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ABSTRACT 

[2+2]-Cycloaddition reactions between alkenes take place spontaneously 

when one alkene contains strong donors and the other strong acceptors. However, 

when the difference of electron-density between these nucleophilic and 

electrophilic partners is sma", the [2+2]-cycloaddition does not take place. Lewis 

acids are known as catalysts for many purposes due to their capability to increase 

the accepting ability of an electrophile, and can be utilized as catalysts for these 

[2+2]-cycloadditions. 

In this study, it is shown that ethereal lithium perchlorate, which has recently 

been recognized as an astounding medium for many reactions, and zinc chloride 

can promote [2+2]-cycloadditions. This systematic study of the [2+2]-cycloadditions 

between various nucleophiles and electrophiles leads to an expansion of liThe 

Organic Chemist's Periodic Tableu
• When the electrophilic partner contains at least 

one ester at the olefinic end, the [2+2]-cycloaddition can occur in the presence of 

Lewis acid, instead of the reported inverse electron demand Diels-Alder 

reaction.The efficiency of Lewis acid catalysis to promote [2+2]-cycloadditions for 

olefin pairs where they normally do not occur is investigated. Weak Lewis acids 

are suitable for the [2+2]-cycloaddition in contrast to strong Lewis acids, which 

cause decomposition of the cyclobutanes. In addition, many cyclobutane 

derivatives containing an acidic proton at C3 and a leaving group derived from 
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sulfide at C1 are synthesized. However, the aim of obtaining bicyclobutane by 1,3-

elimination of these cyclobutane derivatives was not achieved. 

An exploratory study using zinc chloride as Lewis acid to promote the 

spontaneous alternating copolymerization between the weak acceptor olefin 

acrylonitrile and the donor olefins, p-methylstyrene, p-methoxystyrene and isobutyl 

vinyl ether was also performed. 



CHAPTER 1 

INTRODUCTION 

19 

Many reactions in organic chemistry are governed by the difference of 

electron density in double bonds. Nucleophilic olefins undergo reactions easily with 

electrophilic olefins. Examples include [4+2] Diels-Alder reactions, [2+2]

cycloadditions and even alternating copolymerizations. The rates of these reactions 

are controlled by the energy difference between the HOMO (highest occupied 

molecular orbital) of the nucleophilic partner and the LUMO (lowest unoccupied 

molecular orbital) of the electrophilic partner. If the reaction does not occur, 

additives or catalysts can be used to promote the reaction. Lewis acids are well

known catalysts for many purposes because they can increase the accepting 

ability of the electrophilic partner if complexation is possible. Lewis acids appear 

to be the best catalysts for Diels-Alder reactions. A Lewis acid can form a complex 

with a dienophile and this will lower the energy of the LUMO of that dienophile. 

Therefore, the energy difference between the HOMO of the diene and the LUMO 

of the dienophile will decrease and Diels-Alder reaction can take place easier. 

Lewis acids will increase both the rate and the en do-selectivity of Diels-Alder 

reactions. In addition, the conditions needed for Lewis acid catalysis are mild 

compared with other catalytic systems. There have been numerous reports of 

Lewis acids being used as catalysts for Diels-Alder reactions. In contrast, there are 

only a few reports of Lewis acids being used to facilitate [2+2]-cycloadditions when 
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the reaction cannot take place spontaneously. Lewis acids are believed to promote 

the reaction by complexing with an electrophilic olefin. This is believed to increase 

the accepting ability of that electrophile and allow the [2+2]-cycloaddition reaction 

to proceed at room temperature. 

Ethereal lithium perchlorate has recently been recognized as an astounding 

medium for various reactions. It can increase both the rate and the endo-selectivity 

of Diels-Alder reactions, in analogy to the effect of aqueous medium, but it is 

superior to aqueous medium due to its compatibility with substances sensitive to 

hydrolysis. Some rare reactions, which usually take place only under vigorous 

conditions, can occur smoothly under mild conditions at room temperature in this 

ethereal lithium perchlorate solvent. Examples are [4+3]-cycloadditions and 1,4-

conjugate additions of silyl ketene acetals to a,p-unsaturated carbonyl compounds. 

In addition, using this ethereal lithium perchlorate medium can totally change the 

reaction products. Alkyl vinyl ethers with lithium perchlorate undergo the unusual 

[1,3]-sigmatropic rearrangement instead of the expected [3,3]-sigmatropic 

rearrangement, which is observed in aqueous ethanol. There was still no report 

about using ethereal lithium perchlorate for [2+2]-cycloadditions. Therefore, in this 

study 5M ethereal lithium perchlorate was applied as the medium for [2+2]

cycloadditions. 

In the first part of this study, the [2+2]-cycloadditions between various pairs 

of nucleophiles and electrophiles have been studied systematically. When the 
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[2+2]-cycloadditions do not take place spontaneously, zinc chloride Lewis acid or 

5M ethereal lithium perchlorate solvent has been used to facilitate them. From 

these results, -The Organic Chemist's Periodic TableD has been expanded. The 

electrophilic olefins used, in the order of increasing electrophilicit~P], were dimethyl 

fumarate, fumaronitrile, trim ethyl ethylenetricarboxylate, dialkyI2-cyanoethene-1 ,1-

dicarboxylate, dimethyl cyanofumarate, dimethyl(butyl) dicyanofumarate, methyl 

3,3-dicyanoacrylate (MDA), dimethyl(ethyl) 1, 1-dicyanoethene-2,2-dicarboxylate 

(DDED) and tetracyanoethylene (TCNE): 

~COOR ~CN COOR COOR ~COOR 
ROoC NC RO~OOR NC.r==<COOR ROOC CN 

NC)==<COOR r===<CN ROOC)==<CN 

ROOC CN ROOC CN ROOC CN 

R = Me-, Et,-, Bu-

The nucleophilic olefins used, in order of increasing nucleophilicity, are 

styrene (St), p-methylstyrene (p-MeSt), p-methoxystyrene (p-MeOSt), t

butyldimethylsilyl vinyl ether, isobutyl vinyl ether (IBVE) and phenyl vinyl sulfide: 
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It is well known that vinyl ethers are more nucleophilic than styrenes and 

that an electron donating group at the para-position increases the nucleophilicity 

of styrene. The higher nucleophilicity of vinyl sulfides compared with vinyl ethers 

was calculated by Narasaka et al.(2) In a study of the FMO energy levels of some 

model olefins by the PM3 Hamiltonian in MOPAC version 6.01 (Table 1). They 

found that the reactivities of unsaturated compounds having group 5 substituents 

increase in the order 0«8e<8 and the following general features are observed: 

(1) Alkenyl sulfides have higher HOMO and lower LUMO energies than the 

corresponding alkenyl ethers. These higher reactivities of alkenyl sulfides as 

compared with alkenyl ethers are attributed to the higher energy of their HOMO. 

(2) Comparing the energy populations, Cp is negative but Ca is positive 

for alkenyl ethers, whereas both Ca and Cp are negative in sulfides. 

Also, recent ab initio calculations indicate that in the vapor phase, an 

alkylthio substituent can stabilize an Sp2 a-carbon to the same extent as an alkoxy 

substituent. Consequently, an alkylthio group increases the HOMO energy and 

acts as a good electron-releasing group, making the whole olefinic moiety 

negatively charged, and also stabilizes the a-cationic center of the intermediate. 
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Table 1. MNDO-PM3 calculation of unsaturated compounds having group 5 

substituents [From Ref.2] 

charlie 

compound C. C, HOMO/cV LUMO/cV 
I.I-bis(melhyllhio)clhylene (3.) -{).29 ~.18 -8.82 ~."2 
I-(mclhyllhio)-I-(Irimclhylsil) I)allene (21a) -{).29 ~.I" -8.3S 0.20 
2-(mclhyllhio)propenc ~.19 ~.20 -8.7" 0.28 
(melhyllhio)acelhylenc (8d) ~.3S ~.I1 -S.SI 0.06 
(melhyllhio)clhylenc ~.24 ~.17 -S.77 0.32 
(E)-I,2-bis(melbyllbio)elhylene ~.24 ~.2" -S.23 0.12 
(Z)-I,2-bis(mclbyllbio)elhylene -{).2S ~.2S -S.2S 0.11 
I.I-dimclhollyclbylene 0.20 ~.39 -9.26 1.33 
2-melhollypropenc 0.06 ~.31 -9.40 1.20 
I-metbolly-I-(trimelbylsilyl )allene ~.004 ~.2! -S.86 0.64 

The second part of this study of Lewis acid catalyzed [2+2]-cycloadditions 

was to compare a variety of Lewis acids for the [2+2]-cycloadditions. The choice 

of a suitable Lewis acid and solvent is essential in order to carry out the reaction 

efficiently. For example, the reaction between 2-cyclohexen-1-one and 1,1-

bis(methylthio)ethylene in the presence of TiCI2(OP~)2' EtAICI2, TiCI4, ZnCI2, ZnBr2 

or trimethylsilyl trifluoromethanesulfonate in dichloromethane affords the ring-

opening product and/or many unidentified products with only a small amount of the 

desired [2+2]-cycloadduct, whereas the use of BF3'Et20 is found to afford "f,Y-

bis(methylthio)bicyclo[4.2.0]octan-2-one in 65% yield as a single regioisomer. In 

addition to this, cyclic enones react with ketene dithioacetal to afford cyclobutanes 

in good yields by the use of BF3 'Et20 Lewis acid, while EtAICI2 is found to be a 

suitable Lewis acid for the reactions of acyclic electron-deficient 0lefins[2J: 
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0 SMe BFs·Et20 
o SMe 

6 6iSMe 
+ 

===:( r> 
SMe 

CN SMe EtA1C12 .. SMe 

==< c(SMe ==< + CH2C~ CI SMe CN 
CI 

The standard [2+2]-cycloaddition used to study the effect of Lewis acid 

catalysis is the reaction between phenyl vinyl sulfide and trim ethyl 

ethylenetricarboxylate, which was found to be suitable because this [2+2]-

cycloaddition does not take place without Lewis acid. Also, from the general [2+2]

cycloaddition reaction study, this [2+2]-cycloaddition reaction was already well-

established. Using zinc chloride Lewis acid or 5M ethereal lithium perchlorate 

solvent, the [2+2]-cycloaddition occurs smoothly giving two isomers of [2+2]-

cycloadducts which can be separated by chromatography and the reaction is easily 

followed by lH NMR spectroscopy. Common Lewis acids such as alkylaluminum 

halides, boron halides and zinc halides were selected for this study. The 

alkylaluminum halides studied were diethylaluminum chloride (Et2AICI), 

ethylaluminum sesquichloride (Et l .sAICl l .s) and ethylaluminum dichloride (EtAICI2). 

The boron halides studied were boron trichloride (BCI3) and boron trifluoride (BF3)' 

The zinc halides studied were zinc iodide (ZnI2), zinc bromide (ZnBr2) and zinc 

chloride (ZnCI2). 
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The third part of this study of the Lewis acid catalyzed [2+2]-cycloaddition 

reaction was the derivatization of these cyclobutanes. The aim was to obtain 

cyclobutanes containing an acidic proton on C1 and a leaving group on C3• The 

starting cyclobutanes were obtained from [2+2]-cycloadditions between nucleophilic 

vinyl sulfides and electrophilic trisubstituted olefins containing multicyano groups. 

Then, the sulfide group was converted to a good leaving group either by oxidation 

to sulfoxide or sulfone, or by methylation to sulfonium salt. Upon treating thess 

cyclobutane sulfones or sulfonium salts with base, 1 ,3-eliminations were expected 

to take place, giving bicyclobutanes. Also, the pyrolysis of sulfoxides should afford 

cyclobutenes (Scheme 1). 



Scheme 1. General scheme for derivatization of cyclobutane sulfides 
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CHAPTER 2 

BACKGROUND 

{2.1} Tetramethylene Intermediate Concept 

According to the classical Woodward-Hoffmann rules[3], concerted 

supra,supra [2+2]-cycloadditions between a donor olefin and an acceptor olefin 

leading to a cyclobutane are thermally forbidden. Therefore, these reactions are 

required to be stepwise reactions. First, a bond is formed between the two olefins 

giving a tetramethylene intermediate, then the second bond is formed, yielding the 

cycloadduct. In recent years, these tetramethylene intermediates have been 

extensively studied on a theoretical basis. 

The unsubstituted tetramethylene intermediate was first theoretically studied 

by Hoffmann et a/. [4] in 1970. Later studies showed the existence of two energy 

minima on the potential energy surface, corresponding to the gauche and trans 

conformers(5): 

gauche trans 

For donor-acceptor substituted tetramethylenes, a unifying conclusion was 

drawn by Huisgen[6] that the 1 ,4-diradical (DR) and 1 ,4-zwitterionic (ZI) forms of the 



29 

tetramethylenes are not different entities, but rather are the extremes of a 

continuum. These tetramethylenes can be regarded as resonance hybrids of the 

DR and ZI forms: 

AD 
~ 

A 
DR 

~
~ ____ • D 

.. _-- . 
A 

ZI 

asterisk : 0-1 electron or 1-2 electrons 

A : acceptor substituent 

o : donor substituent 

The predominant nature of this tetramethylene is determined by the 

substituents at the terminals[s.7] as follows: 

The diradical character of the tetramethylene is dominant when vinyl or aryl 

is the donor substituent and diester, cyano-ester, anhydride or chloride is the 

acceptor substituent at the terminals. The zwitterionic tetramethylene is favored 

when a hard donor such as nitrogen or oxygen and a strong acceptor such as 

dicyano are at the terminals. This zwitterion can proceed to products in variety of 

ways(8) (Scheme2). 
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Scheme 2. The variety of products from zwitterionic tetramethylene 

intermediates. 

7 
~A 

o 

yA ~~ ~ Y-A 
o 0 

1(2) ~ 
ROH 

~H 
o 

A : acceptor substituent 
D : donor substituent 

The cyclobutane is usually the kinetically favored product, but not the 

thermodynamically favored product due to the ring strain and substituent effects. 

And the cyclobutane may revert to zwitterionic intermediate. 

The rate of reversion to the zwitterion is greatly increased by heat and 

strong polar solvents which can solvate the zwitterion. The zwitterion can then 

proceed to more thermodynamically favored products. If p-hydrogens are present, 

a hydrogen shift in the zwitterion can lead to an open chain linear unsaturated 

adduct (reaction 1). In protolytic solvents, the zwitterion may be trapped (reaction 

2). Finally, the structurally stabilized zwitterionic intermediates can add another 
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molecule of either electron-rich or electron-poor olefin affording the cyclohexane 

derivatives (reaction 3). Hall et al. observed this reaction with the formerS] and 

Brannock et al. reported the latter9
]: 

2 ====,NCZ 

N~) (~N 
E =-COOMe 

N:DNCZ 
NCY 

NeZ 

~NMe2 
EU.E 
E E 

P-Substituents may have no influence on the ZI or DR nature of a 

tetramethylene, but they can determine the conformation of a tetramethylene : they 

favor the gauche conformation over the trans-conformation through the -gem 

dimethylll effect. The gauche conformer favors the formation of small molecules 

due to the proximity of the terminals. Moreover, steric hindrance of the p. -

substituent will retard bond formation at that position. 

Solvent has some effects on [2+2]-cycloadditions: 

For the diradical tetramethylene intermediate, solvent has little effect, 

resulting in the approximately same rates of [2+2J-cycloadditions in a variety of 

solvents. 
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For the zwitterionic tetramethylene intermediate, the rate of [2+2]-

cycloaddition increases with the solvent polarity. Huisgen et al.(6) have reported that 

solvent polarity has a very marked effect on the rate of the [2+2]-cycloaddition 

reaction of TCNE and enol ether. The formation of the cyclobutane is 

approximately 104 times faster in acetonitrile than in tetrachloromethane. This is 

attributed to the stabilization of the zwitterionic intermediate. 

Due to the high reactivities of these tetramethylene intermediates, they have 

never been isolated or directly detected, even the highly stabilized ones. There is 

much indirect evidence for these tetramethylenes : detection and trapping of 

intermediates(10-16), stereochemical effects(17), substituent effects and orientation 

phenomena(17.16), kinetic effects(16-22), effects of solvents(16-23) or pressure on the 

reaction rate(24), and rearrangement of donor substituents(24). Detection or trapping 

is the most decisive evidence for the existence of an intermediate, according to 

Gompper25). 
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(2.2) Lewis Acid Promoted [2+2]-Cycloadditions 

Cyclobutanes are an important class of compounds, not only because they 

are included as the basic structure of some natural products but also because they 

can be converted to a variety of derivatives by further modifications such as ring 

enlargement and ring opening. For the construction of cyclobutane rings, the 

photochemical [2+2]-cycloaddition of olefins and the thermal [2+2]-cycloaddition 

between electrophilic olefins and nucleophilic olefins have been generally 

employed. 

Thermal [2+2]-cycloadditions between electrophilic olefins and nucleophilic 

olefins can occur spontaneously at room temperature or below when the difference 

between electron density of these olefin pairs is very high. In cases where the 

difference of electron density of the olefin pairs is small, [2+2]-cycloadditions have 

usually been forced by heating. 

In recent years, the use of Lewis acid to promote [2+2]-cycloadditions has 

received some attention. Various Lewis acids have been used for this purpose, i.e. 

boron halides, (alkyl)aluminum halides, zinc halides, stannic chloride and titanium 

halides. 

Boron halide Lewis acid : Johnson and De Jong(26) found that the [2+2]

cycloaddition between dithiane enamine and dimethyl maleate does not occur in 

refluxing acetonitrile, but when 1 molar equivalent of BF3'Et20 is added, two 

isomeric cyclobutanes are obtained in 79% and 6% yield: 
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Aluminum halide Lewis acid: Takeda et al.[27] accomplished the [2+2]-

cycloaddition between alkyl substituted vinyl sulfide and a,p-unsaturated ketone 

in the presence of a catalytic amount of AICI3 in dichloromethane solvent at -78 ·C 

(see below). When monoalkyl substituted vinyl sulfide or (E)-1 ,2-dialkyl substituted 

vinyl sulfide was employed, the corresponding cyclobutane was obtained in good 

yield. For 2-monoalkyl vinyl sulfide, TiCI4 as Lewis acid was found to be a superior 

catalyst to AICI3 • However, when (Z)-alkenyl sulfide was used, no cycloadduct was 

detected. These stereospecific results led Takeda to conclude that the reactions 

proceeded by a cisoid approach of the olefin pair as shown. The alkyl group on the 

p-carbon will sterically interfere with such an approach of the reactants resulting 

in no reaction. 
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Alkylalum inum halide Lewis acid: Hayashi et al. (28) reported that the reaction 

of 1-trimethylsilyl-1-methylthio-1,2-propadiene and 2-cyclohexen-1-one in the 

presence of 1 molar equivalent EtAICI2 at 0 ·C yielded the corresponding 

methylenecyclobutane (see below). Various electron deficient olefins bearing 

ketone, ester or cyano functionalities were also employed. Moreover, the reaction 

proceeded not only with acyclic olefins but also cyclic ones. 
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Zinc halide Lewis acid : Baar et al. (29) reported the [2+2]-cycloaddition 

between electron-poor olefin di-tert-butyl methylenemalonate (DBMM) and electron-

rich n-butyl vinyl ether using ZnBr2 Lewis acid (see below). The reaction was done 

in dichloromethane at -78 ·C. The zinc bromide is believed to complex with the 

electron-poor olefin DBMM. The complex then reacts with the electron-rich olefin 

giving the intermediate which undergoes 1 ,4-closure. This result is in contrast with 

the conventional results where the reaction between an electron-poor olefin 

containing at least one ester functional group and an electron-rich olefin usually 

leads to an inverse electron demand Diels-Alder reaction. 

Padias, Tien and Hall(30) reported an astounding [2+2]-cycloaddition in the 

presence of zinc chloride Lewis acid (see below). The reaction of p-

di(isopropenyl)styrene (pDIP) with methyI3,3-dicyanoacrylate (MDA) in acrylonitrile 

at room temperature for 5 days afforded the double Diels-Alder adduct in 10% 

yield, whereas addition of ZnCI2 Lewis acid to the reaction mixture resulted in the 

formation of cyclobutane adduct. The explanation is that zinc chloride forms a 

complex with a CN substituent of MDA, making the olefin more electrophilic and 
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this more electrophilic olefin can react with p-di(isopropenyl)styrene in a [2+2]-

fashion, in analogy to the reaction between pDIP and the very electron-poor olefin, 

TCNE. 

Scheme 3. Cycloadditions between p-di(isopropyl)styrene (pOIP) and methyl3,3-

dicyanoacrylate (MOA) 

M 

Meooc'==(CN 
+ CN 

.. 
MDA 

pDIP 

ZnCIz Do 

COOMe 

Stannic chloride Lewis acid: Yamazaki et al.(31) found that the reaction of 

(trimethylsilyl)vinyl phenylselenide and (trimethylsilyl)allenyl phenylselenide with 

vinyl ketones in the presence of SnCI4 Lewis acid gave cyclobutane derivatives 

stereoselectively (Scheme 4). 



38 

The reaction of trimethylsilyl vinyl selenide and vinyl ketone with SnCI4 

Lewis acid can lead to either [2+2]-cycloadduct or Michael adduct depending on 

the workup procedure: work-up with triethylamine gives the [2+2]-cycloadduct. 

while water work-up leads to the Michael adduct. These products are believed to 

proceed in a common polar stepwise fashion. In the first step. nucleophilic vinyl 

selenide attacks the electrophilic olefin. which is activated by a Lewis acid. to give 

a zwitterion. This zwitterion is stabilized by the PhSe group and the MeaSi group 

seems to have no electronic effect in this step. Upon work-up with water. water will 

attack the cationic carbon of the zwitterion and subsequent elimination of PhSeH 

affords the Michael adduct. On the other hand. work-up with triethylamine. which 

will remove the Lewis acid SnCI4 from the carbonyl group. affords cyclobutane. 
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Scheme 4. The reaction between trimethylsilyl vinyl selenide and vinyl ketone in 

the presence of stannic chloride Lewis acid 

PhSe, J 
(a-IsbSi--O 'R 

The cis relationship between the phenylseleno group and the carbonyl group 

in the cyclobutane product is rationalized by consideration of a combination of 

secondary-orbital interaction and steric effects in the early stage of intermediate 

formation (Figure 1). From the frontier orbital of the zwitterionic intermediate, the 

HOMO is largely localized at Se and the LUMO+ 1 is largest at the carbonyl 
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carbon. This leads to a significant secondary-orbital interaction and, accordingly, 

to the cis orientation between the phenylseleno group and the carbonyl group. 

Figure 1. Frontier-orbital interaction scheme for the cis-orientation of fragment 

molecule 1-hydroseleno-1-silylethene and acrolein coordinated by SnCI4 of model 

intermediate. Numbers in parentheses show absolute values of frontier-orbital 

coefficients. (31] 

boat·llk. 

Titanium halide Lewis acid : Clark and Untch(32] found that certain Cl,P-

unsaturated esters can undergo [2+2]-cycloaddition with silyl enol ethers yielding 

cyclobutanes in the presence of Lewis acid TiCI4 (see below). The electron-poor 

dimethyl acetylenedicarboxylate can undergo TiCl4-catalyzed [2+2]-cycloaddition 

with silyl enol ethers at -78 ·C in dichloromethane. Moreover, using the same 

procedure, the less electron-poor olefins dimethyl fumarate and methyl croton ate 
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can also react with the sHyl enol ethers yielding the corresponding cyclobutane 

adducts in modest yields. 

COOMe 

III 
COOMe 

OH 
j'{--,( COOMe 

.,. \..-{--U-- COOMe 

H 
18% yield 

rvOSiBU+Ma2 f COOMe 
U TCI4 .. 

~~~2 u----c-- COOMe 

H COOMe ~ 

30% yield 

(j0SiBUMe+2 fCOOMe TCI4 .. 
27% yield 

OSiBuMe2 cP:COOM
• 

H 

Engler et al.(33) found that the reaction between 2-methoxy-5-methyl-1,4-

benzoquinone and trans-p-methylstyrenes in the presence of TiClln(OP~)4 is 

stereoselective but not regioselective giving exclusively cyclobutanes: 
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+:cfJ Me 
Mel, .. 

Ar OMe 
HO 

These Lewis acid promoted [2+2]-cycloadditions are quite selective(2) since 

they can lead to a variety of products depending on (1) the structure of the olefins 

used, (2) the strength of the Lewis acids used, and (3) the work-up conditions. 

(1) The substituents on the electron-rich olefins can control whether 

[2+2]-cycloaddition or ene reaction occurs. The use of a vinyl sulfide containing a 

bulkier alkylthio group increases the yield of the ene product, and especially in the 

case of aryl vinyl sulfide the ene reaction is found to predominate. 

For example, the reaction between 3-acryloyl oxazolidinone and 2-

(phenylthio)propene in the presence of an equimolar amount of the chiral titanium 

reagent (1-TiCI2(OP~)2) affords the nearly optically pure ene product in 83% yield, 

together with the [2+2]-cycloadduct in 16% yield (see below). Since treatment of 
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this [2+2]-cycloadduct with the chiral titanium reagent (1-TiCI2(OP~)2) under the 

same reaction conditions results in complete recovery of the cycloadduct, the ene 

product is not derived by ring-opening of the corresponding cyclobutane. 

---,SPh 
+ --""1\t1e 

~-1iCI2(OP~)2 
PhCH:rP.E., 0 C 

1 -
~X~~H 
Me ~·'.LOH 

'-Ph 
Ph 

16% 

The reaction course ([2+2]-cycloaddition or ene reaction) is presumably 

determined mainly not by any electronic factor but rather by the bulkiness of the 

substituents on the sulfur, because the reactions with various aryl sulfides give the 

[2+2]-cycloadducts and the ene products in almost the same ratio. 

(2) The ratio of the [2+2]-cycloadduct to the Michael-type product is 

strongly dependent on the strength of Lewis acids used. The use of a stronger 

Lewis acid such as TiCliOP~)2 affords only the Michael-type product, which results 
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from ring-opening of the cycloadduct. The instability of the cycloadduct under the 

reaction conditions is proved by the smooth ring-cleavage of the cycloadduct with 

TiCI2(Opr)2 in dichloromethane, giving the Michael-type product. Accordingly, use 

of a relatively weak Lewis acid such as the chiral titanium reagent 1-TiCI2(OPri)2 

is essential for selective formation of the acid-sensitive cyclobutanes. 

SMa 
+ ===<'SMa 

l-1iCI2(OP~)2 
MS4A 

Me~~o 
MeS NyJ 

(3) The work-up procedure also determines the reaction product. As 

already discussed, the reaction between (trimethylsilyl)vinyl phenylselenide and 

vinylketone in the presence of stannic chloride Lewis acid can lead to either [2+2]-

cycloadduct or Michael product depending on the work-up conditions. 



(2.3) Lithium Perchlorate Solvent History 

(a) Diels-Alder Reaction 
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In the mid-eighties, Breslowet al.(34) and Grieco et al.(35) demonstrated that 

Diels-Alder reactions proceeded with increased reaction rate and improved endo

exo selectivity when they were carried out, not in organic solvents, but in aqueous 

media. The reason for this acceleration is the better aggregation between the 

reactant partners, due to a hydrophobic effect or lIinternal pressure- on the 

reactants encapsulated in ·solvent cavitiesll (comparable with high external 

pressure in the Diels-Alder reaction). 

In 1986, Sauer et al.(36) investigated the steric course of Diels-Alder 

reactions in ethereal LiCI04 solvent system in order to determine the polarity of this 

ethereal LiCI04 solution and recommended it as polar solvent for organic chemical 

reactions. 

Last year, Grieco et al.(37) described this solvent system, a 5M solution of 

LiCI04 in diethyl ether, as a very astounding reaction medium. It allows the Diels

Alder reaction to proceed with increased reaction rate and improved endo

selectivity, even more than in the aqueous system. For example, the Diels-Alder 

reaction of cyclopentadiene with ethyl acrylate (R=Et) gives the bicycloheptenes 

more rapidly with higher endo-selectivity in 5M ethereal LiCI04 (endo:exo = 8:1) 

than in water: 



o + rOOOE_t _III 

H O,RT,5h 
2 

5M uao ,RT,Sh 
" 

(73%) 

(93'10) 

4 

8 

1 

1 
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In addition to this, a particular advantage is the compatibility of this ethereal 

UCI04 system with substances sensitive to hydrolysis such as the azadiene g. g 

reacts with methyl acrylate at room temperature in ethereal UCI04 giving 80% yield 

of the desired cycloadduct .Q in 5 h, whereas the same reaction in benzene affords 

.Q in 75% yield only after 72 h at 60 ·C. 

1. 5M Ua04Et~ l Jl. 
RT,Sh ~ ~ 

2. a-t~ TB'6MSO COOMe 

a 
00% yield, erx:fo: eID =2.9: 1 
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A more impressive result comes from the reaction of furan and a sterically 

hindered maleic anhydride derivative in UCIO/ether giving cycloadducts .4 and ~ 

in 70% yield and the ratio 85:15 after 9.5 h at room temperature under 

atmospheric pressure (see below). Furan does not react with this maleic anhydride 

derivative under normal conditions, and it was reported by Dauben et al.(38) to react 

only at 15 kbar pressure for 6 h. 

5MUCIO lEt 0 
4 2 

RT,9.Sh 
(70%) 

• 

Grieco et al. explained this accelerating effect of UCIO/ether by saying that 

in analogy to the water system, internal pressure forces the reactants to be closer. 

However, the stabilization of a polarized transition state by the salt UCI04 is not 

ruled out since the rate and selectivity enhancing effect of Lewis acid on Diels-

Alder reaction is well-known. Therefore, the U+ ion in such a high concentration, 

5 M, can contribute to the accelerating effect. 
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(b) [4+3]-Cycloaddition 

Fohlisch et al.[39) also reported the ethereal LiCI04 as the medium for [4+3]

cycloaddition of a-halogeno- or a-sulfonyloxy-substituted ketones to 1,3-dienes, 

particularly furan giving the 8-oxabicyclo[3.2.1 ]oct-6-en-3-ones .2 at room 

temperature: 

ca.1 M uao INEt 
4. 3 

E~O,RT 
11-83% 

x=a,oso Me 
1 4 2 

R -R = H, a, Alkyl 

o 

(c) [1.3]-Sigmatropic Rearrangement 

In 1991, Grieco et al.[40] found that [1,3]-sigmatropic rearrangement of alkyl 

vinyl ethers can take place in 3 M ethereal LiCI04 solution, contrary to the 

expected [3,3]-sigmatropic rearrangement (see below). Compound Z in this solvent 

affords .a in 90% yield within 1 h at room temperature, whereas Z usually 

undergoes the expected Claisen rearrangement to i! in water:methanol at 80 ·C. 

In all cases, the unusual [1,3]-sigmatropic rearrangement takes place at room 

temperature, making the product available in high yield under mild conditions. This 

[1,3]-sigmatropic rearrangement during the course of a Claisen rearrangement is 

a rare event, and has been witnessed in only very few special cases where the 

normal [3,3]-process is either energetically or sterically unfavorable or both. 
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Moreover, the requirement of Li+ for the system is verified because use of 

a 1.8 M tetrabutylammonium perchlorate solution as solvent has no advantageous 

effect on the rearrangement at all. 

~ 

ctP(~H H2 0Q-l3 a-! (2S:1>cif··.-o 3MLia(v~O 
SO°C,24h _R_T,_1_h _~ ... 

... 900/0yield I"" 
HO"": 850/0yield HO"" . ~ HO •• ' . - . H 
~ H Ho/ 00/ 

~ 1 

Q-l Q-lO 
2 

(d) Conjugate Addition of Silyl Ketene Acetal to (l.6-Unsaturated 

Carbonyl Compounds 

In their attempt to make bruceantin, Grieco et al. found that 1,4-conjugate 

addition of a silyl ketene acetal to an activated enone cannot take place either 

thermally or under conventional Lewis acid catalysis (e.g. titanium tetrachloride or 

a 1:1 mixture of titanium tetrachloride and titanium tetraisopropoxide in methylene 

chloride). However, LiCI04 can promote the conjugate addition of silyl ketene 

acetal to highly functionalized hindered (l,p-unsaturated carbonyl systems. For 
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example, treating a 0.1 M solution of activated enone 1.Q in 1.0 M 1,2-

dimethoxyethane LiCI04 with 1-methoxy-1-(t-butyldimethylsiloxy)-ethylene gives 

exclusively a 1 ,4-addition product in excellent yield: 

10 

==<OTBDMS 

OMe .. 
1.0 M LiC104 in DME 

36 °C.24h 

93% 



(2.4) Syntheses and Reactions of Electrophilic Olefins 

1. Tetracyanoethylene (reNE) as Electrophilic Olefin 
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USing TeNE as electrophilic olefin for spontaneous [2+2]-cycloadditions has 

been extensively studied: Huisgen et al. (6) investigated the spontaneous [2+2]-

cycloadditions between TCNE and vinyl ether and TeNE and vinyl sulfide (see 

below). These reactions occur through zwitterionic tetramethylene intermediates. 

o 0 

---~ N- r--f Q\J --_ .. ~ Y--k~ N CN 
NC CN NC CN 

0= -SA, .QR 

The reactivities of nucleophilic olefins decrease in the order phenyl vinyl 

sulfide, IBVE and p-MeOSt. The reaction between TeNE and phenyl vinyl sulfide 

is found to be faster than that with IBVE. 

Okuyama et al.(41) compared in detail the [2+2]-cycloadditions of TCNE-vinyl 

sulfides with the analogous reactions of reNE-vinyl ethers. 

First, logarithms of the rate constants ~ obtained for substituted phenyl vinyl 

sulfide and ether were plotted against the Hammett constants as shown. The 

reaction constants are -5.52 and -3.08 for sulfide and ether, respectively. This 
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means the efficiency of the sulfide atom in transmitting the electronic effect of 

substituents on to the reaction site is greater than that of the oxygen atom. 

Figure 2. The Hammett plots for the cycloaddition of reNE to vinyl ether and 

vinyl sulfide [From Ref.41] 

Second, the rates of the cycloaddition to sulfides are greater than those for 

the ether homologs. With alkyl derivatives, the difference is only a factor of about 

2, while the aryl sulfides are 300-2,000 times more reactive than the ethers. 

However, opposite relative reactivities are observed in the acid hydrolysis, where 

the ethers are 2 to 3 orders of magnitude more reactive than the sulfides. The 

reactivity toward acid hydrolysis is controlled by the stability of the intermediate 
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carbocation. Therefore, there must be other factors governing the relative 

reactivities of the sulfide and the ether. 

Finally, the "'max of the charge-transfer absorption for the case of sulfide is 

much greater than that for the corresponding ether. The ionization potential 

energies of sulfides are smaller than those of ethers, so the sulfides are more 

favored in the charge transfer interaction with acceptor molecule than the ethers. 

Okuyama et al. conclude from all these results that the sulfides are more 

reactive toward cycloaddition than the ethers due to the larger charge transfer 

interaction with the accepting molecule at the transition state. 

For styrene, the [2+2]-cycloaddition does not take place spontaneously. This 

cycloaddition between TCNE and styrene is reported to occur at high pressure 

giving the Diels-Alder adduct(42): 

high pressure .. 
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2. Dlalkyl1 , 1-Dicyanoethene-2,2-dicarboxylate (ODED) as Electrophillc Olefin 

DDED is synthesized from the reaction between diethyl ketomalonate and 

malononitrile as shown[43J: 

ROOC 

ROOC'>=o CH .-CN 
+ 2'CN 

The spontaneous [2+2]-cycloadditions of electrophilic ODED olefin and 

various nucleophilic olefins were studied by Hall and Sentman. ODED is one of the 

tetrasubstituted electrophilic olefins capable of both [2+2]-cycloaddition to electron-

rich olefins and copolymerizing with electron-rich comonomers. It initially forms a 

charge-transfer complex with the electron-rich olefin, as witnessed by the intense 

color formed, then leads to a tetramethylene intermediate. This tetramethylene can 

collapse to a cyclobutane or initiate copolymerization depending on the reaction 

conditions : 

For the least nucleophilic oletins studied, styrene and p-methylstyrene, 

spontaneous copolymerizations between ODED and nucleophilic oletins take place 

at room temperature under bulk conditions, while [2+2]-cycloadditions occur when 

the mixture is refluxed in acetonitrile. 
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For p-methoxystyrene, [2+2]-cycloadduct and a small amount of 

homopolymer of p-methoxystyrene are obtained under bulk conditions. 

For IBVE, [2+2]-cycloaddition occurs exclusively at room temperature and 

copolymerization takes place only when free radical initiator AIBN is added to the 

mixture. 

D 

Me~C~'" 
Me~C CN 

D 

... Me~C~ 
Me~C CN 

Two reasonable tetramethylene intermediates can be postulated: one with 

two eN groups at the electrophilic end and one with two ester groups at that 

position. The orientation of ODED in the [2+2]-cycloadduct is confirmed to be as 

shown by mass spectroscopy, 13C-NMR spectroscopy and lH-NMR 

spectroscopy. 
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The tetramethylene intermediate with two terminal eN groups is the 

electronically favored intermediate due to the greater stabilization provided by the 

two cyano groups. However, the copolymer is confirmed by 13C-NMR spectroscopy 

to have the opposite orientation of the gem-CN groups. Attack of the bulky styrene 

radical in the chain propagation reaction is more sterically demanding than the 

initial attack in tetramethylene formation. Cons~quently, the polymerization is 

sterically controlled, with attack on the cyano terminals, while the tetramethylene 

formation is governed by electronic and resonance factors. 

N~ ..,..c;o,Me 
.-..-. CHzCH. C=C -
~ / '~Me g NC 

electroric control sterlc cot1rol 

3. Methyl 3,3-dicyanoacrylate (MDA) as Electrophilic Olefin 

MDA is synthesized by the Knoevenagel reaction between poly(methyl 

glyoxylate) and malononitrile in the presence of a catalytic amount of acetic acid: 

-(CH-Ot
I n 

eOOMe 

.",CN 
+ CH

2 
...... CN 

• MeOOQ /CN 
-- H r==<....CN 



57 

Padias and Hall(44) reported that MDA undergoes spontaneous [2+2]-

cycloaddition with p-methoxystyrene. Various products can be obtained depending 

on the solvent used (see below): 

Alternating copolymerization dominated in non-polar solvents, while 

cycloaddition was favored in polar solvents. The modes of cycloaddition depended 

on the polarity of solvent. Double Diels-Alder adducts were obtained in dipolar 

aprotic solvents, while cyclobutanes were favored in protic polar solvents. By using 

methanol as solvent, [2+2]-cycloadducts were the only products observed. 

CN 

MeO Me ~
E 

E NC CN E 

H)=<CN 

E CN APNfR.,oMe 

~----l"''''~ Q NC 
OMe 

E CN 
I I 

-(CH1:-CH~n 

~ CN 

OMe 

P
OMe 

CNO 

NC 
E 
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4. Dlmethyl(Dlbutyl) Dlcyanofumarate (1.2.1.2) as Electrophllic Olefin 

1,2,1,2 is synthesized by the reaction between methyl cyanoacetate and 

thionyl chloride in tetrahydrofuran(45): 

,COOMe 
2 CH2'CN 

s002. Me~CN 
N~COOMe 

1,2,1,2 is one of the electrophilic olefins having at least one ester at the 

olefin end that are reported by Hall et al. [46.47) for the inverse electron-demand 

Diels-Alder reaction with nucleophilic olefins. 1,2,1,2 reacts with IBVE, pMeOSt, 

pMeSt and styrene at 70 • C giving the corresponding 3,4-dihydro-2H-pyran: 

... Me)Q:D 
COOMe 

D = -CBul
, --@-oMe, ~e,--© 
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5. Dimethyl Cyanofumarate as Electrophilic Olefin 

This electron-poor olefin is synthesized by the Knoevenagel reaction 

between poly(methyl glyoxylate) and methyl cyanoacetate: 

-(CH-Q):-
n 

COOMe 

...... CN __ a MeOOC,-----"""CN 

+ CH2"-COOMe H"""----""COOMe 

Since it contains at least one ester at the olefin end, inverse electron-

demand Diels-Alder reaction can take place with electron-rich olefin giving the 

corresponding 3,4-dihydro-2H-pyran (see below). Hall et al.(46.47] found that this 

electron-poor olefin reacted with electron-rich IBVE, pMeOSt olefins giving 

exclusively pyrans. 

MeO(H + rD • MeOy D 

NC NC 
COOMa COOMa 

I o = -OBu, -@-OMO 
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6. Dialkyl 2-Cyanoethylene-1, 1-dicarboxylate as Electrophilic Olefin 

This electron-poor olefin is synthesized by the Wittig reaction between 

cyanoethylenetriphenylphosphorane and diethyl ketomalonate: 

Nca-t -a + PPh 
2 3 --- Nca-t::Ph P 

jQ(= 
NG... .. COCA 
H>=<COOR 

IBVE and pMeOSt nucleophilic olefins are reported by Hall et al.(46.47] to 

undergo inverse electron-demand Diels-Alder reactions with this electrophilic olefin: 

Mey ( 
Meooc~ + 

CN 

o = -OBu'. -©--oMe 

• MeO\!D 

MeOOC 
N 
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7. Trimethyl Ethylenetricarboxylate as Electrophilic Olefin 

This electron-poor olefin is synthesized by the Knoevenagel reaction 

between dimethy malonate and poly(methyl glyoxylate): 

/COOR 
-tyH-O);- + CH " --

COOR 2 COOR 
ROOC.>==<COOR 

H COOR 

Hall et al. (46.47) reported the inverse electron-demand Diels-Alder reaction of 

this electron-poor olefin with IBVE and pMeOSt electron-rich oletins: 

~ MeO)(yD 

MeoocY 
COOMe 

D = -OBti. --(Q}-oMe 
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CHAPTER 3 

RESULTS AND DISCUSSION 

(3.1) General [2+2]-Cycloadditions 

The reactions are listed in order of decreasing electrophiJic character of the 

acceptor olefin. 

1. Tetracyanoethylene (TCNE) as Electrophilic Olefin 

Reaction between TCNE and styrene does not take place under normal 

conditions[42J, but using 5M ethereal LiCI04 as solvent, the [2+2]-cycloaddition of 

TCNE and styrene occurs spontaneously at room temperature through the bright 

yellow charge transfer complex. This charge transfer complex gradually fades and 

the reaction is finished within two days, giving the desired cyclobutane as a solid 

in 67% yield after purification. 

J)) 
NC)==(CN 
NC CN 
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2. Dialkyl1, 1-Dicyanoethene-2,2-dicarboxylate (ODED) as Electrophlllc Olefin 

The electron-rich olefins phenyl vinyl sulfide and t-butyldimethylsilyl vinyl 

ether spontaneously react with ODED yielding the [2+2]-cycloadducts exclusively 

as expected (see below). These cyclobutanes form through the tetramethylene 

intermediates having two terminal eN groups at the electrophilic end, based on our 

previous knowledge of this electrophilic ODED olefin.(43) 

=",0 

~) (a.J 
~ a.J 

o = -SPh. -OSiMe2Bli 

The time required for the reaction corresponds well with the reactivity of the 

nucleophilic olefin: styrene requires the longest time and phenyl vinyl sulfide 

requires the least. 

The cyclobutane from phenyl vinyl sulfide is obtained in 89% yield after 

purification by column chromatography. The cyclobutane from t-butyldimethylsilyl 

vinyl ether is obtained in 85% yield, but it is so sensitive that no purification can 

be done without decomposition of the cyclobutane to unidentified products. 
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3. Methyl 3,3-dicyanoacrylate (MDA) as Electrophilic Olefin 

With the three most nucleophilic olefins studied, phenyl vinyl sulfide, IBVE 

and t-butyldimethylsilyl vinyl ether, the [2+2]-cycloadditions occur through the 

zwitterionic intermediates having the gem-dicyano groups at the electrophilic end: 

. t 
D = -SPh, -OBul , -OSiMe2Bu 

Again the time required for the reaction corresponds well with the reactivity 

of the nucleophilic olefin: the stronger the nucleophilic olefin used, the less time 

is required for reaction. For phenyl vinyl sulfide and IBVE, the indication of 

completion is the disappearance of the charge transfer complex. Since for t-

butyldimethylsilyl vinyl ether no charge transfer is observed, the reaction is 

followed by 1H NMR spectroscopy. 

Since two isomers of cyclobutane are obtained, the products are oily and 

the purification has to be done carefully. For phenyl vinyl sulfide, two isomeric 

cyclobutanes, cis- and trans-, are obtained in 80% yield. The ratio of cis-:trans-

isomer is 86: 14, based on the integration of 1 H NMR spectra. These cis- and trans

isomers are assigned by comparison of their 1H NMR spectra with the 1H NMR 
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spectra of known [2+2]-cycloadducts of pMeOSt and MDA, reported by Padias and 

Hall [441. A characteristic of the lH NMR spectra of the cis-cyclobutanes is that the 

protons at C3 and C1 give peaks with similar splitting patterns, usually doublets of 

doublets with coupling constants in the range 10-11 Hz and 8-9 Hz. This is 

because they have similar relationships to the two vicinal protons at C2.ln addition, 

the chemical shift of protons at C1 can be used to distinguish the cis- and trans-

isomers. The peaks for the proton at C1 of the trans-isomer are further downfield 

than those of the cis-isomer. Thus the chemical shift and splitting pattern of the 

peaks of proton at C1 in the lH NMR spectra were used for the identification of cis-

and trans-isomers of all cyclobutanes in this study. 

HAD 
A H 

cis-isomer 

0: donor substituent 
A : acceptor substituent 
a: axial 
e : equatorial 

trans-isomer 
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In this case, the cis-cyclobutane is obviously identified by the peaks of the 

proton on C1 at chemical shift 4.25-4.19 ppm, while those of the trans-isomer are 

further downfield at 4.47-4.38 ppm. These cis- and trans-isomers can be separated 

by column chromatography. The cis-isomer is obtained as solid, while the trans

isomer is an oil. 

For IBVE, the crude cyclobutane oils can be purified by quickly passing 

through a silica gel column using pentane/ethyl acetate eluent containing 1 % 

triethylamine, giving product in 75% yield. This 1 % triethylamine is found to be 

crucial since it decreases the acidity of silica gel, allowing the cyclobutane to be 

purified without decomposition. By comparison of their 1 H NMR spectra with those 

of known cyclobutanes, the ratio of trans-:cis-isomers is 60:40. The peaks for the 

proton on C1 of the trans-isomer are at chemical shift 4.66-4.60 ppm, while those 

of cis-isomer are at 4.37-4.30 ppm. 

The crude cyclobutanes derived from t-butyldimethylsilyl vinyl ether are less 

stable and obtained in 78% yield with the ratio of cis-:trans-isomer equal to 67:33. 

They are so sensitive that no further purification could be done without 

decomposition of the cyclobutanes. 

For the less nucleophilic olefin p-methylstyrene, spontaneous [2+2]

cycloaddition does not take place. However, using 5M ethereal UCIO. as solvent 

was found to facilitate this [2+2]-cycloaddition. A bright yellow charge-transfer 

complex was observed. Alternating copolymerization accompanies this [2+2]-
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cycloaddition. We tried to inhibit the alternating copolymerization by addition of free 

radical inhibitor and by using dilute conditions. However, a trace amount of 

copolymer is still obtained. Therefore, after the reaction is finished the copolymer 

is separated by precipitating from ether. The cycJobutanes, which are in the filtrate, 

are concentrated and crystallized at -50 ·C. The ratio of cis-:trans-isomer, based 

on the integration of lH NMR spectra, is equal to 85:15. The cis-isomer crystallizes 

at -50 'C, while the trans-isomer is still an oil. 

===""~ 
~-CN 

MeOOC eN 

0= -<Q)--Me 

When the least nucleophilic olefin styrene is used, the reaction in 5M 

ethereal LiCI04 solvent also occurs through a bright yellow charge transfer 

complex but the copolymerization totally dominates the [2+2]-cycloaddition. 

Surprisingly, free radical inhibitor and dilute conditions do not stop the 

copolymerization process. After precipitation of the polymer from acidic methanol, 

a trace of [2+2]-cycloadduct is observed in the filtrate. 
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4. Dialkyl Dicyanofumarate as Electrophilic Olefin 

When phenyl vinyl sulfide is used as the nucleophilic olefin, spontaneous 

cycloaddition occurs at room temperature (see below). By 1H NMR spectroscopy, 

the major product is identified as the 3,4-dihydro-2H-pyran derivative from the 

inverse electron-demand Diels-Alder reaction and the minor product is the desired 

[2+2]-cycloadduct. The peaks at chemical shift 5-6 ppm are diagnostic for the 

pyran and due to the proton adjacent to phenyl sulfide and acetal groups. The 

cyclobutane is recognized by the peaks of the proton adjacent to phenyl sulfide at 

4-5 ppm. The pyran is obtained in 83% yield and the cyclobutane in 17% yield, as 

determined by integration of the NMR spectrum. The presence of pyran product 

can be confirmed by the absorption peak for the carbon-carbon double bond at 

1640-1680 cm-1 in the IR spectra. 

Me0yP (SPh __ .. 
NC~CN 

COOMe 

Me~~Ph SPh 

NCAy(~~ + NC"J==('COOMe 
CN COOMe MeOOC CN 

When 1 molar equivalent zinc chloride in 1,2-dichloroethane is used, the 

[2+2]-cycloaddition occurs at room temperature giving cyclobutane as the only 

product (see below). Again two isomeric cyclobutanes are obtained which can be 
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separated by column chromatography, giving the cyclobutanes in 62% yield in the 

ratio 25:75. 

~ ==:l 
Mec:x::>c....~CN 

NC~OOOMe 

An effort to promote the [2+2]-cycloaddition using 5M ethereal LiCI04 did not 

succeed due to the poor solubility of the electrophilic ODED in this medium. 

Since dimethyl dicyanofumarate has very poor solubility in many organic 

solvents, the dibutyl analog which is more soluble was used instead. Dibutyl 

dicyanofumarate was made by the same method as the dimethyl analog: 

Using the optimum conditions for phenyl vinyl sulfide, namely 1 molar 

equivalent of zinc chloride in 1,2-dichloroethane, for IBVE and pMeOSt as electron-

rich olefins results in cationic homopolymer of electron-rich olefins IBVE or 

pMeOSt as the only product (see below). This result is reasonable since pMeOSt 

and IBVE easily undergo cationic homopolymerization in the presence of acid. 
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Attempts were made to inhibit these cationic homopolymerizations by the addition 

of base to the system. Diisopropylethylamine was the first base selected since the 

results from appendix A (zinc chloride as Lewis acid for alternating 

copolymerization), which will be discussed later, show that it is the most suitable 

base for inhibiting cationic homopolymerizations of IBVE and pMeOSt monomers 

in the presence of zinc chloride as Lewis acid. However, when base was added 

to the solution of the electron-poor olefin and zinc chloride, a bright orange solution 

developed immediately which darkened with longer reaction time. This seems to 

be the charge-transfer reaction between base and electron-poor olefin. Many other 

bases, e.g. 2,6-lutidine, were tried but the side reaction still occured. 

D=-OBJ, 

Zr02o""""a 
r------... .-ryrn 

D 

ZnCI20 """,,0 
L----:-------l~ dark solution 

NP~2Et 

-@-0Me 

Finally, 2,5-dimethyltetrahydrofuran, which is slightly basic, was tried as 

solvent (see below). Its basicity was expected to inhibit the cationic 

homopolymerization of the electron-rich olefin. For pMeOSt as the electron-rich 
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olefin, the cyclobutane was obtained with one molar equivalent of zinc chloride as 

Lewis acid in 2,5-dimethyltetrahydrofuran solvent at room temperature, in 75% 

yield: 

=:/0 

BUnoc:c~~_. _ Zna2, 

NC' 'COOBtI1 ~ 
.. ,---(0 
BUnooc~CN 

NC- :coosun 

0= -(Q)-oMe 

When IBVE and t-butyldimethylsilyl vinyl ether were tried under these 

optimum conditions, unidentified products were always obtained. These may be 

due to the instability of the cyclobutanes, which undergo further reactions under 

the reaction conditions. 

When p-methylstyrene is used as nucleophilic olefin, copolymerization is 

always obtained exclusively even in the presence of free radical inhibitor. 

5. Dimethyl Cyanofumarate as Electrophilic Olefin 

When phenyl vinyl sulfide is used as nucleophilic olefin, spontaneous 

cycloaddition takes place giving mainly the [4+2]-cycloadduct and a small amount 

of cyclobutane (see below). This was confirmed by following the reaction by 1H 

NMR spectroscopy. Three methods were tried for obtaining cyclobutane as the 

only product: 
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(1) Using 1 molar equivalent zinc chloride in benzene 

(2) Using 5M ethereal UCIO. as solvent 

(3) Refluxing the olefin pair and a trace of free radical inhibitor, 3-tert-butyl-

4-hydroxy-5-methylphenyl sulfide, in acetonitrile for at least two days 

All three methods were successful, so this [2+2]-cycloaddition reaction can 

be promoted by both thermal and Lewis acid conditions. The cyclobutanes from 

both thermal and Lewis acid promoted reactions are obtained in comparable 

yields, in the range of 70-80%. Two isomers are obtained with the ratio of cis-

:trans-isomer about 80:20 for the Lewis acid promoted reaction and about 43:57 

for the thermal [2+2]-cycloaddition. These two isomers can be separated by 

column chromatography. Again, the cis-isomer is a solid, while the trans-isomer 

is an oil. 

~ 
===' 

COOMe 

Merot==<CN or2.5MUa0
4 

or3. trace free rad. 
imbitor, CH

3
CN, 

~~2days 
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When IBVE and pMeOSt are used as nucleophilic olefins, high temperature, 

refluxing in acetonitrile, does not work well. Using 5M ethereal UCIO. as solvent 

or using 1 molar equivalent of zinc chloride affords the homopolymers of IBVE and 

pMeOSt instead. Attempts to use base, e.g. diisopropylethylamine or 2,6-lutidine, 

to inhibit cationic homopolymerization did not succeed due to complicated 

reactions between dimethyl cyanofumarate and the base. However, when 1 molar 

zinc chloride in 2,5-dimethyltetrahydrofuran is used, the [2+2]-cycloadduct is 

obtained: 

D=-a3J, ~ 

The cyclobutane obtained from p-methoxystyrene was worked up by the 

normal water procedure, washing zinc chloride out with a slightly acidic aqueous 

solution, and the product was then purified by washing with cyclohexane and then 

crystallizing at -50 ·c, giving 72% yield of cis- and trans-cyclobutanes in the ratio 

50:50. 

In the case of IBVE as electron-rich olefin, the cyclobutane was found along 

with the ring-opened aldehyde product, 4-cyano-3,4-di(carbomethoxy)butanal 
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(Scheme 5). This ring-opened product is believed to be formed through acid 

hydrolysis of the isobutyl ether group. 

Scheme 5. The [2+2]-cycloaddition between vinyl ether and dimethyl 

cyanofumarate 

11 

o 
---.~ i<H 

E~CN 
H E 

This type of aldehyde product was already reported by Brannock et a1. (9
) 

(scheme 6). Their [2+2]-cycloaddition of an enamine and vinyl sulfone led to a 

cyclobutane, which upon quaternization with methyl p-toluenesulfonate and 

treatment with base gave the aldehyde, presumably via compound 11. 
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Scheme 6. The [2+2]-cycloaddition between enamine and vinyl sulfone 

This ring-opening process, which presumably occurs during the aqueous 

work-up procedure, can be avoided by removing the zinc chloride with anhydrous 

tetramethylammonium chloride. The crude cyclobutanes containing the isobutoxy 

group are obtained in 72% yield with the ratio of cis-:trans-isomer equal to 58:42, 

as determined by the integration of 1H NMR spectra. Still, no purification could be 

performed without decomposition of the cyclobutanes. 

When t-butyldimethysilyl vinyl ether is used as the electron-rich olefin under 

the optimum conditions, 1 molar zinc chloride in 2,5-dimethyltetrahydrofuran at 

room temperature, a small amount of [2+2]-cycloadduct is obtained along with the 

ring-opened aldehyde as the major product. This result is expected, since the silyl 

ether group is more easily hydrolyzed than the ether group. 
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6. Diethyl 2-Cyanoethylene-1, 1-dicarboxylate as Electrophilic Olefin 

When phenyl vinyl sulfide is used as a nucleophilic olefin, spontaneous 

inverse electron-demand Diels-Alder reaction occurs exclusively at room 

temperature as determined by 1H NMR spectroscopy: there are only the peaks 

diagnostic of the thioacetal proton at B 5-6, and no peaks typical of the proton on 

the cyclobutane ring at B 4-5. 

However, doing the reaction in the presence of 1 molar zinc chloride or 

using 5M ethereal LiCI04 affords the cyclobutane exclusively in 70-85% yield, with 

the ratio between cis- and trans-isomers about 80:20. These two isomers can be 

separated by column chromatography, giving an oily trans-cyclobutane and a solid 

cis-cyclobutane. 

1.5Mua04 

or2. ZrO! bel12ene 

When IBVE and pMeOSt are used as nucleophilic olefins, the [2+2]-

cycloaddition again succeeds using 1 molar zinc chloride in 2,5-

dimethyltetrahydrofuran as solvent. For p-methoxystyrene, the two isomeric 

cyclobutanes are obtained in 82% yield. The ratio of cis-:trans-isomers is 80:20. 

Crystallization in ether at -50 • C affords the solid cis-cyclobutane and the oily 

trans-cyclobutane. 
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For IBVE, a small amount of the ring-opening aldehyde product is obtained 

along with the cycloadduct. Again this ring-opening process can be avoided by 

work-up of the reaction mixture with anhydrous tetramethylammonium chloride. 

7. Trlmethyl Ethylenetricarboxylate as Electrophilic Olefin 

By following the reaction with 1H NMR spectroscopy, we observe that 

spontaneous [4+2]-cycloaddition occurs exclusively when the nucleophilic phenyl 

vinyl sulfide is used, as expected. The [2+2]-cycloaddition takes place exclusively 

when 1 molar zinc chloride is used or if the reaction is carried out in 5M ethereal 

UCIO. solvent. 

~S-Ph S-Ph 
1 eg.ZnCI?,benzene rl'" 

~eOOMe -or~SM~U~a=04~Et29~~-'~ ~eOOMe 
MeOOe eOOMe MeOOC COOMe 

After the reaction is finished, two isomeric cyclobutanes are obtained in the 

cis-:trans-isomer ratio 38:62 for zinc chloride as Lewis acid and 57:43 for lithium 

perchlorate solvent, as determined by integration of 1H NMR spectra. The 

configuration of these cis- and trans-isomers is assigned by comparing their 1H 

NMR spectra with the 1H NMR spectra of a known compound, the [2+2]

cycloadduct between pMeOSt and MDA. The triplets for the proton on C1 at B 
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4.28-4.20, and for the proton on Ca at 0 3.48-3.39 are diagnostic for the cis-isomer. 

The triplet for the proton on C1 at 0 4.80-4.72, which is further downfield than the 

ones for the cis-isomer, is diagnostic for the trans-cyclobutane. These two isomers 

can be separated by column chromatography, giving cyclobutanes in 72% yield. 

The cis-cyclobutane is again obtained as solid, whereas the trans-cyclobutane is 

an oil. 
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(3.2) Lewis Acid Study 

The standard [2+2]-cycloaddition used to study the effect of different Lewis 

acids was the reaction between phenyl vinyl sulfide and trim ethyl 

ethylenetricarboxylate. This [2+2]-cycloaddition reaction does not take place 

spontaneously and Lewis acid can promote this reaction under mild conditions, at 

room temperature. As seen in section 3.1, two isomeric [2+2]-cycloadducts, an oily 

trans-cyclobutane and a solid cis-cyclobutane, can be separated by column 

chromatography. The 1 H NMR spectrum of each cycloadduct isomer is already well 

established. A triplet at 0 4.28-4.20 is diagnostic for the proton on C1 of the cis

isomer, while a triplet further downfield at 0 4.80-4.72 is due to the proton on C1 

of the trans-isomer. This [2+2]-cycloaddition in the presence of various Lewis acids 

was followed by 1H NMR spectroscopy and the products were compared with 

known compounds from section 3.1. 

Of the alkylaluminum halide Lewis acids, only Et2AICI led to the desired 

[2+2]-cycloaddition. The stronger Lewis acids EtAICI2 and Et1.sAICI1.s gave 

unidentified products. This may be due to the instability of the cyclobutanes in the 

presence of strong Lewis acids. 

Of the boron halide Lewis acids, the weaker Lewis acid BF3 in ether affords 

the [2+2]-cycloadduct while the stronger one, BCI3, yields unidentified products. 

Again, the cyclobutane may be unstable in the presence of a strong Lewis acid. 
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Therefore, the reaction with BCI3 was tried at lower temperature, but still an 

unidentified product mixture was observed by 1H NMR spectroscopy. 

Of the zinc halide Lewis acids, the [2+2]-cycloadduct was obtained 

exclusively using zinc chloride. The two isomeric [2+2]-cycloadducts, the cis- and 

trans-, were obtained in the ratio 38:62, respectively. Using zinc bromide as Lewis 

acid afforded the [2+2]-cycloadducts along with the 2: 1 cycloadduct, trim ethyl 4,6-

di(phenylthio)-1,1,2-cyclohexanetricarboxylate. This 2:1 cycloadduct was identified 

by comparison of its 1H NMR spectra with those of the 2:1 cycloadduct between 

nucleophilic N-vinylcarbazole and electrophilic ODED, which was reported by Hall 

et al. and will be discussed later. The most downfield peaks, a doublet of doublets 

at 04.48-4.57, are diagnostic for the proton adjacent to phenyl sulfide on Ce. Also, 

integration of the phenyl groups at S 7.53-7.42 and the carbomethoxy group at S 

3.77-3.62 shows that the cycloadduct contains two molecules of phenyl vinyl 

sulfide and one molecule of trim ethyl ethylenetricarboxylate. Surprisingly, this 2: 1 

cycloadduct was not stable enough for chromatography, and no purification could 

be done without decomposition. Following the reaction by 1H NMR spectroscopy 

(Figure 3), we can observe that the [2+2]-cycloaddition first affords cis-cyclobutane 

almost exclusively. When the reaction is finished, the cis-cyclobutane, trans

cyclobutane and 2: 1 cycloadduct are observed. Using zinc iodide as Lewis acid 

and following reaction with 1H NMR spectroscopy, the 2:1 cycloadduct is found to 

be the only product when the reaction is completed. 
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Figure 3. 1H NMR spectra of products from the reaction between phenyl vinyl 

sulfide and trim ethyl ethylenetricarboxylate in the presence of ZnCI2• ZnBr2 and 

Znl2 Lewis acids. 
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These results can be explained as shown in Scheme 7. The [2+2]-

cycloaddition occurs through the zwitterionic tetramethylene intermediate which is 

in equilibrium between gauche- and trans-conformers. Ring-closure of the gauche-

zwitterion gives cis- and trans-cyclobutanes. Trapping of the trans-zwitterion with 

electron-rich olefin affords 2: 1 cycloadduct. Reaction was carried out in non-polar 

solvent benzene, therefore the gauche-conformer is favored. The cyclobutane is 

the product favored kinetically, but not thermodynamically due to ring strain and 

substituent effects. The cyclobutanes can revert back to the gauche-zwitterion, 

which can undergo (1) ring-closure back to cyclobutanes, or (2) equilibration to 

trans-zwitterion and addition of another electron-rich olefin giving the 2:1 

cycloadduct. 

Scheme 7. The reaction between phenyl vinyl sulfide and trim ethyl 

ethylenetricarboxylate in the presence of zinc halide. 
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With zinc chloride, reactions (1) and (2) occur through the favored gauche-

zwitterion, giving the equilibrium mixture of cis- and trans-cyclobutanes. For zinc 

bromide as Lewis acid, first the gauche-zwitterion undergoes ring-closure, giving 

cis-cyclobutane as the kinetic product. Then this cis-cyclobutane reverts to the 

gauche-zwitterionic which is in equilibrium with trans-zwitterion. The equilibrium is 

shifted more toward the trans-conformer due to the more stabilization from stronger 

lewis acid zinc bromide, and reaction (3) can take place. Therefore, a mixture of 

cis- and trans-cyclobutanes and 2: 1 cycloadduct is observed. For zinc iodide, the 

equilibrium is even more shifted toward trans-zwitterion. Subsequently addition of 

another vinyl sulfide molecule gives the most thermodynamically favored product, 

the 2: 1 cycloadduct, exclusively. 

These results using zinc halides as Lewis acids lead to the conclusion that 

when the less acidic Lewis acids are used, the gauche-zwitterionic tetramethylene 

intermediate will be favored compared with the trans-zwitterion. This gauche

zwitterion undergoes ring-closure easily due to coulombic interaction between 

nucleophilic and electrophilic ends, giving cyclobutanes. However, when strong 

Lewis acids are used, the zwitterion is more stable and equilibrium between the 

gauche- and trans-zwitterions will shift toward the trans-zwitterion. Subsequently, 

another molecule of electron-rich olefin adds to this trans-zwitterion, giving the 2:1 

cyc!oadduct. 
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A 2: 1 cycloaddition between electron-rich and electron-poor olefins had 

already been reported by Hall et al. for the reaction between N-vinylcarbazole and 

dimethyl 1,1-dicyanoethene-2,2-dicarboxylate(B): 

2 ===:J"NCZ 

E, ,CN 
NC E 

E =-COOMe 

N:Y'YNCZ 
NCY 

NCZ 

Also, MacElvain and Cohen reported the 2: 1 reaction between ketene acetal 

and maleic anhydride(4B): 

OEt 
2 :=::J(OEt 

a=C)=o 
o 

As already discussed in the first part, using 5M ethereal LiCI04 as solvent 

also facilitates the [2+2]-cycloaddition of phenyl vinyl sulfide and trim ethyl 

ethylenetricarboxylate. 
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(3.3) Derivatization of Cyclobutanes 

Cyclobutanes are important partly because they can be converted to a 

variety of derivatives. Derivatization of the cyclobutanes obtained by [2+2]

cycloadditions as described above was studied. [2+2]-Cycloadducts between vinyl 

sulfides and multicyano electron-poor olefins have acidic protons at C3 and the 

potential for good leaving groups at C1 were used. Vinyl sulfide was selected as 

the nucleophilic partner because it has high reactivity toward the electrophilic 

olefins, as mentioned in sections 3.1 and 3.2, and the sulfide group can be 

converted easily to a variety of good leaving groups, by oxidation to sulfoxide or 

sulfone or by methylation to sulfonium salt. Trisubstituted olefins containing 

multicyano functional groups are selected as electrophilic partners since they are 

highly reactive toward [2+2]-cycloaddition and their electron-withdrawing abilities 

make the proton on C3 acidic. Upon treating a cyclobutane having an acidic proton 

on C3 and a good leaving group on C1 with base, a 1,3-elimination reaction is 

expected to take place giving a bicyclobutane (Scheme 8). 



Scheme 8. Synthesis route for bicyclobutanes 
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The 1,3-elim ination worked well when chloride(49) or quaternary amine(50) was 

the leaving group. The electron-rich olefin used was vinyl dialkylamine, and the 

dimethylamino group was methylated to give a quaternary ammonium salt (see 

below). The final step was the 1,3-elimination by base, giving a bicyclobutane. 

l~f 
on

NaH(2O%yie~~ 
~ 

This study started with the cyclobutane derived from IBVS as the electron-

rich olefin and TCNE as the electron-poor olefin (see below). The [2+2]-

cycloaddition occured spontaneously at room temperature showing a violet charge 

transfer intermediate which disappears in less than 5 minutes. The cyclobutane 

was obtained in 70% yield after recrystallization from cyclohexane/1,2-

dichloromethane. 
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p;Ssui 

N CN 
N CN 

The next step was to modify the isobutyl sulfide group to the sulfoxide, 

sulfone or sulfonium salt to provide a better leaving group. Treating the resulting 

cyclobutane with base or pyrolysis would hopefully give the cyclobutene containing 

multicyano groups. 

The cyclobutane sulfide was easily oxidized by 1 molar equivalent m-

chloroperbenzoic acid (mCPBA) at 0 ·C in dichloromethane to the solid 

cyclobutane sulfoxide in 80% yield (see below). Moreover, oxidizing with 2 molar 

equivalents of mCPBA at 0 • C yielded solid cyclobutane sulfone in 78% yield. 

These results show that a sulfide is easily oxidized even in the presence of many 

electron-withdrawing CN groups. 

Efforts to methylate this cyclobutane sulfide to the sulfonium salt did not 

succeed. Various methylating agents were used: trimethyloxonium tetrafluoroborate 

(Me30+BF 4-)' methyl trifluoromethanesulfonate (MeOTf), methyl p-toluenesulfonate 

(MeOTs) and methyl iodide (Mel) (in order of decreasing methylating reactivity). 

The methylation reaction was first attempted with a weak methylating agent and 
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stronger conditions such as refluxing applied, if needed. It was found that the 

methylation reaction did not take place even with the strongest methylating agent, 

MeaO+BF 4·' under vigorous conditions. This methylation did not take place because 

the cyclobutane sulfide contains many electron-withdrawing CN groups, resulting 

in a rather non-nucleophilic sulfide. 

rf
SBtJ 

N~CN 
NC CN 

o 
II . 

1 eq. I'1'lCPBA AS: 
MeOOC CN 

2eq. mCPBA rl~ 
L--------Me~CNCN 

Attempts to perform 1 ,2-elimination by base or pyrolysis to the cyclobutene 

did not succeed. Upon refluxing the cyclobutane sulfoxide with dioxane for 0.5 h 

gave an unidentified black mixture. For the sulfone route, we tried to react the 

cyclobutane sulfone with many bases such as MeONa/tBuOH, KOtBu/BuOH, 

KOtBu/OMSO, NEtJCH3CN, DBN/CHaCN and OBU/CHaCN, but in every case an 

unidentified black solution was obtained. The stronger the base used, the faster 

the black solution developed. Black unidentified products are usually observed 

upon treating multicyano compounds with base or heating them. 
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Cyclobutanes containing fewer CN groups were then tried. Methyl 3,3-

dicyanoacrylate (MDA) was used as the electrophilic olefin and again IBVS as the 

nucleophilic olefin. The [2+2]-cycloaddition took place spontaneously at room 

temperature. A bright yellow charge-transfer intermediate was observed during the 

reaction, which then disappeared. Two isomeric oily cyclobutanes were obtained 

in 82% yield, with the ratio of cis-isomer : trans-isomer is 60:40: 

~-aui 

~CN 
MaDOC CN 

s-aui 

ACN (40:60) 
MaDOC CN 

This sulfide was oxidized to the sulfone with 2 molar equivalents of mCPBA 

at O·C in 70% yield (see below). Surprisingly, the reaction temperature had to be 

kept below 5 • C or the oxidation did not take place. 
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The final step was to be synthesis of the bicyclobutane via 1,3-elimination 

by treating the cyclobutane sulfone with base. However, efforts to make this 

bicyclobutane failed even though many bases and conditions were tried. 

Unidentified black products were always obtained. Possible reasons for this failure 

are: first, there were two acidic protons in the cyclobutane sulfone, the proton on 

C1 and the proton on C3• Therefore the unwanted proton can be attacked by base 

leading to side reactions. Second, the isobutylsulfone functional group may be not 

provide a good enough leaving group to force the 1,3 elimination to the strained 

bicyclobutane to occur. Third, the cyclobutane may contain too many cyano groups 

and give black unidentified products upon treating with base, perhaps through an 

anionic oligomerization of CN groups. 

In an effort to solve the first problem, namely that there are two possible 

acidic protons in the cyclobutane sulfone, dimethyl 2,2-dicyanoethylene-1, 1-

dicarboxylate (DDED) was used as the electron-poor olefin instead of MDA 

(Scheme 9). The [2+2]-cycloaddition between DDED and IBVS occured 

spontaneously through a bright yellow charge transfer complex. When the reaction 

was finished, the crude oily cyclobutane, obtained in 90% yield, was oxidized by 

2 equivalents of mCPBA at 0 • C in dichloromethane, giving the solid cyclobutane 

sulfone in 72% yield after purification. Further derivatization of this cyclobutane 

containing gem-diesters was done by careful saponification of this cyclobutane with 
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1 equivalent of sodium hydroxide in absolute ethanol. The corresponding 

cyclobutane carboxylate was obtained in 87% yield. 

Scheme 9. Derivatization of the [2+2]-cycloadduct between phenyl vinyl sulfide 

and dimethyl 2,2-dicyanoethylene-1 ,1-dicarboxylate 

~-Bui S-Bui 

MeOOC)===<CN --.... MeoocgCN 
MeOOC CN MeOOC CN 

2eq.mCPBA .. 

~02-BUi SOzBui 

MeOOc1-\-cN leq.NaOH.EIOIi Na+-oocAcN 
MeOOC CN MeOOC CN 

The final step was to be pyrolysis of this sodium cyclobutanecarboxylate, 

with the loss of CO2 gas followed by loss of the leaving group, giving the 

bicyclobutane. However, the bicyclobutane was never obtained even though the 

cyclobutane salt was heated by Kugelrohr apparatus up to 120 'C at 0.5 mm Hg, 

where the cyclobutane salt decomposed. The expected evolvtion of carbon dioxide 

was not detected. It is not known why this thermal reaction did not work. 
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In an attempt to solve the second problem, that the isobutyl sulfide group 

may not be a good enough leaving group for the 1,3-elimination, phenyl sulfide 

was used as the starting electron-rich functional group. Phenyl sulfoxide and 

phenyl sulfone are known to provide better leaving groups than the corresponding 

isobutyl sulfoxide or sulfone. 

Commercial phenyl vinyl sulfide (PVS) was used as electron-rich olefin and 

[2+2]-cycloaddition with electron-poor MDA took place spontaneously at room 

temperature, as mentioned in section 3.1. 

The next step was the modification of phenyl sulfide to provide a leaving 

group. The phenyl sulfide group was oxidized to sulfoxide with 1 equivalent of 

mCPBA at 0 ·C, giving solid cyclobutane sulfoxide in 78% yield (see below). It was 

also oxidized to solid cyclobutane sulfone with 2 equivalents of mCPBA at O·C in 

70% yield. Methylation to a sulfonium salt did not occur with the weak methylating 

agents Mel and MeOTs even under reflux, but methylation did take place with 

MeOTf at room temperature. The reaction was followed by 1H NMR spectroscopy 

by the decrease in the peak of the proton adjacent to sulfide at 0 4-5 and the 

increase in the peak of the proton adjacent to the sulfonium salt at 0 5-6. The 

reaction took 2 months since the cyclobutane sulfide contains many electron

withdrawing substituents. Cyclobutane sulfonium salt was obtained as a dark oil 

which resisted all attempts at purification. 



94 

~ 
1 eq.rnCPBA ;=C: @O°C 

8-Ph MeOOC CN 

ACN 
MeOOC CN 

A~ 2eq.mCPBA 

@O°C Me CNCN 

¥e "OTt 

MeOTf ~Ph 
Me GJCN 

The final step for the cyclobutane sulfoxide was pyrolysis to the 

corresponding cyclobutene. This cyclobutane sulfoxide was pyrolyzed at 300 ·C 

under nitrogen and the product was kept at -78 ·C. The products could not be 

identified by 1H NMR spectroscopy. GC-MS spectra showed a lot of unidentified 

side products along with less than 2% of this desired cyclobutene. Due to the very 

small amount and the instability of this cyclobutene, attempts were made to trap 

this cyclobutane through the Diels-Alder reaction, assuming this cyclobutene 

containing electron withdrawing groups is a dienophile. The dienes used were 

furan, cyclopentadiene, anthracene, and 1,3-diphenylisobenzofuran. However, 

efforts to trap this sensitive cyclobutene did not succeed and the trapping agents 

were always recovered. This cyclobutene is not known to undergo Diels-Alder 
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reactions, and may not be a good enough dienophile to allow Diels-Alder reactions 

to occur. 
o 
II 

riS-Ph 

Meooe~CN eN 

300
0
e Q 

~ MeOOe CN 

2. trapping agent 

eN 
<2%yield 

OcCMe 
t 

For cyclobutane sulfone, the further reactions suffer from its poor solubility. 

The only common solvent that can be used is monoglyme. Moreover, the solubility 

in this solvent is still low. 1,3-Elimination by base, leading to bicyclobutane, was 

tried. The first base tried was sodium hydride. The cyclobutane sulfone in 

monoglyme was slowly treated with sodium hydride under dry nitrogen. No gas 

evolved even though the reaction was forced by adding 1 ,2-dibromoethane and 

refluxing, and using the even more reactive potassium hydride. This indicates that 

there was no reaction taking place at all. The difficulty for this reaction was 

certainly the solubility. After this, many bases were tried in order to accomplish the 

1,3-elimination step such as DBN, DBU, triethylamine and DABCO. However, none 
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of these bases was effective. Black unidentified products were always obtained. 

The reason may be that there are two acidic protons in this cyclobutane sulfone. 

We tried to trap the anion intermediate in order to tell whether the proton on C1 or 

Ca is the more acidic. The reagent used to prepare and trap this intermediate was 

lithium diisopropylamine (LDA)/methyl iodide (Mel). However, the trapped 

intermediate was never recovered and black unidentified compounds were always 

found. This shows that the anion is too reactive. 

For the cyclobutane sulfonium salts, two types of bases were tried for 1,3-

elimination: (1) sodium hydride and (2) amine bases such as DABCO, OBU, OBN, 

triethylamine. 

First, treating the cyclobutane sulfonium salt with sodium hydride under dry 

argon gave a rapid reaction, indicated by the evolvation of hydrogen gas. The 

brown oily product was examined by 1H NMR and GC-MS spectroscopy. From 1H 

NMR spectra, there are too many peaks and only small amounts of thioanisole are 

found. No bicyclobutane was observed. GC-MS spectra showed less than 2% of 

the desired bicyclobutane. Two reactions can occur (see below): (1) sodium 

hydride attacks the acidic proton at C1 or methyl group, giving the stable sulfonium 

ylide, or (2) the base attacks the acidic proton at Ca, yielding the strained 

bicyclobutane. The bicyclobutane is very reactive and probably polymerizes easily. 
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A very small amount of bicyclobutane was obtained. Efforts were made to 

trap more as follows. 

Bicyclobutane is known to react with nucleophiles such as bromide and 

butanethiol. These nucleophiles trap the bicyclobutane through nucleophilic ring

opening of the central bond(50): 

HP
SBU 

BuSH ... 
NC 

Also, attempts to trap this bicyclobutane through the Diels-Alder reaction 

were tried (see below). The bond at the bridge position is considered as the 

dienophile. The electron-rich dienes tried were furan, cyclopentadiene, anthracene 
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and 1,3-diphenylisobenzofuran. Unfortunately, all attempts to trap the 

bicyclobutane by both nucleophilic ring-opening and Diels-Alder reactions failed 

and the trapping agents were always recovered. 

Me 

4
~-Ph-OTf 

, + 1. NaH,THF 
-----'~ ....... 

3 eN 2. Diene 
MeOOe CN 

The second type of base used was an amine, e.g. DABCO, DBN, DBU and 

triethylamine. The trans-methylation reaction from sulfonium salt to amine took 

place spontaneously at room temperature and was finished within 1 day (see 

below). The reaction was followed easily by 1H NMR spectroscopy. When DABCO 

was used as the amine base, the decrease in intensity of the signal due to the 

proton adjacent to the sulfonium salt, and the increase in intensity of the signal due 

to the proton adjacent to the sulfide group was observed. In addition, the singlet 

for the methylene protons on DABCO became a complex multiplet. 
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This type of trans-methylation is already known for biological systems. For 

example, pinephrine is formed by methylation of norepinephrine (see below). In 

this case, S-adenosylmethionine (SAM) acts as a biological methyl-transfer agent. 

Norepinephrine attacks the methyl carbon of SAM, breaking the carbon-sulfur 

bond. 

HO H 

H~CH2~0i3 + < 
OH H 

Norepinephri"le SAM ! -H' 

Epnephrine 
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Efforts to make this bicyclobutane still did not succeed. One reasonable 

explanation is the complicated properties of multicyano compounds upon treating 

with base. Therefore syntheses of cyclobutanes containing even fewer cyano 

groups were tried. 

Dimethyl cyanofumarate was selected as the electron-poor olefin and phenyl 

vinyl sulfide as the electron-rich olefin. As already mentioned in section 3.1, the 

[2+2]-cycloaddition of this olefin pair is promoted by heat or Lewis acid. Since 

earlier studies showed that the sulfonium salt has the highest potential for 

bicyclobutane synthesis, the sulfide was methylated with methyl 

trifluoromethanesulfonate (MeOTf) for about 1 month. The corresponding sulfonium 

salt was again a dark oil and did not crystallize from any solvent tried. Treating this 

cyclobutane, which was dried under vacuum overnight prior to use, with sodium 

hydride gave the same result as with the system of MDA electron-poor cyclobutane 

sulfonium salt. 

The last attempt used trimethyl ethylenetricarboxylate as the electrophilic 

partner and phenyl vinyl sulfide as the nucleophilic partner. The [2+2]-cycloaddition 

occurs in the presence of zinc chloride or 5M lithium perchlorate, as mentioned in 

sections 3.1 and 3.2. The next step, conversion of the sulfide to a better leaving 

group, was done by methylation with MeOTf at room temperature. The reaction 

was finished in 1 day. After work-up, the cyclobutane sulfonium salt was obtained, 

but again did not precipitate from any solvents. Treating this cyclobutane with 
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sodium hydride gave an unidentified product along with a trace of thioanisole, but 

no bicyclobutane was observed. Perhaps this is again because the formation of 

sulfur ylide is more favored than the formation of bicyclobutane, and this sulfur 

ylide apparently undergoes further reactions, giving unidentified products. 

¥e -OTt 

rlS
-
Ph 

MeOTf ~ rl'S-t
Ph 

~eOOMe---1-da-y--~ ~eDOMe 
MeDOe eOOMe MeDOC COOMe 

Efforts to synthesize the bicyclobutane utilizing [2+2]-cycloaddition is still 

unsuccessful even though many approaches were tried. This may be because the 

bicyclobutane is very sensitive and strained, and side reactions can totally preclude 

its formation. 

Some conclusions can be drawn from this derivatization study: 

(1) The ease of methylation depends on the electron withdrawing groups on 

the cyclobutane sulfide. The more and stronger the electron withdrawing groups 

on the cyclobutane sulfide, the more difficult the methylation. The methylation 

reactions in this study took long times, namely 2 months, 1 month and 1 day for 

the cyclobutane sulfides obtained from MDA, methyl dicyanofumarate and trim ethyl 

ethylenetricarboxylate, respectively: 
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Difficulty in methylation of a sulfide containing one cyano group was also 

reported by Sanait and Jencks[51J, Methylation of sulfide 12 with trimethyloxonium 

tetrafluoroborate (Me30'SF;) in dichloromethane required 14 days, 
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(2) Sulfides are easily oxidized even in the presence of electron-withdrawing 

groups. 

(3) trans-Methylations between the sulfonium salts and amines occur easily 

at room temperature. 

Many cyclobutane sulfides were synthesized in this study. Even though the 

effort to make the bicyclobutane did not succeed, this study opens the door to 

other examples of bicyclobutane synthesis utilizing [2+2]-cycloadditions. 
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In this study, Lewis acids were utilized as catalysts for [2+2]-cycloadditions. 

[2+2]-Cycloadditions between various pairs of nucleophilic olefins and electrophilic 

olefins were studied systematically. Whenever the [2+2]-cycloaddition reaction did 

not take place spontaneously, zinc chloride Lewis acid or 5M ethereal lithium 

perchlorate was applied in order to promote the reaction. When highly electron

deficient olefins containing gem-dicyano groups such as TCNE and ODED are 

used, spontaneous [2+2]-cycloaddition reactions occur at room temperature via the 

charge transfer complex. The only exception is the [2+2]-cycloaddition reaction 

between TCNE and styrene, which has to be carried out in 5M ethereal lithium 

perchlorate. 

When the weaker electron-deficient olefin MDA, which contains gem-dicyano 

groups was used, [2+2]-cycloaddition took place only with a strongly nucleophilic 

partners, such as vinyl sulfides, vinyl ethers, vinyl silyl ethers and pMeOSt. For the 

less nucleophilic olefin pM eSt, the [2+2]-cycloaddition was forced by using 5M 

lithium perchlorate. However, alternating copolymerization took place along with 

the [2+2]-cycloaddition, giving alternating copolymer as a minor product. For the 

least nucleophilic olefin styrene, reaction in 5M lithium perchlorate gave mostly 

alternating copolymer, along with a trace of [2+2]-cycloadduct. 
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For even weaker electrophilic olefins, such as dialkyl dicyanofumarate, 

dialkyl cyanofumarate, dialkyl 2-cyanoethene-1, 1-dicarboxylate and trim ethyl 

ethylenetricarboxylate, spontaneous [2+2]-cycloadditions do not take place at all 

even with the strongest nucleophilic olefin, vinyl sulfide. Also, these electrophilic 

olefins containing at least one ester group at an olefinic end are known to undergo 

the inverse electron demand Diels-Alder reaction. [2+2]-Cycloadditions with a 

strongly nucleophilic partner can take place in the presence of zinc chloride or 

ethereal lithium perchlorate. However, for the less nucleophilic olefin pMeSt, [2+2]

cycloaddition never dominates the inverse electron demand Diels-Alder reaction 

even in the presence of Lewis acid. The weaker the electrophilic olefin used, the 

more difficult it is for [2+2]-cycloaddition to take place, even if the reaction is 

facilitated by Lewis acid. For trim ethyl ethylenetricarboxylate, [2+2]-cycloaddition 

occurs only with the strong nucleophile, vinyl sulfide. 

Finally, for the least electron-deficient olefins, fumaronitrile and dimethyl 

fumarate, [2+2]-cycloadditions do not take place at all even though the reactions 

are carried out in the presence of Lewis acid and vigorous conditions are applied. 

From the overall results of [2+2]-cycloaddition reactions above, 'The 

Organic Chemist's Periodic Table- (Table 2) is expanded. 
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In conclusion, for strongly electrophilic and nucleophilic olefin pairs, [2+2]-

cycloadditions take place spontaneously at room temperature. When weaker 

electrophilic olefins are used, [2+2]-cycloadditions occur with difficulty and zinc 

chloride or ethereal lithium perchlorate are capable of facilitating these [2+2]

cycloadditions. Zinc chloride or ethereal lithium perchlorate can give [2+2]

cycloadducts in cases reported to give inverse electron demand Diels-Alder 

adducts, when the electroph ilic partners contain at least one ester group at an 

olefinic end. Finally, when very weak nucleophilic and electrophilic olefins are 

used, zinc chloride or ethereal lithium perchlorate can no longer promote [2+2]

cycloadditions. 

These [2+2]-cycloaddition results can be explained by molecular orbital 

theory, in analogy to the normal electron demand Diels-Alder reaction. For strongly 

nucleophilic and electrophilic olefin pairs, the difference between the energy of the 

HOMO of the nucleophilic partner and the LUMO of the electrophilic partner is 

small and the [2+2]-cycloaddition takes place spontaneously. When weaker 

electrophilic olefin is used, [2+2]-cycloaddition does not take place spontaneously 

due to the higher energy of the LUMO of this weak electrophile and therefore the 

large difference in energy of HOMO and LUMO of the olefin pair. Lewis acids 

promote [2+2]-cycloadditions because they complex with an ester or cyano 

substituents of the electrophile, resulting in a lower energy of the LUMO and a 

smaller gap between the HOMO and LUMO. Lewis acids form complexes with very 
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weakly electrophilic olefins and lower their LUMO energy, but the LUMO level is 

still not low enough for [2+2]-cycloaddition to take place. 

The cyclobutanes are obtained as two stereoisomers, cis- and trans-. 

Whenever these two isomers can be separated, the cis-cyclobutane is usually a 

solid, while the trans-cyclobutane is an oil. Most cyclobutanes synthesized from 

these Lewis acid-promoted [2+2]-cycloadditions are obtained from an aqueous 

work-up procedures, except for the cyclobutanes derived from IBVE and dimethyl 

t-butylvinyl silyl ether, where ring-opening can take place during the aqueous work

up, giving a ring-opened aldehyde product instead. For cyclobutanes derived from 

IBVE, a work-up procedure by removing zinc chloride with anhydrous 

tetramethylammonium salt was found to be effective and gives the cyclobutane 

exclusively. 

These Lewis acid-promoted [2+2]-cycloadditions are known for their 

selectivity toward the strength of Lewis acids. The efficiency of Lewis acids for one 

standard [2+2]-cycloaddition, the reaction between phenyl vinyl sulfide and 

trimethyl ethylenetricarboxylate, was studied. The effective Lewis acids for this 

[2+2]-cycloaddition were BF3'Et20, Et2AICI, ZnCI2 and UCIO". [2+2]-Cycloadditions 

in the presence of these Lewis acids afford two stereoisomeric cyclobutanes, the 

ratio of which, determined by 1H-NMR spectroscopy, depends on the Lewis acid 

used. Weak Lewis acids are preferred for promoting [2+2]-cycloadditions because 

cyclobutanes obtained in the presence of strong Lewis acid tend to undergo further 
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reactions. In the cases of zinc bromide ~nd zinc iodide, the 2:1 cycloadduct can 

be identified as the final product, but for alkylaluminum halides and boron 

trichloride, further reactions give unidentified products even under mild conditions. 

Derivatizations of these cyclobutanes were performed with the aim of 

obtaining cyclobutanes with an acidic proton on C1 and a leaving group on Ca. 

Upon treating these cyclobutanes with base, 1,3-elimination reactions were 

expected to take place, giving the bicyclobutanes. Sulfide groups on cyclobutanes 

were thus modified by (1) oxidation to the sulfoxide or sulfone or (2) methylation 

to the sulfonium salt. Several cyclobutanes containing an acidic proton at C1 and 

a good leaving group derived from sulfide at Ca have been synthesized. 

However, all attempts to obtain the bicyclobutane via 1,3-elimination of these 

cyclobutane derivatives failed even though many trials and approaches were 

made. 



Instrumentation 

CHAPTER 5 

EXPERIMENTAL 
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1H and 13C NMR spectra were recorded with a Bruker WM-2S0 magnetic 

resonance spectrometer. Infrared spectra were obtained on a Perkin-Elmer 983 

spectrometer. Melting points were measured using a Thomas-Hoover capillary 

melting point apparatus. GC/MS analyses were obtained using a Hewlett-Packard 

GC/MS system. 

Chemicals 

Solvents: All solvents were refluxed over CaH2, distilled under argon and 

then stored over molecular sieves. Tetrahydrofuran was refluxed with metallic 

sodiumlbenzophenone until the blue color of benzophenone ketyl was well 

established, then distilled under argon prior to use. Anhydrous diethyl ether and 

absolute ethanol were used directly. 

Olefins : p-Methoxystyrene (pMeOSt) and p-methylstyrene (pMeSt) were 

dried with CaH2 and then distilled under vacuum. Isobutyl vinyl ether (IBVE) was 

washed with water, dried over potassium hydroxide, and then distilled from sodium 

metal under nitrogen. Tetracyanoethylene (TCNE) was purified by sublimation 

(120-130 ·C/O.S mmHg) through an activated carbon layer (mp.= 198-200 ·C). 

Poly(methyl glyoxylate) was obtained from E./, Du Pont de Nemours. Malononitrile 
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was distilled before use and stored at -50 • C. Methyl cyanoacetate and dimethyl 

malonate were distilled before use. 

Bases: Triethylamine was dried and distilled over calcium hydride. 1,4-

Diazabicyclo[2.2.2]octane (DASCO) was recrystallized from absolute ethanol and 

dried under vacuum over calcium chloride. 1,5-Diazobicyclo[3.4.0]nonane-5 (DBN) 

and 1,8-diazobicyclo[5.4.0]undecane-7 (DSU) were distilled before use. 

Syntheses of Electron-Poor Olefins 

(1) Dimethyl 2,2-DicyanoethYlene-1, 1-dicarboxylate (DDED)[43] 

46.8 9 (0.32 mole) of dimethyl oxomalonate[52], 5.28 9 (0.08 mole) of 

malononitrile, 3.00 9 of glacial acetic acid, 0.75 9 of J3 -alanine, and 70 ml of 

toluene were refluxed with a Dean-Stark trap for 24 h. The toluene was removed 

under vacuum and the remaining solution was vacuum distilled twice to give 82% 

yield of product. 

bp.: 65-70 'C, 0.5 mmHg 

1H NMA (CDCI3) : 3.9 (s) 

IA (NaCl, neat) : 2230 (CN); 1740 (CO); 1610 (C=C) cm-1 

(2) Methyl 3,3-dicyanoacrylate (MDA) 

By modification of the method of Sentman and Hall[43], 8.8 9 (0.1 mole) of 

poly(methyl glyoxylate), 3.3 9 (0.05 mole) of malononitrile, 70 ml of acetonitrile and 

2 drops of acetic anhydride were mixed and refluxed with a Soxhlet extractor 

containing molecular sieves for 3 h. The solvent and unreacted starting material 
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were removed under aspirator vacuum, and the remaining liquid was distilled 

under vacuum twice (65% yield). 

bp.: 87 ·C, 1.4 mmHg 

1H NMR (CDCI3) : 7.2 (s,1 H); 3.9 (s,3H) 

IR (NaCI, neat) : 2225 (CN); 1740 (CO); 1600 (C=C) cm-1 

(3) Dialkyl Dicyanofumarate[45j 

Tetrahydrofuran (10 ml) was carefully added to thionyl chloride (12 ml, 

0.168 mol) and then alkyl cyanoacetate (0.1 mol) was slowly added over 10 min. 

The reaction mixture was refluxed for 3 h and then stirred at room temperature 

overnight. The red semi-solid product was filtered and washed with ice-cold 

ethanol. The crude alkene was recrystallized from ethanol (60% yield). 

mp. : 115-116 ·C for ethyl 

1H NMR (CDCI3) : 6.57 (s,1 H); 4.47-4.38 (q,J=7.06 Hz, 2H); 4.38-4.30 (q, 

J= 7.19 Hz, 2H); 1.42-1.37(t,J=7.06 Hz, 3H); 1.37-1.31 (t,J= 7.19 Hz, 3H) 

(4) Dimethyl Cyanofumarate[46.47] 

Dimethyl cyanofumarate was synthesized using the method described for 

the synthesis of methyI3,3-dicyanoacrylate. Poly(methyl glyoxylate) (15.48 g, 0.18 

moles) and methyl cyanoacetate (9.0 g, 0.090 moles) were dissolved in acetonitrile 

(75 ml) and refluxed for 8 h. The reflux apparatus was outfitted with a Soxhlet 

extractor filled with freshly activated 4 A· molecular sieves. Acetonitrile and 

unreacted methyl glyoxylate were removed using a rotary evaporator. The resulting 
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reddish brown liquid was distilled at 0.5 mm Hg and then recrystallized from ether 

giving the pure product in 63% yield. 

mp. : 60-61 ·C 

1H NMR (CDCI3) : 7.43 (s,1 H); 3.95 (s,3H); 3.91 (s,3H) 

IR (NaCI, neat) : 2226 (CN); 1730 (CO); 1630 (C=C) cm-1 

(5) Dialkyl 2-Cyanoethylene-1, 1-dicarboxylate(46.47] 

Cyanomethylenetriphenylphosphorane (30.1 g, 100 mmol) was· added to a 

solution of dialkyl oxomalonate (100 mol) in 200 ml of benzene cooled in an ice 

bath over 1 min. After 20 min, the benzene was evaporated and ether was added 

to crystallize the triphenylphosphine oxide side product. The ether was evaporated 

and the crude product was vacuum distilled (50%yield). 

bp. : 97-100 ·C, 1.4 mmHg 

1H NMR (CDCI3) : 6.55 (s,1 H); 3.92 (s,3H); 3.87 (s,3H) 

IR (NaCI, neat) : 2200 (CN); 1725 (CO); 1625 (C=C) cm-1 

(6) Trimethyl Ethylenetricarboxylate(46.47) 

Equivalent amounts of poly(methyl glyoxylate), dimethyl malonate, and 

acetic anhydride were mixed and refluxed overnight at 125-130 ·C. Excess acetic 

anhydride, acetic acid, and dialkyl malonate were removed under vacuum, and the 

olefin was obtained by vacuum distillation(46.47] (53% yield). 

bp.: 100-110 ·C, 0.2 mmHg 



1 H NMR (CDCIS) : 6.90 (s,1 H); 3.90 (s,3H); 3.86 (s,3H); 3.81 (3,3H) 

IR (NaCI,neat) : 1731 (CO); 1655 (C=C) cm'1 

Syntheses of Electron-Rich Olefins 

(1) 2-lsobutylthio-Ethanol[53] 
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Isobutyl bromide (12 ml, 0.11 mole) was added at 0 ·C to a solution 

containing 5.6 g (0.20 mole) of 2-thioethanol and 13 g (0.23 mole) of potassium 

hydroxide in 65 ml absolute ethanol. The mixture was refluxed for 3 h, diluted with 

water, and extracted with ether. After removing the ether, the remaining solution 

was vacuum distilled to give the product in 80% yield. 

bp.: 98 ·C, 4.5 mmHg 

1H NMR (CDCls): 3.75-3.68 (q,J=5.98 Hz,2H); 2.74-2.69 (q,J=5.99 Hz,2H); 

2.43-2.40 (d,J= 6.95 Hz,2H); 2.44 (s,1 H); 2.42(s,1 H); 1.88-1.72 (m,J= 6.95,6.92 

HZ,1 H); 1.01-0.99 (d,J= 6.62 HZ,6H) 

IR (NaCI,neat) : 3389 (OH); 2939 (C-H) cm'1 

Isobutyl Vinyl Sulfide (IBVS) 

Potassium hydroxide (2.11 g, 0.03 mole) was placed in a flask equipped 

with a fractionating column and distillation apparatus. A dropping funnel containing 

5.88 g (0.44 mole) of 2-isobutylthioethanol was introduced at the thermometer inlet. 

The flask was heated in an oil bath to 250 • C and 2-isobutylthioethanol was slowly 

added through the column. The temperature of the bath was slowly raised to 300 

·C as a mixture of water and IBVS distilled. The water was separated from the 
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organic layer which was dried over anhydrous potassium carbonate. Vacuum 

distillation of the product yielded the sulfide in 75% yield. 

bp.: 114 ·C 

1H NMR (CDCI3) : 6.41-6.30 (dd,J= 10.11,16.75 Hz,1H); 5.18-5.14 (d,J= 

10.11 Hz,1H); 5.12-5.06 (d,J= 16.75 Hz,1H); 2.59-2.56 (d,J= 6.76 Hz,2H); 1.96-

1.80 (m,J= 6.76,6.64 HZ,1 H); 1.02-0.99 (d,J= 6.64 Hz, 6H) 

IR (NaCI,neat) : 2956 (C-H); 1581 (C=C) cm·1 

(2) t-Butyldimethylsilyl vinyl etherl54
) 

t-butyldimethylsilyl vinyl ether was synthesized by modifying the synthesis 

of trimethylsilyl vinyl ether. Dry tetrahydrofuran (THF, 50 ml, 0.61 mole) was placed 

in a flame-dried round-bottomed flask under dry nitrogen. n-Butyllithium (2.5 M in 

n-hexane, 32.4 ml, 0.08 mole) was added via a syringe. After 3 h stirring at room 

temperature under nitrogen, t-butyl dimethylsilyl chloride (11.16 g,0.074 mole) was 

added dropwise at ° ·C over 20 min. After a further 2 h stirring at room 

temperature, the THF was evaporated. The residue was extracted with ether-water 

and the ether layer was dried with anhydrous magnesium sulfate. Upon 

evaporation of the ether and distillation of the crude product, t-butyldimethylsilyl 

vinyl ether was obtained in 72% yield. 

b.p. : 137 ·C 

1H-NMR (CDCI3) : 6.45-6.36 (dd,J= 13.67,5.81 HZ,1 H); 4.44-4.38 (dd,J= 

13.67,0.72 Hz,1H); 4.10-4.07 (dd,J= 5.81,0.72 HZ,1H); 0.90 (s,9H); 0.13 (s,6H) 
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1aC-NMR (CDCla) : 146.44 (CH); 94.32 (CH2); 25.63 (CHa in Bul
); 22.69 (C-

Si); 14.08 (CHa-Si) 

IR (NaCI): 2956, 2930,2885,2858 (C-H); 1630 (C=C); 1257, 1018 (C-O-Si) 

Typical Procedure for Spontaneous [2+2]-Cycloaddition 

One molar equivalent of electron rich olefin and one molar equivalent of 

electron poor olefin were mixed in acetonitrile at room temperature and stirred until 

the reaction was finished. The end of the reaction was indicated by disappearance 

of the charge-transfer complex, or the reaction was monitored by 1H-NMR 

spectroscopy. The solvent was evaporated and the crude product was purified. 

Typical Procedure for ZnCI2 Promoted [2+2]-Cycloadditlon 

One molar equivalent of zinc chloride was placed in a reaction flask and 

dried under vacuum at 300 ·C. Under dry nitrogen one molar equivalent of electron 

poor olefin and solvent were added and stirred vigorously for at least 20 min. One 

molar equivalent of electron rich olefin was added. The reaction was followed by 

1H-NMR spectroscopy. When the reaction was finished, the mixture was extracted 

with chloroform and 6N hydrochloric acid. The chloroform layer was washed with 

water and dried over anhydrous magnesium sulfate. After evaporation of the 

solvent, the crude product was purified. 
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Typical Procedure for 5M Ethereal LlCI04 Promoted [2+2]-Cycloaddltlon 

One molar equivalent of electron poor olefin was dissolved in SM ethereal 

LiCIO" and then one molar equivalent of electron rich olefin was added. The 

reaction was followed by 1H-NMR spectroscopy. When the reaction was finished, 

the mixture was extracted with chloroform and saturated potassium chloride 

solution. The chloroform layer was dried over anhydrous magnesium sulfate. Upon 

evaporation of the solvent, the crude cyclobutane was obtained and purified. 

[2+2]-Cycloaddition Between Tetracyanoethylene aCNE) and Styrene 

The [2+2]-cycloaddition was conducted at room temperature in SM ethereal 

LiCIO" and finished in 5 days. The crude cyclobutane solid was purified by 

washing with ether several times. The cyclobutane was obtained in 67% yield. 

m.p. : 162 ·C 

1H-NMR (CDCI3) : 7.46-7.44 (m,SH); 4.62-4.53 (dd,J= 12.27,8.65 HZ,1 H); 

3.35-3.40 (dd,J= 12.45,12.77 Hz,1H); 3.26-3.17 (dd,J= 12.45,8.65 HZ,1H) 

13C-NMR (CDCI3) : 130.94 (C in Ph); 130.73, 129.76, 127.12 (CH in Ph); 

109.79 (CN); 91.01 (C-CN); 82.23 (C-(CN)2); 47.63 (CH); 3S.53 (CH2) 

IR (KBr) : 3010 (=C-H); 22S3 (CN); 1536, 1496 (C=C); 77S, 720 (C-H bend) 
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[2+21-Cycloaddition Between TCNE and p-Methylstyrene 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 5M 

ethereal LiCI04 and finished in 4 days. The crude solid cyclobutane was purified 

by washing with ether several times. 

m.p. : 169-170 ·C 

'H-NMR (CDCI3): 7.33-7.30 (d,J=8.10 Hz,2H); 7.24-7.21 (d,J= 8.10 Hz,2H); 

4.64-4.56 (dd,J= 12.31,8.59 HZ,1H); 3.35-3.45 (dd,J= 12.46,12.31 Hz,1H); 3.31-

3.23 (dd,J= 12.46,8.59 HZ,1 H) 

13C-NMR (CDCI3) : 130.41 (CH in Ph); 130.05 (C in Ph); 128.92 (C in Ph); 

127.10 (CH in Ph); 110.23, 109.07, 109.53, 108.27 (CN); 91.18 (C-CN); 97.93 (C

CN); 47.68 (CH); 35.69 (CH); 21.30 (CH3) 

IR (KBr) : 2986 (C-H); 2250 (CN); 1555, 1453 (C=C); 1248 (C-O-C) cm-1 

E.A. : Found C, 72.81; H,3.96; N,22.62 (theory C,73.17; H,4.07; N,22.76) 

[2+2]-Cycloaddition Between TCNE and p-Methoxystyrene 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile and finished in one day. 

m.p. : 180-181 ·C 

'H-NMR (acetone-d6
) : 7.59-7.55 (d,J= 8.79 Hz,2H); 7.10-7.07 (d,J= 8.79 

Hz,2H); 5.04-4.96 (dd,J= 12.17,8.94 HZ,1 H); 3.88-3.83 (dd,J= 12.17,12.96 HZ,1 H); 

3.66-3.58 (dd,J= 12.96,8.94 HZ,1 H) 

IR (KBr) : 2984 (C-H); 2251 (CN); 1555, 1453 (C=C); 1257, 1030 (C-O-C) 
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[2+21-Cyeloaddition Between TCNE and t-Butyldlmethylsllyl vinyl ether 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile and finished in 1 day. The crude cyclobutane was purified by 

recrystallization from pentane (89% yield). 

m.p. : 97-99 ·C 

1H-NMR (CDCla) : 4.93-4.87 (dd,J= 8.70,7.02 HZ,1 H); 3.35-3.27 (dd,J= 

12.68,7.02 Hz,1H); 3.13-3.04 (dd,J= 12.68,8.70 Hz,1H); 0.93 (s,9H); 0.18 (s,3H); 

0.13 (s,3H) 

IR (KBr) : 2961 (C-H); 2249 (CN) em-1 

[2+2]-Cyeloaddition Between TCNE and Isobutyl Vinyl Ether (IBVE) 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile. The crude cyclobutane was purified by recrystallization from 

dich loromethanelhexane. 

1H-NMR (CDCla): 4.7 (m,1H); 3.7-2.9 (m,4H); 2.1-1.6 (m,1H); 0.93 (s,6H) 

IR (KBr) : 2963 (C-H); 2252 (CN); 1287, 1016 (C-O-C) cm-1 

[2+2]-Cyeloaddition Between TCNE and Phenyl Vinyl Sulfide 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile. The crude cyclobutane was recrystallized from cyclohexane-1,2-

dichloroethane (3: 1) (82% yield). 

m.p. : 111-112.5 ·C 
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1H-NMR (CDCla) : 7.52-7.43 (m,5H); 4.93-4.87 (dd,J= 8.70,7.02 Hz,1 H); 

3.35-3.27 (dd,J= 12.68,7.02 Hz,1 H); 3.13-3.04 (dd,J= 12.68,8.70 Hz,1 H) 

IR (J<Sr) : 2963 (C-H); 2252 (CN); 1287, 1016 (C-O-C) cm·1 

[2+2]-Cycloaddition Between ODED and Styrene 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile. After removing the solvent and styrene under vacuum, the cyclobutane 

was recrystallized from ether-pentane (33% yield). 

m.p. : 41-43 ·C 

1H-NMR (CDCla) : 7.24-7.15 (m,5H); 4.72-4.67 (m,1H); 3.82 (s,3H); 3.79 

(s,3H); 3.52-3.28 (m,2H) 

[2+2]-Cycloaddition Between ODED and p-Methylstyrene 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile. After removing solvent and p-methylstyrene under vacuum, an orange 

oil was obtained. This oil was dissolved in ether and kept at -60 ·C, whereupon the 

mixture separated into two layers. The ether layer was decanted and the oil was 

placed under vacuum again (52% yield). 

1H-NMR (CDCla) : 7.24-6.93 (m,4H); 4.83-4.47 (m,1 H); 3.89 (s,3H); 3.81 

(s,3H); 3.62-3.01 (m,2H); 2.41 (s,3H) 
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[2+2]-Cycloadditlon Between ODED and p-Methoxystyrene 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile. After removing solvent and p-methoxystyrene under vacuum, the 

cyclobutane was recrystallized from ether-pentane (40% yield). 

m.p. : 56-58 ·C 

'H-NMR (CDCI3) : 7.42-6.84 (m,4H); 4.73-4.35 (dd,J= 8.53,11.05 HZ,1 H); 

3.91 (s,3H); 3.85 (s,3H); 3.80 (s,3H); 3.43-2.59 (m,2H) 

[2+2]-Cycloaddition Between ODED and t-Butyldlmethyl Silylvlnyl ether 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile. After removing solvent, the cyclobutane was dried under vacuum 

overnight (85% yield). 

1H-NMR (CDCI3): 4.91-4.85 (dd,J= 8.68, 7.51 HZ,1 H); 4.41-4.31 (m,5H); 

2.86-2.81 (m,2H); 2.58-1.30 (t,J= 7.09 HZ,6H); 0.94 (s,9H); 0.21 (s,3H); 0.17 (s,3H) 

13C-NMR (CDCI3) : 166.38, 165.20 (CO); 111.98, 110.62 (CN); 68.62 (CH

Si); 63.82, 63.09 (CH2); 52.56 (C-CN); 43.72 (C-CO); 38.29 (CH2); 25.33 (CH3 in 

t-Bu); 17.69 (C-Si); 13.74 (CH3-Si) 

IR (KBr) : 2932, 2859 (C-H); 2249 (CN); 1742 (CO); 1267, 1062 (C-O-C) 

E.A. : found C,56.54; H,7.48; N,7.50 (theory C,56.84; H,7.37; N,7.37; 

0,21.05; Si,7.37) 



122 

[2+21-Cycloaddition Between ODED and IBVE 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile. After removing solvent, the cyclobutane was recrystallized from ether 

(95% yield). 

m.p. : 38-39 ·C 

1H-NMR (CDCla) : 4.83-4.52 (dd,J= 8.42,8.34 Hz,1 H); 3.91 (s,3H); 3.89 

(s,3H); 3.73-3.14 (m,3H); 2.23-1.54 (m,1H); 1.04-0.81 (d,J= 6.42 Hz,6H) 

[2+21-Cycloaddition Between ODED and Phenyl Vinyl Sulfide 

The [2+2]-cycloaddition occurred spontaneously at room temperature in 

acetonitrile. After removing solvent, the crude cyclobutane was purified by column 

chromatography ( 8:2 pentane/ethyl acetate) (89% yield). 

m.p. : 114-116 ·C 

1H-NMR (CDCla) : 7.55-7.37 (m,5H); 4.59-4.28 (m,5H); 2.97-2.73 (m,2H): 

1.42-1.28 (m,6H) 

1aC-NMR (CDCla) : 165.48, 164.68 (COO); 132.48, 129.41, 128.85 (CH in 

Ph); 130.81 (C in Ph); 111.53, 110.87 (CN); 63.80, 63.09 (CH20); 55.73, 42.34 (Q

CN(COOMe»; 48.18 (CH-SPh); 32.92 (CH2); 13.56 (CHa) 

IR (KBr): 2983 (C-H); 2204 (CN); 1737 (CO); 1581, 1474, 1439 (C=C) cm-1 

E.A. : found C,60.31; H,5.03; N,7.52 (theory C,60.34; H,5.03; N,7.82) 
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[2+2]-Cycloaddition Between MDA and p-Methylstyrene 

The reaction was conducted in 5M ethereal LiCI04 solvent and finished in 

3 days. The crude cyclobutane was dissolved in ether and then filtered. The filtrate 

was concentrated and kept at -50·C until the cyclobutane precipitated (34% yield). 

1H-NMR (CDCla) : 7.25-7.16 (m,4H); 4.09-4.01 (dd,J= 11.82,8.21 Hz,1H); 

3.88 (s,3H); 3.71-3.63 (dd,J= 11.13,8.60 HZ,1 H); 3.01-2.87 (dd,J= 11.13,11.82 

Hz,1H); 2.61-2.49 (dd,J= 12.00,8.53 HZ,1H); 2.30 (s,3H) 

1aC-NMR (CDCla) :166.94 (COO); 133.04 (C in Ph); 127.51, 125.20 (CH in 

Ph); 113.44 (C in Ph); 112.83, 110.77 (CN); 56.51 (~(CN}2); 55.73 (Qtl-COO); 

52.60 (CHa); 42.88 (CH-Ph); 42.04 (CHa); 24.84 (CH2) 

IR (KBr) : 3024 (=C-H); 2956 (C-H); 2250 (CN); 1740 (CO); 1493, 1437 

(C=C) cm-1 

E.A. : found C,70.45; H,5.44; N, 11.37 (theory C,70.85; H,5.55; N,11.02) 

[2+2]-Cycloaddition Between MDA and p-Methoxystyrene 

The reaction occurred spontaneously in methanol at room temperature. After 

evaporating solvent, the cyclobutane was recrystallized from ether-petroleum ether. 

The two cyclobutane isomers were obtained in the ratio of trans:cis 25:75 (71 % 

yield). 

m.p.: 111-118'C 

1H-NMR (CDCla) : 7.21-7.12 (m,4H); 4.12-4.03 (dd,J= 10.34,7.99 HZ,1 H); 

3.87 (s,3H); 3.82 (s,3H); 3.72-3.54 (m,1 H); 3.00-2.90 (m,1 H); 2.62-2.54 (m,1 H) 
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IR (KBr) : 2960 (C-H); 2231 (CN); 1739 (CO); 1612, 1514, 1439 (C=C); 

1203, 1030 (C-O-C) cm-1 

[2+2]-Cycloaddition Between MDA and t-Butyldimethylsllyl vinyl ether 

The reaction occurred spontaneously at room temperature in acetonitrile and 

finished in 2 days_ After evaporating solvent, two stereoisomeric cyclobutanes were 

obtained in the ratio of 30:70 trans/cis (78% yield). 

1H-NMR (CDCI3) : 

1st isomer (30%) 4.57-4.51 (t,J= 7.84 HZ,1 H); 3.85 (s,3H); 3.22-3.14 (t, J= 

10.35 HZ,1 H); 2.81-2.46 (m,2H); 0.92(s,9H); 0.18 (s,3H); 0.13 (s,3H) 

2nd isomer (70%) 4.86-4.80 (t,J= 7.55 HZ,1 H); 3.83 (s,3H); 3.58-3.51 (dd, J= 

10.02,3.54 Hz,1H); 2.81-2.46 (m,2H); 0.92(s,9H); 0.18 (s,3H); 0.13 (s,3H) 

13C-NMR (CDCI3) : 

1st isomer (30%): 167.62 (COO); 113.90, 110.77 (CN); 69.75 (CH30); 53.13 

(CH-O); 40.60 (C(CN)2); 38.05 (CH-COO); 33.83 (CH2); 25.42 (CH3 in t-Bu); 17.78 

(C in t-Bu); 4.46 (CH3) 

2nd isomer (70%) : 169.24 (COO); 112.52, 112.38 (CN); 71.65 (CH30); 53.32 

(CH-O); 40.20 (.Q(CN)2); 39.33 (.QH-COO); 33.83 (CH2); 25.42 (CH3 in t-Bu); 17.78 

(C in t-Bu); 4.46 (CH3) 

IR (KBr) : 2858 (C-H); 2247 (CN); 1744 (CO) cm-1 
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[2+2]-Cycloaddition Between MDA and IBVE 

The reaction occurred spontaneously at room temperature in acetonitrile and 

finished in 2 days. After evaporating solvent, the cyclobutane was purified by 

column chromatography (1 % triethylamine in pentane/ethyl acetate). Two 

stereoisomeric cyclobutanes were obtained in 75% yield. The ratio of trans:cis was 

40:60. 

1H-NMR (CDCI3): 4.66-4.60 (60%,t,J=8.09 Hz, 1 H)/4.37-4.30 (400/0,t,J=8.35 

Hz,1 H); 3.93 (60%,s,3H)/3.85 (400/0,s,3H); 3.60-3.44 (m,2H); 3.36-3.29 (m,1 H); 

2.98-2.59 (m,2H); 2.00-1.89 (m,1 H); 0.99-0.95 (m,6H) 

13C-NMR (CDCI3) : 

1st isomer (60%): 170.10 (CO); 112.01,111.70 (CN); 100.87 (CH-O); 74.76 

(CH2-O); 69.35 (Q-CN); 52.41 (CH3-O); 41.11 (Qtl-CO); 32.58 (CH2); 28.31 (CH3 

in Bu'); 24.13 (CH in Bu'); 19.06 (CH3 in BU') 

2nd isomer (40%): 164.80 (CO); 112.80, 112.59 (CN); 100.87 (CH-O); 74.76 

(CH2-O); 69.35 (Q-CN); 53.42 (CH3-O); 42.22 (CH-CO); 34.27 (CH2); 28.31 (CH3 

in Bu'); 24.13 (CH in Bu'); 19.06 (CH3 in Bu') 

IR (KBr) : 2958 (C-H); 2249 (CN); 1740 (CO); 1233, 1023 (C-O-C) cm-1 

E.A. : found C,60.16; H,6.54; N.12.24 ( theory C,60.02; H,6.78; N.11.86) 

[2+2]-Cycloaddition Between MDA and Phenyl Vinyl Sulfide 

The reaction occurred spontaneously at room temperature in acetonitrile and 

finished in one day. The crude cyclobutane was purified by column 
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chromatography ( 3:1 heptane-ethyl acetate). Two stereoisomeric cyclobutanes 

were obtained in 80% yield. The trans:cis ratio was 14:86. 

1H-NMR (CDCI3) : 

1st isomer(14%) 7.52-7.50 (m,5H); 4.47-4.38 (dd,J= 11.21,8.60 Hz, 1H); 3.80 

(s,3H); 3.72-3.67 (dd,J= 11.23,8.70 Hz,1H); 2.93-2.89 (ddd,J= 11.13,12.03,8.70 

Hz,1H); 2.49-2.41 (ddd,J= 12.03,11.23, 8.70 Hz,1H) 

2nd isomer (86%) 7.48-7.39 (m,5H); 4.24-4.19 (dd,J= 11.21,8.60 Hz.,1 H); 

3.79 (s,3H); 3.64-3.60 (dd,J= 11.23,8.70 Hz,1H); 2.71-2.65 (ddd,J= 

11.13,12.03,8.70 Hz,1 H); 2.55-2.49 (ddd,J= 12.03,11.23, 8.70 Hz,1 H) 

13C-NMR (CDCI3) : 

1st isomer (14%) 168.5 (CO); 132.4 (C in Ph): 132.2, 129.6,128.2 (CH in 

Ph): 118.2,112.2 (CN); 53.5 (Qtl-CO); 49.6 (CH-5); 44.2 (CH3); 38.0 (Q-CN); 27.4 

(CH2) 

2nd isomer (86%) 167.9 (CO); 131.2 (C in Ph): 132.2, 129.6,128.2 (CH in 

Ph): 113.9,111.1 (CN); 52.8 (CH-CO); 48.2 (CH-5); 43.6 (CH3); 39.1 (C-CN); 28.3 

(CH2) 

IR (KBr) : 2249 (CN); 1741 (CO); 1512, 1438 (C=C) cm-1 

E.A. : found C,61.78; H,4.43; N,1 0.35 (theory C,61.76; H,4.41; N,1 0.29; 

0,11.77,5,11.77) 
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[2+2]-Cycloaddition Between Di-n-Butyl Dicyanofumarate and p= 

Methoxystyrene 

The cyclobutane was obtained when the olefin pair was mixed in the 

presence of zinc chloride and 2,5-dimethyltetrahydrofuran solvent. After the 

reaction was finished, the crude cyclobutane was purified by column 

chromatography (ethyl acetate/pentane) (68% yield). 

1H-NMR (CDCI3): 7.08-7.04 (d,J= 8.72 Hz,2H); 6.81-6.78 (d,J= 8.72 Hz,2H); 

4.48-4.40 (dd,J= 11.45,8.80 HZ,1 H); 4.37-4.31 (q,J= 6.63 Hz,2H); 4.22-3.79 

(m,2H); 3.70 (s,3H); 3.38-3.29 (dd,J= 9.11, 8.80 HZ,1 H); 3.02-2.93 (dd,J= 

11.45,9.11 Hz,1H); 1.74-1.62 (m,4H); 1.45-1.33 (m,4H); 1.14-1.09 (t,J= 7.12 

HZ,3H); 0.92-0.86 (t,J= 7.29 HZ,3H) 

13C NMR (CDCI3) : 165.02, 159.87 (COO); 128.84, 114.19 (CH in Ph); 

126.90, 115.07 (C in Ph); 113.42,112.05 (CN); 68.13, 67.62 (CH2); 55.24 (OCH3), 

54.56 (C{COOMe)CN); 43.30 (Q{COOMe)CN); 42.57 (CH-OMe); 32.62 (CH2); 

30.16 (CH2); 18.84 (CH2); 13.54 (CH3) 

IR (KBr): 2960,2873 (C=C); 2210 (CN); 1745 (CO); 1515, 1462 (Ph); 1258, 

1035 (C-O-C) cm-1 

[2+2]-Cycloaddition Between Dimethyl Dicyanofumarate and Phenyl 

Vinyl Sulfide 

The [2+2]-cycloaddition was conducted in the presence of zinc chloride, 1,2-

dichloroethane and finished in 1 day. The crude cyclobutane was purified by 
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column chromatography (4:1 heptane-ethyl acetate). Two stereoisomeric 

cyclobutanes (ratio 25:75) were obtained in 62% yield. 

1H-NMR (CDCI3) : 

1st isomer (25%) 7.55-7.26 (m,5H); 4.64-4.48 (dd,J= 10.10,11.13 HZ,1H); 

4.06 (s,3H); 4.00 (s,3H); 3.28-3.18 (dd,J= 10.10,11.84 HZ,1 H); 3.12-3.03 (dd,J= 

11.13,11.84 HZ,1 H) 

2nd isomer (75%) 7.55-7.26 (m,5H); 4.67-4.60 (dd,J= 9.46,10.54 HZ,1 H); 

4.06 (s,3H); 3.99 (s,3H); 3.00-2.91 (dd,J= 9.46,12,85 HZ,1 H); 2.78-2.69 (dd,J= 

10.56,12.85 HZ,1 H) 

13C_NMR (CDCI3) : 

1st isomer (25%) 163.36,162.92 (CO); 133.08, 131.46,128.46 (CH in Ph); 

126.37(C in Ph); 114.07 (CN); 54.73, 47.93 (~-CN(COOMe»; 55.10, 54.87 (Qt6-

~C); 43.93 (CH in ring); 43.50 (CH2 in ring) 

2nd isomer (75%) 164.87,162.72 (CO); 131.46, 129.40, 128.46 (CH in Ph); 

126.37(C in Ph); 114.07 (CN); 55.93, 48.17 (C-CN(COOMe»; 54.33, 50.64 (CH3-

~C); 54.81 (CH in ring); 35.79 (CH2 in ring) 

IR (NaCI,neat) : 3492 (Ph); 2241 (CN); 1750 (CO); 1478, 1436 (Ph) cm-1 

E.A. : found C,57.70; H,4.40; N,8.13 (theory C,58.18; H,4.24; N,8.48; 

0,19.40; S,9.70) 
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[2+2]-Cycloaddition Between Dimethyl Cyanofumarate and p-

Methoxystyrene 

The [2+2]-cycloaddition was conducted in the presence of zinc chloride and 

2,5-dimethyltetrahydrofuran. After the usual work-up, the crude cyclobutane was 

dissolved in cyclohexane, filtered, and the filtrate was concentrated. Two 

stereoisomeric cyclobutanes were obtained in a cis:trans ratio of 50:50 (72% yield). 

1 H-NMR (CDCI3) : 

1st isomer (50%) 7.19-7.07 (m,2H); 6.87-6.78 (m,2H); 3.91-3.85 (dd,J= 

11.58,8.25 HZ,1 H); 3.83 (s,3H); 3.78-3.74 (m,1 H); 3.73 (s,3H); 2.92-2.78 (t,J= 

11.41 Hz, 1 H); 2.51-2.40 (dt,J= 11.41,8.25 HZ,1 H) 

2nd isomer (50%) 7.19-7.07 (m,2H); 6.87-6.78 (m,2H); 4.37-4.30 (t,J= 9.46 

HZ,1 H); 3.79 (s,3H); 3.78-3.74 (m,1 H); 3.72 (s,3H); 2.78-2.69 (m,2H) 

13C-NMR (CDCI3) : 169.13, 165.87 (COO); 128.66, 113.54 (CH in Ph); 

128.40, 117.95 (C in Ph); 62.18(C-CN); 61.89 (CH-Ph); 55.21 (OCH3); 42.92 

(OCH3); 26.03 (CH2); 25.52 (Qtl-COO) 

IR (NaC!): 2956 (Me); 2241 (CN); 1735 (CO); 1581, 1513, 1435 (Ph); 1257, 

1030 (C-O-C) cm,1 

E.A. : C,63.36; H,5.65; N,4.62; 0,26.38 
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[2+2]-CycloadditionBetween Dimethyl Cyanofumarate and Isobutyl 

Vinyl Ether 

[2+2]-Cycloaddition was accomplished in the presence of zinc chloride and 

2,5-dimethyltetrahydrofuran solvent. When the reaction was finished, anhydrous 

tetramethylammonium chloride (Me4N+Cr-) was added and the mixture was stirred 

for 1 h. After filtration and then evaporation of the filtrate, cyclobutanes were 

obtained in 72% yield. The cis:trans ratio was 58:42. 

1H NMR (CDCI3) : 4.54-4.07 (58%,m,1 H) I 3.86-3.79 (42%,m,1 H); 3.71 

(s,3H); 3.68 (s,3H); 3.38-3.25 (m,2H); 3.18-3.10 (m,1H); 2.22-1.75 (m,3H); 0.87-

0.83 (d,J= 6.69 HZ,6H) 

13C NMR (CDCI3) : 171.80; 168.29 (COO); 115.21 (CN); 74.24 (OCH2); 

73.60 (C(COOMe)CN); 55.62 (CHO); 53.67, 53.58 (OCH3); 52.65 (CH-COOMe); 

38.53 (CH in SUi); 32.54 (CH2); 28.60, 19.37 (CH3 in SUi) 

IR (NaCI, neat) : 2958 (SUi); 2253 (CN); 1744 (CO); 1261 (O-C-O) cm-1 

When the reaction mixture was worked up using the usual aqueous work

up, the ring-opened aldehyde was obtained. 

1H NMR (CDCI3): 9.87 (s, 1 H); 4.22 (d,J= 5.86 HZ,1 H); 3.86 (s,6H); 3.69-3.62 

(m,1 H); 3.33-2.84 (m,2H) 
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[2+2]-Cycloaddition Between Dimethyl Cyanofumarate and Phenyl Vinyl 

Sulfide 

The cyclobutane was obtained by two methods: 

(1) Equivalent molar amounts of dimethyl cyanofumarate and phenyl vinyl 

sulfide were refluxed in acetonitrile with a trace of radical inhibitor for two days. 

(2) The cycloaddition was conducted in the presence of zinc chloride or 

using 5M ethereal LiCI04 as the solvent. 

The crude cyclobutane was purified by column chromatography (4:1 

pentane-ethyl acetate). Cyclobutanes were obtained in 75% yield (cis:trans ratio 

of 43:57 for the thermal reaction, and 80:20 for the Lewis acid-catalyzed reaction). 

1 H-NMR (CDCI3) : 

1st isomer (43%) 7.48-7.46 (m,5H); 4.58-4.57 (t,J= 9.07Hz, 1 H); 3.81-3.72 

(s,6H); 3.92-3.82 (ddd,J= 12.52,9.01,4.69 Hz, 1 H); 3.09-2.66 (dt,J= 12.54,49.02 

HZ,2H) 

2nd isomer (57%) 7.32-7.29 (m,5H); 4.17-4.09 (dd,J= 8.40,10.40 Hz,1H); 

3.77 (s,3H); 3.60 (s,3H); 3.80-3.73 (dd,J= 10.18,8.90 Hz, 1 H); 2.64-2.53 (m,2H) 

13C-NMR (CDCI3) :168.5, 166.65 (CO); 131.86 (CH in Ph); 131.66 130.80, 

130.23 (CH in Ph): 114.24 (CN); 53.94 (CH-CO(COOMe)); 53.66,52.50(Qt6-0C); 

50.02 (Qt!.-CO); 43.24 (CH-S); 27.56 (CH2) 

IR (NaCI,neat): 3002 (=C-H); 2245 (CN); 1752 (CO); 1581,1437 (C=C) cm-1 
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E.A. : found C,59.11; H,4.96; N,4.60 (theory C,59.02; H,4.92; N,4.59; 

0,20.98; S,1 0.49) 

[2+2]-Cycloaddition Between Diethyl 2-Cyanoethylene-1, 1-Dicarboxylate 

and p-Methoxystyrene 

The [2+2]-cycloadduct was obtained in the presence of zinc chloride and 

2,5-dimethyltetrahydrofuran. After work-up, the crude cyclobutane was washed with 

cyclohexane and crystallized from ether at -50 • C. A cis:trans ratio of 80:20 was 

obtained (82% yield). 

m.p.: 70-71 ·C 

1H-NMR (CDCI3): 7.25-7.23 (d,J= 9.01 Hz,1 H); 6.86-6.82 (d,J= 9.01 Hz,1 H); 

4.39-4.23 (m,2H); 4.17-4.09 (dd,J= 11.57,8.76 Hz,1 H); 3.96-3.81 (m,2H); 3.79 

(s,3H); 3.45-3.37 (dd,J= 11.57,8.76 Hz,1 H); 3.15-3.02 (q,J= 11.57 Hz,1 H); 2.61-

2.50 (dt,J= 11.57,8.76 Hz,1H); 1.35-1.29 (t,J= 7.23 Hz,3H); 0.93-0.87 (t,J= 7.19 

Hz,3H) 

13C-NMR (CDCI3) : 159.05, 157.41 (CO); 128.68 (CH in Ph); 119.36 (C in 

Ph); 117.95 (C in Ph); 113.58 (CH in Ph); 107.32 (CN); 62.45 (Q-{CO)2); 62.08, 

61.93 (CH2-O); 55.23 (CH3-O); 42.95 (CH-CN); 39.39 (CH in Ph); 26.86 (CH2); 

13.96, 13.57 (CH3) 

IR (NaCI,neat) : 2932, 2836 (C-H); 2242 (CN); 1728 (CO); 1581, 1512, 1436 

(C=C); 1253, 1109 (C-O-C) cm-1 

E.A. : found C,65.50; H,6.45; N,4.53 (theory C,65.42; H,6.39; N,4.23) 
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[2+2]-Cycloaddition Between Diethyl 2-Cyanoethylene-1, 1-Dicarboxylate 

and Isobutyl Vinyl Ether 

The reaction was conducted in the presence of zinc chloride and 2,5-

dimethyltetrahydrofuran. The crude cyclobutane was washed with cyclohexane. 

1H-NMR (CDCI3) : 4.64-4.60 (dd,J= 6.52,4.42 HZ,1 H); 4.28-4.14 (m,5H); 

3.64-3.61 (d,J= 7.41 Hz,2H); 3.39-3.29 (m, 1 H); 3.19-3.12 (dd,J= 6.52,8.95 Hz, 1 H); 

1.96-1.75 (m,1H); 1.29-1.14 (m,1H); 0.90-0.77 (m,6H) 

13C-NMR (CDCI3) : 165.90 (COO); 118.76 (CN); 100.57 (CH-O); 73.54, 

73.35 (CH2-O); 62.75 fQ-cOO); 62.02 (CH2-O); 52.59 (~-CN); 33.39 (CH2 in 

ring); 28.07 (CH); 19.07, 13.65 (CH3) 

IR (NaCI,neat): 2958, 2872 (C-H); 2245 (CN); 1729 (CO); 1258, 1052 (C-O

C) cm-1 

[2+2]-Cycloaddition Between Dimethyl 2-Cyanoethylene-1, 1-

Dicarboxylate and Phenyl Vinyl Sulfide 

The [2+2]-cycloaddition was conducted in 5M ethereal UCIO" solvent and 

finished in three days. The crude cyclobutane was purified by column 

chromatography (9:1 pentane-ethyl acetate). Cyclobutanes were obtained (trans:cis 

ratio 20:80) in 85% yield. 

1H-NMR (CDCI3) : 7.35-7.17 (m,5H); 4.77-4.70 (t,J= 8.47 HZ,1 H); 4.10-4.01 

(q,J= 7.17 Hz,1H); 3.77, 3.65 (s,6H); 2.76-2.65 (m,1H); 2.44-2.32 (m,1H) 
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13C-NMR (CDCI3): 168.23, 166.06 (COO); 133.96 (C in Ph); 131.64,128.84, 

127.63 (CH in Ph); 117.10 (CN); 63.34 (.Q-COO); 52.97 (.Qtl-CN); 46.33 (CH-SPh); 

30.61 (CH2); 25.43 (CH3) 

IR (NaCI,neat) : 2979 (C-H); 2215 (CN); 1742 (CO); 1567, 1453, 1429 

(C=C) cm-1 

[2+2]-Cycloaddition Between Trimethyl Ethylenetrlcarboxylate and 

Phenyl Vinyl Sulfide 

The [2+2]-cycloaddition was conducted in 5M ethereal UCIO" solvent and 

finished in 2 days. The crude product was purified by column chromatography (8:2 

pentane/ethyl acetate). Two isomeric cyclobutanes were obtained in 72% yield 

(ratio of cis:trans is 50:50). 

1H-NMR (CDCI3) : 

1st isomer (40%) 7.29-7.26 (m,5H); 4.80-4.72 (dd,J= 9.41,8.93 Hz,1 H); 3.79 

(s,3H); 3.74 (s,3H); 3.72 (s,3H); 3.95-3.89 (ddd,J= 9.93,4.92,0.98 Hz,1H); 2.63-

2.57 (m,2H) 

2nd isomer (60%) 7.42-7.40 (m,5H); 4.28-4.20 (t,J= 9.89 Hz, 1 H); 3.73 (s,3H); 

3.70 (s,3H); 3.65 (s,3H); 3.48-3.39 (t,J= 10.25 Hz,1 H); 2.39-2.27 (m,2H) 

13C-NMR (CDCI3) : 172.53, 170.92,167.93 (CO); 134.58 (C in Ph); 131.23, 

128.93,127.14 (CH in Ph): 61.99 (C-CO); 53.20 (CH-CO); 42.54 (CH-S); 44.75, 

41.42, 40.30 (CH3); 28.60 (CH2) 

IR (NaCI,neat) : 2249 (CN); 1741 (CO) cm-1 



E.A. : found C,56.70; H,5.36 (theory C,56.80; H,5.36) 

Typical Procedure for Oxidation of Sulfide to Sulfoxide 

135 

One molar equivalent of m-chloroperbenzoic acid (MCPBA) was added to 

a solution of cyclobutane sulfide in dichloromethane at 0 ·C. After the reaction was 

complete, m-chlorobenzoic acid was filtered off and the filtrate was evaporated 

under aspirator vacuum. The cyclobutane sulfoxide was recrystallized from ethyl 

acetate/hexane. 

Typical Procedure for Oxidation of Sulfide to Sulfone 

The same procedure used for the oxidation of sulfide to sulfoxide was used, 

but two molar equivalents of m-chloroperbenzoic acid were used in this reaction. 

Typical Procedure for Methylation of Sulfide to Sulfonlum Salt 

One molar equivalent of methyl trifluoromethanesulfonate (MeOTf) was 

added to a solution of cyclobutane sulfide in chloroform at room temperature. The 

mixture was stirred in the dark and the reaction was monitored by 1H-NMR 

spectroscopy. When the reaction was completed, the solvent was evaporated and 

the residue was washed several times with ether. The oily sulfonium salt was dried 

under vacuum overnight. 

(1) Tetracyanoethylene (TCNE) - Isobutyl Vinyl Sulfide (IBVS) System 

[2+2]-Cycloaddition between TCNE and IBVS 

1 g (7.8 mmol) of TCNE, 0.9 g (7.8 mmol) of IBVS and 30 ml of acetonitrile 

were mixed at room temperature. The solution turned violet immediately and then 



136 

the color disappeared in less than 5 min. The solvent was removed under vacuum. 

The crude cyclobutane was purified by recrystallization from cyclohexane/1,2-

dichloroethane, giving a white solid in 70% yield. 

mp.: 115-116 ·C 

tH NMR (CDCI3) : 4.37-4.29 (dd,J= 11.30,8.81 Hz,1 H); 3.37-3.28 (dd,J= 

8.81,12.88 Hz,1H); 3.01-2.92 (dd,J= 12.88,11.36 Hz,1H); 2.73-2.56 (m,2H); 1.87-

1.82 (m,1 H); 1.08-1.05 (dd,J= 6.61,3.30 Hz,6H) 

IR (KBr) : 2957 (C-H); 2249 (CN) cm-t 

Oxidation to Sulfoxide : typical procedure (80% yield) 

mp.: 139-140 ·C 

tH NMR (acetone-d6
) : 4.95-4.88 (dd,J= 9.89,8.35 Hz,1 H); 3.91-3.82 (m,J= 

14.23,9.89,8.35 Hz,2H); 3.71-3.63 (m,2H); 2.70-2.41 (m,1 H); 1.19-1.07 (m,6H) 

IR (KBr) : 2254 (CN); 1043 (5-0) cm-t 

Oxidation to Sulfone : typical procedure (78% yield) 

mp.: 162 ·C 

tH NMR (acetone-d6
): 5.63-5.45 (dd,J=9.39, 10.45 Hz,1 H); 3.91-3.82 (dd,J= 

13.67,9.39 Hz,1 H); 3.67-3.57 (dd,J= 10.45,13.55 Hz,1 H); 3.39-3.36 (d,J= 6.44 

Hz,2H); 2.50-2.33 (m, J= 6.70,6.44 Hz,1H); 1.16-1.12 (m,J= 6.70 Hz,6H) 

t3C NMR (acetone-d6
): 112.10, 111.56, 111.12, 108.76 (CN); 78.92, 76.25 

(Q-CN); 60.99 (CH2-502); 57_15 (CH-502); 34.68(CH2); 24.07 (CH-CH3); 22.74, 

22.54 (~-CH) 
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IR (KBr) : 2254 (CN); 1317 & 1135 (S02) cm-1 

(2) Methyl 3.3-dicyanoacrylate (MDA) - Isobutyl Vinyl Sulfide (leVS) System 

[2+2]-Cycloaddition between MDA and lavs 

0.58 g (5 mmol) of IBVS, 0.68 g (5 mmol) of MDA, and 10 ml of acetonitrile 

were mixed at room temperature. A bright yellow solution appeared immediately. 

After 4 h, the color turned to pale yellow. The solvent was removed under vacuum. 

Two cyclobutanes were obtained in relative amounts of 40:60. 

1H NMR (CDCI3) : 

1st isomer (40%) 3.82 (s,3H); 4.10-4.00 (ddd,J=9.20,7.89,0.90 Hz, 1 H); 3.77-

3.72 (ddd,J= 5.91,9.52,0.90 HZ,1 H); 2.87-2.76 (ddd,J= 7.89,9.52,12.82 HZ,1 H); 

2.53-2.48 (ddd,J= 9.20,5.91,12.82 HZ,1 H); 2.58-2.56 (m,2H); 2.85-2.80 (m,1 H); 

1.06-1.04 (m,6H) 

2nd isomer (60%) 3.80 (s,3H); 3.93-3.90 (dd,J=11.26,8.53 HZ,1 H); 3.58-3.50 

(dd,J= 11.26,8.62 HZ,1 H); 2.69-2.59 (dd,J= 8.53,8.61 HZ,1 H); 2.33-2.29 (dd,J= 

8.53,8.61 HZ,1 H); 2.54-2.46 (m,2H); 2.75-2.69 (m,1 H); 1.03-1.00 (m,6H) 

IR (NaCI,neat) : 2248 (CN); 1743 (CO) cm-1 

13C NMR (CDCI3) : 

1st isomer (40%) 168.44 (CO); 113.02, 112.59 (CN); 59.54 (g,-CN); 54.50 

(CH-CO); 47.61 (CH2-OC); 37.48 (CH2-S); 30.59 (CH-S); 28.71, 28.54 (~-CH); 

28.47 (CH2 in ring); 22.98 (Q:!-CH3) 
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2nd isomer (60%) 167.21 (CO); 113.58, 111.14 (CN); 59.95 ~-CN); 55.67 

(Qtl-CO); 48.70 (Q:b-OC); 39.24 (Q:b-S); 30.69 (CH-S); 21.58, 21.39 (CH3-CH); 

28.82 (CH2 in ring); 22.30 (Qtl-CH3) 

Oxidation to Sulfone : typical procedure (70% yield) 

mp. : 73-76 ·C 

1H NMR (CDCI3) : 4.14-4.06 (dd,J= 9.13,10.60 HZ,1 H); 3.90 (s,3H); 3.82-

3.74 (dd,J= 9.10,12.50 Hz,1H); 3.25-3.12 (ddd,J= 12.50,10.90,10.60 HZ,1 H); 2.75-

2.67 (ddd,J= 4.10,9.13,10.60 HZ,1 H) 

13C NMR (CDCI3) : 166.17 (CO); 110.04, 109.83 (CN); 60.09 (Q:b-S02); 

56.27 (Qt:{-S02); 49.54 (Qtl-CO); 42.66 (QI:6-0C); 30.52 (Q-CN); 27.80 (Q1:f-CH3); 

22.83, 22.60 (QI:6-CH); 23.29 (CH2 in ring) 

IR (KBr) : 2250 (CN); 1717 (CO); 1312 & 1137 (S02) cm-1 

(3) Methyl 3.3-dicyanoacrylate (MDA) - Phenyl Vinyl Sulfide (PVS) System 

Oxidation to Sulfoxide : typical procedure ( 78% yield) 

mp. : 150-152 ·C 

1H NMR (acetone-d6
) : 7.75-7.42 (m,5H); 4.35-4.29 (dd,J= 11.50,8.50 

Hz,1H); 3.83 (s,3H); 4.20-4.17 (dd,J= 10.50,9.10 Hz,1H); 3.19-3.12 (dd,J= 

12.00,10.50 Hz,1H); 2.18-2.09 (dd,J= 12.00,8.5 HZ,1H) 

13C NMR (acetone-d6
) : 167.3 (CO); 127.5 (C in Ph); 121.3,120.4,115.9 (CH 

in Ph); 113.4,111.6 (CN); 50.7 (CH-S); 43.7 (Q,H-CO); 34.2 (CH3); 21.4 (C-CN); 

19.9 (CH2) 



IR (KBr) : 2250 (CN); 1741 (CO); 1047 (SO) cm-1 

Oxidation to Sulfone : typical procedure (70% yield) 

mp_ : 172-174 ·C 
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1H NMR (acetone-d6
) : 7_92-7.90 (m,5H); 4.90-4.87 (dd,J= 11.50,8.60 

HZ,1 H); 3.84 (s,3H); 4.20-4.17 (dd,J= 11.50,8.60 HZ,1 H); 3.09-3.00 (dd,J= 

11.50,22.70 HZ,1 H); 2.76-2.69 (dd,J= 22.7,8.60 HZ,1 H) 

13C NMR (acetone-d6
): 170.5 (CO); 128.5 (C in Ph); 126.4,121.3,119.4 (CH 

in Ph); 113.9,111.8 (CN); 58.4 (CH-S); 54.3 (CH-CO); 33.9 (CH3); 44.7 (C-CN); 

25.8 (CH2) 

IR (KBr) : 2249 (CN); 1725 (CO); 1326 & 1135 (S02) cm-1 

Methylation of Cyclobutane Sulfide: Typical procedure ( 2 months) 

1H NMR (acetone-d6
) : 8.12-7.90 (m,5H); 5.28-5.05 (dd,J= 10.30,8.29 

HZ,1 H); 3.85 (s,3H); 3.50 (s,3H); 4.11-4.04 (dd,J= 11.35,8.93 HZ,1 H); 3.46-3.32 

(m,1H); 3.27-3.15(m,1H) 

13C NMR (acetone-d6
) : 167.5 (CO); 140.3 (C in Ph); 133.2,132.9,132.6 (CH 

in Ph); 112.8,111.4 (CN); 97.4 (CH-S); 54.2 (QH-CO); 48.6 (CH3); 43.2 (C-CN); 

27.4 (CH2) 

IR (KBr) : 3000 (=C-H); 2253 (CN); 1737 (CO); 1581, 1483 (C=C) cm-1 

Treating Sulfonium Salt with Nitrogen Bases 

To a solution of cyclobutane sulfonium salt in tetrahydrofuran, a solution of 

one molar equivalent of base in tetrahydrofuran was added. The reaction was 
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followed by 1H NMR spectroscopy. When the reaction was complete, the mixture 

was concentrated. The residue was diluted with ether, washed with saturated 

potassium chloride solution, and dried over anhydrous magnesium sulfate. Upon 

evaporation of the solvent, the corresponding cyclobutane sulfide was obtained 

in 60-70% yield. 

Bases used: DABCO, DBN, DBU,NEt3 

1 H NMR (CDCI3) : 

1stisomer (14%) 7.52-7.50 (m,5H); 4.47-4.38 (dd,J= 8.60,11.21 HZ,1 H); 3.80 

(s,3H); 3.72-3.67 (dd,J= 8.70,11.23 HZ,1 H); 2.93-2.89 (ddd,J= 8.70,11.23,12.03 

Hz,1H); 2.49-2.41 (ddd,J= 8.70,11.23,12.03 HZ,1H) 

2ndisomer(86%} 7.48-7.39 (m,5H); 4.24-4.19 (dd,J=8.60, 11.21 HZ,1 H); 3.79 

(s,3H); 3.64-3.60 (dd,J= 8.70,11.23 HZ,1 H); 2.71-2.65 (ddd,J= 8.70,11.23,12.03 

HZ,1 H); 2.55-2.49 (ddd,J= 8.70,11.23,12.03 HZ,1 H) 

13C NMR (CDCI3) : 

1stisomer (14%) 168.5 (CO); 132.4 (C in Ph); 132.2,129.6,128.2 (CH in Ph); 

118.2,112.2 (CN); 53.5 (CH-CO);49.6 (CH-S); 44.2 (CH3); 38.0 (C-CN); 27.4 (CH2) 

2ndisomer (86%) 167.9 (CO); 131.2 (C in Ph); 132.2,129.6,128.2 (CH in Ph); 

113.9,111.1 (CN); 52.8 (CH-.QO);48.2 (CH-S); 43.6 (CH3); 39.1 (C-CN); 28.3 (CH2) 

IR (NaCI,neat) : 2249 (CN); 1741 (CO) cm-1 
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(4) Dimethyl 2,2-Dicyanoethylene-1, 1-dicarboxylate (ODED) - Isobutyl Vinyl 

Sulfide (IBVS) System 

[2+2]-Cycloaddition Between ODED and IBVS 

IBVS 0.58 g (5 mmole), ODED 0.97 g (5 mmole), and acetonitrile (10 ml) 

were mixed at room temperature. After the reaction was complete, the solvent was 

evaporated and the yellow cyclobutane oil was obtained in 90% yield. 

'H NMR (acetone-d6
) : 4.31-4.23 (dd,J= 8.90,11.30 HZ,1 H); 3.91 (s,3H); 

3.89 (s,3H); 2.91-2.83 (dd,J= 8.90,12.70 Hz,1H); 2.69-2.59 (dd,J= 11.30,12.70 

HZ,1 H); 2.61-2.56 (m,2H); 1.86-1.78 (m,1 H); 0.99-0.97 (m,3H) 

13C NMR (acetone-d6
) : 166.16, 165.30 (CO); 112.11, 110.93 (CN); 56.09 

(Q-CN); 54.44 (CH-S); 53.71,46.97 (CH3-OC); 42.62 (C-CO); 41.85 (CH2-S); 33.54 

(CH in ring); 30.12 (CH-CH3); 21.66, 21.39 (CH-.Qtb) 

IR (NaCI,neat) : 2248 (CN); 1747 (CO) cm" 

Oxidation to Sulfone: typical procedure (72% yield) 

'H NMR (acetone-d6
) : 5.01-4.94 (dd,J= 8.80,10.94 Hz,1H); 3.93 (s,3H); 

3.92 (s,3H); 3.29-3.26 (d,J= 10.54 Hz,2H); 3.29-3.25 (dd,J= 3.03,10.94 Hz, i H); 

3.21-3.10 (dd,J= 8.80,3.03 Hz,1H); 2.42-2.31 (m,1H); 1.15-1.10 (m,3H) 

13C NMR (acetone-d6
) : 66.16, 165.30 (CO); 112.11, 110.93 (CN); 56.09 (Q

CN); 54.44 (CH-S); 53.71, 46.97 (CH3-OC); 42.62 (C-CO); 41.85 (CH2-S); 33.54 

(CH in ring); 30.12 (Qtl-CH3); 21.66, 21.39 (CH-.Qtb) 

IR (KBr) : 2962 (C-H); 213~ (CN); 1755 (CO); 1342 & 1139 (S02) cm" 
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Monosaponificatlon to Carboxylate Salt 

A solution of one molar equivalent of sodium hydroxide in absolute ethanol 

was slowly added to a solution of cyclobutane in ethanol. The mixture was refluxed 

for 1 h, then extracted with ether-water. Upon evaporation of water, the 

cyclobutane salt was obtained in 87% yield. 

1H NMR (acetone-dB) : 4.62-4.53 (dd,1 H); 3.85 (s,3H); 3.81-3.77 (m,2H); 

3.43-3.30 (dd,1 H); 2.94-2.83 (dd,1 H); 2.42-2.36 (m,1 H); 1.34-1.27 (m,1 H) 

IR (KBr) : 1745 (CO); 1310 & 1141 (S02) cm-1 

(5) Dimethyl Cyanofumarate - Phenyl Vinyl Sulfide System 

Methylation of Cyclobutane Sulfide: Typical procedure (1 month) 

1H NMR (acetone-dB) : 8.34-7.38 (m,5H); 5.80-5.27 (m, 1H);4.3D-4.23 (m,1H); 

3.81 (s,3H); 3.41 (s,3H); 3.24-3.13 (m,1 H); 2.89-2.52 (m,1 H) 

13C NMR (acetone-d6
) : 167.5 (CO); 140.3 (C in Ph); 133.2,132.9,132.60 

(CH in Ph); 112.8 (CN); 97.4 (CH-S); 54.2 (QH-CO); 48.6 (CH3); 43.2 (C-CN); 27.4 

(CH2) 

IR (KBr) : 3027 (=C-H); 2254 (CN); 1730 (CO); 1437 (C=C) cm-1 

(6) Trimethyl Ethylenetricarboxylate - Phenyl Vinyl Sulfide System 

Methylation of Cyclobutane Sulfide: Typical procedure (2 days) 

1H NMR (CDCI3) : 8.05-8.02 (m,2H); 7.75-7.67 (m,2H); 5.41-5.33 (t,J= 9.56 

Hz, 1 H)/5.31-5.24 (t,J= 9.39 Hz, 1 H)/5.14-5.06 (t,J= 9.45 Hz, 1 H); 3.95-3.70 (s,9H); 

3.53-3.30 (s,3H); 3.16-2.82 (m,1 H); 2.65-2.14 (m,2H) 
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13C NMR (CDCI3) : 170.81-165.89 (CO); 135.20-134.55 (CH-S); 131.54-

129.75 (CH3-S, CH in Ph); 124.84-118.00 {C in Ph);59.27-58.84 (C.-COOMa); 

54.86-51.47 (CH3); 42.39-40.21 (Q.tf.-COOMe); 25.69-24.92 (CH2) 
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1. Introduction 

When the vinyl monomers possess markedly different polarities, that is with 

a strong donor - strong acceptor monomer combination, spontaneous 

copolymerization takes place through a charge transfer complex. 1:1 Alternating 

copolymerization will be obtained if such copolymerization is initiated by a 

tetramethylene diradical intermediate. However, when the monomers possess less 

strong donor and acceptor characters, copolymerization no longer takes place 

spontaneously and free radical initiators are necessary. In addition the copolymers 

are no longer strictly alternating. One way to restore this alternating character of 

the copolymer is to complex the electron-poor monomer with Lewis acid, resulting 

in an increase of the electrophilicity of that electron-poor monomer and an increase 

of the polarity difference between electron donor and acceptor monomers. Many 

Lewis acids have been used for this purpose, e.g. zinc chloride, stannic chloride 

and ethylaluminum halides. 

In this exploratory study, we used zinc chloride as Lewis acid catalyst for 

the copolymerization of new comonomer pairs, acrylonitrile as acceptor monomer 

and donor monomers p-methylstyrene (pMeSt), p-methoxystyrene (pMeOSt) and 

isobutyl vinyl ether (IBVE) (in order of increasing nucleophilicity). 

The influence of time, temperature and monomer feed ratio on the 

copolymerizations of these comonomers in the presence of zinc chloride was 

investigated. These copolymerizations in the presence of zinc chloride as Lewis 
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acid were compared with the analogous thermal copolymerizations and 

photopolymerizations in the absence of Lewis acid. Finally, general features of 

these copolymerizations in the presence of zinc chloride Lewis acid were identified. 
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2. Background 

Polymerizations involving two or more monomers have been studied ever 

since polymer science began in the 1930s. It was observed that the composition 

of a copolymer was not necessarily the same as the composition of monomers in 

the feed mixture, and it usually shifted as the polymerization progressed. Some 

monomer pairs would not copolymerize effectively. In some cases, inhibition of 

copolymerization by one of the monomers was found. Nevertheless, 

copolymerizations have continued to receive attention since this technique provides 

a convenient method of synthesizing polymers with new structures and a wide 

range of properties. This can often be done by adjustments of the composition and 

monomer sequence in the polymer chain. 

When two monomers (M1 and M2) are mixed together in the presence of 

initiators, the final polymer may be: 

a) a mixture of homopolymer M1 and homopolymer M2. 

b) a copolymer containing a random mixture of M1 and M2 in the same 

proportion as the feed ratio. This is an Mideal copolymer-. 

c) a copolymer in which M1 and M2 units are alternate along the chain. It 

is called -alternating copolymer-. 

d) copolymers with structures intermediate to case b) and c). 

Figure 4 shows the relationship between monomer composition in the feed 

(f) and in the copolymer (F). For an ideal copolymer, the composition in the feed 
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mixture and in copolymer is the same, while the amount of each monomer in the 

alternating copolymer does not depend on the feed ratio and does not drift as 

polymerization progresses. 

Figure 4. Schematic representation of an ideal copolymerization (solid line) and 

an alternating copolymerization {broken line} [From Ref.SO] 
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This limits the commercial importance alternating copolymers can achieve. 

When the alternating copolymer does not possess the specific properties needed, 

it cannot be as easily adjusted as the random copolymer, which can be easily 

modified by changing the feed ratio. However, alternating copolymers do constitute 

an interesting group of copolymers. A few examples are: 

- Propylene-butadiene alternating copolymer has been used as an industrial 

elastomer. This copolymer exhibits a high degree of orientation on stretching, high 

flex resistance, good resistance towards oxidative degradation, and superior 

stress-strain characteristics compared with the conventional rubber, isoprene(55,66J. 

- Styrene- maleic anhydride alternating copolymer possesses interesting 

antitumor and antiviral activity. 

- A vinylidene fluoride-hexafluoroisobutylene alternating copolymer (see 

below) has superior properties compared to poly(tetrafluoroethylene). These are 

excellent abrasion and scratch resistance, inertness to chemical action, good 

resistance to high temperature and, distinctively, that it can be melt processedl57). 
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The existence of an Dalternating tendencY- in the copolymerization of many 

pairs of vinyl monomers has long been recognized. This alternating tendency can 

be so great that equimolar alternating copolymers are formed; in such instances 

the monomer pair is usually comprised of one strong electron acceptor and one 

strong electron donor. Examples of acceptors are maleic anhydride, fumaric ester, 

vinylidene cyanide, sulfur dioxide, and carbon dioxide, while the donors are 

styrene, isobutylene, butadiene, vinyl ethers, vinyl acetate, etc. The 

copolymerization is believed to proceed through a donor-acceptor charge-transfer 

complex. Acrylic ester and acrylonitrile are too weak to act as acceptor monomers 

by themselves. 

A new chapter, which led to intensified study of and great controversy about 

alternating copolymerizations, (58-60Jopened in 1967 when Hirooka and his 

colieagues(61J succeeded in preparing an alternating copolymer of propylene and 

acrylonitrile using the Lewis acid ethylaluminium dichloride (EtAICI2). Subsequently, 

many alternating copolymers from various vinyl monomer combinations have been 

prepared with the aid of a Lewis acid. 
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(2.1) Features of Alternating Copolymerization 

The regulated alternating copolymerizations in the presence of Lewis acid 

have some common features, regardless of the nature of the particular system: 

(1) Monomers can be divided into two groups, designated A and 8 by 

Hirooka[62j: to obtain an alternating copolymer the reaction mixtures must contain 

at least one monomer chosen from each group. The A-class monomers are 

electron donors with electron rich double bonds. 8-Class monomers, which have 

cyano or carbonyl groups in the conjugated positions, are electron acceptors. A 

list of A- and 8-class monomers is presented in Table 3. Alkylmetal halides or 

simple halides are commonly used as Lewis acid: alkylaluminium halides, zinc 

halide, stannic chloride, boron trihalide, etc. The coordination of the lone pair 

electrons of a cyano or carbonyl group in the 8-class monomer to the metal atom 

of a Lewis acid will change the electron distribution in the monomer resulting in an 

increase in the electron accepting ability of that electron-poor monomer. 

(2) Equimolar alternating copolymers are produced independently of the 

initial monomer ratios in the reaction mixtures. An example taken from Hirooka's 

early work[63j is the copolymerization of styrene and methyl methacrylate (Figure 

5). With Et1.sAICI1.s, there is little change in polymer composition (approximately 

equimolar) over the whole feed ratio examined. The differences between this and 

the data from the simple free-radical, cationic, anionic initiation are striking. 
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(3) The copolymerization may be initiated by UV light, radical initiators 

(AIBN, peroxides, etc.), but in several systems ·spontaneous· copolymerizations 

are observed in the absence of any initiators[64-66]. However, the addition of the 

radical initiator may increase the rate of copolymerization, without any influence 

on the molecular weight or the alternating character of the polymer. 

(4) Conventional charge transfer agents such as carbon tetrachloride or 

chloroform hardly affect the alternating copolymerization. 

(5) Monomers which usually do not polymerize by a free-radical 

mechanism such as 2-butene and isobutene can yield alternating copolymers with 

acrylic monomers in the presence of Lewis acid. 
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Table 3. Classification of monomers according to Hirooka et al. [from Ref.62] 

A-group (donor) 

Ethylene, propylene, isobutene, 1-hexane, styrene, o:-methylstyrene, 2-butene, 

butadiene, isoprene, cyclopentene, 2-norbornene, fl-methylstyrene, transustilbene, 

dihydronaphthalene, vinyl chloride, vinyl acetate, vinyl benzoate, vinylidene 

chloride, allyl chloride, allyl acetate 

B-group (acceptor) 

Methyl acrylate, n-butyl acrylate, methyl methacrylate, methyl o:-chloroacrylate, n

butyl methacrylate, methyl crotonate, n-butyl crotonate, acrylonitrile, 0:

chloroacrylonitrile, methacrylonitrile, acrylic acid, n-octyl acrylate, acryloyl chloride, 

N-n-octylacrylamide, N,N-di-n-butylacrylamide, methyl vinyl ketone 
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Figure 5. Copolymerization of methyl methacrylate and styrene. Free radical, _; 

Cationic,D; Anionic, A ,v ; with Et1.5AICI1.5 , 0 . [From Ref.63] 
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(2.2) Interaction Between Acrylic Monomer and Lewis Acid 

Coordination of the metal atom of the Lewis acid with a carbonyl or cyano 

group of the acrylic monomer gives a fairly stable binary complex which can be 

isolated. [67-68) 

(a) Acidity of Lewis Acid 

The acidity of Lewis acid is estimated by infrared shift. 13C-NMR shift. and 

optical rotation. 

From infrared shift: 

1. based on the magnitude of the shift of carbonyl stretching of standard 

xanthose on the complex formation with Lewis acid[69) 

BI3 » SbCls > BCI3 > TiCI .. > AIBr3 > FeBr3 > BF3 > SnCI .. > EtAICI2 > Et2AICI > 

AIEt3 

2. based on the shift of cyano stretching of acrylonitrile on the complexf7°) 

BCI3 » TiCI4 > AIBr3 = AICI3 > ZnCI2 = MeAICI2 > ZnMeCI = Et2AICI > AIMe3 

From 13C_NMR shift: based on the magnitude of the shift of (X- and J3-carbons of 

acrylonitrile in the complex 

AICI3 > EtAICI2 > Et,.sAICI,.S > Et2AICI > SnCI4 = EtOAICI2 > Et(EtO)AICI 

From optical rotation: based on the optical rotation change of nicotine on 

coordination of its pyrrolidine group to the Lewis acid[7l) 

SnCls > SnCI4 > SnCI3 > AII3 > FeCI3 > AIBr 3 > AICI3 > TiCI4 » ZnCI2 > HgCI2 > 

CdCI2 
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EtAICI2 > AIEt3.O.5 H20> AlEta> AIEta.0.25 H20> Et2AICI 

These orders of acidity show similar tendencies, but there are some 

disagreements in the details. 

(b) Electron Distribution In Acrylonitrile Monomer In Binary Complex 

In the infrared spectra, complex formation of acrylonitrile or methyl 

methacrylate with the Lewis acid causes a large shift in the stretching frequencies 

of these groups: AUC=N 25-50 cm·1 to higher frequency; Auc=o 25-75 cm·1 to lower 

frequency depending on the Lewis acid. Stretching vibrations of the C=C double 

bond are only slightly affected (Auc=c 0-5 cm-1 to lower frequency)[72J• These results 

demonstrate that the Lewis acid is coordinated to the cyano or carbonyl group of 

the vinyl monomer, resulting in a decrease of electron density on the carbonyl or 

cyano of the vinyl monomer. 

The formation of a more electron-accepting olefin is also shown by the 

downfield shift in the 1H-NMR for most of the protons in the acrylic monomer. The 

magnitude of the shifts depends on the position of the protons in the monomer and 

the nature of the Lewis acid(72). Changes in 1t electron density in the binary 

complex are revealed more definitely by 13C-NMR spectroscopy. The 1: 1 stannic 

chloride-methyl methacrylate complex£73) shows downfield shifts for the J3-carbon 

(7.3 ppm), the carbonyl carbon (5.2 ppm), the methoxy carbon (4.1 ppm) and the 

(X-methyl carbon (0.4 ppm), and an upfield shift for the (X-carbon (0.6-1.0 ppm). 

This result corresponds well with the simple resonance picture in Scheme 10. 
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Scheme 10. The resonance picture of the 1:1 stannic chloride-methyl 

methacrylate complex 
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(2.3) Interaction Between Acceptor Monomer-Lewis Acid Complex and 

Donor Monomer 

The interaction between the binary complex and the donor monomer is still 

the subject of controversy since the interaction is much weaker than that between 

the acrylic monomer and the Lewis acid. If the ternary complex is present, it must 

be very labile. 

Evidence for interaction between complexed acrylic monomer and 

donor monomer 

The interaction of a coordinated acrylic monomer with an aromatic donor 

moves the proton chemical shifts of the acrylic monomer to higher fields. The 

continuous variation method utilizing these changes in chemical shifts has been 

applied to determine the nature of the interaction[74J• The continuous variation plots 

for SnCI4(MMA)2-styrene in n-hexane at -20 ·C are shown in Figure 6. The plots 

of the shifts for any types of protons in methyl methacrylate (MMA) (methoxy 

protons, a-methyl protons, cis-vinyl proton, and trans-vinyl proton) show a 1: 1 

interaction between the aromatic donor monomer and the methyl methacrylate

stannic chloride complex. 
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Figure 6. Continuous variation plots of chemical shifts for the SnCI4(MMA)2-

toluene system in n-hexane at -20 ·C: (0) methoxy protons; (e) a-methyl protons 

[From Ref.74]. 
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The ZnCI2(AN)2-styrene system shows an absorption band at 320-350 

nm which is absent from the spectra of the individual components. This new band 

is considered to be the charge-transfer band. Use of the continuous variation 

method based on the 345 nm absorption reveals a 1: 1 complexation between 

coordinated acrylonitrile and styrene[75J. Related findings have also been reported 

for the systems ZnCI2-(MAN):lstyrene[75J, ZnCI2-(MMA):lstyrene[75J, ZnCk(AN):l1-

hexene[76J, ZnCI2-(AN):ldivinyl etherl76J, EtAICI2-(AN)lbutadiene(77), EtAICI2-
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(MMA)/butadiene[77), Et1.sAICI1.s-(AN)/butadiene[77) and Et1.sAICI1.5-

(MMA)lbutadiene[77). Using methyl isobutyrate, propionitrile or 3-butenyl methyl 

ketone instead of acrylic monomer, however, no charge-transfer band is 

observed[78) in this region. Here, methyl isobutyrate and propionitrile are models for 

the saturated derivatives of methyl methacrylate and acrylonitrile, respectively, and 

3-butenyl methyl ketone is a model for a non-conjugated C=C double bond and the 

polar group. This result indicates that conjugation between the C=C double bond 

and the polar group and coordination of the polar group to a Lewis acid are 

necessary for an acrylic monomer to exhibit a charge-transfer absorption with a 

donor monomer. 
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(2.4) Initiation of Cationic Homopolymer Side Product 

Cationic polymerization of donor monomers is sometimes the only product 

or accompanies alternating copolymers, even in the presence of 50 mole% methyl 

methacrylate or acrylonitrile. The occurrence of cationic polymerization of donor 

monomers in the presence of Lewis aCid-acrylic monomer complex depends on the 

structure of monomers. The copolymerization of acrylonitrile-ethylaluminium 

dichloride was attempted with various donor monomers[79J. When isobutyl vinyl 

ether and a-methylstyrene were used as donor monomers, only cationic 

polymerizations of donor monomers took place. However, when isoprene, 

butadiene and styrene were used as donor monomers, alternating copolymers 

were observed. 

The cationic homopolymer of isobutyl vinyl ether (IBVE) is the only product 

from the IBVE-AN-ZnCI2 system. The actual initiator is the complex AN-ZnCI2' 

since acrylonitrile alone does not induce the homopolymerization of IBVE and on 

the other hand, ZnCI2 produces only a small amount of poly-IBVE. The cationic 

polymerization of I BVE[80J has been proposed to be initiated by cation radical 

formed 13, by electron transfer from the donor to the acceptor coordinated with 

Lewis acid: 
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However, an even more reasonable mechanism, due to its lower energy 

comes from Haliis Bond-Formation Initiation Theory (Scheme 11). Hall et a1. (81
) 

found that electrophilic tri- and tetra-substituted olefins can initiate cationic 

homopolymerization of electron-rich vinyl monomers, in particularly N-

vinylcarbazole (NVC), through zwitterionic tetramethylene intermediates. 

Scheme 11. Hall's Bond-Formation Initiation Theory [From Ref 81] 
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The reactions proceed through an electron donor-acceptor (EDA) complex 

to cis- or gauche tetramethylene zwitterions (Scheme 12). Coulombic attraction can 

lead to the collapse of tetramethylene giving cyclobutane as the kinetic product, 

but this strained cyclobutane can open back to zwitterion, which can rotate to the 

trans conformer and initiate cationic homopolymerization of donor monomer. 

In this case, the reaction between IBVE and zinc chloride-complexed AN 

gives zwitterionic tetramethylene intermediate. Then the trans conformer of the 

zwitterion can intiate the cationic homopolymerization of IBVE, in analogy to the 

cationic homopolymerization of NVC by tri-or tetra-substituted electron-poor olefins. 

Scheme 12. Proposed mechanism for cationic homopolymerization of isobutyl 

vinyl ether 
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(2.5) Copolymerization Between Acrylonitrile and Styrene In the 

Presence of Zinc Chloride 

The polymerization between acrylonitrile and styrene in the presence of 

zinc chloride has been studied extensively.lss,75,82) In the absence of zinc chloride, 

the copolymerization initiated by free radical catalyst t-butyl peroxypivalate yields 

a lower molecular weight copolymer whose the composition is dependent on 

monomer charge. This observation is consistent with conventional radical 

copolymerization. In the presence of zinc chloride, the alternating copolymerization 

between styrene and acrylonitrile occurs spontaneously (without initiator) at 60 ·C, 

giving high molecular weight copolymer. The composition of the copolymer 

approaches that of strictly alternating copolymer as the amount of zinc chloride 

added to the copolymerization system increases. A suitable mole ratio of ZnCI/AN 

is 0.1. 

The influence of temperature on the bulk copolymerization shows that little 

or no polymer is obtained at 25 ·C after 150 min in the presence of zinc chloride 

and the absence of a radical catalyst. Thus, the rate of spontaneous 

copolymerization is negligible at 25 ·C as compared to 60 ·C. However, the 

copolymerization in the presence of zinc chloride and the free radical catalyst at 

25 ·C affords the high molecular weight alternating copolymer at St-AN molar 

ratios of 3:1, 1:1 and 1 :3. 
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Copolymerization in toluene gives similar results as in bulk at 60 ·C. 

However, the use of ethyl acetate as reaction medium inhibits or prevents the 

polymerization, propably due to complexation with zinc chloride in competition with 

AN. 

The present work involved copolymerizations of new comonomer pairs in 

the presence of zinc chloride. Acrylonitrile was used as a weak acceptor monomer 

with three donor monomers never reported for alternating copolymerization in the 

presence of zinc chloride: p-methylstyrene, p-methoxystyrene and isobutyl vinyl 

ether. 



166 

3. Results and Discussion 

Copolymerizations between acrylonitrile (AN) acceptor and three donor 

monomers, p-methylstyrene (pMeSt), p-methoxystyrene (pMeOSt) and isobutyl 

vinyl ether (IBVE), were studied both in the presence and absence of the lewis 

acid zinc chloride. The polymer was analyzed to determine if it was homopolymer, 

random copolymer or alternating copolymer by IR spectroscopy, 'H NMR 

spectroscopy and especially the content of AN in the polymer by elemental 

analysis. When the content of AN in the polymer was about 50%, the polymer was 

an alternating copolymer. In addition, the general properties of the polymer such 

as viscosity, molecular weight and molecular weight distribution were determined. 

1. p-Methylstyrene (pMeSt) as Donor Monomer 

Table 4 summarizes the results obtained in the copolymerization of pMeSt 

and AN. Polymerization between pMeSt and AN does not take place 

spontaneously at 40 'e, but 1:1 alternating copolymerization does take place 

spontaneously at 40 'e in the presence of a catalytic amount of zinc chloride, 

giving the alternating copolymer with molecular weight about 520,000 in 4 hours. 

When the copolymerization was finished, zinc chloride was removed from the 

copolymer by precipitating the polymer in methanol containing 6N Hel. A Beilstein 

test confirmed the absence of zinc chloride in the copolymer. 
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The polymerization was shown to be a radical process based on (1) the 

inefficiency of the cationic inhibitor methanol and (2) the total inhibition of 

copolymerization in the presence of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) 

free radical. 

Longer polymerization times resulted in small increases in the yield of 

copolymer, while the molecular weight of copolymer increased decisively. This 

observation, the slight increase of copolymer yield with the polymerization time, 

was already reported by Kuran et al. [831. They found that the alternating 

copolymerization of AN and butadiene in the presence of zinc chloride without free 

radical initiator begins very slowly, but after this characteristic induction period the 

rate increases rapidly. Finally, at the last stages of copolymerization, the 

copolymerization rate is nearly zero resulting overall in an S-shaped curve. 

Figure 7. The relation between copolymer yield and polymerization time [From ref. 

83]. 
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Changing the feed ratio of the comonomers did not change the copolymer 

composition. This confirmed the great tendency towards alternating character of 

the pMeSt and AN copolymer. Moreover, the highest yield was obtained when the 

feed ratio of pMeSt : AN was 1: 1. 

The 1:1 alternating copolymerization of pMeStiAN can also take place by 

conventional free-radical initiation. Photopolymerization of pMeSt-AN using AIBN 

as initiator afforded the alternating copolymer in 7% yield. The yield of this 

copolymerization was quite small, but it was increased to 42.7% by addition of 

zinc chloride. 

In addition, the filtrate from precipitation of polymer in methanol contained 

trace amounts of small molecule addition products between pMeSt and AN. The 

structure of this product mixture was determined by GC-MS spectroscopy. Li and 

Hall(83) reported small molecule products, also identified by GC-MS spectroscopy, 

in the photopolymerization of styrene and AN. The fragmentation pattern of the 

mixture in the filtrate was compared with the fragmentation pattern of the known 

styrene-AN cyclobutane derivatives. The comparison showed that three small 

molecules are present : the cis-cyclobutane, the trans-cyclobutane and the 1-

butene derivative (see below). 
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Table 4. Copolymerization of p-Methylstyrene (pMeSt)-Acrylonitrile (AN) 

Feed Ratio Additive Time %yield Type of '7lnh Mw MWD 
(mmol) (mmol) (h) polymer dL/g (105

) 

pMeStAN:ZnCI2 (%AN) 

1.General 
(temp.:40°C) 

10:10:0 - 10 0 - - - -
10:10:2 - 4 46.3 co(SO.10) 2.10 S.2 1.83 
10:10:2 TEMPO(2) 24 0 - - - -
10:10:2 MeOH(10) 24 26.2 co(4S.13) 1.88 0.87 2.10 

2.Time 
(temp.:30°C) 

10:10:4 - O.S 27.S co(62.16) 2.31 3.6 1.30 
10:10:4 - 1.0 32.7 co(66.09) 2.33 4.S 1.39 
10:10:4 - 1.S 28.1 co(S2.76) 2.49 S.3 1.27 
10:10:4 - 2.0 30.4 co(S1.02) 2.61 6.4 1.37 

Solvent used: 10 mmol benzene 
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Table 4. Copolymerization of p-Methylstyrene (pMeSt)-Acrylonitrile (AN) 
[Continued] 

Feed Ratio Additive Time %yield Type of '7,nh Mw MWD 
(mmol) (mmol) (h) polymer dL/g (105

) 

pMeSt:AN:ZnCI2 (%AN) 

3.pMeSt:AN 

20:0:0 - 2 O(mg) - - - -
15:5:2 - 2 45 co(52.19) 2.28 4.9 1.90 

10:10:4 - 2 547 co(51.02) 2.29 6.4 1.37 
15:15:6 - 2 287 co(53.49) 2.33 5.7 2.11 
0:20:8 - 2 0 - - - -

4 . .E./1Q!Q 
(%) 

10:10:4 AIBN(0.3) UV,2 42.7 co(51.33) 2.01 1.3 4.65 
10:10:0 AIBN(0.3) UV,2 7.0 co(49.76) 2.34 4.4 1.26 

Solvent used : 10 mmol benzene 
o 

Temp. : 30 C 
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2. p-Methoxystyrene (pMeOSt) as Donor Monomer 

Table 5 summarizes the results obtained in the copolymerization of pMeOSt 

and AN. Polymerization between pMeOSt and AN does not take place 

spontaneously at 40 ·C. When the polymerization was carried out in the presence 

of zinc chloride as Lewis acid, the homopolymer of pMeOSt was obtained 

exclusively. pMeOSt is a known monomer for cationic homopolymerization. In the 

presence of zinc chloride as Lewis acid, the cationic homopolymerization of 

pMeOSt totally dominates the desired free radical copolymerization process. We 

tried to inhibit this cationic homopolymerization of pMeOSt by addition of bases: 

diisopropylethylamine, triphenylphosphine, 2,6-di-t-butyl-4-methylpyridine, 1,4-

diazabicyclo[2.2.2]octane (DABCO) and 1-methylpiperidine. Triphenylphosphine did 

not inhibit the cationic homopolymerization of pMeOSt at all, giving exclusively 

pMeOSt homopolymer. 2,6-Di+butyl-4-methylpyridine did not completely stop the 

cationic homopolymerization of p-MeOSt, and the copolymer was obtained along 

with the major product, homopolymer of pMeOSt. When DABCO was used as 

base, neither cationic homopolymerization nor free radical copolymerization took 

place. This is because DABCO is a powerful unhindered donor which probably 

complexes to zinc chloride and deactivates it. For both diisopropylethylamine and 

1-methylpiperidine, copolymerization was found to be the dominant process, giving 

the desired copolymer. Since diisopropylethylamine gave a higher yield of 
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copolymer, it was the base chosen for a detailed study of pMeOStlAN 

copolymerization in the presence of zinc chloride as Lewis acid. 

In the presence of zinc chloride and a trace of diisopropylethylamine, 

spontaneous copolymerization of pMeOSt and AN took place. However, the 

content of AN in the copolymer was less than 50%, so the copolymer obtained was 

not alternating. It could be (1) a mixture of pMeOSt homopolymer and alternating 

copolymer or (2) a random copolymer containing a higher proportion of pMeOSt. 

Many methods were tried to determine the nature of this polymerization: 

(1) SEC (size exclusive chromatography): The SEC spectra showed only 

one peak. This means the polymer obtained was probably not a mixture of 

pMeOSt homopolymer and alternating copolymer, which would have shown 

bimodal peaks. 

(2) DSC: The polymer obtained showed only one glass transition 

temperature. This also confirmed that the polymer was not a mixture of 

homopolymer and alternating copolymer, which would have had two glass 

transition temperatures. 

(3) Solubility test: Since pMeOSt homopolymer is soluble in cyclohexane, 

the preweighed polymer was refluxed overnight in cyclohexane. Then the polymer 

was dried under vacuum and weighed again. The result showed no weight loss 

during refluxing, so the polymer obtained did not contain the pMeOSt 

homopolymer. 
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All the results above lead to the conclusion that the polymerization between 

AN and pMeOSt in the presence of zinc chloride and diisopropylethylamine gives 

the random copolymer rich in pMeOSt. 

That random instead of alternating copolymerization occurs in the presence 

of zinc chloride is puzzling. pMeOSt contains an alkoxy group which may complex 

with zinc chloride at the oxygen atom, reducing its nucleophilic character. This of 

course also reduces the difference in electron density between donor and 

acceptor, resulting in a random copolymerization. For the free-radical initiated 

copolymerization without zinc chloride, the electron-density between donor and 

acceptor is large enough for alternating copolymerization. This phenomenon can 

also be explained by molecular orbital theory. In the absence of zinc chloride, the 

difference between the energy of the HOMO of the donor and the LUMO of the 

acceptor is large enough for alternating copolymerization to take place, but in the 

presence of zinc chloride, zinc chloride can complex with the alkoxy group on the 

donor monomer, resulting in a lower energy of the HOMO of that donor. 

Consequently, the difference between the energy of the HOMO of the donor and 

the LUMO of the acceptor is increased and the alternating character of the 

copolymerization is decreased until random copolymerization takes place instead. 

The copolymer contains a high content of pMeOSt because it is easier to 

polymerize than AN. This proposed reason was supported by the following 

experiments: 
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{1} In copolymerizations in the presence of zinc chloride, all parameters 

were kept constant except the amount of zinc chloride {Table 6}. When 0.5 mmol 

of zinc chloride was used, the copolymerization hardly took place. When the 

amount of zinc chloride was increased from 1 mmol to 5 mmol, a higher yield of 

copolymer was obtained, but a lower content of AN was observed in the 

copolymer. 

When a small amount of zinc chloride was used, zinc chloride had less 

tendency to complex with the alkoxy group in pMeOSt, and complexation with the 

cyanide group on AN occured instead. This led to alternating copolymerization. 

However, when the amount of zinc chloride was increased, zinc chloride 

complexed with pMeOSt, resulting in a random copolymer rich in pMeOSt. 

{2} Copolymerizations were carried out in the presence of zinc chloride with 

all parameters kept constant except the amount of base was varied from 5 mmol 

to 0.7 mmol (Table 6). When large amounts of base were used, the copolymer was 

obtained in low yield, but it had a high content of AN. Decreasing the amount of 

base resulted in higher yields of copolymer, but the nature of polymerization shifted 

from alternating to random. 

Since base inhibits the cationic homopolymerization of pMeOSt, the more 

base used, the less homopolymerization occured. This allowed some alternating 

copolymerization, the less favored process, giving small amounts of alternating 



176 

copolymer. When less base was used, zinc chloride freely complexed with alkoxy 

groups, leading to the favored process, homopolymerization of pMeOSt. 

Increasing the polymerization temperature hardly affected the yield of 

copolymerization. However, increasing the polymerization time resulted first in a 

sudden increase of copolymerization yield and then, the yield of copolymerization 

stayed constant. This dependence of copolymer yield on polymerization time 

seems to be a characteristic of copolymerization in the presence of zinc chloride. 

The first stage is the induction period when copolymerization is very slow, the 

second stage is when the copolymerization takes place rapidly and in the final 

stage, the copolymer yield is hardly affected by polymerization time (Figure 7). 

Varying the pMeOSt to AN feed ratio gave a maximum yield of copolymer 

when the mole ratio pMeOSt:AN was 1 :1. The content of AN in the copolymer is 

due to complexation of the alkoxy group in pMeOSt with zinc chloride. When the 

monomer mixture is rich in pMeOSt, the copolymer contains less AN because zinc 

chloride complexes with pMeOSt easily. On the other hand, when the monomer 

feed is rich in AN comonomer, AN in the copolymer shifts toward 50%, which is 

alternating copolymer. This is because the higher the amount of AN compared with 

pMeOSt in the monomer feed, the higher the possibility of zinc chloride to complex 

with AN. Consequently, the copolymerization becomes an alternating 

copolymerization. 
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Finally, the photo-initiated copolymerization between pMeOSt and AN, not 

reported before, was tried. AIBN was used as the photoinitiator. The alternating 

copolymer, with AN equal to 49.3%, was obtained in 78.6% yield in 3 hours. An 

uncontrolled reaction was observed when this photo-initiated copolymerization was 

run in the presence of zinc chloride. 
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Table 5. Copolymerization cf p-Methoxystyrene (pMeOSt)-Acrylonitrile (AN) 

1. Study of Bases for Inhibiting the Cationic Homopolymerization of p
Methoxystyrene 

Feed Ratio Additive Temp. Time 
(mmol) (mmol) (C) (h) 

pMeOStAN :ZnCI2 

10:10:0 - 40 3 
10:10:5 - 40 3 
10:10:5 A (0.4) 40 4 
10:10:5 B (0.4) 40 3 
10:10:5 C (0.4) 40 4 
10:10:5 o (0.4) 40 4 
10: 1 0:5 E (0.4) 40 4.25 

Solvent used: 10 mmol benzene 
A : Diisopropylethylamine 
B : Triphenylphosphine 
C : 2,6-Di-t-butyl-4-methylpyridine 

%yield 

0 
58.1 
75.9 
62.7 
58.5 

0 
63.3 

D : 1 ,4-Diazabicyclo[2.2.2]octane (DABCO) 
E : 1-Methylpiperidine 

Type of 
polymer 

-
(pMeOSt)n 
copolymer 
(pMeOSt)n 

* 
-

copolymer 

* : Poly(pMeOSt) and a small amount of copolymer 

%AN Mw 
(105g 
fmol) 

- -
0 0.73 

37.2 3.4 
0 3.0 
* 2.2 
- -

44.4 4.1 
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Table 5. Copolymerization of p-Methoxystyrene (pMeOSt)-Acrylonitrile (AN) 
[Continued] 

Feed Ratio Temp. yield Type of %AN '7lnh Mw MWD 
(mmol) (C) polymer (dLjg) (10Sgjmol) 

pMeoStAN;ZnCI2 

2.Temp. 
(%) 

10:10:5 30 70.2 copolym. 38.5 2.35 2.7 2.19 
10:10:5 40 75.9 copolym. 37.2 2.37 3.4 2.56 
10:10:5 50 79.1 copolym. 36.7 2.44 4.0 2.31 
10:10:5 60 77.4 copolym. 36.1 2.53 5.6 2.24 

3.oMeOSt:AN 

20:0:0 40 O(mg) - - - - -
15:5:2.5 40 161 copolym. 27.4 2.63 4.0 1.18 
10:10:5 40 1419 copolym. 37.2 2.37 4.1 1.40 

6.7: 13.3:6.7 40 712 copolym. 29.1 2.36 3.2 1.53 
5:15:7.5 40 574 copolym. 41.7 2.40 3.4 1.02 
0:20:10 40 0 - - - - -

Time: 4 h. 
Solvent used : 10 mmol benzene 
Additive : 0.4 mmol diisopropylethylamine base 



Table 5. Copolymerization of p-Methoxystyrene (pMeOSt)-Acrylonitrile 
(AN) [Continued] 

Feed Ratio Time %yie/d Type of '7lnh 
(mmo/) (h) polymer (dL/g) 

pMeoSt:AN;ZnCI2 (%AN) 

4.~ 

10:10:5 0.5 36.4 co(24.0) 2.31 
10:10:5 1.0 47.1 co(30.4) 2.51 
10:10:5 1.5 60.0 cO(25.7) 2.49 
10:10:5 2.0 72.7 co(30.7) 2.80 
10:10:5 3.0 75.4 co(31.7) 3.09 

5.fbQ!Q: 

10:10:5 (A) UV,3 * * * 
10:10:0 (A) UV,3 78.6 cO(49.3) 2.01 

o 
Temp. : 40 C 
Solvent used: 10 mmol benzene 
Additive: 0.4 mmol diisopropylethylamine base 
A : 0.3 mmol AIBN 
* : uncontrolled reaction 

Mw MWO 
(105g/ 
mol) 

3.1 2.40 
3.3 2.39 
3.3 2.68 
4.1 2.36 
4.3 2.24 

* * 
0.25 2.80 
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Table 6. The influence of diisopropylethylamine base and zinc chloride Lewis 
acid on the, copolymerization of pMeOSt and AN 

Zinc chloride NPri
2Et % yield 

(mmol) (mmol) 

1. Amt. of zinc 
chloride 

0.4 trace 
0.5 0.4 4.8 
1 0.4 15.5 
2 0.4 75.9 
5 

2. Amt. of base 
5 15.5 

5 4 19.3 
5 3 22.8 
5 2 36.1 
5 1 59.1 
5 0.7 70.1 
5 

Feed ratio of pMeOST : AN (mmol) = 10:10 
Time: 4 hours 
Temp. : 40 'C 

%AN in Mw 
copolymer (104g/mol) 

- -
48.1 5.4 
43.6 9.7 
37.2 34.0 

48.0 2.5 
46.4 2.6 
45.1 4.2 
38.5 6.5 
32.9 8.3 
28.4 11.7 

-
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3. Isobutyl Vinyl Ether (IBVEl as Donor Monomer 

Table 7 summarizes the results obtained in the copolymerization of IBVE 

with AN. This copolymerization does not take place at room temperature. IBVE is 

a known monomer for cationic homopolymerization in the presence of acid, and 

spontaneous polymerization of IBVE and AN in the presence of zinc chloride as 

Lewis acid, giving cationic homopolymerization of IBVE, was found as already 

reported. It is also reported that the true accelerator for this cationic 

homopolymerization is the AN-zinc chloride complex, since no cationic 

homopolymerization of IBVE takes place in the presence of AN alone and zinc 

chloride produces only a small amount of polyisobutyl vinyl ether. Therefore, 

diisopropylethylam ine, known to inhibit the cationic homopolymerization of pMeOSt, 

was deliberately added to the system. The copolymerization between AN and IBVE 

took place spontaneously in the presence of zinc chloride and 

diisopropylethylamine. This tertiary amine quenched the propagating carbocation 

of the IBVE cationic homopolymerization and allowed the copolymerization process 

to occur. The content of AN was lower than 50%, so the copolymer obtained was 

a random copolymer rich in IBVE monomer. This phenomenon was observed in 

AN-pMeOSt copolymerization and was certainly due to the complexation between 

zinc chloride and the alkoxy group in IBVE. 

Increasing the polymerization time resulted in a sudden increase of 

copolymer yield, and then the copolymer yield was hardly affected by the 
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polymerization time. This kind of observation was previously found for the 

copolymerizations of pMeSt-AN and pMeOSt-AN in the presence of zinc chloride 

and, as reported by Kuran et aI., for the copolymerization of AN-butadiene in the 

presence of zinc chloride. 

Increasing the polymerization temperature led to an increase in copolymer 

yield and molecular weight distribution, but decrease of copolymer molecular 

weight, as expected. In addition to this, the copolymers obtained at higher 

temperature contained less AN. This means that complexation between zinc 

chloride and the alkoxy group in IBVE was even more favored than the 

complexation between zinc chloride and AN at higher temperature, resulting in 

copolymer even richer in IBVE. 

A different monomer ratios" IBVE:AN 1 :4, gave a 3.3% yield in 24 hours 

while a ratio of 4:1 gave a 4.9% yield. Also, a high content of AN in the copolymer 

was obtained when the feed was rich in AN comonomer. This supports the 

proposal that zinc chloride formed a complex with the alkoxy group in IBVE, since 

the more AN in the feed, the less the possibility for zinc chloride to complex with 

IBVE, and consequently the higher the potential for an alternating copolymerization 

between AN and IBVE. 

However, conventional photopolymerization of IBVE and AN using AIBN or 

benzoin methyl ether (BME) as photoinitiators afforded even higher yields of 

copolymer compared with the novel copolymerization in the presence of zinc 
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chloride at room temperature. Moreover, the copolymers obtained had high 

contents of AN, closer to alternating copolymer than the copolymers obtained from 

polymerization in the presence of zinc chloride. 
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Table 7. Copolymerization of Isobutyl Vinyl Ether (IBVE)-Acrylonitrile (AN) 

Feed Ratio Additive Time %yield Type of T'linh Mw MW 
{mmol) (mmol) (h) polymer (dUg (106

) 0 
IBVE:AN:ZnCI2 (%AN) ) 

1.General 

10:10:0 - 24 0 - - - -
10:10:2 - 24 14.0 (IBVE)n 2.76 4.1 1.42 
10:10:2 NP(2Et(1) 24 6.5 co(37.4) 2.15 2.2 1.44 

2.Ii/M 

10:10:2 NP(2Et(1) 24 6.5 co(37.4) 2.15 2.2 1.44 
10:10:2 NP(2Et(1) 48 12.4 co(3S.7) 2.28 2.4 1.42 
10:10:2 NP(2Et(1) 82 12.1 co(40.3) 2.37 2.6 1.75 
10:10:2 NP(2Et(1) 107 13.3 co(42.8) 2.36 2.7 1.61 

Temp.:25 'C 



Table 7. Copolymerization of Isobutyl Vinyl Ether (IBVE)-Acrylonitrile (AN) 
[Continued] 

Feed Ratio Temp. Time yield Type of llinh Mw MW 
(mmol) ee) (h) polymer (dU (105

) D 
IBVE:AN:ZnCI2 (%AN) g) 

3.Temp. 

10:10:2 10 48 0(%) - - - -
10:10:2 15 48 7.14 co(39.2) 2.30 3.2 1.80 
10:10:2 25 24 6.54 co(37.4) 2.15 2.2 1.44 
10:10:2 35 24 15.30 co(32.6) 2.13 2.1 1.91 
10:10:2 45 24 19.27 co(30.9) 2.14 1.8 2.26 

4.1BVE:AN 

0:10:2 25 24 O(mg) - - - -
2:8:2 25 24 10(mg) co(39.0) 2.32 3.1 1.13 
8:2:2 25 24 15(mg) co(31.3) 2.09 2.0 1.43 
10:0:2 25 24 O(mg) - - - -

Additive: 1 mmol diisopropylethylamine 
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Table 7. Copolymerization of Isobutyl Vinyl Ether (IBVE)-Acrylonitrile (AN) 
. [Continued] 

Feed Ratio Additive %yield Type of 
(mmol) (mmol) polymer 

IBVE:AN:ZnCI2 (%AN) 

5,Photo-

10:10:0 (S) AIBN(O.3) 73.10 CO(62.5) 
10:10:0 (S) BME(O.3) 79.53 CO(57.7) 

Condition: UV, 20 DC, 24 h. 
Solvent used: 10 ml benzene 

-
TJ'nh Mw MWO 

(dL/ (105
) 

g) 

2.33 2.4 2.01 
2.15 2.1 2.16 
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4.Conclusions 

When the comonomers are greatly different in electron density, alternating 

copolymerization takes place spontaneously at room temperature. In this study, 

acrylonitrile was used as a weak acceptor monomer and pMeSt, pMeOSt and 

IBVE as donor monomers. The copolymerizations did not take place spontaneously 

but zinc chloride was able to promote them. 

For pMeSt donor monomer, spontaneous copolymerization took place at 40 

• C in the presence of a catalytic amount of zinc chloride and was proven to be a 

radical process. The copolymers obtained were alternating copolymers, since {1} 

the content of AN in the copolymer was 50%, and {2} the monomer feed ratio did 

not affect the content of AN in the copolymer. The Lewis acid zinc chloride 

facilitated the alternating copolymerization because it complexed with the cyano 

group of AN, increasing the accepting ability of AN. 

For pMeOSt and IBVE donor monomers, spontaneous copolymerization did 

not take place. Copolymerization in the presence of zinc chloride afforded the 

cationic homopolymer of pMeOSt or IBVE exclusively. These homopolymerizations 

were inhibited by addition of a tertiary amine to the system. Diisopropylethylamine 

was found to be the most suitable base for this purpose. The base quenches the 

cationic propagating species while allowing free radical copolymerization to take 

place. The copolymers obtained were random copolymers rich in the donor instead 

of the expected alternating copolymer. This is because zinc chloride also 
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complexed with the alkoxy group on the donor monomer. The results of 

copolymerizations from varying the feed ratio of the monomer, amount of base 

used and amount of zinc chloride used also supported the presence of 

complexation between zinc chloride and the alkoxy group on donor monomer. The 

more donor in the feed ratio, or the less amine base used, or the more zinc 

chloride used, the more the complexation between zinc chloride and the alkoxy 

group, and subsequently, the higher the content of donor monomer in the 

copolymer. 

The conventional initiated photopolymerization between acceptors and 

donors affords the alternating copolymer. In case of pMeSt donor monomer, 

photopolymerization gave much lower yields of alternating copolymer than in the 

presence of zinc chloride. In contrast, photopolymerizations of AN and pMeOSt or 

IBVE, which yield alternating copolymer exclusively, were superior to the novel 

copolymerization in the presence of zinc chloride. These results again confirm the 

complexation between zinc chloride and the alkoxy group in the donor monomer. 

In this study, zinc chloride was shown to facilitate the copolymerization 

between weak acceptor acrylonitrile and donor monomers p-methylstyrene, p

methoxystyrene and isobutyl vinyl ether. 
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5. Experimental 

Instrumentation 

1H NMR and 13C NMR spectra were recorded on a Bruker WM-2S0 

magnetic resonance spectrometer. Infrared spectra were obtained from a Perkin

Elmer 983 spectrometer. Elemental analyses were performed by Desert Analytics, 

Tucson, AZ. GC/MS analyses were obtained using a Hewlett-Packard GC/MS 

system. Molecular weights (Mw) and molecular weight distribution (MWD) were 

evaluated by size exclusion chromatography using a combination of phenomenex 

Phenogel1 0-1 0.3 A· and 10-10.4 A· columns calibrated with polystyrene standards. 

Tetrahydrofuran was used as an eluent. Inherent viscosities were determined with 

an Ostwald-Fenske viscosmeter. 

Chemicals 

Benzene was refluxed from CaH2, distilled under argon and then stored over 

molecular sieves. Acrylonitrile (AN) was refluxed with CaH2 and distilled at 

atmospheric pressure. p-Methoxystyrene (pMeOSt) and p-methylstyrene (pMeSt) 

were dried with calcium hydride, and then distilled under vacuum. Isobutyl vinyl 

ether (IBVE) was washed with water, dried over potassium hydroxide, and then 

distilled over sodium metal under nitrogen. Hydroquinone was recrystallized from 

acetone and then dried under vacuum. Methanol (MeOH) was dried and distilled 

over calcium hydride. TEMPO was purchased from Aldrich and used as received. 

1,4-Diazabicyclo[2.2.2]octane (DABCO) was recrystallized from absolute ethanol 
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and dried under vacuum over calcium chloride. 1-Methylpiperidine was distilled 

prior to use. Diisopropylethylamine (iPr2NEt) was dried and distilled over potassium 

hydroxide. Triphenylphosphine (PPh3) was recrystallized from ether and then dried 

at 65 ·C under vacuum over phosphorus pentoxide. a,c:x'-Azobis(isobutyronitrile) 

(AIBN) was recrystallized from acetone and dried under vacuum at room 

temperature over phosphorus pentoxide. (+)-Benzoin methyl ether (BME) was 

purchased from Aldrich and used directly. 

Typical Procedure for Polymerization in the Absence of Lewis Acid 

Calculated amounts of electron-rich monomer, electron-poor monomer, 

benzene solvent (if not bulk condition) and additive (if needed) were placed in a 

flame-dried polymerization tube. After degassing by a freeze-thaw procedure 

(freezing in dry ice/acetone and opening under vacuum), the mixture was heated 

to a desired temperature controlled by an Omega CN 8000 process controller for 

a predetermined time. The reaction was quenched immediately by cooling and 

adding dimethylformamide containing a trace of free radical inhibitor. The mixture 

was added dropwise to a methanol solution containing a trace of inhibitor, except 

for the isobutyl vinyl ether system where the polymer was precipitated from water 

containing a trace of inhibitor. The polymer was filtered and reprecipitated. The 

filtrate was evaporated and characterized by GC-MS. 
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Typical Procedure for Spontaneous Polymerization Between p-

Methylstyrene (pMeSt) and Acrylonitrile (AN) In the Presence of Zinc ChlQrlde 

as Lewis Acid 

Zinc chloride in a flame-dried polymerization tube under argon was heated 

at 300 ·C for 15 min under vacuum. Acrylonitrile was added and the mixture was 

stirred vigorously under argon. Electron-rich monomer, benzene and the chosen 

additive were added. A freeze-thaw procedure was performed in order to degas 

the mixture and the tube was heated at the desired temperature for a 

predetermined time. The mixture was cooled in ice and dimethylformamide 

containing a trace of inhibitor was added quickly to quench the reaction. lhe 

polymer was precipitated from a methanol solution containing 3% hydrochloric acid 

and a trace of inhibitor. The polymer was filtered and reprecipitated from methanol. 

Precipitation was continued until the Beilstein test on the polymer showed a 

negative result for chloride. The polymer was dried under vacuum in the oven. The 

filtrate was concentrated and extracted with ether-water. The ether layer was dried 

with anhydrous magnesium sulfate and then evaporated. The residure was 

characterized by GC -MS. 
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Typical Procedure for Spontaneous PolymerIzation Between Electron-

Rich Monomer p-Methoxystyrene or Isobutyl Vinyl Ether and Electron-poor 

Monomer Acrylonitrile In the Presence of lewis Acid 

Zinc chloride was placed in a polymerization tube and heated under vacuum 

at 300 ·C for 15 min. Acrylonitrile was added and the mixture was stirred 

vigorously under argon until homogeneous. Benzene (in some cases), base and 

electron-rich monomer were added. A freeze-thaw procedure was performed and 

the polymerization was conducted at the desired temperature for a predetermined 

time. The polymerization was quenched and the polymer was purified the same 

way as in the spontaneous polymp.rization in the presence of Lewis acid, without 

base. For p-methoxystyrene monomer, the polymer was precipitated from the 

acidic methanol solution as before. For isobutyl vinyl ether monomer, the polymer 

was precipitated from the acidic aqueous solution containing a trace of inhibitor. 

Typical Procedure for Photopolymerization In the Absence of Lewis 

Electron-rich monomer, electron-poor monomer, benzene, and selected 

initiator were placed in a photopolymerization tube. The mixture was saturated with 

dry argon and irradiated with UV light for a predetermined time. The polymerization 

was quenched and the polymer was purified in the same way as that obtained 

from thermal polymerization. 
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Typlal Procedure for Photopolymerizatlon In the Presence of Lewis 

Zinc chloride was placed in a polymerization tube and dried under vacuum 

at 300 ·C for 15 min. Acrylonitrile was added and the mixture was stirred 

vigorously until homogeneous. This acylonitrile-zinc chloride solution was 

transfered to a photopolymerization tube under dry argon. Benzene, selected base 

(in the case of p-methoxystyrene or isobutyl vinyl ether electron-rich monomer), 

electron-rich monomer, and initiator were added. The mixture was saturated with 

dry argon and then irradiated with UV light at a desired temperature. The 

polymerization was quenched at the end of the desired polymerization time and 

the polymer was purified the same way as that obtained from spontaneous 

polymerization. 

(1) p-Methylstyrene as Electron-Rich Monomer 

The polymer obtained was the 1:1 alternating copolymer of acrylonitrile and 

p-methoxystyrene. 

lH-NMR (CDCI3) : 6.87-6.83 (broad,4H); 2.89-2.43 {broad, 1 H); 2.29 (s,3H); 

1.74-1.51 (broad,5H) 

IR (KBr) : 3018 (=C-H); 2922 (C-H); 2236 (CN); 1554, 1512, 1446 (C=C) 
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(2) p-Methoxystyrene as Electron-Rich Monomer 

a. Attempted copolymerization in the presence of zinc chloride but absence 

of base yielded the homopolymer of p-methoxystyrene exclusively. 

1H-NMR (CDCI3) : 6.64-6.47 (broad,4H); 3.74 (s,3H); 1.75-1.72 (broad, 1 H); 

1.42-1.25 (broad,2H) 

IR (KBr) : 3018 (=C-H); 2922 (C-H); 2236 (CN); 1554, 1512, 1446 (C=C) 

b. The polymerization in the presence of zinc chloride and 

diisopropylethylamine or 1-methylpiperidine afforded the copolymer of p

methoxystyrene and acrylonitrile. Elemental analysis results are shown in Table 

5. 

1H-NMR (CDCI3): 6.68-6.30 (broad,4H); 3.67 (s,3H); 2.51-2.05 (s,1 H); 1.62-

1.27 (broad,5H) 

IR (KBr) : 3018 (=C-H); 2933 (C-H); 2236 (CN); 1581, 1512, 1454 (C=C); 

1251, 1032 (C-O-C) cm-1 

c. The copolymerization in the presence of zinc chloride and 

triphenylphosphine yielded the homopolymer of p-methoxystyrene exclusively. 

(3) Isobutyl Vinyl Ether as Electron-Rich Monomer 

a. Only homopolymer of isobutyl vinyl ether was obtained spontaneously 

when the polymerization was conducted in the presence of zinc chloride but 

absence of base. 
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1 H-NMR (CDCI3) : 3.59-3.42 (broad, 1 H); 3.32-3.08 (broad,2H); 1.80-1.72 

(broad, 1 H); 1.66-1.45 (broad,2H); 0.91 (s,3H); 0.89 (s,3H) 

IR (KBr) : 3018 (=C-H); 2933 (C-H); 2236 (CN); 1581, 1512, 1454 (C=C); 

1251, 1032 (C-O-C) cm-1 

b. The copolymerization of acrylonitrile and isobutyl vinyl ether in the 

presence of zinc chloride and base occured spontaneously giving the copolymer. 

1 H-NMR (CDCI3) : 3.80-3.50 (broad,1 H); 3.38-2.78 (broad,3H); 2.20-1.63 

(broad,5H); 0.94-0.91 (broad,6H) 

IR (KBr) : 2954 (C-H); 2237 (CN); 1103 (C-O-C) cm-1 
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