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ABSTRACT 

l,2-Dibromides and bromohyclrin p-toluenesulphonates of favorable geometry are readily 
reduced by l i thi~un aluminum hydride in  good yield to the correspo~lding olefin. Small quarlti- 
ties of water are found to  have a tenrpornry n~~elera t ing effect on the reduction. The norrnal 
course of the reaction is a trans elimination, but when steric factors inhibit this, then sub- 
stitution or cis elimination reactions may occur. I t  is shown that  the cis elimination in  the case 
of cis-1,2-dibro~~locyclohexane cannot involve reduction to the monobromide followed by  
dehydrobromi~lation to the olefin. 'l'he reaction of some other 1,2-dihalicles and related coln- 
pounds with lithium aluminum hydride, and the reaction of a 1,2-dibrolnide with a nurnber 
of other complex hydrides are reported. 

A general scheme for the mechanism of the olefin-fornling elilllination reaction is proposed. 
The l i~nits that this study places on the possible positions of the r ed~~c t ive  elimination of 
1,2-dibronlides with lithium alutuinuln hydride within this general scherne are disc~~ssed. 

The eliinination reaction leading to the forn~ation of an olefin may be expressed generally 
X Y 

by the equation \ '  ' /  \ / --+ /C=C\. 
The conventional description of a reaction as 

either an oxidation-reduction or metathesis can be usefully applied to classify eliminations 
as oxidative (e.g. dehydrogenation, in which X, Y = H), reductive (e.g. X, Y = halogen) 
or metathetical (e.g. X = I-I, Y = halogen); correspondingly the formal reverse of each 
of these reactions would be reductive addition (e.g. hydrogenation), oxidative addition 
(e.g. addition of halogen), and metathetical addition (e.g. addition of hydrogen halide), 
respectively. 1\Iuch study has been devoted toward an understanding of the metathetical 
addition and elimination reactions, but inuch less work has been carried out on the oxida- 
tive and reductive processes. Though some of the most coi~iiilonly used examples of the 
latter group are heterogeneous phase reactions whose study is complicated by special 
problems, a substantial nuinber of oxidative and reductive additions and eliininations 
take place in solution. Table I lists a n~tmber of conditions under which reductive elimina- 
tion of dibroinides has been reported to occur; the great majority of these, in fact, involve 
a homogeneous system. 

Nost of the work on the mechanism of hoinogeneous phase reductive eliminations that 
had been reported a t  the beginning of this study had been restricted to the reduction of 
1,Zdibromides (and some related species) with alkali iodides.* But the number and 
variety of other reagents which could effect reductive elimination of 1,2-dibromides (see 
Table I) suggested the possibility that the mechanism of reaction of some of these reagents 
might be quite different from that of an alkali iodide. If this were the case it would not be 
possible to discover all the ramifications of the inechanisill of the general reductive 
elimination reaction were the study to be restricted to the reduction induced by alltali 
iodides. Accordingly, we decided to investigate the reductive eliinination with lithiurn 

*TTrlzile this work was ilt progress, an  investigation of tlre redz~clion of sinzilar compozi~zds with mercaptides 
was reported (24). 
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TABLE I 
Reactions reported to result in the reductive elimination of 1,2-dibromides 

Reaction conditions Substrate Product Ref. 

Sodium in liquid ammonia ~i7es0-2,3-Dibromobuta11e cis-2-Butene (507;) 1 
trans-2-Butene (50%) 

Sodium iodide* in acetone Ethylene dibrornide Ethylene 2 
~ z - P r o p v l m a ~ n e s i ~ ~ ~ n  bromide in ether trans-1.2-Dibromocvclo- Cvclohexene 3 - .  - 

Phenyllithium in ether 
hexane cyclohesane) 

trans-1,2-Dibromocyclo- Cyclohexene (80%) 4 
hexa~le 

Di-p-tolylmercury in toluene nzeso-Stilbene dibromide tralzs-Stilbene 5 
Trimethyl phosphite in toluene trans-Dibenzoylethylene trans-Dibenzoylethylene G 

dibromide (92%) 
Potass i i~~n cyclohexylphosphide in Ethylene dibro~nide Ethylene (%Yo) 7 

benzene 
Pyridine a t  ,- 10O0 
Ethanol a t  150° 
Aniline a t  130' 
Acetic acid 
Phenylhydrazine 
Potassiuln hydrosulphide in ethanol 
Sodiun thio~henoxide in ethanol 
Sodiurn benienesul~hinate in ethanol 
Water a t  170' 
Silver oxalate in xylene 
Phenetole a t  170" 
Triphenylphosphine in ether 

Tri-n-butyltin hydride in pentane 
Chro~nous chloride in acetone 

Ferrous chloride, potassiu~n acetate, 
and acetic acid in ethanol 

Dropping mercury electrode 
Zinc* and alcohol 
Magnesium in ether 
An~orphous arsenic 
Lithium aluminum hydride 

nteso-Stilbene dibromide 
7neso-Stilbene dibromide 
nzeso-Stilbene dibro~nidc 
nzeso-Stilbene dibromide 
nzeso-Stilbene dibromide 
meso-Stilbene dibromide 
meso-Stilbene dibro~nide 
nzeso-Stilbene dibromide 
2,3-Dibrornohesane 
n~eso-Stilbene dibro~nide 
nzeso-Stilbene dibromide 
Methyl 1,2-dibromo- 

propionate 
1,2-Dibromopropane 
Stigmasteryl acetate 

tetrabromide 
Cholesterol dibromide 

Ethylene dibrornide 
Ethylene dibro~nide 
Ethylene dibro~nide 
Ethylene dibromide 
See Table I1 

trans-Stilbene 8 
trans-Stilbene 9 
trans-Stilbene 9 
trans-Stilbene 10 
trans-Stilbene 10 
trans-Stilbene 11 
trans-Stilbene 12 
transStilbene 12 
2-Hesene 1 3  
trans-Stilbene 1 4  
trans-Stilbene ('257,) 15 
Methyl acrylate (64%) 1G 

Propylene (81%) 17 
Stig~nasteryl acetate 18 

22,23-dibromide (65%) 
Cholesterol (72%) 19 

Ethylene 20 
Ethylene 2 1 
Ethylene 22 
Ethylene 23 

*An important preparative reaction with numerous variations of conditions; the example quoted is one of the earlier illustrations 
of its use. 

alurninu~n hydride. From what little was known of this reaction a t  the beginning of this 
study, i t  appeared tha t  this reagent effects reductive elimination of 1,2-dibrornides in high 
yield, but  it is otherwise different from alltali iodides in its reactions with organic com- 
pounds. Though lithium aluminum hydride is a much-used reagent in organic synthesis, 
there are serious technical and theoretical problems associated with a study of its mecha- 
nism of action. T o  a considerable extent these have limited the present study. At  the same 
time i t  is hoped that  this worlt has contributed toward their eventual solution. 

Scope of the Reductive Elimination with Complex illeta1 Hydrides 
Previous reports of reduction of 1,2-dihalides with lithiuln a lun~inum hydride are 

listed in Table 11. In  most of these examples reductive elimination is the only observed 
course of reaction, though substitution predominates with the following substrates: 
1,2-dibromooctane, ethyl 0-chloroethyl ether, and trans-l,4-dibromo-2-butene. These 
anolnalies are given further comment in the discussion of the mechanisnl of the reaction. 

Table I11 summarizes the results of a number of experiments designed to show the range 
of conlpounds reducible with l i th iu~n aluminum hydride. T h e  rest of this paragraph offers 
solne general conclusioils that lnay be drawn fro111 these data.  All of the 1,5-dibromides 
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TABLE I1 
Previous \vorl; on reductions of dihalides with lithium aluminum hydride 

--- 
Refer- 

Substrate Product Yield (7,) ence 

~neso-Stilbene dibroimide 
1,2,3,4-Tetrabromobutane 
Styrene dibron~ide 
Ethyl 2,3-dibromo-3-phen~~lpropionate 
1,2-Dibromooctane 

24,25-~ibro~ocholest-8-en-3/3-01 
(zymosterol dibromide) 

Ethyl 2,3-dibron10-5,5,4-trifl~iorob11tyrate 
3.4-Dihvdro-3.4-dibroniohexachloro- 

' 1,5-hexadie1;e 
7,8-Dibro1~io-1,2,5,6-dibenzocycloiictatriei~e 
Ethyl a#-dichloroethyl ether 
Cyclooctatetraene dibromide* 

trans-Stilbene 
Butadiene 
Styrene 
Hydrocinnamyl alcohol 
1-Octene 
2-Bromooctane 
Allyl alcohol 
trans-2-Butene 
Cholesta-8,24-dien-38-01 

(zymosterol) 
4,4,4-Trifluorocrotyl alcohol 
3,4-Dihydrohexachloro-1,3,5- 

hexaGiene 
1,2,5,6-Dibenzocyclooctatetraene 
Ethyl 8-chloroethyl ether 
Cyclooctatriene 
Bicyclo[4.2.0]octa-3,4-die11e 

"Reaction ~ ~ i i s t u r e  also contained a small amount of sodium iodide. 

listed in Table 111 gave the corresponding olefin, though in the case of cis-1,2-dibromo- 
cyclohexane the yield was low. Reductive eliinination with formation of trans-stilbene 
took place fairly smoothly with all con~pounds derived from it  including the meso 
dichloridc. The t ~ v o  trans-2,3-dichlorocholestanes (Id and IIc), however, both gave a 
reniarkable niixture of products which included only small amounts of the reductive 
elimination product. I t  seems lilcely that the dichlorocholestanes are more representative 
of 1,2-diclilorides than meso-stilbene dichloride; in general, then, forination of the olefin 
froin 1,2-diclilorides probably does not predonlinate over other possible reactions. A 
siiiiilar result was found with 2-fluorobromides; trans-stilbene was formed in good yield 
froin tlie corresponding fluorobromide, but fluorocyclohexaiie was the only product 
obtained froiii trans-1-fluoro-2-broinocyclohexane. As expected, the two diaxial bromo- 
h>.drin p-toluenesulphonates (Ib) and (Ic) both gave the corresponding olefin in high yield. 
Surprisingly, however, the diequatorial isoilier IIb yielded much the same coiiiplex 
niixture of products as that obtained from the dichlorocliolestanes, whereas the cis isomer 
IV gave a fair!y good yield of the olefin. 

The quantity of lithium aluniinum liydride consunled by the reduction of 1 mole of 
meso-stilbene dibromide and cliolesterol dibromide (V) was estilnated by iodometric 
titration of tlie unreacted hydride (31) to be 0.47 and 0.42 moles, respectively (see 
Experimental); this corresponds reasonably well with the equation 

Gas (presumably hydrogen) is evolved in the reaction. The fate of the lithium, aluminum, 
and broilline atoms after the reduction has not been investigated, though a recent report 
on the reaction of lithium aluminum liydride with bromine suggests that the inorganic 
products may be LiBr and LiAl2Br-i (32). 

The reaction of 2p,3a-dibrom~cholestane (Ia) with a number of other complex hydrides 
was briefly investigated. Unreacted starting material was the principal constitueiit of the 
product obtained from the following conditions: (a) sodium borohydride in methanol a t  
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TABLE 1 1  1 

Reaction of l i t l ~ i ~ ~ ~ n  aluminum hydridc xx~ith l,2-dihalidcs ant1 halol~ytlrin p-toluencsulphonates 
- ....... .. ... . - - - - -. . - -- - - ... -. ........... ..... -- . ... . ...... ..... -- - - - -- -- - -. - 

Sol\.cnt , . Sul~stra tc 1 enip. 'l'i~ue (hours) Protluct 
-. .- -. -. . - . .... ..... -. - . - - ..... .. -. . ..... 

Yield (%) 
- -- - - 

2~,3a-l~ib1~ornocl1olcst:~11e (10) (tli;~sial) 'l'ctrahytlrof~~ran I<e f l~~s  1 Cholest-2-cne (11 1) 9 0 
2a,3~-l>ibro111ocl1oIesta11e (IIa) 'l‘ctrahydrofuran I<eflux 1 Cholest-2-ene (1 11) 88 

2.5' 
then 100' 

25" 
then 100' 

lieflux 

1 Cyclohesene 
1 Cyclohesane 
1 Cyclohcxene 
1 Bro~nocyclohexane 
1 traits-Stilbene 

dl-Stilbene dibronlide l'etrahj,tlrofuran (see 'l'able IX) 

117eso-2,3-Dibromobutane Ether 25' 
dl-2,s-llibromobutane Ether 25' 
ii.c~~1s-l-F1~1oro-2-bromocyclol~csa1~e Triglynle 2.5' 

then 100" 
er3~tl~ro-1,2-Dipl~e~~1~l-2-bro~noethyl Tetrahydrofuran 2.5O 

trans-2-Butene 
cis-2-Butene 
Fluorocyclohexane 

- ~ 

fluoride 
2p-Bromocl1olesta1l-301-yl Tetrahydrofuran Rcflux 

p- to lucnes~~lpho~~ate  (Ib) (diaxial) 
3a-Bromocholesta~~-2p-yl Tctrahydrofuran Reflus 

p - t o l ~ ~ e ~ ~ e s u l p l ~ o ~ l a t c  (Ic) (diaxial) 
2a-Bro111ocholestan-3p-yl Tetrahydrofuran Reflux 

p-tolucnesulpho~late (I l b )  
(diequatorial) 

S ~ l ~ a l l  amounts of: 
cholest-2-ene, cholestanc, 
cholestan-2p-01, cholestan-2a-01, 
cholestan-3p-01, cholestan-3a-01, 
plus unider~tified products 

Cholest-2-ene 2a-Brou1ocholesta1l-3a-yl Tetrahydrofuran Reflux 
p-tolue~~esulphonate (IV) 

nzeso-Stilbene tlichloride Tetrahytlrofura~~ 
2~.3a-Dic11lorocholcsta1~e (tliaxial) Tetrahvdrofuran 

lral6s-Stilbene 
Startine material ~ l u s  

chol&t-2-ene. cholestane. 
cholestan-2p-bl, cholestah-2a-01, 
cholestan-3p-01, cholestan-3a-01 

Tetrahydrofuran Reflux 1 Starting material (mainly), plus - 
cholest-2-ene. cholestane. 
cholestan-2p-01, cholesta~>-2a-01, 
cholestan-3p-01, cholestan-3a-ol 

2 Cholesterol (Vl) 97 
5 lralzs-Stilbene 45 

5a,Gp-Dibror1~ocl1olcsta1~-3P-ol (V) 'l'etrahydrofuran lieflux 
e~ytl~~o-l,2-Diphenyl-2-bro~~~octhyl l'ctrahydrofuran I2cflux 

.nlethyl ether - 

2p-Chlorocholestan-3-1 Diosane Reflux 2 Mainly starting material - 
p-tolucncsulphonate (16) 

F 

*Based on reacted starting material. LO w 
-l 
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l a  X , Y  = B r  \ l a  X , Y =  B r  

I b  X = B r  I l b  X = B r  

I c  x = O S O . ~ C H  I lc X  ,Y = CI 

room temperature, (b) commercial sodium "triinethoxyborohydride" in diglyine (diethj.1- 
ene glycol diinethyl ether) a t  rooin temperature, (c) lithium borohydride in ether or 
tetrahydrofuran under reflux, (d) lithium tri-t-butoxyaluminohydride in refluxing tetra- 
hydrofuran, (e) diborane in diglynle a t  room temperature. With sodium borohydride in 
triglyme a t  135O, sodiuin borohydride and aluininuin chloride in diglyme a t  100°, or 
lithium tri-t-butoxyalun~inohydride in triglyme (triethylene glvcol diniethyl ether) a t  135O, 
neither starting material nor cholest-2-ene were isolated. Sodiu~n "trimethoxyboro- 
hydride" in diglyme a t  135' gave cholest-2-ene in 88% yield. Further work on some of 
these reactions will be described in a subsequent publication. Relevant to these observa- 
tions is the recent report (17) that tri-7%-butyltin hydride reduced certain 1,2-dibromides 
to  the corresponding olefin (see Table I). 

Rates o j  Reduction of Dibro~nides and Bromohydrilz p-Tolue~zesz~lphonates 
T o  gain further insight into the factors influencing the reductive eliinination with 

lithium aluminum hydride, a study of the approxinlate rates of reduction of a number of 
dibromides and bromohydrin p-toluenesulphonates (tosylates) was initiated. The reaction 
was carried out in dry tetrahydrofuran a t  O0 in an atmosphere of oxygen-free, dry nitrogen 
under conditions designed to exclude water. Under these conditions the lithium aluminum 
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hydride solution, though slightly turbid, was found to maintain the same reducing power 
(as measured by titration with iodine) over a period of a t  least 3 months. The rate of the 
reductive elimination was followed by stopping the reaction with excess water and titrating 
the bromide ion formed in the reaction. I t  was found, however, that  only the inost 
approxilnate comparisons of relative rates could be made under these conditions. 
Individual runs for a certain reaction time using the same lithium aluminum hydride 
stock solution and the sanle specinlen of the substrate were reasonably reproducible, but 
the same experiment with similar materials of different origin often gave results incom- 
patible with those obtained previously. In addition, the extent of reaction for different 
reaction times, even when carried out on the same day with the same materials, did not 
correspond to an17 simple rate expression. (These results are discussed in greater detail 
elsewhere (33).) 

Previous investigators (34, 35) had reported that water exhibits a catalytic effect in the 
lithium aluminum hydride reduction of certain organic halides. I t  seemed not unreasonable 
that some of the difficulties described above might be due to traces of water being added 
with the organic substrate. T o  test this possibility, a small amount of water was added to 
the reaction mixture along with the substrate. A notable acceleration was observed, see 
Table IV, and also Table V experiments No. 1 vs. 9, and 5 vs. 7. However, when the same 

TABLE IV 
Effect of varying the amount of water added with the substrate in the reduction of t~~eso-stilbene 

dibrornide 

O/,.Reaction of 
Substrate \Vat er LiAlH, solution* ~ndividual Average 

Time (minutes) (mmoles) (mmoles) (conc.) experilllents yo reaction 

1 . 5  0.37 None 0.124 M 43, 43, 45 44 
1 . 5  0.37 0.72 0.131 A6 56, 53, 54 54 
1 . 5  0.37 1.44 0.121 M 62, 66, 59, 58 6 1 
1 . 5  0.37 2.88 0.121 M 77, 75, 78 77 

*In tetrahydrofuran. GO ml. 

amount of water was added to the lithiuin aluminum hydride solution and the mixture 
allowed to stand for 15 minutes before adding the dibrornide, then the rate of reduction 
was accelerated only slightly (if a t  all) over the case in which no water was added : compare 
experiment 12 (Table V) with 1 and 9, or 8 with 7 and 5. Addition of water, therefore, 
has a temfiorary a~ceberating efect. The reproducibility of the above results was checked 
in two ways: (i) A portion of the first lithium alulninu~n hydride stocli solution (A) was 
stored under nitrogen for 3 months a t  room temperature; this solution (B) gave essentially 
the same results as had been obtained earlier. (ii) A new stocl; solution (C) was prepared 
fro111 a fresh lot of lithium alulninun~ hydride and also gave similar results (see Table V). 

I t  was apparent a t  this stage that the telnporary accelerating effect of water introduces 
a complication into any attempt to conlpare the rates of reduction of different organic 
substrates. In the hope of obtaining a reaction mixture of constant reducing power, water 
was added gradually and continuously by passing a constant stream of wet nitrogen 
through the reaction mixture. The results obtained by this procedure using meso-2,3- 
dibromobutane as substrate are recorded in experiments 14-24 (Table V). A plot of log 
(100- yo reaction) vs. time indicates that  under these conditions the reaction is approxi- 
mately first order in dibromide, indicating that the constant addition of water to a large 
excess of lithium alulninunl hydride produces a reagent of a t  least roughly constant 
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TfiBLE V 
W 
0 
0 

Eflect 01 added uratcr and its mode of addition to  the rate of reduction of nleso-2,3-dibromobutane* 
~ ~ p . . - ~ ~ - - p ~ ~ p . - - ~ . . . ~ .  ~ .- .~~~ -- -- 
p...--.----p-.-p-. ~ 

~~ - 
'Time IdiAI13., Ojo Reaction of Average 

I t .  . (minutes) Amount and motle of addi~ion ul 1 1 2 0  concentmtiont individual esperitnents (% reaction 

Kone 
None 
None 
None 
None 
None 

1.44 mmolcs II?O with substrate 
1.44 11111101es 1310 added to  reagelit; let 

stancl lor 15 minutes then substratc added 
1.44 mmoles I320 with substrate 
1.44 mmoles 1-120 with substratc 
1.44 111moles 1-110 with substrate 
1 44 mmoles 1320 added to reagent; let 

stand for 15 minutes then substrate ;ldded 

0.126 G f  (C) 
0.127 M ( B )  
0.126 AT (C) 
0.126 G f  (C) 
0.127 M (A) 
0.127 A f  ( B )  

0.1% G f  (C) 
0.127 M (B) 
0.127 GB (A) 

29, 34, 33 
28 (one run only) 
31 (one run only) 
5, 8, 9 

0.127 M ( B )  10 
I 

5 1.44 mmoles Hz0 added to  r c a g e ~ ~ t ;  let 13, 7, 9 r 
stand lor 15 minutes then substrate added o 

3 N2, saturated a t  OD with H1O, bubbled into 0.127 M (A) 14, 15, 14 14 .rl 

reaction mixture a t  6.0 cc/second 0 

5 N.. saturated a t  0' with H?O, bubblcd into 0.127 11f (A) 22. 23. 25. 24. 23. 21. 23 23 m 
C 

. . . . . .  
reaction mixture a t  6. 6 &/second 

16 5 N2, saturated a t  0' with H?O, bubbled into 0.127 G f  ( B )  30, 29, 21, 20, 23 
reaction mixture a t  6. G cc/second 

5 N2, saturated a t  0" with H 2 0 ,  bubbled into 0 126 M (C) 19, 25, 23, 23, 21 
reaction mixture a t  6.6 cc/second 

7 N2, saturatctl a t  O" with f-120. bubbled into 0.137 d l  (A) 32. 34 . . 
&action tnixture a t  6. 6 cc/second 

19 7 N?, saturated a t  0" with 1320, bubbled into 0.127 M (C) 31, 29 
rcaction mixture a t  6.6 cc/second 

30 10 N2, saturated a t  0" with 1310, bubbled into 0.127 G f  (A) 42, 41, 43 
reaction mixture a t  6 .  6 cc/second 

21 10 N?. saturated a t  0' with L-I?O, bubbled into 0.126 fif (C) 46, 44, 43 
reaction iiiixture a t  6. 6 cc/second 

32 15 N2, saturated a t  O" with 1-120, b ~ ~ b b l e d  into 0.127 M (A) 58, 54, 58 
reaction misture a t  6 .6  cc/scconcl 

23 15 N2, satur;~ted a t  O" with HrO, bubbled into 0.136 n/f (C) 58, 57 
rcaction misture a t  6.6 cc/second 

24 30 N2, saturatctl a t  0" with H?O, bubblcd into 0.137 fif (19) 94, 96 95 
reaction misturc a t  6 .  6 cc/sccond -- 

*(i . 3  X 10-3 .\.I in t e t ~ a i ~ y d r o f u r a n  a t  0'. 
tI.erters A ,  B, and  C designate the stock solution of lithium aluminom Iiydricle. Solution B masa portion of stock solution A tha t  lind been allo\ved to  s tand under nitrogen for  3 ~nonths .  

So lu t iv~ l  C was prepared in the  sanie way a s  A from a different lot of lithium al i~niinum hydride (from the  same supplier). 
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reducing power in which the rate of reaction depends only on the concentration of the 
substrate. The detailed kinetics of the reduction are, without doubt, considerably more 
complicated, but the reproducibility of the above results with different stock solutions of 
lithiu~ll aluminum hydride gives confidence that the rates of reduction obtained by this 
techn~que would be a t  least seilliquantitatively valid, and hence useful for comparing 
different organic substrates. I t  should be noted a t  this point that the amount of water 
added was not sufficient to destroy an17 more than about 10 to 257, of the lithium alumi- 
num hydride, i.e. that the inolar ratio of hydride to substrate changed a t  most fro111 20 to 
about 15. 

In Table VI are summarized the results of the kinetic experinlents which were carried 
out by passing wet nitrogen (saturated with water vapor a t  0') through solutions of lithium 

TABLE VI 

Lithium aluminum hydride reductions of 1,2-dibromides and bromohydrin p-toluenesulphonates with 
continuous addition of wet nitrogen a t  Oo 

-- - 

% R~eaction of Approxiluate time 
Time indlyidual for 20y0 reaction Isolation 

Substrate ( m i n ~ ~ t e s )  experiments* (min~ites) y ieldf 

meso-Stilbene dibromide 1 75. 82 0 .25 95 
dl-Stilbene dibromide 

~rzeso-2,3-Dibromobutane 5 21, 24 
dl-2,3-Dibromobutane 5 25, 21 
28,3a-Dibromocholestane (In) 3 5 19 

3 .75 2 1 
23 
70, 56 

2p-Bromocholestan-3a-yl 6 19 
p-toluenes~ilpho~iate (I)) (diaxial) { 8 27 

3a-Bromocholestan-28-yl \ 5 36, 38 
p-tol~ienesulphonate (Ic) (diasial) 

"Conce~itrations: LiAIM.r, 0.128 1 1 ;  substrate ,  (i.37X 10-3 11.1; in tetrahydrofurn~l .  
+.Alter titration, the  reaction mixture irorn one run was \vorkecl ul) in t l ~ e  same \va:r t h a t  was used for t h a t  substrate  t o  obtain 

the  da ta  i l l  Table 111. T h e  numbers in the  column give the  percentage actually isolated of the quanti ty expected on the  basis 
of the  titration. 

alun~inum hydride and a variety of organic substrates in tetrahydrofuran. From these 
data it is readily apparent that those compounds reduce ~llost readily in which the dihedral 
angle forined by the two carboils and the two leaving groups is 180". In other words the 
preferred reaction is a trans elimination. Thus meso-stilbene dibromide reduces faster than 
dl-stilbene dibroinide and the diaxial steroids reduce Inore readily than their diequatorial 
(or their cis) isomers. In most instances the rate differences were not very large, and with 
the 2,:3-dibromobutanes there was no apparent rate difference a t  all. The products from the 
reduction of the 2,3-dibromobutanes, however, show that the reaction is strictly a trans 
elimination (see Table 111). I t  is of interest that ~inder  the "anhydrous" conditions 
meso-2,3-dibromobutane apparently reduces slightly faster than the raceinic isomer. 
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Under the "anhydrous" conditions also, 5a,G@-dibromocholestan-@-01 (V), in which the 
broilline atoms are diaxial, apparently reduces more than 40 times faster than its di- 
equatorial isomer (VII). 

For those cornpounds in which the dihedral angle of 180" is not readily formed, trans 
elimination may require extra activation energy, and other reactions, especially cis 
elimination and substitution, nlay compete. An example is the reduction of dl-stilbene 
dibroinide, which a t  - 10" in tetrahydrofuran gives 5% cis-stilbene (the trans elinlination 
product) and 9.5% trans-stilbene (formally, at  least, the product of a cis elimination). 
At higher temperatures a higher proportion of the cis isomer is formed. cis-Stilbene is 
gradually iso~nerized to trans-stilbene under the reaction conditions but the rate is too 
slow to account for the quantity of trans-stilbene produced in these reductions. In addition 
it was found that 1,2-diphenylethyl bromide yields no trans-stilbene under the conditions 
of the reaction; this clearly demonstrates that  this reduction, unlilie some cis reductions 
with sodium iodide (3G), cannot be rationalized by a two-step process of initial substitution 
by one equivalent of the reducing agent followed by a trans elimination. The experiments 
do not exclude the possibility that under the reaction conditions the dl-stilbene dibro~nide 
rearranges to the meso isomer which is then rapidly reduced; the rearrangement of 
dl-stilbene dibromide above its melting point is well-known (37) but the lilielihood of a 
rapid rearrangement a t  - 10" seems small. 

A second conlpound which undergoes cis elimination is cis-l,2-dibromocyclohexane 
which yields cyclohexane together with a larger amount of the  non no substitution product, 
bromocyclohexane. cis-1,2-Dibro~nocyclohexane is an apparently stable compound with 
no tendency to iso~nerize to the trans isomer; preliminary iso~nerization followed by trans 
elimination \vould seem very unliliely indeed. Again the possibility of substitution 
followed by nletathetical elimination is excluded by the observation that bromocyclo- 
hexane yields no cyclohexene under the conditions of the reaction. In the sense that  the 
reaction cannot be reasonably interpreted as involving a preliminary transforination 
followed by a trans elimination, the formation of cyclohexene from cis-1,2-dibromocyclo- 
hexane evidently must be regarded as a "true" cis elimination; further mention of this will 
be made in the discussion of the mechanism. 

The reductive elinlination of 2a-bromocholestan-3a-yl tosylate (IV), in which the bro- 
mine and tosyloxy groups are cis, would also appear to be a true cis elimination for the 
following reasons. Displacement of the bronli~le by hydride followed by dehydrohalo- 
genation of the resultant tosylate (cholcstan-3a-yl tosylate) is excluded because the latter 
co~npound does not give cholest-2-ene (111) under the reaction conditions. The alternative 
substitution-metathetical elimination pathway, which would require the inter~nediacy 
of 2a-bro1~1ocholestane, would seem extre~nely unlikely in view of the lack of olefin obtained 
from bromocyclohexane. 

Referring again to Table VI, another point of interest is the fact that the two diaxial 
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bromohydrin tosylates (Ib) and (Ic) reduce a t  about the same rate as the corresponding 
dibronlide (Ia). In this respect the reduction with lithiunl aluminum hydride differs from 
that with sodium iodide. With the latter reagent Cristol et al. (3G) found that  tra?zs-2- 
bromocyclohexyl tosylate reduced about 20 times faster than trans-1,2-dibromocyclo- 
hexane. 

Disclission of i1Jechanisnz 
I t  would seem natural, in attempting to determine the mechanism of a reductive 

elimination reaction, to  make use of the concepts which have been developed for the ~neta-  
thetical processes. Extension of the mechanisms of metathetical elinlination to  reductive 

I 
C-C + B- 

I 

- c - -  % 
I + 

C - C  C - C  
I 

Y 

' \ l i d - /  y- 

B X +  C=C+YP 

E l c b  E 2  El  

METATHETICAL ELIMINATION MECHANISMS 

X 

C - C  + z -  

// ,z6- ;\\ z- z- Z 

X 
I 

ZX f 
c - -  c I + 

c-- c C-C 
/:\ 

C-C -----+ 

/X\ 
C-C 

I 

Z X +  C=C + y -  

"Reductiy "Winstein-Pressman- "Carbonium ion "Heteron~um ion "Hine-Brader 
E l c b  Young Reductive E 2 "  Reductive El" Reductwe E l "  Reductive E2" 

POSSIBLE REDUCTIVE ELIMINATION MECHANISMS 
SCHELIB 1 
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elimination is in some respects not trivial and some ainplification is required a t  this point. 
In scheme 1 are set down the three mechanisms, which, together with mechanisms 
intermediate in character between these extremes, are currently regarded (38, 39) as  
describing all ionic metathetical eliminations which leacl to the forination of olefins. 
Underneath are extensions which have been or may be made to  apply to  ionic reductive 
elimination. The arrangement in scheme 1 is sucll tha t  between each mecl~anism and the 
one adjacent to  it, one can easily visualize a continuous range of hybrid or "in between" 
processes. The five typical mechanisms shown, together wit11 the hybrid mecl~anisins, 
constitute a continuous band or spectrum of reaction pathways. This scheme, though 
discussed here specifically with respect to reductive elimination, is probabl~, general for 
all eliminations; the somewhat more restricted scheme for n~etathetical eliminations 
probably just reflects the inabilitj- of hydrogen to  form species suc11 as  X I  and XI I ,  
together with the fact tha t  most of the worlt on metathetical eliminations has been carried 
out on compounds in which X = I-I. 

At least three of the five reductive elimination mechanisms have been proposed pre- 
viously. In 1039, Winstein, I'ressman, and Young put  for~vard (40) the mechanism 
involving species 1X (scheme 1) to rationalize the observed kinetic and stereocl~emical 
data  for the reduction of 1,2-dibronlicles with sodium iodide; since then it has been usual 
for most authors to  discuss the mechanism of other reductive eliminations in terms of this 
process. I-line and Brader, however, put forward another reductive E 2  mechanism (pro- 
ceeding via species XI1  in scheme 1) for the reaction of dibro~llides with iodides (41); 
their chief point in favor of this mecl~anism is that  i t  allows the halogenation and de- 
halogenation reactions to proceed via the same species (though, of course, in the reverse 
sequence). The  "reductive Elcb"  mechanism has been suggested (1) for the reduction of 
1,2-dibromides with bivalent metals.* (The designation "reductive Elcb" is used in this 
discussion in order to  show the parallel wit11 the metathetical reaction; the literal signi- 
ficance of the term is lost, however, since the intermecliate anion (VIII) is not the 
conjugate base of the starting material.) 

T o  complete this mechanistic scheme it is apparently necessary to postulate mechanisms 
involving both the carbonium and "heteroniu~n" ions, (X) and (XI)  respectively, since 
depending on the nature of the substituent X and on the substitution of the carbon 
bearing Y, heterol~.sis of the starting material may lead to either of the extreme species 
and presumably also to a range of cations of intermediate character. I t  has recentll- been 
reported that  an  episulphoniun~ salt is reduced to the corresponding olefin xxlith sodiunl 
iodide (42). I t  is attractive to regard this reduction either as representing an example of 
the second stage of the "heteronium ion El  reaction" (XI -+ olefin, directll-), or alter- 
natively as  proceeding first to  the I-Iine-Brader intermediate, as indicated bl- the dotted 
arrow, followed by olefin formation (i.e. X I  4 XI1  4 olefin). 

I t  should be emphasized that  the possible reductive elimination mecl~anisms in scheme 1 
are put  forlvarcl in the hope of creating some order in the study of these transformations. 
Some of the mechan i s~~~s ,  though plausible, are nonetheless quite speculative. T o  our 
ltnowledge, in no case has a n y  of the five mechanisms been established be>-ond question. 
I t  is in the context of this primitive state of the Icnowledge of these reactions tha t  the 
following discussion of the lithium aluminum hydride reduction must be viewed. 

Of the five i-nechanisms in scheme 1, two may be readily excluded for the reductive 

*These  a~r tho i s  do 120t draw a clear. d is t l~tc t ion betzaeen the "iedzrctiae E lcb"  arid the "TTrinslei?z-Piessr?~a?z- 
Yotr?tg reductive E2" nzechalzis?ils, but their dzsc~issio?t of tlze non-stereospecific redziction of the stilbelze dibrot~iides 

atld related compoz~nds  i s ,  i l l  effect, z?z ter?ils of the E l c b  ~~zecha?zisnz. 
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elimination with lithiunl alunlinuill hydride. Neither the "reductive E lcb"  mechanism nor 
the "carbonium ion reductive El" mechanisn~ satisfactorily accounts for the observed 
predoillinance of trans elimination and hence cannot be inlportant routes for the reduction. 
The  available da ta  do not allow any definite conclusions to be drawn concerning the other 
three reductive elimination mechanisms. The  "l~eteronium ion reductive El" and, 
perhaps rnore particularly, the "Hine-Brader reductive E2" nlechanisnls might be ex- 
pected to be strictly trans eliminations,* so that  any scheme iilvolving either of these 
would probably require the postulation of one of the other mechanisms to explain the  
cis eliminations. On the other hand it has recently beell proposed (43, 44) tha t  the meta- 
thetical E2,  reaction takes place most readily w l ~ e n  the leaving groups and the carbons 
to which they are directly attached form a dihedral angle of either 0" or 180". If the 
geometrical requirenlents for the "Winstein-Press111ai1-Yo~ing E2" reaction are the 
same, then it by itself would account for all of the reductive eliminations described in 
this paper. The  fact tha t  the cis elimination is sonlewhat slower than the trans would be 
regarded sinlply as a reflectioil of the extra energy required for the coinpound undergoing 
cis elimination to achieve the totally eclipsed conformation (44). T h e  ability of the 
"Winstein-T'ressi11an-Y-oui1g E2" mechanism to  account for all of the observed elimination 
products is an attractive feature favoring this possibility, but  it cannot be regarded as 
coilcl~~sive evidence. 

There does not appear to have been any previous mention of the "heteronium ion 
reductive El" mechanism,i and lest it be dismissed too lightly it is perhaps worth pointing 
out tha t  such a mechanism fits readily into the pattern of the reactions of lithium alu- 
minum hg.dride with organic halides generally. I t  was early recognized (25) that  s ~ ~ b s t i t ~ ~ t i o l z  
a t  a saturated carbon with lithium alumin~im hydride was a nucleophilic attack on carbon 
by a hjxlride ion or its conlplex equivalent. In addition it has beell clearly shown tha t  the  
displacement in simple secondary bromides and tosylates is predominantly a Ss2 reaction 
(45). Nonetheless there are a number of cases in wl~ich it seeins 1il;ely tha t  the reaction 
proceeds via a Ssl mechanism. Corey and co-worlcers (46) have observed tha t  the products 
formed in the reduction of cholesteryl tosylate are not coillpatible with a Ss2 process 
but  are readily accounted for by assuining tha t  the l~omoallylic carboniunl ion is an  
intermediate. Other phenomena inore readily explained by a Ssl rather than a Sx2 
mechanism are: (i) the high reactivity of triphenylmethyl chloride (23), (ii) the formation 
of rearranged products from 2-phenyl-3-pentyl tosylate (47), 7-chloronorbornadie~~e 
(35, 48), and 1-bromo-7-norbornanone (49) as  well a s  cholesteryl tosylate (46, 30). In  
addition it may be noted that  the tropyliuill ion is reduced to  tropilidene ( j l ) ,  showing 
that  an  undoubted carboniuin ion can, in fact, be reduced to  the  hydrocarbon with 
lithium aluminum hydride. 

* T h i s  espectation rests 012 tzzo a s s z ~ n z p t i o ? ~ ~ :  t i )  that the fornlalion of the i7ztermediales X I  and X I I  inoolzles 
displacen7ent of Y -  w i th  inversion of conJlgzlration, n ~ z d  ( i i )  that 120 geo)~ietrical isonieriealion takes place before 
or dzlring reduction of the i?zlerl~zedinte ( X I  or X I I )  lo the oleJl11. I t  is reasonable to expect thul th?se assu1r1plio7zs 
wozlld be valid i n  nlost instances, bzrt i t  ,is possible to i~zlagine exceptio?zs, especially zaillz tlze keteronizl~n io)t  
E l "  reaction; to the e.~tent that s ~ l c h  esccptions are plazlsible 672 tile present instance, tlzen the force of the a r g z ~ n ~ e n t  
favoring tlze " II'i?zstei~~-Prcss7zzn~1- Yozlng E2" nzccha7z'isni i s  di?)zi?zisI~cd. Tlze distinctiow that is bei7zg drazo7t 
at th is  point i s  t l ~ a t  t l~ere  are real cis e l i~n ina t ions  in a rcaclion zirl~ich i s  believed to be annlogozls lo thc " II*i7zslein- 
Pressnia?z-Yozlng E2" redziction, whereus a n y  cis e l%~ninnl ions  i n  the oll~er two elirni?zalions are, at present, 
l~ypothetical.  

~SOTE ADDED IS PROOF: SLLCIZ a nzeclranisnz, a s  we have belatedly discovered, has ,  i n  fact,  bee72 proposed by  
J .  I T r .  Cornforth, R. I I .  Cornforth, and K .  K.  -/lnthew ( J .  Clzenz. Soc. 1 1 2  (1959)) .  SpeciJlcally tlzesc az~l1~0i.s 
szlggest that a three-~ne~nbered ring iodoz ium i s  a n  inter~irediatc i n  111,~ rcdllclio~l of iodokydri)rs lo oleJlns by  
means  of n 112j.~tz~rc of s lannoz~s  clzloride and plzosplzor~~s o.vyc1rloride i n  pyridi?zc. T h e  data i n  t l ~ i s  cldvzirable 
paper are not s~@icient to establislz tlze ~)zechanism rigorozlsly (they would ,fit equally well w i th  llze "I I ine-Brudcr  
reductive E2" ~rzeclranisnr, for esa17iple), and  at the ~ i l o n ~ e n t  the proposal wollld appear  to bc bust described a s  
a n  attractive and reasonable szlggcstion. 
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Ionization of a 1,2-dibromide or bromohydrin tosylate is believed to lead to a bromo- 
niuln ion (52, 53). Such an ion, in principle, could be attacked by hydride either a t  carbon 
or bromine; the foriner would lead to forination of the monobromide, the latter to the 
olefin (which reaction is, of course, simply the "heteroniuin ion El" reduction of scheme I). 
Such a direct reduction of a bromonium ion to an olefin is not i~nplausible and finds 
parallel in the formation of olefins by the reduction of episulphides with lithium alu- 
minum hydride (54) or triethyl phosphite (55), and also the reduction, referred to above, 
of an episulphoniuln ion with sodium iodide (42). I t  is perhaps of interest that the bro- 
monium ion mechanism can account for the formation of 2-bromooctane (as well as 1- 
octene) from 1,2-dibromooctane (see Table 11). In this case since one of the carbons 
of the bromonium ion is primary, attack on that carbon might be expected to be an 
important reaction path. (Another rationalization of the formation of 2-bromooctane is 
mentioned below.) 

To  sum up this discussion of the three stereospecific mechanisms in scheme 1, it appears 
that attractive cases may be made for both the "Winstein-Pressman-Young E2" and 
the "heteronium ion El" inechanislns but there is no reason to fault the "I-Iine-Brader 
E2" niechanism. The possibility either of two or more concurrent mechanisms* or of a 
hybrid or "in between" mechanism exists but does not warrant discussion until Inore 
data are obtained. 

Another question raised by this study is the cause of the telnporary accelerating effect 
of water. A priori i t  is conceivable that reaction of water with lithium aluminum hydride 
produces a reagent of greater reducing power than lithium alulninum hydride itself. But 
it  has been reported that the lithium alkoxyaluminohydrides in general are weaker 
reducing agents than lithium aluminum hydride (57); this is in agreement with our 
finding that lithium tri-t-butoxyaluininohydride does not react with 2P,3ac-dibromo- 
cholestane in refluxing tetrahydrofuran. Eliel and Prosser (34) have called attention to 
this point in connection with the effect of added water and alcohols in the reduction of 
chlorohydrins, and have concluded that the accelerating effect in their systein inay be 
due to the formation of a more active Lewis acid in the ~nixture. Such a Lewis acid could 
accelerate these reactions by adding onto the halide (or tos).late) group to  give an easily 
heterolyzed complex. Such a process would fit in with any of the mechanisins in scheme 1, 
it would silnply inean that the Y groups would be complexed leaving groups rather than 
the original halide or tosylate functions. A preliminary complexing with a Lewis acid is 
probably necessary for either the El or the SN1 reactions with lithium aluminum hydride 
(assuming that they exist), since most halides or tosylates do not ionize spontaneously 
and rapidly in tlie solvents used for these reactions. Aluminum hydride has been suggested 
as the active Lewis acid facilitating the formation of an ionic intermediate (58), but the 
complex of aluminurn hydride with tetrahydrofuran is apparently stable under the 
conditions of our study (59, GO) and therefore is a poor candidate to explain the compara- 
tively short lifetime of tlie accelerating effect observed in our case. The present data are 
consistent with the possibility that the accelerating effect of water is due to an hydroxy- 
aluminohydride (Al(OH),Ht-,,) which rapidly disproportionates, reacts with solvent, 
and (or) polymerizes. The inorganic products formed in the reaction do not show any 
noticeable catalytic activity: a solution of lithium aluminum hydride in which meso- 
stilbene dibromide had been completely reduced showed no greater reactivity than one 
that  had had no stilbene dibromide added to it. 

*It has recently beetz suggested that reduction of etlzylene dibromide witlz s o d i ~ ~ n z  iodzde i n  acetone involves 
both the " LVinstein-Pressnznn- Young E2" and tlze "Hi?ze-Brader E2" nzeclzaniswzs (56). 
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Among the data in Tables I1 and I11 are a number of cases in which direct displacement 
of halogen by hydride predominates over reductive elimination. These are, in particular, 
the reactions of (a) 1,2-dibromooctane in which the displaced bromine is primary, (b) 
trans-l,4-dibroi~~o-2-butene, in which the displaced bromine is allylic, and (c) ethyl 
P-chloroethyl ether, in which the displaced chlorine is on the saine carbon as the ether 
oxygen; in each of these cases the relatively fast displacement is easily rationalized in 
terms of known properties of the Sx2 reaction. The cyclooctatetraene dibromide reduction 
is readily explained if i t  is assumed that the reduction proceeds through the monocyclic 
valence tautomer, in which both bronline atoms are allylic. The formation of bromo- 
cyclohexane from cis-l,2-dibromocyclohexane presumably reflects the ability of displace- 
ment to compete with reductive elimination when steric factors retard the latter reaction. 

The reduction of the trans-2,3-dichlorocholestanes leads to cholest-2-ene, together with 
roughly the same amount of what appears to be cholestane, and a smaller amount of a 
mixture consisting of all four of the 2- and 3-cholestanols in approximately equal propor- 
tions. The surprising formation of the cl~olestanol mixture would appear to result from 
displacement of chlorine by hydroxide or oxygen bound in some form to aluminum. The 
most 1il;ely source of the oxygen is hydrolyzed reagent though the ratio of mixed clloles- 
tanols to other materials in the product is not sensitive to the extent of hydrolysis of the 
reagent: carrying out the reaction with carefully dried apparatus and solvent gives the 
same mixture as that obtained in the presence of wet nitrogen. I t  is not difficult to devise 
a scheme which accounts for the cholestanols being formed, but it is not particularly 
obvious why the four isomers should be formed in similar quantities. A similar mixture 
of cholestanols is also fornled in low yield from 2~-bromocholestan-3~-yl tosylate. With 
this compound the hydroxyl group in the products might conceivably arise by S-0 
fission of the ester, but the similarity of the coinposition of the mixture of cholestanols 
to that obtained from the dichlorocholestanes suggests that they arise by a similar 
n~echanism. Experiments are now being carried out which, it is hoped, will provide 
evidence as to the origin of the cl~olestanol mixture. 

EXPERIMENTAL 
Infrared spectra \trere obtained using Becknlan IR-5 or IR-7 spectrophotometers equipped \vith s o d i ~ ~ n l  

chloride optics; all values q ~ ~ o t c t l  for the frcq~~encics of infrared maxima were determined with the IR-7 
instrument. Melting points, which were detcrminecl on a Icofler hot stage, and boiling points are ~~ncorrected. 
Optical rotations refer to chloroform so l~~ t ions  a t  room temperature (c -1.0). The refractive indices were 
determined with a thermostatically controlled Bausch and Lomb refracton~eter. Thin-layer chromatography 
\\.as carried out using Catnag Icieselgel D5 or DF5. Petroleum ether, ~tnless otherwise specilied, refers to the  
fraction of boiling range 35-60'. All glassware used for rate measurements and the distillation of solvents 
was dried a t  200' or more for not less than 2 hours. 

The tetrahydrofuran used in this stucly \\.as 1;isller Certified Reagent refluxed for not less than 4 hours 
Lvith lithium aluminum hydride ancl then distilled. Triglyme alas purified as previously described (61). 
Diosane \\.as purified by the method of Vogel (62) and stored under dry nitrogen; it \\.as tested for perositles 
before use and if these were found present, it was redistilled from lithium al~uninum hyclride. ?'he benzene 
for the iodometric titrations was BDI-I "Analar" grade refluxed over calcium hydride and distilled. h81al- 
linckrodt "ether anhydrous analytical reagent" was used i11 reductiorls without further purification. 

2p,Sa-Dibi.o1~iocholestc~~ze 
Prepared from cholest-2-enc as described by Alt and Barton (63); m.p. 123-1211', [ a ] ~  +7G0; reported 

m.p. 123-12io, [a]= +TO0. 

2a,S~-Dib~o~1rocholesta~ze 
Prepared from 28,3a-dibromocholestane as described by i l l t  and Barton (63); m.p. 143-145', [ a ] ~  -29'; 

reported m.p. 144-l4jo, [a]= -29'. 

2p,Sa-Dichlo~ocholes~a1re 
Prepared from cholest-2-ene as previously described (63) ; m.p. 105-108°, [a] +61°; reported m.p. 108-112°, 

[a] +63'. 
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2a,SB-Diclzlorocholeslane 
Prepared frorn cholest-2-ene as  previously described (63); m.p. 148-l5O0, [a]D -4"; reported m.p. 150-152", 

[ a ] ~  -7'. 

5 a , 6 ~ - D i b r o t r 1 0 c l ~ o l e s t a n - S ~ l  
Prepared as  previously described by Fieser (64). Recrystallization from ether - petroleurll ether gave a 

product m.p. 115-lli0, [a]" -45"; reported 111.p. 112-114', [a]" -44' (65). 

5~,6a-Dibroniocholesla~z-S@1 
The  follo\\ling procedure was found to be Inore convenient than that of Barton and kIiller (65). 5a,6B- 

Dibromocholestan-3B-01 (3.5 g) was refluxed in spectroscopic grade carbo11 tetrachloride (100 ml) for 24 hours. 
About 60 rnl of the solvent was rerlloved in  vacua and the solution was then diluted rapiclly \vith methanol. 
The  first crop of crystals \vas ~rnchanged starting material. Further dilution with ~nethanol furnished, after 
recrystallization from ether-methanol, 5~,6a-dibromocholestan-3B-ol (1.3 g),  m.p. 141-143", [a]D +45"; 
reported m.p. 1-13",   ID +47". 

2~-ChlorochoIestn~z-Sa-ol 
Prepared from '2a,3a-epoxycholestane a s  previously described (63) ; m.p. 1 18-12l0, [ a ] ~  +40°; reported 

111.p. 118-120°, [O]D +30°. 

2a-Bro~noclzolesta~a-Sa-oL 
Prepared by reduction of 2a-bromocholestan-3-one with sodium borohydride as  previously described 

(66); m.p. 116-llS0, [a]o +3G0; reported m.p. 117-118", [a]D 4-33". 

2a-Bron10clrolesta71-3a-yl p-Tolueneszilplzo~znle 
Prepared fro111 the alcohol in the ~rsual way (61); recrystallized four times from acetone, 111.p. 237-24O0, 

[O]D +40°. Calc. for CglHj303SBr: C, 65.68; H, 8.59; S, 5.16; Br, 12.853.  Found: C, 65.74; H, 8.45; S,  4.97; 
Br, 13.027;. 

2~-Cl~ lorocho les la~~-S0-y l  p-Tolrie~zes~~lplaonate 
Prepared from the alcohol in the usual way (61); recrystallized four times from acetone, m.p. 182-183", 

[ a j ~  +46". Calc. for C31Hj303SCI: C, 70.73; H, 9 2 5 ;  S ,  5.55; CI, 6.14%. F O L I I I ~ :  C, 71.20; H ,  8.91; S ,  5.59; 
CI, 5.017o. 

2~-Bronzockolesla~z-3a-yl p-Toli~e~aeszilplaonafe 
Prepared as  previously described (67), m.p. 168-17O0, [a]" +49"; reported m.p. 168-170°, [ a ] ~  +49". 

Sa-Bro~~zoclaolesta~i-3s-yl p-Tolzieneszilpho?~ate 
Prepared as  previously described (GI), m.p. 174-l7i0, [a]" +49". 

2a-Bro~~iocholesfan-SB-yl p-Tollie7zeszilpIzo~~ate 
Prepared as  previously described (GI), m.p. 135" and around 165", [CYJI) -38.j0, 

Derivatives of 1,2-Diphenylethane 
nzeso-Stilbene dibromide: crystallized from toluene, m.p. 237". dl-Stilbene dibromide: m.p. 113-114". 

n~eso-Stilbene dichloride: m.p. 191-193". dl-1,2-Diphenylethanol: 111.p. 65-67', dl-l,2-Diphenylethyl bromide: 
prepared by the method of Curtin and I<ellorn (68): 1.6015. erytlzro-1,2-Diphenyl-2-bromoethyl fluoride: 
prepared by Dr. J.  Newton (69): m.p. 104-105". erytlaro-1,2-Diphe11yl-2-bromoethyl ~ l ~ e t h p l  ether: prepared 
as  described by Bartlett and Tarbell (70): n1.p. 117-120". 

Derivatives of Butane 
(a) nzeso-2,S-Dibronzobz~tnne.-tr~~~zs-2-B~rtene (99 Inole % minimi~m, supplied by Phillips Petroleum 

Company, Special Products Division, Bartlesville, 0l;lahorna) was bubbled slowly into an  ether solution 
(150 1111) of bromine (16 g) cooled in a dry-ice and carbon tetrachloride bath, until the solution becarne 
colorless. The reaction ~llixture was then poured into water and extracted with ether. The  ether extract 
was washed \\.ith dilute sodium sulphite solution, dilute potassium bicarbonate solution, and water, and dried 
over sodium sulphate. 12emoval of the solvent and distillation of the residue gave after a s~nal l  forerun, 
~neso-2,3-dibrornobutane (8.0 g) ;  b.p. 72-73" (51 mrn); nD20 1.5120; reported b.p. 72.7-72.9" (50 nun), 7lD2O 

1.5116 (71). 
(6) dl-2,3-Di6ro11zobz~tane.-This compou~ld \\;as prepared from cis-2-butelle (99.97 11lole yo tninimurn 

supplied by Phillips Petroleuul Company, Special Products Division, Bartlesville, 0l;lahorna) by the same 
procedure as  described above for n~eso-2,3-dibr01uobuta11e; b.p. 72.5-73.5" (50 mln), nD20 1.5143; reported 
b.p. 75.6-75.8" (50 llllll), nD20 1.5147 (71). 

Derivatives of Cyclolzexane 
(a) tra~~s-1,2-Dibro1nocyclohexane was prepared by the addition of bromine to  cyclohexene in carbon 

tetrachloride as previously described (72); n~~~ 1.5507; reported t1D" 1.5507 (73). 
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( b )  cis-1,2-Dibromocyclohexane was prepared by the free radical addition of hydrogen bromide to 1-brolno- 
cyclohexene as described by Goering et (11. (71). Recrystallization from pentane gave the product, m.p. 
6-8"; reported m.p. 9-10". 

(c )  trans-1-Bromo-2-fluorocyclohesane nras supplied by Mr. F. H. Dean ( O ) ,  1t1,~O 1.4820; b.p. 88-90° 
(84 mm). 

Lithlz~nt Alz~~izi?~zrnz Hydride Stock Solutio~ts 
Lithium aluminum hydride (Metal Hydrides Inc.) sufficient to give an  approximately 0.8 f 0.2 111 

solution was placed i11 a Soxhlet extractor and extracted with anhydrous tetrahydrofuran. The stock solution 
was then attached to the burette assembly as in Fig. 1. The ~nolarity of the stock solution \vas determined 
by the addition of excess standardized iodine in anhydrous benzene, followed by back titration with s o d i ~ ~ m  
thiosulphate as described by Fellrin (31). 

Procedure for the Deter?ni?lation of t l ~ e  .Stoichiontetry 
Anhydrous tetrahydrofuran (approx. 150 ml) was distilled under a nitrogen atnlosphere into a three- 

necked flaslc (300 ml) containing the dibromide (approx. 8 mrnoles) and fitted with reflux condenser, magnetic 
stirrer, and drying tube. The flask was q ~ ~ i c l ~ l )  transferred from the distillation assembly to the burette 
containing the stoclc solution of lithium aluminum hydride (see Fig. I ) ,  and excess hydricle added. After the 
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addition of the hydride was complete, the reaction mixture was refluxed for 1 hour in the nzeso-stilbene 
dibron~ide experiments and 2 hours in the 5a,Gp-dibromocholestan-3p-ol experiments. The  active hydride 
remaining after reduction was titratecl with a standardized solutio~l of iodine in benzene (31). Blank 
experitnents with stilbene and cholesterol, respectively, were carried out to determine the amount of hydride 
lost during the operations. For these experiments both the 5a,Gp-dibromocholestan-38-01 and the cholesterol 
were recrystallized from ether - petroleum ether and carefully driecl. The results are recorded in Table VI I. 

After the iodine titration, the reaction mixture \\.as poured into water and extracted with ether. The ether 
extract was \vashed with dilute sodium sulphite solution, dilute sulphuric acid, and water, dried over socli~~tn 
sulphate, and the solvent evaporated. The olefin was then recrystallized from ether-ethanol. The  yields 
are summarized in 'Ihble VII. 

Ge,zeral Procedtire for Rate illeasr~renzents zuitlt Lithizlnt AIzinzitt~i~tz IIydride (Tables I V to V I )  
( a )  Tlze Reaction 
'The glassware was heated in an  oven (~ninimum temperature 200') for not less than 4 hours before use. 

A three-necked, round-bottomed flaslc (100 ml) equipped with condenser, magnetic stirrer, stopper, and 
nitrogen inlet tube was quiclcly assembled and heated with a Bunsen burner flame while dry  nitrogen was 
passed through theapparatus. When theapparatus had coolecl to roorn temperature, the stopper was quiclrly 
removed and the  substrate (0.366 rnmole) and tetrahydrofuran (50 ~ n l )  aclded to the reaction vessel under 
positive nitrogen pressure. The  reactants were cooled in an ice bath to l & l O .  The reaction \-essel was quicldy 
transferred from the ice bath to the burette assenlbly (see Fig. 1) and lithium aluminum hydridc (7.32 
mmoles) in tetrahydrofuran added. The  reduction was stopped by pouring the reaction mixture into water 
(150 ml). 111 the kinetic experiments in which water was initially present before the addition of lithium 
aluminurn hydride, the water was  nixed with the anhydrous tetrahydrofuran. In all other experiments 
involving addition of water, nitrogen saturated with water vapor by passage through a n  ice-water t rap  was 
bubbled into the reaction vessel a t  a constant flo\v rate. T h e  flow rate (6.6 ml/second) was measured 114th a 
burette (50 ml) as a soap bubble flow meter. 

(b) illethod of Brontide I o z  Analysis  
, . I he reaction mixture, after being quenched with water, was acidified with glacial acetic acid (approx. 

20 ml). The amount of bromide ion mas then determined by potentiometric titration with N/10 silver 
nitrate using a n  Electronic Instruments Ltd. (Surrey, England) Model 23A ptI  meter, and the follo\ving 
electrode system: silver electrode in contact with the bromide ion solution, with a calomel reference cell in a 
separate beaker and connected to the titration vessel through an a~n~noniurn  nitrate bridge. T o  inhibit 
g~~rnming  of the silver electrode by the organic precipitate, benzene (ca. 50 ml) was aclded to the titration 
mixture. Under the titration conditions the organic substrates clo not react with silver nitrate. A blank 
titmtion of the hydrolyzed reagent sho\ved the presence of a small amou~\ t  of halide ion (presumably lithium 
chloride); the quantity of silver nitrate consumed by the hydrolyzed reagent was determined before each 
run and was subtracted from the titer of that run. 

Reaction of Lithizcnl i l l z i~nh~z in i  IIyd,ade wit11 TIj'ater 
The follo\ving experiments were carried out to measure the amount of lithiurn aluminum hydridc (or 

active hyclride) destroyed by bubbling moist nitrogen into the solution under the conditions clescribed in 
the above section. In two experiments wet Xr (saturated a t  0°) was bubbled into the ~ n i x t ~ ~ r e  a t  the rate 
of 6.G ml/second for an  interval and the mixture then titrated immediately with I?  in benzene. In the other 
two experiments a cl~~arlt i ty of water equal to that  calculatecl to have been added in the wet S r  experiments 
\\-as added directly and the mixture allowecl to stand for the samc length of time as  the N p  had been b ~ ~ b b l e d  
in and the mixture then titrated with I? in benzene. 'The results are summarized in Table IJIII .  

Reaction of Lititiz~ni Alzi?lzin.unt IIydride .iuitlt 1,d-Dihalides and Related Conlpoz~nds (Table 111) 
Ge,teral Procedr~re 
A number of the reactions gave a crystallirle product in good yield. In each of these cases, the substrate 

(ca. 50 ~ n g )  was refluxed for 1 hour in 1.0 M lithium alumi~lum hydride (ca. 4 ml). The  reaction nlixture \\.as 
poured into water and extracted with ether. The ether extract was \\lashed with dilute sulphuric acid and 
water, dried with sodium sulphate, and the solvent evaporated. Iiecrystallization gave a product which was 
identified by melting point, infrared spectrum, and where useful, optical rotation. 'The yields are summar izecl 
in 'Table 111. 

Other reactions are described individually below. 
(a) 2a-Bro1,1ocholestan-3p-yl p-Tolrre?zes~rlpl~onate.-Exa111i11ation of the reaction product by thin-layer 

chromatography gave the following results: tile 1 (petroleum ether) indicated only trace amounts of 
cholestane and cholest-2-ene (identified by authentic samples run on the  same tile); tile 2 (petroleum 
ether - benzene, 1:l)  established the absence of starting material; tile 3 (benzene-ether, 3 :  1) showed the 
presence of not less than 10 products, four of \vl~ich appeared to be the 2- and 3-hpdroxycholestanes by their 
R ,  values. 

(b) 2p,3a-Dicltloroclrolesta?~e.-I1~ addition to  a strong hydroxyl band a t  3620 c~n-I, only unreacted starting 
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TABLE VIII  

Reaction of Li.411-14 in water 

Amount of \ va tu  
Time Sumber  of (mmoles) aclded and LiAIH., I2 (~nmoles) LiXlH, (m~noles) 

(minutes) TUIIS method of addition (mmoles) titer destroyed 

0 1 0 7.32 14.G (0 .0)  
15* 3 1.62t  in met N2 7.32 12.5 1.06 
30* 3 3 .34 t  in wet N:! 7.32 10.9  1 .86  
15f 2 1.62 added directly 7.32 12.1  1.2G 
301 2 3.34 added directly 7 .32 10.4  2 .10 

- 
*Length of time the wet N2 WBS bubbled through the mixture. 
tCalculated from the volume of N? and the saturated vapor pressure of water at 0'. 
$Time elapsed between water addition and I? titration. 

material could be identified from the infrared spectrurn (IR-7) of the reaction product. Thin-layer chromato- 
graphy gave the follon~ing r e s~~ l t s :  tile 1 (petroleum ether) showed, by conlparisolx of the R, vali~esof authentic 
samples, the presence of unreacted starting material, cholestane and cholest-3-ene but none of the diequatorial 
isomer, 2~u,3p-dichlorocholestane; tile 2 (benzene-ether, 3 :  1) showed, by comparison of the RJ values of 
authentic samples, the presence of the following alcohols, cholestan-26-01, cholestan-"-01, cholestan-36-01, 
and cholestan-30-01. 

(c) ~cl,S~-Diclzloroclzolesta~ze.-The reaction product consisted ~nainly of unreacted starting material. 
Examination of the thin-layer chromatograms gave the same results as described for 26,3~u-dichlorocholestane 
with the exception that  the six identifiable products were produced in lesser amounts. 

(d) cis-l,2-Dibronzocyclol~exane.- cis-1,2-Dibron~ocyclohexane (3.5 g),  l i thiu~n aluminum hydride (1.5 g), 
and anhydrous trigiy~ne (80 1111) mere placed in a three-neclced, round-bottomed flask equipped with a 
nitrogen inlet and a reflux condenser. The condenser was connected to a trap cooled in liquid nitrogen. 
After wet nitrogen was passed through the reaction mixture a t  roo111 tetnperature for 1 hour, the temperature 
was raised to 100' to distil off the volatile fraction (0.27 g) which was found by vapor-phase chromatography 
to contain G3Yo of cyclohexene. 'I'he reaction mixture was poured into wet ether to destroy the ~mreacted 
lithium alumin~rm hydride and the ether estract mashed with dilute sulphuric acid and water, dried over 
sodium sulphate, and the solvent evaporated. The residue (1.90 g) was analyzed by vapor-phase chromato- 
graphy and was found to consist of bromocyclohexane, 51%, and unreacted dibro~llide 49Yc. These results 
are eqi~ivalent to the  following yields: cyclohexane, 26Yo, and bromocyclohexa~~e, 49%, based on reacted 
cis-1,2-dibromocyclohexane. 

(e) traws-1,2-Dibron~ocyclol1e.~a~ze.-Follovi1g the proced~rre and method of analysis as  outlined for the  
cis isomer, trans-l,2-dibromocyclohexane (28 g) and lithium aluniinun~ hydride (7.5 g) in anhydrous triglyme 
(100 ml) gave cyclohexane (0.5 g, 5%) and cyclohexene (7.3 g, 77%). 
(fJ ?izes0-2,3-Dibromobuta~ze.-Following the proceclure outlined for cis-1,2-dibromocyclohesane, trans-2- 

butene was identified as  the principal product of the reduction of meso-2,3-dibro111obutane by comparison 
of the infrared spectrum (IR-7) with that  of an authentic sample. From the  absorption bands in the 2800- 
3000 cm-I region and a t  9GO cm-' and the lack of absorption a t  975 cm-I it was established that  cis-2-butene 
was not produced in appreciable amounts if a t  all. In a separate experimcnt, the  yield of traws-2-butene, 
isolated as the dibromide, was 90%. 

(g) dl-2,S-Dibron10bz~taw.-Follo~ving the procedure outlined for cis-1,2-clibromocyclohesar~e, cis-2-l,utenc 
was identified as  the  principal product of the reductiorl of dl-2,3-dibromobutane by comparison of the 
infrared spectrum (IR-7) with that  of a n  authentic sample. From the absorption bands in the 3800-3000 cm-I 
region and a t  975 cni-I, and the lack of absorption a t  9GO cm-', it mas established that  trans-2-butene was 
not produced in appreciable amounts if a t  all. In a separate experiment, the yield of cis-2-butene, isolated 
as the dibromide, was 86'34. 

(W) 1-Flz~oro-2-bronzocyclolzexa~ze.-Following the procedure outlined in (d) 1-fluoro-2-bro~nocyclohesane 
(3 g), lithi~um aluminun~ hydride (1.5 g), and anhydrous triglynie (100 1111) gave fluorocyclohesane (0.8 g,  
45%), identitied by colnparison of the infrared spectruni with a n  authentic sa~nple  and by retention time 
upon vapor-phasc chromatography. 

(i) meso-Stilbe~ze Diclz1oride.-nzeso-Stilbene dichloride (400 mg) was reacted with lithium a l u ~ n i n ~ ~ ~ i ~  
hydride (500 mg) in anhydrous tetrahydrofuran (50 1111) for 1 hour a t  room temperature. [Vet nitrogen (as 
above) was bubbled gently into the s o l u t i o ~ ~  during the reaction. Isolation of product as in the general 
procedure and recrystallization of the crucle ~naterial  fro111 benzene-ethanol gave unreacted nleso-stilbene 
dichloride (77 mgl. Evaporation of the nlother liquors and recrystallization from ethanol gavc trans-stilbene 
(200 mg), 75Y0 yield based on reacted dichloride. 

( j )  erytl1~ro-l,2-Diplze~1yl-2-bro,rloetl~yl llfetlzyl Ether.-erytlzro-l,2-Diphenyl-2-bromoethyl methyl ether 
(300 mg) was refluxecl for 5 hours in 1.0 ;If lithium a l u m i n ~ ~ m  hydricle solution (25 ml). \\:orl;-LIP as  in the 
general procedure and recrystallization from ether-methanol gave trans-stilbenc (45%). Evaporation of the 
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mother liquors yielded an  oil (85 mg) which gave a negative Beilstein test and had an infrared spectrum 
resembling that of the starting material; this material was not further investigated. 

(k) erythro-l,b-Diplre?zyl-2-Jlzloroellzyl Bromide.-erytl~ro-1,2-Dipher1yl-2-fluoroethyl bromide (300 nlg) 
was reacted with 1.0 ilf lithium a l u ~ n i n u ~ n  hydride in tetrahydrofuran solution (15 ml) for 45 minutes a t  
room temperature while wet nitrogen nras bubbled gently into the solution. Isolation of the product as in 
the general procedure and recrystallization fro111 ether-methanol gave trans-stilbene (166 mg, 86%). 

(I) dl-Stilbene Dibron1ide.-dl-Stilbene dibromide (50 mg) or cis-stilbene (35 mg) was reacted with 1.0 ill 
lithium aluminum hydride (2.0 ml) in tetrahydrofuran as listed in Table I S .  The reaction rnisture was 

TABLE I S  

Reaction of LiAlHI in tetrahydrofuran with dl-stilbene dibromide and cis-stilbene 

Conlpound Time (hours) Temp. Product (f 10yo) 

dl-Stilbene dibrolnide 24 - 10" 5y0 cis-, 95Yo trans-stilbene 
dl-Stilbene dibromide 24 25" 50y0 cis-, 50% trans-stilbene 
dl-Stilbene dibrorllide 1 Iieflus 65y0 cis-, 35y0 trans-stilbene 
dl-Stilbene dibro~nide 0 . 5  25" cis-, 45Yo trans-stilbene 
cis-Stilbene 1 Reflux '70y0 cis-, 30y0 trans-stilbene 
cis-Stilbene 24 25' 40% cis-, 60% trans-stilbene 
cis-Stilbene 48 - 10" 9570 as - ,  5% trans-stilbene 
cis-Stilbene 0 . 5  25" cis-, 3% trans-stilbene 

poured into water and extracted with ether. The ether estract was washed with dilute sulphuric acid, dilute 
potassium bicarbonate, water, dried, and the solvent evaporated. The relative amounts of cis- and trans- 
stilbene were determined by comparison of the intensities of the infrared absorption bands a t  925 cm-1 
(cis) and 962 cm-I (trans) with those of authentic mixtures. The results are summarized in Table I S .  

Reaction of Litlziz~m A ~ Z L I I I ~ ~ Z L I ~  Hydride witlz Bromocyclolzexane 
Bromocyclohesane (10 g) and lithium aluminum hydride (5 g) in anhydrous triglyrne (75 ml) \\.ere reacted 

under the same conditions as described for cis-1,2-dibromocyclohesane. Cyclohexane (0.6 g) was isolated 
from the liquid nitrogen trap and identified by infrared spectroscopy and vapor-phase chromatography. 
Cyclohexene \\.as not detected by either method of analysis. The reaction mixture, worked LIP as previously 
described, yielded unreacted starting material (5 g). 

Reaction of L~t lz iz~~n Alz~~?zinz~m Hydride with Cholesta?~-3cu-yl p-Tolz~e~zesz~lplzo~zate 
This compound was reacted with lithium aluminum hydride under identical conditions as described for 

2cu-bro1~~ocholesta1i-3cu-yl p-toluenesulphonatc. The infrared spectrum of the product indicated little, of any,  
loss of the tosylate group. Thin-layer chro~natography, showed the absence of cholest-2-ene and that the 
reaction product was mostly unreactcd starting mater~al.  

Reaction of Lithiz~m Alz~~ninz~in Hydride zaith dl-l,2-Diphenylethyl Bromide 
dl-1,2-Diphenylethfl bromide (600 mg) was added to a solution of lithiu~ll aluminum hydride (600 mg) 

in tetrahydrofuran. The mixture was allowed to stand for 1 hour a t  room temperature, and then \vorlced up 
by pouring into water and extracting with ether. The extracts were washed with water, dried \vith Sa?SOl,  
and the solvent evaporated giving dibenzyl (385 mg); 111.p. after recrystallization 49-52". Thin-layer chro- 
matography of the crude product of a second experiment, carried out in the same way, sho\ved the absence 
of either starting material or any trans-stilbene. 

We thank the National Research Council of Canada for grants-in-aid and a scholar- 
ship, the Research Corporation for a Frederick Gardiler Cottrell grant-in-aid, and Dow 
Chemical of Canada Limited for a scholarship. We are grateful to Professor F. L. 31. 
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