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1. Introduction

The reduction of a double bond in the presence of hydrazine appears to have
been first observed in 1905 during the reaction of glyceryl oleate, which
produced stearic hydrazide. (1) That hydrazine could act as a reagent for the
reduction of a carbon-carbon double bond was firmly established much later,
(2) at which point it was shown that oleic acid could be reduced to stearic acid
by treatment with hydrazine, (2) or with hydrazine and sulfur. (3) In 1941 it was
reported that vinyl groups in chlorins and porphyrins are selectively reduced to
ethyl groups by hydrazine under mild conditions. (4) The synthetic potential of
this type of reduction was not recognized until the early 1960s when results
from several independent laboratories implicated diimide (HN ” NH) as the
actual reducing agent. (5-8)

Evidence for the existence of diimide” was first obtained in 1892 in the
decarboxylation of dipotassium azodicarboxylate, which produced equimolar
quantities of nitrogen and hydrazine by the proposed disproportionation of
diimide. (9) In 1910 it was proposed that diimide was formed in the reaction of
benzenesulfonylhydrazide with hot alkali. (10) Following the proposal that
diimide is tmeactive intermediate in these reduction reactions, numerous
experimentesand theoretical studies were launched to find other methods for
the synthesis of diimide and to determine the structure(s) of the reactive
intermediate(s) and the mechanism of the reduction reaction. An excellent
review has appeared which covers the literature on the structure and
molecular properties, spectral characterization, and gas-phase reactions of
diimide. (11) In this chapter only highlights of such areas are covered. Two
reviews covering reductions with diimide appeared in 1965, (12, 13) but none
since that time. Most organic texts describe diimide reductions, but not in
significant detail.

There are three potential structures for diimide: cis- and trans-diimide and
1,1-diimide (aminonitrene).
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trans-Diimide can be generated and trapped at low temperature by a
gas-phase electric discharge in hydrazine (14, 15) and by the thermal
decomposition of metal salts of p-toluenesulfonylhydrazide. (16) Although
stable at low temperatures (—196°) diimide undergoes disproportionation to
nitrogen and hydrazine at higher temperatures (~ —180°). (17) A spectral
analysis of the product mixtures formed in the thermal decomposition of the
metal salts of p-toluenesulfonylhydrazide has been interpreted in terms of cis-
and 1,1-diimide. (16, 17) A review of the experimental data, however, has led
to the conclusion that these species have not been unambiguously
characterized in these reaction mixtures. (11) Recently, 1,1-diimide has been
generated and trapped by the low temperature photochemical decomposition
of carbamoyl azide. (18) Although cis-diimide must be formed as a reactive
intermediate in many systems, it has not yet been unambiguously
characterized.

The diimide system has been subjected to several theoretical studies at many
different basis set levels. trans-Diimide is calculated to be lowest in energy,
with cis-diimide 4.7-7.3 (19-24) and 1,1-diimide 24.5-27.4 (21-23) kcal per
mole higher in energy. The trans to cis inversion barrier is calculated to be
46-66.4 kcal per mole, (17-26) while the rotation barrier is calculated to be
generally higher, in the range 41.2-84 kcal per mole. (22, 25) The energy
barrier for the isomerization of trans- to 1,1-diimide is calculated to be
82.6-87.6 kcal per mole. (19, 20, 23, 24)

The results(mstereochemical studies on the reduction of alkenes and alkynes
have led td=the suggestion that cis-diimide is the reactive hydrogen-transfer
reagent. (5) Calculating the energy surface for the concerted transfer of
hydrogen from cis-, trans-, and 1,1-diimide to ethylene gives energy barriers of
26.7, 45.3, and 45.8 kcal per mole, respectively, with the transfer of hydrogen
from cis-diimide being very exothermic (117.8 kcal per mole when calculated
at the STO-3G level). (19) These results support the suggestion that
cis-diimide is the active hydrogen-transfer reagent. The fact that cis-diimide
has not been observed and that the calculated inversion and rotation barriers
are too large to provide a rate of isomerization of trans- to cis-diimide that
would be sufficiently high to account for the observed rate of reduction
provides for a mechanistic dilemma. In gas-phase reactions isomerization of
trans- to cis-diimide has been proposed to be the rate-limiting step. (27) In
solution, however, the isomerization in all probability occurs via a catalyzed
process, probably involving a rapid protonation—deprotonation sequence. In
this chapter the use of the term “diimide” implies cis-diimide as the reducing
agent.

The energy barriers for the disproportionation of cis- with cis-, and cis- with



trans-diimide are calculated to be 19.3 and 23.8 kcal per mole, (28)
considerably smaller than the barriers for hydrogen transfer to a carbon —
carbon double bond. From a practical point of view, this competing
disproportionation requires the use of considerable excesses of the diimide
precursors in the reduction reactions.



2. Mechanism

The early studies indicated that symmetrical double and triple bonds are
readily reduced by diimide, whereas polar bonds suchas C ” OandC ” N
are only slowly reduced, or do not react at all. (29) Cyclic transition states have
been proposed for the reduction of multiple bonds by diimide, (7, 29) and are
supported by the observed syn addition of hydrogen (or deuterium) across
double and triple bonds in a number of systems. (30) Theoretical calculations
further support the concerted, symmetrical transfer of hydrogen from cis-
diimide to a symmetrical alkene such as ethylene via a cyclic transition state.
(19)
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A study of the kinetics of the reduction of methyl oleate in the aprotic solvents
acetonitrile, dimethylformamide, and dimethyl sulfoxide with diimide generated
by the oxidation of hydrazine with oxygen indicates the reaction to be zero
order in hydrazine and methyl oleate. (31) The rate of reaction appears to
depend onﬂ[ rate of dissolution of oxygen. The overall rate of reduction is
highest in onitrile, followed by dimethylformamide and finally by dimethyl
sulfoxide. This observation does not necessarily imply that there is a solvent
effect on the rate of reduction; it could reflect the relative solubilities of oxygen
in the solvents. The reaction displays autocatalytic behavior and is catalyzed
by low concentrations of acetic acid, but is retarded by high concentrations of
acetic acid. No rationales have been given for the autocatalytic and
acid-catalyzed behaviors, although it seems obvious that water generated in
the oxidation of hydrazine and trace quantities of acid should catalyze the
equilibration of trans- and cis-diimide. The retardation in rate in the presence of
large quantities of acetic acid must be due to the protonation of hydrazine to
form the hydrazonium ion which is not oxidized by oxygen. The kinetics of the
Cu(ll)-catalyzed reaction of hydrazine with hydrogen peroxide to produce
diimide show the reaction to be zero order in hydrazine and first order in both
hydrogen peroxide and Cu(ll). (32) The kinetics of the reaction in the presence
of an alkene appear not to have been studied. It appears, however, that in all
cases formation of diimide is rate determining, with the reaction of diimide with
an alkene being fast.



2.1.1.1. Relative Reactivity

A number of relative reactivity studies have been carried out on
alkyl-substituted alkenes and dienes, (33-35) and on unsaturated acids. (36) A
representative selection of data is presented in Tables A and B. In general, as
the degree of alkyl substitution on the double bond of an alkene or a diene
increases, the relative reactivity decreases. Conjugated dienes are more
reactive than monoenes, and strained double bonds are more reactive than
unstrained double bonds. Trans double bonds are more reactive than cis
double bonds, the only exception reported being trans- and cis-2-pentene.

Table A. Relative Reactivities of Alkenes and Dienes toward Reduction

by Diimide®
Substrate k (rel.) Refs.
Cyclohexene 1.00 33
Acyclic Alkenes
1-Pentene 20.2 33
trans-2-Pentene 259 33
cis-2-Pentene 265 33
2-Methyl-1-pentene 204 33
2-Methyl-2-butene 0.28 33
D 2,3-Dimethyl-2-butene 0.50 33
Cyclic Alkenes
Cyclopentene 155 33
Cycloheptene 121 33
Cyclooctene 170 33
Cyclononene 57 33
Cyclodecene 0.85 33
1-Methylcyclohexene 0.11 33
1,2-Dimethylcyclohexene  0.012 33
Bicyclo[2.2.1]heptene 450 33
Bicyclo[2.2.2]octene 29 33
cis-Cyclododecene® 1.46 35
trans-Cyclododecene” 80 35
Dienes

1,3-Cyclohexadiene 47° 34



2-Methyl-1,3-butadiene 13.6* 34
2,3-Dimethyl-1,3-butadiene 3.1° 34
2,5-Dimethyl-2,4-hexadiene 0.5° 34

®The reductions were carried out at 80° unless otherwise noted.
®The reductions were carried out at 25°.

“The relative rate constant for reduction of the first double bond.
9The relative rate constant for reduction of the 3,4-double bond.

Table B. Relative Reactivities of Acids (36)

Acid k (rel.)
Fumaric 100
Maleic 10
Methylfumaric 3
Methylmaleic 0.7
trans-Cinnamic 10
cis-Cinnamic 3

a -Methylcinnamic 1.4
D B -Methylcinnamic 1.4

The relative reactivities of alkenes have been interpreted in terms of
differences in torsional and bond angle strain and a -alkyl substituent effects,
and an empirical correlation has been developed to calculate rates of reduction
with diimide. (33) Similar trends are observed with unsaturated acids. (36)

2.1.1.2. Stereoselectivity

The highly exothermic nature of the diimide reduction reaction and the results
of theoretical calculations suggest that the transition state for hydrogen
transfer occurs rather early along the reaction coordinate. (20) The results of
stereochemical studies show that the approach by diimide to the double bond
occurs to the less sterically hindered face of the double bond, producing, in
general, the less thermodynamically stable product. (37) Numerous examples
appear in Table I. The only apparent exception is the diimide reduction of
7-hydroxy-, 7-acetoxy-, and 7-tert-butoxynorbornadiene in which syn—exo



addition occurs preferentially over anti-exo addition, (38) however,
4-tert-butylnorbornadiene undergoes the expected predominant anti—-exo
addition. (39) The stereoselectivities in diimide reductions have been
compared with those observed in catalytic hydrogenations, (37, 39, 40) and it
has been noted that the ratios of the stereocisomers formed in the reduction of
substituted alkylidenecycloalkanes with diimide parallel those obtained on a
platinum catalyst at high hydrogen pressures (irreversible addition conditions).
(40)



3. Scope and Limitations

As is evident from the Experimental Conditions section, diimide can be formed
under a variety of conditions. As a result, the conditions for generation of
diimide can usually be selected in such a way as to accommodate sensitive
functionality in the substrate. Thus the scope and limitations of reduction with
diimide can usually be attributed to factors intrinsic to this intermediate, and
not to conditions of formation. On the other hand, the need to use large
excesses of diimide (owing to disproportionation and other side reactions)
makes selective reductions difficult (except when the reactivity of competing
functionality differs widely). Even very close monitoring of such competing
reductions results in only moderate yields of the desired product as part of a
complex mixture.

Carbon —carbon triple bonds are, in general, the most easily reduced, but,
except in special cases, cannot be selected over symmetrical double bonds
suchasC ” Cand N ” N. Only when polar substituents (either
electron-donating or withdrawing) or an accumulation of sterically demanding
substituents have been appended can reactivity differences be exploited
successfully. The reactivity of relatively nonpolar carbon — carbon double
and triple bonds permits diimide reductions to be carried out under
exceptionally mild conditions, which can be selected to tolerate the presence
of a number of reactive functional groups that would either be reduced or
would suffer hydrogenolysis under catalytic hydrogenation conditions.

Carbon—caun double bond reductions are outlined in Table I. As can be seen,
diimide reductions can be carried out in the presence of reactive allylic
functional groups including halides, (41, 42) esters, (41) amines, (41) and
disulfides. (29) Table | also provides many examples of the reduction of allylic
alcohols. More direct polarization of the double bond results in a marked
decline in reactivity. Vinyl halides and vinyl ethers undergo reduction only very
slowly. (41, 43) Unsaturated ketones are reduced to saturated ketones by
diimide generated by the hydrolysis of dipotassium azodicarboxylate. (41, 44)
Other functions that are rather sensitive toward reduction by other reducing
agents but are not reduced by diimide are N — O, (45)O — N — N, (46)
and O — O bonds of highly strained endoperoxides. (45-47) There are
numerous reports of reductions of double bonds in the presence of highly
strained bi- and polycyclic systems, (47-56) examples of which are given in
Eqgs. 1 (47) and 2. (48)
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While steric bulk alone is normally insufficient to prevent reduction of a carbon
— carbon double bond, a careful choice of conditions does permit the
selective reduction of relatively unsubstituted double bonds in the presence of
more highly substituted double bonds. lllustrative of this type of selectivity are
the examples in Egs. 3 (57) and 4. (58) Many other examples can be seen in
Table 1.
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Substituted allenes (see Table Il) readily undergo reduction with diimide to
produce alkenes (Eq. 5 (59)) which undergo further slower reduction to
alkanes. The diimide approaches the allene chromophore from the
least-hindered side of the least-substituted double bond to produce the alkene
having the cis geometry. Increasing the substitution on the allene
chromophore increases the reactivity of the other double bond toward
reduction, as shown in Eq. 6. (60)
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Alkynes (Table Ill) undergo reduction to produce cis-alkenes, which in turn
undergo further reduction to alkanes. With alkyl-substituted alkynes, the
reactivity of the triple bond is sufficiently comparable to that of alkenes that
partial reduction is usually impractical. With 1-iodoalkynes (Eq. 7), (61)
however, the reduced reactivity of the cis-1-iodoalkenes toward reduction
allows for their isolation in excellent yields. (61, 62)

I
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Reduction can be conveniently carried out on thermally labile systems at —70°
in methylene chloride by diimide generated from dipotassium azodicarboxylate
and acetic acid. (47, 48, 55) Position- and stereospecific deuterium and tritium
labeling can be readily accomplished in aprotic solvents using dipotassium
azodicarboxylate and labeled acetic acid, or in the presence of labeled water.

Although diimide was initially thought to be useful only for the reduction of
symmetrical double and triple bonds suchas C © CC # C,and N ” N, it
was subsequently demonstrated that substituted aromatic aldehydes could be
reduced to benzylic alcohols in excellent yields by diimide formed by hydrolysis
of azodicarboxylate (the use of hydrazine as the source of diimide results in
azine formation). (63) In analogy with the reactivity trend observed with
substituted alkenes, aromatic ketones are reduced more slowly, while aliphatic
aldehydes and ketones are reduced even more slowly. (41) The
N¢-benzoylhydrazones of aldehydes and ketones (but apparently not the
corresponding hydrazones) and imines of aromatic and aliphatic aldehydes



and ketones undergo reduction in good yield with diimide generated from
hydrazine. (64)



4. Comparison with Other Methods

The most commonly used method for reducing double and triple bonds involves catalytic
hydrogenation. Although catalytic hydrogenation suffices very well in many instances,
reduction with diimide offers certain advantages. First and foremost, diimide reductions
can be carried out in simple, readily available laboratory equipment, in contrast to catalytic
hydrogenations, which require the handling of hydrogen gas and often require rather
expensive high-pressure equipment. Catalytic hydrogenations are often complicated by a
lack of position specificity and stereospecificity owing to the reversible addition and
abstraction of hydrogen to and from the organic substrate adsorbed on the surface of the
catalyst. Diimide reduction followed by mass spectral analysis has been used extensively
to determine the position(s) of unsaturation in naturally derived fatty acids and their
derivatives. (65-67) Allylic and benzylic functions do not undergo hydrogenolysis with
diimide as is often the case in catalytic hydrogenations. And finally, heteroatom bonds
such as N — N, N — O, and O — O, which often suffer reductive cleavage under
catalytic hydrogenation conditions, remain intact during diimide reductions.

Although there are several other less widely used methods of reducing double and triple
bonds, such as hydrometallation—protonation sequences, the utility of these reactions
suffers from limited applicability owing to the high reactivity of the addition reagents with
other functions that might be present in the substrate molecules.

[]



5. Experimental Conditions

Although many methods have been discovered for the generation of diimide in
solution, not all are synthetically useful. The following is a list of procedures
that have been used to effect reductions. The numbers of the procedures
correspond to those indicated under “Procedure” in Tables I-VI of the Tabular
Survey.

1.

W
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10.

11.
12.
13.
14.
15.
16.

17.
18.
19.

Hydrazine with oxygen, generally in the presence of a catalytic quantity of
Cu(ll)" and/or a carboxylic acid, in a variety of protic or aprotic solvents or
mixtures thereof.

. Hydrazine and sulfur. (64)
. Hydrazine and selenium (68) or phenylseleninic acid or anhydride. (69)
. Hydrazine and hydrogen peroxide; generally in the presence of a catalytic

quantity of Cu(ll). (6)

. Hydrazine and periodate. (70)

. Hydrazine and ferricyanide. (7, 36)

. Hydrazine and mercuric oxide. (7)

. Hydrazine and iodosobenzene diacetate. (71)

. Protolytic decarboxylation of dipotassium or disodium azodicarboxylate in

protic or aprotic solvents. (8)

The thermal and base-catalyzed (11) decomposition of (a) benzene-, (b)
4-methylbenzene-, (8) (c) 4-nitrobenzene-, (72) (d)
2,4,6-trgsqpropylben-zenesulfonylhydrazide, (73) and (e) polymer-bound
arylsuf hydrazide. (74) Procedure 10 d is claimed to be superior to the
other reagents because of the lower temperatures required to induce the
elimination of diimide.

Base-catalyzed decomposition of benzenesulfenylhydrazide. (75)
Hydroxylamine in ethyl acetate. (76)

Pyrolysis of the anthracene—diimide adduct. (77)

Reaction of hydroxylamine-O-sulfonic acid with base. (78, 79)
Reaction of chloramine with base. (80)

Oxidation of hydrazine with transition metal complexes of nickel, (80) iron,
(81) vanadium, (82-84) molybdenum, (83, 85, 86) and iridium. (87)

Thermal decomposition of a , a -dihydroxyazocyclohexane. (88)
Thermal decomposition of N-amino-2,2-diphenylaziridine. (89)
Reaction of sulfinate esters with hydrazine. (90)



6. Experimental Procedures

The following experimental procedures have been selected to illustrate the
most widely used and general procedures. Additional examples have been
chosen in order to emphasize the wide variety of structural features compatible
with the reaction conditions. Further, reactions which illustrate the potential
selectivity of diimide reductions are included.

6.1.1.1. Diimide Reduction of 2-Chlorobenzonorbornene with Hydrazine and
Oxygen (43)

2-Chloronorbornene (4.5 g, 25.5 mmol) and 95% hydrazine (9 g, 281 mmol)
were dissolved in 200 mL of 95% ethanol containing 0.5 g of suspended CuCl.
A stream of air was bubbled through the stirred solution for 48 hours. The
initially white cuprous salt turned brown and then black as the reaction
proceeded. The solution was filtered and the ethanol removed by flash
evaporation. The residue was dissolved in ether, washed with water, and dried.
Distillation through a small Vigreux column afforded some unreacted starting
material and endo-2-chlorobenzonorbornane as a colorless oil: 1.01 g (22%),

bp 66-69° (0.45 mm), "b1.5730; IR (neat) 2934, 2840, 1453, 1314, 1282,
1181, 1136, 1126, 1098, 1012, 954, 934, 922, 870, 831, 752, 706, 664 cm .

6.1.1.2. Diimide Reduction of A **®®_Cholajervene (1) with Hydrazine and
Oxygen (91)

Into a solution of CuSO4 (0.006 g), 85% hydrazine hydrate (10 mL) and
absolute et@wol (40 mL) was introduced 0.137 g (0.418 mmol) of olefin 1 in
benzene (1 mL). Reduction was complete after oxygen was bubbled through
the refluxing system for 25 hours. The reaction mixture was extracted with
ether and the organic layer was washed successively with dilute acid, base,
and water, then dried and freed of solvent. Column chromatography over silver
nitrate—alumina yielded 5 3 ,12 a -cholajervane (2) (0.084 g, 61%) which was
recrystallized from a THF—acetone mixture. Mp 38.0-39.5°%[a]p + 62.2° (C
0.101, cyclohexane); *H NMR (100 MHz) (no resonance downfield from &
3.00), 0.76 (d, 3H,J =7 Hz), 0.83 (d, 3H,J = 7 Hz), 0.89 (s, 3H), among others.
Anal. Calcd. for C4Ha2 (330.3286): C, 87.19; H, 12.81. Found: C, 87.47; H,
12.49. Mass spectrum, m/e = 330.3292.



6.1.1.3. Diimide Reduction of 4-Methylhexa-3-cis,5-dien-1-ol (3) with
Hydrazine and Hydrogen Peroxide (57)

To a stirred and ice-cooled solution of 3 (22.4 g, 0.2 mol) in 99% ethanol

(300 mL) and 85% hydrazine hydrate (105 g, 2.1 mol) was added 35%
hydrogen peroxide (110 mL) during 1.5 hours at a rate that kept the solution
temperature below 30°. After addition was complete, the mixture was stirred
for ca. 4 hours at room temperature until the IR absorption at 900 cm™
disappeared. The mixture was poured into water and extracted with ether. The
ethereal extract was washed with FeSO, solution, water, and brine, then dried
( MgSO0,) and concentrated. Distillation of the residue afforded 16.9 g (74%) of

4-methylhex-3-cis-en-1-ol (4): bp 64—65° (10 mm), ”1331.4461, IR 3300, 1640,

1045 cm™;"H NMR & 0.90 (t, 3H, J = 7 Hz), 1.69 (d, 3H, J = 1.5 Hz), 2.03 (q,
2H, J =7 Hz), 2.20(q, 2H, J = 7 Hz), 2.98 (br s, 1H), 3.49 (t, 2H J = 7 Hz), 5.04

(t, 1H,J = ). Anal. Calcd. for C;H140: C, 73.63; H, 12.36. Found: C, 73.40;
H, 12.23.
l/\/ CHsj%/\/
OH
CH; OH CH;
3 4

6.1.1.4. Diimide Reduction of
1,2,3,4,5,6-Hexahydro-1,2,3:4a,5,8a-dimethenonaphthalene (5) with
Hydrazine and Hydrogen Peroxide (92)

A cooled (0°) solution of 5 (200 mg, 1.28 mmol) and 99% hydrazine (900 mg,
28 mmol) in 5 mL of 95% ethanol was treated dropwise with 1.3 mL of 30%
hydrogen peroxide. The reduction mixture was allowed to warm to room
temperature over 4 hours. The solution was extracted with pentane and the
extract was washed with water and dried. The pentane was removed and the
residue was distilled (70°, 0.5 mm) giving a 45:17 mixture of 5 and the reduced



product (45% yield based on recovered starting material), which could be
isolated by gas chromatography (0.2% SE-30 on glass, 135°) and was
identical to the authentic material prepared in another fashion. For
octahydro-1,2,3:4a,5,8a-dimethenonaphthalene: *H NMR (CgsDs) & 2.52-2.43
(m, 3H), 2.27-1.08 (m, 11H); *C NMR (CsDs) ppm 46.3, 44.5, 40.6, 40.2, 23.6,
22.2,20.4,20.2,15.4,14.9, 5.0, 4.3. Anal. Calcd. for CioHo4: C, 91, 08; H, 8.92.

Found C, 91.09; H, 9.11.

6.1.1.5. Diimide Reduction of
(S)-1-(Acetoxymethyl)-2-carbomethoxy-3-isopropenylcyclopentene (6) with
Hydrazine and Periodate (93)

To a solution of 6 (440 mg, 1.85 mmol) in 75 mL of methanol was added 9 mL
of hydrazine hydrate, acetic acid (9 drops), and saturated aqueous copper
sulfate (9 drops). The stirred mixture was maintained at 25° while a solution of
sodium periodate (7.9 g, 20 equiv) in water (60 mL) was added dropwise
during 1 hour. Upon completion of the addition, stirring was maintained for 36
hours before removal of most of the methanol under reduced pressure. The
product was taken up in ether, washed with water and saturated salt solution,
dried, and centrated under reduced pressure to afford 330 mg (90%) of
(S)—1—hydrcm'nethyl—Z—carbomethoxy—3—isopropylcyclopentene (7). (The
acetate function of 6 suffers hydrazinolysis during the reaction). *H NMR of 7
(CDCl3) 8 4.4 (m, 2H), 3.70 (s, 3H), 3.1-1.4 (m, 7H), 0.95 (d, 3H, J = 6 Hz),
0.70 (d, 3H, J = 6 Hz); mass spectrum, calcd (M*) m/e 198.1256, obsd.
198.1262.

) O P

CH30,C CH,0,CCHj CH;0,C CH,OH

6.1.1.6. Diimide Reduction of Benzvalene with Hydrazine and Potassium
Ferricyanide (94)



To a solution of 4.50 g (57.7 mmol) of benzvalene in about 200 mL of ether
(containing some benzene and methylene chloride from the synthesis of
benzvalene) was added 50 g (1 mol) of hydrazine hydrate, 49 g (0.8 mol) of
ethanolamine, and 200 mL of 2-methoxyethanol. A solution of potassium
ferricyanide (110 g, 325 mmol) in 220 mL of water was added dropwise over
the course of 2 hours while maintaining the temperature of the reaction at
about 20°. During the reaction the nitrogen gas which was evolved was passed
through two flasks cooled to —75° to condense ether, starting benzvalene, and
product. The flasks were changed from time to time during the course of the
reaction. At the end of the reaction the unpleasant odor of benzvalene was no
longer detectable. The condensed material was distilled under water aspirator
pressure at 35° water bath temperature. The distillate was washed with water
and the ether solution was dried over sodium sulfate/potassium bicarbonate.
The ether solution was distilled through a spinning band column, with 5 mL of
toluene used as a chaser, to give three fractions, bp 39-110°, containing a
total of 3.23 g (70%) of dihydrobenzvalene contaminated by solvents. The
higher boiling fractions were treated with 100 mg of lithium aluminum hydride
(to remove the 2-methoxyethanol) and distilled. The distillate was redistilled
through a spinning band column to give 1.50 g of dihydrobenzvalene, bp
69-69.5°, practically free of ether and methylene chloride. *H NMR (CsDs) &
2.03 (m, 2H), 1.69(t, 2H), 1.28 (m, 4H); *C NMR (C¢Ds) ppm 34.0, 26.1, 2.4.

6.1.1.7. Preparation of Dipotassium Azodicarboxylate (95)

To a stirred solution of potassium hydroxide (31 mL, 40% by weight) at 8° was
added 5 g of azodicarboxamide (Aldrich Chemical Co.) in small portions over 2
hours. Aftegstirring for an additional hour the bright yellow dipotassium
azodicarbomiate was filtered off using a Blchner funnel, and the solid was

washed 20 times with cold methanol. Yields varied from 80 to 92%.

Caution: There has been one report that dipotassium azodicarboxylate
exploded violently when left exposed to bright sunlight for about 30
minutes. (41) There have been other reports of suspected nonviolent
decomposition of the potassium salt in storage. (96-98) It is advisable to dry
the material in vacuo, and not to store the material in a sealed container.

6.1.1.8. Diimide Reduction of
1-lodo-3-hydroxy-7-(tert-butyldimethylsilyloxy)oct-1-yne with Dipotassium
Azodicarboxylate and Acetic Acid (61)

To a solution of the crude iodoacetylene (18.9 g, 49.5 mmol) in 70 mL of
methanol and 24.5 mL of pyridine was added 12.0 g (62 mmol) of dipotassium
azodicarboxylate. Glacial acetic acid (7.5 mL) was added slowly (2 hours,
room temperature) and stirring was continued overnight. An additional 18 g of
dipotassium azodicarboxylate and 10.3 mL of glacial acetic acid were added
over the course of 18 hours. When no starting material could be detected by
GLC (5 ft, SE-30) analysis of aliquots, 200 mL of ether was added. Any



remaining diimide precursor was destroyed by carefully adding 100 mL of 5%
hydrochloric acid with vigorous stirring. The organic layer was separated and
the aqueous layer was extracted with ether (2 x 100 mL). The combined
organic layers were washed with 5% hydrochloric acid and with 5% sodium
bicarbonate solution and dried over magnesium sulfate, and the solvents were
removed on a rotary evaporator to give an oil that was dissolved in 50 mL of
ether and stirred with 12 mL of 40% aqueous dimethylamine to remove a small
amount (ca. 5%) of overreduced material. The ether solution was washed with
5% hydrochloric acid (2 x 50 mL) and dried over magnesium sulfate, and the
ether was removed under reduced pressure to give crude
cis-1-iodo-3-hydroxy-7-(tert-butyldimethylsilyloxy)oct-1-ene (15.63 g, 83%).
Chromatography on silica gel (1.5 kg) with acetone—hexane (1.19, viv) gave
the pure material (12.9 g, 68%) as an oil: IR (film) 3300, 1245, 1090, 1045, 835,
805, 775 cm™;'"H NMR ( CDCl3) 8 6.24 (m, 1H), 4.41 (m, 1H), 3.82 (m, 1H),
1.09 (d. J = 6 Hz, 3H), 0.85 (s, 9H), 0.02(s, 6H); **C NMR

(CDCl3) —4.62,-4.32,18.17, 21.20, 21.30, 23.80, 25.98, 36.05, 39.56, 68.56,
74.45, 82.28, 143.56; GC-MS (70 eV) m/e (rel intensity) 327 (9), 235 (22), 193
(46), 108 (80).

6.1.1.9. Diimide Reduction of 2,3-Dioxabicyclo[2.2.2]oct-5-ene with
Dipotassium Azodicarboxylate and Acetic Acid (50)

To a 50-mL round-bottomed flask, provided with a magnetic spinbar, was
charged 560 mg (5 mmol) of the substrate and 2.91 g (15 mmol) of
dipotassium azodicarboxylate in 10 mL of absolute methanol. While stirring
magnetically and cooling by means of an ice bath, a solution of 1.86 g

(30 mmol) cetic acid in 3 mL of absolute methanol was added dropwise
within 30 tes. After stirring for 3 hours at 30°, the solvent was evaporated
and the residue taken up in 20 mL of water and extracted twice with 20 mL of
dichloromethane. The organic extracts were washed once with saturated
bicarbonate solution, dried, and evaporated. The endoperoxide
(2,3-dioxabicyclo[2.2.2]octane) was obtained (2.74 g, 48%) by recrystallization
from hexane: 'H NMR ( CCly): 6 1.4-1.9 (m, 4H), 1.9-2.5 (m, 4H), 3.9 (m, 2H).
IR ( CClyg): 2960, 2940, 2890, 2855, 1460, 1445, 1430, 1305, 1225, 1030,

950 cm ™. The pure substance deteriorates on standing within a few days.
Mass spectrum m/e (relative intensity): 114 (71), 81 (100), 67 (41), 57 (85), 43
(88).

6.1.1.10. Diimide Reduction—-Deuteration of
3-endo-Phenylsulfinylbicyclo[2.2.1]-hept-5-ene-2-endo-carboxylic Acid (8) (89)
Acetic acid-O-d (1.2 g) was slowly added dropwise into a solution of the
carboxylic acid 8 (200 mg, 1 mmol) and dipotassium azodicarboxylate (400 mg,
2.5 mmol) in DMSO (7 mL). After stirring 4 hours at room temperature the
solution was diluted with brine and extracted with pentane. The pentane layer
was dried and evaporated to afford 160 mg (75%) of
5-ex0-6-exo-dideuterio-3-endo-phenylsulfinylbicyclo[2.2.1]heptane-2-endo-car



boxylic acid (9): mp 183-184°. *H NMR (DMSO-dg): & 7.32 (s, 5H) 4.37 (m,
1H), 4.17 (m, 1H), 3.68 (m, 1H), 3.48 (m, 1H), 2.60 (m, 2H), 1.49 (br s, 2H).

D
D

SOFh SOPh

6.1.1.11. Diimide Reduction of Tetracyclo[4.1.0.0%*.0**]deca-7,9-diene (10)
with p-Nitrobenzenesulfonylhydrazide (72)

To a solution of 11 g (51.0 mmol) of p-nitrobenzenesulfonylhydrazide in

100 mL of ethanolamine—methanol (1.5 M) was added 1.20 g (9.20 mmol) of
the diene 10. The resultant solution was heated at reflux for 2 hours. Following
the addition of 800 mL of water, the reaction mixture was extracted repeatedly
with n-hexane. The combined hexane layers were dried with calcium chloride
and concentrated under reduced pressure. Distillation (bp 60°/14 mm) of the
residue afforded 570 mg (45%) of tetracyclo[4.1.0.0%*.0®°]decane (11): IR (film)
3020, 2900, 2850, 1465 (s), 1458, 1447, 1394, 1350, 1330, 1305, 1289, 1149,
1112, 1098 (s), 1025, 1010, 950, 869, 842, 819, 808, 778, 748, 690 cm ™. Anal.
Calcd. for CyoH14: C, 89.49; H, 10.51. Found: C, 90.28; H, 10.60.

n A A

10 11

6.1.1.12. Diimide Reduction of Acenaphthylene with
2,4,6-Triisopropylbenzene-sulfonylhydrazide (73)
2,4,6-Triisopropylbenzenesulfonylhydrazide (4.12 g, 13.8 mmol) and 0.838 g
(5.5 mmol) of acenaphthylene were dissolved in 50 mL of methanol at 20°.
After 16 hours the yellow color had disappeared, indicating that the reaction
was complete. Aqueous sodium hydroxide (5%, 50 mL) was added and the
colorless crystalline material was collected by filtration and washed with water
and dried in vacuo over phosphorus pentoxide to give 0.835 g (99%) of
acenaphthene, mp 94-95°.

6.1.1.13. Diimide Reduction of 2-Decen-1-ol with Hydroxylamine and Ethyl
Acetate (76)



Powdered potassium hydroxide (85%, 32.98 g) was added to a mechanically
stirred solution of hydroxylamine hydrochloride (34.75 g, 0.50 mol) in 100 mL
of dimethylformamide at 25—-35° under a nitrogen atmosphere. The resulting
mixture was stirred for 10 minutes and filtered. The filtrate (pH 8-9) was cooled
in an ice bath and 19.59 g (0.22 mol) of ethyl acetate was added. This solution
was then added in 25-mL portions at 45-minute intervals to 1.56 g (0.01 mol)
of 2-decen-1-ol stirred at 90-100°. (Alternatively, the ethyl acetate solution
could be added dropwise over 1 hour.) After addition was complete, the
reaction solution was heated an additional 1 hour, cooled to room temperature
and added to water. Extraction with 50:50 hexane—ether followed by routine
workup of the organic extract and distillation gave 1.50 g (95%) of pure
1-decanol, bp 125-128° (25 mm).

6.1.1.14. Diimide Reduction of Fumaric Acid with Hydroxylamine-O-sulfonic
Acid (99)

Into 100 mL of water was dissolved 5.8 g (50 mmol) of fumaric acid, 12.4 g
(209 mmol) of hydroxylamine-O-sulfonic acid (previously washed with 95%
THF) and 8.2g (50 mmol) of hydroxylamine sulfate. The solution was
neutralized slowly with 24 mL of concentrated sodium hydroxide. The
temperature rose to about 50° with vigorous gas evolution. After 2 hours,
30 mL of 2 N H,SO, was added and the solution was extracted with ether. The
ether extracts contained 5.3 g (90%) of succinic acid, mp 180-184°.

[]



7. Tabular Survey

The literature has been surveyed through mid-1988 using primarily a citation
search for references to the early original publications on diimide reductions. A
few references have been found in which diimide reductions have been used
but in which no references were cited. Undoubtedly, there are many more
instances of such reductions in the literature which do not cite these original
publications and are not listed under “diimide” (1,2-diazene) in Chemical
Abstracts. In many instances reductions with diimide have been reported
without a specific procedure, only a reference. In such cases, the procedures
and conditions are not listed in the Tabular Survey and are thus indicated by a
dash (—). In several studies of the relative reactivity of diimide reductions,
products have not been isolated nor have yields been determined. In such
cases, product structures have been assumed, but no yields are given. Finally,
there have been several studies on the selectivity of diimide reductions in
which only product ratios were reported. As noted previously, the maximum
yield of product is often limited by the amount of excess diimide precursor used.

In the following tables the procedures used are indicated by number
corresponding to the procedures given in the Experimental Conditions section.

The following abbreviations have been used in Tables I-VI.

Bn benzyl
D DMF  dimethylformamide
Diglyme ethylene glycol dimethyl ether
DMSO dimethyl sulfoxide
EET 2-ethoxyethanol
ETA ethanolamine
MET  2-methoxyethanol
TEA triethylamine
THF tetrahydrofuran
THP tetrahydropyranyl
TMED tetramethylethylenediamine

Table I. Diimide Reductions of Substituted Alkenes
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Table Il. Diimide Reductions of Substituted Allenes
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Table Ill. Diimide Reductions of Substituted Alkynes
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Table IV. Diimide Reductions of Substituted Carbonyl Compounds
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Table V. Diimide Reductions of Substituted Imines and Hydrazones
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Table VI. Diimide Reductions of Substituted Azo Compounds
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Diimide has also been referred to as diimine and diazene. As
diimide is most commonly used in the current literature, this name
is used in this review.

Notes

End

*

* The source of Cu(ll) may be insitu oxidation of Cu(l) or the metal.
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The Catalyzed Nucleophilic Addition of Aldehydes
to Electrophilic Double Bonds:
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1. Introduction

The cyanide-ion-catalyzed dimerization of aromatic and heterocyclic
aldehydes to a -hydroxy ketones, also known as the benzoin condensation, is
one of the oldest reactions in organic chemistry. (1) A key intermediate in this
reversible reaction is a nitrile-stabilized carbanion. In 1973 it was shown that
these carbanions add irreversibly to a, B -unsaturated ketones, esters, and
nitriles to give 1,4-diketones, 4-ketocarboxylic esters, and 4-ketocarbonitriles,
respectively. 2 The reaction succeeds only in aprotic solvents, preferably
dimethylformamide. Benzoins and aldehydes can be used interchangeably as
starting materials since they are in rapid equilibrium. Cyanide ion catalysis fails
with aliphatic aldehydes because they resinify under the strongly basic
conditions. Vitamin B; (thiamine) has long been known to convert aliphatic

RCHO + R'CH=CHCOR? —= - RCOCHR'CH,COR’

RCHO + R'CH=CHCO,R?—~ RCOCHR'CH,CO,R?
RCHO + Hicb=CHCN CN L RCOCHR!CH,CN

aldehydes into acyloins in buffered aqueous solution. 3 The catalytic effect of
vitamin B; is due to the presence of a thiazolium cation. Thiazolium salts in
general as well as other azolium salts (4) also catalyze the formation of
acyloins. The optimum conditions for thiazolium salt catalysis have been
worked out. 5 It was shown subsequently that thiazolium salts, in combination
with bases, also catalyze the addition of aliphatic, aromatic, and heterocyclic
aldehydes to a , B -unsaturated carbonyl compounds. 6 The 1,4-diketones,
4-ketocarboxylic esters, and 4-ketocarbonitriles are usually formed in good to
excellent yields. Cyanide ion and thiazolium salt catalysis thus complement
each other.

This chapter covers the literature of the catalyzed nucleophilic addition of
aldehydes to electrophilic double bonds up to 1988. The reaction has been
reviewed previously. (2c)



2. Mechanism

The benzoin condensation is a reversible, thermodynamically controlled reaction. The
addition of the intermediate anion 1 to a Michael acceptor is irreversible and
kinetically controlled. The mechanism of the cyanide-ion-catalyzed reactions is
summarized in Eq. 1.

o OH
RCHO + CN RCH R(ll‘,'
CN
1
HO O ?‘ ?H OH
1 + RCHO R(::—(!:I-m — R?_CHR —— RCO(I_',‘HR + CN™
CN CN 1)
OH o
1 + R'CH=CHCOR? R+cm'm-m= —
CN

0 OH

R%CHR‘CH=(|3R’

With thiazolium salts, the catalytic species is the ylide 2, formed by proton abstraction
under the influence of a base (Eq. 2); otherwise, the mechanism resembles that of
the cyanide-ion-catalyzed reaction.

RCOCHR'CH,COR? + CN~
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3. Scope and Limitations

3.1. Catalysts

For cyanide-catalyzed additions, sodium or potassium cyanide and aprotic
solvents such as dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) are
used. The reaction temperatures are in the range 30-35°. Any thiazolium salt,
including thiamine (vitamin B;), can be employed in the
thiazolium-salt-catalyzed additions. However, quaternary salts of
5-(2-hydroxyethyl)-4-methyl-1,3-thiazole, an inexpensive intermediate in the
industrial vitamin B; synthesis, are used in practice almost without exception.
Among the reagents available for quaternization are methyl iodide, ethyl
bromide, and benzyl chloride.
3-Benzyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium chloride (catalyst

R X
CH, ﬁ«“ s Catalysta CH,CH,  Cl

I h) b CH, 1
HO(CH); s ¢ CH, Br

d (CHﬂzDCij Br

a) is best for the addition of aliphatic aldehydes, (2c-7) whereas
5-(2-hydroxyethyl-3,4-dimethyl-1,3-thiazolium iodide (catalyst b) (8) and
3-ethyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium bromide (catalyst c) (2c-7,
9) are the catalysts of choice for the addition of aromatic aldehydes. Any one
of these thiggycatalysts is suitable for additions involving heterocyclic
aldehydes.!edtalyst d
[3-(2-ethoxyethyl)-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium bromide] is
particularly well suited for additions to a, B -unsaturated esters. (10) Another
catalyst that has been proposed, 3-hydroxyethyl-1,3-thiazolium bromide, (11)
does not appear to offer any special advantages. Attempts to attach the
catalyst to a polymer have not always produced satisfactory results. The most
important among these is the catalyst that is obtained by quaternization of
5-(2-hydroxyethyl)-4-methyl-1,3-thiazole with Merrifield's resin, which is a
chloromethylated copolymer of styrene and divinylbenzene. 12a—c This
catalyst is well suited for the synthesis of acyloins, (13) but in additions of
aldehydes it usually gives lower yields than soluble thiazolium salts. 12 In
addition, these catalysts can be regenerated only partially so they rapidly lose
their effectiveness.

Addition of metal salts or metal carbonyls either prevents the reaction or leads
to different reactions. (14) Treatment of the products with chromium trioxide on
silica gel may be used to remove any unpleasant odor caused by traces of the
catalyst or its degradation products. (15)



3.2. Preparation of 1,4-Diketones

3.2.1.1. The Aldehyde Component

The thiazolium-salt-catalyzed addition of aliphatic aldehydesto a, 3
-unsaturated ketones usually proceeds in high yields. With straight-chain
aldehydes, yields are in the range of 60 to 80%, but they decrease with a
-branched aliphatic aldehydes such as isobutyraldehyde. Unsaturated
aldehydes with both conjugated and isolated double bonds may be employed.
The former lead to the little-studied class of 8 , € -unsaturated y -diketones (Eq.
3). (16)

Cat. a
C;HsOH, 80°

(CH,),C=CHCO(CH,),COCH,
(52 %)

(CH;),C=CHCHO + CH,=CHCOCH;
(3)

Acrolein cannot be added directly to a , B -unsaturated ketones. However, the
same net result is achieved by employing the mixture of exo- and
endo-2-formyl-5-norbornenes which is readily obtained by Diels—Alder addition
of acrolein to cyclopentadiene. The intermediate adduct is then subjected to
retro diene cleavage (Eqg. 4). (17)

& l:l CH,=CHCOCH, — a8 _ 7
CHO

O(CH,),COCH
(70%) ? 4)
500°,
@ + CH,=CHCO(CH,),COCH,
gas phase

(95%)

Aldehydes with isolated triple bonds add readily to a, B -unsaturated ketones,
(18) as do alkoxy-substituted aldehydes. (19, 20) Other aliphatic aldehydes
that have been used successfully include
3,4-dihydro-2H-pyran-2-carboxaldehyde, tetrahydropyran-2-carboxaldehyde,
and tetrahydropyran-3-carboxaldehyde. (20) Attempts to employ aldoses as
aldehyde components have been unsuccessful. On the other hand,
D-glyceraldehyde can be used provided the hydroxy groups are masked by
ketalization. (21)



Glyoxal, the simplest dialdehyde, has so far resisted thiazolium-salt-catalyzed
addition; however, the monoacetal of glyoxal, 2,2-diethoxyacetaldehyde can
be used successfully. (22) Higher aliphatic dialdehydes, from 1,4-butanedial to
1,10-decanedial, readily give the corresponding tetraketones. (8) Examples of
ketoaldehydes include levulinic aldehyde (8) and 5-acetoxy-4-oxoheptanal. (23)
Aliphatic ester aldehydes, such as methyl 4-formylbutanoate, methyl
5-formylpentanoate, and methyl 8-formyloctanoate add readily. (24) Esters of
glyoxylic acid cannot be used since they suffer hydrolysis under the reaction
conditions. Amides of glyoxylic acid, such as the dimethylamide or the
pyrrolidide, present no problems. (25)

The successful employment of phthalimidoaldehydes is of particular
importance since it leads to nitrogen-containing 1,4-diketones (Eq. 5). (26)

O

N(CH,),CHO + CH,=CHCOR

0

n=1235 & ()

N(CH,),CO(CH,),COR
D 0]

The addition of aromatic aldehydes to a , B -unsaturated ketones is best
carried out with cyanide ion catalysis in dimethylformamide, although
thiazolium salt catalysis can, in principle, be used as well. Substituents on the
aromatic ring do not prevent the addition. Exceptions are nitro-substituted
aromatic aldehydes, which do not react, and ortho-substituted aromatic
aldehydes, for which thiazolium salt catalysis must be used and which add
only to vinyl ketones. Thus 2-chlorobenzaldehyde reacts with 3-buten-2-one
under thiazolium ion catalysis to give the adduct in 56% yield; cyanide ions do
not catalyze this reaction. 2c,27a,b Alkoxy- and aryloxy-substituted
benzaldehydes are another class for which cyanide catalysis often fails and for
which thiazolium salt catalysis usually gives better results. Additions of
2,6-disubstituted benzaldehydes have not been reported, probably because of
steric hindrance.

Either cyanide ion or thiazolium salt catalysis works well with heterocyclic



aldehydes such as those of furan, thiophene, and pyridine.
2-Pyrrolecarboxaldehyde does not add, but dimethyl
2-formyl-4-methylpyrroledicarboxylate and 1-benzoylpyrrole-2-carboxaldehyde
do. (28) With furan aldehydes, thiazolium salt catalysis is preferred since the
products are obtained in high purity, whereas cyanide ion catalysis leads to
partial resinification which makes the isolation and purification more difficult.
Cyanide ion catalysis is preferred with thiophene- and pyridinealdehydes. An
exception is pyridine-2-carboxaldehyde which gives better yields of adducts
with thiazolium ion catalysis. (29) The reason probably lies in the stability
imparted to 2-pyridoin by strong hydrogen bonding, which makes regeneration
of the carbanion more difficult.

Vitamin B, (thiamine) catalyzes the conversion of pyruvic acid into acetoin in
buffered aqueous solution. 30a—d The decarboxylation is catalyzed by the
thiazolium salt present in the vitamin. Both aliphatic and aromatic a -keto acids
may therefore be substituted for the corresponding aldehydes in thiazolium
salt catalyzed addition to a , B -unsaturated ketones (Eq. 6). (31)

C,H,COCO,H CH,=CHCOCH, — 2 GO,
- +
n-C;H, 0, 2 3 (C,Hs)sN, 80°
(6)
n-C3H,CO(CH,),COCH; + CO,
(79%)

3.2.1.2. Acgtors

Most a, B -unsaturated ketones can serve as acceptors in the synthesis of
1,4-diketones. Vinyl ketones give especially good yields. A particular
advantage in the preparation of unsymmetrical 1,4-diketones lies in the
possibility of introducing the different group either via the aldehyde or the a , 8
-unsaturated ketone. This is illustrated in Eq. 7 for the synthesis of
1-(bicyclo[2.2.1]hept-5-enyl)-1,4-hexanedione by paths a (17) and b. (32)

Aromatic and heterocyclic a, B -unsaturated ketones are particularly
well-suited acceptors since they are readily prepared by aldol condensation.
They



/ += CH:ZCHCUCEHS
CHO \ B
7/ (7)
2,
/b' CD{CHﬂgCDCzHS
CHCHO +

COCH=CH,

may be used to prepare 1,4-diketones with all possible permutations of
substituent groups (Egs. 8, (33) 9, (33) and 10 (29)).

C;HCHO + CHCH=CHCOCH, %m(:ﬁ1415t::t:;w:H[Q,Hf,)CH;J:i::-CH3

(8)
(80%)
CN,
p-CICH,CHO + CH;CH=CHCOCH; —
p-CICH,COCH(CgHg)CH,COCH;, )
(98%)
CHO i
g [y o
| +
Sy C4H,CH=CHCO™ g DMF
M\ @
ﬂCDCH{Cﬁﬂﬁ}CHZ 0
Sy
N (80%)

Cyclopentenone and cyclohexenone are poor acceptors in the catalyzed
addition of aldehydes; they either do not react at all or give very poor yields.
(34) This is surprising since they are normally excellent Michael acceptors. a,
B -Unsaturated cyclic ketones with exocyclic double bonds, on the other hand,
react very well.



The reaction is not suited for the conversion of a , B -unsaturated aldehydes
into the corresponding 1,4-cyclohexanediones. The only known example of
such a dimerization is mentioned in the section on y -keto acids.

The sodium salts of 3-aroylacrylic acids, which are readily obtained by
Friedel-Crafts addition of maleic anhydride to aromatic hydrocarbons, (35) can
also serve as acceptors. The intermediate 3 -keto acid salts spontaneously
decarboxylate to give the 1,4-diketones directly (Eq. 11). (36) The fact that

CH,

Do L —
s~ ~CHO
Na0O,CCH=CHCO
CH,4 (11)
s\wel
S CH,),CO
(82%)

3-aroylacrylic acids are in general more readily accessible than the
corresponding vinyl ketones makes this variation particularly valuable.

In Michael additions, Mannich bases may often be used in place of a ,
-unsaturated ketones. The same holds true for the catalyzed addition of
aldehydes.gus aliphatic aldehydes react with Mannich bases under
thiazolium catalysis; the best yields are obtained by carrying out the
addition in dimethylformamide at 80-90° (Eq. 12). (37) The optimum
conditions for the

Cat. b
- HN(CHs),

n-CyH,CO(CH,),COCEH
(69%)

n-C;H,CHO + (CHy),N(CH,),COC¢H;

(12)

corresponding reaction of aromatic and heterocyclic aldehydes are cyanide ion
catalysis, dimethylformamide as the solvent, and temperatures in the range
35-100° (Eq. 13). (37)



ON-
- HN(CH;),

CeH{CO(CH,),COC;H, i
(60%)

CgHsCHO + (CH;),N(CH,),COC,H,-i
(13)

The alkaloid gramine, which is readily prepared by the Mannich reaction from
indole, formaldehyde, and dimethylamine, reacts with benzaldehyde under
cyanide ion catalysis to give 2-(3-indolyl)acetophenone in 52% yield (Eq. 14).
(37)

I:CHj}zNCHZ C@SCDCHZTD
CN™
C,H.CHO + @ 14
6Hs NI, ” (14)

A H

An example involving a heterocyclic aldehyde is given in Eq. 15. (38)

0., 0 =

[ M Al
Q‘Dmcngzco’Q
(75%)

Of particular interest in this context are thiazolium-salt-catalyzed additions
involving Mannich bases of unsaturated ketones, which lead to the same
unsaturated 1,4-diketones that are obtained from unsaturated aldehydes. In
these reactions it is sometimes necessary to use the quaternary salts rather
than the free Mannich bases. (37)

The thiazolium-salt-catalyzed addition of aldehydes to vinyl sulfones gives
equal amounts of 1,4-diketones and 1,4-disulfones (Eg. 16). (39)



RCHO + CH,=CHSO,R'

RCO(CH,),SO,R"
Base (16)
RCOCH=CH, BH* + RSO,
RCHO CH,=CHSO,R'
RCO(CH,),COR R'SO,(CH,),SO,R"

The reaction can be used to prepare symmetrical 1,4-diketones. The
separation of the 1,4-diketones from the 1,4-disulfones is often difficult. It is
best to use the commercially available divinyl sulfone, for which separation of
the reaction products does not pose a problem. An added advantage is that
only 0.5 molar equivalent of divinyl sulfone is required (Eq. 17). (39)

Cat. b, NaO,CCH,
G;HsOH

n-C,gH,,CO(CH,),COCyH,;-n +  polysulfones
(69%)

2 H‘-‘C 10['12| + CH2=CH302CH£"{1
i -

3.3. Preparation of 4-Ketonitriles and 4,7-Diketonitriles

Aromatic and heterocyclic aldehydes readily add to a , B -unsaturated nitriles
under cyanide ion catalysis to give 4-ketonitriles in high yields. Acrylonitrile,
crotononitrile, methacrylonitrile, and cinnamonitrile are among the acceptors
that have been used successfully. Aliphatic aldehydes require thiazolium salt
catalysis; yields are in the range of 30—60%. Thiazolium salt catalysis is not
recommended for aromatic or heterocyclic aldehydes since satisfactory results
are obtained only with acrylonitrile and the yields are distinctly lower than the
50-90% typically obtained with cyanide ion catalysis (Eq. 18).



[, + cu-cuon BN

0~ “CHO 0~ “CO(CH,),CN
- 40 (18)
CN (63-68%)
Cat. a (48%)’

4,7-Diketonitriles are obtained from the adduct of
5-norbornene-2-carboxaldehyde to acrylonitrile. Thermal cleavage gives a
vinyl ketonitrile which is subjected to another addition of an aliphatic or
aromatic aldehyde (Eqg. 19). (41)

Cat. a

e + CH,=CHCN /
HO CO(CH,),CN
(50%)
(19)
S00° @ n-CyH,CHO
el RS + CH,=CHCO(CH,),CN

Cat. a

n-C3H,CO(CH,),CO(CH,),CN
(72%)

[]

3.4. Preparation of 4-Ketocarboxylic Esters

The conditions for the cyanide-ion-catalyzed addition of aromatic and
heterocyclic aldehydes to a , B -unsaturated esters are similar to those
employed for a, B -unsaturated ketones. Acceptors include acrylates,
methacrylates, crotonates, and cinnamates. Yields are usually lower than in
the corresponding reactions that lead to 1,4-diketones. The reason is a side
reaction that consumes the catalyst (Eqg. 20); (42) it can be made the main
reaction path by leaving out the aldehyde and using more than catalytic
amounts of cyanide. 43a—c



CN
CN | =

C4H;CH=CHCO,C,H; C¢H;CHCHCO,C,H;
%
CeHsCH=CHCO,C,H;
CeHsCCH,CO,CoH;
(20)

CN

| CeHs 0
CHOCHCOCH;  CHO _ NC
CgHsCHCHCO,C,H CeH C0,C,Hs

(712%)

Yields in the cyanide-ion-catalyzed addition to a , B -unsaturated esters can be
improved by using isopropyl or tert-butyl esters in place of methyl or ethyl
esters. Thus, the yield is 19% higher in the addition of benzaldehyde to
tert-butyl crotonate than in the reaction involving the corresponding ethyl ester
(Eq. 21). (44)

CgHsCHO + CH,CH=CHCO,R C4HsCH(CH,)CH,CO,R

R=CH, (33%) (21)
+-CHy  (52%)

[]

Yields in the addition of aliphatic, aromatic, and heterocyclic aldehydesto a,
-unsaturated esters catalyzed by thiazolium salts are generally lower. Catalyst
d is best for this purpose; yields in the additions of aliphatic aldehydes to
acrylates then are slightly above 50%. (10) a, B -Unsaturated esters with a
single alkyl or aryl substituent in the 3 position do not normally react under
thiazolium salt catalysis. Exceptions are the additions of glyoxylic acid
pyrrolidide to crotonic, methacrylic, and cinnamic esters where yields in excess
of 50% are obtained. (25) Other special cases are additions of aldehydes to
fumarates, which proceed in good yield (Eqg. 22). (10)

C,H0,C,
H-CEHHCHD + %H

H
'CO,C,H;

Cawa _ mCisCOCHCOCyH;
CH,CO,C,H; (22)
(73%)



The reaction fails with maleic esters. Alkylidene- or arylidenemalonates, on the
other hand, react readily (Eq. 23). (36) The adducts are easily converted into
4-ketocarboxylic acids by hydrolysis followed by decarboxylation. This method
thus permits access to 4-ketocarboxylic acids that cannot be made by direct
addition.

Cat. ¢
ﬂ\ + CgHsCH=C(CO,CHy),

0° 'CHO
() -

0~ “COCH(C4H;)CH(CO,C,Hy),
(56%)

a -Methylene- y -butyrolactone and a -methylenevalerolactone are excellent
acceptors (Eq. 24). (10)

CH,COCH,
Cat. b
CH,CHO + b b (24)
0 0

[]

(56%)

The only example of an intramolecular addition is a key step in the total
synthesis of hirsutic acid (Eqg. 25); (45) the reaction requires unusually large
amounts of catalyst.

CN CN
Cat. b
4 (25)
RO,CCHj
RO,C™  OHC
o

Amides of 2,5-diketocarboxylic acids are obtained by thiazolium-salt-catalyzed




addition of glyoxylamides to a , B -unsaturated ketones. Thus addition of the
pyrrolidide of glyoxylic acid to methyl vinyl ketone gives the pyrrolidide of
2,5-diketohexanoic acid (Eq. 26); the latter is readily converted into the

Cat.
(" NCOCHO 4 CH,=CHCOCH, :

(26)
NCOCO(CH,),COCH,

(83%)

ethyl ester. (25) Another example is the addition of dihydrocitronellal to
2-o0x0-3-methyl-3-butenoates, which gives derivatives of 2,5-dioxododecanoic
acid. (46)

Diketocarboxylic esters can be obtained by two routes. One involves the
addition of formyl esters to vinyl ketones (Eq. 27), (24) and the other uses
aldehydes and vinyl ketoesters as substrates (Eq. 28). (24) In this way, a large
number of 5,8- and 9,12-diketocarboxylic esters are obtained from methyl
4-formylbutanoate and methyl 8-formyloctanoate. (24)

Cat. a

CH;0,C(CH,),CHO + CH,=CHCOCH;
CH,0,C(CH;,),CO(CH,),COCH, (27)
(70%)

[]

n-C3H;CHO + CH,=CHCO(CH,);CO,CH;

n- C3H,CO(CH,CO(CH,),CO,CH;  (28)
(38%)

Cat. a

Branched diketocarboxylic acids are obtained from the
thiazolium-salt-catalyzed addition of aldehydes to a -alkylidene- or a
-arylidene- 3 -ketoesters (Eq. 29). (36)



COCH,

[ v camon 0 _own

0~ “CHO CO,C,H;

/ (29)
O oo

0~ “COCH(CgH,)CH
\HCDZCZHi
(81%)

3.5. Preparation of Tri- and Polyketo Compounds

Derivatives of 1,2,5-triketo compounds are obtained by
thiazolium-salt-catalyzed addition of diethoxyacetaldehyde to a ,
-unsaturated ketones (Eq. 30). (22)

Cat. a

(CoH;0),CHCHO + CH,=CHCOCH; ——
oxane
(C;H50),CHCO(CH,),COCH;
(78%)

(30)

1,3,6-Triketones are formed by thiazolium-salt-catalyzed addition of aldehydes
to the readvailable (47) monoacetals of vinyl-1,3-diketones followed by
hydrolysis (EQ. 31). (47) Cyclic 1,3,6-triketones are accessible by the same
method (Eq. 32). (47)

CH, CH,
Cat. a
C,H,CHO + 0. 0 =
Xanec
CH,=CHCOCH4~ "CH,
CH,4 CH, (31)
o__0 C,HsCO(CH,),COCH,COCH,
C,Hs;CO(CH,),COCH{" 'CH, (78%)

(78%)



CH, CH,

CeH;CHO + CH,=CHCO. Diﬂ i
CH,  CH, (32)
0
o__0 H*
cmjco(cnz]zco\@ CgH5CO(CH,),CO
(67%) 71%)

There are several routes to 1,4,7-triketones. Formaldehyde adds to 2
molecules of methyl vinyl ketone under thiazolium salt catalysis to give
2,5,8-nonanetrione, albeit in low yields (Eq. 33). 48a,b Levulinic aldehyde,
which is an intermediate in this reaction, adds to a , B -unsaturated ketones in
much better yields (Eq. 34). (8) A better route to symmetrical 1,4,7-triketones
involves addition of aldehydes to divinyl ketone. Optimum yields are obtained
with aliphatic aldehydes when no solvent is used (Eqg. 35); with aromatic and
heterocyclic aldehydes, dimethylformamide is the solvent of choice. (8)

Cat. a

CH,0 + 2fH,=CHCOCH, CH,CO(CH,),C0(CH,),COCH; 3)
(27%)
CH,CO(CH,),CHO + COCH Cwis
3 2 CH,=CH 3 =
(34)
CH,CO(CH,),CO(CH,),COCH,
(60%)
Cat. a
2 n-CyHyCHO + CH,=CHCOCH=CH, ——
(35)
n-CgH,;CO(CH,),CO(CHy);,COCsH, -1

(65%)



Dibenzylideneacetone (Eq. 36) and difurylideneacetone can be used in place
of divinyl ketone. (8) Interestingly, aliphatic aldehydes add only once to these
ketones, even when an excess of aldehyde is used. Addition of
2-furancarboxaldehyde to the reaction mixture leads to an unsymmetrical
triketone (Eq. 37). (8)

ﬂ\ + CgH,CH=CHCOCH=CHCJH, —
0" “CHO DMF

(36)
O\ L
0" “COCH(CgHs)CH,COCH,CH(CgH;)CO™ O
(54%)
Cat. a
CH;CHO + CHsCH=CHCOCH=CHCgH; ———~
Q\CHD
CH,COCH(CgH,)CH,COCH=CHC4H; (37)
4 s
CH;COCH(C4H5)CH,COCH,CH(C4H; 0
(45%)

Monoadditions to divinyl ketone produce vinyl-1,4-diketones in unsatisfactory
yields. A much better route to unsymmetrical 1,4,7-triketones involves
thermolysis of the adduct of 5-norbornene-2-carboxaldehyde to methyl vinyl
ketone followed by a second aldehyde addition to the vinyl 1,4-diketone so
obtained (Eq. 38). (17)

Branched triketones are formed in the thiazolium-salt-catalyzed addition of
aldehydes to a -alkylidene- B -diketones (Eq. 39). (36) Another route starts
with



A + CH,=CHCOCH; —Cata _
cH

(0]

/ — ~ CH,=CHCO(CH,),COCH,

CO(CH,),COCH, (23%)
(70%)

e
Cat. a @CGICHZ}ZCU{CHEJZCUCH;

(70%)

(38)

Cat. a
+ CgH,CH=C(COCH,),
@\CHD ¥ cHoH

8N "

0" “COCH(CgH5)CH(COCH,),
(63%)

the conden@ion of a 1,4-diketone monoketal with formaldehyde, followed by
catalyzed addition of an aldehyde and hydrolysis of the ketal (Eq. 40). (49)



CH, CHj;

CH, CH, Q\
CH,O .:' { CHO
g O 0 -
Cat. a

..HZ.D
cﬁnjm((:ﬂg?(cm cﬁﬂsmfﬁm%m;
CH: 67%)
(40)
CHj CH;
D C,f,Hjcn:)n::HCl-Ii.Ci:JCH3
S (mi
Cﬂ (57%)

1,4,8-Triketones are obtained by the route outlined in Eq. 41; (50) this method
can be adapted to the synthesis of 1,4,9-triketones. (50)

CH, CH,

/ e b
ClMg{CH2]2<(‘_‘H3

CHa
H+
(41)

Cﬂ(CHz}J CH, CO(CH,);COCH,4
(66%) (92%)

o

CH,=CHCO(CH,);COCH;,
(90%)

CH;CHO
Cat. a

CH,CO(CH,),CO(CH,);COCH;
(78%)

A general method for the synthesis of tetraketones consists of



thiazolium-salt-catalyzed addition of aliphatic, aromatic, or heterocyclic
dialdehydes to vinyl ketones (Eq. 42). (51) Attempts to use glyoxaldehyde in
this reaction have been unsuccessful. The expected 1,4,5,8-tetraketones are
formed as side products in the addition of diethoxyacetaldehyde to vinyl
ketones (Eqg. 30). (22)

ﬂ\ + 2 CH=CHCOCH, — 2
HOC” 0~ “CHO

CH,CO(CH,),C0” 07 “CO(CH,),COCH;
(58%)

Symmetrical 1,4,7,10-tetraketones are accessible by the method outlined in Eq.
43; unsymmetrical tetraketones of this type are obtained in the same way. (32)

The synthesis of polyketones can be approached in several ways. Reaction of
2 equivalents of levulinic aldehyde with one equivalent of divinyl ketone gives
2,5,8,11,14-pentadecanepentaone (Eq. 44). (8) This method has been
extended to the synthesis of a heptaketone (Eq. 45). (8) Unsymmetrical
polyketones are synthesized by addition of 5-norbornene-2-carboxaldehyde to
vinyl

0]
Cat. a 3 H-CSH?CO(CH?}ZCG(CHZ}ZCO(CHz}zCGC3H?-H
(69%)



Cat. a
DMF

2 CH;CO(CH,),CHO + CH,=CHCOCH=CH,

(44)
CH4(COCH,CH,),COCH,

(40%)

//{_}\\ + CH,=CHCOCH=CH,— -2 .
CHy” "0 “(CH,),CHO DMF

E]
CH H, H,50
3

(CHp),(COCH,CH,);” 0~ “CH,

CH;(COCH,CH,),COCH,4
(70%)

ketones, thermal cleavage of the adduct, another addition of
5-norbornene-2-carboxaldehyde, repetition of this sequence until the desired
vinylpolyketone is obtained, and finally a last addition of an aldehyde. This
sequence is illustrated with the preparation of
1-phenyl-1,4,7,10-undecanetetraone in Eq. 46. (52) The same principle allows
preparation of triketocarboxylic esters and triketonitriles.

Branched triketo esters are obtained by thiazolium-salt-catalyzed addition of
aldehydes to 3,3-diacylacrylates (Eq. 47); the latter are readily accessible from
ethyl diethoxyacetate and 3 -diketones. (53) Branched triketo esters and diketo
diesters are made in an analogous manner.



Zb + CH,=CHCOCH, Cata Vi

(70%)
CHO
500° CH,=CHCO(CH,),COCH, T
95%)
(46)
2 e

CO(CH,),CO(CH,),COCH;

0

(95%)

(89%)

Q\ CH(E C,H,0,CCH=C(COCH;), Cat. a
ﬂ\ 47

0" "COCH(CO,C,H5)CH(COCH,),
(57%)



4. Synthetic Utility

The 1,4-diketones accessible by the catalyzed addition of aldehydes to a , 3
-unsaturated ketones readily undergo intramolecular aldol condensation to
give substituted cyclopentenones. This is particularly important because many
natural products, such as jasmine-type fragrances and the prostaglandins,
either contain cyclopentane rings or can be derived from this structural
element. A synthesis of the natural product cis-jasmone is shown in Eq. 48. (9)
Since many, even complex, 1,4-diketones are now easily accessible, a large
number of substituted cyclopentenones can be prepared. Some are excellent
perfumes. Thus,
3-(3,4-dihydro-2H-pyran-2-yl)-2-n-pentyl-2-cyclopenten-1-one, whose
synthesis is shown in Eg. 49, has a very intense, jasmone-like fragrance. (20)

Cat. a
CHs.  (CH),CHO + CH=CHCOCH,
. 0
CHs  (CHp,CO(CH,),COCH; ~ 2 B (48)
(76%) CHy
(81%)

[]

Cat. a
(\/l\ + CH,=CHCOCH,CH;;-n ——

0~ "CHO

QL O

0 CO{CH:):CDCH;CSH] i-n
(59%)

H-CsH“ (8]
(50%)

There are two ways that 1,4,8-triketones can undergo intramolecular aldol
condensation. However, formation of the cyclohexenone clearly predominates
over cyclization leading to five-membered rings (Eqg. 50). (50)



o "C3H,COCH,

n-C3H,CO(CH,),CO(CH,);COCH; — (50)

CH;
(74%)

Base-catalyzed cyclization of y , € -unsaturated 1,4-diketones is accompanied
by double-bond isomerization (Eq. 51). (54)

0 0" CH,

CH=C(CH3); oH CH” “CH, CH
0 2 (51)
CH,

CH,

(58%)

Ethers of 2-hydroxy-2-cyclopenten-1-one are obtained by aldol condensation
of the readily accessible 1-alkoxy-2,5-alkanediones (Eq. 52). (20)

0]

n-CaHyOCH[C(CH,),cocH, —2L OC4Hon

(52)
H,
(70%)

2-Hydroxycyclopentenones, some of which are important flavoring agents,
may be prepared as shown in Eq. 53. (55) Other
2-hydroxy-2-cyclopenten-1-ones with a variety of substituents in the 3 position
can be derived from 1l-acetoxy-3-buten-2-one, which is easily prepared from
2-butyne-1,4-diol. Examples of the application of the catalyzed addition of
aldehydes to the synthesis of prostaglandins are found in references 11, 56,
and 57.



CH,CHO + CH,=CHCOCH,0Ac —S%:-2+ CH,CO(CH,),COCH,0Ac

0
(53)
1 G 9 (66%)

Another important use of 1,4-diketones is in the synthesis of heterocycles such
as furans, pyrroles, thiophenes, and pyridazines. Examples are given in Egs.
54, (58), 55, (51) and 56. (59)

Catalytic reduction of 4-ketonitriles leads to pyrrolines and pyrrolidines. Thus,
depending on the reaction conditions, 4-oxo-4-(3-pyridyl)butyronitrile is

converted into either nornicotine (60) or myosmine (61) (Eq. 57).

CHO

4 ‘\S !\ _Catb
S ¥ Q\C}I:CHCDCﬁHS

L3 &
S FHCHQCGCGI{S S (54)
Co CH;NHF Q1 i\
S CH

S 3
(98%)

7\ CH,=CHS0,CH=CH, _
: Q\CHD 0. % Q\CO{Cszzco@

(51%)
(55)
H,S0,, N f0\ J
(CH,C0),0 \ 0 0

(65%)



8\ I3 o,

CHO + (CH;),N(CH,),CO

P2S1o (56)
Qm:u M:OD > @/O\G

(70%) (85%)
= N
| H
CH,),CN =3 SN (60%)
@/ COCHy, H,, Raney Ni, NHj,

A F | SN

SN
(69%)

Pyrrolidines are also accessible by reductive amination of 1,4-diketones. An
example is preparation of cis- and trans-2-ethyl-4-n-pentylpyrrolidines,
which are toxins of the Pharaoh ant (Eq. 58). (62)

C,H5CO(CH),COCsH,-n

2. NaBH,
{50%) (58)
C,Hg N CsHyy-n CHs™ N CsHyy-n
H H
(70%)

Reductive amination of 1,4,7-triketones analogously leads to pyrrolizidines (Eqg.
59). (23) The product is an ant toxin; other such toxins are obtained in a similar
way.



Cat. a

n-C;H,sCO(CH,),CHO + CH,=CHCOCH,

Na(CN)BH, (59)

H-C?HHCO[CHJ}ZCU(CHZJZCDCH3 NH,0,CCH;

The adducts of 2-pyridinecarboxaldehyde to a, B -unsaturated ketones are
readily converted into quinolizidines by hydrogenation (Eq. 60). (29) Another

7 7
ﬂ\ + CH,=CHCOCH, —*-° (]\

CHO CO(CH,),COCH,
OH
H
(60)
HZt Pl'Dz-
CH3CO,H N
CH,
(83%)

interesting roach to heterocycles is the reaction of 1,4,7-triketones with
hydrazine in aqueous acetic acid to give dihydropyrrolo[1,2-b]pyridazines (Eq.
61). (63) Since the starting triketones are readily available by catalyzed
aldehyde addition, this sequence constitutes the most expeditious synthesis of
this ring system. Dehydrogenation with chloranil affords the fully aromatic
pyrrolo-[1,2-b]pyridazines.

/ \
N,H,, H,0, Chs N
CH4CO(CH,);CO(CH,),COCH; —grs s Ne (61)
CH,
(83%)

The addition of phthalimidoaldehydes to a, 8 -unsaturated ketones leads to



phthalimido-1,4-diketones, which are precursors to a number of condensed
bicyclic and tricyclic pyrroles. Thus, reaction with 2-aminobenzophenone
followed by hydrazinolysis gives a derivative of
4H-pyrrole[1,2-a]-[1,4]-benzodiazepine (Eg. 62). (64) The same ring system is
obtained with anthranilates. (64) Urethane leads to the pyrrolo[1,2-c]imidazole
ring system (Eq. 63), (64) and glycine esters to pyrrolo[1,2-a]pyrazines (Eq.
64). (64) The pyrrolo[1,2-c]-pyrimidine and pyrrolo[2,1-d]-[1,4]-diazepine ring
systems are accessible by similar methods. (64)

0O

NH,
COC4H
NCH,CO(CH,),COCH, +

0O
p-CH,CH,SOH /4_)\{:,{3
diglyme, reflux, 8 h COCGHS
(62)
CHy
N
N,H,, H,0
— N
I:I Cetls
(78%)
1. H,NCO,C;Hs =
- HN
o / 2. NH, ),,.N /
0 (63)
NCH,CO(CH,),COCH,

0O
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5. Comparison with Other Methods

Many methods exist for the synthesis of 1,4-dicarbonyl compounds. (65) They
are, almost without exception, noncatalytic. The much smaller number
ofmethods that use aldehydes as starting materials also are, with the
exception of radical-induced reactions, noncatalytic. Most involve a reversal of
polarity (umpolung) of the carbonyl group. The best known of these employ
anions of cyanohydrin derivatives and of a -dialkylaminonitriles. (66)

The most commonly used derivatives of cyanohydrins are the ethoxyethyl
ethers obtained by acid-catalyzed addition to ethyl vinyl ether, (67) and the
trimethylsilyl ethers formed by reaction of aldehydes with trimethylsilyl cyanide.
(68) Generation of the anions requires organolithium reagents or lithium
amides. Depending on the conditions, the reaction of these anions with a , 3
-unsaturated ketones leads to either 1,2 or 1,4 addition, and the carbonyl
groups are regenerated in the last step by acid-catalyzed hydrolysis. Although
this method is more circuitous, it does have advantages over the catalyzed
addition of aldehydes in certain cases. For instance, mesityl oxide is not
amenable to the latter, and cyclohexenones usually give unsatisfactory yields.

The more convenient method for umpolung of carbonyl groups employs a
-dialkylaminonitriles, which are easily prepared from aldehydes by the Strecker
reaction. The most commonly used secondary amine is morpholine. The
anions, which are generated with sodium methoxide or with potassium
hydroxide ip-qthanol, readily undergo Michael addition to acrylates and
acrylonitrilge-This method is superior to the catalyzed aldehyde addition in
reactions involving substituted acrylates, as illustrated in Egs. 65 (44) and 66.
(66)

CgH;CHO + CH3CH=CHCO,CoHs— = CgHsCOCH(CH;)CH,CO,C;Hs

65
(33%) (69)



o
|: j + CH;CH=CHCO,CH, -GhONa THF_
N

C¢H,CHCN
0 (66)
E j i o e C¢HsCOCH(CH,)CH,CO,CH,
N (64%)
CgHC(CN)CH(CH,)CH,CO,CH,

(98%)

Michael additions of a -dialkylaminonitrile anions to a, B -unsaturated ketones,
on the other hand, are less advantageous. Thus, reaction of a
-dimethylaminophenylacetonitrile with benzalacetophenone in tetrahydrofuran
with sodium methoxide as the base gives the diketone in only 38% yield. The
yield can be increased by employing potassium amide in liquid ammonia. (69)
A less commonly used method involves 1,4 addition of lithiodithioacetals to a ,
B -unsaturated ketones; cleavage of the thioacetals furnishes 1,4-diketones.
(70)

The radical-catalyzed addition of aldehydes to olefins frequently proceeds with
excellent yields, but additions to a, 3 -unsaturated esters and ketones are
often unsatisfactory. (71) Acrylates and vinyl ketones cannot be employed
since they are polymerized or telomerized under the reaction conditions.
Radical ca ed additions of aldehydes proceed well with maleates but not
with fumar . (72) The situation is reversed in the thiazolium-salt-catalyzed
addition where only fumarates give satisfactory results. There are only a few
examples of radical additions of aldehydes to a , B -unsaturated ketones;
remarkable among these are additions to mesityl oxide, which proceed in good
yield. By comparison, cyanide-ion or thiazolium-salt-catalyzed additions fail
with a, B -unsaturated carbonyl compounds that have two alkyl substituents in
the B position.

In summary, the cyanide-ion and thiazolium-salt-catalyzed addition of
aldehydes stands out among all the other methods mentioned here by its
simplicity and much wider range of application. It is inferior in only a few
special cases. Its advantages are well illustrated by the two-step synthesis of
the perfume dihydrojasmone (Eq. 67). (15) The process is easy to carry out
and proceeds from starting materials to product with loss of only one water
molecule. By comparison, other methods require more steps and employ
auxiliary groups of varying complexity. The radical addition of aldehydes fails
with vinyl ketones.



n-CH,CH,CHO + CH,=CHCOCH, —NGaHls),

CoH;OH, 80°
0
n-C4H,, CH,O0(CH,),COCH; — 2 Coen 7
(75%) e
CH,
(88%)



6. Experimental Conditions

Aprotic solve a , B -unsaturated ketones, esters, and nitriles. Dimethylformamide (DMF) is
the solvent of choice; others include dimethyl sulfoxide (DMSO) and
hexamethylphosphoramide (HMPA; CAUTION: this solvent is a suspected carcinogen
and must be handled with utmost care ). Dry, analytically pure sodium cyanide, and
occasionally potassium cyanide, are used as catalysts. The quantity of catalyst is usually
0.1 equivalent although larger amounts may be advantageous in certain reactions. The
reaction mixture is stirred under nitrogen at about 35° for generally 1-4 hours. The
method of isolation varies with the reaction product.

The thiazolium-salt-catalyzed addition can be carried out in either protic or aprotic
solvents. Ethanol, dioxane, and dimethylformamide are most commonly used. Often it is
best to use no solvent at all, although it may prove difficult to control the exothermic
reaction on a large scale. The best bases are triethylamine and sodium acetate. The
amount of catalyst is generally 0.1 equivalent but it can be lowered to half that quantity in
some cases. Reaction times are in the range of 6 to 16 hours at 60-80°. A stirrer, reflux
condenser, and an inert nitrogen atmosphere are required.



7. Experimental Procedures

7.1.1. A. Cyanide-lon-Catalyzed Additions
7.1.1.1. 4-(3-Pyridyl)-4-oxobutyronitra , B -Unsaturated Nitrile)
This preparation is described in Organic Syntheses. (73)

7.1.1.2. Ethyl 3-(4-Chlorobenzoyl)propionate (Cyanide-lon-Catalyzed Addition
of an Aromatic Aldehyde to an a, 8 -Unsaturated Ester) (44)

A mixture of 28.1 g (200 mmol) of 4-chlorobenzaldehyde, 1.96 g (40 mmol) of
sodium cyanide, and 160 mL of dimethylformamide (DMF) was stirred at room
temperature for 1 hour, and 15 g (150 mmol) of ethyl acrylate in 80 mL of DMF
was then added dropwise during 30 minutes. The mixture was stirred at room
temperature for 2 hours, treated with 600 mL of water, and extracted several
times with chloroform. The combined extracts were washed with dilute sulfuric
acid, dilute agueous sodium bicarbonate, and water. Removal of the solvent
and distillation of the residue gave 24.5 g (68%) of ethyl
3-(4-chlorobenzoyl)propionate, bp 132-134° (0.1 mm), mp 58-59° (isopropyl
alcohol).

7.1.1.3. 2,4-Diphenyl-1-(2-thienyl)-1,4-butanedione (Cyanide-lon-Catalyzed
Addition of a Heterocyclic Aldehyde to an a , 8 -Unsaturated Ketone) (38)

A solution of 14.5 g (125 mmol) of freshly distilled 2-thiophenecarboxaldehyde
in 40 mL of DMF was added at room temperature during 15 minutes to a
stirred mixture of 0.5 g (10 mmol) of sodium cyanide and 40 mL of DMF. After
stirring another 15 minutes, a solution of 20.8 g (100 mmol) of

benzyliden ﬂ etone in 100 mL of DMF was added dropwise at room
temperature. The mixture was stirred another 2 hours, treated with 500 mL of
water, and extracted several times with chloroform. The extracts were washed
repeatedly with water until neutral. Removal of the solvent and crystallization
of the residue from ethanol gave 29.6 g (90%) of
2,4-diphenyl-1-(2-thienyl)-1,4-butanedione, mp 142°.

7.1.1.4. 1,4-Diphenyl-1,4-butanedione (Cyanide-lon-Catalyzed Addition of an
Aromatic Aldehyde to a Mannich Base) (37)

Sodium cyanide (0.98 g, 20 mmole) and DMF (20 mL) were placed in a
250-mL three-necked flask equipped with a stirrer, reflux condenser with
drying tube ( KOH), pressure-equalizing addition funnel, and nitrogen inlet. A
solution of 21.2 g (200 mmol) of benzaldehyde in 50 mL of DMF was added
dropwise during 1.5 hours at a bath temperature of 35°. After stirring another
30 minutes, the temperature was raised to 100° and a solution of 35.4 g

(200 mmol) of B -(dimethylamino)-propiophenone in 50 mL of DMF was added
during 2 hours. The mixture was stirred another hour at 100°, poured into

500 mL of water and acidified with dilute hydrochloric acid to remove any
unreacted Mannich base as the water-soluble hydrochloride. The mixture was



extracted with four 100-mL portions of chloroform, the combined extracts were
washed with dilute aqueous sodium bicarbonate and dried ( NaxSO,).
Removal of the solvent and recrystallization of the residue from petroleum
ether gave 27.4 g (64%) of 1,4-diphenyl-1,4-butanedione, mp 144-146°.

7.1.2. B. Thiazolium-Salt-Catalyzed Additions

7.1.2.1. 3-Benzyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium Chloride

The synthesis of this commercially available catalyst is described in Organic
Syntheses (Note 1). (5b)

7.1.2.2. 5-(2-Hydroxyethyl)-3,4-dimethyl-1,3-thiazolium lodide (8)

A mixture of 143.2 g (1.00 mol) of 5-(2-hydroxyethyl)-4-methyl-1,3-thiazole,
142.0 g (1.00 mole) of iodomethane and 500 mL of dry acetonitrile was heated
under reflux with exclusion of moisture ( KOH drying tube) for 24 hours. The
solvent was removed under vacuum and the residue was dissolved in 200 mL
of isopropyl alcohol. Ether was added until the solution just started to become
cloudy, and crystallization was induced by seeding or scratching. When the
crystallization was complete, the product was collected by filtration, washed
with ether, and dried under aspirator vacuum to give 225.3 g (79%) of
5-(2-hydroxyethyl)-3,4-dimethyl-1,3-thiazolium iodide, mp 86°.

The synthesis of 2,5-Undecanedione by thiazolium-salt-catalyzed addition
and its cyclization to Dihydrojasmone are described in Organic Syntheses.
(15)

7.1.2.3. 7,11-Dimethyl-10-dodecene-2,5-dione (Thiazolium-Salt-Catalyzed
Addition of pnj Aliphatic Aldehyde to a Vinyl Ketone) (16)

A mixture ol 154.2 g (1 mol) of citronellal, 87.6 g (1.25 mole) of methyl vinyl
ketone, 27.0 g (0.1 mol) of
3-benzyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium chloride (catalyst a),
32.8 g (0.4 mol) of anhydrous sodium acetate, and 500 mL of ethanol was
stirred under nitrogen at a bath temperature of 80° for 15-17 hours. The
cooled mixture was concentrated under aspirator vacuum, ether was added,
and the organic phase was washed with very dilute sulfuric acid, dilute sodium
bicarbonate, and water. Each aqueous phase was extracted with ether, and
the combined organic layers were dried with magnesium sulfate and
concentrated. The residue was distilled to give 179.4 g (80%) of
7,11-dimethyl-10-dodecen-2,5-dione, bp 97° (0.26 mm).

7.1.2.4. 1-(2-Furyl)-2,4-diphenyl-1,4-butanedione (Thiazolium-Salt-Catalyzed
Addition of a Heterocyclic Aldehyde to an a , 8 -Unsaturated Ketone) (7)

A mixture of 104.2 g (0.5 mol) of benzylideneacetophenone, 48 g (0.5 mol) of
2-furancarboxaldehyde, 6.3 g of
3-ethyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium bromide (catalyst c),” 15.2 g
(0.15 mol) of triethylamine, and 250 mL of ethanol was heated under reflux



under nitrogen for 12 hours. The mixture was allowed to cool to room
temperature with stirring, the precipitate was collected by filtration, washed
with ethanol, and dried to give 138.2 g (91%) of
1-(2-furyl)-2,4-diphenyl-1,4-butanedione, mp 114-115°.

7.1.2.5. 4,7,10-Tridecanetrione (Thiazolium-Salt-Catalyzed Double Addition of
an Aliphatic Aldehyde to Divinylketone in the Absence of a Solvent) (8)

A mixture of 21.6 g (300 mmol) of butanal, 10.3 g (125 mmol) of divinyl ketone,
6.7 g (25 mmol) of 3-benzyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium
chloride (catalyst a), and 30.4 g (300 mmol) of triethylamine was heated to 65°
under nitrogen for 6 hours. The mixture was cooled, dissolved in chloroform,
and washed once with aqueous sodium bicarbonate solution and brine. The
agueous phases were each extracted with chloroform, and the combined
chloroform phases were dried ( MgSO.) and concentrated. Distillation of the
residue gave 18.4 g (65%) of 4,7,10-tridecanetrione, bp 125° (0.3 mm), mp
78°.

7.1.2.6. 1-(Bicyclo[2.2.1]hept-5-en-2-yl)-1,4-octanedione and
1-Decene-3,6-dione (Thiazolium-Salt-Catalyzed Addition of a Masked a , 8
-Unsaturated Aldehyde to an a , 8 -Unsaturated Ketone Followed by Thermal
Cleavage to an Unsaturated Diketone) (17)

A mixture of 122.2 g (1 mol) of bicyclo[2.2.1]hept-5-ene-2-carboxaldehyde,
112.2 g (1 mol) of 1-hepten-3-one, 13.5 g (0.05 mol) of
3-benzyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium chloride (catalyst a), and
50.6 g (0.5 mol) of triethylamine was stirred under nitrogen at 65° for 15 hours.
Isolation, as described in the previous preparation, gave 192.2 g (82%) of
1—(bicyc|o[1]hept—5—eny|)—1,4—octanedione, bp 107° (0.001 mm).

The thermal cleavage was carried out in a vertical quartz tube (300 x 13 mm)
filled with 4 x 4 mm pieces of quartz tubing. The upper end of the tube carried
a dropping funnel with a ground glass stopcock; the lower end was connected
in series to a receiving flask, a reflux condenser, and a trap cooled with dry
ice/acetone. The system was evacuated to 10 mm, the tube was heated to
500°, and 82 g (0.35 mol) of 1-(bicyclo[2.2.1]hept-5-enyl)-1,4-octanedione was
fed into the tube at a rate of about 12 drops per minute. The product collected
in the receiving flask, whereas the cyclopentadiene was condensed in the
dry-ice trap. The crude product was distilled in the presence of 1% of
hydroquinone to give 54.2 g (92%) of 1-decene-3,6-dione, bp 75° (0.6 mm).

7.1.2.7. Methyl 4-(Bicyclo[2.2.1]hept-5-en-2-yl)-4-oxobutanoate and Methyl
4-Ox0-5-hexenoate (Thiazolium-Salt-Catalyzed Addition of a Masked a , 8

-Unsaturated Aldehyde to an a, 8 -Unsaturated Ester Followed by Thermal
Cleavage to an Unsaturated Keto Ester) (41)

A mixture of 366.6 g (3 mol) of bicyclo[2.2.1]hept-5-ene-2-carboxaldehyde,
258.3 g (3 mol) of methyl acrylate, 40.5 g (0.15 mol) of



3-benzyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium iodide (catalyst a), and
101.2 g (1 mol) of triethylamine was heated under nitrogen with stirring to 65°
for 15 hours. Isolation, as described above, gave 318.7 g (51%) of methyl
4-(bicyclo[2.2.1]hept-5-enyl)-4-oxo-5-hexenoate, bp 110° (0.7 mm). Pyrolysis
of 50 g of this product as described in the preceding preparation gave 32.4
(95%) of methyl 4-oxo-5-hexenoate, bp 47° (0.3 mm).

7.1.2.8. 1,4-Bis(2-furyl)-1,4-butanedione (Thiazolium-Salt-Catalyzed Addition
of a Heterocyclic Aldehyde to Divinyl Sulfone (39)

The addition was carried out in a three-necked flask fitted with a stirrer, a
pressure-equalizing addition funnel, a reflux condenser protected by a
calcium-chloride tube, and a gas inlet tube. A mixture of 19.2 g (0.2 mol) of
2-furancarboxaldehyde, 4.9 g (0.06 mol) of sodium acetate, 5.7 g (0.02 mol) of
5-(2-hydroxyethyl)-3,4-dimethyl-1,3-thiazolium chloride (catalyst b) and 200 ml
of ethanol was placed in the flask and heated under a slow stream of nitrogen
to 80° bath temperature. A solution of 11.8 g (0.1 mol) of divinyl sulfone in
50 mL of ethanol was then added during 3 hours and the mixture was heated
under reflux for another 12 hours. The mixture was filtered while hot, and the
solids were extracted several times with chloroform. The combined filtrate and
chloroform extracts were concentrated under aspirator vacuum and the
residue was dissolved in 200 mL of chloroform. The solution was washed with
aqueous sodium bicarbonate solution and water, and the aqueous phases
were reextracted with chloroform. The combined organic phases were dried
with sodium sulfate and concentrated. Crystallization of the residue from
ethanol gave 16.4 g (75%) of 1,4-bis(2-furyl)-1,4-butanedione, mp 131°.

[]



8. Tabular Survey

The literature has been searched through December 1988. The tables are
arranged according to product type. Tables I-1V list reactions that produce
1,4-diketones. Table | contains catalyzed additions of aldehydes to simple a , B
-unsaturated ketones including their Mannich-base equivalents. Table Il lists
catalyzed additions of aldehydes to divinyl sulfone, a reaction that also
produces 1,4-diketones. Catalyzed additions of 3 -keto acids to a, 3
-unsaturated ketones, which lead to 1,4-diketones, are collected in Table IIl.
Table IV contains all additions that give tri- and polyketones; these include
double additions of a, B -unsaturated ketones to formaldehyde, double
additions of aldehydes to divinyl ketones and other (bis)- a , B -unsaturated
ketones, and additions of aldehydes to a , B -unsaturated ketones containing
additional ketonic carbonyl groups in other parts of the acceptor molecule.
Table V lists additions that produce 4-ketocarboxylic acids, esters, and
lactones; reactions leading to 4-ketonitriles are found in Table VI. Table VII
contains the lone example of an addition of an aldehyde to an acceptor not
covered in Tables I-VI.

In additions to Michael acceptors containing electron-withdrawing groups on
both carbons of the double bond, the dominant group determines in which
table the reaction is listed. Reactions involving Michael acceptors with two
electron-withdrawing groups on the same carbon atom of the double bond are
listed in both appropriate tables.

Within eacuble, entries are arranged in the order of increasing carbon count
of the aldehyde; within each aldehyde listing, the entries are arranged in the
order of increasing carbon number of the Michael acceptor; Mannich bases are
listed under the carbon count of their Michael-acceptor equivalents.

Where no solvent is mentioned in the Conditions column, reactions were
carried out neat. Reaction times have been omitted. These are usually 12-15
hours for thiazolium-salt-catalyzed reactions. Cyanide-catalyzed reactions
involve three phases: stirring of the aldehyde with the catalyst, addition of the
Michael acceptor, followed by continued stirring to complete the reaction.
A-dash (—) indicates that no yield was reported. The following abbreviations
are used in the tables:

Ac acetyl

Cat. a  3-benzyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium chloride
Cat. b 5-(2-hydroxyethyl)-3,4-dimethyl-1,3-thiazolium iodide

Cat. ¢ 3-ethyl-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium bromide



Cat.d  3-(ethoxyethyl)-5-(2-hydroxyethyl)-4-methyl-1,3-thiazolium
bromide

Cat. e  5-(2-hydroxyethyl)-4-methyl-3-(polystyrylmethyl)-1,3-thiazolium
chloride

Cat.f  2-hydroxyethyl-1,3-thiazolium bromide

C4H3O  2-furyl

C4H30-3 3-furyl

CsH3S  2-thienyl

C4H3S-3 3-thienyl

C4HgN  N-pyrrolidinyl

CsHaN  2-pyridinyl

CsH4N-3 3-pyridinyl

CsH4N-4 4-pyridinyl

DMF dimethylformamide

EtOH  ethanol

PhThN N-phthalimidyl

rt room temperature

TEA triethylamine

THP 2-tetrahydropyranyl

[]
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Translated from the German by E. Ciganek, Medical Products
Department, E. I. duPont de Nemours & Co., Wilmington,
Delaware.

Notes

End

*

* Catalyst ¢ may be replaced by catalysts a or b without decrease in
yields.
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The Pauson-Khand Cycloaddition Reaction for

Synthesis of Cyclopentenones

Neil E. Schore, University of California, Davis, California

1. Introduction

The Pauson-Khand reaction is a cocycloaddition of alkynes, alkenes, and
carbon monoxide to generate cyclopentenones in a formal [2 + 2 + 1]
cycloaddition process. The reaction was discovered and first reported in detail
by Ihsan U. Khand and Peter L. Pauson in 1973 in the course of a study aimed
principally at the preparation and characterization of various alkene and alkyne
complexes derived from Co,(CO)s. (1) The generality of the reaction, typically
carried out by heating a mixture of the alkene and the readily formed Co,(CO)s
complex of the alkyne in hydrocarbon or ethereal solvent, was established
primarily by an extensive series of studies carried out by the Pauson group
throughout the 1970s.

0
RS
R3 RS R
RIC=CR? + — Cop{CO R?
R* RS o2 R?
R!

The earliest studies established that synthetically reasonable yields, usually in
the 40-60% range, and significant regio- and stereoselectivity could be
expected even for relatively simple examples. Development of this reaction
has reached the point where predictable success and control of selectivity are
possible. The variety of successful reactions and systems accessible by
means of this cycloaddition is now quite substantial.

This chapter addresses the scope and generality of this reaction as well as the
current state of the art with regard to control of regio- and stereochemistry.
Both inter- and intramolecular versions of the cycloaddition are presented, and
current models that have been put forth concerning the reaction mechanism
are noted. Synthetic applications of the Pauson—Khand reaction have taken
many forms, and representative examples of all major types of systems
accessed are presented. The process exemplifies a nearly ideal merging of
organometallic with synthetic chemistry, in which advances in each area have
promoted development in the other in an almost symbiotic manner. Excellent



shorter reviews on the Pauson—Khand reaction have been published. (2-4) We
hope that this chapter will succeed in providing the reader with both an
overview of the reaction as well as a sufficiently detailed understanding of its
complexities to permit meaningful evaluation as a possible solution to current
or future research needs.



2. Mechanism

The only direct evidence that bears on the mechanism of the Pauson—-Khand
reaction is the unambiguous observation that the alkyne complex
C02(CO)¢R'C = CR? is involved in the first stage of the process. No
intermediates have been detected beyond this alkyne complex. The current
level of mechanistic understanding is instead inferred from observations of
regio- and stereochemistry in a large number of examples, and is illustrated
schematically in Eqg. 1 (for clarity the alkene substituents have been omitted).
(5-7) It is usually assumed that complexation of the alkene to one cobalt atom
takes place via a dissociative mechanism involving initial loss of CO. This
process is almost certainly reversible. Subsequently, irreversible insertion of
the complexed face of the alkene p bond into one of the formal cobalt—carbon
bonds of the alkyne complex occurs, in the step that is probably both rate- and
product-determining and is followed by addition of CO to the coordinatively
unsaturated cobalt atom. The metallocycle that forms may proceed to product
by a standard sequence of steps beginning with migratory insertion of a
cobalt-bound CO, addition of a ligand (e.g., another CO molecule), and
reductive elimination of the Co(CO)3; moiety. The structure obtained is simply
the Co,(CO)s complex of the final enone; loss of the Co,(CO)s fragment, either
before or after attachment of an additional ligand, completes the process.

R
1 Co(CO), _-CO__ jl\cﬂ{co}j
SRR ‘Z\ Co(CO), Co(CO),

R
R cé:o(coh B Co(CO), (1)
C=C
R
R R
>Co(CO), R Co(CO}Co(CO) R
Co(CO)y &R - [Coz(COJ]
0 0 0

The structure of the product is influenced both by steric interactions associated
with the alkene insertion as well as by the structure of the favored
configurational and conformational isomers of the precursor alkene complex.



When both the alkene and alkyne are unsymmetrically substituted, eight such
structures capable of subsequent insertion reaction may be drawn. These are
shown as 1-8 for the case in which both the alkene and alkyne are terminal. In
structures 1-6 the alkene is complexed cis to the bond between cobalt and the
substituted alkyne carbon, and these complexes presumably suffer steric
destabilization. Of these, isomers 1 and 2, in which the alkene eclipses the
bond between cobalt and the unsubstituted alkyne carbon, are probably
preferred over 3—6, where interaction with R! is most severe. However, the
isomers most likely to lead to insertion are 7 and 8. The alkene is complexed
trans to the bond between cobalt and the substituted alkyne carbon, and
eclipses the bond between cobalt and the unsubstituted alkyne carbon.
Insertion occurs into this cobalt-carbon bond, forming the first new
carbon—carbon bond with the least sterically hindered alkyne carbon. This
fixes the regiochemistry of the alkyne component, placing the larger of its
substituents in the 2 position of the final cyclopentenone. This result is general
for alkynes containing substituents of different sizes.
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Depending on the size of the substituent(s) on the alkene and on the less
hindered alkyne carbon, there may be a significant conformational preference
for isomer 7, in which the more heavily substituted end of the alkene is
oriented toward a carbonyl group, and away from the bond to the alkyne
carbon. When this occurs, it leads to regioselectivity in incorporation of the
alkene component as well, resulting in a preference for the 5-substituted
cyclopentenone 9. However, the degree of steric interaction necessary for high
selectivity is present only in more heavily substituted situations, such as
reactions with internal alkynes. Most Pauson—Khand cycloadditions involving
terminal alkynes and terminal alkenes are unselective in the incorporation of
the alkene, although regioselectivity involving the alkyne remains high.

Electronic effects are also observed in the Pauson—Khand reaction. Alkynes
conjugated to electron-withdrawing groups do not undergo the cycloaddition.
Alkenes bearing electron-withdrawing groups react anomalously, giving
1,3-dienes. This reaction is completely regioselective, with the new
carbon—carbon bond forming between the less-hindered alkyne carbon and
the less-hindered alkene carbon. (8, 9) It is reasonable to assume that
complexation of the alkene and subsequent insertion occur as in the normal
cycloaddition sequence. The p -conjugating, electron-withdrawing group EWG
on the alkene apparently renders a 3-hydrogen elimination—reductive
elimination sequence competitive with CO insertion, leading to the diene
product. In ediate behavior is observed with styrene derivatives, most of
which give beth diene and cyclopentenone products, both with complete
regioselectivity. Discussion of electronic effects on regioselectivity is presented
in a subsequent section.

R R
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3. Scope and Limitations

The Pauson—Khand reaction is quite tolerant of substrate structure. The most satisfactory
alkynes are acetylene and simple terminal alkynes, including arylalkynes. Internal alkynes
typically give lower yields of cyclopentenones. The scope of the reaction with respect to
the alkene is somewhat more limited. Strained cyclic alkenes are generally good
substrates, frequently giving yields in excess of 50%. However, steric hindrance around
the double bond reduces cycloaddition reactivity considerably. This result is apparently
due to a reduction in the ability of the alkene to compete with additional molecules of
alkyne for reaction with the initially formed Co,(CO)s'RC = CR' complex. As a result, side
reactions such as alkyne trimerization and multicomponent cycloadditions involving only
alkyne and carbon monoxide become dominant. (10) Simple acyclic alkenes and
unstrained cyclic alkenes are less satisfactory, although ethylene itself is an exception,
reacting smoothly with a variety of alkynes.

The Pauson—Khand reaction tolerates a wide range of remote functionality including
ethers, alcohols, ketones, ketals, esters, tertiary amines, tertiary amides, thioethers, and
aromatic and heteroaromatic rings. Complications do arise with substrates bearing allylic
or propargylic functionality, and the effects of conjugation of either substrate p system with
another carbon—carbon p bond vary with the specific nature of the substrate.



4. The Intermolecular Pauson—-Khand Cycloaddition

Reaction

The intermolecular Pauson—Khand reaction of simple acylic alkenes is
generally limited by both low reactivity and lack of regiocontrol in incorporation
of the alkene, although incorporation of the alkyne remains highly or totally
regioselective regardless of the structure of the alkene. (11) Arylalkenes and
certain heteroatom-substituted systems offer better opportunities for alkene
regiocontrol. Cyclic alkenes present a quite different situation. Cycloaddition
yields are good to excellent in many cases, and considerable stereo- and
regioselectivity is obtained with respect to both the alkyne and the alkene
components. Polycyclic molecules in which the alkene is strained provide the
most favorable results, both in yield and selectivity. Reaction conditions vary
widely, mainly as a function of the structure of the alkene; details are
presented in the appropriate sections that follow.

4.1. Acyclic Alkenes

Ethylene itself reacts readily with the Co,(CO)s complexes of terminal alkynes.
The reaction proceeds slowly even at room temperature, although forcing
conditions (toluene, 80—-160°, 50-120 atm initial ethylene pressure, autoclave)
are required for best results. Yields of cyclopentenones typically fall in the
30-60% range, and may be improved somewhat by the addition of
tri-n-butylphosphine oxide to the reaction mixture (Eg. 2). (12-15)

[] 0

. H,,-n
n-CgH,,C=CH: Co,(CO), + CH,=CH, ﬁ- &’ G )

(55%)

Internal alkynes have also been used with some success. The example shown
in Eg. 3 is one of the very few cases of incomplete regioselectivity in alkyne
incorporation. (16) In this regard it is noted that no systematic examination of
regioselectivity has been carried out for alkynes in which the substituents are
more similar in size than methyl vs. primary alkyl.
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Pauson—Khand cycloaddition reactions of gaseous substituted alkenes require
conditions similar to those used for ethylene itself. Reactions involving liquid
alkenes are typically carried out in solution under nitrogen. A variation that
occasionally gives superior results uses a catalytic amount of the

Co2(CO)e alkyne complex, with the reaction carried out under an atmosphere
of free alkyne and carbon monoxide. As mentioned earlier, terminal aliphatic
alkenes usually give modest yields, but alkene incorporation occurs without
regioselectivity in reactions with Co,(CO)s complexes of terminal alkynes (Eq.

4). (1)

n-CHiC=CH Coy(CO¥ + oyt 7 DTN,

toloene, 48 h
o} o]
n-CeH3
(21%) (21%)

Increased alkene regioselectivity but reduced chemical yields are observed in
reactions with internal alkynes (Eq. 5). (7) As described above, the site of
coordination of the alkene determines alkyne regioselectivity, while the
conformation of the coordinated alkene prior to insertion determines alkene
regioselectivity.



e — 1007, N.
CH,C=CCH3 CofCOX + .ot/ oo irm

wluene, 48 h
0 0
n-CH,, H, ™, O
+
H, nCHis H,
(19%) (1%}

Examples of unexpectedly high, but solvent-dependent regiocontrol have been
reported for allyl ethers. (4, 17) In a very interesting and possibly related
observation by Krafft, alkenes containing groups at a homoallylic position
capable of acting as soft ligands give higher yields and often very high
regioselectivities. This result is thought to result from coordination of the
heteroatom to cobalt prior to insertion, thereby fixing the conformation of the
alkene to favor the 5-substituted product. (6) An example is given in Eq. 6.

toluene, 30 h
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Alkenes bearing electron-withdrawing groups give rise entirely to conjugated
dienes via the mechanism already described (Eq. 7). (8) Conjugated acyclic
dienes, in contrast to cyclic dienes (vide infra), also give only linear
oligomerization, resulting in stereoisomeric mixtures of acyclic polyene
products. (2)

CHO CeHs
CH.C=(H" Co,(COU), +CH /=/ o Es \/\[/\CHD @
3



Styrene derivatives have been extensively studied and are intermediate, giving
comparable yields of dienes and 5-arylcyclopentenones, both with complete
regioselectivity. (11, 18, 19) The example in Eq. 8 is typical, both in terms of
overall yield as well as chemoselectivity. (18)

T ‘ 1107, N
QHESCHCoCD), o Qﬁ e
H,0
H, ;0
¥ CeHs
aH,0

(42%) (27%)

More heavily substituted acyclic alkenes are not useful substrates unless
homoallylic heteroatom substitution is present to facilitate complexation to
cobalt. Alkene stereochemistry is generally lost in the cycloaddition process. (6)

Vinyl and allyl halides cyclize in low yield with apparent hydrogenolysis of the
carbon—halogen bond. (11) Although there are examples of partial success in
Pauson-Khand cycloadditions of vinyl ethers and esters, neither the
substrates nor the products (especially 4-alkoxycyclopentenones) tolerate the
reaction colﬂtions very well. (20)

Methylenecyclopropane and methylenecyclobutane give poor results under
typical stoichiometric conditions. However, Smit finds that adsorption of a
mixture of alkene and Co,(CO)s-complexed alkyne on any of several solid
supports (e.g., silica, alumina, Zeolite) and heating of the dry solid leads to
good-to-excellent yields of cycloaddition products. (21) It is thought that
adsorption may promote ligand exchange and, therefore, facilitate alkene
complexation. Reactions of methylenecyclopropane with internal alkynes give
only 5-spiroannulated cyclopentenones, indicating steric control of alkene
complex conformation (Eq. 9; cf. Eq. 5). Regioselectivity is lower and favors
the 4-spiroannulated product from terminal alkynes and acetylene, where large
steric interactions upon complexation are absent (Eqg. 10). Instead, alkene
orientation is probably controlled upon insertion, with the more substituted end
of the alkene preferring to bond to an unsubstituted alkyne carbon rather than
to a Co(CO); moiety. A small electronic effect, which is discussed in a later
section on bridged bicyclic alkenes, may also contribute to this result.
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4.2. Monocyclic Alkenes

Simple cyclopropenes and cyclobutenes have not been studied as
Pauson—KHarld substrates although based on results with bicyclic systems
(vide infra) at least the latter should give good results. Cyclopentene reacts
with terminal alkynes to give 30—70% yields of bicyclo[3.3.0]octenones. (11, 13,
14, 22) Better yields with gaseous alkynes are often obtained under “catalytic”
conditions, in which a benzene solution of the alkene is heated in the presence
of ca. 0.2 equivalent of the Co,(CO)sRC = CH complex under an atmosphere
consisting of a ca. 1:1 mixture of the alkyne and carbon monoxide. Several
turnovers may be obtained, although the improvements in yield are only
occasionally dramatic. Reported yields in these reactions are based either on
starting alkene or on starting Co,(CO)e'RC = CH complex. With less volatile
alkynes reaction with a stoichiometric amount of complex is carried out in
alkane or arene solvent at 70-110°, or in heptane at 110-120° (sealed tube).
Pauson has found that addition of 1 equivalent of tri-n-butylphosphine oxide
often improves results in these cases, perhaps by facilitating loss of CO (Eq.
11). (15) Catalytic conditions give much better results than stoichiometric
conditions in reactions of trisubstituted cycloalkenes such as
1-methylcyclopentene with acetylene (Eq. 12). (22) The alkene regioselectivity
is similar to that of methylenecyclopropane. Ring-containing vinyl esters and
ethers give poor results. (4)
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Unlike acyclic dienes, cyclopentadienes and fulvenes react with alkynes to
give bicyclo[3.3.0]octenones in good-to-excellent yield. As seen with reactions
of styrenes, the favored position of conjugated unsaturation is the 5 position of
the product (Eq. 13). (23)

cnemancyco, - () 2

0 0
(13)
CeHs + CeH;
(=50%)
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Excellent yields are obtained in cycloadditions of 2,5-dihydrofuran with
gaseous alkynes under catalytic reaction conditions. As in the case of
cyclopentene, reactions with less volatile alkynes under stoichiometric
conditions give good results which are usually improved by addition of
tri-n-butylphosphine oxide. (15) Substituted dihydrofurans give poorer yields
and low regioselectivity. (2, 24)

Cyclohexene itself gives very poor results, although the presence of a
homoallylic amine in the substrate leads to some improvement. (6, 11)
Cycloheptene and cyclooctene give moderate yields of cyclopentenones, but



only with phenylacetylene, not with alkyl acetylenes. (11) Cyclohexadienes
undergo Diels—Alder reaction with alkynes under Pauson—Khand conditions
giving bicyclo[2.2.2]octa-1,4-dienes, which then react with additional alkyne to
give tricyclic cyclopentenones (Eq. 14) (vide infra). (25)

60-80°, N Gt 0
CgH,C=CH" Co,(CO), + _‘_Lhmm.s.n CeH (14)

{major isomer, 65%)

4.3. Ring-Fused Bicyclic and Polycyclic Alkenes
Bicyclo[3.2.0]hept-6-enes, containing a fused cyclobutene ring, react with both
terminal and internal alkynes to form cis, anti,
cis-tricyclo[5.3.0.0%°]dec-4-en-3-ones. With bicyclo[3.2.0]hepta-3,6-dienes
reaction occurs entirely at the cyclobutene double bond. The cycloaddition is
completely stereoselective, taking place exclusively on the less hindered exo
face of the bicyclic alkene. (1) Alkene regiochemistry is directed by steric
interactions involving allylic substituents. Insertion to give metallocycle 11
avoids a 1,3-pseudodiaxial interaction between the allylic substituent and a
Co(CO0O)3; moiety, which would occur in the regioisomeric intermediate 12. This
leads via the mechanism shown earlier exclusively to enone 13, with the larger
allylic substituent farther from the newly formed cyclopentenone carbonyl.
CycIoadditiEIs of bicyclo[3.2.0]hept-6-enes
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are completely regioselective. Upon replacement of a ring fusion hydrogen
with methyl, which is effectively larger than methoxy, enone 14 is the only
product formed. (26, 27)

Bicyclo[3.3.0]oct-2-enes undergo isomerization to bicyclo[3.3.0]oct-1-enes
prior to cycloaddition; the product is therefore an angularly fused triquinane,
rather than the linear isomer (Eq. 15). (28) (Exceptions are found in reactions
of silyl- and cyclopropylacetylenes. (29)) Metal-mediated hydride transfer via a
p -allyl complex is probably involved. Evidence for the presence of metal
hydrides is found in the observation of products of both hydrogenation and
hydrogenolysis under more forcing conditions. The regioselectivity is similar to
that observed for 1-methylcyclopentene. Similar yields, with a 1:1 mixture of



isomeric products, are found with 2-methylbicyclo[3.3.0]oct-2-ene, the only
example of a tetrasubstituted alkene successfully undergoing Pauson—Khand
cycloaddition. (22)

A BO°, CO
+-C,H4(CH,4 ), SiOCH ,C=CH- Co,(CO) + C]:} R

FCHy(CHy)SIOCH,
(15)
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Indenes and acenaphthalene are similar to cyclopentadiene, reacting with
alkynes to give largely or exclusively cyclopentenones; the indenes react with
complete regioselectivity. (21, 23) Dihydronaphthalene gives similar results,
also with the expected regioselectivity for a styrene analog. (18)

4.4. Bridged Bicyclic and Polycyclic Alkenes

Norbornene and a number of its polycyclic derivatives give cyclopentenones in
yields of 20—-40% from internal alkynes, and 30 to >90% from terminal alkynes,
including cyclopropyl- and trimethylsilylacetylene (Eq. 16). (29, 30)
Stoichiomefrmg, catalytic, and dry state adsorption conditions have all been
used succeEﬂully. Stereoselectivity in formation of the exo ring fusion is
always 100%, as is regioselectivity in incorporation of the alkyne but not
necessarily the alkene. (3, 14, 21)
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(93%)

Phenylacetylene- Co2(CO)e reacts with
(R)-(+)-2,3,0-isopropylideneglycerine-1-diphenylphosphine [(R)-(+)-glyphos]
to give two separable diastereomers of phenylacetylene-
Co0,(CO)s-(R)-glyphos. Cycloaddition of the (—)sgg diastereomer with
norbornene at a temperature at which diastereomer equilibration is slow (£60°)
gives the enone in only 31% vyield, but 100% enantiomerically pure (Eq. 17).
This result does not require direct steric interaction between the chiral ligand



and the complexed alkene. Complexation and insertion of the alkene at
exclusively one of the two diastereotopic cobalt atoms [presumably at the
Co(CO)s rather than at the Co(CO),-(phosphine)] is sufficient, as the reaction
is already inherently face-selective. It is fitting that this first demonstration of
optical induction in Pauson—Khand cycloaddition comes in part from the
Pauson group, where the intermolecular version of this reaction was explored
to the greatest extent. (31)

45%, ultrasound
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C H ,C=CH" Co,(CO)[(R)-(+)-glyphos] +
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If other types of double bonds are present only the norbornene undergoes
cycloaddition. (32) Cycloaddition succeeds with 1-arylnorbornenes as well. An
electronic regioselectivity effect is evident by comparing cycloadditions of
norbornen-2-ols, which are not regioselective, with those of norbornen-2-ones.
The double bond in the latter, polarized by homoconjugation, reacts
preferentiao give 15 via metallocycle 16, in which the partially positive C-5
is bonded t0a carbon of the complexed alkyne, rather than to a partially
positive cobalt center. (33)

__60-65°,CO _
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Reactions with certain functionalized alkynes such as 4-pentyn-1-ol give low
yields (<25%), in part a result of competing alkyne trimerization. Suppression
of this side reaction is achieved by covalent attachment to a functionalized



polystyrene. Pauson—Khand reaction of the polymer-bound alkyne followed by
cleavage of the polymer linkage affords excellent yields of the cycloaddition
product (Eq. 18). (34)

2 H, (n-CaHg)N" CI
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Norbornadiene may react at one or both double bonds. Yields are moderate in
the former case, lower in the latter; both are regioselective. (1, 14, 32)
Appreciable amounts of endo-fused products result in the reaction with
acetylene, but other alkynes give nearly exclusively exo products (Eqg. 19). (15,
35) Polymerlinkage of alkynols gives improved yields of both single and double
cycloaddition. (34) Adsorption on silica also improves yields. (21) A
heterocyclic analog, 2,3-diaza-5-norbornene, undergoes cycloaddition, but
7-oxanorbornadiene deoxygenates. (2, 3)

(CH,),SiC=CCH ;- Co,(CO) + [6 e

Derivatives of bicyclo[2.2.2]octene, 8-oxabicyclo[3.2.1]oct-6-ene, and
8-azabicyclo[3.2.1]oct-6-ene all cycloadd readily to acetylene and terminal
alkynes. (5, 25, 36-38) However, addition of a methyl group to the double bond
of the oxabicyclooctene or even bulky bridgehead substitution eliminates
cycloaddition reactivity, and smaller bridgehead substitutents result in only low
regioselectivity (Eqg. 20). (5)
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5. The Intramolecular Pauson-Khand Cycloaddition

Reaction

Intramolecular cycloadditions occur upon complexation of derivatives of
hept-1-en-6-ynes and oct-1-en-7-ynes to Co,(CO)s and subsequent heating,
giving bicyclic enones. Intramolecularity permits satisfactory results with
terminal, internal, and even trisubstituted alkenes, although reactions of
trisubstituted alkenes are limited to terminal alkynes by steric hindrance.
Hex-1-en-5-yne undergoes alkyne trimerization instead, avoiding
four-membered ring formation. (39)

5.1. All-Carbon Enynes

Stoichiometric solution-phase conditions are most frequently used for these
systems. Best yields are generally obtained by heating the reactants in a
sealed tube. Substitution effects in cycloadditions of hept-1-en-6-ynes to give
bicyclo[3.3.0]oct-1-en-3-ones have been well studied, and have been
accommodated by Magnus into the mechanistic scheme previously described.
In particular, a stereochemical preference for substituents at the allylic (C-3)
and propargylic (C-5) positions of the substrate to be on the exo face of the
bicyclic product is observed, and this is enhanced by bulky substitution on the
alkyne terminus (Egs. 21 and 22). (40, 41) Steric interactions between the
endo allylic and propargylic positions and the alkyne substituent are
responsible. Structures 17 and 18 show the relevant conformations for the
Substrate i . 21 with the ring fusion bond that would form upon alkene
insertion sﬁn by a dashed line. The development of a severe
pseudo-1,3-diaxial interaction upon insertion from conformation 17 (the
“Felkin—Ahn” conformation, with the double bond terminus closest to the
medium-size group) diverts the reaction through 18, leading to the product with
the allylic substituent cis to the ring fusion hydrogen and on the exo face of the
molecule.
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Substitution at C-4 has no stereochemical consequences, but improves yields
and may shorten reaction times: compare Eqgs. 23 and 24. (42, 43) Heavy
substitution at C-3 and C-5 is detrimental in the absence of C-4 substitution.
(44) More fing conditions are required, and double bond reduction becomes
a problem. For systems with free or protected hydroxy groups, dry conditions
on silica give the best results. (45-47) Dry state conditions have not been
examined with enynes lacking polar functionality.
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Cycloadditions of 1-(4-pentynyl)cyclopentenes and 3-(3-butynyl)cyclopentenes
lead to the angularly fused triquinane (tricyclo[6.3.0.0."*]Jundecane) and the
triquinacene (tricyclo[5.2.1.0**°Jundecane) ring systems, respectively. (48-51)
Useful stereoselectivity is observed in triquinane formation when an allylic
methyl group is present on the cyclopentene ring (Eg. 25). (52)

I
Co,(CO), (45%) (6%)

Insertion intermediates 19 and 20, which lead to the major and minor products
respectively, suggest that a pseudo-1,3-diaxial interaction is again
responsible.

In the 3-(3-butynyl)cyclopentene series the alkene is only cis-1,2-disubstituted,
and therefore cycloaddition is compatible with and actually benefits from
substitution on the alkyne terminus. Not only is stereocontrol with respect to
propargyl substituents obtained, but equilibration is observed with labile
substituents. Beginning with a mixture of diastereomeric substrates, reversible
ionization of the propargylic leaving group occurs, facilitated by stabilization of
the cationic intermediate by complexation to cobalt. As the precursor to the
less sterically hindered 5-exo substituted product is formed in this equilibration
it cyclizes readily, forming a single triquinacene stereoisomer in high yield (Eq.
26). (53) The reaction tolerates unsubstituted hydroxy functionality when
carried out under dry conditions.
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5.2. Heteroatom-Linked Enynes

Intramolecular Pauson—Khand cycloaddition of allyl propargy! ethers, readily
prepared from Co2(CO)s-complexed propargyl cations, gives only moderate
yields under the usual solution conditions. (54-56) In their studies of the effects
of silica adsorption on these reactions, Smit and Caple found that reaction
times drop from days to hours, reaction temperatures are reduced, and yields
are often doubled. (45, 57, 58) In addition to facilitation of ligand exchange,
adsorption of the ether oxygen atom to silica may act like bulky substitution to
restrict conformational motion, favoring intramolecular reaction. Substitution is
well tolerated in these reactions, although little stereochemical work has been
done. (59) A side reaction, hydrogenolysis of the allylic carbon — oxygen
bond, is suppyessed by heating the adsorbed substrate under oxygen,
presumabl scavenge reducing species such as cobalt hydrides. This
hydrogenolysis process may be promoted by heating the substrate complex on
alumina under argon. Good yields of 3-alkyl-4-(hydroxy-alkyl)cyclopentenones
are obtained (Eq. 27). (60)
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Pauson-Khand cycloaddition reactions of N-allyl-N-propargyl amides are also
best carried out under dry conditions on silica gel. However, unless the alkyne
terminus is substituted the expected 7-azabicyclo[3.3.0]octenone is reduced to
a saturated ketone under the reaction conditions. Use of a chlorocarbon
solvent suppresses reduction, but yields are lower. In contrast, cycloaddition of
an N-allyl-N-(3-butynyl) amide gives the 7-azabi-cyclo[4.3.0]nonenone without

reduction. @



6. Applications to synthesis

The Pauson-Khand cycloaddition has been used as a key step in numerous
syntheses. In this section a selection is presented. Only the cycloaddition
reactions themselves are illustrated. The reader is referred to the original
references for details concerning the role the cycloaddition plays in each
synthesis. A number of cyclopentenones formed in intermolecular
cycloadditions of ethylene, cyclopentene, and dihydrofuran with terminal
alkynes have been used in the synthesis of prostanoid analogs (Eq. 28). (62)
Cycloaddition products of norbornadiene with alkynes give
4,5-disubstituted-2-cyclopenten-ones after conjugate addition followed by
retro-Diels—Alder elimination of cyclopentadiene. (35) Natural products or
natural product precursors prepared from products of dihydrofuran
cycloadditions include methylenomycin B, (17) cyclomethylenomycin A,
cyclosarkomycin (Eq. 29), (63) and Japanese hop ether. (24)

H=CH CHp=CH,,
= 2o 160°, 50 atm
CH,0,C(CH,)~ SH,C=1 Coy(CO) —=——"n
T CH=CH (28)
CH,” ~~(CH,),CO,(H,
(57%)
O
85, CO
CHsCaCCH3
CH,C=CCH 4~ Co,(CO) + Q —— 0 CH, (29)
(70%) 1,

A potential precursor to the sesquiterpene illudin M has obtained via a
remarkably regioselective cycloaddition of acetylene to a densely
functionalized 7-oxanorbornene (Eq. 30). (64) Cycloaddition regioselectivity
with this alkene varies with alkyne substitution, similar to that seen with simple
acyclic alkenes (cf. Egs. 4 and 5).
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Potential precursors to hydrazulenoid natural products in the guaianolide and
pseudoguaianolide families of natural products have been prepared from
cycloaddition products of bicyclo[3.2.0]heptenes with acetylene (e.g., 14). (26)
The alkene serves as a synthetic equivalent to the less reactive cycloheptene.
(11) The lactarane furanether B has been prepared in two complementary
ways using cycloaddition reactions of 8-oxabicyclo[3.2.1]oct-6-enes, one of
which is shown in Eq. 31. (36, 37)

CH;C=CH' Co,(CO) + ~Z — —S500.,

[]

o g (31)

Cycloadditions of cyclopropylacetylenes with cyclopentene and norbornene
give 2-cyclopropylcyclopentenones whose vinylcyclopropane functionality may
be rearranged thermally to give a new cyclopentene ring (Egs. 32 and 33). De
Meijere has applied this sequence to synthesize linearly fused triquinanes
characteristic of the hirsutane class of natural products. (29, 63, 65)
Cycloadditions of both bicyclo[3.3.0]oct-1-enes and bicyclo[3.3.0]oct-2-enes
with alkynes to give angularly fused triquinanes have already been described
(Eq. 15). (28)
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The intramolecular Pauson—-Khand preparation of the
bicyclo[3.3.0]oct-1-en-3-ones was first applied to the synthesis of complex
natural products by Magnus. Solutions to problems arising in the syntheses of
coriolin, (40) hirsutic acid, (42) and quadrone (66) included ring fusion
equilibration to control remote stereochemistry (hirsutic acid) and addition of
base to scavenge cobalt hydrides responsible for a hydrogenolysis problem
(quadrone) (Eq. 34). Stereoselective syntheses of optically pure carbocycline
analogs have employed intramolecular cycloadditions of enynes derived from
D-(+)-ribonolactone (Eg. 35) (67) as well as nonracemic glyceraldehyde
derivatives. (68) Bicyclo-[3.3.0]oct-1-en-3-ones have also been used for
syntheses cﬁ)entalenene and pentalenolactone E methyl ester. (43, 69)
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Novel carbopolycyclic systems have been made from inter- as well as
intramolecular Pauson—Khand cycloadditions of medium ring alkynes formed
initially by alkylation of the stabilized propargyl cation complexes. (70) Through
Pauson—-Khand cycloaddition of an allyl propargyl ether Billington completed a
formal synthesis of the natural product aucubigenone. (55) Smit and Caple
have extended this chemistry to include ring-substituted ethers whose
cycloadditions result in novel heteropolycyclics (Eq. 36). (45)

#3
— S0 0 0 (36)
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Cycloaddition of a trimethyl substituted 1-(4-pentynyl)cyclopentene was the
key step in a stereocontrolled synthesis of pentalenene (Eq. 25). (52) However,
isocomene, possessing methyl groups at the ring fusions, could not be
prepared by this general route because of the failure of cycloaddition to occur
with a tetrasubstituted alkene. (48, 49)

A variety of possible entries to the triquinacene
tricyclo[5.2.1.04'10]decane—2,5,8—trione were evaluated as being of value in
syntheses of dodecahedrane and its derivatives (Eq. 26). (51) Optically active
substrates were prepared and cyclized to the corresponding chiral trione with
397% stereoselectivity. (71)

Smit prepared an 8-butenyloxybicyclo[3.3.0]oct-1-en-3-one and a
9-oxa-8-butenylbicyclo[3.3.0]oct-1-en-3-one by dry state Pauson—Khand
cycloaddition, and photocyclized each to a tetracyclic fenestrane derivative (Eq.
37). (72)
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7. Experimental Conditions

The Pauson-Khand cycloaddition reaction is most frequently carried out under
stoichiometric conditions. The alkyne is allowed to react with commercially
available Co,(CO)g at room temperature for 2—4 hours in hydrocarbon or ether
solvent, forming Co2(CO)s'RC = CR' (73) Moderate heating of this solution
with alkene, usually under nitrogen, but occasionally under carbon monoxide
(and alkyne, if the latter is gaseous), generates the cyclopentenone product.
(23, 25) Improvements in yields have occasionally been found when the
reaction is carried out in a sealed tube, or in the presence of added phosphine
oxide, or under ultrasonic irradiation. (15, 61) In situ generation of Co,(CO)g for
Pauson-Khand chemistry is also known. (74)

With gaseous alkynes a catalytic variation often results in substantially
improved yields with less reactive alkene substrates. A mixture of the alkene
and ca. 10 mol % Co,(CO)sg in an inert solvent is heated under a 1:1
alkyne—carbon monoxide atmosphere. Several turnovers are observed in
favorable cases, all involving intermolecular cycloadditions.

Dry state adsorption conditions often offer the most dramatic improvements,
and are effective for both intermolecular and intramolecular cycloadditions.
The cobalt-complexed enyne, or a mixture of the alkene and the
cobalt-complexed alkyne, is applied to the adsorbent, the solvent is removed
by evaporation, and the solid is then warmed until the color of the complex
fades. Cyclpegditions of allyl propargyl ethers are best done on silica gel under
oxygen to press hydrogenolysis of the propargylic carbon — oxygen bond.
(59) For other substrates a variety of adsorbents may be used including
alumina and Zeolites, and an inert atmosphere is preferred. (21, 60)

7.1.1.1. Note Added in Proof

Of the several papers to have appeared between the submission of this
chapter and the preparation of the proofs, we note the following three that
describe significant qualitative advances in the state of the art of
Pauson-Khand (PK) cycloaddition: A. L. Veretenov, A. S. Gybin, and V. A.
Smit, lzv. Akad. Nauk SSSR, Ser Khim., 495 (1989) describes successful
intramolecular PK cycloaddition involving an electron-poor double bond (that of
a 1,4-heptadien-6-yn-3-one). S. Shambayati, W. E. Crowe, and S. L. Schreiber,
Tetrahedron Lett., 31, 5289 (1990) describes promotion of intramolecular PK
cycloaddition at room temperature, with concomitant improvement in
stereoselectivity, by tertiary amine oxides. Finally, J. Castro, H. Sérenson, A.
Riera, C. Morin, A. Moyano, M. A. Pericas, and A. E. Greene, J. Am. Chem.
Soc., 112, 9388 (1990) describes an enantioselective intramolecular PK
cycloaddition mediated by a chiral auxiliary.



8. Experimental Procedures

8.1.1.1. 2-Pentylcyclopent-2-en-1-one [Cycloaddition of an
Alkynehexacarbonyl-dicobalt Complex with a Gaseous Alkene; Reaction in the
Presence and Absence of a Phosphine Oxide] (cf. Eq. 2) (15)

The alkyne complex was prepared in 80-85% yield by stirring
octacarbonyldicobalt (34.2 g, 0.10 mol) under nitrogen with an equimolar
quantity or slight excess of 1-heptyne in dry, olefin-free light petroleum (b.p.
40-60°) (150—200 mL) for 3—4 hours and purified by distillation. The
1-heptynehexacarbonyldicobalt complex was isolated as a dark red oil, b.p.
120°, 0.1 torr; IR v (CO) (film) 2005, 2025, 2042 cm™; *"H NMR (CDCl3) 5 0.9 (t,
J =6 Hz,3H), 1.55 (m, 6H), 2.9 (t, J = 7 Hz, 2H), 6.0 (s, 1H). Anal. Calcd for
C13H12C0,0¢6: C, 40.9; H, 3.2 Found: C, 41.8; H, 3.5%. A solution of
1-heptynehexacarbonyldicobalt (7.5 g, 19.6 mmol) in toluene (200 mL) was
placed in a 200-mL steel autoclave which was pressurized with ethylene

(60 atm). The autoclave was shaken and heated to 110° for 36 hours, then
cooled and the contents filtered. After removal of toluene the residue was
chromatographed on alumina. Light petroleum eluted unchanged complex
(0.2 g), and ether/light petroleum (1:1) eluted the product which was further
purified by flash chromatography (75) and distillation at 100° (bath

temp.)/0.4 torr yielding a very pale yellow oil (1.06 g, 36%); IR vV max (film) 1633,
1700 cm™; *H NMR (CDCl3) & 0.90 (t, J = 6 Hz,3H), 1.31 (m, 4H), 1.48 (m, 2H),
2.16 (brt, J =7 Hz, 2H), 2.40 (m, 2H), 2.57 (m, 2H), 7.30 (m, 1H). The reaction
in the presence of tri-n-butylphosphine oxide (4.1 g, 18.8 mmol) was carried
out in the same manner yielding 1.4 g (49%) of the ketone. Anal. Calcd for
C10H160 : 8.8; H, 10.6. Found: C, 78.9; H, 10.6%.

8.1.1.2. exo- and endo-3a,4,7,7a-Tetrahydro-4,7-methanoinden-1-ones
[Cycloaddition of an Alkynehexacarbonyldicobalt Complex with a Liquid
Alkene under Stoichiometric Conditions] (cf. Eqg. 19) (15)
Ethynehexacarbonyldicobalt was prepared by stirring octacarbonyldicobalt in
light petroleum for 3—4hours under an acetylene atmosphere. The complex
was purified by distillation as a dark red olil, b.p. 64-66°, 3.5-4 torr. (76)
Reaction of ethynehexacarbonyldicobalt (4 g, 12.8 mmol) and norbornadiene
(2.4 g, 26 mmol) in toluene (»150 mL) at 70° for 4 hours under nitrogen gave a
product mixture which was freed from metal-containing products and from the
diketones (»0.6 g) by chromatography on neutral alumina and elution with
ether. Separation of the isomers was then effected by flash chromatography
on MN-Kieselgel using 1:4 ethyl acetate/light petroleum as eluent. The exo
isomer (0.822 g, 44%) was eluted before its endo isomer (0.192 g, 10%). For
the exo isomer, IR V max (film) 1700 cm™; *H NMR ( CDCls) 8 1.22 (m, 2H),
2.12 (d, 1H), 2.60 (br s, 1H), 2.78 (m, 2H), 6.12 (m, 3H), 7.44 (dd, 1H). For the
endo isomer, IR V max (film) 1700 cm™; *H NMR ( CDCls)  1.67 (q, 2H), 2.77 (t,



1H), 2.95 (m, 1H), 3.19 (br s, 1H), 3.40 (m, 1H), 5.77 (dd, 1H), 5.94 (br d, 2H),
7.38 (dd, 1H).

8.1.1.3. cis, anti,
cis-1-Methoxy-7-methyl-endo-8-hydroxytricyclo[5.3.0.0*°|dec-4-en-3-one (14)
[Preparation in situ of an Alkynehexacarbonyldicobalt Complex and its
Cycloaddition with a Liquid Alkene under Stoichiometric Conditions] (26)

To 20 mL of dry 1,2-dimethoxyethane under nitrogen was added 0.250 g
(0.719 mmol) of octacarbonyldicobalt and the solution was then stirred under
an acetylene atmosphere for 1 hour at 25°. The formation of
ethynehexacarbonyldicobalt was accompanied by vigorous CO evolution and
a color change from yellowish brown to reddish violet. A solution of 0.154 g
(2.00 mmol) of 1-methyl-5-methoxybicyclo[3.2.0]hept-6-en-endo-2-ol in 5 mL
of 1,2-dimethoxyethane was added and the mixture heated to 60—65° for 4
days under CO. After cooling and removal of solvent the residue was
precoated on silica gel and chromatographed. Hexane elution removed
residual organometallics and 1:1 hexane/ether eluted a small amount of the
cyclopentadienone Diels—Alder dimer. Upon further elution 0.135 g (65%) of
14 was isolated as a white crystalline solid: m.p. 136.0-136.5°; IR V max ( CHCI3)
1690-1705, 3350-3550 cm™; *H NMR ( CDCls) & 1.00 (s, 3H), 1.66 (m, 2H),
2.06 (m, 2H), 2.31 (d, J = 4.2 Hz, 1H), 2.78 (d, J = 5.0 Hz, 1H), 3.22 (m, 1H),
3.30 (s, 3H), 4.00 (m, 1H), 6.42 (dd, J = 1.0, 5.6 Hz, 1H), 7.68 (dd, J = 3.2,
5.6 Hz, 1H). Anal. Calcd for C12H1603: C, 69.21; H, 7.74. Found: C, 69.19; H,
7.73%.

8.1.1.4. exo-4-(2¢-tert-Butoxycyclopropyl)tricyclo[5.2.1.0%°|dec-4-en-3-one
[Preparatio situ of an Alkynehexacarbonyldicobalt Complex and its
Cycloaddition with Excess Liquid Alkene under Stoichiometric Conditions] (Eq.
33) (64)

To a solution of 4.00 g (11.7 mmol) of octacarbonyldicobalt in 30 mL of dry
toluene kept in a screw cap vessel at room temperature (22°) with the
exclusion of light was added 1.55 g (11.2 mmol) of
1-tert-butoxy-2-ethynyl-cyclopropane (E/Z » 11:1), and the mixture was stirred
for 2 hours at room temperature. Then 5.47 g (58.1 mmol) of norbornene was
added and the mixture stirred for 16 hours at 90°. The cobalt complexes in the
mixture were removed by chromatography on silica gel (200 g), eluting with
60/80° petroleum ether until the eluent was colorless. Elution with ether
removed the organic products which were rechromatographed using 200 g of
silica gel. Elution with 8:1 petroleum ether/ether gave 2.29 g (79%) of the
product (Rg = 0.2) as a mixture of diastereoisomers (E/Z ® 11:1); 'H NMR

( CDCl3) 8 0.95 (m, 2H), 1.08 (ddd, 2H), 1.23 (s, 9H), 1.26 (m, 2H), 1.44-1.67
(m, 2H), 1.72 (ddd, 1H), 2.11 (m, 1H), 2.17 (d, 1H), 2.37 (m, 1H), 2.51 (m, 1H),
3.28 (ddd, J = 2.6, 3.8, 6.8 Hz, 1H), 6.75 (d, J = 2.8 Hz, 1H); *C NMR

(62.90 MHz, CDCl3) & 14.46, 16.34, 28.20, 28.45, 29.07, 31.03, 38.27, 39.08,



47.90, 54.41, 75.21, 148.4, 154.55, 209.6. High resolution MS: Calcd for
C17H2405: 260.1776. Found: 260.1781.

8.1.1.5. exo0-3a,4,5,6,7,7a-Hexahydro-4,7-methanoinden-1-one [Preparation in
situ of an Alkynehexacarbonyldicobalt Complex and its Cycloaddition with a
Liquid Alkene under Catalytic Conditions] (Cf. Eq. 16) (1)

A solution of octacarbonyldicobalt (1 g, 3 mmol) and norbornene (3 g, 32 mmol)
in isooctane was stirred first under acetylene, and then under 1:1
acetylene/carbon monoxide at 60—70° until gas absorption ceased. The
mixture was then concentrated and the residue chromatographed on neutral
alumina. Light petroleum/benzene (1:1) eluted ethynehexacarbonyldicobalt
(»70 mg). Benzene/chloroform (1:1) then eluted a yellow oil which was distilled
at 101-102° and 15 torr to give the ketone (3.54 g, 74%), which solidified on
prolonged storage at 0°: m.p. 32° (from pentane); IR Vv max (film) 1695 cm™; *H
NMR (CDCIs3) 6 1.00 (m, 2H), 1.23-1.72 (m, 4H), 2.16 (m, 2H), 2.38 (br s, 1H),
2.69 (m, 1H), 6.26 (dd, 1H), 7.52 (dd, 1H).

8.1.1.6. cis-4,5,6,6a-Tetrahydro-1(3aH)-pentalenone [Cycloaddition of an
Alkyne with a Liquid Alkene under Stoichiometric vs. Catalytic Conditions] (cf.
Eqg. 11) (22)

A mixture of cyclopentene (17 g, 250 mmol), ethynehexacarbonyldicobalt
(17.1 g, 55 mmol), and benzene (350 mL) was heated to reflux under nitrogen
for 2 days, cooled to 20°, and filtered through Kieselguhr, the residue being
washed with chloroform. The filtrate was evaporated and the residue
chromatographed on an alumina column. Light petroleum eluted residual
organocobalt compounds and chloroform eluted the product, which was further
purified by h chromatography or distillation (90-100°, 15 torr) to give the
ketone (3.25 g, 49%) having IR and 'H NMR data in agreement with the
literature (77) and giving a single peak on GLC (5% FFAP at 80°).

The reaction was repeated using acetylene/carbon monoxide (1:1) instead of a
nitrogen atmosphere, cyclopentene (13.76 g, 200 mmol),
ethynehexacarbonyldicobalt (3.12 g, 10 mmol), and benzene (100 mL) at 65°
for 2 days and the product isolated as above to give the ketone (855 mg, 70%
based on cobalt complex).

8.1.1.7. 6-Methylspiro[2.4]hept-6-en-5-one and
5-Methylspiro[2.4]hept-5-en-7-one [Cycloaddition of an Alkyne with a Gaseous
Alkene under Dry State Adsorption Conditions] (cf. Eq. 9) (21)

A solution of propynehexacarbonyldicobalt (1, 8) (0.63 g, 1.9 mmol) in hexane
(15 mL) was mixed with chromatography grade silica gel (10.0 g). Solvent was
removed on a rotary evaporator and the resulting dry powder was added to a
precooled (—78°) ampule charged with 0.3 mL (4 mmol) of
methylenecyclopropane. The ampule was sealed, vigorously shaken, and
heated at 50° for 2 hours (color changed from pink to gray). The contents were



thoroughly extracted with ether and, after removal and TLC separation, pure
6-methylspiro[2.4]hept-6-en-5-one (0.125g, 53%) and
5-methylspiro[2.4]hept-5-en-7-one (0.025 g, 11%) were isolated as colorless
liquids.

8.1.1.8. Tricyclo[6.3.0.0"°Jundec-7-en-6-one [Intramolecular Enyne
Cycloaddition in Refluxing Solvent] (cf. Eq. 25) (49)

To 1.20 g (8.96 mmol) of 1(4-pentynyl)cyclopentene in 150 mL of benzene
under a nitrogen atmosphere was added 3.77 g (11.0 mmol)
octacarbonyldicobalt. The solution was blanketed with CO and stirred at room
temperature for 5 hours, and then heated to reflux and allowed to stir for 4
days. The crude reaction mixture was concentrated onto neutral alumina and
placed on top of a neutral alumina column. Elution with hexane removed
nonpolar organometallic species. Elution with ether gave 0.59 g of crude
product, which was purified by elution with ether using a Chromatotron (radially
accelerated preparative TLC apparatus, silica gel) to give 0.51 g (35% yield) of
enone; IR V max ( CCl) 1630, 1690 cm™; *H NMR ( CDCls) 8 1.30 (septet,

J =6.1Hz, 1H), 1.40 (dt, J4 = 5.6 Hz, J; = 12.3 Hz, 1H), 1.59-17.2 (m, 3H),
1.76 (dd, J = 4.8, 6.5 Hz, 1H), 1.86 (dd, J = 6.5, 11.3 Hz, 1H), 1.93-2.16 (m,
3H), 2.42 (brd, J = 8.3 Hz, 1H), 2.54 (br dt, J4 = 18.4 Hz, J; = 7.0 Hz, 1H), 2.65
(dddd, J = 2.0, 3.8, 11.0, 18.4 Hz, 1H), 5.82 (t, J = 2.0 Hz, 1H). Anal. Calcd for
C11H140 : C, 81.44; H, 8.70. Found: C, 81.29; H, 8.52%.

8.1.1.9. 5 B H-2-(Trimethylsilyl)-6 B
-[2-(methoxymethoxy)ethyl]-7,7-dimethylbicyclo[3.3.0]oct-1-en-3-one
[Intramolecular Enyne Cycloaddition in Solvent in a Sealed Tube] (Eqg. 21) (66)
To a soluti f the methoxymethyl ether of
4,4-dimethyl-7-trimethylsilyl-3-vinyl-6-heptyn-1-ol (166 mg, 0.59 mmol) in 4 mL
of dry heptane, purged with CO for 2 hours, was added Co,(CO)s (230 mg,
0.67 mmol), and the CO purging continued for 3 hours in a screw-top
resealable Pyrex tube. The tube was then sealed and heated at 115° for 36
hours. The contents were evaporated in vacuo and chromatographed over
Florisil, eluting with 2% ether/petroleum ether, followed by petroleum
ether/ethyl acetate (4:1) to afford 143 mg (78% vyield) of the ketone as a mobile,
slightly yellow liquid; IR v max (film) 1600, 1680, 2900 cm™; *H NMR ( CDCls) &
0.16 (s, 9H), 1.02 (s, 3H), 1.11 (s, 3H), 1.32 (dt, Jq = 3 Hz, J; = 12 Hz, 1H),
1.55 (m, 1H), 1.85 (m, 1H), 2.50 (AB q, J = 18 Hz, 2H), 2.53 (dd, J = 4, 16.5 Hz,
1H), 2.80 (m, 1H), 3.35 (m, 3H), 3.51 (m, 1H), 3.61 (m, 1H), 4.60 (s, 2H). High
resolution MS (chemical ionization): Calcd for C17H3003Si(M* — 1): 309.1841.
Found: 309.1812.

8.1.1.10. 4,4-Dimethyl-3-oxabicyclo[3.3.0]oct-5-en-7-one [Intramolecular
Cycloaddition of an Allyl Propargy! Ether under Dry State Adsorption
Conditions] (Eq. 27) (59)

To a solution of allyl 1,1-dimethylpropynyl ether hexacarbonyldicobalt complex



(351 mg, 1 mmol) (55) in 30 mL of pentane was added silica gel (10 g, »10%
H>O content w/w). After 30 minutes the solvent was removed in vacuo (rotary
evaporator) and the residue heated to 45° for 30 minutes in the rotating flask
under a slow stream of oxygen. Subsequent extraction of the silica gel with
ether (5 x 50 mL) and removal of solvent gave the enone, which was purified
by TLC on silica gel eluting with 1:2 hexane/ether, and isolated as a colorless
oil (115 mg, 76% vyield); *H NMR ( CDCl3) & 1.42 (s, 3H), 1.55 (s, 3H), 2.18 (dd,
1H), 2.62 (dd, 1H), 3.44 (m, 1H), 3.55 (dd, J =8, 10 Hz, 1H), 4.35 (t, J = 8 Hz,
1H), 5.96 (d, J = 2.5 Hz, 1H).



9. Tabular Survey

We have attempted to cover the literature thoroughly up to the end of 1988,
and we have also covered all references that were available to us through the
end of 1989.

The tables are arranged, as is the text, by cycloaddition type. Tables I-IlI
present tables of intermolecular cycloadditions of alkynes with acyclic alkenes.
Cycloadditions of ethylene are cited in order of complexity of alkyne structure
in the following way: terminal alkynes with alkyl substituents, by carbon
number and then by increasing functionalization, then terminal alkyl
substituents with aryl substituents, and finally internal alkynes. Cycloadditions
of mono- and disubstituted alkenes are ordered similarly, first by increasing
alkene complexity, and then by increasing alkyne complexity. This order in
particular optimizes proximity of examples with similar structural
characteristics to facilitate easy comparison. Tables IV-VII present
cycloadditions of alkynes with carbo- and heteromonocyclic alkenes, and
followed by cycloadditions with carbo- and heteropolycyclic alkenes. In order
to keep cyclic alkenes of similar structural types together the entries in these
tables are grouped by alkene ring size, as this is a primary factor in the
success of the cycloaddition reaction. For a given alkene, alkyne cycloaddition
partners are cited in the order described above. Alkenes are ordered by
number of substituents, then carbon number, then degree of functionalization.
Polycyclic alkenes are presented with ring-fused systems first, followed by
bridged sy s. Entries are ordered first by ring size of the

cycloadditi eactive double bond, second by number of atoms in the bicyclic
system containing that double bond, third by number of additional
nonfunctionalized rings, fourth by number of additional functionalized rings,
fifth by functionalization of the bicyclic system containing the reactive double
bond, sixth by number of substituents, seventh by carbon number, eighth by
degree of functionalization, and ninth by alkyne structure. Some exceptions
are made with entries that cannot readily be incorporated in tabulated
subgroups of reactions within the tables. Tables VIII-XI present intramolecular
cycloadditions. Table VIII lists enynes in which the shortest linkage between
the double and triple bonds consists of carbon atoms only, while Table IX lists
enynes in which a heteroatom is present in the linkage. Order of citation is, first
by number of atoms in this linkage, second by increasing atomic number of the
heteroatom (Table IX only), third by position of substituents in relationship to
the double bond, fourth by number of substituents, fifth by carbon number, and
sixth by degree of functionalization. Tables X and Xl list two exceptional
groups of cycloadditions.

Reactions are presented with principal details of reaction conditions (omitting



workup) including solvent, temperature, time, and atmosphere, as they are
available from the original references. Yields are in parentheses. Where the
same reaction under apparently identical conditions is reported by the same
group more than once, only the most recent citation is tabulated. Where
multiple examples of the same reaction under only slightly varying conditions
are reported by the same group, only enough examples are tabulated to give
the reader guidance to the presence or absence of a pattern between reaction
conditions and product yields.

The following abbreviations are used in the tables when necessary to save
space:

Ac acetyl

Bn benzyl

cat. Co catalytic amount of Co,(CO)sg or alkyne- Co2(CO)s
c-CsHs  cyclopropyl

DME 1,2-dimethoxyethane

DMPS  dimethylphenyilsilyl

ee enantiomeric excess

glyphos 2,3-O-isopropylideneglycerine-1-diphenylphosphine
HMPA  hexamethylphosphoric triamide

hv ultraviolet/visible irradiation

isooctane 2,2,4-trimethylpentane

Md methoxymethyl

PCC pyridinium chlorochromate
TBDMS tert-butyldimethyilsilyl

THF tetrahydrofuran

THP tetrahydropyranyl

TMS trimethylsilyl

Ts p-toluenesulfonyl

Table I. Alkynes with Ethylene
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Table Il. Alkynes with Monosubstituted Alkenes
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Table lll. Alkynes with Disubstituted Alkenes
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Table VIII. Intramolecular Cycloadditions of All-Carbon Enynes
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Table IX. Intramolecular Cycloadditions of Heteroatom-Linked Enynes
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The Pummerer Reaction of Sulfinyl Compounds
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1. Introduction

The Pummerer reaction involves the formation of an a -functionalized sulfide
from a sulfoxide bearing at least one a -hydrogen atom. (1-14) The reaction
can also be described as an internal redox process where the S ” X group is
reduced and the a carbon is oxidized (Eq. 1).

X
n
RSCHRR" e — RSCYRR"

(1)
X=0,NR

Y = OH, 0,CR, Halogen, OR, SR, NR;, etc.

The first report by Pummerer on the reaction which now bears his name
appeared in 1909 and described the formation of thiophenol and glyoxylic acid
on heating phenylsulfinylacetic acid with mineral acids. (15, 16) The products
Pummerer observed resulted from hydrolysis of the initially formed a
—Substitute Ifides, which are the typical products of the reaction. The term
‘Pummerer T€action” was later extended to the reaction of sulfoxides with acid
anhydrides. (17)

Selenium and nitrogen analogs undergo similar reactions. The former is known
as the seleno—Pummerer reaction, and the latter is usually referred to as the
Polonovski reaction. 6,6a,18 The sila—Pummerer reaction, which is also
discussed in this chapter, is the rearrangement of sulfoxides bearing a silyl
group on the a carbon.

From a mechanistic point of view there are many other reactions, sometimes
given specific names, such as the Sommelet-Hauser, Stevens, and Vilsmeier
rearrangements, that appear to resemble the Pummerer reaction. Reactions in
which the sulfoxide group acts as an oxidant in an intermolecular redox
process have characteristics similar to the typical Pummerer reaction. The a
-halogenation of sulfides, in which the sulfide sulfur may first be oxidized to a
halosulfonium salt that rearranges to the final product, is formally similar to the
Pummerer reaction.



+
RSCHR'R" + X* — RS(X)CHRR" —= RSCXRR" + H' (2)

For the sake of clarity and to be as exhaustive as possible, we have limited the
scope of this chapter to the restrictive definition of Eq. 1.



2. Mechanism

A generalized mechanism for the Pummerer reaction is illustrated in Eq. 3.

e .
RS=CRR" RS=CRR"
0 gt 9QE H* t EO '3 ¥
RSCHRR® —= RSCHRR" —= — 1 —= RSCRR" (3)
RS-CRR" RS-CRR"

The detailed mechanism has been investigated by several authors and is the
subject of a recent review. (1)

In general, the Pummerer reaction requires (1) an electrophile (E") to activate
the sulfoxide and to transform the oxygen into a good leaving group, (2) a
general base to remove the proton, and (3) a nucleophile (Y7) to be
incorporated into the final product.

From the synthetic point of view, much of the potential of the Pummerer
reaction depends upon the group to be introduced a to the sulfide, which can
be hydroxy, carboxy, alkoxy, alkylthio, sulfido, alkylamino, alkenyl, and even
an aromatic nucleus. Under some conditions, the process can be catalyzed by
bases, most commonly tertiary amines, pyridine, triethylamine, lutidine,
collidine, ov@oton sponges.

With suitable substrates and reaction conditions, the Pummerer reaction leads
to vinyl sulfides either by direct $ elimination from the cationic intermediates or
by elimination of HY from the Pummerer products.

Rs‘c—cf + HY
7N\ (4)

+ |
RSC-C— + Y
| B




3. Regio- and Stereoselectivity

The regioselectivity of the Pummerer reaction depends on the relative kinetic
acidity of the a protons. Thus the methyl group is substituted in a sulfoxide
containing a methyl group and an alkyl chain, and an electron-withdrawing
group (EWG) directs the nucleophile to the carbon bearing it.

RCH,S(O)CH; + Ac,0 RCH,SCH,0Ac

RCH,S(0)CH,EWG + Ac,0 RCH,SCH(OAC)EWG

However, the usual regioselectivity can be overcome by steric factors. As an
example, the different behavior of the isomeric sulfoxides 1 and 2 is attributed
to steric factors. (19)

Ac,O

H | H |
Sﬂ:ﬂg SCH,OAc
1

ﬁCzD

S[‘D]CHE SCH:;

There are a few examples of remote Pummerer reactions. For example, the
Pummerer reaction of Eq. 5 (20) is preceded by transfer of the “oxidation state”
from the diaryl-substituted sulfur to the dialkyl-substituted sulfur. A dication
intermediate (20) or nucleophilic attack of the counterion at the distal sulfur (21)



is suggested for the intramolecular rearrangement.

Chirality transfer from the sulfoxide sulfur to the a carbon via the Pummerer
reaction is reported for only a few reactions, and generally with rather low
efficiency in both inter- and intramolecular processes. (22-27) Chiral sulfoxides
undergo racemization under most of the reaction conditions used.

DAc OAc
H i
p AcONa
S S
+
2460" + ()

17 e
L8P

AcO’
Ac

OAc

i:'-—m +

The prerequisites for a stereoselective process appear to be (1) that the
configuration of the sulfoxide not change under the reaction conditions, (2) that
the leaving group EO in Eq. 3 not depart before attack of the nucleophile Y,
and (3) that the addition of the nucleophile to the thionium ion not be reversible.
The possibility that the nucleophile is intramolecularly and concertedly
transferred from sulfur to the neighboring carbon has been studied by using
both the chirality of sulfur and *20 labeling. (26) Addition of
dicyclohexylcarbodiimide (DCC) increases stereoselectivity. (26)

Stereoselection derived from stereocenters other than sulfoxide is usually
more effective. For example, single stereoisomers are formed in the reactions



of Egs. 6 and 7 (28, 29) and Egs. 8 and 9. (25) Additional examples are given

in the tables.
CsHsS(0) CeHts Ac,0, AcONa CEHSS>V,C5H5

; AcO

(88%)
CHsS, ,CH,
Cel;S(0) CHs Ac,0, AcONa
— AcO
CH, CH,4
(93%)

l c:qH-'lp

Ac,0 f*CSHTXQ
={)
Ac

i-C3H; i-C3H,

R

(6)

(7)

(8)

(9)



4. Reagents

4.1.1.1. Mineral Acids

Hydrochloric and sulfuric acids were the first reagents used by Pummerer, but
they are rarely used now unless the hydrolysis products are desired. Moreover,
with these acids, decomposition may occur and condensation products may be
formed. (30) With a -keto sulfides or a -carboxy sulfides it is possible to drive
the reaction to an isolable a -hydroxy sulfide, but the isolation of such a
product appears to be limited to these classes of compounds. (31-33)

ag. HCl
CH,S(0)CH,COCgHs ——— CH,SCHOHCOC H;
CeHsS(0)CH,COH C¢H;SCHOHCO,H

Pummerer-type reactions also occur when a sulfoxide is treated with hydrogen
chloride gas, either in the absence of solvent (15, 16) or in anhydrous diethyl
ether or ethanol. (34, 35) Concentrated sulfuric acid in benzene promotes
phenylation reactions. (36)

0 FﬁH5 0 FﬁHﬁ
N N
> H350y, CHg . >‘C5H5
Sy S
D (93%)

4.1.1.2. p-Toluenesulfonic Acid (TsOH)

Suitable sulfoxides are converted into vinyl sulfides on treating with
p-toluenesulfonic acid in refluxing benzene in a Dean—Stark apparatus for
azeotropic water removal. The reaction corresponds to a Pummerer reaction
carried out in the absence of a nucleophile so that the intermediate
carbocation loses a proton to form a double bond.

p-Toluenesulfonic acid is the reagent of choice for the synthesis of
naphthalene and phenanthrene derivatives, (37) as well as condensed
heterocycles, carbazoles, indoles, and benzothiophenes (38) by cyclization of
B -keto sulfoxides. (39)



TsO
m K. Cot :
0 ————
/E reflux
CgHs 0 CeHls

{86%)
S[D)CH:; SCH:;
0 TsOH, THF 0
| D—cly — | D—CgHs
N reflux h{
] H
(63%)

If the sulfoxide bears at the a position an electron-withdrawing group such as
ethoxycarbonyl, treatment with p-toluenesulfonic acid under conditions of
continuous water removal brings about electrophilic aromatic substitution even
on simple aromatic hydrocarbons such as benzene. (40)

CgHs, TsOH
CH,S(0)CH,CO,C,H; CH3SCH(CgH5)CO,C;H;

reflux

4.1.1.3. Acetic Anhydride

Acetic anhydrjde is by far the most commonly used reagent for the Pummerer
reaction. It IS generally used in large excess as the solvent or in such solvents
as benzene, carbon tetrachloride, or ethyl acetate. The addition of a cocatalyst
such as acetic acid, (41) p-toluenesulfonic acid, (41) or trifluoroacetic
anhydride (42, 43) is often recommended because the cocatalyst minimizes
side reactions and increases product yields. Whatever the activating species,
the product is usually the acetoxy sulfide. Likewise, base catalysis is also
beneficial to the reaction. The most common base used is sodium acetate
because it probably acts both as a base and as an additional nucleophile.

4.1.1.4. Trifluoroacetic Anhydride (TFAA)

The more electrophilic trifluoroacetic anhydride promotes Pummerer reactions
under mild conditions. (44) It is suitable for introducing aryloxy, arylamino, and
alkylthio groups a to sulfur. (45, 46) A mixture of trifluoroacetic acid and
trifluoroacetic anhydride can be used to generate the Pummerer intermediate
from a -methylsulfinylacetamide, (47) and also effects the reaction with
alkenes (Eqg. 10).



CF,CO;

TFAA =+ H-CEH]:*C[‘]FCHQ
CH,S(0)CH,CONH, ——— [CH;8=CHCONH;] ——— (10)
CF3C0,H

n-C4H,;CH=CHCH,CH(SCH,)CONH,

Trifluoroacetic anhydride in combination with the Lewis acid tin tetrachloride is
very effective, and permits the preparation of benzylic thioethers from
unactivated substrates (Eq. 11). (48, 49)

1. TFAA
CH;S(0)CH; + CgHg CH,SCH,C¢H; (11)
2. SnCly, it

On the other hand, when a nonnucleophilic base such as pyridine is added, the
reaction leads to the a -trifluoroacetoxy sulfide. (50)

re _m o)
CGHES{D)CHE/I\\ cﬁHﬁ' P}'T. B - CEHSS_‘)\\

0,CCF;
(B4%)

[]

4.1.1.5. Isopropenyl Acetate

Despite its potential, this acetyl transfer agent is rarely employed in the
Pummerer reaction. The product of acyl transfer is the acetone anion, which,
once protonated, has little nucleophilicity. An example is a vinylogous
Pummerer reaction of vinyl sulfoxides, which cannot be effected with other
reagents (see below). (51)

4.1.1.6. tert-Butyl Bromide

The activation of a sulfoxide, particularly dimethyl sulfoxide, by tert-butyl
bromide is an efficient and mild method for carrying out a Pummerer reaction.
This halide is especially effective when admixed with dimethyl sulfoxide in the
presence of sodium bicarbonate or triethylamine at room temperature. Under
these conditions, carboxylic acids, N-protected amino acids, and phenols are
converted into the corresponding methylthiomethyl derivatives in quantitative
yields. (52, 53)



NaH!
CH,;S(O)CH; + (CHg)yCBr + CoH,COH—o | CH,SCH,0,0CH,

(99%)

4.1.1.7. Trimethylsilyl Halides

When a sulfoxide is treated with trimethylsilyl chloride, a Pummerer reaction
occurs as the result of electrophilic attack by the silyl group. The final product
is predominantly the vinyl sulfide, with minor amounts of the sulfide (Eq. 12).

(54)
O (8]
(CH;);SiCl, 1t
- | + (12)
S s

(86%) (2%)

4]

o=

Attack by the trimethylsilyloxy group has not been observed in this reaction,
but with more complex reagents it is possible to prepare a -silyloxy sulfides.
(Eq. 13). (55)

CH,

SEIFets  CHiO™ “SOSi(CHy),CyHy-, Zaly SCeHs

0

Y

CH5CN,rt,1h =70 14h

The Pummerer reaction of thiazolidine S-oxides takes different paths
depending on the counterion of the silyl group (iodide vs.
trifluoromethanesulfonyl) (Eq. 14). (56)

OSi(CHs),CsHy-t

(13)



f'C4H9{CH3}ESID COchg CDQCH}

C'D H S NCOC
£-C,4HySi(CH),0S0,CF; s e
CH,Cl,, N
CO,CH, 2Cly, (CiHs)s
Wyt Cablg -
0=S. ,NCOCgH; (12%) (5%)
(14)
Cd_Hg-f COZCHS C'DECH]
(CHy)Sil S COCGHS 5 NC'DC'SHS
CHzCI;, (C‘ZHS]SN ;j
C4Hg.' .I'-C4H
(54%) (20%)

Trimethylsilyl iodide is particularly effective for the preparation of vinyl sulfides
from sulfoxides and of dienic sulfides froma , B - and B, y -unsaturated
sulfoxides. (57)

(CH3)58il, CH,Cl,
csHss':m\D\chT_" - CHS A

(i-C3H7),NC;Hg, 2 b, 25°

{mixture of isomers, 91%)

(CH4),Sil, CH,Cl,
Cﬁﬂis{o}w - C'SHSSW

(i-C3H;),NC,Hs, 2.5 h, 25°

(>95% E, 85%)

More complex reagents such as polyphosphoric acid trimethylsilyl ester can
also be used. (58)

4.1.1.8. Lewis Acids

Lewis acids are often used as catalysts in standard Pummerer reactions, (48)
and are only rarely used in stoichiometric quantities. Tin(Il)
trifluoromethanesulfonate is an example (Eqg. 15). (59)



I e’ e
S
CeHls “CgHy(CaHot)p  CgHs™ TOSI(CH,)

OS8i(CH,)
» 0 SCH(CHyt)p (15
Sn(0S0,CFy),, CHy”  NSi(CHy), CeHs
CgHs
CH,Cl,, 0°
2Cly (82%) 0

Phosphorus trichloride and phosphorus pentachloride are other useful
Pummerer reagents in this category.

4.1.1.9. lodine in Alcohols

This reagent is especially useful for the transformation of a sulfoxide into an
acetal under mild conditions (Eq. 16). (60-62) lodine serves both as a source
of acid to catalyze the rearrangement and as a thiol scavenger, oxidizing the
product thiol and removing it from the equilibrium.

I,, CH,OH

CgHsCOCH,S(O)CH; CgHsCOCH(OCH,), + 1/2 CHySSCH; + 2HI (1)

(88%)

4.1.1.10. Diethylaminosulfur Trifluoride (DAST)

Thereis o port on the use of this reagent for converting sulfoxides into a
-fluorosulficdes, which are convenient precursors for other fluoro compounds.
(63) Xenon difluoride can also be used to prepare a -fluorosulfides. (64)

CeHsS(O)CH; + F,SN(C,Hs), CeHSCH,F

(85%)

4.1.1.11. Photolysis

There are a few examples of Pummerer-type reactions initiated by ultraviolet
light. (65, 66) The aromatic group and the tertiary carbon adjacent to the sulfur
atom are probably indispensable requisites.

hv
- CiHy-i
CsHg, Vycor S

O==tn



4.1.1.12. Acyl Halides

Although the Pummerer reaction can be carried out with acyl halides, these
reagents are generally of little synthetic value because of the presence in the
reaction mixture of both halide ion and acyloxy anion formed in the reaction.
The usual reaction product is the dithioacetal derived from decomposition of
the initially formed a -acyloxysulfide. (67)

CHCLCOC

CeH5S(0)CH,CH, [CH{SCHO,CCHCl] ——= CeH;CH(SCeH),

CgHs (38%)

4.1.1.13. Other Reagents

Other reagents that can effect the Pummerer reaction are described in the
tables. Among these, the reaction of sulfoxides with a solution of a mercury(ll)
salt in water or an alcohol merits attention. (68, 69) Although this reaction has
not been studied extensively, it is potentially a useful synthetic method
because the carbonyl compound is produced directly in a single step.

H
CH,S(O)CH(CHy)COH —2%  CH,SHgCl + CH;COCO,H + HCI

[]



5. Related Reactions

Several reactions related to the Pummerer reaction are postulated to involve similar
intermediates. Among these are the Sommelet-Hauser, Stevens, and Vilsmeier
rearrangements, which involve treatment of a sulfonium (70) or heterosulfonium salt (2, 71,
72) with a base. These reactions may be considered variations of the same theme applied
to different substrates. A common, although oversimplified, picture is shown in Scheme 1.
Path A is an extension by Hauser of the Sommelet rearrangement originally observed with
ammonium salts, which results in regiospecific ortho alkylation. The Stevens
rearrangement of path B produces a -alkylated products, and the Vilsmeier
rearrangement of path C occurs with azasulfonium salts. (2, 73) All of these reactions
proceed through the same ylide precursor 3. Reactions in which the sulfonium or
heterosulfonium salt 4 is derived from a sulfoxide are included in the Tabular Survey.
Scheme 1.

OH
CR'R"SR
A X=0-Aryl
Sommelet-Hauser
}-( base X
RSCHRR" — -  RS.CRR" B & <Al RSCR'R"Alky]
+ + - Stevens
4 3
0
C X =-NH N—
_< RSCR'R"U—<

D Yilsmeier

A reaction that is often compared to the Pummerer reaction is the a
-halogenation of a sulfide. (74, 75) Since sulfides are precursors of sulfoxides,
this procedure may avoid one reaction step. When the a -halogenation of a
sulfide is carried out with chlorine (76-78) or bromine, (79) it is often difficult to
limit the

Halogen or
RSCH,R' RSCHXR'

Halogenating agent

reaction to monosubstitution and to avoid the formation of byproducts.
Accordingly, such halogenations are usually carried out with milder reagents
such as N-halosuccinimides, (80, 81) thionyl chloride, (82) Chloreal®
(trichloroisocyanuric acid), (83) and cyclic phosphorus chlorides. (84)

There are several other reagents or methods for introducing a functional group
a to a sulfide via thionium ions. Singlet oxygen reacts with certain sulfides to



give a -hydroperoxides rather than the expected sulfur oxidation products.
These hydroperoxides can be readily reduced to a -hydroxysulfides (Eq. 17).
(85, 86)

/_(Cﬂz':Ha HO,. ,'CO:CHE HO,  ,CO,CHy
o, cHsscH, |/ (

s NAc s NAc s NAc (17)

X X P

(85-95% overall)

Sulfides react with 4-phenyl-1,2,4-triazoline-3,5-dione to afford thioaminals.
(87)

0
S S
/> N’{< Cl,CHCHCly N'NHFU
s + |l NCHy ———— S
N 7%, 24 b JN-CeHs
Y 0
(29%)

Pummerer-type products are produced by treatment of a -oxosulfides with
thallium(IIl) nitrate. (88, 89)

TI(NO3),
CgHsCOCH(CH4)SC,H; — CgHs;COCOCH;,3
CH,CH, 30 min 59%)

Sulfides that bear electron-withdrawing functionality at the a carbon (especially
B -ketosulfides) can be acetoxylated in high yields by lead tetraacetate (LTA).
(90) This procedure leads to the Pummerer product in a single step without the
need for oxidizing the sulfide and reacting the sulfoxide with acetic anhydride.

0
SCgHs SCeHs
LTA, CgHg, OAc
reflux, 3 h
Cy4Hog-t CHgt (95%)

A transformation closely related to the Pummerer reaction is the reaction of



sulfides with dibenzoyl peroxide (91, 92) or other acyl peroxides (93-96) to
form an a -thioester.

0 0

RSCH,R' + R"COOCR"

RSCH(OCOR")R'

The Pummerer reaction can also be brought about by anodic oxidation of alkyl
aryl sulfides in boiling acetic acid containing acetic anhydride and sodium
acetate. (97, 98) This reaction was used in a synthesis of pellitorine. (99)

$CeHs 2.5 F/mol SCeHs several
mCHCHOOCHyt  — = m-CyHOOAAICO,CoHly -

mfﬁﬂllwmmcdm_ ;
itori
Electrolysis of a -phenylthiocarboxylic acids leads directly to aldehydes or

acetals in high yields by concomitant oxidative decarboxylation and
desulfurization. (100)

H,0
— n-CigHyCHO + (CgHqS
D NaOH (1.5 eq) - Crales
(48%)
H-C*Hgg'ICDzH
SCeHs

L_HOR _ #-CHyCH(OCH,), + C¢H,SO,CH,
LiCl0, (cat)
(72%)

The reaction of sulfoxides with Grignard reagents (101-104) is not considered
a Pummerer reaction because a mechanism different from that of Eq. 3 is
involved. The overall reaction, however, corresponds to a Pummerer process
in which a carbon nucleophile is introduced a to a sulfoxide.

CeHsMgBr
CH;S(0)CH, CH;SCH,CgHs
ether, reflux, 3 h
(31%)







6. Synthetic Applications

The value of the Pummerer reaction lies mainly in the variety of synthetically useful
transformations of the products. (105-107) The Pummerer reaction can be considered as
a mild method for generating a -sulfur-substituted carbocations, which can be trapped by
nucleophiles or can lose a proton to give the vinyl sulfide (Scheme 2).

Scheme 2.
a-functionalized sulfide
& H*
RS(O)CHRR" ——= RSCRR" -G carbonyl compound and thiol
- vinyl sulfide

6.1. Synthesis of a -Functionalized Sulfides

Carbon atoms functionalized with a sulfur and another heteroatom, such as
thioketals and their oxides, are well known as one-carbon-homologizing
reagents. Closely related to the Pummerer reaction products or derived
therefrom are synthons containing sulfur—sulfur, (108) sulfur—oxygen, (109)
sulfur—silicon, (110) or sulfur—halogen (74) functionalities.

Alcoholic hydroxy groups can be protected as their methylthiomethyl ethers by
carrying out their Pummerer reaction with dimethyl sulfoxide. (111-113)
Although tﬁ ethers are often byproducts of the oxidation of alcohols by
dimethyl s ide-acetic anhydride, they are the principal products if acetic
acid is added to the reagent. Deprotection can be effected by any of several
reagents, including aqueous sodium bicarbonate, copper(ll) or mercury(ll)
chloride, or wet silica gel. The procedure can be applied to primary, secondary,
and tertiary alcohols.

AcOH, Ac,0

(CH;),SO + ROH CH,SCH,0R — ROH + CH,SH + CH,0

Methylthiomethyl ethers can also be reduced to the corresponding methyl
ethers by Raney nickel (Eq. 18). This reaction is carried out under mildly acidic
or neutral conditions and is complementary to standard methylation
procedures, which require basic media. (113)

Raney Nickel
ROCH,SCH; ROCH; (18)




6.2. Synthesis of Carbonyl Compounds and Thiols

The Pummerer reaction followed by hydrolysis of the product affords a
carbonyl compound and a thiol. The reactions can be carried out sequentially
in a one-pot operation, or directly by using hydrolytic conditions in the
Pummerer step. This strategy has synthetic importance when only one of the
two products is desired and the other can be easily removed from the reaction
mixtures (Egs. 19 (114) and 20 (115)).

=
| e A |
CH;5(0) Z w 5 Z
L\fj"I'l:";Pg.
(19)
1. CH,0H, (C,Hs);N | R
2. NH,CI LN
(80-100%)
TFAA
CGHSS{D}C}ﬁ - CeHsSCH(OTFA)R — 3 RCHO 20)
{43-86%)

Although the reaction can be used to synthesize virtually any carbonyl
compound, in practice it is largely limited to the preparation of aldehydes. The
reason may be the fact that a -acetoxysulfides are easily converted into vinyl
sulfides instead of undergoing hydrolysis to ketones. However, 3 -dicarbonyl
compounds, unlike simple ketones, are produced in high yields by the
Pummerer reaction. (116)

0 0
CHSS(U}\JKJ\ DQ\*

CHs0,C ! AOHHO C,H,0,C |
1 —_— i

OH  reftox. 41 e

(quant.}



A very mild method that leads directly from sulfoxides to acetals employs
iodine in alcohols such as methanol or ethanol (Eq. 12). (117, 118) Standard
Pummerer products are also converted into acetals by treatment with iodine in
alcoholic solvents. (119)

6.3. Synthesis of Vinyl Sulfides

Vinyl sufides are formed by 8 elimination of the nucleophile from the
Pummerer product or by loss of a proton from the ylide intermediate (Eq. 4).
Usually, the elimination occurs directly under the Pummerer reaction
conditions. The overall reaction corresponds to dehydration of a sulfoxide, and
can be performed with a variety of dehydrating agents such as alumina (120)
or phosphorus pentoxide. This procedure is widely used (see Table VII)
because of the variety of synthetic applications of vinyl sulfides and their
oxides. It is especially effective for the preparation of a -keto vinyl sulfides.
(121) which are good dienophiles and Michael acceptors. The same
transformation can be brought about by tin(ll) trifluoromethanesulfonate. (122)

0 0
S(0)Cells  Ac,0,cHys04H SCeHs

CH,Cly, 11, 16 h

(86%)

[]

As the Pummerer reaction affords vinyl sulfides, the vinylogous Pummerer
reaction gives dienyl sulfides. The latter reaction can be used for the synthesis
of unstable molecules and for the in situ generation of reactive unsaturated
sulfur heterocycles. For example, there is evidence for the transient existence
of tetravalent sulfur species (Eq. 21), (120, 123-125) and the three
thiophthenes 5-7 have been synthesized. (126, 127)

0
Acy0, I N-C,H; 0]
S SO - 8 N-CyHs (21)
reflux, 4 h

0
(exe 24%, endo 10%)



Similar sulfoxide dehydrations can be brought about by a base-catalyzed
process. (128)

CeHs CeHs CeHs CeHs
NaOH, H,0, 48 h
s. | so s s
= n-CygH33N(CH;),Br =
CeHs 5 CeH CeHs
(45%)

A related dehydration of sulfoxide is used in a convenient preparation of
dehydro-1,4-dithiins. (129, 130)

% QH
(CH@ — {CH@* —= (CHy), %
sj sj 3 \s—>
+

|:| HOS, -H0 (o 1\/:[8

A\ (CHp)y.) :I
(CH,),. |

; SJ .

This transformation and its variants can be used for the synthesis of a large
number of similar compounds. (131-133) In the example of Eq. 22, the
Pummerer reaction is used repeatedly to prepare the completely unsaturated
product. (134)



8}
™
S’.> S/.> ﬁ.CID
e OF 200 2=
—_— reﬂux 75 min CCl,, reflux
) e QO
2 Ac;0, reflux S

(78% from cyclohexanone) (49%)

(22)

It is also possible to convert sulfinamides into sulfenimines, with concomitant
formation of acetamides. (135, 136)

Acy0, 1, 70h

p-CH;CH,S(O)NHCH(CgH,Cl-p),

p-CH,C¢H,SN=C(C4H,Cl-p), + AcNHCH(C¢H,Cl-p),

(48%) (43%)

6.4. Application to Penicillin and Cephalosporin Chemistry (137, 138)
The Pumm@r reaction has been widely used in the development of the
chemistry of b -lactam antibiotics. In this class of compounds, 8 and y
substitution occur rather than the normal a substitution. The rearrangement
depends on the presence of a tertiary carbon at one side of the sulfoxide.
When the sulfur atom becomes positive because of electrophilic attack, ring
opening occurs with formation of a sulfenic acid derivative and the stable
carbocation. Subsequent ring closure leads to product.



CO,CH; CO,CH;

Breaking of the S — C bond in tertiary or benzyl sulfides occurs in many
reactions. The reaction may take any of several routes, depending on the
nature of the carbocation, but the most common is formation of a double bond
and subsequent addition of the sulfenic acid derivative. This operation can
transform a penicillin into a cephalosporin and is therefore important in
pharmaceutical research. (139-141)

The entry to B -lactams via the Pummerer reaction (Eq. 23) does not succeed
with standard reagents, (142) but can be carried out with trimethylsilyl
trifluoromethanesulfonate. (143) This reagent converts the optically active
sulfoxide 8 B -lactam 9 with 67% ee, which is high for a stereoselective
Pummerer r&action. (144)

*
R S(0)CgHs _ . CeHs
J;/ (CH3);Si04SCF; );(
. N
g NH, (CHsN, CH,Cly, 20°, 1S min 7y (23)
8 9 (74%)

6.5. Natural Products Synthesis

The Pummerer reaction is particularly useful in natural product chemistry
because of its mild conditions and its compatibility with other functional groups
in the molecule. Representative are the syntheses of berberastine, (145)
leukotrienes, (146) illudin, (147, 148) olivacine and ellipticine, (149)
pseudo-guaianes, (150) and several saccharides. (151) The Pummerer
reaction involved in the preparation of dl-illudin M is illustrated.



$(0)CH, OAc SH;,S OAc iy  DAc 0
A.L‘zﬂ ------------ several HO~
0] steps
0 0 0 OH

illudin M

Pummerer conditions are effective in delicate cyclizations involved during the
synthesis of several indole alkaloids. (152)

A synthesiE enantiomerically pure polyhydroxylated natural products using
an iterative two-carbon extension cycle has been reported. One of the four
steps is a Pummerer reaction. The generality and effectiveness of this
methodology are demonstrated by the total synthesis of all eight L-hexoses
through the sequence of Scheme 3. (153)

Scheme 3.
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7. The Seleno—Pummerer Reaction

The Pummerer reaction applied to a selenoxide is called the
seleno—Pummerer reaction. (154, 155) However, because selenoxides
bearing a B hydrogen atom readily lose RSeOH to give olefins, (156) this
reaction has limited scope. Nevertheless, in a few examples, the desired
seleno—Pummerer reaction can be accomplished if elimination is not possible
or if the a proton is suitably activated. (157-159) As with most Pummerer
reactions, the secondary products are vinyl selenides.

Si(CHg),CHy-t
_ e
§EC6H5 (74%)
L __40Si(CHs),CHy-t 0
—_— 0
OAc
0 e Si(CHy),CHo-t

0 1. mCPBA

2. Acy0 (80%)

0



8. The Sila—Pummerer Reaction

Sulfoxides bearing a trimethylsilyl group on the a carbon are thermally
unstable and spontaneously rearrange to the Pummerer products: a -silyloxy
sulfides. (160) The reaction is of interest because of the mildness of the
conditions

R'S(O)YCH,SiR, _— R'SCH,08SiR,

and because it occurs without added reagents. (161, 162) It can be used for
the synthesis of ketones (Eq. 24), (163, 164) thioesters (Eq. 25), (165) and
unsaturated aldehydes (Eq. 26), (166-168) as well as for the formylation of
alkyl halides (Eq. 27). (161, 169, 170) The secondary products most often
observed are vinyl sulfides.

o 1. H,0,, AcOH ?Ac
CeHs ™ He% ACeH
CsHsS—‘ 2. THF, reflux  CgHsS
Si(CH,), OSi(CHa)s
24
H (24)
CuCl, or AgNO,
H,0 - THF
9]
EI (72% overall)
1. LDA, THF ?i(CHE'h 0°
CH,CHCIS(0)CeHs CeHsC—S(O)CeHs | —=
2. (CH,);8iC1, -78° {':1
(25)

0Si(CHs)s

Cl (714%)



| Si(CH3), | OSi(CHy), |
26
CH,Cl,, -48° 20° 18 h (26)

(40-60%)

1. mCPBA

CeHsSCH,Si(CHy), CgH;SCHRSI(CH;);

2. CgHg, reflux

HC
C¢HsSCHROSI(CH;); ——= RCHO
H,0

(27)

The sila—Pummerer reaction is rather sensitive to steric and electronic effects,
and in some instances requires more vigorous conditions than the Pummerer
reaction. For example, the diastereomeric silylsulfoxides 10 and 11 rearrange
at much different rates, which has been viewed as evidence for a concerted
four-center mechanism that is unfavored for 11 because it requires more
severe repulsive interactions in the transition state. (171)

(ﬁ;ﬁi fe (CHSi, 0
N2 L
5 » 0t H ‘ .

B, Sl CeHls'  CiHyt
10 11

Application of the sila—Pummerer reaction to bis(trimethylsilylmethyl) sulfoxide
is a general method for the generation of thiocarbonyl ylides (Eq. 28). (172)

-[(CH3),Si]
(CH;)38iCH,S(O)CH,Si(CH3)y —= [{CH;};SiCHzFTﬂIe] e CHy

08i(CHy)y~

If the sulfoxide and trimethylsilyl groups are attached to an sp? carbon, the
sila—Pummerer reaction is not prevented, but the primary product is not stable
and rearranges to the products shown. (173)

g
+

.:_;CHZ

(28)



Si(CH,)s i il

R & soc; ~ 2on

,SCgHs
RCH=CHS(0)CgH; + RCECSCgHs + RCH=C_
OSi(CH3);

Examples of the sila—seleno—Pummerer reaction have also been reported (Eq.
29). (174, 175) As expected, the reaction occurs at low temperatures, and
isolation of the a -silylselenoxides is often unfeasible.

S|i(CH3)3 THF, 25° ?S“:CHSh

CsHgSe(0)-C—CgHs ———— CHgSe-C—CeHs  +
(':HE (-CyHy),NH l

CH;3
(22%)
(29)
C&H5\ CeHs,
CgH;COCH; + {C=CH2 + ;C =CH,
CﬁHsSE [CH3}_‘;SI
(24%) (30%)

The competition between sila—seleno—Pummerer and selenoxide syn
elimination in Eq. 29 has been studied. (175) The ratio of the two processes
can be varipd]to some extent by changing reaction conditions, or by changing
the electron demand of the selenide substituent. With an electron-withdrawing
group such as trifluoromethyl in the meta position of the phenyl ring, syn
elimination is somewhat favored. (175)



9. The Vinylogous and Additive Pummerer Reactions

The substrates for vinylogous and additive Pummerer reactions are vinyl
sulfoxides; both processes usually occur simultaneously in the same reaction.
As shown in Eg. 30, in the vinylogous Pummerer reaction the nucleophile adds
to the allylic carbon atom in a process that resembles the standard Pummerer
reaction. Because the mechanism involves an allylic carbocation, there are
two sites for attack by the nucleophile with possible formation of two products
(Eq. 30).

ES(D)R ;SR + SR |SR
CHyR' I;‘CHR"_- E‘CHR' E:;HR'
S L
Y. _SR SR
I‘CHR' [{I:HR'
Y

The vinylngs Pummerer reaction cannot occur when the double bond does
not have allylic hydrogens, in which event the normal Pummerer products are
formed. (176)

SO)CH;  ac0 SCH,0Ac
ArCH=C__ — . ACH=C
SCH; SCH,

The additive Pummerer reaction involves addition of two molecules of the
nucleophile to the double bond (Eq. 31). (177-180)
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Y. SR'
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Alternatively, a [3,3] sigmatropic rearrangement may occur with some reagents,
for example thionyl chloride. (177)

Rl 1
I+ cr

o J/,L\—“ /Em* e

The additive mechanism can account for formation of the interesting
cycloadducts derived from addition of dichloroketene to vinyl sulfoxides (Eq.
33). (177)

R

R 3
S\. 20 ﬂ:‘C=C=D ') .-’S R'S Q
J/ J/ — 0 (33
R /C o F o rTTfqg
a’ a a’ @ a

Particularly attractive from a synthetic point of view is the process carried out
on chiral sulfoxides, where it is possible to transfer the chirality from sulfur to
several carbon centers. (181)

Although the reaction of standard Pummerer reagents with vinyl sulfoxides
fails to give the vinyl acetate or products derived from it, (182) the reaction
does occur with isopropenyl acetate (51) to afford 8 -keto sulfides. The
absence of nucleophiles is probably responsible for this anomalous Pummerer
reaction, which can be rationalized as shown in Eq. 34.



+
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gy — e
'Efj\ 0Ac R (8]

R R OAc

A more complex transformation takes place in the reaction of the unsaturated
sulfinyl substrates 12. (183, 184) This transformation may be accounted for by
a mechanism involving acetylation of the amino group and Pummerer
rearrangement of the sulfinyl group with concomitant migration of the
methylthio group. This reaction is of especial utility in the synthesis of amino
acids from nitriles. (183)

HoN  SO)CH; a0 AcHN ﬁ NHAc
RC-CSCH; RCHCO,CHj
R SCH, SCH,
12



10. Scope and Limitations

The Pummerer reaction can be performed on almost any sulfide that bears a -hydrogen
atoms. (182) Limitations arise from other functional groups in the molecule that may also
react with the reagent. For example, hydroxy or amino groups may be acetylated if the
reaction is carried out in acetic anhydride. Other possible side reactions are summarized
in Scheme 4. Concerted elimination of sulfenic or seleninic acid (156) becomes important
when the low reactivity of the substrate requires more vigorous conditions.

Scheme 4.
RS(O)CHRR" elimination . HRBEEL \C = <
i
"
; +

% CHatol . RSX + RR'CH
RéCHR‘R"

* substitution +

RSCHRR" + X

Nu |
Nu
Fragmentation reactions occur when relatively stable cations (allylic, benzylic, or tertiary
carbocations) can be formed by cleavage of the C — S bond (see section on penicillins
and cephalosporins). The reaction is useful in the protection—deprotection of thiol groups.
(185)

Nucleophilic substitution reactions on the heterosulfonium cation appear to be fast but
reversible; they are responsible for the racemization of optically active sulfoxides under
acid catalysig=—4186) They do not usually interfere with the Pummerer reaction except
when the sumution products lead to stable derivatives. For example, the reaction with
primary amines may lead to sulfilimines by elimination of hydrogen chloride (Scheme 5,
path A). (187) Alternatively, reduction of the sulfoxide to the sulfide may occur when the
nucleophile is, for example, iodide ion. (188, 189) When the nucleophile is a primary or
secondary alcohol, reduction of the sulfoxide is accompanied by oxidation to the
corresponding aldehyde or ketone (Kornblum, Moffat, Swern oxidations, and variants). (10,
81, 190-192) Such a conversion is usually carried out with dimethyl sulfoxide and
proceeds under very mild conditions. The byproduct dimethyl sulfide is low-boiling and
easy to remove.

Scheme 5.
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Finally, as Pummerer observed, when the a carbon bears a carboxy group, the acetic
anhydride reaction induces decarboxylation, which can be avoided by esterifying the

carboxy group. (16)



11. Experimental Procedures

11.1.1.1. 4,5-Di-O-isopropylidene- B -D-fructopyranose Methylthiomethyl Ether
[Oxygen Nucleophile] (112)

A mixture of 4,5-di-O-isopropylidene- 3 -D-fructopyranose (8 g) in dimethyl
sulfoxide (100 mL), acetic acid (20 mL), and acetic anhydride (66 mL) was
stored at room temperature for two days, then poured into a cold solution of
sodium carbonate (100 g) in water (1 L). The alkaline solution was extracted
with chloroform (3 x 200 mL), the combined extracts were washed with water
(5 x 200 mL) and evaporated, finally under high vacuum, to yield the product
as a syrup (8.1 g, 82%) which was pure as judged by TLC. Passage through a
silica gel column afforded the title compound (7.5 g, 76%), mp 82-83°.
Similarly prepared were the methylthiomethyl ethers of
1,2:5,6-di-O-isopropylidene- a -D-glucofuranose, cis and
trans-4-tert-butylcyclohexanol, n-butyl alcohol, tert-butyl alcohol, and
1-methylcyclohexanol.

11.1.1.2. 1,2-Diacetoxy-2-phenethyl p-Tolyl Sulfide [Oxygen Nucleophile]
(106)

A stirred mixture of 2-hydroxy-2-phenethyl p-tolyl sulfoxide (1.79 g, 6.86 mmol)
and sodium acetate (1.79 g, 22 mmol) in acetic anhydride (20 mL) was heated
from room temperature to reflux during 0.5 hour and then refluxed for 3 hours.
Excess acetic anhydride and acetic acid were removed under reduced
pressure, and the residue was suspended in benzene and passed through
silica gel. Evaporation of the solvent followed by drying under vacuum gave an
oil (2.25 g, @)). The product thus obtained was almost homogeneous in TLC
with benzene as eluant. IR (film): 700, 1021, 1210, 1235, 1370, 1493,

1750 cm™; *H NMR ( CDCl3) & 1.97 (s, 3H, CH3COy), 2.05 (s, 3H, CH3CO),
2.08 (s, 3H, CH3COy), 2.14 (s, 3H, CH3COy), 2.35 (s, 6H, 2 x aryl-CHs), 5.97,
6.05, 6.30, 6.37 (AB, g, J = 7 Hz, 2H), 5.99, 6.05, 6.29, 6.34 (AB, q, J = 5.5 Hz,
2H), 7.0-7.5 (18H, aryl); mass spectrum, m/z (rel intensity): 344 (M*,8), 221
(34), 124 (80), 119(39), 91 (40), 43 (100).

11.1.1.3. 4-Phenylthio-4-butanolide [Intramolecular Oxygen Nucleophile] (41)
A mixture of 4-(phenylsulfinyl)butyric acid (0.69 g, 3 mmol), 1.53 g (15 mmol)
of acetic anhydride and a catalytic amount of p-toluenesulfonic acid in 20 mL
of toluene was heated under reflux for 1 hour. The solvent and excess acetic
anhydride were removed under reduced pressure. The residue was
chromatographed on silica gel using benzene to give 0.44 g (75%) of the title
compound. IR ( NaCl) 1780 (CO) cm™; *H NMR ( CDCl3) & 1.88-2.52 (m, 4H),
5.44 (m, 1H), 6.75-7.22 (m, 5H); mass spectrum, m/z: 194 (M").

11.1.1.4. 4-(Phenylthio)-2-azetidinone [Intramolecular Nitrogen Nucleophile]
(143)



To a solution of 3-(phenylsulfinyl)propionamide (99 mg, 0.5 mmol) in 20 mL of
dichloromethane at —20° were added triethylamine (251 pL, 1.8 mmol) and
trimethylsilyl trifluoromethanesulfonate (348 pL, 1.8 mmol). The solution was
stirred at —20° for 15 minutes and then quenched by addition of 5% sodium
bicarbonate solution and brine. Drying over anhydrous sodium sulfate and
removal of the solvent gave a colorless oil. A preparative silica gel TLC (5%
CH30H - CH.Cl,) of this material yielded, beside the starting material (18%)
and trans-3-(phenylthio)acrylamide (8%), 37 mg (41%) of
4-phenylthio-2-azetidinone, which was recrystallized from diethyl ether: mp
72-73° IR (film) 1740 cm™; *H NMR ( CDCl3) & 2.90 (ddd, J = 15.0, 2.26 and
1.3 Hz, 1H), 3.33 (ddd, J =15.0, 5.0 and 2.1 Hz, 1H), 5.06 (dd, J = 5.0 and
2.6 Hz, 1H), 6.49 (br. s, 1H), 7.47 (m, 5H).

11.1.1.5. N-Isobutyl-2-methylthiodec-4-enamide [Carbon Nucleophile] (47)
Trifluoroacetic anhydride (21 mmol of TFAA » 3 mL) was added to a stirred
solution of a -methylsulfinyl-(N-isobutyl)acetamide (3.72 g, 21 mmol) in
trifluoroacetic acid (2 mL) at 0°, and 1-octene (21 mmol, » 3.32 mL) was
added to the mixture. Stirring was continued for 1 hour at the same
temperature, the solvent was removed in vacuo, and the residue was
chromatographed on silica gel using diethyl ether as eluant. The title
compound was obtained as a mixture of isomers (81%, 88/12 E/Z ratio). IR
( CDCls) 3360 (NH), 1655 (C = 0), 970 (C = C) cm™; 'H NMR ( CDCl3) &
0.7-1.1 (m, 9H), 1.1-1.6 (m, 6H), 1.5-2.2 (m, 3H); 2.09 (s, 3H); 2.3-2.7 (m,
2H), 3.11 (brt, 1H), 5.1-5.7 (m, 2H), 6.6-6.9 (br. s, 1H)

11.1.1.6. 1,1-Dimethyl-3-methylthio-2-o0x0-2,4,5,6,7,7a-hexahydroindene
[Intramolecplgr Carbon Nucleophile] (39)

p-Toluenesulfonic acid monohydrate (3.35 g, 17.6 mmol) was added to
benzene (30 mL) and the mixture was heated under reflux with azeotropic
removal of water for 2 hours, then cooled to room temperature under nitrogen.
To this benzene solution containing anhydrous p-toluenesulfonic acid, a
solution of methyl 3-(1-cyclohexenyl)-3-methyl-2-oxobutyl sulfoxide (2.0 g,

8.8 mmol) in dry benzene (5 mL) was added by syringe in one portion and the
mixture was again heated under reflux with azeotropic removal of water for 2
hours. After cooling to room temperature, the mixture was washed with water
(2 x 5 mL) and dried over magnesium sulfate. The solvent was removed in
vacuo and the residue was chromatographed on silica gel using benzene as
eluent to give an oil: 1.04 g (56%). IR (neat) 1705 (CO), 1600 (C = C)cm™;
'H NMR ( CDCl3) 5 0.7-2.4 (m, 8H), 0.98 (s, 3H), 1.10 (s, 3H), 2.30 (s, 3H),
2.95-3.50 (m, 1H).

11.1.1.7. Octanal from Octyl Phenyl Sulfoxide [Preparation of Aldehydes]
(115)
11.1.1.7.1. Method A:



To an acetonitrile solution (60 mL) of octyl phenyl sulfoxide (2.38 g, 10 mmol)
and 2,6-lutidine (2.14 g, 20 mmol) was added an acetonitrile solution (20 mL)
of trifluoroacetic anhydride (2.82 mL, 20 mmol) at 0° under nitrogen. After the
reaction mixture was stirred at 0° for 10 minutes, an aqueous solution (100 mL)
of sodium bicarbonate (60 mmol) was added. The mixture was stirred at room
temperature for 2 hours. The resultant octanal was extracted with diethyl ether,
the ether extract was washed with dilute hydrochloric acid and aqueous
sodium bicarbonate solution. The extract was dried over magnesium sulfate
and the solvent was evaporated. The residual oil was purified by column
chromatography on silica gel with n-hexane as eluant and distilled under
reduced pressure to give 0.92 g (72%) of the title compound (bp 80°/32 torr);
the purity was more than 90% as estimated from the *H NMR spectrum. To the
undistilled crude product was added 2,4-dinitrophenylhydrazine solution

(60 mL). Precipitation occurred immediately. The hydrazone was filtered and
the solid was washed with 50% aqueous ethanol and recrystallized from
ethanol to give octanal 2,4-dinitrophenylhydrazone, mp 105°.

11.1.1.7.2. Method B:

Using the first part of method A, an aqueous solution (60 mL) of copper(ll)
chloride (60 mmol) was added instead of a solution of sodium bicarbonate.
The mixture was stirred at room temperature for 2 hours. The resultant
aldehyde was extracted with diethyl ether and treated in a similar manner to
give 0.94 g (74%) of octanal.

11.1.1.7.3. Method C:

After the Pummerer reaction, an aqueous solution (60 mL) of mercury(ll)
chloride (B.E, 14 mmol) was added. The mixture was stirred at room
temperature for 2 hours. The resultant aldehyde was extracted with diethyl
ether and treated in the similar manner to give 1.10 g (86%) of octanal.

11.1.1.8. 2-Formylchromone [Preparation of Aldehydes] (193)

11.1.1.8.1. 2-[Acetoxy(methylthio)methyllchromone

A solution of 2-(methanesulfinylmethyl)chromone (2.22 g, 0.01 mol) in acetic
anhydride (15 mL) was heated under reflux under nitrogen for 5 hours. The
solvent was removed under reduced pressure to give a brown gum which
crystallized on standing. Recrystallization from methanol gave white crystals:
2.36 g (90%); mp 123-125°; UV ( CoHsOH ) nm max ( € ): 222 (18800), 295
(6800); IR (Nujol) 1754 (CO), 1652 (CO) cm™; *H NMR ( CDCls) & 2.25 (s, 3H,
SCHs), 6.50 (s, 1H, HC-3), 6.70 [s, 1H, CH(OAC)-SCHjs], 7.20-7.90 (m,3Har0m),
8.20 (m,1Harom)-

11.1.1.8.2. 2-(Dimethoxymethyl)chromone

A mixture of 2-[acetoxy(methylthio)methyllchromone (2.64 g, 0.01 mol) and
iodine (1.39 g, 0.011 mol) in methanol (50 mL) was heated under reflux for 6
hours. The solvent was evaporated under reduced pressure and the residue



was dissolved in chloroform. The chloroform solution was washed three times
with saturated sodium thiosulfate solution, dried over magnesium sulfate, and
evaporated to give a solid product. Recrystallization from ethyl
acetate—hexane gave yellow crystals: 1.90 g (86%); mp 64-68°; UV ( C2HsOH )
nm max ( € ) 221 (19000), 298 (6500); IR (Nujol) 1655 (CO) cm™*; *H NMR
(CDCls3) 8 3.48 (s, 6H, 2 x H3CO-), 5.24 [s, 1H, -CH(OCHgs),], 6.58 (s, 1H,
HC-3), 7.00-8.40 (m, 4Harom)-

11.1.1.8.3. 2-Formylchromone

A mixture of 2-(dimethoxymethyl)chromone (1.1 g, 5 mmol) in 5 N hydrochloric
acid (15 mL) was heated at 100° for 3 hours. The mixture was cooled and
extracted with chloroform. The extracts were dried over magnesium sulfate
and evaporated to give a crystalline product. Recrystallization from ethyl
acetate gave yellow crystals: 710 mg (81%); mp 159-161°; UV ( C;HsOH ) nm
max (€ ) 222 (17600), 299 (6700); IR (Nujol) 1760 (CO), 1745 (CO) cm™; *H
NMR (dimethyl sulfoxide-de) & 7.10 (s, 1H, HC-3), 7.25-8.25 (m, 4Hx0om), 9.81
(s, 1H, CHO).

11.1.1.9. 2-(Phenylthio)cyclohexen-2-one [Preparation of Vinyl Sulfides] (121)
Acetic anhydride (0.5 mL, 5.3 mmol) and methanesulfonic acid (0.04 mL,

0.6 mmol) were added to a solution of 2-phenylsulfinylcyclohexanone (1.0 g,
4.5 mmol) in dichloromethane (25 mL) under nitrogen at room temperature.
The solution was left standing for 16 hours, the solvent and the resulting acetic
acid were removed under vacuum, and the crude product was
chromatographed on a dry Florisil® column (petroleum ether 35-60°). After
discarding the early fractions, which contained small amounts of diphenyl
disulfide, 2enylthio)cyclohexen—2—one was recovered by evaporation of the
solvent and crystallization from isopropyl alcohol: 0.79 g (86%); mp 50-51°
(from isopropanol); UV (n-hexane) nm max ( € ) 235 (6500), 256 (4100), 272
(4100); IR (neat) 1673 cm™; *H NMR (CCl,) 8 6.32 (t, J = 6 Hz, 1H).

11.1.1.10. 2-(6 B -tert-Butyldimethylsilyloxy-2 B -hydroxy-5 a -phenylseleno-5 8
-acetoxycyclohept-1  -yl)acetic Acid Lactone [Seleno—Pummerer] (158)

A 1-L three-necked flask equipped with a reflux condenser, two glass stoppers
and a magnetic stirring bar was charged with 150 mL of tetrahydrofuran and
4.12 g (22.8 mmol) of 95% m-chloroperbenzoic acid. After the acid had
dissolved, the solution was cooled to —78° and a solution of 10.0 g (22.8 mmol)
of 2-[6 B -tert-butyldimethylsilyloxy-2 3 -hydroxy-5 a
-(phenylseleno)-cyclohept-1 3 -ylJacetic acid lactone in 25 mL of
tetrahydrofuran was added dropwise via syringe with stirring. After 20 minutes,
10 mL (0.105 mol) of acetic anhydride and 5.0 g (0.060 mol) of anhydrous
sodium acetate were added, and the solution was allowed to warm slowly to
20°. The reaction mixture was heated to reflux for 3 hours. The mixture was
cooled to 30°, 50 mL of methanol was added, and stirring was continued for 30
minutes. The solution was diluted with 300 mL of ethyl acetate and washed



with four 75-mL portions of 10% sodium hydroxide solution and once with
100 mL of brine. The solution was dried over magnesium sulfate, and the
solvents were removed by rotary evaporation, affording 10.3 g (96%) of crude
product. Purification by medium-pressure liquid chromatography afforded
8.40 g (80%) of the title compound as a yellow oil. IR (film) 3.26, 3.38, 3.40,
3.50, 5.60, 5.78, 6.33, 7.30, 7.94, 9.76, 11.83 ym; *H NMR ( CDCl3) 5 0.09 (s,
methyls), 0.92 (s, tert-butyl), 2.04 (s, CH3CO), 1.7-3.1 (m, 9H), 4.51 (m, H-7
and H-3), 7.20 (m, 3H, aromatic), 7.52 (m, 2H, aromatic).

11.1.1.11. S-Phenyl Thiolbenzoate [Sila-Pummerer] (165)

a -Chlorobenzyl phenyl sulfoxide (1.25 g, 5.0 mmol) in 2 mL of tetrahydrofuran
was added dropwise with stirring over a 3-minute period to lithium
diisopropylamide (5.0 mmol, prepared from 0.50 g of diisopropylamine and
3.2 mL of 1.58 M n-butyllithium in hexane at 0°) in 10 mL of tetrahydrofuran
under a nitrogen atmosphere at—78°. It was stirred at —78° for 30 minutes and
then the anion solution was transferred dropwise to excess
chlorotrimethylsilane (1.62 g, 15 mmol) in tetrahydrofuran (10 mL) at —78°
while stirring over a 5-minute period. The reaction mixture was allowed to
warm to 0°. After 1 hour of stirring at 0°, 2% hydrochloric acid (5 mL) was
added dropwise and the mixture was extracted with dichloromethane

(3 x 40 mL), dried over sodium sulfate, and concentrated under reduced
pressure to give the product as a yellow solid. Crystallization from
hexane—ether gave white crystals (0.79 g, 74%): mp 54-55°; IR ( KBr)

1685 cm™; 'H NMR ( CDCl3) & 7.20-7.60 (m, 8H), 7.85-8.50 (m, 2H).

11.1.1.12. 5,6,7,7a-Tetrahydro-7a-hydroxy-3-(phenylthio)benzofuran-2(4H)-on
e [Vinylogo Pummerer Reaction] (179)

A solution of 3-(phenylsulfinyl)-furanone (0.32 g, 1.5 mmol) in 6 N sulfuric acid
(2 mL) and dioxane (4 mL) was heated under reflux for 4 hours. The reaction
mixture was diluted with water and extracted with ether. The combined
extracts were washed with water and brine and evaporated to dryness.
Preparative TLC of the residue (0.34 g) on silica gel [elution with a mixture of
light petroleum—diethyl ether (1:1)] gave the thermally very unstable
(polymerized on standing) 5,6-dihydro-3-(phenylthio)benzofuran-2-(4H)-one
(0.053 g, 18%); IR ( CHCI3) 1775, 1655, 1590, 980 cm™; *H NMR ( CCl,) &
1.30-2.60 (m, 6H), 5.68 (t, J = 4 Hz, 1H), 7.00-7.60 (m, 5H) and the title
compound (0.075 g, 24%); mp 135-136° from carbon tetrachloride. IR ( CHCls)
3300, 1755, 1640, 975 cm™; "H NMR ( CCly) 5 0.70-3.00 (m, 8H), 4.10-5.70
(br s, OH), 6.90-7.70 (m, 5H).

11.1.1.13. 2,3-Bis(acetoxy)-2,3-dihydro-8-methoxy-3-methylthio-4H-1-benzop
yran-4-one [Additive Pummerer Reaction] (194)

A mixture of 8-methoxy-3-methylsulfinyl-4H-1-benzopyran-4-one (5.0 g,
0.021 mol) in acetic anhydride (25 mL) was refluxed under nitrogen for 10
hours, cooled, and poured into ice-water. The precipitate was filtered off and



recrystallized from ethyl acetate to give crystals (4.47 g, 63%), mp 181-182°;
UV nm max( € ) 264 (9000), 330 (2000); IR (Nujol) 1775, 1755, 1700 cm™; *H
NMR ( CDCl3) & 2.09 (s, 3H, COCHj3), 2.20 (s, 3H, COCHz), 2.32 (s, 3H, SCH5),
3.90 (s, 3H, OCHg), 7.70-7.80 (m, 4H, ArH and CH-2).

11.1.1.14. trans-2,2-Dichloro-3-phenyl-4-phenylthio- y -butyrolactone [Additive
Pummerer Reaction] (195)

(E)- B -Styryl phenyl sulfoxide (134 mg, 0.6 mmol) was dissolved in 30 mL of
ether, and 0.8 g (12 mg-atom) of zinc was added. The resulting suspension
was heated to reflux under nitrogen. A solution of 0.35 mL (3 mmol) of freshly
distilled trichloroacetyl chloride in 20 mL of ether was added dropwise to the
refluxing zinc suspension over a period of 15 minutes. The reaction mixture
was cooled to room temperature, filtered through Celite, and poured into
50 mL of cold sodium bicarbonate solution. The two-phase mixture was stirred
for 15 minutes at room temperature while a white precipitate formed. The
agueous layer was separated and extracted once with ether. The organic
portions were combined, dried over magnesium sulfate, and evaporated. The
solid residue was crystallized from cyclohexane to give 108 mg of the title
compound (55%): mp 114-115°: Another 10% yield of product was isolated
from flash chromatography of the mother liquors with 9:1 petroleum ether/ether
on silica.



12. Tabular Survey

The tabular survey covers as exhaustively as possible only those reactions in
which the oxidation state of the products is the same as that of the starting
material, with the exception of carbon nucleophiles.

The literature is covered through 1986. Papers published in primary journals in
1987 and beginning 1988 are also included.

Dimethyl sulfoxide is a special case. This reagent, as mentioned, is well known
to give a number of reactions related to the Pummerer reaction. It usually
necessitates activating electrophilic species which are often the same
reagents that promote the Pummerer reaction. It is therefore obvious that
Pummerer products may be formed in traces during these processes (196-199)
and which for an exhaustive coverage of the literature should also be cited.
Nonetheless, because these examples are repetitive we have not included
them in the tabular survey.

oxidation RR'C=0

RR'CHOH + (CH,),SO —

Pummerer _ CH,SCH,OCHRR'

Only such r&actions in which the Pummerer products predominated have been
included. When the expected Pummerer product was not isolated but directly
transformed, only the final product is shown. When more than one type of
product was formed, the entry is located in the table for the more abundant
product.

The following abbreviations are used in the tables:

Ac acetyl

anh anhydrous

aq aqueous

BnOC Dbenzyloxycarbonyl
BOC tert-butoxycarbonyl
C4H3S thienyl

CeHi1  cyclohexyl

CioH7 naphthyl



DABCO 1,4-diazabicyclo[2.2.2]octane
DAST diethylaminosulfur trifluoride
DBN  1,5-diazabicyclo[4.3.0]non-5-ene
DBU  1,8-diazabicyclo[5.4.0lundec-7-ene
DCC  dicyclohexylcarbodiimide

DIBAH diisobutylaluminum hydride
DMF  dimethylformamide

DNPH 2,4-dinitrophenylhydrazine

ee enantiomeric excess

ether  diethyl ether

LDA lithium diisopropylamide
mMCPBA m-chloroperbenzoic acid

NCS  N-chlorosuccinimide

NPS  p-nitrophenylthio

Pet. Et petroleum ether

Pyr pyridine
PPSE polyphosphoric acid trimethylsilyl ester
rt room temperature

TBDMS tert-butyldimethylsilyl
TFAA trifluoroacetic anhydride
THF tetrahydrofuran
D THP  tetrahydropyranyl
TMS  trimethylsilyl
Ts p-toluenesulfonyl
* a nonracemic carbon or sulfur atom

Usual acronyms are used for a -amino acids.
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