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ABSTRACT OF THE THESIS
REACTIONS OF SINGLET OXYGEN AND SINGLET OXYGEN MIMICS WITH
DICY CLOPROPYLETHYLENES: COMPARISON OF REACTIVITY AND
MECHANISMS
by
Gina Alume
Florida International University, 1996
Miami, Florida

Professor Kevin E. O'Shea, Major Professor

An  extensive study of the reaction pathways of 1,1-
dicyclopropyl ethylene, «c¢is- and trans- 1,2-dicyclopropylethylenes
has been undertaken with different clectrophiles 4-methyl-1,2,4
triazoline-3,5-dione (MTAD), tetracyanoethylene (TCNE), and singlet
oxvgen (LOp). Comparison of reactivity and reaction mechanisms
among the electrophiles 1is investigated. Singlet oxygen exhibits
significantly lower reactivity compared to the other electrophiles.

MTAD and TCNE react with dicyclopropylethylenes to  produce

" "

predominantly "2+2" adducts and a small amount of the "ene

adducts. The "2+2" is the major product presumably because of the

" "

high activation energy leading to the highly strained "ene" products.
Solvent trapping studies provide strong evidence of a "stepwise"
mechanism, involving a zwitterionic or aziridinium imide as an
intermediate  from the study of the reactions products of

dicyclopropylethylenes and MTAD.
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CHAPTER 1

INTRODUCTION



1.1 GENERAL BACKGROUND

The oxidation of organic and biological substrates in  the
presence of oxygen, light and a photosensitizer has been the subject
of extensive study over the past several decades.>2  This
photooxidation requires a number of steps. Upon absorption of a
photon of light, the sensitizer is excited to a singlet state (1S) which
undergoes rapid intersystem crossing to a triplet excited state (3S).
The triplet state, which is generally longer lived than the !S, can
transfer its energy to triplet oxygen (3O2) in a spin-allowed process
to form singlet oxygen (l102), or it can undergo electron transfer to
initiate a radical oxidation process.

Singlet oxygen (1Ag) 1s the lowest electronic excited state of
molecular oxygen, 22.4 Kcal/mole above the ground state. It is short
lived in solution with a lifetime of 10-3 - 10-© seconds depending on
solvent and experimental conditions.

Singlet oxygen is involved in a number of chemical, biological
and environmental processes, and thus its properties and reactions
are of great interest to a variety of scientists. Several techniques
have been developed which employ photooxidative processes for a
variety of applications, from the treatment of skin disorders to the
destruction of pollutants. The use of a photosensitizer in the presence
of oxygen (Photodynamic Therapy, PDT) for the treatment of early-
stage superficial tumors3 is one of the new advances in the medical
field involving photooxidation. A fundamental understanding of the

reaction pathways and intermediates involved in these processes is
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crucial for the application and implementation of PDT and other
photooxidative technologies.

The reaction mechanisms involved in photosensitized oxidation
can be characterized as Type I or Type II (Scheme I).4 In the Type I
process, substrate, solvent or oxygen reacts with the photoexcited
sensitizer to give radical or radical ions, by hydrogen atom or
electron transfer. These radicals commonly react with oxygen to give
oxygenated products. In the Type II process, the photoexcited
sensitizer transfers energy to ground state oxygen to form singlet
molecular oxygen (102) which can react with a variety of substrates
to form oxygenated products. The Type [ and Type Il mechanisms
are in competition, the factors governing the competition are oxygen
concentration, reactivities of the substrates and photoexcited
sensitizer, substrate concentration, and singlet oxygen lifetime.>

Scheme 1I: Mechanism of Photooxygenation

hv ISC
S —» 1§ —» 38

sensitizer singlet triplet
excited state excited state

"TYPE I"

Substrate +°¥._:"__> Oxygenated products

30 "TYPE II"
[‘5’0@, 2 S 10 substrate d d
g /cé’}- ot Us — 3 Oxygenated products



1.2 REACTION MECHANISMS OF 103, MTAD, TCNE.

We have been interested in the reactions of singlet oxygen with
unsaturated systems, particularly alkenes, bccause !On can lcad to
the damage of biological target molecules with the consequent
biochemical effects that include enzyme deactivation, nucleic acid
oxidation and membrane damage, also decgradation of polymeric
materials such as rubber and plastics.

Singlet oxygen reacts with olefins in a "2+2" type cycloaddition
affording a dioxetane, which generally cleaves to give two carbonyl

compounds accompanied by chemiluminescence, as shown below.

L 0
"242" Il*l _ )k '
/NP )

DIOXETANE (10,)

+
oo |

An ‘"ene" type reaction can occur with alkenes with allylic
hydrogens to afford a hydroperoxide. Duec to its instability0 the
hydroperoxide is usually reduced to the corresponding alcohol prior
to its isolation and identification. Singlet oxygen can also react with
dienes in a [4+2] cycloaddition to give an endoperoxide as its product,

as shown below.
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Several reports’ suggest that TCNE and RTAD undergo reactions
similar to those of 10», but they produce more stable products which
are readily isolated and identified under moderate conditions. We
have chosen to study the reactions of 4-alkyl-1,2,4-triazoline-3,5-
dione (RTAD), tetracyanoethylene (TCNE), and 102 with alkenes
(Figure I). The two former compounds are highly reactive and well
known as diagnostic reagents for the study of cycloaddition reactions
of acyclic and cyclic olefins. RTAD reacts with olefins in an ene type
reaction to give N-allylurazoles, and with some olefins in a "2+2" type

reaction to afford 1,2-diazetidines.



Figure I: Structure of  Electrophiles
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Although the reactions of olefins and aromatics with the
electrophile, 10On, RTAD and TCNE, have received considerable
attention  recently, there are sull controversy and wuncertainty
regarding the mechanistic details of these reactions. Strong evidence
for both concerted and non-concerted mechanisms has been
reported.8

The observation and trapping of unstable intermediates in the
reaction of MTAD, generally the most reactive of the three
dienophiles, with olefins have been reported.®10 Kinetic isotopic
effects and product studies suggest that reaction of olefins with RTAD
and 1Op involve intermediates with similar geometry, a close
zwitterion, called aziridinium imide (AZI) if the electrophile is RTAD

and perepoxide if the electrophile is 10Op (Figure II).



Figure II: Non-concerted Reaction Mechanisms
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The dcbate between concerted and non-concerted mechanisms
for these electrophilic reactions has received substantial attention
because of the strong experimental evidence indicating an
intermediate present in some of the reaction pathways. Recent
reports provide strong support that some of these reactions involve
non-concerted pathways. A number of non-concerted mechanisms
involving  1,4-biradicals,!! perepoxides,!2  |,4-zwitterions,!3  charge
transfer, and electron transfer has been proposed for these types of
reactions, Figure II.

Although the reaction mechanisms appear to depend on the
substrate, strong evidence for dipolar intermediates in reactions of
olefins with 1O and the singlet oxygen mimics, RTAD and TCNE, has
been reported. A number of systems in which formation of a
carbocation stabilized by conjugation with a double bond or aromatic
system provides convincing evidence for zwitterionic intermediates.

Jefford!+ has trapped zwitterionic intermediates during the
addition of 2-methoxynorbornene to Oz, which is complete in 30
minutes. This intermediate is sufficiently long-lived to be trapped by
alcohols and aldehydes. In aprotic solvents, only the exo dioxetane
and its cleavage product were obtained. However, in protic solvents a
mixture of the exo dioxetane, its cleavage product, and the
hydroperoxyketal  is  afforded. In the presence of  methanol,
oxygenation 1is slower, giving the cleavage product of exo dioxetane
together with the corresponding ketal and a condensation product in

substantial amounts, shown below.
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O'Shea and Footel® studied the photooxidation of the three
isomeric  2,4-hexadienes at -78 ©OC reporting evidence for a
zwitterionic  intermediate analogous to the Jensen study.!5 These
dienes react with singlet oxygen affording endoperoxides as the
major products, a mixture of hydroperoxides, acetaldehyde and cis-
and trans-2-butenal. The non-stereospecific product distribution
requires the involvement of an open zwitterionic intermediate that
can undergo rotation at the former double bond. Although an
equilibrium between open and closed zwitterions is postulated as
shown below, attempts to characterize the zwitterionic intermediate

by low temperature NMR were unsuccessful.

O-
N~ O-
= /7
Ry 3 O+ 0
— Ry R; Ry R3
/'" \‘\\ a— + np "
N R, 3 R Re—— R > "P
2 RZ R4 R2 R4
0 Closed Zwitterion Open Zwitterion
R;, R, =H, Me
R3;=C3Hs, Ry=H

Sharp!7 was the first to suggest a perepoxide intermediate.
Kearns!® isolated trapping products consistent with a  perepoxide
intermediate. Frimer and Barlett!? studied the isotope effect in some
dihydropyrans and proposed the involvement of a perepoxide or a
charge-transfer complex with similar geometry, to yield both ene

and "2+2" products.
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- T OI;EQ —>» [2+2] + ene
[e) O

Stephenson2? and  Greene?! used kinctic isotope effects to
provide strong evidence for the perepoxide and aziridinium imide
(AZI) in the "ene" type reaction of 10;3 and RTAD with (Z)- and (E)-
2,3-bis(trideuteriomethyl)-2-butene. Greene observed an  isotope
effect only when CH3 1s cis to CD3, ky/ kp=3.8, R=CH3, ky/ kp=3.7,
R=Ph. In contrast, when CH3 is trans or geminal to CD3 kpy/kp= 1.08
R= CH3, kys kp=1.1 R=Ph. These results imply the involvement of an
intermediate which is polarized to one side (cis effect). A re-
presentation of an intermediate i1n which little or no breaking of an
allylic carbon-proton bond has taken place is the aziridinium 1mide,

AZI, analogous to the perepoxide, shown below.

CDy CH; RH
(E) 1somer Al "ene"
/O
y
RH_\ ~C
) N-R
AT C
H N,
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A limited number of investigators have reported the direct
observation of aziridinium imide, AZI. Nelsenéz observed the AZI
during the "242" cycloaddition reaction of
adamantylidencadamantane and 4-phenyl-1,2,4-triazoline-3,5-dione
(PTAD) by IH-NMR. The FT-IR spectrum of the intermediate shows
carbonyl absorptions at 1790 and 1686 c¢m-! consistent with
expectations based on an ammonium imide model, with carbonyl
absorptions reported to be at 1790 and 1670 cm-!l. IH- and 13C-NMR
were used to follow the dissappearance of the reactants and the

formation of an intermediate, presumably aziridinium imide, AZI.

-0 R -0 nBu
7N 7N
N >=O N 6]
P N
VA 2

AZIRIDINIUM AMMONIUM
IMIDE IMIDE

Squillacote?3 showed spectral evidence of an AZI at -135°C
and its conversion to the "ene" product at higher temperatures in the

ene reaction of trans-cycloheptene and  4-methyl-1,2,4-triazoline-

k< MMD O4<N/N \(4&

Me

3,5-dione, shown below.

trans-Cycloheptene (AZD) ene-product



Orfanopoulos and coworkers?* reported the addition and
stereochemistry of methanol/PTAD adducts formed in the reaction of
PTAD with cis- and trans-2-butene, 1l-methylcyclopentene, (E)-2-
methyl-2-butene-1,1,1-d3 and substituted indenes (indene, 2-
methylindene, 2,3-dimethylindene). There is no loss of
stereochemistry in the addition of methanol and PTAD to most of
thecse compounds although methyl-substituted indenes lose their
stereochcmistry at the reaction center. The preference for open and
closed zwitterion intermediates is established from the stereospecific
methanol adducts. A strong directing effect in the ene reaction
toward attack at the crowded side in the substituted olefin
(Markonikov effect) 1s observed. It is only in benzylically-stabilized
tertiary indenes, however, that the zwitterionic intermediate is

stable enough to observe loss of stereochemistry in the methanol

adducts.
MeO/,’ NI
| SO
-+ N_
AD /.
C@ = SOD weon F
- 60 c —_— + , OMe
%, NH
AN e
2-methylindene l N\)
a )

Foote and Poon23 directly observed an AZI in the reaction of N-
substituted-triazolines-3,5-dione and trans-cyclooctene. The reaction
occurs  stereospecifically affording three different products.

Nucleophilic trapping of the intermediate with methanol and water

13



suggests an AZI followed by an open zwitterion that can lead to
trans-annular ring closure and hydride shifts, as shown below. The
formation of a trans-aziridinium 1mide intermediate at -830C is
observed by low temperature NMR, and its formation was found to

be nearly quantitative.

R 0
0 IlI O, N>=
H _ =0 0
N-\t H HN.y
K RTAD
—___>
H T u _
+
R A .
i R O N
O
YN>=O MeOH Nap HN‘N): ©
HN\N € O=< —_—
N-N' g
O *
OMe
L H . TR
H 0, II\I

The similarity in the structures of perepoxide and aziridinium
imide intermediates and the possibility of wusing the knowledge
obtained from the AZI reactions as applied to the perépoxide
chemistry arec one of the goals in this study.

Fukui?® has suggested a geometry for complexes of singlet

oxygen with alkenes that is very similar to that of the expected

14



perepoxide. Semiempirical MINDO/3 calculations by Dewar and
Thiel?7 suggest that addition of singlet oxygen to propene to form a
perepoxide is 16 kcal/mol exothermic.

Orbital correlations  diagrams2® and CNDO/2-CI calculations2©
suggest evidence against the formation of the perepoxide. Harding
and  Goddard?® favor a diradical intermediate by using GVB-CI
calculations which place the perepoxide at least 8 kcal/mol above the
known activation enthalpies.

TCNE, a powerful electrophile, undergoes cycloaddition with
olefins and dienes analogous to the products observed with singlet
oxygen and RTAD. The reactions of TCNE appear to involve the initial
formation of a charge transfer complex. Evidence supporting a polar
intermediate has not been reported, such as the AZI and perepoxide.

Nishida, Moritani and Teraji30 investigated the cycloaddition
reactions of 1,1-dicyclopropylethylene and c¢is- and trans-1,2-
dicyclopropylethylenes with tetracyanoethylene. They suggest the
presence of a 1,4-dipolar intermediate in the reaction pathway. The
higher reactivity of 1,1-dicyclopropylethylene is attributed to the
presence of the geminal cyclopropyl groups that increases the
electron density at the double bond in the olefin.

Based on the relative reactivities of tri- and
tetracyclopropylethylenes with TCNE, Tsuji and Nishida?! suggest an
initial  electron  transfer that affords radical ion  pairs. For
trisubstituted ethylenes, they observed that the presence of a third
cyclopropyl group decreases the rate of the reaction, and an even

slower rate is observed by substitution with an isopropyl group. The
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difference in reactivities between the isopropyl and the cyclopropyl
group is attributed to electronic effects and to steric hinderance
which inhibits the access of TCNE to the =m-bond. The cyclic group is
less sterically-hindered than the isopropyl group.

The high reactivity of TCNE towards electron-rich systems and
the stabilizing effect of the cyclopropyl group with an adjacent
electron-deficient center, motivated us to study the reactions of
dicyclopropylethylenes with this electrophile and to compare our

results with reports from previous investigations.

1.3 CONJUGATION AND REACTIVITY OF CYCLOPROPYL
GROUPS

The cyclopropyl groups in 1,1-dicyclopropylethylene and cis-
and trans-dicyclopropylethylene (Figure III) were wused as probes to
investigate both their reaction modes with electrophiles and the
resulting product distributions. A cyclopropyl group can effectively
conjugate with an unsaturated system, similar to an olefinic group. It
is also susceptible to attack by electrophiles and undergoes
nucleophilic ring opening when the ring is activated by strongly
electron withdrawing groups. They can stabilize a carbocation and

rearrange into a five-membered ring.
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Figure III: Structure of Substrates
1,1-Dicyclopropylethylene, cis-Dicyclopropylethylene, and

trans-Dicyclopropylethylene.
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The bonding regions in cyclopropanc are easily recognized as
the region of positive deformation density between the nuclei, which
lies outside of lines drawn between carbons. Such deformation Ileads
to the formation of bent bonds as shown below. In  ordinary
compounds the deformation density between a pair of bonded

carbons is collinear with the conventional bond.

Ingold,32 first proposed the idea that strongly-bent bonds lead
to relatively poor overlap and the resulting wecak C-C bonds in the
cyclopropyl  group. Theoretically, Forster32 recognized the  bent

character of the C-C bond in cyclopropane. Trying to provide an

17



explanation for the unusual properties and reactivity of
cyclopropanes relative to other saturated compounds. Coulson and
Moffit33 developed in more detail a zcroth order model starting with
s p>-hybridized carbons. From these hybrid orbitals a two-clectron
molecular orbital can be recadily constructed. Their results confirm
the weakness of the C-C bond, the decrease in the s-character of the
C-C bond and a consequent increase in s-character of the C-H bond.
These all lead to less bent and stronger bonds with a subsequent
increase in the HCH bond angle. Recent results report a 20% s and
80% p-character for the C-C bonds and 30% s and 70% p-character for
the C-H bonds.

Walsh3+ proposcd a zcroth order model that wuscs sp2-hybrid
orbitals to form the CH bonds. The C-C bonds are formed using p
orbitals as wecll as sp? orbitals. The sp? orbitals point toward the
center of the three carbon unit, and the three p orbitals are coplanar.

This model also predicts the bent bonds as shown beclow.

The Walsh description is insufficient for the ground state of

cyclopropanc and is not equivalent to the Forster-Coulson-Moffit
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model. The degenerate pair of highest occupied molecular orbitals

from the Walsh model for cyclopropane is shown bclow.

H 0

Determination of the nature of the bond from the charge
density has becen developed by Bader defining which pair of atoms is
joined by chemical bonds and the nature of the bond thus formed.32
His approach wuses a characteristic of all chemical bonds which is the
bond critical point at which the electron density is a minimum along
the path between the nuclei and 1s a maximum in all directions
perpendicular to the path. The path between the nuclet which
contains the bond critical point and maximizes the charge density
throughout its length is the bond path.

The calculated C-C distance is 1.497 A. The length along the
bond path is 1.507 A, a distance which is greater than the straight
line connecting the bonded atoms. The C-C-C bond angle, the angle
between the bond paths, is 78.840 rather than the 609 angle
between the lines of centers. The C-C bond order for cyclopropanc is
0.99 based on the charge density at the bond critical point that 1is
used as an indicator of the bond order.32

Cyclopropyl groups when attached to a m-system can be good =-

electron donors.33 Experimental and theoretical studies have shown
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that  these n-donor properties arc conformation-dependent.
Conjugation and steric effects play an important role in our study
because the preferred conformation adopted by the cyclopropyl
group will increase or decrease the rate of the reaction and canaffect
the product distribution. The overlap of the highest occupied
molecular orbital (HOMO) of the cyclopropyl group and the lowest
unoccupied molecular orbital (LUMO) of an adjacent =m-system is
maximal when the orbitals are coplanar (bisected conformation)36.37

as shown below.

T-system
(HOMO) (LUMO)

The degree of interaction between the cyclopropyl group and
the m-system in the bisected conformation is indicated by the lengths
of the vicinal (C;-Cp,C1-C3) and distal bond (C2-C3) of the cyclopropyl
ring. Transfer of electron density from the HOMO orbital decreases
both the bonding character between C;-C;, Ci-C3 and the antibonding
character between C3-C3 resulting in a lengthening of the vicinal

bonds and a shortening of the distal bond.



In  the perpendicular  conformation, the HOMO of the
cyclopropyl group is orthogonal to the LUMO of the m-system. Thus
overlap between the orbitals 1s minimal. For the perpendicular
conformation, the cyclopropyl group can [function as a weak =n-
acceptor, and donation of electron density from the HOMO of the n-
system to the LUMO of the cyclopropyl group is predicted to result in
the lenghtening and shortening of the wvicinal and distal bonds,
respectively, as  shown below. This type of stabilization of
cyclopropane by m-donors is expected to be important only for potent

n-donors.38

(LUMO) II-SYSTEM
(HOMO)

Shimazaki3® observed that the cyclopropyl group rearranges
beccause of a high migratory aptitude. NakamuraZ3? found in the
pinacol rearrangement of the protonated I-cyclopropyl-1,2-
ethanediol the migration of the cyclopropyl group is [favored over
four other possible pathways. The activation energy for migration of
the cyclopropyl group (17.0 kcal/mol) is lower than for the migration

of the methyl group (26.3 kcal/mol), as well as for the hydride shift
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that was found to be highest in energy (25.9 kcal/mol). Shonot!
explained this migratory ability of the cyclopropyl group as being a
result of delocalization of the positive charge into the  three
membered ring. Theoretical calculations imply the participation of a
pseudo m-orbital formed from the strained C-C bonds with sigma
bonds projecting out of the three membered ring skeleton, that
stabilizes the transition state with the lowest activation energy of the

system, as shown below. 49

The presence of an ionic intermediate and the involvement of a
carbocation that can be stabilized by the presence of a cyclopropyl
group are two of the issues involved in this project.

Cramert! has reported theoretical studies involving gas phase
cycloaddition reactions of ethylene and 1,3-butadiene with the
cyclopropylcarbinyl cation. Intensive experimental and theoretical
scrutiny using high levels of gas-phase theory and low temperature
nuclear magnetic resonance in superacid solvent and amorphous
SbFs5 agree that the cyclopropylcarbinyl cation can be described as a
rapidly  equilibrating mixture  of  cyclopropylmethyl () and

nonclassical bicyclobutonium (2) cations, Figure IV.



Although product mixtures obtained from nucleophilic trapping
of the «cation typically include homoallylic products, the homoallyl
cation (3) lies 30 kcal/mol higher in energy than (1) and (2),
therefore is not a significant contributor to the cation equilibrium

population at moderate temperatures as shown in Figure IV.

Figure 1V : Cyclopropylcarbinyl Cation Equilibrium

9]
W

Cyclopropylcarbinyl cations are formed when allylic alcohols
are treated with FSO3H-SO>CIF at -78 and -120°C. These cations
presumably arise through initially-formed allyl cations.
Cyclopropylcarbinyl cations (2) are more stable than the allyl cations
(1). When the cyclopropylcarbinyl cations (2) are warmed, they
rearrange to the more stable allyl cation (3). The cyclopropyl group
was estimated to be more stabilizing than the vinyl group by 11-17
kcal/mol.#2 The relative stabilizing effects of vinyl and cyclopropyl

groups are in the order shown below
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Cyclopropane can stabilize electron deficient centers to a much
greater extent than cyclobutane or larger carbocycles.#3 They
interact in the same fashion as an alkene because of enhanced double
bond character (sp?) due to the small angle in the ring.

The strongly electron rich cyclopropyl ring system is known to
undergo facile reaction with a proton. The cyclopropane ring acts as
the base (electron donor), and the proton or cationic center acts as
the acid (electron acceptor). Another factor controlling the basicity of
a hydrocarbon is the energy of its highest occupied molecular orbital
(HOMO). The HOMO energy, found by (6-31G), for cyclopropane is
-11.35 eV lower than that of other cycloalkanes.

In addition, the polarizability of cyclopropane 1is greater than
that of other cycloalkanes. This reflects how easily electron density
may be shifted in the presence of an electric field, as the one
developed by a proton.32

Frimer*+ suggests that strain present in either the starting
material or the product, plays only a minor role in directing singlet
oxygen reactions, but that it has a profound effect on the secondary

rearrangements of allylic hydroperoxides formed in the



photosensitized oxidation of small rings systems. The ground state

geometry of the olefin, the interatomic distance between the a-
olefinic carbon and the y-allylic hydrogen (shown below), and the
ionization potential of the double bond all have a tremendous effect

on the reactivity of olefins with singlet oxygen.

H H
\Y CH3
CH2 + 102

p OOH

A cyclopropyl group conjugated with a double bond resembles
the sp? characteristics of dienes such as the 2,4-hexadienes. As
mentioned above, they also have the advantage that the cyclopropyl
group has a greater stabilizing effect than the vinyl group.42

The involvement of the perepoxide in 1On  reactions!® and
evidence for the analogous AZI in the reactions of RTAD with
dienes!3 has been reported. Since dienes and a double bond
conjugated with a cyclopropyl group are expected to have similar
reactivities. 1,1-Dicyclopropylethylene, cis- and trans-1,2-
dicyclopropylethylenes were used to probe the reaction pathways of
10>, RTAD and TCNE. The cyclopropyl groups are expected to
stabilize these zwitterionic intermediates such that they maybe
trapped with nucleophiles, undergo rearrangement, or be observed

directly by low temperature NMR
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The present investigation involving product and solvent
trapping studies involving reactions of dicyclopropylethylenes  with
singlet oxygen and singlet oxygen mimics will help to elucidate the

pathway and the possible reaction intermediates present.



CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF DICYCLOPROPYLETHYLENES
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2.1 SYNTHESIS AND CHARACTERIZATION OF 1,1-
DICYCLOPROPYLETHYLENE

1,1-Dicyclopropylethylene  was prepared from  dicyclopropyl
ketone and methyltriphenylphosphonium bromide via Wittig
reaction. The yield was ~80% of pure product, 10% of unreacted

dicyclopropyl ketone, and 10% unidentified compounds.+3

Scheme 1II: Synthesis of 1,1-dicyclopropylethylene
1) CH;P(C¢Hs);Br LL
o _ » + (C¢Hs)3P=0
Y‘ 2) n-BuLi/hexane W/_'
0°C 80%
(L) (2) (3)
EXPERIMENTAL:

Methyltriphenylphosphonium bromide (11.6 g, 32.4 mmoles)
was weighed into a dry, 250 mL three neck, round bottom flask, and
50 mL of dry THF (distilled from Na/benzophenone) was cannulated
into the reaction vessel. A positive pressure of argon was maintained
throughout the reaction. The suspension was cooled to 0-5 ©C, and
n-butyllithium, 2.5 M in hexane (140 mL, 32.4 mmoles) added
dropwise from an addition funnel to the well-stirred solution. A
yellow color developed upon addition of the base, indicative of
formation of the Wittig reagent.

Dicyclopropyl ketone (1) (3.5 mL, 32.4 mmoles), NMR spectra

(Figures V & VI), cooled to 0°C, a bottle with vacuum distilled



dicyclopropyl ketone was kept in ice-water bath for 30 minutes, then
(1) was added dropwise to the Wittig reagent. The color changed
from vyellow to off-white once the addition was complete. The
mixture was allowed to warm slowly to room temperature. The
reaction mixture was stirred overnight under a positive pressure of
argon.

After 24 hr, the reaction mixture was extracted successively
with 25 mL of water and 25 mL of saturated NaCl solution. The
organic layer was dried over anhydrous MgSO4. The solvent was
removed by fractional distillation using a short Vigreux column, and
the residue analyzed by gas chromatography (Hewlett Packard 5890,
using a DB-5 column, FID detector, 30 m length, 0.53 mm 1id). The
reaction mixture consisted of 1,l-dicyclopropylethylene (2) (80%),
unreacted dicyclopropyl ketone (10%), and unidentified compounds
(10%). Triphenylphosphine oxide (3) was the primary byproduct
(Scheme II).

The product was purified by column chromatography on silica
gel (60-100 mesh) using hexane as the eluant. The dimensions of the
column were 2.5 in long and 2.5 in 1id. The purified 1,1-
dicyclopropylethylene  was  characterized by IH- and 13C-NMR
(General Electric QE-300 MHz NMR) and GC-Mass  spectrometry
(Hewlett Packard 5971A, mass selective detector, DB-5 capillary
column (MS), 0.25 mm, 30 m length (Figures VII-IX)).

1H-NMR (300 MHz, CDCI3) & (ppm): 4.58 (s, 2H), 1.28-1.30 (m,
2H), 0.53-0.54 (m, 4H), 0.45-0.46 (m, 4H); !3C NMR_ (ppm):153.2 (s),
105.6 (1), 16.4 (d), 6.9 (1); MS m/z 108 (M), 77 (M-31), 65 (M-43).
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Figure V: I H NMR SPECTRUM OF DICYCLOPROPYL KETONE
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Figure VI: 13C NMR
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Figure Vil: 1H NMR SPECTRUM OF

1,1-DICYCLOPROPYLETHYLENE
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Figure VIII: 1 3¢ NMR SPECTRUM OF 1,1-DICYCLOPROPYLETHYLENE
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Figure

IX: MASS SPECTRUM OF 1,1-DICYCLOPROPYLETHYLENE
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2.2 SYNTHESIS AND CHARACTERIZATION OF cis-1,2-
DICYCLOPROPYLETHYLENE

Typical Wittig reaction methodology was cmployed using
cyclopropylmethyltriphenylphosphonium bromide,
cyclopropanecarboxaldehyde and phenyllithium which were heated
to reflux in benzene for 24 hr. A mixture of cis- and trans-
dicyclopropylethylenes was obtained following the procedure of
Maercker.#¢ The resulting mixture was composed of 60% cis- and
40% trans-dicyclopropylethylene as determined by gas
chromatography. Attempts to separate the trans-
dicyclopropylethylene from the mixture by selective liquid-liquid
extraction with AgNOj3 aqueous solutiont? were unsuccessful.

A second trial was performed wusing the Fritsch-Buttenberg-
Wiechell rearrangement.*8  This three-step synthesis was
accomplished by the reaction of dicyclopropyl ketone  with
(chloromethyl)triphenylphosphonium  chloride  affording  l-chloro-
2,2-dicyclopropylethylene as the initial product.

Treatment of 1-chloro-2,2-dicyclopropylethylene with n-
butyllithium In hexane at room temperature afforded 1,2-
dicyclopropylethyne as the rearrangement product.*® Hydrogenation
under a maximum pressure of 10 psi of Hp at room temperature for
90 minutes using a Parr hydrogenator which  yielded cis-

dicyclopropylethylene in a nearly quantitative yield.
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2.2.1 SYNTHESIS OF cis-DICYCLOPROPYLETHYLENE VIA
WITTIG REACTION

EXPERIMENTAL:

Triphenylphosphine (3.9 g, 14.8 mmoles) was placed into a 300
mL round bottom flask, equipped with a condenser which was cooled
with tap water. Dry benzene (100 mL) (distilled over
sodium/benzophenone) was cannulated into the reaction vessel, and
a positive pressure of argon and magnetic stirring were maintained
throughout the reaction sequence.

Cyclopropylmethyl bromide (2.0 g, 14.8 mmoles) was added to
the solution via syringe. The recaction mixture was heated at reflux
for 10 days producing 1nsoluble cyclopropylmethyltriphenyl-
phosphonium bromide (Scheme III).

Scheme III: Synthesis of Phosphonium Salt

O "
+
CH,Br + P(C¢Hj); > CH,P(CeHs);
Reflux

10 days

Cyclopropylmethyltriphenylphosphonium bromide (14.8
mmoles) in benzene was allowed to cool at room temperature, and
phenyllithium 1.8 M in cyclohexane/ether (9.6 mL, 14.8 mmoles)

was added dropwise using an addition funnel, under an - argon
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atmosphere. The addition was accompanied by a color change from
yellow to dark red (Scheme [V).
Scheme 1V: Preparation of Wittig Reagent

C
+ -+
CH,P(CsHs); y > D——'CH'P(C6H5)3
oh

20 °C

After 45 min of stirring, cyclopropanecarboxaldehyde (1.0 g,
14.8 mmoles) in ~5.0 mL of dry THF was added slowly through the
addition funnel to the well-stirred suspension. The mixture turned
orange during the addition and brown after heating at reflux for 24
hours (Scheme V).

Scheme V: Alkene Synthesis via Wittig Reaction

4 %-CH'T’(Q&HSB @
0 > * —

- / THF o

The work-up procedure consisted of washing the reaction
mixture with water and then filtering off the insoluble lithium
bromide. Triphenylphosphine oxide is very soluble in benzene and
remained in the organic phase. The majority of solvent was removed

by fractional distillation.
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Several methods were used in an attempt to remove the high
and low boiling impurities: First, liquid chromatography on silica gel
(60-100 mesh), (3 in length and 1.0 in 1i.d.) using pentane as the
eluant. The results werec moderately successful; the majority of the
triphenylphosphine oxide was removed.

The 1,2-dicyclopropylethylenes were trapped under vacuum
using an acetone-dry ice trap. This procedure led to substantial loss
of product, but it was effective in removing the benzene from the
mixture. Upon removal of the benzene, the remaining
triphenylphosphine oxide precipitated from the solution and was
separated by gravity (filtration.

The cis- and trans-dicyclopropylethylenes were identified by
gas chromatography (Hewlett Packard 5890 using a DB-17 column (J
& W Scientific), 30 m length, 0.25 mm id and  pressure-temperature
program. The yield were 60% cis- and 40% trans-
dicyclopropylethylene. *

Separation of the cis- and trans-isomers was attempted by
extracting a hexane solution of the isomers with aqueous 20% AgNO3
solution.47 The technique was adapted to the dicyclopropylethylene
isomers as follows: A liquid-liquid extraction was performed using
20 mL of 20% AgNO3 aqueous solution and 10 mL of 1,2-
dicyclopropylethylenes/hexane solution. The mixture was placed in a
30 mL vial and shaken for 90 min in an orbital shaker. The organic
phase was separated, and the hexane removed by fractional
distillation. The aqueous phase was treated with concentrated NH;OH

containing crushed ice in an attempt to break the hydrocarbon-olefin
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silver complex. The resulting solution was extracted with an equal
amount of pentane. The organic phase was dried over -MgSOy and
filtered, and the reaction mixture analyzed by gas chromatography.
GC analysis showed that the separation was not successful.
Cyclopropylmethyl bromide was recovered in significant amounts
following the extraction process. This impurity may have an affinity
for complexation with AgNOs3 thus preventing selective complexation

and separation of the cis - and trans-isomers.

2.2.2 SYNTHESIS OF cis-DICYCLOPROPYLETHYLENE BY
FRITSCH-BUTTENBERG-WIECHELL REARRANGEMENT

EXPERIMENTAL.:

To a 100 mL three-neck round bottom flask purged with argon
were added (chloromethyl)triphenylphosphonium chloride (6.1 g,
17.7 mmoles), dry THF (30 mL) and pyridine (1.6 g, 17.7 mmoles).
The reaction mixture was stirred magnetically for two hours at room
temperature under a positive pressure of argon. Then n-butyllithium
(880 mL of a 2.5 M solution in hexane, 20 mmoles) was added
dropwise. The suspension developed an orange color which persisted
and darkened. The rcaction mixture was maintained at 20 ©C, and
dicyclopropyl ketone (1), purified by vacuum distillation, (2.0 g, 17.7
mmoles) in 5 mL of dry THF was added dropwise to the mixture.

The resulting solution was treated with 25 mL of 10% H2SO4

and extracted with two 50 mL portions of ether. The organic layer
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was washed successively with water and saturated NaCl solution and
dried for 5 min over anhydrous MgSO4. The MgSO4 was removed by
gravity filtration.

The solvent was removed at a reduced pressure, and the
residue was placed in the freezer to 1nitiate crystallization  of
triphenylphosphine oxide. After 24 hours, substantial crystallization
had occurred, and the supernatant liquid was decanted from the
crystals. The resulting solution was analyzed by gas chromatography
(Hewlett Packard 5890, wusing a DB-5 column, FID detector, 30 m
length, 0.53 mm 1.d.). It consisted of 1-chloro-2,2-dicyclopropyl-
ethylene (4) (85%), unreacted dicyclopropyl ketone (10%), and

triphenylphosphine oxide (5%), (Scheme VI).

Scheme VI: Synthesis of 1-chloro-2,2-dicyclopropylethylene

Cl(C6H5)3P=CHC1 &
> { CHCI

o n-BuLi/hexanc

R. T.

85%
(1) S

The desired product, 1-chloro-2,2-dicyclopropylethylene, was
chromatographed on silica gel (60-100 mesh), (3.0 in length and 2.5
in 1i.d.), using hexane as the eluant. The purified 1-chloro-2,2-
dicyclopropylethylene was characterized by 1H-, 1 3C.NMR and GC-
Mass Spectrometry (Figures X-XII).
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IH-NMR (300 _MHz. CDCI3) (ppm): & 5.7 (s, 1H), 1.96-2.01 (m,

IH), 0.81-0.86 (m, lH), 0.76 (dd, 2H), 0.64-0.70 (m, 2H), 0.50 (m,

2H), 0.28 (m, 2H); ! 3C-NMR (300 MHz, CDCI3): 6 144.0 (s), 114.0 (d),

14.3 (d), 12.5 (d), 6.2 (1), 5.5 (1); MS m/z 142 (M*+), 105 (M+-37), 9]

(M*-51), 65 (M+-77).
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Figure X: IH NMR SPECTRUM OF 1-CHLORO-2,2-DICYCLOPROPYLETHYLENE
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Figure XI: 1 3 NMR SPECTRUM OF 1-CHLORO-2,2-DICYCLOPROPYLETHYLENE
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Dehydrochlorination_ of 1-Chloro-2,2-dicyclopropylethylene
(Step__II): 1-Chloro-2,2-dicyclopropylethylene (1.6 g, 11.1 mmoles)
and dry THF (15 mL) were placed in a 50 mL three-neck round
bottom flask, and n-butyllithium (5.4 mL of 2.5 M solution in hexane,
11.1 mmoles) added dropwise with the formation of a brown color.
The solution was stirred overnight at room temperature under an
argon atmospherere. The resulting solution was mixed with 25 mL of
diethyl ether. The organic phase was extracted successively with
water and saturated NaCl solution and then dried over anhydrous
MgSO4. After filtering off the MgSO4, the ether was removed by
fractional distillation. 1,2-Dicyclopropylethyne (5) (Scheme VII) was
separated  from the  biproduct, 1,1-dicyclopropyl-1-hexene, and
unreacted starting material, 1-chloro-2,2-dicyclopropylethylene, by
column chromatography on silica gel (60-100 mesh) (3.0 in length,
2.5 in 1i.d.) using pentane as the eluant. The product was obtained in
90% yield and was characterized by 1H-, 13C-NMR and GC-Mass
Spectrometry (Figures XIII-XV).

IH-NMR (300_MHz, CDCI3) & (ppm) : 1.07-1.12 (m, 2H), 0.61-
0.64 (m, 4H), 0.49-0.52 (m, 4H); ! 3C-NMR : 79.2 (s), 851 (1), 0.0 (d);
MS m/z 106 (M%), 91 (M-15), 77 (M-29), 51 (M-55).

Scheme VII: Dehydrochlorination of 1-chloro-2,2-

dicyclopropylethylene.

& n-BuLi/hexane —

65%
(5
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Figure XIII: 1H NMR SPECTRUM OF 1,2-DICYCLOPROPYLETHYNE
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Hydrogenation __of  1,2-Dicyclopropylethyne  (Step  III):  1,2-
Dicyclopropylethyne (0.5 g, 4.7 mmoles) was mixed with 100 mL
rcagent-grade pentanc  (previously dried for 5 min  with MgSOg),
Lindlar's catalyst (0.2 g), and quinoline (0.1 g, 4.7 mmoles) in a 500
mL  Parr  bottle.  Hydrogenation was carried out in a  Parr
hydrogenation apparatus under 10 psi of hydrogen for 90 min at
room lemperature.

The cis- and trans-1,2-dicyclopropylethylenes were obtained in
~90% and ~10% yield respectively (Scheme VIII) as determined by
gas chromatography. The products were further purified from high-
boiling impurities by preparative gas chromatography using a GOW-
MAC, series 350, gas chromatograph (DC 200 column, injector 160 ©C,
detector 170 ©C, column 150 ©C). The cis-1,2-dicyclopropylethylene
(6) was obtained 90% pure. Final characterization was determined by
IH-, | 3C.NMR and GC-MS (Figures XVI-XVIII).

IH-NMR (300 MHz, CDCl3) & (ppm) : 4.70-4.72 (dd, 2H), 1.69-
1.72 (m, 2H), 0.76-0.78 (dd, 4H), 0.32-0.35 (dd, 4H); 13C-NMR
(CDCl3): 132.2 (d), 9.9 (d), 6.9 (1); MS m/z 108 (M*), 91 (M-17), 77
(M-31), 67 (M-41).

Scheme VIII: Hydrogenation of 1,2-dicyclopropylethyne

{ ] H, Pd/CaCO, @ N —

20°C, 10 psi
90 % 10%
)
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Figure XVI: 'H NMR = SPECTRUM OF CI5-DICYCLOPROPYLETHYLENE
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Figure XVII: 1 3Cc NMR SPECTRUM OF CIS-DICYCLOPROPYLETHYLENE
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Figure XVIII: MASS SPECTRUM OF CIS-DICYCLOPROPYLETHYLENE
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2.3 SYNTHESIS AND CHARACTERIZATION OF trans-1,2-
DICYCLOPROPYLETHYLENE

In an  attempt to selectively synthesize trans-1,2-
dicyclopropylethylene, a Wittig-Horner stereoselective modification
was adapted.50 The mechanism involves the nucleophilic addition of
a resonance-stabilized phosphonate carbanion with a ketone or
aldehyde. The stereoselectivity of the reaction is explained in terms
of the relative energies of the betaine intermediates. The procedure
typically gives an excellent stereospecific yield of the trans oleflin.
The reagents used are 1inexpensive and more reactive than the
corresponding triarylphosphoranes.

The Schlosser and Christmann modification3! of the Wittig
reaction  affords trans-selective olefin if  equililibration of the
erythro- and threo-betaines can be accelerated. The  betaines,
derived from non-stabilized phosphorus ylides, can redissociate into
ylide and carbonyl compound resulting in trans-selective olefin
formation. Interconversion of the diastereomeric betaine ylides is
extremely rapid, and when treated with a strong base and proton
donors at low temperature, betaine-LiX adducts (erythro- & threo-)
are regenerated with the equilibrium favoring the threo-betaine-LiX.
Protonation then gives mainly the threo-betaine which yields the
corresponding  trans-olefin  after treatment with  potassium  t-

butoxide, as shown below.
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Li R L
erythro-betaine threo-betaine

Synthesis of trans-1,2-dicyclopropylethylene in a relatively
high yield has been accomplished using lithium aluminum hydride as
homogeneous hydrogenation catalyst,52 which has been used
successfully  for the selective  hydrogenation of alkynes and
conjugated dienes to monoolefins Deuterium tracer experiments
involving a diene have shown that the metal hydride and gaseous
hydrogen each donate one hydrogen atom to the diene. Slaugh32
observed the same mechanism of hydrogenation wusing 2-pentync
and lithium aluminum hydride. The alkync was heated at 190 ©9Cin a
H, atmosphere for ~ 20 min and then cooled and quenched with
excess D0O. The high selectivity for monodeuterated pentene
formation indicates that an intermediate adduct, lithium
alkenylaluminum  hydride, was formed which upon  solvolysis

produced 2-pentene.

Et LiAlH; Et H Et D
LiAllL, \ / D,O \ / \ L /
EtC = CCH; ———» C=C ——eyy C=C + CcC=~¢C
s AN / N\ / AN
H CH; D CH; H Cll;



2.3.1 SYNTHESIS OF trans-1,2-DICYCLOPROPYLETHYLENE
VIA WITTIG-HORNER REACTION

EXPERIMENTAL:

Cyclopropylmethyl bromide (1.2 g, 8.3 mmoles) was transfered
via syringe to a dry, 10 mL round bottom flask which had been
purged with argon. An equimolar amount of triethyl phosphite (1.4 g,
8.3 mmoles) was added to the bromide, and the mixturc was heated
at reflux. The disappearance of the bromide was monitored by gas
chromatography and was complete with 48 hours. The solution was
magnetically stirred with a gentle purge of argon. The resulting
mixture was allowed to cool to room temperature. Sodium methoxide
(0.38 g, 83 mmoles) and DMF (10 mL) were placed in a clean, dry
flask and combined with the phosphonate mixture f{rom above.
Cyclopropanecarboxaldehyde  (0.51 g, 83 mmoles) was added
dropwise to the mixture with constant stirring. No change was
visible.

Since the expected change in color was not observed, 2 mmoles
of n-butyllithium in hexane were added in an attempt to deprotonate
the phosphonate and form the ylide. The color of the mixture
changed slowly from a clear to a pale-yellow solution. It was then
allowed to stir overnight at room temperature.

The reaction mixture was partitioned between equal volumes
of hexane and water. The layers were separated, and the organic

layer was washed  successively with water and saturated NaCl
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solution. The organic layer was dried over anhydrous MgSOy4 for 5
min and filtered. The solvent was removed by fractional distillation.

Gas chromatographic analysis of the recaction miXxture revealed
the desired 1,2-dicyclopropylcthylenes were not present. The lack of
product formation arc likely due to the cyclopropyl groups acting as

poor stabilizing groups f[or the phosphonate carbanion.

2.3.2 trans-SELECTIVE OLEFIN SYNTHESIS BY
REVERSIBILITY OF BETAINE FORMATION DURING THE
WITTIG REACTION

EXPERIMENTAL.:

Triphenylphosphine (3.93 g, 15 mmoles), dry benzene (50 mL),
and cyclopropylmethyl bromide (2.03 g, 15 mmoles) were placed in a
dry, 100 mL round bottom flask. The mixture was heated at reflux
for 9 days with magnetic stirring and under an argon atmosphere.
The cyclopropylmethylphosphonium salt was present in the form of
an  insoluble precipitate. The mixture was cooled to room
temperature, and dry THF (30 mL) added to the phosphonium
salt/benzene mixture. Upon dropwise addition of phenyllithium (8.3
mL of a 1.8 M solution in cyclohexane, 15 mmoles), the solution
turncd ycllow. The solution was cooled to -78°C in a dry icc-acctone
bath, and cyclopropanecarboxaldehyde (1.05 g, 15 mmoles) added to
the cold mixture. After addition of the cyclopropanecarboxaldehyde,

additional phenyllithium (8.3 mL of a 1.8 M solution in cyclohexane,
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15 mmoles) was slowly added, while maintaining the temperature at
-78 OC. Anhydrous hydrogen chloride, (16 mL of 1.0 M solution in
diethyl ether) and potassium t-butoxide (22.5 mL of 1.0 M in
tetrahydrofuran) were added successively to the reaction mixture
once it reached room temperature. Gas chromatographic analysis
indicated the presence of a mixture of <cis- and trans-1,2-
dicyclopropylcthylenes tn a 2:1 ratio. In an effort to increase the
yield of the trans-1,2-dicyclopropylethylene a modification of the
procedure was attempted in which addition of HCl and potassium t-
butoxide was accomplished at -78°C. Gas chromatography revealed
an i1mprovemecnt in the cis/trans ratio to 1:1. This mecthod is not

applicable for the required seclectivitics.

2.3.3 SYNTHESIS OF trans-1,2-DICYCLOPROPYLETHYLENE
USING LITHIUM ALUMINUM HYDRIDE, A HOMOGENEOUS
HYDROGENATION CATALYST

EXPERIMENTAL:

See the procedure described earlier for the synthesis of 1,2-
dicyclopropylethyne. Lithium aluminum hydride (3.8 g, 0.1 mol) was
dissolved under argon in 140 mL of freshly-distilled THF and added
to 1,2-dicyclopropylethyne (5) (5.3 g, 50 mmol). The mixture was
transfered to a steel autoclave, and the solution heated for 6 hours at
190-192°C and 30 atm (441 psi) of Hp, with continuous magnetic

stirring.
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The contents of the autoclave were  cooled to  room
temperaturc. After 12 hours at room temperature, thc contents were
poured over ice and acidified with 0.1 M sulfuric acid. The mixture
was extracted with four 50 mL portions of petroleum cther. The
extracts were combined and dried over anhydrous MgSOg. After
filtering oft the MgSOy4, the solvent was removed by distillation
through a short Vigrecux column.

The distillate consisted predominantly of trans-1,2-
dicyclopropylethylene (7) (95%) along with a small amount of cis-
1,2-dicyclopropylethylene (5%) as determined by capillary  gas
chromatography (Scheme [X). Although complete separation of the
cis-isomer was unsuccessful, other impuritics were removed by
preparative  gas  chromatography.  Final characterization of  the
product was made by lH- and 13C-NMR spectroscopy (Figures XIX-
XX).

IH-NMR_(300_MHz. CDCI3) & (ppm) : 4.9-5.1 (dd, 2H), 1.2-1.3
(m, 2H), 0.60-.070 (dd, 4H), 0.30-0.40 (dd, 4H), 13C-NMR (CDCl3):
133.01 (d), 14.90 (d), 7.77 (v).

Scheme IX: Synthesis of frans-1,2-Dicyclopropylethylene

LiAIH.

———d
— 190°C/ 6 h. -
400 pst H,
(7)
95%
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Figure XIX: 11 NMR SPECTRUM OF I'RANS-DICYCLOPROPYLETHYLENE
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Figure XX:
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2.4. SYNTHESIS AND CHARACTERIZATION OF 2,4-DIMETHYL-
3-PENTENE

2,4-Dimethyl-3-pentenc  was  synthesized via  Wittig  reaction
using  2,4-dimethyl-3-pentanone  and triphenylmethylphosphonium
iodide. After hecating for 24 hours thc yield of alkene was ~70% with

~20% unreacted ketone.533
EXPERIMENTAL.:

Triphcnylmethylphosphonium  iodide (8.55 g, 21.2 mmoles)
was weighed into a dry 100 mL round bottom flask, and 40 mL of
dry tetrahydrofuran werc cannulated into the reaction vecssel.
Phenyllithium in cyclohexane (11.8 mL of a 1.8 M solution, 21.2
mmoles) was added dropwise wusing an addition funnel. A color
change from yellow to dark brown was observed. The mixture was
stirred for 3 hrs at room temperature. 2,4-Dimethyl-3-pentanone (8)
(Figure XXI) (2.4 g, 21.2 mmoles) was added slowly to the reaction
mixture resulting in a color change from brown to gray. After stirring
for an additional hour, a condenser was connected to the reaction
vessel, and the mixture was heated at reflux for 24 hours.

The mixture was allowed to cool to room temperature and
extracted successively with aqueuos of 5% HCl, 10% NaHCO3, and
distilled water. The organic layer was separated and dried over
anhydrous MgSOy4, and the drying agent was removed by gravity

filtration. The solvent was removed by fractional distillation. Gas
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chromatographic analysis indicated the presence of 1,1-
diisopropylethylene (~70%) (9), unreacted ketone (~20%) (Scheme X).
The distillate was purified by column chromatography on silica gel
(60-100 mesh, 2 in height and 2 in i.d.), using hexane as the ecluant.
The 1,1-diisopropylethylenc was identified and characterized by IH-
and 1 3C-NMR spectroscopy (Figures XXII-XXIII).

lH-NMR (300 MHz, CDCI3)d (ppm) : 4.736 (s, 2H), 2.268 (sept,
2H), 1.055-1.033 (d, 12H); 13C-NMR (CDCl3) : 163.065 (s), 103.578 (1),

32.747 (d), 22.632 (q).

Scheme X: Synthesis of 1,1-Diisopropylethylene

(C(,HS)SPCHzl —K—

(o) > + (C¢Hs);P=0
PhLi/THF

Y 66°C/ 24 h —(

(8) (9)
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Figure XXI: 1H NMR SPECTRUM
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Figure XXII: 1H NMR SPECTRUM OF 1,1-DIISOPROPYLETHYLENE
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Figure XXIII:

I 3c NMR
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CHAPTER 3

REACTION STUDIES AND PRODUCT DISTRIBUTION
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3.1. SINGLET OXYGEN REACTIONS WITH DICYCLOPROPYL
SUBSTITUTED ETHYLENES

3.1.1. THE REACTION OF 1,1-DICYCLOPROPYLETHYLENE WITH
SINGLET OXYGEN

1,1-Dicyclopropylethylene was chosen as a probe to study the
reaction mechanism of the electrophiles, 102, MTAD, and TCNE with
olefins.  Since cyclopropyl groups have strong elcctron-donating
abilities, cyclopropyl substituted ethylenes are expected to be
clectron rich and be rcactive toward clectrophiles. Cyclopropyl
groups also stabilize positive charge through induction and can
undergo skeletal rearrangement, in the case of « carbocation as
discussed in chapter I, the presence of a cyclopropyl group are
projected to stabilize a zwitterionic intermediate such that direct

observation or trapping may be feasible, as shown below.

Stabilized Carbocation

McOIl
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While the recaction of 1,1-dicyclopropylethylene with 103 has
becen rcported, the scope of previous studies was  limited to  product
studies.  Frimer®+ reported the slow formation of dicyclopropyl
ketone during photooxidation of 1,l-dicyclopropylethylene. We have
studied the reaction in detail including the investigation of solvent

effects.

GENERAL PHOTOLYSIS PROCEDURE:

Dicyclopropyl substituted ethylene (I, l-dicyclopropylethylene
or cis-1,2-dicyclopropylethylene) (0.010 mL), 0.2 mL of singlet
oxygen photosensitizer solution (1004 M ZnTPP in CDCI3) and ~ I mL
of CDCI3 were placed in a NMR tube. The NMR tube was placed in a
windowed Dewar flask maintaining a slow, steady flow of oxygen
through the solution and a temperaturc of 0 ©C. A 150 watt Xenon
lamp, Oriel Model 68806 was wused to irradiate the samples. A
potassium cromate solution (5.0 x 1004 M) was used as a chemical
filter and pyrex glass were used to eliminate short UV wavelengths
(<312.6 nm) and to ensure no direct excitation of the olefin. Gas
chromatography and 1H-NMR were used to monitor the reaction. No
detectable changes were observed in the starting materials after 12

hrs of irradiation.
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RESULTS:

The ecxpected products  arc  shown below. Wece  found that
photooxidation of  I,l-dicyclopropylethylenc in  the  presence  of
ZnTPP, O2 and at O ©C yiclded no appreciable reactions contrary to

Frimer's reports.5+

OOH

Lk_]Oz 4- I o
v Y 7

To confirm singlet oxygen formation during the photooxidation,
tetramcthylenec (TME) (10 ul) was added to the rcaction mixture.
TME 1s commonly used as a diagnostic rcagent to determine if singlet
oxygen is being formed and/or quenched. After onec  hour of
irradiation 1H-NMR (Figures XXIV & XXV) showed the presence of
the characteristic hydroperoxide confirming the gencration of Loy in

solution under our standard rcaction conditions.

: *  CDCl
\—/ + O0—/O0O ——3> \-—

/N X

OOH

Rcaction of 1,1-dicyclopropylethylene with singlet oxygen has
been reported by Frimer to be quite slow (krel= Kolefin/ KTME= 3.5 X

10 5), with dicyclopropyl ketone (25% yield) and a polymer (75%) as
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the products. He suggests the kctone is not product of the dioxctanc
or allylic hydroperoxide from 102 since the addition of a large excess
of cither the dioxctanc trap diphenyl sulfide or the hydroperoxide
reducing agent triphenyl phosphite does not affect the product vyield.
A frec-radical process appears to be involved in the formation of the
ketone. Our results demonstrate the reaction involving 1O» s

ncgligible under our cxperimental conditions.

¥ CDCls
+ 0—0 ——3 NOREACTION

Frimer rcsults arc probably duc to Type I oxidation which
involves radicals or radical 1ons by hydrogen atom or electron
transfer. Possibly the formation  and  rcarrangement  of  the

hydroperoxide are as shown below.

| +
& T ooro, O-O-I AL

In our study the solvent was chloroform and the sensitizer was
ZnTPP.  While  Frimer used acetonitrile as  solvent and as
photosensitizer methylene blue 103 M. Since methylene blue is
known to produce more Type Il reactions this can influence the

relative differences in these studies.
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FIGURE XXIV: 1 H NMR SPECTRUM OF THE REACTION OF 1,1-DICYCLOPROPYLETHYLENE
WITH SINGLET OXYGEN IN THE PRESENCE OF TETRAMETHYLENE

< /7 N\ &_/Hl
+ O0==0 - > H{><_\H
CDCly ) 4
i{‘ ooH
A
d
3
H
CHClJ (A) 2 (a)
",
s ILH] (1) ]ﬁ\

IO & 6 4 2 0 PPM



FIGURE XXV: I 3C NMR SPECTRUM OF THE THE REACTION OF 1,1-
DICYCLOPROPYLETHYLENE WITH SINGLET OXYGEN IN THE PRESENCE OF
TETRAMETHYLENE
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3.1.2. THE REACTION OF cis-DICYCLOPROPYLETHYLENE WITH
SINGLET OXYGEN

cis-Dicyclopropylethylenc was uscd to probce the
stereochcemical consequences of the rcactions of electrophiles with
alkcnes. Sincec two olcfinic carbons arc ecqually substituted, they arc
not subjcct to clectronic and steric  effects related to  regiochemistry
of thesc reactions.

If the reaction of cis-dicyclopropylethylenc with singlet oxygen
involves a concerted pathway or takes place through a closc
intermediate, stercospecific  products are expected. If the rcaction
involves  non-concerted  rcaction  pathways involving an open
intermediate, the stercochemistry would not be maintained 1n  the
products.  Dioxctane  products arc  generally unstablec at room
temperature and cleave to give carbonyl compounds which do not
provide insight with regard to the stereochemistry of the initial
dioxetane  product. Low temperature NMR maybe required to
observe the stereochemistry of the products.

Orfanopoulos33 studied the photooxygenation of cis- and trans-
2-butenes to probe the proposed perepoxide intermediate. These
studies provide strong support for a perepoxide, or the Kkinetically
equivalent exciplex and suggest its formation may be reversible. cis-
2-Butene-1,1,1-d3 was found to have a product isotope effect
(ky/ kp=1.38), and it was also more reactive than the trans-isomer.

The small kinetic and substantial product isotope effects strongly
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suggest the rate-determining formation of an intermediatc  without
cleavagc of a C-H bond corrcsponding to the perepoxide or an

cxciplex intcrmediate.
RESULTS:

cis-1,2-Dicyclopropylethylene docs not undergo photooxidation
upon irradiation for ~12 hrs in the presence of ZnTPP as sensitizer,
CDCI3 as solvent and the temperature was 0°C. The presence of 1On
formation was confirmed using TME. A number of factors maybe
responsible for the lack of reaction. The cis-isomer is expected to
stabilize the perepoxide intermediate (cis effect) as shown below.

Ne>
\\ O/////

H |+

If formed the perepoxide is expected to yield the ene and/or
2+2 products while both the ene and 2+2 are strained, the formation
of the hydroperoxide, ene product requires the formation of a highly

strained cyclopropylidene.

! /
U 2 L, ﬁc:o ¥ e
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If the perepoxidc is formed but falls apart to starting materials
one would not obscrve the formation of products despite physical
quenching of 1O». Studies cxploring the quenching of Lo by

cyclopropylethylenes are planned.

3.1.3. THE REACTION OF 1,1-DIISOPROPYLETHYLENE WITH
SINGLET OXYGEN

We chose to wuse 1,1-diisopropylethylene to further probe the
reactivity of 1Op towards disubstituted olefins. The photooxidation of
1,1-dicyclopropylethylene was negligible, presumably the result of
steric  factors and the high activation energy expected to yield
strained products. Isopropyl groups of 1,l-diisopropylethylene may
have slightly greater steric hinderance than the cyclopropyl groups
of 1,1-dicyclopropylethylene. The expected ene product is

dramatically less strained than the cyclopropylidene as shown below.

OOH

RESULTS:
Our results have shown that 1,1-diisopropylethylene does not

recact singlet oxygen under our experimental conditions. No change

could be detected in the reaction mixture using NMR spectroscopy
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and gas chromatography. Similar compounds such as 2-isopropyl-1-
butene react with singlet oxygen very slowly with a kr¢1=8.2x10‘5 as
observed by Kopccky.”® This result demonstrated the poor reactivity
of this compound. 1,1-Diisopropylethylene 1is probably  unreactive
because of the geminal isopropyl groups that prevent the approach

of the electrophile to the double bond.
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3.2. REACTIONS OF 4-METHYL-1,2,4-TRIAZOLINE-3,5-DIONE
(MTAD) WITH DISUBSTITUTED ETHYLENES

3.2.1. REACTION OF 4-METHYL-1,2,4-TRIAZOLINE-3,5-
DIONE (MTAD) WITH 1,1-DICYCLOPROPYLETHYLENE

4-Methyl-1,2,4-triazoline-3,5-dione is known to be a stronger
electrophile than singlet oxygen and TCNE, and generally reacts
readily with olefins, including disubstituted olefins. The expected
products of 1,1-dicyclopropylethylene and MTAD are 2+2 and ene

type products.

~

N—N / N
A

"242" "ene"
C,lo

N e
C\\>

Several research groups have reported the involvement of an
aziridinium imide in such reactions. Foote2> has recently proposed
the equilibrium between the open and closed zwitterion forms, in the
reaction of N-substituted-1,2,4-triazoline-3,5-diones and trans-

cyclooctene.
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N- \-
¢ G

+
—— -+
Closed Zwitterion Open Zwitterion
AZI1

If the closed zwitterion, AZI, is involved in the reaction and if
electronic factors direct the attack of the nucleophile, addition at the
more substituted carbon is expected (Markonikov addition). An open
zwitterion is expected to yield similar result. On the other hand, if
steric hinderance is the predominant factor directing the nucleophilic
addition to the AZI, addition at the less substituted carbon would be

observed and will provide strong evidence for the close zwitterion as

intermediate.
N
\ D
é>Z_NA
.+
< O oF
T "STERIC CONTROL"
. steric factors direct
"CILCTRONIC — LArger positive nucleophile here
CONTROL" charge directs

nucleophile here.

Low temperature NMR studies are wused in an attempt to
observe the AZI directly and methanol is used to trap zwitlerionic
intermediates. Anti-Markonikov's addition of methanol/RTAD across

the double bond provides strong evidence to the involvement of the
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AZI, while Markonikov's adducts can be rationalized as  products

from both the close and open zwitterions.

GENERAL PROCEDURE:

Approximately 20 uL of a pure olefin (1,1-
dicyclopropylethylene, cis-1,2-dicyclopropylethylene, trans-1,2-
dicyclopropylethylene  and 1,1-ditsopropylethylene) collected by
prep-GC were mixed with 1 mL of CDCI3 in an NMR tube kept at 0 ©C
with ice-water in a Dewar. An equimolar amount of MTAD (from
Aldrich Co.) or a solution of MTAD in CDCI3 was added to the alkene
solution. Upon addition of MTAD in CDCI3, a red colored solution, to
the alkene, the mixture has a red color as the electrophile initially,
after 5 min the red color dissappeared completely indicating that the
recaction was complete. 11—1-, 1 3C.NMR and the Attached Proton Test

(APT) were used to identily and characterize the reaction products.

RESULTS:

The reaction ol 1,1-dicyclopropylethylene and MTAD yielded
two  products, presumably the 242 and the ene products. Gas
chromatography was used to monitor the dissapearance of the
reactants and the appearance of the products. The mixture of
products were identified by NMR and percent yield determined by
G.C. The diazetidine, 2+2 product was formed in 75 % and the other

product in 25 % (Figures XXVI-XXVIII).
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FIGURE XXV
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FIGURE XXVII: 1 3C NMR SPECTRUM OF REACTION OF
WITH MTAD
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FIGURE XXVIII: ATTACHED PROTON TEST SPECTRUM OF REACTION OF I,1-
DICYCLOPROPYLETHYLENE WITH MTAD
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The diazetidine, 2+2 product was purified from the reaction
mixture using column chromatography on silica gel (200-340 mesh, 5
in length, ~1.5 in internal diameter), using mixtures of cthyl acetate
and hexanc 2:1 as cluant and characterized by lH-NMR and GC-MS
(Figure XXIX & XXX). |H-NMR (300 MHz, CDCI3) & (ppm): 3.65 (s, 2H),
3.2 (s, 3H), 0.85 (m, 2H), 0.50 (m, 4 H), 0.45 (m, 4H).

After isolation of thc expected ene product, NMR pcaks did not
coincide with the cxpected structure, a pcak observed by IH- and
I3C-NMR and APT in the olefinic arca suggests the presence of a CH
and the traditional ene product does not have any olefinic proton. We
suggest after analysis of the spectrum the presence of a product
which in an effort to relieve the strain in its structure rearranges by
a [1,3] hydride shift. 1|H-NMR (300 MHz, CDCI3)_ 8 _(ppm): 7.95 (b, 1H),
6.02 (s, 1H), 3.2 (s, 3H), 1.5 (m, IH), 1.2 (m, 1 H) (Figures XXXI &

XXXID).

4 @ [13] 4 N/':I\\T
N\ SNHOO 2 >_=<H N H
< <

traditional ene

rearranged ene

product product
O
c
NF\_N =E N-CH,
~C
Y
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FIGURE XXIX: lH NMR SPECTRUM OF CYCLOADDITION PRODUCT OF REACTION OF 1,1-
DICYCLOPROPYLETHYLENE WITH MTAD
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FIGURE XXXI: !H NMR SPECTRUM OF ENE PRODUCT OF REACTION OF 1,1-
DICYCLOPROPYLETHYLENE WITH MTAD
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FIGURE XXXII:

MASS SPECTRUM OF ENE PRODUCT OF REACTION OF 1,1-
DICYCLOPROPYLETHYLENE WITH MTAD
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In an attempt to dctermine 1if the diazetidine will convert into
the ene product at higher temperatures, the 2+2 product was hcated
for 5 hours in rcfluxing benzene and in refluxing xylenc. The
diazetidine product was found to be quite stable and did not undergo

rcarrangement at either temperaturc.

A e
N

" 2+2 Ll "ene"

SOLVENT TRAPPING STUDIES:

For the solvent trapping study, an cquimolar amount of HPLC-
grade methanol was added immediately to an NMR tube containing
20 uL of the olefin followed by the addition of 0.020 g of MTAD (or
MTAD/CDCI3) in I mL of CDCI3. Methanol was used in equimolar
amounts with respect to the olefin and MTAD because a side reaction
between methanol and MTAD was observed in presence ol larger
amounts of methanol. The mixture was inverted several times to
ensure proper mixing. The solution was kept in an Dewar with ice-
water. The initial red color of the MTAD dissappeared after several
minutes indicating that the reaction was complete. IH-, 13C-NMR and
the Attached Proton Test (APT) were used to identily and

characterize the recaction product.
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Gas chromatographic analysis and NMR spcctroscopy showed
that a mecthanol adduct was obtained in ~100% yicld. No formation of
2+2 or cne product was declccted when the rcaction is run in the

prescnce of mcthanol.

OCH, OCH,
o
GH, CH,
N—NH Vs
N—NH
N
O N O o” o
CH '
3 CH,
Markonikov's adduct anti-Markonikov's adduct

Although spectral evidence suggests a single product is formed
in the presence of methanol. 1H-NMR are expected to be similar for
Markonikov or anti-Markonikov addition, I3C-NMR  and APT
spectrum  dcmonstratc  that the methoxy group is attached to a
quaternary  carbon  buried under the solvent CDCI3. We thus
determinc mecthanol adds to the  morc substituted  carbon
(Markonikov's addition). The presence of geminal cyclopropyl groups
in 1,l-dicyclopropylethylene increcases the positive charge at that
carbon; formation of the Markonikov product suggests the presence
of cither an AZI (closed zwitterion) or the open zwittcrion. F‘inal
characterization was achieved by 1H-, 13C-NMR and the Attached

Proton Test (Figures XXXIII-XXXV).
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'H-NMR (300 MHz, CDCl3) & (ppm): 80 (b, 1H), 3.46 (s, 2H), 3.3 (s
3H), 3.0 (s, 3H). 13C-NMR (300 MHz, CDCI3) d (ppm): 155.8 (s), 154.8
(s), 785 (s), 52.53 (1), 51.76 (q), 26.53 (q), 14.7 (d), 1.8 (1), 1.6 (1)

OCHj,
CH,OH

MTAD —_— gg\z}l
1 A &)

AK CDCly > L
{ -N/) ) 2H3
\

Low temperature experiments were conducted at -78°C in an
attempt to observe the zwitterionic intermecdiate. An NMR tube
containing 20 uL of 1,1-dicyclopropylethylenc and 0.020 g of MTAD
in CD2Cl2 was kept in a Dewar flask with dry ice-acctone. This
solution was careful transferred to a pre-cooled NMR  magnetic
avoiding warming of the solution. Unfortunately these variable
temperature  experiments were  hampered by the formation of
crystals during the reaction. The solubility problem was aleviated
using a more polar solvent dg-acetone. The rate of reaction at -780C
was cxtremely slow. Even after several days no appreciable changes
was observed in the recaction mixture as dctermined by 1H NMR. In
addition, the formation of an AZI intermcdiatc is not obscrved at -78

OC and the characteristic red color remains in the reaction mixture.
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FIGURE XXXIII: 'l NMR SPECTRUM OF REACTION OF I,1-DICYCLOPROPYLETHYLENE
WITH MTAD IN THE PRESENCE OF METHANOL
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FIGURE XXXIV: 1 3C NMR SPECTRUM OF REACTION OF I1,1-DICYCLOPROPYLETHYLENE
WITH MTAD IN THE PRESENCE OF METHANOL
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FIGURE XXXV
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3.2.2 REACTION OF 4-METHYL-1,2,4-TRIAZOLINE-3,5-DIONE
(MTAD) WITH CI1S-1,2-DICYCLOPROPYLETHYLENE

cis-1,2-Dicyclopropylethylene was uscd to probe the
sterecochemical consequences of  the reaction of olefins with RTAD.
The reaction of cis-1,2-dicyclopropylethylenc is expected to yield the
2+2 and cne products. Trapping experiments will provide evidence
for  the involvement of a zwitterionic intermediate. The
stereochemistry of the 2+2 and mecthanol adducts will provide insight

regarding thc nature of the possible intecrmediates.

RESULTS:

Approximately 20 ul of a pure olcfin (cis-1,2-
dicyclopropylethylene) collected by prep-GC was mixed with 1 mL of
CDCl3 in an NMR tube kept at O ©C with ice-water in a Dewar flask.
An equimolar amount of MTAD (from Aldrich Co.) or a solution of
MTAD in CDCl3 was added to the alkene solution. Upon addition of
MTAD/CDCI3 to the alkenc, and after 5 min the red color fades away
indicating that the reaction was complete. -, 13C-NMR and the
Attached Proton Test (APT) were used to identify and characterize
the reaction products.

Gas chromatography and NMR  spectroscopy was used to
monitor the disappearance of the reactants. LH-, 13C-NMR and  the
Attached Proton Test were used to identify and characterize the

reaction products. cis-Dicyclopropylethylene and MTAD yield only
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the  cycloaddition product, a diazetidinc product, in  which cis
strercochemistry is maintained (Figures XXXVI-XXXVIII).

1H-NMR (300 MHz. CDCI3) & (ppm): 3.9 (dd, 2H), 3.1 (s, 3H), 1.4
(m, 2H), 0.7 (m, 4H), 0.25 (m, 4H). !3C-NMR (300 MHz, CDCI3) &
(ppm): 165.6 (s), 72.6 (d), 27.41 (q), 11.64 (d), 4.6 (1), 4.0 (1).

0
4
~C
‘N \ CDCly
+ I N'CH3 —_— I 11
N~/ 0 °C
o “\ | NN
0 C
SN
CH,

cis-diazctidine

These  results  indicate the reaction proceceds via a  concerted
mcchanism or a closed zwitterion, aziridinium imide, since the 2+2
addition occurs stercospecifically. The product cis-diazetidine shows
a coupling constant (J) (Figure XXXIX) similar to the cis coupling
constant observed by Jensen'sl3 [J.;=5.6-6.8 Hz and Jirans= 3.7-4.6

Hz ].
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FIGURE XXXVI: 11 NMR SPECTRUM OF REACTION OF CI1S-DICYCLOPROPYLETHYLENE

WITH MTAD
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FIGURE XXXVII: 1 3C NMR SPECTRUM OF REACTION OF CIS-DICYCLOPROPYLETHYLENE

WITH MTAD
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FIGURE XXXVIII: ATTACHED PROTON TEST SPECTRUM OF REACTION OF CIS-
DICYCLOPROPYLETHYLENE WITH MTAD
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FIGURE XXXIX: COUPLING CONSTANT OF DIAZETIDINE OF REACTION OF (CI5-
DICYCLOPROPYLETHYLENE WITH MTAD
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SOLVENT TRAPPING STUDY:

When the reaction of cis-dicyclopropylethylene with MTAD is
carried out in the presence of methanol a new product is observed in
addition to the 2+2 product. The new product is observed in a 1:1.5
ratio as determined by gas chromatographic analysis and NMR
spectroscopy 1H-, 13C-NMR and the Attached Proton Test (Figures
XL-XLII). The two products were  separated by column
chromatography on silica gel (200-340 mesh, 5 in length, ~1.5 in 1.
d.), using a 2:1 ethyl acetate’hexane as eluant. Characterization of the
new product was accomplished by lH-NMR (Figure XLIII). The new
product is a methanol adduct H-NMR (300 MHz, CDCI3) & (ppm): 7.6

(b, 1H), 3.5 (d, 3H), 3.4 (dd, 1H), 3.1 (s, 3H), 2.7 (dd, 1H).
— —
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The formation of the 2+2 product and methanol adducts
suggest the involvement of a zwitterion which rearranges to the 2+2
product in competitition with nucleophilic attack by methanol.

If an open zwitterion is involved and bond rotations occur
addition of mcthanol is cxpected to yield four stereoisomers (R,R),
(S,S), (R,S), (S,R), while the involvement of the closed zwitterion (AZI)

will lead to enantiomeric pairs (R,S) & (S,R) upon addition as shown

FH
w Stereospecific
()C}I3 + cnantiomer

addmon
(S,R)

CH3OH R,S)
Closed Zwitterion

below.

[=—L

Non-stereospecific  Mixture of
diasterecomeric pairs

adit
addihon (RR; R.S; S.S: SR)

Open Zwitterion

The presence of an aziridinium imide (AZI) as the intermediate
is supported when the isolated methanol adduct is mixed with a
chiral reagent Eu(hc)3 and the mixture is characterized by NMR
spectroscopy. 1H-NMR spectrum shows no major difference in the
presence of the chiral reagent. Our result demonstrated the presence
of one pair of enantiomers that will support the implication of an

aziridinium imide as the intermecdiate (Figure XLIV).
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FIGURE XL: 111 NMR SPECTRUM OF REACTION OF cis-DICYCLOPROPYLETHYLENE
METHANOL
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FIGURE XLI: 1 3¢ NMR SPECTRUM OF REACTION OF ¢is-DICYCLOPROPYLETHYLENE WITH
MTAD IN THE PRESENCE OF METHANOL
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FIGURE XLII: ATTACHED PROTON TEST SPECTRUM OF REACTION OF cis-
DICYCLOPROPYLETHYLENE WITH MTAD IN THE PRESENCE OF METHANOL
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FIGURE XLII: 1 NMR SPECTRUM OF METHANOL ADDUCT OF REACTION OF cis-
DICYCLOPROPYLETHYLENE WITH MTAD
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1H NMR SPECTRUM OF METHANOL ADDUCT OF REACTION OF cis-
TAD IN THE PRESENCE OF CHIRAL REAGENT
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3.2.3. REACTION OF 4-METHYL-1,2,4-TRIAZOLINE-3,5-DIONE
(MTAD) WITH trans-1,2-DICYCLOPROPYLETHYLENE

trans-1,2-Dicyclopropylethylene is  expected to react in a
fashion similar to cis-1,2-dicyclopropylethylene giving  the 242
cycloaddition product.  The stereochemistry of the diazetidine is
expected to be retained if the intermediate resembles an AZI. It the
intermediate is an open zwitterion mixed stereochemistry should be
observed. Methanol adducts are expected to be formed supporting

the intermediacy of a zwitterionic species.

RESULTS:

Approximately 100 uL  of a  pure olefin (trans-1,2-
dicyclopropylethylene) collected by prep-GC were mixed with | mL
of CDCl3 in an NMR tube kept at O ©C with ice-water in a Dewar. An
equimolar amount of MTAD (from Aldrich Co.) or a solution of MTAD
in CDCI3 was added to the alkene solution. Upon addition of
MTAD/CDCI3 to the alkene, and after 5 min the red color fades away
indicating that the reaction was complete. IH-NMR  was used to
identify and characterize the reaction products. trans-1,2-
Dicyclopropyl  ethylene reacts with MTAD in CDCIl3 affording a
cycloaddition product.

Since only small quatities of trans-1,2-dicyclopropylethylene
were available, characterization by NMR spectroscopy was not

feasible. Despite several attempts to synthesize and purily trans-1,2-
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dicyclopropylethylene from the cis isomer, a mixture containing 15%
of the c¢is isomer was obtained. This reaction is eXpected to occur
stereospecifically —as  observed in  cis-dicyclopropylethylene and
MTAD. Although our efforts, determination of the structure was not

possible.

3.2.4. REACTION OF 4-PHENYL-1,2,4-TRIAZOLINE-3,5-DIONE
(PTAD) WITH 1,1-DIISOPROPYLETHYLENE

I,1-Diisopropylethylene was wused as a probe to evaluate the
steric factors affecting reactions of 1,I-disubstituted olefins with
RTAD. The expected products are 2+2 and ene type. The ene product
1s much less strained than the corresponding ene product from the
reaction of 1,l-dicyclopropylethylene and RTAD. The outcome of this
reaction provides insight into the steric or electronic, controlling the
reaction pathways which affects the product distribution of reaction

between 1,1-diisopropylethylene and RTAD.

RESULTS:

Approximately 10 uL of a pure olefin (l,l1-diisopropylethylene)
collected by prep-GC were mixed with 1 mL of CDCI3 in an NMR tube
kept at 0 ©C with ice-water in a Dewar flask. An cquimolar amount of
PTAD (from Aldrich Co.) or a solution of PTAD in CDCI3 was added to
the alkene solution. After addition of PTAD/CDCI3 to the alkene, the

reaction  was  monitored by  gas chromatography, and NMR
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spectroscopy.  Surprisingly, the red color associated with  PTAD
persisted for the first 8 hours at room temperature, indicating no or
relatively slow reaction. After 24 hours a colorless solution indicates
the reaction was complete. The results showed several small peaks
from decomposition of PTAD. The reaction ol 1,1-diisopropylethylene
with PTAD was negligible although presence of several peaks
indicate a decomposition reaction of PTAD.

Reaction of [1,l-diisopropylethylene and RTAD in CDCl3 reacts
very slowly. A more polar solvent may promote the reaction by
stabilizing the charged or polarized intermediate. Solvent trapping
was attempted using 10 ulL of methanol. The methanol was added to
a  mixture  containing 10 uL of the pure olefin (1,1-
ditsopropylethylene) and an equimolar amount of PTAD in an NMR
tube. The solution was cooled at 09C with ice-water in a Dewar flask.
A very slow reaction was observed which took ~48 hours to reach
completion. Preliminary results suggest the presence of two products
characterized by 1H NMR (Figure XLV). Presence of methanol adducts
suggest the involvement of a polar intermediate in the reaction
pathway, an increase in reactivity is observed as the polarity of the
reaction solution is increased indicating the involvement of a

polarized or zwitterionic intermediate.

OCH; OCH;
FHZ + CH2
N—NH N—NH

OAN/KO P o

| |
Ph Ph
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FIGURE XLV: lH NMR SPECTRUM OF REACTION OF I,1-DIISOPROPYLETHYLENE WITH
PTAD IN THE PRESENCE OF METHANOL
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3.3. REACTION OF TETRACYANOETHYLENE (TCNE) WITH
DICYCLOPROPYL SUBSTITUTED ETHYLENES

3.3.1. REACTION OF TETRACYANOETHYLENE (TCNE) WITH
1,1-DICYCLOPROPYLETHYLENE

Nishida30 rcported the cycloaddition of the substrates (1, I-
dicyclopropylehylene, cis- and trans-1,2-dicyclopropylethylene)  with
tetracyanoethylene (TCNE) gives a 242 product. cis-
Dicyclopropylethylene  and  trans-dicyclopropylethylene  require  a
polar solvent and elevated temperatures to react with TCNE. This
type of cycloaddition takes place between an electron rich olefin with
a strong electron demanding reagent as TCNE which is called donor-
acceptor cycloaddition. They observed the rate of the reaction is
fastest for 1,1-dicyclopropylethylene and decreases for the reaction
of cis- and trans-dicyclopropylethylene.

The low ionization potential of different cyclopropyethylenes
and the correlation between ionization potential in the cycloaddition
process of TCNE has been observed. 1,1-Dicyclopropylethylene has a
high ionization potential and is the most reactive implying that the
presence of the geminal cyclopropyl groups really enhances its
reactivity. These studies reveal both the presence of the strongly
stabilizing interaction of the cyclopropyl group with an adjacent
electron deficient center in the highly polarized (ransition state as
well as the high reactivity of TCNE are the factors that facilitate the

cycloaddition.

111



GENERAL PROCEDURE:

Twenty microliters of pure (l,I-dicyclopropylethylene) were
mixed with I mL of CD2Cl2 or acetone,d6 and placed in a NMR tube
which was kept in a Dewar f{lask containing an ice-water bath until
the temperature equilibrated. An equimolar amount of TCNE was
then added. After mixing the contents properly, a brown color

developed and persisted.

RESULTS:

1H-, 1 3C.NMR, Attached Proton Test (APT) and GC-MS werc
used to characterize the cycloaddition product. (Figures XLVI-XLIX).
IH-NMR (300 MHz, CD2Cly & CDCI3) & (ppm): 2.4 (s, 2H), 1.2 (m, IH),
0.9 (m, 4H), 0.75 (s, 4H), 0.4 (m, 1H). | 3C-NMR (300 MHz, CD2Cly &
CDCI3) & (ppm): 114 (s), 112 (s), 58 (s), 50(s), 37 (1), 32 (s), 20 (d), 6

(1, 4 (V.

SOLVENT TRAPPING STUDY:
Nishida30 suggested that this type of reaction goes through a

1,4-dipolar intermediate as shown below.

CN

NC -
CN

CN
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This type of intermediate will stabilize the positive charge by
the cyclopropyl groups and the negalive charge will be stabilized by
the cyano groups. Solvent trapping was attempted at 0 ©C and at
-700C, no trapping was observed at either temperature, the
intermediate might be too short-lived species to be trapped under

our experimental conditions.
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FIGURE XLVI: 11l NMR SPECTRUM OF REACTION OF LI-DICYCLOPROPYLETHYLENE
WITH TCNE
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FIGURE XLVILI: 1 3C NMR SPECTRUM OF REACTION OF 1,1-DICYCLOPROPYLETHYLENE
WITII TCNE

4
NC CN 3
N\ / chyc, 9 2 1 !
— + C=C ”“Ef;”
N NCN o 9 >

(NC), 8 7 (CN),

(4)l (9)
|

Sl

(1)




91l

FIGURE XLVIII: ATTACHED PROTON TEST SPECTRUM OF REACTION OF 1,1-
DICYCLOPROPYLETHYLENE
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FIGURE XLIX:

WITH TCNE
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3.3.2 REACTION OF TETRACYANOETHYLENE (TCNE) WITH cis-
DICYCLOPROPYLETHYLENE

Nishida3 O observed the lack of reactivity of the cis- and trans-
dicyclopropylethylene with tetracyanoethylene at room temperature.
He studied the introduction of a methyl group or a third cyclopropyl
group in the structure of disubstituted olefins increases the rate of
the reaction. However the ionization potential of the cis- and trans-
dicyclopropyleythylene 18 lower than that of I,1-
dicyclopropylethylene, their reactivity is much lower with respect to

TCNE.

RESULTS:

Twenty microliters of pure cis-1,2-dicyclopropylethylene were
mixed with 1 mL of CD2Clr» or acetone,ds and placed in a NMR tube
which was kept in a Dewar containing an ice-water bath until the
temperature equilibrated. An equimolar amount of TCNE was then
added. After mixing the contents properly, no change was observed
for 24 hrs. TCNE was added in excess to the reaction solution at room
temperature and the reaction mixture was heated at reflux wusing
benzene for ~3 hrs. Formation of one product was determined by
NMR spectroscopy. 1H, 13C NMR was used to characterize the final
product that was yielded almost quantitatively which corresponds to
the cycloaddition product (Figures L-LI). Solvent trapping was
attempted using methanol at 0 ©C and at -70 ©C. No reaction was

detected at either temperature.
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FIGURE L: ! I NMR SPECTRUM OF REACTION OF ¢is-DICYCLOPROPYLETHYLENE
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FIGURE LI: 1 3C NMR SPECTRUM OF REACTION OF ¢is-DICYCLOPROPYLETHYLENE
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SUMMARY

Singlet oxygen and singlet oxygen mimics, TCNE and MTAD,
exhibit dramatically different reactivitics and  rcaction  pathways.
Product studies demonstrated that singlet oxygen docs not rcact with
the substrates I, I-dicyclopropylethylene and cis-1,2-
dicyclopropylethylene, in the presence of ZnTPP as scnsitizer.

TCNE reacts with 1,l-dicyclopropylethylene and cis-1,2-
dicyclopropylcthylene affording the 242 cycloaddition product. Our
results imply a concerted mecchanism involved in the reaction.

MTAD reacts with 1,1-dicyclopropylethylene to vyield the 2+2
adduct and a product which appears to be a rearrangement of the
expected ene product. In the presence of methanol, no 2+2 or
rearrangement products are observed at the expense of a methanol
adduct  (Markonikov). This suggest a closed zwitterionic type
intermediate is involved in the reaction. We were not able to detect
any intermediates by NMR at temperatures down -70°C.

cis-1,2-Dicyclopropylethylene reacts with MTAD to form 1,2-
diazetidine in nearly quantitative yield. Product distribution changes
dramatically in the presence of methanol, the 2+2 product is reduced
to ~25% with the formation of a methanol adduct ~75%. While the
methanol  adduct  implies the involvement of a  zwitterionic
intermediate the stereospecilicity of the products suggest a closed
zwitterion, aziridinium imide, which cannot undergo bond rotation.
Therefore we suggest a close zwitterion as the predominant
intermediate in the reaction pathways of MTAD with

cyclopropylethylenes.
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