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Abstract.

The reactions in solution between tetracyanoethylene and the electron

donating compounds ,ynorbornadiene ,hexamethy1 Dewar benzene and indole

and between maleic anhydride and the compounds anthracene ,methoxy-

butadiene and hexadiene have been studied.The eovilibrium constants,

enthalpies’and entropies of formation and extinction coefficients of

the charge-transfer complexes formed in reaction have been determined

using the Benesi-Hildebrand method or using equimolar concentrations

of reactants.

The kinetics of reaction have been investigated using visible and

ultraviolet spectroscopy having equimolar,excess of donor or,in one

case,excess of acceptor concentrations of reactants.For each reaction

the kinetic data has been used to examine the overall mechanism of

reaction with particular reference to the role that the charge-transfer

complex might play as a reaction intermediate;only in the cage of the

reactions of norbornadiene and hexamethyl Dewar benzene was a charge-

transfer complex indicated as a likely reaction intermediate.

The structures of the products of reaction were determined using

elemental analysis,mass spectrometry,infrared and nuclear magnetic

resonance spectroscopy.

The conformations in solution of these and other closely related

adducts were examined using nuclear magnetic resonance spectroscopy

with application of the Karplus equation.
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Chapter 1 - Literature Survey

1-1 Charge-Trensfer Complexes

When solutions of certain electron donor end acceptor

compounds are mixed together, an immediate formation of colour

is observed; this phenomenon may elso occur in the solid state.

The Roloure are attributed to molecular complexes known as charge-
transfer complexes.

1-1-1 Theoretical Aspects

Early explenations for these coloured molecular complexes

included the proposal for certain covalent links between the

components+ and also the formation of electrostatic interactions

between the two molecules. ? It was suggested > thet the complex

molecule was essentially ionic in character and was formed by

electron transfer from the donor to the acceptor molecule. A

quantum-mechanical resonance between a no-bond structure and bond

between donor and acceptor wes proposed. * A reversible formation

of such a complex by reduction of the activation barrier was

Suggested as a preliminary step in en irreversible chemical reaction.4

Mulliken 5» 6»7 formulated a quantum-mechanical model based on

valence-bond theory, where the wave function of the normal sround-

state of a molecular complex, D,A formed from a donor, D, and

acceptor, A, is given by:

eye Cee (1 - 1)

teas a@ 'no-bond' wave function corresponding to \(D,A) and

Y is a 'dative' electron-transfer wave function corresponding to
EP aYD ,A7). The full wave functions are given by:



af(D,A) + pf{D*, An) (L-2)

a*¥(D,A) - v°4¥(D*, A)

Py

ae
W

i is the excited state wave function having different coefficients.

a* and ies The transition h, => gives rise to absorption bands

in the visible spectrum and hence the complexes are coloured. Yn

has an almost covalent character and Yep is almost ionic and the

absorptions associated with the transition give rise to an inter-

molecular charge-transfer spectrum. The actual amount of charge-

transfer in the ground-state is concluded® to be small after

investigations with dipole moment measurements. The electronic

transfer is from the highest filled orbital of the donor to the

lowest unfilled orbital of the acceptor, the transition energy

being given by:

AE. = Dy - Aj + constant (Ue 3)

where D, is the energy-level of the donor and As the energy-level

of the acceptor.

More recently, molecular orbital theory has also been applied

to these Tl- complexes? »10, which are formed from orbitals in the

acceptor and donor molecules. Interaction-of the filled orbitals

of the donor with the empty anti-bonding orbitals of the acceptor,

leads to a net stabilization in energy with a simultaneous transfer

of negative charge from donor to acceptor.

Donor and acceptor compounds have been classified as

increvalent or sacrificial i, these being n,C orl types. An

increvalent donor is a compound with a lone pair of (n) non-pbonding

electrons, an increvalent acceptor having a vacant orbital (v)

such as in SnCl 4. TW-donors and Tacceptors are both sacrificial,
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with electrons from bonding orbitals involved in charge-transfer.

The rates of formation of charge-transfer complexes in

solution are very high. Recent studiesl2 have shown that the rate

of formation of the complex between tetracyanoethylene and

hexamethylbenzene in solution at -80° is only of the order of ten

times slower then the diffusion controlled rate.

i:1- 2 Spectra of Charge-Transfer Complexes.

1-1-2 -1 Electronic Absorption Spectra.

The formation of a complex from donor and acceptor molecules

results in the appearance of a new band or bands in the absorption

Spectrum at a longer wavelength than the bands of components which

are still present. Enthalpies of formation of the complexes are

smai1,15 and hence orbital changes in forming the complex are not

likely to be large, so that all the transitions observed in the -

free donor and acceptor molecules should appear in the spectrum of

the complex.

The presence of more than one charge-transfer band can be

explained if there is more than one energy level in the donor

involved in charge transfer, or more than one acceptor energy level

available. For example, in the interaction of methylbenzene with

chloranil or 1,3,5 - trinitrobenzene, two charge-transfer bands

occur in the spectra.+4

Another explanation for the multiplicity of charge-transfer

bands is the formation of complexes in which the donor and acceptor

molecules are oriented in different ways end have different inter-

actions!5,16,17 as for the case of tetracyenoe thylene-naphthalene

complexes where two transitions are observed.

Studies on electron affinities of acceptorsto "0 and

lonisation potentials of donors®0-24 have been carried out and
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attempts at correlations with the energy of the charge-transfer

bends have been made.®5 Solvent effects on absorption bands with

charged ground states are shovwm to be important,» 24 but not for

neutrel ground states. It has also been shoym-0 »15, 25-28 for

donors that the energy of the charge-transfer band shows an

approximate linear correlation with Huckel molecular orbital

coefficients.

The extinction coefficient of the charge-transfer complex

absorption is proportional to the sauare of the transition dipole

moment! 29 between ground and excited states, and should increase

with increase in resonance interaction between donor and acceptor.

However, correlations of tne extinction coefficient € with both

ionisation potential of the donor 50, 31 and enthalpy of formation

of the complex ®9nave been made and there is no evidence for a

general increase in © with increasing strengta of the complex.

The concept of 'contact' charge-transfer complexes 52-85has

been used to explain some of the anomalous results for extinction

coefficients. Such complexes are postulated to arise from random

collisions between donor and acceptor molecules with apparent

K

However, the effect of solvation on the donor, acceptor and

& contact —»coo, and eouilibrium constant contact = 0.

complex has been considered, showing a change in Ke and K values

with change in solvent.°© Such effects were proposed to explain

the anomalous results without the need to postulate 'contact'

interactions.

1-1-2 - 2 Infrared and Reman Spectra.

The changes in intensity and energy of vibration bands in

going from donor end acceptor molecules to the complexes are

generally greater in complexes of O-donors and @-acceptors than in



Tl - 71 complexes.

Evaluations of intensity increases and frequency shifts

in components of complexes in terms of vibronic interactions 37

and electrostatic contributions ® provide no information as to

the relative orientation of donor and acceptor in the complex.

1-1-2 - 3 Nuclear Magnetic Resonance Spectra.

The chemical shift,o, for a particular nucleus is very

sensitive to the chemical environment, where interactions such as

solvent magnetic anisotropic effects, Van der Waals forces,electric

field and ring currents are important. If a particular nucleus can

exist in two different environments then two chemical shifts will

be observed unless the nucleus is exchanging very rapidly between

the two. For the case of a nucleus exchanging between either a

free donor and complexed donor or free acceptor and complexed ‘

acceptor the rates of exchange are so repid that one signal only

is usually observed.}3,59 In most of the N.M.R. studies of charge-

transfer complexes the signals of specific protons are shifted in

going from the free to the complexed form. Ni values defined as

ehaae > eomplex for a given proton have been examined?0-42 in

relation to the components of the complexes. In most cases the

ihe values are accounted for in terms of ring current, electric

field and solvent effects. 49-44 When fluorine nuclei in acceptors

are studied by 1p N.M.R. shift measurements, there appears to be

an increase in As values with decrease in ionisation potential of

the donor. 4° Fluorine nuclei shifts are more dependent on electron

density than the corresponding proton shifts4® and the above effect

may be evidence for some transfer of charge in the complex.
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1-1 - 3 Determination of Equilibrium Constants end Extinction
Coefficients.

The methods most coumonly used to determine equilibria and

extinction coefficients of charge-transfer complexes are those

based on ultra-violet and visible spectroscopy. The simplest

methods assume the rapid formation of a complex in solution in

equilibrium with the donor and acceptor molecules. The complex

is treated only as the 1:1 species as represented in (1 - 4).

*
Bap eee SAD: (1 - 4)

The equilibrium constant is given by (1 - 5).

x = [av*] / [a] [>] (1 - 5)

[an*], [al and [p] are the equilibrium concentrations of complex,
acceptor and donor species respectively. In the visible or ultra-

violet region of the spectrum the charge-transfer band has a broad

symmetrical appearance and from measurements of optical density it

is possible to calculate the eouilibrium constant and extinction

coefficient for complex formation.

According to Beer's Law, the optical density, d, is given

by:

a- <f [av*] (1 - 6)

is the extinction coefficient of the complex and 2 is the optical

path-length (cm.). If [p], and [4]. are the total concentrations

of donor snd acceptor, then rearranging (1 - 5) gives:

x = [ao'] 7 ([a], - a") «fo], - po“) (1 +2)

substituting (1 - 6) into (1 - 7) gives:

Kx = [av*] / (fa), - a/22) (p], - a/eb) (1 - 8)



Rearrangement of (1 - 8) giving:

[a],/a = 1/kt=[p]_, . [4] /[>] 22 + 172k - [40°]/P]o2
(1-9)

If the concentration of the donor is much greater than that of the

acceptor [>], » [4], then (1 - 9) simplifies to:

[a]o/a = i/xe@[p], + 12k (ai 210)

This is known es the Benesi-Hildebrand equation 4? and if values

of [aT /a are plotted against 1/[D] o» the equilibrium constant,

K, and extinction coefficient, =,can be calculated from the Slope

and the intercept. Variations of this method have been proposed,

including the Scott Eouation: 48

[>], 4) ,/a a DP] Y a+ 1/k2 (12.9)

Benesi-Hildebrand plots extrapolate to non-ideal concentrated

Solutions whereas in (1 - 11) the extrapoletion is towards dilute

Solution. Further rearrangement gives the Foster-Hammi ck-Wardley

equation. 49

a/[D], = -Ka + K[A],* (1 = 12)

Where K may be evaluated directly as the slope when plotting

a/[D], egainst -a.

Ketelaar ©-54 ena others have developed eouations for cases where

the absorption of the charge-transfer band overlaps absorption due

to the components of the complex. The extinction coefficients of

the other species are taken into account.

Relationships for equilibria where [ple [a]o or where

[>], = [4]. can be obtained by denoting the total concentration of
‘one component in terms of the other. If [>]. = n[Alo,
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[ah /a = (n+ mse if ke [a], (1 - 13)

There have been few reports of determination of termolecular complex

equilibrium constants and extinction coefficients. A measurement

of K for a 2:1 donor-acceptor complex has been carried out°° by

first measuring the 1:1 complex equilibrium constent (Kj) by use

a large excess of acceptor, (i.e. where there is little 2:1 complex

present). From this velue measurements were made of the termolecular

equilibrium constent (Kp) as in (1 - 14).

D

A+D = aD = ad, (1 ~ 14)
Ki Se

Another importent technique used in determination of

equilibrium constents and extinction coefficients is N.M.R.

spectroscopy. The adventages over the opticel methods are thet

line positions are easier to measure than intensities and also

there is no complication from overlapping energy bands of donor

and acceptor molecules in the seme region as the charge-transfer

complex band.

It is possible to derive en analogous expression to the

Benesi-Hildebrend equation for use with N.M.R. data. Protons are

considered to be undergoing repid exchenge between the complexed

and uncomplexed state. It cen be shown4® that when [p] >» [a]

A A A A

So z ote ‘ ae -¥,) x[]/ oe xb} ae
A Aobs Sas. ¥S are the chemicel shifts of given acceptor protons

observed in the complexing medium, in the pure complex end in the

uncomplexed stete respectively. (/\ and A, are defined by

[Nae 33, Ones ap ie (Teeoie)obs

Combining (1 - 15) and (1 - 16) ena reerranging:



V/A = 1KA, [p], + 1/4, (2 = 1”)

This is analogous to the Benesi-Hildebrand equation end values

of K end A can be obtained from plots of 1/A against /p),

Velues of K derived by this method compare favourably with those

from opticel measurements. 40-45

In some systems,measurements of K values have been made

by exemining nuclei in both donor end acceptor moLecutes sin heen?

measurement of non-equivalent nuclei in the seme compound have

yielded velues of K which are different. This may be due to the

presence of termolecular species. ©

Other methods used to determine eauilibrium constants end

extinction coefficients of charge-trensfer complexes have included

polarography in which measurements of reduction potentials are

made,°9-61 calorimetry ,°2-54 aielectric constent measurements 65) 66

and osmometry .6”

1-1-4 Interpretation of Experimental Data.

Most of the association constant determinations of orgenic

cherge-trensfer complexes have been in Systems where one species,

usually the donor is in large excess.

Comparison of results from systems of Il-donors and T-acceptors

obtained by optical end N.M.R. messurements indicates that there

have been only a few systems studied using equimolar concentrations

ie. [4] = []. These latter measurements mey heve considerable

importence, because the excess donor method is open to several errors,

such as (1) The effect of Solvent, (2) The presence of termolecular

end other complexes, (3) The inherent limitations in the method

used to derive K values. For exemple, in the Benesi-Hildebrand

equetion, which is the most commonly used method for obtaining

constents, extrepcolation is to infinite non-ideal concentration of
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Solution and not to ideal infinite dilution. There have been

attempts to examine 68-72 ori tically the validity of the Benesi-

Hildebrend and other methods used to obtain a single, non-zero

value for K and a finite constant value for. For exemple,

Hemmond 68 showed thet the effect of experimentel errors on the

Benesi-Hildebrend method wes such as to make it inaccurate for

measurement of very small essociation constants.

It has been suggested? 75 thet reliable equilibrium constants

are obtained only when the equilibrium concentration of the compl ex

is of the seme order as the equilibrium concentration of the more
dilute Cemcenen For complexes, having en association constant
below 0.1, experimental errors could lead to large deviations from

the correct value.

Most methods ignore the fact that the solvent interacts with

both donor end acceptor molecules. The equilibrium constant for

a given system appears to be dependent on the nature of the solvent?

If there is competition for the donor and acceptor molecules by

the solvent then e generelised equation can be made.

Koorr = Kexp (1 + Kg [s}) (1 - 18)

Here Kooy; is the true association constent without solvent

competition, Kexp» the observed constant, Kg,the solvent-donor or

Solvent-acceptor essociation constant end {s], the solvent concentre-

tion. More recent solvent theory 74 leads to a prediction of the

constancy of the factor Ks when the concentretions of D end A are
veried over a wide range.

Deviations from Beer's Law have been used as an explenation

for anomelies in K, when the constancy of K2 has been disputed. 51

In general the strongest solvent effects will occur with

strong n-donors such as dioxane or ether, or aromatic '-donors such
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as benzene and toluene.15 Tt has been shown thet even carbon

tetrechloride mey behave as an electron acceptor. 7° When solvent

effects are not large, association data of neutral donors end

acceptors in inert solvents show that K is highest for the least

ionising solvents.13

Evidence for the occurence of termolecular species such as

DAg or Def in solution was proposed from the change in equilibrium

constent K with change in wavelength>° The method involved one of

the species in large excess, and therefore conditions favoured

formation of termolecular complexes. Values of K were calculated

at & number of different wavelengths.

It has been shown’® that for cases where equimolar concentra-

tions are used, there is no wavelength dependence of K. For

equimolar concentrations there may be fewer termolecular species

present.

A recent application of synthetic data calculated for systems

involving the formetion of AD, AgD end ADp suggested’? that the

Benesi-Hildebrand method woulé appear linear even with termolecular

species present in solution. In the latter study, the veriation of

K with wavelength for the tetracyanoethylene-naphthalene system was

too large to be explained Solely by the presence of isomeric 1:1

complexes or ‘contact! absorptions. A recent study by Derenleau’®

disputed the linearity of the Benesi-Hildebrand equation when

termolecular species were present in solution. A microscopic model

was used to illustrate avereging processes in the essignment of

formetion constents for higher-order complexes. The slopes and

intercepts of various plots usually applied for the evaluation of

week complexes were derived for a system as shown in (1 - 19):
D

AD(1) = ADo(1,2 sStee 2(1,2) (1 - 19)

A =—— AD (2)und
D
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The derivation showed that all of the ususl plots were slightly

curved over wide ranges of the complex concentrations. The theory

of 'contact' complexes mentioned earlier has been criticised by

Carter “Son the basis thet no place is given for the role of the

Solvent. If the solvent complexation is examined then there is

no need to involve eny 'contact' complexes at all.

Orgel and Mulliken®> Suggested the presence of isomeric

1:1 complexes in solution. If the two or more complexes are

assumed to have equal K and€ values, then plots of Log K y 1/T

will face be linear if the enthalpies of formation are different
for each complex. The presence of the above complexes was disputed

where values of K over limited temperature ranges were calculatea’’
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1-2 The role of charze-transfer complexes in reactions.

Substitution, cycloaddition and electron-transfer reactions

are known where a charge-transfer complex is present.

The fact that the colour attributed to a charge-transfer

complex may fade during the course of reaction is not evidence in

itself that the complex is directly involved as a reaction

intermediate, since it may be formed in a side equilibrium.

Evidence based on kinetic measurements for direct involvement

of the charge-transfer complex in reaction has only been found in

a few cases, 79-84

1-2-1 Thermal Reactions which may proceed through a Charge-
Transfer Complex.

The substitution reactions between N-alkylanilines and

tetracyanoethylene have been studied in deteil, (80,81,83,84,85, 90)

a@ colour being formed Ohare 675nm) when the two reactants are mixed

together in chloroform. The intensity of the charge-transfer

absorption band decreased with time as a colourless intermediate

was formed, which slowly changed to the red product, N, N-dimethyl-

4-tricyanovinylaniline. The intermediate was proposea 80 to have a

zwitterionic structure as in (1 - 20).

iN wp + Je (comruex) sho LG
CN GN

(1 - 20)

fee

WtOEE ew QO
Rappoport studied the kinetics of formation of the intermediate

by observing changes in the charge-transfer complex absorption,

and using a large excess of donor.
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From graphs of Log d against t it was calculated that the

second-order rate constants increased with donor concentration.

Various schemes were drawn up to compare the rate constants

calculated this way (Key)) with corrected rate constants (k@)

related to total concentrations of acceptor (Ay).

In (1 - 21) the charge-transfer complex was a direct

intermediate.

Dewees AD) Guster)

-d (Ay) /at = x, (ap*]

kop = e/ (+ EL)
In (1 - 22) the charge-transfer complex was formed in a

side-equilibrium.

Die Ae AD Dre Ae AD (1 - 22)

-a [A},/at = x(a) [D],

Eee = k,/ (1+ « [D])

In (1 ~ 23) a molecule of donor reacted with the compl ex

to form the adduct plus donor.

Ale DSS ADM PADS ee Dees AD + D. (1 S285)

-a [A},/at = fp], [an*]

Kem > Keli], / 2+ x)
In this latter case the values of Keoxp should increase with

increase in donor concentration, which was the case for the

N-N dimethylaniline reaction (1-90). On the basis of this, it was

proposed that the donor was involved in the irreversible step from

the charge-trensfer complex to the intermediate, thus indicating

a role for the former in reaction.

Controversy occurred over the actual structure of the

intermediate, which was proposed as a zwitterion®0 or a bicyclo -

4,2,9 -octane derivative®® and could be isolated as a solide.
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Recent evidence from infrared and kinetic isotope effects87-S9

indicate that both structures below may be formed reversibly.

CN {CN
H CN CN 

/

Cyn Tees i o (Chan c= arse
cN

Spectroscopic studies indicated the presence of a 6 -complex

cn CN ck

between N-methylaniline and tetracyanoethylene, 84 and a O-complex

in the reaction between TONE and 2,$-dimethylaniline having a

similar structure.85 In the reaction between indole and tetracyano-

ethylene a similar mechenism79,82 was proposed on the basis of

kinetic evidence, where Kk exp increased with donor concentration.

CN Cc!

ne Cr indore) Pr

Coe IG = rare ~> (6-conrLex) > | |
SS

(

| : fh - 24)
The decay of the O~ complex to the final product was very slow

Ao~complex also occurred as an intermediate.

\

compared with the rest of reaction; (1 - 24) was a scheme which

fitted the results fairly well.

In the cycloaddition reaction between 2,4~hexadienol and

tetracyanoethylene’? a reaction scheme similar to (1 - 23) was

proposed on the basis of spectroscopic kinetic evidence.

Kinetic studiest?4 on the reaction between maleic anhydride

and anthracene in different solvents could not distinguish between

(1 - 21) end (1 - 22), as K exp decreased with donor concentration.

It was suggested that the complex was an intermediate as it closely

resembled the transition state of the reaction. Similar results

were obtained in the reactions between 9~- bromo-and 9,10-dibromo-
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anthracene with tetracyanoethylene.o1

A further reaction in which (1 - 22) or (1 - 21) might

operate was that between 2, 3-di chloro-5,6~dicyano-p-benzoquinone

(DDQ) with hexemethylbenzene.22 More then one adduct was formed

after addition had taken place at the termini of the quinone

molecules.

The reaction between chloranil and R,N-dimethylaniline,

in the absence of solvent, proceeded with the formation of a charge-

93transfer complex band (A, 650 nm).ae This gave several products

including crystal violet. On the basis of spectroscopic, electrical

conductivity and E.S.R. measurements, the charge-transfer complex

was thought to decompose to a radical amine cation and radi cal

quinone enion. Charge-transfer complexes are also thought to be

precursors in the formation of radicals in various polymerisation

reactions, as for example, the reaction between N-vinylcarbazole

and chloranil. a

1 - 2- 2 Photochemical Reactions which mey proceed via_a Charge-
Transfer Comolex.

The excited state of a charge-transfer complex as described

by MO theory ech has a significant contribution from a dative or

ionic structure when an electron has been transferred from donor

to acceptor.

If a charge-transfer complex is an intermediate in a photo-~

chemical reaction, then excitation of the molecule at the energy

region of the charge-transfer band in the visible spectrum should

excite the charge-transfer complex to a species which is an effective

ionic complex. Thus in the reaction between cyclohexene and

olefinic acceptors, 95 including tetracyanoethylene; irradiation of
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the solution within the respective charge-transfer energy band

gave products which indicate a (2+ 2) addition.

If the reaction is to pass through a charge-transfer complex,

the most favourable arrangement is for the double bonds to lie

parallel, one vertically above the other. In the case of

fumaronitrile?5 the course of reaction may be;

2 R 
(1 - 25)

a ed, Mies
\ > ~ 4 an

CNhy
H CN

Ne 4 ne

CN H

cu 7c

CA MayoR PRODUCT)
CHARGE-TRANSFER COMPLEX Exc ITED STATE

CN

For the reaction between maleicenhydride and benzene to form the

2:1 sdduct, 96 irradiation below 2€0nm results in reaction. Neither

excited state benzene nor maleic anhydride absorbs in this region

and it is possible that the reaction proceeds thus via the charge-

transfer complex.

1 = er 9S Biochemicel Reactions which may pass through the Charge-
frensfer Complex.

No clear evidence exists for a specific role pleyea by

charge-trensfer complexes in biological reactions. The transfer

of charge from one molecule to enother could pass through such 6

complex and the fact that charge-trensfer complexes are usually

atout 3.2 ~ Beak apart facilitete interactions between mobile

Molecules over comparetively long seperations. Such reactions as

transfer of charge sre vitally importent in biochemicel reactions,

such as in photosynthesis and oxidetive phosphorylation. Although

charge-transfer complexes have been shown to be formed in biologicel
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systems, the highly compliceted nature of these systems has

hindered the application of methods used to examine the possible

role of the complexes in reaction. Spectroscopic measurements of

charge-trensfer bands are hindered by the likely presence of the

component molecules of the complex having overlapping bends in

that spectrel region. Possible reactions procee*ing through such

complexes are those between indoles and hydrocarbons, as donors,

and flavins, including riboflavin (Vitemin Eg) as acceptors.

Evidence based on spectroscopy?/-99 suggests that a charge-

trensfer complex msy be a precursor in the formation of flavin

semi-quinones. Recently, 100 the formation of charge-transfer

complexes as possible intermedietes in the reaction between prolines

end p-benzoquinone has been reported. In general, elthough charge-

transfer complexes have been observed for a large number of donor-

acceptor interactions such es nucleosides-chloranil, indoles-flavins,

indoles-chlorenil, porphyrins-trinitrobenzene, polycyclic hydro~

carbons-proteins ete.25,101 the possible role of the complexes in

biologicel reactions of this nsture is so far unproven.
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1 - 3 Cyclosddition Reactions.

Interest in this important class of reaction has been revived

in the past few years. This is meinly due to the formulation of

the Woodward-Hoffmann rules!92-104anq the current development of

techniques such es GLC, and NMR. spectroscopy, which have opened up

the field and have led to the discovery of new reactions of this

class. Recently, cycloeddition reactions have been considered as

one of several types of reaction known as pericyclic reactions. 105

1-3 - 1 Woodward-Hoffmenn Rules end MO Methods

Initielly Woodward end Boffmenn 102-104, 514 6a rules to

electrocyclic reactions, which consisted of the formation or

cleevage of a single bond between termini of a linear system

containing Tl -electrons. They predicted the geometrical arrengement

of the substituents of the products in terms of conrotatory or

disrotatory movement of the termini. They based such predictions

on the conservetion of symmetry of orbitsels during reaction or on

the symmetry of the highest occupied moleculer orbital of the

reactant.

Dis RotaToRyY

(1 = 96)

COW ROTA TORY
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Table 1 - 1 Woodward-Hoffmenn rules for cyclisation reactions.

No. of Tl electrons Thermelly allowed, Thermally forbidden,
in system Photochemi cally Photochemi cally

(n is any integer) forbidden allowed

4n Conrotatory Disrotatory

4n + 2 Disrotatory Conrotatory

For exemple, in the transformation of cyclobutene to butadiene

there should be a conrotatory movement for a thermelly allowed

reaction.

Applying the same principle of conservetion of orbital

symmetry elements during the course of reaction, Woodward and

Hoffmenn derived rules for cycloaddition reactions 4 where two

different M-systems reacted. In this case geometrical differences

in the products arose from the two different geometrical types of

cyclosddition, namely suprafacial end snterafacial cycloaddition.

A suprafacial process is one in which bonds made or broken lie on

the seme face of the system undergoing reaction, whereas sntara~

facial processes occur when newly formed or broken bonds lie on

opposite faces of the reacting system.

“al ae Seddiun ge?

(s) ae I
The test for whether suprafeciel (s) » or entarafaciel (a) additions

had teken place was to exemine the configuration of the substituents

in reactents eané products.
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Table 1 - 2 Woodward-Hoffmenn rules for cycloadditions.

No. of ¥-electrons Thermally allowed Thermelly forbidden |

(o + a) Photochemi cally Photochemi cally

forbidden ellowed

4n Psat ae Ps + Gs

Pa *+ Gs Pa't Ga

4n+ 2 Ps + Qg Ps * Ge

Pa * Ge Pa + Qs

In the possible (2+ 2) addition of substituted ethylenes to give a

substituted cyclobutane, the Woodward-Hoffmann rules predict a

(725 + rea) cycloaddition. Whereas configuration is retained st

the suprafacial centre, there is inversion et the carbon stom for

enterefeciel addition.

Ho. ed) hee uR

R Bae ¥
ae a more WW <ug ok (1 - 27)

~~ RRiN, THERMALLY ALLOWED
Cycloedditions as well es electrocyclic reactions, were

considered by Frontier Orbitel (FO) methods 106 which exemine only

the highest occupied moleculer orbital (HOMO) end the lowest vacent

molecular orbital (LVMO) of reactants. In the Diels-Alder reaction

the symmetries of (HOMO) q;en¢ end (LvMo) dienophile Were correlated

during the course of reaction deriving modes of addition correctly

predicted by the Woodward-Hoffmann rules.

- Another theory applied wes the Perturbation Molecular Orbital

theory (PMO) 105,107-109 sy watch energies of the molecular orbitals

of the possible transition states of cycloadditions were calculated.

This method has been used to describe the pathway of pericyclic

reactions}94,105 defined es concerted reactions involving transition
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states, where all first-order bond chenges occur on a closed

curve. The PMO method has been used to exemine whether the

trensition states for reaction are aromati ce, non-aromatic or

entiaromatic end hence to predict the structure of the products.

For exemple, in the Diels-Alder reaction, for alla, +12, cyclo-

addition, en aromatic transition state was predicted, leading to

the (4+ 2) cycloadduct.

1-3-2 (4n + 2) Cycloadditions.

1- 3-2-1 Diels-Alder Reactions.

The Diels-Alder reaction involves the 1,4-cycloaddition of

en electron-deficient alkene (dienophile) to a conjugated dieng,l0-115

The Woodward-Hoffmenn rules predict that the reaction should be a

thermally allowed suprafaciel-suprefecial 4, +172, concerted

cyclosddition and in practice this reaction always occurs in a

cis-menner with the steric arrengement of substituents in diene

end dienophile preserved in the 1:1 edduct. In the addition of

trens-2, trens-4-hexediene to maleic anhydride the sll cis product

is formed.

Chis i Kh eR i

ZA aX (1 - 28)

nal > sles [a
ie!

chy I toe |
Another importent feature of this reaction is the possible

formation of exo or endo products. In practice it has been found

thet endo is almost exclusively formed, 116 even though it is

thermodynamically less stable.
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ENDO Exo

9 (1 - 29)
9 | |

en ate | > a ob ”
| i I

In systems where catelysis or interconversion of isomers

is easy, the thermodynemically controlled exo isomer may be formed

Alater. The endo effect has been explained b in terms of dipole-

induced dipole forces between polar groups in dienophile and diene.

ire eceyely in en MO treatment) 104 Symmetry controlled
secondary orbital interactions in the transition state, which

lowered its energy, were considered effective in producing the

kinetically controlled endo product.

Electron donating groups attached to the diene and electron-

withdrawing groups attached to the dienophile accelerate the

reaction to a limited extent.110,115 mere is only a small positive

Solvent effect and a large negative entropy of activation

(As*®. -40e.u.) indiceting a high degree of ordering in the

transition state. These findings point to a concerted mechsenism

in which the transition state has only a small separation of charge,

rather than a two-step reaction involving a zwitterionic or biradical

intermediate, 110,115,118,119

This concerted mechanism, is also indicated by other methods

such as PMO, in which a symmetrical aromatic cyclic transition state

is more stable than a linear non-aromatic trensition state which

would occur in a two-step process. 105

In 1942 Woodward 120 Suggested that the charge-transfer

complexes formed in solution were possible intermediates in the

Diels-Alder reaction end their role has been discussedd 379) 90,118,
121-124

In one case, the reaction between trans 2,4-hexadienol and tetra-
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cyenoethylene, 7? kinetic data suggested an involvement of the

charge-transfer complex in reaction. From the results it was

postulated thet the complex reacted with donor to give the adduct

(see Scheme 1 - 23).

In the reaction between anthracene and maleic anhydride

to give the 9,10-adduct, kinetic studies of the disappearance of

the charge-transfer complex during the course of reaction were

carried out.1?4 Using a lerge excess of maleic anhydride, it was

concluded that the complex was either a direct intermediate or

formed in a side-equilibrium (see Scheme 1 ~ 21 or 1 - 22). The

small solvent effects end consistently large negative entropy of

activetion values obtained for this reaction end others similar!2°

indicated a concerted mechanism for reaction between anthracene

and dienophiles.

Tetrecyenoethylene and 1 - substituted - 1 - (2 - naphthyl) -

ethenes react to form Diels-Alder adducts and charge-transfer

complexes occur during the course of reaction,+21,122 The kinetics

of these reactions have been studied and association constants for

the charge-transfer complexes measured. It was Suggested that as

a plot of log (association constent) versus log (rate constant)

for reaction wes approximately lineer, some involvement of the

complexes in reaction occurred.®2 Another study concluded that the

charge-trensfer complex in the reaction between vinylnephthalene

and tetracyenoethylene might be formed in a side-equilibrium.22+

Although increase in donor Strength of the diene and increase

in acceptor strength of the dienophile favour retes of Diels-Alder

reactions end charge-transfer complex formation, the role of the

latter is still uncertain.
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1-3-2-2 (2+ 2+ 2) Cycloadditions.

(2+ 2+ 2) cycloaddition reactions occur between three

non-conjugated 2-electron systems, two of which may be in the same

molecule as shown by the eddition of tetracyenoethylene to

norbornadiene to form tetracy enoquadricyclo [2 Bea oF6 nore

nonane. 25,25 (1 ~ 9),

C CN

ot C —>
cN CN

The thermally suprefeciel (T2,+ We,+ 25) cycloaddition occurs

(1 - 30)

cN CN

CN N

as predicted, although there are two other thermally allowed

(W2,+ 12,+12,) reactions possible. 104

In the related (2+ 2+ 2) retroaddition from cyclic hydrazo

compounds to heptedienes, the syn-cis compound shown in (1 - 31)

produced the cis-cis heptediene elmost exclusively.

chy -

| (a
Was cast sho Ni

Ch f
Cit 7

It was arguea??? that this stereospecific reaction was

evidence for the preference of (Te, +7T2,+72) reaction over the

possible (2. +1 2_,+12,) reactions, end a concerted rather than

two-step process.

In the 1,7-cycloaddition reaction between tetracyanoethylene

end 1, 3, 5, 7-tetremethylene ey clooctene128 a colour ettributable
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to eae charge-transfer complex was also formed in the solution.

City,

l (4 "32). : an, Cn),

cu He as CN aes :

Seu bs
Cnes Tetracyanoethylene also reacted exothermically with

quadricyclane 129to give the exo product via a (2,702, noes)

N
aN CN (1 - $3)

a cn-C- dé
cN

aN CN

There is little evidence, so far, to suggest that charge-transfer

pathway.

complexes take part in this type of reaction.

1-3-3 4n Cycloadditions.

The Woodward-Hoffmenn rules predict that for a reaction

between two substituted ethylenes, a thermal T2,+ 12, addition is

forbidden but photochemically permitted, whereas al2,+W2, thermal

addition is permitted. One of the few exemples of such a reaction

is the dimerisation of the bicyclodecatriene to its dim er,+0

(1 - 34)

Redical intermediates have been postulated in (2+ 2) cyclo-
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additions.1!-1%6 tn the addition of 1,1-dichloro-2, 2-difluoro-

ethylene to trensoid butadienes, the product (1) was almost

exclusively formed/ 2?

(1) (2) (1 - 36)
5oe . ve <tBees i < ae <r ZA .

a F

In a concerted mechanism a mixture of both compounds might

be expected. It is known that a radical stabilized by chlorine

atoms is more steble than one with fluorine atoms, so the biradical

shown was postulated as an intermediate.

(1 - 36)

The same arguments were applied °° to the reaction between two

acrylonitrile molecules in which only specific products were formed.

An importent factor considered in releted reactions was the

possible rotation of substituents about a C-C single bond in the

intermediate diradical, competing with the ring closure reaction.

This would lead to a loss of stereoselectivity, which would never

131
occur in e concerted reaction, as shown by reaction between

isomers of hexadiene end dichlorodifluoroethylene.

(1 - 37)

eo)

Clty

4

Ns

16%

Cit

2nZ
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In the formation of four-membered rings from ketenes and

substituted olefins, the high negative entropy of activation and

slight dependence of rate on solvent polarity 157,138 indicate a

concerted reaction as does recent evidence from reactions between

dimethylketenes end various olefins,159 in which a (12, + T2,)

pathway is postulated.

Tetracyanoethylene reacts with alkenes to give charge-trensfer

complexes which fade as the reaction proceeds, forming the cyclo-

140
putane derivatives. Rate studies of the reaction between tetra-

eyenoethylene end p-alkoxystyrene showed! %© that the rate was very

sensitive to solvent polarity. The thermal (25+ 12s) cycloaddition

is thermelly forbidden and the (T2g+W2,) addition rarely occurs.

It was thus suggested thet an intermediate zwitterion was formed

as shown:

ROCK, (1 - 38)
6 ROCH

\ a ee \e ROGH, we

/ i a > 1G —> ht ay
c CN {

8 4 Drew cu Ren
fox chy cn ou CN

A general mechenism has been proposed® for the reaction

between tetracyenoethylene end vinylethers, involving initiel

formetion of a charge-transfer complex, followed by electron-

transfer and subsequent formation of en ionic structure, before

forming the product. In the reaction between dihydropyren and

tetracyanoethylene, lel a second equilibrium after formation of

the complex was postulated, prior to the reaction giving the

cyclobutane product, in order to explain the initiel rapid

disappearence of the tetracyenoethylene.
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nN CN 
cN

fa.ae oa CORRE STEMNStER yao (TER MEDIATE) —> feCOMPLEX 
ea

A study of the cyclobutene adduct formed from enethole?9

and tetracyenoethylene showed that there was a smsll decrease in

rate with increasing donor concentration, suggesting that the

charge-transfer complex was formed in a side-equilibrium as in

scheme (1 - 22).

1-4-1 Bicyclo [2, 2, 1] hepte-2, 5-diene (Norbornadiene).

this is a bicyclic non-conjugated diene, prepared by
dechlorination of 5,6-dichloro-2-norbornene. 14! a comparison 142

of the ultraviolet spectra of samples of bicycloheptene (ox 195nm)

end bicycloheptadiene (A nex 20.5» 214,220 and 220nm) in ethenol

indicates some degree of homoellylic resonance between the two

ethylene groups in the latter.

Calculations showea 1425143 that the Kekulé structure for

bicycloheptadiene in the ground state was essentially correct,

whereas in the excited state, there was interaction between atoms

@, 6 and 3, 5.

GROUND STATE 
ExcrreD stave

Norbornadiene reacts with dienophiles such as maleic anhy dride?44

in which either the endo or exo product could theoretically be

formed. It has been shown that, in fact, the endo product is

almost exclusively formea?45 as in the usual Diels-Alder addition.
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The endo adduct formed was shown to form an internal lactone,

impossible to obtain with an exo adduct.

(1 - 40)

>
: H Ag, AciD ON

120 \\ cook

od .

The kinetics of addition of tetracyanoethylene to bicyclo-

heptadiene to give 8,8,9,9-tetracyanoquadricyclo [2,2,1,0° 6255 ]

nonane (section 1 - 3 - 2- 2) have been studiea.t46 Solvent effects

and the possibility of divolar intermediates were examined, but

complications arose from the fact that complexing occurred with

the mainly aromatic solvents, effectively removing some of the

dienophile from the reaction. The general conclusions reached were

that although the rate of reaction increased with increase in

solvent polarity, this was not sufficient to postulate a dipolar

transition state, but only one in which some polsrisation had

occurred. A large negative entropy of activation (-® e.u.) was

found, consistent with values for most Diels-Alder reactions.

Competition between a (2+ 2) end (12, + 125+ 2g) cyclo-

addition apparently occurs in the reaction between bicycloheptadiene

end 1,1-dichlorodi fluoro. ene.!4? In this case, the (2 + 2)
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cycloadduct is formed in greater yield, indicating a possible

preference for exo attack on the ring.

cL

cl ca t

ce
(242) avpuct (24242) Avouct

Although charge-transfer complexes have been observed in reactions

between bicycloheptediene and dienophiles, their role in reaction

ene (hexemethyl Dewar

The first substituted Dewar benzene was synthesised in 1962148

by photoimmerisation of tri-t-butyl benzene.

. Hexamethyl Dewar benzene wes recently satisfactorily

synthesiseat4? by catalytic trimerisation of 2-butyne in the

presence of aluminium chloride.

c, —==—-cx, —>
= i

bel, ES

This compound cen be considered analogous to a substituted bi eyclo-

heptadiene. Interesting features of this molecule are the very

long bond-length (1.638) of the bridging bond, determined? by
gas-phase electron diffraction, and the fact that the activation

energy of the thermal rearrangement of cis-hexemethyl Dewar benzene

to hexamethyl benzene is 37 Keal/molel®! even though the latter is

thermodynemically more stable by 65 Keal/mole. The disrotatory



cleavage of the central bond is symmetry-forbidden by the Woodward-

Hoffmann rulesl04 and this may well eccount for the large

activation energy in which the reactant passes by a concerted

process to the substituted benzene. The formation of a skewed

intermediate wes not excluded as a possibility for the reaction.

A trans-hexemethyl Dewar benzene would appeer to be too unstable

to exist as this would pass by a symmetry-allowed process to the

substituted benzene.

The double bonds in this molecule appear to be well placed

for concerted (li2, + T2s +7125) cycloaddition with dienophiles.

Tetracyanoethylene was reporteal >? to react with hexamethyl Dewar

benzene to give the quadri-cycloSctane adduct, analogous to

substituted norbornadienes.

Cit

Cit, atise ty N cN We

fs —
i

: cH ch CN Ss
CN

However, for reactions with other dienophiles there appear

to be divergent directions of attack on the hydrocarbon. For

instance, whereas addition of chlorosulphonyl isocyanate to

hexamethyl Dewar benzene eppears to proceed by preferential endo

attack to give a rearranged product, 153 the dipolar species,

phenyl azidel54 end ethyl N-sulphonyl carbamate!°5 appear to bond

initially on the exo face, the latter reaction product rearranging.

A rearranged product is also obtained in the reaction with

the strong dienophile, 4-phenyl-1,2,4-triazoline-3,5-diene in

poler solvents.152,155 Tt was proposed that the (25 +W2,5+T2)

adduct, whose structure wes assigned on the basis of its N.M.R.
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Spectrum, was formed as an intermediate, and this then rearranged

to the final product.

as ch, =O

cH. 's
City ‘ WG ey

Citace

(1 - 43)

is — Ph
Hc
3 CH;

+ GisNz0, : aoe

The reasons for the different directions of attack of

electrophiles and dipolar species on hexemethyl Dewar benzene are

not yet fully understood.

1. 4-3 Tetracyanoethylene.

Tetracyenoethylene was the first percyano8lefin to be

prepared by Cairns and his co-workers in 1957, 157,158 The main

method used was the chlorination-dehydrochlorination of melononitrile.

Tetracyanoethylene is one of the strongest electron acceptors

known and reacts with a wide range of electron donor compounds

including dienes, 158-160 aromatic compounds, 125,146 nitrogen

compounds 79-85, 161 and forms cyclobutane (2+ 2) derivatives with

olefins. 162 74, rapidly forms coloured charge-transfer complexes

with a wide range of compounds. 10,15,163-166 Recently the rate of

formation of the complex between tetra cyenoethylene end hexamethyl

12
benzene was determined by a temperature- jump method.
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1-5 Nuclear Magnetic Resonance Studies.

1-5 - 1 Nuclear Magnetic Double Resonance.

Comet derabve progress has been made recently in the
development and application of double and multiple resonance

methods since their original discovery in 1954,167,168 Double

resonance leading to spin decoupling can lead to an analysis of

complex spectra, especially in overlepping multiplet systems,

detection of hidden resonances, eccurate determination of coupling

constants end a determinetion of the relative signs of the latter

in suitable cases,}59-177 tn general, in double resonance

experiments, transitions between energy levels of a nuclear spin

system in e stetic magnetic field, Ho, are measured in the presence

of two oscillating magnetic fields Ay and Lo. Hy is used to

observe the resonence of one type of nucleus and Hp for the

perturbation of a second type of nucleus. In proton spin decoupling,

used in this study, irrediation of one nucleus leeds to a chenge

in the observed signal of Ohepeatiets as the spin-spin coupling
between the two is removed. This techniaue has been used in many

instences for homonucleer and heteronucleer systems, but the cases

of speciel interest for this survey ere those in which ey clo-

adducts of Diels-Alder reactions heve been exemined to determine

their structure end stereochemistry. (see Section 1 - 5 - 4)

1-5 - ? The Kerplus Foustions and their Applicetion to
Elucidetion of Structure-

Using a valence-bond method in 1959, Kerplus?78 predicted

en epproximete relationship between the dihedrel angle 6 and

vicinal coupling constent Ju-c_c-H» in ethenic and ethylenic

molecules. This usually tekes the form:
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= J, cos*g- 0.8 fors dé 02] eg

J = Tig) c08?g - 0.5 [20% & 180]

oy
Hi

Jy end Figo in the original eouations had values of 8.5 and 9.5

respectively, but other constents have been used, as for exemple

in carbohydrate structure determination.179

It has been shownl60-184 thet the Kerplus rules are modified

by such factors as electronegativity of substituents, hybridisation

of the carbon atoms, bond lengths and non-vicinel bond engles.

For example, it has been shown that electronegative substituents

atteched to the fragment H,-C-C-Hp tend to lower the coupling

189,184 T+ has peen suggested?®5,186 that tor sp®
constent J ap

hybridisation of one of the carbon atoms as in the fragment

Ha-C-C (Hp)=—, there may be someT/-contribution to the vicinal

coupling. However, other conclusions187,188 and recent theoretical

studies189 suggest thet such e system is closely analogous to ©

fully saturated one end obeys a Kerplus-type relationship.

An adeptation of the Karplus eauations -hes been made?90

assuming that the ratio of the constants Jo/Jigo is approximetely

0-9. It has been postulated thet electronegetivity effects do

not influence dihedral angle calculations to the seme extent using

this method.

The Karplus ecuetions have been useal91 in the determination

of the conformation of shikimic acid, a substituted cyclohexene.

A comperison of dihedral angles measured from models with those

calculated from the Karplus equetions after derivetion of coupling

constents from the spectrum, indicated thet shikimic acid existed

in a heif-cheir rather then a boat conformation. A similar method

wes useat92 in structure determinstion of 6-substituted 1-phenyl
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cyclohexenes, when it was concluded thet the helf-chair conformation

was also adopted by such compounds.

1-5-3 N.M.R. Lanthenide Shift Reagents.

Although the effect of paremaegnetic components on N.M-R.

resonances have been studied from ebout 1948,195 it is only

recently thet paramagnetic compounds have been systematically

used in structure elucidation of organic molecules.

The first lenthenide compound reportedl?4 to cause a large

shift without line broedening or spin-spin coupling distortion

was tris (2,°,6,6-tetramethyl-3,5-heptanedionato) Europium III

(Hu( dpm) g). Large shifts were produced in the proton resonences

of cholesterol when the dipyridine adduct of the above compound

was added to the solution.

Although meny metel complexes can cause chemical shift

chenges, these lanthanide compounds are inefficient in terms of

spin-lattice relaxation and so no excessive line-broadening occurs.

The lenthenide ions in these complexes cen increese their

coordinetion number by interaction with lone electron-pairs in the

orgenic donor substretes. Thus, organic compounds which show these

shifts usuelly have lone electron-pairs as in alcohols, amines,

ketones, end esters.

The action of the shift reagent is attrituteal?® to a

through-spsce dipolar or pseudocontact interaction, in which the

shift of a particular nucleus is proportional to cae where ris

the distance between the metal ion and the nucleus under observation.

Other lanthenide shift reagents have been studied! 96197

end it appears thet complexes of Europium, Erbium end Thulium

shift NMR. resonances to lower field while complexes of Praseodymiun,
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Neodymium end Samarium shift the resonances to higher field.

Other complexes of Evropium end Preseodymium having

1,1,1,2,2, 3, 3-heptefluoro-7, 7-dimethyl-4, 6-octane dione ligands

have been used, 198 as Fu(fod) g and Pr(fod)g are more soluble than

the corresponding Eu(dpm) gz end Pr( dpm) in non-polar solvents end

they produce greater proton shifts in weak Lewis bases such as

ethers and esters. For exemple, Fu( fod) 3 greatly simplified the

N.M.R. spectrum of di-n-butyl ether in CCl4, 8 weak Lewis base,

whereas use of Eu( dpm) g wes compsratively ineffective.

Oks
one ee

- i
Bag Au

"O=C

Se Eu( fod“Cis)3 3 ae

1-5 - 4 N.M.R. Apolicetions to Structures of Cyclosdducts.

Although N.M.R. has been used in a number of cases for

the elucidation of the structure of: cyclic componis,e few cases

are given here as they are related to compounds in this study.

In studiesl99 of products of reaction between 3-methoxy-

2-methylpente-1,3-diene and some methoxy carbonyl benzoquinones

the Karplus relations were used to establish dihedral angles, and

double resonance decoupling was used to clarify chemical shifts

and coupling constents. It was concluded that the adduct shown

below existed in the syn-cis, rather then the Syn-trens or anti-

trens configurations.

:

He E SYN~cIS
Neo R



It was also deduced that in the formation of the adduct, endo

addition had taken place.

In the Diels-Alder adduct of cycloheptatriene and tetra-

cyenoethylene it was shown200 that the tricyclic structure was

present. Double resonance irradiation of the bridgehead protons

established the assignments in the cyclopropane ring.

In a related N.M.R. study, the Diels-Alder edduct of

ditropyl end dimethyl acetylene dicarboxylate was exemined, 201

Double resonance irradiations were used to clarify assignments

in the spectrum end the following structure was deduced.

COMe.

CO,Ke 2

The N.M.R. spectrum of the adduct of norbornadiene and tetra-

cyenoethylene has been reported.02 The low field signal was

assigned to the protons adjacent to the cyanogroups, end appeared

to be sensitive to solvent. In deuteroacetone a downfield shift

was observed, relative to deuterochloroform. This was attributed

to interaction between acetone and the cyeno groups, meking the

latter more electronegetive.

en ol

cN oe
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CHAPTER 2

Experimental Methods

2-1 General Methods

2-1-1 Melting Points. All measurements ere corrected and

were mede using ea Kofler hot stage mi croscope Supplied by the

Shandon Scientific Instrument Co. Ltd.

®- 1-2 Carbon, Hydrogen end Nitrogen Anelysis.

The enalyses were carried out using a F.&M. Model 185 C-H-N

Anelyser.

®- 1-3 Gas-Liould Chromotogrephy.

A Griffin and George D.6 Ges Chromatograph fitted with a ? metre

column contsining 20% (4:1 polyethylene ¢lycol (400): dinonyl-

phthelete) on celite wes used initielly. In addition, e Pye

Series 104 Chrometogreph with ea fleame-ionisation detector wes

leter used, The columns fitted to the latter instrument contained

either Silicone SE2% or Carbowax 20M, the latter being found more

effective for polar sepsrations.

@-.1- 4 Thin Leyer Chromatogrephy.

In most cases the analysis of solids by this method was carried

out using Eastmen Kodak Silica Gel Chromegrem (6060) (stationary

phase) strins which were exemined under oe UV lignt (254/350 nm)

to show up the spots. In some ceses the svots were developed by

placing the strips in an iodine tenk. For most of the T.LCstudies

the solvent (moving phase) was ¢ mixture of chloroform end carbon

tetrechloride in varying proportions.

*-1- 5 Purification of Solvents.

#-1-5-1 Chloroform.

In order to remove the ethanol stabilizer from commercial chloroform



a given volume of the spectroscopic grade solvent (supplied by

B.D.H. Chemicals Ltd.), was shaken up five times with half its

volume of distilled water. This was then dried first with anhydrous

potassium carbonate and then for 24 hours with phosphorus pentoxide.

The solvent wes finally distilled end stored in a refrigerator in

a light-protected bottle. Most of the chloroform purified this way

was used within a few deys of the distillation.

2-1-5- 2 Dichloromethene and 1,?-Dichloroethane.

Both of these solvents were supplied es spectroscopy grade by

B.D.H. Chemicels Ltd. In most cases the solvents were distilled

first from enhydrous potsessium carbonate, then from phosphorus

pentoxide end finally redistilled. The solvents were stored in

light-protected bottles. An alternetive method of purification

was to pass the solvent through se column of activated elumine

immedietely before use.

For all kinetic studies, solvents were purged with nitrogen before

use.

2- 2 Spectroscopic Methods.

2-2-1 Ultreviolet/Visible Spectroscopy.

The following UV/Visible recording spectrophotometer models were

used. (1) <A Perkin-Flmer-Hitachi EPS-3T, (?) A Unicem SP1800,

(3) A Perkin-Flmer UV 137. The first instrument, in which two

cells were fitted, was thermostatted by means of ea water circulation

system from a Shandon controller, which was eccurate to the order of

# Ode to.O.c0c.

Matched silice cells having peth-lengths of lem. or lmm. were used

in all ceses. At low temperetures it was necessary to pass dry
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nitrogen through the cell-housing to prevent condensation occurring

on the face of the cells.

The Unicam SP1800 was used primarily with four pairs of cells,

heving en eutometic repetitive scenning errangement from one pair

of cells to another et given time intervals. lem. cells were thus

placed in the cell-housing which was thermostatted in the same way

as for the first instrument.

For the case where 4cm. cells were used, only one pair of cell-

noveinee was fitted in the instrument, which was thermostatted

either by a water-circulation or electric thermostat systcn.

The third instrument was used only for initial quantitative studies.

2-2-2 Infrared Spectroscovy.

A Perkin-Flmer Infracord Spectrometer was used in nearly all cases.

The spectra of the semples were run in the solid state either in

the form of e KBr disc or as a suspension in a mull. In the first

case about 5mg/l00mg of semple/KEr was ground up and a thin dise

wes formed in a minipress, used for this purpose. An attenuator

was placed in the reference beem of the instrument to obtain a

suitable spectrum intensity. The solid semples were mulled using

either nujol or hexachlorobutadiene. Calibrations were cerried out

using a polystyrene sheet.

2-2-3 Mass Spectrometry.

Accurate mass measurements and fregmentation spectra were obtained

from the Physico-Chemical Measurement Unit, using en A.E.1 MS 902

spectrometer. The electron energy was 70eV.

2-2-4 Nucleer Magnetic Resonance Spectroscopy.

2- 2-4-1 Instruments. The following spectrometers were used

during the course of the study. (1) Perkin-Elmer 60 MHz R.10
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Spectrometer, (2) Physico-Chemical Measurement Unit's 100 MHz

Varian HA-100D Spectrometer sand (3) 220 MHz Varian HR-?20

spectrometer. The first spectrometer was used to obtain only

quantitative initial spectra, vhereas 911 the homonuclear double

resonance experiments and spplicetion of shift reagents were carried

out using the 100 MHz or 220 MBz instruments. All spectra were

standardized using tetramethylsilane to provide the lock signal.

2-2-4- 2 Reagents.

Deuterochloroform used for the Perkin-Flmer R.10 experiments and

the lanthanide shift reagent, Eu(fod),, were supplied by B-D.H.

Chemicals Ltd.

Tetremethylsilane for the lock signal wassupplied by Aldrich

Chemical Co. Ltd.

2-2-4-8 Experimental.

In initial experiments using the 60 MHz R.10 instrument, about

50mg. of the sample was dissolved in about lml. of solvent in en

N.M.R. tube. A drop or two of tetremethylsilane was sdded to the

solution, before it was placed in the magnetic field.
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Nuclear Magnetic Resonance Studies of Cycloadducts and Related

Compounds.

3-1 Introduction.

The N.M.R. spectra of certain Diels-Alder cycloadducts and other

related compounds were examined.

Beceuse of ie embiguities end uncertainties in the simple spectra

of these adducts, it was decided to use double resonance and

addition of shift reagent methods in order to elucidate the

chemicel shifts, analyse the splitting patterns and hence evaluate

spin-coupling constants. In meny cases it was possible to shed

light on the conformetion of the adducts in solution by application

of the Karplus equation and other related methods. No effects due

to conformationel inversions were taken into account as it was

generally assumed thet the arrangement of substituents was such as

to meke one conformetion more stable then the others. The Karplus

equation was used without correcting for electronegativities of the

substituents attached to the vicinal fragments.

3-2 Preperation of Adducts.

The preperation of the adducts of norbornediene/TCNE, hexemethyl

Dewarbenzene/TCNE, hexe-trens-®, trens-4-diene/maleic anhydride,

1-methoxy butsdiene/maleic anhydride, anthracene/maleic anhydride

and indole/TCNE are described in Chapters 4,5,6,7,6 ane 9 respectively.
S$- 2-1 Hexe-trens-?, trans-4-diene/TCNE adduct.

Commercial hexadiene was first purified by distillation to give one

peak only in the G.L.C. The purified donor (0-6m1) was then added to

TONE (0.5g) in dichloromethene (15m1°), the solution shaken thoroughly

and allowed to stand for 2 minutes until the purple colour had

disappeared. The solvent was removed by eveporation and the crude
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solid was washed twice with carbon tetrachloride. Recrystallisation

twice from a mixture of dichloromethane/carbon tetrachloride yielded

colourless crystels. m.p.124.5-125.5 © (1it205 = 195.5-127.57C).

3-2-2 l-Methoxybute-trens-1,3-diene/TCNE adduct.

Purified 1-methoxybuta-trens-1,%3-diene (1 ml) was added to TCNE

(0.4g) in dichloromethane (20 ml). The mixture was refluxed for

30 minutes and the solvent then removed by evaporation to yield a

greenish solid. Recrystallisation from dichloromethane/carbon

tetrachloride using decolourising charcoel yielded colourless

crystals. mp. = 110 -111°c.

3-2-3 1,4-Diphenyl bute-trans-1, trens-3-diene/TONE adduct.

Recrystallised diphenyl butadiene (lg) in dichloromethane was

added to a solution of TONE (0.5¢) in the same solvent. The mixture

was shaken until the blue colour had disappeared. After stending

for 2 minutes, the solvent was removed by evaporation and the

crude solid washed with carbon tetrachloride. Recrystallisation

twice from carbon tetrachloride/dichloromethane yielded colourless

crystals. m.p. = 214 -215°C (11t29 205).

3-2-4 Hexa-trans-2,trans-4-dienol/TCNE adduct.

A commercial semple of hexa-trans-2,trans-4-dienol was shown by

G.L.C. to be impure and was distilled under vacuum to give a colour-

less liquid. Analysis by G.L.C. showed a purity of about 99%. A

Solution of TCNE (0.5g) in dichloromethane (50 ml) was added to

hexa-trans-2,trens-4-dienol (1.0g) in dichloromethane (5 ml). The

mixture was sheken until the red colour formed on mixing nad

disappeared, end allowed to stand for 1 hour. The solvent was

removed by evaporation end the crude yellow solid was recrystallised

twice from carbon tetrachloride/dichloromethene to yield colourless

crystals. m.p. = 184 -185 C (1it.7?9185¢).



S- 2-5 2-Methylpenta-1, trens-3-diene/TCNE adduct.

2-Methylpenta-1, trans-3-diene (1ml) was added to TCNE (0.5g) in

dichloromethane (25m1) end the mixture was kept in an ice-bath

under dry nitrogen for two hours with continuous stirring.

Evaporation of the solvent yielded the crude solid which was

recrystellised from a mixture of petroleum ether and dichloromethane

(50/50 by volume) to give crystals of the adduct. mp. = 59.5-

61.5°C (11t20 962% 68°C) .

3-2-6 2-Vinylnaphthalene/TCNE adduct.

2-Vinylnsephthalene (0.2g) was added to a solution of TCNE (0. 2g)

in dichloromethane (20ml), the mixture shaken and allowed to stand

for 2 hours until the blue colour formed on mixing had disappeared.

The solvent was then removed by evaporetion and the crude solid

was weshed with a little dichloromethane end decented. Recrystalli-

sation twice from chloroform yielded colourless crystals. m.p. =

166-167.5°C (11t° 168-170°C).

3-2-7 Cyclohexe-1,3-diene/TCNE adduct.

Cyclohexe-1,%3-diene (1g) was added to a solution of TCNE (0. 5g)

in dichloromethane. The mixture wes shaken end allowed to stand

for 1 hour. The solvent was removed by evaporetion and the crude

Solid was recrystallised from chloroform to yield colourless needles

of the adduct. m.p., phase chenges at 170° and 235° witb eventual

melting at around 200°C (11259 > w0°C in sealed capillary tube.)

3-2-8 %~Phellandrene/fCNE edduct.

Commercial X-phellendrene was shown by G.L.C. to be impure and the

sample wes therefore repeatedly distilled under Np until an improve-

ment in purity wes shown, (not greater than 90% possible). A

solution of «-phellendrene (0.72) in dichloromethane was added to

TCNE (0.5¢) in solution end the mixture wes refluxed for 2 hours.
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The solvent wes removed by evaporation to about half—volume,

carbon tetrechloride added and the solvent further removed by

evaporation to give brown crystals. Recrystallisation twice from

a mixture of petroleum ether (40-60°) end dichloromethane (1:1)

gave colourless crystals. m.p. 120-121°C (1it.159 119-120°c).

3-2-9 Anthrecene/TCNE adduct.

Anthracene (0.7g) was added to a solution of TCNE (0.5g) in

dichloromethane end the mixture thoroughly sheken. The solution

wes refluxed for ten minutes end then ellowed to cool. The adduct

Slowly precipitated end was filtered and dried. Recrystallisation

from acetone yielded colourless crystals. m.p- 268-270°C (11t.259

268-270°C in sealed tube).

3- 2-10 1,2?-Dimethylindole/TCNE adduct.

1,2-dimethylindole (0.7g) in benzene (10ml) was added to a solution

of TCNE (0.6g) in benzene (40 ml) and an immediate formation of a

blue-black colour was observed. The reaction mixture was thoroughly

shaken end allowed to stend for 24 hours. The solution was

evaporeted to about half-volume and petroleum ether (40-60°) ( 20m1)

was added when crystals slowly precipitated. Recrystallisation

from ecetone-water yielded bright red crystals of the adduct.

m-p. 167-188°C (11t2941488 -189°C) .

5- 3 Spectral Interpretation and Assienment of Conformation

3-3-1 Norbornediene/TCNE adduct.

Initially the N.M.R. spectrum of Norbornadiene itself was run as

&@ comparison with the adduct spectrum.
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Table 3- 1. 60iiHz Signals for Nortornadiene in CClq4

T value No. of hydrogens Assignment

8.05 (multiplet) 2 Ay, Hg °

6.51 (multiplet) 2 Aq, Hy

3.35 (multiplet) a Ho, Hs, His, Ag

Table 3 - 2. 100MHz Sienals for 8,8,9,9-tetracyenoquadricyclo

[e,2,1,02 83, 5] nonene in deuteroacetone-dg

“YT value No. of hydrogens Assignment

8.27 (multiplet) 3 fy, Hp, Hg ?

8.02 (multiplet) 2 Ay ?

7.94 (ouintet) j - Solvent

7.29 (multiplet) 1 Ha

7.10 (singlet) - Solvent

6-62 (multiplet) 2 Ag, 45

q

decided to carry out double resonance irradiations of selected

Signals in order to clarify the splitting patterns.

irradiation Experiments.

(1) Irradiation of Signel at 6.627 caused changes in line

intensities in signals at 8.27 and 8.0°T, and some simplification

of signal at 7.297.
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(2) Irradiation of signal at 7.297 caused the collapse of signal

at 6.527 to a poorly resolved doublet and collapse of signal at

8.027 to a doublet. This confirmed that Hy was correctly assigned

for the bridge protons at 8.027.

(3) Irradiation of signel at 8.027 caused the signal at 7.297

to collapse to six lines. The- high-field signal at 8.277 strongly

interfered.

(4) Irradiation of Signal at 8.277 caused a collapse of signal

at 6-62-17 to give a well resolved doublet. This established Hy,

Ay and A, as resonating at high field in a complex overlapping

pattern.

It was decided to run the spectrum at 220MHz to try and simplify

the high-field splitting pattern and to see whether the Hj signal

separeted from the Hy, He signal.

Table 3 - 3. 220MHz N.M.R. values for 8,8,9,9-Tetracyanoquadricyclo-

(2,2,1,0%5 2555 nonene in deuteroacetone-d g

v value No. of lydrogens Assignment

8.29 (doublet of

doublets) 2 Ho, Ug

8.22 (multiplet) 1 Al

8.02 (multiplet) 2 a7

7.29 (multiplet) ds Hg

6.64 (multiplet) 2 Hs, Os

At this frequency, the chemical shift of protons Hp, Hg was

separated from H).- It was possible to calculate spin-spin coupling

constants by a first-order treatment from the above spectral date.

Table 3 - 4- Spin-Spin Coupling Constants for Norbornadiene/

TCNE Adduct.

Jije Je,5 Js,4 34,7 1,7 1,4

Coupling Constants(Az) 5.0 1.0 2.5. @leoe! 2.0, 2OGo
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Weak coupling also occurred between proton H, and protons 4» and

He but it wes too small to measure accurately. The long range

coupling between Hj and Hy, was typical of similar bicyclic systems.

Although this was .8 rigid bicyclic system and might not be

comparable to flexible systems, the dihedral angles on the Dreiding

model of the adduct were measured end compared with those calculated

from tne Karplus eouation (see 1 - 44) using the above coupling

constants.

Teble 3 - 5. Comparison of Dihedral Angles.

Dihedral Angle Ho-Hs Ag-Hy 4-7 Ay -H7

Measured from Model 65° 58° 68° 68°

Calculated 66°59" 56° 25’ 64° 20° 66° 59"

The measured and calculated angles are shown to be in close agree-

ment. The protons on the cyclopropane ring were not examined in

this way, because of the likely strain effects. The N.M.R. spectra

were thus consistent with the rigid cyclic structure end all the

signals could be assigned unembiguously.

3-3 - 2 Hexamethyl Dewar benzene/TONE adduct.

The N.M.R. spectrum of Hexametnyl Dewar benzene itself was first

recorded using CCl4 for comparison.

Table 3 - 6. 100MHz Signals for Hexamethyl Dewar benzene in CCl,

Y value No. of protons Assignment

8.45 (singlet) 12 fils

8.95 (singlet) 6 Hy

Bs a cH, Cb)

tise Cit,

3! 7 CH (0-)

4)Oe

hy (a)



The N.M.R. spectrum of the adduct was recorded uSing deuterochloro-

form as solvent.

Table 3 - 7. 100MHz Signels for 7,7,8,8-Tetracyanohexemethyl-

guadricyclo [2,2,0, 2°75

“Yr value Noe of protons Assignment

8.39 (singlet) 6 Ba

8.78 (singlet) 9 z Ay,

9.00 (singlet) 3 H
c

The N.M.R- spectrum suggests thet 1 is the correct structure of

the adduct. It hes been observed in reactions of hexamethyl Dewar

benzene with electrophiles thet the adducts take a veriety of

structures. In each of the postulated adducts below, the N.M.R.

Spectrum would not be consistent with three singlets in the ratio

N
6:29:35. cN CN

cx cuWo, 
*@®

Cs
Cy Os

Cus

cts

cus ol, -

ls

In ? and 3, there should be three equal signals, and

in 4 there should be more than three signals.

The low-field methyl protons are assigned to those nearest the

nitrile groups in which some inductive or anisotropic effect must

be operating. The group of three methyls is assigned to the

cyclopropane substituents and the high-field Protons He compare

with the high-field protons Hp in hexemethyl Dewar benzene (9.00

end 8.957).
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3-3-3 Hexa-trans-2,trans-4-diene/Maleic Anhydride adduct.

The 100 MHz N.M.R. spectrum of this adduct was recorded using

deuterochloroform as solvent.

Table 3- 8. 100 MHz Signals for 3, 6-Dimethyl-A4+ tetrahydro-

phthalic anhydride in CDCls

‘Y value No. of protons Assignment.

4.14 (broad singlet) 2 Hg, Hs

6.72 (four lines) 2 Hy, He

7.55 (multiplet) 2 fiz, He

8.55 (doublet) 6 CHg protons

©: ‘0

He chy

(e) Ho “H®

Du HCH)
In order to clerify the splitting patterns it was decided to carry

out double resonence irradiations of each signal.

Irradiation Experiments.

(1) Irradiation of signal et 4.147, only simplified the signal

at 7.557.

(2) Irradiation of signal at 6.727 caused the signal at 7.551to

appear as a broad quartet.

(3) Irradiation at 7.55- caused the Signal at 5.727 to collapse

to a singlet confirming the correct assignment of Hj, Ho,

(4) Irradietion of signals at both 4.147 end 6.72-7 caused the

multiplet at 7.557 to collapse to a well-resolved quartet.

This confirmed the correct assignment of fig, He,as the splitting

‘constent was the seme as for the proton doublet of the adjacent methyl.
Expansion of the signal at 4.147 et 100 Hz Sweep width snowed only

® smell splitting (0.482). When the shift reagent Eu(fod)z was
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added there was no chenge in the’ spectrum.

The above experiments showed thet this adduct was a symmetricel

molecule with a well-defined coupling between the methyl protons

end Bs Bae The four-line signal for Hj,He protons was not
entirely clear. Spin-spin coupling constants were measured using

a first-order treatment.

Teble 3 - 9. Soin-Soin Coupling Constents.

33, (CH) 72,3 I3,4

Coupling Constant (Az) Wel one 0.4

Here 52,3 $2356593,4 = 15,63.95,(CHa) = J@( CHa) because of the

symmetry of the molecule.

According to molecular models only boat conformers were stable.

The various possible boet conformers were examined and dihedral

engles measured from Dreiding models. These values were compared

with angles derived from the Karplus equation (see Section 1 - 5 ~- 2)

using the above values fdr coupling constents.

fable 3 - 10. Comparison of Dihedral Angles.

Confo mation Ho-Hs Ha-Hy

Endo addition: Boat (1) 62° gO)

" Boat (2) 45°. Loo

Exo addition: Bost (1) 165° 100

; " Boat (2) 75° 15°

Calculated velues of dihedrel angle 57°10 105° 45°

From the above deta it was indicated thet the endo adduct was formed

end boat (1) most closely resembled the conformation in solution.

t

ah4 Che

Boay (1)
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The first of the two above conformations would appear to be

stabilized relative to the second, in which axial methyl groups

would interact.

3- 3-4 Hexa-trens-2, trans-4-diene/TCNE adduct.

The 100 MHz N.M.R. spectrum of the edduct was recorded using

deuterochloroform as solvent.

Teble 3 ~- 11. 100 MHz Sisnals for 1,1, 2, 2-Tetracyeno-3, $-dimethyl-

At cyclohexene in CDCl,

+ value No. of protons Assignment

4.25 (broad singlet) 2 Hg, H5

6.80 (quartet) 2 He, He

8.40 (doublet) 6 CHs protons

© u 4

It was decided te carry out double resonance irradiation on selected

Signels to clerify the splitting patterns.

Irradiation experiments.

(1) Trredistion of the signal at 4.257 only caused some sharpening

in the lines of the quartet (6.807).

(2) Irradiation of the Signal at 6.807 caused the broad singlet

at 4.257 to sharpen when examined on an expended scele.

(S) Irredistion of the sienel at 8.407 ceused the Signel et 6.807

to collapse to a broad singlet, confirming the correct assignment

for Hg, He.

On an expended scele the signsl at 4.25% was shown to be a doublet,

collapsing to a singlet in irradiation experiment (2).

It was deduced from the above that the correct essignments had been



made, and that the molecule wes highly symmetricel.

The following coupling constents were measured using first-order

treatment: J1,5 = J2,6 277.0 ° HZ, J3,4 = 35,6 = 0.7 ha

Because of the symmetry of tetracyernoethylene, there was no

distinction here between exo or endo products. Exeminetion of

Dreiding models indicated that the adduct could exist in two helf-

chair or two boat conformations. Dihedral angles were meesured

for each conformation end compered with those derived from the

Karplus equation (see Section 1 - 5 - 2) using the above coupling

constant velues.

Table 3 - 12. Comperison of Dihedrel Angles for Hexediene/

Conformation Bg -Hy H5-He

Boat (1) 105° 105°

Boat (2) 15° LG

Half-cheir (1) ; 40° 75°

Half-chair (2?) 75° 40°

Calculated values of angles 108°55° (70°) 108°55’ (70°)

This indicated that in solution the adduct might exist in a form

epproeching the Eoat (1) conformation. The helf-chair conformations

were considered less likely because of the different sngles on

different sides of the double tond end a correspondine loss of

symmetry. The boet (1) conformation hes equetorial methyl croups,

wherees boat (2) has exiel methyl croups which would eclipse each

other.

[ Cis oN
CN

=
a

CH,

Boat (1) Boaz (2)
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This result was besed on calculations of dihedral angles for a

compound in which one of the carbon atoms is sp? hybridised, and

therefore may not be in strict accordance with the Kerplus ee
However, in the view of the above evidence, it is likely that the

boet (1) conformetion is correct, as examination of the models

shows thet in the half-chair conformetion there may be methyl-

nitrile group interactions.

S- 4-5. 1-Methoxybute-trens-1, %-diene/Misleic Anhydride adduct.

The 100 Miz N.M.R. spectrum of this adduct wes run using deutero-

chloroform es solvent.

Table 3 - 13. 100 MHz Sienels for % thoxy-A*-tetrehydro

phthelic anhydride in CDCls

7 value No. of protons Assignment

7,88 (multiplet) 2 Og, Hs

6.74 (multiplet) Hp, Hg methoxyl protons

5.78 (multiplet) nl)

3.63 (multiplet) AT, He

In order to clarify the complex splitting patterns it was decided

to carry ovt double resonsnce experiments on selected Signals.

(1) TIrredietion et 3.837 caused the signal at 5.78% to collepse

to a well-defined doublet. This confirmed the essignment fy. The

Signal at 7.587 was simplified.

(2) Irradietion at 5.787 ceused some simplification in the splitting

of Signal et 3.837.
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(3) Irradietion at 7.587 caused the signal at 3.83+ to appear

as an ill-defined doublet.

Because of the rather scanty information drrived from the above

experiments, it was decided to add the lanthenide shift reagent

Fu( fod-dg)z to the solution of the adduct in devterochloroform.

This compound might cause separations of the overlapping proton

signals.

Teble-3 - 14. 100 MHz Signals of Adduct with Added Eu(fod)g

(60me.) in CDCls

“yr value No. of hydrogens Assignment

5.20 (multiplet) a He or A7

3.60 (multiplet) 1 He or A7

4.92 (three lines) ili Al

5.65 (doublet of doublets) zr Ho

6.2 (multiplet) z Hy, methyl protons

no6.60 (multiplet) Ha, 45

The 220 MHz N.M.R. spectrum wes also run with and without added

Fu( fod) 3 in deuterochloroform.

Table 3-15. 220 MHz Signals of Adduct with Added Eu( fod) «

( 20mg.) in CDCl,

Y value No. of hydrogens Assignment

3.60 (multiplet) 1 He or Ay

8.70 (multiplet) al: He or Ag

5.33 (three lines) J: Y Ay

6.£2 (doublet of doublets) < Ap

7.05 (multiplet) Be Hg or As

7.2%) (multiplet) a Hyg or As

6.43 (multiplet) 4 Ae, methyl protons
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None of the signals due to Ha, Bs, He or Hy appeared to have the

same chemicel shift efter addition of the shift reagent.

It was assumed thet the signel H7 was at lower field than fg, being

closer to the methoxy group. Exeminetion of models and rigorous

measurement of the first-order splitting patterns showed thet the Ag

signal was most likely to be at lower field then Hs and the coupling

constants were measured on this basis.

Teble 3 - 16. Spin Coupling Constents.

J1,e 92,9 43,4 Jz,5 J4,5 J4,6 J5,6 35,7 J6,7 J,7

Coupling

Constent(Hz) 4.0 10.2 4.0 9.5 -18.0 5.5 3.5 2.5 10.0 5.0

The large geminal coupling constent J4,5 was assumed to be negative.

A large allylic coupling, J5,7, wes also found.

The rigid bicyclic structure of. the adduct excluded the cyclo-

hexene ring being present in a half-cheir conformetion in the adduct.

The boat conformations for both exo and endo adducts were exemined

using Dreiding models and the dihedral engles in each compared to

those calculated from the Karplus equation using the above coupling

constants.

Table 3-17. Comparison of Dihedral Angles for Methoxybutadiene

Maleic Anhydride Adduct.

Conformation Aj-Hp Hs-Ha He-H5 H4He H5-He

Endo adduct - bost(1) 70° 55° oom 110° rs¢

" " — poat( 2) 45° COS gee 70.20 a) 5° 127

Exo adduct - boat(1) 170° 170° 45° 110° 5g

" " — poat(2) 70° 75° 60° TG: Set Oa

Calculated velues of ate
angles 44°30

,

4230 ~180° 3418’ 129°l0
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As mentioned previously, there mey be some ambiguity in . -signment

of Hy, and H, and hence between 534 and J3,5° In that case either

endo bost (?) or exo boet (1) conformations would give an Hg-Hy

or Hig-Be dihedral angle approaching 180° and hence a large coupling

constant for J3,5 or dg 4 (9.5 Hz). However, the exo conformation

would also require H,-H» to approach 180° with a similarly large

coupling constent for Tie» which is not observed.

If free rotation of the methoxy group is envisaged, then it

approaches the carbonyl group in the enhydride more closely in

the boat (1) conformetion then in the boet (2) conformation.

This could lead to a destabilizetion of the former.

Boat (1)

It was thus considered likely that the adduct existed closest to

the endo boet (2) conformation in solution as was seen from the

above comperison of angles.

BoaT (2)

3-3 - 6. 1-Methoxybuta-trans-1, 3-diene/TCNE edduct.

The 100 MHz Spectrum of this adduct was run using deuterochloroform

es solvent.
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Teple 3-18. 100 MHz Signals for 1-Methoxybuta-trens-1, 3-di ene/

SG

“/velue No. of protons Assignment

4.03 (broad singlet) 2 By, Ho

5.50 (multiplet) Ag

6.28 (singlet) Cig protons

6.87 (multiplet) fa, Hs

He Ko

(1) Irradiation of signel st 4.037 gave some simplification of

Signels at 5.50 and 6.877.

(2) Irradiation of signel et 5.507 caused Signal at 6.877 to

collepse to a broad doublet.

(2) Irradietion of signel et 6.677 gave simplification of signal

at 4.057, which now eppeared as an AB auertet with fine splitting

(each line split in two).

The irradiation experiments showed that the 4) and Hp protons had

a different chemical shift, and that there was also long-range

homoallylic coupling between Hg end 4, Hs5, because the signal due

to Hg was still split, when fy end Ho were irradiated.

The spectrum was run at 290 MHz to see if a better resolution could

be obtained.



Teple 3-19. 220 MHz Signals of 1-Methoxy bute-trens-1, 3-diene/

TCNE edduct_in CDCl se

“V value No. of protons Assignment

4.03 (unresolved AB
system) 2 Ay, Ho

5.50 (multiplet) 1 Hs

6.28 (singlet) 3 CA g protons

6.87 (unresolved AB
system) 2 Ay, As

When Fu( fod) 3 wes added to the solution and the spectrum recorded

at 220 MHz, the signals at 4.0% end 6.871 now both showed resolved

AB quartets with fine splitting.

From the above spectra end the irradiation experiments it was

possible to calculate J values by first-order treatment. In some

cases only epproximete velues were obtained, because of the

difficulties in anelysing comaliex: signals. The low-field olefin

proton was essigned as Hp and the low-field methylene proton as

Rg

Table 3 - 20. Coupling Constants.

Sous onda ole bar ipy apa ots 8a gun toue amr

Coupling
Constant(Hz) 10.5 1.5 4.0 1.3 le 1-5 40-6 2.0) 1.5; ‘49.0

The gem methylene (Hy-B) coupling wes assumed to be negative.

The dihedrel angles of various conformetions of the adduct were

measured from models end compared with the angles calculated from

the coupling constents using ea the Karplus equation.
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Table 3 - 21. Comperison of Measured and Calculsted Dihedral Angles

Conformation Ho-Ha Hy-Hy Hy-Hs

Boet (1) 105° 105° Loe

Bost (2) 15° 15° 105°

Half-Cheir (1) 75° 45° 75°

Half-Cheir (2) 45° 752 45°

Celculated 65°12 ~ 44°40 64°18~

From the above, the calculated angles compare evproximetely with

the half-chair (1) conformation measurements. Another fact which

indicates a half-chair conformation is that in either boat

conformation one of the C-H gz C-H, or C-H, angles, with respect

to the plane of the double bond, is epproaching 0°. Theory aueneae”

that for such a case long-range homoellyliec coupling will not occur.

In this edduct such coupling occurs for both Hg-Hy and izHs.

CN

CN

9 ae
wo a wa :3 ‘See He Half-Chair(1)

CNH @ Wu)

This result was based solely on measurements of dihedral angles in

which one of the carton atoms was sp” hybridised.

As mentioned before, the conclusions reached should be regarded

as tentative, but evidence favours the existence of the half-chair

conformation for this adduct in solution.

3-3-7 1,4-Diphenylbute-trens-1, trens-3-diene/TONE adduct.

The 100 MHz Spectrum wes recorded using deuterochloroform as solvent.



Table 3 - 22. 100 MHz Signals for 1,4~-Diphenylbute-trens-1

trens-3-diene/TCNE adduct in CD

‘T value No. of protons Assignment

2.50 (multiplet) 10 Phenyl protons.

3.71 (doublet) io Ay

5.58 (doublet) 2 He

Mey

NS
N

” CN

oS /

Pr He}

Irredietion of the signal at 5.587 caused the signal at 3.717

to collepse to a sharp singlet. (J,,2 = 0.6 Hz).

Using the Karplus equation, the dihedral anglesHj-Hp were calculated.

These were compared with the engles f)-Hp in the various boat and

half-chair conformetions.

Teble 3 - 23. Comparison of Measured and Calculated Dihedral Angles

. Conformation fy -Hp Hy-H 9

Boat (1) 105° 105°

Boat (2) 15° 15

Helf-cheir (1) 40° roe 3

Helf-chair (9) 75° 40°

Calculated from Karplus ee ee
equation 107°55 (71°) a07°%5s (7°)

Even if strict adherence to the Karplus equation does not occur,

it is unlikely that this compound exists in a half-chsir form, as

coupling constents different in value would then be obtained for

each end of the ring. The boat (1) conformation has equatorial

phenyl groups end is the conformetion favoured in steric terms as

well as that calculated on the ebove basis. The boat (2) conformetion,
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for exemple, would have e large steric interaction between the

4

(Nn t CN

ae H ie

Boat (1) : [ty cy BOAT)
nN Ph

3-3-8 Hexe-trans-2,trans-4-dienol (sorbyl alcohol) /TCNE adduct.

The 100 MHz spectrum wes recorded using deuterochloroform as solvent.

Table 3 - 24. 100 MHz Signals for Sorbyl Alcohol/TCNE adduct.

T value : No. of protons Assignment

2.00 (disappears after Ded
addition) 1 +0)

4.14 (multiplet) 2 fly, Hp

5.37 (doublet of doublets) FT fl, or Hs

5.82 (doublet of doublets) i Ag or Hs

6.21 (multiplet) 1 : Ag

6.81 (multiplet) 1 ve

8.40 (doublet) = He

Irredietion Pxperiments.

(1) Irradiation of signal et 4.147 ceused signal at 6.f17T to be

resolved to a triplet of doublets. The signal at 6.817 was resolved

to a quartet of doublets.

(2) Irradietion of signal at 8.407 interfered with the signal at

6.617, which appeared as a broad Singlet.
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(3) Irradietion of signals at both 4.147 and 8.407 resolved the

Signel at 6.817 to a doublet.

The following conclusions were drewn from the above observations.

(1) The vinyl protons (H, and He) showed a cheracteristic over-

lapping ABX type pattern with 8» probably at low field.

(2) The methylene protons Hy end Hs were not magnetically equivalent.

It wes most likely that there was restricted rotation end one of

the protons (Hy) was closer to the nitrile groups, being deshielded

es a result of the enisotropic effect.

(3) There was clearly homoallylic coupling between H g and Hgacross

the ring as shown by the first irradiation exveriment. There was

elso weaker coupling between the olefinic protons end Hg, Hg. As

there was definite homoallylic coupling, the counling seen between

Ag and the olefinic protans might be allylic (Ha-Hg) rather then

vicinel (H,-Hg). In either case, it was comparatively weak, being

less than ?Hz.

Table 3 - 25. Couvling Constants for Sorbyl Alcohol/TCNE Adduct.

41,291,3%2,353,493,554,5%3,6%6,0 71,6 J 2,6

Coupling

Constant(Hz) LOCO es OF 8.7" “Bo ver 9 oy 2. 27 s0 O29 1.9%

The megnitudes of J1,6 end J2.6 were not entirely clear. In

compsring dihedral engles using the Karplus eouation from the

coupling constants, the vicinal coupling constants were teken as

either case (a), nearly zero, or case (b), 1.5 and 1.9, the values

calculated for the ellylic coupling constants qh ig and Jog: The

engles were compared with the measured engles from models of the

various possible conformations.
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Table 3 - 25. Dihedrel Angle Comparison for Sorbyl Alcohol/TCNE

Adduct.

Conformetion fip-Hs Hy-He

Boat (1) 105° 105°

Boat (2) 152 15°

Helf-cheir (1) 40° 75°

Helf-cheir (?) 75° 40°

Celculeted (a) 90°-100° 90 *-100°

Calcvleted (bv) 119°45’ 115°48 ”

Fven allowing for the embiguity in the value of the vicinal couvling

constents, it can be seen on this basis thet the adduct exists

Boat (1)

There is likely to be restricted rotetion about the -CHe0H carbon

atom as shown by the non-equivalence of Hq and Hs.

3-3-9 2-Methylpenta-1, trens-3-diene/TCNE adduct.

The 100 MHz N.M.R. spectrum of this compound was run using deutero-

chloroform as solvent.

Teble 3 - 27. 100 MHz Signals for Methylventadiene/TCNE Adduct.

7 value No. of protons Assignment

4,64 (multiplet) Al: : AL

6.85 (multiplet) 1 H4

7.04 (multiplet) 2 Hp As

8.17 (broad triplet) 3 He

8.5 (doublet) a Hp
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@)H We

pac. ~~ ~CHs Cb)

out double resonance experiments on selected signals.

Irredietions.

(1) Irrediation of the signal et 4.647 caused the signal at 8.177

to collapse to a doublet. There was little ede in the other

signals.

(®) Irrediation of the signel et 8.177 caused the signal at 4.647

to collepse to a broad doublet. The signel at 7.047 showed four

main lines with some further fine splitting.

It wes not certein whether Hp and Hg were equivalent and it was

thus decided to run the spectrum at 220 MHz to see if a better

resolution of the sienals between 6.5 end 7-57 could be obteined.

Table 3 _- 25. 220 MHz Sienels between 6.5 and 7.57

y value Assignment

6.75 (multiplet) Hg

6.85| Part of AB quartet, each line split into Ag

ai further 8. a

6.98] Part of AB quartet, each line is a broad He

7007 singlet. 7

The low-field doublet wes assigned as the axial proton (Hg) (similer

to the cese for the methoxybutadiene/TCNE adduct - Section 3 - 5 - eye

It wes thus clear that the methylene protons were not eouivalent

end the, difference misht be attributed to the anisotropic shielding

effects of the adjacent nitrile groups.
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Only a limited number of coupling constants could be definitely

assigned for this adduct and they are shown below:

Table 3 - Spin Coupling Constants for Methylpentadiene/TCNE

Adduct.

Ta gi care omoe,San o gooeee dpa

Coupling Constant(iiz) ee ~0 Ted 18.5 7.1

There is definite evidence for long range allylic or homoallylic

coupling between Hy and Hp, Hs or Hg end Hp, Hg. This is shown

by the irradiation of Hg protons, where the signal due to Hp and

Hg remains split. The 4)- H, coupling appears to be very weak as

indicated by the first irradiation.

Although no definite conelusion can be made, it is unlikely that

this adduct exists rigidly in the boat conformation, for the

following reason. Theory shows 72 hat for allylic or homoallylic

coupling to tske plece, the angles 81, 89 and 9g as showm, should

never approech 0°.

k®

CH Ha

It appears from the second irradietion thet bota Hp and Hs are

coupled to eitaer 4; or 4, (about 2 to S4z). However, 8 comparison

of models of boat end helf-chair conformations show that only in

the latter ere both angles, 8) and Go sufficiently different from

0° to allow coupling of such magnitude to occur.

att
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3- 3-10. 2-Vinyl Nephthelene/TONE adduct.

The N.M.R. spectrum of this adduct was run using deuterodichloro-

methane as solvent.

Table 3 - 30. 100 MHz Signals for 2-Vinyl Naphtaalene/TCONE Adduct

in_CDgC1,

y Value No. of protons Assignment

2.18 (multiplet) ¥ Ay

2.70 (multiplet) 3 Hp, Hg, Hg

3.46 (doublet) l Hs

3.64 (doublet) 1 He

4.2 (multiplet) x Ay

5.17 (doublet) ie H10

6.66 (multiplet) 2 Hg, Hg

a further deshieldinz from the nearby nitrile group. The AB doublet

pettern clearly indicated the H5 end 4g protons, toth being at

lower field to H7. 4s might experience a greater deshielding by

the 'ring-current' effect, being closer to the arometic ring.

Irradiation of the signal at 6.667 caused the multiplet at 4.97

to collapse to a broad doublet. This indicated that there wes

allylic couvling between Hy and Hyg- There could be no coupling

between Hig and Hy, as the Hg signal was a simple doublet, coupled
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to Hs. The signal et 5.177 appeared to sharpen, indicating some

homoeallyliec coupling across the ring, between Hig end Hg or He.

Based on the above observation, the following tentative values

for coupling constants were deduced.

Table 5 - Sl. Coupling Constants for ?-Vinyl Nephthalene/TCNE

45,6 97,8 47,9 I710 %9,10

Coupling Constent(Hz) 9.5 ~2? 2 3.5 1.0

It was not possible to analyse the complex multiplets at 4.37

and 6.567 accurately wita the limited number of irradiations

available. On the basis of the very small nhomoallylic coupling

Scross the ring, it is likely that the C-Hg or C-Hg angle does not

approach 90° wita respect to the plane of the double bond in that

BOB SOB at if both the C-H angles for suchring. Theory shows

coupling across the ring aporoach 90°, the homoallylic coupling

must be large (see also Section 3 - 3 - 9). The C-Hi9 angle must

epproech 90° with respect to the double bond as is also shown by

the lerge allylic coupling between Ay end Hyg. The boet

conformation recuires the C-Hg angle to approach 90°, and it is

thus unlikely on this basis thet the adduct lies in such a conformetion

in solution.

Boat CONFORMATION

RING C

It is more likely that the adduct epproaches closer to a half-chair

conformation, where the C-Hg or C-fig angles are less then 90° wita

respect to the plane of the double bond.
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Cyclohexa-1,3-diene/TCNE edduct.

RING ¢

5- 3-11.

The N.M.R. spectrum of this compound was run using deuterodichloro-

methene as solvent.

Table 3 _- 3°. 100 MHz Sicnels for Cyclohexa-1,%-diene/TCNE Adduct

in CD,Cl,

Y value No. of protons Assignment

3.8 (doublet of doublets) 2 Ay

4.63 (multiplet) Solvent

6-44 (multiolet) 2 Ho

7.80 (multiplet) 2 Hs, Ha

8.42 (multiplet) 2 Ha, Aa’

The simplicity of the spectrum indicated a symmetrical compound.

In bicyclo (2,2,2) octenes it has been showmiw that the bridge

protons syn to tne double bond are shielded relative to the enti

protons. Although the signals centred at 7.80 end 8.427 were part

of an ApBoXp system the higher field signel group was essigmed to

Hg end H4’and the lower field signal group to Hg and Hg/ The nitrile

groups might be expected to deshield the protons lying above the

- C=N axis.

irrediation Experiments.

(1) Irradiation of the signal at 3.207 caused the Signal at 6.44>



71

to collapse to three lines, confirming the assignment Hy.

(2) Irradiation of the signal at 6.447 ceused the signal et 3.0r

to collapse to a singlet indicating that the olefinic protons were

only coupled to Hp. The signal system centred at 7.80 and 8.427

now resembled an ApBo spin system with the As, fis’, Ay and Hy’

protons coupled togeth eroos 2lnhe following coupling constants

could be evalueted immediately from the above spectra.

Table 3 - 33. Coupling Constents for Cyclohexa-1, 3-diene/TCNE

Adduct.

Union AOhin he so Unni saieclony
Coupling Constant (Hz) 5.0 3.0 es eo

(3) 9) was the sllylic coupling constant and had an unusually

large value for protons fixed in the bicyclic conformation. It

was not possible to calculate I3,4 and Jia’ by inspection because

of the second-order splittings in the spectrum, thus the following

procedure was adopted.

Tentative estimated values for the coupling constants Jape Jap’

were assigned by comparison with spectra of geminal coupled protons

and also from that of the Xx-phellendrene/TCNE adduct. The chemical

shift from the centre of the high-field signal group to.the ecueae

of the low-field group was measured (63.5 c.v-s.). As the assign-

ment of lines for the spectrum was not obvious, it was necessary

to exemine the profile of computed spectra (AgBo) which had known

values of coupling constants. It has been showi?® that AgB »

spectra sre symmetrical about the midpoint with each grouping

consisting of 12 lines (or less if degeneracy occurs). In order

to obtain values of the coupling constents it is necessary to

assien lines 1-12 correctly and then the J values may be determined

from the following defined parameters 208, 211
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K=dyj. + 5ppo , M=Ja,al - Jp,p’

L=d,5 -%a,5’ » N=Ja,p *. Ja,p’

The first step in evaluation of coupling constants was the correct

assignment of lines 1 and 3 in the spectral group by calculating

their respective energies as shown.

Table 3 - 34. Energies of Selected Lines of the Ap Group in

ApBp Spectre.

Line No. Energy relative to centre of AoBo system

5 BN +4 ( (%95)? + Ne) F

i - EN+4( (voS)2 4 N22

9 &( (vos + M2 + L2)t + 4 (m2 + 12)4

BO B( (voh- m2 4 1L2)8 + 4 (M24 12)F

i 4 (voo+ M)? + £2)% - 4 (m2 4 12)%

ae #( (Yos- Mm)? + 12)4 ~ 4 (m2 4 124

v5 is the chemical shift in c.p.s. between the centres of the tvo

Signal groups Ao and Bo.

A computed spectrum was found?) ving ch hed similar coupling constents

to those estimated for this particular Spectrum and had a comparable

Ved value. Using the computed coupling constants both N and yo

could be used to calculate the positions of lines 1 and 3 in this

particular spectrum. As L end M were also known, lines 9, 10, 11

end 12 could be essigned as well, since Jaa’ = Jpn’, M = 0, hence

9,10 and 11,12 ere degenerate.

Lines 1 and 3 are nearly always the most intense in the Spectra

and a comparison of the computed spectra with the AsBo system

obtsined exverimentally led to the assignment of these lines for

the latter spectrum. Having assigned these lines it was possible

to calculate N es from table 5 - 34,M was assumed to be zero or
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nearly so, and it was possible to assign lines 9,10,11 end 12

by inserted estimated values of L first into the energy values

relative to the centre point, finding the nearest lines corresponding

to these, and hence evaluating accurate values of L. Lines 2,4,6,7

and 8 were obtained by comparison with other similoer ApBospectra. 08

Thus, for example, lines 2 and 4 are nearly always intense and are

grouped with lines 1 end 3 respectively. An estimate of K was made

from positions of lines 7 and 8 (K> V g-vy)- Line 5 was assumed

to be too small to see.

The following values were thus obtained.

K = 95 97 + Tg 4145. M=J3 3 -J4 40

L=Jsi4 aides. 4 = 16.5 N=Jg4 +3g.47 = 3.5

It was assumed that the gem coupling constants were negative in

value, hence the other counling constants were evaluated.

Table 5 -~ 35. Coupling Constants for Bridge Protons.

Soa We Bd? ee gry atid Ana?

Coupling Constent (Hz) -13.0 Seb. 7 7

Computed Svectrum, Ja, pm ~les7d a pe = 6, Ja,ao = Jp,p’ = 6hz

A
V has Wa !

YS = 60 tz

Experimental Snectrum. Signal at 6.447 Irradiated.

3 1
al o 3

© 5 4
ajat

2 . ue 2

‘ih x 8ee | | | he
i a
Vr Six Soy
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It was concluded that all the spin coupling constants were

consistent with a bridged bicyclic conformation as expected for

this edduct.

The N.M.R. spectrum of this compound was run using deuterochloroform

as solvent.

Table 3 - 36. 109 MHz Signals for X-Phellandrene/TCNE Adduct in

CDCl s

+y value No. of protons Assignment

3.90 (doublet) 1 Ay

6.53 (doublet of doublets) 1 Ho

6.74 (triplet of doublets) a Ag

7.66 (multiplet) 1 Ag?

7.94 (doublet) 3 He

8.10 (obscured) ) A? Hy?

8.76 (multiplet) 2? Hs, Hy ?

9.08 (triplet) 6 Hy

Ho)
i)

(CH, ¢ No)

cN

Osa)

Because of uncertainties of assignment of the various protons, it

was decided to carry out double resonance irradiations for clarifi-

cetion.

Irradiation Experiments,

(1) Irradiation of signel et 7.947 did not produce any change in

the signals at 6.53 end 6.747 but caused the signal at 3.907 to

appear es a doublet of doublets.
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(2) Irradiation of the signal at 7.567 caused the signal at 6.537

to collapse to a doublet. It also simplified the signal at 8.767,

(3) Irradiation of the signal at 8.757 caused simplifications in

Signals at 6.74 and 7.667.

(4) Irradiation of both signals at 6.74*rand 6.531 caused the

signal at 7.567 to appear as four lines and the signal at 8.767

to appear as four lines with some fine splitting.

The signal at 7.567 was now firmly assigned as Hg, because Ho

collepsed to a doublet when de was irradiated.

The signals et 6.53 and 6.747 could be assigned to Hp and Hs

(compare Section 3 - 3-11, Hp at 6.447).

Because of embiguities in the irradiation exoeriments, it was not

possible to assign is,H, end Hy protons with certainty. The

following coupling constants were evaluated.

Table 3 - 37. Coupling Constants fore<-Phellendrene/TCONE Adduct.

Ji,2 Y1,a J2,6 31,3 37, J3,4 J3,5

Coupling Constent(Hz) Soop e Leo mar cO. Lo OeosO. POM he

In so far as was possible to determine, the coupling constants

were consistent with the rigid bicyclic structure. The difficulty

in assigning the bridge protons Hg,45 end Hy might be due to the

fact that more then one isomer of the product was present. «-

phellendrene can exist in (-) or (+) configuretions with

inversion of configuration at the carbon atom bearing the isoprovyl

group. The presence of more than one isomer would nullify any

exact determination of the positions of bridge protons.

3- 3-13. Anthracene/Maleic Anhydride end Anthracene/TCNE Adducts.

The N.M.R. spectra of these adducts were run using acetone es solvent.
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Adduct_in Acetone.

%v value

?.70 (multiplet)

5.10 (multiplet)

6.27 (multiplet)

No. of protons

i

i

8

2

2

[He

ho

190 MHz Signals for Anthracene/Maleic Anhydride

Assignment

Aromatic protons

Ay

Hp

From the solitting pattern in the two high-field signals, it was

concluded thet Jie = 1.8 Hz

experiencing e 'ring-current'

The Hy vrotons were likely to be

effect from the adjacent benzene

rings end would be at lower field to the He protons,

Table 3 - 39.

vv velue

2.23 (multiplet)

?.5? (multiplet)

4.20 (singlet)

No. of protons

4

199 MHz Signels for Anthrecene/TCNE Adduct_in Acetone.

Assignment

He

Hy

Hy

The eromatic proton signals were now simplified beceuse of the

symmetrical nature of the adduct. The two multiplets consisted of

four lines each and the splitting pattern corresponded approximately

to sn (ApXp)o system. Rough values for coupling constants were
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derived on this basis to give J, pl ortho) S Sek bz de pimete)
’ ,

= 3.1 Hz. The sharp singlet corresponding to H, wes et lower field

then the multiplet for —, in the meleic anhydride adduct. This

was ettributed to the electron-withdrawing nature of the nitrile

groups.

S- 3-14, Adducts of Indole/TCNE end 1,?-Dimethyl Indole/TCNE

The N.M.F. spectrum of 3-tricyanovinyl indole wes run using

deuterodimethyl sulphoxide as solvent. The N.M.R. spectrum of

1, ?-dimethyl-3-tricyenovinylindole wes run using deuteroacetone.

The two spectre were compared.

Tetle 3 - 40. 100 MHz Signals of 3-Tricyenovinylindole in

CDgSocDs

“t value No. of protons Assignment

1.22 (singlet) z Ay

1.90 (multiplet) ) a: Ho

2.35 (multiplet) al Hs ?

2.60 (multiplet) 2 Hg Ag ?

Ys) on

‘ Ny
CN

@ Lee Hu
When the solution was sheken with De0, the spectrum remeined the

seme. From this it was concluded that the low-field singlet was

due to H, and the N-# proton signel hed disappeared in this

particular solvent. The multiplet at 1.907 wes probably due to

Bo being closest to the -N-H group and experiencing a further

deshielding.
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Table 3 ~ 41. 100 Mz Signals for 1,2-Dimethyl-3-Tricyanovinyl

~ velue No. of protons Assignment

?.18 (multiplet) bs Ho

2.42 (multiplet) 1 Hg

2,72 (multiplet) 2 fis, Ag

6.09 (singlet) 3 Be

7.00 (singlet) Ap

thus likely thet H] was correctly assigned in Table 3 - 40 for

the indole/TCNE edduct. Although the chenge in solvent might make

some difference, the low-field multiplet hed shifted upfield in

going from the indole to the dimethylindole adduct. On this basis

it was reasonable to assign it as flip, being nearest to the changing

group -NH —» -NCHg. Hs was likely to be at lower field to Ag end

Das being nearer the nitrile groups.

% - 4 Conclusion

Using N.M.R. end svplyine the Karplus ecuation Shikimic ecid has

previously been shovm to exist essentially in the half-chair

conformetion in solution. If it is assumed thet errors due to

sp? hybridised carbon end electronegetive substituents being present

are small, the compounds examined in this work have verious

conformations.

Thus the adducts of diphenylbutadiene, sorbyl:elcohol and hexadiene

with TCNE appear to exist essentially in the boat conformation,
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wherees the edducts of methoxybutadiene, methylpentediene and

2-vinylnephthelene with TCNE probably exist closest to a helf-

chair conformation. The first three edducts have substituents

attached to both carbon atoms Gto the nitrile group, whereas in

the latter three edducts, one (carbon is unsubstituted. Steric

interactions between nitrile groups end substituents mey thus be

responsible for the difference in conformetion between these

compounds. Thus, for exemple, there is cleerly some steric inter-

action between bulky phenyl groups end nitrile groups in the half-

chatr conformation of the diphenylbutadiene edduct. Shikimic acié

adopts the helf-chair conformation but does not appeer to have a

similar interaction effect between substituent hydroxy sroups.

Cyclohexene itself elso adopts a half-cheir musa hence

this would sppear to be the most stable conformetion for such

six-membered rings, unless substituent effects predominate.

There might elways be expected to be some small devietion from the

pure boast conformation in the tetracyano- adducts because of the

eclipsing of the nitrile ¢roups.

The bicyclic edducts of hexediene end methoxy butediene with meleic

anhydride appear to be too rigid to adopt half-cheir conformations,

So thet boat conformations ere preferred. It was elso confirmed

thet the expected endo adducts are formed.
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Chapter 4

Norbornadiene/TCNE Reaction.

4-1. Introduction.

Although this reaction had been studied previously}? *in different

solvents, no investigetion hed been underteken of the role played

by eny cherge-trensfer complex formed during reaction. When the

two reactants were mixed together in 2 suitable solvent, a yellow

colour formed immedietely, feding es the reaction proceeded. This

was attributed to a cherge-trensfer complex. Since this reaction

wes of particular interest mechanistically, being the addition of

en electrophile to a non-conjugated diene, it was decided to study

the kinetics,in some detail, spectroscopically. The rate of fading

of the colour wes shown to be suitable for such studies at certain

concentrations and the decrease in the absorption bands could be

followed.

4-2. Purification of Reegents.

Norbornediene (bicyclo [e, 25 1| hepta-2,5-diene) was supplied as

puriss. by Koch-Light Laboratories Ltd. However, the liquid on

standing appeared to go yellow after seversl days, with a deposit

forming on the side. Further purification was carried out by

frectionelly distilling the commercial sample through a packed

Vigreux column, using a nitrogen bleed. The clear distillate was

then stored under nitrogen in light-proof bottles. Analysis by

G.L.C. showed one peek only after distillation (b.27439-90°C)

i = 1.4890.

Tetracyanoetaylene was supplied by Fastman Xodek Laboratories and

was purified by recrystallisation twice from 1,2-dichloroethane

and then sublimed twice under vacuum at 100%. The white crystals
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obtained had m.p 199-200°C (11t.158 m.p 199-200°C) and were stored

under vacuum. f

1,2-dichloroethane and dichloromethene were purified as described

in section 2-1.

4-5. Preparation and Analysis of the Adduct.

4-5-1. Prepsration.

Norbornediene (0.5g) was added to a solution of tetracyanoethylene

(0.4g) in benzene and a dark colour was immediately formed. The

mixture was refluxed for 1 hr. end then cooled. The benzene was

evaporated off to give the crude product (0.382). Recrystallisation

twice from 1,°-dichloroethene yielded white crystals of 8,8,9,9-tetra-

eyanoouadri cyclo [2,2,2, 25 8296 | nonane. m.p. 195-1960C, (1it.1”°
m.p 185-186°C).

Calculated for CysHgN4: C, 70.8; H, 3.68; N, 25.4%

Found; C, 70.6; 4H, 3.95; N, 25.3%.

4-3-2. Thin-leyer Chromatogrem.

Analysis of the recrystallised adduct on silica gel chromagran

(activated) using chloroform as moving phase showed one spot (R,0- 59)

only, visible under ultraviolet light.

4-3-3. wUV/Visible Spectrum.

Solutions of the adduct in 1,2-dichloroethane showed no absorption

bands in the region 220-800 nn.

4-5-4. Infrared Spectrum.

The semple was made up in the form of a KBr disc end the spectrum

recorded, using an attenuetor in the reference beem.
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Table 4-1. Infrared Spectrum of Norbornadiene/TCNE Adduct.

‘ Wavenumber ; Assignment

?940 cm-1 (m) ~-CHp- stretching

2880 on-1 (m) -CH- stretching

2260 cm-L (w) : =CN stretching

1340 cm-l (m) -CH- bending
213

815 om-h (s) characteristic of nortricylenes

4-3-5. Mass Spectrum.

The measured mass of the (M-1) ion wes 219.0671, which was exactly

+
the seme es for the celculated ion (C) Any) .

Table 4 - ?. Main Mess Freements for Norbornadiene/TCNE Adduct.

m/e 2P0(M) 19 193 166 92 691 39 28 ev

Relative

Abundence(%#) 24.3 100.0 25.8 12.5 75.5 86.4 18.5 22.5 19.5

The m/e velues at 92 and 91 indicate a retro homo-Diels-Alder

process teking place with the loss of tetracyenoethylene from the

perent ion. Loss of one RCN from the parent ion gives m/e 193,

end loss of two HCN molecules gives m/e 166. Metastable peeks due

to the transitions 290-919 end 92-391 also occur.

4-3-6. Conclusion.

The N.M.R., (see section 3 - 3- 1) infrared and mass spectrum

conclusively show that the adduct occurs as a Saturated, quadricyclic

compound conteining the nortricyclene system.

4-4. Kinetic Studies.



85

4-4-1. Visible Spectroscopy.

When a solution of norbornadi ene in 1,2-dichloroethane was added

to a solution of tetracyenoethylene in the same solvent, the yellow

solution formed showed a broed symmetrical band with A maxt?2 nm

(in dichloromethane, \ 475 nm ), The colour intensified on cooling,
max

put faded during the course of reaction. As such an absorption

band did not occur in the spectra of either norbomadiene or tetra-

eyenoethylene it was attributed to a charge-transfer complex in

equilibrium wito the reactants.

4- 4-1-1. Determination of K and = for the Charge-transfer.

Complex.

The first step in the kinetic study was to determine the equilibrium

constent, K, and extinction coefficient, €, for the charge-transfer

complex in suitable solvents. Initially, dichloromethene was used

as solvent, but 1,9-dichloroethene was found to be more suitable

for slow reactions, as it was less voletile and errors due to

eveporation were minimised.

The Benesi-Hildebrand method (section 1 - 1 - 3) was used to

determine K end & values, using a large excess of norbornadiene in

the reaction mixtures at different temperatures. To obtain initial |

optical densities, 4,) log d was plotted against t, giving straight

line graphs for the disappearence of the charge-trensfer complex

absorption during reaction and extrapolated to zero time. Using

the Perkin-Elmer Hitachi Spectrophotometer, solutions of norbornadiene

end TCNE were made up separately and placed in the thermostatted bath

Several minutes before mixing. The solution cell (1 cm) was placed

in the thermostatted cell housing. The two reactant solutions were

mixed together in the waterbath, the point at whi ch halt{feactant
Solutions had been added to the other teken as zero time for reaction.
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The solution was then shaken end rapidly transferred to the cell.

Alternatively, a solution of norbornadiene was made up and

trensferred to the solution cell in the thermostatted cell-housing

end sllowed to equilibrate with the temperature of the surroundings.

The solution of TCNE wes then rapidly added to this, the cell

sheken and left inside the cell-housing while measurements were

made. In all cases e reference cell (1 cm) containing pure solvent

wes placed in the cell-housing.

The following results were obtained for the Benesi-Hildebrend plots,

where [p] > [4]. [A],> [P],> are the initial molar acceptor

concentration end initiel molar donor concentration respectively.

Table 4 - 3. Benesi-Hildebrend Date for Norbornadiene (D) /TCNE (A)

at_472 nm in 1,2-Dichloroethane. T = 16.3°C, [A], = 4.08 x 107°M.

{Jo (mM) {pJ5+ ay (Jo ag x 10°

0.501 1.99 0.182 3.06

0.599 1.67 0.153 2.61

0.70? 1.43 0.178 2.29

0.798 1.25 0.195 2.09

0.901 1.12 0.el8 1.83

1.004 0.99 0.251 1.61

1.198 0.83 0.261 1.45

Table 4 - 4. Date es for above. T = 20.5°C,[a], = 4.01 x 107M,

fp}, a 3? ay [4], ag *x 10”

0.506 1.99 0.122 3.28

0.€01 1.67 0.149 2.68

0.703 1.43 0.166 2.41

' 0.801 1.25 0.193 2.07

0.899 ain 0.208 1292

1.004 0.99 0.222 1.80
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Table 4 - 5, Data eas for above. T = 38.89C, [Alo = 4-11 x 107M.

[5], on be; ae [*]o 45x 10°

0.604 1.66 0.144 2.85

0.710 1.42 0.165 2.45

0.802 1.25 0.187, 2.16

9.903 1d. 0.e1¢ 1.88

0.999 1.00 0.238 1.24

1.102 0.91 0.252 1.63

3AN5 _Dichloromethene, T = 24.990, [Ala = 4.02 x 10°°M.

Jo On) fo" ao [Alo ag eae

0.401 2.50 0.133 3.01

0.509 1.98 0.166 2.41

0.598 1.67 0.194 2.08

0-803 1.25 0.234 1.71

0.851 1.17 0.26? 1.54

0.901 Delt 0.266 1.9

Teble 4-7. Data es for above. T = 39.0°C, [A], = 4.02 x 107M,

(BJ, (a) (3° ale [Jo ag x 10°

0.501 2.00 0.153 ets?

0.606 1.65 0.181 2.21

0.701 1.43 0.206 1.94

0.808 1.25 0.220 1.83

0.908 1.11 0.754 1.58

“1 -1
In the Benesi-Hildebrand method plots of Po agsinst [A]o do

give straight lines having intercept 1/E end slope 1/KS for 1 cm.

optical path-lengta cells (see Fig. 4-1). The results obtained

at the different temperatures for each solvent are shown.
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Figure 4-1

Benesi-Hildebrand plot for norbornadiene/TCNS

complex in 1,2-dichloroethane.

X= 472m, ,

=f

as 7 [Aldo Io"

ws -

Ro 4

Os +
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Teble 4 - 8. Determined K end = values for Norbornadiene/TCNE

in_1,2-Dichloroethane at 472 nm.

T (°c) E Ke K (1 mo?)

16.3 820 64.4 0.195

2.5 320 60.9 0.185

38.8 320 58.9 0.180

Table 4 - 9. Determined K end < values for Norbornadiene/TONE

in Dichloromethane at_475 nm.

-1T (°c) : S: Ke K (1 mol)

4.9 385 90.8 0.233

P20 358 : 85.5 0.230

As the intercepts were so small, a small error in 1/2 would lead

to a large error in evaluation of K. It was found thet Ke values

were most accurate to determine. The results obtained using

dichloromethane es solvent were considered to be too inaccurate

for determination of thermodynemic parameters.

Using the Van't Hoff equation,

Log K = -AH/2.203 RT + AS/2.203R (4 - 1)

The enthalpy and entropy of complex formation in 1,2-dichloroethane

were determined by calculation of the slope end intercept of (4 -.1)

after plotting Log K against 1/T.

AH = -0.7 kcal mol (-2.9 kjoule mol?) AS = *5.9 e.u.

K end &for the norbornadiene/TCNE complex in 1,2-dichloroethane

were also determined by sn equimolar method? as @ comparison with

the Benesi-Hildebrand method. A difference between the two results,

might indicate the presence of termolecular species, such as DA,

when the donor was in large excess.
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As for the Benesi-Hildebrend method, the basic essumption thet only

the 1:1 complex is formed still holds.

A+D == ap* (4 - 2)

The ecuilibrium constant, K, is given by:

x = [ap] /((], - [aot]) ((P], - [ao*) (4 - 3)

For equimolar concentrations:

K = [ap*] / (AJ, - [ant])? (4 - 4)

For 1 cm. optical path length cells, the concentration of complex

is given by:

* =fap*] = aj/e (4 - 5)

Substituting (4 - 5) into (4 - 3) end rearrengement gives:

(AT ME/a meli/e ep 1 / (eee (4206)

Thus e plot of [4] 6/45 ageinst 1//d, shoulda give ® straight line

of slope 1//K2 , intercept 1/e.

The following results were obteined for equimolar concentrations.

Table 4 - 10. FEquimolar Data for Norbornadiene (D)/TCNE (A) at

472 nm in 1,2-Dichloroethene. T = 28.0°C.

[Alo = P]o (1) dg [A}o tg 1//do
0.0401 0.110 0.364 3.015

0.0452 0.141 0.219 2.663

0.0509 0.161 0.312 2.493

0.055? 0.208 0.265 2.193

0.0600 0.255 0.235 1.984

0.0651 0.204 0.214 1.814

0.0712 0.328 0.210 1.744
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Pigure 4-2

©30 7 i a orbornadiene/TCNE
-1

Ie] ,4¢ complex in 1,2-dichloroethane.
X= 472ami T= 29-0.

Ons ©

Ou >

035 -

@2s -

Os

O10

Qos
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A plot of ota ageinst d + gave a straight line with a very
small intercept (see oe 4-2). It was difficult to obtain an

exact velue for 1/s as this would be in the region 0.002 to 0.005.

However, a velue of 69.5 was obtained for Ke from the slope and

if a value of 330 is assigned toe, K becomes 0.210, which agrees

fairly well with K velues in this temperature region derived from

the Benesi-Hildebrend method.

4-4-1- 2. Determination of Rate Constants.

Rate constents for the reaction were derived from the rate of

decay of the charge-transfer complex bend in the visible spectrum.

The following scheme might be represented as the reaction taking

place. r

A+ D=* aD*—»ap (i)

The rete of disappeerence of acceptor molecules is given by:

-a fA) fat ~ [Ay (D] (4 - 8)

Now if the formation of the charge-transfer complex is assumed to

be very rapid compared with the subsequent reaction, and if the

donor concentration is in very large excess so that [DP] o~ fp]

throughout the course of reaction, then ey XK [av*] and hence:

~ a [ant] / at = xp [an] [p] (4 - 9)

kp being the experimental rate constant in 1 mo17+ sv), Since [p]

is very lerge and virtuelly constant, the above equation may be

derived in terms of a pseudo first-order reaction giving:

t = (2.203/k) log ( fan’), /[an‘},) (4 = 20)

As the concentretion of complex at time t, [o*), » is given by
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fant}, = a, 24 (221)

Then substituting (4 - 11) into (4 - 10) gives:

tos (-2.203/k,) log 4, + C (4 < 12)

Plots of log ays where qa. is the optical density of the charge-

trensfer complex absorption, agsinst t will give a slope equal

to ~k,/2. 203, and hence the pseudo first-order rete constent may

be evelusated. The second-order rate constant, Ko, is given by:

Ky ¥ Tt /f). $ (4 - 18)

end may thus be simply determined.

For this particular reaction, the above plots all give straight

lines for different concentrations of donor relative to acceptor

at different temperetures. The ebsorptions were followed until

the final opticel density values were either zero or very small.

The seme procedure was edopted in meking up solutions as for the

Renesi-Hildebrend experiments. The values obtained for ky and k
2

at different temperetures are shown.

Table 4 - 11. Rete Constants ky(s-4, k{1 mol-1 s-}) for

Norbornediene (D)/TONE [A) in 1,?-Dichloroethane. T = 16.2°,

Al, = 4.08 x 107°, at 472 nm.

[DB] o (mM) k1 x 104 k,x 104
0.801 von. 2.01

0.599 1.31 2.19

0-702 Tees 1.94

0-798 1.62 2.03

0.901 1.77 - 1.97

1.004 2.15 2.15

1.198 2.48 2.08
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Table 4-12. Rate Constants as for above. T = 2.5°C, [Alo = 4.01

x 107M.

P], (11) ki x 104 kp x 10*

0.506 2.92 5.76

9.601 3.02 5-01

0-703 3.22 4.60

9.801 3.84 4.80

0.899 4.26 4.74

1.004 5.20 5.20

Table 4 - 13. Rate Constents es for above. T = 38.0°C, [A], = 6.53

x 107M.
[DP]. (m) : k, x 10° ky x 104

0.748 5.49 = el

0.797 5.76 7.22

0-895 6.40 7.15

0.999 7.20 7.10

1.105 7.64 6.93

Table 4-14. Rate Constants as for above. T = 38.8°C, [A], = 4.11

x107*u.
D, an k, x 104 i, x iot

0.710 5.65 7.98

0.802 5.79 7.21

0.903 6.72 7.48

0.999 7.54 ; 7.54
1.102 7.73 7.02
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Table 4-15. Rate Constants as for above. T = 46.0C, [als= 4.10

x 107°m.

{Dl o ca) ex oes kp x 10°
0.603 7.84 : 1.90

0-702 7.45 1.06

0-801 1.00 1.25
0.899 1.03 1.14
1.001 1.20 1.20

1.107 1.28 1.16
1.202 1.41 1.17

Teble 4 - 18. Rate Constants k, (s7'), k (1 mol! s‘t) for

Norbornadiene (D)/TCNE (A) in Dichloromethene. T = 13.9°C, fa o=

4.04 x 107%u.

[), an x, x 104 kp x 10"

0.506 1.01 1.99
0-701 Llp 1.60
0.801 1.49 1.86
1.103 2.02 1.83

Table 4-17. Rete Constants es for above. T = 25.0°C, [A] = 4.01

x10.
{>}, a) k, x 107 kp x 104

0.402 1.19 2.97

0.498 1.53 3.07

9.603 tee ty 3.00
9.701 2.14 3.05

0.801 2.52 3.14
0-850 2.80 3.29
0.909 3.18 3.50
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Table 4 - 18. Rate Constants as for above. T = cub chloe [alo = 4.03

x 107%.

Pl, (M) ke x 104 Kk, x 104

0.502 1.86 3.72

0.606 r 2.50 4.17

0.795 3.01 4.29

0-801 3.10 i 3.86

0.906 3.59 3.99

Rate Constants for the reaction were also determined by an

equimoler method. As before, the equation upon which the rates

were based was (4 - 7). For equimoler concentrations:

wa [apt] / at = xQ( favt}) ([B], - [av*) - fan) = (4 - 24)

This {1s equivalent to equation (4 - 9), where the donor is in large

excess. The equilibrium constant, K, for formation of charge-

transfer complex is given by (4 - 15) for equimolar concentrations.

x = fan‘) / ( (DJ, - [s*] - [ao]? (4 = 15)

Substitution of (4 - 15) into (4 - 14) and integretion yields:

2/ke/ fai = kot + C (4 - 16)

Where for 1 cm. cells, 4 =§ {ap*}. Thus a graphical plot of fa

ageinst t should give a straight line of slope k/afKe.

The chenge in charge-transfer complex absorption (= 472 nm) was

followed for a range of equimolar concentrations of norbornadiene

and TCNE and graphical plots of the above gave straight lines.

At this temperature, Ke had been evaluated as 69.5 previously,

(see section 4- 4-1-1).
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Table 4-19. Rate Constants k» (1 mo1 7! aE) for Norbornadiene (D)/

TCNE (A) in 1,2-Dichloroethane, at 472 nm. T = 28.0%, [Alo= [D].

fA], = 10” (uM) 4,01 4.52 5.09 5ope 6-00) 6-0L.. Vee

oun 104 6.08 5.38 554° «5.2 46.00 5.52 5.82

As for the results using an excess of donor, the kop values are fairly

constant at this temperature and cen be compared with those obtained

at 30.5°C. (see Table 4 - 12).

Allowing for experimental error, all the determined rate constant

values appear virtually constent over the range where the reactant

concentrations have doubled. The dielectric constant of norbornadiene

at 20°C (~ 2) is different from 1,2-dichloroethene (~10.6) end in

the cases where there is a large excess of the donor, there may be

some chenge in this solvent parameter when donor concentration is

changed. A cycloaddition such as this may be sensitive to dielectric

constent, which could cause a chenge in rate constant.. However,

experiments using 1,2-dichloroetnane/carbon tetrachloride mixtures

showed that the change in rate constent with small chenges in dielectric

constant (which would be the case in going from 0.5@M-31.0M norbornadiene

was insignificant as is also shown later (section 4 - 4- 2- 2).

If the kp values are nearly constant then the scheme (1 - 23), as

formulated by Rappoport&!, is not that operating in this reaction.

However schemes (1 - 21) and (1 - 22) may be considered. If Kexp =

Kp then:

D+ AS 2AD*—3AD |. (1 - 21)

ky =k, K / (1+ [Dj )

D+ A= aD*%, D+ A+—>AD (1 - 22)

ee ke /a( Lee Kea (D])
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For this reaction, the equilibrium constants in both 1,2-dichloro-

ethane and dichloromethane are small (0.2). The term (1 + K[D])

does not change a great deal as the donor concentration changes

from 0.4M—31.1M.° Either of schemes (1 - 21) or (1 - 22) should

give values of Kp which change very little with change in donor

concentration, i.e. kp @ ky or kg& kK.

On this basis it is possible to derive thermodynamic parameters

such as energy of activation, Ax, and entropy of activation, As*,

for the reaction. It can be shown’ + “that:

log k = log A—AE/2.93 RT (4 ae)

EI

Where A= RT/Nh. eAS*/R (4 = is)

R is the gas constent (cal deg -lnort) » T is the absolute

temperature (°K), N is the Avogadro number (mo17+) end h is Planck's

constant (erg s).

For this reaction, a plot of log kp against 1/T should give a

straight line of slope -AE/2.303R and intercept Log A. AS* can

be determined either from the intercept or calculated from k2

values inserted in the above equation. Using the data in tables

4-11 to 4-19, mean values for Kp were calculated at each

temperature and ean Arrhenius plot dravm for measurements in 1, 2-

dichloroethane (see Fig. 4 - 3).

Table 4 - %. Date for Arrhenius Plot of Norbornadiene/TCNE in

1,?-Dichloroethane in Visible Spectrum.

k, x 104(1 miol-* g*) Log Kp pe TACK) 1/ x 10°

2.05 -3. 688 289.8 3.46

5.00 -3. 201 203.5 3.29

7.14 -3.146 311.0 3.22

7.41 -3.120 311.8 3.21

11.67 -2.932 319.0 3.13
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Figure 4-3

Arrhenius plot of rate constants for

norbornadiene/TCNE reaction.

—p—

—A—



98

From the slope of the graph of log kp against T/T.

AE = 10-5 kcal moi” (43.6 kjoule mol’) AS* was calculated at

each temperature.

Table 4 - 21. Entropy of Activation for Norbornadiene/TONE in

1,?-Dichloroethane.

tT (°K) 289.3 203.5 311.0 311.8 319.0

As* (e.u) -41.7 -41.7 -41.9 -41.8 male?

4-4-2, Ultraviols Spectroscopy.

Norbornadiene and TCNE both absorb in the ultraviolet region but

the norbornadiene bands lie at higher energy (ee 211,220 nm) to

the TCNE bend () 265 nm). It was thus possible to follow the
max

decrease in absorption of TONE during reaction using certain

conditions. Firstly, beceuse of the large extinction coefficient

of TONE in 1,2-dichloroethane, (A m,, 265 nm (£13,450), it wes

necessery to use 0.1 cm. cells to obtain optical densities which

could be measured accurately for TCNE concentrations of around

0.5 mM. Secondly, as the concentration of donor was in large

excess, there was always en absorbance at 265 nm due to the

norbornadiene (0.1). To eliminete this, it was necessary to make

up a solution of norbornadiene of the same concentration in the

reference cell. The maximum emount of error in mismatching solutions

was considered to be about 5%, which would given en error in

absorbence reading of 0.005,minimal compared with the absorbance

chenges of the TCNE band. Because the 0.1 cm. cells were small in

volume, evaporation error considerations excluded the use of the

low boiling solvent dichloromethane. 1,2-dichloroethane or mixtures

of 1,2-dichloroethane-carbon tetrachloride were therefore used

throughout the experiments in the ultraviolet region. Solutions
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of TCNE and norbornadiene made up separately were kept in the

thermostatted bath until the start of reaction when they were mixed

end rapidly transferred to the solution cell in the cell housing.

The reference cell was filled beforehand with a solution of norborna~

diene and placed in the cell-housing.

4-4-?-1. Rate Constants in 1,2-Dichloroethane.

Before the reaction mixture was made up, a solution of TCNE having

@ concentration equal to that for reaction, was examined in the

ultraviolet region end absorbance measurements made. This acted as

@ measurement of TCNE concentration for zero time.

When the reaction mixture was examined at 265 nm, it was noticed

that the absorbance was usually at least 10% less then this initial

optical density measurement (see Fig. 4 - 4). Extrapolation of the

absorbance measurements for reaction back to zero time did not give

@ point corresponding to the preliminary optical density, but usually

510% lower. This difference was not due to a dielectric constant

change of TCNE in going from pure 1,2-dichloroethane to mixtures of

1,2-dichloroethane-norbornadiene as the donor concentration was too

low to give any significant change either in dielectric constant or

extinction coefficient. The initial change was attributed to a

rapid reaction, which was generally too fast to measure, and might

be due to the formation of ean intermediate.

Rate constent measurements for these experiments were made only on

the points obtained during reaction end the initial difference was

exemined separately (see Fig. 4 - 5). The rate eouation upon which

the results were based was:

-a [rene], / at - k, [ronE],. [>] (4 = 19)

where [renz], is the free TCNE concentration.
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Figure 4-4
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From this, a graph of log dy against t would give a straight line

of slope -k)/2.203, where ky = kp].

The following results were obtained by following the decrease in

absorbance at 265 nm.

Table 4 - 92. Rate Constants, ko (1 meee tile for Norbornadiene

(D) /TCNE (A) in 1,2-Dichloroethane at 265 nm. T = 29.5°C.

(p], x 10° (m) [55 x 107 (m) kp x 10°

5.82 5.17 5.51

6.11 5.17 5.31

6.95 5.17 5.84

7.50 5.17 ' 5.87

8.18 5.17 5.47

8.94 5.17 5.81

10.19 5.17 5.22

3.55 3.01 5.55

°
Table 4 - 23. Rate Constents as for above. T = 34.5 C.

[D}o x 10° (a) fi}, x 10° (x) kp x 104

1.06 0.50 7.70

7.06 5.04 * 7.02

9.40 5.04 7.22

17.50 5.04 7.80

The rate constents compare fairly well with those obtained in the

visible region in the respective temperature renge (Fig. 4 - 3).

It was also possible to obtain AF and AS* values from the above

data, using a simplified Arrhenius equation, inserting mean values

of kp et each temperature. This gave the following results:

AE = 19.50 keal mol-1( 44.0 kjoule mol-l), AsS* =-41.2 e.u.
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4-4- 2-2. Pate Constants in 1,2-Dichloroethene/Carbon

Tetrachloride.

The effect of a change in solvent on the rate constant of reaction

was examined by using 1,2-dichloroethene/carbon tetrachloride

mixtures. The latter solvent is mieetnvel comparatively non-voletile

at lower temperatures end has eae dielectric constant comparable with

that of norbornadiene. It wes not possible, however, to make up

solutions of TCNE in 100% carbon tetrachloride, beceuse of the low

solubility in this solvent. Absorbances of TCNE were followed at

265 nm in the usual wey in order to derive. rate constants.

1 sg) for Norbornadiene (D)/Teble 4 - 24. Rate Constents ko (1 mol

TONE (A) in 1,?-Dichloroethene/Cerbon Tetrachloride at 265 nn.

m = 29.5°C, [Dlo = 0.075 M, [Alo = 5.61 x 1074M.

% CCl, by volume Dielectric Constent ® ky x 10*

0.0 10.6 5.67

10.0 9.8 5.40

3-0 8.2 4.1

50-0 6.4 3.90

65.0 5.1 2.12

@ - Fstimeted from Ref. 215

This clearly showed that the rate constant for reaction increased

with increese in dielectric constent of the medium. However,

chenges in going from 0 to 10% carbon tetrachloride were fairly

small and therefore it could be deduced thet for solutions containing

up to 1M norbornediene (about 10% by volume) the rate constant is

not expected to chenge significently, since norbornadiene hes a

similer dielectric constent to carbon tetrachloride (about 2.2).
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4-4-+-2- 3. Investigation of Initial Repid Reaction.

As mentioned before, hers was a discrepancy between the extrapolated

initial optical density of TCNE in reaction end TCNE in a made-up

solution. These differences in optical density at various excess

donor concentrations, were exemined at 265 nm. Plots of log ay against

t were drewn up (see Fig. 4 - 5) for a series of solutions, and

initial opticel densities obtained by extrapolation. These were

then compared with the sctuel initial TCNE optical densities, end

the following definition was made:

[arene (totes Sone (extrapolated) | /°7cnE (totel) = y
(4 - 70)

The results obtained are shown in Table 4-25.

Table 4 - 25. Initiel Optical Density Parameters for Norbornediene/

TONE et 265 nm. T = 37.0°C, [A], = 4.74 x 107M.

[PD], (TM) oy y/(1-y) [Dj,

0.162 0.075 0.682

0.190 0.162 1.018

0.239 0.187 0.945

0.510 0.236 0.969

0-420 0.04 1.063

0.490 0.375 1.228

If the resection is assumed to pass through the charge-transfer

complex as in the following scheme:

K x :

At D i= ADg AD (4 - pl)

then the equilibrium constent, K, determined previously by the

Benesi-Hildebrend method (section 4 - 4-1-1) is given approximately

by:
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oa [apTM] / (@], = (av*] ) P). (4 - 22)
0.180 1 mo17) (et 37.0°)

Aw i

fT

If it is assumed thet the absorption is due only to free, uncomplexed

TCNE end if the initial difference in optical density of the TCNE

is attributed to the formation of the charge-transfer complex,

heving a concentration equal to the calculated TCNE concentretion

of the initiel difference, then y values may be calculated from the

experimentel value of K.

In this case: y= fa‘) / (), (4 = 23)

and from (4 - 22):

(av) = « P14). /(1+« [p))) (4 - 24)

Table 4 - 26. y Values Obtained for Single Charge-Transfer Complex,

K = 0-160.

(Pl, [ap*] x 10% (a) y

0.102 0.805 0.017

0.190 1.52 0.038

0.229 1.94 0.041

0.310 2.51 0.053

0.420 3.36 0.071

0.490 : 3.84 0.081

The y velues ere thus shown to be much lower than those obtained

experimentelly (Table 4 - 25), indicating that either K is incorrect

or the possible existence of a second complex in equilibrium with

the cherge-trensfer complex with both.species contributing to the

initial difference in optical density of free TCNE. Rearrangement

of (4 - 24) end (4 - 23) gives:

ify = i(dhK +2 (4-24a)
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A plot of l/y against 1/[D]o would give a straight line of slope

1/K if only the one complex wes present. In this case it was found

thet a curved line was obtained.

A double equilibrium may thus be envisaged:

x, K,

A+ Do ap*=> apt —>ap (4 - 25)

K and Be are the equilibrium constants for formation of first and

second complex respectively.

Ki = fo") / 4], Do Ke- [apt] / [antl (4 - 26)

If the initial difference in opticel density of TCNE is due to the

presence of both species and the equilibria are established very

quickly:

y = ( [av*] + [ant] ) / [Jo (4 = 27)

Now: la}e= [4], - [av*] - [an*] (4 - 28)

Ana: [apt] - x, [an*] (4 - 9)

Where: [av*] - x, [D], G+ (4 - 20)

Combining equations (4 - 28) to (4 - 20):

[oo] + [apt] = ey], (Jo - [*) - [et] +m) - ay

Substitution of (4 - 27) end further simplification gives:

y/(1-y) DP), = Ky+KiK, (4 - 32)

Thus values of y / (1 - y) pp} o Should be constent for each”

concentration of donor. In fact, experimentally, they are shown in

table 4 - 25 to increase with increase in donor concentration, showing

thet the double equilibrium as in (4 - 95) cannot be the correct

mechenism for this reaction.
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In this reaction sequence, it has been assumed that the initial

rapid decrease in optical density is due to formation of the charge-

transfer complex (AD*) end the second complex (ADH). Although

216,217 5 a decrease in opticel density of freethere are exemples

reactents on complexing, it was also found "9 that on mixing

dimethyleniline end TCNE, where K for the complex is large, the

opticel density in the UV region (A= 260 nm) was additive despite

the fact that sbout helf of the reactents were in the complexed

form. It was considered possible thet the decrease in optical

density was due only to ADt, where:

y = [ant] / fl, (4 - 33)

hence: y =X K,[o] /(2 + kK, [D), + &x,[D] ,) (4 - 34)

end: (1-y) [D] /y = 143K,+ 1) &, (4 - 35)

A plot of (1l-y) [p] Ly. against b), would give a slope 1/Ky and

intercept 1/KjK 5. However, calculations showed that such a plot

for this reaction gave a negative value for Ky and hence such a

mechanism was rejected.

If a molecule of donor reacts with the charge-transfer complex to

form e second intermediate, which mey be a ?:1 donor: acceptor complex,

then:

, A+ Do aD*, aD*+ Doane (4 - 36)

If the procedure adopted in equations (4 - 27) to,(4 - 32) is

similerly applied agsin, then:

Won, ~¥ + £X05), (4-97

A plot of y/(1-y) DP], ageinst [D] , should give a straight line of

slope KK, and intercept Ky (see Fig. 4 - 6).
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For this case, a graphical plot gives

K, = 0-6 1 mol-1, K, = 2.76 1 mol-t,

A further eouilibrium scheme (4 - 38) is also possible.

A+ D=Sap*, A+ Doak (4 - 38)

This gives e similar derived equation to the above:

y/(1-y) [D],= Ky +Kp Plo (4 - 39)

<1 2 -2
A plot gives Ky = 0.61 mol and Ke = 166) 2 smol | ~.

Agein, if the initial repid decrease in optical density is due

only to the formation of (ADS ) then:

r+ ot} OH) <meeB2/ 0 Gy meebI) 4-0)

and (1-y) [] Ply = 1/KiK» + [>] Ke (4 - 41)

hence a plot of the left-hand side against Pl, should give a

straight line of slope 1/Ky end intercept 1/K}Ky (Fig. 4- 7).

® n017®. Since K, wasThis gives K, = 161 mole end Ky = 1.21

determined experimentally to be about 0.2 1 mols, this mechanism

does not eppear to account for the observed data.

If (4 - 36) is incorporated into the overell reaction, there sre

four possible schemes thet might be operating as shown.

A+ D=sap* 22 sot ¥s, an + d (4 - 42)

EAE) yk KeA+ D= = ADPS2 ADS, A+ D—DAD, (4 - 43)

—s. + Dy ¥ _DA+ DoS ADF AD, AD + 2D (4 - 44)

ee yt *Lie D=— AD" ADs, AD" AD, ADg—> AD +D (4 - 45)
c ¢
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For reactions, where there is a large excess of donor present so

thet P),* Pl. the rate of reaction in (4 - 42) is given by:

- 4 [ronz],/at = x, [a3] (4 - 46)

Where: (av3] = x, [av*) fb) (4 - 47)

end: [rene], = [av%] x, [0] + [an*) + x, [av*) o) (4 - 48)

Differentiation gives:

=e (vonz],/at = -afap*J/at. (1 + K, D) + KK, [D]*) /K,p (4 - 49)

The experimental rate constants, Kos eas obtained in section

4-4-1 - 2 are given by:

= (~a[av*]/at) / [av*) [p] (4 - 80)

Substitution of (4 - 46), (4 - 47) end (4 - 50) into (4 - 49) gives:

27 ¥, XK) / (2 + 8, P) + eK, 4) (4 - 51)

A similer procedure es thet given above applied to scheme (4 - 43)

gives:

ky = k,/ (1 + K, [D] + KK, (0]*) (4 - 52)

And es applied to (4 - 44) gives:

2 2Kp = k K)K, )*/ (1 + K, [D) + Kx, [D]*) (4 - 53)

And as epplied to (4 - 45) gives:

Ky = KK,(1 + K,[D])/ (1 + Ky [D} + KK atl” ) (4 - 54)

Experimental velues of Ko, obtained from measurements in the visible

“and UV regions of the spectrum, gave ky values calculated using the

above equetions derived from reaction schemes (4 - 42) to (4 - 45).
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However, equation (4 - 53) was not applied since it could be seen
immediately that the [p]? term in the numerator would lead to

variable values of Kee Data from tables 4-12, 4-13 and 4 - 22

were used to obtein k, values from equations (4 - 51), (4 - 52) and

(4 - 54). Data from tables 4-11, 4 - 14 and 4 - 15 are not shown

here but gave similar trends.

Table 4 - 27. Comparison of koe and ke, (1 Horen a) from Data in

Table 4-13. T = 38.0°

[>] ,00 k,xi0* xk xio%(4s51) ko xlot ko x 104
(4 - 52) (4 ~ 54)

0.746 7.31 14.06 17.29 9.48

0.797 7.22 13.87 18.28 9-46

0.895 7.15 13.84 20.44 9.79

0.990 7.10 13.96 22.80 10.15

1.105 6.93 15.98 25.49 10.53

Table 4 - 28. Comperison es above from Dats in Table 4 - 12.

Mease0l5e

4 Z 4 4
[>] (14) k, x 10 kx 1044-51) ke x 10 ko x 10

a fe (4-52) (4 - 54)

04506 5676 1.90 9.90 6.95

0-601 5.01 9.88 9.80 6.16

0.708 4.60 8.87 10.29 6.00

0-801 4.80 9.22 12.19 6.35

0-999 4.74 9.18 15.62 6.55

1.004 5.20 10.24 16.98 7.0
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Table 4 - 29. Comparison as above from Data in Table 4 - 22.

T = 29.5°C.

bp} on) kpxio* x x10%4-s1) kx 104-52) kx 10° (4-54)

0.0582 5.51 65.05 5.71 8.26

0.0611 5.81 54.95 5.54 7.91

0.0695 5.84 53.47 6.15 8.58

0.0750 5.67 48.52 5.98 8.27

0.0818 5.47 42.00 5.79 7.87

0.0804 5.81 42.08 6.20 8.51

0.1010 5.22 33.72 5.62 7.41

It can therefore be seen thet the only equation that gives

reasonebly constant Ky values at a given tempereture is (4 - 54).

In this case the a velues ere reasonebly close when comparing

tables 4 - 28 and 4 - 29 when the temperature is almost the same.

The data from table 4 - 29, where kK» values were determined in

the UV region give slightly higher velues for k,.

If these Kk, values ere correct then the reaction scheme (4 - 45)

may be operesting in this reaction. Insertion of the values of

KK, from scheme (4 - 38) to the various equations, give results

very similer to those obtained ebove. It is probably not possible,

therefore, to distinguish between the two schemes.

. D * % xA+ D=AD*—= Sap, AD*—> ap, ADS —>AD + D (4 = 45)

A+ D=SAD¥, A+ eD==2ADS, aD*—>ad, ADS—3 aD + D (4 - 55)

K 1 end Ky were determined at 37.0° t were inserted into equations

involving k 2 values determined at lower temperatures. It is assumed

that although q end 5 will incresse slightly at lower temperatures,

the change in value will not affect the trend in ky, value, whether
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decreasing, incregsing or constant.

4-5. Discussion.

Bicyclohepte-2,5-diene end TONE react smoothly to form a single

cycloadduct by a (n’s + a's + a pathway. The formation of a

colour when the reactents are mixed together indicates a charge-

trensfer complex, which cen be examined in the visible region of

the spectrum.

The results obteined in the UV spectrum at 37.0°, following the

decrease in concentration of TCNE suggest that there is more than

one complex present in solution. Although straight line plots are

obtained for the Benesi-Hildebrend end equimoler methods, suggesting

the presence of only one complex, the initial difference in TCNE

concentration, as measured by the optical densities in the UV

spectra suggest there is ea double equilibrium such as:

D. *AS eD AD? sad (4 - 36)

with e 2:1 donor: acceptor complex in equilibrium with the 1:1

complex. The value. of Ky determined this way is- different to K

determined by the Benesi-Hildebrend and eauimolar methods. As

stated previously aie linearity in Benesi-Hildebrend plots may not

exclude the possible existence of termolecular species. There may

be some error in meesuring en epparently small equilibrium constant,

where there is not e great proportion of acceptor in the complexed

form.

The overell reaction scheme mey be expleined by:

D aeA+ Dap ee ADTM —> AD, ADS—> AD + D Ae AS)

in which the totel emount of charge-trensfer complex reacts to form

the adduct. This scheme sives virtually constant k , values.
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The experimental rate constants, Ko, obtained before were also

elmost constant end the reaction could also be explained in addition

by the scheme as shown below, where Ky = Ky

= apk Ds ank ie 4) 3DA+ DE AD*== ADB, (A + AD + ADS)» SAD + 3D (4 - 56)

Tois scheme appears to be less likely energetically, since the

charge-transfer complex will be of different free energy to the

free reactants in solution end would be unlikely to have the same

activation barrier for formation of the seme product. Although the

rate of reaction is shown to increase with. increase in dielectric

constant of the medium (see table 4 - 74) » it is not of sufficient

magnitude to postulate a dipolar transition state or intermediate,

but only a transition stete in which some polarity does occur.

Kk, values determined on the basis of the above scheme and plotted

in the form of an Arrhenius plot give AE end AS* values very similar

to those derived using experimental Kp values in table 4 - 20.

(AE = 11.10 kcal mo17?, Os"= -40.5 e.u.).

The high negative entropy of activation and energy of activation

values are consistent with those of most Diels-Alder type reactions

in which e highly oriented trensition state is postulated.

The mechanism above involves two species AD* end ADS, doth of

which give the product. Since both are complexes they are likely

to be of similar energy and have a similar activation barrier for

forming the final product. When considering the structure of tne

product it is clear thet a 'sandwich! .type of structure for tne
'

complex (either 1:1 or 2:1) leeds directly to the correct orientation.
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(4 - 57)Adduct (+ Donor)
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Chopter_ 5

Hexemethyl Dewar Benzene/TCNE Reection.

5-1. Introduction.

This reaction wes briefly reported previously! >” put no kinetic

investigation hed been underteken. Since hexamethyl Dewar benzene

hes a similar structure to norbornadiene, e study of this reaction

might help clarify the results obteined for the norbornediene/TCNE

addition. The structure of the proposed sdduct wes first investigated

by the usuel methods to. see whether the reection wes a (f@s +71°s +15)

cycloeddition or not. Under suiteble conditions the kinetics of

reaction were then investigated using UV end visible spectroscopy.

5- 2 Purification of Reagents.

Hexemethyl [2,2,0] bicyclohexe-2,5-diene was supplied by the Aldrich

Chemicel Co. Ltd. On standing, the liquid appeared to go yellow and

it was distilled under vacuum (20mm) using a nitrogen bleed. The

main fraction distilled et 70°C and was collected as a colourless

liouid, leaving a yellow oily residue in the distilletion flask.

Anelysis by G.L.C. using a Carbowax 20M column (4 ft) at 80° and by

progremming to 200° showed that the compound was at least 99.9% pure

efter distillstion. In order to minimise decomposition of the

compound, it was stored in light-proof bottles in the refrigerator,

heving been previously purged with ary nitrogen. nfo = 1.4483

(144252 ne = 1.4479).

Tetrecyenoethylene was purified as described in Section 4 - 2 and

1,2-dichloroethane purified as described in Section 2-1 - 5.

5 - 3. Preparetion ané Anelysis of the Adduct.

5-3-1. Preparetion.

Hexemethyl Dewar benzene (3.0g) wes added to a solution of TCNE (1.0g)
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in f esavehioroettare (150ml) and the mixture, which turned a dark

plue colour, was refluxed under nitrogen for 24 hours, during which

time the colour changed to browne The solvent was removed by

eveporation to yield a crude brovm coloured solid. Analysis of the

crude solid on T.L.C. (silice gel) using carbon tetrechloride/chloro-

form (50: 50%) as Solvent showed the presence of four spots. One

mejor component (Rp about 0-4) and three minor components, namely,

one fast moving spot (Rp about 0.7), a yellow spot (Rp about 0.2

end a brown spot et the origin were present. The crude solid was

dissolved in a mixture of chloroform/carbon tetrachloride (50:50)

end passed through a column of activated Silica Gel (60-120 Mesh).

Elution with solvent mixtures containing an increasing proportion

of chloroform ceused the fast moving component to appear (about 50mg).

Elution with chloroform, caused the separetion of the major component

(about 1.9g) and the yellow component, which came through as an oil

(about 20mg). It was not possible to elute the brown residue.

The fest moving solid compovnd, which appeared as colourless crystals

was enalysed using N.M.R. and was shown to be identicel with hexe-

methyl benzene. <A solution of the compound made up in chloroform,

gave one Signal es a singlet (r = 7.66) and when mixed with hexa-

methyl benzene the solution gave the seme signal but with greater

intensity. The structure was confirmed by T.L.C., when both compound

end hexemethyl benzene had identical Rp values, and by melting point.

m.p.= 160 -162% (m.p. ( hexemethyl benzene) *8= 164°C),

The yellow oil obtained hed a similar UV spectrum in chloroform

(a very broad bend rising towards 210nm) to thet of the yellow oil

obteined after distillation of impure hexemethyl Dewar benzene.

The mejor component, was recrystallised twice from hexene, yielding

colourless needles.
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Percentage Yield = 83%, m-p.(sealed tube) 266-268°C (11t>”’e6s-69°C).

Calculated for CygH)gNy: C, 74.5; H, 6-20; N, 19.3%

Found: C, 74.6; H, 6.31; N, 19.0%

5-3- 2. Thin-Leyer Chromatogram.

Analysis of the recrystallised adduct on silica gel chromagram

(activated) using carbon tetrechloride/chloroform (50: 50%) as solvent

showed only one spot (Rp0.42) which was visible under ultraviolet

light.

5-3-3. UV/Visible Spectrum.

Solutions of the edduct in 1,2-dichloroethane and in chloroform
‘

showed no absorption bands in the region 220-650nm.

5- 3- 4. Infrered Spectra.

A spectrum of hexemethyl Dewar benzene, as a liquid film, was

recorded using an sttenuetor in the reference beem.

Table 5- 1. Infrered Spectrum of Hexemethyl Dewar Benzene.!°?

Wavenumber Assignment.

2970 cm-1 (s) -Clig stretching.

2880 em-! (s) -CHg stretching.

1680 om~+ (w) -C = C- stretching.

1441 om~1(s) C - CHg bending.

1370 cm-1 (m) C - CHg bending.

The infrared spectrum of the recrystallised adduct was recorded by

meking a mull with hexechlorobutadiene. An attenuator was placed

in the reference been.
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Tebdle 5 - 2. Infrared Spectrum of Hexamethyl Dewar Benzene/TCNE

Adduct.

Wevenumber Assignment.

2990 cm (5) -CHg stretching.

2949 om! (s) -CHy stretching.

2260 emt (w) _ -C=N (unconjugated) .

1460 em~} (s) C-CHy bending.

1285 an@) (s) C-CHs bending.

737 en7l

5-3-5. Mass Spectrum.

The molecular mass of the parent ion was 290.1543, which compared

2s

quite closely with that calculated (290.1532) for the ion (CygHieN4) -

Teble 5 - 3. Mein Masses for Hexemethyl Dewar Benzene/TCNE Adduct.

m/e 290(M) 162 148 147 135 87 85 83 47 44 36

Relative

AbundenceSZ 27.4 60.8 25.2 97.2 47.3 29.6 95.9 100.0 47.1 42.2 43.0

m/e 162 might indicate some homo Diels-Alder reaction occuring.

m/e 147 indicetes loss of Cig from m/e 162, which is also shown by

the metasteble peek at m/e 133.5 corresponding to the transition

162147. This peek (m/e 147) is the base peak in the mass spectrum

of hexemethyl benzene, and suggests that the letter may be formed

during fragmentation. The base peak at m/e 83 end that at m/e 85

+

may correspond to the ions CoH end ae respectively.

5-3-6. Conclusion.

The IR spectrum presents evidence that the (2+ 2+ 2) cycloadduct
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structure is correct for this compound. Although C = C stretching

occurs in the hexemethyl Dewar benzene itself, there is no such

stretching in the adduct. The N.M.R. spectrum (see Section 3 - 3 - 2)

also supports the evidence thet there are no C = C double bonds in

the adduct. On this basis the adduct isshown to be 7,7,8,8-tetra-

cyanohexamethylouadri cyclo [2,2,0,07%,2 3,5 Joctane with the

structure es shown.

Oty

es Oy
Hy CHs

NG cH

NC cn

5 - 4 Kinetic Studies.

5-4-1. Visible Spectroscopy.

Solutions of hexamethyl Dewar benzene (0-5M) and of TCNE (4nM) were

mixed together and the visible spectra of the mixture examined

using 1 cm. cell path-length. A broad band (Apex 550nm) was seen

and elso a small absorbance increasing in intensity towards the

ultraviolet region. Over the course of a few hours both bands

increased in intensity until that at 550nm reached a maximum and

then decreased slowly in intensity, whereas the high energy band

continued to increase. A solution of hexamethyl Dewar benzene

(0.&M) in 1,2-dichloroethane was examined and also show to have a

emann absorption towards the ultraviolet region, which increased

with time but more slowly than in[reaction mixture.

Since hexamethyl benzene was shown to be formed in small quentities

during the reaction, the band (\max550nm) was probably due to a

hexemethyl benzene/TCNE complex (\p_,540mTM in dickionous thats 4 and
would thus increase in intensity with time. After a certain point

the amount of available TCNE would decrease, because of the formation
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of the cycloadduct and the band intensity would correspondingly

Recteases The charge-transfer complex band foz|hexemethyl Dewar

penzene/TCNE complex would be expected to be at shorter wavelengths,

because of the non-conjugated, non-aromatic nature of the diene.

For the reaction mixture of TCNE (4.0mM) with hexamethyl Dewar

benzene (0.5M), the maximum absorbance of the band for 1 em. optical

path length cells wes 0.450. If the extinction coefficient for the

hexamethyl benzene/TCNE complex was teken to be 4400 Onax 540mm

(= 4300) in CHyCly; Ay_,520nm (+ 4780) in cy, *) then the meximum

calculated concentration of complex was about 0.1m or about 2.5%

of the total TCNE concentration. There was thus only a very small

amount of hexamethyl benzene formed, a fact borne out by the anslysis :

of the erude adduct.

The charge-transfer complex of hexamethyl Dewar benzene with TCNE,

if it exists, will probably be masked by the small end absorbance,

towards the UV region, which seemed to be due to a polymeric product

formed from donor. This latter absorbance was shown to rise

continuously throughout the UV region.

5-4- 2 Ultraviolet Spectroscopy.

Although it was not possible to study the charge-transfer complex

in this reaction, the decrease in the tetracyanoethylene absorbance

band Ownex265nm) at low concentrations, using an excess of donor

was investigated.

Solutions of hexemethyl Dewar benzene (about 0.0&M) in 1,2-dichloro-

ethane had an absorbance of 0.3 to 0.1 in the region 263nm-275nm

using Imm cells. Solutions of TCNE (about 0.5uM) in 1,2-dichloro-

ethene using lm. cells gave absorbances of about 0.6 (mex265nm)

and so the decrease in tetracyanoethylene concentration was followed
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in this region, with a solution of Hexaneciy! Denes penzene of the
same Renee nett on in the reference cell. The possible errors in

mismatching solutions in reference and solution cell were not greater

than 5% or about 0.015, for the hexemethyl Dewar benzene. It was

thus considered a fairly accurate method, since the decrease in

TCNE absorbance was large in comparison with the small absorbance

represented by mismatched solutions.

Solutions of reactants were made up and placed in the thermostatted

water-beth, mixed, end the solution rapidly transferred to the cell

(O-lem) in the cell-housing. The reference cell (0.lcm) contained

@ solution of hexamethyl Dewar benzene at the seme concentration

as in the reaction mixture.

The decrease in absorbance et 265nm was fast enough to follow

accurately end measurements were made at given time intervals.

Graphs of log dy against t were plotted, where dy was the absorbance

of TCNE et time t and lines were obtained with slope - k)/2.303,

where k) = ko). Thus the second-order rate constants, kp were

calculated. An initiel rapid decrease in TCNE absorbance was noticed

similar to that for the norbormadiene reaction (see Fig. 5-1).

4& further kinetic investigation of this was underteken, iespite

the lack of information about the possible charge-transfer complex

between hexamethyl Dewar benzene and TCNE. (see section5 - 4-3 )

Some of the difference, however, might be due to the presence of

the observed charge-transfer complex between hexamethyl benzene end

TCNE.

Reaction mixtures were made up at four different temperatures having

the seme TCNE concentration, but with varied donor concentration.

The results are shown in the following table.
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-1Table 5 - 4. Rete Constants k, (1 mol st) for Hexemethyl Dewar

Benzene (D) /TCNE (A) in 1,2-Dichloroethene. X= 265nm.

T = 16.5% ;{a], = 4.70 x 10°*M T = 26,0°C ;[A], = 5.07 x 1074u

[Pj 0 i = 10" (DJ, (m) c= 10"

0.067 4.10 0.055 7.49

0-113 3.70 0.067 7.10

0-174 3.92 0.098 6.90

0.167 4.01 0-121 7.49

T = 29.7% ;[A], = 5.01 x 107M T = 38.8%; [A], = 4.51 x 1074m

(D], an eo [D], (m) k, x 10°

0.073 8.50 0.054 1.09

0-099 9.90 0.067 1.26

0.131 8.71 0.079 1.13

0.095 1.14

0-127 1.20

Taking meen velues of the rate constants et different temperatures,

the energy end entropy of activetion were calculated using the

Arrhenius equation (see section 4-4-1 - 2).

Table 5- 5. Date for Arrhenius Plot of Hexamethyl Dewar Benzene/

TCNE in 1,2-Dichloroethene at 65nm.

ky (1 mot #7) Log Kk, T (°K) za x 10°

3.94 x 10 ~4 ~3.405 291.5 3.44

7.23 x 10 ~* -3.141 299.0 3.32

8.65 x 10 ~* -3.068 22.7 3.20

Ilex 102 -2.984 311.8 3.21

From the slope of the graph of log kp against Yep (see Figure 5 - 2)
ah 7

AE = 9.6 keel mol (29.9 kjoule mor) AS* was calculated at each

temperature.
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Fieure 5 - 2?

Arrhenius plot rete constents for

hexemethyl Dewar benzene/TCNE reaction.
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Table 5 - 6. Entropy of Activation for Hexemethyl Dewar benzene/

TCNE in 1,2-Dichloroethene.

T (OK) 291.5 299.0 2.7 311.5

As*(e.u) -43.7 -45.6 -43.5 -43.9

5-4-3. Investigstion of Initiel Rapid Reaction.

If the initial repid fall in TCNE ebsorbence during the reaction

is ettributed to the formation of a charge-transfer complex or

complexes similar to the case for the norbomnadiene/TCNE reaction,

then meesurements of y velues (see Section 4 - 4 - 2 - 3) et

different donor concentrations would be useful in elucidetion of

@ possible resection mechenism.

The following y values were obtained st three different temperetures

by measurement of theoreticel and extrapoleted values of do for

the TCNE bend (Ao, = 265nm).

Table 5- 7. y Velues for Hexemethyl Dewar Benzene (D)/TCNE (A)

in_1,2-Dichloroethane.

m= 18.5°C, [Alo = 4.70 x 10M t = 26.0°C, [A] o= 5.07 x 10

[D] . (m) y [Dl (a) y

0.067 0.237 0.055 O-Pl4

0.118 - 0-271 0.067 0.272

0.194 0.288 0.098 0.268

0.16? 0-315 0.121 0.881

T = 30.8°C, [A]y = 4-51 x 10M.

[Po (14) y
0.067 ~ 0.222

0.079 0.240

0.095 0.205

0.127 0.365
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If it is assumed that the rapid disappearance of TCNE is due to the

formetion of a 1:1 complex between hexamethyl Dewar benzene and TCNE

end that the complex between the side-reaction product, hexemethyl

penzene and TCNE is formed to a negligible emount at the start of

reaction then the following eouilibrium mey be postulated.

K

A+D == ap (5-1)

[av*] / ¢ [a]o- [an*] ) [P] 0

[*] / [A].

Substitution gives: l/y = i/k{p} ote

where K

ie y

A plot of 1/y against 1/P), should give a straight line of slope

1/K and intercept + 1.

Although the lines as shown (see Fig. 5 - 3) do not all pass through

an intercept of + 1, they are sufficiently linear to allow the

above mechanism to be acceptable without the need to postulate the

formation of further complexes. Measurement of the slopes gives

the following results:

Teble 5 - 8. K Velues for Hexemethyl Dewer Benzene (D) / TCNE (A)

Complex.

temp (°C) 18.5 26.9 38.8
i

K (1 mol”) 6.4 5.7 4.0

These values of eouilibrium constents ere much lerger then the first

eouilibrium constant, K,, for the formation of the 1:1 complex between

norbomediene end TONE (0.5 at 37.0C) end are larger than K values

for most non-aromstic dienes. Although norbornadiene and hexamethyl

Dewar benzene are not strictly enalogous, the six methyl groups in

the latter mey be considered to be contributing towards the formation
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of sa stronger complex by a + I inductive effect. (on in dichloro-

methene st 22°C for benzene/TCNE complex (K = 0.237 1 mole) end

hexemethyl benzene/TCNE complex (K = 16.8 1 nee ) ). The presence

of the cherge-transfer complex bend in the UV/visible region may be

masked by the presence of the smell bend due to the yellow polymeric

impurity formed from hexemethyl Dewar benzene itself end during

reaction.

The reaction between norbornadiene end TCNE has been postulated to

pass through two complexes in equilibrium with eech other (see

Section 4-4 - 2 - 3). Since the reaction described above is very

similer, being a (Ts + 17s + T*s) cycloaddition, it would be likely

thet the two reactions proceed via a similar mechenism, with the

possible formation of e 2:1 complex in the hexamethyl Dewer benzene/

TONE reaction. It would be possible on the basis of the conclusions

reached in Chapter 4 that the reaction to form the cycloadduct vould

proceed via the charge-trensfer complex as a direct intermediate.

A+ Dy aD" —> ap )

Where ke = kp (1+K{p} ) /x

eG velues mey be calculated from Kop values et the given temperetures

inserting velues of [D} ‘end K.

Teble 5 - 9. Rate Constents ko (1 mor? s74) for Hexemethyl Dewar

Benzene/TCNE Assuming Simple Fovilibrium (Scheme 1 - 21).

T = 16.5°C, lal, = 4.70 x 1074m T = 26.0%, 4, = 5.07 x 107“
4 4[B], 0 i, 10 [D} (mt) ig x10

0.067 0.915 0.055 1.39

0.118 0.996 0.067 1.38

0.194 0.961 0.098 1.32

0.167 0.989 0.121 1.37
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: -4
t = 39.6°C, [A], = 4.51 x10 M

{D], (a) ke x10"

0.067 3.49

0.079 2.14

0.095 3.29

0.127 2.97

The kK, values es determined are fairly constant et the lower

temperetures. On the basis of this mechanism they eppeer to be

smaller in meenitude then the k , velues determined at similar

temperatures for the norbornadiene/TCNE reaction.

5- 5. Discussion.

Although the presence of e& 1:1 hexemethyl Dewar benzene/TCNE complex

cennot be detected in the visible spectrum, the initiel rapid decrease

in TCNE concentrstion may be explained if such a complex (mex = 265nm)

is postulated to exist end to be responsible for the removal of

free TCNF. Calculations show that the determined equilibrium constants

of such e complex decreese with increase in tempereture in line with

other such chsrge-trensfer complexes.

Orne source of error in measurement of y values end hence in K and

k, values mey be thet ea small emount of hexemethyl benzene is formed

during the reection effectively removing free TCNE by complexing and

hence some of the initicsl optical density difference of TCNE may be

due to the formation of this complex. However, since a maximum amount

of complex present accounts for only about 2.5% TCNE concentration,

the initial optical density difference due to its formetion is not

expected to be very large.

The reaction between norbornediene end TCNE hes also been postulated

to pass through both e 1:1 and 1:2 acceptor: donor complex before

formetion of the finel edduct. Both of these reactions would be
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expected to have a similar reaction mechanism. In the case of the

hexemethyl Dewar benzene reaction the presence of a 1:2 acceptor:

donor complex is not certein elthough it is possible thet the lerger

intercepts on the graphicel plots (see Fig. 5 - 3) may indicate

either experimentel errors or the possible existence of termolecular

species.

On |the besis of the corrected mechenism (scheme 1 - 21), the corrected

rete constents, ke, for the hexemethyl Dewar benzene reaction appear

to be smaller at & given venders tie than those for the norbornediene

reection. Although the likely greeter strain effects of the Dewar

benzene structure during reaction do not ellow a strict comparison

with the norbornediene reaction, the six methyl substituents attached

to Dewar benzene would be expected to produce a[steble charge-

trensfer complex es shown by the more negetive enthalpy of formation

=

Mnergy end entropy of activetion values derived from the corrected

(-4.9 keal mol”

rate constants show thet although the energy of activetion value

(10.1 keal mo1~+) is similar to that for the norbornadiene reaction,

the entropy of ectivetion (-44.8 e.u.) is slightly more negative

indicating a hicher degree of orientstion in the transition state.

Both of these thermodynemic paremeters are in line with most other

Diels-Alder type reactions in which the lerge negative entropy is

More consistent with a concerted mechenism rather than « two-step

process,

The overell reaction may be es showm in 5 - 3-

tt Ct3 3ct.Is : "I ts cy Chs 4c ts
Cts, ty, N Hs Ct

Ct + = sg ‘b * NG CN

NC’ iN
SS CH ra NC CN

cit

3 rene! ns Ae,
fornex| es wl Nn 9)

he City

Cts

Where the 1:1 complex exists in the usuel 'sandwich' structure.
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Chapter 6

Hexe-trens-2, trans-4-diene/Maleic Anhydride Reaction

6-1. Introduction.

The reaction of this hexediene isomer with maleic anhydride to

give the all cis Diels-Alder cycloadduct has been reported? jit, ee

No kinetic investigation of the reaction had been made and when

the two reactants were mixed together in chloroform a pale yellow

colour immediately formed, which quickly faded as the reaction

proceeded. It was decided to study the kinetics of this reaction

as it was considered to be typicel of stereospecific endo Diels-

Alder cycloedditions. The reaction between hexadiene end TCNE

had been studied previously 72. but had been shown to be too fast

for accurete meesurement of rate constents. With the meceer

dienophile, maleic anhydride, it was considered that the reaction

might be slow enough to follow. The colour formed in regtion

might be attributed to e charge-trensfer complex which could be

examined spectroscopicelly.

6 - 2 Purificetion of Reagents

Hlexa-trans-2,trens-4-diene was supplied by Ralph Emanuel Ltd. as

@ clear liquid. Analysis by G.L.C. showed the presence of one

peek only, using a Cerbowax 20M column at loo% a 1.4507 (astm 29
1.4501). The semple was stored in light-excluded bottles in a

refrigeretor.

Meleic enhydride stored over long periods had a tendency to hydrolyse

to maleic ecid as shown by the turbidity when dissolved in chloro-

form. The semples of meleic anhydride used were therefore twice

sublimed et 50° (just below the melting point) under vecuum and the

colourless crystals were stored in a vacuum desgicator over silica

gel. mp. = 52-538(11t%?53°C),



134

Chloroform was the solvent used for this particular reaction study

as maleic anhydride was found to be slightly more soluble in

chloroform then in 1,2~dichloroethene or dichloromethane. Samples

of solvent were purified as described in section 2-1-5-1 and

Stored in light-excluded bottles.

6-3 Preparation end Anelysis of the Adduct. Sen

6-5-1. Preparation.

Hexe-trens-?, trens-4~diene (2.0g) was added to a solution of

meleic anhydride (1.0g) in dried chloroform (20 ml) end the mixture

throughly sheken. The solution was refluxed for 1 hour during

which time the yellow colour, formed when the two reactents were

mixed together, hed disappeared. The solvent was then removed

by eveporetion end the crude solid washed with carbon tetrachloride.

Analysis by T.L.C. (silica gel) using chloroform as solvent, showed

the presence of only one spot (Re 0.59). The crude solid was first

recrystallised from ethylacetete to yield needles (1.8g) end then

sublimed at 75°, under vacuum, to give needles, m.p. 92.5 -93°C

(11¢2*h.p. 940) of 5,6-dimethyl-A4-tetrebydrophthelic enhydride.
Celoulated for CyoljD3: C, 66.67; H, 6.67%

Found: C, 66.8; A, 6.51%

6-3-2. UV/Visible Spectrum.

Solutions of the adduct in chloroform showed no absorbance in the

region 250-600 nm.

6+ %-+.3. Infrared Spectrum.

The adduct wes made into a mull with hexachlorobutediene end with

nujol separately, end the infrered spectra recorded using an

attenuator in the reference beam.
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Table 6 - 1. Infrared Spectrum of Hexadiene/Maleic Anhydride

Adduct.

Wavenumber Assignment

3000 cm”! (s) =C-4H stretching

2890 om-'(s) -C-4 stretching

1850 cm~'(s) -C=0 stretching

1780 em~'(s) -C=0 stretching

1680 cm~'(w) - C=C stretching

1450 cmTM~!(m) - C- CH, bending

1370 cm~' (m) -C- CH, bending
3

6-3-4. Mass Spectrum.

The measured mass of the (M-28) ion was 15?.0841, close to that

calculated (152.0837) for the ion (C9 Bye ® )*+. The parent ion

had only a low abundance (0.56%).

Table 6 - 2. Main Mass fragment Ions for Hexadiene/Maleic

Anhydride Adduct.

m/e 180(M) 152 log 108 107 94 920 62578 ~ 40

Relative

Abundence(%) 0.56 22.4 68.5 35.8 3.9 100.0 27.0 7.9 22.0 12.1

The ion, m/e 152, corresponds to loss of CO from the parent ion.

The retro Diels-Alder mechanism may be operating to some extent

giving m/e 82, corresponding to the diene. The two most abundant

peeks at m/e 94 and m/e 109 are more difficult to explain, although

a metastable pesk (mje= 81.2) indicates the transition 109 -» 94,

which could correspond to the following: ch

2oO
A Cl

Re 104 “g H Me Wh
ee ec.

- aes ee 4
-o. Ita Ct,

Cts
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223 i
The mass spectrum might be compared with that for the 4,5-dimethyl

substituted adduct in which m/e 107 is the most abundant ion.

Apart from the evidence of the N.M.R. spectrum (see Chapter 3),

the analysis shows the presence of the cyclic enhydride structure.

The IR spectrum shows two carbonyl stretching bands, characteristic

of anhydrides, two separate -CH stretching bends, a possible C = C

stretching band end -C-CH g bending bands. The mass spectrum shows

a peek at 152, corresponding to loss of CO, which is characteristic

of similar cyclic enhydriaes.”° Combining this evidence with the

C,H analysis and the N.M.R. spectrum, it is seen that the adduct

must exist in the endo form as shown below.

Qetn 9
8 ‘eg

N
oe

C

Beall
CHy k" O

6- 4. UV/Visible Spectroscopy.

Solutions of hexadiene (0.5 -—» 0.8@M) mixed with meleic anhydride

(5.0 mM), using 1 cm. cell pathlengths, gave a broad absorption

band CAE S20nm). Exanination of the spectra of each reactant

Separately showed that this absorbance was not due to either species

entirely, although complications arose because both hexadiene and

meleic anhydride had small absorbences in this region. (see Fig.

6 ~.1). It was considered feasible to follow the decrease in the

observed absorption bend in this region, providing the following

conditions were met. (1) A solution of hexadiene of the same

concentration as in the reaction mixture was placed in the reference

cell to counteract the small absorbance of this species in the

wavelength region under study. This reectant would be in large
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Figure 6 - 1

UV_Absorotions for hexadiene/maleic anhydride

reaction (25.09) , £= lem,

io 4 (1) Hexediene (1.0N)

ab (optical density)
(2) Maleiec Anhydride (5.0m)

(3) Mixture of (1) and (2) with
o4

hexsdiene in reference cell

measured soon efter mixing.

Og

07

300 Blo 320 330 30 380 t6o0
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excess in the reaction mixture end the concentration would be

virtually constant throughout the reaction. (2) <A correction

wes made for the maleic anhydride absorbence in the same wavelength

regione When a lerge excess of donor is present, the concentration

of meleic enhydride is directly proportionel to the concentration

of charge-transfer complex end it cen be show that:

et (400/002 meee a2.) (6 21)t t ° ° °

is the absorbance at time t due to the complex only.

@° is the observed absorbence at time t.

4° is the observed absorbance at zero time for reaction.

is the maleic enhydride eabsorbence at zero time for reaction.

Corrections were thus made after measuring the meleic enhydride

absorbence before reattion. (3%) The decreese in absorbence was

fast enough for eccurate meesurements to be made. These conditions

were met for certein concentrations of hexadiene end maleic

enbydride, when the former wes in large excess end kinetic studies

were carried out by following the absorbance at 320 nm.

It was not possible to exemine absorbances of equimolar concentra-

tions of reactents, nor wes it possible to exemine the decrease

in ebsorbence of hexadiene or meleic enhydride bends individually

because of overlepping bends in these regions.

6-4-1. Determinetion of K end @ for the Charge-transfer Complex

The equilibrium constant, K, end extinction coefficient,2, for

the charge-transfer complex were calculated using the Benesi-

Hilgebrand method, having a large excess of the hexadiene in the

reaction mixtures. Initiel opticel density measurements, d,, were

obtained by extrapolation of corrected opticel densities measured

et given time intervels. Solutions of the hexadiene end of maleic
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enhydride in chloroform were made up seperately and placed in the

thermostet bath. The solutions were mixed, the time noted and the

solution rapidly transferred to the solution cell in the cell-

housing. The reference cell contained a solution of nexadiene at

the same concentration as in the reaction mixture. In all cases

the absorbences were followed at 320 nm making corrections for the

maleic enhydride absorbance, which had been previously examined at

320 nm to obtein the initial optical density, a’. (For most cases

ay oder neh,

Table 6 - 3. Benesi-Hildebrend Data for Hexadiene (D) /Maleic

Anhydride (A) at 320 nm in Chloroform. T = 19.0°C

3
{al , = 4-01 x 10 "M.

tl, [pl,* ay [aloag" x 10°
0.401 2.0 0.158 2.53

0-449 2.22 0.183 aeke

0.501 2.00 0.195 2.05

0-606 1.65 0.243 1.64

0-797 1.25 0.402 1.32

: aS
Table 6 - 4. Data es for above. T = 26.5°C [A], = 5.38 x 10 M,

(D] 9 (fM) [pl,* ay [loag” ae
0.596 1,68 0.278 1.88

0-697 1.43 0.333 1.61

0.797 1.26 0.389 1.38

0.901 Teh 0.436 1.23

1.001 ~ 1.00 0.453 1.16
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fable 6 - 5. Date as for above. T = 38.5°c.[A], = 4.69 x 107°M.

(5), bls agit t filgaat 158
0.502 1.99 0.206 enol

0-601 1.67 0.248 1.97

0.697 1.43 0.292 Te67

0.798 1.25 0.328 1.49

0.901 Rt 0.370 1.32

0.999 1.00 0.417 ek

Plots of [D]5* ageinst [k],257 (see Fig. 6 - 2) gave the following

values of K and &.

Table 6 - 6. Determined K end = velues for the Hexediene/Maleic

Anhydride Complex _et_320_ nm in Chloroform.

T (°C) a Ke K (1 mol7})

19.0 1670 98.1 0.058

26.5 1670 92.0 0.055

38.5 1740 89.5 0.051

As before, K& values were eesier then K velues to determine

Mwaccurately, becsuse of the small intercept which could make

values inaccurate. In determining values for4A andAS for complex

formation, the Ven't Hoff. equation (see Section 4 - 4 - 1 - 1) was

applied to only two temperatures (19.0° end 38.5%) and the values

obteined by a differencemethod.

=I
AR = -1.1 keal mol!(. 4,4 kjoule mol ),AS = -8.7 eu.

6-4-2 Calculation of Rate Constents.

The calculation of rate constants for the hexadiene/msleic

anhydride reaction was cerried out by following the decrease in

absorbence et 320 nm. Corrected values for optical density were
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Figure $ - 2

Benesi-Hildebrand plot for _hexadi ene,

meleic anhydride complex.
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obteined as described, end plots of log at against time were made.

This gave values for k, and ky from the slope and from the relation-

ship kp= /[pl. Straight lines were obtained in all cases for

this reaction. The absorbences were followed to about 50% reaction,

but readings were also teken a very long time after the reaction

had started ond these absorbances were either zero or very smell

(i.e. less then 0.01).

The values obtained for k end Kp at different teuperatures are

shown.

ae) for Hexadiene
(D) fieleic Anhydride (A) in Chloroform, T = 8.0°C/Al, = 5.05 x 10°°M.

Table 6 - 7. Rete Constents es ye ko (1 mol”

At_320_nm.

(D(a) k, x 104 ky x 104

0.499 1.35 2.71
0.597 Le. 2202

0.701 1.72 2.46

0.604 1.96 2.44

0.698 2.20 2.45

0.995 2.59 2.41

Table 6 - 8. Rate Constents as for above. T = 19.0% fal. = 4.01

3,
<10. MM.

(D}, an) k, x 104 kp x 10°

0.401 1.92 4.68

0.449 2.02 4.51

0-501 2.23 4.45
0.606 2.68 4.75
0-797 3.72 4.67
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Table 6 - 9. Rate Constents as for above. T = 26.5% [al,= 5.38

107m.

[pl (4) k, x 104 sex 10 =

0.596 4.90 8.21

0.601 5.28 8.70

0-697 5.60 8.51

0-797 6.80 8.65

0-799 6.70 8.38

0.S01 : 7.71 8.54

1-001 8.73 8.72

1.001 8.63 8.62

Table 6 - 10. Rate Constents as for sbove. T = 39.5% [al,=

4.89 x 107°m.

[pl am) es x10 * k,x10%

0.502 7.19 1.43

0.601 8.96 1.49

0.697 9.90 1.42

0-798 11.55 1.45

0.801 12.79 1.42

0-999 14.39 1.44

The rate constants obtained eppear to be almost constent over a

range where the donor concentretion has almost doubled. If en

experimentel error of 5 to 10% is allowed, then ell the results

fall within this range, except at 8%, where there appears to be a

smell decresse in ky with increase in donor concentration. To

obtein velues of AF and As* using the Arrhenius equation, the mean

for each kp value wes teken at each temperature. A plot of log kop

was made ageinst 1/T where T is the absolute temperature.(see Fig.

6 - 3).
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Fieure 6 - 3.

hexadicne/maleic enhydride reaction.

A =z 330nm.

25

-30

=36
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Table 6 - 11. Date for Arrhenius plot of Hexediene/Maleic

Anhydride in Chloroform.

kp(1 mol”? 87) tnnks P (°K) i/p x 10°

1.44 x 107° ~2.842 311.5 3.21

8.53 x 1074 ~3.069 299.5 3.34

4.64 x 107° ~3. 333 292.0 3.42

2.50 x107¢ -3.602 281.0 3.56

From the slope it was calculated, AE = 10.5 kcal mol? ( 43-1
-1

kjoule mol ).

As* was calculated at each temperature.

Table 6 - 12. Entropy of Activation for Hexadiene/Maleic

Anhydride in Chloroform.

T (°K) 311.5 299.5 292.0 281.0

As*(e.u) -41.8 -41.5 -41.8 -41.5

6- 5. Discussion.

The reaction between hexediene and maleic enhydride has been shown

to pass smoothly to form a single cycloadduct by e typical Diels-

Alder (1s + Ts) addition.

The role of the complex formed in solution was not entirely clear

after kinetic studies had been carried out.

If schemes (1-21), (1-22) end (1-23) are considered as possible

pathways in the reection, then it is clear that (1-23) is not thet

operating, because there is no increase in ky in this reaction with

donor concentration. The other two schemes might be considered as

both of these should show a smell decrease in ky with donor

concentration.

K for the complex es determined by the Benesi-Hildebrend method

was shown to have e very smell value in the temperature range
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examined (0.05 to 0.06). If these values are inserted into the

equations for (1-21) and (1-29) et a given temperature, then kg

velues might be obtained.

kg = Kp (1 +X [D]) from (1-22)

kg = kp (1+K [D]) from (1-21)

Table 6 - 13. k, Calculations st _19.0°cfor Scheme (1-22)

k,(1-22) = K.k,(1-2 , K = 0.0588

(D) (3) ig eC kolo a) ke x 104(1 mit s-h
0-401 9468 4.99

0-449 4.51 4.64

0.501 4.45 4.59

0-606 4.75 4.92

0-797 4.67 4.89

The kg velues obtained appear to be virtually constent within the

experimental error end it is obvious thet K is so small that both

ko end k, will sppear constent over this concentration renge.

Either of schemes (1-21) or (1-2?) could be applied, as the

reletionship shown in the above table will give constant vselues

of k, for both. Similar results are obtained at the other

temperetures. It is thus not possible to distinguish between the

cherge-trensfer complex as a direct intermediate or as a species

formed in a side-equilibrium.

It wes not possible to examine the complex at more than one wave-

length because of difficulties with overlapping bands, but it is

assumed that only the one weak complex is formed and the thermo-

dynamic values obtained show thet there is some degree of ordering

(AS=-8 e.u) but very little change in enthalpy (AHY~ 1Kcal mers)
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for complex formation.

The values for AE and As* optainea from the kinetic studies are

in line with those values from other Diels-Alder reactions, i.e.

& lerge negative entropy of activetion, end energy of activation

of about 10-12 keal nO It is likely that the reaction is

concerted, in which the charge-transfer complex could be @ direct

intermediate, as it will bear a 'sandwich' structure similar to

that proposed for the trensition state of such diene reactions.

Chis iO O.

| SaacTM yess

ae
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OneC wy

He Hg
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Chapter 7

1-Methoxy buta-trens-] , 3-diene/Maleic Anhydride Reaction

7-1. Introduction.

The reaction of methoxybutadiene, being a mixture of cis end

trens isomers, with maleic anhydride has been reported@*4-?*4,

give the Diels-Alder cycloedduct under certein specific reaction

conditions.

When the two reactents were mixed together in chloroform, a pale

yellow colour, attributed to a charge-trensfer complex, appeared

immediately, fading es the reaction proceeded. This reaction

might bear some similerity to that between sorbyl alcohol and

TONE, 79 which possibly proceeds via the charge-transfer complex

intermediate. The reaction between methoxybutadiene end TCNE

was found to be too fast for suitable kinetic studies as the colour

formed in reaction faded elmost immediately. With the weaker

dienophile, maleic enhydride, the rate of reaction appeared suitable

for kinetic study.

7-2. Purification of Reagents.

1-methoxy-butadiene wes supplied es technical by Ralph Emanuel Lta.

in empovles. G.L.C. enelysis showed thet on a Carbowax 20M column

at 85%.there were two pesks, corresponding to about 80% trens

isomer end 20% cis isomer (identified by the higher toiling-point

of the latter). The technical material wes therefore distilled

under nitrogen end three fractions were collected in the temperature

renge 95-110 °%. The first fraction was shown to be 98.5% of the

trens isomer, the second, 936 and the third 87%. The residue

remaining in the flask was less then 80% trans. As the cis isomer

was reported not to react with the maleic enhbydride to give a
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cyclosdduct, the first major fraction was taken, end a small

correction made for the slight impurity present, ny = 1.4602

[ise a = 1.4590).

Maleic enhydride was purified as described in section 6 - 2.

Chloroform purified as described in section 2 - 1 - 5, was used

within a dey or two of purification.

7 - 3 Prepsration end Anelysis of the Adduct.

7-3-1. Preperation.

In order to prepare the adduct from the technical sterting material,

the method used Pa reviously was edopted.

1,4-Dioxen, purified by refluxing over sodium wire for 1 hour

followed by distillation et 100°, was purged with nitrogen before

use. To a stirred solution of a semple of i-methoxybutadiene

(2.0g) in dioxen (10 mi), cooled in an ice-bath, a solution of

meleic anhydride (1.6g) in dioxen (10 ml) was added. The mixture

was then refluxed for 2 hours, cooled and set aside for a further

15 hours. Addition of water gave a white, gummy substence which

stuck to the walls of the flask. This was the reported arene mages

resin formed from the cis isomer. Benzene (60 ml) was added, the

mixture shaken and after seperation, the gum remeined in the

aqueous layer. The benzene layer was concentrated by evaporation

of some solvent, cooled and petroleum ether (409-609) added. This

precipitated white crystals of the adduct, which were collected,

filtered end dried under vacuum. After recrystallisation from

petroleum ether (60°-80°), the adduct separated as white leaflets.

mp 97 97.5% (116,2?%o°e),

Calculated for Cg Bip O4 : ©, 59.4; 8, 5.49 4

Found 2 0; 69. 6s aoH, 5.32%



7-3-2. Thin-layer Chromatogram.

Analysis of the recrystallised adduct on silica gel chromagram

using carbon tesrachloride-chloroform (50:50 v/v) as solvent showed

one spot only (Rp0.33), visible under ultraviolet light.

7-3-3. UV/Visible Spectrum

Solutions of the adduct in chloroform showed no absorption bands

in the region 250-600 nm.

7-3-4. Infrared Spectrum.

The adduct was made up into a mull wita hexachlorobutadiene and

with nujol separately so that tne whole spectrum could be recorded.

Table 7 ~1. Infrared Spectrum of Methoxy butadi ene/Malei.c

Anhydride Adduct.

Wavenumber Assignment

3000 em (m) = C-H stretching

2890 em (m) ~- C-H stretching

1860 om~l (s,a) - C=0 stretching

1790 om-1 (s) ~- C=0 stretching

1650 om7+ (w) - C=C-stretching

1240 cm (m) - C-O stretching

7-3-5. Mass Spectrum.

The measured mass of tne parent ion was 182.0576 which was close

to that calculated (182.0579) for the ion (Cg Hy 04)*. In fect,

the parent ion had only a low relative abundence. (1.174)

Table 7 - 2. Mein Mass Frepgment Ions for Methoxy butadiene/Maleic

Anhydride Adduct.

m/e 182(M) 124 110 109 C4 79° 78) 77)... 69

Relative

Abundance(%) TA? 18.6 26.4 23.9 1000 79.1 24.2 23.8 14.5
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The base peak, m/e 84, corresponds to the mass of methoxy butadiene

itself and it is likely that the main fragmentation is by a retro

Diels-Alder reaction pathway. The ion, m/e 79, mey correspond to

a protonated benzene ion and is also found es the most abundent

species in the spectrum of 1,29,5,6-tetrahydrophthalic anhydride. °?9

m/e 110 and m/e 109 correspond to loss of Cog and Co038 from

the parent ion respectively. The following fragmentation pathways

mey thus be postulated.

oct, O J Oxtt pola
ee

he

el eG, eeeoe =
=‘ SS = Cae

o mie Bi mje 64

{-co.
OCh; Obits

=e 
—CHO

t+ = es

mie 1lO mie 109

KW

Apart from the evidence from the N.M.R. spectrum (see Chapter 2) 3

the infrared end mass spectrum both indicate the cyclic anhydride

adduct. Thus the infrared spectrum shows two carbonyl stretching

bends, characteristic of enhydrides, the presence of two different

-C-H stretching bends end a weak C=C stretching band. The mass

spectrum, as shown before, also indicates the cyclic adduct. Thus

3-methoxy-\*.tetrahydrophthalic enbydride is exclusively formed

from pmethoxybuta-trens-1,3-diene end maleic anhydride end exists

in the endo form.
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7 ~ 4 Wisible Spectroscopy.

A large excess concentration of the methoxybutadiene (0.4M) was

made up with maleic anhydride (4.0uM) in chloroform and the

spectrum of the mixture scanned using 1 em. cells. In the region

360-420 nm, a tail-end absorption appeared to chenge with time,

which, when the reactants were exemined Singly, was concluded to

be due partly to methoxybutadiene and partly to another unidentified

absorption. When the reaction solution was run ag above, end the

reference cell contained a solution of methoxybutadiene at the

Seme molar concentration, a small absorption band from 350-420 nn,

without a maximum, was noticed to have a decreasing intensity.

The maleic anhydride absorption was virtually zero in this wave-

leneth region end the absorption band was attributed to a charge-
transfer complex bend. (see Fig. 7-1). The decrease in

absorption was followed at 370 nm because at this point the

absorption due to methoxybutadiene was fairly small (0.25). Errors

in mismatching solution end reference cell concentrations of diene

were not greater then 5% (an absorption of about 0.02).

Also at 370 nm, the actual absorotion of complex was large enough

to be followed without errors occurring, arising from difficulties

in measuring very smell chenges of intensity. The instrument was

correctly zeroed for these experiments by following the absorption

to a point where it appeared to be zero (500-550 mm) and this

absorption was exemined periodically to correct eny small change

that might occur.

7-4-1. Determination of K end < for the Charge-Transfer Complex.

The equilibrium constant, K, and extinction coefficient, =, of

the charge-transfer were calculated using the Benesi-Hildebrand



Figure 7 - 1. a7

anhydride reaction (25.0°C) .

(1) Methoxybutadiene (0. 6\)

9 (2) Maleic Anhydride (4.0 ml)

d Cophical density) (3) Mixture of (1) and (2) with

6a 7 methoxybutadiene in reference

cell at t = 0.

360 310 380 340 4oo Ao 420 430
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method, in which a large excess of methoxybutediene was present

in the reaction mixture. Initial optical densities, a, were

obtained by extrepolation of opticel densities measured at certain

time intervals. The same procedure was adopted as for the

hexadiene/maleic enhydride reaction. The reference cell in this

case contained a solution of methoxybutadiene of the same

concentration as that in the reaction mixture. In all cases the

absorbances were followed at 370 nm. The maleic enhydride

concentration was kept. constant at a given temperature and the

methoxybutadiene concentration varied in the usual manner.

Table 7 - 3. Benesi-Hildebrand Date for Methoxybutediene (D)/

Meleic Anhydride (A) at 370 nm in Chloroform. T = 19.0°C,

‘Al = 4.94 x 10-°m.

PL, am [ls a, [oas x10”

0.513 1.95 0.148 3.32

0.675 1.48 0.188 2.65

0.775 1.29 0.212 2.33

0.998 1.00 0.248 1.99

e 3Table 7 - 4. Deta as for above. T = 24.7°C, (Al, = 5.20 x 10M.

(P],. o [2)>" ao [iJoagrx 10 *
0.439 2.05 0.148 3.51

0.575 1.74 0.170 3.06

0-651 1.54 0.195 2.68

0.720 1.39 0.206 2.52

Table 7 - 5. Data as for above. T = 41.09 C/A] = 5.04 x 10°3M.
0

Plo cm) [>]. @o [Apae x10 *
0.492 2.03 0.137 f 3.66

0.663 1,51 0.182 2.76

0.725 1.38 0.191 2.65

0.987 1.03 0.252 3.01
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Figure 7 - 2

Benesi-Hildebrand plot for methoxybutedi ene/

maleic anhydride complex, A» 370 him.

Os
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Plots of (D]." against [Alo x (see Fig.7 - 2) gave the following
values of K and <,

Table 7 - 6. Determined K and < Values for Methoxybutadiene/

Maleic Anhydride at_370 nm in Chlorofom.

t (°C) < Ke K (1 mol)

19.0° 179 71.3 0.398

24.7° 179 69.7 0.390

41.0° 185 65.5 0.354

The scarcity of points in each graph made the drawing of the best

lines difficult end as before K= values were more accurately

determined than K or = values individually. Ks values were used

rather than K in calculation of AH and AS values for complex

formetion. When considering the two temperatures, T, and Tp

and using the Van't Hoff equation and a difference method, then

if = is considered to be constent:

Log(Ks)1 - Log(Ks), = AA(T)-T,) / 2.03 RTT, (7 - 2)

If the two temperatures inserted here ere 292K and 314K, then

the results obtained are as follows:

AH = -0.7 keel mol-l(-2.9 kjoule moi}. QS = -4.5 e.u.

7-4-2. Calculation of Rete Constants.

The calculation of rate constents for the reaction between

methoxybutadiene end maleic anhydride was carried out by following

the decrease in absorbance of the band at 370 nm. In all cases,

the reference cell contained e solution of methoxy butadiene at the

seme concentration as in the reaction cell to blenk out the

absorbance due to diene at 370 nm. Plots of log dy against time

were made, giving values for k, end kp, calculated from the slope

end from the relationship ko= , /[p]. As described before, infinity -

absorbance readings for this reaction were equal to zero and Straight
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lines were obtained for all graphical plots. At each given

temperature the acceptor concentration wes kept constant, while

the donor concentration, in large excess, was varied.

Table 7 - 7. Rate Constents k)(s_-), ko(1 mol’ s7>) for

Methoxybutediene (D) / Maleic Anhydride (A) in Chloroform,

m = 19.0°C fal, = 4.94 x 107M,

4©], cm) k, x 107 kp x 10

0.518 4.80 9.35
0.675 6.62 9.80

0.775 7.65 9.87
0.998 9.49 9.50

<3Table 7-8. Date as for ebove. T= 24.7° ofa], = 5.2000°M.

Plo on k, x 104 kp x 10°

0-489 6.80 1.39
0.575 8.75 1.52

0-551 9.31 1.43

0-720 10.60 1.47

Table 7-9. Date as for above. T = 32.5°0, [A], = 4.81 x 10° M,

Pl, an) k, x 10° kp x10”
0.530 aL 2.09

0.722 1.43 1.98
0.795 1.61 2.02
0.990 1.92 1.94

Table 7 - 10. Data as for above. T = 41.0%, [A] = 5.04 x 1072m,
Oo

PP], an) ky x10” kp x 10°

0.492 1.66 3.38

0-663 Poly 3.27

0.725 2.34 3-22

0.985 
3.20 5-25
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The rate constants appear to be constant over the limited

concentration range studied. Therefore, in obtaining AE and

AS* values using the Arrhenius equation, the mean value of ko

at each temperature was teken and a plot of log kp was made against

1/T, where T is the absolute temperature (see Fig.7 - 3).

Table 7 - 11. Data for Arrhenius Plot of Methoxybutadiene/iMaleic

Anhydride in Chloroform.

k {1 tole sy Log kp 7 (°K) 1/? x 10°

3.28 x 1075 -2.484 314.0 3.18

2.01 x 10-5 ~2.697 205.5 3.28

1.45 x 107% -2.839 297.7 3.56

9.54 x 10-4 -3.016 292.0 3.42

From the slope of the graph it was calculated, AE = 9.9 kcal mo17+
-1

(41.3 kjoule mol ).

As* was calculated at each temperature.

Table 7-12. Entropy of Activetion for Methoxybutadiene/lialeic

Anhydride in Chloroform.

T (°K) As* (e.u) T (°K) As* (eu)

314.0 ~40.8 297.7 -40.8

305.5 -41.2 292.0 ~41.0

Because both maleic enhydride end methoxybutediene had strong

absorption bends overlapping each other in the ultraviolet region

of the spectrum, it was not possible to follow the concentration

of maleic enhydride during reaction. For similar reasons it was

not possible to follow eny reaction using equimolar concentrations

of reactants in any pert of the spectrum.
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Figure 7 - 3

Arrhenius plot of rate constents for

methoxybutadiene/maleic enhydride reaction.
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re Be, Di seussion

The reaction between the trans isomer of l-methoxybutadiene and

maleic anhydride passes smoothly to form a Single cycloadduct by

a (r*s +7°s) mechenism. This was Concluded from the spectral

analysis of the adduct. The role of the complex formed in solution,

however, was not certain efter kinetic studies had been carried out.

It is clear here that,as for the hexadiene reaction also, there

is no increase in Ky values with increase in donor concentration.

Thus scheme (1-23) must again be ruled out at once as a possible

reaction mechenism. If schemes (1-21) and (1-22) are considered,

then ky would be expected to decrease with donor increase. If

values of K are inserted into the equetions of scheme (1-21) or

(1-22) then k , values cen be calculated. (see Section 6-5).

Table 7 - 13. k, calculations at 41.0°c for scheme (1-22) . where

(1-22) = K.«.(1-21), K = 0.354. (2 moi")

[>] an) kox10°(1 Roa aa) eros (mots =

0.492 3.38 3.95

0-663 3.27 3.99

0-725 3.22 4.03
0-985 3.25 4.28

The ky, values are constant within experimental error. In some

instances k, appears to increase slightly with donor concentration,

However, K may not be as large as calculated, due to errors in the

Benesi-Hildebrand plots end in general k, should be virtually

constent. Since k,(1-22) = K.k,(1-21) it will not be possible to

distinguish between the mechanisms and hence the charge-trensfer

complex might be a direct intermediate or formed in a side reaction.

The reaction of methoxybutadiene with maleic anhydride might be

compared with that of hexadiene with the same dienophile.
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Table 7 ~ 14. Comparison of Reaction Data for Hexadiene/and

Methoxybutadiene/Maleic Anhydride in Chloroform at 19,09 G5

Hexadiene Methoxy butadiene

kp x 10" (1 mol 8) 4.65 9.63
AR (keal non 10.3 9.9

As* (e.u) -41.8 -41.0

Rel molt} 0.059 0.398

The small difference in rate constent, kp, could be attributed to

the energy of activation difference, rather than the nearly constant

entropy of activation. The fact that there is only a relatively

small difference is evidence that this kind of reaction is

concerted rather than passing through an intermediete zwitterion.

The methoxy group would be expected to stabilize any zwitterion

by its mesomeric effect, end the rate constant would be expected

to be a great deal larger than in the hexediene reaction. The

large negative entropy of activation in both reactions would also

indicate a concerted rather than two-step reaction.

The equilibrium constant velues although both small, indicate a

stronger complex with methoxybutediene as donor. Because of the

difficulties in obteining accurate velues of K, this may not be
very significant, although the methoxy substituent might be expected

to cause the formation of a stronger complex, on account of its

electron-donating mesomeric effect.

The role of the complexes in either reaction is not certain, but

as mentioned in Chapter 6, it is possible they lie as direct

intermediates, having the 'sandwich' structure as shown.

iis fl o=e =o omy =0haat,
SNS i 0 mE Ce

i NY
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CHAPTER 8

Anthracene/Maleic Anhydride Reaction

8-1. Introduction.

When meleic enhydride and anthracene are mixed together in

chloroform, a yellow-green colour, ettributed to ea charge-trensfer

complex, is immediately formed. As the reaction proceeds, with

the formation of the Diels-Alder cycloadduct, the colour

diseppeers. Studies heve shown thet in certain solvents the

reaction is en equilibrium, being 99% in fevour of the cycloedduct

for equimoler concentrations. *” The kinetics of this reaction in

chloroform have been studied 124, v4 efly by examining the decreese

in cherge-trensfer complex ebsorption during reaction. In the

method used, the rate constants of reaction were meesured by

keeping a constent anthracene concentration throughout the reection

mixtures end varying the maleic enhydride concentration, which was

in large excess. It wes found that there was a small decrease in

rate constent with increase in acceptor concentretion, and so

either schemes (1-91) or (1-27) were considered as possible

mechanisms for this reaction.

Receuse of the rether limited number of results obteined for this

perticuler reaction, it wes decided to examine the reaction egein

end to extend criticelly the method used by studying reaction

mixtures In which the donor, rether than acceptor, was in large

excess end also heving eauimolar concentrations of reactants.

The presence of more then one complex in solution mi ght be deter-

mined by exemining the chenge in ebsorbence at different wave-

lengths. Chloroform was chosen egein as a suiteble solvent because

of the sufficiently large solubility of meleic enhydride in it

compsred to other similar solvents.
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6 - 2 Purification of Reagents.

Anthracene wes supplied es Blue Fluorescent by B.D.H. Chemiceis

Ltd. end was recrystallised twice from benzene to yield colour-

less crystels which were stored under vacuum in the dark.

Meleic enhydride wes purified as described previously.

Spectroscopic Grade Chloroform was purified by the method described

previously efter it had been shown that the ethenol stabilizer

coused the reaction to proceed ebout 10% fester in the unpurified

Solvent compsred with the pure solvent. All batches of the

chloroform without stebilizer were stored in light-proof bottles

in e refrigeretor and were used within two days of purification.

8 - 3 Prevaration and Aneliysis of the Adduct.

8-3-1. Preperation.

Anthracene (5.0g) was edded to meleic anhydride (3.0g) in xylene

end the mixture wes refluxed for 1 hour. A smail emount of

aecolourizing charcoel was then edded to the cool solution,

which was refluxed for a further ten minutes, the hot solution

wes filtered, cooled and the crude product slowly precipitated.

After filtration, the product wes recrystallised twice from

ethyl acetate to yield colourless crystels (3.2g). m.p. 262 =265°0.

(11t2°° 262 ~p620c).

Calculated for Gghjo0g: C, 78.3; H, 4.35%

Found: C, 78.5; H, 4.21%

6@-3- ? Thin-layer Chromatogrem.

The adduct showed one spot only (Rp 0.31) when run in chloroform

on activeted silica gel.

&-3- 3 UV/Visible Svectrun.

A solution of the adduct in chloroform was exemined by UV/Visible
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spectroscopy oe e6onm (= 9490), 272nm (£19280) ) ena compared

with the spectrum of pure anthracene in chloroform An 253nm

(£219,000), e85nm (< 360), e9enm (= 590) ).

8-3-4. Infrared Spectrum.

The adduct wes made into e mull with hexachlorobutediene and the

spectrum wes run using en ettenuetor in the reference bean.

Table 8 - 1. Infrered Spectrum for Anthracene/Maleic Anhydride

Adduct.

Freouency Assignment

7020 om (mm) Aromatic CH stretching

2940 em~+ (m) Aliphatic CH stretching

1820 om~+ (s) -C =0 stretching
1760 cm71 (s) -C = 0 stretching

1220 en-! (s) -C -0 stretching

8-3-5. Mess Spectrum.

The measured mass of the perent ion (276.0787) was very close to

that calculated (76.0786) for the ion (Cy pH) O.)* which was not,

however, the most abundent species.

Teble 8 - ©. Main fon fregments for Anthracene/Meleic Anhydride

Adduct.

m/e Due 276(M) 179 178 176 TOT 9

Relative

Abundence(%) 5.3 17.4 16.3 100.0 Be?" 10.0 9k

From the mess spectrum, it cen be concluded that the mein frag-

mentetion is vie a retro Di els-Alder reaction pathway to give
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anthracene (m/e 178) es the most abundant ion species.

&-%3- 6. Conclusion.

It was cleer from the evidence of the N.M.R. (Section 3 - 3),

TR end enalysis thet the Diels-Alder adduct of anthracene with

maleic enhydride wes that present. The infrared spectrum, for

instance, showed two types of -CH stretching, the two carbonyl

bands, cheracterisitic of anhydride groups, end a possible C-0

stretching in the enhydride group. The N.M.R. spectrum showed

three different signels corresponding to three types of protons

in different magnetic environments (Section 3 - 3). The adduct

could thus be confirmed es 9,10-dihydroenthracene-9,10-endo-x,

B-suceinic anhydride.

o~2°

ys
=> :

C7 ~~)
Kl

8-4. Visible Spectroscopy.

In the previous study! *4 the cherge-trensfer complex absorption

had been followed et different wavelengths in the region 4f0-

450mm. It was thus decided to exemine this particular end of

the visible spectrum to find out the most suiteble wevelengths

for following reection.

A solution of enthracene (3.09nM) in chloroform was added to

maleic enhydride (0.44) end the visible spectrum of the mixture

exemined using lem. cells. It was noticed thet there was no

bend meximum, but the intensity increesed from 440nm to 400nm.

Tt was not possible to eveluete the correct absorbances due to

complex alone in the region 240-400nm because of overlap from
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Solutions of maleic enhydride (0.SM to 0.4M) in chloroform were

exemined end shown to have zero absorbence in the region 390-

450mm. However, Solutions of enthracene (3.0mM) had small

absorbences in the region 420-400nm rising to en absorbance

greater then 1 (1 cm. cells) at 390mm. At 410mm, the absorbance

wes shown to be about 0.02 end thus for the reaction mixtures,

with meleic enhydride in large excess, the change in absorbance

at 410nm wes followed with a small correction being made through-

out the reection for the absorbance of uncomplexed snthracene

at this wavelength. At 410nm the absorptions of charge-transfer

comule= were suitebly large for eccurate measurement oa it was

also a different wavelength to that used?“ reviously.

8-4-1. Determinetion of K_ end = Values for the Charge-Transfer

Complex.

8-4-1-1. Using a Large Excess of Maleic Anhydriée.

K end & velues for the complex were obtained using first en

excess concentration of acceptor. The Benesi-Hildebrand equation

adepted to fit the condition (4) 7 DP), is (8 - 1).

DP], / 4, = 1/KxsfA],+ 1/s (8 - 1)

tous if [D],a5) 1s plotted ezeinst [A]; then the velues K end ¢

cen be calculated in the usuel menner.

The reection head been shown 194 veviously to be relatively slow

for the concentretions used (Ko being of the order of 107° els mea

ace Therefore, four reaction mixtures were studied using the

Unicam SP 1800 (see Chapter ©) which was adapted to take four

pairs of 1 cm. cells.

Tnitiel optical densities for reaction mixtures were obtained in
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the usvuel manner with the meleic anhydride concentration varied

end the enthrecene concentration kept constant for the different

reaction mixtures eat each temperature. Beceuse of the slowness

of the reaction, eccurate ad, values were obtained by following

the chenge in optical density for up to two hours. Care was

teken to ensure the minimum evaporation of solvent from the cells;

the results obteined sre shown below.

Table 8 ~ 3. Benesi-Hildebrend Data for Anthracene (D) /Maleic

=
Anhydride (A) et 410nm in Chloroform [p],- 3.08 x 10M, T=24.60,

(A]o (a) fale” do [P]oay x 10°
0-404 2.48 0.272 11.09

0.501 1.99 0.323 9.55

0.525 1.91 0.350 8.0

0-551 1.82 0.387 8.44

0-603 1.66 0.393 7.84

0-650 1.54 0.409 7.5%

0.675 1.48 0.419 7.35

0-704 1.4e 0.440 7.02

0-725 1.38 0.449 6.85

0.751 1.52 0.470 6.58

0-790 1.26 0.484 6.39

; -3
Table 8 - 4. Date as for ebove. [D],= 3.08 x10 M, T= 34.4°0,

[Jo cm) [a\o° do (BL, ag *x 10°

0.401 2.50 0.250 12.00

0-449 2.28 0.281 10.97

0.551 1.82 0.329 9.12

0.602 1.66 0.356 8.43

0.651 1.54 0.378 7.95

0-701 1.42 0.405 7.41
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Table 8 - 5. Dats as for ebove. [Dl,= 5.04 x 107M, T = 41.5%.

(AJ tw (a ah age x0”
0.398 2.51 0.248 12.43

0.451 P.P? 0.282 105 75

0.1? 1.99 0.#1 10.15

0.55 1.83 0.318 9.55

0.607 1.65 0.355 8.55

0-65? 1.54 0.372 8.17

0-701 ‘ 1.42% 0.397 7.66

0.753 Tease 0.427 Tell

Plots of [D] a, eeeinst faye (see Fig. 8 - 1) gave the following

veluese

Table 8 - 6. Determined K and = velues for Anthracene/Maleic

Anhydriée Complex et 410nm in Chloroform.

T (°c) ¢ Ks K

P4.6 823 245.9 0.295

34.4 833 228.0 0.874

ALS 800 219.8 0.264

Velues obteined by Andrews and Keeter!*4are shown in Teble 8 - 7

for comparison.

Teble 8 - 7. Results for K and & from Andrews & Keefer.

Using Large Excess of Meleic Anhydride. T = 25.2°C,

Wavelength (nm) K Ke £

420 0.296 214.5 725

420 0.03 166.5 550

440 0.542 131.8 385

450 0.325 95.5 285
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8-4-1- 2. Using Equimolar Concentrations.

K end = velues were determined using equimolar concentrations of

reactents in order to compare them with values obtained for K

ebove when differences might indicate the possible presence of

termoleculer species. For equimolar concentrations in the range

0.07 to 0.02, there eppeered to be no absorptions of either

anthracene or meleic anhydride at wavelengths longer then 425nm.

The absorption at 426 end at 440nm due to the charge-transfer

complex formed from reectents was followed end in meny cases,

the rete of decresse was slow so that accurate values of 5

could be obtsined directly. At higher concentrations, the rate

of decrease was followed and a, values obtained by extrepolation.

Table 8 - 8. Fouimolar Date for Anthracene (D) /Maleic Anhydride

(A) et 4°6nm in Chloroform. T = 25.0°C.

(Jo on a fJoas” ao.
0.0255 0.108 0.235 3.042

0.0310 0.150 0.206 2.583

0.0350 0.213 0.164 2.167

0.0405 0.260 0.156 1.962

0.0500 0.481 0.116 1.523

0.0605 0.590 0.102 1.202

0-069 0.734 0.089 1.167

0.0705 0.861 0.082 1.077
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Table 8 - 9. FEouimolar Date st 440mm. T = 25.0%,

(Jo cn) ao [Jo gat a -*

0.0955 0.070 0.363 3.780

0.0210 0.104 0.288 3.101

0.0350 0.145 0.241 2.626

0.0405 0.175 0.228 2.591

0.0500 0.89 0.174 1.860

0.0605 0.407 0.147 1.567

0.0650 0.495 0.182 1.427

0.0705 0.536 0.119 1.206

Plots of (oad against Aha straight lines with very small
intercepts (see Fig. 8 - 2). As accurate values of & derived

by this method are not easy to obtain, K= velues were measured

end the results compared with those Supe Media previously .

Grephicel plots of wavelength egein <= from table 8 - 7 gave a

velue of 610 for at 4?6nm end 385 for = at 440nm. Using these

values, the results obtained using equimolar concentrations are

shown.

Table 8 - 10. Results using Fouimolar Concentretions. T = 25.0°O,

Wavelength (nm) ‘= Ks K

426 610 176.3 0.290

4.40 385 DES 0.206

The velues obtained here for K compare favourably with those

obteined using the excess method, at 24.6°C(see Table 8 - 6).

The Van't Hoff eouetion wes applied to the results obtained by

the excess concentration method to give the following values of

enthalpy and entropy of complex formation.
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AB = = 1.23 kcel mot! (-5.15 kjovle mot? );AS = - 6.59 e.u..>

8-4-2 Celculetion of Rete Constents.

Rate Constants were calculated for reactions in which a large

excess of mseleic anhydride wes present end it was also possible

to obtein a limited number of results using a large excess of

anthracene in the reaction mixture end also using eouimolar

concentrations.

6-4-+-?9-1,. Using @ lerge excess of Meleic Anhydride. -

The reactions were followed in the usuel menner to obtain velues

of Ky for different concentretions of enhydride from the decrease

in cherge-trensfer absorption with time at a given temperature.

As mentioned previously, the sloyness of reaction made it possible

for four reaction mixtures to be followed at the same time using

four peirs of cells in the SP 1800 Spectrophotometer. It was

possible to meke up four reaction mixtures within the space of

2 to % minutes end place them immediately inside the cell-housing.

All reactent solutions were kept in a thermostatted bath before

mixing.

The results are shown over the page.
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Teble 8 - 11. Rate Constents (st), k. end k, (1 mol! st)

for Anthracene (D) /Maleic Anhydride (A) et 410 nm in Chloroform.

T= 24.6°¢ [p}, = 3.08 x 107 %u.

io agp” ky x 10° k, x 10°

0.351 1.07 3.07 3.47

0.375 1.18 3.12 3.46

0.450 1.36 3.02 3.41

0.595 1.51 2.87 3.81

0.575 Spel. 6S 2.84 3.82

0.675 1.75 2.60 3.12

0.726 1.84 2.58 3.07

0.790 2.04 2.58 3.18

Table 8 - 19. Rate Constents as for ebove, T = 34.4% fol, =

3.07 x 107M.

(Jo (M) ice 10° ay Se 10° ky x 10°

0.401 2. 56~ 6.40 7.16

0.550 3.28 5.96 6.86

0.60% 3.53 5.86 6.83

0.4652 3.64 5.58 6.59

0.708 3.88 5.52 6.58

0.751 3.92 5.22 6.81

Table 8 - 13. Rete Constents as for above, T = 23.4°¢ [Dla =

B.08 x 107M.

fa), 0 eye 10° i og 10 caso

0.403 2.74 6.81 7.58

0.451 3.18 7.04 7.90

0.499 3.48 6.97 7.90

0.550 5.94 7.16 8.22

0.607 4.52 7.12 8.23

0.702 z 4.92 7.02 8.31
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Table 8 - 14, Rate Constents es for above, T = 41.5%./Di,= 3.04

x 105M.

fa] (m) ky x 10° ks x 10% ko x10”

0.398 3.48 8.70 9.61

0.451 3.71 8.23 9.21

0.50? 4.34 8.64 9.78

0.550 4.61 8.39 9.61

0.607 : 5.95 9.80 11.55

0.652 6.40 9.80 11.63

0-701 6.15 8.80 10.42

0.753 6.68 8.90 10.61

It appears thet at the lower temperatures the rate constants, Ko,

decrease with increase in maleic anhydride concentration, whereas

eat higher temperatures, there is no definite trend. If scheme

(1-22) is arbitrarily assumed to be that operating then ky is

releted to the true rate constant, ko, by the relationship:

Ky = kp (1 + [A},) (8 - 2)

The difference in this case to the previous relationships being

that now acceptor 4) rether then donor {p) is in large excess.

Ke values were calculated at each temperature, and are shown in

tables 8 - 11 to 8 - 14.

In general the ky values for scheme (1-22) lie witnin about a 104

range at eech temperature and in calculeting, the energy and entropy

of activation, AB and As* for reaction, mean values of k, were taken

at each temperature.

The Arrhenius equation was used to calculate these parameters by

plotting log k, against I/T (see Fig. 8 - 3).
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Figure 8 - 3.

Arrhenius plot of rete constants

for enthracene/maleic enhydride reaction.
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Table 8 - 15. Deta for Arrhenius Plot of Anthracene/Maleic

Anhydride in Chloroform ( {A],?> [pl).

k, x 10° (1 tiple ster) Log Ky t (°K) 1/t x 10°

3.29 ~4.483 297.6 3.36

6.71 -4,173 207.4 3.25

8.01 -4.096 311.4 3.21

9.55 =4.019 314.5 3.18

From the slope of the graph it was celculated, Ag = 11.5 keel mo1-?

(48.2 kjoule mol7). As* wos calculated at the different

temperatures.

Table 8 - 16. Intropy of Activation for Anthracene/Maleic

Anhydride in Chloroform.

@ (9K) 297.6 207.4 311.4 314.5

As* (e.u) -42.8 -453.0 -43.0 ~42.9

8-4-2- 2. Using a Lerge Excess of Anthracene.

It was found that reaction rate constants for mixtures containing

excess enthracene could only be obtained under very limited

conditions.

The solubility of anthracene in chloroform between 25° end 40°%%¢

did not exceed 0.12M and conseauently it was only possible to use

reaction mixtures in which both reactsnts were relatively dilute.

(e.g. Antaracene(0.1M, Maleic Anhydride (5.0nM)). Not only was

the absorption due to complex small in this case, but its rate of

decrease was slow, making it difficult to follow effectively.

Another limiting factor was the absorbence in the visible spectrum

due to anthracene itself. It was only possible to study the

complex using 4cm cells, et wavelengtas longer than 420 nm.
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As the rate of reaction was too slow to follow at 25.0°, the

temperature was increased to 38.2°C, The reaction was followed at

420nm and there was no correction needed for any interfering

anthracene ebsorption. The reference cells contained pure solvent

for all the kinetic runs.

Table 8 - 17. Rate Constents ki(sl), «ko and k(1 mol s+) for

Anthracene (D) /Meleic Anhydride (A), where(>fA. T = 38.2%,
- -3
{A o = 5.92 x10 M.

[fp], a k, x 10° kp x 10° ky x 10°

0.0710 6.47 9.91 10.29

0.0805 7.73 9.60 9.81

0.0895 7.80 8.71 8.92
0.0990 8.47 8.55 8.78

0.1020 8.99 8.90 9.14

When compared with the rate constants, ke, obtained at 38. 40 using

a large excess of maleic enhydride, the above ere seen to be about

15% higher in value. A mean value of k, was calculated and hence

log ky would be obtained end plotted against I/T to give a point

on the Arrhenius greph (see Fig. 8 - 3).

8-4-+2- 3. Using Fouimolar Concentrations.

The maximum solubility of maleic anhydride in chloroform appeared

to be about 0.07M in the range 25° to 40° ¢C,It was thus only

possible to follow the reaction kinetics of equimolar mixtures in

the range 0.04 to 0.07M. As mentioned before, both anthracene and

meleic enhydride have tail absorptions in the visible region and so

it was necessary to follow the decrease in absorption at longer

wevelengths, nemely, 496 and 440 nm. Trial runs using 1 mm. cells

showed that the decrease in absorption of the charge-trensfer

complex bend was very slow indeed and it was necessary to follow
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the reaction for three hours or more to obtain sufficient readings.

Care was thus taken to minimise evaporation of the solvent during

this period.

In calculation of rate constants using equimolar concentrations,

scheme (1 ~ 22) was assumed to be that operating.

A+D = ap* A+ D-—Ke> ap
Tr x

The rate of formation of AD is given by:

2ax/at = «,[a-a7-x] (8 - 3)

Since: [a-m-x] = /11/x (8 - 4)

ac =(-1-i//fK ) at (8 - 5)

Substitution of (8 - 4) and (8 - 5) into (8 - 3), integration

end further simplification gives the following, (T= a, /s.):

VKE /L4, - Kind, = k,t +¢ (8 - 6)

As XK Ind, is much smaller than/ Kz TA and almost constant,

Jk / Ja, = kt + 07 (85-7)

Plots of 1//ag against t would give straight lines of slope equal

to k, //K=, where the rate constants are those for scheme (1-22).

If scheme (1-21) is adopted, then if a similar procedure to that

shown in equations (8 ~ 3) to (8 - 7) is carried out, (8 - 8) is

derived.

Je /JuUK = ket +0! (8 - 8)

Plots of L/fa ageinst t would now give straight lines of slope

equel to ko /EU/EO Therefore, since ko(1-22) = K.kg(1-21) the

equimoler method, similar to the Benesi-Hildebrand method, cannot

be used to distinguish between schemes (1-21) ena (1-22).
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If k,(1-2?) values are chosen, to compare with those in table 8 ~ Lg,

equation (8 - 7) is adopted.

Not all graphical plots sppeared as straight lines and the best

line had to be dravm through the points.

Table 8 - 18. Rete Constants k, (1 moi7t s7t). Determined Using

Eouimolar Concentrations. Tala = fol,

T = 25.0%, Wavelength = 426 nm. T = 25.0°G, Wavelength = 440 nm.

fh 5 1 1 5fal, 00) ke x10 [A]o (m) ke x 10

0.0505 3.89 0.0505 3.82

0.0605 4.75 0.0605 4.58

0.0650 3.70 0.0650 3.58

0.0705 5.21 0.0705 5-10

A meen value for k, wes obtained, which could then be used to obtain

8 log Ky value at 25.0% plotted in the Arrhenius plot (see Fig.3-~3).

The k, velues obteined are somewhat variable. This might be ’

accounted for by the difficulty in measuring smell changes for such

a slow reaction leading to large errors in evaluation of rate

constents. The mean k, value does, however, give a good fit on the

Arrhenius plot (see Fige8 - 3).

8-5. Discussion.

Anthracene and msleic anhydride react together slowly to form the

Diels-Alder (4 + 2) cycloadduct. The kinetics of reaction were

studied with special reference to the possible existence of

termolecular complexes in solution. In the reaction between diphenyl

butadiene end TCNE the formation of a 2:1 acceptor: donor complex

was postulated’ %on ‘the basis of optical density measurements. As
the donor contained two phenyl groups, it was possible to visualise

two molecules of acceptor loosely oriented on each ring.
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A 2:1 ecceptor: donor complex might similarly be visualised for

anthracene with maleic anhydride, in which each acceptor molecule

is oriented with respect to each ring as shown.

fe SSeS

oa

alm oO
As mentioned previously, deviations from linearity in Benesi-

Hildebrand plots may not be evident when termoleculer complexes

ere present, so thet the formation of straight line plots would

not exclude the possible existence of a 2:1 complex.

The visible spectra of reaction mixtures in equimolar concentration

showed only one charge-transfer complex band, so it was assumed that

if a second complex (2:1) was present it was either formed to a

negligible extent or the absorption band overlepped that due to the

1:1 complex.

K2 values derived from both excess of one reactant end equimolar

methods were of similar magnitude. Thus at 440 nm at 25.2°C Ks =

131.8 (excess of acceptor method ~ Table 8 - 7), end at 25.0,

K&= 117.5 (equimolar method - Table 8 - 10). It must be assumed

that there would be a greater emount of 2:1 complex present, when

excess acceptor concentration was present compared to equimolar

concentrations. It was unfortunately not possible to obtain K=

values for reaction mixtures where the enthracene was in excess

beceuse of the limitations in the accuracy of the method used.

If the formation of 2:1 acceptox ,complex is envisaged then the
following scheme may be drewn.

KjA+ pD = ap* (626 =

AD + A =* a,pTM (8 - 8 - 2)
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Kz values obtained for both equimolar and excess acceptor

concentration were based on the single equation (8 ~ 8 ~ 1).

If the absorption is assumed to be due to both 1:1 and 2:1 complexes,

the emount of 2:1 complex present is given by

[A.D] / [ad] = ky [ale (8 - 9)

Where Fle is the free concentretion of acceptor species.

On this basis it is seen thet in the method using @ lerge excess

of acceptor, there will be e greeter proportion of AsD species

present than for the method using eouimolar concentretions. Since

the eoullibrium constants, K, end Ke, and extinction coefficients,

2, end Zp, for each complex should be different, then the total

(K£) velue for each method should be different because of the

different composition of the total complex concentretion. It thus

eppears unlikely on the besis of the determined K£ values thet

there is e significant emount of 2:1 complex present.

There is not e grest deel of difference between determined Ke

velues when acceptor is in large excess compared to those when

donor is in excess. The equimolar concentration results may be

somewhat inaccurate (see also Fig. 8 - 3). On this basis again,

it is unlikely thet such species as DoeA or DAp exist to eny large

extent in solution, since then kg values would be different depending

on the species in excess.

The energy of activation end entropy of activation velues obtained

ere similer in magnitude to previous results 14 ona are in line

with those values for most Diels-Alder reactions. It thus eppeers

thet a concerted mechenism is opereting in which a single charge-

trensfer complex mey or mey not be e direct intermediste. If a

direct intermediate is postulated, then a similer phenomenon to that
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suggested for the enthracene-TCNE reaction may be envisaged, in

which the cherge-trensfer complex precedes the formetion of a

symmetrical trensition stete centred et carbon atoms 9 and 10 of

the enthracene molecule.
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Chapter 9

Indole/TCNE Reaction

9-1. Introduction.

The reaction between indole end TCNE in dichloromethene has been

79,82
studied ~’ previously in order to examine the possible role of

the charge-transfer complex (), 560 nm) which is formed when the
max

two reactants are mixed together.

Although the conclusions reached in both studies were thet there

was some involvement of indole molecules with complexes formed in

reaction, there were large discrepancies in the rate constants

obtained. It was thue decided to re-exemine this reaction using

UV/Visible spectroscopy to follow the absorptions occurring in

the spectrum due to the charge-transfer complex end the final

product.

‘9 - 2. Purification of Resgents.

Indole was supplied es Puriss. by Koch-Light Laboretories Ltd.

end was stored in light-cxcluded bottles es it went yellow on

prolonged exposure to light. -It was carefully purified either by

recrystallisation twice from cyclohexene or by subliming twice

under vacuum at 45%. Samples were used as soon as possible after

purification end great care wes teken to exclude light from the

Semple containers, which were stored under vacuum in a dessicator.

Mp. 50-51°C (uit. Se0).

Tetracyenoethylene was purified as described in Section 4 - 2 and

stored under vacuum.

Dichloromethane end 1,2-dichloroethene were purified as duseri ted
in Section 2-1.

9 - 3. Preperation and Analysis of the Adduct.
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9-3-1. Preperation.

204

The procedure used by Noland et al. was adopted.

A solution of indole (°.0g) in benzene (10 ml) was added to a boiling

solution of TCNE (1.2g) in benzene (10 ml). A drop of pyridine

was added to the blue-black solution and the mixture turned red

efter a few minutes. The solution wes then boiled for e further

five minutes and allowed to cool, during which time the red product,

_ 3-tricyanovinylindole, precipitated out. Recrystallisation from

the minimum of glacial ecetic acid yielded red needles. m.p. 272 -

ers o(lit * 273 -275°C),

Calculated for Ci) gNy: C, 71.6; H, 2.79, N, 25.8%

Found : C, 71.4; H, 3.00, N, 26.1%

9-3-2 Thin-leyer Chromatogram.

Analysis of the recrystellised adduct on silica gel chromagrem

using chloroform/dichloromethane (50:50v/v) as moving phase showed

one spot (Rp 0.2) only, visible under ultreviolet light.ts

$-8- 8. UV/Visible Spectrum.

Solutions of the edduct were made up in dichloromethane end exemined

in the region 240-600 nm. The following bend maxima were observed:

274 nm (215,500), 455 nm (£17,600). This was compared with the

spectrum of pure indole in dichloromethane - 266 nm (4 6,500),

287 nm (= 4,100).

9-3-4. Infrered Spectrum.

A sample of the adduct wes made up into a KBr disc end the infrared

spectrum recorded.
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Table 9 - 1. Infrared Spectrum of 3-Tricyanovinyl indole.

Wavenumber Assignment

3400 cnr) (s) ? -NA stretching

~2000 em-1(w) -CH stretching

peo om ~1(s) conjugated -CN stretching

1590 om -1(m) -C=C- stretching

750 om ~1(s) -CH bending (aromatic)

9-3-5. Mass Spectrum.

The meesured mass of the parent ion (218.0590) was very close to

+

that calculated (218.0592) for the (CysH,N,) ion.

Teble 9 - 2. Main Fragment Ions for 3-Tricyenovinyl Indole.

m/e 219 218 191 165 164 142 109 96

Relative

Abundence(%) 24.2 100.0 57.9 Let 28.9 20.9 10.1 11.0

The bese peak corresponds to the molecular ion. Metastable peaks

at m/e 167.6 and m/e 141.0 correspond to the trensitions 218-9191

end 191-4164, which is the loss of one molecule of HCN in each case.

9-3-6. Conclusion.

The IR, N.M.R. and UV/Visible spectra together with the Mass Spectrum

all show that the 3-tricyanovinyl indole structure is present in the

adduct.
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9-4. Preparation and Analysis of an Intermediate.

When a Solution of indole and tetracyanoethylene in the minimum of

dichloromethene was left for 24 hours, a pink solid precipitated

out, which was collected, filtered and dried. The solid was shown

to be unstable since it turned red when heated gently or when

dissolved in e suitable solvent. A ouicker method used to obtain

the seme intermediate was adopted by adding acid to the solution

of reactants. Thus, indole (1.0g) was added to a solution of TCNE

(0.5g) in dichloromethene (80 ml). Concentrated hydrochloric acid

(0.05 ml) wes then added and the mixture throughly sheken. After
a few minutes, the pink solid precipitated and wes collected,

filtered and dried. Because of the instability of the solid it

was only possible to obtain an infrared spectrum when a sample was

made up into a KBr disc. This gave the following:

Tedle 9 - 3. Infrared Spectrum of Intermediate.

Wavenumber i Assignment

3400 om-+(s) -NH stretching

2050 om-1 (w) Aromatic -CH stretching

2960 em-l (w) Non-aromatic -CH "
2850 em-L (w) " " " "

2220 cm-l (very week) -CN stretching

1620 cm-l (m) -C=C- stretching.

The intermediate obteined when no acid was added slso gave a similar

IR spectrum. The week cyenide stretching band indicated no

conjugetion in the side-chain and the -CH stretching bends indicated

a@ saturated -CH fragment. Although the intermediate gave a red

colour when dissolved in dichloromethane, indicating decomposition

to the final product (ges 455 nm), the UV/Visible spectrum showed
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one other absorption Omex 269 nm). On the basis of this, it

would seem likely that the intermediate would have the structure

as shown rather than e zwitterion form, because of the presence

of acid in solution, which may act as a catalyst for intermediate

formation.

9-5. Visible Spectroscopy.

In the previous studies, the absorption due to the charge-transfer

complex had been followed at 560 nm. It was decided to see

initielly if the results obtained were reproducible at this wave-

length.

9- 5- i. Determination of K end< Values for the Charge-Trensfer

Complexe

In order to obtain values of equilibrium constant, K, and extinction

coefficient,<, for the charge-transfer complex, the usual Benesi-

Hildebrand method was edopted, in which the reaction mixtures

contained a large excess of indole. Solutions of TCNE (about 0.5

mM) mixed with solutions of indole (about 0.7M) in dichloromethane

geve a broad bend in the visible region of the spectrum not f

attributable to either reactant species Nes 560 nm). The same

procedure for mexing up solutions and mixing was adopted as for

the previous kinetic studies (see also Section 4- 4-1-1).

Initiel optical density velues, ays were obtained by extrapolation

of optical densities measured at given time intervals.
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4,et 560nm in Dichloromethene. T = 25.8° C.[Alo Sgerihe Peo M.

PP]. on “po” a [Alo ag* x 10°

0.0201 19.97 0.127 3.95

0.0005 16.51 0.147 3.40

0.0908 11.01 0.205 2.44

0.110 9.09 0.236 2.12

0.199 5.02 0.377 1.34

Tadle 9 - 5. Deta as for before. T = 18.0°C.

[Alo x 10° (DJo () Ho" do [AJoas* x 108

7.01 0.072 13.90 0.289 2.42

10.20 0.106 9.43 0.571 1.77

"2.01 0.199 7.75 0.439 1.44

7.07 0.204 4.90 0.627 le

10.10 0.207 4.83 0.968 1.04

7.01 0.255 3.92 0.738 0.95

Pots of (AJ, a3? egeinst [p] >> gave the following results for £

end K which are compared with results obtained 9?" previously.

(see Fig. 9 - 1).

Table 9 - 6. Determined K and & Velues for Indole /TCNE at

560 nm in Dichloromethene.

Temp (°C) K (1 mol74) Kz s

15.9 3.34 7782 23c08

25.0 2.78 6033 21708

21.6 3.02 6855 2270 >

18.0 3.29 7633 2320

25.5 2.64 5676 2150

& - Ref. 82, b - Ref. 79.
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Fieure 9 - 1.

Benesi-Hildebrend plot for indole/fCNn#
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complex in dichloromethene.

A= &Onm.
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A2zo 320
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The results obtained compare fevourably with those previously

published. K and < were elso determined using equimolar concentra-

tions of reactants, (employing the method described in Section

4-4-1-1).

Table 9 - 7. Eouimolar Data for Indole (D)/TCNF (A) at 265 nm

in Dichloromethane. T = 25.5%.

[a], x20? (m) a, (a] , a5? x 10? ao?

0.71 0.311 2.29 1.79
0.99 0.448 2.01 1.49
1.01 0.585 1.77 1.35
eat 0.698 1.59 1.19
1.29 0.925 1.40 1.04
1.50 1.281 1.17 0.88
POL ?.194 0.91 0.67

ee -4A plot of (Ao <. against d,” gave a straight line with a very
small intercept (about 0.0094) (see Fig. 9 - 2). Ké& was accurately

measured from the slope end compared with that obtained using the

Benesi-Hildebrand method.

Table 9 - 10. Comparison of K end & values at 25.5%,

z Ke K (1 mol7+) method.

2150) 5676 2.64 B-A

ebout 250 5837 2.35 : Equimolar.

2150) 5837 Peni Equimolar.

Allowing for some uncertainty in the intercept and hence £, the

two results are shown to compsre favourably. The Van't Hoff

equation wes applied to the results obtained at the two temperatures

18.0° end 25.58 to give the following values of enthalpy and entropy
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Figure 9 - 2

20 + complex in dichloromethene
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of complex formation.

QH = -5.08 kcal mol) (-21.25 kjoule mol) AS =-13.0 (eu)

As ea comparison, the Benesi-Hildebrand method was also applied to

this reaction using 1,2-dichloroethane as solvent. One set of

results was obtained at 25.0%.

Table 9 - 11. Benesi-Hildebrand Data for Indole (D)/TCNE (A) at_

560 nm in 1,2-Dichloroethene. T = 25.0%.[Alo = 7.65 x 10 M.

[Po any pp ay []o-ag*x 10°
0.102 9.89 0.249 2.56

0.199 5.02 0.421 1.5L

0.251 3.99 0.488 1.31

0.%1 3.32 0.562 1.13

0.397 2.52 0.664 0.96

- aah =D Ps
From the greph of [Alo d, against [ols » £= 2,500, K = 1.80.1 mol -

Thus it would appear that K velues in this solvent are slightly

lower at a given temperature then those in dichloromethane.

9-5-2. Determinetion of Rate Constents.

Rate constents for the reaction between indole and TCNE were

obtained in the usuel manner by examining the decrease in absorption

at 560 nm using initially a large excess of indole in reaction

mixtures. Plots of log 4, egainst time were dravm, to evaluate

ky and Kp. For this particular reaction it was noticed that the

absorption at 560 nm decayed over a period of time to a small finite

value (about 0.02), while the absorbance due to product (Amey 455 nm)

slowly increased over a period of several hours efter the charge-

trensfer complex band hed disappeared. It was assumed that there

was 100% conversion of charge-transfer complex to the colourless

intermediate, which in turn formed the product at a much slower rate.
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The following results were obtained at 24.4°C.

Table 9 ~ 12. Rete Constents ki(s7!), ko(1 mol ~2 sl) for Indole

-4(D) /TCNE (A) in Dichloromethene et 560 nm. [Al = 5.17 x 10 "Me

(D}, an) k, x 10° k px 10°

0.102 1.88 1.0
0.196 1.76 1.40
0.158 2.47 1.56
0.201 3.46 1.72

0-250 4.50 2624

Values of Kp were also obteined at other temperetures but further

kinetic runs using old semples of indole gave very high values for

3 aKo (about 3 x 107° 1 mol ~ Ae When the solvent was carefully

purged beforehend with nitrogen, the following rate constants were

obtained.

Table 9 - 13. Rate Constents as for before, Solvent flushed with

Nitrogen, T = 18.5°¢

(Dj, (my [A x 10% (m) kp x 10°

0.106 10.20 0.252
0.129 7.01 0.644
0.204 7.07 0.725

0.207 10-10 0.774
0.255 7.02 0.547

Since these rate constents sppeered much lower then those obteined

previously at the seme temperature end ‘seme range of donor concentra-

tion, it eppeered that the reaction wes sensitive to either light,

oxygen, traces of acid or base or other impurities. *

Repeated attempts to obtein results consistent with those of Foster

82and Henson were unsuccessful and it appeared that those high results
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ea?
obtained by Gerrard ere also affected by the presence of same

catalytic impurity.

82 =eTable 9 - 14. Previously Determined Rate Constants ko(1 mol 1s 4)

for Indole (D)/TCNE (A) et 560 nm in Dichloromethane. T = 25.0%

(p], a0 [A]. x 10% (i) kp x 104

0.474 4.57 1.41

0.655 7.67 1.82

0.703 4.57 1.86

0.925 4.57 2.27

Attempts were made to determine the final rate constent, kr, for

the formetion of sdduct from intermediate by examining the increase

82
in absorption et 455 mm. Previous results obteined were based

on the rate eouation:

as/at = kp (intermediate) (indole) (9 - 1)

xis the concentration of finel product. If there has been total

sonversion of charge-trensfer complex to intermediete then [lo =

[intermediete| when there is a large excess of indole. The initiel
slow rete of formation of the final product may be given by:

kp = (ax/at) / [4] ,)], (9 - 2)

The concentretion of product wes calculated from the optical density

reeding end the known extinction coefficient (section 9° - 3 - 3)

Teble 9 - 15. Rete Constents k.(1 mol is) for Formation of

3-Tricyenovinyl Indole in Dichloromethene. X= 4S5Snm.

6[p), 04) T (°c) kp x 10

0.702 26.0 3.52

0.198 26.0 211

0-250 26.0 2 og aera
0.920 25.0 0.20*
ay00 25.0 0.29%
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Similarly, these rate constants are not consistent end are much

lerger than those obteined previously.

It was not possible to obtein rate constants for equimolar

concentrations of reactents as the decrease in absorbance was too

slow for accurate measurement.

9-6. Ultraviolet Spectroscopy.

For equimolar concentrations of reactants in dichloromethane

(0.007 to 0.04M) it was noticed thet there wes a broed shoulder

bend to the absorption due to indole, centred at Nimes 323 nm.

When indole end TCNE were exemined seperately at these concentrations,

there wes no such bend et this wavelength in their seperete UV

spectre. The absorption et 323 nm formed immediately on mixing

end decreased very slowly with time and might thus be attributed

to ea charge-trensfer or other complex formed in reection, which

wes investigated in the usual wey for equimoler concentrations

by obteining ce values et different concentrations. The optical

density velues were corrected for smell absorptions dve to indole

and TCNE at this point.

Values of K end € were derived using the method described in

section 4- 4-1-1. The following measurements were made at

corr
different equimoler concentrations, a, is the initial optical

density due solely to the observed bend at 223 nm.

Table 9 - 16. Fouimoler Date for Indole (D)/TCNF (A) - UV Bend.

T = 25.5%

corr -1 4(4) o (M) We [a] ot a,
0.0071 0.154 0.0454 2.55

0.0085 0.206 0.0412 2.20

0.0101 0.271 0.0372 1.92

0.0150 0.550 0.0273 1.35
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Table 9 - 16. Continued.

fA]. «mn at oes” &
0.0701 0.886 0.0276 1.06

0.0252 1.413 0.0177 0.84

0.0%1 1.857 0.0162 0.75

9.0320 2.236 0.0148 0667

0.0350 2.405 0.0145 0.64

A plot of [4] a5 *ecainet act eeve @ straight line giving e small
intercept end curveture at higher values of at (see Fig. 9 - 3).

From this: € = 520, K = 4.85. These results could indicate either

that the bend was due to some other complex in equilibrium with the

charge-trensfer complex since it appeared immediately on mixing

the reactants, or that it was a second bend of the charge-transfer

complex and the value of K obtained above (4.85) was erroneous,

compared with thet obtained (°.64) in the visible region at the

seme temperature. However, on examining a double equilibrium such

as:

Ae p ca” S2ant (9 - 3)

When Pl, “ = [p] and is in large excess, the equilibrium constants

K, end K, are given by:

[o]/ (Blo- fo] - both pw

al / [2>*] (9 - 5)

Substitution of (9 - 5) into (9 - 4) end rearrangement gives:

*, 2] PL -*1 fao*] (2 +X) = [0*] (9 - 6)

For 1 om cells (»>*] = @/€ giving:

Ky

"

Ko

[A - (2+) a/e = af, [DB] = (9 - 7)
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Fieure 9 - &.

Fouimoler plot_for indole/TCNE

in dichloromethene at 322nm.

sO
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end

[4], /@- (2+ K_) /e = 1 [De (9 - 8)

Thus e plot of [oa egeinst 1/|, will give intercept of

(1 + K,) /= end slope of L/Ky =.

In section 9 - 5-1, values of K end € were obtained using the

seme plot end (intercept/ (slope) = K.

If the above double equilibrium does occur then the equilibrium

constants et 25.5° will be given by: K, + K) Kp = K = 2.64, since

(intercept) /(slope) for equation (9 - 8) gives the value K, + Ky Ko.

4A similar procedure may be applied to the double equilibrium using

equimolar concentrations of reactants. In this case:

Ky = (ant] cy) / (fa], - fak} (a+ ame? (9-9)
If here [pt] = a/s (9. = 210)

A similar procedure will give:

[A] o/dg- (Kp +1) / Kos = 1/ Jaki Kee (9 - 12)

‘ 2
In this case (intercept) /(slope) = Ky + Kj Ke.

If the values obtained using the equimolar plot in the UV spectrum

are inserted,it is seen that:

°

(intercept) /( slope) = = K) + K) Kg = K = 4.85 (at 25.5).

Thus egreement between the two values of K} + Kj Kg is not reached

and it is likely tnaat the latter value is in error. This method

also shows that it is not possible to determine whether the band

in the UV is due to the charge-transfer complex or a further complex.

The reaction scheme given by (9 - 12)

Ky Ko
Aged AD A + DADE (9) = 12)

also gives results which show that the K velues derived by the

Benesi-Hildebrand method in the visible region end by the equimolar
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method in the UV region should give the same velues of K, where:

ie Ky Pho : (9 - 13)

Since it is unlikely thet the charge-trensfer complex gives two

bends in the spectrum widely separated from each other, that bend

in the UV Cray 325 num) may be attributed to a second complex,

possibly a O-complex, which is formed in equilibrium with the

charge-trensfer complex. The larger value of K obtained and the

curvature in the greph may be due to errors in measuring optical

densities accurately when corrections are needed for indole and

TCNE which absorb in this region.

9-7. Discussion.

Indole end TCNE react together in dichloromethane to form an unstable

compound which decomposes to %-tricysnovinyl indole. On the basis

of the IR spectrum end the acid conditions used to form this compound,

it is likely to be tetracyanoethyl indole.

When the reactants are mixed together a bdlue colour, attributed

to e charge-transfer complex, appears immedietely. Previous work

indiceted thet the complex may react with a molecule of donor to

form the intermediete or G-complex. Since values of kp increased

with donor concentration and could be fitted into scheme (1 - 23),

a plot of kp (1+XK [D] ) against K P) gave a straight line, but

a negative intercept with the y-exis was observed.8?

In the present work it, wes unfortunetely not possible to obtain

consistent rate constents, Kp, with change in donor concentration.

The bend in the UV might be due to a second complex in equilibrium

with the charge-transfer complex. If the scheme (9 - 14) is adopted

A+ D=—ap*— ap *— ap (intermediete)+> (9 + 14)
+D
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Then: kp = kX, [D} ee Ke ) P)) (9 ~ 15)

A plot of kp (1 + (K, + Ky Ky) [n]) | against [D] should give a

straight line going through the origin.

Since it has agen shown that K = Kj + Kj Kp for the case where a

double equilibrium is treated as ea single system, the values for

the y-sxis for both the plots for schemes (1-23) and (9 - 15) are

identicel.

A double equilibrium does not therefore show an ihtercept on the

grephicel plots, which must be due either to experimental errors

or deviations from linearity et low donor concentrations.

It is likely that there are two complexes formed in a double

equilibrium with reactants, the second complex being a ¢-complex.

The k= values derived from both Benesi-Hildebrand and equimolar

methods are comparable end indicate thet there is no termolecular

species formed in eny significant amount.

The reaction is clearly catelysed by both indole itself and by more

effective beses such es pyridine. Donor molecules should thus enter

into both stages, nemely the decomposition of complexes to the

intermediate, and the decomposition of the intermediate to the final

product. Previous work 8? established thet in the latter step, there

was a first order dependence on indole, and in the former Step there

was no reversibility.

The above evidence indicates that the most likely reaction is as

shown in (9 - 16) where the o-complex, in equilibrium with the

charge-trensfer complex, is a direct intermediate in the reaction,

as shown over the pace.
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ee NO EN
CHARGE-ee + ills — es) = (¢-cowrtex)

i Ne ~eN

4 Qi CN

H

iN CN CN

(c-connex ) om ON é \ + INDOLE
| ~~
H 4 . (9 - 16)

CN :\ + INDOLE

CN CN

N

|
H
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