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ABSTRACT

I. THE ACID CATALYZED REACTIONS OF CERTAIN

1, 5-EFCXYCLEFINS

The monoxides of a number of 1, 5-dienes were prepared and
treated with a variety of acidic reagents known to induce cyclization
of the parent diolefins. In all cases the major reaction observed was
the isomerization of the epoxide to a carbonyl function. No cyclic
products were observed. These results are discussed in terms of

the general reguirements for cyclization.

I1. THE ALKYLATIVE CYCLIZATION CF 1,5-HEXADIENE

The alkylation of 1, 5-hexadiene with t-butyl chloride in the
presence of aluminum trichloride was studied. The major monomeric
reaction products were cyclic, and both the t-butylcyclohexane and
neopentylcyclopentane skeletons were identified among them. Forma-
tion of the latter ring system appeared to be slightly favored over
formation of the six-membered ring. This preference islundoubtedly

due to both steric and elecironic factors.

ITI. THE ACID CATALYZED CYCLIZATIONS OF cis,cis- AND
trans, trans-<4, 6-OC TADIENE

Both cis,cis~ and trans, trans-4, 6-octadiene were cyclized in

a mixture of formic and sulfuric acids. While the cis,cis~diene gave

both Et,3C-dimethylcyclohexylc formate and its C«1 epimer in a ratio



of approximately 151, fhe trans, trans -diene yielded only the former
epimer. When cyclization was induced in deuterated acid, the trans,
trans-diene gave ::t,3c-dimethy1 -4t-deuterocyclohexy1c formate, while
the cis,cis-isomer produced the C-4 epimer. These results indicate
the existence of a sterically controlled reaction pathway. In the
cyclization of the cis,cis-diene, this control is partially lost due to
highly unfavorable conformational effects. Further, these results show
unambiguously that the diene has assumned the quasi-~-chair conformation
at the time of ring closure.

Incidental to this work the isomers of £, 3-dimethylcyclohexanol

and &, 3-dimethylcyclohexanone were identified and characterized.

IVv. THE INFRARED SPECTRA CF CYCLOCBUTANE CCMPCUNDS

In an attempt to locate possible characteristic fregquencies of
the Cé-ring. the infrared spectra of 191 cyclobutane derivatives have
been examined. The most useful correlations appear to be a band near
1235 cm. . for cyclobutane compounds with at least one ring methylene
group, and a band near 915 cun. ~4 for mono- and 1, l-disubstituted
cyclobutanes. Less frequently a band is found close to 750 cm. -t

In addition, 2 novel application of a computor technique is pro=-
posed, which may be of some value in the analysis of large numbers of

spectra.
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HISTORICAL BACKGROUND

"It is probable that frora the beginning o his history,
man has been interested in the diverse and fragrant
odours associated with certain plants. Trom such a
time, then, he may be gaid to have taken an interest in
terpenoid chemistry.

. de Mayo

Crganic chemistry in its earliest stages is, historically spealking,

Ty =

nearly synonymous with terpenoid chemistry. This vast area of

P |

chemical endeavoer derives from the early discovery that the fragrant

Py

principals responsible ‘or the odors of plants could be won by a cruce

process of distillation. With the cevelopment of the later technigue
of steamn cistillation, the manuiacture of these so=-czlled "esszendal
oils" had made rapid progress by the siuteenth century. At this time
the chief demand for essential oils was for medicinal purposes.

According to . de Mayo (1), as many as sixty oils were included

in the Diszensatorium Valeri Cordi of 1592.

Early Investigations

However, it wasn't until the firat half of the nineteenth century
that any significant chemical investigations were possible in this
area. At this time M. J. Dumas (2) undertook a study of the more

I3

volatile fractions of some essential oils. He iound that these were



mixtures of isomers with the empirical formula, CIOHI{?' These
compounds were then given the general name o! "terpenes, ! deri.ed
from the German word for turpentine (terpentine). The term '‘ter-
penoid'' has more recently come into preferred usage in order to
include the oxygenated derivatives, which occur widely in nature.
Upon examination of the higher boiling essential oil fractions, com-
pounds containing {iiteen and twenty carbon atoms were discovered.
The classiiications now recognized are the mono=-, sesqgui-, di-, tri-,

and tetraternenocids. A large nurnber of reviews and collected works

dealing with these classes of compounds have been published (3-9).

Ruzicka's Biogenetic Isoprene Rule

: - ~

Undoubtedly the most striking feature of the thousands of ter-
penoids known is the structural diversity that they enjoy. In fact,
until 1922, the only relationship observed among the various groups
was that they all ~rossessed carbon skeletons, which contained a simple
multiple of {ive carbon atoms. This relationship was first formalized
by L. Ruzicka (10) in terms of the now famous "'isoprene rule."

According to this rule, all but a2 very f{ew of the known terpenoids coulc

s

fa)

be thought ol structurally as low polymers of isoprene units; these
generally, but not always, were joined together in a head-to-tail
fashion. Isourene itsell has not been found te occur naturally, but it
is readily obtained from the destructive distillation of natural rubber

(11) and the pyrolysis of limonene (12). *
# The biologically active species A~ -isopentenylpyrophosphate

has only recently been isolated (15&).
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Exceptions to the Isoprene Rule

When displayed against the background of its tremendous success
of bringing some unity into the broad and complex area of terpenoid
chemistry, the shortcomings of the isoprene rule, as iirst proposed,
were of only minor importance. As long as interest centered on the
lower terpenoids, very few examples were known of compounds whose
structures deviated "inex;licably' frorm the isoprene rule. In fact,
until a2 few years ago, the sesquiterpenoid, eremophilone (I), which
cannot be divided into isoprene units, was the only known exception to
the rule (13). 3ir Robert Robinson (14) at London's Imperial Collepe,
on the other hand, proposed that this compound was derived from a
"normal'' terpencid, which had undergone a Wagner-Meerwein 1, 2-

methyl migration.

0]

The inability of the isoprene rule to correctly predict the struc-
tures of higher terpenoicds bezan to manifest itself when research
efforts were turned to the structural elucidation of several polycyclic
triterpenoids. In 1952, Ruszicka's E. T.H. group (13) uncovered a

second exception to the rule upon publication oi the last stages in the
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structure determination of lanosterol. At about this same time (1949«
1955), a large number of papers, due by and large to Ruzicka's group

in Zlrich and D. H. R. Bartoa's London group at the Imperial College,
appeared concerning the structures of several polycyclic triterpenoids.
Representative of these, which were found to violate the simple isoprene
rule (see Fig. 1), are: ursolic acid (16), taraxzasterocl (17), lupeol (18),

phyllanthol (19), germanicol (20), v-amyrin (21), friedellin (22),

taraxercl (23), and the epiiners euphol (24) and tirucallol (25).

Modilication of the Biogenetic Isoprene Rule

The biogenetic isoprene rule, however, had proven itself far too

e of

(]

useful during the intervening three decades to be abandoned becau

a few failures. Although the face of crganic chemistry had changed

considerably during this time, no basic meoedificatdon of the isourene

w

rule had been necessary since its incention. Ia light ol these recen
results, Ruzicka, collaborating with A. Eschenmoser, C. Jeger, and
D. Arigoni, was able to publish in 1955 a detailed theory of the cycliza-
thon process (26). This theory constitutes a remarkable refinement of
the origzinal isoprene rule. With this step it seemed at last possible

to rationalize the complete structural and configurational details of the
basic representatives of moast terpenoid groups, and in particular,

of all the cyclic triterpenoid groups, which are thought to be derived

from the acyclic triterpenoid, squalene (27).



Ursolic acid Lupeol
i
]
HO HO
Phyllanthol Germanicol & - Amyrin
0 H HO
Friedelin Taraxerol Tirucallol

Fig. 1

Basic representatives of the polycyclic triterpenoid groups which
deviate from the simple isoprene rule. Eat¢h of these groups is hypotheti-
cally derivable from the acyclic triterpens, squalene.



The set of three postulates upon which this new theory rests ig
as follows:

1) When acyclic terpenoids undergo electrophilically catalyzed
cyclization, all double bonds are saturated by a process of trans-
addition. (This process is variously referred to as antiplanar or anti-
parallel addition.)

2) ‘#agner-Meerwein type alkyl and methy!l 1, Z2-shifts, as well
as internal hydride transfers, are facile. stereospecific processes,
when optimal stereochermical requirements are satisfied. These pro-
cesses always result in a Walden-like inversion at the center to which
migration has occurred.

3) The course of the reaction is cormpletely concerted (i.e.
non-stop), such that no classical carbonium ion intercedes, nor does
any stable intermediate, which could arise, for example, by the loss

of a proton to give the corresponding unsaturated compound.

The evidence governing the choice of these postulates, and their
consequences in terms of the biogenesis of the cyclic tersenoids will

now be discussed:

The Fostulate of trans=-Addition. A period of about two decades

elapsed after the original proposal of the isoprene rule before the con-
cept of "trans-additdon' achieved general popularity as a means of

describing the stereochemistry of addition reactions of double bonds.



The term usually refers to the addition of two species "Y' and "Z'f

to a2 double bond in such a manner that'Y' adds from one side of the
plane of the olefin and "Z'" from the other. That such a restriction
may at least formally be placed on the course of certain addition reac-
tions can often be realized by exarmining the character of the products.
The now classic examples of the electrophilic addition of bromine to
maleic and fumaric acids (28) serve splendidly to illustrate that, at
least under some conditions, the addition of both of the moieties, 'Y
and '""Z'", to the same side of the double bond is highly disfavored.

The mechanisma of trans-additions have been discussed quite extensively
by a number of authors (29), and need not be detailed here. For the
purpose of discussing the role of trans-addition in the electrophilic
cyclization of terpenoids, it is sufficient to outline the essential

stereochemistry of the addition reaction as followa:

R‘.\ "—R + Y b R_‘- l/l \\\ ’,"R g Y\ R
= o —_— c==c’ —_— R---- C-C~— R
R Nr' «——un R N\r! R' ~z
-Y
Ila iib Iic

In this scheme, the initial step of the addition is an electrophilic ocut-
of -plane attack by Y+, which may be either a positive ion or the positive
end of a dipolar species. The out-of-nlane attack is quite plausible, in

that this path is less sterically hindered than any of the other conceivable
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in-plane approaches. The resulting cyclic or bridged ion (IIb) is
expected to be more stable than a classical, trigonally hybridized
carbonium ion, in which the charge density on carbon is much higher
(y_i_c_i_g_ﬁr_lf_re) This non-classical ion may then suifer collapse as a
result of another out-of-plane attack by an available nucleoghile, Z .
while again an out-of -plane attack is probably preferred for steric
reasons, the attack must now occur on the opposite side of the plane
of the molecule (a3 defined by the original olefin). Attack by Z~  at
carbon on the same side of the plane is reasonecd to be highly inefficient,
due to steric shielding by the co-ordinated ¥ ~group and is most likely
to result in abstraction of the electronhile, Y+. to regenerate the
olefin (i.e. IIb—Ila).

Recently (30) it has been pointed out that steric control may not

be the only important factor in determining the trans-orientation of

entering groups. A quanturm mechanical argument by Hammond and
Collins sugpgests that the trans-configuration is determined by the
symmetry of the antibonding orbital of the oleiin, into which the pair of
electrons on Z~ are introduced in order to minimize electron-electron
repulsions during the course of the reaction.

The anplication of the trans-addition mechanism to the cyclization
of terpenoids will be discussed in more detail in the section dealing

with Ruzicka's third postulate.
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The Postulate of Wagner -Meerwein Migrations. As was the case

with the postulate of trans-addition, the empirical basis for the second
postulate is found largely in the results of experiments with non-
terpencid comuounds. In 1952, when Robinson (14) proposed the idea

of internal methyl and hydride migrations to account for the structures
of certain anornalous terpenoids, 1, Z-methyl shifts were known
(Wagner and Meerwein (31)), while hydride transfers were recognized
primarily as intermeclecular processes (32). Since then several internal
1, 2-hydride migrations have been observed or suspected (33). Although
no 1, nemethyl shifts for n greater than 2 seem to be known, internal
l1,n-hydride transfers have been observed or hypothesized for all values
of n up to and including 6 (34).

Inasmuch as the migration of a methyl group or a hydride "ion"
involves the transfer of a pair of electrons, causing an oxidation and
reduction of the donating and accepting centers respectively, itis a
requirement of this process that the migration terminus, i{itis a
first row element, must have an actual or potential open sextet of
electrons. Moreover, since such an acceptor center is created by the
protonation of an unsaturated system, itis often observed that such
transfer processes are acid catalyzecd (332). In these reactions, the
driving force is often provided by the conversion of the relatively
unstable carbonium ion into a srecies with a completed octet. If a new

carbonium ion is formed as a result of such a migration, it is irequently
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more stable. This greater stability is generally due to one or a coma-
bination of resonance, hyperconjugative, polar and steric effects (353).

It is clear that acid catalyzed cyclizations of terpenoids are reactions

in which these conditions may well be fulfilled. The fact that the driving
force for certain hypothesized methyl and hydride migrations may
derive from relief of strain through conformational reorganization in

the cyclic transition state (36) will be considered in detail later with a
specific example. It should be pointed out that in such rearrangements,
the migrating groups act as the nucleophile in an anti-planar addition

process, and hence, amount to a sterically ordered srocess in which

a Walden-type inverasion occurs at each migration terminus,

k)

The Fostulate of 2 Concerted Process. This postulate is designed

to weld the {irst two postulates into a2 powerful theoretical instrument
for predicting the stereochemistries of most terpenoid groups. Unlike
the first two, it rests heavily on the results gleaned from the study of
acid catalyzed polyene cyclizations.

it has been known for over half a century (37) that certain 1,5-
dienes undergo cyclization in the presence of strong acids. Although the
reaction has been used extensively in the study of terpenoid chemistry,
comparatively little work has been directed toward discovering the
mechanism involved. An early advance in this direction is due to a

suggestion by Bloomfield (38) in 1943. He indicated that the acid
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catalyzed cyclization of polyolefins proceeded via an intramolecular
carbonium ion mechanism analogous to the polymerization of olefins
(39). The first ste» in Bloomfield's mechanism was the rapid and
reversible addition of 2 proton to one double bond of the polyene. The
second and rate determining step in the reaction sequence was the
essentially irreversible ring closure, which gave rise to a new car-
bonium ion. This species could then decompose by the loss of a proton
in perhaps several ways to yield a cyclic olefin.

Since that time, Bloomfield's mechanism has been generalized (0)
to explain the acid catalyzed cyclizations of a number of other com-
pounds with one or more basic sites in the molecule other than carbon-
carbon double bonds. A speciiic example of the more general scheme
is given by the conversion of neral (IIla) tc racemic 4-isopropylidenyl-

cyclohexen-3=-ol (II1d) (41).

AN +H+ . _'_—H+
CHD o
H
| | OH
+
Iila I11b Iiic I1ia

However, it is clear that in some reactions a "free' carbonium

ion such as Illc is not formed. This is quite evident, for example, in



the conversion of optically active linaloBl {IVa), in acid media, to
optically active o=terpineol (IVb) (42). The reaction has been formulated
by Robinson (43) and Swain (44) as proceeding by a concerted mechanism,

which is shown schematically below:

OH

Iva Ivb

This mechanism allows that the new asymmetric center be in the process
of formation before the old one is completely destroyed. Winstein (43)
has examined the solvolysis of linalobl p-nitrobenzoate in 70% acetone
and found evidence for a mechanism involving the collapse of an intimate
ion-pair. This topic has been discussed in considerable detail by
Ruzicka (40).

Today the over=-all structural course of acid catalyzed cyclizations
of polyenes is fairly well understood. Much of our iniormation is largely
due to the exhaustive investigations carried out over the last decacde
by H. Schinz and co-workers (46). These investigators have shown,
for example. that the cyclizations of apogeranic acid (Va,b) and aponeroic

acid (Vl1a,b) are strictly stereospecific, leading to the trans- (Vec,d



and cis- (Vic,d) 2,z-dimethylcyclohexan-6-0l carboxylic acids
respectively. Unfortunately, due to the symmetry of the isopropylidene
end group, 2 knowledge of the stereochemistry of both the starting
materials and products is not enough, in this instance, to define the
geometry of the reaction, nor is it possible to determine anything about
the nature of the primary cationic species arising from the protonation
of the isopropylidene double bond. =Since the reaction was carried out
in concentrated formic acid, it might well be expected that trans-
addition to the iscpropylidene double bond would not occur, since the
classical carbonium ion, which could form, should be stabilized by
extensive solvation.

As it turns out, we still have very little information about those
factors which define the over-all stereochemistry of terpencid reac-
tions. This is illustrated by a consideration of a few mechanistic
possibilities, which seem to be in harmony with the available data on
the cylization of apogeranic and aponeroic acids (Fig. 2). 2a) One
possibility is a completely concerted, ''push-pull’” mechanism (such
as the one proposed above for the cyclization of linaloﬁl.) involving the
synchronous protonation of the isopropylidene double bond, ring
closure, and attack on the conjugated double bond by a nucleophile.
This process would be expected to occur while the diolefinic chain is
folded in a conformation analogous to the thermodynamically favorable

chair form of cyclohexane (cf. Va and VIa) (47,48). The nature of the



14

Gls
- i
AN %>
HOOC\ __E/ou”
Va H Ve
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3
+ -
~X H'/OH -
H e
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Via
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\ & -
H /OH "
.
Via

Fig. 2

Acid catalyzed cyclizations of apogeranic acid and aponeroioc
acid. (Schinz and coworkers, 1952-1956)
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products (Ve,d and Vic,d), however, does not demand that the diolefin
be in a chair-like conformation; indeed, the same products would result
if the initial conformation of the chain had been that of a2 boat (Vb and
VIb). b) A mechanism which represents the opposite extreme, with
respect to timing, is one in which each of the above processes occurs
in well defined steps, to give classical intermediates with aporeciable
lifetimes. If the attack on a classical ion, such as Vila or VIiIb, is
considered, it must be assumed that it occurs before these species

are able to equilibrate conformationally (4-7)'." ¢) Somewhat inter mediate

COOH

COOH +

Vila VIIb

between the two types of mechanisms already suggested is a third

one, in which the rate determining step of the recaction involves the

* Although concepiually rnechanism b is different from mech-
anism a in that the course of the reaction mmay be divided into discrete
stages-i'nvolving classical ions, the imposed time scale for the
reaction is so contracted that these ions do not behave as such.

The result is that {for all practical purposes, mechanisms a and b
are identical. -
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formation of a non-classical, bridged cation such as VIIla or VIIIb. *

A trans-attack (i.e. an attack from the unhindered side of the plane

of the complexed double bond) by a nucleophile, would be expected to
lead to the observed products (in this case Ve,d). The assumption of
the intervening bridged cation allows that 1) the geometry of the product
is atill determined by the geometry of the starting material and

2) that the reaction may proceed in a series of stages, each of which is
sterically controlled, such that the result is the same as for a concerted

process.

VIiia VIIID

Evidence for the formation of such bridged ions, and their effect
on the stereochemical course of the addition reaction of simple aystems
was alluded to earlier. There is, however, both diverse and abundant

evidence (49, 50) for the formation of bridged systems in which the

* The barrier to interconversion of VIiIa and VIIIb would be much
greater than that which exists between the chair and boat formms of
cyclohexane, since rotation about the C -CZ and C _-(36 bonds is
severely restricted. Consequently, eguilibration ol these ions is not
anticipated.
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electrophile itself is a carbonium ion. Also of interest in this regard
is the large volume of stereochemical data on non-classical ionic

sy stems formed during solvolysis reactions of certain tailored sys~-
tems (51). The bridged cation may be exnected to be especially readily
formed, since itis in many respects similar to cyclopropenium cation;
i.e. it is a three carbon, 4n + 2 electron system, which should be
highly resonance stabilized under conditions of optirnum orbital over-
lap (52). Similar systems are formed during the 1, 2-migrations
discussed above.

A final observation as regards the cyclic products derived from
apogeranic and aponeroic acids is that the equatorial position of the
hydroxyl group in Vc and Vic is, for steric reasons, the position of
preferred attack by a base, and hence is compatible with all of the
above mechanistic possibilities (47, 53).

Eschenrnoser and his students (54) have continued the work
initiated by Schinz on more complicated sesquiterpenoids and diter=-
senoids in an attempt to help elucidate the confocrmational ambijguity
which exists here. The results obtained from these systems are
decidedly more difficult to interpret, and the conclusions are meager.
In general, however, these reactions are relatively non-stereospecific.
Eschenmoser suggests that in part the difficulty lies in the fact that

these reactions begin from a conformational equilibrium of linear and



folded polyene chains in which the former predorminate strongly (vide
infr ) The high proton activities required for in vitro reaction lead

to the formation of high concentrations of cationic intermediates, which
encourage non-selective side reactions.

Herein lies the gquestion of what {features may be common to the
enzyrnic and acid catalyzed mechanisms of terpenoid cyclizations.
Indeed, in the extreme case, a requirement for antiplanar addition,
as set forth in the first postulate of the Ruzicka theory, is that the
polyene chain be appropriately folded orior to the synchronous process
in which the new bonds are developed, and that little or no conformational
reorganization occurs during the ring forming uwrocess. Such strict

control is visualized as a function of the enzyrme (55). In fact, this is
the only function demanded of the enzyme by this theory (except perha
in certain instances when concomitant oxidation alsc is observed; e.g.
stercl formation). Zanecially in the case of the higher terpencids
does this become important, since it is expected that increments in
the reaction energy barrier should apnear chiefly in the activation
entropy term as the length of the polyolefin is increased (56). An
interesting experiment by Eschenmoser's group (27b), in which the
rates of cyclization of several alkyl substituted citronellal compounds
were measured, lends support to this belief. In non-enzymic systems

one would anticipate that the chair folding (e.g. Va and Via) would be
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the energetically preferred conformation of the polyene for the cycliza-
tion process, but there is no direct experimental support of this to date.

As D. H. R. Barton (57) points out, stereospecificity is not
necessarily a consequence of theory, but may actually be a trivial
characteristic. The same results could also obtain from a process
which does not involve antiplanar addition. 3uch an example would be
given by mechanism (b) cited above for the cyclization of apogeranic
and aponeroic acids. Here addition to the conjugated double bond was
not accompanied by conformational {ixation; however, addition of the
nucleophile occurred more rapidly than rotations around single bonds,
and hence, stereoselectivity resulted.

The third postulate of Ruzicka's theory, then, by demanding that
no stable intermediates be formed during the course of the biogenetic
reaction, lirmnits the total number of mechanristic pathways to the final
steric result to just those which can arise out of the several different
foldings, which can be hypothesized for a given polyene (vide infra).
The third postulate, although arbitrary, does reflect the small amount
of evidence we have at present on certain biological reactions (38).

In any case, with this postulate, the refined isoprene rule is self-
contained, allowing the structural rationalization of all the major
terpenoid groups (59) with the introduction of only a minimum of ad hoc

prerequisites.
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Significance of the Revised Isoprene Rule

The great current popularity of the Ruzicka proposal lies largely
in its ability to explain not only the gross structural features of sundry
terpenocid groups, but also their precise stereochemistries. Another
improvement over the original isoprene rule, which has thus far been
neglected, is that this theory can be used to correctly predict the sites
of oxidation in many terpencid compounds (e.g. eremophilone, I, and
the polycyclic alcohols in Fig. 1) (40). It should be noted, however,
that this system of postulates is arbitrary, in that we have very little
knowledge of the intirnate processes which occur in the enzyme-
substrate complex. Consequently, this theory undoubtedly efiects an
over -simplification of the bicgenetic mechanism of cyclization pro-
cesses. Nevertheless, a schematic understanding of the biogenesis
of sterols and other natural products is invaluable in laying the founda-
tion necessary for a rmore detailed study of these biochernical con-
versions. Herein lies the potential utility of the Ruzicka theory; its
beauty is due to its striking simplicity.

To date the greatest test of this theory has been its ability to
adequately account for the biogenetic relationship between squalene
and the sterols (60). Some bicyclic sesquiterpenoids with structures
related to guaiazulene are known, which stand out as exceptions to this

theory. These have been discussed briefly by Arigoni (55).
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NCN-ENZYMIC TERZENCID CYCLIZATIONS

In order to obtain a better understanding of the enzymic cycliza-
tiona that take place during the biosyntheses of higher polycyclic ter~
pencids, it‘would seem that one must first understand more thoroughly
those rules which govern the cyclizations of simipler systems. In
particular, a great deal is yet to be learned about the non-enzymic

cyclizations of monoterpenoids.

The Problem of Polyene Conformmation

The efficiency of biosynthetic processes is frequently attributed
to enzymic control. In the formation of the higher polycyclic ter-
penocids, it is felt by many investigators that the chief function of the
enzyme i3 to fold the polyene in a speciiic conformation, necessitated
by the nature of the end product; the enzyme may or may not be
responsible for inidating the cyclization itself by supplying the ap=-
propriate electrophile. Acid catalyzed, non-enzymic cyclizations,
on the other hand, while they may show stereoselectivity in the case of
some rnonoterpenocids (e.g. linaloBl to w-terpineol), are notoriously
non-stereospecific for the sesqui- and higher terpenoids (62). How
much of this lack of stereospecificity may be attributed to the absence
of the enzyme and how much to other differences in reaction conditicns

is not known.



Linear vs. Folded Conformations. It has been suggested by

Eschenrnoser (27b) that the inefficiency of none-gnzymic cyclization
reactions may stem in part from the fact that a conformation equi-
librium exists between folded and extended polyene chains, in which
the latter conformer greatly predominates. Frotonation of the two
kinds of species could then presumably lead to difierent products.
There have been no studies made which have been directed toward
shecding light on this hypothesis. There seems to be no reason to
assume a priori that the lincar conformation of such an equilibrium
should be more highly populated than the folded one. In fact, it might
be expected that a mutual interaction of the double bonds of a 1,5«
diene might enhance the formaticn of the {olded conformer (vide infra!.
A number of physical parameters might be used to determine whether
or not an unusually large proportion of folded conformers was present

in a given solution. S5ome of these are discussed below.

Standard Formation Entropies. A nuraber of methods are avail-
able (63) for the calculation of atandard molecular entropies of forma-
tion for either the liquid or for the gaseous state, and in some cascs
the agreement with experimentally observed values is quite good. The
method of Otozai, Kume, and Fukushima (63a) was used here to cal-
culate the standard molecular entropies of a number of alkanes,

alkenes, and alkadienes in the gaseous state at 25° C. In Tablel a



J Table I

No. Compound mmwwn. (e.u. vw | mmwm. (e.u. U AS°(e.u. vn Mol. J,“op.mP Mol.Ref. -
(ml./mol.)

ALKANES
1-1 ne-Pentane 83.0 83.4 -0.4 116. 104 25. 286
1-2 n-Hexane 92.2 2.5 -0.3 131.598 29.928
1-3 n=Heptane 101. 4 161.6 -0.2 147. 456 34,565
I-4 n=Cctane 110.6 110.8 -0.2 163.530 39.209
I-5 n-Nonane 119.8 120.0 -0.2 179. 670 43. 855
1-6 n-Decane 129.0 129.2 -0.2 195. 905 48.503

CYCLZALKANES
I-7 Cyclopentane 83.3 70.7 12.6 94.713 23. 144
I-8 Cyclohexane 92. 2 71.3 20.9° 108. 744 27.722
I-9 1, 1-Dimethyl- 103. 6 87.2 16.4 144. 455 37.060

cyclohexane

ALRKENES
-1 l-t’entene 82. mm mf 65 -0, wm 110. 384 24.868
Im-2 1-Hexene 91.6 91.93 -0.3 125.892 29. 504
-3 2-Hexene A.nup'u...w 1.5 92. 31 | -0.9 123.34 29.56
Im-4 2-Hexene (trans-) 91.5 90. 97 +0.5 124.90 29. 65

-5 Z2-liethyl-l-pentene 89.9 91. 34 1,4 124.33 29.356



Table I (cont.)

No. Compound mmwwn. (e.u.)? mmsm. (e.u. vv a3°(e.u. wn Mol. Vol., Mol.Ref. d
(ml./mol.)
ALKENES (cont.)
ii-6 3=Methyl-1l-pentene 89.9 90. 06 -0.2 126,97 29.51
-7 1-Heptene 100.7 161. 24 -0.5 141.744 34. 144
-8 3-Heptene (cis-) 100.7 ————— R 140. 52 34. 30
-9 3-Hestene (trans-) 160.7 ————— B 141. 51 34.43
11-10 1-Cctene 109.9 110.55 -0.7 157. 85 38.79
W 4-Octene (cis-) 109.9 — i 156. 50 38.97
m-1z 4e(Cctene (trans-) 109.9 cmee “———— 158. 06 39.10
m-13 1-Nonene® 119.1 119. 8¢ -0.8 174. 041 43.429
M-14  4-Nonene" 119.1 — S — 43.75"
mM-15 Z=Methyl=2-octene 117.5 e ———-- —eme- 43. @qw
o-16 l-Decene 128.3 129. 17 «0.9 190. 330 48.078
CYCLOALKENES
11-17 Cyclopentene 82.5 69.2 13.3 88. 860 22.459
n-18 Cyclohexene 91.5 T4.27 17:2 101. 899 27.055

[\N]
=9



Table I {cont.)

b d
No. Compound 5° {e.u. vm g®  (e.u.) A5%(e. u. vn Mol. Vol., Mol.Ref.
: calc. obs. d
(r01./mol.)
; g 101
1, 3-ALMADIENES
mi-1 1, 3-Butadiene 72.0 66,62 5.4 87.96" -
Hi-2 Nlm.‘mawﬁ%wnrwl, 79.6 75. 4 4,4 100.780 25,425
butadiene
I1-3 1, 3-F"entadiene (cis-) 81.2 77.5 3.7 99.303 25.790
-4 i, 3-F entadiene 8.2 76.4 4,8 101.508 26.032 i
(trana-) i~

-\

noi-o 1, 3-Hexadiene

- [9]
i-6 214 ~Hexadiene’

1, 2-ALKADIENES
mi-v
mi-5
II1-9

1, d=T"entadiene

. - q
1, 4-Hexadiene

2-Methyl-1, m -
npentadiene

IHi-10 3-Methyl-l, 4=
pentadiene

. u
i,4-Heptadiene

Ini-i1

: o 1
ni-iz 1, 4=Octadiene

]

mi-13 1, 4-Nonadiene

118. -

61.2
8%.9

o -
Y. 2

89.2

160.0

109.

D

[

- o

- -

- o om

- e o e

- o e

-

117.3%
114.9%

103. 878

P
st
L
[A¥]

119.06

=

30. 67
30.77

33.84"
38, 45"

43.11%



Table I (cont.)

b

No. Compound 5° (e.u. vm 5°.  (e.u.) As®(e.u. v“u Mol. Vol. go?m.wm.a
calc. obs. d
(ml. /mol.)

1,5-ALADIENES
i-14 1, 5-Hexadiene 90. 6 cemue —— 119,42 29.01
m1-15 3,7-Decadiene’ 127.6 —— —m— — e

1, 6-ALKADIENES3
1Ii-16 _..m_:mﬁnunw&msmw 100.0 —— cemm= P 33. mm_mw

[p¥]
mi-17 7-hMethyl-1, 6- 116.8 cme-- o — 43, 19 o
on.&&mbmvw
II-18 2, 7-Nonadiene" 118. 4 — ——— p—— 42.90%2
(cis, cis-)
II-19 2, 7-Nonadiene” 118.4 —— R — 43. 25>
(trans, trans-)
1,n-ALKADIENES
1d .
11-20 \—,q:Onﬂmﬂ.ﬁmwmﬁ 103.2 —ce—mew ————— - wm.wmmo
1d £f

M3l L SNensdiens 11¢. 4 N I 169. 85" 13, 135
UI-22 1,9-Decadiene® 127.6 . — 184.719 &7, 72
Note: Taootnotes to Table I annear on capge 27.



FOOTNOTES TO TABLE 1

(2) Calculated by the method of Otogai, Kume, and Fukushima (1); values are for standard molecular
entropies in the gaseous state at 25°C. (b) Cbserved standard molecular entropies for the gaseous
state at 25°C. Unless otherwise indicated, these values are taken from the tables of the American
Petroleum Institute Research Project=44 (2), which appear to be the most reliable data to data.

(c) m....mu.n - mm,cm . (d) From measurements made at 25°C. unless otherwise indicated. (e) Cf. ref. (3).
(f) The method of McCullough et al. (4) may be used to obtain calculated values of standard molecular
entropics of l-alkenes in the liquid state, which differ from experimental quantities by only 0.04%.

(2) Cf. ref. (5). (h) Mixture of cis- and trans-isomers (6). (i) At 18°C. (6). (j) Probable mixture
of isomers (7). (k) At 16°C. (7). (in) Maslov (8) presents an alternative method of calculating 5°
for either the gaseocus or the liquid state of alkadienez. (n) At saturation pressure. (p) Aprroximate
values for a mixture of cis- and trans-forms. (q) Cis- and trans-mixture; also undoubtedly contarnin-
ated with 1, 3-isomer (14, ¢f. 15). (r) Frobably low, see footnote q. (s) FProbably quite high (see
footnotes q and r); the value calculated from group refractivities is 28.9. (t) Purity uncertain (16).
(u) Cis- and trans-mixture (9). (v) 2t 11°C. (9). (w) At 15°C. (9). (%) At z21°C. (9). (y) See

ref. (11). (z) see ref. (11). (az) At 20°C. (11). (bb) See rei. (12). (cc) At 20°C. (12).

(dd) Possibly contaminated with saturated roaterial (13). (ee) At 21.4°C. (13). (&) at 24.4°C.(13).
(gg) The identity of this compound is still in doubt.

Note: References to Tables I and Il appear on page 34.

¥



comparison is made between the calculated and the observed values.
“or the acyclic alkanes and alkenes, this method predicts entropies
which are quite close to the observed values, but consistently low by
0.2«1.4 e.u.; the majority of cases show disagreements of substand-
ally less than 1.0 e.u. The one exception falls in the case of trans=-2-
hexene, in which instance the calculated entropy is high by 0.5 e.u.
The method of Otozai, Mume, and Fukushima, however, does
not attempt to evaluate the effect of cycle formation or conjugation of
multiple bonds on the overall entropy. Consequently, the differences
between the calculated and the observed values for the entropies of the
cyclic systems and of the 1, 3-alkadienes may be taken as avproximations
tc the corresnonding entrorvies of cyclization and of conjugation in a
given syatem. According to the values in Table I, then, the loss in
entropy due to the formation of a formal six membered riug is about
17-21 e.u., while restriction of rotation around a conjugated '"single"
bond of acyclic 1, 3-alkadienes leads to an entrony loss of £-5 e.u.
Unfortunately, entropy data for unconjuzated alkadienes are
almost non-existent at present. In fact, the only diene in this category,.
whose entropy of formation has been determined, is 1, 4-pentadiene.
It is exceedingly interesting that the observed entropy of this compound
is lower than the Ctozai, Kume, and Fukushima prediction by 4.8 e.u.

This value is 36-33% of the maximum loss of entropy expected for the
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formation of a true ring with five members. The paucity of data
requires sorne restraint in attermpting tointerpretthis value. Upon
consideration of the magnitude and direction ¢f error in the calculated
entropies, however, the discrepancy of 4.8 e.u. in this case must
surely represent a significant restriction in the molecular motions of
1, 4=-pentadiene. The extent of this restriction is quantitatively similar
to the degree of restriction to rotaticn, which exists about the ''single”
bond of conjugated dienes. It is impossible, however, on the basis of
the: entropy data alone, to determine qualitatively the nature of this
restricted motion. 3ince therc is no evidence for intermolecular associ=-
ation of the alkenes (i.e. all the deviations from the predicted entropy
values are negative), there is no reason to assume that 1, 4-pentadiene
should possess to any great extont a polymeric gas structure. Itis
likely, therefore, the restricticn to motion i3 an internal one.

Two models which might account for the observed low entropy
of 1,4-pentadiene can be sugzested, The first of these is based on the
farmiliar homoallylic systers (64). In this model, the C-2 and C-4
atorns of the linear diene (I¥2) arec considered to be slightly closer to
one another than is the case in the corresponding saturated or partially
saturated chain., It is presumned that the loss in entropy in this model
would be balanced by a gain in resonance energy afforded by overlap
of the »=orbitals on C-2 and C-4, Due tc the vresence of the vinyl

hydrogens at C-2 and C =4, conformation I¥Xa,b would be expected to



be twisted somewhat firom planarity in order to optirnize the resonance

and repulsive interactions.

M +)VK-—
IXa iXb

The second model assumes that the cyclic conformation is
itsel! somehow stabilized relative to the extended conformer by an
interaction between the double bonds. Fixation of the folded conformer
might be attributed to either a charge transfer mechanism, resulting
in a coulombic attraction between the double bonds (¥), or a delocaliza=
tion mechanism (¥1Ia,b c) not unlike the one described for the first
model. Of these, the latier mechanismn appears to be the more
reasonable. The terminal hydrogens of XI would require that the
double bonds be in approximately parallel planes rather than in the
same clane in order that their mutual overlap be appreciable. Resonance
of the type Xla should be more important than that of XIc on the basis
of overlap alone. Both of these mechanisms will be considered more

quantitatively for the particular case of a 1,5-cdienc in 2 later section.

H H

[+ \
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3+ —
U @
Xla Xib Xlc

It should be emphasized that the entropy data of Table I are
for the gaseous state,* and consequently, do not give any information
on the condition of molecules in the liguid phase. The higher dielectric
constant usually associated with the condensed phase would, however,
be expected to be more conducive to formation of more polar shecies

such as IX, ¥, and XI.

Molecular Volumes., The extsnded conformation of a hydro-

carbon chain will possess a greater molecular volume than any folded
species (e.g. compare the isomers cyclopentane and lwpéntene in
Table I). This simple fact suggests a second means of determining
the presence of folded conformers in solutions of alkadienes. The
average molecular vclumes of a number of hydrocarbons are given in
Table 1. The {irst section of Tgble Il draws a comparison between
the molecular volumes of sorne normal alkanes and the corresponding
l-alkenes. Itis seen that the introduction of a terminal double bond

decreases the molecular volume by about 5.7 inl. /mole, but that this

* Data for the liquid state under ccinparable conditions was
not available in many cases of interest.
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value decreases as the length of the chain increases. Fregumably

the introduction of a second terrninal double bond should bring about

a similar reduction in molecular size, if no other changes occur.

In 1,4 -alkadienes, however, the inclusion of a second double bond in
the termninal position results in an average molecular volume decrease
of 6.6 ml. /mole, which is 17% greater than anticipated. The one
exception is found in the case of 2-methyl-l, 4-pentadiene. The purity
of the compound upon which the measurement was made is uncertain
in this instance. The second double bond of 1, 5-hexadiene produces

a 14% larger volume decrement than does the first. The decrease
associated with each of the bonds of 1, 9-decadiene is the same, sug-
gesting that no special conformation advantage is provided by the
prasence of the second multi;-le bond in the longer chain. *

The data available do not allow the calculation of the molecular
volumes of all the dienes at the same temperature. However, molar
refractivities, which are temperature independent, may be obtained
for all the hydrocarbons of Table I. The introduction of a double bend
pl;oduces a net decrease in the molar refracidvity, since the two
hydrogen atoms removed have a slightly larger refractivity than the

carbon-carbon double bond. The change associated with the

#* It should be noted that the volurme contractions observed may
simply reflect increased intermolecular attractive forces which
accompany an increase in molecular polarities. 1If this were the case,
then longer chains should also show slight deviations.
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incorporation of one terminal double bond is about 0.42. In almost
all of the 1,4-, 1,5-, and 1, 6-2lkadienes of Table I, the change in
molar refractivity is significantly larger than this value. This is
indicative of an abnormal change in the polarizability of the dienes,
relative to the le-alkenes, which might possibly be related to a shiit

in the conformmational equilibrium in favor of the folded conformer.

Viscosities. Viscosity measurements rmay be used to obtain
the kinetic theory collision area of a molecule in the gas or liguid
phase (65). Since the collision area depends on the conformation of
the molecule, viscosity data for the hydrocarbons of Table I would be
expected to be very useful in establishing the conformational nature of
alkadienes. Although the viscosities of a large number of hydrocarbons
have been measured, the alkadienes have been almost completely
ignored. Cummings, McCoubrey and Ubbelohde ((£), however, have
measured the viscosities of nehexane, l=hexene, and 1, S=hexadicne
in the gas shase, and. have concluded that the proportion of folded
conformers increases in the order nentioned at a given temperature.
More data are necded before it will be possible to make any
useful generalizations about the coniormation of alkadienes. At
present, however, there is a strong suggestion that certain diclefins
may show a greater preference for the more compact, folded conforma-

tions than do their partially or totally saturated analogues. It is likely
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that the phenomenon may be explained in part by the fact that the
introduction of a terminal double bond has the eifect of lowering the
energy barrier to rotation about the acdjacent C-C bond relative to the
paraffin (67). The concomitant increase in rotational freedom, how-
ever, should lead to a relative increase in the molecular eantropy, which
is not observed (see Table I). Also, itis difficult to see why the longer
chain alkadienes (e.g. 1,9-decadiene) are not more folded relative to
the parent paraffins, if more facile rotations around C-C bonds were
the only important conformational effects associated with the intro-
duction of double bonds. It was proposed, therefore, that another
mechanisrn(s), involving an electronic interaction of the double bonds,
might be important in deter mining the conformation of diclefinic chains

of intermediate len th.

Resonance and Conformation in Non-Conjuzated Alkadienes
2

It has been suggested (pp. 29-31) that the folded coniormation
of certain non-conjugated alkadienes might be stabilized by an electron
delocalization mechanism arising irom a non-zeroc overlap of the
classically isolated ™ -systems. The nature of the overlap would differ

for the chair (Fig. 3) and boat (Fig. 5) folding of the diene.

Chair Conformer. In the chair conformation of a 1, 5-alkadiene,

only overlap between the p-orbitals on C-1 and C-6 (Fig. 3) is extensive.

These orbitals are almost coaxial, and can be made exactly so with only
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a very small deformation (less than 5°) of the T ~C-C bond angle at
Ce3 or Ce4, In this configuration of the diene, the approach of C-1
and C=06 is favored by the fact that there is no mutual eclipsing of the
hydrogen atorns at these centers. However, folding of the chain in this
fashion produces two eclipsed interactions, which are avoided in a linear
conformer; narmely, the vinyl hydrogens at C-2 and C~5 are brought into
pposition with their neighbors on C«3 and C+4, producing a relatively

weak repulsive interaction due to the 120° angle at the double bond.

In order to assess the importance of the p-p overlap in stabiliz-
ing the chair conformer, simple molecular orbital calculations based

on the Hlckel anproximation were carried out {or a number of rotameric
forms leading to the limiting chair configuration. These forms are
obtained from the conformer of Figure 3 by simple rotations of C-5
around the t.’.13---(';4 bond in either a clockwise or a counterclockwise
manner. Rotation in either direction by 180° will give a particular
linear conformation of the diene. Frecise measurements of angles
and distances were made from accurately scaled (Dreiding) molecular
models. These narameter s were used to obtzin values for the g - and
neoverlap integrals from standard tables (68), which in turn were used
to calculate the required resonance integrals (69). The resulting
resonance energy (R.E.) of these rotamers is given in Figure 4 as &

3 [s=]

function of the CI‘CC) interauclear distance.
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The secular eguation associated with the conformation shown
in Figure 3 and with those arising rom a counterclockwise rotation
of the residue at C-5 resembles that of 1, 3-butadiene, and consequently
the small resonance energy is expected (sclid line). The function is
maximized when the Ca'Ce distance corresponds roughly o that of a
C-C single bond, since the overla=- is :rimarily ¢ in character.

If the rotation is performed in the clockwise sense, the p-orbital
at C-5 begins to overlap increasingly with that of C-1, while the orbital
on C-6 becomes less involved in overlap. The relative stabilization
(dotted line, Fig. 4) decreases sharply due to the appearance of a
nodal plane between C-1 and C-5 in the highest bonding molecular
orbital; the resonance energy reaches a minimum when the overlap of
C-5 and C-6 with C-1 are about egual (ca. 2.1 A) As rotation in
this direction is continued, bonding between C-1 and C -5 becomes
more important and antibonding between C-1 and C-6 becomes less
important, resulting in an increase in the delacalizadon energy. A
second maximum is reached at a distance of about 2.4 £., which cor-
responds to a C 1-(35 internuclear searation »i about 1.9 5 The
resonance energy associated with this maximum may be increased
by allowing for some angle deformation in the model, but the total
energy of the five membered ring conformation would still be less than
that of the unstrained six membered ring. It may also be pointed out

that when the overlap between C-1 and C-% is maximized, the
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conformation of the chain is analogous to the '"envelope’ form of
cyclopentane, and the €©-3 and C -4 methylene 2roups are eclipsed as
also are the groups on C-1 and C-5. These considerations are in
agreement with the fact that rings with five members are usually minor

products when 1, 5-dienes are cyclized (vi

Boat Conformer. Molecular models of the boat conformation of

a l,5-diene indicate that og-overlap between the p-orbitals on C-2 and

C-5 is almost as extensive as that between C-1 and C-6 (Fig. 5). As

GQ

long as the overlap between these pairs of centers is equal, the resonance
energy predicted by the simple Hlickel-type treatment is zero; that is,

the bonding orbitals of the ethylene units are symmetrically split, such
that there is no net increase in the delocalization energy.* However,

the boat folding of a 1, 5-diene is fully eclipsed, and for this reason

alone would not be expected to be a stable conformation. Rotations

in either sense around the C3"C; xis should relieve the steric com-

pressions due to the eclipsed groups, and at the same time would
change the nature of the overlap in the system.

For very small counterclockwise rotations the o overlap
between the pairs of centers remains essentially equal, and there is no

gain in delocalization energy. For larger rotations (solid line, Fig. 6),

* For the special case when all resonance integrals for neighbor-
ing atoms are equal to unity, the secular determinant is the same as
that obtained for cyclobutadiene., and there is only one bonding orbital;
the other orbital having become non-bonding and degenerate.
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however, the p-orbitals at C+-1 and C-2 both overlap extensively with
that of C-¢ as also do those at C=5 and C-6 with the orbital on C-2.
The resulting secular determinant resembles that obtained for bicyclo-
butadiene. Larger increases in resonance energy are predicted as
overlap between C-2 and C-5% predominates. Continued rotation
diminishes the overlap and the opportunity for electron delocalization,
and the resonance energy returns to zero when C-1 and C-6 are

separated by about 3.7 A. This isillustrated by the solid line in

r2]

™2 -
Figure 6.

Much the same behavior is observed when clockwise rotations

are considered (dotied line in Fig. 6). The broadness of the curves
in Figure & is due to the fact that small rotations, which do not result

in large changes in the overlas values, give rise to relatively large

separation between C-1 and C-6.

The Fossibility of Intramolecular Comulex Formation. That other-

wise stable species, when suitably paired, give rise to molecular
comrlexes is 2 widely studied phenomenon, which haz been compre-
hensively reviewed by a number of authors (70). A variety of mechan-
isms for complex forrmation have been proposed, with the Mullikin
theory of donor-acceptor interaction (71) apnearing at present to be
the most widely accepted. In view of this, mention should be made of
the possibility for conformational fixation via a mutual (i.e. intra-

molecular) complexing of the olefinic centers of the 1, 5-dienc. If



both double bonds were similar, the resulting system would be anal-
ogous to an alkene seli-complex, no exam~les of which are presently
known. 3elf-complexes, however, have been observed for a few
compounds (72), including benzene* (73). On the other hand, the
double bonds of many 1, 5-dienes, eavecially those derived {rom natural
sources, are sometiimes gquite different; often one double bond is
conjugated with a carbonyl function, while the other one is isolated.

In such an instance, the conjugated system may possess an unfilled
orbital, which is sufficiently low lying that a charge transfer drocess
might provide significant stabilization in the ground state of the comple:x.
In order that this nrocess be important, the conformation of the diene
must be such a3 to maximize the overlap between the orbitals involved,

a condition which is obvicusly met only in the cyclic conformers.

Resonance and Conformation in Non-Classical Ion Intermediates

The non-classical carbonium ions postulated as intermediates
in the acid catalyzed ring closure reactions of 1, 5-dienes (». 16)
are depicted in detail in Figures 7 and 3; these correspond respec-
tively to the chair and boat conformations. The geometry of these
ions is such that the three carbon -orbitals are not coplanar, and

instead a dihedral exists between the planes containing the orbitals of

¥ The available evidence that benzene forms self-complexes
is not altogether convincing. For a discussion of this see ref. 71.
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the C-1 atom and the C-5 and C-6 atoms. The magnitude of this dihedral
is about 3/4 w, and is approximately the same for both the chair and
boat conformers., The effect of this dihedral is to decrease the total
overlan at a given internuclear distance relative to the planar configu-
ration (cf. A and B, Fig. 13, Appendix). This results in decreasing
the o-character of the association, aleng with a concomitant increase
in the m-bonding between C-1 and C-5 or C-6. 3Since the extent of
overlap between C-1 and C-5 or C-6, when symmetrical, is determined
by the distance between the C-1 position and the axis between C-5 and
C-6, it is possible, assuming no change in hybridization at any center,
to give the resonance energy as a function of the average senaration
digtance. The resulting function is shown in Figure 15; the molecular
orbital method¢ used in obtaining this nlot is described in the
Avppendix.

Figure 15 indicates a maximum stability of 2.678 occurring
when the average senaration is about 1.35 AL, although a significant
atability is predicted for these ions with separations of up to 3 A.

The value of 1.35 A corres-onds toa C . 'Cg internuclear distance
of 1.56 A, indicating that the bond making process would be nearly
complete. Differences in the energies of the chair and boat cations
would derive largely from conformational differences in the repulsive
interactions of the C-H bonds. These will be anproximately the same
as those described for the diene conformers, except for the altered

seometry at C-2, where the nroton was introduced.



Geometry of the Cyclization Reaction

General Considerations. The ambiguity concerning the con-

formation of the 1, 5-diene during the cyclization nrocess can, in
theory, be easily resolved for a periectly general case, provided that
a process of trans-addition occurs during which there is maintained

at all times a2 strict stereochemical control over the course of the
reaction. The reguirement for antiplanar addition restricts the number
of coniormations which the polyene can assume, ii it is to cyclize
according to the Ruzicka scheme. Of all the possible coniormations,
only the guasi-chair (Fig. 3) and the quasi-boat (E«“'ﬁ.g. 5) foldings
satisfy these requirements. Once these conformations have been fixed,
the number of -ossible stereoisomeric products is reduced from eight
to two. Figure ? shows that if the cyclization of a2 molecule such as
X1l Hroceeds stereospecifically with the concomitant antivlanar additien
of the groups A and B, the configuration of the product is determined
by the coniormation assumed by the hydrocarbon chain at the time the
ring is closed. The chair folding (XIla) is antcipated to lead tu a

trans-anti-trans configuration (3{Illa), while the boat conformation

(¥1Ib) should give rise to the trans-syn-trans configuration (¥IIIb).

An important observation here is that due to the relative orientations
of R and R' (or of A and B), information concerning the conformational
course of the reaction may be obtained from less general systems.

5

For example, if A =}, diiferentiation between the two hypothesized
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XII H

H XIIa
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3
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R
R
B
it XIIla XIIIb
Figo 9 GHB

Conformational and configurational relationships in the
acid catalyzed cyclization of a diisoprenic molecule. The gchair
folding leads to a traps-cpti-trans configuration, while the
boat folding leads to the trang-syn-trans configuration. (27b)
Note that all of the new bonds formed are nearly parallel.
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vathways is possible, since the products will sill dif{er in the ways
in which R and R' are disposed. HEven if R'=H, a distinction may be

made, since a 1, 3-trans relationship between R and 3 exists in XIlla,

while this is a cis relationship in XIIIb. Similarly, if R = CH,, dif-

3!

ferent sroducts will result, providing, of course, that A ¥ H. (Note

3
that with R = CH3 and with A = I, the products ¥Illa and XIlIb, as
written, are optical antipodes. However, since the initial attack by
croton can occur from either side of the plane of R(‘”B-C‘-' a
racemic product results.) 3ince most compounds of interest to the
terpenoid chermist come z2lready equipped with R = CHB (the higher
terpenoids are exceptions), it is a necessary and sufficient condition
that A # H, if any information concerning the conformational courss

of the reaction i to be derived irom a determination of the sterco-
‘chemistry of the syatern in FTigure 9.

In terms of the relevancy to the biogenesis of cyclic terpenoids,
this restriction is severecly limiting, because of the dearth of electro-
philic species, A+. that initiate cyclization processes. Indeed, a
good experiment would be to reseat the cyclizations of apogeranic (VI)

s A

and aponeroic (VIII) acids using deuteriam or tritium labeled acid.

“roposed Value of Enoxides. Ancther interesting possibility

for the choice of A is based on the fact that certain biogenetic cycliza-
tions (e.g. squalene to lanosterol) proceed with the concomitant acgui-

sition of one atom of oxygen (74). The oxygen is incorporated into the



molecule at the position believed to be the site of initial electrophilic
attack (75). In order to achieve an analogous oxidation-cyclization,

it has been proposed that the monoxides of apogeranic (XIVa,b) and
aponeroic (XVa,b) be prepared, and an attempt be made to cyclize
these molecules siereospecifically with opening of the epoxide function
to give the alcchol; the products which might be expected are shown

in Figure 10. Each conformational possibility is expected to lead

By

unambiguously to a specific configuration in the cyclic product i

the mechanism involves the concerted antiplanar addition described

®

above.

Further, it is frequently the case that in vitro acid cataly ed
cyclizations of polyolelins give riase to a large number of products.
This i3 due in part to the fact that initial protonation may occur at
any one of a number of baasic sites in the mnolecule. In view of this,
it was hoped that the epoxide function would have the additional

advantage of providing a speciiic site for acid attack, and hence,

result in subsequent selective cyclization.
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Anticipated conformational and configurational relatlonships in

the hypotheticel acid-catalyzed cyclizations of epoxyapogeranic and
epoxyaponeroic acids.
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RESULTS

The accessibility of derivatives of geranic acid in comparison
with the relatively long synthetic routes to the apo-acid derivatives
made the former the likely starting point for investigating the acid
catalyzed reactions of 1, 5-epoxyolefins (epoxenes). Methyl &,7-
epoxygeranate (trans-isomer, XX) was prepared and treated with a
mixture of concentrated formic and sulfuric acids, under the same
conditions used by Helg and Schinz (46b) to cyclize apogeranic acid.
There was isolated from the reaction a mixture of keto-acids (50%)
and a mixture of glycolic acids (19%). The keto-acids (XXIa) were
shown* to correspond to those expected for the simple acid catalyzed
isomerization of the epoxide function, accompanied by some isomer-
ization of the position and (possibly) the geometry of the carboxyl
conjugated double bond. There was no evidence for the occurrence of
a skeletal rearrangement during the isomerization process. The gly~
colic acids (XXXIb) sirnilarly represented a mixture of the correspond-
ing epoxide hydrolysis products, and in fact, could be converted to
the keto-acids by treatment with sulfuric acid. Atternpts to obtain a
cyclic product from the non-distillable fraction of the reaction mixture

by column chromatography were unsuccessful.

* The evidence leading to the structural conclusions given here
is presented in a later section (pp. 63-76).
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A number of other methods of acid catalysis were employed in
an attempt to induce cyclization, but in no case could it be shown that
a cyclic product obtained. Use of concentrated sulfuric acid gave
the keto~acids (XXIa) in 59% yield; considerable tarring roccurred and
no glycolic product was found. The use of 85% phosphoric acid gave
only the keto~acids, butin 76% yield. A methanolic solution of p-
toluene sulfonic acid monohydrate gave a low yield (23%) of keto-acids;
the major, and higher boiling point, was not obtained in a pure form,
but its infrared spectrum suggested that it might be the monomethyl
ether of the glycolic acid. Finally, treatment of XX with boron tri-
fluoride in ether solution gave a mixture of carbonyl compounds, which
were not the keto-acids (XXIa) obtained by the other methods. These
were not investigated further, since it did not appear that cyclization
had occurred.

A number of additional epoxenes were prepared and treated
with formic and sulfuric acids. In each case, the major product
represented the isomerization of the epoxide to the carbonyl function
without concomitant skeletal rearrangement. The following reactions
(Fig. 11) were observed: 5, 6-epoxy-6b-methyl-l-heptene (XXII) to
6-hydroxy-2-methyl-3-heptanone (XXIII) (46%), 5,6-epoxy-b-methyl-
2-heptanone (XXIV) to 6-methyl-2, 5-heptadiene (XXV), (65%), 5,6~
epoxy-l-hexene (XXVI) to 5-hydroxy-l-hexal (XXVII) (39%), and 6,7-

epoxy ~1l-heptene (XXVIII) to 6-hydroxy-1l-heptal (XXIX). The low
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yields in some of the above cases reflect in part difficulties encountered
in distillations of small guantities, and do not necessarily imply an
inefficient conversion to the carbonyl compound. In general, all

other reaction products were considerably higher boiling than those
cited, and hence, probably were not the simple cyclic structures
sought, although these were not examined in detail in all cases. Only
starting material was recovered when XXIV was treated with an acid
exchange resin (Amberlite IR-120) for varying periods up to one week

at room temperature.
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DISCUSSION

The earliest known attempt to cyclize epoxyolefins was made
by Kofron (76). In his work with 6, 7T-epoxygeranyl acetate, it was
found that this compound gave the corresponding acyclic ketone as the
major product when treated with concentrated sulfuric acid (23%
yield®) and boron trifluoride etherate in ether (36% yield). When this
epoxide was treated with 85% phosphoric acid, it was clairmed that the
desired cyclic alcohol, &-hydroxy-o-cyclogeranyl acetate was obtained
in a 14% yield. The latter results were considered suspect (77) and
never published. That this epoxide does not cyclize in boron iri-
fluoride etherate nor under the influence of »-toluenesulfonic acid was
later substantiated by Mousseron-Canet and Levallois (78).

When each of the above conditions of catalysis was applied to
methyl 6, 7-epoxygeranate (¥XX), no cyclic alcohol was obtained. #*%

In fact, the attempted acid-catalyzed cyclization of epoxyolefing leads
in all cases studied ecither to ketones, to aldehydes, or to glycols

derived from the epoxide function. Even when the carbon-carbon

* The low yields are presumably due in part to the fact that
the labile ester group of both the original epoxide and the ketonic
product may be displaced to give rise to a number of additional but
unidentified products derived from the allylic cation. In addition,
evidence obtained in thege laboratories indicates that the material
employed in these experiments was perhaps only 65-80% 6, 7-
epoxygeranyl acetate.

## Independent work by Tschenmoser and coworkers (See dis-
cusgion, p. 229 , ref. 27b) has similarly shown that no cyclization of
6, T-epoxygeranic acid occurs, although the conditions employed were
not specified.
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double bond is replaced by the potentially more nucleophilic keto
group (XXIV), no cyclization is observed, although the ketdblefin
frorm which the en»oxide is derived undergoes facile cyclization to the
dihydropyran in dilute mineral acid. It would seem, therefore, that
under the conditions specified, hydride migration, elimination of a
proton, or nucleophilic attack are overwhelmingly more favorable
reaction pathways for protonated epoxides than attack by a double bond
located elsewhere on a flexible chain.

Since glycolic products were obtained only when the epoxide
was treated with formic acid, it is quite likely that they resulted by
way of the largely irreversible formation of the monoformate (79,
ci. 4¢b), and thence to the diformate, possibly via the resonance
stabilized orthoformoxyl ion, for which there appears to be ample
precedence (80). The annearance of zlycolic products may indeed
reflect important solvent demands by the protonated oxirane, which
cannot be adeguately met by the electrons of the isolated double bond
(vide infra).

The ketonic and aldehydic products, which represent the major
yield in most cases studied, are presumed to arise via a2 hydride
transfer mechanism or less likely via a mechanism inveolving proton
elimination to give the enol. The relative merits of these two constructs

have been discussed by Collins (81). As in the ''pinacol®
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rearrangement, studies on the mechanisms of the epoxide transforma-
tion have been complicated by the multiplicity of accessible reaction
pathways. The possibility that epoxides may be intermediates in the
pinacol rearrangement is not well supported by the available evidence;
this topic has also been discussed by Collins (31). Since the epoxide
isormerization reaction has been extensively reviewed by various
authors (79, 82), it will not be included here.

Inasmuch as syrethrosin (83) does cyclize readily when treated
with acid, it would seem that conformational effects are all important
in determining the course of acid induced reactions of eponyolefins.
Here, back side attack by solvent is virtually impossible, due to the
presence of the transannular ring carbons. Similarly, hydride migrae
tion is probably highly disfavored, since this process would pass
through an intermediate configuration in which there would be consider-
able crowding of groups inside the ring. The fortuitous location of
the double bond allows that the new carbon-carbon bond can be formed
with a minimum of conformational reorzanization.

In contrast to the results so far indicated for acyclic epoxy-
olefins, Goldsmith (84) has only recently reported that a cyclic alcohol
may be obtained as a minor (8-11% of the total) product of the reaction
of 5, b=epoxygeraniolene with boron trifivoride etherate in ether. In
this work it was found that ketone formation was largely suppressed

such that the major product (42-86%) was the flucrohydrin; in fact,
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the ketone which did forin was produced apparently at the expense of
the fluorohydrin. Use of boron trifluoride etherate in benzene was
found to enhance cyclization, giving rise also to 1,3, 3-trimethyl-

1, 4-endoxycyclohexane. * Goldsmith suggests that the cyclization
nrocess may involve opening of the complexed epoxide ring with olefin
participation, since qualitative experiments show that the rate of dis-
appearance of the epoxyolefin in benzene is greater than the corresponde-
ing rate for the saturated epoxicde. Indeed, one would suspect that the
isolated double bond could compete more successfully with benzene

for the positive charge than with a more nucleochilic solvent such as
ether, assuming no important differences in the activation entropies
exist for the two solvent systems. That methyl 6, 7-epoxygeranate (XX)
and 6, 7-epoxygeranyl acetate do not give observable vields of cyclic
products is consistent with the lesser degree of nucleoghilic character
of the conjugated double bonds in these rolecules. This lower nuclec~
philicity may also be exaggerated by complex formation between the
ester function and the boron trifluoride. 3uch a rationale would also
account for the fact that methyl heptenone oxide (X XIV) does not cyclize

under these conditions.

* The formation of this bicyclic ether in benzene is thought to
result from the fact that this solvent is not basic enocugh to remove

F5B-0 ;

(i)
the w-hydrogen of the intermediate carbonium ion (i), which, therefore,
seeks out the oxygen elecirons.
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MATERIALS

Preparative 3chemes and Evidence of Structure

Due to the fact that a large number of products are usually
obtained when terpenoids are treated with strong acid (84), it was
desirable that the epoxides used in these experiments be of as high
purity as conveniently possible. To achieve this, it was occasionally
necessary to resort to purification of liguids by vapor phase chro-
matographic techniques on a preparative scale. In so doing there was
always the danger that rearrangements may have occurred in some
terpenoid syasterns. This danger was minimized, so far as possible,
by using acid-free column materials and moderate temperatures
(50-100°C.).

In many cases, the identification of reaction products was made
largely on the basis of their infrared absorption spectra. In some
instances, independent synthesis was used to confirm the identity of a

given compound. The pertinent data are discusgssed in detail below.

Methyl 6, 7-Epoxyzeranate

Fure geranial (irans-3, 7-dimethyl-2, 6-octadienal) was obtained
from commercial citral by forming the sodium bisulfite addition com=
pound (85) and removing the non-aldehydic contaminants by ether
extraction. The cis~-isomer (neral) waslargely removed by fractional

distillation. Cxidation of the aldehyde with basic silver oxide (86)
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gave geranic acid (trans-3, 7-dimethyl-z, 6-octadiencic acid). The
contaminating neroic acid was readily removed by fractional distillation.
Peracid oxidation of geranic acid led to a2 mixture of oxidized
and unoxidized material, which could not be separated by fractional
distillation. Selective epoxidation of methyl zeranate, however, with
perbenzoic acid or neracetic acid gave good yields of methyl 6,7«
epoxygeranate (methyl trans-3, 7-dimethyl«6, 7-oxido-2-cctenocate).
e
The latter was identified as a 1, 2-ecpoxide by the characteristic absorpe=
i " - -1 " : s
tion in the infrared at 876 cm. = (87), which is thought to be associated
with the out-of-plane deformation mode of the oxirane C-H bond (88).
-1 : i
Another band at 1250 cm. was present, which has been attributed
to the epoxide C -0 bond (89), though evidence for such an assignment
2 : [n L) -1
is quite scant. Concomitant loss of the band at 520 cm. , charactere
istic of terpenocids with an isopropylidene endegroup (also a C-H ocut-
of-plane deformation) (90), was also observed. That the conjusated
double bond was not touched is evident by the presence of bands at
-1 z :- -1, : * 3
1720 cm. and 1651 cm. , indicative of a conjugated ester carbonyl
group and a carbon-carbon double bond respectively. This is consistent
with the generally observed inertness of a conjugated double bond
toward epoxidation in acid media (91).

%

Tinally, hydrolysis of the epoxyester followed by cleavage of
the glycol with pericdic acid (92) afforded acetone, which was identified

by its 2, 4-dinitrophenylhydrazone (m.p. 127°C.).



65

6-Keto-6, 7-dihydrogeranic Acid

Fractional distillation of the complex mixture of acids cbtained
by treating methyl 6, 7-evoxygeranate with formic, sulfuric, or shos-
phoric acid gave a low boiling fracton (b.p. 88-95°C. /0.5 mm.),

which gave an elemental analysis for C .. Anzlysis by gas phase

10P}1609 ’ =
chromatography indicated that this material was a2 mixture of five
acids, three of which amounted to 98% of the total; atterpts to resolve
these acids by chromatography on silicic acid were not succesaful.

Of the mixture of three acids, one component predorminated to the
extent of 80%, and has been identified as 6-keto-b6, 7-dihydrogeranic

acid. The remaining material is quite likely the = and/or the 8-

isomers (cis=~ or trans-b-oxo~3, 7-dimethyl-3-octencic acid and é-oxo-

3e-methylene~7-methyloctansic acid). The data leading to these con-
clusions are o»resented below.

solution of the three acid

Wt

The infrared specirum of a !
mixture in carbon tetrachloride possessed 2 complicated absorption
] . £ o -i 2.2 - £oair
pattern in the region 1600-1800 cm. By taking the spectrum of this
material in p-dioxane, which eifectively reduces the concentration of
acid dimers in solution {93), it was nossible to malke, with reasonable
: . e ’ -1
certainty, the assignments shown in Table III. The band at 1650 cm.
corresponds in position ard intensity to the absorstion observed in the

spectra of geranic acid, 6, 7«dihydrogeranic acid, and several other

trans=-acids used in this study; in neroic acid this band is shifted to
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Table III

Neat CJCIéir Dioxane Chromosphore
Bk 1788 () 1780 (m-s) C=C (unconj'd acid monomer)
ek 1755 (s) 1750 (vs) C=C (conj'd acid monomer)
e 1715 (s) 1712 (w) C=C (unconj'd acid dimer)
o ok 1699 (i) C=C (conj'd acid dimer)

1650 (m) 1650 (m) 1650 () C=C (C=C conj'd, trans-acid)
1612 (w) 1610 (w) 1610 (w) C=C (enol)

935 (m) 935 (1n) ek C-H (conj'd, irans-acid?)

890 (vw) 890 (vw) %mn C-H (C=CH, of 2-acid)

320 (w) 820 (w) em% C-H (C=CHMe of ~~acid)

; -1 4 " b s
1643 cm. (101). The absorpiion uncovered in dioxane sclution at
-l 13 ) -
1699 cm.  is most probably due to the carboxyl carbonyl group in
the conjugated acid dimer of G-keto-0, 7-dihydrogeranic acid, since a
; -1, " : i e e :
band at 1697 cm. is observed for geranic acid in dioxane, while no
corresponding absorption is present in the same solvent solution of
the unconjugated ¢ -cyclogeranic acid (2, 6, é~trimethyl-Z-cyclohexene=
l-carboxylic acid). The remaining carbonyl absorutions were assigned
on the basis of the change in their intensities on going from carben
tetrachloride to the more polar solvent dicoxane, and by comparison
with the spectral behavior of geranic and ~~cyclogeranic acids under

the same conditions.
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Additional evidence for the trans-configuration of the major
component of the three acid mixture is based on the gross similarity
of the region 650-1000 cm. =4 in the spectira of the mixture and of
geranic acid itself. The spectrum of the mixture differs only in that
it contains a number of additional weak bands. Two of these absorptions
may possibly be attributed to the nresence of small gquantities of the
e and Dei s;omers. No argument can be made for the presence of
neroic acid derivatives on the basis of the infrared spectrum, but the
possibility of the presence of small amounts of the cis-material cannot
be discounted.

The infrared spectrum of the sodium salt (nujol) posses sed a
somewhat broad band centered at 1705 cm. _1. which clearly could
not be due to the carboxyl function. This was assigned to a ketonic
carbonyl group, which assignment was substantiated by the greatly
enhanced intensity of the band at 1610 cm. = and the appearance of a
very intense band at 2360 cm. -1 A band of comparable intensity in
this region has been observed by Cardwell, Dunitz, and Crgel (94)
in the spectrum of potassium monoacid maleate. They have assigned
it to the O -H stretching in the hydrogen-bonded monoacid maleate
anion. A band near 1610 cm. *4 has been observed in saveral systems,
which contain the grouping C=C-0- such as enols, encl acetates, and

vinyl ethers (95). The heightened intensity of this band in the spectrum



68

of the sodiurn salt is internreted as indicating that in the anion, the

enol tautomer predominates, anc it is strongly and very likely internally
hydrogen~bonded to the negative carboxyl group (Fig. 12). This is
further supported by the relatively low intensity of the ketonic carbonyl
band observed with the sodium salt. A weak absorption at 3612 cra.

in the spectrum of the free acid was subsequently attributed to the

enolic O~-H bond.

110 om,
\/ | \/
HC C=C C C=C
| — | ]

9

l_
0]
o

PN | N

> o—n"
' !

1705 cm. "} 2360 cm.

Chemical confirmation that this material was a mixture of
keto-acids was obtained throush the formaton of a mixture of 2, 4=
dinitrophenylhydrazones, which could be partially resolved chromato=
graphically on alumina; the original mixture did not reduce Tollen's
reagent. The infrared spectrum of the 2, 4-dinitrophenylhydrazone of
the methyl ester of the major constituent in the rcaction product
‘mixture showed clearly that it was an ~, B -unsaturated ester, and hence,

:

a derivative of G-keto-6,7-dihydrogeranic acid (or less likely the cis-

P —

isomer).
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Hydrogenation of the acid mixture gave rise to a2 single saturated
acid, which was identical to the product obtained when the saturated
epoxide, methyl 6,7-epoxy-2, 3~-dihydrogeranate, was treated with
acid. This keto-acid gave a negative iodoformn test. It was cbvious,
thereiore, that no skeletal rearrangement was associated with the
isomerigation of the epoxide to the ketone.

Treatment of the acid mixture with hot concentrated base (96)
and regeneration of the acid gave rise to a2 mixture containing 88% of
6-keto-6, 7T-dihydrogeranic acid and 11% of a second conjugated car-
boxylic acid, which may or may not have been present in the original
five acid mixture. This second acid rnay be the cis-isomer, or 6-
keto=-6, 7-dihydroneroic acid, since it gives the same saturated acic
on hydrogenation as does the former. These results are in reasonable
agreement with the observations of Linstead (97) on the alkali-
catalyzed o, B -8,y -equilibria of similar unsaturated acids. The nature
of this equilibrium has been discussed in detail by a nurnber of
authors (98).

The presence of the o-isomer is suggested by the presence of
a weak band in the infrared spectrum of the three acid mixture (Table III)
near 820 cm. -1, which has been consgidered to be due to the C-H out-
oi=plane deformation of the RR'C=CHR' group, and which is not present
in carbonyl conjugated systems (90b). In a similar manner, the
occurrence of a very weak band near 890 cm. = (terminal rmethylene
C -H deformation) (902, c) provides evidence {or the presence of the

B-isomer.



70

6, 7=-Dihydroxy -6, 7=dihydrogeranic Acid

A high boiling iraction (b.p. 118-124°C. /0.5 mm.) was also
obtained from the distillation of the product derived {rom the treatment
of methyl 6, 7-epoxygeranate with formic-sulfuric acid. This material
has been identified as principally 6,7 -dihydroxy -0, 7-dihydrogeranic
acid (trans=-6, 7-dihydroxy -3, 7-dimethyl-2-octenoic acid).

An elemental analysis and molecular weight determination
(Rast) of this material indicated its empirical formula was CIOHISO«E'
This fraction was, however, too viscous to be analyzed by vapor phase
chromatography in the pure state, and tractable solutions prepared in
chloroiorm, ether, and ethanol showed signs of decompousition on silicone
rubber, when using a ternperature (175°C.) high enough to provide
reasonable retention times. However, the methyl ester, prepared by
titrating the acid with diazomethane in ether, was successfully
chromatographed in t-he gas phase at 140°C. The resulting chromato-
gram indicated a complex mixture in which three major components
represented about 90% of the whole.

The infrared spectrum of this material in carbon tetrachloride
possessed three distinct bands in the region of the free O-H stretchings:
two non-equivalent alcoholic O-H groups were indicated by bands at
3602 cm. -1 (tertiary?) and 3626 cm. = (secondary?) (99); the third

band, arising from the carboxyl C -H stretching mede occurred at
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3547 cm. -l. A much weaker absorption at 3690 cm. - could not be
identified.

The above data strongly implicated a glycolic acid., Catalytic
hydrogenation of this mixture of acids over {inely divided platinum
gave essentially a2 single acid, which was identical with the 6,7-
dihydroxytetrahydrogeranic acid prepared by basic hydrolysis of methyl
6, 7T=epoxy=-2, 3-dihydrogeranate and subsequent hydrogenation. Cxidative
cleavage of the glycol with periodic acid and potassium permanganate
led to the isolation of acetone (as its 2, 4-dinitrovhenylhydrazone and
8 «methyladipic acid, m.p. 90-92° C. (100), proving that no skeletal

rearrangement had occurred in the original glycolic acid.

5, 6-Epoxy=-6-methyl-2-heptanone

The 5, 6-enoxy=-6-methyl-2-heptanone used in these experiments
was prepared from natural methyl heptanone via the chlorchydrin and
also by direct oxidation with monoperphthalic acid. The product in
both cases was identical to the material prepared by Frilezhaev (101),
as evidenced by the formation of 5, 6-dihydroxy=6-rmethyl-2-heptanone,
m-.p. 65-66°C., upon basic hydrolysis. The infrared spectrum of the
epoxide possessed the characteristic band at 87z cm. *% (87), while
bands at 1630 cm. it and 812 cm. -1. associated with the isopropylidene
group of methyl hevtenone were absent.

The infrared snectrum of the diol displayed a sormewhat unusual



absorption pattern in the carbonyl region: a strong band at 1684 cm. +A

and a relatively weak one at 1740 cm. =4 indicated that the carbonyl
oxygen was extensively hydrogen-bonded (in carbon tetrachloride solu-
tion) to one or both of the glycol oxygen atoms. This kind of interaction
seems to have been largely neglected in the literature. The spectra of
beta~-diketones (102), beta-keto esters and beta-keto acids (103) often
possess one or more carbonyl absorptions, which have been attributed
to hydrogen-bonding in the enclic species. The splittings reported are
of the order of 10-15 cm. =3 Recently Hill (104) has ocbserved two
carbonyl absorptions in the spectrum of 1'-carbomethoxyiferrocinyl-
methylcarbinol. In this case the bands were separated by 19 cm. -l.
and the separation was attributed to hydrogen-bonding between the
alcoholic and ketonic functions. The splitting of 36 cm. -2 observed for
5, 6 -dihydroxy -6-methyl-4-heptanone, therefore, would seem to be
unusually large, and approaches the value found in the spectra of car-

boxylic acid dimers (105).

¢ -Methyl-2, 5-heptadione

When either 5, 6-epoxy -6 -methyl-2-heptancne or 5, ¢ -dihydroxy -
t«methyl«Z-heptanone was treated with strong acid, the only isolable
product was (-methyl-, 5-heptadione. This dione was readily identified by

the formation of the known (101) monosemicarbazone, m.p. 197-198°C.
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5, 6-Epoxy-2, 2, b-trimethyl-2, 3-dihydropyran

That the major product arising from the treatment of natural
methyl heptenone with peracetic acid in chloroform was indeed 5, 6~
epoxy -2, 2, b-trimethyl-2, 3-dihydropyran was demonstrated by the
independent synthesis of this epoxypyran from the known 2, 2, 6=trimethyl-
2,3-dihydropyran (106) by epoxidation with peracetic acid, and com-
parison of their infrared absorption spectra. Analysis by V.:-.C.
indicated that the dihydropyran and the resulting epoxide material
were contaminated to the extent of 25-30% with what appeared to be the
E_x_g_-cyclic isomers.

The infrared spectrum of the epoxide mixture possessed a
complicated band structure over the region 800-1100 cm. 5 made up
of twelve shary, well-defined absorptions, of which five were guite
intense (845, 870, 955, 995, and 1005 cm.-l). Of these, the most
intense was the epoxide band at 870 cmm. - (7). In addition, the band
at 1616 cm. -1. which is specific for the C=C -0 grouping in dihydro-
pyran systems (107), was not present in the spectrum of the epoxide.
The band at 1268 cm. = in the spectrum of the dihydropyran has been
identified as the C -0 stretching frequency fcr the vinyl ether group
(108), and has been replaced by a doublet at 1147 cm. - and 1158 cm. -l,
which may be characteristic of unsymmetrical ethers (109). The
appearance of 2 band at 1239 em. = may also be attributed to the oxirane

group (110).
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5, b-Epoxy-6-methyl-1-heptyne

-

Known (111) 6~methyl-5-heten-l-yne was epoxidizeu with
peracetic acid to give 5, 6~epouy-C-methyl-1-heptyne. The epoxide
was identified on the basis of its elemental analysis and its infrared
gpectrum. Bands atiributed to the epoxide function were found at 871

-'1 o ‘1 . ra 3
cm. and 1260 cm. , and there was no evidence for a double bond.
The characteristic hydrogenic stretching vibradon of terrninal

acetylenes (112) was observed at 3300 cm.

5, 6=Enoxy -t -methyl-1<hepienc

This epoxene was prepared by selectively hydrogenating 3, 6-
epoxy-6-methyl-1-heptyne with a palladium on calcium carbonate
catalyst (111, 113). The infrared spectrum of this material possessed

; i -1 . . 1 _ 3 . ;
a sharp band at 870 cm. and a weak band at 1648 erma. ~, indicative

of the epoxide ring and the terminal couble bond respectively.

b-Hydroxy=-2~-methyl-3-heptanone

The chief product obtzined firom the treatment of &, b-epoxy=-6-
methyl-1-heptene with strong acid gave an elemental analysis Jor
C?Hléo?' The inirared spectrum of this rnolecule poasessed two

: . -1 . ) -1 .
carbonyl absorptions at 1719 cm.  (s) and 1702 em.  (w) in carbon
tetrachloride and a broad band in the C-H region indicative of hydrogen

bonding. This evidence suggests that, in addition to the isomerization

of the epoxide, the double bond had been hydrated to give presumably
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the secondary alcohol. 3Since the material did not reduce Tollen's
reagent, the compound was assigned the structure of é-hydroxy-2-

methyl-3-heptanone, which has not been reported.

5, 6-Epoxy-1-hexene

Treatment of a large excess of 1, 5-hexadiene with peracetic
acid yielded a mixture of rmonc- and dioxidized material, which was
resolved chromatographically, The infrared spectrum possessed a

: -1 - : P : —
band at 915 cm. (C -H deformation of terminal double band), whose
intensity was less than that of 1, 5-hexaciene itself. The epoxide band
-1 . : ¢ e
at ca. 870 cm. wasg unusually sharp., Basic hydrolysis of this

material gave rise to 5, 6-dihydroxy-1-hexene, which was readily

identified on the basis of its elemental analysis and inirared spectrum.

5-Hydroxy~1l-hexal

Treatment of both 5, 6-epoxy-l-hexene and 5 {-dihydroxy-1-
hexene with strong acid afforded an aldehyde (positive Toliew's test)
with the empirical [ormula, Cé}il,,_O?. The material apreared to be
o da

the same as the 5-hydroxy-l-hexal renorted in the literature (114).

6, 7-Evoxy-1-heptene

This epoxide was prepared simnilarly to 5, é-epoxy-1-hexene.
Though never obtained in pure Jorm, basic hydrolysis led to the iso-

lation of 6, 7-dihydroxy=-1-heptene, which was identified on the basis of

its elemental analysis and its infrared specirum.
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6=-Hydroxy=-1-heptal

Treatment of crude 6, 7-¢cpoxy~l-heptene with strong acid led
to 2 mixture of aldehydes (positive Tollen's test), the infrared spectrum
of which was very similar to that of S-hydroxy~l-hexal. By analogy
the product was assumed to be G-hydroxy-1-heptal, and was not

investigated any further.
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se of the rhysical constants, boiling points, reiractive indices,
densities, and molar refractivities was made in the characterization of
liguid products, when guantities of materials obtained were sufficient
for such measurements. IMelting points were talen on an Eimer-Amend
apparatus (Fischer Co.) and are uncorrected. Analyses were per=
formed by Dr. Adelbert Elek (E), Los Angeles, California, by Schwarte-
kon{ Microanalytical Laboratory (3ch ), Woodside, New York, and by

Spang Microanalytical Laboratory (3:). Ann Arbor, Michigan.

Chromatographic Techniques

Both coluinn absorption and vapor phase chromatographic
(V.F.C.) techniques have been employed in this work, the details of
which are given here.

A. Alumina: A drye-packed column prepared from basic alumina
(Merk & Co.) and a wet-packed columnn prepared from base or acid
washed alumina in n-hexane or benzene were used to purify small
quantities of high boiling materials and certain 2, 4-dinitrophenyl-
hydrazones. In order of increasing polarity, the vehicles used were
n-hexane, netroleum ether (30-60°), benzene, chloroform, and ether.

B. 3ilicic Acid: The f{ollowing modification of the Ramsey-~

Fatter son colurnn (115) was found to be a convenient expedient ior the

separation of mixtures of carboxylic acids. A mixture of 100-mesh
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silicic acid (454 5., Mallinkrodt Laboratories) and Johns-Mansville
Celite-545 (181 z.) are carefully blended in a large mortar. To this
is added with carefiul blending an indicator solution, which is prepared
from 34 ml. of a methanolic solution of bromocresol green (0. 80 z. /100
ml.), 215 ml. of absolute methanol, 46 ml. of water, and 39 drops of
freshly prepared 1 N. ammonium hydroxide solution. The material
should be bluish-green in color, and may be stored in a tightly capped,
paraffin-sealed bottle for a period of several weeks, or indefinitely

as & slurry with n-hexane., A column i3 prenared {rom the slurry.
“etroleum ether and more polar golvents may not be used a3 vehicles,
since they leach the colurmn of indicator. I-etroleum ether may be
used if it is first purified by washing with sulfuric acid. Wet solvents
should be avoided, since they alter the specific hydration of the silicic
acid.

C. Vanor rhase Chromatography: Two commercial gas phase

chromatographs have been emjployed for product analysis and .urity

control. They are: 1) The Vapor-Fractometer, Model 154-C, made

by the Perkin-Elmer Corporation of Norwalk, Connecticut. There are
several colurnns available from the manufactufer which can be used
with this rmachine, and they are alphabetically labeled. Those used in
this research were "A" (didodecyl vhthalate) and "B" (di-2=-ethyl-

hexyl sebacate). The helium flow rate employed was 60 ml./min.
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This instrument is equipped with a fraction collector. 2) The Fro-

grammed Temperature Gas Chromatograph, Model 202-A, produced

by the F. & k. Scientific Corporation of New Castle, Delaware. This
model has a silicone rubber column. Optimal helium {low rate was
20 ml. /rain.

In a few instances preparative scale gas chromatography was
required to obtain pure materials. The instrument available for this

rurpose was the Megachrom £39-A, produced by Beckman Instruments,

Inc., of Fullerton. Caliiornia.

Chromatographic Analysis of Commercial Citral

A sample of commercial citral (Matheson, Coleman & Bell)
was subjected to chromatographic analysis (F. & M.) at varying tem-
peratures between 100-190°C. 1In all, seven constituents were found.
The two principal peaks accounted for an average of about 87% (by
measurement of peak areas) of the total sample, being 37% and 50%
each. These were identified as neral (S_i_a_-i somer) and geranial
(trans-isomer), respectively, by making comparisons with the chromat=
ograrns of known material, obtained irom the corresponding alcohols
(. & K. Laboratories) by the method of Sermnmler (116). This method,

however, was not satisfactory for preparative work.

Freparation of Geranial by I urification of Citral

Won=-aldebhydic and trace impurities may be removed from
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coramercial citral via ‘orination of the sodium bisuliite addition coma=
pound (117), leaving upon regeneration & mixture of geranial (citral a)
and neral (citral b) (118).

In a two liter, thick-wzlled bottle was placed 410 ml. of water,
410 g. of crushed ice, 180 g. {(1.43 mole) of anhydrous sodium bisulfite,
and 130 g. (1.55 mole) of sodium bicarbonate. To this was added 110 g.
(0. 725 mole) of the comraercial citral described above. A tightly fitting
stopper was wired in place, and the bottle was shaken thoroughly for
sixz hours. The scolution, containing very little unchanged citral, is
extracted twice with 300 ml. portions of ether.

The aqueous phase is then placed along with 800 ml. of ether
in a three liter Erlenmeyer {lask fitted with a2 two-hole stopper. A
500 ml. geparatory funnel is attached so as to lead into one hole of the
rubber stopper, and the entire apparatus is placed securely on an
autornatic shaker. In the sesaratory funncl iy placed 325 ml. of a
10% solution of sodiurn hydroxide. The sodium hydroxide is allowed
to trickle into the sulfite solution slowly over a period ¢! an hour,
while the contents of the flask are vizorously shaken. The rapid poly-
merization of citral, which occurs on contact with sodium hydroxide,
is prevented by providing an intimate mixzture of agueocus solution with
the ether. The aldehyde is immediately extracted, and consequently
pro'longed contact is avoided. After separation of the layers, the

aqueous layer is shaken with an additional 170 ml. of 10% sodium
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bhydroxide solution, and extracted irnmediately with two 150 ml. portions
of ether. The combined extracts are dried over anhydrous sodium
sulfate.

The ether is then removed under reduced pressure, and the
residual oil is fractionated through a 100 cm. column packed with Fyrex
glass helices (1/3" outside diameter). Altogether, the material dis-
tilled over the range 83-90° C./2.4 min., and amounted to 82 g.

(vield 75%) of nearly colorless liguid. The highest boiling fraction,

88-90°C./ 2. 44 mm., was refractionated to give 17.5 z. (16%) of 98%

pure geranial, b.n. 89.0-89.5°C. /2.4 mm., and G;O 6 1.4878.
Additional refraction of the unclaimed material increased the yield to
34%.

The semicarbazone was prepared according to the method of
Cheronis and Entrikin (119) and recrystallized from absolute methanol,
m.p. 164.0-164,3°C. (lit. 164°C.). The 2, 4-dinitrophenylhydrazone
was recrystallized from 95% ethanol and had m.p. 109.5-111.0°C.

flit. 110%C. )

Geranic Acid

Geranic acid has been nrepared by the mild oxidation of geranial
with basic silver oxide (120). Geranial (100 g., 0.466 mole) and 245 g.
(1. 05 mole) of silver oxide were suspended in 540 ml. of distilled water

containing 54 ml. of ethanol; the mixture is chilled to 0°C. A solution
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oi sodium hydroxide, containing 109 3. (2.72 moles) of solid in 218 ml.
of water, was added slowly in small portions over a period of eight
hours. The temperature of the minture wag kept below 25°C. The
contents of the flask were then shaken {or a period of five dayé. The
interior of the vessel was covered with a silver mirror at the end of
this timae,

The material was filtered in a large Blchner funnel, é.nc?. the
residue of silver and silver oxide was washed abundantly with hot water.
The filtrate and washings were combined and acidified with 2 N.
sulfuric acid to a pH of about two. This solution was then extracted
with five 100 ml. portions of ether. An excess of 2 N. sodium
hydroxide was added, and the layers were shaken and separated. The
agueous layer was extracted with three 100 ml. portions of ether to
remove any unconver ted geranial. Again the agqueous solution was
acidified and extracted with five 100 ml. portions of ether. The com-
bined ether extracts were washed with water and dried over anhydrous
sodium sulfate.

The ether was stripped at reduced pressure, and the remaining
oil was fractionated through a 40 cm. column packed with glass helices
and heated to 115°C., After 2 small forerun consisting primarily of
néroic acid (b.p. 112-122°C. /2.4 mm.), a principal fraction distilled
.20

at 122-124°C. /2.4 mm., and had nf;' 1.4860 (lit. &

- 1.4869). The

yield was 81.4 g. or 74%. This material compared favorably with

et

synthetic homogeranic acid prepared by Barnard and Baternan (1z21).
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The dibromo-derivative was prepared by titrating 0.614 g.
(3. 64 mroles) of geranic acid with a solution of bromine in carbon
tetrachloride containing 0. 85 mmoles/ml. An end-point was achieved
when 3.61 mmoles of bromine had been added. Evaporation of the
solvent left a viscous colorless oil, which crystallized after several
weeks. The unrenorted 6, 7-dibromogeranic acid melted at 82-84.5°C.;
recrystallization twice {rom petroleurn ether, m.p. 86.5-87.0°C.
This material was readily identified by its infrared spectrum, which
was very similar to that of geranic acid itself, indicating that the
conjugated double bond had not been saturated, and that no ring had

been formed.

Methyl Geranate

A one liter, three-necked, round-bottomn flask was equipped
with a 125 ml. drop»ing funnel, a stooper, and a side arm distilling
head, which attached to an adaprter and led into a one liter receiving
flask; the adanter dipped below the surface of 500 ml. of absclute ether
containing 25 g. (0. 149 mole) of geranic acid. In the three-necked
flask were placed 30 2. (0.226 mole) of N-methyl-N-nitroso urea (122)
and 500 ml. of ether. A solution of 50% socdium hydroxide (100 ml.)
was placed in the dropping funnel and allowed to enter the flask slowly

over a period of thirty minutes. After the generation of the diazo-

methane subsided, the reaction mixture was warmed gently with a water
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bath at 50°C. until the ether solution in the receiving flask became
distinctly yellow from an excess of diazomethane. The receiving flask
was then allowed to stand at room teraperature for about thirty minutes.
The ether solution was next washed successively with an excess of 10%
sodium bicarbonate solution and with a saturated solution of sodium
suliate.

The ether was rernoved under reduced pressure, and the crude
methyl geranate was fractionated through a 40 cm. colurmn packed with
glass helices as described above. Exucessive frothing occurred during
this distillation, which can be suitably tamed by adding a small amount
of 2-octanol, which does not contaminate the distillate. The principal
fraction, b.p. 86.0-87.5°C./0.8 mm., néo 1.4712 (lit. nll:?' : 1.47143)
amounted to 23.6 g. (88%) (123). Nearly quantitative yields of 97%

pure methyl geranate were obtained by simply rernoving the ether irom

the dried reaction miuture.

v =Cyclogeranic Acid

Cyclization of Geranic Acid: Geranic acid was cyclized in formic
acid according to the procedure of Bernhauer and Forester (120a).
Recrystallization of the product from petroleurn ether gave small color-
less prisms, m.p. 105.5-106.5°C.

Cyclization of Methyl CGeranate: Methyl geranate was cyclized

by the same procedure (124) used in isomerizing geranic acid. Varying
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the temperature and the time during which the ester remained in
contact with the acid had little effect on the overall yield of the reaction,
but it did change the relative amounts of w-cyclogeranic acid and methyl
vecyclogeranate isolated from the reaction mixture. Products here
were identified by comparison of both the infrared and nuclear magnetic

resonance spectra. Totzal yield wag about 45-55%.

Methyl o-Cyclogeranate

o-Cyclogeranic acid (500 mg., 2.96 mmoles) was titrated with
a stock solution of diazomethane (124) in ether. The ether solution was
then washed with a 10% solution of sodium bicarbonate and finally with
water; the ether was dried over anhydrous sodium sulfate.

The ether was removed under reduced pressure, and the

material remaining was distilled to give 422 mg. (80%) of the desired

" )
ester, b.p. 47-48°C./2 mm., ng 1.4593.
Analysis (E & Sch). Calculated for CHHIBOJ: C, 72.49%:;

H; 9. 96{?0' Fouﬁdl C’ ?2- 15%; H. 9¢ 91‘70'

Methyl Dihydrocyclogeranate

Methyl w=-cyclogeranate (466 mg., 2.8 mmoles) was dissclved
in 10 ml. of absoclute methanol in a 25 mi. semimicro hydrogenation
flask. To this was added 138 mg. of 85% platinum dioxide (Englehard
Co.) taking the precaution of not igniting the alcchol. The material was

then allowed to absorb one sguivalent of hydrogen at room temperature
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and pressure. At the end of this time the solution was filtered care-
fully through a fine grade scintered-zlass funnel to remove 2ll traces
of catalyst. The solvent was ellowed to evaporate. The residue was
taken up in a few milliliters of spectrograde carbon tetrachloride,

and the solution was careiully fractionated through a 4 cm. Vigreux
column. The removal of alcohol is aided by the férmation of a carbon

tetrachloride-ethanol azeotrope (82. 4 15. 8%), which distills at 62-64°C.

(125). The saturated ester had b.p. 68-71°C. /10 mm., ngq 1.4715,
df‘"’ 1.2030.

Molar Refractivity. Calculated for CIIHZOO,.:: 42.45. Found:
42.03.

Methyl 6, 7-Epoxygeranate

Feracetic Acid Oxidation (126). A 500 ral. Erlenmeyer flask
was fitted with a ¥ -tube. A mechanical stirrer was attached, passing
through the vertdcal branch of the ¥ -tube, while a 125 ml. dropping
funnel was placed on the side branch. The Erlenmeyer flask was
placed in 2 one-half gallon Dewar bottle. The Dewar bottle was partially
filled with acetone, and encugh dry ice was added to bring the tempere
ature of the mixture to -50°C. A solution of 20.0 g. (0. 111 mole) of
freshly distilled methyl geranate in 150 ml. of technical grade chloro-
form was placed in the flask and stirred vigorously. To this was added

dropwise, over a period of one and one-half hours, Z0 ml. (0. 128 mole)
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of an approximately 40% commercial peracetic acid (Becco Chemical
Division) solution containing 0.485 4. /ml. of active peracid as
determined by titration with potassiuvm iodide and sodiurn thiosulfate.
The peracetic acid was buffered with 1.3 g. (0.0158 mole) of anhydrous
sodium acetate. The reaction mixture was not allowed to attain a
temperature above -40°C. during the addition. After all of the per-
acid had been added, the mixture was allowed to stir at -=50°C. to
-40°C. for an additional three hours.

An ice cold solution of 28 g. (0. 30 mole) of potassiura hydroxide
in 75 ml. of distilled water was then added with the temperature being
maintained below -20°C. The organic layer was separated, and the
agqueous phase was extracted threc times with 50 ml. portions of
chloroform. The chloroiorm solutions were combined and washed with
50 ml. portions for a saturated solution of ferrous sulfate and a
saturated solution of sodiurmn sulfate. The dried chioroform solution
was filtered and the solvent was removed under reduced pressure.

The crude epoxide was distilled through a 20 cm. vacuum jacketed
column packed with glass helices. After a small forerun of unoxidized
methyl ester, 12.8 g. of mnethyl 6, 7-epoxygeranate was obtained,

26 26

b.p. 100-101°C./2.7 mm., n, 1.4580-1.4585, d, 1.02384.

e

Molar Refractivity: Calculated for CIIHI”OB: 52.67. TFound;
L2

53. 06.
If the recovered methyl geranate is taken into account (1.81 g.,

b.p. 94-100° C. /2.7 mm., n.ia 1.4625-1.4628), the yield was 59% with

> 6
G 0 1 A0

I . Y, , A S VL o s en il i e ek T
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Analysis (E). Calculated for 011H18c3 C, 66.64%; H, 9.15%.
#ound: C, 66.74%; H, 9.15%.

Ferbenzoic Acid Oxidation (126¢, 127); Freshly distilled methyl
geranate (13.2 g., 0.0725 mole) was dissolved in 250 ml. of technical
grade chloroform and cooled to -45°C. in the apparatus described
above. To this was added dropwise, over a period of three hours,

240 mwl. of a chloroform solution containing 10 g. (0.0695 mole) of
sodium benzoate and 13,5 g. (0.080 mole, 10% excess) of perbenzoic
acid (128) as determined by iodometric ttration. The mixture was
allowed to stand with stirring for an additional three hours. After-
wards, anice cold solution of 40 g. (1.0 mole) of sodium hydroxide in
200 ml. of water was added. The organic layer was removed, and the
aquecus phase was extracted with three 100 ml. portions of chloroform.
The chloroform solution was washed as above. After removal of the
solvent, most of the material (9.0 g., 64%) distilled at 66-79°C. /0.6
rnm. and had né? 1.4618-1,.4630. Analysis by V.F.C. indicated that
this material was about 90% epoxide and 8% starting material. Refrac-
tionatior gave 6.97 g. (49%) of 96% pure methyl 6, 7-epoxygeranate,
273

b.p. 66=68°C. /0.6 mm, ng 1.4626, which was readily identified

by comrarison of its infrared spectrum with that of the known epoxide.

Methyl 6, 7-Epoxy -2, 3-di dihydrogeranate

Methyl 6, 7-epoxygeranate, 0.75 g. (3.8 mmoles) was dissolved
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in 10 ml. of absolute methanol. To this was added 150 mg. of 85%
platinum dioxide. The solution was stirred under hydrogen at room
temperature and pressure until no further absorption occurred. The
cataly st was then removed by filtering through a fine grade scintered-
glass funnel. Distillation over a short path at reduced nressure gave

n o, £ s § 3 2 _"720 a7

0.61 g. (81%) of colorless liguid, b.p. 72-73°C./1.1 mm., nn 1.435%9,

and die’ 0.9063.

Molar Refractivity: Calculated for C1 H?'OO3: 53.87. Found:

1
55.98. Analysis by V.I.C. indicated the presence of an impurity to
the extent of 2-3% as well as 2 small arnount o ethanol; consequently,
no carbone~hydrogen analyses were obtained. However, the material
was identified as principally saturated epoxyester on the basis of its
1

infrared absorption spectrurn, which possessed bands at 1741 cm.

. o -1 .
(saturated ester carbonyl group) and 872 cm.  (oxirane group).

6, 7=Dihydroxy -6, 7-dihydrogeranic Acid

Methyl 6, 7-epoxygeranate (1.060 g., 5 mrmoles) was placed in a
25 ml. hard glass test tube along with 10 ml., of an approximately 30%
solution of sodium hydroxide. The testtube was eguipped with a micro
reflux condenser, and the miuture was refiwzed for one hour. The
cooled, homogeneous solutior was then extracted with three 10 ml.
sortions of ether, which were discarded. The pH of the solution was
then brought down tc about two by adding 6 N. hydrochloric acid. This

aqueous solution was then extracted continuously with ether for
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twenty -{our hours. The cthereal extract was washed with 5 ml. of

a saturated solution o. sodium suliate, and the aquecus layer was
extracted twice with 10 ml. .orticns ol ether, which were combined
with the original extract. This material was dried over anhydrous
sodiurn suliate. The solvent was stripped from the iiltered solution,
and the yiscous residue was distilled through a2 ¢ cm. Vi greux column
to give 0.70 g. (70%) of diolic acid, b.p. 108-113°C. 2.5 mm.

™ o

The analytical sample had b.p. 111-113® C. 2.5 ram.,

23. 6 18 .
n=?"" 1.4950 and d.° 1.0453.
T 4

Molar Refractivity. Calcalated for C_ ¥ _C,: 52,66,

Found: 56.21.

Analysis (E): Calculated for CigF 180, ©» 59.38%: H, 5.97%.

U 8 4

Tound: C, 53.65%; H. 8. 88%.

£

Methyl 6, 7=Dihydroxy-5, 7-dihydrogseranate

A stock solution o! diazomethane in ether (124) was used to
titrate a 500 mg. (2.5 mmmoles) samosle ol 6, 7T-dihydrexy -6, 7-
dihydrogeranic acid. After reaching an endpoint, the ether was
rernoved under reduced pressure. The olly residue was then uistilled
sirnply to give aiter a small {orerun, 440 mg. (85%) of methyl &, 7-
dihydroxy -6, 7-dihydrogeranate, b.». §0-90° C. 0.6 mm.,

n.. 1.4763. This material aypeared to contain traces of unreacted

acid; however, no attempt was made to further purily it.



&, 7-Dihydroxytetrahydrogeranic Acid

Methyl 6. T-epoxy-2, 3-cdihydrogeranate (0.58 g., 2.9 mmoles)
wa s mixed with 10 ml. of 2 30% soclation of sadium hydroxide and

5 ml. hard glass test tube equipped

(&%

allowed to reflux for cne hour in a2
with a micre reflux condensor. The solution was cooled and extracted

with two 10 ml. »ortions of ether, which were discarded. The soclution

was made acid to blue litrnus paper with § N. hydrochloric acid,

&

the aqueous solution was extracted continuously with ether for twenty-
four hours. The extiract was then washed with 5 ml. of a saturated
solution of sodium sulfate, which in turn was extracted with two 10 inl.

portions of ether. The combined extracts were dried over anhydrous

gave 0.23 g. (40%) of the saturated diolic acid, b.p. 98-106°C./2 mm.,

:3
;“ 1.4911.
"D
Analysis (E). Calculated for CIO i{) : C, 58.80%; H, 2.87%.

Found; 58.98%; H, J.21%.

Methyl 6, 7-Dihydroxytetrahydroseranate

-

6, 7=-Dihydroxytetrahydrogeranic acid (100 mg., 0.5 mmole
¥ ¥ 3
was titrated with a stock solution of diazomethane in ether (124

Evaporation of the solvent gave 94 mz. (88%) of crude glycolic ester
26

2
“F 1. 4856,
D

with n
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6-ileto-6, V-dihydrogeranic Acid

Tormic Acid Isomerization: In a tynical run, a mixture of
2.20 ml. o. 98-100% forwmic and 0.12 ml. of concentrated sulfuric acid
(120) was added slowly to 1.00 g. (5.0 mrnoles) of methyl 6, 7-epoxy -
gerarate in 2 10 ml. round bottomed flask. The material was not
allowed to warm above 40°C. during the addition. The reaction flask,
protected from molsture with a calciumn chloride drying tube, was then
placed in an cil bath at 35°C. for a period of four days.

At the end of this time, the formic acid was removed under
reduced pressure at room temperature. The dark residue was taken
up in 30 ml. of Z N. sodium hydrowide sclution, which was then heated
on a steam bath {or one hour to insure the hydrolysis of all rewnaining
ester. The aqueous solution was extracted with two 30 ml. portions
of ether, which were discarded. The basic solution was then made
acid to blue litrmus paper by adding 2 N. sulfuric acid. The resulting
solution was extracted continuously with ether for twenty-four hours.
The ethereal extract was then dried over anhydrous sodium sulfate.

Thoe ether was then removed from the filtered solution under
reduced pressure. The residue was distilled through a 4 cm. Vigreux

column. The isomeric mixture of 6-keto-6, T-dihydrogeranic acids

&%

distilled at 88-95°C. /0.7 mm., and had e 1,4758-1,4784; the yield

was 0.40 g. If the recovered 6, 7-dihydroxy-6, T-dithydrogeranic acid



(0.19 g.. 19% b.o. 118-124°C./0.5 mrm. , -n.Lf 1.4956) is taken into
account, the yield of keto acids is 50% with a conversion ol 43%.

An alternative procedure f{or obtaining nure ketc acid is to
chromatogrash the dried residue on either neutral alumina with chloro-
form or preferably on the Ramsey-tatter son column (115) with n-hexane.
In either case, the dioclic acid remains irnmobile at the top of the
column, and reay be remcved by extraction of the upper section of the
column packing in 2 Soxlet apparatus.

Analysis (£). Calculated for C 10H1603: C, 65.19%; H, 8.75%.
Tounc: C, 65.75%; H, 8.69%.

A 129 mg. (0.70 mmole) sample of the above mixture of keto-

']

acids was dissolved in £ ml. of 95% ethanol and dtrated with 2.8 ml.
(0. 70 mmmole) of an ap-roximately 0.25 M. solation of Johnson's
reagent (129). The 2, 4-dinitrophenyl hydrazone crystillized out alinost
immediately , m.p. 21-94° C. The derivative was chromatographed
on neutral alumina. The first band was recrystallized from a 50: 50
mixture of petroleum ether (30-60°) and ethanol, m.p. 171.5-173.0°C.,
70 mg. (28%). The inirared spectrumn indicated that this was the
carboxyl conjugated derivative. A second band aracunting to 25 mg.
(10%) could not be crystallized.

The isomeric keto-acids isolated in the above procedure could
be largely converied to the carboxyl conjugated material by treatinent

with base (130). A sample of 100 mnz. (0.53 munole) of the keto-acid
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mixture was taken up in 10 minl. of 50% sodium hydroxide solution.

The resulting rixture was refluxed for thirty minutes in a 25 ml. hard
aslass test tube, egquipped with a micro reflux condenscr. The solution
wa s then cooled and acidified with 4 N. sulfuric acid to a “H of about
two. This aguecus salution was extracted completely with {ive 20 ml.

portions of ether. The ether was dried over anhydrous sodium suliate.

The solvent was rernoved {rom the filtered solution by evanoration,

-

. 3 “ 5 s &
%) of crude conjugated material with n

D 1.4788.

leaving 86 mgz. (8¢ :

The mnaterial could be further purified without distilling by refluxing with

a srmall amount of decoclorizingy charceal in ether. The material thus

4

obtained was nearly colorless with nD 1. 4773, The 2,4-dinitrozhenyl-
hydrazone rnelted at 172-173* C., while that of the corresponding
methyl ester melied at 109-111° €. Neither aelting point was depressed
when mixed with known material (vide inir

duliuric Acid Isorneriaation: A mixture of 2. 50 ml. of concen-
trated suifuric acic and 0. 25 ml. of distilled water was cooled to 6° C.
in an ice bath. To this was added 500 mgzg. (2.52 mmoles) of rnethyl
6. 7-e;poxygeranate. The mnaterial was allowed to stand in an oil bath
at 35° C. for two days. The darkene<d sclution was then poured onto '
ice, and the aguecus mixture was extracted continuously with ether for
twenty -four hourz. The ether solution was dried over anhydrous sodium
sulfate, after which time the solvent was removed under reduced nressure.

The dark oil was taken up in benzene and placed on a column of
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neutral alumina. After 100 ml, of benzene had passed intc the column,

the contents were carefully extruded. The dark region at the top of the

packing was dissevered, and the remainder was dried and extracted

thoroughly with ether. Removal of the ether by evaporation afficrded

274 mg. (59%) of essentially pure 6-keto-6, 7-dihydrogeranic acid, which
wa s identified on the basis of its infrared snectrurn. The 2, 4-dinitro-

phenylhydrazone of the methyl ester raelted at 110.0-112.5°C. ,and

ived with authentic material.

showed no deresszion when v
Phosvhoric Acid Isomerization: 4 mixtuare of 2.50 ml. of 85%
phosphoric acid and 500 mg. (2.52 mmoles) of methyl 6, 7T-epoxyzeranate

1

was prevared by slowly adding the ester to the cold acid. The material

was allowed to stand for three days in an oil bath at 35° C. At the end
ol this time, the material was diluted with 5 ml. of ice water and added
cautiously to 10 ml., of a 50% sodium hydroxide solution. The basic
solution, which was not homogeneous, was refluxed {or one hour to
insure hydrolysis of all the ester. The cooled solution was diluted to
twice the original volume with distilled water, and the resulting solution
was extracted comypletely with ether; the cxtract was discarded. The
aquecous phase was made acid to blue litmus paper with ¢ N. sulfuric
acid, and extrected continuously for twenty-four hours with ether. The
yvellow extract was then dried over anhydrous sodium suliate.

After removal of the solvent the material remaining distilled to

give 0.36 g. (76%) of carboxyl conjuzated beketo=6, T-dihydrogeranic

&
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acid, withb.n. 81-71°C. /0.5 mm. and 1;5 1.4767. Analysis by
V.¥.C. indicated that the oroduct was about 95% homogeneous. The
2,4 =dinitronhenylhydrazone of the methyl ester had m.n. 109-112°C.
and showed no depression when mixed with known material.
Isomerization with p-Toluenesulionic Acid: A saturated solution
of methanol and p-toluenesulfonic acid monohydrate (10 ml.) was added
to 500 mz. (2.52 mimoles) of methyl 6, 7T-epoxygeranate and the mixture
was allowed to stand for three days in an oll bath at 35° €. The scolution
was then diluted to 25 mnl. with distilled water, and extracted with
three 10 ml. portions of ether., The extract was shalken with 20 nl.
of 2 N. sodium hydrevide sclation which was saved, and then with
10 ml. of water. Drying of the extract followed by distillation produced
23
154 mgz. of material withb.p. 102-131° C./2ram., and . 1.4781.
Analysis by V.I'.C. indicated that this material was mostly starting
material with some methyl 6-leto-06, 7-dihydrogeranate. Jome of the
material was too high boiling to pass through the column. The infrared
spectrura showed the presence of sorne alccholic material which dis-
played extensive intraranolecular bond (bonding unaffected by concen-
tration changes), and is presumed to be the rmonomethyl glycolic ether.
The aquecus chase was acidified with 6 N, sulfuric acid and
e:t:tractefi with four 10 ml. portions of ether, which were washed with

10 ml. of water and dried. Thia was titrated with a stock aolution of

diazomethane in ether (124). The oil (112 ma., 23%) recovered after
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removal of the solvent yielded a £, ¢-dinitrophenylhydrazone which
melted at 76-91° C. Jeveral recrystallizations irom a petroleum
ether anc cthanel roixture gave a derivative with m.p. 109.5-111.5* C.,
which was not depressed upon adriuxture with the 2, 4-dinitrophenyl-
hydrazone of methyl G-keto-6, 7-dihydrogeranate.

Isomerization with Boron Triflluoride: £ one gram sample
(5 mmoles) of methyl 6, T-epoxyzeranate was dissolved in 25 ml. o’
absolute ether. To this was added 5 ml. o ireshly distilled boron
triflucride ctherate (131), and the systermn was refluxed for one day.
The ether solution wa 3 washed twice with 10 ml. portions of water.
The ether solution was dried anc the solvent removed under reduced
pressure. The residue gave a nositive test for a carbonyl cornpound
with 2, £-dinitrophenylhydrazine reagent, but the derivative would
not crystallize. The derivative was chromatograshed on alumina with
benzene as the vehicle, and two principal bands were obtained. The first
gave a crystalline material with m.p. 121-122 » while the second
band material could not be crystallized.

Isomerization of &, 7-Dihydroxy-6, 7-dihydrogeranic Acid: One
sram (5 mmoles) ol 6, 7=dihydroxy-6, 7-dihydrogeranic acid was added

to a mixture of 2.1 ml., of 20-100% formic acid and 0. 15 ml. oi con=-

centrated sulfuric acid. The liquid turned reddish-brown after a few

moments with slizht warming {rom the exothermic process. It was

allowed to stand at room temperature until the following day. To the
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mizture was added 1 ml. of water, and the formic acid was removed

under reduced pressure at room temperature. The dark residue was

ou

mad
was extracted with ether. The pE of the aqueous layer was brought

to about two with 6 . hydrochloric acid. An crganic layer forme
which was extracted contdnuously intw ether f{or twenty-four hours

The extract was dried over anhydrous 3odium sulfate. Bemoval of the
solvent under reduced nressure gave & residue, which was shown to

be nrimarily G-keto-0, 7-dibydrogeranic acid by V.. C. analysis.

The ketone wa s isolated

o

3 the methyl ester by the procedure

vaphed on alamina

,";
J

already describel. The crude ester was chroma

usziny n-hexane as a cavrier. This afforded

2 mg. (21%) of methyl

I.'

&-keto-0, 7-dihydrogeranate with n T\ ++678. Analysis by V.i-.C.
indicated that the methyl ester comprised about 20% of the isolated

material.

Methyl 6-Keto-6, 7 -dihydrogeranate

A stock ymethane in ether (124) was used to
titrate 0.29 2. (1. 58 msnole) ¢ Leto-96, -dihydrogeranic acid. The

ether wa s removed by eva roraticon, and the oil that rernained was dig-

2y

tilled, b.p. 87-849° C./1 mua., n_ 1.4630. The yield was 136 m
e
(60%).
Analysis (2). Calculated ior C 115159 © 6. 64%; H, 9.15%.
D 4L >

“.l :}vm,;]-

¢ basic with 2 N. sodiumn hydroxide solution, and the resulting system
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The 2, 4~dinitrorhenylhydrazone was prepared by the method

3 i ]

heronis and Entrikin (119) from 163 mg. (0. 82 ramole) of the ester.

iri)
9]

The crude derivative was nlaced on a coluran of alurnina an? eluted with
n<hexane. Two bands [brmed, which gave in order of elution: A, 120
oz. (41%) and B 70 mz. (23%). Aiter several recrystallizations irom

petroleum ether (30-00° C.) , A yielded yellow prisms, m. > 110.5-

112.0° C., and was3 identided as the derivative of the carboxyl con-

jugated ester on the basis of its infrared soectrum in carbon tetra-
chloride. Similarly, B jgave with considerable difficulty a few small
atals, m.p. E7-98° » and was identified as the derivative of the

unconjugated ester.

The analytical sample of A showed no further change in melting
roint on aaditional recrystallinations frowm petroleum ether.

Analysis (E). Calculated for C N,“C*,é: C, 53.96%;

M, 5.86%. ound: C, 33.83%; B, 5.60%.

G-Ketotetrahydrogeranic Acid

Hydrogenation of 6-Keto=6, i ~dihydrogeranic Acid: In a 25 ml.
¥

hydrogenaticn flasik was ~laced 10 ml. of absolute ethanol containing

cles) of an ivomeric mixture of 6-keto-{, 7 -dihydro-

o5 ]
o
)
2
—
G
=
o
e
]
(@]

sranic acids., To this was addec cauticusly, 2o as not to ignite the
ethanol, 150 myz. of £3% platinum dioxide. The contents of the flask
were stirred under hydrogen at roorn temperature and pressure. The

hydrogen uptake ceased after about one equivalent of hydrogen had
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been absorbed. After reracval of the catalyst by {iltration through a
fine grade scintered-glass funnel, the solvent was removed by evas-
oration. The residual oil was [racticnated through a 4 cm. Vigreux
colurnn. A center cut, b.n. 85«95° C. /0.5 mm., hadn

1.4

N

78, and afforded 0.30 z. (73%) of the saturated acid.

L)
i

For analysis, the above material was redistilled to give a

kR4
- Feey s - . - e e Py 7 e
iraction with b. p. 85-88° C./0.5 tam. and n. L1.4571.
-

Analysis (E). Calculated for C, H., O.: C, 54.69%; H, 9.74%.

r;_]

ouna: C, 64.58%; B, 10.06%.

A 36 mgz. (0.19 mmole) sample of é-letoietrahydrogeranic acid
was taken up in Jdve drops or absclute cthanol, and titrated with 0.78
wml. (0.19 mrmole) of 0.25 M. Johnson's 2, ¢=-dinitrophenylhydrazine
reagent (127). A few drops of water were added to complete the pre-
civitation, and the mixtuere was cooled to 0° C. The curdy material
was recrystallized from a large volume of petroleum cther (30-60°)
giving 22 mg. (32%) of short yellow needles. Several additional
recrystallizations {rom a solution of 5% chloroform in petroleum ether
yielded a Jderivative with m.p. 153.5-126.0° C.

Isomerization of Methyl 6, 7-Epouy-2, 3-dihydrogeranate: Cne
hundred milligrams (0. 3 mmole) of methyl ¢, 7-epoxy -2, 3-dihydro-
geranate was mixed with 0. 22 ml., of 98-100% formic acid and 0.001 ml.
oi concentraied suliuric acid in a test tube, and was allowed to stand

stoppered in an oil bath at 35° C. {or threec days. The {ormic acid was
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removed under reduced wressure at room temaperature, and 5 ml. of

& N. sodium hydroxide sclution was added. The mixture was heated for

0 minutes on a stearn bath. The solution was then acidified with & M.

[WA]

sulfuric acid, and the contents were extracted completely with several
sraall portions of ether. The combined extracts were dried over an-

hydrous sodiurm sulfa

te.
The ether was removed by evaporation, and the residue was

chromatographed on a meodiiied Ramsey-Fatterson (115) coluran of

silicic acid and celite, using n-hexane as 2 cerrier. Une band was

3

rave 38 ma. (41%) of b-keiotetrahydrogeranic acid

This material was identified by comparison of its infrared spectrum
with that of the known saturated heto-acid. The 2, 4-dinitrophenyl-
hydrazone was prepared and melted at 150-152° C., after one recryse

tallization iromn chloroforim and petroleumn: ether.

Methyl 6-ketotetrahydroseranate

A 145 mg. (0.75 mmole) portion of methyl 6-keto-6, 7-dihydro-
geranate was dissolved in & ml. of absoclute ethanol in a 15 ml.
hydrogenation ‘lask, and to this was carefully added 29 myg. of G5%
o~

nlatinum diowide catalyst. After one eguivalent of hydrogen had been

absorbed at room temperature and prezsure, the gas uptake ceased.

The catalyst was removed by {filtration, and the solvent was removed

by evaporation. This afforded 107 mg. (73%) of saturated ester with
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23.2 , : ; i
n 1.44939. Analysis by V. ~.C. indicated that the material was

T
abecut 95% pure.

The 2, ¢-dinitrovhenylhydracone of methyl 6-ketotetrahydro-
geranate wa3s prepared according to the procedure of Cheronis and
Entrikin (119). The oily derivative was chromatographed on a colurnn
of acid~-washed alumina with benzene. After several recrystallizations
irom petroleum ether (30-60°), 4 maz. (15%) of yellow prisms were

obtained, which had m.p. 114-i16° C.

b-Hydroxy-6, 7 -dihydregeranic 2ecid

E-Keto-6, 7=-dihydroxygeranic acid (1.0 2., 5. % mmoles) was
diesolved in 15 ml. of absolute methanocl. This was added to 50 ml.
of absolute methancl containing 1 g. (23 mmoles) of sodiurn borshycride
(Metal Hydrides, Inc.). The mixture was allowed to stand overnight
at room temperature. Glacial acetic acid (15 ml.) was added to the
solution and allowed to stand for an additional one hour.

The rnethancl was evaporated on a steam bath, and the residue
was taken up in 75 ml. of water, ard acidified to a pH of about two with
2 N. sulfuric acid. The aguecus solution was extracted continuously
with ether for twenty-iour hours, and the extract was dried cover an-
hydrous sodium sulfate. Removal of the sclvent and simple di stillation

gave 0.69 g. (68%) of product with b.p. 113-142° C. /0.5 mm., and

Z3 Lk
n_ 1.4845.
B
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The analytical sample was redistilled and had b.p. 126-133° C./

24
0.5 mm. and n_ 1.4841l.
D

Analysis (£) Calculaied for Clg}:? 803: C, 64.49%; B, 9.74%.

Found: C, 64, 21%; K, 9.88%.

Methyl 6-Hydroxy-6, 7-dihydrojeranate

Titration of 0.% g. of 6-hydroxy-6,7-dihydrogeranate (2. 2
mmmoles) with 2 stock solution of diazomethane in cther (10) gave, upon
evaporation of the solvent, an oil which distilled at 92-96° C. /0.5 mm.

and had n°” 1.4773. The yield was 0.34 4. (78%).

[w I o8

Analysis (E). Calculated for C O,: C, 65.97%:; H, 10.07%.

11720

[ ¥

Tound; C, 66.14%; 1, 10. 14%.

6-Hydroxytetrahydrogeranic Acid

Absolute methanol (6 ml.) was used to disasolve 0.40 2. (2.14
mrnoles) of b-ketotetrahydrogeranic acid, and this was added to an
additional 50 mil. of absolute methanol containing 0.31 g. (8. 6 mmoles)
of sodium borochydride. The miixture was allowed to stand for four hours,
after which time it was refluxed for an zdditional one hour. At the end
of this period, 5 ml. of glacial acetic acid was added, and the solution
was allowed to stand overnight.

The solution was evaporated on a stearn bath at reduced pressure
to remove most of the methanol. The white solid residue was dissolved

in 50 ml. of water. The resulting aquecus solution was acidiiied to a
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pH o. about two with 2 N. sulfuric acid, and the solution was extracted
continuously in a modified Soxlet apparatus for twenty«~four hours. The
extract was dried over anhydrous sodiurme sulfate. The solvent was
removed under reduced “ressure, and the reasidue was distilled simply
over a short path to give & major f{raction of 0.24 g. ((0%) with b. p.

e

110138 €. /0.8 ms. . B

Famy

i

1. 4303.

Tor analysis a few drops of this material was redistilled in an
Eunich tube (132) at 0.4 ram.

Analysis (E). Calculated for C. H__.C_: C, 63.79%; H, 10.71%.

Found: C, 63.60%; E, 10.24%.

Methyl 6-Hydroxytetrahydrogeranate

Approximately 100 mg. (0.53 mmoles) of 6-hydroxytetrahydro-
geranic acid was titrated with a stock solution of diazomethane in ether

(124). The ether was removed by evaporation leaving an cil with
2”7 1.4719. A few drons of this material wags distilled in an Emich

D

tube (132) at 0.4 mm. to provide the analytical sample.

Analysis (E). Czalculated for C”I‘E?OO?’: C. 65.31%; H, 10.96%.

Found: C, ¢5.09%; F, 10.24%.

5, {-Epoxy=-(C-rnethyl-5-hepten~-2-one

The following oxidation with monoperphthalic acid (133) is based
on available procedures for the oxidation of naturally cccurring ketones

(126c, 134).
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A solution of 38 gz. (0.30 mole) of freshly distilled € -methyl-
S-hepten-i-one (natural methyl heptenone, Trubeii Labs.) in 100 ml.
of absolute ether was chilled to 0° C. To this was added dropwise,
over a period of thirty minutes, 625 ml. (0.36 mole) of an ether soclution
containing 0. 105 z. /ml. of active monoperphthalic acid, which was also
at 0° C. The mixture was allowed tc stand in a refrigerator at ~5° C.
for a period of five days. At the end of this tirne 2 standard iodometric
titration indicated that about B5% of the peracid had been consumed.

The solution was filtered to remove the precipitate of phthalic
acid. The dissolved acid was removed by washing with 300 ml. of a
1 M. solution of sodiurn carbonate. This was followed by washing with
a saturated solutinn of sodium suliate, and the ether layer was driec
over anhydrous sodium sulfate. The solvent was rermoved under reduccd

vressure, and the resulting oil was distilled to zive 28.9 g. (65%) of
the epoxide, b.p. 74-76° C./54 mm., and n_ 1.4308 (135).
l_,{
Analysis (E). Calculated for C,,E?’lh,(;é: Cy 67.57%; H. 9. 33%.
< 2

Tound;: C, 67.53%; H, 10.03%.

The 2, 4-dinitrophenylhydrazone was prepared according to the
method of Cheronis and Entrikin (119); tiny yellow prisms frora carbon

-

tetrachloride, m.p. 123.5-125.5% C.

S5eChloro-0-Iydroxy-5-methyl-2 -haptanone

To a five liter {lz sk containing 300 g. of cracked ice, there

wa 3 added a solution of 29 z. of mercuric chloride in 500 ml. of water.



A c¢old solution of 190 g. of sodium hydroxide in 500 ml. o water was

added and a rapid strear of chlorine gas was paased into the mixture,

which was maintained at 0° to 5° €. This was continuec until 21l of the

3]

yellow mercuric oxide disappeared. Tinally, 1600 ml. of cold 1.5 N,

¢

nitric acid was addea slowly with stirring. The conceatration of the
hypochlorous acid in this solution is about 3. 5%.

Freshly distilled natural methyl heptenone (50 g., 0.390 mole)
was placed in a two liter separatory funnel. T. this was added 400 ml
of the above solution of hypochlorous acid., This was shaken vigorously

by hand with occasional cooling in an ice bath to maintain a temperature

of 15° C. or less. The shaking wa s continued untdl a 1 ml. test portion

]

-

gave no yellow color when treated with a few drowvs of a solutdon of
potassium iodide. The process was repeated until no more hypochlorcus
acid wasz consumed.

The resulting solution was saturated with sodium chloride and
steam distilled. About six liters of distillate was collected, which
was also saturated with sodium chloride and then extracted with five
500 ml. portions of ether. The combined extracts were dried over

anhydrous sodium sulfatec. Removal of the solvent left a dark, acrid-

. {(23-28%) of the

au

smelling oil, which upon distillation gave 16.3-19.8 ;

chlorohydrin, b.p. 60-66° C./1 mm., n_~ 1.4641. 3ince the material

Nt

decomposed very guickly with loss of HCL, a good analysis could not

L)

be obtained.
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The 2, 4-dinitroshenylhydrazone (119) was prepared and
chrormatographed on neutral alumina with benzene as the vehicle. One
band was obtained, which upon recrystallization {rom 50:50 acetone-
methanol gave (ine yellow crystals with m.on. 142.5-143.5° C. This
material also decomposed slowly on standing.

Analysis (E). Calculated ior C NJ,_CSGI: C, 46.86; H, 5.34;

_T
14719
N, 15.61; Gl, 9.85. Found: C, 46.95%; H, 5.00%: N, 15.07%:

Cl, 10.16%.

5, 6 -Epoxy-b-methyl-2-heptanone

A saturated solution of sodium carbonate was diluted to twice

its volume to give an anproximately 15% solution. A 20 mnl. portion
of this was placed in a 50 ml. round-bottomed flask conta.inin‘g 1.7 g.
(9. 5 mmoles) of S-chloro-6-hydroxy -6 -methyl-Z-heptanone and heated
on a steam bath for one hour with stirring. The solution was cooled,
saturated with sodium chloride, and exiracted with ether. This was
washed once with a small amount of water. The ether was then dried
over anhydrous sodium sulfate. The solvent was removed under reduced
sressure, and the oily residue was distilled. The crude epoxyketone
was collected at 72-76° C. /50 mrn. (94-28° C. /100 mim.) and had

23

S 1.4302. The yield was 0.76 g

i

. (58%); however, the purity of the
product was much lower than the material obtained by oxidation of the

ketone with monopershthalic acid.
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5, b=Dihydroxy -(-methyl-Z-heptanone

In a 50 ml. round-bottomed flask, equipped with a reflux cone-
densor, was placed 30 ml. of a 30% sodium hydronide scolution and 0.932
g. (6.3 mmoles) of 5, b-epoxy-6-methyl-2-heptanone. The two phase
system was refluxed {or two hours, and then allowed to stand overnight
with continued stirring. The solution was diluted with 50 ml. of water
and extracted in a2 Kutscher~3teudel apparatus with ether for twenty-
four hours. The resulting ether solution was washed with 2 saturated
agolution of scdium suliate, and dried over anhydrous sodium sulfate.
The solvent was removed under reduced pressure, and the viscous
residue was distilled to yield 0.91 g. (88%) of the glycol, b.o. 78-81°
C./2 mm., which sclidified slowly on standing to give crystals with

m.p. 64-66° C. (135).

6-Methyl-2-5 -heptadione

Isomerization of 5, 6-Epoxy~t-methyl-2-heptanone: A 3.0 g.
(21 mmoles) nortion of 5, b-epony-b-methyl-2-heptanone was added to
50 ml. of 6 F. sulfuric acid and allowed to stand without heating for
twenty -four hours. The acid solution was extracted with three 30 ml.
portions of ether, which was washed with a 50 ml. portion of 2 ¥.
sodium carbonate and with water; the ether was dried over anhydrous
sodium sulfate. NMMast of the residue distilled over the range 87-98°C.

2

and had n;" 1.4351. The yield was 1.95 g. or 65%.
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The monosemicarbazone (135) was prepared by the method of
Cheronis and Entrikin (119) and recrystallized several tirnes from a
3: 1 mixtare of methanol and water, m.p. 196-198° C.

Isomerization of &, 6-Diliydrouy-b-methyl-Z-heptanone: A mixe
ture of 2.9 g. (18 mmoles) of 5, 6-dihydroxy-6=methyl-2-heptanone
and 50 ml. of 6 F. sulfuric acid was allowed to stand overnight at room

temperature with stirring. The dione was isclated exactly as described

above, and amounted to 1.80 z. (70%) with b. 5. 93-85° C. /15 mm.,

23 )
i 1. 4346,

3

[y

=t

a

The monosemicarbaszone melted at 196-198° €., and showed

no depression when miwed with authentic material.

5, b-Epouy=-2, 2, b-trimethyl-2, 3-dihydropyran

Oxidaticn-Cyclization of 6-Methyl-5-hepten-Z~one: Freshly
distilled natural methyl heptenone (75 ml., 64.5 g., 0.51 mole) was
diluted with 50 ml. of technical grade chloroform and cooled te -50° C.
in a 500 ml. Morton (creased) flask which was suspended in a one-
half gallon Dewar flask pardally {illed with dry ice and acetone. The
reacton flask was eguipped with a high speed, air-cooled, mechanical
stirrer. To the reaction {lashk was added dropwise with stirring, over
a period of about fifteen minutes, 530 ml. of ca. 40% peracetic acid
containing 1.0 g. of anhydrous sodium acetate. The material was

allowed to stand overnight with stirring. A second 50 ml. portion of



110

peracetic acid was added as beiore and again the mixture was allowed
to stand overnight. Finally, 10 ml. of peracetic acid was added and
the mixture was allowed to stand for an additional seven hours. The
total active peracid added was 53.5 g. (0.7! mole, 40% excess).

The emulsion was poured into an excess of 2 M. sodiurn hydroxide
solution containing chopped ice and was stirred vigorously., When the
decomposition of the excess peracid ceased, the layers were separated,
and the aqueous base was extracted with four 50 ml. porticns of
chioroforin. The combined chloroform solution was washed with 150
ml. of a ferrous suliate solution; the agueous layer was itself extracted
with two 25 ml. portions of chloroferin. The chloroform solution was
washed with 200 ml. of a saturated solution of sodium sullate, and then
dried over anhydrous sodium sulfate. After removal of the solvent,
the residue was distilled to yield 37 ¢. (51%) of isomeric evoxide,

23 :
b.p. 57-63° C./28.7 mm., L 1.4750-1.4771, Analysis by V.i.C.
indicated the presence of 25-30% of the exocyclic epoxide 6-(1'6-epoxy)-
methylene-2, 2-dimethyltetrahydronyran.

The analytical sample distilled at 57° C./28.7 min. and had

25.72 —— Lol .
n_ 1.4742 and d,  1.0144.
4 fe
Molar Refractivity. Calculated for CSHlt‘G“’: 39.72. Found:
38.173.

Analysis (E). Calculated for Cat 0 C 67.57%; H. 9.93%.
Al b 14~

Tound: C. 67.50%; H, 10.09%.
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-

Eroxide Determination (Fyridinium Chloride«~Pyridine Method

(136)). This reaction was very slow, siving a titration value of 54%
(theoretical, 100%).
The inirared spectra of the eoxide mnaterial gave no evidence

v
for the presence of Daeyer -Villiger (137) psroducts.

2: 25 6-Trimethyl-2, 3-dihydropyran

Freshly distilled natural methyl hevtenone (25 g., 0.198 mole)
was added slowly to a mixture of 2.€ ml. of concentrated sulfuric acid
and 47.4 ml. of 98-100% forrnic acid in such a fashion that the temper-
ature did not rise above 40° C. The solution became violet in color
within 2 few minutes. This mixture was allowed to stand for three days
at room temperature protecied from moisture with 2 calcium chloride
drying tube.

The reaction mixture was roured into an excess of 6 N. scdium
hydroxide solution and warrmed on a steam bath {or thirty minutes. The
cooled basic solution was then extracted with six 30 ml. portions of
ether. The combined extracts were then washed with water, and the
aqueous phase was also extracted with two 50 ml. portions of ether.
The combined ether solutions were dried over anhydrous sodiurn sulfate.

The ether was removed by distdliation, and the product was
fractionated through a 30 cm. column packed with glass helices; 13.9 g.
(56%) of cyclic material was collected boiling at 115-129° C., and it

had n;S 1.4708. V.P.C. analysis indicated that about 30% of this was
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the exo=-methylene isomer (6-methylene-2, 2-dimethyltetrahydropyran).
This material was identified by comparison of its infrared spectrum
with that of authentic material prepared by the method of Verly (106).
The two major coraponents of the mixture were resolved by further

fractionation: 2, 2, 6-trimethylaz, 3-dihydropyran, 8.4 z. (33%), b.p.

.
118-124° C.,, n_;) 1.4%03; G-methylene-2, 2-dimethyltetrahydropyran,
4.6 3. (18%), b.p. 124-129° C., n;’ 1.4716.

5, 6=-Epoxy=2, 2, b-trimethyl-2, 3-dihydropyran

The oxidation of 5 g. (40 mmoles) of 2,2, 6-trimethyl-2, 3~
dihydropyran was accomplished with 7 ml. of ca. 40% peracetic acid
(6 g., 48 ramoles) in 50 ml. of chlorofiorm at -40° C. The product
wa 3 worked up as indicated previously. The material obtained, 2.5 g.

y 45 . T
(+4%), b.p. 88-91° C./100 rmumn., N 1.4756, was identified as 5, 6=

enony =2, 2, b-trimethyl-2, 3-dihydrosyran on the basis ol its gas phase

retention time, which was the same ag that of known material.

4eMethylel, 4-nentadiol

The vrocedure of Gamboni, 3chinz, and Lschenmoser (138) was
used to prepare 4-methyl-1, 4-pentadicl. Fromm 75 g. (0.875 mole) of
vy -butyrolactone (Matheson, C.leman & Bell) and 300 wml. of ca. 3 M.
methylinagnesium bromide (Arapahoe Chem.) in ether solution, there
was obtained 73.5 g. (72%) of diol with b.p. 97.0-97.5° C. /2.5 mm.

17

“ 1.4470 (lit. n_' 1.4439).

, Ll
Le=ig 8 L) e 3cd T
(122-123° C./11 mm.) ar 2 -
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1,4-Dibromo-4-methylpentane

Using the procedure of Willimann and 3chinz (139), 1,4-
dibromo-4-methylpentane was prepared from the corresponding diol.
Treatment of 20 z. (0. 17.1 mole) of the dicl in pyridine with 36.5 g.
(0. 134 mole) of phosnhorous tribromide yielded 30.8 g. (80%) of the
dibromide, b.p. 55-60° C./1 mm., contaminated with 2 trace of

pyridine. This material was used without further purification.

1-Bromo-4-methyl-3-pentene

According to the method of Willirnann and Schinz (139), 30.6
g. (0. 142 mole) of 1, 4-dibromo-4-methylpentane was taken up in 11 g.
(0. 137 mole) of pyridine and heated at 90° C. in an oil bath under
aapirator vacuum. After two hours the ternperature was raised to
100° C. for another fifteen minutes. ’I‘hé material isolated distilled
at 49-51° C./1 mm. and had n;“ 1.4731 (lit. néé 1.4758). The yield

was 18.7 g. or 85%.

t-Methyl-5-hepten=-1-yne

Treatment of l-bromo-4«methyl-3-pentene (17.7 g., 0.124
mole) with sodium acetylide (from 3.0 g. sodium, 0.130 g.atom) in
liguid amrmnonia according to the procedure of Gamboﬁi. 5chinz, and
Eschenmoser (138) led to the producton of 2.8 g. (21%) of 6-methyl-
5.hepten-l-yne. The product distilled over 66-72° C./85 mrn. and had

19 1

néz 1.4401-1. 4404 (lit. n_’ 1.4418).
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5, b-Epoxy -b-methyl-1-heptyne

A soluiion of 2.8 g. (26 mmoles) of 6-methyl-5-hepten=-l-yne
in 200 ml. of chloroform was cooled to ~50° C. in dry ice and acetone.
To this was added dropwise over ten minutes 5 ml, of ca, 40% peracetic
acid (2.43 g. of active peracid, 32 mmoles; 22% excess) solutiocn con-
taining 0.1 g. of anhydrous sodiurm acetate. The solution was stirred
in a Morton (creased) flask with a2 high-speed stirrer for approximately
fifty hours.

The chloroform solution was shaken successively with 100 ml.
2 M. sodium hydroxide solution, 50 ml. of saturated ferrous sulfate
solution, and 100 ml. of water; after each washing the aqueous phase
was extracted with 2 small amount of chloroform. The chloroform
was dried over anhydrous scodium sulfate, and then removed by frac-
tionating through a 112 crm. column packed with glass helices. The
residue was fractionated through a 4 cm. Vigreux column, and
afforded 1.4 g. (45%) of 5, b~epoxy-b-methyl-l-heptyne, b.p. 76-861°

22 21

C. /85 mm., nD 1.4426, dt, 0.8839.

Molar Refractivity. Calculated for CBII

12

Analysis (E). Calculated for CSHIEO: Ci 79:37%; Hi 9.7%-

Found: C, 79.84%; H, 9.79%.

5, 6=Epony-bemethyl-1-heplene

Two hundred milligrams of Fd(OH) /CaCO  catalyst (138, 140)
L -

were suspended in 15 ml. of absolute methanol in a 28 ml. semnimicro
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hydrogenation {lask, and stirred under hydrogen until no gas was
absorbed. To this was added 1.25 g. (10 mmoles) of 5, 6-epoxy-6-methyl-
l-heptyne, and the mixture was stirred under hydrogen at roocm temper=
ature and pressure until 250 ml. (10 mmoles, at 23° C./739 mm.) of
hydrogen had been absorbed,

The solution was filtered, and the filtrate was carefully distilled
at room temperature to remove the alcohol. The residue distilled to
give after a small forerun, 1.03 g. (82%) of 5, 6-epoxy~6-methyl-1-
z3

heptene, b.5. 93-96° C, /150 mm., n ! 1.4361,

D
-
The analytical sample had b.p. 22-95° C./150 mm., ni: 1.4366,
a?! 0. 8599.
4
Molar Refractvity. Calculated for CSHPO: 38.12. Found:
38. 44.

Analysis (E). Calculated for CSHM.-O: C, 76.14%; H, 11. 18%.

Found: C, 76.40%; H, 11.05%.

b-Hydroxy=-2-methyl-3-heptancne

A 0.90 g. (7.1 minoles) sample of 5, b=epoxy=-6b=methyl-l-
heptene was mixed with 1.9 ml., of 96-100% formic acid and 0. 12 ml.
of concentrated sulfuric acid and allowed to stand for two days at 35° C.
The reaction mixture was then diluted to approximately 5 mi. with
water and made basic with 2 W. sodium hydroxide solution. The basic

material was extracted with ether for fourteen hours in a modified
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Soxlet apparatus; the extract was shaken with a saturated solution of
sodium sulfate, and then dried over anhydrous sodium sulfate. Dis-
tillation afforded 0.47 z. (46%) of G-hydroxy-Z-methyl=3=-heptanone

i o
“l ). 4587, a* 0.9488.

with b.p. 91-93° C./12 mm., n 4

Molar Refractivity. Calculated for Caﬁie{?"}‘ 40.68. Found:

41.52.

Analysis (). Calculated for CSHEGOZ.: C, 66.63%; B, 11, 18%.
Tound: C, 66.77%; ¥, 11.149%,

The 2, 4-dinitrophenylhydrazone was prepared {rom Johnson's
reagent (129) as described previously. The derivative was recrystal=
lized twice from methanol, m.p». 107-116° C., and then chromatographed

on alumina, m.p. 116.5-118.0° C.

5, b=Epoxy=1-hexene

A soclution of peracetic acid was prepared by slowly adding 5 ml.
of cold 30% hydrogen peroxide to 25 ml. of cold acetic anhydride con=-
taining 1 g. of powdered, anhycdrous sodium acetate. After the reaction
was complete, the cold solution was rnixed with 300 ml. of absclute ether.
This solution contained about 0.087 mmoles/ml. of active peracid as
determined by iodometric titration. This was filtered to remove the
excess sodium acetate.

The peracid solution (300 ml., 26 mmoles of peracetic acid)

was cooled to -5° C. and mixed with 7 g. (82 mmoles, 210% excess) of
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1, 5-hexadiene Colurnbia Organic Chemicala). The mixture was
refrigerated at this temperature for a period of three days. The ether
was then washed with three 75 ml, portions of Z N. sodium hydroxide
solution, 50 ml. of saturated ferrous sulfate solution, and twice with
50 ml. portions of water. The ether was dried over anhydrous sodium
sulfate. Removal of the ether by fractional distilladon was followed
by simple distillation of the residue. The 4, G-epoxy-l-hezene was

obtained by means of preparative V.¥.C. (Megachrom, 40° C.). The

21 o
material thus obtained had n 1.3866, ¢, 0.8331. The boeiling point

=

was found to be approximately 91-93° C. by the semimicro method of
Cheronis and Entrikin (119).

Molar Refractivity. Calculated for CéHlOD: 27.15. Found:

27.80.
Analysis (E). Calculated for CQHIGO: C, 73.43%; ¥, 10.27%.

Found: C, 73.95%; H, 10.47%.

5, b=Dihydroxy-1-hexene

Thirty milliliters of 2 30% solution of sodiumn hydroxide were
mixed with & solution of 500 mg. of 5, C-epony-l-hexene in 10 ml. of
methanol, and refluxed for four hours. The basic sclution was extracted
with five 20 ml. portions of ether, and the combined extracts were
washed with 25 ml. of water; the aqueous layer was itself extracted
with three 20 ml. portions of ether, which were combined with the

original extract, and dried over anhydrous sodium sulfate. The ether
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was removed, and the pale yellow 0il was distilled to give 0.31 g.

(%]

>
(53%) of 5, 6-dihydroxy-1-hexene, b.p. (64-66° C. /6 mm., n]; *71.4568.

The analytical sample was redistilled and had b.p. 62-64° C./5

22.0 o 21
mra. s nD 1.4572, d4 0.9923.

Molar Reiractivity. Calculated for C O, 31.33. Found:

6512

31.94,

Analysis (E). Calculated for CéHl‘ OZ: C, 62.04%; H, 10.41%.

[3¥)

Found: C, 61.76%; M, 10.39%.
The preparation of 5, 6-dihydroxy-1l-hexene via the partial
hydroxylation of 1, 5-hexadienc with potassium permanganaie has been

reported by Bdeseken (141), but no physical constants were given.

5-Hydroxy=1=~hexal

A mixture of 1.6 ml. of 98-100% formic acid and 6. 10 ml. of
concentrated sulfuric acid was added to 0.75 g. (7.7 mmoles) of &, 6«
epoxy=l-hexene, and ;llowed to stand for two days at 35° C. After
this period the mixture was diluted tc 5 ml. with water and neutralized
with 2 N. gsodium hydroxide solution. The aqueous solution was thor-
oughly extracted with ether, which was washed with a small amount of
a saturated solution of sodium sulfate. he ether was dried over
anhydrous sodium sulfate, and removed under reduced pressure. The

resulting oil was distilled to give 0.29 g. (39%) of 5-hydroxy-1-hexal

with b.p. 81-88° C./10 mm. and nSo 1,4444.
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Analysis (E). Calculated for C/H C, 62.04%; H, 10.41%.

1297
Found: C, 62.28%; H, 10.03%.

This material appears to be the same as the S-hydroxy-1l-hexal
reported in the literature (142), although the reported 4~bromophenyl-
hydrazone (m.p. 85° C.) was not prepared. Instead the 2, 4-dinitro-

phenylhydrazone was prepared and recrystallized from methanol,

m.p. 103-105° C.

6, 7-Epoxy-1-heptene

A solution of 23 g. (0. 24 mole) of 1, b-heptadiene (143) in 300
ml. of technical grade chloroforin was chilled to -50° C. in a mixture
of dry ice and acetone. To this was added with stirring, over a period
of fifteen minutes, 46 ml. (0. 30 mole) of ca. 40% peracetic acid. The
mixture was stirred with a high-specd stirrer for two days. The
chloroforin solution was washed with an excess of 2 N. sodiurn hydroxide
solution, followed by a saturated solution of ferrous sulfate, and then
with water. The chloroformm was dried over anhydrous sodiuwm sulfate.
The chloroform was removed by fractdonal distdilation. The
residue distilled over 70-87° C. Analysis by V.F.C. indicated that it

contained about 47% of the monoxide and 40% of the dioxide.

6, 7=Dihydroxy-l-heptene

A solution of 3 g. of the above mixture of oxides and 20 ml. of

methanol was added to 25 ml. of a 30% solution of sodium hydroxide
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and refluxed for two hours. The cooled basic solution was then extracted
with five 20 ml. portions of ether, which was washed with 20 ml. of
water, and then dried. Removal of the very viscous residue afforded
0.61 g. of the unsaturated diol with b.p. 95-101° C./8 mm. and
nf_}l 1.4697. Based on the presence of 47% of the monoxide in the
starting material, the yield was 33%.

The analytical sample was redistilled and had b.p. 93-26° C./8
mm. and ngz 1.4688.

Analysis (E). Calculated for C H, Ot C, 64.57% H, 10.84%.

Found: C, 64.39%; H, 10.63%.

 6-Hydroxy-1-heptal

A mixture of 0.60 ml. of 98-100% formic acid and 0.03 ml. of
concentrated sulfuric acid was added to 345 mg. (2.64 mmoles) of
6, 7=-dihydroxy-l-heptene and allowed to stand stoppered for two days.
The reaction mixture was made slightly basic with 2 N. sodium hydroxide
gsolution and warmned for a few minutes oﬁ a stearn bath before extracting
with ether. The ether was dried over anhydrous sodium sulfate, and
then removed by evaporation. The residue was taken up in chloroformm
and passed through Z cm. of alumnina. When the chloroform was
removed, the residue had nlzjl 1.4417.

The 2, 4-dinitrophenylhydrazone was prepared from Johnson's

reagent (129) and recrystallized from methancl, m.p. 157-162° C.
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3-Methylcyclohexyl Formate

A mixture of 1. € ml. of concentrated sulfuric acid and 29.0 ml.
of 98-100% formic acid was added slowly to 4.7 g. (49 mmoles) of 1, 6-
heptadiene (Columbia Organic Chemicals) in a 50 ml. round-bottomed

o tube, and the

o«

flask. The flask was fitted with a calcium chloride dryin
two phase system was stirred magnetically for three cays at approxi-
mately 35° C. During this time, as solution of the two layers was
effected, the reaction mixture became deep violet in color.

The acid solution was then neutralized by adding it dropwise to
an excess ofi 2 N. sodium hydroxide. This was extracted completely
with ether. The ether extract was washed with a small amount of water.
The resulting solution was dried over anhydrous sodium suliate. After
removal of ether from the filtered solution, the material was fractionated
through a 4 cm. Vigreux column under reduced pressure; the product
distilled at 71-75° C. /0.5 mm. and had n;;a 1.4308 and amounted to

3.4 g. (58%).

3=Methylcyclohexanol

A 3.0 g. sample (27 mrooles) of 3~methylcyclohexyl formate
wa s refluxed for one hour with 28 ml. of a 10% soclution of sodiurmn
hydroxide. At the end of this tfime the cocled solution was extracted
with ether continuously for twenty-four hours. Removal of the solvent
and distillation of the residue afforded 2.0 g. (89%) of the cis- and trans-
21

alcohols, b.p. 81-84° C. /20 mun., 2y 1.4577.
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Analysis by V.17.C. indicated that about 72% of the material

was the cis-isomer and 28% the trans-isemer. Resclution of the mixture

by means of preparative V.5.C. (F. & M., "B") led to two fractions:

24
1) 94% cis-3-methylcyclohexanol, n_ 1.4565, whose 3, 5-dinitro-

o
benzoate raelted at 110.0-111.5° C.; 2) trans=-3-methylcyclohexanol,

ngéc 1.4559, whose 3, §=-dinitrobenzoate melted at 97.5-99.5° C. (144).



Molecular Orbital Treatraent ¢f Three-Center Non-Classical Ions

General Secular Equation

If overlap integrals are neglected, the linear combination of
atomic orbitals (L.A.C.0O.) solution of the general three-center

problem is based on the solutions of the following secular determinant:

. S 812 B3
BZl e 333 =0 (1)
B31 B3z b W

If the substitutions = + c, = (ryi-e)ls and kij = Bij!?;. then the above

problem reduces to finding the roots of the general 3rd-order equation:

3 2 2 2 2
+ +c + + -ky, =k -k )x
% (cl c2 c3)x +(c1€:z+c1c3 €€y - kY, !13 123):-.
. ) (2)
) > 2 2
+2k. k.. k wec.k® = k® e} -
*+(e,cc, 12513523 = €183 7 K s T S5%yp) = 0

In this equation the ¢, represent the changes in the Coulomb integrals

in units of B relative to the standard values, ». The <5 in general
will be non-zero if the system contains heterocatoms or shows a large
distribution of charge. Thg kij are proportionality constants, which
relate the resonance integral, Bij’ to the standard rescnance integral
usually taken as B in benzene. By appropriate selection of these con-
stants, the roots of equation £ will render the eigenvalues of the desired

three=-center system.
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The Cyclopropenium Cation

Hiickel's famniliar 4n + 2 rule (145) may be stated as follows:
"Those monocyclic coplanar systems of trigenally hybridized atoms
which contain 4n + 2 m-electrons will possess relative stability.” The
simplest sy stem which conforrms completely with the restrictions of
this rule is the two-electron, three-center system.¥ An example of
such a system is the still hypothetical cyclopropenium cation. 3Simple
Hickel Molecular Qrbital Theory predicts that this molecule will have
a total resonance energy of aﬁ(ci 29 k., =1}

1t is possible to rnodify the Huckel treatment by considering the
eifect of the system's positive charge on the Coulomb integrals (14¢).
Since the positive charge has the effect of increasing the electro-
negativity of each carbon, the magnitude of the Coulomb integrals
may be increased in proportion to the amount of charge the center
carries (152). If the Coulomb integrals are taken to be o + 0.33B (147),
the resonance energy of the system is found to be 2.672. Inasmuch as
simple molecular orbital theory will generally indicate that the stability
of a system will increase as the ability of the system to delocalize
the electrons increases, the cyclopropenium cation should represent
the most stable all<carbon, three center, two-electron systermn, since
it meets the requirements for maximum orbital overlap. Cther non-

classical ions in which two electrons are delocalized over three carbon

* 3ince electronic stabilities are measured relative to that of the
izolated double bond, this two-electron, two-center gystem is excluded
fromm the 4n + 2 rule on the bagis of its not being cyclic.
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peorbitals may be viewed to a first approximation as distortions of

the cyclopronenium cation.

Bridged Non-Classical Carbonium Ions

it is important to note that the 4n + 2 rule is developed from the
simple Hickel theory, which considers the n-clectron system to be
independent of the underlying o-~framework. Consequently, distortions
in the g~bonding of molecules are, to a first approxdmation, important
only insofar as they are associated with changes in the weclectron
system itseli. This can only be valid as long as the o- and w-bonding
remain distinct irom one another. 3Such a distinction cannot be profit-
ably made in the case of a number of non-classical carbonium ions (148).

It will be useful tc consider certain types of non-classical ions
as distortions of the cyclopropenium cation. The kinds of distortions
which will be of interest in this discussion fall into two categories:
1) Distortions resulting in changes in the internuclear distances,
which cause comrensurate changes in the overlap and resornance
integrals (e.g. the homoallylic cation (149)) and 2) deviations in the
orientations of the carbon p-orbitals, which similarly result in changes
in the values of the necessary integrals (e.g. intermediates hypothesized
for 1, 2-rearrangements in carbonium ions (150)). As long as the dig-
tortions are small, the electronic stabilities of these (4n + Z) systems

should not be altered greatly, although it would no longer be possible to
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write the molecular orbitals in analytc form. For larger distortions,
however, it is not possible to come to any general conclusions concern-
ing the relative stability of the systern or the form of the molecular
orbitals, and the problem should be investigated individually.

One important "'di sto;.'tion“ of the cyclopropenium cation has been
mentioned before. This is the postulated non=classical ion which results
from the anti-planar addition of 2 carbonium ion to a double bond, and
which may bear a formal relationship to the non-classical interinediate
in the Wagner-Meerwein alkyl rearrangements. If only the p-orbitals
of carbon are considered, this systern mway be derived from the
cyclopropenium ion by rotation of one carbon atom 90° around the
opposite internuclear axis, while maintaining its p-orbital parallel
to those of the remaining two carbons (Fig. 13-B). The distance between
the C-1 atom and the opposite internuclear axis may be considered
arbitrary. It will be observed that in this configuration the bonding
between C-1 and C-2 and between C-~1 and C-3 is almost exclusively
g in character, especially at large separations, while C-2 and C-3 are
still mostly m<bonded. The formation of o-bonds to C~1 would require
some rehybridization about C+2 and C-3 in order to rmmaximize the
overlan of their orbitals with that of C-1. Such rehybridization would

be expected to introduce some g-character into the bond between C-2

and C~3.
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Approximate Molecular Crbital Methods

Equation Z was used to determine the resonance energies
expected for the interaction of a double bond with the empty p~orbital
of a carboniurn ion. The energies were calculated over a range of
configurations described by bringing a carbonium ion from infinite dis-
tance up to the double bond, and along some direct path lying in the
plane containing the empty p~orbital and bisecting perpendicularly the
axis of the double bond. In all four different methods of approximation
were used., These are described below.

Method #1. The first approach is gquite analogous to the simple
Hilckel treatment. Equation 2 was solved by assuming that all the ¢

i

were zero and that kzs = 1 klZ = k13 was allowed to take on a series
of values ranging from zero to one. Curve #1 of Figure 14 indicates
the resulting relationship between the resonance energy of the system
as a function of the composite =0 overlap between C«1 and C=-2 or
Ce3.

Method #2. It would be expected that as overlap with the empty
p-orbital of C-1 becomes more important, electron density would be
drained away from the m=system of the double bond; this would result in
a concomitant weakening of this linkage. This effect has been approx-
imated by allowing k23 to dirninish from 1.0 to 0.8, while kl;: and k13
are increased from zero to 0.8. The value 088 is the resonance

integral for a bond with a lenpth fntermediate between those of a single
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and double bond. The choice of this value is completely arbitrary,
though probably conservative. This method gives a set of energies which
are slightly lower than those obtained by Method #1; this is consistent
with the idea of forming a somewhat loovser complex.

Method #3. The above methods are expected to give reasonable
energy values when the systern possesses no net charge, as perhaps
in the case of a non=-classical raciical. In general, however, treatments
which give consideration to the distribution of charge within a molecule
yield better energy values than do the simpler treatments which neglect
charge (151). A method already mentioned attempts to improve upon
this situation by adjusting the Coulomb integrals, such that their values
reflect the ""effective electronegativities’ of the various centers relative
to uncharged carbon (152). Although it is yet without sound theoretical
support, it seems reasonable to agsume that the Coulomb integral
should be increased by 1 8 to 1.5 8 for a positively charged core (153).
‘Since augmenting the core potential has the effect of increasing the
stabilization energy obtained for the system, the more conservative
value of ¢ +B was employed in this approximation. The adjusted core
potentials appear in the selection of the c; of eqguation 2. In the
lirniting case of no interaction between the double bond and the carbonium
ion, the Coulomb integrals for C-2 and C -3 are the customary values,
v, while that of C-1 will be & + 2 ; that is, c,=c, = 0 and Gy * 1. As

the carbonium ion is allowed to interact with the double bond at shorter
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separations, cores C-2 and C«3 will begin to accept part of the charge;
the core potential at C-1 will decrease in an amount which reflects the
degree to which the charge has been transferred. At the extreme of
total involvement, the charge is envisioned as being more or less egqually
distributed among the three centers, and hence, Gy Mgy = c, = 0.33,
Curve #3 shows what effect this distribution of charge has on the
resonance energy of the system, assuraing that there iz no change in
the extent of overlap of the bond between C-2 and C-3 (i.e. 1«133 = 1).
Method #4. This last method is analogous to Method #2, and
allows for the expected wealkening of the CZ¢C3 bond as electrons are
drained into the C-~1 orbital. This results in partially cancelling the
constriction which arises from the introduction of charge into the
system and, as before, tends to decrease the stabilization energy to
a small extent (Curve #4). It is interesting that this last treatment
shows a nearly linear relationship between resonance energy and

l.‘_ll--C2 (or C -{33) overlap integrals. This relation may be exoressed

1

approxirnately by

E. =28.94 3
R.E. 8.9 312

where the resonance energy (R.E.) is given in units of €.

Of the four methods, this one appears to be the best suited for
the gimple description of positively charged systermns. When the absacissa
of Figure 14 is converted to measure the separation between C-1 and the

CZ.C3 axis, then Curve #4 transforms as is shown in Figure 15.
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Methyl Substituted Three-Center Carboniurn Ions

The L.C.A.C. model which gave rise to the curves of FTigure
14 involved the interaction of a carbonium ion with 2 double bond,
both of which were presumed to be ungubstituted. I{ is of some interest
to know how variocus alkyl substituents would afiect the overall stabiliza=-
tion energy of the non-classical ion. Some insight to this guestion
might be obtained by considering the hyperconjugative and inductive ef-
fects of methyl groups attached to the fundamental three-carbon ion.
It has been shown by Wheland and Fauling (154) that the effects of
methyl substituents can be reasonably accounted for on the basis of a
simple inductive model in which appropriately modified Coulomb
integrals are used; conjugation itself is then neglected. Though very
little data are available at present, it anpears that Coulomb integrals
should be decremented by about 0.58 for each methyl group present
(155).

There are twenty-four different non-classical ions which may
be conceived of as arising from the symmetrical interaction of four
prototyvical alkonium ions witl-l the six corresponding ethvlene systems.
If the kij are all taken as equal, a set of sixteen secular equations is
obtained which differ only in the assignments of the Coulomb integrals.
Table IV gives the resonance energies and relative stabilities of each

of these systems obtained by setting ki.j = 0. 8 (Method #4 above), and
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€ = 0.33 - 0.5 % niB. where n, is the number of methyl ‘groupa ate
tached to the ith carbon.

The results of these calculations indicate that, as the number
of alkyl substituents on the component cation and olefin increases, the
amount of delocalization energy to be gained upon formation of a non-
classical carbonium ion decreases. Further, for systems with the
same total number of substituent methyl groups, the non-classical ion
with the most polysubstituted centers will be the most stable (e.g. the
ijons of the 1, l-dimethylethylene series are consistently predicted to
be more stable than the corresponding ions of the 1, 2-dimethylethylene
series). Since the resonance energies obtained are quite sensitive to
the nature of the model chosen as a basis {or these calculations, as
well as being subject to the general limitadons of the L.C.A.O. method, the
significance attached to these values can only be questionable. The
order of relative stabilities, however, may well be inetructive, in that
it suggests which kinds of systems might be exrected to favor the
formation of non-classical intermediate ions due to a gain in resonance
stabilization. 3ystems represented in the lower right corner of Table IV,
on the other hand, may be expected to exhibit lititle tendency toward
formation of non-classical ions.

The treatment undoubtedly suffers greatly from the assurnption
that all the non-classical systems would be symmetrical; that is, that

all ki. are equal. The less symmetrical systems would require that
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electrons be placed in the more localized o-bond, which is being
formed at the expense of the original m-bond of the olefin. This would
result in a corresvonding decrease in delocalization energy. Hence,
the interaction of t-butyl cation with 1, l-dimethylethylene is predicted
tc have a resonance energy of about 0.42 $ on the basis of the sym-
metrical model. Non-bonded repulsions between the methyl groups of
the cation and of the olefin, however, would be exrected to favor the
formation of an unsymrnetrical species of somewhat lower stability.
Since the same cation and 1, Z«dimethylethylene, on the other hand,
would be more likely to form a symmetrical intermediate, the order of

stabilities of these two systems might well be reversed.
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Table IV

Calculated Molecular Orbital Resonance Energies
of Non-Classical Carboniurm Ions

Resulting from the Alkylation of C}lefinsa

Asylating fom | fen, Tem ,Me T cuMe , T cMe,
Clefin Frototype:
Ethylene i. 86bc 1.57 1.35 1. 18
(1.00) (0.84) (0.72) (0. 43)
Methylethylene i.57 1.24 1.00 0.82
(0. 84) (0.67) (0. 54) (0. 44)
1, 1-Dimethylethylene 1.35 1.00 0.72 0.42
(0.72) (0. 54) (c.39) (0. 23)
1, Z-Dirnethylethylene 1.24 0. 86 .86 0. 36
(0. 67) (0. 26) (0.30) (0. 19)
Prinrethylothylons 1. 00 0. 56 0.2¢4  -0.48%
(0. 54) (0.30)  (0.13) (-0.26)°

Tetramethylethylene 0. 72 0.24 -0. 15 -1.82
' (0. 39) (0.13) (-0.08) (-0.82)

FOOTNGTES TO TABLE IV:

a) Eigenvalues obtained from equation 2, assuming &, . = 0.8 and

¢, = 0.33- 0.5 n,8. Resonance energies may be adju‘éjted to any other
value of the resonance integral, XB, by adding the guantity 4(iX-k, }B;
e.g. the H.M.C. (K= 1) R.E. is obtained by adding 0.88 to each of
the above values. b) Resonance energy in units of B. ¢) Parentheses
contain stabilities relative to the ethylene-methonium cation. d) Nega-
tive values indicate total delocalization energy is less than 3(» + 8),
but still positive; i.e. lowest (occupied) M.C. is still bonding.
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PART 11

THE ALKYLATIVE-CYCLIZATION

OF 1,5-HEXADIENE
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INTRCDUCTION

Although a great body of literature has accumulated on the
subject of acid catalyzed cyclizations of 1, 5-dienes, the study of
cyclizations initiated by other electrophilic reagents has been largely
neglected. Since carbonium ions generated internally (i.e. within
the cyclizing molecule) are presurmed to initiate ring closures in the
cases of certain higher terpenoids (1), we decided to study the pos-
sible use of externally generated carbonium ions as cyclizing agents.
The systern chosen was the reaction between 1, 5-hexadiene and

-

®
| |

= ~
COOH
"External'' Ion "Internal’’ Ion
Fig. 16

t-butyl chloride in the presence of aluminum chloride. In Figure 16
a comparison is made between this system and a postulated inter-

mediate in the acid catalyzed cyclization of farnesic acid (1).
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RESULTS

The t-butonium ion used to eifect the alkylative cyclization
of 1,5-hexadiene in this study was generated from t-butyl chloride in
the presence of aluminumn chloride in n-pentane solvent. The reaction
proceeded smoothly and to completion in one hour at 0° to 10° C.,
while no reaction was detectable in that length of time at -60° C. In
order to inhibit the formaton of polymeric material, the diolefin
concentration was kept low by adding slowly a dilute solution of it in
n-pentane to a large excess of the t-butyl chloride solution. The
amount and nature of the polymer which did form was dependent on
the temperature, the concentration of the 1, 5-hexadiene, and the
efficiency with which the solution was stirred. Minimum amounts of
polymer were obtained by using 2 high-speed (10,000 r.p.m.) stirrer;
less efficient stirring resulted in the aluminum chloride catalyst
being coated with polymer, and hence, inhibited further alkylation.
No attempt was made to collect nor to identify the gaseous or liguid
products with boiling points below that of t-butyl chloride (50° C.),
since these most certainly would represent decompesitdon rather
than cyclization products.

The product distributions were determined by the use of vapor
phase chromatography (V.P.C.). FPeak areas were determined auto-

ratically by a digital integrator. Best separations were achieved
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on diisodecy;lphthalate and polyethylene glycol (Carbowax-1500) at
100° -150° C.; the latter column material was most efficient in separat-
ing the isomeric cycloalkyl chlorides.

Particular attention was directed to the determination of the
nature of the C6 and C.10 products. The identification of these com-=-
pounds was based largely ona comparison of the V.¥.C. retention
times with those of known material, and on infrared absorption data,
when it'was possible to obtain 2 reasonably pure sample of one com-
poneﬂt. The results of these experiments are summarized in Table V.
The data presented for the t-butylcyclohexyl systems are more complete
for two reasons: 1) the former chlorides are guite accessible, and
have been previously identified; 2) chromatographic separation of
the t-butylcyclohexyl chlorides in the gas phase showed far better
resolution than in the case of the higher boiling neopentylcyclopentyl
chlorides. In some instances it was possible to estimate the relative
proportons of the E.i.i".'; and trans-isomers (Table VI) on the basis of
the known extinction coefficients of the axial (a) and the equatorial (e)
carbon-chlorine absorption bands in the infrared.

Each of the three ring-positional isomers of neopentylcyclo=-
pentyl chloride and 4-t-butylcyclohexyl chloride were equilibrated
with aluminum chloride for one hour at 0°* C. Longer equilibration
periods were not practicable due to the formation ol polymer. Rela-

tively large amounts of low boiling, unidentified material were also
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TABLE V

ALKYLATIVE CYCLIZATICN PRODUCTS

Q* C. 10* C..
Eroduct 2.16 M.*'® 0.65 M.¢ 2,16 M.°  0.65 M.°
Cb-C orapounds
Cyclohexene trace trace trace ca. 1%
Cyclohexyl chloride trace trace trace ca. 1%
C IO-C oz.fnpounds
t=Butylcyclohexenes 12% 2% 9% 3%
l-t-Butylcyclohexyl trace trace trace trace
chloride
3-t-Butylcyclohexyl 9% 10% 6% 12%
chloride
4-t-Butylcyclohexyl 9% 9% 6% 5%
chloride
Neopentylcyclopentenes 4%, 7% 8% 14%
2= and 3-Neopentyl- 26% 33% 15% 25%
cyclopentyl chloride
1-Neopentylcyclopentyl trace trace trace trace
chloride
e
C 14-Compounds
Di=-t-butylcyclohexenes 3% 7% 9% 8%
Die-t=butylcyclohexyl trace 3% 3% 1%
chlorides
Other’ 26% 20% 4% 6%
Polymer 7% 3% 16% 10%

TOOTNOTES TO TABLE V: a) Concentration of t-butyl chloride in n-
pentane; b) 7.3% of AICl ; ¢) 7.7% o. AICl_; d) possibly some neso-

pentylidenylcyclopentane;” e) structure assignments tentative; i) 016'
and higher distillable compounds.
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TABLE V1

DISTRIBUTION OF cis- AND trans-ISOMERS OF 3- AND

4=t-BUTYLCYCLOCHEXYL CHLORIDES

Froduct % cis-Isomer % trans-Isomer

3-t-Butylcyclohexyl chloride” 70-85% (e, e) 15-30% (a, e)
b

3-t-Butylcyclohexyl chloride 81% (e, e) 19% (2, ¢)

4-t=Butylcyclohexyl chloride” 26% (a, e)C 54% (e, e)

FOOTNCTES TC TABLE VI: 2) Cyclization product; b) from alkylation
of cyclohexene; c) only a single measurement was made on this
isomer.
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formed, some of which would not have appeared in Table V due to
the method of work-up. The equilibration results are collected in

Table VII.

Identilication and Discussion of Reaction Froducts

EA-Products

The CG-compounds. cyclohexene, cyclohexyl chloride, cyclo=-
hexane, l-methylcyclopentene, and methylcyclopentane were available
in these laboratories. Of these, V.FP.C. analysis indicated that only
the first two were among the products of the alkylative cyclization of
1,5-hexadiene. These products undoubtedly arise from the hydrogen
chloride catalyzed cyclization reaction. Inasmuch as the reaction
generates large quantities of hydrogen chloride, it is likely that the
amount of cyclohexene produced by this mechanism is much greater
than indicated in Table V, but that once it isg 'forrned. ititseli, in

the presence of t-butyl chloride, is alkylated to give a mixture of

t-butylcyclohexyl chlorides (2).

Elo-Produc ts

t-BUTYLCYCLOHEXENES. 4-t-butylcyclohexene is readily
obtained by the pyrolysis of 4-t-butylcyclohexyl acetate (3) or by
dehydration of 4-t-butylcyclohexanol with thionyl chloride (see

Experimental Section). This olefin was identified among the alkylation
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TABLE VII

EQUILIBRATION PRODUC TS

det=Butyl- x-Neopentyleyclopentyl chloride
cyclohexyl b b
Reactants chloride x= l- 2= 3=
Products
teButylcyclohexenes 7% 2.5% trace 1.5%
l-t=-Butylcyclohexyl chloride - - - -
3-t-Butylcyclohexyl chloride 11% 2% - trace
Neopentylcyclopentenes - 6% 2% 4%,
l-Neopentylcyclopentyl - trace - -
chloride
2= and 3-Neopentylcyclo=~ - 9% 18% 16%
pentyl chloride
d
Other 9%d 19% 31% 10%
Polymer" 37% 61% 49% 68%

FOOTNCOTES TO TABLE VII: 2) Equilibrated solutions were 0.56 molar
in isomeric chloride and contained 8.2 mole percent of AI1C1_;

b) starting material was 92% pure; c) starting rnaterial was 87% pure;
d) largely hydrocarbon material; e) includes higher distllates.



products. Treatment of this olefin with perchloric-acetic acid gave
a mixture of compounds with similar retention times, sorne of which
were also products of the alkylation reaction. These compounds
are probably double bond and skeletal rearrangement isomeras.
t-BUTYLCYCLOHEXYL CHLORIDES. Schmerling (2) has
reported that the alkylation of cyclohexene with t<butyl chloride in the
presence of aluminum chloride gives exclusively a mixture of l- and
3-t-butylcyclohexyl chlorides. Both of these chlorides could be
identified among the products of the alkylation of 1, 5~hexadiene.
4-t-Butylcyclohexyl chloride, also found in the reacton mixture,
was identified by comparison with the material obtained by the treat-
ment of 4-t-butylcyclohexanol with thionyl chloride. No evidence
could be provided for the presence or absence oi 2-t~butylcyclohexyl
chloride.

Within the last ten years it has become possible to assign with
reasonable certainty the axial and equatorial C-Cl stretching absorptions
in the infrared spectra of chlorinated six-membered rings (4). The
band due to absorption by the equatorial group is found at 724-746
cm. -1. while the axial group absorbs in the range 63%-696 cm. b
Barton and co-workers (5) have measured the extinction coefficients
for these absorpﬂons. Using the value of 1.4 for the ratio of the
coeificients (e: a), the distribution of the 3+ and Z-t-butylcyclohexyl

chlorides between the cise and trans-isomers was determined. These
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values are shown in Table VI along witﬁ the corresponding distribution
ol geometrical isomers obtained from the Schmerling reaction. In all
cases the most stable, diequatorial isomer predominates, although
significant amounts of the less stable ones were also detected. *

NECPENTYLCYCLOPENTENE. Neopentylcyclopentene was
detected in srmall quantities in the reaction mixture. The authentic
sample used for comparison was obtained irorm the dehydration of
l-neopentylcyclopentanol. Treatment of this oleiin with perchloric-
acetic acid gave, among other products, a relaiively large arnount
of t~butylcyclohexene.

NECPENTYLCYCLOPENTYL CHLCORIDES. Each of the three
ringepositional isomers of neopentylcyclopentyl chloride was identided
in the alkylation product mixture. Although these isomers could not
be obtained in pure form from the reaction mixture, they were pre-
pared independently, and identified on the basis oi gas phase analysis.
The l-isomer was observed in only trace quantities; it was well
resolved chromatographically, however, sc that there appeared to
be no doubt in its identification. The retention times of the 2- and 3-

isomers, on the cther hand, were overlapping, and therefore it was

* Agsurning that the t-butyl group is always in the equatorial
position, free energy diiferences between the two possible orientations
of the chlorine atom ({) predict that the diequatorial isomer should
predominate by 60-70% at equilibrium. The values given in Table VI
may reflect measurement errors oi about 10%.
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impossible to estimate the relative proportions of the two. Nothing

could be said of the cis- and trans- character of these compenents,

since the geometrical isomers appeared to be unresolved, and the

analogous spectroscopic data for C_-ring systems are lacking.

5
The three neopentylcyclopentyl chlorides were prepared from
the corresponding alcchols. The alcochols were prepared as follows:
a) the l-isomer was obtained directly via the addition of neopentyl-
magnesium chloride to cyclopentanone; b) the 2-isormer was obtained
by the hydroboration of l-neopentylcyclopentene, as well as by the
alkylation of cyclopeniene oxide with dineopentylmagnesium or with
neopentyl lithium. Fresumably these methods would lead to different
geometrical isomevrs. but no attempt was made to isclate them in
pure form; c) the 3-isomer was finally obtained by the conjugate
alkylation of 2-cyclopentenone with dineopentylcadiriurn, followed

by reduction with sodium borohydride. This scheme should giroduce

a mixture of the cis- and trans-3-neopentylcyclopentancls. These

preparations are outlined in Figure 17.

C 1 -FProducts
——— P*

Treatment of 4-t-butylcyclohexene with t-butyl chloride and

aluminum chloride gave rise to a mixture of (L'1 -compounds, hydro-

e

carbons and mono~chlorchydrocarbons , which were presumed to be

di=t=butylcyclohexenes and di-t-butylcyclohexyl chlorides. These
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compounds had retention times similar to those of components of a
higher boiling fraction from the alkylative cyclization reaction.
Since chromatographic resolution of the higher boiling components was
poor, identification was uncertain; however, the physical constants
and infrared spectra were in reasonable agreement with what one would
expect for the hypothesized structures.

An even higher boiling liquid fraction could not be conveniently
chromatographed in the gas phase on the same column material without
serious decomposition, and hence it was not inv'estigated. Itis

assumed that it is composed of C and higher rnaterials, although

16
the possibility of polychlorinated materials with fewer carbon atoms can-

not be excluded.

Folymer

The polymer formed in this reaction at 0° C. was a white
rubbery material, which was 30-40% soluble in benzene, and which
rnelted at 96-111° C. The polymer was observed to be partially un-
saturated as evidenced by its infrared spectrum in carbon tetrachloride.
A semi-guantitative comparison of the absorptions of the carbon-carbon
double bond (1648 cm. -1) and the vinyl carbon-hydrogen bond out-of-
plane deformation (911 cm. -1) of both the polymer and 1, 5-hexadiene

indicated that the unsaturation amounted to about 10% (7). The polymer,
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which formed at 10®* C., was a dark red, gummy material, which
wa.s about 70% soluble in benzene. This material melted at 78-87° C.;
it was found to be about 18% unsaturated.

Recently, Marvel and Stille (7) have polymerized 1, 5-hexadiene,
2, 5-dimethyl-1, 5-hexadiene, and 1, 6-heptadiene with Ziegler~-type
catalysts to obtain chains with cyclic repeating units. These polymers
bear a superficial resemblance to those obtained in this work, being
3+13% unsaturated and having low melting points. The structure pro-
posed by Marvel and Stille as most likely for the polymer obtained
from 1, 5<-hexadiene contained 1, 3-methylenyleyclopentyl as the recur=
ring group; this structural unit was preferred on the basis of the sup=-
posed anionic nature of the reaction. . I. du Pont has taken out a
British patent on a Ziegler process polymerization of 1, 5-hexadiene (8),
but gives no information on the structure of the polymer.

Arguments on the basis of a cationic, intramolecular-inter-
molecular mechanism for the concatanation of 1, S-hexa;.diene similarly
lead to 1, 3-methylenylcyclopentyl as the most likely repeating unit for
the aluminum chloride catalyzed polymerization. However, in view
of the immense proclivity for the formation of six-membered rings
in the electrophilic cyclizations of 1, 5-dienes, the 1, 4-cyclohexanyl
group must also be considered as a possibility. In fact, both units may
occur extensively. The sites of unsaturation are presumed to arise

irom an occasional defect in the intramolecular step of the seguence.
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Polymers which undoubtedly possess a polycyclohexyl structure
have been obtained from the treatment of cyclohexene with hydrogen
chloride and/or aluminum chloride under a variety of conditions,
which are similar to those used in this work (9). Mowever, Watermnan,
Leendertse, and Ter Poorten (10) found that when cyclohexene was
treated with hydrogen chloride and aluminum chloride in n-pentane
solution, the polymerization reaction was unusually slow, and that
high temperatures (70° C.) and long reaction periods (several hours)
were necessary to obtain appreciably large yields of polymer. It
would not seern likely, thereiore, that in the present case the cyclo-
hexene by-products of the reaction of 1, 5-hexadiene play more than
a casual role in the formation of this polymer.

On the other hand, pure saturated hydrocarbong are known to
react with alurninum chloride, especially if hydrogen chloride is not
rigorously excluded irom the system, to give polyrmers. In particular,
n-pentane itself may be rapidly decomposed with the {ormation of
varying amounts of polymer, if the aluminum chloride is not carefully
purified beforehand (11); this was not done in the present work. That
butenes and pentenes are notoricus decompositon products of hydro-
carbons which have been treated with aluminur chloride and which
are found to polymerize quite rapidly, is well known (12); the polymeric

products, however, tend to be tarry and ill-deiined. Copolymerization
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of this type may well be responsible for the '"poor' quality of the
polymers obtained at higher temperatures.

The reacton of hydrocarbons in the presence of aluminurm
chloride has been reviewed in detail by Egloif ¢t al. (13), and more

recently by Stille (14).

Mechanistic Considerations

At present there is, of course, little hope of detailing the
mechanisms of olefin alkylation in the presence of boron or aluminum
halides. Entrance into this area of understanding is hampered by
the lack of kinetic data on these exceedingly fast reactions, and at
present the technigues for obtaining this information are largely
inadequate. In addition, the multiplicity of reaction pathways which
must exist, as evidenced by the variety of products observed, can only
compound the problem. At best then, a discussion of the butylation

of 1,5-hexadiene must remain qualitative.

Alkylative Cylization of 1, 5-Hexadiene. Although the liter-

ature contains nurmerous examples (15) of cyclopentane systems
derived from the action of acid on 1, S-diolefins,® ithese represent

what have usually been referred to as "abnormnal' cyclic products.

#* A {ew naturally occurring cyclopentancid terpenes are also
known (16), which undoubtedly descend irom acyclic terpencid pre-
cursors.
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The more frequent observation is that such dienes give rise pre~
dominantly to cyclohexane skeletons, presumably due to their greater
thermochermical stability relative to the alternative five-rmembered
rings,® even though Markownikov's rule is oiten viclated in so doing.
It is of interest, therefore, to inquire into what factors may be
responsible for ‘the preferred formation of the neopentylcyclopentane
systerm in the present study.

Initially it should be observed that the relative stabilides of
t=butylcyclohexane and neopentylcyélopentane may not parallel those
of other five~ and six-membered ri’ng systems. for example, the
methyl hydrogens of the former may be sufficiently crowded by the
adjacent ring hydrogens to introduce significant angle strain. In
neopentylcyclopentane, on the other hand, the interposition of the
methylene group between the ring and the tebutyl moiety would be
expected to relieve these hydrogen-hydrogen interactions. The equi-
librium data of Table VII, however, would seern to indicate that the
tebutyleyclohexyl derivatives are nonetheless slightly favored, and
hence, no inversion of the order of stabilities can be claimed.

One possible explanation {or the preferred formation ol five-
rmembered ring products in the present reaction may lie in the different

steric requirements for the two modes of addition of the t-butyl cation

* This topic has been given a quantitative treatment (17). Itis
quite interesting that 1, 4-dienes do not appear to cyclize unless rear-
rangement to a 1, 5-diene is possible, in which case the cyclohexane
derivative is formmed (18).



to the double bond. Reference to figure 18 indicates that anti-planar
addition to the penultimate center, which would lead te the cyclohexane
derivative, requires at best two staggered methyl-alkyl interactions.
in contrast, if the terminal carbon is the peint of attack, only a single
and somewhat longer ranged methyl-alkyl interaction results. The
latter process would produce the five-membered ring products.
Although the steric requirements of the bulky t-butyl cation
are undoubtedly*very important, the possibility that electronic factors
may play a significant role in determining the orientation of the incoming
t-butyl group should not be dismissed. In p.articular. there is the
guestion of whether or not a non-classical ion might be formed whose
geometry would be somewhere between the extremes depicted in Figure
18. Simple molecular orbital theory (Appendix, PartI, Table IV)
predicts that the resonance stability of a non-classical ion formed
by the association of a carbonium ion and a double bond should decrease
as the degree of alkyl substitution on the ion-complex is increased.
In other words, as tﬁe opportunity for electron delocalization by a
hyperconjugative or inductive mechanism increases, the less dependent
is the ion upon stabilization gained by resonance within in the p-orbital
system of the three carbon atoms. Consequently, a high energy species
such as methonium ion would be able to loose more energy by complex~
ing with a given olefin to produce the non-classical systern than would

the lower energy species, t-butonium ion.
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In cheoosing a reaction path with minimum energy requirernents,
the more stable initiator electrophile may discover that one or more
classical carboniurmn ions are of lower total energy that the alternative
non-classical ion.#* In the case at hand, the t-butyl cation may add
to the first olefinic linkage of 1, 5~hexadiene to give rise preferentially
to the classical secondary ion, frormn which the five membered ring is
formed by attack of the second double bond.

The fact that appreciable guantities of 4«t-butylcyclohexyl
chloride are also formmed is not adequately explained by assuming that
this compound is a thermodynamically {avored rearrangement product
of the inidally formed neopentylcyclopentane system, since only small
amounts of this material were obtained from the equilibration of the
three neopentylcyclopentyl chlorides. Moreover, this material is not
observed when the by-product cyclohexene is alkylateFl under the same
conditions (2). This compound could possibly derive from either the
addition to give the classical primary cation (anti-Markownikov) or
reasonably via a non-classical ion also produced in the reaction which
rnight be in equilibrium with the classical secondary ion (Fig. 19).

When the flexible chain of the non-classical ion has assumed

the chair (or boat) conformation necessary for ring closure, the

#* The formation of cyclic non-classical ions must be expected
to be accompanied by appreciable steric strain due to bond angle de-
{ormation, compression of groups, etc. (19).






181

terminal (C -6) carbon of the olefin would be more or less symmetric-
ally disposed with respect to the two centers (C-1 and C=-2) of positive
charge. The armount of reorganization necessary to produce the five~
and six-membered rings would be approximately the same. Asa
consequence, the direction of subsequent bond development would be
contreolled by the competing influences of steric factors and electrical
asymmetries. If the latter are sufficiently small, the kinedcally
favored product would also be the thermodynamicallyiavored cyclo=-
hexane ring. These possibilities are depicted in Figure 19.

An initial attempt to test this hypothesis by examining the
relative proportions of five- and six-membered ring products obtained
from the similar treatment of 1, 5-hexadiene with methyl and ethyl
chloride was not successiul. These reactions resulted mainly in the
production of polymer and recovery of the alkyl chloride; a very srmall
amount of cyclohexene was also obtained along with some cyclohexyl

chleride.

Alkylation of Cyclohexene. Schmerling (2) has reported that

l- and 3-t-butylcyclohexyl chloride are the only alkylation products
obtained when cyclohexene is treated with t-butyl chloride in the
presence of catalytic amounts of alumninum chloride. These same
isomeric chlorides appear in a similar ratio as cyclic products of

the alkylation of 1, 5-hexadiene, and it is possible that they too arise



182

from the butylation of cyclohexene. Itis, perhaps, somewhat sur-
prising that none of the expected 2-t-butylcyclohexyl ‘chloride is
observed in either case. It has further been reported by Simmeons
and Meunier (20) that the addition of t-butyl chleride to cyclohexene at
0° C. in the presence of hydrogen fluoride gives only the l-chlorc-
isomer.

The most cbvious reason why the expected isomer does not
form is that the t-butyl group interacts sterically with an adjacent
group. Since the bulky group will assume an eguatorial position pre=-
dominantly, and since the chair form of cyclohexane possesses a
totally staggered configuration of bonds, the t-butyl group will inter-
fere equally with both the cis~ and the trans-isomers at the C-2
poeition. The formation of the l- and 3-isomers may consequently
arise from proton elimination fcllowed by reverse addition of hydrogen
chloride (2). Inasmuch as these processes are highly reversible
(13, 14), it would be expected that cis=3-t-butylcyclohexyl chloride
would preponderate 28 equilibriurm was approached. It is interesting
that no t-butylcyclohexenes were observed among the cyclohexene
alkylation products; alsc, no 4«-tebutylcyclohexyl chloride was found,
which might be expected if 4-t-butylcyclochexene had enjoyed a short

existencd in the reaction mixture.
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A second possible mechanism involves a rearrangement of
the cationic precursor of the 2-chloro-isomer (Fig. 20). This cation,
instead of suifering external nucleophile attack by chloride, may
possibly. accept the slightly smaller hydride icn donated by a neighboring
carbon. Examination of molecular models shows that, if it is assumed
that the t-butyl group, in spite of its bulk, initially takes an axial
position in the ring, then a transier of hydrogen from C«3 requires
that the non-bonded repulsions between the hydrogen and the t-butyl
group be decreased slightly. On the other hand, if the original cation
is sufficiently long-lived, it may well undergo conformational inversion
giving the t-butyl group the opportunity to assume the more stable
equatorial orientation. Hydrogens on both the C-1 and C-3 atoms
are now properly positioned for a 1, 2-hydride shift. Donation of a
hydrogen by C«3 would allow the t-butyl group to pass {rom a pseudo-
equatorial to a true equatorial position with some relief in steric
strain. Donation of hydrogen by C-~1 is possibly less favorable.
Although t-butyl groups are known to hyperconjugate weakly wiilzh electron
deficient centers(2l), rehybridization about C-1 would bring the bulky
group into a configuration in which the adjacent pseudo-equatorial
hydrogens are fully eclipsed.

An alternative explanation is necessary if it is assumed that

the entering t-butyl cation forms a non=-classical fon (Fig. 21) which
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experiences hydrogen migration without first opening to give the
classical trigonal ion. The sitructure oi the non=classical ion would
presumably be similar to that of cyclochexene oxide (22). The trans-
hydrogens at either C=3 or C-6 are oriented [or migration to C-2 or
C-1, respectively, with concomitant opening oi the three-membered
ring. The classical ion which would result could then add a chloride
directly to give the trans-3-t-butylcyclohexyl chloride, or undergo ring

inversion to give upon attack by nucleophile the more stable cis-isomer.

Alternatively, the C-1 hydrogen would migrate te C-2 at the same time
that the bond between C-1 and the t-butyl group was becoming fully
developed.®* The lack of symmetry in the arrangement ol groups
around the three carbon non-classical ion suggests a prelerred
direction ior hydride migration in this system; thus, the t-butyl group
is closer to the pseudo-axial C-3 hydrogen than it is to the one at C-5,
and this distance would be further shortened i the t-butyl group were
te fiorm a ull bond to C«2. These same geormetrical lactors would

be expected to encourage the iormation of an unsymmetrical non-
classgical carbonium ion (Fig. 21) in which the bond to C~1 is more fully
matured. Also, in such an ion, migration o/ hydrogen irom C~1 to C=-2
would be accompanied by less reorganization than if the C-2 hydrogen

were transierred.

* This type of stereccontrolled process would not be unlike known
rearrangements about the backbone of certain polycyclic triterpenes (23).
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EXPERIMENTAL

I. Alkylative Cyclization of 1, 5-Hexadiene

The n-pentane used in this experiment was purified beiore use
by shaking with three portions oi concentrated suliuric acid, and then
washing with water until no acid could be detected with Universal
Indicator Paper. The pentane was then dried over anhydrous sodium
sulfate and distilled.

In a typical run a sclution of 200 ml. of pure n-pentane and
40 g. (0.432 mole) of freshly ‘distilled t-butyl chloride was cocled to
-60®* C. in a 500 ml. Morton (creased) flask equipped with a very
high-speed stirrer. To this was added 4.2 g. (0.029 mole) of anhydrous
aluminum chloride. The solution was allowed to warm to 0% C., and
a solution of 30 g. (0.348 mole) of 1, 5-hexadiene in 25 ml. of n-
pentane was added dropwise at a rate of 50 drops/min. over a period
of one and one-hal{ hours.

At the end of this tirne the contents of the ilask were recooled
to -60® C., and the pentane solution was decanted from the catalyst
and polymer. This solutdon was then washed with three 50 ml. portions
of 1% potassium carbonate and then with five 50 ml. portions of water;
the organic layer was finally dried over anhydrous sodium suliate. The
filtered soclution was carefully {ractionated to rernove everything boeiling

below 35°® C. The residual oil was chromatographed in the vapor
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phase at 100° and 1:2®° C. on didodecylphthalate and Carbowax-1500
to determine its composition. Distillation of this material gave a
forerun of principally t-butylcyclohexene(s), 10.8 g., b.p. 81-109°

C./35.5 mm. The mixture of c10hl9C1 isomers was obtained at

b.p. 109-112° C./35.5 mm. and had n53.5 1.4683 andd * 0.9788

and amounted to 14.2 g.

Molar Refractivity. Calculated ior CIOHI‘QCI 51.05;

iound: 49.62.

Analysis (E). Calculated ¢ T CIOHIQCI: C, 68,74%; H, 10.96%;
Cl, 20.30%. Found: C, 69.16%; H, 11.18%; C1, 19.80%.

Another 13.9 g. of higher boiling material was obtained at
b.p. 60=97° C./2.5 mm. with néz'z 1.4649. Analysis (Sp., C, 74.23%;
H, 11.52%; Cl, 14.15% ) indicated that it was probably a mixture of
C, =and C_ 6 -rmmonochlorides.

14 16

II. Syntheses of Alkyladon Products with Neopentylcyclopentane

Skeleton Neopentylmagnesiurn Chloride

The preparation o'z" the Grignard reagent derived irom neopentyl
chloride has been reported by only one group o workers (24), who have
also commented on the general inert character of neopentyl chloride,
which fails to undergo many of the usual alkyl halide reactions. The
following modification of their procedure was iound to give excellent

yields of uncontaminated neopentyl Grignard reagent.
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A 509 ml. round-bottom, three-necked lask was equipped
with a reflux condensor topped with a calcium chloride drying tube,
a 250 ml. dropping funnel with pressure equalizing side arm, and a
gas inlet tube with a cut-off valve. In the flask was placed 5.0 g.
(0.208 g-atom) of magnesium metal turnings, which had been finely
splintered in a mortar. The flask and its contents were carefully
flame=-dried and flushed with dry nitrogen. The turnings were then
covered with 100 ml. of commercial anhydrous ether, which wasg
allowed to stand over sodiurn sand. To this wa.s added one~-third of
a mixture of 20.0 g. (0.189 mole) oi ireshly distilled neopentyl
chloride (b.p. 83.4° C.) and 1.0 g. oi 1, 2-dibromoethane. The
mixture was stirred vigorously with a magnetic stirrer to avoid local
heating and to suppress the concomitant coupling reaction. The
remaining two-thirds of the halide mixture was diluted to 250 ml. with
dry ether and added dropwise at such a rate as to maintain a mild
reaction. The systern was ilushed with nitrogen at short intervals.
Continuous delivery of nitrogen had the disadvantage of evaporating
the ether and cooling the contents to the point that all visible reaction
had ceased. When all of the halide~ether sclution had been added,
srring was continued about three hours,at which tirne most of the
magnesium had been consumed.

Titration with standard 0.1 N hydrochloric acid (24d) indicated

that the yield was 90-95%. The reagent was stable {or several hours,
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and could even be stored overnight with only moderate decompoasition.

l-Neopentylcyclopentanol

A 500 ml. round bottom, three-necked flask was equipped with
a heating mantle, ragnetic stirrer, reflux condensor capped with a
calcium chloride drying tube, a 250 ml. dropping funnel, and a gas
inlet tube. After the system was properly dried and flushed with
nitrogen, a Grignard reagent was prepared as described above irom
9.0 g. (0.38 g-atom) of magnesium turnings and 40 g. (0.375 mole) of
neopentyl chloride. After the formation of the Grignard reagent was
complete, the contents of the ilask were allowed to cool to room
temperature, and 30 g. (0.358 mole) of cyclopentanone in 200 ml. of
anhydrous ether was added dropwise at a rate sufficient to rnaintain
reflux. When the addition was cormnplete (ca. one=-half hour), the systemn
was refluxed for an additional hour.

At the end of this time the contents of the flagsk were poured
into a 1500 ml. beaker containing a soclution of 60 g. of armmonium
chloride in 200 ml. of distille'd water and 400 g. of crushed ice. The
layers were separated, and the aqueous phase was extracted with four
50 ml. portions of ether. The combined ether solution was washed
with water and dried over anhydrous potassium carbonate. The solvent
was removed from the {iltered solution under reduced pressure, anc
the residual oil was distilled to give 34 g. (61%) of l-neopentylcyclo-

pentanol, b.p. 80-81° C./10 mm. (99-100° C./30 mm.), n_ 1.4563.

oo
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This material solidified to {orm long prismatic needles with 2 very
strong menthol odor, m.p. 36-37° C. Recrystallization several times
irom petroleurn ether (30-60° C.) does not change the melting point.

Analysis (E). Calculated for CIOHzQO: C, 76.86%; H, 12.90%.
FTound: C, 76.86%; H, 12.88%.

1-Chloroneopentylcyclopentane

The iollowing is based on the procedure of Norris and Olmstead
(25): Concentrated hydrochloric acid (sp. gr. 1.19; 5 ml., 60 mmoles)
and 2.5 g. (16 mmoles) of l-neopentylcyclopentanol were placed in a
25 ml. gseparatory iunnel and shaken thoroughly for five minutes. To
this was then added 0.1 g. of anhydrous calcium chloride, and the mix-
ture was shaken again. The layers were allowed to separate, and the
agueous phase was removed. The organic material was then washed
with two 5 ml. portions ol a 5% solution of sodiumn bicarbonate, and
dried over a small amountrof powdered anhydrous calcium chloride.

Distillation gives 0.82 g. (37%) of 1-neocpentylecyclopentene,

b.p. 47-48* C. at 7 mm., ngi 1.4478, and 1.17 g. (42%) of l-chloro~-

24 i
neopentylcyclopentane, b.p. 78-81° C./7 mm. , né 1,478¢6.

Analysis (E). Calculated for C iGHIQCh C, 68.74%; H, 10.96%;

Cl, 20.30%. Found: C, 69.02%; H, 11.05%; Cl, 19.396%.
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Cyclopentene Oxide

Using the high-speed stirring apparatus described earlier, 90 g.
(1. 33 mole) of cyclopentene (27) in one pound of anhydrous ether was
oxidized at 0° C. with 270 ml.of ca. 40% peracetic acid (1.75 mole
active acid) containing 10 g. of anhydrous sodium acetate. After three
hours the reaction was warmed to room temperature and allowed to
stand for another eight hours.

The ether. solution was washed with an excess of £ N. sodium
hydroxide, 200 ml. water‘. 200 ml. saturated ferrous sulfate, and two
200 ml. portions of water. After drying over anhydrous sodium sulfate
and removal of solvent, distillation afforded 77 g. (74%) of oxide, b.p.

96-98° C., n;‘ 1.4399 (28).

Neopentylmercuric Chloride

The method of Whitmore, Whittle and Harriman (<4a) was used
to prepare neopentylmercuric chloride from the corresponding Grignard
reagent. Using 50 g. (0.470 mole) of neopentyl chloride and 12 g.

(0.50 g. atom) of magnesium in 400 ml. of absolute ether, the resulting
Grignard reagent was. decomposed with 135 g. (0.515 mole) of mercuric
chloride. The alkyl mercuric chloride was recrystallized from hot
95% ethanol, yielding a total of 120 g. (85%) of white solid, m.p.

117.5-118.5* C.
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Neopentyl lodide

The meth:d of Whitmore and co-workers (24a) was modified
as follows: To a suspension ol 120 g. (0. 39 mole) of neopentylmercuric
chloride in one liter of distilled water was added a solution of 150 g.
(0.59 mole) ol iodine and 200 g. (1. 20 mole) in 400 ml. of water.

The mixture was shaken vigorously ior twenty-iour hours.

The reaction mixture was then stirred with 250 ml. of a2 12%
solution of sodium thiosuliate and the organic (lower) layer was re-
moved. The agueous phase was then extracted with two 100 ml.
portions of ether. The ether was combined with the crude alkyl iodide
and washed with 100 ml. of salt water. The ether solution was then
dried over anhydrous potassium carbonate. Rermoval of the ether
and distillation gave without a forerun 72.2 g. (94%) of neopentyl

23

iodide with nD 1.4877.

2-Neopentylcyclopentanol

A. From Cyclopentene Oxide and Dineopentylmagnesium

Treatment of cyclopentene oxide with neopentylmagnesium
chloride according to the method of Godschot and Bedos (29a) yielded
prim‘arily trans-2-chlorocyclopentanocl (30) and little, if any, of the
desired alkylation product. Use of the dialkylmagnesium compound,
however, resulted in an increased yield oif the desired alcohol with

the following procedure (31). Neopentylmagnesium chloride was



194

prepared frorm 25 g. (0.236 mole) of neopentyl chloride and 6.0 g.
(0.25 g. atom) of magnesiwmn turnings in 250 rml. of absolute ether.
To thisz was added 25 ml. of dioxane in 25 ml. of ether to precipitate
the magnesiurn halide. The suspension was relluxed with stirring for
two hours and then centrifuged. The ether solution was collected and
added_to 200 ml. of xylene. Most of the ether was distilled from the
solution, to which was then added 15 g. (0. 178 mole) of cyclopenﬁene
oxide. The mixture was then refluxed for six boura. At the end of
this time most of the solvent was removed under reduced pressure.
The residue was then mixed with 200 ml. of ice water containing 20 ml.
of concentrated hyvdrochloric acid. This was extracted with three 35
ml. portions of ether. The ether extract was washed with water and
dried over anhydrous sodium suliate. When the solvent was removed,
an oil with the odor of menthol remained. Distillation gave 9.3 g.

(34%) oi a colorless liquid, b.p. 60-70° C./50 ., n& 1.4511,

24
V.P.C. showed the presence of impurities te the extent of about 12% .
The sodium salt, obtained by treating the alcohol with metallic

sodium, was used to prepare the p-nitrobenzyl ether derivative,

me.p. 89-92° C. from ethanol.

B. From Cyclopentene Oxide and Neopentyllithium
Using the procedure of Gilman and Van Esc (322), neopentyl-
lithium was prepared irom neopentyl iodide as follows. A 500 ml.

Morton (creased) three-necked flask was equipped with a high-speed
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stirrer, a gas inlet valve, 2 low temperature reading thermometer,
and a 50 ml. dropping funnel with pressure equalizing side arm. The
latter possessed a pressure equalizing side arm, and was protected
with a calcium chloride drying tube, which served as a gas outlet.

The apparatus was [lame dried and flushed thoroughly with dry nitrogen
freed or both oxygen and carbon dioxide. Very dry ether (200 ml.)

was poured into the flask. The thermometer was removed, and a2 heavy
flow of nitrogen was introduced through the inlet valve. Freshly
cleaned lithium wire (2.0 g., 0.286 g. atom) was added by cutting it
into small pieces (ca. 0.5 cm.) and allowing them to fall into the
nitrogen streamn. The contents of the flask were then cooled to about
10° C. with an acetone and dry-ice bath, and the dropwise addition of
26 g. (0.131 mole) oi freshly distilled neopentyl iodide was started
along with mild stirring. As soon as the reaction had begun (as evi-
denced by the clouding of the ether), the termnperature was lowered to

0° C., and the contents were stirred vigorously. When the addition was
co:nplete (ca. 30 minutes), the contents of the flask were cooled to

~-10° C. and allowed to stand with stirring and occasional lushing with
nitrogen until the reaction was complete (two to three hours). At the
end of this tirme, the thermormeter was removed and replaced by a
siphon tube, which led into a 250 ml. side arm dropping funnel. Nitrogen

was used to iorce the solution out oi the ilask.
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The dropping funnel was then attached to a three-necked, round
bottom flask, which was equipped with the following items: a heating
mantle, magnetic stirrer, gas inlet valve, and reflux condensor carrying
a calcium chloride drying tube. The flask contained 10 g. (0.119 mole)
of cyclopentene oxide in 100 ml. of absolute ether. The neopentyllithium
golution was added as guickly as possible, and allowed to stand at reflux
for twenty-iour hours.

The contents were then coocled and poured into 250 ml. of 5%
hydrochloric acid. The layers were separated, and the agqueous phase
was extracted with 100 ml. of ether. The combined ether layers were
washed with 10% sodium bicarbonate and then with water. After drying
over anhydrous sodiurn suliate, the ether was removed, and the residue
was chromatographed on 500 g. of basic alumina. After elution oi a
hydrocarbon fraction (probably dineopentyl) with petroleum ether, the
column was stripped with ether. Thus, 5.7 g. (31% based on cyclo-
pentene oxide) of crude alcohol was obtained having n;_z 1,4598.
Distillation afforded 4.8 g. of material with b.p. 60-62° C./50 ram.
and no” 1. 4609.

Analysis (Sp). Calculated for C O: C, 76.86%; H, 12.90%.

H
i 20

Found: C, 76.68%; ¥, 12.93%.

i-Neopentylcyclopentene

A rixture of 2.0 g. (12.8 mmoles) of l-neopentylcyclopentanol

and 3.5 g. (18.4 mmoles) oi p-toluenesulionic acid monohydrate was

&
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heated to 130®° C. in an oil bath for one hour (33). The cooled material
was then poured into 25 ml. of cold water containing 1 g. of sodium
hydroxide. The agueous solution was then placed in a separatory funnel
along with 20 ml. of ether and shaken. The layers were separated,

and the aqueous phase was extracted with another 20 ml. of ether.

The combined ether solution was washed with a few milliliters ol water,
and then dried over anhydrous sodium :sulfa.te. The ether was removed,
and the dark acrid liquid was distilled to give 0.83 g. (47%) of l-neo-

24-
pentylcyclopentene, b.p. 81-84°* C. /40 mm., n

2
. 1.4484.

Neopentylcyclopentane

One gram (7. 25 mmole) of neopentylcyclopentene was taken up
in 10 ml. of pentane and hydrogenated over 100 mg. of platinur di=-
oxide at room temperature and pressure. After the hydrogen uptake
had ceased, the catalyst was filtered irom the gsolution, and the solvent
was removed. Distillation gave 0.77 g. (76%) of neopentylcyclopentane

with b.p. 166-168° C. (89-92° C./4 mm.) and n5 1. 4365.

2-Neopentylcyclopentanol

An alternative route to 2-neopentylcyclopentancl involves
hydroboration of l-neopentylcyclopentene followed by oxidative cleavage
with basic hydrogen peroxide (34). The procedure used here requires

diglyme that has been dried over calciurn hydride for several days and
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then distilled from lithium aluminum hydride.

In a 106 ml. flask were placed 21 ml. of 2 1 M, solution of
sodium borohydride in dry diglyme and 6.9 g. (50 mmoles) of 1-
neopentylcyclopentene. The flask was set in 2 water bath at 20° C.

To this was added dropwise, with rmagnetic stirriang, 3.5 ml. oi freshly
distilled boron trifluoride etherate. The contents of the flask were
maintained at 20° C. for one hour. At the end of this time the excess
hydride was decomposed by carefully adding dropwise 5 ml. of water.
The temperature of the bath was raised to 50° C. and 6 ml. of 3 N.
sodium hydroxide solution was added at once, icllowed by the dropwise
addition of 6 ml. of a 30% hydrogen peroxide solution. The reaction
mixture was allowed to stand overnight at room temperature.

The reaction mixture was extracted with two 20 ml. portions
oi ether, and the ether was washed with five 8 ml. portons of water
to remove the diglyme. The ether solution was then dried over anhydrous
sodiurmn sulfate. Removal of the solvent and distilladon gave 4.4 g.

2>

(55%) of material with b.p. 66=74° C./50 min. and ni“ 1.4640. Gas

phase chromatographic analysis indicated that this material was about
80% 2-neopentylcyclopentanol, with l-necpentylcyclopentanol constitut-

ing the major contaminant.

2-Chloroneopentylcyclopentane

Five grams (32 mmoles) of 2-neopentylcyclopentanol was placed

in a 50 ml. flask containing 25 ml. of petroleum ether (60-70° C.).



1949

To this was added in small portions 5 g. (ca. 3 ml., 42 mmoles) of
thionyl chloride. Care must be taken not tc lose product as a result of
excessive foaming. The reaction complete, the petroleum ether was
evaporated on a steamn bath to remove the excess thionyl chloride.
Another 25 ml. of petroleurn ether was added and again evaporated.
The residue was washed with 5 ml. of 2 N. sodiumn hydroxide solution
and extracted with three 10 ml. portions ol pentane. The pentane
extracts were combined and dried over anhydrous potassium carbonats.
Distillation gave 0.93 g. (21%) of neopentylcyclopentene, b.p. 78-86°
C./40 mm., néc 1.4461, and 2.11 g. (38%) of 2-chloroneopentylcyclo=

30

pentane, b.p. 93-99° C./10 mm., nD' 1.4773.

J-Neopentylcyclopentanone

Treatment of 2-cyclopentenone with neopentylmagnesium chloride
gave only the allylic alcohol. The 1,4-addition was enhanced by using
dineopentylcadmium, prepared by Cason's (35) method, in conjunction
with catalytic amounts of cuprous chloride,*® which ig known to suppress
the 1, 2-mode of addition (36).

Neopentylmagnesium chloride was prepared from 4.0 g.

(0.166 g. atom) of magnesium turnings and 17.0 g. (0. 160 mole) of

neopentyl chloride. The Grignard reagent was then cooled to 3° C.

* Since this work was completed, Birch and Smith (41) have
reported a greatly improved method of inducing conjugate addition via
copper salt catalysis.
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in a 500 ml. rcund-bottorn, three-necked flask equipped with 2 mercury
sealed Hershberg stirrer, a2 redux condensor carrying a calcium
chloride drying tube, and a heating rmantle. Next, 15 g. (0.682 mole)
of cadmium chloride was added in small porticns, and the solution
was stirred under reilux jor one-half hour. The flask was then lixed
for distillation, and the most of the ether was removed irora the mix-
fure. The contents were then diluted with 50 ml. o! dry benzene, and
the distillation was continued until hal. oi the benzene had been re-
covered. A fresh 10;0 ml. portion of benzene was added, and the
mixture was brought to a boil. A srnall arnount of cuprous chloride
(0.25 g.) was added. Without further external heating, 10 g. (0.122
mole) of 2=cyclopentenone*®* (Aldrich Chem. Co.), in 53 ml. of
benzene was added over five minutes. The material was stirred
under continued reflux for one hour, and then allowed to stand over-
night at room temperature.

The conteniz of the {lask were decomposed with an excess of
5% hydrochloric acid. The layers were separated, and the agueocus
phase was extracted with three 50 ml. portions of ether; the extracts
were combined with the benzene layer. The solvent was removed by
evaporation on a steam bath, leaving a very viscous and strong

smelling residue.

* The unrepnrted 2, i-dinitrophenylhydrazone of 2-cvyclo-
pentenone was prepared and recrystallized {rom acetone, deep red
prisms, m.p. 171.0-172.5° C.
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T this residue was added a solution of 12 g. o Girard's " T"
reagent (37) in 75 ml. of 95% ethanol containing 5 ml. of glacial acetic
acid. This solution was refluxed for one hour on a steam bath. The
resulting mixture was diluted with 300 ml. of water and extracted with
three 100 ml. portions oi ether which were discarded. The deep orange
solution was heated on a stearmn bath with 15 ml. of cuncentrated hydro-
chloric acid for a period of one-hali hour. The layers which forined
were separated, and the aqueous phase was extracted with iour 50 ml.
portions of ether. The ether was removed by evaporation, and the
residue which contained some tarry material was taken up in a few
milliliters of benzene. This was chromatographed on basic alumina
using benzene as the vehicle. Rermnoval oi the benzene left 6.9 g. (36%)
of nearly colorless ketone.

Analysis (Sp.). Calculated ior CIQHISC; C, 75.86%; H, 11.76%.
Found: C, 75.88%; H, 11.82%.

The 2, ¢-dinitrophenylhydrazone was prepared and recrystallized
from 95% ethanol; orange amorpheous powder which melts with decom-
position over 112-116° C.

Analysis (Sp.). Calculated {or CmHaaNfﬁf C, 57.17%;

H, 6.63%; N, 16€.76%. Found: C, 57.44%; H, 6.71%; N, 16.82%.
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3-Neopeﬁtylcyclopentanol

Five grams (32. 5 mmoles) of 3-neopentylcyclopentanone was
taken up in 50 ml. of absolute ethancl containing 0.75 g. (21 rnmoles)
of sodium borohydride (Metal Hydrides, Inc.) and allowed to stand for
gix hours at room temperature. Thisz was iollowed by refluxing f{or
an additional one hour. The solution was cooled to 0° C. and 10 ml.
of glacial acetic acid was added, and the mixture was allowed to stand
overnight.

The solvent was removed under reduced pressure on 2 steam
bath, and the solid was dissolved in 50 ml. of water. This was
acidified to a pH of about 2 with 2 N. suliuric acid, and then extracted
with five 20 ml. portions of ether. The extracts were corabined and
washed with 20 ml. of salt water, then dried over anhydrous sodium
sulfate. The solvent was removed from the f{iltered solution, and the
crude alcohol was distilled to give 3.6 g. (72%) of 3-neopentylcyclo-
pentanol, b.p. 83-89° C./50 mm., and nf:. . 1.460:. This rnaterial
poasessed a sweet-mepthol odor.

Analysis (5p.). Calculated for C, H_ O: C, 76.86%; H, 12.90%.

107720~
Found: C, 76.59%; H, 12.78%.

3-Chloroneopentylcyclopentane

To a solution of 2.0 g. (12.8 mraoles) of 3-neopentylcyclopentancl

in 20 ml. of petroleum ether (60-70° C.) was added dropwise with
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swirling 2.0 g. (1.2 ml., 17 mmoles) of thionyl chloride. The solution
was allowed to stand [or about thirty minutes before evaporating the
ether on a stearn bath. A [resh 25 ml. of petroleum ether was added
and again removed by evaporation. The residue was washed witk 5 ml.
of 2 N. sodium hydroxide solution, followed by extraction with three

5 ml. portions oi pentane. The extract was dried over anhydrous
potassium carbonate. After removal of the pentane, there was obtained
a forerun of olefinic material and 0.6+ g. (29%) of 3-chloronecpentyl-
cyclopentane, b.p. 97-104* C./10 mm., ng(_—, 1.4799. This rmaterial

was only about 88% pure according to analysis by V. P. C.

1. Syntheses of alkylation Products with tert-Butylcyclohexane

Skeleton 4-tert-Butylcyclohexene

The pyrolysis of 4-acetoxy - tert-butylcyclohexane (38) has been
used previously to obtain 4-tert-butylcyclohexene; however, the following
procedure was found to be more convenient for the preparation of the
srnall quantities needed for the purpose of chromatographic comparison.
A 100 ml. Erlenmeyer flask containing 5.0 g. (32 mmoles) of i-tert-
butylcyclohexanol was heated to 50° C. in an oil ba.th. and 10 ml. of
thionyl chloride was added dropwise, while the flask was swirled to
obtain a good mixing. The flask was then allowed to stand for one hour

at this temperature. To this was added 50 ml. of n-hexane, and the
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solution was boiled gently on a steam bath for an additional fifteen

minutes. The hexane solution was then cautiously poured onto 100 g.

of crushed ice. The layers were separated, and the crganic phase

was washed with 20 ml. of 2 5% sodiura bicarbonate solution, and then

with 20 ml. of water. The hexane was dried over potassium carbonate.

Distillation gives 2.9 g. (66%) of 4-tert-butylcyclohexene, b.p. 72-7(°

C./30 ram., and n]Z::é 1.4577. The physical constants and infrared

spectrurn of this material were identical with those of known material.
Oxidation of i-tert-butylcyclohexene with 1 N. potassium per=-

manganate solution gave 3-teri-butylhexanedioic acid; recrystallized from

methanol-water, m.p. 112-113.5° C. (39).

4-Chloro-tert-butylcyclohexane

Thionyl chloride (5.0 g., 42 rnmoles, ca. 3 ml.) was added

dropwise to a solution of 5.0 g. (32 mmoles) of 85% trans-4-tert-

butylcyclohexanol (Matheson) in 50 ml. of petroleum ether (60-70° C.),
which was cocled to 0* C. After the reaction was complete, the
petroleum ether was removed by evaporation on a stearn bath. Ancther
25 ml. of petroleum ether was added, and the evaporation was repeated.
The residue was washed successively with 5 ml. portions of 10% sodium
carbonate and water, and extracted each time with 20 ml. of pentane.
After drying there was obtained a forerun of 4-tert-butylcyclohexene,
and 2.84 g. (51%) of 4-chloro~-tert-butylcyclohexane, b.p. 72-8:° C./
24.3 2

2.5 mm., Ny 1.1£92, d44 0.99'4. Infrared analysis indicated that

this material was about 80% trans-isomer.
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Molar Refractivity. Calculated for C Cl: 51.05. Found:

10°°19
48.97.

Analysis (E): Calculated for ClonCl: C, 68.74; H, 10.96;
Cl, 206.30. Found: C, 68.8¢; 11, 11.12; C1, 19.99,

The alkylmercuric chloride was prepared via the Grignard
reagent and recrystallized from methanol-water; tiny colorless plate-

lets, m.p. 116-118.5" C.

3=-Chloro-~-tert-butylcyclohexane

A solution of 300 ml. of pure pentane and 12 g. (0. 130 mole)
of freshly distilled tert-butyl chloride was cooled to -60° C. ina
Morton (creased) flask. To this was added 1.3 g. (9 mmoles) of
anhydrous aluminum chloride. The temperature was allowed to rise
to 0° C. A solution of 10 g. (0. 11&é mole) of cyclohexene in 50 nl. of
pentane was added dropwise over a period of {fifteen minutes, while
stirring with a2 very high-speed stirrer. The solution becaine a bright
yellow as polymer began to form. The systemn was stirred for an
additional one-half hour. The contents of the {lask were then cooled to
-60° C., and the pentane solution was decanted from the catalyst and
polyrmer. The essentially colorless solution was washed with three
50 mil. portions of a 1% solution of potassiam carbonate, and with three

50 ml. portions of water, and finally dried over anhydrous sodium sulfate.
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Removal of the pentane left 18.8 g. (93%) of slightly impure
alkyl chloride. Distillation afforded 15.6 g. (77%) of high purity 3-
chloro-tert-butylcyclohexane, b.p. 96-98° C./20 mn., n.és 1. 1661 (40).
The alkylmercuric chloride was prepared in very low yield
irom the Grignard reagent; colorless crystals, m.p. 131.0-131.5° C.

irom methancl-water.

Addition of Hydrogen Chloride to -tert-Butylcyclohexene

A solution of 2.0 g. (14.5 mmoles) of 4-tert-butylcyclohexene
in 25 ml. of n-pentane was cooled to -40° C. in a dr‘y -ice bath and
saturated with hydrogen chloride gas. The flask was stoppered tightly
and secured with wire. The flask was placed in a shatter-proof safety
container and allowed to warm to room temperature. Aiter standing
for one day, the flask was again cooled and charged with hydrogen
chloride gas and allowed to stand {or one day. The process was re-
peated for a third time. The total amount of hydrogen chloride absorbed
was 0.6 g. (16 mmoles).

The pentane solution was washed with three 10 ml. portions of
a 1% solution of potassium carbonate, and with two 15 ml. portions of
water. The pentane was then dried over anhydrous sodium suliate.
Removal of the solvent and distillation gave 1.9 g. (77%) of a mixture
of 3- and 4-tert-butylcyclohexyl chlorides, b.p. 88-98° C./25 wmm.,

23
1.4 .
nD 678
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FART III

THE ACID CATALYZED CYCLIZATICNS CF

cis,cis- AND trans, trans-<, (-CCTADRITENE
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INTRODUC TION

In order to elucidate the overall geometry of the acid catalyzed
cyclization of acyclic 1, 5-dienes, it is necessary to 1) define the
changes in geometry which occur at each of the four olefinic carbon
atoms, and <) establish the conformation of the molecular chain during
the ring closuré process (cf. pp. 50-53). Failure of previous investiga-~
tions to obtain an adeguate solution to this problem lies in the unsatis~
factory choice of the dienic system. We hope to overcome this dif-

ficulty by using as our model systern the trans, trans- and the cis,cis-

isomers of &, t~octadiene. These hydrocarbons have no trisubstituted
centers which might favor the formation of classical tertiary carbonium
ions.* Furthermore, they have the advantageous feature of being sym-=
metrical afound the (14-(:5 bond; consequently, proton attack at either

" end of the chain will lead to the same products.

* The selection of apogeranic and aponeroic acids (Fig. <, p. 14)
by Schinz and coworkers (ref. 46, FPartI) was made in recognition of the
fact that natural terpenocid systemns with the trisubstituted double bond
{i.e., with the C-5 methyl group) invariably undergo elimination instead
of or subsequent to nucleophile attack. This not only interferes with the
stereochemistry at C-5, but also frequently with that at C-6. Use of the
apo=-acids allowed these workers to follow the stereochemisiry of only
the C-5 and C-6 centers (i.e., the carboxyl conjugated olefinic carbons).
The presence of the gem-~dimethyl group at C-1, however, makes it
impossible to conclude anything about the nature of the process occurring
at this center, and hence, to specify the conformation of the chain dur-
ing the formation of the bond between C-1 and C-6 (see pp. 14-17 and 50~
53). Note that the numbering used here refers to the unsubstitated 1, 5-
hexadiene portion of the molecule.
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RESULTS

Preparation and Identification of the Isomeric &,3-Dimethylcyclohexanols

and the 4, 3-Dimethylcyclohexanones.

In order to identify the reaction products of the cyclization of
2,6-octadiene, it was desirable to characterize the four possible geo-
metrical isomers of &, 3-dimethylcyclohexanol. Threc of these isomeres
and the two derived &, 3-dimethylcyclohexanones were completely charac-
terized by determination of their physical constante and by preparation
of a number of solid derivatives. The fourth alcoholic isomer was less
accessible and was not isolated in pure form. The results of this work
are summarized in Tables VIII-XI.

The low pressure hydrogenation of &, 3-dimethylphenol over finely
divided platinum metal in glacial acetic acid produced an isomeric mix-
ture of 2, 3-dimethylcyclohexanols (Fig. 42), which was readily analyzed
by gas chromatography using a Carbowax~-1500 column. In order of
increasing retention times, these isomers were: A (9%), B (6%), C (3%), and
D (84%). Hydrogenation under these conditions is known to involve
predominantly cis-addition, such that the all cis product preponderates (1).
That the similar reductions of 2, 4-dimethylphenol (2) and 3, 5-dimethyl-
phenol (3) give the all cis compound as the major product is good evi=-
dence for the belief that the D -alcohol has the &°, 3%-a1€ configuration

(Fig. 22).
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If one considers the more stable of the two possible chair con-

formations of each of the 4, 3-dimethylcyclohexanocls, the all cis isomer

{(whose most populated conformation should be 27a7,37Tel-0olle)is
predicted to have the highest dipole moment, and hence is in qualitative
agreement with the long retention tirne of the D-alcohol. In consider=-
ation of the foregoing, the D-alcohol may be tentatively assigned the
Z.c, 3°-a1€ or cis-cis configuration. Later evidence will support this
conclusion.

Oxidation of the above mixture of isomeric alcohols under non-
isomerizing conditions (2a) gave two ketones (Fig. 24), which were
designated E (15%) and F (85%) in order of their vapor phase retention
times. Oxidation of pure D -alcohol gave only the T -ketone. Evidently,
the C- and D -alcohols must be the C-OH epimers leading to ketone T,
and the A- and B -alcohols an epimeric pair related to the E-ketone.
Assurmning that no isomerization did occur during the oxidation, the
trans-cis or &C.Bc-olt configuration may then be tentatively assigned
to the C-alcohol.

The oxidation of the D~alcohol to ketone ¥ vequires that the
geometry of the methyl groups be the same in both of these compounds
if isomerization did not occur, and therefore, the ¥ -ketone should be
cis~2, 3-dimethylcyclohexanone. 3ince the cis«ketone would have both
an axial and an equatorial methyl group, it should be convertible to

the more stable diequatorial trans-isomer upon treatment with base (4).
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When the F -ketone is allowed to stand in contact with a dilute solution
of sodium methoxide in methanol for periods up to several days, an
equilibrium mixture of about 88% ketone £ and 14% ketone F is obtained,*
confirming that the E-ketone is the more stable of the two, and thus,
is properly assigned the trans configuration. That no isomerization
occurs during the oxidation reaction was later evidenced by the specific
conversion of both the A- and the B -alcohols to ketone E. The physical
properties of these two ketones are compared in Table VIII; in Table IX
are collected the melting points of their solid derivatives.

Reduction of ketone E with methanolic sodium borohydride gives
only alcohols A (46%) and B (54%), proving that they are the C-0OH
epimers with the trans orientation of the methyl groups. While sodium

borohydride reductions generally lead to kinetically controlled producis, **

* The free energy difference (<45° C.) between an axial and equa-
torial methyl group in cyclohexane is about 1.5-1.9 kcal/mole (5), but
should be somewhat smaller for a 3 ~methylcyclohexanone (6), or about
1 kcal/mole, since there is one less methyl-hydrogen interaction. The
value of 1.2 kcal/mole is obtained from the equilibrium data for the
2, 3-dimethylcyclohexanones. For a discussion of the 3-alkyl-ketone
effect, see ref. la, p. 240.

*¥ In the case of trans=~2, 3 -dimethylcyclohexanone, molecular
models indicate that both sides of the molecular plane are mere or lgss
equa.l%y susc%ptible to reagent attack. Hence, the epimers 2, 3¢
and 2, 3°-0l~ should be about equally favored by a process under kinetic
control.



<19

‘mo7 reymauros Ajgeqoad s1 anjea pajerodeaixe syl (o ‘eed aotaaed oyl se wniey Bulse 0 61]
0} POIEAY ULINOD QOG[~XBMOqie) B JO] 93¢ £ouwIy uonualsy (q (swewsdojeviosyd paajosat Apapd
-u10D JO ucneafejul onjeUIciTE A POUIUIIIAP €' ‘0467 *Q6 PUT SCT "88 JO 1U2IX0 8y 0F juasaad
[-9U03D3 Y11 SIINIXIUI DLIDTIOST UO BIep o pajefodenxy (B [IIA ITEVI OL ¢EILONLOOJ

£7°1 00°1 SOUIL HONURIRY DI A (TP
786°9¢ F91°LE (98 °9¢ P,918D) 12 ‘1o
1oLl 856 '8¢ T (o100 / *101) “[OA 1OV
8076 °0 50620670 (80000 %) 7P
07%% "1 LLIEFT o
€767 1 5P o
.66 .56 w15/ g
() (-59e5)

JI9UI0S] U033}

50UOUBXIYOTI ADTAYItuI(j~€ *7-SUBI]) PUB -51D Y] JO SJUBISUO ") Ted1s Ay g

OIA 19V



~3

' JFPI-071 O3 pess2adop sBM §9ATIBRALIID

-8UEJI} pue -612 Y} JO SIMXIUL (G0 © 10 jutod Fupypawr oy (9 D L6 FSGT=0°FGT U7 YIm wiog
surqiels L1 swydaouifyod e ssoss0d 01 paaeadde aaneatadp sy (B :XI ATEVI OL SALONICOJ

(*duiodop)
0°TII-S 601

ﬂ.m "L71-6°921

(+duzooep)
o7 "0GT1-0"6¥1

: -

#9 "PET=G "SI

«S°821-0"L7
nmm—n I

o0°8GI-5"L61

suozreapAgriuagdoniutg-¥ ‘7

asuozeapAyriusydo - ux

suozeapiyfusydomnip-d

o o suozrvapAyriuay g

o0 EFTI-G"7%1 00 "TLI=G"0L] QUO0ZRQIARDITIASOTY,],
0S5 °GLTI-G VLI o0 °307-S 607 2U0ZEBQIBIIUIDG
pmbyy oG FPIT-G €T PWIXO
SILNIOJ DNILTEW CHAILVAIUEA

A..nmlﬁ.v | (-sueny) @ JI2UI0S] 2U01DY

sauouexayorrLofdypomyg-¢ ‘7 D1IPWIOE] B} JO EFANBALIS(] JO sjulog Sunew

XI 3TdVL



221

reduction with lithium aluminurn hydride is sufficiently reversible to
give the thermodynamically favored product (7). When ketone E is
stirred under reflux with a large excess of lithium aluminum hydride
for twb days, the alcoholic product obtained was found to be 78% B
and 22% A.* Consequently, the B -alcohol rmust be assigned the all

equatorial trans-trans configuration (c‘.t. 3°-01%), while alcohol A must

be the E_ii-_tﬂt_l_fl_(dt,3c -olt) isomer. Again, this conclusion is in qual-
itative agreement with assignments predicted on the basis of the V.P.C.
retention timnes.

Reduction of the " -ketone with either sodiur borghydride or
with lithium aluminum hydride gave only alcohol D, which must be
kinetically favored. 3ince attack by reagent on the molecular face
opposite the axial methyl group of the cis-ketone is highly preferred,
alcohol D must correspond to the configuration previously assigned. %k

It was possible to obtain reasonably pure isomeric alcohols by
analytic iractional distillation. The alcoholic isomers A and B were
also resolved by fractional crystallization of their p-nitrobenzoate
esters. This was not found to be convenient, however, since the

saponification of these esters was achieved only with some difficulty.

* This equilibrium (assumed) distribution of isomers corresponds
roughly to a free energy difference of 0.75 kcal/mole between the axial
and equatorial positon of the -CUH group, if only the most stable chair
conformation of each epimer is considered. The tabulated value is 0.4-
0.9 kcal/mole (8).

*% This conclusion is independent of the conforrmation of the F«
ketone.



The C -alcohol was never obtained in a pure form, but conceivably it
may be prepared by a reaction scheme involving a single inversion at
the C=~1 position.

The physical properties of the 4,3 -dimethylcyclohexanols are
compared in Table X. It should be pointed out that the von Auwers-Skita
(conformational) rule (9), which says that the isomer* with the highest
enthalpy will have the highest density and refractive index (i.e., the
smallest molecular volume), ** is in good agreement with the assigned
configurations. The ketone assignimments are also supported by this rule.
Table X1 compares the melting points of a number of solid derivatives of
the isomeric alcochols.

Some mention should be made of previous work reporied on
this series of compounds. Capon et al. (11) have reported that the high
temperature reduction of £,3-dimethyl-d-cyclohexenone gives a
rnaterial with physical constants in agreement with those obtained from
an equilibrium mixture of ketones & andF ; the melting points of the
reported oxime and semicarbazone are those reported here for the
predominant trans-isomer. When this ketone is reduced (11, 1<) with
sodium in ethanol, the product alcohol gives no phenylurethane but

gives a 3, 5-dinitrobenzoate with melting point 118-118.5° C.; reduction

* Strictly speaking, the epimers should have the same dipole
moment.

#* Although boiling point is sometimes included in this rule, the
rule is frequently found to fail for this parameter (10).
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over platinum black produces material whose phenylurethane melts at
98* C. and which gives a different 3, 5-dinitrobenzoate with a melting
point of 119-119.5° C. These results would appear to be consiatent
with the assignments made for the B - and A-alcohols, respectively.
Colonge, Dreux, and Thiers (13) report the preparation of a ketone
which, upon reduction with sodium in ethanol, gives an alcohol whose
a-naphthylurethane melts at 140° C. This ketone was prepared by their
method and subjected to gas chromatographic analysis; it was found to
contain only 7-8 percent total of ketones £ andF , although the semi-
carbazone did melt at 204°® C. Farmer and Sutton (14) report that the
high temperature hydrogenation of 4, 3-dimethylphenol over nickel
catalyst gave a material whose o -naphthylurethane melted at 136-140° C.

Presumably this corresponds to the C-alcohol derivative.

Preparation of the trans, trans~ and cis,cis-4, f-octadienes

Coupling of crotyl chleride (XX ¥X) with nickel tetracarbonyl (15)
gives rise to a mixture of &, {~octadiene (XXXI) and 3 -methyl-1, 5-
heptadiene (XXXII) in which the former predominates by about 3: 1.

The &, 6~octadiene may be obtained in pure form by analytic fractional

> Ni(CO
Cl

XXX X¥XI1 HHHII



distillation; this material was found to be better than 99% homogeneous
on the basis of gas chromatographic analysis using a variety of column
materials. The infrared spectrum of XX¥I (neat) possessed a strong
band at 963 cm. -1, which is characteristic of a trans-olefin (16); the
spectrum was deveoid of activity near 1650 cm. -1. which may also be
expected of a double bond with a center of symmetry. The spectrum
presented no evidence of a cis-olefin. The diolefin was concluded,

therefore, to be trans, trans-4, 6 ~octadiene. The physical constants of

this hydrocarbon are summarized in Table XII.

Partial hydrogenation of &, 6-octadiyne (XXXIII) to cis,cis-2, 6-
octadiene (XXXIV) was accomplished over Lindler's sz}?‘b/CaCCza
catalyst (17); the selectivity of the catalyst was enhanced by heavily
poisoning it with quinoline. The material obtained after analytic frac-
tional distillation was at least 99 percent homogeneous according to
gas analysis. The infrared spectrum of this material (neat) contained

«l .
a very strong band at 713 cm. and a medium intensity at 1658 cm. 1;

H

d Cad
I I l l Pd:Pb/CaCO3

XXX XXXIV
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both of these bands are characteristic of the cis-disubstituted double
bond (16). No evidence for the presence of trans-olefin could be obtained
from the spectrum. The physical constants of the cis,cis=- and trans,

trans-isomers are compared in Table XII.

Cyclization of trans, trans-2, 6-Octadiene

When trans, trans-4, 6-octadiene was treated with a2 mixture of

concentrated formic and sulfuric acids, there was obtained a 37-40
percent yield of c‘.t. 3¢ -dimethylcyclohexylc formate ( undeuterated
XXXVIl) which was 100.0 + 0.1 % isomerically pure. This material
was identified by 1) comparison of its gas chromatographic retention
time with that of known formate prepared by an independent method,
Z) comparison of the retention time of the derived alcohol with that of
the B -alcohol (Fig. 22), 3) preparation of the o-naphthylurethane
(m.p. = 156.5 - 157.0° C.) whose melting point was not depressed
when mixed with the corresponding derivative of the B-alcohol,

4) comparison of the infrared spectra of the formate and derived
alcohol with those of the B -alcohol and its formate, and 5) elemental
analysis of both the formate and the derived alcohol.

A second and higher boiling fraction (50-52%) was obtained,
which contained a mixture of three formate isomers that analyzed for
C 10H1804' Oxidation with chromic acid led to a mixture of three
ketones whose infrared spectrurn poesessed a single carbonyl absorption

at 1715 cm. -1. In order of the V.FP.C. retention times, the isomer



distribution was approximately l:d:1. The nuclear rmagnetic resonance
spectrum displayed a methyl singlet at 4.43 p.p.m. relative to tetra-
methylsilane (the acetone singlet appears at 2. 17) and 2 methyl triplet
centered at 1.14 p.p.m. (Jppm = 0.10). These data are consistent with
the belief that the second reaction product was a mixture of 2,7-, 4,6=-,
and 3, 6-octadiyl diformates.

It may be added that if the cyclization reaction was interrupted
before completion, no other products were cbtained. Further, there was
no indication that any of the unreacted £, 6-octadiene had isomerized,
since the recovered olefin remained chromatographically pure. The
isomeric formates were also found to be stable to the conditions of the
reaction (19).

When the reaction was carried out in formic acid-d (HCOCD)
and deuterium sulfate, the formate possessed a C-D absorption at
2171 + 4 cm. -l. which is approximately 9 percent as intense as the
maximum C-H absorption (2934 cm. -1). It has been reported (16, 18)
that in monodeuterocyclohexane the axial C-D stretching band appears
at 2146 cm. -1. while the equatorial C-D absorption appears at 2174
cm. -1 Consequently, it may be concluded that the acquired deuterium
occupies an equatorial position such that the product of this reaction

is &t,30-dimethyl-4t-deuterOCyclohexy1c formate, the trans-anti-trans-

isomer (XXXVII).
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Cyclization of cis, cis«2, 6-Cctadiene

#When cis,cis-2, 6~octadiene was treated with concentrated forrmic
and sulfuric acids at room temperature, the mixture became homogeneous
within one hour as compared with the several hours required for the

trans, trans~isomer; this rapid reaction was noticeably exothermic,

causing a temperature rise of about 30° C. Under these conditions,
the yield of 2, 3-dimethylcyclohexyl formate was less than 3 percent.
When the reaction was conducted at 0° C., several days were required
to obtain a homogeneous system, and the yield of &, 3-dimethylcyclohexyl
formate was increased to about 11 percent. An additional 43 percent
of isomeric formate was also produced, which was not identified. *®
The major product of the reaction (41%) was the same isomeric mixture
of acyclic octadiyl diformmates obtained previously. Approximately 94
percent of the &, 3 -dimethylcyclohexyl formate was the at. 3C-y1c isomer,
while the remaining 6 percent was the ..f;t. 3° -ylt epirner (relafec‘x to
alcohols B and A, respectively; Fig. 24).

Although no new products were obtained if the reaction was
interrupted, the unreacted diene was found to contain 1.5 percent of

two new components, neither of which was the trans, trans-igomer.

# The infrared spectrura of this material contained none of the
bands characteristic of an olefin, and hence, may well be cyclic. V.P.C.
analysis shows the material to be a mixture of at least four components,
all of whose retention times were shorter than those of the 4,3 -dimethyl-
cyclohexyl formates. Attempts at the independent synthesis of
1-(2'«methylcyclopentyl) -ethyl formate were not successful.
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After carrying the reaction out in deuterated acid, it was possible
to isolate a sample of the z‘.t, 3c-dimethy1cyclohexylc formate by gas
chromatography. The inirared spectrum of this material possessed a

band at 2142 + 8 cm. -1, which was assigned to an axial C-D stretching

motion. The product, therefore, was apparently the trans-anti-cis

isomer, at. 3¢ -dimethyl-4c -deuterocyclohexylc formate.
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DISCUSSION

The general features of the cyclizations of 1, 5-dienes have been
discussed in detail in Part 1 of this dissertation. It was pointed ocut
that in order to account for the stereochemistry of a large number of
cyclic terpenoid compounds, a simple hypothesis has evolved. In its
simplest form‘. this hypothesis requires that the diene, folded in either
the quasi-chair (XIla) or the quasi-boat (¥1Ib) conformation, undergo
a pair of trans-addition processes to give products with the respective
geametries indicated by XlIlla and XIIIb (p. 51). For non-enzymic
reactions, the chair folding of the diene is preierred for thermodynarnic
reasons. This simple proposal makes no atternpt to differentiate between
a concerted process in which all new bonds are formed more or less
synchronously and a stepwise process in which ''steric control" over
the products is maintained in some way by the nature of the reaction
intermediates. For non-enzymic systems, the stepwise process would
appear to be the more reasonable, since it does not demand the high
degree of organization of both the diene and the bifunctional solvent
required by the concerted mechanism.

QOur present purpose, then, is to decide how well the results on

the reaction of ¢is,cis~ and trans, trans-<, 6-octadiene are explained

by this simple model for polyene cyclization.



233

Mechanism of the Cyclization of trans, trans-4, (~Cctadiene

The cyclization of trans, trans-<, 6-octadiene (XXXI) is exceed-

ingly stereospecific--only one isomer of <, 3~-dimethylcyclohexyl
formate was observed by a chromatographic rmethod sensitive to one
part per thousand. Although the infrared analysis of the orientation of
deuterium was far less sensitive, this stereospecificity appears also

to apply to the C-4 center of the product. The reaction of the trans, trans-

diene to give at, 3° -dimethyl-4t-deuterocyclohexy1c formate (XXX VII)
is precisely the result anticipated by the proposed mmodel for diene
cyclization outlined above.

There remains the question of whether the observed product of
this reaction may result from a non-controlled process. In this case,

the answer is "

yes,' because the product predicted on the basis of the
simple cyclization proposal is also the thermodynamically stable isomer.
Consequently, if the reaction gave rise to a classical intermediate such
as XXXVIb, the observed product XXX VI would be expected as a result
of the thermodynamically preferred equatorial attack by solvent (20).

In order to clarify this point, the mechanistic possibilities consistent

with the selective formation of the all-equatorial product, XXX VII, from

the trans, trans-diene are outlined below.

The first step in this reaction is the transfer of a proton (or
deuterium) to one double bond of the diene (XXXI) to give either the

n-complex, XXXVa, or the classical secondary carbonium ion, XXXVb



234

(Fig. 23). While there is some evidence from other addition reactions
(21) that a proton may be transferred to an olefin to give rise directly

to a tertiary carbonium ion, the intermediate formation of a m-complex
is generally preferred when there is no tertiary center. The production
of XXXVb, whether proceeding directly from the olefin or indirectly

via the m-complex, might be expected to result in loss of steric control
at C=3 due to the rapid reversible formation of the rotamer, XXX Vc.
The difference in free energy between these two rotamers is expected

to be small, such that an appreciable concentration of both forms should
exist at equilibrium.* Fresumably the cyclization of XXX Vb and XX ¥ Vc
would lead to different epimers at C-3. Since the epimer derived from
XXXVc is not observed, this may be taken to indicate that the classical
ion, XXXVc, is not formed to any discernible extent, and consequently,

neither is the rotameric ion, XX} Vb. **

* Although XXXVb and XXX Vc are not the most favorable rota-~-
meric forms of this carbonium ion, they are the only ones which would
be expected to give a cyclic product by antiplanar addition to the second
double bond.

** This argument has, of course, a very important structural
defect. Namely, it assumes that XXX Ve, if formed, would cyclize as
readily as XXXVb. This assurmption is without good testimony. In fact,
it can be argued that the transition state between XXX V¢ and cyclic prod-
uct will be of higher energy than that which separates XXXVDb from the
C-3 epimer. This difference may be attributed to the additional energy
required to overcome the 1, 3-axial methyl-hydrogen interaction produced
during the cyclization of XXX Vc. Consequently, rotamer XX¥XVc, even
though present in appreciable equilibrium concentrations, might not react
fast enough with the double bond to compete with the cyclization of XXX Vb.
On the other hand, unless important differences in solvation exist, itis
not likely that the transition state energies leading from XXXVb and
XXXVc to analogous cyclic products should differ by a value large enough
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The {first stage of this reaction, then, may reasonably be con-
sidered as the forrmation of the resonance stabilized n-complex inter -
mediate XXXVa, or as progress to a transition state species for a
process in which protonation is concerted with ring closure. For the
latter, the required transition state, if we limit. our attention to the
chair conformation, may be roughly indicated by XXXVIII or ¥XXXIX,
depending on whether or not an external nucleophile is inveolved in the

concerted process. Either of these two modes of reaction will be con-

XXXVII

sistent with the observed stereochemical outcome that the C-3 methyl
group and the C -4 deuterium are trans to one another. Doth of these
reaction pathways imply strict control of the stereochemisiry at C-3 and
C ~4, and hence, both are compatible with the proposed model of diene

cyclization.

to prevent the detection of one part per thousand of the minor product

(ca. 4 kcal. /mole).
A second and more reasonable assumption which was made was

that XXX Vb could undergo rotamerization to XXX Ve more quickly than
attack by double bond to give a cyclic species. If indeed addition to the
second double bond is the faster reaction, then XXXVb is not a classical
carbonium ion intermediate, but rather akin to the transition state for
double bond participation in a concerted process leading from either the
diene or the m-complex to a cyclic system.




The ring closure process, i.e., the transfer of electrons from
the second double bond to the electron deficient center at C -3 fixes the
geometry at C-3 and develops the potential stereochemistry of C-4 and
possibly of C-1. For the non-concerted process, we may again entertain
the likelihood of producing two types of cyclic cations: the bridged,
resonance stabilized ion, XXXVla, which is analogous to XXX Va, or
another classical secondary ion, XXXVIb. Antiplanar attack by iormate
at C«1 of XXXVla would give the observed product, XXXVII.* This
material would also be obtained if XXX VIb suffered equatorial attack
by the nucleophile. Axial attack on conformer XXXVIc, though highly
disfavored for thermodynamic reasons (20), would also give XXX VII.
However, to a first approximation, ‘the diequatorial ion is expected to
be favored by at least 2.5 - 3.1 kcal./role, *® which corresponds

to an equilibrium concentration of 0.5 - 1.5% of conformer

* The heavy lines of XXX VII (Fig. <3) and of XLII (Fig. 24) are
to emphasize the fact that all of the newly formed bonds are coaxial and
approximately coplanar. This is a necessary consequence of a sequential
antiplanar addition process. ‘

%% This value is based on the assumption that conformers XXX VIb
and XXX Vlc, which possess a trigonal carbon, can be likened to the two
conformations of trans-2, 3 -dimethylcyclohexanone, whose equilibrium
constant can be predicted (see footnote, p. £18). Thia assumption,
however, is undoubtedly a rather poor one, since it neglects the very
important effects of solvation. For example, it is conceivable that for
conformer XXXVIb 2 more tightly solvated, hence more stable, species
obtains than in the case of XXXVIc , whose axial methyl groups may
interact sterically with solvent molecules. Preferred solvation of this
type might reduce the equilibrium concentration of XXXVIc to an imper-
ceptible value. At the same time, it may be argued that the relative
rates at which XXX VIb and XXXVIc capture a solvent molecule te form
a neutral product should parallel the relative solvation efficiencies.
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XXXVIc. Assuming to the same degree of approximation that both con-
formeric ions react equally well with an external nucleophile, the minor
constituent, the C-1 epimer of XXX VII, should be detectable by the method
of analysis employed. On the other hand, if XXXVIb is more highly
favored in the equilibrium and/or the reaction of this intermediate with
nucleophile is more rapid than is that of XXX Vic, the epimeric product
might escape detection. In this latter case the observed stereoselectivity
would be a trivial consequence of these simple conformational factors.

Although the results of the cyclization of trans, trans-4, t-octa-

diene alone do not allow us to distinguish unambiguously between a
sterically controlled process involving configurationally constrained
species such as XXX Va and XXX VIla and a pathway embracing classical
intermediates such as X¥XXVb and XXX VIb, knowing the geometry of
each asymmetric center does permit us to specify the conformation of
the diene during ring formation. The product expected from the cycliza-
tion of the boat conformer of XXXI via a pair of antiplanar additions

would have the trans-syn-trans configuration (p. 51). Cyclization of

this sare conformer to produce the observed trans-anti-trans config-

uration of XXX VII would have to proceed via a mechanism which
accomplishes the specific, sequential reversal of the configuration of
both centers of one double bond. Such a process is topologically tanta-
mount to cyclizing the chair conformer and appears to be without

chemical precedence. Even though srall amounts of the C -4 epimer
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of XXXVII might have gone undetected, it is clear, then, that the primary

mode of cyclization of trans,trans-2, 6 -octadiene involves ring closure

in the quasi-chair conformation. This conclusion is in keeping with the
expectation that the energy of the transition state leading to a boat con=
former of cyclohexane will be greater than that leading to the more stable

chair conformation.

Mechanism of the Cyclization of cis,cis-2, 6~-Octadiene

While the major identified cyclic product irom the acid catalyzed
reaction of cis,cis-2, 6-octadiene was the same triequatorial isomer of

&y 3-dimethylcyclobex yl formate obtained frorn the trans, trans-diene,

the corresponding deuterated material (XLIII) was in fact epimeric at
C-4. This result is indicative of a partially controlled cyclization.
The fact that some of the predicted isomer was also ohserved reveals
that 2 completely controlled process is also occurring. The validity of
these conclusions will be evident from the following discussion.

It is reasonable to expect the protonation of cis,cis-<, 6-octadiens
(XXXIV) to produce an intermediate species analogous to that obtaining
from the di-trans-isomer under similar conditions. Hence, we suppose

that either the m-complex, Xl.a, or the secondary ion, XLb, is formed.*

* In either case, since loosening of the double bond in ¥ La (or
its complete dissolution in XLb) should be accompanied by relie: of at
least part of the strain associated with the cis-linkage (ca. 1 kcal./mole
(22)), the protonation of XXXIV should occur more readily than proton-
ation of XXXI. Although there seems to be little precedence for this
belief, it would accord with the observation that XXXIV reacts 3-5 times
faster than XXXI at room temperature. Other factors, such as the possible
greater solubility of XXXIV in formic acid due to its higher dipole moment,
might also account for the difference in reaction rates in this hetero-
geneous system.
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As before, however, neither of the epimers expected from the cyclization
of XLc was observed. 3ince XLc is expected to cyclize more readily
than its rotamer XLb,* it is surprising that only products relatable to
XLa or XLb are detected. This being the case, we have a substantially
atronger argument that the reaction proceeds along some pathway
which requires the preservation of the stereochemistry of the initially
protonated double bond. Hence, the mechanism does not involve an
intermediate like XLb which displays classical behavior. Again,
whether this means the intercession of a species such as XLa or par=-
ticipation by the second double bond to give a cyclic system directly

is not certain.

In the event that X La is an intermediate, the process of irans-
addition to the first double bond is completed by the nucleophilic attack
by the second double bond to give XLla or possibly XLIb. If formed,

X LIb should rapidly invert to the far more stable conformation, XLic,
which now possesses an axial deuterium. Neutralization of the latter
equatorially by solvent would give the observed major isomer XLIII,

the C »4 epimer of XXXVII. Decomposition of ¥Lla by anti-planar attack
by formate or of XLIb by equatorial attack would give the minor product

in its least stable conformation (XLIIa). **

*The argurnent here parallels that given for the cyclizations of
XXXVb and XXX Vc. Namely, the transition state leading irom XLc to
cyclic product possesses a single axial methyl group, while the develop~
ment of two axial groups in the cyclization of XLb should lead to a transi-
tion state of higher energy.

#%This scheme predicts, then, that the minor product should pos-

gess a predominantly axial deuterium (XLHb)ﬁ Unfortunately, because
the overall yield of this material was so small (ca. 0.4%), it was not pos=

sible to determine the orientation of the deuterium.
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That XLIb should live long enough to be neutralized by solvent is tanta«
mount to a concerted process. If XLIla originates from XLIla, then this
too is a process which shows steric control. The only other source of
this material is via axial neutralization of XLIc. This process is un=-
likely, however, inavsmuch as no axial attack products were observed
from the equivalent equilibrium conformer XXM VIb.

The fact that the major product may be traced to the classical
ion XLIc would appear to demand the preevolution of XLJIb. It is not
very convincing, however, that the equilibrium, XLIb = XLlIc, should
result in 6 percent of XLIla, while presumably in the same equilibrium,
XXX VIb = XXXVIc (deuterium position disregarded), there is no product
stemming from XXXVIc. For this reason, XLIb must contribute only .
insignificantly to the product XLIla, which, therefore, must descend
either directly from diene via double bond pérticipation or from the
bridged ion XLIa.

Taken together, the above evidence overwhelmingly supports the
intermediacy of a sterically defined species such ag XXXVla and XLIa
in the cyclization of the two symmetrical isomers of 2, 6-octadiene.

In the case of the cis,cis-diene, the data suggest that XLla is a cornrnon
intermediate for both of the observed isormeric products, and that the
major yield of XLIII is the result of the decay of XLla to the classical

invertible ion X LlIb.
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Formation of Cctadiyl Diformate

If it is the case that only one conformeation of the highiy flexible
diene chain results in participation of the second double bond to yield
cyclic products, it is perhaps not surprising that the major reaction
product from both octadienes is material derived from the independent
reactions of the isolated double bonds. Consideration of the origin of
the octadiyl diformates may shed light on the reguirements of the
cyclization process itself. One likely source of diformate would be the
addidon of formate to a diprotonated diene. It was to discourage just
such a reaction that the proton activities were kept minimal. The
genesis of diformate would also result from the unsuccessful competition
of the double bond with solvent for the positive charge of a monoproton~
ated diene. The conformation of such a species in this case is expected
to play a major role in dictating the success or failure of the competition
(cf. p. 22). Presumably, the need for solvation of the resonance
stabilized n-compiex (XXX Va or XLa) might be less than that of the
classical carbonium ion (XXX Vb or XLb) with its higher charge density.
This might give rise to a more loosely constructed solvent shell which
would enhance the opportunity for penetration by the double bond. In
addition, the longer lifetime of the more stable intermediate should
promote cyclization, since an acyclic ion might then have the time
necessary to assume the required chair conformation. Finally, in

order to account for the formation of the 3, 6-octadiyl diformate, it is
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possible that protonation may produce the alternative secondary ion,

XLIV.

XLIV

Formation of Cther Cyclic Products

The comparable yields of octadiyl diformate from both cis,cis~

and trans,trans-<, 6-u tadiene indicate that the unidentified cyclic

products.from the former isomer were formed largely at the expense

of the 2,3 -dimethylcyclohexyl formate. This would seern to imply that
the reaction goes astray after the initiation of ring closure. In view of
the steric strain in XLla stemming from the four 1, 3-axial methyl-
_hydrogen interactions, its exigenj; conversion to XLIb and thence to

XLIc is not an unabridged surprise.®* Still another means of relieving
the strain inherent in XLIa would be via the maturation of a bond between
C~land C~3. This would give XLV, which upon neutralization would

give the isomeric cyclopentane system. In fact, since the formation of

#* If we can neglect the effects of solvation, the free energy dif«
ference between the conformers Vila and VIIb (p. 15), which are posaible
intermediates in the cyclizations of apogeranic and aponeroic acid, is
only of the order of 1.5 kcal./mole (23). The corresponding bridged ion
derived from the aponeroic acid (the E_i_s:isomer). therefore, does not
experience as great an impress to undergo conformational inversion, and
consequently, only the product resulting from its direct neutralization by
solvent is observed.
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XLV is, for the same reason, possible favored relative to that of XL]Ib,
products from the former would be expected to predominate. More
importantly, the same product would be obtained if XLIa suffered solvent

attack at C-2. Since electronic asymmetries in XLla are possibly small,

XLV XLVI

attack at C~1 or C-:‘.’. would probably be governed by the difference in
strain energies of the two transition states. The process just described
is also sterically controlled, and diifers from the one already established
merely in the final orientation of the external nucleophile.

Appreciable strain associated with XLla could mean that its
formation was disfavored relative to some other cyclic intermediate,
for example, XLVI. -Destruction of ¥LVI or of 'a derived classical ion
by solvent would lead to other isomeric material. Finally, relief of
strain in XLla through the rearrangement of the carbon skeleton might
also account for some of the observed isomeric material.

Accordingly, when the conformational characteristicc of the

cyclization of cis,cis~- and trans, trans-<4, 6-octadiene are cornpared,

there is sound reason to expect the reduced yield of £, 3-dimethylcyclo-

hexyl formate in the case of the latter diolefin.
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Conclusions

Although the appearance of a single isomer of &, 3-dimethylcyclo=-

hexyl formate from the cyclization of trans, trans-4, 6-octadiene might

result from either a sterically controlled (possibly concerted) reaction
pathway or one involving discrete classical ions, the observed isomers
from the cyclization of the cis,cis-diene are only explained by a process
that exhibits definite steric control over the products. That steric control
is observed in the latter case, when conformational factors are so un=~
favorable, renders it highly implausible that the cyclization of the trans,
trans-isomer proceeds by other than a sterically regulated mechanism.
In each case this control appears to derive irom the characteristic
geometry of bridged intermediates which occur at two stages in a step-
wige reaction. It is far less likely that control stems from a concerted
process in which all three new bonds are formed synchronously, although
it is not possible to rule out a concerted ring closure via participation
of the second double bond.

Lastly, the results of the cyclization of both diene isomers
are reconciled most efficiently by assuming that the diolefin exists in

the quasi-chair conformation at the tirne of actual ring formation.
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EXPERIMENTAL

2%, 3°-Dimethylcyclohexanol® (Alcohol D)

To a mixtare of 25.0 g. (0.204 mole) of 2,3 -xylencl (m.p. 72.5=
74.5° C.; Aldrich Chemical Ceo.) in 150 ml. of glacial acetic acid was
added 0.500 g. of 85% platinurn dioxide. This mixture was hydrogen-
ated at 30-35 lbs. pressure in a modified Paar apparatus until the gas
uptake ceased (ca. 4-5 hrs.). The suspension was then filtered through
a fine grade scintered glass funnel, and the filtrate was diluted with
400 ml. of water. This was chilled to 0° C. in an ice bath and neutral-
ized with a cold solution of 110 g. of gsodium hydroxide in 350 ml. of
water. The two layers were separated, and the agueous phase was
extracted completely with six 100 ml. portions of ether. The organic
layers were combined and dried over anhydrous potassium carbonate.
Removal of the solvent left 30.5 g. of crude alcohol. V.F.C. analysis
of this material indicated that the alcohol was a mixture of the four
isomers of 4,3 -dimethylcyclohexanol whose relative percentages in
order of their respective retention times are as followa: A, 9%; B, (%;
C, 3%; D, 82%.

The above procedure was repeated and the products were com=
bined and fractionally distilled through 2 56 cm. stainless steel spinning
band column at 30 mm. using a reflux ratio of 70:1. The early fraction

had b.p. 96-103° C. and amounted to 24.7 g. (48%). The final fraction,



18.7 g. (36%)., had b.p. 103* C. and according to V.F.C. analysis
was 97% D-isomer and 3% C-isomer. This fraction had the following
constants: né5 1. 4675, n}SDO 1.4565, dis 0.9480.

Mol. Ref. Calculated for CBHIGO: 38.303; Found: 38.3¢1.

Analysis (Sp). Calculated for CSHIGO: C, 74.94%; H, 12.58%.
Found: C, 74.84%; H, 14.51%.

The following derivatives were prepared: The p-nitrobenzoate,
colorless crystals frorm absolute methanol, m.p. 64.5-63.0° C.; the
acid phthalate ester, fluffy beige material from absolute methanol and
possibly contaminated with phthalic anhydride, m.p. 165-167° C.; the
m-nitrobenzoate ester was recrystallized several times from a 50:50
mixture of chloroform and hexane, and appeared to undergo rapid
decomposition, m.p. 144.5-143.0° C.; the l-napthylurethane was
récryatallized from absolute methanol, colorless product, m.p.

116.5° C. (very sharp); the phenylurethane crystallized from the same

solvent, colorless material, m.p. 113.0-113.5° C.

Zt, 3¢ -Dimethylcyclohexanolt (Alcohol A)

A total of 8.0 g. (0.21 mole) of sodium borohydride was added
to a solution of 25.< g. (0.20 mole) of trans-<, 3-dimethylcyclohexanone
in 100 ml. of absolute methanol in ! g. portions at ten rainute intervals.
The mixture was cooled in an ice bath to control the vigorous reaction.

After all of the sodium borohydride had been added, the reaction mixture
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was allowed to stand at room temperature for four hours. The bulk of
the methanol was evaporated slowly on a steam bath, during which time
the excess hydride was largely decomposed. The alcohol was regener=-
ated by adding 700 ml. of 1 M. ammonium sulfate and extracted with
two 100 ml. portions of ether. The extracts were combined, washed
with 50 ml. of water, and dried over anhydrous potassium carbonate.
Removal of the solvent left ¢3.8 g. (93%) of crude alcohol contain-
ing 46% of isomer A and 54% of isomer B. Fractional distillation

through a 56 cm., stainless-steel spinning-band column yielded 7.1 g.

(28%) of material with b.p. 92.5-93.0° C. /38 mm., ngs 1.4578,
ngo 1.4471, djs 0.910<2. Gas analysis indicated the presence of

82.85% isomer A and 17.15% isomer B.

Mol.. Ref. Calculated for CBHIBO: 38.303; Found: 38.383.

Analysis (Sp). Calculated for C HI O: C, 74.94%; H, 12.58%.

8 16

Found: C, 74.87%; H, 12.57%.

Redistillation gave material which was 94.23% isomer A and
5.77% isomer B, b.p. 92.5-93.0°* C., n;5 1.4581. This amounted
to 4.3 g. or 17%.

The following solid derivatives of alcohol A were prepared: the
«v-naphthylurethane, short colorless needles from absolute methanol,
m.p. 15£.0-153.0° C. (A 50:50 mixture of this material with the cor=
responding derivative of isorner B had m.p. 133-145° C.); the phenyl-

urethane, colorless prisms from petroleum ether (30-60° C.), m.p.

95.0-96.0°* C.; the 3, 5-dinitrobenzoate, colorless crystals from
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absolute methanol, m.p. 118.5-119.5° C. (A 50:50 mixture with the
corresponding derivative of alcohol B had m.p. 96-111° C.); the p-
nitrobenzoate, colorless prisms from absolute methancl, m.p. 83.0-

83' 5“ Ct

2%, 3° -Dimethylcyclohexanol® (Alcohol B)

A three-necked, round-bottom flask (500 ml.) was equipped
with a reflux condensor carrying a calcium chloride drying tube, a 145
ml. dropping funnel, a heating mantle, and a magnetic stirrer. The
flask was charged with 300 ml. of absolute ether and 4 g. (0.1 mole)
of lithium aluminum hydride. A solution of 14.¢ g. (0. 10 mole) of
trans=-2Z, 3-dimethylcyclohexanone in 50 ml. of absolute ether was added
dropwise over one hour; the reaction mixture was then refluxed for
forty~eight hours.

At the end of this time, the excess hydride was destroyed by
adding water to the cooled (0° C.) ethereal suspension. This material
was then acldified (pH = 4) with cold 6 N. sulfuric acid. The resulting
layers were separated, and the aqueous residue was extracted with two
50 ml. portions of ether. The ether solutions were combined and
washed with 100 ml. of £ N. sodium carbonate solution. After drying
over anhydrous potassium carbonate and reroval of the solvent, 11.4 g.
(89%) of crude a;lcohol was obtained, which was found to have the following

isomeric composition: A, 19%; B, 67%; C, 0-1%; and D, 14%. #ractional
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distillation through a 56 cm. stainless-steel, spinning<band column

afforded a principal cut of 9.1 g. (72%), which was ca. 79% isomer B,

25 50 25
‘. - F L] ’ - -
b.p. 95-9€6* C., iy 1.4600 nD 1.4490 d4 0.9110
Mol. Ref. Calculated for CBHI()O: 38.303; Tound: 38.538.
Analysis (Sp). Calculated for CSHIMO: C, 74.94%; H, 12.58%.

Found: C, 74.81%; H, 12.4:2%.

Redistillation gave material which was 84.74% isomer B and
15.28% isomer A, b.p. 95-96.5* C., nés 1.4588.

The following solid derivatives of isorner B were prepared:

the p-nitrobenzoate, nearly colorless prisms from absolute methanol

with m.p. €1.0-61.5° C.

§ig-2,3-Dirmethylcyclohexanone {{etone i)

The following method was used to oxidize 2%, 3C-dimethylcyclo=-
hexanolc without isornerization (2a). A saturated solution of 3.75 g
(0.0375 mole) of chromiurmn trioxide in 7 ml. of water was added drop-
wise over one-half hour to 6.5 g. (0.051 mole) of the D ~isomer alcohol
in 15 ml. of glacial acetic acid. The temperature was not allowed to
rise above 35* C. The mixture was allowed to stand for two and one=-
half hours at room temperature, and then at 53° C. for an additional
one~half hour.

The reaction mixture was poured into 100 ml. of water and
extracted with five 10 rnl. portions of ether. The exiracts were com-

bined and washed with 25 ml. of 6 N. sodium carbonate sclution, and
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finally with 25 ml. of water. After drying over anhydrous sodium
carbonate, the solvent was removed, leaving 5.8 g. (89%) of crude
ketone.

The above procedure was done in triplicate, and the combined
product was distilled in a 5¢ cm. stainless-steel, spinning-band colurnn.
The pure cis-ketone was obtained boiling at 99“ C./57 mm. , and
amounted to 16.9 g. or 87%. Its other constants were nlé's 1.45.3,

50 5

Ny 1.4420, di 0.9208.

Mol. Ref. Calculated for 08}1140: 36.786; FPound: 36.982.

Analysis (Sp). Calculated for C HN}O: C, 76.14%; H, 11.18%.

8
Found: C, 75.86%; H, 11.28%.

The following solid derivatives were prepared: Semicarbazone
recrystallized from 50:50 agqueous methanol gave tiny colorless crystals,
m.p. 174.5-175.5° C.; the thiosemicarbazone, tiny colorless needle
clusters from agueous methanol, m.p. 144.5-143.0° C.; the 2, 4~
dinitrophenylhydrazone was prepared from Johnson's reagent and
recrystallized from 95% ethapol, glistening orange flakes with m.p.
109.5-111.0° C. (decomp.); the p-nitrophenylhydrazone crystallized
from 80% methanol in tiny clusters of deep yellow needles with two
polymorphic forms, m.p. 149.0-150.2° C. and 154.0-154.5° C.; the
m=-nitrophenylhydrazone gave small orange clusters from 80% methanol

with m.p. 1£6.5-127.5° C. The oxime and phenylhydrazone could not

be obtained as solids.
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trans=-2, 3-Dimethylcyclohexanone (Ketone E)

A mixture of 10 g. (0.08 mole) of the cis-ketone was added to
50 ml. of a 0.025 M. sodiurm methoxide solution and allowed to stand
for periods of eight hours to three days at room temperature. The
mixture was diluted with 300 ml. of water and extracted with three 50 mnl.
portions of ether. The combined extracts were washed with 100 ml. of
water and dried over anhydrous sodium suliate. The colorless oil that
remained after removal of the ether was distilled to give a principal
fraction boiling at 95.5° €. /57 mm., which had n]-';S 1.4481. The yield
was 8.8 g. or 88%. V.P.C. analysis (Carbowax~1500) indicated that
the material was 88% trans-ketone with 12% of the cis-isomer.

Fractional distillation through a spinning-band column gave a

srnall amount of material which was 98% trans-isomer. This material

25 ; 50 &5
h,aan 1.4474, nD 1.4467, d4 0.907¢.
Mol. Ref. Calculated for CSHI4C: 36.786; Found: 37.164.

Analysis (Sp). Calculated for CSH ol C, 76.14%; H, 11.18%.

1
Found: C, 75.89%; H, 11.18%.

The following solid de‘rivaﬁves were prepared: The oxime was
recrystallized from 50:50 aqueous methanol, colorless needles, m.p.
113.5-114.5° C.; the semicarbazone from 50:50 aqueous methanocl,
colorless, m.p. 205.5-206.0° C.; the thiosemicarbazone from 50:50

aqueous methanol, long flat, colorless prisms, m.p. 170.5-171.0° C.;

the p~nitrophenylhydrazone from absoclute methanol, bright yellow prisms,
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m.p. 157.5-158.0° C.; the m-nitrophenylhydrazone from methanol,
orange needles, m.p. 127.0-128.5° C., which on admixture with the
cis-isomer derivative melted at 141-124° C.; the 4, 4-dinitrophenyl-
hydrazone was prepared from Johnson's reagent and obtained crystalline
from 95% ethanol, bright yellow needles, m.p. 153.5-154.5° C. The

phenylhydrazone was not obtained in solid form.

trans, trans-2, 6-COctadiene

The following procedure is based on the method reported by
Webb and Borcherdt (15a):

A one liter, three-necked, round-bottom flask was equipped with
a magnetic stirrer, a 250 ml. side-arm dropping funnel, and a large
dry-ice condensor packed with rock salt and ice. The condensor take=-
off was connected to two ice~traps in series; the first was cooled with
rock salt and ice, while the second was immersed in a dry-ice and
acetone mixture.

The flask was filled with 140 ml. of absolute methanol and 125 g.
(1.4 moles) of crotyl chloride (K. & K. Labs.). The system was
flushed with a mild stream of carbon monoxide introduced via the ouilet
valve of the terminal dry-ice trap (the gas was allowed to escape through
the opening of the dropping funnel), and 100 ml. (132 g., 0.76 mole) of
nickel tetracarbonyl was introduced directly into the dropping funnel
from the one pound lecture bottle (Matheson). The stream of carbon

monoxide prevented the possible spontaneous ignition of the nickel



carbonyl, which frequently occurs on contact with air. The gas flow
was discontinued, and dropping funnel was tightly stoppered. The
nickel carbonyl was introduced to the reaction flask dropwise with stir-
ring at 25° C. over a period of four hours. The solution turned yellow
immediately as a result of complex formation, and a moderate evolution
of carbon monoxide occurred. The off-gas condensate was returned to
the reaction flask, and the mixture was allowed to stand with stirring
overnight.

The reaction mixture, which had largely sclidified, was readily
deéompoaad with 300 ml. of water. The green aqueous layer was removed
and the hydrocarbon was washed with another 300 ml. of warm (35-40° C.)
water. Traces of nickel carbonyl were removed under reduced pressure
at 10° C. leaving 61 g. (79%) of hydrocarbon. Fractional distillation
through a 56 cm. stainless-steel, spinning-band column afforded 11.3 p.
(15%) of material which was largely 3-methyl-1, 5-heptadiene, b.p.
92=-1241* C., and 48.1 g. (62%) of pure trans, trans=~-<, b-octadiene, b.p.

121-122.5* C., n.és 1.4278. Although the refractive index is lower

than reported (Lit.: ngB

1.4300), gas analysis showed this material to
be 99% homogeneous.

The infrared spectrum of this material (neat) possessed a strong
band at 963 cm. i for a trans-disubstituted olefinic linkage (16); there

-1
was no absorption at all between 1500-2000 cm.
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Eéal gis-2, 6-Cctadiene

A solution of 20 g. (0. 189 mole) of 2, b=octadiyne (Farchan Chem.

Co.) in 50 ml. of cyclohexane containing 0.8 g. of 90% quinoline (Eastman,
Pract. Grade) was hydrogenated over 2.0 g. of Lindlar's catalyst (17a)

at 5 1bs./sq. in. and room temperature in a2 modified Paar apparatus.

Gas uptake virtually ceased after seven hours when two mole equivalents
had been absorbed. The catalyst was removed by filtering through a

fine grade scintered glass funnel. The solvent was removed by distilla=-
tion.

The residue was fractionated through a 56 cm. stainless-steel,
spinning-band column, using a reﬂux ratio of 100:1. The yield of di-
olefin was 18.5 g. (89%); its constants were: b.p. 124.0-124.2/744 mm.,
nés 1.4347, di3' ? 0.7475.

Mol. Ref. Calculated for C_H_  : 37.964. Found: 38.473.

814

Analysis (Sp). Calculated for C ¥ C, 87.20%; H, 14.80%.

g 14
Found: C, 87.18%; H, 12.88%.
This material was identified as cis,cis~4, 6-octadiene on the
basis of its infrared spectrum (neat) which possessed a strong band at

713 cm. = and a medium one at 1658 cm. K

Acid Catalyzed Cyclization of trans, trans-2, 6-Ociadiene

A solution of 20 ml. of 98-100% formic acid and 1.2 ml. of
concentrated sulfuric acid was added to 10.0 g. (.091 mole) of trans,

trans~-2, 6-octadiene, and the two phase systera was stirred for thirty-six
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hours. At the end of this time the reaction mixture was homogeneous
and deep violet in color.

The mixture was poured into 300 ml. of water containing 50 g.
of sodium carbonate and 200 g. of crushed ice. The yellow basic solu-
tion was extracted with five 50 ml. portions of ether while still quite cold.
The combined extracts were washed with 100 ml. of water and dried
over anhydrous scdium sulfate. Removal of the solvent left 14.1 g. of
dark oil, which was fractionally distilled to give 5.2 g. (37%) of 25, 3%~
dimethyleyclohexyl® formats, b.p. 90-93° C. /34 mm., n;;S 1.4389.

Analysis (Sp). Calculated for C_H

9 160&: C, 69.17%; H, 10.30%.

Found: C, 68.99%; H, 10.22%.

A second fraction, 7.4 g. (54%) of an isomeric mixture of
octadiyl diformates was obtained with b.p. 142-146° C./30 mm.,
nés 1.4300.

Analysis (Sp). Calculated for CIOH1804: C. 59.38%; H, 8.97%.
Found:C, 59.31%; H, 8.99%.

Acid Catalyzed Cyclization of c¢is, cis-2, 6-Octadiene

A solution of 20 ml. of 98-100% formic acid and 1.2 ml. of con-
centrated sulfuric acid was stirred with 10.0 g. of cis,cis-2, 6-octadiene
for four days at 0* C. The reaction mixture was worked up in the same
manner as for the di-trans-isomer. Distillation gave a mixture of cyclic
monoformates, 4.8 g., b.p. 46-61° C./5 mm., which contained 11%

of 2, 3-dimethylcyclohexyl formate according to gas analysis. Of this,
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94% was &t. 3c-dimethy1c:yclohexylc formate while the remaining 6%
was the C-.l epimer, Zt. 3c-dimethy1cyclohexylt formate.

Analysis (Sp). Calculated for Cth,JC C, 69.17%; H, 10.30%.

x
Found: C, 68.88%; H, 10.19%.

1.2
A higher boiling fraction, b.p. 94-97° C./5 mm., ngl' 1.4306,

afforded 7.5 g. (41%) of isomeric octadiyl diformates.

Cleavage of .?.t, 3¢ -Dimethylcyclohexylc Formate with Lithium

Aluminum Hydride

To a mixture of 100 mg. (27 mrnoles) of lithiurn aluminum
hydride in 50 ml. of absolute ether was added dropwise 1.0 g. (6.4
mrmoles) of Z.t, 3¢ -dimethylcyclohexylc formate. The mixture was
allowed to stand for an hour, and the excess hydride was decomposed
by dropwise addition of 20 ml. of a saturated ammonium sulfate solution.
The ether layer was washed with lQ ml. of water and dried over an-
hydrous sodium sulfate. Removal of the ether left 0.71 g. (86%) of
colorless oil, ngs 1.4562, which was shown by gas analysis to be

entirely Z.t.3c-dimethy10yclohexanolc. Distillation gave 0.63 g. (76%)
5

of pure alcohol B, b.p. 55* C./6 mm., . 1.4561.
Analxsia (Sp). Calculated for C8H160: C, 74.94%; H, 12.58%.

Found: C, 74.69%; H, 14.61%.
The ~-napthylurethane was prepared and recrystallized from

absolute methanol: m.p. 156.5-157.0° C. A 50:50 mixture with authentic
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matel‘ial had m-pu 156l0-157l6° C-
The alcohol did not crystallize upon standing for cne week at

-50 Co

Zt, 3¢ -Dimethylcyclohexylc Formate

A mixture of 60 ml. of pyridine, 6 g. (0.13 mole) of 98-100%
formic acid, and 3 g. (0.023 mole) of 2t 3C-dimethylcyclohexanolc was
cooled to =35° C. in a dry-ice and acetone bath. Phosgene (5 g., 0.05
mole) was condensed in a2 small Schlenk tube immersed in the dry-ice
mixture. The Schlenk tube was then inverted and the phosgene was
added dropwise to the reaction mixture over a period of thirty to forty
minutes. The contents were stirred vigorously by hand. Afier all the
phosgene had reacted, the mixture was stored in a refrigerator at
-10° C. for twelve hours. (Caution: if all the phosgene has not been
consumed, the reaction may become vioclently exothermic upon removal
from the dry-ice bath; this is best avoided by not overcooling the mixture
during the addition of phosgene.)

The semisolid material was poured into an excess of 6 M. sulfuric
acid containing crushed ice. The acid solution was extracted irmrnediately
with three 50 ml. portions of ether. The combined extracts were washed
with 2 N. sodium carbonate solution, and then dried over anhydrous
sodium sulfate. Removal of the solvent left a pale yellow oil, which upon
distillation gave 2.56 g. (71%) of o -dimethylceyclohexyl® formate with

b.p. 86-88° C./30 mm. , and nff 1.4381.



260

Analzsia (Sp). Calculated for C9H160&: C, 69.17%; H, 10.30%.

Fﬂ\n‘.\dﬁ CI 68o 91?0; H. 10- 16%3

E.’.t. 3¢ =Dimethyl --4:t---<:’.e\:n:¢arc:u<:yc:1011ea:r.y1c Formate

A solution of 2.5 g. of 100% formic acid-d (Merck) and 0. 20 ml.
of concentrated deuterium sulfate was stirred with 0.75 g. (6.8 mrnoles)

of trans, trans-2, 6-octadiene for two days at room temperature. The

material was worked up as previously described. Distillation gave 0.36

g. (34%) of Zt. 3¢ -—dimethyl—ét-deuterocyclohexylc formate, b.p. 46-47°C./
8 rmam., ngs 1.4383, and 0.63 g. (46%) of isomeric dideuteroBctadiyl di-

L5 .
formates, b.p. 65-80°/8 mm., Ry 1.4298.
The infrared spectrum (CC14) of the former possessed an equa-

torial C-D absorption at 2171 + 4 cm. . (16, 18).

Zt, 3¢ ~Dimethyl il —deuterocyclohexylc Formate

The cyclization of cis,cis-2, 6-octadiene in formic acid-d was
carried out as described above, except that the reaction mixture was
stirred for seven days at 0°* C. After the work-up there was obtained,
following a small forerun, 0.18 g. of isomeric formates, b.p. 48-53° C./

25 £ € c
8 mm., rb 1.4376. A srmall amount of 2,3 ~dimethyl-4 -deutero-
cyclohaxylc formate was recovered from this sample by use of gas
chromatography (Carbowax-1500 column, 115° C.). The infrared

spectrum of this material showed an axial C-D absorption at 2142 + 8

cm. = (16, 18).
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The dideuterobctadiyl diformate mixture was obtained as a

higher boiling fraction, b.p. 61-76° C./8 mm., ngs 1.4295, and

amounted to 0.56 g. (41%).
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PART IV

THE INFRARED SPECTRA

OF CYCLOBUTANE COMFQUNDS
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INTRCDUCTION

To the practicing organic chemist, one of the important prob=-
lems in the area of infrared spectroscopy has been the search for
characteristic frequencies of typical organic ring systems. In the
case of the saturated carbocyclic molecules, moderate success has
been achieved in the correlation of the spectra of cyclopropane deriv-
atives, although the number of compounds whose spectra have been
studied has been relatively small (1). Investigation of the spectra of
four-, five-, and six-membered rings has at best yielded only tentative
results. In view of the enhanced interest recently in the chemistry of
srnall rings, identification of such systems by infrared means has
become even more desirable. Tﬁe following contains the results of
our examination of the spectra of 191 cyclobutane derivatives. In
addition, we would like to propose a novel application of a computer
technique, which we feel will be of considerable aid in the analysis

of large numbers of spectra.

Previous studies in the correlation of the spectra of cyclobutane

compounds have been discussed by Bellamy (2).
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METHOD

Spectra Sources. --The spectra used in this investigation were

available from the infrared files of these Laboratories. These files
consist in part of approximately 36, 000 published spectra, which
include the following compilations: Sadtler Standard Spectra, Index of
the American Petroleurn Institute, Index of the National Research
Council-National Bureau of Standards, Index of the American Society
for Testir;g Materials, Documentation of Molecular Speciroscopy,

and the Coblentz Spectra (3). At U. C. L. A. these spectra have been
stored on magnetic tape with the following restrictions: all absorptions
which have intensities at least 1/10th of the maximum intensity are
retained, the rest are eliminated; resolution is 0.1 micron over the
range 1.0-245.0 microns. Particular spectra are made available by
means of a search routine programmed onanl. B. M. 1401 com-
puter. A total of 96 non-fused cyclobutane and cyclobutene specira
were obtained in this manner. In addition, another 131 unpublished
spectra of cyclobutane derivatives were courteously made available

from the files of Dr. J. D. Roberts' research group at Caltech.*

* The preparation of many of these compounds has been
described by J. D. Roberts and C. M. Sharts (4).
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Elimination of duplications and of spectra taken in the gas phase left
a total of 144 spectra of cyclobutane compounds and €9 of cyclobutene
cormnpounds.

Composite Spectra. --To a first approximation, the vibrational

spectrum of a molecule R-.Zi may be considered as a superimposition

of the individual spectra of the groups R- and Z,-, plus additional

i

absorptions produced by the presence of the R-Z, bond(s). Some

i
combinational tones may also be expected. The problem of discovering
the characteristic frequencies of R~ can then be thought of as one of
detecting the R -signal in the presence of the noise spectrum produced
by the presence of Zi-. If R- and Zi- are both typical organic residues,
the signal-to-noise ratio should be of the order of unity, and the signal
is indistinguishable f{rom the background activity. ¥urther data are
required to extract the desired information. One method of increasing
the signal-to-noise ratio is to treat the noise as a random component,
and simply average the spectra cf several R-Z’.i. Such a procedure

can be expected to provide an eificient separation of noise and signal,
only if the data can be taken as representative ol a truly stochastic
process.* In the case at hand, neither the choice of the groups ,_.1

nor the vibrations that these groups possess can be considered to be

strictly random; that is, ;Z,i is biased to the extent that it is representative

¥ For an excellent discussion of the mathematical method and
further refinements, see reference 5. For examples of other applica-
tions of this method, see reference F.
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of the particularly cormmon organic linkages, such as C-H, C-N, C=0,
etc. Nevertheless, the occurrence of combination bands, coupling
effects, and frequency shifts due to differences in bond strengths will
tend to augment the random behavior of this component.

Cur experience indicates that about a‘.é to &~ spectra are needed
to produce a composite (average) spectrum with sufficient reduction
of the noise level to be of interpretive value. Certain prominent
features of the composite spectrum rmay be detectable with fewer specira,
however.

In order to illustrate this technique, the Sadtler files were
searched to obtain the spectra of all monosubstituted benzene com-
pounds, except those containing a substituted or fused-ring aromatic
group. A total of 1074 (ca. dm) diiferent spectra were obtained.

These were averaged by an I. B, M. 1401 computer, using the intensity
roaxirna in 0.1 micron "windows' across the spectrum from 1.0-15.0
microns. The resulting composite spectrum is shown in Figure 1.%
Since the ordinate axis is best interpreted as a measure of the relative
probability of iinding a band at a given frequency, the trace has been
inverted as is customary in the presentation of power spectra. Cf

the 14 principal peaks, nine of these have been considered typically

present in monosubstituted benzene systems (¢). The remaining

* The error in the position of the maxima in Figures 1-5
is + 0.05u.
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bands (3.00, 7.70, 7.90, 10.90, and 14.00 1) are less prominent
and may not risel sufficiently above the general noise level to be of
much interpretive value (see Appendix).

The spectrurn of cyclobutane (7) itself indicates that, in addition
to specific ring motions, the motions of the ring methylene groups
should be important in characterizing the spectra of cyclobutane
derivatives (vide infra).Inview of this, the compesite Qpectrum of the
cyclobutane system was prepared from 81 spectra of cyclobutane
derivatives, which met the following restrictions: all contained at least
one ring methylene group, and none possessed a fused-ring or spirane
structure; no cyclopropyl nor cyclopentyl group could be present in
the molecule; no cyclobutene compounds were included. The resultant
spectrum is shown in Figure 4. Tor comparison purposes the cor-
responding spectra of 105 cyclopropane derivatives (Fig. 5), 41 cyclo-
pentane cormpounds (Fig. 3), and 44 open chain alkanes (Fig. <) were
prepared.

It cannot be overemphasized that one should not try to extract
more information from Figures 1-5 than the data frora which they were
constructed permit. The published specira used in this study were
prepared on numerous instruments, under various conditions, using
samples (both neat and in solution) of undeterinined purity. Conseguently,
the primary purpose served by the composite spectrum was to indicate

where, if anywhere, in the spectra of cyclobutane compounds a characteristic
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absorption might be found. The discussion below waa based then on
the examination of the individual spectira, many of which were not used
to construct Figure 4.

General Distribution of Absorption Maxima. --It was suggested to

us by Dr. R. M. Badger that in order to evaluate the significance of

the findings discussed below, it would be useful to know the probability
of finding an absorption at a particular wavelength in the spectrum of a
randomly chosen compound, which does not contain the group in question,
i.e., the cyclobutane ring. To obtain a measure of these probability
values, the positions of all the maxima (each at least 1/10th as strong
as the most intense absorption) of the spectra in the Sadtler organic
index were tallied, and the relative occurrence {requencies were com=
puted for each 0.1 p (Table I). Since the compounds in the Sadtler index
may be considered to be approximately representative of organic com=
pounds in general, the relative irequencies will be approximately eqgual
to the ""actual'' probability values. The accuracy of the approximation
will depend on the extent to which the Sadtler index may be biaged in its
sampling. Although the spectra of cyclobutane compounds were included
in this tally, their deletion could not change any probability value by

movre than about 0.6 percent.
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RESULTS AND DISCUSSICN

Cyclobutane. --The spectrum of cyclobutane itself has been

examined in detail by Rathjens et al. (7). Iiis reported to be compli-
cated by the fact that the barrier to internal rotation about the C-C

bond appears small enough to allow an equilibrium to exist between the
planar (D4h) and bent (D.zd) conformations, both symmetry forms being
sufficiently populated at ambient temperatures to be spectroscopically
active.* The most characteristic vibration, the ring breathing motion
of the planar constellation, is unfortunately only Raman active (9),
appearing at 970 cm-.l (10.30 1). This signal is expected to be weak

at rnost in substituted ring systems. For cyclobutane molecules with
D&é syrnmetry, there is an infrared band at 750 cm-l. (13.33 ), which
has been assigned to an in-plane ring bending motion (7). This absorp-
tion should be important in the spectra of substituted cyclobutanes in
which bulk and torsional effects tend to favor the non-planar conforma-
tion. Another pair of motions, which might be expected to be character-
istic of cyclobutane derivatives, also appears in the spectrum of the
parent compound. One is the methylene (—CH‘&-) twisting rovement.
This mode is silent in the infrared for molecules with D—*}h symmetry,

but is active for the lower symmetry form and appears at 1<40 cm. -

* Recent evidence from electron diffraction studies gives support
toD . as the average symmetry species (8a; cf. 8b). High resolution
Raman studies also favor this species (8¢c).
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(8.20 u). Rocking of the methylene group produces a band at 901 cm. e
(11.10 u). In open chain hydrocarbons, the corresponding irequencies
are near 1305 crn. =i (7.66 u) and 720 cm. i (13.88 ) (10).

Region Near 3000 crn. = (3.4 u4). -- In cyclobutane (7) the C-H

stretching motions give rise to strong bands at 24974 cm. = and £89¢
cm. da Conclusions to be drawn from several previous investigations (2)
suggest that for cyclobutane deriyatives these motions appear at lower
frequencies, namely at 4926 + 10 cm. = and 4853 + 10 cm. -1. Qur
investigation of this region was hampered by the lack of good resclution
here of many spectra. After an examination of the spectra of 18 cyclo-
butane compounds possessing a reiatively sirnple band structure in
this region, we found that it was possible to identiiy two bands at
2915-2950 ¢m. = and £2855-4875 cm. -k Three of the spectra were of
the pure liquids and the rest were of carbon tetrachloride solautions.
The latter interval coincides with the one reported by Wiberley (11).
Cyclobutene compounds usually gave rise to very weak absorp-
tons near 3000 cm. -l. and we were unable to obtain much information
about them. It appears that the stretching frequencies of the vinyl
C -H units are not significantly shifted by the effects of ring strain.
A more detailed study of this region, however, should be made.

-1
Region Near 1450 cm. (6.9 ). --The methylene group of satur-

ated hydrocarbons is responsible for a remarkably constant band at



14¢8 cm. " This absorption is due to the bending deformation of the
H-C-H angle. This so-called ""scissoring'’ motion* is readily identified
in hydrocarbon spectra, since it is usually the only strong intensity
between 1400 and 1500 cm. = When the polymethylene chain forms a
ring, this absorption is shifted to longer wavelengths. Thus, in carbon
tetrachloride, the corresponding band of cyclohexane undergoes a
significant displacement (12), falling to 1454 cm. e In cyclopentane
no further shiit is observed, and the band appears at 1453 cin. =t
The spectrum of liquid cyclobutane (7), at ambient temperatures,
possesses a doublet at 1453 cm. o and 1450 cm. s In cyclopropane
(13) the methylene defiormation falls sharply to 1434 cm. =3 The cor-
responding in-plane deformation of terminal alkenes (2)(cycloethanes)
is found near 1415 cm. = The cause of this shift to lower frequencies
may, as in the case of C-H stretching vibrations, be due tc a combin-
ation of effects arising from a decrease in ring size. Such factors
include bond angle strain, compression of the C=-C bond, changes in
the state of aggregation of the methylene groups, and changes in the
electronegativity of carbon due to diiferences in bond hybridization.
Except for the case of terminal alkenes, very little use has been

made of the position of the methylene deformation in the infrared

* When the proportion of methyl groups present in the molecule
is large, the asymmetrical vibration near 1460 cm. -1 may become more
conspicuous; however, it usually provides no more than a shoulder on
the more intense methylene absorption under typical resolution. See
reference <.
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identification of cycloparaffinic structures. Recently (10, 12), however,
careful analysis of the spectra of certain steroids has shown that the
methylene groups of the D-ring can be distinguished from those of the
side-chain and of the six~-membered rings. The fact that the position
and the intensity of this absorption are strongly influenced by the
presence of electronegative substituents has tended to obscure its use-
fulness in problems of structure identification. This is due largely to
the lack of sufficient data on the spectral shifts involved, though other
deterrents can also be blamed (vide infra). In cyclobutane compounds,
thic change in position is illustrated by the following series of rnono-
and 1, 1-disubstituted derivatives: methyl- (1459 cm. '1), hydroxy -
(1453 cm. tl). bromo- (1453 cm. -1). amino- (1451 cm. '1), phenyl-
(1449 cm. '1). chloro- (1448 cm. '1), l-chloro-l-carboxy- (1418 cm. '1).
l1-fluoro-l-carboxy- (1406 cm. -1). and oxo- (139 cm. -1). The shifts
are sBeen to parallel group electronegativities very well. Although the
shifts noted here are quite large, it is still often possible to cbserve
the affects of ring size on this absorption within an homologous series
of cycloalkyl derivatives. For example, Nolin and Jones (14) have
shown that the C-H bending of the ~-methylene groups of ketones is
displaced down to 1430-1410 cm. -1. The values of the corresponding
cyclic systems are 1444 cm.-l. 1404 cm. -1. and 139¢ ¢m. -1 for neat

cyclohexanone, cyclopentanone, and cyclobutanone®, respectively.

* A higher value of 1404 cm. -1 425 been reported for cyclo-
but anone (15).
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A similar trend is observed in the analogous exo-cyclic methylene
derivatives (1457 cm. 1 a7 em. "t and 1828 em. '1; neat). This
shift to longer wavelengths is further illustrated in the spectra of the
cycloaklyl bromides and chlorides published by Roberts and Chambers
(16), as well as in the A. P, I. spectra (17) of mono- and 1, 1-dialkyl-
cycloalkanes.* The spectra of the cycloalkylbenzenes and the cyclo-
alkyl carboxylic acids do not follow the usual trend. The observed
deviations may be due to a coupling of the scissoring mode with the
3450 cm. as skeletal motion of the aromatic ring, and with a C-C motion
near 1440 cm. ‘1. respectively. Although coupling of this kind should
be weak, this belief is strengthened by the fact that the proper order is
restored when the benzene ring is partially hydrogenated and when the
carboxyl group is reduced to an aldehyde function.

Examination of this region of the spectrum showed that 93 percent
(26/28) of the cyclopentane structures absorbed over 1460-1430 cin. “3 "
76 percent (84/111) of the cyclobutanes over 1450~1420 cm. -l. while
80 percent (84/105) of the cyclopropane derivatives displayed bands
in the region 1430-1390 cm. 4 Nevertheless, except within a series of
analogously substituted cycloalkanes, the position of the methylene
deformation is not sufficiently characteristic of ring size to be used as
a means of identification.

We have observed, however, that in the monosubstituted cyclo-

propane spectra, the methylene scissoring band is invariably split by

* This shift may be easily seen in Figures 4-5 and Figures 7-10.
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about 10-15 cm. -l. while in monosubstituted cyclobutane spectra,
splitting appears in about 4/3 of the cases. Cyclopentane compounds
less frequently (ca. 1/3 of the time) possess a sharp absorption with
a shoulder on the higher frequency slope, but seldom have the well-
defined doublet structure found in the smaller rings. Six-membered
rings and open chain systems possess a single band as long as the
methylene groups are not rendered greatly unequivalent by the presence
of strong electron-withdrawing groups. Inasmuch as the cyclopropane
ring structure can usually be identified by reference to bands near
1020 cm. “h (9.8 u) and 3050 cm. = (3.27 1), the absence of these bands
along with the 10-15 cm. = splitting of the methylene band may be
evidence for the cyclobutane ring. Since the cause of this splitting is
not clear, such interpretations should be made with caution, and one
should be aware, insofar as possible, of those structural features which
are likely to complicate the analysis of this region of the spectrum.
In this connection, it may be mentioned that the presence of one or
more fluorine atoms on the cyclobutane ring may give rise to a band
between 1430 cm. =4 and 1330 cm. = Bands of similar contour and
intensity below 1350 cm. =3 have been observed by Thompson and co-
workers (18) in a variety of fluorinated substances, although the group
motions responsible for them have not yet been determined.

In addition, 31 spectra of cyclobutene compounds containing the

ring methylene group were examined. An absorption was invariably
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-1
found below 1445 cm. It was not always clear whether thig band was
due to the ring methylene unit or to some other group.

-1
Region Near 1235 cm. ~ (8.10 u).--According to the composite

spectrum of 81 cyclobutane compounds (Fig. 4), an absorption occurs
near 1235 cm. 23 frequently enough to merit consideration as a possible
characteristic vibration. No absorption is noted here for the cyclo-
propane and cyclopentane compounds examined. Since this band is very
likely associated with the methylene twisting motion on the four-membered
ring (7)., the spectra of derivatives containing this group were examined
in detail in this region. A medium to strong signal appeared in 55 per:
cent (61/111) of the cases at 1235 + 10 cn. = In 87 percent (96/111) of
the spectra, a band was found over 1435 + 40 cm. -1. while the interval
1200-1260 cm. sl contained a band in 93 percent (103/111) of the cases.
Polysubstituted cyclobutanes generally represented the exceptions.
Some caution must be exercised in interpreting these figures, however,
since this is a region of high spectral activity (Table 1). It may be
that some of the observed absorptions should be ascribed to strong
C -0 motions. Ngvertheless, the relative constancy of the 1435 cm. E
band in a large number of compounds indicates that it should be very
useful in identifying the cyclobutane ring.

This band is not seen in the spectra of perdeuterocyclobutane and

nine other cyclobutane compounds in which the ring methylene units

are missing. On the other hand, cyclobutane and cyclobutene systems
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which contain fluorine attached to the ring, e.g., perfluorocyclobutane
itself, are quite likely to possess a strong absorption near 1435 cm. .

It is interesting that all of iourteen compounds containing one
exo-cyclic double bond attached to the ring (either =CR& or =C) presented
an absorption near 1435 cm. "1, while as a rule cyclobutene derivatives
did not. Some exceptions were noted. In particular, eleven derivatives
of l1-phenylcyclobutene absorbed near 1440 cm. = In simple systems,
it appears that the 1235 cm. =3 band may be of some value in distinguish-
ing between endo- and exo-cyclic double bonds, if the presence of the
C ,-ring has already been established.

4
Region Near 900 cm. -3 (11 ). --Earlier investigators have

observed a band at $10-920 cm. “1 in a number of cyclobutane spectra,
and they have identiiied it with a methylene rocking mode (19). Qur
investigation revealed that this band occurs frequenily (84 percent,
40/49) in the spectra of mono- and 1, 1-disubstituted cyclobutanes over
the interval 910-945 cm. “ It is, however, comparatively rare (<<
percent, 1¢/73) in the spectra of cyclobutane compounds which possess
a different substitution pattern, but which still retain at least one ring
methylene group. It should be pointed out that the behavior of the
methylene rocking motion, unlike the other bending modes of the
methylene group, is in general considerably more susceptible to the
influence of neighboring groups (10). The incidence of absorptions over

the range 890-925 cm. = was 53 percent (39/73). Cyclopentane



v
5]
o

cormpounds have been reported («0) to absorb near 890 cm. % well
as near 930 cm. = Tigure 3 displays bands near these values (11.4
and 10.8 u).

We are not able to concur with Marrison (21) that a characteristic
signal appears at 960-1000 cm. = ior cyclobutane systems. Ve observed
an absorption in this interval only 31 percent (38/142) of the time; many
of these were very weak bands. It may be significant that eleven of these
compounds contained fluorine, although the C -7 bond usually produces
peaks at frequencies above 1000 cm. - (2).

Deformation oi the C~H bond of the terminal methylene group oi
alkenes produces a band at 890 + 5 cm. -1 In methylenecyclobutane
compounds, this band appears to be shifted to slightly longer wave-
lengths. For non-conjugated methylene groups, the‘ band shifts to
875 + 5 cm. =4 (six compounds), while for conjugated systewmns, the peak
is at 845-850 cm. =% (nine compounds). As examples: rethylenecyclo-
butane (879 cm. -1). 3-methyl-1l-methylenecyclobutane (87( cm. —I),
1, 3-dimethylenecyclobutane (870 cm. B 1); 3, 4~dimethylenecyclobutene
(848 cm. -l). l-phenyl-3, 4-dimethylenecyclobutene (847 crn. -1),
Z~chloro-1-phenyl-3, 4-dimethylenecyclobutene (84¢ cm. -l). and
1-phenyl-3-methylenecyclobutene (850 cm. "1). In allenes (24)

-1

(methylenecycloethanes), this band is near 8(0 cin.

Region Near 750 cm. =4 (13.3 u). --Use of solvents blocked out

-1, . :
the region near 750 cm. = in most of the spectra available to us.



However, a band at 745 + 5 cm. - was observed in 70 percent (19/47)
of the cases. This may result from the low frequency in-plane bending

of the four-membered ring (7).
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APPENDIX

The composite spectra of Figures 1-5 present an interesting
but difficult problem in objective analysis. As pointed out, the Z.i-
and their associated absorptions do not in fact behave completely
randomly; consequently noise, i.e., absorptions not specific to the
moiety R-, do appear in the composite spectrum of R-Zi. For
example, non-specific activity is anticipated near 3.5 1 and 7 i1 where
carbon-hydrogen motions are normally detected, since the C-H bond
is expected to be an important (non-random) cornponent of the Zi-.

A completely satisfactory analysis should be able to distinguish all
such non-characteristic absorptions. Examination of ¥igures < and 3
brings to bear the question: Are the more intense bands between 8 u
and l4 1 any more or less important than certain weaker or even hidden
bands in the same region? And finally, which of the bands of a given
composite spectrum are most useful in establishing the presence or
absence of R- in tl;e spectrum of an unknown cormpound?

The chief obstacle to finding answers to the above questions lies
in the fact that the ''signal-to-noise'' ratio is not a constant value over
the entire frequency range. Further, the level to which the noise rises
on a given irequency interval in a2 particular composite spectrum is not
known. Therefore, characteristic absorptions with low extinction co-

efficients may not be as prominent as less characteristic absorptions
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with higher extinctions. This is particularly so if the latter fall on an
interval of generally high spectral activity {Table I).

The above considerations may be taken a2s some specific demerits
of the composite spectrum as an investigative tool. Nonetheless, an
attempt to remove some of the guesswork attendant to the analysis of
these -spectra has been made with partial success. The method, which
is adaptable to use with high-speed computers, involves elementary

information theory and is outlined below.

The theory of information (43) has found increasingly wide applica-
tion during the past few years. Basic to this theory is the statistical

definition of information expressed by equation 1. HHere P relates to
I =K'laP (1)

the probability of an event (e.g., the occurrence of a given symbol),
while K' is simply a constant; I, then, is the information®* to be derived
from the event or the information content of the event.

For an event with a priori probability pj. the information content
may be given alternatively by equation 4:

1. =-Kp, lnp, (2)
J pJ p.}

*This definition makes no distinction between useful and useless
information. Information is, however, distinct from knowledge. It is
defined in terms of the '"‘novelty" of an event. The more rare an event,
the more informative it is. The human value placed on this information,
however, is of no concern in this theory.



4990

The information content of a group of N events, each with a priori
probability Pj' is the sum of the information associated with the indi-

vidual events, and is given by

N

I=-K 5 p. lnp. 3
] Bylap, (3)
jz

where

N

) p. =1 4

) (4)

j=l

Equation 3 is due to Shannon (24). The minus sign i3 introduced to
make 1 a positive quantity. 3ince information is usually considered
a dimensionless value, K is given no dimensions, butis used as a
scaling factor. It is conventional to give I in a unit system based on
binary digits (bits), in which case K has the value 3.3241924 when

log 0 Pj is employed.

1
If the data of Table I are normalized over the interval 2.0-14.9 u,
2 new table of probabilities, PK » may be constructed (Table II) which
conform to equation 4. These represent the a priori probability of the

occurrence of an absorpiion in a particular f{reguency cell, . The

amount of information contained in such an event would be given by

= - L] .“? 2 -’;) = 5
L 3.32192 ¢ }‘log I‘K (5)
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Flotting the Ik versus A would produce a distribution or spectrum of
information values similar to the probability distribation obtained by
plotting the P}L against A. This information spectrurn should approximately
characterize the non-specific behavior of the "'noise'' attributable to the

Zi in a precise gystem of units.

In a like manner, we may obtain a set of probability values, CK'
corresponding to any subclass of compounds, R-Zi, and compute the
related information elements,

I, ==3.32192 ¢, log O (¢)

The 1'7L now give rise to a particular information spectrurn, not unlike

Figures 1-5, in which the information signal characteristic of R- is

superimposed on the non-specific (noise) signal due to the Z.i-. Each

element, I' , may be thought of as composed of two parts:

13
R Z
I +
I, 17L Ik (7)
where
R R R
=-KP 1 P
IA K ) log Py (8)
and
Z Z s
I =-KP 1 =
5 ) 108 ¥, (®)

The PI:' of equation 8 are the probabilities that the moiety R will give
Z &
rise to an absorption at \; the Pl of equation 9 are the probabilities that

the Zi' will absorb at \. Presumably, if the Z; are generally
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v d
&

representative structures, then the PA

may be estimated by the PX of
Z
equation 6. Conseqguently, we may set IA = Il' and make the following

approximation for II: /
I =1' =1 =421 (10)

where the Ml may in practice be either positive or negative. The good-
ness of this approximation will depend upon the number and choice of

the Zi in the R-Zi. If the Zi are not truly representative of the population
defined (in this case) by the Sadiler files, then the Pk will not be proper
z .,

estimates for the PA

The Ml may now be plotted versus A to obtain a diiferential
information spectrum. Figures €-10 show the differential information
spectra, in histogram form, corresponding to the spectra of Tigures
1-5, respectively. In the ideal situation, the positive peaks of the
differential specira correspond to the specific infrared behavior of the
R -group; the intensities of these peaks are a measure of the relative
amount of information to be gained from examining a given region of

"

the spectrum for a particular class of cormpounds after the ''noise"

has been removed.
It may be mentioned in passing that since the intensities of a given

differential spectrum do not depend on variable extinction coeificients

® It may be possible for a given system to obtain better estimates
of Pk by properly defining the population described by the 'P;\ =



294

SANIZNILI JILALILSINSONOW
wnrjdadg uoyyewraopu] TelULILNId

9 ‘3g
T T T T T T T T T T T I
1o-
1w
18-
Nl
ﬂl
0
1
['4
£
1y
16
- o
= ~ 19
=
1 1 1 1 L 1 1 1 1 1 r 1
¥1 £l ¢l 11 01 6 8 L 9 g 4 £

SUOIOI U YJBua[aAem

2-0l X 8314



SANVITV

umrjoadg uoyemIopu] TeIUSIBINA
L B

495

- (] o ‘f ‘T
z_.01: X 81149

LA A

6°01

8*9
9°¢

gL

1 ] 1 1 1 A 1 1 e

g1 (4 14 o1 6 8 L 9 g 1 $
SUCX3T W Ul YiBuerorem



296

SANVLINIdOTOXD

umJxjoedg uojyewrIoju] TeIUSIIFIA
8 ‘g

771

(=]
o
.

~

| T I i

86

e« N o @ ¥ % %
Z_O‘[!"I»Tﬂ

o1
(¢

1 1 ] 1
01 6

SUOIOIN Ul [Bua[asem



297

SANV.LNGOTOAD
umJxjoadg uoyyewIou] TeIUAIBNIA

6 ‘3
. ! T T T T T T
1z21-
1 01-
=y mi
Ol
T
-
&
0 il
=3
5
4
¥
9
8
o1
121
T t . ] ) 5

+

SUOIDI Ul YiBueraaepm



298

SANVdOHUdOTIOAD

umajoadg uojeWION] Te|ua I

01 3y

=3

b cecomen ceome

86

0
e

E3 Ll )

2%l

-

-

e

€<

[ — A A

01
4

SUOIDI Ul WBuajeaem



299

as do those of the composite spectrurm, it is possible to determine an
average signal level which is independent of A. In Tigures 6-10 this
value is indicated by the dotted line.

Examination of Figures 6-10 shows that this treatment still leaves
something to be desired. Nonetheless, certain simplifications are
obtained. In particular, the differential information spectrurn of
monosubstituted benzenes (Fig. 6) is seen to consist of a number of
prominent information peaks with very little background noise. Of the
five peaks present in Figure 1, but not generally considered indicative
of the phenyl ring (p. 269), only the one at 10.9 4 remains; its informa-
tion value is seen to be relatively low. A new band of low value at
10.0 i1 occurs in the differential information spectrum, but appeared
only as a shoulder on the 9.7 1 band in Figure 1. Of some significance
is the reduced intensity of the peak at 6.9 u. Although a skeletal motion
of the phenyl ring appears to produce an absorption near here (2), so
does the scissoring mode of a simple acyclic ;'nethylene group ( p.279).
The relative low information content associated with this band in Figure
6 reflects the uncertainty in the origin of this absorption for an unknown
compound.

According to Figure 8, the band near 10.7 4 contains about as
much information as the band at 9.8 u for the identification of the cyclo-
pentane ring, although this is not obvious from Figure 3; the same is

-1
true for the bands at 10.2 s and 11.2 . The 10.2 u band (977 cm. )
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has been observed by Marrison (21), while the peaks at 10.7 . (930
cm. —,') and 11.2 p (890 cm. -l) have been reported by Sheppard (20).
The most important band of Figure 9 is at 8.1 . The peak at
6.9 4 has a much lower information value,as anticipated by our earlier
discussion (pp.279-284). It is clear that the region near 10 u contains
little information on the presence of the cyclobutane ring, in spite of

the earlier claim by Marrison (21).
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PROPOSITICN 1

Compound I, for which the name "

paracycloguaterphenyl"
is suggested, would be expected to possess a significant degree of
aromatic character. Consequently, the molecule should be useiul for
studying the general chemistry and spectral properties of a uniquely
non-planar, ‘'classically' conjugated 'system. In particular, the excep-
tionally large '""hole'' in this molecule with its symmetrical environment
of pi-orbitals should provide an intriguing example for the study of
molecular complexes such as with iodine, benzene, or some of the
transition metals.

A synthetic route to this compound is proposed, and a simple

Molecular Orbital treatment is presented which corroborates the

anticipated stability of this molecule.
DISCUSSION

Cram and Dewhirst (1) have prepared the (4.4)-paracyclophane
tetraene, II. The ultraviolet absorption spectrum of II indicates that
the diolefinic side chains are not conjugated to a significant extent with
the arofnatic nuclei. This would be anticipated, since these chains
cannot approach coplanarity with the benzene rings. Molecular scale

models indicate further that this compound is sterically open to attack
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by a dienophile such as maleic anhydride. Such a Diels-Alder con-
densation could lead to a mixture of products containing the d, 1-forms
of IIl and meso-IV*, neither of which should be as strained as other
known mermbers of the paracyclophane series. By suitable decarboxyl-
ation and/or dehydrogenation (£, 3), it should be possible to isclate at
least small quantities of I or its tetracarboxylic acid derivative, V
(cee Fig. 1).

On the basis of known interatomic distances in benzene and
linear polyphenyl systems (4), it is possible to construct an approxima-
tHon to the geometry of paracycloquaterphenyl; the model for this
approximation is ehown in Figure 2. Of particular concern here is the
out-of -plane distortions imposed on the benzene rings. Distortions of
this type need not necessarily be prohibitive, especially if the system
has a large reserve of resonance stabilization upon which to draw.
Molecular deformation in 3: 4, 5: 6-dibenzophenanthrene is an example
of how easy it is to build up quite large displacements in aromatic
molecules by a series of small distortions around each of the carbon
atoms of the molecular framework; the terminal rings of the latter are
displaced 2.7 A. from the planar configuration (5). In order to form

a macro-ring system irom quaterphenyl by joining the terminal para-

* Migration of the cyclohexene double bond into conjugation with
a benzene ring in III and IV, which finds analogy in some planar sys-
tems (2), would not be favored here, for obvious steric reasons.
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PARACYCLOQUATERPHENYL

0
All bond lengtho and interatomic distances are given in A. units.

Fig- 2
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positions, a deformation of 360° must be distributed symmetrically
around the carbon skeleton. This requires that the angles « and '
(Fig. 2) be of the order of 155° and 160°, respectively. The correspond-
ing angles in the smallest known paracyclophane, (2.2)-paracyclophane
diene, are about 1£3° and 167°, respectively (6).

A rough idea of the rmmagnitude of the strain in such a molecule
might be obtained from a consideration of the low-frequency, out-of-

plane bending potential function,

for benzene, where z is the perpendicular displacement of the Cl and
(.’J4 atoms from lthe plane of thé ring, and K is the appropriate force
constant. Such a function which takes into consideration the particular
symmetry requirements of a system such as I is not readily available;
however, Coulson and Senent (5) have derived an expression, for which
the constant K may be approximated, which is valid for the case of
benzene where one nuclear carbon atom is perpendicularly displaced
fx:om the plane of the otherwise rigid system. The X thus obtained is
about 0.34 x 105 dynes/cm., and the strain energies for the angular
displacement one carbon atom through 240° to 45° are 5.5 to 8.5

keal. /fmole based on this value. The energy involved in displacing

two carbon atoms situated para to one another will be higher, in part

due to the steric repulsion arising from the closer approach of the
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displaced carbon atoms. In view of this, it seems likely that the strain
in 1 due to these non-planar distortions in the carbon framework would
amount to about 10 to 16 kcal. per benzene ring (7). Also, contrary to
the case of the smaller paracyclophanes, one would expect very little
strain, if any, due to ""compression'' of the eclipsed benzene rings,
since the anticipated transannular distance is of the order of 5 A, which
is considerably larger than the usual Van der Waals separations. In
fact, it seems likely that this ''openness'’ of the molecule might very
well make it difficult to recrystallize I (if solid) free of intrained

solvent molecules.

Molecular Orbital Treatment of Paracycloguaterphenyl

The fundamental problem involved in even the simple Molecular
Orbital (MO) treatment given here for paracycloguaterphenyl is the
estimation of the resonance integrals, Bij’ between the various carbon

centers, whose p-orbitals are not strictly parallel to one another. This

has been accomplished by means of the Mulliken relationship (8),

S 1+
/(1 * 3,9

B,. =8
i S/(1 + 8)

where 8 and S are the standard resonance and overlap integrals,

and the value of 3 is taken to be 0.280 (9). The Sij were computed

using Kopineck's tabulations (10) in the manner outlined by Roberts (9).
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The Sij and the corresponding ﬂij computed for paracycloquaterphenyl
using the geometry shown in Figure 2 are compiled in Table I; the
numbering corresponds to that of I.

Molecular orbital calculations were carried out, utilizing the
D, symmetry of I, at two low levels of approximation, both of which
neglect overlap integrals. The first of these was the simple Hickel
approximation (zeroth order), where the resonance integrals between
neighboring centers were given the values shown in Table I, and given
the values zero for non-neighbors. The eigenvalues obtained are given
in Table Il and are shown schematically in Figure 3.

The assumption that the resonance integrals for non-neighboring
centexs be zero is particularly bad in the case of certain non-planar
systems, where ''non-neighboring'' p-orbitals may be twisted into rather
close proximity. Hence, a {irst order approximation was carried out
in which all resonance integrals greater than 0.1 3 were included in the
secular determinant. The eigenvalues (Table II), eigenvector coefficients,
bond orders, free valence indices, and charge distributions (Fig. 4)
were computed using the IBM 7090 Computor at the Jet Propulsion
Laboratory.

These calculations. support the belief that paracycloguaterphenyl
should be stable in spite of the large deformations imposed on the 7=

network. The bond lengths (Fig. 4) determined by the first order



Table 1

i, bij Bij
1,2 0.248 0.917
1,3 0.047 0.406
1,4 0.038 0.174
1,19 0.242 0.885
1,20 0.034 0.154
2,3 0.280 1.000
25 <0.010 ca.0

é,6 0.04¢% 0.201
6,20 0.030 0.137

Overlap and resonance integrals for paracycloguaterphenyl
based on geometry shown in Figure 2.

Table 11
Zeroth Order (Hilckel) First Order

MC Approximation Approximation
1 &.id 3.010
F A 2. 4 &. 620
3 1. 67 2.620
4 1.6%7 1.809
5 1.54 1.427
6 1.54 0.936
7 1.00 0.808
8 1.00 0.808
9 1.00 0. 664
10 1.00 0.492
11 0.36 0.494
12 0.36 ~0.207
13 -0.36 -0.613
14 -0. 36 -1.021
15 -1.00 -1.021
16 -1.00 -1.064
17 -1.00 -1.210
18 -1.00 -1.210
19 -1.54 -1.338
&0 -1.54 -1.378
&l ~1.67 ~-1.4586
ad -1.67 -1.0689
23 -l 24 -1.689
i4 A -1.788

Energy levels (in units of B) of the 44 molecular orbitals of paracyclo-
guaterphenyl calculated by a simple zeroth order and by a first order
approximation.



-1

313

Molecular Orbital

Energy Levels of

PARACY CLOQUA T=RPHERYL

Zeroth Order Approximatior

= == e oem e e e e e e —— — -

Growmnd State R.I. 7.81(

Firot Ordor Approxination

fe e e - e - e e e = o e o o o

P e e —— e — — e — — ——

Ground State R.Ee 6.9550

Fige 3

-2



314

(1.619)

Total
Delocalization

Mergy— (1.674)
30.955 (8

PARACYCLOQUATERPHEN YL

]
A.3 (-) Bond orders, Pij;

—> Free velence indices, Fy3 % Cher

Legend:|e— ___;l Bond lengthe in
e distributions, ey e

Figs 4



G
9904
HGHS
& & N
SSGGD
N, 4 &3 3
SO
& & & 3
S G




316

approximation indicate that the macrocyclic structure would probably
be significantly constricted relative to the dimensions assumed in
Figure <. Even higher values for the resonance energy of this system
would undoubtedly obtain if thesé calculations were repeated using the
bond lengths and charge disiributions shown in Figure 4.

This simple approximation predicts that both electrophilic and
free radical reagents should attack preferentially at a carbon atom
bonded to hydrogen. Further, this molecule should be readily oxidized
to the dication (R.E. = 7.369 B), where the electrons removed are those
of the lowest antibonding molecular orbital. Similarly, paracyclo-
quaterphenyl should function well as the donor component of a donor-

acceptor complex.
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PROPOSITION 11

It has been shown that cyanogen (1) and, more recently, carbonyl
cyanide (2), are suitable dienophiles in the Diels-Alder reaction with
butadiene, and give rise to heterocyclic products. Inasmuch as there
are relatively few ways in which a heterocatomn is introduced into a ring
systern via a Diels-Alder condensation (3), it would be of value to
examine the potential usefulness of these reactions as a synthetic tool.
In view of this, the following proposals are made:

A. Dienes containing sulfur frequently undergo elimination of
hydrogen sulfide under the conditions of the Diels-Alder reaction (4).

It may be possible to carry out condensations of this type by introducing
the sulfur via the dienophile.* Such a dienophile might be thiocarbonyl
cvanide. Fossible synthetic routes to this compound are discussed.

B. Itis proposed that a general survey be nade of the dieno-
phile reactivities of cyanogen, carbonyl cyanide, and thiocarbonyl
cyanide. In particular, it is proposed that a atudy be made of the
Diels-Alder condensation of these compounds with cyclopentadiencs
to give the heteronorbornene adducts. The latter ghould be convenient
intermediates for the preparation of 2 number of heteronorbornyl sys-

tems, which should be useful in the study of anchimeric assistance

% Since this proposition was originally prepared, Middleton (5)
has reported the condensation of thiocarbonyl difluoride with cyclo-
pentadiene to give the expected 3, 3-difluoro-<J-thianorborn-4-ene
(2, 2-difluoro=-T2. 2. 1] -bicyclo-l=-thia-4-heptene).
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to solvolysis by non-bonding electrons of heteroatoms. The possible

synthesis and theoretical importance of these compounds are discussed.

DISCUSSION

A, The sulfur analogue of carbonyl cyanide, thiocarbonyl
cyanide, has not been reported in the literature. The following are
presented as possible routes to thiocarbonyl cyanides

1) This method is directly aﬁalogous to that used in the pre-
paration of carbonyl cyanide from 3-ketoglutaric acid (6). The forma=

tion of the 3-thioketoglutaric acid is based on a procedure which has

O a3
1] dry HC1, H &S il Na NO
H_OOCCH&CCH‘:COOH > HOOCCH }CCH&COGH -
(e =
; ..
HO -N=CHCCH=N-OH Acetic Anhydnde) NC-C_-CN

been quite successfully employed in the preparation of several dialkyl,
diaryl, and mixed alkyl-aryl thiones (7).

2) This method consists of the low ternperature dehydration of
i-thiomesoxalamide by SOCIA (8), P()Cl3 (9), or by P‘:CS (10). These
conditions have been shown to be mild enough s0 as to preserve other

i NH OH . -2H C i

C.H C CCCOCH -——-—9—-———9 H NCOCCOCNH, ———— NC-C-CN
a 5 a & 405 Z &



carbonyl functions in the molecule. No work, however, seems to have
been done on the dehydration of amides carrying a thiocarbonyl group
to give the corresponding nitrile.

3) The possibility that thiocarbonyl cyanide might result irom
the pyrolysis of thiophosgene with an inorganic cyanide should not be
disregarded. Extensive polymerization might well be expected, which
may account for the fact that no attempt to produce carbonyl cyanide
by pyrolysis has been reported. Homogeneous reaction conditions

S

193]

I + - A | -
C1-C-Cl + 2 M'CN~ —2-» NC-C-CN + 2M'Cl

might be obtained by using dimethylsulfoxide as the solvent rnedium.

#* % Kk

B. In view of the recent work done on the solvolyses of various
norbornyl systems (11), it would be of considerable interest to study
the stereochemistry and kinetics of the solvolyses of several hetero-
norbornyl systems, such as those indicated by I - IV. This dis-

cussion will be concerned only with compounds of types 1 and II.

4ok A L

1 11 111 Iv
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The proposed synthesis of azanorbornylene is shown in Figure 1.
The initial step is the condensation of cyanogen with cyclopentadiene
under conditions similar to those used by Janz and coworkers (1).
This is followed by hydrolysis and decarboxylation at a temperature
low enough not to encourage retrodiene scission (12). The imine is
then selectively reduced with a reagent such as lithium aluminum hydride.
The hydration of azanorbornylene to give the exo-4-substituted
product is based on the expectation ‘that such a system might behave
somewhat like 2 vinylamine , due to the proximity of the nitrogen atom's
non-bonded electrons to the me-electron system of the double bond.
This type of interaction would then give rise to a resonance form such

as V. It might even be possible to observe such an interacton spectro-

N-H

v

scopically. The separate works of Winstein (13) and Roberts (14)

and their coworkers suggest that the exo-product should be strongly
favored if such ""homovinylic'' character is observed. Although the
stereochemistiry given in the last three steps of Figure 1 is based on
that of analogous norbornyl systems (15), the steric requirements of
the heterocyclic compound are undoubtedly guite different; the results
obtained from sterically controlled processes, consequently, may not

parallel those obtained in carbocyclic systems.
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The proposed syntheses of the oxa- and thianorbornyl derivatives
parallel that given for the aza-compounds. The initial condensation
with cyclopentadiene could probably be carried out at 2 much lower
temperature in consequence of the greater dienophilic nature expected
for the dicyanides. This would be especially important in the reaction
with thiocarbonyl cyanide where polymerization and desuliurization
processes may be significant. The oxa- and thianorbornylenes may also
exhibit some '""homovinyl' properties deriving from canonical forrs
similar to V; this may be particularly significant in the case of the
sulfur compound due to the large size of the hetercatom and the pos-
sibility of interaction with the vacant d-orbitals. The nature of the
addend used in step 5 (Fig. 1) may be chosen from any of several known
~v-addition reactions of vinyl amines, ethers, and sulfides (1¢).

It is expected that a kinetic study of the solvolysis of the exo-
4-heteronorbornyl tosylates would reveal a substantial anchimeric rate
enhancement similar to that observed in the norbornenyl systems
(13, 14; cf. 17). For example, in the oxanorbornyl system (Fig. ),
ionization might be facilitated by the participation of the non-bonded
oxygen electrons leading (in the case of total involvement) to the sym-
metrical oxonium ion. This ion in turn could then suffer attack by a
nucleophile at either C-4 or C -5 on the side opposite the oxygen atom

to give a racemic product.
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While solvolysis of the corresponding tosylate of thianorbornane
is expected to display similar behavior, the endo- and exo-sulfoxides
of this compound are anticipated to show rather unique solvolytic
features (Fig. 3). The exo-sulfoxide-exo-tosylate, if optically active,
should lead to a racemic product if sulfur participation is cbserved.
The corresponding endo-sulfoxide, on the other hand, would very likely
participate through the electrons on oxygen to give an asymmetrical
intermediate; the products‘derived would. be expected to have retained

the original configuration.
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PROPOCSITICON III

Xylindein is a brilliant green pigment isolated originally in 1813

by Dbbereiner (1) from the wood infecting fungus Chlorociboria

aeruginosa. Todd and coworkers (2) have recently proposed for this
pigment a dimeric isocoumarin-quinone structure (XIII). A total syn-

thesis of this compound is proposed.
DISCUSSION

Xylindein (XIII) is a nearly planar polycyclic molecule with a
perpendicular plane of symmetry. Consequently, its synthesis poses
no problem of stereochemistry. Although reasonably stable toward mild
oxidation in acid media, it deteriorates readily in basic solution under
the influence of oxidants (3).

A reasonable approach to the synthesis of xylindein would appear
to be one which takes advantage of the molecule's symmetry features.
Two pathways can be envisioned: 1) construction of the A-B-C fragment,
followed by oxidative dimerization, or 2) building symmetrically from
a residue which will contain the center of symmetry. The chief problem
of using the first method would probably be the dimerization step. The
prolyfunctionality of the A-B -C moiety and the similarity between the
groups along the upper and lower peripheries of this {ragment suggest
that it would be quite difficult to control the orientation during the

coupling process. The second method, which was chosen for the scheme
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outlined in t.his proposal, suffers from the fact that yields will be less
than ideal, simply because a given reaction must occur twice within
the same molecule for the product to be of value.

Diphenoquinone (II) is used to provide the backbone for xylindein.
This is condensed (4) with any of a variety of 1, 4-dialkoxy~- or 1,4~
dicarboalkoxy-1, 3-butadienes (I) to give a mixture of tetracyclic Diels~
Alder adducts including III, which would be readily distinguished by its
ultraviolet spectrum. FPossibly III may aromatize under the reaction
conditions (4, 5) to give IV. Either III or IV should be readily oxidizable
to V with a variety of mild reagents (6). Since rotation around the
interannular biphenyl bond is not entirely free, V should have the same
configuration as IIl. Acid cleavage of the ether bonds of rings E and B'
accompanied by gentle oxidation (7) should close the D and D' rings to
give 3, 9-dihydroxy-4, 10-xanthenoxanthenone, VI. This type of reaction
has considerable precedence in the chemistry of the chromones (8),
and is related to the customary method of preparing xanthenoxanthenes
by oxidative coupling of B ~-dinaphthols (9). |

At this point the basic chromophore of xylindein has been come-
pleted, and the success of the u;,;ntheuis ‘may be conveniently checked
by comparing the ultraviolet and visible spectra of VI with those of the
natural pigment.

The reaction of VI, preferably under neutral conditions, with

2-bromomethyl-1l-pentene®* would give the allylic ether, VII. The

* Prepared by allylic bromination of Z-methyl-1-pentene (10).
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Claison rearrangement (11) of VII in the absence of oxygen is expected
to give VIII. The benzylic carbon of VIII being doubly activated should
undergo the Wohl-Ziegler bromination reaction (10) quite smoothly to
give the ao-bromide, IX, in preference to the y-isomer. This bromide
(IX) should be extremely reactive, and in the presence of acid would
most certainly undergo displacement to give X. In fact, the presence of
the neighboring phenol might be sufficient to prevent the isolation of I£.
In order to discourage side reactions during the Wohl-Ziegler step and
latter stages of the sequence, the dimethyl ether or the diacetate of

VIII could be employed to advantage.

Epoxidation of ¥ (or the diacetate) under neutral conditions with
a peracid (12) or with N-bromoacetarnide (13) would give XI (or the di=-
acetate), leav{ng the rest of the systern untouched. Rearrangement of
the epoxide (XI) with dilute acid (14) is expected to give the cyclopen-
tanone, XII, since alkyl migration is less facile than hydrogen migration
(14a).

The final step of this synthesis is the enlargement of the fused
cyclopentanone ring (XII) to the isocoumarone structure (rings C and C')
of xylindein (XIII) by a Baeyer-Villiger oxidation. Studies of the oxidation
of mixed aryl-alkyl ketones indicate that alkyl cleavage is preferred (15).
This reaction may also be carried out using a peracid (16) or an N-
haloimide (13). Again, during this reaction it may be necessary to

protect the phenol groups.
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PROPCSITION IV

Ruzicka and coworkers (1) in 1955 suggested two mechanisms
-for the conversion of squalene to lanosterocl. Unly one of these mechan-
isms is consistent with data obtained from subsequent cafbon-l«&
labeling experiments (2). Another mechanism, consistent with the
Ruzicka theory of terpenoid cyclization, is proposed together with a

chemical method of differentiating between the two possibilities.
DISCUSSION

Heilbron and coworkers (3) as early as 1946 indicated that
there might be a relationship between the sterols and the acyclic tri-
terpene, squalene, but it was not until 19324 that any attempt was made
to detail this relationship. At this time Sir Robert Robinson (4)
showed how cholesterol might be derived from a particular folding of
squalene, followed by the loss of three methyl groups. By examining
the radiocarbon distribution in cholesterol derived from labeled
acetate, R. B. Woodward and K. Bloch at Harvard (5) and W. G.
Dauben and coworkers at Berkeley (6) were able to infer thatlanosterol,
whose structure had been recently determined (7), might be an inter -
mediate product in the conversion of squalene to cholesterol. The first
experimental proof that this was indeed the case came four years

later (8).



In the meantime, a detailed theory of the cyclization process
was put forth by L. Ruzicka's E. T. H. group at Zlrich. This theory,
which was a modernization of the bicgenetic isoprene rule proposed |
earlier by Ruzicka, has been considered in some detail in Part1 of
this thesis. It was pointed out that up to the present, the greatesttestof the

. Ruzicka theory hasbeen its ability to adequately explain the conversion
of squalene to lanosterol.

At the inception of this theory, its proponents recognized that
lanosterol, the first isolable tetracyclic precursor of cholesterol,
could arise in either of two ways irom squalene: one way involved two
1, 2-methyl shifts, while the other required a single l, 3-methyl shift.
In order to differentiate between the two possibilities, an American
gr‘oup under the direction of Bloch (2a) and an English group directed
by J. W. Cornforth (2c), working independently, devised carbon-14
labeling experiments which indicated conclusively that two 1, d-methyl
shifts were involved, and hence, that ring B evolves from a boat folding
of that section of the squalene chain.*®* This substantiated the earlier
belief of Ruzicka. His rnechaniesm, shown in Figure 1, also involves
a pair of 1, 2-hydride transfers. This scheme requires that the all-
rans form of squalene be the substrate in the reaction, and indeed,
it has been shown (2a) that all-trans squalene, the major isomeric

constituent of natural squalene, can be converted to cholesterol.

* See reference Za for proof that ring A derives from a chair-
folded segment of the chain.
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However, another concerted mechanism can be written involving
a 1,3-hydride transfer, which is in some ways simpler than the mechan-~
ism of Figure l. This mechanism, which is shown in Figure 4, differs
from the former one in the manner in which the hydrocarbon chain is
originally folded (a function specifically reserved for the enzyme).
As seen in Figure 4, this process demands that the original conformation
of the squalene chain be chair-boat-chair-chair-linear, while that of
Figure 1 requires the conformation to be chair-boat-chair-boat-linear.

The principal difference between these two mechanisms is the
means by which the stereochemistry at the asymmetric center C-17
(of squalene) is achieved. In Figure 1, a 1, 2-alkyl shift is proposed
in which C-16 is transferred from C-17 to C-18 (step 2); this process
develops the proper relative configurations at C-13, C-17, and C-18
for the pair of concerted 1,<-hydride shifts which follow (step 3) and
which result in inversion at C-17. The mechanism proposed in Figure
Z achieves this result more directly. The proper stereochemistry at
C-17 is potentially produced by allowing that initially the part of the
squalene chain which is to become ring D be folded in the chair con-
formation. The desired configuration at C-17 results when the bond
between C-13 and C-17 matures. The final stage of the concerted
process (step 2) achieves the necessary steric results by the same pair

of 1, 2-methyl shifts together with a single 1, 3-hydride migration. In
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Figure 1 the energy necessary to bring about the 1, d-alkyl migration
of step & could result, at least in part, from the relief in strain
associated with the conformational reorganization which occurs in
ring D (i.e. in going from boat to chair (9)). The scheme presented in
Figure 2, however, obviates the need for both the conformational
reorganization and the 1, 2-alkyl migration. Itis a propos to note here
that although 1, 3-methyl shifts are virtually unknown processes in
organic chemistry, several examples of 1, 3-hydride transfers are
known (10), while rultiple 1, 2-hydride shifts of the type required by
the mechanism of Figure 1 have not been established.

it is proposed, therefore, that an appropriately deuterated (or
tritiated) form of squalene could be employed to distinguish between
the two types of hydride migration (Fig. 3). The position of tritium
in the product could be determined by established degradative pro-
cedures (11) using the technique of isotopic dilution. A more attractive
means of locating the isotope could be based on a procedure reported
by Jones and coworkers (12). This is a method of characterizing the
gide chains of steroids which involves the pyrolytic fission of the bond
between C=-17 and C =20 (steroid numbering). Here the volatile frag-
ment could be purified by gas chrormatography and subjected to isotope
analysis. Other methods of locating the isotopic atom which might
supplant the tedious degradative approach are low voltage (10-15 v.)
mass spectroscopy (13), nuclear magnetic resonance spectroscopy (14),

and differential infrared spectroscopy (15).



340

0
cH203250H5

S ¢5 =CDCH,CH, CD=Fg 3

1,2-chift 1,3-0hift

20-Lonocterol-a




341

The particular deuterium substituted squalene proposed for this
experiment is the all-frans 11, 14-dideuterosqualene. The choice of this
compound rests on the following considerations: 1) Squalene iz sym-=
metrical with respect to the bond joining C-12Z and C-13, hence cycliza-
tion will proceed with equal probability from either end of the chain.

2) Cyclization of this dideuterosqualene is expected to lead to a homo-
geneous monodeuterated lanosterol, if one of the mechanisms presented
above predominates (providing no randomization of deuterium occurs;
such a product would be far more tractable to the methods of analysis
prescribed above than would an isomeric mixture. 3) Synthetic routes
to the symmetrically subsatituted squalene are more direct, and hence
would probably give higher yields. 4) Routes to an alternatively labeled
6, 17«dideuterosqualene seem to be more complicated and result in
isomeric mixtures and/or more highly deuterated hydrocarbons. In
addition, 6,17-dideuterosqualene would be expected to retain both
deuterium atoms, making it inevitably more difficult to analyse the
eyclic product by spectroscopic methods.

The method proposed here for the preparation of 11, 14-di=-
deutercosqualene is based on a known procedure for obtaining synthetic
all-trans squalene (16) and is outlined in Figure 3. The Wittig reagent
used in this reaction is to be prepared from },4-dibromo-1,1,4,4-
tetradeuterobutane. Some of the possible preparative schemes for

this labeled material are suggested below.
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A. Kolbe electrolysis (17) of 3-bromo=-3, 3-dideuteropropanoic

acid:

¥ Holhe Blectrolyold, BrCD CH CH,CD Br
’ [+

BrCD,CH ,COO™ Na

The appropriate propanoic acid could be prepared from bromodideutero-
acetic acid (commercially available) by means of the Arndt-Eistert
synthesis (18), or from 3,3, 3-trideuteropropanocic acid (19) by bromin-
ation (20), dehydrobromination, followed by reverse hydrobromination
(21).

B. Reduction of dimethyl succinate with commercially available
lithium aluminum deuteride, followed by bromination, should also give
the desired product

LiA1D4 HBr
CHOCCHCOCH, > HOCD CHCHCD OH ~——= BrCD CH CHCD Br
ra & 4 e 4 4 4 2 4 24

3 3
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PROPOSITICN V

It is proposed that the solvolysis and acid-catalyzed reactions
of certain cis- and trans-A4-hexenylmethy1carbinyl derivatives would

be of value in interpreting the mechanism of cyclization of 1, 5-dienes.

DISCUSSION

The cyclization of cis, cis= and trans, trans=-2, 6~-octadiene in

acid medium gave rise to only those two isomers of £, 3-dimethyl-
cyclohexanol in which the methyl groups were trans to one another (1).
This was interpreted as implying that the initial protonation of the diene
gave rise to a non-classical species such as a m-complex (2) as opposed
to the classical secondary ion.

The trans or diequatorial dispostion of the methyl groups in the
products of these reactions is the thermodynamically favored geometry
for this system. For this reason the observed products may also be
consistent with some equilibrium process in which stereochemical
integrity was lost. It would be of considerable interest, then, to know
the course of the subsequent cyclization reaction if indeed a classical
carbonium ion were produced instead of the presumed n~complex. The
desired ionic intermediates might be prepared in a number of ways.

Examples are the deamination (3) of A4-hexenylmethylcarbinylamine
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with nitrous acid and the treatment of "~,4-hexenylmethylcarbinol with
strong acid.

Another question of interest concerns the degree to which the
double bond may participate in the cationic processes occurring at C-2.
Indeed, anchimeric assistance to solvolysis of several cyclic 1, /.\5-
alkenyl sulfonate esters (4) has been reported in which ring formation
was observed. In acyclic molecules, however, this process may well
be less facile due to the greater entropy requirerents imposed by the
highly flexible chain. A study of the solvolyses of &4-hexeny1methy1-
carbinyl bromide, sulionate esters, or the mercurichloride versus the
saturated analogue would shed light on this important question.

Possible synthetic routes to the required cis~ and _tlé_rl_s__-ALL-
hexenylmethylcarbinyl derivatives are shown in Figures 1-3. In
Figure 1 the starting material could be either the cis,cis~ or the trans,
trans-diene. The disadvantage of this scheme is that the isomerization
or reductive cleavage of the epoxide should lead to approximately egual
guantities of the readily distinguishable C -4 and € -3 isomers. Figure &
presents a method which chould lead primarily to the trans-alcohol via
a selective dehydrobromination (5) of 1,5-dibromohexane. A method
of obtaining the corresponding cis-alcohol is outlined in Figure 3. The
last two synthetic schemes utilize commercially available starting

materials.
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