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1. Introduction

Hydrogen cyanide adds to a multiple bond in the presence of an appropriate
catalyst. The process is called hydrocyanation. The addition toana , 8
-unsaturated carbonyl compound 1 gives a 1,2 adduct, a-cyanohydrin 2, and a
1,4 adduct, B-cyano ketone 3. Both 1,2 and 1,4 additions are reversible in
principle, but in the presence of a base the reverse 1,2 addition is much faster
than the reverse 1,4 reaction, leading to the 1,4 adduct as a major (usually
sole) product (Eq. 1).
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In this sense conjugate hydrocyanation is a special case of the Michael
reaction. (1) Predominance of 1,2 or 1,4 addition depends on the substrate
structure, the reagent, and the reaction conditions. In this chapter 1,2 addition
is discussed only when necessary. We deal chiefly with the 1,4 addition and,
more generally, with conjugate addition including that on conjugated
polyethylenic compounds giving 1,6 or more extended conjugated adducts.
Carbonyl substrates include ketones, aldehydes, carboxylic acid derivatives,
carbonitriles, and carboimines. Also included aref3-functionalized carbonyl
compounds, 4, and p-allylpalladium complexes, 5, that generate a , 3
-unsaturated carbonyl compounds, 1, under hydrocyanation conditions.
Although
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hydrogen cyanide adds toa , (B-unsaturated compounds activated by other
(ZC=C—NO,) (ZC==?— SO;R)
groups such as nitro | . (2-4) and sulfone , (2)

these reactions are not considered in this chapter.

The first example of 1,4 addition of hydrogen cyanide to a , B-unsaturated
carbonyl derivatives appeared more than a century ago, in 1873, when Claus
prepared tricarballylic acid (1,2,3-propanetricarboxylic acid) by heating an
ethanolic solution of 2,3-dichloropropene and potassium cyanide in a sealed
tube. (5) Five years later he obtained methylsuccinic acid by a similar
treatment of allyl iodide. (6) Apparentlya, B-unsaturated carbonitriles are
intermediates in these reactions. Addition of hydrogen cyanide to a
carbon-carbon double bond activated by a carbonyl group was first observed
by Bredt and Kallen who obtained phenylsuccinic acid by treatment of ethyl
benzalmalonate with potassium cyanide and sulfuric acid followed by
hydrolysis and decarboxylation. (7)

The discovery in 1903 that the reactive species in hydrocyanation is the
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hydrocyanation chemistry. A fundamental procedure for conjugate
hydrocyanation was developed which used 2 molar equivalents of potassium
cyanide and 1 molar equivalent of acetic acid in aqueous alcohol. (9) The
reaction mode was clarified by Ingold (10) and Michael (11) in the 1930 s.
Many chemists began extensive application of the reaction to organic
syntheses, and attempts were made to explore improved procedures with
higher efficiency and fewer side reactions. (2, 12-16) Detailed reviews cover
developments of conjugate hydrocyanations up to the 1950 s. (17-21)
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In recent years conjugate hydrocyanation has been used in total syntheses of
complex natural products such as terpenes, steroids, and alkaloids. However,
conventional procedures using hydrogen cyanide in the presence of a base or
an alkali or alkaline-earth metal cyanide were not efficient. Furthermore, the
efficiency could not be improved without increasing side reactions. The
difficulty was overcome in 1962 when methods using organoaluminum
compounds were discovered by Nagata and co-workers. (22) They developed
two new hydrocyanation methods, one involving a combination of hydrogen



cyanide and an alkylaluminum ( HCN—AIR3) and the other an alkylaluminum
cyanide (R2AICN), both in an aprotic solvent. (22-26) Applications of the new
methods have led to total syntheses of complex natural products having a
methyl, a functionalized methyl, or a carbon bridge at an angular position. (27)

Short reviews on recent development in hydrocyanation have appeared.
(28-30)
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2. Mechanism

2.1. Base-Catalyzed Addition of Hydrogen Cyanide

Hydrogen cyanide, a weak acid of pK, 9.21, generally does not add by itself to
an activated carbon-carbon double bond. (8, 9, 31) On the other hand, CN",
like SH™ and I, has a nucleophilicity great enough to add to an electrophilic
carbon atom of a conjugated carbonyl system. (32) The observation that the
addition rate is proportional to CN™ concentration, (8) as well as later kinetic
studies, (33, 34) disproved the view that nascent hydrogen cyanide is the
reactive species. (7) Addition of cyanide ion is reversible. (18, 35) and, with an
a, PB-ethylenic ketone as the substrate, 1,2 and 1,4 additions occur
competitively. Thus, in principle, the overall hydrocyanation process can be
described by Eg. 2. Cyanide ion adds to the electrophilic position 2 or 4 in the
conjugated carbonyl system of substrate A to give cyanohydrin anion B or
enolate anion D. Reversible protonation of B and D with hydrogen cyanide or a
protic solvent, if any, leads to cyanohydrin C andp-cyano ketone E. The keto
function of E further undergoes reversible cyanide addition to givep-cyano
ketone cyanohydrin G via the anion F. All the steps are reversible. With many

strates the reversible 1,2 addition A = B is faster than the reversible 1
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addition A = D, and the reverse 1,4 addition D— A is much slower than the

forward one. Therefore the latter step, A — D, is rate determining in practice.
Apparently the cyanohydrln is unstable in baS|c medium (1, 2 adducts C and G

are stabilized,io ano ketone, E,
wmwwum

and/or its cE H F ?HH!IIH..!"H'H I le in strongly

basic medium. Cyanohydrins C and G can be isolated in the reaction with
anhydrous hydrogen cyanide
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proton concentration is large enough to stabilize 1,2 adducts. While reverse
1,2 and 1,4 additions are both more favorable at higher temperatures than the
forward reactions, (36, 37) the 1,2 reversal is generally more complete. (38)
Thus the reactions at higher temperatures favor the conversionsC — B — A
and G = FI it SRl O SHT IR UGIEL 1] $1Hp 'S we!
illustrated BYTTE nyarocyanatomn of metnyr Vinyl Ketone (5e€ p. 269). In
summary, hydrocyanation of an a , B -ethylenic ketone with hydrogen cyanide
in the presence of a basic catalyst selectively gives 1,2 adduct C at lower
temperatures and 1,4 adduct E at higher temperatures. Reaction involving an
alkali or alkaline-earth metal cyanide affords only 1,4 adduct E in most cases
owing to the highly basic reaction medium.
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2.2. Addition of Organoaluminum Cyanides

The two new hydrocyanation methods using organoaluminum compounds are
referred to as Method A [which employs a combination of hydrogen cyanide
and an alkylaluminum ( HCN—AIR3) in tetrahydrofuran (THF)] and Method B
[using an alkylaluminum cyanide (R2AICN) in an inert organic solvent].
Mechanisms of the new methods are fundamentally different from those of
conventional methods in that the carbonyl function of the a , B -ethylenic
carbonyl system is activated through coordination with the Lewis-acidic
organoaluminum species. (25) The mechanisms of these methods were
investigated in detail (35) and are reviewed briefly here.
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2.2.1.1. Method A

Since alkylaluminums in tetrahydrofuran show appreciable electric
conductivities, the dissociation shown in Eqg. 3 seems likely. (39) An increase
in conductivity by addition of hydrogen cyanide indicates dissociation to a
proton and a cyanoaluminate anion, RsAICN™ (Eq. 4). Presumably, the enone
is activated by H* or R.Al",

2 R,Al == R,AI" +RLALT (3)
R;Al+HCN == H"+ R;AICN™ (4)

and the anion R;AICN™ acts as the cyanating species. Substitution of chlorine
for an alkyl in AIRz increases the activation of the enone system but decreases
the cyanating power of RzAICN™. Thus the reactivity is roughly in the order
HCN- Al(CzHs)3 » HCN-( C2Hs),AICI > HCN- C;HsAICI, = HCN-AICIs.
Addition of a small amount of water to the HCN- Al(C,Hs); combination
markedly increases the 1,4-addition rate. The acceleration is considered to
arise from a catalytic action of diethylaluminum hydroxide or
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Method B reagents, according to Eq. 5. Thus Method A hydrocyanations are
partly effected by the initial HCN-AIR; reagent and partly

HCN + AIR, — R.AICN + RH
O K]

by the secondarily formed R,AICN by a reaction mechanism discussed later
(see Eq. 8, p. 264). The participation of Method B reagent (R,AICN) has
proved minimal in the HCN- C,HsAICI, and HCN- Al(C,Hs);—(H20)
combinations, thus rendering these combinations ideal Method A reagents.
Ideal Method A hydrocyanation does not involve formation of 1,2-adduct but
involves irreversible 1,4 addition and catalysis by AlRs. These facts and the
product analysis led to the mechanism shown in Eq. 6 for ideal Method A
hydrocyanation of ana , B -unsaturated ketone. According to this mechanism,
enone A is activated with a cation L™ (H* or RAI"), the activated species H
undergoes rate-determining, nucleophilic attack of the cyanoaluminate anion
R3;AICN™ at position 4 to afford, via transition state I, the initial 1,4 adduct J and
AIR3. Adduct J is irreversibly transformed tof3-cyano ketone E which reacts
with any excess reagent to give dinitrile K. The dinitrile can be reconverted into
the desiredf3-cyano ketone on basic workup.

(5)
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2.2.1.2. Method B
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the reacting species has proved to be the nonionic R,AICN itself which
activates the enone system and also acts as the nucleophilic cyanating agent.
Ebullioscopic molecular-weight determination has indicated that the degree of
association of dialkylaluminum cyanide is 4-5 in boiling benzene and that of
e I T T T o
low concentration, according to Eq. 7. Kinetic studies using
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diethylaluminum cyanide have revealed the following features of Method B
hydrocyanation: (1) the monomeric “S- (C,Hs),AICN ” acts as the reacting
species, that is, the activating and cyanating species; (2) the reaction consists
of a very rapid, reversible 1,2 addition (pre-equilibrium) followed by a slow,
reversible 1,4 addition; (3) 1,2 addition is first order in both enone and
“S-R,AICN” and reverse 1,2 addition is first order in 1,2 adduct and zero order
in the reagent; (4) 1,4 addition is first order in enone and second order in

“S- (C2Hs)2AICN ,” the rate-determining step being the attack of

“S- (C,Hs).AICN ” at position 4 of the activated enone; (5) reverse 1,4 addition
is first order in 1,4 adduct and zero order in the reagent; (6) dinitrile K is not
formed. Equation 8 shows a mechanism of Method B hydrocyanation of an a ,
B-unsaturated ketone in tetrahydrofuran consistent with the features



mentioned. According to this mechanism, substrate A is converted with
“S-R,AICN” into an activated species M which is subjected to 1,2 addition

(M = 0) and 1,4 addition (M — Q). Fast 1,2 addition through the

four-centered, low-energy transition state N precedes slower 1,4 addition. The
1,2 adduct O predominant in the early stages of the reaction is reconverted
into the activated enone M, which is attacked by another molecule of
“S-R,AICN” at position 4, leading to 1,4-adduct Q through transition state P.
The 1,4 adduct Q is reconverted directly into the starting enone A. A more

likely
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reverse reaction, Qq— P— M— A, is not consistent with the kinetic evidence
that the reverse 1,4 addition is zero order in “S-R,AICN.” In the last stage of the
reaction an equilibrium is established as indicated in Eq. 9. With no proton
source present in the Method B

(#.1,2 Adduct O  (minor)
Enone A (negligible)_ (9)

\ 1.4 Adduct Q@ (major)

reaction medium the 1,2- and 1,4-adducts are present before workup in the
form of a cyanohydrin dialkylaluminum alkoxide O and a dialkylaluminum
enoxide Q, respectively.

Since the reaction with organoaluminum cyanides is highly efficient and has
relatively small steric requirements compared with the conventional
procedures, one can imagine that the true cyanating agent might be a



dialkylaluminum isocyanide in equilibrium with the dialkylaluminum cyanide
(Eqg. 10). However, there is no unequivocal evidence of this isocyanide
structure. (40)

" = TR, ", T, Ll s
AI-C=N — AN=C (10)

2.3. Factors Controlling Conjugate or Nonconjugate Addition

It is important from the synthetic viewpoint to be able to predict the mode of
addition in the hydrocyanation of a conjugated carbonyl system, i.e., 1,2; 1,4;
1,6, or more extended conjugated addition. The addition modes are governed
by electronic, entropic, and steric factors related to the substrate structure, the
nature of the reagent, and the reaction conditions. An understanding of these
relationships is essential for prediction of the addition mode.

A driving force for conjugate (Michael-type) addition is thought to arise from
“better electron delocalization.” The transition state of 1,2 addition is
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in the hydrocyanation of a, 3 -ethylenic and

a, B,y , © -diethylenic carbonyl compounds. This concept has experimental
support in the hydrocyanation of most conjugated esters and ketones but not
in that of most conjugated aldehydes (which give 1,2 adducts with little
Michael-type addition). Thus the orientation of the cyanide addition is greatly
affected by the carbonyl substituent R (O-alkyl, alkyl, or hydrogen) and other
carbon substituents and cannot be explained only by the “better electron
delocalization” concept. Another important electronic factor is the electron
density of the carbon atoms in the conjugated carbonyl system, where cyanide
anion attacks the most electron-deficient carbon atom(s). In general, cyanide
ion attacks the carbon atom(s) indicated by arrows in formulas a—d.
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This general trend may be altered by changes in the electron distribution
caused by substituents. For example, hydrocyanation of vinyl crotonate (6)
with hydrogen cyanide in the presence of a catalytic amount of potassium
cyanide gives the unexpected products 7 and 8. They can be explained by the

intermediacy of a 1,2 adduct (Eq. 11). (2)
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This unusual 1,2-adduct formation is considered to result from activation of the
carbonyl carbon by the vinyloxy group. Another example of a substituent
changing the orientation of the cyanide attack is the hydrocyanation of
dimethyl cinnamylidenemalonate (11), which gives the 1,4 adduct 12 rather
than the 1,6 adduct. (10, 41) This anomalous 1,4 addition is explained as an
electronic effect of the phenyl group at positiond of 11 which makes the (3

-carbon atom the most electron-deficient carbon. (10)

C,,H;CHZCH%‘H:C{C.UJCHRL KON, CﬁH5CH:CH(|ZHCHI:C01CH3}2

CN
1 12

Steric hindrance is an important factor affecting the 1,2- or 1,4-addition mode.
Hydrocyanation of steroidal enones 13 and 15 with hydrogen cyanide and



triethylaluminum exclusively affords 1,4 adduct 14 and 1,2 adduct 16,
respectively. (22, 42, 43) In both reactions, cyanide

AcO AcO

14 (86%)

HCN-ANC;Ha)a
P e
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anion can attack carbon 8 only from thefside of the molecule, i.e., the
stereoelectronically controlled direction (see p. 310). The B -carbon atom of
both enones is severely sterically hindered by the 18- and 19-methyl groups,
especially the former. Molecular models show that the steric interaction
between thp 15-TPURIIHK HIEL R VARSI PHP TR lon 8 in the
transition state 15 grea s ol e 2N -one 13.
Furthermore, the 11-keto function is greatly hindered by the two methyl groups,
whereas the 6-keto group is relatively open. Thus steric considerations can
explain the divergent addition pathways for enones 13 and 15. (43)

Hydrocyanation of transoid enones with diethylaluminum cyanide proceeds via
the four-centered transition state T; to favor 1,2 addition in an early stage of the
reactions, as shown in Eq. 8. Presumably the six-centered transition state Ts is
entropically advantageous for cisoid enones, though so far there is no
experimental evidence to support this hypothesis.
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In addition to the substrate structural factors mentioned above, the properties
of the hydrocyanating reagents can also affect addition modes. In general, 1,4
addition is favored in hydrocyanation with an alkali or alkaline-earth metal
cyanide and, to a lesser extent, with hydrogen cyanide in the presence of a
basic catalyst, where the cyanating species is the completely dissociated
cyanide ion. In hydrocyanation with hydrogen cyanide and trialkylaluminum 1,4
addition is also favored, because the reacting species is most likely the “ate”
anion R3AICN™ as discussed earlier (see Eq. 4, p. 262). On the other
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hand, 1,2 addition predominates in reactions with a Lewis-acid metal cyanide

such as dialkylaluminum or trimethylsilyl cyanide in which a molecular species

0 3 O
considered an extreme case. Benzoquinone (17) undergoes reaction with
trimethylsilyl cyanide in the presence of zinc iodide to give the 1,2 adduct 18
exclusively. (44, 45) The 1,2 adduct 18 has a relatively strong Si-O bond and is
stable under the reaction conditions. Thus the silyl reagent is suitable for
preparing 14 < 1o g I A R PRI 4 ] 2ty
The final important factors to influence addition modes are the reaction
conditions. As discussed earlier, 1,2 addition is reversible except for special
cases, and the reverse 1,2 addition is favored by higher basicity of the reaction
medium and higher reaction temperature. Therefore 1,2 adducts can rarely be
isolated in hydrocyanations with an alkali or alkaline-earth metal cyanide,
except for a, B -ethylenic aldehydes, whereas 1,2 adducts can be isolated in
the early stages of hydrocyanation with hydrogen cyanide in the presence of a
basic catalyst. For example, hydrocyanation of methyl vinyl ketone (19) with
hydrogen cyanide in the presence of a basic catalyst such as potassium
cyanide, potassium carbonate, or pyridine gives the 1,2 adduct 20 as a major
product at temperatures below 15° (preferably below —5°) and the 1,4 adduct
21 above 20°, the latter increasing with time even at —-5°. (36, 37, 46) The 1,2
and 1,4 adducts 20 and 21 are kinetically and thermodynamically controlled
products, respectively, with regard to the addition mode. Selective preparation
of 1,2 and 1,4 adducts is
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possible in the hydrocyanation of a , B -ethylenic ketones and aldehydes with
diethylaluminum cyanide if the reaction conditions are controlled.
Cholestenone (22) reacts with diethylaluminum cyanide in tetrahydrofuran to
give the 1,2 adduct 23 after 15 minutes at —60° and the 1,4 adduct 24 at room
temperature, both in high yield.
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Room temp, 4 hr o)
CN
O
12

24 (quantitative)

(C3H )z AICN/THF
=60%, 15 min

OO0000000006O0c0

B A
1Y

DT]HHWMMWWHWMMHWMNMMHI[]

OO00000000000000000000000000C




3. Scope and Limitations

3.1. Methods

3.1.1. Hydrogen Cyanide Catalyzed by a Base

As pointed out by Lapworth in 1903, hydrogen cyanide is not reactive by itself
and it requires a basic catalyst which generates cyanide ion. (8) The catalyst
can be selected from cyanides [e.g., KCN, K4Ni(CN),4, and CaK;Ni(CN)4],
inorganic bases (e.g., potassium carbonate and sodium hydroxide), or organic
bases (e.g., triethylamine, pyridine, and piperidine). The reaction is carried out
in the presence or absence of a solvent such as benzene, ethanol, acetonitrile,
or dimethylformamide.

In a typical procedure a substrate is heated with an equimolar amount of liquid
hydrogen cyanide in the presence of 1-2% of potassium cyanide at 40—80°.
Although acrylonitrile (25a) and methyl acrylate (27a) could be converted into
succinonitrile (26a) and methyl 8 -cyanopropionate (28a) in high yields by this
hydrogen cyanide-(potassium cyanide) procedure, less reactive substrates
such as methacrylonitrile (25b), methyl methacrylate (27b), crotononitrile (25c),
and methyl crotonate (27c) gave the corresponding 1,4 adducts 26b, 28b, 26c,
and 28c in yields of less than 5% together with the unchanged starting
materials and hydrogen cyanide polymers. (2)

RCH=C(R')CN —— RCHCH(R')CN
I

- AON000AEAO0O0000

RCH=C(R")CO,CH;—— R(IZHCH{R'}CDQCH;.

CN
273, R=R'=H 28, R=R'=-H
2Th, R=H, R'=CH, 28h, R=H. R'=CHa
176, R=CH. R'=H 18, R=CH;, R'=H

Inorganic and organic bases are as effective as potassium cyanide as the
catalyst, (36, 37, 46, 47) whereas potassium nickel cyanide and calcium nickel
cyanide seem to be less effective. (48)

Because of the quite low reactivity of hydrogen cyanide-(base) combinations,
hydrocyanation of less reactive substrates such as 3 , B -dialkylated a -enones



is possible only at high temperature when an autoclave or a high-boiling
solvent is used. In particular, use of aprotic polar solvents such as
dimethylformamide (DMF), dimethylacetamide (DMA), or N-methylpyrrolidone
is claimed to be advantageous. Thus mesityl oxide (29) could be converted
into cyano ketone 30 in 86-92% yield by treatment with hydrogen
cyanide-(potassium cyanide) at 135-140° in an autoclave. (49)
Hydrocyanation of 3,5,5-trimethylcyclohex-2-en-1-one (31) into nitrile 32 (66%
yield) was effected with hydrogen cyanide-(potassium carbonate) in
dimethylacetamide at 175° at atmospheric pressure. (16)

CH,COCH=C(CH,), — CH:,CDCH;JF{CH;,]Z

CN
29 2
CN
0]

k) | 32

An advantageous feature of the hydrogen cyanide-(base) procedure is the lack
of alkali-induced side reactions. Although its low reactivity has made this
procedure unsuitable for laboratory preparation of complex molecules, it has

R

3.1.2. Acetone Cyanohydrin Catalyzed by a Base

Acetone cyanohydrin can regenerate cyanide ion in the presence of a base
and is therefore useful for hydrocyanation. A hydrocyanation method was
reported by Nazarov: a, B -unsaturated ketones were treated with excess
acetone cyanohydrin in the presence of a small amount of potassium
carbonate or triethylamine in refluxing aqueous methanol for several hours.
(14) By this method, 2-methylcyclohexenone (33) and substituted chalcones
35 can be converted into the corresponding 1,4 adducts 34 (14) and 36 (50) in
moderate to good yields. That the efficiency of the catalyst is parallel to its
basicity is shown in hydrocyanation of dienone 37 where bisadduct 38 is
formed in 43% yield with potassium carbonate as the catalyst and monoadduct
39 in only 23% yield with triethylamine. (50) This method does not involve
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significant side reactions and can be conveniently used in the laboratory.
However, as in the previously mentioned procedure using hydrogen cyanide
and a basic catalyst, the reactivity of the Nazarov method is low because of the
low cyanide concentration in the reaction medium. The reactivity can be
increased to some extent by using a large excess of acetone cyanohydrin
without solvent and with saturated methanolic potassium hydroxide as the
catalyst. (51a) Recently crown ethers were found to be effective in increasing
the reactivity. (51b) This modification is discussed in the next section (p. 283).
3.1.3. Alkali or Alkaline-Earth Metal Cyanlde (MCN)

Since cyanm E:IE: yanation, one
can predict E;] usslogcl m h as sodium,
potassium, or calcium cyanide, which provide thls ion in high concentration in a
protic solvent, should be very reactive. In fact, these cyanides are the most
powerful of the conventional hydrocyanating reagents. For example, diester 40,
which is resistant to hydrogen cyanide in the presence of a potassium cyanide
catalyst at 50°, (2) undergoes hydrocyanation with potassium cyanide,
subsequent hydrolysis and decarboxylation, giving nitrile 42 in excellent yield.
(7, 52)

CeHsCH=C(CO,C,H;), XEicaH:OH, [C$H5$HCH(COQC2H5}2]—>
CN
40 41
CﬁHS(IZHCHg;CDzR
CN

42 (94%)
BR=CaHa H



An alkali cyanide is considerably basic in a protic solvent, and the basicity of
the reaction medium increases as cyanide ion is consumed to liberate a strong
base (e.g., potassium hydroxide). Thus side reactions such as hydrolysis,
decarboxylation, and condensation of substrate and product can take place.
These side reactions can be prevented by neutralizing the alkaline reaction
medium, although the neutralization also lowers the hydrocyanating potency.
Schemes for neutralizing the basic medium include: (1) use of a substrate
having a functional group that can neutralize alkali; (2) addition of a
neutralizing agent; (3) use of an aprotic, polar solvent; and (4) a combination of
these means.

3.1.3.1. Without Neutralization

As discussed above, the method using an alkali cyanide in a protic solvent is
the most powerful of the conventional methods although it frequently promotes
side reactions. The method is useful when (1) substrates are reactive enough
to undergo hydrocyanation before the side reactions occur and (2) products
are relatively stable to alkali. For example, isopropenyl p-bromophenyl ketone
(43) (53) is smoothly hydrocyanated by potassium cyanide in

p-BrCgH,COC(CH3)—CH, — 2% p-BrCyH,COCH(CH,)CH,CN

Room temp

43 44(96%)

methanol.
as 45 proc ;
doubled by the two carbonyl groups and the initial adduct 46 is
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a relatively weak base and does not react to a large extent with protic solvents.
In other words, the 1,3-dicarbonyl grouping neutralizes the potassium cyanide.
The compounds in this category include diketones, keto esters, keto nitriles,
cyano esters, and dinitriles.

Quinones such as naphthoquinone 47 are reactive and readily hydrocyanated
by potassium cyanide without neutralization to give stable aromatic nitriles



such as 48. The weakly basic phenoxide grouping is generated in the addition
process. (54)

O OH
Ar AT
MNaCN/ag CyHyOH-dioxane
Eoom emp =3 ‘O
N
|
O OH
47 4B (64-B4%)

Of the conventional procedures only the potassium cyanide method can effect
hydrocyanation of less reactive (hindered) polyalkylated a, B -unsaturated
ketones. Since a-alkylated cyano products are less reactive toward
condensation with the substrate in the alkaline reaction medium,
hydrocyanation of these enones with potassium cyanide in aqueous alcohol
followed by alkaline hydrolysis provides a good method for preparing
polyalkylated y -keto acids. The method is exemplified in the reaction of the a,
B -dialkylcyclohexenones 49 (55, 56)

O
R
1. KCNfag CHsOH, N:ﬂm!l._
e, JOICICIC OO0o00
= A , CHUH;CO:H
- R=0CH;3, C3Hs, CH2COzH 2UCHZCO; G ;

Use of a nonaqueous solvent in the hydrocyanation of less reactive enones
also prevents most hydrolysis of the introduced cyano group. For example,
negligible amounts of hydrolysis products are formed in the hydrocyanation of
the A %9.g-keto steroid 51 with potassium cyanide in refluxing ethylene glycol
(57) and of A *-3-ones 53 with calcium cyanide in N-methylpyrrollidone at
room temperature. (58) Therefore the angular cyano steroids 52 and 54 are
produced in high yields. Lithium cyanide dissolved in warm tetrahydrofuran
was found to effect hydrocyanation of steroidal A *-3-ones and A ®-11-ones,
but the use of this reagent has not been studied extensively. (25, 59)
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R=H, OH, COCH;, CgHyp
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When hydrocyanation-hydrolysis (decarboxylation) products are desired, the
alkali cyanide method in aqueous solvents can be used successfully, usually
without isolating the hydrocyanation products. Succinic acids and levulinic

acids can be prepared in this manner. For example, ethyl crotonate (55) (60)
upon treatment with potassium cyanide in refluxing aqueous ethanol followed
by hydrolysis with agueous barium oxide yields the corresponding succinic

acid 56. Similarly, a -phenyllevulinic acid (58) is obtained in 83% overall yield

from ethyl EE@DDD

1. KCN/aq C:H5OH, reflux

CH]CH:CHCOQC:Hs 7. Aq BalOH)s, reflus C CH3{I:HCH2C02H
* CO;H

56 (66-70%)
COCH 1. NaCN/aq CaHsOH, room temp
— 3 2. HOL, reflue i

C“Hﬁm_c\cg JC,H, 3 B0% AcOH, reflux ? ‘C151‘15(]7-[']*[31‘{;'.'.II*ICH3
57 CO.H
58 (83%)

In summary, hydrocyanation with an alkali cyanide without neutralization is not
a generally applicable method and gives good results only when: (1)
substrates are very reactive; (2) cyano enolates formed are stabilized
(neutralization by product); (3) substrates and products are stable in alkaline
medium; (4) a nonaqueous solvent is used; and (5) the desired compounds



are actually hydrolysis (decarboxylation) derivatives of the hydrocyanation
products.

3.1.3.2. With Partial Neutralization

The side reactions arising from an alkaline reaction medium in
hydrocyanations with alkali or alkaline-earth metal cyanides can be minimized
by partial neutralization of the medium with an acid or its equivalent. The
neutralization can be effected by an acid-liberating group in the substrate
(internal neutralization) or by addition of an acidic co-reagent. The
neutralization agent is selected from organic acids, mineral acids, esters, or
acidic salts. The amount of the agent should be controlled to neutralize an
alkali cyanide partially while maintaining the cyanide concentration high
enough to effect the addition and the basicity of the reaction medium low
enough to prevent side reactions. Usually the neutralization agent is added in
a 0.5 to 0.75 molar equivalent to the alkali cyanide (usually employed in
excess), but the amount is subject to the substrate reactivity and the stability of
the substrate and the product.

3.1.3.2.1. Internal Partial Neutralization

Internal neutralization can be effected when the enone substrate contains a
carboxyl group or an easily hydrolyzable carboalkoxy group or both and when
the substrate has an acid residue (leaving group X) 8 to the carbonyl group.

The first condition is exemplified by smooth hydrocyanation of 3
-benzoylacrylic acid (59) (room temperature in water) (61) and the steroidal
3-acetoxy- A °-20-one 60 ﬁlux in agueous methano ﬁd 2) with potassium

cyanide. DDDDD DDDD

C:H;COCH=CHCO,H

59
Ac : €0

An example of the second condition is the reaction of 8 -functionalized
carbonyl compounds 4 (masked a , § -unsaturated ketones) with an alkali
cyanide (MCN) to regenerate enones 1 and hydrogen cyanide. Here
hydrocyanation proceeds as in the hydrogen cyanide-(alkali cyanide) or
hydrogen cyanide-alkali cyanide method (Eqg. 12). Similarly, hydrocyanation of
B -functionalized enones 61 proceeds by an addition-elimination mechanism to
effect internal neutralization (Eq. 13).
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61 O+-M CN 62

Examples of masked a , B-unsaturated ketones are shown in formulas 63—66.

CO[CH,C(CH:).); CH,

OO00SOO0000OHHEe0D

ArCOCH,CH,N(CH,),-HCl ﬁrCO?HCHZﬁ(CHﬂ;l
R

65 ]

Because the chloride 63 (63) and the sulfite 64 (64) (Knoevenagel method (13))
must be prepared from the corresponding enones, their reaction with
potassium cyanide or sodium cyanide in refluxing aqueous ethanol or water
has little advantage over direct hydrocyanation of the enones by
external-neutralization procedures (e.g., potassium cyanide-acetic acid,
potassium cyanide-ammonium chloride discussed in the next section). The
Mannich salts 65 (65) and 66 (53) react with 2 molar equivalents of potassium
cyanide in water or aqueous methanol at reflux (for 65) or room temperature
(for 66). One molar equivalent of potassium cyanide is neutralized with
hydrogen chloride or iodide to liberate dimethylamine (removed by distillation)
or trimethylamine. Yields of cyano ketones depend on the aromatic group. This



procedure is useful when a , B -unsaturated ketones are to be prepared via the
Mannich bases.

A typical method for preparing 8 -cyano enones by addition-elimination (Eq. 13)
is seen in the conversion of B -chlorovinyl ketones 67 into quaternary salts 68
followed by treatment with potassium cyanide (1.5 molar equivalents) and
trimethylamine hydrochloride (0.5 molar equivalent) in a mixture of water and
benzene. (66) Since both substrates 68 and products 69 are alkali sensitive,
hydrocyanation with potassium cyanide should be carried out with the addition
of trimethylamine hydrochloride to buffer the medium (see potassium
cyanide-ammonium chloride

ArCOCH=CHC] 2 ,
&7

ArCOCH=CHN(CH,),Cl” —<:BCHLHA 4\ 1 cOCH=CHCN
[

H;O-CgHy, oboling “ 1-9T%)

method, p. 280) and with cooling and stirring in the two-layer system to transfer
the product to the organic layer. The direct conversion is occasionally possible,
e.g., the reaction of chloranil (70) with potassium cyanide giving cyano
compound 71. In this reaction hydrolysis of the vinyl chloride groupings also
takes place. (67)

cl ! H X
[0 Q00000

L8] O

To kit

Cl

As the foregoing examples show, hydrocyanation with an alkali cyanide with
internal neutralization is limited to special substrates and is often less effective
than the external-neutralization procedures discussed in next.

3.1.3.2.2. External Partial Neutralization. (a) with Ethyl Acetate

In 1911 a procedure was reported that used a slight excess of potassium
cyanide in agueous ethanol in the presence of ethyl acetate. (68) Studies of
the hydrocyanation of (-)-carvone showed that neutralization of potassium
hydroxide (from potassium cyanide) with the ethyl acetate is slow and is
accompanied by alkali-induced epimerization of a cyano product (see p. 309).
(69)



Thus the potassium or sodium cyanide-ethyl acetate procedure is considered
to be less effective in preventing side reactions than the potassium
cyanide-acetic acid process and so has not been utilized often.

3.1.3.2.3. (b) with Acetic Acid (KCN —AcOH: The Lapworth Procedure) (9,
70)

A typical example is the addition of 2 molar equivalents of aqueous potassium
cyanide to an alcoholic solution of benzalacetophenone (72) and 1 molar
equivalent of acetic acid, followed by stirring at 35° for 3 hours to afford a
-phenyl- B -benzoyl-propionitrile (73) in 93—96% yield. (71) Here the amount of
acetic acid used is important; if too much is used, hydrocyanation will not take
place; with too little, side reactions will occur. Potassium cyanide can

KCN -MDH.IIBQ Cy Hle‘z

CsH,CH=CHCOC,H, = + CgHsCHCH,COC H;
72 (J:N
T3 (93-96%)

be replaced by sodium cyanide.

This procedure can be successfully applied to hydrocyanation of a ,
-unsaturated carbonyl substrates having high to moderate reactivity. Diethyl
benzalmalonate (40) is converted into cyano ester 41 by this procedure, (72)
whereas with the potassium cyanide method (p. 272) the decarboxylated
product 42 is obtained. (7) This example illustrates

Cal s

I 1 e 2

CeH;CH=C(CO,C;H;);
40

41 (90-94%)
e CeH,CHCH,CO:R

CN
A2 (Da% )
R =C;Hs (major), H

the utility of acetic acid in preventing side reactions. In the hydrocyanation of
cycloheptenone 74 the use of tetrahydrofuran and water (two-layer system)
instead of aqueous methanol prevented conversion of nitrile 75a to the lactam
75b. (73)



Q 0 CH,
CN
T4

Ag CH;UH B temp: 75a (minor), 75b (43%)
F-HzO, reflux: 75« (47%)

Hydrocyanation of the moderately reactive substrate 76 gives the cyano
product 77 in fair yield accompanied by starting material. (74)

KCN-AcOH/aq CoHsOH ;
m Room temp m (cis and trans)

CHN

16 TT (76%:)

In summary, the potassium cyanide-acetic acid procedure provides a general,
convenient method for hydrocyanation of highly to moderately reactive a , 3
-unsaturated carbonyl substrates, usually with fewer side reactions. However,
the efficiency is not high enough to effect hydrocyanation of less reactive
substrates such as hlnderedﬁﬁﬁc enones, and side reactions are not

always avo DDI:IDD
3.1.3.2.4. (c) With Mineral Acid

Replacement of acetic acid in the Lapworth procedure by a mineral acid like
sulfuric acid or hydrochloric acid would not essentially change the features of
the method except that the reaction medium is less basic (potassium acetate
vs. potassium sulfate). The hydrocyanation of substituted chalcones (ArCOCH
“ CHAr’) has been claimed to proceed more smoothly with potassium cyanide
and sulfuric acid than with potassium cyanide and acetic acid. (75)

3.1.3.2.5. (d) With Ammonium Chloride

The conventional hydrocyanation procedure is markedly improved by using
ammonium chloride as a co-reagent in dimethylformamide (DMF). (15, 76) In
the standardized procedure a solution of a substrate, 2.0 molar equivalents of
potassium cyanide, and 1.5 molar equivalents of ammonium chloride in
aqueous dimethylformamide (usually 90%) is heated on a water bath. (15)
Potassium cyanide can be replaced by sodium cyanide. (77) Replacement of
dimethylformamide by tetrahydrofuran, dioxane, methanol, or ethanol is not
advisable (see later discussion). The reaction temperature can be lowered or



raised as required by the reactivity of the substrate. In this procedure,
ammonium chloride serves as a neutralizing agent to liberate ammonia. The
relative amounts of potassium cyanide and ammonium chloride are critical,
since the use of 2 molar equivalents of both potassium cyanide and
ammonium chloride resulted in a lowered yield of the cyano product and
recovery of the starting material. (78, 79) The use of dimethylformamide, an
aprotic, polar, basic, high-boiling solvent, is advantageous for three reasons:
(1) dimethylformamide with a small amount of water can dissolve the reagents
and a variety of substrates; (2) the rather basic dimethylformamide helps to
expel ammonia from the reaction system, thus lowering its alkalinity and
preventing hydrolysis and amino nitrile formation; and (3) the reaction
temperature can be raised to facilitate hydrocyanation of hindered substrates.

Of the conventional hydrocyanation methods using an alkali cyanide, the
potassium cyanide-ammonium chloride procedure is the most effective. It has
the fewest side reactions and can be widely applied to most substrates, even
those of quite low reactivity. The efficiency of this procedure is illustrated by
hydrocyanation of methyloctalinone 76 at room temperature into cyano
ketones 77 in quantitative yield (compared with a 76% conversion by the
Lapworth procedure, p. 280); and by smooth angular hydrocyanation of less
reactive polycyclic enones such as cholestenone (22) (84% conversion at
100°), (15) steroidal b-homo-12-en-11-one 78 (90%), (80) 13(17)-en-20-one
79 (79%), (81) and the tricyclic enone 80a (75%). (43) High-temperature
hydrocyanation of nitrogen-containing enone 81 into epimeric nitriles 82 (82)
illustrates the effect of the reaction temperature (for use of diethylaluminum

cyanide semﬂEDDDDDDDDDDDDD

However, even this highly effective conventional procedure is not sufficient to
effect appreciable hydrocyanation at 100° of highly hindered substrates of very
low reactivity such as the tricyclic enone 83
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KCM-MHCliag DME

1007, 24 hr: Mo reaction
185- 194, 20 hr: 81 (36% ), 82 (total 56%)
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(14% conversion) (43, 83) and steroidal 8-en-11-ones 84 (25, 84) (no reaction).
Higher reaction temperature might facilitate hydrocyanation of these
substrates to some extent as anticipated from the reaction of enone 81.
Hydrocyanation of the electronically deactivated enone 85 failed also. (85)

Poor yieldsfolfaifec ' @mm 8§ to B -cyano
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methoxy group (see Reactivity-Structure Relationships, p. 300) as well as
substitution of tetrahydrofuran for dimethylformamide. Recovery of
cholestenone (22) in the reaction with potassium cyanide and ammonium
chloride in aqueous dioxane (79) compared with the 84% conversion into the
cyano ketones 24 in aqueous dimethylformamide illustrates the importance of
the solvent in this procedure. Use of an aqueous alcohol is not favorable,
because side reactions such as hydrolysis (p. 292) and Strecker amino nitrile
formation occur more easily. It should be noted that the hydrocyanation of
many simple enones is successful at room temperature, and consequently the
reaction conditions should be selected according to the reactivity of the
substrate and stability of the cyano product.

3.1.3.3. Use of Phase-Transfer Catalysts and Crown Ethers

Since phase-transfer catalysts and crown ethers have been known to catalyze
the substitution reactions with potassium cyanide, application of these
reagents to the conjugate hydrocyanation is interesting.

No papers have appeared concerning conjugate hydrocyanation of conjugated
carbonyl compounds under phase-transfer conditions. Our preliminary
experiments indicated that cholestenone (22) could be hydrocyanated with an
excess of potassium cyanide and an equimolar amount of tetrabutylammonium
bromide in benzene-water at 80° to give 5-cyano-3-oxo compounds 24
(predominantly the cis isomer) with little formation of by-products. (59) A small
amount of the starting enone remained unchanged even after 24 hours at 80°
and the reaction did not proceed at room temperature. Presumably the cyano

enolates fmm i z slawdy i /ater at the
interface. Qmm fIni m eh rm@ Hany.

Recently the use of crown ethers has been studied in the conjugate
hydrocyanation of cholestenone (22). (51b) Although potassium cyanide and
18-crown-6 did not hydrocyanate the enone in refluxing benzene, the reaction
proceeded in the presence of acetone cyanohydrin. In a typical procedure,
enone 22 (0.16 M) and 18-crown-6 (0.19 M) in refluxing benzene are
vigorously stirred with 1.2 molar equivalents of acetone cyanohydrin and a
catalytic amount of potassium cyanide for 5 hours; the 1,4 adducts 24 are
formed (with the cis isomer predominant) in high yield with no by-products. No
reaction takes place in the absence of the crown ether. The following
mechanism has been suggested. (51b) Clearly acetone cyanohydrin acts as a
cyanide and proton source. Because the crown ether increases the
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effectiveness of the Nazarov method which is inherently free of side reactions,
this crown ether procedure will be useful in the conjugate hydrocyanation of
moderately reactive substrates.

3.1.4. Organoaluminum Cyanides

Aluminum alkoxides were the first organoaluminum compounds used in
hydrocyanation. Cholestenone (22) reacted with hydrogen cyanide and
aluminum isopropoxide and with hydrogen cyanide and aluminum
tert-butoxide, giving cyano derivatives 88 and 24, respectively. (87) The
complex cyanide, lithium aluminum cyanide, was also effective, leading to
adduct 24 in 47% yield. (87) The observed effectiveness of these aluminum
compounds has led to the important discovery of two new hydrocyanation
methods using aluminum alkyls.

HOM-ANOC H;-i13/CsHe

D . E'H‘ﬁ . l ! - | (4 isomers)

BB (52%)

i

(2 isomers)

]

HON-ANOC Hy~1)3/CoHe,
Reflux, & hr

CN

24 050%)

Two methods (25) recently developed use a combination of anhydrous
hydrogen cyanide and an alkylaluminum ( HCN-AIR;3) in tetrahydrofuran
(referred to as Method A) or an alkylaluminum cyanide (R2AICN) in an inert
organic solvent (referred to as Method B). These new methods are different
from the conventional procedures, and they give superior hydrocyanation
results in laboratory use. Major advantages include high hydrocyanation



efficiency even with the least reactive substrates, high uniformity (few side
reactions), high selectivity (other functional groups are usually unaffected, see
p. 297), and high stereoselectivity (see Stereochemistry, p. 313). The
mechanistic features of these new methods are discussed on pp. 261-265. It
is appropriate here to summarize their characteristics from a preparative
viewpoint. (25, 35) (1) Dialkylaluminum cyanide is more powerful than
hydrogen cyanide-aluminum alkyl. (2) Hydrogen cyanide-triethylaluminum
[actually containing a small amount of water; see (5) below] and
diethylaluminum cyanide are the reagents most often used. (3) The reactivity
order of Method A reagents is hydrogen cyanide-ethylaluminum

dichloride < hydrogen cyanide-trimethylaluminum < hydrogen
cyanide-triethylaluminum < hydrogen cyanide-diethylaluminum

chloride < hydrogen cyanide-triethylaluminum-(water).” (4) The reactivity of
diethylaluminum cyanide increases with decreasing basicity of the solvent, i.e.,
tetrahydrofuran < dioxane < diisopropyl ether < benzene, toluene. (5) The
small amounts of water normally present in the reaction medium accelerate the
hydrocyanation with hydrogen cyanide-triethylaluminum. (6) In the initial stage
of hydrocyanation the reversible 1,2 addition is predominant with
dialkylaluminum cyanide, decreasing in the order hydrogen
cyanide-triethylaluminum > hydrogen cyanide-diethylaluminum

chloride > hydrogen cyanide-triethylaluminum-(water)” > hydrogen
cyanide-ethylaluminum dichloride. (7) The 1,4 addition is irreversible with
hydrogen cyanide-aluminum alkyl but reversible with dialkylaluminum cyanide.
Thus there is some recovery of starting material in many reactions. (8)
Stereochemically, Method A gives kinetic products, whereas Method B can

lead to thenmmﬂmm : e Bnployed.

It should be noted that sodium triethylaluminum cyanide (89) (88) is a poor
hydrocyanation reagent. (40)

Na[(C,H;); AICN]
89

The advantages and characteristics of Methods A and B are illustrated by the
accompanying examples and discussion.

3.1.4.1. Hydrogen Cyanide-Alkylaluminum (Method A)

In a typical example, treatment of 33 -acetoxycholest-5-en-7-one (90c) with a
combination of hydrogen cyanide (3 molar equivalents) and triethylaluminum
(5 molar equivalents) in the presence of 1 molar equivalent of water in
tetrahydrofuran at room temperature for 7 hours gave the 5 a -cyano-7-one
91c in 92-93% yield. (43, 89) The related enone 90a could be hydrocyanated
in the same way to nitrile 91a in 93% yield. (43) These yields are compared to



51% and 43% of 5 a -cyano products 91a and 91b by the potassium
cyanide-ammonium chloride method. (43, 90) The molar ratio of reagent to
substrate may be changed depending on

EI-.'Hr
e —
i
CN
e, R=H $lia, R=H
o8k, B = OH 81k, R = OH
90, R = OAc 9le, R=0Ac

the reactivity of the substrate (see p. 358). Triethylaluminum, although catalytic
in principle, is used in a 1-2 molar excess over the amount of hydrogen
cyanide to prevent possible polymerization of the latter (indicated by reddening
of the reaction mixture). Addition of water (usually a 10-20% molar amount
relative to triethylaluminum; see p. 262) is not necessary for more reactive
substrates. Because rigorous exclusion of water from hydrogen cyanide and
tetrahydrofuran, as well as during the hydrocyanation, is difficult and,
moreover, unnecessary, the water contaminating the reaction medium is
usually sufficient to accelerate the reaction. Therefore addition of water is not
usually specified in Method A. When present in substrates, hydroxyl groups
serve as rate-accelerating proton sources. The high efficiency of Method A
compared I mﬂpﬁl PS @ﬂsuccessful
hydrocyanallorm of Ticy ENONE 03, (83) steroldal 3-en-1I-0nes 84, (25, 84)
and B -methoxy enone 94. (86) (Also compare the reaction of similar
substrates 86 with potassium cyanide and ammonium chloride, p. 283.)

~
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steroidal 21-acetoxy-16-en-20-one 96. Reaction with sodium cyanide gives the
deacetylated cyano ketone 97a in only 12% vyield, (91) whereas Method A
hydrocyanation affords the acetoxy cyano ketone 97b in 72% yield. (43)
Apparently the base sensitivity of the 21-acetoxy-20-keto or the
21-hydroxy-20-keto grouping is responsible for the poor yield in the
conventional procedure.

Replacement of the hydrogen cyanide-triethylaluminum combination by
hydrogen cyanide-diethylaluminum chloride or hydrogen
cyanide-ethylaluminum dichloride is effective when 1,2 addition or reverse 1,4
addition or both are predominant. The effect results from better activation of
the enone system by the chloro reagents, which are stronger Lewis acids. For
example, hydrocyanation of aromatic enone 85 with hydrogen cyanide and
triethylaluminum gave the trans-cyano ketone 98t in only 11% yield, whereas
with hydrogen cyanide and
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diethylaluminum chloride the total yield of cis- and trans-cyano ketones 98t
and 98c was 75%. (85) Also, the a , B -unsaturated imine 99 reacted with
hydrogen cyanide and triethylaluminum to give only the 1,2 adduct 100,
whereas with hydrogen cyanide and ethylaluminum dichloride the 1,4 adduct
101 was obtained in reasonable yield after hydrolysis (92) (see p. 344).

9Bt (trans)
98e (cis)

HCN-ANC;Hs)a

101 (55%)



Replacement of tetrahydrofuran by another ether solvent such as dioxane,
diethyl ether, or diisopropyl ether, if necessary, should be limited to reactions
at low temperature; hydrogen cyanide reacts with triethylaluminum rapidly in
solvents other than tetrahydrofuran to give diethylaluminum cyanide and the
advantages of Method A are thus lost. The only such example is the reaction
of cyclohex-2-en-1-one with hydrogen cyanide and triethylaluminum in diethyl
ether at —15° giving 3-oxocyclohexane-1-carbonitrile in 80% yield (p. 291). In
this reaction the use of the low-boiling ether was preferred for separation of the
product. Hydrocarbon solvents such as benzene, toluene, and hexane are not
suitable because of the instantaneous formation of diethylaluminum cyanide.

3.1.4.2. Dialkylaluminum Cyanide (Method B)

Owing to its easier preparation and handling, diethylaluminum cyanide is the
only Method B reagent commonly used, although other alkylaluminum
cyanides such as diisobutylaluminum cyanide, dimethylaluminum cyanide, and
ethyl(chloro)aluminum cyanide have been prepared (25) and their reactivities
tested. (35) Ethyl(chloro)aluminum cyanide was found to be sparingly soluble
in organic solvents and not very reactive. (59) In a typical Method B
hydrocyanation the steroidal 8-en-11-one 102 was treated with 6 molar
equivalents of diethylaluminum cyanide in benzenetoluene at 0° for 10 minutes
to give the 8 3 -cyano ketone 103 in 92% yield after retreatment of recovered
starting material. (25) In comparison,

[0 ood Hood
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182 103 (92%)

Method A hydrocyanation of enone 102 in tetrahydrofuran at room
temperature afforded cyano ketone 103 in 74% vyield after 25 hours. (25) Thus
Method B hydrocyanations generally proceed rapidly but frequently with
recovery of starting material. Another example illustrating these two aspects of
Method B is the hydrocyanation of the rigid nitrogen-containing enone 81 with
diethylaluminum cyanide in benzene-toluene at room temperature. The
cyanated products 82 were obtained in 67% yield together with unchanged
enone in 17% vyield (for formulas and the result by the potassium
cyanide-ammonium chloride procedure, see p. 282). The high efficiency of
Method B is illustrated by the reaction of the 14-en-16-one 104 (no reaction



with potassium cyanide and ammonium chloride) (93) and of the less reactive
6 B -substituted B-nor-4-en-3-ones 106a—-106c. (43) The reluctance of the 6 3
-ethyl enone 106b to react even at 70° and the poor yield of the 6 B -vinyl nitrile
107c produced by Method A indicate the low reactivity of this type of B-nor
enone (see Reactivity-Structure Relationships, p. 306). Use of a neutral
reagent, diethylaluminum cyanide, is the key to successful conversion of the
unstable 6 B -vinyl enone 106¢ which rapidly isomerizes to the corresponding
conjugated dienone under basic conditions.

OAc OAc

(CaHala AICNICgHg-
methyleyelohexane

————————————
Room temp, 1.5 hr
\'\« CN (2 1scamers)

AcO

104 105 (58%)

S

(C3Hs)AICN

1078, R = CH;
1078, R = C;Hs
107¢, B = CH=CH:

we - EIIOOOC

186e, B = CH=CH, CeHe-CHZCly, reom temp, 3 hr: 107 (61% )

R o O R

THF-twluene, 707, 1 hr:

[HCM-ANC;Hy )2 THF, room temp, & hr: 107 (16%))

When a substrate is moderately reactive but its 1,4 adduct is susceptible to
reversion or its 1,2 adduct is highly stable, Method B hydrocyanation is less
suitable than the irreversible Method A reaction (especially with hydrogen
cyanide and diethylaluminum chloride). This situation is exemplified by
reactions of cyclohexenone 108 (43) and the bicyclic dienone 110. (94) In the
presence of a proton source, diethylaluminum cyanide reacts like a Method A
reagent, effecting conjugate addition of the a , B -ethylenic imine 112. This
modification is attractive because the diethylaluminum cyanide-alcohol
combination will have both high efficiency and irreversibility. Further
investigations would be desirable.
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ketones, as is seen from the reaction of steroidal dienone 115. (43, 95, 96) The
enolate intermediate 118 formed in Method B prevents the formation of
secondary products from the & -cyano ketone 116 observed in conventional
procedures and in Method A (here the reaction was stopped earlier to prevent
the formation of the 5,7-dinitrile). (96) The success of Method A with the
bicyclic dienone 110 may be ascribed to the stability of the unconjugated
structure of the product 111 (see p. 339).
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KCN-AcOCHs or KCMN-NH4Cl: 116 (6-55%), 117 (10-32%)
HCN-ANC;Hels, 07: 115 (32%), 116 (32%)

(CaH5)2 AKCN, room temp: 116 (92%)
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Hydrocyanation of the sensitive acid derivatives 119 is effected by Method B
which uses neutral diethylaluminum cyanide having poor

COX CO;H

120a, 5a-H
1208, 5-cne

alkylating ability. An aprotic ether solvent would be preferable to avoid
formation of the ethyl ketone



3.2. Side Reactions and Incompatible Groups

Here we define “side reactions” as reactions other than hydrocyanation
occurring at the conjugated system. Other isolated functional groups that react
with the hydrocyanation reagents are defined as incompatible groups; their
reactions are described on pp. 297-299.

3.2.1. Side Reactions

The less efficient conventional methods using anhydrous hydrogen cyanide or
acetone cyanohydrin in the presence of a basic catalyst are almost free of side
reactions. In the more efficient conventional methods using an alkali cyanide,
side reactions arise from the reaction of an alkaline species formed from an
alkali cyanide in aqueous medium. The presence of an alcoholic solvent
facilitates the side reactions, because an alkoxide ion is more nucleophilic than
a hydroxide ion. Common side reactions are discussed below.

3.2.1.1. Hydrolysis

The side reaction occurring most frequently is alkaline hydrolysis of ester and
cyano groups present in the substrate and of the newly introduced cyano
group. Hydrolysis may be followed by decarboxylation (e.g., 42), cyclization
(e.g., 122 and 125a) or elimination (e.g., 124). Sometimes hydrogen cyanide
(e.g., 125b) or solvent (e.g., 75b, p. 280) may add to products, as shown in the
accompanying examples. The intermediates for 125b and 75b might be imines
such as 126.

DOO00O00000000400
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KCN/ag CHOH
5°
HO (2 isomers)
121 HN
0
122 (50%)%°
O H
'_r,-r"
KCN-AcOH/fag C;HsOH
Reflux
123 124 (86% )
KCN/ag C;H.0H
cricocn=aEbh TR ] Kto
29 R % ENN
H
128, B = 0OH" 126
1256, R=CN
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carboxylic acid derivatives with an alkali cyanide, a deliberate hydrolysis step
is usually included in such cases to give dicarboxylic acids such as 128. (52,
100)

C¢H;CH=C(R)CO,C,H; ;-;a*f-,izcé—”- CeH;CHCH,COH
H;
127 CO,H

R =CN, CO:C;H, 128

3.2.1.2. Addition of Solvent

When dry methanol is used as the hydrocyanation solvent at room
temperature, competitive 1,4 addition of the solvent occurs. For example, the
reaction of the quaternary salt 66a (53) gives the 3 -methoxy carbonyl
derivative 130 as well as the cyano product 129. Conjugate addition of an
alkoxide ion to a , B -ethylenic



KCK/CH,OH
Room temp, 3 hr

ArCOCH(CH;)CH,N(CH,),I”

ha
A B ArCOCH(CH,)CH,CN + ArCOCH(CH,)CH,OCH,

129 (62%) 130 (ca. 20%)

substrates usually is not serious since the reaction is reversible and the cyano
adduct is therefore eventually formed. On the other hand, competitive addition
of an alkoxide ion to a , B-acetylenic substrates gives enol ether 132a which is
not reconverted into substrate 131 under the reaction conditions. (11) When
aqueous alcohol is used as the solvent, the above-mentioned conjugate
addition of an alkoxide decreases greatly or does not occur at all.

CH.C=CCO.CH, " Raaiy HoH o H;?ICHCD;CHﬁ- céﬂsﬁcmmzcn}

2. Dry HC
e mmﬂnml OCH,

132a (48%) 13“ (20% )

+ CGH:EEHCHCOJCH

133 (19%)

3.2.1.3. Condensation
Intermolecular Michael-type condensation of a cyanated product (orits

hydronS|s frafud Eﬂﬁaﬂm!m mpn side
reaction in conventional Nydrocyanaton methods. A typica example is the

formation of the tricyclic enamino ketone 134 in 53% vyield during
hydrocyanation of cyclohex-2-en-1-one (108) with potassium cyanide in
refluxing methanol. (101) The Michael adduct 135 is isolated in 18% yield from
the reaction of 4(10)-octalin-3-one with potassium cyanide and ammonium
chloride. (102) Similar cyano lactam dimers were isolated from the
hydrocyanation

O
[ﬂ'l." C| o C5 di.[ﬂﬂl'}

H, H



of cholest-4-en-3-one (22) (15) and of D-homo-3 3
-hydroxy-18-norandrost-13(17a)-en-17-one (103) with potassium cyanide in
refluxing methanol. This fact indicates that even steroidal compounds of rather
low reactivity are not free from intermolecular condensation in reactions with
an alkali cyanide. Formation of two different condensation products, 139 and
140, in anhydrous and aqueous methanol from the reaction of methyl fumarate
(136) with potassium cyanide has been reported. (11) The reaction no doubt
proceeds through the Michael adduct 138 of the substrate and the cyano
product 137. As expected,

CH;0,CCH=CHCO,;CH; —

A
- CH,0,CCHCH _C\‘OCHB
lmh‘ CHaﬂzC‘FH HCO,CH,
OK
CH,0,CCHCH=C_ s CN
i, W o
1x Anhydrous  Agueous

CHLOH CH3OH
{after acidification)

)

CHjozcj)'—\[CN CH3DZQEHQH{CGQCHQCHA?GQCH;
H,CN

CH,0,C~ ™ ~CO,CH, s A

the Michael-type condensation is greatly suppressed in reactions of a -alkyl
substrates.‘me@ Wlﬁ by ﬁ n i ﬁ B
-methylcyc ONES 49 WIth potassTarm cyania gueous
methanol to give, after hydrolysis, B -carboxy ketones 50 in high yields without
formation of dimeric products (55) (for formulas, see p. 274).

Another alkali-induced side reaction is the intramolecular condensation of
cyanated products containing a reactive functional group. A typical example is
the formation of the bicyclic cyano diketone 143 in high yield via the cyano
ester 142. (104)

CO,CH, e
KCN/ag CH30H CN
Reflux CH,0,
8] o O
141 142 143

3.2.1.4. Isomerization, Epimerization, and Rearrangement



Base-catalyzed double-bond isomerization of a 8, y -unsaturated substrate
can also occur in hydrocyanation reactions; it is followed by addition to the
isomerized double bond as exemplified by the reaction of thea , 3,8,y
‘-unsaturated ketone 144. (105)

CH,=CHCH,COC(CH,)=CH, -+, CH,=—CHCH,COCH(CH;)CH,CN +
144 145 {14%)

CH J(FZHCH;.,CDC{CHﬂ:CHz +C l-l;l'fHCH sCOCH(CH,)CH,CN
CN CN

146 (18%) 147 (3%

Epimerization of the introduced cyano group has been observed in the
hydrocyanation of carvone by the potassium cyanide-ethyl acetate procedure
(69) (for details see p. 309).

Base-catalyzed rearrangement of the a -acetoxy keto grouping under basic
conditions has been reported in the hydrocyanation of the steroidal 3 3
-acetoxy-1(10)-en-2-one 148. (106) Base-induced side reactions generally
occur with substrates of low reactivity, which require severe reaction
conditions, and with highly labile substrates. The

OA
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i I{f_'N NH.Cliag CH.0H,
fux

2. Acetylation

AcO i d
H H

148
149 (60% )

recently developed procedures using phase-transfer catalysts and crown
ethers may be effective in preventing these side reactions.

Hydrocyanation methods using alkylaluminum compounds (Method A and B)
are completely free of base-induced side reactions. Reactive acid chlorides
such as 150 may be converted into the corresponding ethyl ketone 152 under
some conditions. It should be noted that this ethylation did not occur in an
ether solvent. (26)
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3.2.2. Incompatible Groups

Because of its basic nature and high nucleophilicity, an alkali cyanide can
attack alkali-sensitive or cyanide-exchangeable functionalities or both.
Examples of isolated functional groups that can be hydrolyzed are acetoxyl,
(103) alkoxycarbonyl, and cyano (see the preceding section). A steroidal
21-hydroxy-20-oxo grouping ( a -ketol) was not stable to sodium cyanide, as
shown in the reaction of 21-acetoxy-16-en-20-one 96 (see p. 287). An alkali
cyanide might also be expected to destroy other alkali-sensitive functions such
as Iactone,m ' nples of
cyanide-ex mmm e =edpdxy, and
mesyloxy. (19, 30) Such alkali cyanide-sensitive functionalities would be
compatible with other hydrocyanating reagents in the order: potassium
cyanide-acid (potassium cyanide-ammonium chloride) (107) < hydrogen
cyanide or acetone cyanohydrin-(base) (2, 108) < hydrogen
cyanide-alkylaluminum » diethylaluminum cyanide. With the organoaluminum
reagents, attempted substitution of these functionalities resulted in recovery of
the starting material. (59)

Cleavage of an epoxy group to form a 3 -cyanohydrin depends on the
reactivity of the substrate and can be controlled by choice of the reagent. The
organoaluminum reagents can cleave all epoxy derivatives including the least
reactive steroidal 9 a, 11 a-epoxides. (109) Simple aliphatic epoxides react
with hydrogen cyanide-(base) reagents. (19, 20) A steroidal 5 a ,6 a -epoxide
is cleaved, although in low yield, with potassium cyanide in ethylene glycol
above 90° (110) and in the presence of magnesium sulfate (to generate
hydrogen cyanide) in refluxing ethanol. (111) The potassium
cyanide-ammonium chloride reagent failed to react with a steroidal 53 ,6 3



-epoxide. (109) These data suggest that selective hydrocyanation of a
conjugated carbonyl system in the presence of an epoxy group may be
possible with potassium cyanide or potassium cyanide-ammonium chloride. 3
-Halohydrins (precursors of epoxides) react with potassium cyanide (20) and
the new organoaluminum reagents. (109)

The formyl group (aldehydes) usually reacts with all the hydro-cyanating
reagents giving a-cyanohydrins. (30, 92) Most saturated ketones form a
-cyanohydrins with the organoaluminum reagents, (25, 59) but usually not with
the conventional reagents whose basicity destabilizes the ketone
cyanohydrins. The formation of these a -cyanohydrins is not a serious problem,
since they can be reconverted into aldehydes and ketones by alkaline
treatment upon workup. Unlike Grignard reagents, the organoaluminum

reagents do not enolize ketones. (25) The aldimine system ( XC=N—)reacts

to give amino nitriles (19, 30) whose reconversion into imine would be difficult.
However, they can be converted into the parent ketones or aldehydes by acid
hydrolysis. (92)

Examples of groups compatible to hydrocyanation are ethylenedioxy (ketals),
bismethylenedioxy, isolated acetylenic, isolated ethylenic, N-acyl, N-sulfonyl,
alkyloxy (ethers), and hydroxyl. (43, 57, 59, 112) The vinyloxy group (vinyl
ethers) might be compatible, but not the vinyl ester (see p. 266). The favorable
effect of the hydroxyl group in the organoaluminum methods has been
discussed on pp. 286 and 291.

e accombalbalb-dkebhoe Mol oAb AL ILIEALL iy

compatible groups are attacked by the organoaluminum reagents. The
reaction of 4-chlorocepham 159 (probably via imine 161) also shows that the
alkali-sensitive 3 -lactam ring can survive the reaction with diethylaluminum
cyanide.
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3.3. Survey of Structure-Reactivity Relationships

3.3.1. Classes of Reactive Carbonyl Substrates

Reactivities of a , B -ethylenic carbonyl substrates 1 to conjugate
hydrocyanation are primarily affected by the carbonyl substituent R*. The
reactivity increases with decreasing electron-donating ability (inductive

R!
\C=C—C=O
R
R.'i Rd
1
or resonance) of R*:NR,(amide) < OR (ester) < alkyl (aliphatic ketone) < Ar
(aromatic ketone) < H (aldehyde). Conjugated amides cannot be
hydrocyanated unless one of the other substituents has a special activating
effect. Although highly reactive in nature, a, B-ethylenic aldehydes participate
poorly in 1,4 addition because their 1,2 adducts form almost irreversibly.
Conjugated enones (aliphatic and aromatic) are the most reactive carbonyl
substrates. The reactivities of the poorly reactiveq, B-ethylenic esters increase

in the order R*=OH'"® <0-alkyl < O—<~s—R"?« OAr_ The reactivities ofa,

B-ethylenic carboxylic acid derivatives are greatly improved by replacement of
the OR group by a less electron-donating group such as SR (thio ester), Cl
(acid chloride), and CN (acid cyanide). (26) a, B-Ethylenic carbonitriles (CN
instead of COR?) are slightly more reactive than the corresponding esters. (2,
116) Imino substrates [C(R*)” NR instead of COR"] possess a reactivity
similar to that of the carbonyl analog. (92) Iminium compounds

[C(RY) {IEQDDE“H_JB RN EI.EIDED

The susceptibility ofa, 8, y , & -unsaturated carbonyl compounds to 1,6 addition
is lower than that of the correspondinga, 3-ethylenic derivatives toward 1,4
addition, (117) presumably because of dispersed carbonyl activation of the &
andBcarbon atoms. For example, benzylidene-cyanoacetic acid (162) reacted
with potassium cyanide to give the 1,4 adduct, whereas
cinnamylidenecyanoacetic acid (163) did not react under the same reaction
conditions. (118)

C:H.CH=C(CN)CO;H CeH;CH=CHCH=C(CN)CO;H
162 163

a, B-Acetylenic carbonyl substrates would be expected to be more reactive
than the ethylenic analogs. (119) However, the yields of 1,4 adducts are
actually low because of the side reactions which these reactive products
undergo. (2, 11, 120, 121)



Cyclica, B-ethylenic carbonyl compounds generally are more reactive than the
corresponding acyclic compounds. For example, acyclica-phenyl-B-methoxy-a,
B-unsaturated ketones 164 are inert to hydrocyanation by the Nazarov
procedure (acetone cyanohydrin catalyzed by a base), whereas cyclic enones
165 and 166 are successfully hydrocyanated under similar conditions to the
corresponding addition-elimination products. (122-124) Coumarin (168) was
more reactive than the corresponding cinnamate 167. (7)

CH, CJH.
{:Hj

DCH 3

CH,CH=CHCO,C,H; |
167
168

The ring size of cyclic enones also affects their reactivities in the order: 7- or
8-membered < 6-membered < 5-membered rings. A higher reactivity of
5-membered cyclic enones is illustrated by the inertness
of-methoxycyclohexenone 169 to the Nazarov procedure (123) compared
with the conversion of the cyclopentenone substrate 94 under similar

conditions m I Another
example is quUanTal Ve z\ifo] e

dimethylcyclopentenone 170 (125) with diethylaluminum cyanide compared
with a 57% conversion of cyclohex-2-en-1-one (108). (43) The

8] ) O O
CeHe OCH, CH,
169 LE ] 108 17

higher reactivity of the 5-membered cyclic enones can be explained in terms of
larger relief of ring strain, smaller steric hindrance, and lower irreversibility of
the 1,4 addition than of the 6-membered cyclic enones. Appropriate examples
to show the lower reactivity of 7- or 8-membered cyclic enones are not
available.

3.3.2. Effect of Substituents and Ring System
3.3.2.1. Effect of Substituents on the Double Bond



The substituents on thea- andB-carbon atoms (R*, R?, and R?) greatly affect
the reactivities ofa, 3-ethylenic carbonyl compounds 1 toward nucleophilic
hydrocyanation. The effects are summarized as follows: (1) electron-donating
groups retard conjugate hydrocyanation; (2) electron-withdrawing

|
~B

R’ s e

:(?— =0

R

1
groups accelerate the 1,4 addition; (3) substitution of phenyl for hydrogen at
theBcarbon atom (R* or R? = C¢Hs) decreases reactivity, whereas the same
substitution at theacarbon atom (R® = C¢Hs) increases it; and (4) the Hammett
equation is correlated to conjugate hydrocyanation of substituted
benzalmalononitriles. Examples of the four cases follow.

Case 1. Acrylonitrile (CH,” CHCN ) and acrylates ( CH,” CHCO2R ) are
converted into their 1,4 adducts in 73-93% yields by the hydrogen
cyanide-(potassium cyanide) process, whereas methacrylonitrile [ CH,”
C(CH3)CN ], methyl methacrylate [ CH,” C(CHs;)-CO,CHj], crotononitrile

( CH3CH” CHCN ), and methyl crotonate ( CH3CH” CHCO,CHjs) under
similar or more vigorous reaction conditions afford only 2-5% of their 1,4
adducts (see p. 270). (2) Low reactivities of3, B-dialkylated substrates are
exemplified by the 30% conversion of ethylB-methylcrotonate [ (CHs3).C”
CHCO2C,Hs] by the potassium cyanide process (115) as opposed to the
66—70% conversion of ethyl crotonate (60) and by selective hydrocyanation of

vinyl isobuﬂﬂﬂ NTHB 1o EIE(See

reference

KCN-AcOH

(CH,),C=CHCOCH=CH, (CH,);C=CHCOCH,CH,CN
17 1T2(77%)

The rate retardation by a & -methyl group ina, B, y , 6-diethylenic substrates is
exemplified by the inertness of sorbonitrile (173) to the hydrogen
cyanide-(potassium cyanide) reaction compared with a low-yield conversion
off3-vinylacrylonitrile (174) into its 1,6 adduct. (2)

CH;CH=CHCH=CHCN CH;=CHCH=CHCN

173 174

Substitution of a methoxy group at the3-carbon atom ofa, 3-ethylenic ketones



greatly reduces the reactivity. (86) For example, 2-methylcyclopent-2-en-1-one
(175) was smoothly hydrocyanated by the Nazarov process, (14) whereas
theB-methoxy analog 176 was converted into the cyanated product in poor
yield even by more effective procedures. (86)

H;

175 176

Case 2. Substitution of an electron-withdrawing group such as COR, CO,R, or
CN at theaposition ofa, B-ethylenic substrates results in the greatest rate
increase owing to “double activation” of the-carbon atom. Thusa, B-ethylenic
dicarbonyl compounds 177 are the

R}\\~ Y
/C:C‘\ X, Y=COR, CO:R,CN

R’ X

177

most reactive substrates and can be successfully hydrocyanated irrespective
of theB-substituents, R* and R?. The 1,4-addition reaction usually proceeds
well under mild conditions (often exothermic) by the potassium cyanide and
the potassium cyanide-acid procedures. The yields of cyano products are high
because of the stabilization of the products by internal neutralization (see p.

”  OOOOO0O0ONO00000

An electron-withdrawing group substituted on a3-carbon atom also increases
the reactivity, although the high reactivity often leads to side reactions (see p.
295). For example, fumaronitrile (NCCH” CHCN) reacted violently with
hydrogen cyanide-(potassium cyanide) but did not give an isolable product. (2)
The Michael adduct { NC[CH(CO2CHs;)]sCH,CO,CHa} was the only cyano
product isolated in the reaction of methyl maleate ( CH;0,CCH” CHCO,CHj3).
(2) In contrast, the hydrocyanation of quinone substrates usually gives cyano
products in high yields because of the high substrate reactivity and
stabilization of the products as phenolic derivatives. This situation is illustrated
by the smooth hydrocyanation of 2-arylnaphthoquinones 47 with sodium
cyanide at room temperature (p. 274). The reactivities of the substrates are

+
increased by substitution of chloro or NRgat thep-carbon atom. This type of

reaction is illustrated by conversion of the quaternary salts 68 into the3-cyano
enones 69 under very mild conditions (p. 278).

Case 3. The opposite effects of substitution of a phenyl group for a hydrogen
atom at thea- vs. B-carbon atoms can be interpreted in terms of stabilization of



the enolate product 178 by thea-phenyl group and by neutralization of the
positivef3-carbon atom of substrate 179 by thef-phenyl group. A typical
example of the favorable effect

CN x
I c: ﬁ__C/R'

R'—C—C b _
&2 %C:D Rz/(;— \?:5
L b
178 e

ofa-phenyl substitution is the smooth hydrocyanation (87% conversion) ofa,
B-diphenylacrylonitrile 180 with potassium cyanide. (118) On the other hand,
B-phenylacrylonitrile 181 is inert to the hydrogen cyanide-(potassium cyanide)
and the potassium cyanide procedures. (2, 126) Another example is
theB-methoxycyclohexenones 182 where only thea-phenyl derivative could be
hydrocyanated by the Nazarov procedure. (123)

R
150 181 CsHz OCH,

182
R=0CgHs: 95% converslon:

B =H, CaHs-i: no reaction

The retardi@@l@ 1 iotb iH appallent]frd EEr reactivity

of-phenylacrylonitrile (181). Retardation by aB-phenyl group was suggested
to be equivalent to that of a3, B-dimethyl. (115) The anomalous 1,4
hydrocyanation of dimethyl cinnamylidenemalonate (11) (deactivation by the
-phenyl group) has been noted (p. 267).

Case 4. Kinetic studies on conjugate hydrocyanation of substituted
benzalmalononitriles 183 have led to the following Hammett correlation for this
reaction (X and Y are meta, para substituents). (127)

X _ X
@—CH:C (CN), =5 @?HCH{CN]Z

v 7 CN
183 184
log k = 1.35x-00.33 (o = substituent constant)

Before this quantitative study was made, it was pointed out that: (1)



electron-withdrawing groups such as NO,, CN, and Cl on the benzene ring,
irrespective of the position, accelerate the 1,4 addition above; (2)
electron-donating groups such as OH, OCHs, and NR: placed at the ortho or
para position retard the reaction; and (3) CHs, AcO, and AcNH groups exert
little effect on the conjugate hydrocyanation. (128) Similar effects of
substituents on the hydrocyanation of substituted chalcones 35 (p. 272) have
been reported. (50, 75, 129, 130) A marked decrease in reactivity was noted
when the p-MeO group was present.

3.3.2.2. Steric Effects

Although the steric requirement of the linear cyano group is not large, as the
small conformational energy (A value = 0.2 kcal/mol) shows, (131) cyanide
addition is not free from steric hindrance. Steric factors in the reactions of
flexible acyclic systems have received little study. Hydrocyanation of
theB-mesityl derivative 185a by the potassium cyanide-acetic acid procedure
proceeds in 92% conversion. (132) This result shows that the mesityl group
alone is not bulky enough to prevent the attack of cyanide ion. It has been
suggested that hydrocyanation of the3-methyl homolog 185b would be difficult.
(132) Here steric interactions between two ortho methyl groups and
theB-methyl group would favor the non-coplanar conformation.

2!4)ﬁ _{.CHJ}]CGH B,

_C=CHCOCH;,(CH,);-2,4,6

185, R=H

A substituent syn-diaxial to the entering cyano group in the cyclohexenone
system greatly retards the reaction. For example, hydrocyanation of
3-methyl-cyclohex-2-en-1-one (186) by the potassium cyanide-acetic acid
procedure at 0° overnight gave its 1,4 adduct in 73% yield, (133) whereas the
5,5-dimethyl analog 31 could be hydrocyanated at room temperature after 1
week in only 60% vyield by the same procedure. (64)



186 n

The steric hindrance of a syn-diaxial substituent becomes more significant in
rigid polycyclic systems. For example, 7a-isopropenyl-4,10-dimethyl
compound 187b could not be hydrocyanated by conventional methods which
are effective for the reaction of the 7Bisomer 187a. (134) Another example is
the reluctance of the 9a-methyl tricyclic enone 83 and steroidal 8-en-11-ones
84 having two syn-diaxial methyl groups to undergo hydrocyanation by the
potassium cyanide-ammonium chloride method (see p. 287).

187a, 78-CiHs
18Th, Ta-CyHsg

3.3.2.3. Effect of Strain in Fused Ring Systems (Rigidity)

In conjugate hydrocyanation ofa, B-ethylenic carbonyl compounds the cyanide
ion attacks thep-carbon atom via a transition state having maximal orbital
overlap (stereoelectronic control, see p. 317). This requirement results in
deformation of the ring system in the reaction of cyclic substrates. The
ring-strain ng Fi3[adforifagprlpetpr when the
enone system IS part of a rigrd polyCyclic system and thus retards the
conjugate hydrocyanation. The relative rates of conjugate hydrocyanation of
polycyclic enones with diethylaluminum cyanide are: 121, 10; 76, 1.7; 22, 1.0
(standard); 90a 0.26; 106d, 0.13. (43) These data indicate that the rate is
reduced by introduction of an angular methyl group at the  -position, an
increase in the number of rings, the presence of the enone system in the B or
C ring of steroids, and the fusion of a five-membered ring. These factors bring
about an increase in the ring-strain energy (rigidity) in the transition state to
retard the rate
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3.3.2.4. Miscellaneous Effects

1,2 Addition precedes 1,4 addition in hydrocyanation with diethylaluminum
cyanide. The ease of forming the 1,4 adduct decreases with increasing stability
of the 1,2 adduct. The hydrocyanation ofa, B-unsaturated aldehydes illustrates
this point. (92) In steroidal 8-en-11-ones the extreme instability of the 1,2
adducts favors the 1,4 addition and is an important factor in their successful
hydrocyangtt ' mmm s (the relative
rate of 188@5@@ mﬂenones (189a
and 189b) relative to the parent enone 22 are 0.12 and 0.016, respectively.
The retardation stems from steric hindrance and participation of the
neighboring acetoxyl group to deactivate the reaction center, Cs. A greater

electronic participation of the axial acetoxyl group accounts for the eightfold
retardation of the 6Bcompared with the 6aisomer. (43)




3.4. Stereochemistry

3.4.1. General Aspects

No reports on asymmetric conjugate hydrocyanation and on stereochemistry
of the reaction of acyclic substrates have appeared. Therefore the following
discussion is limited to stereochemistry of the reaction of cyclic substrates.

As discussed in the mechanism section, conjugate hydrocyanation can be
reversible, and the stereoisomeric ratio of the cyano products is subject to the
reversibility. The reversibility depends on the structure of the substrate, the
method, and the reaction conditions. In discussing the stereochemistry it is
essential to know whether the hydrocyanation procedure is kinetic or
thermodynamic. Only a few reports on the reversibility of conventional
procedures have appeared. 17 3 -Hydroxy-3-oxo-5a-and 5 3
-androstane-5-carbonitriles (54, R = OH, p. 275) were not interconvertible
under hydrocyanation conditions using calcium cyanide in
N-methylpyrrollidone (19°, 68 hours). (58) Hydrocyanation of cholestenone (22)
with potassium cyanide and ammonium chloride in aqueous
dimethylformamide at 100° is essentially kinetic. (135) The following
conventional procedures are assumed to be essentially kinetic: hydrogen
cyanide-(base), acetone cyanohydrin-(base), and potassium or sodium
cyanide-acid. The potassium or sodium cyanide (without neutralization) and
the potassium cyanide-ethyl acetate methods would be partly controlled
thermodynamically because of the strongly alkaline medium.

It has been clearly established that the hydrogen cyanide-alkylaluminum
process (Mmm ' EEJEIEJ iﬂ [ cyanide
process (M mm [-(3 . uld be noted
that the equilibration with diethylaluminum cyanide is very slow in a basic
solvent such as tetrahydrofuran. Therefore the reaction must be carried out in

a hydrocarbon solvent such as benzene for more than a few hours in order to
obtain thermodynamically controlled products.

It is appropriate here to list methods for assigning the configuration of the
introduced cyano group before discussing the stereochemistry of conjugate
hydrocyanation. Readers should refer to the papers cited for accounts of the
principles and techniques.

Physical Methods

(1)Comparison of the C=N intensities in the infrared (the most convenient
method when two epimers are available); (27, 85, 136-139) (2) interpretation
of the optical rotatory dispersion or circular dichroism curve (applicable to a
single epimer, if optically active) (Refs. 15, 69, 76, 90, 140, 141); (3)
measurement of the dipole moment (applicable to epimers having another
polar substituent) (Refs. 85, 117, 137, 138, 142); (4) interpretation of the nmr
spectrum (convenient for secondary nitriles, often ambiguous for angular



cyano compounds) (Refs. 26, 42, 117, 138, 139, 141, 143-146).

Chemical Methods

(1) Comparison of the hydrolysis or reduction rates of epimeric nitriles
(tedious but useful when other methods are not available); (15, 85, 137) (2)
epimerization to the more stable isomer (applicable to secondary cyano
epimers); (147-149) (3) transformation into a known compound (the most
tedious but unambiguous) (Refs. 78, 80, 81, 113, 146, 150-152).

Assignment Based upon Substrate Structure

An empirical structure-selectivity relationship has been established (see the
following discussion), (135) which often makes possible an assignment of
configuration to a cyano product if it is the sole or a major product.

3.4.2. Monocyclic Compounds

In the conjugate hydrocyanation of (-)-carvone (190) in aqueous ethanol the
formation of the axial cyano epimer 191a as a major product in the kinetic
potassium cyanide-acetic acid process indicates
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that the cyanide ion attacks the 8 -carbon atom from an axial direction. (69)
The equatorial cyano epimer 191c is considered to be formed from 191a by
epimerization of the 2-methyl group followed by conformational ring inversion.
The increase of the all-equatorial epimer 191b by the potassium cyanide-ethyl
acetate process is accounted for by base-induced epimerization of the cyano

group.

The preferred axial attack of cyanide anion is more apparent in the more rigid
substrate 192, which gave exclusively the axial cyano compounds 193a and
193b. (153) The acetyl groups in the two epimers are interconvertible under
the reaction conditions. These results are in
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accord with the view that the cyanide anion always enters from an axial
direction to give an initial product which can be epimerized in the basic
reaction medium. (154a)

No stereochemical study of cyclopentenone hydrocyanations has been
reported.

In the conjugate hydrocyanation of the substituted a-pyrone 194 with sodium
cyanide, the formation of olefinic isomers 195a and 195b depends on the
solvent. (154b) In aqueous acetone, 195a was obtained in 90% yield, whereas
isomer 195b was isolated in 70% yield in dry dimethylformamide. This
difference has been explained in terms of the stability of two conformations, a
and b, in protic and aprotic solvents. In a protic solvent the cyano group
becomes bulkier than the methyl group because of hydration and avoids a
skew interaction with a large ethoxycarbonyl group by taking conformation a,
giving the retention product 195a. In an aprotic solvent, conformation b
becomes favorable, giving the inversion product 195b.

cao.c OO CIEdd]
| S CO,H |
e CO,H
194

|
N
195 195

CN

3.4.3. Polycyclic Compounds

The stereochemistry of conjugate hydrocyanation of rigid polycyclic substrates
has been studied in more detail than that of monocyclic enones. The reactions
are nonangular and angular cyanations.

3.4.3.1. Nonangular Cyanation



When the cyano group is introduced at a 3 -carbon atom that does not occupy
a bridgehead position of a polycyclic system, it tends to prefer an axial or a
guasi-axial (in the cyclopentane system) orientation unless the reaction
conditions are sufficiently basic to cause epimerization. Typical 1,4 and 1,6
products and the hydrocyanation method(s) used are shown in the

accompanying formulas.
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When the six-membered enone system is fixed with two or more fused rings,
the enone ring is in a planar conformation and the cyanide anion can attack
from either a or 3 directions while keeping the maximal orbital overlap to give
both epimeric nitriles. Two such examples have been reported. One is the
hydrocyanation of enone 81. (82) The other is the reaction of enone 207,
where there is the possibility that the cyano group is epimerized under the
forcing conditions. (159) Formation of the two pentacyclic cyano epimers 209a
and 209b apparently results from epimerization during the long reaction time
(90 hours). (77)
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82a (18%) 82b (20%) B2¢ (29%)
H H CN

KCN—NH,Clfag DMF
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20Ba, 208b
Unseparated epimeric mixture

Two unidentified epimers
{NaCN—NH.Clfag DMF, 1007, 90 hr)

H 209, 209b



3.4.3.2. Angular Cyanation

The conjugate hydrocyanation of polycyclic a, B -ethylenic ketones in which
the B -carbon atom occupies a bridgehead position introduces an angular trans
or cis cyano group. The stereochemical direction of this process is important
for the synthesis of isoprenoid natural products. The trans to cis ratios of the
nitrile products are sensitive to the hydrocyanation method and the reaction
conditions (Table A). (25, 43, 135)

Table A. Effect of Procedure and Conditions on Stereochemistry of
Conjugate Angular Hydrocyanation of Polycyclic a B -Ethylenic Ketones

View PDF

The predominant formation of the trans isomer by Method A [ HCN-AI(C2Hs)3]
in all the examples in Table A should be compared with the poor
stereoselectivity in the most effective conventional Method C ( KCN- NH4CI ).
The difference is striking in the reaction of the steroidal 17(13)-en-20-one 79.
The trans isomer of 213, which was the desired intermediate in the total
synthesis of steroids by Nagata's group, was isolated in 67% yield by Method
A. Since b lnetica antralled jvity in Method
C can be aﬂ i ﬂ H E MIE ﬂmm&teric bulk.
Since the number of syn-axial CN-H interactions is larger in the trans than in

the cis transition state, the bulkier cyanating species in Method C results in a
decrease of the trans isomers.

In hydrocyanations of methyloctalinone 76 and cholestenone (22) by the
recently reported Method D, the predominant formation of the
thermodynamically favorable cis isomers has been claimed. (51b) In the
presence of the crown ether, the cyanating species is considered to be “naked”
cyanide which should favor the formation of the trans isomer. Cis-trans
equilibration of the cyano ketone does not take place under the reaction
conditions. (51b, 59) Because the hydrocyanation does not proceed in the
absence of a proton source (acetone cyanohydrin), the stereochemical result
of Method D can be interpreted by assuming that the rapid and reversible
addition of cyanide ion allows equilibration to take place to a considerable
extent before protonation of the cyano enolate anion.
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Stereoselectivity in the thermodynamically controlled Method B [ (C2Hs)2AICN ]
needs detailed discussion. The thermodynamic nature of this method in
benzene is demonstrated in Fig. 1. (25, 135) Except for octalinone 121, for
which the kinetic and thermodynamic product ratios are similar, the decrease
of the trans isomers in the reaction of the other substrates is large and
equilibrium is reached in several hours. The product ratios in the early stage of
the reaction are approximately the same as those in kinetic Method A. Thus it
is clear that formation of the trans or the cis isomer can often be controlled by
selection of Method A or B and the reaction time in Method B. An extreme case
is the hydrocyanation of polycyclic enone 214. (139) Quite striking is the
exclusive formation of the trans isomer 215t (a key intermediate in the total
synthesis of alunusenone) by Method A, and the cis isomer 215c by Method B.
Figure 1. Plots of the percentages of the trans isomers as a function of time in Method B
hydrocyanation of A *®® -octalin-3-one (121) (— x —), acetylhydrindene 79 (—s—), 9-methyl-
A *octalin-3-one (76) (— A—), and cholestenone (22) (— o —) (each 0.1 M) with

( C2Hs),AICN (0.3 M) in benzene at 25°.
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A smaller steric requirement of the unsolvated cyanating species (AIC = N or
AIN" =C") is one of the important features of Methods A and B with




organoaluminum compounds in aprotic solvents compared with the
requirements of Method C and other conventional methods. Thus the
stereochemistry of the organoaluminum methods is considered to be subject
to product-development control rather than steric approach control. For
example, tricyclic enone 83 and the steroidal 8-en-11-one 84 (see p. 287) are
attacked by the cyanide exclusively from the more hindered sides. The kinetic
and thermodynamic hydrocyanation product ratios of octalinone 121 and its
methyl homolog 76 have been explained using the total strain energies of the
cyano products. (135) The details of the calculation need not be presented
here, but the following factors are taken into account: (1) Toromanoff's concept
of stereochemical
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205c (97%)

pathways is adopted. (160) (2) The thermodynamic product ratios are
calculated from the total strain energies of trans and cis stable product
conformers as enolates. (3) The kinetic ratios are estimated from the
gualitative energy difference between two primary products (postulated to be
similar to the energy difference between the transition states). The
conformation used in the estimation is illustrated with cyanocyclohexene in the
accompanying figures A and B (where
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L = ligand). (4) The total strain energy is the sum of the ring-strain energies
(Pitzer and Baeyer) calculated by the Bucourt and Hainaut method (161) and
the nonbonded interaction energies evaluated from the empirical
conformational energies of substituents (A values). Qualitative estimation of
these factors makes it possible to explain stereochemical results obtained with
various types of a , 3 -ethylenic ketones.

These considerations led to several generalizations regarding the
stereochemistry of angular conjugate hydrocyanation under kinetic conditions.
(135) As illustrated in the accompanying formulations, substrates are classified
into five types with indication of the stereochemical preference of the cyano
products by Method A or B under kinetic conditions. The proportion of
cis-isomers increases under thermodynamic conditions and by the potassium
cyanide-ammonium chloride procedure (see Table A) except for Type Il (only
trans, irrespective of the methods). Typical substrates are shown (for details
see Table VI).

Type | (Octalinone type) trans > cis

00000 0000000000

Type Il (Methyloctalinone type) trans  cis

e

Type Il (Octalinone or hydrindenone whose cyclohexenone is trans-fused to
an additional ring)  trans only
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3.5. Selection of Method

Selection of the hydrocyanation method is a function of the efficiency of the
method, reaction conditions, reactivity of the substrate, stability of the product,
structure of the desired product, side reactions, stereochemistry, and so on.
These features have been discussed in preceding sections. Table B
summarizes the selection of method in terms of the substrate and the desired
product. The substrates (sub-divided) are placed in the same order as in the
next. The reported methods are chosen from the successful examples
included in Tables I-IX. When more than one method is listed, the best method
is set in boldface. Promising methods are selected from procedures which the
authors feel will work better than the previously cited methods. For reaction
conditions the reader should examine the next section and Tables I-IX.

Table B. Selection of Method

View PDF

The potassium cyanide-phase-transfer catalyst process and the acetone
cyanohydrin-potassium cyanide-crown ether procedure are not included in this

RN

3.6. a, B -Unsaturated Carbonyl Substrates
In this section the scope and limitations of conjugate hydrocyanation are
discussed in terms of substrates in the same order as in the Tabular Survey.

3.6.1. Acyclic a, B -Ethylenic Carboxylic Acid Derivatives

Acrylates and acrylonitrile, the simplest substrates in this class of compounds,
are sufficiently reactive to undergo smooth hydrocyanation by the hydrogen
cyanide-(base) process at 60—80° on an industrial scale to give 3
-cyanopropionates and succinonitrile in high yields. (2, 162) This simplest
process is not effective with less reactive alkylated substrates such as
crotonates 27c and 55, methacrylates 27¢b, crotononitrile (25c), and
methacrylonitrile (25b). They can be hydrocyanated with potassium or sodium
cyanide (without neutralization) in refluxing ethanol. This reaction is
accompanied by hydrolysis of the cyano group and the ester grouping. For
example, ethyl crotonate (55) underwent hydrocyanation followed by treatment
with agqueous barium hydroxide to complete the hydrolysis to give
methylsuccinic acid (56) in 60—-70% yields. (60, 115) Ethyl cinnamate (167),



deactivated by its 3 -phenyl substituent, was converted into phenylsuccinic
acid (128) in 18% yield by the same treatment. Cinnamonitrile (181) would be
hydrocyanated similarly. Preparation of monosubstituted succinic acids is
easier by hydrocyanation of more reactive alkylidene- or
benzylidene-malonates or cyanoacetates followed by hydrolysis. This
conversion is discussed later (p. 327). Hydrocyanation of reactive a
-aryl-substituted substrates (see p. 304) such as a -phenylcinnamonitrile (180)
is smooth and gives the 1,4 adducts such as 217 by most

RCH=C(R"/CO,R" RCH=C{R'ICN

27, R=R'=H 25a, R=R'=H

27h, R=H, R'=CH, 25b, R=H, R'=CH;
55, R=CHs, R'=H, R"=CaHs 25, R=CH,, R'=H
27c, R=R'=CHy, R'=H " 181, R=CgHs, R'=H

167, R=CgHs, R'=H, R"=C;H, 180, R=R'=C.H;
218, R=R'= Ar

NCCH,CH,CO.R R(_ITI—ICH (R)CN
18'a

CN
RCHCH,CO,H L
| 216, R=CyH;, R'=H
COH 217, R=R'=CyH;
56, R=CH; 219, R=R'= Ar
128, R=CgHs

conventional methods. (2, 118, 163) A one-step synthesis of
diphenyl-succinonitrile ((217)) in 72—77% yield was reported which treated
benzaldehyde and phenylacetonitrile with sodium cyanide (condensation to
180 followed by hydrocyanatlon) (164) The hydrocyanation of 3 -aryl- a
—phenylacr bsHT Qm = § T focedures was
successful St ~CH300rm-0O,N 5 ent, whereas the
reaction on the p—OzN compound 218 (R = p-O2NCgH4, R'= C6H5) gave
unchanged starting material. (165) We do not understand this retardation by
the p-O2N substituent, for it should enhance the nucleophilic cyanide addition,
as discussed earlier (p. 305). Hydrocyanation of o-nitrophenyl-substituted
substrates 218a and 218b results in intramolecular condensation of the initial
cyanated product 219a under the basic reaction conditions to give bicyclic
nitriles 220 and 221 as major products. (166) A similar condensation takes
place in the hydrocyanation of o-nitrobenzylidenemalonates and related
compounds (for the results and mechanisms see p. 328).
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The organoaluminum reagents have not been tested on acyclic a, 8 -ethylenic
carboxylic acid derivatives. The reluctance of these reagents to react with
steroidala, B-ethylenic carboxylates and carbonitriles (26) suggests that a
significant improvement in yields cannot be expected with unactivated
substrates. Presumably, the reaction of diethylaluminum cyanide with

activated carboxylic acid derivatives (acid chloride, acid cyanide, and thio ester)

would be a@ﬂ rCif dHTpSsee the
On).

following di

3.6.2. Cyclic a, B-Ethylenic Carboxylic Acid Derivatives

Only a few reports have appeared on the hydrocyanation of a, B-ethylenic
lactones and lactams. Coumarin (168) and alantolactone (168¢) undergo
smooth hydrocyanation with potassium cyanide. (7) Practically all the
procedures should be effective for this type of substrate. Recently the
preparation of 5- and 6-cyanouracil derivatives was reported. (167) The initial
6-cyano product 223 obtained from 5-bromoor 6-chloro-1,3-dimethyluracil
(222a or 222b) under mild conditions

H
; H
168 168"

was found to be isomerized to the 5-cyano isomer 224 by heating with a
catalytic amount of sodium cyanide. Thus the 5-cyano product 224 was the



sole isolated product in the reaction of excess sodium cyanide in
dimethylformamide or dimethyl sulfoxide with heating. (168) These
conversions are explained by 1,4 addition of the cyanide ion, proton transfer if
necessary, and elimination of halogen or cyanide.

O O
CH, R CH T, CN
5 N
NaCM(1.2 eq) {NaCN) ]

| DMF, room temp Dah-'lF |

N R 80-85° N

l' l

CH, H, CH,

222, R=Br, R'=H 223 224

21Zh, R=H, R =l

Steroidal a , B-ethylenic carboxylates and carbonitriles react sluggishly with
the organoaluminum reagents; therefore a general, alternative process using
activated substrates for preparingp-cyano carboxylic acid derivatives has been
devised. (26) For example, ester 119d was treated repeatedly with
diethylaluminum cyanide in toluene at 120° to give the 16a-cyano compound
120d in only 36% yield. Nitrile 119e was inert to the hydrogen
cyanide-triethylaluminum reagent. (59) On the other hand, hydrocyanation of
acid chloride 119a, acid cyanide 119b, and thio ester 119c with
diethylaluminum cyanide proceeded smoothly

HODEOOOOOOOCCEOL]

{CsHal: AICH
oom temp
{hydrolysis)
120w, B’ = CO;H, 5a-H
120h, B'= C0OsH, 5-enc
120, R'=COSC3Hs, Sa-H
R=H or Ac 120d, R'=CO3CHy, S-ene

Sa-H or 5-ene

119a, R'=COCL, 5a-H

119h, R = OOCN, 5-ene

119, R'=COS5C;Hs, Sa-H
1194, B' = CO2CH,, 5-ene

119, B’ = CHN, Sa-H: no reaction

to give the 16a-cyano-17-carboxylic acid derivatives 120a—120c in high yields.

3.6.3. q, B-Ethylenic a, a-Dicarbonyl Derivatives

Because of their higher reactivities and product stabilities (see p. 303),
hydrocyanations of these doubly activated substrates usually are successful
by conventional methods. The newer methods would be effective but usually
unnecessary. The reactions of the six representative substrates, 162, 40, 225,



183a, 57, and 226 (in the order of increasing reactivity), are illustrative of the
scope and limitations. Diethyl benzalmalonate (40), which is of moderate
reactivity, did not react with hydrogen cyanide-potassium cyanide at 45-50°,
but was smoothly converted into the 1,4 adduct 41 by treatment with sodium
cyanide and acetic acid at 4°. (72) The use of potassium cyanide in agueous
ethanol at a higher temperature (>60°) resulted in hydrolysis and
decarboxylation of the product 41 giving cyano ester 42a and cyano acid 42b.
(7) Substitution of cyano for ethoxycarbonyl increases the reactivity. Although
somewhat less reactive than the diester 40, the sodium salt of 162 reacted with
potassium cyanide and acetic acid at room temperature to give the 1,4 adduct
227, which was then hydrolyzed to phenylsuccinic acid (128). (118) Reaction
without acetic acid resulted in formation of the Michael condensation product
229. (169) The reactive ester 225 reacted more smoothly with sodium cyanide
(2 equivalents) in refluxing aqueous ethanol for 2 minutes to give adduct 227b
in quantitative yield. The adduct was then hydrolyzed to phenylsuccinic acid
(128) in 91-95% overall yields. (100) Since the adduct 227b is acidic enough
to neutralize the alkali, use of excess sodium cyanide does not lead to side
reactions. The highly reactive substrates, 183a, 57, and 226, are smoothly
hydrocyanated with potassium cyanide at room temperature to give 1,4
adducts, 184a, 58 (after hydrolysis), and 228, respectively, in high yields. The
effect of phenyl substituents on the reactivity of hydrocyanation is discussed
on p. 305. A number ofa, a-dialkylsuccinic acid derivatives, including
intermediates for steroid syntheses (see p. 345) were prepared by
hydrocyanation of the corresponding alkylidenecyanoacetates followed by acid

hydrolysis.
I
CN
162, X =CHN, ¥ =C0O:H 227Ta, X =CHN, Y=C0=H
&, X =Y=00,C;Hs 41, X =Y =C0;0;Hs
228, X=CHN, Y=00aCsHs A2u, X=H, ¥Y=C0z:C:Hs
183, X=Y =CM 41b, X =H, Y =00,H
57, X =0C0.0Hs, Y = COCH, 227b, X=CN, ¥ =C0,C;H;
126, X=%=0C0CH, 184a, X =Y =N
228, X =Y = COCH;
C:H.,CHCH.X CﬁHS(IZHCH{CN}CH{CﬁHS]CH(CN}CDZH
CO,H CN
128, X=CO;H 229
58, X = COCH;

In an interesting synthesis of spiro compounds by intramolecular alkylation of
the cyano product, treatment of y -bromo-a, B-unsaturated dicarbonyl
substrates 230 with potassium cyanide in 78% methanol at 35° for 2 hours
gave the cyclopropanes 231 in high yields. (170)
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Hydrocyanation of o-nitrobenzalmalonate 232 is complex. (171) Under mild
conditions the reaction gave the normal 1,4 adduct 233, whereas with
potassium cyanide in refluxing aqueous ethanol the major product was the
hydroxyquinolone 234. This product was formed by action of a strong base

( KOH) on the 1,4 adduct 233, whereas with a weak base ( Na,COs) the indole
derivative 235 was formed. The indole 235 can be produced by way of the
aldol-type condensation product i, and formation of the quinolone 234 must
involve reduction by an unspecified external agent” (for an analogous
conversion, see p. 325). (171) This reaction has been applied to other acyl
analogs 236, giving the quinoline derivatives 237 or their hydrolysis products.
(172)
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R' = CH;, CsH
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3.6.4. a, B-Ethylenic a, B -Dicarbonyl Derivatives

A high reactivity of substrates such as dimethyl maleate and fumarate

( CH30,CCH=CHCO,CH3) and fumaronitrile (NCCH=CHCN) and the
tendency of their products to form Michael adducts or polymers have been
noted (pp. 295, 303). Successful hydrocyanation of this class of substrates is
limited to cases in which the product is stable or stabilized by internal
neutralization. This situation is illustrated by the formation of the acidic, stable
(aromatized) cyano compounds 238 (173) and 48 (54) by hydrocyanation of
quinone substrates 17a, 17b, and 47 with potassium cyanide-sulfuric acid and
sodium cyanide, respectively. The reaction to give 238 would proceed by way
of 17c. Thus autoxidation must have taken place in the reaction of 17a. The
1,4 adduct 239 (enolate form) obtained from benzoylacrylic acid 59 seems to
be stabilized by the phenyl group. (174)

OH (9] OH
CN Ar Ar
— )
N e CN
O OH O OH

17a, R=H 38 a7 48
17Th, R=C1
1Te, R=CN
k. wCL o
R 0
59 139

3.6.5. Acyclic a, B-Ethylenic Ketones

Acyclic enones are highly to moderately reactive depending on the
substituents. The simplest type of enones, such as methyl vinyl ketone and
phenyl vinyl ketone, can be smoothly hydrocyanated with hydrogen
cyanide-(base) and sodium cyanide-acetic acid into levulinonitrile (2) and 8
-benzoylpropionitrile, respectively. (175) Hydrocyanation of masked aryl vinyl
ketones 66 with potassium cyanide occurs in good yields to give nitriles 129,
as discussed on p. 277. (53) substitution of the poorer leaving group,
N(CHs)2.HCI , for the quaternary ammonium group made it necessary to run
the reaction of 65 with potassium cyanide in boiling water. (65) Highly reactive
substrates such as 68 require a buffered two-layer system of preserve the
reactive products 69 (see p. 278). (66)



ArC OCH[R)CHJTI (CH,);1 ———————— ArCOCH(R)CH,CN

L1 R = H. alkyl. CiHs 129

ArCOCH,CH,N(NH;),-HCl

65

RCOCH=CHN(CH,);CI- ——— RCOCH=CHCN

68’ B= Alkyl, Az &9

The hydrocyanation of chalcones 35 has been intensively studied. Cyano
ketones 36 were obtained in high yields, irrespective of the substituent(s), by
treatment with hydrogen cyanide-potassium cyanide (not catalytic), (129)
Nazarov reagent [ (CH3)2C(OH)CN -(base)], (50) potassium cyanide-acetic
acid, (176, 177) or potassium cyanide-sulfuric acid. (75) The potassium
cyanide-ammonium chloride and hydrogen cyanide-alkylaluminum procedures
would undoubtedly be effective as well. The o-nitrophenyl-substituted enone
240 gave quinoline and indole derivatives 241 and 242, as did the dicarbonyl
compounds 232 and 236 (p. 328). (172)

ArCOCH=CHAr'" —— ArCOCH JfHAI'

EL] 36
_~ CH=CHCOCH - ||/CN
—_pooooo . gqjéﬁfﬁ,;
OH
240 243

Reactivities of B -methylated enones are low, and forcing conditions are
necessary with the older procedures. For example, mesityl oxide 29 could be
converted into its 1,4 adduct 30 in 86—-92% vyield with hydrogen
cyanide-(potassium cyanide) at 135-140° under pressure. (49) The use of
potassium cyanide in refluxing aqueous ethanol resulted in formation of
hydrolyzed products 125a and 125b, as discussed on p. 293. This difficulty is
easily overcome by the use of hydrogen cyanide-alkylaluminum (43) and
diethylaluminum cyanide, (99) which give the nitrile 30 in 86—88% and 55%
yields, respectively. The lower yield by the latter method can be ascribed to
reversibility of the cyano enolate.
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125a, R = OH
125h, R=CN

3.6.6. Cyclic a, B-Ethylenic Ketones

The reaction of this important but complex class of substrates had not been
studied extensively until the potassium cyanide-ammonium chloride and the
more recent organoaluminum methods were introduced. In preceding sections
we have discussed the effect of ring size, ring rigidity, steric hindrance, and
1,2-adduct stability on the reactivity of the substrates and the stereochemistry
of the reaction. The scope and limitations of this class of substrates are
discussed in terms of the ring systems (monocyclic, polycyclic) and the
cyanating position (angular or nonangular).

3.6.6.1. Monocyclic Enones

Unsubstituted (R*, R? R® = H) and a -substituted (R* = alkyl) cyclopentenones
and cyclohexenones are highly reactive and can be smoothly hydrocyanated
by conventional methods unless the 3 -carbon atom is highly hindered. Side
reactions such as hydrolysis and Michael condensation are common when
basic conditions (potassium cyanide without neutralization) are used. The
usefulness of the hydrogen cyanide-alkylaluminum method is demonstrated by

OO R

A /(R/R’
./'.{.-' n";:'i —— - 'I_ /
3 R R Rz
R AR o
243 244
(8]
'RI
k] R?
s CN
246

at —15° into the 1,4 adduct. (43) In contrast, conventional methods proceed in
low yields or produce Michael condensation side products (see p. 295). The
lower yield (57%) obtained by the diethylaluminum cyanide method is ascribed
to the reversible nature of the enolate process.



Substitution of an alkyl group at the 3 position decreases the reactivity of the
cyclic enone. The retardation becomes apparent when an axial group is also
present at the & position, as in 245. For example, isophorone (245, R* = H,
R? = CHs, R®= & -dimethyl) could not be hydrocyanated by the Knoevenagel
process (sodium cyanide on sodium bisulfite adduct). (178) The sodium
cyanide-acetic acid process gave a considerable amount of the starting
material; (64, 178) the hydrogen cyanide-(potassium carbonate) process
required forcing conditions (175° in dimethylacetamide) to effect the reaction.
By analogy, the hydrogen cyanide-alkylaluminum method may be successful.

The higher reactivity of five-membered cyclic enones 243 than that of
six-membered ones 245 is noted (p. 301).

Only the organoaluminum methods are effective for hydrocyanation of less
reactive, cyclic f -methoxy enones 86 and 247 whose adducts are also
reactive and subject to side reactions. a -Alkyl substrates (86, R* = CH,
n-CsH7, N-CsH11, (CH2)6CO2CH3;R? = H or y -OH) react slowly and
incompletely with the Nazarov reagent and with potassium cyanide-ammonium
chloride, whereas the organoaluminum reagents afford the cyano products 87
in high yield. (86) Hydrocyanation of 8 -methoxycyclohexenones 247 by the
Nazarov process was successful only when the reactivity was increased by
introduction of an a -phenyl group (R* = CsHs). The efficiency of the
diethylaluminum cyanide method has been shown by the 55% conversion of
the unsubstituted substrate (247, R* = R? = H) into the adduct 248; see
reference 284. Failure of the Nazarov process on an a -nitro compound (247,

enol 2)?;1 mhmmﬁmﬂm _: _ ilization of its

X
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Hydrocyanation of spirocyclopentenone 250 by the potassium
cyanide-ammonium chloride method gives a 1:2 mixture of 251a and 251b in
91% vyield. (179)




250 251a, R=CMN, R'=H
251b, R=H, R'=CN

The stereochemistry of hydrocyanation of six-membered enones has been
discussed on p. 309.

3.6.6.2. Polycyclic Enones

Nonangular Cyanation. Reactivities of polycyclic enones are much lower than
those of monocyclic substrates. However, the conventional methods often are
useful for nonangular cyanation of less hindered polycyclic enones, such as
steroidal 1-en-3-ones, 15-en-17-ones, and 16-en-20-ones. The potassium
cyanide-ammonium chloride method requires forcing conditions for highly
hindered substrates. For example, the reactions of bridged substrates 81 (82)
and 207 (159) (for formula see p. 312) were effected at 185-190° and
140-150°, respectively. The organoaluminum methods are more generally
useful, as shown by the facile hydrocyanation of the highly hindered substrate
81 with diethylaluminum cyanide. (82)
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An unusual conversion of 1,2-naphthoquinone derivatives 252 into a
-aminonaphthol 253 has been reported without any rational mechanism. (180)

NR NH;
O OH
KCN/H0 or ag CaHsOH
BS-00°
s CN
253 (49-69%)

Angular Cyanation. The potassium cyanide-ammonium chloride, hydrogen
cyanide-alkylaluminum, and diethylaluminum cyanide methods are widely
used for angular cyanation of polycyclic enones whose reactivities are usually
low. The stereochemistry of kinetic and thermodynamic hydrocyanations has



been discussed in detail (see p. 313).

Bicyclic enones have moderate reactivities. The reaction of the simplest
substrate, octalinone 121, with many reagents has been examined. The
conventional reagents, hydrogen cyanide-(piperidine), (181) potassium
cyanide-acetic acid, (182) and potassium cyanide-ammonium chloride
(aqueous dimethylformamide, room temperature), (102) gave the 1,4 adduct
210 in 57-68% yields. Hydrolysis and other side reactions occurred with
potassium cyanide (97) or potassium cyanide-ammonium chloride (102) at
high temperature. The organoaluminum methods were quite successful. (43,
102, 135) The reaction of methyloctalinone 76 with potassium cyanide-acetate
acid gave the product 77 in 76% vyield. (74) This conversion was smoother in
the potassium cyanide-ammonium chloride process and with the
organoaluminum methods. (135) Hydrolysis products (lactamols) were the
major or only products in hydrocyanation of dimethyloctalinone 254 (138) with
potassium cyanide and of the 6 8 -isopropenyl compound 187a with potassium
cyanide-ammonium chloride in refluxing aqueous ethanol. The 6 a -alkyl
compounds 187b and 255 were inert to potassium cyanide or potassium
cyanide-acetic acid. (134) By analogy, the organoaluminum methods may be
effective.
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254, R’ R =CHs, R

13'1.,11 -R =CHy, R .—a CaMs-i
187h, R R =CHa, R]'=u-C3H5
255 R'=R* =(Hj, R = “CaHq-i

“R (:mns and cis)

An interesting stereochemical example has been found in the total synthesis of
shionone. Treatment of the hydroxy enone 256 with either hydrogen
cyanide-triethylaluminum or diethylaluminum cyanide (thermodynamic
conditions) gave only the trans isomer 257 in good yields. (183, 184) Since the
predominant formation of cis isomers under the thermodynamic conditions
(diethylaluminum cyanide/benzene, several hours) has been established for
hydroxyl-free substrates such as the tricyclic homolog 214 (see p. 317) and
methyloctalinone 76 (see p. 314), formation of the trans isomer 257 may be
ascribed to the presence of the hydroxyl group (a proton source), which will
make the diethylaluminum cyanide process kinetic (see p. 291). Experimental
evidence clarifying this point has not been obtained. (184)



OH OH

P 7 T

256 ’ 257

Hydrocyanation of acetylhydrindene 258, another simple bicyclic substrate,
with potassium cyanide-ammonium chloride gave the cis isomer 259c¢ in 49%
yield and the trans product 259t in 30% yield. (185)

/EO NC O CN }=0

'
H H H
258 259 259
(Twn isomers) (Tt isomers)

Effective methods are necessar fort e angular c anatlon of trlcycllc enones
whose poo E E E ﬁ : - s Resistance
of the hindered substrate 83 to the potassmm cyanide- ammonlum chloride
method (14% conversion) and successful conversion (72%) with hydrogen
cyanide-triethylaluminum are noted (pp. 287 and 306). Introduction of the
cyano group from the highly hindered a side has been discussed (p. 316). A
similar example is hydrocyanation of bridged substrate 260 with hydrogen
cyanide-triethylaluminum. (85) The trans nitrile 261 was obtained in 60% yield
together with a trace of its cis isomer. The reaction of the electronically
deactivated substrate 85 was successful only with hydrogen
cyanide-diethylaluminum chloride. Tetrahydrofluorenone 262 is reactive
enough to be converted into 1,4 adduct 263 (71%) by the sodium cyanide-ethyl
acetate process. (186) The high reactivity can be explained by the
anti-aromatic nature of the indenone system. (187) The position of
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the third ring relative to the enone system affects the stereochemistry. Thus
the exclusive formation of the trans isomer 265 from the linear tricyclic enone
264 (188) should be compared with the increasing formation of the cis isomers
266¢ (10%) and 268c (30%) from the nonlinear tricyclic 4-en-3-one 80b and
1(10)-en-2-one 267 (steroid numbering), respectively. (43) The stereochemical
difference may be accounted for by an increasing steric interaction between
the third ring and the enone ring in the transition state. (135)
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266, o-CN (A5%)
266c, B-CN (10%)

O Ac OAc
HCN—ANC:Hs)s
—_——

T

i 1
H H
268t B-CN (50%)
268e, a-CN (30%)

Angular cyanation of tetracyclic enones has been extensively studied in



connection with syntheses of steroids and modified steroids. The cyano group
has been introduced into all the angular positions. The accompanying (partial)
formulas show various types of steroidal angular nitriles that have been
prepared. References are given at the end of the formulas. When trans and cis
isomers are formed, the predominant

0 CN N ¥ N o CN
& {trans) b (trans) d (ciz)

EIEIEI EIEI EIEIEI
¢ ﬁ =

1 {cis) .
P (cis) q (trans) r (trans)

isomer produced by the hydrogen cyanide-alkylaluminum or dlethyl—alumlnum
cyanide method under kinetic conditions (if tested) is shown in parentheses.
For details see Table VI. The conventional methods usually gave poor results
except the potassium cyanide-ammonium chloride process which has limited
use for hydrocyanation of steroidal enones with medium reactivities. The use
of calcium cyanide in N-methylpyrrolidone was successful for the reaction of



4-en-3-ones. (58) Preparation of 10  -cyano steroids from 5(10)-en-7-ones by
treatment with potassium cyanide in refluxing ethylene glycol is an exceptional
case where the product is stable (see p. 275). (145) The organoaluminum
methods are now the widely applied, successful means for the angular
cyanation of steroids. The superiority of these methods over the most effective
conventional process, potassium cyanide-ammonium chloride, has been
discussed (see p. 287).

The stereochemistry of angular cyanation has been discussed in detail (p. 313).
Some other interesting stereochemical results are discussed here. The
predominance of the trans isomers in the acetylhydrindene system (types i and
r) contrasts with the reverse results in the hydrindenone system (types g, h, p,
and s). These results indicate that the stereochemical course can be changed
by selecting the substrate type. The trans:cis ratios in types b and g are
increased by the presence of a double bond at the 9,11 position as a result of
disappearance of one syn-axial CN-H interaction. The 1 a -cyano group
retards the cyanide attack at Cs from the aside (1,3-diaxial interaction) and
favors the formation of the cis isomer (type d as compared with b).

3.6.7. Conjugated Polyenic Carbonyl Derivatives

In preceding sections we have discussed the lower reactivity ofa, 3,y , d
-dienic carbonyl compounds compared with a , B -ethylenic substrates (see p.
300), the predominance of 1,6 addition over 1,4 addition except for the
reaction of cinnamylidenemalonate (11) (p. 267), and the stereochemistry (see
p. 312). The effect of the conjugating
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@ Protonstion, _ (- C=C—CH—C=0
(A (14)

Protonation, C—CH—C=C—C=0

electron-withdrawing group (CO2R < CN < COR) and of cyclic systems on the
reactivity is the same as for a , B -ethylenic carbonyl systems. The complex
results often observed arise from possible protonation of the initial 1,6 adduct
at position a or y as indicated in Eq. 14. The protonated products may undergo
further hydrocyanation and other side reactions. Thus diethylaluminum
cyanide in the absence of a proton source usually gives the cleanest results.
This situation is demonstrated by the reaction of the steroidal dienone 115



(see also p. 292). Potassium cyanide in aqueous solvents gave the secondary
product 117 (36% yield), although its formation was decreased to 10% in the
less basic potassium cyanide-ammonium chloride process. The hydrogen
cyanide-alkylaluminum method also gave poor results, since the reaction
should be stopped at an early stage (recovery of 115 in 32% vyield) to prevent
the formation of the 5,7-dicyano product. Only the diethylaluminum cyanide
method was satisfactory (92% of 116).

OH

116

The reaction of two types of bicyclic conjugated dienenones has been
examined. The reaction of 269 was smoother with diethylaluminum cyanide
(high yield of 205) (158) than with hydrogen cyanide-triethylaluminum (48% of
205) (157) (compare the steroidal substrate 115). The protonation occurs at
position Y. On the other hand, a protonation occurs in the reaction of dienone
Eated product
' rtness of the
product 111 to further hydrocyanation. The failure of the diethylaluminum
cyanide process in the reaction of 110 has been noted (see p. 291) and
contrasts with the 53% conversion of the steroidal substrate 270 into 1,6
adduct 271 by the diethylaluminum cyanide method. (198) This difference may
arise because the 17-hydroxyl group would block the reverse 1,6 addition
[essentially the (C2Hs)2AICN -(ROH) process]. (This process would be very
effective when the reverse 1,6 addition and the a protonation are prone to
occur.) On the other hand, the organoaluminum methods failed on the

tetracyclic substrate 272, possibly because of an increase in the ring strain.
(198)
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the corresponding a, B -ethylenic substrates. (119) However, there are not
sufficient examples to illustrate the difference in reactivity. The reaction of only
two acetylenic esters has been reported. Methyl propiolate (273) reacted with
hydrogen cyanide-(potassium cyanide) (slightly exothermic) at 45° to give the
1,4 adduct 274 in 24% yield, accompanied by a large amount of starting
material. (2) The reaction of B -phenyl substrates 131 and 275 gave only the
secondary products 133 and 216. (11, 120) Addition of methanol in the
reaction of methyl ester 131 has been noted (see p. 294). No papers dealing
with the reaction of a , 3 -acetylenic carbonyl derivatives with the
organoaluminum reagents have appeared. Preliminary experiments have
shown the inertness of hydrogen cyanide-triethylaluminum or diethylaluminum
cyanide to ynoate 275 and the formation of complex products in the reaction of
acetylenic ketones 276 and 277. (59) These complexities may arise from
susceptibility of the primary products 278a—-278c to further hydrocyanation and
other side reactions.
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3.6.9. Miscellaneous Substrates

3.6.9.1. a, B -Unsaturated Aldehydes

Hydrocyanation of a , 3-ethylenic aldehydes usually gives only 1,2 adducts. A
few successful examples of conjugate hydrocyanation include conversion of
simple substrates 279 or their cyanohydrlns 280 into 1,4 adducts 281 or their

cyanohydri : 199) and the
formation ma Hiu H ‘ ﬁm
16-ene-17-carboxyaldehyde 283 (the 1,2 adduct is unstable) by the
diethylaluminum cyanide method. (92) No 1,4 adducts were isolated by
treatment of cyclo-hexylideneacetaldehyde and several steroidal a -enals with
the organoaluminum reagents. (92) A general, advantageous method for

preparing B -cyano aldehydes via a , B -unsaturated imino derivatives is
described in the following paragraph.




RCH=C(RYCH(OH)CN
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RCH = C(R")CHO

279 xh““-ﬁR{leCH(R’}CHD —— RCHCH(R)CH(OH)CN
R, R'=H, CHy CN En
81 282
CHO CHO
AcO
283 184

3.6.9.2. a, B -Unsaturated Imino Derivatives

Only a few reports have appeared on hydrocyanation of this class of
substrates (usually base-sensitive) by conventional methods. No cyanated
products were isolated in the reaction of cinnamylidene imines 285a. (200) The
vinyl-oxazine derivative 289 was converted into 1,4 adduct 290 in 45% yield
under special conditions (hydrogen cyanide-m-dinitrobenzene in refluxing
acetic acid). (201) Hydrocyanation of naphthoquinone diimine 291 gave
dinitrile 292. (202) The product is formed by simultaneous 1,2 and 1,4
additions o m Ii m esulfonamide.
Quite recem m EMe action of
potassium cyanide on unstable quaternary imino compounds 294 was
reported. (203) The imino compounds were formed in situ by [2, 3], [3, 3]
double sigmatropic rearrangement of propargyl N-oxides 293.
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A general method has been devised for preparing B -cyano aldehydes 298 by
hydrocyanation of a , B -ethylenic aldimines 296 by the organoaluminum
methods and subsequent acid hydrolysis of the resulting
1,3-dicyanopropylamines 297. (92) In some reactions, 2-iminopyrrolidines 299
are formed as by-products. Of the two alkyl groups used as R of imines 296,
the t-butyl group proved superior to the cyclohexyl group in effecting the 1,4
addition (although slower) and in reducing the formation of the by-products 299.



A proton source is important in this hydrocyanation, as illustrated in the

reaction of 99 (p. 288), 112 (p. 291), and 285b (compare the failure by the
potassium cyanide method; see p. 343).
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Successful conjugate hydrocyanation of the steroidal dienamine 300a and its
perchlorate 300b into nitrile 301 has been reported. (43)
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4. Synthetic Utility and Comparison with Conjugate

Addition of Organocopper Reagents

Application of conjugate hydrocyanation before the early twentieth century was
limited to preparation of various derivatives of succinic acid and y-ketobutyric
acid which were industrial chemicals themselves and important as synthetic
intermediates. (204)

The wide synthetic utility of hydrocyanation has since been recognized, and 3
-cyano carbonyl compounds have been used as important intermediates for
syntheses of natural products such as terpenes, terpene alkaloids, steroids,
steroidal alkaloids, prostaglandins, antibiotics, and corrinoids.

The first hydrocyanation applied to the synthesis of degradation products from
bile acids and sex hormones (133, 205, 206) consisted of constructing the
steroidal D-ring by introducing a carbon-skeleton at C;3 via conjugate
hydrocyanation (i — ii — iii). This route led to the synthesis of deoxyequilenin,
(207) and equilenin. (208) Further development of this approach, (209) its
modification, (210) and its application to the synthesis of hydroaromatic
steroids (211) have been reported. In the total synthesis of vitamin D the
sequence iv — v — iii for construction of the C,D-ring system was used. (55,
56) This sequence also involves the formation of a quaternary carbon at Cy3 by
conjugate hydrocyanation.
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CH3 1. HCH R
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Several total syntheses of steroids are based on new approaches. They
include conversion by conjugate hydrocyanation of polycyclic a -enones into



angular nitriles, g, o, and r (see p. 337), which are key intermediates for
construction of the functionalized C,D-ring systems,q’ ,0’ ,andr’ . The
usefulness of these approaches for synthesis of isoprenoids with an angular
(functionalized) methyl group has been demonstrated by successful syntheses
of dI-3 B -hydroxy-5a-pregn-16-en-20-one, (78, 212)
dI-3a-acetoxy-5a-pregna-9(11),16-dien-20-one, (152)
dI-3-hydroxy-19-norpregna-1,3,5(10)-trien-20-one, (81)
dI-3B-hydroxy-5a-pregnan-20-one, (151) dl-latifolin, (213) and aldosterone. (80)
The high efficiency and the high trans selectivity of the new hydrocyanation
methods are of great significance in these steroid syntheses.

These approaches have been applied to total syntheses of progesterone,
conessine, and cholesterol. (107) Angular cyanation has been applied also to
introduction of the Ci9-methyl group via the 10B3-cyano intermediate (type m or
n on p. 337). This approach was also used in the total syntheses of
testosterone and 18-methyltestosterone. (197) The usefulness of the
10B-cyano (**CN) intermediate for the synthesis of **C-labeled steroids has
been demonstrated. (57)

Conversion of the angular cyano group of B-cyano ketones into a methyl group
or other carbon-functional groups is important in syntheses of natural products.
The conversions have been examined with 5 a -cyano-3-oxo steroids, (76)
8B-cyano-11-oxo steroids, (42, 113) 13B-cyano-11-oxo-D-homo steroids, (80)
10 a -cyanodecahydronaphthalen-3-ones, (102) and 13[3-cyano-20-0xo
steroids. (81, 151, 213) The conversion is summarized in partial structures in



the two accompanying schemes. (27) It should be noted that conversion of the
angular cyano group generally is much more difficult than that of the
nonangular group but is often assisted by participation of thep-carbonyl
orB-axial hydroxyl group. The unusual CN —OH conversion with retention has
been reported to occur in lithium aluminum hydride reduction of the angular
cyano group when tetrahydrofuran is used as a solvent. (59, 94, 156, 214)
Conversion of secondary cyano groups into aminomethyl and alkoxycarbonyl
groups has been achieved most effectively by catalytic hydrogenation (94) and
by acid-catalyzed solvolysis, (159, 179) respectively.

{ ; ;(__‘} CN o CII (;]} =NH Woll'cll Kishner CH;
i-CsHalz » reduction
>\/J\\ e XA — o M
[ Lt:;_: o' ﬁcUH—MONaJ Wk \H,_
T e
0O O CHO

)Y <A oty

f (=L Haba ATH }H Cl: 10 MNaBHM, or
l LialHa I

(}H LH_NH O CH,
K DDEQQ 000000
_RSOLCL, RD7L &*M;H
0 NH
1 Alkali OH CN H | L
1 ROH—H"

Solp S gl
VY

OH CH,NH, OH CH,N(CH.), OH CH,

e M S M



Extensive studies have been made on conversion of the B-cyano keto
grouping into bridged cyclic systems such as pyrrolidine, (215) piperidine, (216)
philocladene-(181, 217) and kaurene-type (157, 218, 219)
bicyclo[3.2.1]octanes, and bicyclo[2.2.2]octane. (220) Using these conversions,
total syntheses have been achieved of representative diterpene alkaloids such
as atisine 302, (85) veatchine 303, (221) and garryine 304, (221) as well as a
diterpene, gibberellin A;s 305. (142) In these syntheses angular cyanation by
organoaluminium methods has been utilized twice for construction of the ring
systems. The carbon atoms introduced by conjugate hydrocyanation are now
shown with asterisks in the natural products discussed above and later in this
section.
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Since conjugate hydrocyanation is the only addition method for introduction of
an angular, trans carbon substituent in the poly-fused cyclohexane ring system
(see p. 351), the reaction using the alkylaluminum reagents has been applied
to construction of an angular methyl group in the total syntheses of many
triterpenes. They include alnusenone 306, (139) germanicol 307, (222)
shionone 308, (183, 184) and lupeol 309. (223)



Nonangular cyanation also has been widely applied to total syntheses of
natural products. The terpenes thus synthesized are podocarpic acid 310,
(154c) atractylon 311, (94) epizizanoic acid 312, (224) hinesol 313, (179) and
drimenin 314. (147) Other sesquiterpene and diterpene syntheses include
mirestrol (225) and an approach to eudesmane sesquiterpenes, (74, 117, 134,
138) and to gibberellins. (226) Hydrocyanation has been applied to the
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conjugate hydrocyanation are 317 (112) and 318 (227) (degradation products
of diterpene alkaloids such as delphinine and songorine), isoajmaline 319,
(228) metacycloprodigiosin 320 (a tripyrrole pigment from Streptomyces), (229)
and prostaglandin F; 321. (86) Application of hydrocyanation has been
extended to total syntheses of 11-deoxy-prostaglandins, (108, 230, 231) the
synthetic study of semicorrins, (99) and syntheses of various medicines. (53,
232-236)
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The broad synthetic utility of conjugate hydrocyanation, especially when the
hydrogen cyanide-alkylaluminum and diethylaluminum cyanide reagents are
used, is apparent from the discussion above. Carbon-carbon bond formation
has long been a constant challenge to those engaged in synthetic organic
chemistry. Another useful method for meeting this objective is conjugate
addition of organocopper reagents. (119) It is appropriate and important to
compare organocopper conjugate addition with conjugate hydrocyanation



using organoaluminum reagents.

First, organocopper reagents are superior to the cyanide reagents in placing
hydrocarbon groups such as alkyl, alkenyl, and aryl at a position to a carbonyl
function. Conversely, the organoaluminum cyanide reagents are better for
introduction of functionalized carbon groups such as formyl, carboxyl,
hydroxymethyl, carbamoyl, and various bridged ring systems.

Secondly, the steric requirement of organocopper reagents is much greater
than that of the cyanide reagents. With increasing steric bulk the efficiency and
stereoselectivity of a reagent generally decrease. For example, lithium
dimethylcuprate, (CHsz).CulLi , is inert to moderately hindered bicyclic enones
322 and 187b (119) whose conjugate hydrocyanation could be easily effected
by the new cyanide reagents (see pp. 334 and 335). Conjugate addition of the
cuprate reagent to highly hindered 8-en-11-oxo steroids would be impossible.
In contrast, successful hydrocyanations of these steroids are noted often.
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the cis isomers 323a, 323b, and 325 by the reaction of the corresponding
conjugated ketones 121,76, and 324 with lithium dimethylcuprate or
methylmagnesium iodide and cuprous acetate. (119) The predominant
formation of the trans nitriles in hydrocyanation of these substrates with the
cyanide reagents under kinetic conditions has been shown (p. 314). Thus
kinetic conjugate hydrocyanation using the organoaluminum reagents is the
only addition method for introduction of a trans-carbon substituent at an
angular position in six-membered polycyclic systems. Another stereochemical
advantage of hydrocyanation is that either trans or cis nitriles can be obtained
from certain
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types of substrates by selecting the reagent and reaction conditions (see p.
313). A stereochemical disadvantage of the organocopper reagents is that
nonangular conjugate addition does not always give the axial 1,4 adduct. For
example,a , a-dimethyloctalone 326 gives 1,4 adduct 327 as a 54:46 mixture
of isopropyl epimers. (119, 237) The axial addition rule is followed in conjugate
hydrocyanation with the organoaluminum reagents (p. 311).
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Finally, the inertness of organoaluminum cyanide reagents to various
functional groups, including halogen, should be compared to the susceptibility
of the organocopper reagents to halogen.

In conclusion, conjugate hydrocyanation using organoaluminum reagents
provides wide synthetic utility and is complementary to organocopper
conjugate addition.



5. Experimental Factors

5.1. Preparation and Handling of Reagents

Caution! All hydrocyanation reagents are toxic and should be handled carefully
in a well-ventilated hood. Hydrogen cyanide is low boiling and especially
hazardous. However, with reasonable care and precaution these reagents
present little danger .

5.1.1.1.1. Alkali Cyanides
Commercially available (reagent-grade or purer) sodium cyanide, potassium
cyanide, and calcium cyanide can be used without purification.

5.1.1.1.2. Acetone Cyanohydrin

This reagent is commercially available and is easily prepared by adding
acetone to an aqueous solution of sodium or potassium cyanide and treating
with sulfuric acid. An Organic Syntheses procedure has been published. (238)
Freshly distilled material is recommended, since aged material reportedly led
to formation of tars. (104)

5.1.1.1.3. Hydrogen Cyanide

Although used for more than a century, hydrogen cyanide, because of its high
volatility (bp26°), still scares most organic chemists. It is essential to handle
this reagent carefully in a good hood. However, the reagent, neat or in a
solution, is quite safely transferred by cold syringes (conveniently cooled in a
plastic bag placed in dry ice for 10 minutes). Hydrogen cyanide has a
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Although details of the preparation have appeared in Organic Syntheses, (239)
evolution of gaseous hydrogen cyanide using the Organic Syntheses
apparatus is often not smooth and can be done better by the following
procedure described by Bauer (240) and partly modified by us. A mixture of

1 kg of concentrated sulfuric acid, 400 ml of water, and 20 g of ferrous sulfate
is heated at 90° on a water bath in a 5-1., round-bottomed, long-necked flask
containing several boiling chips and fitted with a dropping funnel and a
water-cooled condenser. The condenser leads to a drying apparatus. A
solution of 1 kg of sodium cyanide in 1.2 1 of water is added dropwise for 2—3
hours; a large volume of hydrogen cyanide is released. The water bath is then
brought to boiling for an additional 30 minutes to drive off the hydrogen
cyanide from the reaction flask. The hydrogen cyanide is dried by passing
through 20 ml of 4 N sulfuric acid and through 200 g of anhydrous calcium
chloride on a layer of glass wool, each placed in a bottle fitted with an inlet tube
reaching to the bottom. The drying apparatus is immersed in a water bath kept
at 50°. The gaseous hydrogen cyanide is further dried by passage through a
U-tube filled with anhydrous calcium chloride (heated at 50°) and condensed in



a 1-1, long-necked flask fitted with an inlet tube reaching to an inch below the
neck and with an outlet leading to a coil condenser (a second trap). The flask
and the condenser should be well cooled with ice. The yield is nearly
quantitative. The reader should familiarize himself also with the precautions
described in Organic Syntheses. (239)

Neat hydrogen cyanide stabilized by addition of anhydrous calcium chloride
can be stored as a liquid or, better, frozen in a refrigerator for months.
However, we recommend keeping the reagent as a 10-30% solution in
tetrahydrofuran, benzene, or toluene. The solution is stored in a tightly
stoppered bottle or, preferably, in strong ampoules. The solution in ampoules
seems to be stable for several years when kept in a freezer.

5.1.1.1.4. Alkylaluminums

Reagents such as triethylaluminum, diethylaluminum chloride, and
ethylaluminum dichloride are commercially available in lecture bottles (7212 Ib)
from Ethyl Corporation, Texas Alkyls, Inc., Toyo Ethyl Co. (Japan), and other
chemical reagent firms. Handling procedures for these pyrophoric
alkylaluminums have appeared in Organic Syntheses. (89)

Recently, standardized (15 or 25%) solutions of all the alkylaluminums in
various hydrocarbon solvents stored in glass bottles have become available
from Stauffer Chemical Company, New York, and some solutions are available
from Tokyo Kasei Kogyo Co., Ltd., Tokyo. These less pyrophoric, easily
handled solutions eliminate tedious handling of pyrophoric alkylaluminums.
Instructionsigrusing the soluil | f iers. We are
confident tlmm {dhdHrdite EI i m@mluminums in
Method A and B hydrocyanation procedures, provided the alkylaluminum
solution is mixed first with a twofold or greater volume of the reaction solvent

such as tetrahydrofuran or toluene. Exchange of the solvent by
evaporation-addition under nitrogen is not difficult.

It should be noted that diethylaluminum chloride and ethylaluminum dichloride
react slowly with tetrahydrofuran and so cannot be kept in a
tetrahydrofuran-containing solvent mixture. Triethylaluminum is stable in
tetrahydrofuran over a long period.

Alkylaluminum solutions, though less pyrophoric, react with air and moisture.
Although rigorous exclusion of oxygen or moisture, as with a dry box, is
unnecessary, the solutions are best transferred by dry hypodermic syringes
and reactions should be run in an atmosphere of dry nitrogen or argon.

5.1.1.1.5. Diethylaluminum Cyanide
Details of the preparation of this reagent have appeared in Organic Syntheses.
(241) A commercially available 25% solution of triethylaluminum in benzene or



heptane facilitates the preparation. When using a triethylaluminum solution in
an aliphatic hydrocarbon, one should first mix the solution with a twofold or
larger volume of benzene, toluene, or diisopropyl ether and then add a
hydrogen cyanide solution in the same solvent, preferably at around —10°,
since hydrogen cyanide is not miscible with aliphatic hydrocarbons. The crude
diethylaluminum cyanide solution thus prepared can be used for preparative
hydrocyanation without purification by distillation, as described in Organic
Syntheses. (241) However, care must be taken not to let any unchanged
triethylaluminum remain (use 1.1 molar equivalents of hydrogen cyanide). It
has been found that a small amount of triethylaluminum retards
hydrocyanation of 8-en-11-oxo steroids in benzene or toluene (not in
tetrahydrofuran). (25) Also, the triethylaluminum in a hydrocarbon solvent
works as an ethylating agent, except in ether solvents, to yield by-products
such as ethylcarbinols. (59)

Diethylaluminum cyanide solutions in hydrocarbon solvents or diisopropyl
ether stored in ampoules are stable at room temperature for many years. The
reagent reacts slowly with tetrahydrofuran; thus this solvent is not suitable in
preparation or storage of the reagent.

Recently, a 1-2 M solution of diethylaluminum cyanide in benzene has
become commercially available from Alfa Products, Ventron Corporation,
Danvers, Massachusetts.

Diethylaluminum cyanide is nonpyrophoric even as pure liquid. However, the
reagent solpt gt [ 1 m handled in the
way descrimmaﬂﬂi DW Mes and a

nitrogen atmosphere).

5.2. Reaction Conditions

Selection of suitable reaction conditions such as concentration, reagent ratio,
solvent, temperature, and time is as important as selection of the
hydrocyanation reagent in preparing cyano compounds in good yields and with
minimal by-products. Generally, the concentrations of substrate and reagent(s)
depend on their solubilities, and the reaction time depends on reactivity of the
substrate. Effects of these two factors are not discussed here except for
special cases. In this section we summarize effects of such reaction variables
as reagent ratio, solvent, and temperature in the representative
hydrocyanation procedures that have been partly discussed under “Scope and
Limitations.” Special emphasis is accorded the procedures using
alkylaluminum compounds.

5.2.1.1.1. Hydrogen Cyanide-Base Catalyst
Having the lowest reactivity, this combination of reagents usually needs high
temperatures to effect conjugate hydrocyanation. In the absence of a solvent



(the substrate should be miscible with hydrogen cyanide), the use of a
pressure vessel is inevitable; therefore this procedure is applicable to only an
industrial preparation of simple cyano compounds. Use of a polar, high-boiling
solvent such as dimethylformamide is the other means of keeping the reaction
temperature high and also dissolving the substrate. To prevent the formation of
hydrogen cyanide polymers it is essential to utilize just one or preferably less
than one molar equivalent of hydrogen cyanide and a minimal amount of a
basic catalyst, irrespective of the presence or absence of a solvent.

5.2.1.1.2. Acetone Cyanohydrin-Base Catalyst

This Nazarov procedure is usually carried out in refluxing aqueous alcohol. A
polar high-boiling solvent may be used at a high temperature for less reactive
substrates. Acetone cyanohydrin, which is resistant to polymerization, can be
used in a small or large excess, even as the reaction solvent. The amount and
kind of basic catalyst are variable also.

5.2.1.1.3. Alkali Cyanide without Neutralization

An aqueous alcohol which can dissolve potassium or sodium cyanide is the
most common solvent. Side reactions resulting from use of anhydrous
methanol have been noted (p. 294). When the substrate is poorly soluble in an
aqueous alcohol, tetrahydrofuran (242) or dimethylformamide (243) containing
water in an amount sufficient to dissolve the reagent can be used. Use of
calcium cyanide in dry N-methylpyrrolidone (58) is unique. Two molar
equivalents of an alkali cyanide are generally used, although a large excess of
the reagent is needed for less reactive substrates. The reaction temperature
should be kept as low as possible in this powerful but side-reaction-prone
procedure. m E ! é@.‘.ﬁi‘@a long period
or warming for a short time is preferable for reactive substrates to maximize
unhydrolyzed cyano products. The reaction with potassium cyanide in refluxing
ethylene glycol has been reported successful, (57) but this combination should
be limited to formation of products stable to base.

5.2.1.1.4. Alkali Cyanide with Partial Neutralization
Of the many internal and external neutralization procedures we discuss only
the two generally applicable ones.

5.2.1.1.5. (a) Alkali Cyanide-Acetic Acid

The importance of the substrate:cyanide:acid ratio (1:2:1) has been noted (p.
279). As in the foregoing nonneutralization procedure, an aqueous alcohol is
the common solvent although other polar solvents may be utilized. It has been
reported that the use of tetrahydrofuran and water in a two-layer system was
effective in preventing side reactions. (73) The reaction temperature can be
varied from 0° to reflux according to the reactivity of the substrate.

5.2.1.1.6. (b) Alkali Cyanide-Ammonium Chloride



The standardized conditions [potassium or sodium cyanide (2 molar
equivalents)-ammonium chloride (1.5 molar equivalents) in about 90%
dimethylformamide at 100°] (15) are designed for hydrocyanation of substrates
having medium reactivities. The temperature should be lowered to room
temperature for reactive substrates or raised to 200° (in a sealed tube) for less
reactive substrates. Additional reagent mixture is necessary when the reaction
is not completed after 10 hours at temperatures higher than 100°, since little
cyanide anion remains at this stage. (59) The disadvantage of substituting
another polar solvent such as tetrahydrofuran or methanol for the
dimethylformamide has been noted (p. 281).

5.2.1.1.7. Hydrogen Cyanide-Alkylaluminum (Method A)

This newer procedure has usually been carried out at ambient temperature in
purified tetrahydrofuran with exclusion of moisture and air (rigorous exclusion
iS unnecessary; see p. 286). For reactive substrates the reaction can be
carried out at a lower temperature. However, higher reaction temperatures
should be avoided, since the formation of an alkylaluminum cyanide (Method B
reagent) from the combination reagent ( HCN-AIR3) is accelerated with loss of
Method A features. Tetrahydrofuran is the only solvent known to slow this
formation of the alkylaluminum cyanide and it has been utilized exclusively.
Dioxane or dimethoxymethane might be usable, but neither has been tested.
Another advantage of tetrahydrofuran is that it dissolves a wide range of
substrates. When a commercially available alkylaluminum solution in a
hydrocarbon solvent is used, a large amount of tetrahydrofuran should be
added. When a low-boiling solvent is needed for separation of volatile products,
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temperature might be raised a little when the triethylaluminum is replaced by
diethylaluminum chloride or ethylaluminum dichloride (which reacts more
slowly with hydrogen cyanide). A hydrogen cyanide solution should be added
to a cold solution of a 1 or 2 molar excess of an alkylaluminum to prevent
polymerization of hydrogen cyanide. According to the reactivity of the
substrate, substrate to hydrogen cyanide to triethylaluminum molar ratios of
1:2:3, 1:3:5, and 1:5:7 have been used. The favorable effect of a small amount
of water is noted (pp. 262 and 286). Since the concentration, not the ratio, of
the combination reagent affects the hydrocyanation rate, care should be taken
not to lower the concentration of the substrate by using a large amount of a
diluted reagent solution. The usual concentrations of the substrate are
0.15-0.25 M.

5.2.1.1.8. Diethylaluminum Cyanide (Method B)

This most powerful procedure can be carried out in various inert, dry solvents
over a wide range of temperatures under nitrogen. The inert solvents include
tetrahydrofuran, dioxane, diisopropyl or diethyl ether, dichloromethane,
benzene, toluene, and hexane. The reactivity of the reagent increases with



decreasing basicity of the solvent. (35) Except in tetrahydrofuran or its solvent
mixture, Method-B hydrocyanation usually is complete in several minutes at
ambient temperature, giving an equilibrium mixture of the 1,4 adduct and the
1,2 adduct (and in some cases the substrate). One could be misled by the
presence of the 1,2 adduct or the substrate as an indication of incomplete
reaction and thus prolong the reaction time; often deterioration of the substrate
and the product(s) results. When the amount of the 1,2 adduct or the substrate
is not decreased with time, one should repeat the reaction on the recovered
substrate. When the temperature is raised to accelerate the reaction, the time
should be shortened to minimize side reactions. A tetrahydrofuran-containing
solvent is preferred in the higher temperature reactions. Generally, 3-5 molar
equivalents of the reagent and an 0.1-0.2 M solution of the substrate are used.

5.3. Workup Procedure

A special workup procedure is unnecessary for the conventional methods.
Neutralization is the only common, but often neglected, step before the usual
workup.

The workup and separation procedures may be critical in the non-basic, newer
methods using alkylaluminums. In the hydrocyanation of unsaturated ketones
the usual products in the reaction solution are 1,4 adducts E and Q and
di-adducts Ka and Kb in Method A ( HCN-AIR3), and 1,2 adduct O (or
substrate A in some cases) and 1,4 adduct Q in Method B [ (C2Hs).AICN ] (see
Mechanism, pp. 263, 264). Therefore a basic treatment is necessary to isolate
the product as E and the substrate as A. With a careless basic treatment the
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be carried out with good cooling. A recommended workup procedure for both
Method A and Method B follows. (89) The reaction solution is poured slowly,
with good stirring and cooling, into a tenfold volume of ice water containing
hydrochloric acid (the acid is necessary to dissolve aluminum hydroxide) in an
amount equimolar to the alkylaluminum. After it has been stirred for 20 minutes
with cooling, the mixture is extracted three times with an appropriate solvent



(mixture). The extracts are washed two or three times with cold 2 N aqueous
sodium hydroxide, twice with cold water, and once with saturated aqueous
sodium chloride, then dried, combined, and evaporated under reduced
pressure. If the product is susceptible to aqueous sodium hydroxide, aqueous
sodium carbonate may be substituted. Alternatively, the extracts are not
washed with an alkaline solution, but passed through a short column packed
with neutral alumina or silica gel. If the product is relatively stable to base and
susceptible to acid, the hydrochloric acid should be replaced by sodium
hydroxide (2 molar equivalents relative to alkylaluminum).

Special treatments are necessary for the products from a , § -unsaturated
aldehydes, (92) imines, (92) carbonyl chlorides, (26) and carbonyl cyanides
(26) (see the original papers).

When the product is a mixture of epimeric nitriles or contains the unchanged
substrate, separation is usually difficult and often lowers the total yield of
nitriles. Chromatography on basic or neutral alumina or silica gel often causes
partial hydrolysis of nitriles. Better results would be obtained by using alumina
or silica gel deactivated with 10% aqueous acetic acid (5-10% of the weight of
the adsorbent). (58) Ketalization of cyano ketone products is sometimes
effective for preventing hydrolysis and for the separation.

UOOOOO00000000400



6. Experimental Procedures

In this section, examples are chosen to illustrate experimental procedures of
all conventional and newer hydrocyanation methods and to cover various
types of substrates.

6.1.1.1. Succinonitrile

[ HCN-( KCN)/no solvent]. (2) To 300 g (5.65 mol) of acrylonitrile containing

3 g (0.054 mol) of potassium cyanide was added at once 50 g (1.85 mol) of
liquid hydrogen cyanide. When reaction did not start, the mixture was warmed
to 30° for a short period. Soon an exothermic reaction began, and the reaction
temperature was maintained at 55—-60° with ice cooling. After the exothermic
reaction subsided, 103 g (3.8 mol) of liquid hydrogen cyanide was added
dropwise with cooling. After it had been heated at 60—70° for 2 hours, the
resulting dark-brown reaction mixture was distilled under reduced pressure to
give 420 g (93%) of succinonitrile as a colorless oil, bp 136° (10 mm), which
solidified (mp 55°) on cooling.

6.1.1.2. Ethyl 4-Cyanocyclohex-1-ene-1-carboxylate

[ HCN- [N(C2Hs)s] /IDMF 1,6 addition]. (244) A mixture of 15.4 g (102 mmol) of
ethyl cyclohexa-1,3-dienyl-1-carboxylate, 2 g (74 mmol) of liquid hydrogen
cyanide, 0.2 g (2 mmol) of triethylamine, and 50 ml of dimethylformamide was
heated at 140° for 4 hours in a sealed vessel. After the solvent was removed
by distillation, the residue was distilled under reduced pressure to give 10.1 g
(56% or 76% based on substrate or HCN) of colorless oEilrﬁcﬁJct, bp
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6.1.1.3. 3-Oxo-2,5-diphenylcyclohex-1-ene-1-carbonitrile

[ (CH3)2C(OH)CN -( KOH); Nazarov procedure, addition-elimination]. (51a) A
solution of 1 g (3.6 mmol) of 3-methoxy-2,5-diphenylcyclohex-2-en-1-one in
10 ml (110 mmol) of acetone cyanohydrin, containing 0.2 ml of saturated
methanolic potassium hydroxide, was allowed to stand overnight and was then
poured into 100 ml of water. The precipitate was recrystallized from
benzene-petroleum ether to give 0.93 g (95%) of
3-oxo0-2,5-diphenylcyclohex-1-ene-1-carbonitrile as prisms, mp 148-149°.

6.1.1.4. Ethyl 2,3-Dicyano-3,3-diphenylpropionate

( KCN/aq C;HsOH ; (245) see also an Organic Syntheses procedure (163)).
Ethyl diphenylmethyl-enecyanoacetate (118.5 g, 0.428 mol) was dissolved in
180 ml of warm ethanol and treated with a solution of 58.5 g (0.9 mol) of
potassium cyanide in 180 ml of water. The resulting clear yellow solution was
refluxed for 15 minutes, cooled, and acidified with excess concentrated
hydrochloric acid. The product separated, nearly quantitatively, as a viscous oil



which solidified on cooling overnight. Recrystallization from aqueous ethanol
gave 116.5 g (90%) of cyano product as white crystals, mp 89-91°.

6.1.1.5. 2-Ethyl-1-methyl-3-oxocyclohexane-1-carboxylic Acid

( KCN/aq CH30OH , then hydrolysis; (55) see also Organic Syntheses
procedures (52, 60, 100)). To a solution of 47 g (0.34 mol) of
2-ethyl-3-methylcyclohex-2-en-1-one in 340 ml of methanol was added a
solution of 47 g (0.72 mol) of potassium cyanide in 275 ml of water; the
resulting mixture was refluxed for 3 hours. A solution of 42.5 g (0.77 mol) of
potassium hydroxide in 640 ml of water was added. The mixture was heated at
100° for 32 hours in a flask fitted with an air condenser, then cooled, slowly
acidified with hydrochloric acid, saturated with sodium chloride, and extracted
with ether. Removal of the ether from the extract left a crystalline residue,
which was filtered and washed with ether to give 40.6 g (65%) of
2-ethyl-1-methyl-3-oxocyclohexane-1-carboxylic acid, mp 137-138°, after
recrystallization from ether-methanol.

6.1.1.6. 3-Ox0-5 a - and -5 B -cholestane-5-carbonitriles

[ Ca(CN)2/N-methylpyrrolidone]. (58) A mixture of 1 g (2.6 mmol) of
cholest-4-en-3-one, 1 g (11 mmol) of calcium cyanide, and 100 ml of purified
N-methylpyrrolidone was stirred at 20° for 65 hours with exclusion of moisture.
The reaction mixture was poured into water and extracted with ethyl acetate.
The extract was washed with dilute hydrochloric acid and water, dried, and
evaporated to give 1.2 g of a neutral product, which was chromatographed on
100 g of alumina deactivated with 10% acetic acid (5% of the weight of

alumina). Elution with petroleum ether-benzene gave 0.425 g (40%) of
N v o Y E O D
(chloroform). Elution with benzene-ether (49:1 and 19:1) gave 0.41 g (38%) of
the 5Bepimer, mp 126-128° (from ethanol), [d]p + 26° (chloroform). A mixed
fraction (19 mg) and 57 mg of a dimeric by-product, mp 196-197° [elution with
benzene-ether (1:1)] were also obtained. Silica-gel chromatography would
probably give better separation. Separation of the two epimers is also possible
by repeated fractional crystallization carried out by seeding with crystals of the
predominant epimer. (25) The seeds of the epimers can be obtained by
preparative layer chromatography.

6.1.1.7. B-(4-Acetamidobenzoyl)- B-methylpropionitrile

[ KCN/ag CH3OH on a masked enone (internal neutralization)]. (53) To a
stirred solution of 88.0 g (1.35 mol) of potassium cyanide in 1.76 |. of water
was added a solution of 220 g (0.565 mol) of
[2-(4-acetamidobenzoyl)propyl]trimethylammonium iodide (66, R = CHs,

Ar = p-AcNHCgHg4, p. 277) in 440 ml of methanol and 2.21. of water. An oil
separated and gradually solidified on stirring for 4 hours. The solid was
collected and washed with water, giving 119 g (92%) of nitrile, mp 127-130°.



Recrystallization from acetone-petroleum ether afforded a pure sample, mp
131-132°.

6.1.1.8. Diethyl (1-Cyano)propylmalonate

( NaCN-AcOH/ag C2HsOH , Lapworth procedure; (72) see also an Organic
Syntheses procedure). (71) To a solution of 59 g (1.2 mol) of sodium cyanide
in 150 ml of water and 300 ml of ethanol was added 66 g (1.1 mol) of acetic
acid below 10°. The resulting solution was added to 200 g (1 mol) of diethyl
propylidenemalonate. After stirring for 1 hour, the reaction mixture was diluted
with water, acidified, and extracted with ether. Distillation of the residue from
the extract gave 141 g (62%) of diethyl (1-cyano)- propylmalonate, bp
130-140° (2.5 mm).

6.1.1.9. 3,3-Ethylenedioxy-17a-hydroxy-11-ox0-18-nor-D-homoandrost- 5
-ene-13-carbonitrile

( KCN- NH4CI /aq DMF). (80) To a solution of 1.452 g (4.22 mmol) of
3,3-ethylenedioxy-17a-hydroxy-18-nor-D-homoandrosta-5,12-dien-11-one (78,
p. 282) in 73 ml of dimethylformamide was added a solution of 0.548 g

(8.4 mmol) of potassium cyanide and 0.338 g (6.3 mmol) of ammonium
chloride in 7.3 ml of water. The resulting mixture was heated at 100° for 7
hours, cooled, treated with 0.113 g (2.1 mmol) of ammonium chloride, and
evaporated under reduced pressure to dryness. The residue was diluted with
water and extracted with chloroform. The extract was washed with water, dried,
and evaporated. The crystalline product was recrystallized from methanol to
give 1.438 g (92%) of cyano product, mp 234-236°. Further recrystallization

from methanol gave a pure sample as thick plates, mp 236.5—-238.5°, and from
N e
6.1.1.10. dl-2-Ox0-4b,8,8 - trimethyl-1,10aaq, 2,3,4,4a8, 4ba,
5,6,7,8,8af,9,-10-tetradecahydrophenanthrene-10a-carbonitrile

[ HCN-AI(C2Hs)3s/THF, Method A]. (83) To an ice-cooled solution of 695 mg
(6.1 mmol) of triethylaluminum in 6.9 ml of dry tetrahydrofuran were added
successively a solution of 110 mg (4.1 mmol) of hydrogen cyanide in dry
tetrahydrofuran and a solution of 500 mg (2.03 mmol) of
dl-4b,8,8-trimethyl-2,3,4,4a8,4ba,5,6,7,8,8a3,9,10-dodecahydrophenanthren-
2-one (83, p. 287) in 5 ml of dry tetrahydrofuran. The reaction solution was
allowed to stand overnight (27 hours) under nitrogen, carefully poured into a
mixture of 2 N sodium hydroxide and ice with good stirring, and extracted with
ether-chloroform (3:1). The extract was washed with ice water, cold 2 N
hydrochloric acid, and ice water, dried, and evaporated. Crystallization of the
residue from ether gave 336 mg of cyano product (92, p. 287), mp

140.5-141.5°. Chromatography of the residue from the mother liquor on
neutral alumina (activity II; elution with 1:1 petroleum ether-benzene and



benzene) afforded 21 mg of additional product, mp 142-144°. A pure sample
melted at 144-144.5°. The total yield of the product was 72%.

6.1.1.11. 3-Oxocyclohexane-1-carbonitrile

[ HCN- Al(C2Hs)s/ethyl ether, Method A]. (43) To 6.03 g (62.3 mmol) of
cyclohex-2-en-1-one in 50 ml of dry ethyl ether was added at —15° a reagent
solution prepared by adding a solution of 4.87 g (180 mmol) of hydrogen
cyanide in 56 ml of dry ethyl ether to a solution of 34.2 g (300 mmol) of
triethylaluminum in 200 ml of dry ethyl ether with ice cooling. The resulting
mixture was kept overnight (22 hours) at —15° under nitrogen, poured into a
mixture of 2 N hydrochloric acid and ice, and extracted with dichloromethane.
The extract was washed with cold 8.5% aqueous sodium carbonate and water,
dried, and concentrated at atmospheric pressure to give 7.9 g of an oil, which
was distilled to afford 6.16 g (80%) of 3-oxocyclohexane-1-carbonitrile, bp
126-127° (7 mm). The semicarbazone derivative melted at 169-172°.

6.1.1.12. 17B-Benzoyloxy-3B-formyl-5a-androstane-28-carbonitrile

[ HCN-AI(C2Hs)s—H2O/THF; (92) see also an Organic Syntheses procedure:
(89) Method A ona, B-ethylenic imine, then hydrolysis]. To a solution of 366 mg
(0.793 mmol) of 3-N-t-butyliminomethyl-5a-androst-2-en-178-ol 17-benzoate
and 14 mg (0.79 mmol) of water in 4 ml of dry tetrahydrofuran was added a
reagent solution prepared by adding 0.34 ml (2.4 mmol) ofa 7 M
tetrahydrofuran solution of hydrogen cyanide to 1.0 ml (4 mmol) of a4 M
tetrahydrofuran solution of triethylaluminum at 0°. The resulting solution was
kept at room temperature for 2 hours under a nitrogen atmosphere, poured
into a mixture of 2 N hydrochloric acid and ice, and extracted with
dichloromeEI @ E@@ed, 8 ml each
of 5% aqueous oxalic acid, ethanol, and tetrahydrofuran was refluxed for 1
hour, poured into a mixture of 2 N sodium bicarbonate and ice, and extracted
with dichloromethane to give 370 mg of a crystalline product. Recrystallization
from dichloromethane-ether afforded 222 mg (64%) of
17B-benzoyloxy-3B-formyl-5a-androstane-26-carbonitrile, mp 231.5-233°. An

analytical sample had mp 248-252° and [ @& + 54°(chloroform).

6.1.1.13. dl-7-Methoxy-1-o0x0-1,2,3,4,4aa,9,10,10aB-octahydrophenanthrene-
4-carbonitrile [ HCN-( C2Hs)AICI /THF, Method A] (85)

To a solution of 43.7 g (0.192 mol) of
7-methoxy-1,2,3,4,9,10-hexahydrophenanthren-1-one (85, p. 288) in 280 ml
of dry tetrahydrofuran was added slowly a reagent solution prepared by
addition of a solution of 36.2 ml (0.958 mol) of hydrogen cyanide in 250 ml of
dry tetrahydrofuran to a solution of 161.5 g (1.34 mol) of diethylaluminum
chloride in 376 ml of dry tetrahydrofuran with ice cooling under a nitrogen
atmosphere. The resulting solution was allowed to stand at room temperature
for 45 hours in a flask fitted with a mercury bubbler, then gradually poured, with



vigorous stirring and ice cooling, into 10.5 kg of ice water containing 148 g
(3.7 mol) of sodium hydroxide, and extracted with ether-chloroform (3:1). The
extract was washed with water, dried, and evaporated to give 53 g of a residue,
which yielded 23.9 g of a mixture of cis- and trans-cyano products (98¢ and
98t,” p. 288) on crystallization from acetone. The mother liquor was treated
with semicarbazide hydrochloride and sodium acetate in the usual way to give
21 g of a crystalline mixture of semicarbazones of the cis and trans products,
which was refluxed with 790 ml of 3 N hydrochloric acid in 206 ml of benzene
with vigorous stirring for 2 hours. Extraction with chloroform and
recrystallization of a crystalline residue gave an additional crop of mixed cyano
product. The combined crystalline mixture of cis- and trans-cyano ketones (ca.
1:1.5, 36.3 g, 75%) was recrystallized from acetone to give 9.3 g of trans
product, mp 151.5-154.5°. Additional crops (24.2 g, mp 149-155°) of trans
product were obtained by repeated epimerization of the mother liquor with 1 N
hydrochloric acid in refluxing acetone for 20 minutes followed by crystallization
from acetone. The total yield was 69%.

6.1.1.14. 63-Formyl-3B-hydroxy-B-nor-5a-androstane-5-carbonitrile

( HCN- C,HsAICI/THF, Method A, ona, B-ethylenic imine, then hydrolysis). (92)
To 0.50 g (1.35 mmol) of 6-N-cyclohexyliminomethyl-B-norandrost-5-en-36-ol
(99, p. 288) placed in an ampoule was added a reagent solution prepared by
addition of 0.97 ml (6.8 mmol) of a 7 M tetrahydrofuran solution of hydrogen
cyanide to a solution of 1.21 g (9.5 mmol) of ethylaluminum dichloride in 4.5 ml
of dry tetrahydrofuran with ice cooling. The ampoule was sealed and kept at
room temperature for 20 hours. The reaction mixture was poured into a
mixture of i i ice o ithdichloromethane.
The extrac ie mmmmﬁ/e 0.58 g of
imino nitrile. A mixture of the product, 8 ml each of 5% aqueous oxalic acid,
tetrahydrofuran, and ethanol was refluxed for 1 hour, poured into ice water,
neutralized with sodium bicarbonate, and extracted with dichloromethane to
give 433 mg of product. Chromatography on acid alumina (activity 1l: elution
with benzene-dichloromethane and dichloromethane) followed by
crystallization from ether-pentane and preparative layer chromatography of the
mother liquor afforded 233 mg (55%) of 5a-cyano-6B-formyl product (101, p.

288), mp 141.5-143.5°, | @ |5' = 71°(chloroform).

6.1.1.15. 3,3:17,17-Bisethylenedioxy-11-oxoandrost-5-ene-8-carbonitrile
[(C2H5)2A|CN / CGHG— C6H5CH3, Method B] (25)

To a solution of 2.000 g (5.175 mmol) of
3,3:17,17-bisethylenedioxyandrosta-5,8-dien-11-one (102, p. 289) in 32 ml of
benzene and 19 ml of toluene was added 26 ml (31 mmol) of a 1.2 M benzene
solution of diethylaluminum cyanide with ice cooling under nitrogen. After it
had been kept at 0° for 10 minutes, the reaction solution was poured into

500 ml of ice water containing 20 g (0.5 mol) of sodium hydroxide and



extracted with chloroform in the usual way (washing with water). Crystallization
of the residue from methanol gave 1.567 g (73.3%) of cyano product (103, p.
289), mp 198-200°, [a]** + 61° (99:1 chloroformether). The residue from the
mother liquor was hydrocyanated again with 4 molar equivalents of
diethylaluminum cyanide in the same way as described above. Crystallization
of the second product and neutralalumina (activity 1) chromatography of the
residue from the mother liquor afforded an additional 0.391 g (.18.3%) of the
cyano product.

6.1.1.16. 3,17-Dioxo-66-vinyl-B-nor-5B8-androstane-5-carbonitrile

[ (C2Hs)2-AICN / CH,Cl,—CgHg, Method B]. (195) To a solution of 600 mg
(2.01 mmol) of 6B-vinyl-B-norandrost-4-ene-3,17-dione (106c, p. 290) in 6 ml
of dry dichloromethane was added 6 ml (7.6 mmol) of a 1.26 M benzene
solution of diethylaluminum cyanide at room temperature under nitrogen. The
resulting solution was kept for 2 hours, poured into a mixture of 2 N sodium
hydroxide and ice, and extracted with ether-dichloromethane (3:1) in the usual
way (washing with water). The residue (688 mg) was crystallized from
dichloromethane-ether to give 184 mg of cyano product (107c, p. 290), mp
185-189°. The residue from the mother liquor was hydrocyanated again with
3.8 mmol of diethylaluminum cyanide as described above. Alumina
chromatography (neutral activity Il, elution with benzene and 9:1
benzene-chloroform) followed by crystallization afforded an additional 217 mg
of the product, mp 189-191°. The total yield was 61%. An analytical sample

had mp 189.5-191° and | @ |&' + 144°chioroform).

6.1.1.17. 1 Byl ARt e et ed ]

[ (CoHs)2AICN /THF-toluene, Method B, 1,6 addition]. (43) To a solution of
1.089 g (3.81 mmol) of 17B-hydroxyandrosta-4,6-dien-3-one (115, p. 292) in
20 ml of dry tetrahydrofuran was added 12 ml (19 mmol) of a 1.63 M toluene
solution of diethylaluminum cyanide. After it had been kept at room
temperature under a nitrogen atmosphere for 45 minutes, the reaction solution
was poured into a mixture of 2 N sodium hydroxide and ice and extracted with
dichloromethane in the usual way (washing with water). Recrystallization of a
crystalline residue from methanol gave 0.881 g of cyano product (116, p. 292),
mp 289-292°. The residue (0.31 g) from the mother liquor was
chromatographed on neutral alumina (activity 11). Elution with
benzene-dichloromethane (4:1 and 2:1) afforded an additional 41 mg of the
cyano product. Fractions (0.24 g) eluted with benzene-dichloromethane (9:1)
were treated with 4 mmol of diethylaluminum cyanide in the way described
above. Recrystallization of the second product gave 0.149 g of the cyano
product, mp 282-286°. Repeated hydrocyanation of the residue (85 mg) from
the mother liquor afforded an additional 31 mg of the product, mp 279-284°.
The total yield of the 7a-cyano product was 92%.



6.1.1.18. 33-Acetoxy-16a-cyano-5a-androstane-176-carboxyic Acid

[ (C2Hs)2AICN /THF-(i- C3H7)20 , Method B, on acid chloride followed by
hydrolysis]. (26) A solution of 1.00 g (2.77 mmol) of
3B-acetoxy-5a-androst-16-ene-17-carboxylic acid in 10 ml of dry benzene was
treated with 13 ml of thionyl chloride for 3.5 hours at room temperature. The
resulting solution was evaporated to dryness. The crude acid chloride (119a, p.
292) was dissolved in 15 ml of dry tetrahydrofuran and mixed with 7.5 ml
(13.7 mmol) of a 1.83 M solution of diethylaluminum cyanide in isopropyl ether.
The reaction solution was kept at room temperature for 17 hours under
nitrogen, poured into a mixture of 2 N hydrochloric acid and ice, and extracted
with methanol-free dichloromethane. A solution of the residue (1.21 g) in 40 ml
of 90% aqueous pyridine was kept at room temperature overnight to complete
hydrolysis of the acyl chloride, concentrated to ca. 10 ml, and poured into a
mixture of 2 N hydrochloric acid and ice. The crystals which formed were
filtered, washed with water, dried, and recrystallized from
dichloromethane-methanol to give 0.628 g of cyano product (120a, p. 292), mp
259-262°. Since the mother liquor contained a small amount of
3-hydroxy-16a-cyano-5a-androstane-178-carboxylic acid, the residue was
treated with 6 ml of pyridine and 3 ml of acetic anhydride overnight. The
acetylation solution was treated with 1 ml of water at 0°, poured into ice water,
and extracted with dichloromethane. A solution of the residue in 5 ml of 90%
pyridine was heated at 100° for 1 hour to effect hydrolysis of the mixed
anhydride, and concentrated. The residue was chromatographed on acid
alumina (activity Il). Elution with dichloromethane-methanol-ethyl acetate
(1:1:1) containing acetic acid (0.2—-2%) followed by recrystallization from

methanol m
256—-259°; | .

[ @ |5+ L% chloroformy).

6.1.1.19. 17B-Benzoyloxy-2a-formyl-5a-androstane-3a-carbonitrile

[ (C2Hs),-AICN-(i-C3H,OH) /THF- CsHes, Method B, in the presence of a proton
sourcel]. (92) To a  solution of 0.488¢g (2.0 mmol) of
2-cyclo-hexyliminomethyl-5a-androst-2-en-178-ol 17-benzoate (112, p. 291)
and 60 mg (1.0 mmol) of isopropyl alcohol in 5.7 ml of dry tetrahydrofuran was
added 4.1 ml (5 mmol) of a 1.22 M benzene solution of diethylaluminum
cyanide under nitrogen. After 30 minutes at 25° the reaction solution was
poured into a mixture of 2 N hydrochloric acid and ice and extracted with
ether-dichloromethane (3:1). A mixture of the residue (0.5 g), 8 ml each of 5%
aqueous oxalic acid, tetrahydrofuran, and ethanol was refluxed for 40 minutes,
poured into ice water, and neutralized with sodium bicarbonate in the presence
of dichloromethane with stirring. The organic layer was separated and the
aqueous layer was extracted with dichloromethane. The organic layer and the
extract were combined, washed with water, dried, and evaporated to yield
0.43 g of crude product, which was crystallized from dichloromethane-acetone



to give 0.253 g of the 2a-formyl-3a-cyano product (114, p. 291), mp 236-239°.
Chromatography of the residue from the mother liquor on acid alumina (activity
II: elution with benzene and benzene-dichloromethane) afforded an additional
45 mg of product, mp 236-238°; total yield, 69%. An analytical sample had mp

237-240° and | @15+ 101°(chioroform).
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7. Tabular Survey

Although an attempt has been made to include in Tables I-IX all conjugate
hydrocyanations of conjugated carbonyl compounds reported through the
summer of 1975, lack of a systematic method of searching the literature for the
reaction makes it likely that some examples were overlooked.

Tables | and Il list conjugate hydrocyanation of acyclic and cyclic a,
-ethylenic monocarboxylic acid derivatives including nitriles. Tables Il and IV
cover the reaction of a, B-ethylenic a, a- and a, B- dicarbonyl derivatives
(acyclic and cyclic), respectively, whose carbonyl functions are carboxylic acid,
ester, nitrile, and ketone. Tables V and VI refer to the reaction of acyclic and
cyclic a, B-ethylenic monoketones, respectively. [Cyclic substrates (Tables I
and VI) are molecules in which the double bond or the carbonyl function or
both constitute a part of a ring.] Table VIl includes the 1,6 or 1,8 addition of di-
or tri-enic carbonyl compounds (acyclic and cyclic, mono- and di-carbonyl).
Hydrocyanation of a, B-acetylenic carbonyl substrates are listed in Table VIII.
Table IX covers the reaction of a, B-ethylenic aldehydes and imines.

Within each table the substrates are arranged in order of increasing number of
carbon atoms. Carbon atom(s) of R or COR in the following functional groups

s
are not counted: —CO,R, —OCOR, fNCOR, —OR, and

. +
/,N—R (—NR;) ﬂ mﬁ i aring
containing Daﬂﬁﬁr tjfjtﬂ : mgfor compound

328. Compounds with the same

O

Hh_/uj/ﬂr
OA‘*-.

)

CeHs

318
number of carbon atoms are listed in order of increasing complexity of the
substrates (e.g., aliphatic before aromatic, five-membered before
six-membered cyclic, monocyclic before bicyclic, hydrocarbon before
heteroatom-containing compound). Enantiomers are not differentiated. Unless
otherwise indicated, the ring junctions BC and CD of steroids are trans. Thus,
8B-, 9a-, and 14a-hydrogens are not shown in steroidal formulas.

When more than one hydrocyanation reagent has been used for the same
substrate, the reagents are arranged in the order: hydrogen cyanide-(base),



acetone cyanohydrin-(base) (the parentheses indicate a catalyst used in a
small amount), alkali cyanide (sodium cyanide, potassium cyanide, calcium
cyanide), potassium or sodium cyanide-acid, potassium or sodium
cyanide-ammonium chloride, hydrogen cyanide-alkylaluminum,
diethylaluminum cyanide. Also shown in parentheses is a small amount of
water or an alcohol used with the organoaluminum reagent to accelerate the
conjugate hydrocyanation. In addition to the usual chemical symbols, the
following abbreviations are used: THF, tetrahydrofuran; DMF,
dimethylformamide; AcO, CH3COy; pip, piperidine; and pyr, pyridine.

The reaction time is given only for the diethylaluminum cyanide method to
indicate whether the condition is kinetic (within 10 minutes) or thermodynamic
(more than a few hours, but kinetic in THF).

When trans- and cis-fused cyano compounds are formed in the angular
cyanation of a polycyclic substrate, the trans nitrile is placed before the cis
isomer. Hydrolysis products, if formed, are listed after nitriles.

A dash (—)in the reaction conditions or yield column means that no
information is given in the literature. When there is more than one reference,
the experimental data are taken from the first one, and the remaining
references are listed in numerical order.

y

Table I. Cﬂﬁﬁﬁmmp - " Uﬁﬁﬁ Carboxylic
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Table Il. Conjugate Hydrocyanation of Cyclica, B-Ethylenic Carboxylic
Acid Derivatives

View PDE

Table Ill. Conjugate Hydrocyanation ofa, B-Ethylenica, a-Dicarbonyl
Derivatives
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Table IV. Conjugate Hydrocyanation ofa, B-Ethylenica, B-Dicarbonyl
Derivatives
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Table V. Conjugate Hydrocyanation of Acyclica, B-Ethylenic Ketones
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Table VI. Conjugate Hydrocyanation of Cyclica, B-Ethylenic Ketones
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Table VII. Conjugate Hydrocyanation of Conjugated Polyenic Carbonyl
Derivatives
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Table VIII. Conjugate Hydrocyanation ofa, B-Acetylenic Carbonyl
Derivatives
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Table IX. Conjugate Hydrocyanation of Miscellaneous Compounds
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See footnote on p. 266.

End

Notes

*

* This concept is also referred to as “better neutralization.”

* In this chapter a metal cyanide or a base used in a catalytic amount
is shown in parentheses to differentiate it from that used as the
reagent. Also, a small amount of water or an alcohol used with
hydrogen cyanide and trialkylaluminum is shown in parentheses.

* See footnote on p. 266.

* On the basis of the infrared absorption at 1723 cm™, structure 111¢
was assigned. (94) The authors have agreed to revise it to the more

likely structure 111.

CHN
1y

* A Meerwein-Pondorff type of reduction of the nitro group has been
suggested by an editor.

References for formulas a-s: a: 43, 87, 15, 189, 25, 190, 58, 141,
140, 79; b—e: 191; f: 43, 89, 90; g: 192-194; h: 195, 43; i: 43; j: 22,
84,113, 25 43, 42: k:43: |: 196, 145: m: 197.n: 57, 0: 80; p: 43; Q:

B N AR Rl ces on .

338)
* The structure is inverted for convenience.
* The structure is inverted for convenience.
* The structure is inverted for convenience.
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1. Introduction

The successful synthesis of a wide variety of unsaturated compounds by
treatment of phosphoranes with carbonyl compounds (the Wittig reaction) has
stimulated the search for other synthetic methods that

R,P—CHR'+R?R?>CO — R?R*C=CHR' + R,P(0)

employ organophosphorus reagents. One of the most fruitful results has been
the discovery that phosphoryl-stabilized carbanions have wide applicability in
the preparation of unsaturated compounds and offer significant advantages
over conventional procedures.
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This review discusses the chemistry of carbanions stabilized by delocalization
of their negative charge by means of a P(O) group. Carbanions obtained by
treating phosphine oxides, R,P(O)CH,R*, phosphinates, RP(OR)(O)CH.R?,
and phosphonates, (RO),P(O)CH,R*, with a base have been explored in depth.
In particular, the phosphonates have found great popularity because of their
availability and ease of application. The use of Wittig-type reagents in
synthesis has been reviewed and is not mentioned except by way of
comparison. (1)

Carbanions prepared from phosphinates have no known advantage over those
prepared from phosphonates or phosphine oxides. Since the phosphinate
carbanions are more difficult to prepare than either of the latter two, the
phosphinate carbanions have claimed little attention and are not considered
further. Those carbanions obtained from phosphine oxides will be considered
only in the way of comparison.



Anions that have their negative charge located on an atom adjacent to a P(O)
group gain stability owing to delocalization of the charge through the
phosphoryl group. Although the exact nature of the delocalization is not well
defined, the ability of phosphorus to become pentacovalent by use of its d
orbitals is undoubtedly a contributing factor. It should be noted that the P(O)
group is generally not so effective as the carbonyl group in stabilizing a
negative charge. If other stabilizing groups are not present, formation of
P(O)-stabilized carbanions generally requires more basic conditions than does
the removal of a proton from a carbon atom alpha to a carbonyl group.

Horner and co-workers were the first to investigate the synthetic utility of
P(O)-stabilized carbanions. (2) Under relatively vigorous basic conditions
(potassium t-butoxide in refluxing toluene) they were able to obtain olefins by
adding aldehydes to phosphine oxides having a hydrogen atom on the carbon
atom adjacent to phosphorus. Under similar conditions the same workers
obtained stilbene from the treatment of diethyl benzylphosphonate with
benzaldehyde and ethyl 5-phenyl-2,4-pentadienoate from the proper starting
phosphonate and benzaldehyde. Later ethyl cinnamate was obtained in low
yield upon

-0, H,OK

(C,H.0),P(0)CH=CHCH,CO,C,H, +C,H.CHO

CyHCH;

C¢H;CH=CHCH=CHCO,C,H; +(C,H.0),PO,H
ﬁ 'i the presence

treatment mm et
of piperiding: Ncorrecty a & product arose upon

hydrolysis and subsequent decomposition of a benzylidene intermediate,
CeHsCH=C(CO,C;Hs5)P(0)(OC;Hs),. The utility of phosphonate carbanions as
synthetic intermediates was expanded by the discovery that, as olefin-forming
reagents, phosphonates have certain advantages over both phosphoranes
and phosphine oxides. (4) As a result, the method has found favor because of
the availability of reagents, ease of workup, and convenient reaction conditions.
In particular, the reactivity of phosphonate carbanions has been taken
advantage of in numerous ways. As indicated by a number of reviews, these
carbanions have become one of the most frequently employed
organophosphorus reagents. (5-9)

o
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The utility of phosphoryl-stabilized anions is apparent from the variety of
materials that can be prepared by suitable structural modifications. Besides
simple monoolefins and polyenes, a partial list would include allenes,
unsaturated amides, aldehydes, esters, sulfides, sulfones, and nitrogen
compounds such as imines, isocyanates, and ketenimines. In addition to their
convenience for introducing unsaturation, these stabilized anions offer routes



to cyclopropanes and heterocyclic systems. In this chapter, reactions that are
of unusual interest are discussed separately; more routine reactions are
included only in the tabular survey.

Olefin formation by means of phosphonate carbanions has been referred to as
the Horner-Emmons or Wadsworth-Emmons modification of the Wittig reaction,
whereas the use of phosphine oxide or phosphinate carbanions is generally
referred to as the Horner modification. In order to prevent confusion and to
avoid misdirecting credit, proper names are omitted and the synthesis of an
olefin by phosphonate carbanions is termed phosphonate-olefin formation.
Likewise, the term phosphine oxide-olefin formation is employed where
appropriate.

UOOOOO00000000400



2. Mechanism

Although phosphonate anions and, to a much lesser extent, phosphine oxide
anions have been used in a number of diverse syntheses, olefin formation has
commanded by far the most attention. The mechanism of this reaction is
discussed in detail. Mechanisms of other sequences that involve
phosphoryl-stabilized anions are elaborated upon as presented.

The mechanism widely accepted for phosphonate-olefin formation is
analogous to that of the Wittig reaction. The first step, the formation
(C;H.0),PIO)CHRY + B~ == (C,H;0),P(O)CRY +BH
(C,H;0),P(O)CRY +R'CHO

R R
{cszmzP(mmc;*Y (C:HsD}zl’[D}—T;\_Y
"H H.=II-I.Y-CCN ”R‘
0—C; Bl 0—C;
g _(\H
eryiho thren
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H R Y
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of the anion stabilized by an electron-withdrawing group, Y, and the P(O)
function, may or may not be an equilibrium process depending upon the base
used. With sodium hydride, anion formation is irreversible. The second stage is
a reversible aldol condensation that gives two possible diastereoisomeric
oxyanions. There is no direct evidence that cyclic intermediates are actually
involved, but the oxyanions are thought to decompose via a syn elimination in
an irreversible fashion to give olefins. Thus the erythro form should lead
stereospecifically to the Z olefin, while the threo form should lead to the E



olefin (Eq. 1). The driving force for the elimination might be the formation of the
new phosphorus to oxygen bond in the phosphate.

There is strong supporting evidence for the intermediacy of an oxyanion,
particularly where B -hydroxyphosphonates (protonated oxyanions) have been
isolated. For example, anions have been formed from alkylphosphonates in
which the phosphonate does not contain an additional a-electron-withdrawing
group. (10) A B -hydroxyphosphonate is obtained in high yield upon addition of
benzophenone to the anion prepared from treatment of the alkylphosphonate
with n-butyllithium, and subsequent hydrolysis. Neither the adduct nor its
conjugate base,

1. w-CaHgLi
————— ey

2. (G Hglp OO0
3. H:O

CH,CH,P{O}OCH,). (CeH:),C(OH)CH(CH,)P(O)YOCH,),

however, undergoes cycloelimination to form an olefin. In contrast,
isolatedB-hydroxyphosphonic acid bisamides have been reported to form
quantitatively in a similar manner and undergo elimination upon heating. (11)
Also, when heated, the diastereomers of thep-hydroxy adducts yield olefins in
a stereospecific manner. The cis form of 1-phenylpropene is obtained by
refluxing a toluene solution of the major diastereomer of the
appropriate3-hydroxyphosphonic acid bisamide.

Heat

CeHCH(OH)CH(CH,)P(O)[N(CH,),}, —

0 8 £

The oxyanions obtained from a -lithio salts of alkylphosphonothioates and
ketones but not aldehydes decompose to olefins under milder conditions. (10)

8]

A= 1 I -
CH.P(S)(OCH;), Z52 (CH),CCH,P(S)(OCH;), —

(CsHs);C=CH,; + (CH,0),P(S)O

No sodium or lithium salt of an oxyanion intermediate has been isolated where
the alkyl portion carries an additional a -electron-withdrawing group, Y = CN,
CO2R, or COR. Under the normal basic conditions of phosphonate-olefin
formation these oxyanions, even at —100°, spontaneously decompose into
olefins. Consequently, upon hydrolysis of reaction mixtures,
B-hydroxyphosphonates are not isolated. The rate enhancement of



cycloelimination by an electron-withdrawing group might be interpreted as
indicating that the transition state for the elimination has considerable ionic
character. (12) It has been reasoned that, since magnesium salts are more
covalent than sodium or lithium salts, the intermediate oxyanions with
magnesium as the cation should be less reactive and more stable than the
comparable sodium or lithium salts. (13) Such is the case, for upon
condensation of the organomagnesium derivative of a phosphonitrile with
benzaldehyde followed by hydrolysis, a mixture of separable diastereomers is
obtained. Whereas condensation of the phosphonate (R = H) with
benzaldehyde under normal phosphonate-olefin formation conditions gives a
mixture of cis and trans cinnamonitriles in the ratio 15/85,

R
-------- — (C,H.0),P(O)—C.

i
3. CoHLCHO AT \t
3 H.0 ‘ °N

HO—C_
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80/20 and ECONJ (R = HJ YIEIdS a MIXTUIE Of e Mpounds in the
ratio 10/90. Thus cycloelimination from the 3- hydroxyphosphonates is highly
stereospecific and occurs primarily in a syn fashion.

Using a different approach for the preparation of-hydroxyphosphonates, it
has been found that reduction of an a -ketophosphonate prepared by
condensation of an anion with an acyl halide gives a mixture of diastereomers
which, because of instability, cannot be separated. (14) Conversion of the
mixture into an anion with sodium ethoxide in ethanol gives the trans ester in
yields of over 90% (Eg. 2). Treatment of the mixture of alcohols with acetic
anhydride



(C;H,0),P(0)CHCO,C,H;+ n-CsH,,COCl — ”'CSH"CO‘fHCDECEH-‘
(O)P(OC;Hy): ity

(2)

H-CFHLI\ /,.H
n-C;H,,CH(OH)CH(CO,C,H,)P(O)(OC,H,), ——oCHs, C—c

CaHs OH
H/ \CUIC: H:

and pyridine yields the dehydration product, a vinyl phosphonate (Eg. 3). More
recently the successful synthesis and purification of diastereomers

(CH,CON0

i (3)
n- CgH 11 CH=C(LDQC2H E}P{D] (DC] H5 } 2

n-CsH;,CH(OH)CH(CO,C;H;)P(O)(OC;Hs),

of an a -carbethoxy-B-hydroxyphosphonate has been reported. (15) The latter
were prepared in a manner similar to their nitrile counterparts: condensation of
the magnesium salt of a phosphonoester with benzaldehyde followed by
hydrolysis.

syn Elimination from a B-hydroxyphosphine oxide has recently been employed
in a novel method of olefin inversion. (16) It is possible to convert cis into trans
olefins by an overall four-step sequence. For example, pure
trans-1-methylcyclooctene was prepared from the cis isomer (Eq. 4). The
success of the method S ﬂports the a ﬁlment in favor of a stereospecific syn

eimnaion| | JC]C]CICIOO0000000
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From early studies, phosphonate-olefin formation was believed to yield only
trans isomers. (2, 17) In the many subsequent reports of phosphonate-olefin
formation in which cis isomer was detected, the stereochemistry of the reaction
still favored the trans isomer. Indeed in many reactions the trans isomer is
produced with almost complete exclusion of the cis. A number of workers have
found that by modifying either the structure of the anion or carbonyl



co-reactant the final isomer ratio can be made to vary. The treatment of citral
with an anion having hydrogen or a methyl group on the carbon atom next to
phosphorus gives only a trans ester. (18) Upon increasing the size of the
phosphonate side chain (R = C,Hs) appreciable quantities of both cis and trans
isomers are obtained.

(CH,),C=CH(CH,),C(CH,)=CHCHO +
(C,H,0),P(O)CRCOR' — C,H,.CH—=CRCOR!

A number of reactions have been reported in which the cis/trans ratio is found
to vary with the size of the substituents attached to the carbonyl carbon atom.
The isomer ratio of unsaturated nitriles obtained by treating diethyl
cyanomethylphosphonate carbanion with various alkyl aryl ketones has been
studied quantitatively. (19) When the alkyl group is unbranched, the trans or E
isomer predominates. Branching of the alkyl group or ortho substitution on the
aryl group increases the proportion of cis or Z isomer formed. This latter
isomer predominates with the t-butyl

R H CeHs
: / N
NC C.H; NC R
cisor Z trans or E

UOO00O000O0 00000

group. In the reaction of diethyl carboethoxylalkyl phosphonate carbanions
with aliphatic aldehydes the product isomer ratios depend upon the size of
both R and R*. (20) Again, when R is hydrogen, only trans

(C,H;0), P{D}E{ R)CO,C;H;+R'CHO—R'CH = C( R)CO,C,H;

isomers are obtained from all aldehydes. On the other hand, condensation of
an anion that has an a -methyl group with isobutyraldehyde produces an
isomer mixture containing 65% of the Z isomer.

The effect of structural changes on the isomer ratio may best be explained by
assuming a difference in stability, due primarily to bulk effects, between the
two possible diastereomeric oxyanion intermediates. If the stereoselectivity of
the aldol condensation is such that both oxyanions form and the condensation
is reversible, then the amount of Z isomer formed should be dependent upon
the relative magnitude of the various rate constants. With aliphatic aldehydes it
is assumed that the condensation is essentially irreversible when the chains



are branched, whereas with benzaldehyde the condensation is highly
reversible and the product ratio is thermodynamically controlled.

The reversibility of the condensation between anion and carbonyl reactant has
been amply documented. In a novel approach, 3-hydroxy-phosphonate
oxyanions have been prepared in situ by nucleophilic addition of hydroxide ion
to esters of a -cyanovinylphosphonic acids. (21) The oxyanions underwent
both elimination and retroaldolization. The latter process, which is the reverse
of the first stage of phosphonate-olefin formation, was established by detection
of benzophenone in the hydrolysis mixture.

o
|
(CoH.),C=C(CN)P(O)OC,H,), + OH~ — (CyH.)-CCH(CN)P(0) (OC,H;), %

(C,H;0),P(Q)CH,CN +(CeHy),CO + (C4Hs),C=CHCN +(C,H;0),PO:H
{20%:)

The degree of retroaldolization varies with the nature of the substituents in the
potential ketone or aldehyde. For example, aliphatic aldehydes are produced
in only trace amounts upon addition of hydroxide ion to a -cyanovinyl
phosphonates. To provide further evidence for the reversibility of the first step,
the hydroxide ion addition was carried out in the presence of benzaldehyde.
(22) Mixtures of cinnamonitrile and diphenylacrylonitrile were obtained, again

:cndigating tmﬂﬁg ﬂ d ﬂ WI @masimila-r
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i
base under phosphonate-olefin formation conditions, revert partially to
aldehydes and phosphonate carbanions as evidenced by the detection of
aldehyde, R'CHO (R! = CgHs), in the basic media. (13) Also, both
diastereomers (R =H, Y =CN, R! = CeHs), when converted into their oxyanion
in the presence of an excess of aldehyde (R? = p-CICgH,), produce a mixture
of olefins. The reversibility is not total, for the ratio of R'CH = CRY to

R’CH = CRY, starting with a single diastereomer, is greater than that found for
a direct reaction between phosphonate carbanion and a mixture containing an
equivalent ratio of aldehydes.

OH 8 )
| |
R'CHCRYP(O)OC,H,), =% R'CHCRYP(O)(OC,H.), — R'CH=CRY

D_
RICHO

I _
R'CHCRYP(O)(OC,H,), == R'CHO +(C,H,0),P(0)CRY ==
R2CH=CRY



It has been reported recently that the formation of oxyanions from
phosphonoesters and benzaldehyde is less complete than the formation of
oxyanions from phosphononitriles and benzaldehyde. (15) Interaction between
the phenyl and nitrile or ester group may develop during oxyanion formation.
Since the ester group is more bulky than the nitrile, it causes a rate depression.
The bulk effect would be felt particularly in the erythro diastereomer as it yields
the cis or Z olefin. It would not be so great in the less hindered threo form.
Because both kgl and kr1 are less for the phosphonoesters than for
phosphononitriles, retroaldolization becomes more pronounced in the former.
The stereoselectivity of olefin formation depends at least in part upon the
kel/ktl ratio. Since the ratio would be expected to be smaller for the ester, the
ester would produce more of the trans olefin than the nitrile. In the formation of
cinnamates by phosphonate-olefin formation, the trans isomer is formed
almost exclusively.

A further complication of the proposed mechanism is that certain
diastereomeric oxyanions, R = H, R’ = C¢Hs, Y = CN (see Eq. 1), interconvert
directly. (13) Epimerization of an oxyanion is possible only when a hydrogen is
present. As a consequence the stereospecificity of cycloelimination from a
single B-hydroxyphosphonate diastereomer under basic conditions is less
when R = H than when R = CHs. Where epimerization does occur, the
equilibrium between diastereomers is presumed to be rapid and the total
stereochemical balance depends only upon the kgl/kt1 ratio.

atnough a bl I f AL AL AL LA I sy o

olefinic products prepared by phosphonate-olefin formation does not vary with
polarity of the medium, recent data show that it does. (19, 22-24) It has been
observed that when epimerization of the diastereomeric oxyanions is
impossible, as when there is only one a hydrogen in the starting phosphonate,
the stereochemistry of the reaction does vary with the solvent. (25, 26) The
variations with solvent were attributed to a change in the degree of reversibility
of the aldol condensation. Different isomeric ratios are obtained when the
oxyanions are either highly associated with a cation or solvated and
reversibility is appreciable, as compared with polar, aprotic solvents where the
oxyanions are not solvated and reversibility is small.

In recent work it has been found that nucleophilic substitutions at phosphorus
may proceed with both retention and inversion, the latter being enhanced by
added cations. (27, 28) The cations may stabilize a pentacovalent intermediate,
which structurally is not dissimilar to the cyclic intermediate that may take part
in phosphonate-olefin formation (see Eq. 1). Factors that stabilize the cyclic
intermediate, such as the degree of coordination with a cation are influenced



by solvent polarity, and may determine the stereochemical ratio of products
formed.

In this regard a number of findings are relevant. Acetone adds to the anion of
N,N,N’,N'-tetramethylallylphosphonodiamide at both possible positions when
the cation is magnesium but only at the y position when lithium is used. (29)
Magnesium may differ from lithium in its ability to stabilize a cyclic
pentacovalent intermediate anion that may revert to the alcohol upon
hydrolysis. Recently the effects of cation and temperature have been
described in some detail. (30) At 20°

o _POINCH:) ], s o /IP(D}[N{CHﬂz]z
+

OH

OH

MFI{G}[N{CHQ;L

the Z/E ratio of isomeric a -methylcinnamonitriles produced from these
reactants is changed from 25/75 with lithium as the cation to 60/40 with
potassium. It is obvious that more attention needs to be given to this area, and
perhaps a study of the effect of added excess cations on isomer ratios would
be a good place to start.

In the prepm _;)J 1S aries with the
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(Eqg. 5). (31) Again the bulkiness of the ester alkyl

) OHC
(RO},P(O)CICH,)CO,CH, + —
CO,CH,-t
(5)
CH,0,C. ><
g * CH,0,C sl
CO,C Hy-t CO,C,Hort

groups and their effect on the equilibrium between oxyanions is believed to be
the cause. When the R groups attached to phosphorus as RO are methyl, the
mixture of olefinic products contains 34.7% of the Z isomer; when R is
isopropyl the percentage drops to 19%. Since the alkoxyl groups on
phosphorus are quite far removed from the reaction center, it is difficult to



explain why the effect arises only from a difference in the position of
equilibrium of the oxyanions. A change in relative stability of possible cyclic
intermediates and perhaps a change in their rates of decomposition would
appear to be more comprehensible.

UOOOOO00000000400



3. Scope and Limitations

Since P(O)-stabilized anions have been employed primarily to widen and
extend the scope of the Wittig reaction, their use is presented in some detail.
The effect of structural modification in the phosphoryl-containing substrate is
discussed and a presentation of selected syntheses that result from the
reactions of many diverse carbonyl coreactants follows.

3.1. The Phosphoryl Reagent

Perhaps because of the emphasis placed on comparisons with analogous
Wittig reagents, few studies have been made of different P(O)-stabilizing
groups with respect to their reactivity in olefin formation. The relative reactivity
of phosphinates and phosphonates has been determined, however, in one
case. (32) Treatment of ethyl bis- (diethylphosphonomethyl)phosphinate with
an aldehyde in the presence of base yields only diethylvinylphosphonate. No
explanation is apparent for the preferential cleavage of the carbon-phosphorus
bond of a phosphinate over that of a phosphonate.

RCHO + {Caﬁqﬂ}zP(D}EHF{O}CHzP{OHGC-sz}z —
OC,H,

RCH=CHP(O)(OC;H), + {CzH_qD}zP'[D]'CHzF{D}D'
OC;H;

UOOOOO00000000400

Owing to this limited study, broad conclusions are difficult to reach with regard
to the relative reactivity of phosphonate carbanions, phosphinate carbanions,
and phosphine oxide carbanions. Yet, comparisons can be drawn between
reagents that contain the identical P(O)™ activating group but differ in the
nature of the alkyl group attached directly to the phosphorus atom.
Electron-withdrawing groups in (C2Hs0).P(O)CH:R, e.g., R = CN, COzR", or
COR?, increase the reactivity of the phosphonate carbanion as a reactant in
olefin formation. When electron-withdrawing groups are absent (R = H or alkyl),
cycloelimination from isolable betaine intermediates or their conjugate acids
does not occur under a wide range of conditions. Both a -
lithioalkylphosphonothioates and a-lithioalkylphosphonic acid bisamides are
exceptions to this observation. Although adducts formed from them and
ketones do produce olefins in good yields, the adducts decompose under more
stringent conditions than those required for intermediate betaines containing
an additional a -electron-withdrawing group. (10, 11, 33-35)



The isolable adducts prepared from alkylphosphonothioate esters and
aldehydes do not afford olefins even under drastic conditions. Since adducts
from ketones do form olefins, a bulk effect is assumed. Similarly, it is reported
that the anion from diethyl cyanomethylphos-phonate when treated with
aldehydes or ketones gives higher yields of olefins than the anion prepared
from triethyl phosphonoacetate. (36) The effect is attributed to the greater bulk
of the latter. Bulkiness is assumed to hinder oxyanion formation, although once
the adduct is formed bulky groups aid oxyanion decomposition. Certain other
phosphonate carbanions are inert to olefin formation owing to stringent steric
requirements. For example, bridged ketones give only low yields of the
expected a, B -unsaturated ester when treated with diethyl
carbomethoxymethylphosphonate carbanion. (37) Similarly, it was shown

;,"fL \‘Z + {Cszﬂ]zP{D}CHCGECHj —_—
o “~f—COCH,

H

/

/ "'\ZC{CHE,):CHCD;_CHx
OO0O000000000C000ac0

that 20-oxo0-21-methyl steroids are unreactive toward the same carbanion
although the 20-oxo-21-hydroxypregnanes react exothermally to give the
corresponding cardenolids. (38) The latter reaction may result from a
thermodynamically favorable ring formation that cannot occur in the absence
of the 21-hydroxyl group.
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The effect of a -alkyl substituents on the reactivity of phosphonates has been
determined. (39) As an example, both aromatic and aliphatic ketones give
good yields of unsaturated amides upon reaction with phosphonacetamide
anions (Eg. 6). Aliphatic aldehydes produce mixtures

(C,H,0),P(O)CRCONHR" + RR*CO — R*R*C = CRCONHR' (6)

of geometric_isomers, while aromatic aldehydes vield products that are
predomina@@@@@ bath, HidHhyed again
undergo condensation whereas alicyclic ketones, undoubtedly for steric
reasons, do not. Similarly, upon condensation with the anion of
triethyla-phosphonobutyrate, only the less hindered ketone, cyclohexanone,
gives the expected olefin, although in low yield. As might be expected, ketones
also do not give good yields of olefins when added to the anion of
triethyla-phosphonopropionate.

3.1.1. Introduction of Functional Groups by Modification of the
Phosphoryl Substrate

Modifications in the structure of the phosphonate or phosphine oxide allow the
preparation of products containing a variety of functional groups. Althougha, 3
-unsaturated carbonyl compounds are commonly the end products of olefin
formation, a practical synthesis of saturated ketones has been reported. (40)
The route entails the preparation and subsequent hydrolysis of enamines, the
latter prepared from the proper P(O)-activated carbanion and aldehyde, or
ketone. The method may be used as a simple chain-lengthening reaction,
especially since the required phosphonate is easily obtained by a slightly



modified Arbuzov reaction (Eq. 7). The reaction has been extended by
employing

(R'CH=NR,)Cl” +(C,H.0);P —— (C,H,0),P(Q)CH(NR,)R"

MNaH

(C;H,0),P(O)CH(NR,JR! —— "

R,NC(R")—CR’R* — " R'"COCHR’R’

a-aminoalkylphosphonates that contain an additional electron-withdrawing
group at the methylene carbon atom. (41) In this manner

. MaH

(C;Hs0),P(O)CH(N FL;J’DC]'R1

RCHO

R’CH—C(NR,)COR! — >, R2CH,COCOR'

a-ketonic esters and amides are obtained upon hydrolysis of the intermediate
imine. B -Ketoesters are obtained froma-aminoalkyl-phosphonates by
condensation with an a-ketoester.

(C;H40),P(O)CH(NHCH;)CH,NO,-p ——

p_ochﬁHqC{NHtﬁH )=CHC-'D:R _4' P'O}_NC&Hq_COCHzCDzR
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Enamine phosphine oxides have been used to prepareaq,  -unsaturated
ketones and aldehydes. The technique entails the synthesis ofa, 8
-unsaturated ketimines or aldimines by olefin formation followed by hydrolysis.
Enamine phosphine oxides are prepared by adding a primary amine to a
1-alkynylphosphine oxide (Eq. 8). (42-44) Overall yields of

(CsHs),P(O)C=CR + R'NH, —— (C4H,P).(O)CH=C(NHR"JR =5

_P"]RI

:l
(C.H.),P(O)CH:=TR KR, (8)

H;U

R*R*C=CHC(R}=NR' —— R’R’C=CHCOR



ketones or aldehydes up to 70% are reported based on starting phosphine
oxide. Enamine phosphonates are generated in a similar fashion by addition of
a primary amine to a diethyl alkynyl-1-phosphonate. Upon olefin formation
followed by hydrolysis, unsaturated ketones are formed. These syntheses are
particularly attractive since R may be alkyl or aryl.

(C,H;0),P(0)C=CR + R'NH,
MaH

(C,H.0),P(O)CH=C(NHR")R —

2, RIR*CO

R?R’C—CHC(R)=NR' — - R*R*C=CHCOR

An interesting synthetic sequence leads to formyl olefin formation from
carbonyl compounds. (45) The method produces unsaturated aldehydes in
yields up to 86%. The required enamine phosphonate is synthesized by

1. MaH

(C.H;0).PIO)CR=CHNHCH,, -

RIRCO

H, 0"
R'R*C=C(R)CH=NC,H,, ——— R'R*C=C(R)CHO

treating diethyl formylmethylphosphonate with cyclohexylamine followed, if

B W

(C,H5),P(O)CH,CHO ———2,
9)

MaH

(C,H.0),P{O)CH,CH=NC;H,,

(C;H:0),P(O)CR=CHNHCH,,

RX

this procedure is reported to have the advantages of simplicity, high efficiency,
and selectivity. Thus, whereas diethyl carbethoxymethylphosphonate
carbanion does not condense with sterically hindered steroidal 17-ketones, the
enamine phosphonate carbanions do react to give exclusively the trans enals
after hydrolysis.
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Vinyl oxazines, prepared by phosphonate-olefin formation, serve, after
quaterniza ﬁlﬁ @ . ﬁ and acids.
(46) The starting prospi yloxazine. Yields

of unsaturated aldehydes and ketones are reported to vary from 65 to 80%.

3.1.1.1. Sulfides, Sulfones, and Ethers

Further modification of the phosphoryl-stabilized anion has allowed the
synthesis of a, B -unsaturated sulfides and sulfones. Diethyl
(p-bromophenylthio)methylphosphonate, prepared from a chloromethyl sulfide
by means of an Arbuzov synthesis, is readily oxidized by permanganate to the
sulfone. Both the sulfide and the sulfone react with aromatic aldehydes to give
the corresponding trans alkenes. (39, 47, 48) Likewise, treatment of aldehydes

KMn,

(C,H;0),P(O)CH,SCH,Br-p —2%  (C,H.0),P(0)CH,S0,C4H,Br-p

l. NaH |2, RCHO L NaHlZ. RCHO

RCH=CHSC H, Br-p RCH=CHSO,C.H,Br-p



or ketones with methylthiomethylphosphonate or
methylsulfonylmethylphosphonate anions gives trans alkenes. (49) For
reaction with aldehydes, a mixture of the sulfide, sodium hydride, and
aldehyde is heated under reflux in benzene, while dimethylformamide and
temperatures to 100° are needed to convert ketones into mercaptoalkenes.
trans-Ethyl styryl sulfone, C,HsSO,CH=CHCgHs, can be prepared
stereospecifically in 84% yield from ethylsulfonylmethylphosphonate. (50) In a
comparable Knoevenagel-type synthesis, condensation of aldehydes with
alkylsulfonylacetic acids followed by decarboxylation affords low yields of
products with uncertain geometry.

A number of vinyl sulfides have been prepared from diethyl
methylthiomethylphosphonates, which when hydrolyzed in the presence of

(C,H.0),P(O)CH,SCH, —~SL, (C,H,0),P(O)CH(R)SCH, %;EE"
O P(O)OC,Hs), R
ipy 2 . S0° in? / HgCly 1y 24
R'R*C- {T—R 2T, R'R {:——ﬂ:.\ 4 R'RPCHCOR
SCH, SCH,

mercuric chloride give ketones. (35) The method has utility, since the
phosphonate precursor can be alkylated prior to olefin formation, thereby
increasing the versatility of the synthesis. This synthesis has been extended by
preparation of an allyl vinyl thioether, which in the presence of red mercuric

oxide unde@ﬁ TR mMHNTIP B-pentenal.

(51)

CHSCH,CH—CH,
(C:H.0),P(0)CH,SCH,CH=CH, 2= O// Heo, Hew,
]

2

OHC_ _CH,CH=CH,

&

As indicated, the alkylthiomethylphosphonate esters are acidic enough to form
anions readily. Note that alkoxymethylphosphonates even in the presence of

strong bases are not converted into carbanions. Oxygen, unlike bivalent sulfur,
does not have the ability to stabilize an adjacent carbanion. Phosphonamides,
in contrast to the analogous alkoxymethylphosphonates, can be converted into



anions by strong bases. No explanation has been given for this difference. By
means of the phosphonamide modification of phosphonate-olefin formation,
vinyl ethers can be successfully prepared. (52)

L. n-C HLi

3.1.1.2. Dienes

Olefin formation to produce dienes can be conducted by two methods: (1) by
reaction of an unsaturated phosphonate carbanion with a saturated aldehyde
or ketone or (2) by reaction of a saturated phosphonate carbanion with an
unsaturated aldehyde or ketone. To produce conjugated dienes by the first
procedure, an allylphosphonate is used. For allylphosphonates to be
sufficiently acidic for anion formation under relatively mild conditions, they
must contain an electron-withdrawing group at either the aor y position. Thus
the anion prepared from triethyl 4-phosphonocrotonate, ( C,Hs0),P(O)CH,CH
=CHCO,C,Hs, gives a series of diene esters in 50—-80% yield when treated
with substituted benzaldehydes. (53) The method was reported to be superior
to both the Reformatsky and Wittig reactions for the preparation of
5-phenyl-2,4-pentadienoates and produces better yields than the alternative
method of treating carbomethoxymethylphosphonate carbanion with
cinnamaldehydes. The preparation of 2,4-pentadienoates was extended to
study the synthesis of several amides of vegetable origin. (54) Often the

QR ]l g

H O

(C:H:0),P(O)CH,CH=C(R)X R'R*C=CHCH=C(R)X ——

2. RIRIC

X =0CH;, SCH,, N(CH,),
R'R’*CHCH=CHCOR

An investigation has been made of the stereochemistry of olefin formation with
respect to its effect on the geometry of the allylic double bond. (56) cis- and
trans-Diethyl 3-carbomethoxy-2-methylprop-2-enyl-phosphonate were
condensed with either cis-citral or benzaldehyde. The trans ester retains its
stereochemical integrity in both
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(10)
R=CgHs or /L\\,/J\‘?:r

cases to give only trans 2-esters (Eg. 10). On the other hand, owing to
stereomutation during the reaction, the cis ester forms only 25% of the cis
2-ester; the remainder is trans (Eq. 11). Isomerization of the

(C,H;0),P{O)CH,

CHLONa
———l

(C;H;0),P(O)CH; +RCHO
CO,CH,

(11)

R +R
CO,CH;

starting cis ester may have taken place after anion formation. The fact that the
trans allylphosphonate apparently undergoes very little if any isomerization
upon formation of its anion and subsequent olefination was taken advantage of
in the synthesis of the dehydro analog of the C,g-Cecropia juvenile hormone.
(57, 58) The trans-2,trans-4,trans-6,cis 10-tetraene is obtained from the
appropriate aldehﬁa in about 99%

UOO0O0000000000a

R
P ﬁﬁ CHO + (C,H,;0),P{(O)CH,C(CH;)=CHCO,CH; ——
| 0.CH,

' ~
/1 RMW.LVC(J:CH_‘
{J..f'

purity under carefully chosen reaction conditions. The allylphosphonate
carbanion is prepared prior to the addition of the aldehyde by treating the
phosphonate with lithium diisopropylamide in a mixed
hexamethylphosphoramide (HMPT)-tetrahydrofuran (THF) solvent.

The diene synthesis was also used in the preparation of the all trans



(+)-trisporic acid 3 -methyl ester. (59) The condensation product was
hydrolyzed to the B -keto ester.
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Allylphosphonates that contain an electron-withdrawing group at the aposition
have also been successfully employed in diene synthesis. (60)

El

(CH,),CHCH=C(CN)P(O)}OC,H.), —

PO N HCHO

(CH,),C=CHC(CN)P(O)(OC.H,), —————

p-0,NCH,CH=C(CN)CH=C(CH.),

UOOOOO00000000400

The carbanion formed by treating an allylphosphonodiamide with n-butyllithium
gives, upon addition of acetone, only the yadduct. (29) By converting the anion
into a Grignard reagent before addition of acetone theaadduct is made to
predominate over the y adduct in a 3/1 ratio. Only the aadduct decomposes to
diene upon thermolysis.

on-CaHula . 3. (CHL00
1. Mghry 4. H

[(CH,)>N],P(O)CH,CH=CH,

[(CH,),N],P(O)CH=CHCH,C(OH){CH,), + [{CHJLNLP(D](':HCH:(:H:
(CH;),COH
More satisfactory results are obtained by reducing the steric requirements at

the aposition, thereby allowing almost exclusive formation of the aadduct,
especially with unbranched ketones. If the two alkyl groups of the ketone are



different, the diastereomers of the aadduct cannot be separated. In yet another
example of addition of a carbonyl

CH, CH,
rlq L OCRR'
=Ll ] ; "
P(O)CH,CH=CH, ~258, [ p(0)CHCH=CH, — RR'C=CHCH=CH,
_-“Pi‘l =___1 (755
CH- CH,

co-reactant to both thea and y positions of an allylphosphonate carbanion, it is
found that treatment of a carbanion containing a halogen atom at the y position
with benzaldehyde gives a mixture of

1. NaH

(CH;0),P(0)CH,CH=C(CH,)Cl 315

C,:H,CH=CHCH=C(CH,)Cl +

~_P(O)OCH,),

IIlI."
CH;—{ o A—CH. - c(,H50,\[»[7{:{CH,}cnzc:HP{D}{OCHH}:
O

products. (61) Both the diene and 2,3-dihydro-3-furylphosphonate arise from
anoaddition, whereas the 3,4-epoxy-1-butenylphosphonate is a consequence
of y addition.

3.1.1.3. Alkynes

Participatioﬂ@@@ ation gives
rise to alkynes.[4) EXCesS base 1S employed 10 denydrohalogenate the

intermediate vinyl halide. Intermediates need not be isolated to obtain yields of
over 60% based on starting phosphonate.
Diethyla-bromo-p-nitrobenzylphosphonate, prepared

1. HaH

{Cz} i 50}:?( D}CH; CD: C:H R

2. Brz

1. NaH

(C,H;0),P(O)CHBrCO,C.H,

——
2. CyHCHO

MaH

Cd\ﬁH 5CH£BICD 2C2 H_x;

C.H.C=CCO,C.H;

by bromination of the parent phosphonate, gives ana-bromostilbene when
treated with an aromatic aldehyde in the presence of one equivalent of base,
but a diphenylacetylene in the presence of two equivalents of base. (62)
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Diphenylacetylene has been prepared from an acylated phosphine oxide. (63)
Diphenylbenzylphosphine oxide in the presence of n-butyllithium can react
with benzoyl chloride, and the product can be converted into its anion. The
enolate form is in essence a phosphinoxy betaine that eliminates phosphinate
to form diphenylacetylene.

1-CaHaOK
_—

(CHe),P(O)CH,CHs 3 Emmcng® (CsHs):P(O)CH(CH;)COCH;

(CeHL):P(O)CCHs —— CsHsC=CC,H; + (C¢H),PO;
O—CCeH;

3.1.1.4. Intramolecular Olefin Formation

A modification of phosphonate structure that permits intramolecular olefin
formation has been reported. (64) The transformation of
20-oxo-21-acyloxysteroids to cardenolids is an example of a novel approach

that may f'@@ﬂDDDDDDDDDDDDD

?HZDCOC H,P(O)(OC,H,),
C=0

|_oH 0

application for the preparation of unsaturated lactones. An intramolecular
cyclization based on this procedure has been used to prepare alkyl pyrrolones
and dihydropyridines. (65) The method has particular merit because of its
flexibility with respect to location of substituents (Eqg. 12). An interesting
conversion of enol lactones into
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(C,H;0),P(0)CH(R')CONHC(R’R*)C(OR),R* 120",

(12)

R2
R*C(OR),CH,C(R*’R*)NH, + (C,H;0),P(O)CH(R*)CO.H R!

| R

(C,H,0),P(0)CH(R"YCONHC(R*R*)CH,C(OR),R? 110, N-0

2. NaH R

a, B -unsaturated cyclic ketones has been discovered. (66, 67) The carbanion
is prepared from n-butyllithium before addition of the enol lactone and, if
desired, the intermediate phosphonate can be isolated. The reaction has been
applied to the synthesis of steroids.
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Recently the same procedure has been used to prepare a key intermediate in
the total synthesis of  -lactam antibiotics (Eq. 13). (68, 69)

|
N, XCH; ECHEDAE

Nj X
J;'/ MNaH ]
N CH3{CHZ),0CH
o o N A

\ CH,OAc (13)
CHCO,CH,CH 2
[ EE CO,CH,C4Hj
P(O)(OC,H.),
X0 or CHa

3.1.1.5. Bisphosphonates as Olefin-Forming Reagents



Addition of a second P(O)-activating group to a carbon atom greatly enhances
the acidity of hydrogen atoms attached to the carbon. Carbanions obtained
from compounds activated by two P(O) groups readily react with aldehydes or
ketones to give a wide assortment of vinyl phosphorus compounds. The
original report that tetraethylmethylenebisphosphonate carbanion forms
substituted alkenephosphonates upon addition of a carbonyl compound has
become the basis of a number of investigations. (4) Treatment of a
methylenebisphosphonate carbanion with cinnamaldehyde, for example, gives
4-phenylbutadiene-1-phosphonate. (70) In an interesting extension of the
synthesis, tetraethyl dimethylaminomethylenebisphosphonate

NaH

C¢H;CH=CHCH=CHP(O)}{(OC;Hs),

in the presence of base, forms an anion that, upon addition of a carbonyl
co-reactant, produces 1-dimethylaminoalkenylphosphonates (Eq. 14). When
hydrolyzed, the latter yield carboxylic acids. (71) The bisphosphonate is
prepared by

2(C,H,0),P(O)H + (CH;0),CHN(CH,), —“2%, [(C,H;0),P(0)],CHN(CH,),

P(OWOC,H,),
RCH=C L
N{CH;),

heating diethyl phosphite with dimethylformamide acetal with concurrent
removal of methanol. a -Ketophosphonates, which are known to hydrolyze
readily to carboxylic acids, are assumed to be intermediates in the hydrolysis.

(14)

1. NaH
2. RCHO

RCH,CO,H

Methylene bisphosphonate carbanion has been employed to prepare
phosphonic acids analogous to biologically important phosphate monoesters.
The synthesis of the phosphonic acid analog of a pyridoxal phosphate is an
illustration. (72) Under similar conditions blocked aldehyde
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1. Hagl
2. Hz, Pd—C

sugars have been reported to yield trans unsaturated phosphonate sugars. (73)
Interestingly, with ethylidene-D-erythose, the carbanion

GXD
éHz—CHCH—Cl‘HCHD+[{C1H5012PKD}]2CH; =
0
CH,~CHCH—CHCH—CHP(O)(OC;H),
o_ O
oA

gives an open trans phosphonate whereas a comparable mixed
Wittigphosphonate reagent forms a cyclic unsaturated phosphonate.

EIEIEIEI

0
mm—[ CH=CHP(O}NOC,Hs),
CHO
[EnHmﬁ:;FEHP'fD](OCqu‘Jz= YO
0
;P{O}ocﬁﬂs

CH=CH

The initial step in the synthesis of isosteric phosphonate analogs of nucleoside
3 -phosphates involves the condensation of
tetraethylmethylenebisphosphonate with
1,2,5,6-di-O-isopropylidene-a-D-ribohexofuranos-3-ulose. (74) By a series of
subsequent steps including catalytic reduction the product can be converted
into the nucleotide analogs.



o CH,OH

B e <o—| 0B HO—| o.B
3 H +[(C,Hs0),P(0),CH — ey o

g X (C:HOLPO)CH  §X (C;H;0),P(O)CH, OH

B = adenine, guanine, cylosine, thymine, or uracil.

A number of examples of diolefin formation by means of bisphosphonates with
the P(O) functions separated by more than one carbon atom have been
reported. (75, 76) Thus trans,trans-p-distyrylbenzene is prepared from
p-xylylenebisphosphonate and benzaldehyde. (4) In a

{Czﬂjf})zP{O}CHz—@—CHZP[D}{DCIHj}Z +2C4H,CHO  _NsH

p-(CsHsCH=CH),C¢H,

similar manner, o-distyrylbenzene is formed, as is
trans,trans-1,8-distyrylnaphthalene. (77)

(C;:H;0).P(

3.1.1.6. Phosphoramidate Anions
The phosphoramidate anions represent a class of P(O)-stabilized anions
which, unlike those previously described, are not carbanions. Their chemistry

is analogous to that of the iminophosphoranes (phosphinimines), RyPNR. (78)

Upon treatment with a variety of carbonyl reactants they yield unsaturated
nitrogen compounds. This route is appealing because the phosphoramidates
from which the anions are prepared by treatment with sodium hydride are
readily available. (79) The mechanism here is probably similar to that
discussed for phosphonate-olefin formation, i.e., the production of an
intermediate betaine. A single adduct, prepared by condensation of
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chloral with a phosphoramidate, has been isolated. (80) In refluxing
triethylamine the adduct does not decompose to phosphate and imine but
yields chloroform and an N-phosphonoformamide (Eg. 15). The

(C,Hs0),P(O)NHC,H; + Cl,CCHO ——>

(C,H:0),P(O)N(C,H,)CH(OH)CCl, — ", (15)

CHCI; +(C;Hs0),P(O)N(C,H:)CHO

phosphoramidate anion route to isocyanates has been utilized to prepare
dialkylaminoisocyanates, which on formation dimerize to novel nitrogen ylids.
(81)

(C:H,0),P(O)NN(CH,), —2 2(CH,),;NNCO —— (CHy).N—N"

0=C_,.C=0

r!“CHﬂz

UOOOOO00000000400

Recent work has revealed that aminocarbodiimides also dimerize. (82)

(C,H;0),P(O)NN(CH,), —-EeHeNCO

CHONE—N"
t-C;H,N=C=NN(CH,), — (CH.)!
I_C4H9N#jx N,C=NCqH9'I
|
N(CH;),

3.2. The Carbonyl Co-reactant

In the previous section the structural changes in the phosphoryl reagent that
led to unusual results were considered. Changes in the carbonyl co-reactant
that give products whose features deserve separate recognition are recorded
in this section.



Phosphonate-olefin formation does not produce satisfactory yields with
carbonyl compounds that are readily enolizable. Proton transfers may occur
faster than carbonyl addition with subsequent isomerization, enolate
condensation, or both. High yields of vinyl sulfides are obtained from the
lithium salts of methylthiomethylphosphate esters and carbonyl compounds
except when either acetophenone or cyclopentanone is employed. (35) With
these two ketones there are obtained substantial amounts of base-catalyzed
self-condensation products. A similar situation prevails, especially with
cyclopentanone, when Wittig reagents are used. (83, 84)

3.2.1. Dialdehydes and Diketones

As expected, diketones (n =0, 2, 4, 6, 7) give unsaturated keto esters when
treated with an equivalent of a phosphonate anion. (85) Acetylacetone (n = 1)
is more acidic than the phosphonate and is merely converted into its enolate
anion by the carbanion. When n =5 the diketone undergoes intramolecular
aldol condensation.

CH,CO(CH,),COCH; + (C,H,0),P(O)CHCO,C,H; —
CH,CO(CH,), C(CH;)=CHCO,C,H;

Selective olefin-bond formation has been observed with diketones. (86)
Cholestane-3,7-dione yields exclusively the 3-carbethoxymethylene

UOOL 000000000040

+ {C: Hj D}g P(D}EHCDQC;Hq E—

CRHI'.I'

C,H.0,CCH o

analog when treated with triethyl phosphonoacetate and base. Presumably a
steric effect prevents olefin formation at both sites. In contrast, a Wittig reagent
attacks both carbonyl groups. More recently ketoaldehydes (n = 3, 4) have
been condensed with a phosphonate carbanion to give monoolefins. (87) Only
the aldehyde function undergoes olefin formation in the presence of an



equivalent of the phosphonate, R = COCHz or CH= CHCO,C;Hs (Eg. 16).
When a compound containing

CH,CO(CH,),CHO + (C,H,0),P(O)CHR —
CH,CO(CH,),CH=CHR

(16)

both keto and acetal groups is employed, however, condensation occurs only
at the keto group.

CH,CO(CH,),,CH(OC,H,), + (C,H, D}IP{O}EHR —
RCH=C(CH;)(CH,),CH(OC;H,),

As expected, dialdehydes undergo diolefin formation in a normal manner. (75,
88) An interesting cyclization takes place upon addition of

L CHP(O)(OC,H.), l”’
0-C4H,(CHO), + 2 —
NN NN NN

glutaric dialdehyde to a phosphonate carbanion. (89, 90) Cyclohexanols,
R = CO,C;Hs or CN, are prepared in yields of over 40% (Eq. 17).

OHC(CH,);CHO + (C,;H,0),P(0)CHR —

D_
I

17
on (17)
(C,H.0),P(O)CRCH(CH,),CHO ——
OH
R



3.2.2. Unsaturated Aldehydes and Ketones

As stated earlier, dienes can be synthesized from P(O)-stabilized carbanions
and allylic phosphorus substrates. In an alternative route they can also be
prepared by treatment of a saturated phosphonylstabilized anion with an
unsaturated aldehyde or ketone. Thus, by warming a bisphosphonate with
cinnamaldehyde in the presence of sodium hydride, a bisbutadienyl system is
obtained (Eq. 18). (4) Likewise,

p-CeH,[CH,P(O)(OC;H5); ), +2 C;HsCH=CHCHO =
(18)
p-CeH (CH=CHCH==CHC:H,),

a number of esters of 4-alkyl-2,4-pentadienoic acids have been prepared from
2-alkylacroleins, with minor amounts of a 5-ethoxy by-product accompanying
the major product (Eq. 19). (91) Although acrolein

C,H,ONa

CH2=C(R}CHO + {Csz D)zP(D}CHzCDzCsz At
(19)

+C,H;OCH,CH(R)CH=CHCO,C,H;
(S0-65%)

itself furnishes a dienoic acid in low yield, the phosphonate method is
apparently superior to the more common method of preparing vinylacrylic
acids, namglyi|tnH affinH-cHtal E :ﬂ:-ﬁ of ana,
B-unsaturated aldehyde with malonic acid. By contrast, olefin formation
produces only the 2,3-trans isomers. Michael addition of the phosphonate

carbanion to the 3 -carbon atom of the 2-alkylacroleins or diene product may
also compete with olefin formation and be a major factor in limiting the yield.

The Michael addition of phosphonate carbanions toa,  -unsaturated nitriles
and esters is well known and, indeed, as early as 1952 it was extended toq,
-unsaturated ketones. (92, 93) Thus triethyl phosphonoacetate, converted into
its anion with sodium ethoxide in ethanol and allowed to react with
benzalacetone, adds across the double bond in complete preference to olefin
formation (Eqg. 20). Under similar conditions monoalkylated
phosphonoacetates also add in Michael fashion. It

C,H, ONa

C3H,0H (20)
(C,H-0),P(O)CH[CH(C4H:)CH,COCH,]CO,C,H;

(C,H;0),P(O)CH,CO,C,H, + C;H.CH=CHCOCH,




has been noted that chalcone (benzalacetophenone) gave only Michael
adducts with phosphonate carbanions. (94, 95) In another study it was found
that both triethyl phosphonoacetate and diethyl benzylphosphonate react with
chalcone either by the Michael or olefin formation routes depending upon
operating conditions. (96) Olefin formation (R = CgHs or CO,C,Hs) only is
observed when sodium hydride and diglyme are employed as the base and
condensing medium, respectively (Eq. 21). When sodium ethoxide in benzene
is used, only Michael products

(C2H;0),P(O)CH;R +C,H;CH=CHCOCH; ———> 1)

CeH;CH=CHC(C;Hs}=CHR

are observed.

(C;H50),P(0)CH,CO,C,H; +2 C;H;CH=CHCOCH; —Z£0=

CﬁHﬁ
(C,H;0),P(0)C[CH(CsH5)CH,COC¢H;5,CO,C;H; — CHs0;
(C;H;0),P(O)

CeHs

CeHs

e presu YN R EH i ldestonte

ester cyclizes spontaneously to the cyclohexene, whereas the di-adduct with
benzylphosphonate is stable (Eq. 22). Both phosphonates

C,H,OMa

(Cg H50}2 P(G}CH:CQHS +2 C&Hs CH=(:HCOC{|H5 T
(C;H;0),P(O)C[CH(CsH;)CH,COC:H;,CsHs

(22)

give mono-Michael adducts with chalcone when sodium amide in either is
employed, but when sodium in benzene is used, the anions give very low
yields of the Michael adducts and again olefin formation predominates. It
would appear that Michael adduct formation is favored when a proton source
exists but not when anion formation is irreversible. When phosphonate anion
formation is irreversible, addition by the anion across the double bond may be
reversible. Since olefin formation is irreversible, the consequences of such a
prior addition are not apparent. When a proton source is available, added salts
might divert the reactions to olefin formation in preference to formation of a
Michael adduct. This would be the result if a cyclic intermediate that can be

COCH



stabilized by an added cation were involved in olefin formation. Indeed, the
nature of the cation as well as the solvent may be important in determining the
course of the reaction.

A diene has been prepared by adding triethyl phosphonoacetate anion to 3
-methyl lactol. (56, 97) The lactol is obtained from the diethyl acetal of
pyruvaldehyde. Since the cis,trans half ester is the only product, indications
are that in the last reaction there is complete retention of stereochemistry at
the double bond derived from the lactol.

(C,Hs0),CHCOCH, + (C,H,0),P(0)CH,CO,C,H; —
(C,H.0),CHC(CH,)=CHCO,C,H;

Ha0" HD‘Z}U Mﬂmbﬁ:ﬂ:ﬂcuﬂﬂ” C,H.0,C /c*~""-.~.=/l’~‘-';~ﬁ

CO;H

An unsaturated aldehyde has been used in phosphonate-olefin formation to
modify steroids, as in the accompanying preparation of a bufodienolide. (98)
Olefin formation with unsaturated aldehydes has also

CH CH=CHCO,CH,

MEOO0000000000-cxocs,

+(C,H,O),P(O)YCH.CO,CH, CaHsONa_

8]
O

HCl—CH30OH

found application in the syntheses of other natural products. A key step in the
total synthesis of mycophenolic acid is typical (Eq. 23), as is



OH g

OHC O +(C,H:0),P(O)CH,CO,CH, 2,
CH,0O
= (23)
CH,0,C o
CH,O

the use of a phosphonate carbanion in the preparation of analogs of vitamin A.
(99) The all trans-9,13-desmethyl vitamin A methyl ester is prepared from an
unsaturated aldehyde and a y -phosphonocrotonate.

CHO
W +(C,H.0),P(0)CH,CH=CHCO,CH, "z,
Ty
ﬁrW}WCOICE{E
|
o e

The all-trans starting aldehyde may also be prepared by an olefin bond route.

3.2.3. Esters

Certain esters have been found to act as substrates in phosphonateolefin
formation. (100) Diethyl oxalate reacts with triethyl phosphonoacetate
carbanion to give both diethyl ethoxyfumarate and diethyl ethoxymaleate. It is
felt that the fumarate might result from the reversible addition of ethanol to the
originally formed maleate. The reaction can



CO,C,H,
(C,H;0),P(0)CH,CO,C,H, +(CO,CHy), s -0(|:Dczﬂ_=,
(C,H;0),P(0)CHCO,C,H;

QHsoﬁCO 2CoH; & C;H; GflilCDzCIHs
HCCO,C,H, C,H.0,CCH

[

be extended to produce diethyl 2-fluoro-3-ethoxyfumarate and diethoxy
fumarate. Neither cyanomethylphosphonate nor benzylphosphonate
carbanions undergo similar olefin bond reactions. A few other

-:ljozr:zﬂs
(CH,0),P(O)CHFCO,CHs + (CO,C;Hy), ol "D-i’r“DC:Hs —
{CzH_-;GhP{O}—(T?CDzCsz
F
cznjoﬁcozczﬂs
CFCO,C,H,
(C:H;0),P(O)CH(OC,H,)CO,C,H; + (CO,C;Hy), i,

C,H;0CCO,C,H;

O0000000000000EEos

esters may also act as substrates in phosphonate-olefin formation. Ethyl
trifluoroacetate yields a ketal ester. The alcohol used in the final

(C;Hs0),P(O)CH,CO,C,H; + CF;CO,C,Hy — s

Glyme

C,H,OH

CF, C‘:DCEHﬁ}z{-—:HCOz C,H;

CF;C(OC;H;),CH,CO,C,H,

step might come from a reversible condensation (Eq. 24). In contrast

— C;HOH

(C,H;0),P(O)CHCO,C,H; + CF,CO,C,H. =

(24)
(C;H;0),P(O)CH(CO,C,H;)COCF,

to the trifluoroacetate ester, trichloroacetate ester chlorinates the anion. The
presence of the chloroanion is shown by treatment of the reaction mixture with



isobutyraldehyde and isolation of the expected a -chlorolefin. The anion of
triethyl phosphonoacetate with monochloroacetate leads merely to
substitution.

(C;H;0),P(O)CHCO,C,H; + Cl,CCO,C,H, =CaHsOH

C1,CCO CLCCO
. I
?CDZCZH-, —— ClC‘:CD]CZH‘ —:'Ei'l—{ﬂi
(C;H;0),P(O) (C;H;0),P(0)

CL,CHCO,C,H; + (C;H;0),P(0)C(CI)CO,C,H,

3.2.4. Allenes
Allenes can be prepared by treating a phosphonate carbanion with a ketene.
(4, 101) The synthesis proceeds under milder conditions than the

(C,H.0),P(0)CHCO,C,H; + (C4H;),C=CO —
(CsH:),C=C=CHCO,C;H;

comparable Wittig reaction in which phosphoranes are employed. Recently the
preparation and optical resolution of some allene-carboxylic acids prepared by
phosphonate-olefin formation have been reported. (102) Allenes can also be

btained b o 3 btdind kh# SS9 lyli
obtaine [ u@ﬂﬁﬂ pHssHsges an allylic

type of stru

+

(CsH3),P(O)C=CR+R'MgX 155 {Can}zP{D}(‘f=’C\ MgX

RI
MgX H
A Mg it %
7oy g
CH{CHO, (- H,),P CHCH, 0, (C.H.).P CHCH; (25)
C C
! !
R/ \R, R/ \Rl
R

NaH, C6H50H=C=C\ + (C4H,),P(O)ONa*
Ri



this novel synthesis a vinyl phosphine oxide anion is treated with an aromatic
aldehyde. The starting anion is generated by adding a Grignard reagent to a
phosphine oxide alkyne. (104) Transformation of the allylic alcohol prepared
from the intermediate magnesium salt to a sodium salt promoted
decomposition to the allene. The sodium salt, in contrast to the copper or
magnesium salt, is unstable.

3.2.5. Imines from Nitroso Substrates

The reaction of nitrosobenzenes with phosphonate anions has been described.
(105) It is assumed that the mechanism for imine formation is identical to that
of olefin formation and a cyclic intermediate may take part. The preparation of
amidines is illustrative.

Sy
(CsH;0),P(O)CRNHR' + R’NO — (Cﬁﬂﬁo}zlr—(':—mﬂn‘ —
0O R
RIN=C({R)NHR' +(C,H 0}, P(O)O"

(R, R', R® =aryl}

Condensation of nitroso compounds with phosphonate carbanions forms the
basis of an interesting new pteridine synthesis. (106, 107) The first step, the
formation of nitrogen—carbon unsaturation upon addition of the

4,6-diamin y FTTTq I rs1 fotiovwwHd QY i
are high, ammm HH H ‘IG“

substituents in the pyrazine ring.




NH, NH,
1
3 N s R
k | /L\ | = 2
CeHs N N- R

CaH 50Nz PIOYCRCD;CoH,

(CaHsORLPIOICR 'CORY,

NH,
NZ
|

CsHy N H,

{CaHsO):PIOWCRCN

Only the teg o2 condary are
monomeric, Te (Ccce .1108) Thus
2-methyl-2-nitrosopropane reacts with triethyl phosphonacetate or methyl
(diethyl phosphono)- B -methylcrotonate in the presence of base to yield the
expected aldimines.

(CH4),CNO +(C;H;0),P(0)CHCO,C,H; — (CH,),CN—=CHCO,C,H.
(CH,),CNO +(C,H0),P(0)CHC(CH,)=CHCO,CH, —
(CH,);CN=CHC(CH,)=CHCO,CH,

3.2.6. Polymers

Attempts have been made to prepare conjugated polymers by means of the
phosphonate-olefin formation reaction. Polymer formation has succeeded
primarily by employing bisdialkylphosphonates and unsaturated dialdehydes
as co-reactants. (109) It is claimed that water-soluble phosphorus-containing
products can be prepared by carrying out the condensation in polar organic
solvents such as dimethylformamide. The formation of polymers from the



condensation of tetraethyl p-xylylenebisphosphonate with dialdehydes such as
p-C6H4(CHO)2, p-C6H4(CH :CHCHO)z,

4,4 -biphenylylenedicarboxyaldehyde, and 2,4,6-octatrienedial has been
described. (110) Tetraethyl 2-butylene-1,4-biphosphonate, tetraethyl
2,4-hexadiene-1,6-bisphosphonate, as well as
ethylene-1,2-bis(diphenylphosphine oxide), have also been employed as
substrates. Polymerization takes place under basic conditions in a variety of
solvents. The usually chrome-yellow polymers have not been fully
characterized.

3.2.7. Double-Bond Migrations

Many simple olefins formed by means of P(O)-stabilized anions lead to
products that undergo subsequent reactions. Double-bond migration is
observed under the basic conditions needed for phosphonate-olefin synthesis.
It is, however, not so prevalent as in a phosphorane-olefin procedure.

Both 1-methyl-4-(carbethoxymethylene)phosphorane and
N-methyl-4-carbethoxymethylenepiperidine isomerize under thermal
conditions. (111) The tendency for the phosphine and the amine to rearrange
is attributed in part to intramolecular catalysis at the basic centers. In

0
ﬁlj + (C,Hs0),P(O)CH,CO,C,H, —=,
P

i DDDDDDD%EIEDDD&
-
[

ICZHS

CH,
0
h + (C,H;0),P(0)CH,CO,C,H; =
N—-"
(L.l-h HCCO,C,H, CH,CO,C,Hs
N "N
&u, ¢n,

contrast, cyclohexylideneacetate, prepared by phosphonate-olefin formation,
does not thermally isomerize. (112) It has been reported that



N-benzoylpiperidone, when treated with triethyl phosphonoacetate, yields both
exo- and endo-cyclic unsaturation regardless of the base. (113) Here the
exocyclic ester is the initial product. In a similar study of

r]:ocnm

N
f + (C,H,0),P(O)CHCO,C,H; —

?DCE.HS (EDCGHS
N N
+
CzH SG:CCH C}12C02C2 HS

double-bond migration, 2-(cyclohexen-1'-yl)cyclohexanone was found to
produce an endocyclic nonconjugated ester when heated with triethyl
phosphonoacetate carbanion, but the normal exocyclic product with diethyl
cyanomethylphosphonate carbanion. (114) In contrast, the

CH,CO.C,H,

tcg HsO0):PIOMHC02CHs

Q—@ZIEIEIEIEIEIEIEIEIEIEIEI

" (C2Ha0)PIOCHCN

Reformatsky product was said to be the endocyclic conjugated ester. A3,
y-unsaturated ester was also reported as the major product obtained in one of
the key steps in the total synthesis of anthramycin.



CsH.CH,O
CH,

ZzI

O + (C,H,;0),P(O)CHCO,C,H; —

C:H.CH,O u 0
CH, N
N / CH:CD;CzHS

In the synthesis of emetines it was noted that an intermediate ketone
underwent phosphonate-olefin formation to give four products, the two epimers
of both geometrical isomers of an exocyclic olefin (Eq. 26). (115) When sodium
hydride is used as the base, only the cis and trans isomers of the epimerized
product are obtained. (116) The different result with respect to products was
originally ascribed to a difference in base strengths. Later the epimerization
was correctly attributed to excess

UOOOOO00000000400



C;Hs0Na

+ (C,H;0),P(O)CHCO,C:Hs —cxon”

+ trans isomer

(26)
HCCO,C,Hs
CH,0 CH;
CsHsONa N

C?H!DH 'CH3D

CH.
__H =—CH,
C,H;
C,H,0,CCH CH,CO,C;H,
+
cis isomer

base because only the geometrical isomers of the second unepimerized
exocyclic olefin are formed when excess base is avoided regardless of the

base used. ﬁ| 0G5 | B § vZHd | ofherization of
the starting ar petor fIT-00OT\ TOTTY ISunct possibility. The

exocyclic products in refluxing sodium ethoxide-ethanol isomerize to the
endocyclic isomer.

3.2.8. Miscellaneous Examples of Olefin Formation
Phosphonate-olefin formation has been used in the preparation of
2-cyanomethyl-1-cyanomethylenecycloalkanes, which when treated with
hydrogen bromide lead to functionally substituted azepines. (117)

The 3,4-dihydro-2 H-pyranylethylenes undergo a Claisen rearrangement to
yield cyclohexenes, a reaction that complements the usual Diels-Alder
synthesis of these materials. (118, 119) The starting materials,



{-CHZ}N _ {C‘Hz}“
z + (CH:),P(O)CHCN ——

HEr
(CeHs)z0

O "HCN
CN CN

(CHz).,

BI NH:

which are allyl vinyl ethers, are best prepared by treatment of ketene dimer
with a phosphonate carbanion (Eq. 27). Claisen rearrangement

| + (C,H;0),P(0)CHCO,CH, ——

1 + |
o)
CH,0,C_ H H™ CO.CH;

of the pure@ﬁﬁi -E»ﬂ e, a result

which would indicate that the stereochemical integrity of the ester is essentially
preserved in the product (Eqg. 28). The cis ester

| 0O 2307, + %
COCH, “cocH, (298)
H CO,CH, CO,CH,

CO,CH,

(27)

(§5%) {5%)

produces a more crowded transition state during rearrangement and thus is
more stable than the trans. The method is of value since substituted
cyclohexenes may be prepared in which the substituents have unambiguous
positions, a result that is not always possible in the Diels-Alder synthesis.

A single case of asymmetric induction by means of phosphonateolefin
formation has been reported. (120) Upon condensation with



4-methylcyclohexanone, the carbanion from diethyl
(-)-carbomenthoxy-methylphosphonate produces an ester that hydrolyzes to
an acid of 50% optical purity.

(C,H,0),P(O)CH,CO, -menthyl(—) + CHJJ_>=0 N
H

CH34<7_>:-::"X
N

COzH

3.3. Phosphonate-Olefin Formation in Natural Product Syntheses

The high order of stereospecificity and the experimental simplicity of the
phosphonate-olefin formation method have made it a popular route for the
introduction of unsaturation concurrent with chain lengthening. Its
development has occurred largely in natural product syntheses. Although a
comprehensive review is not intended, an extension of the examples
previously given is needed to acquaint the reader more fully with the scope of
the reaction. The tabular survey is intended as a complete listing.

The formation of predominantly trans unsaturation has rendered
phosphonate-olefin formation particularly attractive for the synthesis of
isoprenoid : S, i T d their
oxygenate d Lt mmﬂibes the
preparation of terpene alcohols in which olefin formation by means of the ethyl
a -diethylphosphonopropionate carbanion is a key step. (121-127) Specifically,
2,6-dimethyl-3,6-epoxyoct-7-enol[(x)-lilac alcohol] is prepared in a number of

steps in which a dioxolane obtained by phosphonate-olefin formation is a key
intermediate.




OHCCHzCHszHﬁ + (CH;0),P(0)C(CH:)CO,C;Hs —
0

C,H,0,CC(CH;)=CHCH,CH,CCH;

o o M
L

C,H;0,CC(CH,)=CHCH.CH,COCH, SHeCiMghi,
?H
C,H;0,CC(CH,)=CHCH,CH,C(CH;)CH=CH, JsL,

CH=CH,

C,H,0,CCH(CH;) LiAlH,
0" CH,
CH=CH
noca,chiciyL < 1
0° CH,

The first step in the total synthesis of the sesquiterpene,
(x)-4-demethylaristolone, requires preparation of ana,  -unsaturated nitrile.
(128, 129) The photolysis of several 1,6-dienes prepared by means

o}
@cn—-—cccm)g + (C;H;0),P(0)CHCN —
OO0000000O000
CH=C(CH.),
CH,

of phosphonate-olefin formation led to head-to-head cyclization. For example,
5-ketohexanal has been converted by this procedure into the naturally
occurringa-bourbonene. (130)

gt + 2 (C,Hs0),P(0)CHCOCH, —
CHO

COCH,

H‘I“Hcocm i :[

RCH=CHCDCH; COCH
3




The phosphonate-olefin formation procedure has been used with notable
success to prepare carotenoids and related compounds. The syntheses of
trans retinoate and retinol with radioactive carbon at the ten position has been
accomplished. (131) A phosphonate anion was used in an early stage of the
synthesis.

+ (CH,0),P(0)"*CHCO,CH, —

14
q/\‘fcoz{:}h

Phosphonate-olefin formation is especially suited to synthesis of **C-labelled
isoprenoid alcohols. The label can be introduced near the end of the reaction
seqguence, and a high trans/cis ratio is obtained. An example is the
condensation of all-trans farnesylacetone with labelled methyl diethyl
phosphonoacetate-2-**C. (132) The trans product can be separated from the
cis and reduced to geranylgeraniol-2-*C by means of lithium aluminum
hydride. B -Carotene has been

INENE NN NN

RCH,COCH, +(C,H,0),P(0)"*CH,CO,CH, ————
iAIH,
RCH,C(CH,)=CHCO,CH, —— s RCH,C(CH,)=*CHCH,0H

= (CH,),C=CH[CH,CH,C(CH,)=CHCH},

prepared in good yield by condensation of retinyl phosphonate with vitamin A
aldehyde. (133)



CH,P(O)(OC,Hs): +

CHO

MaH

Phosphonate-olefin formation has been employed extensively in the
preparation of terpenoids that may possess insect juvenile hormone activity.
An example is the final step in the synthesis of sirenin, a sex hormone. (134,
135) A similar route was used to prepare various

OHC NaH
4+ (C;H;0),P(O)CH(CH,)CO,C,H, —>

CO;R

C,H.0,C
CO;R

wenoas (AR R RN

exceptionally high specificity. (136) In their preparation, unsaturation is
introduced by means of the olefin-formation reaction. A similar
phosphonoacetate approach using 2-*C-phosphonate was employed in the
synthesis of a **C-labelled juvenile hormone needed for biological studies.
(137) The juvenile hormone isolated from abdomens of adult male Cecropia
moths, methyl 10,11-epoxy-7-ethyl-3,11-dimethyl-2,6-tridecandienoate, has
been independently synthesized by a route in which phosphonate-olefin
formation was used before final epoxidation. (138-142)



W + (CH,0),P(O)CH,CO,CH, T
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The synthesis of the four geometrical isomers of (x)-pyrethric acid has been
described. (143) The effect of substituents and geometry of the aldehyde on
the final stereochemistry of the product is of interest. The trans aldehyde ester
gives the trans,cis product (R = CHs) with only 17% stereoselectivity, while the
cis aldehyde ester gives the cis,cis compound with 45% selectivity (Eq. 29).
The four separated t-butyl

{CH;];COZCA— CHO + (C,H,0),P(O)CHRCO,CH, —

cis or rans

(CH:),co. \/ muqu%mcg _coucH (29)

L “®

H CO,CH,

CLg, F@ns OF brany, trans

cis, Ci5 Or frans, cis

esters may be selectively hydrolyzed to the four geometrical isomers of
(x)-pyrethric acid. The trans aldehyde ester condenses with methyl
diethylphosphonacetate (R = H) to give the trans,trans product with more than
93% stereoselectivity. With diethyl 1-cyanoethyl-phosphonate, which is
considered to allow rather loose steric control, the trans,trans product is
formed with only 70% stereoselectivity. The
H

X b=

“CcH

H CHO -
+ (CH;0),P(O)C(CH;)CN ——

{CH_\LCOzC :H [.CH3}1CD]C H



trans,cis (z)-pyrethric acid prepared from the trans aldehyde ester after slight
structural modification has pronounced toxicity to horseflies. The yield of
trans,cis t-butyl ester from the trans aldehyde ester starting material is
increased from 17 to 61.5% by carrying out the phosphonate-olefin formation
at low temperatures (—60° vs. room temperature). (31) The temperature effect
is believed to reflect the lack of equilibration between the various betaines at
low temperature.

Phosphonate-olefin formation has received significant application to
prostaglandin chemistry. It has primarily been employed to complete the
synthesis of the C-8 side chain. (144-150) The reaction has been used

{CH 2}5CDQCH_‘.|
OHC 0 a
Dj + {CH}D}IP{D}CH]CDC:;H1 1 -n bttt
CH,CO;
o E?HE}ECDQCHEL
O
n-CsHy, = j
O
CH,CO;

in a synthesis of the C1; epimers of the natural E; and F; hormones. (151)

NN NN

+ (CHjD}zP(D}CH-zCDC_r,H“‘H MP
CH,O OCH, CHO

NO,
(CH,)sCN

CH,O OCH,CH=CHCOC,H,,-n

Treatment of steroid aldehydes and ketones with phosphonate anions has
transformed them into potentially biologically active compounds. For example,
it has been found that triethyl phosphonoacetate anion when added to
3-oxosteroids gives a single geometrical isomer that can be transformed in a
number of steps into a cortical side chain. (86) The reason for single isomer
formation is uncertain; indeed, a change in base from sodium hydride to



potassium t-butoxide leads to formation of the opposite isomer as the major
product. In a less

CRH 7

+ (C,H,0),P(O)CH,CO,C,H, -,
H \_\
C,H.0,CC :
L] H

straightforward side-chain modification, cardenolides are obtained by
condensing a C-20 ketone with diethyl cyanomethylphosphonate. (152-155)
An iminolactone intermediate is postulated. The yield of cardenolide is
substantially reduced as a result of formation of an a, § -unsaturated nitrile with
the nitrile and acetoxy groups trans, a situation that prohibits ring closure. The
cardenolides inhibit cell growth and

CH.OCOCH,

C—0
CH,0COCH,

COO0000 HCN
CH,CO; + (CHs0),P(O)CH,CN ———
HN
0 0
N\ N\

CHa2OH+HCI

" {

(24-65%)

have an effect upon heart muscle. In summary, phosphonate-olefin formation
is firmly established as a synthetic tool in natural product syntheses, a use
which will undoubtedly become even more wide spread.



4. Comparison with Other Methods

Of the numerous methods available for introducing unsaturation accompanied
by chain elongation, olefin formation by means of phosphoryl-stabilized anions
has a number of advantages. They are particularly noteworthy when a direct
comparison is made with alternative procedures involving Wittig reagents
(phosphoranes). The latter generally do not undergo smooth alkylation. In
contrast, numerous examples of both alkylation and acylation of
P(O)-stabilized carbanions have been reported (Eg. 30). (4, 63, 92, 93,
156-160) Thus a means is provided

e . (RO),P(O)CHR'R® ———_,
{ h { } 2. R'Rico (30)

R'R*C=CR'R’+(RO),P(0)O"

(RO),P(O)CHR'

for the elaboration of structure that greatly extends the utility of P(O)-stabilized
carbanions in olefin formation. It is also apparent that phosphoryl-stabilized
carbanions are more nucleophilic, the lower nucleophilicity of the
phosphoranes arising from the delocalization of the negative charge by
overlap of the filled orbital of negative carbon with an empty phosphorus 3d
orbital. Delocalization is less in the P(O)-stabilized anions because of a smaller
positive charge on phosphorus, a result of back donation from oxygen.

Direct comparisons between P(O)-stabilized carbanions and phosphoranes
have been g :

diphenyl—b E HMm bromide
was carried out by treating a mixture containing one equivalent of each with
one equivalent of benzaldehyde. With one equivalent of base,
triphenylphosphine oxide predominated in the product whereas with excess
base diphenylphosphonic acid predominated. In the latter case

(CsHo)sPCH,CH; Br +(CyH.),P(O)CH,CoHy — %

CyHCHO

CsH:CH=CHCH; + (CsH;):P(O) +(C.H;),P(OYOH

it was estimated that about 90% of the stilbene was produced by reaction of
the phosphinoxy carbanion with aldehyde. The experiments provide evidence
that, although the phosphonium salts are more acidic than the phosphine
oxides, the carbanions from the latter are more nucleophilic and thus more
reactive than Wittig reagents. Further evidence was provided by treatment of a
phosphine oxide-phosphonium salt with benzaldehyde in the presence of
excess base (Eq. 31).



[P-(CeH);P(O)CH,CoH,CH,P(CoH);1BI™ + (CoHs),00 ——— (
31)
[p'E‘CE'H5}2C=CHC""H4CH:P[C~3[’{5}3]BI"' +(CsHs),POH

Phosphonate carbanions with their negative charge stabilized by a carbonyl
group react readily with ketones, whereas their phosphorane counterparts are
much less reactive. (4, 45, 160) Treatment of a mixture of one equivalent of
diethyl benzylphosphonate and one equivalent of benzyltriphenylphosphonium
bromide with an equivalent of benzophenone and excess base led to olefin
formation with 70% recovery of the unchanged phosphonium salt. This result
provides good evidence

(C;H:0),P(O)CH,C:H; +[(CsH,);PCH,C.H.]'Br~ 1-C,H 0K
{CsH 00

(CsH;5),C=CHC:H; + (CsHs),P(O) + (C;H;0),POH

that phosphonate carbanions are more nucleophilic than phosphoranes. In
contrast, diphenyl triphenylphosphoranylidenemethylphosphonate, which is
stable and capable of isolation, was found to give exclusively trans diphenyl
vinylphosphonates when treated with aromatic aldehydes (Eq. 32). (161) Here
the difference in nucleophilicity

o IORERONGEROIRRR

is immaterial and the results indicate that phosphine oxide elimination from a
betaine is more facile than phosphate monoanion elimination.

Perhaps as a consequence of their relatively low reactivity in olefin formation,
the Wittig reagents give more artifacts. (56) The Wittig reaction of a trans allylic
phosphorane and n-hexanal (Eq. 33) yields not

n-CsH,,CHO +(Cg¢H;),P=CHC(CH;)=CHCO,CH, —
n-CsH,,CH=CHC(CH,)=CHCO,CH, (33)
+n "Cj H 11 CH=C{C02CH3}C{CH3}=CH2

only the four possible geometric isomers of the expected diene, but also both
geometric isomers of the diene arising from y condensation. (57) In contrast,
the analogous trans phosphonate provided only the trans-2-trans-4, and
trans-2-cis-4 isomers of the a condensation product in a 6/1 ratio. Also,



double-bond migration especially from an exo- to an endo-cyclic position is
more prevalent in products obtained from a Wittig reagent than in those
obtained from phosphonate anions. (111)

The workup of reaction mixtures and subsequent isolation of products are
relatively simple when phosphonate anions are employed. The desired
unsaturated compounds can be readily separated from the highly
water-soluble alkali metal dialkylphosphate salts. Indeed, when solvents of low
polarity are used, the phosphate salt ordinarily precipitates and can be
removed by filtration. In contrast, phosphine oxides, the by-products of the
Wittig reaction, normally have solubilities similar to those of the olefins; hence
elaborate procedures are often needed for their removal.

There is a distinct difference in the isomer content of olefins prepared by
phosphonate-olefin formation as compared to those from Wittig reagents. The
former usually give a much higher percentage of the trans isomer. (18, 24, 91)
For example, the reaction of pivaldehyde with the phosphorane (CgHs)3:P=
CHC7H1s-n produces a product containing 98.5% of cis-1-t-butyl-1-nonene. In
contrast the condensation of a -lithio-n-octylphosphonic acid bisamide with the
same aldehyde yields the olefin in a 3/1 mixture of trans to cis. (34) Diphenyl
benzylphosphine oxide with benzaldehyde in dimethylformamide gives a 3/97
ratio of cis and trans stilbenes, whereas the analogous phosphorane, (CeHs)3P
=CHCe¢Hs, under identical conditions yields a 60/40 isomer ratio. (162) In a
final example the preparation of 3,3,5-trimethyl-1-phenyl-1,4-hexadiene by the
Wittig method gives a mixture of isomers in which the cis predominates in a

Ei\gg)o_l;_ PC;;/eZi, jmmmmlmm trans isomer.

(C2H50)2P(OICHC,H;

\\.
CHO
Hs CeH

appears to vary to a greater degree with solvent polarity with Wittig reagents
than with phosphonate anions.

In reactions from which diastereomeric 3 -hydroxyphosphonates or
B-hydroxyphosphonamides can be isolated, separated, and decomposed to
olefin stereospecifically, the advantages over Wittig reagents are obvious.
Although attainment of predictable and complete control of stereochemistry by
this method is within our grasp, the technique is in its infancy and will require
more information than is now available.



Introduction of unsaturation with chain-lengthening can, of course, be
accomplished by an older method, the Reformatsky reaction. The Reformatsky
reaction is well known to produce, in many instances, low yields and numerous
side products, especially those arising from double-bond migration. (114, 164,
165)

In a few cases, anions stabilized by groups other than the P(O) group have
been reported to give carbonyl addition products that decompose to olefins.
Sulfinamide dianions react with either aldehydes or ketones to give addition
products that can be isolated. (166) Upon heating, the adducts decompose to
olefins often in high yields. In a similar manner certain 3-hydroxy sulfoxides
can be converted into olefins, although

RCH,SONHCH,CH,-p 2n:Csfeli, RCHSONCAH.CHy-p LARC,

Li Li
1|:}H
R' RZC(ljl-iSONHC(,H4CH3-p Lo, R'R?*C=CHR + 50, + p-CH,C;H,NH;
R

high temperatures are required. (167) The procedure appears to offer no
advantage over phosphonate-olefin formation.

_ OH
oo BRIIHEEBEREEHDE, ..

{CﬁH‘i }2C='(:H2
(45%)

More recently the condensation of ethyl trimethylsilylacetate carbanion with
carbonyl compounds has been reported to produce a , B-unsaturated
carboxylic esters. (168) Yields of over 80% are obtainable

(CH, ),NLi
—

(CH,),SiCH,CO,C,H,

[(CH,),SiCHCO,C,H JLi* —F2£2, R R,C=CHCO,C,H,

even in the case of readily enolizable ketones, e.g., cyclopentanone. With
Wittig-type reactions, proton transfers often complete with carbonyl addition.



5. Preparation of Phosphoryl-Stabilized Anions

Besides ease of workup and relatively high yields, it is the availability of
starting materials that often makes phosphonate-olefin formation the method
of choice. Wittig reagents (phosphoranes) are commonly derived from
phosphines which, in turn, often require Grignard reagents in their preparation.

PCl, +3 RMgX — R,P+3 MgX,

R,P+R}CHX — (R,PCHR.)*X ——» R,P—CR.,

Triphenylphosphine is commercially available, as are a few trialkyl phosphines.
Phosphine oxides also require the preparation of a phosphine, although the
problem is further complicated in that the desired phosphine normally does not
contain identical alkyl groups attached to phosphorus. Oxidation of the
phosphine yields the oxide. Tertiary phosphine oxides may also be prepared
directly by action of a Grignard reagent on phosphorus oxychloride. The
synthesis has no apparent

advantage over the first method and addition must be conducted in a
progressi sippfstimpdfe it sylfrdbolfarl o AL e o
procedure is often tedious. Perhaps the most efficient procedure for placing a
desired alkyl group on phosphorus entails the isomerization of an ester of
phosphinous acid. The reaction is an

R,POR’+R"X — R,P(O)R"+R'X

example of the general Michaelis-Arbuzov rearrangement that is more simply
carried out with triesters of phosphorus acid (trialkyl phosphites). (169) The
latter are much more readily available than the esters of phosphinous acid and
are the genesis of the phosphonates.

Trialkyl phosphites are commercially available at reasonable cost. Their
laboratory synthesis merely entails the addition of a phosphorus trihalide,
usually the chloride, to an alcohol in the presence of an acid scavenger. The
Michaelis—Arbuzov reaction produces phosphonates

3 ROH +PCl, — (RO),P+3 HCl



from phosphites by expansion of the valence shell of the phosphorus atom and
is a prime example of this unique aspect of organophosphorus chemistry. The
P(O) bond energy is sufficiently high that its attainment renders the reaction
thermodynamically desirable and outweighs any detrimental factors. Triethyl or
trimethyl phosphites are

(RO)P+R'X — (RO)L,P(OIR'+RX

normally employed. A wide variety of alkyl halides, primarily those capable of
undergoing bimolecular nucleophilic displacements, can be used successfully.
The reactivity sequences are: acyl > primary alkyl > secondary alkyl; and
iodide > bromide > chloride. A limitation of the Michaelis—Arbuzov reaction is
the formation of isomeric vinylphosphates. The Michaelis-Arbuzov reaction
has been adequately reviewed. (169, 170)

The Perkow reaction is possible whenever a -halo-aldehydes,-ketones, or a
-halo esters are used. (171) Here also valency expansion of phosphorus is
involved, the initial attack of phosphorus being believed to be at oxygen rather
than at carbon.

(RO),P + XCH,COR' — (RO),P(0)OC(R")=CH,

With a —trihm !EE ﬂ gﬂaand -ketones,

vinyl phosphates are the preferred products; with a-monohaloketones,
phosphonate formation competes successfully and can be made to
predominate. The ratio of phosphonate to vinylphosphate is dependent upon
the halide used and the reaction temperature. Higher temperatures appear to
favor phosphonate formation. a-Chloro-ketones give predominantly the vinyl
analog, a-bromoketones give better yields of the phosphonate,
anda-iodo-ketones produce phosphonates almost exclusively. Thus with
carefully controlled conditions those phosphonates normally required for the
formation of P(O)-stabilized carbanions can be formed in high yield.
Unfortunately, a-haloketones that have halogen on a secondary carbon react
to a significantly greater extent by the Perkow reaction than do those with
halogen on a primary carbon. By necessity, therefore, the synthesis of a
1-alkyl-2-ketophosphonate must be accomplished by the alkylation of a
phosphonate carbanion and the phosphonate cannot be prepared directly by
the Michaelis—Arbuzov reaction.

Trichloroacetates give both Perkow and Michaelis—Arbuzov products, whereas
thea-monohalo-esters and -amides regardless of the halide appear to give



predominantly the desired phosphonacetates. Since a-haloaldehydes do not
yield phosphonates but react with trialkyl phosphites almost exclusively by the
Perkow route, an indirect route must be employed to prepare formyl
phosphonates. The acetal of a-bromoacetaldehyde can be employed in the
normal Michaelis—Arbuzov manner followed by hydrolysis. (172)

(C,H,0),P+BrCH,CH(OC,H,), —rs

(C;H.0),P(O)CH,CH(OC,H,), %_;

(C,H;0),P(O)CH,CHO +2 C,;H;OH

Tetraalkyl phosphonosuccinates can be prepared by adding a trialkyl
phosphite to a monoalkyl ester of maleic acid. (173, 174) The phosphonates
condense with aldehydes to give olefins in yields that are superior to those
from comparable Stobbe syntheses. (175)

HCCO,CH,
(CH;0),P + || — (CH,0),P(O)CH(CO,CH,)CH,CO,CH, 2L,
HCCO,H

RCH=C(CO,CH;)CH,CO,CHj;

DOO000D000000000

The Michaelis—Arbuzov preparation of phosphonates is supplemented by the
Michaelis—Becker—Nylen reaction, nucleophilic substitution of halide ion by
salts of dialkyl hydrogen phosphonates.

(RO),P(O)Na +R’X — (RO),P(O)R’ + NaX

Ordinarily the sodium or potassium salts of the diethyl esters are used. There
are limitations. In some cases side products severely lower the yield of the
desired phosphonate. Where possible, depending upon the structure of the
halide, elimination often competes with substitution. From a-haloketones a
mixture of products is obtained in which a 1,2-epoxyalkylphosphonate is a
major component. (170, 176-181)



R,
MNaX I
(RO),P(O)Na+XCH,COR, — (RO),P(O)C—CH,+(RO),P(0)OC(R,)=CH, +

0
(RO),P(O)CH,COR,

In order to overcome epoxide and vinyl phosphate formation, a novel synthesis
based on the Michaelis—Becker—Nylen reaction has been developed. (178,
182) The acetal of an a-haloketone is converted into an enol ether by heat
before treatment with the sodium salt of the phosphonate esters.

Heat

XCH,C(OR'"),CH;R B ———

(C,H,0),P(O)Na
i e
ROH

XCH,C(OR"=CHR

(C,H+0),P(0)CH,C(OR')—CHR ———— (C,H.0),P(0)CH,COCH,R

HCI

Ethynyl phosphine oxides and phosphonates can be prepared by yet another
procedure. Di-n-butyl propynyl-1-phosphonate is obtained from the addition of
an acetylenic Grignard reagent to dibutyl phosphorochloridate. (183, 184) A
convenient preparation of dialkyl ethynylphosphonates

cnc=cvB AR E IS REE R

has been reported that employs the previously described Michaelis—Arbuzov
reaction. (185) The acetylenic phosphonates and

(RO),P+CIC=CSiMe; —
(RO),P(0)C=CSiMe; + RCl ——» (RO),P(0)C=CH

phosphine oxides are important because additions to the triple bond give rise
to other classes of phosphonates and phosphine oxides that are capable of
participating in olefin formation.

A final procedure for the preparation of organophosphorus compounds
containing P(O) groups requires addition of dialkyl phosphites, (RO),P(O)H, or
phosphonous acids, R,P(O)H, to double bonds. Many substrates suitable for
olefin synthesis have been prepared by this method. (186) In a similar fashion,



under basic conditions diethyl phosphite adds successfully to azomethines.
(187, 188)

The utility of phosphonate-olefin formation and phosphine oxide-olefin
formation is enhanced by the large number of procedures that have become
available for the modification of the phosphoryl substrates. In this manner the
range of olefins that can be prepared by these methods is greatly extended.
Alkylation and acylation of anions have been mentioned.

A few additional procedures should be brought to the reader's attention.
Preferential alkylation at the y -carbon atom of a 3 -ketophosphonate takes
place upon treatment of a 1,3-dianion with an alkyl halide. (189) Alkylation at
the y position appears to be highly specific. It has been reported that
P(O)-stabilized anions undergo

(CH,0),P(0)CH,COCH, ————> (CH,0),P(0)CHCOCH, ———

(CH,0),P(0O)CHCOCH, ﬂ% (CH;0),P(O)CH,COCH,R
(CeHs):P(O) + CH,Li (CeH4),P(O)CH, + CH Li ——>

HOOOOCAG LIy co.s

2.H"

carbonylation. (190, 191) Carbonylation of anions may assume some
importance in light of the recent report that phosphonate anions also undergo
carbonylation to give phosphonoacetic acids. Salts of the latter are active
olefin-formation reagents and indicate the possibility of a direct synthesis of a,
B -unsaturated acids with a dialkyl phosphite as the starting material. (192)

5L

(RO),P(O)H — {RD}ZP{GJCHJ_‘—;?-—;-

21i-CyH,),NLi = RO
(RO);P(O)CH,CO;H ———"—> (RO),P(0)CHCO; ——~—-> R,C=CHCO,H

(60-80% )

Phosphonate carbanions condense with esters, a reaction that may in some



cases be an alternative route to a-phosphonoketones. This method was used
in a modification of the phosphonamide route to olefins. (11) The preparation
of the starting methylphosphonic acid bisamide is included in the scheme.
Similarly, properly substituted

2ICH ), NH

CH,Cl+PCl, ———— CH,P(0)Cl, ———> CH,P(O)N(CH,),J, ',

C,H,CO.CH,

CH,P(O)[N(CH,),],

CsHsCOCH,P(O)[N(CH,);]»

phosphonate anions undergo Dieckmann cyclization. (193)

C;H:0Na
———

(RO),P(O)CH(CO,C,H4)(CH,),CO,C,H;

O

CO;CIH: P(O}{DR}Z
HaD
P(OXOR),

Addition of an anion across an activated double bond is another method of
modifying a phosphonate substrate. (93, 156, 194-196) Such Michael-type
additions are typical of carbanions, so it is apparent that phosphonate

carbanions are Caﬁmﬁﬁlﬁeﬂomﬂ normal carbanlonlc Iﬁaﬁons

(C,HSO}zF[O}CHQCDCHs+CH2=CHC01CH3 C ” m“

(C;H;0),P(O)CH(COCH,)CH,CH,C0,CH,

The addition of amines to alkynyl-1-phosphonates and thiophosphonates has
been described in a series of papers. (42-44, 197, 198) The adducts can be
hydrolyzed to the useful B -ketophosphonates. If primary

(C;H;0),P(S)C=CR —s (C,H,0),P(S)CH=C(R)NR, —>»
(C:H:0),P(S)YCH,COR

amines are employed, then the enamine phosphonates can be either
hydrolyzed to ketones or, as stated earlier, converted into anions from which q,
B-unsaturated ketimines can be prepared by olefin formation.



gem-Diphosphonates are best prepared by a double Michaelis—Arbuzov
reaction. Treatment of methylene dibromide with two equivalents of a trialkyl
phosphite, preferably triisopropyl phosphite, gives the best yields. The
Michaelis—Becker—Nylen reaction is less satisfactory because disodium diethyl
methylenebisphosphonate is the major product upon treatment of methylene
diiodide with sodium diethyl phosphate. If the substitutions are carried out
stepwise, then fair yields of the tetraalkyl ester can be obtained. (199) The
preparation of gem-diphosphonates

(RO),P(O)Na+ CICH,P(O)(OR), — CH,[P(O)(OR),}, + NaCl

has been reviewed. (200) They are easily converted into their carbanions
which can be alkylated, halogenated, and generally undergo all
carbanionic-type reactions. (157) Thus structural modification of the
diphosphonates allows a practical synthesis by olefin formation of a variety of
a, B -unsaturated phosphonates.

Dialkyl phosphoroamidates are prepared by one of two methods, treatment of
a dialkylphosphorochloridate with an amine or, more

(RO),P(O)Cl+2 RNH, — (RO),P(O)NHR + RNH,CI-

conveniently, by addition of dialk ite to a primar amlne and carbon
tetrachloridﬁ ﬁhﬁ ﬁD

The base required for the conversion of a dialkyl phosphonate into its anion is
dependent upon the acidity of the substrate. The acidity will increase with the
inclusion of electron-withdrawing groups capable of aiding the P(O) function in
delocalizing the negative charge. The carbonyl and cyano groups have been
used extensively and such phosphonates are converted most conveniently into
their anions by addition to a slurry of sodium hydride in an inert solvent such as
dimethoxyethane. After hydrogen evolution, which normally takes place at
room temperature, has ceased, the co-reactant is added; one then sees an
almost immediate precipitation of sodium dialkylphosphate. With less acidic
dialkylphosphonates other techniques and stronger bases must be employed.
The anion of diethyl benzylphosphonate, for example, cannot be preformed.
Although hydrogen is evolved upon warming a sodium hydride slurry that
contains the phosphonate, subsequent addition of a carbonyl compound does
not produce olefin. Under the higher temperatures needed for anion formation
the benzylphosphonate is unstable as evidence by the viscous intractable
character of the final product. These undesirable consequences are overcome
by preparing the benzylphosphonate anion in the presence of the carbonyl



co-reactant. Under such circumstances excellent yields of phenyl-conjugated
olefins are often obtained. Simple allylic phosphonates having no other
electron-withdrawing groups are less acidic than benzylphosphonates.

Dialkyl phosphonates that contain no additional anion-stabilizing groups
require bases stronger than the hydride ion for their conversion into anions.
Thus n-butyllithium in tetrahydrofuran at —78° has been used to convert
phosphonates such as RCH,P(O)(OCHs),, RCH2P(S)(OCHj3),
RCHzp(O)(NRz)z, CH3SCH(R)P(O)(OC2H5)2, and CHZZ
CHCH,SCH(R)P(O)(OC3Hs)2, where R is either hydrogen or an alkyl group,
into their o-lithio derivatives. (10, 11, 33, 35, 51) With the exception of the first,
the salts give olefins when treated with ketones. Other bases have been
employed, e.g., Grignard reagents, sodamide, potassium t-butoxide,
phenyllithium, and alkali metals in inert solvents. (201) As pointed out earlier,
the stability of the intermediate betaine prepared from the anion and carbonyl
compound is highly dependent upon the nature of the metallic cation. Thus,
although the lithium salt of diphenylbenzylphosphine oxide with benzaldehyde
gives no olefin, the B -hydroxy intermediate can be isolated. Conversion of the
intermediate into its potassium salt affords the olefin stilbene in good yield.
(202) The potassium anion of benzylphosphine oxide, on the other hand, gives
stilbene directly when treated with benzaldehyde.

CoHsLi

(CsHs),P(O)CH,CH;s

0 O

For phosphonates of relatively high acidity, sodium ethoxide in ethanol often
proves to be a suitable medium for olefin formation. (203) Sodium ethoxide in
ethanol may have certain advantages in large-scale preparations. A distinct
disadvantage is that an extraction step is required to remove the product.

(CeHs),P(O)CHCH, F-<H,

It is apparent that weak bases such as amines cannot be employed. In such an
environment knoevenagel-type condensations with concurrent water formation
appear to take precedence.

For the most part inert polar solvents are preferred where both the
phosphonate carbanion and product are soluble and the sodium phosphonate
is insoluble. Tetrahydrofuran, dimethoxyethane, hexamethylphosphoramide,
and dimethylformamide are in this class. Benzene and cyclohexane have also
been used.



6. Reactions That Do Not Give Olefinic Products

6.1.1.1. Cyclopropanes and Aziridines

There are a number of reactions of phosphoryl-stabilized anions that do not
produce unsaturation and that deserve special attention. Perhaps the reaction
that bears the closest resemblence to olefin formation is between phosphorus
anions and epoxides to form cyclopropanes. The mechanism of the reaction is
assumed to be similar to that of epoxides with phosphoranes. (4, 204, 205)
The initial step is believed to be a displacement of the oxide bridge by the
carbanion to give what may be a cyclic intermediate. The second step entails
the cleavage of the P—C bond with subsequent inversion at carbon upon
breakage of the C—O bond and ring closure. The reaction between optically
active styrene oxide and phosphonate carbanions proceeds with inversion at
the asymmetric center. (206) Since only

-DHP _(OR),
s "~ “‘T':HR*
C,H.CH—CH, + (RO),P(O)CHR' — =
v : & C.H.CH—CH,

CHR'

o : .
CsH:CH—CH; + (RO),F(O)O

trans-substituted cyclopropanes have been reported, a cyclic intermediate is
highly sus ﬂ m open-chain
structure amm ﬂmm prepared.
Thus attack by benzaldehyde at the 3 position of a phosphonate with a cyano
group vicinal to phosphorus gives an intermediate betaine that does not

decompose to a three-membered ring. (60) Instead a benzyl diethyl phosphate
is isolated. This example

CH,CHO

CsH;CH(CN)CH(CN)P(O)OC;Hs), =T

&

C,H,CH(O")C(CN)(C4Hs)CH(CN)P(O)(OC,H,), — 2,
C.H.CH[OP({O) fGCzHSh]C{CN}{CﬁHS}CH;CN

may not be representative because steric factors may prevent formation of a
cyclic intermediate or its decomposition to a three-membered ring. Indeed, the
yields of cyclopropanes prepared by the phosphonate-carbanion method
appear to increase as the size of substituents in the epoxide become smaller.
(182)



The greater nucleophilicity of the P(O)-stabilized carbanions over the
phosphoranes becomes quite evident upon comparison of their reactivity
toward epoxides. Thus triphenylcarbethoxymethylenephosphorane, PhsP =
CHCO,C:Hs, on treatment with styrene oxide gives ethyl
trans-2-phenylcyclopropanecarboxylate in 21% yield under forcing conditions
(120°), whereas the same product is produced in 40% yield under much milder
conditions with the corresponding phosphonate. (4, 207) The reaction of
tri-n-butyl carbethoxymethylenephosphorane with various epoxides has been
investigated, and it has been found that the products are not cyclopropanes
but predominantly a , B-unsaturated esters. (208, 209) The formation of the
latter involves either a hydride migration or, in the case of cyclohexene oxide, a
ring contraction (Eqg. 34). In contrast the analogous phosphonate carbanion
produces the

/‘O""\-‘
CH.(CH.);CH—CH, + (n-C,Hy),P=CHCO,C;H; —
CH3{CH215CH=CHC02C2H5

H=CHCO,C,H;
CDD + (n-C,Ho),P=CHCO,C,H; — + (34)
(D2-959)
CHCH,CO,C,H,
+ @»cozcms
(2-5%) (3%

ﬁ a ﬁl'ﬂ ﬁ treated with

cyclopropa@@m E
cyclohexen ) &8 10 008
{CZHSD}zptﬂ}CHQC()zCzHg + ()O -—ﬂ;

@CDECZHs + (C:H;0),PO,"

A number of cyclopropane syntheses are of interest, but one in particular
deserves special mention. Treatment of an enamine phosphine oxide with an
epoxide in the presence of base yields cyclopropyl ketimines. The products are
subsequently hydrolyzed to the corresponding cyclopropyl ketones. (42-44)




(Can)ﬂP(D}CH=C{R!]NHR ;:_:._%. RI“AC{R1}=NR Hy0"

RZ—ACDR'

(40-70%)

s

A variation of the cyclopropane synthesis that employs nitrones in place of
epoxides has recently been reported. (210, 211) The reaction, which in all
probability also proceeds via a five-membered cyclic intermediate, represents
a novel approach to the synthesis of aziridines.

O O
- 1 NaH,
I:QH‘CHZN(_'] e R _-,CHE—ILJ:C‘H;| + (CH;0),P(O)CH,CO,C,H;

CH,—CHCO.,C,H; + CsH; C{l—EHCDiczﬂﬁ

| )
CH,C.H, CH,
{40%) trans  {20%)

6.1.1.2. KnpeyenHgdl CHNd
KnoevenagQ@@v@e@pﬁospﬂ%@c@o@ions and

ketones and aldehydes have been investigated. (212-218) The condensations
are conducted in the presence of only a trace of base. Benzene is commonly
used as solvent and often water is continuously removed as formed.
Numerous vinylphosphonates

(C,Hs0),P(0)CH,COR + R'R*CO —22,

R! REC*—_C(CGR}P(D)(Dcsz)z

have been prepared from phosphonates having highly reactive methylene
groups. Recently, similar condensations have been conducted in
tetrahydrofuran with titanium tetrachloride and an organic base as catalysts.
(219) Both triethyl-alkylidene and -arylidene phosphonoacetic acids and
tetraalkyl-alkylidene and -arylidene methanebisphosphonic acids can be
prepared by this method. The products are easily hydrogenated with sodium
borohydride in ethanol or catalytically to the corresponding saturated
compounds in nearly quantitative yields. The role of the titanium tetrachloride



is to stabilize the intermediate betaine by forming a cyclic titanate ester. Such a
structure prevents normal olefin bond formation by dephosphonation.

H P{OWOC.Hs);

: P(OWOC,H;);
D__} D — + Ti(O)Cl, + HCl
i
£ XN
Cl' ¢y €l O

In a related condensation, epoxyphosphonates can be prepared by the
reaction of the anion of diethyl chloromethylphosphonate with aldehydes and
ketones. (220) In this analog of the Darzens synthesis,

R'R*CO + CICH,P(0)(OC,H;), — R'Rz\ /P(O}{OCZHS}I
o

elimination of chloride ion from the initially formed betaine adduct competes
successfully with olefin formation.

A number of cyclizations are important. The Michael addition of a phosphonate
carbanion to a 3 -trichloromethyl vinyl ester gives a new carbanion that
subsequently loses chloride ion with ring closure. (100)

checri—chdpi 1 1EH.dEABMulfo BDQDDEIC. 8
DA
C

|
(C;H:0),P(O)CHCH—CHCO.R
Cl Cl Dz CZHS
(C.H.0),P(O)CH f CO.R

CO,C,H;
Phosphonates with reactive methylene groups react with aryl azides or nitrile

oxides under basic conditions with formation of heterocyclic phosphonates.
(221) A novel ring contraction has been observed that



H,N P(O)(OC;H;),

(C;H.0),P(O)CHCN

involves a phosphonate carbanion. (222) No mechanism was given.

‘ ‘ + (C,H.0),P(0)CH,CH=CHCO,C,H, %

Cl N=N Cl

UOOOOO00000000400



7. Experimental Conditions

The starting phosphonates are most easily obtained by the Michaelis—Arbuzov reaction.
Normally the halides and phosphite are heated without a solvent until weight loss due to
removal of the volatile alkyl halide ceases. Triethyl or trimethyl phosphite is the most
convenient to employ because the corresponding bromides are very volatile. The product
is purified by fractional distillation.

Except when the phosphonate intermediates are unstable, e.g., the benzylphosphonate
anion, the carbanions are formed before addition of the co-reactant. If the a hydrogens are
sufficiently acidic, sodium hydride is the preferred base. The rate of evolution of hydrogen
can be followed and the point at which conversion is complete determined. With a -trialkyl
phosphonoacetates or dialkyl cyanomethylphosphonate, hydrogen evolution occurs at
room temperature. With sodium hydride the production of a nonvolatile side product is
avoided; therefore product workup is simplified. A 50% slurry of sodium hydride in mineral
oil is commercially available. It is resistant to atmospheric moisture and is stable
indefinitely. (223)

Although most aprotic solvents have been employed, ethers have found the most favor.
The choice of solvent is predicated to a degree on the boiling point of the product; the
solvent should be easily separated from the product by distillation. Glyme has been most
widely used. Although certain protic solvents, e.g., alcohols, have allowed favorable
product yields, the by-product, a diester of sodium phosphate, owing to its solubility is not
easily separated from the reaction mixture. Often it is desirable to separate the

o e mebe BT IO e
might be wa D D

Normally a solution of the co-reactant in the reaction solvent is added at room
temperature. Precipitation usually occurs merely by stirring the reaction mixture and
heating is unnecessary. Yields are usually higher if elevated temperatures can be avoided.
Reaction mixtures are usually allowed to stir at room temperature for 24 hours to assure
complete reaction.

The ease of workup is perhaps the most appealing aspect of the phosphonate method.
The reaction mixture may be diluted with a large quantity of water, in which the by-product
dialkyl phosphate is soluble; and, if a water-immiscible solvent is employed, the layers
separated. If a reaction is carried out in glyme, the homogeneous solution obtained upon
dilution with water is extracted with a hydrocarbon solvent. The product is obtained from
the water-insoluble layer by evaporation after drying.



8. Experimental Procedures

The example of the preparation of a dialkyl phosphonate has been chosen to
illustrate a typical Michaelis—Arbuzov reaction. Since phosphonic acid
bisamides may assume importance in the future, especially when the
phosphonates themselves are not acidic enough to form anions, an example of
their preparation is also included.

Procedures have been selected which make apparent the simplicity of
synthesis. Although the base and solvent are often varied, procedures are
uniform and straightforward.

8.1.1.1. Triethyl a -Phosphonopropionate (224)

Triethyl phosphite (17.5 g, 0.10 mol) was added dropwise to 18.1 g (0.10 mol)
of ethyl a -bromopropionate at room temperature with stirring. After
approximately one-fourth of the phosphite had been added, the mixture was
warmed until an exothermic reaction started. The remaining triethyl phosphite
was then added at a rate sufficient to maintain reflux. The ethyl bromide
by-product was allowed to escape. The mixture was refluxed for 1 hour and
distilled to give 14.6 g (59.4%) of product, bp 93—-95° (0.85 mm). The coupling
constant between phosphorus and the a-methine proton is 24 Hz (CDCls).

8.1.1.2. Methylphosphonic Acid Bis(dimethylamide) (33, 225, 226)
Phosphorus trichloride (69.3 g, 0.48 mol alumlnum chlorlde 80 g, 0.60 mol),
and methyl I“@“ m E stirred with
external cooling (to moderate the exothermlc reactlon) at room temperature for
4 hours. The mixture was dissolved in 900 ml of methylene chloride and

120 ml of water was added slowly with cooling. The solid was removed by

filtration and the filtrate evaporated under reduced pressure. Distillation, bp 60
(11 mm), gave 33.5 g (53%) of methylphosphoric dichloride, mp 34°.

To dimethylamine (18.0 g, 0.40 mol) in 250 ml of ether was added, at 0° under
nitrogen, 10.0 g (0.0753 mol) of methylphosphoric dichloride. The solution was
stirred at 0° for 1 hour and at 25° for 3 hours. The dimethylamine hydrochloride
precipitate was removed by filtration and the filtrate evaporated under vacuum.
Distillation of the residue afforded methylphosphonic acid bis(dimethylamide)
bp 74-75° (1.5 mm), 10.0 g (89%). The nmr spectrum (CDCl3) showed a
doublet at 1.61 ppm.

8.1.1.3. Diethyl N-Dimethylaminophosphoramidate (81)

To a stirred solution of 138 g (1.0 mol) of diethyl phosphite, 154 g of carbon
tetrachloride, and 250 ml of xylene was added dropwise at room temperature
(external cooling was needed) 118 g (2.0 mol) of unsym-dimethylhydrazine.



The mixture was stirred at room temperature for one-half hour and filtered. The
filtrate was evaporated under vacuum and the residue distilled to give 120.5 g
(61%) of product, bp 85° (0.25 mm).

8.1.1.4. Ethyl Cinnamylideneacetate (227)

Sodium hydride (50%) (2.4 g, 0.05 mol) was added to 100 ml of dry
tetrahydrofuran. The slurry was cooled to 0°, and 12.5 g (0.05 mol) of triethyl
phosphonocrotonate was added dropwise with stirring. After the addition the
solution was stirred at 0° for 10 hours. To the brown solution, maintained
below 0°, 5.3 g (0.05 mol of benzaldehyde was added dropwise and the
solution stirred at room temperature for 7 hours. After evaporation of the
solvent at reduced pressure, a gummy precipitate appeared. A large excess of
water was added and the product was extracted with ether. The ether, after
being dried over magnesium sulfate, was removed and the residue distilled,
giving 4.1 g (41%) of pale-yellow liquid, bp 130-132° (1 mm), ”11::‘1.6120;

infrared cm™: 1625 and 1600.

8.1.1.5. Methyl Deca-trans-2,trans-4-dienoate (54)

Methyl 4-diethylphosphonocrotonate (20.0 g, 0.085 mol) and n-hexanal (8.5 g,
0.085 mol) in 50 ml of redistilled dimethylformamide were vigorously stirred at
room temperature and 5.4 g (0.1 mol) of sodium methoxide in dry methanol
was added dropwise during 1 hour. The solution was diluted with an excess of
water and then extracted several times with petroleum ether and the extracts
washed with water. Evaporation and distillation gave 3.8 g (25%) of product,

bp 71-73° (0.4 mm).

+210 wbHNO0000000000

To a slurry of 2.4 g of sodium hydride (0.05 mol of 50% dispersion) in 100 ml
dry 1,2-dimethoxyethane was added 11.4 g (0.05 mol) of diethyl
benzylphosphonate and 5.3 g (0.05 mol) of benzaldehyde. The mixture was
heated slowly with stirring to 85°. At 70° there was a large evolution of gas and
the appearance of a semisolid precipitate. The solution was refluxed for
one-half hour, cooled, and diluted with a large excess of water. The solution
was filtered and the precipitate recrystallized from alcohol to afford 5.6 g

(62.9%) of product, mp 124-125°, spectroscopically identical with
trans-stilbene.

8.1.1.7. Ethyl Cyclohexylideneacetate (112)

Full details for the preparation of ethyl cyclohexylideneacetate from the anion
of triethyl phosphonoacetate and cyclohexanone in 70-80% yield are given in
Organic Syntheses. (112)

8.1.1.8. Ethyl a -n-Butylacrylate (4)



To a slurry of 18.4 g of sodium hydride (0.38 mol of 50% dispersion) in 100 ml
of dry 1,2-dimethoxyethane was added slowly at room temperature 86 g
(0.384 mol) of triethyl phosphonoacetate. The solution was stirred until gas
evolution had ceased. n-Butyl bromide (52.6 g, 0.38 mol) was added and the
solution heated to 50° for 1 hour. After cooling to 10°, 18.4 g of sodium hydride
(0.38 mol of 50% dispersion), was added all at once. The slurry was allowed to
come slowly to room temperature with stirring, during which time rapid
evolution of gas took place. After gas evolution had ceased, about 1 hour at
room temperature, a mixture of 1.21 g (0.38 mol) of dry paraformaldehyde in
50 ml of dry 1,2-dimethoxyethane was added at 20° during 1 hour. The mixture,
which contained a gummy precipitate, was stirred for 1 hour and diluted with
250 ml of water. The aqueous layer was extracted with two 100-ml portions of
ether, the combined ether layers dried over magnesium sulfate, and the
solvent evaporated under reduced pressure. When distilled, the residue (bp
68—69°, 100 mm), gave 38.4 g (60%) of ethyl a-n-butylacrylate; infrared cm™:
1640.

8.1.1.9. 1-Carbethoxy-2-phenylcyclopropane (4)

Triethyl phosphonoacetate (22.4 g, 0.1 mol) was added dropwise with stirring
to a slurry of 5.0 g of sodium hydride (0.104 mol of 50% dispersion) in 100 ml
of dry 1,2-dimethoxyethane at 25°. After the addition the solution was stirred
for 1 hour or until gas evolution had ceased. Styrene oxide, 12.0 g (0.1 mol),
was added and the solution refluxed for 4 hours. After cooling, 250 ml of water
was added and the aqueous solution extracted with two 100-ml portions of
ether. The combined ether extracts were dried over magnesium sulfate,
evaporate de ed nressiy | Sl isti give 8.0 g of
product, '-Wolﬂ ﬂ !‘ﬂ disil ﬁ d on standing

(mp 37-38°); infrared cm™: 1020 (cyclopropane).

8.1.1.10. 1,1-Diphenylethylene (Preparation of a 8 -Hydroxy Phosphonamide
Adduct and Its Decomposition) (33)

To a stirred solution of methylphosphonic acid bis(dimethylamide) (1.0 g,
6.67 mmol) in 15 ml of dry tetrahydrofuran, under nitrogen at —78° was added
4.35 ml (6.95 mmol) of a 1.6 M solution of n-butyllithium in hexane. To this
solution with stirring at —78° was added 1.091 g (6 mmol) of benzophenone in
one portion. The reaction mixture was stirred at —78° for one-half hour and
then allowed to warm to room temperature, after which 10 ml of water was
added and the mixture was extracted with ether. The extract was washed with
water, dried over magnesium sulfate, and evaporated to yield a white solid.
Recrystallization from pentane-ether afforded 1.89 g (95%) of the
-hydroxyphosphonamide adduct, mp 155-157°.

A solution of 1.55 g of the B -hydroxyphosphonamide adduct in 25 ml of
benzene containing 3.2 g of silica gel was heated at reflux for 12 hours. Ether
(25 ml) was added and the mixture filtered. Evaporation of the solvent and



distillation of the residue afforded 0.785 g (93%) of 1,1-diphenylethylene
spectroscopically identical with authentic material.

8.1.1.11. Dimethylaminoisocyanate (81)

To a slurry of 9.6 g (0.2 mol) of 50% sodium hydride in 200 ml of dry benzene
was added 39.2 g (0.2 mol) of diethyl N-dimethylaminophosphoramidate. The
mixture was stirred at room temperature for 12 hours during which time the
stoichiometric quantity of hydrogen was evolved. Carbon dioxide was slowly
passed through the mixture at 10°. When gas absorption had ceased, the
mixture was allowed to come to room temperature. Upon long standing (6 days)
a precipitate formed which was removed by filtration. The precipitate was
extracted with 11 of hot benzene from which the product was obtained by
cooling and filtering. It could be purified further by sublimination at 130-140°
(0.025 mm) to afford 5.59g (32%) of colorless material, mp 178°. The
hygroscopic  product gave the correct elemental analysis for
dimethylaminoisocyanate; however, titration and mass spectroscopy indicated
that it was a dimer, mol wt 175.

UOOOOO00000000400



9. Tabular Survey

The tables are compiled on the basis of product type. Within each table the
entries are arranged in order of increasing number of carbon atoms in the
phosphoryl reagent. They are subdivided with the non-phosphonyl-containing
reactant also listed in order of increasing carbon atom number. Where there is
more than one reference and yields are reported, the highest yields are given
along with the corresponding base and solvent. Data are taken from the first
reference cited.

A number of abbreviations are used: glyme (dimethyl ether of ethylene glycol),
THF (tetrahydrofuran), HMPT (hexamethylphosphoramide), DMSO (dimethyl
sulfoxide), and ether (diethyl ether).

An attempt was made to report all pertinent reactions appearing in the
literature through December 1975 and several additional ones noted in early
1976.

Because phosphoryl anions have found utility primarily as olefinformation
reagents, the tables are concerned primarily with this reaction. Table X is the
exception since it includes a list of reactants and reagents for which, although
anions are involved, phosphate elimination is not a condition for product
formation.

UO00000000000040
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Table Ill. Unsaturated Esters from Phosphoryl Reagents Containing a
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TABLE L

OLEFINS FROM ALKYL (ARENYL) PHOSPHORYL REAGENTS

(R),P(O)CHR} + R*R*CO —— R?’R*C=CR} + (R),PO;

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
CH,
C, (CH,0).P(S)CH, n-C,H,LiyTHF ij (31) 10
t—C.Hq—<:>=0 n-C,H;Li/THF 3-C4H¢—<:>=CH2 (52) 10
(CeH5),CO n-C,H;Li/THF (CeHs),C=CH, (81) 10
OCH,CsHj; OCH,;C¢Hs
(CH,0);P(O)CH, n-CH,Li[THF J/:;b (-) 66
(0]
OCH,C¢Hs H,CeHs
(ﬁ:b n-C H,Li/THF ) 66
C:  (CH,0)P(S)C:Hs Ce¢HsCOCH, n-C,H,Li/THF CeHsC(CH3)=CHCH, (53) 10
r-C4H,,—-Q=0 n-C H,Li/THF :-C,l-l;.—<3=£:!-lCH3 (75) 10
(CsH5)2CO n-C H,Li/THF (CeHs),C=CHCH, (93) 10
HyCeHs OCH,C¢Hs
(CH,0),P(0)C;H; n-C H,Li/THF (-) 66
(0]
Cs (C;H;0),P(0)CCl, (CH,),CO n-CH;Li/THF (CH,),C=CCl, (47) 228
1-C,H,CHO n-C.H,Li 1-C.H,CH=CCl, (55) 228
(0] CCl,
(C;H50);P(O)CHCl, é LiCCl,/THF é 77 369
Cl,
Cl Cl
LiCCly/THF (71) 369
(CHa),
(CH,0)P(S)CH(CH3), g) n-C,H,Li/THF (68) 70
2
[(CHS),NLP(O)CH, 5 n-C H,Li/THF (78) 11,33

Note: References 228-415 are on pp. 250-253.



TABLE I. OrLerFiNs FROM ALXYL (ARENYL) PHOsPHORYL REAGENTS

(R),P(O)CHR} + R?R*CO —22» R?R*C=CR} +(R),PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs 0] CH=CH,
(Contd.)
n-CHsLi/THF 67) 11,33
CsHsCHO n-C. H,Li/THF CsHsCH=CH, (53) 11,33
(C;H;0),P(0)CHCl, p-CICsH,CHO LiCCl,/THF p-CICsH,CH=CCl, (67) 369
= p-FCH.CHO LiCCl,/THF p-FCH,CH=CCl, (80) 369
[+ -]
0 CCl,
é’ LiCCl,/THF CJ:I/ (78) 369
(C;Hs0),P(0)CCl, CsHs;COCH,4 n-C,H;Li/THF CsHs(CH5)C=CCl, (69) 228
ccl,
(C;H:0),P(O)CHCl, LiCCl,/THF (84) 369
o CHO CH=C(Cl,
(013/ LiCCl,/THF C:@/ (62) 369
LiCCl,/THF Cl, (80) 369
(CHJO)!P(S)CH(CHS)Z f‘CAHU_C>=0 "‘CAHBLmF t'(:41'16) {CH_;): (71) 10
[(CH;);NLP(O)CH; !-QH9—<:>=0 n-C,H,Li/THF :-C.Ha—<___>=CH; (65) 11,33
o cCl,
(CH,).C (CH,),C.
(C;H;0),P(O)CHCl, LiCCly/THF (90) 369
— o CClz
B i-C3Hy i-C3H;
LiCCly/THF (70) 369
o) >
LiCCl,/THF (88) 369
(CH5)=CH, (CH;3;=CH;
[(CH,).NLP(O)CH, n-Cy,Hz;CHO n-C H,Li/THF n-Cy;HzsCH=CH, (70) 11,33
(CH,0),P(S)CH(CH3): (CeH;).CO n-C4H,Li/THF (CsHs),C=C(CH,). (80) 10
[(CH;):N].P(O)CH, (CsHs).CO n-C,H;Li/THF (CsHs),C=CH:. (93) 11,33
CCl,
(C;H;0),P(O)CHC, LiCCL,/THF “‘ (70) 369

Note: References 228-415 are on pp. 250-253.
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TABLE 1.

OrerFins FROM ALKYL (ARENYL) PHOSPHORYL REAGENTS

(R),P(O)CHR} +R*R*CO ——= R*R*C=CR} +(R),PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
CHC;H-;-!‘I
Cs (CH,0);P(S)C Hs-n n-C Hg;LifTHF é (61) 10
(n-C3H5),CO n-C.H,Li/THF (CH;CH,CH,);C=CHC:H,-n  (69) 10
(9] =CHCH,;
[(CH,).NLP(O)C;Hs n-C,H;Li/THF (79) 11,33
C¢HsCHO n-C,H,Li/THF CeH;CH=CHCH, (90) 11,33,34
(CH,0),P(0)CH,CH=C(CH,)Cl CeH;CHO NaH/glyme C¢HsCH=CHCH=C(CH,)Cl (—) 61
[(CH3).N]:P(O)C;H; CsHsCOCH, n-C,H;Li/THF CgHsC(CH,)=CHCH,; (90) 33
:-QH.,_D: n-C,H,Li/THF l-C‘H4—<:>=CHCHg (80) 11,33
(CH,0),P(S)C.Hs-n (CeH;).CO n-C,HoLi/THF (CeHs)2C=CHC;H;-n  (88) 10
[(CH5);:NLP(O)C;H;s (CeHs):CO n-CH,Li/THF (CsH:),CO=CHCH, (90) 11,34
o4 [(CH,),N),P(O)CH,CH=CH, (CH,),CO n-C. H,Li/DMF (CH,),C=CHCH=CH, (50) 29
7
N\
[ /P(O)CHZCH=CH2 (CH,),CO n-C H,Li/THF (CH5),C=CHCH=CH, (75) 29
L
CH,COC,H; n-C.H,Li/THF C:H:C(CH,)=CHCH=CH, (90) 29
t-C,H,CHO n-CH,Li/THF (CH,);CCH=CHCH=CH, (50) 29
/A
A\ cHO - H=CH/© i)
(CH;0),P(O)CH; S ] \g glyme 4—{ 29
S
S
(65)
/ -\ NaH/ m Q 229
Q\CHO glyme S —CH
(CH;0),P(O)CH, CHO CH=CH
?\—‘/\; \ {r‘j\ NaH/glyme ! s\; E! \) «6) 229
s s S
/Q Q NaH/glyme Q\Cﬂiﬂ/@ 52) 229
(CH;0),P(0)CH, CHO
(CH,0),P(O)CH, CH
A\ NaH/glyme h‘cu A\ 41 9
L B S
(CH,0),P(0)CH,
’ \ Na}{; f' \ / \ 60 229
CH&HO pinse CH(Q‘CH#H’Q &
/\ NaH/glyme & ' Y @3 229
Q\coc:ﬂ, s (CH;}=CH’©
CH;
| CH=CH,
N\
E _P(O)CH,CH=CH, n-C.HoLi/THF (90) 29
N
|
CH;3
CsH,CHO n-C,H,Li/THF C4H;CH=CHCH=CH, (60) 29

Note: References 228-415 are on pp. 250-253.



TABLE I. OLeriNs FROM ALKYL (ARENYL) PHOsPHORYL REAGENTS
(R),P(O)CHR}+R*R*CO —— R2R3C=CR2 +(R),PO; (Continued)
No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
C, OCH,C¢H; 2CsHs
(Conud.)
(CH,0),P(O)CH,CH,- CH,C(Cl)=CHCH S
CH=C(CI)CH, n-C,H,Li/THF
O
i O)POYCH @ -)
SC; (CH: ]2P( )’C 2= 0 H-C.'W 66

(CH2):CH(OCH;):

(C.H;0),P(O)CH;” S

cronror{ )
£
S

(C;H;0),P(O)CH;

€51

Csz

] CJ:;b—ocn

Br

s

§° CHO

ﬂ\CHO

S

CsHsCHO

0-HO;CCsH,CHO
CHO
4 : :CO,H

CHO

Br : CO.H

CHO

cl
\O;OZH

Cl

( Z)ZCH(OCHB)Z

-C,H,Li/THF ZCGPIS ( u )

(CH,),CH(OCH3),

CH,ONa/DMF l—) (=)
CH—CH
NaH/glyme
(68)
QCH:CHD
CH,
NaH/glyme d (40)
i
CH=CH
CH;ONa/DMF [ \; D =)
Br S
-CHOK/-CHoon  CotisCH =)
i\
CH,ONa/DMF —HO,CCJ-LCH—CH’Q e
A
CH=CH S
CH,ONa/DMF Q (88)
Cl CO;H
i E
CH=CH S
CH,ONa/DMF /O: a2
Br CO,H
A
CH,ONa/DMF H=CH" S

66

230

229

229

230

231

232

232

232

232

Note: References 228-415 are on pp. 250-253.
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TABLE I. OLeFiNs FROM ALKYL (ARENYL) PHOsSPHORYL REAGENTS

(R),P(O)CHR! + R?R*CO —225 R*R*C=CR} +(R),PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Gy
(Contd.) ﬂ CHO ﬂ
(C,H;0),P(O)CH; S /@: CH;ONa/DMF CH=CH" ~g
(Contd) CH,0 oM /@: (82) 232
CH.O CO,H
CH,P(0)(OC,Hs),
c m (- S @)
10 NaH/glyme 400
cl cl 07 “cHO /@C
Cl 1
H=CH—O
8 — Y @
N“"CHO | 400
| o’ N CH,
CH,
l w L 0
H,P(0)(OC;Hs), CHO S CH=CH__~_
' O e Qe .
Br~ "N “pr Z Br” "N “Br N
= = 233
(C:H;0),P(0)CH,(CH=CH),CH, | P NaNH,/THF | / 27
N CHO N “CH=CH(CH=CH),CH,
OCH,; OCH,
| E NaNH,/THF | & (22) 233
NZ N7
CHO CH=CH(CH=CH),CH,
« CH:P(O)(OC,Hy),
H «CH=CHC¢H;
Cl N al CsHsCHO NaH/glyme Q (56) 400
cl” N al
HCHzP(OJ{OQHs)z - CH=CHC¢H;
| CsH;CHO NaH/glyme m (72) 400
a” S N"a a” N"q
(C:H50),P(0)CH,CH(OC,Hj), CsH;CHO NaH/glyme CsHsCH=CHCH(OC;Hs). (95) 234
) .
|
(C,H:O),POYCHS N I NOH, H,O/CH,Cl,,  CeH;CH=CH” "N (71) 367
(n-C4Ho),N*T
| | (a5) 382, 367

C,H;CH=CHCHO

NaOH, H;O/benzene,
(n-C.H, JIN* { i

C¢Hs(CH=CH); N

Note: References 228-415 are on pp. 250-253.
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TABLE 1.

OLerFins FROM ALKYL (ARENYL) PHOSPHORYL REAGENTS

(R),P(O)CHR! + R*R*CO —=2» R?R*C=CR! + (R),PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cio
(Contd.) x CHZP(O}(OCAHS)Z (CH=CH)2C6H5
X neacn T
Br” N7 Br Br” N7 Br
‘f CHO NaNH,/THF N~ “CH=CH(CH=CH),CH; (60) 235
C(CsHs), C(C4Hs)s
Cu (C:Hs0),P(O)CH, CsH; C;H,CHO NaH/cyclohexane CsH;CH=CHC;H; (30) 162
Q\ CH,ONa/DMF @ an 236
CHO O” “CH=CHCH;
@\ CH;ONa/DMF @ (84) 236
g~ "CHO S” "CH=CHCgH;
—=
| CH,ONa/DMF l 75 2%
N”™cHo N” “CH=CHC¢H;
CHO ~CH=CHC¢Hs
(j/ CH,ONa/DMF U (58) 236
N N
CeH;CHO 1-C,H;OK/DMF CsH;CH=CHC,Hs (80) 204, 4,
162,236
(C,H;0),P(O)CHBrCsH.NO;-p CHs;CHO C;H;ONa/C;Hs;OH CsHsCH=CBrCsH,NO-p (—) 62
(C;H50)2P(0)CH,CeFs C4FsCHO NaH/glyme CeH;CH=CHCF; (63) 237, 396
(C;:H;0);P(0)CH,CsHs CsH;COCH; CH,ONa/DMF CgH;CH=C(CH,)CHs (—) 2
p-CsH,(CHO), t-C,H;OK/DMF p-CsHJ(CH=CHCH,); (78) 88,204
(CH;),C=CHC(CH,),CHO NaH/glyme (CH;);C=CHC(CH,),CH=CHC¢Hs (—) 163
(C2H;0),P(0)CH,C<H,F-2,6 0-C¢H4(CHO), CH,0ONa/DMF 0-CeH(CH=CHC:H,F;-2,6); (14) 75
(C;Hs0),P(O)CH;CsHs @\_/1‘\ KOH/DMF @\_1 (-) 238
0~ “cHO O” “CH=CHCH;
(C2Hs0),P(O)CH,C¢H,Cl-p EI_% KOH/DMF Q\_jil\ (=) 238
0 (o) O~ “CH=CHC4H;Cl-p
(C2H;0),P(0)CH,CsHs 3,5-(CH,0),CcH,CHO CH,ONa/DMF 3,5-(CH;0),CsH;CH=CHC:Hs (91.5) 239
CsHsCH=CHCHO t-C HsOK/DMF CsHs(CH=CH),CsH; (80) 240, 204,
382
(C;H;0),P(O)CH,CsH,Br-p CsHsCH=CHCHO NaOH, H,0/CsHs p-BrCsH,(CH=CH).CsHs (81) 382
(?I-C.-Hu]aN*r
(C2Hs0),P(O)CH,CsHs p-CeHy(CH=CHCHO), C;H;ONa/C;HsOH p-CeHL[(CH=CH),CcHsL (=) 88
/
Q NaH/glyme Q (=) 241
HO CH=CHCH;
(CeH5):CO NaNH,/CsH (CoHs),C—=CHCHs  (88) 17,2,
204,242,
243
CeHsCH=CHCOCH; NaH/glyme CsH;CH=CHC(C4Hs}=CHCeH; (—) 96

Note: References 228415 are on pp. 250-253.
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TABLE L
(R),P(O)CHR:+R?R*CO —/——

OLEFINS FROM ALKYL {ARENYL) PHoOsPHORYL REAGENTS

R*R*C=CR;+(R),PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
CII
L T & ST
(C;H;0),P(O)CH,—s N7 CH—=CHC,H;
(CH,),CO NaH/glyme o
/)\C (73) 46
0 N H=C(CHa3),
é NaH/glyme o
77) 46
Sy
L - £ .
3 glyme
N""“cHo J\CH=CH SN” (65)
(C2H50),P(0)CH,CsH,CN-p <:>=O NaH/glyme <:>=CquCN-p =) 413
S
{QHSO},P{O}CHZ—<N CH,(CH=CH),CHO NaNH,/THF —(CH=CH),CH, (48) 233
o"j( CH;CHO NaH/glyme >L/L g (80) 5
(CH,OLPOICHS N CHE=CHCH:
n-CgH;3CHO NaH/glyme )(j\ (72) 46
CH=CH-"“C¢H|]‘H
(C2H;50),P(0)CH(CH,)CsHs CsHsCHO NaH/DMF CeHsCH=C(CH,)C¢Hs (61) 39
/l:‘j( CH;COCH, NaH/glyme f\ (57) 46
(C;H50);P(O)CH;CeH,CN-p @\_/l\\ KOH/DMF Qj\ (=) 238
O~ "CHO O” “CH=CHC,H,CN-p
(C2H;0);P(0)CH,CeH.CO;H-p m KOH/DMF m (=) 238
O” ~cHo O~ “CH=CHC,H,CO,H-p
Cis
/]\ (CeH,),CO NaH/glyme >[L 3 (77) 46
H;0),P(0)CH
{CZ 5 )2 ( ) 2 CH_—C(C6 5)2
(C:H;0),P(0)CH,;CH=CHC,H; @\ NaOH, H,0/CeHs, (84) 382
O~ "CHO (n-CoHg) N1 (CH_CH]2C6HS
“ =
. ] NaOH, H,0/CH,, (1 (59) 382
N“">cHO (n-CJHg)N'T- SN

(CH=CH),C¢Hs

Note: References 228-415 are on pp. 250-253.



091

191

TABLE I. OLEFINS FROM ALKYL (ARE.NYL) PHosPHORYL REAGENTS

(RO),P(O)CH(R')CN +R?R*CO —= R’R*C=CR! +(R),PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
CIJ
(Contd.) I |

,[ I j | | NaH/DMF CH=<=\ NCH: (- 244

(C:H;0).PO)CH] N N N 0 )
CH,

O\ NaH/DMF Cﬂ\ /Q 244
N CHO CH=CH

0

A)j( C.H.CHO NaH/glyme r J\ (75) 46

(C;Hs0),P(O)CH(CH,)” N C(CH;)—=CHC¢H;
(C;Hs0),P(O)CH,CH=CHC:H, C¢HsCHO NaOH, H,O!E;E—Iﬂ. CsHs(CH=CH).CsHs (70) 382
p-0,NC¢H,CHO Na(zll-(l:‘l!'{lz)e)r;r(;zh, p-0.NCsH,(CH=CH).CsHs (57) 382
CsHsCH=CHCHO N:SE‘EZETC:H,, CsHs(CH=CH);CsHs (80) 382
(n-C4Ho) N1

(C2H50),P(0)CH,CsH,CO.CH,-p Oj\ KOH/DMF m( (-) 238
0" “cHo o

H=CHC5H4C02CH3-9

(QH;O);P(O]CH;—Q— OCH; CH;OCH20~Q—CHO NaH/glyme —Q—C —Q—OCH;OCH; 245

OCH,3 CH,0 CH;0 OCH, (62)
(CsHs);P(O)CH, (C¢H,).CO NaNH,/CsHe (CeH;),C=CH, (70) 243,242
[8) CH,
Cia f\/O CH,(CH=CH),CHO NaNH,/THF m (60) 233
(C;H;0),P(O)CH;” N N™ ™(CH=CH),CH,
(C;H;0);P(O)CH ,OCH CH,0CH CH=CH H,;OCH,
- rQ—ocﬂ P ot O Nabgiyme ’ zO_Q _Q_OC Ty S
OCH, CHy CH,0 H,
(CsHs):P(0)C;Hs (CeH5),CO NaNH,/CeHs (CéHs):C=CHCH; (—) 2423‘.‘302.
Cis (C:H50),P(0)CH;C;0H,-1 0. t-C,H;OK/DMF 1-C;oH,CH=CHC;oH>-1 (50) 246
(C¢H;),P(O)CH,C;Hs C<H;CHO NaH/DMF CsHsCH=CHC;H; (8) 162
(CeHs):P(O)CH,CH=CH, (CeHs),CO 1-C{HyOK/CgHs (CsHs);C=CHCH=CH; (—) 242
Cis (CéH5),P(O)CH,C:H,-n CeHsCHO 1-C4H;0K/CsHs CsHsCH=CHC;H-n (—) 242
(CsHs),CO 1-CsHsOK/CsHs (CsHs),C=CHC:;H;-n (=) 242
(CetpapOICH—| (CHa)CO -C.H,OK/C,Hs cne—ci—<_| 9 247

Cir CH;0 NaH/glyme

Note: References 228415 are on pp. 250-253.
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TABLE I. OLeFiNs FROM ALKYL (ARENYL) PHospHORYL REAGENTS
(R),P(O)CHR;+R*R*CO =, R?*R*C=CR}+(R),PO; (Continued)
No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Ci
(Contd)) |
(C:Hs0);P(O)CH;CeH.CeHi-p m\ KOH/DMF CD\CH% 238
o CHiCeHs-p ()
Cis (QH,hP(O)—Q CH,CHO n-CH;Li/ether (CsHs),P(O)— =) n
OH
(C;Hs0),P(O NCH;3 CsH;CHO NaH/glyme CgH;CH: NCH; (-) 248
m-0,NCsH,CHO NaH/glyme m-0,NCsH,CH: CH; (-) 248
p-CH,0C:H,CHO NaH/glyme p-CH;0CgH,CH: NCH; (-) 248
Cio (CsHy)2P(O)CH,CsHs [0 7 t-C.H,;OK/DMF CsHsCH=CHCH; (88) 246
(CsH3);P(O)CH,CeH;Cla-3,4 0. 1-C,H,0K/DMF 3,4-Cl,CeH;CH=CHC:H,Cl,-3,4 (80) 246
(CsHs),P(O)CH,CsHs C;H;CHO NaH/DMF C¢Hs;CH=CHC,H; (23) 162
C;HsCOCH, 1-C,H,OK/CsHs CsH;CH=C(CH,)C,Hs (54) 2
i-C;H,COCH, t-C HyOK/CcH, i-C3H;C(CH3)=CHC¢Hs (—) 2
CHCgH;
1-C{H,0K/C4Hs 47) 242
CHO CH=CHC¢H;
U -C.H,OK/C4H CH, O’ (58) 2
N7 N”
i = -CH,OK/CH,CH; | (47) 2
P N
N
CHsCHO 1-CH,OK/CsH, CsHsCH=CHCH; (70) 162, 2,
204,242
CsHsCOCH,4 1-C,H,OK/CsHs CsHs(CH,)C—=CHC¢H;s (60) 2,242
CeHL(CHO),-p 1-C.H,OK/CsHsCH, CeH (CH=CHCsHy).-p (57} 2,242
CeHs;CH=CHCHO 1-C.H;K/DMF CeH;CH=CHCH=CHCH; (52) 2,204,
242
(CsHs)2CO 1-C,H,OK/CsHs (CeH;),C=CHCsH; (70) 2,204

Note: References 228-415 are on pp. 250-253.
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TABLE L.

OLeFINs FROM ALKYL (ARENYL) PHOSPHORYL REAGENTS

(R),P(O)CHR.+R’R’CO —=, R?R*C=CR! +(R),PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cio (CsH;).P(O)CH,CsH;s (Conid.)
(Contd.)
t-C,H;OK/CsHg 2
(o]
C¢H;CH=NC,H; 1-C,H;OK/DMF C¢HsCH=CHCH; (73) 246
CsH;COCOC:H; t-C,HoOK/CsHsCH, [CeHsCH=C(CsH:)]. (50) 2,242
p-OHCCH,CH=NNHCeH; 1-C,H;0K/CsHs p-CsHsCH=CHCH,CH=NNHC¢H; (76) 204
tqu,owomur%mc.u, C4H;CH, NaH/glyme Q“’C“’D'Q‘CH"_Q_OCH’C’H’ (58) 245
y CH,0 CH,0 OCH,
(QH,),P(O}CH(CH,»-@ 0. n-C.HsLi/ether CH’CO_O ) 377
CH,CHOH
CH,CHO n-C HsLi/ether (CsHs)zP(O}é(Cﬂz)—Q =) 3n
CeH,CHO NaH/DMF CGHSCH=C(G{3)_O =) 377
CﬁH,ﬁ:HOH
CsHsCHO n-C,HsLi/ether (CGHS}BP(O)C(Cﬂa)_Q (-) 377
(CeHs).P(O)CH(CH;)CeHs CeH:CHO 1-C4H;OK/CsHs C H;CH=C(CH;)C:Hs (—) 242
C:z (CeHs):P(O)CH(C4H;)C(CH5)=CH, CeHsCHO n-C.HsLi/ether (CsH5)2P(O)C(CHs)=C(CH;)-
CH,CH(C¢Hs)OH (—) 377
Cis (CsHs)2P(O)CH,CyoH,-1 0, t-C,H;OK/DMF 1-C;oH,CH=CHC,H,-1 (90) 246
W‘:}m
& CH,;ONa/pyridine 6n 133
* (CHONPOICH, T Vﬁ/\j;g
Car (CeHs):P(O)CH2C(CsHs)=CHCsHs 0, t-C,H,OK/DMF CsHsCH=C(C¢Hs)-
CH=CHC(CsHs)=CHC¢H;s (16) 246
Cas (CeH;),P(O)(CH2) P(O)(CsHs)z (CsHs)2CO t-C,HoOK/CsHsCH, (CeHs):C=CH(CH.)sP(O)(CeHs)2  (37) 249
Czo (CsHs)2P(O)(CH2)sP(O)CsHs)z (CsH5)2CO t-C,H,OK/C¢HsCH, (CeH;),C=CH(CH,);P(O)(CsHs). (32) 249
C [P‘{CGHS):P{O)'
* CH,CsH,CH,P(CsHy)s]'Br~ C¢H;CHO 1-C,H;OK/DMF [p-CeHsCH=CHC¢HCH,P(CsH;):]'Br~ (—) 17
(CsH;),CO 1-C,H,OK/DMF [p-(CsH5),C=CHC H,CH;P(CsH;)>]"Br™  (—) 17

Note: References 228-415 are on pp. 250-253.
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TABLE IL

UnsATURATED NITRILES FROM PHOSPHORYL REAGENTS ConTAINING A Cyano Grour
(RO),P(O)CH(R")CN +R?’R’CO —2, R*R*C=C(R')CN +(RO),PO;

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (C;H;0),P(O)CH,CN CH.0 NaH/glyme CH,=CHCN (—) 4
CH,;CHO NaNH,/THF CH;CH=CHCN (51) 367, 250
CICH,COCH, NaNH,/ether CICH,C(CH;)=CHCN (72) 165
(CH,),CO NaNH,/ether (CH,),;C=CHCN (61) 165, 367
@ NaNH,/ether ﬂ =) 165
0" “CHO O” “CH=CHCN
(CH5);C=CHCHO NaNH,/ether (CH3);C=CHCH=CHCN (—) 165
OH
CN
OHC(CH;);CHO NaH/glyme (40) 920
NCCH,CH,COCH, NaH/glyme NCCH,CH,C(CH3)=CHCN (—) 251
(0] CHCN
é NaNH,/ether (82) 393, 165
(0] CH=CHCN (—)
NaNH,/ether 165
r |
N N~
ﬂ\ NaH/glyme U\
79 252
S COCH; §” 'C(CH,;)=CHCN (79)
C¢HsCHO NaH/THF CsH;CH=CHCN (78) 22,13,
15,25,
26, 165,
250, 367
2,6-C1,CeH,CHO NaNH,/ether 2,6-Cl,CsHsCH=CHCN (—) 165
p-CICsHL.CHO NaH/THF p-CICéH,.CH=CHCN (—) 13
0-BrC¢H,CHO NaH/THF 0-BrCgH,CH=CHCN (—) 26,25
(0] CN
&CH?CN NaH/glyme &H’CN (74) 117
(n-C3H,),CO NaNH,/ether (n-C3H,),C=CHCN (74) 393, 165
(0] CHCN
NaH/glyme (82) 3712
(o] CHCN
NaH/glyme (80) 393
N\
(CH,), CO NaH/glyme (CH,)¢ C=CHCN (82) 393
\_/ NG

Note: References 228-415 are on pp. 250-253.
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TABLE II. UnsaTturaTeD NITRILES FROM PHOsPHORYL REAGENTs ConNTAINING A Cyano Grour
(RO),P(O)CH(R")CN+R*R*CO — R*R*C=C(R")CN+(RO),PO; (Continued)

No.
of C

Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (C;Hs0);P(O)CH,CN (Conutd.) p-CsH4(CHO), C.;HsONa/C;H;GH p-CsH(CH=CHCN), (—) 88
{Comad) o} CHCN
f CH,CN Na/glyme i _CH,CN o 545
CsH;CH=CHCHO NaNH,/ether CsH;CH=CHCH=CHCN (—) 165
CH,—Q—COCH, CH,ONa/C;H;0H CH,—Q—C(CH,)=CHCN 95) 253
CHCN
CH,CN CH,CN
NaH/glyme (55) 117
CHCN
w—— Y © )
C¢H;COCH,CH,CN NaH/glyme CsHsC(=CHCN)CH,CH,CN (53) 251
NH; NH,
o~ N0 NANN
i | NaH/THF 1 | Nj\ (28) 107,254
CeHs N 2 CeHs N NH,
0 CHCN
EI NaH/DMSO Cﬁ (95) 129
CIO @CHCN
CH,CN NaH/glyme CH,CN (50) 117
N N
(CHy); CO NaH/glyme (CH)s CN (78) 393
NS

p-CsHy(CH=CHCHO), C;H;ONa/C;H,OH

NaH/glyme

CH=CHCHO
NaNH./THF

p-CsHL[(CH=CH),CN]. (—)

CN
(79

CN
(a1)

Iij[(CH=CH)2CN
(=)

88

255

114

256

Note: References 228-415 are on pp. 250-253.
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TABLE II. UnsaTUurRaTED NITRILES FROM PHOSPHORYL REAGENTS CoNTAINING A Cyano Group
(RO),P(O)CH(R')CN +R?R*CO =5 R?R*C=C(R')CN+(RO),PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Ce (C,Hs0),P(O)CH,CN (Contd.) H=CHCOCH, CH=CHC(CH,)=CHCN
(Contd.) NaH/DMF 257
(85)
(CsHs)2CO NaNH,/THF (CeH3),C=CHCN (5) 165,22,
250
HCN
NaH/dioxane (100) 258
= N=l’
CN
2.5-(CH3)2C5H3%> NaH/glyme 2,5-(CHaJaCéH3—?:> (61) 259
0-CsH;CH,SCH,CHO NaH/glyme 0-CsHsCH,SCsH,CH=CHCN (—) 260
/\I/\/\‘/\/\COCI'B T /\‘/\/\(W\CN 63 s
NaH/glyme (86) 397
HO CN
CsHs
CsH;CH(CN)CH,COC¢H;  NaH/glyme Ncﬁ—‘:ﬂs (-) 251
HN
NCCH,CH(CsHs)COC¢H; NaH/glyme NCCH,C(CsHs)}=C(CeHs)CH.CN  (—) + 251
NCCH;CH(CsH5)C(CsHs)=CHCN (—) 251
QLY e .
EI_>=QHCH=CHCOCH3 NaH/DMF (I_>=CHCH=CHC(CH3)=CHCN
(85) 263
CN
vﬂi?ﬁ NaNH,/THF (86) 86
(o]

1,(93‘):] o
CHj

(£ -

86

Note: References 228-415 are on pp. 250-253.
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TABLE II. UnsaTturaTep NiTRILES FRoM PHOsPHORYL REAGENTs CoNTAINING A Cyano Grour

(RO),P(O)CH(R')CN +R?R*CO —=2 R?R’C=C(R')CN +(RO),PO; (Continued)

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Ce (C;Hs0),P(O)CH.CN CH,CO,
(Contd.) (Contd.) CH,
oy C‘}’I NaH/glyme CH=CHCN (66) 264
CH:‘CO(2 22€0,C ':) (CH),CO,C;H;
HCN
NaNH,/THF { (67) 86
CH,CO;
COCH,
(CH;3;=CHCN
NaNH,/THF { (82) 86
CH,CO;
Ov=0
NCCH=CH
OHC NaNH./THF (-) 265
o OH H OH
OH
0 CH=CHCN
H.
HOQH 1-C,H;OK/glyme (80) 266
CCH
HO 0:CCHs 0,CCHj
CH;CO;
CH;0
CHO CH,
CN
NaH/THF { (=) 267
CH,CO;
CH,0COCH;
OCH,0OCOCH,
=CHCN
NaH/THF { jﬁ (72) 152
CH,CO;
OCH,0COCH; {H0C0CH,
C=CHCN
NaH/THF { jﬁ (18) 152

CH,CO;

Note: References 228-415 are on pp. 250-253.
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TABLE II. UnsaTURATED NrTrRILES FROM PHOsPHORYL REAGENTS ConTAINING A Cyano Grour

(RO),P(O)CH(R')CN +R’R’CO —=» R?R’*C=C(R')CN+(RO),PO; (Continued)

No.
of C

Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.

Cs (C;Hs0),P(O)CH,CN (Contd.) C;H,;0.
(Conud.) CHO C;H;0
CN
NaH/THF { (=) 267
CH,CO;
H

17
NaNH,/THF J/ij: } (71) 36,268
NCCH

(o]
CBHIT
NaNH,/THF mﬂ } (20) 36,268
N

C (C2Hs0),P(O)CH(CH,)CN i-C3H,CHO Na/THF i-C3H,CH=C(CH,)CN (—) 30
C4HsCHO Na/THF CeH;CH=C(CH,)CN (—) 13,15,
25, 26,
30,370

p-CIC(H,CHO NaH/THF p-CIC(H.CH=C(CH;)CN  (—) 13

p-CH;0CH,CHO Na/THF p-CH;0CH,CH=C(CH,)CN (—) 30

LYy e LS e

CN
(0]
C(CH,)CN

NaH/glyme ﬁ (72) 387

Cs (C;H;0),P(0)CH(CN)CH,CN CH,CHO NaH/glyme CH,CH=C(CN)CH,CN (64) 384

(CH,),CO NaH/glyme (CH;3),C=C(CN)CH,CN (—) 384
CsH,CHO NaH/glyme C¢H;CH=C(CN)CH,CN (50) 384,30

p-CIC.H,CHO NaH/glyme p-CICsH.CH=C(CN)CHCN (50) 384

CsH;COCH, NaH/glyme CeHs(CH;)0=C(CN)CH,CN  (—) 384

(CsHs).CO NaH/glyme (CsH5),C=C(CN)CH,CN (—) 384

Cwo  (GH;0),P(O)CH(CN)CH=C(CHs;);  p-O,NCsH,CHO NaH/glyme p-0;NC(H,CH=C(CN)CH=C(CH,); (—) 60

N}lz NH‘Z
NO NP NNy Cots
Ciz:  (CH;0),P(O)CH(CsH5)CN l | NaH/THF A | I 27 107, 254
CH; N A CeHy N7 N"NH,

Cie (C;H+0),P(O)CH(CN)CH(CsHs)CN CH,CHO NaH/glyme CH,CH=C(CN)CH(CsH;)CN (78) 384

(CH,),CO NaH/glyme (CH;);C=C(CN)CH(C¢H,)CN (85) 384

C4H,CHO NaH/glyme CH;CH=C(CN)CH(CH/)CN (35) 384

Cis (C.H;0),P(O)CH(CN)C(CH,;(CsHs)CN  CH,CHO NaH/glyme CH,CH=C(CN)C(CH;)(CsHs)CN  (56) 384

CsHsCHO NaH/glyme CsHsCH=C(CN)C(CH,)(CsHs)CN  (57) 384

Note: References 228-415 are on pp. 250-253.
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TABLE III. UnsATURATED EsTErs FROM PHoOsPHORYL ReaGeENnTs CoNTAINING A CarBOxYLIC GROUP
R,P(O)CHR'CO,R*+ R’R*CO— R*R*C=CR'CO,R*+ R,PO;

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (CH;0),P(0)CH,CO,CH; CF,COCH, NaH/C4H, CF,C(CH,=CHCO,CH; (90) 376
C;HsCOCH, NaH/THF C;H;C(CH;)=CHCO,CH, (17) 141
i-C;H,CHO NaH/glyme i-C3H,CH=CHCO,CH, (65) 406, 269
@\C NaH/glyme @\ (-) 119
HO CH=CHCO,CH;
A ~_COCH;  NapmF AA~A_cocH; 63 138
/E\/l\( NaH/glyme l (=) 118,119
0~ COCH, o 0,CH; ’
(CD;),C=CH(CH,),COCH, NaH/THF (CD5),C=CH(CH,),C(CH;)=CH-
CO.CH: (—) 270
(CH,),C=CH(CH;),COCFs NaH/CsH, (CH,);C=CH(CH,),C(CF;)=CHCO,CH; (94) 376
p-CH;CsH,COCH, NaH/glyme p-CH,CsH.C(CH;)=CHCO,CH; (64) 386
C H; (80
,@0 NaH/glyme Q/ 0,CH; (80) 391
O O
j\/\/CGC;Hs NaH/THF chm (39) 141
Q:/\ NaH/CeH, (57) 271
COCH;3 CO,CH;,
(CH,),C=CH(CHa),- NaH/C¢Hg (CH;),C=CH(CH,),C(CH;)=CH(CH,).-
C(CH;)=CH(CH,),COCF; C(CFs}=CHCO,CH; (95) 376
/\/k/o\)\of\/ﬁ\ CH;ONa/DMF /%)\/O\J\o/\/\l\x/cozcm () 409
(CH50),P(0)*CH,CO,CH, Q{f\ NaH/THF P (-) 131
COCHj; 0,CH,;
0. 0 14
/\P\/\(\/\C(Jma Nabi/THF WcozCHa -
(-)
o C g 5 CO,CH;3
(-) 272,139,
(CH,0),P(0)CH,CO,CH, )(0 NaH/THF )(0 A1
WCOCH; NaH/DMF M O,CH, 138
(90)
p-CsHsOC¢H,(CH,),CHO NaH/glyme p-CeHsOC4H.(CH,),CH=CHCO.,CH; (—) 412
/Y\/:(\/\/\Emg NaH/glyme /Y\/j/\/\/\/\cozcm 139
=)
COCH, CO,CH;3
NaH/glyme (91) 272
14 14
COCH, NaH/THF CO,CH, (=) 131

Note: References 228-415 are on pp. 250-253.
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TABLE III. UNSATURATED EsTERs FROM PHOSPHORYL REAGENTS CONTAINING A CarBOxyLIC GROUP

R,P(O)CHR'CO,R*+R’R*CO— R’R*C=CR'CO,R*+R,PO; (Continued)

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (CH;0).P(O)CH2CO,CH; (Contd.)
(Comud.) CO,CH,
NaH/glyme 90) 139
/'L%/\/‘Ls/\/g/\m: NaH/glyme MMZCH, 274
Cs  (CH,0);P(0)CH;CO,CH; CH,=C(CH,)CH,COCH,3 NaNH,/ether CH,=C(CH,)CH;C(CH,)}=CH- )
CO,CH;s (—) 165
OH CH;30,CC(CH;)=CH
(CH,0),P(O)CH(CH, s CH,ONa/DMF @42
,CaHo-t CO,C Hs-t
G (C:Hs0),P(O)CH,CO,CH, CH,ONa/CH;0H ACOH (85 56
HO/Q=O CH;0,C e
O H
CH,ONa/CH,0H = 88 56
HOA}O s CH,0; CW (88)
HC(Z}) CH;ONa/CH;0H PP ) 56,97
CH;0,C
CH;=CH(CH,),CHO CH,ONa/CH,0H NN co,0n, ) 275
CH,CH=CH(CH,),CHO  CH,ONa/CH,OH WCOZCH, -) 275
CH,CO(CH:),CH(OCHa). NaH/glyme /Mzma (=) 276
(CH;0),CH
(C:Hs0),CHCOCH, NaH/glyme (C;H;0),CHC(CH;)=CHCO,CH, (90) 56,55
CeHsCHO NaH/THF C¢Hs;CH=CHCO,CH; (—) 15
CO,CH,
O - v =
CH,0 CH,0” O
t-C,H;0(CH,);COCH, NaH/glyme 1-CuHyO(CH,),C(CH,}=CHCO,CH; (—) 415
p-CsH4(CHO), C,H;ONa/C;H;OH p-CeHy(CH=CHCO;CH;); (—) 88
AA~A_cHO  cH.onDMF A A LOCH; (75) ss
CgH5(CHa);COCH, NaH/glyme CeHs(CH3);C(CH,)=CHCO,CH; (—) 411
NaH/glyme CO,CH, (85) o
(o) (0)
WCOCH; Na/CH, WCO;CH, -
(-)
H
(I:Hzc\s s N CsHs (80) 55
N N
CHO CH=CHCO,CH,

Note: References 228415 are on pp. 250-253.



081

TABLE III. UnsaTuraTED EsTErS FROM PHOsPHORYL REAGENTs ConTAINING A CarBOxYLIC GROUP
R,P(O)CHR!CO,;R? + R*R*CO — R’R*C=CR'CO,R*+ R,P0; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
%a i (C;H;0),P(0)CH,CO,CH, (Contd.) CHO CH=CHCO,CH;
) écuOCH, NaH/glyme HOCH, (-) 98
CHCO,CH;,
NaH/THF /q (-) 278
CO,CH;
P‘CGHSCGHA(CH:)!COCH_‘ NaH}glyme F'CGH:QHA(m:):C(mshCHCOZC}{: {—) 411
p-(n-CeH,3)CsH(— NaH/glyme p-(n-CeH,3)CeHL(CH,)sC(CH,)=CHCO,CH; (—) 411
(CH;);COCH,
p-(OCHzO)CsH4— NaH/glyme p-(OCHZO)qmtmz)3— @ am
(CH,);COCH;3 C(CH;)=CHCO,CH;
NaH/DMSO

Q{f\cogcns (100) 388

WM“J NaH/glyme WWCO:CH‘ 74y 132

COCH,0OH

(C;H;0),P(0)"*CH,CO,CH,

181

(C;H0),P(0)CH,CO,CH; NaH/glyme (95) 38,279
HO {
Ce (C;H50):P(O)CH.CO,C;H; CH,CHO NaOH, H,O/CH,Cl,, CH,CH=CHCO,C;Hs (54) 367, 280
-CH)NT-
(CH;0).P(O)CH(CO,CH;)- UEGata)
CH,CO,CH,3 CH,CHO NaH/glyme CH;CH=C(CO,CH,)CH,CO,CH; (81) 390, 175
(C2H;0),P(0)CH,CO,C,Hs CCI,CHO NaH/glyme CCl,CH=CHCO,C,H; (50) 4
CH;=CHCHO NaH/glyme CH,=CHCH=CHCO,C;H; (14) 280
(C;H50),P(0) CCI;CH
0:2’9 CCLCHO NaH/CqH 5 E 5 (100) 281
4,250
(C:H40),P(0)CH,CO,C;Hs (CH,),CO NaH/glyme (CH,),C=CHCO,C,Hs (61) 282,283
CICH,COCH, NaNH,/ether CICH,C(CH,)=CHCO,C,Hs (58) 165
BrCH,COCH, NaH/ether BrCH,C(CH,)=CHCO,C;H, (20) 165
(C;H;0),P(0) (CH3),
(CH,),CO NaH/CqH, 281
o & (89)
o} o)
C,H.CH
CszC]‘IO N&H!Cg}{g 281

j—) (100)
9 O

Note:

References 228-415 are on pp. 250-253.
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TABLE IIl. UnNsATURATED EsTERS FROM PHOSPHORYL REAGENTS CoNTAINING A CarBOXYL GROUP

R,P(O)CHR'CO,R*+R’R*CO — R’R*C=CR'CO,R?+R,PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
G (C;H;0),P(0)CH,CO,C;H; CH,;=CHCHO C,H;ONa/C,H,OH CH,—~CHCH=CHCO,CH; (4) 91
(Contd.) (C,;Hs0),P(O)CHBIrCO,C,Hs (CH;),CO NaH/glyme (CH,),C=C(Br)CO,C;H; (65) 4
rS
(C;H;0),P(O)CH(CO.CH,)NHCSH CH,;COCH,CI NaH/glyme ﬁ o (83) 37
CH,3
'0,CH,;
(C:H50),P(0)CH;C0,C;H; CH,=C(CH,)CHO C;H;0ONa/C;H,OH CH,=C(CH,)CH=CHCO,C;H; (52) 91
CH;COC;H; NaNH/ether CH,C(C;H5)C=CHCO.C;H; (58) 201,280
n-C;H,CHO NaNH,/ether n-C3H,CH=CHCO,C,H; (67) 250,284
CH,CH=CHCHO NaNH,/ether CH;CH=CHCH=CHCO,C,H; (56) 250, 280,
285
(CH;0);P(0)CH(CO,CH,)- CH,CH=CHCHO NaH/glyme CH;CH=CHCH=C(CO,CH,)-
CH,CO,CH, CH,CO,CH; (73) 175, 390
(C:H;0),P(O)CH,CO,C;H; i-C;H,CHO NaH/ether i-C3H,CH=CHCO,C,H; (86) 4,20,
280, 286,
287
(CH;0),CHCHO NaNH./ether (CH;0),CHCH=CHCO,C,H; (63) 280
|>—CHO NaH/glyme I>—CH=CHC0:(‘4H5 (73) 285,288
CH,COCOCH; NaH/glyme CH,COC(CH;}=CHCO,C;H; (—) 85
(CH;),CNO NaH/glyme (CH,);,CN=CHCO,C,H;s (80) 108
CF5C0,C;Hs NaH/glyme CF;C(OCHs)=CHCO,C;H; (—) 100
(C;H;0);P(O)CHCICO,C;Hs i-C;H,CHO NaH/glyme i-C3H,CH=CCICO,C;Hs (70) 100
(C,H;0),P(O)CHBrCO,C;H; i-C;H,CHO NaH/glyme i-C;H,CH=CBrCO,C;H; (66) 4
(C;Hs0),P(O)CH(CH5)CO,CH; i-CH,CHO NaH/glyme i-C;H,CH=C(CH,)CO,CH; (83) 269
(C;H;0),P(0)CH,CO,C;H; (C;Hs),CO NaNH,/ether (C:H5);C=CHCO,CH; (64) 4,289
t-CsH,CHO NaH/ether 1-C;H;CH=CHCO:C;H; (88) 287,20,
290
n-C,H,COCH, NaH/glyme n-CsH,(CH;)C=CHCO,CH; (67) 286,164,
291
CH,=C(C;H;5)CHO C;HsONa/C;H;OH CH,=C(C;Hs)CH=CHCO.C;H; (66) 91
i-C;H,COCH, NaH/glyme i-C3H,C(CH3)=CHCO,C;H;s (81) 286,285,
288,
292
i-CsH,CH,CHO NaH/ether i-C;H,CH,CH=CHCO,C;H; (90) 287
[>—coc, NaH/glyme [>—cteny—cuco.ch, @ 285,288
(CH,0),P(0)CH(CO,CH,)- (CH,);C=CHCHO NaH/glyme (CH,),C—CHCH=C(CO,CHs)-
CH,CO,CH, CH,CO,CH; (60) 175, 390
(C;H50),P(O)CH,CO,C;H; b—CHO NaH/glyme b—CH=CHC03C4H5 (-) 285,288
0 o NaH/glyme —CHCO,C;Hs (71) 284
OHC(CH,);CHO NaH/glyme Ol (40) 89
0,C;Hs

Note: References 228-415 are on pp. 250-253.



¥81

S81

TABLE III. UnsaTURATED EsTERs FROM PHOsPHORYL REAGENTS ConTAINING A CARBOXYLIC GROUP
R,P(O)CHR'CO,R*+R’R*CO — R*R*C=CR'CO,R?*+ R,PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (C;H;0),P(0)CH,CO.C;H; (Contd.) 0O HzCOzQHs
(Contd.) \
NaH/glyme (63) 293
i 1
CH, CH;
NH, NH,
N7 Z N
. | NaH/glyme )WI lo (82) 106
CH,s” N7 °NH, CH,S N
(CH,0),P(0)OCH(CH,)CHO NaH/glyme C,H;0,CCH=CHCH(CH,)OP(O)(OCH,): (70) 385
CHCO,C;Hs
NaNH,/ether (76) 250, 4,
289,
294
CH;CO(CH,),COCH, NaH/glyme CH,CO(CH,),C(CH,;)=CHCO,C,Hs (—) 85
CH,(CH=CH),CHO NaH/glyme CH,(CH=CH),CO,C;Hs (53) 280
(o]
/\Hk NaH/glyme /\(l\\\/co,cgﬂ, (—) 398
n-CsH,,CHO NaH/ether n-CsH,,CH=CHCO,C,H; (87) 287
1-C H;CH,CHO NaH/ether t-C,H;CH,CH=CHCO,C,H; (92) 287
C;Hs0,CCO,C,H; NaH/ether C,H;0,CC(OC,Hs)=CHCO,C,Hs (70) 100
I>——COCH3 NaH/glyme [>—c(CH3)==CHCOZC2H, (60) 285,288
1-C4H;COCH, NaH/glyme 1-C4HyC(CH;)=CHCO,C,H; (74) 285, 280,
288
HCO,C;H;
NaH/glyme =) 295
Z‘f \L NaH/glyme (" \L (58) 252
87 “COCH; 87 “C(CH;)=CHCO,C,H;
HCO,C,H;
NaH/glyme (55) 111
1 |
(I:H3 CH:\
NH, NH,
N7 NO NSNS
L, e LA™ -
(CHa), N NH, (CH;),N N Iil
C,H;
CH,CO,CH,C(CH,);NO NaH/glyme CH,CO,CH,C(CH5),N=CHCO,C,Hs (76) 108
(CH,0),;P(0)OCH(C;Hs)CHO NaH/glyme C,H;0,CCH=CHCH(C,H;)OP(O)(OCH,), (75) 385
(CzH,0),P(O)CHFCO,C;H; C;H;0;CCO,C;H; NaH/ether C;H;0,CC(OC;H;)=C(F)CO,C;Hs (—) 100
(C;H;0),P(O), o
OJD é NaH/CeHs (92) 281

Note: References 228-415 are on pp. 250-253.
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TABLE III. UNSATURATED EsTERs FROM PHOsPHORYL REAGENTs CoNTAINING A CarBOXYLIC GROUP
R,P(O)CHR'CO,R* +R’R*CO — R*R*C=CR'CO,R*+ R,PO; (Continued)

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
(C;H50),P(O CsH
Cs CeH,NO NaH/CHs —\ (94) 181
(Contd.) (0] (0]
CHCO,C,H;
(C;H50):P(0)CH,CO,C;H;s NaH/glyme =) 296
CHCO,C,Hs
NaH/glyme (70) 297
(n-C3H,),CO NaHngyme (n-C3H4);C=CHCO,C;H, ) 297
(CO,C,H;
NaH/glyme =) 298
CsH;CHO NaH/glyme CeHsCH=CHCO,C;H; (84) 4, 15.250
201, 250,
284, 367
(CH;50),P(0)OCH(C;H,-n)CHO NaH/glyme C,H;0,CCH=CHCH(C;H,-n)OP(O}OCH,). (60) 385
CH3CO(CH,),CO.C;H; NaH/glyme C;H50,C(CH,),C(CH;)=CH- 139,4
CO,C;Hs (91)
p-0:NCsH,CHO NaH/glyme p-0.NCeH.CH=CHCO,C,H;s (62) 284
CHCO,C,H;
NaH/glyme (73) 299
H'QHI)CHO NEH:'eﬂier n‘CsHuCHECHCOzC:Hs (89] 282
(' > ’ Co NaH/glyme (D}HHCO,C;H; (-) 285,288
2 2
(i-CsH,),CO NaH/glyme (i-C3H,);C=CHCO,C,H;s (10) 285, 288
CO,C;H;
Na/CeHs (-) 300
(0] CHCO,C;Hs
CO,C,H;
NaH/glyme (100) 301
N
(C;Hs0),P(O)CH(CH,)CO,CH; CsH:CHO NaH/THF CsH;CH=C(CH,)CO,CH; (—) 15
(C;H,0),P(O)CH(NHCH;)CO,CH;  CsHsCHO NaH/glyme CsHsCH=C(NHCH;)CO,CH, (—) 41
CeHsCH
CH:CHO NaH/CeHs 281

(CszO)zP(:iD

02‘) (100)
(8]

Note: References 228-415 are on pp. 250-253.
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UnNsATURATED EsTERs FROM PHOsPHORYL REAGENTs ConTAINING A CarBoxyrLic GrRoup

R,P(O)CHR!CO,R?+R’R*CO — R’R*C=CR!CO,R*+ R,PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
(C;H;0),P(0). p-0,NC¢H;CH
Ca NCeH;CHO NaH/CeHs Z—,\ (71) 281
(Contd) (Contd) p-0:NCsHs
07 ™0
(C;Hs0),P(0)CH,CO,C,Hs C¢H;COCH,; NaNH,/ether CsHsC(CH;)=CHCO,C;Hs (77) 4,201,
250,284
CH,(CH=CH),CHO NaNH,/ether CH5(CH=CH),CO,C;H; (75) 280
CH;=C(C;sH,,-n)CHO C;H;ONa/C,H;OH CH=C(C;sHy,-n)CH=CHCO,C;H; (57) 91
= 0-CH;CsH,CHO NaH/glyme 0-CH,CsH,CH=CHCO,C,Hs (—) 302
=) p-CH,CsH,CHO NaH/glyme p-CH;CsH,CH=CHCO,C,H; (—) 302
(CH,),C=CH(CH,),COCH; CH;ONa/DMF (CH,),C=CH(CH,),C(CH;)=CH-
CO,C.H;s (43) 303
(C;H,0),CHCH,COCH;, NaH/glyme (C;Hs0),CHCH,C(CH3)=CHCO,C,H; (31) 303
i-CsH,,COCH; NaH/glyme i-CgH;3C(CH;3)=CHCO,C,Hs (—) 304
CH;CO(CH,)sCOCH, NaH/glyme CH,CO(CH,)sC(CH3)=CHCO,C;Hs (—) 85
CeH;;,COCH, NaH/glyme C¢H,,C(CH,;)=CHCO,C;H;s (35) 305
CH,F CH,F
MCOCH; NaH/ether MCOZCZHS (712) 306
MCOCH, NaH/ether WCO,QH; =) 307
¥ COCH ¥
)\/Y 3 NaH/ether /I\/YJ:QQ/OOZQHS (_) 307
F F
CH,F
/J\/\/COCHZF NaH/ether /J‘\\./\/L?:»/CO’CZHS (=) 307
B Br,
CH; CHO  CH,ONa/CH,OH CH30—§3—<|<=CHC02C2HS (=) 308
Br B
NH, NH,
il | NaH/glyme N/k | l (71) 106
(CHs)N” N ONH, (CHYN" NSNS0
C;H;
p-CsHu(CHO), C;HsONa/C;H;OH p-CsHy(CH=CHCO,C;H;), (—) 88
— S
2 ES>C>=0 NaH/CeHe E )C>=cnco,c,n, (63) 407
S S
(C;H;50),P(O CH
0-C¢H(CHO), NaH/CqHs 0-C¢H, 02_) (54) 281
o 2
CH
p-CsH.(CHO), NaH/CsHs 281

p-CJH, cgj a
O

2

Note: References 228-415 are on pp. 250-253.
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TABLE III. UnNsATURATED EsTERs FROM PHOSPHORYL REAGENTs ConTAINING A CarBoxyLic Group
R,P(O)CHR'CO,R*+R*R*CO — R*R*C=CR'CO,R*+R,PO; (Continued)
No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
G, (C;H;0),P(O)CH,CO,C;H; CeH;CH,COCH, NaH/glyme CgH3sCH,C(CH;)=CHCO,C,H;s; (—) 309
(Contd.) CsHsCH,COCH;, NaH/glyme C¢HsCH=C(CH,)CH.CO,C;Hs (—) 309
O CH,),COCH,; (CH;),C(CH3)=CHCO,C,H;
(C;H;0),CH(CH;),COCH;  NaH/glyme (C;H;0),CH(CH),C(CH;==CHCO,C;H;s (—) 310
p-CH;0C,H,COCH, NaH/glyme p-CH;0C¢H,C(CH;)=CHCO,C,H;s (—) 311
CsHsCH=CHCHO NaNH,/ether CsHs(CH=CH),CO,C;H; (72) 250
p-(CH5);NCsH,CHO NaH/glyme p~(CH5);NCsH,CH=CHCO,C;H;s (81) 284
n-C;H,sCOCH, NaH/glyme n-C;H;sC(CH;)=CHCO,C;H; (43) 280
CH,@—OOCH; NaH/glyme C}Ig_O’ C(CH3)=CHC02C2H5 (75) 402
OCH; HCO,C,H,
CHO NaH/glyme CH=CHCO,C,Hs (50) 130
C,H;0,C (o) C,Hs0,C. CHCO,C,H;
T e U6 -
(C;H;0),P(0) CsHsCH=CHCH
Ce¢H;CH=CHCHO NaH/C4H, 5 3 (55) 281
0""\0
(C;H;0),P(O)CH,CO.C;Hs C¢HsC(CH;).CHO NaH/glyme C¢H;C(CH;).CH=CHCO,C;Hs (—) 313
NaH/CoH, _A_CH (60) 300
Csﬂs—A—CHO CsH, —CHCO,C,H;
CsHsC(C,Hs)=C=0 NaH/glyme CeHsC(C;Hs)=C=CHCO,C;H;s; (32) 4
CH,CO(CH,)sCOCH, NaH/glyme CH;CO(CH;)sC{CH3;=CHCO,C;Hs (—) 85
2,5-(CH30),CsH,COCH, NaH/glyme 2,5-(CH;0),C¢H,C(CH;)=CH- 3
CO.C;Hs; (—)
3,4-(CH;0),CeH;COCH,  NaH/glyme 3,4-(CH;0),CsH;C(CH,)=CH- 311
CO.C;Hs (—)
3,5-(CH;0),CsH,COCH;  NaH/glyme 3,5-(CH;0),CsH;C(CH;}=CH- 311
CO.,C;H; (—)
C¢H,CO,CH=CHCHO NaH/glyme CeHsCO,(CH=CH).CO,C;Hs (72) 280
p-C:HsCsH,COCH; NaH/glyme p-C:HsCsHLC(CH3=CHCO,C:H;s (51) 284
CeHs(CH,);CHO NaH/glyme CeH;s(CH,)sCH=CHCO,C;H; (—) 314
/‘L%/\/ch/CHo NaNH,/THF WO:C;HS (-) 315
NHZ NHZ
N NO N/ N\
1 | NaH/THF e lo 106, 107
T
CHs N7 ONH, CoHs N
3,4,5-(CH;0);CeH,COCH;  NaH/glyme 3,4,5-(CH,0):CsH,C(CH,)=CH-
CO.C;Hs (—) 311
CH,CO(CH,),COCH;3 NaH/glyme CH,;CO(CH,),C(CH;)=CHCO,C,H; (—) 85
NaH/CeHs 1\ (60) 300
C\SHS—ACOCH:; CeHjs C(CH,3)=CHCO,C,H;
/IWCOCH; CH;ONa/DMF )\WCQQH, (28) 303
)\/0\)\0’\/8\ CLONs/DME /l\/o\)‘o/\)\/ CO.CHs () 409
O—(cm)scocna NaH/glyme O—(CHZJ,C(CH,)%HCO:C;H, (o) 4

Note: References 228-415 are on pp. 250-253,
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TABLE III. UnsATURATED EsTERs FROM PHosPHORYL REAGENTs ConTAINING A CarBOXxYLIC GROUP
R,P(O)CHR!CO,R?+R?R*CO — R*R*C=CR'CO,R*+ R,PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (C:Hs0),P(O)CH,CO;C;H; (Contd.) p-CH,OC.H,COCO,C;Hs  Na/C¢Hg p-CH;0CsH,C(CO,C,Hs)=CHCO,C,Hs (90) 316
(Contd.) (o] CHCO,C,H;
NaH/glyme =) 129
H=C(
©<c CH)z CH—C(CH.),
(C;H;0),P(O)CH(CH;)CO,CH, A CH,ONa/DMF ES (-) 143
(CH,),COCO CHO (CH;),COCO 'H=C(CH,)CO,CH,
(C;H;0),P(0)CH,CO,C,H; CeHsCOz(CH=CH),CHO NaH/glyme CsHsCO,(CH=CH),CO,C.Hs (51) 280
n-C,,H,,CHO NaH/ether ?I‘Cqu!Cl'!nCHCOaCsz (82} 287
: CHzCOquHs
O_b NaH/glyme 88) 114
p-CsHy(CH=CHCHO), C;H;ONa/C,H;OH p-CsH[(CH=CH),CO.C;H;L, (—) 88
Na/C¢Hs f }
CGH;—A,—COCHZCH, CgHs (CH,CH;)=CHCO,C,H; (16) 300
’W\mcm NaH/glyme WCO;Q& (54) 280,303
(CH;),CHO(CH,),COCH,  NaH/glyme (CH5)2CHO(CH,),C(CH;5}=CHCO,C:Hs (—) 317
)\/Y\/\COCH, NaH/glyme CO,C,H, (=) 318
COCH,4 CO.C,Hs
CH,ONa/DMF (44) 303
(CeH,).CO NaNH_/ether (CeHs),C=CHCO,CHs (87) 250,201,
289
WOC}I; CH,ONa/DMF M\/l\/cozczﬂs (53) 303
/J\/\/I\NCOC!-h C;H,ONa/C;H;OH )\/\/J\/\/L%/CO;QHs (89) 203
W/COCH, C;HsONa/C;H;OH wcozgﬂg (94) 203

M/CO CH,
/L“Q:/\/L\N R
(CHy)5c0,c” Y " “cocH,

i «~_ COCH;
i COCH;3

C,H;ONa/C;Hs;OH

C;H;ONa/C,H,0H

NaH/glyme

CH,0ONa/CH,OH

CH;0Na/CH;0H

CO,C;H;
(14) 203

(CHL):C0, C/\]/\/\(\COzCsz

(-) 136

A~ S~ A cosCHs (1) 303,319

CO,CH,
(90) 320

CO,CH;,
(90) 320

Note: References 228415 are on pp. 250-253.
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TABLE III. UnNSATURATED EsTERs FROM PHOSPHORYL REAGENTS ConNTAINING A CarBoxyric Grour
R,P(O)CHR'CO,R*+R*R*CO — R’R*C=CR'CO,R*+ R,PO; (Continued)

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
CO,C;Hs
G (C;H,0),P(O)CH,CO,C;H; (Comd.) NaH/dioxane (29) 258
(Comad) c T a a
COCH, CO,C:H
/l“\‘e/\/‘La-/'\/ NaH/glyme MW 3 (-) 307
F F
H,F
WCOCHJ NaH/glyme COCHs (-) 307
(CaH;0):P(O)CH;CONHC;H, /I\/\)Wcocn, CaH,ONa/CH,0H )\/\/JV\/LQ/CONHC;HE X
62
(cn,),co,c/Y\/\oom, NaH/glyme (cﬂﬂgcozc/j/\/\(\comq};, (—) 136
CHCOL,H;
(C:H;0):P(0)CH,CO:C;Hs 25-(CH;)=QH;—b NaH/glyme 2,5-(CH,),CeHj (32) 259
’> NaH/DMSO ,0\ -) 321
CO,C;Hs
m CH,0ONa/CH,0H J’i/\b/ (-) 322
C;H;0,CCH
N
/XO\/\/\/\g/ aH/glyme /><0\/\|/\/\|/\C 0,GHs (—) 10
CeHsCO,(CH=CH),CHO  NaH/glyme CsHsCO,;(CH=CH),CO,C;H; (60) 280
(cu,),oo,c/\E\/\cocu, NaH/glyme (CH;),CO,C/\(\/Y\G);C,H, (-) 136
(o]
NaH/glyme - 394
CO,C;H;
CHONOCHIOH,. CHO CH;ONa/CH;OH UWMW%% (-) 323
(C;H50),P(O)CH,CO,C;H; C¢HsCH,CH,COCsH; NaH/glyme CgHsCH,;CH,C(C4H;)=CHCO,C,Hs (—) 324
CeH;CH=CHCOC4H, NaH/glyme CgH;CH=CHC(C¢H;}=CHCO,C;H; (—) 9
OH H
o CHO NaH/glyme CO.C,H;, (=) 325
H; OCHS
C]'la C}ll
Q\){G{:);C(CHQ—CH(W:COCH: NaH/glyme Q\o(cn,hqm):cn(m,),qcu,):cnco,c,m 381
(61)

Note: References 228415 are on pp. 250-253.



961

L6l

TABLE III. UnsaTURATED EsTERS FROM PHOSPHORYL REAGENTs ConNTAINING A CarBOXxyLIC GRrROUP
R,P(0)CHR'CO,R*+R*R*CO — R*R*C=CR'CO,R?>+R,P0O; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.

0]
CHCO,C,H;
Cs (C;H50),P(0)CH2CO:C;Hs (Contd.) NaH/DMF /(;/r (82) 326
(Contd.) \\‘
O

A o\

-CH. H. O =
m-CH;0CeH, NaH/CqHe m-CH;OCH, (=) 327
CHO CH=CHCO,C,H;
p-CsHsOCsH4(CH,)2COCH, NaH/glyme p-CsHsOC¢H,(CH,),C(CH;)}=CHCO,C;H; (—) 412
p-CsHsSCsHL(CH,).COCH, NaH/glyme p-CeHsSCeHL(CH,).C(CH;)=CHCO.C;H; (—) 412

CN CN
AN w- G e
[0}

CHCO,C,Hs;
CO,C;H;
—0
LT o
(QHshAcmg NaH/DMF (QHS)Z_A_C(CH3)=‘CHC02C1H5 (93) 403
CH,0. CH,;0
N N
CH, 1-C.H;0K/DMF CH,0 =) 116
H; C,H;
o CHCO,C,H;
/‘L:b/‘\/k,/\/l\/\/ COCH,; NaHiglyms MMCO’C’H’ (=3 428
o] HCO,C,H;
NaH/glyme (=) 328
CH50 ks CH,0 N
S0,C¢H,CH;-p 80,CsH,CH;-p
OH
NaH/glyme H} (-) 36, 268,
329,
C,H;0,CCH o
(8]
HCO,C;H;s
NaH/DMF (82) 326
CH,CO; \\_

C,HsONa/DMF 40: } (51) 36, 86
C,H;0,CCH

3

Note: References 228-415 are on pp. 250-253.
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TABLE III. UNsATURATED EsTErRs FROM PHOsPHORYL REAGENTS CONTAINING A CarBOXYLIC GROUP
R,P(O)CHR'CO,R? +R’R*CO — R’R*C=CR'CO,R*+R,PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.

Cs (CzH50);P(O)CH.CO:C;Hs  (Contd.)

(Contd.)
WMWCHO
CO,CHs  (— 323
OHC CH,ONa/CH,0H QH!O’CMW/W Gl )

CeHsCH
Zj O NaH/glyme D—CHZCOZCZH, (74) 331

(C:H,0),P(0)CH(CH;)CO;CH,3 OHC/MW CH;ONa/CH,0H
CO.,CHs; (—) 323
CH,O:CWMANW

(C;Hs0),P(O)CH,CO,C;Hs n-CyoH;,COCH, NaH/glyme n-CyoHz,C(CH,)=CHCO,C;H; (64) 289
(0]
=CHCO,C,H;
NaH/glyme { (=) 332
OH oH
CH;CO;
O
CeHsCH;N  NCH,Ce¢Hs CeHsCH,N NCH,CeHs (-)
NaH/glyme
s CH,),CHO S CH,),CH=CHCO,C,Hs; 333
C(CHO)=CHOCH;3 ?-CHOCH;, 365
CH=CHCO,C;H;
Cl'lgCOz CI'II!Coz
R ot
NaNH,/THF (40) 375
HO

Note: References 228-415 are on pp. 250-253.
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TABLE III. UnsaTuraTED EsTERs FROM PHOsSPHORYL REAGENTs CoNTAINING A CarBOXYLIC GROUP
R,P(O)CHR'CO,R*+R?R*CO — R*R*C=CR'CO,R*+ R,PO; (Continued)
No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
s0),P(O Hs (Contd.) C,H;0
f& e (C;H50),P(0O)CH,CO,C:Hs  ( s CHO CH,
C02C2H5 (_)
NaH/THF 267,
334,
335
CH,CO;
CgH,,
C,H,ONa/DMF H} 93) 36,86
C,H;0,CCH
CﬂHlT
C,H;ONa/DMF ﬁ} (71) 36,86
0 C,H;0,CCH;
Ce (C;Hs0),P(O)CH(CH,)CO,C;Hs CH,CHO NaH/glyme CH,CH=C(CH,)CO,C,H; (—) 20
C,H;CHO NaH/glyme C;H;CH=C(CH,)CO,C;Hs (—) 20
i-C3H,CHO NaH/glyme i-C;H,CH=C(CH,)CO,C;H;s (13) 20, 285,
288
[>—CH0 NaH/glyme [>—cn=c(cus)cozczn, =) 288,285
n-C;H,CHO NaH/glyme n-C,H,CH=C(CH,)CO,C;Hs (69) 286
NHZ NHZ
n NO N CH,
K | NaH/THF 1 | NI) (78) 107
N NN
2 H
i-CH;CHO NaH/glyme i-C4H;CH=C(CH,)CO,C;Hs (—) 20
t-C;H,CHO NaH/glyme t-C,HyCH=C(CH;)CO.,C;H;s; (—) 20
i-C3H,COCH, NaH/glyme i-C3H,C(CH3)=C(CH,)CO,C;Hs (28) 288, 285
n-C:H-;COCH, NaH,J’gl)rme ﬂ-C;H-:C(CI‘lS)=C(CHJ}CO:C)HS (92) 286
D—cocm NaH/glyme D—C(CH3)=C(CH,}C03C,H, (45) 285,288
I>—4:H0 NaH/glyme I>—CH=C(CH,)C0;C,H5 (=) 285,288
CH,=C(CH,)(CH.).CHO NaH/glyme CH>=C(CH,)(CH.),CH=C(CHa)- 127
CO.C;Hs (—)
(C;H,0),P(0)CH,CH=CHCO,CH, n-CsH,,CHO CH,ONa/DMF n-CsH,,(CH=CH),CO.,CH, (25) 54
(C;H;0),P(0)CH[N(CH,).]JCO.CHa CsHsNO NaH/DMF CsHsN=C[N(CH;).JCO.CH; (—) 41
(C:H50),P(O)CH(CH,)CO,C;H; C¢H;CHO NaH/THF CeHsCH=C(CH,)CO.C;Hs (—) 15
C(CH,;)CO,C;H;
NaH/glyme (-) 296
CH, (CH,),CHO CH (CI{2)2CH=’C(CH:)C02C2H5
OXO NaH/glyme (>< 336
J P
N 3 X CH;3)=C(CH;)CO,C;H;
(j/m CHONy/CHOH | (60) 337
N N

Note: References 228-415 are on pp. 250-253.



TABLE III. UnsaTUurRATED EsTERs FROM PHOsPHORYL REAGENTs ConNTAINING A CAarBOXYLIC GROUP
R,P(O)CHR'CO,R*+R’R*CO — R’R*C=CR'CO,R*+ R,PO; (Continued)
No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
(C,H;0),P(O)CH[N(CH,),}- CsHsCHO NaH/glyme CsHsCH=C[N(CH,);JCO,CH; (—) 41
CO,CH, CsHsCH,CHO NaH/glyme CsHsCH,CH=C(CH,)CO,C,Hs (67) 338
(C:H;0),P(0)CH(CH;)CO,C,H; CsHsCOCH;, C,HsONa/C,H;0H CsHsC(CH,;)=C(CH,)CO,C;Hs (65) 337
m-CICeH COCH; C,H,ONa/C,H;OH m-CIC¢H,C(CH3)=C(CH,)CO.C,H; (82) 337
m-0,NC.H,COCH, C,HsONa/C,H;OH m-0,NCgH.(C(CH3)—C(CH;)CO,C;H;s  (40) 337
(o) 0
[O)O=o NaH/glyme [0><:>=C(CH,)COZ(‘4H, (712) 124
8 (C;H:s0),P(0)CH,CH=CHCO,CH, n-C;H,sCHO CH,ONa/DMF n-C;H,;s(CH=CH),CO,CH; (30) 54
b (C:H;0),P(0)CH(CH5)CO,C;H, p-CH;C¢HLCH,CHO NaH/glyme p-CH3CeH.CH,CH=C(CH,)CO.C;Hs (—) 338
m-CF5CsH,COCH, C,H;ONa/C,H;0H m-CF3CsHLC(CH3)=C(CH,)CO.C;Hs (75) 337
m-CH;OCsH,COCH, C,H;ONa/C,H;OH m-CH;0C4H,C(CH5)=C(CH,)- 137
CO,C;Hs (52)
p-C;HsCsH,CH,CHO NaH/glyme p-CHC¢H,CH,CH=C(CH,)CO,C;Hs (—) 338
MCHO NaNH,/THF /J\/\M/COZC:H’ =) 315
NH, NH,
NO N CH,
N N
)\ | NaH/THF e I (74) 107
X N
CeHy N H, CH; N ]lt‘l (o)
(C;H;0),P(0)CH,CH=CHCO,CH; n-CsH,sCHO CH,ONa/DMF n-CH,o(CH=CH),CO,CH; (30) 54
) [\
(CH;0),P(0)CH,C(OCH;)=C- 0O 0 NaH/THF O O £ 59
CH 2CH; X/\)\ =
(GBI CHO WCO&H;
CH,
(C:H50),P(0)CH,CO,- CsHsC(CH;);CHO NaH/glyme CsHsC(CH,);CH=CHCO;- 313
(CH,),N(CHas)2 (CH2):N(CHs). (—)
(C;H;0),P(0)CH(CH,)CO.C,H, p-(i-C;H7)CsH,CH,CHO  NaH/glyme p-(i-C3H7)CeH CH;CH=C(CH,)- 138
CO,C:Hs (—)
W CHO NaH/glyme M\}\COZCZH, (=) 125
p-1-CsH,CsH,CHO NaH/glyme p-t-C{HyCeH,CH=C(CH,)CO,C;Hs (—) 338
2-C,oH,COCH; C;H;ONa/C,H;OH 2-CoH,C(CH,)=C(CH,)CO,C;H; (40) 337
(0] Q. O
NaH/glyme \d( (=) 121
(]
= CHO CH=C(CH,)CO,C,H;
CHO  NaH/glyme ,O/U\/\)\CQC’H‘ =) 125,
121,
122
(CeH,4),CO C,H;ONa/C,HsOH (CgH;1).C=C(CH;)CO,C,H; (85) 337
CHO NaH/glyme WCO;CZHS
36
CH,0,C CH;0, (36) 134,135
ﬁ\/\a{o NaH/glyme /d\/\)\cozcms
C,H:0:C (39) 134

C,H;0,C

Note: References 228-415 are on pp. 250-253.
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TABLE III. UnsaTURATED EsTERs FROM PHOsPHORYL REAGENTS CONTAINING A CarBOXYLIC GROUP
R,P(O)CHR'CO,R? +R*R*CO — R*R*C=CR'CO,R*+ R,PO; (Continued)

No.
of C
Atoms Reagent Reactant BasefSolvent Product(s) and Yield(s) (%) Refs
Co (C2H50),P(O)CH(CH,)CO.C:Hs cHo CHsONa/CH,OH o
(Contd.) (Contd.) DHC/MN QH’OZCMM/WCO?QH! ) 323
CHO CO,CH;,
(C;H;0),P(0)CH,CH—CHCO,CHj ijivw NaNH,/THF GC\/VW (80) 99
CHO CO,CH;
NaNH,/THF (80) 99
Cio (C;Hs0),P(O)CH(C;H;)CO.C;H; CH5CHO NaH/glyme CH,CH=C(C;H;)CO,C;Hs (—) 20
C,H,CHO NaH/glyme C;H;CH=C(C,H;)CO,C;Hs (—) 20
(C:H50),P(O)CH,C(CH,)=CH- CH,CH,CHO CH;0ONa/DMF CH,CH,CH=CHC(CH;)=CHCO,CH, (83) 55
CO,CH,
(C2Hs0),P(0)CH,CH=CHCO,C,H;  (CH,),CO NaH/THF (CH,),C—=CHCH=CHCO,C,H; (47) 227
(C:H50),P(O)CH(C:H5)CO,C,H; i-CsH,CHO NaH/glyme i-CsH,CH=C(C,H;)CO,C;H;s (—) 20
(C:H;0),P(0)CH,CH=CHCO,C;H; D—CHO NaH/glyme l>—(c:I-I=CH),t::OzczH5 ) 285,288
i-C3H,CHO NaH/glyme i-C3H;(CH=CH),CO,C;H; (52) 227
t-C4HsCHO NaH/glyme 1-CsHy(CH=CH),CO.C;Hs (50) 285,288
CH,CO(CH;);CHO NaH/glyme CH3CO(CH_)5(CH=CH),CO,C;H; (—) 87
(C2H;0),P(O)CH(C;Hs)CO.C.Hs 1-C,H,CHO NaH/glyme t-C4H,CH=C(C,H;)CO,C;Hs (—) 20
O C(C,H;)CO,C,H;
é NaH/DMF (10) 39
(C2H;0),P(0)CH,C(CH,)=CH- CH;C0,CH,C(CH,);NO NaH/glyme CH;C0,CH,C(CH,),N=CHC(CH,)=CH- 108
CO,CH; Cozc}ia {38)
n-Cs;H,,CHO [(CH;);CHELNL{/THF ~ n-CsH,,CH=CHC(CH,)=CHCO,CH, (61) 57
(C3Hs0):P(0)CH,(OC;H5)CO,CHs C,H;0,CCO.C,Hs NaH/dioxane C;Hs0,CC(OC,;Hs)=C(OC,H,)CO,C;:H;s (—) 100
CH,(CH,),CHO NaH/THF CH;,(CH,),CH=C(OC,Hs)CO,C;H; (81) 380
CHCO,CH,3
C¢H;s(CH,0)P(O)CH,CO,CH, NaH/glyme (36) 373
(C;H0),P(O)CH(C,H;)CO,C;Hy CeHsCHO NaH/DMF CeHsCH=C(C;H;5)CO,C;Hs (30) 39
p-CIC¢H,CHO NaH/DMF p-CICsH . CH=C(C;H)CO.C;H;s (75) 39
(C;H;0),P(0)CH,CH=CHCO,C,H; CsH;CHO NaH/THF CeHs(CH=CH),CO,C,H;s (75) 401,227
3,4-ClL,CsH,CHO NaH/glyme 3,4-Cl,C4Ha(CH=CH),CO,C,Hs (79) 53
p-BrC:H,CHO NaH/glyme p-BrCsHy(CH=CH),CO,C;H: (54) 53
p-0.NC¢H,CHO NaH/glyme p-0:NCsH,(CH=CH),CO,C,H; (56) 53
CH,CO(CH;),CHO NaH/glyme CH;CO(CH.)4(CH=CH),CO,C;Hs (—) 87
(CzH50),P(O)CH,C(CH,)=CHCO,CH; CsH;CHO NaH/glyme CeH,CH=CHC(CH,)=CHCO,CH; (—) 56
(C;H;0).P(O)CH.CH=C(CH,)CO.CH; CsHsCHO NaH/glyme CsHsCH=CHCH=C(CH,)CO,CH; (—) 56, 304,
339
(0] CHCO,CH,
CsH4(CH;0)P(0)CH,CO,CH, ij NaH/glyme (71) 373
(C;H;50),P(O)CH(C;H;)CO.C;H; p-CH,CH,CHO NaH/DMF p-CH3C¢H,CH=C(C,H,)CO,C,H; (48) 39
(C:Hs0),P(0)CH,CH=CHCO,C;H;  p-CH;O0CH,CHO NaH/glyme p-CH;0CsH,(CH=CH),CO.C,H; (77) 53
p-NCC¢HL.CHO NaH/glyme p-NCCeH,(CH=CH),CO,C,H; (79) 53
p-CH.CsH,CHO NaH/glyme p-CH1C¢HL(CH=CH),CO.C;H; (72) 53

Note: References 228-415 are on pp. 250-253.
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TABLE III. UnsaTuraTED EstErs FrRoM PHospHORYL REAGENTS CoONTAINING A CarBoxyLic Grour
R,P(O)CHR'CO,R*+R*R*CO — R*R*C=CR'CO,R?*+ R,PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cio CsHsCOCH, NaH/THF CHsC(CH,)=CHCH=CHCO,C,H; (52) 227
(Comd)  (Conid.) i-CsH,(CH,);COCH5 NaH/THF i-C3H(CH,);C(CH,)=CH- 227
CH=CHCO,C;H; (39)
p-(CH;);NC4H,CHO NaH/glyme p-(CH3),NCsH,(CH=CH),CO,C;H;s (70) 340
CHO NaNH,/THF CO,CH;s (-) 315
(CH50),P(0)CH;—CHCO,C,Hs AN /\/\/\/‘T
A~ CHO  Natiigyme COCHs (=) 341,342
(C;H;0),P(0)CH,CH=CHCO,C;Hs;  CH,CO(CH,);CH(OC,H,);  NaH/glyme (C,H50),CH(CH,);C(CH;)—CHCH=CH- 87
CO,C:Hs (—)
(CaH:0)POICH;C(CH=CHCO,CHy L~ _L__CHO  Nangiyme A~ A COsCH (0) 55,56
CHO CO,CH;
T = =
/l\/I NaH/glyme /‘\/)v\\)\/ “ -
= =
— 415
iAo nmgme oA Ao O
CHO CO;CH,
(C2H50):P(0)CH,CH=C(CH,)CO,CH OCH/M CH,ONa/CH;OH cﬂ,o,cww - 323
(C;H50),P(0)CH,CH=CHCO,C;H; = CH,CO(CH,).CH(OC;Hs);  NaH/glyme C,H;0,CCH=CHCH=C(CH,)(CH,);CH(OC,Hs), (—) 87
[(CH,).CHOLP(O)CH(CH3)CO,CH, ZS CH,ONa/DMF 2? (85) 31
OHC 0,C(CHaj); CH,0,CC(CH;)=CH 0,C(CH,)5
(C2H50),P(O)CH;C(CH,)=CHCO,CH, /\f\/\{\ CHO  (i-C;H;),NLi/THF W\COZCIL
(=) 58
(Cszo}:P(O)CH)CH=CHCOQC:Hs CH:(CHZ}NCHO Nal-lt’glyme CH!(CH})]U(C}{#H):CO:C:H’ (60) 379
O CHCO,CH,4
CsHs CeHs
CeH;(CH50)P(0)CH,CO;CH, NaH/glyme 67) 373
(C;H50),P(O)CH,CH=CHCO,C;H;  p-CsHsCsH.CHO NaH/glyme p-CeHsCsHo(CH=CH),CO,C,H; (86) 53

)\/\/l\/\/coc:ﬂ3 NaH/THF

(CiH:OPOICH,CONCH): L~ L _~__COCH; C:H;ONa/C;H,OH MCON(C;H,), (72)

(CH,);CO,CCH,CH(CH,)-  NaH/glyme
(CH,);COCH,3

NaH/dioxane

NaH/glyme

(C;Hs0),P(O)CH,CH=CHCO.C;Hs p-CsHsCH,OC,H,CHO NaH/glyme

/I\/\/l\/\/‘I\/Qi‘.:,/c‘:)]C:tHs (44)

(CH;);CO,CCH,CH(CH;)(CH,);C(CH,)=CH-
CON(C:Hs): (—)
CHCON(C,Hs),

(34)

WCON(QH;): Gl

p-CeHsCH,OCsH4(CH=CH).CO.C;H;s (98)

227

203

136

258

261

53

Note: References 228-415 are on pp. 250-253.
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TABLE III. UnsaTurRaTED EsteErs FROM PHOsPHORYL REAGENTS CoNTAINING A CarBOXYLIC GROUP
R,P(O)CHR'CO,R*+R’R*CO — R’R*C=CR'CO,R*+ R,PO; (Continued)

No.
of C
Atoms Reagent

Reactant

Base/Solvent Product(s) and Yield(s) (%) Refs.

C
(C:H,0),P(0)CHCH—CHCO;C;Hs (Contd.)

(C;H;0).P(0)CH,C(CH;)=CHCO.CH,

(C;H50),P(0)CH,CH=CHCO.C;H;

(C;H;0),P(0O)CH(OC,Hs)CO.C;H,

CH,(CH,),,CHO

S o

__ CHO

CH,(CH3),.CHO

e
eWeacd

CH;
(C;H;0),P(O)CH,CO,C(CHs)s
CH;

Cu (C;H;0),P(O)CH,(C H;-n)CO,C;H;
(C;H50),P(0)CH,C(CH;)=CHCO,C,H;
(CszO)zP(O}CHzCOI‘i >

(C;H,0),P(0)CH,C(CH,;=CHCO,C;H;
(C;H;0),P(0)CH(CO:C;Hs),

(C:H;0),P(0)CH,C(CH5)=CH-
CO.C:Hs

CH,0
C;H;CHO
(CH;).CO

C;Hs0,CCO,C;H;

CeHsCHO
CeH;CHO

/Lx/\/COCH“

NaH/glyme CH,(CH,)12(CH=CH).CO,C;Hs (60) 379

CO,CH;
NaNH,/THF (=) 99

=CHCO,CH; (71) 374

NaH/glyme
NaH/glyme CH;(CHa),4(CH=CH),CO,C;H; (60) 379
OC,H;)CO,C;Hs
NaH/glyme (-) 365
CCH:OQ
NaH/glyme Il

L

NaH/glyme 3 (78) 399
CH=CHCO,C(CH,),
NaH/glyme CH,=C(C,H,-n)CO,C;H; (60) 4
NaH/glyme C;HsCH=CHC(CH,)=CHCO.C;Hs; (—) 56,339
NaNH,/ether (CH;),C=CHC(CH,)=CHCO,C;H: (70) 165
NaH/ether C,Hs;0,CC(OC,Hs)=CHCON Y (57) 100
NaH/glyme CsHsCH=CHC(CH,)=CHCO,C;Hs (—) 56,339
NaH/DMF CsHsCH=C(CO,C;H;): (30) 39

CO,C,H;
NaH/DMF (=) 307
02C2 Hj

P O G AP
C;H;ONa/DMF
2lls M\/WCO:C}H; {_] 343

NaH/glyme WCO;QH:, (=) 261

Note: References 228-415 are on pp. 250-253.
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TABLE III. UnsaTURATED EsTErRs FROM PHOSPHORYL REAGENTS ConNTAINING A CArRBOXYLIC GROUP
R,,l’(t'.)}CI-IR'CO;R2 +R’R*CO — R*R*C=CR'CO,R*+ R,PO; (Continued)
No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cu (C2H;0),P(O)CH,COCsHy,-n /ﬁ:)ﬁm ( Z}SCN
(Coned.) (Contd.) NaH), (80) 151
(CH;0),CH CHO e (CH;0),CH COCsH,;-n
NO: 2
o) P 0‘/0
NaH/glyme =) 344
(CH;50),P(0)CH,COCH,0CsH;
p-CeHsCgH,CO, ‘CHO p-CéHsC¢H,CO, = CH=CHCOCH,0C¢H;
Ca (C:H;0),P(O)CH(C.,Hs-n)- NaH/glyme CH=C(C,Hs-n)CO,C;H; (60) 4
CO,C;H;
(C:HsO),P(O}CHz{CHﬂD, @\CH NaNH,/THF O\J\/\f\ (41) 233
N CO,CH,
(C;H;0),P(O)CH,CONHC:H; CgH;CHO NaH/glyme CsH;CH=CHCONHCH; (75) 39
(C,H;0),P(O)CH(NHCH,;)CON CeHsCHO NaH/glyme CsHsCH=C(NHCH;)CON (-) 41
(CZH,O),P(O)CH(I'{ )> CO,CH; C¢H;CHO NaH/glyme CsHsCH=C (ﬂé >)CO,CH3 (-) 41
(C;H;0),P(0O)CH,CONHC:Hs C:H;COCH, NaH/glyme CgHsC(CH;=CHCONHC:H; (60) 39
S S 44
(C2Hs0);P(O)CH,— D C;H;0;C(CH=CH),CHO  NaNH,/THF PN 0 233
N N CO,C,Hs
H O CH,
‘f’ |
o oy L
3 4
(C;H;0),P(0)CH,(CH=CH),CO,C,Hs OA\ ,}-cao NaNH,/THF CO.C,H,
J:H3 (6) 233
CH;
Cis (C;H;0),P(0)CH(CO.C;H;)- C.H;CHO NaH/THF C;H;CH=C(CO,C,H;)(CH;),- 345
(CH,).C0,C,H, CO,CHs (53)
(CH.).CO NaH/THF (CH,).C=C(CO,C;Hs)(CH,),CO,C;H;s (71) 345
(C:H,0);P(O)CH(NHCeH;)CO,CH;, i-C;H,CHO NaH/glyme i-C3H,CH=C(NHC,H,)CO,CH, (—) 41
p-0:NCHL.CHO NaH/glyme p-0:NCH,CH=C(NHC¢H;)CO,CH, (—) 41
(C:H;0),P(O)CH(NHCH,)CONHCsH; C¢HsCHO NaH/glyme CeHsCH=C(NHCH,)CONHC,H; (—) 41
(C;H;0),P(0)CH,CON(CH;)CH; CsHsCHO NaH/DMF CsHsCH=CHCON(CH,)C¢Hs (60) 39
(C;Hs0),P(O)CH(CsHs)CO.CH, C¢HsCHO NaH/DMF CsHsCH=C(C¢H;)CO,CH; (81) 39
(C;H50),P(0)CH(CO,C;Hs)- CsH;CHO NaH/THF CsH;CH=C(CO,C,;H;)(CH,),CO,C,Hs (84) 345
(CH;),CO,C;H;
p-CH;C¢H,OCH,CHO NaH/THF p-CH3CeH OCH,CH=C(CO,C,H.)-
(CH,),CO,C:H;s (70) 345
Cie (C,H;0),P(0)CH(CO,C,Hs)-
(CH,);CO.C;Hs C;Hs;CHO NaH/THF C;HsCH=C(CO,C,H;)(CH,);CO.C;H; (54) 345
(CH;),CO NaH/THF (CH;),C=C(CO,C;H;)(CH,),CO.C;Hs (10) 345
(C;H50),P(O)CH(CO,C;Hs)- CeHsCHO NaH/THF CsHsCH=C(CO,C,H;)(CH,);CO,C,H; (86) 345
(CH2),CO,C:H;
. ]
C;H;0,C(CH=CH),CHO  NaNH,/THF ) 37 233
N7 CH,P(0)(OC,Hy), N 37)

CO,C,H;

Note: References 228-415 are on pp. 250-253.



TABLE III. UnsAaTURATED EsTERS FROM PHOSPHORYL REAGENTs CoNTAINING A CarBOxyLIC GROUP
R,P(O)CHR'CO,R?*+R’R*CO — R*R*C=CR'CO,R?*+R,PO; (Continued)

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cis  (C:Hs0),P(O)CH(CO,C;Hs)- p-CH;CH,OCH,CHO NaH/THF p-CH;CsH,OCH,CH=C(CO,C,Hy)-

(Contd) (CH,);CO,C;Hs (CH2);CO,C.Hs (77) 345
Cis  (C:H;0).P(0)- CH,CO,CH,COCH,Cl NaH/glyme f
CH(CO,CH,C¢H,OCH;-p)NHCSH CH,0,CCH, =) 371
CO,CH,CsH,0CH;-p
0 (C;H;0),P(0)CH,CO,(CH,),- C¢H;C(CH,),CHO NaH/glyme CsHsC(CH,),CH=CHCO,(CH,),- 313
0 N(CH,)CeH; N(CH;)CeHs  (—)
CO;H
Cis (CsHsCH;0),P(O)CH,CO.H (i-C3H,),NLi/THF (66) 192
C¢HsCHO (i-CsH,),NL/THF CsHsCH=CHCO,H (70) 192
(C3H50).P(0)CH(CO,C;Hs(CH,).CsHs  p-0O;NC,H,CHO NaH/DMF p-0:NCH,CH=C(CO0.C,H;)(CH2).CeHs  (19) 158
Cis (C?Hsohﬂociﬂéooa%)- CH,CH,CHO NaH/THF CH;CH,CH=C(CO,C,H;)(CH,),CO;C;H; (56) 345
(CH,),CO NaH/THF (CH,),C=C(CO,C,H;)(CH,),CO,C;H;  (35) 345
CeHsCHO NaH/THF CsHsCH=C(CO,C,H,)(CH.),CO,C:Hs (79) 345
p-CH;CsHOCH,CHO NaH/THF p-CH,C¢H OCH,CH=C(CO,C,Hs)- 345
(CH,),CO.C;H;s (61)
CH, e
‘L N
392
Cao wP(O)(OQHsh CH,0 NaH/glyme a _ 2 (52)
c =i CeH.Cl-0
CﬁH.‘Cl‘O
OZN OgN
0 CeHsNO NaH/DMF CeHs (-) 346
P(0)(OCsHs),
O,;N
s CeHsCHO NaH/DMF o} (-) 346
W
CeHs
N 0,CCH,4 N
— - 68,69
Ca L _PO)YOC;Hy), Nalglyme N 0:ccH; ()
0,CH,CsH;5 ,CH,CsHss
(0] C(Cy4H24-n)CO,CH;s  (25)
{Cal’lsﬂ)zp(o)CH(Cu4qu-ﬂ)COzC=H: Q\ Na}iiglyme ﬁ 389
| |
(0] (8)

Note: References 228-415 are on pp. 250-253.
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TABLE IV. UnsaturaTeEp KeETONES FROM PHOSPHORYL REAGENTS ConTAINING A CArBONYL GROUP
R,P(O)CHR'COR?*+R*R*CO — R’R*C=CR'COR*+R,PO;

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
HCOCH,
Cy (C;H;0),P(0)CH,COCH, NaH/glyme (16) 182
CH,;=CH(CH,),CHO CH;ONa/CH;OH  CH,=CH(CH,),CH=CHCOCH; (—) 275
(CH;0),P(0)OCH(CH;)CHO NaH/glyme CH,COCH=CHCH(CH,)OP(O)(OCH;). (72) 385
CH,CO(CH,):CHO NaH/glyme CH;CO(CH,);CH=CHCOCH; (—) 87
HCOCH;
NaH/glyme (70) 182
(CH;0);P(0)OCH(C;H;)CHO  NaH/glyme CH,COCH=CHCH(C,H;)OP(O)OCH,), (75) 385
CH,CO(CH,).CHO NaH/glyme CH,CO(CH,),CH=CHCOCH; (—) 87
n-CsH,;COCH, NaH/glyme n-CsH,,C(CHs)}=CHCOCH, (61) 182
HCOCH;
NaH/glyme (40) 182
CsHs;CHO NaNH,/THF C¢HsCH=CHCOCH, (—) 250
(CH;0),P(0)OCH(C;H,-n)CHO NaH/glyme CH,COCH=CHCH(C;H,-n)OP(O)(OCH,); (50) 385
CsHsCOCH, NaH/glyme CsHsC(CH;)=CHCOCH; (46) 182
(CH3),C=CH(CH,),COCHj, NaH/glyme (CH,)2C=CH(CH,).C(CH;)=CHCOCH; (80) 182
i-CsH,,CH(CH;)CH,CHO NaH/glyme i-CsH,,CH(CH,)CH,CH=CHCOCH,; (—) 318
i-C¢H,sCH(CH;)CH,CHO NaOH/DMF i-CsH1sCH(CH,)CH,CH=CHCOCH; (—) 347
CH;CO(CH,);CH(OC;Hs), NaH/glyme CH;COCH=C(CH,)(CH2);CH(OC;H;): (—) 87
(CH;),C=CH(CH,),C(CH;}=CHCHO NaNH,/THF (CH,);C=CH(CH,);C(CH,)=CHCH=CHCOCH, (49) 18
CH,CO(CH,).CH(OC;Hs)2 NaH/glyme CH3;COCH=C(CH,)(CH2).CH(OC:Hs): (—) 87
OHCC(CH,),CH,0580.,CsH,CH,-p NaH/glyme CH,COCH=CHC(CH,),CH,080,CsH.CHs-p (—) 348
(CH,0),P(0)CH;CO(CH,);OCH,  p-CsHsCsH,C NaH/glyme p-QHsCsH‘COr—@I:O (—) 368
CHO CH=CHCO(CH,),OCH;
CH,)COCH,3
Ce  (C:Hs0):P(O)CH(CHs)COCHS; NaH/glyme (60) 182
(CH,),C=CH(CH,),C- NaNH,/THF (CH,),C=CH(CH,),C(CH;)=CHCH=C- 18,315
(CH5)=CHCHO (CH,)COCH; (63)
(C;Hs0),P(0)CH,COCH,CH, (CH5),C=CH(CH,),C- NaNH,/THF (CHs),C=CH(CH,),C(CH,)=CHCH=CH- 18
(CH,)=CHCHO COC;H; (75)
'CH,),CO,CH. CH CH
(CH,)s4 3 NaElgtyme (CH,),CO,CH; =) 149
(0] H=CHCOCH,CH,
CH,CH=CH(CH,),CO,CH. CH,CH=CH(CH,),CO,CH.
2 (CH,),CO,CH,3 NaHiglyme 2 (CH_),CO,CH; (<) 149
(0] H=CHCOCH,CH,

Note: References 228-415 are on pp. 250-253.
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TABLE IV. UnsaturaTteEp KeTonNes FRoM PHospHORYL REAGENTS ConTAmNmNG A CarBonyL Grour
R,P(O)CHR'COR?+R*R*CO — R*R*C=CR'COR*+R,PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (C2Hs0),P(O)CH,COCH,;CH,
Contd.) (Contd.)
sl CH,C=C(CH,),CO,CH, H,C=C(CH,),CO,CH,
NaH/glyme (=) 149
CHO CH=CHCOCH,CH;
0
(CH,0),P(0)CH,CO(CH,);OCH, p'CﬂH‘ngH.;COzAwO NaH/glyme p'Cgﬂscsl'I‘CO {"_) 368
CHO =CHCO(CH,),OCH,
Cs (C:Hs0),P(O)CH(C,Hs)COCH, (CH3),C=CH(CH,),C- NaNH,/DMF (CH3),C=CH(CH,),C(CH,)=CHCH=C- 315
(CH;)}=CHCHO (C;H5)COCH; (18)
9) 0.
(CH,).P(0)CH.CO(CH2).CHs NaH/glyme (=) 150
CH;0,0(CH,)s CHO CH;0,C(CH,)¢ H=CHCO(CH,),CH;
0]
O
Cio (CH,0),P(O)CH,COCH-
(CH;)C Hg-n NaH/glyme () 148
CH;CO; CHO CH;CO, CH=CHCOCH(CH;)C,Hg-n
(0]
NaH/THF (62) 158
=CHCOCH(CH,;)C4Hq-n
CH;CO; Cl'lacoi
Cii (CH;0);P(0)CH,CO(CH,)sCH; i:C;H,CHO NaH/glyme i-C3H,CH=CHCO(CH,);CH; (30) 405
3 CH;,3
CHO COC.H, -
(C2H50),P(0)CH,COC:H,,-n S NaH/DMSO ACHO0CEL S s 349
0 NH, NH,
(C;H50):P(0) NP O NZ NN CH,
/J\ | NaH/THF k [ 20/ (32) 107, 254
CeH H, CH; NN
H;
[T, L
(C2H50),P(0)CH,COCsH,,-n O o NaH/DMSO (0] (64) 349
sHj-n
(CH,)sCO,CH; ( H,)sCO,CH;,
OCH
NaH/giyme CH;(CH,); 5 (=) 144,145

CH;CO,

CH,CO,

Note: References 228-415 are on pp. 250-253.
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TABLE IV. UnsaturaTep KeTones FRoM PHOsPHORYL REAGENTs CoNTAINING A CArRBONYL GROUP

R,P(O)CHR'COR?+R’R*CO — R’R*C=CR'COR*+R,PO; (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cu (CH;0),P(0)CH,COCH,0C,H; o
(Contd.)
(0] O
NaH/glyme (-) 147
C5H| 1=n
CHO
OCOC:H,CsHs-p OCOCsH,CsHs-p
(0]
(8] O
NaH/glyme (=) 344
CH,0CgHs
HO
OCOCHCellsp OCOCH,CeHsp
CsH
Cia (C;Hs0);P(O)CH,COCsH,4 p-CICsH4N, C,HsONa/C,H;OH p-Cl CgH.;N\N,,N (36) 221
CgH
p-0:NC.H.N; C;H;ONa/C,Hs;OH P'OzNCs}L—N\N,,N (64) 221
CsHsCHO NaH/glyme C¢HsCH=CHCOGC:H; (61) 4
NH, NH,
N7 NO N7 N.
)\ | NaH/THF i, | j\ (75) 107,254
CeH? NH, CeHs CeHs
HCOCsH;s
NaH/dioxane O ‘ (10) 258
Cl N= Cl a N=N Cl
Cis (C;H;0);P(O)CH,COCH,CHs-p p-CsH4(CHO)2 C;H;ONa/C;Hs;OH  p-CeHy(CH=CHCOC,H.CHj-p): (—) 88
p-CsH4(CH=CHCHO), C;HsONa/C;H;OH p-CsHJ[(CH=CH),COCsH.CHs-p. (—) 88
4 O—QJ 0—[ NaH/ [ J—D
. (CH,D}:P(O)CH:i/\)\/ /Kg;)\/ OJ gyme 0 ©
350
o HO
Cio (CH,0),P(O) \/lk/\)\/o—@ w NaH/glyme
@WO (78) 405
(0]
Note: References 228-415 are on pp. 250-253.
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TABLE V. UNsSATURATED NITROGEN COMPOUNDS FROM PHOSPHORYL REAGENTS CoNTAINING A NITROGEN GrOUP

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (C,Hs0),P(O)NHOCH, C¢H;CHO NaH/glyme CsHsCH=NOCH; (82) 351,352
G (C;H;0),P(O)NHN(CHa), CO, NaH/C¢Hs (CH,);NNCO (32) 81
(C:Hs0),P(O)CH,;NC t-C,;H,CHO n-C,HgLi/THF (CH;);CCH=CHNC (72) 353
CHNC
n-CH,Li/THF (84) 353
CsHsCHO n-C,H,Li/THF CsHsCH=CHNC (75) 353
p-CH;0CsH,CHO n-C,H;LifTHF p-CH;0CsHL,.CH=CNC (68) 353
Cs (C;:H;0),P(O)NHC,H,s-n CS,; NaH/glyme n-C,HNCS  (79) 351,352
G (C;H;0),P(O)CH=CHCH,N(CH,), i-C;H,CHO NaH/HMPT (CH,),CH(CH=CH);N(CH3). (83) 55
n-C,H;CHO NaH/HMPT n-C4Ho(CH=CH);N(CH,), (46) 55
(@] CH=CHN(CH3),
ij NaH/HMPT (60) 55
C¢H;CHO NaH/HMPT CsHs(CH=CH);N(CH;). (42) 55
Cio (C:.H.so)zp(o)NHCan Coz Naﬂfsiyme CeH,1:NCO (24) 351,352
CeH,:NCO NaH/glyme CegH;;N=C=NC:H;; (53) 351,352
CsHsNCO NaH/glyme CgHN=C=NCgH,, (60) 351,352
CeHs(C;H;)C=CO0 NaH/glyme CsH(CH;)C=C=NCeH,, (58) 351,352
Ciy (C;Hs0),P(O)CH=C(CH;)NHC,H;-n p-CH,OCH,CHO NaH/THF p-CH30C:H,CH=CHC(CH;}=NC,H;-n (66) 198
CHCH=NC¢H,,
Cia (C2H;0),P(0)CH=CHNHC:H,, NaH/THF (86) 45
CsH,CHO NaH/THF CeH;CH=CHCH=NCzH,; (77) 45
HCH=NCgH,,
NaH/THF { (74) 45
CHCHchsH”
NaH/THF {ﬁ (71) 45
HO
CHCH=NC4¢H,,
wme 1 .

o

Note: References 228-415 are on pp. 250-253.
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TABLE V. UnsaTturaTED NITROGEN CompPounDs FROM PHOsPHORYL REAGENTs CoONTAINING A NITROGEN GRoOUP

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Ciz (C;H30),P(O)CH=CHNHC4H,, 0O
(Contd)  (Conud) HO CHCH=NCgH,
NaH/THF {jﬁ (65) 45
0
&/0
COCH,3 _\\
NaH/THF (83) 45
o CH=CHCH=NC¢H,,
CHO
OCH,C¢Hs
NaH/THF ﬂ} (84) 45
Ce¢H,;;N=CHCH
C(CH,3)CH=NC4H,,
Ci (C;H;0),P(0)C(CH;3)=CHNHCH,, NaH/THF (66) 45
(C;H;0),P(0O)CH=C(CH\)NHCsH,, CsHsCOCH,4 NaH/THF CeHsC(CH3)=CHC(CH;)=NCsH,, (46) 198
CHC(C4Hg-n)=NC,Hg-n
Cia (C;H;0),P(0)CH=C(CH;s-n)NHC Hs-n NaH/THF (67) 198
CeHsCHO NaH/THF CsHsCH=CHC(C,H,-n)=NC,Hs-n (65) 198
(C;H;0),P(O)CH(thienyl-2)N ) CHsCHO NaH/dioxane (  NC(thienyl-2/=CHC¢Hs (37) 354
N\ . 2y N
Cis (C,HsO),P(O)CH(C¢H)N O éZB\CHO NaH/dioxane QO NC(C¢Hs)=CH(furanyl-2) (52) 354
CeH:CHO NaH/dioxane O NC(C¢Hs)=CHCeHs (41) 354
(C,H;0),P(O)CH(pyridyl-2)N ) C¢HsCHO NaH/dioxane { NC(pyridyl-2=CHC¢Hs (—) 354
(C:H50),P(O)CH=C(C;H,-n)NHC¢H,, C¢HsCHO NaH/THF CeH;CH=CHC(n-C;H,)=NC¢H,, (55) 198
p-CH;0C:H.CHO NaH/THF p-CH30C¢H,CH=CHC(n-C,H,)=NCgH,, (60) 198
FN . £
(C;:HsO),P(O)CH(CeHs)N O (CeH;),CO NaH/dioxane O  NC(C¢Hs)=C(Cg¢Hs), (10) 354
NS __/
Cis (C;Hs0),P(O)CH(C¢H,CH3-p)N ) C¢HsCHO NaH/dioxane ( NC(C¢H,CH;-p)=CHC¢Hs (48) 354

Note: References 228-415 are on pp. 250-253.
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TABLE V. UnsaTURATED NITrRoGEN CoMPOUNDS FROM PHOsSPHORYL ReAGENTs ConTAINING A NiTroGEN Grour

No.

of C

Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.

Ci;  (CH;0);P(O)CH(CsHNO,-p)NHCsH; {( NCOCHO NaH/glyme p-0,NCH,C(NHC¢Hs)=CHCON (=) a1

(Conud.)
(C;H;0),P(0O)CH=C(CsHs)NHCeH,, p-CH;0CH,CHO NaH/glyme p-CH;0CH,CH=CHC(CH:)=NCeH,, (53) 198

Cis (CqHso}zP(O)CHICgH‘CH(CHﬂz-p]N: )CH;O NaH/dioxane { NC[C¢H,CH(CH,),-p}=CH, (-) 354

CH,C¢H;)CH=NCH,,

(C;H,0),P(0)C(CH,CsH;)=CHNHCH,, NaH/THF (63) 45

Cae (CsH;)P(O)CH=C(CsH;)NHC, Hy-n C¢H,CHO NaH/THF Ce¢HsCH=CHC(C¢H;)=NC.Hs-n  (—) 43
(CeH,s);:P(OYCH=C(CsH,,)NHC ,Hs-n CsH.CHO NaH/THF CsHsCH=CHC(C4H;;)=NC,Hs-n (—) 43
(CsHs)P(O)CH=C(CsHs)NHC Hy-n (CsHs)2CO NaH/THF (CsH5):C=CHC(CsHs}=NC.Ho-n (—) 43

Cs (CsHs0),P(O)CH(CsHs)NHCsHs CeHsNO KOH/THF CsHsN=C(C¢Hs)NHC:H; (66) 105
(CsH50),P(O)CH(p-O,NCsH,)NHCeH; CHsNO KOH/THF CsHsN=C(CsH,NO,-p)NHC:H; (97) 105
(CeHs0),P(O)CH(p-O,NCsH )NHCHLNO,-p  CeHsNO KOH/THF CeHsN=C(CsH.NO,-p)NHCH.NO,-p (78) 105
(CeH;0),P(0)CH(p-O,NCsH,)NHCHLCl-p CeHsNO KOH/THF CeHsN=C(CsH,NO,-p)NHC:H.Cl-p (68) 105
(CsHs0),P(O)CH(p-O,NCsHL)NHCsH, 0-CH;CH.NO KOH/THF 0-CH3;CeHN=C(C;H,NO,-p)NHCH; (76) 105
(CsH50),P(0)CH(CeHs)NHCHNO,-p 0-CH;CHL.NO KOH/THF 0-CH;CHN=C(CsHs)NHCHLNO;-p  (45) 105
(CsH50),P(O)CH(p-O,NCsH.)- 0-CH;CH.NO KOH/THF 0-CH;C,H,N=C(CsH,NO,-p)NHCcH,NO,-p (67) 105

NHCHNO;-p
Cas (CeHis):P(O)CH=C(CsH;)NHCH,- CH,CH,CHO NaH/THF CH;CH,CH=CHC(C¢H;}=NCH,CH,- 43
CH,(OC;Hy)a (OC;Hs), (60)

(CsH+0),P(O)CH(p-O;NCsH)NHCHLOCH;-p - CeHsNO KOH/THF CeHsN=C(CsH.NO,-p)NHC;H,OCHs-p (69) 105




st

TABLE VI. UNSATURATED SULFIDES, SULFONES, AND ETHERS FROM PHOSPHORYL REAGENTS

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
CHSO,CH;
C, (CH;0),P(O)CH,SO,CH, NaH/CqHs ) 49
CeH,CHO NaH/CesHq CsH;CH=CHSO.,CH: (—) 49
p-CICsH,CHO NaH/CgHs p-CICsH,CH=CHSO,CH, (—) 49
p-CH,OCsH,CHO NaH/CsHq p-CH;OCsH,CH=CHSO.CH; (—) 49
CsH,;COCH, NaH/DMF CeH;sC(CH5;)=CHSO,CH; (—) 49
(GH;).CO NaH/DMF (CeH;),C—=CHSO.CH; (—) 49
CHSO,CH,3
Cs (C;H;0),P(0)CH,SO.CH, n-C,H,Li/THF 97) 355
CH,(CH,)«COCHs, n-C,H,Li/THF CH,(CH:)4C(CH;)=CHS0.CH; (86) 48
CH;(CH,);CHO n-C,H,Li/THF CH,(CH,)sCH=CHSO.CH; (97) 48
(C;H;0),P(O)CH,SCH, CeHs,CHO NaH/glyme CsHsCH=CHSCH, (65) 48, 408
(C,H;0),P(0)CH,SO,CH, C¢H;CHO n-CH,Li/THF CsHsCH=CHSO,CH, (87) 355,408
p-CICsH,CHO NaOH, H;O/CH;Cl;, p-CICsH,CH=CHSO.,CH, (100) 408
[(C;Hs)sNCH,C¢H;s]"CI™
(C;Hs0),P(O)CH,S(0O)CH, CsHsCHO NaOH, H,0/CH,Cl, C¢Hs;CH=CHS(O)CH, (51) 408
[(C;H;)sNCHCsH;]"Cl™
(C;H;0),P(O)CH,SCH, CsHsCOCH,4 NaH/glyme CsHsC(CH,)=CHSCH, (43) 48
(C;H;0),P(O)CH,S0,CH, p-CH;0C:H,CHO NaOH, H,0/CH,;Cl;, p-CH;0CH,CH=CHSO,CH; (100) 408
[(C;H4)sNCH,CeHs]"Cl™
(C:H50),P(O)CH,SCH, 1-C1oH;CHO NaH/glyme 1-C;oH,CH=CHSCH, (60) 48
(CsH),CO NaH/glyme (CsHs),C=CHSCH, (35) 48
(o8 (C:H50),P(0O)CH,S0,C,H; CCl,CHO NaH/ether Cl,CCH=CHS0,C;H; (76) 50
CH,SCH,CH,CHO NaH/ether CH,SCH,CH,CH=CHSO,C,H; (75) 50
Q NaH/ether (;B\:H (93) 50
CHO =CHSO0,C,H;

Note: References 228-415 are on pp. 250-253.
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TABLE VI. UNSATURATED SULFIDES, SULFONES, AND ETHERS FROM PHOSPHORYL ReacenTs (Continued)

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
C (C;H;0),P(0)CH.SO,C,H; @\m NaH/glyme 14 \l (80) 50
(Contd)  (Coned) 0o (o} 07 “CH=CHSO0,C,H;
Q\CH NaH/toluene é:&c (90) 50
(6} H=CHSO,C,H;
(CH5)SCH,
(C;H;0),P(O)CH(CH;)SCH, & n-C.H,Li/THF (10) 35
(CH,)SCH;
n-C,H;Li/THF (82) 35
n-C;H,,CHO n-C,H;LiyTHF n-CsH,,CH=C(CH,)SCH; (67) 35
=
(C;H50),P(0)CH,S0,C;Hs | NaH/ether | (70) 50
N”“cHO N: “CH=CHSO,C,H;
o CH=CHSO,C,H;
I NaH/CH:CHs O/ (89) 50
N N
(o} =CHSO0,C,Hs
I NaH/C4H,;CH, | (88) 50
N N
CHCHO NaH/glyme C.H,CH=CHSO,C,H; (84) 50
3,4-Cl,CsH;CHO NaH/glyme 3,4-C1,C4H,CH=CHSO0,C;H; (91) 50
(C;H,0),P(O)CH(CH,)SCH, CsH;CHO n-C H;Li/THF CJ'lsCH=C{CI;Is)SCHs (80) 35
[(C:Hs0),P(0)CH,8(CH),)CIOZ CH;CHO NaH/THF [CsH;CH=CHS(CH,),]CIO; (64) 356
(C;Hs0),P(O)CH,S0,C;Hy p-CH:COC:H,CHO NaH/ether p-CH;COCsH,CH=CHSO,C;H;s (96) 50
N"“cHo N CH=CHSO0,C,H;
(C;H;0),P(0)CH(CH;)SCH, NaH/glyme (72) 357
(CH5)SCH,
(CsHs):CO n-C,H,Li/THF {CsHs),C=C(CH,)SCH; (84) 35
NaH/glyme (83) 396
C(CH,)SCH;
SCH,CH=CH,
Cs (C2H,0),P(0)CH,SCH,CH=CH, n-C,H,Li/THF (83) 51
C.H:CHO n-C,H,Li/THF CeHsCH=-CHSCH,CH=CH, (83) s1
Norbormanone n-C H,Li/THF Norbornyl=CHSCH,CH=CH, (65) 51
HSCH,CH=CH,
n-C,H,Li/THF (19) 51
Adamantanone n-C H,;Li/THF Adamantyl=CHSCH,CH=CH, (72) 51
/—-\ /"‘\
(cwo n-C.H,Li/THF (C{;_)_,-./ C—CHSCH,CH=CH, (54) 51

Note: References 228415 are on pp. 250-253.
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TABLE VI. UnNsATURATED SULFIDES, SULFONES, AND ETHERS FRoM PHosPHORYL ReAGENTs (Continued)

No.
of C
Atoms  Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.

HSCH,CH=CH, (81) 51

C. (C;H:0),P(0)CH,SCH,CH=CH, "‘ n-C,HsLi/THF
(Conid.) (Conid.) |

Cs (C;H;0),P(0)CH,CH=CHOC,H; C,HCOCH, NaH/glyme C,H;C(CH,)=CHCH=CHOC;H; (33) 55
i-C;H,CHO NaH/glyme i-C;H,CH=CHCH=CHOC;Hs (57) 55
0 CHCH=CHOGC,H,
NaH/glyme (84) 55
C¢HsCHO NaH/HMPT CsHsCH=CHCH=CHOC;H; (66) 55
(C;Hs0);P(O)CH,CH=CHSC;H; CsHs,CHO NaH/glyme C¢H;CH=CHCH=CHSC,Hs; (—) 55
(C2H0),P(0)CH,CH=CHOC;H; p-CH,0CH,CHO NaH/HMPT p-CH;0CH,CH=CHCH=CHOC,H; (47) 55
p-(CH,);NCsH,CHO NaH/glyme p-(CH,):NCsH,CH=CHCH=CHOC;H; (80) 55
(CsHs),CO NaH/HMPT (CsHs); C=CHCH=CHOC,H; (63) 55
Cii (C2H;0),P(0)CH,CH=C(CH,)OC;H; i-C;H,CHO NaH/HMPT i-C3H,CH=CHCH=C(CH,)OC;H; (48) 55
HCH=C(CH;)0C,;H;
NaH/HMPT (40) 55
CsHsCHO NaH/HMPT C¢H:CH=CHCH=C(CH,)OC;H; (60) 55
p-CH;C,H,CHO NaH/HMPT p-CH,C¢H,CH=CHCH=C(CH,)OC,H; (38) 55
(CeH;),CO NaH/HMPT (CsH),C=CHCH=C(CH,)OC,H; (47) 55
Cu (C2H<0),P(0)CH,S0,CsH.Cl-p CsH:CHO n-C,H,Li/THF CeHsCH=CHSO,C,H.Cl-p (90) 355
H802C6H4CI‘p
n-C H;Li/THF (72) 355
(C.Hs0),P(O)CH,SCsH; CsHsCHO NaOH, H,0/CH,CL,, C¢HsSCH=CHC,H; (81) 408
[(C:H3)sNCH,CsHs]"CI™
(C;Hs0),P(O)CH,S(0)CsH; CsH;CHO NaOH, H,0/CH,Cl, C¢HsCH=CHS(0)CsHs (54) 408
[(C2H;);NCH;C4H;)"Cl™
p-CICsH,CHO  NaOH, H,O/CH,Cl,, p-CICsH,CH=CHS(O)CsH; (57) 408
[(C2H;);NCH,CeHs]"Cl™
n-C¢H,;CHO n-C,H;Li/THF n-C¢H,;CH=CHSO,C H.Cl-p (80) 355
(C;H;0),P(0)CH,80,C¢H,Br-p- p-FCsH.CHO NaH/glyme p-BrCsH.SO,CH=CHCH.F-p (—) 47,39
m-0,NC,H,CHO NaH/glyme p-BrC¢H,SO,CH=CHCH.,NO,-m (—) 47,39
m-HOCsH,CHO NaH/glyme p-BrC¢H,SO,CH=CHCH,OH-m (—) 47,39
0-0,NC¢H,.CHO NaH/glyme p-BrC¢H.SO,CH=CHC4H.NO;-0 (—) 47,39
0-HOC,H,CHO NaH/glyme p-BrC¢H,SO,CH=CHCH.,OH-0 (—) 47,39
CsHsCHO NaHjglyme p-BrC¢H,SO,CH=CHC:H; (—) 47,39
p-CICsH,CHO NaH/glyme p-BrCsH.SO,CH=CHCH.Cl-p (—) 47,39
(C;H;0),P(0)CH,SCsH Br-p p-CICsH,CHO NaH/glyme p-BrC¢H,SCH=CHCH,Cl-p (80) 47,39
C¢H;CHO NaH/glyme p-BrCsH.SCH=CHCH; (75) 47,39
p-CH,OCsH,CHO NaH/glyme p-BrCsH,SCH=CHC,H,OCH;-p (93) 47,39
(CzH;0),P(0)CH,S(0)CsHs p-CH;OCeH,CHO  NaOH, H,0/CH,Cl,, p-CH;0C,H,CH=CHS(O)C.H; (48) 408
[(C:H;);NCH2CeHs]"CI™
(C2H10),P(0)CH,S0,C,H,Br-p 0-CH,0C,H,CHO NaH/glyme p-BrCsH.SO,CH=CHCH,OCH;-0 (—) 47,39
p-CH,C¢H,CHO NaH/glyme p-BrCsH,SO,CH=CHCH.CHs-p (—) 47,39
p-CH,OCH.CHO NaH/glyme p-BrCH.SO,CH=CHC,H.,OCH,-p (—) 47,39
p-(CH3),NC,H,CHO NaH/glyme p-BrCsH SO;CH=CHC¢H.N(CH:);-p (—) 47,39
C¢H;CH=CHCHO NaH/glyme p-BrC¢H,SO,(CH=CH),CH; (—) 47,39
(C,Hs0),P(O)CH,SCsH, p-(CH;);:NCaH,CHO  NaOH, H,0/CH,Cl,- p~(CH;3);NCsH,CH=CHSCsH; (40) 408
[(C:H5)sNCH,CsH,]*ClI™

Note: References 228-415 are on pp. 250-253.
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TABLE VI. UNSATURATED SULFIDES, SULFONES, AND ETHERs FROM PHOsPHORYL REacGeENnTs (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cun (C;H;50),P(O)CH,SCsH,Br-p p-(CH;);NCsH,CHO NaH/glyme p-BrCsH, SCH=CHC.H.N(CH,)2-p (75) 47,39
(Contd.) Ce¢HsCH=CHCHO NaH/glyme p-BrCsHLS(CH=CH),CsHs  (60) 47,39
(C;H;0);P(0O)YCH;SO:CsHBr-p 2,3,4-(CH,);CsH:CHO  NaH/glyme p-BrCsH.,SO,CH=CHC:H,-
(OCH,)5-2,3.4 (—) 47,39
Cia [{QPLO):P(O)CHaﬁCH;)CsHs]ClOK Ce¢H;CHO NaH/THF [CeHy CH,)C¢H;]CIOF  (66) 356
Cis (C;H;0),P(O)CH,CH=CHSCsHs (CH,).CO NaH/glyme (CH,),C=CHCH==CHSC:H; (68) 55
C,HsCOCH, NaH/glyme C,H;C(CH,)=CHCH=CHSCeH; (75) 55
i-C;H,CHO NaH/glyme i-C;H,CH=CHCH=CHSC:H; (80) 55
n-C.H,CHO NaH/glyme n-CH;CH=CHCH=CHSC:H; (70) 55
[ NaH/glyme BN @0 ss
§” CHO 57 “CH=CHCH=CHSC¢H,
(0] CHCH=CHSCzH;
é NaH/glyme (83) 55
CgHsCHO NaH/glyme C¢HsCH=CHCH=CHSC,H; (80) 55
CsHsCOCH; NaH/glyme CsHs(CH;)C=CHCH=CHSC¢Hs (72) 55
(CsHs),CO NaH/glyme (CsHs),C—=CHCH=CHSCsHs (50) 55
C[(CH,),CH;]SCH;
Cue (C;H;0),P(O)CHI[(CH,),CH,)SCHs n-C H;LyTHF (72) 35
Note: References 228415 are on pp. 250-253.
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PoLyENEs FRoM DiFuncrionaL PHospPHORYL REAGENTS

No.

[ =]
w
8 Cu

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cu (C;H,0),P(0)CH,CH=CHCH,P(O)(OC;Hs); (C;Hs0),CHCOCH,4 CH,;ONa/CH,OH (C,H50),CHC(CH,)=CHCH=CH-
CH=C(CH;)CH(OC;H;). (—) 323
OCH(CH=CH),CHO t-C,H;OK/DMF —~CH=CH) (—) 110
CsH;CH=CHCHO t-C,H;0K/CsH, CeHs(CH=CH);CsHs (70) 204
(CsHs)CO t-C,H,OK/C¢H, (CeH;),C=CHCH=CHCH=C(C4Hs). (61) 204
Cie (CzH,0),P(0)CH,(CH=CH),CH;P(O)- OHC(CH=CH);CHO 1-C H,OK/DMF —~CH=CH)s (—) 110
(OCzHs): (0]
(CzHSOJzP(O)CHzQCHzHOJ{Oczl'ls)z b 1-CH,OK/CoH,CH, qm(m:@)-p (65) 249,204
2
CHO
CH=CH
O/ 1-C.H,OK/DMF C‘H‘( Ol-p (62) 256,204
N N-
C¢H;CHO t-C,H,OK/CsHs CsHy(CH=CHC:H;)-p (—) 4,;0;-
p-0,NCH,CHO t-C,H;OK/DMF CeH(CH=CHCsH.NOz-p)a-p (—) 256
CeHL[CH,P(O)(OC;Hs)a 1,2 CeHsCHO NaH/glyme 0-CeHy(CH=CHCHs): (—) 76
CsH.[CH,P(0)(OC;Hs):L-1,4 p-CsH4(CHO), t-C,H,OK/DMF p-(CH=CHCeHz); (—) 110
OCH(CH=CH),CHO 1-CH;OK/DMF p-CeHAHCH=CH)sC;H.}> (—) 110
CeHsCH=CHCHO NaH/glyme p-CsH(CH=CHCH=CHGC,H); (84) 4,204,
249

Note: References 228-415 are on pp. 250-253.
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TABLE VII. PoLvyenes FrRoM DiFuncrioNaL PuospHORYL ReaGENTs (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cis (CsH.[CH,P(0)(02C;Hs)2)-1,4  (Contd.) p-(CH;);NCsH.CHO t-CH,OK/DMF p-CsHi(CH=CHCsH.,N(CH;);-p): (67) 256,204
(Conid.) 1-C,cH,CHO t-C,H;OK/CsHsCH, p-CsHo(CH=CH-1-C;oH:); (—) 249
p-CsHi(CH=CHCHO),  1-C,H,OK/DMF p-(CH=CHCH=CHCHz}s (—) 110
p-CsH;CsH,CHO 1-C H,OK/DMF p-CsHo(CH=CHCsH.CsHs): (92) 204, 249
256
(CeH,),CO 1-CsH;OK/C4H;sCH; p-CeHL[CH=C(C¢H,).}. (62) 204,249
(CsH1,):.CO 1-C,H,OK/DMF p-CeH[CH=C(CsH;,):k  (—) 256,204
-C.H,OK/CeHq p-CeH, [CH ‘ (70) 204
g
()
(0] t-C,Hy0K/CsHs p-CeHy CHxCH (76) 204, 249
W7
£HO p-CeH, [CH=C)
t-C,H;OK/CeHs (65) 204, 249
Jl
Cis [(C;H;0),P(0)CH,C(CH;)=CH—C3=; CsH;CH=CHCHO CH,ONa/DMF (CsHs i () 358
(0]
CH;ONa/DMF (=) 323
2
(C;H;0),P(O)CH, CH,P(O)(OC;Hjs), CsHsCH=CH CH=CHCH;
Cao C4H,CHO CH,ONa/DMF (40) 7
Czs  (CsHs)2P(O)CH:CH,P(O)(CeHs)a OHC(CH=CH);CHO 1-C,H,0K/DMF —CH=CH3r (-) 110
(CeH5)2CO 1-C,H,OK/CsHsCH, (CsH5),C=CHCH=C(CsHs). (41) 249,204
Cas (CsHs):P(0)(CH,).P(O)(CsHs): (CsHs)2CO t-C.H,0K/CeH, (CeHs),C=CH(CH,),CH=C(C¢Hs). (25) 204
Cso (CsHs).P(O)(CH,)sP(O)(CeHs): (CsHs),CO t-C,H,OK/CsH, (CeHs)2C=CH(CH,)(CH=C(C¢H;), (25) 204, 249
Csz (CsH3):P(O)YCH,CsH.CH,P(O)(CsHs)z CsH;CH=CHCHO 1-C,H,;OK/CsHg CsHy(CH=CHCH=CHC:H;);-p (27) 204
Note: References 228-415 are on pp. 250-253.
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TABLE VIII. UnNSATURATED PHOSPHONATES FROM METHYLENE BISPHOSPHONATES
No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
(o [(C;H:0),P(0)LCH, C;H;CHO 1-C;H;0K/1-C;HsOH  CH;CH=CHP(O)(OC;Hs). (—) 70
[(C:Hs0),P(0)LCCl, (CH,),CO n-C,H,Li/THF (CH,),C=C(C)P(O)C(OC;H;), (85) 228
1-C,H;CHO n-CHsLi/THF 1-C,H,CH=C(CI)P(O}(OC;H;), (83) 228
) 7\
[(C:Hs0).P(0)L.CH2 t-C,H,OK/1-C;H;OH (=) 70
s”“cHo SQCH“-CHP{O)(OQHSH
(1:" 1-C,H,0K/1-C.H,OH (j\a-hc (=) 70
N"“cno N HP(O)(OC;Hs),
CHO A_{“=CHP(0)(0Q\H5)&
/ E, NaH/glyme
(0] (=) 366
> X
—QOH NaH/glyme QC’H - 73
CHO H=CHP(0)(OC;Hs),
C¢HsCHO NaH/glyme CsHsCH=CHP(0)(OC:Hs). (67) 4,70
p-CsHo(CHO), t-C4H,0K/1-C,H;OH p-CsH[CH=CHP(O)}OC;Hs):L. (—) 70
CgHsCH=CHCHO t-C,H,OK/t-C,H,OH CsH;CH=CHCH=CHP(O)(OC;H;). (—) 70
* O.
(e) (0] P(O)(OC;Hs),
' NaH/CsHs k 95) 72
N? N:
ﬁ:\—ih CHO NaH/glyme ﬁﬂ —CHCH=CHP(O)(OC,H;),
><$ T
0.
n-CH;Li/THF o 61 74
(C2H;0),(0) +
0o E:ﬂ(o)(oczﬂs)z
(CHO,CCHj;),4 NaH/glyme (CHO,CCHs,), (-) 73
0,CCH,3 20,CCH,
[(C;H;0),P(0)LCHN(CHs). Ce¢H;CHO NaH/glyme CeHsCH=C[N(CH,).JP(OXOC;Hs). (—) 71
C,H;OP(O)[CH,P(O)OC;H;s).L i-C3H,CHO NaH/glyme i-C3H,CH=CHP(O)(OC,Hs). (57) 32
CsHs;CHO NaH/glyme CsHsCH=CHP(O)}OC;H,), (41) 32

Note: References 228-415 are on pp. 250-253.



9¢T

LET

TABLE IX. AceryLENES, ALLENES, AND CYCLOPROPANES FROM PHOSPHORYL REAGENTS

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (CH,0),P(O)CHN, C¢Hs;COCH; n-C,H,Li/THF CsH.C=CCH, (16) 359
CgHsCH,CHO n-C,H,Li/THF CsHsCH,C=CH (30) 359
o}
1 0),P(0)CH,COC 2N N 49 182
c (C:H;0),P(0)CH,COCH, cH.CiXH, aH/glyme Gl /N ¢ u, (49)
Cs (C2H;0);P(0)CH.CO;C;Hs (C;H:):C=CO NaH/glyme (C2H,);C=C=CHCO,C;Hs (—) 102
0,CH;
NaH/glyme 25 (18) 395
CH,CH—CHCH; CH, CH,
CDD LiH/CsHs E>—oozczn, (58) 208
(C,H;0),P(0)CH(I)CO,C,H; CgHsCHO NaH/glyme CgHsC=CCO,C;Hs (59) 4
o)
(C,Hs0),P(O)CH,CO,C;H. Vi NaH/| 48) 4,206
: CoHCH—CH, Blyme CGHS—A—C()zCsz ¢
CsHsCH=CO NaH/glyme CeHsCH=C=CHCO,C,H; (—) 102
CsHs(CH,)C=CO NaH/ e CgHs(CH,)C=C=CHCO,C,Hs; (—) 102
(CH;0),P(0 gym : :
CsHC(CH
CsH;C(CH;)=CO NaH/C¢Hg (81) 281
CeHsC(C;Hs=CO NaH/C4H, CsHsC(Csz)ﬁ—) (100) s5E
o
(C;H50),P(0)CH.CO,C,H, CsH,(C;H;)O=CO NaH/glyme CeHs(C:H5)C=C=CHCO.C;Hs (—) 4
/0""CH3 /O—CHZ
O OCH
CGH;,C{K /<;/ ® NaH/dioxane CGHSCQ OCHs  46) 360,361
o
O ¥
CO,C,H;
(C;H50),P(O; (C¢H;),C=
o (CeH3),0=CO NaH/CqHs (100) 281
(o}
G (CzH;0),P(0)CH(CH,)CO,C;H; C4Hs(CH3)C=CO NaH/glyme CeHy(CH;)C=C=C(CH;)CO,C;Hs (67) 102
CH,(C;Hs)C=CO NaH/glyme CeHs(C:H,)C=C=C(CH,)CO,C;Hs (81) 102
Cio  (C;H;0):P(O)CH(C;H,)CO,C;H; CsH5(CH5)C=CO NaH/glyme CeH,(CH;)C=C—=C(C;H,)CO,C;H; (75) 102
C4H,(C,H,)0=CO NaH/glyme CeH(C,H)C=C=C(C,H,)CO,C,H, (80) 102
CsHs(CH5;0)P(O)CH;CO,CH; CsHs(C;H;)C=CO NaH/glyme CsHs(C;H,)C=C=CHCO,CH, (42) 373
Cu  (C,Hs0):P(O)CH(Br)CeHNO,-p CsH,CHO C,H;ONa/C,H;OH CeHsC=CCHNO-p (—) 62
Cic  (CH:O0)P(O)CH(CeHs)CO,C;Hs CH;,(C,H,)C=CO NaH/glyme CH;(C,H;)C—=C=C(C¢Hs)CO,C;Hs  (74) 102
(CeH5),C=CO NaH/glyme (CsHs),C=C=C(Ce¢Hs)CO,C;H; (73) 102
Cis  [(CsH:);P(O)C=C(CH,),MgBr C4H,CHO NaH/ether CeH,CH=C—=C(CHs), (85) 103
o
. N ifethe —A—C 37 362,204
C (CeH:);P(O)CH;C¢Hs CGHSC/H_CH2 CqHsLi/ether CH, H. (37
Cai  [(CsHs);P(O)C=C(CH;)CsHsMgBr CsH:CHO NaH/ether C.H;CH=C=C(CH,)C¢H;s (85) 103
2 - c\ i CsH Hy-1)=N - 44
Cn  (CsHs),P(O)CH=C(CH,-1)NHC,Hy-n cﬂﬂ,cfﬁ—cm n-CH,Li/THF sHs (CeHo-1)=NC,Hg-n (70)
CeHs
(o) CioH7-2 /O\ ifethe:
Co  (CeH):P(O)CHCioH A CeHsLiether w 63) 362
_ 0,
2 NH - i 44
Ca  (CoHs)P(O)YCH=C(CoH:INHC H,-n - n-CH,Li/THF QHS—A—C(CSHFNC..HN (56)
(CeHs),P(O CoHs)NHC, Hy-t cf\ n-CoH,Li/THF 5—A—c 60) 44
JeHe=Cl g CH,CH—CH, CeH (CHo=NCHy-t 0
Cie  [(CeHs)P(O)O=C(CHs):MgBr C¢H;CHO NaH/ether CeH;CH=C=C(C¢Hs): (85) 103

Note: References 228-415 are on pp. 250-253.
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TABLE X. Reactions oF P(O)-Stasnizep Anions THAT Do Nor LEap To PHosPHATE ELiMINATION

No.

\/ 5

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cs (C;H;0),P(0)CHC1 (CH3),CO NaH/DMSO {Cﬂs)zc—FHP{O)(OQHs]'z (-) 220
NaH/DMSO Dg:m(onoczﬂs)z (=) 220
C¢H;CHO NaH/DMSO C‘H,C{l-—/CHP(O)(OCiHs)z (-) 220
(0]
[(CH,),NLP(O)CH,Cl p-CICsHLCHO n-C,H,Li/THF p-CIQH.,CtI?:HP{O){N{CH;)g]: (85) 363
(C2H;0),P(0)CH,Cl CH;COCH, NaH/DMSO QHSC{QHB)‘_CHP(O}(OCQHS)Z -) 220
(CsH,).CO NaH/DMSO (C‘sHs)zC\—/CHP(O)(OCsz)z (=) 220
o
Cs (C2H50),P(O)CH,CN (CH,),CO Piperidine/C;HsOH  (CH,),C=C(CN)P(O)}(OC;Hs). (30) 218
C,H;CHO Piperidine/CH,OH C,H;CH=C(CN)P(O)(OC;H,). (70) 213
CH;=CHCHO Piperidine/CeHs CH,=CHCH=C(CN)P(O)}(OC,Hs), (20) 213
n-C,H,CHO Piperidine/CH,OH CH,(CH,),CH=C(CN)P(O}(OC;Hs). (70) 213
i-C;H,CHO Piperidine/CH,OH (CH3)CHCH=C(CN)P(0O)(OC;Hs). (70) 213
C;H;0,CCO,C;H; NaH/ether C;H:0,CCOCH(CN)P(OXOC,Hs). (13) 100
H,N P(O)(OC,Hj),
CeH,N, C,H,ONa/CH;OH o (76) 221
’ A
CeHs
HZW(OJ(OC:HS}Z
p-CICsHLN; C;HsONa/C;H;OH N N (70) 221
/W7
p-CICsH,
H,;N P(ONOC,Hs),
p-FC4HLN, C:H,ONa/C;H;OH & (54) 221
NN
p-FCgH,
H:N P(O)(OC,Hjs),
p-0:NCsH.N, C;H;ONa/C;H;OH o (81) 221
AN
p-O:NCeH,
CHO CH=CHP(O)(OCHs),
(CH,0);P(O)CH,SI(CHy), 5 ><°( n-CJH,Liether Q =) 366
H,N P(O)(OC;Hs);
(C,H;0),P(O)CH,CN C.H;CNO C;HsONa/C;H;OH N (28) 221

Note: References 228-415 are on pp. 250-253.
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TABLE X. Reacrtions oF P(O)-STABILIZED

Anions THAT Do Not Leap to PaospHATE ELivinaTioN (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
H,N, P(O)OC;Hs),
Cs (C;H;0),P(O)CH,CN p-CICsH,CNO C;HsONa/C;H;OH — (31) 221
(Comid))  (Contd.) CesHCl-p
H,N P(O)(OC;Hjs),
p-FCsH,CNO C;HsONa/C;H;OH — (=) 221
N/ H,F-p
HoN P(O)(OC;Hs),
p-0:NCH,CNO C,H;ONa/C,Hs;OH T (23) 213,162
0\ H.‘NOg‘p
CsH:CHO Piperidine/CH,OH CsHsCH=C(CN)P(O)(OC;Hs). (70) 213,162
p-CICH.CHO Piperidine/CH,OH  p-CICH.CH=C(CN)P(O)(OC;Hs), (—) 213
p-0:NC:H,CHO Piperidine/CH,OH p-0:NC,H,CH=C(CN)P(O}OC:Hs). (61) 213
m-0,NC:H,CHO Piperidine/CgH, m-0,NCsH,CH=C(CN)P(O)(OC;Hs) (—) 214
C;H,0(C;H;)P(O)CH.CN CsH;CHO Piperidine/CgH, CgH;CH=C(CN)P(O)(C;Hs)OC;Hs (60) 61
/,O
(CH,0),P(0)CH,CH=C(CH,)Cl CsHsCHO NaH/glyme CﬁHSCHQ:CH=CHP(0)(0CH;)z (-) 61
3
(O)OCH3;),
C4HsCHO NaH/glyme CH; =) L
07 “CeH;
(C2H;0),P(0O)CH,CN CsH;COCH; Piperidine/CsHs CeHsC(CH;)=C(CN)P(O)(OC;Hs). (—) 218
p-CICsHCOCH, Piperidine/CeHs p-CIC4HL C(CH5}=C(CN)P(O)(OC;Hy): (—) 218
[(CH,);NLP(O)CH,CH, CeHsCO,CH, n-C H;Li/THF CgHsCOCH(CH,)P(O)[N(CH3)2l. (—) 34
(C,H;0),P(0)CH,CN p-(CH;);NCsH,CHO Piperidine/CsHs p-(CH,);NCsH.CH=C(CN)P(O)}(OC;Hs): (—) 213
CeH:CH=CHCHO Piperidine/CH;OH ~ CgHsCH=CHCH=C(CN)P(O)(OC;Hs); (—) 213,214
p-CH,CsH,COCH, Piperidine/CsHq p-CH;CsHLC(CH;)=C(CN)P(O)(OC;Hs): (—) 218
H;N (0)(OC,Hs)
2,4,6-(CH;);CsHzN;s C;H;ONa/C;H;OH — (-) 221
2)4J6‘(CH3)3C6H2_N
W
(C2H5),P(O)CH,CN C¢H,CH=CHCHO Piperidine/CsH CeH;CH=CHCH=C(CN)P(O)(C;Hs), (56) 214
H,;N (O)(CzHs)z
2,4,6-(CH,),CsH,CNO C;H;ONa/C,H;OH — 221
\'N/ sH2(CH;)x-2,4,6
(o (C;Hs0),P(O)CH,COCH,4 CH,0O Piperidine/CH;OH CH,=C(COCH,)P(O)OC;Hs); (11) 221
CH,CHO Piperidine/CsHs CH;CH=C(COCH,)P(O)(OC;Hs) (28) 221
C,H;CHO Piperidine/CsHs C;H;CH=C(COCH,)P(O)(OC;Hs). (40) 212
CH=CHCO,CH;3 C;HsONa/C;H,OH CH,COCH(CH;CH;CO,CH;)P(O)(OC;Hs): (—) 92,93,
94,95
CeH,CHO Piperidine/CqHs CsH;CH=C(COCH,)P(O)(OC;H,); (67) 215,216
p-CICcH,CHO Piperidine/CsHs p-CICsH,CH=C(COCH,)P(O)(OC;Hs). (35) 213
CsHsCH=CHCHO Piperidine/CsHs CsHs;CH=CHCH=C(COCH,3)P(O)(OC;Hs): (72) 215
Ca (n-C;H0);P(0)CH.CN CH,0 Piperidine/CH;OH  CH;=C(CN)P(O)(OCsH,-n); (40) 213

Note: References 228-415 are on pp. 250-253.



TABLE X. Reactions ofF P(0)-StaBmizep Anions THAT Do Not LeEaDp 10 PHospHATE ELiMmnaTION (Continued)

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
() +mcumr
Cs (C;H;0),P(O)CH,CO,C,Hs CICH,CHO N CICH,CH=C(CO,C;Hs)P(O)(OC;Hs), (58) 219
(Conid) S
CH=CHCN C;H;ONa/C;Hs;OH C;H30,CC(CH,CH,CN),P(O)(OC;Hs), (—) 92,93
(C:H;0),P(O)CH,Si(CHa)s (CH,),CO n-CH;LiyTHF (CH,),C=CHP(O}(OC;H;): (55) 364
i-C;H,CHO n-C H,Li/THF i-CH,CH=CHP(O)}(OC;H;): (92) 364
+TiCl,/THF
E (C,Hs0),P(0)CH,CO,C;H; n-C,H,CHO [:j n-CyH,CH=C(CO,C;H;)P(O)(OC;Hs). (63) 219
&uy
i-C;H,CHO E: *RClTHE i-C3H,CH=C(CO,C,H;)P(O}OC;Hs). (85) 219
|
CH,
0]
CH;CH=CHCHO E j+TiCIJTHF CH;CH=CHCH=C(CO,C;H;)P(OYOC;Hs). (55) 219
N
[
CH,3
CF,C0,C;H; NaH/glyme CF;COCH(CO2C;Hs)P(O)(OC:Hs)2 (—) 100
C;H,0,CCCl, NaH/glyme C,Hs0,CCH(C)P(ONOC:Hs). (52) 100
C;H;0,CCH,Cl NaH/ether C;H;0,CCH,CH(CO,C;H;)P(O(OC;Hs), (65) 100
O
t-C,H,CHO EN IR THE 1-CyH,CH=C(CO,C;H;)P(0)(OC;Hs). (70) 219
&,
Q\m Ezjma.rmr- N 0 219
o | CH=C(CO,C;H;)P(0)(OC,H;),
CH,3
0o
@ [ j+Ti [\ (94) 219
S §“ "CHO 1? S (CO,C;H;)P(ONOC,Hs),
CH.
ClsCCH=CHCO,C,H; NaF{/ether a o
\C/ (50) 100
/N
C,H;0,CCH—CHCH(CO,C,H;)P(0)(OC,H;s),
/PIO)(OQHs)z
p-CICHLN, C;H;0Na/C;H;OH NEI:I—(_:\ (68) 221
CONHCH,Cl-p
C/P(O)(OCsz}z
p-NO,CeH.N, C,H;0Na/C;H;0H NEKI—_\ (65) 221

CONHCgH,NO,-p

Note: References 228-415 are on pp. 250-253.



TABLE X. Reactions oF P(O)-StaBmizep AnNions THAT Do Not Leap to PHospHATE ELiMinaTION (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
(6] >P(0O)(OC;Hs),
Ca (C;H;0),P(O)CH,Si(CHs)s n-C,H,Li/THF (65) 364
(Conud.)
0]
E j+ TiCl,/THF
(C;H;0),P(0)CH,CO,C;H; CeHsCHO N CeH;CH=C(CO,C,H;)P(0)(OC;H,). (94) 219
J:H_;
R [‘j TiCL/THF
+ 11
0-CICsH,.CHO N 0-CIC¢H,CH=C(CO,C,;H;)P(O)(OC;Hs). (89) 219
|
CH,3
O
+TiCly/THF
p-CICsH.CHO [Nj ¢ p-CICsH,CH=C(CO,C;H;s)P(O)(OC:Hs), (86) 219
|
CH;
+TiCL/THF
p-0:NCsH,CHO [:j il p-0:NCsH,CH=C(CO,C;H;)P(O)(OC;Hs). (96) 219
dn,
CsHsCHO Piperidine/CsHs Ce¢HsCH=C(CO,C,H;)P(0){OC,H;). (63) 217
p-CICsH,CHO Piperidine/CsHs p-CICsH,CH=C(CO,C,H,)P(O)(OC;H;). (26) 217,213
N (0)(OC,Hs),
0-HOCH,CHO Piperidine/C¢Hs (62) 217
070
(C;Hs0),P(0)CH,Si(CH,), CeH,CHO n-C,H,Li/THF CsHsCH=CHP(O)(OC;Hs), (63) 364
0.
[ j+TiCI..{THF
(C:H,0),P(O)CH.CO,C,Hs p-CH;0C:H,CHO N p-CH,;0CH,CH=C(CO,C,Hs)P(O)(OC;Hs). (92) 219
éHJ
p-CH;OCsH,CHO Piperidine/CgHs p-CH;0CsH,CH=C(CO,C;Hs)P(O)(OC;Hs) (69) 217
p-CH;C¢H,CHO Piperidine/CsHs p-CH;C¢H.CH=C(CO,C,H,)P(0)(OC:Hs). (36) 217
C;H;0,CCH=CHCO,C,H; NaH/ether C;H;0,CCH,CH(CO,C;H;)CH(CO,C,Hs)P(0)-
(OC;H;): (49) 100, 92
C¢HsCH=CHCHO Piperidine/CeHs CeH;CH=CHCH=C(CO,C;H;)P(O)(OC,H;); (—)213
3,4-(CH,0),CsH,CH=CHCHO Piperidine/CsH; 3,4-(CH,0),CsH,CH=CHCH=C(CO,C,H;)-
N P(O)(OC,Hy), 217
Lh
+TiCL/THF
p-(CH,),NCsH,CHO [:j T p-(CH;),NCsH,CH=C(CO.C,H,)P(O)-
| (OC;Hs): (87) 219
CH;
(C:H;0),P(O)CH,Si(CH3); CsH;CON(CH5). n-C H,Li/THF CsHsC[N(CH,),}=CHP(O)(OC;Hs). (24) 364
(C;Hs0),P(O)CH,CO,C,H; 1-C,oH,CHO Piperidine/CsHs 1-C,oH,CH=C(CO,C;H;)P(O)}(OC;H;). (28) 217
CsHs;CH=CHCO,C;H; C;H;ONa/C,H;OH C,H;0,CCH[CH(CsHs)CH,CO,C;Hs]P(O)-

AT

(OC:Hs): (—) 92,93
C(CO,C;H;)P(O)(OC,Hs),

[:] +TiCl/ THF (70) 219
|

CH;

Note: References 228-415 are on pp. 250-253.
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TABLE X. Reactions oF P(0O)-StaBiLizep Anions THAT Do Nor Leap To PHospHATE ELmminaTiON (Continued)

No.

of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
& (C;H50),P(O)CH,Si(CHs)s (CeH5):CO n-CH,Li/THF (CeHs);C—=CHP(O)(OC;Hy); (83) 364
Contd.)
CHP(O)(OC,H;),
n-C.H,Li/THF ‘.‘ (42) 364
CsH s
(C;H,0),P(0)CH;CO,C;H. CeH;CH=CHCOC,H; C.H;ONa/CeH CaHO:C (-) 96
5’ 5
(C;H;0),P(O COCgH;
CgHs
CsHsCH=CHCOC:H; NaNH;/ether Ce¢HsCOCH:CH(CsH5)CH(CO,C;H5)P(O)-
(OCHs): (—) 9
G (CHs0)P(O)CH(CH;)CO,C;Hs CH,~CHCN CH;ONa/CH;OH  C;Hs;0,CC(CH;)(CH;CH,CN)P(O)OC,Hy); (—) 92-95
[(C;H;0).P(0):CH, CH,=CHCN Piperidine/xylene [(C;H;0),P(O)LC(CH;CH,CN), (54) 195
CH.—CHCO,CH; Piperidine/xylene [(C;Hs0).P(O)LCHCH;CH,CO,CH; (42) 195
i-CyH,CHO E:] +TCW/THE | o CH=CPO)OCH)L (50) 219
&,
o
-
{3 cwo (J ™o [} ccporocss @
|
CH,3
O—CHO on +TiCly/THF (;B—CH=CIP(O)(OC2H5),_}2 (70) 219
N
du,
CH;=CHP(O)(OC;Hs), Piperidine/xylene (C;H;0);P(O)CH,CH,CH[P(OXOC,Hs).L.  (30) 195
C4H;CHO Piperidine/xylene CeH,;CH=CIP(O)OC;Hs):h (10) 195
C4H.CHO EZ]J'T‘C"MF CH:CH=C[P(O)(OC;Hy) (88) 219
(I:Hg
o
p-CICsH,CHO [Nj +T‘CL'HHF p-CICJ'LCH=qP(O)(OC;H5)3]z (78) 219
|
CH,
p-0;NC4H.CHO [:J+“CI“IIH p-0:NCH,CH=C[P(0)(OC;Hs):); (75) 219
éH3
(C;H;0),P(0)CH(CH,)Si(CH)s CH;CHO n-C.H,Li/THF CeH,;CH=C(CH,)P(0)(OC;Hy); (—) 364
o
+TiCl/THF
[(CJ"‘;O):P{O)]:CH: m‘C.sHuCHO [Nj “C'CSHIIM(O)(CE&HE)Z}Z (74) 219
éﬂg
p-CH;OC:H,CHO [:::I +hd p-CH,OCsI-LCH—CIP(O){OC,H,),], (75) 219

&,

Note: References 228-415 are on pp. 250-253.



TABLE X. REeAcTIONS OF

P(O)-StaBLizep AnioNs THAT Do Nor LEap To PHospHATE ELmMinaTiON (Continued)

No.
of C
Atoms Reagent Reactant Base/Solvent Product(s) and Yield(s) (%) Refs.
Cio (n-C.H,0);P(O)CH,CN CH,CHO Piperidine/CH;OH  CH,CH=C(CN)P(O)(OC,Hs-n), (70) 213
C,H,CHO Piperidine/CH,0OH  C,H,CH=C(CN)P(O)(OC.Hs-n), (70) 213
n-CsH,CHO Piperidine/CH;OH  n-CsH,CH=C(CN)P(O)(OC,Hs-n); (70) 213
Cu (C2H:0),P(O)CH.CeHs C;H;0,CCO,C,H; NaH/glyme C;H;0,CCOCH(CsHs)P(O)(OC;Hs): (=) 100
C¢H;CH=CHCOC:Hs C.H;0ONa/CsHs [CsHsCOCH:CH(CsH;)LC(CsH5)P(O)-
(OC:Hs): (—) 96
CsH;CH=CHCOC¢H; NaH,/ether [CsHsCOCH,CH(CsH;5)JCH(CsH5)P(O)-
(OCHs): (—) 96
CqH; P(O)(OH)(OC,Hs)
" L
%C  (CH;0)P(O)CH;COCH; p-CICeH.N, C,H;ONa/C;H;0H NN 221
p-CicH, N
CeHs P(O)(OH)(OC;Hs)
p-0:NCJH.N, C,H;ONa/C,H;0H 4 i \ 221
]'J-OZNCG}‘{./ N
Cis (CsHs),P(O)CH, Co, n-C,HLi/ether HO,CCH,P(O)(CeHs). (63) 202,190
(n-CgH;3):P(O)CH, CO, n-C HqLi/ether HO:CC]'I:P(O)(CaHu‘“}: (67) 202
CH,CHO n-C,H,Lifether CH,CH(OH)CH;P(O)(CeH,3-n): (44) 202
CH,0CO,CH; n-C,H,Li/ether CH;0,CCH,P(O)(CeHys-n)2  (50) 202
n-C;H,CHO n-C,H;Li/ether n-CsH,CH(OH)CHP(0)(CeH;3-n); (33) 202
(C;H,),CO n-C,HsLi/ether (C:H;);C(OH)CH,P(O)(CeH15-n); (46) 202
(CsHs),P(O)CH, (C;H),CO n-C,HgLi/ether (C;H,);C(OH)CH,P(O)(CsHs); (61) 202
OH
O}a CoHsLi/ether (I (92) 362
CH,P(O)(CsHj),
CeHs,CHO n-C,HyLi/ether CHsCH(OH)CH,P(O)(CeH,)z (31) 202
(n-C4H,,),P(O)CH, CH,CHO n-C,HgLi/ether CsH,CH(OH)CH,P(O)CeHi3-n):  (50) 202
n-C HoLi/ether C4H;CH=CHP(O)(CeH;5-n); (10) 202
C4HsCOCH, n-C,HoLi/ether CH;(CeH;)C(OH)CH,P(O)(CoHys-n)2  (51) 202
N
(CsH,):P(O)CH;, CeH;CH—CH, n-CHLi/ether HOCH,CH(C.H;)CH;P(ONCeHs)2 (60) 202
CHsCO,C;H, n-C,HyLi/ether CeH,COCH;P(O)CeH;): (40) 202
(CeH;).P(O)CI n-C H,Li/ether (CeH,):P(O)CH,P(O)CsHs)z  (25) 202
(CeH,).CO n-C.H;Li/ether (CeH;5);C(OH)CH,P(O)CeHs):  (81) 202,190
N (n-CeH,3);,P(O)CH, (CsH,)2CO n-C,HyLi/ether (GeH,5):C(OH)CH,P(OX(CeH,3-n):  (49) 202
° (CsH;):P(O)CH, (n-CgH,4),P(O)C1 n-C H,Li/ether {n-CeH,7):P(O)CH,P(ONCeHs)a  (25) 202
O
Cio (CeH,);P(O)CH,CsH, Cﬁ%ﬂg CgH,Lifether HOCHCH,CH(CHs)P(O)CeHs):  (91) 362
0O,
CeHsC{lh: CoH;Li/ether HOCH,CH(CeH;s)CH(CH;)P(O)(CeHs)2  (60) 362
CoH,CH—CHCH; CuHsLifether CuH,CH(OHICH(CyH5)CH(CAH,)P(O)-
(CeHy): (85) 362
capocnci<{ ) cncno wCtitiaer (CHAPOCCHHS  YeHCHIon () 7
Ca (CsH3):P(O)CH(CsH)CH,CH,C1 — 1-CaHoOK/CHs A—CH(C«Hs)l’v{C&}(C«Hs); () 362

Note: References 228-415 are on pp. 250-253.
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1. Introduction

The halogen atoms of a -halo sulfones, in contrast to halogen atoms a to other
electron-withdrawing functionalities, (1) show marked resistance to substitution
by external nucleophiles. (2-7) Seemingly, polar, steric, and field effects
combine to repel nucleophilic species. (1, 6-8) However, the same a -sulfonyl
halogen atoms are capable of facile intramolecular 1,3 elimination, leading to
replacement of the sulfonyl group by a carbon-carbon double bond with loss of
halide and sulfite ions. This extrusion process, frequently referred to as the a
-halo sulfone (9, 10) or Ramberg-Backlund rearrangement (11, 12) after its
discoverers, (13) has found broad utility in olefin synthesis. The reaction is
generally applicable and easy to use.

Its earliest application dealt with the preparation of alkenes, the cis isomers of
which predominated. Whereas such molecules may be more readily available
by other methods, none of the alternative procedures offers the added option
of specifically replacing the olefinic hydrogen atoms with deuterium by merely
conducting gyt i . mbecause the
a -halo sulfewré Hurther
rearrangement of the initially formed alkenes is precluded. Therefore the SO,
group in the starting sulfone is invariably replaced cleanly and unequivocally

by the p bond.
4 0D, CD,
SO,CH,C1 ™

N \__SO.CH,

-

C I NaOCH, ]
I“\ Tl o / 7™z “omso”

’u

The rearrangement is generally applicable to molecules containing the minimal
structural requirements of a sulfonyl group, an a -halogen atom, and at least
one a ¢-hydrogen atom, even in systems leading to small-ring cycloalkenes.



Di- and tri-halo sulfones behave analogously. Conformational constraints,
adverse hybridization characteristics, and excessive strain are known to deter
the reaction. Inasmuch as these features arise only in special circumstances,
they do not necessarily detract from its usefulness.

This chapter summarizes the more important advances in our understanding
of a -halo sulfone rearrangements, particular consideration being given to the
nature of the intermediates, scope of the available synthetic alternatives,
optimization of experimental conditions, and effect of structural features on
reactivity. Closely related transformations are also discussed.
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2. Mechanism

Kinetic data for the reactions of a -halo sulfones in base conform to a
second-order rate expression for release of halide ion that is first-order in
sulfone and first-order in hydroxide. (6, 14, 15) These findings suggested a
pre-equilibrium involving the a -halo sulfone and its carbanions, but the direct
involvement of such intermediates in that reaction leading to the observed
olefins required further proof. (16, 17) The possibility of a , a elimination with
formation of a -sulfonyl carbenes was readily dismissed. (10) Additionally, by
treating a -bromobenzyl benzyl sulfone with sodium methoxide in
methanol-OD and stopping the rearrangement after one half-life, deuterium
exchange at the aand a ' positions was shown to be complete; thereby H-D
exchange at a later stage was ruled out. (14) The unusually large
leaving-group effect observed with these same molecules
(CsHsCH2SO,CHXCgHs), a Br:Cl rate ratio of 620 at 0°, can best be
rationalized by a carbanion mechanism. (14) The positive p value for
rearrangement of the series ArCHXSO,CHjs, indicative of extensive C— X
bond breaking in the transition state, supports this thinking. (18) The
experimental evidence has long been considered compatible with the
mechanistic scheme in Eq. 1.

| | k, - | by g
C—X+B —— BH -—C C—X =+ X+
//' \\ / \\ + k_y & \ // \ Slow

IZIEIEIEIIZII]]]Ij]ZII | .

ks, -f;—C + SO
/\S/\ L e N

O,

Although the alkaline conditions required for rearrangement are sufficiently
strenuous to preclude isolation of intermediate episulfones, the availability of
both symmetrical and unsymmetrical episulfones by alternative syntheses (19)
has made it possible to establish that the decomposition of these
three-membered sulfones under customary rearrangement conditions is
markedly stereospecific (except when very strong bases such as t-butoxide
are used). (20-22) Consequently, the stereochemistry of the alkene has long
been considered to be determined at the ring-closure stage.

Three further refinements of the above mechanism have been accorded much



attention more recently: stereochemistry of deprotonation, configurational
aspects and timing of halide displacement, and stereochemical factors
involved in episulfone formation. The ready conversion of
1-chloro-9-thiabicyclo[3.3.1]nonane 9,9-dioxide (1) with its W-plan
arrangement ofa -Clanda ' -Hto A '*-bicyclo[3.3.0]octene with aqueous

potassium hydroxide at 100° requires inversion of configuration at both
reacting centers (Eq. 2). (22-24) Although this system is

(2)

highly constrained, evidence suggests that acyclic « -halo sulfones follow a
comparable course (Eq. 3). (25, 26) For example, deprotonation of

CeHs, Br CeH; 9 Br

,/ i
. i " CH
CH#=C C:--CH., cHw0™ i C---CH Fast
7 3 0 % - R 5
o

d"\ -
OO0O0OO OO |
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A . X ; .
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s\;. > O, CH; CH,
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3)

erythro- a -bromo sulfone (2) probably occurs selectively from the
conformation in which the proton is flanked by the two sulfonyl oxygens to give
an “effectively planar” carbanion capable of maintaining asymmetry. Since
rapid rotation about the S— Cabond is possible, anions 3 and 4 are rapidly
interconverted and closure to the episulfone occurs with inversion at the C—
Br center. A comparable high degree of stereoselectivity with inversion at both
reaction sites has been observed in the reaction of

meso- a -bromobenzylsulfone with triphenyl-phosphine. (27)

A concerted pathway for the 1,3-elimination reaction is more difficult to rule out



experimentally but no longer appears possible. Such a mechanism requires
strict coplanar alignment of the H—C— SO,— C—Br atoms in the transition
state and would be expected to exhibit a negative entropy of activation. In the
cases studied the A S* terms have been positive and thus do not agree with
this expectation. That the one-stage mechanism has little driving force is
supported by the kinetic behavior of a -bromo sulfone 5 in which the W-plan
alignment of atoms is sterically preferred or easily attained. Conversion of

the a -bromo sulfone 5 into acenaphthylene proceeds no more rapidly than for
open-chain analogs, in agreement with the stepwise mechanism. (28)

Steric requirements do exist, however, as revealed by the conformational
requirement for ring contraction in 2-chloro-2,7-dihydro-3,4,5,6-dibenzothiepin
1,1-dioxides (6). Where R=R’ =Hand R=CHs, R’ =H, conversion into
the phenanthrenes proceeds quantitatively. (29) In contrast, methyl groups at
the R’ positions effectively

CI;IEIE]EIEIEI]]DIEI] Il |
. \1S @R __NaOH___ p R
N e
% T

R OOO R

prohibit coplanarity of the benzene rings with the result that episulfone
formation cannot be realized and intramolecular Sy2 displacement is not
possible.

The most remarkable mechanistic aspect of the Ramberg-Backlund
rearrangement is undoubtedly the stereochemistry of the olefinic products



formed from acyclic « -halo sulfones. The products are consistently rich in the
cis isomer. Since stereochemistry develops at the rate-determining cyclization
step (Egs. 1 and 3), features peculiar to the episulfone-forming transition state
are most important. The causes for preferential cis positioning of the pair of R
groups in the three-membered ring have been variously attributed to London
forces, (20) preferential formation of one of the two possible diastereomeric
carbanions in a higher equilibrium concentration, (10, 15, 26) and steric
attraction. (30)
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3. Scope and Limitations

3.1. The Halogenation Step

When a sulfide possessing at least one hydrogen at an a -carbon atom is
treated with one equivalent of chlorine, (31-33) sulfuryl chloride, (29, 34-37) or
N-chlorosuccinimide (NCS) (38-44) in an inert solvent, a -chloro sulfides are
produced. Of these, N-chlorosuccinimide is most effective and has been used
almost exclusively in recent years. The process is ionic, involving
S-chlorosulfonium salts as initial intermediates. Conversion into the a -chloro
sulfide may occur via an Elcb-type mechanism (path a) when X is the weakly
basic chloride ion, or an E2 related process (path b) when the more basic
succinimidyl anion is involved (Eg. 4). (42) In actuality, it is entirely possible
that a continuum exists between these two extremes. These mechanisms
imply that directive effects should gain importance, and they do.

(lII {i:l
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R'—S—CH,R R'—S—(lj}{R (4)
x" \ /
HX + R'—$=CHR +— R'—SCHR
o Cl
JE L l!l!ll!!lll_!lll!_llll

to a -chlorobenzyl sulfides. Chlorinated isomers 9 and 10 are formed in the
ratio 1.6:1 when benzyl p-chlorobenzyl sulfide is treated with an equimolar
quantity of N-chlorosuccinimide in carbon tetrachloride solution. (39)
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Polychlorination of dimethyl sulfide results in all of the hydrogen atoms of one
methyl group being replaced by chlorine before the second group is attacked.
(34) Chlorine therefore exerts a powerful directive influence that can be
advantageous in the preparation of a , a -dichloro (e.g., 11) (47) anda, a,

a -trichloro sulfides (e.g., 12). (48) Only two exceptions to this general
behavior have been reported. Sulfuryl chloride chlorination of dibenzothiepin
affords a mixture of dichloro sulfides 13 and 14 in the ratio 3.6:1. (49) It has
been proposed that the strong inductive effect of the a -chloro substituent in
the intermediate

C.H.CH,SCH,Cl 2%, C,H,CH,SCHCL,
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a -chloro sulfide is offset by steric factors in the transition state for a ,

a -dichlorination leading to substitution in the opposite direction. The second
case concerns p-nitrobenzyl chloromethyl sulfide (15), which experiences
halogen substitution at both a -carbon atoms. (37) No other substituent on the
phenyl ring was able to effect this crossover.

p-0,NCH,CH,SCH,CI

15

The stereochemistry of a chlorination has been examined in propellanes such
as sulfides 16 and 17. (50) The prevailing directive effects are
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such that the 11-thia[4.4.3]propellanes (n = 2) experience preferential entry of
the chlorine atom from what may be considered the more hindered side. This
directive effect is reversed in the 12-thia[5.4.3]-propellane series (n = 3).
Although steric factors do gain importance, electronic effects also appear
significant in examples that have sites of unsaturation close to the developing
sulfonium ion. (50) Thus it can be expected that first-formed chlorosulfonium
salt 18 can experience added stabilization of both a steric and an electronic
nature that is not available to the isomeric salt 19. Because stereochemistry is
probably determined at this stage, entry of a halogen atom from that direction
anti to the diene unit should prevail. When one double bond is present,
effective p orbital overlap is diminished. Also, since the polymethylene chain is

extended tmﬂg g J|I"1 dm salt 19 will
be substan

TO more syn
chlorination.

19



Tetrahydrothiophene derivatives are the smallest monocyclic sulfides that can
be successfully chlorinated at the a -carbon atom. Thietane is cleaved by
sulfuryl chloride, (35) chlorine, (51) or N-chlorosuccinimide, (38) forming
3-chloropropanesulfenyl chloride or N-(3-chloropropylthio)-succinimide.
Evidently, nucleophilic attack upon ion 20 is more rapid than the usual
rearrangement because of strain. The bridged sulfide 21

QS — ¢
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behaves anomalously, (23) giving the B -chloro sulfide 22 rather than the
customary « -chlorination product. 8-Thiabicyclo[3.2.1]octane shows
comparable reactivity. (23) Because of Bredt's rule, loss of a bridgehead
proton is made difficult and fragmentation results. The medium-ring sulfenyl
chloride produced can proceed to product by intramolecular electrophilic attack
upon the newly generated double bond; the episulfonium ion intermediate
requires attack by chloride ion with inversion of configuration.

Because of the exceptional ease with which they undergo hydrolysis, (34)
a -chloro sulfides cannot be satisfactorily prepared in moist solvents.
Anhydrous conditions are mandatory for maximum yields. Such solvents as
carbon tetrachloride and benzene have proven particularly useful. Protic
solvents are to be avoided. Conversion of phenyl propargyl sulfide into

the a -methoxy-substituted product with t-butyl hypochlorite in methanol
illustrates the consequences of using a protic solvent. (52)
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The hydrolysis reaction is applicable, however, to the conversion of halides
into aldehydes and ketones. (41, 53)

Cl

CH.Br CHSCH- CHO
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3.2. Other Approaches to a -Halo Sulfides

An alternative, useful route to « -halo sulfides is condensation of aldehydes
with mercaptans in the presence of one of the hydrogen halides (Refs. 15, 31,
45, 47, 54-58). When a source of formaldehyde is used, one-carbon atom
homologation results. Higher aldehydes lead to « -halo sulfides having more
substitution, whereas ketones are converted under these conditions into the
corresponding mercaptals. Many of the simpler mercaptans are presently
commercially available; others can be made from the parent halide and

thiourea. DDDDMD I

n'C3H?SH + {CHED}I —*h -CgH-.-SCHZBI'

Oy CHO
CE,HsCHzSH T CﬁHj{:HzSCHCICZHj

This method is a useful adjunct to the sulfide chlorination procedure for two
principal reasons. First, the mercaptan—aldehyde condensation scheme
results in homologation by whatever number of carbon atoms is desired,
whereas direct halogenation does not. These additional carbon atoms may be
linear or branched. Secondly, by judicious selection of starting materials,
isomeric a -chloro sulfides can be prepared without the danger of
intercontamination and the need for physical separation. Syntheses of isomers
23 and 24 are exemplary. (58)



H{
CﬁHsCH:SH"‘ p‘CHgCﬁHd_CHD 1—'_3' QH;CHZSGHGQH4QH3—F

CHCl;

23
HCI
P-CH;CGH‘tCHiSH + C5H5CHO _-!'.:_I'IE* C&Hjc}JCISCH2C6H4CH1"p

24

3.3. Oxidation of a -Halo Sulfides to a -Halo Sulfones

Because they are susceptible to hydrolysis, a -chloro sulfides cannot be
satisfactorily oxidized in aqueous solutions. Under anhydrous conditions,
however, « -chloro sulfones can be isolated in high yields. Chromic
anhydride in glacial acetic acid was one of the earliest reagents used; (34)
another was dried solutions of 40% peracetic acid in methylene chloride. (57)
More convenient oxidants are m-chloroperbenzoic acid in chloroform, (29, 49,
56) and ethereal monoperphthalic acid. (33, 50, 59) The greater ease of
removal of unreacted monoperphthalic acid by bicarbonate extraction after
oxidation is a distinct advantage.

Because sulfur in the sulfide state is oxidized to the sulfone with exceptional
rapidity, a -chloro sulfones having p bonds located elsewhere in the molecule
can be prepared without affecting such functionality. The behavior of the
unsaturated sulfide 25 is an example. (60)
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3.4. Alternative Routes to « -Halo Sulfones

Many other routes to a -halo sulfones are available. Since the starting
materials in these routes are the parent sulfones, arenesulfinate salts, or the
like, the method of choice may sometimes be predicated simply on the
availability of starting materials. However, there are certain restrictions on the
application of these alternative routes as summarized below.

3.4.1. Halogenation of a-Sulfonyl Carbanions
As might be expected from the nucleophilicity of « -sulfonyl carbanions, such
intermediates are quite reactive toward elemental bromine and iodine (Refs. 4,



14, 24, 57, 61, 62) as well as other electrophiles such as N-chlorosuccinimide,
(63) cyanogen bromide, (24) and trichloromethanesulfonyl chloride. (24)
Dicyclopropyl sulfone, for example, is converted into a -chloro sulfones 26 and
27 when treated with slightly

[>—s0—] g [yso—~] + Drso
Cl Cl Cl
26 27

more than 1 equiv of n-butyllithium in tetrahydrofuran at room temperature
followed by N-chlorosuccinimide at 0°. (60) The action of t-butyllithium and
cyanogen bromide on bicyclic sulfone 28 leads to

S\D_—.. , Br
e

incorporation of bridgehead bromine. (24) Thiabarbaralane 1,1-dioxide (29) is
readily iodinated at both a positions when its dianion is exposed to excess
iodine. (62)

o. HOOODCN N |

Keto sulfone 30 is capable of selective bromination at its most acidic carbon
atom. (61) With dialkyl sulfones, mixtures of « -halo isomers result if the
starting materials are unsymmetrical. (57) In all cases it is possible to arrest
reaction at the halogenation stage without the interference of « -halo sulfone
rearrangement by controlling both the amount of base and the temperature.
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A somewhat less direct method was used to prepare « -chloro sulfones 1 and
31. (23) In these examples the derived « -sulfonyl carbanions were treated
with excess sulfuryl chloride at 0° to give bridgehead sulfonyl chlorides such as
32. These compounds in turn undergo

SO, $O2 50,0 SO: ¢y

1. n-CyHoli |
2. 50201,
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smooth thermal decomposition at 160° (0.05 mm) with evolution of sulfur
dioxide and formation of the desired a -chloro sulfone.

In the only existing example of four-membered ring halogenation,
3,3-dimethylthietane 1,1-dioxide has been converted in 87% yield into its
a -bromo derivative bi sei uential reactlon W|th n-butyllithium in

tetrahydrof BE , i Hrﬂu ﬁeIHrHle 63a)
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3.4.2. Halogenative Decarboxylation

The capacity of a -carboxyalkyl sulfones for halogenative decarboxylation was
recognized before the turn of the century. (64) If the sulfone carboxylic acids
are of the type ArSO,CH,CO,H, «a, a-dihalomethyl sulfones result; more
substituted derivatives such as ArSO,-CHRCOH, on the other hand, give
monohalo products. The corresponding sulfides used as starting materials are
readily prepared by reaction of mercaptides with chloroacetic acids or of



halides with mercaptoacetic acid salts. This procedure appears general and
has been applied in the preparation of a, a ' -dihalosulfones as well. (65-69)

C, H,CH,50,CH,CO.H i, C4HsCH,SO,CHBr,
ag HOAe, 507
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Both elemental halogens and N-halosuccinimides can serve as the
electrophilic reagent. The N-halosuccinimides no doubt merely provide low
concentrations of X,. Since the reaction does not proceed unless one or two
hydrogen atoms are present on the carbon atom bearing the RSO, and CO,H
groups, a mechanism involving rate-limiting enolization followed by rapid
halogenation and subsequent rapid decarboxylation is quite likely. (69)

CDQH CD:H Blr r
C{H.CHSO,CHC,H: -2+  C.H,CHSO,CHC,H-

This method can also serve as a route to bromomethyl alkyl or aryl sulfones,
since the dibromomethyl sulfones can be readily reduced with agueous sulfite

ion. (68—70hDDDD |
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3.4.3. Alkylation of Sulfinate Salts

Reaction of sodium arenesulfinates with chloroform or bromoform in the
presence of aqueous base affords dichloromethyl and dibromomethyl sulfones
in good yield. (71) Alkylsulfinates generally behave poorly under these
conditions. Sodium t-butylsulfinate is an apparent exception since it provides
the dichloromethyl sulfone in 55% yield. However, with bromoform only a small
yield of dibromo product can be isolated. (71)

CHCI,
p-CH,CH,SO;Na" o p-CH;CH,SO,CHClL,

H,H;0



Because no reaction occurs in the absence of strong base, the C—S
bond-forming step is viewed as the result of attack by electrophilic
dihalocarbenes (which are generated in situ) upon thiosulfinate anions.

When dichloroacetic acid replaces the haloforms, monochloromethyl sulfones
are formed directly as the result of facile decarboxylation of the intermediate
carboxylic acid. (72)

CLCHCO.H

p-CH,;CONHC:H,50;Na” ——— p-CH,CONHCH.S0,CH,Cl

3.4.4. Cycloaddition of Halosulfenes and Diazo Compounds

When highly reactive halosulfenes are generated in situ at low temperature
(usually from the corresponding sulfonyl chloride and triethylamine) in the
presence of diazomethane, cycloaddition with loss of nitrogen takes place to
give 2-halothiirane 1,1-dioxides. (47, 67, 73, 74) Such episulfones are formed
as intermediates in the Ramberg-Backlund rearrangement of dihalo sulfones
and are extremely labile to base.

H
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3.4.5. Miscellaneous Methods

Benzylic sulfones undergo moderately efficient « bromination when heated
with N-bromosuccinimide (NBS) in refluxing carbon tetrachloride containing
benzoyl peroxide. (26)

P e
CsH;CHSO,CH,CH;, —¢aan.—  C.H:CSO,CH,CH;
(CaHaCD) 20y |

Br



Reaction of trichloromethyl sulfones with trialkyl phosphites has been reported
to give only 1,1-dichloroalkyl sulfones. (75) A reinvestigation of this reaction
has shown, however, that the primary products are both alkylated and
phosphorylated sulfones. (70) Because phosphorylated sulfones undergo
further reaction with the phosphite, a complex mixture frequently results. At
this stage of development, therefore, the process has marginal synthetic utility.

R'SO,CCl;+P(OR), — R'SO,CCLR +(RO),P(O)CI

In an innovative approach, methyl a -bromovinyl sulfone, readily prepared by
bromination-dehydrobromination of methyl vinyl sulfone, has been used in
cycloaddition reactions. (76) Although mixtures of epimers can arise in certain
adducts, subsequent Ramberg-Backlund rearrangement with introduction of
an exocyclic methylene group negates the stereochemical issue. An allene
synthon is thereby provided.

Br SO,CH, SO.CH,
L
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3.5. Rearrangements of « -Halo Sulfones

The original studies of Ramberg and Backlund were carried out in 2 N sodium
hydroxide solution at 100°. Six monohalogenated sulfones underwent loss of
hydrogen halide and extrusion of sulfur dioxide under these conditions. The
yields varied from 51% with chloromethyl ethyl sulfone to 90% with

a -bromoethyl n-propyl sulfone. (13) Since this work preceded the now
commonplace use of gas chromatographic techniques, olefin stereochemistry
had to be established by chemical methods. The cis isomers of 2-butene and
2-pentene predominanted as shown by the physical properties of the
respective dibromides, e.g., dI-2,3-dibromobutane was obtained upon
bromination of the isolated 2-butene. (13) More refined studies have verified
these conclusions and have shown that the stereochemistry of the particular
reaction leading to 2-butene is remarkably insensitive to changes in the nature
of the base and solvent, with the exception of potassium t-butoxide. (20, 77)
With this base a profound change in stereochemistry occurs and
trans-2-butene predominates, the likely result (see independent experiments)
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of epimerization of kinetically favored cis-2-butene episulfone to its trans
isomer before loss of sulfur dioxide. (20) Since the equilibrium for 2-butene is
approximately 30:70 in favor of the trans form, there is an unusual preference
for formation of the thermodynamically less stable isomer under most
conditions.

CICH,S0,C,H, — CH,—CHCH, (51%)
CH,CHCISO,C,Hs — CH;CH=CHCH, (75%)
CH,CHB1SO,C,H; — CH,CH=CHCH, (85%)

CH,CHBSO,C;H,-n — CH,CH=CHGC,H; (90%)
C,H,CHBrSO,C,H; —» CH,CH=CHC,H, (80%)
CH,CHB1SO,C;H;-i » CH;,CH=C(CH,), (82%)

In solution il iy, findhdHr 1 deY i T bolphibnes in which
both alkyl groups and the halogen atoms were varied have yielded cis olefins
predominantly (Table I). Because the rates of many of the « -chloro sulfone
reactions are quite comparable, it would appear that release of chloride ion
under pseudo first-order conditions is not subject to dramatic change over a
relatively wide range of alkyl substitution. Intriguingly, the cis isomer is
consistently formed in significantly greater relative yield when the leaving
group is attached to the more bulky of the two alkyl groups within a given
isomeric pair. Such data point to differing steric requirements of the alkyl
groups attached to the nucleophilic carbon atom and the carbon atom which is
the seat of displacement.

a -Halo sulfones of higher molecular weight are not readily soluble in agueous
base and changes in the medium (and base) are required. When
complications are not present, use of dioxane as a co-solvent is recommended.
Alternatively, sodium methoxide in methanol has many advantages. Both
media allow kinetic analysis of the rearrangement.



Table I. Rearrangement of Dialkyl a -Halo Sulfones in 2 N Hydroxide
Solution (15, 20)

Yield, cis, trans,

Sulfone Product % % %
a -Chloroethyl ethyl 2-Butene 76 78.8 21.2
a -Bromoethyl ethyl 2-Butene 85 79.5 20.5
a -lodoethyl ethyl  2-Butene 87 78.2 21.8
a -Chloropropyl 2-Pentene 57 71.3 28.7
ethyl
a -Bromopropyl 2-Pentene 71 70 30
ethyl
a -Chloroethyl 2-Pentene 74 65.8 34.3
propyl
a -Bromoethyl 2-Pentene 85 60 40
propyl
a -Chlorobutyl ethyl 2-Hexene 63 69.4 30.6
a -Chloroethyl butyl 2-Hexene 76 66.2 33.8
a -Chloropropyl 3-Hexene — 57 43
propyl
a -lodopropyl 3-Hexene 55.5 445

pr
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ethyl
a -Chloroethyl 4-Methyl-2-pentene 70 51.0 49.0
isobutyl
a -lodobutyl butyl  4-Octene 50 52.5 47.5

When the episulfone intermediates possess unusually acidic « -sulfonyl
protons, isomerization to the trans isomer will generally occur even with the
weaker base systems. Benzyl a -chlorobenzyl sulfone, for example, is
converted exclusively into trans-stilbene with sodium hydroxide in aqueous
dioxane. (6) Not unexpectedly, therefore, cis-diphenylepisulfone (33)
experiences epimerization and deuterium exchange before loss of sulfur
dioxide. (21, 22)
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Only more recently has attention been given to cyclic a -halo sulfones, perhaps
because of early discouraging reports from two laboratories. A poor yield of
cyclopentene was reported from the reaction of a -bromothiacyclohexane
1,1-dioxide 34 with base. (78) Additionally, the attempted conversion

of a -bromo sulfone 35 into a

’ CO,C,H:
S == S

0, Br 0, Br
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cyclobutene derivative failed. (79) However, the a -bromo sulfone 34 has now
been converted into cyclopentene in 82% yield, (80) and the reactions

of a -halo sulfones (1) and (5) further illustrate the formation of five-membered
ring olefins. Cyclobutene derivatives can also be readily synthesized as shown

by the conversion of the a -chloro sulfone 36 into the cyclobutene (37),
atthough mpalficdfiolf I+ M Hf+H | |

base and the medium are necessary. (60, 81-88) For example, « -chloro
sulfone 36 is recovered in high yield after prolonged heating with 2 N sodium
hydroxide in dioxane. In contrast, the cyclobutene 37 forms rapidly even at 0°
when potassium t-butoxide in dry tetrahydrofuran is used. Lack of
rearrangement in aqueous medium may be due to solvation. Rotational
freedom in aliphatic sulfones permits conformations in which the highly
solvated a -sulfonyl carbanion sphere can easily adopt a geometry favorable to
the SN2 displacement of halide ion; such a situation is more difficult to achieve
in more conformationally fixed cyclic systems. But reduction in the solvation



properties of the solvent probably results in a proportional decrease in
nonbonded interactions near the carbanion and lower transition-state energy
requirements for the 1,3 elimination. The combination of potassium t-butoxide
and anhydrous tetrahydrofuran has proved most useful in these situations.

The a -halo sulfone rearrangement can be extended to compounds carrying
electronegative substituents adjacent to the halogen atom. (61, 65, 89) As
expected from earlier considerations, the only olefins isolated in reactions
where geometric isomers are possible are those having the trans configuration.
If a cyclic ketone part structure is involved as in the a -bromo sulfone 38, initial
reaction occurs by attack

O
Br = H Br
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of hydroxide ion at the carbonyl carbon resulting in ring cleavage and
formation of an a -bromosulfonyl carboxylic acid. This intermediate
subsequently is transformed into the structurally derived olefin. Again, the
double bond cleanly replaces the sulfonyl group. Evidence for this mechanistic
pathway was obtained by performing the ring opening under milder conditions.

Thea—bro i m ﬁ ﬂm”m cif“cf vlgw Iaalulyconversion
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Adverse hybridization characteristics deter rearrangement.

a -Chlorodicyclopropyl sulfone 26 illustrates this point nicely. The sulfone is
recovered intact after prolonged exposure to refluxing solutions of aqueous
1.2 N potassium hydroxide and methanolic sodium methoxide. (63) In the
presence of potassium t-butoxide in tetrahydrofuran at room temperature,
dehydrochlorination and subsequent Michael addition are kinetically preferred.
No bicyclopropylidene is formed because the cyclopropyl halogen atom is
unreactive toward intramolecular displacement (I strain).
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Attempts to extend the Ramberg-Backlund reaction to the synthesis of
unsaturated propellanes having highly strained central bonds gave a marked
decrease in yield of cyclic olefin. (85, 90, 91) Excessive ring strain such as is
incorporated in the a -chloro sulfone 39 and the bis-( a -chloro sulfone) 40 acts
as a deterrent to C—C bond formation and episulfone ring closure. A principal
side reaction in these instances is « -t-butoxy sulfone production when
potassium t-butoxide is the base. The transient generation of zwitterionic
intermediates has been implicated in such reactions. (85)
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3.5.1. Preparation of Deuterated Olefins

Hydrogen atoms « to the sulfonyl group exchange with the alkaline medium
much more rapidly than the olefinic product is formed. Consequently, in a
deuterated environment, essentially complete H/D exchange is established
before C—C bond formation and elimination of sulfur dioxide. Therefore it is
possible to prepare conveniently olefins which are highly deuterated
exclusively at the double bond. (29, 57, 81, 87) This unusually specific process
would seem to hold much synthetic potential.
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3.5.2. The Bishomoconjugative Rearrangement

Although dipolar intermediates may routinely intervene in a -halo sulfone
rearrangements, such zwitterions gain importance when strain factors become
excessive and a good ionizing solvent is involved. (85) A proximate diene unit
can serve as an intramolecular trap of such species and trigger an alternative
reaction pathway which has been termed the bishomoconjugative
rearrangement. (59, 92) The behavior of the a -chloro sulfone 41 illustrates the
process. When exposed briefly to potassium t-butoxide in dimethyl sulfoxide,
this mixture of epimers is rapidly isomerized to sulfone 42. The combined
experimen N R T TIE T T N T T initiated
elimination .“ ol * H.‘H " i lmlm!m!.l“”i! from
the zwitterion stage to the episulfone; notwithstanding, subsequent
intramolecular cycloaddition provides a cis®-bishomobenzene which
experiences rapid valence isomerization to give the final product. This
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variation of the normal rearrangement permits access to
9-thia-bicyclo[4.2.1]nona-2,4,7-triene 9,9-dioxides whose preparation cannot
be realized readily by other methods.

3.5.3. Rearrangement of Sulfones Induced by Potassium
Hydroxide/Carbon Tetrachloride

Sulfones possessing « -hydrogen atoms are readily a -chlorinated by carbon
tetrachloride in the presence of potassium hydroxide and t-butyl alcohol. (93,
94) The reactivity of a given sulfone depends on the concentration and
nucleophilicity of the « -sulfonyl carbanion formed, whereas the ultimate
course of the reaction depends largely on the structure of the substrate. The
tendency is for multiple a chlorinations to occur faster than monochlorination
because a covalently bound chlorine atom has a positive effect on carbanion
stability. Consequently the concentration of the chlorinated carbanion is
increased markedly and its nucleophilicity is not appreciably decreased.
However, in sulfones possessing both a and « ' -hydrogen atoms, 1,3
elimination frequently occurs faster than introduction of a second chlorine atom
and Ramberg-Backlund products result.

When this situation prevails, Meyers' method (93, 94) is a valuable adjunct to
the methods described above, principally because the sulfone starting
materials are sometimes readily available. Moreover, the

CsHsCH280CH(CH1)CsHs % C4H CH=C(CH,)C.H.
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process is a “one-flask” procedure. A drawback to the reaction is that
dichlorocarbene is sometimes generated concomitantly. The carbene can
react with the desired olefinic product, forming dichlorocyclopropanes.
However, this does not always happen. Di-s-alkyl, benzylic and benzhydryl
sulfones are particularly well-suited to this one-step olefin synthesis as
illustrated in the accompanying reactions. (93-99) Allylic and cyclic sulfones
having primary a -carbon atoms also provide simple alkenes, but
di-primary-alkyl sulfones are transformed into cis-dialkylethylene sulfonic acid
salts because they are first converted into dichloro sulfones. (100-102)
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3.6. Rearrangements of a, a-anda, a ' -Dihalo Sulfones

Reactions ofa, a —anda, a’ -dihalo sulfones with base customarily give
three types of products: acetylenes, vinyl chlorides, and a, B -unsaturated
sulfonic acids. The nature of the product(s) formed depends upon the structure
of the sulfone and the reaction conditions (Refs. 13, 47, 58, 65, 67, 68, 103,
104). The rearrangements proceed again by 1,3 elimination to generate
haloepisulfone intermediates (e.g., 43, Eqg. 5) which may suffer either
customary expulsion of sulfur dioxide to give vinyl halides or base-induced
dehydrohalogenation. As with episulfones, it is not yet possible to isolate the
resulting thiirene dioxides 44 from these rearrangements. However, weaker

e = OOO0OOOCOOIT I

CH;

CH,CHCISO,CHCICH, %2 CH,CH=C

Ha(r
SO, K*

((H -L(_H 15{):{1:{ Br_‘ ““n“?b_,

CHAOH

C:H.C=CH+(C,H,CH=CHBr+ C;H.CH=CHS0O, Na"

CHs(CH,),SO,CHCl, -—lsoH

Ag dioxane
CeH,

C,H.CH.CH,C=CH + C,H,CH,CH,CH=CHC] + \c;:cnz
Na* 0,8

as triethylamine and triethylenediamine do permit isolation of diphenylthiirene
dioxides. (66, 67, 105) The ratio Keim/Kdenydarona determines the relative amount



of vinyl halide produced. Also, since 2-halo-episulfones decompose
stereospecifically, vinyl halide stereochemistry

cl Cl
RCH, CCLR B=, RC‘H? c-R" __, RCH—C_
Rzl v
s s” (al \9/ R’
03 01 02
y 43
—HCI
—S(};l
X7 RCH=CHCI (5)
S
0,
44
Z =
RJ’
RCH=C RC=CR'

S0,

is determined during the intramolecular cyclization. The yields of vinyl
chlorides can vary widely but predictably. For example, whereas benzyl a ,

a -dichlorobenzyl sulfone gives a mixture of isomeric
1-chloro-1,2-diphenylethylenes in 4% yield,
2,2-dichloro-2,7-dihydro-3,4,-5,6-dibenzothiepin 1,1-dioxide affords a 47.6%
yield of 9- -cfild Elﬁ EIE ﬁ ﬂ ﬂhﬁllll 5§ |6 Iilo' 5 TTPHE bbservations
agree with e &XPe O U < 2 (Z0) snhouid nave more driving
force than chloroepisulfone (45) for sulfur dioxide expulsion because of the
incipient gain in phenanthrene resonance energy. In short, the thermal and
base-initiated reactions of the halo episulfones are always competitive.

Cl
L gl
CqH;CH /_”'-\\
5 C.H;
O,
45 46 47

When haloepisulfone dehydrohalogenation is prevented for structural reasons,
as in the chloro episulfone (47), such intermediates are not convertible into
thiirene dioxides but two-way reactivity persists. As shown by the behavior of
the dichloro sulfones 48 and 49, cheletropic
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loss of sulfur dioxide with formation of vinyl chlorides continues as an
important pathway. Competing with this transformation is a process
characteristic of this subclass of episulfone intermediates, viz., attack of
hydroxide ion at the sulfur atom with C—S bond cleavage to give the more
stable carbanion. Since in these examples the chlorine substituent has the
greatest stabilizing influence, chloromethyl sulfonates result.

5 R CH3 H
(CH,),CHSO,CHCI, _JD"-ﬂr:a:l H /<
) CH; :q,-'r Cl

49

0,
CH_\ 8Os Na®
(CH,),C=CHCl  + C
7N

N O O O

(37%)

In alkaline solution, thiirene dioxides suffer analogous fragmentations. Their
thermal decomposition is the mechanism by which acetylenes are produced,
while base attack with cleavage of a C—S bond leads to vinyl sulfonic acids.

A complication sometimes encountered with a , a -dibromo sulfones (65) is
contamination of the acetylene by the corresponding alkene. Results like those
from the a , « -dibromo sulfones (50) and (51) have been explained by
reduction of the dibromosulfones to their monobromo derivatives by sulfite ion
(formed during the rearrangement) and subsequent olefin production in the
conventional manner. Since a, a -dichloro sulfones are reduced very slowly if
at all under the reaction conditions, their use is recommended over the
dibromides.
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3.7. Rearrangements of a, a, a-Trichloromethyl Sulfones

Marked susceptibility to rearrangement has also been noted for a, a,

a -trichloromethyl sulfones. (106) Very small amounts of neutral products are
generated, except when the dichloro episulfone intermediate is gem-dialkyl
substituted. Otherwise, sulfonic acid formation predominates. The structural
type of sulfonate is strictly dependent upon possible chlorothiirene dioxide
intervention. Using a, a, a -trichloromethyl sulfone (52) and related
molecules where dehydrochlorination of the dichloro episulfone intermediate is
not structurally feasible, dichloromethyl sulfonates result. When access can be
gained to a

CH, SO;Na*
waﬂﬂ

(CH,),CHSO,CCly —F7 /C\ +(CHj,),C=CCl, +(CH,),C=CHCI
CH, CHCl,

52 (73%) {10%) {Trace)
transient u :ﬁ E E m ‘E il ﬂl trﬂv a al d{trichloro
sulfone (53); unSaturaied sulionaies are isolated.

2N MNalDH
CeHsCH,CH,80:CCly ——— CﬁHsﬂHz{iﬁ:CHC]
53 2
SO;H
(37%)
+CsH SCHE?=CC12 +C:HsCH,CH=CHCI
SO,H o

{22%)

+ CﬁHjCH: CH%CI 2

(Trace}



4. Related Transformations

The a -halo sulfone rearrangement has proved unsatisfactory when applied to
paracyclophane systems having—CH,SCH,— bridges because of severe
conformational restraints that impede the intramolecular Sy2 displacement. In
actuality, the rigid geometry of such molecules requires ring contraction and
sulfur extrusion to produce the new carbon-carbon bond in a frontside manner.
The Stevens rearrangement, but not the Sommelet, can meet such
requirements and, when this reaction is used with a subsequent Hofmann
elimination, sulfide linkages are readily transformed into carbon-carbon double
bonds. The potential of this sequence has been exploited in the

.
1. (CH10kCH BF;

1. (CHaO)CHBF;
[\ M M M Me M e e
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synthesis of polycyclic systems. (107-116) Some representative examples are
shown in the accompanying reactions. Dimethoxycarbonium fluoroborate
seems to give the cleanest products and to be most convenient to use for
S-methylation. (111)
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Benzyl phenethyl sulfone (54) is converted into 1,3-diphenylpropene and
stilbene when treated with ethylmagnesium bromide in dry xylene at 105° for
19 hours. (117) The behavior of 2,5-diphenyltetrahydrothiophene dioxide
under comparable conditions is somewhat more controlled,
1,2-diphenylcyclobutene being formed in 47% crude yield. (118)

i . . C,H MgBr
C,H:CH,S0,CH,CH,C,H; o
54 C H.CH=CHCH,C:H;+ C,H;CH=CHC:H;
cis (25.6%) e (5.3%)
rrans (27.3%) trans (23.1%)

A versatile scheme based on the reductive ring contraction of
2,5-dialkyltetrahydrothiophene dioxide anions with lithium aluminum hydride in
refluxing dioxane has recently been reported. (119) A wide variety
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sulfones are conveniently synthesized from the corresponding succinic
anhydride, the overall conversion can be thought of as an
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anhydride— 1,2-dialkylcyclobutene transformation. As a substitution on the
sulfolane ring is decreased, there is a parallel decrease in the efficiency of the
ring contraction. Reduction of sulfone to sulfide is now not as sterically
inhibited and can compete effectively.

j —
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0, 0
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Sulfonyl 1,3-dicarbanions are subject to oxidation by copper(ll) salts to form
alkenes. (123) Again, no mechanistic details are yet available, but two-electron
oxidation to afford a thiirane 1,1-dioxide intermediate appears likely.
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5. Synthetic Utility

The need for olefins in many synthetic organic chemical problems is obvious.
In this connection, the Ramberg-Backlund rearrangement of « -chloro
sulfones can be advantageous in five broad chemical schemes. They involve
the coupling of two residues through a sulfide linkage (usually indirectly) with
subsequent introduction of the double bond, homologization of olefins,
conversion of mercaptans into homologous terminal alkenes, synthesis of
olefins deuterated exclusively at the vinyl positions, and preparation of strained
cycloalkenes.

In the first scheme mixed sulfides (such as 55) are widely available and typify
the bonding of two differing groups through a sulfide linkage. As long as the
requirement of one a and one a ' hydrogen atom is met, desulfurization with p
bond formation can occur. For purposes of degradative analysis, the removal
of sulfur dioxide from an alkyl sulfone with retention of the carbon skeleton may
be desirable. This also can be conveniently done. (57)

;) LNCS L pep CHR
RCH.SCH.R e RCH=CHR

g5 3. Basc

1. a-CaHgLi

n-CaH,S0,CHy-n 5 Giig® C2HsCH=CHC,H
{47% )

OOO0OCC T i |

A reaction sequence is also available for converting mercaptans possessing at
least one a -hydrogen atom into the higher homologous terminal alkene. (56)
For example, n-hexylmercaptan upon treatment with formaldehyde and
hydrogen chloride affords in good yield the chloromethyl sulfide (56) which can
be oxidized and rearranged to 1-heptene (54% overall). The ease with which
mercaptans condense with aldehydes of higher molecular weight than
formaldehyde to give a -chloro sulfides (vide supra) should enable similar
conversion of mercaptans into internal olefins of any desired length.

This sequence is then combined with the free-radical addition of hydrogen
sulfide (124) or thiolacetic acid to an olefin (125) for olefin homologization. (57)
The synthesis of 3-methyl-1-pentene from 2-methyl-1-butene illustrates the
technique.
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Other uses of a -halo sulfone rearrangements have been noted earlier.

The synthetic potential of the a , a -dihalosulfone rearrangement has been little
explored. However, a number of useful transformations are available. For
example, by combining four synthetic manipulations, a mercaptan should be
converted into a terminal acetylene of one additional carbon atom (Eq. 6).
Additionally, when these reactions are

. (CH20 e HE , -C,Ho0 o

RCH,SH 3 ys - RCH,SO,CHCL, cron® RC=CH ®)
3. RCOsH

RCH=CH, . RCH,C=CH 7)

combined i lcd EMLJE I WL AL FEOEIEAER o acia o

olefins, an a -olefin should be converted into its homologous terminal acetylene
(Eqg. 7). The procedure is especially attractive because of the commercial
availability of many « olefins.

Lastly, further modification is possible that will provide symmetrically
substituted acetylenes containing double the number of carbon atoms as the
primary or secondary halide precursors (Eqg. 8).
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6. Experimental Procedures

The following examples of the a -halo sulfone rearrangement have been
carefully chosen to illustrate useful and general experimental procedures. In
particular, they serve as a guide to those few experimental factors that require
care in execution. Preparations of chloro sulfones used as starting materials in
the Ramlung-Backlund rearrangement are given first.

6.1.1.1. n-Butyl a -Chloroethyl Sulfone (Hydrogen-Chloride-promoted
Aldehyde—-Thiol Condensation) (15)

Into a mixture of 9.7 g (0.22 mol) of paraldehyde and 18.0 g (0.20 mol) of
n-butyl mercaptan cooled to —15° was introduced a gentle stream of
anhydrous hydrogen chloride gas. During the hydrogen chloride uptake (2-3
hours), the temperature was not allowed to increase above —5°. Excess
calcium chloride was added and the mixture was tumbled at —10° on a rotary
evaporator with gradually decreasing pressure until water and hydrogen
chloride removal appeared complete. Methylene chloride was added and the
solvent partially removed under vacuum to remove final traces of hydrogen
chloride. The solution was filtered and the filtrate added dropwise to a stirred
ethereal solution of monoperphthalic acid cooled to 0°. After the addition was
complete, the reaction mixture was allowed to stir overnight at ambient
temperature. Filtration of the insoluble phthalic acid gave the crude a -chloro
sulfone in ethereal solution. To remove dissolved phthalic acid, the solution
was washed with saturated sodium bicarbonate solution and then with water.

The ethere A cnaratod driod and ovan idue was
roctonan Ll Sl T i B T R T oo s =

colorless liquid, bp 74-75° (0.5 mm); ”ﬁ"l.4669; infrared (neat) u: 7.57 and

8.80; proton magnetic resonance (in chloroform-d) 6 : 4.86 (quartet,
J=7.1Hz, 1H,—SO,CHCI— ), 3.2 (triplet, J = 7.5 Hz, 2H,—SO,CH,— ), and
0.8-2.1 (complex pattern, 10 H).

6.1.1.2. 11-Chloro-12-Thia[4.4.3]Propella-3,8-Diene 12,12-Dioxide
(Chlorination with N-Chlorosuccinimide) (50)

A mechanically stirred slurry of 400 g (1.67 mol) of freshly recrystallized
(ethanol) sodium sulfide nonahydrate in 1.21 of anhydrous
hexamethylphosphoramide (distilled from calcium hydride and stored over
molecular sieves) was heated to 97° and ca. 20 mm and the aqueous distillate
(max bp 83°) was collected and discarded. The slurry was cooled to ambient
temperature, 225 g (0.644 mol) of cis-9,10-bis(methanesulfonyloxymethyl)- A
2®_hexalin was added in one portion, and the dark-green reaction mixture was
stirred at 120° for 18 hours. The brownish contents were cooled, treated with
1.51 of water, and extracted with three 1-1 portions of ether. The combined
organic extracts were washed with water (three 1-1 portions) and saturated



brine (250 ml) before drying and evaporation. The resulting tan semisolid was
kept under vacuum at 0.1 mm until complete crystallization occurred. The solid
was dissolved in pentane and passed through a column of neutral, activity |
alumina. Removal of the pentane afforded 121 g (98.8%) of
12-thia[4.4.3]-propella-3,8-diene as a waxy white solid; proton magnetic
resonance (in chloroform-d) 6 :5.45 (multiplet, 4H, olefinic), 2.76 (singlet, 4H,
—CH»S—), and 2.08 (multiplet, 8H, allyl).

A mixture of 9.8 g (0.0733 mol) of N-chlorosuccinimide and 14.1 g (0.0733 mol)
of this sulfide in 150 ml of carbon tetrachloride was refluxed under nitrogen for
1.5 hours. The reaction mixture was cooled and the succinimide removed by
filtration. The carbon tetrachloride was evaporated and the residual oil was
dissolved in 50 ml of ether and cooled to 0°. To this magnetically stirred
solution was added dropwise a standardized ethereal solution containing
0.147 mol of monoperphthalic acid. The reaction mixture was stirred at room
temperature for 6 hours and then processed as above to give 15.0 g (79%) of
colorless solid, mp 111-113° (from ether at —20°); proton magnetic resonance
(in chloroform-d) & : 5.59 (multiplet, 4 H, olefinic), 5.05 (singlet, 1 H, >CHCI),
3.42,3.21, 3.11, and 2.89 (AB quartet, Jag = 13 Hz, 2H,—CH,SO,— ), and
1.59-2.82 (multiplet, 8H, allyl).

6.1.1.3. 2-Chloro-2,7-Dihydro-3,4-5,6-Dibenzothiepin 1,1-Dioxide (Chlorination
with Sulfuryl Chloride) (29)

To a stirred solution of 9.5 g (0.045 mol) of 2,7-dihydro-3,4-5,6-dibenzothiepin
in 40 ml of carbon tetrachloride was added in small portions over a 10-minute

period asotjm (O 058 mal) g ndch ijﬂmm carbon
tetrachlorid H'H E H ‘!"H!l!’l' il warmed to

60° and kept at that temperature for approximately 1 hour. After cooling, the
solvent was evaporated under reduced pressure and the residual yellow solid
was dissolved in 150 ml of chloroform. To this stirred solution was added
portionwise with external cooling 15.5 g (0.09 mol) of m-chloroperbenzoic acid.
As the reaction proceeded, the resulting m-chlorobenzoic acid crystallized
from the solution. The reaction mixture, after standing overnight, was filtered,
shaken well with aqueous bicarbonate solution, dried, and evaporated to give
7.8 g (62.8%) of crude product, mp 196-198°. Recrystallization of this material
from benzene—hexane afforded pure a« -chloro sulfone as white prisms, mp
204.5-205.5°.

6.1.1.4. 1-Bromo-7-Thiabicyclo[2.2.1]Heptane 7,7-Dioxide (Halogenation of an
a -Sulfonyl Carbanion) (24)

A solution of 4.00 g (27.4 mmol) of 7-thiabicyclo[2.2.1]heptane 7,7-dioxide in
200 ml of tetrahydrofuran (distilled from lithium aluminum hydride) was cooled
in a nitrogen atmosphere to —78° and treated all at once with 20 ml of 1.97 M
t-butyllithium (39.4 mmol). After stirring at —70° for 30 minutes, the yellow
solution was added in 20-ml portions during 30 minutes to a vigorously stirred



solution of 7 g of cyanogen bromide (66 mmol) in 150 ml of anhydrous ether at
—112° in a nitrogen atmosphere. The reaction mixture was stored overnight at
-50°, warmed to 0°, and washed several times with 10% aqueous potassium
hydroxide and saturated aqueous sodium hydrogen sulfite. The organic phase
was dried over anhydrous magnesium sulfate, concentrated to a minimal
volume, and treated with excess n-pentane to precipitate 5.35 g of crude
product. Recrystallization of the crude solid from methanol gave 4.87 g (76%)
of colorless a -bromo sulfone, mp 149-151°; infrared v 7.58, 7.71, 8.70, and
8.82; proton magnetic resonance (in trifluoroacetic acid) 6 : 3.25 (singlet, 1H,
>CHSO,— ) and 2.40 (multiplet, 8H).

6.1.1.5. cis- and trans-2-Hexene (Removal of Volatile Alkene during Its
Formation) (15)

A 1.85-g (10-mmol) sample of n-butyl a -chloroethyl sulfone was placed in a
100-ml reaction flask fitted with a magnetic stirrer, nitrogen gas inlet tube, and
3-in. Vigreux column atop of which was a Bantamware distillation head. To the
sulfone was added in one portion 60 ml of 2 N sodium hydroxide solution

(2120 mmol). The reaction mixture was slowly warmed to a gentle reflux
(vigorous stirring), and the volatile product was carried over by a slow (one to
three bubbles per second) nitrogen stream into a pear-shaped flask
(surrounded by a solid carbon dioxide—acetone bath) attached to the
distillation head. After 2.5 hours the contents of the receiver were removed,
accurately weighed (0.48 g), and checked by gas-liquid chromatography (a
22 ft x 0.25 in. aluminum column packed with 15% B , B ' -oxydipropionitrile
on Chromosorb P) at ambient temperature. Again at 4.5 (0.15 g) and 6.0 hours
(<0.019g)t i ' nd_ch d by
gas-liquid 1l proceed
0.5-1 hour beyond the time when no additional product was observed. The
total weight of olefin in this case was 0.62 g or 74%. Only the isomeric cis- and
trans-2-hexenes were produced. The olefins were readily identified by
comparison of retention times with authentic samples and by peak
enhancement. Infrared and nmr spectra of isolated samples confirmed the
structural assignments.

6.1.1.6. [4.4.2]Propella-3,8,11-Triene (Potassium t-Butoxide as Base) (84)

To an ice-cold, magnetically stirred solution of 4.64 g (0.0179 mol) of
11-chloro-12-thia[4.4.3]propella-3,8-diene 12,12-dioxide in 50 ml of anhydrous
tetrahydrofuran was added 6.0 g (0.0537 mol) of powdered potassium
t-butoxide in one portion. The reaction mixture was stirred magnetically for 5
hours at 0° under a nitrogen atmosphere. A mixture of 40 ml of water and

30 ml of ether was added to the reaction mixture. The organic layer was
separated, washed with water (2 x 20 ml), and dried. Concentration of the
filtrate and short-path distillation of the residue afforded 1.51 g (53%) of [4.4.2]
propella-3,8,11-triene as a colorless oil: bp 75° (5 mm); infrared (neat) cm™:



3003, 2875, 2793, and 1645; proton magnetic resonance (in chloroform-d) & :
5.75 (multiplet, 6H, olefinic) and 2.02 (multiplet, 8H, allyic).

6.1.1.7. 9,10-Dideuteriophenanthrene (Specific Deuteration of Olefinic
Products a to Original Sulfonyl Group) (29)

A mixture of 5.5 g (0.02 mol) of 2-chloro-2,7-dihydro-3,4-5,6-dibenzothiepin
1,1-dioxide, 28 ml of approximately 25% sodium deuteroxide in deuterium
oxide, and 20 ml of dioxane was stirred at room temperature for 0.5 hour and
refluxed with stirring for 4.5 hours. The mixture was cooled and diluted with
350 ml of ice water. The precipitated product was filtered and dried to give
1.65 g (91.7%) of pale-yellow solid, mp 92.5-94.5°. Two recrystallizations of
this material from ethanol gave shiny white flakes of pure
9,10-dideuteriophenanthrene, mp 98.5-99.5°, containing 19.97 atom of
excess D (theory, 20 atom % excess D).

6.1.1.8. 1,1-Dimethyl-1-Sila-4-Cycloheptene (Direct Olefination of Sulfones)
(99)

In a dry one-necked, 100-ml round-bottomed flask equipped with a reflux
condenser and a magnetic stirring bar were placed 0.22 g (1.07 mmol) of
1,1-dimethyl-1-sila-5-thiacyclooctane 5,5-dioxide, 3.0 g (0.065 mol) of
powdered potassium hydroxide, 15 ml of dry t-butyl alcohol, and 35 ml of dry
carbon tetrachloride. The mixture was heated for 12 hours at 50° while it was
stirred. The reaction mixture was transferred to a separatory funnel and 100 ml
of ether was added. The organic layer was extracted with three equal volumes
of water, dried, filtered, and evaporated. The residue was bulb-to-bulb distilled
to give 509 oL}yl W=l Tl A TE JIATTHATER o which
was effected on an 18 ft x 0.25 in. Apiezon L column at 130°; infrared cm:
1645; proton magnetic resonance (in chlorodifluoromethane) 6 : 5.8 (multiplet,
2 H), 2.3 (multiplet (4 H), 0.67 (multiplet, 4 H), and 0.06 (singlet, 6 H).

)

6.1.1.9. 5,10-Dihydro-5,10-Epithiobenzocyclooctene 11,11-Dioxide (reaction in
Dimethyl Sulfoxide Solution; Bishomoconjugative Rearrangement) (59)

To a magnetically stirred solution of
11-chloro-12-thia[4.4.3]propella-2,4,7,9-tetraene in 30 ml of dry dimethyl
sulfoxide under nitrogen was added 112 mg (1.00 mmol) of potassium
t-butoxide, and the deep-green solution was stirred for 30 minutes. With
cooling, 50 ml of water was added and the solution was acidified with
concentrated hydrochloric acid. The aqueous solution was extracted with
chloroform and the extract washed with water and brine and dried. Evaporation
of the solvent and recrystallization from methanol-chloroform gave 137 mg
(68.4%) of 5,10-dihydro-5,10-epithiobenzocyclooctene 11,11-dioxide as a
white crystalline solid, mp 269-271°; ultraviolet (95% ethanol), nm max ( ¢ ):
267 (2280) shoulder, 273 (2470), and 278 (2280) shoulder; proton magnetic



resonance (in dimethyl sulfoxide-d) 6 : 7.43 (singlet, 4 H aryl CH), 5.93 (broad
singlet, 4H, vinylic CH), and 4.90-5.07 (multiplet, 2H, bridgehead H).

6.1.1.10. 9-Chlorophenanthrene and Phenanthrene-9-Sulfonic Acid ( a ,

a -Dihalosulfone Rearrangement and Isolation of Sulfonic Acid) (49)

A mixture of 3:1 g (0.01 mol) of
2,2-dichloro-2,7-dihydro-3,4-5,6-dibenzothiepin 1,1-dioxide, 25 ml of dioxane,
and 15 ml of 2 N sodium hydroxide solution was heated at reflux with stirring
for 16 hours. Upon cooling, 60 ml of water was added and the aqueous
solution was extracted with dichloromethane (3 x 30 ml), acidified with
concentrated hydrochloric acid, and treated with 1.5 g (0.015 mol) of
p-toluidine. The mixture was warmed with scratching until the resulting oil had
crystallized. After it had cooled, the solid was filtered and dried to afford 1.7 g
(47.3%) of the p-toluidine salt of phenanthrene-9-sulfonic acid, mp 210-216°.
Recrystallization of this salt from water yielded pale-yellow needles, mp
231-232°, spectral properties identical with those described in the literature.

The combined organic layers were dried, filtered, and evaporated to give 1.0 g
(47.6%) of 9-chlorophenanthrene, mp 49-50°. Recrystallization from aqueous
ethanol afforded pure white needles, mp 52-53°, identical with an authentic
specimen.

6.1.1.11. 2,3-Diphenylthiirene 1,1-Dioxide (Isolation of Strained

Three-membered Ring Intermediate) (67
To 63.69 ﬂm stite uau-ul5°) dissolved

in 400 ml of dichloromethane was added 50.5 g of triethylamine and the
solution was refluxed gently for 3 hours. The solution was washed with 3 N
hydrochloric acid (2 x 200 ml) followed by 100 ml of water. Evaporation of the
dichloromethane by distillation from a water bath at 30° with the aid of a water
aspirator followed by washing the residue with 50 ml of cold ethanol (5°) gave
34.1g (90%) of crude sulfone, mp 116-126° (dec). Recrystallization from
benzene gave 26.5g (70%) of 2,3-diphenylthiirene 1,1-dioxide as a
snow-white solid, mp 116-126° (varies with rate of heating); infrared (carbon
tetrachloride) v : 7.85 and 8.59; ultraviolet (95% ethanol), nm max (log ¢ ):
222.5 (4.26), 296 (4.34), 307 (4.41), 322 (4.27); proton magnetic resonance (in
chloroform-d) 6 : 7.55 (multiplet, aryl CH).




7. Tabular Survey

Compounds submitted to the conditions of the Ramberg-Backlund reaction are
collected in Tables 1I-VI. An attempt has been made to include all a-halo
sulfone rearrangements reported through mid-1975; however, since there is no
systematic method of searching the literature for this reaction, the
completeness of the tabulation cannot be guaranteed.

Within each table the substrates are listed in order of increasing complexity. A
dash (—) in the yield column means that the yield was not reported. Where
more than one product is formed in a reaction, the products are arranged
roughly in order of complexity.

The abbreviations used in the tables are: DME, 1,2-dimethoxyethane; DMSO,
dimethyl sulfoxide; THF, tetrahydrofuran.

Table Il. Base-Promoted Rearrangements of Preformeda-Halo Sulfones
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TABLE II. Base-PrRoMOTED REARRANGEMENTS OF PREFORMED a-HALo SurLrFonEes

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
A. Acyclic Compounds
[ CICH,SO,C;H; 2 N NaOH H;0 100 CH;=CHCH, (51) 13
C, CH,;CHCISO.C;Hs 2 M KOH H0 100 CH.CH=CHCH; (76) 20
(78.1 cis; 21.9 trans)®
2 M NaOH H.0 100 " (75; 78.8 cis; 21.2 rrans)® 13,15,20
2 M KOH H,0 60 " (—; 81.5 cis; 18.5 rrans)® 20
2 NKOH H;0 100 " (76; 78.1 cis; 21.9 trans)® 20
1 M Ba(OH). H;0 100 " (66; 78.6 cis; 21.4 trans)® 20
2 M LiOH H.O 100 " (—; 76.1 cis; 23.9 trans)® 20
1 Mn-C,HyONa n-C,H,OH 117 " (74; 74.6 cis; 25.4 trans)® 20
0.75 M C¢HsLi CgH,q 80 " (—; 73.3 cis; 26.7 trans)* 20
0.75 M C¢HsLi CgHsq — " (—; 78.1 cis; 21.9 trans)® 20
1.0 M -C,H,OK 1-C,H;OH ~93 " (82; 22.6 cis; 77.4 trans)® 20
1.3 M1-CH,OK 1-C,H;OH 82 " (—; 18.6 cis; 81.4 trans)® 20
1.0 M -C,H,OK Toluene 110 " (—; 24.5 cis; 75.5 mans)® 20
CsHsLi Xylene 120 " (80; 73.3 cis; 26.7 trans)® 15
CH,CHBrS0,C.H, 2 N NaOH H0 100 CH3;CH=CHCH,; (85) (mostly cis) 13
2 NKOH H.0 85 * (85) 20
(79.5 cis; 20.5 trans)®
CH,CHISO.C;H4 2 NKOH H:0 75 CH,CH=CHCH; (87) 20
(78.2 cis; 21.8 trans)®
C;HsSO,CHBrCO.C;Hs 4 NNaOC;Hs C;HsOH 80 CH;CH=CHCO,H (78) 89
C;H:0,CCH,50,CHBrCO,C;H; 4 N NaOC;Hs: C;Hs;OH 80 C;Hs0,CCH=CHCO,C;H: (92) 89
CH,0,CCHBrS0O,CH,CO,CH, NaOH H,0-dioxane Reflux E-HO;CCH=CHCO.H (50) 79
Cs CH,3CHCISO,C;H;-n 2N KOH H;O 100 CH,CH,CH=CHCH, (74) 20
(65.8 cis; 34.3 trans)®
CH,CHBrS0O,C;H:-n 2 N NaOH H.0 100 CH;CH=CHCH,;CH, (90) 13
(mostly cis)
2 NKOH H;0 85 CH,CH,CH=CHCH, (85) 20
(60 cis; 40 trans)®
C;HsCHCISO,C;Hs 2 N KOH H,0 100 CH,CH,CH=CHCH; (57) 20
(71.3 cis; 28.7 trans)®
C,H.CHBrS0,C;H; 2 N NaOH H.0 100 CH;CH=CHC;Hs; (80) 13
(mostly cis)
2 NKOH H,0 85 C,H,CH=CHCH, (71) 20
(70 cis; 30 trans)®
CH;CHBrsS0,C;H-i 2 N NaOH H:0 100 CH;CH=C(CH.). (82) 13
Cs C;H;CHISO,C;H,-n 2 NKOH H.0 75 CHsCH=CHC;H; (57) 20
(55.5 cis; 44.5 trans)®
n-CsH,CHCISO,C;H; NaOH H0 100 n-C;H,CH=CHCH, (63) 15
(69.4 cis; 30.6 trans)®
CeHsLi Xylene 120 " (30) 15
(68.0 cis; 32.0 trans)®
CH,CHCISO,C. Ho-n NaOH H.0 75 CH,CH=CHC;H;-n (76) 15
(66.2 cis; 33.8 trans)®
CesHsLi Xylene 100 CH;CH=CHGC;H,-n (30) 15
(63.8 cis; 36.2 trans)®
i-C3H,CHCISO,C;Hs NaOH H0 100 i-C;H,CH=CHCH, (41) 15
(59.4 cis; 40.6 trans)®
CeH,Li Xylene 120 ” (59) 15
(59.0 cis; 41.0 trans)®
CH3CHCISO,C Hq-i NaOH H:0 100 i-C;H,CH=CHCH, (70) 15
(51.0 cis: 49.0 trans)”
CeH,Li Xylene 120 " (56) 15

(51.7 cis; 48.3 mans)*

Note: References 126131 are on p.71.

® The percentages for the individual isomers are normalized to 100%.
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TABLE II. Base-PRoMOTED REARRANGEMENTS OF PREFORMED a-HaLo SurLrones (Continued)
No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
A. Acyclic Compounds
Cs(contd.) n-C,HsSO,CHBrCO,C,H; 4 NNaOC;H, C,H.OH 80 n-CsH,CH=CHCO,H (68) 89
C n-CeH,3S0,CH,Cl NaOH H,0 100 n-CsH,,CH=CH, (77.6) 56
Ce n-CsH,CHISO,C H;-n 2 NKOH H,0 75 n-CsH,CH=CHC;H,-n (50) 20
(52.5 cis; 47.5 trans)®
C CsHsCH,S0,CHBrCH, 2 N NaOH H.0 100 CeH;CH=CHCH, (50) 65
CHsCH,SO,CHBrCO,CH, 4NNaOC;Hs C,;HsOH 80 CeH;CH=CHCO.H (83) 89
TsHsCH;SO,CHBrCO,C;H; 4NNaOGCHs; CH;OH 80 CeHs;CH=CHCO,H (79) 89
n-C;H,CH,S0,CHBr(CH,),CO,H 2NKOH H,0 100 n-C;H,CH=CH(CH,),CO,H (65) 61
CH, CH,
~ )l H
Cio A ZaaCeHls NaOCH, CH,OD 65 E-C¢HsC(CH;)=CDCH, (43), 26
SO; Br Z-C4HC(CH;)=CDCH,; (57)
CeHs, CH,
CHaml < aB
"C\ N i NaOCH, CH,OD 65 E-CeH;C(CH;}=CDCH, (23), 26
H/ SO: H Z-CoHsC(CH:)==CDCH3 (77}
CHj CH,3
CeHsane s /C:“'H NaOCH, CH;OH 65 E-CeH,C(CHs)=CHCH, (70), 26
W 07N, Z-C¢HsC(CH;)—=CHCH, (30)
CeH;CH,S0,CBr(CH;)CO,H 2 N NaOH H,O0 100 CsHsCH=C(CH,)CO,H (56) 65
CsH;CH,SO,C(CH,)BrCO,H 4NNaOC,H; C,H;OH 80 CsHsCH=C(CH,)CO,H (88) 89
CsHsCH.S0,CHBrCH,CO.H 2 N NaOH H.0 100 CsH;CH=CHCH,CO,H (66) 65
C¢HsCH,SO,CHBrCOCH, 4 NNaOC,H; C,H,OH 80 CsHsCH=CHCOCH, (68) 89
Cis CsHsCH,80,C(C,H,)BrCO,C;Hs 4NNaOC,H, CH,OH 80 CsHsCH=C(C;H;)CO,H (84) 89
Cus CsHsCHCISO,CH,CsH; NaOH H,O-dioxane 87 E-C¢HsCH=CHC:H; (100) 20
CsHsCHBrSO,CH,CeHs NaOCH; CH,OD 25 E-C¢HsCD—CDCgH; (89) 14
Cis (C¢H3),CHSO,CHBrCO,C;Hs 4NNaOGCH; C,H;OH 80 (CsHs).C=CHCO,H (90) 89
CsHsCH,S0,CHBrS0,CH,CeHs 4NNaOC,Hs C,HsOH 80 C¢HsCH,SO,CH=CHC:H; (98) 89
CsHsCH,SO,CHBrCOCH; 4NNaOC,Hs; C,HsOH 80 CeHsCH=CHCOCH; (73) 89
CeHs, CH,
Cis CH’\/C\ ) #CeHs NaOCH, CH,OH 25 E-Ce¢HsC(CH5)=C(CH,)CeHs  (100) 26
Br SO, H
CeHs. CH,
CH, . csH NaOCH; CH,OH 25 Z-CeHsC(CH,)=C(CH;)CsHs (93), 26
e e \QH, E-CeH:C(CH;)=C(CH:)CeHs  (7)
CsHsCOCH,SO,CHBrCOCH; 4 NNaOC,H; C;H,OH 80 CsH;COCH=CHCOC:Hs (89) 89
Cu (CsHsCH,SO,CHBrCH; ) 2 NNaOH H,0 100 CsHsCH=CHCH,CH,CH=CHC:H;s (64) 65
CH,0,C(CH,);SO,CHBr(CH,),CO,CH; NaOH H.O-dioxane Reflux  E-HO,C(CH,),CH=CH(CH,),CO,H (Low) 79

Note: References 126-131 are on p. 71.
“ The percentages for the individual isomers are normalized to 100%.



TABLE II. Base-PrRoMOTED REARRANGEMENTS OF PREFORMED a-HALo SurLrones (Continued)

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
B. Cyclic Compounds
1
Cs -C;H t-CsH;;,ONa (CéHs),O t (68) 126
c, Q—SOZCH,C] NaOH H,0 100 <:>=cuz (80) 56
O, a
t KOH H:0 100 No reaction 23
t-C.H,OK 1-C4H,OH 50-100 Polymer 23
Cs SO,CH, NaOCH, DMSO 25 (>90) 76
Br
2 N NaOH H,0 100 ),
SO,CH, “ 76
Br
Cl
KOH H,0 100 G[> (1) 23
Br
@ t-CsH,,ONa Tetraglyme 70 OQ (81) 24
CH. CH; CH; CH,;
H 126
=--Cl t-CsH,,ONa (CeHs),0 b (40)
SO
s 2
Br
G 2 NKOH H,0 100 n-C;H,CH=CH(CH,);COH (50) !
0,C;Hqs-n
2 NKOH H,O 100 n-C3H,CH=CH(CH,).CO.H (59) 61

Br
Cio
SO,C Ho-n

Note: References 126-131 are on p. 71.

® The product was isolated by direct distillation from the reaction mixture under reduced pressure.
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TABLE II. Base-ProMOTED REARRANGEMENTS OF PREFORMED a-HaLo Surrones (Continued)

8

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
B. Cyclic Compounds
Cio SOz
CH,3
SO, 1-C{H;0K DMSO 25-35 27) 59
CH
CH,3 ?
H Cl
/ 60
.‘@ -CHOK  THF 0 E@@ (60)
t-C4Hg0, H
{0} (11)
p-CH,Li (C:H5),0 -78 (2.6) 60
H t-C4H, H
SO, t-CH 0K THF 0 SO, (40) 60
n-C H,Li (C:H,).0 -78 b (1.4) 60
Cl
0, S0, t-C.H;OK THF -15 W’ (1) 90
1
2 1-CH,0K THF Reflux C%o (23-26), 91

OC,Hq-t

[i)(ésoz (12.9-14.5)

Note: References 126-131 are on p. 71.



TABLE II. Base-PromMoTED REARRANGEMENTs OF PREFORMED a-HaLo SuLrones (Continued)

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
B. Cyclic Compounds
Cio
(contd.)
E)}) -C;H,0K THF 65 (39) 88
N
-9
oo
-\
di)}o 1-C.H;0K THF 65 &0 27 88
1
N\
(\)3_502 t-CH,0K THF 0 %0, (46.3) 91
ng}soz t-C,H,0K THF 25 @02 (50) 88
0 b
Cu . t-C,H,0K DME 25 (18), 97
H E’zl'-l
|| (35)
10,
B
L' =]
t-C,H;OK DMSO 25 EB (62) 97
(o]
t-CH,OK DME 25 (48), 97
" /l
i1 Oy

(25)

o

Note: References 126-131 are on p. 71.



TABLE II. Base-PromoTED REARRANGEMENTS oF PREFORMED a-HaLo SuLrones (Continued)

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
B. Cyclic Compounds
C
" M
(contd.) o o
H 1-C,H,0K DME 25 m (55) 97
H az a A 82
Ln
[ =]
d@ -CH,OK  THF 65 Ch (41) 127
L a D D
Cua NaOCH, CH;0D 25 :: (High) 28
gl Br
i . 28
i i: NaOCH, CH,OH 25 © (High)
D D
. 2
NaOCH; CH,0D 25 (High) R
z CH,
CH; (I
2 t-C.H;0K THF 65 (49.6) 122
CH,
3
H Cl
SO, 1-C;H,0K THF 25 '46.5) 84

Note: References 126-131 are on p. 71.



TABLE II. Base-PromMoTED REARRANGEMENTS OF PREFORMED a-HaLo Surrones (Continued)

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
B. Cyclic Compounds
CIZ
(contd.) =
Sj@ 1-C4H,0K THF 25 (55.6) 84
N
D
D._.Cl D
39 t-CsHy,;OK THF 65 (81) 87
D D
Cl
D, D,
0, 1-C,H,0K THF 65 (37.1) 122
Dz D2
H Cl
SO 1-CHsOK THF 0 @ (53) 84
H Cl
(=
SO, 1-C;H;0K (C;H5),0 25 (14) 84
Ln
w
t-C,H;0K DMSO 25 (68.4) 59
Cl
) ok mwso 1 s "

Note: References 126-131 are on p. 71.



TABLE II. Base-PRoMOTED REARRANGEMENTs OF PREFORMED a-HaLo SuLrongs (Continued)

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
B. Cyclic Compounds
Cis 1-CH,0K DME 25 0\@ (18), 97
g <—/0
H
-CH,0K  DMSO 25 éﬁ (42) 97
—H t-C,Hy0K DMSO 25 &ﬁ (20), 97
i 0. @
O
(55)
wn 1 1
@ g ¢
Cl
.‘» 1-C H,OK THF 25 (66) 84
Y
1
CH; 0, 1-CoH,0K THF 65 /& (46.5) 122
CH

Note: References 126-131 are on p. 71.



TABLE II. Base-ProMoTED REARRANGEMENTS oF PREFORMED a-HavLo SuLrones (Continued)
No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
B. Cyclic Compounds
Cis Cl
(contd.)
/\
“a -CHOK  THF 65 47.6) 122
\/
CH; CH:l
1
Ln
(=
SO, 1-C.H,OK DMSO 25 59
<"
502 NaOH H,0O-dioxane 87 29
“ QO
NaOD D,0O-dioxane 87 29
CH,
t-C.H;0K THF 65 (39.4) 122
CHj;
H,
Cis NaOH H,0O-dioxane 87 (92) 29
4 (J
-~
CH,
NaOD D;O-dioxane 87 29

Note: References 126-131 are on p.71.



TABLE II. Base-PromMoTED REARRANGEMENTs OF PREFORMED a-HaLo SurLrones (Continued)

No.

of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
B. Cyclic Compounds
Clﬁ
(contd.) i
0, t-C.H,OK  THF 65 o. " (57y 128
w
=
THF 65 (51.7)¢ 129

t-C4H,OK

Note: References 126-131 are on p.71.
© The yield is based on the starting sulfide.
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TABLE III. Direct ConvERsION OF SULFONES INTO OLEFINs wiTH Porassium HybproxipE-CARBON
TETRACHLORIDE-t-BuTYL ALcoHOL

No.
of C
Atoms Substrate Product(s) and Yield(s) (%) Refs.
C. (C;H5):80, E-CH;CH=C(CH,)SO;K"* (70) 100
CH H CH; C,H,
3\ /CZ 5 \ /
Cs CH,CHCISO,C;Hs-n /C=C\ (45), /C=C\ (55) 102
H SO;K* KO,S H
CH;\ C,H CH;\ C,Hs
C;H5SO,CHCIC;H; (45), C:(‘\ (55) 102
v s S
H SO;K* KO;8 H
Ce (n-C3H:)280; E-C;H;CH=C(C,H:)SO;K"* (>70) 100
Cs (n-C4Hs).S0, n-C3;H,CH=C(n-C;H,)SO;K"* (75) 102
(sec-C.Ho).SO» C’H’(CH’)CE,C(CH”C’H" 90) 93
C,H;(CH;) £ (CH,)C;Hs
H SO;K*
N
(n-C4Hs):80, /C=C (>70) 100
n-CsH; CiHy-n
Cl Cl

<I> (45), (50) 93

Note: References 126-131 are on p.71.



TABLE IIIl. Direcr ConvERsiON OF SULFONEs INTO OLEFINS wiTH PoTassium HyproxipE-CARBON

TeTrrAcHLORIDE-t-ButyL ALcoHoL (Continued)

No.
of C
Atoms Substrate Product(s) and Yield(s) (%) Refs.
G 0,
(contd.) S>
gi\ /Si\ (50) 99
ol cn, CH{  CH,
[=2]
i /SO;K+
n-CsH;CHCISO,C H;-n n-C3H7CH=C\ (>90) 102
C;H-;-n
CH,
CH, SO, CH,
Cro CH; (3:1isomer mixture) (78) 98
CH3 2 CH3
Cl,
(Q)so, O=O (30), O‘QO (45) 0
2
(/ \_ ] so, /0\ Oy @8 98
O 7 \ /
Cl,
2
s
@s) 93
a
/JE
(2-PyridylCH,),SO, /NI N~ (Excellent) 130
x
SO;K*
]{\ / 3
Cis (n-CgH,7),80, P (>70) 100
n-C;H,g C;Hys-n

Note: References 126-131 are on p. 71.
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TABLE III. Direcr ConvERsiON OF SULFONES INTO OLEFINS wiTH PoTassium Hyproxipe—-CAarRBON
TeETRACHLORIDE-{-BuTYL ALconoL (Continued)

Atoms Substrate Product(s) and Yield(s) (%) Refs.
Cl‘
(contd.) (CsHsCH,),SO, E-CgHsCH=CHC:Hs (100) 93
Cis (CeH;),CHSO,C,Hs (CsHs);C=CHCH; (>96) 95
Cis [CsHsCH(CH,)LS0. CsH;(CH;)C=C(CH,)CeH; 93
dl  (100; 28 cis; 72 trans)
meso  (100; 90 cis; 10 trans)

0O,

S —
Cus ( ) iSi\: (40) 99

Si S

AN CeH CeH
CeHs  CeHs : e
CH, CH;
CH SO, CH,

i ( Y\/\M \|/\ CH, (69) -

CH3 CH; 2 CH3 CH;

H. SO CeHs),C=C(CsH >06
Czs [(CsHs).CHLSO, (CsHs)a (CsHs)2  (=96) CH, CH, CH, 95
CH; g

CH; SO,
. ( W/\I/\j
CH. CH3 CH3 2

3

CH,

(89)

Note: References 126-131 are on p. 71.
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TABLE IV. Base-PROMOTED REARRANGEMENTS OF a,&- AND a,a’-DiHALO SULFONES

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
C, (CH5;CHCI),S0; 2 N NaOH H;0 100 CH,CH=C(CH,)SO;Na" (—) 13
i-C3H,S0,CHCl, NaOH H.0 100 (CH,),C=CHCI (44), (CH,),C(CH,Cl)SO3Na*~ (37) 47
C, n-CgH,,80,CHCl, NaOH H.0 100 n-CsH,,C=CH (39), n-CsH,;,CH=CHC! (30), 47
n-CsHyy
/C=CH2 (20)
Na*~ 0,8
H 1-C.HsOK 1-CsH,OH 84 n-CsH,,C=CH (46) 47
C><s NaOH H,O-dioxane 87 <:>:CHCI (60), 47
0,CHCl, SO; Na*
O e
CH,Cl1
1-CqHsOK t-C4Hy,OH 84 47
<}CHC] (60)
Cs CsHsCH,S80,CHCl, NaOH H,O-dioxane 87 CsHsC=CH (56), E-CsH;CH=CHSO;K" (31) 47
KOH H,O-dioxane 87 CsHsC=CH (61), E-CsH;CH=CHSO;K"* (28) 47
t-C,H,OK 1-C4H;OH 84 C:HsC=CH (76) 47
CsHsCH,SO.CHBr, NaOH H;O—dioxane 0 CesHsCH=CH; (10), C¢Hs;C=CH (20), 68
CsH;CH=CHSO;H (40)
H,O-dioxane 85 CsHsCH=CH, (15), CéHsC=CH (35), 68
CsHsCH==CHSO;H (35)
NaOCH; CH,0OH 0 CeHsCH=CH; (0), CeHsC=CH (Trace), 68

CsH;CH=CHSO,H (75), CeHsCH=CHBr (8)

Note: References 126-131 are on p. 71.
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TABLE IV. Base-PROMOTED REARRANGEMENTS OF a,a- AND a,a’-DimHaLo SuLrones (Continued)

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
Cs Ce¢HsCH,SO,CHBr, NaOCH, CH,OH 65 C¢H;CH=CH, (8), C;H:C=CH (15), 68
t-C,H;0K  1-C,H,OH 25 Ce¢HsCH=CH, (Trace), CcHsC=CH (45), 68
C¢H;CH=CHSO;H (40), C¢H;CH=CHBr (0)
-C,H;0K  1-C4HoOH 83 CeHsCH=CH, (Trace), CeH;C=CH (70), 68
CeHsCH=CHSO;H (15), C;H;CH=CHBr (0)
NaOH H,0 100 C¢H;CH=CH, (26), C;H;C=CH (28), 68
C¢HsCH=CHSO;H (—), C4H;CH=CHBr (—)
Ce CeHsCH,CH,S0,CHCl, NaOH H,O-dioxane 87 CeH;CH=C=CH, (3), C¢H;CH,CH=CHCI (17), 47
CgHsCH,
C=CH, (17)
Na 0,8
Cio CeH5(CH,):S0,CHCl, NaOH H.O-dioxane 87 CeH5(CH2);C=CH (50), CsHs(CH,),CH=CHCI (14), 47
CsHs(CH;),
C=CH, (19)
Na 0,8
-CH,OK  1-C,H;OH 84 CeHs(CH2),C=CH (2.5), CeHs(CH,).CH=CH, (9) 47
CeHs(CH,),;CH=CHCI (0.6)
0-CsH(CH2S02CHBr2)2 2NNaOH H,0 100 0-CsHy(C=CH), (10.3) 65
Ciz a-CoH;CH,SO,CHBr; 2NNaOH H,0 100 a-CyoH,C=CH (30), 65
a-CyoH,CH=CH; (36)
Cis CsHsCH2S0,C(C1),CsHs NaOH H,O-dioxane 87 CsHsCH=C(C<H;)SO,H (70.6), 49
CsHC=CC(H;s (17),
CsHsCH=C(Cl)CsHs (6)
(073
S
(C:H;):N DMSO 25 A (>90) 105
CaHs CeHs
0,
p-CIC{H.CH,S0,C(CI),CH.Cl-p (GH),N  DMSO 25 /52 (>90) 105
p-CICsH, =~ CsH,Cl-p
(CeHsCHBI),S0; NaOH H,O-dioxane 0 CeH;C=CCeHs (13), CsH;CH=C(CsH5)SO;H(-) 104
H,O-dioxane 85 " (20). " (75) 104
NaOCH, CH,OH 0 W a7, i (75) 104
CH,OH 65 5 (28), = (65) 104
t-C,H,0K  1-C,H;OH 25 " (26), w (65) 104
1-C4Hs,OH 83 P (28), 5 (65) 104

Note: References 126-131 are on p.71.



TABLE IV. Base-PROMOTED REARRANGEMENTS OF a,a- AND a,a’-DiHaro SurLrones (Continued)

(combined 70),

CsHsCH=C(Cs H.CH,-p)SO;H,
p-CH;CH,.C=CCeHs  (21),
mixture of vinyl chlorides (5)

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs.
CsHs CeHs
Cia (C:Hs)sN CH:Cl, Reflux 7 (90) 67
(conid.)
0,
(C¢H4),CHSO,CHBr, NaOH H,O-dioxane 0 (CsH;),C=CH. (8), (C4Hs).C=CHBr (27), 68
(CeH;);,C=CHSO,H (60)
H;O-dioxane 85 (CsHs):C=CH, (30), (CsHs),C=CHBr (45), 68
& (CeHs);C=CHSO,H (20)
NaOCH, CH,OH 0 (CsHs),C=CH, (Trace), (CsHs),C=CHBr (22), 68
(CsHs),C=CHSO;H (73)
CH,0H 65 (CeHs),C=CH, (3), (CsHs);C=CHBr (65), 68
(CeHs),C=CHSO:H (30)
1-C4H,OK t-C.H,OH 25 (CsHs),C=CH, (10), (C¢Hs),C=CHBr (20), 68
(CsHs):C=CHSO;H (65)
-C,H,OH 83 (CeHs);C=CH; (15), (C¢Hs),.C=CHBr (25), 68
(CsHs);C=CHSO;H (58)
(CeH;),CHSO,CHCl, NaOH HzO-dioxane 0 (CsHs):C=CH, (0), (CsH;),C=CHCl (43), 68
(CsHs)C=CHSO,H (55)
H,O-dioxane 85 (CsHs):C=CH, (Trace), (C¢H;).C=CHCl (77), 68
(CsHs),C=CHSO;H (20)
NaOCH, CH,0H 0 (CsH;);C=CH, (0), (CsH;),C=CHCIl (48), 68
(CsHs):C=CHSO:H (50)
CH,OH 65 (CeHs),C=CH., (Trace), (CeH,),C=CHCl (72), 68
(CsHs),C=CHSOsH (25)
t-C.H,OK t-C.H,OH 25 (CeHs)2C=CH: (0), (CéHs),C=CHCl (35), 68
(CsHs);C=CHSO,H (60)
t-C,H;OH 83 (CsHs).C=CH, (4), (CsHs),C=CHCI (35), 68
(CsHs):C=CHSO,H (60)
Cl
Cl
f SO, NaOH H;O-dioxane 87 49
=
e |
Cis  CsHsCH,S0,CCLCH.CH;-p NaOH H,O-dioxane 87 p-CH,CH,CH=C(C,H,)SO:H, 58

Note: References 126-131 are on p. 71.



89

TABLE IV. Base-PrRoMOTED REARRANGEMENTS OF a,a- AND a,a’-DiHaLo SuLrones (Continued)

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C  Product(s) and Yield(s) (%) Refs
Cis p-CH,C,HCH,S0,C(Cl).CsHs NaOH H,O-dioxane 87 p-CH,C H,CH=C(C4H;)SO;H, 58
(contd.) CgH;CH=C(C¢H.,CH,-p)SO,H

(combined 70),

p-CH,CH,C=CCH; (20),

mixture of vinyl chlorides (5)

S
Cis  p-CHsCeH.CH,SO;C(Cl);CH.CH;-p (C;H:N  DMSO 25 A (>90) 105
p-CH3CeHy4 CsH,CH3-p
NaOH H;O-dioxane 87 No reaction 49

References 126131 are on p. 71.



69

TABLE V. Base-ProMOoTED REARRANGEMENTS OF a,a,a-TRICHLOROMETHYL SULFONES

No.
of C Tempera-
Atoms Substrate Base Solvent ture, °C Product(s) and Yield(s) (%) Refs.
C. (CH.),CHSO,CCl, NaOH H,O-THF 65 (CH,),C=CCl, (14),
(CH,),C(SO,H)CHCl, (72) 48
H,O 100 (CH,),C=CCl, (8),
- (CH,),C(SO,H)CHCI, (86) 48
C, /\:>< NaOH H,O-THF 65 <:>=cncu m, 48
S0,CCl,
()con o,
SO;H
K ®
CHCl,
Cx C,H.CH,S0,CCl, NaOH H,O-THF 65 CH,C=CH (2), 48

CH;CH=CCl, (<1),
CsH;C(SOH)=CHCI (27)
CH;COCH,SO;H (39)

C, C,H(CH,),S0,CCl, NaOH H.O-THF 65 CsH;CH,CH=CHCI (Trace), 48
Ce¢HsCH,CH=CCl, (Trace),
CsHsCH,C(SO;H)=CHCl (37),
CsHsCH,C(SOH)=CCl, (22)

Note: Rcferences 126-131 are on p. 71,



TABLE V. BAsSe-PROMOTED REARRANGEMENTS OF @,@,a-TRICHLOROMETHYL SuLFONES (Continued)

No.
Tempera-

of C

Atoms Substrate Base Solvent ture, °C Product(s) and Yield(s) (%)

Ciw  CgHs(CH,);80,CCly NaOH H,O-THF 65 C¢Hs(CH,),C=CH (1), 48
C¢Hs(CH,),CH=CHCI (1),

CGHS(CHz)zCH=CC13 ( l ),
CsH;(CH,),C(SO,H)=CHCI (66)




TABLE VI. TeETRAHALO SULFONE REARRANGEMENTS
No.
of C Tempera-
Atoms Substrate Halophile Solvent ture, °C Product(s) and Yield(s) (%) Refs.
CH; CH;
C.  CHCBrSO,CBr,CH, (CH)P  CHCL 0 7 o0 131
S
0.
C;H C;Hs
Ce C,H,CBr,S0,CBr,C,H;s [(CH,),NLP  CH,Cl, -70 \\ﬁ/ (89) 131
s
0.

Note: References 126-131 are on p. 71.
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