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1. Introduction

The Sgn1 (Unimolecular Radical Nucleophilic Substitution) is a process
through which nucleophilic substitution is achieved on aromatic and aliphatic
compounds that do not react or react slowly through polar nucleophilic
mechanisms. Eq. 1 shows the generalized reaction with an aryl halide. This
transformation takes place through electron transfer steps with radicals and
radical anions as intermediates.

ArX + Nu E— ArNu + X (1)

The Sgnl mechanism was proposed for the first time in 1966 for the
substitution of alkyl halides with electron-withdrawing groups (1, 2) and in 1970
for the substitution of unactivated aryl halides. (3, 4) Since then, the scope of
the process has increased considerably, and it constitutes an important
synthetic :@wd for achieving the substitution of unactivated aromatic and
heteroaro c substrates, vinyl halides, perfluoroalkyl iodides, and activated
and non-activated alkyl compounds. Nucleophiles that can be used include
anions derived from carbon or heteroatoms, which react to form a new
carbon-carbon or carbon-heteroatom bond.

Several reviews have been published in relation to activated (5, 6) and
non-activated (5, 7) aliphatic Sgn1 reactions, to aromatic photoinitiated
reactions, (8-12) to Sgn1 reactions at aromatic centers, (5, 13-18) to reactions
performed with electrochemical techniques, (19-27) and to the synthetic
applications of the process. (13, 28-32) This review attempts to cover aromatic
Srn1 reactions including all the relevant literature up to the end of 1996.



2. Mechanism

The proposed mechanism of the Sgn1 reaction is a chain process, whose key
steps are presented in Scheme |.

The initiation step (Eq. 2) is electron transfer from an adequate electron source
to the substrate (ArX) to form the substrate radical anion, which fragments into
an aromatic s radical Ar- and the anion of the leaving group (Eq. 3). The
radical thus formed can react with the nucleophile present in the reaction
medium to form the radical anion of the substitution product (Eg. 4). Electron
transfer from this radical anion to the substrate reforms the substrate radical
anion (Eq. 5), and the propagation cycle continues. Summation of Egs. 3-5
leads to the net nucleophilic substitution.

Results with radical probes, (33-36) as well as relative reactivities of pairs of
nucleophiles toward substrates proposed to give the same radical, (37, 38)
provide strong experimental evidence for the presence of radical intermediates.
Other mechanistic evidence includes inhibition by radical traps or radical-anion

scavengers.
Scheme 1.
INITIATION ArX + Donor ——= (ArX)~* (Eq.2)
PROPAGATION (ArX)™" —— A+ X (Eq.3)
D Art + Nu #—= (ArNu) ™" (Eq.4)
(ArNu)™  + ArX —=  (ArX)™"" + ArNu (Eq.5)
ArX + Nuw —= ArNu + X°
TERMINATION  (ArNu)y™" + Ar" ————= Ar™ + ArNu (Eq.6)
. SH .
At —— = ArH + § (Eq.7)

Because the Sgn1 reaction is a chain process, its overall rate depends on the
efficiency of the initiation, propagation and termination steps. Any of the
intermediates (radicals and radical anions) can initiate the chain, but by far the
most commonly used is the radical anion of the substrate. Destruction of any of
the intermediates can terminate the process. One important practical
consequence of the chain mechanism is that Sgn1 reactions should be carried



out under an inert atmosphere to avoid inhibition by oxygen. Although the
initiation and termination steps represent only a few reactions compared with
the whole, they are decisive in promoting or preventing substitution, depending
on the efficiency of the chain propagation cycle. Some terminations depend on
the method of initiation, while others depend on the intermediates involved and
the solvent used. For instance, electron transfer from any radical anion to an
aryl radical (Eq. 6) is one of the proposed termination steps in solvents such as
liquid ammonia that are poor hydrogen donors. Hydrogen atom abstraction by
the aryl radical (Eq. 7) is a possible termination step in organic solvents. The
net effect of these termination reactions is formation of the reduced
dehalogenated product. Even though radical dimerization to form biaryls has
been observed in some electrochemical systems, (39) this is not generally an
important termination step.

The fragmentation reaction of the radical anion of the substitution compound
into an unreactive radical is another type of termination. For instance, in the
reaction of phenyl halides with nitromethane (40, 41) or cyanomethyl anions,
(42, 43) the main products are derived from benzyl radicals. For example, the
radical anion of phenylacetonitrile, formed in the photoinitiated reaction of
iodobenzene and cyanomethyl anion, can give the substitution compound by
electron transfer to iodobenzene (Eqg. 9) or can fragment to afford benzyl
radicals (Eqg. 10). These radicals are responsible for the formation of toluene
and diphenylethane (Egs. 10, 11).
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2 PhCH, PhCH->CH-Ph (63%) (11)

However, when the substrates have a low-lying p * molecular orbital that
stabilizes the radical anion of the substitution product, (44) bond fragmentation
can be avoided to give a -arylacetonitriles straightforwardly. (45-47) The
nitromethane anion gives fragmentation products with all the aromatic
substrates studied. (40, 41) Fragmentation reactions have also been found
with certain alkanethiolate ions. (48, 49)

The possibility of an Sgn2 instead of an Sgyl mechanism has been proposed
for aromatic substrates. (50, 51) However, this proposal has been rejected on
the basis of mechanistic considerations, (52) transition state theory (53) and
electrochemical evidence. (19, 39)

2.1. Methods of Initiation

Only a few systems are known to react by the Sgy1 mechanism in a thermal
(or spontaneous) reaction. Most of the systems need to be initiated by different
means. Photoinitiation, chemical initiation by alkali metals in liquid ammonia,
or electrochemical initiation at a cathode are the most frequently used
techniques. However, other reagents to initiate the reactions, such as Fe*?,
Smly, or Na(Hg), have been reported recently, but their scope and limitations
are still unknown.

2.1.1. Therml (spontaneous) Reactions

In some systems, the Sgn1 mechanism occurs without stimulation of any kind
other than temperature. In these reactions, spontaneous electron transfer from
the nucleophile to the substrate occurs. Spontaneous initiation is possible
whenever the substrate is a very good electron acceptor and the nucleophile a
very good electron donor. By far the most common substrates for thermal Sgy1
reactions are aryl iodides. Bromo- or chloro-substituted p -electron-deficient
aromatic rings such as pyrimidines, (54) pyrazines, (55) pyridazines, (55) and
guinoxalines (56) can also react under these conditions. Arylazo-tert-butyl- or
phenyl sulfides are also very good electron acceptors that can react
spontaneously or under laboratory light with various nucleophiles in organic
solvents. (57-59)

When the nucleophiles are carbanions from ketones, in general the higher the
pKa of the ketone the higher the electron donor capability of its conjugate base
and so the higher the probability of a spontaneous electron transfer. (60, 61)
Thermal initiation is more common in dimethyl sulfoxide (at room temperature)
(62, 63) than in liquid ammonia (at — 33°). Even though some reactions in



dimethyl sulfoxide occur in the dark, exposure to light is usually recommended
to achieve higher yields of substitution in shorter reaction times.

2.1.2. Photoinitiated Reactions

Photoinitiation is one of the most widely used methods, and it has proven
extremely suitable for synthetic purposes. One of the mechanisms proposed
for initiation is photochemically activated electron transfer within a
charge-transfer complex formed between the nucleophile and the substrate.
(64-69) Electron transfer from an excited state nucleophile is another
possibility since these species are the best candidates for absorption at
commonly used wavelengths (67, 70) (A > 350 nm, see Experimental
Considerations).

Even if photoinitation takes place with low quantum yields, it can be successful
in achieving substitution whenever it is followed by efficient propagation steps.
To improve the yields of these reactions, a 0.02—0.04 M concentration of
substrate is recommended. At higher concentrations the reactions are slower,
and the product yields decrease. The ratio of nucleophile to substrate
concentration also plays an important role in maximizing the yield of
substitution in systems involving a chain process of rather low efficiency.

A reaction between a nucleophile and an aryl halide may be slow to initiate, but
fast to propagate. The addition of tiny amounts of another substrate (or
nucleophile) that is more reactive in the thermal or photoinitiated step
increases the level of reactive intermediates and allows the less reactive
substrate (ruucleophile) to start its own propagation (71-74) (entrainment
reactions, Electrophiles).

2.1.3. Fe™Initiated Reactions

Initiation by ferrous ion ( FeSO, in liquid ammonia, (75, 76) FeCl, (77) or FeBr;
(78) in dimethyl sulfoxide) is growing in importance because of its possible
synthetic advantages with respect to the other methods. The reaction, useful
mainly with aryl iodides, can be carried out in liquid ammonia or dimethyl
sulfoxide without special electrochemical or photochemical devices. Even
though the role of ferrous ion in the reaction remains uncertain, (77) this is a
promising alternative to traditional methods.

2.1.4. Smly-Initiated Reaction

In recent years, Sml, has been used as a one electron reducing agent for
many organic halides. (79) However, it has been used to initiate Sgn1
reactions of haloarenes only once, with the enolate ion of acetophenone in
dimethyl sulfoxide. (80) The results obtained indicate that more work in this
area is in order.

2.1.5. Electrochemically Initiated Reactions (23-27, 81)



Electrochemical initiation is also a widely used approach, though it may have
the disadvantage of affording low yields of substitution when the aryl halide
radical anion fragments rapidly. In this case, the aryl radical is formed close to
the electrode surface, so it may be reduced before it can react with the
nucleophile in solution. The situation can be remedied by introduction of a
redox mediator that is reduced at a more positive potential than the aryl halide.
The radical anion of the mediator lives long enough to form the aryl halide
radical anion by an electron transfer reaction away from the electrode.
Properties and criteria for selection of adequate redox mediators such as
4,4'-bipyridine, phthalonitrile, 2-phenylpyridine, and benzonitrile have been
summarized. (82-85) Even though the yields of substitution are improved, the
use of a mediator requires that it be separated from the reaction mixture.

When the aryl halide radical anion fragments slowly, the aryl radical and the
radical anion of the substitution compound are formed far from the electrode
surface, and this radical anion can transfer its odd electron to an aryl halide in
the solution to maintain the propagation cycle. In this way, the complete
conversion of aryl halide into the substitution product with a catalytic amount of
electrons can be achieved.

When the product radical anion is stable relative to the aryl halide radical anion,
the electron transfer step in Eq. 5 can become rate limiting and the Sgn1 cycle
can be sluggish. Such is the case in the reaction of 4-bromobenzophenone
with cyanide ions, which under electrochemical initiation requires one electron
per molecule to react (noncatalytic system). (86-89)

Electrocherual initiation is quite useful in preparative reactions. The main
advantage is the possibility to achieve substitution with nucleophiles that fail to
react, or react very poorly, under other conditions. It also provides quantitative
information about the mechanism, such as the fragmentation rate constants of
radical anions (86, 90-93) and the absolute rate constants for the coupling
reaction of a wide number of nucleophiles with radicals. (23, 86, 91, 92)

2.1.6. Alkali Metals in Liquid Ammonia

Although a popular method, the use of alkali metals in liquid ammonia is often
not the best choice. The main disadvantages of this type of initiation are
reductive dehalogenation of the substrate and reduction of the substitution
product. For example, in the reaction of the enolate ion of acetone with a
phenyl halide under sodium or potassium metal initiation, not only
phenylacetone but also 1-phenyl-2-propanol and benzene are formed. (94-97)
In addition to reductive dehalogenation and substitution, reductive
hydrogenation of the aromatic ring can take place as in the reaction of 1-iodo
or 1-chloronaphthalene with the enolate ion of acetone initiated by potassium
metal. (45)



Despite the limitations, this method of initiation can be valuable in those cases
in which amide products of a benzyne mechanism are to be avoided, as in the
reaction of o-bromoanisole with amide ion, (4) or the reaction of
p-halobenzonitriles with the anion of N,N-dimethylacetamide. (98)

2.1.7. Sodium Amalgam [Na(Hg)] in Liquid Ammonia

Sodium amalgam seletively dehalogenates haloarenes in liquid ammonia, (99)
and it can be used to induce Sgn1 reactions of substrates with redox potentials
close to or more positive than its redox potential. (100) With substrates whose
radical anions fragment rapidly and consequently close to the Na(Hg) surface,
substitution is achieved only when the reactions are performed in the presence
of a redox mediator. (101, 102)



3. Scope and Limitations

3.1. Electrophiles

A great variety of aromatic compounds with appropriate leaving groups have
been shown to react as electrophiles in Sgny1 reactions. Common partners
include phenyl and substituted phenyl derivatives, and aromatic polycyclic and
heterocyclic compounds. Even though halogens are by far the most commonly
used leaving groups, other leaving groups have been used including
(EtO),P(0)0, RS(R = Ph, alkyl), PhSO, PhSO,, PhSe, Ph,S",(R = t-Bu, PH),
N,BF,4, and MesN™.

For the Sgn1 reaction to work efficiently, good electron acceptors are preferred
as substrates in order to favor the initiation step (Eq. 2) as well as to facilitate
electron transfer from the radical anion of the substitution product to the aryl
halide (Eq. 5). (87, 103, 104) Besides being good electron acceptors, the
substrates must form radical anions that cleave into aromatic radicals and the
leaving group at an appropriate rate. There is a rough correlation between the
rate constant for the fragmentation reaction of the radical anion and the aryl
halide/aryl halide radical anion standard potential. (90-93) Thus, for the same
aromatic group, the average rate constants of fragmentation follow the order

| > Br > CI. The order of reduction potential in liquid ammonia,

Phl > PhBr > PhNMesl > PhSPh > PhCl > PhF > PhOPh, (86) coincides with
the reactivity order determined under photoinitiation conditions.

With some fighly reactive heteroaromatic and polycyclic aromatic substrates,
chlorides aﬁust as good as bromides or iodides in photoinitiated reactions,
and even better under electrode initiation. Under the latter conditions,
chloridies offer the possibility of avoiding the use of a redox mediator.
Heteroaromatic halides are good electron acceptors; however, because they
are p -electron deficient, competition with an SyAr process can occur in some
cases mainly when more than one heteroatom is present.

Even though unsubstituted aryl halides react with most nucleophiles, there are
examples of such reactions that fail in unsubstituted cases but succeed when
the ring has particular substituents. For example, o-, m- and p-cyano,
o-carbonyl, o-methoxy, or o-amino functions have an important activating
effect on the reaction of aryl halides with nucleophiles such as phenoxides or
the enolate ions of aldehydes and 3 -dicarbonyl compounds. (105-107)
Electron-withdrawing groups usually do not interfere with substitution as long
as they do not react with nucleophiles by other mechanisms; neither do
electron-donating groups. The reaction is quite insensitive to steric hindrance.
(30, 108) A wide range of o-substituents and a large number of substituents in
other positions of the aromatic halide are generally compatible. Groups that
are tolerated include OR, OAr, SAr, CF3;, CO2R, NH,, NHCOR, NHBoc,



NR2,SOzR, CN, COAr, COMe, CONH,, and F. Even though the reaction is not
inhibited by the presence of some negatively charged substituents such as
carboxylate ions, other charged groups such as oxyanions hinder the process.

Nitro-substituted phenyl halides produce radical anions that fragment at a
rather low rate (£ 1072 — 10?s™). (109-112) For this reason, the nitro group is
not a suitable substituent for most Sgn1 reactions. However, exceptions are
found with o-iodonitrobenzene (113) and nitroaryldiazo phenyl or tert-butyl
sulfides, (59, 114, 115) whose radical anions have a relatively high rate of
fragmentation.

When the substitution is performed with a carbanion and an aromatic
compound that bears an appropriate substituent ortho to the leaving group,
cyclization to give five-, six-, and seven-membered ring products can take
place. Another interesting approach to cyclization is the intramolecular Sgy1
reaction of substrates that have both a nucleophilic center and a nucleofugal
group in the molecule. This has been used in the synthesis of different natural
products. Here an example of entrainment can be presented: the anion of
o-iodothioacetanilide is unreactive in dimethyl sulfoxide under photoinitiation.
However, the photoinitiated intramolecular substitution of iodine occurs in the
presence of an excess of acetonate enolate ion, a good electron donor under
Srn1 conditions. (7)

N
) — (oo (12)
@E \i T CH,COMe @[ g

Compounds with two leaving groups also react to form products of
monosubstitution and/or disubstitution, depending on the leaving groups, their
relative positions in the molecule, and on the nucleophile. In the case of
dihalobenzenes, for example, the occurrence of mono- and/or disubstitution is
interpreted based on the following mechanistic proposal (Egs. 13, 14). The
radical anion 1~ of dihalobenzene 1 fragments at the more labile
carbon-halogen bond to give a haloaryl radical 2, which in turn forms the
radical anion of the monosubstituted
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compound 3 by reaction with the nucleophile. Radical anion 3 can transfer its
extra electron to the substrate and in this case the monosubstitution product 4
is formed with retention of halogen.

Alternatively, intramolecular electron transfer to the second carbon-halogen
bond results in fragmentation to form radical 5, which by coupling with a
second molecule of nucleophile, affords the disubstitution compound 6 (Eg.
15). In this case, the monosubstitution product 4 is not an intermediate in the
formation of 6. (116)
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Product 4 is formed in a bimolecular reaction that depends on the
concentration of 1 while radical 5 (the precursor of 6) is formed in a
unimolecular reaction. However, competition between the two processes is
almost independent of the concentration of 1. The ratio between 4 and 6
depends on the halogen, its electron affinity in relation to the substrate that
acts as another acceptor, and its position on the aromatic ring, as well as on
the nature of the nucleophile.

3.2. Nucleophiles



Carbanions from hydrocarbons, nitriles, ketones, esters,
N,N-dimethylacetamides, and mono and dianions from (3 -dicarbonyl
compounds are among the most commonly used nucleophiles for
carbon-carbon bond formation. The only oxygen nucleophiles known to react
are phenoxides. In these reactions, carbon-carbon instead of carbon-oxygen
bond formation occurs. Similar carbon-carbon bond formation is obtained with
nitrogen nucleophiles from aromatic amines, pyrrole, indole, and diazoles.

Carboxylation of aromatic halides to form the corresponding acid and/or ester
is possible through the use of cobalt carbonyl species. Anions from tin,
phosphorus, arsenic, antimony, sulfur, selenium, and tellurium react at the
heteroatom to form new carbon-heteroatom bonds in good yields.

A special behavior is shown for diphenylarsenide, diphenylstibide,
benzeneselenenate, and benzenetellurate anions. With these nucleophiles,
scrambling of the aromatic ring has been reported. (117-120) The reaction of
p-iodoanisole with benzeneselenenate ions is illustrated (Eqg. 16). (117)

hv

p-1CsHsOMe + PhSe »= PhoSe + PhSeCgH4OMe-p + Se(CeHsOMe-p)s (16)

{201%:) (25%) {19%:)

NH,

According to the proposed mechanism (Eg. 17), the first radical anion 7 formed
in the coup|ing of p-anisyl radicals and benzeneselenenate ions can undergo
three comp€Titive reactions: reversion to starting materials, electron transfer to
the substrate to give the expected substitution product, and fragmentation at
the Ph-Se bond to form phenyl radicals and the new nucleophile
p-anisoleselenenate anion.

p-MeOCgHy* + PhSe” =—— fp—Mt:{JC{}H4S¢Ph]_-—q_"'— p-MeOCgH 5¢™ + Phe

l ki [p-1CsH4OMe] (17)

p-MeOCgH, S5ePh

The p-anisoleselenenate anion can couple with p-anisyl radicals to give the
symmetrical p-dianisyl selenide, while phenyl radicals can react with
benzeneselenenate ions to form diphenyl selenide. The fragmentation reaction
of radical anion 7 indicates that the C-Se s * molecular orbital is of similar



energy to the p * molecular orbital of the system. However, when the p *
molecular orbital is lower in energy than the C-Se s * molecular orbital (for
example with 1-naphthyl, 2-quinolyl, 4-biphenylyl, and 9-phenanthryl), the
straightforward substitution product aryl phenyl selenide is formed in good
yields (52-98 %). (16, 121, 122) This fragmentation process explains the
formation of scrambled products of diphenylarsenide ions with some aromatic
halides and the straightforward substitution products with others. (118, 119)
On the other hand, only scrambling of aryl rings is realized with all the
substrates studied and diphenylstibide anion. (119)

The absolute rate constants for the reaction of nucleophiles with aromatic
radicals (Eg. 4) are close to the diffusion limit. (23) One important factor that
favors this step is the thermodynamic stability of the radical anion formed, as
this has been proposed to explain the relative reactivity of carbanions toward
phenyl radicals under photoinitiation. (41, 123) This factor can also explain the
regiochemistry of the reaction with conjugated carbanions (44, 124) and with
anions from aromatic amines or aromatic alkoxides. (125) Relative reactivities
of pairs of nucleophiles toward the same radical have been determined from
the ratio of the two substitution products in competition reactions. (37, 38, 117,
126)

Under photostimulation, certain nucleophiles such as nitrite and cyanide ions
fail to achieve substitution with aryl halides, owing to the formation of a stable
radical anion of the substitution product. The situation can be remedied, as in
the photoinitiated reaction of cyanide ion, by the use of aryldiazo sulfides as
substrates.ﬁlS, 127)

3.3. Carbanions from Hydrocarbons

A relatively limited set of carbanions derived from hydrocarbons has been
studied. (70, 124, 128-133) One of the limitations is that the parent
hydrocarbon must be acidic enough to be ionized in liquid ammonia (pK, = 33).
In these reactions, diarylation and in some cases triarylation operates in
addition to arylation. (70, 124, 128) For instance, both 9-phenylfluorene and
9,9-diphenylfluorene are formed in the reaction of bromobenzene with the
anion from fluorene (Eq. 18). (124)

- Q0 - Q- 00

(57%) (23%)



Reactions with anions that have more than one possible coupling position are
not regiospecific. For example, the carbanion from 1-(p-anisyl)propene gives
about three times as much 3-phenyl- (36%) as 1-phenyl-1-(p-anisyl)propane
(13%) after hydrogenation. (124) Products of further phenylation are also
formed in this reaction. (124) Other carbanions such as the anions from
acetylene and phenylacetylene fail to give substitution under Sgy1 conditions.
(134, 135)

3.4. Enolate lons from Ketones

The enolate ions of ketones are probably the most widely studied nucleophiles
in Sgn1 reactions. Anions of aliphatic, cyclic, and aromatic ketones generally
give substitution products in good yield.

3.4.1. Reactions with Substrates with One Leaving Group

The enolate ions of acyclic aliphatic ketones such as acetone, (45, 108, 136,
137) 3,3-dimethyl-2-butanone (pinacolone), (137-141) 2-butanone, (124)
3-methyl-2-butanone (isopropyl methyl ketone), (124, 142) 3-pentanone, (142,
143) 4-heptanone, (143) 2,4-dimethyl-3-pentanone (diisopropyl ketone), (55,
137, 142, 143) and also the anion of the diacetal from pyruvic aldehyde
("CH,COCH(OMe),) (106) can react through the Sgy1l mechanism with aryl
and heteroaryl halides to afford a -arylation products under photoinitiation. A
representative example is shown in Eq. 19.

+ CH.COMe ™ o i (90%)
“H-COl _ o
- NH: L _COMe (19)
N~ ol N

In some reactions, a, a -diarylation can also occur but generally in low yields
(<15%). a, a, a -Triarylation has never been reported in these systems. a , a
-Diarylation is caused by ionization in the basic medium of the monoarylated
product. In order to minimize diarylation, a nucleophile/substrate ratio of 3-5 is
recommended. Use of excess t-BuOK is also a convenient tactic to avoid the
possibility of aldol condensation of the ketone.

The yield of substitution is highly dependent on the solvent. For instance, in the
reaction of the enolate ion of acetone with 2-chloroquinoline (Eq. 19) for the
same elapsed times, lower yields are obtained by changing the solvent from
liquid ammonia (90%) to THF (82%), DMF (74%), dimethoxyethane (28%),
diethyl ether (9%), or benzene (4%). (144) For this reason, the reactions are
usually performed in liquid ammonia or dimethyl sulfoxide under irradiation. In



dimethyl sulfoxide, some reactions can take place by thermal initiation. (62, 63,
73) The reactions in liquid ammonia can also be initiated electrochemically, by
dissolution of alkali metals (45, 94, 96, 97) or by Na(Hg). (101) Iron(ll) initiation
is also possible with FeSO, in liquid ammonia, (75) or with FeCl; in dimethyl
sulfoxide. (77)

Isomeric enolate ions can be formed from unsymmetric dialkyl ketones, and it
appears that the distribution of the two possible arylation products of this
mixture of ions is determined principally by the equilibrium concentration of the
various possible enolate ions. However, the selectivity also depends on the
structure of the attacking radical. In reactions with the enolate ions from
2-butanone, arylation occurs preferentially at the more substituted a carbon
giving about twice as much 3-phenyl-2-butanone as 1-phenyl-2-butanone,
(124, 145) but in the reaction with the anion from isopropyl methyl ketone, the
1-phenyl derivative is formed predominantly. (124) However, when this anion
reacts with 2-chloroquinoline, the ratio of tertiary to primary substitution is 4.77.
(142) When there is a substituent ortho to the leaving group, the attack at the
primary a carbon is enhanced. (145-149)

B -Hydrogen abstractions from the enolate of diisopropyl ketone diminish the
substitution reaction with halobenzenes, (143) but do not prevent the
high-yield reactions of this anion with heteroaryl halides, such as
2-bromopyridine, (137) 2-chloroquinoline, (142) and 2-chloro- and
4-chloropyrimidines (55, 140) under irradiation. The heteroarylation of ketones
with 5-bromo-4-tert-butylpyrimidines can be performed in the dark, under
irradiation otassium metal initiation (Eq. 20). (54) However, when the
4-tert-butyllgedup is replaced by a 4-phenyl group, irradiation or potassium
metal initiation is recommended in order to avoid the dark addition of
pinacolone anion to the N;-Cs azomethine bond. (54)

Bu-i Bu-r
Br
N hv N™ ™S COBu-t o (
& + CH-COBu-t —— & (95%)
G NH; 2

2-Chloropyrazine, (55) chloropyridazines, (55) and 2-chloroquinoxaline (56)
are other substrates that can react in the dark. In the thermal reaction of the
last compound with the anion of pinacolone or diisopropyl ketone, products
ascribed to a competing ionic cyclization process can also be formed along
with the expected substitution compound (Eq. 21). (56)

20)
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Poorly reactive compounds include 3-halo (X = Cl, Br,
[)-2-aminobenzo[b]thiophene (the amino group protected as an amide or as a
carbamate), (150) 3-iodobenzo[b]thiophene, (151) and 2-chloro- and
2-bromothiophene. (152) However, 3-bromothiophene reacts with the enolate
ion of acetone to give arylation (51%) and diarylation (25%) products. (152)
Substitution succeeds under irradiation with halo-substituted five-membered
heterocycles containing two heteroatoms such as 2-bromo- and
2-chlorothiazoles. (141) The Sgnl reaction is also a useful method of C-C bond
formation in 6-iodo-9-ethylpurines, as indicated in Eq. 22. (153, 154)

i COMe
N7 XN hv 22
| Y+ CHCOMe ———= \> o0m  ??
L g W L
(U

[]

The enolate ions of cyclic ketones 8 (from cyclobutanone to cyclooctanone)
give a -phenylation products 9 (Eq. 23). (143) The enolate ions of
cyclohexanone, (137, 153) 2-methylcyclohexanone (153) (mainly arylated at
the more substituted carbon enolate), cyclopentanone, (142, 153) and
tetralone (153, 155) can also be heteroarylated. No substitution product is
formed with the enolate ion of cyclohex-2-en-1-one. (143)

0 O

V4 y/,
N + PhBr —FNI-I ) { . 23)

a—
e

An interesting reaction is the arylation of the enolate ion of (+)-camphor. (156)



The almost exclusive endo-arylation at C; in excellent yield opens a new
stereospecific Csz-arylation route of (+)-camphor by this mechanism (Eq. 24).
(156)

Cl
—l"lfw (100%)
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O

A special behavior is shown by the enolate ions of aromatic ketones. For
example, the enolate anion of acetophenone fails to react with halobenzenes
or halonaphthalenes in liquid ammonia under photoinitiation. (45, 143)
Heteroarylation (54, 153, 157) is possible in liquid ammonia under
photoinitiation, and even in the dark. (55) On the other hand, arylation and
heteroarylation can be achieved in this solvent with solvated electrons (45, 54)
or Na(Hg) (101) initiation. Phenylation, unsuccessful under photoinitiation in
liquid ammonia, and heteroarylation are possible under photoinitiation in
dimethyl sulfoxide. (41, 155) The anion of acetophenone also reacts with
different aryl and heteroaryl halides in dimethyl sulfoxide under Sml; initiation.
(80) Other anions of this family are the enolate ions of 2-naphthyl methyl
ketone, (158) 2-furanyl (153, 155, 159) and 2-thienyl methyl ketone. (159)

Phenylatio ketones is also possible with the compounds Ph,S, PhsS*CI,
Ph,Se, PhNM™e;s'I", P H,O , PhOPO(OE),, (67, 94, 136) and aryldiazo
tert-butyl sulfides. (57, 58) Diaryl sulfides and the related sulfoxides and
sulfones react with pinacolone enolate ion under irradiation with fragmentation
of one carbon-sulfur bond to form arylmethyl tert-butyl ketones. (67)
Unsymmetrical diaryl sulfides can fragment at both carbon-sulfur bonds,
affording a mixture of aryl ketones. (160)

Although good vyields of arylation are obtained by reaction of (Z)-arylazo
tert-butyl sulfides with enolates of ketones in dimethyl sulfoxide under
laboratory light (Eq. 25), (57, 58) competition with an ionic mechanism is
observed when the substrates have benzylic hydrogens in the 2- or 4-position
with respect to the azothio group. (57, 58, 161-163)
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3.4.2. Substrates with Two Leaving Groups

Dihalobenzenes react with enolate ions of ketones to afford monosubstitution
or disubstitution products. m-Fluoro-iodobenzene (108) and
2-fluoro-3-iodopyridine (139) give monosubstitution compounds with retention
of fluorine under photoinitiation. Since fluoride ion is not a good leaving group
in Srn1 reactions, the synthesis of the antiinflammatory drug fluorobiprofen
can be achieved by reaction of 4-bromo-2-fluorobiphenyl with the enolate ion
of acetone followed by methylation and oxidative demethylation (Eq. 26). (164)
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The products of the reaction of o-dibromobenzene depend on the nucleophile
used. Reaction with the anion of pinacolone leads to the disubstitution product
in 62% vyield with no evidence of monosubstitution, (165) but with acetone
enolate ion, cyclization compounds are formed from aldol condensation of the
disubstitution product. (165) Monosubstitution of p-dichlorobenzene can be
achieved electrochemically in the presence of a redox mediator. (85) On the
other hand, disubstitution of this compound and of p-dibromobenzene is
possible under photoinitiation (Eq. 27). (166)

cl
CH,COBu-t  — COBUT sy (27)
+ "H-C - — 4%
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Disubstitution also occurs in the reaction of 2,6- and 2,5-dibromopyridines, and
2,3-, 3,5-, and 2,6-dichloropyridines with the enolate ion of pinacolone. (137,
167) A monosubstitution product (70%) resulting from the selective
displacement of chlorine from C, is obtained in the reaction of the same anion
with 4,7-dichloroquinoline. (167) These reactions are not recommended for the
synthesis of diketones from dichloropyrazines (55) and dichloropyridazines,
(167) which afford mixtures of products.

3.4.3. Reactions of o-Functionalized Substrates Followed by Ring
Closure

Benzo[b]furan, (145) furo[3,2-h]quinolines, (155) and furo[3,2-b]pyridines (155)
can be synthesized through the reaction of enolate ions of ketones or
aldehydes with aryl halides substituted with an ortho alkoxide group. The
o-hydroxyaryl ketones, formed after deblocking the alkoxide function of the
Srn1 product, undergo spontaneous cyclodehydration to give the furan
derivatives quantitatively (Eq. 28). (155)

Cl Cl

ey hv R,

2 1 @ I:H - o ﬁ (805 )

! N o~ “cocH, M @/C N7
OPr-i OPr-i
N
D G (28)
HBr, AcOH
- =
100"

Indoles can be synthesized by the reaction of o-amino haloarenes with enolate
ions. The uncyclized Sgn1 substitution product is not isolated (see Ring
Closure Reactions). However, when the amino group is protected as the
pivaloyl derivative, aminoiodopyridines react with the enolate ions of acetone
or pinacolone to give substitution products in yields ranging from 90 to 98%
(Eqg. 29). (139) Hydrolysis of the pivaloyl moiety, cyclization, and dehydration



are simultaneously achieved under acidic conditions to afford 7-, 6- and
5-azaindoles in almost quantitative yields. (139)

I
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Isocoumarins and benzazepines are some of the interesting compounds
synthesized by the Sgn1 reaction. For example, the reaction of
o-bromobenzoic acid and its derivatives 10 with the anion of acetone can be
used as a synthetic route to esters of type 11 and isocoumarin 12 by treatment
of the substitution product with diazomethane or acids, respectively (Eq. 30).
(168)

MeO CO-H -CH,COMe MeO CO-H
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OMe OMe
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Benzazepines can be obtained through the photoinitiated reaction of
(o-iodophenyl)acetic acid derivatives with different enolate ions in 50-60%
yields (Eqg. 31). (149)
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3.5. Carbanions from Esters and Carboxylate lons

o -Arylacetic esters can be obtained through the reaction of aryl and heteroaryl
halides with tert-butyl acetate ions. The reaction can be initiated by light (135,
169, 170) or Fe*? ions. (76) Arylation and diarylation products are formed in
yields that depend on the carbanion:substrate ratio. Arylation is favored under
Fe*? initiation with a six-fold excess of nucleophile. (76) In most cases,
tert-butyl acetoacetate is also formed (10-15%). In these reactions, the acids
are generally obtained by hydrolysis with aqueous p-toluenesulfonic acid (Eq.
32). (76)

I CO,H

{ { 1. FeSO4, NH;
/' N\ 4 -CH,COBu- : TLDH4 NﬂH- e / \ 739 32
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Bromobenzene and electron-rich substrates react sluggishly, and use of a full
equivalent of FeSQO, is necessary to achieve complete reaction in a reasonable
time. (76) Other nucleophiles reported to react under photoinitiation are the
anions of ethyl phenylacetate (167, 169) and methyl diphenylacetate. (167)
With these anions, substitution of halopyridines (169) and disubstitution of
dihalopyridines (167) can be achieved (Eq. 33).

s . v =
| + CH(Ph)CO.Et —» | _ (84%)
- NH, Et0.C - COsEt (33)
Br N Br N
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Low yields of substitution products are obtained with anions of tertiary esters
that bear B hydrogens. In these reactions, reductive dehalogenation of the
substrates competes with the substitution reaction. (135, 170)

The only example known of carbanions from carboxylate ions is the reaction of
dianion 13, formed when phenylacetic acid is treated with amide ions in liquid
ammonia. This dianion, when irradiated in the presence of haloarenes, can
afford products of p-arylation and a -arylation depending on the counterion
used. For example, with potassium as counterion, only p-arylation occurs (Eg.
34), but with lithium only a -arylation is observed, and with sodium both
products are formed in comparable yields. (140)

KCHCO:K O
W AN N

CO,H

3.6. Carbanions from N,N-Disubstituted Amides and Thioamides

The anions from acetamide and N-methylacetamide are unreactive toward aryl
halides under Sgn1 conditions. (171) However, the carbanions of
N,N-disubstituted amides react with certain aromatic halides in liqguid ammonia
under light (98, 164, 171-173) or Fe*? initiation (76) to form the expected a
-arylated cmounds in good yield. The insolubility of the potassium salt of
N-acetylpiperidine in liquid ammonia prevents its satisfactory reaction. (171) A
series of N,N-dimethyl a -aryl and a, a -diarylacetamides, some of them
herbicides, can be prepared by this procedure. In these reactions, the
monoarylated compound is favored when the nucleophile:substrate ratio is
10-15. (98, 164) Under these conditions, 9-bromo-anthracene reacts with the
anion of N,N-dimethylacetamide to give the arylated compound in 70% yield
(Eqg. 35). (164) The arylated and diarylated compounds (66% and 12% yields
respectively) are formed with a nucleophile:substrate ratio of 5. (98) When the
ratio is 2, diarylation becomes more important. (98)

CONMe-
Br =

fiv (35)
3



The synthesis of a -arylpropanamides is possible when the product anion is
qguenched by methyl iodide after irradiation. (164, 76) Unsymmetrical a , a
-diaryl amides can be formed by reaction of aryl halides with the anion of the a

-aryl-N,N-dimethylacetamides, as shown in Eq. 36. (98)
‘ i‘l(

‘ fiv
+ "CH(Ph)CONMe, ——= (52%)
NH; (36)
CONMe;

Ph

Br

When an electron-withdrawing group is attached to the aryl halide, most
reactions take place by a benzyne mechanism to yield substituted anilines.
However, the reaction of p-halobenzonitriles (X = Cl, Br, I) with
N,N-dimethylacetamide ion with an excess of potassium metal provides high
yields (68—98%) of the substitution compound uncontaminated by benzyne
products. (98)

Disubstitution is possible by reaction of the anion of N-acetylmorpholine with
p-diiodo- and p-chloroiodobenzene in the presence of FeSO., and
fluoroiodobengenes react as usual to give monosubstitution with retention of
fluorine. (7@Z

Lactam nucleophiles, such as the anion of 1-methyl-2-pyrrolidinone, react with
aryl halides under irradiation. (172) When the reaction with 1-iodonaphthalene

is quenched with methyl iodide, the 3-(1-naphthyl)-3-methyl product is
obtained (Eq. 37). (172)
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An interesting example of stereoselective coupling of an aromatic radical with



a nucleophile is found in the reaction of 1-iodonaphthalene with an imide ion
containing a chiral auxiliary. In this reaction, the diastereomeric isomers of the
substitution compound are formed. (173) The selectivity in this reaction is
highly dependent on the metal counterion used. All the ions studied [Li, Na, K,
Cs, Ti(IV)] are selective, but the highest stereoselection is reached with Li at
low temperature (—78°) and with Ti(IV) (ca. 99%). (173)

Recently, it has been reported that the anion from N-acetylthiomorpholine
reacts with aryl iodides in dimethyl sulfoxide under irradiation or Fe?* initiation
to give good substitution yields (60-87%). (78)

3.7. Carbanions from Nitriles

The main feature of nitrile nucleophiles is that, depending on the aromatic
substrate involved, two different outcomes of the substitution reaction are
possible: formation of the substitution compound or formation of products from
elimination pfghe cyano group as is the case with phenyl halides (42, 43) and
halothiophér€s. (174) The a -arylated nitrile is formed exclusively by reaction
of the anion with compounds that have a p * molecular orbital of low energy to
stabilize the radical anion intermediate of the substitution product as in the
reaction of halogen derivatives of naphthalene, benzophenone, quinoline,
pyridine, phenanthrene, and biphenyl with acetonitrile, (45-47, 134) and of
naphthalene and biphenyl with propionitrile anions. (66, 175, 176) The
products with the latter nucleophile give a -arylpropionic acids in excellent yield
on hydrolysis. 2-Phenylbutyronitrile (167) and phenylacetonitrile (134, 177)
also react by the Sgnl mechanism. The nitriles formed in the reaction of the
latter nucleophile with halopyridines and haloquinolines can undergo oxidative
decyanation under phase transfer catalytic conditions to afford phenyl
heteroaryl ketones in excellent yield (Eq. 39). (177)
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3.8. B -dicarbonyl and Related Carbanions

1,3-Dianions from  -dicarbonyl compounds are suitable nucleophiles and
react quite well at the terminal carbon under photoinitiation. For example,
arylation at C; of the dianion of 2,4-pentanedione with 2-bromomesitylene
affords 1-mesityl-2,4-pentanedione in 82% vyield. (143) Dialkali salts of
benzoylacetone react with 2-chloroquinoline; the best yield of C; arylation
(71%) is obtained with Li as counterion. (178)

On the other hand, efforts to phenylate a number of monoanions of 3
-dicarbonyl compounds have been unsuccessful. (41, 135, 143) Such
monoanions do not react with 2-bromopyridine, (137) 2-chloroquinoline (142)
or 2-bromobenzamide, but they do react with more electrophilic substrates
such as halobenzonitriles, (107, 179, 180) p-bromobenzophenone, (180)
bromocyanopyridines, (107) 2-chloro-(trifluoromethyl)-pyridines, (181) and
iodoquinolines. (182) In these reactions, excellent yields of arylation products
are obtain g. 40). (107) Depending on the nucleophile used, the reaction
can be furtthe# modified, for example by basic workup, to give the product
resulting from a retro-Claisen reaction (Eq. 41). (107)

Br MeCOCHCO,E!
CN I.Aiv, NH;. 1 h
B _ 2. HCI o (40)
+ CH({COMe)CO:Et (B0%)
Br CH-CO-Et
CN CN
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1. hv, NHs. 1 h
2. NH,CI

= || + | (77%)



(E)-Arylazo phenyl sulfides and (Z)-arylazo tert-butyl sulfides are also good
substrates for these nucleophiles in dimethyl sulfoxide. (59) In the reactions
with the potassium monoanion of 2,4-pentanedione, good yields of
3-aryl-2,4-pentanediones are obtained when electron-withdrawing groups are
present in the aryl moiety (Eq. 42). (59, 183)

MeCO_ _COMe
N,SPh

SHC Sun lamp s (42)
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3.9. Carboxylation Reactions

Cobalt carbonyl species allow the catalytic carboxylation of aryl halides
through a proposed Sgn1 process. (184, 185) For example, in the reaction of
substituted phenyl bromides and iodobenzene with the species CoCRACO

( NaH/tert-Amyl-ONa/Co(OAc),/ CO) in the presence of carbon monoxide at
atmospheric pressure, the corresponding benzoic acid and ester derivatives
are generally formed. (186, 187) When amines are present in the reaction
media, they compete efficiently with the alkoxide ion to yield benzamides. (186)
Among theﬂvents used (THF, DME, DMF, anisole, benzene), THF gives the
best resultd=

Cobalt carbonyl-catalyzed carboxylation is also possible with Co,(CO)s under
phase-transfer catalysis conditions provided that the reaction mixture is
irradiated (Eq. 43). (188, 189) Similar yields of carboxylation products are
obtained with

. hv, C¢Hg. Hy0, NaOH,

- 5 A | .
N H,U

350-nm lamps as with a sunlamp. (189) Tetrabutylammonium bromide is used
as the phase transfer catalyst since benzyltriethylammonium chloride is
carbonylated under the reaction conditions. (188, 190) Carboxylation does not
occur with chlorobenzene, a fact that is used to perform the selective
carboxylation of p-chlorobromobenzene to p-chlorobenzoic acid. (188, 189)




However, a good yield of carboxylation both at the benzylic and the aromatic
sites of compound 14 is reported to afford product 15 (Eq. 44). (190)

I. Sunlamp, H,O, NaOH,
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Cl HO,C
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14 15

Cobalt carbonyl-catalyzed polycarboxylation of the less reactive
polychlorobenzenes can be achieved under photoinitiation in agueous NaOH
under pressurized carbon monoxide (2 atm) in the absence of an organic
solvent and a phase-transfer catalyst. (191) Polycarboxylations of aryl
chlorides situated meta orpara to another halogen atom (X = Cl, Br) or carboxy
group are successful under these conditions (Eq. 45). (191) The reaction with
o-dichloro compounds can be easily achieved in NaOMe/MeOH ( CO, 2 atm)
but probably through a different mechanism. (192, 193)

cl CO-H
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When the reactions are performed with Co(OAc),, not only halides bearing an
electron-withdrawing group, but also simple chlorides are carboxylated. (194)
When the aryl halide bears an electron-releasing group, the reaction is less
effective. (194)

Carboxylation of aryl halides can also be achieved in the presence of a mixture
of Fe(CO)s and Co,(CO)s. (195, 196) When the reaction is performed in the
absence of Co(CO)s, benzophenone is the major product, given adequate
H.O /benzene and iodobenzene/ Fe(CO)s ratios as well as NaOH
concentration. (197-200)

3.10. Phenoxide and Related lons

Phenoxide and substituted phenoxide ions, mainly di-tert-butyl-substituted
phenoxides and 1- and 2-naphthoxide ions, react with aromatic substrates
under Sgy1 conditions. These anions couple with radicals at carbon. This
reaction is an important route to biaryls unsymmetrically substituted by



electron-withdrawing groups and electron-donor groups, as well as to cyclic
compounds. The best yields of arylation and heteroarylation are obtained with
aryl halides that have electron-withdrawing groups ortho or para to the leaving
group and with phenoxide anions substituted by electron-donating groups.

The 2,6- and 2,4-di-tert-butyl phenoxide ions have the advantage that the
tert-butyl groups block two of the three possible coupling positions, thus
leading to the selective synthesis of either the ortho or the para isomer. The
tert-butyl substituents can be easily removed later by transalkylation. (201, 202)
Phenoxide anions are known to react under electrochemical conditions, (84,
85, 202-208) usually in the presence of a redox mediator (Eq. 46), or under
irradiation. (105, 181, 209) Monosubstitution of p-dichlorobenzene (85, 210) as
well as the 2,5- and 3,5-dichloropyridines (85) with 2,6-di-tert-butyl phenoxide
can be achieved electrochemically.
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The 1- and 2-naphthoxide ions react with aryl halides under light (105, 211,
212) or electrochemical initiation. (213) In the reaction of 1-naphthoxide ions, a
mixture of 2- and 4-monosubstituted products together with 2,4-disubstituted
compounds are formed under irradiation in liquid ammonia. (105, 211) Only
4-substitution is obtained (50-85%) with the 2-methyl or 2-tert-butyl derivatives
of the anion, (211, 213) whereas with 4-methoxy-1-naphthoxide anion, the
2-substitution and 4-addition compounds can be formed depending on the
solvent used. (211) 2-Naphthoxide ions react to give substitution at C; (Eq. 47).
(181, 209, 212, 214) The reactivity of the naphthoxide system allows the
synthesis of hydroxy derivatives of naphthylquinolines and
naphthylisoquinolines via a coupling reaction with haloquinolines (Eg. 48).
(215) Another option is the reaction of iodonaphthalenes with the anion of
hydroxyquinolines, but this occurs in lower yield (15-51%). (215)
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The reaction of aryldiazo phenyl sulfides and aryldiazo tert-butyl sulfides with
aromatic alkoxides in dimethyl sulfoxide gives moderate to good yields of
substitution products. (216, 217) The absence of electron-withdrawing groups
on the aromatic ring of the azo compounds hampers the arylation process,
although yields increase again when the base strength of the nucleophile is
increased. (217)

3.11. Cyanide and Nitronate lons

The cyanidp gnion is one of the less reactive nucleophiles toward aromatic
radicals andthus shows low reactivity under Sgn1 conditions. (86, 87, 218)
Even so, it reacts under controlled potential scale electrolysis with
4-bromobenzophenone (95% substitution), but it fails to react under similar
conditions with 1-bromonaphthalene. (88) The recommended substrates to be
employed with cyanide ion are diazosulfide derivatives, which by reaction with
excess tetrabutylammonium cyanide in dimethyl sulfoxide under irradiation or
electrode initiation give nitriles and phenyl aryl sulfides (Eq. 49). (114, 115, 219)

The yields of nitriles can be improved with higher cyanide/diazosulfide ratios.
(114) When the aryldiazo substrate has bromine or chlorine as a substituent,
the introduction of two cyano groups is achieved with satisfactory results. (115,
127)
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Nitronate anions are poor reaction partners because of fragmentation
reactions of the radical anion intermediate of the substitution product. (40, 41)
For example, whereas 4-isopropylbenzophenone (50%) and benzophenone
(26%) are formed in the reaction of 2-nitropropane anion with
4-bromobenzophenone under electrochemical initiation, benzene (71-96%) is
the main product in the reaction with iodobenzene. (40)

3.12. Other Carbanions

Picolyl anions can be used as nucleophiles of the Sgn1 reaction (Eq. 50). (134,
220) In their reactions with bromobenzene and iodobenzene, benzyne and
Srnl processes are formed competitively. (220)

By R L X X
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Other carbanions from alkyl-substituted oxazolines and thiazoles are also
known to react. Thus, the carbanion from 2,4,4-trimethyl-2-oxazoline is
phenylated (56%) and diphenylated (28%) by iodobenzene under light
initiation. (169) With bromomesitylene, monoarylation prevails (Eq. 51). (169)
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3.13. Nucleophiles from Tin
Although reactions of triorganostannyl ions with haloarenes are known, there
are few reports concerning their mechanism. (221, 222) Recently it has been



proposed that aryl chlorides react with trimethylstannyl anions through the
Srnl mechanism to give the substitution compounds in high yield (88—100%).
(223) Disubstitution is achieved with p-dichlorobenzene (Eg. 52). (223) On the
other hand, bromo and iodo arenes are not recommended because they react
with trimethylstannyl ions by a halogen metal exchange reaction to give
dehalogenated products. (223)

Different behavior is observed with the triphenylstannyl anion. The substitution
products are formed (62—80% yield) in the photoinitiated reaction of this

Cl . SnMes
/@/ . SaMe, # /©/ (88%) (52)
Cl ’ Me;Sn

anion with p-chloro- and p-bromotoluenes, 1-chloro- and
1-bromonaphthalenes, and 2-chloroquinoline in liquid ammonia. (223) On the
other hand, with aryl iodides reduction to arenes by a halogen metal exchange
reaction predominates. (223)

Other nucleophiles derived from tin can be prepared by Sn-alkyl bond
fragmentation from a tetralkyltin compound. Thus, p-anisyltrimethyltin (16)
reacts selectively with sodium metal in liquid ammonia to afford nucleophile 17,
which reacts with p-chlorotoluene upon irradiation to give unsymmetrical
dimethyldiaryltin 18 in high yield. (224)

[]

Cl
SnMe; Snhdes Me. /Mu
Sn
1. Na (53)
2. -BuOH Ay o
el)
OMe OMe {100%%)
16 17 18

Arylated product 18 can also be obtained by a one-pot reaction starting from
trimethylstannyl ions and p-chloroanisole, which gives intermediate 16 upon
irradiation. This compound is treated without isolation with sodium metal to
form nucleophile 17, which by photoinitiated reaction with p-chlorotoluene
affords 18 (89%) in a one-pot reaction. (224)



3.14. Nucleophiles from Nitrogen

Amide ions are the simplest nitrogen nucleophiles that can react through the
Srnl process, and the possibility of a benzyne mechanism can be avoided by
reaction in the presence of excess solvated electrons. For example, the
reaction of amide ions with o-haloanisoles (X = I,Br) in the presence of excess
potassium metal provides only o-anisidine uncontaminated by the meta isomer.
(4) Aniline (73%) can be obtained by the potassium metal-initiated reaction of
potassium amide with phenyl diethyl phosphate in liquid ammonia. (225) The
photoinitiated reaction of amide anion with 2-bromomesitylene, in which the
benzyne mechanism is precluded, affords 2-aminomesitylene and mesitylene
in 70% and 6% yields, respectively. (126) 2-Bromopyridine fails to react under
irradiation. (47)

In the reaction of aryl halides with the anions of aromatic amines, coupling at
carbon instead of at nitrogen usually takes place. For example,
2-naphthylamide ions react under irradiation with aryl iodides to render mainly
the 1-aryl-2-naphthylamines (45-63%) (Eq. 54). (226)
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Arylpyrroles, arylindoles, and arylimidazoles can be synthesized
electrochemically under Sgn1 conditions by reaction of pyrrolyl, indolyl, or
imidazolyl anions in liquid ammonia. (227-229) For instance, the
electrochemically initiated reaction of pyrrolyl anion with 4-chloropyridine in the
presence of a redox mediator provides the 2-substituted product together with
small yields of the 3-substituted isomer (Eg. 55). (227)
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With the anion from 2,5-dimethylpyrrole, the product corresponding to coupling
at C-3 is obtained in moderate yield (40%), (228) and addition products at
position 2 are also formed. (229) Substitution of the 3-position is the main path
in the reaction of indolyl anion with 4-chloropyridine and p-chlorobenzonitrile.
(227, 229)

Direct electrochemical reduction of 4-chlorobenzonitrile in the presence of
uracil anion in dimethyl sulfoxide gives nucleoside 19 (Eg. 56). (230)
Nucleosides substituted at the 5 position represent an important class of
biologically active compounds.
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3.15. Nucleophiles from Phosphorus

Aryl iodides react with diethyl phosphite anion [(EtO),PO] in liquid ammonia,
(231-234) and acetonitrile/THF (235) under photoinitiation to form diethyl aryl
phosphonates in 70-98% vyield. Aryl bromides react sluggishly, (231, 236) but
the addition of sodium iodide accelerates the photoinitiated reaction in
acetonitrile/THF (65) and in liquid ammonia. (64) Consequently, these
compounds become suitable for preparative use. The anion can also react by
Fe*? catalysis in liquid ammonia (75) but fails to react under these conditions
with iodobenzene in dimethyl sulfoxide. (77)

Substitutions of bromo- and iodoanilines, (233, 234) bromoaminonaphthalenes,
(234, 237) and bromoaminopyridines (234) offer interesting synthetic
possibilities (Eq. 57). (234) Product 20, after iodination via the diazonium salt,



gives the substrate of a second Sgy1 reaction, which affords disubstituted
compound 21 (Eg. 58). (234) Disubstitution by diethyl phosphite anion can be
achieved upon reaction with appropriate haloiodobenzenes. (231, 238, 239)

NH, NH;
=g ) - hv B .
| —1 + (EtORLPO" —— | ——P(O)OE), (75-98%) (57)
— NH; o
20
I P(O)}OMe);
X b0)OE (MeOpPO~ — . L poyoE
— ), + eO) E— - i1)s
> (ON )2 2 NH; % (ONWOEL), (58)

21
o= (60 ), m- (T0%), p- (999%)

The anions butyl phenylphosphinate [PhP(OBu)O, (72) O,O-diethyl
thiophosphite [(EtO).PS™], (72) N,N,N’,N'-tetramethylphosphonamide
[(Me2N).PO7]. (72) and dibenzylphosphinite [(PhCH2).PO] (240) can also be
used as nu philes. Reactions of the first two anions with iodobenzene occur
in nearly quantitative yield. (72) Another nucleophile that reacts with different
aryl halides is diphenylphosphide ion, which gives aryldiphenylphosphines,
generally isolable as the oxides. (71, 240) This nucleophile reacts in the dark
with p-iodotoluene in liquid ammonia and in dimethyl sulfoxide (89% and 78%,
respectively). (71) Reaction of the anion with 1-chloronaphthalene and
2-chloroquinoline affords substitution products (83% and 96%, respectively)
when initiated by Na(Hg). (102) Initiation by sonication under pressurized liquid
ammonia is also possible. (241)

Another route to symmetrical and unsymmetrical triarylphosphine oxides is the
reaction of elemental phosphorus with sodium metal in liquid ammonia which
affords a “P®~” species that reacts with phenyl halides under irradiation to form
triphenylphosphine oxide in fair to good yield after oxidation. (242) When the
triphenylphosphine thus formed is further treated with sodium metal, it gives a
diphenylphosphide ion, which reacts with p-bromoanisole to form the
unsymmetrical phosphine oxide (55%) in a one-pot reaction (Eq. 59). (242)
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3.16. Nucleophiles from Arsenic and Antimony

As in the case of phosphorus, the reaction of elemental arsenic (or antimony)
with sodium metal in liquid ammonia forms an “As®~” (or “Sb®~”) species that
reacts with chloro- or bromobenzene under irradiation to form triphenylarsine
(or triphenylstibine) in fair to good yield. (242) Diphenylarsenide ions react in
liquid ammonia under photoinitiation with p-halotoluenes to afford four
products: triphenylarsine, p-tolyldiphenylarsine, di-p-tolylphenylarsine, and
tri-p-tolylarsine. (118) Similar product distributions are obtained in reactions
with p-haloanisoles, (118) 1-bromonaphthalene, (119) and
9-bromophenanthrene. (119) This product distribution is explained on the
basis of the fragmentation reaction of the radical anion intermediates. (118,
119) Unsymmetrical aryldiphenylarsines can be prepared by reaction of
diphenylarsenide ions with 2-chloroquinoline (119) and 4-chlorobenzophenone
(118) WithoEI;craminng of the aryl rings (Eq. 60).

Cl e AsPh;
Q L O 100%) (50)
PhCO PhC(

The diphenylstibine ion reacts under photoinitiation to afford scrambled
products even with 4-chlorobenzophenone. (119)

3.17. Nucleophiles from Sulfur

3.17.1. Alkanethiolate lons

The photoinitiated reaction of iodobenzene with ethanethiolate ion in liquid
ammonia affords not only ethyl phenyl sulfide but also benzenethiolate ion,
trapped as the benzyl derivative, and diphenyl sulfide (Eqg. 61). (160) This
product distribution is attributed to fragmentation of the radical anion



intermediate at the S-C alkyl bond. This reaction competes with the electron
transfer step that leads to the substitution product.

1. frv, NH;

Phl + EIS™ ———=—=  PhSBn (44%) + PhSEt (30%) + PhyS (3%) (61)

However, straightforward substitution takes place in the reaction of the
ethanethiolate anion with bromobenzenes substituted by electron-withdrawing
groups (70-95% yield), (49) halopyridines, even in the presence of
electron-releasing groups (35-87%), (49) and 2-chloroquinoline (85%). (49)

A variable pattern of substitution relative to fragmentation is also observed with
the anions from methanethiol, (48, 88, 243) n- (45, 48) and tert-butylthiol, (48,
88, 89) benzyl mercaptan, (48, 49, 244) ethyl 3-mercaptopropionate
[EtO,C(CH,).SH], (49, 244) and ethyl mercaptoacetate (EtO,CCH,SH), (49)
depending on the substrate involved.

Straightforward substitution is achieved by reaction of the anion of
mercaptoethanol [HO(CH),S] with different aryl halides. (45, 49, 139, 245)
Thiazine and benzo[e]- and benzo[g]thiazines can be synthesized from the
substitution product obtained with o-aminobromo compounds, after
replacement of the hydroxy group by chloride (Eq. 62). (233, 234, 237)

[]

OH
Br g7

NH, ‘o NH;
S(CH),0H —Y =
% Dkl NH: ,_/'
(BRI
s/\

NH
1. PCls, CHoClo, (0.5 f:___ (78%)
2. K;C05, DMF,

reflux overnight

(62)

Polymethylenedisulfides can be obtained by reaction of 1- or
2-halonaphthalenes (X = Br, 1) with the dianions “S(CH,),S™(n = 2—4) (Eq. 63).
(246)
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3.17.2. Arene- and Heteroarenethiolate lons

Aryl iodides react with benzenethiolate ions in liquid ammonia under irradiation
to afford aryl phenyl sulfides in good yields. (160, 247) The reaction with
different bromo-, chloro- and iodoaryl derivatives can be achieved under
photo- or thermal initiation (usually in dimethyl sulfoxide, DMF, or acetonitrile)
(248-253) or under electrochemical initiation, (40, 88, 254-260) as well as by
reaction of arenediazonium tetrafluoroborates in dimethyl sulfoxide at room
temperature. (127, 261, 262)

2-Chloropyridines bearing a CF3 substituent exhibit good reactivity toward a
number of heteroarenethiolate ions in liquid ammonia under irradiation. (245)
The synthesis of unsymmetrical disubstituted phenyl, naphthyl, and pyridyl
derivatives is possible in this solvent through the reaction of haloarylamino
compounds with heteroarenethiolate ions. This affords the substituted
arylamine 22 (Eq. 64). (234) Compound 22, after iodination via the diazonium
salt, gives product 23 which is the substrate of a second Sgn1 process that
ultimately ﬂds the unsymmetrical disubstitution product 24 (Eg. 65). (234)
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Disubstitution by the same sulfur nucleophile can be achieved under light or
electrode stimulation with appropriate dihaloarenes (85, 263, 264) or with
phenyldiazonium salts bearing a halogen in the benzene ring. (127, 262)

Trisubstituted phenyl, naphthyl, and pyridyl rings can be obtained by Sgn1
substitution of a haloarylamino- or haloheteroarylamino compound.
Halogenation of the product affords the substrate of a second Sgy1 process
which is followed by replacement of the amino group by halogen in order to
obtain the substrate of a third Sgy1 substitution. Compounds of type 25, 26,
and 27 are obtained by this procedure. (234)

N"/;] | =
~ N OH

(EtO)5(O)P. S N
| ——P(O)OE), \@[ ——P(O)(OEt),
o S =

Y

| =3 N N | =3
/ M —
25 26 27

The protected p-mercaptophenylalanine methyl ester ion can be coupled with
a variety offioglinated aryl amino acid derivatives. (265) For example,
diiodotyrosifie methyl ether gives disubstitution products in excellent yields (Eq.
66). (265) The

OMe g OMe
| | s S
frv \©\
+ —h—
R
CO-Me R CO-Me
NHBoc MNHBoc
R=H (=005
R = CH,CH(NHBoc)CO-Me (=95%%)

phenylalanine derivatives do not racemize under these conditions. On the
other hand, the substrate and product racemize rapidly in the reaction of
N-Boc protected (3,5-diiodo-4-methoxyphenyl) glycine methyl ester with



benzenethiolate anion in liquid ammonia at — 33°. Racemization can be
avoided by use of the unprotected amino acid. (265)

3.17.3. Thiocarboxylate lons

The reaction of arenediazonium tetrafluoroborates with potassium thioacetate
(34) or sodium thiobenzoate ions (266) in dimethyl sulfoxide leads to aryl
thioesters, which can either be isolated (Eqg. 67) or react further, providing a
convenient one-pot access to other aromatic sulfur derivatives. (267)

N3+BF4_ SCOPh

DMSO (67)
‘G + Phcos —2MS0_ ‘G 0

3.18. Nucleophiles from Selenium and Tellurium

3.18.1. Selenide and Telluride lons

Na,Se , formed by reaction of selenium metal with sodium metal in liquid
ammonia, reacts under irradiation with iodobenzene to give diphenyl selenide
(12%) and diphenyl diselenide (78%), after oxidation of the
benzeneselenenate ions formed as products. (268) However, if sodium metal
is added after irradiation, benzeneselenenate ion is the only product formed.
This is isolated by oxidation to diphenyl diselenide (Eq. 68), or trapped with
methyl iodimo give methyl phenyl selenide (Eq. 69). (268) This is a

convenient te either
o frv [
Phl + 5S¢ ——= PhSePh + PhSe ———= PhSeSePh (92%) (68)
Na
" fv Mel
Phl + Se== —— PhSePh + PhSe — PhSeMe (67%) (69)

MNa

to the areneselenenate nucleophiles used to synthesize diaryl selenides by
Srn1 reaction with aryl halides, or to diaryl diselenides used as precursors of
the areneselenenate nucleophiles.

Alkali metals react directly with elemental selenium or tellurium in polar aprotic
solvents to give, depending on their relative concentration, MyZ; or MyZ(Z = Se,
Te) thus avoiding the use of liquid ammonia. (269-272) The Na,Te can also be



prepared from tellurium and Rongalite ( HOCH,SO;Na ) in dilute aqueous
alkali and from tellurium and sodium hydride in dry DMF. (273-275) The
nucleophiles formed by any of these procedures undergo a direct thermal
substitution reaction with aryl halides. There is not enough mechanistic
evidence to confirm the existence of an Sgny1 process in these reactions.

Another approach to diaryl diselenides or ditellurides is the reaction of an aryl

halide with the nucleophiles z22_(2 = Se, Te) electrogenerated from the
elements by using sacrificial Z electrodes in acetonitrile (Eq. 70). (276, 277)

m o glbbids m fj@
+ 2.3 = —_—
= CN =< S
N~ I Ii;[ N~ ~z—z7 N
CN L =8¢ (70%)

L=Te (50%)

(70)

An improvement in this technique is the use of an undivided cell equipped with
a Mg sacrificial anode, with addition of fluoride ions to avoid precipitation of the
Z,Mg. (257, 278, 279) Under these conditions, 2-chloroquinoline reacts with
Sei~ions to give substitution product in 79% yield. Other diselenides can also
be prepared by this methodology (Eq. 71). (278) The yields with Tei"are

lower.
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3.18.2. Benzeneselenenate and Benzenetellurate lons



These anions, formed by deprotonation of their conjugated acids or by any of
the previously mentioned methods, react with aryl halides under photoinitiation
in liquid ammonia. Straightforward and scrambled products are obtained with
both nucleophiles depending on the substrate employed. (120, 122) The
degree of fragmentation is lower with benzeneselenenate ions. Disubstitution
is obtained in the photoinitiated reaction of p-bromoiodobenzene with
benzeneselenenate ions (Eq. 72), (122) whereas lower yields (40%) are
obtained with benzenetellurate ions. (122)

Br | SePh
w
/©/ + 2PhSe ——»= /©/ (70%) (72)
NH;
| PhSe

Bromobenzophenones, (280, 281) bromo- (282, 283) or chlorobenzonitriles,
(257, 281, 282, 284) and other aryl bromides and dibromides (285) react with
benzenetellurate or benzeneselenenate ions prepared by electrochemical
reduction of diphenyl diselenide or ditelluride in acetonitrile by direct or
mediated cathodic reduction.

3.19. Ring Closure Reactions

3.19.1. Si,1 Substitution Followed by a Ring Closure Reaction Involving
an Ortho Substituent

In this field important example of substitution followed by spontaneous ring
closure is thedsynthesis of substituted indoles by the photoinitiated reaction of
o-iodo- and o-bromoanilines with carbanions from ketones in liquid ammonia
(Eqg. 73). (106, 286) This reaction can also be initiated electrochemically (287)
or by Fe?* ions. (75)

I
v, NH5 N (100%)
— i
“CH.COMe O (73)
NH NH N

o

% 2 H

When the reaction is performed with the enolate ions derived from pyruvic
aldehyde dimethyl acetal [MeCOCH(OMe),] or 2,3-butanedione dimethyl
acetal [MeCOC(OMe),;Me], 2-formyl- and 2-acetylindoles are formed in 45%
and 55% yield, respectively, after hydrolysis of the corresponding dimethyl
acetals. (106) The formyl group is oxidized to the acid by contact with air. This
reaction is recommended for the synthesis of 2-carboxyindoles. (237) When



the reaction of o-iodoaniline is performed with the enolate ion of an aldehyde,
3-substituted indoles are obtained. (106) The yields (26—75%) are lower than
with enolate ions from aliphatic ketones. Benzo[e]- and benzo[g]indoles can be
synthesized through the reaction of 1-bromo-2-amino- or
1-amino-2-bromonaphthalene with the anions of pinacolone (67% and 82%
yields of cyclization, respectively). (237) o-Haloaminopyridines react with
carbanions to afford azaindoles. (139, 146, 148, 288)

The Sgrn1 mechanism can be a route to thienopyridines by reaction of the
anion of ethyl mercaptoacetate (EtO,CCH,SH) with 2-bromo-3-cyanopyridine
(Eqg. 74). (49)

NH-

‘N CN

| S hv. NH; | " | X\
R — -E
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N~ TBr N~ 7§87 TCOsE N~ S
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Isocarbostyrils 28 are accessible by the reaction of o-bromo- or
o-iodobenzamides with carbanions (Eq. 75). (147)

Br

. 3
|:| hv, NH; (004>
“CH;COMe NH (75)

CONH,

The yields in the cyclization are better when the benzamides are not
N-methylated. The N-alkylated isocarbostyrils can be obtained by
phase-transfer alkylation of product 28. (168) The reaction of substituted
o-iodobenzamides and the enolate ion from 2-acetylhomoveratric acid leads to
key tricyclic compounds that can be easily converted into either the berberine
or benzo[c]phenanthridine ring systems (Eq. 76). (289)
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Compounds of the isoquinoline family can also be obtained through the Sgy1
reaction. The substitution product formed in the irradiated reaction of
o-iodobenzylamine with ketone enolate ions cyclizes spontaneously to give an
intermediate product that affords isoquinolines by Pd/C dehydrogenation or
tetrahydroisoquinolines by reduction with NaBH4 (Eq. 77). (290, 291)
11,12-Dihydrobenzo[c]phenanthridines

' D “CH,COMe COMe
—_—
NH, v, NH4 NH,
NaBH, @j )
B,
NH
\ T
L (1005
N

and phenanthridones are obtained by reaction of tetralone enolate ion with
o-iodobenzylamines and o-iodobenzoic acids, respectively. (292)

2,2¢-Binaphthyls can be obtained directly through the reaction of the enolate
ion of 2-naphthyl methyl ketone with o-bromoacetophenone under irradiation in
liquid ammonia or dimethyl sulfoxide (Eq. 78). (158, 293) Unsymmetrically
substituted

(76)
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binaphthyls can also be synthesized by this procedure. (158)
Naphthylquinolines and naphthylisoquinolines can be obtained by reaction of
the anions of 2-naphthyl and 3-naphthyl methyl ketones with appropriate
ortho-substituted aryl halides. (215)

The reaction of phenoxides with o-substituted aryldiazo sulfides is an
important route to the benzopyranone family. The dibenzo[b,d]pyran-6-one
skeleton of benzocoumarins and related compounds can be obtained via a
rather straightforward two-step route by 2-cyanoarylation of a phenol in
dimethyl sulfoxide, followed by lactonization under very mild conditions. There
is no need to isolate the intermediate hydroxy biaryl (Eq. 79). (294)

NO, NO>
NO,

N2S5Ph
v
— -
@E DMSO

Si0),
CH-Cl,

Another approach to the same type of compound is the ortho-arylation of
substituted phenoxide ions by o-bromobenzonitriles followed by
SiO,-catalyzed lactonization. (214) The phenoxide ions of the amino acids
tyrosine or p-hydroxyphenylglycine can be used. (S)-Tyrosine, protected as
the N,O-diacetyl methyl ester, does not racemize under the standard Sgn1
conditions under which the

(78)

(59%) (79)
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O-acetyl group is readily removed to afford the phenoxide nucleophile (Eqg. 80).
Racemic dibenzopyranones are obtained by reaction with the anion from the
N-acetyl methyl ester of (R)-hydroxyphenylglycine. (214) The oxazolidine
derivative of (R)-p-hydroxyphenylglycine does not racemize in the reaction
media. (214) The reaction of 2-naphthoxide ion with o-bromobenzonitrile is a
route to benzonaphthopyranone. (214)

Another route to five- and six-membered ring benzolactams and
benzolactones is the carboxylation under phase-transfer catalysis conditions
of aryl halides bearing amino or hydroxy groups on a side chain a to the
halogen. (189)

I. Sunlamp, NaOH, CgHg. H20, o

B
]‘D BusN*Br, Cos(CO}y 05 (81)
- 590
OH 2. H,Ot 2R

3.19.2. Intramolecular Sgy1 Reactions

One of the first reports of an intramolecular Sgn1 reaction is the synthesis of
cephalotaxinone (30). The iodoketone 29 cyclizes in liquid ammonia with
excess potassium amide under sodium or potassium metal initiation to afford
product 30 in 45% vyield. The yield increases to 94% when the reaction is
initiated by light (Eq. 82). (295-297) The studies of this

(80)
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system were extended to other analogs in order to determine the ring size
preferences in the cyclizations and the regioselectivity with ketones that can
give two enolate ions. For systems in which only the terminal enolate is
possible, the degree of cyclization is high, but decreases as the number of
methylene groups a to the ketone functionality increases. (135, 170)

Cyclization of N-acyl and N-alkyl-N-acyl-o-haloanilines to afford oxindoles can
be achieved in the presence of lithium diisopropylamide in THF or potassium
amide in liquid ammonia (Eg. 83). (298, 299)

Cl
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@i THF N (83)
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N-Methyl a , B -unsaturated anilides undergo intramolecular arylation
exclusively at the a position to afford 3-alkylideneoxindoles. (299) The best
results are obtained with potassium amide in liquid ammonia under
photoinitiation (Eq. 84). (299)

@cb e oo
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Photocyclization of the carbanions from
N-acyl-N-methyl-o-chlorobenzylamines formed by reaction with potassium

H N (949%)
. j (82)



amide in liqguid ammonia gives 1,4-dihydro-3-(2H)-isoquinolinones in fair to
good yield (Eqg. 85). (299) The corresponding N-trimethylsilylamide serves as
precursor to N-unsubstituted isoquinolines, which are not accessible by direct
photocyclization. (299)
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L

An intramolecular Sgn1 reaction is the key step in the synthesis of several
precursors of alkaloids (300-304) such as the azaphenanthrene alkaloid
eupoulauramine shown in Eq. 86. (300)
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3.19.3. Miscellaneous Ring Closure Reactions

Another approach to ring-closed products is the reaction of a substrate bearing
two leaving groups with a dinucleophile having the required geometry. For
instance, o-diiodobenzene reacts under irradiation with 3,4-toluenedithiolate
ion in liguid ammonia to afford 2-methylthianthrene in good yields (Eq. 87).
(305)
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The synthesis of meta- and para-cyclophanes is achieved through the reaction
of m- or p-dibromobenzene with dianion 31 under irradiation in liquid ammonia,
although in low yield (Eqg. 88). (306, 307)
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In the reaction of o-dihalobenzenes with 2-naphthoxide ionO under irradiation
in liquid ammonia, mixtures of monosubstitution and cyclization products are
formed. The best yield of the latter is obtained with o-diiodobenzene and a
threefold excess of the nucleophile under dilute conditions (Eq. 89). (308) This
is an example in which a phenoxide reacts at oxygen rather than carbon
because of geometric constraints. In the reaction of 2-naphthalenethiolate ion
with o-diiodobenzene, the only compound formed is the cyclized one (Eq. 90).
(308)
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The radical probe o-(3-butenyloxy)iodobenzene reacts with different




nucleophiles such as benzenethiolate ions in liguid ammonia to give both the
cyclized and the straightforward substitution products (Eg. 91). (33)
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4. Comparison with Other Methods

It is difficult to make a detailed comparison between the Sgn1 reaction and
other methods that can be used to obtain the same products. However, an
attempt is made to present some of the most relevant unique features of the
Srn1 in comparison with other methods mainly in relation to the formation of
new carbon-carbon and carbon-heteroatom bonds and ring closure reactions.

In general, the synthetic utility of aryl halides is rather limited because of the
inertness of the carbon-halogen bond. For this reason, the attention of many
research groups has been focused on activation, cleavage, and
functionalization of the carbon-halogen bond of these compounds. In addition
to nucleophilic substitution reactions, which are limited to aryl halides with
strong electron-withdrawing substituents, the employment of transition metal
complex catalysis can be an important and efficient approach. (309-312) Other
possibilities are the complexation between aryl halides and some transition
metals (e.g., the chromium(0) tricarbonyl complexes (313)), the use of
stoichiometric amounts of transition metals, (314-317) and the substitution of
diaryl halonium salts. (318, 319)

4.1.1. Formation of C-C Bonds

The Srnl is a powerful method for arylating carbanions. The reaction is
regiospecific, is not highly sensitive to steric effects, and a number of different
substituents on the substrate are tolerated. These advantages can be
compared with the limitations of the substitution of nonactivated aryl halides
through th nzyne mechanism, which requires strong bases, in some cases
drastic conditions, and often leads to mixtures of isomers.

On the other hand, the SyAr process is possible mainly with aromatic
substrates activated by strong electron-withdrawing groups, especially in
positions ortho and para to the leaving group, and hindered by
electron-donating groups.

The Sgrn1 arylation of B -dicarbonyl compounds is possible whenever the
substrate is activated by electron-withdrawing groups such as NC-, PhCO-,
and CF3-, especially with substituted arylazo phenyl or tert-butyl sulfides to
give, in most cases, high yields of arylation. In this field, the Hurtley reaction
performed with copper halide catalysts is mostly limited to o-bromobenzoic
acids and to other compounds in which the carboxy and the leaving groups are
close to each other. (320) Even though attempts to utilize other o-haloaryl
compounds have been unsuccessful, the coupling of unactivated aryl
bromides and aryl iodides with diethyl malonate or cyanoacetate and copper
iodide has been reported. (321) The reaction can also be performed with a
palladium complex catalyst mainly with aryl iodides. (322)



Tetraphenylbismuth esters, other bismuth reagents, and aryllead
tricarboxylates (323) permit arylation of 3 -diketones starting from an arene by
replacement of hydrogen. In these reactions, the arylation agents are usually
phenyl rings without the activating groups required in the Sgy1 reaction. The
arylation of enolate ions of ketones and nitronate ions can also be performed
with these reagents. (323) Aryl halides can arylate enolate ions of ketones
under Ni (295) catalysis and can cross-couple with a -acetonitrile, acetonyl-,
and cyano-tin compounds under palladium catalysis. (310) The metal
catalyzed reactions take place mainly with aryl iodides and aryl bromides, and
few heteroaryl halides are reported to participate in these reactions.

Aryldiazo phenyl or tert-butyl sulfides are the best substrates for arylation of
cyanides. However, the reaction of aryl halides with these anions can be
performed in the presence of stoichiometric amounts of Cu(l) compounds,
(324) Ni-, (325, 326) Pd-, (327) or Co- (328) complex catalysis. The Sgy1
reaction fails to arylate alkyne anions, a reaction that occurs with the copper
salt of the anion (324) or can be catalyzed by Pd with Cul as co-catalyst. (311,
329)

The Sgn1 reaction offers the possibility of obtaining not only products of a
-arylation but also of a , a -diarylation. Another interesting advantage is the
possibility of achieving the disubstitution of aromatic rings, which occurs
mainly through the reaction of a wide family of carbon nucleophiles with
substrates bearing two leaving groups.

The transitiumetal—catalyzed carboxylation of aryl halides is an efficient and
simple method for the synthesis of various aromatic carbonyl compounds. Fe,
Co, Ni and Pd complexes are commonly used as catalysts for the
carboxylation of aryl iodides and aryl bromides. (312) The Sgn1
Co-carbonyl-carboxylation of aryl halides is an important advance in the
carboxylation of the less reactive mono-and polychloroarenes. With
appropriate reagents, the reaction can be performed in the presence of
substituents that need to be protected in reactions that proceed by other
mechanisms. Another possibility of obtaining carboxylic acids from aryl
chlorides is the one-pot electro-assisted reaction; however, polyacids are not
obtained. (330)

Aromatic nitrogen and oxygen nucleophiles react with aryl halides by Sgn1
pathways to afford hydroxy- and aminobiaryls. The reaction with phenoxide ion
is an interesting route to biaryls substituted by electron-donating and
electron-withdrawing groups. Different methods such as Ni, Pd, and other
metal catalysts have been used to obtain good yields in cross-coupling of aryl
halides to unsymmetrical biaryls. (309-311) Other possibilities are the



phenylation of phenols and different stabilized indoles with tetraphenylbismuth
esters and bismuth reagents that are among the best and most selective
reagents for ortho phenylation of phenols under basic reaction conditions. (323)
Yet there are few reports of the applications of either of the previous methods
to the direct synthesis of unsymmetrical biphenyls bearing
electron-withdrawing groups in one ring and electron donors in the other.

4.1.2. Formation of Carbon-Heteroatom Bonds

A number of different carbon-heteroatom bonds can be formed by the Sgn1
reaction. The generation of alkyl phenyl sulfides may have limitations because
of the formation of fragmentation products. The Sgn1 substitution by
benzenethiolate ions can be applied mainly to aryl iodides in liquid ammonia
under irradiation, and aryl iodides, aryl bromides and even aryl chlorides in
acetonitrile/THF, and dimethyl sulfoxide under irradiation or electrochemically.

Similar types of substitutions can be achieved by the SyAr reaction between
aryl halides with arenethiolate ions if polar aprotic solvents and elevated
temperatures are used. (331) Good results are also obtained with activated
aryl halides, but in this case side reactions can occasionally be important.
Other approaches from aryl halides are the use of the copper salt of the
arylthiolate anion as the nucleophile, (315) the alkali metal salt of the anion in
the presence of Cul, (315) or catalytic amounts of (PhsP)4Pd. (332, 333)
Conversion of Grignard reagents is another possibility. (334) However, the
recent application of the Sgn1 reaction to substitution by heteroarenethiolate
anions and the possibility of obtaining mono-, di-, and even tri-substitution with
these anio as to be particularly mentioned. The reaction is also an
important Enative to the Ziegler method where an aryldiazonium
tetrafluoroborate is used as substrate. (261, 262, 266)

In the organoselenium family, the Sgn1 reaction has the advantage of affording
areneselenenate ions by reaction of aryl halides with selenium ions formed by
treatment of selenium metal with an alkali metal in liquid ammonia. The
areneselenenate anion reacts in the presence of an aryl halide to give the
unsymmetrical or symmetrical selenenide in a one-pot reaction. Another
possibility for the areneselenenate anion is its oxidation to diaryl diselenide
compounds used to generate the nucleophile in photoinitiated or
electrochemical reactions. This sequence avoids the Grignard reaction (335)
or the use of alkyllithium reagents. (336)

A wide range of dialkyl arylphosphonates can be obtained by reaction of
unactivated aryl iodides in the presence of copper derivatives or nickel
catalysts. (337-339) Aryl bromides and aryl iodides are readily arylated by
phosphine oxides of the type Ph(alkylO)P(O)H and (alkylO),P(O)H in the
presence of Pd(PPhs)s. However, comparative studies showed that
(EtO).P(O)H/ Pd(PPh3)4 affords good results with some substrates, but fails



mainly with aryl iodides, with which good yields of substitution are obtained
under Sgn1 conditions. (235)

4.1.3. Ring Closure Reactions

Different ring sizes and different ring types such as indoles, azaindoles,
benzofurans, isocarbostyrils, isocumarones, and isoquinolines can be
obtained with the Sgn1 reaction, making difficult its comparison with other
methods. In this field, other possibilities are offered by Cu- and Pd-mediated
arylations. However, some features of the Sgnyl reactions can be mentioned
such as the easily available starting materials, the usually fast and clean
reactions, the regiospecific site of cyclization, and the possibility of achieving
cyclization when other processes, such as the benzyne mechanism, are
precluded. (299) Semmelhack and coworkers studied various cyclization
methods to obtain cephalotaxinone. (295-297) The benzyne approach leads to
12-15% cyclization; the ring closure via s-aryl nickel intermediates leads to
30-35% product, and the reaction activated by copper enolates fails to effect
the desired ring closure, whereas the photoinitiated Sgny1 reaction proceeds in
94% yield. (296) The last has been successfully applied as the key cyclization
step in synthesis of a number of alkaloids such as eupolauramine, (300)
tortuosamine, (301) and rugulovasines (302) where the benzyne reaction
failed. The regioselectivity of the intramolecular aryl-aryl coupling reaction of
2¢-bromoreticulines depends on the method of cyclization. The
Pd(0)-catalyzed reaction leads preferentially to the salutaridine derivative with
formation of a quaternary sp® carbon center para to the phenolic group,
whereas the Sgn1 reaction leads to the aporphine skeleton through cyclization

ortho to thﬁenolic group. (303)



5. Experimental Conditions

5.1. Recommended Solvents

The most widely used solvent has traditionally been liquid ammonia, but
dimethyl sulfoxide can also be a solvent of choice. The photoinitiated reactions
with certain carbanions, which do not take place in liquid ammonia or do so
only under drastic conditions, can occur more easily in dimethyl sulfoxide at
room temperature. (41) The main requirements for a solvent for Sgy1 reactions
are that it: 1) dissolve both the organic substrate and the ionic alkali metal salt
of the nucleophile, 2) does not have hydrogen atoms that can be readily
abstracted by aryl radicals, 3) does not have protons that can be ionized by the
bases or the basic nucleophiles and radical anions involved in the reaction,
and 4) does not undergo electron transfer reactions with the various
intermediates in the reaction. In addition to these characteristics, the solvent
should not absorb significantly in the wavelength range normally used in
photoinitiated reactions (300—-400 nm), should not react with solvated
electrons and/or alkali metals in reactions initiated by these species, and
should not undergo reduction at the potentials employed in electrochemically
promoted reactions, but should be sufficiently polar to facilitate electron
transfer processes.

The effect of different solvents has been studied for the photoinitiated reaction
of diethylphosphite ion with Phl (340) and 2-chloroquinoline with acetone
enolate ion. (144) However, the marked dependence of solvent effect on the
nature of t romatic substrate, the nucleophile, its counterion, and the
temperatur which the reaction is carried out often makes comparisons
difficult. For example, in the photoinitiated reaction of 2-chloroquinoline with
acetone enolate ion, (144) THF gives almost the same results as liquid
ammonia. The reactions occur in low yields in 1,2-dimethoxyethane, and even
lower yields in diethyl ether or benzene. (144) THF has proved to be an
efficient solvent in intramolecular ring closure reactions. (298, 299) In the
reaction of pinacolone enolate ion with bromobenzene under irradiation, DMF
leads to formation of benzene (28%) in a fast reaction while ammonia gives no
benzene. Reaction in dimethyl sulfoxide produces little benzene, but the
monophenylation/diphenylation ratio (6:1) is less favorable than in ammonia
(20:1). On the other hand, THF almost completely inhibits this photoinitiated
Srnl reaction, leading slowly to benzene as the major product. Coupling of the
aryl radical with the solvent can also be observed in THF. (135)

In the electrochemically induced Sgn1 reactions between aryl halide and PhzZ™
(Z =S, Se, Te) ions, it was concluded that even though acetonitrile is a better
hydrogen donor than dimethyl sulfoxide, the aryl radicals couple faster with the
nucleophiles, giving better yields of the substitution product in acetonitrile. (258)
For preparative electroinitiated reactions, liquid ammonia is more useful than



DMF, while at the laboratory scale DMF is an alternative for Sgy1 reactions.
(341)

5.2. Reactions in Liquid Ammonia

Anhydrous ammonia is supplied in cylinders from which it can be removed in
liquid or gaseous form. All the operations with this solvent must be conducted
in an efficient fume hood because of the toxicity and pungent odor of this gas.
Owing to ammonia's low boiling point (-33.4°), an efficient condenser is
required to perform these reactions. A Dewar condenser containing a slurry of
liquid nitrogen in EtOH or CO,/EtOH will normally suffice. In order to eliminate
iron impurities and water, the liquid ammonia has to be distilled from a
preliminary vessel in which it was dried with sodium metal until a blue color
persists (about 15 minutes).

5.3. Apparatus

Reactions are ordinarily conducted in a three-necked round-bottomed flask
with a gas inlet and magnetic stirring bar. A positive pressure of an inert gas
such as nitrogen or argon is also required. When metal solutions are used,
glass or polyethylene stir blades or stir bars are preferred since Teflon darkens
with repeated use in metal/ammonia solutions. However, the use of blackened
stirring bars does not seem to interfere with the reactions. They can be treated
with hot concentrated nitric acid to recover the white color. A detailed
description of the experimental equipment has been published. (15, 342)

Photochemical reactors are commercially available or can be custom-built.
The commercial Rayonet RPR 204 apparatus equipped with four RUL 3000
tubes is a@ble from the S.O New England Ultraviolet Co. Another type of
reactor consists of an oval mirror-type wall of ca. 30-cm maximum radius
equipped with two Hanovia 450-W or Philips HPT 400-W high-pressure
mercury lamps inserted into a water-refrigerated Pyrex flask placed ca. 20 cm
from the reaction vessel, or equipped with a 300-W Osram sunlamp placed ca.
14 cm from the reaction vessel (Pyrex flask). In the latter case, an
appropriately positioned fan serves to maintain the reaction temperature
around 25°.



6. Experimental Procedures

D _ o hv
| +  CMe,COPr-i ——
2 NH;
N Br

6.1.1. 2,4-Dimethyl-2-(2-pyridyl)-3-pentanone (Photoarylation of a Ketone)
(137)

2-Bromopyridine (3.16 g, 20 mmol) was added to an enolate solution prepared
from 2,4-dimethyl-3-pentanone (8.56 g, 75 mmol) and potassium amide

(4.12 g, 75 mmol) in liquid ammonia (300 mL). After the mixture had been
irradiated for 1 hour, ether was added, the ethereal suspension remaining after
evaporation of the ammonia was decanted through a filter, and the residual
salts were washed with ether (4 x 75 mL). This reaction afforded 5% of
2,4,4,5,5,7-hexamethyloctane-3,6-dione and 97% (3.70 g) of
2,4-dimethyl-2-(2-pyridyl)-3-pentanone. The latter was isolated as a colorless
oil by preparative GC. *H NMR(CCI,) & 0.85 (d, J = 6.6 Hz, 6 H, isopropyl
methyl), 1.45 (s, 6 H, CMe,), 2.61 (septet, J = 6.6 Hz, 1 H, CH) 6.97-7.22 (m,
2 H, PyH-3,5), 7.44-7.64 (m, 1 H, PyH-4) and 8.38-8.48 (m, 1 H, PyH-6), Anal.
Calcd. for C1oH17NO: C, 75.35; H, 8.96; N, 7.32. Found: C, 75.47; H, 9.08; N,

7.39.
[]
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6.1.2. a-(1-Naphthyl)acetophenone [ Na(Hg)-Initiated Sgy1l Reaction]
(101)

To 200 mL of distilled liquid ammonia (previously dried under nitrogen with
sodium metal) and under nitrogen were added t-BuOK (2.24 g, 20 mmol),
acetophenone (1.44 g, 12.0 mmol), and 1-chloronaphthalene (0.65 g,

4.0 mmol). The reaction vessel was wrapped with aluminum foil to exclude
light, and Na(Hg) (9.2 g, 12 mmol) (3% w/w) was added under magnetic
stirring. After 2 hours, the reaction mixture was quenched by the addition of




NH4NO; (1.76 g, 22 mmol) in excess, and the ammonia was allowed to
evaporate. The residue was dissolved in water and the solution was extracted
with CH>Cl,. The CHClI; solution was dried, and the solvent was removed
under reduced pressure. Purification of the residue by radial chromatography
on silica gel (elution with petroleum ether:diethyl ether 7:3) gave a
-(1-naphthyl)acetophenone (0.96 g, 98%), mp 102-103°; MS (70 eV) m/z
(relative intensity) 246 (9, M"), 215 (7), 202 (15), 105 (30). *H NMR(CCl,) &
4.73 (s, 2 H), 7.3-8.1 (m, 12 H).
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6.1.3. tert-Butyl 2-Pyridylacetate (Fe?* -Initiated S;,1 Reaction) (76)

A 250-mL three-necked flask was equipped with a nitrogen inlet, a solid CO,
condenser and a magnetic stirrer, and was flame-dried under a stream of
nitrogen. The coolant well was filled with a dry ice-acetone mixture and the
flask was immersed in a dry ice-acetone bath. Ammonia (150 mL) was distilled
into the flask and NaNH; (4.8 g, 0.12 mol) was added. tert-Butyl acetate

(13.4 g, 0.12 mol) was introduced slowly by syringe to the stirred suspension,
and the resulting mixture was stirred at — 70° for 0.5 hour. The cooling bath
was removed and FeSO,4 and 2-bromopyridine (3.16 g, 0.02 mol) were added
in quick succession. The reaction mixture was stirred rapidly for 0.75 hour and
quenched he gradual addition of small portions of NH4Cl (20 g, 0.37 mol).
The ammoMe! was allowed to evaporate and the residue was extracted with
diethyl ether (3 x 75 mL). The combined extracts were washed with water

(50 mL), 5% hydrochloric acid (3 x 50 mL) and brine (50 mL), and then dried
(MgSO0.), filtered, and evaporated under reduced pressure to give the crude
product mixture. tert-Butyl 2-pyridylacetate (3.44 g, 89%) was isolated as a
colorless oil by standard column or flash chromatography using graded
mixtures of light petroleum ether (bp 40—60°), methylene chloride, and ethyl
acetate. IR (film) A max1735 cm™;'"H NMR & 1.43 (s, 9 H, CMes), 3.76 (s, 2 H,
PyrCH,CO), 7.00-7.81 (m, 3 H, 3,4,5-Pyr-H) and 8.45-8.64 (m, 1 H, 6-Pyr-H);
MS m/z 193 (M"),138(M"* — 55),120(PyrCH,CO") and 92 (Pyr-CH"). Anal.
Calcd. for C11H1sNO2: C, 68.37; H, 7.82; N, 7.25. Found: C, 68.3; H, 7.8; N,
7.1.

Coa2(CO)g, NaOH, BugN™Br. CgH
. NH, H,0, CO (1 atm). sunlamp, 65° NH




6.1.4. 1-Oxo0-1,2,3,4-tetrahydroisoquinoline (Carboxylation Of
o-Bromo(2-aminoethyl)benzene, Synthesis of a Benzolactam) (189)

To a 250-mL Pyrex flask were added benzene (25 mL), Co,(CO)s (0.34 g,

1 mmol), aqueous 5 N NaOH (50 mL), BusN*Br~ (0.64 g, 2 mmol), and
0-bromo(2-aminoethyl)-benzene (40 g, 20 mmol). The reaction mixture was
heated to 65° under a slow stream of carbon monoxide . Irradiation over 5.5
hours was achieved with a sunlamp placed about 30 cm from the reaction flask.
The organic phase was washed several times with water, dried over MgSQOy,,
and purified by column chromatography on a short silica gel column or by
recrystallization. The 1-oxo-1,2,3,4-tetrahydroisoquinoline was isolated in 72%
yield (2.12 g). IR(film) A max3250, 1665 (s), 1605, 1575 cm™*;'"H NMR( CDCl3) &
2.90 (t, 2 H), 3.3-3.7 (m, 2 H), 7.0-7.6 (m, 3 H, aromatic), 7.7-8.4 (m, 2 H,
aromatic and NH).
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6.1.5. 4-Methyl-2-(4-nitrophenyl)phenol (Photoarylation of a Phenol by an
Aryldiazo Phenyl Sulfide) (217)

The experiments were carried out under argon, the apparatus being deaerated.
Reactions were started by dropping a dimethyl sulfoxide (9 mL) solution of
(4-nitrophenyl)azo phenyl sulfide (0.5 g, 1.93 mmol) (343) into a magnetically
stirred solution (18 mL) of the nucleophile (19.3 mmol prepared in situ from
4-methylphenol (2.1 g, 19.3 mmol) and t-BuOK (2.16 g, 19.3 mmol)). The
initial substrate concentration was 0.07 M. Irradiation was performed with a
sunlamp during 0.5 hour until gas evolution ceased. Dilution with 3-5% HCI
(150 mL) and 4-fold extraction with diethyl ether (50 mL) was followed by
washing of the combined extracts with brine. The organic layer was dried

( NapS0O,4) and the solvent removed under reduced pressure at room
temperature. Column chromatography on silica gel (hexane- CH,Cl,, followed
by hexane-ethyl acetate mixtures as eluants) yielded pure products.
4-Methyl-2-(4-nitrophenyl)phenol ( C13H11NO3): (70%, 0.31 g) mp
117.5-119.0°,"H NMR( CDCls) & 2.33 (3, H, s), 4.96 (1 H, br, s), 6.9-7.1 (3 H,
m), 7.70 and 8.29 (2 H each, AA'BB',J = 8.9 Hz); IR: 3494 cm™ (OH).



4-Methyl-4-(4-nitrophenyl)-2,5-cyclohexadienone ( C13H11NO3) (10%, 0.04 g):
mp 110.3-111.6°;'"H NMR( CDCls) 5 1.75 (3 H, s), 6.34 and 6.89 (2 H each,
AA¢BB¢,J =10.2 Hz), 7.49 and 8.21 (2 H each, AA'BB’,J = 8.9 Hz); IR:

1664 cm™ ( CO).
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6.1.6. p-Anisyldimethylphenyltin (One-pot Preparation of a
Diaryldimethyltin) (224)

To distilled dry liquid ammonia (500 mL) were added trimethyltin chloride

(3.98 g, 0.020 mol) and sodium metal (1.06 g, 0.046 mol) to form
trimethylstannylsodium in about 1.5 hours. To this solution was added
p-chloroanisole (0.020 mol), and the reaction mixture was irradiated for 1 hour.
With the lamp off, sodium metal (1.06 g, 0.046 mol) and then t-BuOH (1.80 mL,
0.02 mol) added to the solution to form the second nucleophile.
ChlorobenZede (2.5 g, 0.022 mol) was added with a syringe (without solvent)
and the reaction mixture was irradiated for 1 hour and quenched with NH;NO3
(3.5 g, 0.044 mol); diethyl ether (50 mL) was added and the ammonia was
allowed to evaporate. Water was added, the phases were separated, and the
aqueous phase was extracted twice with diethyl ether. The dried organic
extract was distilled under vacuum using a Kugelrohr apparatus.
Trimethylphenyltin was obtained as a byproduct (less than 5% yield), and it
was distilled before the p-anisyldimethyl-phenyltin at 77° (0.4 mm Hg).
p-Anisyldimethylphenyltin: colorless liquid, purified by vacuum distillation at
160-170° (0.5 mm Hg) using a Kugelrohr apparatus; 2.2 g (66% yield) of pure
product (97%, GLC) was obtained. *H NMR (CD3COCD3, 200 MHz), 5 0.479 [s,
6 H, 2J(***SN,'H) = 56.2 Hz], 3.78 (s, 3 H), 6.95 [p-anisyl BB¢ system, 2 H,
3J(H, H) = 8.4 Hz], 7.65 — 7.20 (m, 7 H). **C NMR(CDsCOCD3), 3 ["J(***Sn,**C)
in Hz] — 10.32 (CHs, XJSnCH; not detected), 55.22 (OCHs), 115.01 [*J(Sn,

C) = 53.0 Hz, C-3 An], 129.02 [3J(Sn, C) = 48.2 Hz, C-3 Ph], 129.24 [*J(Sn,

C) = 10.9 Hz, C-4 Ph], 131.24, 136.91 [2)(Sn, C) = 37.4 Hz, C-2 Ph], 138.04
[ZJ(Sn, C) =42.8 Hz, C-2 An], 141.26, 161.26. Anal. Calcd. C, 54.10; H, 5.45.
Found: C, 54.47; H, 5.68.



Column chromatography seems to be a purification method unsuitable for
these anisyltin derivatives, since they decompose on long contact with silica

gel.
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6.1.7. Diphenyl-p-tolylphosphine Oxide (preparation of an
Aryldiphenylphosphine Oxide) (71)

To ammonia (250 mL) previously distilled under nitrogen was added t-BuOK
(1.18 g, 0.0105 mol) and diphenylphosphine (1.86 g, 0.01 mol). p-lodotoluene
(2.18 g, 0.01 mol) was added, and the mixture was stirred for 5.5 hours. Solid
NH4NO3; was added until a colorless solution was obtained, and then diethyl
ether (100 mL) was added and the ammonia was allowed to evaporate. Water
(100 mL) was added, and the layers were separated. The water layer was
extracted with diethyl ether (3 x 75 mL), and the combined ether extracts were
dried with MgSO.. The ether was evaporated from the main fraction of the
reaction mixture, the residue was dissolved in CH,ClI, (50 mL), and the
solution was washed with 5% H,0,(2 x 50 mL), 10% NaOH (2 x 50 mL), and
water (50 mL), dried ( MgSO4) and evaporated to give 2.59 g (89%) of
diphenyl-p-tolylphosphine oxide, mp 121-124°. Recrystallization from diethyl
ether and oleum ether yielded 1.33 g, mp 129.5-130°;'"H NMR( CDCls) &
8.07-7.2 , 14 H), 2.40 (s, 3 H); IR ( KBr) cm™ 3050, 2990 (C-H), 1180 (P
= 0), 818 (p-disubstituted benzene), 750, 698 (monosubstituted benzene); MS
m/z 292, 291, 215, 213, 199, 183, 165, 152.
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6.1.8. Diethyl Phenyl Phosphonate (preparation of an Aryl Diethyl
Phosphonate) (344)

A 2-L three-necked flask was equipped with a nitrogen inlet and magnetic
stirrer. Sodium metal (11.8 g, 0.51 mol) was added to freshly distilled liquid
ammonia, and the mixture turned blue. Diethyl phosphonate (70.4 g, 0.51 mol)
was cautiously added dropwise until the color changed from blue to colorless.
Some white foam formed as the diethyl phosphonate was added. Because
water in the ammonia consumes some of the sodium, not quite all the diethyl



phosphonate was required to reach the endpoint. lodobenzene (52.4 g,

0.26 mol) was added slowly, and the solution took on a slight yellowish tint.
The dropping funnel was replaced by a stopper and the whole system was
mounted in a photochemical reactor and irradiated for 1 hour. After irradiation,
solid NH4NO3 (about 50 g, 0.61 mol) was added with stirring to acidify the
mixture, followed by ether (200 mL). The nitrogen flow was stopped, the
condenser was removed and the ammonia was allowed to evaporate. Water
(300 mL) and diethyl ether (300 mL) were then added. The ether layer was
separated, the water layer was extracted twice with diethyl ether, and the
combined ether extracts were dried ( Na,SO,). After evaporation of the ether,
the residue was distilled under reduced pressure through a short Vigreux
column. After a small forerun, diethyl phenyl phosphonate was collected at
73-74° (0.02 mm). The yield was 50.3-56.1 g (90.4-92.5%). IR (neat) cm™™:
1440 (P-C aryl), 1250 (P =0), 1020 (POEt), and 3060 (H-C aryl); *H

NMR( CDCIs3) 6 1.3 (t, Me, J =7 Hz), 4.13 (q, CH2,J = 7 Hz), 7.33-8.06 (m, 5 H,
phenyl H).
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6.1.9. 2-FI phenyl Phenyl Sulfide (Preparation of an Unsymmetrical
Aryl Phenﬂulfide from a Diazonium Salt) (262)

The experiment was carried out under argon and the equipment was
deaerated and left under positive pressure (ca. 30 mm Hg regulated with a
mercury bubbler). The reaction was started by dropping the dimethyl sulfoxide
solution of 2-fluoro-1-phenyldiazonium tetrafluoroborate (1 g in 10 mL,

4.77 mmol) into a magnetically stirred solution (20.0 mL) of sodium
benzenethiolate (1.88 g, 14.3 mmol) in a flask that was kept in a water bath at
25° and wrapped in aluminum foil. Gas evolution and darkening of the solution
were immediately observed. The progress of reaction was followed by TLC
(aliquots being diluted with brine and extracted with diethyl ether) and
completion was judged by cessation of nitrogen evolution and by
disappearance of the diazosulfide by TLC. The mixture was worked up by
dilution with brine (150 mL) and 4-fold extraction with diethyl ether (50 mL),
followed by washing of the combined extracts with 10% NaOH and brine. The
organic layer was dried ( NaxSO,) and the solvent was removed under
reduced pressure at room temperature. Column chromatography on silica gel
(hexane- CHCl; as eluant) yielded pure product (80%, 0.78 g). The sulfide
was an oil and was identified by spectroscopic analysis of the sulfone.



2-Fluoro-1-(phenylsulfonyl)benzene: mp 105-106° (petroleum ether, bp
80-100°). Anal. Calcd. for C12HgFO2S C, 61.0; H, 3.8. Found: C, 61.1; H, 4.0.
'H NMR: 5 8.22 — 7.95 (3 H, m) and 7.66—6.97 (6 H, two partly overlapping
multiplets).
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6.1.10. 5,6,7-Trimethoxy-3-methyl-1(2H)-isoquinolone (Substitution of an
o-Halobenzamide Followed by Cyclization) (168)

To liguid ammonia (25 mL), prepared by condensing ammonia (gas) under
argon in a three-necked flask fitted with a dry-ice condenser, was added
acetone (0.23 g, 4 mmol) and freshly sublimed t-BuOK (0.45 g, 4 mmol). To
the solution of the acetone enolate thus formed was added
2-bromo-3,4,5-trimethoxybenzamide (0.29 g, 1 mmol), and the reaction
mixture was irradiated in a photochemical reactor. The reaction was monitored
by the removal of aliquots, which were analyzed by TLC. Quenching was
accomplished by addition of NH4Cl (0.5 g) when all the substrate had reacted.
The ammonia was evaporated and slightly acidified water (50 mL containing

1 mL of 2 Cl) was added. Extraction with CH,Cl>(4 x 30 mL) followed by
purificationk#élded 5,6,7-trimethoxy-3-methyl-1(2H)-isoquinolone (80%, 0.2 g),
mp 198-200°, MS m/z 249(M"); *"H NMR ( CDCls) 5 2.40 (3 H, s), 4.0 (9 H, s),
6.55 (1 H,s) and 7.60 (1 H, s).
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6.1.11. 2,4-Di-tert-butyldibenzo(b,d)pyran-6-one (Substitution of an
o-Halobenzonitrile Followed by Cyclization) (214)



Ammonia (50 mL) was condensed into a 100-mL two-necked Pyrex flask
containing freshly sublimed t-BuOK (0.34 g, 3 mmol) through a dry ice
condenser cooled at — 78°. Under an argon atmosphere,
2,4-di-tert-butylphenol (0.6 g, 3 mmol) and 2-bromobenzonitrile (0.18 g,

1 mmol) were successively introduced. The reaction mixture was irradiated in
a photochemical reactor for 1 hour (-33°) and the solvent was evaporated.
Acidic water (100 mL) was added and the aqueous phase was extracted with
ethyl acetate (2 x 50 mL). After evaporation, the residue was dissolved in
CHCl,, SiO; (1 g) was added, and stirring was continued overnight at room
temperature. The silica gel was removed by filtration and washed with acetone.
The product 2,4-di-tert-butyldibenzo(b,d)pyran-6-one was isolated in 78% yield
(0.24 g) by TLC, mp 163°, MS m/z 308(M"), 293; IR 1730 cm™ (C = O); *H
NMR & 1.40 (s, 9 H, 3 Me), 1.50 (s, 9 H, 3 Me), 7.43 (m, 2 H), 7.67 (t, 1 H),
7.87 (s, 1 H),8.03(d,J=8Hz, 1H), 8.40(d,J =8Hz, 1H). Anal. Calcd. for
C21H2402; C, 81.82; H, 7.79; O, 10.38; Found: C, 81.84; H, 7.83; O, 10.27.

Cl O
t-Bu Bu-t

Bu-t
NH;.electrode
+ —» (] OH
PhCN

Cl Bu-t

6.1.12. 3¢,JryDi-tert-butyl-4-chloro-4¢-hydroxy-1,1¢-biphenyl
(Electroch®ically Initiated Sin1 Reaction in the Presence of a Redox
Mediator) (210)

2,6-Di-tert-butylphenol (10.63 g, 51.5 mmol) and KOBu-t (8.93 g, 79.5 mmol)
were successively introduced into a single-compartment electrochemical cell
containing liquid NH;3 (200 mL) and KBr (6.2 g, 52 mmol) as the supporting
electrolyte. The temperature of the solution was maintained at—40° by a
cryocooler. The excess base (28 mmol) was neutralized by H,O (700 mg,
39 mmol). To the reaction suspension, 1,4-dichlorobenzene (26 mmol, 5.3 g)
dissolved in benzonitrile (5.02 g, 36.5 mmol) was added slowly. This gave a
finely divided suspension; 1,4-dichlorobenzene, which is nearly insoluble in
liquid ammonia, could then pass quickly into solution as the electrolysis
proceeded. The electrolysis was performed under galvanostatic conditions
(i= 100 mA), using a stainless steel grid as the cathode (60 cm?364 mesh
cm?) and a sacrificial Mg rod as the anode. It was stopped when 1614
Coulombs (0.23 Faraday per mole of 1,4-dichlorobenzene) had passed
through the circuit. The solution was then neutralized by NH4Br (10 g,
102 mmol). After NH; evaporation, the organic products were extracted by
CH2ClI>(2 x 250 mL). The solvent was evaporated. Benzonitrile and the



unreacted di-tert-butylphenol were distilled at 120° under partial vacuum (5-10
Torr). After cooling, the remaining solid was dissolved in a minimum volume of

CHCls. 3¢,5¢-Di-tert-butyl-4-chloro-4¢-hydroxy-1,1¢-biphenyl was
precipitated upon the addition of pentane. From the amounts of unreacted
1,4-dichlorobenzene (6 mmol, determined by HPLC) and

3¢,5¢-di-tert-butyl-4-chloro-4¢-hydroxy-1,1¢-biphenyl (6.36 g, purity higher
than 98%), the reaction yield relative to the reacted starting aromatic dihalide
could be estimated to be about 67%. The product was recrystallized from
hexane; mp 141°. '"H NMR ( CDCl3) & =1.49 (s, 18 H), 5.28 (s, 1 phenolic H),
7.36 (s, 2H), 7.40 and 7.46 (AA¢BB¢,Japp =8 Hz,4H). MS (Cl, NHy):
m/z = 316 (M), 301, 300, 284, 283, 282, 267.



7. Tabular Survey

The computer search of Chemical Abstracts covered the literature to the end
of 1995, although most of the papers that appeared during 1996 as well as
some papers in 1997 are also included.

The Sgn1 reactions of aromatic and heteroaromatic compounds with different
nucleophiles to form C-C and C-heteroatom bonds are presented, as well as
those reactions that lead to ring closure products. Most of the systems
presented are explained on the basis of firmly established concepts and
experimental demonstration of the Sgy1 mechanism, but in same cases, in
which not enough experimental evidence is available, the interpretation is
speculative.

The Tables are presented in the order of the discussion in the Scope and
Limitations Section. Within each table the aromatic substrates are listed
according to the following ring system ordering: carbon six-membered rings,
polynuclear carbon aromatic compounds ordered by increasing carbon
number; heteroaromatic compounds of six-membered rings bearing one, two
or more heteroatoms; polynuclear heteroaromatic compounds and finally
five-membered heteroaromatic rings.

Within each ring system the following ordering has been followed: compounds
bearing one leaving group; one leaving group and one substituent in ortho-,
meta-, or pgrg- position with respect to the leaving group. Compounds with
higher deg of substitution follow, and immediately after, compounds with
two leaving groups.

The leaving groups are ordered following the periodic table, i.e. from right to
left and increasing atomic number within a row.

The nucleophiles are ordered by complexity. First alicyclic aliphatic
nucleophiles, then cyclic aliphatic and aromatic nucleophiles of the same
family.

Table IX, in which ring closure reactions are presented, is ordered by the size
and type of the ring formed. For instance, carbon five-membered rings are
followed by increasing numbers of heteroatoms (with one nitrogen, two
nitrogens, etc.), and the same for increasing ring size.

The following abbreviations are used in the text and in the Tables.

) ultrasonic irradiation



Ac acetyl

Bn benzyl

Boc tert-butoxycarbonyl
DME 1,2-dimethoxyethane
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide

e electrode

HMPA hexamethylphosphoramide
LDA lithium diisopropylamide
rt room temperature
TBDMS tert-butyldimethylsilyl
THF  tetrahydrofuran

TMS  trimethylsilyl

Ts p-toluenesulfonyl (tosyl)
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TABLE I. CARBANIONS DERIVED FROM HYDROCARBONS

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
PhBr XX 1. K/NH3, ~78° Ph o~~~ 7 + PhY\/\ @+ I~ ~ P 124
2. Hj (cat.)
_ Ph Ph_ _Ph Ph
P Ph Ph
1. K/NH; (36) + 13) + | G O q+1I)=(33) 124
2. Hj (cat.)
OMe OMe OMe OMe OMe
Ph Ph
K/NH, -78° 132+ ©:? oo+ I + v 124
} Ph PhPh Ph
(I +1V) = (12)
v, DMSO, 0.5 h 125 + I (8) + IV (2) 70
Ph Ph
hv, DMSO, 0.5 h ~ @ +” o @) + I (12) 70
- Py Ph
hv,NH3,0.5h 1(20) + I (1) + I (9) 70
Ph hv, DMSO, 1.3 h “—Ph Q0+ “—Ph o+ ”—Ph m 70
- P Ph
(I + I = (10)
hv,NH;, 1h I (38), (I + 0D (16) 70
Ph Ph
Ph v, DMSO, 4 h Ph I(20) + Ph I (7) 70
- Ph Pr Ph
hv, NH3, 0.5 h 1(30) + II (10) 70
Ph
O‘ hv, DMSO, 10 h (50) + “—Ph © 70, 128
Ph Ph
K/NHj3, -78° 124

.
s

R

Ph
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TABLE II. CARBANIONS DERIVED FROM KETONES
A. Enolate from Acetone

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
PhF “CH,COMe K, NHj, -78° COMe 1 (3) 4 T (6) 94
OH
hv,NH3,33h 1 (60) + CgHg III (31) 136
PhCl 1. K, NH3, -78° 1 (68) 94
2.10]
Ph
hv,NH3,3h I (61) + I (31) + \]/COME IV (5) 136
Ph
PhBr K, NH3, -78° 1 (67) + I (10) + IV (14) 94
hv, NHj, 11 min I (85) + IV (14) 136
hv, NH3:Et,0 1:1, I (41) + IO (13) 108
0.5h
hv,DMSO, 1 h I (61) + IV (6) 108
Phl 1.K, NH3, -78° 1(71) 94
2.[0]
hv, NH3, 5 min 1 (67) + II (20) + IV (10) 136
hv,DMSO, 1 h 1(88) + IV (4) 138, 340,
41
DMSO, 1 h 1 (50) 62
FeCl,, DMSO, 10min I (60) 75
PhOPh K, NH3, -78° II (5) 94
hv,NH;,42h I (14) + PhOH (20) 136
PhOP(O)(OEL), K, NH; I(5) + 1 (56) + I (27) 108, 94
hv,NH3,4.2h I (13) + I (11) + PhOH (71) 136
PhSPh K, NH3, -78° 1 (18) + II (71) + PhSH (84) 94
hv, NH3, 0.5 h I (66) + I (26) + IV (5) + PhSH (97) 136
Ph3S*CI- hv,NH3, 1.2 h I (75) + PhSH (52) + PhyS (22) 136
PhScPh hv,NH3,3.3 h I (95) + PhSeH (83) 136
+
PhNMe;I~ K, NH3 I (46) + I (18) + IV (7) 94
hv,NH3,1 h 1 (57) + I (37) 136
PhN,SBu-t Lab. light, DMSO, 1 (75) 58
1.7h
CO,” CO,Me CO,Me
1.hv,NH3, 1.5h (85) + 168, 108
2. CH;N, COMe
Br
R R
hv, NH3 I + PRI
COMe
I
R 1 i
OMe 5-15 min 67) ) 291
CH,NHCO,Et 0.8h (58) an 291, 290
CH,NHCOMe 0.7h (30) (28) 291
R R
K. NH; I+ ©/\/‘(i I + PhR II 108
OP(O)(OEt),
R : 1 n i1
Pr-i 6) (24) (54)
Bu-t 1) “) 73)
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
A. Enolate from Acetone (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
@\/ “CH,COMe  Lab. light, DMSO, @(/ a0 + E;'A\N 0) 58
COMe /
N,SBu-t L5h E
OMe OMe OMe OMe
@\ K, NH; @\/ ®) + w2 + ©) 96
COMe
Cl
OH
COPh COPh COPh
1.hv,NH;3,2h (12) + (32) 164
2. Mel COMe COMe
Cl
Co,” CO,Me CO,Me
1. hv,NH3,23h (80) + ®) 108
2. CH,N, COMe
Br
NMe, NMe,
hv, NH; (82) 146
COMe
Br
R R
hv, NH;
COMe
1R
F 12h (56) 108
CF3 1.5h (35) + PhCF;3 (14) 108
NH, 4 min (66) 106
OMe OMe OMe
K, NH; (54) + 8) 96
I COMe
OH
R R
Lab. light, DMSO, 58
COMe
N,SBu-t
R
Me 1.5h (81)
OMe 1.5h (79)
COPh 0.7h (44) + PhCOPh (36)
R R
hv, NH3; I+ 1 160
COMe COMe
SPh
R T o
Me 1.75h (48) 39)
OMe 1.25h 49) (28)
a COM:
/@r &, NHs, -78°, /©/\ © ) 85
Cl mediator Cl OH
Br
+ +
R R R R R
Me K, NH;3;, -78° (61} a7n (26) 94
OMe K, NH3, -78° (36) (10) (44) 94
OMe Na(Hg), NH3, mediator (57) ) 21 101
COPh Na(Hg), NH3 (78) (G =) 101
Ph hv,NH3,2.5h (69) —) (—) 108
NEt, hv, NH3, 1.5 h —) —) (8) 108
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
A. Enolate from Acetone (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br
/©/ ‘CHCOMe  1.hv,NHs, 1.5h /©/\COMC (10) 108
-0,C 2. H30" HO,C
I R
/@/ hv, NH3 /©/\ COMe NH, 33y 106
R R NMe, (90) 146
SPh
R R
R_
Me 1.75h (38) 28)
OMe 15h (50) (16)
+
NMe;l- OH
/@/ K, NH,, -78° /@/\C()Me + m . /@ o
R R R R
R_
Me (30) 42) ©)
OMe (20) (39) (40)
N,SBu-#
/@/ Lab. light, DMSO, /©/\ COMe 58
R R
R
Bu-i 05h (42)
Bu-t 15h (86)
OMe 15h (69)
COPh 0.75h (78)
Br coM
1. hv,NH3, 2h ¢ (62 164
P 2. Mel Ph
F F
Br COM
/@ v, NHs, 2 b /@[\ OMe 76 108
MeO OMe MeO OMe
R I R com
\©i hv, NH;, 2.2 h \@E\ e i (18) 108
R R Bu-  (26)
MeO. I MeO.
\©/ hv,NHa, 1 h \Q/\COMe (68) 108
OMe OMe
R R R
Br
hv, NH; CoMe | 108
R R R R R R
R
Et 2h (70) (22)
Pr-i 25h @) =)
MeO. X MeO. MeO
- 0,H
MeO' 0 2. H;0* MeO CO:M MeO 0,
X
Br 3h (60) (40)
I 25 min (75-80) (20-25)
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
A. Enolate from Acetone (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
R R R
! CcoM
hv, NH, A 108
R R R R R R
R
Me 05h (82) (10)
OMe 15h (92) )
Pr-i 3h (16) 37
N,SB i
25Bu- N
Lab light, DMSO, COMe  (39) + N 50 58
2h
COH COH COH
Br CcoM
1. hv, NH; ¢ a8 + an 168
MeO OMe 2. H;0* MeO OMe MeO OMe
OMe OMe OMe
al
hv, NHs, 3h COMe 45 166
MeCO
a
Br
hv, NHs, 4 h COMe 39 166
MeCO.
1
COMe COMe
a
SN so NN > o I
hv, NH3, 1.5 h I (88) 45
Na(Hg), NH; 1(98) 101
I
K, NHj 1(6) + II (84)° 45
hv,NH, 1 h 1 (76) 108
1
hv,NH3, 1.5 h COMe 75 108
COMe
N,SBu-t
Lab light, DMSO, OO as) 58
1h
N,SBu-t
Lab light, DMSO, CoMe a6 s
05h
COMe
Br
hv, NH, 1 h OOO ©98) 108
Br COM
OO hv,NHs, 13 h OO ()} 108
@\ Na, NHj, ~78° @\/com 1@ + @\)\ou @+ [\ @ 152
N s s s
hv,NH3, 1h 137 152
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
A. Enolate from Acetone (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
i ‘)\\Br “CH,COMe i ‘)\/\COMe L+ \)\)\\OH n+ JY m
S s s s
Br
Na, NHj, -78° 2-Br,1 (4) +1I +(3) + 1M (70) + {/ \S (10) 152
s
hv,NH;, 1h 2-Br,1 (31) 152
S
\
N
K, NHj, -78° 3-Br, 1 (29) +1I (23) + I (29) + IV (10) 152
7]
S OH
hv,NH3, 1h 3-Br,1 (51) + IV (25) 152
I COMe
N\ DMSO, 1 h ©j\g a2 + @ @3) 151
S S s
| A hv,NHs, 2h ] A 40) 137
P P COMe
N >F N
| A hv, NH, 1 h | A I (85) 137
P P COMe
N al
Na(Hg), NH; 101
N
| K, NH; I@ 137
~
N Br
hv, NH3, 15 min I (100) 137
hv, THF, 15 min I (64) 144
Br
X S
| hv, NHj, 15 min | COMe (45, 137
~ ~
N N
Br
X X
| hv, NH3, 15 min I COMe  (78) 137
N__~ N~
X! A COM
[ hv, NH; | © o0 139
~ ~
N NHCOBu-¢ N NHCOBu-¢
! X COM
| hv, NH; | ¢ (95) 139
N
Z > NHCOBu-t Z > NHCOBu-1
N NHCOBu-t X NHCOBu-1
| hv, NH; | (90) 139
NN No o~ COMe
! ~ K, NH3 I = I(43) + | = 29) 142
— pZ COMe ~
N a N N
hv,NH;C 1h I (90) 142
hv,NH3%1h 1 (62) 157

Na(Hg), NH3

(50)

101
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)

A. Enolate from Acetone (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
“CH,COMe v, 1h 144
THF I (82)
DMF 1 (74)
DME I (28)
Et,0 109
CeHe 1@
DMSO, 5 min 137
a cl
3 hv, NH, 1 h 3 a3 155
S N COMe
N 1 N
OPr-i OPr-i
N N N
(\i hv, NH, 15 min (\/NK/COM 135 + m\ @ 55
— — (3 —
N a N N” > NH,
kv, THF, 15min,0° I (61) 55
N N
= NH3, 15 min = (98) 55
l |
P A _coMe
N a N
al
XN X
] NHj, 15 min | COMe ) ss
=N -N
MeO N MeO N
X
N N COMe 54
| |
k ~ k —~
N" R N~ R
X R
Cl Bu-t K, NH3 42)
c But hv, NHs, 1.25 h (60-65)
ca ph NHj, 16 h 39)
c ph K, NH; @7
c Ph hv, NH3, 1.25 h (20-25)
Br  But NHj, 16 h (20-25)
Br  But K, NHj 30)
Br  Bu hv,NH;, 1.25 h (70-75)
Br  Ph NHj, 16 h 30)
Br Ph K, NH3 42)
Br  Ph hv, NHz, 1.25h (25-30)
MeO. Cl MeO.
W hv, NHj, 15 min WCQW as) 140
e e
OMe OMe
COMe
1
N ~N N N
¢ N hv,NH;, 0.5 h ¢ N (0 153, 154
J J
NN NN
Ef Et

¢ This compound decomposes in contact with air.

b This product is a mixture of dihydro and tetrahydro derivatives.
¢ The potassium salt of the nucleophile was used.

4 A LiNHj:nucleophile ratio of 3 was used.
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
B. Enolate from Pinacolone

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Ph
PhBr “CH,COBut  hv, DMSO, 1.5h Ph” COBut I (87) + Ph” “COBut I (9) 138
hv,NHj, 1.5h I(90) + I (10) 143
FeCly, DMSO, I (99) 77
20 min
FeSO4, NH3, 1.25h I (58) 75
PhI hv, DMSO, 1 h 1(99) 138
hv,NH, 15 s I(83) 345
DMSO, 1h 1 (60) 62
FeCl,, DMSO, I (74) 77
20 min
FeSO4, DMSO, I (34) 77
20 min
FeSO4, NH3, 20 min I(87) 75
Phyl*Br- FeCl,, DMSO, I 97 77
20 min
PhN,SBu-t Lab. light, DMSO, I (80) 58
2h
Ph,S hv, DMSO, 3 h I (67) 67
hv,NH;,-76°,25h I (98) 67
PhSO,Ph hv, DMF, 14 h I (70) + CeHg (11) 67
Br COB
@[ FeCl,, DMSO, @:\ U 46) + @\ 0) 7
20 min
CN CN CN
I
@[ hv, NH; @\/\ COBu-t
R R
R
OMe 5-15 min (100) 145
NO, 8 min (66) + PhNO, (20) 13
SO,NHBn 0.5h (85) 140
Ph 05h (83) 30
A ! X COB !
G—/OMC DMSO, 1 h G/o;e R I
2
Z SPh
OMe
m-OMe, I (58) + II (11) 63
p-OMe, I (81) 73
X
R R
R X
a B FeCly, DMSO, 20 min (20) 77
OMe Br FeCly, DMSO, 20 min 13) 77
F 1 DMSO an 73
MeO I MeO MeO.
Iji/ 1. hv, NHs, 15 min DCCOB‘” (85-90) + :@v (15-10) 149
o, COH COH
MeO 2 2.H;0* MeO 2 MeO 2
Br
v, NH;, 2 h COBu-t 4y 165
Br COBu-t
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
B. Enolate from Pinacolone (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
X
“CH,COBu-t  hv, NH; COBu-1 166
t-BuCO I
X
.S
Cl 4h 64)
Br 5h (38)
N,SBu-t B
/@/ Lab light, DMSO, 149) + /@/\Co ut o 0) 58
Br L5h Br
COBu-t
X
CO o 00 OO :
20 min
X
Br 41) 25)
I (60) (26)
SPh SH
hv,DMSO, 5 h 1(18) + OO I (64) + o 9 + 67
Ph”” > COBut (64) + PhSh (9)
S hv, DMF, 19 h 128 + I (67) + I (39) + 11) 67
COBu-t
Br
OOO FeCly, DMSO, “6) + OOO 30) 7
20 min
X A
| FeCly, DMSO, | I (80) 77
N/ Br 20 min N/ COBu-t
hv,NH3,1.5h 1 (94) 137
OPr-i OPr-i
X . A
I hv, NH3, 15 min l (70) 155
P P2 COBu-t
N~ OBr N
! A
| hv, NH; | COBu-t 139
~ ~
N7 "R N~ "R
2h 92)
OMe 2h (84)
NHMe 2h (50)
NH, 25h 87
NHCOBu- 2h 99)
COBu-t
I
NHCOBu-t NHCOBu-t
| hv, NH3 | 98) 139
~ ~
N N
NHCOBu-¢ NHCOBu-¢
I
X -
| hv, NH;3 | o COBut (g9, 139
- —
N N
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
B. Enolate from Pinacolone (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
X9 X cos
| “CH,COBu-t  hv, NH3, 15 min | Ut 63) 167
— = COBu-1
N~ ~a N
cl cl
A . X "
] hv, NH, 15 min +BuCO™ Y COBYE (43 167
~ ~
N N
N X
| hv,NH3, 1 h | (86) 137
= t-BuCO = COBu-#
Cl N~ Sca N
Br. SN X
| kv, NHj, 15 min "B“CO/\(U\/ (85) 167
— ~ COBu-t
N~ TBr N
A
| S hv,NH3, 1h | (89) 137
= +-BuCO. = COBu-¢
Br N Br N
COBu-t
Cl
A hv, NHz, 05 h N ) 167
~ —
Cl N cl N
cl cl
7 yZ X
hv,NH3, 1 h Ccl (70 155
\N x \N COBu-t I (70)
OPr-i OPr-i
COBu-t +BuCO COBu-t
Br
= =z
hv, NH3 + Z O O = 155
NS -
N Br \N COBu-t \N N/
OMe OMe OMe €O OMe
(60) (15)  Bu-t
Cl
7 hv, NH3, 15 min 7Y CoBut gy 55
X, N X UN
MeO”~ N MeO~ N
Z N . =z ==
Cﬂ\ hv, NHj3, 15 min (\JN\/ (G2 + E\JN\ @ 55
N X COBu-t N
N~ Ya N . N~ "NH,
R R
X
NTX NT COBu-t
l 54
~ o
N N
R X
+Bu Cl K, NH; I (65)
+Bu Cl hv, NH3, 15 min I (90-95)
Ph a hv,NH3,1.25h 1 (45)
Ph
Ph Cl K, NH; I(50) + N XXy II (16)
| ~
+Bu Br K, NH; I (65)
+Bu Br hv,NH3, 1.25 h 1 (95)
Ph Br hv,NH3, 1.25 h 1 (60-65)

Ph Br K, NH;

I (45-50) + II (22)
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
B. Enolate from Pinacolone (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
COBu-t
a
X
)N]\)j\ “CH,COBu-t  hv, NHj, 15 min /lﬁ\ ©98) 55
~ o
Me0” N7 OMe Me0” N7 OMe
N_ _d Ny
[ \:( NH;, 15 min [ ]/\COB“" 95) 55
7 ~
N N
N_ N NS
@ \]/ NH, 15 min ©I ]/\COBU-I 70 + C[ I\>7Bu-t s s6
~ ~ ~
N N N~ O
Br COBu-#
\ hv, NHs, 2 h @\g (56) + @ as) 140
N N N
\ \ \
Bn Bn Bn
Br R_
A\ hv, NH3, 15 min "B“CO/\@ Me (62) 140
N N Bn (72)
A
R R
©j\\/78r hv, NH; CE\\{\COBH 2Br 15h (42) 140
o o 3Br 3h (42
COBu-t
Br.
o o o} o
(78) )
Br COBu-t
Br.
N N N
\ \ \
Bn Bn Bn
Br
B .
o] o o
2-Br 15 min ® an
3-Br 1h 37 (e}
N N N N
[\ hv, NH; [\ AR /3 141
COBu-t
S)\X S)\(QS
X COBu-t
a 1h 53 25)
Br 15 min (44) (=)
/ N hv,NHs, 1h Z/ A\ (64) ) A N \S (10) 141
\ » NH3, \ + \ U
COBu-t
S)\Cl s)\/ s)\((s
COBu-t
N N N N
/[ \ hv,NH3, 1h /[ \ 67 + /[ \ /3\(7) 141
COBu-t
S)\Cl S)\/ S)\/QS
COBu-t
hv,NH3, 1 h 141

COBu-t

t-Buoc/\C[N\h an + @N\h (10)
(o] COBu-¢ (8] COBu-t
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
C. Enolate Ions from Other Alicyclic Ketones

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br N
©/ ~CH,COEt DMSO, 1 h ©/\ COEt 1 (18) + COMe 1 (52) 62
“CHMeCOMe
I
©/ hv, NH3, 12 min 123 + I @) 124
hv,NH3, 0.8 h 1(19) + II (61) 124
1. K, NH; 1318 + I (52) 124
2. K5Cry07, HySO4
! COM
©i hv, NHj, 5-15 min ©i\C°E' @) + e (34 145
OMe OMe OMe
Br .
©/ “CH,COPr-i === hv,NH3,2h ©/\ COPr-i y 31y + COMe 11 (g) 124,135
~CMe,COMe
1.K, NH; 1(56) + I (7) 124
2. K2Cr207, H2504
I .
©i hv, NH3, 5-15 min ©i\ COPr-i (66 145
OMe OMe
MeO. 1 MeO COPr-i MeO.
m 1 hv, NH, m opri Dv 149
Coy COH CO,H
MeO 2 2. H;0* MeO 2 MeO ?
(85-90) (15-10)
S X XN
| hv,NHs, 1h ©|\/j\/ o+ I 142
N W7 COPr-i N7 COMe
13) (62)
- X fe)
CH,COCH(OMe), hv,NH3, 1h | (88) 106
— OMe
N
OMe
Br
Ph_ Ph
-CHMeCOEt hv,NH;, 1.2h COEt 1 (30) + e 19)? 143
COEt
I
©/ DMSO, 1 h 1 (70) 62
FeCl,, DMSO, I (55) 77
20 min
X
hv,NH3,2.2h COEt 143
X
Br (14) (20)
I 24) (25)
N OPr 0P
| hv,NH3, 1 h | (86) 155
~
NP B: N7 COEt
hv,NH3, 1 h (68) 142

COEt

zg\ /;
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
C. Enolate Ions from Other Alicyclic Ketones (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
= ~CHMeCOEt hv,NH3, 1h Z (70) 155
N N COEt
N I N
OPr-i OPr-i
Et
Br
©/ ~CHEtCOPr-n hv,NHs, 2h COPr-n (g0) + © an 143b
“CH(OMe)COMe hv,NH3, 2.2h ©/\C°M" an 143
~CMe,COPr-i hv,NH;, 1.5h COPri y (6) + © o ®) 143¢
hv,NH3, 2h I (15) 135
I
©/ hv,NH;,3h 132 + I Q9 143¢
X
| S hv,NHj, 1 h | 97) 137
P P COPr-i
N~ Br N
| S hv, NH3, 15 min l N I (98) 142
P P COPr-i
N” a N
hv, THF, 1 h I(65) + @\ (25) 144
~
N~ Pri
\N >
Q v, N, 15 i fN @ 55
N Da N/)><COPH
N\ . N\
l NHj3, 15 min [ (85) 55
— i
N cl N/ COPr-i
Cl
| A hv,NH3, 1h | YT TCOPri (9 55
_N .N
MeO' N MeO N~
MeO a MeO
NI .
Wn/\f hv, NH;, 15 min NCOP“ (52) 140
el he
OMe OMe
N N
NH3, 15 min [ N I+ | = o I 56
Z COPr-i Z
N N

Enolate ion:Substrate =3.75 I (31) + II (28)
Enolate ion:Substrate = 1.00 I (43)

4 The product was a mixture of isomers.

b Diphenylheptan-4-one isomers were also formed in 10% yield.

¢ i-PrCO%COPH. was also formed.
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
D. Enolate Ions from Cyclic Ketones

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
_ 0 Ph 0
PhBs E[// hv, NH3, 2.5 h \]:/( (90) 143
O:o hv,NH3,25h E&z 64) + © (28) 143
A
| hv,NH3, 1h | Q  (63) 142
~ ~
N al N
I (0]
N N
N A S hv, NH, 0.5 h N N S 69 153, 154
k ~ k ~
NN N
Et Et
Ph
PhBr ©:>:0 v, NH;, 2.5 h @:o ©0) 143
Ph
<:>:o DMSO, 1 h <:§:o 1(75) + @ o (©5) 62
Phl hv,NH3, 1h I(72) + I (6) 143
FeCly, DMSO, I (39) 77
20 min
S A
| hv,NHa, 1 h QO un 137
~ ~
N Br N
1 0
\ N
S hv, NHs, 0.5 h N7 \> (50) 153, 154
k P
\ N
Et Et
[
(o]
N\ DMSO, 1h N\ © + @ @ 151
S s S
o
I ~ o 0
XN N
"i N o hv,NH,0.5h N N \> o+ N N S 6o 153
P P P
\ - N \ N I\{
Et Et Et
o o
PhX hv, NH; Z& 1 (endo) + Pl? I (exo0) 156
X ‘ Pn
Cl 25h I (92) EII=99:1

Br 2h I (95) LIl =99:1
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
D. Enolate Ions from Cyclic Ketones (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Cl o) (0] (0]
hv,NH3,2h 1 (endo) + II (exo) 156
MeO' - OMe
OMe I (71) EH=99:1
Br (o) o
/©/ hv,NH3, 2h 1 (endo) + O (exo) 156
. Ph
Ph 1 (76) LI =99:1
ca
o 0
hv,NH3,2h 1 (endo) + O I (exo) 156
! I (100) LI = 99:1
I o o
N _ —N
NI S hv, NH3, 0.5 h N/_ (80) 153, 154
L \_/
NT N
Et
Et— N\¢N
I o) 0
coy
1.hv,NH;, 125 h O‘ as) 292
MeO 2. H;0* MO CO,H
OO hv,NHs, 3h (a4) 155
1
OPr-i
OMe
a
X
DMSO, 0.5 h (36) 155
~
N I
OPr-i
hv,NH3, 1h (35) 155
OMe
OMe o]
MeO OMe R2 MeO OMe R R
= 1.hv,NHs; 125h O o , OMe H 60) 292
; R 2.H:0* ‘O R® opi OMe (15
€Oy COH R!
o o
PhBr “O Na(Hg), NHs, O‘O I (70) 101
~ mediator
Ph
Phl hv, DMSO, 2h 1.(95) 41
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
D. Enolate Ions from Cyclic Ketones (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Ph
PhBr B hv,NH3,35h (58) + (12) 143
(6} (o)
(o) (o}
hv,NH3,3.5h 95) 143

Ph




TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
E. Enolate Ions from Aromatic Ketones

S8

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
N\ Ph
Phl ~CH,COPh hv, DMSO, 2 h Ph COPh 1 (68) + )\ (13) 41
Ph COPh
hv,NH;,2h 1 (0) 143
hv (quartz well), I (67) 135
NHs,2h
Sml, (THF), DMSO 147 80
PhN,SBu-¢ DMSO, 1.5h I (95) - 58, 161
N,SBu-t LN
/©/ DMSO, 50°,0.7-2h /@ACO"“ ® + N7 "COPh (90) 162,57
COPh
Cl
K, NH; OO 1G7) + 33) 45
hv,NH3, 3 h I8) 45
Sml, (THF), DMSO I (93) 80
Na(Hg), NH3 I (98) 101

Br
SmlI, (THF), DMSO I 97 80
OPr-i OPr-i
| AN hv, DMSO, 6 h @/ 0) 155
P A _copn
N Br N
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
E. Enolate Ions from Aromatic Ketones (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
» !
~CH,COPh
= = COPh
N” X N~
X
al Sml, (THF), DMSO (10) 80
Cl Na(Hg), NH; (75) 101
Br Sml, (THF), DMSO an 80
A
m hv, NHa, 3 h? @(j\/ I (14) 142
— — COPh
N~ ~cal N
Sml, (THF), DMSO 1(94) 80
Na(Hg), NH; I (98) 101
hv (near UV), 1(82) 157
NH3, 1 h?
COPh
\ DMSO, 1 h ©i\g 14) 151
S S
X COPh
N NHCO,Bu-t hv, NH3,-78°,5h N NHCO,Bu-t + ©:\>—NHCOZBM 150
S S S
X
Cl ) (38)
Br an (58)
N N
| = NH;, 15 min , N (82) 55
P pZ COPh
N” ~cl N
N_ _R N_ _R
f = f = 54
N~ X N~ COPh
R X
Bur Cl K, NH; (67)
Buz Cl hv,NH3, 1.25h (90)
Ph Cl K, NH; (60)
Ph Cl hv,NH3,1.25h (60-65)
Bur Br K, NH; (35)
Bu-r Br hv,NH;,1.25h (85-90)
Ph Br K, NH; (60-65)
Ph Br hv,NH3,1.25h (63)
COPh
I
N N N7Z
| \> hv,NH3,0.5h | \> (70) 153,154
N N
N I‘{ N I‘{
Et Et
N,SBu-¢ COPh
©/ ~CHMeCOPh DMSO, 1h (60) 57
H
N,SBu-t N. ~
/©/ DMSO, 1.25h COPh (36) +/©/ N7 "COPh 47y 57,162
X X
hv,NH3,1h (50) 142
P P> COPh
N7 Ta N
Et
N,SBu-z
©/ ~CHEtCOPh DMSO, 1.5h COPh 55y 57
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
E. Enolate Ions from Aromatic Ketones (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Et n B
NySBu-t . N. J\
/©/ “CHE(COPh DMSO, 1h COPh o4y +/© N7 "COPh 55y 57
N,SBu-t COCH, COBn
AN
©/ [j—/OMe DMSO, OMe
>
2-OMe 2h 57,161
3-OMe 1h 57
4-OMe 17h 57,161
H
N,SBu-z COCH,~ (o] NJ
DMSO, 1h 9) + N 61 57
o)
OMe O
OMe
OMe
COCH,
0P
| hv, DMSO, 3 h I (98) 155
~
N Br
OMe OMe
hv,NH;, 7h 155
cl
| S hv,NHj, 1h 70) 155
~
N I
OPr-i
OMe
I OMe OMe O
R COCH,
293
R
R
OMe v, DMSO, 1 h (18)
COMe hv, NH3, 2.5 h (18)
R
OMe O
1 9
/©/ kv, DMSO, 1 h 203
R
R
OMe (19)
COMe
a COCH,
OO &, DMSO 346
COCH,
COCH, COBn
PhI hv, DMSO, 1.5 h 1 49) 158
FeCl,, DMSO, 123

20 min
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TABLE II. CARBANIONS DERIVED FROM KETONES (Continued)
E. Enolate Ions from Aromatic Ketones (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
COMe
o
Br COCH[ O
9 O '
MeCO
COMe
Pg
20 "
COMe
hv,DMSO, 1.5h I1(54) + IO (25)
hv,NH3, 1.5h 1(56) + I (24)
PhI @\ hv, Me,CO, +-BuOK, @\ I (78) 159
0~ ~COCH; DMSO, 3h 0~ ~COBn
FeBr,, DMSO 1(88) 159
Cl
o hv,NH3, 1 h (80) 155
~
N 1
OPr-i
1
N N 153, 154
NT D hv, NHa, 0.5 h N Y
lk I~ l ~
NT N NN
Et Et
PhI @ hv, Me,CO, -BuOK, @ I (38) 159
s” “COCH, DMSO, 3 h s~ “COBn
FeBr,, DMSO I(53) 159
PhN,SBu-t DMSO, 1 h I (66) 57
N,SBu-¢
DMSO, 1 h 7\ /A y 57
S S SN
o 0o
(18) (72)
COCH,~ COBn
PhN,SBu- (/ \g DMSO, 1.3h {/ \S (48) 57
S S

¢ The nucleophile was a potassium salt.
b The nucleophile was a lithium salt; LiNH,:LiCH,COPh = 1.4.
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TABLE III. CARBANIONS DERIVED FROM ESTERS OR CARBOXYLATE IONS

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Br
©/ hv, NHs, 13 h ©/\COZB“" 57 135
1. FeSO,, NH3, 075 h ©/\ COH (69 76
2. TsOH
I
@ 1. FeSO4, NH3, 20 min I(82) 76
2. TsOH
I
©i 1. FeSO4, NHs, 0.5 h ©:\ COH o 76
2.TsOH
I
@[ v, NHs, (jf\cozBu-z o
SO,NHR SO,NHR
R
Bu-t 1h (89)
Bn 05h Is)
COMe 05h (65)
CO,Bu-t
Br CO,Bu-
9 e U
R R R R
R
Me FeSO4, NH3, 3 h (20) =) 76
OMe hv, NH3 ©67) 29 170
OMe FeSO,, NH3,2h @8) — 76
I
/©/ 1. FeSO4, NH;, /@/\C%H 76
R 2. TsOH R
R
F 1.20 min @81)
Me 1.05h (63)
OMe 1.0.75h (18)
N X
| FeSO,, NHj, 0.75 h | N a @ 76
N/ X N/ CO,Bu-t Br (89)
CO,Bu-t
N
X =Br, hv, NH3, @\/ 44) + 169
S min N7 CO,Bu-t
¥ X
5 FeSO,, NH3, | CO,Bu-t 76
~ o
N p.o N
Br 05h (51)
1 0.75h (59
AN A
| FeSO,, NH;3, 0.75 h | (18) 76
Z |-
N Br N/ CO,Bu-t
N AN
| FeSO4, NH3, 0.75 h | (15) 76
~ -
N N CO,Bu-t
@ FeSO,, NH, 1 h 76
s I

@\/COZBu-t ©®



TABLE III. CARBANIONS DERIVED FROM ESTERS OR CARBOXYLATE IONS (Continued)

6

S6

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
I CO,H
{/ \S ~CH,CO,Bu-t 1. FeSO,, NH3, 0.75 h (—{ 73) 76
S 2. TsOH S
Br
@ -CHMeCO,Bu-t hv,NH;, 1.3h COxBu-r 1 (60) 135
Ph
. CO,B
©/ FeSO,4, NH, 1 h 161 + 2BUE (g 76
Br CO,E
/®/ -CHMeCO,Et hv, NHs, 8 h B 90 66
Ph Ph
Br
hv, NH, 6 h OO COEL  (55) 66
Br CO,B
©/ -CMe,CO,Bu-t hv,NHs, 13 h 2By 135
Br CO,B
/Ej v, NH, ,Bu- 5) + /@ (35-50) 170
MeO MeO MeO
| A -CHPhCO,Et hv, NHa, 5 min | N an 169
~ P COLEt
N~ OBr N
Ph
Ph
MCOWCI MeO N
| hv, NHj, 15 min ] COEL 7y 140
e el
OMe OMe
N . A
/(j\ hv, NH, 15 min | (84) 167
Br N” “Br Et0,C N7 CO,Et
Ph Ph
N X
CPh,COMe hv,NH;, 1 h 42) 167
MeO,C N/ CO,Me
ph” Ph  Ph Ph
1 —/\/COZBU—I
©/ ¢ _ hv,NH3, 1h Ph_~_COBut (42) + Ph\’/\/COzBU-t ®) 169
LBu-1
AN Ph
+ Ph WCO;BU-I ®8)
Ph
N A
] ) hv,NH3, 1h | (61) 169
N~ Br NS COBu
O COH COH
. -
o, hv,NH3, 5 h + 140
R 2M*
R R
R M
H Li — an
H K (73) )
Me K 36) (=
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TABLE III. CARBANIONS DERIVED FROM ESTERS OR CARBOXYLATE IONS (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
COH COH
Br ~
| \____R COy hv,NH3,5h | \_R + R 140
= 2M* > 0
R M
2-OMe K 27 (—)
3-Me K 47 =)
3-OMe K (55) )
4-Me K (49) )
4-CN Li —) (55)
4-CN K 41) =)
4-OMe Li —) (61)
4-OMe Na (25) 37
4-OMe K (64) )
Br . O coH
©/\CO2 hv,NH;, 5h (19) 140
+
MeO' 2K O
OMe MeO
OMe
CO,H
l I hv,NH3, 5h l (48) 140
Br R\ N ~ ~ z COH
| €O, hv,NH3,5h \\| 140
2K*
MeO Z R
R MeO
2-Me (16)
3-Me (23)
3-OMe (63)
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TABLE IV. CARBANIONS DERIVED FROM N, N-DISUBSTITUTED AMIDES OR THIOAMIDES

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Ph
Br
©/ ~CH,CONMe, hv,NH3, 2h Ej\cowez (80) + CONMez 18y 171
I i
Phl “CH,CONMe,:Phl hv,NH;, 1.5h 98
15 I (63) + II (8)
5 147 + 11 (42)
2 1 (33) + II (66)
-CH,CONMe, 1.hv,NH;, 2h ©)\C°NM32 (73) + 1 (10) 164
2. Mel
HO CONMe,
Br CONM
/©/ K, NH, /©/\ e, O O 98
PhCO PhCO
(45) (14)
CONMe,
I
CONM
/Ej hv,NH;,2h /@A ) 98
R R R R R
Me (W) (19)
OMe (57) (20)
CONMe,
I
/@/ 1. hv,NH3,2h /@)\CONMQ . »
PhO 2. Mel PhO PhO OPh

(55) (18)
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TABLE IV. CARBANIONS DERIVED FROM N, N-DISUBSTITUTED AMIDES OR THIOAMIDES (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
! CONM
/©/ ~CH,CONMe, 1.hv,NH3,2h /©/\ P o
- 2. Mel
0,C MeO,C CONMe,
25)
MeO,C CO,Me
X
CONMe. X
J@/ @A T o *
NC X NC NC
a v, NH, 2h (48) (52)
a K, NH; (68) —)
Br K, NH; (98) [
1 K. NH; 1) =
" > g CONM: AN A >
D/ 1. hv,NH;, 2h 2 (18) + j@ as) + 164
Ph 2. Mel Ph Ph Z
E \/NMez
B (50)
pr NP
O NMez
O 1 hv, NH3, 2 O + O ‘ 9%
® Ol OA¢
(49) I(22)
1.hv,NH;, 2h ‘ (60) + I (18) 164
> CONMe;,
2. Mel
Br CONM
1. hv,NH3, 2h OO I g 164
MeO 2. Mel MeO
CONMe,
SRS
nucleophile:substrate MeO OMe
5 I(52) + I (15)
10 I (84) + I (10)
15 192) + I (5)
g OaY
s o st et aE
ad 2O conve
* ()
(14)
CONMe,
1. hv,NH;, 2h 6 72 164
%
cl
see e QLT e
2. Mel
1. Na(Hg), NHz, 4 h 177 164

2. Mel
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TABLE V. CARBANIONS DERIVED FROM N,N-DISUBSTITUTED AMIDES OR THIOAMIDES (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
CONMe,
Br
OOO ~CH,CONMe, hv, NHs, 2h OOO I.(70) 1649
CONMe,
hv,NH3,2h 1 (66) + % ‘q 12) 98°
CONMe,
1. hv,NH;, 2h (70 164
2. Mel
CONMe,
| A hv, NH3, 20 min | N @)+ ] A T @ 16
L _conm N N
N/ Br N €2 — =
| A hv, NHs, 5 min | A 87) 169
P . _CONMe,
N al N
X CON(Me)Ph
©/ “CH,CON(Me)Ph hv, NH3, ©/\ (Me) .
X
Cl 2h (72)
Br 2h (60)
I 05h (80) + Ph,CHCON(Me)Ph (10)
O a hv,NHj, 2h O 50 171
3 CON(Me)Ph 50
Br CON(Me)Ph
6 hv,NH3, 1.5h (80) 171
_COCH;~ _COBn _COCHPh,
X O\) o\) o
a hv,NH3, 3 h as) (18) 171
Br hv,NH3, 3 h (56) 12) 171
Br FeSO,, NH3 (46) - 76
I FeSO4, NH;, 0.75 h (70) @ 76
S
I N\)
FCSO4, NH;, 1.5h 76
0
R R
R
F ®
Me (62)
Ph (71)
OMe 57)
I 0 (\o
FeSO,, NH3, 1.5h N \) + o. N \) 76
o] R R
R
R R ‘ O O
F @31 (15)
Me 3) ®
OMe an as)
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TABLE IV. CARBANIONS DERIVED FROM N, N-DISUBSTITUTED AMIDES OR THIOAMIDES (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%)
I _COCH;~ (\o (\o
D/ (\N FeSO4, NHa, 1.5 h N\) + o N\) 76
o O/\r(
R
0o
) SA®
R_ R R
F (64) (12)
Me (65) )
Bu-t (40) (C)]
Ph 45) (16)
OMe (60) 6)
B
I N\)
FeSO4, NH3, 1.5h (44) 76
o
I .S
/@/ FeSO4, NH3, 1.5h 7\ ‘<—©—>7 /@6y 76
X Q N N O 1 (55
—/ (o] o —/
; o
I FeSOy4, NH3, 1.5h N\) + o) N\) 76
> AR sle
« U0
(6)
| A FeSO,, NH; | N o (65) 76
S —
N >al N N/\
Lo
o} (\o
I
N O, N\/‘
/B\ FeSO4, NH3, 1.5h 78\ > Q@n + ®) 76
S S /\ o 7 ) \\
S S
(9
I /\ N\)
~CHMeCO-N O  FeSO4 NH3,1.5h (57 76
_/ 0
(9
PhO I PhO N\)
\©/ FeSO4, NHa, 1.5 h @7) + PhO (33) 76
(9
I N\)
/©/ FeSO4, NHa, 15 h + PR 76
0o
R R R
Me 61) )
Bu-i 42) (13)
R (\0 R
1 i 7\ N\) Et _ (60)
CHRCO-N o] FeSO4,NH3,1.5h Pr-i (63) 76
\—‘/ o Bu-t (44)

n-CgH;7  (4)



TABLE IV. CARBANIONS DERIVED FROM N, N-DISUBSTITUTED AMIDES OR THIOAMIDES (Continued)

70T

S0T

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Ph
I “CH(Ph)CONMe; hv,NH3,15h (26) 98
O O CONMe;
Ph
Br CONMe,
6 hv, NHz, 2 h 6 1(52) 08
HC—CONMe,

I

©/ QCO AV, NH;, 2h 1.(38) 98
Br
~CH(Ph)CONMe, hv, NH3, 2 h

Ph._ _CONMe,
CLD v %
po-CONMe,
I

@( OOO . NH, 21 1o o8

~A - CONMe)Ph Ph A\ CONMePh  (38) +
¢ hv,NH3, 1 h Ph o~ CONMe)Ph  (10) + 169

CON(Me)Ph
/\_/ Ph
Ph N CONMePh — (®)
Ph
A
@ hv,NH3, 1 h | (50) 169
P Z CON(Me)Ph
N Br N 2
Ph Ph

- Ph
PhCl & hv,NH3, 1 h 1(52) + I (1) 172

N0 N0 N

Me Me Me
PhBr hv,NH3, 1 h IS+ 12 172
PhI nucleophile:Phl

15 hv,NH;, 1h I(60) + I (7) 172
2 hv,NH3,3 h 11 (40) 172

I
/©/ hv,NHs, 1 h Me—N (58) 172
MeO le) OMe
I @)
1. hv, NHs, 1 h Q (40) 172
2. Mel
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TABLE IV. CARBANIONS DERIVED FROM N, N-DISUBSTITUTED AMIDES OR THIOAMIDES (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
| L LA
OO Mo~y N/K/Ph hv,NH3, 3 h Me~N“N Ph 173
ENe®
M S/IR
Li -33° 90) 6.1
Li -18° (57) >99
Na -33° (44) 22
K -33° (28) 1.8
Cs -33° (62) 1.7
Ti(IV) -33° (43) >99
' e
N\)
©/ CHCSN 0 hv, DMSO, 1.5 h Ph/\ﬂ/ 1 (60) 78
_/ S
FeSO4, DMSO, 1(87) 78
50°,1h
S
I hv,DMSO, 1.5h N\) (70) + (14) 78

(1 ®

% The nucleophile:substrate ratio = 10.
b The nucleophile:substrate ratio = 5.



10T

TABLE V. CARBANIONS DERIVED FROM NITRILES

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
PhF “CH,CN hv,NH3,2h PhMe I (4) + PhCH,CN I (9) + Ph(CH,),Ph I (14) 42
K, NH3, -78° I(49) + II (3) + I (23) + C¢Hg IV (10) 43
PhCl1 hv,NH3, 2 h 1@ +I((17) + OI 43) 42
K, NH; I (18) + II (36) + IV (26) 4,43
PhBr hv,NH3, 2 h 1(5) + X1 (13) + I (46) 42
K, NH;3 I(26) + II (5) + IO (14) + IV (43) 43
PhI hv,NH3, 2h 1)+ I (7) + I (63) 42
K, NH; 1(14) + I (5) + II (25) + IV (32) 43
Ph?P(O)(OEt)Z K, NH;3, -78° 1@43)+0@3)+I@ +IVJAD 43
PhNMesI™ K, NH3;, -78° I1(26)+ 1 (5 + 01 (19 + IV (21) 43
Cl
D/ hv, NH; /@/\CN + /@ 46
R R R R
Ph 20 min (96) 4)
PhCO 1h 97 (=)
O O L 0
Cl K, NH3 + 45
J " U3
1 (60)° I (13)
hv,NH3, 1.7h 189 +II () 45
Cl1
CN
hv, NH3,0.75 h (98) 46
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TABLE V. CARBANIONS DERIVED FROM NITRILES (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br CN
G = e OGO
X N CN
N” X ox N
cl hv,NH3, 0.5h (98) 46
=
Br hv, NH3, 15 min ) + | | (16) 134
N~ "NH,
Br
Z l K, NH;, —68° Z | CN (30 47
X, X
N N
hv, NH3, -70°,0.5h (80) 47
Z Br y N
| hv, NH;,-70°,0.7h | (60) 47
Na Ny
= =
] hv, NH3, 15 min | (50) 134
X X CN
N Cl N
CN
@\ hv, NH;, 15 min [{ 165+ [\ J\ me® 174
s~ “Br s s S
Br
{/ \g Na, NHj3, -70° I(15) + I (5) 174
S
hv, NH3, 15 min 1(38) + 1 (7) 174
PhCI -CHMeCN K, NH; PhEL T (34) + CgHs I (38) + Ph I (12) 43
PhOP(O)(OEt), K, NH3,-78° I(14) + II (35) + I (14) 43
PhIthe3I‘ K, NH3,-78° I(8) + II (36) + LI (16) 43
Br
/@/ hv, NH3, 6 h /©ch (52) 66
Ph Ph
Br
N
hv, NH3, 6 h C an 66
hv,NH3, 5h O 52) 66
! a v, NH; ‘5\0 oNn ¢
OMe OMe
Br
hv,NH3, 4 h CN 1 @81 66
MeO MeO
hv, H;N(CH,),NH,, 2 h 1(94) 176
Et
PhE “CHE(CN K, NH3,-78° PhPrn I (28) + Ph)\( Ph I (26) 43

Et
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TABLE V. CARBANIONS DERIVED FROM NITRILES (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Et
Phl K, NH; 1(6) + I (24) + C¢Hg (27) + )\ (29) 43
Ph” “CN
Et
PhCI “CHEtCN K, NH; 137 + )\ (13) + C¢Hg (27) 43
Ph Ph
PhOP(O)(OEL), K, NH; 1 (28) + CgHg (20) 43
PhCl “CH(Pr-n)CN K, NH; PhBu-n (56) + CgHg (38) 43
Pr-n
PhOP(O)(OE), K, NH; PhBu-n (38) + C¢Hg (27) + )\ (10) 43
Ph CN
PhBr “CMe,CN K, NH3 PhPr-i (27) + C¢Hg (31) 43
Pr-i
PhC1 “CH(Pr-i)CN K, NH3 PhBu-i (37) + CgHg (31) + )\ 1I (19) 43
Ph CN
PhOP(O)(OEt), K, NH; I (31) + II (10) + CgHg (32) 43
~“CHPhCN K, NH3, -78° P Ph (12) + CeHg (25) 43
+ /\
PhNMesl™ K, NH3, -78° Ph Ph (17) + CgHg (43) PhsCH (12) 43
Z | hv, NH3, 15 min =~ | (88) 134
x> X CN
N Br N
Ph
Ph o}
A~ = CN 7 Ph
| hv,NH3,1.5h (48) + (12) 177
NS NS NS
N N N
Ph o]
Br
=z =3
| hv,NH3, 1.5h N asy + | | Ph (28) 177
Ny Ny X
NO, NO,
= | DMF, 64 h =~ © 347
X X CN
N” ~cal N
Ph
O,N 0N
=z
Z [ DMF, 40 h 37 347
NS NS
N N
Ph
z =z
Z | hv, NH3, 15 min (34) + (36) 167
x> X CN NC X CN
Br N7 OBr Br N N
Ph Ph Ph
= 1 hv, NHa, 15 min ~ (88) 134
X X CN
N N
Ph
Ph Ph
~ | hv,NH3,1.5h <rj)\ N 45y + ©\/j/g° (18) 177
NS NS NS
N N N
Ph
Z | HMPA, NaOH, 1 h Z | ) 348
NS NS
N N
[} '
o o
(\N hv,NH3, 1.5h 7N 31 177
| v, NH3, 1. |
X X CN
N/kCl N

hv, NH3, 15 min

Ja PNt
NS CN
A

Ph

167



TABLE V. CARBANIONS DERIVED FROM NITRILES (Continued)

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

1T

€11

Ph_ Et
pZ Br _ = N
m PhCE(CN HMPA, NaOH, 1 h | CN - (o1 348
NS NS
N N
] [
o) o)
~ z
Z | hv, NHy, 1.5 h | an + @35) 167
X X CN NC X CN
Br N Br Br N N
P’ Et Et PH
or
MeO

Ph

=
+ (52)
X CN
N
Ph E

t

Et

~ = MeO. CN MeO CN
O/\CN hv, NH3 O I+ @\é o 349
OMe
+ ©/ m
R.S
Br Sh I +1) (69) + II (20)
I 2h @ +1II) (65) + HOI (25)

I I hv,NH;, 4h I ‘ I+ 349
CN
‘ (35)
@ + 1) (60)

4 This yield includes 1,2 and 1,4-dihydro-1-naphthylacetonitriles.
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TABLE VI B—DICARBONYL AND RELATED CARBANIONS

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
COMe
N,SBu-t O)\COMC
©/ “CH(COMe), Sunlamp, DMSO, 6 h ()] 59
COMe
Br
@ 1.hv,NH3, 1 h dcom 1 (90) 107
eN 2. HCl oN
N,SPh
Sunlamp, DMSO, I (67) 59
©icr~1 0.75h
COMe
N,SBu-t
©: ’ Sunlamp, DMSO, COMe 59
R R R
CN 22h an
NO, 3h (74)
COMe
1-BuSN, O MeCO ‘
OO ‘ Sunlamp, DMSO, 8 h OO (26) 59
COMe
NC Br NC
\©/ 1.hv,NH3, 1h \@AcoMe ©0) 107
2. HCI
COMe
R \@/ N,SBu- R\©)\C0Me
R
CN Sunlamp, DMSO, 3 h (84) 59
NO, Sunlamp, DMSO, 23 h 1) 59
COPh hv, DMSO (49) 183
COPh Sunlamp, DMSO, 2.5 h (58) 59
COMe
O,N N,SBu- 1. Lab light, DMSO, O,N
O/ 35h \@Acom an 59
2. Sunlamp, 1 h
COMe
Br
J@/ 1. hv, NH,, 7h /©)\C°Me 63) 107
COMe
Br
/©/ e~ DMSO Q/k COMe 45y 180
PhCO’ PhCO
COMe
N,SR? /@/k
COMe
AT .
R! R?
CN Bu-t Sunlamp, DMSO, 26 h (74) 59
CN Bu-z e”, DMSO 3) 59
COMe Bu-t Sunlamp, DMSO, 27 h (64) 59
COPr-i Bu-t hv, DMSO (44) 183
COPh Bu-t Sunlamp, DMSO, 28 h (45) 59
Br Bu-z Sunlamp, DMSO, 2.5 h “43) 59
OMe Bu-z Sunlamp, DMSO, 15 h ) 59
CN Ph Lab light, DMSO, 0.5 h (60) 59
NO, Ph Lab light, DMSO, 0.5 h 72) 59
COPh Ph Sunlamn. DMSO. 26 h (45) 59



TABLE VI. B—DICARBONYL AND RELATED CARBANIONS (Continued)
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Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
COMe
N,SBu-t
X X
\ ~CH(COMe), Sunlamp, DMSO, 17 h COMe 60 59
P Pz
N N
COMe
N\ Br N\
| hv,NHs, 2 h i COMe (75 107
s Zen
N _ X
| e, DMSO | (12) 180
P 7 COMe
N Cl N
COMe
Cl Cl
Z hv, NHa, 6 b Z (60) 182
X X COMe
N 1 N
OPr-i OPr-i COMe
N NS
| = -CMe(COMe), NH; | (15) 56
P Z COMe
N a N
COMe
COMe
PhCO N,SBu-t PhCO con
\©/ “CH(COMe)COMe  hv, DMSO Ve 34 183
COMe
N,SBu-t
/@/ hv, DMSO /@/kcome 47) 183
i-PrCO i-PICO
COMe
Br
©i 1.hv,NHs, 1h COEt (g0 107
N 2.HCl N
1.hv,NHs, 1h @(\ COEt (g 107
2.NH,CI oN
COMe
NC Br NC
\©/ 1. hv,NH;, 1 h COEL 2oy 107
2.HCI
COMe
Br
/©/ 1.hv,NH;, 1 h COEL 1o 107
NC 2. HC1 NC
1.hv,NH3, 4 h /@A COEL (7 107
2.NH,CI NC
CN CN
I X 1. hv, NHs, 4 min 1 N (80) 107
7
N e 2. NH4Cl N COzEt
a c
=~ hv,NH3, 6 h Z (62) 182
X X COyEL
N 1 N
OPr-i OPr-i COMe
Br _
©i MeCOCMeCO,Et 1.hv,NH3,2h COEt  (60) 107
CN 2.NHCl CN
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TABLE VI. B~-DICARBONYL AND RELATED CARBANIONS (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
CN - CN
| N MeCOCMeCO,Et 1. hv, NHz, 0.5 h | A 82) 107
~ 7z CO,Et
N7 B 2. NH,Cl N g
COMe
PhCO N,SBu-r PhCO
\©/ ~CH(COMe), hv, DMSO COMe (34, 183
CO;Me
N,SBu-t
/©/ hv, DMSO COMe  (sg) 183
i-PrCO i-PrCO
COREt
Br CO.E
@: -CH(CO,Et), hv, NHa, 6 h Et (78 107
CN CN
N N
1 1.hv,NH3, 3 b (90) 107
N7 Br 2. NH,CI NZ N0
CORE
a a
z hv,NH;3,7h Z (83) 182
. . CO,Et
N I N
OMe OMe COEt
A XN N
NI _ > Et0,C NI/:[ > EtO c\/NQ/\/I >
MeO,S N THF, 29 h 2 N N + 2 N N 350
CO,Et
TBDMSO
BDM o TBDMSO o TBDMSO o
TBDMSO  OTBDMS TBDMSO  OTBDMS TBDMSO  OTBDMS
(50) (25)
Et0,C_ COsE
Br _
@ EtC(CO,ED), 1. hv,NHz, 2h Et (30 107
CN 2. NH4Cl CN
N N
| 1. hv, NH;, 10 min | ©2) 107
Pz Yz Et
N” O Br 2. NH,CI N
E0,¢” “COEt
FiC FiC
A - B
n MeC(CO,E), hv, NH3, 15 min | (100) 181
—
N a N7
E0,¢~ COsEt
A BN
/@\ hv, NHs, 4 h | “4) 181
~ 7
Fc” N7 al FC” N
E0,¢~ COEt
oN
Br
©i ~CH(CN)CO,Et hv,NH3, 2h COEt 99 107
CN CN
CN
a
/©/ &, NHs, mediator COEt (45 180
NC NC
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TABLE VI. B~DICARBONYL AND RELATED CARBANIONS (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
CN
Br COEt
/©/ “CH(CN)CO,Et ¢, DMF 2 I (80) 180
PhCO PhCO
¢, DMSO 1 (94) 180
CN
cl cl cl
| ~ e, NH3, mediator I A COE (75) 85
~ —
N N
CN CN
@ 1. hv, NHs, 1 h | N (80) 107
P = CO,Et
S 2. NH,Cl N 2
CN
o
Br 0 ~ 0
1.hv,NH;, 1h (80) 107
oN 2. NH,4C1 N o
~—CO,Et
o:'<: 1.hv,NH3, 2h @\Coﬁ‘ (90) 107
CO,Et 2. NH4Cl1 CN
CN
cl N
. _ . CN
/©/ CH(CN), 1. 7, NH3, mediator . (85) 179
NC 2. KOH NC K
Br (o]
M come hv, NH; COMe (g2 143
> o)
0
A N
~
N al < oM N7 COPh
M
Li n
K an
Na 30)
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TABLE VII. OTHER C-C BOND FORMATION
A. Carbonylation Reactions

Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
PhCl Coy(CO)g, CO 1 atm hv, NaOH, H;0, C¢Hg, PhCOH I (0) 188
BuyNBr, 65°,13 h
1. THF, +-BuCH,ONa,
Co(OAc),, CO 1 atm NaH, 63°,52h I + PhCO,CH,CMe; IT (I + II) (35-40) 186
2. H;0*
Co(OAc),, CO 2 atm hv, NaOH, H,0, EtOH, 1 (49) 194
30°,20h
PhBr Co0,(CO)g, CO 1 atm hv, NaOH, H,0, C¢He, I (95) 188, 189
BuyNBr, 65°, 13 h
1. THF, EtCMe,ONa,
Co(OAc), CO 1 atm NaH, 60-65°, 5 h I (40) + PhCO,C(Me),Et (60) 187,184
2. EtOH, H;0*
1. THF, -BuCH,ONa,
NaH, 63°,10h I+ I + II) (80-85) 186
2. H;0*
Sunlamp, EtCMe,ONa,
THF, MeOH, NaH I (9) + PhCO,Me (88) 351
40°,6h
Co(OAc),, CO 1 atm Sunlamp, EtCMe,ONa, I + PhCOR IT 351
THF, ROH, NaH, 40°
R time (h) I 1
Me 14 A3) (76)
Et 24 ©6) (83)
n—CwH21 79 (12) (67)
MeO(CHy), 20 (16) (69)
EtO(CHy), 15 ) (81)
R time (h) I I
BuO(CH,), 22 (12) (75)
Bn 86 (16) (70)
i-Pr 32 2) (82)
i-CsHy; 32 3) (73)
¢-CsHyg 18 13) (79)
+-Bu 72 ©6) (72)
+-CsHyy 40 (tr) (tr)
1. THF, EtCMe,ONa,
Co(OAc),, R'R?NH, NaH, 63°, X h PhCONR'R? I + PhCO,C(Me)Et I + PhCO,H I 186
CO 1 atm 2. H;0*
R! R? X I 1 1
H CeHyy 20 (70-75) (—) (10-5)
Et Et 45 (40-45) (20-25) (10-5)
i-Pr i-Pr 25 (30-35) (30-35) (20-15)
H n-Bu 48 (30-35) (0-5) (15-10)
n-CgHy;  n-CgHyy 40 (40-45) (5-10) (15-10)
H (CHp)s 25 (45-50) (5-10) (20-15)
NaCo(CO)y, hv, EtCMe,ONa, THF, PhCO,C(Me),Et (70) + PhCO,H I (17) + CgHg, (3) 184
CO 1 atm 63°,5h
Co(OAc),, CO 2 atm hv, NaOH, H,0, EtOH, I (99) 194
30°%1h
Phl Coy(CO)g, CO 1 atm NaOH, H,0, CgHg, I (25) 199
BuyNBr, 65°,23 h
Co0,(CO)g, CO 1 atm Sunlamp, NaOH, H,0, C¢Hg, 1 (90) 189
BuyNBr, 65°,1h
Co(OAc),, CO 1 atm 1. THF, +-BuCH,ONa, I + PhCO,CH,Bu-t I + CgHg (20-15) 186

NaH, 63°, 1 h
2. H;0*

(@ + 1) (70-75)



et

T4

TABLE VII. OTHER C-C BOND FORMATION (Continued)

A. Carbonylation Reactions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
1. THF, EtCMe,;ONa,
Co(OAc), CO 1 atm NaH, 60-65°,3 h I (74) + PhCO,C(Me)Et (6) 187
2. EtOH, H;0"
Fe(CO)s, Cox(CO)s, 1. EtOH, NaOH, H,0,C¢He, I (80) + PhCOPh II (2) + PhPh III (2) 199, 195,
CO 1 atm BugNBr, 60°, 23 h 196
2. H;0*
1. NaOH, H,0, CeHg,
BuNBr, 65°,23 h I (30) + II (50) + LI (6) 199
2. H;0"
1. NaOH, H,0, CgHe,2
Fe(CO)s, CO 1 atm BugNBr, 65°, 65 h I(18) + I (33) + HI (20) 199
2. H;0*
Fe(CO)s aq., NaOH, H,0, CeHg? 19+ 185 + 1 (2) 197, 200
CO 1 atm BWNBI, 70°, 24h
a COH
Co,(CO)g, CO 1 atm hv, NaOH, H;0, 87) + ) 191
CO,H 65°. 241 COH CO,H
Br COH CO.H
@ Co(OAc), COlatm  Sunlamp, THF, MeOH, @ + ©/ 351
R NaH, EtC(Me),0Na, 40° R
R
Me 18h (10) (53)
OMe 20h ®) 85)
F 8h 3) (81)
CF, 18h © (84)
CN 12h 78) [
Br COH
C( CoxCO)s. COlatm kv, NaOH, H,0, CeHs, ©1 ©6) 188, 189
BuyNBr, 65°,2.25h
o
1. THF, +-BuCH,0Na, COH g
Co(OAC), CO 1 atm NaH, 63°, 25 h C( I+ v 186
2. H;0*
( + 1I) (80-85)
Br CO2H
@/ " Co,(CO)g, CO 1 atm Sunlamp, NaOH, H,0, I (78) 190
N*Ets 65°,12h COH
Br
©/\/ Sunlamp, NaOH, H,0, I 90) 189
CONH, BugNBr, 65°, 12 h
Br COH
©i hv, NaOH, H,0, CgH, ©i 147+ ©\ @s) 188
OMe BuyNBr, 65°,2 h OMe OMe
0
1. THF, +-BuCH,0ONa,
0" > Bu
Co(OAc),, CO 1 atm NaH, 63°, 15 h I+ I d + ) (95-100) 186
2. H;0*
0
b'e CO.H
@ C05(CO)g, CO 2 atm COH . @E I + PhCO,H I
COH COH COH
X
Br hv, KOH, H,0, 65°, 4 h 1.(36) + II (38) + I (16) 192
I hv, KOH, H;0, 65°,4h I(@29 + 0O (33) + IO (33) 192
cl hv, NaOH, H,0, 65°, 18 h 1(29) + I (34) + I (11) 192
Cl hv, NaOH, H,0, 65°, 18 h I(—+IOGH+ IO 191
Cl Co(OAc),, CO 2 atm hv, NaOH, H;0, 65°,22h I()+ I (13) + II (26) 194
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
A. Carbonylation Reactions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
I CO,H R O R
Fe(CO)s, Coy(CO)s, NaOH, H,0, I+ II + PhR IIT
@R CO 1 atm Bu,NBr, 48 h ©:R
R
Me CeHg?, 65° I (15 + II (47) + IO (15) 199
Me Fe(CO)s, CO 1 atm CeHg, 70° IQ1) + I (31) + I (25) 200
Cl Fe(CO)s, CO 1 atm C6H6", 70° I(34)+H @27+ 10 (22) 200
R Br R COH 0
\©/ Co(OAc),, CO 1 atm THF, t-BuCH,;0Na, \©/ I+ R©/“\O/\Bu-t )1 ! 186
NaH, 63°
R
Me 20h (@ + II) (85-90)
OMe 15h I + ) (90-95)
R CO,Me
Sunlamp, THF, MeOH, I+ o 351
NaOH, EtC(Me),ONa, 40° \©/
R
Me 16h I(10) + O (79)
OMe 17h I@®) +II (80)
F 7h I@8) + I (85)
CF; 16h 1 (19) + II (76)
CN 36h I + 072
R I o
\©/ Fe(CO)s, Cox(CO)g, NaOH, H,0, CgHg,* I + R R 11 199
CO 1 atm BuyNBr, 65° O O
R
Me 24h I (60) + IT (30)
Cl 48 h I (27) + I (20) + PhCl (37)
R_
Me Fe(CO)s, CO 1 atm NaOH, H,0, C6H6,b I (31) + II (44) + PhMe (12) 200
Cl Fe(CO)s, CO 1 atm BuyNBr, 65°, 52 h I (17) + O (55) + PhCl (18)
HO X . HO COH I n
\©/ Co(OAc),, CO 2 atm hv, NaOH, H;0, 65°,2.5h \©/ I + PhOH II @ Q) 194
39 M)

H02C\© X
X

Co,(CO)g, CO 2 atm

Co,(CO)g, CO 1 atm

Co,(CO)g, CO 2 atm

Coy(CO)g, CO 1 atm

hv, NaOH, H0,

80°,25h
30°%1h
65°,6h

Sunlamp, NaOH, H,0

65°,8h
65°,15h

hv, NaOH, H,0, 65°, 6 h

Sunlamp, NaOH, H,0,
65°,12h
hv, NaOH, H;0, 65°, 12 h

HOZC\OCOZH

(82)
(96)
94)

/©/C02H
R

(98)
(80)

CO,H
/©/ (93)
HO,C
COH
HOZCV©/

(75)

(80)

194
194
191

189

191

190
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TABLE VII. OTHER C-C BOND FORMATION (Continued)

A. Carbonylation Reactions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br CO,H
Coy(CO)g, CO 1 atm Sunlamp, NaOH, H,0,
X/©/ Cg¢Hg, BuyNBr, 65° X/©/
X
F 2h 97) 188
Cl 1h (98) 0 188, 189
:: _Br [ j COM O/\ Bu-z
Co(OAc),, CO 1 atm THF, -BuCH,ONa, I+ 186
F NaH, 63°,20 h F F
I + 1) (85-90) o
Br COH
/O/ Co(CO), €O 1 atm /O/ S 0" Bu-t
R R R
R I
Me hv, NaOH, H,0, C¢Hg, N 188, 189
BuyNBr, 65°,1.5h
CO,Et hv, NaOH, H,0, C¢Hg, o7 189
BuyNBr, 65°,1.5h
COMe Sunlamp, NaOH, H,0, (90) 189
CgHg, 65°,45h
OH hv, NaOH, H,0, C¢Hg, (18) 189
BuyNBr, 65°, 15 h
OH Sunlamp, NaOH, H;0, 4 h 90) 189
OMe hv, NaOH, H,0, C¢Hg, (94) 188, 189
BuyNBr, 65°,2h
NO, hv, NaOH, H,0, C¢Hg, (17) + PhNO; (17) 189
BusNBr. 65°. 8 h
R Co(OAc),, CO 1 atm THF, 1-BuCH,ONa, NaH, 63° I + I 186
Me 20h (90-95)
OMe 15h (95-100)
NMe, 15h (34-40) + PhNMe, (45-50)
COMe 25h (80-85)
1. THF, EtC(Me),0ONa, CO,Et
Co(OAc);, CO 1 atm NaH, 60-65° I+10+ /©/ I 187
R 2. EtOH, H;0* R
Me 22h I(16) + II (21) + I (21)
CO,Et 1h I(84) + 1 (2) + I (10)
CO,Me
Co(OAc),, CO 1 atm Sunlamp, EtC(Me),ONa, I+ )1 351
THF, MeOH, NaH, 40° R/©/
R 1 11
Me 14h (14) (76)
OMe 16h (13) 79)
SMe 71h (12) 71)
F 7h 8) (82)
CF;3 I5h (16) (72)
CN 35h (13) (69)
(o]
I
Fe(CO)s, Coy(CO)g, NaOH, H,0, C¢Hg,* I+ IO + PhR I 199
R/@ CO 1 atm BuyNBr, 65° R O O R
R
Me 48 h T(0) + O (57) + I (8)
OMe 48h 1.(15) + I (55) + I (10)
cl 60 h I (35) + O (30) + OI (25)
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TABLE VII. OTHER C-C BOND FORMATION (Continued)

A. Carbonylation Reactions (Continued)

Substrate

Nucleophile

Conditions Product(s) and Yield(s) (%) Refs.
Fe(CO)s, CO 1 atm NaOH, H,0, CgHe.? 200
R BugNBr, 70°
Me 52h I(19) + II (40) + I (15)
OMe 48 h I(17) + II (62) + I (8)
a 52h I 20) + II (50) + III (16)
X 1. hv, McONa, MeOH, COMe COMe X
Coy(CO)g, CO, 50°Yh + + 185
sealed tube 2. Me;S0y, 60°,0.5 h
CN CN COMe CO,Me
X Y 1 n m
1 1h 1@+ 15 + O (1)
Br 1h 1) + 15 + OI (3)
Cl 4h oI (8)
HO,C cal HO,C COH
:©/ Coy(CO)g,CO2atm kv, NaOH, H,0, ]ij ©5) 191
HO,C 65%6h HO,C
a CoH ca COH
@ hv, NaOH, H,0, (:[ + @ + + 192
. COH
al 65°,24h CO,H CO,H 2
1 I g o
PhCO,H IV
123) + I (40) + OI (13) + IV (25)
hv, NaOH, H,0, EtOH, I(22) + 1 (40) + IV (23) 191
65°,24h
a COMe COH
Z | Co(OAc),, CO 1 atm Sunlamp, EtC(Me),ONa, Z I I+ O/ I 351
XN THF, MeOH, NaOH, 40° XX XX
cl ol cl
a
o- 71h 1(61) + I (17)
m- 63h 1(66) + I (17)
- 63h I (65) + 11 (15)
0
Br COzH
@ C0y(CO), CO2atm  hv, NaOH, Hy0, COH (1) 4 @ @5) + 192, 191
cal 65°,20h CO,H COH
COH COH
Q" e ™
al
Br COMe COH CO,Me
z I Co(OAc),, CO 1 atm Sunlamp, EtC(Me),0Na, Z ‘ + Z I + Z ' 351
X THF, MeOH, NaH, 40° XX XX XX
cl cl cl COMe
a 1 i m
o 10h 1(76) + 11 (3) + HI (12)
m- 8h I(86) + II (10) + HI (3)
P 8h 186)+ 1 (3) + I (7)
o
Br CO.H COH
@[ Cox(CO), CO2atm  hv, NaOH, H,0, COH | ©: N ©/ 192,191
Br 65°,4h COH CO.H
a3) (32 (55)
Co(OAc),;, CO 1 atm Sunlamp, EtC(Me),ONa, 351

THF, MeOH, NaH, 40°, 18 h
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
A. Carbonylation Reactions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
X
a X HO,C COH X
Coy(CO)s, CO2atm  hv, NaOH, H,0, I (92 191
65°,20h Br O
a Br 1. EtC(Me),ONa, THF, HO,C a Et0,C a
Co(OAc)y, CO 1 atm NaH, 60-65°, 10 h I30) + \©/ (15) + \©/ @8) 187
2. EtOH, H;0"
Br. Br
Coy(CO), CO2atm v, NaOH, H;0, I (%4) 191
65°,2h
MeO,C CO,Me
Co(OAc), COlatm  Sunlamp, EtC(Me),0Na, 15+ \©/ (86) 351
THF, MeOH, NaH, 40°, 14 h
ca COH COH
/©/ Co(OAc), CO2atm kv, NaOH, H,0, /©/ 1(67) + /©/ ) 194
cl 30°,20h HO,C cl
Coy(CO)s, CO2atm v, NaOH, H;0, I (88) 191
65°,20h
Br
/©/ Coy(CO), CO2atm  hv, NaOH, Hy0, EtOH, I (79) 191
a 65°,20h
0 0
1. EtC(Me),ONa, THF, Et
Co(OAc)y, CO 1 atm NaH, 60-65°, 9 h 10 + \K o . 0 g
2. BIOH, H;0* 0 7\3 a y\a
0
(20) (55
Br
/©/ Coy(CO)s, CO2atm kv, NaOH, H,0, EtOH, I (83) 191
Br 65°,4h
1. EtC(Me),ONa, THF, CO,H
Co(OAc), CO 1 atm NaH, 60-65°, 9 h 1 (60-65) + /©/ Il (5-10) + PhCOH (10-15) 186
2. EtOH, H;0* Br
Co(OAc),, CO 2 atm hv, NaOH, H;0, EtOH, I 97 194
30°,4h
CO,Me
Co(OAc), COlatm  Sunlamp, EtC(Me),ONa, /©/ @1 + I (6) 351
THF, MeOH, NaH, 40°, 14h 0. c
cal a CO,H
Coy(CO), CO2atm  hv, NaOH, H,0, /@r as) + /©/ a4+ 191
HO,C cl 65°,6h HO,C HO,C
COH COH
o7 + /@[ an
HO,C cl HO,C COH
ci COH
hv, NaOH, H;0, /@\ (89) 191
HO,C cl 65°,20h HO,C CO,H
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TABLE VII. OTHER C-C BOND FORMATION (Continued)

A. Carbonylation Reactions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
a HO,C COH HO,C a
\@[ Co0,(CO)g, CO 2 atm hv, NaOH, H,0, \@ I(13) + \C[ (40) + 191
65°,6h CO,H CO,H
c1 CO,H HO,C
\@ (14) + \©\ (10) +
COH CO,H
Cl
\©\ 24
COH
HO,C HO,C COH
@i hv, NaOH, H,0, I (53) + @: (30) 191
HO,C 65°,24h HO,C COH
cl COH COH
/@\ Co(OAc);, CO2atm kv, NaOH, H,0, EtOH, /@\ 1.(76) + @n 194
a cl 65°,18h HO,C CO,H CO,H
Co0y(CO)g, CO 2 atm hv, NaOH, H,0, EtOH, I (86) 191
65°,20h
Br
/@\ hv, NaOH, H,0, EtOH, I (93) 191
Br Br 65°,4h
Br COH
Cox(CO), COlatm  hv, NaOH, H,0, CeHg, OO I.(96) 188
BuyNBr, 65°,5h
Sunlamp, NaOH, H,0, I (95) 189
EtOH, BuyNBr, 65°,4.5 h
Co(OAc),, CO 2 atm hv, NaOH, H,0, EtOH, I (99) 194
65°%,4h
CO,Me
Co(OAc),, CO 1 atm Sunlamp, EtC(Me),ONa, I (15 + (63) 351
THF, MeOH, NaH, 40°,76 h
Br COH
Co,(CO)g, CO 1 atm hv, NaOH, H,0, C¢Hs, 1(97) 189
BuyNBr, 65°,1.5h
COzMe
Co(OAc),, CO 1 atm Sunlamp, EtC(Me),ONa, 1)+ (76) 351
THF, MeOH, NaH, 40°,43 h
N Br N CO,Me
| Sunlamp, EtC(Me),ONa, | (70) 351
N7 THF, MeOH, NaH, 40°, 61 h N
@\Br Sunlamp, EtC(Me),ONa, @\CO M (72) + @\ 2 351
0 THF, MeOH, NaH, 40°, 42 h 0 e o~ ~CoH
CO,Me CO,H
f/ \S Sunlamp, EtC(Me),ONa, {/ \S (74) + {/ \S ®) 351
(0] THF, MeOH, NaH, 40°, 36 h o) o)
/@\ Sunlamp, EtC(Me),0ONa, /@\ A
R X THF, MeOH, NaH, 40° RTNg7TCOMe . RT Ny~ "COH
R X
H Cl1 15h (81) a 351
H Br 13h (83) [0) 351
Me Br 19h 87 @ 351
H Br Co(OAc),, CO 2 atm hv, NaOH, H,0, 30°,20 h (—) ©7) 194
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TABLE VII. OTHER C-C BOND FORMATION (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
X COMe COH
{/ \g Co(OAc),, CO 1 atm Sunlamp, EtC(Me),ONa, {/ \g + (/ \g 351
s THF, MeOH, NaH, 40° s S
X
Cl 17h (78) ©)
Br 14h (80) 13)

/@\ Sunlamp, EtC(Me),0Na, /@\ (55) + /@\ an 351
Br s Br THF, MeOH, NaH, 40°, 54 h MeO,C s CO,Me HO,C s COH
@*C] Sunlamp, EtC(Me),0ONa, &cone 71) + ©:\>~cozﬂ (10) 351

S THF, MeOH, NaH, 40°, 48 h S S

Br CO,Me COH

N Sunlamp, EtC(Me),ONa, (;r\g (66) + ©:\g a3 351
S THF, MeOH, NaH, 40°, 48 h S S

% Hy0:CgHg = 1; substrate:Fe(CO)s = 1:0.09.
b H,0:CgHy = 7; substrate:Fe(CO)s = 1:0.29.
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
OH
Br O~
o e SN ¢ P
® ®
OH
PhCO PhCO
I (20) II (40)
/@ I (17)
PhCO
e”, DMSO I (16) + II (31) + II (33) 205, 352
OH
N,SR
/©/ R = Bu-, hv, DMSO, 0.7 h 0) + 42) 217
e ® ®
OH
NC NC
I )1 4
R =Ph,DMSO, 2 h I (14) + II (46) 216, 217

N
©|\/j\ ¢, DMSO
o
N Cl

N,SBu-t o
©/ /©/ hv, DMSO, 1.25h
@NZSBu—t

1. v, DMSO, 2 h
CN 2. Mel

205

/(:[ @3) 207
Ph

OMe .
O (50) 294
NC I
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related lons (Continued)

Substrate

Conditions

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

@[ N,SBu-t /©/0-
NO,

NC\©/ N,SR

/©/ N,SBu-#
R
R

COPh
OMe
Br

/©/ N,SPh
O,N

~! l N,SBu-z
(T NoSBu-t
] ~

N

hv, DMSO, 0.8 h

R =Ph, Av, DMSO, 0.75 h

R =Bu-t, hv, DMSO, 2 h

hv,DMSO, 3.5h

hv, DMSO, 0.8 h

hv,NH3,2h

R =Bu-t, hv, DMSO, 0.7 h

R =Ph, hv, DMSO, 1.5h

hv, DMSO

25h
24h
3h

DMSO, 0.5h

hv,DMSO, 2 h

hv, DMSO, 1.25h

217

Q
)
2

S
Z
o) o

(11 216,217

on 162 + ‘

I (61) + II (10) 217

CN

-

COPh (53, 217

NO, (70) + (12) 217

.\ o
4
o
~

1 (20) 105

ot g

@]
4

I (8) 217

5
.

1(69) + ‘
CN

I1(69) + II (4) 217,216

Q
() °
=

217
(59
@21
(33)
OH o]
(70) + ‘ (10)
O 217
A O
NO,
OH
O O O (28) 217
(58) 217

8
. j
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions (Continued)

o
/©/ hv,NH3. 1-2h
CF;0

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
a a
o
A A
/©/ hv, NH;, 2h ] 35 182
~ ~
N I N
OPr-i OPr-i
Ph
Br o OH
©/ O hv,NH;, 1 h (12) 105
MeO Ph
PhN,SBu-t hv,DMSO, 1.5 h I (49) 217
N,SBu-t OMe
O: 1. hv, DMSO, 2 h O ©2) 294
CN 2. Mel MeO O
NC
Br OH
hV, NH3 O
R MeO O
R R
F 12h (15) 209
CN 2h (65) 105
CF; 1-2h o) 209
Br OH
/©/ Av, NH;. 1-2h O I+ 209
CF30 MeO O
OCF;
CF;0 on OCF,
DO
O @ +1n) @5)
MeO
N,SBu-¢ OH
/©/ hv, DMSO, 2 h 6) 217
NC MeO O
CN
Cl OH
O OPr-i
A
hv,NH;, 5 b MeO Ny 60 + 182
~
OPr-i
a
a a
(10)
Br
X -
CN



TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions (Continued)

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

T

evT

Br o OH
/O/ /©/ hv,NH3.1-2h O @n 209
R CF30 CFs O OCF; (47)
R

Br
/©/ hv,NH3. 1-2h O 29 + 209
CF; CF;0
CF

3

F3 CF3
OO

N,SR! o
/©/ /©/ hv, DMSO 217
NC R? R O
R! R?

]
T

R R® CN
Bu-t CF; 0.75h

Bu-t Br 1h (56)

Bu-¢ NO;, 80h 35)

Ph NO, Sunlamp, 24 h (51)

Cl o
| N e, NH3, THF, 353
N/ mediator
o
Cl
@[ tBu But o NHj, mediator o (&9 204, 84
CN

Bu-t
R
Br
C[ v, NHy. 1h Q O oH 105
R
R Bu-t
CN (88)
CONH, (85)
COMe (60)
OMe (78)
Bu-t
NC Cl
108 S OH 550 .
Bu-t
Bu-#
Cl Cl
/©/ €7, NH3, mediator NC O O OH I (78) + /@ (6) 205, 84,
NC H,NCO 341
¢”, DMF 1 (60-68) 341
hv, NH; 1 (70) 203
Bu-1
Cl
/©/ e~, NH3, mediator R O O OH
R R
COMe (50) Bu-t 206
COMe (50) 206
NMesl (85) 206

C1 67) 210, 85
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
t-Bu
Cl o
t-Bu Bu-t ¢, NH3, mediator HO O O SO;R 208
RO,S
R t-Bu
Me (90)
Ph (90)
p-CICgH, (90)
t-Bu (o]
Br t-Bu Bu-t
o ol O
R
U
R R
R 1o
F hv,NH3. 1-2h Gy 209
CN hv,NHs. 1h (96) ) 105
SMe ¢, NH3, mediator (40) —) 206
CF3 hv,NH3. 1-2h (38) (16) 209
OCF; hv,NH;. 1-2h =) (10) 209
Bu-z
NCBr ¢, NH3, THF, mediator NC Q O O OH (25) 207
Bu-1
Bu-t
7 4
NQ—@B; €”, NH;, THF, mediator N \ O O OH (35) 207
Bu-t
Bu-t
OO e e ALY o
Bu-z
Bu-t
N,SR
/©/ R =Bu-t, hv, DMSO, 5 h NC O O OH 1 (64) 217
NC
Bu-r
R =Ph,DMSO, 6 h I (58) 216,217
Bu-t
N Cl . —
| ¢, NH3, mediator \ /) OH (84) 84
“ N
N
Bu-t
Bu-t
N Cl . —
| &, NH3, mediator N / OH 1 (70) 354, 84
N~ \
Bu-t
e”, NH3, THF, mediator 1 (70) 355
Bu-t
® o R o OH
| \_//
Cl
R R Bu-t
Cl1 e~, NH3, mediator H (16) 206
CN e~, NH3, mediator CN (77 84
CN hv, NH3 CN (70) 203



TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions (Continued)

T

YT

Bu-r

€~, NH3, mediator (76) 206

O

R R

72
€~, NH3, THF, mediator N \ OH Pr-i (30) 353

g

1
o
R
R
oy Y N OPr-i OMe
N MeO OMe \
~
N I
o
o
Bu-¢
Bu-¢

Z

n-CsHyjy - (21)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
o o Bu-z Bu-t
\Ej\ t-Bu But - NHy, mediator Cl@—Q—OH +C—\ OH 85
— .
N al N N
Bu-t Bu-t
I I
I+II (35), LIl = 85:15
CF; Bu-t
N CF3 —
I hv,NH3,1.3h \ / OH (66) 181
= N
N Cl
Bu-z
Bu-t
CF3
ﬁ hv,NH3,0.75 h CF; 7\ OH I+
_ —
N Cl N
Bu-t
(85)
CF5
e”, NH3, mediator I (50)
Ct Bu-1
Cl Cl
I ~ e~, NHj3, mediator / \ OH 74) 85
7
N N=
Bu-r
CF; CF; Bu-1
CF3
ﬁ ¢, NH;, mediator CFSMW (50) 202
~ =N
N Cl
Bu-t
Cl CF, Bu-z
i/
b\ ¢, NH3, DMF, mediator ND—QOH (40) 202
> S
CFj3 N ‘CF3
CF3 Bu-t
Ci
A
~
N
Cl
Cl

Cl
OPr-i OMe

MeO
N,SBu-t
©: 1. hv, DMSO, 2 h 21) 294
CN 2. Mel
: :Cl
CN

§ 9

N
Bu-r

e~, NH3, mediator

O 20)° 204
Bu-¢

CN

O Z
o



TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related lons (Continued)

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

8rT

67T

o Bu-¢

a Bu-t
/©/ ¢, NHj, mediator O @7 204
NC Bu-¢

Bu-t
Br
/©/ hv, NH;, 1-2 h O 209
R
O Bu-t
OH
R R
F (48)
CF, @
CF,0 63)
CF; CFy
| A hv, NH3, 4 h | ~ OH (10) 181
—~ — Bu-t
N N
Bu-
CF; CF;
| S hv, NH3, 1 h ] X oH ©8) 181
— — Bu-t
N a N
Bu-t
A
] hv, NHy, 3 h N OoH (60) 181
P Bu-
cE” N al CFy” N7 o
Bu-t
CF,
CFs al
l A hv,NH;, 25 h Z 1 ©8) 181
~ -
N NH2 N~ Bu-t
NH,

40) + 105

o
Br
/©/ OO hv,NHs, 2h OO @5) +
NC
OH
sendt
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
OPr-i
T = 9@
OO OO 1.hv,NHs, 3 h O O 22) + a7 + 211
2.i-PrBr OO
i-PrO O
(20)
OPr-i i-PrO
I
1. hv, NHs, 2 h OO 36) + OO Qo 211
2.i-PrBr
OPr-i
‘ 4 O
OO 1.hv,NH;, 1h 0) 211
2.i-PrBr OO
1 o
1. hv,NH3, X h i-PrO O O H 5 (50 211
R 2. i-PrBr Q OPr-i 2 (60)
I ()
OO 1. hv, NHs, 1.5 b i-PrO O O (50) 211
OMe 2. i-PrBr OMe
axe
Cl t-Bi
o u
- -0
| ¢”, NH3, mediator \ 4 (57) 213
o O
t-Bu
~ —
| e~, NH3, mediator HO 0 \ N  (80) 213
e a3
Cl t-Bu
S . -
@ ¢, NHj, mediator HO O \ N6 213
_ /
" O W
0
I o i-PrO O
CO e Q-0 -
2. i-PrBr = MeO
OMe OMe

I (35) (20)
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
o i-PrO O
OO 1. hv, DMSO, 1 h OO O 1 (32) 211
2.i-PrBr
OMe OMe
1.hv, MeCN, 1 h I 47) 211
2.i-PtBr
I
R @
. g
H 1. kv, NHs, 3 h 36) (34) R
2. i-PrBr
OPr-i 1. hv, MeCN, 2 h (65) —)
2. i-PrBr
I
OO 1. hv, MeCN, 2 h (55) 211
OMe 2. i-PrBr
OMe OMe
OH
Br 0"
@ hv, NH; I+ 1
R
R oH O
0 )
R
CN 1h (76) (5) 214
NH, 3h 12) (=) 64
NH, KL, 3h (40) =) 64
OMe 3h (&) =) 64
OMe KI,3h (25) =) 64
CONH, 3h ) =) 64
CONH, KL, 3h (25) =) 64
MeO Br OH OMe OHCN
hv,NH3, 1h + 214
(S on
MeO CN O
Q NC oMe
(84) ) OMe
OH
Br
jo -
R
R
F 31) 209
CF; (55) 209
OCF3 (40) 209
CN (85) 105
hv,NH3,3h 212

OH
O Q OMe  (42) + PhOMe (13)
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
OH
N2SR o-
O/ R = Bu-1, hv, DMSO, 0.6 h O CN I (65) 217
- &
R =Ph, hv, DMSO, 2 h 1 (68) 217,216
‘ )
hv, NHz, 3 h 53 + 0) 212,211
I R
. " o e
|\ A 1. hv,NH3, X h H 35 (44) 211
RW 2. i-PrBr OPr-i 1  (65)
. OPr-i
OO 1.hv,NH;, 1h O QO (55) 211
OMe 2.i-PrBr OMe
OMe Q e
OH
CF;
| N hv,NH3,32h O 7\ CF;  (95) 181
b N_
" O
OH
A
| hv,NH3,4 h O 7 N\ (60) 181
~
CFy” N7 al N=
alat
OH CF3
CF; N
| hv, NH3, 4 h O 7N\ o) 181
7
N~ “NH, =N
NH,
OPr-i
= 1. hv, DMSO, 2 h
-hv, ,
I P ) 7\ 70 215
N Cl 2.i-PrBr
O
N Br OPr-i
l 1. hv, DMSO, 0.5 h / N (85) 215
N7 2. i-PrBr O _
¢ OPr-i
A
, 1. kv, DMSO, 2h O 7 70) 215
cl OPr-i cl
B .
1. hv, DMSO, 2 h O (50) 215
1 N7 2. i-PrBr
- O
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
B. Reaction with Phenoxide and Related Ions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br OPr-i
fon N
= OO 1. hv, DMSO, 1 h O 7 N (74) 215
2 o O
OPr-i Et
Et N
N 1. hv, DMSO, 1 h O 2 (50) 215
~N 2.i-PrBr
a
I
AN AN
| | 1. kv, DMSO, 4 h (20) 215
XNNF NS N0 2.0
o
@ 1. hv, DMSO, 4 h as) 215
N 2.i-PrBr
o OPr-i
1. hv,DMSO, 4 h O I+ O o+ 215
A 2.i-PrBr X A
m
I+ 1 + I (50)
o
N
- 1. hv, DMSO, 3 h 215
X 2. i-PrBr
a
I
1. hv, DMSO, 5h (40) 215
2. i-PrBr X

@ The product was isolated as the lactone derivative, formed by hydrolysis of the cyanophenol during workup.



TABLE VII. OTHER C-C BOND FORMATION (Continued)
C. Reaction with Cyanide fon

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

89T

6ST

(13) 115

N,SPh
©: oN- hv, DMSO, 0.75 h ©: 63) + ©:
N
R N,SPh
\©/ hv, DMSO, 1 h \© \©/ 115
R

CN (75) 17
CF; (61) (13)
OMe (35) 1)
N NeSPh N - SPh NO,
g e - O - O
= = =
R
2-NO, Daylight, DMSO, 1h (14) (22) @3l1) 115
3-NO, Daylight, DMSO, 1 h @) (15) (1)) 115
4-NO, hv,DMSO, 1 h (36) (40) —) 115
4-NO, Daylight, DMSO, 1h (48) (28) (=) 114, 115
N,SPh CN SPh
oy o
R R R
R
F hv,DMSO, 1 h 37 (20) 115
CN hv,DMSO, 1 h a1 (19) 114, 115
CN e, DMSO (71) (20) 114,115
CN e, MeCN (80) ) 219
COMe daylight, DMSO, 184 h (19) 3) 115
COMe hv,DMSO, 1 h (50) (19) 114,115
R
COPh daylight, DMSO, 66 h 27 @1 115
COPh hv,DMSO, 1 h (69) 21 114,115
COPh e, DMSO (40) (36) 114,115
CF; hv,DMSO, 1 h (60) (22) 114,115
SO,Ph hv, DMSO, 1 h (74) (16) 114,115
SO,Ph ¢, DMSO (72) (15) 114,115
OMe hv,DMSO, 1 h ©) (20) 115

Br CN
/©/ e”, MeCN O 95) 88, 89,
PhCO PhCO 86

N N,SPh X N N N SPh
| = hv,DMSO, 1 h | —x + | N+ | ——cN+ | ——spn 115
= = = 2
X
2-Cl ) (53) (10) 3)
3-Br ) (50) (20) 3)
4-Br 8) (54) (15) 3)

N,SPh CN SPh
Daylight, DMSO, 1 h (@6) + @7 115
N ON ON

N,SPh CN SPh
hv,DMSO, 1 h (60) + (19) 115
O)N O,N O,N
Br CN
N,SPh CN
Oe Sunlamp, DMSO, 1 h OO @n 127



09T

TABLE VII. OTHER C-C BOND FORMATION (Continued)
C. Reaction with Cyanide Ion (Continued)

T
HO o //k

N SO,Me

N R N
DMF, 0°, 15h ¢ @
HO— N7\ Nen

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
N,SPh CN CN CN
Sunlamp, DMSO, 1 ey ® + ®
Br SPh CN Br
N,SPh CN CN CN
OO hv, DMSO, 1 h 22) + (46) + ® 127
Br SPh CN Br
N,SPh CN CN
hv, DMSO, 1 h an + an + 127
Br PhS
CN
NC
N
</ , 350
N
OH

HO

HO OH
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
D. Reaction with Nitronate Ions

Substrate

Refs.

Q.Q

éQQ_

Br

Nucleophile Conditions Product(s) and Yield(s) (%)
“CH,;NO, hv, t-BuOK, Me,CO

@+ © 2
DMSO, 2h

NO,
hv, t-BuOK, Me,CO OO (10) + (10) +
DMSO,2h

“C(MeyNO, e, DMSO ©)\ 9 + © )
¢”, DMSO, 18-crown-6 /@/‘\ (50) + M +
PhCO PhCO

(1) +

z
A

41

41

40
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
E. Reaction with Other Carbanions

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
a
| N K, NHy, -77° | = 148) + (14) 220
o - ~
N N > Ba
Br
©/ NH3, 1h 1657 220
hv,NH, 1 h 1 (73) 220
.
NMe;l~ NMe,
©/ hv,NH3, 1 h I (66) + ©/ ) 220
Br
A
hv,NHs, 1h @\:@/ @87 + \©/ @ 220
—
N
I |
Ph
1 _ Bn
A X AN
| K, NHa, -77° | 161+ ] Ph o az) + 12 22
N~ N~ N~
NHj, -77° I (14) 220
.
PhNMe;l- hv,NH;, 1h I(88) + 1 (3) 220
Br
hv,NHy, 2h [ (55) + 6) 20
N~
| N hv, NH3, 15 min | A z IN “47) + | A (46) 134
Pz z ™ 2
N” > Br N N~ NH,
Br
P hv, NHs, 15 min [ | N s 174
|\ 2 N~ N
N hv, NH3, 15 min A Z Noey+ ) 174
pZ P2 N Pz
N a N N~ “NH,
Ph
- Bn Ph
I »/vo _ 7o =
o % hv, NHa, 5 min N)% (56) + N)% 28) 169
Br
0
hv,NHs, 1h | ©4) 169
N
| A hv, NH3, 5 min | N 9 @+ ] A (50) 169
~ ~ N ~
N~ TBr N N N~ "NH,
[ A NHs, 5 min 169
s
N a
Ph—-
1 ‘},
©/ ;% hv,NHa, 1 h 169
N
| hv, NHa, S min 169
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TABLE VII. OTHER C-C BOND FORMATION (Continued)
E. Reaction with Other Carbanions (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%)
= Bn
Br }s >/—s sﬂs
N\% hv,NH3, 1.7h N\% 6N+ (N N\,) 1 (14) 169
X X X
l hv,NH;3, 1.7h | s A\ @37 +1(12) + ] 37 169
b ~ N ~
N~ "Br N N N~ TNH,
Ph—-
X o Pho s RS
©/ N/ hv,NHs, 1.7h >_<\ ]\ I (39 169
Ph N Br (57)
A
l hv,NH3, 1.7h 169
7
N Br
[ CH,P(O)(OMe), hv,NH3,1h Ph lII’/OMe 47) Ph Il;<OMe (18) 169
A e v, X +
b 2 3 ~ PoMe Y OMe
Ph
X X o) X
| hv,NH3, 1 h [ I_OMe (68) + | (10) 169
VZ yz P —
N Br N OMe N NH,
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TABLE VIII. OTHER NUCLEOPHILES
A. Nucleophiles Derived from Tin

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
a SnMe;
/©/ Me;Sn~ hv,NH3, 1 h Q (100) 223
MeO MeO
a SnMe;
/©/ hv, NHy, 1 h /©/ (88) 223
Cl Me;Sn’
Cl1 SnMe;
AV, NH,, 1h Oe (90) 23
A hv,NH;3, 1 h A 96) 223
P P
Nl N7 SuMe;
al 1.hv,NH;, 1h OMe
/©/ 2. Na, 1-BuOH /©/ (89) 224
MeO a s
3, /©/ v, 1h Me”  Me
1. hv,NHs, 1h
2. Na, --BuOH
cl OMe
3./©/ kv, 1h @7y 24
/Sn\
4. Na, --BuOH P Me

5.PhCl, Av, 2 h



TABLE VIII. OTHER NUCLEOPHILES (Continued)
A. Nucleophiles Derived from Tin (Continued)

9917
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Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
1.hv,NH3,0.7 h MeO MeO y
2. Na, -BuOH ¢ ¢ 0,
cl al o
©/ Me;Sn~ 3./©/ Jhv, 1h Q Me Q Me Q Me
St T+ S+ sk 24
4. Na, +-BuOH Me Ph Me
Cl
5. /©/ ,hv,15h
MeO (50) (30) (15)

cl SnMe,
/©/ /©/ hv, NHa, 1 h I (100) 24
MeO

/
Sn hv,NH;, 1 h Su\ 31y 224
_ Q "’
X SnPhs
/©/ PhsSn- hv, NH; /©/ 223
X

a 2h 75)
Br 1h 62
I 1h (38)
I SnPh,
/©/ hv,NHz, 1h /©/ (20) 223
MeO MeO

X Y

X SnPh,
O/ Av,NHs, Y h /©/ a3 (69 223
X PhySn Br 1 (22) + PhSn (40)
X SnPh;
hv, NH; O + 223

R,
Cl 3h (80) )
Br 1h (75) 32)

m hv,NH3, 1 h ©\/j\ (80) 223
s
N a SnPhs

MeO MeO,

Ph
(25)° 24
h

A
~
N
Cl B Q
Sn_ hv, NH3, 2.3 h? Sn/
Ph Q P
Ph

4 Other stannyl products were also formed.
® The nucleophile was formed by reductive cleavage of p-anisylmethylphenyl(tolyl-p)stannane with sodium metal.
Minor amounts of anions derived from Sn-Ar bond fragmentation were also formed.
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
B. Nucleophiles Derived from Nitrogen

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
PhOPh NH,™ K, NH; PhNH, 1(53) 4
PhOP(O)(OEt), K, NH3 I (73) 225
X NH,  MeO NH,
ot - Lo,
OMe X OMe OMe
cl 57 (26) )
Br (64) =) (16)
I 67) (G (11)
I NH,
1o I CAh ST
OP(O)(OEt),
\©/ K, NH; I.(78) 25
OP(O)(OEY), NH,
/E:[ K, NH, /@ (56) 25
OMe OMe
Br NH,
\©/ hv, NHs, 2 h \©/ (70) + © 126
I NH,
H,N
NH; 1(65) + Di Im(11) + 3
L
K, NH3 I (54) + I (30) 4
I
:@i NH, 1(32) + 1 (1) 3
K, NH; I (50) + I (40) 4
NH,
@\ NHj, 15 min 14 \i 1@+ [\ mo 152
s Br s s
Br
(/ \S NH;, 1 h 1(79) + II (4) 152
S
hv,NH3, 1h I(63) + I (1) 152
I NH- NHPh NH, NH,
©/ ©/ K, NH; ©/ (10) + @i ©6) + /©/ 6 4
Ph Ph
Ph
NH~ NH, NHPh
hv,NH3, 1h OO @7 + e} 226
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
B. Nucleophiles Derived from Nitrogen (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
X NH-
SO
X NH, HNOOMe
Br 12) )
I (63) ©6)
X
hv,NH3,3h Br (25) 226
Cryt o
o 0
1 HN
@ NH ¢, DMSO, mediator o= , 38) 356,230
CF; ’ ,& HN
N o FiC
E F OF F
I NN DMSO, medi o:\}}N NN 356
- mediat
\% 5 mediator N / \% (50)
F F F F
o]
i
HN
/©/ ¢, DMSO o ) oN 50 230
NC HN
0
Br HN
/©/ &, DMSO o=( p COPh  (55) 230
PhCO HN
O
I HN
/©/ ¢, DMSO 0= ://§—©7N02 (55) 230
0N HN
c 7\ ]\
/©/ 7\ ¢, NH;, mediator N 52 + N @M+ 227
NC N H O H O
CN NC CN
CN CN
@ + O %)
/A I\
N O N
H H
NC
e /8 NN
| &, NHa, mediator, 1.5 h N XN (60) + | J o 227
N~ H | _N Y
N
H
NG A NS
| ¢, NH,, mediator, 1.5 h N - ©n+ | P ©) 27
z a
H
N N/ / \
N
H
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
B. Nucleophiles Derived from Nitrogen (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
c R .
U\ e, NH3, mediator, 1.5 h /\ + l P 27
Pz N N | b I\
R N - H _N
N R
R H
H (53) ®)
CF;3 (65) (14)
Cl / \
/©/ 7\ ¢, NH;, mediator N (60) + 229
NC N O H
NC CN
CN
! CN
A\ (20)
N
H
NC
R
Cl1
/©/ /U\ ¢, NH;, mediator /ng/ /(@ 229, 228
R I:I N
R H
CN (40) (20)
SO,Ph (40) (11)
Cl
N
| b €, NH;, mediator /A—ﬁc “@0) + w @5) 229,228
N/
N Cl
| ¢", NH3, mediator (40) + (25) 229,228
N~
N
H
CL 1
Cl
/@\ €7, NH3, mediator 30) + NC 229
+-Bu N Bu-t +-Bu Bu-t +-Bu N Bu-z
CN - H
"TC. Oo”
Cl
©/ ¢7, NH3, mediator (60) + 229
~-Bu Bu-z t-Bu N Bu-1
NC
N\ €7, NH3, mediator, 1.5 h O CN 227
HN-/
N
N Cl1 : . —
| e”, NH;, mediator, 1.5 h N 227
N~ N/ N\ 7
4 CF CFy
€7, DMSO, mediator 356

<
z\;

CF;

N
O O
¥ Sw

I+I0 (355 =1

N\
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
B. Nucleophiles Derived from Nitrogen (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
c N N
N - .
J » ¢, NH3, mediator )/ » @) + / (10) 229
N H H
NC CN
N
N / »\
[ »\ e~, NH3, mediator N (40) 229
N H
- NC
I N
(:[ [ \ ¢, DMSO, mediator HN T (55) 356
N =~
CF; - N
OMe F3C
MeO
F F NO, E F
N
I NN [ I ¢, DMSO, mediator HN7N NN ) 356
\% ON~ °N <N =
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
C. Nucleophiles Derived from Phosphorus

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

PhI p3- 1.hv,NH3,2h Ph3PO (75) 242
2.[0]
1.hv,NH;, 1 h

Br P(O)Ph,
PhCI 2. Na, /©/ ,hv,1h /©/ (55) 242
MeO MeO

3.[0]

PhSPh Ph,P~ 1. Visible light, DMSO, 15 h PhsPO I (70) + PhSH 1I (83) 67
2.[0}

PhSOPh Visible light, DMSO, 15 h 1 (80) + I (16) 67

PhSO,Ph 1. hv,DMSO, 15h 1 (80) 67
2.[0]

Br P(O)Ph,

)©/ 1. hv,NH3, 1.5 h /©/ (57 7

2.10]
Br P(O)Ph,
/©/ 1.hv,NHs, 1.5h /©/ 1(82) 240

MeO 2.[0] MeO
1. Na(Hg), NH3, mediator I (85) + PhOMe (17) 102
2.[0]

I P(O)Ph,

/©/ 1. NHy, 5.5 h /©/ 1.(89) 71
2.[0]
1.hv,NH3, 1 h I (90) 71
2.[0]
1.DMSO, 2h 1 (78) 7

2.[0]
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
C. Nucleophiles Derived from Phosphorus (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
1 P(O)Phy
/©/ PhyP~ NH3, 075 h /©/ I (26) + PhOMe II (5) 241
MeO MeO
1. Na(Hg), NH;, mediator 1 (40) + I (63) 102
2.[0]
1.))) . NH,1t, 0.75 h 1375 + 11 (7) 241
2.[0)
s P(O)Ph, SH
1.DMSO, 2.5 h 72) + /©/ (100) 67
2.10]
Br P(O)Ph,
1.hv,NH3, 1h (45) 126
2.[0]
c1 P(O)Ph,
1. Na(Hg), NH3, mediator OO I@83)+ OO Il (19) 102
2.[0]
1. Na(Hg), NHj, t, 2 h I (66) 357
2.[0]
1.))) .NHs,rt, 1h 1(30) + I (4) 241
2.[0]
X
1.))) .NHym 1h X=Br, I (94) + II (6) 241, 357
2.[0]
1)) . NHs, 1t, 15 min X=1 1 (70) + I (30) 241
2.101
A A
@(j\ 1. Na(Hg), NH; C(j\ 96) 102
— ~
N al 2.[0) N > P(O)Ph,
PhI Phy,PO~ hv, NH3, 20 min PhsPO (95) 72
X POPH, X Y
/©/ 1.hv,NHs, Y h /©/ Br 2 (8] 240
MeO 2.10] MeO rr o
1 P(O)Phy
OO 1.hv,NH;3, 1 h OO 19 240
2.[0]
X P(O)Bn, X
@ BnPO- 1. hv, NHs, 1h ©/ Br  (80) 240
2.[0] I (85)
PhBr PhP(OBu)O~ hv,NH3,1.2h Ph,P(O)OBu I (72) 72
Phl hv, NHs, 15 min I (95) 7
hv,DMSO, 1 h I (42) 7
PhBr (Me;N),PO” hv,NHs, 1.5h PhP(OXNMe,), 1 (65) + CeHg I (4) 7
PhI hv,NH3,05h I(64) + 1 (8) 72
(EtO),PS™ hv, NHs, 15 min PhP(S)(OEt), (95) 7
(MeO),PO" hv, NH;, 0.8 h PhP(O)OMe), (93) 232
P(O)(OMe),
hv,NHs, 2h (82) 231

H
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
C. Nucleophiles Derived from Phosphorus (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
I P(O)(OMe),
X _ AN
| P(O)OEW), (Me0),PO hv, NH3 | P(0)OE), 234
= =
1.5h 2-P(O)(OEY), (60)
1h 3-P(O)(OEt); (70)
20 min 4-P(O)(OEt), (99)
Z | hv, NH3, 2h @ “4) 140
NS NS
N~ “Br N~ P(O)OMe),
PhI (BuO),PO~ hv,NH3, 1 h PhP(O)(OBu), (88) 232
(EtO),PO~ hv,NH3,0.75h PhP(O)(OEt), I (96) 232, 340,
344
hv, +-BuOH, 4.5 h 1(74) 340
hv, MeCN, 4 h 1.(94) 340
hv, MeCN, THF, 2.5 h 1 (96) 235
FeSOy4, NH3, 0.3 h I (98) 75,345
PhSPh hv, DMSO, 5 h PhP(O)(OEY), I (59) + PhyS; (23) + CgHs (8) 67
hv, DMF, 2.5h I (72) + PhSH II (21) 67
hv, NH3,-76° 2.5 h I (70) + II (74) + PhSEt I (14) 67
PhSOPh hv, DMF, 14 h I(64) + I (15) + I (27) + CgHs (6) 67
PhSO,Ph hv,DMSO, 4 h I (63) + CeHg (7) 67
Br P(O)(OEt),
@( hv, MeCN, THF, 10 h @[ 65
hv, MeCN, THF, Nal, 10 h T (95) 65
Br P(O)(OEY),
(X (X :
R R
R
NH, 05h (60)
NH, KL, 0.5h (100)
OMe 3h ®)
OMe KL, 3h (90)
CONH, 3h )
CONH, KL, 3h (63)
1 P(O)(OEt),
@E " NH3 @
R R
R
F 0.8h (80) 238
Me 1h 1) 231
OMe 125h (85) 231
NH, 3h (98) 234
NH, hv, THF, MeCN, 2.5 h 87) 235
1 P(O)(OEt),
©i hv, NH3, 0.8 h ©i 238
X P(O)(OEt),
X
Cl (82)
Br (72)
1 (70)
Br P(O)(OEt),
hv, MeCN, THF, 10 h \©/ 1 49) 65
hv, MeCN, THF, Nal, 10 h I (99) 65
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
C. Nucleophiles Derived from Phosphorus (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
R I R P(O)(OEt),
IS 15
R
F hv,NH3, 0.8 h (%) 232
a hv,NHs, 0.7 h (89) 232
a hv,NH, 1 h o1 231
CF3 hv, NH3, 0.9 h ©5) 232
NH, hv,NHs, 3h as) 234
NH, hv, MeCN, THF, 2.5 h (90) 235
Me hv,NHj, 1.25 h o1 231
OMe hv, NHs, 1.25 h (86) 231
Y. X (EtO),(O)P. P(O)(OEt),
\©/ hv, NH;, T min \©/
Y X T
c B 10 (%) 239
Br  Br 120 (69) 116
I 1 7 63) 116
I 1 60 @7 232
I 90 (94) 232
ca P(O)(OEt),
/©/ e, NH;3 /©/ (100) 86, 358
NC NC
Br P(O)(OEY),
/O/ hv, MeCN, THF, 10 h /©/ 1.@47) 65
hv, MeCN, THF, Nal, 10 h I (84) 65
Br P(O)(OEY),
/©/ ¢, DMSO /©/ a0y + /@ @2) m
PhCO PhCO PhCO
1 P(O)OEY,
R” : R :
R
Me hv,NHs, 1.25h (95) 232
NH, hv, MeCN, THF, 2.5 h (90) 235
NEt, hv, MeCN, THF, 2.5 h o 235
NH, hv,NH3, 3h (95) 234
OMe hv,NHa, 1.1 h ©5) 232
F hv,NH;, 1.5h [C2)] 231
s P(O)(OEY),
/@ @\ hv, DMF, 3 h /©/ as) + /@ e 61
I P(O)(OE),
o o
X (Et0)(0O)P
.S
Cl 1.5h 59) 231
Br 4h (56) 231
1 34h @®7) 232



281

€8T

TABLE VIII. OTHER NUCLEOPHILES (Continued)
C. Nucleophiles Derived from Phosphorus (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Me. N/ﬁ (E10),PO" hv,NH3,3 h Me N/\ (60) 233
K/N\©:Br K/N\CE P(O)(OEt),
NH, NH,
I P(O)(OEt),
\©/ hv, NHs, 1 h 87 232
F I F. P(O)(OEt),
\©i hv, NH3, 1.5 h \©: 90) 233
NH, NH,
MeO Br MeO. P(O)(OEt),
:@: hv,NHs, 3 h j@: I (20) 64
MeO NH, MeO NH,
hv, NHs, K1, 3h I (75) 64
O 1 O P(O)(OEt),
O hv,NH3,2.2h O 1 (93) 232
I S I hv, DMF, 20 h I (28) + (33) 67
N Br hv, NH; N P(O)(OEt), 2-NH, 3h (85) 237,234
T _NH ——NH, 4NH, 1h (60
| | 2 (60) 234
l NH, hv,NH3,3 h I NH, (75) 237,234
Br P(O)(OEt),
I A hv, MeCN, THF l N
~ 7
N7 x N~ > P(O)(OEt),
X
Br 25h (78) 235
Br Nal,3h (81) 65
I 25h (78) 235
(\( X | N P(O)(OEt),
L i
7 (7
X
Br hv, MeCN, THF, 2.5h (40) 235
Br hv, MeCN, THF, Nal, 5 h (80) 65
I Sunlight, MeCN, THF, 7 h (70) 235
N\ S X N\ § X
I I hv,NH;,3 h I | (76) 234
= i~ ~
N~ "Br Z N P(O)(OEY),
- Br N P(O)(OEt),
| hv, NH3, 3 h | (60) 234
— —
H,N N HoN N
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
C. Nucleophiles Derived from Phosphorus (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
1 P(0)(OEt),
| A (E10),PO" hv,NHs, 1h | A 78) 139
~ ~
N~ ~OMe N~ “OMe
Br P(OXOEt),
A
\ hv, MeCN, THF, 2.5 h (76) 235
~ ~
N N
Cl Cl
Z hv, NHy, 0.5 h Z ) 244
NS NS
N I N P(O)(OEt),
OPr-i OPr-i
; IO + PPhy I
PPhs hv, (CD3),CO, 23 min © (60) + I (40) 359
P(0)(OMe),
P(OMe)3 hv, (CD3),CO, (50) + I (50) 359
PAIBN?, 23 min

4 The sodium salt of the nucleophile was used.

b Phenylazoisobutyronitrile was added as a photoinitiator.
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
D. Nucleophiles Derived from As and Sb

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
PhBr As> hv,NH3, 1 h Ph3As (75) 242
1.hv,NH;, 1h
X
PhCI 2.Na m (90) 242
~
~ N AsPh,
3.@(1 ,hv,.1h
Z
N Cl
X AsPh, AsPh
/©/ PhyAs™ hv, NH, PhyAs + /©/ +
R R R 2
1 i m
As
R 3
v
X R 1 1 m v
a Me 1h asy @6n  as @ 118
Cl OMe 1h (30) @) (19 3) 118
Br Me 1h @) 62 (15 (1) 118
Br OMe 5 min (200  (60) (220 (—) 118
I Me 1h (200  (50) (25) (&) 118
1 OMe 5 min asy (78 (%) —) 118
I OMe 1h 12y  (56) @7 (5) 240
hv,NH3,0.5h 118

ASPh2
o
PhCO
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
D. Nucleophiles Derived from As and Sb (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%)
Ph
Br PhyAs™ hv, NH3, 10 min PhyAs + I AsPh, + l As, l 119
(33) (40) 1)
¢ O At O
O‘ hv,NHs, 1h PhyAs + O‘ + ‘ As, ‘ 119
Br ‘AsPh, O O
(20) (60) (15)
' NN hv, NH3, 5 min | NN 1 (60) 119
U — ~
SN Na NN Naseh,
hv,NH3,1h I (76) 240
PhCl Sb* hv,NH3, 1h PhsSb  (45) 242
a SbPh, SbPh
/©/ Ph,Sb hv,NH3,0.5h PhySb + + 119
PhCO PhCO PhCO 2
(30) (33) (15)
Br SbPh, SbPh
/©/ hv, NH3, 0.5 h PhsSb + /©/ + 19
MeO MeO MeO 2
(30) (45) (19)
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
PhI Mes- 1. hv,NHs, 1 h PhSMe (12) + PhSBn (19) 48
2. BaCl
X SMe
.S
NHs, 4 h N a6 243
_N N Br (80
PhI S 1.hv,NH 33 h PhSEt (30) + PhSBn (44) + PhyS (3) 160
2. BnCl
Br SEt
X (X :
R R
R
oN 05h (85)
CHO 1h a0
COMe 1h (90)
CONH, 1.5h (85)
I SEt SMe
@: 1. hv, NHs, 0.75 h @ o) + @ @5) 4
OMe 2. Mel OMe OMe
NC Br NC SEt
\©/ hv, NHs, 05 h ©/ ©0) 49
Br SEt
/©/ hv, NH3, 05 h ©5) 49
PhCO PhCO
NH, NH,
| = v, NHs, 6 h | A 35) 49
~ ~
N/KCI N7 SEt



88T

68T

TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
R R
| A ES hv, NH; ! A 4
~ ~
N Br N SEt
R
H 2h (74)
CN 0.5h 87)
OMe 1.5h 1)
m v, NHs, 075 0 ©\/\/L ) ®
P 7
N a N~ SEt
PhI n-BuS- 1.hv,NH;,3h PhSBu-n (14) + PhSBn (16) 43
2. BnCl
C1 SBu-n
N hv,NH;,2.8h @n+ NN as 45
¥ - ¥z N
| ~ 1. hv,NH3,3 h | = 72:85) + || = (14-15) 48
~ / /
N a 2.BaCl SBu-n
PhI +-BuS~ 1.hv,NH3, 3 h PhSBu-t (36) + PhSBn (33) 48
2. BnCl
Br SBu-t
/©/ e, DMSO D/ (60) 88, 89
PhCO PhCO
1 SBu-t
hv, NH3, 3 8 Y
Br SBn SMe
©i BnS~ 1. hv, NHs, 6 h C[ + @ 49
R 2. Mel R R
R
CN (15) (85)
COMe (66) 6)
‘ Br 1. hv, NHs, 3 h ‘ SBn o4y 4 ‘ SMe (15.20) 48
2. Mel
X N XN
| 1.hv,NH;,3h | an + || (23) 43
~ ~ ~
NT Sa 2. Mel N~ “SBn N~ “sMe
CN CN
! \ hv, NH3, 15 min ’ ~ (82) 49
~ ~
N~ Br N~ SBn
A S
C(j\ hv,NHs, 1.5 h m (69) 48
7 7
N Cl N SBn
cl cl a1
Z = =z
[ 1.hv,NH;, 2h (54) + 1) 244
NS N\ NS
N I 2. Mel N SMe N
OMe OMe OMe
Br S
- ~"oH
HO(CH,),S hv,NH;, 2h (85) 49
CN CN
Br S
~
hv,NH3, 1.5h OH (65) 233
NH; NH;
P(O)(OEt), P(O)(OEt),
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TABLE VIII. OTHER NUCLEOPHILES (Continued)

E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
MC\N/w Me\N/\
k/N B HO(CH,),S~  hv,NHs 1h k/N S v Son  (80) 233
NH, NH,
P(O)(OEt), P(O)(OEt),
O ) O
X hv, NH S + 45
O | e
X
cl 2.75h (71) (19)
1 2.5h (74) ®
1 hv, NH [ l R! 237
Q\/R V. 3 i BN S\/\OH + i A
A g2 kaz Z
Rl RZ
Br NH, 3h (88) ()
NH, Br 1h (—) (85)
1
O R! hv, NH; ‘ Seou * O K 2
R R? R R? R? N e
R! R? R?
I P(O)OEt), H 1.5h (88) ()
I H P(O)(OEt), 1.5h (75) (=)
P(O)OEt), I H 1h =) (75)
O ! O S\/\
= =z OH
| hv,NH3,0.5 h | (74) 234
NS NS
N7 s P(O)(OEt), N7 s P(O)(OEt),
R? R4
~ ~
N7 °R! N° O R3
R' R? R} R*
Cl H 3h S(CH,,OH H (85) 245
Br H 0.5h S(CH2,0H H (100) 49
Cl  CF 0.75h S(CH,,0H CF; 7 245
Cl  NH, 6h S(CH),OH NH, (45) 49
Br CN 1h S(CH,,0H CN (100) 49
Br  OMe 1h S(CH,,0H OMe (60) 49
OMe I 1h OMe S(CH,),0H  (80) 139
N N
Nl hv,NH3, 1 h | (100) 49
N OH
Z Br = S/\/
CF;3 Cl CF3 Seo~
| A hv, NHs, 15 min | . OH (g5 25
7 ~
N~ "NH, N~ "NH,
(EtO),(O)P: Br (EtO),(O)P: Sei~
A A
| hv,NHs, 1h | " 60 234
~ P
N~ "NH, N~ "NH,
Br SMe
@[ EtO,CCH,S™ 1.hv,NH3, 1h [): (100) 49
CN 2. Mel CN
Br S<_-COzEt
hv,NH3, 1 h (68) 49

PhCO

PhCO
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
m\ Et0,CCH,S 1. hv, NHs, 6 h m s) 49
7 ~
N a 2. Mel N~ sMe
Br S\/\ SMe
C[ Et0,C(CH,),S~ 1. hv, NHy, 3 b @ COEt 79y 4+ @[ as) 49
CN 2. Mel CN CN
| = hv, NHa, 3 h @ (32) 49
g NN g~ COuE
CN CN
X
’ N hv, NH;, 0.5 h EI (90) 49
P CO,E
N7 B NZ g N\ 2
CN CN
N hv, NHs, 0.5 h q
N N COEt (68 49
Z Br = S/\/ 2 (68)
a a cl
X X XN
1. hv, NHs, 05 h ©) + || (B0) + 244
P P CO,E P
N I 2. Mel N s N
OMe OMe OMe
ca
EN
5)
~
N SMe
OMe
PhN,*BF,- MeCOS- DMSO, 0.5 h PhSCOMe (60) + PhyS (2) + PhsS; (5) 34
R R
No*BFy,~ SCOMe s
x S
R R
R
Me 0.5h (60) ) 34
Ph 0.6h (56) = 267
SPh 0.7h (55) —) 267
N,*BF4~ SCOMe
\©/ DMSO0, 0.5-0.8 h \©/ @7) 266
N,*BFs~ SCOMe s
R R R R
R
Me 07h (55) @
OMe 05h (60) —)
NO, 0.75h 47) =)
N,*BFy SCOMe SCOMe
/©/ DMSO, 1.5 h /©/ 13) + /©/ @n 34
I MeCOS I
N,*BF4~ SCOMe
/©/ DMSO, 1 h 1(34) + ©/ ®) 34
BF,N,*
N,*BE, SCOMe
Rl R2 Rl R2
DMSO
Rl R2
Me Me 0.5h (48) 34
Et Et 0.75h (36) 267
Me Pr-i 1h (45) 267
Pr-i Pr-i 1h 36) 267
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
N*BF, SCOMe
\©/ MeCOS- DMSO, 0.5 h \©/ (39 34
N 2"BEy” DMSO, 0.8 h SCOMC (60) + % ® 34
DMSO, 0.5 h (60) 34
N*BF4 SCOMe
PhN,*BF4 PhCOS™ DMSO, 1 h PhSCOPh (62) 266
R SCoPh R
/©/ DMSO /©/ N.*BEs  05h 87 266
NC NC N,SOPh 22 min (76)
N,*BE, SCOPh SCOPh
/©/ DMSO, 1h /©/ 4 + /@ ) 266
I I PhCOS
No*BF4 SCOPh
/©/ DMSO, 2h D/ 30) 266
BF,(Nf PhCOS
N;*BFs SCOPh
i-Pr Pr-i i-Pr Pr-i
DMSO, 1 h [57)} 266
Ny*BF;” DMSO, 4h SCOPh 70) 266
X ~S(CHy),S" hv, NH; S\/\s I+ o+ 246
S
X I i i1
Br 33h (50) (=) (O
I 1.7h (50) (17)  (18)
X S
hv, NH, 2 h 1 I+ 246
S
s
X 1 10
Br Q7 18 (=)
I 40) (14) (10
% I ~S(CHy)sS" hv,NHs, 1 h *s\/\/s\’ (50) + 246

‘/ \' 10) + ‘ 4
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
hv,NH3,3h I (13) 246
1 §N"g

hv,DMSO, 1 h 1. 27) + CioHg (10) 246

Br sTN"g
hv, NH3, 3 h OO OO 130 + 360

I S\/\/S

‘/5\/\/5‘ “2)
I “S(CHy)4S” hv,NH3,3h S\/\/\S % 25) + 246
SUVeINRS
RO Gl
1 S
S
s
O

Br s/\ﬁz\s
hv, NHs, 3 h Oe 6) + 360

1 S S

\/(/\)E/
[ SR
“S(CHy),
X AV, NH;, 3h OO OO I+ 360
“S(CHy),

wo|><

§
{,

\ )
it
gm

I )1 §
(16) (45)
(20) (50)



TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
PhBr PhS~ hv,NH3,2h PhS 1 (23) 247
e, DMSO, mediator I (56) + CgHg (37) 82
Phl hv,NHj, 1.2h 1(99) 247
PhN,*BE,~ DMSO, 35 h 197) 261
I SPh
. SN o
R R
R
Me 2.8h (68) 247
OMe 1.5h 1) 247
NH, 3h (10) 234
-
9 P(O)(OEY), 3h (15) 234
N'BF R
@[ Me DMSO0,55h I (82) 261
R F DMSO, 3 h I (80) 262
al SPh
hv, NHs (:( 1h (89 263
I sph 15h (D) 264
Ny*BEs SPh SPh
@ DMSO @ I+ ©: o+ o 262
X X SPh s
x
a 53h 1(13) + I (48) + T (4)
I 6h 1)+ 1 (28) + I (4)
R I R SPh PhS CF,SPh
I * Al
R
Me 23h @1 ) 247
OMe 15h ®8) ) 247
F L7k (96) ) 247
CF3 28h 71) (16) 247
P(O)(OEt), 0.75h 12) =) 234
F DMSO0, 3 h (86) (—) 262
NO, DMSO, 0.5h (80) —) 262
X cl PhS SPh
hv, NH, \©/ I
-
[(o]
©
X
Br 3h (55) 264
I 25h o1 264, 244
cl Ny*BE, a SPh
\©/ DMSO0, 3.5h 1(63) + U as) 262
Br: Br
\©/ hv,NH;,32h I (92) 264
F SPh
DMF, 60°, 6 h /©/ @) + /@ ® 248
MeCO MeCO MeCO
hv, DMF, 30 h 92) 3)
hv, DMSO, 18 h (76) 2



TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

S.ibstrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
X SPh
/©/ Phs- /©/ + /@
MeCO MeCO MeCO
X
cl DMF, 60°, 4 h @87 3) 248
cl kv, DMF, 20 h (84) 3) 248
cl hv,DMSO, 12h (74) 3) 248
Br DMF, 60°, 1 h ©7) 3) 248
Br kv, DMF, 7h 96) @ 248
Br hv,DMSO, 5 h (74) 3) 248
Br hv, MeCN, 4 h (72) 3) 248
Br e, MeCN (95) =) 255,254
N Br SPh
3 II/\/ e, MeCN I;/\/ (80) 88
NCTNF NC)\/
Br SPh SPh
hv, DMSO, H,0, o1 + ) 185
NC\/©/ 50° 10 h NC /©/
Br SPh
I o 0
PhCO PhCO PhCO
DMF, 60°, 0.5 h (98) 3) 248
kv, DMF, 1 h (96) ) 248
hv, DMSO, 3h o7 3) 248
hv, MeCN, 1 h @7 @ 248
e”, MeCN 95) ) 89, 256
¢, DMSO (80) (10) 40
r! SPh
;O JOANL
R? R2
R! R?
I Me hv,NH;, 6 h (72) ) 247
I OMe hv,NH3,05 h (76) ) 247
I OPh hv,NH3,2h 92) ) 247
I CN &, MeCN (20) (80) 88
I P(O)(OEt), hv,NH3, 1 h (10 () 234
N,*BF;-  F DMSO, 4 h (75) =) 262
N,*BF4~ Me DMSO,7.5h (79) (—) 261
No*BFy  Me hv, DMSO, 0.8 h @3) —) 262
Ny'BF;  NO, DMSO, 15 min (79) —) 261
N.*BE,~  OMe DMSO0,3.5h (12) —) 261
N
R N,SPh - SP
/©/ DMSO, 15 min | ©3) 262
ON oNT N
1 SPh
hv, NH; /©/ 1h () 263
01/©/ PhS 2h (89) 264
Br SPh
/©/ hv, NHs, Sh /©/ 64 264
Br PhS
Ny*BEf SPh SPh
/©/ DMSO /O/ + /©/ 262
X PhS X
X
a 3h (66) 2
Br 53h (69) 3)
I 6.5h (63) a3)
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
N*MesI- SPh
/©/ Phs- hv,NHy, 3h /©/ (95) 264
I PhS
SPh N*Me;,l-
hv, Hy0, 1.7 h /©/ a2) + /©/ (38) 340
PhS PhS
I SPh
\©/ hv,NH3, 2.3 h \©/ a9) + U (28) + PhyS; (36) 247
N,*BF4~ SPh
| A DMSO, 2 h \i)\/ (76) 261
= K/
Ny*BFy SPh SPh
X e O 0 QS
cl C1 SPh S
) (34) 3)
OMe OMe
I I PhS SPh
hv,NHs, 1 h (>90) 265
CO,Me CO,Me
NHBoc NHBoc
OMe OMe
I I PhS sph R _
hv,NH3, 1 h H  (96¢ 265
Boc (81)F
RNH/\C02Me RNH/\COZMe
X SPh
X
Br e, MeCN 32 88
Br &, MeCN, mediator @®7 258, 257
Br ", DMSO (100) 88
I hv,NH3,1.25h (85) 247
N,*BFy~ DMSO,3.5h 82) 261
N,*BF4~ SPh
DMSO, 5.5h (78) 261
N,*BF,~ SPh SPh
| DMSO [ £ 127
(2 S SF
Br Br PhS
6h 4-Br (20) 4-PhS (62)
2h 5-Br (22) 5-PhS (56)
N,*BF4 SPh SPh
| = DMSO | = + o 127
/e 7 /e
Br Br PhS
1.25°,1h 6-Br (19) 4-PhS (45)

2.60°3h
25° overnight 1-Br (0) 1-PhS (57)
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
’ N PhS~ l N
~ ~
N X N SPh
X
Br DMF, 80°,4 h (52) 249
Br hv,NH3,1.5h (21) 134
Br HMPA, 80°,4 h (65) 249
I DMF, 80°,4 h (58) 249
N X N SPh
| P
N N
R.5
Br DMF, 80°,4 h (24) 249
Br hv, NH3,-65°,0.75h (23) 47
I hv, MeONa, MeOH, 4.3 h (63) + CsHsN (17) 252
= v, MeCN, 4 h A I 94) 250
~ —
N Cl N SPh
e”, NH3 I (96) 260, 259
N Br A X
hv, MeONa, MeOH, 39 h (78) + 21 252
— — —
N N
| AN Br hv, MeONa, MeOH, 1.5 h X SEh (65) + AN 35) 251,252
® | ®
N N N
Cl Cl
= hv,NH3,2h ! A 1 A 244
~ ~
N I N
OPr-i OPr-i OPr-i
(70) (10) )
Br Br
. hv,NH3, 5h | A as) + 65) 244
~ ~
N Br N
OPr-i OPr-i OPr-i
Cl Cl PhS SPh
| N ¢, NHj, mediator ] \ (60) 85
~ ~
N N
@\ @ 1+@\ n+(/ \§ m 253
s X s SPh S SMe S
X
Cl 1. hv,MeCN, 05 h 1 (10) + II (14) + III (6)
2. Mel
Br 1. hv,MeCN, 0.5 h I1(26)+ 0 (17) + I (9
2. Mel
Br 1. hv, MeCN, PhCN, 2 h 146) + I (7) + HI (7)
2. Mel
1 1. hv,MeCN, 0.5 h 1(52) + II (10) + I (8)
2. Mel
Br SPh SMe
{/ \S 1. hv, MeCN, 1.5 h {/ \S I(38) + {/ \S o (18) + {/ \E I (5) 253
S 2. Mel S S S
1. hv, MeCN, PhCN, 5 h 1(64) + I (6) + I (7) 253

N

Mel
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%)
N,*BFs~ s- SPh
©/ /©/ DMSO,3.5h /©/ (82) 261
Br S S
\/©/ o \/©/ \©\ ' )©/ \©\ ®
NC 50°10h NC
(90) )
a s/©
N NO, 1. MeOH, 0°,4 h N s
[ B 2.11,98 h [ BN \@\ (56) 361
~ ° ~
N 3.50° 17h N
I S™
S 2
hv,NH3, 1h COR 265
NHBoc
NHR CO,R? .
RNH” “COR
COR! NHBoc
R R ®
Boc Me Me (84)
Boc H Me (88)
H Me Me (81)
Boc Me H (76)
OMe S” OMe
I S
hv,NH3, 1 h CO,Me ©1) 265
NHBoc
NHBoc CO,Me NHBoc
CO,Me NHBoc CO,Me
OMe OMe
I I S S
B Meoi/©/ \©\)C\OZME 265
BocNH NHBoc
NHBoc NHBoc
CO,Me (>95) COMe
OMe OMe
I 1 S S
hv,NH3, 1 h MeO,C CO,Me
265
; BocNH , NHBoc
HN /\cone (>95) HoN /\COZMe
1 S /@/YCOZMC
NH.
hv,NHs, 1h s 2 (73) 265
[¢] (@]
NH, N/U\
NS0 o o
CO,Me NHBoc ™S JJ\
N o/\
NHBOCH T™MS
hv,NH3,2 h

9

jou
MeO
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
I s S
/©/ /©/ hv,NH3, 1.7h /©/ \©\ 73) 160
MeO MeO MeO' OMe
N*BFy s SPh S
©/ /©/ DMSO, 3 h /©/ (34) + /©/ \©\ 4+ 262
a cl cl SPh
S SPh
/©/ \©\ /©/ ©
al s
c
= e, NH; o (80) 260
~ 7
N a N" s
S S S
/©/ /©/ DMSO, 24 h? n=62 (16) 362
Br Br Br
n
S
DMSO, 24 h¢ n=9 (25) 362
Br Br
n
s SPh
N;*BE{
©/ DMSO0, 6.5 h 67) 261
I s s
©i hv, NH3, 3 h D 81) 308
cl a
1 SMe S
/@/ 1.hv,NH;, 3 h . \©\ 125
OM
{3 Dome
O (14) (65)
1 hv,NH3, 3 h | s I I 95) 125
X X B 2
@ hv, NHs, TBAH | Br 6h (9 363
N s N Nsph ! 3h  (68)
cl NON
©i hv, NHs, TBAH/3 h @\ j@ 25) 363
Z
NO, N” s
R
I N R
hv, NH; | NH, 1h 74) 234
R N s P(O)OEt, 125h (81)
I al SR
B B
hv,NH3, 1 h ] (70) + 10) R= || 263
A A
Cl N7 s SR N Y
hv,NH3,2h 263

N N~
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
R I N
| .
S- N" s R
R
NO, hv, NH3;, TBAH/0.5 h (44) 363
NH, hv,NH3, 3 h (56) 234
P(O)(OEt), hv, NH3, 15 min (50) 234
a I S S
\©/ v, NHs, 1 h @Q . @U@ 244
= N
N s a N\ NF
(83) (12)
cl NO,
B
/©/ hv, NH3, TBAH/6 h Q /©/ (12) 363
~
ON N" s
1
N R
.
R N~ s
R
P(O)(OELY), hv,NHs, 1.5h (60) 234
SPh hv, NHs 92) 234
AN s N\
a1 hv,NH;, 1 h 6N + || | (12) 263
I~ =
NT s
Br S NH,
hv,NH3,3 h , (60) 234
H,N P(O)(OEt), N s
P(O)(OEt),
Br NHZ
hv, NHs, 3h @ /@: (56) 234
H,N N7 s P(O)OE),
P(O)(OEt),
I hv,NH3, 0.5 h S o 2-P(O)(OEY), (75) 234
o | % ) P 4-P(O)(OEY), (68)
(BtO),(0)P (EtO),(O)P
P(O)(OEt), P(O)(OEt),
I S
hv,NHj3, 1h | N (65) 234
N ~
% Br hv,NH3,0.5h % S@ (85) 234
N
H,N H,N Z
P(O)(OEt), P(O)(OEY),
P(O)(OEY), P(O)(OE),
[ hv,NHs, 3 h Q ﬁ 65) 234
~ ~ N
Br” N N” 87N
Br S
' > hv, NH;, 3h m @ (60) 234
P> = N~
HoN N HoN N
al S z
m & Nt medisor Cr m D w0 o5
— N ~
N >a Z N s
Br P(O)(OEL), N_ _S P(O)(OE),
| A v, NHs, 1.5 h O/ jl\/ﬁ/ (98) 234
“ ZHNT N
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
I s- SPh
P hv, NH3, TBAH/6 h | = @1 363
N__— N~
Cl S
A
©i hv, NHs, TBAH/6 h | D 32 363
N
NO, Z O,N
O,N I S NO,
hv, NH;, TBAH/0.5 h | 32) 363
N~
cl [ N_ _§ N_ _S a
| Y hv,NH3, 1 h | \\]/ (100) 244
~ZN _N
I N_ _S
/©/ hv,NHs, 1h U \©\ (100) 263
P N
cl cl
x I X S\rN\
| hv, NH; | | 24
X X N
P(O)(OEt), P(O)(OEt),
0.75h 2-P(0)(OEt), (60)
15 min 3-P(O)(OEY), (50)
0.75h 4-P(O)(OEY), (50)
| A I | X S\WN\
—5 —S
2 hv, NH; = N 234
7
N/ \ N \
0.75h 2-SCsHyN (90)
1h 3-SCsH4N (68)
cl s__N S__N
/©/ ¢, NH3, mediator /©/ m/\j + (\JN\ /©/ m/\j 85
N
cl ci = SN s N~
10) (52)
I S _N
A hv, NH3 N B 234
| | h
¢ K N~
P(O)(OEt), P(O)(OEY),
05h 2-P(O)(OE), (75)
2h 4-P(O)(OEt); (65)
P(O)(OEt), P(O)(OEt),
I s _N
hv,NH3, 2 h \ﬁ N @ 234
N~
X § N\ Z N X S N\
| | hv, NH3 J\ | | 234
- NS N>
\ Z N s \ Z
P(O)(OEt), P(O)(OEt),
3h 2-P(O)(OEY), (54)
2h 3-P(O)(OEY), (78)
7 A N7¥ I
CFh—— hv, NH; CH— ~ 245
\N/ a \N S)\N
10 min 3-CF3 (96)
4h 4-CF;3 (11)
05h 5-CF; (89)
15h 6-CF3 (62)
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%)
.~ P(OXOED, NS N. S _N
/Ej/ U hv, NH; U U an 234
Pz ~N N =
B~ N Z P(OXOE),
cl N_ _S
X A 2
‘ ¢”, NH3, mediator E/\\'/ \@\ )N\/E 45) 85
N pZ N\
N >al & N >s7ON
(Et0),(O)P: S__N (EtO),(O)P S _N
\@ \ S hv,NH3,3h ﬁ \Ej (60) 234
~ 7
N g N N i Z
NZ IN
N
cl cl
| = hv,NH, 1h | A Nﬂ (90) 244
~ ~ NS
N I N s” N
OMe OMe
(o] (o]
A
| _ HN hv,NH3,4 h = | HN (15) 245
N a
NS NS
5N N S)\N
0
A
CF3 I'\ _ hv, NH; j"\“ Kj—cm 245
N a NN
20 min 3-CF; (98)
4h 4-CF; (1)
20 min 5-CF3 (97)
1.5h 6-CF; (45)
cl cl o)
| A hv,NH3, 1.5 h | N Hb (100) 244
~ ~ NS
N I N N
OPr-i OPr-i
S~ cl
H
NN A
I » hv,NH3, 2 h | _ (88) 244
7
N~ N N
i-PrO H
1~ N AN N
P
NZ N
N T Y
| v N7 N,Me hv, NH3 O/ \W\/) 234
0 = X "
P(O)(OEt), P(O)(OEt),
1.5h 2-P(O)(OE1), (49)
3h 4-P(O)(OEL), (39)
Me
hv, NH CF q \N/\>
v, NH; 3 245
NS
cl \N/ s/kN
15 min 3-CF; (92)
4h 4-CF; (4)
0.5h 5-CF3 (80)
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
E. Nucleophiles Derived from Sulfur (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Me
N
/LX
NS
cl . cl s” N
Me Me
A NJ\N,Me hv,NH3, 1h Z x + /E/\> ™
NS N NS NS
N7 I = N N N
OPr-i - OPr-i
(75) ®)
X N AN
| ©i H—s- hv,NHs, 4 h | /’ﬁ\ @1 245
~
N a N NT g7 N
H H
S
| A N
CEy—- hv, NH; R (j\ @ 245
P 3 |
SN Na AN SJ\N
H
05h 3-CF; (98)
4h 4-CF; (6)
0.5h 5-CF; (53)
a cl
AN hv,NH3, 1h = /ﬁ\@ (100) 244
~ \S
N I N S g
OPr-i OPr-i
cl
N
Z
S—s- hv, NH3, 1h "f/Q (80) 244
o X )\
N S (0]
OPr-i
X s N s 3-CF; (78)
CF3 O N7 s hv,NH3,4h CF3—,\ P Q 4-CF3 (1) 245
N " _ N 87 °N 5-CF; (95)
cl cl
A
= hv, NHs, 4 h S/\> an 244
P ~ /l\\
N I N s” N
OMe OMe
\ N
| N\ A N
s O\ @E S CF;—!/j\ /@ s
N al s \N/ s
4h 3-CF;3 (96)
45h 4-CF3 (7)
25h 5-CF3 (95)
cl cl
A =z
hv,NH;, 1h IQ (100) 244
~ NS
N I N N
OPr-i OPr-i
% The compound decomposes.

b The compound is at least 95% enantiomerically pure.

¢ The compound is completely racemized.
4 A catalytic amount of benzenediazonium tetrafluoroborate was added.

¢ A catalytic amount of p-bromobenzenediazonium tetrafluoroborate was added.

/ TBAH is tetrabutylammonium hydroxide.
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
F. Nucleophiles Derived from Selenium and Tellurium

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Phl Se? 1. hv,NH, 4 h PhySe (12) + PhySe; (78) 268
2.10]
1.hv,NHj, 4 h PhySe, (92) 268
2.Na
3.[0]
1. hv,NH3, 4 h PhSeMe (67) 268
2.Na
3. Mel
SePh
1. hv,NHy, 4 h
2.Na OO 98) 268
1
3. g XY, 4h
P a4
I 1. hv,NH3, 4 h SeMe
Eji 2.Na (ji @87 268
3. Mel
Br Se
oy e g e
PhCO PhCO COPh
Sez
/©/ @\ (40) + PhyCO (6) 277
PhCO COPh
X Se X
/©/ DMEF, 120-140°, 20 h a ® 272
X n  Br (6580 271,272
Br Se
HMPA, 130-177, 1624 o 2
i Ol [
1. DMF, 115-120°, 72 h O O @ 364
2. DMF, 150°, 24 h ‘ O
; o
OOO DMF, 120-130°, 20 h O se | G® 364
[ S
n
Br Se.
@ Ser DMEF, 140°,40 h ©: 26) 364
Br Se /n
1. DMF, 140°, 40 h Se
2. THF, 0° = @ 365
3. NaBH,, MeOH, CL,CS Se
Br Se,
/©/ DMF, 130°, 72 h /©/ (85) 364
Br Se n
Br
SUSORN
OOO e, MeCN O O I 2 (54 276
slegink:
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
F. Nucleophiles Derived from Selenium and Tellurium (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Sep? 1. DMF, 110-115°, 16 h n=1,1 (22);n=2,1 (28) 364
2. DMF, 140-145°,8 h
s 0
CCC s L] -
b W
n
X =z
m ¢, MeCN, mediator ©\/j\ /(j@ 1 (70) 276
P P x>
N Cl N Se; N
e~, DMSO, mediator 1 (46) 276
e”, MeCN 179 278
[0} [0} (o}
CO,Et EtO,C CO,Et
e, MeCN, +-BuOH, | I (70) 278
Br II\J mediator I"I Sé; rlq
Et Et Et
(o] (o] (o]
F F
F. CO,Et E10,C CO,Et
e”, MeCN, mediator, (82) 278, 279°
fel} I‘\l diethyl malonate Ilq Sé; Ilq
Et Et Et
Phl PhSe™ 1.hv,NH3,3.7h Ph,Se (73) + PhSeMe (26) 122
2. Mel
hv,NH3, 23 h Ph,Se (55) + C¢Hg (4) 366
PhSe™:Phl = 1
hv,NH3,23h PhySe (13) + C¢Hg (91) 366
PhSe™:Phl = 8
x X x SePh X Se N
| ——CcN | —CN 1+ NC—— | —CN m+
% Y% = =
N SePh
| ——CONH, mI
x Z
Cl  2CN e, MeCN I (48) + II (3) + HI (10) 284
Cl 2-CN e”, MeCN, mediator I61)+HG)+H @ 284, 281
Cl 3-CN €7, MeCN, mediator 168 + M 9) + I (4) 284, 281
Cl 4-CN e”, MeCN I(70) + II (8) 282, 281
Cl 4-CN e, MeCN, -BuOH I (73) + II (16) 257
Br 2-CN e”, MeCN I (36) 282
Br 3-CN e”, MeCN 1 42) 282
Br 4-CN e, MeCN 158 + I (7) 282,283
iog o
Ph X Ph
Cl hv,NH3,4 h (52) 367, 122
Br e”, MeCN (65) + PhPh (18) 285
N Br N SePh
| ——coph €7, MeCN, mediator | ——coph
= =
2-COPh, (72) 368
3-COPh, (62) 280, 281
4-COPh, (86) 280, 281
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
F. Nucleophiles Derived from Selenium and Tellurium (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
I SePh Se
g - SO GRSt
MeO MeO MeO
Ph,Se I
hv,NH3,43h I(25 + II (19) + I (20) 117
hv, dioxane, DMSO, 4 h I (18) + II (10) + IH (22) 250
hv, MeCN, 4 h® 137 + IO (7)+ I (8) 250
hv, MeCN, 4 h° I (67) + PhOMe (10) 250
Br SePh
O Br SePh O
e, MeCN © 36) + © ) + (46) 285
Q) L L O
Br SePh
Br SePh X
/©/ hv, NH;, 3.6 h /©/ Br  (I3) 122
X PhSe I (70
X SePh
)
Cl hv,NH3,2.8h (73) 367.122
Br hv,MeCN, 4 h (88) 250
Br SePh
~ - CCO
e”, MeCN (74) (18)
¢”, DMSO (43) (36)
O‘O hv,NH3, 3.6 h e ‘ (72) 367, 122
Br SePh
e, MeCN (53) + (23) 285
[ S s S s LS
X X AN
| hv,NH3,3.6h | ™) + | Z | 117
P pZ 7 X
N Br N SePh N Se
X X
| hv, NHs, 3.6 h ©|\/j\ 1 46) 117,122
~ 7
N° d N~ “SePh
hv,NH;3,2.2h I (98) PhSe :substrate = 4.8 366
hv,MeCN, 4 h I (70) 250
Br SeBn
/(j BnSe~ €”, MeCN, mediator /©/ (35) 368
PhCO PhCO
Se”
hv,NH3,3h 125

8

Se
OMe



TABLE VIII. OTHER NUCLEOPHILES (Continued)

F. Nucleophiles Derived from Selenium and Tellurium (Continued)

vee

GZe

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

Phi Te? 1.hv,NH3, 4 h PhyTe (17) + PhyTe, (17) 268
2.[0]
1.hv,NH3,4 h Ph,Te (21) + PhTeMe (29) 268
2. Mel
HMPA, 130-170°, 16-24 h PhyTe (35) 269
DMF, 60°, 10 h PhyTe (71) 273
NMP,4 60°, 8 h Ph,Te (77) 275

Br Te.
/©/ e”, MeCN /©/ \©\ (6) + PhyCO (57) + 271
PhCO PhCO COPh
Te,
foge WG
PhCO COPh

I Te
/©/ DMEF, 110-120°, 20 h (70-75) m
1 n
hv,NH,, 4 h O Te O 35) 268

DMF, 60°, 10 h (70) 274
DMF, 100°, 19 h 32) 275
DMF, 140°, 1 h (59) 274
NMP,% 60°, 10 h (45) 275
X Te
|
cl HMPA, 160-175°, 22 h @7 270
Br HMPA, 130-170°, 16-24 h (30) 269
1 DMF, 60°, 10 h (61) 274
R* R* R?
I Te,
DMF, 60°, 10 h 273
R3 Rl RS RIRI R}
RZ RZ Rz
R' R? R} R
H Me H H (84)
H H Me H 81)
Me H Me H (94)
Me H Me Me an
H H OMe H 74)
I Te, R¢
1. NMP4 275
R} R! 2.R%X R? R!
R? R?
R! R? R® R*
H H Me n-CjHis 1.120°%4h 63)
50-60°,2 h
(CH=CH), H n-C7H;s 1.110°2h (52)
2.60°3h
H (CH=CH), Me 1.130° 4 h 67)

50°,2h
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TABLE VIII. OTHER NUCLEOPHILES (Continued)
F. Nucleophiles Derived from Selenium and Tellurium (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
RS R’ R’
R* R® Te, R
Te? NMP4 275
R? R® RIR! R3
R? R? R?
Rl RZ R3 R4 RS
Me H H H H 70°, 14 h (55)
H H Me H H 70°, 12h (42)
H H OMe H H 80°,16 h (58)
(CH=CH), H H H 100°,21 h (76)
H (CH=CH), H H 100°,24 h (61)
Me H H (CH=CH), 90°,20h (53)
F F F F F 50°2h (56)
RS RS
R Te, R*
1. NMP4 275
2.[0] R? RIR! R?
R? R?
R! R? R3 R* R®
H H H H H 120°,5h (66)
H H Me H H 110°,3h (64)
H H OMe H H 100°,7h (57)
Me H Me H Me 120°,5h (71)
(CH=CH), H H H 90°,8h (59)
Me H H (CH=CH), 110°, 8 h (51)
O. I DMF, 140° 1 h (48) 274
Te
RS RS RS
Ol oPe
R* O DMF R* O O R* 274
R3 R! R3 RIR! R?
R? R? R?
R! R? R? R* R’
Me H H H H 140°, 1 h (48)
Me Me H H H 140°,1h (45)
H H Me H H 140°, 1 h @7
H H OMe H H 140°,1h 43)
H H F H H 140°,1h 41
H +Bu H H +-Bu 140°,1h (45)
H H (CH=CH), H 140°,1h 42)
(CH=CH), H H H 60°,10h (89)
H (CH=CH), H H 60°,10h (55)
‘% DMF, 60°, 10 h ‘OO OO‘ (60) 274
o 00
PhBr Te, HMPA, 130-170°, 16-24 h PhyTe, (1) 269
Phl HMPA, 130-170°, 16-24 h Ph,Te, (5) + PhyTe (10) 269
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TABLE VIII. OTHER NUCLEOPHILES (Continued)

F. Nucleophiles Derived from Selenium and Tellurium (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
C 1 Tey® HMPA, 130-170°, 16-24 h Tez 1) 269
ll X X i “Te, ‘:
cl HMPA, 130-170°, 16-24 h (20) 269
ClorBr Naph™* Na* (22) 364
O‘O DMF, 110°,16-24 h (40) 269
Br Te,
X =z
\ €, MeCN, mediator I (50) 276
~ ~ NS
N >a N >Té, N
e”, MeCN 1 (48) 257
o o (o]
EtO,C Et0,C CO,Et
€7, MeCN, t-BuOH, | (35) 278
]Iq Br mediator Ilq Te, [lq
Et Et Et
PhBr PhTe™ hv,NH3,3.7h PhyTe (20) 122
PhI hv,NH;,3.7h Ph,Te (90) 120, 122
X
@CN l N TePh I N Te l N N
-5 ——CN I + o+ —
Z ~ Ve X P
X Ne N
Cl 2-CN e, MeCN I (20) + II, R =CONH, (23) + II (21) 284
Cl 2-CN e”, MeCN, mediator I (39) + II,R =CONH,; (31) + III (8) 284, 281
Cl 3-CN e”, MeCN, mediator I@48) + M, R=CN (4) + III (5) 281
Cl 4-CN e”, MeCN I(53) + ILR=CN (22) 284,281
Br 4-CN e”, MeCN I (42) + II,R=CN (13) 283
Br
O/COPh | N TePh I N Te l N
-] e~, MeCN, mediator ——COPh I + I 281, 280
= = / Z X
PhCO
2-COPh, I (75)
3-COPh, I (48) + II (31)
4-COPh, I (45) + I (36)
I TePh
/©/ hv,NH3,3.7h PhyTe I (15) + /©/ (73) + 122
MeO MeO
Te
\©\ w
MeO' OMe
(s
hv,NH3,3.7h 122,120

I+ ‘/TeP LI | g ‘/Te‘ m

I + I (41) + I (6)
I (16) + II (53) + I (10)
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TABLE VIII. OTHER NUCLEOPHILES (Continued)

F. Nucleophiles Derived from Selenium and Tellurium (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br
0 Q- 0
OOO PhTe~ e, MeCN TCPh + O O + CyHypo 285
1 (68) I (9) oI (11)
¢”, DMSO I(49) + II (6) + HII (42) 285
X X
m hv,NH3, 3.7h m 43) + PhyTe (11) 17
P2 P2
N Cl N TePh
Br TePh
/©/ hv,NHj,3.7h D/ (40) + PhyTe (20) 122
1 PhTe
Br TePh Br
e, MeCN (16) + (52) 285
Br TePh

4 Cathodic reduction of this compound followed by addition of Mel and hydrolysis lead to 1-ethyl-6-fluoro-7-methylseleno-4-(1H)-oxoquinoline-3-carboxylic acid.

b The substrate concentration was 0.019 M.
¢ The substrate concentration was 2.5 M.
4 NMP = N-Methylpyrrolidinone.
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TABLE IX. RING CLOSURE REACTIONS
A. Sgn1 Substitution Followed by a Ring Closure Reaction with an ortho Substituent

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Cl
@[ “CH,COMe FeSO,, NHa, 4 h \ 61 75
NH. N
2 H
Br
@ ~CH,COR hv, NH3 mR 146
NH, R g
Me 2h (93)
Pri 4h 84)
Bu-r 3h 4
=0
(j hv, NHs, 4 h N (14) 146
N
H
I
@[ ~CH,CHO ©5\>
NH. N
2 H
hv, NHa, 13 min (75) + PhNH, (25) 286, 106
¢, NH; 93) 287
“CH,COR m}i
N
R H
Me hv, NH3, 15 min (100) 286, 106
Me ¢, NH; (87) + PhNH, (13) 287
Pr-i hv, NH3, 10 min (100) 286, 106
Pr-i ¢, NH; (75) + PhNH, (22) 287
Bu-1 hv, NH3, 20 min (53) 106
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A. Sgn1 Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

TABLE IX. RING CLOSURE REACTIONS (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
“CH,COEt hv, NH3, 25 min Nk (20) + N 106
~CHMeCOMe N N
H H
-CH,COCR(OMe), 1. hv, NH3 mcm{ 106
R 2. SiO; column g
H 1. 20 min 45)
Me 1.25 min (55)
R
~CHRCHO hv, NH; @[\/\g 106
N
R H
Me 20 min (49)
Et 23 min (33)
i-Bu 42 min (26)
~__0
(:/[/ hv, NH; N
N
H
30 min (33) 106
8§ min (40) + PhNH, (59) 286
Me
/
N
0O
q hv, NH;, 10 min A\ 22) 106
Me” N N
H
Br
“CH,COMe hv,NH3,4 h N (80) 146
NH, N
H
Br
\©: hv, NH;, 2 h m 88) 146
NH, N
H
X
hv, NH; m 146
R NH, R N
H
X R
Cl Ph 12h (88)
Cl OMe 105h 42)
Cl  COH 12h (89)
Br Me 2h (82)
Br
\@ “CHMeCOEt hv,NH3, 2 h N g (73) 146
NH, N
H
Br
“CH,COBu- hv,NH3,2h Butr (75 233
NH, N
S S i
\/\OH \/\OH
Ho/\ HO
N Br /\S
hv,NH3,2h Bu: (60) 233

NH,



TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn! Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

vee

174

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
MC\N/\ Me\N/\
I\/N Br  "CHCOBut  hv,NHs 1h K/N 233
\©j\>78u—t
NH. N
2 H
R R
R
H (85)
P(O)(OEY), (15)
VA Br VA z
[ :@ hv,NHs, 05 h [ N\ps S 6V 33
N NH, N N NH  @43)
H H H NMe (46)
O Br ~CH,COR hv,NHs, 1h O 237
Qg >
N
NH, R N
Bu-t 67
CH(OMe), (52
® s
NH, “CH,COR hv,NH3,2h N 237
/ R
Br R
Bu-t (82)
CH(OMe), (65)°
R
N_ _Cl N R
N - A
| CHRCHO hv,NHj3, 1.7h | N H (62 288
Z > Nw, Z N Me (59)
H
N
N
“CH,COR v, NH; [ N R
Z N
R H
Me 105h 4s) 146,148,
288
Pr-i 1h (61) 148
Bu-t 25h (100) 148
N
TN
“CHMeCOPh hv,NH3, 1.7 h | Ph  (30) 288
F N
H
N,
A N —
| hv,NH;, 1.7h | A\ @n 288
P _ Y
N~ >cocH; N N
H
- o N
AN
FZ =N
H
1.7h (52) 288
35h 2 148
N\ N\
~CH,COEt hv,NH3, 1.5h wﬁt i+ N 148
-CHMeCOMe Z N Z =N
H H

I+ 0 45)
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TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn1 Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
! N R
| -CH,COR hv, NH; mk Me (75 139
N7 NH, N° : But (78)
1 R
E X
| hv, NH; mk Me (95 139
N’ > NHMe NZ :14 But (70)
(4
S I S R
] 1. hv, NH; mk Me (80 139
N7 > NHCOBu-t 2.H;0* N7 f;{’ But  (90)
I R
B BN
{ 1. hv, NH3 mk Me  (98) 139
Z > NHCOBu-1 2. 8,0 & N Bur  (99)
I R_
N7 1. hv, NHs NN g Me 08 139
L L
NHCOBu-t 2. H;0* E But (98)
COLEt
CF O CF3 ?
| -CMe(CO,Et), hv,NH3,2h | B o (10 181
~
N NH, N g
R
NHR
Coy(COg, Sunlamp, NaOH, H,0, CgHs, Nk H  (60) 189
Br €O, 1 atm Bu,NBr, 65°,5.5h Bn  (78)
o
OH
©f\ Cox(CO)g, Sunlamp, NaOH, H,0, C¢H, o) ©95) 189
Br CO, 1 atm BugNBr, 65°, 2.5 h
o}
COR COR
@ -SCH,COEt 1. hv, +-BuOK, NH, - @[ 49
Br 2. Mel S SMe
R
H 1.3h (55) (10)
Me 1.6h (40) “8)
NH,
CN
AN X
| hv, 1-BuOK, NHs, 1 h wcozgt (90) 49
N~ Br N~ S
NH,
CN
B AN
| hv, +-BuOK, NHa, 1.25 h | N—coE 99 49
N~ N ~~5¢
Br
Br COCH,™ R R
©: @: 1. hv, DMSO, 1 h O Me (82 293
COMe R 2. i-PrBr O O OMe (75)
OPr-i
R
Ph R
~CHRCOPh 1. kv, DMSO, 1 h OO Me  (50) 203
2. i-PrBr OMe  (80)
OPr-i
R
1. v, DMSO, 1 h Me “47) 293

: _COCHMe
R

2. i-PrBr

R
OO OMe (52)
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TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn1 Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br COCH, R R
@[ E:[ 1. hv,DMSO, 1 h O Me (58 293
COEt R 2. i-PBr O O oMe (57)
OPr-i
COCHMe R R
@ 1. hv, DMSO, 1h O Me  (36) 293
R 2. i-PrBr OO OMe (41)
OPr-i
OMe
Ph
~CH(OMe)COPh 1. hv, DMSO, 1 h OO (50) 203
2. i-PrBr
OPr-i
Br COCH, o
©i 1. hv,DMSO, 1 h O + 203
COMe OMe 2. i-PrBr OO O
OMe OMe
[(12)  OPri @
I
C[ 1. ov, DMSO, 1.5h 1. (34) 293
COMe 2. i-PrBr
oC oo O
OH
Av,NHs, 1.5 h a2 158
hv,DMSO, 1.5 h (82) 158
Br
@[ 1. hv, DMSO, 1 h OO ©2) 293
COEt 2. i-PrBr O O
OPr-i
R R
MeO. Br OMe R_
1. hv, DMSO, 1 h OO H  (80) 158
MeO COMe 2. i-PBr OMe OMe (52)
OPr-i
OPr-i
COMe COCH,
S > 2
| @O 1. hv, DMSO | S 215
N/ Cl F 2. i-PrBr N/
1.0.5h 1-CyoH7 (87)
1.1h 2-CyoHy (75)
OPr-i
COMe
X
, 1. hv, DMSO, 1 h A 215
N Fa 2. i-PrBr =

8

1-CyoH7 (70)
2-CyoHy (63)
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TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn1 Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br >COCH,™ \
1. kv, DMSO 215
CONH, Z 2. i-PrBr ~N
1.2h OPri  1-CyoHy (70)
1.1h 2-CyoHy (60)
MeO MeO.
o ) ¢
@ O 1. hv, DMSO, 1 h OO (60) 158
2. i-PrBr
COMe COCH,
OPr-i
20
COCH,~
1. kv, DMSO, 1 h 83
oC asel
2. i-PrBr
OPr-i
0
R MeO Me! R
MeO. Br O oMe R _
O 1. hv, DMSO, 1 h OO H (59 158
2. i-PrBr OMe (73)
MeO COMe cocH, OMe
OPr-i
OPr-i R
COCH,~ OMe R
1. hv, DMSO,
) . DMSO, 11 NSO 15
2. i-PrBr OMe OMe (72)
OPr-i
R! OMe
Rl
R? Br COCH,~ OO
OO 1. hv, DMSO, 1 h R 293
R? COMe 2. i-PrBr OMe
RZ
Rl R? OPr-i
H H (30)
H OMe 25)
OMe OMe (26)
OMe
MeO. MeO
e 0 e .
I:[ OMe | hy,DMSO, 1h MeO RO w @ 293
R COMe 2. i-PrBr OMe OMe (40)
COCH,~ R
OPr-i
Br MeO
@ 1. hv, DMSO, 1 h OO “2) 203
COE: 2. i-PrBr MecO
MeO
OPr-i
OMe MeO.
MeO Br MeO.
H O 1. kv, DMSO, 1 h oMe (7) 293
. MeO
OMe 2.i-PrBr
MeO COEt MeO OO
_ OMe
COCHMe OPr-i
R
I R I 10
©:/ ~CHRCHO hv, NH;, 10 min I+BNHL,L I H (50) (10) 291
NH, ZN Me (30) (—)
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TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn! Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
OH
R R
-CH,COR hv, NHs, 5 min = + N
N _N _N
Me @3) (60) 291, 290
Pri (80) 291
Bu-t (20) (60) 291
R
1. hv, NH;
R 2. NaBH,, MeOH NH
Me 1. 10 min (%0) 291, 290
Pr-i 1.6 min (60) 291
I R
©; 1. hv, NH, N
NH, 2. Pd/C, MeOH, reflux =N
R
Me (100) 291,290
Pri (94) 291
Bu-t (90-100) 290, 291
CH(OMe), (38) 291
I X
H “CH,COMe hv, NH; @1 290
N N
CO,E CO,E
I Et
C(/ ~CHMeCOEt 1. hv, NH3, 25 min (90-100) 290, 291
NH, 2. NaBH,, McOH NH
B
1. kv, NH3, 25 min an 291, 290
2. PA/C, MeOH, reflux =N
o
- é 1. hv, NH3, 20 min N @3) 291
2. Pd/C, MeOH, reflux =N
Rl
i (10
Rl
X omm CUrT
Rz 202 zN
R! R?
H H 13h (38)
OMe H 1h (79)
OCH,0 1h (65)
OMe  OMe 1h (35)
OPr-i OMe 1h (39)
OPr-i
[0]
i-PrO. I OPr-i i-PrO. ‘O
_ A OMe
. 1. hv,NH3,0.7-1.3 h ! (65) 292
MeO 2 OMe 2. 05 (air) MeO = .
R
| (10
A R?
1. v, NH, 0.7-1.3h 292

R! R?
H H
OMe H
OCHO
OMe OMe

2. O; (air)

g

)
\
z

45)
(56)
(48)
(68)
42)
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TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn! Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
(o] R!
o ¢ (1
< m - 1. kv, NH3, 0.7-1.3 h 0 aN R? 292
o 2 R2 2.0, (air) <0 _N
R! R?
H H (76)
OMe H (52)
OCH,0 (38)
OMe OMe (72)
OPr-i OMe (48)
Br R R
@: ~CH,COR hv, NHs, 0.5 h Me  (90) 147
CONH, NH Pri (90)
0 But  (90)
~CH,COCH(OMe), hv, NHs, 6h OMe (1 147
NH
o}
“CH,COCH,OMe hv,NH3, 5h (35) 147
NH
o}
X Et
~CHMeCOEt hv,NH3,5h | (70) 147
P NH
o}
Bn
“CH,COCH,Bn ===  hv,NH3,5h N (0) + N TBn 147
“CH(Bn)COMe NH NH
o} 0
o
- hv,NH3, 3 h A (30) 147
NH
o
OMe
X - O X
COCH; N X
hv, NH3, 6 h . Br (@) 147
CONH, MeO I (80)
o)
X
A
©i “CH,COMe hv, NH; 147
N
CONHR R
X R o
Br Me 5h (40)
Br Et 4n (40)
I Me 3h @5)
Et 3h @3)
R3 R?
2, 2,
R Br R N
hv,NH;, 1h 168
NH
R! CONH, R!
R! R R3 o)
OMe OMe OMe (80)
OMe OMe H (75)
OCH,0 H (70)
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TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn! Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
RJ R3
2 2
R Br R N
“CH,COMe hv, NH; 168
N,
R! CONHMe R! Me
R! R? R3 o)
OMe OMe OMe 6h (45)
OMe OMe H 4h (40)
OCH,0 H 13h (60)
OMe
OMe
R3 I MeO. COCH, R® N O
:@:/ 1.hv,NHs, 1 h O 289
Cco . NH
R? CONH, MeO 2 2. BF3, MeOH, R? CO,Me
R! reflux, 1 h R! fe)
R! R? R3
H H H (85)
H OMe OMe (72)
OMe OMe H (68)
R
Br R
Co,(CO)g, Sunlamp, NaOH, CgHg, H,0, H (72 189
NH,  CO.lam BuNBr, 65°,5.5 h NH g gy
R 0
R
Br R
Co,(CO)g, Sunlamp, NaOH, CgHg, H,0, H (95 189
OH CO, 1 atm BugNBr, 65°,2.5 h 0 Et (92
R o)
! A
@i ~CH,COMe 1. hv, NH; (80) 168
COH 2. H;0 o
0
OMe OMe
MeO Br MeO. N
1.hv,NHs,2h (69) 168
MeO COH 2. TsOH, CeHs, reflux MeO 0
o]
I
©: - 1. hv,NH3, 1.25 h 292
CO,H OMe 2 TsOH, C¢Hs, reflux
OMe o}
MeO I R RIR
- 1.hv,NH;,1.25h OMe H (72) 292
McO COLH R! 2. TsOH, CgHg, reflux OPr-i OMe (70)
N,SPh lon
©: /©/ 1. hv,DMSO, 1.5-2h 294
CN O,N 2. Si0,, CH,Cl,
R
JJ 5
1. hv,DMSO, 1.5-2h O Me  (40) 294
fo) (o) OMe (38)

2. Si0,, CH,Cl,
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TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn1 Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
R
R
(o NHCOMe
R Br R
I:[ Me0,C 1. hv, NHy O COMe  y  (g5p 214
R CN NHCOMe 2. Si0,, CHCl3, reflux 0% o OMe (79)
OMe
o~ MeO
MeO. Br O NHCOMe
IZ 1. hv, NH3 O (52) 214
i CO,Me
MeO CN  Me0O,C~ “NHCOMe 2 SiOz CHCL, reflux 0% o 2
OMe
o MeO o
o/\‘/©/ 1. hv, NH; ] O r;x>< an 214
)(N\BOC 2. Si0,, CHCl3, reflux oo Boc
Br 0" R
©i /©/ 1.hv,NH3, 1 h 214
CN R 2. §i0,, CHClj, reflux
R
Bu-t (80)
OCF; (86)
F (49)
CN 1)
NO, 7h )
(o O Bu-t
/@i 1. hv,NHs, 1 h O (78) 214
+Bu But 2 SiO,, CHCI,, reflux 0% > o
MeO (o OMe
D/ 1.hv,NH;, 1 h (13) 214
MeO' 2. §i0,, CHCl3, reflux
N,SBu-t oy
@E /@[ 1. hv, DMSO 294
CN R? R! 2. Si0,, CHCl;, reflux
R! R?
H H [€3))
H Me (48)
Me Me (20)
H OMe (56)
H Br 7
H CR (55
R R
R R
R Br (o
Di 1. hv,NH;, 1h " 214
R oN 2. $i0,, CHCls, reflux O OO
R o~ Yo o0~ Yo
H (76) )
OMe 84) ©)]
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TABLE IX. RING CLOSURE REACTIONS (Continued)
A. Sgn| Substitution Followed by a Ring Closure Reaction with an ortho Substituent (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
O,
SO,NH, S<
@ ~CH,COR hv, NH3, 15 min m + PhSO,NH, 1 140
1 R 2 g
Me (90)
Et QN +10)
Pr-i 67 + 1 (6)
Bu-r (80)
O,
S< R
~CHMeCOR hv, NHs, 15 min NH g 2 +1@) 140
NR Prei (9 +1(59)
o 0,
S< o
- hv, NHj, 15 min NH ' s+ 10 140
) = 2 @5 +1@
n
n
7 0,
(65) 140

1. hv, NH3, 15 min
2. [O] (air)

7]

/
Z
T

4 The product was isolated as the ethyl ester (R = CO;E¢) after spontaneous hydrolysis and oxidation of the aldehyde function.

b This was a racemic mixture.
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TABLE IX. RING CLOSURE REACTIONS (Continued)
B. Intramolecular Sgy1 Reactions

Substrate Conditions Product(s) and Yield(s) (%) Refs.
o} o}
NH kv, KNHy, NH, 1 h O (40) + NH (G0 140
I NH
o] (o}
(¢}
o o}
N hv, NaNHp, NH3, 1 h N (60) 369
/J\ cl =z
N N
RZ
cl_R?
C[ L hv, LDA, THF \ o
Z
N" o N
]'11 R!
R! R?
Me H 3h 82) 298
Bn H 05h (32) 298
Me n-Bu 3h (73) 298
Me Ph 3h (64) 298
n-Pr Et 1h (66) 370
n-CoHjg  Me 1h (68) 370
n-CigHz; Me lh ® 370
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TABLE IX. RING CLOSURE REACTIONS (Continued)

B. Intramolecular Sgn1 Reactions (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
R
a R R
@[ L hv, LDA, THF, CgHy4, o H (74 298
N X0 3h N Me (73)
H H Ph (63
Cl R R
C[ /Q 1. hv, LDA, THF, 3 h ° Me  (66) 299
I}‘ 0 2. Mel b{ Bn  (60)
Me Me
) R
X e
0 299
Yo \
Me Me
X R
a H KNH,, NH3, 3 h (65)
cl H LDA, THF, 3 h (43)
cl Me KNH,, NH3, 15 min (100)
a Me kv, LDA, THF, 3 h (50)
cl Me hv, LDA, THF, 15 h (70)
I Me KNH,, NHj, 10 min 92)
) R
R
a g R
hv,LDA, THF, 3 h o H @48 299
N o) N Me (89)
H H
cl
A o
N" o N
X R
R
H hv, LDA, THF, C¢Hys, 3 h (76) 298
Me hv, LDA, THF, C¢Hj4,3 h (87) 298
Me KNH,, NH3, 0.5 h (80) 299
MeO. cl MeO
U /K hv, LDA, THF, 1 h mo o 299
N7 o N
lee Me
cl
Ji:[ /g hv,LDA, THF, 1 h mo (55) 299
MeO N~ o MeO N
I\llle Me
oy D
©i /(\ hv, KNHy, NH3, 15 min mo (100) 299
N~ o N
I\IAe Me
1. kv, KNH,, NH3, 3 h (%o (73) 299
2. Mel I\{
Me
H
N X

N —
hv, +-BuOK, Me,CO, @ S G s ©®
DMSO s Br 6h (22

1 35h  (100)

74
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TABLE IX. RING CLOSURE REACTIONS (Continued)

B. Intramolecular Sgn1 Reactions (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
H
h N
kv, NaH, Me,CO, N (100) 74
@[ S DMSO, 6.5h ©is
I » 6.
N_ _cCl N
~ AN
LA P Wy
Ne 3
Me Me
hv, LDA, THF, CgH,4, (83) 298
~78°,3h
hv, KNH,, NH3, 0.5 h (62) 299
[ 0
Ph
S
[ r}‘/\ﬂ/ hv, LDA, THF, 0° | N-Me (8D 300
N~ Me O N~
Br
Ph
o
(0]
o) o)
< hv, t-BuOK, NH3 < (99) 170
() I Y (o)
hv, -BuOK, NH3, 1 h 3024
OMe
o)
S OMe 1. hv, LDA, THF (59) 301
N B \ 2. CF3SO;NPh
No
Me” “Bn
R R
c o X
Me hv, KNH,, NH, 1 h H (62 299
N N. Me  (60)
\ﬂAR Me & s
0
Bn
al o
Me
| 1. hv, KNH,, NH3, 1 h (32) 299
N\n/\/ 2. BnCl N Me
o)
cl o)
@WS 1. kv, KNHy, NHz, 1 h @3) 299
N\[( 2. H,0 NH
o
MeO. MeO MeO.
O NCO,Me O NCO,Me O
HO hv, -BuOK, NHj, 1.25 h HO + HO 303
MeO.
® (J w1
MeO Br MeO MeO
OMe OMe
M
eO. X
NCO,Me
HO
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TABLE IX. RING CLOSURE REACTIONS (Continued)
B. Intramolecular Sgn1 Reactions (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
i J§
0 o} o
{ Bu-t hv, 1-BuOK, NH; CT = N <:©(\/\ But 170
o Br o Z o Br
an (67
B (o}
0 0 o}
< hv, -BuOK, NH; < 42) + < 4) 170°
o Br 0 o o
o)
0
0
o N e
< o R 295-297
0 I Q
& OMe o
OMe
1. KNH,, NH3 (45)
2. Na/K
hv, t-BuOK, NH; (94)
0
0 0
< hv, t-BuOK, NH3 < Substrate: 50 x 107> M (28) 170
o] I [¢] Substrate: 1.25 x 107 M (71)
(o}
o
o /o) o
{ W hv, +-BuOK, NH; { a9+ ¢ 3) 170¢
pZ
0 Br (o} 0
o 0
o}
o) 0
< hv, +-BuOK, NH3 < (35) 170
o] Br [¢]
0
OH OH
Me0\©v\ MeO ! MeO
NH hv, NaOH, MeOH, 0.75 h NH , HO l NH | s,
MeO
SO g g
Br
OMe  (38) OMe (19)
OH

MeO

4 The substrate was a 1:2 mixture of diastereomers.

b The dehalogenated, open, reduced o, 8-unsaturated ketone and the dehalogenated, open, reduced ketone were formed in a combined yield of 4%.
¢ Also formed were the dehalogenated o,B-unsaturated ketone (7%) and the dehalogenated reduced ketone (3%).
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TABLE IX. RING CLOSURE REACTIONS (Continued)

C. Miscellaneous

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
SPh
N,*BF4~
@ PhS™ DMSO, 0.5h 53) 36
O/\/ o
SCOMe
. X
MeCOS DMSO, 1 h @1 34
Z~0
SPh
N,*BF,
@[ Phs- DMSO, 1 h (60) 36
o/\]/ o
S,COEt
EtOCS,~ 1. Me,CO, 10 min ©f( (5) 36
2. reflux, 3 min 0/
COMe COMe
Br
E:[ ~CH,COMe hv,NH3,3h O‘ I+ O’ 165, 30
Br
I+ 1I (64)
P(O)Ph
I P(O)Ph,
@ Phop 1. hv, MeCN, 3 h as) + E:[ 33
0N 2.[0] 0 0N
SPh
SPh
PhSNa hv,NH3, 4 h I.(75) + C[ I 6) + 33
0 0/\/\
@[5 HI (10) +
o o
PhSLi hv, DMSO, 3 h I (15) + I (76) + III (9) 33
hv,DMSO,5h I (50) + IT (35) + LI (15) 33
P(O)(OEt),
P(O)(OEt),
(E10),PO" hv, NHs, 6 h as) + @[ 33
o 0N
oI (9) + IV (10)
Br S~ S
@: j@/ hv, NHa, 3 h @[ j@/ I (55) 305
a s s
I
©i hv, NH3, 3 h I (64) 305
1
% Br hv,NHj, 3 h SD (24) 305
1 §NF
® L
X (o o OH
Cx sefive
rox
Br 3h 24) (32)
I sh (4 6}



TABLE IX. RING CLOSURE REACTIONS (Continued)
C. Miscellaneous (Continued)

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

09¢

4

—

Q

Q
Q

z>\>:/§7

Q
a

@]
o]

It

—

ssfes

Q
a

b3t

T9¢

w

Qs

Nucleophile Conditions
s
hv, NHs, 3 h
Se”

X

PhS- Me—~ N7 SN- Me
Nazxz HMPA
NayTe DMF, 24 h
Na,Se, DMEF, 100-110°, 17 h
Na X5 DMF

X

Se 100°,4-5 h

Te 45-55°,20h

— hv, t-BuOK, NH3, 0.25-1 h

hv, t-BuOK, NH3, 15 min

I Br
S
S
-

(46) (56)
(62) =)

O
solisene

(15) 1s)

w

08

SPh S
PhS SPh PhS

~ —
PhS N SPh PhS N SPh

P]

X—X
X

OO S 150°  (46) 373
Se  100°  (69)
O (35) 274

O (55) + OO (10) 374,375

376
377
_n_
0 (33
1 @5
2 @) 378
3 (21
4 @
5 (29
306
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TABLE IX. RING CLOSURE REACTIONS (Continued)

C. Miscellaneous (Continued)

Substrate Nucleophile Conditions Product(s) and Yield(s) (%) Refs.
Br
o}
hv, +-BuOK, NH3, 15 min O O (10) 307
o)
Br
a
o
hv, +-BuOK, NH3, 15 min O ‘ > 3) 307
o
a
Br
o 0
hv, -BuOK, NH;, 15 min { O O I 307
0 o)
Br
a
o) o)
hv, +-BuOK, NHj, 15 min < O Yy o 307
o} o

a
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1. Introduction

The search for novel oxidizing agents, especially those that not only transform
a broad range of diverse functional groups, but also do so with a high degree
of selectivity, remains the focus of intense exploration. In recent years, the use
of hypervalent iodine compounds as oxidizing agents has gained attention in
synthetic organic chemistry. (1-21) The a -oxidation of carbonyl compounds
by hypervalent iodine oxidants has been most widely investigated and has
broad synthetic utility. Although this area has recently been reviewed in
various forms and scope, a comprehensive coverage that focuses on synthetic
applications is absent and the present chapter addresses this need. (7, 11,
13-15, 18, 19, 21)

In this chapter we discuss the oxidation of carbonyl compounds with
hypervalengigdine reagents. These reagents effect the electrophilic a
-oxidation mrge numbers of ketones, B -diketones, a , B -unsaturated
ketones, and their derivatives such as silyl enol ethers. We restrict ourselves
mainly to the reactions of organoiodine(lll) reagents; inclusion of other
hypervalent iodine reagents such as organoiodine(V) reagents, periodic acid,
or purely inorganic iodate reagents is beyond the scope of this chapter.
Furthermore, reactions brought about with other oxidizing agents in
combination with a catalytic amount of a hypervalent iodine reagent are not
considered here. The chapter also excludes discussion of a considerable
amount of work based upon the reaction of iodonium ylides, a distinct feature
of organoiodine(lll) reagents. (3, 11-18a) The common abbreviations and
names of the reagents used in this chapter are listed in Table A.

Table A. Hypervalent lodine Reagents

Formula Name(s) Abbreviation




PhI(OAC):
PhI(O,CCF3),

PhI(OH)OTs

PhI(OH)OMs

PhI{OH)OSO,CH;
0

PhI(OH)OPO(OPh),

lodobenzene diacetate or (Diacetoxyiodo)benzene IBD

lodobenzene bis(trifluoroacetate) or IBTA
Bis(trifluoroacetoxy)iodobenzene

Hydroxy(tosyloxy)iodobenzene or Koser's reagent HTIB
Hydroxy(mesyloxy)iodobenzene HMIB

Hydroxy[(+)-(10-camphorsulfonyl)oxyliodobenzene HCIB

Hydroxy[bis(phenoxy)phosphoryloxyliodobenzene

PhI(OH)OPO(OPh)Me Hydroxy[(phenoxy)(methyl)phosphonyloxy]iodobenzene

(PhIO),
PhIF,
PhICI,
RA(Ph)OTf

R(CHI(Ph)OTf

OH

/

I

LY

0

O
Phal*X" []
(Mes)I"CI”

(PhI"),0(BF4-),
(PhIM),0(PF¢),
BnMe3N+CI2I‘

lodosylbenzene or lodosobenzene
(Difluoroiodo)benzene
(Dichloroiodo)benzene

(Perfluoroalkyl)phenyliodonium triflates
(Rf = perfluoroalkyl)

(1H, 1H-Perfluoroalkyl)phenyliodonium triflates

1-Hydroxy-1,2-benziodoxolin-3-(1H)one or
o-lodosylbenzoic acid

Diphenyliodonium halide
Dimesityliodonium chloride
lodosobenzene tetrafluoroborate
lodosobenzene hexafluorophosphate
Benzyltrimethylammonium dichloroiodate

A general feature of the reactions of carbonyl compounds described in this
chapter is electrophilic attack of the organoiodine(lll) reagent at the a -carbon
atom of a carbonyl group to yield a presumed tricoordinate iodine(lll)
intermediate 1 (Eq. 1).
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Intermediate 1 reacts further to yield products via various pathways depending
upon the reaction conditions. The major processes that occur are summarized
(Egs. 2, 3, 4, 5, 6, 7). These include oxidation of ketones under basic
conditions leading to a -hydroxydimethylacetals (Eq. 2), oxidation of a , 8
-unsaturated ketones leading to a -hydroxy- B -methoxydimethylacetals (Eq. 3),
oxidation of ketones under neutral conditions (Eq. 4), and related oxidation of
silyl enol ethers under various

O
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2 2
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conditions leading to a -functionalization (Eq. 5), intramolecular participation
reactions leading to oxygen-containing heterocyclic compounds (Eq. 6)
including

OSiR? 0

2 E— 2 fi= y
R]&’J R R IJ\I/ R Z =0H. OR, OAc. O50;:R (5)
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é _OH s 0 R
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cyclic a -keto ethers and lactones, and rearrangement processes such as
1,2-aryl shifts in alkyl aryl ketones leading to 2-arylalkanoates (Eq. 7). All of
these reactions are driven by the reduction of iodine(lll) to iodine(l)
(iodobenzene).

O R

Ar)J\/ R m/l\c-:)zrwc "



2. Mechanism

2.1. General Pathways

The common thread connecting reactions of carbonyl compounds with
hypervalent iodine reagents is the generation of an electrophilic center a to a
carbonyl group by addition of a hypervalent reagent [Ph - I(X)Y] to give
phenyliodinated intermediate 3 (Eqg. 8) analogous to 1 mentioned earlier.
Subsequent steps lead to various products depending upon the reaction
conditions (reagents, solvent, temperature, etc.) and the structure of the
substrate. This sequence may be viewed as an umpolung in reactivity of an
enol, enolate, or silyl enol ether 2a-c (Eg. 8).

X .
0 07, B3 i 3
R]JJ\/R2 o= RI/K““MRJ B (. R')J\rR ——» Products
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’ 3 ®)
7
2w H Il Il
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2¢  SiRy . . o .,
R!)I\_/R* p— RIJ\(R-
]

Since the fate of intermediate 3 is controlled both by the reaction conditions as
well as by its structure, mechanistic aspects are discussed on the basis of
these considerations. The stereochemical aspects of the reaction are
discussed where appropriate under Scope and Limitations.

2.2. Oxidation under Basic Conditions

The oxidation of an enolizable ketone leading to a-hydroxydimethylacetal
formation is a major synthetic application of organohypervalent iodine reagents.
The reaction of acetophenone is typical (Eq. 9). (22)

0 MeO OMe

OH
(PhlO), 9)

MeOH, KOH




The various steps that are considered to occur in this reaction are: (Eq. 10)
step (@) dissociation of the polymeric iodosobenzene or hydrolysis of
PhI(OAc);

P — OMe
ke KOH, McOH ¢
stepa
(Ph10), —— 4 OMe
0
? Me(]' 4 R2
B (I VL
Sep ert MeO—I—Ph
5
0 (10)
| R?
R |
I—Ph
MeO~ 6
step ©
Me0, ‘\
><T& R! O MeO- MeO_ OMe
. —_ R.;
M step d :} ~SR2 stepe R'Xr
| MeO
7 8 9 OH

to generate the active reagent (dimethoxyiodo)benzene (4); (23) step (b) the
concomitant formation of the enolate anion and subsequent displacement of
methoxide ion from reagent 4 by the enolate anion to yield intermediate 5; step
(c) attack of methoxide anion upon the carbonyl group of intermediate 5 to
yield a tetrahedral intermediate 7 (step c), and finally intramolecular
nucleophilic displacement by alkoxide anion to give the oxirane 8
accompanied by reductive elimination of Phl (step d). The reaction is
completed by attack of a second methoxide ion on the oxirane 8 to yield
product 9 (step e).

The presumed intermediate 5, which has never been isolated, could
conceivably react further with loss of methanol to generate an iodonium ylide 6.
However, this result is not observed although one example of a monocarbonyl
ylide is known. (18b) lodonium ylides 10 formed from (3 -dicarbonyl compounds
are widely reported (Eqg. 11). (3, 11-18a)
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Formation of the stable iodonium ylide 10 may result from the additional
resonance stabilization that is provided by the second carbonyl group of the 3
-dicarbonyl compound (10 « 10a). This dichotomy between the behavior of
monocarbonyl and B -dicarbonyl substrates is taken as indirect proof of the
intermediacy of 7.

When the pathway shown in Eq. 10 step e is not favored for steric reasons, the
other carbon atom of the oxirane ring is attacked by methoxide ion and an a
-methoxyketone is formed; this route is observed in sterically hindered ketones,
such as 2,2,6,6-tetramethyl-4-piperidone (Eq. 12). (24)

O (]

OMe
(PhIO),
- (12)
KOH, MeOH
M N
I I
H

Intermediate 5 (Eqg. 10) may be viewed as a highly reactive (hypervalent) a
-haloketone and as such can undergo Favorskii rearrangement. Also,
neighboring group interactions may occur in the decomposition of 5 in
appropriately substituted examples. (25)

A requirement of the pathway outlined in Eq. 10 is that the original carbonyl
oxygen atom of the substrate becomes the oxygen atom of the hydroxy group
of the a -hydroxydimethylacetal product. This has been established
experimentally by isotopic labeling using acetophenone, CsHsC*®0OCHjs (Eq.
13). (26)



18
0 (PhIO), MeO OMe
Ph KDH, MeOH Ph

Furthermore, the pathway shown in Eq. 10 has stereochemical consequences.
In step d, an inversion of configuration must occur at the carbon at which the
C-iodine(lll) cleavage occurs. In step e, opening of the epoxide ring results in
an inversion of configuration at the carbon atom attacked by MeO™. Both of
these stereochemical features are manifested in various cyclic systems that
are discussed in Scope and Limitations.

The oxidation of a , B -unsaturated ketones such as 11 which do not contain an
enolizable carbonyl group occurs by generation of an anionic intermediate 12
(Eqg. 14) via a Michael addition of methoxide ion. The formation of the a
-hydroxy- B -methoxydimethylacetal 13 then occurs via steps analogous to
those of Eq. 10.

Q OMe
QO O OMe

MeO~ PhliOMe)s Ar! A2
L - L
AIJJI\%\P“..; Al'l/K/I\AI“ Phi—F—OMa

Meo- MeO. o PMe Lo Meo OMeOMe
2 gl
Arl AT .-d'kl'l At

OH

13

2.3. Oxidation under Neutral Conditions in Aprotic Solvents

The oxidation of ketones under neutral conditions, for example, a
-sulfonyl-oxylation in dichloromethane or acetonitrile, results in direct a
-functionalization. A possible pathway for a -sulfonyloxylation of ketones
outlined in Eq. 15 involves dissociation of the hypervalent iodine reagent (27)
to give the reactive species (PhIOH)*(OSO,R?)™ followed by electrophilic
attack of the I(Ill) species on the enol tautomer of the ketone and subsequent
loss of water to give ion pair 14. Attack of the sulfonate anion at the a position
with displacement of iodobenzene gives the a -sulfonyloxy ketone 15.

(14)
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The course of these oxidation reactions is greatly influenced by both the
structure of the carbonyl compound and the reaction conditions. For example,
the oxidation of flavanone with HTIB leads to rearrangement giving isoflavone
rather than the expected 3-tosyloxyflavanone (see Eg. 20).

2.4. Oxidation of Silyl Enol Ethers

o -Functionalization using silyl enol ethers 16 involves electrophilic addition of
PhI"OBF; (generated from iodosobenzene and boron trifluoride etherate) to
give an intﬂidiate 17 (Eg. 16) which is analogous to iodonium ion 14 (Eq.

15). This in

ediate is the synthetic equivalent of an a -keto carbocation, and

it reacts with external nucleophiles to give the products 18. In the absence of
an external nucleophile, a second molecule of the silyl enol ether 16 attacks
intermediate 17 resulting in carbon-carbon bond formation to afford

1,4-diketone 19.

(PhIO), + BF#OEt, —»
QLM _ PhI'OBFy )
RIS 3 R K"
16 PhI* “OBF,
17

PhI*OBF;-
8]
R3OH o Q2
ORR
— 18
O
16




2.5. Intramolecular Participation

Intramolecular participation occurs when certain ketones bearing an
appropriately positioned hydroxy or carboxy group are subjected to
hypervalent iodine oxidation leading to cyclic a -keto ether and lactone
formation, respectively. For example, conversion of o-hydroxyacetophenone
(20) to 2,2-dimethoxycoumaran-3-one (23) results from neighboring group
participation of the ortho phenoxy group of intermediate 21 to yield
coumaran-3-one (22), followed by further oxidation of 22 to give final product
23 (Eq. 17). (25)

OH 0N 0
[BD < :
KOH. MeOH ! ICUME‘
'k7
O
1 22

0 o Ph

20 2 (17)

O OMe
OMe
23 O

[]

2.6. Rearrangement Processes

Upon hypervalent iodine oxidation, a number of alkyl aryl ketones, a,
-unsaturated ketones and cyclic ketones undergo rearrangement processes
such as 1,2-aryl shift (19) and Favorskii type ring contraction. (24) The
conversion of alkyl aryl ketones 24 in methanol or trimethyl orthoformate (in
the presence or absence of acid) to 2-arylalkanoates 28 is shown in Eq. 18.
This may be explained in terms of initial enol ether formation (24 ® 25, Eq. 18),
followed by addition of Phi(OMe), to give 26. Aryl group migration and
hydrolysis via 27 yields the rearranged ester 28. (19)
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24 25
MeO * =y ( le R (18)
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Ar Ph Ar \\,_; Ph Ar COQ[\“‘&
26 27 28

The oxidation of a, B -unsaturated ketones leading to a 1,2-aryl shift may also
be explained by a similar reaction pathway (Eg. 19). Initial attack of methanol
at the B position of the a , B -unsaturated ketone 29 coupled with electrophilic
addition of the iodine(lll) reagent results in the formation of intermediate 30. A
1,2-aryl shift accompanied by reductive elimination of iodobenzene leads to
intermediate 31, which reacts further with methanol to yield the dimethylacetal
32.

O 0 @}Me 0 *TOMe
J\/\ Phl{OMe),
| f,/ 2 | 2 |
Ar Ar-  CH;OH Ar (‘_,/ Ar Ar H
29 D Ph—l—Q‘jMe Ar-
. 30 31 .
(19)
0O  OMe
MeOH
—_—
Ar! OMe
Ar-
32

Conversions of flavanone 33 to isoflavone 34 and to methyl
2-aryl-2,2-dihydrobenzofuran-3-carboxylate 35 are further examples of 1,2-aryl
migrations. In the first case when oxidation is effected by using HTIB in
acetonitrile , phenyl migration (“anti”) to the electrophilic center occurs
because of the stability of the resulting oxonium ion intermediate 36 and the
aromaticity of the product 34 formed by deprotonation (Eq. 20). Under
acetalizing conditions using trimethyl orthoformate (TMOF) and IBD/ H,SO4 or



HTIB/TMOF, an alternative pathway involving ring contraction via enol ether
37 occurs to give 35 (Eq. 21).

O _Ph i 52 ph 6.7
= OOF - O
e fi
B &2
(‘_/?] OTs Ph
0 i 0 Ph 0 il
R 36 (20)
0
g |
Ph
0
MM
TMOF, O.__-Ph O._.Ph
3 H* Phl(OMe),
‘ % ’
{-—OME
37 OMe *OMe Ph
(21)
0
Ph

35 CDEMﬂ




3. Scope and Limitations

3.1. a-Functionalization of Carbonyl Compounds

3.1.1. Under Basic Conditions

3.1.1.1. a -Hydroxylation of Ketones via a -Hydroxydimethylacetal Formation
The oxidation of acetophenones with iodosobenzene or IBD in methanolic
sodium or potassium hydroxide provides an efficient route to
a-hydroxydimethylacetals. This method offers an indirect approach for the a
-hydroxylation of ketones, since the dimethylacetal can be hydrolyzed under
acidic conditions in overall yields of 40-70% (Eqg. 22). (7, 22)

MeO. OMe 2
_aorb H0° e
H3%:)
K(}H Me()H OH (22)

0¥ tort
a = Phl{OAc);; b= (PhlO),

Under similar conditions, o-iodosylbenzoic acid also effects conversion of
ketones to a -hydroxydimethylacetals in high yields with the advantage that the
reduction pyoguct o-iodobenzoic acid is removed in the workup by a base
extraction. £28) Application of this procedure to a series of cyclic ketones
affords products in yields ranging from 61-83% Eq. 23 illustrates this reaction
with cyclohexanone. In the case of norbornanone, the reaction is
stereoselective and gives 3,3-dimethoxy-2-endo-norbornanol (Eq. 24).

O PH MeO, OMe
| KUH M e
. eOH
+ O “oron @: =
{ CO-K
\ (74%)
ii: pefyy  _EOMEEEN. OMe  (479)
KOH, MeOH OMe 9

0 to rt
OH



This procedure can be used with ketones containing other potentially
oxidizable functional groups such as secondary and tertiary amines, thioethers,
and alkenes (Eqg. 25). (28, 29) In addition, various heterocycles containing both
nitrogen

Q MeO. OMe

N/\’ Phl(OAc), N/\[

—_—
K,X KOH., MeOH OH K,X (25)
0° to 1t

X

CH, (50%)
O (60% )

S {(659%)

and sulfur have also been transformed into the corresponding
a-hydroxydimethylacetals (Egs. 26 and 27). (31,32) The regio- and
stereoselective conversion of 38 to 39 finds an interesting application in the
stereoselective synthesis of analog 40 of the antitumor agent
(x)-cephalotaxine (Eq. 27). (30) However, 2-acetylthiophene gives a complex
mixture of products under these conditions. (31a)

( _ PhlOAC), ( P,:‘
)\er K(]H MeOH S)X\DH (26)

0% tort MeD OMe



(Ph1O),

KOH. MeOH, 0°

MeO
39 (80%) (27)

Steroidal ketones such as 41 that contain a keto group in the side chain are
also converted to the a -hydroxydimethylacetal 42 without oxidation of the
secondary alcohol group present at C3. This approach is useful for the
construction of the dihydroxyacetone side chain at the 17 8 -position in the
pregnane series (Eqg. 28). (31) Other steroids containing a ketone group at C3
in the A-ring do not give the dimethylacetal product, presumably due to steric
constraints in the steroidal ring system. (24, 32)

[]

OH
O
OMe
OMe
(PhIO), AcyO, Py
—_— ——
KOH. MeOH. p-xylene,
HO 0%tort reflux
41 42 (67%) (28)
OH
Me()
f OAc - ; 8]
l. MCHA, 0°. 5 m111___ --0OH
2. 0OH"

43 (80%) 44 (60%)



The control of stereochemistry of a -hydroxydimethylacetal formation has been
investigated with the prochiral ketone 1-tetralone, which forms the chiral
substrate 45 upon complexation with Cr(CO)3 (Eq. 29). Application of the
hyperiodination

0
PhI{OAc),
———— -
KOH. MeOH
Cr(CO); 0% to Cr(CO)4
45 46 (80%)

reaction yields only product 46 in which the hydroxy group is syn with respect
to the Cr(CO); tripod (Eq. 29). (33, 34) These stereochemical results can be
understood in terms of addition of Phl(OMe), anti to the Cr(CO)s group due to
a steric effect. The relative configuration of the C - | bond in the molecule
determines the final stereochemical result, and this is shown in Eq. 30.

K o
Lnr;ﬂ OMe MeO, [ oM

-I—FPh
Phl{OAc),
KOH, MeOH

[]

Since 45 can be resolved, application of the hyperiodination reaction offers a
way of making a pure enantiomer of 47 of known configuration (R) after
disengagement of the metal ligand from complex (—)-46 (Eq. 31).

MeO OH MeO OH
MeO MeO
PhI(OAC); Q sunlight @
=_ -
KOH, MeOH air (31)
Cr(CO), CHCO);
(80%) (90%)

(+)-45 (2R)-(-)-46 2R)-(-)-47



Although oxidation with IBD- KOH/MeOH constitutes a quite general approach
for a -hydroxylation of ketones via a-hydroxydimethylacetal formation, it still
suffers from certain limitations. Hydrolysis of some acetals (e.g., that of
2-acetylpyridine) is difficult, and functional groups incompatible with aqueous
base present a limitation.

3.1.1.2. a -Hydroxylation of a, 8 -Unsaturated Carbonyl Compounds

a, B -Unsaturated ketones such as chalcones (Eq. 32), chromones, and
flavones (Eq. 33), which do not contain enolizable ketonic groups, also
undergo oxidation with IBD- KOH/MeOH under standard conditions. (35)
Interestingly, the reaction occurs regiospecifically and stereospecifically to give
the corresponding a -hydroxy- B -methoxydimethylacetals 49a and 49b, which
can be hydrolyzed with hydrochloric acid to give C-3 hydroxylated products
50a and 50b (Eq. 33). (36, 37)

i/\ PhI(OAC), Meo, PMeOMe -
Phi " “Ph KOH, McOH Ph)ﬁ)\ Ph (32)
OH
R OMe R
¢ Phl{OAc), 0 --g  HCl(conc.) .
[ men, il eone) |
KOH, MeOH acetone
OH OH 33)
o[] MeO OMe 0
48aR =H 49a (53%) Sla (90%)
48b R = Ph 49b (679%) S0b (85%)

The stereochemistry of intermediates 49a and 49b in each case results from
initial conjugate addition of methoxide ion on the chromone 48. Ensuing attack
of the so-formed enolate 51 upon Phi(OMe), occurs in an anti manner to
methoxy group because of steric interaction. Sequential addition of MeO™ to
the carbonyl group of 52 gives 53, and intramolecular reductive elimination of
CeHsl then occurs with inversion of configuration, 53  54. The reaction is
completed by a second addition of methoxide ion to the oxirane ring (Eq. 34).
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The oxidation of enolizable 8 , B -disubstituted- a , B -unsaturated carbonyl
compounds, however, yields a -hydroxylated ketones (Eg. 35). (38)

0O 8]
IBD-KOH.  HO HO
MEUH (58%%) 4+ {15%) (35)
Ph Ph

OMe
[

In contrast, reaction of steroidal  , B -disubstituted- a, B -unsaturated ketones,
for example, androst-4-ene-3,17-dione, with o-iodosylbenzoic acid in
methanolic KOH gives the C4 and C6 methoxylated products along with the
dehydrogenated product androst-4,6-dien-3,17-dione (Eq. 36). 17- B
-Hydroxy-4-androsten-3-one also gives similar results. (39, 40)
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9] OMe
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The oxidation of a, B -unsaturated ketones becomes of special interest when
an o-hydroxy group is present in the aroyl ring of chalcones. For example,
oxidation of o-hydroxychalcone (55) affords the dimethylacetal 56, which on
hydrolysis under mild acidic conditions gives cis-3-hydroxyflavanone (57) (Eq.
37). (41, 42) Under more vigorous hydrolytic conditions, isomerization
accompanies hydrolysis of the acetal with the formation of the trans isomer 58.
The stereochemistry of acetal 56 is in agreement with the reaction pathway
presented in Eq. 34 with the phenolic hydroxy group acting as an
intramolem@ Michael donor.

The reaction is quite general in that not only a variety of substituted
o-hydroxychalcones are transformed to cis-3-hydroxyflavanone
dimethylacetals but also 2-furyl analogs are smoothly converted to the desired
products. (43) However, when the o-hydroxychalcone (59) contains a methoxy
group at the C4 position of the phenol ring, the yield of the expected dimethyl
acetal 61 is low and the major product is the flavone derivative 60 (Eq. 38).
(42)

(36)
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3.1.1.3. Arylation

OMe OMe
MeO 0 O
(50%) + ‘ OH (25%)

(38)



Carbanions generated from various carbonyl compounds are arylated at their
a or y positions with diaryl iodonium salts under suitable conditions. Carbonyl
compounds that have been a -arylated include monoketones (Eq. 39), (44)
esters (Eqg. 40), (45) B -diketones (Eq. 41), (46) malonates, cyclic malonates
(Eq. 42), (45, 47) and B -keto esters (Eq. 43). (45, 48)

-BuOK, -BuQH CO:H
- [68@} + (20%)
Ph,17 Cl

Ph

NaMNH-/lig NH 40
Ph”” ~CO4Et %ﬂ F'h/l\CClgEt (57%) (40)
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. Ph-1* Cl PH QO
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CO;Et BuOK. --BuOH : (43)
I- - I-

Phal* CI-

Although arylation occurs fairly cleanly, the structure of the diaryliodonium salt
and the reaction conditions employed can play important roles in these

(39)



reactions. For example, while the anion generated from
2-phenyl-1,3-indandione (62) and sodium tert-butoxide in tert-butyl alcohol on
treatment with diphenyliodonium chloride gives 52% of
2,2-diphenyl-1,3-indandione (63), it gives with dimesityliodonium chloride
[(Mes),I"CI] only 23% of the analogous 2-mesityl-2-phenyl-1,3-indandione (64)
and a small amount of 2-(o-mesitylphenyl)-1,3-indandione (65). The major
product in this reaction is the dehydrodimer 66 (Eq. 44). (49) On the other
hand, when reactions of 3 -diketones with diaryliodonium chlorides are carried
out in the presence of 2 equivalents of sodium amide in liquid ammonia,
y-arylated products are formed regioselectively (Eqg. 45). The y position of the
dianion generated under these conditions is more reactive than the a position.
(50)
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3.1.1.4. a -Hydroxylation and a -Alkoxylation of Esters



lodobenzene diacetate under basic conditions in an appropriate solvent can be
employed for effective a -hydroxylation and a -alkoxylation of several esters
(Eqg. 46). (51) This oxidative

a. KOH OH
: CiHg. HEDE Ph)\CDEM;: (50%)
P COMe —2 -
b.NaOMe ){3\“"6 .
MeOH P ~CO,Me

approach can be extended to the a -methoxylation of dimethyl homophthalate.
(52) The oxidation product, methyl 2-(2-methoxycarbonylphenyl)acetate, on
hydrolysis followed by dehydrative cyclization gives 4-methoxyhomophthalic
anhydride (Eqg. 47), which is a key intermediate in the synthesis of
anthracyclinones. a -Arylation of esters with diaryliodonium salts is covered in
the previous section (Eq. 40).

OMe
] PhIiQOAC) y = g
@\/\co_m OAch COMe . KOH@g
AV Pl MeOH
CoMe  NaOMe, MeOH EONe Me
Me OMe (47)
CO.H = 2
OH o TMSCECOE s

CO.H

3.1.2. Under Neutral and Acidic Conditions

3.1.2.1. a -Acetoxylation and a -Hydroxylation

These reactions are complementary to the IBD- KOH/MeOH reactions in that
base is avoided. Several p-substituted acetophenones and 3 -diketones
undergo a -acetoxylation when treated with one equivalent of IBD in a mixed
solvent Ac;O/AcOH using sulfuric acid as a catalyst (Eq. 48). (55) The
acetoxylation also occurs when acetic acid and water are used
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PhI(OACc),. HaS0, e (48)

- 56%
AcOH. Ac,0, 307 kb
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in the absence of sulfuric acid. However, during the oxidation of various 3
-diketones with 4 equivalents of IBD in AcOH/ H,O at 80—-100°, carbon—carbon
bond cleavage occurs (Eq. 49). (53)

M Phl{OAC),
- PhCO;H  (95%) 4
Ph Ph AcOH. H,0, (49)
80-100°

A simple and direct route for the a -hydroxylation of a large variety of ketones
including aliphatic, aromatic, and heteroaromatic ketones involves the use of
bis(trifluoroacetoxy)iodobenzene and trifluoroacetic acid in acetonitrile / H,O
(Eqg. 50). (54) The procedure gives good yields with methyl ketones, but a
-methylene ketones are hydroxylated in lower yields.

O 8]

B %
Phl(O,CCF3),. CF;CO,H H (69%) (50)
MeCN.H,0 OH  Me (36%)

The oxidation of 2-methylcyclohexanone (67) provides
2-methylcyclohex-2-enone (68) as the major product; the expected
a-hydroxyketone 69 is obtained in a minor amount (Eqg. 51). The formation of
the other regioisomer of the a -hydroxyketone is not observed.

8] @] 0
HO.

Phl{O+CCF1)s. CF:CO-H
( 2 1k 3 ol & (51)

MeCN, H,0

67 68 (55%) 69 (23%)



3.1.2.2. a -Sulfonyloxylation

The direct introduction of the a -tosyloxy (70  71) or mesyloxy groups

(70 — 72) into ketones and (3 -dicarbonyl compounds has been effected with
HTIB (55) or HMIB, (56, 57) respectively, in MeCN or CH,Cl,. The reagents
HTIB and HMIB can be generated in situ from IBD-p-TsOH and
iodosobenzene-methanesulfonic acid, respectively. (58) A similar approach
starting from hydroxy[(+)-(10-camphorsulfonyl)oxy]iodobenzene (HCIB) has
been used to prepare a-(10-camphorsulfonyl)oxyketones 73 (Eq. 52). (59)

O + - O 71 R =p-MeCgH, (73%)
)J\ PhI{OH)OSO;R | )I\/D:SR 72 R =Me (62%) (52)
Ph MeCN, reflux Ph 73 R = (+)-10-camphoryl {95%)

70

In the case of benzoylacetone, the crude product is a 3 : 1 mixture of
diastereomers 74 (Eq. 53). However, an attempt to separate the
diastereomers by column

0 O 0} 8]

HCIB -
) (95%%)
P|-,M MeCN, reflux Ph/u\i‘)‘\
] Ox (53)
0,
O

74

chromatography ( SiO,) resulted in isomerization, thereby yielding a nearly 1 :
1 mixture of the two diastereomers. An interesting feature of this reagent is the
steric bulk of the camphorsulfonate ligand, which allows the regioselective
formation of the less hindered product. Thus the sterically differentiated
substrate 4-methyl-2-pentanone apparently gives only the C-1
camphorsulfonate 75 (Eq. 54). (59)

0 0
HCIB
M MeCN, reflux D"“s
AeCN, il 4



3.1.2.3. a-Functionalized Carbonyl Compounds via a-Tosyloxylation

Since a-tosyloxyketones undergo nucleophilic substitution reactions
analogous to a -haloketones, various a -substituted ketones can be
synthesized via a-tosyloxyketones derived from the hypervalent iodine
oxidation. It is generally not necessary to isolate the a -tosyloxyketones, and
this approach provides a one-pot synthesis of a -functionalized ketones (Eq.
55).

Q Q ) Q
HTIB : a-l
)’I\ - )J\/(}TS — )k/ Z
Ar CH.Cl; or MeCN Ay Ar

Conditions 7 Ref. Conditions Z Ref.

a. PPh; I:'+l’h_1 OTs 63 e. KSCN SCN G5 (55)

b.Me:S  S$*Me, OTs 63 f. NaNO, H,0 OH 66

c. ArNH, NHAr 64 g. ArOH, K,CO4, EtOH OAr il
h. ArCO-H, Et;N O0,CAr 61

LLO O 63 i. KOH, MeOH, H:0" OH a7

N Me

3.1.2.4. a -Phosphoryloxylation and a -Phosphonyloxylation

The a -Ph oryloxylation of ketones can be achieved by using
hydroxy[biﬁ\]enoxy)phosphoryloxy]—iodobenzene (76) in acetonitrile or
dichloromethane (Eqg. 57). The reaction proceeds through a pathway similar to
a -sulfonyloxylation, but in this instance the nucleophile is "TOP(O)(OPh),. (65)
Reagent 76 is obtained by the treatment of IBD with diphenyl phosphate and
water in acetonitrile (Eq. 56).

W
OP(OPh),
MeCN I
PhI{OAc)s + (PhO)RPOsH + Hy0 ——m Ph—1 (56)
|
OH
76 (90%)
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76 OP(OPh)» (57)

S—— (62%%)

CH,Cl,

The reaction of 4-pentenoic acids with 76, however, gives
5-bis(phenoxy)-phosphoryloxy-4-pentanolactone (Eg. 58).

I 0
X~ -COH %r— (PhO),PO O (550 (58)

In a related study, a -phosphonyloxylation of several ketones is effected by
using hydroxy[(phenoxy)(methyl)phosphonyloxyliodobenzene. The latter is
prepared by the reaction of methyl phenyloxyphosphonic acid with
iodosobenzene in acetonitrile (Eq. 59). (66)

0
0 I
1 MeCN e Tl e CH;COCH;,
(PhIO), +|j}13(mmu}mu ——> O] OPh (88%) i
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I
OH (59)
0
0.0 (15%)
)‘I\/ P\ff

PhO~  Me

3.1.3. Under Various Conditions via Silyl Enol Ethers and Ketene Silyl
Acetals

Hypervalent iodine oxidation of silyl enol ethers under neutral or Lewis acid
conditions provides an alternative approach for a -hydroxylation of ketones.
Limitations encountered under the previous methods are overcome by using
this alternative. The most significant aspect of this approach is its versatility in
functionalizing various carbonyl compounds that include ketones, esters, and
lactones at the a position with various substituents.



3.1.3.1. a -Hydroxylation

Treatment of silyl enol ethers derived from various ketones with
iodosobenzene and water under different conditions affords the corresponding
a -hydroxyketones (Eq. 60). (67) Boron trifluoride etherate has been

(J—’hTD]n
- (60-62%)
" 57
H-»0, ﬂ (60)

OTMS

employed to effect these a -hydroxylations, (68) but it is not necessary. The
method of a -hydroxylation with iodosobenzene in water gives excellent results
in the reaction of the silyl enol ether of tert-butyl methyl ketone (Eq. 61).

OTMS o 0
o o W OH  (85%) (61)
r—Hu/J\ H,0, 0-5° r—Hu)J\/

However, ethyl trimethylsilyl phenylketene acetal derived from ethyl
phenylacetate gives the a -hydroxylated product in only 20% vyield. The
alternative procedure using iodosobenzene, boron trifluoride etherate, and
water in dichloromethane at —40° successfully converts silyl enol ethers of
esters (Eq.@) to a -hydroxylated derivatives, but lactones do not give
acceptable yields of a -hydroxylactones (Eq. 63). (69)

@\j\TMS — T
O oo (645
o OMe BF+OFEt,, H-0, CO-Me (62)

CH,Cl,, ~40°
OH
(]\ (PhIO), OH .
F——— (5-10%)
: e BF3*OEt,, H50, _ _ (63)
0~ TOTMS CHCl,, —40° o =0

3.1.3.2. a -Alkoxylation



Silyl enol ethers derived from ketones (Egs. 64 and 65), and trimethylsilyl
ketene acetals derived from esters (Eg. 66) and lactones (Eq. 67)

OTMS 8]

R
RO OR Me (19%) (a)
BF;*OEt,, ROH Et  (80%)
CH,Cl, -70° i-Pr (45%)
Y(j\[/ s g |
BF3+OFt, MeDH > X
CHYCl, -70° MeO N OMe (65)
OTMS OTMS 0 O
77 78 (T1%)

OTMS _ (PhIO),
(90%)
" MeOH, 0-5° CO,Me (66)

Drﬂe [[.‘F. Eq.ﬁl]

L] OMe
@\ (PhIO), (67)
oTMS. “rFm e o (6%)

0 F MeOH, 0-5° (9]

are smoothly converted to the corresponding a -alkoxylated carbonyl
compounds by iodosobenzene and an alcohol under suitable conditions. (69,
70) The oxidation of bis-silyl enol ether 77 derived from 2,6-diacetylpyridine
yields 2,6-di(methoxyacetyl)pyridine (78) (Eq. 65). In this reaction, the ratio of
77, iodosobenzene, boron trifluoride etherate, and methanol is 1:2:4:10.

In the alkoxylations of ketones, neither a -hydroxydimethylacetals nor
rearranged products such as 2-arylalkanoates (as observed in the hypervalent
iodine oxidation of alkyl aryl ketones in MeOH or trimethyl orthoformate) are
formed under these reaction conditions.

3.1.3.3. a -Sulfonyloxylation



Silyl enol ethers of ketones 79 can be converted into tosyloxyketones 80 and
mesyloxyketones 81 by using HTIB and HMIB, respectively (Eg. 68).
Reactions of carbonyl compounds with HTIB, HMIB, or HCIB

OTMS 8]
aorb )J\/Z 80 a. HTIB, CH.Cl., Z=0Ts (78-92%)
B T TR 81 b. HMIB, CH.Cl,, Z = OMs (89-90%) (68)
79
R = phenyl, heteroary]

provide a direct approach for the a -sulfonyloxylation of ketones in
dichloromethane or acetonitrile . However, the major drawback of these
reactions is that they proceed with relatively low regioselectivity. Alternatively,
sulfonyloxylation involving silyl enol ethers is regioselective. For example,
2-methyl-6-tosyloxycyclohexanone can be prepared regioselectively from
1-trimethylsilyloxy-6-methyl-cyclohex-1-ene with HTIB in dichloromethane (Eg.
69). This approach is also used for the a -sulfonyloxylation of esters (Eq. 70)
and lactones (Eq. 71). (71)

OTMS 0
TsO
HTIR
e e (80%) (69)
CH,Cl,
)
Ph OTMS
HMIB Ph - 70
o CH-Cl4 OMe  (65%)
OMe S <.

OTMS 0.0

0 HTIB ;
\ T (69%) (71)
: ﬁ, H, OTs
EXANES

This reaction also yields a -(trifluoromethanesulfonyloxy)ketones when silyl
enol ethers are treated with iodosobenzene in the presence of trimethylsilyl
trifluoromethanesulfonate (82) in dichloromethane (Eq. 72). (72) It seems likely
that the active reagent in this transformation is



trimethylsilyloxy(trifluoromethanesulfonyloxy)iodobenzene (83) generated from
the reaction between iodosobenzene and 82 (Eq. 73).

PhlO),
/N oy, [N e
S TMSOTT (82) S OT{ (72)
OTMS 0
_ CH.Cl, {|]S{}3C.F_~,

(PhIO), +  TMSOSO.CFy ——= Ph—1

82 | (73)

OTMS

83

3.1.3.4. a -Acetoxylation and a -Trifluoroacetoxylation

Oxidation of silyl enol ethers derived from saturated and a , 3-unsaturated
ketones with IBD in the presence of BF3;-OEt; gives a -acetoxylated products
directly. However, the reaction of a silyl enol ether derived from a ketone in the
absence of BF3-OEt; takes place with retention of the trimethylsilyl group and
effects either substitution of the vinylic hydrogen or diacetoxylation (Eq. 74).
This reaction can be used for the regioselective

ohak . OTMS OTMS
)
—_— T P OAc (7% (74)
CH,Cl, (7T8%) + :
OAc OAc

synthesis of a -acetoxyketones since the trimethylsilyl group is readily
eliminated from both products by the action of BF3-OEt; (Eq. 75). (73)

OTMS OTMS — 0
LA ke, T OAc  (90%)
" c c Y 7
Ph Ph Ph (75)
84

Treatment of the silyl enol ether of cyclohexanone with an equimolar ratio
ofbistrifluoroacetoxyiodobenzene and pyridine in chloroform gives
a-trifluoroacetoxycyclohexanone as the sole product (Eq. 76). Unlike other silyl



enol ethers, the silyl enol ether of camphor is inert to the action of IBD and
IBTA.

OTMS 0
PRI(0,CCFs) i
Py, CHCly i o
0,CCF3

3.1.3.5. a -Phosphorylation and a -Phosphoryloxylation

The reaction of triethyl phosphite with silyl enol ethers of aromatic ketones
using iodosobenzene under Lewis acid conditions provides a direct route for
the a -phosphorylation of ketones. For example, oxidation of acetophenone
silyl enol ether (84) leads to the formation of diethyl
(2-ox0-2-phenylethyl)phosphonate (Eq. 77). (74)

orms  (PhiO) BFs+OEL, 5

P(OEt);
/& _—— )K/P{fi)mﬁth (76%) (77)
Ph CH:C]E —40)" Ph
84

Hypervalent iodine methodology is also applicable to the
a—phosphor@xylation of silyl enol ethers. Upon oxidation with
p-(difluoroiodo)toluene in the presence of phosphoric acid and tert-butyl
alcohol, ketone trimethylsilyl enol ethers afford tris-ketol phosphates in good
yields (Eq. 78). (75)

F—I—F
B i, | j\, H' (78)
+ e ' 3G
-BuQH k]ﬂh U#\m 1ha%)

i

3.1.3.6. Carbon-Carbon Bond Formation

In the absence of any external nucleophile, hypervalent iodine oxidations of
silyl enol ethers of ketones with iodosobenzene/boron trifluoride etherate in
dichloromethane result in carbon-carbon coupling reactions leading to the
formation of the corresponding 1,4-disubstituted butane-1,4-diones (Eg. 79).



(76, 77) The method has been applied to the synthesis of
3,2 ,5 ,3 -terthiophene (85)and 2,5-di(3 -thienyl)furan (86) (Eqg. 80). (78)

(A (PhIO),. BF#OFEt.
= 59%) (79
S CH.Cl,, —40° { (79)
OTMS
/
P48, NaHCO; 2 qlll\ '|||I 3
OTMS = X I d
(FLIO).. R 85 (45%) l
BI"._:."UE[: > Zie
[\ I.-50° 1h (80)
S 2., 1h JIIr \\
Ac,0. HCI
- - o’ o
g / 0 \
S 5
86 (37%)

The complex PhIF,-BF3, prepared by reaction between equimolar amounts of
(difluoroiodo)benzene and boron trifluoride etherate at —78° to —10°, is also
effective foe preparation of 1,4-diketones from aliphatic and aromatic silyl
enol ethers (Eq. 81). (79) (Difluoroiodo)benzene , which is known to give a
-fluorination of silyl enol ethers (see Eq. 115), does not yield fluorination
products in these reactions.

OTMS 0 0

i 81
PhIF,BF; <:/§_z\:> 35 (81)

A limitation of this oxidative coupling is that only symmetrical 1,4-diketones can
be synthesized with (PhlO),. Unsymmetrical carbon-carbon coupling can be
accomplished by using the highly reactive iodonium salt
phenacyl(phenyl)-iodonium tetrafluoroborate (87) which is generated in situ by
the reaction of the silyl enol ether 84 with the electrophilic complex PhIO-HBF,4



at —78° (Eq. 82). Reaction of 1-trimethylsilyloxycyclohexene with iodonium salt
87 yields the unsymmetrical 1,4-diketone 88. Similarly, reactions of alkenes
and cycloalkenes also result in carbon-carbon bond formation (for example 89).
(80, 81)

OTMS
0
Ph
){TJS i ){]]\/RBFJ 88 (ﬁt}ﬁ-:g (62
Ph™ ™ 780 Ph Ph
84 87 e

S /\/\\\\Hﬁ\ﬂ,lﬂ"h

89 20%) O

3.1.3.7. a -Perfluoroalkylation and 1H,1H-Perfluoroalkylation
(Perfluoroalkyl)-phenyliodonium trifluoromethanesulfonates and sulfates
smoothly react with silyl enol ethers in the presence of pyridine (1.1 and 2.2
equivalents, respectively) to give a -perfluoroalkyl derivatives of ketones (Eq.
83) and a, B -unsaturated carbonyl compounds (Eq. 84) (82)

)\ - )J\/CHFW-H (88%) (83)

— CH?C]I rt. 1 h

n-CaF7I{Ph )OS0 H
Lo {(85%)

CH,Cl. 1. 2 h (84)
TMSO 0

C_‘{F?—fil

In contrast, the methyl enol ether of cyclohexanone (90) reacts with

n — CeF13I(Ph)OSO3H in the presence of base to produce a 1:1:1 mixture of
products 91, 92, and 93. Acidic hydrolysis converts this mixture to a
-(perfluoroalkyl)- cyclohexanone (93) in 78% overall yield (Eq. 85).
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The reaction of silyl enol ethers of carbonyl compounds with
(1H,1H-perfluoroalkyl)phenyliodonium triflates in the presence of potassium
fluoride in dichloromethane at room temperature affords (3 -perfluoroalkyl
carbonyl compounds in good yield (Eg. 86). Silyl enol ethers of a, B
-unsaturated carbonyl compounds give & -perfluoroalkyl a , B -unsaturated
carbonyl compounds selectively (Eq. 87). (83)

OTMS Ph 0
I KF (5.2 eq) _
Ph)““\x ¥ ERERETITE T o o ph)K/\{CF3 (879%) (86)
84 |:| AR
OTMS 18]
i Irh _ KF (5.2 eq)
s g8 CEiCH—I1—OTf o o= b\ CF, (87)

(75%)

3.1.3.8. a -Phenylation

Various cyclic and acyclic silyl enol ethers react with diphenyliodonium fluoride
in tetrahydrofuran to give a -phenyl or a, a -diphenyl ketones, depending on
the structure of the substrate (Eq. 88). (84) The regiochemistry of phenylation
at the a -carbon atom can be controlled by an appropriate choice of silyl enol
ether.
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- (B85%)
THF, —40° to rt

A similar approach is also used to effect a -phenylation of hydrocodone (94),
but the yield of the desired product 95 starting from the silyl enol ether is only
11%. However, the reaction of the lithium enolate of hydrocodone with
diphenyliodonium iodide affords 95 in good yield (71%) together with minor
amounts of diphenylated product 96 (4%) and the starting ketone 94 (1%) (Eq.
89). (85)

1. {TMS)aNH,
n-BuLifTHE, =78°

2. PhoI™ I

(89)

OMe 94 OMe 95 R!'=H: R =Ph(71%)
96. R', R? = Ph (4%)

3.1.3.9. a-Amination

[N-(p-Toluenesulfonyl)imino]phenyliodinane (97) reacts with silyl enol ethers of
ketones in the presence of catalytic CuCIO4 to give a
-(p-toluenesulfonyl)aminoketones. The reaction probably proceeds through the
intermediacy of aziridines 98 (Eqg. 90). The influence of the substituents on
silicon on

AT, CuCI0, (5-10mol) | A_NTS lJ\r NHTs
- ——= R
R R?  PhI=NTs(97), ! (90)

MeCN R2

reaction yields is negligible. For example, the Cu(l)-catalyzed amination of
1-[(tert-butyldimethylsilyl)oxy]cyclohexene (99) with reagent 97 in acetonitrile



gives a 65% vyield of the a -(p-toluenesulfonyl)aminoketone 101, which is
comparable to the 64% yield obtained when the trimethylsilyl enol ether (100)
is employed (Eq. 91). (86)

0OSiMesR QO
o NHTs
[.I.I{_,IU_L ; -
- (64-659%)
Phl=NTs (97} (91)
99, R = 1-Bu 101
100, R = Me

Silyl ketene acetals derived from esters likewise undergo a -amination under
these conditions. The yields are generally not good and vary depending on
both the conditions and the ester employed. For example, trimethylsilyl ketene
acetal 102, derived from phenyl hexanoate, gives product 104 in 50% yield,
while the analogous derivative of methyl hexanoate (103) affords product 105
only in 10% vyield (Eq. 92).

S NHTSs
OTM: PhI=NTs, MeCN 5 0
—_— - -
_°
2Bl  OR CuClOy, -20 OR ®2)
102, R :@ 104, R = Ph (50%)
103, R =Fe 105, R = Me (10%)

3.2. Functionalization of B -Dicarbonyl Compounds

In addition to the standard procedures for the a -functionalization of 3
-dicarbonyl compounds, there are a variety of other conditions that have been
used. lodosobenzene can be employed to effect one-pot a -functionalizations
of various f -dicarbonyl compounds. (87) For example, treatment of 3
-dicarbonyl compounds with iodosobenzene and azidotrimethylsilane in
chloroform under reflux gives a -azido- 3-dicarbonyl compounds (Eq. 93).
Similarly, use of methanesulfonic acid or an alcohol provides a -mesyloxy (Eq.
94) or a -alkoxy- B -dicarbonyl compounds (Eq. 95), respectively. When two
equivalents of the 3 -dicarbonyl compound
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are treated with 1.2 equivalents of (PhlO),-BF3-OEt; in chloroform,
self-coupling at the a position occurs, leading to dimers (Eqg. 96). The reaction
of 4-aryl-2,4-dioxobutanoic

0o o
{F‘hl(‘)},, BF1+OF(,
il ﬁ (96)
1

acids 106 with IBD in acetic acid also leads to self-coupling with the formation
of intermediate 107, which finally undergoes cyclization to yield
3-aroyl-5-aryl-2-hydroxyfurans 108 (Eq. 97). (88) However,

9]
o < (Phl(),. BF:*OEt; CO-H Ph
M : EOH.1t /) (97)
Ph CUQH r {;UgH Ph 0 OH
106 108 (59%)

the reaction of benzoylacetone with iodosobenzene with or without BF3-OEt; in
methanol leads to carbon-carbon bond cleavage rather than normal a
-functionalization (Eq. 98). (87)
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1,3-Indanedione is transformed to 2,2-dialkoxy derivatives 109 by using
IBD — H;SO4/ROH (Eg. 99). In addition, the reaction also yields a minor
product 110 due to self-condensation. (89)

8] 0
IBD. H:50y OR
—F +
ROH OR
] 8]
109 R
Me (44%)
Et (49%)

Meldrum's acid (isopropylidene malonate) and its alkyl and benzyl derivatives
undergo oxidative dimerization by treatment with IBD — K>CO3z when
benzyl-trim yI ammonium chloride (TEBA) is used as a phase-transfer
catalyst (Eq. 100). (90)

Q 0 0
B
] BD O n 0 |
Bn - 47%)  (100)
(8] K,COs, TEBA 0 Bn 8]
(§] 00

Perfluoroalkylphenyl iodonium triflates react with the enolate anions of 8
-diketones to afford O- and C-perfluoroalkylated products in moderate yields.
The ratio of O- to C-perfluoroalkylation products depends on the reaction
temperature. Lower temperatures favor O-perfluoroalkylation products in the
case of B -diketones (Eqg. 101). The sodium salt of diethyl 2-methylmalonate
produces the C-perfluoroalkylation product only (Eq. 102). (91)
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3.3. Intramolecular Participation Reactions Leading to Oxygen
Heterocyclic Compounds

Hypervalent iodine oxidation of a carbonyl compound containing an oxygen
functionality at a suitable position leads to intramolecular participation with
subsequent formation of heterocyclic oxygen compounds. These types of
reactions are discussed in the following subsections.

3.3.1. Spirooxetan-3-ones

17 B -Acetyl-17 a -hydroxysteroids on oxidation with IBD- KOH/MeOH at 20°
give steroidat}spiro-oxetan-3-ones (Eqg. 103). (92) This is an interesting
example of'tramolecular participation where the C17 a -hydroxy group acts
an internal nucleophile (intermediate 111), and replaces the external
nucleophilic methoxide ion (Eq. 103).

0
h1e6—ll:T Ph
"OH  15p koH 0O j
= R —— — =
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3.3.2. Coumaran-3-ones

On reaction with IBD- KOH/MeOH, o-hydroxyacetophenones and related
compounds give the corresponding 2-methoxycoumaran-3-ones 114 (Eq. 104).
(25) The reaction is believed to occur via intramolecular

OH O~ _Ph
IBD, KOH (I_
Ph MeOH ’7],Ph ’
Cl
O O OMe
) 112
o _H IBD, KOH O, OMe  ,50,
T —
0 0
113 114 (40%)
0O 0
P— P U
Ph \
o Ph
115 116

D (1:1) (60%)

participation of the ortho hydroxy group which undergoes nucleophilic attack at
the a carbon of the C-iodine(lll) intermediate 112. The resulting coumaranone
(113) undergoes further oxidation to give product 114. Heating of
2-benzyl-2-methoxycoumaranone (114) with dilute sulfuric acid results in the
elimination of a molecule of methanol to yield aurone (115) and isoaurone (116)
in a 1:1 ratio.

In contrast to this observation, 2,4-dihydroxyacetophenones, when oxidized
with IBD- KOH/MeOH, lead to the formation of o-iodo ethers leaving the keto
group intact (Eqg. 105). (93)
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The oxidation of a -aroyl-o-hydroxyacetophenones (117) under these
conditions provides a useful route to 2-aroylcoumaran-3-ones (118) (Eq. 106).
(94) A notable feature of this reaction is that iodonium ylides 119 are not
isolable.

OH _
IBD, KOH COPh —MeOH
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117
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0O D 0 O OH
118 (75%)

119

The formation of 2-aroylcoumaran-3-ones (121) involving intramolecular
participation also occurs when o-aroyloxyacetophenones (120) are oxidized
with HTIB and the resulting o-aroyloxy- a-tosyloxyacetophenones (122) are
subjected to the Baker-Venkataraman rearrangement. This transformation can
also be accomplished in one pot without isolating intermediate 122 (Eq. 107).
(95)
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Oxidation of 1-trimethylsilyloxy-1-[(2-trimethylsilyloxy)phenyl]lethene with
(PhIO),BF3-OEt,, H,O results in the formation of coumaran-3-one (123) by a
route involving intramolecular participation of the o-hydroxy group. In addition,
a-hydroxyketone 124 is also formed in 25% yield (Eqg. 108). (96)

OTMS 0 OH
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3.3.3. Lactones
When 5-oxocarboxylic acids (Eq. 109) or 4,6-dioxocarboxylic acids (Eq. 110)
are treated with HTIB in dichloromethane, intramolecular participation

0 o
0
HTIB Phi O
)-l\/\./(:(J H - (109)
Ph =Gl Ph—1" Phﬂvﬂ

0
TsO~ HO (74%)
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by the carboxy groups takes place leading to the formation of the
corresponding lactones and oxolactones. Cyclic 4,6-dioxocarboxylic acids
such as 125 give spirolactones 126 (Eqg. 111). (97)

0O 0
/@ii/u\/\cﬂzH HTIB /@jgj\z (111)
(_Hﬁ(_]ﬁ
eO) MeO
125

126 (36%)

3.4. Halogenation

The halogenation of carbonyl compounds with hypervalent iodine has limited
scope. The reaction of ketones and 3 -diketones with (dichloroiodo)benzene in
acetic acid gives the corresponding a-chlorocarbonyl compounds (Eq. 112). a
-Chlorinated

cl
PhICl+ AcOH
. ACOH _ gy (112)
25-30°

Br Br

products are also obtained under free radical conditions. For example, benzyl
p-tolyl ketone on treatment with PhICI, in benzene in the presence of
azobisisobutyronitrile (AIBN) and light gives exclusively the a -chloroketone
(Eqg. 113). (98)

O 0

Ph
Ph phicl, CoHg (113)

e {quantitative)
AIBN, fiv, 30° Cl 1



Reaction of various aryl methyl ketones with benzyltrimethylammonium
dichloroiodate in refluxing dichloroethane/methanol gives the corresponding a
-chloroketones in good yields (Eq. 114). (99) A similar approach is successful
for the a -chlorination of 2-acetylthiophene and acetylpyrroles. In the latter
case, reaction is carried out at room temperature using THF as the solvent.
(100) A limitation of the procedure is that chlorination of nitroacetophenones is
not successful.

8] O

Cl
CICH,CH,CI (114)
—_——

+  BnMe;N*Cls1™ (975
: ' MeOH, heat

Oxidation of silyl enol ethers derived from steroids such as 17  -hydroxy-5- a
-androstan-3-one acetate with p-(difluoroiodo)toluene produces a mixture of
diastereomeric a -fluorinated ketones together with the dehydrogenated
product (Eq. 115). (101) However, the silyl enol ether derived from
5-pregnen-3,11,20-trione-3,20-bis(ethyleneketal) is recovered unchanged.

OAc

[]

p-MeCgHylF,

CF,CICFCl,. CH5CO;E
TMSO

(115)

(6:4) (38%) (175}

3.5. a-Imidylation of Ketones
Organoiodine(lll) reagents with two I-N bonds such as 127 (102) and 128 (103)
are relatively less common and can be prepared by the reaction of sodium or



potassium salts of imides and sulfimides with IBTA (Eqg. 116). These reagents

are useful
NaN
X0 /9

Ph—I——N, \|

\ i o
03 2
127 (93%)
PhI{O,CCF3y)y — (116)
0
KN QO
/ \
2 - Ph—l#N \
|
\
0O /3
128 (74%)

for a -N-imidylation of ketones (Eq. 117). (103, 104) While several aliphatic
and alicyclic ketones and acetophenones give the corresponding a
-N-saccharinyl derivatives in fairly good yield on reaction with 127,
acetophenﬂs bearing electron-withdrawing substituents and benzyl phenyl
ketone do give good results. (104) Reagent 128 also reacts with
acetophenone to give N-phenacylphthalimide but the scope of this reaction
has not been studied. (103)

0}

W 127
\_)K/ — N, (18%) (117)
S
0

3.6. B -andy -Functionalization

Although a -functionalizations are more common, both 3 - and y
-functionalizations can be accomplished with certain substrates.
Functionalization of ketones and lactones has been achieved through the
agency of substituted cyclopropanols derived from ketones and lactones with



the ultimate product being the larger homologous a , B -unsaturated compound
(Eq. 118). (105)

0
YA PhIO),. (n-Bu)sNF =
OT™MS  ( TH}; C*; {}jlh - Cg (75%) (118)
O L H U

Further examples of B -functionalization are the formation of 3-azidoketones
from the reaction of isopropylsilyl enol ethers with (PhlO),-trimethylsilyl azide
(Eqg. 119). (106) These azido products allow ready access to various 3
-functionalized

OSi(Pr-i); OSi(Pr-i);

(PhIO), TMSN; (119)

- (B45%:)
CH,Cl,, 18 10 -15°
N3

ketones. The course of this reaction is greatly influenced by reaction
temperature (110a) and the presence of an amine. (110b) While a change
from B -azidonation to a -bis(azidonation) is observed with decreasing
temperature, 3 -azidonation is completely suppressed when the reaction is
carried in tiEEresence of trimethylamine.

y -Functionalization occurs when 2-(trimethylsilyl)furan reacts with
iodosobenzene and boron trifluoride in the presence of a nucleophile (Eq. 120).
(107) The products of this reaction are 5-substituted 2-(5H)furanones.

/A (PhlO),. BF3*Et;0 _
- ey (55%) (120)
EtOH 0

o~ TOTMS EO” N0

3.7. Rearrangement

3.7.1. Enolizable Aromatic Ketones to 2-Arylalkanoates

A useful feature of hypervalent iodine oxidations is the occurrence of
rearrangement processes, as exemplified by 1,2-aryl migration of enolizable
aromatic ketones to 2-arylalkanoates. (108-113) Organoiodine(lll) reagents
such as HTIB/IBD or iodosobenzene and concentrated sulfuric acid or
BF3-OEt; in methanol react with acetophenones to afford methyl arylacetates



in good yields with a -methoxyacetophenones as byproducts (Eq. 121). (110,
111) The nature of the aryl

OMe
HTIB COaMe
MeOH, 1t (121)

= OMe (68%)
X F (51%)

group plays an important role in this migration; substrates with a good
migratory aptitude (like MeOCgH4) give better results. However, oxidation of
p-nitroacetophenone under similar conditions mainly gives the a -methoxy
derivative (Eq. 122).

O 0
OMe
(PhIO),, H,S0
e (0% (122)
MeOH
aN 0,N

The reaction_has been applied successfully to the synthesis of methyl
2—Substitut—methyl—6—chromonyl acetates (Eqg. 123). (112) Preparation of
thiazolylacetic acids by this approach requires reflux conditions (Eq. 124).
(113)
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Reaction conditions that employ methanol as solvent do not give satisfactory
yields of propionates from the corresponding propiophenones. However, the
use of trimethyl orthoformate (TMOF) allows conversion of these ketones to
2-arylpropanoates (Eq. 125). This method is also effective for the synthesis of
the

O
IBD, H250, o CO,Me (81%) (125)
TMOF

anti-inflammatory drugs naproxen [2-(6-methoxy-2-naphthyl)propanoic acid]
(Eqg. 126), (111) and ibuprofen [2-(4-isobutylphenyl)propanoic acid] as well as
methyl

_IBD. HSOy CO,Me
TMUI—
Me(O Me()

{80%:)

D 1. ag. NaOH g‘ CO-H
- H MeO

(% )-naproxen

(126)

2-(2-substituted-3-methylchromonyl)propanoates (Eq. 127). (112) y -Ketoacids
on oxidation under similar conditions afford the rearranged dimethyl
arylsuccinates (Eq. 128). (109)

IBID, H15U4
TM(}F MeO,C (227)

(95%)
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Oxidation of acetophenones with one equivalent of IBD- H,SO,4 in TMOF
affords a mixture of methyl arylacetates, a -methoxyarylacetates 129, and a
-methoxyacetophenones (Eqg. 129). When 2 equivalents of IBD are used, the

IBD (1 eq) OMe 5
H,50
S ——— . + _— OMe (129
Ph TMOF Ph/l\f_".UgMc P CO,Me Ph)-l\/ (129)
129

reaction gives only product 129 in good yield probably via the intermediates
130, 131a, and 131b (Eqg. 130). (114)

0 - OMe H OMe OMe
ol |, lcome S8 (T gy _kome
Ph TMOF OMe PH OMe OMe
OMe
130 131a 131b (130)
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3.7.2. Chalcones to 1,2-Diaryl-3,3-dimethoxypropan-1-ones and Methyl
2,3-Diaryl-3-methoxypropanoates

Chalcones, a typical class of a, B -unsaturated ketones, are known to undergo
1,2-aryl migrations with organoiodine(lll) reagents. These oxidative
rearrangements leading to formation of 1,2-diaryl-3,3-dimethoxypropan-1-ones
are effected by using conditions similar to those used for acetophenones (Eq.
131, route a). (110) The solvent plays an important role in the course of this
reaction. For instance, if TMOF is used as a solvent, methyl
2,3-diaryl-3-methoxypropanoates are obtained in good yields (Eqg. 131, route
b). (115) On the other hand, the oxidation of chalcones with HTIB in
dichloromethane occurs without rearrangement and gives
1,3-diaryl-2,3-ditosyloxypropan-1-one (Eq. 131, route c). (116)



2-Substituted chromones and flavones fail to react with HTIB. In contrast,
2-methyl-4-quinolones on oxidation with HTIB afford
3-iodo-4-phenoxyquinolines via the isolable intermediate a-phenyliodonium
tosylates and monocarbonyl ylides (Eq. 132). (117)

3.7.3. Rearrangement of Flavanones and Chromanones
The oxidation of flavanones (33) with HTIB in acetonitrile or propionitrile at

reflux does not give the expected a -functionalized 3-tosyloxyflavanones (132).

Instead, 1,2-shift of the C(2)-aryl group to C(3) occurs, thus constituting a
novel and useful route to isoflavones (34) (Eqg. 133). (118, 119)
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The course of the oxidative rearrangement is greatly influenced by the reaction
conditions, and other products in addition to isoflavone can be isolated. For
example, when TMOF is employed as a solvent in this oxidation, ring
contraction of the pyran occurs with the formation of methyl
2—ary|—2,S—ﬂdrobenzofuran—3—carboxy|ates 35. (120)

Oxidation of several 2,2-dialkylsubstituted chromanones with HTIB involves
1,2-alkyl shifts. The reaction, which provides a convenient route to chromones
(Eqg. 134) and tetrahydroxanthones and their higher homologs (Eg. 135), can
occur under the influence of both heat as well as ultrasound waves (Egs. 134
and 135). (121)

0 HTIB, MeCN 0 reflux: (70%)
S,
reflux or ultrasound: (92%%) (134)

ultrasound, 45°



HTIB | reflux: (809

reflux or ultrasound: (90%) (135)

ultrasound, 45°

3.7.4. Favorskii-Type Ring Contraction

The mechanism for the formation of the a -hydroxydimethylacetals from
ketones imposes some rather stringent steric demands that are not
problematic in simple ketones such as acetophenone or cycloalkanones.
However, with more highly substituted systems, alternative reaction pathways
may be followed. For example, cholestanone (133) yields 2-
a-carbomethoxy-A-norcholestane (134; 60%) and 3- a
-carbomethoxy-A-norcholestane (135; 10%) (Eq. 136). (24, 32) None of

IBD ]
m Me(),C | } + | J)
MeOH Eod £
H  Meo,c H (136)
134 (60%) 135 {(10%)

O :
H 13

the expectegZ— a -hydroxy-3,3-dimethoxycholestane was observed. Similarly,
4-phenylcyclohexanone undergoes ring contraction to provide a convenient
procedure for the preparation of methyl 3-phenylcyclopentylcarboxylate (Eq.
137), (122) which is an important precursor for the synthesis of phenylcyclidine
analogs. (123)
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The formation of these products may be expected upon conformational and
steric grounds. Initially, C(2) axial hyperiodination is considered to occur and
the resulting intermediate 136 may convert torsionally to the twist-boat form



137. The C-I(lll) bond is now stereoelectronically incorrect for intramolecular
epoxide formation, but does have the correct relationship with the C(3) and
C(4) bond in the tetrahedral intermediate for migration of the C(3)—C(4) bond.
This occurs with inversion of configuration at C(2) to yield 2 a
-carbomethoxy-A-norcholestane (134) (Eq. 138).
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3.8. Dehydrogenation

3.8.1. Flavanones to Flavones

In some instances, the oxidation of ketones with hypervalent iodine reagents
can lead to dehydrogenation products. This occurs only when structural
requirements are fulfilled, such as the oxidation of flavanones with iodine(lll)
reagents under a variety of conditions to give flavones (Eq. 139). (119, 124)
The driving force in these reactions is aromaticity of the pyran ring present in
the flavones.

oJ }rh O-__Ph
HTIB, MeOH
> | (68%)

§ (139)

3.8.2.1,2,3,4-Tetrahydro-4-quinolones to 4-Quinolones

The oxidation of a variety of 2-aryl 1,2,3,4-tetrahydro-4-quinolones with IBD—
KOH/MeOH gives the corresponding dehydrogenated products 138 (Eq. 140).
(125)
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3.8.3. Steroidal Ketones

The hypervalent-iodine oxidative approach, when applied to certain steroidal
ketones and their silyl enol ether derivatives, yields dehydrogenated products.
For example, the silyl enol ether of 3- B-hydroxy-5- a -spirostan-12-one acetate
on reaction with p-(difluoroiodo)toluene gives the spiro-9-sten-12-one
derivatives (Eq. 141). Other examples are given in Egs. 36 and 115.

(141)
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4. Comparison with Other Methods and Conclusions

The two main oxidative processes of organohypervalent iodine reagents
reviewed in this chapter are a -functionalization and rearrangement of carbonyl
compounds. With respect to a -oxidative functionalization, these reagents are
useful not only for a -hydroxylation of carbonyl compounds but also for a large
range of a-substitution reactions such as direct a -sulfonyloxylation, «
-phosphorylation, a -phosphoryloxylation, and o -amination. Specific 3
-functionalization can be carried out and in some cases y -functionalization is
possible. This versatility is not matched by other reagents commonly used for
direct o  -hydroxylation of  carbonyl compounds  such as
oxo(diperoxymolybdenum)pyridine-hexamethylphosphoric triamide (MoOPH)
(126-128) and the Davis reagent, (129, 130) (camphorylsulfonyl)oxaziridine.
Other methods include addition of molecular oxygen ( O) to a lithium enolate
with subsequent reduction of the thus formed a -hydroperoxy group either by
triethyl phosphite (131, 132) or zinc in acetic acid, (133) oxidation of silyl enol
ethers with dioxygen, (134) MCBA, (135-141) osmium
tetroxide-N-methylmorpholine N-oxide, (142) chromyl chloride (143) lead
tetraacetate, (144) direct oxidations with N-sulfonyloxaziridines, (130, 145)
benzeneseleninic anhydride, (146) dimethyldioxirane, (147, 148) or thallium(lll)
nitrate. (149) Use of organohypervalent iodine reagents avoids toxic chromium,
lead(IV), and thallium(lll) reagents; moreover, the iodine(lll) reagents are
operationally more convenient to work with as compared to these methods.

Similarly, lpeyature procedures for rearrangement processes of carbonyl
compound the type discussed in this chapter also involve either multistep
procedures or make use of toxic reagents. One of the most interesting cases is
the conversion of alkyl aryl ketones to 2-arylalkanoates or 2-arylalkanoic acids.
The classical Willgerodt-Kindler (150-157) reaction is limited because of the
rather drastic reaction conditions which often afford very poor yields. Direct
methods include the oxidative rearrangements of ketones or acetals (158)
using TI(I), (159-165) Pb(lV), (166, 167) or silver salts. (168, 169)
Organohypervalent iodine reagents, which are quite stable at room
temperature and less toxic, can provide a superior and safer alternative to
these toxic reagents. The iodine(lll)-based methodology is more effective than
other methods because of its ease, simplicity, generality, and efficiency.
Another important aspect of this approach is that it is often possible to proceed
directly to the next step without isolation of the a -oxidized ketone. One-pot
syntheses of a wide variety of heterocyclic compounds are available as a
result of this approach. (13-15) a -Tosyloxyketones, used in such one-pot
heterocyclic syntheses, are readily accessible through HTIB-mediated
oxidations. They are synthetically equivalent to a -haloketones, (170) but are
more stable and are not lachrymatory. Finally, iodobenzene which is produced



as a byproduct of the reaction, can be recycled to regenerate the iodine(lll)
reagent.



5. Experimental Procedures

5.1.1. Availability of Hypervalent lodine Reagents

IBD, (171-174) IBTA, (175) HTIB, (27, 176) o-iodosobenzoic acid, (177, 178)
and diphenyliodonium chloride (179) are stable commercially available
compounds, or can be prepared by standard procedures. lodosobenzene (173)
and dichloroiodobenzene (173) are prone to decomposition and should be
stored under refrigeration in dark containers. Difluoroiodobenzene can be
prepared by different methods starting from iodobenzene, (180)
dichloroiodobenzene , (181) IBD, or iodosobenzene. (182, 183) The literature
procedures for some rare iodine(lll) reagents discussed in this chapter are
briefly described.

5.1.1.1. Hydroxy[(+)-(10-camphorsulfonyl)oxyliodobenzene (HCIB) (59)

To a stirred suspension of iodobenzene diacetate (6.44 g, 20 mmol) in
acetonitrile (40 mL) was added a solution of (+)-10-camphorsulfonic acid
(6.96 g, 30 mmol) and water (0.6 mL) in acetonitrile (70 mL). The mixture was
stirred for 30 minutes until a clear solution resulted. The solution was
concentrated to about half its volume in vacuo and left to stand, giving 7.23 g

(80%) of HCIB as colorless crystalline solid, mp 118-120° (from |alf'+24.5°

(MeOH); IR (Nujol) 2950, 1735, 1200, 1250, 1150 cm *;*H

NMR[ CDCls/(CD3),S0] 8 0.78 (s, 3H), 0.98 (s, 30H), 1.28-2.45 (m, 7H),
2.62-3.45 (m, 2H), 5.0 (br s, 1H), 7.42-8.33 (m, 5H); MS, m/z 384 (3), 216 (31),
204 (90), 151 (7), 77 (100).

5.1.1.2. Hydroxy[bis(phenoxy)phosphoryloxyliodobenzene (Eg. 56) (65)

A mixture of iodobenzene diacetate (19.32 g, 60 mmol), diphenyl phosphate
(15.25 g, 61 mmol), and water (2.16 g, 120 mmol) in acetonitrile (150 mL) was
stirred at room temperature for 4 hours. Refrigeration followed by filtration
gave 25.38 g (90%) of the reagent as white needles (from MeCN), mp
102-105°; IR ( CH,Cly) 3399 (br, OH) cm™;*H NMR (300 MHz, CDCls) &
6.95-7.14 (m, 6H), 7.14-7.34 (m, 6H), 7.35-7.43 (apparent with fine structure,
1H), 7.75-7.95 (d, 2H), OH not observed; *C NMR( CDCls) 5 120.2 (d,

Jcp = 5.1 Hz), 124.0 (s), 124.1 (s), 129.4 (s), 130.8 (s), 131.3 (d, Jcp = 6.5 HZ),
132.3 (s), 151.8 (d, Jcp = 7.3 Hz); *'P NMR( CDCl3) 3 -12.4 (s).

5.1.1.3. Hydroxy[(phenoxy)(methyl)phosphonyloxyliodobenzene (Eq. 59) (66)
To a suspension of iodosobenzene (22.0 g, 100 mmol) in acetonitrile (200 mL)
was added a solution of phenyl methylphosphonic acid (17.37 g, 101 mmol) in
acetonitrile (50—60 mL) over 2 minutes at room temperature. The resulting
mixture was stirred for about 10-15 minutes, and the initial yellow solution
slowly changed to a suspension containing a white solid. Refrigeration and
vacuum filtration gave 34.49 g (88%) of the title reagent as a white solid, mp



95°-105°; IR (Nujol) 3323, 1592, 1488, 1306, 1221, 1081, 922 cm™;'H
NMR( CDCls) & 1.34 (d, Jup = 17.03 Hz, 3H), 7.05-7.44 (m, 10H); *'P
NMR( CDCls) & 28.13 (s).

5.1.1.4. (2,2,2-Trifluoroethyl)phenyliodonium Triflate [General Procedure for
the Preparation of (1H, 1H-Perfluoroalkyl)aryliodonium Triflates] (184, 185)

To a mixture of trifluoroacetic anhydride (82 mL) and trifluoroacetic acid

(0.7 mL) was added dropwise hydrogen peroxide (6.45 mL, 60%) with stirring
under cooling with an ice bath. After the reaction mixture was stirred for an
additional 10 minutes, 1,1,1-trifluoro-2-iodoethane (29.89 g, 143 mmol) was
added. The reaction mixture was stirred for 1 day at room temperature, and
evaporated to dryness to give 1-[bis(trifluoroacetoxy)iodo]-2,2,2-trifluoroethane
as a white solid in almost quantitative yield. *"H NMR( CDCls) & 4.92 (q,

J =9 Hz, 2H); **F NMR( CDCl3) 8 62.9 (t, J =9 Hz, 3 F), 73.4 (s, 6 F).

To 1-[bis(trifluoroacetoxy)iodo]-2,2,2-trifluoroethane (54.41 g,122 mmol) in
1,1,2-trichloro-1,2,2-trifluoroethane (150 mL) were added benzene (14.74 g,
189 mmol) and trifluoromethanesulfonic acid (18.30 g, 122 mmol) at 0° and
the mixture was stirred for 1 day at 0°. The resulting mixture was evaporated to
dryness to give a solid which was washed with chloroform and crystallized
from acetonitrile or acetonitrile -ether at room temperature to yield 46.81 g
(88%) of pure crystalline reagent, mp 88—89° (dec.); IR ( KBr) 3060, 3040,
2970, 1565, 1470, 1440, 1400, 1280, 1240, 1195, 1170, 1120, 1040, 985, 840,
760, 730, 680, 650, 620 cm™;*"H NMR( CDsCN ) 8 4.80 (q, J = 10 Hz, 2H),
7.40-7.90 (m, 3H), 8.00-8.30 (m, 2H); *°F NMR( CDsCN ) & 61.5 (t, J = 10 Hz,
3F),77.9 (ﬁ F); MS, m/z 204 (PhI*,100%).

A similar procedure was adopted for the preparation of
perfluoroalkylaryl-iodonium sulfonates. (186)

5.1.1.5. Diphenyliodonium Fluoride (84, 187)

To a heterogeneous mixture of diphenyliodonium iodide (50 g, 123 mmol) and
water (200 mL) was added silver oxide (24.6 g, 106 mmol) portionwise at 0°.
The reaction mixture was stirred for 4 hours at 0° and 9 hours at room
temperature. The insoluble material ( Agl and excess Ag-O ) was then
removed by filtration and washed with water. The filtrate and washings were
combined, cooled below 5°, treated with phenolphthalein (5 drops, 0.05%),
and acidified with 10% aqueous hydrofluoric acid. Concentration on a rotary
evaporator at 50° gave crude diphenyliodonium fluoride as a pale yellow solid.
The crude iodonium salt was initially recrystallized from 200 mL of hot acetone.
The large crystals and mother liquor together were concentrated to ca.
half-volume on a rotary evaporator, the mechanical action converting the
crystalline phase to a powder. Refrigeration and vacuum filtration gave 23.53 g
(63%) of diphenyliodonium fluoride as a white solid, mp 79-102°.



5.1.1.6. Benzyltrimethylammonium Dichloroiodate (104, 188)

To a stirred black solution of iodine monochloride (16.25 g, 100 mmol) in
dichloromethane (200 mL) was added dropwise a solution of
benzyltrimethylammonium chloride (18.60 g, 100 mmol) in water. Stirring was
continued at room temperature for 30 minutes. The organic layer was
separated, dried ( MgSQ,), and evaporated at reduced pressure. The residue
was recrystallized from dichloromethane/ether (3:1) to afford 30.0 g (86%) of
the product as brilliant yellow needles, mp 125-126°.

5.1.1.7. (Disaccharinyliodo)benzene (Eqg. 116) (102)

The dry sodium salt of saccharin (410 mg, 2 mmol) was suspended in
acetonitrile (100 mL) or chloroform and [bis(trifluoroacetoxy)iodo]benzene
(430 mg, 1 mmol) was added. After the reaction mixture was stirred at room
temperature for 12 hours, the precipitate was filtered and washed abundantly
with several solvents to give 528 mg (93%) of the reagent, mp 240° (dec.), IR
(Nujol) 1705 cm™.

5.1.2. 2,2-Dimethoxy-2-phenylethanol [ a -Hydroxydimethylacetal
Formation]

5.1.2.1. Method A. Using lodobenzene Diacetate (Eq. 22) (22)

Methanol (80 mL) was cooled to 0-5° and potassium hydroxide (8.4 g,

150 mmol) was added with stirring. Acetophenone (6.0 g, 50 mmol) dissolved
in 20 mL of methanol was added dropwise over a period of 15 minutes. After
the solution was stirred for 15 minutes, iodobenzene diacetate (17.71 g,

55 mmol) was added in several portions over 15 minutes. The ice bath was
removed and the resultant yellow solution was stirred overnight at room
temperaturEthe mixture was concentrated under reduced pressure in a
rotary evaporator until about half of the methanol was removed, then 30 mL of
water was added, and the mixture extracted with four 50-mL portions of
dichloromethane. The combined dichloromethane extracts were washed with
two 10-mL portions of water and dried ( MgSQ,). The solvent was evaporated
in vacuo and the crude residue was purified by distillation to give 7.37 g (81%)
of the title compound, bp 73-76° (0.4 mm); IR (neat) 3470 (OH) cm™;*H
NMR( CDCls) 8 1.83 (s, 1H), 3.23 (s, 6H), 3.73 (s, 2H), 7.27-7.67 (m, 5H); **C
NMR( CDCls3) 6 139.3 (s), 128.4 (d), 127.4 (d), 102.4 (s), 65.3 (1), 49.1 (S); MS,
m/z 151 (M"-OCHjs, 100) 105 (29.7), 91 (31.7), 77 (7).

5.1.2.2. Method B. Using o-lodosylbenzoic Acid (Eg. 23) (26, 189)

To a solution of acetophenone (6.0 g, 50 mmol) in methanolic potassium
hydroxide (8.4 g, 150 mmol) at 0-5° was added o-iodosylbenzoic acid (14.52 g,
55 mmol) over a period of 30 minutes. Stirring the mixture overnight, followed
by workup according to Method A, resulted in almost pure product. Distillation
gave 5.9 g (65%) of pure acetal, bp 73—76° (0.4 mm).



5.1.3. 3-Hydroxychromone [ a -Hydroxylation of an a, B -Unsaturated
Ketone] (Eq. 33) (36)

5.1.3.1. Step I. cis-3-Hydroxy-2-methoxychromanone Dimethylacetal (49a)
Chromone (2.92 g, 20 mmol) dissolved in 100 mL of absolute methanol was
added dropwise to a stirred solution of potassium hydroxide (3.36 g, 60 mmol)
in 50 mL of methanol over a period of 15 minutes at 5-10°. After the solution
was stirred for 10 minutes, iodobenzene diacetate (7.09 g, 22 mmol) was
added in 4-5 portions during 10 minutes and the resulting mixture was stirred
overnight. Most of the methanol was evaportated in vacuo and 100 mL of
water was added to the residue. The mixture was extracted with ether

(5 x 40 mL) and the combined ether extracts were dried ( MgSO,), filtered, and
evaporated in vacuo to yield crude product. Column chromatography on silica
gel using hexane-ether (1:1) as eluant gave 2.54 g (53%) of pure
3-hydroxy-2-methoxychromanone acetal (49a) as an oil, IR (Nujol) 3510 (OH)
cm™;*H NMR( CDCls) 8 3.10 (s, 3H), 3.40 (s, 3H), 3.65 (s, 3H), 4.06 (dd, 1H),
5.18 (d, J,.3 = 3 Hz, 1H), 2.5 (d, 1H), 6.75-7.65 (m, 4H); MS, m/z 240 (M", 6),
209 (17),177 (11), 167 (76), 166 (100), 134 (53), 121 (59), 105 (97), 77 (7), 75
(33).

5.1.3.2. Step II. 3-Hydroxychromone (50a)

To a solution of 49a (1.20 g, 5 mmol) in acetone (10-15 mL) was added 1 mL
of concentrated hydrochloric acid, and the mixture was left at room
temperature for 4 hours. Colorless crystals separated from the solution.
Filtration followed by washing with cold acetone (5 mL) and drying yielded
0.73 g (90%) of pure 50a, mp 181-182°.

514. a, E)iphenyl—l,B—indanedione (63) [ a-Arylation of a B -Diketone]
(Eqg. 44) (190)

To a solution of sodium (2.53 g, 110 mmol) in tert-butyl alcohol (1.2 g/L; freshly
distilled from calcium hydride) was added with stirring
2-phenyl-1,3-indanedione (20 g; 90 mmol). After the mixture had been heated,
the bloodred solution was cooled, and diphenyliodonium chloride (28.44 g,

90 mmol) was added. The reaction mixture was heated at reflux under nitrogen
for 6 hours, at which time a sample gave no precipitate with a potassium iodide
solution, indicating the absence of unreacted diphenyliodonium ion. The
cooled (room temperature) mixture was filtered, the solid (10 g of a mixture of
CacCl, and some organic material) was saved, and the filtrate was
concentrated to a small volume in vacuo. The residue was combined with the
10 g of solid and was suspended in 400 mL of 1 N sodium hydroxide to
remove any acidic components. This mixture was extracted with
dichloromethane (1.5 g/L), and the organic phase was washed with 1 N
sodium hydroxide until the aqueous phase was colorless. The combined
aqueous phase was backwashed throughly with dichloromethane, acidified
with concentrated hydrochloric acid, and extracted with dichloromethane. This
extract, constituting the acidic fraction, was concentrated to dryness in vacuo



to give 2.58 g (11.6%) of unchanged starting material. The combined organic
phase containing the neutral fraction was dried ( MgSO4) and concentrated to
dryness in vacuo. Column chromatography on 500 g of Florisil (60/100 mesh)
and successive elution with petroleum ether and benzene yielded 21.5 g of
crude 63 from the benzene fraction. Two crystallizations from ethanol yielded
14 g (52%) of pure 63, mp 122-123°; IR 1720, 1700 cm™*;'"H NMR( CDCl3) &
7.28 (s, 10H), 7.85-7.88 (m, 2H), 8.06-8.08 (m, 2H); MS, m/z 298(M").

5.1.5. 1-Phenyl-2,4-pentanedione [ y -Arylation of a B -Diketone] (Eq. 45)
(50)

A 1-L three-necked flask containing a stirred suspension of sodium amide

(7.8 g, 200 mmol, prepared from 4.6 g of sodium and 600 mL of liquid
ammonia) was cooled in a dry ice-acetone bath under nitrogen. A solution of
acetylacetone (10 g, 100 mmol) in ether (20 mL) was added in small portions
from a pressure-equalizing addition funnel. The reaction mixture was warmed
to room temperature and nitrogen flow was stopped. After 30 minutes,
diphenyliodonium chloride (15.8 g, 50 mmol) was added over 5-10 minutes.
Ether (500 mL) was added after 1 hour and the suspension was refluxed for 1
hour, cooled in ice, and 100 g of ice and 20 mL of concentrated hydrochloric
acid were added. The organic layer was separated and the aqueous layer was
extracted 4 times with ether. The organic extracts were dried ( MgSO,) and
concentrated by distillation. The residual liquid was purified by vacuum
distillation to give 8.1 g (92%) of the title compound, bp 138-141°(13 mm) (mp
50-53°); IR ( CHCls) 1705, 1605 cm™; *H NMR(CCls) & 2.15 (s, 3H), 3.45 (s,
2H), 5.20 (s, 1H), 7.10-7.40 (m, 5H), 15.6 (b s, 1H).

5.1.6. Meta—MethoxyphenyIacetate [ a-Methoxylation of an Ester] (Eq.
46b) (51)

A mixture of methyl phenylacetate (1.5 g, 10 mmol), sodium methoxide

(30 mmol), and iodobenzene diacetate (3.22 g, 10 mmol) in methanol was
stirred for 3 days. The resulting reaction mixture was acidified with dilute
hydrochloric acid at 0°, the solvent (MeOH) was evaporated in vacuo, and
water (20 mL) was added. Extraction with dichloromethane followed by
removal of the solvent and reduced pressure distillation gave 1.26 g (70%) of a
-methoxyester, bp 118-120°(10 mm); *H NMR( CCl,) & 3.35 (s, 3H), 3.65 (s,
3H), 4.67 (s, 1H), 7.35 (s, 5H).

5.1.7. a-Hydroxyphenylacetic Acid [ a -Hydroxylation of an Ester] (Eq.
46a) (51)

A mixture of methyl phenylacetate (1.5 g, 10 mmol), potassium hydroxide

(30 mmol), and iodobenzene diacetate (3.22 g, 10 mmol) in a two-phase
system consisting of benzene/water (10 mL each) was stirred until the starting
material disappeared. Extraction with diisopropyl ether and crystallization from
chloroform gave 0.76 g (50%) of a -hydroxy acid, mp 118-120° (from CHCls);
'H NMR (acetone-dg) 8 5.20 (s, 1H), 7.00-7.60 (m, 7H).



5.1.8. a-Acetoxy-p-chloroacetophenone [ a-Acetoxylation of a Ketone]
(Eq. 48) (55)

p-Chloroacetophenone (9.27 g, 60 mmol) was dissolved in 55 mL of a mixture
of acetic acid (50 mL) and acetic anhydride (5 mL) with stirring at 30°. To the
vigorously stirred solution was added 5 mL of sulfuric acid, and then eight 2-g
portions of iodobenzene diacetate (16.10 g, 50 mmol) were added at
30-minute intervals. The temperature was kept at about 30° throughout the
additions. The reaction mixture was stirred at 30° for another 6 hours. The
resulting solution was washed with water (3 x 100 mL) and extracted with
chloroform (3 x 100 mL). The combined chloroform extracts were
concentrated under reduced pressure and the crude residue was purified by
distillation to give 5.95 g (56%) of the title product, mp 70-71°; IR ( KBr) 1690,
1740 cm™; "H NMR( CDCls) 8 2.21 (s, 3H), 5.26 (s, 2H), 7.3-8.0 (m, 4H).

5.1.9. 2-(Tosyloxy)-3-pentanone [ a -Tosyloxylation of a Ketone] (55)

To a hot mixture of hydroxy(tosyloxy)iodobenzene (3.92 g, 10 mmol) and

25 mL of acetonitrile was added 10 mL of 3-pentanone. After the mixture was
heated at reflux for 10 minutes, the solution was concentrated in vacuo, and
the residual material was dissolved in dichloromethane (30 mL). The solution
was washed with water (2 x 100 mL), dried, and concentrated on a rotary
evaporator. The residual mass was distilled under reduced pressure (at

0.2 mm) to give 2.40 g (94%) of the product as an oil, 'H NMR( CDCl3) & 0.98
(t,J 7Hz 3.0H),1.33(d,J 6.5Hz 2.9H), 2.44 and 2.58 (overlapping s
andq,J 7Hzforq,4.7H),4.81(q,J 7Hz,09H),7.57 (mAA BB |,
4-OH).

5.1.10. aO—CamphorsuIfonyl)oxy]acetophenone [a
-(10-Camphorsulfonyl)-oxylation of a Ketone] (Eq. 52) (59)

A mixture of hydroxy[(+)-(10-camphorsulfonyl)oxyliodobenzene (1.8 g, 4 mmol)
and acetophenone (480 mg, 4 mmol) in 20 mL of acetonitrile was heated for
15 minutes at reflux. The resulting clear solution was concentrated in vacuo to
give an oil. Column chromatography on silica gel (Et,O/ CH,Cl, 9:1) yielded
1.33 g (95%) of pure product, mp 60-61°; IR (neat) 2940, 1735, 1705, 1590,
1450, 1380, 1220, 1170, 1090 cm™,*"H NMR( CDCl3) § 0.9 (s, 3H), 1.1 (s, 3H),
1.17-2.67 (m, 7H). 2.68-3.95 (m, 2H), 5.58 (s, 2H), 7.45-8.07 (m, 5H).

5.1.11. a-Anilinoacetophenone from Acetophenone [ a-Amination of a
Ketone via a -Tosyloxylation of a Ketone] (Eq. 55c) (61)
Hydroxy(tosyloxy)iodobenzene (1.96 g, 5 mmol) was added to a stirred
solution of acetophenone (0.6 g; 5 mmol) in acetonitrile (25 mL) and the
mixture was refluxed for 2 hours. A solution of aniline (0.93 g, 10 mmol) in

5 mL of acetonitrile was added dropwise to the solution which was then heated
under reflux for another 2 hours. After the solution was cooled to room
temperature, the reaction mixture was concentrated in vacuo, acidified with

2 M hydrochloric acid, and extracted with ether (3 x 40 mL) to remove



iodobenzene and unreacted ketone. The aqueous phase was basified with
saturated aqueous sodium bicarbonate solution. The resulting solid was
filtered, washed thoroughly with water, and crystallized from ether to give
548 mg (52%) of a -anilinoacetophenone, mp 93-94°; IR ( KBr) 3410 (NH),
1685 (C= O)cm™; *H NMR ( CDCls, 80 MHz) & 4.51 (s, 2H), 4.66 (s, 1H),
6.57-8.02 (m, 10H).

5.1.12. 2-(2-Benzothiazolyl)-2,2-dimethoxyethanol

[ a-Hydroxydimethylacetal Formation via a -Tosyloxylation of a Ketone]
(Eq. 55) (64)

5.1.12.1. Step I. 2-( a -Tosyloxyacetyl)benzothiazole

To a stirred solution of 2-acetylbenzothiazole (885 mg, 5 mmol) in
dichloromethane (10-15 mL) was added hydroxy(tosyloxy)iodobenzene

(1.96 g, 5 mmol) at room temperature in 4-5 portions over a period of 15
minutes. The resulting yellow-orange or sometimes darker mixture was stirred
at room temperature for about 1 hour at which point it became homogeneous.
The solvent was removed under reduced pressure and an aqueous sodium
bicarbonate solution was added slowly to the residue. Extraction with
dichloromethane (3 x 20 mL) followed by evaporation of solvent under
reduced pressure and crystallization from ethanol gave 954 mg (55%) of the
titte compound as a colorless crystalline solid, mp 139-140°; IR 1715 (C =
O)em™,'H NMR( CDCls) 8 2.47 (s, 3H), 5.65 (s, 2H), 7.26-8.31 (m, 8H).

5.1.12.2. Step Il. 2-(2-Benzothiazolyl)-2,2-dimethoxyethanol

A suspension of the above a -tosyloxyketone (694 mg, 2 mmol) in methanol
was cooled to 0-5° and an ice-cold solution of potassium hydroxide (280 mg,

5 mmol) in Ethanol (15 mL) was added with stirring. After stirring was
continued at 0° for 2 hours, the mixture was allowed to warm to room
temperature, diluted with water (25 mL), and extracted with dichloromethane
(4 x 10 mL). The organic phase was dried ( Na,SO,4) and concentrated in
vacuo to yield 344 mg (72%) of the title compound, mp 80-82°;"H NMR( CDCls)
8 3.36 (s, 6H), 4.10 (s, 2H), 7.30-8.10 (M, 4H); MS, m/z 239 (M").

5.1.13. a-[Bis(phenoxy)phosphoryloxy]acetophenone [ a
-Phosphoryloxylation of a Ketone] (Eq. 57) (65)

A mixture of hydroxy[bis(phenoxy)phosphoryloxy]-iodobenzene (2.37 g,

5.04 mmol) and acetophenone (1.25 g, 10.4 mmol) in acetonitrile (45 mL) was
heated under reflux for 3 hours and 20 minutes. The reaction mixture was
concentrated under reduced pressure and the residual oil was dissolved in
dichloromethane. This solution was extracted with water and then 5% aqueous
sodium bicarbonate solution. The solvent and volatile impurities (iodobenzene,
acetophenone) were removed in vacuo, yielding 1.1 g (59%) of the product as
an oil, IR 1709, 1292 cm™;*H NMR( CDCl3) 8 5.45 (d, J = 10.1 Hz, 1H); *C
NMR( CDCls) 5 69.8 (d, Jcp = 5.7 Hz, C- a ), 191.1 (d, Jep = 5.7 Hz, C = 0); 3'P
NMR( CDCl3) 6 —11.6 (t, Jpn = 10.2 Hz).



5.1.14. 2-( a -Hydroxyacetyl)pyridine [ a-Hydroxylation of a Silyl Enol
Ether] (Eq. 60) (68, 69)

Boron trifluoride etherate (2.84 g, 20 mmol) and the silyl enol ether of
2-acetylpyridine (1.93 g, 10 mmol) were added to a stirred and ice-cooled
(0-5°) suspension of iodosobenzene (2.42 g, 11 mmol) in water (50 mL). The
mixture was stirred for 2 hours, after which the temperature was raised to room
temperature. Stirring was then continued for another 2 hours, during which
time all of the iodosobenzene went into the solution, indicating completion of
the reaction. The solution was neutralized with an excess of aqueous sodium
bicarbonate solution and then extracted with dichloromethane (5 x 50 mL).
The combined extracts were dried ( MgSO,) and concentrated under reduced
pressure to yield the crude product. Addition of a mixture of hexane and ether
(20 mL each), followed by filtration and cooling of the filtrate at 0° gave 850 mg
(62%) of the pure product as a colorless, crystalline solid, mp 70-71°; IR (Nujol)
1720 ( C = 0), 3510 (OH) cm™;*H NMR( CDCls) & 3.30 (br 1H, exchanged with
D,0), 5.13 (s, 2H), 7.30-8.72 (m, 4H); MS (70 eV), m/z 137 (M", 40), 107 (88),
106 (35), 79 (95), 78 (100).

5.1.15. 2,6-Bis[(methoxymethyl)carbonyl]pyridine (78) [ a -Alkoxylation of
a Silyl Enol Ether] (Eqg. 65) (70)

The bis-silyl enol ether of 2,6-diacetylpyridine (6.14 g, 20 mmol) was treated
with iodosobenzene (8.80 g, 40 mmol), boron trifluoride etherate (11.36 g,

80 mmol), and 10 mL of methanol in 500 mL of dry dichloromethane at —70°
and the temperature was raised to room temperature over a 2-hour period. To
the crude mixture (isolated as described in the preceding procedure) was
added hex (50 mL) and the resulting mixture was left undisturbed for a few
minutes, thgplfiltered and cooled slowly to about 10°. After 30 minutes, 2.67 g
(60%) of colorless crystalline product 78, mp 100-101°, was collected by
filtration and drying. Recrystallization from hexane gave an analytical sample,
mp 101-102°. Additional product was isolated from the mother liquor.
Combined yield: 3.16 g (71%); IR (Nujol) 1720 cm™*;*H NMR( CDCls) & 3.55 (s,
6H), 5.05 (s, 4H), 8.05-8.40 (m, 3H); MS, m/z 223 (M", 10), 208 (100), 192 (8),
176 (18), 134 (27), 105 (20).

5.1.16. Methyl 2-Phenyl-2-(mesyloxy)acetate [ a -Sulfonyloxylation of a
Ketene Silyl Acetal] (Eq. 70) (71)

Hydroxy(mesyloxy)iodobenzene (3.16 g, 10 mmol) was added to a solution of
the methyl trimethylsilyl phenylketene acetal derived from methyl
phenylacetate (3.33 g, 15 mmol) in dry dichloromethane (50 mL). The mixture
was stirred at room temperature for 2 hours and then washed with aqueous
sodium bicarbonate solution (3 x 50 mL). The organic phase was dried

( MgSO0O,) and concentrated in vacuo to yield the crude mesyloxyester which
was purified by column chromatography on silica gel (hexane-dichloromethane,
1:1) to give 1.58 g (65%) of the title compound, mp 91-92°; IR ( KBr)

1760 cm™ ( C = O); *H NMR( CDCls) & 3.10 (s, 3H), 3.80 (s, 3H), 6.00 (s, H),



7.40~7.80 (m, 5H); *C NMR( CDCl3) 8 168.2 (s), 132.2 (s), 130.0 (s), 129.0 (8),
127.7 (s), 78.9 (s), 53.0 (s), 39.45 (s); MS, m/z 185 (53), 165 (15), 145 (15),
107 (100), 90 (12), 79 (65), 51 (17).

5.1.17. 2- a -(Trifluoromethanesulfonyloxyacetyl)thiophene [An a
-Ketotriflate from a Silyl Enol Ether] (Eq. 72) (72)

To a cooled (-78°) suspension of iodosobenzene (2.64 g, 12 mmol) in dry
dichloromethane (50 mL) was added trimethylsilyl triflate (3.33 g, 15 mmol).
After the mixture was stirred for 10- 15 minutes under N, 2-acetylthiophene
trimethylsilyl enol ether (1.98 g, 10 mmol) in dichloromethane (10 mL) was
added dropwise and stirring was continued for 1.5 hours at —78°. The mixture
was then brought to room temperature, stirred for an additional hour, washed
with cold water (2 x 50 mL) and with saturated aqueous sodium bicarbonate
solution (25 mL), dried ( MgS0Q.), and evaporated in vacuo. The residue was
recrystallized with hexanes/ether to yield 1.89 g (69%) of the title compound,
mp 85-86°,"H NMR ( CDCls) 8 5.50 (s, 2H), 7.22—7.81 (m, 3H); MS, m/z 274
(M*, 2), 110 (100), 83 (12), 69 (12).

5.1.18. 2-Trifluoroacetoxycyclohexanone [ a-Trifluoroacetoxylation of a
Silyl Enol Ether] (Eq. 76) (73)

To a stirred solution of bis(trifluoroacetoxy)iodobenzene (4.30 g, 10 mmol) and
pyridine (0.84 g, 10 mmol) in choroform (60 mL) was added a solution of
cyclohexanone trimethylsilyl enol ether (1.70 g, 10 mmol) in choroform (10 mL).
The mixture was stirred at room temperature under argon for 2 hours. The
solution was concentrated, and the residue was extracted with pentane. The
extract was filtered, the filtrate was evaporated, and the residue was distilled to
yield 1.26 EO%) of a -trifluoroacetoxycyclohexanone, bp 85° (20 mm); mp
35°; IR 1780 (OCOCF3), 1725 (C = O)cm™*; MS, m/z 210(M*, 76), 166 (66), 96
(20), 84 (16), 69 (10), 68 (48), 55 (100).

5.1.19. Diethyl (2-Oxo0-2-phenylethyl)phosphonate [Phosphorylation of a
Silyl Enol Ether] (Eq. 77) (74)

Boron trifluoride etherate (284 mg, 2 mmol) was added to iodosobenzene
(220 mg, 1 mmol) in dry dichloromethane (10 mL) at —40°. The mixture was
warmed to 0° until a yellow solution formed, and then was cooled to —40°. To
this mixture, acetophenone trimethylsilyl enol ether (192 mg, 1 mmol) and
triethyl phosphite (183 mg, 1.1 mmol) were added successively. The resulting
solution was stirred at —40° for 1 hour and left to reach room temperature for 1
hour. After stirring was continued for another 30 minutes, the solution was
neutralized with aqueous sodium bicarbonate solution and extracted with
dichloromethane (2 x 10 mL). The combined organic phases were dried

( MgSO0,) and concentrated under reduced pressure to give crude product
which was purified by flash chromatography on silica gel to yield 192 mg (75%)
of the title compound, 'H NMR (CDCI3) 6 1.27 (t, J = 7.0 Hz, 6H), 3.62 (d,



J = 22.6 Hz, 2H), 4.05-4.20 (m, 4H), 7.40 (m, 3H), 7.98-8.03 (m, 2H); MS, m/z
256 (M*, 5), 146 (16), 120 (23).

5.1.20. Tri(2-oxo-2-phenylethyl) Phosphate[A Tris-ketol Phosphate from a
Silyl Enol Ether] (Eq. 78) (75)

To a mixture of crystalline phosphoric acid (100 mg, 1.02 mmol) and
p-(difluoroiodo)toluene (780 mg, 3.05 mmol) in dry tert-butyl alcohol (15 mL)
was added under nitrogen the silyl enol ether of acetophenone (1.25 g,

6.5 mmol). The mixture was stirred for 5.75 hours at room temperature and
then concentrated in vacuo. The residual semi-solid was crystallized from
acetone-hexanes to give 285 mg (63%) of the product, *H NMR( CDCls) & 5.58
(d, Jup = 11.1 Hz, 6H); *C NMR( CDCl3) 8 69.6 (d, Jcp = 5.6 Hz), 192.3 (d,
Jep = 4.7 Hz); *'P NMR( CDCl3) 5 0.0 (septet, Jpry = 11.1 Hz).

5.1.21. 3,2"%5" 3" Terthiophene (85) [via Formation of a 1,4-Butanedione
from a Silyl Enol Ether] (Eq. 80) (78)

5.1.21.1. Step I. 1,4-Di(3 -thienyl)-1,4-butanedione

3-Acetylthiophene silyl enol ether (1.98, 10 mmol) was added to a stirred
mixture of iodosobenzene (0.88 g, 4 mmol) and boron trifluoride etherate
(2.13 g, 15 mmol) in dry dichoromethane (150 mL) at —50° under nitrogen. The
mixture was stirred for 1 hour at —-50° and then for an additional hour at room
temperature. During this period the color changed from light yellow to dark
brown. The solution was washed with water (2 x 25 mL) and aqueous sodium
bicarbonate solution, and the combined aqueous washings were extracted
with dichloromethane (3 x 40 mL). The organic extracts were combined, dried
(MgSO0y), concentrated in vacuo, and crystallized from ethanol to yield 600 mg
(60%) of thp tftle compound as yellow crystals, mp 129-130°; IR (Nujol) 1660
(C=0)cm~;"H NMR( CDCls) 8 3.35 (s, 4H), 7.28-8.18 (m, 6H); MS, m/z 250
(M*, 10), 139 (7), 111 (100), 83 (16).

5.1.21.2. Step Il. 3,2"5",3-Terthiophene (85)

To a solution of the above 1,4-diketone (500 mg, 2 mmol) in dichloromethane
(10-15 mL) was added with stirring phosphorus pentasulfide (2.20 g, 5 mmol).
Solid sodium bicarbonate (840 mg, 10 mmol) was then added in 5—6 portions
during 5 minutes. After the reaction mixture was stirred overnight at room
temperature, water (50 mL) was added and the aqueous layer was extracted
with dichloromethane (2 x 20 mL). The combined organic extracts were
washed with water (3 x 25 mL), dried ( MgSO,), concentrated in vacuo, and
crystallized from dimethoxyethane to yield 370 mg (75%) of pure product 85,
mp 192-193°; MS, m/z 248 (M", 100), 203 (9), 171 (6), 140 (6), 127 (16), 121
(6), 83 (2).

5.1.22. 2-Phenacylcyclohexanone [Carbon-Carbon Bond Formation] (Eq.
82) (81)



To a stirred solution of iodosobenzene (220 mg, 1 mmol) in dichloromethane
(5 mL) was added tetrafluoroboric acid-dimethyl ether (0.2 mL) at -50°. The
mixture was warmed to 0° until a yellow solution formed, cooled to —78°, and
treated with acetophenone silyl enol ether (192 mg, 1 mmol). The color of the
reaction mixture changed immediately from light yellow to colorless. The cold
solution of a -phenacyl phenyliodonium tetrafluoroborate was added at room
temperature to a stirred solution of a 1-(cyclohexenyloxy)trimethylsilane

(170 mg, 1 mmol) in dichloromethane (5 mL). The reaction mixture was stirred
for 10 minutes, poured into water (50 mL), and extracted with dichloromethane
(2 x 10 mL). The organic extract was dried ( Na,SO,4) and concentrated under
reduced pressure. Column chromatography on silica gel with ethyl
acetate-hexane mixtures as eluant gave 108 mg (50%) of a
-phenacylcyclohexanone, *H NMR ( CDCls) & 1.4-1.2 (m, 6H), 2.4 (m, 1H), 2.6
(m, 1H), 3.5 (m, 2H), 7.5-7.9 (m, 5H); MS, m/z 216 (M"), 173, 159, 133, 120,
105 (PhCO), 77.

5.1.23. y, vy, y-Trifluorobutyrophenone [1H, 1H-Perfluoroalkylation of a
Silyl Enol Ether] (Eq. 83) (82)

(1H, 1H-Perfluoroethyl)phenyliodonium triflate (436 mg, 1 mmol) was added to
a mixture of acetophenone silyl enol ether (192 mg, 1 mmol) and spray-dried
potassium fluoride (302 mg, 5.2 mmol) in dry dichloromethane (3 mL) under an
argon atmosphere. After the mixture was stirred for 1.5 hours at room
temperature, filtration through a short column of silica gel, removal of the
solvent, and purification by TLC on silica gel gave 176 mg (87%) ofy ,vy, vy
-trifluorobutyrophenone, mp 59-60°; IR ( KBr) 1690 (C = O)cm™;'H

NMR( CD 0 2.20-2.80 (m, 2H), 3.10-3.35 (m, 2H), 7.30-7.70 (m, 3H),
7.83-8.10 2H); *F NMR( CDCl3)d 65.3 (t, J = 1 Hz, CF3); MS, m/z 202
(M").

5.1.24. 2-Phenylcyclohexanone [ a -Phenylation of a Silyl Enol Ether] (Eq.
88) (84)

A solution of 1-[(trimethylsilyl)oxy]cyclohexene (1.71 g, 10.06 mmol) in
tetrahydrofuran (5 mL) was added dropwise during 2.5 minutes under N, at
—40° to a stirred mixture of diphenyliodonium fluoride (1.51 g, 5.03 mmol) in
tetrahydrofuran (15 mL). The reaction mixture was kept below —38° for 3 hours,
allowed to warm during 2 hours to 10°, and kept at room temperature for 30
minutes. The resulting solution was treated with water (ca. 3 mL) and
concentrated on a rotary evaporator. The residual material was taken up in
dichloromethane (100 mL) and the solution was washed with water (2 x 20 mL)
and saturated aqueous sodium chloride solution (15 mL), dried ( MgSQ,), and
concentrated to a yellow oil (2.24 g). Flash chromatography on silica gel with
hexanes and hexanes/dichloromethane gave 775 mg (88%) of
2-phenylcyclohexanone as a white solid, mp 54-57°; IR (film) 1701 cm™;'H
NMR( CDCls3) 6 1.7-2.56 (five closely spaced m, 8H), 3.59 (dd, J = 11.9,



5.5 Hz, 1H), 7.10-7.4 (m, 6H); *C NMR( CDCl3) & 24.9, 27.5, 34.8, 41.9, 57.1,
126.9, 128.4, 128.6, 138.9, 210.5.

5.1.25. 2-N-(p-Toluenesulfonyl)aminocyclohexanone [ a -Amination of a
Silyl Enol Ether] (Eq. 91) (86)

Cu(MeCN)4-ClO4 (22 mg, 0.06 mmol) in acetonitrile (5 mL) was added under
nitrogen to a suspension of 1-[(trimethylsilyl)oxy]-cyclohexene (0.17 g,

0.20 mL, 1.0 mmol) and N-(p-toluenesulfonyl)iminophenyliodinane (97)

(250 mg, 0.67 mmol) in 5 mL of acetonitrile at —20°. The reaction mixture was
stirred for 1.5 hours, at which time the mixture became homogeneous. The
solution was filtered through a plug of silica gel and eluted with 200 mL of ethyl
acetate. The solvent was removed in vacuo to give an oil that was purified by
medium performance liquid chromatography using hexane:ethyl acetate (5:1)
as eluant to yield 115 mg (64%) of the title compound, mp 133-135°, TLC Rs
0.28 (hexane:ethyl acetate, 2:1); IR ( CHCIs), 3350 (NH) 1694 (C = O)cm™;'H
NMR( CDCl3, 500 MHz) 61.48-1.71 (m, 3H), 1.86 (m, 1H), 2.07 (m, 1H), 2.22
(dt, J = 1.0, 10.6 Hz, 1H), 2.41 (s, 3H), 2.42-2.54 (m, 2H), 3.76 (m, 1H), 5.79
(bd, J = 4.3 Hz, 1H), 7.28 (d, J = 8.4 Hz, 2H), 7.72 (d, J = 8.2 Hz, 2H); *°C
NMR( CDCl;, 126 MHz) & 21.4, 23.9, 27.4, 36.8, 40.7, 60.6, 126.9, 129.7,
137.0, 143.5, 205.6; HRMS (FAB, MNBA) 268.1003.

5.1.26. 3-Azido-2,4-pentanedione [ a -Azidonation of a B -Dicarbony!
Compound] (Eq. 93) (87)

To a cooled suspension of iodosobenzene (2.20 g, 10 mmol) in dry chloroform
(50 mL) under N2 was added azidotrimethylsilane (2.30 g, 20 mmol). The
mixture was stirred for 20 minutes and 2,4-pentanedione (1.0 g, 10 mmol) was
added. StirEI; was continued at room temperature for 2 hours and then at
reflux for 3 hours. The cooled reaction mixture was washed with water

(4 x 50 mL), dried ( MgSO.), and concentrated under reduced pressure to
yield the crude product, which was purified by silica gel column
chromatography using hexane-ether (9:1) as eluant to give 1.07 g (76%) of the
title product, IR (neat) 2108 (N3), 1709 ( C = O), 1616 (C = C)cm™;'H

NMR( CDCl3) 8 2.1 (s, 6H), 5.5 (s, 1H); MS, m/z 141 (M*, 4), 113(8), 99(7),
43(100).

5.1.27. 2-Mesyloxy-1-phenyl-1,3-butanedione [ a -Mesyloxylation of a 8
-Dicarbonyl Compound] (Eq. 94) (87)

To a dry suspension of iodosobenzene (2.20 g, 10 mmol) in dry chloroform
(40 mL) was added methanesulfonic acid (0.96 g, 10 mmol). The mixture was
stirred for 10 minutes at room temperature followed by addition of
1-phenyl-1,3-butanedione (benzoylacetone, 1.62 g, 10 mmol). The mixture
was heated under reflux for 2 hours and then treated with aqueous sodium
bicarbonate solution. The organic layer was dried ( MgSO,) and concentrated
in vacuo to yield crude a -mesyloxy compound, which was purified by column
chromatography using hexane-ether as eluant to give 1.87 g (73%) of pure title



compound, IR (neat) 1734 ( C = 0), 1693 ( C = 0), 1280, 1170 (S = O)cm *;*H
NMR( CDCl3) 6 2.1 (s, 3H), 3.1 (s, 3H), 6.1 (s, 1H), 7.3-8.2 (m, 5H); MS, m/z
256 (M*, 5), 167 (9), 134 (10), 105 (100).

5.1.28. Ethyl 2-Ethoxy-3-0x0-3-phenylpropanoate [ a -Ethoxylation of a 8
-Dicarbonyl Compound] (Eq. 95) (87)

To a suspension of iodosobenzene (1.43 g, 6.5 mmol) in dry chloroform

(50 mL) was added under nitrogen boron trifluoride etherate (2.34 g, 2.03 mL,
16.5 mmol). The mixture was stirred at room temperature for 10 minutes and
ethyl 3-phenyl-3-oxopropanoate (ethyl benzoylacetate, 1.25 g, 6.5 mmol) was
added. The reaction mixture was heated under reflux for 3 hours. The resulting
solution was basified with a saturated solution of sodium bicarbonate and the
aqueous layer was extracted with chloroform (3 x 50 mL). The combined
organic extracts were dried ( MgSO4) and concentrated under reduced
pressure to yield the crude a-ethoxy ester, which was purified by column
chromatography to give 0.91 g (59%) of the title product, IR 3480 (OH), 1750
(C =0), 1700 (C = O)cm “;*H NMR( CDCl3) & 1.2 (t, 1H), 3.5 (g, 2H), 4.2 (q,
2H), 5.2 (s, 1H), 7.3-7.7 & 7.8-8.3 (m, 5H); MS, m/z 236 (M", 2), 163(4),
105(100).

5.1.29. 2-Benzoyl-6-methoxybenzofuran-3(2H)-one
[2-Aroylcoumaran-3-ones from 2-Acetyl-5-aryl Benzoates] (Eq. 107) (95)
To a solution of 2-acetyl-5-methoxyphenyl benzoate (1.35 g, 5.0 mmol) in
dioxane (25 mL) was added hydroxy(tosyloxy)iodobenzene (1.96 g, 5.0 mmol).
After the mixture was refluxed for 2 hours, potassium hydroxide (3.4 g,

60 mmol) was added to the cooled mixture, which was heated under gentle
reflux with ing for another 30 minutes. The resulting mixture was cooled to
room temperature, poured into dilute sulfuric acid (40 mL), and extracted with
chloroform (4 x 25 mL). The combined organic extracts were dried ( Na;SO,)
and evaporated in vacuo. The residue was crystallized with ethanol to give
0.99 g (74%) of the product, mp 128-130°; IR (Nujol) 1605 cm™.

5.1.30. 5-Benzoyltetrahydrofuran-2-one [Formation of a Five-membered
Oxalactone from a 4-Aroylbutyric Acid] (Eqg. 109) (97)

To a solution of 4-benzoylbutyric acid (1.92 g, 10 mmol) in dry
dichloromethane (100 mL) was added hydroxy(tosyloxy)iodobenzene (3.92 g,
10 mmol) with stirring. After the resulting slurry was heated at reflux for 15
hours, the homogeneous solution was cooled to room temperature and
washed with cold aqueous sodium bicarbonate solution. The organic phase
was dried ( MgSO,) and concentrated in vacuo. The residue was crystallized
from dichloromethane-hexane to give 1.40 g (74%) of
5-benzoyltetrahydrofuran-2-one, mp 78-79°; IR ( CHCIs) 1790 ( C = O,
lactone), 1700 ( C = O, ketone) cm™; *H NMR ( CDCls) & 2.55 (m, 4H), 5.90 (m,
1H), 7.35-7.80 (m, 3H), 7.85-8.10 (m, 2H).



5.1.31. a-Chloroacetophenone [ a-Chlorination of a Ketone] (Eq. 114)
(99)

Benzyltrimethylammonium dichloroiodate (2.86 g, 8.23 mmol) was added to a
solution of acetophenone (0.50 g, 4.16 mmol) in dichloroethane (50 mL) and
methanol (20 mL) and the mixture was heated under reflux for 3 hours. The
yellow solution gradually changed to brown. The solvent was removed by
distillation. To the resulting residue was added 5% aqueous sodium bisulfite
solution (20 mL). The mixture was extracted with ether (4 x 40 mL), the ether
extracts were dried ( MgSQO.), filtered, and evaporated at reduced pressure to
give 624 mg (97%) of a-chloroacetophenone, mp 53-54°; IR ( KBr) 1700 (C =
O)em™; *H NMR ( CDCls) 6 4.67 (s, 2H), 7.27-8.0 (m, 5H).

5.1.32. 2-( a -Saccharinyl)-3-pentanone [ a -Imidylation of a Ketone] (Eq.
117) (104)

(Disaccharinyliodo)benzene (568 mg, 1 mmol) in 3-pentanone (5 mL) was
heated at 65° until the reaction mixture became homogeneous (5 hours). After
removal of the pentanone by distillation, the residue was chromatographed on
silica gel using light petroleum-chloroform mixtures as eluant. The order of
elution was iodobenzene, a -saccharinylpentanone, and saccharin. The title
compound (48 mg; 18%) was obtained as a crystalline solid, mp 95°; IR (Nujol)
1730 and 1720 cm™; *H NMR ( CDCl3) & 1.2 (t, 3H), 1.8 (d, 3H), 2.8 (q, 2H),
5.8 (q, 1H), 8.0 (s, 4H); MS, m/z 267 (M", 3), 238 (3), 183 (12).

5.1.33. 1-Oxacyclohept-3-en-2-one [Lactones to Higher Homologous a, B
-Unsaturated Lactones via Trimethylsilyloxycyclopropanes] (Eq. 118)
(105)

1—Trimethyl@loxy—2—oxabicyclo[4.1.0]heptane (0.94 g, 5.04 mmol) was
dissolved in dichloromethane with stirring under a nitrogen atmosphere. The
solution was cooled to 0° and iodosobenzene (1.11 g, 5.04 mmol) was added
followed by tetra-n-butylammonium fluoride in tetrahydrofuran (5.04 mL of a
1.0 M solution, 5.04 mmol). The reaction mixture was warmed to room
temperature over 1 hour and the slurry was stirred for an additional 15 hours at
room temperature. The resulting homogeneous mixture was washed with
water (2 x 25 mL) and dried ( MgSO,). Chromatography on silica gel with
hexane/dichloromethane (19:1) yielded 425 mg (75%) of
1-oxacyclohept-3-en-2-one as an oil, IR 1720 ( C = 0), 1626 (C =C)cm™;'*H
NMR ( CDCls) & 1.90 (m, 2H), 2.60 (m, 2H), 4.33 (t, 2H), 5.55 (m, 1H), 6.45 (m,
1H).

5.1.34. 1-[(Triisopropylsilyl)oxy]-3-azidocyclohexene [ B -Azidonation of a
Triisopropylsilyl Enol Ether] (Eq. 119) (106)

Trimethylsilyl azide (3.19 mL, 24 mmol) was added at —15° under argon to a
suspension of iodosobenzene (2.64 g, 12 mmol) and
1-[(triisopropylsilyl)Joxy]cyclohexene (2.55 g, 10 mmol) in dichloromethane
(100 mL). After the reaction mixture was stirred for one minute, gas evolution



( N2) was observed. The reaction mixture became clear after 10 minutes and
was gradually warmed to 25°. The solvent was removed in vacuo, and the
resulting yellow oil was kept under high vacuum for 24 hours. Flash
chromatography of the oil on silica gel (230—400 mesh, 20 g) with hexane as
eluant gave 2.47 g (84%) of the title compound as a colorless oil, IR (film) 2946,
2867, 2093, 1656, 1463 cm™;'H NMR ( CDCls, 300 MHZ) & 1.0-1.25 (m, 21H),
1.62-1.87 (m, 4H), 2.05-2.12 (m, 2H), 3.98-4.04 (m, 1H), 4.96 (d, J = 4.3 Hz,
1H).

5.1.35. 5-Ethoxy-2-(5H)-furanone [ y -Functionalization of
2-(Trimethylsilyloxy)furan] (Eq. 120) (107)

To a slurry of iodosobenzene (2.20 g, 10 mmol) in 20 mL of absolute ethanol
was added at 0° 2-(trimethylsilyloxy)furan (1.56 g, 10 mmol) followed by boron
trifluoride etherate (1.70 g, 12 mmol). The reaction mixture was stirred at room
temperature overnight under nitrogen. The volume of the reaction mixture was
reduced to one-third, the resulting solution was treated with a saturated
aqueous solution of sodium bicarbonate, and the aqueous layer was extracted
with dichloromethane. The combined organic phases were dried ( MgSO,) and
concentrated under reduced pressure, and the crude product was purified by
column chromatography using hexane/dichloromethane as eluant to give

0.70 g (55%) of the title product as an oil; IR (neat) 1796 (C = O)cm™;'H NMR
( CDCls, 200 MHz) & 1.23 (t, 3H), 3.8 (m, 2H), 5.95 (dd, 1H), 6.2 (dd, 1H), 7.3
(dd, 1H).

5.1.36. Methyl p-Methoxyphenylacetate [Oxidative Rearrangement of an
Aryl Methyl Ketone to a Methyl Arylacetate] (Eq. 121) (111)

Toa stirre lution of p-methoxyacetophenone (1.50 g, 10 mmol) in methanol
was added solid hydroxy-(tosyloxy)iodobenzene (4.31 g, 11 mmol) and the
reaction mixture was left at room temperature for 30 hours. Most of the
methanol was removed in vacuo, water (25 mL) was added, the resulting
mixture was basified with saturated aqueous sodium bicarbonate solution and
extracted with dichloromethane (4 x 25 mL). The combined organic extracts
were dried ( MgSO,) and evaporated in vacuo to yield the crude ester which
was purified by column chromatography to give 1.22 g (68%) of pure title
product as an oil, bp 120-122° (5 mm); IR (Nujol) 1740 cm™;*"H NMR ( CDCly)
0 3.48 (s, 2H), 3.59 (s, 3H), 3.67 (s, 3H), 6.6-7.2 (AA BB , 4H). Vacuum
distillation of the crude mixture also gave the pure product in almost identical
yield.

5.1.37. Methyl 2-Phenylpropanoate [Oxidative Rearrangement of an Aryl
Ethyl Ketone to a Methyl 2-Arylpropanoate] (Eq. 125) (109)

To a stirred solution of iodobenzene diacetate (386 mg, 1.2 mmol) and
propiophenone (161 mg, 1.2 mmol) in trimethyl orthoformate (3 mL) was
added sulfuric acid (0.1 ml, 2 mmol) dropwise at room temperature. The
reaction mixture was stirred for 10 minutes at 60°, quenched with water



(10 mL), and extracted with ether (2 x 10 mL). The organic extracts were
washed with water (20 mL) and dried ( MgSO.). The solvent was evaporated
under reduced pressure and the residue was purified by column
chromatography on silica gel to give 160 mg (81%) of pure methyl
2-phenylpropanoate, bp 104-105°(18 mm); IR ( CHClz) 1730 cm™;'"H NMR
(CDCl3) 6 1.48 (d, J =7 Hz, 3H), 3.62 (s, 3H), 3.70 (q, J = 7 Hz, 1H), 7.24 (s,
5H).

5.1.38. Isoflavone [Oxidative Rearrangement of a Flavanone] (Eq. 133)
(118)

To a solution of flavanone (1.12 g, 5 mmol) in acetonitrile or propionitrile
(15-20 mL) was added hydroxy(tosyloxy)iodobenzene (1.96 g, 5 mmol). After
the mixture was heated under reflux for about 12 hours, the solvent was
removed in vacuo and water (50—70 mL) was added. The resulting mixture
was extracted with dichloromethane (3 x 50 mL). The combined organic
extracts were washed with water and dried ( MgSQO,). Removal of the solvent
and crystallization from either petroleum ether or ethanol gave 721 mg (65%)
of isoflavone, mp 131-132°; IR ( KBr) 1640 cm™;'"H NMR ( CDCls) 5 7.32-7.78
(m, 8H), 8.01 (s, 1H), 8.31 (dd, J = 7.5 and 11.8 Hz).

5.1.39. 1,2,3,4-Tetrahydroxanthone [Oxidative Rearrangement of a
2-Spirochromanone] (Eq. 135) (121)

5.1.39.1. Method A (Thermal)

To a stirred solution of 2-spiro-(cyclopentane)chromanone (505 mg, 2.5 mmol)
in acetonitrile (25 mL) containing a crystal of p-toluenesulfonic acid was added
hydroxy(tosyloxy)iodobenzene (1.18 g, 3.0 mmol). The reaction mixture was
heated uneﬂux for 10 hours. The solvent was removed under reduced
pressure, water (50 mL) was added, and the mixture was extracted with
dichloromethane (3 x 50 mL). The combined organic extracts were washed
with aqueous sodium bicarbonate solution and water, and dried ( Na,SO,).
The solvent was evaporated under reduced pressure and the residue was
purified by column chromatography on silica gel using benzene as eluant to
give 400 mg (80%) of the title compound, mp 88-89°; *C NMR ( CDCls) 5 21.0,
21.6,21.9,28.1,117.4,118.2,124.1, 125.0, 125.5, 132.7, 155.7, 163.5, 177.3.

5.1.39.2. Method B (Ultrasound)

To a solution of 2-spiro(cyclopentane)chromanone (505 mg, 2.5 mmol) in
acetonitrile (10 mL) containing a crystal of p-toluenesulfonic acid was added
hydroxy(tosyloxy)iodobenzene (1.18 g, 3.0 mmol). The mixture kept in an
ultrasonic bath at 45° and the progress of the reaction was monitored by TLC.
After completion of the reaction (5 minutes), the mixture was worked up as
described above to afford 450 mg (90%) of the product, mp 88—89°.



6. Tabular Survey

The tables are arranged in parallel with the text and in the order of increasing
complexity of the substrates. Open-chain compounds are cited before cyclic
molecules, where applicable, in the following order: aliphatic, aromatic, and
heterocyclic. For each category, the order of citation of the various carbonyl
compounds, where applicable, is: aldehydes, ketones, esters, lactones, 3
-diketones, diesters, and mixed 8 -dicarbonyl compounds. Within each class of
compounds, attempts have been made to arrange various substituents in
order of increasing carbon chain, increasing atomic number of the element, or
further complexity of a group.

Numbers in parentheses are yields of isolated pure products, whereas a dash
indicates that no yield is reported. Where isolated yields and yields by GLC or
NMR are reported, we give only the former. Where isolated yields are not
reported and yields based on NMR or GLC are available, we give the latter
along with a footnote. Numbers without parentheses are ratios of products.

The following abbreviations are used in the tables:

Ac acetyl
BTMG N-tert-butyl-N¢,N'-tetramethylguanidine
Bn benzyl

HCIB  hydroxy[(+)-(10-camphorsulfonyl)oxyliodobenzene
H hydroxy(mesyloxy)iodobenzene

HTIB  hydroxy(tosyloxy)iodobenzene

IBD iodobenzene diacetate

IBTA iodobenzene bis(trifluoroacetate)

Mes mesityl

MOM  methoxymethyl

Ms mesyloxy
Py pyridine
Rt perfluoroalkyl

TBDMS tert-butyldimethylsilyl

TEBA benzyltrimethylammonium chloride
Tf trifluoromethanesulfonyl

TFA  trifluoroacetic acid

THF  tetrahydrofuran

TIPS  triisopropylsilyl



TMOF trimethyl orthoformate
TMS  trimethylsilyl
Ts p-toluenesulfonyl

ultrasound
(((«
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TABLE IA. a-HYDROXYLATION OF ACYCLIC KETONES VIA a-HYDROXYDIMETHYLACETAL FORMATION

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o MeO, OMe
/U\/ Et PhI(OAc),, KOH/MeOH Et Et (65) 27
Et OH
0-OIC¢H,4CO,H, KOH/MeOH "(62) 27
[e] a
1. PhI(OAc), or (PhIO), or Et (50) 27
0-01CH,CO,H, KOH/MeOH Et
2. HCl, H,0 OH
MeO_ OMe
0
/U\ PhI(OAc);, KOH/MeOH ,,h></°H @1 27
Ph
0-OIC¢H,CO,H, KOH/MeOH " (65) 193
o o A %
)J\ 1. PhI(OAc); or (PhIO), or /U\/OH Ph (60) 23
Ar 0-OICgH,CO,H, KOH/MeOH Ar p-FCgH, (70)
2. HCL, H;0 p-CICeH, (63)
p-BrCeH, 0)
p-ICHy 1)
p-O,NCeHy (48)
p-MeCeHy 45)
Pp-MeOCgHy (50)
3,4-(Me0),CeHy (40)
o MeO OM R 0000%
(4 e
/U\ PhI(OAc),, KOH/MeOH ></0H 2-pyridyl 61) 30
R R 3-pyridyl (40-45)
4-pyridyl (58)
Q MeO OMe
N N OH
[ AN PhI(OAc);, KOH/MeOH [ X (62) 30
A
N/ N
N N OMe
A\ A\ OMe
PhI(OAc),, KOH/MeOH (65) 30
¥ N on
Me Mec
o MeO_ OMe
N N OH
AN PhI(OAc),, KOH/MeOH A (65) 31a
\ \
S S
o}
1. PhI(OAc), or (PhIO), or N OH
0-0ICgH,CO,H, KOH/MeOH &\ 7 3la
2. HCl, H,0 S
Q MeO, OMe
S S OH
\« 7 PhI(OAc);, KOH/MeOH \{ 7 (69) 31a
N N
o)
1. PhI(OAc), or (PhlO), or
S OH
0-OIC¢H,CO,H, KOH/MeOH \( 7 (66) 3la
2. HCl, H,0 N
MeO, OMe
S S OH
Ph Ph
\« 7 PhI(OAc),, KOH/MeOH \( 7 (59) 3la
N N
o
1. PhI(OAc); or (PhlO), or
ph_ S OH
0-OICgH,CO,H, KOH/MeOH 7 (46) 3la
2. HCl, H,0 N—{
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TABLE IA. a-HYDROXYLATION OF ACYCLIC KETONES VIA a-HYDROXYDIMETHYLACETAL FORMATION (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
MeO OMe
/ \ S / \ S OH
s Y PhI(OAc),, KOH/MeOH N ) (58) 31a
N N:
1. PhI(OAc), or (PhIO), v
. C)y Oor or
2 " [/ \ S OH
0-OICgH4CO,H, KOH/MeOH s Oy (45) 3la
2. HCl, H,0 N
N ' o i MeO, OMe
N ¢ § PhI(OAc),, KOH/MeOH x ¢ § OH (5 3la
N i
N o
1. PhI(OAc), or (PhIO), or . |
0-OIC4H,CO,H, KOH/MeOH x \S\I)J\/OH (@4) 31a
2. HCl, H,0 iv4<
N o) N OMe
@[ \>_/< PhI(OAC),, KOH/MeOH @: WMe (50) 31a
5 S OH
1. PhI(OAc), or (PhIO), or N o
0-OICgH;CO,H, KOH/MeOH ©: \>—( @5s) 3la
2. HCI, H,0 S OH
o MeO_, OMe
)k/ PhI(OAc),, KOH/MeOH Ph an 27
Ph' OH
0-OIC¢H,CO,H, KOH/MeOH " (70) 27
1. PhI(OAc), or (PhIO), or 0
0-OIC¢H4CO,H, KOH/MeOH Ph/“\/ (57) 27
2. HCI, H,0 o1
Q A
(PhIO),, KOH/MeOH >L\ 53) 23
Ph
Ph MeO Ph
o MeO_ OMe
/ \ N >
)J\/\/N PhI(OAc),, KOH/MeOH Ph>%/v (25) 29, 30
Ph OH
o MeO_ OMe
/U\/\/ N PhI(OAc);, KOH/MeOH o (50) 29, 30
Ph
OH
2 (o Mo ome [ 0 AL %
)I\/\/N \) PhI(OAc),, KOH/MeOH >S/\/N \) Ph (60) 29, 30
Ar
Ar pMeOCH,  (44)
OH
o (\s MeO_ OMe |/\S
)I\/\/N \) PhI(OAc),, KOH/MeOH o N\) (65) 29,30
Ph
OH
B ®
— PhI(OAc),, KOH/MeOH; or Z (72) 195
N HO N OH
o o (PhIO),, KOH/MeOH MeO OMe MeG OMe
B ®
HO N/ oH p-TsOH/H,0, acetone, 4 d HO N/ OH (90) 23, 195
MeO OMe MeO OMe o] (o]

4 A mixture of this product and its isomer, 3-hydroxy-2-pentanone, was isolated in the ratio 5.8:1.
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TABLE IB. a-HYDROXYLATION OF CYCLIC KETONES VIA o-HYDROXYDIMETHYLACETAL FORMATION

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
0 MeO_ _OMe n_ Reagent %
Reagent (see table), KOH/MeOH OH 1 IBD (78) 27
) )n 1 0-OIC¢H4COH (83)
2 IBD (75)
2 0-OIC¢H,COH (74)
3 IBD (68)
3 0-OIC¢H,COH (71)
6 IBD (56)
6 0-OICHsCOH (61)
o MeO._ _OMe MeO_ _OMe
HO
IBD, KOH/MeOH + 6:1 (62) 27
OH
OMe
0-OIC¢H4CO,H, KOH/MeOH OMe (67) 27
0 OH
IBD, KOH/MeOH " @7 27
o
1. IBD, KOH/MeOH (33) 27
2. 3N HCl
OH
0 MeO_ OMe
OH
1. IBD, KOH/MeOH, 0-5°, 1 h (70) 36
2.23-25°,20 h
MOMO O MOMOMeQ (e
IBD, KOH/MeOH OH (—) 196
Br Br
MOMO MOMO
0 MeO OMe
OH
IBD, KOH/MeOH (54) 29
) X
Me Me
Me Me
N Y
LN IBD, KOH/MeOH Aﬁm’ (30-35) 29,197
0 MeO OMe
Me
N
1. IBD, KOH/MeOH OH (20) 197
2.3N HCl
o)
o) o)
IBD, KOH/MeOH (72) 198
OH
5 MeQ' OMe
1. IBD, KOH/MeOH (62) 198

0.
o8
(o]

2. 3N HCVEtOH, rt, 30 min

(PhIO),;,, KOH/MeOH, 0°

R,R %
Me, Me (80)
—CH,— (79)

32
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TABLE IC. o-HYDROXYLATION OF STEROIDAL KETONES VIA o-HYDROXYDIMETHYLACETAL FORMATION

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OH
o OMe
OMe
(PhIO),, KOH/MeOH, 0°-rt (67) 33
HO' HO'
IBD, NaOH/MeOH, 20°,3 h (70) 199
o
f. --NH IBD, NaOH/MeOH, 20°, 2 (63) 199
o]
N\ /N\
’ IBD, NaOH/MeOH, 20°,3.5 h (60) 199
.-0 -0
HO ome
o) OMe
o 0
& IBD, NaOH/MeOH, 20°, 120 h | (82) 199
_-N N
0 OMe
jo)
IBD, NaOH/MeOH, 20°, 7 h | (80) 199
.-N
0 OMe
.-OMe
0-OIC¢H4CO,H (2.4 eq), --OH (19) 42
KOH (6.6 eq)/MeOH , 70°, 8 hor rt, 15d
HO' HO'
¢} OMe
.-OMe
. “-OH 8) 42
HO' HO'
o OMe
.-OMe
" --OH (26) 42
o o
OMe
" 42

[o]
HO : {

.-OMe
--OH 22
HO
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TABLE ID. a-HYDROXYLATION OF METAL-COMPLEXED KETONES VIA DIMETHYLACETAL FORMATION

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
Q MeO_ OMe
X X OH
| IBD, KOH/MeOH, 0°-1t | (60) 35,36
NG &
Cr(CO)3 Cr(CO)3
o cowve o
Fe 1. IBD, KOH/MeOH Fe O (60) 23
<> 2.HCL H,0 <>
o < *
e 1. IBD, KOH/MeOH o E O (34) 23
Meoc—@ 2. HCI, H,0 HO >
0
MeQ OMe
= =
] IBD, KOH/MeOH, 0°-rt | OH (60) 35,36
VA 7W
Cr(CO)3 Cr(CO);
o] MeO_ OMe
= / OH
| IBD, KOH/MeOH, 0°-rt | (80) 35,36
T /A
Cr(CO) Cr(CO);
o]
O‘ IBD, KOH/MeOH, 0°-t (80) 35,36

CHCO);
o)

(R)-(—)
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TABLE II. FUNCTIONALIZATION OF «,3-UNSATURATED CARBONYL COMPOUNDS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
7L0 7Lo OH
O\)\/\fo IBD (2 eq), KOH/MeOH, rt, 40 min O\)\/K(OMC 67 40
H OMe OMe
15:5:5:3 diastereomeric mixture
OH OH
Ph _~ o
\/\f IBD (2 eq), KOH/MeOH, 1t, 30 min Ph%/OMe + Ph \)\(Wk (62) 40
H .
OMe OMe OMe OMe
53:47 diastereomeric mixture
o MeO_ OMe “ o »
) OH OH
o )H IBD (1.1 eq), KOH/MeOH, rt, 20 min Ph 76  + Ph (69) 40
l MeO MeO
o MeO_ OMeQMe
on > o IBD (1.1 eq), KOH/MeOH, 0°-rt Ph>Y2\P’h (60) 37
overnight OH
o MeO_ OMe
OH
IBD (1.1 eq), KOH/MeOH, 0°, 40 min (55) 40
OMe
(0] MeO. OMe
OH
IBD (1.1 eq), KOH/MeOH, 0°, 1 h (52) 40
OMe
(o] (o] (6]
IBD (3 eq), KOH/MeOH, 1t, 1 h 40

g

HO HO
3y * (15)
OMe



TABLE II. FUNCTIONALIZATION OF «,3-UNSATURATED CARBONYL COMPOUNDS (Continued)

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

o o
IBD (2 eq), KOH/MeOH, rt, 30 min Ho\d ¢8 + HO as) 40
Ph Ph
OMe

(o]
% Ph
(o]
OH
IBD (1.1 eq), KOH/MeOH, rt, 30 min (23) 40
OMe
[¢] (o] [¢]
HO. HO
IBD (3 eq), KOH/MeOH, rt, 30 min as) + (8) 40
OMe
w
B
©
X
0° : f

0-OIC¢H4CO,H, KOH/MeOH, 70°, 1 h 41,42
(o)

OMe I I OMe

+
(o}
I

X %1 %N %I
=0 (25) (33) (20)
OH (23) @) (22)

¢ The general workup mixture contained acetal and ketone in a ratio of 1:2.
b The reaction mixture was concentrated and subjected directly to column chromatography without workup with saturated NaCl. The mixture contained acetal and

ketone in a ratio of 2:1.
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TABLE III. C(3)-HYDROXYLATION OF CHROMONE AND FLAVONES

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
0. RrR? o OMe R! R? %
|| IBD, KOH/MeOH, 5°-t R H H 3 37,38
R! R! OH H Ph (67) 37,38
o MeO OMe
R' R? %
IBD, KOH/MeOH-THF, rt H  p-CIC¢H,4 69) 39
" H p-MeCgHy (60) 39
H p-MeOCH;  (67) 39
Cl  Ph an 39
Cl  p-CIC¢H, 68) 39
Cl  p-MeOCgHy  (70) 39
o OM: O, R? R! R? %
TR Conc HCI, acetone l | H H 90) 38
R! OH R! OH H Ph ®5) 38
MeO™ OMe o H  p-CCeHy ®5) 39
H  p-MeCeHs (82 39
H p-MeOCeHs  (84) 39
Cl Ph @87 39
Cl  p-CIC¢H, (89) 39
Cl  p-MeOCgH;  (90) 39
IBD, KOH/MeOH, rt, overnight (40) 38

or

Conc HCV/acetone
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TABLE IV. SYNTHESIS OF CIS-3-HYDROXYFLAVANONES AND RELATED COMPOUNDS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
R! R? %
R? H H (65) 37,43
O IBD, KOH/MeOH, 5-10° H Cl (70) 44
OH H Me (71) 44
R! O I H OMe (65) 44
I MeO” “OMe Cl H (69) 44
Cl OMe  (68) 44
cl Cl @ 44
Me H (68) 44
Me Cl (70) 44
R? R! R? %°
O H H (71) 43
O o H Cl (75) 44
1. IBD, KOH/MeOH, 5-10°
2.50% aq AcOH R! OH H Me (749 4
H OMe (76) a4
° Cl H (76) 44
Cl OMe (76) 44
cl cl (78) 44
Me H (75) 44
Me CI an 44
MeO. OH _Ar MeO. le) Ar MeO 0. Ar
\©iﬂ/r IBD, KOH/MeOH, 10-15°, overnight \@m{ + | 44
O Ar=3,4-MeOCgH; MeO  OMe I}
25) (50)
MeO. O _Ar
1. IBD, KOH/MeOH, 5-10° Y (72) 44
2.50% aq AcOH \©:H/\OH
0
) B B
R OH J R? o) o
| 1. IBD, KOH/MeOH, CH,Cl,, 0-5° 45
R! 2. See table R! OH
0 0
R! R? Cond %
H H A (41)
Ccl H B (51)
Cl  Me B (45)
A = Conc HCI/EtOH (1:99), pet ether
B =50% aq AcOH, 3 h, rt
o [ 0 /Y
(o) (o}
5% NaOH, rt, 30 min | (90) 45
OH OH
0o 0o
o 1\ o 1\
(o} 0
5% NaOH, rt, 30 min | (94) 45
cl OH Cl OH
0 0

2 The yields of this product are reported with respect to the product (starting material for step 2 in conditions) in the previous entry.
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TABLE V. ARYLATIONS OF CARBONYL COMPOUNDS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o] o)
)J\ Ph,IBr, K/lig NH3 Ph \)j\ 1 200
o) (0]
Pl )kr Ph,ICl, Na/r-BuOH, 26° Ph/u\ﬁ 57) 46
Ph
Ph,ICI, Na/EtC(Me),OH, 0-5° " 81) 46
[e) (o)
PhM Ph,ICl, Na/EtC(Me),0H, 0-5° Ph)\(k (23) 46
Ph
Ph
o)
)J\ ) Ph,ICl, Na/t-BuOH, reflux, 6 h ) 46
Ar Ar = mesityl
07 Ar
n
Ph.__ _CO,Et ?
2/ Ph
Ph___CO,Et Ph,ICI, NaNH,/liq NH; \g 6n o+ Ph%/“\NHZ (E2)) 47
Ph
Ph_ _CO,Et Ph
Ph,ICl, K/t-BuOH Ph+ CO,Et (28) 47
Ph Ph
0O o o o
M PhyICl, Na/lig NH; (2 eq) )J\/[k/ h 92) 52
) o o
(p-CICgHy),ICl, Na/lig NH; )J\/U\/ CHClp (44) 52
o O o o
)]\/U\/\ Ph,ICI, Na/lig NHj3 (2 eq) ph\/u\/u\/\ 98) 52
o o
o o
\)J\/U\/ Ph,ICl, Na/liq NH3 (2 eq) (50) 52
Ph
o o0 o o
) 0O O
(p-MeCgHa),ICl, Na/lig NH3 (2 eq) /\/\/U\/LK/ CeHMep 1) 52
o o o o
/U\/U\ Ph,ICl, Na/liq NH3 (2 eq) )J\/U\/ Ph (61) 52
Ph Ph
o o
(p-MeCgH,),ICl, Na/liq NH; (2 eq) /U\)J\/CGHAMC_‘D (44) 52
Ph
o O 0O O O  OPh ©
Ph,ICl, K/r-BuOH 31) + 48
Ph)J\/U\ Ph Ph/l% Ph l>h/U\/k Ph
Ph
COPh Ph PhOC OPh
Ph,ICl, K/+-BuOH ,i\ a0+ >=< 48
PhOC” COPh PROC™  JSOFR PhOC  Ph
CO,EL Ph R %
PhICl, K/t-BuOH c *CO E H (—) 47
R™ CO,Et Et0,C” ¢ COEt Et (55)
Ph 37

NHCOMe (34)
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TABLE V. ARYLATIONS OF CARBONYL COMPOUNDS (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o}
Q CO,Et
/U\/ COEt PhyIBF,, K/t-BuOH 2 (—) 47
Ph
o} o
Ph,ICl, K/t-BuOH EtOzC>—< (70) 47
EtO,C CO,Et Ph CO,Et
(o] (0] (o]
Ph Ph
Ph,IX, +-BuONa + Ph
OH OH [¢]
I n
X Solvent Temp Time I o
Br dioxane:water (1:1)  100° 2h (85 &) 201
Cl t-BuOH 83° 4h  (22) (23) 48
OTs t-BuOH 83°  4h (18) (19 48
Cl  H0 100° 4h (—) (14 48
o
C6H4N02-0
(0-OoNCgH,),1Br, t-BuONa/t-BuOH (29) 48
60°,4h
OH
o o
Ph Ph
PhyICl, 1-BuONa/-BuOH, reflux Ph (71) 48
OH (o}
[o) o} R %
N Ph,ICl, Na/t-BuOH, reflux, 12 h Ph Me (68) 46
R Ph (74)
o o}
Ph
Ph,ICl, Na/t-BuOH (28) 51
Ph
[¢] (o]
o} o}
Ph
Ph Ph,ICl, Na/t-BuOH (52) 51
Ph
(o} 0o
(o]
Ph
(Mes),ICl, Na/t-BuOH 23) 51
Mes
o
CO,Et o
o CO,Et
Ph,ICl, K/+-BuOH Ph (60) 47
PhyIOAc, BTMG, +-BuOH, reflux, 2 h " (55) 50
PhIOAc, BTMG, 1,1-diphenylethylene " (80) 50
-BuOH
o o Ar X Time %
o Ar o Ph Cl 16h (73)
>< AnIX, +-BuOK/+-BuOH, 70° >< p-CICHs Cl 72h (72) 49
o Ar o m-O,NCgHy Cl 16h  (65)
o o p-MeCgHy Br 72h  (95)
p-MeOCgH; 1 72h  (59)
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TABLE V. ARYLATIONS OF CARBONYL COMPOUNDS (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o o R Ar X Time %
o Ar o  iPr Ph Cl 26h (56)
R >< AnIX, -BuOK/t-BuOH, 70° >< i-Pr m-0,NCgHs CI 20h (55) 49
o R O  Bn Ph Cl 18h (88)
o Y Bn p-CICH, Cl 72h (82)
Bn m-O,NCgHy C1 8h  (79)
Bn p-MeCeHs; Br 72h (84)
Bn p-MeOCgH, 1 72h (60)
PhCH=CHCH, Ph Cl 12h (95)
PhCH=CHCH, p-CIC¢H, Cl 72h (87)
PhCH=CHCH, m-O,NCgH; Cl 15h (64)
PhCH=CHCH, p-MeCH, Br 72h (81)
PhCH=CHCH, p-MeOCgH; I 72h (59)
9 ol
PhyICl (2 eq) Ph (54) 46
CHO
Ph
ONa 0
Ph
‘ CO,Et Ph,IC], +-BuOH, reflux, 3 d () + several products 200
COLEt
o} o}
(o) o
CN PhyICl, +-BuOK/r-BuOH, reflux (50) 4%
CN

overnight
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TABLE VI. a-FUNCTIONALIZATION OF ESTERS UNDER BASIC CONDITIONS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
R? X Rl R? R® Base Temp Time %
CO,R! IBD, see table CO,R3 H Me OMe Me NaOMe/MeOH I8 3h  (70) 53
/©/\ H Et OMe Me NaOMe/MeOH I 3h
X X H Me OEt Et NaOEVEtOH I 3h (45)
H Et OFEt FEt  NaOEVEtOH — — (50
H Me OH H KOH/H,;0-C¢Hy  — — (50
H Et OH H KOH/H,0-C¢Hy — —  (75)
OMe Me OMe Me NaOMe/MeOH — 3h  (80)
OMe Me OEt FEt  NaOEVEtOH — = (50
OMe Me OH H KOH/H,0-C¢Hy — —  (66)
CI  Et OMe Me NaOMe/MeOH — —  (80)
cl Et OEt Et NaOEVEtOH — = 0
cl Et OH H  KOHMH,0-CgHy — — (60)
Br Et OMe Me NaOMe/MeOH — — (75)
Br Et OEt Et NaOEvEtOH — — (60)
Br Et OH H KOH/H,0-CéHg —  —  (60)
Ph._ _CO,Me COMe
IBD, NaOMe/MeOH o /‘\ 1 (65) 53
Ph OMe
CO,Me
IBD, NaOEVEtOH Ph /'\Ph (65) 53
OEt
COH
IBD, KOH/H,0-CeHg - h (75) 53
OH
MeO
@f\COZMe
IBD, NaOMe/MeOH CO)Me (50) 54
CO,Me

COMe
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TABLE VII. o-ACETOXYLATION OF CARBONYL COMPOUNDS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o R! R? %
]/“\/18 IBD, H,S04/AcOH, Acy0, 30° . R? Ph H (25) 55a
R R N pCIC¢H, H (56)
OAc p-O;NCH; H (50)
p-MeCeH, H (22)
Ph COCF;  (63)
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TABLE VIII. a-HYDROXYLATION OF KETONES UNDER ACIDIC CONDITIONS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o) o R! R?> Time %
. /U\/ R2 IBTA-TFA, MeCN, H,,0, reflux . /U\( R? cyclopropyl H 3h (74 57

OH t-Bu H 3h (41)

1-adamantyl H 3h (70)

Ph H 3h (69

4-FCgH,4 H 3h  (67)

4-0,NCgH,4 H 3h (29°

2-MeCgHy H 3h (70)

4-MeCgHy H 3h  (72)

4-MeOCgH, H 3h (58)

2-furyl H 4h  (69)

2-thienyl H 3h (73)

2,5-Me,-3-thienyl H 3h (84)

Ph Me 3h (36)

4-BrCgH, Me 4h (21

—(CHp)s— 2h  @7f

—(CHy)s— 3h (94

4 p-Nitrobenzoic acid was also obtained in 29% yield.
b The product was isolated as a dimer.
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TABLE IX. a-TOSYLOXYLATION OF CARBONYL COMPOUNDS UNDER NEUTRAL CONDITIONS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o o R! R? Solvent Temp Time %
R,)J\/ R? HTIB R.)KKRZ Me H MeCN  reflux 20min  (71) 58
OTs Me H MeCN 55°,))) 15min  (74) 202
Me Me MeCN  reflux  — —)y 58
Me Me MeCN ))  10min (91 202
Et Me MeCN reflux 10min  (94) 58
Et Me MeCN ») 10min  (92) 202
c-C3Hs H MeCN  reflux 20min  (80)* 58
c-C3Hs H MeCN ) 15min  (86) 202
Ph H MeCN reflux 45min  (73) 58
Ph H MeCN )  30min  (55) 202
4-CICgH,4 H MeCN  reflux 1-2h  (68) 64
4-BrCgH, H MeCN reflux 12h  (80) 64
4.0,NC¢H; H MeCN  reflux  1-2h  (—) 203
4-MeOC¢H, H MeCN reflux 1-2h (75) 64
2-PhCO,C¢Hs H MeCN  reflux  2h (85) 98
Ph Ph CHCl, reflux 1d  (52)° 58
/[_\)\ H CH,Cl, It 3-4d  (80) 58
S
@:l‘g_ H CH,ClL,  rt — 55 67
S
Me COMe MeCN 75°  10min  (73) 58
Me COMe MeCN 55°)))) 10min (74)* 202
Ph COPh  MeCN  reflux 20min (~100)* 58
Ph COEt  MeCN 75°  10min  (75) 58
—(CHp)— MeCN  ))) 10min (42) 202
—(CHy)s— CH,Cl, n 3h (40) 58
o] o}
HTIB, MeCN OTs (86) 58
reflux, 20 min
(o] (o]

4 The product is a mixture of TSOCH,COEt and CH;COCH(OTs)CHj in the ratio 1:1.6 as determined by 'H NMR data.

b The product is a mixture of TsOCH,COEt and CH3COCH(OTs)CH; the ratio is unknown.
€ The yield given is of crude product.
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TABLE X. a-MESYLOXYLATION OF CARBONYL COMPOUNDS UNDER NEUTRAL CONDITIONS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o 0 R! R? Temp  Time %
Rl)J\/RZ HMIB, MeCN R])H/RZ Me H 20° 18h (75) 59
OMs Me H reflux 12 min (76) 60
Et Me reflux 12 min 87) 60
c-C3Hs Me reflax 35 min 1) 60
Ph H reflux  185h (62.5) 60
@\ H t 18d (72) 60
S

Me COMe It 15 min (60) 60
Ph COPh reflux 15 min (96) 60
OEt COzEt  reflux 142 min (64.5) 60
Me COsEt  reflux 8 min (81) 60
Ph CO.Et  reflux 15 min (98.5) 60
—(CHp)4— It 70 min 49) 60

(o] (o)
HMIB, MeCN OMs (81) 60

reflux, 20 min
6] o
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TABLE XI. a-(10-CAMPHORSULFONYL)OXYLATION OF CARBONYL COMPOUNDS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
For this table, R= O
o o]
/U\ HCIB, MeCN, 80°,0.75 h /U\/ OSOR @®7) 62
o] a
i T OSO,R
)J\/ HCIB, MeCN, 80°,0.75 h RO,S O\)j\/ 6n  + )H/ ) (28) 62
1 it ’ 60 1 6.
°, 0. SO— 9 2
)\)}\ HCIB, MeCN, 80°,0.25 h )\/u\/ 0SO.R (60) +  RO;SO—O0SOR (19)
o] [o]
)j\ HCIB, MeCN, 80°,0.25 h /U\/0502R (95) 62
Ph Ph
o 0
)J\/ HCIB, MeCN, 80°, 0.75 h OSO,R (90) 62
Ph
Ph
OSO2R
Me0,C” COMe HCIB, MeCN, 80°, 0.25 h (70) 62
MeO,C COMe
(o] a
7 /U\(oso R
HCIB, MeCN, 20°, 24 h ) (95) 62
CO,Me Ph
Ph/u\/ 2
CO,Me
OSO,R
E0,C”7  COLE HCIB, MeCN, 80°, 3 h “0) 6

EtO,C CO,Et



TABLE XI. 0-(10-CAMPHORSULFONYL)OXYLATION OF CARBONYL COMPOUNDS (Continued)
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Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
0 a
o OSO,R
/U\/COZEt HCIB, CH,Cl,, 20°, 8 h Ph ) (95) 62
Ph
CO,Et
0 0]
(:f HCIB, CH,Cl,, 20°,3 h CE (38) 62
0SOR
OH OH
OSO,R
/@ HCIB, CH,Cly, 20°, 72 h /fi[ @) 62
0~ Yo 0~ Yo
0 o)
OH OH
O‘ HCIB, CH,Cl,, 20°, 24 h O‘ (65) 62
0SO,R
0 0

@ The product yields are based on 'H NMR data.
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TABLE XII. SYNTHESIS OF a-FUNCTIONALIZED CARBONYL COMPOUNDS VIA a-TOSYLOXYLATION

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
a-Hydroxylation
(0] 2
o R R! R
/U\/Rz 1. HTIB, MeCN, reflux, 1 h Rl R Et Me  (86) 66
1
R 2. NaNOy/H,0, reflux, 8-9 h OH l-adamantyl H (72)
Ph H (80)
4-MeOC¢Hy, H (78)
MeO. 0Me2 R! RZ %
1. HTIB, MeCN, reflux, 1 h R! R Ph H (55) 67
2. KOH/MeOH, 0-5°, 2 h OH 4-CICH, H  (74)
4BrCH, H (65
4-O,NCeHys H  (73)
Ph Ph  (83)
—(CHp)s— (83)
N MeO
N9 N OMe
\>_/< 1. HTIB, CH,Cl,, rt s (72) 67
S o
2. KOH/MeOH, 0-5°, 2 h G
OTs OH
NaNO,, H,0, reflux, 8 h (60) 66
Ph CO,Et Ph CO,Et
a-Aryloxylation
(o] 0 Ar Ar %
)]\ 1. HTIB, MeCN, reflux, 2 h /U\/o Ar Ph Ph an 61
Ar 2. ArOH, K,COs, dry acetone Ar Ph 4-0,NCgH,  (31)
4-BrCgH, 4-O,NCeH;  (30)
4-BrCgH, 4-MeCgHy  (47)
4-MeCgH4 Ph 35)
4-MeOgH; 4-MeCgHy  (36)



TABLE XII. SYNTHESIS OF a-FUNCTIONALIZED CARBONYL COMPOUNDS VIA o-TOSYLOXYLATION (Continued)

99¢
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Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o-Aryloxylation
o o Ar Ar %
/U\ 1. HTIB, MeCN, reflux, 2 h /U\/oco Ac  Ph Pb 67 61
Ar 2. ArCOH, EN, reflux, 1-3 h Ar 4-CIC¢H, Ph 67
4-O,NCg¢H,4 Ph (56)
4-MeOgH Ph (60)
Ph 4-0,NC¢Hy  (62)
a-Amination

@\ COMe 1. HTIB, MeCN, reflux, 1-2 h N an 66
2. Piperidine, reflux, 1 h
o]
o]

0
/U\ 1. HTIB, MeCN, reflux, 1-2 h /U\/ NEt, (65) 63, 66
Ph Ph

2. ExNH, MeCN, refiux, 1 h

(0]
1. HTIB, MeCN, reflux, 1-2 h )j\/IO 79) 63, 66
Ph

2. Piperidine, MeCN, reflux, 1 h

o o Ar Ar
)j\ 1. HTIB, MeCN, reflux, 1-2 h )J\/NHM (52-70) Ph Ph 64
Ar 2. ArNH, (2 eq), reflux, 2 h Ar 4-CICgH;  Ph
4-BrCH, Ph
4-MeOCgH, Ph
Ph 4-CICH,
Ph 4-MeOCgH,

4-BrCgHy  4-MeOCgH,
4-MeOCgHs  4-MeOCH,4

Ph \% .HTIB, CH,Cl, 1t, 1 h NYCOZE‘ (61) 66

OTMS Piperidine, reflux, 1 h

D=

. HTIB, MeCN, 1t, 1 h (50 66

. Piperidine, MeCN, reflux. 2 h

O
O

Miscellaneous
1. HTIB, MeCN, reflux, 1 h CN (64) 66
COMe ’ ! ’
2. NaCN, H;0, reflux, 1 h e}
(o] (0]
)J\ 1. HTIB, MeCN, reflux, 1 h )J\/CN (72) 63, 66
Ph 2.NaCN, H,0, reflux, 1 h Ph
o]
1. HTIB, MeCN, reflux, 1 h Ns (80) 63, 66
2. NaNj, H,0, reflux, 1 h Ph
0 0 A%
/U\ 1. HTIB, MeCN, reflux, 2 h )k/SCN Ph an 65
Ar 2. KSCN, MeCN, reflux, 5-10 min Ar 4CICH, (75

4-BrC¢Hy (78)
4MeCeH,  (52)
4-MeOCgH;  (68)

H

. HTIB, MeCN, reflux, 2 h 203

Ph 2. ﬁ
©E >=S§, reflux, 6-7 h Ph

N

H

o]
\EO
8
T
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TABLE XII. SYNTHESIS OF o-FUCNTIONALIZED CARBONYL COMPOUNDS VIA o-TOSYLOXYLATION (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
O N
. HN
OTs HN_ NH, acet flux, 1 h /k 7 203
, acetone, reflux, ~
Y s” N
0N § )
OEt N;
Pho 1. HTIB, MeCN, 1t, 2 h (40) 66
OTMS

2. NaNj, HyO, reflux, 1 h Ph CO,Et




TABLE XIII. a-PHOSPHORYLOXYLATION AND o-PHOSPHONYLOXYLATION OF CARBONYL COMPOUNDS

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

69¢€

(o] 0 R! R?  Solv  Temp Time %

1 )k/gz PhI(OH)OPO(OPh), ‘ )H/Rz Me H  MeCN reflux 30min (81) 68
R R

¢-CsHs H MeCN reflux  3h  (59)

0 p=0 Ph H  MeCN refluix 33h (59
(©Ph), Ph COPh CHCl, rt 15min (90)
—(CHpse— CHClL 1t 75h (62)
" o
R i oo Rl R? Time %
~
/\H\C%H PhI(OH)OPO(OPh),, CH,Cly, 1t (PhO)” O H H 2h4omn G5 6
R! H Me 8h,43min (64)
Rl RZ
OH H 24h (125
le) lo) R! R? Solv Temp Time %
M w PhI(OH)OPO(Me)OPh 1 R? Me  H  acetone refix 3h  (75) 69
R R Ph H  MeCN reflix 1h  (48)
Ospz0 Ph COPh CHCl, rt 20min (68)
\
PR Me —(CHps—  MeCN reflix 3h  (45)
0
I
o T ~0oPh
Me
PhI(OH)OPO(Me)OPh, MeCN, reflux (30) 69
(0] (0]

><_
>__
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TABLE XIV. o-HYDROXYLATION OF SILYL ENOL ETHERS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTMS o B
1. (PhIO),, BF3*OEty, H,0, 0-5°, 2 h )J\/OH -Bu (83) 7
R 2.1,2h R Ph (65)
4-CICeH, (68)
4-0,NCeH,  (70)
4-MeOCgH;  (72)
2-furyl (78)
2-thienyl (50)
2-pyridyl (62)
3-pyridyl (54)
OTMS A\ 0
N 1. (PhIO),, BF3+OEt,, H,0, 0-5°, 2 h (59) 7
o 2.1t,2h o OH
OTMS 0
/I%/ 1. (PhIO),, BF3*OEt,, H,0, 0-5°, 2 h Rl OH (74) 71
Ph 2.1,2h
OTMS o R _ %
/& 1. (PhIO),, BF3+OEty, CH,Cl, -40°, 1 h JK/OH Ph (57) 70
R 2.11,0.5h R 4-CICeH, (63)
4-MeOCeHs  (65)
2-pyridyl (45)
3-pyridyl (38)
OTMS OH
>=< (PhIO),, H,0, 1t 16 h an 72
oMe CO,Me
Ph OTMS OH
\=< 1. (PhIO),, BF3+OEty, CH,Cly, 0°, 1 h (64) 72
OMe 2.1,3h Ph™ “COMe
o)
@OTMS 1. (PhIO),, BF;+0FEty, H,0, 0-5°, 2 h on (80) 71

2.rt,2h




TABLE XV. o-ALKOXYLATION OF SILYL ENOL ETHERS
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Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTMS (o] R! R2 R® %
R‘)\/Rz 1. (PhIO),, BF3+OEt; (2 eq), R! R? 1-Bu H Me (85) 73
R30OH, CH,Clp, -70° 1h OR3 Ph H Me (78)
2.rt,2h 4-CIC¢H; H Me (76)
4.0)NCgHs H  Me (68)
4-MeOC¢H4 H Me (71)
2-furyl H Me (60)
2-thienyl H Me (54)
2-pyridyl* H Me (70)
Ph H Et (80)
Ph H iPr (45)
Ph Me Me (75)
OTMS (0]
/& (PhIO),, MeOH /U\/OMe (78) 72
Ph Ph'
| A l X
|
Z 1. (PhIO), (2.2 eq), BF3°OEt; (6 eq), oz 71 73
N ( )n (2.2 eq), BF3*OEt; (6 eq) MeO N)\[(\OMe (71)
MeOH, CH,Cl,,-70° 1 h
OTMS OTMS (o] (o]
2.1t,05h
OTMS OMe
>:< (PhIO),, MeOH, reflux, 3 d (64 7
OMe CO,Me
Ph OTMS OMe
— (PhIO),, MeOH, rt, 3 d [&2))] 72
OEt Ph CO,EL
OEt
(PhIO),, EtOH, rt, 3d (62) 72

Ph CO,Et
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TABLE XV. a-ALKOXYLATION OF SILYL ENOL ETHERS (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
Q—oms 1. (PhIO),, BF3OEf, (2 eq), OMe 18) 72,73
R30H, CH,Clp, ~70°, 1 h
2.1, 2h; o
or
(PhlO),, MeOH
OMe
\ PhIO H 2
Q\OTMS (PhIO),, MeOl (56) 7
1o) (o]
OMe
(PhIO),, MeOH (I (63) 72
O (o]

G

O OTMS

“ For this reaction, 3 eq of reagent were used, and the reaction remained at rt for only one hour.
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TABLE XVI. a-SULFONYLOXYLATION OF SILYL ENOL ETHERS

Substrate

Reagent-Conditions

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

Refs.

Ketones

OTMS

2
Rl)\/R

OTMS

R

OTMS

2
R NAR

OTMS

HTIB, CH,Cl,, 1t, 2 h

HMIB, CH,Cl,, 1t, 2 h

(PhIO),, TMSOTY, CH,Cly, 2 h

HTIB, CHyCly, 1t, 2 h

OTs

R! R? %

Ph H 92)
2-furyl H (88)
2-thienyl H (90)
2-pyridyl H (78)

—(CHp)s— (85)

R %
Ph (89)
2-furyl  (90)

R! R? %

Ph H (70)

4CICH, H (53)
2furyl H (70)
2-thienyl H (69)
Ph Me (77)
—(CHp)y— (64)
—(CHp)s— (74)

(80)

74

74

75

74
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TABLE XVI. o-SULFONYLOXYLATION OF SILYL ENOL ETHERS (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
Esters
(0] 1 2
1 A OTMS ' u—‘%_
R HTIB, CH,Cl,, 1t, 2 h R OR? Et Me (65 74
OR? OTs Ph Me (81)
Ph  Et  (60)
(o] 1 2
s OTMS ] R R %
R ’r\/ HMIB, CH,Cly, 1t, 2 h R OR? Et Me (65 74
OR? oM Ph Me (65)
Ph Et (85)
OTMS 0 4
— o HTIB, CH,Cly, 1t, 2 h (69) 74
o)
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TABLE XVII. o-ACETOXYLATION AND a-TRIFLUOROACETOXYLATION OF SILYL ENOL ETHERS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTMS o)
1. IBD, CH,Cl,, 1t OAc 67) 76
2. BF3°OEt,
OTMS 0O a
/‘\ 1. IBD, CH,Cly, 1t )J\/OAc (90) 76
Ph Ph
2. BF3°OEt,
OTMS o]
1. IBD, CH,Cly, 1t /\/U\/OAc 78 76
%M ,Cly, Ph X (78)
2. BF3*OEt,
OTMS 0o
OAc
1.IBD, CH,Cly, 1t (81) 76
2. BF3*OEt,
[o]
0,CCF3
IBTA, Py, CHCl;, 2 h (60) 76

¢ o-Acetoxyacetophenone is produced in 87% yield when enol acetate of acetophenone is treated with IBD in acetic acid.



TABLE XVIII. a-PHOSPHORYLATION OF SILYL ENOL ETHERS OF KETONES

9.€

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTMS o (l? Ar R %
A /&CHR 1. (PhIO),, BF3*OEt,, CH,Cl,, —40° Ar /U\r P__ O Ph H (76) 77
t
2. P(OEt);, 40° to rt (OED, mBiCgHy H  (62)

R p-MeCéHy H (81)

p-MeOC¢Hy H (83)
Ph Me (75




TABLE XIX. o-PHOSPHORYLOXYLATION OF SILYL ENOL ETHERS OF KETONES

L1€

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OT™S o R %
p-MeCgHyIF,, H3PO4, t-BuOH )J\/o PO Me (64) 78
R 3 +-Bu (73)
Ph (63)
2-furyl (60)

2-pyridyl  (60)
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TABLE XX. CARBON-CARBON BOND FORMATION VIA SILYL ENOL ETHERS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
Self Coupling
o R %
TMSO 1. (PhIO),, BF3*OEt,, CH,Cly, -40°, 1 h MR -Bu (55) 80
>= 2.1, 1h R Ph (48) 79, 80
R Y 0-HOCgH, (43) 79, 80
p-FCeHy (60) 80
p-CICeH,4 (62) 79, 80
p-O;:NCeHy (50) 80
p-MeCgH, (57 80
Pp-MeOCgH, (58) 79, 80
2-furyl (50) 80
2-thienyl (56) 80
4-Cl-2-thienyl  (54) 80
4-Me-2-thienyl ~ (59) 80, 81
2-benzofuryl (63) 80
o} R %
(PhI);O(BF,);, CH,Cl, 1t R )k/\rrk Ph - 204
or p-CIC¢H, [
(PhI),0(PFe)s, CHyCly, 1t ° Pp-MeCgH, )
OTMS 0 0
O/ PhIF,, BF3+OEt,, ~78° to ~10° (82) 82
Cross Coupling Ar Ar' %
J\ N /“\ 1. (PhIO),, HBF;+OMe,, CH,Cl,, o Ph p-CICeH, 42) 84
Ar” oTMs  ArT OTMS -0t 0° A,)J\/\n/“' Ph P-ONCH,  (27) 84
2.-78° o Ph p-MeCgH, (40) 84
Ph p-MeOCeH;  (34) 84
p-CIC¢Hy  Ph (46) 84
p-CIC¢H,  p-MeCgH, 43) 84
p-CICsH,  p-MeOCH,  (51) 84
p-CICHy  p-CIC¢H, (38) 84
p-O;NCeHs  p-MeOCgH,  (61) 84
p-O,NCeH; p-MeOCgHs  (27)° 80
p-MeCgH,  Ph @31 84
0
PhJ\OTMs+ TSN ’ \/\)J\Ph “
o
+onCHY X " /\/\/[J\ (20) 83,84
n-C3H7 Ph
0
+ on /K WJ\% (59) 84
Ph
+ X " /[? (80) 84
Ph N
Ph Ar n %
/”\ Q\ Ph 1 (40) 84
+ " (o} Ph 2 (50) 83,84
A" TOTMS . O [(\_/)Qf p-CICgH, 1 @44 84
p-O,NCeHs 1 (75) 84
p-MeCgHy 1 (55) 84
p-MeCeHy 2 (50) 84
p-MeOCgH; 1 (30) 84

4 The conditions of this reaction were the same as that of the first entry of this table, Table XX.
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TABLE XXI. o-PERFLUOROALKYLATION OF SILYL ENOL ETHERS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
NP Sorms n-CgF171(Ph)OSO3H, CH,Cly, t, 4 h nCeF” NP cHo (54 85
CHO
AN NomMs n-CgF171(Ph)OSO,CF3, CH;CN, 1t, 1 h (65) 85
n-CgFy7
9 R! R2 R Solv  Time %
OTMS .
SR RA(Ph)OSO,CF3, Py, 1t R! Me H nCgFy; CHClL 1h (88) 85
R! Re nCeH; H GFs MeCN 12h (77)
t-Bu H nCgFy; MeCN 05h (82)
Ph H i-CsF; CH)Ch, 2h (79
—(CHps—  nCeF;3 MeCN 07h (71)
o R! R? R Solv.  Temp Time %
2
RA(Ph)OSO3H, Py R;)H/R Me Ph CFs  CH)Cl reflux 1h (59) 85
Ry Ph H CFs  CHyCl reflux 0.7h (85)
—(CH)s— n-CsF;; MeCN 45° 05h (76)
—(CHp)y— n-CioFy MeCN 40° 1h (80)
—(CHps— n-C¢F;3 MeCN 45° 05h (83)
C,FsI(Ph)OSO,CF3, Py, CHyCl (72) 205
CyFs
OTMS o]
n-CgF171(Ph)OSO,CFs3, CH,Cly, 1t, 2 h (;E:\LO (85) 85

: : OTMS

Il-CgF”
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TABLE XXII. 1H,1H-PERFLUOROALKYLATION OF SILYL ENOL ETHERS
Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o) 1 2 .
OTMS R R* R¢ Solv Temp Time %
)\/Rz R¢CH,I(Ph)OSO,CFs3, KF (0-5 eq) Rn)j\(\Rf n-CH;3 H CFs CH,Cl, rt 15h (80) 86
Rl
R? nCeH;s H CpFs CHCl, rt 4h (63)
n-Cg¢Hj3 H n-CjF;s CHCl, It 8h (45)
Ph H CF CHClL, rt 15h (87)
Ph H CF; CH,Cl, rt  3h (40)
Ph H CF; CHCl3 It 4h (45)
Ph H CR THF . Sh (3
Ph H CF; Et,0 t 4h (39
Ph H CF; CH,Cl, rt Sh (16)
Ph H CyF;s CHClL, rtt 4h (67)
Ph H GCyF;s CH)Cl, reflux 3h (87)
Ph H iCF; CHCl, rt 8h (I18)
Ph H i-CiF; CHCl, reflux 7h (32)
Ph H nCF;s CHCl, rt 12h (50)
Ph H nCF;s CHCl, reflux 10h (54)
PhCH=CH H CF; CHCl, rt  15h (759
Ph Me CF; CHCl, rt 15h (55
OTMS [o]
CF3CH,I(Ph)OTE-KF (5.2 eq) W (42) 86
N Ph CF
Ph CHyClp, 1t, 1.5h 3
OMe CH,CF;
n-CeHyz™ ™ " (76) 86
OTMS n-CeHy3 COMe
OEt CH,CFs3
Ph™ " 92) 86
OTMS Ph CO,Et



TABLE XXII. 1H,1H-PERFLUOROALKYLATION OF SILYL ENOL ETHERS (Continued)

8¢

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTMS 0 n R %
R(CH,I(Ph)OTE-KF (5.2 eq) CH,R¢ 1 nCHs @) 36
CH,Cly, 1t, 1.5h 2 CF3; (49)
n n 3 Ch 71)
OTMS (o]
N +CH,CF3;
CF3CH,I(Ph)OTE-KF (5.2 eq) 53) "

CHzClz, t, 1.5h

% The product is the trans isomer
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TABLE XXIIl. a-PHENYLATION OF SILYL ENOL ETHERS OF KETONES
Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o
OTMS
/\/J\ 1. PhyIF, THF, —40°, 2 h 24 87
2.10°2h Ph
OTMS o}
\(&( . j)KﬁPh 20) 87
OTMS o}
. ><U\/Ph 67 87
s o
OTM!
/& " )H/ Ph @7 87
Ph Ph
OTMS o
O | S '
Ph
OTMS o
" % :Ph 45) 87
OTMS 0o
© - ér”‘ (88) 87
S o}
" (78) 87

Crs

<
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TABLE XXIII. a-PHENYLATION OF SILYL ENOL ETHERS OF KETONES (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTMS o
1. PhyIF, THF, —40°, 2 h Ph an 87
2.10°%2h
Me-< N Me< N
Ph
Ph,IF, THF, CH,Cl, (11) 88
¥~ TOTMS " No
o ]
Me< N Me~ N
Ph
1. PhyI*I-, THF, DMF, —45°, 2 h an 88
) OLi 2. 1t, overnight ) [¢]
o o
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TABLE XXIV. o-AMINATION OF SILYL ENOL ETHERS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTMS v R R %
_ NHTs
SR PhI=NTs, MeCN R! nBu H (70 89
1
R CuClOy (5-10 mol %), —20° R? Ph  H (75
Ph Me (58)
OTMS NHTs R_Temp %
— PhI=NTs, MeCN, CuClO; (5-10 mol %) Me 25° (27) 89
n-Bu OR n-Bu” "COR Me -20° (10)
Ph  25° (43)
Ph  —20° (50)
OTBDMS NHTs
— PhI=NTs, MeCN 45) 89
n-Bu OPh CuClOy (5-10 mol %), 25° n-Bu”  “COPh
OTMS 0
PhI=NTs, MeCN NHTs (64) 89
CuClO;4 (5-10 mol %), —20°
OTMS [0}
PhI=NTS, MeCN NHTs (53 89

CuClO; (5-10 mol %), -20°
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TABLE XXV. 0o-FUNCTIONALIZATION OF B—-DICARBONYL COMPOUNDS WITH IODOSOBENZENE

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o) fe) 0 0 R! R? %
M 1. (PhIO),, CHCls, TMSN; (2 eq), it, 2 h RIMRZ Me Me (76) 90
1 2
R R 2.Reflux, 3h Na Ph Me (70)
Me OMe (52)
Ph OEt (70)
(0] (o] R! R? %
(PhIO),, CHCl3, MeSO3H, reflux, 2 h R,MRZ Me Me (83) 90
OMs Ph Me (73)
Me OMe (76)
Ph OEt (76)
o o R! R? %
(PhIO),, BF3+OEt,, MeOH, 1t, 5 h RlMRz Me Me (67) 90
OMe Me OMe (63)
o o R! R? R? %
(PhIO),, BF3+OEt, (0.65 ¢q), CHCI;, reflux, 3 h R‘)J\(U\RZ Me Me CH(COMe), (74) 90
R Ph Me CH(COPh)COMe (76)
Me OMe CH(COMe)COMe (46)
Ph OEt CH(COPh)COEt  (68)
o o
0o o
M (PhIO),, BF3+OEty, EtOH, rt Ph OH (46) 91
Ph OH
HO,C~ COPh
0 o0
0O o0
/U\/U\ (PhIO),, BF3*OEtz, EtOH Ph OEt (59 %
Ph OEt
OEt
0 0
)]\/COZMC (PhIO),, BF3*OEt;, MeOH, rt, 8 h /U\/OMe (63) + > coMe (24 90
Ph Ph




TABLE XXVI. a-FUNCTIONALIZATION OF B-DICARBONYL COMPOUNDS WITH IODOBENZENE DIACETATE

/8¢

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o o
o o
IBD (3 eg), AcOH, H,0 M (22) 55
FiC /U\/U\ Ph F5C Ph
OAc
o o
o o
)J\/U\ IBD (3 eq), AcOH, H;0 h P (24) 55
Ph Ph
OAc
[o] 0
OMe
IBD (2 eq), MeOH, H,SO4, 11, 2 h 44 92
OMe
o o}
0o
OEt
IBD (2 eq), EtOH, H,804, 40°, 2 h (49) 92
OEt
o]
[} 0
Ph
Ph IBD (3 eq), AcOH, H,0 (35) 56
OAc
o} o]
o 00 R Time %
lo) le) R o Me Th (45)
R >< IBD, K,CO;, TEBA, CHCl, >< >< (CH,),CN 11h  (39) 93
o 0— R o} Bn 10h  (47)
Y 00 p-CICH«CH, 8h  (52)

p-MeCH,CH, 11h  (42)
p-MeOCGH,CH, 10h  (48)




TABLE XXVII. PERFLUOROALKYLATION OF ENOLATE ANIONS OF -DICARBONYL COMPOUNDS WITH PERFLUOROALKYLIODONIUM TRIFLATES

88¢

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
A\ OEt CO,Et
p, n-C3F;1(Ph)OTf, DMF, rt, 1 h (20) 94
n-F,Cy CO,Et
CO,Et
CO,Et
i-C3F7I(Ph)OTS, DMF, t, 1 h 3 94

iF,Cy” | COgE

CO,Et
n-CgF171(PhYOTf, DMF, 1t, 1 h (24) 94
n-Fy7Cg”" | ~CO,Et

_CO,Et ﬁ OCgFy7-n
(4
i - Na* n-CgF7i(Ph)YOTf, DMF, 0°,3 h (28) + >:< 3) 94
Ao wEnCr COR: BO,C

CgFi7-n
n-CgF171(Ph)OTf, DMF, 0°, 3 h o OCgF7-n  (26) + 0%40 @] 94
9 Na* o] OCgF7-n

1
&I-COE n-CyF7I(Ph)OTE, DMF, 0°, 3 h COEL Qo) + CoOEt ® 94
CgFy7-n




TABLE XXVIII. SYNTHESIS OF SPIROOXETAN-3-ONES VIA INTRAMOLECULAR PARTICIPATION OF HYDROXY GROUP

68€

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
1) (o]
<:><u\ IBD, KOH/MeOH, 20° <:>2g (~10) 95
OH o
o (0}
.-OH -0 R Time %o
-R IBD, KOH/MeOH, 20° -R H Sh (70 95

Me 45h (75)

HO' HO NHAc 1h (70)
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TABLE XXIX. SYNTHESIS OF COUMARAN-3-ONES VIA INTRAMOLECULAR PARTICIPATION OF PHENOLIC GROUP

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OH O OMe
1. IBD, KOH/MeOH, 0-5° 0 26
2.1t,2h OMe
o (o]
OH
O oMe
" oMo 35) 26
fe) o]
OH O oMe
" @ 26
o o
OH O OMe
on " P (40) 26
o 0
OTMS
1. (PHIO),, BF3+OEt,, ether, H,0, 40°, 1 h O,
2.-40°tort, 1h @31y 99
3.1,05h
OTMS 0
R! OCOPh 1
R 0, R' R %
, 1. HTIB, dioxane, reflux, 2 h COPh H H 0 98
2
R 2. KOH, rt to reflux, 0.5 h R \ H a @8
o Me Cl (75
OMe H (74)
1 2
R! OH R! o o R! R Ar %
1. IBD, KOH/MeOH, 0-5°, 1 h H H Ph (5) 97
2 2.1t,2h R2 e H c Ph ) o7
6 & 3. 6N HCl ° Me C  Ph —) 97
MeO H Ph =) 97
H COMe Ph (82) 206
H COMe p-MeCeH; (80) 206
H  COMe p-MeOCeH, (86) 206
H COEt p-MeCeH:s (79) 206
H COEt p-MeOCeH; (82) 206

%In addition to coumaran-3-one, o-hydroxy-o-hydroxyacetophenone and 1,4-di(o-hydroxyphenyl)butane-1,4-dione (self-coupling) products were also
obtained in 25 and 25% yields, respectively.



TABLE XXX. SYNTHESIS OF LACTONES VIA INTRAMOLECULAR PARTICIPATION OF CARBOXY GROUP

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

26€

€6¢€

o) Ph
)j\/\/cozﬂ HTIB, CH,Cl, reflux, 15 h ?,/@O (74) 100

=
o

COH
MeO.
HTIB, CH,Cl,, reflux (78) 100
o
COH o
[¢]
;& " l E / (76) 100
0 0
COH 0
o (o]
o o 0
" (48) 100
o 0
CO,H o
o o

o o 0@
CO,H " (36) 100
0]
MeO MeO o
o

HO,C
0 -. 4000eRE o
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TABLE XXXI. CHLORINATION OF KETONES AND B-DIKETONES

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o] i ?
)]\/ PhICl,, AcOH )J\( + )g( 80:20 (—) 101
Cl o
o 0
PhICly, hv, C¢Hg /lH/ + )S( 98:2 (—) 101
Cl " a
0 o R! Time %
BnMe3sN*ChLI- (2 e Ph 3h 97 102
R]/U\ " SNCLI™ (2 eq) R‘)J\/Cl o7
(CH,),Cl, MeOH 4-CIC¢H, 6h (97 102
3-BrCgHy 5h  (66) 102
4-BrCeH, 5h  (98) 101
2-HOCGH, 10h  (73) 102
4-HOCgH,4 10h  (95) 102
4-MeCgH, 10h  (99) 102
3-MeOCgH$ 3h (95) 102
4-MeOCgH,4 3h 97) 102
4-EtCgHy 5h  (98) 102
2,5-(Me0),CéH; 4h (95 102
2-naphthyl 5h 99) 102
2-thienyl 3h 95) 102
o o] R! R? %
)j\/Rz PhICl,, AcOH R )H/Rz 4-BrCeH, H (70) 102
R! I8 Ph Ph (80) 101
4-MeCgHy Ph (85) 101
1,3,5-Me;sCgH, Ph (85) 101
Ph COPh  (80) 101
/) o BnMe;N*ClI~ (2 eq), THF, 1t, 12-16 h /Y 0 (85) 103
N N
H H a
O, 0, Cl
N N
H H
I\ 0 I\ 0
. " N 95) 103
Me Me Cl
(o O Cl
N N
Me Me
7\ 0 7\ 0
N " N (85) 103
Et Et a
(0} Q Cl
[\fL " I\ 81) 103
N N
Et Et
I\ 0 I\ 0
N " N (78) 103
Ph Ph a
o] O, Cl
F\fL B o 1
N N
Ph Ph
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TABLE XXXI. CHLORINATION OF KETONES AND B-DIKETONES (Continued)

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

'\ o I\ 0

N " N (82) 103
Bn Bn Cl

0 0, Cl
I\ ! I\ (6) 103
N N

Bn Bn

Cl

[¢] (o] (o) (o]

PhICl,, AcOH =) 101
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TABLE XXXII. OXIDATION OF STEROIDAL SILYL ENOL ETHERS BY p-(DIFLUOROIODO)TOLUENE

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OAc
F.
p-MeCgH,IF, (375 + an 104
CF,CICFCl,, MeCN (1:1 o } (o) \
2 2, (11 i i
4:6, 20 + 2B
o)
" F (22.5) 104
\\ i
168 (no 160)
§
TMSO. o
" No reaction 104
" (67.5) 104
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TABLE XXXIII. a-IMIDYLATION OF KETONES

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o (o]
(o]
(0]
RI)H PhI N}XD Rl/lH/N\ 107
R2 S S
0, 2 RZ O
R! R? Solv Temp Time %
H Me acetone  reflux 2h  (57)
H Et butanone reflux 6h  (18)
Me Et — 65° 5h (18)
H Ph — 70° 5h (70)
H p-MeCeHy — 70° 5h (75)
—(CHa);— — 70° 4h (45)
—(CHp)s— — 55° 4h (51)
(o]
108

0 0
0 Ph—<;
J PhI—{N ,70°, 30 min N 0
Ph
0 0

2
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TABLE XXXIV. LACTONES TO HIGHER HOMOLOGOUS a.3-UNSATURATED LACTONES VIA TRIMETHYLSILYLOXYCYCLOPROPANOLS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTMS (0]
(PhIO),, (n-Bu)sNF, THF, CH,Cl, (72) 108
OTMS A n %
N (PhIO),, (n-Bu)4NF, THF, CH,Cl, )\ ) 108
n n 2 (5
3 (62)
9 (18
(PhIO),, (n-Bu)4NF, THF, CH,Cl, (73) 108
OTMS o
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TABLE XXXV. B-FUNCTIONALIZATION OF TRIISOPROPYLSILYL ENOL ETHERS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
OTIPS % TIPSO
OTIPS —_— N
\)\/ (PhIO),, TMSN3, CH,Cl, Z 42 + N3 (28) 109
E (32
N (32)
OTIPS OTIPS
é (PhIO),, TMSN3, CH,Cl, (73) 109
N3
OTIPS OTIPS
S 1. (PhIO),, TMSN;, CH,Cl, N | (62) 109
2. CH,=CHCH,SnBus, Me,AICI
0 0
OTIPS OTIPS
© (PhIO),, TMSN;, CH,Cl, (83) 109
N3
OTIPS OTIPS
é/ (PhIO),, TMSN3, CH,Cl, (95)2 109
N;
OTIPS OTIPS
(PhIO),, TMSN;, CH,Cl, (95)* 109
N;
OTIPS OTIPS
(PhIO),, TMSN3, CH,Cl, (76) 109
N3
0" o o~ Yo
/ -/
OTIPS OTIPS
(l? (PhIO),, TMSN;, CH,Cl, N; 95y 109
OTIPS OTIPS
H H
(PhIO),, TMSN3, CH,Cl, f (89) 109
o Ns

h

% The yield reported is that of crude product.

b The E/Z ratio = 4:1.



k4014

TABLE XXXVI. 5-SUBSTITUTED-2(5H)-FURANONES VIA y-FUNCTIONALIZATION OF SILYL ENOL ETHERS

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
a — R Solv %
QOTMS (PhIO),, ROH, BF3*OEt,, solvent R O/@O Et — (55) 111
Ac CH,Cl, (72)
Ms  CHuCl, (67)
p-TS CH2C12 (66)
(PhIO),, TMSN;, BF3*0Et;, CH,Cl, /(_X (51 111
Ns o~ O
[ﬁ (PhIO),, MsOH, BF3*OEt,, CH,Cl, /(_i (74) 111
o~ ~OTMS MsO™ Ny 0
OAc
@oms (PhIO),, ACOH, BF3*OEt,, CH,Cl, ©Eg:0 (65) 11
o
(o]
OTs
(PhIO),, p-TsOH, BF3*OEty, CH,Cl, ng:() (62) 111
(o]
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TABLE XXXVII. 2-ARYL (AND HETEROARYL)ALKANOATES BY 1,2-ARYL MIGRATION OF ALKYL ARYL KETONES

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o R
/U\/R Reagent, acid, solvent (See table)
Ar Ar CO,Me

Ar R Reagent Acid Solv Temp Time %

Ph H (PhIO), H,SO, MeOH I 2-3h (61 115
Ph H (PhIO), FSO3H MeOH g 12h (6D 114
Ph H IBD H,SO; MeOH  60° 1h (59)° 113
Ph H HTIB — MeOH It 36h  (57) 114
p-FCeHy H HTIB — MeOH It 45h (5D 115
p-CIC¢H,4 H (PhIO), H,SO; MeOH n 23h (537 115
p-CIC¢H, H (PhIO), FSO;H MeOH I 12h (50 114
p-CIC¢Hy H HTIB — MeOH It 40h  (55) 115
p-BrCeHy H IBD H,SO, MeOH  60° 5h 44y 113
p-MeCgHy H (PhIO), H,SO; MeOH It 2-3h  (63)° 115
p-MeCgHy H IBD H;SO; MeOH  60° 50min (68)° 113
p-MeCgHy H HTIB — MeOH It 30h  (62) 115
0-MeC¢Hy H IBD H,SO; MeOH 60° 1h (62 113
p-MeOCgHy; H (PhIO), FSO;H MeOH I 12h (71 114
p-MeOCcHs H (PhIO), H,SO4 MeOH t 2-3h (70)¢ 115
Ph Me  (PhIO), H,SO; TMOF It 10h (78) 115
Ph Me HTIB — TMOF It 20h  (75) 115
Ph Me IBD H,SO, TMOF  60° 10min (81) 113
p-FCeH,4 Me IBD H,SO, TMOF  60° 5min (82) 112,113
p-MeCgHy Me IBD H,SO4, TMOF  60° Smin (85) 113
p-MeOC¢Hy Me  (PhlIO), H,SO4 TMOF It 3h (81) 115
p-MeOC¢H; Me  HTIB — TMOF It 15h  (77) 115
p-MeOC¢Hy Me  IBD H,SO4 TMOF It lh (88) 113
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TABLE XXXVII. 2-ARYL (AND HETEROARYL)ALKANOATES BY 1,2-ARYL MIGRATION OF ALKYL ARYL KETONES (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
(o]
OO (PhIO),, H,SO;, TMOF, 1t, 3 h OO CO,Me (80) 115
MeO MeO
HTIB, TMOF, 1t, 12 h Oe CO,Me 73) 115
MeO
o_ _R! o _R!
Reagent, acid, solvent (See table) MeO,C 116
R R? R?
(¢} [¢] R (o]
R R R? Reagent Acid Solv.  Temp %
H Me Me  (PhIO), BF3ELO MeOH 1t (70) 116
H Ph Me  (PhlO), BF3Et;0 MeOH rt  (70) 116
Me Me Me IBD H,S0, TMOF 50-60° (95) 116
Me Ph Me IBD H;S0, TMOF 1t (95) 116
Me Ph OMe IBD H,S04 TMOF 94) 207
Me Ph OBn IBD H,S0; TMOF 1t (95) 207
Me p-CiC¢H; OMe IBD H;SO,  TMOF (95) 207
Me p-CICH, OBn IBD H,S0, TMOF 1t (96) 207
Me p-MeC¢Hy OMe IBD H,S04 TMOF It (96) 207
Me p-MeCgH; OBn IBD H,S0, TMOF 1t (94) 207
Me p-MeOC¢H; OBn IBD H,SO, TMOF rt  (92) 207
Et Me Me IBD H,S04 TMOF (90) 207
Et Ph OBn IBD H;$0, TMOF 1t (90) 208
Et p-CICHy OMe IBD H,SO4 TMOF 1t (90) 208
Et p-CICHy OBn IBD HSO; TMOF 1t (80) 208
COEt COMe Ar %
O __Ar o. _Ar Ph (90-95)
IBD, (2 eq), H,SO4. TMOF p-CIC¢Hy (90-95) 209
p-MeCeHy (90-95)
o) ) p-MeOCgHy (90-95)

4 The yield is based on 'H NMR of crude ester.

b The corresponding o-methoxyacetophenones were isolated in 13-18% yields.

¢ The reaction time was 5 h.



TABLE XXXVIII. OXIDATIVE REARRANGEMENT OF 3-AROYLPROPIONIC ACIDS

90

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o] CO,Me
Ph/lk/\COZH IBD, H,SO4, TMOF, 60°, 2 h o /\/cone (87) 113
o COMe
/©)j\/\C02H IBD, H,S04, TMOF, 60°, 2 h COMe 6) 113
Br Br
o CO,Me
/©/[vcozﬂ IBD, H,SO4, TMOF, 60°, 1 h CO,Me (81) 113
i-Bu i-Bu
o) CO,Me
/©/U\ACOZH IBD, H,SO,, TMOF, 60°, 2 h COMe (82) 113
c-CeHyy c-CeHyy
(¢] CO,Me
N )J\/\COZH IBD, H,80,, TMOF, 60°, 1 h Ar)\/COzMe (74) 113

Ar = 2-naphthyl

CO,Me
IBD, H,SO,4, TMOF, 60°, 5 h )\/cozm . (75) 113
CO,H Ar

*

}o
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TABLE XXXIX. METHYL a-SUBSTITUTED ARYLACETATES FROM THE OXIDATIVE REARRANGEMENT OF ARYL METHYL KETONES

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o) OMe Ar %
)J\ IBD (2.2 eq), H,SO4, TMOF, overnight Ph (82) 118
Ar Ar” DCOMe P-CICeH, ©0)
p-BrCeH, (84)
p-MeCgHy (84)
p-MeOCeH,  (86)
0. MeO. CO,Me HO. CO,Me Ar %
O _Ar 0. Oo_ _Ar Ph (90)
IBD (2.2 eq), H,SO4, TMOF | + p-CICeH, @85 209
p-MeCgHy (83)
o le) fo) p-MeOCgH;  (87)
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TABLE XL. 1,2-ARYL MIGRATION OF CHALCONES

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
o) [¢] OMe
Arl )J\/\ A Reagent, acid, MeOH or TMOF Al )J\/kOMe 114
Ar?
Ar! Ar? Reagent  Acid Time %
Ph Ph (PhIO), FSO3;H 6h (48)
Ph Ph (PhIO), CF3SOsH 12h (20)
Ph Ph (PhIO), BFy*OEt, 12h  (25)
Ph Ph HTIB — 40h (58)
Ph p-CICgH, (PhIO), FSO3H 12h  (64)
Ph p-CICeH, HTIB  MeOH 40h  (60)
Ph p-MeOCgHy (PhlO), FSO;H 12h (18)
Ph p-MeOCgH,  (PhIO), CF3;SO3H 12h (18)
Ph p-MeOCH;  (PhIO), BFy#OEt, 2h  (49)
Ph p-MeOCgHy  HTIB — 48h (55)
p-MeOCH; Ph (PhIO), FSO;H 1h  @43)
p-MeOCGH;  Ph (PhIO), CF;SOsH 12h  (59)
p-MeOCGH,  Ph (PhIO), BFyOEt; 12h  (67)
p-MeOCgH; Ph HTIB — 36h  (65)
p-MeOCgH, p-MeOCgH,  (PhIO), FSO;H 12h  (42)
p-MeOC¢Hs  p-MeOCgH4 (PhIO), CF;SO3;H 12h (42)
p-MeOCH; p-MeOCgH; HTIB — 55h  (46)
o Ar! AP Time %
IBD, H,S0,, TMOF, 1t Arl )K(OMC Ph Ph 24h  (80) 119
A Ph p-CIC¢Hy 20h (92)
p-MeCgHy Ph 18h  (90)
pMeCgH,  p-CICH; 18h  (90)
p-MeOCgH; Ph 18h  (88)
p-MeOCgH; p-CICeH, 18h  (94)
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TABLE XLI. OXIDATIVE REARRANGEMENT OF FLAVANONES

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
R? O __Ar R? o) ROR A %
HTIB, CH:CN, reflux m H H FPh 5) 122
R R! Ar H H pCCH, (72
0 o H H  pMOCH, (76)
H  OMe p-MeOCeH, (74)
Cl H Ph (75)
Cl  H  p-MeOCeH; (80)
Me H pCICH, (18)
R 0 R! R Ar %
(PhIO),, p-MsOH, CH,Cl, lem H H Ph (80) 123
H H pCICH, (34)
o H H  pMOCH; (75)
¢ H Ph a0
C H pCCH, (70)
€l H  p-MeOCgH, (80)
Me H pClCHs (75
R? 0 R' R? Ar %
IBD, H,SO4, CH3CN, reflux lm H H Ph (38) 123
R Ao H pCICH, (69
0
R 0 R R Ar %
IBD, H,SO4, ACOH m H H  pCICeHs  (80) 123
R! Ar H H  p-MeOCHs (75)
o Cl H pCiCH,  (66)
Cl H  p-MeOCgH;s (70)
Me H p-CIC¢H, (60)
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TABLE XLI. OXIDATIVE REARRANGEMENT OF FLAVANONES (Continued)

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
R? o) Rl R? Ar %
IBD, H,S0,, TMOF Ar H H Ph (40) 124
R!

H -CIC, 60

COMe 14 6Ha (60)

Cl H Ph 43)

Cl H p-CICgH, (35)

Cl Me Ph 47)

Me H Ph (75)

Me H  p-CICHs  (75)




TABLE XLII. OXIDATIVE REARRANGEMENT OF 2,2-DIALKYLCHROMANONES TO CHROMONES AND TETRAHYDROXANTHONES

1144

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

R' R? R’ Time %

Y R oK H H H 20h (60)

R PhI(OH)OTs, MeCN, reflux I H H H 25h  (58) 125

R! R! R’ H Me H 18h (65

0 o H Me Me 16h (70)

H Me Et 16h (45)

Cl Me Et 16h (48)

Cl  Me i-Pr  18h (61)

H Me i-Pr  18h (56)

Cl  —(CHy,—  10h (80)

H —(CHp)y—  10h (85)

Cl  —(CHps— 10h (78)

—(CHp)s—  10h (82)
R' R? R} Time %

H H H 10h (84

PhI(OH)OTs, MeCN, ((((, 45° H H H  35h Eeo; 125

H Me H 10h  (90)

H Me Me 10h (92

H Me Et  10h (60)

Cl Me Et 10h (62)

H Me i-Pr  10h (75)

Cl Me i-Pr 10h  (72)

H —(CHp)4— 5h  (90)

Cl —(CHps— 5h  (92)

H —(CHyp)s— 5h  (90)

Cl —(CHy)s5— 5h (94)
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TABLE XLIII. DEHYDROGENATION OF FLAVANONES AND 2-ARYL-1,2,3,4-TETRAHYDROQUINOLONES

Substrate Reagent-Conditions Product(s) and Yield(s) (%) Refs.
R' R? %
R? R? H H (68)
o O H (65)
HTIB, MeOH, rt Cl H (70) 128
R O ca (75)
o Cl OMe (71)
OMe OMe (65)
R! R? %
H H (70)
H c1 (72)
IBD, MeOH, reflux H OMe (68) 123
Cl H (72)
Cl Cl (80)
Cl OMe (72)
Me Cl 5)
R' R? %
H H (70)
IBD, AcOH H Cl (70) 123
Cl H (75)
Cl Cl (80)
Cl OMe  (60)
R! R? %o
H «a (60)
IBD, MeCN, reflux H OMe (75) 123
Cl H (60)
ca  a (85)
Cl OMe (75)
R! R
R? R? R' R 9%
H O H O H H @85
N IBD, KOH/MeOH, 60°, 12-18 h N Cl H (89 129
O Me H (30)
OMe H (75)
o o
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