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I. INTRODUCTION

Allylic compounds are those organic substances having an ethylenic linkage
a,B to a carbon atom bearing an electronegative functional group:

RRI%CRIHIOR”RH/Y
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The group Y is usually Cl, Br, I, OH, OR, or OCOR; R, R’, R”, R’”, and R""”
may be saturated or unsaturated organic radicals, or other functional groups.
It is frequently convenient to apply the term allylic to 8,y-unsaturated organo-
metallic compounds in which Y is an electropositive group such as MgX, Li,
Na, or K.

A. IMPORTANCE OF ALLYLIC COMPOUNDS

Reactions of allylic compounds are important from both a practical and a
theoretical point of view. The ethylenic bond of the allylic system activates the
functional group, with the result that allylic compounds undergo replacement
reactions much more readily than analogous saturated compounds. For this
reason allylic intermediates are widely used in organic synthesis.

In addition, allylic systems are found in many natural products, such as
alkaloids, steroids, and terpenes. Allylic systems are particularly common among
the terpenes, and allylic substitution reactions are widely used in the synthesis
of essential oils, vitamin A and its analogs, and other unsaturated compounds.

Allylic compounds are of theoretical interest because of their high reactivity
and the ease with which they undergo rearrangement reactions. Migrations of
electronegative substituents from one end of an allylic system to the other are
well known, and rearrangement frequently accompanies allylic replacement re-
actions in these systems.

Reactions of this type were christened ‘“‘anionotropic rearrangements’” by Bur-
ton and Ingold (102), the term anionotropy being used to denote the formal
similarity of these rearrangements to the well-known phenomenon of prototropy.
The interpretation of allylic, or anionotropic, rearrangements in terms of modern
electronic theories was due primarily to Burton and Ingold in England, Prevost
and Kirrman in France, Meisenheimer in Germany, and Winstein and Young in
the United States. These studies have yielded information of value to the whole
field of theoretical organic chemistry.

B. PREVALENCE OF ALLYLIC REARRANGEMENTS
Allylic rearrangements are reactions of the type:

1?111/ ]i{////
RR'C=C—CR’R"X — RR'CYC=CR’R"’

where X and Y may be the same or different functional groups. Such reactions
are quite common among unsymmetrically substituted allylic compounds. This
fact was not generally appreciated prior to 1920. As a result, many reactions of
allylic compounds reported in the early literature were assumed to give only
“normal” (unrearranged) products when actually rearranged products were
formed. Even more recently, many organic chemists have used allylic compounds
as intermediates in syntheses without being aware of the possibility of allylic
rearrangement. The purpose of the present article is to point out which reactions
of allylic compounds are likely to occur with allylic rearrangement and to indi-
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cate, where possible, the experimental conditions which are least likely to result
in rearrangement.

C. SCOPE OF THE REVIEW

1. Types of reactions
The field of allylic chemistry is a very broad one with a voluminous literature.

For this reason, it has been necessary to limit the scope of the present article.
Reactions of allylic compounds can be divided into three types.

(a) Substitution reactions

Allylic substitution reactions are those reactions of allylic compounds in which
one electronegative functional group is replaced by another, with or without
allylic rearrangement:

RRI C=CRIIII__CRII Rl/ /_X —_ RRIC=CRIII I_CR” RI II_Y
+ RRICY_CRIIII=CR” RIII
It is this type of reaction with which the present article is primarily concerned.

(b) Isomerization reactions

Allylic isomerization reactions are those reactions in which an electronegative
functional group migrates from one end of an allylic system to the other:

RRIC____ORIII’_CRI/RI/IX - RRICX__CR/I II=CRIIRII /

The distinction between this type of reaction and a substitution reaction, while
a formal one, has some practical utility. Another type of isomerization reaction
is the Claisen rearrangement of allyl aryl ethers and related compounds. Here
the functional group, as well as the allylic system, undergoes rearrangement:

Ili ?l/ /RHI
0—C—C=C OH
N N N
C RI RIHI C
I -
C C_R”R" R
7N\ N LS
H 6—0=C__
RIIII Rl

Isomerization reactions of allylic compounds are not discussed in the present
article except where they precede, accompany, or follow substitution reactions.
The Claisen rearrangement was reviewed by Tarbell in 1940 (598, 599). Im-
portant advances in the elucidation of its mechanism were made more recently
(532, 533, 534, 535, 536, 559, 560, 561, 562, 600, 600a).
Isomerization reactions of allylic alcohols, esters, and ethers have been re-
viewed by Braude (76, 77). Again, recent important advances bearing on the
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mechanisms of these reactions have been made. Other types of allylic isomeriza-
tion reactions are known but less well understood.

(¢) Reactions of allylic organometallic compounds

The reactions and properties of Grignard reagents prepared from allylic hal-
ides, and of other allylic organometallic compounds, have been extensively
studied by W. G. Young and coworkers.

2. Types of allylic compounds discussed

The present article is mainly concerned with reactions of unsymmetrically
substituted allylic alcohols, halides, esters, ethers, and amines. Unsymametrically
substituted allylic compounds are those which have different substituents on
the a- and y-carbon atoms of the allylic system:

RIINH
RR'C=C—CR"R"'Y
Y B a

that is, those for which R and R’ are different from R” and R’”’. There are two
reasons for concentrating on unsymmetrically substituted compounds. First,
allylic rearrangements are observable only in reactions of these compounds, since
“rearranged” and ‘‘unrearranged’” products from a symmetrically substituted
allylic compound (e.g., CH:=CHCH,X) are indistinguishable unless isotopic
labels are used. Consequently, allylic rearrangements present no problem in re-
actions of symmetrically substituted compounds. Second, most of our knowledge
of the mechanisms of allylic substitution reactions has come from studies of un-
symmetrical allylic compounds. Symmetrical compounds which are optically
active by virtue of asymmetric a-carbon atoms algo yield valuable information
concerning mechanisms of replacement reactions, and a few such opticallv active
allylic compounds are discussed in the present article.

By omitting the simpler symmetrically substituted allylic compounds from
consideration, the task of surveying the literature was considerably simplified.
For example, the Shell Chemical Company has published a monograph on the
chemistry of allyl halides (CH,=CHCH,X) which has a bibliography of over
seven hundred references (567a).

3. Literature coverage

The literature coverage of the present article is critical rather than exhaustive.
The early literature is difficult to interpret, simply because much of it appeared
before the existence of allylic rearrangements was generally appreciated. For
this reason, coverage of the recent literature is as complete as possible, while
only the more important papers in the older literature are considered.

Many steroids and alkaloids contain allylic systems in their molecules. It is
likely that the considerations which apply to open-chain and simple alicyclic
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allylic compounds are also applicable to these more complex molecules. Repre-
sentative examples of allylic reactions in steroid and alkaloid systems are pre-
sented, but an exhaustive survey of the literature on these types of compounds
was not made.

I1. PreraraTION OF Arvyrnic CoMPOUNDS FROM NON-ALLYLIC
STARTING MATERIALS

It seems appropriate to begin a discussion of reactions of allylic compounds
with a brief survey of some of the reactions by means of which these versatile
substances can be prepared. A complete discussion of preparation of allylic com-
pounds from non-allylic starting materials is beyond the scope of the present
article. The outline which follows is intended merely to indicate some of the
synthetic possibilities and give leading references to the literature.

A. ADDITION REACTIONS
1. Additions to conjugated dienes

Allylic compounds are formed when hydrogen halides, halogens, and «-halo
ethers are added to conjugated dienes under a variety of experimental conditions.
Owing both to the occurrence of 1,4-addition and to isomerization of the initially
formed allylic halides, mixtures of allylic halides are usually obtained from such
reactions (167, 189, 200, 327, 329, 425, 435, 501, 504, 508, 517, 571, 613):

axs 0—b—bx—cfl + om—b=t—clx
y / AN S N
N. L x N [ RN L]
C=C—C=C —*» CX—CX—C=C" 4+ CX—C=C—C—X
/ N N/ AN
) R
RCHXOR"™ R’OCHR—(IJ—C=C——CX +
N

I
R'OCHR—C—CX—C=C
l N
Reaction of tert-butyl hypochlorite with conjugated dienes in hydroxylic sol-
vents (alcohols and carboxylic acids) yields mixtures of allylic chloro ethers and
chloro esters (461, 464):
D [ R 4
tert-C,H,0C1 + 0=C—C=C 2%, ac—Cc—C=c" +
/ AN | AN
OR
T R
Cl(ll‘—C=C—-(IJOR
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2. Addition of organometallic compounds fo «,B-unsaturated carbonyl compounds

One of the most widely used methods of preparing allylic alcohols is the addi-
tion of Grignard reagents to «,B8-unsaturated carbonyl compounds such as acro-
lein, crotonaldehyde, and cinnamaldehyde:

0] OH

| N

N,
0=C—C— + RMgX - /C=(|)—(:3——R

/

These reactions are carried out using ordinary procedures and usually give nor-
mal products.

3. Addition of vinyl organometallic compounds to carbonyl compounds

A useful synthesis of allylic alcohols from carbonyl compounds and lithium
alkenyls has been developed by Braude and coworkers (79, 80, 81, 82, 83, 83a,
85, 87, 88, 89, 91):

AN / (Il) N ] ?H
C=C—Li 4+ RCR — /C=C—CRR’

Vinyl Grignard reagents have also been used for the preparation of allylic alco-
hols from ketones (3, 83a, 699, 700).

4. Reduction of multiple bonds
(a) Reduction of «,B-unsaturated carbonyl compounds

There are a number of methods of reducing «,8-unsaturated carbonyl com-
pounds or «,8-unsaturated carboxylic acids and their esters to allylic alcohols:

0]

Lo = N\, |

A
C=C—CR — /C=C-——CHOHR

/

Probably the most satisfactory reducing agent is lithium aluminum hydride (92,
194, 258, 261, 412, 413, 656), although sodium borohydride (413) and aluminum
isopropoxide (37, 670) are also used. Reduction with zinc in acetic acid, zinc~
copper couples in water, and sodium in ethanol has been used, but frequently
gives low yields of the allylic alcohol.

(b) Hydrogenation of propargyl compounds

Acetylenic Grignard reagents react with carbonyl compounds to yield sub-
stituted propargyl alcohols. The acetylenic bond of the propargyl alecohol can be
partially reduced, yielding an allylic alcohol:

(I)H (])H
RCOR’ + R"C=CMgX — RR'CC=CR” 2 RR'CCH=CHR"
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The reduction is usually carried out catalytically, using a catalyst such as pal-
ladium on barium sulfate (258). Lithium aluminum hydride has also been used
(463). Catalytic reduction yields cis alcohols, while hydride reduction yields
trans alcohols.
B. ELIMINATION REACTIONS
1. Dehydrohalogenation reactions

Treatment of 1,2- and 1,3-dihalides with alkali or quinoline yields mixtures
of dehydrohalogenation products which contain allylic compounds (248, 263,
391, 448, 614):

2. Dehydration reactions

Treatment of a-halo alcohols with phosphorus pentoxide or thionyl chloride
often results in formation of allylic halides (472, 345, 417, 497):

AN | _ N |/
oX—C—CH =29 “ox—O=cC

/ |
OH

C. SUBSTITUTION REACTIONS
1. Allylic halogenation of olefins
Free-radical halogenation of olefins usually yields mixtures of allylic halides.
When N-bromosuccinimide is used, allylic bromides are formed (179a):
RR/C=CR"”CHR’R"" N-bromosuceinimide
RR'C=CR"””CR’R"'Br 4+ RR'CBrCR"""=CR’R"’

Allylic chlorination of olefins is sometimes feasible (20); chlorine is the usual
chlorinating agent.

2. Selenium diozide oxidation of olefins

Oxidation of olefins with selenium dioxide in acetic anhydride forms mixtures
of isomeric allylic acetates (138, 639).

RIIII

|
RR'C=CCHR’R'" SeOs

—_—
(CH,C0),0
R,/// R’///
| I
RR'C=CCR”R"”’0OCOCH; + RR'C(OCOCH;)C=CR”R'"
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D. REPLACEMENT OF CARBONYL GROUPS IN «,B3-UNSATURATED
CARBONYL COMPOUNDS

1. Conversion to dihalides

a,B-Unsaturated aldehydes and ketones are converted to e-halloallyl halides
by treatment with phosphorus pentahalides or oxalyl chloride. The initially
formed dihalides frequently isomerize under the conditions of the reaction (9, 12,
128, 338, 564, 581, 586, 590).

PX;
—_
or (COCI).

RR'C=CR"CX;R'" + RR'CXCR"=CXR'”’

RR'C=CR"COR"”

2. Conversion to esters

a,B-Unsaturated aldehydes are converted to a-acetoxyallyl acetates by reac-
tion with acetic anhydride in the presence of an acid catalyst. Acetyl chloride
yields a-haloallyl acetates (340, 341, 574, 575).
(CE,COX0,  RR/G=CR”CH(OCOCH;),
RR'C=CR"”CHO
1X o I 143
~CE.Cool” RR'C=CR""CHCI(OCOCH,)

These esters isomerize in the presence of acid catalysts.

E. PROTOTROPIC REARRANGEMENTS

Allylic compounds are sometimes formed by prototropic rearrangements of
substituted vinyl halides. The following sequence of reactions is illustrative (54,
372, 429):

CICH=CRCH,C1 X clcH=CRCH,Y 22H,

XCH,CH=CHY
MY may be a metal cyanide or a Grignard reagent (and probably other nucleo-
philic reagents as well). The allylic chlorine atom formed by the prototropic
shift will usually be replaced by the anion of the basic catalyst used to effect
the rearrangement.

III. MECHANISMS OF SUBSTITUTION IN ALLYLIC SYSTEMS
A. INTRODUCTION

Nucleophilic replacement reactions of allylic compounds are similar in many
respects to analogous reactions of saturated compounds. Many investigators—
notably Hughes, Ingold, and their collaborators in England and Bartlett, Win-
stein and others in this country—have demonstrated that nucleophilic substitu-
tion reactions at a saturated carbon atom may be divided into three general
types (294, Chapter VII).

One mechanism, designated Sx2, is the familiar bimolecular, usually second-
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order substitution of an electron donor such as hydroxide ion, alkoxide ion, or
acetate ion for a halogen atom or similar substituent, as in equation 1. This re-
placement involves attack of the nucleophilic reagent at the backside of the

Y-+ RX > YR + X~ (1)

substituted carbon atom, the new bond being formed and the old one broken
in a concerted process which results in a Walden inversion.

Another mechanism of substitution, designated as Syi, involves an intra-
molecular rearrangement to form a product of retained configuration. An illus-
tration of this mechanism is the decomposition of the chlorosulfite ester from an
alcohol and thionyl chloride to produce an alkyl chloride and sulfur dioxide:

SOCl; + ROH — ROSOC1 — RCI + 8O,

The third mechanism, called unimolecular nucleophilic substitution, involves
electrophilic attack of solvent on the halogen or other substituent group to form
an intermediate alkyl carbonium ion or ion-pair, which subsequently reacts
rapidly with an electron donor to yield the final product. This mechanism is
designated Sy1 and may be represented by the following sequence of reactions:

RX —» RtX- — R+ + X=
R+ 4+ YH —» RY + H+
or
R+ 4+ Y- - RY

A variation of the Syl mechanism involves electrophilic attack of a reagent such
as silver ion on a halogen atom to produce the carbonium-ion intermediate.

B. NORMAL BIMOLECULAR NUCLEOPHILIC DISPLACEMENT, SN2

Of the several mechanisms of substitution available to allylic compounds,
normal bimolecular nucleophilic substitution most closely resembles the corre-
sponding reactions of saturated compounds and bears the same mechanistic
designation, Sx2. Sx2 reactions of allylic compounds have two distinguishing
features: they are bimolecular (which in most cases is indicated by second-order
kinetics) and they give only normal substitution products, in which the new
functional group is attached to the same carbon atom of the allylic system as
the group which it replaced:

RCH=—CHCH:X + Y- — RCH=CHCH,Y + X~

Practically all of the theoretical considerations which apply to Sy2 reactions
in saturated systems also apply to Sy2 reactions of allylic compounds. For de-
tailed theoretical background the reader is referred to a specialized treatise (294).
The present discussion is limited to a brief survey of various structural and envi-
ronmental factors which affect the rates of Sx2 reactions of allylic compounds,
and an enumeration of several substitution reactions of allylic compounds which
appear to involve this mechanism.
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1. Factors influencing rates of Sx2 reactions of allylic compounds
(a) The allylic double bond

Allylic halides are more reactive in Sx2 displacements than the corresponding
saturated halides. For example, allyl chloride reacts with ethanolic sodium
ethoxide 37 times faster than n-propyl chloride at 44.6°C., and y-methylallyl
chloride reacts 95 times faster than n-butyl chloride (629). Similarly, allyl chlo-
ride reacts 80 times faster with potassium iodide in acetone than n-propyl chlo-
ride (139). The reasons for the high Sx2 reactivity of allylic compounds com-
pared to the corresponding saturated compounds are incompletely understood,
but may involve a more favorable entropy of activation (629) and a lower energy
of activation due to stabilization of the transition state by tautomeric release of
electrons from the allylic double bond to the a-carbon atom (279).

Y-
O=CGr
-
(b) Influence of substituents on the allylic group

Substituents on the allylic system, C=9—C-—X, affect the rates of bimolecu-
a ¥

lar displacement reactions in two ways: by electron release to, or withdrawal
from, the site of reaction, and by steric interference with the approach of the
nucleophilic reagent. Two bimolecular reactions have been studied for a suffi-
ciently large number of allylic chlorides to permit steric and electronic effects to
be evaluated: reaction with potassium iodide in anhydrous acetone and reaction
with sodium ethoxide in absolute ethanol. The results of these studies agree
well with the limited data available for other Sx2 reactions of allylic halides.

Steric retardation of Sx2 reactions by substituents on the a-carbon atom is
very pronounced and occurs with both electron-releasing and electron-with-
drawing substituents. Thus, a-methylallyl chloride and 3,3-dichloropropene are
only a small fraction as reactive as allyl chloride in bimolecular substitution
reactions (see table 1). When there are two substituents on the a-carbon atom,
displacement by the normal Sx2 mechanism is usually so hindered that it is not
observed. In such cases reaction oceurs by either the unimolecular or the abnor-
mal bimolecular mechanism, which will be discussed later.

It is not possible to predict from theoretical considerations how electron with-
drawal from, and release to, the substituted carbon atom should affect the rates
of Sx2 displacements. Electron-releasing substituents could facilitate bimolecular
displacements by making it easier for the substituent to separate from the mole-
cule with the pair of bonding electrons, or retard them by hindering the approach
of a nucleophilic reagent. Electron-withdrawing substituents, on the other hand,
should facilitate approach of the attacking reagent and render more difficult
the separation of the leaving group.

The available data show that electron-releasing substituents facilitate bimo-
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TABLE 1

Relative reactivities of monosubstituted allyl chlorides with potassium iodide in acetone at
20°C. and sodium ethozide in ethanol at 50°C. (11, 248, 244, 250, 251, 259, 349, 458, 576)

e B Y
Substitaent cis irans
KI C2H;ONa KI C4H;ONa
KI |CH:ONa| KI CsHsONa
Cl........... ~0.01 0.012 0.72 0.47 8.58 2.8 2.90 3.47
Bro....ooll 0.87 0.82 20 5.8 1.2 2.9
CHs........... 0.023 0.06 1.58 1.03 8.35 5.14 1.58 4.43
CeHs......unn. 2.27 1.12 17.5 11.0 6.83
(at 44.6°C.)
H.oo.ooonon 1.00 1.00 1.00 1.00 1.00 1.00 1,00 1.00

lecular displacement reactions of allylic halides. This fact can be rationalized by
assuming that electron-releasing substituents lower the energy of activation of
the displacement reaction by stabilizing II, one of the canonical structures con-
tributing to the transition state of the reaction.

1 s .
¥—0=C—C o Y*=C—C=C o Y~o=0—<‘3
z z z

I I 11

The facilitating effect of electron-releasing groups on bimolecular substitution
reactions of allylic halides is in accord with results reported for Syx2 reactions of
p-alkyl-substituted benzyl halides (57). The situation with regard to Sx2 reac-
tions of other alkyl halides is complicated by the difficulty encountered in con-
sidering separately the steric and electronic effects of substituents on reaction
rates. Webb and Young (636) have surveyed the literature on this controversy.

Halogen, aryl, and alkyl substituents on the y-carbon atom of allylic chlorides
increase the rate of bimolecular reactions with potassium iodide in acetone and
with sodium ethoxide in ethanol (table 1). A y-phenyl group is particularly
effective in facilitating Sx2 displacements. It will be noted that a cis-y-substi-
tuted allyl chloride is usually more reactive than its trans isomer. The reason
for this is not evident.

Substituents on the 8-carbon atom of the allylic system cannot bring into play
the conjugative mechanism of electron release and, with the exception of the
phenyl group, their effect on Sx2 reactivity is in line with their inductive effects;
halogens retard bimolecular reactions and methyl and phenyl groups accelerate
them. The rate differences are small, as might be expected for purely inductive
effects.

Table 2 lists relative reactivity data for a number of di- and trisubstituted
allyl chlorides. Most of these data are in line with the conclusions reached for
monosubstituted allyl chlorides. Thus, two alkyl groups, two chlorine atoms,
or an alkyl group and a chlorine atom on the y-carbon atom of the allyl system
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TABLE 2
Relative reactivities of di- and trisubstituted allyl chlorides

Compound Potassium Iodide C2H;0Na References
(CH3)2:C=CHCH:Cl...........coovvvvvinnnnnn, 28 ~15 (249, 629)
C:HC(CHy)=CHCHiCL............cvvvvnnnns ~20 (636)
CH;CH=C(CHs)CHClL............oviennnnn... 3.8 5.5 (597)
CH3CCI=CHCHICL (@)oo v v v 23.3 4.8 (249)
CH:CCI=CHCHCL (B)....vvvvveevvivinnnnnn 27.8 6.16 (249)
CHsCH=CHCHCIz............coevvrrrrrrnnnn. 2.37 3.7 (697)
CH;CHCICH=CHC(1.... 0.23 (11)
CHCI=C(CHs)CH:Cl (« . 32.8 (244, 250)
CHCI=C(CH)CHCL (8. ..o vv v 8.45 (244, 250)
CHCCI=CCICHCL (¢48).. ..o vv e, 69 5.95 (248)
CHiCCI=CCICH:Cl ¢rang)...........coovnvnn. 23 6.66 (248)
CClF=C(CHs)CH:CL.........cooivveneeiinnnn >33 7.42 (244, 250)
CHy=C(CHg)CCLICHa.........oovveviinnnnnnns 0.07 0.11 (248)
CHCI=CFCHCl (@)......ovivvveeeiiciananns 48 3.8 (254)
CHCI=CFCH:Cl 8).. oo 4.2 2.0 (254)
CHA~CHCHCL. .........oo i 1.00 1.00

greatly facilitate the Sy2 mechanism. Two compounds exhibit unexpectedly high
reactivities: the low-boiling isomers of 1,2,3-trichloro-2-butene and 1,3-di-
chloro-2-fluoropropene are more reactive than the analogous compounds lacking
B-halogen substituents, contrary to the expectation that 8-halogen substituents
deactivate the system.

Vernon (629) recently published the results of a kinetic investigation which are
in substantial agreement with conclusions reached by other workers. He found
the relative bimolecular reactivities of a series of allyl chlorides with sodium
ethoxide in ethanol at 44.6°C. to be: CH=CHCH,CI, 1.00 (¢, = 1.2 X 107%);
CH,=C(CH,;)CH,Cl, 0.89; CH,CH=CHCH.C], 2.62; CH;CHCICH=CH,,
0.049; (CH,);CCH=CHCH,CI, 1.96; C;H;CH=CHCH.CI, 6.83; (CH,),C=
CHCH,CI, 15.0. It is interesting to note that v-methylallyl chloride is more re-
active than vy-fert-butylallyl chloride. Hyperconjugative electron release appar-
ently is an important factor in the activating effect of y-alkyl substituents. The
second y-methyl group produces a much larger increase in reactivity than the
first. Thus, y-methylallyl chloride is 2.62 times as reactive as allyl chloride, while
v,v-dimethylallyl chloride is 5.7 times as reactive as y-methylallyl chloride.

Vernon (629) appears to be the first to demonstrate definitely the occurrence
of a bimolecular base-catalyzed elimination reaction (E,) as a side reaction in
the conversion of an allylic chloride to the corresponding ethyl ether with sodium
ethoxide in ethanol. He isolated a small amount of butadiene from the products
of reaction of a-methylallyl chloride with ethanolic sodium ethoxide. The E,
reaction of a-methylallyl chloride is faster than the corresponding reaction of
sec-butyl chloride, probably owing to resonance stabilization of the transition
state of the reaction. No elimination product was isolated in the reaction with
v-methylallyl chloride, probably owing to the ease with which it undergoes sub-
stitution by mechanism Sy2.

Other Sx2 reactions for which kinetic data are available have not been ex-
tended to as many allylic halides as the reactions with potassium iodide or so-
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dium ethoxide, but the results are usually in qualitative agreement with the
conclusions reached in the preceding paragraphs. Thus, the Sx2 displacement of
bromide by radiobromide ion in acetone is 160 times faster with y-methylallyl
bromide than with e-methylallyl bromide (193). The relative rates of Sx2 ex-
change of chloride ion in acetone at 44.6°C. are: CHp=CHCH,CI, 1.00;
CH,;CH=CHCH,C], 2.52; and CH;CHCICH=CH,, 0.031 (629). The reactivi-
ties of substituted allyl chlorides toward bimolecular hydrolysis in 50 per cent
ethanol decrease in the order v-CH; > g-CH; > v-Cl > allyl (11, 629). Reac-
tivities of allylic chlorides toward bimolecular hydrolysis in 50 per cent aqueous
dioxane decrease in the sequence v-Cl > allyl > g-CH; > 8-Cl (352). Prevost
(493) reported that y-methylallyl chloride reacts about ten times as fast with
alcoholic sodium ethoxide, alcoholic pyridine, and alcoholic ammonia as does
a-methylallyl chloride. v-Methylallyl chloride reacts 18 times faster than o-
methylally! chloride with sodium ethozxide in ethanol at 99.5°C., and 55 times
faster at 25°C. (121, 660). y-Methylallyl bromide is about four times as reactive
as allyl bromide toward potassium iodide in acetone (308).

(¢) Nature of the displaced group

Quantitative information on the effect of the nature of the displaced group on
the rate of Sx2 substitutions in allylic systems is very meager. Juvala (308)
found that allyl bromide reacts over 800 times faster than allyl chloride with
potassium iodide in acetone. Alkyl bromides usually react 30 to 40 times faster
than the corresponding chlorides by the Sx2 mechanism (294, page 339). One
reason for the lack of information regarding allylic compounds is that many of
them are too labile for convenient study; they often react so rapidly that kinetic
study is difficult, and in addition may isomerize even more rapidly than they
undergo substitution. However, constitutional influences of the displaced group
in aliphatic and allylic systems are qualitatively quite similar.

(d) Nucleophilic character of the substituting agent

With a given allylic compound one would expect the rate of bimolecular sub-
stitution to increase with increasing nucleophilic character of the reagent. Again,
there is a scarcity of quantitative information, but that which is available is in
agreement with expectation. 3,3-Dichloropropene, for example, undergoes Sx2
substitution by ethoxide and phenoxide ions in ethanol at almost the same rate
(phenoxide reacting somewhat faster), while the reaction with thiophenoxide
ion, a powerful nucleophilic reagent for carbon, is about 250 times faster (173).

(e) Effect of changes in medium on rate of bimolecular substitution

Increasing the polarity of the solvent should change the rate of Syx2 reactions,
the magnitude and direction of the change depending on the disposition of
charges in the reactants and in the transition state of the reaction (294, page
347). The rate of bimolecular displacement of halide by anionic reagents should
show a small decrease with increasing solvent polarity. The predicted solvent
effect is observed in bimolecular displacement reactions of alkyl halides, but
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allylic chlorides behave erratically. The rate of hydrolysis of allyl chloride in
alkaline aqueous dioxane solutions increases with increasing water content of
the solvent (480, 629), contrary to theoretical predictions. The bimolecular reac-
tion of allyl chloride is faster in alkaline aqueous ethanol than in absolute ethanol
containing sodium ethoxide. This fact may be of little significance, however,
since the nucleophilic reagent changes at the same time the solvent composition
changes (629). Addition of nitromethane to the acetone solvent used in chloride-
ion exchange reactions of allyl chloride decreased the rate of the reaction, as
expected for an increase in solvent polarity, but the retardation was less with
allyl chloride than with n-propyl chloride (629).

Pourrat and Schmitz (480) found that rates of bimolecular hydrolysis of allyl
and methallyl chlorides are greatest in 50 per cent aqueous ethanol, less in 50
per cent aqueous dioxane, and least in 50 per cent acetone. The order of decreas-
ing dielectric constants of these solvents is 50 per cent alcohol > 50 per cent
acetone > 50 per cent dioxane. These results are discussed by Kirrman and
Saito (352).

Of more importance than the relatively small effect of solvent polarity on
rates of bimolecular displacement reactions of allylic compounds is the fact that
these compounds are so reactive by the unimolecular mechanism that bimolecu-
lar substitution is often unobservable in polar solvents.

The effect of increasing the ionic strength of the reaction medium on the rate
of Sn2 reactions should parallel the effect of increasing the dielectric constant
of the solvent, provided that mass law effects are not involved, since in both
cages the polarity of the reaction medium is increased. Schmitz (563) found that
the rate of bimolecular hydrolysis of allyl and 8-methylallyl chlorides in aqueous
dioxane is decreased by the addition of sodium nitrate or sodium perchlorate
to the solution, as predicted by theory.

2. Examples of substitution by the Sy2 mechanism

The Sx2 mechanism undoubtedly operates in many substitution reactions of
allylic compounds which have not been investigated kinetically. The normal
bimolecular mechanism is probably involved in the great majority of substitu-
tion reactions of primary and secondary allylic halides which take place in
solvents of low polarity and give only normal products. This has been demon-
strated by kinetic experiments for reactions in which hydroxide, alkoxide, phe-
noxide, thiophenoxide, and halide ions are the nucleophilic reagents, as already
discussed.

The exclusive formation of normal substitution products (in which the struc-
ture of the allyl group is the same as in the starting material) is usually a reliable
indication of substitution by the Sx2 mechanism in allylic compounds, since the
unimolecular and abnormal bimolecular mechanisms give varying amounts of
abnormal product. This criterion must be used with caution, however, since it is
eagy to overlook small amounts of abnormal product in working up a reaction
mixture. In addition, many workers only report the main product of a reaction
and neglect to mention whether other products were obtained. It should be
pointed out that formation of a mixture of substitution products does not mean
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that bimolecular substitution does not occur; it only means that this cannot be
the only mechanism operating.

Reactions of primary and secondary allylic halides with alcoholic alkoxide,
phenoxide, and thiophenoxide ions proceed by the Sy2 mechanism in a great
majority of the cases reported. Reactions of primary and secondary allylic hal-
ides with amines frequently involve this mechanism, together with varying pro-
portions of substitution by the abnormal bimolecular mechanism, Sx2’' (page
771). Hydrolysis of primary allylic halides by aqueous alkali often gives pre-
dominantly the normal substitution product. Reactions of allylic halides with
a number of anionic reagents—azide, cyanide, halide, thiocyanate, hydride,
phthalimide, and the anions derived from active methylene compounds and
Grignard reagents—frequently appear to involve normal bimolecular substitu-
tion. The Sy2 mechanism probably operates in many instances when allylic
alcohols are converted to halides via intermediate formation of phosphite, chloro-
sulfite, or chlorocarbonate esters. These and other possible examples of Sy2 re-
placement reactions are discussed in detail in the section on replacement reac-
tions of allylic compounds.

C. THE ABNORMAL BIMOLECULAR MECHANISM OF NUCLEOPHILIC SUBSTITUTION
1. Introduction

The usual mechanism of bimolecular substitution reactions of allylic com-
pounds involves attack of the nucleophilic reagent at the substituted () carbon
atom of the allylic system. In 1938 Hughes (280) and Winstein (649) independ-
ently postulated that a second mechanism of bimolecular nucleophilic substitu-
tion should be available to allylic compounds. According to this mechanism, the
nucleophilic reagent attacks the unsaturated carbon atom of the allylic system
and displaces the substituent on the a-carbon atom in a concerted process:

Y: + C=C—C—X — (Yo~ Qp+2CeCi X0=) — Y—C—C=C + X-

This process is called abnormal bimolecular substitution and is represented by
the symbol Sx2'.

At least three conditions must be met before a reaction can be classified as an
example of abnormal bimolecular substitution:

1. The rate of the reaction must be proportional to the concentration of
both the substituting reagent and the compound being substituted (usu-
ally this implies second-order kinetics).

2. The reaction must give isolable amounts of abnormal substitution
products.

3. It must be demonstrated that neither the starting material nor the nor-
mal substitution product undergoes rearrangement under the conditions
of the reaction.

Early attempts to establish the existence of the Sx2’ mechanism were fruit-
less. Hughes (279), in 1941, briefly mentioned unpublished work on the reaction
of a- and y-methylallyl chlorides with sodium ethoxide in ethanol in which only
normal substitution products were obtained. Roberts, Young, and Winstein (539)
in 1942 published the results of an independent investigation of the same and
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other reactions, in which it was found that the bimolecular reactions of neither
the primary nor the secondary chloride give isolable amounts of abnormal sub-
stitution products. In 1948 Catchpole and Hughes (120) described a study of
the effect of lithium p-nitrobenzoate on the rate of isomerization of a-phenyl-
allyl p-nitrobenzoate in acetonitrile and acetic anhydride solutions; it was con-
cluded that the small variation in rate of isomerization with salt concentration
could be attributed to salt effects, and that the Sy2’ mechanism does not operate
significantly in this reaction. These workers also published a more detailed ac-
count of the reaction of a- and y-methylallyl chlorides with ethanolic sodium
ethoxide, referred to by Hughes in 1941 (279), and concluded that substitution
by mechanism Sy2’ does not occur under the conditions employed (121).

In 1948 preliminary results of a study of the exchange reaction between
a-methylallyl bromide and radioactive bromide ion in acetone at 30°C. were
described. It was found that the rate of the Sy2’ reaction is less than one-hun-
dredth of the rate of Sx2 substitution, and the conclusion reached was that ab-
normal bimolecular substitution is usually not available as a mechanism of allylic
rearrangement (166).

As a result of these unsuccessful attempts to detect abnormal bimolecular sub-
stitution, Catchpole, Hughes, and Ingold (122) concluded in 1948 that substitu-
tion by Sx2’ apparently cannot be realized, and that it does not apply in the
simplest and most typical cases of allylic rearrangement. They attributed the
lack of appearance of Sx2’ reactions to shielding of the y-carbon atom of the
allylic system by the w-electrons of the double bond.

In 1944 Webb (633) found that a-methylallyl chloride undergoes a bimolecu-
lar reaction with diethylamine which forms only abnormal product, and in the
following year Kepner, Young, and Winstein (326) published the first evidence
for the occurrence of an Sx2’ reaction. They found that a-methylallyl and
a-ethylallyl chlorides react with sodium malonic ester in ethanol to give 10 and
23 per cent, respectively, of the product which would result from an abnormal
bimolecular displacement involving attack on the y-carbon atom. Kinetic studies
with a-ethylallyl chloride showed that the reaction was second order:

RCHCICH=CH, + NaCH(COOC:Hj): — RCH=CHCH,CH(COOC,Hy);
+ RCH[CH(COOC;H;)s]CH==CH,

Dewar (177) questioned the validity of the conclusions reached from these re-
sults, maintaining that the observed formation of abnormal substitution product
could be due to O-alkylation by the anion of the pseudo-acid reagent, followed
by Claisen rearrangement of the resulting vinyl ether:

RCHCICH=CH, + Naf[CH(COOC,H;).]- —
RCHCH=CH,

|
0C=CHCOOC;H; — RCH=CHCH,CH(COOC:Hj;).

|
0C.H;

I II
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However, this process is a rather unlikely explanation of the observed results.
As Winstein (648) has pointed out, the postulated intermediate (I) is a ketene
acetal, which would be expected to react with the alcohol solvent to give an
ortho ester rather than the abnormal product (II). As mentioned elsewhere
(page 861), a wide variety of primary allylic halides react with the sodium de-
rivatives of acetoacetic and malonic esters to give high yields of normal C-alkyl-
ated products; no O-alkylated products have been reported from such reactions.
Perhaps the most convincing argument against the occurrence of O-alkylation
in these reactions is based on the fact that a significant amount of abnormal
product was obtained when sodium malonic ester was allowed to react with
a-methylallyl chloride at room temperature. Under these mild conditions it is
very unlikely that I would rearrange if it were formed. Simple vinyl allyl ethers
undergo thermal isomerization at appreciable rates only when heated above
150°C. (51, 288, 565, 583).

Once the existence of the Sx2’ mechanism had been demonstrated, further
examples were soon discovered. Young, Webb, and Goering (692) found that
a-methylallyl chloride undergoes a bimolecular reaction with diethylamine which
gives only abnormal product, and demonstrated that the Sx2' mechanism is
involved. England and Hughes (193) a short time later published the results of a
study of bromide-exchange reactions of a- and y-methylaliyl bromides, in which
the rates of substitution by the Sx2 and Sx2’ mechanisms were determined.
More recently, de la Mare and Vernon (168, 172, 173, 174, 175) have published
a series of papers on Sx2’ reactions of allylie chlorides having sterically hindered
a-carbon atoms, and Stork and White (588) have described abnormal bimolecu-
lar displacement reactions of substituted cyclohexenyl 2,6-dichlorobenzoates.
These reactions will be discussed in more detail in the following paragraphs.

2. Ezamples of abnormal bimolecular displacement reactions
(a) Abnormal reactions of allylic compounds with amines

Meisenheimer and Link (419) appear to have been the first to obtain abnor-
mal products from the reaction of an amine with an allylic halide. They found
that a-ethylallyl chloride on treatment with diethylamine or methylaniline
vielded abnormal products, the same ones obtained from vy-ethylallyl chloride.

C.H;CHCICH=CH,
or - + R,NH — C;H;CH=CHCH,NHRJCI-
C.H; CH=CHCH.Cl

More recently, Jones, Lacey, and Smith (303) observed the formation of abnor-
mal products from the reaction of diethylamine with the halides RC=CCH=
CHCHCICH; (R = H or n-CH,), and Blicke (62) reported that 2-chloro-3-
penten-1-o0] yields only abnormal product when heated with ethylamine. Only
abnormal products are formed by the reaction of 5-alkoxy-3-chloro-1-pentenes
with diethylamine and ethylaniline; aniline gave a mixture of normal and ab-
normal substitution products (506).

In 1949 Kepner, Winstein, and Young (326) speculated that some of these
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results might be due to abnormal bimolecular displacement reactions, and in
1951 Young, Webb, and Goering (692) reported the results of an investigation
in which they found that both - and y-methylallyl chlorides react with diethyl-
amine in benzene solution to give N ,N-diethyl-y-methylallylamine; it was later
found that a-methylallyl chloride and dimethylamine undergo an analogous
abnormal reaction (641). Formation of abnormal product in the diethylamine
reaction was not due to rearrangement of a-methylallyl chloride prior to sub-
stitution or to rearrangement of an initially formed normal substitution product.
Kinetic studies showed that the reaction is a bimolecular process in which two
moles of diethylamine are consumed for each mole of halide, in accordance with
the kinetic equation:

d[RNH(C,H;),+Cl]/d¢
= ka[(RCo — (RNH(C;Hs)o*C1)][((CoHi):NH)o — 2(RNH(C,Hj),*Cl-)]

The reaction indicated by the kinetics is one in which one mole of diethylamine
is consumed in a bimolecular substitution reaction and a second mole is subse-
quently converted to diethylammonium ion:

(1) (C.Hs).NH + CH,~CHCHCICH; — ((C.H;):NHCH,CH=CHCH;)*+Cl~
(2) ((C.H;):NHCH,;CH=CHCH;)*Cl~ + (C.H;),NH
— (CoH;):NCH,CH=CHCH; + (C.H;),NH,+*CI~

Step 2 could be caused by a combination of the relative basicities of the two
amines and the lesser solubility of diethylamine hydrochloride in benzene.
Throughout the reaction an amine hydrochloride is precipitated from the ben-
zene solution, and this may be an important factor in shifting the equilibrium
of step 2 to the right. The reaction of a-methylallyl chloride with triethylamine
was also found to yield only abnormal substitution product, but the reaction
mechanism could not be assigned in this case since neither the chloride nor the
normal substitution product is stable under the conditions of the reaction.

It was suggested by Kepner, Winstein, and Young (326) that the formation of
abnormal product in reactions of diethylamine with secondary allylic chlorides
might be aided by preliminary hydrogen bonding between the amine and the
chlorine atom of the halide:

C
N AN S
C C
/1 N

—N (c1
N7
H

Owing to this possibility of hydrogen bonding, England and Hughes (193) and
Ingold (294) choose to classify these reactions not as examples of the Sx2’ mecha-
nism but as examples of the Syi’ mechanism (substitution by intramolecular re-
arrangement of an intermediate compound). Hydrogen bonding is a rather weak
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interaction compared to the covalent bonding usually involved in the inter-
mediate complexes of Syi’ substitutions, and it would seem to be largely a matter
of personal preference whether to consider this cyclic process a modification of
the Sy2’ mechanism or a borderline case of the Syi’ mechanism.

Young and Clement (665, 666) have recently shown that preliminary hydro-
gen bonding is not a necessary condition for the operation of the Sy2’ mecha-
nism in reactions of amines with allylic halides. The reaction of trimethylamine
with a-methylallyl chloride in acetone solution is second order, and between
40°C. and 75°C. yields a mixture of quaternary ammonium salts consisting of
30 per cent trimethyl-a-methylallylammonium chloride, 7 per cent cis-trimethyl-
y-methylallylammonium chloride, and 63 per cent #rans-trimethyl-y-methyl-
allylammonium chloride. In other words, 70 per cent of abnormal product is
formed. It was demonstrated that neither e-methylallyl chloride nor the normal
substitution product rearranges under the conditions of the experiments—con-
vincing evidence that the abnormal substitution product is formed by abnormal
bimolecular substitution.

Even allyl chloride reacts with secondary and tertiary amines by the Sy2’
mechanism. By using C*-]abeled chloride it was possible to demonstrate that
the bimolecular reaction with dimethylamine in benzene solution forms 25 per
cent of abnormal product, while in the reaction with trimethylamine Sx2’ sub-
stitution accounts for 7 per cent of the reaction product (641). These results are
significant in two respects: They provide further evidence for the facilitation of
abnormal substitution by the hydrogen atom of secondary amines, and they
show in a striking way the relative unimportance of steric effects in Sy2’ reac-
tions of amines. In reactions of amines steric suppression of the normal Sy2 re-
action by a-substituents apparently is not required for the observance of reac-
tion by the Sx2’ mechanism.

Amundsen and Brill (7) report that 3-chloro-5-methoxy-1-pentene yields only
the abnormal substitution product in reactions with dimethylamine in hexane.
The secondary chloride and both of the possible amine reaction products are
stable under the conditions of the reactions, and the reaction rate was “‘approxi-
mately second order.” The Sx2’ mechanism was proposed to explain these re-
sults.

Stork and White (583) found that trans-6-alkyl-2-cyclohexenyl 2,6-dichloro-
benzoates undergo a bimolecular reaction with piperidine, trans-4-(1-piperidyl)-
alkyl-2-cyclohexenes being the only isolable products.

B

CsH; C1;COO
N = S
—_

R’ R

The cis relationship of the entering and departing groups is in agreement with
the steric course postulated for the Syx2’ mechanism by Young, Webb, and
Goering (692).
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Morpholine and piperidine give abnormal substitution products in reactions
with 3-chloromethylbenzothiophene 1,1-dioxide:

CH,Cl ————=CH2_l N\—CH,
I 4+ B: — J - ’ _—ﬂ

0, O, 0O,

Kinetic and chemical evidence shows that these abnormal reactions are of the
Sx2' type (67). This reaction appears to be the only example reported of an Sx2’
substitution reaction of a primary vy-substituted allylic halide.

(b) Exchange reactions

Substitution reactions in which the entering and leaving groups are the same
should provide an ideal tool for establishing the occurrence of abnormal bi-
molecular substitution. The reason for this is that each act of substitution by
the Sx2 mechanism gives unchanged starting material, which thus remains avail-
able for isomerization by the Sx2’ mechanism:

I ./
R—CX—C=C
sNz// AN
X + RCX—(|3=C< 4
SN2,\
N ]

The simplest means of demonstrating the operation of the Sy2’ mechanism in an
exchange reaction is to show that the rate of isomerization of the allylic com-
pound is proportional to the concentration of the common ion, X-. Catchpole
and Hughes (120) investigated the effect of lithium p-nitrobenzoate on the rate
of isomerization of a-phenylallyl p-nitrobenzoate in acetonitrile and acetic anhy-
dride solutions, and concluded that the observed small increase in rate was
probably a salt effect rather than evidence for the operation of the Sy2’ mecha-
nism,

de la Mare, England, Fowden, Hughes, and Ingold (166) described an elegant
extension of this technique. In addition to determining the rate of isomerization
of an allylic compound, they proposed the use of an isotopically labeled substi-
tuting agent, which would permit an accurate determination of the rate of ex-
change by the Sx2 mechanism. If no detectable isomerization occurred, it would
then be possible to state how many half-lives of mechanism Sy2 fail to produce
conversion by mechanism Syx2’. The practical limit to the severity of this test
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TABLE 3
Kinetic data on the exchange reactions of a- and v-methylallyl bromides (192)
Bromide Reaction 1082 (25°C.) log 4 E,
a-Methylallyl .................. Sn2 87.4 9.06 16.5
a-Methylallyl.................. Sx2’ 14.9 9.40 19.4
v-Methylallyl.................. Sx2 141,000 9.93 14.7
~v-Methylallyl.................. Sn2’ 5 w9 w19

would be determined by the rate of isomerization by mechanisms Syx1 and Sxi’,
and, of course, by the rates of all side reactions which destroy the starting
material.

In 1951 England and Hughes (192, 193) published the results of an investiga-
tion of the exchange reactions of a- and y-methylallyl bromides with radioactive
lithium bromide in acetone solution. The rates of the normal and abnormal sub-
stitution reactions appear in table 3. The values labeled Sx2’ were calculated
on the basis that isomerization of the bromides occurs only by this mechanism
under the conditions studied.

The Sx2’ reaction of a-methylallyl bromide is only three times faster than
that of y-methylallyl bromide, in contrast to the large steric retardation of the
Sx2 reaction by a methyl group on the carbon atom being substituted. Actually,
the small difference in rates of isomerization of these bromides is a consequence
of their similar thermodynamic stabilities, since the relative rates of isomeriza-
tion (whatever the mechanism involved) must be such that the well-known equi-
librium composition of ca. 80 per cent primary bromide and ca. 20 per cent
secondary bromide is attained (652). The limitation in this study is that isomeri-
zation by mechanism Syl or Syi’ is not ruled out. If thermal or lithium-ion-
catalyzed isomerization of the bromides were involved, the rates given for Syx2'
substitution would not be valid, but could nevertheless be used in estimating a
lower limit for the ratio kg o/ks,2'. It is not possible rigorously to demonstrate
the occurrence of Sy2’ substitution in exchange reactions of this type, for which
the normal substitution reactions are more rapid than the isomerization reac-
tions; even when the rate of isomerization is directly proportional to the con-
centration of lithium bromide, it is possible that the reaction involved is lithium-
ion-catalyzed isomerization by mechanism Syl or Syi’. This possibility might be
excluded by demonstrating that the rate of rearrangement is independent of the
nature of the cation of the bromide salt.

Braude, Turner, and Waight (90) recently studied the exchange and isomeriza-
tion reactions of a-phenylallyl p-nitrobenzoate in chlorobenzene solutions of
radioactive p-nitrobenzoic acid. At low concentrations of p-nitrobenzoic acid
the rate of exchange was much less than the rate of rearrangement to y-phenyl-
allyl p-nitrobenzoate, but at higher acid concentrations the rate of exchange in-
creased rapidly. The majority of the exchange does not involve rearrangement.
The acid-catalyzed rearrangement is bimolecular and may involve attack of the
unionized acid at the y-carbon atom of the allylic system through a cyclic transi-
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tion state involving a hydrogen bond:

CH

AN
. CsH;CH ~ CH,
CeH; CH(OCOR)CH=CH, + RCOOH — | 1 -
RCO) OCOR

O H
CeHs CH=CH(|3H2
OCOR
*

This would be an abnormal bimolecular substitution reaction. However, it is
also possible that a preliminary proton transfer occurs, followed by intramolecu-
lar rearrangement of the conjugate acid of the ester (Sxi’).

(¢) Abnormal substitutions by alkoxide, phenoxide, thiophenoxide,
and sulfide ions

The reaction of a-methylallyl chloride with sodium ethoxide in ethanol is bi-
molecular and yields less than 5 per cent abnormal product (121, 175, 279, 539).
The corresponding primary chloride, y-methylallyl chloride, appears to form
only normal substitution products under these conditions. The predominant or
exclusive formation of normal products in these reactions does not mean that
substitution by mechanism Syx2’ does not occur, but only that the rate of normal
substitution is so much greater than the rate of abnormal substitution with
these simple compounds that abnormal reaction by mechanism Sy2’ cannot be
detected. a-Methylallyl chloride undergoes a second-order reaction with alco-
holic sodium thiophenoxide to give a mixture of produets containing some
v-methylallyl phenyl sulfide, but this abnormal product may arise from thermal
isomerization of the normal substitution product (142, 175).

Catchpole, Hughes, and Ingold (122) suggested that introduction of suitable
substituents into the allylic system might sterically inhibit mechanism Sy2 suf-
ficiently to render substitution by the Sx2’ mechanism observable. De la Mare
and Vernon (168, 172, 173) later published a series of papers utilizing this prin-
ciple. They found that 3,3-dichloropropene undergoes simultaneous Sx2 and
Sx2’ reactions with aleoholic sodium ethoxide, phenoxide, and thiophenoxide,
and that 3,3,3-trichloro-2-methyl-1-propene reacts with alcoholic sodium thio-
phenoxide and ethoxide predominantly or entirely by the Sx2’ mechanism (174,
346, 417). a,a-Dimethylallyl chloride also seems to undergo exclusive abnormal
bimolecular substitution by alcoholic sodium thiophenoxide (175). The effects
of steric and electronic properties of substituents on the allylic system on the
extent and rate of Sx2’ reactions will be discussed later.

Kland-English and Wilson (356) recently reported that furfuryl chloride un-
dergoes a bimolecular reaction with methanolic sodium methoxide which forms
40 per cent of abnormal product (279).
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The initially formed abnormal produect is assumed to undergo rapid prototropic
rearrangement to 2-methoxy-5-methylfuran. This reaction is the only kinetically
established example of abnormal bimolecular substitution at the terminal double
bond of a conjugated dienic system. 3-Chloromethylbenzothiophene 1,1-dioxide
undergoes Sx2’ reactions with sodium methoxide and sodium thiophenoxide (67):

CH.Cl

CH, CH;
/ Vs /
[ e =[] - (]
S AV NS\
0 0, B 0. B

2

A number of reactions which have not been investigated kinetically may be
examples of abnormal bimolecular substitutions by alkoxide, sulfide, or phenox-
ide ions in aleoholic solution. A mixture of normal and abnormal substitution
products is obtained from the reaction of 3,3-dichloro-1-propene with sodium
ethylmercaptide in ethanol (540). This is probably the result of an Sx2’ reaction,
since this chloride has been shown to undergo abnormal bimolecular substitu-
tion by sodium ethoxide in ethanol (172). a,a-Dimethylallyl chloride on treat-
ment with methanolic sodium methoxide yields a mixture of primary and tertiary
ethers, as does a-methyl-a-propylallyl chloride (438, 440, 612). However, these
tertiary chlorides should be very reactive by the Syl mechanism, and it is prob-
able that the observed mixtures of products are the result of unimolecular
solvolysis reactions. 1-Carbomethoxy-6-methylphenoxide ion reacts with a-ethyl-
allyl chloride in methanol to give a mixture of the normal and abnormal sub-
stitution products (536). 5-Alkoxy-3-chloro-1-pentenes upon treatment with al-
coholic sodium hydrosulfide yield only abnormal substitution products (510,
515). As the kinetics of these reactions have not been studied, it is not possible
to state that the abnormal products were formed by bimolecular reactions.

Stork (587) suggests that the reaction of a-chlorocodide with methoxide ion
and similar displacements are examples of Sy2’ reactions forced by steric hin-
drance to the normal displacements.

cl OCH,;
A\ K\/
0 — 0
\ NCH, \ NCH,

CH;O CH:0
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(d) Abnormal substitutions by anions of pseudo acids

The only definitely established Sy2’ reaction involving anions from active
methylene compounds is that of sodium malonic ester with a-ethylallyl chloride
(326) (see page 770). Barnard and Bateman (37) also report the formation of the
abnormal substitution product in this reaction. Several similar substitutions by
anions of acetoacetic ester and malonic ester in ethanol solution give varying
amounts of abnormal products, and the strong nucleophilic character of the
reagents makes it likely that at least some of these reactions involve the Sy2’
mechanism. Only abnormal products are obtained from the reactions of the
sodium salts of acetoacetic and malonic esters with 3-chloro-5-methoxy-1-pentene
in ethanol solution (503, 510). Barnard and Bateman found that a mixture of
linalyl and geranyl chlorides reacts with alcoholic sodium malonic ester to give
only geranyldiethyl malonate—a result which they explain by assuming that
linaly] chloride (a tertiary allylic chloride) undergoes only abnormal bimolecular
substitution. The formation of only abnormal products in bimolecular reactions
of tertiary allylic halides is to be expected, owing to steric suppression of Sy2
reactions by the alkyl substituents on the a-carbon atom. In spite of this, the
formation of v,v-dimethylallyl diethyl malonate by the reaction of isoprene hy-
drobromide with sodium malonic ester has been cited as evidence that the bro-
mide was the primary isomer (582). While this assignment is probably correct,
both the primary and the tertiary bromide would be expected to give the same
product with sodium malonic ester.

Carroll (115, 116, 117) carried out substitution reactions with several allylic
alcohols where the nucleophilic reagent was the acetoacetic ester anion and ob-
tained only rearranged products. Wilson (644) suggested that these reactions
might be examples of abnormal bimolecular substitution. It was subsequently
shown that a more likely mechanism is ester interchange between acetoacetic
ester and the allylic alcohol, followed by a Claisen-type rearrangement of the
enol form of the resulting allylic ester (336):

CH;COCH,COOC,H; +
on

|
RCH=CHCH,OH = CH;C=CHCOOCH,CH=CHR + C,H;O0H

l
CH; COCHCOOH

|
RCHCH=CH,

Diene dibromides react with the sodium salts of malonic, acetoacetic, and
cyanoacetic esters to give substituted cyclopropane derivatives (332, 333, 334).
These reactions probably involve Sy2 substitution followed by “intramolecular
Sx2'7” (8xi’) reactions.

Bergmann in 1937 reported that sodium malonic ester reacts with optically
active a,v-dimethylallyl chloride to form a racemic product (50). He explained
this result by means of a mechanism closely resembling the Sy2’ mechanism later
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proposed by Hughes and Winstein (280, 649). Abnormal bimolecular substitu-
tion could not be definitely established, since substitution by mechanisms Sx2
and Sy2' gives the same product with this symmetrically substituted allylic
chloride. It seems unlikely that the Sx2' mechanism would operate to the exclu-
sion of Sy2 in this case; more probably the chloride racemized before it under-
went substitution.

(e) Abnormal bimolecular substitution by thiourea

a,a-Dimethylallyl chloride undergoes with thioures in acetone a second-order
reaction which yields only the abnormal substitution product, v,vy-dimethyl-
allylthiuronium chloride (543, 659).

(CHa)zCCICH=CH2 + S=C(NH2)2 - (CH3>2G=CHCHQS=C(NH2)2+CI_

The fact that this reaction gave good second-order kinetics and was less than
a tenth as fast as the corresponding reaction of v,y-dimethylallyl chloride
strongly indicates that abnormal bimolecular substitution oceurred. If slow isom-
erization of the tertiary chloride to its primary isomer followed by rapid sub-
stitution of the primary halide were involved, second-order kinetics would not
have been observed; and if rapid isomerization of the tertiary halide followed
by a slower reaction of the primary halide occurred, «,«- and v, y-dimethylallyl
chlorides would have undergone substitution at the same rate. 3-Chloromethyl-
benzothiophene 1,1-dioxide has recently been reported to undergo Sy2’ sub-
stitution by thiourea (67).

(f) Other reactions which may involve abnormal bimolecular substitution

A number of nucleophilic displacement reactions of allylic compounds occur
under conditions which should lead to bimolecular substitution, yet give rise
to varying amounts of abnormal products. Some of these have been postulated
to involve the Sx2' mechanism. It would be well to reémphasize at this point
that a careful study of the kinetics and products of a reaction, as well as the ease
of isomerization of reactants and products, is required to establish definitely
that a reaction is Sx2’. Most of the examples discussed in the following para-
graphs are based on the formation of abnormal product alone and are therefore
purely speculative.

Furfuryl chloride when shaken with aqueous sodium or potassium cyanide

UCchl _NaON, [NCD:CHJ - NC@CHs

Furfuryl chloride

yields a mixture of nitriles in which the abnormal product predominates (427,
526, 544). Sorbyl chloride undergoes a similar abnormal reaction (528).

CH,CH=CHCH=—=CHCH,Cl 2% ¥CN,

Sorbyl chloride

CH; CH(CN)CH=CHCH=CH,
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If these reactions proceed through a carbonium-ion intermediate, a significant
amount of substitution by hydroxyl rather than cyanide would be expected;
however, no hydrolysis is reported. The recent kinetic demonstration of an Sx2’
reaction between furfuryl chloride and methanolic sodium methoxide (356) sup-
ports the idea that substitution by cyanide may proceed by the 852’ mechanism.
Eliel and Peckham (188) found that furfuryltrimethylammonium iodide forms
a small amount of abnormal product when heated with sodium eyanide at 200°C.
and suggest that this may be due to an Syx2’ reaction:

Do, 2w + ]
o CHN(CHY- e NolgJom T L Jomen

(5%) 27%)

The drastic conditions of the reaction make it difficult to rule out an ionic mecha-
nism in this case.

5-Alkoxy-3-chloro-1-pentenes react with sodium and magnesium dialky!
phosphites in ether or in absence of solvent to give only abnormal products
(500, 513).

2,3,3-Trichloro-1-butene is reduced to 2,3-dichloro-2-butene by lithium
aluminum hydride (248). Since primary allylic halides undergo reduction with-
out rearrangement with this reagent (page 860), an Sx2’ substitution of chloride
by hydride seems a reasonable explanation for this reaction.

Phillips reports that «- and y-methylallyl chlorides react with diazoacetic
ester to give mixtures of a-halo esters rather than the expected cyclopropane
derivatives (474). The formation of products in which the structure of the allylic
system has been inverted is postulated to be due to Sx2' attack on the allylic
halides by a highly reactive carbethoxy carbene fragment from diazoacetic
ester.

C.H;00CCH: + CH,=CHCHCICH; — C,H;0.CCHCICH=CHCH;

The author stated that a kinetic study of this reaction was in progress.

Formation of 2-a-acetoxy-A*-cholesten-3-one in the reaction of 6--bromo-
At-cholesten-3-one with potassium acetate in acetic acid (202) may be due to
Sx2’ attack of acetate ion on the enol form of the ketone:

— e P ey

/ /
N
= ' CH;COOK
! CH; H
/ y y H;COO
0 Br HO Br
(91810 /
CH;
/
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6-Bromotestosterone acetate has been reported to undergo a similar reac-
tion (578).

3. Factors influencing the extent and rate of abnormal bimolecular substitution
(a) Structure of the allylic system

The most important effect of structure on the Sy2’ mechanism operates
indirectly. a-Substituents on the allylic system sterically retard the normal
bimolecular substitution without similarly retarding the abnormal bimolecular
substitution. That is, a-substituents increase the ratio (ksse/kex2) Of rates
of Sx2' to Sx2 reaction. With very few exceptions, Sx2’ reactions have been
observed only with secondary or tertiary allylic compounds having no sub-
stituents on the vy-carbon atom.

Primary allylic halides appear to undergo only normal bimolecular substitu-
tion (121, 279, 539, 660). This does not mean that substitution by mechanism
852’ does not oceur, but only that the ratio ksye/ksye is very small. The only
well-established cases of abnormal bimolecular substitution of simple primary
allylic halides are the bromide-exchange experiments of England and Hughes
(193) with y-methylallyl bromide and the reaction of C4-labeled allyl chloride
with secondary and tertiary amines (641).

The available data indicate that secondary allylic chlorides of the type
RCHCICH==CH, undergo abnormal bimolecular displacements by anionic
reagents to only a limited extent (121, 175, 279, 539), while tertiary chlorides
of the type R.;CCICH==CH; are substituted almost exclusively by the Sy2’
mechanism in bimolecular reactions with any nucleophilic reagent (175, 543,
659). A single a-halogen substituent on the allylic system (e.g., CHCL,CH=CH,)
is sufficient to cause considerable Sx2' displacement (172, 173), while two
a-halogen substituents [CCl,C(CH;)=CH,, for example] result in abnormal
bimolecular displacement to the exclusion of the normal reaction (171, 174).

If the steric course postulated by Young, Webb, and Goering (666, 692) for
Sx2' reactions is correct, this mechanism should be relatively free from steric
hindrance by substituents on the vy-carbon atom. With the exception of the
bromide-exchange reaction already mentioned (193), the only Sx2’ reactions of
v-substituted allylic compounds thus far reported involve cyclic allylic com-
pounds (67, 356, 588). It is probable that «,a,y-trialkylallylic halides would
undergo bimolecular substitution by mechanism Sx2’, but establishing this
experimentally may be difficult owing to the very high unimolecular reactivity
to be expected for such compounds.

The effect of substituents on rates of bimolecular substitution reactions
seems to be qualitatively the same for the Sx2 and the Sy2’' mechanisms. Sub-
stituents which can release electrons to the a-carbon atom by either the induc-
tive or the mesomeric process increase the rate of reaction by mechanism Sy2',
For example, the rate of reaction of a,a-dimethylallyl chloride with alcoholic
sodium thiophenoxide is at least ten times that of the similar reaction of e-methyl-
allyl chloride, and 3,3,3-trichloro-2-methyl-1-propene reacts over twice as fast
with this reagent as does 3,3-dichloropropene. The data of de la Mare and
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TABLE 4

Reaction of allylic chlorides with sodium thiophenozide in ethanol at 25°C.
(Sn2' rates: k; = Be E/RT time in minutes)

Halide kg2’ ksn2 Egp’ log B Sy2’
keal./mole
CHCLCH=CHz.................. ea. 2.5 X 102 ca. 3 X 1072 21.2 13.34
CCLC(CHs)=CHaz..........oovvts 8 X 102 20.3
C(CHs)CICH=CHs.............. 9 X 102 19.6 13.35
CH:CHCICH=CHs.............. >7 X 1073 4.5 X 1072

Vernon for these reactions are collected in table 4 (172, 174, 175). It appears
that a-substituents alter the rate of Sx2’ reactions mainly by altering the activa-
tion energy. The preéxponential term of the Arrhenius equation was practically
the same for 3,3-dichloropropene and «,c-dimethylallyl chloride; as this term
is usually associated with steric effects on the reaction rate, this result is quite
reasonable. Additional data on the effect of substituents on Sx2’ reactivity are
needed to test the validity of these conclusions. The abnormal bimolecular
reaction of allyl chloride with dimethylamine in benzene at 60°C. is only 75 per
cent as fast as the corresponding reaction of e-methylallyl chloride (641).

de la Mare and Vernon (166, 172, 174) postulated that a-chlorine substituents
should facilitate Sx2" reactions by shifting the m-electron cloud of the allylic
double bond away from the vy-carbon atom, and could conceivably retard sub-
stitution by this mechanism by making more difficult the separation of the
leaving group as an anion; similarly, e-methyl groups should polarize the double
bond in such a way as to retard attack by the nucleophilic reagent at the +-car-
bon, but should also facilitate concerted removal of the allylic substituent (175).
On the basis of these inductive effects alone it is clearly impossible to predict
the effect of substituents on the rates of abnormal bimolecular displacements.

A more reasonable explanation of substituent effects is to assume, as has been
done for unimolecular and normal bimolecular substitution reactions, that
substituents which can release electrons to the allylic system by either the
inductive or the tautomeric mechanism facilitate abnormal bimolecular sub-
stitution by stabilizing the transition state of the reaction. The transition state
of an Sy2’ reaction is probably best represented by a resonance hydrid of canoni-
cal struetures I, II, and III; any substituent on the o~ or y-carbon atom which
can release electrons to the allylic system will stabilize structure IT and thereby
lower the activation energy of the reaction. The steric effect of y-substituents
will, however, strongly predominate over their electronic effect:

& s+ st 5~
Y- C=C—C—X Y -C=CxC-X Y—C—C=C X-
I 11 111

The validity of this hypothesis could be checked by studying the rates of
abnormal bimolecular displacement reactions of a series of «,«-dialkyl-g-sub-
stituted allyl chlorides in which only the 8-substituent is varied from CHj to Cl.
It is to be expected that a S-halogen substituent would decrease the reaction
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rate, while a B-alkyl group would increase it, since substituents on the 8-carbon
atom can only influence the reaction by their inductive effects, assuming steric
effects to be negligible. This was found to be the case for Sx2 reactions of 3-sub-
stituted allyl chlorides (page 765).

(b) Nature of the reagent

The nature of the nucleophilic reagent affects both the rate of Sx2’ reactions
and the ratio of normal to abnormal bimolecular substitution, keys/ksyer. The
limited evidence which is available indicates that uncharged nucleophilic reagents
such as tertiary amines are less discriminating between the a- and vy-carbon
atoms of the allylic system than are anionic nucleophilic reagents. a-Methylallyl
chloride yields a substantial amount of abnormal product in bimolecular reac-
tions with trimethylamine (665, 666), while reactions with alcoholic ethoxide
or thiophenoxide give mainly or entirely normal products (121, 175, 279, 539,
660). Sodium ethyl malonate in ethanol, a reagent in which the negative charge
of the anion is shared by three centers, gives an appreciable amount of abnormal
product in reactions with a-methyl- and a-ethylallyl chlorides (326). Even allyl
chloride undergoes abnormal bimolecular substitution by trimethylamine in
benzene solution, 7 per cent of the abnormal product being formed (641).

The tentative conclusion, then, is that uncharged reagents and anionic re-
agents in which the charge is dispersed over more than one center yield higher
proportions of abnormal products in bimolecular reactions with secondary
allylic halides than do ordinary anionic reagents. This question needs to be
more fully investigated. Any acceptable explanation for Fksys/keyer ratios
would also have to allow for steric effects due to the bulk of the nucleophilic
reagent, an aspect of these reactions which has not been investigated. If the
ratio of normal to abnormal reaction is indeed greater for anionic reagents than
for uncharged reagents, a reasonable explanation is that an anionic reagent
attacking the a-carbon atom will facilitate separation of the leaving group more
than the same reagent attacking the y-carbon atom. An uncharged reagent
attacking at either the «- or the y-carbon atom would not offer this electrostatic
assistance to the departure of the leaving group.

de la Mare and Vernon found that in reactions of 3,3-dichloropropene with
sodium ethoxide, sodium phenoxide, and sodium thiophenoxide in ethanol, the
rate of reaction is much greater with thiophenoxide ion than with the less nucleo-
philic reagents, but that mixtures having approximately the same proportion
of normal and abnormal products are formed with all three reagents (table 5).

TABLE 5
Sx2’ reactions of 3,3-dichloropropene in ethanol at 100°C. (173)
Reagent OC.H:~ OCeHs™ SCeHs™
a2 - ka2 0.036 0.030 8.73
Per cent Clreleased....................... 70 89 81
Percent SN2/ ... e 60 22 38

* Liters/mole min.
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This suggests that, for anionic reagents, the rate of substitution is more sensitive
to nucleophilicity of the reagent than is ksye/keye'.

(c) Solvent composition

3,3-Dichloropropene and 3,3,3-trichloro-2-methyl-1-propene react with
sodium thiophenoxide more than twice as fast in 75 per cent aqueous ethanol
as in absolute ethanol (171), For the dichloropropene, the rate of the concurrent
Sx2 reaction is increased by a somewhat larger factor than the rate of the ab-
normal reaction on going to aqueous ethanol. The direction of this solvent effect
is not in agreement with theoretical predictions of the influence of solvent polar-
ity on bimolecular substitutions of this type. The rate of a bimolecular reaction
in which charge is dispersed on going to the transition state should decrease
slightly as solvent polarity is increased (294, page 347). On the other hand, the
reaction of a-methylallyl chloride with dimethylamine is about ten times faster
in benzene than in cyclohexane, in agreement with the expected large increase
in rate with increasing solvent polarity for bimolecular substitutions of this
charge type (641).

D. THE Syl MECHANISM OF SUBSTITUTION AND REARRANGEMENT
1. Introduction

The unimolecular mechanism of substitution and rearrangement in allylic
compounds is similar to the well-known Sx1 mechanism of nucleophilic aliphatic
substitution (294, page 310), in that its rate-determining step involves hetero-
lytic cleavage of the allylic compound into a carbonium ion and an anion. There
is one important difference, however: the carbonium ion formed by an allylic
compound is mesomeric and can react with the solvent or other nucleophilie
reagent to yield, in the case of unsymmetrically substituted allylic systems, &
mixture of isomeric products.

RCH=CHCH,X = (RCH=CH==CH;)* 4+ X~ %

RCH=CHCH,Y + RCHYCH=CH,

If X and Y are different, substitution with partial allylic rearrangement is
observed. When they are the same, the result is isomerization. In either case
the essential features of the reactions are identical, and both the substitution
and the isomerization are examples of mechanism Syl. The ionization step may
be aided by electrophilic interaction of solvent molecules or metal ions with the
allylic substituent, or may be essentially a thermal dissociation. The leaving
group X may or may not become completely free of the carbonium ion. All that
is necessary is that heterolytic bond fission occur at least to the point where an
ion-pair is formed.

Prevost (487) in 1927 seems to have been the first to propose an ionic mech-
anism for the rearrangement of certain allylic compounds. In 1928 Burton and
Ingold (102) discussed this mechanism in much more detail. They later presented
evidence for unimolecular reactions in the rearrangements and substitution
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reactions of certain allylic esters (97-101, 295). Prevost (484, 490) and Meisen-
heimer and Link (419) were partially successful in developing concepts to
correlate the experimental facts about replacement reactions involving allylic
rearrangement. The satisfactory application of mechanistic theories to the
problem of allylic rearrangement is due primarily to Young and coworkers in
the United States (539, 674) and to Kenyon, Hughes, and Ingold in England
(16, 279, 295).

2. Factors influencing reaction rate

Unimolecular reactions of allylic compounds generally exhibit first-order
kinetics, and their rates are strongly influenced by the structure of the allylic
system and by solvent composition.

(a) The allylic double bond

Hughes suggested in 1941 (279) that the allylic double bond should greatly
facilitate unimolecular displacements by tautomeric electron release, which
should aid the departure of the leaving group and stabilize the resulting car-
bonium ion:

s+ 8+
C=C—C—X - (C=C=C + X-

This facilitating effect turned out to be much smaller than expected, presumably
owing to an opposing inductive effect. Allyl chloride is solvolyzed in slightly
aqueous formic acid only 25 times faster than n-propyl chloride (628).

(b) Structure of the allylic system

It has long been known qualitatively that electron-releasing substituents on
either the a- or the y-carbon atom of the allylic system greatly increase the
rates of unimolecular displacement reactions, probably by facilitating the
ionization step and by stabilizing the resulting carbonium ion. Andrews and
Kepner (11) demonstrated this in 1948 in a study of the rates of hydrolysis of
several allylic chlorides in aqueous ethanol, and Webb and Young in 1951 found
that y-ethyl-y-methylallyl chloride reacts with absolute ethanol nearly 100 times
faster than crotyl chloride (636). As Webb and Young pointed out, however, it
is not safe to draw quantitative conclusions from data obtained in hydroxylic
solvents, since bimolecular displacement of chloride by solvent is possible and
kinetically undistinguishable from a unimolecular reaction. Vernon overcame
this difficulty by solvolyzing a number of allylic chlorides in moist formic acid,
a solvent in which the Syl mechanism is likely to operate exclusively (628). The
available kinetic data for the solvolysis of allylic chlorides in ethanol, 50 per
cent ethanol, and formic acid containing 0.5 per cent water are collected in
table 6. Some of the implications of these data will be discussed in more detail
later.

A chlorine substituent on either the a- or the y-carbon atom of allyl chloride
causes a small increase in the rate of formolysis. This would indicate, as already
noted for Sx2 reactions, that tautomeric electron release is more important than
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TABLE 6
Relative rates of solvolysis of allylic chlorides (10, 11, 170, 171, 176, 240, 539, 628, 629, 638, 660)
Solvent
Compound Absolute ethanol 509, Aqueous ethanol 99.5% Formic acid
25°C. 25°C. 44,6°C.
CH=CHCH:Cl........................ 1.00 1.00 1.00
(ca. 3 X 1079)* (1.59 X 1077) (3.6 X 107%)
CHy=C(CHy)CH:Cl.................... 1.3 0.5
CHCI=CHCH:C1 (¢i8)................. ea. 0.6 1.00 2.1
CHCI=CHCH:CI (trans)............... ca. 0.8 1.01 3.09
CH=CHCHCL...............coovvr... 1.02 65.4
(CHs)s)CCH=CHCHCl................ 2260
({CH)sCCHCICH—=CHs................ 2520
CHy,CH=CHCH:Cl.................... 17 98 3550
CH.CHCICH=CHz.................... 3.0 5 5670
CeHi:CH=CHCH:Cl................... 150 8800
(CHg)e:C=CHCH:Cl.................... 2200 1.9 X 108
(CHs)CCICH=CHs............cevvvnn 8000 1.3 X 10¢
CsHiC(CHs)=CHCH:ClL............... 1800
Ce:HisC(CHs)CICH=CHs............... 3300
CH,CH=CHCHCICH;s................ 2.2 X 10¢
CeH:CH=CHCHClz................... 8.3 X 104

* Relative rates in absolute ethanol calculated on the assumption that the rate of ethanolysis of allyl chloride is
3.0 X 1079 gec.™?

inductive electron withdrawal in determining the effect of halogen substituents
on rates of substitution reactions. An alkyl group on either the a- or the y-carbon
atom produces an increage in rate of over 1000-fold, and an alkyl group on the
a-carbon is slightly more effective than a vy-alkyl substituent, as would be ex-
pected for purely electronic effects. Steric effects are obviously unimportant for
these unimolecular reactions. Methyl groups increase the rate of reaction some-
what more than tert-butyl groups, probably owing to their greater hypercon-
jugative electron release. The effect of a second methyl group is similar in magni-
tude to that of the first; a y-phenyl substituent is intermediate in its effect on
rate between one and two methyl groups.

Table 1 shows that the rates of solvolysis reactions of allylic chlorides in other
solvent systems fall in line with those in formic acid, except for several cases
where concerted displacement by solvent may occur. This point will be discussed
in some detail later.

QGoering, Nevitt, and Silversmith (225) measured the rates of solvolysis of
several cyclic allylic chlorides in ethanol at 30°C: czs-5-methyl-2-cyclohexenyl
chloride, 2.15 X 10~% sec.™; i{rans-5-methyl-2-cyclohexenyl chloride, 1.57 X
10~%; 3-cyclohexenyl chloride, 1.86 X 105%; («,v-dimethylallyl chloride, 7.59 X
10-5); 3-cyclopentenyl chloride, 1.13 X 1072 It is interesting to note that 3-cy-
clopentenyl chloride is 600 times as reactive as cyclohexenyl chloride, and that
the cyclohexenyl chlorides are approximately as reactive as acyclic chlorides
with two alkyl substituents.

(¢) Nature of the leaving group

No quantitative data on the effect of the nature of the group X in the allylic
system C=C—C—X on the rates of unimolecular reactions are available. Quali-
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tatively, Ingold and coworkers (102, 295) have shown that for a given allylic
system the mobility of the group X in isomerization reactions increases markedly
with the stability of X~ as an anion (using as a criterion of stability the strength
of the conjugate acid HX). Thus, in the reaction

halides isomerize more readily than esters, which in turn rearrange more rapidly
than the alcohol.

This argument assumes that the isomerization reactions occur by mechanism
Sx1. Allylic bromides isomerize much more readily than allylic chlorides; it is
to be expected that they would undergo unimolecular substitution at a faster
rate than the corresponding chlorides, as is the case with aliphatic bromides
(294, page 339).

(d) Ionizing power of the solvent

As expected for reactions whose rates are determined by ionization, the
velocity of unimolecular reactions of allylic compounds is highly dependent upon
solvent polarity. Most of the pertinent data refer to solvolysis reactions whose
mechanisms are not unambiguously known. Solvolysis of «,a- and v, y-dimethyl-
allyl chlorides in ethanol and aqueous ethanol is definitely unimolecular, how-
ever, and the reaction rates for these compounds show the strong dependence on
solvent polarity predicted by theoretical considerations. Solvolysis of these
compounds is about 5000 times as fast in 50 per cent aqueous ethanol as in
absolute ethanol (see table 6). Solvolysis of a- and y-methylallyl chlorides shows
a somewhat smaller dependence on solvent polarity, presumably owing to
nucleophilic interaction between the solvent and substrate in the transition
state of the reaction.

(e) Electrophilic catalysts

Ions such as Agt, Fet++, and H* and Lewis acids such as BF; accelerate many
unimolecular substitution and isomerization reactions of allylic compounds,
owing to electrophilic interaction with the allylic substituent. Young and co-
workers found that conversions of ¢- and y-methylallyl chlorides to alcohols and
acetate esters proceed much more rapidly in the presence of silver oxide and
silver acetate than under ordinary solvolysis conditions and that mixtures of
products are formed, as would be expected for unimolecular substitution (539,
660). Oae and VanderWerf (458) studied the reaction of several allylic chlorides
with alcoholic silver nitrate. These reactions are first order in both chloride and
silver nitrate, and form nitrate esters rather than ethers. For this reason they
may not be closely comparable to unimolecular substitutions. Hatch studied the
effect of acidic cuprous chloride on the rate of hydrolysis of allylic chlorides and
demonstrated that cuprous ion accelerates the reaction (245, 247, 256, 257). A
number of investigators have reported that cuprous, zine, and ferric salts cata-
lyze the isomerization of allylic halides, and it is well established that hydrogen
ion and Lewis acids catalyze the rearrangement of allylic alcohols and esters.
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3. Solvolysis reactions of allylic compounds

Much of our present knowledge of the unimolecular mechanism of substitu-
tion in allylic compounds was gained from studies of solvolysis reactions, par-
ticularly those of allylic chlorides. For this reason it is well to consider some of
the complications which arise in assigning definite mechanisms to these reactions.

(a) Possible mechanisms of solvolysis reactions

Solvolysis reactions are nucleophilic substitutions in which the solvent is the
nucleophilic reagent. They generally exhibit first-order kinetics, simply because
the solvent is present in such large excess that kinetic dependence of rate on
solvent concentration is not observable. Substitution by solvent could involve
concerted displacement of the allylic substituent by a solvent molecule (Sx2) or
could be a true unimolecular reaction (Sx1). Vernon (629) calls these processes
bimolecular and unimolecular solvolysis, respectively.

Winstein, Grunwald, and Jones (651) have suggested that solvolysis reactions
have a continuous spectrum of mechanisms of which the classical Sx1 and Sy2
mechanisms of Hughes and Ingold (41, 221, 279, 281) are special cases. According
to this idea, nucleophilic interaction of solvent with the substituted carbon atom
and electrophilic interaction between solvent and the leaving group will in
general both eontribute to the driving force of the reaction. Reactions classified
as Sx2 are those in which there is covalent interaction between solvent (or other
nucleophilic reagent) and the substituted carbon atom in the transition state,
while reactions of the Syl type are those in which such covalent interaction is
negligible. As there are, in principle, infinite gradations in the relative contribu-
tions of nucleophilic and electrophilic solvation to the driving force of the reac-
tion, there is no sharp dividing line between mechanisms Sx1 and Sx2.

It is therefore better to assign a single intermediate mechanism to & solvolysis
reaction which falls between the mechanistic extremes than to assume that such
a reaction involves separate, competing unimolecular and bimolecular processes.
The experimental support for this hypothesis is found in the effect of solvent
properties on rates of solvolysis reactions. A detailed discussion of this topie is
beyond the scope of the present article, but the experimental results can be
summarized as follows: If nucleophilic substitution reactions proceed only by
mechanisms Sy1 and Syx2, it is necessary to postulate that for some compounds,
such as crotyl chloride, solvolysis reactions in certain solvents proceed by simul-
taneous unimolecular and bimolecular processes. If this were the case, the
reaction should change from a purely bimolecular process in solvents of very low
ionizing power and relatively high nucleophilicity to a purely unimolecular
process in solvents of similar nucleophilicity but much higher ionizing power.
According to the theory of Winstein and Grunwald (240, 651), a plot of log
(solvolysis rate) vs. solvent ionizing power should show a distinet curvature or
even a break at the region of transition from mechanism Syl to mechanism
Sx2 if two separate mechanisms are involved. Actually, very good straight lines
are obtained (653), a result which is considered to be evidence that a single
mechanism intermediate between Sx1 and Sx2 is involved.
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The transition state for solvolysis reactions of allylic compounds is considered
to be a resonance hybrid of the following canonical structures:

@ ] & o e
s C—X HS HS—(‘) X+-H HS C X-HS HS CH} X--HS

I
0
o__
!

C ¢
| | | I
C ¢ C ce
I 1T Illa I1Ib

If structures I and II adequately represent the transition state, the reaction
will be at the nucleophilic extreme of the mechanistic spectrum and can accu-
rately be described as a bimolecular displacement by solvent. This mechanism
is to be expected for solvolysis of allylic halides not having activating electron-
releasing substituents, particularly in hydroxylic solvents of low ionizing power.
The rate of such a reaction will be relatively insensitive to the ionizing power
of the solvent, and substitution without allylic rearrangement will be observed.

If structures I, II, and III contribute to the transition state of a solvolysis
reaction, its mechanism will be intermediate between a pure bimolecular sub-
stitution and a unimolecular substitution. The effect of solvent ionizing power
on rate will be greater than for a bimolecular solvolysis, and a mixture of products
will be obtained—not, however, the same mixture that would be formed by a
free, solvated carbonium ion. The proportion of normal substitution product
will be greater than if a free ion were involved.

If the transition state is adequately represented by structures I, IIla, and
IITb, a true unimolecular substitution is involved. Actually, in this case a
solvated carbonium ion or an ion-pair is formed as a discrete intermediate. This
is to be expected for highly activated allylic systems such as dialkylallyl chlo-
rides. The reaction will be strongly affected by solvent ionizing power and will
give mixtures of products approaching those to be expected from a mesomeric
carbonium ion.

(b) Experimental evidence bearing on the mechanism of solvolysis reactions

The available evidence bearing on intimate mechanisms of solvolysis reactions
—sgolvent effects, structural effects, product compositions, and mass law effects—
will now be considered.

(1) Solvent effects: The rate of a bimolecular solvolysis reaction will be less
dependent on solvent polarity (ionizing power) than will the rate of a uni-
molecular reaction. The variation of rate with solvent polarity is expressed
quantitatively by an equation developed by Winstein and Grunwald (240, 651):

log (k/ko) = mY

where k is the rate of solvolysis of a compound in a given solvent, kq is the rate
of solvolysis of the same compound in a standard solvent, and Y is the ionizing
power of the solvent, as measured by the rate of a standard unimolecular reac-
tion in the solvent under consideration. m is a constant which measures the
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TABLE 7
m values for solvolysis of allylic chlorides
Compound Aqueous Ethanol Aqueous Acetone Aqueous Formic Acid
P (25°C.) (25°C.) (44.6°C.)

CH=CHCH:CL..................... 0.4556 (50°C.)
CHyCH=CHCH:Cl................. 0.655 0.904 0.81
CH:CHCICH=CH:................. 0.875 0.919 1.00
(CH3):C=CHCHCL................. 0.974 1.085
(CHs):CCICH=CHa................. 0.99

sensitivity of the reaction to solvent ionizing power. The higher the value of m,
the greater is the increase in rate of solvolysis with increasing solvent polarity.
Usually m has a value of about 0.4 for reactions which definitely belong in the
bimolecular category and a value of about 0.9~1.0 for reactions which are defi-
nitely unimolecular. Reactions formerly referred to as borderline cases have
intermediate values of m. Table 7 lists some m values for the solvolysis of several
allylic chlorides in aqueous ethanol, agueous acetone, and aqueous formic
acid (653).

Insofar as m values are a reliable criterion of mechanism, these results are in
substantial agreement with conclusions arrived at from other evidence. Solvolysis
of allyl chloride would seem to be largely bimolecular in agueous ethanol. Solvol-
ysis of a,a- and v,vy-dimethylallyl chlorides, on the other hand, is clearly
unimolecular. The m values for a-methylallyl chloride show that its solvolyses
are predominantly unimolecular, while those of y-methylallyl chloride indicate
an intermediate mechanism in aqueous ethanol and a unimolecular mechanism
in aqueous acetone and aqueous formic acid.

Vernon (628, 629) has recently published data which support the idea that
bimolecular solvolysis reactions are much more sensitive to solvent nucleo-
philicity than are unimolecular solvolyses, while the unimolecular reactions
are much more sensitive to the ionizing power of the solvent. He studied the
solvolysis of several allylic chlorides in moist formic acid, 50 per cent agqueous
ethanol, and absolute ethanol. Formie acid and 50 per cent ethanol have similar
ionizing powers, but 50 per cent ethanol is much more nucleophilic than the
acidic solvent. Ethanol and 50 per cent ethanol have similar nucleophilic char-
acter but widely different ionizing powers.

The ratio k509 c,ms0m/Frcoox in table 8 indicates that the rates of unimolecular
solvolysis reactions are unaffected by solvent nucleophilicity, as expected.
Ally! chloride and 1,3-dichloropropene, whose solvolyses in aqueous ethanol are
predominantly bimolecular, react considerably faster with aqueous ethanol
than with formic acid, the solvent of lower nucleophilicity. a-Methylallyl chlo-
ride and 3,3-dichloropropene, whose solvolyses in 50 per cent ethanol are pre-
dominantly unimolecular, are solvolyzed somewhat more slowly in aqueous
ethanol than in formic acid. Crotyl chloride, whose solvolysis in agueous ethanol
is probably in the transition region of the mechanistic spectrum, is solvolyzed
slightly faster in aqueous ethanol than in formic acid.

A comparison of solvolysis rates in 50 per cent ethanol and absolute ethanol
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shows the effect of varying solvent polarity while keeping nucleophilicity sub-
stantially constant. Allyl chloride, 8-methylallyl chloride, and 1,3-dichloro-
propene, whose solvolyses in aqueous ethanol are probably bimolecular, are
fairly insensitive to solvent polarity. For these three compounds the ratio
k509 comp0n/koymom 18 in the range 30-40. This ratio is several thousand for o, a-
and v,vy-dimethylallyl chlorides, whose solvolyses are plainly unimolecular.
a-Methylallyl chloride and cinnamyl chloride have intermediate values, while
the value for crotyl chloride is lower still.

Young and Andrews (660) first called attention to the fact that secondary
allylic chlorides are solvolyzed somewhat more slowly in aqueous ethanol than
the isomeric primary chlorides, contrary to the usual observation that primary
chlorides react more slowly by an Syl-type process than secondary chlorides.
They explained this result by postulating that the primary chloride (crotyl
chloride) reacts in part by a bimolecular process. Similar observations were
subsequently made by other workers (11, 121, 628). Roberts, Young, and
Winstein (539) later showed that the expected order of reactivity (secondary
greater than primary) is indeed observed in the less nucleophilic solvent, acetic
gecid, and Vernon (628) found the same thing to be true in moist formic acid.
a,a-Dimethylallyl chloride is more reactive than its primary isomer not only in
acetic acid, but also in aqueous ethanol (628, 660). It is fairly well established
that a secondary or tertiary allylic compound is more reactive by the unimolec-
ular mechanism than its primary isomer.

Pourrat and Schmitz (480) found that the rate of hydrolysis of allyl chloride
in aqueous dioxane increases only twentyfold when the water content increases
from 25 per cent to 65 per cent., This strongly suggests a bimolecular reaction
in these media.

(2) Structural effects: The effect of structure of the allylic system on rates of
unimolecular reactions has already been commented upon (see table 6). It is
pertinent here to point out that the rate-accelerating effect of electron-releasing
substituents is much greater than would be expected for bimolecular solvolysis
reactions or solvolysis reactions of intermediate mechanisms. Table 6 illus-

TABLE 8
Rates of solvolysis of allylic chlorides at 44.6°C. (628, 629)
Rates in reciprocal seconds; 99.5% HCOOH; 0.5% H.0; 50% aqueous ethanol; abgolute

ethanol
k
Compound krcoor %507, CattsOH fgym08 kw’? ot 5(}2% 08
HCOOH CH;0H

CHy=CHCHCl.............. 3.62 X 108 1.69 X 1078 6.3 X 1072 47 27
CH:=C(CH»)CHzCl.......... 2.56 X 1078 8.0 X 1078 32
CHCI=CHCH:CI (trans)..... 1.45 X 1077 1.65 X 108 3.8 X 108 11 42
CH~=CHCHClL.............. 2.37 X 10~ 2,22 X 1078 0.9

CH;CH=CHCHCI........... 1.28 X 10 1.54 X 10~¢ 1 X 10-8 1.2 154
CH:.CHCICH=CH;........... 2.05 X 10™¢ 1.37 X 10™¢ 2.10 X 10-7 0.7 650
CeH;CH=CHCH:C1.......... 1,29 X 102 8.8 X 10-¢ 1500
(CH3):C—CHCH,CL.......... 2.2 X 10 6.53 X 1078 3400
(CH3):CCICH=CHj.......... 9 X 107 1,87 X 104 4800
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trates this point: the reactivities of a- or y-alkyl- or aryl-substituted allylic
chlorides with moist formic acid, a solvent in which solvolysis is predominantly
or entirely unimolecular even for allyl chloride, are much greater than that of
allyl chloride; in aqueous ethanol, however, there is a much smaller spread in
relative reactivities, owing to bimolecular interaction between the chlorides and
the more nucleophilic solvent.

(8) Mass law effects: Ingold (294, page 362) has suggested that addition of
an anionic nucleophilic reagent different from the allylic substituent (a non-
common ion) should accelerate a bimolecular reaction and have no effect on a
unimolecular reaction. This would be strictly true only for solvolysis reactions in
which ion-pair formation accompanied by internal return is not involved, and
where salt effects are small. Except for these latter complications, the rate-deter-
mining step of a unimolecular reaction involves formation of a carbonium ion,
whose fate, once it has formed, does not ordinarily enter into the rate equation.
The rate-determining step in a bimolecular reaction, however, involves a nucleo-
philic attack on carbon, and any added reagent which can compete with solvent
molecules in this process will accelerate the reaction. This criterion has been
applied to the solvolysis of allylic chlorides by studying the effect of added
hydroxide or alkoxide ions on the rate of disappearance of chloride. Young and
Andrews (660) found that the rate of hydrolysis of crotyl chloride in aqueous
ethanol is increased by the addition of sodium hydroxide, while the rate of
hydrolysis of a-methylallyl chloride is practically independent of hydroxyl-ion
concentration. This result was taken to mean that the hydrolysis of the secondary
chloride is unimolecular, while that of crotyl chloride is partly bimolecular. This
criterion of mechanism has also been applied by de la Mare and Vernon (171,
629), who found that the rates of reaction of allyl chloride, 3-methylallyl chlo-
ride, and 1,3-dichloropropene with ethanol and aqueous ethanol are quite
sensitive to added alkali, while the solvolyses of a,a- and y,y-dimethylallyl
chlorides are unaffected by added alkali. Solvolyses of cinnamyl and a-methyl-
allyl chlorides were only slightly affected by the addition of alkali, while crotyl
chloride falls between allyl and a-methylallyl chlorides in sensitivity to added
base. It was concluded that the alkali-insensitive compounds undergo unimo-
lecular solvolysis and the alkali-sensitive compounds undergo bimolecular solvoly-
sis, a conclusion supported by the data on solvent effects already discussed. The
validity of this criterion of mechanism depends on the accuracy of the assump-
tion that hydroxide and alkoxide ions are so much more nucleophilic than solvent
molecules that relatively low concentrations of alkali will suceessfully compete
with solvent in bimolecular substitutions. This hypothesis is not definitely
proven but it is a reasonable one, since the conclusions inferred from the effect
of added alkali on rates of solvolysis are in agreement with those reached from
other kinds of evidence.

(4) Composition of reaction products: Much can be learned about the mech-
anisms of allylic solvolysis reactions by studying the products they form. If
only normal substitution product is formed, a bimolecular mechanism is clearly
implied but not necessarily required. It is conceivable that unimolecular sub-
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stitution could give only normal product, but there is no well-established example
of this. de la Mare and Vernon (171) found that solvolysis of {rans-1,3-dichloro-
propene in aqueous ethanol gives only the normal substitution product, in
agreement with other evidence that this reaction is a bimolecular displacement
of chloride by solvent. Allyl chloride and 8-methylallyl chloride probably undergo
bimolecular reaction with solvent in aqueous ethanol, but an investigation of
the products from isotopically labeled starting materials would be required to
establish this.

The solvolysis of most allylic halides yields mixtures of the normal and ab-
normal substitution products, and this is usually assumed to be evidence for
unimolecular substitution. In the cases where both members of a pair of isomeric
halides give identical mixtures of products, it is probable not only that uni-
molecular substitution is involved but that both isomers react via a common
intermediate. This could be either a classical mesomeric carbonium ion or an
ion-pair.

Usually, however, the two members of an isomeric pair of allylic derivatives
form somewhat different mixtures of solvolysis products under identical reaction
conditions. That is, a “product spread” is observed. (In the following discussion,
product spread is defined as the difference in percentage of primary substitution
product contained in the mixtures of solvolysis products formed by the members
of a primary-secondary or primary-tertiary pair of allylic isomers under identi-
cal reaction conditions.) The existence of a product spread definitely means that
both allylic isomers do not react exclusively with formation of the same ionic
intermediate, be it a solvated carbonium ion or an ion-pair. One of the two isomers
(the secondary or tertiary) may have reacted entirely by formation of a car-
bonium-ion or an ion-pair intermediate, but both of them could not have done
80, and neither of them may have done so. In this context, iniermediaie refers to
a true chemical entity, as contrasted with iransition stafe, which refers to a
configuration of atoms of maximum energy through which the system must pass
on its way from reactants to products.

One possible explanation for the occurrence of product spreads would be that
at least one isomer reacts by simultaneous Syl and Sy2 processes, thus giving
rise to a different mixture of products than that formed by Syl alone. However,
reasons have already been given for believing that solvolyses of allylic com-
pounds do not usually involve competing unimolecular and bimolecular
reactions.

A discussion of the various factors affecting product compositions and product
spreads in allylic solvolysis reactions is seriously hampered by the scarcity of
accurate data. Before the advent of quantitative infrared spectrophotometry,
the accurate analysis of solvolysis product mixtures required careful, often tedious
separations of isomeric ethers, esters, and alcohols by methods which did not
cause them to isomerize. Many of the solvolysis reactions reported in the litera-
ture were performed with the object of preparing and isolating only one of the
possible products, and even in those cases where both products were separated
it is usually possible to make only rough estimates as to the composition of the
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TABLE 9
Products of solvolysis reactions of allylic halides
Compound Conditions T:Rg:r' g;ggi?t’ Spread l?;fgé'
°C. per cent
CH:CH=CHCH:Cl 25 60
0.8 ¥ aqueous NaOH 22 (660)
CH;CHCICH=—CH: 25 38
CH,CH=CHCH:Cl 25 45
H;0-Ag:0 i (660)
CH;CHCICH=CHjy 25 34
CH;CH=CHCH,C] 39
H:0-Ags0 95 [ (659a}
CH:;CHCICH=CH: 33
CH:CH—CHCHCl 58
0.5 N Na.COs 25 19 {659a)
CH3CHCICH=CH: 38
CH:CH=CHCH,Cl 56
50% Aqueous acetone, CaCOs; 47 13 (650a)
CH;CHCICH=CH; 43
CH:CH=CHCH:Cl 59
8§0% Aqueous acetone, CaCOQs 25 19 (659a)
CH;CHCICH~=CH;s 40
CH:CH=CHCHS;Cl 68
0.5 N Na:COs in 45% aqueous 25 29 (660)
ethanol
CH,;CHCICH=CH:; 39
CH:CH=CHCHC] o '
C:H:OH + CaCO; 78 38 (859a)
CHsCHCICH=CH:2 53
CH;CH=CHCH-Cl 92
Ethanol 78 10 (121)
CHyCHCICH=CH: 82
CHyCH—=CHCH.Cl 70
Ethanol, Ag:O 78 24 (859a)
CHCHCICH=CH: 46
CH,CH=CHCH;CIl 60
CHCOOAg + CH:COOH 25 4 (539)
CH:CHCICH=CH: 56
|
CHsCH=CHCH:Br 65 ‘
10% NaCOs 100 11 | (659a)
CH;CHBrCH=CHj; 54
C:HyCH=CHCH,Cl 58
CHiC00Ag + CH:COOH 5 419)
C:H;CHCICH=CH 53
CoyH:CH=CHCH;Cl 45
Aqueous NasCOs 25 14 419)
C:H;CHCICH—CH: 31
CsHsCH=CHCH.C! CH3;COOAg 50 63 (419
CeHyCH=CHCH:Cl CHCOOX in CH;COOH 67 (419)
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TABLE 9—Continued

Compound Conditions T;x&e:r— ?,ﬁ?&ig Spread It;f::
°C. per cent

CsHiCH=CHCH;:Br AgNO; in C:HOH 45 (419)
CeH;CH—CHCH:Br 709% Aqueous C:H,OH, KOH 80 (419)
(CHy)sC=CHCHCI 48

CyH;0H + CaCOs 25 18 (659a)
(CHs):CCICH=CH2 30
(CHg)sC=CHCH:C1 15

10% Aqueous Na:COs 25 1] (659a)
(CHs):CCICH=CH_ 15
(CHj):C—CHCH.Cl 20

10% Aqueous NaHCOs (438)
(CH3)sCCICH=CH, 0
(CH,)2C=CHCHS;Cl 0

CH\.COOK in CH:COOH 25-50 25 (438)
(CHy)sCCICH=CH, 45
(CHs):C==CHCH:Cl 100 @)

HCOON=a in HCOOH 25 (446)
(CHs):CCICH=CHjs 50
(CHy):C=CHCH,Cl 100

CH3ONa in CH:OH 25-60 66 (438)
(CHa):CCICH=CHj 33
(CH3):C=CHCH:Cl 17

H:0 + AgiO 95 0 (859a)
(CH;)CCICH=CH; 16
(CHg):C=CHCH:CI 15

H:0 + Ag:0 25 0 (659a)
(CHgy)2CCICH=CHj, 14
(CH3):C=CHCH;Cl 35

CoH:0H + Ag:0 25 15 (659a)
(CH,):CCICH=CHa 20
(CHa1)sC=CHCH.C1 10% Na:CO3 95 (659a)
(CH3):C=CHCHCL) ! 40

Ethanol 60 10 (170)
(CH»):CCICH=CHa 30
(CHy),C=CHCH:Cl 55

CHyCOOAg in CHsCOOH 25 0 (659a)
(CH3):CCICH=CHj, 35
(CH#):C—=CHCH3Br 109 Aqueous Na:COs 25 [ (484)
(CH3):C=CHCH:Br H:0 + NaOH ]

H:0 + NaHCOs

H:O + CaCOs [ 95 19 =2 (659%)

H:0 + Ag:0
(CHg):C—=CHCH1Br 639, Aqueous acetone 25 19 (659a)
(CH3):C=CHCH:Br 83% Aqueous acetone 25 23 (659a)
(CH3):C—CHCH2Br 66% Aqueous acetone 55 12 (659a)
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TABLE 9—Concluded

Compound Conditions T:EI::T' Il;l;gﬁf‘l?é Spread I:;alfgg-
°C. per cent

(CH4):C=CHCH:Br H:0 + AgO 0 13 (659a)
(CHa):C—=CHCH:Br H20 + NasCOs

H30 -+ NaHCO,

H:O + CaC0s 25 14 (659a)

H0 + Ag:0
(CHg):C=CHCH;Br H:0 4+ NaOH 25 18 (659a)
(CHg):C~CHCH:Br CH3COOAg + CH3;COOH 25 52 (659a)
CoHiC (CHy)=CHCH:Cl CyH:OH 4 CaCOs 25 49 (636)
C2H;:C (CHs)—CHCH:Cl 12

10% Na:COy 25 0 (659a)
C:H:C(CH;)CICH=CH 12
CoHC(CHy)=CHCH,Cl 39

CH:OH 4 Ag0 25 13 (6592)
CaH;C(CH,y)CICH=CHa, 26
CaHsC(CHg)=CHOCH:Cl 14

Hi0 + Ag:0 25 2 (669a)
CoHsC(CHs)CICH=CH; 12
CoH3C{CH:)=CHCH:Cl 85

CH;;CO0Ag 4+ CH;COOH 25 1 (859a)
CoHsC(CH3)CICH~CHz: 54
CaH;C(CHy)==CHCH:Cl 109 NaOH 25 19 (659a)
CaHC(CH3)=~CHCHCL 100

CH:ONa in CH:0H 25~50 25 (2) | (440)
CyH,C(CH3)CICH=CH: 75
CeHC(CHy)=CHCH.CL 65

CH3;COOX in CH;COOH 25-50 15 (7) | (440)
CsHyC(CH:)CICH=CH, 50
CsH7C(CH3)=CHCH:Cl 15

109 NaHCOs 25-45 ca. 18 (440)
CoH:C(CH3)CICH=CH: ca, 0
CH;CH=CHCH=CHCHCl 10

Agueous NaHCO; 25 1] (443)
CH;CHCICH=CHCH~CH: 10
CH:CH=CHCH=CHCH:C1 25

CH:;COOK in CH;COOH 45 10 (443)
CH:CHCICH~CHCH=CH, 16
CeHsCH=CHCH=CHCH,C1 50% Aqueous dioxane 50 (442)
(CH;s):C=CHCH=CHCH;Cl CH;COOK in CH;COOH 25 80 (441)
(CHg):C—=CHCH=CHCH:CIL Aqueous NaHCOs 25 ca. 0 (441)
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original mixtures. The bulk of the quantitative data on which the following
discussion is based was obtained by W. G. Young and coworkers. The products
of solvolysis of a number of allylic halides under various conditions are collected
in table 9.

As kinetic and relative reactivity data would lead one to expect, product
spreads are greater in solvents of low ionizing power than in those of higher
ionizing power but similar nucleophilicity, and greater in hydroxylic solvents
than in carboxylic acids. This is true because solvolysis of both allylic isomers
will approach the limiting (ionic) mechanism as solvent nucleophilicity is de-
creased and ionizing power is increased; when both isomers react by the ionic
mechanisms, they will, of course, give identical mixtures of products (see table
10 for examples of reactions with zero product spreads). The primary member of
an isomeric pair is much more susceptible to nucleophilic interaction with solvent
than the secondary or tertiary member, and invariably gives the larger per-
centage of primary reaction product when product spreads are observed.

Electrophilic catalysts such as silver ion facilitate the formation of carbonium
ions, and product spreads are smaller in their presence than in pure solvent.
Product spreads for several allylic chlorides in ethanol, water, and acetic acid,
with and without silver ion, are given in table 10.

In any given solvent product spreads are greater for primary-secondary
isomer pairs than for primary-tertiary pairs. This is not surprising, since kinetic
data indicate that reactions of dialkylallylic halides are more nearly unimolecular
than those of monoalkylallylic halides. The butenyl chlorides, for example, give
product spreads in all solvents studied, while the dimethylallyl and methyl-
ethylallyl chlorides give product spreads only in ethanol, the least polar and
most nucleophilic of the solvents used.

Allylic solvolysis reactions which are truly unimolecular involve formation of
a mesomeric carbonium ion which can react with solvent at either of the two
allylic positions to give a mixture of normal and rearranged substitution products.
That is, the composition of the product mixture is subject to kinetic rather than
thermodynamic control. It is interesting that the thermodynamically less stable
product is almost always formed in greater than equilibrium proportion and is
frequently the major product of the reaction. At equilibrium the primary member
of a pair of allylic isomers will predominate by a factor of about 5 to 1 for a
primary—-secondary pair or a factor of about 10 to 1 for a primary—tertiary pair.
This is probably due to resonance stabilization of the primary isomer by hyper-

TABLE 10
Product spreads in solvolysis of allylic chlorides under standard conditions
System canoR | CHGH | mo A9 | cmcoon | GROXAs
[CH:CHCHCH:ICL ... vieeee 38 2 19 1 4
[C:HsCHCHCH:ICL ......vovns.n 13
[(CH)sCCHCHICL ................. 18 15 0 0 0
[CeHyC(CH3)CHCH.ICL............... 23 13 0 0 0
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TABLE 11
Products from allylic carbonium tons
e o cm  CH CHn  CH
Solvent N oy, ¢ em 7 e,
y / /

CsHs CHs H
HiOoooviiiiieie e 129 P 15% P 3% P
CeHOH. ..., 26% P 2% P 50% P
CHyCOOH. ..., 55% P 559 P 56% P

conjugation of y-alkyl substituents with the allylic double bond (29). Evidently,
hyperconjugation in the transition state of the reaction of the carbonium ion
with solvent increases the positive character of the secondary (or tertiary)
atom of the allylic system, since the secondary (or tertiary) solvolysis product
usually predominates in those reactions where ionic intermediates are clearly
involved. Table 11 gives produet compositions for reactions of allylic carbonium
ions with water, ethanol, and acetic acid. Figures quoted for the primary-
tertiary systems are, wherever possible, for reactions under conditions where
isomeric chlorides gave zero product spreads. Product compositions in ethanol
are those given by the tertiary halides in the presence of silver oxide. The values
given for the butenyl carbonium ion are produect compositions from silver-ion-
catalyzed reactions of the secondary halide. For all three systems the less stable
product predominates in ethanol and water, while the two products are formed
in approximately equal amounts in acetic acid. The proportion of primary prod-
uct given by the butenyl carbonium ion in reactions with water and ethanol is
considerably greater than that given by the two primary—tertiary systems, in
support of the view that hyperconjugation tends to increase the positive charac-
ter of the most alkylated carbon atom. The percentage of primary product formed
in acetic acid appears to be unaffected by structure of the allylic system and is
considerably larger than in water or ethanol. This finding is difficult to rational-
ize. Perhaps in the poorer ionizing solvent the SOH (solvent molecules) have to
cluster around a primary bond to give the best solvation, or else the anion of the
ion-pair is at the secondary—tertiary end of the allylic system and the SOH
(solvent molecules) more at the primary end.

Solvolysis product composition seems to be affected only slightly by tempera-
ture changes. Hydrolysis of either v,vy-dimethylallyl chloride or bromide gives
about 5 per cent more primary carbinol at 95°C. than at 25°C. Silver-oxide-
catalyzed hydrolysis of the butenyl chlorides yielded product mixtures with an
11 per cent spread at 25°C. and a 6 per cent spread at 95°C, (table 11),

(¢) Ion-pair intermediates

There is some reason to believe that the intermediate formed during unimolecu-
lar allylic solvolysis reactions is not always a solvated carbonium ion but may be
an ion-pair instead:
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Such an ion-pair could either react with solvent, giving solvolysis produet, or
undergo ‘‘internal return’ to the original halide or its allylic isomer,

Young, Winstein, and Goering (694) found that the acetolysis of «,a-dimethyl-
allyl chloride is accompanied by simultaneous isomerization to v,y-dimethylallyl
chloride. Addition of chloride ion to the reaction medium did not affect the rate
of this isomerization, thus ruling out the formation of a free carbonium ion fol-
lowed by simultaneous reaction of this ion with acetic acid and chloride ion.
This isomerization reaction does not appear to have a concerted intramolecular
mechanism, since such a process would not involve separation of charge and
should be essentially independent of solvent. The tertiary chloride does not
isomerize rapidly in the liquid state or during solvolysis in ethanol.

The question of whether the ion-pair involved in the isomerization reaction
is a transition state or an intermediate of appreciable life has not been settled.
However, it is more probable that the ion-pair is a common intermediate in the
isomerization and solvolysis reactions:

k,
y ——— solvolysis products

RCl =% ReCle —
o —— R0l
2

This formulation provides a reasonable explanation for the facts that isomeriza-
tion of the tertiary chloride does not occur during ethanolysis, and that acetolysis
and ethanolysis occur at very nearly the same rates. Unimolecular ethanolysis is
usually slower than acetolysis (240). In the nucleophilic solvent ethanol, k_; and
k2 are probably negligible compared to k,, so that the observed solvolysis rate is
essentially equal to k.. In acetic acid %, and k_; become important, so that the
observed rate of solvolysis is only a fraction of k,. The ionization step represented
by k1 is probably faster in acetic acid than in ethanol, as expected.

This conclusion is supported by the recent report of Goering, Nebitt, and
Silversmith (225) that in the acetolysis and ethanolysis of optically active cis- and
trans-5-methyl-2-cyclohexenyl chlorides the rate of loss of optical activity (k; in
the above scheme) is greater in acetic acid than in ethanol, while the rate of
formation of solvolysis products is actually less in acetic acid than in absolute
ethanol. For both isomers in either acetic acid or ethanol the rate of racemization
is greater than the rate of solvolysis and is unaffected by added chloride ion.
These facts, together with the observation that racemized chloride recovered
before completion of solvolysis has not undergone cis-trans isomerization,
strongly suggests that the solvolysis of these cyclohexenyl chlorides occurs by
an ion-pair mechanism similar to that proposed for «,a-dimethylallyl chloride.



800 R. H. DEWOLFE AND W. G. YOUNG

Intramolecular isomerization was found by de la Mare and Vernon (170) to
occur during the solvolysis of «,a-dimethylallyl chloride in 75 per cent ethanol,
a more ionizing solvent than absolute ethanol. This shows that the isomerization
is not uniquely associated with acetolysis, and demonstrates a dependence on
solvent polarity which would not be expected for a concerted intramolecular
process of the Syi’ type. They also found that in 75 per cent aqueous ethanol
which was 1 molar in LiCl*¢, isomerization of «,a-dimethylallyl chloride is
accompanied by exchange with chloride ion from the solution. Even in this 1 M
solution of chloride ion, however, a considerable part of the isomerization was
due to an intramolecular chloride shift.

Other evidence for the existence of ion-pair intermediates in unimolecular
displacement reactions is furnished by the solvolysis of optically active esters of
allyl alcohols. For example, the solvolysis of «,y-dimethylallyl hydrogen phthal-
ate in carboxylic acids and alcohols was found to be accompanied by extensive
racemization of the recovered unreacted ester (30, 32). Goering and Silversmith
recently made a detailed study of the hydrolysis of optically active cis- and
trans-5-methyl-2-cyclohexenyl acid phthalates in aqueous acetone (227). They
found that in 50-90 per cent aqueous acetone the rate of racemization (k;) is
greater than the rate of hydrolysis (%,). k1 and %, showed a strong dependence on
solvent polarity, and the ratio k1/k, was nearly independent of temperature and
solvent composition. These facts make it appear that a common ionic inter-
mediate is involved in both isomerization and solvolysis.

(d) Solvolysis reactions of optically active allylic compounds

Kenyon and coworkers have made an extensive investigation of reactions of
optically active allylic compounds of the type RCHXCH=CHR'. They found
that optically active hydrogen phthalate esters are hydrolyzed in neutral or
weakly basic media to alcohols of low optical purity (31, 323). Solvolysis of
resolved hydrogen phthalate esters in methanol, ethanol, formie acid, acetic acid,
and benzoic acid is accompanied by extensive or complete racemization, and in
some cases it was shown that mixtures of products are formed (2, 30, 32, 16,
186, 322). In the solvents of highest ionizing power, such as formic acid, complete
racemization was usually observed. In the alcohols, the product was active but
of low optical purity. The sign of rotation of the active products showed that
inversion of configuration had occurred. It was found that when the products of
solvolysis of y-methyl-a-propylallyl hydrogen phthalate and chloride were
hydrogenated, the small residual optical activity completely disappeared (16).
This means that the activity must have been due to normal substitution products,
since only the normal products lose asymmetry on hydrogenation. Optically
active allylic chlorides are also solvolyzed with varying degrees of racemization
and rearrangement. Hydrolysis of ,vy-dimethylallyl chloride was found to exhibit
first-order kinetics in 75 per cent aqueous acetone and to give alcohol of low
optical purity (17). y-Methyl-a-propylallyl and vy-methyl-o-ethylallyl chlorides
were hydrolyzed with much racemization and formed mixtures of alcohols
(2, 16). Acetolysis of y-methyl-a-propylallyl chloride gave racemic product, and
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methanolysis gave an ether of low optical purity whose activity disappeared on
hydrogenation (16).

All of these results are most readily accounted for by postulating a unimolecular
mechanism for the solvolysis reactions. The allylic systems involved are highly
activated by the a- and y-alkyl groups, and a carbonium-ion intermediate would
account for the formation of mixtures of racemic products.

IV. REpLACEMENT REACTIONS OF ALLYLI¢c COMPOUNDS

A. CONVERSION OF ALLYLIC ALCOHOLS TO ALLYLIC HALIDES
1. Introduction

Allylic halides are extremely useful starting materials and intermediates in
organie synthesis, They are much more reactive than saturated aliphatic halides,
and can be converted by suitable displacement reactions into unsaturated
alecohols, ethers, thiols, thioethers, esters, amines, acids, hydrocarbons, and many
other types of compounds. The analogous saturated compounds can often be
prepared from the allylic derivatives by hydrogenation. In addition, Grignard
reagents prepared from allylic halides react smoothly with many carbonyl com-
pounds which react poorly or not at all with saturated Grignard reagents. Since
allylic halides are usually prepared from allylic alcohols, it seems appropriate
to begin a discussion of replacement reactions of allylic compounds with those
reactions by which aleohols are converted to halides.

The reagents most frequently used in preparing allylic halides from the cor-
responding alecohols are hydrogen halides, phosphorus halides, and thionyl
chloride. Some of the reactions involved are stereospecific, while others usually
lead to mixtures of isomerie allylic halides. This fact, together with the lability
of allylic bromides and tertiary allylic chlorides, resulted in a considerable amount
of confusion in the early chemical literature. Before the phenomenon of allylie
rearrangement was discovered, an allylic halide was often assumed to be struc-
turally related to the alcohol from which it was prepared. This is quite frequently
not the case, and the discovery of allylic rearrangements was primarily due to
this fact.

Secondary allylic alcohols are conveniently prepared by condensing Grignard
f€aginw With o,B-unsaturated carbonyl compounds such as acrolein, and for
this reason they are frequently used as starting materials for the preparation of
allylic halides. Baudrenghien (46, 47) seems to have been the first to convert
vinylalkylearbinols to halides. He reported that reaction of two of these aleohols
with dry hydrogen chloride gave mixtures of isomeric chlorides. The products
obtained using hydrogen bromide were obviously mixtures, but were not easily
fractionated. Later workers gave conflicting reports. Some (72, 73, 123, 130, 163,
308, 484, 485) claimed that either the secondary alcohols or their primary isomers
were converted exclusively to primary bromide by treatment with hydrogen
bromide or phosphorus tribomide, while others (236, 285, 286, 287, 623, 681) re-
ported that mixtures of bromides are formed. While it has been realized for over
thirty years that formation of allylic halides from secondary alcohols is accom-
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panied by rearrangement, there was a period in which it was not known whether
the rearrangement was partial or complete, or whether rearrangement occurs
during or after the substitution reaction—that is, whether product composition
is subject to kinetic or thermodynamic control. The situation was particularly
complicated in the case of allylic bromides, owing to the ease with which they
isomerize.

The reactions of allylic bromides could not be interpreted correctly until the
question of their purity and lability had been settled. For example, reactions
reported to give partially rearranged products might actually be normal re-
actions if the bromides used were mixtures instead of pure products as frequently
assumed. The first attempts to determine the composition of the allylic bromides
formed by primary and secondary allylic alcohols used physical methods of
analysis such as fractional distillation at atmospheric pressure (46, 47) and
Raman spectra. Gredy and Piaux (236), who used the latter method, erroneously
concluded that the products formed by reaction of crotyl alcohol with hydrogen
bromide or a-methylallyl alecohol with phosphorus tribromide are identical
mixtures of c¢is- and frans-crotyl and a-methylallyl bromides.

Young and Prater (681) were the first to suggest that the problem involves
not only the composition of the bromides formed during their preparation but
also the extent to which they rearrange during purification. Young and Winstein
(652), a short time later, described a procedure whereby «- and y-methylallyl
bromides could be quantitatively separated without appreciable isomerization
by means of distillation at reduced pressure. They developed a method of calcu-
lating the composition of bromide mixtures from their refractive indexes. Using
these techniques, it was possible to study the composition of bromide mixtures
formed from various allylic alcohols under different reaction conditions and to
determine the equilibrium composition of mixtures of isomeric bromides (652,
673, 674, 678, 683). These results will be discussed shortly.

Allylic chlorides are considerably more stable than the analogous bromides,
and primary and secondary chlorides show little tendency to isomerize during
ordinary purification procedures. However, very little work has been done to
determine the variation in composition of product mixtures obtained using
different reaction conditions. Allylic iodides are so reactive and unstable that
very few of them have been prepared. It seems unlikely that isomeric allylic
iodides would be sufficiently stable to be separated.

2. Reaction of allylic alcohols with hydrogen halides

Allylic alcohols react with hydrogen bromide, hydrogen chloride, and hydrogen
iodide to form mixtures of isomeric allylic halides. These conversions can be
brought about in a number of ways. The allylic alcohol is frequently shaken or
stirred with a concentrated aqueous solution of the hydrogen halide, with or
without addition of a small amount of concentrated sulfuric acid. A saturated
solution of the dry hydrogen halide in glacial acetic acid may also be used.
Halide mixtures are frequently prepared by bubbling dry gaseous hydrogen
halide into the aleohol, or into a solution of it in ether or dioxane.

-
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TABLE 12

Composition of butenyl bromides obtained from crotyl and a-methylallyl alcohols and hydrogen
bromide under controlled conditions

Differences in
. . Composition of Bromides|" eﬁrg!‘;ni&epg?xgry
Reaction Conditions Butenol used Primary and
Secondary
Primary | Secondary Alcohols
48% HBrat —15°C..........coii i Primary 86 14 2.8
Secondary 83.2 16.8
489, HBr + Hz804at —15°C.........coiv it Primary 84 18 4.2
Secondary 79.8 20.2
Saturated HBrat 0°C............ccociiiiiiiiinninn, Primary 79 21 5
Secondary 74 26
HBrgasat —20°C....ccooiiiiii i Primary 83 17 12
Secondary 71 29
Glacial CH;COOH saturated with HBr gas.......... Primary 85.5 14.5 13.5
Secondary 72 28

Young, Lane, and Nozaki (673, 674, 678) studied the reaction of «- and
y-methylallyl alcohols with hydrogen bromide under a variety of standardized
conditions. They found that under all conditions studied similar but not identical
mixtures of primary and secondary bromides are formed by each alcohol, and
that these mixtures always contain more secondary bromide than the equilibrium
mixtures. Their data are summarized in table 12.

The mechanism of the reaction of allylic alcohols with hydrogen bromide or
hydrogen chloride is probably similar to that proposed for unimolecular substi-
tution reactions of allylic halides (page 784). The fact that identical product
mixtures are not formed by isomeric aleohols means that all of the reaction
product cannot arise from a common intermediate, i.e., from a mesomeric
carbonium ion. The experimental results are satisfactorily accounted for by a
mechanism in which part of the product arises by a direct displacement of water
from the conjugate acid of the alcohol by halide ion while the rest of the product
is formed by reaction of a solvated mesomeric allylic carbonium ion with halide
ion (674).

H, 0t + Br-
RCH=CHCH,OH ——— RCH=CHCH,OH, RCH=CHCH,Br
1L—H20 Bl"//
7 —Br-
[RCH=CH=:CH,* N

N\Br-

[ -H:0 —Br\\\
H,0* Br-

RCHOHCH=CH, RCHCH=CH, —— RCHBrCH=CH,

H:0

H, O+

This mechanism is probably somewhat oversimplified, but should be basically
correct. The bimolecular reaction may not be as clear-cut as pictured, since the
observed product spreads could also be due to a reaction involving displacement
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of water from conjugate acid molecules which are just beginning to form car-
bonium ions but which have not completely lost their structural identity.

OH,*

If strictly bimolecular displacement by bromide does occur, it is possible that
mechanisms Sx2 and Sx2’ are both operating. The formation of the conjugate
acid of the alcohol is very probably the first step of the reaction, but it is not
necessary to assume, as Ogg (659) has done, that the oxonium ion is the only
intermediate in the reaction of crotyl alecohol with hydrobromic acid.

No systematic study of the reaction of allylic alcohols with hydrogen chloride
or hydrochloric acid has been reported. However, it is known that with concen-
trated hydrochloric acid and dry hydrogen chloride isomeric allylic aleohols give
similar but not identical mixtures of allylic chlorides in which the primary
isomer predominates. Cuprous chloride was found to catalyze the reaction of allyl
alcohol with concentrated hydrochloric acid, even when present in low concen-
trations (299). The catalyst concentration was too low for an increase in chloride-
ion concentration to account for its action, so it seems likely that cuprous ion
is the effective reagent. This ion is a potent electrophilic catalyst for many re-
actions, and it may function in the present case by complexing with the hydroxyl
oxygen atom of the alcohol.

It is interesting that reaction of crotyl or a-methylallyl alcohols with hydro-
chloric acid or dry hydrogen chloride gives y-methylallyl chloride as the main
product (46, 121, 195, 147, 458, 507, 539), while addition of hydrogen chloride
to butadiene under a variety of experimental conditions gives mainly the second-
ary product, a-methylallyl chloride (327, 508). Both the addition and the replace-
ment reactions have been postulated to involve formation of an intermediate
allylic carbonium ion (167). This is very unlikely, since the two reactions give
widely different product mixtures. Addition of hydrogen chloride to butadiene
probably involves preliminary formation of a w-complex, followed by attack of
chloride ion at the secondary carbon:

H
.-""' + “"v«
CH,—CH-—(CH—CH,

T p—

C1
On the other hand, reaction of the alcohols with aqueous hydrochloric acid prob-
ably proceeds with formation of a mesomeric carbonium ion which reacts with
chloride ion to give mainly v-methylallyl chloride.

Table 13 contains a compilation of preparations of unsymmetrically substi-

tuted allylic halides from allylic alcohols using hydrogen chloride, hydrogen
bromide, and hydrogen iodide or solutions of them in various solvents. It is
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believed to be reasonably complete, with the limitation that where a compound
has been prepared by the same procedure by several people, the original reference
is frequently the only one listed. In the majority of cases the original references
do not contain exact data concerning product compositions. Those which do are

TABLE 13
Conversion of allylic alcohols to allylic halides by hydrogen halides
HCI Reactions HBr Reactions
Alcohol
Conditionst References Conditions References
CHBr=CHCH0H...............00 I (251%)
CH=~C=CHCH:0H I (113%)
CH:CH~CHCH:0H I, 11 (121, 128, 147, 195, { I, II,IIT, | (123, 201, 452, 673,
327, 458, 507, 539) v 674, 678)
CHiCHOHCH=CHz....covviinirirernrianenss I I (48, 208, 257*, 268*, | I, 1T, TII, | (46, 130, 208, 230,
539, 507, 385) v 390, 673%, 674)
CHOHCH=CHCH:CL...........coiiiiinenen II (363) Ir (619)
CHCCI=CHCH OH. ..ooivviivivcvviniiareenns II (246)
CHOI=C(CH)CHOH ..o v v v vvviiin i eenans I (247*, 623%)
CH=CHCHOHC=CH.........covivivnrrininn I (265%)
CoHiCH=CHCH20H.........ccvviviininieinns II (419%)
CoHCHOHOH=CHz2 ...ov vt viiviiianininines I (47, 381*%, 419*, I, v (47, 285, 289, 419,
420%) 683)
(CH)eC=CHCHOH.....ocvivviviiiinrinrens II (438%)
(CHg):C(OH)CH=CHa......ovvvvevns II (438%) I (129)
CH:CH=CHCHOHC=CH......... I (285*)
CHsCH=CHCH=CHCH.0H v (443%)
CH:.CHOHCH=CHCH=CHaz............ocvu.. v (443%)
7n-CsH/CHOHCH™CH2, .., 0 v irinviieiiinaes v (2886, 289, 683)
CH:CH=CHCHOHC:Hs............0vvenieeins I (196)
CoHC(CHs) QH)CH=CHaz...coovvvvvnininnnsen I (636%)
(CHg):COHC(CH)=CHz.........0ovvivinn, I (129)
CH~CHCHOHCHOHCH=CH2.............. II (289) I (239)
(CHy):CH=CHCH=CHCH:OH................ v (441%)
(CH):COH)CH=CHCH=CHz...........0... v (441)
n-CeHeCHOHCH=CHz........o v vvvnrnnianinen v (68, 59, 60)
CoHC(CH) (OH)CH=CHz. ... ivvvivniininins II (440™)
CTTO0H i Dry HClin | (224)
HsC_/ dioxane
CoH:OCH CH.CH=CHCH:0H............... II (507)
CoH:OCH:CH.CHOHCH=CHoa..... II (507)
(CHg):C(OH)CH=CHC(CHs):0H.. I (182, 292) I (32, 83)
CH;CH=CHCHOHCHo............ I 197) I (197)
CH,CH=CHCHOHCH:CH(CHz)z............. I 197) I (197)
CeHsCH=CHCH:20H. ........orvvviiiiinnnin I,II (124, 181, 355, 368, | I, II, III | (083, 102, 124, 131,
414, 419, 545) 355, 858, 408, 419,
430)
CoHaCHOHCH=CHz......oeorvirviarirnnines II (414, 419, 420, 618) | II, TIT (156, 365, 419, 430)
CH:CH~=CHCHOHC=CCiHo.......c0vvnnenn I (265)
CeHCHOHC (CH)=CHa. e vniieiviinninen I (385)
m-CHsCsHy,CH=CHCH0H.............couns II (102)
m-CHsCoHCHOHCH=CHz.......o0vveviernns II (102)
0-CH3CsH«CHOHCH=CHz2. ......ooonveivinnnn I (156)
CoH:CHyCHOHCH=CHa:. .......... I (156)
CoHyCH~C(CHs)CHOHCH, I @97 I (197
CoH;CH=C(CH:;)CHOHCHCH(CHa........ I 197 I (197)
(CHy)2:C=CHCH:CH:C (CH;s)=CHCH:0H..... II (182) II (182)
(CH3):C=CHCH:CH.C(CHs) (OH)CH=CHoz... I (182, 292) II (182, 292)
CeHCH=CHCH=CHCH:0H..........o.vvns v (442%)
CeH;CHOHCH=CHCH=CHz........0ci0vus.s v (442%)
CoH:CH=CHCHOHC:Hs......cvnvivivaiinns II (420)
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TABLE 13—Concluded

HCI Reactions HBr Reactions
Alcohol
Conditionst References Conditions References

CeH:CH:CH,CHOHCH=CH:.................. I (156)
CeHsCH:.CH:CH:CHOHCH—CH; . I (156)
CeH:CH=CHCHOHC(CHg)s...........ooevvnt. I (460)
2-ClCeH«CH=CHCCI—CHCHQHCHCl-p.,.. ¥ (588)
CeH:C=CH

/CZO ............................ Alcoholic (105%)
CoHiC—CH ne

OH

N\,

CHCHOHC(CH))=CHC=CCHs....... 1 (153%)
(CeHs):C(OH)CH=CHCsHs.................... I (700*)
(CeHs):C—CHCHOHCeH:..............ccttn v (699*)
RC=CC(CHy)(OH)CH=CHCl................. I (306)

HI Reactions
Conditionst References
CH:CH=CHCH:OH..........cccereiirerrnnnns I (123)
CH;CH=CHCH:OH.............coovvvn e I (419)
CoHCHOHCH=CH:. ... I (419)

1 Reaction conditions: I, concentrated HX; IX, dry HX; III, HX in CH;COOH; IV, HX in ethyl ether; V, con-
centrated HX and HeS8O04.

marked with an asterisk. The following generalizations can be made about the
other cases: The primary isomer, when there is one, predominates in all cases.
With a- or y-phenylallyl alcohols, the y-phenyl-substituted halide is usually
the only product obtained. The products from reactions of primary—tertiary
pairs of isomeric alcohols are predominantly primary, and in the case of bromides
only the primary halide is isolated.

3. Reaction of allylic alcohols with phosphorus halides

Allylic halides may be prepared from allylic aleohols by allowing them to
react with phosphorus trihalides or phosphorus pentahalides under a variety
of conditions. The yields depend on the particular aleohol, phosphorus halide,
and reaction conditions used. The reaction usually gives better yields with
phosphorus tribromide than with phosphorus trichloride, and phosphorus tri-
bromide has been extensively used for the preparation of allylic bromides.

In spite of the synthetic value of these reactions, little is known concerning
their mechanisms. A few studies have been made in which yields and product
compositions are reported, but many workers using these reactions for synthetic
purposes have not even reported yields of halides, and very few have reported
the proportions of isomeric allylic halides in their reaction products. Any discus-
sion of the mechanisms of these reactions is therefore largely speculative. The
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statements which are made in the following paragraphs are based primarily on

results of studies of reactions of phosphorus halides with saturated aleohols.
Phosphorus trihalides are non-polar acid halides, and the initial products of

their reactions with alcohols are alkyl phosphite esters (53, 209, 213, 360).

P(OR)s
ROH + PX; —{ROPX; + HX
(RO)PX

The type of ester formed depends on the relative proportions of phosphorus
trihalide and alcohol. In many cases, mixtures of alkyl phosphite and alkyl
halophosphite esters are obtained. These esters are stable enough to be isolated
in the absence of hydrogen halide. The reactions are usually conducted under
conditions such that the hydrogen halide produced by the reaction forming the
ester remains in the reaction medium. It can then react with the phosphite esters
to form alkyl halides and various phosphorus compounds (53, 209, 213, 507).

(1) (RO):P + HX — (RO);PH*X~ — RX 4+ (RO).PHO
(2) (RO)PX 4+ HX — (RO),PHX+X- — RX 4 (RO)PXHO
(3) ROPX, + HX — ROPX,H*X- — RX 4 X,PHO

4) (RO).PHO + HX — RX 4 ROPO(OH).
ete.

Reactions 1, 2, and 3 are similar and involve initial formation of a phosphonium
halide or possibly an unionized complex of HX and the trialkyl phosphite or
alkyl halophosphite ester. Trialkyl phosphites (1) react more readily with HX
than dialkyl halophosphites. Reactions of the type depicted in equation 4 are
much slower than reactions 1, 2, and 3. The reactions which actually form alkyl
halide frequently involve bimolecular displacements of a substituted phosphite
anion by halide ion, and the higher nucleophilicity of bromide and iodide ions
results in reactions analogous to 2 and 3 occurring more readily with these
ions than with chloride ion—hence the higher yields of RX usually obtained in
reactions with phosphorus tribromide. The formulation of the product-forming
step as a bimolecular displacement by halide ion is supported but not proven
by the well-known fact that optically active aleohols were converted to optically
active halides of inverted configuration by these reagents (294, page 392).

The above arguments may be extended with only slight modification to re-
reactions of allylic alcohols with phosphorus trihalides. The initially formed
phosphite esters from primary allylic alecohols are converted by action of HX
to a mixture of halides in which the primary isomer predominates, thus indicating
an Sx2 displacement by halide ion in the product-forming step. Secondary and
tertiary allylic alcohols, on the other hand, are converted to mixtures of halides
containing a considerable proportion of the primary halide (507, 673). The
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phosphite esters of secondary and tertiary allylic alcohols apparently react by a
predominantly ionic mechanism.

<+
(CH2=CH([)HO)3PHX' - (CHz--——CH(l)HO)zPHO =+

R R
[CHp=+CH=~CHR]* + X~

!
RCH=CHCH,X + RCHXCH=CH,

As expected, the allylic esters are more easily converted to halides by both the
Sx2 and the Syl mechanisms than are saturated alkyl phosphite esters. Re-
action of allylic alcohols with phosphorus trichloride frequently gives satisfactory
yields of allylic chlorides, while reactions of phosphorus trichloride with saturated
alcohols, particularly primary alcohols, often give very poor yields of chlorides
and much phosphite ester. The yields of allylic bromides obtained in reactions
with phosphorus tribromide are usually quite satisfactory.

Reactions of allylic alecohols with phosphorus trihalides are usually carried out
in the presence of varying amounts of pyridine. The advantage of having pyridine
in the reaction mixture is not clear, since the yields of halides and the composition
of the halide mixture do not seem to be markedly influenced by the presence of
small amounts of tertiary amines. Indeed, the presence of an excess of pyridine is
detrimental. In this case the hydrogen halide is removed from the system as fast
as it is formed by the esterification reaction, and the product of the reaction is
phosphite ester rather than allylic halide, When Meisenheimer and Link (419)
treated a-ethylallyl alecohol with phosphorus trichloride in the presence of an
excess of pyridine, no pentenyl chloride was obtained. Heating the reaction prod-
uct (probably phosphite esters) caused it to decompose with evolution of an
unsaturated hydrocarbon, while passing a stream of dry hydrogen chloride into
it gave a high yield of pentenyl chlorides.

Tertiary amines seem to serve no important purpose in reactions of allylic
alcohols with phosphorus trihalides, and their use probably persists more for
historical than for practical reasons.

Phosphorus pentahalides have been used to prepare allylic halides from alco-
hols. The initial step of this reaction probably yields allylic halide and phosphorus
oxyhalide; phosphorus oxyhalide can react with more alcohol, but this reaction
is much slower than the first step and frequently gives phosphate esters (210).

PX; + ROH — RX + POX; 4 HX
Landauer and Rydon (376) recently described a related method of preparing
alkyl and allylic halides. Triphenyl phosphite methiodide, prepared from tri-
phenyl phosphite and methyl iodide, reacts with a- and y-methylallyl alcohols to
give the allylic iodides in yields higher than 80 per cent:
+
(CeHs0):P + CH:I — (CeH;0):PCH; + I©
ROH l

(CeHs0);PCH; 0 + RI + GC,H;0H
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This reaction probably involves a preliminary alcohol interchange followed by an
Arbuzov rearrangement of the resulting allylic ester (14). Allyl chloride, bromide,
and iodide were prepared by refluxing allyl alcohol and triphenyl phosphite with
benzyl chloride, benzyl bromide, and methyl iodide, respectively. These re-
actions should be equally applicable to substituted allylic alcohols. When dry
hydrogen chloride was passed into a mixture of triphenyl phosphite and allyl
or crotyl alcohol, allyl chloride and butenyl chlorides (mostly y-methylallyl
chloride) were obtained. However, the hydrogen chloride alone should have
sufficed to convert the aleohols to halides. Allyl bromide was also prepared by
treating allyl alcohol with triphenylphosphite dibromide (134):

(CeH;0)P + Br, — (CeH;0)PBr, —05,

(CeHaO)zPOBI‘ + RBr + CsHsOH

This procedure was not tried with substituted allyl alcohols.

Primary allylic alcohols react with phosphorus trichloride to give mostly the
primary chloride with a few per cent of its allylic isomer (64, 243, 248, 257, 258,
380, 425, 507). This result is best explained in terms of an Syx2 substitution of
chloride for phosphite, as previously mentioned. Unsymmetrically substituted
secondary and tertiary allylic alcohols give mixtures containing comparable
amounts of the isomeric allylic chlorides (64, 231, 258, 326, 419, 507, 636), indi-
cating that an ionic mechanism is involved in these reactions. The same holds
true for reactions with phosphorus tribromide, with one reservation. Unless
special precautions are taken, the allylic bromides isomerize to an equilibrum
mixture during their isolation and purification, the net result being that most
workers report products consisting mostly of primary bromide, regardless of the
structure of the alcohol used. Young and Lane (673), using methods which do
not cause isomerization of the buteny! bromides, found that v-methylallyl alcohol
reacts with phosphorus tribromide in the presence of pyridine at low tempera-
tures to form a mixture of bromides consisting of about 95 per cent y-methyl-
allyl bromide. a-Methylallyl alcohol under these conditions yielded a mixture
containing 45 per cent y-methylallyl bromide and 55 per cent a-methylallyl
bromide. It was demonstrated that this mixture is formed in the actual reaction
of the secondary alcohol with phosphorus tribromide and is not due to isomeriza-
tion of a-methylallyl bromide during or prior to separation of the reaction prod-
ucts. Allylic alcohols with an aryl substituent or more than one alkyl substituent
on the a- or y-carbon atoms of the allylic system yield bromides which are par-
ticularly labile, and bromides obtained from such alcohols are invariably equi-
librium mixtures. In the case of aryl-substituted systems the thermodynamic
equilibrium is so far in favor of the y-aryl allylic bromides that these are the
only products obtained.

Phosphorus trichloride is usually used in the preparation of optically active
allylic chlorides from resolved asymmetric alcohols. The reaction occurs with
inversion of configuration and is usually accompanied by loss in optical purity
(5, 50, 64, 257, 394, 667). The formation of active halides of inverted configura-
tion is not necessarily due to operation of the Sx2 mechanism in these cases,
since the same product could be formed by a unimolecular reaction involving
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TABLE 14
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Conversion of allylic alcohols to allylic halides with phosphorus halides

Alcohol

Allylic Chlorides

|

Allylic Bromides

cljr?gicttilc?;s References c%ggiti::ilg:s References
CHCI=CHCH0H ...t it iiecini i PCls (847%)
CHCI=CFCH:0H (¢is and trans) ..| PCls, CsHsN (264*)
CH;~C=CHCH.0H................ ...| PCls, CsHsN | (118%)
CH.CH=CHCH:0H @rans)........ . PCly ; (507*, 123) | PBry (180)
CH:CH—CHCH:0H (cis and trans) PCls, CsH:N | (84, 237%, | PBrs, C:HUN | (59, 308, 354,
258%) 452, 673*,
678%, 682)
CHiCHOHCHTCHa. ....\.veeeeeee i eeeieeene PCl, CsHsN | (84, 231, | PBrs, CsH.N | (74, 163, 164,
507*) 235, 236,
452, 621,
873*, 678%)
CH:OHCH=CHCH20H (eis).........ooevveernininn PCly, CsHsN | (425%) PBr; (496, 619)
CHy=~CHCHOHCH:0H..............oeiiiieineann PBr;, C:HsN | (481%)
CH3;CCI=CHCH:0H (cis and trans).. ...| PCls, CsHsN | (261*)
CH:CCI=CCICH:0H (cis) .| PCls, CsHsN | (248*%)
CH~—CHCHOHCOOH.......... PBrs (524)
CH:~CHCHOHCOOR...........coi v PBrs (350, 522, 524,
525)
CHy=CHCHOHCN ...ttt PBr; (524)
C:H;CH=CHCH:0H PCls, C:IN | (233)
C:HiCHOHCH=CH: PCls, CsHsN | (326, 419%) | PBry, CsHsN | (70,71, 72, 163,
164, 163, 233,
289, 283, 418,
494, 495)
CoHsCHOHCH=CH:. .. ..t iie et viiieeniinannanene PCls (490)
(CHs)sC=CHCHOH. ...t PBrs, CsELN | (65)
(CHs):COH)CH=TCHz ....cocvvvviviiiinciiinennns PCls (875) PBrs; PBry - | (19, 312, 553,
CsHsN; 557, 570)
PBrs in pe-
troleum
ether
CHsCH=C(CHs)CH2OH............cooiiiiiinnnnns PClL;, CsHsN | (380) PBr;, G:H:N | (380)
CH:CHOHC(CH\)—CHz2 PBrs, C:HsN | (380)
HC=CCH=CHCH0H............oocoiiiiiiiiiiinnn PBrs, PBrs + | (125, 268)
CsHiN
HCO=CCHOHCH=CHz. .,.....coo v PBrs (125)
CH;CH=CHCHOHCHS; {(optically active)........... PCls, CsHsN | (5, 17, 50,
275, 304)
HC=CCHOHCH=CHCH:...........crvvvienrcnnn, PBr;, CiHsN | (268%)
HC=CC(CH)(OH)CH=CHa.........ovvvvivniiiinns PBrs, PBrs in | (108, 277, 278)
(C2H;):0
CHs~~CHCH:CHOHCH=CHz..........cc0ovtrriviinns PCls, C;HsN | (304%) PBr; (366, 367)
2-CHCHOHCH=CHz. . ..ecvieiiirinineiinenns PBrs, C:HsN | (71, 72, 163,
164, 237)
(CHa):CHCHOHCH=CHa........cooiiiinivirennnes PBrs, C:EHLN | (72, 163, 164)
CeHsCHOHCH=CHCH........ccooviiiiniiienienins PClL in (289)
(C:Hs):0
CoHsCHOHCH=CHCH. ....ovvvviii e i PCliin (284)
(CeHs):0
CoHsC(CHN(OH)CH=CHs. ...oovvvivieiiiviinnennns PCls, CsHsN | (636)
CH~CHCHOHCHOHCH=CHa.... PBrs (199, 482)
n-CiHCCHOHCH=CHs........ocivviiininirnnineins PBrs, CG:HsN | (711, 72, 161,
163,164, 165)
(—=)-C4HyCHOHCH=CHa.......oovvvnvvinn e, PCh in (395%) PBrs {(++) (398)
(C:Hi):20 [(+) RBr]in
RCl) (CoH5):0
A-CyHCHOHCH=CHCH:. ..o v vvinineieninnnes PClyin (284)

(CaHs)20
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Allylic Chlorides

Allylic Bromides

Alcohol - -
cﬁﬁﬁfﬁfﬁs References c%;ﬁ?gggs References
n-CiH;CHOHCH=CHCH:..............oevvvenenenns PCls; PClsin | (289, 291)
(CaH5)2:0
CoHyC(CH3) (OH)C(CH)=CHa......oveveivnnrennen, PBrs, CyHGN | (136)
CODOBOH. oo PCls in CeHe | (433)
COO0H. o, PClyin hex- | (224%)
H;C ane and
ether
n-CsHuCHOHCH=CHz.............cvcivirnannnan, PBrs; PBrs + | (163, 164, 232,
CyHsN 234, 455)
n-CHCHOHCH=CHCHs...............cevvvrrnn. PCls in (289)
(CaH;):0
[0F 7 C 0] 2 T PBr; (178)
OH
CH;CH=CHCH:CH.CHOHC=CHs................. PBr;, CsHsN | (228)
CH:OCH:CH=C(CH;)CH=CCH:0H................ PBr;, C;HN | (453)
CoHsCH=CHCH0H (C18) . ... veoivieviiienernnenn, PCls, CsHN | (243)*
CeHsCH=CHCHOH (frans)..............ccovveninn. PClsin CoHs | (545) PBrsin CeHe; | (232, 430, 545)
PBry
CeHECHOHCH=TCH:2. ........ciiviiiiiiiiniiinnins PBrsin CsHe; | (71, 72, 156,
PBr; 430, 494)
n-CeHuCHOHCH=CH...................ivvinninns PBry, C;HN | (184)
(CH3):C=CHCH.CH:CHOHCH~CH; PBrs, CsHsN | (643)
CH:CH:CH~CHCH.CH:CHOHCH=CHs. .......... PBrs, C;HsN | (282, 552, 596)
n-CrHuCHOHCH=CHz............cooiv e PBrs, CsHsN | (158, 160, 184)
o-(and p-)CH:CsH. CHOHCH~=CHa,.... PBr; (156)
CeHCH:CHOHCH=CHz.............0vvviiiiinnin. PBrs (158)
(CHs):C=CHCH:CH.C(CHs)=CHCH:0H........... PCls in pe- (192, 546, | PBrs, CsHN | (382, 485)
troleum 583)
ether or
CsHe
(CHy)2C=CHCH:CH:C(CH:)=CHCHOH........... PCly in pe- (546)
troleum
ether
(CH3):C=CHCH:CH.C(CHs) OH)CH=CH,......... PCls; PClsin | (182, 394, | PBrs, CsHsN | (389, §79)
CsHj or 475, 4786)
petroleum
ether
(CH3):C—CHCH:CH:C{CH)(OH)CH=CH,......... PClL in CHClL) (620)
(CHs):.C=CHCH:CH:CHOHC(CHy)=CHz........... PBrs, CsHsN | (558)
(CH,):CHCH:CH:CH:CHOHC (CH;)=CHos.......... PBrs, CGsH:N | (558)
(CHs):CHCHyCH:CHC(CH3s)(OH)CH=CHs........ PBr; in pe- (320)
troleum
ether
n-CeHrCHOHCH=CHz..............ciiiiivnnennn, PBr;, CsHsN | (164)
n-CoHisSCH(CH)CHOHCH=CHs.................... PBrs, C:HN | (164)
(CH3):C=C(CH;)CH:CH:C(CHs)(OH)CH—CHas..... PBr;, C:HsN | (320)
n-CyH1sCHOHCH=CHz..........oiiviiiiininiinnn, PBr;, CsH:N | (158, 160, 164)
(CH3):CH (CH1)sCH (CHs)CH.CHOHCH=CH,. ..... PBrs, CsHsN | (184)
n-CieHyCHOHCH=CHs.............ovviiiiiinnnnn. PBrs, CsHsN | (164)
CH:[CH(CH,;)CH:CH2:CHa2J:C (CH3)=CHCH0H.... PBri, CsHsN | (204)
CH,[CH(CH;)CH2CH,CH2):C(CHs)=CHCH.0H.... PBr; in pe- (319)
troleum
ether
CH;:[CH(CHs)CH:CH:CH:]:C(CH:)(OH)CH=CH:.. PBrs (313)
CH,\{C(CHy)=CHCH:CH:)i)C(CHs)=~CHCH,0H..... PBry, CG:HsN | (314)
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TABLE 14—Concluded

Allylic Chlorides Allylic Bromides
Alcohol ® . R
eaction eaction
conditions References cond?tions References
CH:lC(CHg)=CHCHCHz]:C(CHs) (OH)CH=CHo... PBrs, C:HsN | (314, 549)
CoHuCH=CHC(CH)(OH)CH=CHz............o0ts PBry (229)
CoHnCH:CHC(CH)~CHCH:0H................... PBrs (229)
CoHiCH:CHC(CHs) (OH)CH=CHa...............v. PBrs (220}
CoHisCH:CHiC(CH)(OH)CH=CHz.....ccvvev vnns PCls (550)
CeHyCH—CHCHOHCHOHCH=CHCsHs........... PBr; | (364)
CH;[C(CHy)=CHCH:CH:]:C(CHs)(OH)CH=CHoa... PBr;, CG:HsN } (547, 549)
CH;[CH(CHs)CH:CH2CH,JsC (CHs) (OH)CH=CIH3. . PBrs; PBryin | (179, 313)
petroleum (315)
ether
CH;[CH(CHy) CHCHCHsC (CoHy) (OH)CH=CHaz. PBr; in pe- (319)
troleum
ether
CH:[CH(CHs)CHCHCH2|;C (C:Hy) (OH)CH=CHo. PBrsin pe- (819}
troleum
ether
SRCH=CHCHOH. .. ... i PCls (488)
SRCHOHCH=CH2” ... i iiii i s PCL (488) PBry, CsEN | (73, 157, 168)
Q\)———-—CH(CHs)CH=CHCH(CHs)CH(CHa)z PBrg, C:EN | (178)
I
CHCH:0H
HO CH=CH: PBrs (5561)
joa
Ny
AVAS
RO
o HO CH=CH: PBry 354}
:\(\5
C’ \/
/ \)
CH,CO0

“unfree” carbonium ions (294, page 393) or ion-pairs. The stereospecificity of
phosphorus trichloride reactions is also taken advantage of in the preparation of
cis-y-substituted allylic chlorides from the corresponding cis aleohols (243, 248,
254, 257, 258, 261, 425, 667).

A number of different procedures have been used in preparing halides by re-
actions of allylic alcohols with phosphorus trihalides. The phosphorus trihalide
may be added slowly to the alcohol or a mixture of the aleohol and pyridine,
with or without cooling. Sometimes the alcohol is added to the acid halide, and
frequently one or both of the reactants are diluted with an inert solvent such as
ether, petroleum ether, or benzene. The reaction mixture can be worked up by
extracting it with dilute alkali or bicarbonate solution and distilling the organic
material. It is also possible to distill the allylic halides directly from the reaction
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mixture and then purify this crude product. No systematic study has been made
to determine the optimum conditions for conversion of allylic alcohols to allylic
halides by means of phosphorus trihalides.

Reactions in which unsymmetrically substituted allylic alcohols were converted
to allylic halides by treatment with halides of phosphorus are collected in
table 14. Reaction conditions are not described in detail, but mention is made of
. use of inert diluents or inclusion of pyridine in the reaction mixtures. An asterisk
by the literature reference number indicates that the composition of the allylic
halide mixture obtained from the reaction is reported in the original article.

4. Reaction of allylic alcohols with thionyl halides

Many reactions of thionyl chloride with allylic alcohols have been carried out
under conditions which lead to the formation of mixtures of isomeric allylic
chlorides. Recently, the usefulness of this reaction has been greatly increased by
the discovery of experimental conditions which lead to pure chlorides of com-
pletely preserved allylic structure and certain other conditions which give a
chloride of completely rearranged allylic structure (75a, 118, 119, 662).

The possible mechanisms for the reactions of saturated alcohols with thionyl
chloride have been clearly defined by Hughes and Ingold (144). They assumed
that the first step of such reactions is formation of the chlorosulfinate ester of the
alcohol:

ROH + S0Cl; — ROSOCI + HCl

That this assumption is reasonable is indicated by the fact that chlorosulfinates
of many primary and secondary alcohols have actually been isolated (211, 212).
The chlorosulfinate ester was then assumed to decompose by one or more of
three different processes, with the stereochemical results noted:

0
N AN N . .
1) —C 80 —» —C—Cl 4+ 8O, (Sxi; retention)
KN
Cl
!
AN / _ )
(2) —C—0s0oCl + CI- — ClC— (Sx2; inversion)
/ AN

N/ / (8x1; inversion with racemi-
(3) ¢+ + 80. + C — CIC— e zation)

The validity of mechanisms 1, 2, and 3 has been supported by the work of Boozer
and Lewis (66, 404) on the kinetics of decomposition of alkyl chlorosulfinates.
This mechanistic picture for saturated systems may be easily extended to
include allylic compounds. It may be assumed that allylic chlorosulfinates are
intermediates in the reactions of allylic aleohols with thionyl chloride. Allyl
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TABLE 15
Allylic chlorides expected from allylic chlorosulfinates
Mechanism Allylic Structure Optical Configuration
B2, e No rearrangement Inverted
BNl .o No rearrangement Retained
SNl Partial rearrangement Racemized
BN Complete rearrangernent Inverted

chlorosulfinate itself has been isolated, but the instability of substituted allylic
chlorosulfinates has made their isolation impossible. The allylic chlorosulfinates
may react by any or all of the processes (1, 2, and 3) formulated for the satu-
rated chlorosulfinates. However, in the case of the allylic systems, it is necessary
to consider whether or not allylic rearrangement will oceur, in addition to the
question of whether the configuration of any optically active center will be re-
tained, racemized, or inverted in the course of the various reactions. The results
to be expected for each mechanism are summarized in table 15.

An additional mechanism (Sxi’) is uniquely available to allylic systems. In
this mechanism, chlorine attacks the y-carbon atom of the allylic system with
simultaneous shift of the double bond and elimination of sulfur dioxide. It is
reasonable to expect that optically active chlorides would be formed from
optically active alcohols reacting by the Syi’ mechanism, since one particular
conformation of the transition state may be favored over all others.

H H H H Cl

as—0c & . o &
VRNV SN/
O R C R R’ C R

H H
This eyelic process (Sxi’) was first postulated by Roberts, Young, and Winstein
(539) to explain the predominance of rearranged chloride obtained from either
of the isomerically related allylic alcohols by Meisenheimer and Link (419).
Treatment of a-ethylallyl alcohol with thionyl chloride in the absence of a solvent
or with a small amount of ether as solvent produced a mixture of chlorides
containing about 80 per cent y-ethylallyl chloride, whereas analogous treatment
of y-ethylallyl alcohol gave a mixture of chlorides containing approximately 75
per cent of a-ethylallyl chloride (419).

Thus, allylic chlorosulfinates may conceivably yield allylic chlorides by at
least four different processes (659): Sx1, Sx2, Sxi, and Syi’. The most satisfactory
procedure for simplifying the study of the thionyl chloride reaction was to elimi-
nate competition by both the Sx1 and the Sx2 reactions by using a non-polar
solvent containing no chloride ion. This should make it possible to compare the
relative rates of the Syi and Sxi’ reactions. The exclusion of chloride ion was
difficult, since hydrogen chloride is generated during the formation of the allylic
chlorosulfinates which, in general, decompose too rapidly to permit isolation.
Fortunately, this difficulty could be overcome by carrying out the reaction in
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TABLE 16
Reaction of a- and v-methylallyl alcoholswith thionyl chlorideunder controlled conditionst (663)

p-ROH = CH,CH=CHCH,OH; s-ROH = CH;CHOHCH==CH,; p-RCl =
CH,CH=CHCH.C]; s-RCl = CH,CHCICH=CH,

Add to Solvent s-RCl $-RCl1
per ceni per cent
»-ROH 80Cls pentane 90 10
s-ROH S0Cla pentane 2 78
p-ROH S0CI; 4 CsHiN ether 22 78
s-ROH 80CL: + C:HsN ether 43 57
80CL p-ROH + (C(HuN ether 0 100
BOCls &-ROH + (CHo)N ether 69 31
p-ROH 80Cl: ether 99 1
s-ROH S0Cl ether 0 100
»-ROH BOCI: (5.6 M) ether 78 24
p-ROH 80Cl. 801 57 43
s-ROH 8S0CH, 80, 32 68
s-l}gOH B8OCI: 80: 3132' 68
(ap = +2.17°) *ap = +1.21° = retained
+ 62% racemized)
&-ROH 80Ch 802 32+ 68
(ol = +2.30% ((CsH):COl added) "o = +1.40° = retained
+ 59% racemized)
+-ROH BOCI: None 2533' 67
(o2 = +2.229) *(ap = +1.40° = retained

+ 599% racemized)

t Thionyl ehloride concentration 0.7 M except where otherwise noted.

relatively dilute solution (0.5 to 1.0 M) in anhydrous ethyl ether (75a, 118, 662),
which forms a hydrogen-bonded non-ionic complex with dry hydrogen chloride
(107, 126, 428). Using this ether technique, Young and coworkers (119, 662)
were able to convert a- and y-methylallyl alcohols into the pure chlorides of re-
arranged allylic structure (see table 16). This proves that the Syi mechanism
cannot compete with the Sxi’ process in non-polar media. Ether has been used as
a solvent for the reactions of thionyl chloride with allylic alcohols by other in-
vestigators (20, 37, 419), but in most cases the thionyl chloride concentration
was several molar. Consequently, the medium was semipolar in character and
more than one mechanism could operate. For example, when the thionyl chloride
concentration was 5.6 M, y-methylallyl alcohol gave a mixture containing 24
per cent of the unrearranged isomer (table 16). The use of the technique of dilute
(0.5 to 1.0 M) ether solutions has been extended to cis- and trans-e,y-dimethyl-
allyl alcohol (119) and cis- and trans-5-methyl-2-cyclohexenol (222), both of
which give only the rearranged (Sxi’) products under these conditions.
Examples of the stereospecific nature of the reactions included the conversion
of (—)-trans-o,y-dimethylallyl alcohol into (—)-trans-o,y-dimethylallyl chloride
(119) and (+ )-cis-5-methyl-2-cyclohexenol into (+)-cis-5-methyl-2-cyclohexenyl
chloride (222) with almost quantitative retention of optical purity. Although
the ether technique has been successful in many cases, it should be pointed
out that allylic alcohols having multiple or especially strong activating groups
may form chlorosulfinates which tend to react by several mechanisms. This
difficulty may be overcome by keeping the thionyl chloride concentration 0.1 M
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or less. Under these conditions, even cinnamyl aleohol has been converted quanti-
tatively into a-phenylallyl chloride. These conditions have the disadvantage of a
very slow rate of formation of the chlorosulfinate from the alcohol and the
handling of large quantities of solvent.

It is not possible to decide from present evidence whether the Syi’ mechanism
involves a one-stage concerted process or ionization to an intimate, rigidly
oriented carbonium ion—chlorosulfinate ion-pair (119, 361) followed by internal
return of the chloride component of the chlorosulfinate anion to give rearranged
chloride. The stereochemical consequences of either process would be identical.

Having established the conditions for isolating the Syi’ mechanism, it re-
mained only to add soluble chloride ion to the ether solution to measure the rela-
tive importance of the Sxi’ and Sy2 reactions. This was accomplished by carrying
out the reaction in the presence of tributylamine, which formed an ether-soluble
hydrochloride. With primary aleohols such as y-methylallyl alcohol, the bi-
molecular displacement reaction (Sx2) became dominant, and only a chloride of
preserved allylic structure was formed (662) (table 16). When only the tributyl-
amine hydrochloride was used, some rearranged chloride was formed. Thus, the
reaction is more complicated than it first appears. The chlorosulfinate ester may
react to form a quaternary salt with the free amine of the type:

¢
N N\
c c
/ N\
0

/
0S8

4 o
RN

In that portion of the ester which forms the quaternary salt, the Syi’ mechanism
is not possible, and only the Sx2 process can occur. In ether containing tributyl-
amine, a-methylallyl aleohol yielded a mixture containing only 68 per cent
a-methylallyl chloride (table 16). Steric hindrance at the secondary carbon
atom reduced the effectiveness of the Sy2 reaction and allowed the Sxi’ mecha-
nism to become competitive. This difficulty has been overcome in converting
secondary alecohols into secondary chlorides by preparing the diallyl sulfites.
These disulfites reacted with tributylamine hydrochloride by the Syx2 process to
give chlorides of completely preserved allylic structure. The use of other amines
such as pyridine, which form insoluble hydrochlorides, invariably has led to the
production of mixtures of chlorides. This may have been due to ionization
(Sx1 reaction) induced by absorption on the surface of the suspended solid salts.

Under ideal conditions for producing dissociated allylic carbonium ions from
allylic chlorosulfinates, both allylic isomers should give a common carbonium-ion
intermediate which reacts to form the same mixture of allylic chlorides with
complete racemization. Since a- and y-methylallyl alcohols reacted with thiony!



TABLE 17

Reactions of allylic alcohols with thionyl chloride

1

Alcohol Reaction Conditions Product Compositiont References
CHe=CHGHOH. ..ottt 80CI; to ROH 51% CH=CHCH.CI )
49%, CHs=—CHCH,Cl
CH:CH=CHCH:OH ., .........ocevniiuiiinns 80Cl: to ROH 46% CH:CH=CHCH:Cl (628)
549, CH;CHCICH=CH:
CHCH=CHCHOH., ........ooiviiiirrnaires SOCL: added to 50% CHyCH=CHCH,Cl @ (87
ROH in ether 41%, CH;CHCICH=CH,
CHyOHCH=CHCH20H ...........coveniernns 80Cl: to ROH -+ N @) 8)
CsHsN
CHa=CHCHOHCN . .....oivvviirnenrareannins 80Cl: to ROH + N (523, 524,
CsHsN 525)
CHaOHCH=CHCN.......cciitviriinrnnianess N (524)
CH:OHCH=CHCOOH............ N (528, 524)
CoHsCH=CHCH0H. ..........cvvvrririinnes 80Cl to ROH 25% C:HsCH=CHCH.Cl (419)
75% C:HsCHCICH==CHa
CoHsCH=CHCHz:OH..........oovvnrivniinnns ROH to 8OCI: N ) (567)
CoHsCHOHCH=CHz. .......civtveirararnnnes 80Cl: to ROH 80% C:HyCH=CHCH.Cl (419)
20% C:H;CHCICH=—CH,
CHo=CHCH=CHCH::0H..........ovenvevnns 80CI: to ROH N @) (657)
CH=CHCHOHCOOCH:.......ocvvreuenrins N @ (524, 525)
CHiCH=—CHCHOHC=CH. .......coevrerurr. 80Cl; to ROH + R (265)
CsHN in ether
CH:CH=CHCH=CHCHzOH................. ROH to 80OCI: 4~ N ) (827, 528)
CsHsN
(+)-CH:CH=CHCHOHC:Hs.........000nu... 80Cl: + quinoline (-} N () @
CoHiC(CH)(OH)CH=CHz. .....ocvvnenironrs 80C]: 4 CsHsN M (636)
CeHsCHOHC(CH)=CHaz. ......0oovvitrrinsuns 80OCI: + CsHiN N () (96)
CHp=CHCHOHCOOC:Hs. ....covvvivvninnnns N @) (522)
CSCHOE o, ROHinetherto | 8% <__ >=CHy @0)
8OCL in ether Cl
15% PO
OH
OHC__ Dfeia and Irans) ... SOCI: in ether R (224)
CH;0CH:CH=C (CH;) CH=CHCHOH....... 80Cl: + CsHsN N ) (453)
CeHsCH=CHCH:0H ...........oivviriinenirs 80CI; + CsHiN in N (217, 243)
CHClL
CeHsCHiCH=CHCHOH ..........tvvrennns S0Cl: N ) (667)
(CH3)C=CHCH;CH,C(CHs)=CHCH:0H....| 80Cl; 4+ CsHsN in M (37)
ether
(CH):C—CHCH:CHC(CHs)=CHCH:0H....| 80Cl: + CsHsN N @) (205)
(CHs)sC=CHCH:CH:C(CHy) (OH)CH=CHa. .| 80Cl; + CsH:N R @) (478, 478)
p-CeHsOC:H.CH:CH=CHCH:0H............. 80Cl N @) (587)
a-CiyH;CHCH=CHCH:O0H . ................. 80Cl N ® (567)
CH
VAN
l ! CCHa v 80Cl, R @ (104)
a4
s C\
CH, OH
C(CHy) (O CCeHs, . ..oovuvv v 80C!: M (106)
(CHs)2C
CO0———CH
C(CHs) (OH)CCeHs.vvvvvvnnnnens SOCls R () (103)
CdHiCH= C\ ‘
CO——CH

M = mixture; R = rearranged product; N = no resrrangement.
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chloride in the absence of solvent to give different mixtures of chlorides (see
table 16), it was necessary to find a better ionizing medium to isolate the Syl
mechanism from its competitors. Liquid sulfur dioxide should be ideal for this
purpose. When optically active a-methylallyl alcohol was allowed to react with
thionyl chloride in liquid sulfur dioxide, both with and without added chloride
ion, the same mixture of chlorides (68 per cent y-methylallyl chloride and 32
per cent a-methylallyl chloride) was formed. Contrary to expectation, only 60
per cent racemization occurred; the remaining 40 per cent of the a-methylallyl
chloride was of retained optical configuration (table 16). Comparable experi-
ments carried out in the absence of solvent gave the same results as those found
in sulfur dioxide. It would appear that the initially formed ion-pairs could collapse
at the secondary carbon atom with retention of optical configuration or dissociate
to give racemization plus rearrangement. The primary isomer, y-methylallyl
alcohol, gave 57 per cent of rearranged product in sulfur dioxide. Thus, it would
appear that the Syi’ process was still competing with the Sy1 process even in this
ideal ionizing medium.

Table 17 lists the reported reactions of allylic alcohols with thionyl chloride.
Reaction conditions and product compositions are indicated, with the usual
limitation that product compositions are those obtained from the work-up
procedures and do not necessarily represent the composition of the chloride
mixtures actually formed in the substitution reactions. If the experimental con-
ditions might lead to rearrangement or if the results do not agree with those
expected as a result of experience in this laboratory, the authors have indicated
this with a question mark in the table.

Thionyl bromide is an expensive chemical and seems to have no important
advantages over hydrogen bromide or phosphorus tribromide as a reagent for
the preparation of allylic bromides from allylic alcohols. It has been used for this
purpose in at least one instance, however (206). The procedure used was an in-
direct one: diallylic sulfites were prepared from the alcohols and thionyl chloride
in the presence of pyridine; these were isolated and treated with thionyl bromide
and catalytic amounts of pyridine hydrobromide. Mixtures of isomeric allylic
bromides were obtained, probably owing to isomerization of the initially formed
bromides during distillation, Yields of allylic bromides ranging from 43 to 74
per cent were obtained from alcohols of the type RCHOHCH=CH, (R = CH,,
C;H,, C,Hy).

B. OTHER REPLACEMENT REACTIONS OF ALLYLIC ALCOHOLS
1. Conwersion of allylic alcohols to esters of carboxylic acids

Allylic alcohols are readily converted to carboxylate esters by direct esterifica-
tion with carboxylic acids, by reaction with acid anhydrides, and by reaction
with acid chlorides. Transesterification reactions have also been used to a limited
extent for the preparation of allylic esters.

Certain of the esters, e.g., p-nitrobenzoates, are useful primarily as solid de-
rivatives for characterization of the alcohols. Hydrogen phthalate esters of
asymmetric allylic alcohols form salts with optically active bases such as brucine
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and strychnine, and are frequently employed in the resolution of the alcohols
(2, 15, 16, 18, 30, 33, 118, 183, 185, 194, 223, 322, 324, 667). Esterification of
tertiary allylic alcohols is frequently accompanied by allylic rearrangement, and
provides an indirect method for converting tertiary allylic alcohols into their
primary isomers. Many terpene alcohols are allylic (e.g., linalol and geraniol),
and their esters are used in the formulation of synthetic flavorings and perfumes.
Methods of esterifying linalol, geraniol, and other terpene alcohols have been
reviewed recently (388).

(a) Direct esterification

Esters of allylic alcohols may be prepared by simply heating the alcohol with
the appropriate carboxylic acid, with or without a trace of mineral acid as
catalyst. When no catalyst is used, primary allylie aleohols and secondary allylic
alcohols having no more than one activatingalkyl substituent on the a- ory-carbon
atoms of the allylic system usually yield only the esters formed by substitution
without allylic rearrangement. Secondary aleohols having an a-aryl substituent
apparently yield only rearranged esters when esterified with carboxylic acids
(322). When a- and y-methylallyl alcohols are esterified with the strong acid
trichloroacetic acid, similar mixtures of isomeric esters are obtained from both
alcohols (485). Mixtures of esters are obtained if a mineral acid such as sulfurie
acid is used to catalyze the esterification of primary and secondary allylic alco-
hols (667a). Tertiary allylic alcohols usually give mixtures of esters in which the
primary isomer predominates when esterified with carboxylic acids, with or
without a trace of mineral acid as catalyst.

Esterification of allylic alcohols could either involve attack of a protonated
carboxylic acid molecule or an acylium ion on the alcohol oxygen atom (I), or
reaction of an allylic carbonium ion with a carboxylic acid molecule (IT):

RCOOH i» [RCOOH,|+ —LCH=CHCHOHR —
)
~H:0 R'CH=CHCHR"OCOR (I)

/!
R'’CH=CHCHOHR” /-H*

[RCOJ
+H*
R'CH=CHCH(OH)R” ——= R/CH=CHCH(OH.)*R" —go’
[R'CH--CH-=CHR"']*
+RCOOH
—Ht+

R'CH=CHCH(OCOR)R” + R/CH(OCOR)CH=CHR"” (II)

[R'CH=~CH==CHR"]*

If a cation derived from the carboxylic acid reacts with the aleohol, the carbon—
oxygen bond of the alcohol should remain intact, and only normal substitution
product would be formed. This is probably what happens in the great majority
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of the cases reported. The second possibility, in which an allylic carbonium ion
(formed by loss of water from the conjugate acid of the alcohol) reacts with the
acid, would give rise to a mixture of isomeric esters. It is not possible tostate that
this mechanism operates in those reactions which yield partially rearranged
products, owing to the fact that the allylic esters themselves undergo acid-
catalyzed isomerization. Isomerization of initially formed normal products under
the influence of acids definitely does occur (see below), and may be the sole
factor responsible for formation of allylicly rearranged esters. A thorough study
of the relative rates of formation and isomerization of esters under a given set
of reaction conditions would be an important step toward solving this problem.
It is also possible that the alcohol itself undergoes an acid-catalyzed intramolecu-
lar isomerization prior to esterification, but this does not seem likely.

(b) Esterification with acid anhydrides

Primary, secondary, and tertiary allylic aleohols usually give the esters formed
by substitution without allylic rearrangement when allowed to react with an-
hydrides of carboxylic acids in the presence of one or more equivalents of a
tertiary amine such as pyridine. The esterification reaction probably involves
attack of the acid anhydride by the alcohol oxygen atom to form the ester and
one mole of carboxylic acid. The principal function of the tertiary amine iz to
neutralize the carboxylic acid as it is formed, thus preventing acid-catalyzed
isomerization of the initially formed ester. It is also possible to prevent isomeriza-
tion of an unstable tertiary allylic acetate by removing the acetic acid formed as
8 by-product of the esterification by means of azeotropic distillation (1).

Mixtures of products are often obtained when allylic alcohols with two or more
activating alkyl substituents are esterified with acid anhydrides in the absence
of tertiary amines, Young and Webb (691) found that when linalool, (CH;),C=
CHCH,CH,C(CH;)(OH)CH=CH,, is esterified with acetic anhydride in pyri-
dine, linaly! acetate is the only product obtained. When the reaction was carried
out without pyridine, only the rearranged ester, geranyl acetate, was obtained.
They also observed that linalyl acetate is isomerized to geranyl acetate when
allowed to stand at room temperature in acetic acid which was 0.1 M in phos-
phoric acid. The amount of abnormal product formed when «,a-dimethylallyl
alcohol and a-ethyl-e-methylallyl alecohol are esterified with acetic anhydride
increases when the reaction time is increased. The tertiary allylic acetates are
not rearranged by heating in pure acetic anhydride. All these facts support the
view that tertiary acetates are formed when tertiary allylic alcohols react with
acetic anhydride, and that these isomerize when heated in the presence of acetic
acid. Further evidence that the carbon—oxygen bond of the alcohol remains intact
during esterification with acid anhydrides is furnished by the fact that optically
active alcohols yield optically active esters of retained configuration and allylic
structure (15, 39, 118, 185, 275, 322, 324, 369).

Catalytic amounts of sulfuric acid have frequently been added to the alcohol-
acid anhydride reaction mixtures in esterifications of allylic alcohols (see table 18).
While this may speed the esterification reaction, it will certainly result in the
formation of mixtures of isomeric esters in the great majority of cases.
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(¢) Esterification of allylic aleohols by acyl chlorides

Most of the remarks made concerning reactions of allylic alcohols with acid
anhydrides apply also to reactions with acyl chlorides. Normal products are
usually obtained when the reactions occur in the presence of tertiary amines, and
mixtures of isomeric allylic esters are formed when a base is not present. The by-
product of these reactions is hydrogen chloride, & much stronger acid than the
carboxylic acids formed when acid anhydrides are used. Again, the alecohol
oxygen atom makes a nucleophilic attack on the reagent, and any rearranged
ester obtained is very probably formed by isomerization of the initially formed
normal ester.

Mills (424) reported that labile allylic alecohols undergo dehydration in the
presence of pyridinium ion. This resulted in low yields of esters when the alco-
hols were treated with acyl chlorides in pyridine solution, since pyridine hydro-
chloride is soluble in pyridine. Improved yields of esters were obtained by carry-
ing the reaction out in pentane or benzene solution; pyridine hydrochloride is not
soluble in benzene and therefore precipitates from the reaction mixtures as
rapidly as formed.

Optically active allylic alcohols react with acyl chlorides in pyridine solution
to yield optically active allylic esters of retained optical configuration and allylic
structure (15, 224, 226, 275, 322, 324). This is convincing evidence that the car-
bon-oxygen bond of the allylic alecohol normally remains intact during such
reactions.

(d) Allylic esters from allylic alcohols by transesterification reactions

A limited number of esters of unsymmetrically substituted allylic alcohols
have been prepared by transesterification reactions. When an alkoxide is used to
catalyze the reaction, the structure of the allylic moiety is not changed:

RCOOR'’ + R”"CH=CHCHOHR"’ — RCOOCHR"/CH=CHR" + R'OH

Kimel and Cope (335, 336) added the ethyl ester of the desired acid to the allylic
alcohol in which a small quantity of sodium had been dissolved. Crotyl malonate,
crotyl benzoylacetate, a-methylallyl malonate, a«-methylallylbenzoyl acetate, and
cinnamyl cyanoacetate were prepared in this way. Croxall and Van Hook (151)
prepared the dicrotyl ester of a substituted succinic acid by a similar procedure.

Acetoacetate esters of a number of allylic alcohols were prepared by adding
diketene to solutions of sodium in the alcohols (335).

Table 18 lists reactions of unsymmetrically substituted and optically active
allylic alcohols with carboxylic acids, acid anhydrides, and acyl chlorides.
Reagents are listed, and reaction conditions indicated.

2. Conversion of allylic alcohols to ethers

There are three principal methods of preparing allylic ethers. One of them, the
reaction of alkoxides and phenoxides with allylic halides, is discussed elsewhere.
Allylic ethers can also be prepared from allylic alcohols, either by converting the
aleohol to an alkoxide and allowing this to react with an alkyl halide or alkyl
sulfate, or by treating the allylic alcohol with an alecohol in the presence of an
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acid catalyst. Allylic ethers have also been prepared by transetherification re-
actions between vinyl alkyl ethers or acetals and allylic alcohols, but this method
has not been widely used.

(a) Reaction of allylic alkoxides with alkyl halides

Allylic alkoxides react with alkyl halides to produce allyl alkyl ethers. The
reaction is probably a bimolecular nucleophilic displacement of halide ion from
the alkyl halide by the allylic alkoxide ion and is of particular interest because
of its stereospecificity. The carbon—oxygen bond of the alcohol remains intact
throughout the synthesis, and no products of allylic rearrangement are obtained.

RCH=CHCHOHR' L.

RCH=CHCH(O-)R'M+ 2%, RCH—CHCH(OR")R’
Optically active allylic alcohols are converted to optically active allylic ethers of
retained configuration and undiminished optical purity (15, 185, 275, 640).
Allylic aleohols may be converted into the corresponding alkoxides by treat-
ment with an alkali metal or with a strong base such as sodium amide or sodium
hydride. Aqueous alkali has also been used for this purpose. Alkyl bromides or
iodides are the usual alkylating agents, but methy! sulfate has also been used.

(b) Acid-catalyzed etherification of allylic alcohols
When an allylic alcohol is added to an excess of a non-allylic alcohol in which
an acid catalyst is dissolved, mixtures of allyl alkyl ethers are formed:

RCH—CHCHOHR' + R"0H oo

RCH==CHCH(OR")R’ 4+ RCH(OR")CH=CHR/'

A similar reaction occurs when an acid catalyst is added to an allylic alcohol;
all of the possible diallylic ethers are formed (485, 679).

+H*
—
-H;0

RCH=CHCHR'—0O—CHRCH=CHR’' -
R'CH=CHCHR—O—CHRCH=CHR'

RCH=CHCHOHR/’ RCH=CHCHR'—O—CHR'CH=CHR +

Ease of acid-catalyzed ether formation is greatly increased by alkyl or aryl
substituents on the a- and y-carbon atoms of the allylic system. Optically active
allylic alechols yield ethers which are extensively or completely racemized (30).
These observations, together with the fact that allylic rearrangement usually
accompanies the etherification reaction, suggest that acid-catalyzed etherifica-
tion involvesan allylic carbonium-ion intermediate. This would be formed by loss
of water from the conjugate acid of the alcohol and would react with alcohols to
form mixtures of allylic ethers or with water present in the reaction mixture to
form a mixture of allylic alcohols:
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RCH=CHCHOHR/

! I 4+ RCHOHCH=CHR/’
\» o
RCH=CHCH(OH,)R'* —HO, [RCH-CH-~CHR'}*
I JR”OH

RCH(OR"”)CH=CHR’ -+ RCH=CHCH(OR")R’

A less likely alternative mechanism would be concerted displacement of water
from conjugate acid II by alecohol molecules. This would require that bimolecular
displacement by mechanisms Syx2 and Sx2’ occur at similar rates. The activating
effect of a- and y-substituents is much more easily accounted for in terms of the
unimolecular mechanism, although substituent effects have not been established
for a bimolecular reaction of this charge type.

The formation of diallylic ethers in which both allylic groups have the re-
arranged structure in self-etherification reactions could be due either to isomeriza-
tion of the alcohol preceding the etherification reaction, or to isomerization of the
initially formed ethers in the presence of the acid catalyst. It is likely that acid-
catalyzed isomerizations of allylic ethers are frequently involved. In the self-
etherification of «,c-dimethylallyl alcohol, low pH favors formation of the
thermodynamically most stable primary-primary ether, while higher pH favors
formation of the primary-tertiary diallylic ether (388). It also has been shown
that either of the isomeric methyl ethers formed from a,a-dialkylallyl alcohols
and methanol in the presence of sulfuric acid is rearranged to an equilibrium
mixture of primary and tertiary ethers on standing in acidic methanol solution
(439).

Certain vinyl ethers have been reported to undergo acid- and base-catalyzed
transetherification reactions with allylic alecohols (149, 150). The resulting vinyl-
allyl ethers can also be prepared from the corresponding acetals:

(C.H;0), CHCH, COOC,H;
RCH=CHCHOHR' - or ——
C.H; OCH=CHCOOC,H;
RCH=CHCHOCH=CHCOOR"
RI
R"” = C:Hy or RCH=CHCHR/'.

Several reactions have been reported in which ether formation is accompanied
by 1,5-shifts of the allylic type. Thus, Ushakov and Kucherov (616, 617) showed
that the following rearrangement occurs during the conversion of substituted
furyl carbinols into substituted levulinates:

I - 1
o CR'R” HO RO«[J—-—CR’R” + O CR'R"”
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Badger and Pearce (27, 28) found that the acid-catalyzed dehydration of
certain 9,10-dihydro-9,10-dihydroxyanthracene derivatives yields rearranged
ethers, and proposed the following mechanism to account for their results:

CH2 'R'O\ CH,R CH,R
/N NN
ll H*
R’OH I R'OH
N Y VAV
on B CHR R’OCHR

Table 19 lists etherification reactions of unsymmetrically substituted allylic
alcohols. Both acid- and base-catalyzed reactions are collected in the table;
reagents and reaction conditions are indicated, and the principal products of the
reaction are listed in most instances.

C. REPLACEMENT REACTIONS OF ALLYLIC HALIDES

Owing to the ease with which they can be converted into unsaturated com-
pounds containing almost all of the functional groups of organic chemistry,
allylic halides have played an important role in organic synthesis for several
decades. The usefulness of unsymmetrically substituted allylic halides is some-
what reduced by the fact that their reactions are frequently accompanied by
partial or complete allylic rearrangement.

Much of the earlier literature on reactions of allylic compounds is of question-
able value today owing to the failure of early workers to recognize the possi-
bility of allylic rearrangements. A comprehensive survey of the literature on this
topic is also handicapped by the fact that mixtures of isomeric halides were often
used as starting materials rather than a single halide, as supposed by the investi-
gator. It is difficult to assess the reliability of synthetic experiments performed
without an awareness of the possibility of abnormal product formation, especially
when this product could arise through use of impure starting materials as well
as by allylic rearrangement.

In the pages which follow, the various replacement reactions are discussed
both from the standpoint of their synthetic utility and with regard to reaction
mechanisms which may be operating.

Knowledge of organic reaction mechanisms in general and mechanisms of
allylic rearrangements in particular is sufficiently advanced for a discussion of
mechanisms to be desirable. It is hoped that emphasis of reaction mechanisms
will enable the practicing chemist to choose reaction conditions which are most
likely to lead to the desired product. An awareness of mechanisms should also
reduce the number of erroneous reports which appear in the literature even today.
Reaction conditions which are certain to give the same products from either of
two isomeric halides must be avoided in “‘structure proofs” of these halides.
Time and effort are frequently expended on reactions which give difficultly
separable mixtures of produects, while the desired compound could be prepared
in pure form simply by changing the reaction conditions.
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An attempt is made to indicate in the tables which follow the discussions of the
various replacement reactions whether normal, rearranged, or mixed substitution
products were obtained. The tendency of the synthetic chemist to isolate and
purify only the major product of a reaction seriously handicaps this effort.
Whenever a single product was reported for a reaction which was carried out
under conditions which almost invariably lead to partial allylic rearrangement,
a question mark is placed after the product concerned. A question mark after the
structural formula of the halide used indicates that there is reasonable doubt as
to its purity or structure. Unless special precautions are taken, allylic bromides
isomerize rapidly to equilibrium mixtures consisting mostly of the primary
isomer, and most early workers erroneously assumed that they were using pure
primary bromides rather than equilibrium mixtures. The “primary bromides”
listed in the tables usually contained 10-25 per cent of their tertiary or secondary
allylic isomers.

1. Hydrolysis of allylic halides

Since allylic halides are considerably more reactive than the corresponding
saturated halides, they are readily hydrolyzed to allylic alcohols. However, this
procedure is of limited usefulness in synthesis because the alcohols themselves
are one of the best sources of the halides. A further objection arises from the
fact that special care and control must be exercised to prevent formation of
mixtures of aleohols and ethers. When mixtures are formed, separation of the
isomeric alcohols and ethers is often difficult. In spite of this it is sometimes
necessary to prepare allylic alcohols by hydrolysis of the halides, since the par-
ticular halide may be readily prepared by allylic halogenation of olefins or by
addition of hydrogen halides or halogens to dienes. Even in these cases, better
yields of alcohols can often be obtained by converting the halides to acetate
esters by bimolecular displacement with acetate ion and saponifying the esters.

Hydrolysis of allylic halides usually occurs by the unimolecular mechanism,
as indicated by the formation of mixtures of isomeric alcohols. Alkaline hydrolysis
of primary allylic halides having no more than one y-alkyl or halogen substituent
in relatively non-polar solvent mixtures such as aqueous dioxane sometimes yields
only normal substitution products. In these cases bimolecular displacement of
halide by hydroxyl ion is probably involved. For example, 5-butoxy-1-chloro-2-
pentene and its allylic isomer are reported to be hydrolyzed by alkali without re-
arrangement (509, 516). Young and Andrews (660) found that the composition
of the alcohol mixture obtained from hydrolysis of crotyl chloride is sensitive
to the presence of alkali in the reaction mixture, evidence for a bimolecular
reaction with hydroxyl ion. Second-order kinetics was observed for the alkaline
hydrolysis of allyl and methallyl chlorides in 50 per cent aqueous dioxane,
acetone, and ethanol (480), and for the hydrolysis of several primary allylic
chlorides in alkaline 50 per cent aqueous ethanol (11).

Under ordinary experimental conditions, secondary and tertiary allylic halides,
and primary halides having two y-alkyl or one y-aryl substituent, are hydrolyzed
predominantly or entirely by the unimolecular mechanism. Even primary



REACTIONS OF ALLYLIC COMPOUNDS 835

halides activated by a single y-alkyl substituent, such as crotyl chloride, undergo
unimolecular hydrolysis to an important extent (660). Pertinent kinetic studies
are referred to in the discussion of the unimolecular mechanism of substitution
(page 784). The prevalence of unimolecular hydrolysis is the reason why most
unsymmetrically substituted halides yield mixtures of hydrolysis products, and
why optically active allylic chlorides give racemic hydrolysis products (2, 32,
275).

A variety of experimental conditions have been used for effecting hydrolysis
of allylic halides. Usually, for preparative purposes, a mixture of the halide
and an aqueous solution of a weak base is agitated until hydrolysis is complete.
A strongly alkaline solution (i.e., sodium or potassium hydroxide) is unnecessary
and offers no marked advantage except in the hydrolysis of the less reactive
primary allylic halides. It is advantageous to keep the reaction medium at least
slightly alkaline, however, in order to neutralize the hydrogen halide produced
by the hydrolysis reaction. The presence of strong acid in the reaction mixture
promotes the side reactions which form ethers, and the accumulation of large
amounts of hydrogen halide in the reaction solution results in establishment of
an equilibrium between alcohol and halide so that the reaction cannot go to
completion. Aqueous bicarbonate solutions are frequently used to neutralize the
acid liberated by the reaction, but a suspension of powdered calcium carbonate
is more satisfactory. Sodium and potassium hydroxide solutions are also used.

There are a few reports of alcoholic sodium or potassium hydroxide being used
for the hydrolysis of allylic halides. Aqueous alcohol, with or without added
alkali, has also been used. While aqueous ethanol mixtures make it possible to
carry out the reaction in a homogeneous, single-phase system, alcoholyris occurs
simultaneously with hydrolysis, resulting in the formation of ethyl ethers as by-
products.

Although silver oxide catalyzes the hydrolysis of allylic chlorides, it generally
results in the formation of diallylic ethers as well as alcohols. Cuprous chloride
also catalyzes the reaction, but its use has been limited mostly to kinetic studies
(246, 256, 257) in which the reaction products were not isolated.

Since most allylic halides are only sparingly soluble in water, hydrolysis reac-
tions have usually been carried out in two-phase systems. The existence of two
separate phases in the reaction system has the disadvantages of slowing down the
hydrolysis reaction and increasing the proportion of ethers formed as by-products.
This latter difficulty arises from the relatively high concentration of allylic
alcohol present at the water-organic interface during the late stages of the
reaction. Since most halides hydrolyze by the unimolecular mechanism, the
allylic carbonium ion can react with alcohols to give ethers as well as with water
to give alcohols. Reaction rate is increased and by-product formation is de-
creased if the reaction mixture is efficiently stirred.

The use of mixed solvents such as aqueous dioxane and aqueous acetone
would be expected to reduce ether formation, since homogeneous reaction mix-
tures would be possible. However, the presence of the organic solvent would slow
down the reaction and complicate isolation of the reaction produects.



836 R. H. DEWOLFE AND W. @G. YOUNG

Allylic halides may be unstable intermediates in the hydrolysis of certain sub-
stituted e-halo ketones and vinyl halides. Thus, chloroketone (I) is hydrolyzed
by aqueous barium carbonate or silver oxide to rearranged hydroxyketone (II).
Presumably, the enol of the chloroketone is an intermediate in the reaction (187):

2,6-(CH; 0),CoH, CH, COCH,C1 &,

I
[ArCH==C(OH)CH,Cl] — ArCHOHCOCH;
II

The unsaturated bromo acid (III) is hydrolyzed in alkaline solution to a mixture
of acids V and VI. In this case the first step of the reaction is probably a proto-
tropic rearrangement to allylic bromide (IV), which undergoes hydrolysis and
rearrangement to the observed products (467, 468).

(CH;), C=CBrCOOH

I
\OE- (CH;), CH=COCOOH
: / v
[CHy=C(CH,)CHBrC00-] —(
IV .
CH, OHC(CH;)=CHCOOH
VI

Table 20 lists unsymmetrically substituted and optically active allylic halides
which have been hydrolyzed to allylic alcohols. The third column gives product
compositions. With regard to product compositions, it should be kept in mind
that authors frequently neglect to mention minor components of reaction mix-
tures, 50 that mixtures are much more prevalent than indicated by the table.

2. Conversion of allylic halides to ethers
(a) Reaction with alcohols and alkoxides

Allylic halides are converted to allylic ethers by reaction with alcohols and by
treatment with alcoholic alkoxides:

| (E R/OH 1] | [ ]
R—C=C— I——X R R——CIJ=C—(|J—OR’ and/or R—({J(OR’)C=C—
Reactions with alcohols in the absence of alkoxides usually yield mixtures of
isomeric ethers, and unimolecular substitution (Sy1) is probably involved in the
great majority of cases.

Since alcohols are relatively non-polar solvents and alkoxide ions are strongly
nucleophilic reagents, most primary and many secondary allylic halides react
with alcoholic alkoxides by the normal bimolecular mechanism, giving only
products of normal substitution without allylic rearrangement. Reactions of
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TABLE 20

Hydrolysis of allylic halides
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Reaction Conditions

Product
Compositiont

References

CHe=CHCHClz2...........vvvnnn
CHe=CHCHC.........0vvvvens
CHe=CHCHCl2.................
CHCI=CHCHCI. ..............
CHCI=CHCHsCL. ..............
CHCI=CHCH:Cl. ..............
CHBr—CHCH:Br................
CHCI=CHCHI.................
CHCI=CFCH:sBr.................
CHe=C=CHCH;Cl
CHy=—C==CHCH:Br PPN
CH:CH=CHCH:Cl + CH;CHCICH=CHs.......
CHsCH=mOHOHCL, ot vvvinniiirenrorearinnnsirins
CH:CH=CHCH:Cl................ EETTTETOITI

CHsCHCICH=CHs......covvveviiiviriinniieens
CH:CHCICH=CHs. ......ovvvveirireerarierienes

CHsCCl=CHCHCL........civiiiiiiirinnniiinens

CHCCI=CHCHCl.......civeurnrieeiicrineneren
CHCCl=CHCH:Cl.............
CH:CCl=CHOCH.Cl....
CHyCHCICH=CHC]....
CHCI=C(CH:)CH.CL. .
CHyCH=CCICH:CI....
CH:CICH=CHCH:Cl...
CH.CCI=CCICHC]....
CHCCl:CCl==CHa. ....
CHz=C(CH)CClL......
CCle==C(CHy)CHCL....
CH:CH=CHCH.Br {?).
CH;CCl=CHCH,Br....
CHyCH=CHCH.Br (?).
CH:CH=CHCH;:Br (?). .
CHsBrCH=CHCOOH...........ovieerriinnerens

CHBrCH=CHCN .....ccoeririirisniiansariennes
CH3BrCH=CHCH:zBr.......... .o vciiiiiiennnes
CeH CH=CHCH:Cl.......oivvviiiiinniiiannnnnn
CoHsCHCICH=CHz......vvvnivviivennnieianiinns
CH:CHCIC(CH)=CHa. ....0vveirerrirneninaiss
CH:CH=C(CH;3)CH:Cl...........
(CHa)sC=CHCH:Cl...............
(CH)2C==CHCHsCL......cieviiiinviiincnnniinns
(CH)tCCICH=CHz.......covvtirvrerrinrerieniss
(CHg)oCCICH=CHa...........c0eus Veeeeienies

(CHy):C=CHCH:Br (®)........ ey
(CHg)C=CHCH2Br ). ..oivvviiriininniiireinas

(CHa)2C=CHOCHIBr (). .crvvirirrrrcnacioruansns

CH:CHBrCH=CHBr ®)........... Veerseerienes

Aqueous C:H:OH
HyO + Ag:0
Aqueous NaOH
Aqueous Na2COs
H:0 4 Ag:0
Aqueous CoXHsOH
Aqueous Na:COs
Aqueous KOH
Aqueous Na;COs
Aqueous NaHCOs
Aqueous NaHCOs
H:0 4+ CaCOs
H.0 4- Ag:0
Aqueous NazC0;s or
NaOH
HO 4 Ag:0
Aqueous NazCOs or
NaOH
Aqueous NasCOs

Hz0 4- CaCOs

.| Aqueous CuCl + HC1
.| Steam

...| Aqueous NaOH
...| H20 4 CaCOs

...| Aqueous Na2COs
...| Aqueous Na:COs
...| Aqueous Na:COg
...| Aqueous NasPOy
...| Aqueous NasPOy
...| Aqueous NazCOs
...| Aqueous Na:COs
...| Aqueous NaOH

.| H:0

H20 + AgeO; aqueous
KOH

H20 4+ Ag:0; aqusous
KOH

Aqueous NasCOs;
aqueous NaOH

Aqueous NaQOH;
aqueous NazCOy

Aqueous NaOH;
aqueous NazCOs

Hi0 - CaCOs

H:0 - CaCO4

H:0 + Ag:0

Aqueous NagCOs;
aqueous NaHCO;

Aqueous NaCOs;
aqueous NaHCOs

H:0 4+ Agz:0

Aqueous KOH

Aqueous Na2COs,
NaHCOs, or NaOH

H:0 - Ag:0; H:0 +
CaCOs

Aqueous NasCOs

R - ethers; M

BERREZZZ2442240W

B R 2 ZZEzRZ0WZREZZZEE Z B=

(169, 171, 348)
(347)

(562)

(255, 262)
(347

(168, 171, 348, 480)
(251)

(624)

(254)

(113, 626)
(113)

(402)

(860)

(660)

(660)
(660)

(128, 105, 262, 257,
258, 307)

(605)

(245, 248)

(135)

(338)

(263)

(605)

(604)

(248)

(248)

(346)

(348)

(98, 130)

(171)

470)

(08)

(524)

(524)

(483, 619)

(419

(419)

(604)

(604)

(633)

(28, 438, 446, 611,
633)

(438, 611, 638)

(88, 438)

(129)

(428, 633)

(633)

(98, 491)
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TABLE 20—Concluded

Halide Reaction Conditions Cogg%%ﬁcigﬂ References
CHBrCH=CHCOOCH;). ...........cvtrierrnrins H:0 + Ag:0; aqueous N (524, 525)
KOH
(CH3)sC=C(CHy)CH:CL............evveiniiinnnes Aqueous NaxCOs R () (253)
CHiCH=CHCHCIC:H;......... H:0 4~ CaCOs M @)
(~)-OHiCH=CHCHCICHs. .... H20 + CaCOs Inactive ROH | (32, 275)
CH:CH=CHCH=CHCH:CI.... Aqueous NaHCOs M (443)
CH;CHCICH=CHCH=CH:.... Aqueous NaHCOs M (443)
(CH;)o:C=C(CH:)CH:Br (?)..... Aqueous KOH R (?) (49, 129)
Dibromoeyclohexene, m.p. 108°C Aqueous NaOH or M (48)
NaHCOs
CH:OCH:CH:CH=CHCH:Cl.................... Ethanolic KOH N (509)
CH;0CH:CH;CH=CHCH:C! + isomer.......... Aqueous NasCOs M (191)
CH:OCHCH:CHCICH=CHz.................... Ethanolic KOH N (509)
CHsCHCICH=CHOCOCH: (?) . ..........c.our.. H0 R () (580)
(CH#):C=CHCH=CHCHCl..................... Aqueous NaHCOs R (?) (441)
C:H7C (CH3)=CHCH;C! Aqueous NaHCOs M (440)
CyH;C(CH3s)CICH=CH: Aqueous NaHCO; N @) (440)
C:H:OCH:CH:CH—=CHCH;Cl + isomer......... Aqueous Na:COs M (191)
C:H;0CH(CH3)CH:CHCICH=CHz.............. Aqueous Na:COs M (189)
C:H;0CH(CH3)CH:CHCICH=CH: - isomer....| Aqueous Na:COs M (191)
CoHsCH=CHOCHCL........ccoetieiiiiiianinnnn Agqueous NaOH or M (419)
N2a2C03
CeHsCH=CHCH:Cl.............cocieivrenirenins Aqueous ethanolic M (182)
AgNOs
CeHsCHCICH=CHz...............cceveeinnnnn, Aqueous NaOH or M (419)
Na200;
CoHsCH=CHCHCL.............cocviiirninins Aqueous ethanol R 12)
CJHWOCHCHy,CH=CHCHCL. .................. Ethanolic KOH N (518)
CiHsOCH:CH:CH=CHCH.C1. . Aqueous NaxCOs M (189, 191)
C. HsOCH:CH.CHCICH=CH:. . Agqueous Na2COs M (189, 191)
CsHiCH=CHCH:zBr............coovivencniins H0 N @) (93)
(CH):C=CHCH:CH:C(CHs)CICH=CH: (7). ...| H2O + Ag:0; ethanolic N @ (620)
KOH
(CHg):.C=CHCHCH,C(CHy)=CHCH:Cl........ Aqueous ethanolic M (181)
AgNOz
CyHyOCH (CHs)CH:CH=CHCHC! + isomer....| Aqueous Nu2COs M (191)
CsHuOCH:CH,;CH—=CHCH:Cl................... Aqueous Na2:COs M (189)
(CH,):CHCH0CH (CHs)CH:CH=CHCH.C1 +-

100 1) Aqueous Na:COs M (191)
(CHCICH=CHCH:CH2)20................c\... M (454)
CeH:CH=C(CH)CH:Br. ........oo v iiiiirninns Aqueous NaOQIH N ® (385)
(CH3):.C=CHCH,CH,;C(CHs)=CHCH:Br........ H0 + Ag:0 R (?) (181)
CeHsCH=CHCH=CHCI:Cl.................... Aqueous NaHCO; M (442)
CsH:CCl=CHCHBrCeHs. ................c0o00es N (589)
CsHsCH=CHCCI=CHCHBrCeHs............... N (589)
CeHsCH=CHCCI=CHCHCICsH5............... N (589)
p-ClICsH4«CHCICH=CHCH=CHCHCl-p....... N® (589)
CeHsCHBrCHBrCH=CHCH=CHCsH;......... Hy0 + Ag:0 R (354)

C(CeHe)==CCsHs...........coovvrvvnvinins Aqueous KOH N (106)
(CH;)2C
CO—— CHCI

t In this and the tables which follow, M indicates that a mixture of isomerie produects was isolated, N means that
only the normal substitution product was reported, and R means that only the produet formed by allylic rearrange-
ment is reported.

primary and secondary allylic chlorides with sodium ethoxide in ethanol are
kinetically second order (11, 121, 244, 246, 248, 257, 539, 576, 597, 636), and
only products of normal substitution are formed. Other alkoxides react with
primary allylic halides in alcoholic solution to give only primary allyl alkyl ethers
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TABLE 21

Conversion of allylic halides to alkyl ethers
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Halide

Reaction Conditions

Products?t

References

CHCI=CHCH:CL. .............ccooiiiiiiiennins
CHCI=CHCHCl. ............cooiviiiiiens
CHCI=CHCHCI
CHe=CHCCl.........cooiiiiiiiiiiiein s
CCL=CHCH:CL.............oooi
CCl:==CHCH4CI........
CH;CH=CHCH.CI. ...
CH:OH=CHCH:CI. ...................ovviiis

CH:CHCICH=CHz. ..........ooovviieviininiins
CH:CH=CHOCH:Br (®).............coovvvviiis

CH:CH=CHCH:Br (®)...............oovvviuinns
CHCICH=CHCHCl ............eeviiivennnines

CHCICH=CHCH:Cl ...............oeoiiiinnies

CH3CHCICH=CHCI (?) . .........ovveveriruirns
CH:BrCH=CHCH-:Br (?)...
CH3;CCl=CHCH:Br......
CHs=C(CHs)CCls.......
CCL=C(CHs)CH2Cl...............o e
HC=CCH=CHCH:Cl. .......c.c0vviririrnns
C:H:CH=CHCH.CI.. ..

CoH:CH=CHCH;CI..
C:H:CHCICH—CHoa..
(CHs)2:C=CHCH:CI ..
(CH3):C=CHCH:C1

(CHg)sCCICH=CHz ..........covvvieiiniiiinnnns
(CH3):CCICH=CHs. ...
HC=CCH==CHCH:Br.
(CHs):C=CHCHBr. ......
(CH,):C=CHCH:Br.....
(CH3):C=CCICH.C1.....
CH:BrC(CHy)=CHCHBr ...

CoHC(CHY=CHCH:CL...................
CoHC(CHy)=CHCH:CL...................
CeH;C(CH)CICH=CHs.. ................. .
CH:OCH:CH:CH=CHCH:Cl...................

CH;OCH:CH:CHCICH=CH:...................

CHyCICH=CHN(CHs)s*Cl~.....................
HC=CC(CH3)=CHCH:Br......................
(CH3):C=C(CHs)CH:Br................oeevienn.
CH:—CHCH:CH—CHCH:Br (?)................
CHy=CHCH:CH=CHCH:Br (?)................
CH:BrCH=CHCH=CHCH:Br.................
CH:BrCH—CHCH=CHCH:Br.................
Dibromocyclohexene, m.p. 108°C.................
HC=CCH,C(CH3)=CHCHCl..................
CsH/C({CHs)=CHCH.CL.........................
C:H/C(CH)CICH=CHa.. . ........covinivinn.

Cl
CH:Q(&'S and trans) . ...

C:H;ONs in C.H:0H

CHyONsa in CH;O0H

C:HiONa in C:HsOH

CHZONs in CH:0H

50% Aqueous C:H;O0H

CHsONa in CH:0H

CH;0Na in CH:0H

C:H;ONa in C.H;OH

C:H;ONa in CoH;0H

90% C.H:;OH, 10% H:0 +
CaCOs

C2H;ONa in CoH:0H

NaOR 4+ ROH (R = CH;,
CaHs, C4H7)

C.H;OH

ROH + KOH (R = CH,,
CsHy, CiHs)

NaOR + ROH (R = C.Hs,
CsHu, 1-CsHir, CioHes)

KOH in C.H:0OH

KOH in C:H;0H

KOH in ROH

C:H:ONa in C:HsOH

C:H;ONa in C:Hs;OH

CH;0H

KOH in C:H:0H

CeHsONs in C:H;:OH

C:HsONa in CoH,0H

C.H;OH

NaOR in ROH (R = CHs,
C2Hs, CsHy, +-CsHz, C4Hs)

C:H;OH

CH;ONa in CH:OH

CH3;0N=a in CH;0H

CH;0H

C:H;sONa in C:H,OH

KOH in C.H;0H

RONa in ROH(R=CHs, CoHs)

C:H;0ONe in CoH:QOH

Ki:CO;s -+ C.H;,0H

C:H;OH

KOH in ROH (R = CHs,
CeHs, CsHy, +-CsHr, CsHa)

KOH in ROH (R = CHj,
CoHs, CsHzy, 4-CsHr, C4Hs)

C:HsONa in C:HsOH

CH;30Na in CH:0H

C:HsONa in C:H:OH

Cy;H;ONa in CoH:0H

KOH in C:H;0H

CH30Na in CH:0H

NaOH in C:H,0H

NaHCO: in CH,0H

CH;3;0Na in CH:OH

CH;3;ONa in CH:0H

CH:ONa in CH;0H

C:H;OH

2

(+ ROH)

<5
=

]

ZRRZZ252W8227 Z ZE 22 pZZ2A05Z2Z299

®
®

RZZKZ222229

(168, 172, 347)
(347)

(347, 576)
(347)

(348, 480)
(451)

(374, 451)
(374)

(121, 539, 691)
(660)

(121, 539)
(123)

(390)
(504)

(155)

(321)

(482)

(Y]

(174, 346, 417)
(345, 346)
(265)

(419)

(490)

(490)

170)

(249, 438, 612)

(170)
(438, 612)
(125)
(592)
(129)
(614)
472)
(691)
(691)
(633)
(505, 508, 510,
513)
(508, 510)

(296)
(108, 278)
(129)
“43)
(316)
(317)
(199)
(48)
@17)
(440)
(440)

(225)
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TABLE 21—Concluded

Halide Reaction Conditions Productst References
C:HyOCH(CH:C)CH:CH=CHCHCI........... KOH in ROH (R = CHs, N (502)
C:Hs, CuHo)

CeHsCH=CHCH:ClL.............ocevvirirnniinnn Aqueous ethanolic AgNOs M (181, 419)
CeHyCH=CHCH:CL...................... NaOH in C:H;0H M (419)
CHiOCH,CH,CH-—CHCH:Cl KOH in ROH N (516)
CJH OCH:CHCHCICH=CHz. ..........c000.. KOH in ROH M (516)
CeHyCH=CHCH:Br................oevierinins C:H:OH M (124)
CsHyCH=CHCH:Br. ..............ierrrernnsn NaOH in C:H;OH N (358)
CeHCH=CHCH:Br. ..........oitviiiiiirranins C4HoONza in xylene N (273)
CH:CICH=CHN{(C:Hs)s*Cl=.................... C:H:;ONa in C:H;OH R (206)
CeHyCH=CHCHCIz..............ccovvrvvnnninns C:H:ONa in C:H;OH R (10, 12)
CeHsCH=CHCHClz..............cvvrtriiiiianan CH;ONa in CH:OH R (590)
CeHyCCI=CHCH:CL. . ... enes CH:0H N (690)
(CHy)2C=CHCHCH:;C(CH3)==CHCH:CI (?) . ..| CeH:ONa in C:H:QH N (205)
(CH3):C=CHCHCH:C(CHs)=CHCH:Br (?) ...| C:HsONa in C:Hs:OH N (182)
CeHy\CH=CHCH=CHCH.C1 CHiONsa in CHyOH M (442)
(CeHg)C=CHCHCICeHs .. ...........ovvvnnns CH3ONa in CHsOH M (700)

C(CeHs)==CCeHs...........covennnnnn CH;0H N (103)
CeH:CH=C

CO————CHCl

C{CeHs)Cl—CCsHs.........venen CH;OH N (103)
CsHiCH=C
co Cl

CeHiCH=CHCCI=CHCHCICsH: N (589)
CeHiCHCICH=CCICeHs............cc.oevvnennn N (589)

t M indicates that a mixture of isomeric products was isolated, N means that only the normal substitution produet
was reported, and R means that only the product formed by allylic rearrangement is reported.

(108, 125, 155, 277, 278, 317, 347, 374, 438, 440, 472, 612). Tertiary allylic
chlorides are converted to mixtures of isomeric ethers upon treatment with
methanolic sodium methoxide (438, 440, 612). This result is probably due to
unimolecular substitution. However, in the absence of kinetic data it is not
possible to rule out the occurrence of simultaneous normal and abnormal bi-
molecular substitution (Sx2 and Sy2’). 3,3-Dichloro-1-propene reacts with
ethanolie sodium ethoxide to give a mixture of normal and abnormal substitution
products (168, 172), and 3,3,3-trichloro-2-methyl-1-propene yields only the
abnormal product, 1,1-dichloro-3-ethoxy-2-methyl-1-propene (174, 346, 417).
Both of these reactions have been shown to be examples of abnormal bimolecular
substitution (see page 776). Cinnamal chloride (CeH;CH=CHCHCL), on the
other hand, undergoes unimolecular solvolysis in ethanolic sodium ethoxide
solution (10), a fact which is easily explained on the basis of the facilitating effect
of the a-chlorine atom and the y-phenyl group on unimolecular substitution and
their steric hindrance to substitution by mechanisms Sx2 and Sx2’.

Most primary allylic halides are converted to mixtures of primary allyl alkyl
ethers and primary allylic alcohols by treatment with alcoholic sodium or po-
tassium hydroxide (199, 471, 482, 502, 504, 505, 508, 510, 516, 612). These reac-
tions probably involve normal bimolecular substitutions by alkoxide ions.
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Cinnamyl chloride has been reported to form a mixture of cinnamyl ethyl ether
and phenylvinyl carbinyl ethyl ether when treated with ethanolic sodium or
potassium hydroxide (419), and secondary allylic chlorides frequently give
mixtures of products with alcoholic potassium hydroxide (508, 510, 516). These

TABLE 22
Conversion of allylic halides to aryl ethers
Halide Phenol and Reaction Conditions R:ég;’
CCL=CHCH,Cl............ ..| p-CICsH4OH in ethanolic KOH (374)
CClL=CHCH\Cl............ ..1 @-CpH7OH in ethanolic KOH 374)
CH:CH=CHCH:Cl .| p-0:NCeHiONa in C:H:0H (678)
CH:CH=CHCH;Ci p-NaQOCC¢HONa in C:H:OH (385)
CHj;
CHsCH=CHCH:Cl.............oovevieiiiiiinnns ONa in CH:0H (534)
COOCH;3
CH:CHCICH=CHz............ccovvviirrienienns p-NaOOCC:«H4«ONa in CoH;OH (385)
CH;
CHsCHCICH=CHz............oooiviiininnninns ONa in CH;OH{t (534)
COOCH,
CHz
CHsCH=CHCH:Br.......c.oevvvnienrcrionnrannns CHs OH - CH:ONa in toluene (456)
COOH
CH:CH=CHCH:Br (?)..........c...ccvieviinn. CsH:OH 4 K:CO; in acetone (130)
Cl
CHsCH=CHCH:Br..........covvvirrretnniinnsn. HOOC@OH -+ NaOH in aqueous acetone (600a)
Cl
CHCICH=CHCH:Cl.............ovvviiiviinnn NaOAr in CeHs;OH (14 phenols) (55)
CHeBrCH=CHCH:Br. .............ciivvniiinns CeH:0K (411)
CHs
CeHsCHCICH=CHa............ccovviriniiiiinin, ONa in CH;0H?} (538)
COOQCH3
CH3
CoHeCH=CHCH:CI...........ccoveivininnnnnn ONa in CH;OH (536)
COOCH;3
C:HsCH=CHCH.Cl............ .i CsHyOH + K2COjs in acetone (381)
C.H:CH=CHCHCl............ p-CoH:00CCHAOH + K2COs in acetone (386)
C:H«CHCICH=CHs.............. CsHs0H -+ K2COs in acetone (381)
CoHsCHCICH=CHo:............ »-C:H;OOCCsHOH + K2COs in acetone (386)
(—)-CHsCHCICH=—=CHCH;,t... CsHsOH or 2,6-(CHs):CeHsOH ~+ KoCOs in acetone | (5)
(CH3):C=CHCH:Br (?)........ 0-(CH30)CsH:ONa in C:H;OH (682)
C:H,CH=CHCH:C! p-CaHsO0CCHOH - K2CO;s in acetone (383)
CsH:CHCICH=CHoa.... 2-C:H;O0OCCsH4OH + K200;s in acetone (383)
CsH:CHCICH=CH: CeHsOH + K:COs in acetone (201)
CH;OCH:CH:CH=CHCH:Cl.................... CsHsOH + K2CO; in acetone (510)
CeHsCH=CHCH:Br..........oooiivviernrrinnnn. CeH:OH + KaCOs in acetone (290)
(CH3):C=CHCH:CH:C(CHs)=CHCH:Br (?)....| CoHsO0CCsH«OH + K:CO; in acetone (382)

t Mixture of ethers formed.
{ Optically active ethers formed.
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results are probably due to operation of an ionic mechanism, since dienes are
sometimes among the products.

Table 21 lists allylic halides which have been converted to alkyl allylic ethers
by treatment with alcohols or alcoholic alkoxides. The third column of the
table indicates the composition of the reaction products, as given in the original
article. As pointed out previously, the report of a single product frequently
means only that minor constituents of a mixture of products were not isolated
in pure form. Cases where this seems particularly likely to have occurred are
indicated by a question mark after the product reported.

(b) Reaction of allylic halides with phenols and phenoxide ions

Phenoxide ions are strongly nucleophilic and generally react with primary and
secondary allylic halides in acetone or alcohol solutions to form normal substitu-
tion products. Such reactions have been extensively used in preparing allyl aryl
ethers, and Tarbell deseribes the preparation of these ethers in his review of the
Claisen rearrangement (598). The most common way of preparing allyl aryl ethers
is to heat the allylic halide, the phenol, and anhydrous potassium carbonate in
acetone. Sodium and potassium phenoxides in alcohol are also used, and usually
give normal products. It has recently been reported, however, that a-ethyl and
a-methylallyl chlorides react with the sodium salt of methyl o-cresotinate in
methanol solution to give mixtures of normal and abnormal produets (534, 536).
The kinetics of the reaction was not studied, so it is not possible to decide by
what mechanism the abnormal products were formed. Pudovik and Arbuzov
prepared an allyl phenyl ether by treating 1-chloro-5-methoxy-2-pentene with
aqueous sodium phenoxide (510). The crotyl ether of methyl 3,5-dimethylsali-
cylate has been prepared by treating crotyl bromide with the anhydrous sodium
salt of the phenol in toluene (456).

Table 22 lists reactions of a number of unsymmetrically substituted allylic
halides with phenols or their salts. Only normal substitution products were
reported, except where otherwise noted.

A number of substituted vinyl halides are converted to allylic ethers by treat-
ment with aleoholic alkoxides or phenoxides. The first step of these reactions is
probably a prototropic rearrangement of the vinyl halide into an allylic halide,

TABLE 23
Conversion of vinyl halides into allylic ethers
Halide Reagent and Conditions Product Ii;f:g—

CHCE=C(CHs)CH:CN. ..........oeevennn CeHONa in C:HiOH | CeHsOCH:C(CH;3)—=CHCN (429)
ArCH:CH==CHCL. .........ooveverinnnnns Ethanolic KOH ArCH—=CHCH0C:Hs (64)
(CH3)eC=CBrCOOH ...................... Ethanolic CoHsONa CH:—C(CH3)CH (OC:H;)COOH (468)

+ CoHyOCH:C(CH;)—=CH-

COOH
CH;CH=CBrCOOH....................... Ethanolic CaHsONa CH=CHCH(0C:H;)COOH (487)
CH;OCH:CH=CBrCOOH................. Methanolic CHiONa (CH30):CHCH=CHCOOH (469)
(CeHs):CHCH=CCICH=CHCs¢Hs. ....... Methanolic CHsONa {CeH;)2C=CHCH(OCHa)- (591)

CH=CHC:Hs
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which reacts readily with alkoxide or phenoxide to form the observed products:

NaOR
-

YCH, CH=CHX YCH=CHCH, X — YCH=CHCH,OR

A number of such reactions are listed in table 23.

A somewhat different type of reaction, in which an initial prototropic shift
is followed by replacement of a halide atom made allylic by the shift, may explain
the conversion of a-chloro ketone (I) to rearranged a-ethoxy ketone (IT) (187):

CH, O
4 _\ CH,COCH,;Cl ——
CH, 0
I
CI)H
CH;3;COOA,
[ArCH=CCH,(]] C:HE o5 g, ArCH(OC,H;)COCH,
II

3. Conversion of allylic halides to thiols and thioethers

Primary allylic chlorides react with aqueous or alcoholic alkali sulfides to give
mixtures of thiols and thioethers in which the structure of the allylic group is
unchanged (127, 499, 510, 515). No kinetic studies have been reported, but
the strong nucleophilic character of the reagents and the formation of products
of normal substitution point to operation of the Sx2 mechanism. Thioether
formation is apparently due to reaction of the initially formed thiol with un-
reacted allylic chloride in the alkaline solution (510).

Thiophenoxide and thicalkoxide ions react with primary and secondary
allylic chlorides in ethanol solution, giving predominantly or entirely the thio-
ethers which would be formed by Syx2 substitution (142, 175, 407, 540). Reactions
of e-methylallyl chloride, &, a-dimethylallyl chloride, and 3,3-dichloro-1-propene
with sodium thiophenoxide in ethanol are kinetically second order (173, 175).
However, a,a-dimethylallyl chloride and 3,3-dichloropropene yield significant
amounts of abnormal products, evidence for the occurrence of abnormal bi-
molecular substitution with these sterically hindered halides.

Table 24 lists reactions of alkali sulfides, mercaptides, and thiophenoxides
with unsymemetrically substituted allylic halides.

Perhaps the most satisfactory synthesis of allylic mercaptans from halides is
an indirect one. Allylic thiuronium halides (prepared from the halides and thio-
urea) are hydrolyzed to mercaptans by aqueous alkali (see page 858).

4. Conwversion of allylic halides to esters

Allylic halides react with carboxylic acids and their salts to form esters of
allylic aleohols. This conversion is of considerable synthetic importance, since it
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TABLE 24
Reactions of allylic halides with alkali sulfides, mercaptides, and thiophenoxides
Halide Reagent and Conditions Productst References

CH:=—CHCHCL................. C:H;8Na in aqueous ethanol M 407)
CHe=CHCHClz................. Ce¢H:8Na in ethanol M (171, 173)
CHCI=CHCH:Cl............... Nas8 in ethanol (CHCI=CHCH;).8 127)
CHCI=CHCHCl............... HOC;H:8Na N (127)
CHCI=CHCH:CI............... CH:SNa N a7
CH=CHCCls...............uue NazS in aqueous ethanol (CCle==CHCHz):8 (451)
CH;CH=CHCH.Cl............. C:Hs8Na in ethanol N 407)
CH:CH=CHCH.CI. ............ CsH8Na in ethanol N (142)
CHCHCICH=CHs............. C:Hs8 Nz in ethanol N (407)
CH:CHCICH==CHs. ............ CyHSNa in ethanol M (~95% N) (175)
CH3CH=CHCH:Br (?).......... NaSH (CH;CH=CHCH,):8 (123)
CHsCCl=CHCH:Cl.......,..... Nas8 in water (CH;CCl==CHCH,),S + RBH (499)
CHe=C({CHuCCL............... CsH;SNa in ethanol R Q71)
(CH3):CCICH=CHs. ............ CsH:SNa in ethanol R (142, 175)
CoHsCH=CHCH:Br (?)......... Naz§ M (159, 1658)
CH;OCH:CHyCH=CHCH,CI...| NaSH in ethanol N(R:8 -+ RSH) (515)
CyHyCH=CHCH:Br (?)......... Na28 M (165)
CoH;OCHCH:CH=CHCH,CI...| NaS8H in ethanol N(R:S + RSH) (615)
CeH;OCHCH:CHCICH=CHa...| Na8H in ethanol R(R:8 +~ RSH) () (515)
CH;0CH:.CH:,CH=CHCH.CL...| NaSH in ethanol N(R:8 + RSH) (515)

t M indicates that a mixture of isomeric products was isolated, N means that only the normal substitution
product was reported, and R means that only the product formed by allylic rearrangement is reported.

provides allylic esters and the derived alcohols from allylic halides, which are
frequently prepared from starting materials other than the alcohols. The sequence
of transformations secondary (or tertiary) allylic alcohol to primary halide to
primary ester to primary alcohol, is a convenient and frequently used method of
preparing primary allylic alecohols from the more readily available secondary
and tertiary alcohols.

The conversion of an allylic halide into an allylic ester or mixture of esters
may be effected in a number of ways. Perhaps the simplest is to solvolyze the
halide in the appropriate carboxylic acid. Solvolysis reactions have two draw-
backs from the synthetic point of view: they are frequently inconveniently slow,
and they almost invariably give mixtures of isomeric allylic esters. Owing to
the fact that carboxylic acids are fair ionizing solvents of very low nucleophilicity,
most solvolysis reactions in carboxylic acids occur by the Syl mechanism.

By far the most common way of preparing esters from allylic halides is to allow
the halide to react with a salt of the carboxylic acid in some suitable solvent.
One widely used procedure is to heat the halide with a solution of the sodium or
potassium salt of the acid in the acid itself. These reactions apparently involve
simultaneous Syl and Sx2 substitution in many cases. Roberts, Young, and
Winstein (639) found in a kinetic investigation that the reaction of crotyl chloride
with potassium acetate or diphenylguanidinium acetate in acetic acid involves
simultaneous unimolecular and bimolecular substitution. Meisenheimer and
Beutter (418) reached the same conclusion in a study of the reaction of cinnamyl
chloride with acetic acid solutions of several metal acetates. In general either
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member of a pair of isomeric allylic chlorides yields a mixture of acetate esters
when treated with sodium acetate in acetic acid; the primary chloride usually
gives predominantly the primary acetate. Highly reactive primary chlorides
(e.g., v,vy-dimethylallyl chloride) and most secondary (539) and tertiary (694)
chlorides react mainly by the Syl mechanism, and for these chlorides the presence
of an acetate salt in the reaction mixture has little influence on either reaction
rate or product composition. It is not possible to decide from the available evi-
dence whether there is always a bimolecular component to the reactions involving
primary chlorides, but the fact that mixtures of esters are obtained makes it
probable that there is almost always a unimolecular component, especially since
there is no well-authenticated case of an abnormal bimolecular displacement
(Sx2’) with a primary chloride.

Allylic bromides behave somewhat differently from the related chlorides in
reactions with acetate salts in acetic acid. Allylic bromides are so readily isom-
erized that unless special precautions are taken, an equilibrium mixture con-
taining 80-90 per cent primary bromide and 10-20 per cent secondary (or
tertiary) bromide is obtained, regardless of the structure of the starting material
and the method of preparation (683). Yet, treatment of these mixtures with
sodium or potassium acetate in acetic acid apparently gives only the primary
acetate. No kinetic study of the reaction of allylic bromides with acetate ion
in acetic acid has yet been reported, but if the numerous claims that only primary
acetate is formed are correct, this result can be explained in at least two ways.
First, the primary allylic bromide may react with acetate ion in acetic acid only
by the Sx2 mechanism, while its secondary (or tertiary) isomer rearranges to
primary bromide much more rapidly than it reacts with acetate ion or acetic
acid. Alternatively, the primary bromide may undergo normal bimolecular sub-
stitution and the secondary or tertiary bromide react predominantly or entirely
by the abnormal bimolecular mechanism, Sx2’. The former explanation seems
the more reasonable, since it is well known that secondary and tertiary halides
are much less reactive than their primary isomers by the bimolecular mechanism
and that isomeric allylic bromides exist in mobile equilibrium (652). However,
this explanation should be regarded as only tentative until a careful study of
both the kinetics and products of such a reaction has been made.

The above mechanism has two interesting implications. It would appear
that while bromides are more reactive than chlorides by both mechanism Syl
and mechanism Sx2, the difference in reactivity is greater for bimolecular sub-
stitution than for unimolecular substitution. That is, it may be easier to effect
normal substitution of an allylic bromide than of the chloride having the same
skeletal structure. It also appears that secondary allylic bromides, like tertiary
allylic chlorides (694), may undergo isomerization by ionization-internal return
in acetic acid solution.

The conversion of secondary and tertiary allylic alcohols to bromides and
the acetolysis of these bromides has found wide application in organic synthesis,
particularly in the natural products field. Some of the possible synthetic se-
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quences are outlined below:
RR'C=CHCH,Br

7 AN
RMgX <+ R/'COCH=CH, / \.CH;COONs
\ PBr; /or HBr \\CH:COOH
N / N
RCOR’ + H,C=CHLi —» RR'C(OH)CH=CH; RR/'C=CHCH,0COCH;
H, leO, OH-

RCOR’ + HC=CNa — RR'C(OH)C=CH RR/'C=CHCH;OH

The reaction of acetate salts with primary and secondary allylic halides in
solvents such as acetone, acetic anhydride, and ethanol gives only products of
normal substitution. All of these solvents are less polar than acetic acid. For
example, crotyl chloride gave only crotyl acetate upon reaction with potassium
acetate in acetic anhydride, and a-methylallyl acetate was the only product
from the reaction of a-methylallyl chloride with tetramethylammonium acetate
in acetone (539). Goering, Nevitt, and Silversmith (224) found that optically
active 5-methyl-2-cyclohexenyl chloride is converted to 5-methyl-2-cyclohexenyl
acetate of inverted configuration by treatment with tetramethylammonium
acetate in acetone solution. Reactions of other allylic chlorides with potassium
acetate in alcohol and acetic anhydride have been reported to yield only normal
produets (20, 265). Allylic bromides yield primary acetates when allowed to
react with sodium acetate in acetic anhydride or potassium acetate in acetone
(136, 313, 389, 437, 558).

Allylic esters are also prepared by treating the halides with silver salts of car-
boxylic acids, using the acid, ether, benzene, or alcohol as solvent. Silver ion is a
powerful electrophilic catalyst, and these reactions generally involve ionic inter-
mediates, as indicated by the formation of mixtures of isomeric esters.

Table 25 lists reactions of unsymmetrically substituted allylic halides with
carboxylic acids and their salts. For the sake of simplicity most reactions of
allylic bromides are recorded in the table as involving the primary bromides;
this is the claim usually made in the earlier literature. Actually, allylic bromides
almost always consist of mixtures in which the primary isomer predominates.

Phosphite esters: Pudovik reports that primary and secondary alkoxychloro-
pentenes, a- and y-methylallyl chloride, and 1,4-dichloro-2-butene react with
sodium dialkylphosphites in ether and benzene solutions to give primary allylic
dialkyl phosphites as the only isolable products (500, 504, 513, 514):

ROCH,CH,CH=CHCH:Cl + NaOP(OR’); —
ROCH,;CH,CH=CHCH,OP(OR/),
RCHCICH=CH, + NaOP(OR’); — RCH=CHCH,OP(OR/).

&. Conversion of allylic halides to amines

Ammonia and amines react with allylic halides to form allylic amines or
quaternary ammonium salts. The product obtained depends on the halide, the
amine, and the reaction conditions. Primary allylic halides usually yield normal
substitution products in reactions with primary, secondary, and tertiary amines,
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TABLE 25
Conversion of allylic halides to esters of carboxylic acids
Halide Reaction Conditions Coirggsll!’(c:i%n’r References

CHz=CHOCHCI2 . ....ivinitriniininrnannieesrnrrnrnrrainins CH:;COONa in R (?) (347)
CH;COOH

CHCIFCHCHICL. ...ov i ciiie i CH3COONa in N (347)
CH;COOH

CHCOI=CHCH.CI CH:CICOOAg in N @) (127)
(C2H:):0

CH:;—=CHCHBr: Rearranged | (351)

p-nitro-
benzoate

CCIF=CHCHICL. ... vttt ira et CH:~=CHCOONa in N (373)
C:HsOH

CHs=C=CHCH2CL......cotiiiiiertriirrinisiiiiniiiaiin. CH:COONa in N (113)
CH;COOH

CHsCH=CHCH2CL. ... .cotiiiriinniiiiiiiniiiiaiin, CH:;COOK in M (48, 539,
CH:;COOH 573)

CHsCH=CHCH:Cl.......c.ievviiiiiiiriiinrivrieicniiniis CH3;COOAg in M (539)
CH;COOH

CHaCH=CHCH2Cl.......c.iitiitiiiininiiiiniiiiiian s CH:COO~N(CHjs)¢* in N (539)
acetone

CHsCHOCICH=SCH2. ..t eveveieviieiananisninasiianiecins CH:COO-N(CH,)¢* in N (539)
acetone

CHeCHCICH=CH2. ... ..t tvitrraieniraraniiiiaenieriaiinn, CH3;COOK in M (639)
CH;COOH

CHiCHCICH=TCH. ..t vtieteeeiaienniiririneiineiaans CH;COOAg in M (539)
CH;COOH

CHs=C=CHCHBI. . . ittt iinini it CH3COONa in N (113)
CHCOOH

CHiCH=CHCH:Br.. . oo vviviieiieiiieneiiiennns CH:;COOK or N (46, 208,
CH;COONa in 236)
CH,COOH

CHsCH=CHCH:2BI. . . vitvvininierairisininreoanrinennenns (NOg)sCsHsCOOAg N® (452, 631)

CH:CICH=CHCHICL. ...ttt it CH3COOK in M (504)
CH;COOH

CH:CHCICH=CHC L. .....coitivrirainiinirniiieniais CH3;COONa in N (338)
CH,COOH

(032 L 070) == 0 = (@) = 01 0] L (NO3)sCsHCOOAg in N () (245)
C:H:OH

CHy=CHCHCICH:Cl........criiiiiiiiiiii i, CH;;COOK in M (504)
CH:;COOH

BrCH:CH=CHCH:BI. ... ot iiiiieiiin i, CH3;COONa in M (481, 483,
CH;COOH 619)

BrCHyCH=CHCH:2BI..... ... ciiiiciiiiiiiiiiiiiniens CH;COOAg in M (238)
CHsCOOH

COL=C(CHs)CHCL. ... v it iiiiiiieir e CH3;COONa in N (345, 346)
CH;COOH

CCL=C{CHDCH L. .ot i et Reflux in Primary (370)
CH:=C(0C:H;)2 acetate

CHeC{CH)CC s, .o vivverin i iiaasiaiarnainnen, CH:COONa in R (346)
CH:COOH

CHBrCH=CHCOOH. ... .....titiiiiiaiiririiiaiennacnns CHsCOONa in N (624, 525)
CH:COOH

CHeBrOCH=CHCN .. ..ttt iiiitiaranirinirinainens CH;COONa in N (524)
CH;COOH

CoHsCH=CHCHCL ..ottt ei et iiieeens CH3COOK in M (47, 419, 490,
CH3;COOH 573)

CoHiCH=CHCH:CL ...ttt it CHyCOOAg in M (419)
CH,COOH

CoHyCHCICHTCH 2. . ov vt i iinin i eiiesiiiaiiraanns CH:COOAg in M (419)
CH;COOH

CoHsCHCICH=CHz. . ...t iiieieiareni i ciaaninns CH;COOK in M (47, 419, 490,
CHCOOH 573)
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TABLE 25—Continued

Product

Halide Reaction Conditions Compositiont References
HC=COH=CHCHCL........0ottttirieiiiiiineiieiinins CH;3;COOK in CH:OH N (285)
CHy~CHCH=CHCHCI (?) CH;COONa in Primary | (657)
CH;COOH acetate

(CHg):C=CHOCHICL ...\t CH;COONa in M (438)
CH:COOH

(CH):C=CHCHICL ... oo oo i RCOONa in RCOOH M (446)
(R = H, C:Hs, CsHn)

(CH3)aC=CHCHCL. ...t cnne CH3;COOAg in acetone M (633)

{CHs):CCICH=CHo. . CH;COOAg in acetone M (633)

(CHg)2CCICH=TCHz2. . ... tvetiiriii i CH3zCOONa in M (438)
CH,COOH

CoHsCH=CHOH:BI. .. ...t niienians CH;COONa= or N (70, 71, 72,
CH;COOK in 233)
CH.COOH

(CHg)sC=CHOCH:Br. ...ttt e inees CH:;COOX in N (384)
CH;COOH

(CH)C=COHCH B ...t ie et CH:COOAg in acetone M (833)

CHCOOCH=CHCH:CL..........ci v CH3;COONa in R (333)
CH;COOH

CHyBrCH==CHCOOCH:s. ..... . .. ieviiiiiiiiiiiininnianas CHsCOONa in N (524, 525)
CH:COOH

CHCHBrCH=CHCHBr. . ...ttt CH3COONa in M (486)
CHCOOH

CHeBrC(CHs)=CHCHBr.......ovvviiiiiiiiieiniieeriinns CH;COOK in N (568)
CH;;COOH

Dibromoeyelopentenes (F).. . .covvurir s i CH;COO0Ag in M (466)
CH;COOH

Dibromocyelopentenes ().. . .....ovvvvirrinrriiiiiiiiieiin, CH:COO~N (CHy)st in M (466)
acetone

Dibromocyelopentenes (2).......ovivviiivriireiriiiiiienns CHs;COOK in M (63, 466)
CH;COOH

CH:CH=CHCH=CHCH:Cl............coovviiiiirinnnnns CH3COOK in M (443)
CH;COOH

CH:CH=CHCH=CHCH:Cl C:H7COOAg in ether M (528)

CH:CHCICH=CHCH=CH: CH:COOXK in M (443)
CH;COOH

CsH;CH=CHCH:C1 M (673)

CsH;CHCICH=CH2z el M (578)

CH:OCH:CH:CH=CHCHCl.............oeviviiirinnnns CHCOONa in M (509)
CH,COOH

CHsOCH:CHsCHCICH=CHz.......ciiiiiiiniiiiniinenes CH;COONa in M (508)
CH:COOH

CHy=CHCH:CH=CHCH:Br............eeeeeirririinnn: CHCOOK in N (18, 23)
CH:COOH

CH~=CHCH:;CH=CHCH:Br (?)........coeovvereiirrrirens CHyCOOAg in N @) (366, 367)
CH;COOH

CiHCH=CHCH:Br. ..o e CH:COOK in N (71, 72, 237)
CH;COOH

(CHg)eCHCOH=CHCH:BI. .....ovviiiiiiiiiii et CH:COOK in N (71)
CH,COOH

CH:BrCH=CHCOOC:Hs.......ccovvviiiiiiniiiiiiinnns CH;COONa in N (350)
CH:COOH

CH;=CHCHBrCOOCoHs.. .. ..covivreriiiiiiiiiiaianiinis CHCOONa in R (524)
CH,COOH

CH:CH=CHCCI=CHCH:Cl. ..........covtiiiiiiiiiiiiaanns HCOONaz in HCOOH M (445)

CH:BrCH=CHCH=CHCH:Br ........c.oviveiririurrerr: CHsCOONa in N (482)
(CH:CO):0

CH:BrCH=CHCH=CHCH:BI......ccocoveiviiirririioenns CHCOOAg in N @ (317)
CH3;COOH

CH:BrC(CHy)=C(CHNCH2BI. . ....oviviiiiiiiiniiiiieines CH:COOK in C:H;OH N (594)

CHsCHBrCH=CHCHBrCH:........covivereniiiiiaiiiarens CHzCOONa in M (486)

CHsCOOH
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Halide Reaction Conditions C og?o%?gignf References
<
BTN e CHiCOOAg in NG | )
rQ_/ CH;COOH
(CH)C=CHOCISCHCH . .o .+ vrevreereeere aereeiiinen, CHiCOOK in M (441)
CHi;COOH
CeHyCH=CHOHICL ... eeeveeeeeeeeeieieieeeeseeen, M 73)
CHCBCICHE=CH e evvnervveenss M 573)
CsH/C(CH)=CHCHCI CHiCOONa in M (440)
CH:;COOH
CHECUCH)CICHTCH « «vveeeeeeeeeeeeeeee e, CH:COONa in M (440)
CH:COOH
C O DOBCL CHiCOOK in N @0)
(CH:CO):0
a
COOROH @i CHiCO0Ag in Primary | (432)
CH:COOH acetate
CHiCOOCH;CH=C(CH)CHICL + v vr e ererrrenees CH:COOK in N (484)
CHCOOH
CUHSCHSCHCHIBL ...« evv e CH:COOX in N aL, 1)
CH;COOH
CoHAC (CHY=C(CHCHIBE. v e eeeeeeeneeeaeeennein CHiCOOX in acetone N (136)
Breeriree e S SUUTUTRTTUU OO CHiC00Ag in N@ | s
L 6 CH,000H
e o) CH,C00Ag in N® | @y
CH3\=> 5 €3 R CHCOOH
(CH)sC=CHCCI=CHCHCL........coevveveeereeeariene, HCOONs in HCOOH N (445)
CsHuCH=€HCHC} M 73)
CsHuCHCICH=CH, M 73)
CHCH=CHCH:CH:,CH=CHCH:Br CvHCOOAg in ether N @) | (228
CsHuCHSCHOHIET. e ennrreiraeees enen CH,COOK in N (232, 234)
CH;COOH
C D=OHCHBr. ..o e, CH:COOK in N ars)
CH:COOH
CeHiCH=CHCOHICL ..+ e vveeeeoeeeeeeee e CH:COOAg NG | (430, 618)
CoHeCHECHCHC ..o v evieesoeeeeeeeee e CH:iCOOAg in M (419)
CH:CO0H
OHWCHSCHCHCL oo e i oo CHiCOOK in M (418, 410)
CH,CO0H
CyHOCH.CHICH=CHCHICL ... oot CHiCOONa in M (189, 518)
CH,;CO0H
CeHOCH,CHICH=CHOHIC . .. eeeveeereeeeeeeneenen, CH{COONa in N (189)
CH;CONH:
CiHOCHCHCHCICHTCH oo oveeieeeeeeeeeeen, CH:COONa in M (518)
CH;COOH
CeHCH=CHCHIBr ...\ oo\ oeieeeeeeeeeeee e CH:COOK in N a1, 12)
CH\COOH
CHiCH=CHCH:CH:CH=CHCHEBL. ...........ceerr.. CsHeCOOAg in ether NG | (@82 85,
596)
(CHyg):C=CHCH;CH.CH=CHCH:Br...................... CsHyCOOAg in ether N @) (643)
(CH):C=CHCH:CH:C (CHs)=CHCH:CL. .................. CH:COOK in G;H:OH | M (182, 202)
@CHQCL () oo CHiCOONa N (©03)




TABLE 25—Concluded

Product

Halide Reaction Conditions Compositiont References
(CH;:):CHCHOCH(CHs)CH:CH=CHCH:CL............... CH3;COONa in N (189)
’ CHsCOOH
(CHg)eC=CHCHCH:C(CH:)=CHCHBr.................. | CH;COOK in acetone N (389, 558)
(CH4)eC=CHCH:CH;C(CHs)—CHCHzBr.................. } CHsCOONa in N (485)
| CH:COOH
n-CrHuCH=CHCH:2Br. .. ... .. i s CHCOOK in N (168)
CH:;COOH
(CHa):CH(CH:2)s)CH=C(CHs)CHzBr.............c.vvvinnns CHsCOOK in scetone N (558)
CH;CHCICH=CHC=CCH~CHCHCICH;......, CH;COOK in CHsOH N (268)
(CH,)2C=C (CH;)CH:CH:C (CHy)=CHCH.Br... CH;COOK in acetone N 437
(CHg):C=C(CH)CH;CH:C(CHs)=CHCH:Br.............. | CHsCOONa in N (437)
CH;COOH
n-CoHuyCH=CHOHBr ... . ..ot vivienireinn i iraeanes CH;COOK in N (158)
CH;COOH
CeHuyCH=CHC(CHy)=CHCH:Br..................ccvrs CH3COONa in N (229)
CH;COOH
(CH):C=CHCH:CH=C(CHs} (CH})sC(CHy)=CHCH:Br. .| CHsCOOK in N (549)
CH;COOH
CHG[CH (CH3)CHCHCH:sC(CH)=CHCH:Br............ CHsCOOXK in acetone N (313)
CH;[C (CH3;)=CHCH:CH:);C(CH;)=CHCH:Br............. CH;COOK in N (549)
CH:COOH
MRCH=CHCHZCI et ciie et cien e CH:COONa in N ) (488)
CHCOOH
SRCH=CHCHCI” ... i e CH,COONa in R (?) (488)
CH;COOH
CRCHO CICHTCH ottt cis e CH:COOK in N (73)
CHsCOOH
CH
©/ h
[0 PN CH3COOAg in R (104)
\C CH:COOH
7N\
CegH; C1
ClCeHE)=CCHE. .. voviveeriscirirnieerreinennn CH;COOAg in N (108)
) CH:COOH
(CHy)e—C
CO CHClL
C(CeHE=CC6HS. .. ..o veirirrirreriiinronres CH3;COOAg in N (103)
CH;;COOH
Ce¢H;C=C
co CHC1
[o1(0735 1Y 0) 0 07} - TS CHCOOAg in N (103)
\ CHiCOOH
CsHiC=C
N
CO—————CCl
CHCHBI. ..o v iiniiniianness CH;COOK in acetone N (554)
Y i
j/ N
CHzCOO
/CHCH&Br .............................. CH;;COOK in acetone N (551)
/\’/:/
\! N
/ \J
RO

T M indicates that & mizture of isomerie products was isolated, N means that only the normal substitution produet
was reported, and R means that only the product formed by allylic rearrangement is reported.

850
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and these reactions probably occur by the Sx2 mechanism. The initial products
of reactions of allylic halides with ammonia, primary amines, and secondary
amines are amines themselves and can therefore react with the halide; for this
reason, di- and triallylated products are sometimes isolated from reaction
mixtures.

Secondary allylic halides usually give at least some product in which the
structure of the allylic group has been inverted. Secondary amines seem to form
rearranged products exclusively in reactions with secondary allylic halides
(303, 419, 692). It has been demonstrated that the abnormal substitution
products from reactions of diethylamine and trimethylamine with «-methylallyl
chloride are formed by bimolecular reactions (665, 666, 692). This is convincing
proof that the Syx2’ mechanism is involved in these displacements (page 770)
and strongly indicates that abnormal bimolecular displacements are responsible
for formation of rearranged products in other reactions of amines with secondary
halides.

A particularly interesting example of the displacement of allylic halogen atoms
by secondary amines is the reaction of the isomeric cyclopentadiene dibromides
with dimethylamine. Most workers report obtaining a solid and a liquid di-
bromide from the addition of bromine to cyclopentadiene. These were long
thought to be trans- and cis-3,5-dibromocyclopentene, respectively (602). It
has recently been found that the solid dibromide is cis-3,5-dibromocyclopentene
(1), while the liquid is a mixture consisting largely of trans-3,4-dibromocyclo-
pentene (IT) (241). Cope, Estes, Emery, and Haven (140) found that the solid
and liquid dibromides are converted to the same product, trans-1,2-bis(di-
methylamino)cyclopentene (IIT), when allowed to react with dimethylamine in
benzene solution. The processes by which this compound could reasonably be
formed from I and II are shown below.

Br P'xr
. (CH,).NH '_ (CH;).NH o\
,l_Bi/ Sn2 I__ Sn2’ o I/
! N(CHs), N(CHy)s
111
Ve
\\S‘N2’ HN(CHs)/g /
N(CHj), N Br-
(CHs;),
N(CH;):
T Sn2’ I Sn2/
Br (CH»):NH ’ (CH;);NH m
Br Br



R. H. DEWOLFE AND W. G. YOUNG

852

(£08) HO=DHO=HOCHN)HO*HO SEN T HO=DHO=HOIDHO*HO
(o51) ﬁn_umonmoﬁ.movonE.sz_m%.EE SH®) Ul ENYCHD) [+ o SHOHO=HOIMHOITH) #uv
L 1

(oF1) «m“_umoﬂmoi.movz_moi.movz_mw.n:& SHO WI HNE(SHD) "= ot THOIHOHO=HOIAHO#W
(9%9) TONHOHO=0HD) HNTHSD |* e FHOHO=0*"HOD)
9%9) (D) N*HOHO=0CHO) HNFEHED) |70t IFHOHO=0HD)
o) THOHN*HOHO=D%*HO) SENTHED | OFHOHEO=04HO)
(619 SHO(CHO) NFHOHO=HO'H*D THOHNSHD |7 THD=HODHIHD
(619 (SHFD) NFHOHO=HD'H) HNHTHEQ) | v e THO=HOIDHO'H?D
(619) YTHD) NFHOHO=HOH*O HNZCHZD) |* DMHEOHI=HO'H)
(61%) T EHD) NPHOHO=HOH*O SHOENSHD [ IDFHONO=HO'H*)
(298) 5(SHD) N*HOHO=HOHD HNFCHQ) [ [DFHOHO=HO'I*0

® SHNHOHO=HO*HONH tHN IOHOHEO=HOID*HD

(809) (O} N*HOHO=IDO*HO TNHIH0) IFHOHO=ID0HO
(809) (CHO)N*HOHO=IOO*HD HN*CCHD) IDFHOHO=IDOHO
(809) SHNFHORO=ID0HD *HN OFHOHO=IOOHD
(z19) I0:NYCHOHO=IDOHO) NECHOHO=IOD*HD) OFHOHO=IO0FHO
(279 ‘809) SHON**HOHO=IOOHD) SN | OFHOHO=IOO*HD
(z9) SHONTHOHO=IDOHD TINVHSD - IOFHOHO=-100HD
(99 N*H + HN*H -+ "HNY (0.001 ‘PP RN |*ww-vres s IDFHOHO—IOOHD

(g6 SHYO(THO) NSHOHO=HOHO SHOHNTH?D |- () IGFHOHO=HO*HO
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It is more likely that the first step in the reaction of I with dimethylamine
is an Sy2 reaction than an Syx2’ reaction, since the only Sy2’ reaction which
would lead to the observed final product would involve a frans relationship be-
tween the entering amine molecule and the leaving halide ion. There are theoreti-
cal reasons for believing that this steric course is unlikely in reactions of secondary
amines with halides.

Allylic amines having primary amino groups are not conveniently prepared
by direct reaction of the halides with ammonia, since mixtures of products are
usually obtained. Pure amines of this type are usually prepared by treating the
halides with potassium phthalimide, a thiocyanate salt, hexamethylenetetramine,
or an alkali azide. The resulting phthalimido, isothiocyano, hexamino, or azido
derivatives are then reduced or hydrolyzed to the desired amine. These reactions
are discussed elsewhere.

Reactions of allylic halides with amines may be carried out in a solvent such
as benzene, acetone, alcohol, or petroleum ether. Usually the reactants are
simply mixed together.

Table 26 lists reactions of unsymmetrically substituted allylic halides with
ammonia and amines.

6. Conversion of allylic halides fo nitriles
Allylic halides react with cyanide ion to form «,8-unsaturated nitriles:

! !
\C=——C—C—X + ON- — \C=C—C——ON + X-
/ l / |

Sodium cyanide, potassium cyanide, cuprous cyanide, and hydrogen cyanide
have been used as sources of cyanide ion. Cuprous cyanide is the most frequently
used reagent for this conversion. Its effectiveness is probably due in part to the
fact that cuprous ion is a good electrophilic catalyst and promotes unimolecular
displacement reactions of halides.

The reactions are usually carried out by heating the allylic halide with a slight
excess of the cyanide salt. However, water, alcohol, benzene, and acetonitrile
have been used as solvents or diluents for one or both of the reactants.

Primary halides give mainly or entirely normal substitution products in
reactions with cyanides. The kinetics of such a reaction has not been investi-
gated, but bimolecular substitution (Sx2) is a reasonable mechanism for the
reactions using sodium and potassium cyanide as the source of cyanide ion. It
has been reported that the nucleophilicity of CN— toward carbon is greater than
that of OH— (264). In the few cases where products of reaction of allylic halides
with cuprous cyanide have been carefully examined, however, they were found
to consist of mixtures of isomeric nitriles in which the product of substitution
at the primary atom of the allylic system predominated (161, 165, 307). Lane,
Fentress, and Sherwood (377) found that «- and y-methylallyl chlorides yield
identical mixtures of nitriles in reactions with cuprous cyanide. The interpretation
of this result is complicated by the fact that the chlorides isomerize under the
conditions of the substitution reaction, but it seems likely that the Syl-type
mechanism is involved in reactions with cuprous cyanide.
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Reactions of cyanides with allylic halides obtained by addition of halogen to
conjugated dienes give dinitriles, which can be hydrolyzed to dicarboxylic acids.
The frequency with which such reactions are reported in the patent literature
is due to the potential or actual value of the dinitriles and derived compounds
as precursors of monomers for the manufacture of synthetic polymers.

It seems more profitable to view the products of reactions of allylic halides
with cyanides as unsaturated nitriles rather than as allylic cyanides, since no
reactions have been reported in which the cyanide radical is displaced to give
back an allylic compound.

Table 27 lists reactions of unsymmetrically substituted allylic halides with
cyanides. The allylic bromides referred to were probably equilibrium mixtures
rather than primary bromides as claimed. All reactions using Cus(CN); probably
gave mixtures of isomeric nitriles rather than only the product of primary sub-
stitution sometimes claimed.

7. Reaction of allylic halides with thiocyanate ion

Sodium, potassium, and ammonium thiocyanates react with allylic halides in
aleoholic solution to form allylic thiocyanates. Primary and secondary halides
appear to react exclusively by the Sx2 mechanism:

RCH—CHCHXR . RCH—CHCHECN)R'

This reaction is of interest because it affords an unambiguous synthetic route to
allylic amines with primary amino groups. Most allylic thiocyanates undergo
intramolecular rearrangement on heating to isothiocyanates in which the struc-
ture of the allylic system has been inverted. The isothiocyanates are converted
to allylic amines by treatment with strong mineral acid.

ROH=CH(|)HR’ _beat . peHCH=CHR E-2HO, R(IJHCH=CHR’
N=CS Ne—=C—8 NH,

This sequence of reactions provides a route to a-substituted allylic primary
amines, compounds which are otherwise difficult to prepare. The hydrolysis

TABLE 28
Reactions of allylic halides with thiocyanate ion

Halide Reaction Conditions References
CHCI=CHCHCL...ovvvviivin e KSCN in ethanol 12n
CH:CH=CHCH:Cl............ociiiiiirininenns KSCN or NHBCN in ethanol (362)
CH;CH=CHCH:zCIL..........cviiiieiiininnns NHSCN in acetone (692, 666)
CHCH=CHCH:Br. ........ .o eteieveiiieencns NH.SCN in ethanol (95, 434, 630)
CH:CCI=CHOHCL. ... NHSCN in ethanol (499)
CH:CCI=CHCH:Br. ... NH.SCN in methanol @
CoHyCH=CHCH:BI.......covvrieiieniainenins NHSCN in ethanol (123)
(CH):C=CHCH:Br.........covviveiviinins KS8CN in ethanol (592)
CH=C(CH:)CHCIC:Hs ?)...............c.. s NaSCN in methanol (98)
CHyOCH:CH:CH=CHCH:CL.................. NH:SCN in ethanol (189, 190)
CHsOCH:CH.CHCICH=CH.... ...| NH:SCN in ethanol (189, 190)
C4H OCH,CH:CH=CHCHCI... ...| NH8CN in ethanol (189, 190)
CiH OCHCH:CHCICH=CHa... .| NH4CN in ethanol (189, 190)
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of the isothiocyanate requires drastic conditions, however, and frequently gives
low yields of amine,

a-Methylallyl isothiocyanate is smoothly reduced by lithium aluminum hydride
to N-methyl-a-methylallylamine (666).

Table 28 lists reactions of unsymmetrically substituted allylic halides with
thiocyanate ion. No thiocyanates of rearranged allylic structure were reported
for any of the reactions listed.

8. Reactions of allylic halides with potassium phthalimide

Normal substitution products are obtained from reactions of primary and
secondary allylic halides with potassium phthalimide (Gabriel’s phthalimide
synthesis). The reaction has been carried out by simply heating the reactants
together, and also using methanol or dimethylformamide as a solvent. Hydrolysis
of the resulting N-allylphthalimides yields allylic primary amines:

co
: /N \\
RCH=CHCHXR' + | | NK -
VAN
co
RCH=CH?HR’ E%%%? RCH=CHCHR'
2
N NH,

// \\
0=C C=0
N_

N/

Hydrazine is a superior reagent for converting the phthalimides to amines. The
Gabriel synthesis usually gives excellent yields of amines from primary allylic
halides, low yields of amines from secondary halides, and poor or negligible
yields of amines from tertiary halides. a,ce-Dimethylallyl chloride, upon treat-
ment with potassium phthalimide, gave a very low yield of N-{y,vy-dimethyl-
allyl) phthalimide, much phthalimide and unsaturated hydrocarbon (presumably
isoprene), but no N-(a,a-dimethylallyl)phthalimide (569).

TABLE 29
Reactions of allylic halides with potasstum phthalimide

Halide Reaction Conditions References
CH:CH=CHCH:C] (cis and trans)............. CsH,0:NK in (CH;):NCHO (162, 195, 353, 537, 690)
CHsCHCICH=CH:.. ... ovinccniiiiiieennanns CsH4O:NK in (CHs)s NCHO (152, 195, 537, 690)
CHsCH=CHCH:Br. ...t veieiiiiianennenns (354)
CH:CICH=CHCH:CL..............oocivcrvninns CsH0:NK + K:COs (8)
CH:BrOH=CHCH:Br..........ocerveririreann. CsH40:NK in CH:0H (379)
CoHsCH=CHCH:2CL.........coivvrerrrenernnans CsH0:NK (419)
CoHsCHCICH=CHs.......v0vinveriiiienrinnans CsH4O:NK (419)
(CHs)eC=CHCHCl...........ovveiviiiiiniinns CsHiO:NK (690)
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Reactions of unsymmetrically substituted allylic halides with potassium
phthalimide are listed in table 29.

9. Reaction of allylic halides with thiourea: preparation of thiols

Primary allylic halides react with thiourea in ethanol solution to form
thiuronium halide salts, which are hydrolyzed to thiols by aqueous alkali.

RR/C=CHCH,S(NH;),tX~ RR'C=CHCH,SH

This reaction has been carried out using cis- and trans-y-methylallyl bromides
(59), v-phenylallyl bromide, 8,v-diphenylallyl bromide (410), and 1,3-dichloro-
2-butene (499). The kinetics of reactions of butenyl and pentenyl halides with
thiourea in acetone solution has been studied (543). The reactions of a- and -
methylallyl chlorides and v,y-dimethylallyl chloride were second order and
gave normal substitution products. The reaction of «,a-dimethylallyl chloride
with thiourea in acetone is second order also, but rearranged products are formed,
probably owing to operation of the Sx2’ mechanism.

H;O, OH-
— i

10. Reaction of allylic halides with hexamethylenetetramine: conversion of halides to
aldehydes and primary amines

The Sommelet (577) aldehyde synthesis is applicable to primary allylic halides.
Delaby (156, 158, 159, 160) found that reactions of a number of allylic bromides
with hexamethylenetetramine yield quaternary salts which are hydrolyzed in
neutral aqueous solution to «,B-unsaturated aldehydes:

RCH=CHCH:BI‘ + (OH2)5N4 —_—

+
RCH=CHCH,NN; (CHy)sCl- —25 RCH=CHCHO
The mechanism of this interesting reaction has recently been reinvestigated (13).
If the quaternary salts are hydrolyzed in acidic rather than neutral solution,
primary amines result. Supniewski (592) prepared v,vy-dimethylallylamine from
the bromide by this method.

11. Reaction of allylic chlorides with azide jon

Primary and secondary allylic chlorides appear to undergo normal bimolecular
substitution by azide ion in aqueous ethanol and aqueous methanol, although the
general applicability of the reaction has not been tested. Thus, geranyl chloride,
(CH;),C=CHCH,CH,C(CH;)==CHCH,C], reacts with sodium azide in aqueous
methanol or ethanol to form geranyl azide, which can be reduced to geranylamine
(205, 593). (—)-a-Butylallyl azide is formed in the reaction of (+)-a-butylallyl
chloride with aqueous ethanolic sodium azide (395).

12. Reaction of allylic halides with halide fons: non-isomeric exchange reactions

Allylic chlorides undergo bimolecular displacement reactions with potassium
iodide in acetone. The kinetics of this reaction has been studied for a number of
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chlorides by Hatch and coworkers (table 1), who do not report isolating the
allylic iodides formed by the reaction. It is probable that primary and secondary
chlorides react by the Sx2 mechanism, although Sx2’ reactions are not unlikely
for sterically hindered chlorides. The iodides, even if isolated, would probably
be too labile to permit conclusions to be reached concerning initial product com-
positions. England and Hughes (192, 193) have shown, by both kinetic measure-
ments and product analyses, that the reactions of a- and v-methylallyl bromides
with radioactive bromide ion in acetone solution involve mainly Sx2 substitution.
(=)-a-Butylallyl bromide reacts with lithium chloride in methanol to give
(+)-a-butylallyl chloride of low optical purity (395). The optical purity of the
starting material was not known.

Allylic chlorides may be converted to bromides and iodides by treatment with
sodium or caleium bromide, or calcium or potassium iodide. These reactions have
been carried out simply by warming the allylic chloride with the halide salt,
although this procedure frequently gives rearranged product. Reactions with
potassium iodide are usually performed in acetone solution.

Henne and coworkers (272) have found that polyhalogenated olefins having
allylic trichloromethyl groups react smoothly with antimony trifluoride to give
olefins with trifluoromethyl groups:

CX,=CXCCl, -2, (X,—CXCF,

It is not necessary to use a salt of pentavalent antimony as a catalyst, as is re-
quired for non-allylic replacements. All three of the allylic chlorine atoms of
the trichloromethyl group are replaced, instead of only two as is the case with
non-allylic trichloromethyl groups. This reaction appears to be general, but in
certain cases is accompanied by allylic rearrangement (271). It is stated that
halogen substitution at the y-carbon atom of the polyhalide is a necessary con-
dition for the exchange reactions. 1,1,2,3,3-Pentachloropropene reacts with
antimony pentafluoride to give 1,2-dichloro-3,3,3-triflucropropene, a product
of substitution with allylic rearrangement.

Table 30 lists some reactions of unsymmetrically substituted allylic chlorides
and bromides with chloride, bromide, and iodide ions.

TABLE 30
Non-isomeric halide-exchange reactions of allylic halides

Halide Reaction Conditions Products References
CH—~—CHCHCL.................... Cals or KI CHCI—CHCH.I (624, 625)
CHCI—CHCH:CI.................. CaBr: or NaBr in water | CHCI=CHCH:Br (40, 347)
CHCI=CHCH:CI.................. Cals CHCI—CHCH.I (347)
CH:=CHCHCICOOH............. CaBr: CH:;BrCH=CHCOOH (524)
CH/~CHCHCICN................. CaBr: CH:BrCH=CHCN (524)
CHCICH=CHCH:CI....... ....| Aqueous NaBr CH:BrCH=CHCH:Br (40)
CClL=C(CHa)CH:C]..... ..| Cala CCl—=C(CHs)CHal (346)
CHyCHCIC(CHs)—CHs.. ..| CaBra CH;CH=C(CHs)CH:Br (380)
CHs~CHCHCICOOCH.... ..| CaBra CH:BrCH—CHCOOCH, (522, 524, 529)
(=)-C+H.CHBrCH=CHs.......... LiCl in methanol (+)-C{HsCHCICH=CH_, (395)
CH:CIC(CH3)=CHCH;00CCH;..| KI in acetone CH:IC(CH3)=—CHCH:0COCH; (481)
CH:CIC(CH3)~CHCH;00CCHs. .| CaBr; in acetone CH:BrC(CH;3)—CHCH;OCOCHa, | (461)
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18. Replacement of halide by hydrogen: reaction of allylic halides with lithium
aluminum hydride

Primary allylic halides react with lithium aluminum hydride in ether solution
to give products which would be formed by normal bimolecular replacement of
halogen by hydrogen. Trevoy and Brown (607) suggest that such reactions in-
volve nucleophilic displacement of halide ions by complex hydride ions, and
report that frans-1,4-dibromo-2-butene is reduced to irans-2-butene. Similarly,
cis- and frans-1,4-dichloro-2-butenes are reduced to cis- and frans-2-butens,
respectively (425). Lithium aluminum hydride reduction of frans-y-methylallyl
chloride yields {rans-2-butene, while reduction of the cis chloride gives cis-2-
butene (566).

Reduction of allylic halides by lithium aluminum hydride has been used in
assigning structures to the halides. Thus, ¢is- and frans-1-chloropropene were
obtained from the low- and high-boiling isomers of 1,3-dichloropropene, a result
which indicates that the low-boiling isomer had the cis configuration and the
high-boiling isomer the i{rans configuration (260). 1-Bromo-3-chloropropene,
1,3-dichloro-2-fluoropropene, and 1,2, 3-trichloro-2-butene all react with lithium
aluminum hydride to form the expected reduction products (248, 251, 254).

The reaction of 2,3,3-trichloro-1-butene with lithium aluminum hydride
gives 2,3-dichloro-2-butene (248). This reaction may well be an abnormal bi-
molecular displacement of halide by hydride.

The «- and y-methylallyl bromides are reduced to mixtures of butenes by
treatment with a number of metals in ethanol or aqueous ethanol, and by treat-
ment with magnesium in ether followed by hydrolysis of the resulting Grignard re-
agent (668, 671, 675,681, 683,695). While reactions of this type should be generally
applicable as methods of reducing allylic halides to olefins, they are funda-
mentally different from the hydride reductions discussed above in that organo-
metallic compounds are formed as intermediates.

14. Miscellaneous replacement reactions of allylic halides

There are a number of replacement reactions of allylic halides which have
been reported for only one or two halides. Several of these less common reactions
are described in the paragraphs which follow.

Treatment of v,y-dimethylallyl bromide with a mixture of potas-
sium hydroxide and calcium cyanamide in methanol was claimed to form
[(CH,),.C=CHCH,,NCN (592).

Oae and VanderWerf found that 1,3- and 3,3-dichloropropene both react
with 1 M silver nitrate in ethanol to form 3-chloro-2-propenyl nitrate (458).
Formation of ethyl ethers would be expected to accompany nitrate ester
formation.

Sodium ethyl xanthate in ethanol reacts with 5-alkoxy-1-chloro-2-pentenes to
form xanthate esters of the type ROCH,CH,CH=CHCH.,SCSOC,H;. The
isomeric secondary chlorides gave low yields of the same esters (621). Similar
results were obtained using sodium butyl xanthate in butanol.

It was recently reported that allylic hydroperoxides are formed from allylic
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bromides and potassium hydroxide-hydrogen peroxide in aqueous methanol (276).
Two examples were cited, but no experimental details were given.

Diazoacetic ester reacts with allylic halides in the presence of copper powder
to form unsaturated a-halo esters. Phillips (474) found that a- and y-methylallyl
chlorides yield mixtures of isomeric ethyl a-chloropentenoates in this reaction; he
attributed the formation of abnormal products to an abnormal bimolecular dis-
placement of chloride by carbethoxycarbene, followed by reaction of the car-
bonium ion and chloride ion thus formed:

+
C:H;O0CCH: 4+ CH;~CHCHXR — [C,H;00CCHCH,CH=CHR|CI~ —
C.H;00CCHXCH.CH=CHR

Both 1,3- and 3,3-dichloropropene undergo similar reactions.

In the presence of aluminum chloride or hydrogen fluoride, chlorides having
allylic trichloromethyl groups and their allylic isomers alkylate aromatic rings
(447, 448, 497):

CH,=C(CH;)CCl; + CsH;O0CH, —— p-CH,0C,H,CH,C(CH,)=CCl,
CH,=CCICCl,

or 4 CeHy 2L, CyH,CH,CCI=CClL
CClL=CCICH,Cl
CH,=CHCCl,

or 4+ CeH, ACh 0yH,CH,CH=CCL

CCl,=CHCH,Cl

These reactions probably involve electrophilic substitution of the benzene ring
by mesomeric allylic carbonium ions.

15. Reactions of allylic halides with organometallic compounds

Reagents with potential or actual negatively charged carbon atoms are alkyl-
ated by allylic halides. Grignard reagents and alkali metal salts of active
methylene compounds are the two most important classes of carbanionic
reagents; their reactions with allylic halides lead to compounds such as un-
saturated esters, keto esters, or cyano esters in the case of active methylene
compounds, and to unsaturated hydrocarbons in the case of Grignard reagents.

(a) Reactions of halides with salts of active methylene compounds

The reaction of active methylene compounds with allylic halides occurs much
more readily than analogous reactions with alkyl halides and has been widely
used as a method of lengthening carbon chains, particularly in the field of the
chemistry of natural products. These alkylations are usually carried out by
dissolving the active methylene compound (e.g., ethyl malonate, ethyl aceto-
acetate, ethyl cyanoacetate) in ethanolic sodium ethoxide, adding the allylic
halide to the solution, and then heating the mixture or allowing it to stand at
room temperature until reaction is complete,
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Under these conditions primary allylic halides give only normal alkylation

products:
Rl

&
R'R"CH"Na* + RCH=CHCH,X — RCH=CHCH20\H 4+ NaX
R/l

It seems quite likely, in view of the strong nucleophilic character of the sub-
stituting agents, the low polarity of the solvent, and the fact that normal prod-
ucts are formed, that primary halides react by the Sx2 mechanism.

Secondary allylic halides give varying amounts of abnormal substitution
products with these reagents: '

R'R"CH Nat* + RCHXCH=CH,
— RCH(CHR'R")CH=CH; + RCH=CHCH.CHR'R"

Kepner, Winstein, and Young (326) found that the reaction of sodium diethyl-
malonate with «a-ethylallyl chloride in ethanol is strictly bimolecular but gives
23 per cent of abnormal substitution product. This result is best interpreted
as being due to simultaneous Sy2 and Sy2’ substitution (see page 770). 3,3,3-
Trichloro-1-propene, a highly hindered allylic chloride, gives only the product
of abnormal substitution with sodio diethylmalonate (451).

So-called “primary” allylic bromides, which are usually equilibrium mixtures
containing 10-30 per cent secondary (or tertiary) bromide, react with sodium
derivatives of active methylene compounds to form only products of substi-
tution at the primary carbon atom of the allylic system. This result could be due
to rapid isomerization of the secondary or tertiary bromide to the primary iso-
mer, followed by normal substitution of the primary bromide, or to abnormal
bimolecular substitution of the secondary or tertiary isomer, or to a combina-
tion of these processes.

Kierstead, Linstead and Weedon (332, 333, 334) found that vinylcyclopropane
derivatives are formed in reactions of diene dibromides with malonie, acetoace-
tic, and eyanoacetic esters. The first step of these reactions is probably an Sx2
displacement of bromide by the anion of the active methylene compound. This
apparently is followed by an intramolecular displacement of the remaining
bromine atom by mechanism Syi’.

Table 31 lists reactions of unsymmetrically substituted allylic halides with
salts of active methylene compounds.

(b) Reactions of allylic halides with non-allylic Grignard reagents
Grignard reagents react with allylic halides to form olefins:
RCH=CHCHXR’ + R"MgX
— RCH=CHCHR'R” 4+ RR"CHCH=CHR’ 4 MgX;

Although this reaction is of considerable importance in the synthesis of hydro-
carbons, its mechanism is not fully understood. It might seem at first glance
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TABLE 31
Reaction of allylic halides with active methylene compounds
Halide Reagent {Productst References
CHF=CHOCH. ...t eeieeiievieenieees NaCH(COOC:Hs)z Abnormal (451)
only
CCIE=CHCHCL. .....vvvviiiiniiniinieninens NaCH(COOC:Hs)2 N (451)
CHsCH=CHCH:Cl NaCH(COOC:Hs)2 N (37, 326)
CH:CH=CHCH:Cl NaC(NO3)(COOC:Hs)z N (75)
CH:CHCICH=CHa: NaCH(COOC:Hs)2 M (37, 326)
CHsCH=CHCH:Br NaCH(COOC:Hzs): N (37, 141)
CONH
CHsCH=CHCH:BI..........0covviiiiiiiiinnenen, CoHsCNa [e]e] N (180)
CONH
CONH
CHsCHBrCH=CH:......oo vt ieveiveiiniianionn s CyH;CNa Cco M (180)
CONH
CHsCHBrCH=CHz.........coveirriiiienenennn. NaC(C:Hs) (COOC:Hs)2 M (180)
CH;CCI=CHCH:CI........... NaCH(COOC:Hjs): N (601)
CH;CCI=CHCH:Cl.......... NaCH(COCHs;) (COOC:Hs) N (642)
C:HsCH=CHCH.CI......... NaCH(COOC:Hjs)a N (328)
CoHsCHCICH=CHa......... NaCH(COOC:Hs): N (326)
(+)-CH;CH=CHCHCICHs.. NaCH(COOC:Hs)2 Racemioc (50)
product
CoHsCH=CHCH:2BI.........coovvriiiirinianens NaCH(COOC:Hs)2 N (283)
CH;CH~C(CHs)CHsBr. ... NaCH(COCHs) (COOC:Hzs) N (380)
(CH3):C=CHCH:Br....... NaCH(COCHSs) (COOC:Hs) N (857)
(CH3):C=CHCH:Br...........coviviiiiiien NaC[CH (CHa)2](COOC:Hs)a N (570)
Dibromocyeclopentene. .......coovvvneivnienenanens NaCH(COCHs3) (COOC:Hs) ? (529)
CH;OCH.CH:CH=CHCHCl NaCH(COCHSs) (COOC:Hs) N (503, 511)
CH;OCH:CH.CH=CHCHCl NaCH(COOC:Hjs)2 N (511)
CH;OCH:CH:CHCICH=CHa NaCH(COOC:Hs)2 M (511)
CH;OCHsCH:CHCICH=CH: NaCH (COCHS;) (COOC:Hjs) M (508, 511)
[ N NaCH(COOC:Hzs): N “31)
CeHsCH=CHCH2CL.........ccovrriinranneees NaCH(COOC:Hs): N (37)
CeHsCH=CHCH:Br.........c0vvriiivarinnneiins NaC(COOC:Hs)s N (409)
(CHs):C—=CHCH:CH:C(CHs)=CHCH:Cl....... NaCH(COOC:Hs): N (37, 205)
(CH»):C—=CHCH:CH:C(CH:)=CHCH:Cl........ NaCH(COCH;)(COOCeHjs) N (205, 548)
CuH1sC(CH3s)=CHCH:Br. ... NaCH(COCH3)(COOC:Hs) N (204, 549)
CuHuC(CH:)—~CHCH:CI.... NaCH(COCHS;s)(COOC:Hs) N (550)
CuHuC(CHs)=CHCH:BI.........vcviii s NaCH(COCHS;) (COOC:Hs) N (229)

t M indicates that a mixture of isomerie products was isolated; N means that only the normal substitution product

was reported.

that the halogen atom of the allylic halide is displaced by a carbanion from the
Grignard reagent. There are two reasons why this simple explanation is probably
incorrect: first, Grignard reagents are not appreciably dissociated into R-
and MgX+ in ether solution; and second, carbanions would be expected to react
with primary allylic halides and perhaps even secondary allylic halides to form
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normal substitution products exclusively, especially in a solvent of low polarity
like diethyl ether. Actually, mixtures of isomeric olefins are almost invariably
formed in these reactions. Either member of a primary-secondary pair of iso-
meric allylic chlorides or bromides gives a similar mixture of unsaturated hydro-
carbons when allowed to react with a Grignard reagent; the product of coupling
at the primary carbon atom of the allylic system usually predominates.

The fact that isomeric halides yield similar mixtures of coupling products is
strong evidence for an ionic reaction of the Sx1 type. It appears that mesomeric
allylic carbonium ijons are formed as intermediates during reactions of allylic
halides with Grignard reagents. Ether is not a sufficiently polar solvent to cause
most allylic halides to dissociate, and it is necessary to postulate that formation
of the carbonium-ion intermediate is made possible by a weakening of the C—X
bond of the halide by preliminary coordination with the Grignard reagent or
magnesium halide. In other words, the magnesium compounds act as electrophilic
catalysts for the coupling reaction. It is unlikely that “free’” carbonium ions are
produced; ion-pairs are probably formed in which the allylic cation is sufficiently
free to lose its structural identity (647). The differences, although small, in
product compositions from coupling reactions of isomeric halides mean that in
most cases a true common intermediate (free carbonium ion) is not involved.
It is also possible that allylic halides rearrange to an equilibrium mixture under
the influence of Grignard reagent and/or magnesium halide at a rate greater
than that of the coupling reaction. If this were true, similar mixtures of coupling
products would be formed from isomeric halides, whatever the mechanism of the
coupling reaction.

These coupling reactions are even more complex than indicated in the pre-
ceding paragraphs. Kirrman, Prevost, and others (328, 337, 343, 479, 492, 520)
have observed that when allylic halides are coupled with non-allylic Grignard
reagents, varying amounts of dienic hydrocarbons resulting from the coupling
of two allylic fragments are formed in addition to the expected coupling products.
In one case (492) Prevost also found alkyl halide and reduction products de-
rived from the allylic halide. Prevost (492) and Kirrman (342) postulated that
these complex mixtures of products are formed due to exchange of functional
groups between the allylic halide and the Grignard reagent. The allylic Grignard
reagent thus formed would react with allylic halide to give the dienic products
or with water (during working up of the reaction mixture) to give the olefins
expected from reduction of the allylic halide and its isomer.

RCH=CHCH; + RCH,CH=CH,
‘mo
RCH=CHCH,X 4 R'MgX — R(CH=CHCH,)MgX +4 R'X
ACH=CHCH2X
Ve

(RCH=CHCH:); + RCHCH=CH,; 4+ RCHCH=CH,
CH.CH=CH,R RCHCH=CH,
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TABLE 32
Coupling of allylic halides with non-allylic Grignard reagents
Halide RMgX Product Composition References

CH:~CHCHCl: Ce¢H:MgBr A (347)
CHs~CHCHCI: CH;;MgBr

(CH,)2:CHMgBr N+ A (343, 344,

479)

CiHsMgBr

CsHMgBr
CHCI=CHCHCL................... CsHisMgBr N (94)
CHCI=CHCH:CL................... CHsMgBr

(CHi):CHMgBr N+ A (479)

CiHsMgBr
CHCI=CHCH:Cl................... n-C3:H;MgBr N+ A (343, 344)
CHCI=CHCHCI........... .| ArMgX N (54)
CHBr=CHCH:Br CH;zMgBr

CsH MgBr N4 A (337)

C2HsMgBr
CHBr=CHCH:Br...........vvr.... CeHsMgBr N (94, 337)
CH:=CHCCL............... ...| CdHoMgBr A (451)
CClL:=CHCHCI............ ...| C4HsMgBr N (451)
CHBr=CBrCH:Br.......... .| CeHsMgBr CeH:CH:C=CH (301)
CH~C=CHCH;Cl CH;MgCl

CH;MgI

C«HsMgBr Mostly A (112, 113,

114)

CeHsMgBr

CsHsCH:MgCl

C7HisMgBr
CH;CH=CHCH.CI C:HMgCl 85% N; 16% A (132)
CH,CH=CHCH;Cl .| CeHMgBr 1% N; 23% A (647)
CH;CHCICH=CH; CeHsMgBr 729 A, 28% N (847)
CH,CH=CHCHCI ~90% CH;CH=CHCH:CiHs

+
CHCHCICH=CH, (""" CeHeMgBr ~10% CH:CH (CiHy)- @10)
CH=CHj;
CH:CH=CHCH:Br................. CsH:MgBr N (387, 473)
CHsCH=CHCH:Br (®)............. C:H:MgBr N+ A (621, 622)
CH:CHBrCH=CH:................. CeHsCH:CHoMgBr N (387)
CH:CH=CHCH:Br CH;CHRCH=CH: (mostly) | (477)
B ST T PR CH:CH:CH;CH,CHMgCl -+

CH,CHBrCH=CH; e CH;CH=CHCH;:R
CHCICH=CHCH:C1 CsH;MgBr

CiHsMgBr N, N + butadiene (298, 399)

CH:sMgBr
CHCICHCICH=CH: CH;:MgBr CHsCH:CH=CHCH:CHs (399)
CH:BrCH=CHCH;Br CH:MgBr CH;CH:CH=CHCH:CHj (399)
CH:BrCH=CHCH:Br .| CsHoMgBr N+ A (282)
CH.BrCH=CHCH:Br C:H:MgBr

CsHiCH2MgCl N, N + butadiene (619)
CClL=C(CHs)CH:CL................ CH:MgBr N+ A (346)
CoH;:CH=CHCH:Br (®)............ C:HsMgBr ~20% N; ~ 809 A (489)
C:HsCH=CHCH:Br (?)............. C2HsMgBr

CeHsMgBr N+ A (494)
(CHj3):C—CHCH:Br (?) CeHsMgBr N (129, 582)
Dichlorocyeclopentenes............... CHs:MgBr

C:H:MgBr N+ A (401)

CsH:MgBr
Dibromocyelopentenes.............. CaH::MgBr

CsHirMgBr N+ A (35)
(CHs):C—=C(CHs)CH:CL............. “RMgX” N+A (396)
(CHj3):CCIC(CH;3)=CHa... “RMgX"” N+ A (396)
(CH3):CCICH=CHCHs............. C:H;MgBr 819, N; 39% A (397)
CH:OCH:CH=C(CH3)CH:Cl....... CuHi7C(OMgBr) (CHs)C=CMgBr| N (462)
CH;OCHsCH;CH=CHCHCI....... CsHsMgBr ~ 0% N; ~ 309 A (512)
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Halide RMgX Product Composition References
CH:0CH:.CH:CH=CHCH,CL....... CeHsCHaMgBr
C:HsMgBr ~ 8% N (518)
CsHsMgBr ~ 35% A
CH:0CH:CH:CHCICH=CHs....... CsHsMgBr ~ 40% N, ~ 60% A (512)
CH;0CH:0H.CHCICH=CHa....... CsH;CH:MgBr
CoHsMgBr ~ 65% A (519)
Ci:HoeMgBr ~ 35% N
(CHy)eC—C(CHy)CH:Br (?)......... “RMgX"” N+ A (398)
(CHs):C—C(CH)CH:Br (?)......... CeHsMgBr N (129)
(CHs):CBrCH-=CHCH; (?)......... C:HsMgBr 61% N; 39% A (897)
CH:CIC(CH)=C(CHyCHCI...... CHsMgBr Mostly N, N (400)
B CsH:MgBr
CHiMgBr N (431)
Cl
CH:BrCH=CHCH=CHCH:Br (?).| C:H:MgBr ALA (492, 493)
(CH3):CHCH=C(CHs)CH:Cl....... CuH/MzBr N (473)
CalsOQCHCH.CH=CHCH:CL...... C:HMgBr
CsHiMgBr N (520)
C:H:OCH:CHCHCICH=CHa...... C:H:MgBr
CsHyMgBr A (520)
ol OBr @, CHMgBr N (431)
CﬁHuCEchCHzBI‘ (83%) —— { 80% CyHuCH=CHC:H; @)
VI CHErCH=CH:s (7%) 20% CsHuCH (CH;)CH=CH;
CH;
__)Br (6 CH;MgBr N (431)
CH3
CeH:CH=CHCHCIL................ CH:zMgBr N4 A (328, 494)
C4HOCH:CH.CH=CHCH.CI...... C4HsMgBr
CeHiMgBr N (520)
C4H.OCH.CH.CHCICH=CHa...... C4HosMgBr
CsH;MgBr A (520)
CeHyCH=CHCH:Br................ C:HsMgBr ~T70% N; ~30% A (408, 402)
Br
He
I (42 T CH:sMgBr N (431)
CsH:CHCICH=CCICsHs........... CsHsMgBr N (891)
CeH:CHCICH—=CCICH=CHC:H:..| CsH:MgBr N (501)
(CsHs):C—CHCHCICeHs........... CeH:MgBr N (591)
CeH:MgBr N (52)

(CeHs)2:C—C(CeH:)CH:Br...........

The exchange reaction would also account for the appearance of alkyl halide
among the products. Kharasch and Reinmuth (331, page 1063) state that func-
tional exchange between Grignard reagents and organic halides is a relatively
rare reaction, and that when it does occur it probably takes place through a

free-radical mechanism.

Table 32 lists coupling reactions of unsymmetrically substituted allylic halides
with non-allylic Grignard reagents. In the “product’”’ column, N refers to the
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product of normal coupling without rearrangement of the allylic system, and A
refers to the abnormal coupling produet, in which the structure of the allylic
system has been inverted. Percentages, where given, refer only to compositions
of products of coupling of the allylic halide with the non-allylic Grignard reagent.
Many workers report only one coupling product, in spite of the fact that mix-
tures of products were found in all cases studied with sufficient care. In these
instances the reported product is probably merely the principal one rather than
the only one formed. As mentioned before, some investigators have claimed to
use primary allylic bromides when equilibrium mixtures of allylic isomers were
actually used. Where there seems to be reasonable doubt as to the purity of the
halide used, a question mark is placed after the structure appearing in the
literature.

(¢) Reaction of allylic halides with allylic Grignard reagents

Under suitable conditions allylic halides react with magnesium metal to form
mixtures of dienic hydrocarbons:

RCH—CHCHXR’' Y&,
RCH=CH(I3HR’ RCH=CH(IJHR’ R’CH=CH(|JHR
+ +
RCH=—CHCHR’ R'CH=CHCHR R/’CH—CHCHR
I II Il

The coupling reaction may be carried out with or without ether as a solvent and
has been used as a synthesis of unsaturated hydrocarbons, particularly by
Henne, Cope, and Koch and their associates (269, 270, 358, 403). Coupling
products are also frequently obtained as by-products in the preparation of allylic
Grignard reagents. In general, either member of a primary-secondary pair of
isomeric chlorides or bromides gives a mixture of dienes in which the hydro-
carbon having a primary allylic residue coupled to a secondary one (II: R’ =
H) predominates.

It is possible that in some cases at least part of the coupling product is formed
by a free-radical reaction of the Wurtz type. In most cases, however, coupling
probably involves formation of an allylic Grignard reagent and reaction of this
with remaining allylic halide. Rupe and Burgin (545) claimed that part of the
produet of coupling cinnamyl chloride by magnesium was formed by addition
of one molecule of the cinnamyl Grignard reagent across the double bond of
another molecule of the reagent. This assumption was not supported by a care-
ful reinvestigation of the reaction (214, 216, 358), and it is doubtful that addi-
tions of this type occur.

The comments on mechanism made in the preceding discussion of reactions
of allylic halides with non-allylic Grignard reagents are applicable here, except
that the situation is more complex. It is possible for rearrangement to occur dur-
ing formation of the allylic Grignard reagent as well as during its reaction with
the allylic halide. In addition, isomerization of the allylic halide and functional
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exchange between the halide and the Grignard reagent may conceivably precede
or accompany the coupling reaction.

Young, Roberts, and Wax (688) appear to be the only workers who have thor-
oughly studied the reaction of separately prepared allylic Grignard reagents with
allylic halides. They found that «- and y-methylallyl bromides give different
mixtures of dienes in reactions with butenylmagnesium bromide, while «- and
v-methylallyl chlorides form similar mixtures of coupling products in which 3-
methyl-1,5-heptadiene predominates. (The same Grignard reagent, whose struc-
ture and reactions are discussed elsewhere (page 873), is formed from either a-
or y-methylallyl bromide; for the sake of simplicity this reagent is called butenyl-
magnesium bromide.) Their results are summarized in table 33.

The fact that 3-methyl-1,5-hexadiene was the major product when allyl chlo-
ride was coupled with butenylmagnesium bromide, while 2,6-heptadiene was
the principal product of reaction of allylmagnesium chloride with either o-
or y-methylallyl chloride, indicates that the butenyl Grignard reagent tends to
furnish a-methylallyl groups, while both a- and y-methylallyl chlorides tend to
furnish y-methylallyl groups to the coupling products.

The complex results obtained with allylic bromides are not understood.
The fact that bromides should undergo Wurtz coupling and functional exchange
more readily than chlorides may be responsible.

Table 34 lists self-coupling reactions of allylic halides under the influence of
magnesium metal. In coupling reactions of halides of the type RR'C=CHCH.X
and RR'CXCH=CH,, three products may be formed: (RR'C=CHCH,),,
RR'C=CHCH,CRR'CH=CH;, and (CH;=CHCRR/');. These are designated
in the table as primary-primary (pp), primary-tertiary (pt), and tertiary-tertiary
(tt) coupling products (or pp, ps, and ss if R’ = H). When there is reasonable
doubt as to the structure or purity of the halide used, a question mark is placed
after the structure appearing in the literature.

(d) Coupling of allylic halides with organometallic compounds other than
Grignard reagents

Several reactions of organosodium and organolithium compounds with allylic
halides have been reported. In liquid ammonia solution the sodium salt of allyl-
benzene reacts with a- and y-methylallyl chlorides to give mixtures of hydrocar-
bons in which the structure of the a- or y-methylallyl group is completely re-
tained (403, 672):

CsHs (CHCHCH,)-Nat + CH;CH==CHCH,Cl — CsH; CHCH=CH,

+ CH,CH=CHCH;
CH,; CHCICH=CH, +
! CeH; CH=CHCH, CH, CH=CHCH;

Ce H5 CHCH=CH2

| + CyH;CH=CHCH,CH(CH;)CH=CH,
CHa CCH=CH2
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TABLE 34
Products of coupling allylic halides by magnesium
Halide Conditions Products Refer
Reported ences
CHsCH=CHCH:Cl..........icoiviiiiinininiann, Mg 4 (C2Hs):0 Trace pp 270)
92.5% ps
7.6% 88
CHCHCICH=CH2 ......eoivivriviiineniininnn Mg -+ (C:Hs):0 4.5% pp (270)
85% ps
10.5% ss
CHyCH==CHCHBr (?).......cvetvrriririninannnn Mg + (CeHs)20 pp + D8 (95)
CH:CH~CHCH;:Br (87%)} ........................ Mg + (C:Hs)0 50% pp (392, 303)
CH:CHBrCH=CH: (13%), 50% ps
Trace 88
(CHs):C=CHCH:CI + (CH):CCICH=CHa........ Mg + (C:Hs):0 pp + pt (682)
CeHsCH=CHCH:2Br (®).........vcviiiiiiiiieniannes Mg + (CeH:)0 29% pp (495)
656% ps
6% ss
CH;:CH—CHCH—CHCH:CL......................0. Mg + (CeHs5):0 ps + 88 (527)
(CH3):CHCHCIC(CHs)=CHz..............ooonnnn. Mg 4 (C2Hs):0 ps (473)
CHsCH=CHCH:Br (?)....oeeiveiinrierarinainn. Mg + (C:Hs):0 Mixture (161)
CsHuCH=CHCH:Br (mostly)} ..................... Mg + (C2Hs):0 ps (mostly) 42)
CsHuCHBrCH:CHz
CoHyCH=CHCHCL ........iiiviiieiinineninniens Mg 4 (C:Hs)20 20% pp (358)
75% ps
5% =8
CeHsCH=CHCH:CL. .. ... pp -+ ps (218, 545)
CsHsCH=CHCH:Br.............c..oiviiininn Mg + (C:Hs)0 10% pp (358)
89% ps
1% 88
CeHsCH=CHCH:Br..............ccorvvrinrnrie.onn Mg + (C:Hy):0 pp + 88 (93, 216, 408)
(CHj):C—CHCH,CH:C(CHs)=CHCH.Cl (90%)}.” Mg or Mg + (C2H;)2:0 ~ 85% pt (36)
(CH;):C=CHCHCH.C(CH;)CICH=CH, ~ 85% pp
(CHs):C—CHCHCH.C (CHs)=CHCH:Br
(~ 90%)
(CHy):O0=CHOH:CH:C(CH)BrCH=CH,[ """ Mg + (CeHi)O ? 5)
(~ 10%)
(CH3):C=CHCH:CH:C(CH:)=CHCH:Br (?).......| Mg + (CoHs):0 Mixture (579)
CuHuCHC(CH)=CHCH:2Br.................ovu0s pp () (314)

The fact that no products involving rearrangement of the carbon skeleton of
the allylic halides are formed means that these reactions are normal bimolecular
displacements (Syx2) of chloride by the mesomeric carbanion from sodium allyl-
benzene. Mechanisms Syl and Sy2’ apparently do not operate to an appreciable
extent when liquid ammonia is used as the reaction medium.

In contrast to the stereospecific displacements observed in liquid ammonia,
sodium allylbenzene, phenylsodium, and ethylsodium react with a- and -
methylallyl chlorides in pentane to form nearly identical mixtures of hydrocar-
bons:

‘CH;CH=CHCH.Cl
RNa + or — RCH,CH=CHCH; -+ RCH(CH;)CH=CH.
CH:CHCICH=CH, I II

Either of the butenyl chlorides yields predominantly the product of coupling at
the primary carbon atom of the allylic system (I).
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The sodium salt of allylbenzene reacted with butenyl chlorides in pentane to
form 82 per cent I and 18 per cent II from y-methylallyl chloride and 76 per cent
I and 24 per cent II from a-methylallyl chloride (677). Mixtures of similar com-
position were obtained with - and y-methylallyl bromides. Phenylsodium gave
a mixture of 90-95 per cent y-methylallylbenzene and 5-10 per cent a-methyl-
allylbenzene when allowed to react with either a- or y-methylallyl chloride
(146). The only isolable product from the reaction of a- or y-methylallyl chlo-
ride with ethylsodium in pentane was 2-hexane (609).

Exactly what is occurring in coupling reactions of allylic chlorides with
organosodium compounds in pentane is obscured by the heterogeneous nature
of the reaction. The organosodium compounds are insoluble in pentane. In the
case of the reactions with phenylsodium and ethylsodium, the solid organosodium
salts were intimately mixed with the sodium chloride formed as a by-product in
their preparation. The composition of the hydrocarbon products strongly indi-
cates an ionic mechanism for these reactions. The electrophilic sodium atoms on
the surface of the organosodium-sodium chloride aggregates presumably coordi-
nate with the chlorine atoms of the allylic chloride, thus weakening the carbon-
chlorine bond and resulting in formation of an allylic carbonium ion. This car-
bonium ion could coordinate with a carbanion or a chloride ion at the solid-liquid
interface to give hydrocarbons or a mixture of isomeric allylic chlorides. Cristol
(146) has suggested that reactions of the carbonium ion with C¢Hs~ and Cl-
proceed at similar rates, since recovered unreacted chloride in one experiment
was found to have been partially isomerized. It also seems possible that isomeriza-
tion of the chlorides by ion-pair formation and internal return could accompany
or precede the coupling reaction.

Cristol, Overhults, and Meek (147) found that when either a- or y-methylallyl
chloride reacts with phenyllithium or n-butyllithium in diethyl ether, nearly
identical mixtures of products are obtained in which coupling has occurred pre-
dominantly at the primary carbon atom of the allylic system. y-Methylallyl-
benzene or 2-octene comprised more than 90 per cent of the coupling products
in the two cases. These results were interpreted in terms of a carbonium-ion
mechanism similar to that proposed by Wilson, Roberts, and Young (647) for
analogous Grignard coupling reactions.

Ruber (542) treated a-methyl-y-phenylallyl bromide with dimethylzine. The
only product reported was 3-methyl-1-phenyl-1-butene.

(e) Coupling of allylic halides by metals other than magnesium

Dienes may be prepared by coupling allylic halides under the influence of a
number of metals other than magnesium. v-Butylallyl bromide is coupled by
sodium in ether to give mostly 5,9-tetradecadiene, the primary-primary coupling
product (161). In contrast, magnesium gave a mixture of hydrocarbons which
probably contained much primary-secondary coupling product. The terpene
hydrocarbon squalene has been prepared by coupling farnesyl bromide,

CH;[C(CH;)=CHCH,CH,],C(CH;)=—CHCH,Br
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with sodium and potassium (314). 1,4-Dibromo-2-butene was converted into a
mixture of hydrocarbons consisting mainly of 2,6-octadiene by treatment with
sodium in ether (572). Presumably the initial product is dibromotctadiene; how
this is reduced to the hydrocarbon is not made clear. These reactions are probably
of the Wurtz type, in which initially formed free radicals dimerize to form the
dienes. The limited information available indicates that coupling by sodium and
potassium give better yields of unbranched dienes than does coupling by mag-
nesium.

A reaction of a different type occurs when allylic halides are treated with
godium amide in liquid ammonia. Conjugated trienes are usually formed (330).
The first step here is probably abstraction of an allylic hydrogen atom from one
molecule of allylic halide to give a carbanion which displaces halide from another
molecule of the halide. This forms a halodiene which undergoes dehydrohalogena-
tion to a triene.

Cinnamyl chloride is coupled by iron powder suspended in water to give a
mixture of hydrocarbons from which 1,6-diphenyl-1,5-hexadiene was isolated
(109). Mixtures of isomeric methoxychloropentenes (CH,;OCH.CH,CH=
CHCH,CI and CH;OCH,CH,CHCICH==CH,) are coupled by iron suspended in
ethanol or acetonitrile, mixtures of dimethoxydecadienes being formed (615).
Small amounts of copper, nickel, cobalt, and mercury, as well as salts of these
metals, served as activators for the coupling reaction.

One of the earliest allylic coupling reactions on record is that of Charon (123),
who treated “‘crotyl bromide” (the equilibrium mixture of allylic isomers) with
zine in aqueous ethanol to obtain butenes plus ““dicrotyl” of unstated composi-
tion.

Young, Lane, Loshokoff, and Winstein (675) studied the coupling and reduc-
tion reactions of butenyl bromides with various metals in 80 per cent ethanol.
They observed extensive formation of coupling products by magensium, sodium,
iron, manganese, tin, copper, silver, cadmium, and nickel but did not fractionate
the diene mixtures.

(f) Coupling of allylic halides by nickel carbonyl

Allylic chlorides react with nickel tetracarbonyl in a Wurtz-type reaction,
producing excellent yields of diene hydrocarbons. With unsymmetrically sub-
stituted halides either allylic isomer gives essentially the same mixture of hydro-
carbons:

2RCH=CHCH,Cl

or + Ni(CO)x — RCH=CHCH,CH,CH=CHR +
2RCHCICH=CH, I
RCH=CHCH,CHRCH=CH, -+
II

NiCl, + 4CO1
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Our knowledge of this reaction is mainly due to Webb (632, 634), who applied it
to a- and y-methylallyl chlorides, «,a- and v,v-dimethylallyl chlorides, and
isomeric methoxychloropentenes. In each case, the product of primary-primary
coupling (I) was the main constituent of the diene mixture, a fact which makes
this reaction a useful adjunct to coupling by magnesium, which gives mainly
primary-secondary products of the type II.

Coupling occurs in methanol and ether but not in petroleum ether. When the
reaction was carried out in methanol, no products from reaction with solvent
were found. This is evidence for a radical mechanism and against a carbonium-
ion or carbanion mechanism. When coupling of a-methylallyl chloride was
stopped after 25 per cent reaction, the recovered chloride had been isomerized
to y-methylallyl chloride to the extent of only 20 per cent. Rearrangement of the
halide thus appears to be slower than the coupling reaction.

CICH:CH(OC,H;)CH=CHCH,CI (595) and CICH,CH=CHCH,CN (498)

have also been coupled by nickel carbonyl in methanol. In both cases the primary-
primary coupling product was the principal one formed.

16. Allylic Grignard reagents and their reactions

No discussion of reactions of allylic halides would be complete without at
least a brief discussion of the preparation and reactions of allylic Grignard rea-
gents. The problem of the structure of allylic Grignard reagents is a complex one,
as is the question of the mechanisms of their reactions with carbonyl compounds,
active hydrogen compounds, and other substances. The present treatment is
intended merely to describe briefly the preparation of allylic Grignard reagents
and a few of their more important reactions.

(a) Preparation

Owing to the ease with which they are coupled by magnesium, allylic halides
frequently give poor yields of Grignard reagents under conditions which afford
satisfactory yields of alkylmagnesium halides from saturated halides. The side
reactions which lead to formation of coupling products can be virtually eliminated
by use of large excesses of magnesium metal and by keeping the concentration of
unreacted halide very low (215, 218, 219, 220, 661, 675, 682). This requires slow
addition of a dilute solution of the allylic halide in ether to a large excess of mag-
nesium stirred vigorously with a large amount of ether. Essentially quantitative
yields of the allylic Grignard reagent are possible (675), but in practice a com-
promise must usually be made in which smaller, more conveniently handled
guantities of magnesium and solvent are used at the cost of a somewhat lower
yield of Grignard reagent. Under a given set of reaction conditions, higher yields
of Grignard reagent are obtained using ethyl ether than using n-propyl ether,
isopropyl ether, or n-butyl ether (675).

(b) Structure of allylic Grignard reagents

Both members of a pair of isomerie allylic halides form Grignard reagents
which are chemically indistinguishable, and it is quite likely that isomeric halides
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yield the same Grignard reagent. Young and coworkers (378, 538, 645, 646,
668, 684, 686, 687, 688, 695) made an extensive study of the chemical properties
of the Grignard reagent from a- and y-methylallyl halides and concluded that
this reagent is best formulated as y-methylallylmagnesium halide (686).

Owing to the fact that allylic rearrangements can oceur during both the
preparation and subsequent reactions of allylic Grignard reagents, it is doubtful
that their chemical properties alone can furnish conclusive evidence concerning
their structure. A study of their physical properties might prove more fruitful,
but is rendered difficult by the experimental problems encountered in preparing
and handling pure samples of organomagnesium halides. The ultraviolet ab-
sorption spectrum of the Grignard reagent from cinnamyl bromide was recently
determined and is qualitatively that of a compound having a styrene chromo-
phore (CeH,;CH=CH—) (669), good evidence that the Grignard reagent con-
sists of cinnamylmagnesium bromide and, possibly, dicinnamylmagnesium. This
is particularly significant in view of the fact that the cinnamyl Grignard reagent
is similar in its chemical properties to the butenyl Grignard reagent and other
unsymmetrically substituted allylic Grignard reagents. It seems quite likely that
Grignard reagents prepared from halides of the type RR'C=CHCH,X or
RR'CXCH==CH, exist mainly or entirely as RR’"C=CHCH:MgX.

(c) Reactions of allylic Grignard reagents with active hydrogen compounds
Allylic Grignard reagents react with proton donors to form mixtures of olefins:

RCH—CHCH, MgX -% RCH=RHCH; (¢is and frans) + RCH, CH=CH,

Young and coworkers have studied the conversion of butenyl and cinnamyl
Grignard reagents into olefin mixtures under a variety of conditions. They found
that the composition of the butene mixture obtained by hydrolyzing butenyl
Grignard reagents with aqueous acid is independent of the allylic halide used to
prepare the Grignard reagent (668, 681, 695). Reagents prepared from a- and -
methylallyl chlorides and «- and y-methylallyl bromides gave approximately the
same mixture of butenes, which consisted of about 57 per cent 1-butene, 27 per
cent c¢is-2-butene, and 16 per cent trans-2-butene. Dibutenylmagnesium, pre-
pared by dioxane precipitation of butenylmagnesium bromide from the Grig-
nard reagent, gave a somewhat different hydrocarbon mixture from that obtained
with the original Grignard reagent (683). The composition of the butene mixture
varies with the solvent in which the Grignard reagent is dissolved at the time of
hydrolysis and with the nature of the active hydrogen compound used (645).
Cleavage of the Grignard reagent with phenylacetylene gave a mixture con-
taining 93 per cent 1-butene (686). Similar results were obtained with cinnam-
ylmagnesium chloride. Hydrolysis by aqueous acid gave 73 per cent allyl-
benzene and 27 per cent propenylbenzene (661), while cleavage with phenylacet-
ylene yielded only allylbenzene (110).

(d) Reaction of allylic Grignard reagents with carbonyl compounds

Grignard reagents prepared from either member of a primary-secondary pair
of isomeric allylic halides react with aldehydes, ketones, esters, carbon dioxide,
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and phenyl isocyanate to give mainly or exclusively the product of addition at
the secondary carbon atom of the allylic system:

R(IDHCH=CH2
R'C(OH)R"

The butenyl Grignard reagent has been thoroughly studied in reactions of this
type. Reaction with carbon dioxide (378, 538) or phenyl isocyanate (687) gives
CH;CH(COOH)CH==CH,, while reactions with aldehydes and ketones usually
give a-methylallyl carbinols (298, 365, 366, 538, 646, 684, 685, 686). There are
two interesting and important features of these carbonyl addition reactions.
First, the butenyl Grignard reagent gives excellent yvields of carbinols in reac-
tions with highly hindered ketones such as diisopropyl ketone, acetomesitylene,
isobutyrylmesitylene, dimesityl ketone, isopropyl tert-butyl ketone, and di-
tert-butyl ketone (646). These ketones react poorly or not at all with non-allylic
Grignard reagents. And second, the butenyl Grignard reagent adds smoothly to
hindered methyl ketones such as acetomesitylene, which are extensively enolized
by other Grignard reagents (685). The successful addition of butenyl Grignard
reagent to hindered and easily enolizable ketones is evidence for the existence of a
special cyclic mechanism for addition reactions of allylic Grignard reagents which
is not available to non-allylic reagents. Only with the very highly hindered di-
tert-butyl ketone did extensive addition take place at the primary carbon atom of
the allylic system (646). With ethyl formate, the butenyl Grignard reagent gave
di-a-methylallyl carbinol (687). It gave almost no 1,4-addition products with
phenyl vinyl ketone and fert-butyl cinnamate, although saturated and aryl Grig-
nard reagents add almost exclusively in the 1,4-manner to these compounds
(687).

The preceding observations concerning carbonyl addition reactions of butenyl
Grignard reagents are applicable to a number of other allylic Grignard reagents.
For example, the Grignard reagents from cinnamyl chloride and bromide react
with carbon dioxide, aldehydes, and phenyl isocyanate to give produets in which
addition has taken place at the secondary carbon atom of the allylic system (214,
215, 217, 242, 366). Since spectroscopic evidence indicates the Grignard reagents
have the strueture CsH;CH=CHCH,MgX (669), the cyclic addition mechanism
proposed for butenyl Grignard reagents (687) must be operating here also.

CH—CH,
V4 ~| C:H; CHCH=CH,
Ce H5 CH MgX nd
o RR'COMgX

e Y

RR/C=0

Carbonation of the Grignard reagents from biallyl bromide (mainly CHy=
CHCH,CH=CHCH,Br) (43, 44) and octenyl bromide (mainly CsH;;CH=
CHCH.Br) (42) gave only the secondary adducts, as did carbonation of the
Grignard reagent from sorbyl chloride (527). The Grignard reagent from penta-

dieny! chloride condensed with pentadienal to give CH=CHCH(CH=CH,)-
CHOHCH=CHCH=CH, as the only carbinol product (657). The product of

R(CHCHCH,)MgX + R/COR”’ —
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reaction of the Grignard reagent from biallyl bromide with acetophenone was the
secondary adduct (318).

There are a few reports of addition occurring at the primary carbon atom of the
allylic system. (CH,;),C=CHCH,COOH was stated to be the product of carbona-
tion of the Grignard reagent from isoprene hydrobromide (probably mainly
v,v-dimethylallyl bromide) (582). However, later work showed that this Grig-
nard reagent, and the analogous pentenylmagnesium chloride, yield only the
tertiary adduct [(CH,).C(COOH)CH=CH,] on reaction with carbon dioxide
(208a, 372a, 543a). Methyl isopropyl ketone, diethyl ketone, and diisopropyl
ketone also yielded tertiary adducts (208a). Barnard and Bateman obtained only
isohomogeranic acid, (CH,).C=CHCH,CH,C(CH;)(COOH)CH==CH, from car-
bonation of the Grignard reagent of a similar v,vy-disubstituted halide, geranyl
chloride (36). Addition of the Grignard reagent from a-isopropyl-8-methylallyl
chloride to diisopropyl ketone gave mostly the primary adduct, but steric
hindrance is probably important in this case (478). Grignard reagents of the
alicyclic allylic halides I, II, and III have been reported to yield only primary
addition products in reactions with carbonyl compounds (179, 403, 606).

—CoHir
QCH;»CI >~ /i
CH,Cl I
CHCH,Br
I 11 II1

(e) Other reactions of allylic Grignard reagents

Two other reactions of allylic Grignard reagents are worth mentioning. Young
and Roberts (687) prepared the acetal of 2-methyl-3-butenal by treating triethyl
orthoformate with butenylmagnesium bromide. The acetal was formed in 84 per
cent yield; reactions of this type should prove to be general. Coleman and For-
rester (133) obtained a low yield of cinnamylamine from the reaction of the cin-
namyl Grignard reagent with chloroamine.

D. REPLACEMENT REACTIONS OF ALLYLIC ETHERS

Alkoxyl groups are much less easily displaced by nucleophilic reagents than
are most of the functional groups thus far discussed, and relatively few replace-
ment reactions of unsymmetrically substituted allylic ethers have been reported.
However, allylic ethers are considerably more labile than their saturated analogs,
and allylic ethers having two or more activating alkyl or aryl substituents on the
a- and y-carbon atoms of the allylic system undergo substitution reactions fairly
readily, especially in the presence of acid catalysts.

1. Hydrolysis of a-phenyl-y-chloroallyl ethers
a-Phenyl-y-chloroallyl ethers hydrolyze with simultaneous rearrangement to
give cinnamaldehyde (10, 590).
CsH;CH(OR)CH=CHC! + H,0 —» CH;CH=CHCHO -+ ROH + HCI
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2. Conversion of allyl ethers to allyl halides

Allylic ethers having two or more activating aromatic substituents are con-
verted into allylic chlorides by aqueous or anhydrous hydrogen chloride, or by
phosphorus pentachloride (589, 591, 700). Rambaud (525) reported that 2-
methoxy-3-butenoic acid is converted to the corresponding chloride by dilute
hydrochloric acid.

CH,=CHCH(OCH;)COOH + HCl — CH,—=CHCHCICOOH 4 CH;OH

Less reactive ethers require more vigorous reaction conditions. Thus, cinnamyl
methyl ether is converted to cinnamyl bromide by hydrogen bromide in sulfuric
acid (232) and diallyl, dimethallyl, and dicrotyl ethers are converted to allylic
halides by treatment with dry hydrogen chloride or hydrogen bromide under pres-
sure in the presence of cuprous salts (111). These conditions cleaving ethers would
bring about rearrangement of the reaction product. Consequently, little can be
said about the true nature of the reactions.

3. Cleavage of allylic ethers by Grignard reagents

Allylic ethers are cleaved by Grignard reagents, unsaturated hydrocarbons
and magnesium alkoxides being the principal reaction products (273, 274, 411,
421, 591).

L | ]
RC=C—?OR’ + R"MgX — Ré=C—CfJR” +

L/
RR”C——C=C\+ R'OMgX

When crotyl o-methoxyphenyl ether was cleaved by phenylmagnesium bromide, a
56 per cent yield of hydrocarbons consisting of 30 per cent a-methylallylbenzene
and 70 per cent y-methylallyl benzene was obtained (421). The abnormal coupling
product may be formed through & cyclic mechanism of the following type:

CH,—CH
AL ~N\
R—O0") CH—R/’
Mg___Rl/

X

Similar abnormal cleavage reactions have been reported by Hill, Haynes, Sim-
mons, and Hill (273, 274), who also isolated only normal products in a number of
reactions of allylic ethers with Grignard reagents. They found that octylmag-
nesium bromide has a greater tendency to yield abnormal products in cleavage
reactions with unsymmetrically substituted allylic ethers than does ethyl-,
phenyl-, or benzylmagnesium bromide.
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E. REPLACEMENT REACTIONS OF ALLYLIC ESTERS

1, Conversion of esters to alcohols

Hydrolysis of allylic esters is an important method of preparing allylic al-
cohols. The esters may be prepared without rearrangement from allylic halides,
which frequently are obtained by substitution or addition reactions of non-allylic
compounds. In addition, primary allylic esters may be prepared from secondary
and tertiary allylic alcohols, either by direct esterification or indirectly via the
corresponding bromides. This fact is used to advantage in converting secondary
and tertiary allylic alcohols to their primary isomers.

Allylic esters are hydrolyzed by nearly all of the mechanisms known to be in-
volved in carboxylate ester hydrolysis. (For detailed consideration of reaction
mechanisms, see the excellent discussion in Ingold’s recent book (294).) Which
mechanism operates in a particular case depends on a number of factors: the
structure of the allylic portion of the ester; the structure of the acyl group; the
composition of the reaction medium ; and the presence, and concentration, of acid
and base catalysts.

(a) Saponification of allylic esters

A fact of great importance from the synthetic point of view is that practically
all allylic esters can be caused to undergo bimolecular base-catalyzed hydrolysis
with acyl-oxygen fission (B2 in the Ingold classification system):

RCOOCHR'CH=CHR" + OH- = RCO~(OH)OCHR'CH=CHR"
RCO-(OH)OCHR'CH=CHR"” = RCOOH + R”CH=CHCHR'O~
RCOOH + R"CH=CHCHR'O~ = RCOO- + R”"CHCH=CHR'OH

The principal feature of this mechanism of hydrolysis is that the product-
forming step involves acyl-oxygen fission. The carbon-oxygen bond at the
a-carbon atom of the allylic system remains intact throughout the reaction, so
that the structure of the allylic group and the configuration of the a-carbon atom
are completely retained.

The conditions which favor this reaction and minimize other possible modes of
hydrolysis are high alkali concentration and low solvent polarity. The hydroxyl-
ion concentration required to effect saponification without allylic rearrangement
depends primarily on the structure of the allylic part of the ester. Esters with no
more than one a- or y-alkyl substituent are saponified without rearrangement by
dilute alkali. Thus, a-methylallyl acetate yielded only e-methylallyl alcohol when
hydrolyzed in 0.5 N sodium hydroxide (297). Several y-alkylallyl acetates have
been reported to form only v-alkylallylic alcohols when hydrolyzed by aqueous
sodium carbonate (72) or barium hydroxide (232, 233, 481). Certain disubstituted
allylic esters hydrolyze without allylic rearrangement in weakly alkaline solution.
The acetate of 4-hexen-1-yn-3-ol undergoes normal hydrolysis in 0.1 M potassium
hydroxide (78), and the related 3-acetoxy-1,4-hexadiene is saponified to 1,4-
hexadien-3-ol by potassium carbonate in methanol (266).

Esters of allylic aleohols having two or more a- and/or y-alkyl or -aryl substitu-
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ents usually undergo unimolecular hydrolysis in neutral or weakly alkaline
media. This mode of reaction is accompanied by allylic rearrangement; in the
case of esters which are optically active by virtue of an asymmetric a-carbon
atom, racemization is also observed. However, even the most labile esters appear
to undergo base-catalyzed hydrolysis with acyl-oxygen fission if sufficiently
concentrated alkali is used in the saponification. Thus, Kenyon, Partridge, and
Phillips (323) found that hydrolysis of the resolved hydrogen phthalate ester of
a-methyl-y-phenylallyl alcohol in aqueous potassium carbonate yielded racemic
alcohol, while saponification of the ester by 5 N aqueous sodium hydroxide gave
an optically active (though slightly racemized) product. Resolved «,y-dialkyl-
allyl hydrogen phthalates are saponified with almost complete retention of con-
figuration by concentrated aqueous sodium hydroxide (2, 31, 33, 38, 185, 222,
322, 323, 324, 369, 394, 395), excellent evidence that mechanism B,c2 is the
principal one operating. The less concentrated the alkali used, however, the
greater is the extent of racemization accompanying the saponification (31).
Since saponification of allylic esters with concentrated alkali almost invariably
effects hydrolysis without allylic rearrangement, there is little to be gained by
tabulating data from the literature on these reactions. There are a few modifica-
tions of the reaction which should be mentioned, however. Methanolic or
ethanolic sodium or potassium hydroxide is a superior reagent for saponification
of esters. Their use makes it possible to carry out saponifications in homogeneous
solution, and the lower polarity of alcohols compared to water also minimizes
the possibility of labile esters reacting by the Sx1 mechanism. Alcoholic alkoxides
have also been used for the saponification of allylic esters. Since the alkoxide
ion attacks the carboxyl carbon atom, the products of the reaction are the methyl
or ethyl ester of the carboxylic acid and the allylic alcohol. The alkoxide is not
consumed in the reaction, and only catalytic quantities need be used (466). With
the exception of hydrogen phthalates, most allylic esters are no more than spar-
ingly soluble in aqueous alkali. Addition of a suitable detergent to the aqueous
suspension emulsifies the ester and increases rate of saponification (222).

(b) Unimolecular hydrolysis of allylic esters in neutral solutions

Most carboxylic esters are hydrolyzed with fission of the acyl-oxygen bond.
If the acyl group is highly electron-attracting, or if the alkyl group is strongly
electron-releasing, an ester may undergo uncatalyzed unimolecular solvolysis with
alkyl-oxygen fission. Allylic esters having two or more activating «- and y-sub-
stituents on the allylic group satisfy the second condition. Indeed, hydrogen
phthalate esters of «,y-dialkylallylic alecohols were the first esters recognized to
undergo hydrolysis with alkyl-oxygen fission (275).

Hydrolysis of esters by this mechanism actually involves unimolecular nucleo-
philic substitution:

RCOOCHR/CH=CHR” — RCOO~- + [R/'CH==CH==CHR''[*

Hzo
—_—

[R'"CH-~CH==CHR/'T* R'CHOHCH=CHR"” -+

R'CH=CHCHOHR"
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The principal features of this mode of hydrolysis are as follows: (Z) hydrolysis by
this mechanism is unimolecular and occurs in neutral solution (226, 227); (2)
optically active esters yield racemic alcohols (154, 226, 227); (3) hydrolysis is
accompanied by allylic rearrangement, (4) ester recovered after partial hydrolysis
of optically active esters is partially racemized (154, 226, 227).

While solvolytic hydrolysis of allylic esters is of considerable interest from a
theoretical point of view, the fact that this mode of hydrolysis is accompanied
by allylic rearrangement and racemization limits its usefulness in synthetic work.
As indicated above, bimolecular hydrolysis with acyl-oxygen fission can usually
be made to predominate over the unimolecular reaction by using concentrated
alcoholic alkali.

Reactions involving alkyl-oxygen heterolysis of carboxylic esters have recently
been reviewed by Davies and Kenyon (154).

(¢) Acid-catalyzed hydrolysis of allylic esters

The most common mechanism of acid-catalyzed ester hydrolysis is that which
involves acyl-oxygen fission. This appears to be true of allylic as well as ordinary
esters. Since the alkyl-oxygen bond remains intact, rearrangement of the allylic
radical is not involved in the hydrolysis reaction:

O
| Bf
RCOOCHR'CH=CHR"” + H* = RC—O0—CHR'CH=CHR"
0 O

o+

R(I|3—O—CHR’CH=CHR" + H:0 — R(HJ——OH;' + HOCHR'CH=CHR"
However, it is possible for the initially formed alcohol to undergo rearrangement
in the presence of the acid catalyst. This fact frequently makes it difficult to
decide whether acyl-oxygen or alkyl-oxygen fission is involved in those reactions
which yield rearranged alcohols, unless it can be shown that hydrolysis of the
ester is faster than isomerization of the resulting alcohol.

Allylic esters activated by no more than one alkyl group on the «- or y-carbon
atom of the allylic system undergo acid-catalyzed hydrolysis with acyl-oxygen
fission and yield alcohols which are sufficiently stable to be isolated before they
isomerize. Thus, hydrolysis of a- and y-methylallyl acetates in dilute acid solu-
tion yields only the unrearranged alcohols (297, 485). Apparently, an a-ethynyl
substituent exerts a smaller activating influence on the allylic portion of the
ester than an a-alkyl or aryl substituent. Braude (78) studied the acid-catalyzed
hydrolysis of CH;CH=CHCH(OCOCH;)C=CH, and suggests that the reac-
tion involves acyl-oxygen fission. Only the rearranged, conjugated alcohol
(CH;CHOHCH==CHC=CH) was isolated; however, it was found that the rate
of isomerization of the allylic system (determined spetrophotometrically) is
independent of the rate of hydrolysis of the ester and in fact was slower than
ester hydrolysis at temperatures below 60°C. The unconjugated alcohol rearranged
at a rate comparable to the rate of hydrolysis of the ester under the experimental
conditions used.
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Goering and Silversmith (226) recently studied the neutral and acid-catalyzed
hydrolysis of optically active cis- and frans-5-methyl-2-cyclohexenyl p-nitro-
benzoates in aqueous acetone. The interesting observation was made that
whereas the optically active esters racemize more rapidly than they hydrolyze
in neutral solutions, the rate of loss of optical activity in acid solutions exactly
equals the rate of hydrolysis. Both the neutral and the acid-catalyzed reactions
must involve alkyl-oxygen fission, since racemization accompanies hydrolysis.
Heterolysis of a non-protonated ester molecule presumably yields an ion-pair
which can react with water or recombine to form racemic ester. In the acid-
catalyzed reaction, however, heterolysis of the conjugate acid of the ester yields a
mesomeric allylic carbonium ion and an uncharged carboxylic acid molecule.
Apparently this heterolysis is effectively irreversible; if it were not, rate of loss of
optical activity would necessarily be greater than the rate of hydrolysis. These
changes may be pictured as follows:

7 NOCOR l' " o /NOH
= OCOR- . + RCOOH
CH, '_ CH, CH,
N o, -
N\ Ve
0
H |
0—C—R
N N "*
— I- + RCOOH
CH3 I_CHS

Further evidence that alkyl-oxygen fission is involved in the acid-catalyzed
hydrolysis of the 5-methyl-2-cyclohexenyl p-nitrobenzoates is furnished by the
fact that the allylic esters are hydrolyzed much more rapidly in acidic solution
than is eyclohexyl p-nitrobenzoate, an ester which very probably is hydrolyzed
with acyl-oxygen fission. If the allylic ester underwent acyl-oxygen fission, its
rate of hydrolysis should be similar to that of the cyclohexyl derivative. The
hydrolysis of cis- and trans-5-methyl-2-cyclohexenyl p-nitrobenzoates appears to
be the only well-established case of acid-catalyzed hydrolysis of allylic esters with
alkyl-oxygen fission.

(d) Lithium aluminum hydride reduction of allylic esters
Lithium aluminum hydride reduction of allylic esters yields allylic alcohols

(194, 224):

LiAlH, H,0

Lo L] , L,
RCOOCR/C=CR” RCH.OH + HOCR/C=CR”
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The bond between the oxygen atom and the a-carbon atom of the allylic system
is not cleaved, and the reaction can be carried out under conditions unlikely to
cause rearrangement of the allylic alcohol. In addition, the reduction is carried
out in ether, a relatively non-polar solvent. This method would seem to be par-
ticularly useful when applied to esters which undergo unimolecular hydrolysis
(with alkyl-oxygen fission) during ordinary saponification procedures.

2. Reaction of allylic esters with Grignard reagents

Reaction of allylic esters with Grighard reagents may either proceed normally,
giving tertiary alcohols derived from the carboxyl group and allylic alcohols, or
abnormally, by cleavage of the ester and coupling of the allylic radical with the
Grignard reagent: o

17 i
o RR/COH + R’C=C—?OH
RCOO(]J—C=OR’ R"MgX

Lo
RCOOMgX + R”(l}—C=OR’

The normal reaction predominates when neither the carboxyl group nor the
Grignard reagent is sterically hindered (21, 108). The coupling reaction can be
made to predominate by using esters of hindered carboxylic acids such as mesitoic
acid (22, 25, 647), triphenylacetic acid, 2,2-diphenylpropionic acid, 2-methyl-2-
benzylbutyric acid, or 2,3-dimethylnaphthoic acid (21). Extensive coupling
also occurs when an allylic ester of a non-hindered carboxylic acid is allowed to
react with a sterically hindered Grignard reagent such as mesitylmagnesium
bromide (23, 449, 450).

Arnold and Liggett (22) found that reaction of crotyl mesitoate with phenyl-
magnesium bromide gives crotylbenzene as the only coupling product. Arnold
and Searles (25) later carried out a similar reaction with e-methylallyl mesitoate,
and again obtained crotylbenzene as the only isolable coupling product. Wilson,
Roberts, and Young (647) verified the claim that crotyl mesitoate forms only
crotylbenzene in reactions with phenylmagnesium bromide, but found that o-
methylallyl mesitoate yields a mixture of hydrocarbons consisting of 77 per cent
crotylbenzene and 23 per cent a-methylallyl benzene. A hydrocarbon mixture of
similar composition was obtained from the reaction of a-methylallyl chloride with
phenylmagnesium bromide.

These facts are best accounted for by assuming that crotyl mesitoate reacts
with Grignard reagents by a concerted mechanism involving a cyclic transition

state (22),
X

O--Mg
e
R’—-C/{\ O
NO-—CH,

CH=CHCH,
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while a-methylallyl mesitoate reacts via an ionic mechanism involving an allylic
carbonium ion or ion-pair (647).

v,v-Dimethylallylmesitylene is apparently the major product of the reac-
tion of either ¢, a-dimethylallyl acetate or v, v-dimethylallyl acetate with mesityl-
magnesium bromide (449, 450). That the tendency of these disubstituted esters
to yield carbonium ions may be more important to the occurrence of coupling
reactions than is steric hindrance in the Grignard reagent is indicated by the
fact that a,a-dimethylallyl acetate underwent both coupling and addition in
reactions with ethylmagnesium bromide and phenylmagnesium bromide (449).

3. Conversion of esters to ethers

Allylic esters having two activating alkyl or aryl substituents on the allylic
system undergo unimolecular solvolysis with alkyl-oxygen fission in methanol or
ethanol, as indicated by the formation of mixtures of allylic ethers (2, 30, 32, 185,
266, 322):
RCOOCHR'CH=CHR"

RCOOH + R'OCHR/'CH=CHR” 4 R/OCHR"'CH==CHR’

Optically active allylic esters give extensively or completely racemized ethers.

RIIIOH

4. Conversion of esters to halides

Allylic vicinal diacetates react with dry hydrogen chloride to form y-acetoxy-
allylic chlorides (339, 341):
HCl

CH;CH=CHCH(OCOCH;); ——— CH;CHCICH=CHOCOCH;

CH,=CHCH(OCOCH;), —2'» CH,CICH=CHOCOCH,
Nystrom and Leak (457) converted allyl alcohol-1-C* to allyl bromide-1-C*
by first preparing the tosylate and treating this with sodium bromide “in a suit-
able solvent.”

*® *
CH,—CHCH,0Ts —*8Y, OH,—CHCH,Br

This method might prove to be generally applicable as a stereospecific synthesis
of the less labile allylic bromides.

F. DEAMINATION REACTIONS OF ALLYLIC AMINES

Most, reactions of allylic amines—alkylation, acylation, conversion to isothio-
cyanates—do not involve fission of the carbon-nitrogen bond, and hence are not
accompanied by allylic rearrangement. Such reactions are strictly comparable to
similar reactions of non-allylic amines and will not be discussed here.

Deamination by aqueous nitrous acid is one of the very few reactions of allylic
amines which result in complete replacement of the amino nitrogen atom (&8,
207, 419, 537). The question of the detailed mechanism of this reaction is an in-
teresting one. Deamination of aliphatic primary amines is generally agreed to
proceed via a carbonium-ion intermediate:

HONO -N,

’ _g+
R;CNH, —2N9, RNy R,c+ SOHB-HT. ¢ cor
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TABLE 35

Product compositions from the silver-ion-catalyzed solvolysis of allylic halides and
deamination of the corresponding allylic amines (690)

Solvent H:0 CH:COOH CoHOH

Y Cl NH: Cl NH: Cl NH:

Product composition | Pri- Second-| p; | Second- | p. |Second-| p;_ |Second-| p.; | Second-| p;_ | Second-

: ary or ary or ary or ary or ary or ary or
Starting compound WALY |terfiary | T2TY | tertiary | ™8T [tertiary | DY ltertiary 27| tertiary[ ™Y | tertiary
f:;t per cent cifz’t per cent ﬁ;:, per cent 51;;’, per cent f;{, per cent c’;;'t per cent
CHsCH=CHCH:Y......| 45 55 47 53 60 40 79 21 70 30
CH:CHYCH=CHa......| 34 66 31> 89* 56 44 33 67 46 54 50 50
(CH,):C—=CHCH:Y.....| 15 85 16 84 54 46 78 22 35 65 35 85
(CH3):CY—CH=CH,...| 14 86 14 86 55 45 60 40 20 80 56 45

* Reference 537.

It seemed likely that this would be equally true in the case of allylic primary
amines, If loss of nitrogen from an allylic diazonium ion involved less nucleo-
philic participation by solvent molecules than solvolysis of the corresponding
halides, deamination reactions would be a useful tool for studying reactions of
“free” mesomeric allylic carbonium ions.

The deaminations of a- and y-methylallylamines and &, - and v,v-dimethyl-
allylamines in water, ethanol, and acetic acid have been thoroughly studied (537,
569). In water the deamination of a given allylic amine and the silver-ion-
catalyzed hydrolysis of the corresponding chloride produce essentially the same
mixture of aleohols; this fact indicates that both reactions involve exclusive
formation of the same carbonium ion. The deamination reactions in acetic acid
give significantly larger proportions of products of unrearranged allylic structure
than do silver-ion-catalyzed solvolyses of the corresponding allylic chlorides (see
table 35), thus indicating that not all of the deamination product is formed from
a carbonium ion. However, the fact that mixtures of products are formed when
either member of a pair of isomeric allylic primary amines is diazotized indicates
that part of the reaction in acetic acid proceeds through a carbonium-ion inter-
mediate.

There are at least four possible mechanisms which could compete with car-
bonium-ion formation and give rise to unexpectedly large proportions of unre-
arranged products in allylic deamination reactions in acetic acid. One such pos-
sibility is the non-rearranging reaction of the diazo compound formed by loss
of a proton from the a-carbon atom of the diazonium ion:

—H+
Nomb—dutt, =B Nombodw, ROE, Nob_bmor +
e / /

-+

i
l-\cr.ér:c/ ROH \C=(l3——(|)HOR + \C(OR)IC=([3H
L/ N / /
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Curtin and Gerber (152) found that the isomeric diazobutenes give only esters
of unrearranged allylic structure when allowed to react with 3,5-dinitrobenzoic
acid in ether. Mixtures of alcohols and ethers were obtained on acid-catalyzed
hydrolysis and ethanolysis of the diazobutenes, but this could be due to the
reverse of the reaction by means of which the diazo compounds are postulated to
be formed from diazonium ions. The diazonium ion-diazo compound intercon-
version can now be ruled out in the case of deamination of - and y-methylallyl-
amines in acetic acid. Young and Semenow (589%) carried out deamination reac-
tions of these amines in deuteroacetic acid (CH;COOD) and obtained mixtures
of esters containing no detectable amount of deuterium. Formation of an acetate
ester from a diazo compound would require incorporation of deuterium from the
acetic acid into the allylic system.

A second possible non-rearranging mechanism is as follows: If an allylic
diazonium ion loses nitrogen so readily that participation by the w-electrons of
the allylic double bond is not required to assist in its expulsion, an allylic car-
bonium ion might form while the molecule is in a conformation which does not
permit the electrons of the double bond to enter into conjugation with the posi-
tively charged a-carbon atom. In this event, the carbonium ion might react with
the solvent to form normal substitution product before the positive charge could
distribute itself between the «- and y-carbon atoms of the allylic system. While
such a process seems rather unlikely [since preliminary experiments indicate that
the rate of the non-rearranging reaction is specifically sensitive to acetate ion
concentration (589)], it cannot be ruled out on the basis of available evidence.

The third possible non-rearranging path involves nucleophilic interaction
between the solvent or its conjugate base and the a-carbon atom of the diazonium
ion. That is, reaction of the diazonium ion with the solvent may not be in the
limiting (Sx1) category as supposed, but may be toward the nucleophilic end of
the mechanistic spectrum (Sx2).

Finally, the diazonium ion may react with acetate in a non-rearranging cyeclic
(Sxi) process.

The authors wish to thank Dr. Dorothy Semenow for her helpful criticism and
her aid in the proofreading of the manuscript.
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