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Part 1. Thermal and Catalytic Isomerization of Olefins using
Acids, Metals, Metal Complexes, or Boron Compounds

as Catalysts

A. J. HUBERT and H. REIMLINGER

Union Carbide European Research Associates S.A., 95, rue Gatti de Gamond, Brussels 18, Belgium

Part I' of this review was devoted to the base-catalyzed isomerization of olefins. All other methods used to isomerize olefins are treated
in Part I1. As in Part I, isomerizations involving rearrangement of the carbon skeleton are not considered.

Im Teil I dieser Ubersicht wurde die basen-katalysierte Isomerisierung von Olefinen besprochen. Alle anderen Methoden der Iso-
merisierung von Olefinen sind im Teil II abgehandelt. In beiden Teilen der Ubersicht ist das Thema auf solche Isomerisierungen be-
schriinkt, die ohne Umlagerung des Kohlenstoff-Geriistes der Olefine ablaufen.

1. Isomerization of Olefinic Hydrocarbons

Acids and bases' are the most important catalysts
for double bond isomerizations of olefinic hydro-
carbons, and therefore the reactions involving these
catalysts have received the predominate attention in
the literature. However, during recent years, the
interest in metal-, metal complex-, and boron com-
pound-catalyzed isomerizations of olefins has in-
creased continuously. Particularly, ‘““contra-thermo-
dynamic” isomerization effected by hydroboration®,
which leads to a-olefins, is of considerable prepar-
ative importance. Thermal- and radical-induced iso-
merizations, however, with the exception of thermal
isomerizations of cycloolefins, have been studied
less extensively.

1.1. Isomerization of Linear Hydrocarbons

1.1.1. Acid-catalyzed isomerizations in
homogeneous solutions

Whereas the base-catalyzed isomerization of olefins'
proceeds through carbanions, the acid-catalyzed
reaction takes place via carbonium ions?:

@
R'=CH,~CH=CH—-R? + H® = R'—CH,~CH—CH,—R?

1 2
= R'-CH=CH—-CH,~R? + H®

3

Both isomerizations may be effected in homogeneous
solutions or in the presence of a heterogeneous
catalyst; both lead from a thermodynamically less-
stable olefin to a more stable one.

! PartI: A. J. HuBerT, H. REIMLINGER, Synthesis 1969, 97.

Carbonium ions, in contrast to the carbanions en-
countered in base-catalyzed isomerizations, often
undergo rearrangements of the carbon skeleton. The
migration of a double bond, however, generally
occurs more readily than skeletal rearrangements’
(but less easily than cis-trans isomerizations), and
can thus be selectively effected under appropriate
conditions. When skeletal rearrangement occurs, it
is often preceded by isomerization of the double
bond. The order of carbonium ion stability is the
reverse of that for carbanions:

tertiary > secondary > primary.

Thus, it may be assumed in general that in acid-
catalyzed and thermal isomerizations, the olefin with
the highest number of alkyl groups at the double
bond is the most stable. For example, 2,3-dimethyl-
1-butene is isomerized into 2,3-dimethyl-2-butene in
the presence of sulfuric acid®, and terminal olefins
are isomerized into their internal isomers.

Non-conjugated diolefins with the double bonds in
terminal positions undergo facile rearrangement to
conjugated dienes®. This rearrangement is more dif-
ficult when one of the double bonds is buried in the
chain, and is most difficult when both double bonds
of the isolated diene are non-terminal.

Both Lowry-Bronsted and Lewis acids are used as
catalysts. The catalytic isomerization of undecene
has been studied’ using the following acids:

H,F,, HBF,, HCIO,, H,SO,, p-H;C—C4,H,—SO;H,
C,H;—SO;H, AICl,, and BF;.

2 A.G.OsLAD, T. H. MILLIKEN, G. A. MILLS, Chemical Charac-
teristics and Structure of Cracking Catalysts, Advan. Catalysis
2, 199 (1951).

3 F.E. ConDON, Catalysis, Vol. VI, p. 43, Reinhold Publishing
Corp., New York, 1958.

* E A. FIDLER, The Science of Petroleum, Vol. V, Part I, (1953),
p. 106, Oxford University Press.
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Various solvents, acid concentrations, and tempera-
tures were used. One of the most effective catalysts
was found to be perchloric acid/acetic anhydride at
100°. This system only induced a small amount of
polymerization, whereas boron trifluoride or alumi-
num chloride in carbon tetrachloride caused com-
plete polymerization of the olefin after a relatively
short reaction time.

The systems sulfolane/methyl bromide/tetrafluoro-
boric acid and sulfolane/methyl bromide/4-nitro-
benzenesulfonic acid are very convenient acidic cata-
lysts for the isomerization of octenes®.

Isomerization of 1-undecene with 709 perchloric acid and acetic
anhydride’: A mixture of 1-undecene (3.0 g), 70%, perchloric acid
(0.174 ml, 10 mol %), and acetic anhydride (to take up water) is
shaken for 30 min. at 100°. The mixture is then neutralized with
aqueous sodium carbonate, the organic layer separated, washed
with water, dried, and distilled. G.L.C. analysis of the product
indicates the presence of 49, 1-undecene, 40°; 2-undecene, 28.1%,
3-undecene, 18.4%, 4-undecene, and 9.5%, S-undecene. The prod-

o,

uct also contains 59, polymer.

Perchloric and phosphoric acids are the most fre-
quently used acidic catalysts for double bond iso-
merization®. Both have the advantage that they
neither add to nor oxidize the olefin. It is of interest
that in some cases a mixture of two acids is a more
active catalyst for isomerization than either acid
alone. For instance, mixtures of hydrofluoric or
hydrochloric acid and alumina behave this way®.
Addition of alumina to basic catalysts also increases
the rate of basic isomerizations (see Part I1).

Considerable efforts of industrial research groups
(see Section 3.) have been expended on the problem
of isomerization of 1-butene into the 2-isomer.
The reaction occurs in the presence of a variety of
catalysts: copper, aluminum sulfate (at 250--300°),
quartz, perchloric acid (at 21°), zinc chloride
(at 100°), benzenesulfonic acid, phosphoric acid,
and phosphoric acid on silica gel. In all cases, the
mechanism involves hydrogen transfer between the
catalysts and the olefin!®'1.

Previously proposed mechanisms for the acidic iso-
merization of butenes (e.g., by phosphoric acid)
involved a proton addition-elimination sequence'?
or the formation of a phosphoric acid ester'?. A
“hydrogen switch” mechanism'® was later proposed
to explain facts which could not be accounted for
on the basis of the previous mechanisms, i. e., the
facts that ethylene does not exchange tritium'® and
that trichloroacetic acid does not isomerize 1-butene
whereas sulfuric and phosphoric acids cause rapid
isomerization. According to the “switch mechanism™,

3 A. KirrMANN, E. Sarto, Bull. Soc. Chim. France 1945, 809.

¢ A. L. HeNNE, A, TURK, J. Amer. Chem. Soc. 64, 826 (1942).

7 F. ASINGER, B. FELL, G. CoLLIN, Chem. Ber. 96, 716 (1963).

8 M. D. Carr, J. R. P. CLARKE., M. C. WHITING, Proc. Chem.
Soc. 1963, 333.

% F. ASINGER, B. FELL, Erdé!l und Kohle 19, 258 (1966).

SYNTHESIS

the bond migration is a concerted process involving
activated complex 5, in which sulfuric acid (in this
case) acts both as donor and acceptor for the hydro-
gen atoms:

N /
C=C CHs c=c_ CHy
WO e s = W
H B W
6 0
4 /7
A
d
\
H
5
N
= H;C—C\\ /CH3 + H,S0,
o
H
6

Thus, a catalyst suitable for such isomerizations
should be capable!® of simultaneously donating
and accepting a hydrogen atom at centers separated
by ~3.5 A corresponding to the distance between
the C,- and C;-hydrogen atoms in structure 4.

The requirement is satisfied by sulfuric acid, silicic
acid, phosphoric acid, perchloric acid, HAIBr, and
HAICl,. A criticism of this attractive mechanism
is, however, that it does not explain the cis-trans
isomerization of the olefin, which occurs at an
equal or even faster rate than the double bond shift,
or the skeletal rearrangements which often take
place in acid-catalyzed isomerizations of olefins.

1.1.2. Isomerizations of linear olefins on
heterogeneous catalysts bearing acid sites

The fact that migration of double bonds occurs on
alumina is of great importance in dehydration
of alcohols and in chromatography. The isomeri-
zation of double bonds on alumina is particularly
fast at elevated temperatures and is therefore very
frequently encountered during the dehydration of
alcohols to olefins'®. At temperatures above 300°,
the tendency of terminal double bonds to migrate
toward the center of the molecule is very high'®,
whereas the probability of isomerization of a double
bond from a highly-branched to a less-branched
position is very low.

19 ). TurkevicH, R. K. SMrtH, J. Chem. Phys. 16, 466 (1948).

't ). Turkevich, R. K. Smith, Nature 157, 874 (1946).

12 Y. N. IPATIEFF, B. B. CORSON, Ind. Eng. Chem. 27, 1069 (1935).

'3 E C. WHITMORE, J. Amer. Chem. Soc. 54, 3274 (1932).

14 W. O. HAAG, H. Pings, J. Amer. Chem. Soc. 82, 2488 (1960).

15 K ASINGER, Chem. Ber. 75, 1247 (1942).

16 A A.PrTROV, S. R. SERGIENKO, A. L. TSEDILINA, Y. P. EGOROV,
Khim. i Tekhnol. Topliva 1956, 26; C. A. 50, 16655 (1956).
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The sites of strong acidity are responsible for the
double bond migration on alumina catalysts, whereas
dehydration takes place on sites of lesser acidity!”.

The structure of the alumina used is very important.
Thus, the 9-form is three times less active than the
y-form of alumina in the dehydration of butanol;
and therefore the use of the former material as a
dehydration catalyst involves the more severe con-
ditions, and the higher degree of isomerization of
I-butene!®,

The dehydration of 4-hydroxy-4-methyl-1-pentene
(7) on a mixture of chromium and aluminum oxides
gives 2-methyl-1,3-pentadiene (8)'°. Heating of
isoamyl alcohol on alumina at 380° results in the for-
mation of 2-methyl-2-butene plus traces of 2-methyl-
1-butene??:

OH
|

HiC~C~CHy—CH=CH, HA=C~CH=CH-CHy
CH3 CH3

_

7 8

The migration of double bonds on alumina or on
silica gel, a phenomenon general for stationary
phases containingacidsites, is sometimes troublesome
during chromatography of olefins on these sup-
ports®!. The isomerization of olefinic double bonds
on alumina has been extensively report-
ed*+7:9:10.22.23 ‘The jsomerization of I1-butene into
2-butene on alumina powder and pellets at 230 has
been the subject of a mechanistic study'?. A
carbonium ion mechanism seems to explain the
results better'? than the concerted mechanism
proposed for acidic isomerizations in homogeneous
solution'®.

Thermodynamic data for the isomerization of 1-
butene into 2-butene on a silica-alumina-magnesia
catalyst have been determined?*. The values of
free energy for the isomerization of l-butene into
trans-2-butene (4F; ;= —2.875+3.05 T) and for the
isomerization of l-butene into cis-2-butene
(4F; .= —2.370+3.00 T) show that the trans isomer
is more stable®*. Other studies®® have shown that
the isomerization of I-butene into 2-butene on a
silica-alumina catalyst at 66° is stereospecific and
leads to the thermodynamically unfavored cisisomer:;

7 V. Z. SHARE, L. K. FrREIDLIN, E. N. GERMAN, G. I. SAMO-
KHVALOV, Neftekhimiya 7, 57 (1967); C. A. 67, 21274 (1967).
V. A. Dzisko, M. KOLOVERTNOVA, N. S. KOTSARENKO, Kine-
tica i Kataliz 7, 508 (1966); C. A. 65, 9794 (1966).

R. Y. LeviNa, A. A, FAINZILBERG, V. M. Tatevzku, E. G.
TrESHCHOVA, Zh. Obshch. Khim. 21, 233 (1951): C. A. 45,
6990 (1951).

20 Y. G. MAMEDALIEV et. al., Doklady Akad. Nauk Azberbai-
dzhan SSSR 11, 675 (1955); C. A. 50, 11934 (1956).

S. LanDpa, L. Markovec, Collect. Czech. Chem. Comm. 29,
2309 (1964).
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this isomer is favored kinetically, especially at low
conversions. These results have been rationalized
in terms of intermediate non-classical carbonium
ions. In the isomerization of 1-butene and cis-2-
butene, these ions are represented by structures 9
and 10. The stereospecificity of the reaction results
from the fact that in structure 10 free rotation of the
terminal C-atom to a position trans, relative to the
other terminal C-atom, is impossible. Thus, only
cis-2-butene is produced:

c c c
C=c-c” N=c”
\ B D
H H
9 10

In a recent study®® of the mechanism of butene
isomerization on alumina and silica-alumina cata-
lysts, it was shown that considerable intermolecular
hydrogen exchange takes place. It was suggested
that cis-trans isomerization takes place by intra-
molecular rearrangement; however, the degree of
intramolecularity of double-bond migration is un-
known. The acidity of the active sites of the silica-
alumina catalyst is important in the reaction?’;
both protonic and Lewis acid sites are catalytically
effective. It was found, however, that the catalysts
containing sites of high acidity lead to a cis: trans
product ratio of 2:1, in contrast to the case with
catalysts possessing centers of lesser acidity, which
give cis. trans product ratios of 1.1 to 1.3.

In the case of the widely used alumina-silica catalysts,
it has also been suggested that the isomerization takes
place via m-complexes at the acidic centers of the
catalyst?®,

Diolefins are isomerized on alumina into conjugated
olefins*?; e.g., 1,5-hexadiene (11) forms 2,4-hexa-
dienc (12) at 300°:

HyC=CH—CHy~CHy—CH=CH, 2202 /30°

1

H3C—CH=CH—CH=CH—CH,
12

Another example of this reaction is the isomerization
of 1,7-octadiene into the 3,5-isomer on a
Cr,03—Al1,0; catalyst3°,

The mode of preparation of and presence of other
oxides in an alumina catalyst play an important role
in determining its activity. Pure ®alumina gel cata-
lyst B is reported to be very effective in inducing
double bond shifts>'.

22y W. McCARTHY, J. TURKEVICH, J. Chem. Phys. 12, 405, 461
(1944),
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The catalytic activity of alumina may generally
be improved by the addition to it of various oxides
(e.g., Cr,05). Acids may also be used for this
purpose, but the acid-treated catalysts tend to favor
skeletal rearrangements. Fluorinated alumina cata-
lyzes the skeletal isomerization of butene, whereas
y-alumina isomerizes l-butene without skeletal re-
arrangement 2,

Supports other than Al,O; are also effective as
isomerization catalysts (see Section 3). Silica gel--al-
ready an active catalyst’'—may be rendered even
more active for the isomerization of 1-hexene by
irradiation with neutrons®?. Zeolites have also been
studied. 1t was found that NaX- and Ni—NaX-
zeolites catalyze (at 165--205° and 200--240°, re-
spectively) the dehydration of 2-hydroxybutene to
yield l-butene; this initial product isomerizes to
2-butene at increased contact times**,

Using zinc and magnesium silicates as catalyst in
the range of 300--500°, the isomerization of 1-pentene
yields predominantly 2-pentene’”; some rearrange-
ment of the carbon skeleton yielding small amounts
of dienes and pentane isomers is also observed. Zinc
chloride on alumina has also been used in the iso-
merization of 1-pentene at 350°; a mixture of Cs-
hydrocarbons and condensation products was ob-
tained®®. The isomerization of the three butenes
using metal sulfates on silica gel at ~60° yields a
high ratio trans-2-butene : 1-butene*’. Zinc and
zinc chloride have also been found to effect double-
bond migration in olefins under certain conditions*®.

1.1.3. Isomerization of linear olefins via
hydroboration or by use of trialkylboranes,
metals, complex metal hydrides,
or metal complexes

Isomerizations of olefinic double bonds vig hydro-
boration®® or by use of complex metal hydrides
proceed through an addition-elimination sequence.

Hydroboration of olefins, leading to their *“contra-
thermodynamic” isomers, is extremely useful for the
preparation of a-olefins™”:

SYNTHESIS

In such isomerizations, the boron atom freely
migrates along the carbon chain of the intermediate
organoborane (13) and ends up at the least hindered
position (14). The reaction of organoborane 14
with further starting olefin, or with a second,
“displacing”, olefin liberates the desired terminal
olefin 15. The reaction is driven to completion by
using a large concentration of the displacing olefin,
which is chosen so as to be less volatile than the
desired terminal olefin, by distilling the terminal
olefin out of the reaction mixture, and by using
a displacing olefin which forms a very stable organo-
borane. All these methods have been applied and
are well documented®®. Organoboranes of olefins
such as 1-pentene, l-hexene, 3-methyl-1-butene,
and 3-ethyl-1-pentene require approximately 6-8
hours for essentially complete displacement. The
products are 90 to 959 pure terminal olefins, with
5--109; of the 2-alkene. No skeletal rearrangements

70

have been observed in such isomerizations.

Isomerization of 2-octene by hydroboration*': In a 200-ml round-
bottomed flask, a mixture of triglyme (50 ml) and 2-octene (40 ml)
is treated with diborane (15 mmol) to form a catalytic amount
of erganoborane. The reaction mixture is then heated under reflux
for 12 hr under a nitrogen atmosphere and subsequently frac-
tiorated using a Todd column. The distillate of b.p. 120-121"
represents 22.9 g of olefin, contaning 28 %, 1-octene as indicated
by [ R. analysis.

Trialkylboranes such as triethylborane have been
shown*! to catalyse the isomerization of olefinic
double bonds in molecules in which no terminal
double bond can be formed at 160--200°. This
equilibrium reaction affords all the positional iso-
mers of the starting olefin, e. g. 16:

R—{CH;)s—CH=CH—(CH,)s—R
16
(R = CgHs or substituted phenyl)

Any reaction preference for the isomer in which
the double bond is conjugated with the phenyl ring
much depends on the substitution of the aromatic
ring: the presence of eletron-releasing groups on it

R—CH=CH-(CH,),~CHy + BH; ———> |:R—CH2—(I:H— ] 5
33

R—(CH)n,y—CH=CH,

23 8. A. Kazanskil, I V. GOSTUNSKAYA, N. B. DOBROSERDOVA,
Doklady Akad. Nauk SSSR 130, 82 (1960); C. A. 54, 10825
(1960).

(CHy)~CH

lv

<_olein___ l:R"(CHz)mz—CHz—] B
3

24 1. H. Voce, N. C. MayY, J. Amer. Chem. Soc. 68, 550 (1946).
25 pJ. LuccHEsl, D. L. BAEDER, J. P. LONGWELL, J. Amer. Chem.
Soc. 81, 3235 (1959).
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increases slightly the preference for the conjugated
isomer. Steric effects are very important. For in-
stance, in the case of R=mesityl, overlap of the
n-orbitals of the double bond and the aromatic ring
is impossible for steric reasons; thus, the product
contains a statistical distribution of the isomers.

The reaction mechanism involves the formation of
small amounts of the organoborane derived from
the olefin, e.g. 16, by exchange with the trialkyl-
borane, e.g. triethylborane. The subsequent iso-
merization probably proceeds by a “slippering”+?
of the boron atom via intramolecular B—H bonds
along the chain*’.

The isomerization of olefins in the presence of metal
complexes has been thoroughly investigated and
is well reviewed by Orchin** and Bond *°. These
investigations are of considerable importance in
developing and understanding hydroformylation of
olefins.

The isomerizations of olefins using a hydrogen-
tetracarbonylcobalt [HCo(CO),] catalyst has been
studied extensively**; allylbenzene, for example,
is readily isomerized into propenylbenzene*®.

The following mechanisms for the process have been
proposed. Hydrogentricarbonylcobalt was consi-
dered to be the double bond isomerizing agent in
stoichiometric hydroformylation, in which the mig-
ration of the double bond*” proceeds by an addition-
elimination sequence:

R-CHy;~CH=CH, =
HCo(CO)3

I

R‘—CHZ—CH=CH2 +

R=CHy~CH—CHy =
Co(CO)

HCo(C0)s

It was observed*®, however, that the DCo(CO),-
catalyzed isomerization of allylbenzene into propen-

26 J. W. HiGHTOWER, W. K. HALL, J. Amer. Chem. Soc. 89, 778
(1967).

S. BIELIKOFF, J. FRAISSARD, B. IMELIK, Bull. Soc. Chim. France
1967, 3271.

V.S. FELDBLYUM, G. P. KOMISAROVA, T. A. TSAILINGOLD, Kine-
tica i Kataliz 7, 175 (1966); C. A. 64, 17377 (1966).

>% A. F. PLATE, M. L. BATUEV, Doklady Akad. Nauk SSSR 59,
1305 (1948); C. A. 42, 7234 (1948).

R. Y. LeviNa, E. A. VIKTOROVA, Vestnik Moskov Univ. 6,
no. 2, Ser. Fiz.-Mat. i Estestven. Nauk no. 1, 89 (1951); C. A.
46, 8605 (1952).

A. C.OBLAD, J. V. MESSENGER, H. T. BROWN, Ind. Eng. Chem.
39, 1462 (1947).

L. K. FREIDLIN, V, Z. SHARF, G. I. SAMOKHVALOV, E. N. GER-
MmaN, Neftekhimiya 6, 887 (1966); C. A. 66, 85253 (1967).
3 P B. WEisz, E. W. SWEGLER, J. Chem. Phys. 23, 1567 (1955).
Z. V. GRYAZNOVA et al., Izv. Akad. Nauk SSSR, Ser. Khim.
1968, 1135; C. A. 69, 76244 (1968).

N. L SHuIKIN, V. A. TuLuPov, Zh. Obshch. Khim. 27, 1448
(1957); C. A. 52, 2730 (1958).
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ylbenzene only involves a nominal transfer of deuter-
ium to the propenylbenzene. Thus, the D-—Co-bond
is not cleaved in the rate-determining step. When
l-octene containing tritium in the allyl position is
isomerized with hydrogentetracarbonylcobalt in de-
cane, the tritium label is not transferred to unlabelled
1-hexene also present in the mixture*®.

These observations have been rationalized as fol-
lows*®. Two possible hydrogen shifts can take place
separately or simultaneously in the n-complex of 16.

One of these, from metal to carbon, forms the basis
of the mechanism proposed by Heck and Breslow*’.
The other, from carbon to carbon, represents a fast
migration of the allyl hydrogen atom via a m-allyl
complex. The allyl hydrogen in the latter case is
much more mobile than the hydrogen bonded to
metal. Thus, the latter mechanism is probably
predominate in the case of olefins containing an
allyl hydrogen atom, e.g., allylbenzene, whereas
simple olefins like 1-octene are predominantly iso-
merized by hydrogen transfer from metal to carbon.

During the isomerization of a mixture of l-octene
tritiated in the allyl position and unlabelled |-
undecene or 1-hexene, using photoactivated penta-
carbonyliron or thermally activated enneacarbonyl-
diiron as catalyst, non-transfer of tritium from the
octene to the unlabelled olefin was observed*®.
Thus, the isomerization unequivocally takes place
intramolecularly through a metal-olefin z-complex.

R=CHZ=CH~CHy
HCo(CO0);

If

HCo{CO)3 + R—CH=CH-—CHj

In the analogous isomerization using octacarbonyl-
dicobalt as catalyst*”*®, only a small amount of

* N.I.SHUIKIN, N. A. POzZDNYAK, Izv. Akad. Nauk SSSR, Otdel.
Khim. Nauk 1959, 1088; C. A. 54, 1260 (1960).

37 M. Misono, Y. SAITO, Y. YONEDA, J. Catalysis 9, 135 (1967).

38 S. WAKAYAMA, J. Soc. Chem. Ind. Japan 50, 116 (1947).

H. C. BROWN, Hydroboration. W. A. Benjamin Inc., New

York, 1962.

40 H. C. BrowN, B. C. SuBA RA0, J. Amer. Chem. Soc. 81, 6437
(1959).

41 A. J. Huserr, J. Chem. Soc. [C] 1967, 235.

#2 R. E. WiLLIAMS, J. Inorg. Chem. 1, 971 (1962).

*% For a related type of isomerization (1,3-diphenylpropene and
methyleneazomethines), see: S. PaTAL, The Chemistry of Al-
kenes, Interscience Publishers, New York-London, 1964, p. 419

4+ M. ORCHIN, Advan. Catalysis 16, 1 (1966); and references
therein.

#% G. C. BoNp, Ann. Reports Chem. Soc. London 63, 27 (1966).

*% L. Roos, M. ORCHIN, J. Amer. Chem. Soc. 87, 5502 (1965).

*7 R. F. Heck, D. S. BResLow, J. Amer. Chem. Soc. 83, 4023
(1961).

*% B. FELL, P KRINGS, F. ASINGER, Chem. Ber. 99, 3688 (1966).
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tritium exchange is observed, and it is also proposed
here that a fast intramolecular isomerization takes
place:

SYNTHESIS

temperature catalyzes the isomerization of 1-hexene
to 2-and 3-hexene (909 after 24 hours)®!. The cataly-

R—CH;—~CH=CH; + Co3(CO)g = R—CHZ—CH?CHZ + CO
Co,(C0)y
R—CH,—CH=CH, = R—-CH—CH—-CH, = R—CH=CH-CH3
- ST
Co2(CO)y HCo2(C0)7 Co,(CQ)q

The olefin first forms a n-complex with the metal
carbonyl. Fast intramolecular hydrogen shifts via
the allyl z-complex then take place. Finally, a state
of thermodynamic equilibrium is reached, without
the olefin at any time having left the complex as
would have been the case in an elimination-addition
process.

Treatment of the final complex with a second,
“displacing” olefin, preferably an a-olefin, or simple
destruction of the complex itself affords the iso-
merized olefin usually in the zrans-configuration.

The observed tritium exchange takes place through
a side reaction involving Co(CO),-radicals formed
by thermal cleavage of the octacarbonyl-dicobalt.
The reaction mechanism is very similar to that of
the iodine-catalyzed isomerization of double bonds:

R—CH;—CH=CH, +« ColCO), —>

R—CH—CH=CH,

° + HCO(CO){.
R—CH=CH—CH,
R—CH=CH—CHy  + ColCO),

It was reported recently’® that the compound
[Co(CO),PR;]; is a very active catalyst for the iso-
merization of pentenes at 60°.

Derivates of cobalt have been most widely investigat-
ed with relation to their use as hydroformylation
catalysts; however, other metal derivatives have
also been found to be active catalysts for olefin
isomerization. Thus, [HFe(CO),]® in ether at room

49 E ASINGER, O. BERG, Angew. Chem. 61, 266 (1946).

50 G. PREGAGLIA, A. ANDREETTA, G. FERRAR], R. UGo, Chem.
Commun. 1969, 590.

51 H. W. STERNBERG, R. MARKBY, I. WENDLER, J. Amer. Chem.
Soc. 78, 5704 (1956).

52 T A. MANUEL, Trans. N. Y. Acad. Sci. 26, 442 (1964).

53 T. A. MANUEL, J. Org. Chem. 27, 3941 (1962).

54 G. WILKE et al., Angew. Chem. 78, 157 (1966); Angew. Chem.,
Intern. Edit. 5, 151 (1966).

55 French Pat. 1423128 (1966) S. E CHaprpeLL, C. E. SIBERT;
(Columbian Carbon Co.); C. A. 65, 10514 (1966).

%6 E ASINGER, B. FELL, K. SCHRAGE, Chem. Ber. 98, 372 (1965).

tic properties of this iron complex were earlier pre-
dicted®! and can be explained on the basis of the
existence of a dimeric ion (17) formed from two
[HFe(CO),]® ions, which decomposes into the
complex 18 and hydrogen:

0 (=]1<]
E:I
2[HFe(C0),]®  ———  [(CONFeH HFe(CO)s
C/
I
0
17
0
I
/C\
—_— (CO)3Fe\—/FE(C0)3 + Ho
C

Il
0

18

The structural resemblance between 18 and dicobalt
octacarbonyl makes clear the catalytic activity of
the former.

Other iron carbonyls*#32:5%34 are also active cata-

lysts for the double bond isomerization of olefins.
The mechanism very probably involves a similar
type of n-complex to that discussed in the case of
the cobalt carbonyls. For instance, Fe(CO); iso-
merizes 3-phenylallyl alcohol to 3-phenylpropanol**.
It has been shown’® that the catalytic activity of
pentacarbonyliron is greatly enhanced by U.V.
irradiation of the reaction mixture, probably because
this facilitates formation of the complex 18. Other
metal carbonyls (e. g., of osmium and manganese)®®
are also more or less active catalysts for the isomeri-
zation of double bonds.

57 M. UcHINO, Y. CHAUVIN, G. LEFEBVRE, C. r. Acad. Sci. Paris
[C] 265, 103 (1967).

58 E. W. STERN, Advan. Catalysis 16, 108 (1966).

59 see, for example: R. HUTTEL, Synthesis 1970, 225.

50 | ASINGER, B. FELL, P. KRINGS, Tetrahedron Letters 1966, 633.

_®1 N.R. Davigs, Austral. J. Chem. 17, 212 (1964); and references

therein.

52 F. W. STERN, Catal. Rev. 1, 73 (1967).

53 1. L. MoiSEEY, S. V. PESTRIKOV, Izv. Akad. Nauk SSSR, Ser.
Khim. 1965, 1717; C. A. 63, 17835 (1965).

64 1 1. MOISEEV, S. V. PESTRIKOV, L. M. SVERZH, Izv. Akad. Nauk
SSSR, Ser. Khim. 1966, 1866; C. A. 66, 64855 (1967).
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Nickel 7n-complexes in combination with Lewis
acids®* or salts of nickel in combination with an
organoaluminum compound®’ are also effective
isomerization catalysts.

Noble metal chlorides and complexes represent
another class of isomerization catalysts for olefinic
double bonds*>>°, Comparative studies of the iso-
merization of n-octenes with PdCl,, RhCl,, and
PtCl, have been carried out’®.

The industrial importance of processes for the con-
version of ethylene into acetaldehyde or into vinyl-
acetate using palladium(II)-chloride catalysis has
stimulated enormous interest in the mechanisms
of these and other reactions of noble metal salts
with olefins. Practically all the heavy transition
metals catalyze olefin isomerization**. Asinger et
al.*® showed that isotopic exchange (intramolecular
hydride transfer) takes place during the PdCl,,
RhCl;-3H,0, and PtCl,-catalyzed isomerizations
of 1-octene containing tritium in the allyl position
when unlabelled 1-hexane is present. The stereo-
selectivity of these reactions, particularly when only
a low degree of isomerization is achieved, which lead
to cis-2-olefin formation in a “contrathermodynam-
ic” process, also points toward the hydride-transfer
mechanism. The catalytic activity of palladium(II)-
chloride can be increased by dissolving it in dilute
hydrochloric acid and evaporating the solution. The
palladium(II)-chloride thus obtained is, in contrast
to the non-activated species, soluble in hexene and
octene. This activated palladium(II)-chloride iso-
merizes 2-methyl-1-pentene and 4-methyl-1-pentene
to the equilibrium mixture of 2-methylpentenes, in
contrast to the observation®! that 2-methyl-1-
pentene can not be isomerized with non-activated
palladium(1I)-chloride. Thus, the carbene mechan-
ism®! postulated must be incorrect.

The isomerization reactions with palladium(II)-
chloride can be carried out in a pure olefin or using
a variety of nonpolar and polar solvents®2. They are

©% J.C. BAILAR, H. ITATANL, J. Amer. Chem, Soc. 89, 1592 (1967).

¢ G. C. BoND, M. HELLIER, J. Catalysis 7, 217 (1967).

7 R. CRAMER, Accounts Chem. Res. 1, 186 (1968).

%8 R. CRAMER, I. Amer. Chem. Soc. 88, 2272 (1966).
R. CraMER, R. V. LiNDsAY, J. Amer. Chem. Soc. 88, 3534
(1966).

% J. F HarrOD, A. J. CHALK, J. Amer. Chem. Soc. 88, 3491
(1966).

7® H. Wakamatsu, Nippon Kagaku Zasshi 85, 227 (1964); C. A.
61, 13173 (1964).

™ D. Evans, J. A. OsBorN, G. WILKINSON, J. Chem. Soc. [A]
1968, 3133.

2 G. 1. K. Acres, G. C. Bonp, B. J. COOPER, J. A. DAWSON,
J. Catalysis 6, 139 (1966).

73 R. CRAMER, J. Amer. Chem. Soc. 89, 1633 (1967).

" W. D. HunTsmaN, N. L. MADISON, S. . SCHLESSINGER, J.
Catalysis 2, 498 (1962).

7* M. DusinI, F. MonTino, Chim. Ind. (Milano) 46, 793 (1964).
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not accompanied by skeletal isomerization if the re-
action is carried out under suitable conditions. Pre-
cipitation of palladium is occasionally observed, but
the extent of isomerization is not proportional to the
amount of metal deposited.

Such deposition of metal can be avoided if nucleo-
philic substances are absent from the reaction medium
or the reaction conditions are chosen so that nucleo-
philic reactions are suppressed. The thorough drying
of reagents and apparatus is also essential. The fol-
lowing derivatives of palladium have been used as
double bond isomerization catalysts:

PdCl,, Li,PdCl,, Na,PdCl,, (C,H;CN),PdCl,,
(CH;CN),, Pd-salicylate, and olefin-PdCl, n-com-
plexes. It has been reported®®®* that the system
PdCl,-HCIO, isomerizes 1-butene into 2-butene via
a complex containing a Pd—Pd bond.

Complexes of platinum and iridium are generally not
very active in the isomerization of olefins. It has,
however, been found that platinum complexes con-
taining triphenylphosphine, triphenylarsine, or tri-
phenylstibine as ligands are effective catalysts®*. The
fact that the system Pt''—Sn'! promotes room-tempe-
rature isomerization of l-pentene is particularly
interesting, as this represents an example of the
enhancement of the catalytic effect of Pt alone by
a second metal*®:®®,

Iridium"'-phosphine complexes catalyze the migra-
tion of the double bond in octenes*, whereas

iridium(11T)-chloride requires a co-catalyst to activate
it*3,

Much study has been devoted to the use of rhodium
catalysts for the isomerization of olefins, particularly
the so-called “Wilkinson catalyst” L;RhC] (L= tri-
phenylphosphine). The mechanism which has been
proposed®” for such reactions (see following scheme)
explains the fact that in the isomerization of butene
in the presence of deuterium chloride, part of the
I-butene obtained is deuterated whereas the 2-butene
in the product contains practically no deuterium.

7% G. H. TWIGG, Proc. Roy. Soc. (London) [A] 178. 106 (1941).

"7 L. V. GOSTUNSKAYA et al., Neftekhimiya 7, 3 (1967); C. A. 67,
21276 (1967).

"8 G. G. EBERHARDT, L. Vaska, J. Catalysis 8, 183 (1967).

7 R.Y. LEvINA, D. A. PETROV, Zh. Obshch. Khim. 7, 747 (1937);
C. A. 31, 5772 (1937).

8% R.Y. LEVINA, Zh. Obshch. Khim. 6, 1092 (1936); C. A. 31,
1002 (1937).

81 J. I. MAcNAB, G. WeBs, J. Catalysis 10, 19 (1968).

82 S, CaRRA, V. RAGAINI, J. Catalysis 10, 230 (1968).

83 R. NICOLOVA, D. BARTHOLOMEUF, H. CHARCOSSET, Y. TRAM-
BOUZE, C. r. Acad. Sci. Paris [C] 265, 468 (1967).

84 R. MAUREL, M. GIUSNET, M. MARco, J. E. GERMAIN, Bull.
Soc. Chim. France 1966, 3082.

85 W. G. YOUNG et al., J. Amer. Chem. Soc. 69, 2046 (1947).

8¢ L. HORNER, 1. GROYMANN, Liebigs Ann. Chem. 670, 1 (1963).

87 A. SCHINDLER, Makromol. Chem. 90, 284 (1966).



412 A. J. Hubert and H. Reimlinger

This mechanism also accounts for the stereospecific
production of trans-butene-2-d in the isomerization

SYNTHESIS

olefin remaining in the reaction mixture contained
exclusively the internal isomers. These facts suggest

of cis-2-butene with a RhD catalyst®”-%%: that there are two different kinds of active sites in the
H
L3Rhle— ﬁHz = . L3Ii«’h"‘<— gHz — > L3RKI—CH,—CHD—CH,—CH;
| D ]
" e
CHs CHy
-H3C~CH=CH~CH3 L3Rhm<——ll 2
+HC=CH-CHy-CH3 J‘ lI:D
LsRh!(H3C—CH=CH—CH3) CoHs
el ~H,C=CD~-CHy-CH3
+H2C=CH-CHy~CHg
CH3
Ct | Cl Cl
] CH | | m CH,
L3Rnll «—{} «——  L3Rh'—CH—CHy—CH3 <— L3Rh" «— ||
| CH I CH
I CH; |
CH, ?HZ
CHs,

Thus, in contrast to some palladium catalysts (e. g.,
dibenzonitrile-palladium dichloride), which iso-
merize via m-allyl complexes (1,3-hydrogen migra-
tions), the rhodium catalyst isomerizes olefins
through rapid reversible additions of hydride®” .

Rhodium carbonyl catalyzes the migration of the
double bond in 1-butene’®. The complex 19 is an
efficient catalyst for the isomerization of I-pentene
into 2-pentene (909, yield)”*:

RhCUCO)[P(CeHs)3)2 19

Rhodium trichloride on silica gel in ethylene glycol
as solvent has been reported to be an effective
catalyst for the isomerization of the double bond
in olefins’2.

Surprisingly, 1,4-hexadiene was obtained by treat-
ment of a mixture of ethylene and butadiene with
rhodium(I1I)-chloride. Using the same catalyst, this
diene is isomerized into the conjugated isomer
(stereoisomers of 2,4-hexadiene)”?. The catalyst also
isomerizes 1-butene rapidly at room temperature;
the isomerization is inhibited by 1,3-butadiene. For-
mation of a stable allyl z-complex of Rh™ and buta-
diene could explain this latter effect.

1.1.4. Isomerization of linear olefins by
hydrogenation- and Ziegler-Natta-type
catalysts

A study of the racemization of olefins during their
hydrogenation”® revealed that this is due to iso-
merization of their double bonds. Addition of bases
to the reaction mixture caused a reduction in the
rate of hydrogenation and an even greater decrease
in the rate of double bond migration. The alkane
formed was not racemized, but the unhydrogenated

catalyst, one (which can be deactivated by bases)
being very active in hydrogenation and simultane-
ously in migration of double bonds, and the other
being only weakly active or inactive in the migration
of double bonds but quite highly active in catalyzing
the hydrogenation of terminal alkenes (but not
internal double bonds).

The isomerization of double bonds on catalysts such
as Ni, NiCl,, Ni—Fe, Pd/BaSO,, PdCl,, Pd—Fe, and
Pt occurs through a mechanism involving a metal-
hydrogen bond and appears to be independent of
the hydrogenation reaction’>.

In the presence of hydrogen, nickel catalyzes the
isomerization of 1-butene to 2-butene’®. It has been
suggested'? that a concerted mechanism is operative
in the nickel-catalyzed migration of double bonds,
as the Ni—Ni distance in the crystal lattice is 3.52 A.
Therefore, a mechanism similar to that described in
Section 1.1.3. for isomerization via hydroboration,
involving a species such as NiH—Ni, could be
operative.

The following order of activity of catalysts for the
isomerization of hexenes has been observed’”:

Pd>Ni>Rh>=Rn>0Os~Ir xPt.

The simultaneous hydrogenation and isomerization
of 1-butene is catalyzed by trans-chlorocarbonyl-bis-
[triphenylphosphine]-iridium in the presence of
hydrogen’®.

b;‘g“}—\ﬁlﬁ.va;.ﬁ—SCH(‘HAL()\lA, V. S. FELDBLYUM, M. E. BASNER, V. S.

Dzyusa, Zh. Org. Khim. 4, 574 (1968); C. A. 68, 113778
(1968).
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Noble metal catalysts on various supports have been
widely used for the isomerization of olefins. Alu-
mina’®%°%:38:60 jlica’?, and active carbon’®-8° are
generally used as supports. Thus, butene may be
isomerized by rhodium on silica®!, rhodium on alu-
mina, palladium on alumina®2, and platinum on
alumina®®, The isomerization of 2,3-dimethyl-1-
butene to 2,3-dimethyl-2-butene is effected by the
metals Pt, Pd, Ni, Co, or Cu on an alumina support®*.
The migration of the double bond is probably due
to both the catalytic action of the metal and of the
acidic sites of the support®>.

The product equilibrium of the various butenes can
be reached on hydrogenation catalysts such as pal-
ladium on barium sulfate®’.

cis-trans-Isomerization of olefins with migration of
the double bond has been found to occur to a greater
extent when using palladium and Raney nickel as
catalysts than in the presence of platinum®®.

The isomerization 20 — 21 was observed’® at 300°
on Pt/C:

H3C—©-CH2"CH=CH2 _—_*P";"I:‘,Z“""
20
H3C—©—CH=CH—-CH3
21

Isomerization of two isolated double bonds into
conjugation takes place on Pd/asbestos or on Pt/C?°:

Pd / asbestos , 300°
—_— >

ONNF AR
22 23
Pt/C, 3000
Ho§j>c142—c»4=cu-|2 RALATELOSN
HyCO
HOQCH=CH—CH3

H3CO
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Isomerization of olefinic double bonds has also been
very frequently observed with Ziegler-Natta cata-
lysts®7-88:89.90  The system CH,TiCl;—CH;AICI,
catalyzes the isomerization of 1-olefins into 2-olefins,
whereby the cis isomer is formed preferentially®’.
The (C,Hjs);Al,Cly-bis[¢-butylbenzoate]-nickel com-
plex is a very active isomerization catalyst for ole-
fins®®. A study of the skeletal rearrangement of 1,4-
dienes on (tributylphosphine), NiCl,/(isobutyl),AlCI,
revealed that this catalyst is also effective in the iso-
merization of double bonds®?. The catalyst iron-
ethyl hexanoate-triethylaluminium isomerizes®?
1-hexene to a mixture of cis-2-hexene (729;) and
cis- and trans-3-hexene (72%).

The same kind of isomerization also takes place on
titanium(IIT)-chloride. The system titanium(III)-
chloride/palladium(II)-chloride was the subject of
a study of mobile isomerization equilibria with
relation to the polymerization of olefin mixtures®*.

1.1.5. Thermal isomerizations of linear olefins

Although a thermal isomerization of a linear olefin
was reported more than 50 years ago®®, detailed
mechanistic studies of such reactions have only been
carried out during recent years.

In a 1,5-hydrogen transfer, ocimene (24) isomerizes
at 200° to allodcimene (25)°°-°%-°7:

G\ ¢ C\ ¢
¢=C-C-C=C-C=C ——»  (=C—-C=C~C=C~C
c/ c/

24 25

The mechanism of this type of isomerization has
recently been investigated®® in the case of cis-2-
methyl-1,3-pentadiene (26). The thermodynamic
parameters were determined and it was proposed
that the equilibrium between 26 and 29 is established
via a cyclic transition state 27 or 28. The enthalpy
difference (4 H) between 26 and 29 is —3.43 kcal/
mole, and the equilibrium constant (K) is 10.79 at
229,

H

96 J. WOLINSKY, B. CHOLLAR, M. D. BAIRD, J. Amer. Chem. Soc.
84, 2775 (1962).

°7 J. E. Hawkins, H. G. HunT, J. Amer. Chem. Soc. 73, 5379
(1951).
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A transition state involving structure 28 is supported
by the fact that the isomerization of [-methyl-2-
vinylcyclopropane® is best rationalized in terms of
a similar intermediate.

The isomerization of hexadiene 30 at 490" in the gas
phase to cis-, trans-2,4-hexadiene (31)'°° also occurs

via a 1,5-shift:
- 490°
<\ </_

30 31

In addition, 2-ethyl-cis-1,3-pentadiene (32) is reversi-
bly isomerized to 4-methyl-rrans-1,3-hexadiene (33);
the equilibrium constant K (33/32)1s8.794 at 250°101:

N M

32 33

The thermal equilibrium constants for many mono-
olefins have been published by the National Bureau
of Standards'“2.

1.1.6. Radical isomerization of linear olefins

The isomerization, probably radical-induced, of ole-
fins during the oxidation of unsaturated compounds
has been observed!®.

An extensive investigation of the migration of ole-
finic double bonds in the presence of nitric oxide
and iodine at temperatures of about 250° showed that
the reactions are probably of radical nature!®*-103:19¢,
A convincing proof of the activity of radicals as
catalysts for the isomerization of double bonds is
the fact that mercury atoms isomerize 1-butene into
2-butene!®” at 30°.

The isomerization of terminal olefins by hydrogen
bromide in the presence of light proceeds via the
abstraction of an allylic hydrogen by a bromine
radical followed by addition of a hydrogen atom to
the terminal carbon atom!%®,

_—

H3C—CH,—CH=CH, + Bre

Br
——

HyC—CH—CH=CH; » HC~CH=CH—CH;
Certain types of radicals catalyze cis-trans olefin
isomerization without any double-bond migra-
tion'%9-11% Thys, irradiation of 2-butene, 2-pentene,

and 5-decene with suitably filtered light (wavelength
300 mp) in the presence of benzenethiyl radical-

98 H. M. Frey, R. J. Erus, J. Chem. Soc. 1965, 4770.

99 R. J. ELLis, H. M. Frey, J. Chem. Soc. 1964, 5578.

100 1y M. FrEY, B. M. Porg, J. Chem. Soc. [A] 1966, 1701.

100 1 M. Frey, R. K. Sorry, I. Chem. Soc. [A] 1969, 733.

102§ F_KILPATRICK et al., J. Resecarch Natl. Bur. Standards 36,
559 (1946); C. A. 40, 6330 (1946).
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producing compounds such as diphenyl sulfide or
diphenyl disulfide in cyclohexane effects cis-trans
equilibration without migration of the double
bond''°. Similar results are obtained when photo-
sensitizers are added to the reaction mixture con-
taining the benzenethiyl radical-producing com-
pounds and wavelengths of >320 my are used; in
this case, however, some migration (2—39%) of the
double bond occurs. The equilibria found in these
cis-trans isomerizations are close to the corresponding
thermodynamic equilibria. Different results are ob-
tained with systems in which the olefinic double
bond is not isolated, e. g. stilbene.

1.2. Isomerization of Endocyclic and Exocyclic Olefins

1.2.1. Thermal isomerization of endocyclic and exo-
cyclic olefins

The thermal isomerization of cyclic dienes is me-
chanistically particularly interesting because it de-
monstrates the existence of intramolecular hydrogen
shifts (e. g., 1,5-hydrogen migrations). Such migra-
tions in linear dienes have already been discussed in
Section 1.1.5. One of the prerequisites for facile 1,5-
(and 1,7-) hydrogen shifts is the formation of a tran-
sition state in which the hydrogen ‘atom and the
double bonds of the molecule are in a favorable
spacial relationship for migration. The following
representation of the transition state for the pre-
calciferol-calciferol interconversion serves to illus-
trate this statement''*:

Transition State for the Precalciferol-Calciferol Interconversion

The 1,5-hydrogen shifts in C4-, C5-, Cy-, and C,-
membered rings have similar activation energies,
whereas the activation energy for such migrations in

the C5-ring (cyclopentadiene) is exceptionally low!!2,

HiC—CH-CH=CH, + HBr

H3C—CH=CH—CH; + Bre

E. G. E. HAWKINS, Organic Peroxides, Their Formation and

Reactions, Van Nostrand Co, Princeton, N. J., 1961, p. 35.

104 K. W. EGGER, S. W. BENsoN, J. Amer. Chem. Soc. 88, 236
(1966).

105 S W. BENSON, A. N. Bosk, J. Amer. Chem. Soc. 85, 1385 (1963).
S. W. BENSON, A. N. Bosg, P. NANGIA, J. Amer. Chem. Soc. 85,
1385 (1963).

106 g W. EGGER, S. W. BENSON, J. Amer. Chem. Soc. 88, 236,
241 (1966).

107 H. E. GUNNING, E. W. R. STEACIE, J. Chem. Phys. 14, 581
(1946).

108 p 1. ABELL, J. Amer. Chem. Soc. 88, 1346 (1966).

199 £ ASINGER, B. FELL, Erddl und Kohle 19, 500 (1966).
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1.2.1.1. Thermal isomerization of five-membered
cycloolefins

As just mentioned, 1,5-hydrogen shifts in cyclopenta-
dienes and indenes are particularly facile. Thus,
5-methylcyclopentadiene (34) is isomerized into a
mixture containing equal amounts of 35 and 36; the
half-life of the reaction is 20—25 minutes in the
liquid phase at 25—28°'13:

CH, CH; CHs
34 <5%

35 50% 36 50%

Under similar conditions, 1,5-dimethylcyclopenta-
diene affords 409, 2,3- and 60Y%, 1,2-dimethylcyclo-
pentadiene, whereas 1,3-dimethylcyclopentadiene
and 1,4,5-trimethylcyclopentadiene gave 909, yields
of the 1,3- and 1,2,3-isomers, respectively. In indene,
a 1,3-hydrogen migration is favored because a 1,2-
shift would give the non-aromatic system 38. How-
ever, the fact that there is a statistical distribution of
deuterium in the product of the isomerization of
1-deuterioindene at 200° indicates that the isoindene

(38) is, in fact, an intermediate!!+11%:

H
O = X = Qo
D

H
37 38 39

The difference in enthalpy between the 1,3-H shift
in indene and the 1,5-H-migration in cyclopenta-
diene is about 11.5 kcal/mole!'*,

The thermal isomerization of indene derivatives is
also known. For example!!®, 2,3-diphenylindene (46)
gives 1,2-diphenylindene (47):

o
i sl
H CeHs
40 41

When both exo- and endo-products may be formed
from the isomerization of a Cs-ring system, the endo
isomer is favored!!” 1811 Even in the case of ben-
zylidenecyclopentane (42), the endo isomer 43 is the
more stable!?0-121:

E>=CH—C5H5

42 43

—_—
-

CHy—CgHsg

110 C. Moussesors, J. DALE, J. Chem. Soc. [C] 1966, 260.

1§ L. M. A. SCHLATMANN, J. Pot, E. HAVINGA, Rec. Trav.
Chim. 83, 1173 (1964).

112 D, 8. Grass, R. S. BoIkEss, S. WINSTEIN, Tetrahedron Letters
1966, 999.
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The isomerization of 44 into 45, via a 1,5-hydrogen
transfer, takes place quantitatively at 360". Such
reactions, which only take place when the double
bonds in the 1,3-diene system are in the cisoid con-
figuration®®, can be used to differentiate between
cisoid und transoid 1,3-dienes:

CH, CHs
CH, CH,
—_—
?—CH:; (i‘.= CH,
CH3 CHy
44 45

The requirement that a cisoid conformation be pre-
sent is determined by the cyclic transition state of the
rearrangement.

The bicycloheptene derivatives 46 are isomerized'??
at 285° into the exocyclic isomers 47:

R' R
/ o /
¢H 285°, 21 hr ﬁbc\
\R2 100 °% R2
46 a7

R' = RZ=H; R'= H, R?=CHy; R'=R?= CHy

1.2.1.2. Thermal isomerization of six-membered
cyclic olefins

The thermal migration of double bonds in sub-
stituted cyclohexadienes occurs at 300 —400 123124,

Q-0 Q-
O - O

52 53

In the isomerization of 54 into 55 and of 56 into 57,
1,5-hydrogen shifts occur:

54 55
gy = U
56 57

113 v A. Mironov, E. V. SoBOLEV, A. N. ELizarova, Tetra-
hedron 19, 1939 (1963).
114 W, R, RotH, Tetrahedron Letters 1964. 1009.
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1.2.1.3. Thermal isomerization of seven-membered
cyclic olefins

Thermal isomerization of cycloheptadienes and
cycloheptatrienes also takes place via intramolecular
1,5-hydrogen shifts. This mechanism was principally
elucidated by kinetic studies on deuterium-labelled

-~

| OR

—

irreversible

65

cycloolefins. A common observation in all these
studies is the high negative value of the activation
entropy, which indicates the rigid cyclic nature of
the transition state. Thus, the isomerization'?® of
deuteriocycloheptatriene (58) takes place via the
transition state 59:

H H.. H D
58 59 60

The nature of the hydrogen shifts observed with this
type of catalyst are of interest in connection with
the fact that cycloheptatrienecarboxylic acids are
readily isomerized under basic conditions!2®,

Cycloheptadiene (61 —64) 1,5-hydrogen shifts have
only very recently been reported'?”. They occur at

140 —160°.
Q= O O -
61 62 63

The thermal isomerization of cycloheptatrienes has
been extensively studied!?*-128:12° The absence of
a solvent effect on the rate of these isomerizations
is in agreement with the proposed formulation of
their common, multicenter transition state!3%-!3! It
has been shown that the photoisomerizations of
7-deuteriocycloheptatriene and of 7-phenylcyclo-
heptatriene are intramolecular, as are the thermal
reactions, but in the photoreactions, 1,7- and not
1,5-shifts were observed'2®.

The rearrangement of 7-methyl-1,3,5-cyclohepta-
triene proceeds in both the gas and the liquid phases
via a 1,5-hydrogen shift'32.

116 ¢ F. KoeLscH, P. R. JoHNSON, J. Amer. Chem. Soc. 65, 567
(1943).

17 (). WALLACH, Liebigs Ann. Chem. 353, 207 (1907).

U8 H. C. BROWN, J. Org. Chem. 22, 439 (1957).

119 Y 1. GOLDFARB, L. 1. BELINKIL, Uspechi Chimii 29, 470 (1960);
Russian Chem. Rev. 29, 214 (1960).

120 g L. EveL, J. W. McCoy, C. C. PrICE, J. Org. Chem. 22,
1533 (1957).

SYNTHESIS

Substituted members of the C, series also exhibit
1,5-hydrogen shifts'**13# For instance, isomeriza-
tion of 7-methoxycycloheptatriene (65, R=CH3) to
66 (R = CH3;) occurs irreversibly at 150°; subsequent
reversible isomerization leads to an equilibrium
mixture of 66—68 (R=CH,)'?3:

- slow
@OR — @-OR —_— ©OR
66 67 68

The thermal isomerizations of 7-methoxy- (65,
R=CH;—)and ethoxy- (65, R=C,H;—) cyclohepta-
trienes were studied using N. M. R. spectroscopy!>*.
The compositions of the equilibrium mixtures at 195°
were measured with the following results: For
R=CH;: 18% of 66, 77% of 67, and 4.6%, of 68;
for R=C,H;: 1529 of 66, 84.8%, of 67, and 09,
of 68.

The isomerization of dihydrotropolone (69) at
60-100° takes place via a 1,5-hydrogen shift'3!:

O
69 70

As expected, the presence of a phenyl group in the
molecule alters the equilibrium in favor of the more
conjugated isomer!37:

OR

64

o’
L e
CeHs g CeHs
71 72

exo-endo-Isomerization of ethylidene cycloheptane
(73) similar to that found in the 5-ring series has been

observed!38:
Ozcn—cua ——— @CHZ—CH3
73 74

124, 128 (1956).

122 ¥ ALper. H. J. AcHE, Chem. Ber. 95, 511 (1962).

123 Y. Pines, R. H. KozLowskl, J. Amer. Chem. Soc. 78, 3776
(1956).
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1.2.1.4. Thermal isomerization of eight-membered
cyclic olefins

Migration of double bonds involving 1,5-hydrogen
shifts also takes place (at 225°) in cyclooctatri-
enes!?%: 140141 In this case, 4 E=3.7 kcal/mole:

75 76 77

The isomerization of cyclooctadienes at 100—130°
proceeds via successive 1,5-hydrogen shifts!!?. The
reaction 76 — 75 is first order in 76 and is uncatalyzed.
Cyclohomotriene, a Cy-ring, also undergoes 1,5-
hydrogen shifts; these are, however, due to valence
isomerization and are as such not covered by this
review.

1.2.1.5. Thermal isomerization of polycyclic
unsaturated systems

The thermal isomerizations of palustric and levopi-
maric (78) acids at 170 and 200° have been studied 2.
Abietic acid (79) is the main product of both iso-
merizations:

COCH COOH

78 79

Palustric acid is more thermally stable than levopi-
maric'*? acid and is less stable than neoabietic
acid'*3, It is an intermediate in the thermal (and
acid) isomerization of levopimaric acid to abietic
acid'*?14% 1t appears, however, that the carboxylic
acid group in palustric and abietic acid acts as a
catalyst in the thermal reaction!**, and therefore the
isomerization is rather acid-catalyzed than purely
thermal.

Precalciferol (80) is readily isomerized to calciferol
(81) by gentle heating!4*:

The Isomerization of Olefins 417

The thermal isomerization of calciferol analogues 82
into the precalciferol analogues 83 also occurs
readily and the equilibrium lies far to the *“pre-
calciferol” side'!!:

H-0 Rl
7 Rl R2 fooz _ R2
HO N A
CHy

82 83

The high negative entropy of activation of the reac-
tion is compatible with a rigid cyclic transition
state!'1'14® which could explain the 1,7-hydrogen
shift which takes place!!?.

Thermal isomerization of 24-cholestadiene (84)
affords 3,5-cholestadiene (89)'47:

CgHyy

84
CgH17

85

1.2.2. Isomerization of cycloolefins in the presence
of catalysts

The isomerization of cyclic olefins in the presence
of acids and metal complexes, in solution and on
heterogeneous catalysts, has been studied extensively.
The same principles active in the case of linear olefins
(see Section 1.1.) operate here, but some special fac-
tors due to specific conformational effects in the
rings also come into play. Thus, a study of the iso-
merization of a series of methylenecycloalkanes in
the presence of p-toluenesulfonic acid in acetic
acid'*® revealed that the internal isomers are always

I
CH; //CHZ
(1 | l§ =
— N\ #
HO CgHyy HO CoHyy

80 81

{24 H. Pings, C. T. CHEN, J. Amer. Chem. Soc. 81, 928 (1959).

125 A. P. TER BoRG, H. KLOOSTERZIEL, N. VAN MEURS, Proc.
Chem. Soc. 1962, 359.

126 C. GRUNDMANN, G. OTTMANN, Liebigs Ann. Chem. 582, 163
(1953).

27V, A. MIrRoNov, O. S. CHizHov, 1. M. KIMELFELD, A. A.
AKHREM, Tetrahedron Letters 1969, 499,

'28 A. P. TER BORG, H. KLOOSTERZIEL, Rec. Trav. Chim. 84,
241, 245 (1965).

29 A.P. TER BORG, H. KLOOSTERZIEL, N. VAN MEURS, Rec. Trav.
Chim. 82, 717 (1963).

139 A. P. TER BORG, H. KLOOSTERZIEL, Rec. Trav. Chim. 82, 741
(1963).
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more stable than the external isomers. Variations in
the stability ratio external isomer: internal isomer
depending on the ring size were, however, observed.
The values of 4F° for many cycloolefins are in the
same order of magnitude as the values of A H° ob-
tained from heats of hydrogenation'*’. The low
stability of methylenecyclohexane as indicated by its
A H® value was rather unexpected and was explained
on the basis of an entropy change due to solvation
by the acetic acid used in the hydrogenation reac-
tion'*®. In the case of medium-sized rings, the
amount of exocyclic isomer present at equilibrium
is very small. This is due to the release of ring strain
which accompanies the migration of a double bond
from the exocyclic to the endocyclic position.

Conformational effects could be clearly observec by
studying the migration of double bonds in macro-
cyclic dienes'>?:

1.2.2.1. Catalytic 1somerization of five-membered
cycloolefins

1.2.2.1.1. Catalytic isomerization of cyclopentene
derivatives

The equilibration of methylcyclopentenes may be
achieved on alumina at 200 - 350°; distillation of the
resultant mixtures affords the pure isomers'®! In
the equilibrium mixtures obtained from methyl- and
ethylcyclopentenes on alumina at 250°, the 1-alkyl
isomers are by far the predominant components
(80 1-methylcyclopentene and 71.2%, l-ethylcyclo-
pentene, respectively); the analogous isomerizations
of methylcyclohexenes and ethylcvclohexenes give
similar results (62.99%, 1-methylcyclohexene and
59.8%/ l-ethylcyclohexene, respectively)!®?:!33:154

The equilibrium between methylenecyclopentane
and 1-methylcyclopentene was also studied using
p-toluenesulfonic acid in acetic acid as catalyst'**.

Another catalyst employed in the isomerization of
methylene- and vinylcyclopentanes is chromium(t11)-
oxide on alumina (at 250°)***. The same catalyst has
been used in the isomerization of 3-ethylcyclopentene
into the I-isomer (50% yield)!*®. Allylcyclopentane
is isomerized under similar conditions'*? into 1-pro-
pylcyclopentene; propenylcyclopentane is an inter-
mediate. Other endocyclic isomers (2- and 3-alkyl-
cyclopentenes) are not formed.

131 A P, 1ER BORrG, H. KLOOSTERZIEL, Rec. Trav. Chim. 82, 1189
(1963).

132 K W. EGGER, J. Amer. Chem. Soc. 89, 3688 (1967).

133 A P, 1ER BORG, E. RAZENBERG, H. KLOOSTERZIEL, Rec. Trav.
Chim. 84, 1230 (1965).

134 A P 1ER BORG, E. RAZENBERG, H. KLOOSTERZIEL, Rec. Trav,
Chim. 85, 774 (1966).

135 B WEeTH, A. S. DREIDING, Proc. Chem. Soc. 1964, 59.

136 T Nozot, K. TAKanasHI, Bull. Chem. Soc. Japan 38, 665
(1965).

SYNTHESIS

In the cyclopentene series, the endocyclic isomers are
most stable, but “contra-thermodynamic” isomeri-
zations can be performed via the organoborane as in
the aliphatic series®®.

An interesting ‘“‘contra-thermodynamic™ isomeriza-
tion, which, however, is of less preparative value than
the hydroboration method, is the photoisomerization
of l-methylcyclopentene, 1-methylcyclohexene, and
I-methylcycloheptene in methanol in the presence
of benzene, toluene, or xylene as photosensitizers. In
the case of 1-methylcyclopentene (which reacts more
slowly than its two higher homologs), 249, of me-
thylenecyclopentane is obtained along with the re-
duction product methylcyclopentane!*”, whereas
the six- and seven-membered olefins afford mixtures
of methylenecyclohexane (-cycloheptane) and 1-
methoxy-1-methylcyclohexane (-cycloheptane), re-
spectively'>®.

Methylenecyclopentane is isomerized to the endo-
isomer under hydroformylation conditions (Co/
ThO,/Kieselguhr +CO + H,)"*®. The isomerization
of benzylidenecyclopentane to the less-conjugated
1-benzylcyclopentene under the influence of phos-
phoric acid has been observed!®®.

1.2.2.1.2. Catalytic isomerization of indene
derivatives

Both base-catalyzed!:'®! and thermal isomerizations
of indene derivatives are known, e. g.

H —
- Q™
SgHs

CG HS
86 87

Isomerizations of exocyclic double bonds take place
in both indane and indanone derivatives.

37 A. P. TER BorG, R. van HELDEN, A. F. BICKEL, Rec. Trav.

Chim. 81, 591 (1962).

138 A C. Copg,J. K. Hecnt, J. Amer. Chem. Soc. 85, 1780 (1963).

139 1. S, GLaAss, J. ZIRNER, S. WINSTEIN, Proc. Ckem. Soc. 1963,
276.

149 W _R. RotH, Liebigs Ann. Chem. 671, 25 (1964).

141, KLoosTERZIEL, A. P. TER BORG, Rec. Trav. Chim. 84,
1305 (1965).

142 v, M. LogsLicH, D. E. BALDWIN, R. T. O’CONNOR, R. V. Law-
RENCE, J. Amer. Chem. Soc. 77, 6311 (1955).

143y M. LoeBLICH, D. E. BALDWIN, R. V. LAWRENCE, J. Amer.
Chem. Soc. 77, 2823 (1955).

143 | Ruzicka, F. Baras, F. ViLim, Helv. Chim. Acta 7, 458
(1924).

145 1 vELLUZ, G. AMIARD, B. GorrINET, Bull. Soc. Chim. France
1955, 1341.

146 M. LEGRAND, J. MaTHIEU, C. 1. Acad. Sci. Paris 245, 2502
(1957).

147 H. E. STAVELY, W. BERGMANN, J. Org. Chem. 1, 567 (1936).

148 A C. Cork et al., J. Amer. Chem. Soc. 82, 1750 (1960).

149 R B. TURNER, R. H. GARNER, J. Amer. Chem. Soc. 80, 1424
(1958).
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Acid-catalyzed isomerizations of indenes have only
recently been observed'®?. It was found that equi-
libria between alkylindenes (88) and alkylidene in-
danes (89) exist at 80° in the presence of sulfuric acid
or p-toluenesulfonic acid/alcohol:

g =

HZC\R HC\R

88 89

The position of the equilibrium is dependent on the
nature of group R; if R =aryl or (especially) methyl,
88 predominates at equilibrium, but if R=aroyl,
55-60%, of 89 is found in the reaction mixture.
Electron-donating groups such as a methyl group
in the p-position of the phenyl substituent slightly
favor isomer 89; ortho-substituents decrease the
amount of 89 in the reaction mixture.

The fact that 3-benzylindene (88) is more stable than
benzylideneindane (89) is demonstrated by the en-
thalpy difference in favor of 89 of 4 H~ 0.8 kcal/mol.
This stability difference is probably due to the fact
that in 89 two CH,-groups are kept rigidly in an
eclipsed conformation. Such a conformation should
increase the internal energy of 89 relative to 88 by
about 3 kcal/mol. Since there is a difference in the
resonance energies between 88 and 89 of ~ 2 kcal/
mol, leading to an expected enthalpy difference in
favor of 88 of ~1 kcal/mol, the determined AH
above lies in the expected order of magnitude.

The equilibrium reaction doubtless proceeds through
the tertiary cation 90.

gw

H,C
R R

90 91 92

I
~N
's)
3
/

This might explain why base-catalyzed isomeriza-
tions of alkylindenes do not generally give the exo-
cyclic isomer: the formation of anion 91 proceeds
less readily than that of 92. The isomerization of
1-alkylindenes to the 3-isomer in the presence of base
takes place through anion 92, and occurs readily.
Formation of 89 vig anion 91 in the equilibrium
88=89, however, only takes place under drastic
conditions!62,

The physical properties and equilibrium composi-
tions of various exo-endo-isomer pairs 88 and 89 are
summarized in Table 1.

190 A.J. HuBerT, J. DALE, J. Chem. Soc. 1963, 4091,

Y1 U.S. Patent 2485964 (1949), G. M. Goon, H. H. VoG
(Shell Development Co.); C. A. 44, 3017 (1950).

152 E. GIL-Av, J. SHABTAL, Chem. & Ind. 1959, 1630.
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Table 1. Physical Properties of Isomer Pairs 88
and 89'¢°

Composition of the Mixture 88-89 at Equilibrium, T ~90°
Catalyst: H,SO, (1%). Reaction time = 24 hours. Solvent:
Ethanol 80%;; Water 20%;.

R |
R m. p. | % (89)* at
88 89 Equilibrium
—@ liquid 75°¢ 33(33)
@ liquid - 18.5
ény
"@"Cﬂa liquid 83" 39 (43)
@ liquid - 2
OCH3
—@—ocﬂa 92° 9" 39 (39.5)
—@-cn liquid - 44
OCH,
rom 58° - 44
OCH3
~CHs liquid liquid 3(3)

* The values in brackets are those obtained by isomerization
of 89 into 88; otherwise, the starting material was 88.

The acid-catalyzed isomerization of benzylindenes
to benzylidene indanes represents a convenient meth-
od for the preparation of the latter difficulty accessible
compounds'®?. However, it is apparent that the
benzylidene indane (89, R=C4Hj;) obtained'®* by
dehydration of 1-hydroxy-1-benzylindane

S

HO” “CH,—CgHs

was a mixture of compounds 88 and 89 (R=C.H;).

153 J. HERLING, J. SHABTAL E. GIL-AV, J. Amer. Chem. Soc. 87,
4107 (1965).

194 See the analogous base-catalyzed isomerizations [Part 1 of this
review, Synthesis 1969, 106] and the predictions made by
Brown et al. [H. C. BrowN, J. H. BREWSTER, H. SHECHTER,
J. Amer. Chem. Soc. 76, 467 (1954)] concerning the relative
stabilities of exo- and endocyclic olefins in the five- and six-
membered series.

* R.Y. LEviNa, N. N. MEZENTSOVA, P. A. AKISHIN, Zh. Obshch.

Khim. 23, 562 (1953); C. A. 48, 6970 (1954).

R. Y. LeviNa, N. N. MEZENTSOVA, P. A. AKISHIN, Vestnik

Moskov Univ. 7, No. 2, Ser. Fiz. Mat. i Estestven. Nauk

No. 1, 87 (1952); C. A. 47, 3248 (1953).

'57 P.J. KrOPP, J. Amer. Chem. Soc. 89, 3650 (1967).

'%8 p_J. Kropp, H.J. KrAUSS, J. Amer. Chem. Soc. 89, 5199 (1967).

139 B. K. NerDov, Y. T. EiDus, Izv. Akad. Nauk SSSR. Ser.

Khim. 1966, 533; C. A. 65, 5378 (1966).
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On the other hand, benzylidene indane may only be
obtained in very low yield by reaction of indene with
sodium benzylate (0.8%)'®° or by a Wittig reac-
tion!®® (9%). Using the isomerization procedure!®?,
however, the desired 89 (R=Cg¢H;) can readily
be separated from benzylindene ; the latter compound
can be recyclized.

Addition of hydrochloric acid to a solution of 93
in methanol affords'®” 1-(4-methoxybenzylidene)-
indane (89, R=4-methoxyphenyl), which precipi-
tates directly from the reaction mixture. The low
solubility of the product in methanol prevents its
isomerization; however, if an ethanolic solution of
this material is allowed to reflux, the expected equi-
libration takes place’®2. Analogously, treatment of
95 with hydrochloric acid gives 96; isomerization of
the latter to 97 is observed after one hour under the

same reaction conditions!®”:
H” ¢

o
—_—
H

CH—0H
: “OCH;
OCH3
93 94
@;j HCL/ CHyOH,, § min @;
_
H” \C—OH 0
HSCB/ \CBH5 H5C5/ \CsHs
95 96
HCI /CH{OH /1 hr
CH

HsCE CeHs

97

160 1 J SCHAEFFER, C. J. CorLins, J. Amer, Chem. Soc. 78,
124 (1956).

161 P, KoeLscH, J. Amer. Chem. Soc. 56, 1337 (1934).

162 A ] HUBERT, H. REIMLINGER, J. Chem. Soc. [C] 1969, %44.

163 A J. Husert, H. REIMLINGER, unpublished results.

164 A A PLENTL, M. T. BoGerT, J. Amer. Chem. Soc. 63, 989
(1941).

165 ¢ S HirscH, D. H. Lorenz, E. . BECKER, J. Org. Chem. 23,
1829 (1958).

166 (5 WitsCHARD, C. E. GRIFFIN, J. Org. Chem. 29, 2335 (1964).

167 . CourToT, Ann. Chim. [9] 5, 52 (1916).

168 N CampBELL, H. G. HELLER, J. Chem. Soc. 1962, 3006.

169 [ CuaristoL, F. PLenat, C. F. Huesner, Bull. Soc. Chim.
France 1964, 2640.

170 M. BLANCHARD, J. E. GErMAIN, C. 1. Acad. Sci. Paris 254,
3351 (1962).

171 p.T. LANSBURY, K. R. FounTain, J. Amer. Chem. Soc. 90,
6544 (196R).

172 A A KuBasov, E. V. SMIRNOVA, K. V. TopCHIEVA, Kinetica
i Kataliz 8, 146 (1967); C. A. 67, 21468 (1967).

SYNTHESIS

It is of interest that 99 cannot be prepared by de-
hydration of 98; 100 is isolated instead°®. The pos-
sibility that an equilibrium between the two isomers
exists has not yet been investigated:

o s
O S

CHy~CgHs
98 99

\ "

: : "CH—CgHs

100

Isomerization of 1-methylindene (101) into the 3-iso-
mer 102 does not occur with acid catalysts, but the
use of palladium on charcoal readily induces this
bond migration'®?:

xR, —

CHy
101 102

The isomerization of cycloheptatrienylindene into
benzylidene indane (see Part I, p. 104) is catalyzed
by hydrochloric acid as well as by bases.

Methylenebicycloheptane (103) is readily isomerized
to 104 at 250° in the presence of silicophosphoric
acid'7?. The reverse reaction can also be made to
take place, but is accompanied by skeletal re-

arrangement
S S
s mar—
103 104

The isomerization of 105 into 106 in the presence of
trifluoroacetic acid involves an intramolecular 1,3-

hydrogen shift!"!:

A

106

173 | CHAMPAGNE, H. FAVRE, D. VOCELLE, 1. ZBIKOWSKI, Canad.
J. Chem. 42, 212 (1964).

174 R A. BENKESER, J. J. HAZDRA, J. Amer. Chem. Soc. 81, 228
(1959).

175 (), WALLACH, Liebigs Ann. Chem. 360, 26 (1908).

176 J W. WiLT. D. D. ROBERTS, J. Org. Chem. 27, 3434 (1962).

77 H, CHRISTOL, R. VANEL, Bull. Soc. Chim. France 1968, 1398.

178 | W. PowgLL, M. C. WHITING, Proc. Chem. Soc. 1960, 412.
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1.2.2.2. Catalytic isomerization of six-membered
cycloolefins

Cyclohexenes are isomerized under the same con-
ditions as the cyclopentene derivatives. For example,
l1-alkylcyclohexenes are isomerized into 1-alkyl-2-
cyclohexenes in the presence of chromium(IIT)-
oxide/alumina'>®, At 220° in the presence of alumina,
I-methyl-1-cyclohexene isomerizes to 1-methyl-3-
cyclohexene!”2. Equilibration of 4,4-dimethylcyclo-
hexene (107) and its 3,3-isomer (108) occurs in the
presence of p-toluenesulfonic acid'”?. In this case,
107 is the more stable isomer (4 F=0.73—0.78 kcal/
mol).

HsC HiC

D e —

HC H3C

107 108

Phenylcyclohexene (109) undergoes ring contraction
when heated with 859 phosphoric acid at reflux
temperature; however, under the same conditions,
the isomerization of 109 into 110 has been ob-

served!18-119:
HO
chHs = @—CsHs
109 110

The isomerization of alkylidenecyclohexanes to their
endo-isomers proceeds readily in the presence of an
acidic catalyst such as p-toluenesulfonic acid!*8:174,
The isomerization of methylenecyclohexane into
1-methylcyclohexene in the presence of acids was
described more than 50 years ago'”>.

Acids may also be used!’® to equilibrate 1-benzyl-
1-cyclohexene (111) and its exocyclic isomer 112:

H@
O—CHZ—C5H5 = <:>=CH—c5H5

m 112

The isomerization of spiro compound 113 to 114
takes place using potassium hydrogen sulfate as

catalyst'””:
QO KHSO, QO
o3

CH; CH,

113 14

179 K. MACKENZIE, in: S. PatTAl, The Chemistry of Alkenes,
Interscience Publishers, London-New York - Sidney, 1964,
p. 434,

180 p_J Kropp, J. Amer. Chem. Soc. 88, 4091 (1966).

81 J. A. MARSHALL, R. D. CARROLL, J. Amer. Chem. Soc. 88,
4092 (1966).

182 J. A. MARSHALL, A. R. HOCHSTETLER, J. Amer. Chem. Soc.
91, 648 (1969).
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Similarly, various catalysts have been used to
isomerize 41*°-octalin and trans-A4'-octalin'’8, The
latter gives rise!’® to a mixture of 4°-octalin
and A'%-octalin, together with four other isomers,
in a ratio of about 90:9:1. The reagent tetra-
fluoroboric acid in benzene/tetrahydrothiophene-
1,1-dioxide was found to be a particularly efficient
catalyst for this isomerization.

Isomerizations of various polyenes of the vitamin A
type have been studied; hydrogen bromide, alumina,
and bases are reported to be effective catalysts!”®.

W/CHZOR

N RN

115
. NN CH0R
—_

116

The photoisomerization of alkylcyclohexenes in
aromatic solvents leads to the corresponding exo-
cyclic isomers; the aromatic hydrocarbon serves as
photosensitizer. Thus, 117 is isomerized to 118180181
and 119 to 120'8°:

17 118

119 120

83 E. H. FaRMER, C. G. MOORE, J. Chem. Soc. 1951, {49,

'8¢ R. Y. LeviNa, F. F. Tzurikov, Zh. Obshch. Khim. 4, 1250
(1934); C. A. 29, 3314 (1934).

'35 A. I PERELMAN, E. A. MUSHINA, A. V. Topcuigy, Plasticheskie
Massy 1964, 3; C. A. 61, 16163 (1964).

'8¢ Y. M. SLOBODIN, Zh. Obshch. Khim. 6, 129 (1936); C. A. 30,
4828 (1936).

187 R. Y. LEviNa, N. N. MEZENTSOVA, P. A. AKISHIN, Vestnik
Moskov Univ. 6, no. 2, Ser. Fiz. Mat. i Etestven. Nauk no. 1,
77 (1951); C. A. 46, 8620 (1952).

188 R. Y. LEvINa, N. N. MEZENTSOVA, P. A. AKISHIN, Vestnik
Moskov Univ. 7, no. 12, Ser. Fiz. Mat. i Etestven, no. 8,
49 (1952); C. A. 48, 4455 (1954).

189 J. CHAMPAGNE, H. FAVRE, D. VOCELLE, 1. ZBIKOVZKI, Canad.
J. Chem. 42, 212 (1964).

199 R. L. FrRANK, R. E. BERRY, J. Amer. Chem. Soc. 72, 2985
(1950).

1 A. A. PErrov, N. P. Sorov, Doklady Akad. Nauk SSSR, 79,
811 (1950); C. A. 46, 7064 (1952).

92 K. H. BrLL, Chem. Commun. 1967, 397.

193 H. CHrisTOL, F. PLENAT, Bull. Soc. Chim. France 1962, 1325.

194 F. SONDHEIMER, R. MECHOULAM, J. Amer. Chem. Soc. 79,
5029 (1957).
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However, in aromatic solvents the isomerization of
the olefin is accompanied by substantial dimeriza-
tion. Especially in the case of cyclohexenes, better
results may be obtained by carrying out the iso-
merization reaction in protic media such as alcohols
in the presence of a small amount of xylene as photo-
sensitizer. The formation of tertiary ethers as by-
products in these reactions, e. g., in the isomeriza-
tion of 1-methylcyclohexene (121, R =H) to methyl-
enecyclohexane (122, R = H) in methanol (R"=CH,)
in the presence of xylene,

CHa

CH2 HyC. OR'
_ Q :
HOR R VR H R
121 122

can be satisfactorily eliminated by using isopropanol
or t-butanol as protic solvent. Thus, U.V -irradiation
of the octalin 123 in isopropanol in the presence of
xylene affords!®* the methylenedecalin 124:

CHy CH3
— D

HiC CHy H:C CH,

123 124

In contrast to the isomerization in aromatic hydro-
carbon solvents, an ionic mechanism is operative'>’
when alcohols are used as solvents.

Cyclohexenes may be isomerized in the presence of
radicals. Thus, reaction of methylcyclohexene with
hydroxyl radicals induces the double bond migration
indicated'®*:

Qcm XA Q—cm

H

Metallic catalysts have also been used to isomerize
cyclohexenes. For example, methylenecyclohexane
is isomerized in the presence of palladium into its
internal isomer'®*.

195§ B. BReam, D. C. Eaton, H. B. HENBEST, J. Chem. Soc. 1957,
1974.

196 5 BrOwNLIE, M. B. E. FaYEz, F. S. SPRING, R. STEVENSON,
W. S. STRACHAN, }. Chem. Soc. 1956, 1377.

197 E. 1. PROKOPETS, G. E. GAVRILOVA, L. A. KLiMova, J. Applied
Chem. (USSR), 11, 850 (1938); C. A. 33, 1717 (1939).

198 15.S. Patent 3359342 (1967), J. M. DErrtr (Glidden Co.);
C. A. 68, 49816 (1968).

W9 1 C. BrowN, M. V. Buarr, T. MUNEKATA, G. ZWEIFEL,
J. Amer. Chem. Soc. 89, 567 (1967).

200 R B. TURNER, W. R. MEADOR, R. E. WINKLER, J. Amer.
Chem. Soc. 79, 4122 (1957).

201 .S, Patent 2838527 (1958), G. LAuBACK, K. J. BRUNNINGS,
(Chas. Pfizer & Co.); C. A. 52, 18533 (1958).

SYNTHESIS

Vinylcyclohexane (125) gives ethylidenecyclohexane
(126) when titanium(1V)-chloride/triisobutylalumi-
num is used as catalyst'®>.

125 126

In the presence of floridin (Fuller’s earth), 4-vinyl-
cyclohexene (127) isomerizes at 210-240° to 3-
ethylidenecyclohexene (128)'8¢; under the same con-
ditions, limonene (129) gives 130:

127 128

129 130

Vinyl- and allyl cyclohexanes are transformed at
250° into l-ethylcyclohexene and I1-propylcyclo-
hexene, respectively, employing chromium (I1I)-oxide
on alumina as catalyst'®’. Using the same catalyst,
equilibration of 1-ethylcyclohexene takes place to
produce 15%, of 3-ethylcyclohexene and of 3-ethyl-
cyclohexene to give 509 of 1-ethylcyclohexene'®”.
Similarly, methylenecyclohexane is isomerized at
250" on chromium(I1I)-oxide-on-alumina to give a
mixture containing 609, of 1-methylcyclobexene,
339/ of the 3-isomer, and traces of 4-methylcyclo-
hexene!®®,

In the equilibration mixture obtained on prolonged
treatment of either 131 or 132 with p-toluenesulfonic
acid in boiling acetic acid, 4,4-dimethylcyclohexene
(132) predominates'®?:

HiC. CHs HyC. ,CHs

O Q

131 (30%) 132 (70 %)

202 R BORSDORF, B. OLESCH, J. prakt. Chem. [4} 36, 165 (1967).

203 g CoNrROW, L. L. REASOR, J. Org. Chem. 30, 4368 (1965).

204 g CoNrow. J. Amer. Chem. Soc. 83, 2343 (1961).

205 R, E. RINEHART, J. S. LasKy, J. Amer. Chem. Soc. 86, 2516
(1964).

206 J K. NICHOLSON, B. L. SuAw, Tetrahedron Letters 1965, 3533,

207 . Frye, E. Kurnan, J. Vusrock, Inorg. Chem. 4, 1499
(1965).

208 GGerman Patent 1136329 (1962), P. WITTENBERG, H. SEIBT
(BASF): C. A. 58, 4442 (1963).
see also: K. N. AnisiMov, A. A. ToGansoN, N. E. KOLOBOVA,
Uspechi Khimii 1968, 380; Russian Chem. Reviews 1968, 184.
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The isomerization of 133, which is very stable under
alkaline conditions, into 134 and 135 takes place
on alumina at 400°, in the presence of sulfuric acid
in aqueous ethanol, or using hydrogen chloride in
acetic acid as catalyst'®®. A number of other pro-
ducts are also present in the mixture obtained:

133 134 135

Hydrochloric acid catalyzes'®! the isomerization of
136 to 137.

HCl1/100°

136 137

Isomerization of 138 to 139 takes place in the presence
of hydrogen chloride or boron trifluoride'®?; the
double bond migration is followed by a methyl
group shift giving rise to 140:

HoC

138

The exocyclic olefin 141 is readily isomerized to 142
in the presence of p-toluenesulfonic acid'®>:

CH> CH3
QO
®

141 142

209 J. E. ARNET, R. PeTTIT, J. Amer. Chem. Soc. 83, 2954 (1961).

210 H. Masal, K. SONoGASHIRA, N. HAGIHARA, Mem. Inst. Sci.
Ind. Res. Osaka Univ. 25, 117 (1968); C. A. 69, 66948 (1968).

241 K. M. SHUMATE, G. J. FonkEeN, J. Amer. Chem. Soc. 88,
1073 (1966).

212§ G. TTAYNHAM, W. C. BAIRD, J. Org. Chem. 27, 3189 (1962).

213 p, HEMBACH, Angew. Chem. 78, 604 (1966); Angew. Chem.,
Intern. Edit. 5, 595 (1966).

214 A, J. HuserT, J. DALE, J. Chem. Soc. 1963, 4091.

213 J. C. Cowan, J. Amer. Oil Chemists’ Soc. 27, 492 (1950).

216 3 BaLTES, Fette und Seifen 52, 462 (1950).
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The isomerizations of 3-methylene-4*-cholestene
(143, R=C4H,,) and 17 -hydroxy-34*-androstene
(143, R = OH) demonstrate the usefulness of double
bond shifts in the synthesis of natural products and
their derivatives'®*.

R

HyC R
143

HsC
144

Migration of double bonds in steroids in the presence
of hydrogenation catalysts (e.g. palladium)'®* have
also been observed'®?.

Treatment of either 4'®-oleanene (145), 4'*-oleanene
(146), or A'2-18a-oleanene (147) with hydrochloric

acid'®® gives rise to an equilibrium mixture of
147 and 148:

146

217 Y. WATANABE, Bull. Chem. Soc. Japan 33, 1319 (1960):
C. A.55,14293 (1961).

218 v S. VARLAMOV, Trudy Vsesoyuz. Nauch.-Issledovatel. Inst.
Zhirov. 1958, 114; C. A. 55, 21623 (1961).

219 3 J. A. BLEKKINGH, H. J. J. Janssen, J. G. KEPPLER, Rec.
Trav. Chim. 76, 35 (1957).

220y, TsucHiya, M. KAvama, Tohoku, J. Agr. Research 7,
277 (1957); C. A. 82, 2428 (1958).
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A molybdenum sulfide catalyst (MoS,) has been
used for the isomerization of symmetrical octa-
hydroanthracene into its unsymmetrical isomer*®’.

Group VIII metal catalysts'®® such as palladium

on alumina and Raney nickel may be used for the
partial isomerization (up to 7%)'®” of a-pinene
into -pinene in the gas phase at 170-200°. *“Contra-
thermodynamic” isomerization of methylcyclohex-
ene to methylenecyclohexane (and of «-pinene to
B-pinene) can be achieved using the general method
of hydroboration'®?.

Cyclohexadiene may be isomerized at 125° using
a catalyst consisting of a mixture of an iron salt
(e.g., iron ethylhexanoate) and an organoaluminum
compound (e. g., triethylaluminum)®?.

A3-Cholestene is equilibrated at 85° by p-toluene-
sulfonic acid/acetic acid in cyclohexane to form a
mixture of 43-cholestene (45%) and A*-cholestene
(55%)°°. The difference of enthalpy between the

70

isomers is 0.1 kcal/mol.

Isomerization of A%8(19-90 1 steroidal trienes takes
place at 100° in the presence of sulfur dioxide in
benzene containing hydroquinone and pyridine®®’.

1.2.2.3. Catalytic isomerization of seven- and
eight-membered cycloolefins

The uncatalyzed thermal isomerizations of this
series have been extensively studied. In addition,
it has been shown that I-methylcycloheptene is
isomerized by light in a solution of an alcohol into
methylenecycloheptane?®?. Treatment of methylene-
cycloheptane with p-toluenesulfonic acid in acetic
acid at 25° gives 1-methylcycloheptene (98.79,)"**.
An equilibrium between some other 1-alkylcyclo-
heptenes and their exo-isomers has been observed*®! ;
the concentration of the exo-isomer at equilibrium
varies from 1%, (alkyl=CH,) to 30% (alkyl=C,Hs,
i-C3H>).

221 Japanese Patent 8056/55, K. TaNaBg (Agency of Industrial
Science and Technology); C. A. 51, 18645 (1957).

222 g B. RapLove et al., Ind. Eng. Chem. 38, 977 (1946).

223 E. BaTTLINE, Paint, Oil Chem. Rev. 105, 13 (1943).

224 g B. RavLOVE, H. M. TegTER, J. C. Cowan, US. Dept.
Agr., Bur. Agr. Ind. Chem. AIC 101, [ (1945); C. A, M,
1472 (1947).

225 B I, WATERMAN, C. vaN Viobror, Rec. Trav. Chim. 57,
629 (1938).

226 R RIGAMONTI, F. Grosa, Olearia 7, 183 (1953); C. A. 48,
12428 (1954).

227 (1.8, Patent 3278 567 (1966), W. E. RATHIEN, L. O. CUMMINGS,
J. A. KNEELAND, (Pacific Vegetable Oil Corp.); C. A. 66,
11926 (1967).

228§ Y. pr Bogr, J. P. W. Hourmax, H. 1. WaTERMAN, Koninkl.
Nederland Akad. Wetenschap., Proc. 50, 1181 (1947).

229 1. . WATERMAN, J. VAN STEENIS, J. H. DE BOER, Rescarch
(London) 2, 583 (1949); C. A. 44, 3883 (1950).

230 ¥ H. TAKEMURA, L. A. GoLbeLatT, J. Amer. Oil Chemists’
Soc. 34, 15 (1957).

SYNTHESIS

Isomerization of 7-methyltropilidene (149) may be
carried out in the presence of acidic catalysts such
as phosphoric acid and picric acid*®?. The com-
position of the isomerized mixture varies with the
catalyst; the distribution obtained using phosphoric
acid is similar to that of the equilibrium mixture,

Ok =
CH,

149

o - O - O
150 151 152

which has been determined using tropylium per-

chlorate as catalyst?®*:

i lsomer | 149 150 151 152
§ e e e e e
| Ratio 46:16.1:9.6:69.7

The isomerization of methylenebenzocycloheptene
(153) to its internal isomer (154) was effected at 50°
in the presence of p-toluenesulfonic acid:

CH, CHj
. o0
| —_———
™
153 154

The next higher homolog (methylenebenzocyclo-
octene) is, however, not isomerized under the same
conditions!®?,

The most striking feature of the isomerization in the
cyclooctadiene series is the “deconjugation” of the
double bonds in the presence of complex metal
catalysts (e.g., rhodium)?°%2°¢, The reaction is not,

231 A L. MARKMAN, V. N. Rozukova, Uzb. Khim. Zh. 10,
11 (1966); C. A. 66, 86868 (1967).

232§ C. BAILAR, H. Itatani, M. J. Crespr, J. GELDAR, Adv.
Chem. Ser. 62, 103 (1967).

233 GGerman Patent 1267682 (1968), H. MiLLer, H. KognL,
H. Pomver (BASF); C. A. 69, 7152 (1968).

234 A Turk, P. D. Moorg, Oil and Soap 21, 321 (1944),

235 A A. IVANOVA, A. S. PErrova, Khim. Prom. 1947, 20; C. A.
43, 4027 (1949).

236 T, }HAsHIMOTO, H. SHiNa, Tokyo Kogyo Shikensho Hokoku
61, 261 (1966); C. A. 65, 18876 (1966).

237 R. Damico, J. Org. Chem. 33, 1550 (1968).

238 . RipziBos, A. G. Peto, B. NortH, Rec. Trav. Chim. 86,
31 (1967).

239 J.S. Patent 2575529 (1951), S.B. RApLOVE (Maytag Co.);
C. A. 46, 4812 (1952).

280 ). PRAKASH, A. Ram, V. D. AtHAawalg, S. C. PANDEY,
Paintindia 5, 21 (1956); C. A. 50 14241 (1956).

241 W Treiss, Fette und Seifen 52, 549 (1950).

242 G ScorT, Atmospheric Oxidation and Antioxidants, Elsevier
Publishing Co., Amsterdam - New York- London, 1965.
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however, catalytic, but proceeds through a com-
plex in which the two double bonds assume the
1,5 position with respect to one another. The cyclo-
olefin is liberated from the complex by treatment
with cyanide ion2°3-20¢:

O RhCl3 3 Hy0 / CoHgOH

155

[CgHy,* RACU,

CNe ©
—_—

156

The complexes of palladium and platinum have

also been used in this isomerization®®”:

CgHyp MX, (M =Pd, Pt; X = Cl, Br)

In these cases, the 1,5-diene is also liberated from
the complex using cyanide anion. The ‘“‘normal”
isomerization in the cyclooctadiene series, i.¢., the
conversion of 1,5-cyclooctadiene (156) into the
thermodynamically more stable 1,3-isomer (155),
can be achieved by employing catalysts such as
dekacarbonyl-dimanganese*®® [Mn,(CO),,], penta-
carbonyliron?®® [Fe(CO)s], or mn-cyclopentadienyl-
titanum derivatives®!°,

Methylenecyclooctane is quantitatively isomerized in
acetic acid in the presence of p-toluenesulfonic acid
at 25° to give 1-methylcyclooctene!*®,

1.2.2.4. Catalytic isomerization of unsaturated
medium-sized rings and macrocyclic olefins

Methylenecyclononane is quantitatively isomerized
into its endo-isomers using p-toluenesulfonic acid
in acetic acid!*® at 25°. Irradiation of cis, trans-1,3-
cyclononadiene with U.V. light gives the cis, cis-
isomer; this is further isomerized under the reaction
conditions to a mixture of bicyclic olefins and c¢is,
cis-1,4-cyclononadiene? !,

Methylenecyclodecane has been isomerized into
its endocyclic isomers using p-toluenesulfonic acid
in acetic acid'*® at 25° and hydrobromic acid in
acetic acid®!2.

U. V.-irradiation of cis, trans-1,5-cyclodecadiene in
the presence of pentacarbonyliron affords cis,cis-
1,6-cyclodecadiene?!?,

243 U.S. Patent 2558902 (1952), L. P. WiesE (Shell Development
Co.); C. A. 46, 6855 (1952).

244 8 UENo, H. SAKURAL Kogyo Kagaku Zassi (J. Chem. Soc.
Japan, Ind. Chem. Sect.) 52, 256 (1949); C. A. 45,4463 (1951).

245 R. C. FUSON, J. A. HAEFNER, J. Org. Chem. 27, 1957 (1962).
c¢.f. Part I of this review.

246 K, J. CROWLEY, R. A. SCHNEIDER, J. MEINWALD, J. Chem.
Soc. [C] 1966, 571.
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Macrocyclic (C,,—C,,) alkadienes may be iso-
merized by heating them in the presence of triethyl-
borane?'*. The equilibrium isomer distribution is
reached at 200°. The relative distribution of the
conjugated and non-conjugated double bond isomers
in the product depends strongly on the size of the
ring. In cases of rings larger than C, 3, the conjugated
isomer is most stable.

The distribution of the non-conjugated isomers at
equilibrium depends on conformational effects: in
the case of the 14-, 18-, and 22-membered rings,
the symmetrical diene is preferred, whereas asymme-
trical isomers are favored in the case of C,-, C¢-.
and C,,-membered rings. The explanation for this
phenomenon has been discussed in Part L.

2. Isomerization of Olefins containing Hetero Atoms
2.1. Isomerization of Olefins containing Carbonyl Functions

As already noted in Part 1.}, the isomerization of
unsaturated acids and natural oils to the corres-
ponding conjugated isomers has been extensively
studied in connection with the modification of the
properties of drying oils and as an analytical means
to measure the unsaturation in such oils.

In general, basic catalysts are used. There are,
however, many literature reports on the use of acidic
isomerization catalysts, particularly in connection
with drying oils?'>-2!®. The same types of acidic
catalysts as described for olefinic hydrocarbons are
used with unsaturated fatty acids. Some commonly
used acids are: sulfuric acid, phosphoric acid,
acetic  acid®'*, and  phosphotungstic  acid
(2H;PO,-WO,)*8.

Nickel catalysts, sulfur dioxide, and iodo compounds
are even more versatile isomerization catalysts?!®.
Particularly the nickel catalysts, generally used on
an active carbon support, have found a broad
app]icati0n215,216,218—226‘

The isomerization with sulfur dioxide as cata-
lyst?15:227:228 proceeds via addition of sulfur di-
oxide, subsequent rearrangement, and finally eli-
mination of the SO, moiety??8. Unsaturated acids
such as 157 are isomerized to the 2-isomers (e.g..
158)%:

SO,
—_—

H,C=CH—CH;~COOH H3C—CH=CH—CCOH

157 158

247 H. J. Kropp, H. J. Krauss, J. Org. Chem. 32, 3222 (1967).

248 N. Heap, G. H. WHITHAM, J. Chem. Soc. [B] 1966, 164.

249 I, N. Nazarov, A. N. ELIZAROVA, Izv. Akad. Nauk SSSR,
Ser. Khim. 1951, 295; C. A. 46, 914 (1952).

250 R. B. MoriN, D. O. Spry, K. L. HAUSER, R. A. MUELLER,
Tetrahedron Letters 1968. 6026.
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Palladium and platinum catalysts have also been
employed to induce double bond isomerization in
natural oils. These metals have been used on an
active carbon support?*®, without support (during
hydrogenation)?*!, and as complexes such as
(R3Q),NiX, [R=alkyl, aryl, phenoxy; Q=P, As,Sb;
X =halogen] and (R3Q),M(SnX ;)X [M = Pd, Pt]*32.
A mixture of elemental palladium and palladium(I1)
compounds®** has been used to isomerize 159 to
160:

Hzc=(|:—CH2—'CH2—CH2—C“CH3

I
CHs 0

Pd/Pd" , 150-200°

159

H3C—(':=CH—CH2—CH2‘E“CH3
CH3 0

160

Metal oxides of the periodic groups VI A and 1V
have been used at 200° as heterogeneous catalysts
for double-bond isomerization of unsaturated fatty
acids?**.  Copper(1l)-oxide, zinc oxide, lead(Il)-
oxide, and alumina, as well as the metals calcium,
mercury, zinc, and iron have been used for the
isomerization of double bonds in lineseed oils at
elevated temperatures®*®; with the oxides. concom-
itant polymerization was more pronounced than
was the case when the metals were used as catalysts.

Metal carbonyls have also been found to be effective
catalysts for the isomerization of double bonds in
unsaturated natural oils. Thus, pentacarbonyliron
isomerizes methyl oleate?*®, highly unsaturated
fatty acids®*®, and unsaturated esters and
ether8237'238.

Anthraquinone (1-5%) has been found to catalyze
the isomerization of drying oils to their conjugated
isomers23%:249 at 250-275°.

The migration of double bonds during the oxidation
of drying oils is well known. The suggested me-
chanism involves the loss of a proton from a methyl-
ene group in a 14-diene system and subsequent
allylic rearrangement to form a conjugated sys-
tem241:242 Fuyrther, radicals formed during oxidation
probably also induce double-bond migration. Sup-
port for this statement is given by the fact that di-z-
butyl peroxide catalyzes the formation of conjugated
systems in drying oils***. Double-bond rearrange-
ments in various oils to form conjugated isomers
may also be effected by heat alone (~320°)%**.

251 J M. Conia, P. AMicg, Bull. Soc. Chim. France 1968, 3327.

252 W. L. MEYER, J. F. WOLFE, J. Org. Chem. 27, 3263 (1962).

253 F_ (. HoRNING, J. Org. Chem. 10, 263 (1945).

254 N. J. LeoNARD, G. C. RoBinsoN, J. Amer. Chem. Soc. 75,
2143 (1953).

SYNTHESIS

The migration of double bonds in ketones is also
catalyzed by acids. Thus, the isomerization of 1,2-
bis-[2,3,5,6-tetramethylbenzoyl]- and 1,2-bis-[2,4,6-
trimethylbenzoyl]-cyclohexenes to the corresponding
2,3-unsaturated isomers is effected in high yield by
treatment with hydrochloric acid as well as with
potassium hydroxide?*3.

U.V. irradiation of phorone (161) gives the terminal
isomers 162 and 163%4°,

HsC. Q CH,
\C=CH—C—CH=C< LI
HyC’ CH,
161
0
HJC\C_CH E o 4’CH2 Hzc\\ il //CHZ
— —L= 2_C\ + C_CHz—C—CHQ"C\
Hye/ CHy  HiC CHs
162 163

Under the same conditions, methyl crotonate
(164, R = CH,) is isomerized to methyl 4*-butenoate
(166, R=CH;) via the cis-isomer 165 (methyl
isocrotonate)**” :

COOR

~ .,

164 165 166

2.2. Isomerization of Unsaturated Cyclic Ketones

Double-bond isomerization in unsaturated cyclic
ketones is subject to the same kind of conformational
effects as in the case of cycloolefins. Thus, a study
involving isomerization of unsaturated cyclic ketones
of the 6-,7-,8-, and 9-membered series’*® shows that
the product consists of an equilibrium mixture of the
A%- and A3-isomers; the concentration of the in-
dividual isomers in the product depends on the
conformational effects active: in the case of the six-
and seven-membered rings, the conjugated isomer
is the more stable, whereas in medium-sized rings
in which the coplanarity required by the conjugated
system is hindered due to transannular interactions,
the non-conjugated isomer is the more stable®*®:

Table 2. Equilibria between 4%- and 4°-cycloal-

kenones?*®
Composition at equilibrium
Ring size |-~
o A*-isomer | 9, A’-isomer
6 99 1
7 73 27
8 20 R0
9 <0.3 < 99.7
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The migration of double bonds in cyclopentenone
proceeds readily in the presence of acids. Thus,
5-0x0-1,3-dimethylcyclopentene (167) upon heating
with concentrated hydrochloric acid at 75-80° gives
largely 3-oxo-1,4-dimethylcyclopentene (168)**°:

H
CH; He® H
H3C -g— H3C
0 0

167 168

CHs;

Hydrobromic acid, sulfuric acid, and aluminum
chloride are less effective catalysts in this reaction,
and phosphoric acid, acetic acid, and trichloroacetic
acid cause only little isomerization.

Another example of acid-catalyzed isomerization

is found in the equilibrium between 169 and 170>°°:
0
COOCH; "
P _—
HO” “H
169
0
COOCH3
z
HO" 'H
170

A number of 5-oxo-1-alkylcyclopentenes (172) may
be prepared by isomerization of the corresponding
2-alkylidenecyclopentanones (171)in polyphosphoric
acid?°!:

0 R2 0 2
/
¢ R
W — d
R
17 172
R'=CH,, R?=H  53% yicld
R!=RZ=CH, 799 yield

R!—R2=—(CH,), —
R!=C¢H;, R?=H

319, yield
509% yield

Although these isomerization reactions are accom-
panied by considerable resinification, they still
represent a useful method of preparation of com-
pounds 172, However, the procedure is not appli-
cable to 2,5-dibenzylidenecyclopentanone and to
2-alkylidenecyclohexanones.

255 R. WeIss, J. EBERT, Monatsh. Chem. 65, 399 (1935).

256 R. H. BUrNELL, J. Chem. Soc. 1958, 1307.

257 N. J. LEONARD, J. W. BERRY, J. Amer. Chem. Soc. 75, 4989
(1953).

258 F A.L.ANET, L. A. Bock, J. Amer. Chem. Soc. 90, 7130 (1969).

259 p. W. JoLLy, F. G. A. STONE, K. MACKENZIE, J. Chem. Soc.
1965, 6416.

260 R. Damico, T. J. LoGAN, J. Org. Chem. 32, 2356 (1967).
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Isomerization of 2-alkylidenecyclopentanones to 5-oxo-1-alkylcyclo-
pentenes; General procedure?*': A mixture of the 2-alkylidene-
cyclopentanone (171) (1 part) and polyphosphoric acid (5 parts)
is heated, with vigorous stirring under a dry atmosphere, at 100
for 3 hr [in the case of 2-ethylidenecyclopentanone (171, R'=CH,,
R2%=H), for 30 min.]. The reaction mixture is then taken up in
water and extracted with ether [in the case of 2-benzylidenecyclo-
pentanone (171, R!=C¢H;, R*=H), the mixture is extracted
with benzene]. The organic extract is washed with aqueous sodium
hydrogen carbonate, then with water, and dried over calcium
chloride. The solvent is evaporated and the residue distilled in
vacuo.

As an exception in the six-membered series, pulegone
(173) has to be mentioned. Its isomerization emp-
loying the above procedure (10 hr reaction time) gives
rise to d,/l-piperitone (174, 3-oxo-1-methyl-4-iso-

propylcyclohexene) via A*-p-menthenone in 777,
yield?>!:

B —  —
0 0 0
173 174

1-Acetyl-2,3,4,5,6,7-hexahydro-3a H-indene is iso-
merized by acids as well as by alkali to 1-acetyl-
2,3,4,5.6,7-hexahydroindene?*?,

Isomerization of 2,6-dibenzylidenecyclohexanone
(175) by palladium on carbon®*? or with hydrogen
bromide in acetic acid?3#+2%%:2%¢ gives 2,6-dibenzyl-
phenol (176) in good yield:

o f
HSCS_CHUC\CGHS HBr / CH3COOH or Pd/C
175
OH
H5C5—CH2\©/CH2—CSH5
176

26

U.S. Patent 2837577 (1958), B. BLasEr, W. STEIN (Henkel &

Co.); C. A. 52, 17106 (1958).

262 YV, MAcCHO, M. PoLIEVKA, L. KoMmora, Chem. Zvesti 21,
170 (1967); C. A. 67, 21403 (1967).

263 'y, Makisuml, T. SasaTani, Tetrahedron Letters 1969, 1975.

204 G. O. Dubpexk, R. H. HoLym, J. Amer. Chem. Soc. 84, 2691,

2695 (1962).

J. DABROWSKI, J. TERPINSKI, Tetrahedron Letters 1965, 1363.

266 S RaiINEs, C. A. Kovacs, J. Heterocyclic Chem. 4, 305 (1967).

267 G. DESCOTES, P. LACONCHE, Bull. Soc. Chim. France 1968,

2149.

M. BoURILLOT, P. RoSTANG, G. DEscotes, C.r. Acad. Sci.

Paris 262, 1080 (1966).

269 p_J. StorreL, W. D. DixoN, J. Org. Chem. 29, 978 (1964).

270 N. J. LEONARD, D. M. LOCKE, J. Amer. Chem. Soc. 77, 1852
(1955).

271 J.S. Patent 2591367 (1952), S. H. McALLISTER (Shell

Development Co.); C. A. 46, 6373 (1952).

265

268



428 A.J. Hubert and H. Reimlinger

A preparatively valuable isomerization has been
reported in the seven-membered series; 3,7-dibenzyl-
idenecycloheptane-1,2-dione (177) is converted into
3,7-dibenzyltropolone (178) in 90Y, yield upon
heating with palladium on charcoal in triethylene-
glycol at 280° for 3 hr!37:

O 0

HgsCg~C CH-CgHs

HBr /CH3CO0H
177
H\
0 0
H5C5"CH2\ A

~

CHz—CgHs

178

The use of hydrogen bromide in acetic acid®**

instead of palladium is less effective in this isomeri-
zation.

Compounds 179 and 180 in the ratio 17: 1 are ob-
tained upon U.V.-irradiation of either of the two

isomers?°8:
0

Il
CHz—O—C—(I:H-CsHE; -
OCH, -
CH;
%?——C 2
HiC CHz“O"C—'(I:“ CeHs

OCH3

179

180

2.3. Isomerization of Olefins containing Hetero Functions
other than Carbonyl Groups

Irradiation of allyl phenyl ether, ally! ethyl ether, and
diallyl ether in the presence of pentacarbonyliron
yields the corresponding propenyl ethers?*°. Safrole
(181) is isomerized to isosafrole (182) in very good
yield using pentacarbonyliron?®® in the presence of
sodium hydroxide:

H,C—CH=CH, HC=CH~—CH,
0 Fe(CO)g - 0
S L3
181 182

272 H. Koch, H. VAN RaAY, Brennstoff-Chemie 32, 161 (1951);
C. A. 45, 8238 (1951).

273 Brit. Patent 840028 (1960), Scientific Design Co.; C. A. 55,
7886 (1961).

SYNTHESIS

Isomerization of Safrole to Isosafrole®*°:

Method a: Safrole (500 g), pentacarbonyliron (2.5 g), and sodium
hydroxide (1.6 g) are mixed in a 1000-ml flask fitted with stirrer,
thermometer, and reflux condenser. The well-stirred mixture is
heated at 110°, at which temperature a vigorous reaction com-
mences, causing the temperature to rise to 180° in a few minutes.
After the reaction has subsided, the mixture is cooled, 2 N acetic
acid (250 ml) is added, the organic layer separated, and washed
to neutrality with saturated sodium chloride solution. The prod-
uct is dried and distilled; yield: 485g (97%); b.p. 111-112%/
6 mm; the product contains more than 99.5¢ isosafrole.
Method b: Tsosafrole (50 g) is charged to a 1000-ml flask fitted
with stirrer, thermometer, reflux condenser, and dropping funnel.
Pentacarbonyliron (2.25 g) and sodium hydroxide (1.42 g) are
added. The temperature is raised to 130° and safrole (450 g) added
in the course of 30 min. The reaction mixture is maintained at
130° for 110 min. and the product isolated in the manner described
above; conversion: quantitative.

The pentacarbonyliron-catalyzed isomerization of
primary and secondary o,f- and f,y-unsaturated
alcohols affords aldehydes or ketones, respectively,
in fair to good yields**°. Octacarbonylcobalt is
also an effective catalyst in these isomerizations?®!;
for instance, allyl alcohol is isomerized to propanal
under hydroformylation conditions?®? using octa-
carbonylcobalt as catalyst at ~ 150,

Allyl sulfides of type 183 are isomerized by bases
or by heating without catalyst at 200" to their
propenyl isomers 184%°%:

S
©(N15—CH2-?=CH2 —_
R

183

7
N S—CH=C\

R
184
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278 W, K. MegreotT, G. P HINDs, Ind. Eng. Chem. 47, 749 (1955);
U.S. Patent 2405440 (1946), N. H. MarsH (Standard Oil
Development Co.); C. A. 40, 6250 (1946).
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280 Neth. Patent 6613369 (1967), British Petroleum Co. Ltd.;
C. A. 67, 53612 (1967).

281 . J. PHILLIPSON, P. B. WELLS, Proc. Chem. Soc. 1964, 222.

282 vy Y. GANKIN, D. P. KrinkiN, D. M. Rubkovski, Zh. Org.
Khim. 2, 45 (1966); C. A. 64, 14076 (1966).

283 1J.S. Patent 3270085 (1964), C. R. NobpINGS, R. G. GATES
(Dow Chemical Co.); C. A. 65, 15223 (1966).

284 prench Patent 1430887 (1966), 1. Cuauvin, G. LeresvRE (In-
stitut Frangais du Petrole, des Carburants et Lubrifiants);
C. A. 65, 16857 (1966).



August 1970

The thermal isomerization of compounds containing
C==N- or N==N-double bonds is very frequently
encountered. Examples of such tautomerism reac-
tions24-263 are as follows:

H OH

1] | I} L | ]
=C=CHy—C=N— = —C—CH=C-N- = —C=?-C=N—
H

185

HO @ N=N-Ar — O Q N—NH-—Ar

186 187

188 189
Lo I
HaN—C=C—CN b— HN=C—CH-CN
190 191
H3C—ﬁ—CH2—CH=NH pr— H3C—“-CH= CH=NH,
(0] 0]
192 193

The problem of tautomerism is outside the framework
of this review and thus will not be further discussed.

An example of a non-catalyzed thermal isomerization
is the conversion of 2-allylbenzimidazole (194),
which as a solid is stable at room temperature, into
2-propenylbenzimidazole (195) by refluxing in ben-
zene solution?®®:

@:\)—cm—cmcnz AN
H

194

mw:w—cm

H

195

8% Neth. Patent Appl. 6409332 (1965), British Petroleum Co.:
C. A. 63, 4080 (1965).
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290 L. K. FremuN, E. E Litvin, Neftekhimiya 4, 374 (1964);
C. A. 61, 13106 (1964).

21 N. B. DOBROSERDOVA et al., Neftekhimiya 4, 215 (1964); C. A.
61, 2953 (1964).

292 J. FALBE, F. KORTE, Brennstoff-Chemie 45, 103 (1964).

293 J. F. HARROD, A. J. CHALK, J. Amer. Chem. Soc. 86, 1776

(1964).

J. MILGROM, Seventh. Inter. Conf. on Coordin. Chem. Stock-

holm, Sweden, 1962, 264.

295 M. JounsoN, J. Chem. Soc. 1963, 4859.
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The thermal isomerization of olefinic nitriles*®” and
nitroolefins?®® in solvents such as hexamethyl-
phosphortriamide appears to proceed via a mecha-
nism involving anions and is, therefore, mechanis-
tically related to the corresponding base-catalyzed
isomerizations. In keeping with this fact, a preference
for the cis-product is observed during the thermal
isomerization?®” of compounds of type 196 and 197:

4
|:"1\ |R R1\ /RA
C=C-CH-CN  — CH-C=C_
RY [ RY 3 YN

196 197

The position of the equilibrium depends strongly on
the substitution of the unsaturated nitrile. Thus,
double-bond deconjugation (i. e., the isomerization
of 196 to 197) is only possible if the appropriate
intermediate carbanion (probably possessing struc-
ture 198)

R
Y=g

‘ \
7

198
=N

is stabilized by suitable substituents such as phenyl
or phenoxy groups. The activities of solvents in
promoting the thermal isomerization reaction de-
creases as follows:

hexamethylphosphortriamide » dimethyl sulf-
oxide > diglyme > acetonitrile > dioxan > toluene.

Nitroolefins are also isomerized under similar con-

ditions2°®:

— R'-CH,—C=C-NO,

R ~CH=C=CH-NO,
' RZ R3

RZR3
R!, R2, R® =H, CH,;

The following order of nitroolefin stability has been

observed?°8:
R R R R
\ / \
£=¢ > c=c< >
W “No, R’ ‘No,
R H R H
/ N/
=C > c=
W o, R/ C\NO
2

2-Oxo-4-methylene-3-phenyl-tetrahydro-1,3-oxazole
(199) upon treatment with sulfuric, p-toluenesulfonic,
or trifluoroacetic acid is readily converted into 2-oxo-
4-methyl-3-phenyldihydro-1,3-oxazole (200)2°°:

H,C. N/CGHS e HCx,_ ~C8HS
?_0):0 \[o)zo
199 200
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The isomerization of I-methyl-3,5-dibenzylidene-
4-piperidones (e. g. 201) to the corresponding 1-me-
thyl-3,5-dibenzylpyridones (202) using palladium on
carbon as catalyst without solvent at 175185 or
in ethylene glycol at 195° represents a useful method
of preparation of the latter class of compounds?”°:

0

HsCg—CH CH—CgHs
—_—
N

CH3

0
Hscs—(:Hsz CHy—CgHs
L
Na
|

CH,

202

3. Isomerization of Olefins in Industrial Processes

A few examples of the large-scale application of
olefin isomerization in industrial processes may serve
to demonstrate the practical importance of the
isomerization reactions discussed in Sections 1. and
2. of this review.
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SYNTHESIS

The double-bond isomerizations in unsaturated car-
boxylic acids are of commercial interest in improving
the drying properties of oils. Further, the isomeriza-
tion of olefinic hydrocarbons is employed to produce
hydrocarbons better suitable for use in gasoline.
Thus, the 2-olefins obtained from the sulfuric acid-
catalyzed isomerization of 1-olefins are subjected to
an addition reaction with alkanes to give hydro-
carbons with a high octane value®"!.

The hydrocarbons 2,3-dimethyl-1-butene and 2,3-
dimethyl-2-butene, but not 2-methylpentenes, are
equilibrated in the presence of a cobalt-gasoline-
synthesis catalyst?’2. The latter hydrocarbons may
be isomerized using an alumina catalyst?”2

The commericial preparation of isoprene is carried

out employing the following process®’*:

propylene — 2-methyl-1-pentene Si0/ALOs,
2-methyl-2-pentene — isoprene.

A comprehensive review of the types of catalysts
used in olefin isomerization?’* has been published
in 1953.

A great number of commercial isomerization reac-
tions based on the use of transition metal catalysts
has been patented®”®~ 32 in recent years.

Received: November 3, 1969.

31

-

U.S. Patent 3151179 (1964), F. KENNEDY, B. D. RATLIFF (Con-

tinental Oil Co.); C. A. 61, 14525 (1964).

312 U.S. Patent 2804490 (1957), D. H. BELDIN (Univeral Oil Prod-
ucts Co.); C. A. 52, 712 (1958).

313 U.S. Patent 2956094 (1960), M. FELLER, H. M. BRENNAN,
H. S. SeeLIG (Standard Oil Co.); C. A. 55, 5932 (1961).

314 Y. Kocn, H. Ricuter, Chem. Ber. 77, 127 (1944).

35 1J.S. Patent 2428516 (1947). H. E. DRENNAN (Phillips Petro-
leum Co.); C. A. 42, 751 (1948).

316 1J.S. Patent 3236909 (1966), C. N. WinNick (Halcon Inter-
national); C. A. 64, 14088 (1966).

317 French Patent 1431848 (1966), Compagnie Frangaise de Raf-
finage; C. A. 65, 13462 (1966).

318 5 B. Pery, J. Phys. Chem. 70, 1482 (1966).

319 J_B. PEry, Discussions Farad. Soc. 1966, 121.

320 1J.S. Patent 3217061 (1965), G. L. HERVERT, C. B. Linn (Uni-
versal Oil Products Co.); C. A. 64, 6491 (1966).

321 U.S. Patent 3217059, 3217062 (1965), G. L. HERVERT, C. B.
LINN (Universal Oil Products Co.); C. A. 64, 6376, 6377.

322 J.S. Patent 3211801 (1965), V. C. FE. HoLm, D. M. BLACK-
BURN (Phillips Petroleum Co.); C. A. 64, 588 (1966).

323 {J,S. Patent 3217057 (1965), L. D. MOORE, R. C. Opi0so (Gulf
Research & Development Co.); C. A. 64, 4936 (1966).

324 .S, Patent 3236908 (1966), R. A. SANFORD, D. K. WUNDER-
LicH (Sinclair Research, Inc.); C. A. 64, 14001 (1966).

325 M. H. PoLLEYy, W. D. ScHAEFFER, W. R. SMmITH, Canad. J.
Chem. 33, 314 (1955).

326 Brit. Patent 865738 (1961), Purdue Research Foundation;

C. A. 55, 22130 (1961).



