

R
o
r! » POy, PP Ay,

CHC™, W1, 453 mia

! K

CaMe  H
Cighle  H

LaT)
Ber

FHFF

FoF

L
e
s
Cigbo-d  dppe
COBu e
iz

Friy

O ke

1. Pi0lAck, PPy A0,
CHLCN, 9, 90 min
1 Sethyl depoddicartsonylin:

1. FaiDAcy, PPl A g0y
CHACH, W, %) min
I DMAD

Pk, PPy,
misiby| moryiese, AglTh,
CHyC. 0%, 4% min

Pd{hAck. PPy,
mesayl acrylam, K00,
CHCN, 9017, 90 gain

Pd{TAL);, PP,
ethyd scrylate, ApsCOs
CHCH, %0, 51 min

B

1358
i

i}
iR}
]
I5ip
iy

(T}

15, 104
15, 104
13, 14
L5, 10
15, 104
L, 10

134
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TABLE 4. TANDEM REACTIONT (Conitaed)
B-17. 3-EXCr: DIELS-ALDER REACTION (Contlaued)

gheraie Corditions Prodeco’s) md Yieldis) (%)
BOL
P0Gk, PP, B
I'lﬂillllll‘\,‘,ﬂ:uh- u.l.J-l- I'Hr
MM, S W0 min THET MDD OO
Ty Me l
FOAcs, PPy,
wthyl asrylate, AgAh, 8t
CHyCN, 907, 45 mis
OOy Me
DOR
PaCins iy, P
CH L™, 5
Temp  Time R
ters-Batyl scrylste. A 00, FF N g

CHyC, 90°, 43 mim

™ ®! B O®
M H H H Ffhy
oM [T H H Pt
Ty Me H H H Fihy
M s H H FPiy
CyMe H CiMel PPty
C0LE H CihEL H dmphen
COMz H H ClhMe Fity

—CHyCHy= COMe ity

—CHLCH— Olghiel g
(Remymemy b M H H FPiy
el el H H hin
M [, ] CH [, | PPy
) —CHALH 00— M PP, AICTy
oH —CHOHy—  CH PP, |0 kbar. 39°, 14
H —CHy—  OO:Me PPy, 10 kb, 15%, 34

(Kb
(ELb

Ty
iy ch
(EB}
(5}
(¥
(TH

(&5
(351

(52 -5

eL]
(3]
i

i)

134, 255
i, 255
13, 251
B
1]
134
[
134, 255
34, 255
134
134, 255
| 14
134
134, 285
134
134
1312



TAHLE 4. TANDEM REACTIONS {Contumard)
B-17. 3 ENC; DIELS-ALDER REACTION (Contiauesh

fA%4

€ey

Fr— Conditions Productis) md iekis) (%) Reds
0
L 1. PdiiAcly, FFhy, AgrO0y
CHAN, W, 43 mm LLEy 134, 158

Z. p-Benzouenone, 57, 24 b

Fdiack, PPy, AgCih,
1,4 el nove, (TH) 134
CHLCM, 9, 45 min

I, FiCRALT, PPy, AgyCiy,

CHCH, W, 43 min 134, 235
2. p-benroguinone. 15, 24 I
=3y
R
=/, Fd{(vAck, PP, R
gy, (e (B8} 14
CHCM, 007, 45 man Ty (26)

b
P, PPy,
meshy] acrylaie, K00, (1Kl + {Xi= =+ (15 1
CHyCN, §, 45-130 min
M Ty Me

P A b, PP, g 00,
duetiy] Faimarie,
CHACH, W, W) min

1. Bk by, PPha, THOO H B Time
Mal3CHO, CHyOM A, L h NEl Is (%6 and
% A-meshyimalelmide, refus l%_,-"'h HMe N-pyoliding] 2h o

*%g, ;{}q

Ml

FriChcy, TPE,,
meihyl scrylae, K OOy, L LIS (45 14
CHLOH, P, 45- 180 min

Me0L 00 Me e

&1

* The produet wes 4 miumre of regiolsomens and diasiereomers with he £is-13-(qunionho) issmer predominating (6751,
¥ The pecaluct w8 3 mixnre of fegioi somers aid disiereommers wilh the cis-13-isomer preduminating (11 %},
* This exampht i & S2un sedictive Dicki-Aler ivdem seactios.
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TABLE 4. TANDEM REACTIONS {Condmand]
B-18, S-Ex00, MISCELLANEOUS

Suburae Cardiiom Procacie) amdl Wishdis) (%1 Refa.
Co , PPy . B -P{:L
norbomaliesd, 55§ Lk}
DHAF, 33 120° B &
o
O
’C:E‘ tmﬂ:’JﬂWAh
Eu . THE. i, | b a = 64
- 2 BEOMAcL, P, 4F, T2 h N
sz | EalC " By, KO
a\:ﬂ[‘_ CiAF, 1, 49 B (i} L]
Hih= 2 PAC, Py, BLESY, 5 h
Bax
L&
I 1. B 5 By, Ky,
{I DMP. AL 23k m 264
B T Pl PPl 60857, 340 % N
CTRE
P | . EIDC e By, K00, ;
g’]: OMFE, 7 4K b O 264
NHBx 2. PG );, PRy G0LES", 5 b 5
Bar
ooyE
L B o B, Kl
ad sialing i i
B NHB: 2. PflAch, PPy, BI65%, 34 R i
Cins
Br ] B Time
PHICIACE, Fiink-aly, B, We 1550 (23] e
Y CHyCH, 100* ,l:} P 104k {in)
t-l' . || "J'-h"hm-ll'lu
I:___:ETJ allene {1 arl,
W A
N 4-ocioapboraabdckyrs. e
CXk DMIF. 84", B 15
P i
L Pl PPy by PR ﬁ 44 % o0y
I n
L 1w
APty Cifly el 33} (<h)
Albde, THF  meflea 1) %
n-B
FE D | PAPPhy, THF + an
I il
R Temp 1 o
ZeCpl  wmllaa (B4} <1}
Al s (37 (32



TABHLE 4. TANDEM EEACTIONS [Coafinaed)
B-18. 5-EX0, MESCELLANBOLUS [ Comtnued)

Suhsmae Corsditinns Producsishand Yieldis] (%) E
cl|I id
n 1 1 B0 e K0, R L Time I Time
\U OMF, A Wl Ak I15h |68 ]
MHBo 2. PO, PPy, bo-65° OM:= S4B 5h (BT
Fir Mih Fo 8 R T
Pz, Ffhs KoCTh,
methy] sorylae, ByNEr, (1] am
CHCN, BS®, O
e
5
&
PP by, B, {55 4
CHLCN, reflix, 48
PAITAC);, amphen. Eil, (391 271
CH:CH, 857, B b
Rl ' E
Pa0AS, PPy, By, THE H H =) 77
x | H  OMe =)
LRLY E I -1
B
Peiliachy, PPy, ELN, H |74} AT
THF. sellas, 198 Okt 67|
T
Hl
sy B RAHOACs. PPt BLA L
i o -BaNHEGy, B, OEI H T a
H CHLEM, B0 Moo T
" OTHOMS
N
< e . I;’.'?:F'l
: H""\%‘\-’-?ﬂ P b, m:h"‘“#':l]. ﬁﬁ dE) 450
K00k, il 100F, 14 b
T 0 ,.
L
[ ot
g’ f ; P (A, PPy, (sl Snf, ] A
K00, endsale, 124%, 174 |
N L‘a..-!‘—hﬂ
P S0,
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TaBLE & TAKDEM REACTHING [ Csonmwrdi

a1, BN INTERMOLECLLAR HECK REACTHINS; MESCELLANEIUS

PP, n-Bell. |=Docyee,
Eul, OMF, 115°, 2k

(53

£ T - Caosditiara Prodcns! sl Filie) (%) Refa
Ty
[
| = P, PPhy, Eig, 4 167, bE
M oeserr=as, CHyCRL s=Man
o
Ty
ey
| | ety
! Pl PPha Ly, metliyl serylile, o {7 %1
ij]:— [y, BN, s, 128 ! ! cHy 1T
R
Epm
I r!
q f PEDIACY, P, alere, KW, B a5
o R B MCL Kyl M
B! R r!
HH O Wopyrmdlidinyl
TR T B paprd s |
¥ NBa N-poperadiy|
Canis
I [}
. | P DA, PP, THIAL, 108
a CHCH, el 2 d
“.l
PO "
HH O 5 mowhomane CHCH; (=]
H,H D CH=CH BT R CHATH, %71
Ln] Ny CH=CH e CHCH; &7
HH O CH=CH nortamadiens CH=CH Ll
Cun
M. _Br
e m PO, PP ethyl acrylae,
i n-BeyNBr K00, &1
DMF, 1MF, 145
]
w P, PP, slfeme, au
[T ECLMe ppendine, K0T, ml, 70°, 20 h
OO
T
p DA, PPy, 10
THIAG, CHCTH. reflin, 2d
C
m LR 1
Ba
k—? i )
I
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TARLE 4, TANDEM REACTIONS (Contausa)

C-2 EXDE REX0; MISCELLANEOUS

Substrae Conditions Produetfs) ind Vieldd] {%} Refs
S 1
PiPPhL, B or z:;\::l% (12 o
POl PPy, BN Elgh
EII
' FUC, PPy, 14, ENE, o6l #
[MF, 8 &k
‘El:l.lq
Be
@: }_>= PR cl, PR, BO° 407
L}
B Time
NS05P Ke, apisnle ITh T
Q0L Me); K200, BN, CHON 9h {3 1}
':15:"
Bl B
| PAIFPhyy, B o K e 5 ul
LR P13 . By MH, B Ciklh M O Wl e i o] ap, e
Bk Ft (CHy by rasns- CH=CHOTRED {00 Bl HE
cll
1
| e
FICH PPy, B [T 1y
CHCH, raflux, 48 b
Welk CMe
T ¥ g el
Frn P
: Pl Dy, s BagTL iB] ]
503y, DR, B
HH"'H-
L8
B
\,rp PO, Pl KOAL mm i— "
— anisale, 1807
SDinapibyl-Z)
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TARBLE 4, TANDEM REACTIONE [Caatiawrdi
C-3. G-EXO; 5-EXNO

Producilsl and Yieldin) (%5 [

PaifMicly, Fihy, KrOTh, i
CHYCN, reflis
1] (&} m

I m
- LR LT T}
AEhy s (i

H
o ﬁﬁ?w@;@
MM Rl
o | o g m
H H
- H?‘!'Il“ HJ-!-
2] w [¢] 13
| H H
m-l- - Hlﬂ
o W o v o wm

Temg Time 1 W I IV 'ﬂ'\"l'i"[l\l'III

CH,CH WP Adh (2N 0 o0 (3% 0% (7)o e
PPy BuNBr, CHACN MF b (IR (0 00 (emce) (enee) (25) (1 (04)
PPhy n-BuNBe BOH. HAO  80F J4h o0 (5 o0 (0 86 o (0
NP ST, ®F  J4h (9 (wece) (00 (irnce) (wace) (86 (00 {1)
Enil, HaD

dppp, a-BoNBr BIOHL W0 60F BB 0 M 0 0% (60 (T 0N
n-BuyNEe, E0H, HyO B ME (3 () emesl(IT) (1) (3 () (e
(U, 0 B Mb (R A G 99 (130 () o) firace)
- BugBir, CHACT, Hi 0 @x (M} W @ OH W
110 phessribraline, 6 4k (0 M0 R CH) I8 08 (15 o

A-BoyMEr, B, MO

1 1-phesarmbroliee, o-BugNBr, 60° 488 I 02 80 Qo 0 % (1D (3
| 3-divdiroheszens, BOH, W0

1o.Smetyl | 0 phaantielire, 801°  4BE (13 (3 @) (51 20 31 0
n-Bia N, EsCIH, 70

1LI0-premamtnlme, a-BwBr, S0 MO0 00 (0 dmeshel (00 48 0 W
CHCH

PithAo);. PP, AR:O0h. = IT5
THF, &5°, 13 &

P PPhoLe, BighL (L3 4]
CH,CH, eeflus, 16 &
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TARLE 4, TANDS KNACTHRNS ({ o)

O3, B EXD, 3:EX D [ Cimtinand)

Satatar Condion: Poodiucn s il Tiekiinh {1 Refi
1
g PubbOe by, PRy, A0y, . =) 12
i CHACN, 207, 70 n
| PRl T, PP, AT i e
CHyCHL BF
1 PIAL b, PPy,
q TIFADy, MalOCHD, + q 4
o CHEH, sellan, Gh 1 o
- i 0 L &l —p
i
PeIAC Iy, PPy, Aoy, FL i i 1*
CHCH. 437, 10 b ]
O,
q_/] POy, Py, By, + + 36
THEN, 7
i 4.2 k]
i {1 5
EI?
L
|
PTG 1 PP CHLCH, BT 500
o
I
| R, 95k s
OB
EiC 4
Cas
o —_—_—_— D«
THF. &5%, i& h i i
1 THAP. THE. o
: Ll 174, 801

* i nditional vt pesdind of priseees dnaiure i i Bolasd.
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TAHLE & TANDEM REACTIOINS | Continand’y
C-4, S-fxos S-Exo: MISCRLLANDONS

Subridiiis Coaginies Procluciin) and Yiskiio (%) H.H'l_
Civm
]
R - e
| ; "
Be - *:Dd- |, 252
QQE I ﬂ‘\."L n 3] m
0
R' B Temp  Time I 1] i
(15 H P{ FPh; g A0y, CHCN relex  3d [i- P = i ]
CleMe  COMe PHOAC), PPy, A g0, CHON L Ik o] FI - ]
H H Po{ DAy, FPhy. K00, THON — — (ETIE T UT ]
" W PHLAE),, PPhy, AgsC0, CH/EN —  — i P
(] H PAiOAL ). PPy, Aga00h, CHyON — — (LR 1
Cien R B
2 i [ Teing
B! Py PPy, A0y, 4 H W M= B¢ I bk
o CHCH, 145 ._Il OB Me CMe &8¢ W7
o

Ci 1
QLA s

i, 19
Te 1 n
M HO, B, TP H 8 &k (TOF W
MiBEPh,, snisale P WP 18R 4T 21
C
-
PdiFFInly, Bih, {56y 451
Bl CHYCH, seflus, 12 R COME
Cin
F1 CoE
PiFFhyy, Bigsl (k] [ F

CHCN, peflun, Th
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TanLy 4, TANDES REACTIONS {Contimand)
Ol B-EDNOY, S-EX00; MISCELL ANEOUS

Sebarme Comdinns Prodhuciin) sad Yiakdin |5 Rale
Cay
R
:EI
Ei Pl PPy, dllene K0y L]
TS 15k .
Ei e
R
Ha%0- P, DMF S L
1,11 A-irshydmanpunsling, L3 Asralisionopinelias (78
CHyCH
Ciz
?h—\_%_\_\_" HELFH
MEDHy Pl |, PP, THOT, [ 2] a8
sl NIEP 15 h
Ciy
' PODMACk, PPy, BN, IR 1ot dr 1
<u CHON, %07
L1 [
MeC e
Cx
] PROACH, PPy, Bigd, 5 1:1 dr 110
esd ==
Me
Bl
Caz
_m
|:' Y i F{h&c]y, Ftiy
A0, Nal)CH, [k el 463
CHyCH. B0°, 15 h COLE

* Ax enidemified mixnues of isomery war sl formed in 14% yickl.
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TABLE 4. TANDEM REACTIONS {Coariaersi

SITEE Comdilem Productis) ms] Viekbis (%) Hafs.
Cia d‘ﬁ"_\"".l EI"-H\"‘#:?
0
: PHOACH, PP 1S, ) e Vi 143
CHLH, 10 ]
o
PiAL gy, e a8 o ML (L] L]
[IMAF, 73
cll
PAAAL s, PPy, |6} ] i roas 1a
A0y, THF, 45 H
Cr
PiflAcly, PPy, sniszle L
Temg  Time 1 ]
Kby iMhisF 41k (WP 2
THIA: 0" Mh NE LA
b
P, My, Fe bl €500 ™
CHCHN, 0"
o
Pl in [air] 1F
iy B l
BehoC CO:EN Oy
| |
1 o !
Pril1achy, PPy, e QY e (=2 T
g0, DIMF, 90"
e OTBS frns
L5
| ihday
|| Hikds;
1
PaiF Py, 1. ITai 45|
CHCH, refli, Bk 4B
Bt CTRE
Ca
— Mes C4E
| | ?{E:; Pl %) -
Cra
Eil
1 [ETa 7 & o
— = PHCIThL G, Kok | i— 14
CikE
Ei (Re
[N

.

= The y i wiih basesd on the M diaserenis:.




fA%14

35514

TABLI 4, TANDEE REACTIONS {Conymasd)
o, e EXD; AR MIECELLANEDAUS

Cooral o Frodecu e arsd Yiekbu) (55

ek

0.

Pl PPy b, €10, BN, (e 4]
MelilL P, 24 b

PR I - N, BN,
DMF, T8

PdiFPhy by, ELN
o HO [ELY

POl PPk, EvgWH, By OB LTLE

ek PP, By ML [LLH
CHCN, sellan, 4 b

Ok

HRC, K00y, a-RagWHr, L
LiCL, CelF, | bEF, 48 h

Pl Chacly, Ff. AprCTh Ll
CHyCT, BT, 720 ExQ:C

FaiFPasl. allsee, K00, E
DMF. 10-73%, 15k i

pigerilise pperdyl )
MaB0yF S04 151

1=

2]

w1l

1iz
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TABLE 4. TANDHES REACTIONS (Convmue
C-fi. 6-EX0E 6-EX0; MIECELLANEDUS [Conrimard)

Subrirms (C ot Productis) nd Yieldish %) Refy
= TES H
Be
§ PdITMC) PPy, Agy0h, 14, 302
CHEN R ?
H 1 .
!I K? R’ Temp  Tims
COqE OOt Pl == B¥ 4BR (6] dr= LE|S
OTRODMES H  TEMDS 11 & [i-PriaMH (2" 18k M) drs LELO720
Cn
1
POCT A PPial. OO Bigd, (e ] 114
MeOH, WP, 34B
DM3
L
e - By
i ]
P (PP OO, BN, =B IBE) 1s
ML T0°, 24 k
a-H
(= 1]
|
Ok
i
PaFPsy, EIM, (761 Bz
2 CHLCH, refius, 12 B RyB
Ca
P
» Paluhc, PRy, (35} 104
KO0 THACH, 307, 14 i
THOMS0 I
Cm o
PPy, OO, By, Bua 1y s
B MO, T, 24
Mk
h » ”/—J)_
s @ PuiCiAchs. PPhy. AgaCDh, o (331 12 i s
BoC Ii-PrigsH, CH,CH, 13, 488 EioC =
i ExihC

13 i rrgas
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TABLE 4. TANDEM REACTIONS (Continued)
C-6. 6-EXO; 6-EXO; MISCELLANEOUS (Continued)

Substrate

Conditions

Product(s) and Yield(s) (%)

Refs.

E10,C

CO,Et //

Ca9.35
R\o ‘
— (o)

(0]
[o]
Pd(OAc);, PPh;, Ag,CO;, () (40)
(i-Pr);NH, CH3CN, 120°,48 h  "EtO,C u

Et0,C

502

B B Y Pd(OAc),, PPh3, AgsCOs,
(i-Pr);NH, CH;CN, 120°, 48 h
TBDMSO /
TBDMSO
R = H, TBDMS
TABLE 4. TANDEM REACTIONS (Continued)
C-7. 6-EX0; 6-ENDO
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cx Br
PA(OAC),, PPhy, EtN, O‘ N—TBDMS + “ N\ —TBDMS 504
o o
H,0, 1o, 110°, 12 h o0 az
o o
PO
Pd(PPh3),, ELN N—g? N _g?
o 0o
1
R O R g O
RI
-
7\
Rl g 0T R
R! R? Temp _Time I O m
H  TBDMS H,0, tol 100° 12h  (49) (25) (0) 504, 505
OMe TBDMS tol 110° 12h  (50) (25) (0) 505
OMe TBDMS NMP or Pda(dba)s reflux,  —  (59) (©) (23) 505
OMe H NMP reflux — (87 (0) (0 505
Cx Ph
orf ‘
y Pdy(dba)s, PPhs, PMP, O‘ N 7 137
J Ph toluene, 110°, 4 d o
g o
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TAHLE 4. TANDEM REACTIONS {Coninana’
C-4, b-EXD; REDUCTIVE

Condisions Frocdes ) and Yiekle (%) Rela

Cipm i
1
M
"
' R?
H T
Me B
CH W= prpenamy | i
ICF ¥ pi periiliney | L3
{=THL |
]
i
Cix

m! R

H Ll

i Ofa

=i 0— On
Ciam K

|

n;r iy

] ]
P CAc;, P, BHGOCHO, M 1 pslp 05
CHyCH, refhux B T pup
W1 A
r!
|
Pt i, PP CHCN, 60° | -
N N2
R *
D ﬂ
v 1 W
Eige, HOD I, piperidine 2h  qEN o 464,473
ELAMTL HOOp KL piperidine Hh  4um i A6, 471
TIND,, MalC I {53 m ABd, 49
ELNEL O, H [ T /T 4] A 4T,
[
K R
Pdi0iAc, PFih,, H 5T
HETLE, ppariding, O E=23 (4% =
ELMCY, CHyCH, BT BiMe (%
Ay, PPy, HCTLE,
piperidine, ByRCL i
CHOR, #0F
PO ALY, PP, B
Sl Terrp
THFdy 80" 17, M
THFdy @0 S (1 Hr
THF s o (i 317, 3,
i F
0 kE____
PPkl HODHL H 14a] 1ts
B N0, DM, 1P N By (T3
o
PEFPhyHi0ACY, B0, @\{‘ e "'-._-sﬂ". s o+ 3T
Eigk. DMF, B
a
o i
i1
L
M=
Pt L iﬁ‘ (o T Ma (3 o4 8
CH,EN, |0, 10 h NHGke
22y
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TABLE 4. TANDEM RESCTIONS [ Codtkaasd
C-B. &EX{y, REDICTIVE f Contmandy

sl:i'ur.h Ciediberes Prosoect s ard Yiekdin) 0%) Reds.
o P L. PPy, HOTRS,
piperisine, CH N, {10 73
B0 BT R "
Ca a0
o Siklzy
ﬁl PN b, PPRy, MaDEIXD, 72 173
TPAE. DMF. T5-80°
RODCE AT
l:“.“n B
|
Py, FPhy, HOOE, R * = =m
R CIMEF, 93-100, Wk L
R 1
:I
|
B m
B R 1 om om
H H (I (535 L8
OMe WO T OB (191
M DM (IT) (565 (18I
0
i AT
N Tems Thme
P PPy b LICH - — I 53
PiTI Ay, PPy, ELY M Mm% =%, A

f:ll

P OAc]y, PP, HCCMa,
DielF, 05-100°, 35 h

Py, FPhw E1GM,
THF, refllux

Peii1Ac s, PP, HOD;Na NH a3 1t
Exf, CH,CN, reflm, 12 h

Pdyideah, (- BINAP, PP, 4+ ARk
lokens, 1107, 3d
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TABLE 4. TANDEM REACTIONS (Continued)
C-8. 6-EXO; REDUCTIVE (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cas
I Y
: ;—N Pd(OAC),, PPhs, HCO,Na, N (62) 470
o \—CE>< EtNCI, DMF, 120°, 12 h o COMe
COzMe
(0]
(o]
TBDMSO 1. TBAF, THF, 0° OH
MeO. 1 2. PA(O,CCF3)*(PPh3),, MeO. @é8) 119
O EGN, tol, 110°
) “NCO,Me
C»  1epMsoO. TBDMSO.
I Pd(OAc); HCOK, n-BuyNBr H (75) 511
| OBOM O OBOM
@ An additional unidentified product was also isolated.
TABLE 4. TANDEM REACTIONS (Continued)
C-9. 6-EXO; CARBONYLATIVE
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cn Y
I o
q YOH Pd(OAc),, PPhs, CO, (60) 116
o TIOAc, CH;CN, 80°,24h :
(o]
(o]
1
Pd(OAc),, PPh;, CO, R
tol, 110°
(o]
O
R
Ph,MeSiH, Et4NCl, 7h H 1) 117
RH, K;CO;, 16 h NHOBn G 467
RH, K,CO;, 16 h NBocOBn 92) 467
RH, K;CO3, 16 h OBn
N (68) 467
(o]
(o]
MeO,C.
1\\ COMe
Pd(PPh3)4, CO, Ei3N, (18) + 4 (42) 451
MeOH, CH,CN, 100°
C
2 on
1\
PdCly(PPh3),, CO, EtsN, 115

CO,Me
CO)Me

MeOH, 70°, 24 h

o)
CO,Me
4 N 2 (80)
C02Me
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TARLE 4 TAMDEM REACTIONS {Contmand)
G feEN0; CARBONYLATIVE i Conymini)

Suniraiz Condipms rmmmmfunﬁ'fil Eaiv
T = _{;l
1 MO, 3
g s oo -
PP R, i, refti, 4 H M
d == T Rl PP OO, 1210k a
Pl — =
L Trbuthitanmpliophens, B Libeast (06
PisllPhy, ExNCT, D00 h FERy
T I o T M
= i womscamn . CXT + CLT .
; [I, MmTH, D00, 03y, B T
RO Ll fn ! G O
] I
MoK WT (AN
THEES LE Ut
Ciy
K
| PP, O, EN, AT bR
AP, NP R b
OOy
il i
|
PabiF Py O, CHYOH, M (el e
COTHAML TR
EIl:
B P - C“:W!_ i M
FOCH{PPH by T, EN, * . Mm
! DOMF, M=, B, Oy, 157 1
THOMSD OTEDMS TEIHASD
1 ] m
it I 4 W I
H WM e el
- [TV VR T
—CH HICH=CH; bl o I o
—ICH; B CH=Chiey w0 WX (<3
Tia o
i
A’ PFICI PP by €0, E1yH, | N s
e eI 207, 24 h
C0;Me
o
" a-Bu 1 o . "
A
FCh PPy b, C0. Bl 4 ot am
CoMe  MaC T
§ O
B fermp Tme 0 W
MelTH Me sy 30b (53 (3 2H
Ei0H reifun b (I QAR
Pl P opelm 3B (3E MM DA
WS, Hid, DMF Me 2 Ik (M e
M, [IWEF Me BP* Ih MR W =W
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TABLE d. TANDEM REACTIONS {Coariawe
C-0. &EXD: CARBONY LATIVE | Covtinard)

Subsrar Comlliomn ProsdecHel arsd Yiskbe (%) Bela
Cian
Le]
H-I"\. o-Ha “L\_
5H R [ TEL]
i -HH | m!l Ba-n
| PHCTAPPS)y, D3, Bk, & I 408, 313
0,0 aleobad Tk
bl I ’ n
H
e ]
] Hu-n
*
00kl i
TTkMe
K R R? Alcobesl  Temp  Times 1 L1 I'I'I:I
[ LA T . ¢ T Th ) =% 1ED
Af H M MeOH oy MWk 1™ (i
T To Me McOH &5 12k (TH W 0%
Ca i B
QY o )
a En
R Sab T
P Pl hSiHEL ByMO1 n ol Th cH) m?
TP, Halfilhy P omside  L5E o0 Eli]
4]
nBa -l PICIHPPhahy, OO, BN, i 4+ ah 20 484, 513
il B35, 20 b ]
| Crghe DO
Cox

As
PChFPhigly. OO0, BN, o | + [N I a5 408, 513
Ml TF, 3 h
CiyMe

ABu, DOhes
- | =]
Me
i HHAL
I Fig-n O e Bk
PACHIFPhyy, OO, EM, T2y 4 124 ££8, 513
M=, 657, Wik COMe pir
Cigde
(810D
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TABLE 4. TANDEM REACTIONS (Continued)
C-9. 6-EXO0; CARBONYLATIVE (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs,
. 0
= Bu-n n-Bu Bu-n
&7 NHA¢ NH NHAc
1 = PdC1y(PPhy),, CO, Et;N. 64 + (<3) 468,513
| MeOH, 65°, 24 h
CO:Me CO;Me
COMe
COMe boMe )
NHAc
wBu MeO,C |
A m
COMe
CO;Me
C23 1 Me02C
s e
{ H- 0
(o) N PA(OAc),, P(tol-0)s, CO, < “H 72) 101
g )/ TIOAc, MeOH, reflux, 12 h o N>/
Ph Yy i H
Cas
BnHN BnN
\ PdCly(PPhs),, CO, Ei3N, o 3 468, 513
A i-PrOH, 85°, 12 h n-Bu
| COMe
COzMe
COMe COMe
TABLE 4. TANDEM REACTIONS (Continued)
C-10. 6-EXO; STILLE REACTION
Substrate Conditions Product(s) and Yield(s) (%) Refs.
CI L8 R2 . R3 RZ RZ R3
1 \\ Pd(OAc),, PPh3, R*SnBus,
CHCN, 60° N N,
N, i R R I
| ) |
6 R 0o ]
R! R? R? 1 I
Me H LiClL, 2h vinyl (16) @) 130, 131
Me H EyNCL, 1.5h allyl (500 (0) 130, 131
Bn Me Et,NCl vinyl (25) (5) 131
Bn Me EtNC1 allyl  (29) (©) 131
. —
N/
Pd(0), 2-pyridylSnBus, N (60) 100, 131
o Et4NCl, 10l, 110° o
¢ R x
12
OTf
— RSnBus, LiCl, . + u 480
DMF, 60°,8 h
R I 1
Pd(dppf)Cl, vinyl )
Pd(PPhs), allyl GhH O
Pd(PPh;), MesSi= (5490 (0)
Pd(dppf)Cl, MesSi== (24) (25)
Cy3 R
b= PA(OAc);, PPhs, =r (0
;q ) E4NCl, RSnBus, vinyl (60) 131

tol, 110°, 16-24 h

2-thienyl (88)
2-furyl  (30)
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TABLE 4. TANDEM REACTIONS (Continued) '
C-10. 6-EXO; STILLE REACTIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cig / |
I )
I l i I 1. (PPh3)3RhCl, tol, reflux, 4 h $
2. 2-Tributylstannylthiophene, . N 39) 470
N Pd(OAc),, PPhy, 110°, 12-16 h
d = ML ‘come (OA2, PPhs 0 mCOzMe
COzMe
X
A\ | |
BusSn” , Pd(PPhg)g, THF, 60° | ® + (66) 512
OTBDMS OTBDMS
OTBDMS
C
15 n-Bu N Bu-n
N\ Pd(PPhs)s, allylSn(Bu-n); @ 82
THF, HMPA, reflux
Cirig \ R?
1
R | A PA(PPhy),, R*M, THF, R! -
f] Et
COE et €0,
COsEt COEt
R! R*M Solv R?
n-Bu n-Bu—==—_SnMe; HMPA n-Bu—= (73)
n-Pr [(E)-1-hexenyl}ZrCp,Cl — (E)-1-hexenyl (85)
TABLE 4. TANDEM REACTIONS (Continuéd)
C-11. 6-EXO; SUZUKI REACTION
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cio-17
Me
N B\ NOA Me
R/\[ mamsu, P I Y 514
N N. R —
NJ Me = R? —
Y THF, 60°, 30 min 1 N
R2 s ’ R I
R' R? ! 1 n R?
H Ac Pd(OAc), (39) (23)
Me Ac PACl,(PPh;), (53) (&)
H CO;Bn Pd(OAc), (38) (20)
Me CO3Bn PdCly(PPh;), (55) (=)
H Boc Pd(OAc), (40) (22)
Cu A 1. Pd(OAc), PPhy, CeHls,  "BUS =
1t, 10 min |
2. E-Hex-1-enyl-1,3,2-benzo- (45) 111, 128
NMe dioxaborole, NaOEt, EtOH, NMe
(o] reflux, 2 h o
R
I R xPh
Me
NMe Pd(OAC),, PPhs, N+ e * N 128
tol, H,0, reflux NMe
o] o o
(oI | 1 m
R Time 1 1 m
NaBPhy Ph 35h (71)  (trace) ©)
NaBPhy, NayCO; Ph 1h (34 34) [(0)]
2-thienylboronic acid, NayCO; 2-thienyl 1h (60) (trace) (0)
E-styr-1-enyl-1,3,2-benzo- E-CH=CHPh 1h 54 @n [¢]

dioxaborole, Na,CO3



[AA4

€LY

TABLE 4. TANDEM REACTIONS (Continued)
C-11. 6-EX0; SUZUKI REACTION (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
I Ph
q Y Pdy(dba)s, P(furyl);, NaBPhy, (60) 128
o Et4NCl, DMF, 110°,24 h (s}
C| 3 .
i H H
@(/ % PA(OAc)y, PPhy, NaBPhy, @3) 128
N ) .
X Et,NCI, anisole, 100°, 24 b N/\O
Cis . Ph
| I N 1. (PPh3)3RhC], tol, reflux, 4 h
2. Pd(OAc);, PPh, NaBPhg, N (58) 470
N reflux, 12-16 h CO;Me
Ie) \_: MeO,C COMe o 2
COMe
MesSi Ph_ _SiMe;
I \\ Pd(OAc),, PPh;, NaBPh,, OH (15) 301
OH AgNO;, EyyNCl, anisole, 120°
Cig n-Bu——
wBu 1N\ PP, B
| n-Bu—==—B(Bu-n),, (45) 482
CO,Et THF, 25° COzEt
CO,Et CO,Et
Cos Br Y Ph
‘ Pd(OAc),, PPh;, NaBPh,, ‘ (50) 497
NSOy(naphthyl-2,
Nsoz(naphthyl-2) anisote, S0°. 12b O 2(naphthyl-2)
TABLE 4. TANDEM REACTIONS (Continued)
C-12. 6-EXO; ORGANOZINC
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Crr-20
R Ph__R
B\ R
Pd(PPh3)s, PhZnCl, H (1) 487
COEt THF, t,8h COzEt Me (59
CO,Et SiMe; (43)

CO;Et




TABLE 4. TANDEM REACTIONS { Cont/mand}
C-13 é-fixde -ALLYL

Condisms Pooducs) asd Viebin) (%1 Rieti.
Ca
fr PHOAC), Pisslsh. L
CHAC DM, Hak, Me L &1, 812
- BENC, DMF.
100, 41 &
BE®,
Pz, ey, * * + 411
piperidise, 1007, 88
I n LIE] (3]
= T TR T T
CHyEH (T TR [T 7]
B
N
PeiDAL . Pilaly i
piperidine, 1067, 16 b
" Q
Q”E PRICHACT, Fisd-ay,
- pipesidins, 100°, 96 & . 450
M
- R
il 1 H] o i
Cigia B
] fgﬁ? K
gl 1 n
H.I
R R R Belv__ Temp Time 1 cictes W
H  MTe LLES-mimbydno spquinadingd PR, PR Bl ARO0,  CHWCM meflus 4h (1D - 1471 120
H NTs LLidismbydroisoqeinelingl  PdiOfcl, PPhe R'HLEpC0;  CHCM efn 4% (3 — 120
Ma MTe |2, E&-icirfydroisegeinel ing Py, FPha EH, K0T, CHLCM mefun AR el - L] 120
M2 NTs piperiéinyl PaiOAC ), PP BB, KOy CRGON efin 4k (00 — I 120
Me NT: EuN Pk, FPhy B'H, KO0y CRHGCM mflus 48 (0 — (K 120
H O My PP e Mal? Ar el 12R S 1 121
H O S0yF Peli PPyl MaR® DMF  meflus 12E (% — %) 12
W0 L2 hEwimshydmimauinliny] PDACk, Pty B, AgC0n CHGCN meflus dh (B8) - (1] 120
H O pigeradiml PO, PP, R'H, AgeD0y  CHAOW peflus &b OO0 — @ 120
Me O |23 dscnhpdonoguisnling]  PdiDAck, PPhy, BYH, AgDDy CHON reflles 2h (7R) 1 1] [F-+]
R Mz O 1204embydosoqisalingd  PAOATL PPRL R'H AgATh CHWEN 0 Zh @7 21 (W 1z
3 Me O 123 4sctnhylevioquisolay]  PaiOAc)s PPy, B'H, ATy CHON 00 &b =) 011 ) (1]
[ B
1 ‘
+
HME Me
] n
R Solv Temp Time I 0
My PiPPhyls. MalE DRF n Iih (G 13
S0P PdiFFhyle Mak OMF n IZh R 0 121
A1 A irtrahydrorssgpincling | PAiCuA ]y, FPh, RH, KO0y CHiCH  RO®  — LR ] 120
&1 2.k ershydroisoguinaling| PaiiAG . PP, AgoUi0, BH CHaCH B Bh ™ 120
Wb castalisy | PVl PPy, fcarhedine. K300, CHiCN EF [Zh 060} (0 120
CH=CH; [Pdidbay, TFF, RSzBe; il e — (M) {E]]
2-furyl Pdaidhaly, TIP. RiaBis ol ([ — ds] ¢30) 1
2-furyl Pilydhaln, TFF, RSaBay Ag 0, el ne — &1 {10y K]
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TABLE 4 TANDEM REACTIONS (Contiauas
C-13, 6B, m-ALLYL [Coanimard)

FEr— Cusdlitiers Produetis) ind Yieldi} (%) Hefi
OOE
i PAPFhyC] o
CHACO B, KoC0,, wn + oo B 8
EXDRL DMF, 120°, 5 I
Cus
: CL,
- @\ﬂ,
@v .
B n
CHICEx); HH K00y, a-BiNCl Dmu u:r 4u mi (]
34 }-methyl-1, }cyrinkesanadimae) RH, MaHCOy, n-BugMOe OMB0 H® 20h (%1 [i8]
N meephoiing R Maglly, a- BN DMS0 HO* Bk 0¥} ]
My ALL LiC] OMED HOF 13k (1) 0:10:5:5 (3
phaalimode RE, LiC1 OMS0 P i (KA1 L]
®TiBn RH, MaC0h, a-BryNC DMF 10" 428 (60} L
OO Re-ik RH, Maal0ky, n-Bey Nl OMED 0* 18R [EF] 1
MHM PhRH. MagCi, a-Duc] DMS0 100 16k 1) il
Dl LiR# 250, LiCY, m-Bu N0 DME0 1007 4B o1 el
Padig|da)y, a-Bu, N1, 447
D, 1M
i
S0 PRSI Ma, L0 M b i)
0Pk PROS, HaHOD, 15 (6Z]
e-HrCaH0 a-ReCgH O, MafiC0, 15k 5%
Ciron FT
I
Qﬂf Fulsidhaly, n-BeNCL 24 b + ‘B 44
8 N i 1 o
i
' B’ S Temp 1 H
H CHCOEth, KOO, CHICO:E DMSC &P (101 40
H TebnNH, Ma 00k Talipid DME [L 1 T4
Bn CHy OBk, KyO0y CHICD:Ey DMSD 100" [4E] (15
(1] FhMH; Ma 00y P DME0  100° (8 o
=1} NHFh
; :
Pulleay, PRINHy, NagOOs, 162} 447
m-DaC], DMS0, 10°, (T h
Cw P
Ph
Br o POAL, Pitel-aby, n-BuNCL, E“jjﬁm 42 -
oAl 95F, 2k by
B

PO, Bitol-cly, NiDO4, (38} 1, 515
B NCL DM, 60°. 48 b

Terp Time 1 10
PEDAz |y, Fial-ohy, MapDly - -H-h (18} dbd) AR SUS
By NC1, DEF % Mh (BE (3
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TABLE 4. TANDEM REACTIONS (Continued)
C-13. 6-EXO; n-ALLYL (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Br /
I Pd(OAc),, P(tol-0)3, Na,COs, (23) 515
TsNH n-BuyNCl, DMF, 75°, 24 h Ts
Cis Ts
NTs R Temp Time
R ( Pd(OAc)z, P(tol-0)3, Na;CO3, Br 100° 24h (67) 515
n-BuyNC], DMF I 80° 12k (51)
Cyo l;z
N 1
Pd;(dba);, n-BusNCl, X + X ‘R 447
N DMSO,22h N
Ts N 1 Ts n
Ts
R I 14
CH(CO,Et), CH,(CO,Et),, K,CO3, 80° 37 2
PhNH PhNH;, Na,CO3, 100° “4) (@2n
Co
OH R MeQ o
MeQ I
O Pd(O,CCF3)2(PPh3),, (56) 119, 162
PMP, tol, 120°, 10 h
KNCOgMe KNCOzMe
TABLE 4. TANDEM REACTIONS (Continued)
C-14. 6-EXO; CAPTURE
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cn 1 CN
@( j Pd(OAc),, PPh3, 18-crown-6, (62) 125
o KCN, to, 110°,18h
I CN
q Y Pd(OAc),, PPhs, 18-crown-6, (58) 125
o KCN, tol, 110°, 18 h (o]
Cis 1 CN
Y Pd(OAc),, PPhs, 18-crown-6, NBan 45) 125
NBn KCN, C¢Hg, 80°, 12 h
o (o]
Cas3t
R2
RZ
Pd;(dba);*CHCI;3, K,CO3,
CH;CN, 11,24 h
RZ
H OCH,CH,CH,0 CH;CN, 1t, 24 h 70,71
TIPS O DMF, rt, 8 h 70,71,

126
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TABLE 4. TANDEM REACTIONS (Continued)
C-15. 6-EXO; AROMATIC CYCLIZATION

Substrate Conditions Produci(s) and Yield(s) (%) Refs.
Cis
I X
\ 4 R
Y l Pd(OAc),, PPh;, T1,CO3, O (70-85) 475
° H X
o] R tol, 110°, 16 h o S  (70-85)
% I \\ Pd(PPhs)y, piperidine, 80°, 40 h @1 516
3 o
Cie17
1 =
\ R I
J \ Pd(OAc);, PPhs, T1,CO3, CH (80) 475
(o] tol, 110°,16 h H
—K ol ) N (70)
Cas
(L~ O
‘ j/ PA(OAc),, PPhs, KOAc, (50) 497
N anisole, 140-150°, 18 h ‘ NSO,(naphthyl-2)
SO,(naphthyl-2)
TABLE 4. TANDEM REACTIONS (Continued)
C-16. 6-EXO; DIELS-ALDER REACTION
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cis CO,R  ROC
Br ¢ COR
=/""%", Pd(0AC);, Ag:CO3, + 11, 104
CH3CN, 90°, 45 min
TBDMSO
TBDMS! I TBDMS! n
R 1+
Me dppe ©67)
Et PPhy (78)
Pd(OAc),, PPh;,
methyl acrylate, Ag,CO3, I R=Me+ I, R=Me; I+II(56) 134
Ci617 CH3CN, 90°, 90 min
R R0
H R Time
\ 1. Pd(OAc),, PPhs, T1,COs, N-piperidinyl 12h (70) 464
1 \ NaOCHO, CH5CN, 80°,3 h N-pymrolidinyl 6h  (62) 464,499
2. N-methylmaleimide, reflux NEt, 3h (64) 464
NMe
o
Ciz
N
. 1. Pd(OAc),, PPhy, NaOCHO,
| CH;CN, 80° (80)° 464
NMe 2. N-methylmaleimide, reflux, 1
[0}

2 This reaction is a 6-exo; reductive; Diels-Alder tandem reaction.
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TADLE 4, TAMDEM REACTRINS (Camtinund)
CoIT. &EXD; MISCELLANEDLS

ey — Condtios Producesh and Yiekis) (%) Rels.
- I:;j (A Tt
T PAiCIAL . Pitul-oly. piperidine. | 4zh 00 m
]. CHACM, 106F, 42 h 2 55h 4%
hn
r”w‘pﬁ PUIPPhy L, Malls, (54} I
n] merberanbcee,
DMF, 8018 & b o
™R ow
PdiFPhy L, Infil], RCIRD, B CH=CMe (30} 1.2 517
DA, 907, 14 ] nCaEy, (51 R
1 PdiOAG . TFP, Inld). B
allcnz {1 harl, RCHO, Py 2 LEr
e, Bde, E-16 B Tghienyl {50
Zofuryl [l ]
eyclsheryl (48}
I f#”ﬁ PiPPh iy, N,
HMe mbomadiese, 53 (¥
[HMF, 30-120F, 3 &
I %
Pt Ay, TP, la, alkma (F hari, ) a5
e PRCHD, [IME, Bds, B 16 b
']
‘ g
P bawnd Pl aamalyst, T00,,
g ¥ il 110, Bok, L CEEE 7
APl R =P
Q'F'%l "-._.Jf 7 Dﬁgﬂh
]
ir
Ej[: 118
H."H ';.aH
L S
50y Ep e PRI 1K)
P45 bownd Pef carslym, T1004,
iol, i-LHF, 16 B
1 . (306
5k 1Cp PR =P 0y
PCACY, TI0,,
Cen)
]
periumrs solvend wpien,
B, 16k
oo . 157
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TABLE 4. TANDES REACTIONS | Civitinard
C-1T7, f-EXCk MISCELLARMECHIE | Contiasel)

Sijbsrae Condiams [Prochuci{n] mnd Yizidn} (%) Ry,

o g {CiP: R =CHPIC]
P5 Bound P cuintpu, TiCl,
",,‘“ wl, 01 P B

(PR =CHPh
Ty,

P (@“Wli 147 18

pecilenrous seivend vywiem,
IB0F, 16 h

IT3] i

Cin

1 PHCIACY, T, I, sliene {1 bar),
o mstaytenzakisn s, | (ETTS %4
g kle DMF, #4, B-16 b

e

1
%ﬁ Pt i, PPy, ELN, 89} 148
H CHAH, sl 3
0
LY, e PO [10%) , ELM, CHiCH,
}< B Ik k
free M.

L

o

(580 Bl

T

Br
QI_N /_€°"" PiOcl, PPy EH, (4% 147
M C1LEN, mifun Hf
FhOS Hsth

# Thes mreaiuee of bwes disleresiners wis gereraicd as isdiciiad n wep |- The i e ider Heck wm then 1w e name o by akdimg e remgents, dend
uiilicny the combiion debnesied is slep 1.
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TABLE 4. TANDEM REACTHMNE isariawed]
D-1. T-EXOy, REDICTIVE

Cozsilizrs P ) asd Vickiia) (%) Hafn
Ciy
PEICHAC, %y, By MO, -] el
HOOH. pigeridine, THyCH,
T o

(4T E"S

=)

Ca

o
FODAE b PP, EpO0y. m o+ 8 ETSIE
CHC%, 82%, 85 b ke

il
+
Ch e
POy, Pred-ay, HOOGH, (L]
peparicting, CH W
ey, 18 h
Sy
L
PlOAL . PPy, w-Frysfr, Siemciityl (8N
PaCHO, DMF, . LI, TH
T5A¥. 3T h el

P ™
Pk, PP a- Bl © * \%j\
WO, 1P, T K bz ClhMe
i L+]
(LR ] (15 5]

Pl by, Pl by, HODHL Bl
piperidine, O™ N
P b Pl HECRH, —N [E_1

pizeridinz, CHCHL seflea 1R R

i

1
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‘TABLE A, TANDEM REACTIONS (Costiased)
DeE T-EXO; m-ALLYL

ar=erar Conhiiom Prodeci|s | end Yieldis) (%)

) OO
Br M
P4 b Pl piperidine, i« ji
CHUCH, 125, 12h =
i
P, Fioko)y, pperidine. (4 4+ e
L VAP, £7 h
0 o
Cia ENbL
Cos
! Pub{PPiy by, CH A DB, (il
ﬁ_‘, K00y, Batal, DMT, 12T, 3 b
Ciy @
i i
Pogidhay, marpbnline, MagC0,, (L1
BN, DS, 1007, 1 b
0
Cis IPaRT
i
Pelidaaty, CHT By, K00, + “EICTRE,
n-BeNOL DMS0_ HI, 24 h
(43 1l
+ +
(L] =]
Cis Er,C
I
PP PRz, CH 0 Ey, i
K00, E1OH, DMF, 12, 4B
Byl
OH o

P PFE i, Ko, R, [
CIMEF, | b 120°. 32 &
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TABLE 4. TANDEM REACTIONS (Continued)
D-2. 7-EXO; R-ALLYL (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cis EOC g
CO,Et
n-Bu._ ] n-Bu
| Pd(PPh3),Cl, KoCOs, n-Bu + &
DMF, 120° CO,EL
CO,Et CO,EL CO,Et
BOC CO,Et !
R Time I )i
CH,(CO,Et),, EtOH H 3h ) ©
CHMe(CO;Et),, n-BuyNCl Me 4h 50y 4
C
COEt EtO,C_ CO,Et
CO,Et ‘
B
r Pd(PPh3),Cl,, K2CO;3, n-BusNCl, 40) 82
DMF, 110-120°,24 h
CO,Et
CO,Et
E0,C 0, CO,Et
TABLE 4. TANDEM REACTIONS (Continued)
D-3. 7-EXO; CARBONYLATIVE
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cyy o oH
Bu-n
OH Bu-n Bu-n .
1 A " COPr-i
‘ PACly(PPhs),, CO, E3N, ©6) + | an 468
i-PrOH, 75°,50 h
COMe COMe
CO;Me
MeO,C COMe MeO,C
Cio o
NHAc Bu-n Bu-n
1 = AN ]
| PdCl,(PPhs),, CO, Et3N, “3) 468
i-PrOH, 75°,30 h
CO;Me
MO COMe

CO;Me
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TABLE 4. TANDEM REACTRINE (Cosniaadd)
O, 7-E300 MASCELLANEDLS

Condtines Prrchocsiv) arad Vackdli]) (%)

el

i

4

Pl . THP. In, alieae | | bar], Fh 146
RCHO, DMF, B4° B-16 & Z-theemyl {33]
E-Tunyl LEED

1SFi+1-2-pymolidnemefan N ()2 prrmelide yise thasal TH)

%5 bcurrad T4 caialyut, o

P PPl L. E13%, : T8
CHE, peflun, 3 h

i 1y, PP, Ky, {15
BaghiCT, DI, 510

| PekFPEy L, THF (e
¥ KUlh, mifay, 16 h

POk, PPy, AgsO0h. i8]
EHEN, B, T2 BOC-.

218
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TABLE 4. TANDEM REACTIONS (Continued)
E-1. 8-EXO; n-ALLYL; MISCELLANEOQUS TANDEM REACTIONS

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cn2
o]
1 (P Pd(PPh;)s, Ag;CO;, (63) 520
(_J:I tol, 80°, 16 h -
o]
1 PoH Pd(PPh;3)s, Ag,CO;, (67) 520
@ tol, 80°, 16 h -
Cio E0,C
CO,Et
Br Pd(PPh3),Cly,
CHy(CO,Et),, K>COs, (84) 82
OB EtOH, DMF, 120°, 3 h O. ot
CO,Et CO4Et
CZI R
n-Pr. Br
I Pd(PPh;);,Cly, KoCO5, DMF  #-PR 82
- CO,Et N COzE
CO,Et COzEt
R Temp Time
CH3(CO;Et),, EtOH CH(CO;Et), 120° 23h (51)
PhSn(n-Bu);, n-Bu;NCl Ph 120° 11h (64)
PhOH, n-BuyNCl1 OPh 80-120° 31h (54)
piperidine, n-BuyNCl N-piperidinyl ~ 80° 9h (56)
TABLE 4. TANDEM REACTIONS (Continued)
E-2. 8-EXO; MISCELLANEOUS
Substrate Conditions Product(s) and Yield(s) (%) Refs.

18)
Cy

Br Pd(OAc),, PPhs, AgyCOs, (30)
CH;CN, 80°, 72 h

EtO,
CO,E Et0,C

()
1 Pd(OAC),, PPhs, O
q allene, piperidine, K,COs, N + N 449
tol, 70°,20 h =
25
o (25)

502
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Taniiid Taspib REACTIONS (Convmasd}
F. MACROCY CLIZATION, MISCELLANEDUS

Solalim Do it

Pl aid Vichdad (%]

Cay

PalFFh . AgeO0y

PiPPh . Age0y, 4 & ool siese
PHOIAC, dpge. 4 X ment ieves
PuiPFhjbe. AgC0Yy

Pl IPhy s, ALl

bR131%

Br PHOIAC, Pkl piperidine, 1+ 1L{15F
CECH. M, & h

H
P comgents, tal, heat, 17 b C% . (jﬁz .
I g n

Temgp
sxfhan
ur
wr
®r
refhin

I nm_ 0w
LA L - )
N M B @
% i (18 i8)
L= T o
O @ W Im

A Twa unideriified cyclic predia werr fomad ender thess comd mome.
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TAHLE 3, ASYMMITTRIC CYCULIZATIONS

A 5-BX0
ﬂm Crmchtssm Prosfuei{a ) and Vields) %) u_ﬂ\l..‘_
Cy [ H
PigidbalyCHET,
e (&, 5} BPPFOH, 93 88w+ 159) 6 me 227, 521
nihver-racsanged Tenliie,
DMF, DM50,0°, 5 4 a L]
Cu |
Pitpidbal, () BINAF, L, (mEse 14
AP0, DA, GOS0 P I‘:
bl
Pelgidbaly. (8- DEEAR. PMP, "'7.'1 {01} 25% =2 147, 14,
DA, 10", 13k o 123
Pl
1
@f {=\ P BINAP, m:r.|:|1~-r.-..|c-|:n'z::€'-/_2 (49 84 e sz, 323
o N
i
186 39% ee 147, 523

Pehidbaly, (KFBINAR, Ag s g
DA, BEF, 17k f



TABLE S, ASYMMETRIC CYCLEZATIONS [Cmnisaed]
A SEND (Cosfinsnd)

Fubslraie Comlilions Produetis) end Yiedd{s) (%) Refi
C
12-TE : RI I a
ﬁ o 1. Pdzidha S HOC L, (NT-BIN AP, w
é g PMP, DsA, 100 E:ﬂ: o 513
Me 2, 1BC1 {3 M, 22F F'* 1
R ;ljr qr_.ﬁ-- unﬁ_.a
L) OMe [l 1. "
e OTEDMS om 97 R
e OTES 3
+Bu oS Bl 0 (=}
CHACEHOMe)y OTIFS My ™ L
Fh TS (=1 1% (=}
N 1. Pty <CHIC1 . (H-BINAF,
& APy, DA, 00° 1 Rl
B R? i I Wer config
M OMe (T2} B &
] OIS [0 [ ®
Me  OTIFS 73 ED &
Hu  OTIFS (% B 5
Ph OIS [E. LT - B T
Ciy
1
Iij[: —gj Pebzidbay, (RHEIMNAF, e #1} T% er 147
n' AgiPO,. DA, 8P, 13 R
E:":“P Pobichaals, (- BENAR, PR, m o MR 147
o DkEA, [00F, 1.3 %
Me O e
clb-
QII | L. P BIMAF, PP, =!
DkiA, B
Hh"‘ 2 HCI M, 23 W .
s O b ]
R % e
Mz O £ (] ] ® 5
M:  OTBDMS E AR &8 K 147, 523
Mc  OTROME 7 CET TR - T =
Me  OTIPS I (e B L
§ 1. Pyl by, (% BINAP, DA 1
1. HOUE M), B
R Auddiionsd (1.} LTetp LTime 1 ee
M OTEDMS F ApPDy wr In M @ F 147, 522
rBu OTIFS E ApPy 12 40 EF TR 147
vy TR E FMP 1207 I My B Ok 7
m o OTIPS E Apaiy ur % W T =] (3]
P OTIES E FMP 11 ) (O 1" [T . SO | W
Tun K Rl |
[ ‘l
i
E]; Pl e, APy . . é
=
gt B PLI 1 B



TARLE 5. ASYMMETRIC CYCLEATIONS {Coatnesd
A SEXD {Cotinaed

00S

T0S

Craaa

*ET

FEEEFOEE

Cca

oo o0 EGD

ﬂﬂﬁﬁ-ﬂﬁﬂf_

i Y

Condition Preckecati and Wickia) (%) Kels
Temp Time ] R u
E-BIMAR, HMP o Ih M 8 (M 147, 148
(5T, Tt bany-2 - g Wk jEp B 174
tldiphe s Iphaiphiac-
|- |- Ismapithalzns, Dk
(- BIMAR, DA ar iia M1 T2 W BT, B
[F-BIMAF, DMA o e fE] TI 4W T, B
[F-BIMAR, MR B ME M M MW M7, BB
(A-BINAR, CINA r iR N Az W 47
|M-BINAF, NMF r Fo LI T ) L -] T, R
AR-BINA R, AP Ui ErL I L A 147
(REBINAP, NMF & I3h @iy s @ 147, 148
1
I
Fled s, () BINAF. B
PP, EXbA @1 ' 4
n
b2 1 S
Terg  Time i % i L T
HE ss N 33 M) (=) 147, 14
HOE IR M5 gens b N
LU T LT L L
H Mk T gs M a
W Th (& g i i
Rr AYE M9 TF WD 0
e 45k 8 gs D 0
Peksidiaals, o
(KFRINAR, Ap Py (9 555 e 147, B
MM, 507, 34 b 3
I
]
0
Py, | A} BTRUAR, PRIF, 800 07 e 147, 148
DRA 1P, 6k ﬂu
Peddideas,
(R BIMAF, &g PO, - + = 4T
Dk, 30, 34 b =0 o o
N M
Me (5L Me 1% M7

eyt by, EEHIIPAT, FHE,
DA, 1007, 15 B

Pudgiciiay, CA-BINAR,
AP, A 3

P

CO4El

=) 4300

Me Me g

i R e
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TABLE 5. ASYMMETRIC CYCLIZATIONS (Continued)
A. 5-EXO (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
C OH
19 OTf 1. Pdy(dba);»CHCl;, (R)-BINAP,
’2=\* n-BugNI, PMP, DMA (89) 93% ee 523
% OTBDMS 2.HCI (3 N), 23°
e
3. NaBHy
Cao f - N
OTf, NCO.Ph NCO,Ph NCO,Ph
= | \ NCOPh Pd(OAc),, (R)-BINAP,EtN [~ [ + [~ | + [~ | 525
L 2 RL R\ R
R\R “R R R
R! R? Solv % ee®

CHN CHCN (41) 10
CHN THF (=) 41
N CH CHCN (=) (=)

Me 1 Me /"~CHO
= 1. Pdy(dba);»CHCL, (S)-BINAP, O (84) 95%ee 522,526
N OTIPS PMP, DMA, 100°

N
M
2.HC1(3N), 23°

e
OTIPS
M ~/
Pd,(dba)3*CHCl,, (S)-BINAP, mo (94) 98:2E:Z 522,526
PMP, DMA, 100° N

Me

TBDPSO
= O
Pdy(dba),*CHCl;, AgiP0O,, 527
DMA, 100° o
Time % ee

N (R)-BINAP 22h (74) 14
] -Tol-

E0,C (R)-Tol-BINAP21 h (67) 19

“ The %ee was determined after alkene hydrogenation of the mixture of all three regioisomers.
TABLE 5. ASYMMETRIC CYCLIZATIONS (Continued)
B. 6-EXO
Substrate Conditions Product(s) and Yield(s) (%) Refs.

Cis.16
R .. »,NCHO .. 4 NCH .
\_-NCHO Pd(OAc), ©ij + @ .? @ijNCHO 260

I o m
R Solv. Temp Temp I %ee I %ee I %ee
1 (R)-BINAP, Et;N, AgNO; CH,CN80° 144h (6) 8 (5 (14) 35 (39) 38
1 (R)-BINAP, CaCO3, Ag;PO, EN DMA  80° 23h (21) 27 (R) (8) 30 (28) 54
I (R)-BINAP, Ag;PO, DMA 80° 74h (56) 38 (R) 3) 15 (15 18
oTf (R)-BINAP, Et;N THF 60° 48h (10) 13 (5) (19) 68 (30) 71
oTf (R)-BINAP, Et;N THF 40° 144h ) 21 (5) (19) 73 (1) 69
oTf (R)-BINAP, Et;N ol 60° 168h (11) 8 (R) 22) 89 (8) 90
OTf (-Pr);NE, ol 110° 48h (64) 87 (R) () >9 (©) —
5
S/N PPh,
t+-Bu
Cis OMOM o PN OMOM
OTE\ ~ Pd;(dba)3*CHCl;, (5)-BINAP, (81) 45% ee 153
KCO3, pinacol, DCE, 70°, 69
A, OMOM )
Pdy(dba);CHCL, (R)-BINAP, 4 X
K;COs, THF, 70°, 87 h * OMOM 146

(70) 39% ec (19) 32%ee
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TABLE 5. ASYMMETREC CYOLIZATIONS | Continucd

B -EXOH {Contimaral)

Fubeimic Produciis]) end Yield{n) (%)
Crm OTY-
Pl Dy, (BN AR,
K00, wl
R Temp Time 1 %ee Il Fee
H  EF Fih My ¥ @7 w 128, 529
OMe %°  S6h 47F 95 (15} 9% o
Cia
|
I
L PAOAch, (X BINAP, ExN, Rowbpis & B et + 1m0
B AgHDy, cychohensse, CHyCH
(=) % se I 0% ec
H‘“-”'"‘:Bu-r
5 MeliGer DIO=2L
o o

Cun

w%
)

L

T OTRDFS
Cas

e

o OTHDFS

Ly
1
OTRODPE

Pl il jy#CHTL, (K)-BINAF,
K010y, THF. 79°, 4k h

(T BINAF, KzO0s, THE

Filaidbaly“CHC s 30°, %3 h
Fi{ThAc);, 607, 48k

Saly
Pl O, (- IIN AP, KO0, THF

dal

wl

Pebyiddhaly, (B-RPAP, B0,
Pl bl (EFBENAPAS, K04
Piidbaly, (£1-BINAPAS KOOy DCE

Okie

BeliOAc]y, (F-BINAF, KOOy,
THF, 67, 32 h

POAC. (K- Tol-HENAR,
EyOly, nal, BDO°, 2R

() A% e EX - 88001

(79] S1% pez B = 9E2
(7] 9%% e, E-F = 2113

seclil

Tims B2
12h {68y 92

46h (T4 39
46h (W) AE
4Eh (PS5 M1

5545 %

k1)




90S

10S

TABLE 5. ASYMMETRIC CYCLIZATIONS (Continued)
C. 5-EXO GROUP SELECTIVE

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ciz.27
R! H
m .
R? R2
R! R? Temp Time % ee
I CO;Me PdCI,[(R)-BINAPY}, cyclohexene, 40° 138h 72) 86
AgyPOy, CaCO4, NMP
1 CH,OTBDMS PdCl,[(R)-BINAP), cyclohexene, 40° 142h (55) 86
AgsPO,, CaCO3, NMP
I CH,0Ac PdCL[(R)-BINAP], cyclohexene, 40° 92h (70) 85
Ag3P04, CaCO;, NMP
1 CH,OTBDPS PACL[(R)-BINAP], AgsPO,, 60° 38h (53) 76
CaCO;, NMP
1 CH,0Piv PdC1,[(R)-BINAP), AgsPOy, 60° 23h (714) 80
CaCO;, NMP
OTf CH,OTBDMS Pd(OAc),, (R)-BINAP, 60° 64h (63) T3
K,CO;, CeHg
Cis
1 H
I PdCL[(R)-BINAP], Ag POy, C@ (63) 3% ee 151
CaCO3, NMP, 60°, 68 h :
OTBDMS NOTBDMS
TABLE 5. ASYMMETRIC CYCLIZATIONS (Continued)
D. 6-EXO GROUP SELECTIVE
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ci2as
H
| R? 1:12
R! R? Temp Time % ee
I CO;Me PdCL[(R)-BINAP), AgiPO,, 60° 188h (48) 69 153, 305,
NMP 521
1 CH,OTBDMS PdCL[(R)-BINAP], Ag;POq, 60° 84h ©67) 80 153, 305,
CaCO;, NMP 521,530
I CH,OTBDMS Pdy(dba);, (R)-BINAs, AgsPO;, 60° 24h (90) 82 209
CaCO;, NMP
1 CH,0Ac Pd(OAc),, cyclohexene, 40° 88h 66) 36 153, 305,
(R)-BINAP, Ag,CO3;, NMP 521
OTf CO:Me Pd(OAc),, (R)-BINAP, K,CO;, DCE 60° 84h 51 92 153, 530
OTf CH,OPiv Pd(OAc),, (R)-BINAP, K,CO;, DCE 60° 47h (78) 95 153,530
OTf CH,OTBDMS P4&(OAc),, (R)-BINAP, K,CO4, tol 60° 74h 35y 92 153, 209,
530
OTf CH;O0Ac Pd(OAc),, (R)-BINAP, K;CO;, tol 60° 45h (44) 89 153, 530
Ci7 o 0
Pd,(dba);*CHCI3, (R)-BINAP, (66) 83% ee 357
1*0\ OPiv DCE, K;CO3, 40°, 167h <

OPiv
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TABLE 5. ASYMMETRIC CYCLIZATIONS (Continued)
D. 6-EXO GROUP SELECTIVE (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
OH o
Pd,(dba);*CHCI3;, (R)-BINAP, H. (76) 86% ee 152, 153
TfO 7
- “_~OPiv t-BuOH, K,COs, DCE, 60°,42 h .
OPiv
Cig.24
R HO.
OR H H
I PACLI(R)-BINAP], Ag;PO,, : s : 521,53
| CaCO3, NMP, 60°
OTBDMS ’ :
Sorepms ! Sorepms I
R Time I Y%e IO %ee
H - o n - =
Ac 100h (67) 8 (© —
TBDMS 41h (63) 83 (35 92
C
29 ol
Pd(OAC),, (S, S)-BCPM, (17) 30% ee 357
T < __OTBDPS K,COs3, tol, 60°, 15 h
TABLE SE. ALLYL SILANE TERMINATED ASYMMETRIC CYCLIZATIONS
Substrate Conditions Product(s) and Yield(s) (%) Refs.
CI6 SiMe3
/ / =
I SiMe; : '
Pdy(dba);, (5)-BINAP, + 159
Rl R? Ag;PO4, DMF R? R?
R! R!
I 1
R! R? Temp Time I %ee U
H NCOCF; 75° 5h (63) 72 (O]
OMe CH, 80° 24h (76) 90  (16)
Cis18 SiMe;
R? = &
R 1 1
R! 1 (¢ Pdy(dba)s, AgsPO;, DMF R + R 160
:@(/ , NCOCF; . NCOCF;
R} NCOCF; R R
I 1
R! R2 R3 Temp  Time 1 %ee I %ee
H H CH,SiMe3 (+)-TMBTP 80° 65h (80) 84 5 o - —
H H CH,SiMe; (+)-TMBTP 90° 63h (61) 86 S ()] - -
H  CHSiMe; H (R)-BINAP 8° 20h (32 67 R @) 2 R
H CH,SiMe; H (R)-BITIANP 70°  14h Gl 6 R (1% 0 —
H CH,;SiMe; H (+)-TMBTP 80° 46h (35) <5 S (38) <5 R
OMe H CH,SiMe,y (R)-BITIANP 80° 20h (80) 16 S 6) <10 R
OMe H CH,SiMe; (+)-TMBTP 80° 64h  (73) 8 S () (—) —
OMe CH,SiMe; H (R)-BITIANP 80° 48 h (24) 34 R @) 30 R
OMe CH,SiMe; H (+)-TMBTP 80° 48h (56) 56 R 9 76 R



0TS

T1S

TABLE 5E. ALLYL SILANE TERMINATED ASYMMETRIC CYCLIZATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cir19 , SiMe;
R R} 74
R! ! Pdy(dba)s, AgsPOs, DMF R! gl
NCOCF, +
. NCOCF; R NCOCF3
R 1 R! n
R! R? R? Temp Time 1 Yhee I %ee
H H CH;SiMe,y (R)-BINAP 90° 27h (73) 48 R ()] — — 160
H H CH,SiMe; (+)-TMBTP 90° 27h (1) 70 S ©) — — 160
H CH,SiMe; H (R)-BITIANP 80° 26h @41) 22§ 42) 86 S 160
H CH,SiMe; H (+)-TMBTP 80° 16h (43) 64 R (25 12 R 160
OMe H CH,SiMe; (R)-MeO-BIPHEP 80° 65h (42) <25 R (15) <5 S 160
OMe H CH,SiMe; (5)-BINAP 80° 4Oh (72) 64 S 7 <18 R 159, 160
OMe H CH,SiMe; (+)-TMBTP 80° 68h (1) 92 § (V)] — — 160
OMe CH,SiMe; H (R)-BITIANP 80° 24h (21) 60 S ©6) 91 N 160
OMe CH,SiMe; H (+)-TMBTP 80° 45h (33) 45 S (57) 8 R 160
Cyy -
1 ¢ SiMe;
Pd,(dba)3*CHCl;, (R)-BINAP, 1) 92% ee 531,532
AgaPO,, DMF, 80°, 48 h
MeO MeO
TABLE 5F. ASYMMETRIC TANDEM CYCLIZATIC
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cio I [Pd(allyDCll,, u OAc
| (R.R)-CHIRAPHOS, (61) 20% ee 154, 155
BugNOALC, tol, 60°, 144 h
Cn
OTf B R
(5)-BINAP, DMSO
R Temp Time % ee
Pd(OAc),, RNa (CICH,CO)CO,Me)CH nt — (67) 80 156
[Pd(allyD)Cl]>, RNa, NaBr (COMe),CH (4 1h (92) 83 156
{Pd(allyl)Cl],, RNa, NaBr (TBDPSO(CH,),XCO:E,C t 1h (77) 87 156
[Pd(altyl)Cl}];, RNa, NaBr (SO,Ph),CH It 1h (83) 94 156
[Pd(allyl)Cl], RNa, NaBr (MeCO)CO,Me)CH n  1h (74 83 156
[Pd(allyD)Cl],, RNa, NaBr (COMeCH,COXCOMe)CHt  1h (81) 82 156
[Pd(allyl)Ci};, RNa, NaBr (TBDPSOCH,CO)(CO,Me)Chk Ih (72) 82 156
[Pd(allyl)Cl],, RNa, NaBr (PhCO),CH 14 1h (90) 80 156
Pd(OAc);, BuyNOAc OAc 20° 25h (89) 80 154, 55,
156
Pd(OAc);, BnNH, NHBn 20° 2h (76) 81 155, 156
Cis 4
OTf
Pd(OAc),, CeHg 236
(o]
(R,R)-DIOP (o] (>90) 45% ee

(8.5)-DIOP

(>90) 45% ee (enantiomer of above)
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TABLE 5F, ASYMMETRIC TANDEM CYULIZATIONS (Caariaved)

Suburar Cosdltiara Prodecisi and YiekHs) i3 Rels
T,
s ] ul ) .
v i
Pelgidbu e, AP, i2l, 1107 i3
.-"'_l:l'Jl'p_:
[ ] 0 )
L e
H H {HEIMAF, I8 @ Tl 5
H H {H-EDNAP, 1d (LI (I
H Ma (E-BENAF, 7d K7l ¥ R
H e (E-BIBAP, 3d Wl B f
Ma CERIMMAR, 1d T o R
Me e (). BIMAF, 34 T E
; H P [, - CHERAPHS, 4 d T
-1
e
R
o Oz o
i Fer
r Pulgidhaly, (£)-BINAF, PP — 11 & -
Hi PelpihhysCHT, [E-NINAF, M & 5 ETE)
Mg eachmnged coubiz,
CaCTh, NMP. P, 4 d
T iy, (R BINAF, M e A w0
PP sl 2k
o7 Pibaidbale. (THIINAR, w6 5 s
FMP.mL 21k
Ca
w! 1 PO b, HOO; e, CoCT 156
Ag-peubies CHyoM_ &0r B R
B o
] [ ]
B K’ L1
H COyMz [FBINAF 1 Bl
H Tk (E-BINAP LT
CoM: H (FFHINAF (R TR
CilyMe 1 [5)-BINAF @l 5
T
PaliTiAc’y, BINAP. +-Bu serylus. ke (7 3% e 1
-8 Ei, OMF, 807, 12 h
Hif
OBt
Crr
o
HIDDy N, A - pealiles. L]
a CHLEH, 607, 1A
o
% de
TP b §THBINAR, Gl o5
POt b 4R BEAP. Calhy @y n
e, - BENAD, N, [T
PO (prereduced), =
{E-BBAP, Caly
FECTHA-BIRAP], Caliy (LTI 1




TABLE &, CYCLIEATIONS ON POLYMER SUPPORTE

A SEXD
Subritrae Conditions Produciis) and Yields} (%) Refs.
Ca H
] COMNH;
1. PFPh 10, i, n-Bu,NCl, H o N 177
DOMAF, M0 B0F 6B b o @n
L TFA
® "
1 1. PdiFPhCly. By, a-Big [} I
@ OIMF, B 8 M B
L TFA
C
Q"T'ﬁ‘@ 1. PAIFPICly, B - *
I [I8AF, H0, 81, -8 b (T Ly
~ 1LTPA
B H
Crum 1 "
3‘ 1 PaOAGly, PP, AgsCOn, H,arﬁ\/” 534
o CMF, L0, 15 b
L, 1A -
B! B! EZ  MPLE paricy %
eyichenyl Mg # — 0
H ety w ki ]
H Fh I 31 W
H H 5 — I
CHyGeHy  Ma LEA A | ™
CHiCaHy  Ph (1) SED 7
CHiCaHy  H o 4= (4]
Bu-i Be oo 1 a
Hu- Ph I A% L
Bui H 0% =) 1]
Ci H
[ ‘E) 1. PEPPloCl. Bal,
By NCL DMF, Ha0, (6] Im
r & n
H L TFa
Cias H-
O,
B! I :
o R‘H 5 L. Fe{PPiakCly, B B NOL, 3 m
& CIMF, Hyly, 807
2.TFA
.l
Rt
B EBE Time
H H HH 4N (50
H W HF f-Bh (85
H H H CR BBh (74
H H H Mc a-Eh [7EI
H ke H I blh M
H e C1 H BEN 71
" Oe H OCF, kb (6T
H OMe H Me BAh {5
CiukMe H H H Ak (Rl
Ciqkie H M F 5.1 1§
CoM: H H CF A (TOH
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TABLE f. CYCOLEATHONG ON POLYMER SUPPORTS (Connmaed)
A REXD {Cantinuaad)

Condilinas Prodacus] and Yield{sh (%)

+

VP s

Dlla, BE", &

uﬁl“ﬂ:' 1. TFA

gq‘{

Lol 3E im
i @ S]]
LEre] 91 i
{70 ak [l
168 L1 L]
(5] ] 35
L B (e
(K3} e o]
1 Pa(0Acl, PPy, KaOTh, o
-y MO, Didld, H 0
MR, 2T h
1 TFA, CHyCl |:
E
Obelle (B
Me (T}
Tl:-,u.-
I ALy PPy, KO0, D ke
u-Ba M1, DA, M, 27 (3
2. Neltde, MeOH.
dizasre, i M b

= The palyeass sujyen = @ Rink arife AN or Rish amids resin
* The by sy s @ Riok amide ssdn

* Thes podyirest sippon |4 @ Temmage 55HT setn

= The pbymesr seppon |8 & Risk resin

*The polyTrer sSappor b a palyuyss resin.
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TAMLE & CYCLEEATIONS 0N POLYMER SUPPORTS (Castnuend)
H. SENDO AMD &EXD

fuhaials Comifitiomm. Proadisow s} and Viskits) (%)
L FET] @
NH
i' 1, PIFFhy L. PP, B, DA,
Rl 1 I esp, line
| B 1 TFA,
E M
ri "
R R R OBR R Temp Tims | HPLE Purity % 11
HH H H € H RS &h 1% ] m
H H H H C H CHyCH;Ph .u iy &h E[nd} 1] &m
HH H H € H M Bi" &k {B5) N b
H H H Mg C H ~Bu kA" 1] LErF] Ll ]
F H H H £ H Bu 5" 11 [} Sy [E1]]
H OMeOMeH © H Do B 6 (T L] il
H O H H C H iBu g Gh (T ) (141
HH H OMeC H o 25 6h (43} x| {26}
HH H H © H iBo B IEh LMIEI i—)
H H H H C H = o 1Eh fa=] f=} (1141
i
HH W OH © H &iNbeneyippendin 6P 1ED i—I —I i
H H H H C H _ [ I&h =l =] iy
AV
HH H H € H - VI 1Y = —1 im
H H H H C H 'E L1 I6h i—l == {LIH]
WH H C H  4-bipheyd W I8k i—I = ¢
H H H C H  Li-dphenyiehy tF ik i—I - ]
HH H T Mo Iphanylemyl BI* &k {0} L) —
—~H H N H  14mehylpd) BP" ER A = =i

H
H
H
H
3
u?“:"}:‘: 1. F{PPiny, PP B, DA
@ ES", ik
3. TPA

Cinn

1. Pai0Acl, PPy, KOOy | | -
a-flug WO, DR, (007, 340 H &
1 MalIMe, M, Ph (T

discase, 11, 24 h “Hea

I
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TABLE 6. CYCLIZATIONS ON POLYMER SUPPORTS (Continued)
B. 6-ENDQ AND 6-EXO (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cs6-m1 R
I
IPEa< e
N (o] o N
Bu-n
sl
1. Pd(OAC)z, PPh;;, KzCO}, R R
n-BuyNCl, DMA, 100°, 24 h HO X COMe (—) 536
e 2. NaOMe, MeOH, SOgtol (=)
dioxane, rt, 24 h N. Bu-n COMe (—)
“ The polymer support is a Rink amide polystyrene resin.
5 The type of polymer support was not mentioned.
¢ The polymer support is a polystyrene resin.
TABLE 6. CYCLIZATIONS ON POLYMER SUPPORTS (Continued)
C. 7-EX0
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cizis
4
1. PA(OAc),, PPh;, n-BuyNCl, R Time
o KOAc, DMF, 70° COMe Me 5h (67) 178
N 2. TFA, CH,Cl N\R P —  (60)
0O RO 3. CHN, o
Cig.30
R} R
1. Pd(OAc),, PPh;, n-BugNCl,
HCO;Na, DMF, 70°
R! AN 2. TFA, CH,Cl, 178
3.CHyN,
o Y o
RS
R' R? R} R* R’ HPLC purity %
H H H H H (63) b
H H H H Ph (68) —
H H CONHBu H Ph (55) —
H H H CF; Ph (50) 93
Cl H H H Ph (69) 71
OMe OMe H H Ph “47) —
H H H H CH,CH,Ph (73) 77

“ The polymer support is a Wang resin.
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TADLE 6. CYCLIZATIONS ON POLYMER SUFPORTS (Coanneed)
O MACROCTILIZATICNS

heairzamas rrin i Foncui) md TR M
C. q 0
o sl L. PiCMc, PPhy EiN,
i H a-HuyNC1, Hjis, DMF, 0
1. OverTigai [ T5-ES)

H | 2 TFA, CHyCly. anisnle. I uT'afHH
Bl s I . () o Mmin e 5

' B B! BF joone)

Ol Gly  Pae P-Als

Al Gly Pro f-dln

Leu Gly  Gly c-emimocapesic acid
Phe Oy Al d-smistcaproic acid
Pro Gy Lew e-aminncapredc scid
Aln frAlh Pro cammocaproic scid

Cu I o

.m]:ﬂ\) G 1 B E?’im?m .

i H O&EF, H . dh
k@ﬂ ;T;:fm;ﬂ.. ijﬂﬂ

Refii

£ L]

“The polymer suppart is Teniaga| PHA main
B The potymer suppan Is 2-chiorotrivy] resn.
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