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I. HISTORICAL 
In contrast to the well-known addition of halogen to the double bond, it was 

only in 1919 that the first report by Wohl (99) appeared on an apparently gen- 
eral method for the direct introduction of a halogen atom (bromine) in the “allyl 
position” of an olefin. 

rather than 
--CH=CH-CHz- + -CH=CH-CHX- 

-CHX-CHX-CHz- 
27 1 
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Wohl’s papers (99, loo), although unusual, did not attract much attention, 
partly because the reagent used, N-bromoacetamide, was not too readily available, 
but chiefly because in his work the theoretical rather than practical aspects of 
this reaction were emphasized. The same result, Le., substitution of the methyl- 
ene group rather than addition of halogen to  the double bond, has been accom- 
plished by direct halogenation of simple low-molecuIar-weight olefins (31), 
particularly a t  high temperatures, but this method is only of very limited general 
applicability and will not be discussed in this review. In 1942, Ziegler and his 
collaborators (103) published their extensive research on the allylic bromination 
of olefins, in which they introduced the unique brominating agent N-bromo- 
succinimide. Their findings, which emphasized the preparative nature of this 
reaction, were employed almost immediately by organic chemists, as demon- 
strated by the relatively large literature which has already accumulated on the 
subject during the past five years. 

In the meantime, a number of workers have introduced the use of catalysts 
in conjunction with N-bromoimides and have applied these reagents to bromina- 
tions of aromatic and ketonic substances, thus extending appreciably the scope 
of the reaction as envisaged originally by Wohl and Ziegler. This review of the 
Wohl-Ziegler reaction, as the bromination with N-bromoimides will be referred 
to, has been written primarily with its synthetic applications in mind and to  
direct attention to  those aspects of the reaction which still have to be 
investigated. 

11. THE SCOPE AND PRESENT LIMITATIONS OF THE WOHL-ZIEGLER REACTION 

Wohl (99,100) showed that N-bromoacetamide’ reacted in the cold in ether or 
acetone solution over a period of several hours or days with olefins (such as with 
2,3-dimethyl-2-butene to give about 16 per cent of 1-bromo-2,3-dimethyl-2- 
butene), with anisole to yield 75 per cent of p-bromoanisole, and with ethyl aceto- 
acetate to  give a 45 per cent yield of the corresponding cy-bromo derivative. In 
the latter case, N-bromophthalimide could be substituted for N-bromoacetamide. 
During the next twenty-three years only isolated examples (89, 95, 101) of the 
use of N-bromoacetamide in anhydrous media’ were reported. 

Ziegler and coworkers (103), in connection with their work on cantharidin 
(102), carried out an extensive search for a halogenating agent for olefins which 
would not attack the double bond but would substitute in the a-methplenic or 
“allyl position.” The feasibility of such a reaction had already been demon- 
strated by Wohl’s earlier work, as well as by other examples in n-hich attack in 
the allyl position had been observed, as in the case of various oxidizing agents, 
dienophiles, etc. (summarized in references 1, 25, 103). However, it was neces- 
sary to  find a reagent which mould fulfill all or most of the following requirements: 
(u) it should be stable and readily available; ( b )  it should effect “allylic halogena- 

1 Reactions of N-bromoacetamide in aqueous solution usually involve the formation of 
hypobromous acid and do not fall within the scope of this review (for leading references see 
85 and 103). 

A. INTRODUCTION 
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tion” with a minimum of side reactions; ( c )  the halogen carrier should be of 
relatively low molecular weight and recoverable (it was obvious that with few 
exceptions (31) free halogens could not be employed) ; (d) preferably, it should 
react in an inert solvent. 

In  1942, in a detailed empirical study, Ziegler et al. (103) reported that N -  
bromosuccinimide met practically all the requirements enumerated above. 
N-Bromophthalimide, already employed by Wohl (loo), was fairly satisfactory, 
while N-chlorosuccinimide, N-bromoglutarimide, and N-bromohexahydro- 
phthalimide could not be used in this type of reaction. Certain N-chloro- 
acylanilides and N-chloroamides (but not sulfonamides or imides) showed some 
promise as chlorinating agents, but were not studied in detail and have not found 
any general applicability, since they were inferior to  N-bromosuccinimide as  
halogenating agents. The experimental conditions are considered in detail in 
Section IT’, but in general with N-bromosuccinimide, the reagent is refluxed 
in carbon tetrachloride with the substance to be brominated until all the reagent 
has been consumed. 

B. MONOOLEFINS 

1. Aliphatic and alicyclic olefins 
As mentioned above, Wohl (99) studied the bromination with N-bromo- 

acetamide of a few simple olefins, such as 2,3-dimethyl-2-butene. Ziegler (103), 
in a more extensive study, found that with few exceptions N-bromosuccinimide 
reacted much more readily with a methylene than a methyl group and that 
tertiary hydrogen atoms in general were not attacked. Thus, 2-methyl-2- 
butene (I) required 16 hr. for completion of the reaction, while with 2-methyl-2- 
hexene (11) the reaction was finished after 10 min. A similar relationship was 
observed with the diphenylolefins 111 and IV. 

CH3 CH3 

C=CHCHzCHzCH3 
\ \ 

/ 
CHI 

/C=CHCH3 
CH3 

I I1 

CS H5 CaH5 

C=C HCHz C Ha 
\ 
/ 

C=CHCH, 
\ 
/ 

CsH5 CaH5 
111 IV 

With cyclohexene (V), the 3-bromo derivative (VI) was obtained in high yield 
in about 20 min. and on dehydrobromination with quinoline it afforded 80-90 
per cent of 1,3-~yclohexadiene (VII), undoubtedly the simplest method for pre- 
paring this compound. 
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VI11 
With N-bromophthalimide instead of N-bromosuccinimide, the yield of VI 

was lowered to  about 50 per cent and appreciable amounts of the adduct of cyclo- 
hexene and N-bromophthalimide were isolated. The dibromination of 
cyclohexene to VI11 proceeded very unsatisfactorily when an excess of N-bromo- 
succinimide was treated with cyclohexene, but much more readily when 1 mole 
of N-bromosuccinimide was allowed to act upon the monobromo compound (VI). 
Ziegler’s explanation for this difference is given below in Section 111. More 
recently, Howton (36) made a detailed study of this reaction in the presence of 
peroxide and has isolated, in addition to  VI, small amounts of VI11 and of 1,s 
dibromocyclohexane. The latter possibly arose from the reaction of free 
bromine, formed from N-bromosuccinimide and hydrogen bromide (probably 
liberated by spontaneous dehydrobromination of VI). With an excess of N- 
bromosuccinimide, V yields brominated benzene derivatives (5). 

While only one monosubstitution product is possible in the case of cyclo- 
hexene, several products could be formed with substituted cyclohexenes. 
Mousseron et al. (61) examined the action of N-bromosuccinimide on several 
substituted cyclohexenes and cyclopentenes. Whereas 1-alkyl-1-cyclohexenes 
yielded predominantly the 6-bromo derivative, the corresponding 1-chloro deriva- 
tive gave the 3-isomer. All the possible methylcyclohexenes as well as a few 
other compounds were studied, and the results are given in table 1. Cyclo- 
pentenes seem to react similarly. 

Baker (3) in his Tilden lecture suggested that a promising approach to the 
solution of the cyclobutadiene problem would be the application of the Wohl- 
Ziegler reaction to cyclobutene (IX) affording the 3-bromo derivative (X), 
which on removal of hydrogen bromide, either directly or by treating X with 
dimethylamine and applying the exhaustive methylation procedure, should lead 
to cyclobutadiene. This suggestion has been tested experimentally by Howton 
and Buchman (37), who obtained traces of the desired 3-bromocyclobutene (X), 
the major product being 1,2-dibromocyclobutane. Results with methylene- 
cyclobutane are shown in table 1. 

HC=CH HC=CH HC=CH 

HzC-CHZ H2C-CHBr HC=CH 
I t  -+ I I  I I  
IX X Cyclobutadiene 
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2 .  Isoprenoids 
Ziegler (103) reported the successful bromination of a-pinene (XI) with N -  

bromosuccinimide to  give an unknown monobromopinene. The reaction has 
recently been reinvestigated by Buu-Hoi and coworkers (14), who assigned to 
the product the structure XIIa  rather than the alternate XIIIa, since it was not 
identical with the product formed in the reaction of Z-myrtenol (XIIIb) with 
phosphorus tribromide. It should be pointed out that an authentic sample of 
bromopinene from Z-verbenol (XIIb) was not prepared. 

XI XIIa (R = Br) 
XIIb (R = OH) 

XIIIa (R =Br) 
XIIIb (R=OH) 

Apparently, this reaction follows Ziegler’s rule in that a methylene group is 
attacked in preference to a methyl group. 

Ruzicka and Plattner (63, 79, SO) have employed the Wohl-Ziegler reaction 
extensively in their work on steroids and terpenes. Among the reactions studied, 
this has led to an improved procedure for norcedrenedicarboxylic acid (63), as 
well as to  the introduction of double bonds into the amyrin molecule (79). Thus 
when 0-amyrin acetate (XIV) was refluxed in carbon tetrachloride solution with 
an excess of N-bromosuccinimide for 2 hr., dibromination occurred followed by 
loss of hydrogen bromide, resulting in an excellent yield of 8-amyratrienol ace- 
tate (XV). The corresponding reaction with the benzoate gave poorer results 
(62). Other examples of mono-unsaturated isoprenoids are considered in table 1. 

3 

XIV 
B-Amyrin acetate 

xv 
0-Amyratrienol acetate 

Roberts and Trumbull (124) studied the reaction of camphene and norborn- 
ylene, where allylic bromination is possible only a t  the bridge-head positions. 
Camphene gave predominantly the vinyl bromide (w-bromocamphene), while 
norbornylene yielded the 7-bromo derivative (cf. table 1). 

3. Steroids 
The application of the Wohl-Ziegler reaction to  steroid chemistry has been 



276 CARL DJERASSI 

one of the most striking examples of its usefulness and is mainly due to Meystre, 
Miescher, Wettstein, and their coworkers (49-58, 96, 97). 

An important problem in steroid chemistry has been the degradation of the 
bile acid side chain to the “methyl ketone,” “etio acid,” and “17-ketone” stages, 
which in turn represent intermediates for the synthesis of the progestational, 
cortical, and androgenic hormones. The conventional and very tedious method 
has been the classical Barbier-Wieland degradation, which removed one carbon 
atom a t  a time by formation of the diphenylcarbinol, followed by dehydration 
and oxidation. 

/CaHs 
RCHCHzCH2COOR‘ I + RCHCHzCH2C I I /  + d H C H n C H = C  

CHa CHa OH ( 2 6 %  CH3 

CeHs 
\ 

C6H.5 
\ 

XVI 
1 

CHa 

R = steroid nucleus. R A H C H ~ C O O R ~  
Meystre and coworkers (49), and independently Ettlinger and Fieser (24), 

found that the diphenylethylene derivative (XVI) could be brominated with 
N-bromosuccinimide, the elements of hydrogen bromide eliminated, and the 
resulting crude diene (XVII) oxidized to  remove three carbon atoms in essen- 
tially one step, leading directly to the “methyl ketone” stage (XVIII). 

CH3 CeH6 CH3 CsH5 C K  
I 

RC=O 
I / + K&=CHCH=C / 

RCHCHz CH=C 

c6 H5 
\ c6 I-I~ 

\ 
XVI XVII XT‘III 

The initial attempts were carried out in the usual manner with AZ3-3(a),  12(a)- 
diacetoxy-24 ~ 24-diphenylcholene (XIX) and gave about 25 per cent of the 
methyl ketone XX without isolation of intermediates. This represented already 
a major advance over the corresponding Barbier-Wieland degradation, which 
required seventeen steps and afforded the methyl ketone in 7 per cent over- 
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The Swiss workers soon discovered (50) that exposure to strong light had a 
powerful catalytic effect and that yields of 82 per cent of pure diene could be 
realized with either N-bromosuccinimide or N-bromophthalimide. The bro- 
mination was complete after about 15 min., but refluxing mas continued for 
4 hr., hydrogen bromide being eliminated during that period. The recognition 
of photocatalysis in the Wohl-Ziegler reaction extended appreciably the scope 
of the reaction, as will become apparent from the succeeding sections. The 
same investigators in a series of papers (51, 52, 53, 56) applied their photo- 
catalytic method to a number of bile acids with various substituents in the 
steroid nucleus. Starting from 3(/3)-hydroxycholenic acid, they developed six 
synthetic routes, all involving the Wohl-Ziegler reaction, which led to  the impor- 
tant hormone progesterone (XXIII). Perhaps the most interesting method 
from the standpoint of the selectivity of the U'ohl-Ziegler reaction involves as 
the starting material the unsaturated ketone XXI (56). In  the presence of 
light, X'ZI reacted with N-bromosuccinimide almost exclusively in the side 
chain to give the intermediate XXII (after dehydrobromination with dimethyl- 
aniline) without attack in ring A or B (see Section D below; also 19, 54). After 
oxidative removal of the side chain, progesterone (XXIII) was obtained in 32 
per cent over-all yield based on XXI without isolation of intermediates. 

Cg Hb 

XXI XXII 

C H i  
I c=o 
I 

XXIII 

Moffett and coworkers (59) employed this method for the degradation of 
hyodesoxycholic acid. 
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c. POLYOLEFINS (SEE TABLE 2) 
I. Non-conjugated 

In the single case studied by Ziegler (103) , 2 , 9-dimethyl-2 , 8-decadiene reacted 
nearly quantitatively with 2 moles of N-bromosuccinimide, but the dehydro- 
bromination product, the tetraene, was obtained only in an impure state. 

CH3 CH3 

+ 
/ 
\ 

C=CH (C Hz) 4 C H=C 
\ 
/ 

CH3 CH3 
CH3 

C=CHCH=CHCH=CHCH=C 
\ 
/ \ 

CH3 CH, 

Recent work by Schmid and Karrer (86), who have introduced the use of 
dibenzoyl peroxide as catalyst in the Wohl-Ziegler reaction, still further ex- 
tended the scope of the method which Ziegler thought to have reached in the 
case of the decadiene. These workers have shown that a number of bromina- 
tions, previously unsuccessful with N-bromosuccinimide (such as the bromina- 
tion of tertiary hydrogen atoms, the side chain of toluene, conjugated dienes), 
could be accomplished readily when a small amount of peroxide vas  added to  
the reaction mixture, often in conjunction with strong light. 

Using this new extension, Karrer and Ringli (43) have studied the bromination 
of diallyl (XXIV) with N-bromosuccinimide. In  the presence of peroxide and 
light, after refluxing for about 8 hr., diallyl (1 , 5-hexadiene) gave a monobromo 
compound to which was assigned the structure XXV and which readily reacted 
with silver acetate or alcoholic alkali. Further bromination of the monobromo 
compound with N-bromosuccinimide led to  a dibromo compound, considered 
to  be 3,4-dibromo-1 ,Bhexadiene, which was convertible to a diacetate and 
similar derivatives. More recent work (44) has shown, however, that the di- 
bromo compound possessed the isomeric structure XXVI resulting from two 
allylic rearrangements, and that the monobromo compound (117) should be 
represented by XXV as believed originally, rather than by one of the other two 
possible allylic structures. Reaction of XXV with silver acetate was shown to 
be accompanied by rearrangement. 

CH2=CHCH2CH2CH=CH2 ---f CH2=CHCHBrCH2CH=CH2 
XXIV XXV 

1 
.1 

BrCH2CH=CHCH=CHCH2Br 
XXVI 

The possibility of allylic rearrangements in the Wohl-Ziegler reaction should 
This has been noted by Ziegler in the dibromination of never be overlooked. 

dodecylene (103) and by others (17,37, 97). 
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Bloomfield (7), who observed that dihydromyrcene (2,6-dimethyl-2,6-octa- 
diene) easily gave a monobromo compound with N-bromosuccinimide, applied 
the Wohl-Ziegler reaction to  acetone-extracted crepe rubber and obtained 
bromo-rubber of the empirical formula (CIOH15Br)t. Since the iodine number of 
this bromo-rubber was far below the calculated amount and on the assumption 
that bromination occurred only in the allyl position, Bloomfield postulated that 
cyclization occurred during the reaction as depicted below, employing a free- 
radical mechanism (see also Section I11 on mechanism). 

CHz 
\ 

0 I 0 

I I  
CCH3 

I 
Hz C 

\ /  
CH 

0 

\ /  
CH 

CCH3 

*CHCHz- 
// 

HC 
I I 
\ NCCH3 

Hz C 

CH 
1 

CHz 
\ 

I 
/ \  

CCH3 

I I 
*CH CHCHz- 

HZ C CCH3 

CH 
\ /  

Another interesting example has been reported by Cope (17), who studied the 
action of W-bromosuccinimide in the presence of peroxide (light had no effect) 
on 1 , 5-cyclooctadiene (XXVII), which was obtained from chloroprene dimer. 
Depending on the molar ratio, a mono or dibromo compound or both were 
formed. In  view of the ample opportunity for allylic rearrangements, definite 
structures have not yet been assigned to  these compounds, but on treatment 
with dimethylamine the dibromo derivative gave 5,8-bis(dimethylamino)-l, 3- 
cyclooctadiene (XXVIII), an intermediate in the Willstatter synthesis of cyclo- 
octatetraene. 
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CH*--CII=CH (CH3)2NCHZ-CH=CH 
I I 

CH2 
I I I II 

CH 
I 

CHz 
I 

CHZ [CsH~oBrz] + 

CHz--CH-CH 
I 

CH=CH-CHZ 

XXVII 
f i ( C H 3 ) ~  

XXVIII 

In the field of carotenoids, Karrer and Rutschmann (39) prepared dehydro- 
lycopene, which possesses fifteen conjugated double bonds, by treating lycopene 
with 2 moles of N-bromosuccinimide, the intermediate dibromo compound losing 
hydrogen bromide spontaneously. The bromination is formulated as occurring 
on the methylene groups adjacent to the isolated double bonds rather than to 
the conjugated system. 

2. Conjugated 

Ziegler (103) was unable to isolate any definite product on treating 1,3-cyclo- 
hexadiene with N-bromosuccinimide and believed that substitution of a methyl- 
ene group adjacent to a conjugated system of double bonds was beyond the scope 
of his reaction. This has since been shown to be incorrect (see also Section 11,E). 
For instance, using N-bromosuccinimide without catalysts, a new and simplified 
method for the preparation of dehydroabietic acid (XXX) from methyl abietate 
(XXIX) in one operation has been reported by Jeger et al. (38). The previous 
synthesis (26) of this interesting compound involved catalytic dehydrogenation 
and purification through the sulfonic acid. 

XXIX XXX 
Methyl abietate Dehydroabietic acid 

An important application of the Wohl-Ziegler reaction has been reported by 
Meystre and Wettstein (55, 57, 58, 96), who succeeded in adapting their bile 
acid degradation method to the introduction of the keto1 side chain characteristic 
of the cortical hormones. Prior to their work, the method employed most 
commonly involved degradation of the sterol side chain to the “etio acid” 
(XXXI), conversion to the diazo ketone, and reaction with acetic acid. The 
pertinent literature on this and related methods has been reviewed elsewhere (55). 
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0 0 0 
I1 

-+ -C-CH2 0 C OCHa 
// // 

\ \ 
-+ -c --+-c 

CHNz c1 

\ 

/ 
XXXI 

These investigators found that preferably, but not necessarily, in the pres- 
ence of strong light the steroid dienes (XVII) which they had prepared in con- 
nection with their work on bile acid degradation, using the Wohl-Ziegler reac- 
tion, could be brominated with an additional mole of N-bromosuccinimide, the 
bromine entering in position 21. The bromo compound could then be oxidized, 
followed by treatment Kith potassium acetate, or the process could be reversed. 
It was thus possible to introduce the cortical hormone side chain directly and to 
eliminate the complete degradation of the sterol or bile acid side chain to  the 
etio acid stage (XXXI). 

CH3 CsH6 CH2Br C6H5 CH20COCHS CsH5 
/ 
\ 

-+ RA=CHCH=C 
/ 
\ 

+ RC:=CHCH=c 
I / 

\ 
R C= C H C H= C 

C6H5 C6H5 C6H5 

1 I 
1 

0 

XVII 

0 
I I  

+ RCCHzOCOCHI 
I I  

RCCHzBr -- 

The yields of bromo compound Tere in the neighborhood of 70 per cent in 
several instances and furthermore, as in the bromination of the steroid ethylenes 
(Section II,B), the presence of certain reactive groups in the steroid nucleus did 
not interfere. This led to  a neTv synthesis for ll-desoxycorticosterone ( 5 s ) .  
,in unusual example n7as A.20;23-3, 1l-diketo-24,24-diphenylcholadiene (ZIXXII), 
ryhere bromination to XXXIII  m-as accomplished in 62 per cent yield (96). 
The latter was then converted to the valuable 1 l-dehydrocorticosterone acetate. 

XXXII XXXIII  
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D. CARBONYL COMPOUNDS 

Except for the early work of WohP on the bromination of ethyl acetoacetate 
with N-bromoacetamide (99) and N-bromophthalimide (lOO), it was not until 
1946 that publications appeared in which N-bromoimides had been employed 
for the bromination of ketones. The special application of the Wohl-Ziegler 
reaction to  carbonyl compounds will be illustrated below with several examples. 

Schmid and Karrer (86) showed that cyclohexanone and certain ketopelargonic 
acid derivatives readily afforded the corresponding a-bromoketones. Employing 
strong light and either N-bromosuccinimide or N-bromophthalimide, it was found 
recently (19) that saturated 3-ketosteroids of the all0 (XXXIV) and normal 
(XXXV) series reacted in a few minutes to form the 2-bromo and 4-bromo 
compounds, respectively. 

Ha C Hs C 

XXXIV XXXV 

Free hydroxyl and carbomethoxyl groups did not seem to interfere. It is appar- 
ent, therefore, that the same stereochemical factors are involved with N-bromo- 
succinimide as with bromine in acetic acid. This method may have special 
application in cases where groups sensitive to bromine or hydrogen bromide 
are present. For instance, the further bromination of 2-bromocholestanone 
(XXXVI) with N-bromosuccinimide was shown to result in the formation of the 
2,2-dibromo compound XXXVII, while with bromine in acetic acid, hydrogen 
bromide had to be removed to obtain the same results (20). 

CSHI’I 
I 

XXXVI XXXVII 

Preliminary experiments (21) on l-keto-1 ,2,3,4-tetrahydrophenanthrene 
demonstrated that i t  could be converted to l-phenanthrol by reaction with 

2 As pointed out by Stork (go), the conversion of cinchotoxine to  cinchoninone by Rabe 
(70) in 1911 [and later of quinotoxine to quininone (71)] may well represent the earliest 
example of the bromination of a ketone by an N-bromo compound, although i t  was not 
formulated as such by Rabe. 
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N-bromosuccinimide followed by dehydrobromination, but no advantages over 
the conventional method using bromine seemed apparent. 

hIeystre and Wettstein (54) have examined the action of N-bromosuccinimide 
on cy ,P-unsaturated steroid ketones, such as testosterone acetate (XXXWII), 
where reaction could occur either alpha to the ketone group in position 2 or in 
the “allyl position” in ring B. The latter was found to be the case; after dehy- 
drobromination 80 per cent of 6-dehydrotestosterone acetate (XXXIX) was 
obtained by a method of synthesis which was superior to those described earlier 
for compounds of type XXXIX. It should be noted that in this case, better 
yields were obtained when the reaction was carried out in the dark with excess 
N-bromosuccinimide for a longer time rather than with strong light, possibly 
suppressing the competing ketone bromination. 

OCOCH, OCOCH, 
I 

XXXVIII XXXIX 
As mentioned before (Sections I I , B  and II ,C) ,  in certain ketones where a 

reactive double bond or diene structure is present in another part of the same 
molecule, in the presence of light the methylenic group of the latter can be 
brominated with N-bromosuccinimide without attacking the ketone (see, e.g., 
compounds XXI and XXXII). Other examples of this specificity are listed in 
table 3. 

The reaction of N-bromosuccinimide with a, @-unsaturated ketones has re- 
cently been used in the synthesis of dihydrocinerolone (XLIa) (88) and tetra- 
hydropyrethrolone (XLIb) (18) from dihydrocinerone (XLa) and tetrahydro- 
pyrethrone (XLb), the intermediate bromo compounds having been converted 
with carbonate or acetate to the alcohols. The course of the Wohl-Ziegler 
reaction in this case was used as further evidence for the presently accepted 
structures of these important insecticides. 

XLa: R = C4H9 XLIa: R = C4H9 
XLb: R = CsHll XLIb: R = CsHii 

Similar results have been obtained by Plattner and coworkers (66, 67) in 
certain steroid ketones (XLII), which furnished the doubly unsaturated ring D 
intermediates (XLIII) of importance for the synthesis of steroid aglucones. 
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/ 
CHsCOQ 

- 
/ 

CHSCOO 
XLII  (R = H ;  OCOCH,) XLIII (R = H ;  OCOCH,) 

With the exception of a preliminary report by Buu-Hoi (12), in which it was 
claimed3 that certain ketones of the mesityl oxide type gave the a-bromoketone 
rather than the allyl bromide, it seems that in general in a ,  ,Bunsaturated ketones 
where bromination of a methylene group alpha to the ketone and alpha to  the 
double bond is possible, the latter reaction occurs. 

Aldehydes, in contrast to ketones, have hardly been investigated. Croton- 
aldehyde and related aldehydes have been reported to lead to decomposition 
products only (12, 103) when treated with it'-bromosuccinimide in the usual 
manner. This could probably be circumvented by using either derivatives such 
as the acetal (cf. 103) or by employing conditions milder than are customary in 
the Wohl-Ziegler reaction. A very recent publication illustrates this point. 
Karrer and Ochsner (45,) attempted to prepare safranal (XLIV) from p-cyclo- 
citral and found that the reaction was carried out best by adding S-bromo- 
succinimide in portions while cooling, the reaction being complete in about 
5 min. The crude bromination product was dehydrobrominated with collidine 
to yield an aldehyde isomeric with safranal. Evidence was presented in favor 
of structure XLV for the product, which was also obtained in the Wohl-Ziegler 
reaction of a-cyclocitral. It was clear that in the case of p-cyclocitral, migration 

CH3 CH3 CH3 CH3 
\/ 

,CHO 

c C H 3  
a-Cycloci tral 

(I::: 
p-Cyclocitml 

XLIV XLV 

3 X o  experimental details were given and the evidence presented in favor of the Q- 

bromolietone structure was equivocal, particularly since the possibility of allylic rearrange- 
ments was not considered. 
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of the double bond must have occurred a t  some stage of the reaction, but the 
structure of the intermediates mas not determined. This example again empha- 
sizes the need for considering the possibility of rearrangements in the Wohl- 
Ziegler reaction. 

E. COMPOUNDS WITH FUXCTIONAL GROUPS (OTHER THAN CbRBONYL) ALPHA OR 
BETA TO A DOUBLE BOXD 

One of the most important examples of this type mas reported first by Ziegler 
(103)-namely, the allylic bromination of methyl crotonate (XLVIa) and sene- 
cioate (XLV1b)-leading to the very important y-bromo derivatives (XLVII) 
in excellent yield. 

R R 
I I 

CH,C=CHC 0 0 CHI - BrCH2 C=CHC 0 OCHB 
XLVIa: R = H XLVIIa: R = H 
XLVIb: R = CH3 XLVIIb: R = CH, 

To appreciate the simplicity of this reaction, one need only examine the many 
steps which were necessary to prepare these compounds prior to Ziegler’s pub- 
lication (8, 29, 30). As shown by several workers (22, 28, 29, 104), y-bromo- 
crotonates readily undergo the Reformatsky condensation and the synthesis of 
these esters through the Wohl-Ziegler reaction has made possible a very useful 
extension, whereby a four-carbon-atom chain may be introduced a t  the site of a 
carbonyl group. 

R’ 

RCOR‘ + BrCH&H=CHCOOR --+ RCCH&H=CHCOOR 

XLVIIa 
I 

OH 

Among the more noteworthy recent applications of the 7-bromocrotonic esters, 
there should be mentioned the synthesis of compounds related to  vitamin A 
(2, 33, 41, 114), of six-membered rings (16), and of tropinone (45). 

The bromination of the next higher homolog, methyl sorbate (XLVIII), also 
could be accomplished, either in the presence of peroxide (42) or a t  higher tem- 
perature (33) to yield the €-bromo derivative (XLIX), but unfortunately this 
compound did not undergo the Reformatsky reaction (33, 42). 

CH3CH=CHCH=CHCOOCH3 - BrCH&H=CHCH=CHCOOCH8 

Using peroxide, Schmid and Karrer (86) were able to  effect substitution of 
the tertiary hydrogen of ethyl 4-methyl-2-pentenoate (L), a reaction which was 
not possible under Ziegler’s original conditions. 

XLVIII XLIX 

CH3 

CHCH=CHCOOC2H6 
\ 

/ 
CHs 
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Rusicka, Plattner, and their coworkers have used the photocatalyzed Wohl- 
Ziegler reaction in the bromination of a,p-unsaturated esters (LI, LIV) (81, 83), 
nitriles (68, 84), and lactones (LV, LVI) (64, 82) of the steroid series which has 
made possible the introduction of a hydroxyl group into position 14 and thus the 
partial synthesis of compounds of the steroid aglucone type. Starting with the 
corresponding 14,15-unsaturated derivatives, e.g., LII and LVII, the same 
type of compound was obtained (64, 65). 

COOCH3 COOCH3 COOCH, 

\I/\ CH3 1 \I\ y /  
I 

-+ lj t- 

/ / / 
LI  

CH3 

C=CHC 0 0 C H3 

LIII  LI I  

LVII LVIII 
Recently Raphael (72) treated the unsaturated lactone LIX with N-bromo- 

succinimide and obtained the €-bromo derivative LX in excellent yield, which in 
turn could be converted to penicillic acid. 

CH3C=C--t'=CH -+ BrCHzC-C-C=CH -+ 

CH3 OCH3 CHI OCH3 
I I I 

O---&=O I I I o---c=o 
LIX LX 

CH3 OH OCH3 
I l l  

CH2=C---C--C=CH 
I I 
0 c=o 

Penicillic acid 

Among the numerous formulations postulated for ketene dimer, the isomeric 
p-lactone structures (LXIa and LXIb) have been considered seriously on the 
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basis of physicochemical evidence. Blomquist and Baldwin (6a) pointed out 
that reaction with N-bromosuccinimide should lead in each case to a different 
bromo compound, which on alcoholysis should produce ethyl a-bromoaceto- 
acetate (LXIIa) in the case of the ketene dimer with an exocyclic double bond 
(LXIa) or the y-bromo derivative (LXIIb) if the isomeric structure LXIb were 
the correct one. When tested experimentally, only ethyl a-bromoacetoacetate 
(LXIIa) was isolated, and this was considered chemical evidence in favor of 
structure LXIa for ketene dimer. The possibility of an allylic rearrangement 
should not be discounted however, particularly in view of the resemblance to 
methylenecyclobutane (37). Furthermore, it has been pointed out recently 
(120) that ketene dimer probably represents an equilibrium mixture of LXIa 
and LXIb and it is conceivable that one form (LXIa) reacts preferentially with 
N-bromosuccinimide. 
CH2=C-0 -+ CHz=C-O --+ CH3COCHBrCOOC2H6 

BrCH-C=O 

CH3C-o -+ BrCHzC-0 --+ B~CH~COCH~COOC~HE,  

I /  I 1  
H2 C-C=O 

LXIa LXIIa 

I1 I 
HC-C=O 

I /  
CH-c=o 
LXIb LXIIb 

Ziegler (103) reported without giving details that cholesterol acetate reacted 
with ,V-bromosuccinimide. Henbest and coworkers (32) and independently 
Buisman et al. (10) have studied this reaction and reported that bromination 
occurred in position 7 and that the bromo compound LXIII could be dehydro- 
brominated to lead to 7-dehydrocholesterol (LXIV) in about 30 per cent over-all 
yield, thus affording a new and improved synthesis of provitamin D3. Other 
cholesterol esters have given similar results (116). 

C8H17 

Cholesterol acetate LXIII LXIV 

F. AROMATIC HYDROCARBONS 

1. Nuclear bromination 
Benzene was believed to be unattacked by N-bromosuccinimide (11, 25), 

and it has been used as solvent in the Wohl-Ziegler reaction even in peroxide- 
catalyzed reactions (see Section IV,B),  but Schmid (87) discovered that in the 
presence of equimolar amounts of certain metal chlorides (aluminum, zinc, and 
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ferric) or sulfuric acid, nuclear bromination of benzene or toluene could be 
achieved readily. In spite of the large amount of chloride necessary, these com- 
pounds are claimed to act as  catalysts. 

In  the case of polynuclear aromatic hydrocarbons ( l l ) ,  catalysts were not 
necessary, naphthalene and phenanthrene reacting in about 6 hr. to give the 1- 
and 9-bromo derivatives, respectively; with acenaphthene and anthracene the 
reaction mas complete in a matter of minutes, the corresponding 5- and 9-bromo 
derivatives being formed. 

Already Wohl (99) had observed reaction of N-bromoacetamide with anisole, 
and Buu-Hol (11) has studied the action of N-bromosuccinimide on a wide 
variety of benzene and naphthalene derivatives, notably ethers. No catalysts 
were used and the reactions with phenol ethers required several hours for com- 
pletion, while ethers of a- and @-naphthol reacted in a few minutes. 

2. “Side chain” bromination 
While toluene is not attacked by N-bromosuccinimide in the absence of cata- 

lysts (11; see, however, 9), Schmid and Karrer (86) demonstrated that benzyl 
bromide was formed in 64 per cent yield in the presence of peroxide. Thus, in 
analogy to  the behavior of bromine with toluene, substitution can be effected in 
the nucleus or in the methyl group depending on the conditions employed. In  
the presence of electronegative groups, “side chain” substitution occurs without 
catalysts (4, 11). This holds true also for 1- and 2-methylnaphthalenes (11, 13), 
di- and tri-phenylmethanes ( l l ) ,  fluorene (98), and related compounds. In  
several dimethylnaphthalenes (13) one methyl group can be brominated selec- 
tively. An interesting case is l-ethylnaphthalene, where “side chain” bromina- 
tion is observed (13), vinylnaphthalene being obtained in 73 per cent yield in 
contrast to  the closely related acenaphthene, where reaction occurred in the 
nucleus (11). In  the presence of peroxide, the former reaction seemed to  pre- 
dominate (5 )  and acenaphthylene was isolated. It is quite probable that in a 
number of the examples studied by Buu-Ho’i and coworkers (11, 13), the reaction 
time could be diminished appreciably and possibly higher yields obtained with 
the use of catalysts, such as light or peroxide. However, even in the absence 
of catalysts the yields were quite good (see table 5 )  and the Wohl-Ziegler reaction 
is to  be preferred in several instances to the classical methods of synthesis for 
such compounds. 

Very recently, Barnes (5 )  has applied the peroxide-catalyzed Wohl-Ziegler 
reaction to  a number of hydroaromatic hydrocarbons, thereby developing a 
novel low-temperature method for the dehydrogenation of tetralin types. The 
reaction was carried out by refluxing the hydrocarbon with the calculated amount 
of N-bromosuccinimide in carbon tetrachloride and dehydrobrominating after 
the completion of the bromination with acetate. Under those conditions, 
tetralin (LXV) afforded naphthalene (LXVI) in 74 per cent yield, sym-octahydro- 
phenanthrene (LXVII) gave phenanthrene (LXVIII) in 63 per cent yield, and 
bibenzyl (LXIX) yielded 56 per cent of stilbene (LXX). Other examples of 
this elegant method are given in table 5. 
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LXV 
Te tralin 

LXVI 
Naphthalene 

LXVII LXVIII 
sym-Octahydrophenanthrene Phenanthrene 

O C H z C H 2 0  , @ H = C H o  

LXIX LXX 
Bibenzyl Stilbene 

G .  HETEROCYCLIC COMPOUNDS 

il considerable amount of work needs to be done in investigating the:;full 
applicability of the Wohl-Ziegler reaction to heterocyclic compounds. A start 
in this direction where oxygen is the heteroatom has been made, particularly 
in France. 

Buu-Holi and Lecocq (15) observed that 2-methylfuran (LXXI) reacted 
very vigorously to form 2-bromomethylfuran (LXXII) in excellent yield. With 
2,s-dimethylfuran (LXXIII) and 2,6-dimethyl-y-pyrone (LXXIV) one methyl 
group could be brominated selectively. In the case of LXXIV, with bromine 
only nuclear bromination has been observed. 

----f o C H 2 B r  

0 

LXXI LXXII 

LXXIV 
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Coumarin (LXXV) derivatives have been studied by hlolho and Mentzer (60) 
and also by Lecocq and Buu-Hoi (47), who noted that a 4-methyl group was 
never a t t a ~ k e d , ~  in contrast to the 3-methyl or ethyl substituents in which case 
“side chain” bromination was observed. Methyl groups attached to the aro- 
matic ring were substituted with ease. 

5 4  

LXXV LXXVI 

Erlenmeyer and Grubenmann (23) have demonstrated that in the presence 
of peroxide, reaction with 1 mole of N-bromosuccinimide resulted in nuclear 
substitution of 3-methylbenzofuran (LXXVI) to give the 2-bromo derivative, 
while 2 moles of N-bromosuccinimide led to  the 2-bromo-3-bromomethyl 
compound. 

A very detailed study of the reaction of N-bromosuccinimide with acridine 
(LXXVII) has been recorded by Schmid and Leutenegger (87a), who isolated 
from the complex reaction mixture two monobromoacridines, two dibromo- 
acridines, N-(9-acridyl)succinimide (LXXVIII), several brominated derivatives 
of the latter, acridine hydrobromide, acridone, and three unidentified compounds. 

Br 
I q;o ‘H 

/s\ o=c c=o 
I 1  

HZC-CH, 

/N\ o=c c=o 
I I  

Hz C-CH2 
LXXVII LXXVIII LXXIX 
Acridine 

The positions of the bromine atoms were not established, but substitution a t  
position 9 was excluded. To explain the formation of such a variety of products, 
two reactions of A’-bromosuccinimide were postulated: (a) direct substitution 
as in other aromatic compounds (see Section II,F) and ( b )  addition of N-bromo- 
succinimide across the 9,10-positions, yielding the hypothetical intermediate 
LXXIX which loses hydrogen bromide, resulting in the formation of LXXVIII. 
A combination of both reactions (a and b) would account for the isolation of 
brominated derivatives of LXXVIII. The hydrogen bromide lost from the 
hypothetical intermediate LXXIX forms acridine hydrobromide (insoluble in 

The influence of catalysts, however, has not been examined. 
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carbon tetrachloride), thus removing some acridine from the reaction mixture, 
which in turn offers an explanation for the isolation of the dibromo compounds 
even though only 1 mole of N-bromosuccinimide was employed. 

Only a few isolated experiments have been recorded with other nitrogen and 
sulfur heterocyclics, none approaching in thoroughness the above-mentioned 
work on acridine. “Side chain” bromination has been reported for CY- and y- 
picolines, quinaldine (1 1)) and 2,s-dimethylthiophene (15). Nuclear bromina- 
tion of thiophene has been accomplished with both N-bromoacetamide (89) and 
N-bromosuccinimide (11). A few other examples are given in table 6. 

111. MECHANISM OF THE REACTION 
In his first paper Wohl (99) suggested a mechanism for the allylic bromination 

of olefins with N-bromoacetamide in which he postulated the formation of an 
intermediate complex between the two compounds. 

H 
I 
I 

RzC=CRCH*Br ---NHCOCH3 + RzC=CRCH2Br + CH3CONH2 

H 
A difference in the stability of such hypothetical addition complexes was em- 

ployed by Ziegler and coworkers (103) to account for the observation that the 
preparation of 3 , 5-dibromocyclohexene was accomplished readily on treating 
3-bromocyclohexene with 1 mole of N-bromosuccinimide, but proceeded only 
with difficulty when 2 moles of the reagent were allowed to react with cyclo- 
hexene. 

A somewhat similar mechanism in terms of ion-radicals has been used recently 
by Ettlinger (25), who assumed that after closely approaching each other, the 
unsaturated compound and N-bromoimide underwent electron transfer, resulting 
in the formation of two unstable ion-radicals “which exchange hydrogen and 
bromine in a continuous process.” 

Photocatalysis, peroxide catalysis, and the fact that the point of attack of 
N-bromosuccinimide in olefins usually coincides with that of reagents generally 
believed to  react through free radicals (e.g., benzoyl peroxide, benzenediazonium 
chloride), all suggest the presence of neutral free radicals (extensive review in 
reference 25) and such a mechanism is favored at  present (34, 35). Already in 
1937 Waters (92), in postulating a free-radical mechanism for certain reactions of 
benzenediazonium chloride, tentatively extended it to  positive halogen com- 
pounds in general, and its specific applicability to  the Wohl-Ziegler reaction 
has been pointed out recently (93). Bloomfield (7) also favored a neutral, 
free-radical chain mechanism and depicted the reaction as proceeding through a 
thermal, homolytic dissociation of N-bromosuccinimide (a), followed by ab- 
straction of hydrogen from the methylene group by the free radical (b), and 
involving chain termination (c) as well as propagation (d). 

(a) (C4H402)N-Br + (C4H402)N* + Br. 

(b) -CHz-C=C- + (C4H402)N- + --CH-C=C- + (C4H402)NH 
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(c) -CH-C=C + Bra + -CHBr-C=C- (or -C==C-CHBr) 
(d) -CH-C==C- + (C4H402)N.Br + CHBr-C=C- 

(or -&C-CHBr) + (C4H402)Ko 
This treatment also has been applied to explain the reaction of decalin (5 )  and 

of rubber (7) with N-bromosuccinimide (see Section I1,C). A recent attempt 
to demonstrate the homolytic dissociation of positive halogen compounds has 
been recorded by Robertson and Waters (73), who measured the catalytic effect 
(presumably due to the formation of free radicals) of such substances on the 
autooxidation of tetralin. N-Bromosuccinimide was found to be a very potent 
catalyst, in contrast to N-bromophthalimide. The analogy of allylic bromina- 
tion by means of 1C7-bromosuccinimide to the free-radical vapor-phase allylic 
halogenation studied by Rust and Vaughan (78) also has been mentioned (91, 
94) * 

Ettlinger (25) has pointed out that the free radicals formed by thermal dis- 
sociation of N-bromosuccinimide must possess rather low reactivity, since attack 
on the solvent (carbon tetrachloride) has not been observed (see also 93) in con- 
trast to the behavior of free radicals produced, for instance, from benzoyl per- 
oxide. Ettlinger (25) reviewed the pertinent literature and also examined the 
stability of N-bromosuccinimide in various solvents, notably dioxane, where de- 
composition was catalyzed by dioxane peroxide and inhibited by tetrabromo- 
hydroquinone. It should be noted that a small amount of N-phenylsuccinimide 
has been isolated (36,37) in a reaction where benzene was the solvent (see 
also reference 87a on a similar reaction with acridine). 

A report (69) favoring the 0-Br rather than N-Br structure for bromo- 
phthalimide was written before Ziegler’s work (103) became available in Russia. 

In  conclusion, it can be seen that various investigators have presented indirect 
evidence to favor a free-radical mechanism for the Wohl-Ziegler reaction with 
N-bromosuccinimide. In  the case of N-bromophthalimide, it is believed that 
an ionic mechanism also enters (25), since Ziegler et al. (103) observed addition 
of N-bromophthalimide to cyclohexene as well as substitution by halogen. In  
the case of steroid ethylenes (50) or ketones (19), N-bromosuccinimide and N -  
bromophthalimide seem to be equally effective when employed in conjunction 
with photocatalysis. It should be pointed out that satisfactory mechanisms6 
will have to  explain the bromination of olefins in the allyl position, the “side 
chain bromination” of toluene types, the nuclear bromination of aromatic 
compounds, and the a-bromination of ketones. Any such mechanism also should 
account for the amazing reactivity of N-bromosuccinimide, the apparently 
lowered reactivity of N-bromophthalimide and, most important, the complete 

6 The plural “mechanisms” is used purposely, since it is likely that N-bromosuccinimide 
(and JV-bromophthalimide) may react by several mechanisms, resulting from homolytic 
as well as heterolytic dissociation of the reagent. It is highly questionable that the brom- 
ination of the methylthiophenes (107), which proceeds in different directions depending 
on the presence of peroxide, or the addition of bromine to double bonds with N-bromosuc- 
cinimide (36, 37, 102, 124), as compared to  allylic bromination, should all occur by the same 
mechanism. 
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ineffectiveness (103) of N-bromoglutarimide, N-bromohexahydrophthalimide, 
and N-chlorosuccinimide in the allylic type of reaction. This last observation 
should be confirmed and repeated, using peroxide and light. It is essential that 
a sound study of mechanism should be based on comparative data on the effect of 
variations of experimental conditions (catalysts, temperature, time, etc.) on 
representative examples of the three major types of reaction, i.e., allylic, nuclear, 
and ketone bromination. It is unfortunate that some of the speculations on the 
mechanism of the Wohl-Ziegler reaction are based on isolated examples which 
are not always comparable from an experimental standpoint. 

IV. EXPERIMENTAL CONDITIONS 
A. N-BROMOIMIDES 

N-Bromosuccinimide is prepared in 75-81 per cent yield by brominating 
quickly an ice-cold, alkaline solution of succinimide (103). It is desirable to 
employ N-bromosuccinimide of 97 per cent purity or better in the Wohl-Ziegler 
reaction and for that purpose, the reagent is best recrystallized quickly from hot 
mater. Preferably the purity of the product is determined iodometrically (103) 
rather than relying on the melting point. In  the absence of light and moisture, 
the reagent is stable for many months (25). N-Bromosuccinimide is available 
commercially. 

N-Bromophthalimide is synthesized by a nearly identical method (9) from 
phthalimide. 

N-Bromoacetamide can be prepared in 40-55 per cent yield by treating equi- 
molar quantities of acetamide and bromine with a concentrated solution of 
potassium hydroxide and separating the N-bromoacetamide by extraction with 
hot benzene (6). It has been recommended to  store the reagent in the ice box 
and to use only colorless material melting a t  108°C. (99). 

E. SOLVENTS 

By far the most widely used solvent has been carbon tetrachloride, n-hich was 
employed almost exclusively by Ziegler in his original studies. In  certain cases 
(7, 24, 25, 36, 37) benzene has added advantages, particularly since Y-bromo- 
succinimide is appreciably more soluble in benzene than in carbon tetrachloride. 
Benzene is not attacked by N-bromosuccinimide in the presence of peroxide 
under ordinary circumstances (87; see, however, 36), but i t  cannot be used in the 
presence of catalysts such as  aluminum chloride (87; see also Section 11,F). 
Petroleum ether (10, 116) and heptane (37) have been used occasionally, but do 
not seem to offer any obvious advantages. Although reported only very recently 
(6a, 121), chloroform has given excellent results particularly in large-scale runs 
(cf. table 4), since it is a more general solvent for organic compounds than carbon 
tetrachloride and succinimide is soluble in hot chloroform, thus yielding a ho- 
inogeneous solution. Carbon disulfide (87) gave only poor results in the bro- 
mination of toluene. Ethanol has been employed with N-bromosuccinimide (27) 
and N-bromoacetamide (101), and ether and acetone have been used with N -  
bromoacetamide (99, 100). Acetic anhydride has been suggested (103) as a 
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possible solvent, but N-bromosuccinimide seems to  be unstable in it as well as in 
ethyl acetate, dioxane, and tri-n-butylamine (25). N-Bromosuccinimide did not 
attack nitrobenzene in the absence of catalysts (25), but that solvent was useless 
in the single case tried (bromination of XIX). Ether has been suggested (103) 
as a possible solvent in the bromination of very reactive methylene groups, but 
no actual experiments have been described. In  many instances (e.g., 11,33, 89, 
103) no solvent is used and the reaction is carried out in an excess of the reactant. 

C. MOLAR PROPORTIONS 

An excess of olefin was recommended by Ziegler (103) in the bromination of 
several olefins (table l), such as cyclohexene to avoid side reactions due to poly- 
bromination (see, for instance, the reaction of cyclohexene with 6 moles of N -  
bromosuccinimide (5)). An excess of reactant is used generally in the 
bromination of aromatic hydrocarbons (11, 87), phenol ethers ( l l ) ,  and related 
compounds. In steroid brominations, either equimolar amounts or an excess of 
N-bromosuccinimide is employed. Thus, for the bromination of steroid ethyl- 
enes and steroid dienes (cf. 50, 51, 57) equimolar amounts are suggested and in 
certain brominations of unsaturated steroid esters and derivatives (68, 83, 84), 
in contrast to crotonic acid esters (15a, 48,103), an excess of N-bromosuccinimide 
is used. For steroid ketones equimolar amounts have been employed in conjunc- 
tion with photocatalysis (19), but an excess may be added without catalysts (54). 
For dehydrogenations of tetralin types, the calculated amount of N-bromo- 
succinimide is recommended (5 ) .  In  general, no definite rules can be established 
and the optimum proportions vary often with the specific example a t  hand. 

D. TEMPERATURE 

In most instances, the reactions are carried out a t  the boiling point of the 
solvent. In  certain unusually reactive compounds, the temperature may be 
lowered by using a solvent such as ether (103) or by cooling (15, 27, 45a). On 
the other hand, it has sometimes been found advantageous to  operate a t  higher 
temperatures. Thus, while the bromination of 1-phenyl-1-propene (103) re- 
quired about 15 hr. in refluxing carbon tet,rachloride solution, the reaction was 
complete almost instantaneously and without appreciable diminution in yield 
when carried out a t  140°C. A similar observation was made in the bromination 
of methyl crotonate (103). Reactions a t  higher temperatures generally are 
carried out in the absence of a solvent (33, 102, 113). Reactions with N-bromo- 
acetamide are performed a t  room temperature or in an ice bath for prolonged 
periods of time (99, 100, 101). 

E. CATALYSTS 

For reactions where photocatalysis is employed, such as in the bromination of 
steroid ethylenes (50), i t  has been found useful to combine the sources of heat 
and light by placing a General Electric reflector drying lamp (250 watts, 115 
volts) below the flask. In  large batches, several lamps are used to  produce 
refluxing. For peroxide-catalyzed reactions, 5-10 mole per cent of freshly pre- 
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pared dibenzoyl peroxide has been recommended (86), although sometimes per- 
oxide-containing substances (36) have been used. Xixing the peroxide with 
N-bromosuccinimide in the dry state and using the powdered material subse- 
quently may be advantageous ( 5 ) .  To effect nuclear brominations of aromatic 
hydrocarbons, such as benzene or toluene, 1 mole of aluminum, zinc, or ferric 
chloride or sulfuric acid has to be used, since smaller amounts give poor results 
(87). 

F. GENERAL PROCEDURE 

Dry reagents are essential to  avoid hydrolysis of the N-bromoimide. In  gen- 
eral, the reactant is dissolved in carbon tetrachloride or another suitable solvent, 
N-bromosuccinimide or N-bromophthalimide is added, and the mixture is re- 
fluxed. The disappearance of the insoluble N-bromoimide on the bottom with 
the simultaneous formation of the insoluble imide floating on top indicates the 
completion of the reaction. This can be confirmed by testing for the absence of 
bromine (starch-iodide test). Quite often, e.g., in the case of ketones (19), a 
color develops in the beginning which disappears suddenly when the reaction is 
complete. This has also been observed in other instances (5 ,  86) .  After the 
completion of the reaction, the insoluble imide is filtered, washed with solvent, 
and the filtrate is worked up in a suitable manner (removal of solvent, followed 
by crystallization, distillation, etc.) to isolate the product. The proper condi- 
tions will have to be chosen for each particular case, taking into consideration 
the remarks made in Section 111, A to E. In  general the reaction is carried out 
first without catalysts and if unsuccessful (owing to incomplete reaction or other 
reasons), peroxide or light or both (43) can be employed as catalysts. A com- 
bination of several variables may be considered to achieve selectivity or minimize 
side reactions (cf. 54). The wide variety of experimental conditions which can 
be used are rather obvious and represent a particularly attractive feature of the 
Wohl-Ziegler reaction. 

In  many instances, the resulting bromo compound is unstable and loses the 
elements of hydrogen bromide spontaneously on longer refluxing (cf. 50, 51, 53). 
In  those cases where loss of hydrogen bromide is only partial, the succinimide is 
filtered a t  the end of the reaction (negative potassium iodide test, absence of 
heavy precipitate on the bottom), the solvent is removed and a base is added to  
complete dehydrobromination; potassium or sodium acetate (5, 38), sodium 
carbonate (13), dimethylaniline (49, 51, 56), pyridine (cf. 19, 64, 82), collidine 
(10, 21, 45a, 54), alumina (81), and similar reagents have been used. It should 
be noted that in particularly unstable bromo compounds, where dehydrobromina- 
tion occurs before bromination is complete, hydrogen bromide can liberate free 
bromine from N-bromosuccinimide and give rise to side reactions (97). 

V. CONCLUSION 
It is evident that although a considerable amount of ground has been covered, 

much work remains to be done to determine the full scope of the Wohl-Ziegler 
reaction. The fairly recent introduction of catalysts-light, peroxide, metal 
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chlorides-necessitates the repetition of many of the earlier experiments, partic- 
ularly unsuccessful ones, in which catalysts have not been used, in order to 
demonstrate the feasibility of the Wohl-Ziegler reaction in those cases. 

A great deal of work still is to  be done in the field of heterocyclics, where 
promising results may be expected. With one questionable exception (loo), 
acetylenic compounds have not yet been examined. More definite evidence also 
will be needed to put the reaction mechanism on a strong footing. 

VI. TABLES 
Practically all compounds which have been investigated in the Wohl-Ziegler 

reaction up to  January 1, 1948 are given in tables 1 to 7. A few arbitrary classi- 
fications have been made; for instance, XXI is given under monoolefins rather 
than polyolefins, since the reaction only involves the isolated double bond in the 
side chain, but the compound is also classified under carbonyl compounds. Under 
reaction conditions, the time given denotes the period a t  reflux temperature, 
unless stated otherwise; dehydrobrominating agents are usually not specified. 

The author is indebted to Dr. David R. Howton, California Institute of Tech- 
nology, Dr. Roderick A. Barnes, Rutgers University, Dr. H.  B. Henbest, Imperial 
College of Science and Technology, Dr. John D. Roberts, Massachusetts Institute 
of Technology, and Dr. Karl Dittmer, University of Colorado, for furnishing 
unpublished material, and to  Dr. Gilbert Stork, Harvard University, for stimu- 
lating correspondence. The helpful suggestions of Dr. C. R. Scholz of this 
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TABLE 1 
Wohl-Ziegler reaction of monoolefins 

COYPOUNV 

(1 )  Aliphatic and alicycli 
olefins: 
Propylene. . . . . . . . . . . . . 

2-Methyl-2-butene.. . . . 

2,3-Dimethy1-2-butene. 

2-Bromo-3-rnethyl-2- 
butene. . . , . . . . . . . . . . 

2-Pulethyl-2-hexene.. 

2-Octene . . . . . . . . . . . . . .  
Diisobutylene . . . . . . . . . 

4-Nonene . . . . . . . . . . . 
1-Dodecylene.. . . . . . . 

3-Bromo-1 -dodecylene. 

Ethyl undecylate.. . . . . 

Methyl oleate. 

Cyclobutene . . . . . . . . . . 

Methyl enecyclobutane. 

1-Methylcyclopentene. , 

1-Chlorocyclopentene.. . 

C yclohexene . . . . . . . . . . . 

REACTION CONDITIONS 

NBA,* ether, 19 days, 
room temperature 

BSBA, acetone, cold 
1/2NBS, CC14, 16 hr. 
KBA, ether, 12 hr. 

NBA, acetone, 24 hr., 
room temperature 

l/2NBS, CC14, 10 min. 

1/3KBS, CC14, 1 hr. 
1/3NBS, CCL, 5 hr. 

NBS, ccl4,40 min. 
1/2NBS, CCl,, 5 min. 

PNBS, CCl,, 32 min. 

NBS, 4 hr. 

1/3KBS, CCl4, 30 min. 

NBS, CCl4, 40 xnin. 

NBS, CeHa, 6 hr., perox- 
ide 

NBS, CoHs,6 hr., perox- 
ide 

‘Ziegler’s conditions” 

‘Ziegler’s conditions” 

SBP,  CClr, 1 hr. 

./5NBS, (CCl,), 20min. 

VBS, CeHe, 32 min., per 
oxide 

WBS, cc14,12 hr., per- 
oxide 

297 

YIELD OF PRODUCT 

29% dibromo derivative 

50% dibromo derivative 
40% monobromoamylen 
16% l-bromo-2,3-di- 

methyl-2-butene 

13-22y0 dibromo deriva- 
tive 

40% 4(?)  -bromo-2- 
methyl-2-hexene 

70% monobromo6ctene 
68% monobromoisobu- 

65% monobromononene 
77% nionobromodode- 

cylene 
3375 1,4(?)-dibromo-2- 

dodecylene 
40y0 1,4(?)-dibromo-2- 

dodecylene 
46y0 monobromo deriva 

tive 
Quantitative yield of 

monobromo derivativ 
67% 1,2-dibromocyclo- 

butane, trace 3-bromo 
cyclobutene 

13.5y0 2-bromo-1-meth- 
ylenecyclobutane, 1. 
70 1-bromomethyl-1 
cyclobutene, 57% 
rnethylenecyclobu- 
tane dibromide, 15% 
N-phenylsuccinimide 

Unstable bromo deriva- 
tive 

3-Bromo-1 -chloro-1 -cy- 
clopentene 

50% 3-bromo-1-cyclohex 
ene, 21y0 N-(2-bromo- 
cyclohexy1)phthali- 
mide 

3247% 3-bromocyclo- 
hexene 

50% 3-bromo-1-cyclohex 
ene,6.4Y0 1,a-dibromo 
cyclohexane, 2% 3,6- 
dibromo-l-cyclohex- 
ene, lyO N-phenylsuc- 
cinimide 

58% m- and p-dibromo- 
benzenes 

tylene 

~~ 

REFERENCES 



TABLE 1 4 o n t i n u e d  

C O ~ F € m N L l  

1-Methyl-1 -cyclo- 
hexene . . . . . . . . . . . . . .  

1 -Methyl-2-cyclo- 
hexene . . , . . . . . . 

1 -Methyl -3-cyclo - 
hexene . . . . . . . . . 

Met hylenecyclohexane. 

1-Ethylcyclohexene.. . . 

1,3-Dimethyl-3-cyclo- 
hexene . . . . . . . . . . . . . . 

1-Chlorocyclohexene,. . 

3-Bromo-1-cyclohexene 

Cycloiictene , . . . . . . . . . . 
9,lO-Octalin. . . . . . . . , . . 
Styrene, , , . . , . . . . . . . . . 
a-Methylstyrene . . . . . . 
1-Phenyl-1-propene., . . 

1,l-Diphenyl-1-pro- 
pene . , . . . . . . . . . . . . . . 

1,l-Diphenyl-1-butene, 

1, 1-Diphenyl-4-methyl- 
1-pentene . . . . . . . . . . . 

Diethylstilbestrol di- 
propionate. . . . . . . . . . 

(2) Isoprenoids: 
n-Pinene . . . . . . . . . . . . . .  

Camphene.. . . . . . . . . . . . 

BEACTION CONDITIONS 

“Ziegler’s conditions” 

“Ziegler’s conditions” 

“Ziegler’s conditions” 

“Ziegler’s conditions” 
(long heating) 

“Ziegler’s conditions” 

‘Ziegler’s conditions’’ 

‘ Ziegler’s conditions” 

L/3NBS, CClr, 1 min. 

NBS 
tNBS, CClr, peroxide 
NBS 
NBS 
1/2NBS, CCL, 15.5 hr. 

NBS, CCl,, 18 hr. 

NBS, CC14, 95 min. 

NBS, CCh, light, then 
deh ydrobrominate 

N B S ,  CCl4, 30 min 

!/5NBS, CCL, 1 hr. 

./2NBS, CCl4, 24 hr., 
peroxide, light 

YIELD OF PPODUCT 

Chiefly 6-bromo-l- 
methyl-1-cyclohexene 
trace of 3-bromo is0 
mer 

4-Bromo-l-methyl-2- 
cyclohexene 

5-Bromo -1 -methyl -3 - 
cyclohexene 

2-Bromo-1 -methylene- 
cyclohexane, poly- 
bromo compounds 

6-Bromo-1-ethylcyclo- 
hexene 

2-Bromo-l , 3-dimethyl- 

3-Bromo-1 -chloro-1- 

31% 3,6-dibromo-1- 

1,3-CycloOctadiene 
30% 2-tetrabromoiictalir 
KO reaction 
Reacts 
75y0 cinnamyl bromide 

677, when carried OUI 
a t  140°C. (instantane 
ous reaction) 

3-cyclohexene 

cyclohexene 

c yclohexene 

86% y ,  y-diphenylallyl 

3-Bromo-l , l-diphenyl- 
bromide 

1-butene 

1,l-Diphen yl-Cmethyl- 
1, 3-pentadiene 

64% 3,4-bis(p-propion- 
oxyphenyl) -2,5- 
di bromo-3-hexene 

60% monobromopinene 
(XIIa)  

24% w-bromocamphene, 
9% alkyl bromide, 7Oj, 
allyl bromide 

LEFEBENCES 
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TABLE 14ont inued 

comuND 

Norbornylene . . . . . . . . . 

Cedrene.. 

Ae s7-23-Nor-a-amy- 
rene . , , . . . . . . . . . . . 

A6 .7-23-Xor-2-keto-a- 
amyrene . , . , , . . . . . . . 

b-Amyrin acetate . .  . . . . 

b-Amyrin benzoate, . . . 

a-Amyrin acetate. . . . , 

Methyl acetylursolate. 

(3) Steroids: 
AZ3-24, %-Diphenyl- 

allocholene. . . . . . . 

Az3-3(,9)-Acetoxy-24, 24- 
diphenylallocholene . 

AZ3-3( a)-Acetoxy-24,24- 
diphenylcholene.. . . . 

A4;23-3-Keto-%, 24- 
diphenylcholadiene. . . 

AU-3(a) ,6@)-Diacet- 
oxy-24,24-diphenyl- 
cholene . . . . . . . . . . . . . . 

AZ3-3( a) ,  12( a)-Diacet - 
oxy-24, %-diphenyl- 
cholene . . . . . . , , . . . . . , 

REACTION CONDITIONS 

1/2NBS, 2.5 hr., peroxidc 
light (21y0 yield in 
presence of HBr or 
absence of catalyst) 

NBS, CCl,, 10 min. 

NBS (70%), CCl,, 4 hr. 

NBS, CCla,4 hr., BaC03 

KBS (65%), CCl,, 2 hr. 

KBS, CClr, 3 hr. 

NBS (65%), CCla, 2 hr. 

NBS (65%), CCl,, 2 hr. 

NBS, CCL, 12 min., 
light, then dehydro- 
brominate 

NBS, CCL, 15 min., 
light, then dehydro- 
brominate 

KBS, CCl,, 15 min., 
light, then dehydro- 
brominate 

S B S ,  CCl,, 15 rnin., 
light, then dehydro- 
brominate 

NBS, CCL, 15 min., 
light, then dehydro- 
brominate 

NBS, CsHs, 2 hr.,  then 
dehydrobrominate 

NBS, CClr, 10 rnin., ther 
dehydrobrominate 

NBS, CCL, 15 rnin;, 
light, then dehydro- 
brominate 
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YIELD OF PRODUCT 

41% 7-bromonorbor- 
nylene 

(Bromocedrene) oxidize( 
in 357, yield t o  nor 
cedrenedicarboxylic 
acid 

65% A8~7;8~g-23-nor-a- 
amyradiene, 10% hexa 
bromo derivative 

A6J;8,g-23-N~r-2-keto-a- 
amyradiene 

80% b-amyratrienol ace 
ta te  (XV) 

2% P-amyratrienol ben 
zoate, 9% bromo-p 
amyratrienol benzoatc 

80% a-amyradienol ace 
ta te  

70-7595 methyl acetylde 
hydroursolate 

21% pure diene; 44% 
over-all t o  17-methy 
ketone 

70% diene 

ca. 50% diene 

3rude diene) 37% over- 
all to  17-methyl ketone 
(crude) 

(Crude diene) 23% over- 
all to  17-met hyl ketone 

[Crude diene), 25% over- 
all t o  17-methyl ketone 

32% diene (same with 
NBP) 

~ 

XEFEPENCES 
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TABLE 14oncluded  

COYPOUND 

423-3(a), 12(a)-Diacet- 
oxy-23,23-diphenyl- 
norcholene . . . . . . . . . . , 

chlor o -%,%-diphen - 
ylcholene , . . . . . . . . . . 

AZ3-3@) -Aoetoxy-5- 

A2a-3( a)-Acetoxy-11- 
keto-%,%-diphenyl- 
cholene . . . . . . . . . . . . . 

AZ3-3 (a), 7 (a), 12(a) - 
Triacetoxy-24,24-di- 
phenylcholene . . . . . . . 

REACTION CONDITIONS 

NBS, CCl,, light 

NBS, CCL, 20 min., 
light, then dehydro- 
brominate 

KBS, CCl,, 15 min., 
light, then dehydro- 
brominate 

NBS, CCld, 15 min., 
light, then dehydro- 
brominate 

YIELD OF PRODUCT 

No reaction 

56y0 diene 

ca. 60% diene 

Quantitative yield of 
crude diene ; 39% over 
all t o  17-methyl ke 
t,one 

* NBA = N-bromoacetamide. 
NBS = N-bromosuccinimide. 
NBP = N-bromophthalimide. 

TABLE 2 
Wohl-Ziegler reaction of polyolejins 

COMPOUND 

(I) Non-conjugated: 
1,5-Hexadiene. . . . . . . . . 
3-Bromo-l , 5-hexadiene 

1,5-Cyclooctadiene . . . . 

Dihydromyrcene . . . . . . 
Rubber . . . . . . . . . . . . . . . 
2,9-Dimethy1-2,8-deca 

diene . . . . . . . . . . . . . . . 
Lycopene . . . . . . . . . . . . . 

( 8 )  Conjugated: 
1,3-Cyclohexadiene. . . , 
1,3(?)-Dodecadiene.. . , 

Methyl abietate.. . . . . , 

REACTION CONDITIONS 

4/5XBS,* CClp, 8 hr., 

NBS, CCl,, 6 hr., light, 

NBS, CC14, 1 hr, peroxide 

PNBS, CCL, 1 hr,peroxide, 

light, peroxide 

peroxide 

then (CH&NH 

K'BS, CCL, N-2 
NBS, CoHc(CCl4), 1/2 

hr . 

PNBS, CCL, 1/2 hr. 
PNBS, CCl,, 2 hr. 

1/3NBS, CClr, 6 hr. 
2/3NBS, CC14, 10 hr. 

NBS, CCld, 3 hr., BaCOa 
then CHaCOONa 

YIELD OF PRODUCT 

4570 3-bromo-1,5-hexaL- 

52% 1,6-dibromo-2,4- 

57% monobromo deriva 

34% 5,8-bis(dimethylm. 
ino)-l, 3-cyclooctadiene 

Monobromo derivative 
Bromo-rubber 

diene 

hexadiene 

tive 

Dibromo derivative 
20% dehydrolycopene 

No definite product 
28% (crude) bromodode 

32% dehydroabietic acic 
csdiene 

LEPERENCES 

LEEPEPENCES 



THE WOHL-ZIEGLER REACTION 

TABLE 2 4 o n c l u d e d  

COMPOUND 

1,1,4a-Trimethyl-7- 
isopropyl-1 ,2,3,4,4a, 
5,6,9,10, loa-decahy- 
drophenanthrene. . . . . 

8-Amyradienol-I1 ace- 

8-Amyradienol-I ace- 
ta te  . . . . . . . . . . . . . . . . . .  

t a te . .  . . . . . . . , . . . . . . . . 

diphenylcholatriene . . 
A4;20;u-3-Keto-24,24- 

11 -Diketo-24, 
24-diphenylchola- 
diene. . . . . . . . . . . . 

A20;z3-3-Keto-12 (a) - 
acetoxy-24,24-di- 
phenylcholadiene. . . . 

A2OZ3-3(a), l2(a)-Di- 
acetoxy-24,24-di- 
phenylcholadiene.. . . 

P';u-3 (8) -Acetoxyd- 
chloro-24, %-diphen- 
ylcholadiene . . . . . . . . 

REACTION CONDITIONS 

NBS, CC14,l hr., BaC03 
then CH&00Ka 

KBS, CCL, 3 hr. 

NBS (80oJc), cc14, 2 hr. 

XBS, cc14, 10 min., 
light 

YIELD OF PRODVCT ____ 

23% dehydroabietane 

p-Amyratrienol acetate 

p-Amyratrienol acetate 

A4;20;23-3-Keto-21- 
bromo-24,24-diphen- 
ylcholatriene 

N 3 S ,  cc14, 15 min., ' 62% A20;23-3,11-diketo- 
light 

NBS, CClr, 15 min., 
light 

NBS, CCL, 10 min., 
light (I hr. without 
light) 

21 -bromo-24,24-di- 
phenylcholadiene 

69% A2a;23-3-keto-12(~)- 
acetoxy -21 -bromo-24, 
24-diphenylcholadiene 

71% A20;23-3(~) ,12(~)-  
diacetoxy-21 -bromo- 
24,24-diphenylchola- 
diene 

~ 

NBS, CCI4, 20 min., 7474 ~P;23-3(p)-acetoxy- 
5-chloro-21 -bromo-24, 
24-diphenylcholadiene 

light 

* NBS = N-bromosuccinimide. 

TABLE 3 
Wohl-Ziegler reaction of carbonyl compounds 

COMPOUND 

( 1 )  Non-conjugated: 
Ethyl acetoacetate.. . . . 

2-Methyl-2-hepten-6- 
one.  . . . . . . . . . . . . . . 

Cyclohexanone. . . . . . . . , 
Tetrahydro-?-pyrone.. . 

REACTION CONDITIONS 

KBP* or NBA, ether, 
cold 

SBS,  CCI4 

S B S ,  cc14, 40 min. 
KBS, CC14, 25 min., 

light 

YIELD OF PRODUCT 1 BEFERESCES 

45% ethyl a-bromoaceto-' (99, 100) 
acetate 1 

Bromination alpha to' (12) 

2-Bromocyclohexanone ~ (86) 
5070 3,5-dibromo deriva- (125) 

keto group 

tive 



TABLE H o n t i n u e d  

33% 4-bromocopros- 
tanone 

30% A4-3-keto-12-hy- 
droxycholenat e 

COMPOUND 

(19) 

(19) 

a-Cyclocitral., . 

Methyl 2-keto-3-pheny 
hydrazono-8-octane- 
carboxylate . . . . . . . . .  

l-Keto-l,2,3,4-tetra- 
hydrophenanthrene.. 

Cholestan-3-one. . . . . . . 

2-Bromocholestan-3- 
one. . . , . . . . , . . . . . . . . 

Dihydrotestosterone 
hexahydrobenzoate. . 

Methyl 3-ketoalloetio- 
cholanate . . . . . . . . . . . 

Coprostan-3-one. . . . . . . 

Methyl 3-keto-12-hy- 
droxycholanate. . . . . . 

A6 PI-23-Nor-2-keto-a- 
amyrene . . . , . . . . . . . . 

Ag3 - 3(a)-Acetoxy-ll- 
keto-24,24-diphenyl- 
cholene . . . . . . . . . . . . . 

A20;23-3, 11 -Diketo-24, 
24-diphenylchola- 
diene . . . . . . . . . . . . . . . 

(2) a, @-Conjugated: 
Crotonaldehyde. . 

Crotonaldehyde diethyl 
acetal. . . . . . . . . . . . . . . 

3-Penten-2-one. . . . . . . . 
4-Methyl-3-penten-2- 

one . . . . . . . . . . . . . . . . . 

REACTION CONDITIONS 

NBS, CCl4, 5 min., 
3OoC., then dehydro- 
brominate 

NBS, cCl4, few minutes 

ZNBS, CCl,, 20 min 

NBS, CC14, 4 min., 
light, then dehydro- 
brominate (collidine) 

XBS or NBP, CCl,, 1 
min., light (30 rnin., 
no light) 

NBS, CCl4, 1 min., 
light 

NBS, CCh, 4 min., 
light 

NBS, CCld, 2 min., 

NBP, CCln, light 
light 

NBS, Ccl4, 4 min., 
light, then dehydro- 
brominate 

NBS, CCL, 4 hr . ,  BaCO 

NBS, CCla, 15 min., 
light 

NBS, CCl4, 15 min., 
light 

NBS 

NBS 
NBS, cc l4  

NBS, CCL 

YIELD 08 PBODUCT 

2,2,6-Trimethy1-3,5- 
cyclohexadien-1 -alde- 
hyde 

Methyl 1 -bromo-2-keto 
3-phenylhydrazono-S- 
octanecarboxylate 

53% methyl 1-bromo-2 
keto-3-(p-bromophen- 
y1hydrazono)-8-oc- 
tanecarboxylate, 19% 
3-bromo isomer 

57% 1-phenanthrol 

66% 2-bromocholes- 
tanone 

52% (crude) 2,2-dibro. 
mocholestanone 

50% 2-bromo derivative 

PEPEBENCES 

Bromination a t o  double! (80) 
bond (see table 1) 1 

Bromination in position' (96) 
22 bee table 1) 1 

Bromination in position (96) 
21 (see table 2) 

Black decomposition (12, 103) 
product 

Reacts 
l-Bromo-3-penten-2-one 

1 - Bromo-4-methyl-3- 
penten-2-one 
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TABLE 3-Concluded 

bromo-2-cyclopenten- 
1 -one 

67% 2-amyl-3-methyl-4- 
bromo-2-cyclopenten- 
1 -one 

70% 2-bromo-2,5-di- 
phenyl-4-cyclopentene- 
lt3-dione 

CoMPOuhn I BEACTIOX CONDITIONS 
- 

NBS, CCl,, 18 hr. (XLa) . . . . . . . . . . . . . . . . 
Dihydrocinerone 

(18) 

(76) 

Tetrahydropyrethrone 
(XLb).. . . . . . . . . . . .. . . 

2,5-Diphenyl-4-cyclo- 
pentene-l,a-dione. . . , NBS, CC14, 48 hr. 

1 
NBS, CC14, 1/2 hr .  

Triphenylcyclopenten- 
one . . . . . . . . . . . . . . . . . 

6-Cyclocitral , . . . . , . . . . 
3,5-cyclohexadien-1- 
aldehyde 

6-Bromoprogesterone Progesterone. . . . . . . . . . 

Testosterone acetate. . 

(54) 

A4;23-3-I<eto-24, 24-di- 
phenylcholadiene.. . . 

A4 ;20 2 3  -3 -Keto-24,24 - 
diphenylcholatriene . 

A16-3(p) -Acetoxy-20- 
keto-5-allopregnene . 

AI6-3(p) ,21-Diacetoxy- 
20-ket o-5-allopreg- 
nene . . . . . . . . . . . . . . . . .  

&Ionone. . . . . . . . . . . . 

lf3-Diacetyl-4-methyl- 
5-(b-carbomethoxy- 
valeryl) -2-imidazo- 
lone.. . . . . . . . . . . . . . . . . 

1,3-Dipropionyl-4- 
methyl-5- (S-carbo- 
methoxyvaleryl) -2- 
imidazolone. . . . . , . 

XBS, CCla, 14 hr. 
SBS,  CCl,, 5 min., 30°C. 

then dehydrobromi. 
nate 

3SBS, CCla, 1; hr., 
dark 

3NBS, CCl4,5 hr.,  dark, 
then dehydrobromi- 
nate 

XBS, CCl4, 15 rnin., 
light 

KBS, CC14, 10 min., 
light 

NBS, CCl,, 15 min., 
light, then dehydro- 
brominate 

NBS, cc14, 1/2 hr., 
light, then dehydro- 
brominate 

NBS, CClr, then dehy- 
drobrominate 

Bromination in position 
21 (table 2 )  

55% A14;16-3(,9)-acetoxy- 
20-keto-5-allopregna- 
diene 

4970 A I4;l6-3(j3), 21-di- 
acetoxy-20-ketoS-allo. 
pregnadiene (35% with 
peroxide) 

Dehydro-@-ionone 

85-92y0 1,3-diacetyl-4- 
bromomethyl-5-( 6- 
carbomethoxyvaleryl). 
2-imidazolone 

53% 4-bromomethyl de- 
rivative 

* NBP = N-bromophthalimide. 
NBA = N-bromoacetamide. 
NBS = N-bromosuccinimide. 
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304 CARL DJERASSI 

80% methyl ?-bromo- 

82% ethyl 7-bromocro- 

60430% methyl 7-bromo-' 

68% diethyl 7-bromo- 

crotonate 

tonate 

senecioate 

mesaconate 

TABLE 4 
Woh&Ziegler reaction with compounds possessing functional groups (other than carbonyl) 

alpha or beta to a double bond 

(121) 

(22, 48) 

(103) 

(15a) 

COMPOUND I REACTION CONDITIONS 

Ethyl 7-bromo-&ethoxy- 
crotonate 

64y0 ybromocrotonalde- 
hyde diethyl acetal 

( I )  Functional group alpha! 
to  double bond: I 

Allyl alcohol.. . . . . . . . .  . I  NBA,* ether, 4 days, 

Crotonic acid. . . . . . . . .  I 2hBA, cold acetone, 40 hr., 

(100) 

(27) 

Methyl crotonat.e.. . . . .  

Methyl crotonate (23 
moles) . . . . . . . . . . . . . .  

Ethyl crotonate.. . . .  

Methyl senecioate. 

Diethyl mesaconate. . .  

Ethyl p-ethoxycroton- 
a te  . . . . . . . . . . . . . . . . . . .  

1-Ethoxybutadiene.. . . .  

Methyl sorbate.. . . . . . . .  

Ethyl 4-methyl-2-pen- 
tenoate, . . . . . . . . . . . . . .  

3-Acetoxycyclohexene . . 

3-Ethoxycyclohexene. . .  

Isocantharic acid No. 2 
methyl es te r . .  . . . . . . .  

8-Cyclogeranic acid. . . .  

Ethyl p-ethoxycinna- 
mate . . . . . . . . . . . . . . . . .  

3-Methoxy-4-hydroxy- 
5 -methyl -2,4-hexadi - 
enic acid lactone. . . . .  

cold 
1/2NBS, CC14, 13 hr. 

2KBS, 300 CC. CHCls, 5 
min. (peroxide) 

1/2NBS, CCld, 6 hr 
(peroxide) 

1/4NBS, 8 min. 

2/3NBS, CCl,, 1 hr., 
peroxide 

NBA, ether, 2 days, cold 

5NBS, ethanol, 2 hr., 
room temperature 

1/4NBS, stirred 120°C 

NBS, CCL, 20 min., 
llO°C., peroxide 

NBS, CCI,, several 
hours, peroxide 

1/2NBS, CClr, 30 min. 

NBS 

NBS, 8 hr., 135°C. 

NBA 

NBA, ether, 5 days, 
cold 

NBS, CCI,, peroxide 

YIELD OF PRODUCT 1 PEPEBENCEE 

Mono- and di-bromo de-1 (100) 

Monobromo derivative i (100) 
rivatives I 

86%methyl ?-bromo- ~ (103) 
crotonate 

I 

cyclohexene i 

67% ethyl 4-bromo-4- (86) 

58% 3-acetoxy-8-bromo-' (103) 

Mixture of monobromoi (103) 

methyl-2-pentenoate 1 

conipounds I 

I 
38% s-(4,5?)-bromoiso- ~ (102) 

cantharic acid methyl, 
ester 

acid I 
3-Bromo-~-cyclogcranic I (05) 

76% ethyl a-bromo-p-' (100) 
eth0xycinnamat.e ' 

6 -Br om0 -3 -methoxy -4 - I (72) 
hydroxy-5-methy1-2,4-' 
hexadienic acid lactone1 
(good yield) I 
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TABLE 4-Continued 
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COMPOUND 

Methyl AlO-3 (B) -acetox) 
alloetiocholenate.. . . 

Methyl A20;*2-3@)-ace- 
toxyallonorcholenate 

A1‘6-3(p)-Acetoxy-5-allo. 
etiocholenenitrile.. . . 

A16-3(p)-Acetoxyetio- 
cholenenitrile . . . . . . . 

p’-[3 (p) -Acetoxyalloetic 
c holanyl- ( 17)]-An’#‘ 
butenolide . . . . . . . . . . 

J7-3@)-hetoxy-  
alloetiocholenyl-(17)1 
Aa’@‘-hutenolide. . . . . 

,B-Anhy drodigoxigenin 
diacetate . . . . . . . . . . . . 

A16-3(8) -Acetoxy-5,6-di 
bromoetiocholeneni- 
trile. . . . . . . . . . . . . . . . . 

( 0 )  Functional group beta 
to double band: 

Ketene dimer (LXIa) . 

1,2-Dimethyl-l,2,3,6- 
tetrahydrophthalic 
anhydride, . . . . . . . . . . 

BEACTION CONDITIONS 

1.13n’BS, CClr, 10 rnin., 
light, then dehydro- 
brominate 

NBS, CCh, 20 hr., then 
alumina 

1.3KBS, Ccl4 ,  20 min., 
light, then dehydro- 
brominate 

1.25;”iBS, cc14, 12 min., 
light, then dehydro- 
brominate 

NBS, CC14, 20 rnin., 
light, then dehydro- 
brominate 

KBS, CCl,, 2 hr., light, 
then de hydro bromi- 
nate 

XBS, CCL, 2 hr., light, 
then dehydrobromi- 
nate 

NBS, CC14,8 min., light 
then K I  

XBS, CHCl,, distill sol- 
vent, then ethanol + 
trimethylamine 

YIELD OF PBODUCT 

77% methyl AI4;l6-3@) - 
acetoxyalloetiocho- 
ladienate (50% with- 
out light) 

Less than 10% p’-[Ale-3 
(p) -acetoxyalloetio- 
cholenyl-(17)]-Au‘s’- 
butenolide 

77y0 Al4;Ie-3(p) -acetoxy 
5-alloetiocholadiene- 
nitrile 

Sly0 A14;16-3(p)-acetoxy 
etiocholadienenitrile 

63Y0 P’-[AL6-3 (0) -acetoxy 
alloetiocholenyl-(17)]- 
Aa‘B‘- butenoli de 

13y0 F’-[Al4,16;16,17-3@)- 
acetoxyalloetiochola- 
dienyl-(17)1-Aa’fi‘-bu- 
tenolide 

58% anhydr0-16,17-de 
hydrodigoxigenin di 
acetate 

80% A5;ls-3@) -acetoxy 
15-bromoetiocholadi- 
enenitrile 

43% ethyl a-bromoace. 
toacetate 

Quantitative (crude) 6. 
bromo-1 ,2-dimethyl- 
1 ,2 ,3  ,g-tetrahydro- 
phthalic anhydride 



TABLE 44oncluded 

COMPOUND 

Methyl acetyl-j3-bos- 
wellinate. . . . . . . . . . . . 

Methyl A14-3@)-acet 
oxy-5-alloetiocho- 
lenate , . . . , , , . . . . . , . . , 

Methyl A14-3@) -acetoxy, 
17-iso-5-alloetiocho- 
lenate. . . . . . . . . . . . . . . , 

Cholesterol acetate.. . . . 

Cholesterol benzoate. . . 

Cholesteryl chloride.. . . 

Cholesteryl bromide. 

BEACTION CONDITIONS 
~~ 

IL'BS (70%), CCL, 3 hr. 

KBS, CCL, light, then 
dehydrobrominate 

NBS, CCh, light, then 
dehy drobrominate 

S B S ,  petroleum ether 
7 min., light, then de- 
hydrobrominate 

KBS, petroleum ether 
(8O-lOO"C ,) 

NBS, petroleum ether 

NBS, petroleum ether 

YIELD OP PBODUCT 

Methyl A6 p 7 ;  g-2-acet- 
oxy-a-amyradiene-23- 
carboxylate 

69y0 methyl A1*;16-3(p)- 
acetoxy-5-alloetiocho- 
ladienate 

65% methyl A14;16-3(p) - 
acetoxy-5-alloetiocho- 
ladienate 

29% 7-dehydrocholes- 
terol acetate (bromo 
compound isolated) 

35% 7(@)-bromo deriva. 
tive 

50% 7(j3)-bromo deriva. 
tive 

50% 7(p)-bromo deriva- 
tive 

* NBA = N-bromoaoetamide. 
NBS = N-bromosuccinimide. 

TABLE 5 
Wohl-Ziegler reaction with aromatic hydrocarbons 

COMWUND 

( I )  Xuclear bromination 
Benzene, . . . , . . . . . . . . . , 

Toluene. . . 

l-Methyl-3,4-dihydro- 
naphthalene. . . . . . . . . 

Naphthalene. . . . . . . . . . 

Biphenyl, . . . . . . . . . . , . , 

Acenaphthene . . . . . . . . . 

Phenanthrene. . . . . . . , . 

Anthracene. . . . . . . . . . . . 
Benz[a]anthracene.. . . . 

REACTION CONDITIONS 

KBS,* 1 hr., 95°C. 
NBS, 4-16 hr., depend- 

ing on catalyst (AlClr 
HzS04, etc.) 

NBS, 16-7 hr., depend- 
ing on catalyst 

NBS with difficulty 
1/3KBS, CC14, 6 hr. 

KBS, CCL, FeCls, sev- 

1/2?;BS, CCl,, 10 min. 
eral days 

XBS, CC14, 5 hr. 

NBS, ccl4,  few minutes 
NBS, CCI, 

YIELD OF PPODUCT 

No reaction 
41-67y0 bromobenzene 

small amount of di 
and tetra-bromoben 
zenes 

21-71% p-bromotoluene 
some polybromotolu 
ene 

Xuclear bromination 
77y0 a-bromonaphtha- 

4-Bromobiphenyl 

85% 5-bromoacenaph- 

46y0 S-bromophenan- 

58% 9-bromoanthracent 
Good yield of 7-bromc 

lene 

thene 

threne 

derivative 

REFEPENCZS 
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TABLE 5-Continued 

COYPOUND 

Chrysene. . . . . . . . . . . . . . 
Pyrene . . . . . . . . . . . . . . . . 

Phenol. . . . . . . . . . . . . . . . 
Anisole. . . . . . , . . . . , . . . . 

Phenetole, . . . . . . . . . . . . 
3-Methoxytoluene.. . . . 

lf4-Dimethoxybenzene 

l12-Dimethoxybenzene 

1 , 3-Dimethoxybenzene 

1 -Methoxynaphthalene 

2-Methoxynaphthalene 

2-Ethoxynaphthalene.. 

2-Methoxy-6-methyl- 
naphthalene. . . . . . . . . 

Methyl phenyl sulfide. 

Phenyl acetate . .  . . . . . . 

Acetanilide. . . . . . . . . . . . 

Dimethylaniline. , . . . . . 

Est radio1 . . . . . . . . . . . . . . 

(2) “Side chain” bromina 

Toluene. , . . , , . . . . . . . , . 
tion: 

o-Chlorotoluene . . . . . . . 

p-Nitrotoluene 

Indene. . . , , . . . . . . , . . . . 
Te t ralin . . . . , . . . . . . . . , . 

1,2-Dihydronaphtha- 
lene. , . , , . . , . . . . , . . , . 

PEACTION CONDITIOXS 

NBS, cc l4  
NBS, CCl, 

XBA, ether, 12 hr., cold 
1/3NBS, 16 hr. 
S B A ,  acetone, 24 hr., 

room temperature 
1/2NBS, 16 hr. 
1/2NBS 

1/2SBS, CC14, 12 hr. 

1/2SBS, CCl,, 6 hr 

1/2NBS, CClr, 6 hr. 

2/3NBS, CClr 

2/3NBS, CC14, 15 min. 

NBS, CCl,, 15 min. 

NBS, CCl,, 4-5 hr. 

NBS, CClr 

1/2NBS, vigorous reac- 
tion 

NBS, CC14, 1 hr. 

l /3SBS,  CClr, 15 min. 

SNBA, ethanol, 18 hr., 
room temperature 

S B P  
NBS, cc14, 45 min., 

l/ZSBS, CCla, 23 hr. 

ca. 1/2SBS, cC14,12 hr. 

1/2SBS, CC14, 24 hr. 
PNBS, CCl,, 1/2 hr., 

peroxide, then CHI 
COOK 

peroxide 

YIELD OP PPODUCT 

6-Bromochrysene 
Excellent yield of 1-bro 

mopyrene 
p-Bromophenol 
32% p-bromoanisole 
7570 p-bromoanisole 

20% p-bromophenetole 
49% 6-bromo-3-meth- 

oxytoluene 
73% 2-bromo-1,4-di- 

methoxybenzene 
62% 4-bromo-l,2-di- 

methoxybenzene 
82y0 4-bromo-l,3-di- 

methoxybenzene 
79% 4-bromo-1-meth- 

oxynaphthalene 
94% 1-bromo-2-meth- 

oxynaphthalene 
79-88Y0 1 -bromo-a-eth- 

oxynaphthalene 

71oj, 1-bromo-2-meth- 
oxy-6-met hylnaphtha- 
lene 

Poor yield of methyl p 
bromophenyl sulfide 

37CI, p-bromophenyl ace 
ta te ,  considerable am 
ount of o-bromo isome: 

Quantitative yield of p 
bromoacetanilide 

71y0 p-bromodimethyl 
aniline 

94% 2,4-dibromoestra 
diol 

Benzyl bromide 
64% benzyl bromide 

83% o-chlorobenzyl bro 

Soy0 p-nitrobenzyl bro 

51y0 1-bromoindene 
74y0 naphthalene 

mide 

mide 

Naphthalene and 15% 
1,2-dibromotetralin 

PEFEBENCES 
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TABLE &Continued 

C O y P o D N I l  

1,4-Dihydronaphtha- 
lene., , . , , . . . , , . . . . . . 

1-Methylnaphthalene. . 

2-Methylnaphthalene. . 

2-Methyl -3,4-dihydro- 
naphthalene. . . . . . . . . 

1-Ethylnaphthalene . . . 

1, %Dimethylnaphtha- 
lene. . . . . . . . . . . . . , . . . 

1 ,&Dimethylnaphtha- 
lene. , . . . . . . . . . . . . . . . 

2,3-Dimethylnaphtha- 
lene, , . . . . . . . , , , , , , . . 

2,6-Dimethylnaphtha- 
lene.. . . . . . . . . , . . . . . . 

2,7-Dimethylnaphtha- 
lene., . . . . . . . . . . . . . . . 

l-Chloro-3,4-dihydro- 
naphthalene. . . . . . . . . 

Acenapthene . . . . . . . . . . 

Diphenylmethane . . . . . 

Bibenzyl . . . . . . . . . . . . . . 

p-Methylstilbene.. . . . . 

Triphenylmethane.. . . . 

Fluorene, . . . . . . . . . . . . . 

2-Nitrofluorene . . . . . . . . 
9-Phenylfluorene . . . . . . 

1 , 2,3,4-Tetrahydro- 
phenanthrene . . . . . . . 

as-octahydrophenan- 
threne . . . . . . . . . . . . . . 

REACTION CONDITIONS 

NBS, CCl4 

NBS, CCh, 12 hr. 

1/2NBS, cc14, 6 hr. 

NBS, then dehydrobro 

NBS, CCl4,12 hr., then 
dehydrobrominate 

minate 

NBS, CCl4 

NBS, CCl4 

NBS 

KBS, CClr, 12 hr. 

NBS, then dehydro- 

NBS, cc14, peroxide, 

NBS, (NBA), cCl4 , l  hr 

NBS, CCL, peroxide, 

NBS, CCl,, 3 hr., perox- 

NBS, CCI,, vigorous re- 

NBS, CCl,, 3 hr. 

brominate 

then CHICOOK 

then CHICOOK 

ide 

action 

XBS, CCl, 
NBS, cc l4  

2 NBS, CC14, peroxid 
then CHICOOK 

4NBS, CC14, peroxide, 
then CHICOOK 

YIELD 01 PXODUCT 

Naphthalene and 155 
2,3-dibromotetralin 

58% 1-naphthylmeth3 
bromide 

80% 2-naphthylmethy 
bromide 

2-Met,hyInaphthalene 

73% 1-vinylnaphthalen 

Mixture of both mono- 
bromo compounds 

Mixture 

2-Bromomethyl-3-meth- 
ylnaphthalene 

52oJ, 6-bromomethyl-2- 
methylnaphthalene 

41y0 7-bromomethyl-2- 
methylnaphthalene 

1 -Chloronaphthalene 

20% acenapthylene 

81% diphenylmethyl 

567, stilbene, 10% stil 

49% p-bromomethylstil 

5562% triphenylmethy 

61y0 9-bromofluorene 

bromide 

bene dibromide 

bene 

bromide 

9-Bromo-2-nitrofluorene 
9-Bromo-9-phenylfluo- 

rene 

79% phenanthrene 

21% phenanthrene, 12'3 
1 -bromophenanthrene 
(with 5.5NBS) 

308 



THE WOHL-ZIEGLER REACTION 

i I then CHsCOOK 

j s f 2 n  ~ ~ ~ O O I i  

sym-Octahydrophenan- 
threne . . . . . . . . . . . . . . . XBS, CCl4, peroxide, 

sym-Octahydroanthra- 1 
cene . . . . . . . . . . . . . . . . .  peroxide, 

Retene.. . . . . . . . . . . . . . . . NBS, CC14 

I 
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63% phenanthrene 

69% anthracene 

1 -Bromomethyl-7-iso- 
propyl phenanthrene 

TABLE 5-Concluded 

TABLE 6 
Wohl-Ziegler reaction with heterocyclic compounds 

COMPOUND 

( 1 )  Ozygen heterocyclics: 
2-Methylfuran. , . . . , . . . 

2,5-Dimethylfuran. . . . 

Aucubin hexaacetate (2 
3-disubstituted furan) 

Tetrahydro-?-pyrone. . . 

2,6-Dimethyl-?-pyrone 

3-Methylbenzofuran.. . , 

2-Bromo-3-methylben- 
zofuran . . . . . . . . . . . . . . 

2-Carbethoxy-3-meth- 
ylbenzofuran . , . . . . . . . 

3-Methylcoumarin.. . . . . 
4-Methylcoumarin.. , . , . 
6-Methylcoumarin.. , , , . 

4,6-Dimethylcoumarin . 

4,7-Dimethylcoumarin . 

REACTION CONDITIONS 

SBS,* CClr, 1/2 hr., 
cold 

KBS, cc14, cold 

KBS, CCla, 1 hr., perox- 
ide 

KBS, CClr, 25 min., ligh, 

S B S ,  CCL, 1/2 hr. 

KBS, CCL (peroxide) 

PSBS, CCl4, 2 hr., per- 
oxide 

NBS, CCla, peroxide 

NBS, 13OoC., 5 min. 

NBS, CClr 

YIELD OF PBODUCT 

2-Bromomethylfuran 
(excellent yield) 

2-Bromomethyl-5-meth- 
ylfuran 

Poor yield of monobromc 
derivative (substitu- 
tion in 4- or 5-position: 

50% 3,5-dibromo deriva. 
t i  ve 

2-Bromomethyl-6- 
met hyl-7 -pyrone 

2-Bromo-3-methyl ben- 
zofuran 

64% 2 -bromo -3 -bromo - 
methylbenzofuran 

2-Bromo-3-bromometh- 
ylbenzofuran 

65yc 2-carbethoxy-3-bro. 

3-Bromomethylcoumarin 
KO reaction 
6-Bromomethylcoumarin 

6-Bromomethyl-4-meth- 

7-Bromomethyl-4-meth- 

mobenzofuran 

(good yield) 

ylcoumarin 

ylcoumarin 

~ 

BEPEBENCES 

EEFEBENCES 



TABLE 6-Continued 

COYPOmVD 

7-Methoxy-4-methyl- 
coumarin. . . . . . . . . . 

3-Ethyl-7-methoxy-4- 
methylcoumarin.. . . . . 

3-Propyl-7-me thoxy-4- 
methylcoumarin.. . . . . 

(8) Nitrogen heterocyclics: 
a-Picoline , . . . , . . . . . . . . . 
?-Picoline. . . . , . . . . . . . . . 
Quinaldine. . . . . . . . . . . . . 
N-Benzoylindole . . . . . . . 

Carbazole. . . . . . . . . . . . . . 

Acridine . . . . . . . . . . . . . . . 

1,3-Diacetyl-4-methyl- 
2-imidaz 01 one . . . . . . . . 

1,3-Diacetyl-4,5-di- 
methyl-2-imidazo- 
lone.. . . . . . . . . . . . . 

1,3-Diacetyl-4-methyl- 
5-( 6-carbomethoxy- 
valeryl) -2-imidazo- 
lone. . , . . , . . . . . . . . . . . . 

(9) Sulfur heterocyclics: 
Thiophene . . . . . . . . . . . . . 

PEACTION CONDITION8 

NBS, CCl, 

S B S ,  cc14 

NBS, CCl4 

NBS 
NBS 
KBS 
NBS 

S B S ,  CCL, i min., per- 
oxide 

NBS, CCl,, 5 hr., perox- 
ide (8 hr. without per- 
oxide) 

KBS, CClr, 20 min. 

KBS, CClr, 15 min. 

PNBS, CClr 

NBA, 45 min. 
2.5NBA, 45 min., then 

5 hr., room tempera- 
ture 

1/6NBS, 24 hr. 

YIELD OF PBODUCZ 

3-Bromo-7-methoxy-4- 
methylcoumarin 

60% 3-(a-bromoethyl) -7 
methoxy-4-methyl- 
coumarin, 15% 6- 
bromo-3-ethyl-7- 
methoxy-4-methyl- 
coumarin 

3-(~~-Bromopropyl)-7- 
me thoxy-4-methylcou- 
marin 

Easy bromination in sidc 

3-Bromo-hr-benzoylin- 

55% 3-bromocarbazole 

chain 

dole 

Mono- and di-bromoacri 
dines, N-(g-acridyl)- 
succinimide, several 
brominated deriva- 
tives of N-(g-acridyl) 
succinimide, acridine 
hydrobromide, etc. 

i O %  1,3-diacetyl-4-bro 
momethyl-2-imidazo- 
lone 

82Y0 1,3-diacetyl-4-bro 
momethyl-5-methyl- 
2-imidazolone 

50% 1,3-diacetyl-4,5- 
bis (bromomethyl) -2- 
imidazolone 

See table 3 

52% 2-bromothiophene 
65% 2, b-dibromothio- 

phene 

77% 2-bromothiophene 

BEFEPENCES 

310 
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TABLE 6-Concluded 

Monobromo derivative 

15% isobutylene bromide 
4570 dibromo derivative 

s-Tetrabromoiictalin 

14% z-tetrabromoiic- 
talin, 9% 1,5-dibro- 
monaphthalene 

~~ 

COMPOUND 

(99) 

(99) 
(100) 

1 (5) 

2-Methylthiophene .. . . 

3-Methylthiophene . 

3-Bromo-2,5-dimethyl- 
thiophene. . . . . . . . . . . 

Thianaphthene. . . . . . . . 

BEACTIOB CONDITIOBS 

NBS, CClr, 5 hr. 

NBS, CCL, 5 hr., peroxid' 

PNBS, CCl4, 5 hr., with o 

NBS, CCL, 5 hr. 
without peroxide 

NBS, CCld, 6 hr., perox- 
ide 

SXBS, CCL, 5 hr. 

2KBS, CCl,, 5 hr., perox 
ide 

KBS, CCL, few minutes 
60°C. 

XBS 

YIELD OF PPODUCT 

66% 2-methyl-&bromo- 
thiophene, 2470 2-brom 
omethylthiophene 

84% 2-bromomethylt hio, 
phene, 16% 2-methyl4 
bromo thiophene 

2-Bromome thyl-&bromo. 
thiophene 

90% 2-Bromo-3-meth- 
ylthiophene 

6540% 3-bromomethyl- 
thiophene, small 
amount of 2-bromo-3- 
methylthiophene 

Chiefly 2, 5-dibromo-3- 
methylthiophene 

Chiefly 2-bromo-3- 
bromomethylthio- 
phene 

methylthiophene 
377, 2-bromomethyl-5- 

3-Bromo-2-bromo- 
methyl-5-methylthio- 
phene and 3-bromo-5. 
bromomethyl-2-met h - 
ylthiophene 

3-Bromothianaphthene 

* NBS = X-bromosuccinimide. 
S B A  = S-bromoacetamide. 

TABLE 7 
Wohl-Ziegler reaction with miscellaneous compounds 

COMPOUND 

Malonic ester half-amide.. 

tert-Butyl bromide. . . . . . . 
1 -Phenyl -1 -propyne . , . . . . . 

Decalin 

~ 

REACTION CONDITIONS 

XBA,* acetone, 24 hr., 

KB.4, ether, cold 
NBA, ether, 24 days, 

room temperature 
NBS, CClr, 20 min., per- 

oxide 
4NBS 

cold 

1 XEFEXENCES YIELD OF PRODUCT 

* NBA = N-bromoacetamide. 
NBS = N-bromosuccinimide. 
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VIII. APPENDIX 
The appendix covers the literature up to  June 1,1948 and the additional mate- 

rial has also been incorporated into the tables. 
Freiman (1 11) showed that diethylstilbestrol dipropionate (LXXX) reacted 

with 2 moles of N-bromosuccinimide to  yield a dibromo compound which could 
be dehydrobrominated to the corresponding hexatriene derivative (LXXXI) . 

I I I I 
CH3 CHz C- CCHzCH, CHz=CHC- CCH=CHz 

LXXX LXXXI 
The bromination of tetrahydro-y-pyrone (LXXXII) represents another ex- 

ample of the bromination of a saturated ketone with N-bromosuccinimide and 
is reported to lead to the 3,5-dibromoketone LXXXIII (125), which could be 
converted to y-pyrone on treatment with pyridine. Free bromine gave only 
traces of the desired product. 

0 

LXXXII LXXXIII 

Further confirmation of the statement that bromination of a, /3-unsaturated 
ketones occurs in the allyl position, unless blocked, is afforded by reports on the 
reaction of N-bromosuccinimide with the imidazolone LXXXIV which gave 
LXXXV (108, 109) and p-ionone (LXXXVI) (115), which after dehydrobro- 
mination yielded dehydro-p-ionone (LXXXVII). The latter represents a promis- 
ing starting material for the synthesis of dehydrovitamin A1 (114, 115), which is 
of considerable interest since it may be identical with vitamin Az. 

0 0 
/I 

/c\ I1 /c\ 
CH3CON NCOCHs CHICOX NCOCH3 

I I  I I  
CH3C=CCO( CHZ) 4COOCzH6 ---f BrCHzC=CCO (CHZ)~COOC~HE,  

LXXXIV LXXXV 
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f i I = C H C O C H .  * ?(CH=CHCOCHI 

LXXXVI LXXXVII 
Plattner and coworkers (123) described an apparently general method for the 

introduction of the 14,15-double bond into steroids which contain also unsatura- 
tion in ring B. The procedure was illustrated with the choladienenitrile LXXX- 
VIII, in which the 5,Gdouble bond was protected with bromine and LXXXIX 
was treated with N-bromosuccinimide to  afford after debromination the lbbromo 
derivative (XC). Dehydrobromination of the latter in the usual manner gave 
an 80 per cent over-all yield (based on LXXXVIII) of the desired triene XCI. 

\A 

CN CN 

LXXXVIII LXXXIX 

1 

XCI xc 
In continuation of earlier work, Buu-HOT and Lecocq (105) showed that higher 

polycyclic hydrocarbons such as pyrene and chrysene were readily monobro- 
minated with N-bromosuccinimide. Mousseron and coworkers (122) investi- 
gated the action of N-bromosuccinimide on hydroaromatic compounds and 
obtained essentially the same results as Barnes (5). Their report, however, that 
fluorene does not react with N-bromosuccinimide is incorrect (98, 105, 112). 
As a route to 4-styrylbenzylamines, Kon (118) investigated the action of N -  
bromosuccinimide on p-methylstilbene (XCII) and observed side-chain bromina- 
tion (XCIII) in the presence of peroxide. 

CeHt,CH=CHy-bH~ - CBH6CH=CHNpxCH2Br 

XCII XCIII 
\d \A 
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Interesting experiments have been reported with heterocyclics. Imidaxolones 
such as XCIV could readily be mono- or di-brominated in the methyl groups 
(109). Lecocq and Buu-Hol (1 19) observed that 2-bromomethyl-5-methyl- 
thiophene (XCV) on treatment with cyanide underwent a rearrangement to the 
3-brom0-2~5-dimethylthiophene (XCVI) . Carbonation of the Grignard reagent 
of XCV led to similar results, and so did the higher substituted thiophene deriva- 
tive XCVII. The latter as well as XCVIII (which did not rearrange, the 3-posi- 
tion being blocked in this instance) were obtained from XCVI and N-bromo- 
succinimide. 

0 

XCIV XCV 

XCVI XCVII . XCVIII 

Similarly, 3-methylthiophene reacted with N-bromosuccinimide in the methyl 
group (106, 107), especially when peroxide was used. The resulting 3-thenyl 
bromide also seemed to  undergo a partial rearrangement to 2-bromo-3-methyl- 
thiophene (106). In the absence of peroxide, 2- and 3-methylthiophenes under- 
went predominantly nuclear bromination (107). An unusual rearrangement of 
a bromine atom from the 3ethyl group of the coumarin derivative IC to  the 
6-position has been reported (120a). No explanation was advanced and the 
structure of the product was not demonstrated unequivocally. 

CH3 
Y V N C H B r C H a  “I I I  I 

IC 

The reaction of 3-methylbenxofuran (LXXT’II) with A’-bromosuccinimide has 
been investigated further by Gmbenmann and Erlenmeyer (113), who showed 
that bromination in the methyl group was achieved readily when the 2-position 
mas blocked. 
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