
and jklded 1 G 3  mg. of octahydro compound, m.p. 196-1 97' 
(IVa). The mother liquor contained about 100 mg. of hcxa- 
hydrodibenz[a,h]anthracene (VII).  

Filtrate 11 was evaporated to dryness and cooled. The 
crystalline residue weighed 560 mg. This \vas crystallized 
from bcnzenc-hexane-ethanol. Yield, after three crystalliza- 
tions, 320 mg., m.p. 95.5-96.5', colorless long thin prisms. 

Anal. Calcd. for Ca2H26: C, 90.97, K, 9.03. Found: C, 
90.60, H, 9.16. 

.,I fiirther cmp of t h c  saiiic! compound waR pri~1):trwl froiii 

1 . 1 ~ ~  tiiot,tic*r liquor l)y deconiposition of the purificd trinitro- 
fluorenone complex. The trinitrofluorenone complex was 
recrystallized from benzene-ethanol, red ne~dles ,  m . p  
126.5-127.5". 

1,2,3,4,1a,.~u,.~,6,8a,lla,16,15,8,9,10,11-Hexadecuh~~rorli- 
he~tt[n,h]-unthraeene ( IX) .  (a) Hexanc filtrate 12 (above) was 
(vapor:tted to dryness. The solid residue weighed 450 mg. 
Ihct ional  crystallization from a variety of solvents failed 
t o  prodrice material with N, sharp melting point, 247 mg. 
from benzene-ethanol melted a t  114-120', nftcr recrystd- 
lization, m.p. 114-150". 

A trinitrofluorenone complex was prepared. X bright 
yellow precipitate appeared on cooling the benzene solution. 
A further crop of yellow crystals was obtained by adding 
ethanol to tho mother liquor. The combined cryst,als were 
recrystallized frotn benzene-clthanol, 111.p. 170.5-172°, 
;,.csllow prisms. 

The yclloiv complex was decomposed on a 24 X 4.5 cm. 
column of magnesiajCelite and the colorless filtrate evapo- 
rated to dryness. .iftcr crystallization from I)(,nzetie-ethanol, 
yield, 180 mg.; m.p. 178.5-180.5O, long rcsctangrilar platrs. 

Llnal. Calcd. for C&o; C, 89.80, H, 10.20. Found: C, 
89.92, H. 10 .SO.  Infrared bands at, 2875, L'!J40. :1002, :1123 
nm. -I. 

( b )  llibenz [a,h]anthracene (337 mg.) \vas hytlrogrnated 
until no further hydrogen \vas takrn lip (the product of 5 
(lays hydrogenation was rehydrogrnated with a fresh hatch 
of catalyst). The product (expected to be the perhydro com- 
pound) was crystalline and melted at 110-130". After rr- 
crpstallization from hexane the melting point was 115-150". 
Trinitrofluorenone complex, yellow triangular prisms, m.p. 
171-172°". The t'rinitrofluorenone complex was decomposed 
and the hydrocarbon crystallized from benzene-ethanol, 
yield, 80 mg., m p. 116-117'. 

Anal. Calcd. for C??Hao: C, 89.80, H, 10.20. Found: C, 
89.64, H, 10.18. Infrared bands a t  2866, 2935, 2997, 3118 
cm.-' 

7,14-~ih~jdrodibenz[a,h]anthracene. iibout 0.5 g. of sodium 
was melted under xylene in a stoppered flask and vigorously 
shaken to pulverize the metal. After cooling, the xylene was 
decanted and 100 ml. of ether added, together with 107 mg. 
of dibcnz[a,h]anthraccne in 20 ml. benzene. The solution 
was stirred magnetically for 12 hr., by which time the color 
had changed from yellow to dark blue-green. Methanol, 50 
ml., was added to the solution, the color becoming light 
grern. Benzene was a d d ~ d ,  t,hr watwsoliible materials 
\v:t.shtd (,ut, :I t i t 1  O i ( 1  I ~ i ~ t i i c ~ n c ~  soliif,iort cv:il)or:if'cd t.o R small 
volume. This was chromatographed on a 20 X 8.5 cm. 
d u n i n  of magnesia/Celit.e, with hexane-benzene-acetone 
(2 :  1 : 1)  as developer. .4 small blue fluorescent zone ap- 
peared belotv the major blur: fluorescent zone (which was 
~irichangcd dihenz [a,h] anthracrne) and passed into the fil- 
trate. The rrsidue after evaporat,ion of the filtrate-35 mg.--- 
was cryst,allized from benzene-hexane-ethanol; yield, 26 mg.; 

<4nnl. Calcd. for C??H16; C, 94.22, H ,  5.78. Found: C, 
03.53,  H, 6.19. 

Thc trinitrofluorenone cornplex was recrystallized from 
benzene, m.p. 257-259', clusters of hair-like orange needles. 

Sodium-alcohol reduction of dibenz [a,h]anthracene. Di- 
benz[a,h]anthracene (200 mg.) was dissolved in 100 ml. of 
n-amyl alcohol, heated in an oil bath. Approximately 10 g. 
of clean sodium were added slowly in small pieces. The 
solution became yellow and eventually boiled. After dissolu- 
tion of all the sodium, the solution was cooled, benzene 
added, followed by water and t,he water-soluble materials 
washed out. The benzene solution was diluted with hexane 
and chromatographed on a 24 x 4.5 cni. column of magne- 
siajCelite, the developer being acetone-benzene-hexane 
12: 1 : 7 ) .  S o  fluorescent zonc could be seen. The filtrate was 
evaporated to dryness leaving a >-ellow solid. Fractional 
crystallization gave two products ( a )  55 mg. prisms, m.p. 
201-207", after purification through the orange trinitro- 
fluorenone complex, 13 mg., m.p. 208-214", colorless needles, 
with a spectrum identical with that of 7,14-dihydrodibenz- 
[a,h]anthracene. ( b )  66 mg., forming a brown trinitrofluor- 
enone complex, which, after recrystallization, gave green 
needles and prisms, m.p. 214.5-216.5". The hydrocarbon was 
regenerated, 28 mg., m.p. (after rrcrystallization) 192-194", 
colorless flat plat,es. The absorption spectrum was qualita- 
tively very similar to  that  of 1,2,3,4,8,9,10,11-octahpdrodi- 
henz\a,h]anthracene (IV) aM a t  261 mfi = 28,600. Infrared 
bands at 2840, 2862, 2888, 2933, 3035 cm. 

3.5", colorless rectangular flat plates. 
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Contrary to the reports of previous investigators, Birch reductions of estradiol derivatives and other high molecular 
weight, relatively insoluble phenolic ethers can t ie effected in good j-ields with sodium. Suitable experimental conditions 
are described. Iron salts have been found to catalyze strongly the reaction between sodium and alcohols in liquid ammonia; 
the corresponding reaction betmen lithium and alcohols is much less strongly catalyzed by iron. In view of the common 
occurrence of colloidal iron compounds in commercial ammonia, these findings probably account for the failurrs of previous 
investigators to effect, Birch reductions efficiently with sodium in contrast t,o the successful use of lithium. 

In  1937 Wooster? reported that aromatic com- cstablished that the reduction proceeds pre- 
dominantly by the addition of hydrogen to afford 
_ _  

pounds are reduced by sodium and a proton donor 
in liquid ammonia solution. A. J. Birch greatly ex- 

(1) Presented at the 126th Meeting of the American tended Wooster's observations and, as aiesult ,  the 
so-called Birch reduction has found considerable 
utility in synthetic organic chemistry. Rirrh December 1959. 

Association for the Advancement of science, chicago, 111., 



1,4-cyclohcxadiencs or 1,4-dlhydro compounds as 
they are often c*allcd. If an aromatic ether is rc- 
duced the resultant product is an enol ether which, 
upon mild hydrolysis with acid, affords a A-3- 
cyclohexenone and, under more strenuous condi- 
tions, normally affords a A-kyclohexenone. The 
synthetic applications of the Birch reduction have 
been greatest in making compounds of these types. 
Our own interest ill the Birch reduction stems from 
its utility in making 3-keto-A-4- or 3-keto-A-5(10)- 
1 Y-norsteroids by the reduction of estradiol dcrira- 
t ives. We h a i ~  developed a useful cxperimentnl 
procedure for the Birch reduction of estradiol 
derivatives with sodium and have discovered the 
probable reason for the failures of earlier workers t o  
reduce these and other compounds in good yields 
with sodium, 

Most of Birch's work was carried out using 
sodium as the reducing agent, although he occa- 
sionally used potassium. Methanol or ethanol was 
used as the proton source. The experimental pro- 
cedure favored by Birch involved the addition of 
the alkali metal to B mixture of the alcohol and 
nromntic compound in liquid ammonia. Although 
this procedure gave fair to good yields of dihydro 
compounds when applied to many simple aromatic 
compounds, Birch found that it was less successful 
when applied to less-soluble, higher molecular 
weight compounds. Thus the reduction of hexestrol 
methyl ether failed,* even when cosolvents mere 
added to the ammonia to aid in dissolving the com- 
pound, although the more soluble P-hydroxyethyl 
ether could be reduced in unstated yield. Likewise 
Birch found that  reduction of the glyceryl ether of 
estradiol with potassium and ethanol in ammonia 
afforded only a 17% yield of 19-nortestosterone 
(VII) after hydrolysis of the intermediate 1,4- 
dihydro compound.5 Reduction with sodium did 
afford a 337, yield of A-5(10)-19-nortestosterone 
(V) following mild hydrolysis of the dihydro inter- 
mediate.4 Birch was unable to reduce estradiol 
methyl ether (I) .  Other workers6 found that 4- 
cyclohexylanisole was not reduced appreciably 
under Birch's conditions. 

In  1953 Wilds and Selson6 reported that the usc 
of lithium instead of sodium afforded considerably 
better yields of dihydro compounds, particularly 
from compounds which they and Birch had found 
difficult to reduce with sodium. Thus they were able 
to convert estradiol methyl ether to 19-nortesto- 
sterone in an overall yield of 70-77'%.7 Ether was 
used as a cosolvent to assist in dissolving the steroid 

( 2 )  C. B. Kooster and K. L. Godfrey, J. Am. Chem. SOC., 
59, 596 (1937); C. B. Kooster, U. S. Pat. 2,182,242 (1938). 

( 3 )  For a recent review see A. J. Birch and H. Smith, 
Quart. Rev., 12, 17 (1958). 
(4) A. J. Birch and 8. ?VI. Mukherji, J. Chem. Soc., 2531 

(1949). 
(5) A. J. Birch, J .  Chem. SOC., 367 (1950). 
(6) A. L. Wilds and S. A. Nelson, J .  Am. Chem. SOC., 75, 

5360 (1953). 

and it \vas deemed advantugcous to atlil tlic protoil 
sourcc (ethanol) to a mixture of the : u m i a t ~ c ~  coin- 
pound, lithium, ammonia, and ether, ratlicr than 
adding the alkali metal last as had been done l)y 
Birch. The apparent superiority of lithium o\  ('1. 

sodium was attributed in largc part to its grcntcir. 
reduction potential (-2.99 IT.) i n  liqiiid nmmonia 
compared to those of sodium (-2.59 v.) mid po- 
tassium (-2.73 v.). Siiice their report appcnrcd, 
the procedure of Wilds and Nelson has become the, 
standard one for effecting Birch reduction\. 

With the discovery of the clinical iiwfulncqq of 
19-norsteroids such as 17cu-etliy1-~0-1it~rtc~to~t croiiv 
(iiorethnndrolone) (VIII)* : i r i i l  17a-ct hyi ij.1-1 i d  
hydroxy-5(lO)-estren-:3-0rie (norcthynodrcl) (VI) ,  ' 
we became interested in carrying out Birrh reduc- 
tions on steroidal aromatic ethers on a Iargc scalc. 
Numerous workers in our laboratories had con- 
firmed the superiority of the Wilds-Seleon procr- 
dure over the original one of Birch for the reduc- 
tion of compounds such as estradiol :j-mcthyl cthrr 
and 17-ethylestradiol 3-methyl ether (IT) but it was 
observed that the Wilds-Nelson procedure did not 
give reproducible results. The extent of the roduv- 
tion varied from run to run without apparent 
cause, and this did not seem to he affected greatly 
by minor changes in the procedure, such as varying 
the rate of addition of the ethanol. l:or sweral 
reasons i t  became necessary for us to devise :L 
Birch reduction procedure that ga1.c complete re- 
duction of the starting material as well as being re- 
producible and giving good overall yield?. 

RESULTS AND DISCUSSION 

I11 our study of the Birch reduction the influence 
of the following factors was evaluated: (a) the 
alkali metal; (b) the proton source; (c) the cosolvent 
used; and (d) the structure of the particular com- 
pound being reduced. On the basis of the work of 
Wilds and Selson as wcll as our own experience, it 
appeared that lithium was the only one of the 
alkali metals which was a useful reducing agent,. 
This was puzzling since we did not, feel that the 
small difference between the redurtion potcntials of 
sodium and lithium would makc sodium so inferior 
to lithium. However in  the absence of any other ex- 
planation of the facts, we confirled our initial 
studies to the use of lithium. In the experiments to 
be discussed, the ammonia was distilled prior to use, 
the steroid was suitably purified, and the reactions 
were conducted under a Dry Ice reflux condenecr in 

( 7 )  A. L. Wilds and S. A. Selson. J .  Am. Ciiem. Sac., 75,  
5366 ( 1953 'I. 

18) F. B. Colton. U. S. Pat. 2,721,871 (1955); P. J3. Colton, 
L.Y. Ngsted, B. hiegel, and k. L..ltaymond, J .  Am. Che~ii .  
SOC., 79, 1123 (1057); Anon., Chem. Eng. AYews, 34, 21:3f 
(1956). 
(9) F. B. Colton, U. S. Pat. 2,725,389 (1955); .Inon., 

Chem. Eng. Kern, 35, S o .  2 3 ,  p. 30 (1957). 



order to avoid loss of ammoilin during the reduc- 
t’ions. 

The acidity of thc proton source was expected to 
be of significance since the reaction between the 
proton donor and alkali metal undoubtedly was 
competing with the desired reduction. For a pre- 
liminary evaluation of several proton donors the 
Wilds-Nelson procedure was followed using 17- 
ethylestradiol 3-methyl ether as the substrate. 
Water, methanol, ethanol, and isopropyl alcohol 
all gave yields of 1,4-dihydro compound in the 
range of G7-72%. Thus varying the acidity of the 
proton source over a range of PI<, 14-18 effected no 
improvement in yield. Even acetic acid (pK,  ca. 6) 
gave a 28% yield of dihydro compound IV. 

Since we found that 17-ethylestradiol 3-methyl 
ether is only partially soluble in the ammonia- 
ether mixture used by Wilds and Selson, we 
sought a more effective cosolvent than ether. Both 
tetrahydrofuranla and ethylene glycol dimethyl 
cther were found to be superior to  ether and the 
former was examined in detail. Although it  was 
possible to obtain a homogeneous solution of 17- 
ethylestradiol 3-methyl ether in liquid ammonia- 
tetrahydrofuran, application of the Wilds-Xelson 
reduction procedure to such a solution afforded only 
a 72% yield of the 1,4-dihydro compound. The 
typical Birch reduction mixture consists of a deep 
blue liquid phase covered by a layer of lithium- 
ammonia “bronze” and, in t’he hope of obtaining a 
more homogeneous mixture, an additional cosolvent 
was sought which might favor solution of the 
lithium as well as the steroid. Only alcohols seemed 
to offer promise in this regard. We found that 
not only did lithium react relatively slowly 
with an ammonia-tet’rahydrofuran-t-but,yl alcohol 
mixture (Z:l:l), but that  such a mixture read- 
ily dissolved 17-ethylest,radiol 3-met’hyl ether. This 
mixture also appeared to  retain more lithium 
in the lower phase than did ammonia-tetrahydro- 
furan alone. When this solvent mixture was em- 
ployed in the Wilds-Eelson procedure, the yield of 
1 ,i-dihydro compound was increased to 85%. Since 
i t  appeared probable that the 2-butyl alcohol was 
functioning as a proton donor” as well as a solvent, 
the procedure was altered so as to add the lithium to 
a mixture of the other reactants without using 
cthanol as an additional proton source. The yield of 
1,4-dihydro compound was then 87% with only 
0.3% of the start’ing material remaining unreduced. 
Although both our new procedure and the Wilds- 
Nelson one gave yields of 807, on a several kilogram 

(10) The use of tet’rahydrofuran as a cosolvent was sug- 
gested tiy K l d s  and Selson (ref. 6)  but  it seems to  have 
found little use except by  A. J. Birch and H. Smith [J .  
C h m .  Soc., 4909 (195(i)] and later papers. 

(11) S!iortly af tw the completion of this phase of our 
work G. Stork and W. N. White [ J .  A m .  Chem. SOC., 78, 
4604 (1950)l reported the use of t-butyl alcohol as a proton 
donor i n  thc reduct>ion of several aniline dt,rivatives with 
1itkiiJ:ii in mirnui i ia .  

-.- 

rcactioii scale, the amount of residual unreduced 
starting material was consistently in the range of 
0.3-0.6% usiiig the new procedure but varied from 
054 .0% with the Wilds-Nelson one. Application 
of our new procedure to estradiol %methyl ether 
afforded a 79y0 yield of 1,4-dihydro compound 111 
containing only o.3Y0 of unreduced starting ma- 
terial. The yield on large scale reductions averaged 
7770 with residual aromatic contents consistently 
in the range of 0.3-0.670. Wilds and Nelson6 re- 
ported a 70-77Y0 yield for this reduction by their 
niet hod. 

When we attempted to rcducc estradiol 3-methyl 
ether using undistilled ammonia taken directly 
from a comniereial cylinder, the lithium was con- 
sumed within thirty minutes as opposed to the 
usual three to five hours and a t  no time did the re- 
action mixture become deep blue. The crude prod- 
uct contained about 23% of unreduced starting 
material, and the aqueous mother liquors remaining 
after isolation of the product deposited a precipi- 
tate of ferric hydroxide. We presumed that iron 
compounds preseiit in the ammonia we1 e exer- 
cising a deleterious effect upon the reaction course, 
probably by catalyzing the reaction between the 
lithium and the l-butyl alcohol and effecting 
consumption of the metal before the aromatic 
compound had been completely reduced. The reac- 
tion was repeated with the same reagents but using 
distilled ammonia, whereupon the reduction pro- 
ceeded normally and the product contained only 
0.26% of unreduced starting material. Qualitative 
tests showed that iron salts did indeed strongly 
catalyze the reaction of lithium with t-butyl alcohol 
i n  liquid ammonia. 

It now appeared probable that the previously re- 
ported failures of sodium to reduce steroidal aro- 
matic ethers (and other high molecular weight aro- 
matic compounds) in good yields were due not only 
to  the insolubility of the steroid (which our solvent 
systrm circumvented) but also to the presence of 
iron l 2  in the reaction system. When 17-ethylestra- 
diol 3-methyl ether was reduced with sodium by our 
new procedure using distilled ammonia, an 88% 
yield13 of the 1,4-dihydro compound (87% with 

(12)  Essentially none of the papers in the literature de- 
scribing Birch reduct,ions indicates whether or not the am- 
monia used was distilled. Probably most Lvorkers used liquid 
amnionia taken directly from a commercial cylinder as did 
Birch (ref. 24). Under these circumstances the ammoni:r 
would have contained variable amounts of iron compounds 
and poor or erratic reductions would be anticipated, cs- 
pecially with sodium. 

( 13) Following the development of our ammonia-tetra- 
hydrofuran-l-butyl alcohol solvent system but  prior to  the 
recognition of the catalytic effect of iron, we had tried to 
reduce 1;-ethylestradiol 3-methyl ether with sodium in- 
stead of lithium. However the sodium reacted rapidly with 
the alcohol, and reduction occurred only to  the extent of 
60%. Apparently traces of iron had gotten into the systrni 
although, at the time, the failure \vas attributed to  the use 
of sodium. 



lithium) was obtained. The product contained 1% 
of residual aromatics.'4 

Similarly estradiol 3-methyl ether, when reduced 
with sodium under iron-free conditions, afforded an 
88% yield of 1,4-dihydro compound cont'aining 
0.6% residual aromatics. This yield is definitely 
higher than that (79%) which we had obtained with 
lithiu~n, and iu this case sodium is actually superior 
to lithium as a reducing agent. Birch was unable t,o 
reduce estradiol 3-methyl ether with sodium, and 
Wilds and Nelson7 reported that sodium left as 
much as 28% of the ether unreduced. 

Pot'assium was also found to function well as a 
reducing agent in an iron-free system and afforded 
an 80% yield of 1,4-dihydro compound from 17- 
et,hylestradiol 3-methyl ether. Further evidence 
that lit'hium is not unique as a reducing agent per se 
was obtained when we found that calcium metal 
(reduction pot,ential in liquid ammonia is -2.39 
v.I6), in our solvent system converted estradiol 3- 
methyl ether to it's 1,4-dihydro derivative in 86% 
yield. This yield is essentially t'he same as that ob- 
tained using sodium. This finding is of especial 
int'erest sinre calcium in liquid ammonia (or cal- 
cium hrxamminr) has bwn shown16 to reduce 
aromatic hydrocarbons largely to cyclohexenes, 
although benzene affords a 30YG yield of 1,4- 
cyclohexadiene under carefully cont'rolled condi- 
t ions. 

The effect, of iron on the reduct>ioii of estradiol 3- 
methyl ether by lit8hiurn, sodium, and potassium 
was studied further in a series of reductions in which 
known concentrations of iron (added as ferric. 
chloride dissolved in t'etrahydrofuran) were present,. 
The crude reduction product's were analyzed for un- 
reduced aromatic compound giving the data shown 
in Table I. The reductions with lithium were unaf- 
fected by iron concentrations of up tmo 1.5 ppm and 
were only slightly affected by roncentrations of up 
to 25 ppm. The adverse effect of iron on the sodium 
reductions was definite at' 0.4 ppm of iron, whereas 
the potassium reductions were affected by as little 

(14) The crude steroidal 1,4-dihydro compounds undergo 
a rapid increase in aromatic content after isolation. Henw 
the ultraviolet spectra (see Esperimental) of the crude rea- 
duction products should be taken a t  once. Some of the 
aromatic contents reported in this w-ork are prohably high 
hecause of delays in having the spectra run. 

(15) V. A. Pleskov, J .  P h p .  Chein. (~7.S.S.h ' , ) ,  9, I2 
(1937); Chem. Abstr., 31,4214(1937). 

(16) >I. Boer and 1'. R I .  Thinker, Rec. Trav.  ( ' h i v ~ . ~  7 7 ,  
346 (1958). 

(17) Thr  formation of :L 1,4-dihydro compoiirid in gootl 
yield from estradiol-3-methyl ether under our conditions 
is undoubtedly due to the presence of t,he relatively aridir 
proton source, t-butyl alcohol, which prevents the formatioii 
of amide ion, as normally occurs in calcium hexitmminc rc- 
ductions. Both Birch3 and Boer and DuinkerI6 have siiggmted 
that  the cyclohexenes produced in calcium hesamniine rc- 
ductions arise from amide ion catalyzed isomerization of the 
kinetically formed 1,4-dihydro compounds to  1,3-dienes 
followed by further reduction. Our finding siipports these 
suggestions. Seealso ref. 20, 

TABLE I 

&METHYL ETHER BY LITHIUM, SODIUM, A N D  POTAML M 

EFFECT O F  IRON OX T H E  BIRCH H E D U C T I O N  OF ESTRADIOL 

yo Unreduced Estradiol 3-Methyl Ether 
Fe, PPm Li Na K 

0 0 2  0 55 0 50 
n 26 n 65 1 1  
0 35 - 3 0  
0 40 - 
0 50 0 32 3 3  68 
0 60 
0 75 
1 0  
1 5  0 28 
2 5  0 50 
6 0  0.60 

10 0 0 60 
25 0 0 95 

- 1 1  

20 
26 
62 

- 
-_ 
- 

100 0 82 

TABLE I1 

REACTIONS IS LIQUID A M M O N I A ~  
EFFECT O F  IRON O N  THE RATE O F  .4LKAI2I LfETAL-ALCOHOL 

Reaction Time, Min. 
Metal Fe (ppm) t-C4H90H C2H5OH CHaOH 

I,i 0 253 4 1 
0 5  I44 
1 . 0  72 

10 0 16 
Na 0 255 9, 10 15,17 

0 . 5  5 7 I 5 
1 . 0  4 5 

0.5  2 .5  
K 0 68 

a The reaction misture contained 0.33 g.-atom of metal, 
200 ml. of liquid ammonia, 0.85 mole of alcohol, and 80 ml. 
of tetrahydrofuran. 

as 0.25 ppm. Above an iron concentration of 1.0 
ppmIR neither sodium nor potaisium are useful re- 
ducing agents. That this cffect of iron is due to 
catalysis of the alkali mctal-alcohol reaction is 
shown by the data in Table 11. Thc times required 
for 0.33 g. atom of the three alkali metals to react 
with t-butyl alcohol in liquid ammonia-tetrahydro- 
furan were determined both in the preseiice and 
absence of iron. In  the absence of iron, lithium and 
sodium react with t-butyl alcohol a t  about the same 
rate whereas potassium reacts about three times 
faster. However in the presence of 0.5 ppm of iron, 
the reaction rate of lithium is increased by a factor of 
2 ,  that of sodium by a factor of 50, and that of po- 
tassium by a factor of a t  least, 27. We were less suc- 
cessful in estimating the catalytic effect of iron on 
the rates of the rGactions of lithium and sodium with 
methyl and ethyl alcohols because of the much 
greater reaction rates inr.olved, even in the absence 
of iron.19 Catalytic effects were noted, however, with 
sodium and methyl and ethyl alcohols and probably 
occur with lithum as well. Metals other than iron 

(18) Iron concentrations of this magnitude arc common 
in commwcial undistilld liquid ammoniad 



TABLE I11 

Compound ItOH Metal % Unreduced 7; Yield 

Estradiol 3-methyl ether ( I )  t-C,HgOH Li 0 .3  79 
~ - C ~ H P O H  Li 0 . 5  81b 
CHaOH Li 0 . 6  84 
t-CaHsOH N a  0 . 6  88 
L-CaHiiOH Nn 1 . 4  85 
i-C3H70H N a  0.  G 88 
L-CIHgOH C a  1 .4  86 

17-Ethylestradiol3-methyl ether (11) t-CaHgOH Li 0 . 3  87 
L-CSHiiOH Li 0 .8  82 
t-C4H9OH Na 3 . 0  87 
f-C,TIliOH l";a 0 .4  91 

6-Nethoxy tetralin 1-CAHyOH Li 1 .1  72 
t-CaHsOI1 Na 0 . 2  74 

~-C3'c'loties).lnnisole 1-C'dHgOH NLt 0 .35  81 
5-IIethoyytet,ralin I-CIHyOIT Li <1 63 

t-C4HgOH N a  51 47a 
Podorarpinol12-methyl ether ( I X )  t-C4HyOH Li 0 . 2  ,il 

t-CdHyOH STTa 0 . 3  56 
t-C,HgOH C a  1 . 7  57 
CHaOH Li 0 .7  59 

65 
[4-methoxybenzo] hydrindane (X) t-C4HgOH Li 0 . 7  71b 

- trans-18-Hydrox?.-8-mcthyl-4,~- t-C,HgOH .Li 

a Yield based upon compound artiially reduced. Reaction conduct,ed a t  -78" 

(when added as salts or cholatc~i) ~ c r e  fouiid to c h a t  a -  
lyze the sodium t-butyl alcohol reaction in ammonia ; 
such metals inrlude ropper (prcscut in oiic cvliiider 
of liquid amnioiiia which we examined), nickcl, 
manganese, cobalt, and palladium. 

After the completion of most of 0111' mork, 
Kraprho and Rothiicr-By?O published data giving 

(19) E. J. Kelly, C. I\-. Kcm:in, H. V. Svcor, :itid J. F. 
Eastham (alistracts of 136th Meeting, American Cheniio:il 
Society, Septembrr 1959, p. 1 7 4 )  have reported that 
lithium reacts lvith alcohol in liquid aininoiii:t more rapidly 
than does aodirini .  Oiir roiigh tl:it:t arc i r i  :ircorci ivith thcyir 
inore precis? dnt:i. 

(20) A.  P. Iirapcho nntl ,I, .I. Ihthiier-By, , J ,  .Im. Chrm. 
Soc., 81, 3658 (1059). Thw, authors cliscuss the inechanisin 
of the Birch rcdurtion :inti prcwiit kinctic data supporting 
it. For othw r c v i i t  papc'rs on th(. mechanism of the Bircth 
reduction sc(' wfs. 25 ; i d  27 :itid A. J. Birch and 11. Snsipiiri, 
'l'etrahedron, 6 ,  148 (1959). 

I t  nppcws estnhlished tlint the Birch reduction of itinst 
bmzenoid compounds with alkali metals proceeds by the 
addition of one elertron to give a radical-ion (i), which niiist 
t h m  be protonated heforr addition of a second t,lrctron 
and proton can occur, as shown. Fiirthrmiorc, amnionia is 
not :tcidic c,norigh to cffect this protonation; hence it is 

U 

nccessary to I I W  im alcohol. So one s ( ~ ~ n i s  to liavc l)oii l t(~~l 
out that  rdiictions with calcium in ammonia (or cnlciiiin 
hexammint,) which proceed with ammonia as the oitly 
proton soiirrv must, therrby, orcur by a diffewnt rnrch- 
anism, prob:ihl>. one involving a dirnrbnnion w r h  as iii. 

c 0 
* .  
'?. 
!I1 

the rclat'i1.e raks of reduction of bcnzciiic by 
lit,hium, sodium, and pot,assium as 62.5 :1:0.23.?l 
Our n-ork in cwijuiictioii with t'hcse d a h  provides a 
rational cxplanat8ioii for thc seeming superiority of 
lithium in Birch reduct'ions as reported by earlier 
workers. If we assume t,hat tjhcse relative ratw hold 
approximatcly for any aromatic compound?2 and 
recognizc that iron is a common contaminant in 
commercial liquid ammonia, then in a Birch reduc- 
tion using sodium, n-hen as lit'tle as 0.5 ppm of iron 
is present, the aromatic. compound is being reduced 
at  about 1/60th the rate as it would be by lit,hium, 
Ivhcreas t'he sodium is being consumed by reaction 

This ion ivoiilcl bt, c-sljtdcd to I)(,  coiisitl(m1)iy niorc' basic 
th:rn t h c b  r:rdical-iou ( I )  : i i rd  hcncc n-oiild almost certainly 
br wpnhle of rcwoving :L proton from an ammonia molcculr. 
.\ simple coiisicIc~r:ition of th(. rcdiiction potentials of the 
three alkali mrtals :mtl of calciiini \voulcl not  have predicted 
that, of the foiir mc~tals, calcium is actllilll? the most potent 
reducing agriit in liqiiid animorli:~, in the sensc' that  it can 
effect reductions with only :L verj' u,c.ak proton donor prcwrit. 
In  the' presencr of a rclativrly acidic proton donor, as in 
our esperirnents, rodiirtions with calriiitn ma!., perhaps, 
proceed via r;tdir;il-ion iutcrinec1i:ites as in the case of the 
alkali metals. 

(21) The data on n.hich thrw rates :ire txised havv been 
crit,icizcd by J. F. Eastham, C. If'. Krenan, and H .  F'. Sccor 
[ J .  . lm. Chwm. Soc., 81, 6,523 (1959)]. In rrbuttal Icrapcho 
:ind Rot,hner-By [.I. . tm .  Chrn).. Soc., 82, 751 (1960)) con- 
cc+ that  thc rat[, constant for t h c  sodium reduction n u y  

tnd that of thv potassium reduction by a 
fartor of 2-3. Tlicw r c~ i s io~ l s  do not smsibly alter olir 
:irguments. 

(22) .\ttc:iiipts t o  c~stiiii:ttr rocighl?, tho rvlativc' w t c s  of 
wdtirtion of estrsdini 3-nwthyl ethvt 1)). sodium :ind lithium 
n r r e  iinsiicvssfiil di i r  to  thr  very r:tpid rntm of reduction. 
.\t - :13" only l.;4yc of t h r  et,her rt~m:tined unrcbdiiced by 
sodiiini and t-hiityl alcohol aftcar fivr ininutras. At  -78" only 
4.2y0 of the material remained unreducrd by lithium after 
five minutw, althoiiph 5Ayo remained iinr~rllired with 
~orliiim. 



with the t-butyl alcohol about 30 times faster than 
lithium would be. At higher iron concentrations the 
sodium would be undergoing reaction with the 
alcohol a t  an even faster rate. Clearly then, lithium 
has an advantage over sodium when iron is pres- 
~ n t . * ~  In an iron-free system, however, when the 
rate of loss of sodium by reaction with the alcohol 
is at a minimum, the longer reaction times which are 
possible offset the inherently slower rate of reduc- 
tion by sodium, and this metal is found to  be as or 
even more effective a reducing agent than is 
lithium. 

Although ~ v e  cannot rationalize this pronounced 
catalytic effect of iron on the alkali metal-alcohol 
reaction in liquid ammonia, it must be analogous to 
the well k n o ~ v n  catalytic effect of iron on amide for- 
mation from an alkali metal and ammonia. The 
alcohol reaction does not proceed via initial amide 
formation, however, since qualitative experiment s 
ihowed that a small amount of an iron salt catalyzes 
the alcohol rcac*tion to a much greater degree than it 
does amide formation. Birch, in his earliest paper,24 
observed that the reductions of 6-methoxytetralin 
and sodium p-naphthoxide failed to occur in the 
presence of ferric nitrate. However, the amount of 
iron involved was enormous (compared to 1 p.p.m.) 
being equal to about 1% of the weight of the 
aromatic compound used. In a paper published 
after the completion of our work, Huckel, Graf, and 
Munkner25 reported a similar catalytic effect of 
various metals on the reaction of sodium with 
methanol in liquid ammonia. Again the amounts of 
metal involved were gross (ea. 0.5 g.j200 ml. of 
ammonia). To the best of our knowelge, no one has 
observed previously the striking effect which a 
minute amount of iron can have on the course of 
Birch reductions with sodium. This pronounced 
catalytic cffert is observed onlv when the iron is 
produced in a very finely divided state, as by reduc- 
tion of the colloidal iron compounds present in most 
commercial ammonia. Large pieces of rust are less 
effective, and Birch reductions can be rim in stain- 
less steel equipment without difficulty.26 27 

To compare further the effectiveness of lithium 
and sodium under our reaction conditions, we 
carried out, Birch reductions of several other com- 
pounds including some which had been found to be 
difficult to reduce under the original Birch condi- 
tions. The data arc included in Table 111. In several 
rases alcohols other than t-butyl alcohol were used, _- -- 

( 2 3 )  W r  have no evidpnce to indicatc whether or not the 
rate of the Birch reduction itself is affected hy thP presence 
of iron 

(24) A. J. Birch, J .  Chem. SOC., 430 (1944). 
( 2 5 )  IT Hilckel, R Gr,tf, and n. Munkner, .4nn, 614, 

47 (1958) 
(26) Huckcl, et a1 (rrf. 2 5 )  reported that  tht. addition of 

1 5 g. of finply divided iron, prrparrd bv reduction of thp 
oxide n i th  hydrogm, did not affect the yield (90%) of 
1,4-cyclohexadienr when i t  was added to a reaction miu- 
ture of 50C cc. liquid ammonia, 12.0 g. sodium, 15.6 g. ben- 
zene, and 24 g of methanol. 

and in two cases reductions were carried oiit at  
-78". In  general sodium is as effective as lithium i n  
Birch reductions and is superior in some cases. Thc 
nature of the alcohol used as the proton donor has a 
relatively minor effect upon yields, although t-amyl 
alcohoI is distinct'ly superior to  t-butyl alcohol for 
the reduction of 17-ethylestradiol 3-methyl ether 
with sodium. The former alcohol in large scale re- 
ductions gives an average yield of 89% of dihydro 
compound with some runs giving as high as 94y0, 
whereas the yields with t-butyl alcohol consistently 
run lower. In either case the residual aromatics are 
of the order of 0.391,. Lowering the reaction t'em- 
perature to -78' does not favor the desired 1,4- 
reduction over hydrogenolysis reactions, although 
the overall reaction rate is decreased (see com- 
pounds I and X). The one reduction for which 
lithium is definitely superior to sodium is that of 5- 
metjhoxytetlralin. Lithium gives far more complete 
reduction (99+%) than does sodium (ea. 50%) and 
a greater yield ((%C/O us. 42-487,) of ketonic ma- 
terial based upon starting material reduced. Since 5- 
rnethoxytetraliii is a difficult compound to reducefi 
and reduces slo~vly, the 60-fold greater rate of reduc- 
tion by lithium than by sodium becomes significant. 
Thus during the longest reaction period (six and 

&OH P 

P P 

VII. R = H V. R = H  
VI. R=-C--CH VIII. R=-CZHS 

OCH3 OH 

X 

( 2 7 )  J. F. Eastham and D. R. Larkin [ J .  Am. Chem. Soc., 
81, 3652 (1959)] recently reported that  oxygen strongly 
catalyzes both the Birch reduction and the alkali metal- 
alcohol reaction. We have not looked specifically for oxygen 
catalysis, but  we have observed in large scale reductions 
that  the reaction time was longer if the solution of the 
steroid in the organic solvents had been stored under ni- 
trogen overnight. This may be the result of the removal of 
dissolved oxygen from the solution. The air in thr  apparatus 
used in our experiments probably was displaced b> ;immonia 
gas before the start of the reductions. 
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one half hours) which we employed, the sodium re- 
duction did not have time to go to completion. In  
addition it appears that with sodium there is a 
greater loss of starting material in side reactions 
which $re of lesser consequence with lit8hium be- 
cause the desired reduction goes marc rapidly. 
Thew findings are probably general for compounds 
of the 5-methoxytet8ralin type in which one hy- 
drogen atom must enter an alkyl substituted posi- 
tion if 1,4-rcduction is to occur. 

I'odocarpinol 12-methyl ether (IX) and trans- 
1P - hydroxy - 8 - methyl - 4,5 - [4 - methoxybenzol- 
liydrindane (X) bear a close structural similarity to  
the aromatic A-ring steroids as regards the degree 
of substitution of the aromatic ring and the loca- 
t'ion of the substituents with respect to the ether 
fundon ;  however these compounds afford con- 
sidcixbly lower yields of lJ4-dihydro products than 
do the steroids when reduced with eithcr sodium or 
lithium. I t  is noteworthy that t,he former compound 
gives t'he same yield of 1 ,4-dihydro compound when 
reduced with calcium as it does with lithium and 
sodium. In each case the only other product isolated 
is a cyclohesene-type compound in which the ether 
oxygen has beell lost.z* Evident,ly subt~le structural 
fcaturw in t8he two compounds favor hydrogenolysis 
rcactinns at t,he expense of lJ4-reduction. Iirapcho 
:tnd 130t,hiier-hy2° have point,ed out t,hatJ hydro- 
gc>nolysis products probably arise from protonation 
of t h t :  final carbanion intcirmcdiaic (ii ,  font,now 20) 
so :is t.o give a l&dieric syst,rm, capable of furthcr 
iwli ic t ion,  rat,hrr than ti I ,4-dirnc system, which is 
i,osist.nnt t,o furt,her rcduct ioii. 'The s:me authors 
1 ) o i i i t )  out8 t,liat, stcric effects both in  the aromatic 
(:oi~ipouiid mid t>hc prolo11 doiior can nffcct tlic rat(:, 
: t i id  I~cncc,  point,, of proton transfw to t'hc aromatic 
suhqt r:tt.c. 111 particular thcy found that tho reduc- 
t i o i i  of t)ciixciie lvith lihhium and f-butyl alcohol pro- 
( Y Y ~ S  :It only 1/'14tli the ixte of :L rcduccttion using 
vt I i : i i i o l ,  Ihris iiidicating the grratcr difficulty of 
111'nt o i i n t  ing t hc radical-ion and prcwnahly Carl)- 
: l i i i o i i  iiit(~r~ncdiates (i and i i ,  foot.iiot(\ 20) by ihc 
I ) i i l l i i c ~ i ~  :il(,ohnl. In thc hopc iIi:it> t>hc r i x  of an 
:ilrohol lerx hii1k.v than i-but,yl ;~ l (~ )ho l  would lead to 
: I  gi-o:tt!rr prcpondernncc of 1 ,.l-rcduc%ion, tlic reduc- 
t ion of  podocarpinol 12-mctJhyl ethcr was carried 
out with lithium using mcthnnol as the proton 
sourw. Thc increase in yield of t,he 1,4-~eduction 
produrtJ was negligible however. An examination of a 
Cnt,nlin molecular modcl of podocarpinol 12-methyl 
ctthcr does suggest that approach of a proton donor 
to  (2-11 from the front side of the iiiolccule would be 
Iiindwrd by t,he angiilar methyl group at, C-10. 
I'rotjnnation of C-13 with resultant 1 ,%reduction 

(28) For t,hr strurtiirc of thc hy-product from I S  see 
It. hl .  Biblr, Jr., and I < .  I t .  Riirtnrr, .I. Org. Chern. 26, 1174 
( 1  061). We h:ivr Icarned from I h .  Bible (private communica- 
tion) that  thr  K M R  sprctriini has shown that, t,his droxy 
cwnipniind is thr A-8,9 isomer. Thc droxp conipoiind from 
S 1i:ts twrn  s h o w i  to contain a t,ri-siilistit,utcd doiihle bond. 
(I,. J. Chinil and H. 1,. Dryden, Jr., to be published.) 

__ . . 

might then occur at a rate competitive with that a t  
C-11 and thus account for the high yield of hydro- 
genolysis product. Models of X are less enlightening 
as to why l,%reduction might be encouraged be- 
cause of steric factors. 

In  summation the success of the experimental 
conditions, which we have devised for carrying out 
Birch reductions, is due to the maintenance in 
solution of high concentrations of aromatic com- 
pound, alkali metal, and proton donor for a suffi- 
cient period of time to allow the reduction to go to  
completion. Under these conditions most aromatic 
ethers are reduced as successfully by sodium as by 
lithium; the only exception seems to be compounds 
of the 5-methoxytetralin type for which lithium is 
the superior reducing agent. For any given aromatic 
compound the yield of 1,4-dihydro compound is 
limited ultimately by structural features which 
determine the rate of 1,4-reduction relative to  the 
rate of 1,Zreduction. 

EXPERIMENTALz9 

General procedure f o r  Birch reducfions. A 1-1. three-neck 
flask is fitted with a stainless steel stirrer, a wide bore adapter 
inlet tube for ammonia gas, and a three-way parallel side 
arm connector carrying a large Dry Ice reflux condenser 
and a ground glass st,opper. Ammonia (300 ml.) is distilled 
into the flask. This is best done, especially on a larger scale, 
by distilling the impure liquid from a three-neck flask 
equipped with a magnetic stirrer using ai1 electric mantlr for. 
heating. The gas is led through a Kjeldahl trap containing :t 
wad of cntton to trap solid particles and through siiitabk: 
wide-bore adapters into the reaction flask. After the reqiiircd 
voliimc: of ainmoiiia has 1)ct.n collected, the inlet I nbe is 
replaced r i t h  a dropping funnel, and a solution of 0.035 inole 
of the :ironlatic steroidal ethcr iii a mixture of 150 ml. of 
tSetmhydrofimm (preferably material st:Lbilizcd wit11 but!,- 

nisole) and 150 1111. of l-but,yl dco11o1 
is addrd with stirring. To the rcsulting solutioii is 
added 0.6 g.-atoin of the alkali metal during a 15-min. 
period. I\lternat,ivcly ahout ' /4  of the metal may hr 
addcd initially r i t h  additional portions ndtlod :LS the metal 
is consumed. After 4-5 hr. the nietiil norinall\. \vi11 have hreii 
ronsnmed (as shown by the c1is:ipl)enrance of tlie hlue color 1 
and the mixtiire is treated caiitioiialy with 40 nil. of riiethti- 
no1.30 If nic0nl is still present, additional niethnnol m:q bc 
added to  s p e d  up its consuniptiori. The ammuilia is allowrtl 
to hoil off through a mercury hiibbler trap so as to prevent 
access of air t,o the mixture. After the mixture has come to  
room temperature, the re:iction flask is fitted with a con- 
denser set for downward distillation into an ice-cooled re- 
criver. The apparatiis is evacuated with a water aspirator, 
the miytiire stirrrd, and 250 ml. of watrr is added cautiously. 
The flask is warmed with a heating mantle (40' max.) to 
distil the tetraliydrofursn; an additional 250 ml. of mater is 
atltied as the distillation proceeds. \Vhen tlie tetrahydro- 
fnraii has distilled, the precipitated steroid is collected on a 
filter and \vashetl well with cold water. The material is hest 
air-dried although samples for spectral analysis should be 

(29) A411 spectral analyses nere performed by Dr. It. T. 
Dillon and his associates of our Analytical Division. 

(30) If the addition of methmol is omitted, deterioration 
of the product occurs after the mixture has warmed to room 
temperature. This may be dur to t-biitoxide ion catalyzed 
conjugation of the doiiblr h i d s  in the 1,4-dihydro rom- 
pound ( c j .  A .  C. Copr and F. A .  IIochstein, J. Am. Chem. 
Soc., 72, 2515 (1050)). 



dried a t  56', 0.1 i n i n . ,  to reniove t h v  \v:ttcxr of h>.tlr:itioii 
which is present in some cases. 

For the reduction of rehtively so1iit)le coniporiiids siivli :is 
.i-niethoxytetralin or trans-] ~-hy~ l ros~-8 -1ne th~~ l -3 .5 - !  1- 
metlioxybenzo]hydrindane thc tetr:iIiydi~ofiir:ir~ ni : t~.  t 
replaced by an equal voliime of ether. In tlicse cases t t i v  
product may be isolated by adding water to the resitliie 
remaining after evaporation of the nninioni:i :tiid extracting 
the product with pentane or pent:me-cther. The coiiil)iiied 
extracts are washed several t,inies with water t)o reniove 
t-butyl alcohol, dried over pot:issium o:trl)on:tte, :i i i iI  thv 
solvent is renioved. 

For large scale 1al)or.ator.j- rodiiotioiis (ea.  100 g. of a r i  

aroinatic steroid) the Dry Ice refiir coiidrnsi~r ii1:ty t)r oiiiit- 
t,ed, but the reaction Hask should I)e insril:ittril (a  I iwti i ig  
niaiitle is convcnicnt), and the ainoiiiit, of liquitl :tmniciiii:t 
iised should be incre:tsecl I)?. :tI)out, 
nioiiia is lost the reaction Iiiixtiiri. 1( 
though a layer of metal-aniiiioiiia ' 
this event more ammonia shoiild lie added. 

Retlrictioris with alcohols othrr thaii &t)iit>-l :ilcohol \VIW 

carrirtl out using the gcrieriil procrdrire giveii abovi: and 
rcphcing the f-lnityl :tlcoliol 11). :ti1 cq1iiv:Llcnt :iniuunt of the 
ottirr alcohol. 

S p d r a l  nnulysis of p r o d u c k  Itesidual :iromatir ether con- 
tents were determined from the absorbance a t  278 InW of 
the crritli) reduction products in niethanol solution. For the 
steroidal ethers concentrations of 1 mg./inl. m r e  employed. 
The coiitent of 1,4-dihydro compound was determined, if 
possiblr, by hydrolysis t o  the a,8-unsatrirated ketone fol- 
loived t)y ultraviolet analysis. A solution of the crude re- 
acstion product (usually 0.01 nig./inl. concentration) in 
nieth:tnol containing about, 1 / 1 ~  its volume of water and con- 
centrated hydrochloric acid respectivel3- \Vas kept a t  room 
trnii)miture for 2-4 hr. The nl)xort):ince nt ca. 240 nip was 
nieasiired and, from this, thc 1,4-dih).dro c~oinporiiitl content 
could l)e calculated. Longer hytlrol> t,inies did not increase 
the alxorbancr at  240 m p .  

Ii'c.t/irction of podocuipiitol 12-ntethyZ elher with calcium. 
'l'hr caalciuni iiiet:il (11.3 g.: 03ti  g.-atom) was dissolved in 
:%OO 1111. of distilled aninioni:,. Aboiit one-half of a niisture of 
J ,50 i~il. c:icli of tetr:thydrofiiraii and /-butyl alcohol \ V ~ P  

: i t l i l i : t l  iulloncd hy a soliitioii of the podocnrpinol 12-nieth!-l 
c'ttwr" (10.0 g . :  0.0:361 iiiole) i n  the remainder of th r  solvent 
iiristiire. \Vit,hin 30 i i i i n .  :tfter thc addition had l)een coni- 
1)lc't id, the cnlcirini was i~onsri~nrtl. Methanol ( 5 0  ml.) M:LS 
: i d t l t : d  cautiously, and t.he :~iniiioiiia wiis dlouml to ev:tp- 
or:ite. The residual slridge was treated with 250 nil. of 
-\v:itcr coiitiiining ,50 g. of potassium carImn:tte :ind the 
niistiirr was filterccl. Thc gchtinous prrcipit:ttr \vas w:tshrd 
wpeatedly on thv filtcr with niethanol, st irrrtl ivith meth:inol 
i i i  :i l)c:Lker, aiid :tgnin collected on a filtrr :inti ivashrtl with 
niothanol. The prt.cipitatc \\.:is air-dried aiid then washed 
f i i r thrr  with niethanol. Tht, roinbined filtratcxs nxirt' distilled 
iintler : I I I  aspirator vacuuiii to removi' the methanol, and 
rhc water insoluble product was collectod. I t  was taken up 
in cther, the solution stirred with charcoal :tiit1 thcn filtered, 
:tilt1 thc prodiict recovered h>- removal of the solvent; 
> i c b l t l ,  9.3  g. Spectral analysis showed the prrsence of 1.7% 
starting material and 57% 1,4-dih)dro coinpound. The 
strrictiire of the dihydra compoiiiitl has been discussed by 
Bible and Burtner.28 

The reduction of estradiol :3-1nethyl ether with calciuni 
w:ts carried o u t  in a siinilar fashion. 

Reductioti  qf 5-methory te t ra l in .  ( a )  wilh lithium. The 5- 
Iiiethoxytetralin (10.0 g.; 0.0618 inole) was reduced with 
lithium (7.0 g. ;  1.01 g.-atom) in B inistiire of 300 nil. of dis- 
t,illed ammonia, 150 ml. of ether, and 150 nil. of t-butyl alco- 
hol. After a rpaction period of 6.5 hr. the escess lithirini was 
(lestroyed h>. the cautious addition of 60 ml. of methanol, 
:tnd the animonia was allowed to  evaporate. The residue was 
cliliited with 400 nil. of water, and the product isolated by 

( 3 1  ) Iiiiiclly dunat,ed by L)r. K. H. Bible, Jr. 

csxtraction with p ( ~ i i t : i i i ( ~  :is ilwcrilied akiovc.. 'lk crude oil 
\vas dissolved iii 60 nil. of nic,thauol containiiig 5 nil. of \$.atc!r 
and 1 ml. of cw~icd. h~.droc~hloric acid. After 2 hr. :t soliitioii 
of 7 g. of scinicarh:izidi~ h~~drochloride and 10 g. :inhydroiis 
sodium acsetnto i i i  15 1111. of s.:itcr \vas :tcldetl, and the niis- 
tJrire \vas u-arrncd oii :i s t ( x i i i  1)atli for  1 hr. After being cooled, 
the mixture \vas diliitetl Lvitli 30 ml. of n-:iter, the methanol 
was removed iilitler v:tcu~iii~ am1 the semisolid precipitate 
was collected. It \viis \\-:islicd with water, ether. and penhrie 
:ind thenair-dritd: \\-t., 8.1 g.(ca. 63',;.);ni.p. 180-105".1Vilds 
and xelson6 obtainrd :I 55 -58: ( yield of A-!~,l0-octalonc-l- 
( ~ , ~ , 3 , G , 7 , 8 - h t ~ ~ : ~ l i ~ ~ ~ l r o - l ~ L ' ) - 1 i : ~ ~ ~ h t h a l e n o 1 i e ) , ~ ~  a 7:; yield 
of 1-tler:ilonc: (:~,l,-L:i,.i!(i,;,8,8a-octatiydro-l(2)-naphthal- 
I ~ T I O I I I ~ ) , ~ ~  :tiid n 1 0  I ( \ ' ,  > . i ( ' l [ i  of oc,t:iliris 1)). rcvlirc,tion of 5- 

.O g.; 24' :issiiniiiiK rnatri~i:tl 
t o  I:irgcl>. oc:talili+ rwovcfirtd f i , o i i i  t h t t  rtcam (listillate 
:LIKI  rtticar : i I d  peritaw \v:isliiligs liatl iio c*:trlion?.l alisorptioil 
i r i  the i i i lrard,  arid t h c ~  iilt ravioliat al~biirption a t  278 nip 
showwl the I)rtwmce of liw than :$(, of stsrting 1nateri:tl. 
'I'his is rqriiv:tlrnt t o  l t w  t l i i i r l  1 ' ,, i l l  t l i v  origiri:il starting 
I iiat erial. 

(b)  H'ith ,sotl irc/~i. .\ i i i i i i l i i i ,  ridiic,tioii d ~ - i i ~ i . ~ I i i ) x ~ ~ t ( ~ t r a l i i i  

\\it11 sodiuni ( 2 3  g.)  :iA'ordctl 2.75 g. (21(:; ) of seriiic:irl):tzoiic: 
:tnd 6.60 g. of nonkc~tonic n1:it~~ri:iI. This 1:ttti.r :~ssaycd 
754;; st:trting ni:it,c:rinl \vhieh (:(I ponds to 50Cj, of thv 
o r i g i d  starting ni:ttt~ri:il. A cli i  : i t c h  rrduc'tion gave :t 
24y0 yield of sc~niic-iirbazonr : u l d  :t S1 4; rcwivc.ry of starting 
material. 

KedzcctiorL of /t-cUclohexU!urLisoie ioilh soditrvi .  4 - Q . ( ~ l i ~  
hesylanisole (10.0 g. : 0.052 niolr) \\:is rrdiicrti uith sodirini 
(12.0 g.; 0.052 mole) in a mixtlirc, of 600 nil. of tlistilltd 
liquid ammonia, 300 ml. of tetrirhq-drofiiran :inti 300 ml. [ i f  

t-but,yl alcohol. ;\fter 5 hr. the nlixtiirr was still I ) luv ,  : inti  
t,he excws sodiuni \vas clest,roycd k)y the wutioirs :iiltlition 
of 7 0  ml. of methanol. Thi. product JYM isoltttrtl I)!. wniov:il 
of thr t1.t r:ih>drofur:in :tiid extr:ict ion into pent an(, :ts 
described abovt~: wt . c w i t l i '  product, 8.t2 g. The ultraviolet, 
spectrrini sho\vrd thv prcw~nct~ of 0.:$5yb uiircvliicc~tl start,ing 
iil:iterial. Five gr:iins of t h v  Itrude solid was convvrtcd t,o the, 
sr.mic,arliuzori(' of -I-c:~~i~lohcx~l-3-(~y(~loh(~x(,li~i~i~~ 1,:. rv- 
flrising in 30 nil. of meth:tnol and 5 nil. of \v : ikr  \vith :3.9 g. 
of seniicwliazide hjdrorhloridr and 2.9 g. : tnIiydr~iii~ sodiriili 

ac r tn te  for 2.5 hr. The mixtiire was cooled, the prodiicatm cwl- 
Ic,c.t,rd on a filter, wished with water and ether, and :tir-dric:tl; 
\v t .  5.90 g. m.p. 182-192', lit.6 m.p. 194-1!15'. Thi! crud(: 
yield corresponds to an 8-tr;. over-all yield of I ,1-dih>~tlrit 
compoiind. Wilds and X('lsoii6 reportrd an 84-88' yieltl i n  
this rediiction usiiig lithium. 

uction using only one-half the vo1illnc.s of 
ilnr resiilts except that the crudt, prothirt 
f rvsidual starting material. The starting 

ni:ttc~ri:il and its 1,l-dihydro drrivativc wrrp not coni- 
pletely soliihle in thv sinaller voliinie of solvcnt. Jncomplc~tc~ 
rrduction C6.Sc3; unreduced'l \\'as also observed nh rn  t,hl. 
tc,trahydrofuran was rqilnced by the less c~ffrctivc~ solvrnt. 
rthrr. 

E J e d  of iron, on the rate of Teaclion os alcohols u:il/r t r / k i i [ i  
metals in liquid ciiiriiionia and on  the Birch redzdio /r .  oj' e s t r w  
diol Y-rriethj/l ether. The alkali niet:il (0.38 g.-atom; 2.31 g. 
of lit8hiiini, 7.67 g. of sodium, 13.0 g. of potassium) was addrtl 
to  a mixture of 200 1111. of distilled ammonia, 80 inl. of tetr:i- 
hydrofuran, and 0.85 mole of the alcohol (80 ml. of t-britJ.1 
alcohol, 50 nil. of ethanol, 34 nil. of niethanol). The resulting 
t v o  phase iiiixture \\-as stirred vigorously under a Ilry ICI, 
reflux condenser. ;ind thc tiinr rtqiiired for tht, disappearancc 

(32) The seiiiicarl)nzonc of A-!),IO-oi:t:iloiie-l has bt.ci1 
reported [J. W. Cook iind C. .4. I,awrenw, , J .  C'heni. Soc., 
1637 (1935)l t,o n d t ,  a t  242-243'. 
(3) Thv nielting point of truns-l-tl<~calonr srmii:arbazonv 

h s  bern rrportid as Y2R--2:3Oo [IT. Huvkrl, .1 t m . ,  441, I 
(1925)] :tiid :ts 270" [ I ) ,  Biqii:trd, Btd1. SOC. c , h r ' i , r . ,  8 ,  725  
(1911)l. 



of tlira bluc color was noted. For tlic introduction of iron, 
:iliquots of it stock solution of 0.1 g. of anhydrous ferric: 
chloride in 100 ml. of tetrahydrofuran were addod. Thus for 
example, in onr c:speriment nbing t-butyl dcohol, 1 1111. of 
this solution \\'us added; assuming that the liquid voluinc!: 
ar(2 additive, this is eqnivalrnt, to 0.001 nig. of iron per nil. 
of reaction mixture which \ye regard, for convenience, us 
equivalent to 1 p.p.ni. Corresponding aliqiiots were taken for 
other iron concent.rations :tiid experiments using the other 
alcohols. In  cases vhere the reaction times were very short 
(< 10 inin.), the :ilrohol and/or  ferric chloride were added 

last to the other reagents so ns to avoid the time normally 
required for the metal to ',nielt" in the reaction mixture. 

The effect of iron on the Birch reduction of estradiol 3- 
methyl et>her vas studied using 6.5 g. of the steroid and the 
quantities of other reagents (t-biityl alcohol !as proton donor) 
given directly above. Lilcewise the addition of definite 
amounts of iron was done in a fashion similar to that  
described. The products were isolated and analyzed for 
unreduced starting material as described earlier. 

CHICAGO 80, ILL. 

Preparation of Substituted Ferrocenes from 
Fulvenoid Compounds' 

1,2-Diaro \~ l~ :~c lo~~c~i i tad ie i ic~~ readily form sulistituted c~!-rlo~eiitadir~~i(le ions with bases, but these anions do not react 
with ferrous chloritlt? to j,ieltl suht i tuted ferrocenes. Howvrr ,  prior rediirtion of the carbonyl groups with lithium aluminum 
hydride followed I)!. treatinent with ferrous chloride yieldp 1.1 ',',2'-tetrat)eri~ylferrocenes. T'nsubstituted tetrabenzyl- 
ferrocene and a scarier of srihstituted tetmbeiizylferroceIir~~ wew prepared. T h r  xi1)stituents. on all four benzyl groups in 
each case, inrlutlrrtl p-inc:thyl, p-fliioro, o-rhloro p-rhloro, )Jt-hrotiio, and p-l)roino. 

t1ciiioiistlatc.d t o  oxist to  iiii cxtent grenter thaii SOYo 
iii the hydrogen tmidcd eiiol forin, 11. 

l>i:iroylcyclopeiitadieiies rr:idily form salts with 
strong Iiases; this suggested :I possible m i t e  to  
tctr:iiiroylfcrrn(~ri~es. IIT, by rrwt ion with ferrous 
ioiis. So diffiviil ty \vas cwcwiiiitc~rcd in preparing 
salts of tlil,riixoyli.y(~lo~)~iitadieiir; however, thrk 
irsiilt iiig aiiion f:tilrd i i i  id1 :Ittempt s to "saiid\vi(~h" 
with iroii. 'I'hc iittcrnpts c~mployrd :IS bases phenyl- 
lithiiiin i i i  cthcr, socliiiin ethoxidc iii ethanol, and 
tliethylaiiiiiic. :is both haw arid solvent, Oidy rr- 
c ~ n ~ r y  of clil~c~iizoyl~~yclopeiitadiriir resulted with 
the phc.iiyllithiiini aiid with sodiuiii ethoxide, whil(> 
tliethylamiiie produvcd only tars. Apparently thr 
p i  clrc7troiis in thc  dibc.iizoyl(:yc~lopeiitadieriide ioii 

:LIT too drlocalizcd for rffecti\.e sandwiching. 
The fniliires of tht. :hut rrartioiis \WIT :~scribetl 

to  ewrssiv(> cleloc~aliaat inii of thr pi ralectroiis 
fo i .  thr saiidn.icbhiiig rraction ivith friv)iis chhlorid(s. 
. h o r d i  ugly, i i i  ordcr t ( 1  vi i-ri iiiiveii t t h i.s d i f h  11 t y 
:tiid to iiicwasc. t h t i  :i\xil:it.)ility of tho riiig (>lecti.oiis, 
thc curlwiiyl groiips of  tlil~c~iixoylc.~-c.lopclitaclieii~~ 
TUW i * c d i i c d  wi th  lithiiiin :diiniiiiiiiii hydride prior 
to saiidnichiiig. l'hc rcdiiotioii inisttire in ether was 
directly iiitrodnc8c.d to alihydrow ferroui. cshlorictc i l l  

tctrahydrofuraii, :~iid from thr iwultiiig rwctioil 
was isolated 1 , I ',2,~'-trtral)t.iixylf'c~rI.oc.t.iic, IVa, 
in 1:3%, yield. 

The generality of this prucedure as a method fur 
preparing tetrahciizylferroceiics of  knowii substi- 
tution pat terns \vas wtablished hj. preparing simi- 
1:ir dcriviltivcs st:irting ivith siitwtitriird benzoyl 
c~hloridcs. S1:trtiiig \vit,h p-inrth?.l-, p-fliioro-, O- 

rhloro-, p-vhloro-, miironio-, and ~ ~ - h r o i i i o I ~ t - ~ i i z ~ ~ ~ l  


