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the course of the one-step reaction is identical with both oxidizing agents,
resulting in the acid R—COOH, because periodic acid is able to split the
possible intermediate product R—CO—CHO, the same as it does any as
ketoaldehyde. a-Diketones are attacked only slowly to give, by the split
ting of the C—C chain, 2 moles of monocarboxylic acid.'” According to thy
work of Nicolet and Shinn!?! a-hydroxylamines are also oxidized like i
glycols. Since the a-amino acids react at least a thousand times
slowly than the a-hydroxy acids, formaldehyde and glyoxylic acid origing
for example, from serine, CH,(OH)—CH(NH.)—COOH, by division
tween the a and 8- —C— atoms. Diethanolamine, CH,(OH)—CH;—NH=
CH,—CH,0H, decomposes in a fast reaction into 4 moles of formaldehyg
and 1 mole of NH;. At first the division probably proceeds in one plag
forming CH,0 and CH,=N—CH,0H; this decomposes under hydroly
into a second mole of CH,0 and H,N—CH,—CH.0H, which is oxidized
periodic acid to HN=CH, and CH,0, whereupon the imine finally deco:
poses into NHg and CH,0. If the nitrogen atom in an e-hydroxyamine
tertiary, there is no oxidation, (CoHs)eN—CH,—CH,OH being stable.

In closing, periodic acid possesses a plain superiority for the oxidat
of compounds which are soluble only in water and which are oxidized

_difficulty. In these cases the earlier mentioned oxidation with lead

acetate in aqueous medium cannot be used. Thus the oxidative deg
tion of the starches, investigated by Jackson and Hudson'*? and others,**
is possible only with periodic acid.

Jehydrogenation with Sulfur, Selenium,
and Platinum Metals

By P. A. PLATTNER
Translated and revised by E. C. ARMSTRONG

During the pasttwenty-five years, dehydrogenation has been established
as a most useful aid in studying the constitution of organic natural prod-
uets. The method achieved its first great success in polyterpene research,
nd since 1921 has been systematically used and developed in this field by
zicka.! It was well known at that time that the naphthalene hydro-
arbons cadalene®® and eudalene?® could be obtained from some sesquiter-
enes by dehydrogenation with sulfur. The same procedure applied to
mple terpenes, such as limonene and terpinene, resulted in the formation
[ p-cymene,® which had long been recognized as the parent aromatic hy-
drocarbon of these terpenes.
- It had previously been proposed, first by Wallach*and later by Semmler,?
certain sesquiterpenes might be hydrogenated naphthalene deriva-
ves. The dehydrogenation results obtained by Ruzicka confirmed this
othesis in a manner surprisingly straightforward from the experimental
dpoint. Further insight into the structure of the carbon residues of the
uiterpenes in question was soon provided by the identification of cada-
ne, both by analysis and by synthesis, as 1,6-dimethyl-4-isopropylnaph-
ene,’ and eudalene as 1-methyl-7-isopropylnaphthalene.”
The results obtained in the sesquiterpene series furnished the basis for
er applications of dehydrogenation methods. The conversion of
terpenes, such as abietic acid, d-pimarie acid, and agathenedicarboxylic
, into phenanthrene derivatives has helped to establish the constitution
i these compounds. The same holds true for the chemistry of the triter-
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123 Cgldwell and Hixon, J. Biol. Chem., 123, 595 (1933). Grangard, Michell, ant
Purves, J. Am. Chem. Soc., 61, 1290 (1939).
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penes, some of which can be classified as hydrogenated picene derivatives,
on the basis of dehydrogenation results.® B 1 resctions almost e e :
Successful applications of these methods have not, however, been con- ‘?eI;, oef benzene]rgr?;tci)};fclll;i:eiislf;nza;g? a'tm K o i
fined solely to polyterpene chemistry. For example, the dehydrogenat BB dchydrogenated, 8o called aromatic hzlfig Sys?t?nm, and the com-
of cholesterol and cholic acid has played an important part in determin B six-membered Hings, such as o rocycelic compounds with
the structure of the sterols., In 1932, the results of such experiments 4 es,1? of which the nuclet,ls i hz; Iene and Pyl‘ld_llle-_” The
Rosenheim and King,® and Wieland and Dane'® to anew and now generall; % and a seven-membered ring, form a 31:1 f ene lype combination of a
accepted formulation of the entire sterol chemistry. Dehydrogenation i smatic systems which is eXtI'EIn’ely §5i s est}')p e;n OG> Lasep v.fell known
largely responsible for the advances made during the last few years in In contrast to the azulene s tructﬁre lflgl r:£ Ehe theoretical stand-
fields of the sterols and bile acids, the sex hormones, the D vitamins, rings generally are not dehy drogenat’ CIISO ?‘ : i and' seven-mem-
cardiac aglucons, and the carcinogenic hydrocarbons. The method ha ple, they are combined with a benzenee iy enL‘? }'1en,. as in indane for
been applied successfully to the investigation of other natural products sul t be introduced into the longer aliphati rmf’_ g‘e“'lse; double bonds
as alkaloids, and its field of usefulness is likely to be expanded still furtheri ion methods, except in a few Specir:al ¢ — 31,111:;1 ¥t t{sua,l dehydro-
the future. Depending on the desired goal, emphasis may be placed ogenation reagents of these com munﬂjeg_ . he behavior toward de-
either the synthetic or the analytic aspect of these investigations. Althoug genated will be briefly discusse d for the iln divic? :J ich cannot be dehydro-
dehydrogenation reactions have been used to an increasing extent, dur . Oxidation processes, which on the bas'u fcaie..
the last few years, in the synthesis of polyeyeclic aromatic compounds, iechanisms were formerly classed as deh (;j‘ et o prol?a,ble reaction
principal value is still in determining the constitution of organic na sed. s dehydrogenations, will not be dis-
products. This application will therefore be considered first. ¢
The fundamentals of this work can be outlined as follows.! It is
tremely difficult and time-consuming to establish the structure of the h
molecular weight alicyclic compounds by the ordinary systematic meth
of analysis. If these substances can be converted, in an unequivocal m
ner, into the parent aromatic compounds, then such questions as the
tive positions of the rings and of the substituents can be answered ¢
paratively easily, and a large number of possible isomers can be eliminaf
from consideration. Furthermore, the parent aromatic compounds
hibit typical properties, absorption spectra for example, and also are mu
more readily identified by synthesis than are the hydrogenated derivati
In a familiar ring system it is much easier to determine the positions of
carbon-to-carbon double bonds and of the substituents, and to establish #
stereochemical relationships.

1. SCOPE OF DEHYDROGENATION METHODS

Inasmuch as we are considering dehydrogenation esgentially as an al
in determining the constitution of organic compounds, we can omit an
haustive discussion of the theoretical basis for the formation of unsatur
and aromatic systems from more completely hydrogenated compounds.

y seems sufficient to confine the discussion of the products of dehydro-

II.  VARIOUS DEHYDROGENATION METHODS
AND REAGENTS

: De%idrt)genati?n reactions. have been used intermittently for a long
4 wa,seuzzgi?ftwe fb:iomlma:tion 1_11etl.10d of von Baeyer and Villiger,!3
2 . d; ccessful Iy in u'n-'esugatmg the terpene series, and the de-
i composition with manganese dioxide and sulfuric acid!41
‘ o early methods which have practically no application at the present

Igst?lf\};c .d(;l-fydmgenatlon in the vapor phase, especially with nickel
E I;h;gim :1 Illn rrf)dltlgsd as a general method by Sabatier and Senderens!®
A Zgl p t . century. It was improved and systematically in-
E 1»equir(-q 1rns yhjthrough t.he use of platinum metal catalysts. Since

B sp]imnd v cryf gh reaction temperatures and therefore readily
i lg;oglt of carbon atoms and other side reactions, palladium and
R dj_{-;f ysts are generally much better. There seems to be no funda-
erence between the action of palladium and that of platinum

"-.i }Il'] lickel, Theoretische Grundla
_“Pziﬁtt.:[}:(’.lpzlﬁ,lg?iil, Vol. I, 365 ff.
» ner and Pfau, Hely. Chim. Acta, 20, 224

» éi}g alliaq{:l and Villiger, Ber., 32 (B?'Mgé—gil??(%éég??)

5 Ru:iock- Ruzmkg, chinz, and J. Meyer, Helv. Chim. Acta, 6, 1077 (192

u i a 3231 IR;J:dol}}h, Helv. Chim. .‘f cta, 10, 915-920 (1.92’7).’ e,

R 01 ytic Hydrogenation (German), Akadem. Verlagsgesellschaft
L}

) ¥
Zelinsky, Ber., 44 B, 3121-3125 (1911).

gen der organischen Chemie, Akadem. Verlags-

8 T, Ruzicka, Angew. Chem., 51, 5-11 (1938).

s Rosenheim and King, Chemistry and Industry, S1, 464-466, 954-956 (1932).

10 Wieland and Dane, Z. physiol. Chem., 210, 268-281 (1932). Wieland, Dane, at
Martius, ibid., 215, 15-24 (1933).
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Other platinum metals, such as ruthenium, rhodium, iridium, and osmium
have been tried by Zelinsky and Turova-Pollak.®1
The systematic use of sulfur as a dehydrogenation reagent dates ba
as previously mentioned, to Ruzicka.!=* Even before that, Curie,” Kelbe,
and Vesterberg?? had used sulfur in the dehydrogenation of rosin and
abietic acids derived from it, and had thereby obtained retene, but the gen
eral importance of this method was not realized at that time.?
The use of selenium for dehydrogenation was introduced by Diels®® ang
was quickly adopted, since selenium has a number of advantages over
fur. On the other hand, the relatively high dehydrogenation temperature
necessitated by the use of selenium also involve various disadvantages.
In addition to these common reagents, various others have occasio
been used.? It is interesting to note that activated charcoal, which is ofte
used as a carrier for the platinum metal catalysts, can cause dehydrog
tion by itself.?—* Under favorable conditions, even atmospheric 0X]
gen,® selenium dioxide,” concentrated sulfuric acid,® ete., can effect d
hydrogenation. The use of dialkyl sulfides instead of sulfur for dehyd
genation was proposed by Ritter and Sharpe.? Chloranil was introduced
a mild dehydrogenation agent by Arnold and Collins,?? and has since
used by Barclay and Campbell* for the dehydrogenation of carbazole
its derivatives, and by Crawford and Nelson® for the preparation of 2,
diphenylnaphthalene from the 3,4-dihydro compound. Other experimen
with these reagents have not been successful, however; so their use in th
degradation of natural products is open to question.

peenations, those in which no cleavage, formation, or rearrangement of
n-to-carbon bonds oceurs, are relatively rare. In most casps. iu.cleed
g real dehydrogenation reaction is accompanied by partial tllmﬁajl eﬂ’ects,
sh as cleavage of quaternary methyl groups. Attempts have bEEI;
wde to in\festigate the thermal decomposition and the dehydrogenation
parately,®® but such a procedure, probably justly, has found no general
cation in the actual determination of constitution. -
: Ca,talyt'ic dehydrogenations are probably based on fundamentally dif-
rent reactions than are the dehydrogenations with sulfur and selenium
the final effect, however, the dissimilarities in these three most commorl
ods are th very important and seem to be due for the most part to the
erent reaction temperatures. Separate treatment of the threé methods
c{'.hclrefom Iogica}ly be omitted. However, the peculiarities of the in-
\ 51;5:}3:?:2‘8 will be noted, where necessary, in the course of the de-
_ Originally, dehydrogenation reactions were confined almost exclusivel
hydrocarbons, but recently compounds containing functional grou sy
h as hydroxyl, have found increasing use as starting materials Ilgl mall)l ,
the rezaction products formed from these compounds are diff-ereut frorf::
obtained from the parent hydrocarbons; so much broader conclu-
# may be drawn from the’ dehydrogenation results. Also, it is often
sible to preserve the functional groups during dehydrogenation, or at
t to detect them in recognizable form in the final products. Keto ’rou -
example, can be converted into phenolic hydroxyl groups Siﬁce 5})15&:
se of the dehydrogenation is often consjderably influenced i:)y the func-

groups present, i ior i : . .
. ﬁrs1r;). , their behavior in dehydrogenation reactions will be

I11. REACTION MECHANISMS

Little is actually known about the reaction mechanism of dehydrogena

tion. The problem is complicated by the fact that entirely normal dehy:
. IV. BEHAVIOR OF FUNCTIONAL GROUPS

dj:]i ;Egoht be;xpected, tertiary hydrozyl groups are readily split off dur-

oy %ﬁgsﬁ uirln. 11.1 genera}, the pmdqcts are identical with those ob-
oy djregt rdo;a{(il)on, as 1s- show_n by the formation of eudalene from
b 2e ydrogenation with sulfur,® and from 2-(hydroxyiso-
k- C); —1, {3,4-tetrahydron§,phthalene by dehydrogenation with
E ‘t > atalytic dehydrogenation with palladium-charcoal readily

ertiary hydroxyl groups attached directly to a saturated ring

jem 8,39
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Secondary hydroxyl groups are often split off in the form of water before
the real dehydrogenation begins. To avoid the frothing which aceom-
panies it, the removal of the water is best carried out carefully in the re-
action vessel prior to the true dehydrogenation, as recommended by
zicka and co-workers in the selenium dehydrogenation of cholic acid.
composition of the products is not altered by this procedure.* At the
tively high temperatures of selenium dehydrogenations, secondary hydroxy
groups are usually eliminated, and the products are almost exclusively hy
drocarbons. For example, eyclopentenophenanthrene derivatives are ob
tained by the selenium dehydrogenation of androstenediols.* In the
triterpene series such dehydrogenation products as 1,2,5,6-tetramethy
naphthalene (IT) appear, the formation of which must be explained by re
tropinacoline rearrangement according to Formulas I, Ia, and TL.4248 .
Surprisingly, the acetates of triterpene alcohols appear to behave d
ferently, since in their dehydrogenation the retropinacoline rearrangement
is strongly repressed.44:4 ‘
Although in general hydrocarbons are the chief products of dehydro-

H,C CHR
HO— H CH;
A|B | cn, ;
LN CHy—(" CH;
g\ ol oloos——s | & \/<6Ha WL
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CH,
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T, Ruzicka, Goldberg, and Thogam;', _ﬁ)eﬁlv(.lgg? Acta, 16, 813 (1933).
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42 E}lt’Re:.:}zlincka?rbuldbe;lg): an(::l K. Hofmann, Helv. Chim. Acta, 20, 325-328 (19 37,
4 I,. Ruzicka, Schellenberg, and Goldberg, Helv. Chim. Acta, 20, 701-804 (1937).
4 . Ruzicka and Lamberton, Helv. Chim. Acta, 23, 1338-1345 (1940),
4 L. Ruzicka and Rosenkranz, Helv. Chim. Acta, 23, 1311-1324 (1940).
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genations carried out under such relatively vigorous conditions, it is also
usually possible to detect certain amounts of oxygen-containing compounds,
such as phenols. One of the most notable examples of this was the isola-
tion of 1,8-dimethyl-2-hydroxypicene (I1I)*:4* from the dehydrogenation of
amyrenes. The constitution of this product was established by the synthe-
gis of the methyl ether.® By this reaction the relative positions of the 24
carbon atoms and the characteristic hydroxyl groups of the corresponding
triterpenes were conclusively established. A trimethylnaphthol,* - which
was later . identified .as hydroxyagathalene (IV) (1,2,5-trimethyl-6-hy-
droxynaphthalene),®% and which is formed from the Rings A and B
(Formula I) of the triterpene, was obtained as an additional phenolic dehy-
drogenation product from most of the triterpenes. Mention should also be
made of the formation of 7-hydroxy-1-methylphenanthrene from the diter-
pene alcohol totarol,® and of 9-phenanthrol from 9-hydroxyoctahydro-
phenanthrene.®® An example of a similar dehydrogenation carried out under
very mild conditions is the conversion of neoergosterol (VI) into a naphthol
derivative (VII).®* Secondary hydroxyl groups protected by methylation
may be unaffected even by selenium dehydrogenation.

Cyclic ketones are very readily converted to phenols by dehydrogena-
tion. This reaction was thoroughly studied by Darzens and Lévy,% who ob-
tained phenol from cyclohexanone, and a-naphthol from a-tetralone, by de-
hydrogenation with sulfur or selenium. Ruzicka® has investigated the de-
hydrogenation of {rans-8-decalone and 3-methylcyclohexanone. Horning®
obtained the corresponding phenols from some alkyleyclohexanones by re-
fluxing with sulfur for 1 hour; the yields were 26 to 29%,. According to
Fieser, Hershberg, and Newman,® the corresponding hydroxybenzopyrene
is obtained from the ketone (V) in about 209, yield by a short dehydrogena-
tion with sulfur at low temperatures (220° to 230° C.); with selenium at
310° to 320°C., however, 1,2-benzopyrene is the main product, only traces
of the hydroxyl derivatives being isolated.

A number of examples are known of the formation of phenols by the

% L. Ruzicka and K. Hofmann, Hely, Chim. Acta, 20, 1155-1164 (1937).
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53 Honigmann, Ann., 511, 292-301 (1934).
& I, Ruzicka, Rey, and Smith, Helv. Chim. Acta, 26, 2057-2063 (1943).
8 Darzens and Lévy, Compt. rend., 194, 181-183 (1932) and later articles.
s L. Ruzicka, Helo. Chim. Acta, 19, 419423 (1936). 2

5 Horning, J. Am. Chem. Soc., 67, 1421-1422 (1945).
% L. F. Fieser, Hershberg, and Newman, J. Am. Chem. Soc., 57, 1509-1510 (1935).
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o  methyl B-(5,6,7,8-tetrahydro-2-naphthoyl)propionate; methyl
,4—'tet1-a.hyd ronaphthyl) ketone; 1-(1,2,3,4-tetrahydro)naphthyl-2-
anone; and 1-(1,2,3,4-tetrahydro-1-naphthyl)-3-butanone. The re-
}ndicate that the course of the reaction is greatly influenced by the
on of the carbonyl group in the side chain and in relation to the hy-
enated structure. The carbonyl groups in the first two of the above
sounds were reduced to methylene groups; the last three compounds
catalytic dehydrogenation of cyclic ketones. 7-Methyl-1-naphthol is ok ted no reduction of the carbonyl groups. Methyl 1-(1,2,3,4-tetra-
tained from 7-methyl-1-tetralone with palladium,* thymol from piperi naphthyl)ketone and 1-(1,2,34-tetrahydro-1-naphthyl)-3-butanone
with nickel® or palladium,! and chrysenols from ketohexahydrochrysene d dehydrogenation, most of the starting material being recovered un-
also by the use of palladium,®2.63 nged. 1-(1,2,3,4-Tetrahydro)naphthyl-2-propanone was smoothly de-
Some dehydrogenations of this type have been investigated in detail b drogenated to the naphthyl ketone in a yield of 847%.
Linstead and Michaelis.® a-Tetralone, ar- and ac-B-tetralol, tra From the fact that phenols are often obtained as products of the dehy-
‘decalone, cis- and ¢rans-B-decalone, cis- and trans-g-decalol all give the: genation of cyclic ketones, it is understandable that free and especially
corresponding naphthol in yields of 12 to 609, along with varying amoun hylated phenolic hydroxyl groups are often unaffected by dehydrogena-
of naphthalene. The compounds which are already most nearly in This is especially true of dehydrogenations with sulfur.”>—7¢ With
aromatic state can be dehydrogenated under milder conditions and nium, the elimination of hydroxyl and methoxyl groups has been re-
correspondingly more naphthol and less naphthalene. The investigatio ed,”>™ as well as instances in which these groups were retained,®
has also been extended to terpene ketones,® which can be converted to hich indicated that dehydrogenation temperatures above 300°C. promote
thymol and carvacrol in very good yields. elimination. The examples given by Kon and Ruzicka,® especially,
Eztracyclic kelo groups, on the other hand, are often unaffected by d firm this.
hydrogenation under relatively mild conditions. According to Barbot, f In general, phenolic oxygen atoms are more likely to be eliminated dur-
example, g-acetyltetralin can be converted by sulfur into methyl naphth dehydrogenation at the higher reaction temperatures. At the present
ketone in 709, yield. It is interesting to note that anthraquinones e there is no definite information about the effect of the position of the
readily obtained by the dehydrogenation of hydrogenated anthraquinon “oxygen atoms on the ease of elimination.
especially with sulfur. Johnson and co-workers® converted 3’-keto-3, - Examples of dehydrogenations of compounds containing primary
dihydro-1,2-cyclopentenonaphthalene to 4,5-benzhydrindone-1 by deb droxyl groups are not very numerous. By the dehydrogenation of
drogenation with sulfur for 1 hour at 220°C. ietinol (VIII),® Ruzicka and Meyer®* obtained retene (IX), which is also
The catalytic dehydrogenation of some ketones derived from tetras Hformed from abietic acid itself** and from methylabietene (X).## On the
hydronaphthalene has been investigated by Newman and co-workers,®
who dehydrogenated the following compounds with palladium-charcoal
under fairly vigorous conditions: methyl 2-(5,6,7,8-tetrahydronaphthyl)

Z
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other hand, if water is first split out of abietinol, the main product is
homoretene,®® which has been identified as 1-ethyl-7-isopropylphenans
threne.®% Similar relationships have also been observed in the dehyd
genation of d-pimaric acid.*—*" Therefore, during the elimination of wate
from abietinol (VIII), a retropinacoline rearrangement takes place, wh
results in the formation of XI; this rearrangement does not occur d
Also, retropinacoline rearrangement to :"
ethyl derivative does not seem to result from the dehydrogenation
OH).® Derivatives which would correspond
homoretene and to homopimanthrene (l-ethyl-7-methylphenanthrene
cannot be isolated for this reason.®

In connection with the dehydrogenation of hederagenin, it is interes
ing to note that there seems to be no migration of one of the geminal meth
groups, which in other cases results in the formation of 1,2,5,6-tet
methylnaphthalene, %48 indicating that this product is not formed wh
one of the geminal methyl groups carries an oxygen atom. This is true
the dehydrogenation of the corresponding aldehyde, gypsogenin,®-% as wel
as of hederagenin itself.

Newman and co-workers® ™ investigated the behavior of some prim
alcohols in connection with their study of the catalytic dehydrogenation
substituted tetrahydronaphthalenes. As in the case of the ketones, the
action of the primary hydroxyl group appears to depend on its position
tive to the hydrogenated structure.

Ei /
H.p@_(/ /H(}H. _ %ﬁ(} /ISH

(VII)) R = OH
X)R=H

the direct dehydrogenation.

hederagenin (I, R

|
R
3 ¢C CHI
H
s

A great many compounds containing free and also esterified carbo
groups have been dehydrogenated. The formation of retene from al

% L. Ruzicka, de Graaff, and Miiller, Helv. Chim. Acta, 15, 1300-1303 (1932).
8 Haworth, J. Chem. Soc., 1932, 2717-2720.
8 L. Ruzicka and Balas, Helv, Chim. Acta, 7, 875 (1924).
# For the constitution of hederagenin and gypsogenin, see L. Ruzicka and Giael
mello, Helv. Chim. Acta, 20, 209-309 (1937).
# L. Ruzicka, Hosli, and Ehmann, Helv. Chim. Acta, 17, 442-455 (1934). 1
% L. Ruzicka, Briingger, Egli, Ehmann, and Goldberg, Hely. Chim. Acta, 15, 149€
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i by dehydrogenation with sulfur, which was one of the first, dehydro-
B t,i;m reactions to be thoroughly investigated, shows that decarboxyla-
' can readily oceur under these conditions. Ixperience in a number of
i ogous cases indicates that a carboxyl group on a quaternary carbon
is readily split off, even when it is esterified.™ Thisis confirmed not
ly by the behavior of natural produets but also by the results of synthetic
I 01,92 -

~ Qecondary and primary carboxyl groups, on the other hand, are very
kely to be retained during dehydrogenation. Probably the first applica-
1 of this tendency was made by Darzens and Lévy*? in the preparation of
methyl-7-isopropyl-3-naphthoic acid from the corresponding 1,2,12,4:
strahvdro compound by dehydrogenation with sulfur at 230° to 240°C.
_Methyl-a-naphthoic acid, however, could not be prepared in this way,
Gince carbon dioxide was always split out during dehydrogenation.** The
srocedure was later extended to phenanthrenecarboxylic acids® and in re-
nt years has frequently been applied to preparative work. Kxamples of
application are found in the work of Darzens and Lévy,*—* of Fieser and
Hershberg, 9% 1% of Cohen and co-workers,¥*=1%* and of Newman.'** The
hydrogenation with palladium-charcoal of esters of some tetrahydro-
phthylcarboxylic acids was studied by Newman and co-workers.®-™ Even
der the fairly vigorous conditions employed, smooth conversion to the
responding naphthyl derivative resulted. The same procedure was
applied by Johnson and co-workers® in the preparation of g-l1-naphthyl-
pionic acid and I-naphthylsuccinic acid from the 3,4-dihydro com-
unds. In general, sulfur, palladium, and platinum are better than sele-
nium for such dehydrogenations, since selenium readily causes decarboxyla-
tion, probably because of the higher dehydrogenation temperatures.

It is not surprising that side reactions often accompany the dehydro-
genation of carboxylic acids and their functional derivatives. Thus it has
been observed that free carboxylic acids are formed from esters, and anhy-
ides from dicarboxylic acids.?:19

* Bardhan and Sen-Gupta, J. Chem. Soe., 1932, 2520.

2 ], W. Cook, Haslewood, and A. M. Robinson, J. Chem. Soc., 1935, 667-671.

% Darzens and A. Lévy, Compt, rend., 194, 2056 (1932),

* Darzens and A, Lévy, Compt. rend., 199, 1131-1133 (1934).

% Darzens and A, Lévy, Compt. rend., 200, 2187-2189 (1935).

* Darzens and A. Lévy, Compt. rend., 201, 902-904 (1935).

" Darzens and A, Lévy, Compt. rend., 202, 427428 (1936).

% Darzens and A. Lévy, Compt. rend., 203, 669671 (1936). :

* L. F. Fieser and Hershberg, J. Am. Chem. Soc., 57, 1508~1500 (193-3}.

0 T,. F. Fieser and Hershberg, J. Am. Chem. Soc., 57, 1851-1854 (1935).

1 Cohen, Nature, 136, 869-870 (1935).

2 Cohen, Cook, and Hewett, J. Chem. Soc., 1936, 52-53.

1% Cohen and Warren, J. Chem. Soc., 1937, 1315-1320.

1% Newman, J. Org. Chem., 9, 518528 (1944),
105 Ca.rtwrigfnt and Haworth, J, Chem. Soc., 1944, 535-537.
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clenium, gives only benzenoid hydrocarbons (probably methyliso-

An interesting discovery is that carboxyl groups can be reduced th s
i )_109

methyl groups in the course of their dehydrogenation, though this type of tylbenzene
reaction seems so far to have been observed only in dehydrogenations with
selenium. For example, Windaus and Thiele!® obtained 2,3-dimethyls
naphthalene from dihydro-vitamin Dy-maleic anhydride (XII).

According to Thiele and Trautmann,’ 2,3-dimethylnaphthalene §
also obtained from 2,3-naphthalic anhydride by treatment with seleniun
in the presence of p-cyclohexylphenol as a hydrogen donor. A somewha
similar reaction occurred with 1,8-naphthalic anhydride; one of the
boxyl groups was converted into a methyl group, while the other was el
nated, a-methylnaphthalene being formed. Ruzicka® has also reported
case of the same kind in which 1,6,7-trimethylnaphthalene was formed fron
the anhydride XTIII with selenium at 350°C.

CH, CH;

0.

(XIV) (6.9

This is explainable by the different cyclization tendencies of these iso-
weric sesquiterpenes, and it may be assumed that in the case of_ zin.gil_)erem
cyclization precedes the dehydrogenation. In similar fashion 11;' is algo
sssible to explain the behavior of (bicyclic) agathenedicarboxylic acid
VIII), .11 which on dehydrogenation gives phenanthrene derivatives
in addition to naphthalene derivatives. -

Since, other things being equal, the ease of dehydrogenation is de-
pendent on the number of double bonds already present in the molecule,
'rhydro compounds can be expected to dehydrogenate only witb.extreme
dif culty. With the more volatile of these compounds, the boiling tem-
i)era,ture under atmospheric pressure is not sufficient to effect dehydrogena-
'ftion, and reaction in the vapor phase over a catalyst or in a sealed tube
‘must be resorted to. These facts probably account for many of the contra-
dictory statements found in the literature about the ease of dehydrogenation
‘of such compounds.

V. HYDROGENATION EFFECTS

It is often impossible to determine whether the disappearance of the
‘extracyclic double bond in such dehydrogenations as that of limonene to
eymene is due to migration in the nucleus or to hydrogenation. The latter
‘hypothesis is supported by the fact that similar hydrogenations have been
proved in other cases. For example, indenes are converted to the corre-
‘sponding indanes in the presence of selenium in a sealed tube at 3.50"0.“2
The hydrogenation of double bonds has been observed in the triterpene
Series,® contrary to normal hydrogenation procedure; the saturated hydro-
earbon CseH;e was obtained from oleanoleic acid, and f-amyrene was partly
converted into amyrane.®s In a similar manner, Dorée and Petrov ob-

CH; CH;

p: R e
A Sy YO
HO/ c/ i N A o
i CH

o)

1
i
'

(XTI) (XIII)

In connection with these discussions on functional groups, the influence
of double bonds already present in the molecule upon the result of the dehy-
drogenation must still be considered. As a rule, dehydrogenation goes more
readily and in better yield, the more nearly the starting material is to being
in the aromatic condition; that is, the more double bonds it already con-
tains. In this respect the position of the double bonds can play an im-
portant part. For example, terpinene is converted to cymene in about 50%
vield by dehydrogenation with sulfur, while the isomeric limonene gives a
yield of only 15%, under the same conditions.?

Not only do the position and number of the double bonds in the start-
ing material generally have considerable influence on the yield of dehydro-
genation products, but in some cases they can even determine the constitu-
tion of the products. It is known, for example, that the isomeric mono-
cyclic sesquiterpenes bisabolene (XIV) and zingiberene (XV) behave dif=
ferently on dehydrogenation in that the bicyclic compound, cadalene, re=
sults from zingiberene with sulfur,®-1% while bisabolene, both with sulfur and

0 T, Ruzicka and van Veen, Ann., 468, 133-143 (1929).

ae-1.. Ruzzlicka and Hosking, Helv. Chim. Acia, 14,203 (1931).
m T, Rugzicka and Hosking, Helv. Chim. Acta, 13, 1402 (1930).
12 T, Ruzicka and Peyer, Helv. Chim. Acta, 18, 676-684 (1935).

16 Windaus and Thiele, Ann., 521, 160-175 (1936).
107 Thiele and Trautmann, Ber., 68 B, 2245-2247 (1935).
18 L. Ruzicka and van Veen, Ann., 468, 143-162 (1929).
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tained cholestane from cholesterilene,'** and cholestanone from cholestero]
in 30 to 409, yields,"'* by heating with selenium at 250°C. In general, there-
fore, it can be expected that side chains and similar parts of molecules, such
as attached five-membered rings, will be obtained in completely saturated ¥he determination of cyclopentanes in paraffin hydrocarbons. 2
form in the products of dehydrogenation. Aromatic compounds with A large number of substituted eyclohexanes, hydrogenated naph-
saturated side chains or with attached, unsaturated five-membered rin lalenes and phenanthrenes, and hydrogenated derivatives of higher con-
such as indene or acenaphthalene type combinations, cannot be expected &
dehydrogenation products and have not, so far as is known, been detecte
with any certainty up to the present. This assumption is confirmed by the
dehydrogenation of hexahydroindane to indane,'® the isolation of
methyleyclopentenophenanthrene and methylcholanthrene, and also ¢
number of experiments on compounds containing allyl side chains!16—119 g
on a series of unsaturated fatty acids.* 1
Hydrogenation effects can appear even in double bonds which are part
of a six-membered ring in which dehydrogenation to a parent aromatic com-
pound should be possible. An example of this is the formation of e-naph-
thyleyclohexane from o-naphthyleyclohexene, reported by Cook and
Lawrence.’?! Such reactions are especially frequent in catalytic dehydro-~
genation, which often involves disproportionation rather than the com-
plete removal of hydrogen. '

VI. NORMAL DEHYDROGENATION

sbons, such as cyclopentane derivatives, are not attacked, hydrocarbon
etures can be separated by selective deliydrogenation.'”® This method
applied to the investigation of the “naphthenes” of petroleum’**'* and

nsed aromatic systems can be readily dehydrogenated to their parent
jomatic compounds. Examples are the dehydrogenation of menthane,'”
sxahydrozingiberene,'® decalin,#.1%8.1% 2.henzyldecalin,'® hydrindane,"®
xahydrofluorene,'® and octahydroanthracene.'® With the higher boiling
ounds dehydrogenation in the vapor phase, which is somewhat incon-
ient from the standpoint of the apparatus involved, can be replaced by
ple heating under reflux in the presence of the catalyst. However, care
t always be taken that the dehydrogenation mixture really attains the
equired temperature, which in certain cases can be as high as 350°C.

The behavior of tetralin, octalin, decalin, octahydroanthracene, and
octahydrophenanthrene toward platinum and palladium catalysts has been
thoroughly investigated by Linstead and co-workers.5:12.132  Accord-
to their results, tetralin is rapidly dehydrogenated in the liquid phase
n at a temperature of 185°C. when vigorous boiling is insured, by the
pplication of a slight vacuum for example; decalin, on the other hand, re-
ires a temperature of about 300°C. Oectalin undergoes disproportiona-
on to tetralin and decalin before dehydrogenation. The catalytic dehy-
rogenation of limonene proceeds in a similar manner®; it is dispropor-
onated to menthane and cymene by heating in the presence of the catalyst,
ven at 140°C. Complete dehydrogenation oceurs only at about 305°C.
Che same is true of cadinene.

Even though, because of their simplicity and cleanliness, the catalytic
methods really give the best results for such dehydrogenations, sulfur and
enium have also frequently been used. In general, both of these re-
nts give good results for the dehydrogenation of partially unsaturated
pounds, as is apparent from the work of Ruzicka, Haworth, Cook, and
others. Perhydro compounds, however, resist dehydrogenation by these
iemical methods, even at temperatures above 350°C. The fact that
3 Zelinsky, Ber., 45, 3678-3682 (1912).
w4 Zelinsky, Ber., 56, 1718-1723 (1923).

Kalffer, Ber,, 57 B, 1261 (1924).
;) —15?4'1‘(1\;{;&‘]1)!?9011“]{' Zelinsky, and Gasan-Zade, Compt. rend. acad. sci. U. R. 8. 8., 32,
A %el‘gnskjr, Ber., 56, 787-788 (1923).
i {nstont, Vi, s, o Walpole, J. Chem, Soc,, 1037, 1146-1157
1 J' W. Cook and Hewott, , Chem, Soc., 1036, 0271, = ’
and Hewett, J. . Soc., 5 5

::; Maillard, Compt. rend., 200, 1856-1858 (1935).
Linstead and Thomas, J. Chem. Soc. 1940, 1127-1134,

Normal dehydrogenations, those in which no cleavage, rearrangement,
or formation of a ecarbon-to-carbon bond oceurs, in general proceed readily
and in good yield with all three of the common dehydrogenation metho
so that these processes can often be used in preparative work. The de-
velopments of the past few years have brought the catalytic method into
considerable favor for the dehydrogenation of those compounds which con-
tain no quaternary carbon atoms. !

Developing the work of Sabatier!?? on the dehydrogenation of eyclo-
hexane to benzene by the use of finely divided nickel, Zelinsky observed
that the platinum metals catalyze this reaction at considerably lower tem-~
peratures. Since under these mild reaction conditions some other hydro-

113 Dorée and Petrov, J. Chem. Soc., 1934, 1129-1130.

114 Dorée and Petrov, J. Chem. Soc., 1935, 1391-1393,

115 Zelinsky and Titz, Ber., 62 B, 2869-2873 (1929).

116 [evina and Trakhtenberg, J. Gen. Chem. (U. S. 8, R.), 6, 764-773 (1936).

17 I evina and Tzurikov, J. Gen. Chem. (U.S. 8. R.), 4, 1250-1257 (1934).

18 Cohen, J. W, Cook, and Hewett, J. Chem. Soc., 1035, 1633-1637.

1 J W, Cook and Haslewood, J. Chem. Soc., 1935, 767-770. _

1 Yokoyama and Kotake, Bull. Chem. Soc. Japan, 10, 138 (1935); also in J. Chem.
Sec. Japan, 56, 336-337 (1935).

121 ] 'W. Cook and Lawrence, J. Chem. Soc., 1936, 1431-1434,

122 Subatier, Ber., 44, 1984 (1011).
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tetrahydrocadinene, in contrast to cadinene itself, is not dehydrogenated by
sulfur at 200° to 260°C. was established very early.* It is interesting to
note, however, that the perhydroazulenes can be dehydrogenated by s
and selenium.'® {rans-Decalin is only slightly attacked by selenium in the
sealed tube at 350°C., 3 and 2-methyldecalin at 320° to 350°C gives only g
very small yield of dehydrogenation product.’®® This extraordinary resist-
ance of perhydrogenated compounds to the chemical methods of dehydros
genation is probably related to the mechanism of the reactions.

hat catalytic dehydrogenation is completely inhibited by the presence
aternary methyl groups. More recent data do not confirm this
on, but catalytic dehydrogenation does differ fairly markedly from the
jical methods in this respect.
Ruzicka and Waldmann'* pointed out some time ago that retene is
d in excellent yield (859;) from both abietic acid and fichtelite!# with
um-charcoal. In both cases the gases evolved contain large amounts
ane. These results indicate that quaternary groups are no intrinsie
drance to catalytic dehydrogenation.
‘The influence of quaternary groups on catalytic dehydrogenation was
ly carefully studied by Linstead and co-workers.®:12.132  (Qctalins
t quaternary methyl groups are rapidly disproportionated at the
ling point to tetralin and decalin, following which the tetralin is further
wdrogenated; the dehydrogenation of the completely saturated decalin,
pver, proceeds very slowly under these conditions. In the case of octa-
substituted in the 9 position, the disproportionation is hindered; so
e compounds are dehydrogenated only at higher temperatures, as high
hose required for even the completely saturated decalins to react with
tical velocity (about 330°C.). No real difference seems to exist, how-
er, between the dehydrogenation temperatures of decalins with or without
ternary methyl groups; the dehydrogenation of 9-methyldecalin pro-
s somewhat more slowly and in somewhat poorer yield than does that of
the unsubstituted compound.1?
{ It is of interest to note, however, that both decalin and 9-methyldeca-
lin are dehydrogenated at lower temperature by the catalytic methods
by the use of selenium.
Selinene, which also contains a quaternary methyl group, is converted
out one-third to eudalene, in addition to tetrahydroselinene, at a tem-
rature as low as 205°C., but in a relatively slow reaction.® This is prob-
y the first reported example of the splitting out of an angular methyl
bup by catalytic dehydrogenation at so low a temperature.
A In contrast to the catalytic methods,the temperatures necessary for de-
ydrogenation by sulfur and selenium are increased only slightly by the
nce of quaternary methyl groups. For example, ionene,” the ses-
penes of the eudasmol group,® and similar compounds have been de-
ogenated with sulfur at temperatures not greatly in excess of those re-
2 ed i:‘Or the dehydrogenation of the cadalene derivatives.? The yields of
Vmatic hydrocarbons were, to be sure, considerably lower in most cases,
0ut 10% with ionene and eudasmol in contrast to 50 to 609 with

VII. DEHYDROGENATION ACCOMPANIED BY CHANGE
IN CARBON SKELETON

The behavior of quaternary methyl groups during dehydrogenation has
been studied in detail, and is of decided interest, since a large number of
natural produets contain groups of this type. The fact that certain methyl
groups can be eliminated by dehydrogenation was definitely established for
the first time by Ruzicka and co-workers,*¢7 who noted that sulfur dehy-
drogenation of the sesquiterpenes of the eudasmol series yielded eudalene
To explain this, it was pointed out that the position occupied in the origi 1l
hydrogenated ring system by the methyl group does not exist in the corre
sponding aromatic structure. The methyl group is therefore split out, since
it is a hindrance to the dehydrogenation. This assumption has subse
quently been proved valid. The important point in this connection is that
the quaternary group is almost always completely eliminated from the
molecule, only in a few definite cases migrating to a neighboring carbon
atom. This rule has been derived from the dehydrogenation results of &
large number of natural products, particularly the sterols. Because of its
importance, this regularity of behavior has also been thoroughly investi-
gated with synthetic compounds. Ionene, for example, which contains two
geminal methyl groups, gives 1,6-dimethylnaphthalene on dehydrogenation
with sulfur or selenium.1% Similar results have been obtained from &
number of other experiments, particularly those by Cook®*:1%1:137.13 ang
Linstead. 139,140 : _

The work of Zelinsky!41-142 gave some support to the original supposi=

133 T, Ruzicka and Haagen-Smit, Helv. Chim. Acta, 14, 1104-1122 (1931).
134 1, Ruzicka and Seidel, Helv. Chim. Acta, 19, 424-433 (1936).

135 Barret, A. H. Cook, and Linstead, J. Chem. Soe., 1935, 1065-1069.
13 (Clemo and Dickenson, J. Chem. Soc., 1935, 735-738.

137 J, W. Cook and Girard, Nature, 133, 377-378 (1934).

188 Bachmann, J. W. Cook, Hewett, and Iball, J. Chem. Soc., 1936, 54-61.
1% Hibbit and Linstead, J. Chem. Soc., 1936, 470-476.

14 Frrington and Linstead, J. Chem. Soc., 1938, 666-672.

141 Zelinsky and Shuikin, Ber., 62 B, 21802186 (1929).

112 Zelinsky, Ber., 56, 1716-1718 (1923).

143 Zelinsky, Packendorff, and Khokhlova, Ber., 68 B, 98-101 (1935).

4 L. Ruzicka and H. Waldmann, Helv, Chim. Acla, 16, 842 (1933
' L. Ruzicka and E. Waldmann, Helv, Chim, Acta, 18, 61 1—%12 (%’935).
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quaternary groups, with the help of specific catalysts which promote migra-
jon. Linstead and co-workers have reported on a similar but fruitless re-
warch on selinene.

The fact that no groups but quaternary methyl groups are split out or
migrate during dehydrogenation is of absolutely fundamental importance in
ypplying the method to the determination of constitution. This principle
_:, been confirmed by experiment in the great majority of cases. Certain
exceptions recorded in the literature are discussed below.

MIGRATION OF SIDE CHAINS. Mayer and Schiffner!® have pointed out
that o-alkylnaphthalenes are converted into S-alkylnaphthalenes in the
presence of silica gel at about 420°C. In the case of a-phenylnaphthalene
this migration occurs even at 350°C. Such rearrangements, which are inde-
pendent of true dehydrogenation processes, might possibly be promoted by
the material of the reaction vessel or by the catalyst carrier, effects which
have occasionally been noticed during dehydrogenation. According to the
results published so far, an a-8 migration in naphthalene derivatives
evidently does not occur during selenium dehydrogenation at temperatures
below 350°C. Since for structural reasons this type of migration can take
place only in one direction, it would be very worth while to have accurate
da‘m, on the thermal stability of alkyl derivatives of phenanthrene, chrysene,
picene, and the other aromatic hydrocarbons which commonly form the
nuclei of dehydrogenation products.

This problem came up especially in connection with the rearrange-
ments observed during the dehydrogenation of various phenanthrene de-
Tivatives.’™ Tor example, from the hydrocarbon X VI with selenium there
were obtained mainly 1,8-dimethylphenanthrene (XVII) and only a small
amount of the expected 1,5 isomer. In other cases, also, a migration of
methyl groups from the 4 or 5 position to the 1 or 8 position, respectively,
has occurred.
~ Neither 4- nor 1-methylphenanthrene could be isolated from the prod-
ucts of dehydrogenation of XVIIL. In contrast to all these results, how-

cadinene. Similar yields have also been obtained by dehydrogenation with
selenium.'®  Perhydro compounds, however, usually differ from th
partially unsaturated compounds; they are dehydrogenated with seleni
only at temperatures above 350°C., whether they contain quaternary
methyl groups or not. For example, cholestane,'*® perhydro-vitamin D
and other completely saturated compounds!®14.1% gre dehydrogen
only incompletely or not at all with selenium at temperatures up to 350¢
The failure of 1,1-dimethyltetralin to dehydrogenate with sulfur, and
2,2-dimethyl- or 2,2-diethyltetralin with selenium,!#%% by heating und
atmospheric pressure, can probably be attributed to the low boiling poin
of these compounds, since 2,2-dimethyltetrahydrophenanthrene
gives 2-methylphenanthrene by reaction with selenium at 300° to 340°
also the dehydrogenation of the above tetralins can be readily accompli
at a temperature as low as 320°C. in the sealed tube.'®:*! According o
Barker and Clemo,”? 2-methylphenanthreneis obtained from 2-methy:
ethyl-1,2,3,4-tetrahydrophenanthrene by heating with selenium at 280° to
300°C. for 24 hours. '

In the researches mentioned above,'?:132 Linstead and co-worki
made several fundamental new observations on the behavior of quate;
methyl groups during catalytic dehydrogenation. By the action of
majority of the platinum and palladium catalysts investigated, the angu
methyl group of 9-methyldecalin is almost completely eliminated to
naphthalene, but small amounts of a-methylnaphthalene are always form
as a-by-product. This migration seems to occur especially with platin
and palladium eatalysts precipitated on asbestos. Attempts to investig:
the mechanism of these reactions by means of experiments on dimethylat
decalins and octalins have not yet yielded conclusive results,'s? A simi
migration also oceurs in traces during the dehydrogenation of 1,1-dimet
naphthalene, which gives some 1,2-dimethylnaphthalene in addition to .
methylnaphthalene.

Aside from those cases which can be interpreted as retropinacoline re
arrangements (see p. 26), this migration is probably the first definit

established exception to the rule that quaternary methyl groups are alwa o5 7
completely eliminated. If it were possible to generalize the condi . IB
necessary for migration, a means would be provided of fixing the position N\ NN CH,

14 Diels and Karstens, Ber., 60 B, 2323-2325 (1927). / N\

147 G, K, Chuang, Y. 28 Tlen andC M. Ma, Ber., 69 B, 1494-1505 (1936).

142 Clemo and aworth J. Chem. Soc., 1930, 257 R H,

149 Ben-Gupta, Seience and Culture, 2, '580 (1937) Chem. Zentr., 1937, II, 21656. = XVI) R = CH; (XVII)

150 (lemo and Dickenson, J. Chem. Sor.: 1037, 255-257. Bogert Da\rldson,a-nd A (XVIII) R=

felbaum, J, Am. Chem. Soc., 56, 959 (1934).
161 Sen-Gupta, J. prakt, Chem., 151, 82-96 (1938).

13
162 Barker and Clemo, J. Chem. Soc., 1040, 1277-1279. Mayer and Schiffner, Ber., 67 B, 67-69 (1934).

' Haworth, Mavin, and Sheldrlck J. Chem. Soc., 1934, 454461,
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ever, Bachmann and Edgerton'® were able to obtain 4-methylphenanthrene
from XVIII by a very smooth reaction with palladium-charcoal at 300%

to 320°C.; other phenanthrenes substituted in the 4 position are
readily prepared by dehydrogenation. Similar contradictions appear in t
preparation of 1,4-dimethylphenanthrene®.'®-" and of 4-methylphe

threne,” 1819 in which, according to the method employed, different prod

duets are obtained.

Unexpected results have also been obtained in the chrysene series &
various times. Thus, in the dehydrogenation of the ketone XIX (R =
CHj;) and of the ketone XIX (R = H) with selenium, chrysene was tk

main product, along with small amounts of a monomethylchrysen
Fieser and co-workers's? obtained 6-methylchrysene in low yield from
with selenium, instead of the expected 5 isomer.

0
é]: . CH;
AN NN
- 0
CH, /
(XIX) (XX) (XXT)

However, Newman!®~1% was able to prepare methylchrysene by a dif:

ferent method, which also employed a dehydrogenation as the final s
This, however, was achieved with sulfur at the comparatively low temp
ture of 250°C. Attempts have been made to explain the anomalous res

as due to steric hindrance. The work on this phase of the question will n

be discussed in any detail, but it may be mentioned that even 4,5-dime
chrysene can be obtained as a reaction product by careful dehydrogena
with sulfur, without any indication of rearrangement or splitting off

methyl groups, although the yield is poor.1% Tt is still very questionab:
therefore, whether the rearrangements which have been noticed in mono:

=
T

methyl derivatives really occur during the dehydrogenation. This en
complex question still needs considerable study.

16 Bachmann and Edgerton, J. Am. Chem. Soc., 62, 2219-2223 (1940).
188 Akin, Stamatoff, and Bogert, J. Am. Chem. Soc., 59, 1268-1272 (1937).
187 Papa, Perlmann, and Bogert, J. Am. Chem. Soc., 60, 319-321 (1938).

158 Radcliffe, Sherwood, and Short, J. Chem. Soc., 1931, 2293-2297.

15 Haworth, J. Chem. Soc., 1932, 1125.

160 Darzens and A. Lévy, Compt. rend., 201, 730-733 (1935).

11 Jones and Ramadge, J. Chem. Soc., 1938, 1853-1858.

12 T,, F. Fieser, Joshel, and Seligman, J. Am. Chem. Soc., 61, 2134-2139 (1939}'_

163 Newman, J. Am. Chem. Soc., 62, 870-874 (1940).

164 See also L.F, Fieser and Joshel, J. Am. Chem. Soc., 62, 1211-1214 (1940).

165 See also Bachmann and Edgerton, J. Am, Chem. Soc., 62, 2550-2553 (1940).
186 Newman, J. Am. Chem. Soc.. 62, 2295-2300 (1940).
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Other rearrangements of methyl groups, such as that observed in the
scomposition of alantolactone,'® probably result from the thermal effects
hich precede and are independent of the dehydrogenation.

These isolated cases, for which the mechanism is still not completely
sderstood, are quite different from migrations of alkyl groups which have
character of a retropinacoline rearrangement and which have already
mentioned (p. 26) in connection with the discussion of the behavior
-.: econdary hydroxyl groups. The same type of rearrangement of quater-
ary methyl groups also occurs when other adjacent groups, such as long
de chains, are eliminated. The best known and most accurately investi-
ated example of this is the formation of y-methyleyclopentenophenan-
hrene by the dehydrogenation of the sterols. In this case, certainly, the
sooctyl side chain in first split off (an example of the thermal decomposi-
on, independent of the dehydrogenation, which was observed some time
168) after which the methyl group in position 13 migrates to position 17
d thereby makes possible the dehydrogenation of Ring C.%9-172 This re-
ion mechanism is also supported by the fact that the compound XXII is
nverted into XXTII by dehydrogenation with selenium, with the elimina-
n (not migration!) of the methyl group.'® (See also the dehydrogenation
8-methylhexahydroindane to indane.!4)

CH,

(1 T
@5/\/ Gl
CH0” VN CH,0 /
(XXII) (XXIII)

Ermmvarion or SioE CHAINS. There appear to be no well established
ples of the elimination of non-quaternary methyl groups. A somewhat
nilar reaction, the simultaneous elimination of two geminal methyl
bups, may have occurred in traces during the dehydrogenation of 1,1-
nethyltetralin with very active catalysts,'3? but the behavior of longer
n-quaternary side chains has not yet been worked out. It is very
Probable that long side chains can be retained in the molecule by careful
ehydrogenation at moderate temperatures.

A number of dehydrogenation products have been reported which con-

" L, Ruzicka, Pieth, Reichstein, and Ehmann, Helv. Chim. Acta, 16, 268 (1933).
::: Fischer and Treibs, Ann., 446, 241 (1925).
o J. W. Cook, Chemistry and Industry, 54, 176 (1935).
o Bergmann, Chemistry and Industry, 54, 175-176 (1935).
ke Rosenheim and King, Chemisiry and Industry, 52, 299-301 (1933).
* Cohen, J. W. Cook, and Hewett, J. Chem. Soc., 1935, 445-455.
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o would be indicated as the place of attachment of the Cs gide chain.
in the case of sclareol,'™ ' a similar reaction mechanism has been
d to explain the formation of the various metl.lylate_d naphthalenes by
dehydrogenation of the pentacyclic triterpenes, in which case the .break-
art of the molecule at Ring C can be formally compgred with the
ng off of side chains. (See Formula I, fission according to a; for
esponding formulations see the literature, 43:47.49.181) _ y

In a number of instances, however, the results can be expla}ned just as
] by assuming complete splitting out of the longer s@e chal_n or of the
responding rings, with simultaneous migration of a nelghborl.ng quat'er-
methyl group (e.g., scheme b, Formula XXVIII). This reaction

own from sterol chemistry (see the preceding section).

tain isopropyl, n-propyl, t-butyl,® and even heavier side chains.® For ex.
ample, g-phenylethylnaphthalene can be prepared from g-phenylethy:
talin.’® On the other hand, there are numerous cases of the cleavage of suck
side chains, particularly at the relatively high temperatures of selenium de.
hydrogenation. This is the case, for example, in the dehydrogenation of th
maleic anhydride adduet of vitamin D, (XII), which forms 2,3-dimeth
naphthalene with selenium, and g-naphthoic acid and naphthalene
palladium-charcoal; the side chain with Rings C and D is therefore co
pletely eliminated.'®® The splitting off of butyric acid from XXIV with
formation of a-naphthol has also been reported.” A similar observati
was made by Bergmann.!'® However, with selenium at 390° to 400
1,1,3-trimethyl-2-n-butyleyclohexane (XXV) gives a mixture of m-x

ecul

and 1,3-dimethyl-2-n-butylbenzene.'®* The reaction involves in part, there: CH, CH, COOH

fore, the complete elimination of the butyl side chain, without a simultan: E _

migration of the quaternary methyl groups resulting. Dehydrogenation /N b Cleavagea with limination
the dimeric cyclohexadiene (XXVI) gives naphthalene.'”® In this case 2 & \=CH2 ¥ _y T
thermal splitting off of ethylene is to be expected on the basis of ot \'/\"CH:; CH, ,—COOH C‘mi?f:e’iﬁ";?;:,“u“é““"“
experiments; similar results were obtained with various derivatives of CH, bemi=sy |

bigyelo[2.2.2]octane. ™ The splitting off of isopropyl groups, probably & CH,

the form of isopropylene, has also been observed.®® It has been (XXVII) (XXVIII)

gested!™ that the presence of 1,6-dimethylnaphthalene in the product
tained from the selenium dehydrogenation of isozingiberene may be due ti
the cleavage of the isopropyl group of cadalene, the initial product of
reaction.

H,CO CH,—CH,—CH;—COOH CH; CH; é \ B
I /C4H9 le
: CH.

\CH; s '

(XXIV) (XXV) (XXVI)

Since type experiments on synthetic materials containing long side
s are almost non-existent at the present time, it is impossible to decide
hich of these two mechanisms best describes the reaction, whether the side
ins are preferentially eliminated completely or with the rete:lltion of a
ethyl group. It is possible that both processes can proceed simultane-
asly. A more accurate knowledge of this reaction mechanism would be
aluable in interpreting the results of the dehydrogenation of many natural
oducts. It would then perhaps be possible to obtain criteria for the pres-
nce of quaternary methyl groups, just as the formation of y-methyley-
opentenophenanthrene points to the presence of a quaternary methyl
up on Cyg.
" Expansion oF Rings. Many of the familiar ring expansions can be
formulated in a manner formally analogous to the migration of alkyl groups.
e dehydrogenation results obtained with spiro compounds, especially,
ently have the nature of retropinacoline rearrangements. This applies,
example, to the formation of naphthalene from cyclopentanespirocy-
ohexanone.’s? Of course, the dehydrogenation of hydrocarbons, such as

In all of the above examples, existing side chains are completely split:
out. In other cases, dehydrogenation reactions have been interpreted
taking place with only a partial elimination of the side chain, so that
methyl group is left behind. According to this, the formation of agatha
(XXVII) from agathenedicarboxylic acid (XXVIII) would be explained
fission at @'?; and thus the methyl group in the 5 position of the agatha

173 J, W. Cook and Hewett, J. Chem, Soc., 1934, 365-377.

74 T, ¥, Fieser and Herﬁhi}erg, J. Am. Chem. Soc., 58, 2382-2385 (1936).
175 Bergmann, J. Am. Chem. Soc., 60, 1798-1799 (1938).

176 F, Hofmann, Chem.-Zig., 57, 56 (1933).

1 Kasansky and Plate, Ber., 68 B, 1259-1264 (1935).

178 Seidel, Miiller, and Schinz, Helv. Chim. Acta, 27, 738-747 (1944).

9 T, Ruzicka and Janot, Helv. Chim. Acta, 14, 645 (1931).

18 T,, Ruzicka, Engel, and Fischer, Hely, Chim., Acta, 21,364-370 (1938). =

. BT, Ruzicka, Furter, Pieth, and Schellenberg, Helv. Chim. Acta, 20, 1564-1570
1037 y '

& % Clemo and Ormston, J. Chem. Soc., 1933, 352-353.
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Other work has been reported, however, in which spiranes have not
woone rearrangement and consequently have not been aromatized by
ogenation.‘-”'92-“3-1”'“’3 No definite rules can be derived from the
sublished so far. Spiro compounds appear to be unaffected, particu-
by careful catalytic dehydrogenation'*! and thus can be separated

cyelopentanespiroeyclohexane, cannot be formulated as retropinacoline re
arrangement, but in some cases it is possible that a rearrangement of
type has occurred during the preparation of the hydrocarbon. The d
drogenation of spiro compounds has been thoroughly treated by Chatt
and co-workers,’®*~1% in connection with synthetic work. According :
Sen-Gupta, a small amount of anthracene is formed, in addition to a las  isomers which are more readily attacl_{ed. .
quantity of phenanthrene, by the dehydrogenation of 1,2,3,4-tetrahyds he ring enlargement to chrysene which results during the dehydro-
naphthalene-3,1’-spirocyclopentane with selenium at 300° to 350°C, tion of the sterols has been of great importance in determlping the con-
This indicates that the reaction involves cleavage of a quaternary bond tion of these compounds, This enlargem(_znt was first notlced' by Diels
ring closure of the resulting side chain.® This reaction takes place at a re | co-workers'*1% during the dehydrogenation of cho]estgrol mth‘ palla-
markably low temperature. ' m-charcoal and of cholic acid with selenium.® Fxhaustive experiments
Sen-Gupta has reported also that 1,2,3,4-tetrahydronaphthalene od that this type of ring enlargement occurred only at tempei'atﬂl‘e*:
2,1"-spiroeyclohexane (XXIX) is converted to phenanthrene by seleniun e 400°C.%7".1%  Tnasmuch as 7-methylcyclopenten0phenanthrene‘f’
dehydrogenation, with the loss of 1 carbon atom.™8.% Similarly, 7-methyl- not be definitely detected in the produet when chrysene was present, it
and T7-ethyl-1,2,34-tetrahydronaphthalene-2,1’-spirocyclohexane give 3 bably safe to assume that the chrysene is formed from the 'y_-methyl-
methyl- and 3-ethylphenanthrene, respectively.’® According to Cook and! pentenophenanthrene as a result of the high deh).rdrogem?tmn te_m-
Hewett,'"® pyrene (XXX, R = H) is obtained from XXXI by a similar 1 ure. Although it has not yet been possible to dupl}cate this reaction
action, with the loss of 2 carbon atoms, while XXXII gives 1-methylpyrene erimentally, somewhat similar experiments by Ruzicka and Peyer!'
(XXX, R = CHy). nevertheless led to interesting results. a-Methylindane gives a good

Q A ld of naphthalene, both with selenium and with palladium-charcoal, at
@ <:> \—-—“*Rl/\‘\\‘—*— O‘
Vi NSNS . A
(XXX) (XXXII)

ut 450°C. Naphthalene is also formed from g-methyl-, from o- and g-
(XXIX) (XXXTI)
Catalytic dehydrogenation, also, can convert spiro compounds

I' yl-, and even from isooctylindane under these conditions. This investi-
jon has shown that the dehydrogenation temperatures should not be
mitted to go much above 350°C. if these secondary reactions are not de-
d. In general, such reactions could not be detected at temperatures be-
350°C, 19
ConTrACTION OF RinGs. At temperatures of about 400°C., eyclo-
fully condensed aromatic ring systems. Levitz and Bogert'® obtained
methylphenanthrene from 4-methyl-1,2,3,4-tetrahydronaphthalene-1,1%
spirocyclopentane by heating with palladium-charcoal at 330° to 340°C.
for 5 hours. Marvel and Brooks!! converted spirodecane and 3-methyl-
spirodecane to naphthalene and 1-methylnaphthalene, respectively, with
either palladium- or platinum-charcoal at a temperature of 325°C. 8

ne and cyclooctane derivatives undergo contraction of the ring. The
ditions necessary for this reaction have been thoroughly investigated by
prisingly, selenium at 330° to 350°C. did not dehydrogenate these spira
the starting material being recovered unchanged.

iments on type materials, especially by Ruzicka and Seidel.*** Cyclo-
ne was converted to toluene by treatment with selenium at 440°C.,
yelooctane to p-xylene at 390° to 410°C. Alkyl derivatives of these
ocarbons and cyclopentadecane were also studied. A uniform reaction
ne could not be set up; however, the cycloheptane ring is aromatized
h selenium even under conditions not much more vigorous than those

2 Bogert, Science, 84, 44-45 (1936),

13 Perimann, Davidson, and Bogert, J. Org. Chem., 1, 300-304 (1936).

8 Dicls and Giidke, Ber.. 58B, 1231 (1925).

 Diels and Giidke, Ber., 60 B, 140-147 (1927).

1% Diels and Karstens, Ann., 478, 129 (1930). :

k' lL( Ruzicka, Thomann, Brandenberg, Furter, and Goldberg, Helv. Chim. Acta, 17,
221 (1934).

L. Ruzicka and Goldberg, Helv. Chim. Acta, 20, 1245-1253 (1937).

¥ See, however, Nenitzescu and Cioranescu, Ber,, 69 B, 1040-1041 (1936).

183 Chatterjee, J. Indian Chem. Soc., 14, 259-263 51937}.

18¢ Chatterjee, J. Indian Chem. Soc., 13, 536-541 (1936).

185 Chatterjee, J. Indian Chem. Soc., 13, 588-592 (1936).

186 Sen-Gupta, J. Indian Chem. Soc., 11, 389-394 (1934).

¥ See L, Ruzicka and Waldmann, Helv. Chim. Acta, 16, 843, note 2 (1933).
188 8, C. Sen-Gupta, Science and Culture, 3, 57 (1937).

18 §. C. Sen-Gupta, J. Indian Chem. Soc., 19, 467472 (1942).

10 Levitz and Bogert, J. Org. Chem., 8, 253-255 (1943).

w1 Marvel and Brooks, J. Am. Chem. Soc., 63, 2630-2632 (1941).
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» o suitable structure, they are then dehydrogenated. Aside from
]ubt. mentioned, however, such phenomena are very rare in dehy-
tions with sulfur and selenium. The tricyclic sesquiterpenes, for
in general give either none at all or only traces of aromatic de-
tion products.%%
use of catalytic dehydrogenation, on the other hand, enabled
v and co-workers to conduct a thorough investigation into the be-
f various ring systems. Their first experiments show that five
od rings are not attacked by metallic catalysts. Certain exceptions,
cycluhe‘(ylmeth}lwclupentanem and dicyclopentyl,®” which yield
] and naphthalene, respectively, could be ascribed to the fact that
ogenated hydrocarbons are well suited to become the carbon skele-
the dehydrogenation product.®®® Catalytic dehydrogenation
o gives consistent results and has been very valuable in explaining
angements which take place during the preparation of the hydro-
compounds.
the course of such investigations, the dehydrogenation of a number

necessary for the conversion of decalin to naphthalene. Ruzicka an
Seidel'** also briefly discuss earlier experiments by Zelinsky and co-wop
ers. 123

The ecatalytic dehydrogenation and isomerization of methylcyclo e
tane with platinized carbon at 305° to 310°C. is reported by Turéva-
and Rappoport.®® In six passes over the catalyst, a 949 yield is ob
of an aromatic product consisting mainly of p-xylene, with traces of :
meta isomer. '

CreEavAGE oF Rings, In addition to ring enlargements and ring
tractions, the cleavage of rings and the formation of new rings are also
quently observed during dehydrogenation. The cleavage of three-
bered rings in polycyeclic systems occurs very readily when the dehydro
tion to aromatic produets is made possible by that means. One exam;
this which has been known for a long time is the formation of cadalene
the tricyclic sesquiterpene copaene,®! which is readily converted even b
treatment with hydrochloric acid into the bicyclic cadinene dihydrochlorid,

HSC/O v CH;, smbers of a series of bicyelic systems, such as bicyelo[1.2.2]heptanes,*?

7 </1:\;/\\ 0[2.2.2]octanes, ™17 bicyclo[0.3.3]octanes,™® and bicyclo[1.3.3]-

_cH Ty o) Rl K —CH, ,1% has been studied. Of these compounds, the bieyclo[2.2.2]oc-

s \/ e dehydrogenated relatively easily, since they can decompose into a

H Sk ane and an ethylene derivative in accordance with a familiar re-
(,/ffa\ CH, H, CH, - B 211,212 -

(XXXIII) (XXXIV) 1 gina and Zelinsky?!® dehydrogenated 2,3-benzobicyclo[3.3.1]-2-

over platinized charcoal at 300°C. With a moderately active

More recently, the analogous formation of azulenes from tri , diphenylmethane is the main product; with a more active plati-

sesquiterpenes has been observed. Komppa®? found that both cadal arcoal, increasing amounts of fluorene are found in the product.

and an azulene result from ledol or ledene on dehydrogenation. This e catalytic dehydrogenation of bicyclic terpenes of the carane,

action has been formulated, as shown in Formulas XXXIII and XXXI) and thujane types has also been investigated.®=!4=*1¢ In BOIRG

by Komppa and Nyman. 2 ' ' ene was obtained. In others, breaking up of one ?f the rings
According to Radcliffe and Short,®* the formation of guaiazulene fron , with the formation of cyclopentane derivatives which resisted

aromadendrene may proceed in an analogous manner. It is surprising ! it dehydrogenation.

in these cases the ring disintegration which produces azulenes appes

take preference over the equally possible formation of naphthalenes.

primary process in these reactions is probably the thermal cleavage 0

ring structure, resulting in the formation of unsaturated derivatives.

Ruvzicka and Stoll, Helv. Chim. Acta 6, 846 (1923).

sky, Ber.,58 B, 2755-2763 (1925).

sky, Tltr and I‘atmev Ber., 59 B, 2580 (1926).

sky and T:ty Ber,; 64}3 183—!88 [] 031).

linsky, Kas: mqky and I’latc Ber., 66 B, 1415 (1933).

tt and Lm“st-cnd o Chcm Soc. 1936, 611-616.

8, Alder, and ‘-‘Hmn Ber., 62 B, 9337-2372 (1929).

er and le‘kert A?’m 524 180-189 (1936); Ber., 70 B, 1354-1363, 1364-1369

ina and Zelinsky, Compt. rend. acad. sci. U. R. S. 8., 30, 726-727 (1941).
ky and Levina, Ann. 476 60-70 (1929).

nsky Fmd'KawaanV Bw‘ 60]3 109€-1100 (1927).

Bk} Ber., 58 B, 861-’86(}(1(}20)

20 Turova-Pollak and Rappoport, J. Gen. Chem. (U. S. 8. R.), 13, 353-357 (

201 Henderson, M¢Nab, and Roberthon J. Chem. Soc., 1926, 53077

202 Komppa, kgt Norske Videnskab. Selskabs Siﬂﬂer 1933, No. 1, 16 pp.;
Abstracts, 28, 4724(

203 Komp a and Nyman Compt. rend. trav, lab. Carlsberg, Sér. chim.,
(1938); Chem. Abstracts, 32, 6234 (1938).

204 Radeliffe and Shnrt ' J. Chem. Soe., 1938, 1200-1203.
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The passivity of cyclopentane derivatives®?.217.218 has been quj
generally confirmed, but further research has shown that they are not
pletely resistant. Cyclopentane itself, for example, is hydrogena

esence of sulfur. In further contrast to these results, Orchin obtained
methylfluorene from di-o-tolyl** and fluorene from 2-methyldiphenyl***

OH
to n-pentane in a hydrogen atmosphere over platinized charcoal even af 7
300°C.;*® other compounds behave similarly.19—222 4
Under certain conditions, these aliphatic compounds can be ag Hs CH,
(XXXYV)

cyclicized to cyclohexane derivatives, which in turn can be dehyd
genated.?® This reaction mechanism is supported by the fact that
similar eonditions aliphatic compounds also yield small amounts of a
matic dehydrogenation products. For example, p-xylene is formed froj
diisobutyl, and m-cymene from diisoamyl. 223,224

These observations detract little from the diagnostic value of catalyti
dehydrogenation, however, since there is a marked difference between nor:-
mal dehydrogenations and the phenomena described above, especially ir
the yields.

FormaTion oF New Rings. The formation of new rings by the d
hydrogenation reactions mentioned above is not unique. In addition to
conversion of the monoeyelic zingiberene into a naphthalene derivati
numerous ring closures have been observed in dehydrogenations by b
the chemical and the catalytic methods. Examples of these are

¢ dehydrogenation with palladium-charcoal at 450°C. Naphthalene has
on obtained from 1,2-diethyl-1-cyclohexene by the use of selenium under
rery vigorous conditions, heating in a sealed tube at 410° to 420°C."** Such
side reactions can probably be prevented, however, by careful procedure.

. Of a somewhat different type is the ring closure which took place during
dehydrogenation of vitamin A with selenium,*** and which resulted in
formation of 1,6-dimethylnaphthalene.

In a similar manner, new rings are formed by the dehydrogenation of
sterols and gallic acids. Ruzicka and co-workers obtained picene by the
drogenation of cholic acid or cholatrienic acid with selenium at
0°C.%.238  This reaction has been explained according to Formulas
VI to XXXVIIL® Whether picene also results from the dehydro-

formation of fluorene from dicyclohexylmethane,?!?2%.22% from dipheny HOOC(?—%H 23) (23) (22)
methane,?1#:225.22%6 and from benzophenone, the formation of phenanth g CH*‘(]}H2 @1)
from eyelohexyleyeloheptylmethane,?7 from diphenylethane,1%:225 and He(22) (19)] /CH—CH,
stilbene.!16:22%5  This last reaction, according to Dewar and Read,?*”® can H; (21) R T
accomplished only with a palladium-charcoal catalyst prepared by B .
sky’s procedure; other platinum- and palladium-charcoals produce e
cyclization, Berger obtained phenanthrene from di-o-tolyl with sulfur, a >
temperatures as low as 250°C.**; selenium did not cause ring formation.
On the other hand, it has been reported elsewhere™ that by the use of 2

P (XXXVII)

moles of sulfur at 180° to 250°C. the compound XXXV is conver

smoothly to di-o-tolyl, which gives phenanthrene only by distilling in 7™\ (20)

(21)
o 1
O V4

(XXXVIII)

27 Zelinsky, Mikhlina, and Eventova, Ber., 66 B, 1422 (1933).

218 Denisenko, Ber., 69 B, 2183-2187 (1936).

219 Zelinsky, Kasansky, and Plate, Ber., 68 B, 1860-1872 (1935).

220 Zelinsky and Shuikin, Compt. rend. acad. sci. U. R. S. S., 3, 265-257 (1934).

221 Denisenko, Ber., 69 B, 1668-1670 (1936). - 3

222 Zelinsky and Shakhnazarova, Bull. acad. sei. U. R. S. 8., Classe sci. math. nat
Sér. chim., 1936, 571-574; Chem. Abstracts, 31, 6621 (1937).

223 Kasansky and Plate, Ber., 69 B,1862-1869 (1936).

224 Kasansky and Plate, J. Gen. Chem. (U. 8. 8. R.), 9, 406-502 (1939).

2% Zelinsky, Titz, and Gaverdovskaia, Ber., 59 B, 2590 (1926).

226 See also Zelinsky and Gaverdovskaia, Ber., 61 B, 1049-1053 (1928).

277 Flagina and Zelinsky, Compt. rend. acad. sci. U. R. S. S., 30, 728-731 (1941).

28 Dewar and Read, J. Soc. Chem. Ind., 55, 347-349T (1936).

22 Berger, J. prakt. Chem., 133, 331 (1932).

:” Orchin and Woolfolk, J. Am. Chem. Soc., 67, 122-124 (1945).

l:; Orchin, J. Am. Chem. Soc., 67, 499 (1945).

- Heilbron, Morton, and Webster, Biochem. J., 26, 1194 (1932).
* L. Ruzicka and Thomann, Helo, Chim. Acta, 16, 216 (1933).
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genation of cholesterol and other sterols has apparently not been ests
lished. On the other hand, a different type of cyclization was discovered
connection with both cholic acid and the various sterols. Accordi
Bachmann, Cook, Hewett, and Iball,'® the product obtained from ¢
acid by this type of dehydrogenation had the constitution of a 5-n
2',1"-naphtho-1,2-fluorene (XXXIX). The formation of this pro
possibly explained by the simple eyclization of the side chain with
bon atom in position 16 in the sterol skeleton. The hydrocarbons obs
by the analogous dehydrogenation of cholesterol, ergosterol, and the
tosterols, 234 which should have a substituent in the 8 position on th
of this reaction mechanism, do not possess the expected constitution,
though from their absorption spectra!®” they probably contain the naphtl
fluorene nueleus.

oo at lower temperatures than does the well known formation of

.t.vpﬂ of eyclization which results from the dehydrogenation of the

¢ sesquiterpene alcohols with selenium or sulfur, and which leads

ne,>" is still not entirely explained.

& REARRANGEMENTS. In conclusion, brief mention should be
several isolated and so far unexplained rearrangements which have

bserved in various dehydrogenation reactions.

ples of these are the formation of phenanthrene (with sulfur)

hydrocarbon which is considered to be 1-cyclopentylindane,** and

'mation of chrysene from the compound XLIII (with platinum black

© to 320°C.).2% In both cases accurate data are lacking.

CH,
NN
?b (24) . III)
N\ 0, it is still unexplained why the homogeneous sesquiterpene alcohol
(XXXIX) yields a different azulene when selenium is used for the dehydrogena-

bhan when sulfur is used.'®® This result may be due to a displacement

alkyl group caused by the higher reaction temperature of selenium
ogenation.?® Two different azulenes may also be obtained from
by similarly varying the reaction conditions.?#* The formation of
thalene derivatives by the dehydrogenation of sesquiterpene com-
with an azulene structure?*? has not been thoroughly investigated.
réarrangements occur, however, even when azulenes are heated in
ence of dehydrogenation reagents.?%

Bergmann has suggested?®® that these compounds may be 5,7-d
stituted naphthofluorenes, the formation of which would parallel the fo )
tlon ot 7-methylnaphthofluorene by the dehydrogenation of strop

in?86 (Formulas XL to XLII). Itisinteresting that all these cyclization

H, ( (% (20) 15y & €O—0
C ~ — C_.CH / 5 e ELE L
(163‘17 H,
Hs N \C/lﬁ) /{20)
(17)

VIII. PARTIAL DEHYDROGENATION

In connection with partial dehydrogenations, two points which es-

OH
Ho/

(XL) (XLI) ab lly concern the preparative use of the method will be mentioned
ough partial dehydrogenations, in general, are likely to be rather
N Cl sirable for analytical purposes, they are frequently useful in prepara-
a7y
| ; Ruzicka and van Veen, Ann., 476, 70-112 (1929).
@\/ Robinson, J. Chemeg?:c ?g 36, 80. :

. W. Cook and Lawrence, J. Chem. Soc., 1937, 817-827.
published researches of the author.
{man and Mikander, Suomen Kemistilehti, 14 B, 3—4 (1941); Chem. Abstracts,

L5 and Plattner, Helv, Chim. Acta, 23, 768-792 (1940).

(XLID)

234 Diels, Giidke, and Kording, Ann., 459, 1 (1927).
235 Bergmann J. Am. Chem. Soc. ., 60, 2306-2307 (1938).
23 Elderfield and Jacobs, J, BwE. Chem., 107, 143154 (1934).
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tive work. Sulfur, used in proportionately smaller amount, or perhapg.
catalytic method, is probably preferable to selenium for this work. '
Von Braun and Irmisch?*® were able to obtain octahydrochrysene fi
dodecahydrochrysene by the use of 2 atoms of sulfur. Dimerie ey
hexadiene can be converted into a tetralin with a methylene b
Several examples of partial dehydrogenation are to be found in the
Cook and co-workers.!8:173:2¢4 One of the best examples of this type
action is the partial dehydrogenation of neoergosterol, carried out by Hy

mann® (Formulas VI and VII).
IX. DISPROPORTIONATION

The so called disproportionations are of particular importance
pecially in catalytic dehydrogenation. In the presence of platinum m
catalysts, even at relatively low temperatures, unsaturated com ..._._.
such as cyclohexadiene, are converted into mixtures of aromatic and @
pletely saturated hydrocarbons.**® This type of reaction seems to |
been first observed by Knoevenagel and co-workers.*#

Wieland?¥" later showed that dihydronaphthalene is converted
naphthalene and tetralin in the presence of palladium black, with the ew
tion of heat. These reactions are completely understandable fro
standpoint of the thermodynamic relationships, as Boeseken, 24 for exam
has shown. A most thorough study of these disproportionations has?_
made by Zelinsky and by Linstead and co-workers. In the course of
investigations they surveyed cyclohexene,** various methylcyclohexene
terpenes, such as limonene®** and a-pinene,*** and also compounds 1
unsaturated side chains.!®17 The work of Linstead especially®:s&
shows that disproportionations play an extremely important role in @
lytic dehydrogenation.

In this connection it is interesting to note that the dehydroge
tendency of tetralin can be utilized for the hydrogenation of a varief
unsaturated compounds,?'—23 corresponding to a disproportionation
action between dissimilar molecules. Benzene has also been used as &
drogen acceptor in catalytic dehydrogenation.**

243 yon Braun and Irmisch, Ber., 65 B, 883 (1932).

214 J W, Cook and Haslewood, J. Chem. Soc., 1034, 428433,

65 Zelinsky and Pavlov, Ber., 66 B, 1420 (1933). 5.

246 Knoevenagel and Heckel, Ber., 36, 2816-2822 (1903); Knoevenagel and
ibid., 2848-2857; Knoevenagel and Bergdolt, ibid., 2857-2861.

27 Wieland, Ber., 45, 484 (1912).

218 Boeseken, Rec. trav. chim., 37, 255 (1918).

29 Zelinsky, Ber., 57 B, 2055 (1924).

=0 Zelinsky, Ber., 57 B, 2058-2059 (1924).

21 Akabori and Suzuki, Proc. Imp. Acad. Tokyo, 5, 255-256 (1929).

22 See also Kindler and Peschke, Ann., 501, 191 (1933).

23 Orchin, J. Am. Chem. Soc., 66, 535-538 (1944).

%4 Adkins, Richards, and Davis, J. Am. Chem. Soc., 63, 1320-1325 (1941).

Similar dismutations'! can take place duringchemicaldehydrogenation
i have been discussed in the section on hydrogenation effects. For this
gson, it is understandable that completely saturated compounds are often
tained in addition to the aromatic dehydrogenation products. As a
giter of fact, the removal of the ealeulated amount of hydrogen is seldom
hieved in catalytic dehydrogenation. However, the yields of aromatic
bducts obtained by disproportionation are usually sufficient to identify
e dehydrogenation products, even with reactions in the sealed tube, where
drogenation is certain to oceur to a considerable extent.

An interesting example of disproportionation is the isomerization of
g-dibenzaleyclohexanone to 2,6-dibenzylphenol by palladium-charcoal at
5° 10 245°C. 25

X. HETEROCYCLIC COMPOUNDS

80 far, the discussion has been confined almost exclusively to the de-
ydrogenation of isocyelic compounds. Recently, the various methods of
ydrogenation, particularly the catalytic methods, have also been
plied successfully to heterocyclic compounds, of which those containing
pgen have been fairly thoroughly investigated. The behavior of
ridine in reactions over platinum and palladium ecatalysts has been
: ribed in detail.®® Pyrrolidine®728 and its derivatives2—26! can be
fadily dehydrogenated to pyrroles. In like manner, nicotine is rapidly
onverted into nicotyrine.?*.2%%  Sulfur has also been used for this last de-
jdrogenation, although the yields are very unsatisfactory.”* Decahydro-
noline**:*% and decahydroisoquinoline®”-*# are dehydrogenated very
In this connection it is interesting to note that 5,6,7,8-tetrahydro-
woline can be obtained*® by the partial dehydrogenation of decahydro-
oline, indicating that the ring containing the nitrogen atom exhibits the
dehydrogenation tendency. This procedure is very valuable from
B Pmparative standpoint, since only 1,2,3,4-tetrahydroquinoline can be
ained by the hydrogenation of quinoline.  2-Alkylimidazolines are de-

z Horning, J. Org. Chem., 10, 263-266 (1945).

- Zelinsky and Borisov, Ber., 57 B, 150 (1924).

E f\t;_l;rmkty I%ildl Yur’eKv, Ber., 64 B, 101 (1931).

o o ibaut, Molster, Kautfmann, and Lenssen, Rec. trav. chim. 22 '

Zelinsky and Yur’ev, Ber., 62 B, 2589-2590 '(1929)1.6#; i i e,
y %hl'f;'nstmrcll, ggr 64 B, 1137 (1931).

o, - 0T ev and Shen’yan, J. Gen. Chem. (U. S. S. R.), 4, 1258-12

]“ ibaut and Overhoff, Rec. trav. chim., 47, 335—939)’0&528). PRATEA

h‘_{'mlk, Holley, and Wikholm, J. Am. Chem. Soc., 64, 2835-2838 (1942)

ko orton and H’nrvit—z, J. Am. Chem. Soc., 57, 1860-1861 (1935). i

_ \j::l't"nﬂ-(‘llllzl‘lﬁil Bunge, Ber., 67 B, 1715-1729 (1934).

] eV A i 'nk 1 pls 1 il

'Zr'n{;-_‘ 19!371;’ o 121'3:":;1(;.‘111\0, Sei. Repts. Moscow State Univ., 1936, No. 6, 277-279;

E gng‘m. and Polger, Monatsh., 51, 190-204 (1929).

" Bpiith, Berger, and untara, Ber., 63 B, 134 (1930).
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hydrogenated to the corresponding imidazoles by various metallic cataly
including platinum and palladium.*® )
In other cases the breaking up of rings, ring closures, and rea
ments result.225:2® Prelog and co-workers?-#72 have reported a rea
ment which occurs in the dehydrogenation of 3-acetylpiperidine dert
with selenium at 300°C. The corresponding 2,3-dimethylpyridine i
tained instead of the expected 3-ethylpyridine. The same author has ¢
investigated the dehydrogenation of some azabicycloparaffing 3
selenium or palladium—charcoal at 350°C.7¢ 1-Azabicyclo [2.2.1 Jhept
gave 7v-picoline, 1-azabicyclo[2.2.2]octane gave 4-ethylpyridine,
azabicyclo[2.2.0]decane yielded a small amount of quinoline.
Spith and co-workers have applied catalytic dehydrogenation ¥
great success to their researches on alkaloids.*™ '
A number of experiments on heterocyclic substances containing o
and sulfur have also been published. Dihydrocoumarins can be d
genated to coumarins,® hydrofuranes to furanes, and tetrahydrothio

to thiophene.?™:*™
XI. SECONDARY REACTIONS

In the foregoing discussion, in general only those examples of dehyd
genation reactions which yielded aromatic dehydrogenation products 1
been considered. Various interferences can also take place, especia
the action of sulfur on organic compounds, and in many cases result i
greatly lowered yield of the normal dehydrogenation products. A ¢
tion of the older literature on this subject is found in the frequentl
treatise by Ruzicka.”® A product containing sulfur has been isola
the dehydrogenation of elemol,* to mention one of the more recent ob
tions. TFieser has reported a similar experience.”™ Since the pre
these by-products does not greatly increase the difficulty of working
aromatic hydrocarbon, however, the scope of the dehydrogenation
greatly changed. :

Selenium is less readily introduced into organic molecules,* Wi
probably accounts for the general applicability of this reagent.

XI1I. DEHYDROGENATION TECHNIQUES
1. Sulfur

original procedure described by Ruzicka and co-workers!s? is still
d, as a rule, for dehydrogenations with sulfur. The exact c:a,lcl
ount of sulfur is always used; an excess should be avoided l;ecau:s:
r of secondary reactions. The evolution of hydrogen sulfid
ins at about 180°C. and is complete in a few hours Rapid teme
increase :at- the start of the reaction should be avoide'd ;since th r-
.;of frothing over, especially with large runs. Towar(i the endeo‘;
fion, the temperature may, if necessary, be raised to approximatel
though prolonged heating at higher temperatures in the rey
changed sulfur should be avoided. A temperature of 200ITJ etS;
ca be regarded as normal. In many cases it has proved useful t
the dehyflrogenation under a slight vacuum, 2 j
first step in t]j.c working up of the reaction mixture is almost always
vacuum distillation of all the volatile material. The dist,il.l‘?;,}trEa
ontains some sulfur. It is not advisable, however, to attempt tg
i by distillation over sodium, since part of 1;]1’e aromatitla h
h is also destroyed by this procedure. Usually after a second de"
0, the separate fractions are sufficiently pure for preparing the pier : i
obenzene derivative, or for other means of identification i

2. Selenium

j)fl:ﬂ:];;[e1'1311 to‘be dehydr(_)genated is heated with the calculated
1rphous or crystalline powdered selenium® in a flask with
-reﬂux cond‘nnser. The use of an excess of selenium is not ?311-
_ n entul(.l The ev.olution of hydrogen selenide begins at alfout
. ble.;;_ :;l]ﬁn can re(zia,dlly be followed by the progressive coloration in
- bg pov:r efr. The tempcra.t-ure, which should always be
- gro ugr—.; 0?) Ca metal bath, is slowly raised as necessary.
B ab§ {31 ) 1_. can b‘e considered safe. Experience has
e ve - 18 1m§t, vanou.s rearrangements may be expected.
g w?:;ll& ;ffns with selenium appear to proceed much more
R sulfur, and often very long reaction times are em-
ey :il) It must be remembered, however, that too
et pe;‘ature may cause unnecessary decomposition
- e s. For example, according to Nagel and Kérn-
: of heating at 280° to 305°C. are the best conditions for

9 Giriinacher and J. Meyer, German Patent, 703,809, Feb. 13, 1941; Chen
stracts, 36, 1045 (1042).

6 Ehrenstein and Marggraff, Ber., 67 B, 486491 (1934).

711 Prelog, Komzak, and Moor, H v, Chim. Acta, 25, 1654-1664 (1942).

72 Prelog, Moor, and Fiihrer, H olo. Chim. Acta, 26, 346-848 (1943).

213 Prelog and Balenovic, Ber., 74 B, 1508-1510 (1941). b

4 Spe the summary by Spiith and Galinovsky, Ber., 69 B, 20502061 (1936).

75 Spath and Galinovsky, Ber., 70 B, 235-238 (1937).

8 Yur'ev and Borisov, J. Gen. Chem. (U. S. 8. R), 7,138 (1937).

77 Yur'ev and Borisov, Ber., 69 B, 1395-1398 (1936).

=8 See p. 12 of Ruzicka’s report (footnote 1).

ille, 7. 4 :
m 1, F. Fieser, J. Am. Chem. Soc., 55, 49774984 (1933). ) m. Chem. Soc., 55, 24622465 (1933).

3 im-d Kérpeohe
orrchen, Chem. Umschau Fette, Ole, Wachse, Harze, 39, 1 (1932)
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he presence of the catalyst.’5  Sinee in general the main re
01.1]}-' that the temperature necessary for ileflxr(lrogeila.t‘ion b,—
this sim plc_ procedure can give good results for all substances tha:
D0°C. or higher under atmospheric pressure. It is of practli 1
that. a number of the more volatile compounds, such as tg?*
quiterpenes, can also be treated in this marmér because a;
ng point they are dehydrogenated or (1ispr0p0rti0n;.t-ed to ar .
: 1.111([5.‘ia These disproportionations can be earried ouf wii?h-
Its in the sealed tube, a procedure which is especiall
r very small amounts of material. . ¥
¢ pt?ratu.re 'and duration of catalytic dehydrogenation naturall

n wide limits. As a matter of information, tetralin has ba 4
dehydrogenated at temperatures as low as 1180°C but d el(?n
hyldecalin only at 300° to 350°C.120.132 At tem e.r"atu ‘803 h
350°C., many secondary reactions may be expeclzed i
ehydrogenatious in the liquid phase, palladium-chat:coal in tl
of 10 to 509, of the weight of the material is commonly ussecllr'1 tl::
lliturn u'sually cont.ain's. 10 to 309 of the metal. Because C:f the
p high price of the platinum metals, it is important that th
ated f_rom the spent eatalyst and used again without det o
to Linstead,'®? the method of Baldeschwiler and M};;ﬁ:;g;

d results for the recove i i
e ry of platinum, and that of Keiser and

the preparation of retene from rosin oil, In many other cases, still sho;
reaction times suffice.

For working with fairly volatile materials or with very small amouy
dehydrogenation with selenium in the sealed tube has proved very sa
factory.®-112.13¢  After the reaction is complete, the mixture is usua
tracted with ether or benzene, and the residue from the evaporation of
extracts is then fractionated and further worked up.

3. Catalytic Methods

Experience has shown that the method of preparation of dehydrog
tion catalysts greatly influences their activity and in many cases
effect on the organic compounds. Zelinsky and co-workers, 18262
particular, have made a systematic study of this subject. On the
their results, the use of palladium-charcoal has come into consi
favor. Precise directions for the preparation of dehydrogenation cata
have been given by Zelinsky and Turova-Pollak,’® Diels and
and Packendorff and Leder-Packendorff,”* among others. Recently,
stead and co-workers compared the activities of catalysts prepared in
ferent ways, under conditions which are readily adaptable to practica
quirements.!*13  They arrived at the following conclusions.

1. Very active catalysts result from the method of Willstéitter :
Waldsehmidt-Leitz,2® but somewhat higher activity and better rep od:
bility are obtained if the metal is precipitated in slightly higher dilutio!

2. Platinum and palladium catalysts prepared under the same
tions have very similar activity. Palladium seems to be somewhat 1
inclined to cause side reactions.

3. The activity of both these metals is very dependent on the
of the carrier and decreases in the following order: metal on activ
charcoal > metal on asbestos > metal as “black.”

4. The course of the dehydrogenation of substances with quat
cyclic carbon atoms is strongly influenced by the catalyst carrier,
by the choice of the metal.

Apparatus for catalytic dehydrogenation in the vapor phase ha S
described at various times.?*2%:%7 In the determination of constitt
however, the use of relatively simple apparatus is preferable, and
genation in the liquid phase has been tried by simply heating

4. Solvents

(;Eflly, dehir.drogenat-ions with sulfur and selenium especially
preparations, have been carried out i :
: ve b in the presence of sol-
- &ni napht]'lalene:.“ quinoline, 1,292 and za.cv::t:smjlicle.lc;s’3 A serie:(ﬁf
._ A ;d\; ;gsem:?stlgaf-ted by Morton and Horvitz*4 in connection
nation of nicotine with sulf
9 3 : ur., The use of solvents i
(:) fm?:‘e a]dvantageous in catalytie dehydrogenations h:vne:ei's
4 é)d rl:)no sl from aIthoI§ and ketones, especially, can’be signiﬁ-.
vestigaiit u; use;) of mesitylene or p-cymene as a diluent.®* A
on has been made of the influen i .
e A ce of various solvents on
genation of 1- and 4-keto-1,2,3,4-tetrahydrophenanthrene to

U

L. Ruzicka a .
: Uzicka and Waldmann, Hely, Chim. A
ch;?ﬁé &ggrﬁt{ﬁzﬁhe}‘?m%‘z};e Ifg;hsclﬁtl?fe lg’ufiilll_ﬁlléé R e
a,J. Am, . Soc 7~ 1035).”
c% [?r‘?eg, Am. Chem. J., 16,20 f?fsggﬁ S bk
P Ve }t%b and Schn, Ber., 68 B, 1079-1085 (1935)
| el er, and Hershberg, J. Am. Chem. Soe., 58, 1463—
phan, Ann., 527, 279-200 (1937). e

=2 Zelinsky, Ber., 59 B, 156-162 ( 1926).

23 Zelinsky and Pavlov, Ber., 56 B, 1250 (1923).

284 Packendorff and Leder-Packendorff, Ber., 67 B, 1388-1391 (1934).
25 Willstatter and Waldschmidt-Leitz, Ber., 54, 123 (1921).

26 See, for example, L. Ruzicka and Stoll, Helv. Chim. Acta, 7, 84 (1924).
7 Tevitz and Bogert, J. Am. Chem. Soc., 64, 1719-1720 (1942).
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1- and 4-phenanthrol, respectively,®-*¢ and of a number of isomeric ke

: icularly because of th s
hexahydrochrysenes to the eorresponding chrysenols.®:# g part! y e numerous changes which may oceur

g hon skeleton. However, these rearrangements, in the main, con-
5. Development and Identification of Dehydrogenation Prody pfinite reactions which may be regularly formulated. Frequc’:ntly
. , the results of the dehydrogenation itself have proved on mor(;
udy to be valid, and the rearrangements to be merely a result of the
methods used. In addition, these secondary reactions can often
d by careful manipulation, such as more accurate control of tem-
In view of this, an important task for the future will be detailed
gation of the early results obtained on natural products, possibly
of type experiments. The dehydrogenation conditions, especially
ure, are doubtless most important in weighing the reliability
ts, and accurate knowledge of their influence can help to avoid
sions,
ogenation is very useful as a quick source of information on the
ture of alicyclic compounds. The relationship of the cardiac
8 to the sterols, for example, was established for the first time by
ehydrogenation. Also, the question of whether the various sapo-
ng to the sterol or to the triterpene series can be readily decided
s of dehydrogenation results, 29,207 :
role which dehydrogenation, along with the isoprene hypothesis.
e analytical methods, has played in the study of the polyterpenes
tly the pentacyclic triterpenes, was recognized several years ag(;
S Although there are still a number of questions, which pe'r-
be answered only by systematic analysis, dehydrogenation never-
made possible a fuller understanding of this difficult field. The
ance of dehydrogenation in other fields, also, is generally recog-
3 z_md ‘indced there are few methods which ean compete with it
unation of the earbon nuelei of complex natural products.

Since complex mixtures of various reaction products may us
expected from dehydrogenation, as is always the case for example
triterpenes, a very careful fractional distillation is recommended a
first step. The individual fractions are then freed of phenols if ne
and finally purified further by reerystallization of the picrate or
benzene derivative. Even an approximately quantitative sep
these mixtures is a lengthy and difficult procedure. The preparaf
picrates, which can readily be decomposed by sodium hydroxide
monia, was originally the principal means of isolating the individy
hydrogenation products, but more recently the trinitrobenzene deriy
have also been frequently employed. In general, these appear to be
less soluble and somewhat more stable than the picrates, and can
well be resolved chromatographically on aluminum oxide. This
method for the resolution and regeneration of the free hydrocarbons
recommended for the picrates, because of its neatness and simpli
If the picrates cannot be obtained directly from the fractionated de
genation products by treatment with alcoholic picric acid solution, !
zicka! recommends that the aleohol be allowed to evaporate in a poree
dish. In the residual oil, the traces of picrates, which almost without
ception crystallize in small needles, are then readily distinguishable i
the nearly colorless plates of crystalline picric acid. The needles
freed from adhering oil on a clay plate.

The positive identification of even known dehydrogenation p
is sometimes difficult. For example, the work of Ruzicka and co-
ers™.2% has shown that the picrates and trinitrobenzene derivatives
different trimethylnaphthalenes give only very slight, if any, depri
the mixed melting point. Whenever their preparation is possible,
the styphnates and trinitrotoluene derivatives, or oxidation prod
the hydrocarbons, such as quinones, may be used as an additional he!
identification.

Absorption spectra have been of the greatest importance in -
information on the nature of the ring system of high molecular weigh
hydrogenation produects.

XIII. CONCLUSION

The value of dehydrogenation methods for determining consti
has frequently been questioned. The results have often been regard

294 Mos&ttiiand Duvall, J. Am. Chem. Soc., 59, 367-369 (1937).
25 T, Ruzicka and Ehmann, Helv, Chim. Acta, 15, 140-162 (1932).

zicka and van Veen, Z. physiol. Chem., 184, 69-82
Z. physiol. C’iwm:, 238, 35-53 (1936’). St



