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a promising tool for synthesis in general. The reaction involves
exothermic consumption of intramolecular double bonds via Iinsertion
into a carbon metal og-bond . This represents an intramoleculaxr example
of the reaction type responsible for metal catalyzed polymerizziion
of clefins.

A simple cyclization involving one double bond may occur to Foxrm
possibly two rings. Generation of the smaller ring is called exo-
cyclization and larger ring formation, endecyclization. In the case
of orgenocaluminum ccmpounds, exocyclization leading to the Formaticns
of five- and six-membered rings was found to proceed efficiently.

The organocaluminum intermediates were generated by the addition

reaction of dialkylsluminum hydride to a casrbon-carbon multiple bond.

Dialkylaluminum hydride was used as a catalyst for the high temperature

cyclization process. With the assistance of aluminum trichloride, the

intramolecular cyclization reaction was found to proceed smoothly
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at low temperature., Polycyclic compounds containing five- and six-
membered rings were generated by these processes in one step.

A great variety of functional groups in organic molecules are
known to undergo reduction in reaction with low-valent titanium and
zirconium complexes. With the combination of titanium tetrachloride
and lithium aluminum hydride, carbon~-carbon multiple bonds were found
to undergo selective reduction reactions, and in some cases, products

were procuced reasonably stereoselectively. The possible synthetic

applications of this reaction were explored.
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PART 1. THE INTRAMOLECULAR CYCLIZATION OF ORGANOALUMINUM COMPOUKDS

I. Introduction

One of the major criteria for measuring endurance in organic
synthetic methodology focuses on the efficiency of a certain process,
i.e., how efficiently the readily available starting materials are
converted into the eventural product. Two approaches are available
to enhance efficiency: the use of only high-yield transformations
in a multistep synthesis; and reduction of the total number of steps
by accomplishing several bond formations in a single step. A combin~
ation of the best features of both approaches would represent a perfect
synthesis. ’

Two distinct directions of research in the science of organic
synthesis can also be discerned. A particular target molecule can
act as the paramount driving force, with its preparation usually
being accomplished through reactions known to proceed in reasonable
yields. Occasionally, reactions are invented to consummate a certain
transformation more efficiently. A rich variety of organic reactions
has beén discovered using this type of specific, target molecule
approach.

A second method concentrates on a process which by its very
nature embodies the concept of efficiency. The study of such a process
need not be conducted with the intent of preparing any definite
compourd, but it does hold the promise of permitting access to the
simple manufacture of many different molecules. The process should

proceed in high yield, accomplish ihe construction of a major portion




of the desired molecule, and lend itself to alteration for the
purpose of generating multifaricus structural types. The notion is
to allow the process to reveal through research what molecules it
is capable of generating efficiently.

Since polycyclic substances abound in natural product chemistry,
any process that results in the formation of several rings in one
step from an acyclic precursor is of potential value. Intramolecular
cyclization of organometallic compounds represents a promising tool
for accomplishing this objective. The reaction involves exothermic
consumption of intramolecular double bonds by means of insertion
into carbon-metal ¢-bonds. Such a transformation represents an
intramolecular example of the reaction type responsible for metal
catalyzed polymerization of olefins.

Intramolecular cyclizations have been observed or proposed for
organometallic compounds containing lithium (1), magnesium (2),
aluminum (3), zirconium (%), titanium (5), gallium (6), indium (6),
rhodiunm (7), nickel (8), iron (9), palladium (10), copper (11), thorium
(12) , and cobalt (13). Organoaluminum compounds were found to undergo
intramolecular cyclization efficiently, resulting in formation of cyclic
products in high yields. The organocaluminum intermediates were generated
by the addition reaction of dialkylaluminum hydride to carbon-carbon
double or triPle bonds. Dialkylaluminum hydride was employed both
as a catalyst and as a reagent to effect the cyclization process,

The scope and possible synthetic application of the process

were explored, and the results are presented in the following pages.




IT. Historical

Ring Fformztion is an important and common process in organic

chemistry. It has been known for a number of years that intramolecular

cyclization »f polyenes can occur through common organic intermediates :

free radicals, carbonium ions, carbanions, and organometallic compounds.

Some have beern gtudied to a greater extent than others, but each offexrs

the synthetic potential of accomplishing a great deal of the con-

struction of a molecule in a single step.

In principle, two modes of closure are commonly cbserved in the

ey

ring-forming reactions, i.e., the

ormation of exocyclic or endocyclic

rings as 1llustrated in Scheme 1. These differ in the reglochemistry

of addition to the unsaturated unit, and result in the construction

of rings of differing size.

Scheme 1
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Baldwin (14,15,16) has presented a set of rules which are useful in

predicting the relative facility of different modes of ring closure.

These rules are based on the stereochemical preferences of the transition
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state for the various modes of the ring closure process; each mode of
ring closure 1s most facile in a specific transition state geometry.
The rules are summarized below and generalized examples of each type
are provided.

Baldwin's Rules for Ring Closure

Rule 1: Tetrahedral Systems
(a) 3 to 7-Exo-Tet are all favored.

(v) 5 to 6-Endo-Tet are disfavored.

SN
Oy >
b9 )

%\/
3-Exo-Tet 5-Tndo-Tet
(favored) (disfavored)

Rule 2: Trigonal Systems
(a) 3 to 7-Exo-Trig are favored.
(b) 3 to 5Endo-Trig are disfavored; 6 to 7-Endo-Trig

are favored.
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L-Exo-Trig l~Endo-Trig
(favored) (disfavored)




Rule 3: Digonal Systems
(2) 3 to 4-Exo-Dig are disfavored; 5 to 7-Exo-Dig are
favored,

(b) 3 to 7-Endo-Dig are favored.

Ol =

)
6~Exo-Dig 3-Endo-Dig
(favored) (favored)

The mode of ring closure is desigpated by the use of a number,
indicating the number of atoms incorporated in the new ring; Exo or
Endo; and the suffixes Tet, Trig, or Dig which refer to the hybridiz-
ation state of the carbon atom undergoing the ring-closure reaction.
Reasonable adherence to these rules is expected only when X is a first
row element since these display small enough atomic radii and bond
lengths to be strongly influenced by the geometric restraints of
the suggested transition states.

Baldwin has provided many examples which lend experimental
support to these rules, but a few exceptions are also recognized.
Although cyclizations involving tetrahedral and digonal systems are
of both mechaniétic and synthetic interest, the research has con-
centrated on trigonal systems which offer considerable potential for
use in organic synthésis. The effort further focused on the creation
of 5- and 6-membered rings since the more highly strained systems

would be expected to be reversible and lead to considerable rearrange-




ment.

Some of the most elegant examples of trigonal cyclizations are
those proceeding through carbonium ion intermediates. The conversion of
squalene 2,3-oxide (;) into dammaradienol (g) represents not only
an efficient multiple-bond forming carbocyclization but also a
highly stereoselective transformation (17), which results in the

Production of virtually one diasteromer. The overall process could be

/

2

HO

-considered as three 6-Endo-Trig cyclizatidns followed by one 5-Exo-
Trig cyclization. All of these are formally favored according to
Baldwin's Rules.

The second synthetically significiant feature of this cyclization,
stereoselectivity, is in no way predicted from Baldwin's rules.
The sterecselectivity has been rationalized using the Stork-Eschenmoser
hypothesis (18) which envisionSTSimultaneous bond formations while

requiring trans addition across the olefinic units. This hypothesis




predicts stereospecificity: the stereochemistry of ring fusion is
dependent upon the stereochemistry of the double bond undergoing

cyclization (Scheme 2).

Scheme 2

Caution is dictated inkthe use of the Stork-Eschenmoser hypothesis
since exceptions do exist.

Many additional examples of carbonium ion cyclizations have
appeared in the literature (19). These were initiated from aliyl
alcohols , epoxides, sulfonate esters, or acetals. Many proved to
be highly stereospecific reactions which proceeded in good yields.

The 5-hexenyl radical 3 generated by pyrolysis of 6~heptenoyl
peroxide (%) is known to cyclime to give methylcyclopentane (5) after
hydrogen abstraction from solvent (20) (Scheme 3). This apparently is

Scheme 3
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a kinetic result rather than a thermodynamic one since cyclohexane
is more stable than methylcyclopentane by 742 cal/mole {20). Both
modes of cyclization are favored according to Baldwin's Rules.

In radical cyclizations the regiochemistry is heavily dependent

upon the substitution pattern about the double bond (21) (Scheme 4).

Scheme 4
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When the radical center in the acyclic intermediate is stabilized by
resonance, the cyclization easily reverses which eventually permits

the attainment of an equilibrium product distribution. Such a ration-
ale was confirmed by the fact that decomposition of 6 or 7 led to

the same product distribution (22) (Scheme 5).
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Multiple cycligations have also been accomplished using free
radical intermediates (22 ). Although in most cases a mixture of iso-
mers is produced, occasionally a single diastereomer (2) is formed

perferentially (22).
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Intramolecular additions of organometallic reagents across a
carbon-carbon double bond resulting in the formation of 3- to 6~
membered rings has been observed or proposed for organometallic
compounds containing lithium (1), magnesium (2), aluminum (3), zir-
conium (4), titanium (5), gallium (6), indium (6), rhodium (7), nickel
(8), iron (9), palladium (10), copper (11), thorium (12),and cobalt (13).
number of literature examples are available, mostly involving
organolithium, -magnesium and -aluminum reagents, and indicate that

n=1, 2, and 3, the exocyclic route is preferred (1,2,3).

Endocyclization
P (o1,
CH
(CHZ)ﬁ—CHZ 2’n
Exocyclization
il
(cH,) -

In the n =1 procesé, sufficient proof for the exocyclization
mo e has been provided by the deuterium~labelled magnesium reagent

The ready interconversion of 10 and 12 was observed but no
deuterium appeared in the vinyl position. Clearly this negates the

intermediate creation of the L-membered ring 13 (23) (Scheme 6).
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Substantial ring strain inherent in the cyclopropyl (28 Kcal/mole)
and the cyclobutyl (26 Kcal/mole) rings usually commands the eQuilitk
rium to be displaced toward the open<chain structure, but exceptions
involving special polycyclic structures and highly stabilized car-
banions do exist (24)

The normal n ¥ 2 process kinetically resists the endocyclic
reaction in favor of the presumable less thermodynamically stable
exocyclic intermediate (25). The less stable secondary magnesium re-
agent 15 has become primary;(lZ), defining the reorganizational

rationale (Scheme 7). On strain arguments one would predict 18 to be

Scheme 7
MgX
_ / MeX
. — —
CHy  MeX 4. 16 CH 17 CH,
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more stable than 16 , even though 18 possesses a secondary carban-
ionic center.

Insertion of an olefinic unit into an acyl-transition metal
o-bond often proceeds in an endocyclic fashion (Scheme 8). This ten-

dency can be pronounced enough to violate Baldwin's Rules (n = 2).

Scheme 8
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The n = 3 case assumes a significant synthetic role due to the
stability of the cyclic isomer. These systems have been investigated
to some extent and most available evidence supports closure to form a
5-membered ring from the exocyclic organometallic species (Scheme 9).

A couple of examples are readily provided by the literature (28,29,30).
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Scheme 9
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The n = 4 cyclization appears to provide the larger ring obtain-
able through the insertion process (Scheme 10).

Scheme 10
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Analysis of a significant portion of the thermodynamics asso-
ciated with these ring closures can be achieved by calculation of the
standaxrd Gibbs free energy differences between the opened and closed
forms of a given hydrocarbon using the method outlined by Benson (32).

The results are shown in Table 1.




14

Table 1. AG for Exocyclization and Endocyclization Processes

P Exo ” Endo ;
)> “New,) ¢ l—)—J

(cH,) Hy (cH,)7

33 32 34

n_ AG (Exocyclization) AG (Endocyclization)
1 + 7.6 Kcal/mole + 9.5 Kcal/mole
2 + 6.9 " - 9.5 1
3 -12.2 ” - 13.6 "
L -16.0 " - 7.5 "
5 - 8.7 " ‘ - 2.6 "

As indicated from the examples given previously, the cyclization
preferred thermodynamically need not be kinetically accessible. Both
n=2and n = 3 cyclizations exemplify this fact. In the n = 2 case,
the cyclopentyl system is much more stable than the cyclobutylcar-
binyl system.However, the energy of activation required to form the
endocyclic organometallic: is substantially greater than that needed
for exocyclic organometallic formation. Because of this, reversible
closure prevails, generating the cyclobutylcarbinyl organometallic
as an intermediate. The n = 3 system behaves similarly, but the cyclo-
pentylcarbinyl moiety enjoys a considerable free energy advantage over
its open-chain isomer, making the closed form the reaction product

with the open form a possible intermediate.
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A consistent rationale behind the kinetic bias toward cycio-
alkylcarbinylmetallic formation suggests that the transition state
for cyclization maintains partial double bond character reminiscent
of the open-chain isomer (33). Formation of the exocyclic organo-
metallic readily permits continuous overlap of the double bond p
orbitals, whereas the endocyclic reaction reguires the p orbitals of
the double bond to twist out of overlap in generating 4~ through 6~

membered rings, as depicted by models 35 and Zé .

Continuous overlap: p Orbital twist:
Exocyclic reaction Endocyclic reaction
The veracity of the above discussion depends upon the stereo-
chemical restrictions associatedAwith the addition to an unsaturated
bond. The stereochemical outcome of intermoleuclar nonreversible
addition to both double and triple bonds has been shown to favor
mostly cis—addition for the meager number of systems studied (34).
This does not mean trans—addition is impossible. Certain endocycli-
zations apparently do proceed in a trans— manner (35). Most picterial
views of the transition state for the addition of organometallic rea-

gents to double bond involve a 4-centered molecular arry, 'perpen-
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dicular” (37), or "coplaner rectangular" (38) leading only to cis-

addition. Depending on the orbitals and number of electrons invelved,

M A\
\ :.: ‘,". —-—-g ull‘\“NnM
th!EM?C "44 ;: é .
',"'. § \ ll’c‘l““n“é\““‘
CC_ .
/1 { N
37 38

the 4-centered transition state need not impart any special stabili-
zation. The occurrence of itrans-addition would tend to negate the
theoretical arguments rationalizing preferential exocyclizaticn.

A trans coplanar arrangement of both leaving groups could be more
readily achieved by most of the ring systems under consideration than

the alternative cis coplanar geometry. A concerted trans—addition

(cu,)
\ Heavy lines define
?M o-bonds to be broken
CHZ in retrocycligzation.
29

is a difficult process to imagine. Either free radicals or the inter-
vention of two metal atoms could be involved in a plausible trans-
addition mechanism (35 ).

Not many organometallic cyclizations known to involve free radi-
cal intermediates have been investigated. The one electron oxidative
addition reaction of Co(GN);3 and R-I proceeds through the intermediacy
of an alkyl free radical (37,38) (Scheme 11). These cyclizations would be
expected to be controlled by the kinetic blas of free radicals toward

exocyclization. Furthermore, stereochemical and reactivity pattern




Scheme 11

+ czo(CN);3 _— .t c:o(CN)5J:‘3

o(CN);3 l

(_ czo(cN);3

s 43

findings 1limit the free radical contribution to cyclization of
most organometallic systems to a minor percentage.

Cyclizations requiring the presence of two metal atoms are like-
wise quite rare. Rosenblum has explored the synthetic potential of
certain olefinic iron complexes (39), a few of which experience intra-

molecular cyclization (Scheme 12). These preliminary results do

Scheme 12 @ 'F@ b
/' < P o~ J
Fy / + A — + F@__l 7
- = . P\,
Uy 4s 6 T 47
co
|
2 Or1°
co Fr
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indicate that trans--addition across the double bond can relinguish
a substantial quantity of endocycli'zation.

E. Alexander Hill (25,40,41) has reported kinetics performed on
the retrocyclization of cextain Grignard rezgents which providesuse-
Tul information concerning the structure of the transition state
leading to cyclization (or re‘brocycliza:bion by application of the
Principle of Microscopic Reversibility). These éxperimenﬁs lend cre-
dence to the preferential formation of the "perpendicular” rather than
the "coplanar rectangular" transition state mentioned eaxrlier,

Bicyclic Grignard reagent 50 will experience retrocyclization
due i:o considerable loss of strain energy.to relinguish a secondary
(51) a,nd a primary Grignard reagent (52) (40,41) (Scheme 13).

. Scheme 13

0

The ratio of primary product = 52 +to secondary product 51 was
shown to be 9 : 1l.Surprisingly, a similar ring opening of the mono-
cyclic Grignard 53 also provided two products but in a primary ( _5_4)

to secondary (55) ratio of 100 : 1 (Scheme 14) (25). Kinetic studies

Scheme 14
- Mg, MgX CH3
“ (T
>
CH CH
5 O % 2 55

100 1
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confirmed that the two secondary Grignard reagents 51 and 55 were
generated with very similar rate constants. The latter system
possesses considerable conformational freedom and would presumably
assume the optional transition state geometry. The former system is
nuch more restricted and would require the transition state leading
to the secondary Grignard product 51 to approximate the "perpendi-
cular” arrangement. This result lends support to the preferential
formation of the "perpendicular" transitién state. Generation of 54
is much faster than that of 52 , which leads to the conclusion that
the rearrangement of bicyclic Grignard 50 to give 52 is slow beéause
the system cannot attain the "perpendicular"transition state.

The relative rates for formation of various sized rings is of
particular importance in synthetic planning. The following order has
been established in the instance of lithium: 5-membered > 34membered >
L-membered ring (42). Simple kinetics has also revealed 5-membered >
6-membered ring (31), but the relationship between 3- and 6-membered
processes has yet to be examined.

Much information was gleaned by intramolecularly pitting one
ring formation against another. Lithium reagent 56 was found to
undergo thermal rearrangément giving l-methyl-3-vinylcyclopentane (éz)
as the final product (42). Alkene 57 could be formed by two distinct
pathways involving insertion of a double bond into a carbonlithium
bord as delineated in Scheme 15. Route a and route b were
differentiated by deuterium labelling. Subjection of the 1lithium

reagent §§ to reaction conditions liberated compound 59 with




Scheme 15 =
Route a - N ;
| > e L
Li \[/
‘ Li
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Z Li
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deuterium residing exclusively at the methyl position (route é) and
not at the vinyl position (route b) as readily determined from its
NMR spectrum (Scheme 16). This evidence strongly lends support to
route a and a more facile formation of the 3-membered ring.

Scheme 16 CH.D

| 1. r.t., 10 hrx.

NN NFMD 2. H,0
8 N5

A number of pieces of evidence suggests that the 5-membered ring
is formed most easily of all ring sizes in organometallic cyclization.
Lithium reagent ég underwent cyclization even at —780, whereas

lithium reagent 61 experienced no rearrangement at all (31) (Scheme 17).
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Scheme 17

-78° -
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/ AL
/ Z THF

5-Hexenyllithium cyclized readily at 0°, whereas 6-hexenyllithium
underwent intramolecular cyclization sluggishly even at room tem-
perature (43).

An example of intramolecular cyclization of an organoaluminum
compound reported by G. Hata et.al. (30) once again demonstrated the
kinetic advantage of 5-membered ring formation. When 1,5—hexadiene(§§)
was permitted to react with two moles of diisobutylaluminum hydride,
the product composition was 97.6% methylcyclopentane and 2.4% n~hexane

after hydrolysis (Scheme 18). While under the same conditions, 1,6-hepta-

Scheme 18

NNF RzAlH _— s ¢¢>\/’\\//\5A1R2

62
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\
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; ; < 7.0 2 NN N TNATR
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diene (63) gave 0.9% cyclic product and 99.1% n-heptane (Scheme 19).

Scheme 19

’ 83/ \

\/\/\/\/V 2

HZO HZO
NN
0.9% 99.1%

Of all the cyclizations reported in the literature, those pro-
ceeding through organoaluminum compounds appeared the most promising
for synthetic application. The desireable ingredients of facile g-bond
generation via hydralumination (44), efficient intramolecular insertion
(31), potential extention into combinations with transition metals
such as titanium and zirconium (#5), and a potent arsemal of structural
and mechanistic studies (46 ) sufficiently tempted the synthetic palate

to test the scope of organocaluminum cyclizations.




ITT. Results and Discussicn

It has been recognized for some time that a carbon-sluminum
O-bond can be generated guite easily by means of hydroalumination:
the inssrtion of carbon-carbon multiple bond into an aluminum-
hyGrogen bond (44). In the case of a terminal olefin, the hydro-
alumination reacticn proceeds regioselectively to provide a termiral
carbon-alunimum bond. Since hydroalumination is known to be reversible
at elevated temperatures, it seemed possible that carbocyclization
couald be accomplished using a catalytic quantity of dialkylaluminum

hydride as shown in Scheme 20,

Scheme 20
0

. g
/ AR
i + R,A1H > // 2
/= " ”
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Treatment of 1,5-hexadiene with a catalytic amount of commercially

available diisobutylaluminum hydride in mineral oil resulted in the

generation of methylerecyclopentane in good yield. Shown in Table 2

are the results of monocyclization for the formation of 5- and 6-

membered rings using a catalytic quantity of dilsobutylaluminum

hydride.

Table 2. Monocyclization of Dienes using Diisobutylaluminum Hydride

as Catalyst

Reaction Starting  Temp.(°C) Reaction Product % Yield
No. Material Time (hr)

PN 115° 56 81

’_.J

80

O=
2 AN 1790° 12 O:\ 77
=<

3 //’\/\/\ 160° 16

I /\/\( 120° 72 /[\ Vs 35

50 NN 108° 48 C\r: 56
6 NN 360° 18 (= 40

Because the study merely concerned model systems, more emphasis
was placed on ease of preparation ratber than efficiency in the syn-
thesis of starting ﬁaterjalg. The starting dienes for reactions 1;5
Were purchased from commercial sources. The simple starting material
used in reaction 6, 1,6-octadiene§521),was easily prepared by coupling

3-butenylmagnesium bromide and 1-bromo-2-butene (47).
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Tt is readily apparent, from the first three reactions, that
cyclization to provide the 5-membered ring is a very facile process.
Although higher temperatures are required for complete reaction, the
presence of one or even two terminal methyl groups did not alter the
efficiency of the cyclization process. Lower yields were obtained in
the case of 6-membered rings, with no cyclization at all being

observed for 7-methyl-1l,6-octadiene under a variety of conditions.

§
(1-Bu),AlH I —
| ——— (O

It is well established that cyclizations of alkenylaluminum com-

pounds occur more readily to provide the 5-membered ring than the 6-
membered ring (30). The lower overall yields to produce the 6-membered
ring probably reflect an increased amouht of the competitive inter-
molecular insertion taking place which resulted in the formation
of polymers.

Ziegler (48) has shown that the rate of hydroalumination of simple
olefins follows the order: CH2=CH2 > R-CH=CH, > RZC=CH2 > R-CH=CH-R >

2
RZC=CHR. A1l of these monocyclizations could by interpreted as pro-
ceeding from the site of initial hydroalumination.
In the simplest mechanism conceivable, the rate-determining step
could be either the initial hydroalumination or subsequent intra-

molecular cyclization (Scheme 21). If k~l >k o insertion of the

double bond would play an important kinetic role. On the other hand

if k—l < kz, the rate of reaction, as well as the product structure,
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Scheme Z1
N / kl N \"A.]./
+ (1-Bu) AlH > \
-1
Ky
H AI//

\
(:ff:) + (i—Bu)ZAlH ;;:::::::ii

would depend exclusively upon which double bond underwent hydro-
alumination more rapidly. The prevalent situation could depend
heavily upon ring size and substitution patterms about the double
bonds.

From the systems studied to date (including the bicyclic systems
presented later_on), it is apparent that neither kinetic scenario
can satisfactorily account for all the results. All of the cyclizations
did proceed, however, from initial hydroalumination of either RCH=CH2
or RZC=CH2 which provided a primary organoaluminum compound. Intra-

molecular insertion of R.C=CHR or RCH=CHR into a carbon-aluminum bond

2
is a far faster process than intermolecular insertion of such units
into a hydrogen-aluminum bond as revealed from the simple monocycli-
zations.

Although only one product was isolated from reaction 4, undoubtedly

two separate cyclizations had taken place in this reaction.

A noncatalytic reaction was conducted using equal molar
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quantities of diisobutylaluminum hydride and 2-methyl-1,5-hexadiene
at 750 in hexane. Under these conditions cyclization took place but
the products did not result from a final dehydroalumination as re-
quired by the catalytic process (49). The two possible constitut-
ional isomers resulting from exocyclization were isolated after hydro-

lysis in a ratio 64 : 65 = 2: 3 It should be noted that no hydro-

1) (i-Bu) oA1H, hexane

18 hours, 75° - (” .
2) 10 - _/
3 6

lysis was employed in the work-up procedure for the catalytic re-
actions, and consequently no 1,l-dimethylcyciopentane would have been
detected. The volatile components were simply vacuum transferred from
the mineral oil which acted as a solvent. Although only 0.1 equivalents
of diisobutylaluminum hydride was employed, the loss of isobutylene

at higher temperatures actually provided a total of 0.3 equivalents

of hydride. The low yield of product in the catalytic cyclization of
2-methyl-1, 5-hexadiene, combined with the fact that a considerable
quantity of starting material femained, lends support to the notion

that the aluminum catalyst was converted into unreactive éé-

Al
3

66

—

Reactions 1-6 clearly demonstrated that factors other than simple
alkyl substitution about the double bond dominate the regiochemistry

characteristic of the cycloinsertion, Intermolecular carbalumination
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and hydroalumination boih generally prefer tc place aluminum on the

i

less substi‘uted carbon (50). In the case of reaction 3, a G-mentered

i

ring would have been generated via endocyclization.The reaction avoided
this regiochemical course in favor of the exocyclization even though
the gluminum atom presumably became bound to a tertiary carbon. As

~o ~. g l(

N S
Al ‘ /
L \/ H Ny
\j\ N W

discussed in the intrcduction, simple organometallic cyclizations dis-
play a marked tendency toward exocyclization under normal circumstances.
The successful cyclization of highly substituted alkenes, as in
reactions 2 and 3, attest to the facility of 5-membered ring formation.
Although such cyclizations would at first appear unlikely on steric
grounds, alkylaluminums can accommodate steric demands by expelling

bulky ligands through dehydroalumination (51). Concern about steric

~ Al/\<' | | Nt

| S

Cyeclization
-/
<

factors may not be warranted in the case of aluminum anyway, since tri-t-

butylaluminum is a stable compound and known to insert into ethylene
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even at 20° (52). Tt has also been sxperimentally demonstrated that
in the transition state for insertion into & carbon-zluminum bond,
the carbon which becomes attached to aluminum in the product accumnlates
positive character (53). Electron donating methyl substituents should
stabilize this electrophilic center and help to céunteract adverse
steric interactions.

The monocyclizations displayed a strong preference for regio-
specific dehydroalumination in the final step and the generation of
the thermodynamically most staltle olefin. Even in reaction 3 where a
six to one statistical advantage existed for the formation of _éz s, No

product other than compound §§ was observed. Egger and Cocks (53)
CH

CHy __CHy NN
K <
\_mw/ D EE— \_;:7

68

have proposed a tight four-centered transition state (65) as a
satisfactory explanation of the observed gas phase kinetics measured

for the thermal decomposition of R,Al. Isotope effect studies have

3
lent support to this proposed structure (54). Such a transition

state places partial positive character on the g carbon from which

? -
R-——-A%Tntun I:[é—
H~_C§:____“~é§i_33

l I

Rl RZ
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hvdrogen is removed and would e expected to lead to the generation
of the most highly substituted olefin possible.

Table 3 gives results of cyclizationswhich were designed to
provide bicyclic units. Represented in this series.are 1-1, 1-2,
and 1-3 ring-fused molecules.

The 3-allylcyclohexene was prepared from the coupling reaction of
allylmagnesium bromide and 3-bromocyclohexene. The straightforward
preparation of l-allyl-2-methylenecyclohexane and 1-(3-butenyl)-2-
methylenecyclohexane was accomplished from the corresponding ketones
and methyltriphenylphosphonium bromide undexr normal Wittig conditions.
Two of the trienes were prepared by coupling of a Grignard reagent and
allyl bromide (47) : 4-allyl-1,6-heptadiene from diallylmethylmagnesium
chloride and 1,5,9-decatriene from 1-(2,6-heptadienyl)magnesium chloride.
Trienes of the type 70 which were designed to produce spiro compounds

71 were obtained from the corresponding alcohols 70a by Jones oxidation
OH

,/\\(GHZ)D/K(CHZ)IH/\ /\(GHZ);I/U\(CHZ){\\\
76

70a.

yas
to the ketones followed by the Wittig reaction using methyltriphenyl-
phosphonium bromide.
The spiro systems (reactions 7, 8, and 9) reveal a striking dif-
ference in behavior between 5- and 6-membered ring formation. Reaction 7

apparently proceeded via hydroalumination of a terminal double bond
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Table 3. Cyclization of Polyenes Using Diisobutylaluminum Hydride

as Catalyst

Reaction Starting Temp. Reaction e
No Material (°c)  Time(hr) Product(s) (% Yield )
7 YY1 e O
8 4%*~/A\H»\\,A\¢9- 150° 72 [:jX(:;Z (37)
5 OQur A
10 Q& 2000 48 g (61)
La 1200 24 &J iﬁ?
!
11b  “same as 1la" 120° 48 ";1 (40)
12 dﬁx\/ﬁ\4§*mv/“\5?“ 150° 18 [::>:x<:] (55) [:2}-<C:](16)
J '
13 i/ 1200 67 @:(40) @:(23)
| ﬁ
14 ™ 1200 72 E}::UU) @é%)
« O e ¢ O D
15b " same as 1% " 160° 1.7 m (54) ©:>(36)
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followed by two cycloinsertions as described in Scheme 21. In contrast,

Scheme 21

Va e + (i-Bu),AlH —> AN
Al

~ i -(i~Bu), AlH :
l\t\ s i O{\j P E§<:\::
72 21 A%~\\
/ N

the major product of reaction 9 resulted from initial hydroalumin-

ation at the more highly substituted double bond followed by a single

cycloinsertion (Scheme 22).
?

Scheme 22

4
/\/\I >
///\,/\/U\/\/\ + i—BU)ZAlH P N

118

(i—Bu)ZAlH +
Since hydroalumination is known to occur approximately twice as
fast with monosubstituted olefins than with 1,l-disubstituted olefins
(48), the site of initial hydroalumination cannot explain the degree
of constitutional selectivity exhibited in reaction 9.In this reaction

a hydroalumination-dehydroalumination preequilibrium needs to be in-
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W

voked with the insertion process itself being rate-determining. This
behavior would also appear to explain the formation of compound 72

to the exclusion of structure Z& in reaction 8,

~

74

The structures of spiro compounds 72, 73, and 75 were assigned

75
on the basis of elemental analysis, NMR spectral analysis, and the
limitations placed on the number of different possibilities due to
the known tendencies of the cyclization itself. Considerable structural
information was gleaned by comparing the chemical shifts and splitting
patterns of the vinyl protons in these spiral molecules to those of
simple model systems: methylenecyclopentane, methylenecyclohexane,
and methylenecycloheptane. The vinyl protons in compound 72 possessed
a chemical shift (6=4.72-4.86) and splitting pattern identical to those
of methylenecyclopentane but different from those of either methylene-
cyclohexane or methylenecycloheptane. The vinylic and allylic regions
were essentially identical in the NMR spectra of compounds 73 and 75.

Confirmation of the structural assignment of compound 75a was.

achieved by independent synthesis as outlined in Schemei23.
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0 0
/tk 1) AT Culd |
P >
L AJ",‘} 2) HZO SN Ny
s + -
| PhgP CHyBr
| NaH/DMSO
Q/
L
N R
75

Only two cyclizations were conducted which resulted in 1,3-
ring-fused molecules (reactions 10 and 11). The catalytic cyclization
of 4-vinylcyclohexene to give bicyclo[3.2.1]oct-1-ene (76) required
elevated temperature. This undoubtedly reflects some difficulty the
system has in experiencing the insertion process. Intramolecular cycli-
zations involving the consumption of an olefinic unit which is either

endocyclic or exocyclic to a ring appears to be a somewhat sluggish

<i::j>~—CHZCH2—AlRZ _

reaction. Basically the same type of cyclization was reported to occur

during the thermal decomposition of tri(cyclohexenylethyl)aluminum (55).




35

Reaction 11 provided an entry into the bicyclo[3.3.1 Jnonane system.

The highly symmetrical triene, 4-allyl-1,6-heptadiene, can experience

hydroalumination at any one of iits double bonds to give the same lunter-

mediate (77 in Scheme 24). Likewise an intermediate of unigue consti-

tution (78) would be expected from an n = 4 cyclization involving

either unsaturated species,When the reaction was performed over a short

Scheme 24

-+

-R,A1H

\l
/’t{]m_-
L/

\}\

81

(i-Bu),AlH

o= [;
[
7
AL T
/ \
l \
/ﬁl\\

time span both a monocyclic (79) and a bicyclic compound (81) were

produced. Over a longer period of reaction time the bicyclic material

was formed in greater quantity at the expense of the monocyclic sub-

stance which disappeared entirely. A plausible mechanistic rationale is
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delineated in Scheme 24. The conversion of 77 into 78 can eventuate
in the production of two stereoisomers: the trans and cis forms. Because
of geometrical constraints, the trans stereoisomer would be incapable
of continued cycligzation without prior isomerization to the cis form,
The interconversion of 78 and 79 provides a ready pathway for
trans-78 =— cis-78 .

The structures of 79 and 80 were assigned principally by com-
parison of NMR spectra to those of compounds of known similar consti-
tution., Compound 79 displayed an NMR spectrum with vinyllic proton
resonaance identical to that of 75a which had been pxepared»by inde-
pendent synthesis. Methylenecyclohexane possessed a chemical shift
(p = 4.55-4.67) and splitting pattern in the vinylic region identical
to those of compound 81 .

Reaction 12 resulted in the formation of two substances 82 and
83 in 55% and 16% yield respectively. Scheme 25 shows a likely mechan-
ism for generation of the products. The monocyclic intermediate initially
formed (§&) had the option of undergoing either dehydroalumination in
the manner of reaction 2 or further cyclization to give a L-membered
ring. The molecule choose to do the former due to the sluggishness of
the latter.

It was shown that products 83 and 82 did not interconvert
under reaction or work-up procedures. Consequently, a kinetic regio-
chemical preference associated with the final dehydroalumination must
be invoked. In other systems studied the dehydroalumination process
strongly favored the formation of the more highly substituted double

bond. This was also the case above but not to the exclusion of the
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Scheme 25

NN (B A

124

X
(i~Bu)2AlH + L\n

(i—Bu)ZAlH +




less highly substituted olefin (§§). The hydroalumination reactiocn
across a carbon-carbon double bord has keen shown conclusively by Eisch

to take place in a synperiplaner fashion ( 5€). By microscopic re-

versibility, dehydroalumination would require a synperiplaner orien-

tation of departing groups as well. In intermediate 85 , loss of
a B-hydrogen to form the less highly substituted olefin was enhanced
because the 5-membered ring conformationally locked the aluminium

and g-hydrogen in the preferred synperiplaner orientation (§é)

Egger has calculated a difference of 1.9 kcal/mole at 180° for
the gas phase dehydroalumination of the acyclic system §é leading
to formation of 87 and 88 ( 57). The cyclic system above provided

slightly more elimination of the secondary hydrogen but not in a

Me Al CH,CH
| N
CH..CH=CH— & CH.CH -CH — G
’ > v
87 86 88

percentage sufficient to overcome the electronic factors which favor
the removal of the tertiary hydrogen.

Structrual identification of 82 and 83 was effected through
both NMR spectral analysis and élemental analysis. The NMR spectrum

of 82 displayed no vinylic protons while that of 83 showed a
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vinylic proton resonance which integrated to one hydrogen.

Reaction 13 resembles reaction 4 and reaction 14 resembles re~
action 9 in their constitutional selectivities. The higher yields for
reactions 13 and 14 undcubtedly were a result of =n increased re-
tardation toward insertion exhibited by the disubs£ituted double
bond which is exocyclic to a ring (89). Dehydroalumination of 89

would have eventually resulted in increased generation of 90 and

/
1

(CHZ)n-CHZAlRZ (CHZ)n_l-CH=CH2

8 %

the products derived therefrom.

The stereoselectivities associated with reactions 13 and 14 differ
markedly. Reaction 13 provided methylenehydrindane bearing predomin-
antly the cis- fused ring juncture. In contrast, the methylenedecalin
obtained in reaction 14 possessed the trans—fused ring juncture in

major quantity. In a control experiment l-methylene-2-methylcyclohexane

1) (i-Bu)ZAlH

r.t., hexane

> H
2) H,0 N H
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was hydroaluminaited with diisobutylaluminum hydride under kinetically
controlled conditions to relinquish a 1 : 1 mixture of cis- and
trans-1,2-dimethyleyclohexane. The hydroalumination did not distin-
guish equatorial from axial approach. Such a result does net permit
one to state that the stereochemical dichotomy observed in reactions
13 and 14 cannot be explained in terms of a preferential and rate-
determining hydroalumination followed by a rapid cyclizatior since no
stereoisomer was produced in excess of 50% yield. Although the sterec-
chemical results parallel the thermodynamic stabilities of the products
(58), the overall kinetic rationale is not immediately apparent.
Substantiation of the structure of the major component in reacticn
13 was achieved by independent synthesis as outlined in Scheme 2C.

Scheme 26

5% Rh/C SN
—— O
Hys ethanol \\\///\\\/’

5% Im/Alzo3
HZ’ ethanol

\4

[:; o CIO3 r,/”\ T §> o

HZSOQ’ Acetone L\\/fa /

—~

Ph3P+CH3Br“, NaH/DMSO
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The minor product from reaction 12, trans-Z-methylenehydrindane,
was identified by NMR spectral analysis only.

The products from reaction 14, cis- and trans-2-methylenede-
cailn, were assigned on the basis of NMR spectral analysis, elemental
analysis and independent synthesis from a mixture of 2-decalones which
was rich in the c¢is isomer. The isomers obtained from the Wittig re-

action were separated by preparative scale GIC.

+ -
Ph,P CH,Br
3 3
NaH/DMSO 7 + ‘\v/lb
0

Over a relatively long reaction fime, reaction 15 relinquished

two major products, 91 and 92 in a ratio of 1 : 3 respectively,

plus an unidentified trace component. However, when the reaction was

(inu)ZAIH -
/m . N T>+@
160~, 6 hours N .
91 92

I (1-Bu) AIH o _~
v -, 91 only

o}

160~, 1.7 hours

conducted over only 1.7 hour, the product consisted of solely 91 with
considerable starting material remaining. It seems safe to surmise
that olefin 91 was isomerized to 92 under the reaction conditions

as shown in Scheme 26.
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Scheme 26

92

Since evidence is available vwhich gives credence to the syn
rature of the carbaelumination reaction ( 56), the early formation of
intermediate Qﬂ' seems a plausible pathway. In a related study ( 56),
Eisch suggested exclusive carbalumination from direction "a" in

initial intermediate 93 . Models confirm the greater ease of syn

ﬂ'b"

£iiii:>l:i”_ A from "a® onlym\
VAN \eH | " L
Al
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addition from the "a" direction. Wormally organoazluminums would be
expected to g-eliminate giving the more highly substituted olefin.

However, the required synperiplaner arrangement of departing groups

was only accessible to intermediate 94 for the formation of the less
substituted olefin 91 . Apparently, the g-elimination took place faster,
to give 91 , than the pyramidal inversion reportedly available to a
carbon bonded to aluminum (59). As shown in Scheme 26, hydroalumi~
ration of the originally formed product 91 provided a route for
isomerization to the more stable olefin 92 over longer reaction times.
The structure proposed for 91 was bolstered by catalytic re-
duction to cis-hydrindane, which was generated independently from

indene in a similar fashion.

5% Rh /c 57 Rh/A1203
ethanol ethanol

A few attempted cyclizations did not meet with much success. When

diallylether was treated with a catalytic quantity of diisobutyl-
aluminum hydride, no cyclic material was observed and only starting
material was isolated. This may prove to be the exception rather than
the rule since cyclizations are known to proceed in donor solvents,
such as diethyl ether, THF, and triethylamine, even though such
solvents generally retard the insertion reaction ( 60). Allyl ethers
have been reported to undergo hydroalumination with ease but decom-

pose to cyclopropane and aluminum alkoxides at elevated temperatures

(61). In the case of diallyl ether, cyclization was probably dis-
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couraged due to intramolecular complexation with the ether function-

ality (95).
N\
Al

0

95

The catalytic cyclization does not appear capable of effecting
a simple 7-membered ring cyclization as evidenced from the apparent
polymerization of 1,7-octadiene using diisbbutylaluminum hydride.

GIC analysis of the product mixture obtained from the reaction of
6-methyl-1,5,10-undecatriene (gé) with a catalytic amount of di%§o—
butylaluminum hydride revealed the creation of a multitude of products.
None of these products was isolated and characterized, but undoubtedly
\i

H
B

%
many arose from a dehydroalumination at an early stage prior to com-
plete cyclization (as in reaction 9). It was this capricious mobility
of the carbon-aluminum bond, both from which the cyclization ensued
and at intermediate stageé, that cast doubt on the utility of the
catalytic process in organic synthesis. It appeared that corditions
would have to be found that promoted the carbocyclizations at tem-
peratures insufficient for dehydroalumination. This meént abandoning
the catalytic process altogether at least with aluminum.

Reactivity patterns often change through alteration of steric

and electronic factors. Initially, an attempt was made to enhance
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intramolecular insertion by reducing the bulkiness of the alkyl groups
on the dialkylaluminum hydride. Dimethylaluminuam hydride, preparcd by
a literature procedure ( 62), was used in a stoichiometric amourt to
snoothly cyeclize 1, 5-hexadiene at 5OOC to methyleyclopentane in geod

yield. However, 1,5-heptadiene refused to experience any cyclization

)
a 1) Me,AlH, 50° p
<__// 2) Hy0 > ( \

at 5000 under similar conditions.At 80°C two products were obtained in

a ratio of 2 + 1 ., Although the major component proved to be ethyl-

cyclopentane, some dehydroalumination was evidenced by the production

~NTr
(95,1
e

‘ fCH3 CH20H3 (( 3
% 1) Me,AlH, 80° (l\ ( AN
Y g v/

of ‘considerable ethylidenecyclopentane. Reaction of 6-methyl-1,5-

heptadiene with one equivalent of dimethylaluminum hydride resulted

in reduction of the terminal olefin but no cyclization. At this stage

1) Me,AlH, 70°

/

/ 2) Hy0 > -/
it become obvious that mere diminution of steric demands would not bte
adeguate to achieve the synthetic objective.

The electronic properties of the aluminum atom could be modulated
y replacement of the alkyl groups with electron withdrawing halogen

atoms. The proportionation reaction between trialkylaluminum and
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aluminum trichloride is known to reach an equilibrium in which alkyl-

aluminum dichloride commands a concentration advantage (63 ).

RSAl + 2 AlCl3 _ 3 RAlCl2

Other methods for generating alkylaluminum dichloride exist. One
example extracte& from the research of J. Schwartz and coworkers (64 )
Tocused on the transmetalation reaction between zirconium and aluminum
and also involved an actual carbocyclization at low temperature.

CPZZI-Cl

J CH,C1, ClAl ‘
i- _/: + A1013 ———b———> CPZZIC1 +\

CH

H,0

N

The intramolecular cyclization of alkenylaluminum dichloride re-
agents was explored by using the proportionation reaction to generate
the desired aluminum reagent. The general transformation is outlined

in Scheme 27.

Scheme 27

+ RyALH ————> d/—\ C J;\
Polyene @ CS !Tz

Product
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Shown in Table 4 are conditions and results of stoichiometric
aluminum cyclizations following the basic sequence depicted in
Scheme 27,

Table 4. Cyclization of Polyenes Using Dialkylaluminum Hydride
and Aluminum Trichloride as Reagent

Reaction Starting o} 0 viala’
No Weterial R,ALH T, ( a) T,(C) Product (% Yield)

/
16 l/ (1-Bu) A1H 35° R.T. é (76)

(CH )6CH’
17 ,U (1-Bu),AlH 60° 65 \

l .
18 ] o Et, AlH 60° 65° l ' (a1)
W

19 | Bt AlH 35° 60° (59)

The presence of chlorine atoms attached to the aluminum enhanced
the cycloinsertion under mild enough conditions to avoid dehydro-
alumination even when a secondary alkylaluminum was the product (re-
‘actions 16 and 18). A combination of factors seem to be important in
explaining this phenomenon.

J.P. Oliver and coworkers (6 5), by NMR data in conjunction with
cryoscopic molecular weight data, have proven that a number of tri-
alkenylaluminum derivatives exist in monomeric form with the aluminum

atom intramolecularly coordinated to the double bond, as delineated in
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the case of tri(4-pentenyl)aluminum (97). Cryoscopic data demons-

trated the dimeric nature of the corresponding saturated trialkyl-

L
R-»—Al-__~c’/ /

- \c'\
/N
H 97

aluminum compounds. Such coordination apparently is also important in
the intermolecular insertion since these reactions have been reported
to proceed only through the monomeric form of the trialkylaluminum
reagent employed (66). The dimeric form cannot provide the vacant
site on aluminum for coordination to téke place,

In the addition reaction of triphenylaluminum to the double bond
of 6-substituted benzonorbornadiene, a p value of -0.66 was determined
from kinetic studies (6 7). Partial rate factors indicated that the
electrophilic attack passed through a rate-determining m-complex

transition state 98 . Species 98 has partial positive charge residing

on the carbons of the double bond and partial negative charge on the
aluminum.

The Lewis-acid strength of aluminum towards external base (ethers
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or amines) is enhanced hy tonding to chlorine (6 8). Formation of a
-complex, either as a transition state or an intermediate, in which
negative character is placed on aluminum would appear early on the
cycloinsertion potentiagl energy surface and would be encouraged by
contiguous electron-withdrawing chlorine atoms. The increase in
electrophilicity of the aluminum would be expected to result in an
increased rate of cyclization (Scheme 28).

Schene 208 ¢l
\\\\6 \\\r/“
!l'i,Al/Cl

41‘"‘01 <53
“"“"““";" U

Reaction 16 revealed that the cyclization from a primary to a
secondary aluminum reagent could be accomplished without any dehydro-
alumination by addition of aluminum chloride. Reaction 17 represented
an extension of the use of aluminum chloride to accomplish a double
intramolecular insertion which incorporated cyclization from a secon-
dary to another secondary aluminum reagent without dehydroalumination.
This result 1is of considerable significance as far as consummating

the research objectives is concerned. Two products were produced in

’ 1 U 2 ::

() O +\/_7

134

O
\O
]
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reaction 17. The structures of 99 and 100 were assigned on the basis
of NMR, mass spectral, and elemental analyses. The mass spectrum of
99 indicated a molecular weight of 166 and, in conjuncticn with the
elemental analysis, a molecular formula of ClZHZZ . The NMR spectrum
of this material unveiled no vinylic or allylic hydrogen resonance
but rather typical signals expected for a saturated hydrocarbon with
a triplet at 6=0.9. Compound 100 produced an NMR spectrum nearly iden-
tical to that of an authentic sample of n-pentylcyclopentane. A
molecular weight of 168 was indicated from the mass spectrum.

The generation of compound 100 was something of a surprise.
The reaction conditions were mild enough that dehydroalumination to
provide isobutylene and an additional equivalent of hydride,which could
readily have reduced the double bond (44), should not have occurred.
The reduction can be xrationalized by incorporating the isobutyl group

in a hydride transfer process (Scheme 29). The increased electrophilic

Scheme 29 CH3 ~
//{}\
S CH
%01 d ’ ]
CH,
101 102 »
CH3 ~ CHB
/
- Y
(QH2)6CH3 Al\C/l élu..-//
«— < <

100




tendency of the aluminum, due to the contiguous chiorins

might activate the olefinic unit to favor reception of the hydride.

A sizable concentration of precursor 10l would te expected to le in
equilibrium with other species in solution. The 6-centered transition
state 102 is analogous to those proposed to effect very similor
reductions of carbonyl compounds using hindered alkylaluminum and
magnesium reagents (69).

In order to avoid the undesired olefin reduction, it seemed prudent
to use a dialkylaluminum hydride in which the alkyl group would ot
relimuish a g hydrogen as readily as the isobutyl group. Tristhyl-
aluminum is known to be more thermally stable to the loss of ethylenc
than triisobutylaluminum is to the loss of isobutylene ( 70 ). As dis-
closed in reaction 18, the use of diethylaluminum hydride eliminated
the troublesome reduction and resulted in the synthesis of 99 in
high yield (Scheme 30)

Scheme 30

1) Et SALH
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As shown in reaction 19, 1,6-heptadiene cyclized in reasonably
good yield to methylcyclohexane, This transformation was somewhat
more efficient than that observed in the catalytic reaction.

Three products were obtained from the reaction of 6-methyl-1,5-
heptadiene with diisobutylaluminum hydride, followed by the addition

of aluminum chleride, and finally water. The predominant product had

~ ,
1) (i-Bu),AlH w
BN + ( + é
/. 2) mea \\f:]/‘

. 3
3) H,0

50% 17% 33%

both double bonds reduced without cyclizaticn, presumably by fhe same
hydride shift mechanism outlined earlier in Scheme 29. The mechanism
for formation of the minor constituents, cis~ and trans-1,2~dimethyl-
cyclohexane, remains elusive. This reaction was not attempted using
diethylaluminum hydride.

The use of diethylaluminum hydride in combination with aluminum
chloride permitted the easy production of 5- and 6-membered rings
without the destruction of constitutional and stereochemical selec~
tivity inherent in the dehydroalumination process. However, no adeguate
means has been developed for controlling the site of the initial
carbon~aluminum bond. Since this is the site from which the multi-
cyclization will ensure, its location will determine the eventual
constitution of the product.

It has been reported that hydroalumination of l~alkynes can be
greatly influenced by the choice of solvent; mono-, di- or tri-

hydroalumination products were obtained by carrying out the reaction
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in hydrocarton (71), ether or THF (72), or trialkylamine (73)
respectively, G. Zweifel and coworkers ( 73) discovered the remark-
able cyclization of l-hexen-5-yne with two equivalents of diisobutyl-
aluminum hydride in diethyl ether solvent (Scheme 31). The results

Scheme 31

I Alb
+ 2 RAAIH @—m—m—>
(Y —1

CH,OH

. 887 CH,ALR

2

H .
o 1) 0,

2) H,0

clearly revealed that dihydroalumination occurred faster on a triple
bond than did monohydroalumination on a double bond. The cycloin-~
sertion took place efficiently and provided two sites from which con-
tinued cyclization or functionalization might be realized.

The reason for appreciating this result can best be understood

in terms of a conceivalble synthetic objective (Scheme 32).

Scheme 32
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Incorporation of the triple bond ensures that cyclization would
be initiated from the site which uniquely leads to the desired product.
The absence of such control  would result in the production of
a plethora of constitutional isomers.

Cnly one reaction has been performed using this concept. The
reactiion represents a small portion of a much larger stereochemical
study. The cyclization of 3~methyl-l-hexen-5-yne with two equivalents
of diethylaluminum hydride provided, after quenching with water, trans-

1,2-dimethylcyclopentane.

1) 2 Et,ALH

X EtZO, hexane

— J/
% 2) H,0
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IV. Experimental

General Laboratory Procedures and Conditions

All temperatures are uncorrected. Nuclear magnetic resonance
(IMR) spectra were obtained on Varian EM-360 (60 MHz) and Varian
HA-100 (100 MHz) spectrometers. Unless otherwise specified, tetra-
methylsilane was used as an internal reference, and the followiﬁg
abbreviations were used: s = singlet, d = doublet, t = triplet, gq =
gquartet, J = coupling constant in Hertz. Infrared (IR) spectra were
obtained on Perkin-Elmer 137 sodium chloride spectrophotometer. Low
resolution mass spectra were obtaine@ from an Atlas CH7 iustrument
using a 70 eV excitation potential. High resclution mass spectra were
obtained from a CEC 110B instrument.

Gas-liquid chromatography (GIC) analyses were carried out on
a Varian 920 (thermal conductivity detector, using % in. columns)
and a Hewlett-Packard 5720A (thermal conductivity detector, using
1/8 in. columns). The chromatograms were recorded by either a
Hewlett-Packard 7123A recorder, a Linear Instruments 445 recorder,
or a Sargent-Welch XXR recoxrder.

In cases where the products were hydrocarbons, a hydrocarbon
internal standard was added. Equal molar responses were assumed
using the thermal conductivity detector. All peak areas needed to
calculate yields were determined by use of a Hewlett-Packard integator

model 3373B, or by cutting out and weighing.




Analytical and preparative GIC work was conducted using the

following columns:

Column A: SE-30 (25%) on Chromosorb P, § in. x 4 fi.
Column B: TCEP (5%) on Chromosorb P, %+ in. x 6 ft.
Column C: SE~30 (3%) on Chromosorb P, 4 in. x 6 ft.
Column D: SE-30 (20%) on Chromosorb P, % in. x 6 ft.
Column E: SE-30 (10%) on Chromosorb P, + in. x 6 ft.
Column F: UCW-982 (10%) on WAW-DMCS, 1/8 in. x 1.7 ft.
Column G: OV-101 (10%) on Chromosorb P, % in. x 5 ft.
Column H: Carbowax (20%) on Chromosorb P, % in. x 20 ft.
Column I: TCEP (5%) on Chromosorb P, % in. x 12 ft.
Column J: OV-17 (5%) on Chremosorb P, + in. x 6 ft.
Golumn K: OV-101 (3%) on Chromosorb P, % in. x 6 ft.
Column L: SE-30 (20%) on Chromosorb P, 1/8 in. x 3 ft.
Column M: SE-30 (20%) on Chromosorb P, & in. x 15 ft.
Column N: OV-101 (10%) on Chromosrob P, 1/8 in. x 3 ft.

Column O: Sgqualane (7%) on WAW-DMCS, 1/8 in. x 30 ft.
All elemental analyses of analytical samples were performed
by Galbraith Laboratories, Inc, (Galbraith Laboratories, Inc., P.O.

Box 4187, Knoxville, Tenﬁessee).
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General Approach for Preparation
of Starting Materials

Because the study merely concerned model systems, more emphasis
was placed on ease of preparation rather than efficiency in the syn-
thesis of startiﬁg materials. Most of the simple dienes that were not
purchased were prepared by coupling of an appropriate allylic bromide
and Grignard reagent, for example, 3-allylcyclohexene from allyl-
nagnesium bromide and 3-bromocyclohexene; 1,6-octadiene from 3-butenyl-
magnesium bromide and l—bromo—Z—butene;7—methyl—1,6~octadiene from
3-butenylmagnesium bromide and l-bromo-3-methyl-2-butene. The straight-
forward preparation of l-allyl-2-methylenecyclohexane and 1-(3-butenyl)-
2-methylenecyclohexane was accomplishéd from the corresponding ketones
and methyltriphenylphosphonium bromide under normal Wittig reaction
conditions. The individual syntheses of the starting materials are

described in the following pages.

cis- and trans-1,6-Octadiene (103)

A solution of 3-butenylmagnesium bromide was prepared by the
dropwise addition of 22.0 g (0.10 mole) of 4-bromo-l-butene in 30 mL
of anhydrous diethyl ether to 15 g (0.63 mole) of magnesium turnings
in 300 mL of anhydrous ether. The flask contents were maintained
at 0O and the reaction was conducted under a nitrogen atmosphere.

The flask contents were stirred at 0° for an additional two hours
after the addition. The Grignard solution was decanted from the
excess magnesium metal into another flack under a nitrogen atmosphere.

4 solution consisting of 22.0 g (0.10 mole) of 1l-bromo-2-butene
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in an equal volume of anhydrous ether was added dropwise to the
Grignard solution. The reaction was subjected to refluxing for six
hours following the addition. The flask was immersed in an ice bath
followed by a cautious dropwise addition of satur?ted aqueous ammoniun
chloride solution. The ethereal solution was washed and dried over |
anhydrous magnesium sulfate. After a filtration process, most of the
ether was removed by distillation through a shoxrt Vigreux column. The
pot residue was vacuum transferred and the liguid collected was
analyzed by GILC using column A at 900. Two products were present in a
ratio of 1 : 1.5 . The major product of 2.5 minutes retention time
was isolated by preparative scale GIC under the same conditions. The
product was assigned as a mixture of cis- and §§§g§—1,6—octadiene;
NMR (0014) 8 5.25-5.96 (m, 3H), 4.80-5.10 (m, 2H), 1.80-2.31 (m, 4H),
1.30-1.75 (m, 5H).

The structure of the minor product (retention time in GIC analysis:
1.8 minutes) was assigned as 3-methyl-1,6-heptadiene; NMR (0014) 5 5.50-
6.00 (m, 2H), 4.80-5.10 (m,%4 H), 1.95-2.50 (m, 3H), 1.20-1.50 (q, 2H),

0.98-1.10 (d, J=3Hz, 3H).

6-Hepten-2-one (104 )

Thirty-eight grams (0.42 mole) of potassium hydride (22% in mineral
0il) was put in a 3-necked round bottomed flask equipped with an
addition funnel and a condenser. The flask was flushed with nitrogen,
kept under a nitrogen atmosphere, and 200 mL of anhydrous THF was
introduced. Twenty-five grams (0.223 mole) of 3-methyl-1,6-hexadien-

3-0l, which was prepared by the method of H. Fleischaker et.al. ( 74),
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was dissolved in 100 mi of arnhydrous THF and added dropwise to the
KH-THF mixture at room temperature. The final solution was refluxed
for a period of ten hours.

The sclution was cooled to room temperature, and 100 mL of
saturated aqueous ammonium chloride solution was added cautiocusly.
The organic layer was separated and washed with saturated sodium
chloride solution. The aguecus layer was extracted once with 50 ml of
THF and the THF solutions were combined. Most of the THF was removed
by simple distillation at atmcspheric pressure. The residue was
subjected to simple vacuum distillation. The pure product, b.p. 450
(20 mm), was obtained in a yield of 72% (0.161 mole); NMR (031u)
& 5.50-5.95 (m, 1H), 4.85-5.10 (m, 2H), 2.30-2.50 (t, J= Hz, 2H),

1.90-2.20 (s on m, 5H), 1.50-1.80 (m, 2H).

(4-Pentenyl )triphenylphosphonium Todide (105)

In a 500 mlL round bottomed flask, 31.4 g (0.12 mole) of triphenyl-
phosphine was dissolved in 250 mL of benzene. About 5 mL of benzene
was distilled off under atmospheric pressure. Twenty grams (0.1 mole)
of 5-iodo-l-pentene was added to the triphenylphosphine-benzene solution.
The reaction was refluxed for 18 hours. A white precipitate was filtered
in a Fuchner funnel and washed several times with 15-mL portions of
anhydrous benzene. It was dried in a high vacuum desiccator and weighed
38 g (0.08 mole); NMR (CD013) § 7.70-7.95 (m, 15H), 5.55-5.95 (m, 1H),
b.95-4.20 (m, 2H), 3.50-3.85 (m, 2H), 2.35-2.60 (m, 2H), 1.60-2.00 (m,

2H).
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Cis~ and trans-6-Methyl-1,5,10-
urdecatriene ( 96)

Sodium hydride (3.5 g, 0.073 mole), 2 507 suspension in mineral
0il, was washed several times with anhydrous ether under a nitrogen
atmosphere, 80 mL cof anhydrous DMSO (distilled_from CaH) was added
and the mixture was heated to 80° for 45 minutes under a nitrogen
atmosphere. The resulting mixture was cooled to room temperature, 32 g
(0.07 mole) of (4-pentenyl)triphenylphosphonium iodide (105) dissolved
in 100 mL of warm anhydrous DMSO was added to the NaH-DMS0,

The resulting red solution was stirred at room temperature for 30
minutes. A solution of 7.5 g (0.065 mole) of 6-hepten-2~one (104) in
an equal volume of DNSO was added in a dropwise manner. The final
solution was stirred at room temperature for 1€ hours and 100 ml of
vater was added. The mixture was extracted three times with 50-mL
portions of pentane. The pentane extracts were combined and washed once
with 50 ml of saturated aqueous solution of sodium chloride and then
dried over anhydrous magnesium sulfate. Most of the pentane was re-
moved by simple distillation a£ atmospheric pressure and the pot residue
was subjected to simple vacuum distillation. A colorless liquid, b.p.
50° (10 mm), was obtained in a quantity of 5.0 g (0.031 mole). GIC

analysis using column C at 120° showed the product was a mixture of

(m, 24), 4.80-5.40 (m, 5H), 1.89-2.20 (m, 8H), 1.58-1.80 (m, 3H),

1.30-1.60 (m, 2H).




1,6-Heptadien-4-ol (106)

A solution of allylmagnesium bromide was prepared from 121 g (1.0
mole) of allylbromide, 32 g (1.5 mole) of magnesium turnings in 500 mL
of anhydrous diethyl ether under a nitrogen atmosphere. The allyl-
bromide was dissolved in an equal volume of anhydrous ether and added
over a six-hour period to the magnesium turnings maintained at ice
bath temperature. After completion of the addition, the Grignard
solution was stirred for two hours at ice bath temperature. Dropwise
addition of 37 g (0.50 mole) of ethyl formate was accomplished while
the Grignard solution was immersed in an ice bath. After being stirred
for an additional two hours, the cold reaction mixture was gquenched
by the cautious addition of cold saturated aqueous ammonium chloride
solution. The ether layer was washed with saturated aqueous sodium
chloride solution, dried over anhydrous magnesium sulfate, and filtered.
Most of the ether was removed by use of a rotary evaperator. Simple
vacuum distillation of the resultant liquid provided 32 g (0.3 mole)
of 1,6-heptadien-4-ol (}Qé) bep. 34-36° (4 mm). The NMR spectrum of
106 was identical to that of an authentic sample; NMR (0014) 5 5.60-
6.06 (m, 2H), 4.93-5.24 {m, 4H), 3.49-3.78 (m, 1H), 2.01-2.46 (m, 4H),

1.95 (s, 1H, shifted to 6=1.60 at 60°)

4-Chloro-1,6-heptadiene (107)

A mixture of 35 g (0.13 mole) of triphenylphosphine and 13 g

(0.12 mole) of 1,6-heptadien—4-0l1 (106) was dissolved in 300 mL of

anhydrous carbon tetrachloride. The solution was refluxed for 14 hours




under a nitrogen atmosphere. A white precipitate formed while the
solution was refluxed. The mixture was cooled to room temperature and

300 mL of pentane was added to precipitate the bulk of the triphenylphos-
phine oxide. The mixture was filtered, and the filtrate was subjected to
simple distillation at dtmospheric pressure to remove the pentane.

The pot residue was subjected to simple vacuum distillation. Eight grams
(0.061 mole) of 4-chloro-1,6-heptadiene (107), b.p. 42° (2 mm), was
.obtained; NMR (0014) & 5.64-6.10 (m, 2H), 5.50-5.30 (m, 4H), 3.75-

4.05 (5 peaks, J=6Hz, 1H), 2.40-2.65 (m, 4H). Anal. Calcd for C7H1101:

C, 64.37; H, 8.49; C1, 27.14 . Found: C, 64.60; H, 8.69; C1, 26.84 .

4-A11yl-1,6-heptadiene (108)

Magnesium turnings (2 g; 0.09 mole) in 100 mL of diethyl ether
under nitrogen was activated by addition of 1 g of ethylbromide followed
by a small piece of iodine. The mixture was stirred at room temperature
until vigorous reaction was observed. To the reaction vessel was added
dropwise 5 g (0.04 mole) of 4-chloro-l,6-heptadiene (107). After the
addition of the chloride, the mixture was stirred undexr refluxing
conditions for 4 days. The organometallic was decanted from the excess
metal under a nitrogen afmosphere. Following the addition of 5 g (0.04
mole) of allylbromide, the mixture was stirred under reflux conditions
for a period of 24 hours.

The reaction vessel was immersed in an ice bath,and saturated
aqueous ammonium chloride was added dropwise. The ether layer was
washed with saturated aqueous sodium chloride solution, dried over

anhydrous magnesium sulfate, and filtered. After the ether was
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removed by simple distillation at atmospheric pressure, the higher
boiling material (3.1 g) was vacuum transferred. Preparative scale

GIC using column D at 130O resulted in the collection of 1.1 g (0.0l
mole) of 4-allyl-1,6-heptadiene (retention time 3.5 minutes); NMR (cc14)
& 5.52-5.98 (m, 3H), 4.82-5.20 (m, 6H), 1.93-2.28 (m, 6H), 1.53 (heptet,

J=7Hz, 1H). Anal. Caled for C ¢, 88.16; H, 11.84: . Found: C,

10t6°
87.96; H, 11.74 .

1,8-Nonadien-5-01 (109)

An ethereal solution of 3-butenylmagnesium bromide was prepared
from 12 g (0.089 mole) of 4-bromo-l-butene and 3.4 g (0.14 mole) of
magnesium turnings at 0° under a nitrogen atmosphere.

To the Grignard reagent, 7 g (0.083 mole) of 4-pentenal [ pre-
pared by the method of A. Voila et.al. (75)] diluted with 10 nL
of anhydrous ether was added dropwise. The mixture was stirred for
three hours at 0° after the addition was completed. The reaction was
worked-up by the dropwise addition of 100 mL of saturated agueous
ammonium chloride solution. The agueous layer was washed twice with
50-mL portions of diethyl ether. The ethereal solutions were combined,
dried over anhydrous maénesium sulfate, and filtered. Most of the
solvent was removed by use of a rotary evaporator and the remaining
liquid was subjected to simple vacuum distillation which resulted in
the isolation of 8.1 g (0.058 mole) of a clear liquid b.p. 65° (3 mm).
This liquid was assigned the structure of 1,8-nonadien-5-ol; NMR (0014)
8 5.50-6.02 (m, 2H), 4.80-5.21 (m, 4H), 3.54 (5 peaks, J=6Hz, 1H),

2.52 (s, 1H), 1.91-2.71 (m, 4H), 1.33-1.75 (m, 4H). Anal. Calcd for




C9H16O: ¢, 77.09; H, 11.50; 0, 11.41 . Found: C, 76.99; H, 11.46,

1,8-Nonadien-5-one (110)

Chromic acid solution was Prepared by cautious dropwise addition
of 5 mL of concentrated sulfuric acid to a solution containing 7.0 g
(0.07 mole) of chromium trioxide dissolved in 25 ml of water. The
chromic acid was added dropwise to a well-stirred solution consisting
of 7.0 g (0.05 mole) of 1,8-nonadien-5-ol (109) in 100 mlL of acetone.
The temperature of the reaction mixture was maintained at under 250
by use of a cold water bath. The addition of the chromic acid s=olution
was stopped after the appearance of the orange coloxr of the reagent
which persisted for 25 minutes. The exbess oxidizing agent was destroyed
by the addition of 1 nl of isopropyl alcohol. The acetone solution
was decanted into another flask leaving behind residual green salts.
‘Neutralization of the solution was accomplished by addition of solid
sodium bicarbonate. The mixture was filtered and most of the acetone
was removed by means of a rotary evaporator. To the material remaining
was added 100 mL of ether. The ethereal solution was washed twice
with 50-mL portions of saturated aqueous sodium chloride solution,
dried over anhydrous magnesium sulfate, and filtered. Most of the
solvent was removed by use of a rotary evaporator. The remaining
liquid was subjected to simple vacuum distillation which provided
4.5 g (0.033 mole) of clear ligquid b.p. 54° (3 mm). The structure of
the product was assigned 1,8-nonadien-5-one; NMR (CCla) & 5.57-6.00
(m, 2H), 4.83-5.13 (m, 4H), 2.12-2.60 (m, 8H). Anal. Calcd for

C9H140: C, 78.21; H, 10.21; 0, 11.58 . Found: ¢, 78.00; H, 10.18 .
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5-Kethylene-1,83-nonadiene (111)

A solution of methylenetriphenylphosphorane in 100 mL of warm
DMSO was prepared by the standard Wittig reaction procedure using
3.0 g (0.06 mole) of sodium hydride (50% suspenéion in mineral oil)
and 20.0 g (0.06 mole) of methyltriphenylphosphonium bromide under a
nitrogen atmosphere.

To the ylid was added 6.0 g (0.04 mole) of 1,B8-nonadien-5-one (110)
and the flask contents were stirred for 1.5 hours at room temperature.
The solution was poured into 100 mL of cold water. The resulting
mixture waé extracted three times with 30-mL portions of pentane.’

The pentane solution was washed once with 50 mL of saturated aqueous
sodium chloride solution, dried over anhydrous magnesium sulfate,

and filtered. Most of the pentane was removed by means of a rotary
evaporator. The remaining liquid was subjected to vacuum transfer from
which 3.85 g (0.028 mole) of pure 5-methylene-1,8-nonadiene was
isolated by preparative scale GIC using column E at 900; NMR (CClq)

5 5.58-6.00 (m, 24), 4.85-5.15 (m, 4H), 4.74 (s, 2H), 1,96-2.39 (m,
8H). Anal. Calcd for Ciothgt Co 88.16; H, 11.8% . Found: C, 88.41 ;

H, 11-80 .

Methylenecycloheptane (112)

A solution of methylenetriphenylphosphorane in 200 mL of anhy-
drous DMSO was prepared by the standard Wittig reaction procedure
using 4.0 g (0.128 mole) of sodium hydride (50% suspension in nineral

0il) and 32 g (0.04 mole) of methyltriphenylphosphonium bromide under




a nitrogen atmosphere.

To the ylid was added 7.0 g (0.06 mole) of cycloheptanone. The
mixture was stirred for three hours at room temperature after the
addition, Fifty milliliters of clear liquid was vacuum transferred
from the reaction mixture and collected in a cola trap cooled by a
Dry ice-acetone bath. The distillate was dissolved in 100 mL cf cold
water and extracted three times with 30-mL portions of pentane. The
pentane extracts were combined and washed once with 50 mL of saturated
aqueous sodium chloride solution. Pentane was removed by simple dis-
tillation under atmospheric pressure. The product was obtaired by
simple distillation at atmospheric pressure,b.p. 120? in a quantity
of 5.5 g (0.05 mole); NMR (0014) 5 4,65 (broad s, 2H), 2.15-2.40
@nmds,%ﬂ,l#&lﬁé(w%ds,Bm.é@Q.&ﬂalﬁngam

3, 87.19; H, 12.81 . Found: G, 86.85; H, 13.19 .

1,9-Decadien-5-ol (113)

This substance was prepared from the reaction of 4-pentenyl-
magnesium bromide [prepared from 20 g (0.14 mole) of 5-bromo-l-pentene
and 6.4 g (0.27 mole) of magnesium turnings in 100 mL of anhydrous
diethyl ether] and 11.6 g (0.13 mole) of 4-pentenal in a manner
analogous to the preparation of 1,8-nonadien-5-o1 (109).

Vacuum distillation afforded 14.5 g (0.094 mole) of clear liquid
bop. 85-93° (3-4 mn); MR (cc1y) & 5.57-6.02 (m, 2H), 4.863-5.1% (m,
4H), 3.40-3.88 (m, 2H), 1.85-2.30 (m, 4H), 1.20-1.74 (m, 6H).

Anal. Calcd for ClOHIBO: ¢, 77.87; H, 11.75; 0, 10.38 . Found:

¢, 77.76; H, 11.80 .




1,9-Decadien~5-one (114)

The resction procedure involved the oxidation of 10.0 g (O 06
mole) of 1,9-decadien-5-01 (;;2) under the same conditions employed
in the preparation of 1,8-nonadien-5-one (110

The product (6.5 g; 0.04 mole) was isolated by simple vacuum
distillation b.p. 65-72° (0.5-1.0 nm); NMR (0014) & 5.52-6.00 (m, ZH),
8.84-5,16 (m, 4H), 1.90-2.58 {m, 8i), 1.46-1.82 (m, 2H). Anal. Calca

for C H160 ¢, 78.91; H, 10.59; 0, 10.50 . Found: C, 78.75, H; 10.58 .

5-Methylene-1,9-decadiene (115)

Following the reaction proceduré described for the preparation
of 5-methylene-1,8-nonadiene (111), 4.0 g (0.03 mcle) of 5-methylene-1,9-
decadiene was obtained by simple vacuum distillation b.p. 450 (2 mm )
from 6.0 g (0.04 mole) of 1,9-decadien-5-one (114). The NMR spectrum
was consistent with the assigned structure. NMR (CClu) & 5.57-6.00 (m,2H),
4.84-5.16 (m, 4H), 4.72 (s,2H), 1.92-2.34 (m,8H), 1.34-1.70 (m, 2H).

Anal. Calecd for G11H18 ¢, 87.94; H, 12.06. Found: C, 87.97; H, 11.95.

1,10-Undecadien-6-01 (116)

A solution of 4-pentenylmagnesium bromide was prepared from
22.0 g (0,148 mole) of 5-bromo-l-pentene and 5.5 g (0.226 mole) of
magnesiun turnings in 200 mL of anhydrous diethyl ether in the same
fashion as described for the preparation of 3-butenylmagnesium bromide.
To the Grignaxd solution maintained at 0° was added dropwise

5.47 g (0.074 mole) of ethyl formate. The mixture was stirred for
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1.5 hours at 0° after completion of addition and then 100 mL of
saturated aqueous ammonium chloride solution was added dropwise. The
organic layer was washed once with saturated aqueous sodium chloride
solution, dried over anhydrous magnesium sulfate, and filtered.

After removal of solvent by means of a rotary evaporator, the remaining
liquid was vacuum distilled. A clear liquid (11.85 g; 0.07 mole) was

. obtained b.p. 90—95O (3 mm), whose NMR spectrum confirmed the structure
as 1,10-undecadien-6-01 (116); NMR (0014) 6 5.55-6.00 (m, 2H), 4.83-
5,16 (m, 4H), 3.33-3.72 (m, 1H), 2.64 (broad s, 1H), 1,86-2.28 (m, 4H),

1.18-1.72 (m, 8H). Anal. Calcd for C 0: ¢, 78.51; H, 11.98; 0,

llHZO
9.51 . Found: C, 78.463 H, 11.94 .

1,10-Undecadien-6-one - (117)

The same procedure employed in the oxidation of 1,8-nonadien-5-ol
(109) to 1,8-nonadien-5-one (110) was used. The reaction resulted in
the conversion of 11.0 g (0.07 mole) of 1,10-undecadien-6-01 (116)
into 9.3 g (0.056 mole) of 1,10-undecadien-6-one (117). The product
was purified by simple vacuum distillation b.p. 75-80° (3 mm): NMR
(0014) 8 5.52-5.98 (m, 2H), 4.52-4.18 (m, 4H), 2.31 (t, J=6.5Hz, 4H),

1.89-2.18 (m, 4H), 1.45~i.82 (m, 4H). Anal, Calcd for C 0: C, 79.41;

11t18
4, 10.91 ; 0, 9.68 . Found: C, 79.25; H,; 10.86 .

6-Methylene-1,10-undecadiene (118)

The standard procedure for the Wittig reaction for the preparation
of 5-methylene-1,8-nonadiene (lg}) was used to convert 7.5 g (0.05

mole) of 1,10-undecadien-6-one (117) into 5.3 g (0.03 mole) of
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6-methylene-1,10-undecadiene (118), In the reaction, 100 mL of anhy-
drous DMSO, 3.5 g (0.07 mole) of sodium hydride (50% suspension in
mineral cil), and 25 g (0.071 mole) of methyltriphenylphosphcnium
bromide were used., The product was purified by preparative scale GIC
using column G at 110°; NMR (cc1,) 6 5.55-6.00 (m, 2H), 4.83-5.10
(m, 4H), 4.69 (s, 2H), 1.90-2.32 (m, 8H), 1.28-1.76 (m, 4H). Anal.

Calcd for ClZH ¢, 87.73; H, 12.27 . Found: C, 87.81; H, 12.27 .

20°

3-(4-Pentenyl)-cyclohexanone (119)

About 10% of a solution containing of 15 g (0.01 mole) of 5-
bromo-l-pentene in 30 mL of anhydrous diethyl ether was added tc
2.8 g (0.4 mole) of lithium metal in-70 mL of anhydrous ether under
a nitrogen atmosphere. Once reaction was observed, the reaction vessel
was immersed in an ice bath and the remainder of the bromide was added
in a slow dropwise fashion. The mixture was stirred at 0° for 30 minutes
following the addition. The reaction vessel was cooled in a Dry Ice-
acetone bath and 11.6 g (0.08 mole) of cuprous bromide was added. The
flask contents were permitted to warm until the mixture turned deep
black. The reaction vessel was reimmersed in the Dry Ice-acetone bath
followed by the dropwise addition of 3.8 g (0.04 mole) of 2-cyclo-
hexenone. Stirring was continued for one additional hour at low
temperature and then the black solution was poured into 200 mL of
cold saturated agueous ammonium chloride solution with vigorous
swirling (cautious, the excess lithium metal was not allowed to pour

into the aqueous solution). The organic layer was washed with sat-

urated aqueous sodium chloride solution and dried over anhydrous




sodium sulfate. After a filtration process, the ether was removed vy
use of a rotary evaporator. Vacuum distillation of the remaining
liquid resulted in the isolation of 4.5 g (0.03 mole) of 3-(4-pen-
tenyl)-cyclohexanone b.p. 25.80° (0.5 mm); MR (Cﬁlq) & 5.53-56.00
(m, 1H), 4.82-5.15 (m, 2H), 1.11-2.50 (m, 15H). Anal. Calcd for

C11H18O: ¢, 79.47; H, 10.91: 0, 9.62 . Found: C, 79:53; H, 10.90 .

i-(4-Pentenyl)-3-methylenecyclohexane (120)

The standard Wittig reaction procedure [ preparation of E-methyl-
ene-1,8~nonadiene (111) ] was employed to convert 4.3 g (0.026 mole)
of 3~(4~penteny1)—cyclohéxanone, 15 g (0.043 mo%e) of methyltri-
phenylphosphenium bromide, and 2.30 g (0.043 mole) of sodium hydride
(50% suspension in nineral oil ) into 2.20 g (0;013 mole) of 1-{4-
pentenyl)-3-methylenecyclohexane (120), ®.p. 52° (0.5 mm); NMR (0014)
8 5.5+-5.98 {(m, 1H), 4.81-5.11 (m, 2H), 4.54 (s, 2H), 0.91-2.42 (m,

15H). Anal. Caled for C ¢, 87.73; H, 12.27 . Found: C, 87.50;

12150
H, 11098 El

1,6-Heptadien-3-ol ( 121

To a 500 mL 3-necked round bottomed flask equipped with a reflux
condenser, a thermometer, and an additicn funnel, 20 g (0.82 mole) of
magnesium turnings and 200 mL of anhydrous THF were added. The flask
kept under a nitrogen atmosphere followed by addition of 0.5 mL of
ethyl bromide. Fifty grams (0.41 mole) of vinyl bromide was added
dropwise. The nmixture was kept stirring at 40—450 by means of a ccld

water bath since the reaction was highly exothermic. After
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completion of the addition, the mixture was heated to 80° for on hour.
To the vinylmagnesium bromide solution, 33 g (0.39 mole) of
L-pentenal, which was prepared by the method of A. Voila et.al. (75),
in an equal volume of anhydrous diethyl ether was added in a dropwise
manner while the Grignard solution was cooled in an ice bath.
The mixture was stirred at room temperature for one hour after the
completion of the addition. Saturated agueous ammonium chloride was
added cautiously to guench the organometallic compound. The organic
layer was separated, washed once with 50 mL of saturated agueouc
sodium chloride, dried over anhydrous magnesium sulfate, and filtered.
The ether was removed by simple distillation at atmospheric pressure
and the product was purified by simple vacuum distillation. A clear
liguid b.p. 48° (1 mm) which weighed 30 g (0.27 mole) was obtained
and possessed spectral properties consistent with those expected for
1,6-heptadien-3-01(121); NMR (0014) 5 5.58-6.03 (m, 2H), 4.83-5.32
(m, 4H), 3.91-4.17 (m, 1H), 3.73 (s, 1H), 1.98-2.28 (m, 2H), 1.41-1.74
(m,ﬁﬂ.éﬁQ,CMﬁdﬂmeﬁéhC,?&9&IL]DJB.I%mﬁ:C,?&?&

H, 10.72 .

7-Chloro-1, 5-heptadiene (122) and
3-Chloro-1,6-heptadiene (123)

Thionyl chloride (20.2 g; 0.17 mole) was dissolved in 150 mlL
of anhydrous diethyl ether under a nitrogen atmosphere. A solution
of 18.0 g (0.101 mole) of 1,6-heptadien-3-ol (121) in 100 mL of
anhydrous diethyl ether was added dropwise to the thionyl chloride
solution. The flask contents were stirred at room temperature for

3.5 hours. The solvent was removed by use of a rotary evaporator
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and the remaining ligquid was subjected to simple vacuum distillation.
The distillate collected b.p. M8O—550 (10 mm) consisted of two com-
pounds in a ratio of 1 : 6 . GLC analysis with column F at 100° revealed
the presence of iwo components . The major product was purified by
preparative scale GIC and was assigned 7-chloro-1,5-heptadiene (}2?)

by NMR spectral analysis: NMR (0014) 6‘5.42-6.07 (m, 3H), 4.89-5.21

(m, 2H), 3.97 (d,d=6Hz,2H), 2.08-2.42 (m, 4H).The Structure of the minor
product was assigned 3-chloro-1,6-heptadiene (123) by analysis of the
NMR spectrum of the initial product mixture; NMR [ CCl,, mixture of

122 and 123 ], 8 5.42-6.07 (m), 4.89-5.21 (m,) 3.22-3.55 (m),

3.97 (a, J=6Hz), 2.08-2.42 (m), 1.55-2.00 (m); IR (neat) 3050, 2900,

2820, 1650, 1625, 1280, 985, 965, 910‘,2 675 (cm“l).

1,5,9-Decatriene (124)

A Grignard reagent was prepared from 15 g (0.12 mole) of a
mixture of 7-chloro-1,5~heptadiene (;gg) and 3-chloro-l,6~heptadiene
@23) and 7 g (0.29 mole) of magnesium turnings in anhydrous diethyl
ether under a nitrogen atmosphere. The procedure employed was essen-
tially the same as that used for the preparation of allylmagnesium
chloride [preparation of 1,6-heptadien-l4~-ol (106) 1. The Grignard
reagent was decanted from the excess magnesium metal under nitrogen
into another flask. Allyl bromide (28 g; 0.23 mole) was dissolved in
an equal amount of diethyl ether and added dropwise into the Grignard
solution maintained at 0°. The flask contents were well stirred and

refluxed overnight. The reaction vessel was immersed in an ice bath
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and an aqueous solution of saturatéd ammonium chloride was added
cautiously in a dropwise fashion. The ethereal solution was washed
with saturated aqueous sodium chloride solution, dried over anhydrous
magnesium sulfate, and filtered. The ether was removed by simple dis-
tillation and the product (6 g; 0.04 mole) was obtained by vacuum dis-
tillation b.p. 40° (15 mm). The product was further purified by
preparative scale GLC using column D at 110°; NMR (CCla) 5 5.56-6.00
(m, 2H), 5.29-5.50 (m, 2H), 4.84-5.12 (m, 4H), 2.01-2.32 (m, 8H).

Anal. Calcd for C c, 88.16; H, 11.84 . Found: C, 87.91; H, 11.86.

10t6 ¢

1-A11yl-2-methylenecyclohexane (125)

The standard Wittig reaction [pfeparation of 5-methylene~1,8-
nonadiene (111)] was used to convert 4.5 g (0.033 mole) of 2-allyl-
cyclohexanone [prepared according to procedure of W. Howard et.al.(76) ],
15 g (0.04 mole) of methyltriphenyl phosphonium bromide, and 2.5 g
(0.05 mole) of sodium hydride (50% in mineral oil) into 3.0 g (0.02
mole) of 1l-allyl-~2-methylenecyclohexane., The product was purified by
preparativé GIC using column D at 140°; NMR (cc1,) & 5.55-6.00 (m,
1H), 4.86-5.16 (m, 2H), 4.64 (s, 1H), 4.58 (s, 1H), 1.00-2.54 (m, 11H).

Anal. Calcd for ClOH16: c, 88.16; H, 11.84 ., Found: C, 88.27; H, 11.90.

2-(3-Butenyl)-cyclohexanone (126)

To a solution of 20 mL of HMPA and 20 g (0.12 mole) of dicyclo-
hexylamine in 100 ml, of diethyl ether at 0°, 48 mL (0.12 mole) of
n-butyllithium (2.5 M solution in hexane) was added in a dropwise

manner for a period of 10 minutes. The mixture was stirred for 15
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minutes at 0° and then 11.8 g (0.12 mole) of cyclohexarone was added
dropwise over a 10-minute period. The solution was stirred for an
additional 30 minutes at 0° and 16.2 g (0.12 mole) of 4-bromo-l-butene
was added quickly at 0°. The solution was stirred at room temperature
for 14 hours. The flask contents were poured into 150 mL of 3M HC
solution and filtered. The ethereal filtrate was washed twice with

100 mL of HZO’ twice with aqueous potassium carbonate solutiorn, once

with saturated aqueous sodium chloride solution, dried over anhydrous

magnesium sulfate, and filtered. Most of the ether was removed by use

of a rotary evaporator. The remaining liquid was subject to simple

vacuum distillation. A colorless liquid weighing 3.4g (0.023 mole) was
obtained b.p. 80-115" (40-45 mm). An analytical sample of this product
was produced by preparative scale GLC using column D at 1100; NMR (CCl4)
§ 5.56-5.96 (m, 1H), 4.84-5.12 (m, 2H), 1.00-2.60 (m, 13H). Anal. Calcd

for ClOHléo: ¢, 78.90; H, 10.51 . Found: C, 79.07; H, 1C.68 .

1-(3-Butenyl-)-2-methylenecyclohexane (127)

The standard Wittig reaction procedure[ preparation of 5-methyl-
ene-1,8-nonadiene (111)7 was used to convert 2.5 g (0.016 mole) of
2—(B—butenyl)—cyclohexanéne, 10 g (0.03 mole) of methyltriphenyl-
phosphonium bromide, and 1.5 g (0.031 mole) of sodium hydride (50% in
mineral oil) into 1.8 g (0.02 mole) of 1-(3-butenyl)-2-methylenecyclo-
hexane (127) in 100 mL of anhydrous DMSO, The product was further
purified by preparative scale GLC with column A at 140° s \MR (0014)

6 5.56-5.96 (m, 1H), 4.84-5.12 (m, 2H), 1.00-2.60 (m, 13H). Anal.

Caled. for C10H16°‘ c, 78.90; H, 10.51; O, 10.60 . Found: C, 79.073;




H, 10.68 .

5-Vinyl-1,8-nonadiene (128) and
1,5,10-undecatriene {129)

A solution of 3-butenylmagnesium bromide in énhydrous diethyl
ether was prepared by dropwise addition of 8 g (0.06 mole) of 4-bromo-
l-butene into a reaction vessel containing 3 g (0.13 mcle) of magnesium
turnings in 80 mL of ether under a nitrogen atmosphere. The Grignard
reagent was decanted from excess magnesium under nitrogen, znd 5 g
(0.04% mole) of a mixture of 7-chloro-l,5-heptadiene (122) and 3-chloro-
1,6-heptadiene (123) was added to the Grignard reagent in a dropwise
fashion at room temperature. The resulting mixture was refluxed over-
night. The reaction vessel was immersed in an ice bath and 2 saturated
aqueous ammonium chloride solution was added cautiously to quench
the organometallic compound. The ether layer was separated and washed
once with 50 mL of saturated agueous sodium chloride solution, dried
over anhydrous magnesium sulfate, and filtered. The ether was removed
by simple distillation at atmospheric pressure. The products, a 60 : 40
mixture of 5-vinylel,8-nonadiene (128) (0.8 g; 0.005 mole) and 1,5,10-
undecatriene (129) (0.5 g, 0.003 mole), were isolated and purified
by preparative scale GIC using column D at 1400: NMR (lg@) (CClu)

8 5.20-6.00 (m, 3H), 4.80-5.15 (m, 6H), 1.80-2.30 (m, 5H), 1.20-
1.60 (m, 4H); MR (129) (0014) & 5.35-6.00 (m, 4H), 4.84-5.10 (m, LH),

1.85-2.25 (m, 84), 1.30-1.60 (m, 2H).
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cis-Hydrindan-2-ol (130)

Catalytic hydrogenation of 8 g (0.06 mole) of 2-indanol in 150 mL
of 95% ethanol and 1 mL of acetic acid was accomplished with 3 g of 5%
rhodium on aluminum oxide catalyst. Reduction was performed under a
hydrogen pressure of 52 psi in a Parr Hydrogenation Apparatus for a
period of 45 hours. The catalyst was filtered from the ethanol solution
and washed with 50 mL of ethanol. Most of the ethanol was removed by
simple distillation at atmospheric pressure. Vacuum distillation of
the remaining oil afforded 7 g (0.051 mole) of cis-hydrindan-2-ol b.p.
92° (1 mn); NMR (001@) 5 4.65 (s, 1H), 4.14-4.50 (m, 1H), 1.10-1.30

(m, 14H).

cis-Hydrindan-2-one (131)

Oxidation of 6 g (0.05 mole) of cis~hydrinan~2-ol (130) with
chromium trioxide and sulfuric acid in acetone was conducted in the
same manner as discribed in the preparation of 1,8-nonadien-5-one (110).
The product (5.5 g; 0.04 mole) was obtained by simple vacuum distill-
ation b.p. 58° (1 mm); NMR (0014) & 2.00-2.45 (m, 4H), 1.20-1.85

(m, 10H). Anal. Calcd for C 0: G, 78.21; H, 10.21 . Found: C, 78.12,

gy
H, 10.37 .

2-Methylene-cis~hydrindane (132)

The standard Wittig reaction procedure [preparation of 5-methyl-

ene-1,8-nonadiene (111)] was followed to prepare 3.5 g (0.026 mole)
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of 2-methylene-cis-hydrindane (132) from 5.0 g (0.036 mole) of cis-
hydrindan-2-one (131), 3.5 g (0.073 mole) of sodium hydride (50% in
mineral oil), and 25 g (0.073 mole) of methyltriphenylphosphonium
bromide in 200 mL of anhydrous DMSO. Preparative scale GIC with column
A at 130O was used to isolate the pure 2-methylene-cis-hydrindane;

MR (CC1,) & 4.78-4.80 (m, 2H), 1.85-2.50 (m, 6H), 1.20-1.70 (broad s,

8H). Anal. Calcd for C : C, 88.16; H, 11.84 . Found: C, 88.06;

10%16
H, 11.93 .

1-Methyl-2-methylenecyclohexane (133)

This substance was prepared by the standard Wittig reaction
procedure as described in the preparafion of 5-methylene-1,8-nona-
diene (111). The reaction converted 7.0 g (0.06 ﬁole) of 2-methyl-
cyclohexanone, 22 g (0.063 mole) of methyltriphenylphosphonium bromide,
and 3.2 g (0.067 mole) of sodium hydride (50% in mineral oil) into
5.5 g (0.05 mole) of 1l-methyl-2-methylenecyclohexane (133) in 120 mL of
anhydrous DMSO. The product was purified by simple vacuum distill-
ation b.p. 42° (30 mm): NMR (cc1,) & 4.50-4.70 (m, 2H), 1.18-2.50

(m, 9H), 1.20-1.18 (4, J=7Hz, 3H).

1,5,10-Dodecatriene (134)

To a mixture of 8.0 g (0.021 mole) of (4-pentenyl)triphenyl-
phosphonium bromide in 80 mL of a2 1 : 1 combination of anhydrous THF
and diethyl ether, 9 mL (0.02 mole) of n-butyllithium (2.2M solution
in hexane) was added in a dropwise manner under a nitrogen atmosphere.

The flask contents were maintained at —-78o during the addition. The
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mixture was stirred well for 10 minutes afier completion of the
addition and then it was permitted to warm to room temperature. The
reaction mixture turned into a deep red solution. The reaction vessel
was then immersed in an ice bath. Two grams (0.018 mole) of 5-heptenal,
which was prepared by the method of A. Viola et.al.(77), diluted with
an equal volumn of anhydrous diethyl ether was added to the reaction
vessel in a dropwise manner. The mixture was stirred at room temper-
ature for 2.5 hours after completion of the addition. The reaction
vessel was reimmersed in the ice bath and 20 mL of saturated aqueous
ammonium chloride solution was added. The mixture was extracted three
times with 50 mL of diethyl ether which were combined. The ethereal
solution was washed with 50 mL of HZO’ dried over anhydrous magnesium
sulfate, and filtered. Most of the ether was removed by simple distill-
ation under atmospheric pressure. The product was isolated and purified
by preparative scale GIC using column A at 120°. Pure compound weighing
1.5 g (0.01 mole) was obtained; NMR (0014) 5 5.56-6.00 (m, 1H), 5.16-
5.5% (m, 4H), 4.84-5.12 (m, 2H), 1.80-2.30 (m, 8H), 1.20-1.7% (m, 5H).

Anal. Caled for Clezo‘ ¢, 87.73; H, 12.27 . Found: C, 87.69; H, 12.24.

cis- and trans-1-Chloro-4-methyl-

1, 5-hexadiene (135)

A solution of 2-butenylmagnesium bromide was prepared by dropwise

addition of 25 g (0.19 mole) of 1l-bromo-2-butene to 6.0 g (0.25 mole)
of magnesium turnings in 500 mL of anhydrous diethyl ether under a

nitrogen atmosphere at 0°. The Grignard solution was decanted from
excess magnesium metal under nitrogen. A solution of 14 g (0.13 mole)

of 1,3-dichloropropene (mixture of cis- and trans-isomers) in 20 mL
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of ether was added to the Grignard reagent in a dropwise manner. The
reaction was refluxed for 18 hours. The reaction vessel was immersed

to an ice bath and 100 mL of saturated agueous ammonium chloride solu-
tion was added cautilously. The ether 1ayer‘was separated, washed with
100 mL of saturated agqueous sodium chloride solution, dried over an-
hydrous magnesium sulfate, and filtered. Most of the ether was removed
by simple distillation under atmospheric pressure. The remaining liquid
was subjected to vacuum distillation. A clear liquid which weighed

18.5 g (0.1% mole) b.p. 85-95° (135 mm) was obtained. GIC analysis
using column H at 100° indicated the product consisted of two com-
ponents in a ratio of 1 : 2. The structures of the two. product com-
ponents were assigned by NMR spectral analysis after separation by
preparative scale GIC {column H) at 100°. The major product was assigned
the structure cis-l-chloro~4-methyl-1,5-hexadiene; NMR (CClu) 8 5. 54~
6.04 (m, 3H), 4.80-5.14% (m, 2H), 2.00-2.50 (m, 3H), 0.98-1.18 (4, J=THz,
3H). The structure of the minor product was assigned trans-1-chloro-
L4-methyl-1, 5-hexadiene: NMR (CCle) 8 5.58-5.94 (m, 3H), 4.86-5.16

(m, 2H), 2.12-2.48 (m, 3H), 1.00-1.20 (d, J=7Hz, 3H). Elemental analysis

was performed on a mixture of both isomers.

3-Methyl-1-hexen-5-yne (136)

| To a solution of 4.70 g (0.05 mole) of diisopropylamine in 20 mL
of anhydrous THF, 22.0 mL (0.05 mole) of n-butyllithium (2.2M in
hexane) was added in a dropwise manner under a nitrogen atomsphere at
—?80. After the addition was completed, the reaction mixture was

permitted to warm to room temperature. The reaction vessel was immersed
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in an ice bath which was followed by the dropwsie addition of 3 g
(0.023 mole) of a mixture of cis~ and Eg§§§—l—chloro—b—methyl—l,ﬁ«
hexadiene (ljj). The mixture was well stirred at room temperatuxe for
10 hours. After the reaction vessel was immersed again in an iée bath,
30 mL of saturated agueous ammonium chloride solution was added
cautiously. The organic layer was washed three times with 3C-mL
portions of 0.,1N HCI and then vacuum transferred. The product mixture
was subjected to distillation using a spinning band distillaticn coluvmn.
The distillate boiling lower than 70o was discarded..The residue was
subjected to preparative scale GLC using column H at 120°. A clear
liquid product which weighed 0.52 g (5.5 mmoles) was obtained from
the preparative scale GIC. The structure of the product was assigned
3-methyl-1-hexen-5-yne (135); NMR (CClu) 5 5.65-6.02 (m, 1H), 4.G0-
5.15 (m, 2H), 2.10-2.56 (m, 3H), 1.89-1.90 (t, J=1.5Hz, 1H), 1.07-
1.19 (d, J=6Hz, 3H).

General Method for Catalytic Cyclization of
Polyenes with Diiscbutylaluminum Hydride

All the cyclization reactions were done in a sealed tube with
mineral oil or reagent grade anhydrous n-hexane as solvent. Any
volatile components were removed from the mineral oil by heating
it to 90o under 1 mm pressure. It was then stored under a nitrogen
atmosphere. Unless otherwise specified, 0.1 egquivalent of diiso-
butylaluminum hydride was used as a catalyst for the cyclization
reaction. A premeasured quantity of polyene and solvent was intro-
duced into a narrow-necked Pyréx tube with one end sealed. The glass

tube was flushed with dry prepurified nitrogen for one minute and
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diisobutylaluminum hydride was then added by means of syringe. The
glass tube was immediately immersed in a Dry Ice-acetone bath while
a flow of dry nitrogen was directed into the glass tube. The open
end of the glass tube was covered securely with Parafilm. The tube was
immediately pulled out from the Dry Ice-acetone bath and sealed by
means of a torch. After warming to room temperature the sealed tube
was immersed completely in an oil bath maintained at the desired
temperature.

After the desired period of reaction time in the constant tem-~
perature oil bath, the sealed tube was removed and immersed in an
ice bath. The sealed tube was opened and the tube contents were
transferred to a small round bottomed flask. All volatile components
were vacuum transferred and collected in a cold trap. For yield deter-
mination by GILC, a premeasured amount of internal standard was added
to the vacuum transferred material. Analytical samples were obtained

by preparative scale GIC.

Cycligation of 1,5-Hexadiene

A solution of 0.5 g (6.1 mmoles) of 1,5-hexadiene and 0.45 g
(0.61 mmole ) of diisobutylalumiﬁum hydride (20% solution in n-hexane)
in 5.0 mL of mineral oil was prepared in a sealed glass tube as
described in the general proceduré. The sealed tube was immersed in an
0il bath at 110 ¥ 5° for 56 hours. GIC analysis of the vacuum trans-
ferred material using column B at 75° indicated that the 1,5-hexadiene
had completely reacted and that only one product had formed. The
product was isolated and purifiéd by preparative scale GLC with the

same column and conditions as described above. The structure of the




product was shown to be methylenecyclopentane by NMR spectral com-
parison to an authentic sample.

The reaction was repeated under the same conditions for yield
determination. n-Decane (0.60 g; 4.22 mmoles) was added as an internal

standard and yield of 81% was determined using column B.

Cyclization of 1.6-Heptadiene

Similarly, 0.5 g (5.2 mmoles) of 1,6-heptadiene was cyclized to
methylenecyclohexane by reaction with 0.38 g (0.53 mmole) of diiso-
butylaluminum hydride (20% solution in nwhexane) in 5 mL of mineral
oil at 100 + 50 for a period of 48 hours in a sealed tube. GIC analysis
of the vacuum transferred product using column I at 750 indicated that
the starting material had completely reacted and one product had
formed in 56% yield as determined by comparision with 0.62 g (4.36
mmoles) of internal standard n-decane. The product was isolated by
preparative scale GIC and its NMR spectrum was identical to that of

an authentic sample of methylenecyclohexane,

Cyclization of 4-Vinylcyclohexene

Following the generél procedure, the cyclization of 0.5 g (4.67
mmoles) of 4-vinyleyclohexene with 0.30 g (0.42 mmole) of diiso-
butylaluminum hydride (20% solution in n-hexane) in 5.0 mL of mineral
0il at 200° for 48 hours afforded a 61% yield of bicyclo [3.2.1] oct-
2-ene. GILC analysis of the reaction mixture was accomplished with
column J at 120° having 0.60 (5.26 mmoles) of n-octane as an internal

standard. The product was purified and isolated by preparative scale
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GIC using the same column and conditions as described above; NMK (CClQ)
& 5.72-6.00 (m, 1H), 5.22-5.44 (m, 1H), 2.22-2.57 (m, 3H), 1.33-2.22

(m, 7H).

Cyclization of 5-Methylene-1,8-nonadiene (111)

One-half gram (3.67 mmoles) of 5-methylene-l,8-nonadiene (111)
reacted with 0.32 g (0.45 mmole) of diisobutylaluminum hydride
(20% in n-hexane solution) in 5.0 mlL of mineral oil at 110 * 5° for
48 hours. GIC analysis of the product mixture using column X at 100°
revealed complete cyclization had taken place. The yield of product
was calculated to be 78% using 0.50 g (4.38 mmoles) of n-octane as
the internal standard. The product was isolated by preparative scale
GIC using the same column and conditions as described above. The
structure of the product was assigned that of 2-methylenespiro[4.4]-
nonane; NMR (ccla)'a 4.72-4.86 (m, 2H), 2.10-2.46 (m, 4H), 1.30-

1.82 (m, 10H). Anal. Calcd for C Higt Cs 88.16; H, 11.84 . Found:

9
c, 88.17; H, 11.8% .

Cyclization of 5-Methylene-1,9-decadiene (llj)

The general procedure was followed in which 0.50 g (3.33 mmoles)
of 5-methylene-1,9-decadiene (115) was allowed to react with 0.37 g
(0.52 mmole) of diisobutylaluminum hydride (20% solution in n-hexane)
in 5.0 mlL of n-hexane at 150o for 72 hours. GIC analysis of the pro-
duct mixture with column F at 130o after 0.5 g (4.38 mmoles) of n~

octane had been added showed the production of a single product in

37% yield. The product was purified by preparative scale GIC using
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column X at 115° and assigned the structure of 7-methylenespiro[4.5]-
decane as determined by NMR analysis: NMR (0014) 4,50-4.80 (2m, with
small coupling constant, 2H), 1.92-2.20 (m, 4H), 1.20-1.78 (m, 12H).

Anal. Calecd for C ¢, 87.94; H,12.06.Founds C, 87.84; H, 11.98 .

1t s

Cyclization of 6-Methylene-1,10-
undecadiene (118)

In like fashion, 0.5 g (3.03 mmoles) of 6-methylene-1,10-
undecadiene was allowed to react with 0.34 g (0.48 mmole) of diiso-
butylaluminum hydride (20% solution in n-hexane) in 5.0 mL of n-
hexane at 150 & 5° for 4 days. Column J was employed in the GLC
analysis at 170° with 0.5 g (4.38 mmoles) of n-octane as an internal
standard. The chromatogram revealed the presence of a small quantity
of starting material (3.8%) along with two products. The major com-
porent consisted of 42% of the product composition and the minor
component 11%. Purification of the products was accomplished by
means of preparative scale GIC using the same column and temperature
as described above. The major product was identified as 3-methylene-
(h—pentenyl)cyclohexane by spectral analysis and independent syn-
thesis. NMR spectral analysis alone was used to assign the minor pro-
duct the structure 2-methylenespiro [5.5]undécane.

Ma jor product: NMR (c014) 8 5.56-6.00 (m, 1H), 4.82-5.11 (m, 2H),
4.58 (s, 2H), 1.04-2.44 (m, 15H). Anal. Caled for C,,H,,: C, 87.73;
H, 12.27 . Found: C, 87.50; H, 11.98 .

Minor product: NMR (CClu) & 4.48-5,78 (2m, with small coupling

constant, 2H), 1.90-2.20 (m, 4H), 1.16-1.70 (m, 14H) .
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Cyclization of 1,5-Heptadiene

Following the general procedure, 1.0 g (10.42 mmoles) of 1,5-
heptadiene was allowed to react with 0.75 g (1.06 mmoles) of diiso-
butylaluminum hydride (20% solution in n-hexane) in 5-mL of mineral
oil at 1700 for 12 hours. GIC analysis of the vacuum transferred
material using column F at 80° indicated complete cyclization of the
starting material and formation of only one product in 77% yield as
determined by use of 0.52 g (4.06 mmole) of n-nonane as an intermal
standard. The product was isolated by preparative scale GIC using
column C at 100°. Comparision of spectral properties to those of
an authentic substance confirmed the product structure as ethylidene-
cyclopentane.

Cyclization of 6-Methyl-1,5-
heptadiene

One gram (9.09 mmoles) of 6-methyl-1,5-heptadiene experienced
reaction with 0.65 g (0.92 mmoles) of diisobutylaluminum hydride (20%
solution in n-hexane) in 5 mL of mineral oil at 160° for 16 hours.
Volatile material was vacuum transferred according to the general
procedure and subjected to GIC analysis using column F at 80°. Only
one product was formed in 81% yield as determined by means of 0.50 g
(.39 mmoles) of n-octane as internal standard. Column C at 100° was
utilized in preparative scale GILC to obtain pure product. The NMR
spectrum of the product,isopropylidenecyclopentane ,satisfactorily

corresponded to that expected for this material ; NMR (CCla) 5 2.04-
3.02 (m, 4H), 1.54-1.84 (m, 10H) .




Cyclization of 1,5,9-Decatriene (124)

Reaction of 0.50 g (3.68 mmoles) of 1,5,9-decatriene (124) with
0.40 g (0.56 mmole) of diisobutylaluminum hydride (20% solution in
n-hexane) was performed in 5.0 mL of anhydrous n-hexane at 150O for
18 hours following the general procedure. GIC analysis of the vacuum
transferred reaction mixture with column D at 130O indicated a com-
plete loss of the starting material and production of two products.
n-Decane (0.50 gs 3.47 mmoles) was used as an internal standard and
enabled the determination of a 55% yield for the major product (re-
tention time of 9.2 minutes) and a 16% yield for the minor product
(retention time of 7.5 minutes). The two products were separated by
preparative scale GIC using the same column and temperature as
described above. The structure of the major product was assigned that
of cyclopentylidenecyclopentane based on NMR spectral analysis: NMR
(0014) 5 2.00-2.36 (broad s, 8H), 1.50-1.86 (m, 8H). Anal. Calcd for
Ciothgt C» 88.16; H, 11.84 . Found: C, 88.13; H, 11.80 .
The NMR spectrum of the minor component was consistent with
that expected for 1—cyclopentyléyclopentene: NMR (0014) 5 5.22-5.39
(m, 1H), 2.06-2.62 (m, 5H), 1.25-2.00 (m, 10H). Anal. Calcd for C,.H¢:
c, 88.16; H, 11.84 . Found: C, 88.28; H, 11.83 .

Cyclization of 2-Methyl-1l, 5-hexadiene

Using the general procedure, 0.5 g (5.12 mmoles) of 2-methyl-

1, 5-hexadiene was permitted to react with 0.50 g (0.70 mmole) of

diisobutylaluminum hydride (20% solution in n-hexane) in 5 mL of
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mineral oil at 120° for 72 hours. GLC analysis of the vacuum trans-
ferred material using column F at 650 indicated a recovery of 40% of
the starting material and only one product generated in a yield of 35%
using 0.5 g (3.47 mmoles) of n-decane as an internal standard. The
product was isolated by preparative scale GLC using column D at 750.
Interpretation of the NMR spectrum showed the product to be 3-methyl-
‘methylenecyclopentane; NMR (CClh) 6 4.70-4.76 (m, 2H), 1.64-2.50 (m,

6H), 1.10-1.46 (m, 1H), 1.01 (4, J=7Hz, 3H).

Cyclization of 1,6-Octadiene (103)

In accordance with the general procedure, 0.5 g (4.55 mmoles)
of 1,6-octadiene (103) reacted with 0.32 g (0.45 mmole) of diiso-
butylaluminum hydride (20% solution in n-hexane) in 5-mL of mineral
0il at 160° for 18 hours. The use of column E at 750 revealed the
generation of a single product with a small quantity of starting
material remaining. The yield of the product was determined to be 40%
by comparision to 0.5 g (3.47 mmoles) of n-decane which functioned as
an internal standard. Preparati&e scale GIC under the same conditions
relingquished the product which provided an NMR spectrum that was

identical to an authentic sample of ethylidenecyclohexane.

Cyclization of 4-Allyl-1,6-heptadiene (108)

Reaction of 0.15 g (1.10 mmoles) of 4-allyl-1,6-heptadiene with
0.12 g (0.17 mmole) of diisobutylaluminum hydride (20% soltuion in

n-hexane) in 1.5 mL of mineral éil at 130O for 6 hours was performed

following the general procedure. GLC analysis of the vacuum trans-
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ferred product mixture with column G at 950 indicated that the starting
material had not reacted completely and that one product had formed.
The product was isolated by preparative scale GLC with the same column
and conditions as described above. The NMR spectrum of the purified
product was consistent with that expected for l-allyl-3-methylene-
cyclohexane; NMR (0014) 5 5.54~6.00 (m, 1H), 4.73-5.16 (m, 2H), 4.62
(s, 2H), 1.06-2.62 (m, 11H).

The reaction was repeated using 0.30 g (2.20 mmoles) of 4-
allyl-1,6-heptadiene, 0.25 g (0.34 mmole) of diisobutylaluminum
hydride (20% solution in n—hexane) anﬁ 3.0 mI; of mineral oil at 1250
for 24 hours. GIC analysis (column G) revealed complete disappearance
of the starting triene and the emergence of two products in a ratio
of 1 :+ 1 . The products were isolated and purified by preparative
scale GIC (Column G). The first product to elute was l-allyl-3-methylene-
cyclohexane. The NMR spectrum of the second component was interpretted
as being that of 3-methylenebicyclo E3g3«1]ponane; NMR (0014) & 4.55-
4,65 (m, 2H), 1.00-2.60 (m, 14H); mass spectrum m/e 136.20 (Calcd for
Ciotpg ¢ 136.238) |

The reaction was repeated again with 0.30 g (2.20 mmoles) of L-
allyl-1,6-heptadiene, 0.25 g (0.34 mmole) of diisobutylaluminum hydride
and 5 mL of mineral oil at 125O for 48 hours. GLC analysis (column G)
showed the production of only one product in 40% yield as determined
through the addition of 0.18 g (1.41 mmoles) of n-nonane as an internal

standard. Preparative scale GLC followed by NMR analysis of the product

substantiated it as being 3-methylenebicyclo[3.3.1] nonane.
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Cyclization of 1-Allyl-Z-methylene-
cyciohexane (125)

Reaction of 0.25 g (1.84 mmoles) of l-allyl-2-methylenecyclohexane
(125) with 0.26 g (0.37 mmole) of diisobutylaluminum hydride (20%
solution in n-hexane) in 4 ml, of n-hexane at 120° for a pericd of
67 hours was conducted according to the general cyclization procedure.
GIC analysis of the vacuum transferred product mixture using column
Hat 950 indicated formation of two products. The major product had
a retention time of 36 minutes while the minor product had a retention
of 26 minutes. Preparative scale GLC (column I at 950) resulted in
the isolation of both substances in a_high state of purity. NMR
spectral analysis and independent synthesis served to identify the
ma jor product as 2-methylene-cis-hydrindane; NMR (CClu) & 4.78-4.92
(m, 2H), 1.90-2.40 (m, 6H), 1.22-1.73 (m, 8H). Anal. Calcd. for C; H,:
c, 88.165 H, 11.8%, Found: C, 88.06; H, 11.93 .

NMR analysis alone was relied upon in assigning the minor com-
ponent the structure of 2-methylene-trans-hydrindane; NMR (CClq) &
4.72-4.97 (m, 2H), 2.21-2.55 (m, 2H), 0.90-2.10 (m, 12H).

The percentage yields of the two products were ascertained by
the use of column F at 700 after the addition of 0.25 g (1.95 mmoles)
of n-nonane as internal standard. The major product, 2-methylene-cis-

hydrindane, was generated in 40% yieid, and the minor product, 2-methyl-

ene-trans-hydrindane, in 23% yield.
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Cyclization of 2~(3-Butenyl)-methyleune-~
cyclohexane (ggga

Following the general procedure, 0.25 g (1.67 mnoles) of.
2-(3-butenyl)~methylenecyclohexane (127) was allowed to react with
0.24 g (0.34% mmole) of diisobutylaluminum hydride solution {20%
solution in n-hexane) in 4.0 mlL of n-hexane for a period of 72 hours
at 120°. Anmalysis by GIC (column D at 135°) showed complete dis-
appearance of starting material and the formation of two products.
Addition of 0.20 g (1.56 mmoles) of n-nonane as an internal stundard
permitted the determination of percentage yield of the major product
(retention 8.1 minutes) as 45% and of the minor product (retention
time 9.8 minutes) as 15%. Separation énd purification of the two
products was accomplished by preparative GIC (column D). The structure
of the major product was determined to be 2-methylene-trans-decalin
by comparision of the NMR spectrum to that of a known sample; NMR &
(0014) L 47~ .66 (2m, with small coupling constant, 2H), 1.95-2.38
(m, 4H), 1.10-1.95 (m,12H).

The same criterion was employed in ascertaining the constifution
and stereochemistry of the minor component, 2-methylene-cis-decalin;
NMR (0014) & 4.50-4.64 (m, 2H), 1.42-2.43 (m, 8H). 0.82-1.42 (m, 8H).
Anal. Caled for C,.H o (mixture of cis- and trens- isomers) : C, 87.93;

1171
H, 12.08 . Found: C, 88.10; H, 12.10 .

Cyclization of 3-Allylcyclohexene

The reaction of 0.50 g (4.1 mmoles) of 3-allylcyclohexene with

0.36 g (0.50 mmole) of diisobutylaluminum hydride (20% solution in
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n-hexane) in 10 nL of n-hexzne at 160° for a period of 6 hours was
conducted in the same fashion described in the general procedurs.

GIC analysis of the vacuum transferred material using column H at
100° indicated that the starting material had completely reacted and
that two products in a ratio of 3 : 1 were formed. The products
were isolated and purified by preparative scale GIC with the same
column and temperature as described above. NMR spectral analysis was
used to identify the major product (retention time 23 minutes) as
bicyclo[4.3.0]non-1-ene ; mm (cCl,) 6 5.34 (broad s, 1H), 0.82-2.46
(a, 13H). The structure of the minor product (retention time 23 min~
utes) was assigned that of cis-bicyclo[4.3.0]non-2-ene by NHR spectral
aralysis and subsequent chemical correlation involving the
rroduct of the same molecule: NMR (CClu) 5 5.63 (m, 2d), 1.10-2.52
(m, 12H).

The reaction was repeated with the same amounts of reagents
and conducted at 160° for 1 hour 40 minutes. GIC analysis {(column H)
at 100° using 0.38 g (2.97 mmoles) of n-nonane as internal standard
revealed the presence of 54% unreacted starting material and 36.4%
of a single product , cis-bicyclo[4.3.0]non-2-ene.

Reduction of Product Mixture from the Cyclization
Beaction of 3-Allylcyclohexene

The product mixture from partial cyclization cf 3-allylcyclo-
hexene consisted of 54% unreacted starting material 3-allylcyclo-
hexere and 36.4% 2-cis~bicyclo[4.3.0]nonene. Hydrogenation of 2 g

(0.016 mole) of this mixture was done by use of 0.20 g of 5% rhodium

on carbon catalyst in 45 mL of 95% ethanol. The pressure of hydrogen
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was maintained at 52 psi in a Paar Hydrogenation Apparatus for a
period of 24 hours. The mixture was filtered and the filtfate was
subjected to simple distillation under atmospheric pressure. Most
of the solvent was removed by the simple distillation and the remaining
liquid was vacuum transferred. The reduction products were isolated
and purified by preparative scale GLC using column G at 1250. The
first compound to elute (retention time 2.6 minutes) was identified
as n-propylcyclohexane: NMR (GClu) 5 1.05-1.90 (m, 15H), 0.85-0.98
(t, J=8Hz, BH). The second component of retention time 3.5 minutes
provided an NMR spectrum identical to that of cis-hydrindane which
was prepared by independent synthesis; NMR (CClq) 6 1.20-2.00 (broad

multiplet).

cis-Hydrindane (131)

Catalytic hydrogenation of 6 g (0.05 mole) of indene in 50 mL of
95% ethanol with 1.2 g of 5% rhodium on aluminum oxide in a Paar
Hydrogenation Apparatus at 52 psi hydrogen pressure provided 4.0 g
(0.033 mole) of cis-hydrindane after 48 hours of hydrogenation time.
The ethanol solution was filtered away from the catalyst and 50 mL of
saturated aqueous sodium chloride solution was added. The mixture was
extracted three times with 30-mL portions of pentane which were then
combined. Most of the pentane was removed by simple distillation at
atmospheric pressure. The pure product (4 g; 0.032 mole) was obtained
by simple vacuum distillation b.p. 45° (4 mn); NMR & 1.20-2.00 (broad

multiplet). Anal. Caled for CoHyg: Gy 87.02; H»12.98. Found: C, 87.1%;

H, 13.06 .
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Unsuccessful Attempted Catalytic
Cyclizations

No catalytic cyclization could be achieved with the following
molecules under a variety of conditions within the realm of the
general procedure: diallylether, 1,7-octadiene, 7-methyl~1,6—octa~
diene, and 4-vinyl-1,7-octadiene. An experiment involving 6-methyl-
1,5,10-undecatriene resulted in the generation of a multitude of
products which were not identified.

Cyclization of 1, 5-Hexadiene with
Dimethylaluminum Hydride

A solution of dimethylaluminum hydride in 50 mL of toluene
was prepared under a nitrogen atmosphere from 8 g (0.022 mole) of
dimethylaluminum chloride (20% solution in n-hexane), 1.1 g (0.023
mole) of sodium hydride (50% in mineral 0il), and 1.5 g (0.002 mole)
of diisobutylaluminum hydride solution (20% solution in n-hexane)
following the procedure described by Zakharkin et.al.(622). To the
dimethylaluminum hydride solution, 1.81 g (0.022 mole) of 1,5-
hexadiene was added and the mixture was stirred at 500 for 15 hours.
The reaction vessel was immersed in an ice bath and 20 ml of saturated
agueous ammonium chloride wés added. The organic layer was separated,
washed once with water , dried over anhydrous magnesium sulfate,
and filtered. The product mixture was subjected to distillation
under atmospheric pressure through a short Vigreux column. Material
boiling below 100° was collected and subjected to GLC analysis using

column M at 100°. This analysis revealed that the starting material
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had completely reacted and only one product was formed in\good yield.
The product (retention time 4.2 minutes) was isolated and purified
by preparative scale GIC (column M) and identified as methyleyclo-
pentane by comparison of spectral properties to those of an authentic
sample.

Cyclization of 1, 5-Heptadiene with
Dimethylaluminum Hydride

A solution of dimethylaluminum hydride in 20 mlL of anhydrous
diphenylmethane was prepared under a nitrogen atmosphere from 8.00 g
(0.022 mole) of dimethylaluminum chloride (20% solution in n-hexane),
1.1 g (0.023 mole) of sodium hydride (50% in mineral oil), and 1.5 g
(0.002 moie) of diisobutylaluminum m}dride following a procedure
described in the literature (62). To the dimethylaluminum hydride
solution, 1.86 g (0.019 mole) of 1,5-heptadiene was added, and the
resulting solution was stirred at 80° for a period of 15 hours. To
the reaction mixture, 3 mL of saturated aqueous ammonium chloride
solution was added. The mixture was stirred for 20 minutes, dried
over anhydrous magnesium sulfate, and filtered. The residue was washed
three times with 10-mL portions of n-hexane, and the n-hexane was
combined with the filtrate. The filtrate was vacuum transferred, and
the vélatile material was collected in a cold trap cooled by a Dry
Ice-acetone bath. The collected product mixture was subjected to GIC
analysis using column N at 650, which indicated that all the starting

material had completely reacted and two products had formed, with

retention times of 4.2 minutes and 6.0 minutes, in a ratio 2: 1. The




two products were isolated by preparative scale GLC with column G
at 500. The first component to elute was identified as ethylcyélo—
pentane,

The second component to elute was the minor product and was
identified by NMR spectral comparison to an authentic sample of
ethylidenecyclopentane.

Attempted Cyclization of 6-Methyl-1, 5-
heptadiene with Dimethylaluminum

Hydride .

A solution of dimethylaluminum hydride in 50 mL of anhydrous
benzene was prepared under a nitrogen atmosphere from 8.0 g (0.022
mole) of dimethylaluminum chloride (20% solution in n-hexane), 1.1 g
(0.023 mole) of sodium hydride (50% in mineral oil), and 1.5 g {0.002
mole) of diisobutylaluminum hydride (20% in n-hexane solution) fol-
lowing the procedure described in the literature (632). To the dimethyl-
aluminum hydride solution was added 1.9 g (0.0173 mole) of 6-methyl-
1,5-heptadiene. The reaction mixture was stirred at 80° for 18 hours.
Then the reaction vessel was immersed into an ice bath and 25 mL of
saturated agqueous ammonium chléride solution was added. The organic
layer was separated, dried over anhydrous magnesium sulfate, and
Tiltered. Most of the hexane and benzene were removed by distillation
" under atmosphere pressure through a short Vigreux column. The remaining
solution was subjected to GILC analysis using column N at 650. The
GIC analysis revealed that the starting material had completely reacted

and only oné product was formed having a retention time of 6.5 minutes.

The product was isolated by preparative scale GLC (column G at 1000)
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and provided an NMR spectrum which was identical to that of an authen-

tic sample of 2-methyl-2-heptene.

Cyclization of 1, 5-Heptadiene with Diisobutyl-
aluminum Hydride and Aluminum Chloride

To a solution of 0.50 g (5.2 mmoles) of 1,5-heptadiene in 10 nL
of anhydrous n-hexane, 3.90 g (5.49 mmoles) of diisobutylaluminum
hydride (20% in n-hexane solution) was added under a nitrogen atmos-
phere at room temperature. The resulting solution was stirred at 350
for a period of 18 hours which was followed by the solution being
transferred to an addition funnel under nitrogen. The solution was
added through the addition funnel in a dropwise manner to a suspen-
sion of 10 mL of n-hexane and 1.00 g (7.5 mmoles) of anhydrous aluminum
chloride (dried under high vacuum for 18 hours). The mixture was
stirred at room temperature for 2.5 hours and the reaction vessel was
immersed in a cold bath at —50. To the reacticn mixture, 5 ml of HZO
was added cautiously in a dropwise manner. The organic layer was
separated, washed once with 10 ml of water, dried over anhydrous mag-
nesium sulfate and filtered. GIC analysis of the filtrate using column
Mat 105O indicated complete disappearance of 1, 5-heptadiene and the
production of a single product in 76% yield as determined by comparision
with 0.5 g (3.91 mmoles) of n-nonane as internal standard. Preparative

GIC (column M) resulted in the isolation of the product which was

identified as ethylcyclopentane by NMR spectral analysis.
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Attempted Cyclization of 6-Methyl-1,5-
heptadiene with Diisobutylaluminum
Hydride and Aluminum Chloride

To a solution of 1.5 g (13.64 mmoles) of 6-methyl-1,5-hepladi-
ene in 5.0 mL of anhydrous n-hexane was added 8.5 g (12.32 mmoles)
of diisobutylaluminum hydride (20% in n-hexane solution) under a
nitrogen atmosphere. The mixture was stirred at 350 for a period
of 12 hours. The reaction vessel was immersed in an ice bath and
1.5 g (11.3 mmoles) of anhydrous aluminum chloride was added guickly,
The mixture was stirred at 350 for one hour. The reaction vessel was
cooled to =5O and 5.0 mL of water was added cautiously in a drop-
wise manner. The organic layer waé sefarated, dried over anhydrous
magnesium sulfate,and filtered. The GIC analysis (column H at 160°)
showed that the starting material had reacted completely and three
products had been éroduced. The three products displayed retention
times of 5 minutes, 6.3 minutes, and 7.2 minutes in a ratio of
3: 1 : 2 respectively. The products of retention times 5 minutes
and 7.2 minutes were isolated and purified by preparative scale GIC
using column H. The structure of the major component proved to be
that of 2-methylheptane by comparison to an authentic sample.

The structure of the product of longest retention time (7.2
minutes) was assigned thét of cis-1,2-dimethylcyclohexane by com-
parison of its spectrum to that of a known sample of the molecule.

The material of retention time 6.2 minutes possessed a retention

time identical to that of trans-1,2-dimethylcyclohexane.
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Cyclization of 1,6-Heptadiene with
Diethylaluminum Hydride and
Aluminum Chloride

To a solution of 0.5 g (5.12 mmoles) of 1,6-heptadiene in 15 mL
of anhydrous n-hexane was added 2.1 g (6.0 mmoles) of diethylaluminum
hydride (25% in n-hexane solution) at room temperature under a nitrogen
atmosphere. The solution was stirred at 350 for 18 hours. The reaction
vessel was immersed in an ice bath and 1.00 g (?.5 mmoles) of anhydrous
aluminum chloride was added quickly. The reaction mixture was stirred
at 60° for 5 hours followed by the same work up procedure used in the
case of 6-methyl-l,5-heptadiene. GIC analysis of the filtrate using
column M at 140° indicated that the starting material had completely
reacted and two products had formed. The major component was generated
in a 59% and the minor component in a yield of 30%. The two products
‘'were isolated by preparative scale GIC (column M) and the major product
was identified as methylcyclohexane while the minor product proved to

be n-heptane.

Cyclization of 1,5,10-Dodecatriene (134)

with Diethylaluminum Hydride and
Aluminum Chloride

To a solution of 0.20 g (1.22 mmoles) of 1,5,10-dodecatriene (134)
in 15 nL of anhydrous n-hexane was added 0.66 g (2.1 mmoles) of di-
ethylaluminum hydride (25% solution in n-hexane) under a nitrogen
atmosphere at room temperature. The mixture‘was stirred at 60° for

a period of 20 hoﬁrs. The reaction vessel was immersed in an ice bath

and 0.30 g (2.25 mmoles) of anhydrous aluminum chloride was added all
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at once. The mixture was heated to 65° for a period of 2.5 hours, the
reaction vessel was immersed in a cold bath at -50, and 5 mL of HZO
was added cautiously in a dropwise manner to quench the organometallic
compound. The organic layer was separated, dried over anhydrous mag-
nesium sulfate,and filteréd. The filtrate was subjected to GIC analysis
(column H at 1600) which revealed the presence of one dominant product
as well as a group of minor components which accounted for less than
10% of the product composition. n-Decane (0.25g; 1.9 mmoles) was added
as an internal standard and used to determine an 81% yield for the

ma jor component. Preparative scale GIC using column A at 130O was used
to isolate and purify the product. The structure of the product

was assigned that of l-cyclopentyl-2-ethylcyclopentane by NMR and

mass spectral analysis; NMR (CClu) 6 1.00-2,10 (m, 19H), 0.76-1.00

(t, J=7Hz, 3H); mass spectrum: m/e = 166.30 (caled for CyoHos
166.308). Anal. Calcd for CyoHont Gy 88.67; H, 13.33 . Found: C, 88.70;
H, 13.30 .

Cyclization of 3-Methyl-l-hexen~5-yne (136)
with Diethylaluminum Hydride in
n-Hexane and Diethylether

To a solution of 0.25 g (2.66 mmoles) of 3-methyl-l-hexen-5-yne
and 0.5 g (6.76 mmoles) of anhydrous diethylether in 2.0 mL of
n-hexane was added 2.30 g (6.7 mmoles) of diethylaluminum hydride
(25% solution in n-hexane) under a nitrogen atmosphere. The mixture
was stirred at 40° for a period of 40 hours. The reaction was worked-
up in the same fashion as described for 1,5,10-undecatriene. The

filtrate was subjected to GIC analysis using column M at 90°,
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Only one product peak was observed on the chromatogram, and it
possessed the same GIC retention as trans-1,2-dimethylcyclopentane.

Reduction of 1-Methyl-Z-methylenecyclo-
hexane (133) with Diisobutylaluminum

Hydride

To a solution of 1.00 g (7.79 mmoles) of l-methyl-2-methylene-
cyclohexane (}22) in 5.0 mL of anhydrous n-hexane under a nitrogen
atmosphere,was added 5.20 g (7.32 mmoles) of diisobutylalumin hydride
(20% solution in n-hexane). The resulting solution was stirred at 350
for a period of 18 hours. The reaction vessel was immersed in an ice
bath and 5.0 mL of dilute hydrochloric acid (1.0N) was added to
quench the organometallic compound. The.organic layer was separated,
dried over anhydrous magnesium sulfate and filtered. GLC analysis
using column H at 130O indicated the presence cf two products in a
ratio of 1 : 1 with retention times of 11.0 minutes and 13.0 minutes.

A small amount of starting material,l-methyl-2-methylenecyclohexane
(I33) (retention time 15.0 minutes),was also observed. The two products
were separated by preparative scale GIC (colpmn H). The first component
to elute proved to be cis-1,2-dimethylcyclohexane and the second com-
ponent, trans-1,2-dimethylcyclohexane, as determined by comparison

of NMR spectra with those of authentic samples.

Cyclization of 2-Methyl-1, 5~-hexadiene
with Diisobutylaluminum Hydride

To a solution of 0.5 g (8.33 mmoles) of 2-methyl-1,5-hexadiene
in 10 mL of n-hexane was added 5.2 g (8.03 mmoles) of diisobutyl-

aluminum hydride (20% solution in n-hexane) under a nitrogen atmosphere.




101

The resulting solution was refluxed for a period of 18 hours. The
reaction vessel was immersed in a cold bath at —50 and 10 mL of
saturated aqueous ammonium chloride solution was added cautiously,

The organic layer was separated, dried over anhydrous magnesium sulfate,
and filtered. Most of the n-hexane in the filtrate was removed by dis-
tillation under atmospheric pressure through a short Vigreux column.
The remaining solution was subjected to GIC analysis using column 0

at 500. Two product peaks were observed having retention times of

13.5 minutes and 15.0 minutes in a 60 : 40 ratio. The two products

were isolated by preparative scale GLC using column M at 65°. The

ma jor product was identified as 1,l-dimethylcyclopentane and the minor

component as 1,3-dimethylcyclopentane.
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PART 2. REDUCTIONS USING LOW~VALENT TITANIUM AND ZIRCONIUM COMPLEXES

I. Introduction

Although titanium is one of the more abundant metals in the
earihi's crust (0.6%) its chemistry is little known compared to that
of many other metals (78). The most predominant form oi titanium

. + . . . . . . .
is the 4 ozidation state: Ti0, is used as a commercial white pig-

2
ment and inexpensive TiCl4 functions as "Smoke" by sky-writers since
it is rapidly hydrolyzed. Titanium also has well-defined 2+ and 3+
oxidation states. Titanocene, which has titanium in a +2 oxidation
state, is well known and is currently employed in nitrogen fixation
ﬁmﬁes(79).ﬂwjfcmﬂhﬁpns&ﬂeissm%ﬂmtewﬁmru>mmkwﬁm
and is commercially available as the trichloride.

Interest in the chemistry of both titanium and zirconium stems
from their use in Ziegler-Natta catalysis. The insertion of an olefinic
unit into a carbon-metal bond has considerable potential in organic

synthesis as discussed in Part 1. Part 2 developed from reactions

involving titanium and zirconium which led to reductions rather than

cyclizaticns.




IT. Historical

Low-valent titanium bhas had an interesting histery as a
reducing agent in organic chemistry: it was well krown in the early
1900's but was then more or less forgotten until a decade ago.

Knecht and Hibhert, for example, published a series of ’early papers
(80) on the ability of aqueous '1‘:!'.(113 solution to reduce wnitro arenes
to amino arenes. They showed that the reaction was useful, not only
as a preparative synthetic method but also as an analytical tool for
the quantitative determination of aromatic nitro group in unknown
substances (81 ). The same suthors showed a short time later that

agueous TiCl, was capable of effecting rapid redaciion of quinones to

3
hydroguinones (8 2 ). In 1922, Macbeth demonstrated a further aspect

of the reducing power of Ti{III) when he showed that both N-Br and

N-C1 bonds in a variety of substrates were readily reduced (83).

Still other reports appearing occasionally in the literature de-
monstrated that cinnamic acid type double bonds could be reduced to
the saturated analogs (84 ); azo groups were reducéd to hydrazines (85).

Recently, J.E. McMurry and his coworkers published a series of
papers and demonstrated that low valent titanium can be used to re-
duce epoxides (86 ), to induce coupling of allylic and benzylic
alcohols (87), to induce reductive coupling of carbonyls to provide
olefins (88), to reduce oximes, o-halo ketones and many more (89 ).

In some cases, TiCl, was used as the source of low-valent titanium,

3

while in other cases, the low-valent titanium was generated from the

reaction of TiGlLP with reducing reagents (87).
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Although in many cases titanium and zirconium form similar types
of compounds, they differ markedly from each other in some aspects of
their chemical behavior. The methyl derivatives of zirconium, for
example, are far more sensitive to hydrolysis then the corresponding
compounds of titanium (90 ) wheras the latter are more susceptible *o
thermal decomposition. Much of the difference in chemical behavior
between zirconium and titanium can be traced to the ease of reduction
of the latter.

Reductions of alkenes and alkynes through hydrozirconation with
di—(n5—cyclopentadienyl)chlorozirconium hydride were demonstrated to
be synthetically useful reactions. The reaction has been employed in
achieving synthetic objectives in a fashion similar to hydroboration
(91). Reactions using low-valent titanium and zirconium compound:s

which might be synthetically useful were explored.
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I1T. ZResults and Discussion

The combination of hydrozirconation and olefin insexrtion reaction
can theoretlcally result in carbocyclization. But unfortunately, no
cyclic product was found from the recaction of 1, S-hexa,dlene with

5

di(n’-cyclopentadienyl)chiorozirconium hydride (Scheme 33).

Scheme 33

Cp,2rCl,  + % Vitride THE > Cp,7xClH
N,
a1
1 H |
‘ zrip,
/' + CpZeClH — ( —
Zxﬁp o

Cl
Cp = Cyclopentadienyl (\ < \

Since the cyclization reaction of the organozirconium compound
met with failure, organotitanium compounds were investigated. Intra-
molecular cyclization of the 5-hexenyltitanium(IV) complex 137 had

been sucessfully carried out giving a 50% yield of the carbocyclic

product as described in Scheme 34 (92).

Scheme 34 Pl‘{
‘ lgBr TlCP2
/Ph fg )
Cp,Ti > / >
Cl

bd
~J
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Hydrotitanation of polyenes followed by olefin insertion into the
titanium-carbon g-bond was attempted, but, reminiscent of the hydro-

zirconation case, no carbocyclic product was produced in the reaction.

Instead facile reduction of the polyenes took place((Scheme 25).

Scheme 35 1) e-//

szTiCl2 + %+ eq. Vitride " >  Reduction
2) H,0/H Products

Tt can be appreciated from Scheme 35 that the combination cf a
titanium (IV) complex and a hydride reducing reagent can accomplish
hydrogenation of isolated carbon-carbon multiple bonds. Since this
reaction had not been reported in the literature before, it was
explored in more detail for possible synthetic applicability. Titanium
tetrachloride was employed instead of di(n5-cyclopentadienyl)titanium
dichloride in the reaction because of cost considerations. A convenient
method for reductions of alkynes and alkenes by a combination of LiAlHu
and TiCl4 was developed. The reducing reagent was generated in situ
from the dropwise addition of titanium tetrachloride to an ethereal
solution containing lithium aluminum hydride and the unsaturated
hydrocarbon. The results of reduction usiﬁg molar quantities of LiAlH4
and TiCl4 are provided in Table 5. The yields were determined by
measurement of relative peak areas on the gas-liquid phase chromato-
granm using n-decane as an internal standard. The molar ratio of
unsaturated hydrocarbon to LiAlH4-TiC14 was optimized to obtain the
highest_yield of the desired reduction product with the minimum

amount of hydrogen .source.
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Table 5. Yields of Reduction Products® — Reduction of Alkynes
and Monosubstituted Alkenes with LiAlHu—T1014

Alkene Moles of Moles of
or Alkene or LiAlHa—T1014 Temp. Major Yield

Alkyne Alkyne Used Used Product
1-Octene 0.045 0.068 0% n—Octaneb 92%
1-Octyne  0.045 0.110 0 n-Octane®  81%
o cis-4-Octene 59%
4-0Octyne 0.045 0.045 0°C trans-4-Octene <23%
n-0ctane 13%
o cis-4-Octene 73%
4-Octyne  0.045 0.045 -40°C  trans-b-Octene < 77
: n-Octane 11%

11 reactions were performed under nitrogen.
Py small amount (2.3%) of l-octene remained unreduced.
°A small amount (3.0%) of l-octene was also present.

dThe two isomeric 4-octenes were not completely resolved on the GIC.

Of the alkenes subjected to reduction conditions énly mono-
substituted double bonds were reduced with any resonably efficient
use of the hydrogen source. Disubstituted alkenes were reduced only
partially even in the presence of a considerable excess of reducing
agent. Only 36% of cyclooctene was reduced to cyclooctane under reaction
conditions involving a 5 molar excess of LiAlHq—T1614. Although

methylenecyclohexane was reduced somewhat faster than cyclooctene (30%
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conversion into methylcyclohexane using a 10% molar excess of LiAlHQ—
TiClu), continued exploration into the reaction of additional alkenes
was not pursued. The sluggishness of cyclooctene toward reduction
suggested that a monosubstituted alkene would be selectively con-
sumed in the presence of a more highly substituted alkene. A fair
degree of selective reduction was realized in a competitive experiment
involving equal molar quantities of l-octene and cyclooctene with a
10% molar excess of LiAlH,-TiCl,. Under these conditions 95% of
l-octene was converted into n-octane, whereas only 10% of the cyclo-
octene was consumed.

Terminal alkynes were also reduced quite readily all the way to
the alkane. Attempts to adjust conditions by limiting the amount of
reducing agent in hopes of stopping at the terminal alkene stage
inevitably resulted in isolation of a mixture of alkene and alkane.
The rate of reaction of a monosubstituted alkene was apparently com-
petitive with that of a terminal alkyne.

An internal alkyne is completely reduced with an equal molar
amount of LiAlHq’—TiCI4 mainly to the alkene stage. As shown in Table 5,
the stereochemistry of the 4-~octene produét depends markedly on
temperature. At =40°G the percentage trans-4-octene produced was
considerably less than that obtained at 0°C. This difference was
matched almostly exactly by a corresponding increase in the percentage
Cis isomer formed at the lower temperature. However, continued lowering
of temperature (-78°C) appeared not to affect the cis/trans ratio

further. The reaction represents a reasonably stereoselective

synthesis of a cig- double bond form an appropriate internal alkyne.
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Although no mechanistic study was involved, a plausibie mechanism
for the reduction reaction can be proposed as similar to the suggested
mechanism of olefin polymerization using the Ziegler-Natta catalyst
(combination of trialkylaluminum and Ticlq’) (93), in which titanium
(IV) was reduced to a low-valent titanium by trialkylaluminum. A
vacant site on the low-valent titanium allows the complexation of

titanium with the w~bornd of the olefin.

Scheme 36 Proposed Mechanism of Ethylene Polymerization with
Ziegler-Natta Catalyst ( 94)

CH.CH
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/ CH2= CH2
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Scheme 37 Plausible Mechanism for the Reduction of Mono-
substituted Alkenes with LiAlH@~TiC1@
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Intermediate 138 either experienced hydrolysis with retention of
configuration (9 5) resulting in formation of cis-alkene 139 or under-
went reductive elimination to relinguish the same stereochemical out-

come.,

Whitesides has recently reported an intramolecular cyclization
of 1,7-octadiene by reaction with titanocene [generated from (CpZTi)ZNZ]

through oxidative coupling. The yield was extremely low (96 ).

s CH Cp
A szTl—NZ T1Cp2 . - g\ /
/Ti
AN
X H, Cp

Zirconocene and titanocene can be generated in situ by reaction

in THF (97). Attempts

of sodium-naphthalene with CpZZrCl or Cp,TiCl

2 2 2
to isolate the oxidative coupling product from the reaction of 2,8~
decadiyne with zirconocene generated by the above mentioned method

were unsucessful. A pale yellow solid was obtained from the reaction

but proved dAifficult to purify.

?
> r 7
=" Ar/THF §( Cp

With the combination of szTiGl2

1,8-octadiene gave only trace amounts of carbocyclization. Instead,

, sodium, and naphthalene

simple reduction of the terminal doulble bonds took place readily (31).

When 4-octyne was allowed to react with CpZTiC14 and sodium

naphthalene at -40°C in THF under an argon atmosphere, cis-4-octene
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was produced in 73% yield after H,0 quenching. Low ionization energy

2
mass spectral analysis of the product obtained from DZO guenching
showed 61% dideuteration, while the NMR spectrum revealed the location

of the deuterium atoms to be virtually exclusively vinylic.

| 1) "Cp Ti"/THF Pr _Pr B{ Phay P{ Pr
Pr-G=C-Pr 2 L=C_ + =0 + C=C
~ AT > D D D M H Sy
2) D,0
43.6% 18.9% 9.5%

Although other possibilities exist, the results are clearly

compatible with the formation of a rather stable metallocyclopropene

140 .
Pr Pr
nCPZTiu /
Pr-C=C-Pr —— —~ > 1
THE/Ax '
/ Cp/ tp
140

The metallocyclopropene intermediate 140 experienced hydrolysis
in D,0 with retention of configuration (9 5) producing 4, 5-dideutero-
cis-4-octene. The monodeuterated product and the non-deuterated product
might have resulted from an early stage hydrogen abstraction from
solvent or the cyclopentadienide ring of the titanium complex .

A control reaction was performed under the same conditions in
2?1012 and the 4-octyne remained unchanged.

The existence of a titanocyclopropene was also proposed as an

the absence of Cp

intermediate from pyrolysis reaction of 141 (98). The metallocyclo-

propene intermediate 142 experienced carbon dioxide insertion to

produce bengoic acid after hydrolysis.(Scheme 39).
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IV, Experimental

Reduction of 1-Octene with Lithium Aluminum
Hydride and Titanium Tetrachloride

A mixture of 5.0 g (0.045 mole) of 1-octene‘ and 3.2 g (0.52
mole) of lithium aluminum hydride in 50 mL of anhydrcus diethyl ether
was stirred under a nitrogen atmosphere at 0°. Nine and a half grans
(0.05 mole) of titanium tetrachloride was added cautiously through
an addition funnel in a dropwise manner. The resulting mixture was
stirred for an additional 30 minutes followed by addition of 50 ml of
saturated agueous ammonium chloride solution. The ether layer was
separated and washed with water, dried over magnesium sulfate,and
filtered. The filtrate was analyzed by GIC using column I at 750.

Two grams (0.01%4 mole) of n-decane was added as an internal standard
for yield determination. The yield of the product from the reaction
was determined to be 92%. A NMR sample of the product was isolated

by preparative scale GIC using the same conditions as described above.
The product was determined to be n-octane by comparision of its NMR
spectrum with that of a known sample of n-octane. A small quantity

of unreacted l-octene (2.3%) was recovered from the reaction.

Reduction of 1-Qctyne with Lithium Aluminum
Hydride and Titanium Tetrachloride

Similarly, 5.0 g (0.045 mole) of l-octyne was reduced to n-octane

by use of 6.6 g (0.11 mole) of lithium aluminum hydride and 20 g (0.11
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mole) of titanium tetrachloride in 50 mL of anhydrous diethyl ether
under a nitrogen atmosphere. GIC analysis of the product mixture
using column I at 750 confirmed an 81% yield of n-octane and a
3.0% yield of l-octene. n-Decane was used as internal standard for
yield determination from the GIC analysis.

Reduction of 4~Octyne with Lithium Aluminum
Hydride and Titanium Tetrachloride

In similar fashion, 5.0 g (0.045 mole) of 4-octyne was reduced
to a mixture of cis-4-octene, trans-4-octene and n-octane by use 2.80 g
(0.045 mole) of lithium aluminum hydride and 8.55 g (0.045 mole) of
titanium tetrachloride .in 50 mL of anhydrous ether under a nitrogen
atmosphere. GLC analysis of the product mixture using column I at
?50 confirmed a 59% éf cis-lU-octene, less than a 23% yield of trans-
L-octene, and a 13% yield of n-octane. n-Decane was used as an internal
standard.

When the reduction was conducted at -400, the same quantities
of reactants afforded a 78% yield of cis-4-octene, less than a 7%
yield of trans-4-octene , and an 11% yield of n-octane.

The products from the reduction were isolated and purified by
preparative scale GLC using column I at 750. NMR spectra were obtained
for each product and the structures of the products were assigned
by comparison to the NMR spectra of known samples.

Reduction of Methylenecyclohexane with Lithium
Aluminum Hydride-Titanium Tetrachloride

Under conditions already described for l-octene, 2.0 g (0.02
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mole) of methylenecyclohexane was reduced by the combination of 0.85 g
(0.022 mole) of lithium aluminum hydride and 4.2 g (0.022 mole) of
titanium tetrachloride in 50 ml, of anhydrous diethyl ether under a
nitrogen atmosphere. GIC analysis (column I at 750) indicated that
31% of methylenecyclohexane was reduced to methylcyclohexane while
69% of the starting methylenecyclohexane remained unchanged.

The reduction product was isolated and purified by preparative
scale GIC using column I at 750. The NMR spectrum of the product
was identical to that of a known sample of methylcyclohexane,
Competitive Reduction of 1-Octene vs

Cyclooctene with Lithium Aluminum
Hydride~Titanium Tetrachloride

A mixture of 2.5 g (0.022 mole) of l-octene and 2.5 g (0.022
mole) of cyclooctene in 50 mL of anhydrous diethyl ether was re-
duced by 0.95 g (0.025 mole) of lithium aluminum hydride and 4.75 g
(0.025 mole) of titanium tetrachloride under a nitrogen atmosphere
under the same conditions as described for l-octene. The resulting
reaction mixture was subjected to GIC analysis (column I) at 750. From
relative peak areas,it was found that 95% of the l-octene was converted
into n-octane, while only 10% of cyclooctene was consumed and reduced

to eyclooctane.

Reduction of 4-Octyne with Titanocene

A solution of 3.3 g (26 mmoles) of naphthalene in 50 mL of
anhydrous THF was stirred under. an argon atmosphere at 0° in the

presence of a small piece of clean sodium metal (0.60 g; 26 mmoles). .
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A blue solution formed slowly which indicated the formation of the
naphthalene radical anion. The solution was stirred for one hour until
all the sodium metal dissolved. To this solution was added 1.32 g
(12.0 mmoles) of 4-octyne and the flask contents were stirred for
one-half hour. Three grams (12.24 mmoles) of di(n5—cyclopentadienyl)
titanium dichloride was added to the reaction mixture all at once.
The mixture was stirred for 3.5 hours at 0° followed by the cautious,
dropwise addition of 2 mL of anhydrous methanol. After being stirred
for an additional hour, the volatile components were vacuum trans--
ferred from the reaction mixture. GLC analysis of the clear trans-
ferred liquid with column D at 110° indicated that the starting
material had reacted completely. Only- one product peak was observed
on the chromatogram. The product was isolated and purified by prepar-
ative scale GIC (column D) at 110°. The NMR spectrum was obtained and
was identical to the NMR spectrum of a known sample of cis-4-octene.
GIC analysis of the product mixture using column I indicated that
the purity of the product was greater than 95% cis-4-octene and less
than 5% trans-4-octene.

The reaction was repeated for yield determination. The same
amounts of reactants were used and 0.50 g (3.91 mmoles) of n-nonane
was added to the reaction mixture as an internal standard. From the
relative peak areas of GIC analysis with column G at 900, an over-
all yield of 72.5% of cis-4-octene was determined.

Reduction of 4-Octyne with Titanécene,
Quenching with Deuterium Oxide

A solution of 1.55 g (10.0 mmoles) of naphthalene in 30 mL of
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anhydrous THF was stirred under an argon atmosphere at Oo‘and 0.30 g
(13 mmoles ) of sodium metal was added. The resulting blue solution
was stirred for one hour until all the sodium dissolved. To this .
solution was added 0.45 g (4.1 mmoles) of 4-octyne and the reaction
vessel was then immersed in a Dry Ice-acetone bath. The solution was
stirred in the Dry Ice-acetone bath for 0.5 hour and 1.1 g (4.49
mmoles) of di(n5~cyclopentadienyl)titanium dichloride was added quickly.
The resulting mixture was stirred for 6 hours at ~780. The reaction
vessel was removed from the Dry Ice-acetone bath and immersed in an
ice bath. This was followed by the addition of 1 mL (50 mmoleé) of
deuterium oxide.‘The final mixture was stirred at 0° for one hour and
then the volatile components were vacuum transferred. GLC analysis

of the clear liquid which was collected in the vacuum transfer using
column D at 110° indicated all the Lh-octyne had completely reacted
and a single product peak was observed. The yield of the product was
72% as determined using n-nonane as internal standard. The product was
isolated and purified by preparative scale GIC using column I ; NMR
(cc14) & 5.24-5.45 (m), 1.90-2.15 (m), 1.20-1.60 (6 peaks, J=7Hz),
0.85-1.05 (t, J=7Hz). The ratio of the peak area at 6=5.24-5.45 to
the peak area at 6=0.85-2.15 was found to be 1 : 40 . The mass
spectrum at 10 eV ionization potential gave a ratio of m/e 112 ¢ 113
114 = 1,0 :+ 2.0 : 4.6 . From the mass spectral information, it was
determined that the product consisted of 43.6% 4,5-dideuterio-cis-4-

octene, 18.9% 4-deuterio-cis-4-octene, and 9.5% cis-4-octene.
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Control Reaction of the Naphthalene
Radical Anion with 4-Octyne

A naphthalene radical anion solution in anhydrous THF (30 ml,)
was prepared from the reaction of 1.55 g (10.0 mmoles) of naphthalene
with 0.3 g (13.0 mmoles) of sodium metal at 0° under an argon atmos-
phere. To the radical anion solution was added 0.45 g (4.1 mmoles)
of 4-octyne and the reaction was stirred for 6 hours at OO. To the

flask contents was added 1 mL of H,0.After being stirred for one

2
additional hour, the reaction mixture was subjected to vacuum transfer.
GIC analysis of the transferred liquid using column I indicated that

the 4-octyne was unchanged and no 4-octene was observed.

Attempted cycligzation of 1,5-hexadiene

Using Di-(n5—cyclopentadienyl)chloro~
zirconium Hydride as a Catalyst

Two grams (24.4 mmoles) of 1,5-hexadiene was dissolved in 20 mL
of anhydrous benzene which was followed by addition 500 mg (2 mmoles)
of di-(n5—cyclopentadieny1)chlorozirconium hydride [prepared by the
method of J. Schwartz et.al. (91) ] under a nitrogen atmosphere. The
mixture was stirred and refluxed for 10 hours. The reaction mixture
was subjected to vacuum transfer and a clear liquid was collected
in a Dry Ice-acetone trap. GIC analysis of the liquid using column

Iat 750 indicated no cyclic product had been generated in the re-. -

action and that the bulk of the 1, 5-hexadiene had remained unchanged.
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Attempted Cyclization of 1, 5-Hexadiene

Using Di—(n5—cyclopentadienyl)chloro-
zirconium Hydride as a Beagent

A solution of 0.26 g (3.1 mmoles) of 1,5-hexadiene and 0.80 g
(3.1 mmoles) of di—(n5—cyclopentadienyl)chlorozirconium hydride [ pre-
pared by the method of J. Schwartz et.al. (91)]in 14 nlL of anhydrous
benzene was refluxed for 6 hours under a nitrogen atmosphere. The
reaction vessel was immersed in an ice bath and 20 mL of 5% hydro-
chloric acid was added. The benzene layer was separated, dried over
anhydrous magnesium sulfate, and filtered. The filtrate was vacuum
transferred and a clear liquid was collected in a Dry Ice-acetone
trap. GIC analysis of the clear liquid using column T at 750 revealed
the presence of two products which displayed GIC retention times
identical to those of n-hexane (17%) and l-hexene (42%). Also pre-
sent was 40% unreacted starting material. The most likely cyclic
product, methylcyclopentane, was shown not to be produced due to the

absence of a substance of longer retention time.

Attempted Cyclization of 1, 5-Hexadiene

Using Dif£n5—cyclopentadiegyl)dichloro—
titanium and Vitride as a Reagent

A mixture of 1.0 g (12.2 mmoles) of 1,5-hexadiene, 2.99 g (12.0
mmoles) of di-(n5—cyclopentadieny1)dichlorotitanium,and 10 mL of
anhydrous benzene at OO was stirred under a nitrogen atmosphere.

To the mixture was added 1.68 mL.(6.0 mmoles) of Vitride (70% solution
in benzene) in a dropwise manner. The reaction mixture changed from

deep red to deep green in color. The mixture was stirred for one hour
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after completion of the addition. To the reaction mixture was added
25 mL, of 5% hydrochloric acid. The benzene layer was separated, dried
‘ over calcium chloride, and filtered. The filtrate was subjected to
vacuum transfer and a clear liquid was collected in a Dry Ice-acetone
trap. GILC analysis of the clear liguid using column I at 75° revealed
the preéence of two products which displayed GLC retention times iden-
tical to those of n-hexane (major product) and l-hexene (minor product).
Also present was a small amount of unreacted starting material. The

most likely cyclic product, methylcyclopentane, was shown not to be

produced oweing to the absence of a substance of longer retention time.
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