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Abstract,

The reactions in solufion between tetracyancethylene and the electron
donating compounds,norbornadiene,hexamethyl Dewar benzene and indole
and between maleic anhydride and the compounds anthracene ,methoxy-
butadiene and hexadiene have been studied.The equilibrium 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 reactamts.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 intermediatejonly in the casé 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 determines ueing
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 magnetié resonance spectrogscopy

with application of the Karplus eguation.
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Chepter 1 - Literature Survey

l -1 Charge-Trensfer Complexes

When solutions of certain electron donor end acceptor
compounds ere mixed together, an immediate formation of colour
is observed; this phenomenon may elso occur in the solid state.
The colburs are ettributed to molecular complexes known as charge-

transfer complexes.

1l -1-1 Theoretical Aspects

Early explenations for these coloured molecular complexes
included the proposal for certain covalent links between the
componentsl and slso the formation of electroststic interactions
between the two molecules. ? It wes suggested:3tnat the complex
molecule was essentially ionic in character and was formed by
electron trsnsfer from the donor to the accenptor molecule. A
quantum-mechanical resonence between a no-bond structure and bond
between donor end acceptor wes proposed.4 A reversible formation

of such a complex by reduction of the activation barrier was

suggested es a preliminary step in en irreversible chemical reaction

Mulliken5'6’7 formulated a quantum-mechanical model based on

valence-bond theory, where the wave function of the normal eround-
state of a molecular complex, D,A formed from a donor, D, end

acceptor, A, is given by:
i T T (1 -1)

Vt)is & 'no-bond' wave function correspondine to‘}(D,A) and
?1 1s a 'dative' electron-transfer wave function corresponding to

x g A=
TtD sAT) . The full wave functions sre given by:

4
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af(D,A) + b¥(D*,A") (2.2
a*{(D,A) - b Y(D*,A")

tx
YE

]

?E is the excited state wave function havingz different coefficients.
a* and b*. The transition?& - zives rise to absorption bands

in the visible spectrum and hence the complexes are coloured.‘?m
has an almost covalent character and YE is almost ionic and the
absorptions associated with the transition give rise to an inter-
molecular charge-transfer spectrum. The actual emount 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 orbitsl of the donor to the

lowest unfilled orbital of the acceptor, the transition energy

being given vy:
AEij = Dy - AJ + constant (15 5)

where Dy is the enerzy-level of the donor and AJ the energy-level
of the acceptor.

More recently, molecular orbital theory has also been applied
to these'n-complexesgvlo, wiaich are formed from lForbitals in the
acceptor end donor molecules. Interaction-of the filled orbitals
of thé 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 sacrificiel 11 these being n, o or Itypes. An
increvelent donor is a compound witn a lone pair of (n) non-bonding
electrons, an increvalent acceptor having a vacant orbital (v)

such as in SnCl;. T -donors and Tracceptors are both sacrificial,
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with electrons from bonding orbitals involved in charge-transfer.
The rates of formation of charze-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 than the diffusion controlled rate.

l -1-2 Spectra of Charge-Transfer Complexes.

l -1~ 2~1 Flectronic 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 stlll present. Enthalpies of formation of the complexes are
srnall,]‘f5 end hence orbitel changes in forming the complex are not
likely to be large, so thet 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 1,2,5 - trinitrobenzene, two charge-trensfer beands
occur in the Spectra.l4

Another explanation for the multiplicity of chargze-transfer
bends is the formation of complexes in which tae donor and acceptor
molecules are oriented in different ways and have different inter-
actionslt5,16,17 g for the case of tetracyenoethylene-naphthalene
complexes where two transitions are observed.

Studies on electron affinities of acceptorsla_?o and

lonisation potentisls of donors0-24 have been carried out and
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attempts at correlations with the energy of the charge-transfer
bands have been made.®® Solvent effects on absorption bands with
charsged ground states are shown to be important,8!24 but not for
neutrel ground states. It has also been shomm%o!ls'zs"gs for
donors that the enerzy of the charge-transfer band shows an
approximate linear correlation with ﬁﬁckel molecular orbital
coefficients.

The extinction coefficient of the charge-transfer complex
absorption is proportional to the souare of the transition dipole
moment s 29 petween ground and excited states, and should increase
with increase in resonance interaction between donor and acceptor.
However, correlations of tne extinction coefficient € with both
lonisation potentiel of the donor 053! ang enthalpy of formation
of the complex ?9have been made and there is no evidence for a
general increase in £ with increasing strengti of the complex.

The concept of 'contact' charge-transfer complexes 52-3%ha3
been used to explain some of the anomalous results for extinection
coefficients. Such complexes are postulated to arise from random
collisions between donor end acceptor molecules with apparent
% contact -—> oo, and eoquilibrium constant K'contact = 0.

However, the effect of solvation on the donor, acceptor and
complex has been considered, showing a change in K< and K values
with change in solvent.®® Such effects were proposed to explain
the anomalous results without the need to postulate 'contact'

interactions.

1l -1-2~-2 Infrared eand Reman Spectra.

The chenges in intensity and energy of vibration bands in
going from donor eand acceptor molecules to the complexes are

generally grester in complexes of 0-donors end g-acceptors then in



T =TT compl exes.

Evaluations of intensity increases and frequency shifts
in components of complexes in terms of vibronic interactions °7
and electrostatic contributions ®provide no information as to

the relative orientation of donor and accentor in the complex.

1l -1-2- 3 Nuclear Macnetic Resonsnce Spectra.

The chemical shifth} 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 chemiecal shifts will
be observed unless the nucleus is exchanszing 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.t339 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. A:a values defined as
S~ °complex for a given proton have been examined?°-42 ip
relation to the components of the complexes. In most cases the
ﬁo values are accounted for in terms of ring current, electric
field and solvent effects,40-44 When fluorine nuclei in acceptors
are studied by 19? N.M.R. shift measurements, there appears to be
an increase in A  values with decrease in ionisation potential of
the donor.4® Fluorine nuclel 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 tke complex.
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l -1~ 3 Determination of Eguilibrium Constaents snd Extinction
Coefficients.

The methods most conmonly used to determine equilibria and
extinction coefficients of charge-transfer complexes are those
based on ultra-violet end visible spectroscopy. The simplest
methods assume the rapid formation of a complex in solution in
equilibrium with the donor end acceptor molecules. The complex

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

¥

A + D =—AD (1 -~ &)

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

k = [w*] / [4] [p] (1 - 5)

[AD#], [}] and [D] 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 & broad
symmetricel appearance and from measurements of optical density it
is possible to calculate the eguilibrium constant and extinection
coefficient for complex formation.

According to Beer's Law, the optical density, 4, is given
by:

a= si [a%] (1 - 8)

= 1is the extinction coefficient of the complex and £ is the optical
path-length (em.). If [QJO and [}]o are the total concentrations

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

K = [aD°] / ([A]O ” [AD*J) ([DJO - [AD‘]) (1+:9)

substituting (1 - 8) into (1 - 7) gives:

K= [a0¥]/ ([2] - amd) ([D] - el (1 - s)



Rearrangement of (1 - 8) giving:

[a]y/a = 1/k2=[p], + [AJ o/ [D] S+ 1/5E - [AD‘]/ [D]O:eﬂ
(1 - 9)

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

acceptor [D]O X>[§]0 then (1 - 9) simplifies to:
[a],/a = 1/kst[p], + 1/st (1 - 10)

This is known as the Benesi-Hildebrend equationé? and if values
of [A] /4 ere plotted egainst 1/[p],, the equilibrium constant,
K, end extinction coefficient, =,can be calculated from the slope
and the intercept. Variations of this method have been proposed,

including the Scott Equation:48

[2],[4] /a = ]/ =+ 12 (4= 1n)

Benesl-Hildebrand plots extrapolate to non-ideal concentrated
solutions whereas in (1 - 11) the extrapolsetion is towards dilute

solution. TFurther rearrangement gives the Foster-Hemmick-Wardley

equation.49

é/[D], = %ka + K[a],= (1 - 12)

Where K may be evaluated directly as the slope when plotting
d/[ﬁ]o against -d.

Ketelaar ©0-? and others have developed ecuations for cases where
the sbsorption of the charge-transfer band overlaps absorption due
to the components of the complex. The extinetion coefficients of

the other species are taken into account.
Relationships for equilibria where [§]0<(: [ﬂ]o or where

[D]O = [#]0 can be obtained by denoting the total concentration of

‘one component in terms of the other. If [Q]o = n[h]o,
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[A:L/d =(n+ 1l)/ns=+ 1/n K:a[A]O (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 2 by
Ifirst measuring the 1:1 complex equilibrium constent (K1) by usig

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 (K2) as in (1 - 14).

D
A+ D &= AD T= AD, (1 - 14)
Ky Kp

Another importent technique used in determination of
equilibrium constents and extinction coefficients is N.M.D.
spectroscopy. The adventages over the opticel methods ere thet
line positions are easier to messure than intensities and also
there is no complication from overlepping energy bends of donor
end ecceptor molecules in the seme region as the charge-trensfer
complex band.

It i1s possible to derive an analogous expression to the
Benesi-Hildebrend equation for use with N.M.R. dats. Protons are
considered to be undergoing repid exchenge between the complexed

end uncomplexed state. It can be shown4® that when [ﬁ]))[}]
A !l Y e
Sobs - So ke -3’0) K[D]o/ (T + I{[D]o) (1% 18}

A
FoﬁsFﬁD, So are the chemicel shifts of given acceptor protons
observed in the complexing medium, in the pure complex end in the

uncomplexed state respectively. A ana Ao are defined by

B ot e N S -3 (1 - 18)

obs " Yo,
Combining (1 - 18) end (1 - 16) end reerranging :



/A = 1k4, [p], + /4, (1 - 17)

This is analogous to the Benesi-Hildebrand eguation end values
of K and.A(Jcan be obtained from plots of 1/A against l/[ﬁl;
Velues of K derived by this method compare favourably with those
from opticel measurements. 40-43

In some systems,measurements of K values have been made
by exemining nucle! in both donor end acceptor moleculeg{’sgbi%ver,
measurement of non-ecuivelent nuclei in the ssme compound have
yielded velues of K which are different. This mey be due to the
presence of temmolecular sPecies.58

Other methods used to determine ecuilibrium constents end
extinction coefficients of cherge-trensfer complexes have included
polarography in which messurements of reduction potentisls are
made,%?-61 calorimetry,52-64 dielectric constent meesurements 65 66

and osmometry.67

l -~ 1«4 Intervretation of Experimentsl Data.

Most of the essociation constent determinations of orgenic
charge-trensfer complexes have been in Systems where one species,
usually the donor is in large excess.

Comparison of results from systems of M-donors and TM-acceptors
obteined by opticel end N.M.R. messurements indicates that there
have been only a few systems studied using equimolar concentrations
1.6 [E] = [ﬁ]. These latter measurements mey heve considerable
importence, beceuse the excess donor method is open to severel errors,
such as (1) The effect of solvent, (2) The presence of temmolecular
end other complexes, (3) The inherent limitetions in the method
used to derive K values. For exemple, in the Benesi-Hildebrand

equation, which is the most commonly used method for obtaining

constents, extrepclation is to infinite non-ideal concentration of
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solution and not to idesl infinite dilution. There have been
attempts to exemine 68'?zcritically the validity of the Benesi-
Hildebrend and other methods used to obtein a single, non-zero
velue for K and a finite constant velue for £. For exemple,
Henmond ®Sshowed thet the effect of experimentsl errors on the
Benegi-Hildebrend method wes such es to meke it inaccurate for
meesurement of very smell essociation constents.

It has been suggested70’73 thet relisble equilibrium constents
are obteined only when the equilibrium concentration of the complex
is of the sﬁme order as the equilibrium concentration of the more
dilute éomponent. For complexes, having en associetion 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
& given system appears to be dependent on the nature of the solventl®d
If there is competition for the donor and acceptor molecules by

the solvent then & genereslised equation can be made.

Koorr = Keyp (1 + Kg [3]) (1 - 18)

Here K . is the true associetion constent without solvent
competition, Kexp, the observed constant, Kg,the solvent-donor or
solvent-acceptor essocietion constant end [é],the solvent concentra-
tion. More recent solvent theory74 leads to a prediction of the
constancy of the factorIKé,when the concentretions of D end A are
veried over & wide range.

Deviations from Beer's Law have been used as en expleanation
for enomelies in K, when the constancy of K< has been disputed.51

In generel the strongest solvent effects will ocecur with

strong n-donors such as dioxene or ether, or esromatic T-donors such
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as benzene and toluene.lS It has been shown thet even carbon
tetrachloride mey behave as sn electron acceptor.75 When solvent
effects are not large, sssociestion date of neutral donors and
acceptors in inert solvents show thst K is highest for the least
jonising solvents.l®

Evidence for the occuggnce of termolecular species such as
DAg or DoA in solution was proposed from the change in equilibrium
constent K with chenge 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 8 numbqr of different wavelengths.

It has been shown’® that for cases where equimolar concentra-
tions ere used, there is no wavelength dependence of K. For
equimolar concentrations there may be fewer termolecular species
present.

A recent epplication of synthetic data calculated for systems
involving the formetion of AD, AsD end ADo suggested77 that the
Benesi-Hildebrand method wouléd 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 'conteact’ absorptions. A recent study by Deranleau’
disputed the linearity of the Benesi-flildebrand equation when
termolecular species were present in solution. A microscopic model
was used to illustrate evereging processes in the essignment of
formetion constents for higher-order complexes. The slopes end
intercepts of various plots usuelly applied for the eveluation of

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

D
AD(1) & AD,(1,s &
5 (() 5(1,2) (1 - 19)
A ~— AD (2)+D

D
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The derivetion showed that all of the ususel plots were slightly
curved over wide renges of the complex concentrations. The theory
of 'contact' complexes mentioned earlier has been criticised by
36

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

solvent. If the solvent complexetion is exemined then there is
no need to involve eny 'contact' complexes at all.

Orgel end Mulliken©o 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 ¢ 1/T
will not be linear if the enthaelpies of formetion are different
for each complex. The presence of the ebove complexes wes disputed

where velues of K over limited temperature ranges were calculated’8
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l - 2 The role of charcse-transfer complaxes 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 & 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

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

The substitution reactions between N-alkylanilines and
tetracyanoethylene have been studied in detail,(80'81’83'84’85'90)
a colour being formed ohax 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 chenged to the red product, N, N-dimethyl-
4-tricyanovinylaniline. The intermediate was proposedBO to have a

zwitterionic structure as in (1 - 20).

C
<N CN 4 fﬂ g
| = (conneer) — (N L e
)+ e T SRRl N
CN CN CN CN
CN
(1 - 20)
® & P >/‘°”
(c,) Nﬂc—ce —(cn) N—-Qﬁ\
2 \\ \\ 2
CN CN <N

Rappoport studied the kinetics of formation of the intermediste
by observing changes in the charge-transfer complex absorption,

and using a large excess of donor.
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From grephs of Log 4 against t it was calculated that the
second-order rate constents increased with donor concentration.
Various schemes were drawn up to compare the rate constents
calculated this way (kexp) with corrected rate constants (k)
related to totel concentrations of acceptor [A4].

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

intermediate.
D+ A =240 5 ap (1 - 21)
-a [Ag)/as = k,[aD*]
¥rp =ch/(1+K[DJo]

In (1 - 22) the charge-transfer complex was formed in a
side-equilibrium.
D+ K28, Die A D (1 - 22)

-a [A]y/at = x,[a] [D]

ks = ko/ (1 + K[D]g
In (1 - 23) a molecule of donor reacted with the complex
to form the adduct plus donor.

A+ D2anSt w5 kD e b (1 2 8T
-a [A]¢/at = k[p] [aD*]

k

i

e " Ko[B] K/ (14 x[D])

In this latter case the values of kexn should increase with
increase in donor concentration, which was the case for the
N-N dimethyleniline reaction (1-2). 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 actusl structure of the

intermediate, which was proposed as a zwitterion® or a bicyeclo -

87

4,2,0 -octane derivativ085 and could be isolated as a solid
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Recent evidence from infrared and kinetic isotope effects87-39

indicate that both structures below may be formed reversibly.

:‘\LC\{“<@ ( ﬁw-—w©~c———c——ﬂ

Spectroscopic studies indicated the presence of a K-complex

@
« ) N==

between N-methylaniline and tetracyancethylene,84 and a ¢’-complex
in the reaction between TCNE end 2,5-dimethyleniline having a
similar structure.895 In the resction between indole and tetracyano-
ethylene a similar mechenism’9,8? was proposed on the basis of

kinetic evidence, where K oy, increased with donor concentration.
CN Ct
/C'N (+ INDOLE) / \CN
k I = ('IT*COHPLE):) - (6—CoNPLEX) > | I
\cu R

: B
n (1 -3 g4]

A 0-complex also occurred as en intermed!ate.

The decay of the‘flcomplex to the finel product was very slow
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
tetracyanoethylene7g 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 snthracene in different solvents could not distinguish between
(1 - 21) end (1 ~ 22), as k gy, 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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enthracene with tetracyanoethylene.fl

A further reaction in which (1 - 22) or (1 - 21) might
operate was that between 2,3-dichloro-5,6-dicyano~p-benzoquinone
(DDQ) with hexemethylbenzene.’? More then one adduct was formed
after addition had teken 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-

93

transfer complex band m 650 nm). This gave several products

max
Including erystal violet. On the basis of spectroscopic, electrical
conductivity and E.S.R. measurements, the charge-transfepr complex
was thought to decompose to a radical emine cation and radical
quinone anion. Charge—transfer complexes are also thouszht to be
precursors in the formation of rsdicals in various polymerisation
reactions, as for example, the reaction between N-vinylcarbazole

and chloranil.g4

1 -2 - 2 Photochemical Reactions which mey proceed via a Charge-
TransTer Complex.

The excited state of a charge-transfer complex as described

by MO theory #4340

has a significant contribution from & detive 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 reection between cyclohexene and

olefinic acceptors,95 inecluding 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 resction is to pass through a charge-transfer complex,
the most favoureble arrangement is for the double bonds to lie
parallel, one verticelly above the other. In the case of

fumaronitrile 95 the course of reaction may be:

g u (1 - 25
::>4£:==:::74:H 45233::;?7 éiff;ifffi;—cu
\L S 2 H e
. k- CN i
Loieh: -

hv
H CN
:}::<: . t+c“
(N H

o _-CN

(A MAYOR PRODBUCT)

ey

CHARGCE~TRANSFER COMPLEx EXCITED STATE

For the reeaction between maleicenhydride and benzene to form the
2:1 sdduct, 96 {rradiation below 280nm results in reaction. Neither
excited state benzene nor maleic snhydride absorbs in this region

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

transfer complex.

l -2 -3 Biochemicel Reactions which may pass through the Charge-
Trensfer Complex.

No clear evidence exists for & specific role pleyed by
charge-trensfer complexes in biologicel resctions. The trensfer
of charge from one molecule to enother could pass through such s
complex and the fact that charge-trensfer complexes are usually
atout 3.2 - 3.42 eapart facilitete interactions between mobile
molecules over comparetively long seperestions. Such reactions as
trensfer of charge ere vitally importent in biochemicel reactions,
such &s in photosynthesis end oxidetive phosphoryletion. Although

charge-transfer complexes have been shown to be formed in biologicel
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systems, the highly complicated nature of these systems has
hindered the appliceation of methods used to examine the possible
role ot the complexes in reaction. Spectroscopic messurements of
charge-trensfer bands are hindered by the likely presence of the
component molecules of the complex having overlepping bends in
that spectrel region. Possible reactions procee”ing through such
complexes are those between indoles end hydrocarbtons, as donors,
end flevins, including riboflavin (Vitemin By) as acceptors.
Evidence based on sDectroscopy97“99 suggests thet a charge-
trensfer complex may be & precursor in the formation of flavin
gsemi-quinones. Pecently,loo the formation of cherge-transfer
complexes as possible intermedietes in the resction between prolines
end p-benzoouinone has been reported. In general, slthough charge-
trensfer complexes have been observed for a large number of donor-
acceptor intersctions such as nucleosides-chlorenil, indoles-flavins,
indoles~chlorenil, porphyrins-trinitrobvenzene, polycyclic hydro-
carbons-proteins ete,15,101 the possible role of the complexes in

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

Interest in this important class of reaction hes been revived
in the past few years. This is meinly due to the formuletion of
the Woodward-Hoffmann rulesloz'104and the current development of
technicues such &s GLC. end NMR. spectroscopy, which have opened up
the field and have led to the discovery of new resctions of this
class. Recently, cycloeddition reactions have been considered as

one of several types of resction known as pericyelic reactions.los

L - 3 -1 Woodwerd-Boffmenn Fules and MO Methods

Initielly Woodward end Hoffmann102'104applied rules to
electrocyclic reactions, which consisted of the formation or
cleevege of a single bond between termini of & linear system
conteiningi -electrons. They predicted the geometrical arrengement
of the substituents of the products in terms of conrotatory or
disrotetory wovement of the termini. They based such predictions
on the conservetion of symmetiy of orbitsls during reaction or on

the symmetry of the highest occupied moleculer orbital of the

reectant.
A A
’ "\w (o] DisrRoTATORY
B ¢ PR
o <
(1 - 28)
A
C CoNROTATORY
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Table 1 - 1 Woodward-Hoffmenn rules for cyclisation resctions.

No. of Tl electrons Thermelly allowed, Thermelly forbidden,
in system Photochemically Photochemically
(n is any integer) forbidden allowed
4n Conrotatory Disrotatory
4n + 2 Disrotatory Conrotatory

For exemple, in the trensformation of cyclobutene to butadiene
there should be a conrotatory movement for a thermelly allowed
resction.

Applying the seame principle of conservetion of orbital
symmetry elements during the course of reaction, Woodward end
Hoffmenn derived rules for cycloaddition reaction5104wﬁere two
different M-systems reacted. In this case geometrical differences
in the products arose from the two different geometrical types of
cyclosddition, nemely suprafacisl end snterafacial cycloaddition.
A suprafaciel process is one in which bonds made or broken lie on
the seme face of the system undergoing resction, whereas antara-
faciael processes ocecur when newly formed or broken bonds lie on

opposite faces of the reacting system.
~ l I’ S l r’
\\\ V,’

(<) (cL)

The test for whether suprafeciel (s), or enterafacisl (a) additions

hed teken place was to exemine the configuration of the substituents

in reactents end products.
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Teble 1 - 2 Woodward-Hoffmenn rules for cycloadditions.

No. ofTTr -electrons Thermelly ellowed Thermelly forbidden
(p + aq) Photochemicelly Photochnemnicelly
' forbiaden ellowed
4n Ps * Qg Ps * ds
pB 9 Os Pa i 09
4n + 2 Pg * Qg Ps * Qg
Py oty Pg * 0g

In the possible (2 + 2) addition of substituted ethylenes to give e
substituted cyclobutene, the Woodward-fHoffmenn rules predict a
(FES + raﬁ) cycloaddition. Wherees configuration is retasined st
the suprefacisl centre, there is inversion et the carton stom for
enterefeciel addition.

H"‘"--.

,"'H H-" ’J’R

-~

R y R ey
e [ (1 - 27)
H-..‘__ r’H \
k R THERMA LY ALLOWED

Cycloedditione as well &s electrocyclic reactions, were
considered by Frontier Orbitel (FO) methodsi®® which exemine only
the highest occupied moleculer orbital (HOMO) end the lowest vecent
moleculer orbital (LVMO) of reactants. In the Diels-Alder reaction
the symmetries of (HEOMO) diene &nd (LVio) dienophile Were correlated
during the course of reaction derivine modes of additbn correctly
predicted by the Woodward-Hoffmann rules.

- Another theory applied wes the Perturbation Molecular Orbital
theory (PMO)105’107'109 in wnich enerzies of the molecular orbvitals
of the possible transition states of cycloasdditions were calculated.

This method has been used to describe the pathway of pericyclic

reactions]04,105 defined es concerted reections involving trensition
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states, where all first-order bond chenges occur on a closed
burve. The PMO method has been used to exemine whether the
trensition states for reaction are aromatic, non-aromatic or
entieromatic end hence to predict the structure of the products.
For exemple, in the Diels-Alder reaction, for a'ﬁ4s +Trzscyclo~
addition, en aromatic transition state wes predicted, leading to

the (4 + 2) eycloadduct.

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

l - 3- 2 -1 Diels-Alder Reections.

The Diels-Alder reaction involves the l,4-cycloaddition of
an electron-deficient alkene (dienophile) to a conjugated dieng10-115
The Wocdward-Hoffmenn rules predict that the reaction should be a
thermally allowed suprafacial-suprafecial‘W4s + 24 concerted
cycloaddition end in practice this resction always occurs in a
cis-menner with the steric arrengement of substituents in diene
end dienophile preserved in the 1l:1 edduct. In the addition of
trens-2, trens-4-hexediene to meleic anhydride the 8ll cis product

is formed.

Cﬂ3 ﬁ K Cw;ﬁ
c (1 - 28)
s | L %
SN 4 )
Ch ,I:|> s CH:"-!:L

Another importent feature of this reaction is the possible
formetion of exo or endo products. In practice it has been found
thet endo is almost exclusively formed, 116 even though it is

thermodynemicelly less stable.
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Nbo ExO
o o ﬁ (1 ~ 29)
S L2 @5 s
| I I

In systems where catslysis or interconversion of isomers
is easy, the thermodynemically controlled exo isomer may be formed
leter. The endo effect has been explainedll? in termms of dipole-
induced dipole forces between polar groups in dienophile end diene.
More recently in an MO treatment%03'104 symmetry controlled
secondary orbitel interactions in the transition state, which
lowered its energy, were considered effective in producing the
kinetically controlled endo product.

Electron donating groups esttached to the diene end electron-
withdrawing groups attached to the dienophile accelerate the
reaction to & limited extent.ll0,115 phere i1s only & small positive
solvent effect and a large negative entropy of activation
(AS"&L‘ -40e.u.) indiceting a high degree of ordering in the
trensition stete. These findings point to a concerted mechenism
in which the trensition state has only a smell separation of charge,
rather then a two-step reaction involving a zwitterionic or biredical
intermediate. 110,115,118,119

This concerted mechenism, is ealso indicated by other methods
such as PMO, in which a symmetrical aromatic cyclic transition state
is more steble then & lineer non-aromatic transition 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 resction end their role has been discussed}s’?g’f%i%ig&
In one case, the reaction between trans 2,4-hexadienol and tetra-
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cyanoethylene,79 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 end meleic enhydride
to give the 9,10-edduct, kinetic studies of the disappearance of
the charge-tronsfer complex during the course of reaction were
carried out.l? Using a lerge excess of meleic 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
activation velues obtained for this reaction end others similart®o
indiceted a concerted mechanism for reaction between anthrecene
end dienophiles.

Tetrecyenoethylene and 1 - substituted - 1 - (2 - naphthyl) -
ethenes reect to form Diels-Alder adducts and charge-transfer
complexes occur during the course of rear.ztion.l?‘l'12'2 The kinetics
of these reactions heve been studied and association constants for
the charge-trensfer complexes measured. It was suggested that as
8 plot of log (association constent) versus log (rate constant)
for reaction wes epproximaetely lineer, some involvement of the
complexes in resction occurred.l?? Another study concluded that the
cherge-trensfer complex in the reaction between vinylnaphthalene
and tetrecyenoethylene might be formed in a side-equilihrium.lel

Although increase in donor strength of the diene snd increase
in ecceptor strength of the dienophile favour retes of Diels-Alder
reactions end cherge-transfer complex formetion, the role of the

latter is still uncertain.
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l-3-2-2 (2+ 24+ 2) Cycloadditions.

(2 + 2+ 2) cycloaddition reactions occur between three
non-conjugated 2-electron systems, two of which mey be in the same
molecule es shown by the eddition of tetracyenoethylene to
norvornadiene to form tetracyeanoquadricyclo [2, O 0,2'6 29,5
nonene. 185,426 (3 20).

(& CN
CN CN

The thermally suprafeciel (Teg + szs + TTES) cycloaddition occurs

(1 - 30)

N CN
CN N

as predicted, although there are two other thermally allowed
(T2 g + M2gq +MT2,) reactions possible. 104

In the related (2 + 2 + 2) retroaddition from cyelic hydrazo
compounds to heptedienes, the syn-cis compound shown in (1 - 21)

produced the cis-cis heptediene elmost exclusively.

CH,y -
I (1 - 31)
s + N,
ch /
Chy 5

It was argued127 that this stereospecific reaction was
evidence for the preference of (T2g+T2,+ T2y reaction over the
possible (T2 5+T 2, +T2,) reactions, and a concerted rether than
two-step process.

In the 1,7-cycloaddition resction between tetracyanoethylene

and 1, 3, 5, 7-tetremethylene CyclOSctenel?B a colour ettributable
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to e charge-transfer complex was slso formed in the solution.

c.u,_

@ B E

Tetracyenoethylene also reacted exothermically with

quadricyclane 129 to give the exo product via a (T2, +0'2, +&2,)

o " (1 - 33)
\ N
CN
CN

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

pathwey.

complexes teke part in this type of reaction.

l - 3- 3 4n Cyclosdditions.

The Woodward-Hoffmenn rules predict that for a reaction
between two substituted ethylenes, a thermel T2g + T2 addition is
forbidden but photochemically permitted, whereas a TM2g + T2, thermal
addition is permitted. One of the few exemples of such a reaction

is the dimerisation of the bicyclodecetriene to its dim ep,+%

(1 - 34)
[% % onep ﬁ ZZ ill

Redicel intermediates have been postulated in (2 + 2) cyclo-



27

131-136 U =t
additions. In the addition of 1,1-dichloro-2,%-diflluoro-

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

exclusively formed.lsa
(1) (2) (1 - 35)
(8 I

In & concerted mechsnism & mixture of btoth compounds might
be expected. It is known that a redicel stabilized by chlorine
atoms is more steble than one with fluorine atoms, so the biradical

shown was postulated as sn intermediate.

(1 - 36)

'2'
The seme arguments were appliedl“3 to the reaction between two

acrylonitrile molecules in which only specific products were formed.

An importent factor considered in releted reactions wes the
possible rotation of substituents ebout a C-C single bond in the
intermediate diredical, competing with the ring closure reaction.
This would lead to & loss of stereoselectivity, which would never

131

occur in e concerted reaction, as shown by reaction between

isomers of hexadiene end dichlorodifluoroethylene.

{1 = 37)
— Chy
i 2 e St
chy Eocd,
:;7<f-—ﬂ\kﬂs
H
Qi3
T6%

CHz

2% %
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In the formation of four-membered rings from ketenes and
substituted olefins, the high negative entropy of activetion and
slight dependence of rete on solvent polarity157v158 indicate &
concerted reaction as does recent evidence from reactions between
dimethylketenes end various olefins,1¥9 in which a (T2g + M2y)
pathwey is postuleated.

Tetracyanoethylene reacts with elkenes to give charge-trensfer
complexes which fade &s the reaction proceeds, forming the cyclo-

140 Rate studies of the reaction between tetra-

138

butene derivatives.
cyenoethylene end p-alkoxystyrene showed that the rate was very
sensitive to solvent polarity. The thermal (1125 + TM2s) cycloaddition
is thermelly forbidden and the (T2g + M2g) addition rarely occurs.

It was thus suggested thet en intermediate zwitterion was formed

as shown:

RoCH
[ ROC W
N \@ e

W oy ot CN ?___ l
\\\'CN CN %’CN

A generel mechenism has been proposed8 for the reaction

% (1 - 38)

between tetrecyenoethylene end vinylethers, involving initiel
formetion of & cherge-trensfer complex, followed by electron-
trensfer end subsequent formation of en ionic structure, before
forming the product. In the reaction between dihydropyren and

tetracyanoethylene,lal

a second equilibrium after formstion of
the complex was postulated, prior to the reaction giving the
cyclobutene product, in order to explain the initiel reapid

disappearsnce of the tetracyanoethylene.
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N CN CN
=

-+ : ( CHAREE-TRANSFER ) (_-__—_r‘ (INTEE‘.HEDLATE) = b

COMPLE X <CN

0 i CN o N

A study of the cyclobutene adduct formed from enethole’?
and tetracyenoethylene showed that there was a smell decrease in
rate with increasing donor concentretion, suggesting that the
charge-trensfer complex was formed in a side-ecuilibrium &s in

scheme (1 - 22).

Yoiw 4 3 Bicyclgﬁgz, 2, 1] hepta-2, 5-diene (Norbornadiene).

This is a bicyclic non-conjugeted diene, prepared by
dechlorination of 5,6-(11chlom-?—norbormar!e.l"l'l A comparisonlé?
of the ultraviolet spectra of semples of bicycloheptene (%mn(lgﬁnm]
end bicycloheptediene (Amexaos,zm,zm and 220nm) in ethenol
indicates some degree of homoellylic resonance between the two
ethylene groups in the lstter.

Calculations shovied 1425143 ghat 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 EXCGTED Stae

Norbornadiene reacts with dienophiles such as maleic anhydridel44
in which either the endo or exo product could theoretically be
formed. Tt has been shown that, in fact, the endo product is

almost exclusively formed}45 as in the usuel 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 hGg, ACID d

! i

c’}O “ COOH
oﬁc‘“oi £
The kinetics of addition of tetracyasnoethylene to bicyclo-
heptadiene to give 8,8,9,9-tetracyanoquadricyelo [?,9,1,99,625,5]
nonene (section 1 - 3 - 2 - 2) have been studied.r40 Solvent effects
and the possibility of dinolsr intermediates were examined, but
complicetions arose from the fact that complexing occurred with
the mainly sromatic solvents, effectively removing some of the
dienophile from the reaction. The general conclusions reached were
that although the rate of reaction increased with inerease in
solvent polarity, this was not sufficient to postulate a dipolar
transition state, but only one in which some polerisation had
occurred. A large nezative entropy of activation (-20 e.u.) was
found, consistent with velues for most Diels-Alder reactions.

Competition between a (2 + 2) end (T2g + W2g + M2) cyclo-

addition apparently sccurs in the resction between bicycloheptadiene
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.eycloadduct is formed in greater yield, indicatinz a possible

preference for exo attszck on the ring,

(<3
L L &

@
(2+2) avpuct (2424 2) Aopuct

Although charge-transfer complexes have been observed in reactions
between bicycloheptediene end dienophiles, their role in reaction

has not yet been elucidated.

benzene.

l - 4 - 2 Hexamethylbicyelo [2,2,0] hexadiene (hexemethyl Dewar

The first substituted Dewar benzene was synthesised in 195?148
by photolomerisation of tri-t-butyl benzene,
. Hexamethyl Dewar benzene wes recently satisfactorily
synthesisedl49 by catalytic trimerisation of 2-butyne in the

presence of aluminium chloride.

CHy — 2 R
ALCL, o

This compound can be considered anslogous to a substituted bicyclo-
heptadiene. Interesting features of this molecule are the very
long bond-length (1.634) of the bridging bond, determinedl™ by
gas-phase electron diffrection, and the fact that the activation
energy of the thermal rearrangement of cis-hexametnyl Dewar benzene
to hexsmethyl benzene is 37 Kcel/molel™ even though the latter is

thermodynemically more stable by 65 Keal/mole. The disrotatory



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

Hoffmann ruleslo4

end this may well esccount for the large
activetion energy in which the reactent passes by a concerted
process to the substituted benzene. The formation of a skewed
intermediate was not excluded as a possibility for the reaction.
A trens-hexemethyl Dewsr 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 (1i2g + M25 +TM2g) cyclosddition with dienophiles.
; Tetracyanoethylene was reportedlISB to react with hexamethyl Dewer

benzene to give the quedri-cyclolctane adduct, enalogous to

substituted norbornadienes.

Cil3
iy C <
Hsc- CHy g N "5(:
& —>
H
2 CHs CN e
CN

However, for reactions with other dienophiles there appear

to be divergent directions of sttack on the hydrocarbon. For
instence, whereas addition of chlorosulphonyl isocyanate to
hexemethyl Dewar benzene eppears to proceed by preferential endo
ettack to give a rearranged product.,15B the dipolar species,
phenyl ezidel®4 end ethyl N-sulphonyl carbamatel®5, appear to bond
initielly 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-triszoline-3,5-diene in
polar solvents.192:,155 1¢ yas proposed that the (T2g+ M2+ 2

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.

Chs
C||3
HyC City

hyC
5 Cify

i CGHS N30,

The reasons for the different directions of attack of
electrophiles end dipolar species on hexamethyl Dewar benzene are

not yet fully understood.

l - 4 - 3 Tetracyenoethvlene.

Tetracyanoethylene was the first percyesno8lefin to be
prepared by Cairns and his co-workers in 1‘.‘;5’7.15?’158 The mein
method used was the chlorination—.dehydrochlorination of malononitrile.
Tetracyenoethylene is one of the strongest electron acceptors
known and reacts with a wide range of electron donor compounds
including dienes, 158-160 aromatic compounds,lzg"l% nitrogen
compound379‘85’151 end forms cyclobutane (2 + 2) derivatives with
olefins.lealt reépidly forms coloured charge-transfer compl exes
with a wide range of compounds.lo'13'165'166 Recently the rate of
formation of the complex between tetra cyenoethylene end hexamethyl

12
benzene was determined by e temperature- jump method.



24

1l - 5 Nuclesr Magnetic Resonance Studies.

1l - 5~ 1 Nuclear Marsnetic Double Resonence.

Cénsiderable progress has been meade recentiy in the
development and application of double and multiple resonance
methods since their originel discovery in 1954,167,168 Double
resonence leading to spin decoupling cen lead to an analysis of
complex spectra, especially in overlepping multiplet systems,
detection of hidden resonences, esccurate determination of coupling
constents end a determinetion of the relative signs of the latter
in suiteble cases.l®9-177 In general, in double resonence
experiments, trensitions between energy levels of & nucleer spin
system in e stetic magnetic field, H,, are messured in the presence
of two oscillating magnetic fields Hy end Hy, Hj is used to
otserve the resonence of one type of nucleus and Hep for the
perturtetion of a second type of nucleus. In proton gspin decoupling,
used in this study, irredietion of one nucleus lesds to a change
in the observed signal of théfﬁzcleus as the spin-spin coupling
between the two is removed. This technioue has been used in many
instences for homonucleer and heteronucleer systems, but the ceses
of speciel interest for this survey ere those in which cyclo-
adducts of Diels-Alder reections heve been exemined to determine

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

1 - 8- 2 The Kerplus Foustions end their Applicetion to
Flucidetion of Structure.

Using & velernce-bond method in 1989, Karplusl78'predicted
en epproximete reletionship bLetween the dihedrsl angle ﬂfand
vicinal coupling constent Jg_c_c-g» in ethenic and ethylenic

molecules. This usually tekes the form:
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ey
I

I, cos®g - 0.3 [o%;afsgo"] (L= 4d)

T = 3yg, cos?g - 0.5 [20°%g¢ 1809]

Jo end JlBO in the originel eocuations had values of 8.5 and 9.5
respectively, but other constents heave been used, as for example
in carbohydrete structure determination.l79

It has been shownlf0-184 ghet the Kerplus rules are modifried
by such factors as electronegativity of substituents, hybridisation
of the cerbon atoms, bond lengths and non-vicinel bond angles.

For exemple, it has been shown that electronegative substituents
atteched to the fragment Hjp-C-C-Hp tend to lower the coupling
constent JAB}83'184 It has been suggested185*186 that for sp2
hybridisation of one of the cerbon atoms as in the fragment

Hp-C-C (Hg)——, there mey be somel[-contritution to the vicineal
coupling. However, other conclusions187:188 ang recent theoretical
studies1B? suggest thet such a system is closely snalogous to o
fully saturated one end obeys a Kerplus-type relationship.

An edeptstion of the Karplus ecuetions has been madelgo
assuming that the ratio of the constants Jo/J 180 is approximetely
0.5. It has been postuleted thet electronegetivity effects do
not influence dihedrel angle celculations to the seme extent using
this method.

The Kerplus ecueticns have been usedl®! in the determinetion
of the conformation of shikimic &cid, a substituted cyclohexene.

A comperison of dihedral sngles meesured from models with those
calculated from the Karplus equetions after derivetion of coupling
constents from the spectrum, indicated thet shikimic acid existed
in a helf-chair rather then a boat conformation. A similar method

wes used192 in structure determinstion of 6-substituted l-phenyl
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cyclobhexenes, when it was concludéed that the hslf-chair conformation

was also adopted by such compounds.

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

Although the effect of paremagnetic components on N.M.R.
resonances have been studied from ebout 1948,195 it is only
recently thet parasmagnetic compounds have been systeméticsally
used in structure elucidation of orgenic molecules.

The first lanthenide compound reported194 to cause a large
shift without line broedening or spin-spin coupling distortion
was tris (2,2,6,6-tetramethyl-3,5-heptanedionato) Europium III
(En(dpsz). Large shifts were produced in the proton resonences
of cholesterol when the dipyridine adduct of the above compound
was added to the solutiom.

Although meny metal complexes cen ceuse chemical shift
chenges, these leanthanide compounds are inefficient in terms of
spin-lattice relexation and so no excessive line-broadening occurs.
The lenthenide ions in these complexes cen increese their
coordinetion number by interaction with lone electron-pesirs in the
orgenic donor substretes. Thus, organic compounds which show these
shifts usuelly have lone electron-pairs as in alcohols, emines,
ketones, end esters.

The sction of the shift reagent is attributedlg5 to a
through-space dipolar or pseudocontact interaction, in which the
shift of e particular nucleus is proportionel to r"s, where r is
the distance between the metal ion and the nucleus under observation.

Other lanthenide shift reagents have been studied195’197
and it eppeers thet complexes of Furopium, Erbium end Thuljium

shift NMR.resonances to lower field while complexes of Praseodymiumn,
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Neodymium end Samerium shift the resonences to higher field.
Other complexes of Europium end Preseodymium heving
1,1,1,2,2,5,3~heptafluoro-?,?-dimethyl—é,e—octane dione ligands
have been used,198 as Fu(fod) 3 end Pr(fod) s are more soluble than
the corresponding Tu(dpm) s end Pr(dpm) 5 in non-polar solvents and
they produce greater proton shifts in weak Lewls bases such as
ethers end esters. For exemple, Eu(fod) s greatly simplified the
N.M.R. spectrum of di-n-butyl ether in CCly, ® week Lewis base,

wherees use of Eu(dpm) 5 was comperatively ineffective.

/C},FS'
jo=c— 0
k: ~
Eul _cH
PO
N Fu( fod) .
Clewy); 3 Wdes

l -5-4 N.M.R. Aoolicetions to Structures of Cyclosdducts.

Although N.M.R. has been used in a number of cawes- for
the elucidation of the structure of cyclic compormds,a few cases
are given here as they are related to compounds in this study.

In studiesl®® of products of reaction between 3-methoxy-

- 2-methylpente-~l,3-diene and some methoxycarbonylbenzoquinones

the Karplus relaetions were used to esteblish dihedral engles, and
double resonance decoupling was used to clarify chemical shifts
end coupling constents. It was concluded that the adduct shown

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

trens configurations.
QO

o ||

R.f
He SYN-CIS

Nuo R

// Cgﬂe”
He ¢ o



It was also deduced that in the formation of the adduct, endo
addition had teken place.

In the Diels-Alder adduct of cycloheptatriene and tetra-
cyenoethylene it was shown?00 that the tricyclic structure was
present. Double resonsnce irradiation of the bridgeheed protons

established the assignments in the cyclopropane ring.

In a related N.M.R. study, the Dieles-Alder edduct of
ditropyl end dimethyl acetylene dicarboxylate was exemined, 201
Pouble resonance irradiations were used to clarify assignments

in the spectrum end the followirg structure was deduced.

CC Me

E €O Me d2

The N.M.R. spectrum of the edduct of norbornadiene end tetre-
cyenoethylene has been reported.f02 The low field signel was
essigned to the protons adjacent to the cyanogroups, end appeared
to be sensitive to solvent. In deuteroscetone a downfield shift
was observed, relative to deuterochloroform. This wes attributed

to interaction between acetone end the cyeno groups, meking the

latter more electronegative.

H

N (al
CN CN



CHAPTER 2

i ——

Experimental hlethods

2 -1 General Methods

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

were mede using e Kofler hot stege microscove supplied by the
Shendon Scientific Instrument Co. Ltd.

2 -1~ 2 Carbon, Hydrozen ené Nitrogen Anslvsis.

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

? - 1-3 Ges-Liocuid Chromotography.

A Griffin and Ceorge D.6 Ges Chromatogreph fitted with a 2 metre
column conteining 20% (4:1 polyethylene glycol (400): dinonyl-
phthelete) on celite wes used initielly. In seddition, e Pye
Series 104 Chrometogreph with & fleme-ionisetion detector was
leter used. The columns fitted to the latter instrument contained
either Silicone SEZ or Carbowax 2OM, the letter being found more
effective for polar sepsrations.

€ -.1 - 4 Thin Leyer Chromatogrephy.

In most ceses the snelysis of solids by this method wﬁs carried
out using Festmen Kodak Silica Gel Chromegrem (6060) (stationary
phase) strios which were exemined under a UV light (£54/350 nn)
to show up the spots. In some ceses the spots were developed by
plecing the strivs in an iodine tenk. For most of the T.L.C.studies
the solvent (moving phase) was & mixture of chloroform and cerbon

tetrechloride in varyine proportions.

2 -1~ 5 Purificetion of Solvents.
P=1-5~ 1" Chloroform.

In order to remove the ethenol statilizer from commercial chloroform



a given volume of the spectroscopic crade solvent (supplied by
B.D.H. Chemicals Ltd.), wes shaken up five times with half its
volume of distilled waster. This was then dried first with anhydrous
potassium carbonete and then for 24 hours with phosphorus pentoxide.
The solvent wes finslly distilled end stored in a refrigerator in

a light-protected bottle. Most of the chloroform purified this way
was used within e few dsys of the distillstion.

2 -1~ 5 - 2 Dichloromethene end 1,2-Dichloroethene,

Both of these solvents were supplied &s spectroscopy grade by
B.D.H. Chemicels Ltd, In most cases the solvents were distilled
first from enhydrous potsssium certonate, then from phosphorus
pentoxide end finally redistilled. The solvents were stored in
light-protected bottles. An elternctive method of purification
was to pass the solvent throuch & column of activated slumine
immedisately tefore use.

For all kinetic studies, solvents were purged with nitrogen before

use.

2 - 2 Spectrosconic Methods.

2 - 2 -1 Ultreviolet/Visible Svectroscony.

The following UV/Visible recording spedtrophotometer models were
used. (1) A Perkin-Flmer-Hitachi FPS-ZT, (2) A Uniceam SP1800,

(2) A Perkin-Flmer UV 137. The first instrument, in which two
cells were fitted, wes thermostatted by meens of & water circuletion
system from & Shendon controller, which was eccurete to the order of
+ 0.1 to 0.29C. -

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

in all ceses. At low temperestures it was necessary to pass dry
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nitrogen through the cell-housing to prevent condensatioﬁ occurring
on the fece of the cells.

The Unicem SP1800 was used primarily with four pairs of cells,
heving en eutometic repetitive scenning errengement from one pair
of cells to enother et given time intervels. lecm. 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-
housings was fitted in the instrument, which was thermostatted
either by a water-circulation or electric thermostat system.

The third instrument wes used only for initiel quentitative studies.

£ - 2 -« 2 Infrared Svectroscooy.

A Perkin-Flmer Infracord Spectrometer was used in nearly all cases.
The spectra of the samples were run in the solid state either in
the form of e KBr disc or as & suspension in a mull. In the first
case about 5mg/l00mg of semple/KBr was ground up and & thin disc
wes formed in a minipress, used for this purpose. An attenuator
wes 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 carried out
using a polystyrene sheet.

o

£ -2 -3 Mgss Spectrometrv.

Accurate mass measurements and fregmentetion spectra were obtained
from the Physico-Chemicel Measurement Unit, using en A.E.1 MS 902
spectrometer. The electron energy was 70eV.

2 - 2 - 4 Nuclear Magnetic Resonance Spectroscopy.

® - 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-Chemicsal Measurement Unit's 100 MHEz
Verien HA-100D Spectrometer snd (3) 220 MHz Varien HER-220
spectrometer. The first spectrometer was used to obtain only
ouantitaetive initial spectra, whereas 8ll the homonuclear double
resonence experiments and spplicetion of shift reagents were carried
out using the 100 MHz or 220 MHz instruments. All spectra were
stendardized using tetremethylsilane to provide the lock signal.
£ - 2~-4 - 2 Reagents.

Deuterochloroform used for the Perkin-Flmer R.1l0 experiments and
the lenthanide shift reagent, Fu(fod)s, were supplied by B.D.H.
Chemicels Ltd. |
Tetremethylsilane for the lock signal wassupplied by Aldrich
Chemical Co. Ltd.

2-2-4-3 Experimental.

In initial experiments using the 60 Miz R.10 instrument, about
SOmg. of the semple waes dissolved in about 1lml. of solvent in en
N.M.R. tube. A droo or two of tetremethylsilene was sdded to the

solution, before it was placed in the magnetic field.
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CHAPTER 3

Nuclear Magnetic Resonance Studies of Cycloadducts and Relasted

Compounds.

3 -« 1 Introduction.

The N.M.R. spectra of certein Diels-Alder cycloedducts end other
releted compounds were examined.

Beceuse of.the embiguities end uncertsinties in the simple spectra
of these adducts, it wes decided to use double resonence and
addition of shift reagent methods in order to elucidate the
chemicel shifts, ansaslyse the splitting patterns and hence eveluate
spin-coupling constents. In meny cases it was possible to shed
light on the conformetion of the adducts in solution by application
of the Karplus equetion end other related methods. No effects due
to conformationel inversions were taken into account as it was
generally assumed thet the arrengement of substituents was such as
to meke one conformetion more steble then the others. The Karplus
equation wes used without correcting for electronegativities of the
substituents attached to the viecinal fragments.

3 - 2 Preperation of Adducts.

The preperation of the adducts of norbornediene/TCNE, hexemethyl
Dewarbenzene/TCNE, hexe-trens-2,trens-4-diene/maleic enhydride,
l-methoxybutediene/maleic anhydride, enthracene/maleic anhydride

end indole/TCNE ere described in Chapters 4,5,6,7,8 aﬁd 9 respectively.

-2 -1 Hexe-trens-2,trans-4-diene/TCNE adduct.

Commerciel hexadiene was first purified by distillation to give one
peek only in the G.L.C. The purified donor (0.6ml) wes then added to
TCNE (0.5g) in dichloromethene (15ml ‘), the solution shaken thoroughly
end allowed to stend for 70 mirutes until the purple colour had

disappeared. The solvent was removed by eveporation end the crude
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solid was washed twice with carbon tetrachloride. Recrystallisation
twice from a mixture of dichloromethene/carvon tetrschaloride yielded
colourless crystals. m.p.124.5-125.5C (1it203 = 126.5-127.5°C).

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

Purified l-methoxybute-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. Recrystellisstion from dichloromethane/carbon |
tetrachloride using decolourising charcosl yielded colourless
erystals. m.p. = 110 -111°C.

3 -2~ 3 l,4-Diphenvlbute-trans-1l,trens-3-diene/TCNE adduct.

Recrystallised diphenyl butadiene (lg) in dichloromethane was

added to a solution of TCNE (0.3z) in the seme solvent. The mixture
was sheken until the blue colour nad dissppeared. After stending
for 20 minutes, the solvent was removed by evaporation and the

crude solid washed with carbon tetrachloride. Recrystallisation
twice from cerbon tetrachloride/dichloromethene yielded colourless
crystals. m.p. = 214 -215°C (1it’° 205 C).

3 -2~ 4 Hexe-trans-2,trans-4-dienol/TCNE edduct.

A commercial semple of hexa-trans-2,trans-4-dienol was shown by
G.L.C. to be impure and weas distilled under vacuum to give a colour-
less liquid. Analysis by G.L.C. showed a purity of about 995. A
solution of TCNE (0.5gz) in dichloromethene (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 sllowed to stand for 1 hour. The solvent was
removed by evaporation and the crude yellow solid was recrystallised
twice from carbon tetrachloride/dicnloromethene to yield colourless

crystels. m.p. = 184 -185 C (1lit.’%185¢).



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

2-Methylpenta-1, trens-3-diene (1ml) was added to TCNE (0.5g) in
-dichloromethane (25ml) end the mixture wes kept in en ice-bath

under dry nitrogen for two hours with continuous stirring.
Eveporation 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. m.p. = 59.5-
61.5% (1it:0%e2563°0),

3 -2~ 6 2-Vinylnaphthalene/TCNE edduct.

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

in dichloromethane (20ml), the mixture sheken and ellowed 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 & 1ittle dichloromethene end decented. Recrystalli-
sation twice from chloroform yielded colourless crystals. m.p. =
166-167.5°C (11t+°1 168-170°C).

3 -2 -7 Cyclohexs-l,2-diene/TCNE adduct.

Cyclohexe-1,Z-diene (lg) was edded to a solution of TCNE (0.5g)

in dichloromethene. The mixture wes shaken end allowed to stand

for 1 hour. The solvent was removed by evaporetion and the crude
solid was recrystellised from chloroform to yield colourless needles
of the adduct. m.p., phase chenges st 170° and 235° witb eventual
melting at around 200°C (lit}59 >300°C in sealed capillary tube.)

3~ 2 -8 K-Phellandrene/TCNE edduct.

Commerciel <X-phellendrene was shown by G.L.C. to be impure end the
semple wes therefore repeatedly distilled under No until an improve-
ment in purity wes shown, (not greater than 90% possible). A
solution of xX-phellandrene (0.7g) in dichloromethsne 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,
carton 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 (lit.159 119-120°C).

3~ 2 « 9 Anthrecene/TCNE adduct.

Anthrecene (0.7g) wes added to & 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 edduct
slowly precipiteted snd wes filtered and dried. Recrystallisation
from acetone yielded colourless crystals. m.p. 268-270°C (1it.1%9
268-270°C in sealed tube).

-2 ~-10 1,2-Dimethylindole/TCNE sdduct.

1,2-dimethylindole (0.7g) in benzene (10ml) was sdded to & solution
of TCNE (0.6g) in benzene (40 ml) and en immediate formation of a
blue-black colour was observed. The reaction mixture was thoroughly
sheken end ellowed to stend for 24 hours. The solution was
eveporeted to about half-volume and petroleum ether (40-60°) (20ml)
was added wihen crystels slowly precipiteted. Recrystallisation

from scetone-weter yielded bright red crystals of the adduct.

m.p. 187-188°C (1it20%188 -189°C).

-~

5 - & Spectrel Interoretetion and Assienment of Conformstion

3= 3 -1 Norbornadiene/TCNE edduct.

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

a8 comparison with the adduct spectrum.
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Table 3 - 1. 60LHz Signels for Nortornadiene in CCly

T value No. of hydrogens Assignment
8.05 (multiplet) 2 By, Hg
6.51 (multiplet) 2 iy, H,
3.35 (multiplet) 4 Hp, Hg, Hg, fg

Table 3 - 2. 100MHz Signels for 8,8,9,9-tetracyesnoaquedricyclo

[?,?,1,0?'523'5] nonene in deuteroacetone-dg

T value No. of hydrozens Assignment
8.27 (multiplet) 3 Hy, Ho, Hg ?
8.02 (multiplet) 2 Hp ?
7.94 (ouintet) | . - Solvent
7.29 (multiplet) 1 Hy

7.10 (singlet) - Solvent
6.52 (multiplet) 2 Hz, Hy

n N
Because of uncertsinties in the assignments of signals it was

decided to carry out double resonance irradietions of selected
signals in order to clarify the splitting patterns.

Irrediation Experiments.

(1) Irradiation of siegnel at 8.627 caused changes in line

intensities in signals at 8.27 and 8.021, and Ssome simplification

of signal at 7.29+.
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(2) Irradiation of signal at 7.29- caused the collapse of signal
at 6.524 to & poorly resolved doublet end collapse of signal st
8.02Tto a doublet. This confirmed that by was correctly assigned
for the bridee protons at 8.02v.

(3) Irradietion of signel at 8.02- caused the signal at 7.297

to collaepse to six lines. The-high-field signel at 8.27~ strongly
interfered.

(4) Irradiation of signal at 8.27~ caused a collapse of signal
at 6.62-to give a well resolved doublet. This established H,,
52 and He as resonating at high field in a complex overlapping
pattern.

It was decided to run the spectrum at 220MHz to try end simplify
the high-field splitting pettern end to see whether the Hj signal
separeted from the Hy, Hg signal.

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

(2,2,1,0%6 253 nonene in deuteroacetone-dg

~ velue ' No. of hydrogens Assignment
8.29 (doublet of

doublets) 2 Ho, l g
8.22 (multiplet) 1 H
8.02 (multiplet) 2 Hy
7.29 (multiplet) ; 8 H 4
6.54 (multiplet) 2 Haz, Hg

At this frequency, the chemical shift of protons Hp, Hg was
separated from H;. It was possible to calculate spin-spin coupling
constents by a first-order treatment from the above spectral data.

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

TCNE Adduct.

.2 e Ye Ay 19514

Coupling Constents(Hz) 5.0 1.0 2«3, pl3S 10 “L0.9
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Weak coupling also occurred between proton H4_and protons o &nd
Hg 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 .a rigld bicyclic system and might not be
comparable to flexible systems, the dihedral engles on the Dreiding
model of the adduct were measured end compared with those calculated
from tne Karplus eocuation (see 1 - 4?) using the above coupling
constants.

Teble 3 - 5. Comparison of Dihedral Angles.

Dihedral Angle Ho-Hz Hr-Hy Hyq-Hy Hy-Hy
Measured from Model 65° 53 © 63 © 680
Celculated 66° 50 56° 257 64° 20 66° 507

The measured and calculeted engles are shown to be in close agree-
ment. The protons on the cyclopropane ring were not exsmined in
this way, because of the likely strein effects. The N.M.R. spectra
were thus consistent with the rigid cyclic structure end all the

signals could be assigned unembiguously.

3 - % - 2 Hexamethvl Dewar benzene/TCNE adduct.

The N.M.R. spectrum of Hexametnyl Dewar benzene itself was first
recorded using CCly for comparison.

Table 3 - 6. 100MHz Signels for Hexamethyl Dewsr benzene in CCl,

Y velue No. of protons Assignment
8.45 (singlet) 14 Hg
8.95 (singlet) 6 Hy
oy oy
H3C / o CHy (0
UUH§

Ch; (@)



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-

guedrieyelo [2,2,0,2%:°,07:5]octene in CDOL .

T velue No. of orotons Assignment
8.39 (singlet) 6 Hy
8.78 (singlet) 9 Hy
9.00 (singlet) 3 H

c

B wc

CN N
CN N

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

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

benzene with electrophiles thet the adducts teke o veriety ot
structures. In each of the postulsted esdducts below, the N.M.R.
spectrum would not be consistent with three singlets in the ratio

62 9: G, v

cN ¢N
@, e cHy »
” N cug Ciig
CN CHy
CHs 4 o,
CHy

In ? andIB, there should be three egqual signals, and
in 4 there should be more then three signals.

The low-field methyl protons are assigned to thosSe nearest the
nitrile groups in which some inductive or enisotropic effect must
be operating. The group of three methyls is assigned to the
cyclopropane substituents and the high-field protons Hy compare

with the high-field protons Hp in hexsmethyl Dewar benzene (9.00
snd 8.95Y).
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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 Signels for 3,6-Dimethyl-A4-tetrahydro-

phthalic anhydride in CDClS

T value No. of protons Assignment.
4.14 (broad singlet) 2 Hy, By
6.72 (four lines) 2 Hy, Ho
7.55 (multiplet) 2 Ha) Hg
8.55 (doublet) 6 Cz protons

o 0
H,C Chg
(b) H” “H®

(D H H (%)
In order to clerify the splitting petterns it was decided to carry

out double resonence irradiations of each signal.

Trradietion Experiments.

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

at 7.55T,

(2) Irrsdiation orf signal at 6.727 csused the signel at 7.557to
appear as & broad ouaftet.

(3) Irrediation at 7.55+ caused the signal at 6.727% to collapse
to a singlet confirming the correct essignment of Hj, Hop,

(4) Irradistion of signals at both 4.14+ end 6.72- caused the
multiplet at 7.557 to collepse to & well-resolved guartet.

This confirmed the correct assignment of Hg, Hg,as the splitting
‘constant was the ssme as for the proton doublet of the adjacent methyl.
Expansion of the signsl at 4.147 et 100 Az sweep width snowed only

@ small splitting (0.4H2z). Wnen the shift reagent Eu(fod)s was
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added there was no chenze in the spectrum.

The above experiments showed thet this adduct was a symmetricsl
molecule with & well-defined counlinz between the methyl protons
end 85;85. The four-line signal for Hj,Hs protons wes not
entirely clear. Spin-spin counling constents were messured using
a fifst—order treatment.

Teble 3 - 9. Spin-Spin Coupling Constents.

I3, (CHg) | Jo, 3 J3,4
Coupling Constant (Hz) 7l 2.2 0.4
Herg 32'5 = 31,6§£75,4 = 35,6;*35,(033) = Je(CHE) because of the
symmetry of the molecule.
| According to molecular models only Loat conformers were stable.
The various possible boet conformers were exasmnined end 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 velues for coupling constents.

Teble 3 -~ 10. Comperison of Dihedral Angles.

Confomstion Ho-fin Ha~H 4

Fndo eddition: Boat (1) 62° 110°

" Eoat (2) 45° 15°

Exo eddition: Host (1) 165° 110°

' " _ Poat (2) 75.° 15°
Calculated velues of dihedrel engle 579107 105° 45~

From the above data it waes indicated thet the endo adduct was formed

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

Cits 2

BoAY (1) BOAT (2)
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The first of the two above conformations would eppear to be
stabilized relastive to the second, in which axieal methyl groups
would interect.

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

The 100 MHz N.M.R. spectrum of the edduct was recorded using
deuterochloroform e&s solvent.

Teble 3 - 11. 100 MHz Siznels for 1,1,2,2-Tetracyeno-3,5-dimethyl-

Aq-cyclohexene in CDClg

T velue No. of protons Assignment
4.25 (broed singlet) 2 By, By
6.80 (quartet) 2 Hy, Ha
8.40 (doublet) 6 Chg protons

Hu,) - H(z)
CHgs” T~Chg(y
(&)
)M H ()

It was decided tc carry out double resonence irradiation on selected
signels to clerify the splitting patterns.

Trradiatior experiments.

(1) Irredietion of the signel at 4,25 only caused some sharpening
in the lines of the quartet (£.807).

(2) Irrcdiation of the signel at 8.807 ceused the brosad singlet

8t 4.257 to sharpen when exeamined on an expended scele.

(3) Irredistion of the signel at 8.407 ceused the signel et 6.807
to collepse to a broad singlet, confirming the correct &ssignment

for Hg, Heg,

On an expended scele the signsl at 4.25% was shown to be a doublet,
collepsing to a singlet in irradiation experiment (2).

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



54

made end thet the molecule was highly symmetricel.

The following coupling constents were measured using first-order
treatment: Jl,3= J?'S = 7.0 Rz, J3’4 = J5,5 = 0.7 Hz.

Becsuse of the symmetry of tetracyenoethylene, there wes no
distinction here between exc or endo products. Exeminetion of
Dreiding models indiceted that the adduct could exist in two hslf-
chair or two boet conformations. Dihedrsl angles were meessured
for each conformation end compered with those derived from the
Karplus equation (see Section 1 - 5 - 2) using the above coupling
constent velues.

Table ? - 12, Comperison of Dihedrel Angles for Hexediene/

TCNE Adduct.

Conformation Hp-hy He-Hg
Boat (1) 105° 105°
Boat (2) 15" 15
Belf-cheir (1) 40° 75°
Helf-chair (2) 75° 40 ©
Celculeted velues of angles 108°55 (70°) 108°55° (70°)

This indicated tnet in sclution the adduct might exist in a form
epproesching the Foat (1) conformetion. The helf-chair conformations
were considered less likely beceuse of the different sngles on
different sides of the double tond end 8 correspondine loss of
syrmetry. The boet (1) conformetion hes ecuetoriel methyl sroups,
wherees btoat (?) has exiel methyl groups which would eclipse each

other.

/ CHy N

CHs

BOAT (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 Sp2 hybridised, end
therefore may not be in strict accordance with the Karplus emiggkiﬁS
However, in the view of the above evidence, it is likely that the
boet (1) conformetion is correct, &s examinetion of the models

shows thet in the healf-cheir conformetion there may be methyl-

nitrile group interactions.

5= &~ 8., 1l-Methoxybute-trens-1,2-diene/daleic Anhydride adduct.

The 100 MHz N.M.R. spectrum of this adduct wes run usines deutero-

chloroform &s solvent.

Table 3 - 13. 100 MHz Siensels for Z-Methoxy-A%-tetrshydro

phthelic enhydride in CDCls

Y value No. of protons Assignment

6,74 (multiplet) Hp, Hz methoxyl protons

5.78 (multiplet) n]

2.63 (multiplet) A7, Hs

In order to clarify the complex splitting patterns it was decided

to carry out double resonsnce experiments on selected sisznals.

Irredietions.

(1) Irredietion et 3.53%7 ceused the signal st 5.787 to collepse

to a well-defined doublet. This confimmed the essignment Hy. The
signal at 7.387 was simplified.

(2) Irradietion at 5.78% ceused some simplification in the splitting

of signsl et 3.827.
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(3) Irradietion at 7.387T caused the signal at 3.83~ to sppear

as en ill-defined doublet.

Because of the rather scanty information derived from the above
experiments, it wes decided to add the lanthenide shift reagent
Eu(fcd-dg]5 to the solution of the adduct in deuterochloroform.
This compound might cause seperations of the overlapping proton
signels.

Teble.3 - 14, 100 MHz Signsls of Adduct with Added Eu(fod) s

(60mg.) in CDClsg

T value No. of hydrogens Assignment
3.2 (multiplet) 1 Hg or Hyp
S.ml(multiplet) ; 1 Hg or Hy
4,92 (three lines) 1 Hy

5.65 (doublet of doublets) - Ho

68.20 (multiplet) H=z, methyl protons

N

6.60 (multiplet) Hg, Hs
The £20 MHz N.M.R. spectrum wes also 1un with and without added
Fu( fod) 3 in deuterochloroform.

Taeble 2 - 15, 220 MHz Sicnels of Adduct with Added Eu(fod)3

(%0mg.) in CDCl,

1 value No. of hydrogens Assignment
3.60 (multiplet) 1 Hg or Hy

3,70 (multiplet) 1 Hg or Hy

5.3% (three lines) 1 Hy

6.22 (doublet of doublets) 1 Ho

7.05 (multiplet) 1 Hyg or Hy

7.70 (multiplet) 1 Hyg or Hs

6.43 (multiplet) 4 HS’ methyl protons
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None of the signals due to Hyu, Hg, Hg or Hy appeared to have the
seme chemicel shift efter addition of the shift reagent.

It was assumed thet the signal Hy wes at lower field than Hg, being
closer to the methoxy group. Examinetion of models and rigorous
measurement of the first-order splitting patterns showed thet the g
signal was most likely to be at lower field then Hs end the coupling
constents were measured on this basis.

Teble 3 - 16. Spin Coupling Constents.

J1,2 Jp,2 93,4 2,5 94,5 94,5 I5,6 95,7 36,7 J1,7
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 Ja,5 was assumed to be negative.
A large sellylic coupling, d5,7, 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 end endo adducte were exemined
using Dreiding models end the dihedrsl engles in each compared to
those calculated from the Karplus ecuation using the above coupling

constents.

Table 2 - 17. Comperison of Dihedral Angles for Methoxybutadiene

Maleic Anhydride Adduct.

Conformetion Hi-Hp Hn-Hg Hp-Hs Hy4-He Hs-Hg

Pndo edduct - bost(1l) 70° 58° Pe2Rr 110 15°
" " - boat(?2) 45° 6a° NERR 5% 199%

Exo adduct - boat(l) 190%. 1n6° 45%05-110" 155
" " - bost(?2) 70° 75° 80 ° 157 190®

Celculated velues of oy 2 o 5 T
engles 44°30° 44’30 ~180° 3418° 129°10
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As mentioned previously, there mey be some ambiguity in . signment
of Hy and Hy and hence between 33,4 and J3’5. In thet case either
endo boat (?) or exo boet (1) conformetions would give an Hg-H,

or Hg-Bsdihedral engle epproaching 180° and hence a large coupling
constent for Jz 5 or Jg 4 (9.5 Hz). However, the exo conformation
would also recuire Hy-Ho to approach 180° with a similarly large
coupling constent for-Jl’?, which is not observed.

If free rotation of the methoxy group is envisaged, then it
epproaches the carbonyl group in the enhydride more closely in

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

This could lesd to a destabilizetion of the former.

It was thus considered likely that the sdduct existed closest to
the endo boet (2) conformetion in soluticn as was seen from the

above comperison of angles.

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

The 100 MHz Spectrum of this adduct wes run using deuterochloroform

as solvent.
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Teble & - 18. 100 MHz Signals for l-Methoxybuta-trens-1,32-diene/

TCNE in CDCl3

“vvalue No. of protons Assignment
4.03 (broad singlet) ? By, He
5.50 (multiplet) 1 Haz

6.78 (singlet) 3 Cz protons

6.687 (multiplet) 2 He, Hg

H (2) WO

Irredietion Experiments

(1) Irradiation of signel st 4.03~ gave some simplification of
signals et 5.50 and 8.877.

(2) Irrediation of signel et 5.507 csused signal at 6.87+ to
collepse to & broad doublet.

(2) Irradietion of signel et 8.671 gave simplification of signal
at 4.05Y, which now eppeared as an AB quertet with fine splitting

(each line split in two).

The irrediation experiments showed that the H) and Hp protons had

@ different chemical shift, and that there was salso long-range
homoellylic coupling between Bz end H4, Hs, because the signal due
to Hz was still split, when H; end Ho were irradiated.

The spectrum was run at 220 MHz to see if & better resolution could

be obtained.



Teble 3 - 19, 220 MHz Signals of l-Methoxybute-trens-1,3-diene/

TCNE edduct in CDCl.

Y velue No. of protons Assignment
4.03 (unresolved AB

system) 2 Hy, Ho
5.50 (multinlet) 1 Hao
6.28 (singlet) 3 CH z protons

6.87 (unresolved AB

system) 2 Hy Ay
When Fu(fod) z wes added to the solution and the spectrum recorded
at 220 MHz, the signels at 4.03 end 6.874 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 obtaeined, because of the
difficulties in enelysing "complex signals. The low-field olefin
proton was essigned es H o and the low-field methylene proton as
H 4

Teble 3 - 20. Coupling Constents.

N,8.9 85 Yo" s Sog Js.4 dae Vg g il g s
Coupling '

Constent(Bz) 10.5 1.5 4.0 LS 1 185 1.8 0.8 2.0 1.5 49.0
The gem methylene (H4-H5) coupling wes assumed to be negative.

The dihedrel angles of various conformetions of the adduct were
meesured from models end compered with the angles calculated from

the coupling constents using -~ - the Karplus equation.



61

Table 3 - 21, Comperison of Measured and Celculated Dihedral Angles

Conformation Bo-Ao Hy-Hy Hi-Hg
Bost (1) 105° 105° 10°
Eost (2) 15° 15° 105°
Half-Cheir (1) 75° 450 750
Half-Chair (2) 45° 75 2 45°
Celculated 65°12" 44°40° 64°18~

From the above, the calculated engles compare epproximetely with

the half-chair (1) conformation measurements. Another fact which
indicstes a helf-chair conformeation is that in either Woat
conformation one of the C-H, C-H, or C-Hy angles, with respect

to the plane of the double bond, is epproaching 0°. Theory sgggé?mﬁ
that for such a case long-renge homoellylic coupling will not occur.

! Be

In this edduct such coupling occure for both Hg-H, and HpaHg

CN
CN

-~
1 o ee)

H.C 1 s
3 \) ,-7--‘* H(s) Half-Chai I'( 1)

CH~=H (2) H{)
N

This result was besed solely on measurements of dihedral engles in
which one of the carbton atoms wes sp ? hybridised.

As mentioned before, the conclusions reached should be regarded

a8 tentative, but evidence favours the existence of the half-chajr

conformation for this edduect in solution.

3~ 3-7 1l,4-Diphenylbute-trens-1,trens-3-diene/TCNE adduct.

The 100 MHz Spectrum wes recorded using deuterochloroform as solvent.



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

trens-3-diene/TCNE adduct in CDC1 .,

p_——t

T value No. of protons Assignment
2.5 (multiplet) 10 Phenyl protons.
3.71 (doublet) 2 iy
5.58 (doublet) 2 H 5
Mo
o) ~
N
" / i
Ph HGH

Irredietion of the signel et 5.587T caused the signal at 3.717

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

Using the Karplus equation, the dihedral anglesHj-fo were celculated.
These were compared with the englesH)-Ho in the various boat and

helf-cheir conformetions,

Teble 3 - 23, Comparison of Measured and Calculeted Dihedral Angles.

.Conformation Hy-Ho H1~H o/
Boat (1) 105° 105°
Boat (2) 15° 15°
Helf-cheir (1) 40° 7
Helf-chair (2) | 75° 40°

Calculated from Karplus NG e I I
equation 107955 L1 1072-55 (719

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

it is unlikely that this compound exists in a half-cheir form, 8s

coupling constents different in value wouléd then be obtasined for

each end of the ring. The boat (1) conformetion has egueatoriel

phenyl groups end is the conformetion favoured in steric terms as

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

exiel phenyl groups.

o H CN
H NN
BoAT (1) ¢ M oy BOAT (2)
N Ph

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

The 100 MHz spectrum wes recorded using deuterochloroform as solvent.

Table 3 - 24, 100 MHz Sienals for Sorbyl Alcohol/TCNE sdduct.

T value . No. of protons Assignment
2.00 (disappears after D20

addition) 1 -0) H
4.14 (multiplet) 2 iy, He
5.37 (doublet of doublets) 1 fy or Hg
5.82 (doublet of doublets) 1 Hy or By
6.21 (multiplet) 1 ' Ha
6.61 (multiplet) 1 g5
8.40 (doublet) 3 Hs

Hs) H (2)
Irradistion Experiments.

Hay

(1) Irradietion of signel et 4.147 ceused signal at 6.717 to be
resolved to a triplet of doublets. The signal at 8.817T was resolved
to a cuartet of doublets.

(2) Irredietion of signal et 8.407 interfered with the signal at

6.817, which appeared as & broad singlet.
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(3) Irradietion of signals st both 4.147 and 8.40~7 resolved the

signel at 6.81l7 to a doublet.

The following conclusions were drewn from the above observations.
(1) The vinyl protons (H; end Ho) showed a cherascteristic over-
lepping ABX type pattern with Ho probebly at low field.

(2) The methylene protons H, end Hgy were not magnetically equivalent.
It was most likely that there wes restricted rotation end one of
the protons (H4) was closer to the nitrile groups, being deshielded
es & result of the enisotropic effect.

(2) There was clearly homoellylic coupling between H 3 end Hgecross
the ring as shown by the first irradiation exveriment. There waes
elso weeker coupling between the clefinic protons end Hg, Hg. As
there was definite homoellylic coupling, the couvling seen between
Hg and the olefinic protaons might bte ellylic (Ho-Hg) rather then
vicinel (Hy-Hg). In either cese, it was comparatively weak, being

less than 2Hz.

Teble 3 - 25. Coupling Constents for Sorbyl Alcohol /TCNE Adduct.

91,291,392,293,493,594,593,696,a71,6 72,6
Coupling

Constent(Hz) 100 X D2 0F BT BT o950 2.8 50 . 02 1.97
The magnitudes of Jl,e end J?,S were not enfirely clear. 1In
comparing dikedral engles using the Karplus eouation from the
coupling constents, the vicinal couvlingz constents were teken as
either case (&), nearly zero, or caese (b), 1.5 and 1.9, the values
calculated for the ellylic coupling constants Jl,G end 32,6' The
sngles were compared with the meessured engles from models of the

various possible conformetions.
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Table 3 - 2A. Dihedrel Ancle Comperison for Sorbyl Alcohnl/TCNE

Adduct.

Conformetion Ho-Hg Hy-Hg
Bost (1) 105° 105°
Boet (?) 15° 15°
Helf-chair (1) 40° 95
Helf-cheir (?) s " 40 °
Celculeted (a) 90%-100° 90°-100°
Celculeted (D) © 119°45° 115°48 7

Even allowing for the embiguity in the value of the vicinel coupling

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

closest to the boat (1) conformetion in solution.
K H Ok

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

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

3= 3-9 p2-Methylventa-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 Signels for Methylventadiene/TCNE Adduct.

1 value No. of protons Assignment
4,64 (multiplet) 1 : Hy

6.85 (multiplet) 1 H 4
7.04 (multiplet) 2 Ho Hyg
8.17 (broad triplet) 3 Hg

8.50 (doublet) 7 Hy
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(3)H H e
Bl ~==Cliz ()

| CHo@)  Hw
In order to clarify the splitting petterns it wes decided to carry

out double resonence experiments on selected signsls.

Irredietions.

(1) Irredietion of the signal et 4.647 caused the signel at 8.177
to collapse to a doublet. There was little chaﬁge in the other
signals.

(?) Irrediation of the signel et 8.17y ceused the signal at 4.64+
to collspse to a broad doublet. The signel at 7.04y showed four

main lines with some further fine splitting.

It wes not certein whether Ho end Hg were equivelent and it was
thus decided to run the spectrum at 220 kHz to see if a btetter

resolution of the sienals between A.5 &nd 7.57 could be obteined.

Teble 3 - 28. 220 MHz Signsls between 6.5 and 7.57

v velue Assignment
6.75 (multiplet) Hag
6.851 Part of AB quartet, each line split into Hea
6.95: further 8. "
6.98] Part of AR quartet, each line is a btroad He
7.0?] singlet. L

The low-field doublet wes assigned as the axial proton (Hg) (similer
to the cese for the methoxybutadiene/TCNE adduct - Section % - 5 - 2).
It wes thus clear that the methylene protons were not eouivalent

and the.difference might be ettributed to the anisotropic shielding

effects of the adjacent nitrile groups.
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Only & limited number of couplineg constents could be definitely
assigned for this adduct and they are shown below:

Table 3 ~ 29. Spin Couplinz Constants for Methylpentadiene/TCNE

da T sdays Ao s | Jogil Thie
Coupling Constant(iiz) 1.2 ~0 Tl <188 W9k

There is definite evidence for long range allylic or homoallylic
coupling between Hj snd Hp, Hz or Hy end Hp, Hz. This is snowvm

by the irradietion of Hg protons, where the signal due to He and
Hg reﬁsins split. The f)- Hy coupling anpears to be very weak as
indiceted by the first irradiation.

Although no definite conclusion can be made, it is unlikely that
this adduct exists rigidly in the boat conformation, for the
'following reason. Theory sho?§?5’a)%hat for allylic or homoallylic
coupling to teke place, the angles @1, 8o and 93 as shovm, should

never approach 0°.

CHS H@)

It eppears from the second irradietion thet both Ho and Hg are
coupled to eitaer 3y or Hy, (about 2 to &z). dowever, a comparison
of models of boat and helf-chair conformations snow that only in

the latter ere both angles, 8] end 8o sufficiently different from

o
0" to allow coupling of such megnitude to occur.

K () W)

@) i

BoAT (6->0°) HALF ~CHAIR
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3 - 3-10. #2-Vinyl Nephthalene/TCNE adduct.

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

Table 3 - 30. 100 MHz Signels for 2-Vinyl Naphtaalene/TCNE Adduct

in_CDoC1,
v Value No. of protons Assignment
2.18 (multiplet) 1 Hy
2.70 (multiplet) 3 Ho, Hg, Hy
3,46 (doublet) 1 Hg
3.64 (doublet) 1 Hag
4.3 (multiplet) 1 Hy
5.17 (doublet) 1 Hip
6.66 (multiplet) 2 Hg, Hg

He) RS
The low-field multivlet was essigned as Hy , whica might experience

a further deshieldinz from the nearby nitrile group. The AB doutlet
pettern clearly indicated the Hys end Hg protons, both being at
lower field to Hp. Hg might experience a greater desnielding by

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

Irrsdiations.

Irradiation of the signal at 6.867 caused the multiplet at 4,70y
to collapse to a broad doublet. This indicated that there wes
allylic counling between Hp end Hip. There could be no coupling

between Hg end Hy, as the Hg signel was & simple doublet, coupled
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to Hg. The signal et 5.17+ appeared to sharpen, indicaeting some
homoallylie coupling across the ring, between Hip end Hy or Hg.
Based on the above observetion, the following tentative values
for coupling constents were deduced.

Teble 3 - #l. Coupling Constents for P-Vinyl Naphthelene/TCNE

Adduct.

I5,6 - 97,86 JIr,e  In.10 J9.10

Coupling Constent(Hz) 9.5 ~2 ? %3 1.0

It was not possible to analyse the complex multiplets at 4.3)9
end 6.567 accurately with the limibed number of irradiations
aveilable. On the besis of the very small homoallylic coupling
scross the ring, it is likely that the C-Hg or C-flg angle does not
eporosch 900 witn respect to the plane of the double bond in that

05,208
9 ’ﬁotnat if botn the C-H engles for such

ring. Theory shows
coupling across the ring enoroech 90°, the homosallylic coupling
must be large (see elso Section % - % - 9). The C-A1p engle must
epproech 90° with respect to the doubdle bond as is elso shown by
the lerge ellylic counling between Hy end Hg. The boet
conformaetion recuires tne C-Hg engle to approach 900, end it is

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

in solution.

(o) Hig)

BOAT CoNFoRNATION
RING (C

It is more likely that the adduct epproasches closer to s half-chair
conformetion, where tne C-Hg or C-Hg engles are less then 90° wita

respect to the plane of the double bond.



, HALF-CHAIR
(o) B (e
RiNe

{1)

3 -3~ 11, C_vclohe_)gb-l,?-dlene/TC'\]E adduct.

The N.M.R. spectrum of tnis compnound was run using deuterodichloro-
metheane as snlvent.

Teble 3 - %2, 100 MHz Signals for Cyclohexa-l,2-diene/TCNE Adduct

in_cp,01,,
Y value No. of protons Assignment
3.3 (doublet of doublets) 2 Hq
4.63 (multiplet) Solvent
6.44 (multiplet) 2 Ho
7.80 (multiplet) - Az He
8.42 (multiplet) 2 By, By

)

The simplicity of the spectrum indiceted a symmetrical comnound.

In bicyelo (2,2,2) octenes it has been shov.'rzl‘or?thet the bridge
protons syn to the double bond are shielded reletive to the enti
protons. Although the signals centred st 7.80 end 8.427 were part
of an AgBoX, system the higher field signel group was assimmed to

H4 end H,/end the lower field sienal group to Bz end Hz! The nitrile

groups might be expected to deshield the protons lying above the

- C=N axis. L;:f) ()
(%)
" &) H(-’) N
]
a)
il

Irrediaetion Exneriments.

(1) Irradiation of the signel et 3.707 caused the signal at 5.44~
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to collapse to three lines, confirming the assignment i..

(?) Irredietion of the signal at 6.447 ceused the signal st 3.3«
to collanse to = singiet indicating that the olefinic protons were
only counled to H,. The signal system centred at 7.80 and 8.42%
now resembled an A252 spin system with the HB' Hg’, Hy and H,/
protons coupled togetherf08"2lyrne following coupling constants
could be evelueted immediately from the above spectra.

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

Adduct.

e ooy gUi g < ke Y
Coupling Constant (Hz) 5.0 3.0 1.5 1%

(Jl,Q) was the esllylic coupling constant and had an unusually
large value for protons fixed in the bicyclic conformation. It
was not possible to celculate J5,4 and J3’4z by inspection because
of the second-order splittings in the spectrum, thus the following
procedure was adopted.

Tentative estimated values for the couvling constants Jags IARY
were assigned by comparison with spectra of geminsl coupled protons
end elso from thet of the i~-phellendrene/TCNE edduct. The chemical
shift from the centre of the high-field signal grouv to.the ceﬂtre
of the low-field group was measured (63.5 €.D.S.). As the assign-
ment of lines for the spectrum was not obvious, it was necessary

to exemine the profile of computed spectra (AgBy) which had known
values of coupling constants. It has been showéoa that AB o
spectra are symmetrical about the midpoint with each grouping
consisting of 12 lines (or less if degeneracy occurs). In order

to obtein values of the coupling constents it is necessary to
essign lines 1-12 correctly and then the J velues may be determined

from the following defined parameters?08'2ll



K = JA,A! + JB’BI " M = JA,A’ - JB’BJ

"

i
I

=Jp,p -9A,B » N=JdaAB + JaB

The first step in evaluation of coupling constants wes the correct
assignment of lines 1 end 3 in the spectral group by calculating

their respective enerzies as shown.

Table 3 - 34. Enerzies of Selected Lines of the Ao Grouvp in

AoBo Spectra.

Line No. Energy relative to centre of AoBp system
1 AN+ 3 ( (%8)2 +n2) 3
5 ~3N+ 3 ( (Vo5)2 4+ NR D
9 30 (vos+m2+12)F 4 3 m24 12)%
10 30 (veb-m2 4 12)F 4 3 (u24 122
11 Bl (Vob+ M2+ 1) 3 (w24 12)3
12 B (Vos-m)2+12)% _ 3 (u2. 12}

v, is the chemicsl shift in c.p.s. between tie centres of the two
signel groups Ay and Boe.

A computed spectrum wes foundzlowhich had similar coupling constents
to those estimated for this particular spectrum and hed a compareable
Vo b value. Using the computed coupling constants both N and_vbs
could be used to calculate toe positions of lines 1 and 3 in this
particular spectrum. As L end M were also kKnown, lines 9, 10, 11
end 12 could be essigned es well, since Japa’ = Jdgg’, M = 0, hence
9,10 end 11,12 are degenerate.

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

end a comparison of the computed spectra with the AéBz sy stem
obtsined exverimentally led to the assignment of these lines for

the latter spectrum. Having assigned tnese lines it was possible

to celculaste N es from table 5 - 34,4 was assumed to be zero or
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nearly so, end it was possible to assign lines 9,10,11 and 12

by inserted estimated values of L first into the enerzy values
relative to the centre point, finding the nearest lines corresponding
to these,end hence evaluating accurate velues of L. Lines B,4,6:7
and 8 were obtaineﬁ by comparison with other similsr Aastpectrafﬂa
Thus, for example, lines 2 and 4 are nearly elways intense and are
grouped with lines 1 end 3 respectively. An estimate of K was made
from positions of lines 7 and 8 (K~ VY g-Vp). Line 5 was assumed

to be too small to see.

The following values were thus obteined.

K=J3’3: + J4’4l"‘._."'"._l4-5- M=J5,3 —J4’4;F__“':0
L=J3’4 —J5’4"= 16.5 N=J3,4 +J5,41= 2.5

It was essumed that the gem coupling constants were negative in
value, hence the other counling constents were evaluated.

Table 3 - 35. Coupling Constants for Bridee Protons.

dea b da g Waied o Ty 4s
Coupling Constent (Hz) -13.0 3.5 7 7

Computed Spectrum, JA,E = =12, JA,B' = 6, JA,A’ = JB,B' = @z

s/ *
’,
| e (N3
Vo’ 9,10
Vo =60 =
Experimentel Sovectrum. Cignal at 6.447 Irradiated.
3y i
i’ ». 3
o 4
ll':l‘.i.'
’ [ 2

e 7,
=N
——
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It was concluded that all the spin counling constants were
consistent with a bridged bicyclic conformation as expected for

this edduct.

% - 3 - 12 «-Phellendrene/TCNE adduct.

The N.M.R. spectrum of this compound was run using deuterocaloroform
as solvent.

Teble 3 - 36. 100 MHz Signals for &-Phellandrene/TCNE Adduct in

CDClz
7T velue No. of protons Assignment
3.90 (doublet) 1 Hy
6.53 (doublet of doublets) 1 Ho
6.74 (triplet of doublets) 1 He
7.66 (multiplet) 1 Hg?
7.94 (doublet) 3 Hg
8.10 (obscured) j 147 H,?
8.76 (multiplet) 2% Beg,. By 2
9.08 (triplet) 6 Hy

Okm)

Because of uncertainties of assignment of the various protons, it
was decided to carry out double resonance irrediestions for clarifi-

cetion.

Irrediation Experiments.
(1) Irredistion of signel et 7.947 did not produce any change in
the signels at 6.53 end 6.747 but cesused the signal at 3.907 to

appear es & doublet of doublets.
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(?) Irrsdiation of the signal at 7.867 caused the signel at 6,537
to collepse to @ doublet. It elso simplified the signal at 8.767.
(3) Irradiation of the signel at 8.78~ caused simplificstions in
signals at 6.74 and 7.63-.

(4) Irradiation of both signals at 8.74”v and 6.53- caused the
signel at 7.567 to appeer as four lines and the signal at 8.76~

to appear as four lines with some fine splitting.

The signal at 7.567 was now firmly assigned as Bs, because Hy
collepsed to & doublet when HG was irradiated.

The signals et 6.53 end 6.74-r could be assigned to Hp and Hpy
(compare Section 3 - 3 -11, Ho at 6.447).

Because of embiguities in the irradiation experiments, it was not
possible to assign fg,H, end Hyp protons with certeinty. The
following coupling constants were evaluated.

Table 3 - 37. Coupling Constents foroec-Phellendrene/TCNE Adduct.

91,2 91,8 J2,8 91,3 I7,v Iz,a 93,5
Coupling Constent(Hz) B 016 - 2.0 1,80 6.0 =~ =2.5 ~2.5

In so far as wes possible to determmine, the coupling constants
~were consistent with the rigid biecyclic structure. The difficulty
in assigning the bridge protons 84,H5 end Hy might be due to the
fact that more tnen one isomer of the product was present. o-
phellendrene can exist in (-) or (+) configurations with
inversion of configuration at the carbon atom bearing the isoprooyl
group. The presence of more than one isomer would nullify any

exact determination of the positions of bridge protons.

3 - 3 - 13. Anthracene/Maleic Anhvdride and Anthracene/TCNE Adducts.

The N.M.R. spectra of these adducts were run using acetone as solvent.
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Teble 3 - 38. 100 MHz Signels for Anthracene/Maleic Anhydride

Adduct in Acetone.

T value ' No. of protons Assignment
2,70 (multiplet) 8 Aromatic protons
5,10 (multiplet) 2 Hy
£.27 (multiplet) 2 Ho
U’JP_”O
2_hw
L{0)

From the splitting psttern in the two high-field signals, it was
concluded thet Jl,? = 1.8 Hz., The H; orotons were likely to be
experiencing & 'ring-current' effect from the adjacent benzene

rings and would be at lower field to the HBo protons,

Teble 3 - 39. 100 MHz Signels for Anthrecene/TCNF Adduct in Acetone.

Y velue No. of protons Assignment
2.73 (multiplet) 4 H g
?2.52 (multiplet) 4 Ay
4,20 (singlet) 2 H1

The erometic proton signals were now simplified beceuse of the
symmetricel nature of tne adduct. The two multiplets consisted of
four lines each and the splitting pattern corresponded approximately

to en (ApXp)p system. Rough values for coupling constents were
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derived on this basis to give d, ,(ortho) = 5.1 Hz, o b(mete)

;] ’
= 3.1 Hz., The sherp singlet corresponding to H; was et lower field
than the multiplet for Hl in the meleic anhydride adduct. This

was ettributed to the electron-withdrawing nature of the nitrile

groups.

5 - 8- 14. Adducts of Indole/TCNE and 1,2-Dimethyl Indole/TCNE

The N.M.F. spectrum of 3-tricyanovinyl indole wes run using
deute?odimethylsulphoxide 85 solvent. The N.M.R. spectrum of
1l,2-dimethyl-3-tricyenovinylindole wes run using deuteroacetone.
The two spectres were compeared.

Tebtle 3 - 40. 100 MHz Signels of 3-Tricyenovinvlindole in

CDaSOCD
“t velue No. of protons Assignment
1.22 (singlet) X Hy
1.90 (multiplet) ) 1 Heo
2.35 (multiplet) ! Hg ?
2.60 (multiplet) 2 fz,Hyq ?

Hs) N
&1 R o
CN
® H (@) .

When the solution was sheken with DgO, the spectrum remeined the
seme. Irom this it was concluded that the low-field singlet was
due to Hl end the N-H proton signel haed dissppeared in this
particular solvent. The multiplet at 1.9207 wes protetly due to
H2 being closest to the -N-H group a&nd experiencing a further

deshielding.
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Table 3 - 41. 100 MHz Signsls for 1,2-Dimethyl-5-Tricyvanovinyl

indole in Deuternzcetone.

Y velue No. of protons Assignment
.18 (multiplet) X He

?2.4¢ (multiplet) : 5 Hﬁ

2,72 (multiplet) ? H3,H4.
6.09 (singlet) o Hg

7.%0 (sinelet) 2 Hy,

h(—'*') N)\a’s CN
| ()

a1
There appeared to be no shern singlet in this spectrum and it wes
thus likely thest H] was correctly assigned in Table 3 - 40 for
the indole/TCNF edduct. Although the chenge in solvent might meke
some difference, the low-field multiplet hed shifted uofield in
going from the indole to the dimethylindole edduct. On this basis
it was reesonsble to assign it es Hp, being nearest to the chenging

group -NH — -NCHgz. Hg was likely to be &t lower field to Hgy end

Hé, teing nearer the nitrile groups.

9% = 4 Conclusion

Using N.M.R. end spplyinez the Kerplus ecuation shikimic scid hes
previously been shown to exist essentielly in the half-chair
conformetion in solution. If it is assumed thet errors due to

sz hybridised cerbon end electronegetive substituents beins present
ere small, the compounds examined in this work have verious
conformations.

Thus the asdducts of diphenylbutadiene, sorbyl-eleohol end hexadiene

With TCNE appesr to exist essentially in the bost conformation,
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wherees the edducts of methoxybutadiene, methylpentadiene and
P-vinylnephthclene with TCHE vrobably exist closest to & helf-
cheir conformation. The first three edducts have substituents
ettached to both carbon atoms @to the nitrile group, wherees in
the latter three sdducts, oneC}carbon is unsubstituted. Steric
intefactions between nitrile groupe end substituents mey thus be
responsible for the difference in conformetion between these
compounds. Thus, for exsmple, there is cleerly some steric inter-
action between bulky phenyl grouns end nitrile groups in the half-
chayr conformation of the diphenyltutadiene edduct. Shikimic acigd
adopts the helf-cheir conformation but does not eppeer to have s
similer interaction effect between substituent hydroxy ZTOUDPS.
Cyclohexene itself elso adopts a half-cheir conformetiogfz hence
this would sppeer to be the most stable conformetion for such
six-membered rings, unless substituent effects predominate.

There might elvays be expected to be some small devietion from the
pure boat conformetion in the tetrescyeno-edducts because of the
eclipsing of the nitrile groups.

The bicyclic edducts of hexediene end methoxybutediene with meleic
enhydride appeer to be too rigid to adopt half—énair conformations,
o thet boat conformations ere preferred. It was elss confirmed

thet the expected endo adducts are formed.
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Chepter 4
Norbornsdiene/TCNE Reaction.

4 - 1, Introduction.

l?sin different

Mthough this reasction had been studied previously
solvents, no investigetion hed been underteken of the role played
by eny cherge-trensfer complex formed during reaction. When the
two resctants were mixed together in 2 suitetle solvent, a yellow
colour formed immedietely, feding es the resction proceeded. This
wag attributed to a cherge-trensfer complex. Since this reection
wes of particuler interest mechanistically, being the addition of
en electrophile to a non-conjugeted diene, it was decided to study
the kinetics,in some detail,spectroscopically. The rate of fading
of the colour wes shown to be suitable Tor such studies at certaein

concenbrations and the decresse in the absorption bands could be

followed.

4 - 2, Purification of Reegents.

Norbornediene (bicyclo [?, 2. 1] hepta-2,5-diene) was supplied as
puriss. by Koch-Light Laboretories Ltd. Howéver, the liquid on
standing aﬁpeared to go yellow after severel days, with a deposit
forming on the side. Further purification was carried out by
frectionslly distilling the commercial sample through a packed
Vigreux column, using & nitrogen bleed. The clear distillete wes
then stored under nitrogen in light-proof bottles. Analysis by
G.L.C. showed one pesk only after distillstion (b.pﬂpr-QOOC)

ngo = 1.4590. |

Tetracysnoetaylene was supplied by Eastman Xodek Laboratories and
wes 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 (lit.l58 m.p 199-200°C) end were stored
under vacuum, :
1,?-dichloroethane and dichloromethene were purified as described

in section 2 - 1.

4 - 3. Preparation end Analysis of the Adduct.

4 «~ 3 -1. Prepsaration.

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 (0.38g). Recrystallisstion
twice from 1,2-dichloroethene yielded white crystels of 8,8,9,9-tetra-~
cyanoouadri cyclo [?,9,1,25'509'6] nonane. m.p.1‘515--.1‘.-?600,(lit.l?5
m.p 185-186°C).
Calculated for CyqHgN,: C, 70.8; H, 3.68; N, 25,4%

Found: G, 70.6; H, 3.93; N, 25.3%,

4 - 3 -2, Thin-leyer Chromatogram.

Anelysis of the recrystallised adduct on silica gel chromagram
(activated) using chloroform as moving phase showed one spot (Rf0.39)

only, visible under ultreviolet lignt.

4 -~ 3 - 3, UV/Visible Spectrum.

Solutions of the sdduct in 1l,2-dichloroethene showed no absorption

bends in the region 220-%00 nm.

4 - 3~ 4, TInfreared Svectrum.

The semple wes made up in the form of afKBr disc end the spectrum

recorded, using en ettenuetor in the reference beem.
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Table 4 - 1. Infrared Spectrum of Norbornadiene/TCNE Adduct.

' Wavenumber ' Assignment
2940 cm~1 (m) ~CH o~ stretching
2880 em-1 (m) -CH- stretching
2260 cm-1 (w) + =CN  stretching
1340 em~1 (m) -CH- Dbending
213
815 em~L (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 celculasted ion (Clgigﬂﬁ X

Teble 4 - 2. Msin Mess Fregments for Norbornadiene/TCNF Adduct.

m/e 2P0(M) 219 193 166 92 9l 39 26 27

Relative

Abundence(%#) 24.3 100.0 25.8 12.5 73.5 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 tetracyenoetiiylene from the
perent ion. TLoss of one HON from the parent ion gives m/e 193,
end loss of two HCN molecules gives m/e 166. Metastable peeks due

to the transitions 2209 219 and 92391 also occur.

4 -~ 3 - 6, Conclusion.

The N.M.R., (see section 3 - 3- 1) infrared and mess spectrum
conclusively show thet the adduct occurs as a saturated, quadricyclic

compound conteining the nortricyclene system.

B " R et e St he.
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4 - 4 -1, Visible Spectroscopy.

When a solution of norbornadiene in 1,2-dichlorcethane was added
to a solution of tetracyenoethylene in the same solvent, the yellow
solution formed showed a broed symmetrical band with kmax47? nm

(in dichloromethane, )\ 475 nm ), The colour intensified on cooling,

max
but faded during the course of reaction. As such an absorption
band did not occur in the spectra of either norbornadiene or tetra-
cyanoethylene it was attributed to a charge-~transfer complex in

equilibrium with the reactents.

4 ~4-~-1-1. Determination of XK and = for the Charge-transfer.

Complex.
The first step in the kinetic study was to determine the equilibrium
constent, K, end extinction coefficient, €, for the charge-transfer
complex in suitable solvents. Initially, dichloromethsne was used
as solvent, but 1,2-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 X snd % velues, using a large excess of norbornadiene in
the reaction mixtures et different temperatures. To obtain initial{
opticel densities, do, log d was plotted ageinst t, giving straight |
line graphs for the disappearence of the charge-transfer complex
absorption during reection and extrapolated to zero time. Using
the Perkin-Elmer Hitachi Spéctrophotometer, solutions of norbornadiene
and TCNE were made up separately and placed in the taermostatted bath
severasl minutes before mixing. The solution cell (1 cm) was placed
”1n the thermostatted cell housing. The two reactent solutions were
mixed togethner in the waterbath, the point at whichmg;i§Z§éactant

- solutions hed been edded to the other tsken as zero time for reaction.
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The solution was then shaken end rapidly treansferred to the cell.
Alternatively, a solution of norbornadiene wes made up and
trensferred to the solution cell in the thermostatted cell-housing
end ellowed to equilibrate with the temperature of the surroundings.
The solution of TCNE wes then rapidly added to this, the cell |
sheken end left inside the cell-housing while messurements 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 ]_D] >> [A]. [A]o, [D]o, are the initial moler scceptor

concentration end initisl molar donor concentration respectively.

Teble 4 - 3. Benesi-Hildebrend Date for Norbornadiene (D)/TCNE (A)

at 472 nm in 1,2-Dichloroethene. T = 16.3°,[Al, = 4.08 x 10~%M.

D)o (M) ()5t a, 4], ag x 100
0.501 1.99 0.132 3.06
0.599 1.67 0.153 2. 61
0.709 1.43 0.178 2.29
0.798 1.25 0.195 2.09
0.901 Letl 0.218 1.e3
1.004 0.99 0.251 1.61
1.198 0.83 0.281 1.45

Table 4 - 4, Data &s for above. T = 7 .5°C,[Al} = 4,01 x 10-§M.

0], ) [0):* a, (4], agx 107
0.506 1.99 0.122 3.28
8 1.67 0.149 2.68
0.703 1.43 0.166 2.41
~ 0.801 1.25 0.193 2.07
 0.899 1.11 0.208 1.02

1.004 0.99 0.222 1.80
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Teble 4 - 5. Data ss_for above. T = 38.80C,[Alo = 4.11 x 10-%.

[0] . () [0)," a, [)o a 3'x 207
0.604 1.66 0.144 2+85
0.710 1.42 0.165 2,45
0.802 1.95 0.187 2.16
0.903 & T 0.21¢ 1.88
0.999 1.00 0.238 1.74
g 0.91 0.252 1.63

Teble 4 - 6. Benesi-Hildebrend Data for Norbornadiene/TCNE st

475 nm_in Dichloromethene, T = 24.9°, [Al, = 4.02 x 107 °M.
[B]o (m) [D]O"l dq (4, do-lx 107
0.401 2.9 0.133 3.01
0.509 1.98 0.166 2.41
0.598 1.67 0.194 2.08
0.803 1.25 0.2%4 1571
0.851 1.1% 0.28? 1.54

0.901 1.11 0.266 1.9

Teble 4 ~ 7. Data es for sbove. T = 32.0°C, [Al, = 4.02 x 10~°M.

5], () ) a6 (1o a0 'x 207
0.501 2.00 0.158  2.57
0.606 1.65 0.181 2.21
0.701 1.43 0.206 1.94
N.803 1.25 0.220 1.83
0.902 1.11 0.?54 1.58

-1 -1
In the Benesi-Hildebrand method plots of [D]o agsinst [A]o do
give straight lines having intercept 1/ end slope 1/KS for 1 cm.
optical path-length cells (see Fig., 4 - 1). The results obtained

et the different temperatures for each solvent are showm.
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Figure 4—1

Benesi-Hildebrand plot for norbornadiene/TCNE
compleyx. in 1,2-dichloroethane.

X: 4T 2 nwn ,

A
3§ D\__]odo K101

30-30(‘__
38-8°C.

C.s Lo =g 2.0 38
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Table 4 - 8. Determined K and £ values for Norbornadiene/TCNE

in 1LR-Dichlorog§E§gé at 472 nm,

o S ————

T (O¢) 5 Kg K (1 mol"t)
16.5 3150 64.4 0.195
0,5 320 60.9 0.185
73.8 520 58.9 0.180

Teble 4 - 9. Determined X end £ values for Norbornadiene/TCNE

in Dichlorometheane at 475 nm,

T (°¢) : z Ke K (1 mol"l)
24.9 295 0.8 0.233"
2.0 358 ' 85,5 0.2%

As the intercepts were so small, a smell error in 1/ would lead .
to & large error in evaluetion of X. It was found thet Kg values
were most accurate to determine. The results obtained using
dichloromethene es solvent were considered to be too inaccurate
for determination of thermodynemic parameters.

Using the Ven't Hoff equation,

Log K = -AB/2.%03 RT + AS/2.%03 R {43~ 29

The enthalpy and entropy'of complex formation in 1,2-dichloroethane
were determined by celculation of the slope end 1ntercépt of (4 - 1)
after plotting Log K egainst 1/T.

AR = -0.7 kecal mol™ (-2.9 kjoule mol™l) AS = +5.9 e.u.

K end £ for the norbornadiene/TCNE complex in 1,2-dichloroethane
were also determined by en equimolar methodssas & comparison with
the Benesi-Hildebrend method. A difference between the two results,
~might indicete the presence of termolecular species, such as Dy A,

when the donor was in large excess.
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As for the Benesi-Hildebrend method; the basic essumption that only
the 1:1 complex is formed still holds.
A+ D ;:"._'—..._.A AD* (4 - 2)

The ecuilibrium constent, K, is given by:

x = [ / ([, - A7) ([D], - [AD’]) (4 =3
For eocuimolar concentrations:
Kk = [a0*] / ([a], - [AD])P (4 - 4)

For 1 cm. optical path length 'cells, the concentration of complex

is given by:
[aD*] = a /s (4 - 5)

Substituting (4 - 5) into (4 - 3) end reerrsengement gives:

[r.]o /do = Qg 4L LY RE a (4 - 8)

Thueg e plot of [A]O/do egeinst l//?fo should give e straight line
of slope 1A/KZ2 , intercept 1/=.
The following results were obteined for equimoler concentrations.

Table 4 - 10. Equimolar Data for Norbornadiene (D) /TCNE (A) at

472 nm in 1,2-Dichloroethene. T = 28.0°C.

(4o - [D]o (M) do [A:]o do-l 1//do
0.0401 0.110 0.364 3.015
0.0452 0.141 0.319 2.663
0.0509 0.161 0.312 2.493
0.0552 0.908 0.265 2.193
0.0600 0.255 0.235 1.984
0.0651 0.704 0.214 - 1.814

0.0712 0.328 0.210 1.744
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Pigure 4-2
Oso i 1 orbornadiene/TCNE
Eﬂod;l complex in 1,2-dichloroethane,
A=472nm; T= 280%C.
Ons -
oo
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030
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A plot of Aodw;l against d_;% gave a straight line with a very
small intercept (see.Fig. 4 - 2). It was difficult to obtein an
exact velve for 1/ as this would be in the region 0.002 to 0.003.
However, & velue of 69,5 was obtained for Kz from the slope and
if a value of 330 is assigned to e, K becomes 0.210, which egrees
feirly well with K velues in this temperature region derived from

the Benesi-Hildebrend method.

4 -~ 4 -~ 1 - 2, Determinstion of Rete 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 reasction teking

place.

F

A+ D= AD*— AD (4 - 7)
The rate of diseppeersnce of scceptor molecules is given by:
-a[4 /at = [4] (D] (4 - 8)

Now if the formation of the charge-transfer complex is assumed to
be very repid compared with the subsecuent reaction, snd if the
donor concentration is in very large excess so that [ﬁ]ocgﬂﬂ

throughout the course of reaction, then [A] X [AD*J end hence:

-a [mf] /at = xp [aDY] [ (4 - 9)

ko being the experimental rate constent in 1 mol"l s‘l. Since [@]
is very lerge and virtuelly constant, the above equation may be

derived in terms of a pseudo first-order reaction giving:
t = (2.703/k)) log ( [apY, /(o) (4 - 10)

~ As the concentretion of complex at time t, [ADtJt , is given by
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%
[a*]. = 4y € d {4 = 11)
Then substituting (4 - 11) into (4 - 10) gives:

t = (-?.305/1{1) log dt+ ¢ (e 1 0)

Plots of log dt’ where dt is the optical density of the charge-
trensfer complex absorption, egeinst t will give a slope equal
to -kl/?.QOE, end hence the pseudo first-order rete constent may

be eveluated. The second-order rate constant, kz, is given by:

e L ‘ (4 - 13)

end mey 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 velues obtesined for k

1 and k2

et different temperestures are shown.

Teble 4 - 11. Rete Constants ki(s-Y, k {1 mol-1 s-) for

Norbornadiene (D)/TCNE [A) in 1,2-Dichloroethsne. T = 16.2°C,

rﬁ]n = 4,08 x lo‘gm,at 472 nm.

[5] 5 (W) k1 x 204 k,x 104
0.501 1.01 2.01
0.500 1.8 2.19
0.702 Toss 1.94
0.798 1.62 2.03
" 0.901 1.77 ©1.97
1.004 2.15 2.15

1.193 2,48 ' 2.08



Teble 4 - 12, Pate Constants as for above., T
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%0.5°, [Als = 4.01

x 10”7 M.
[D]o (1) k1 x 104
0.5086 2.92
0.601 3.02
0.703 322
0.801 3.84
0.8929 4,25
1.004 5.70

il

ko X 104

9.76
5.01
4.60
4.80
4.74

5.20

Table 4 - 13. Rate Constents es for above. T

p.3 10*?1_4_._
], (1) ‘ ky x 107
0.745 5. 49
0.797 5.76
0.895 6. 40
0.990 7.10
1.105 7.64

k?_ X 104

7.31

6.93

Teble 4 - 14, Rate Constents as for above. T = 238.8°C, [A], = 4.11

x 10N,
[D] o (M) s
0.710
0.802
0.903
0.999
1.102

1
5.65

5.79
6.72
7.54

7.73

x 104

4

k. x 10

3
7.98
7.21
7.45
7.54

7.02
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Table 4 - 15. Rate Constsnts as for above. T = 48.0° C, rAL,= 4.10

- x 10~

(o] o k', x 120" kp x 10
0.603 7.84 | 1.7
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 1.98 1.16
1.209 1.41 - 1.17

Teble 4 - 18. Rate Constants k, (s'l), k 2(1 mol—l s_l) for

Norbornadiene (D) /TCNE (A) in Dichloromethene., T = 13,9°C, [A]s=
4.04 x 10-%,

[D]O (M) k, x 104 kyx 107
0.506 1.01 1.99
0.701 1.19 1.60
0.801 1.49 1.86
1.103 .09 1.83

Table 4 - 17. Rete Constents es for sbove. T = 25,0°C, [A] = 4.01

ELlO-qﬂ.
p| . () ks = 107 OR
o} 1 2
0.409 1.19 2,97
0.498 1.53 3,07
0.603 1.81 : 3.00
0.701 2.14 3.05
0.801 2,592 3.14
0.85) 2,80 3,29

- 0.909 3.18 3. 50
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Table 4 - 18, Rate Constants as for sbove. T = 51.909J ri]o = 4,03

x 10"%.
o, k; x 10* k, x 0%
0.502 1.86 3,72
0.606 B 2.5 4.17
0.705 3.01 4.29
0.801 .10 . 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 wes (4 - 7). TFor eaquimoler concentrstions:

-a [ap%] / at = xy(@oM]) ([5], - [a0*] - [aD)) (4 - 14)

This is equivelent to equation (4 - 9), where the donor is in large
excess., The equilibrium constent, K, for formation of charge-

transfer complex is given by (4 - 15) for equimolar concentrations.

X X
£ [_AD_]/([D]O-[ADJ-[ADJJE (4 - 15)
Substitution of (4 - 15) into (4 - 14) and integretion yields:

2.{K5/Jd—=k2t+c (4 < 16]

Where for 1 cm. cells, 4 =¢ [AD"‘]. Thus a grephicel plot of 1//d
ageinst t should give a straight line of slope kz/a/EE:

The chenge in charge-transfer complex absorption () = 472 nm) wes
followed for a range of equimolar concentrations of norbornadiene
end TCNE end grephical plots of the above gave straight lines.

- At this temperature, K¢ had been evaluated as 69.5 previously,
(see section 4 - 4 -1 - 1). |
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Table 4 - 19. Rate Constents k, (1 mol s-l) for Norbornadiene (D)/

TONE (A) in 1,2-Dichloroethene, at 472 nm. T = 28.0°C, [Al.= [D],

(A, x 107 (m) 2:01 - 4.52 _ 5.09 .. B.52 8,00 B.8L. 7.18

kKo x 104 6.08 5.38 5.54° 5.20 6.00 5.32 5.82

2

As for the results using an excess of donor, the ko values are fairly
constent at this temperature end cen be compared with those obtained
at %.5°C. (see Table 4 - 12).
Allowing for experimentel error, all the determined rate constant
values eppear virtuslly constant over the range where the reactent
concentrations have doubled. The dielectric constant of norbornadiene
et 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 peraemeter when donor concentration is
changed. A cycloaddition such as this may be sensitive to dielectric
constent, which could cause & chenge in rate constent.. However,
experiments using 1,2-dichloroetiene/carbon tetrechloride mixtures
showed that the chenge in rate constent with small chenges in dielectric
constent (which would be the case in going from 0.%M-31.0W norbornadiene
was insignificant as is also shown later (section 4 - 4 - 2 - ?2).
If the ko values are nearly constant then the scheme (1 - 23), as
formulsted by Rappoportal, is not that operating in this reaction.
However schemes (1 - ?21) and (1 - 22) mey be considered. If Kexp =
ko then:

D + A==—"AD* —3 AD : (1~ 81)

X, =k K/« )

D+ A=—>AD®, D+ A—3AD (1 - 22)
k, =k, /(1L +K [p] )
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For this reaction, the equilibrium constants in both 1,2-dichloro-
ethane and dichloromethene 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 k2 which chenge very little with change in donor
concentration, i.e. ko & k, or k= kK.
On this basis it is possible to derive thermodynamic parameters
such as energy of activation, AE, snd entropy of activation, AS¥,

for the reaction. It cen be shov.n?l4thet:
log k = log A—AE/2.%3% RT (4 = 17)
*
Where A = RT/Nh. eAS /R (4 - 18)

R is the gas constent (cel deg 'lmol'l) y, T is the absolute
temperature (°K), N is the Avogadro number (mol™Y) end h is Planck's
constent (erg s).

For this reaction, a plot of log ko against 1/T should give a
straight line of slope -AE/2.202R and intercept Log A. AS* can

be determined either from the intercept or calculated from ko
values inserted in the above equation. Using the data in tables

4 - 11 to 4 - 19, mean values for k, were calculated at each
temperature and en Arrhenius plot drewn for measurements in 1,2-
dichloroethane (see Fig. 4 - 3).

Table 4 = 20. Deate for Arrhenius Plot of Norbornediene/TCNE in

1l,?-Dichloroethene in Visible Spectrum.

k, x 081 w1l &) Log K, .1 (%K) 1/T x 10°
2.05 -3.588 289.3 .46
5.00 -3.%01 %03.5 3.29
7.14 -3,146 211.0 3.22
7,41 -3.1%0 %11.8 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,

—0— Frowm Visible Data
—6— Frowm UV Dot .
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From the slope of the gresph of log ko, against T/,
AE = 10.5 kecal mc:}l'1 (43.8 kjoule mol-l) A 8™ was calculated at
each temperature.

Teble 4 - 21. Fntropy of Activation for Norbornediene/TCNE in

1,P-Dichloroethane.

T (%K) 289.3 03,5 %11.0 311.8 319.0
As*® (e.u) 41,9 -41.7 -41.9 -41.8 -41.7

4 - 4 - 2, Ultraviold Specetroscopv.

Norbomeadiene and TCNE both absorb in the ultraviolet region but
the norbornadiene bends lie at higher energy (Amax 211,230 nm) to

the TCNE band ().

nax 265 nm). It was thus possible to follow the

decrease in absorption of TCNE during reaction using certain
conditions. Firstly, beceuse of the large extinction coefficient
of TCNE in 1,92-dichloroethene, (Aznax 265 nm (£ 13,450), it was
necessery to use 0.1 cm. cells to obtain opticel 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 alweys en absorbence at 265 nm due to the
norbornediene ~0.1). To eliminete this, it was necessary to make
up a solution of norbornadiene of the seme concentration in the
reference cell. The maximum emount of error in mismatching solutions
was considered to be about 5%, which would given an error in
absorbence reading of 0.005 minimal compered with the absorbance
chenges of the TCNE bsnd. Because the 0.1 cm. cells were small in
volume, evaporation error considerations excluded the use of the
low boiling solvent dichloromethene. 1,2-dichloroethane or mixtures
of 1,2-dichloroethane-carbon tetrachloride were theréfore used

throughout the experiments in the ultraviolet region. Solutions
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of TCNE end 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 norbofn&—

diene and placed in the cell-housing.

4 - 4 - 2 -~ 1. Rate Constents in 1,2-Dichloroethane.

Before the reaction mixture was made up, @ solution of TCNE having
8 concentration equal to that for reaction, was examined in the
ultraviolet region end absorbence 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 absorbence was usually at least 10% less then this initiel
optical density measurement (see Fig. 4 - 4). Extrapolation of the
absorbance measurements for reaction back to zero time did not give
e point corresponding to the preliminary optical density, but usually
5-310% lower. This difference was not due to & dielectric constant
change of TCNE in going from pure 1,2-dichloroethane to mixtures of
1,2-dichloroethane-norbornadiene as the donor concentratisn 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 generslly too fast to measure, end might
be due to the formation of en intermediate.

Rate constent measurements for these experiments were made only on
the points obteined during reaction end the initisl difference was
exsmined separately (see Fig. 4 - 5), The rate eguation upon which

the results were based was:

-a [toNe], / at - x, [tonE], 7] (4 - 19)

where ETGNﬁ]f is the free TCNE concentration.
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From this, a graph of log di against t would give a straight line
of slope -k;/?.203, where kj = kzlﬁ];
The following results were obtained by followlng the decrease in
absorbence at 265 nm.

-1 -1
Teble 4 - 22, Rate Constents, ke (1 mol s ), for Norbornadiene

(0]
(D) /TCNE (A) in 1,2-Dichloroethane at 265 nm. T = 29.5 C.

0], x 107 (m) [A], x10* () ko, x 10°
5.32 5.17 5. 51
6.11 5.17 5. 31
8.95 5.17 5.84
7.50 5,17 T B8
8.18 5.17 5. 47
8.94 5.17 5.81

10.19 5.17 | 5. 22
3. 55 3.01 5.55

o)
Teble 4 - 23, Rate Constents s for above. T = 34.5 C.

? 4 4

[D)o = 20° (u) (4], x 107 (m) ko x 10
1.06 0.5 7.70
7.06 5.04 7.02
9. 40 5.04 7.22
19,50 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 AE and AS¥ velues from the above
data, using a simplified Arrhenius eqﬁation, inserting mean values

of ko et each temperature. This geve the following results:

AE = 10.50 keal mol-1(44.0 kjoule mol‘l).‘ﬂsx =-41,.2 e.u.
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4 - 4 - 2 -~ 2. PRate Constants in 1,2-Dichloroethene/Cerbon

Tetrachloride.

The effect of a chenge in solvent on the rete constent of reaction
was exsmined by using 1,2-dichloroethene/carton tetrachloride
mixtures., The letter solvent is misciblé, comperatively non-voletile
8t lower temperstures end hes & dielectric consteant compesrable with
thet of norbommediene. It waes not poseible, however, to meke up
solutions of TCNE in 100% cerbon tetrachloride, beceuse of the low
solubllity in this solvent. Absorbences of TCNE were followed at

265 nm in the ususl wey in order to derive rate constants.

Teble 4 - 24. Rate Constents Ko (1 rnc;l"l s'l) for Norbornadiene (D)/

TCNE (A) in 1,2-Dichloroethene/Cerbon Tetrachloride at 265 nm.

T = 29.5°%, [Dlo = 0.075 M, [Alo = 5.61 x 107 %M.

% CCl, by volume Dielectric Constent 2 k, x 104
0.0 10.6 5.67
10.0 9.8 5.40
0.0 8.1 4.61
B0a0 7L 6.4 3. 20
65.0 5.1 2.12

8 - Fstimeted from Ref. £15

This cleerly showed thet the rate constent for resction incressed
with increese in dielectric constent of the medium. However,

chenges in going from 0 to 10% carbton tetrechloride were fairly

small end therefore it could be deduced that for solutions containing
up to 1M norbornediene (about 10% by volume) the rate constent 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 Rapid Resaction.

As mentioned before, fhere was a discrepancy between the extrapolated
initial opticel density of TCNE in reaction snd TCNE in a made-up
solution., These differences in opticel density at various excesé
donor concentrations, were exemined at 265 nm. Plots of log d; against
t were drewn up (see Fig. 4 - 5) for a series of solutions, and

initiel opticel densities obtained by extrapolation. These were

then compered with the sctuel initial TCNE opticel densities, end

the following definition wes made:

[QTCNE fEotal) dTGNE (extrapolated)] /dTCNE (totel) = vy
(4 - 20)

The results obtained are shown in Teble 4-25.

Table 4 - 25, Initiel Optical Density Parsmeters for Norbornediene/

TONE et_265 nm. T = 37.0°, [A] - 4.74 x 10~ .

[p], () Y y/(1-y) [D],
0.102 0.075 0.682
0.190 0.162 1.018
0.229 0.187 0.945
0.510 0.2%6 0.969
0.420 0.204 1.063
0.490 0.375 1.228

If the resction is sssumed to pass through the charge-transfer
complex &s in the following scheme:
K % -
A3 D= AD"— AD (4 - 21)
~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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% [gn*] / ([&], - [gpf] ) [ﬁ]o (4 - 29)

0.180 1 mol~t (at 37.0°)

=
|

1}

If it is assumed thet the sbsorption is due only to free, uncomplexed
TCNT end if the initial difference in optical density of the TCNE

is attributed to the formation of the charge-transfer complex,

keving & concentration equal to the calculated TCNE concentretion

of the initiel difference, then y values may be calculated from the

experimentel velue of K.

[av*] / [4], (4 - 20)

In this cese: y

end from (4 - 22):
[a0%] = & [D]O[A]o fild + K [D]o) (4 - 24)

Teble 4 - 26. vy Values Obtoined for Single Charge-Transfer Complex,

"

K = 0.180.

(1], [p*] x 10* (W) v
0.109 0.805 | 0.017
0.190 1.52 0.022
0.229 1.04 0.041
0.310 2.51 0.053
0.420 3.36 0.071
0. 490 - 3.84 0.081

The y velues sre thus shown to be much lower then those obteined
experimentelly (Teble 4 - 25), indiceting 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:

1/y = /[0 x+1 (4-242)
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A plot of 1/y against 1/&@]0 would give a straight line of slope
1/K if only the one complex wes present. In this case it was found
thet 8 curved line was obtained.

A double equilibrium mey thus be envisaged:

% o

A + D= AD* == Ap} —3AD (¢ - 25)

1
second complex respectively.

K and]i? are the equilibrium constents for formation of first and

Ky = [a04] / (&]¢ (D) o Kp= [aDY]/ [4rt] (4 - 26)

ITf the initiel difference in opticel density of TCNE is due to the

presence of both species and the equilibris are established very

qui ckly:

yi= (. (a0t + [an®] )/ [4] (4 - 27)
Now:  [A]g= [a], - [a0¥] - [a0¥] (4 - 28)
Mna: [ap}] = K, [aD*] ' | (4 - 29)
where:  [aD%] - x, [D], [4], (¢ - 20)

Combining equations (4 - 28) to (4 - 20):

(0] + [ap] = xy[0]  ([£], - [@*] - [A0F]) (14 Kp) (4 - 31)

Substitution of (4 - 27) and further simplification gives:
y/(1-y) [D), = E;+K; K, (4 - 32)

Thus velues of y / (1 - y) [ﬁ]o should be constent for each’
concentretion of donor. In fact, experimentslly, they are shown in
teble 4 - 25 to incresse with increese in donor concentration, showing

thet the double equilibrium es in (4 - 25) cennot be the correct

mechenism for this reaction.
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In this reaction sequence, it has been assumed thet the initial
rapid decrease in opt.i cal density is due to formation of the charge-
trensfer complex (AD*) end the second complex (AD¥). Although
there are exemples 216’21?31’ a decrease in opticel density of free
reactents on complexing, it was slso found '2 that on nixing
dimethyleniline end TCNE, where K for the complex is large, the
opticel density in the UV region ( A= 260 nm) was edaitive despite
the fact that sbout helf of the reactents were in the complexed

form. It was considered possible thet the decresse in optical

density was due only to ADE, where:

y = [ant] / [a], (4 - 23)
hence: y = KK, [D] /(1 + K, [D] | + KqK,[D] ) (4 - 34)
end: (1-y) D] oY = 1EK,+ (D] /E5 (4 - 35)

A plot of (l-y) [_D] o/y sgainst [DJO would give a slope 1/1{2 and
intercept 1/K1K?. However, calculations showed that such a plot

for this reaction gave a negative value for K2 and hence such @
mechenism was rejected.

If a molecule of donor reacts with the charge-trasnsfer complex to
form e second intermediate, which mey be & £:1 donor:acceptor compl ex,
then:

X
A+ D=4AD*, AD™+ D =D, (4 - 36)

If the procedure adopted in equations (4 - 27) to, (4 - 32) is

similerly epplied asgein, then:

y/(1-y)[D] | = K, + KK, [D] (4 - 37)

"A plot of y/(1-y) [D]o against [D] o should give a straight line of
slope K,X, and intercept K, (see Fig. 4 - g).
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For this cese; a graphical plot gives

K, = 0.6 1mol-L, K, = 2.76 1 mol-1,
A further ecuilibrium scheme (4 - 38) is also possible.

A+ D=2aD¥ A+ 2D=2pDX (4 - 28)
This gives a similer derived equation to the above:

y/(1-y) [D], = X, +K, 0] 4 (4 - 39)

A plot glves Ky = 0.6 1 mol“l and.K2 = 1.€6 l? mol-g.

Agein, if the initisl repid decresse in opticel density is due

only to the formation of (AD; ) then:

y = [AD;] /8], = kK ,[D)2 /7 (1 + K, (D), + KiK,[0]D) (4 o 0
end (1-y) [D] ﬁ/y = /&K, + [D] /K, (4 < 41)

hence & plot of the left-hand side against [P]o should give &
straight line of slope lﬁKz end intercept l/KiKz (Fige 4 = R)s
This gives Xy = 16 1 mol'l end K, = 1.2 1° mo1™2. Since K, was
determined experimentaslly to be ebout 0.2 1 mol'l, this mechanism
does not eppear to account for the observed data.

If (4 - 26) is incorporated into the overell reaction, there ere

four possible schemes thet might be operating as showﬁ.

A+ D;—-—‘-AD"\—Q—\AD‘;E“'_)AD + D (4 - 42)
5 !nD\ * kc

A+ D= AD*=24Dy, A + D—5AD (4 - 43)

D D

A + D= AD¥; \AD:-—EZAD + oD (4 - 44)
. D

A + D= AD*= D>, AD*—E-%AD, AD‘;E-)AD + D (4 - 45)

Cc C
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For reactions, where there is a large excess of donor present =o

that [D] 2 [D], the rate of reaction in (4 - 42) is given by:

- a [renE] /at = k [aD}] (4 - 46)
Where: (ap;] = x, [a0¥] [D) (4 - 47)
end: [‘I‘CNE]t = [AD“]/Kl[D] - [AD*SI + K, E&Dﬂ [D] (4 - 48)

Differentiation gilves:
- a (ronr]y/at = -a[ap*]/at. (1 + k; [5) + KX, [D]2) /KD (4 - 49)

The experimental rate constants, k?, 8s obteined in section

4 ~ 4 -1 - 2 are given by:

= (-a[aD%]/at) / [ap¥] [D] (4 - 50)

Substitution of (4 - 46), (4 - 47) end (4 - 50) into (4 - 49) gives:

o=k KK, D] /(1 +X [D] + kK, [5]® (2 - 51)

A similer procedure &s that given above applied to scheme (4 - 43)
gives:

k, = k./ (1 + K, [D] + kk,(D]%) (4 - 52)
And es epplied to (4 - 44) gives:
5 2 ?
k, = chlK?[D] / (1 + KI[D] + K1K2[D] ) (4 - 53)
And es epplied to (4 - 45) gives:

k, = kX, (1 + Kz[D])/ (1% Kl[D] + K Ka[D] ) (4 - 54)

Experimental velues of k2, obtained from measurements in the visible

~and UV regions of the spectrum, gave kc velues celculated using the

ebove equations derived from reaction schemes (4 - 42) to (4 - 45).
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However, eaquation (4 - 53) was not applied since it couid be seen
jmrediately thet the lﬁ]?’term.in the numerator would lead to
varisble velues of k.. Date from tebles 4 - 12, 4 - 13 and 4 - 22
were used to obtsein k., values from equations (4 - 51), (4 - 52) end
(4 - 54). Deata from tables 4 - 11, 4 - 14 and 4 - 15 are not shown
here but gave similar trends.

-1 -1
Table 4 -~ 27. Comparison of ko and k., (1L mol s ) from Data in

Table 4 -~ 13. T = 38.0°

[p] () %, %10% k x10%4-51) ke x10% ko x 10°
(4 - 52) (2 - 54)
0.746 7.31 14.06 17.29 9.43
0.797 7.22 13.87 18.23 9.46
0.895 7.15 17.84 20 . 44 9.79
0.990 7.10 1,96 22,80 10.15
1.105 6.93 15.98 25, 49 10.53

Teble 4 - 28, Comperison es above from Dats in Tsble 4 - 12,

T =-%30,5°
4 4 4 4
[ﬁ] (M) k, x 10 k x107(4-51) ke x 10 ke x 10
0 - ¢ (4 - 592) (4 - 54)
0506 5¢76 1L.90 9. 90 6 .95
0,601 5001 9.88 9.80 6.16
0.703 4.€0 8.87 10.29 6.00
0.801 4.80 9.22 12.19 6.35
0.899 4.74 9.18 13.62 8.55

1.004 5.20 10.24 16.98 7.90
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Table 4 - 29, Compsrison as ebove from Data in Taeble 4 - 2P,

T = 29.5%.

[p] (m) k, x20%  k_x10%4-51) Xk, x 10 %a-52) x x 10" (4-54)
0.0632 5. 51 65.05 5.71 8.26
0.0611 5. 21 54.95 5. 54 7.91
0.0695 5.84 §3. 47 6.13 8. 58
0.0750 5. 67 48. 732 5.98 8.27
0.0818 5. 47 s2.90 5.79 7.87
0.0894 5.81 42.03 6. 20 8.1
0.1010 5.22 33.72 5.62 7.41

It cen therefore be ceen thet the nnly equation that gives
reasonebly constent k , velues at a given tempereture is (4 - 54).
In this cese the kc velues ere reasonebly close when comparing
tables 4 - 28 and 4 - 29 when the temperature is slmost the same.
The data from table 4 - 29, where kK, veluee were detemmined in

the UV region give slightly higher velues for Kge

If these k, vaelues ere corrcct then the reaction scheme (4 - 45)
may be opersting in this reaction. Insertion of the values of
Kl,K? from scheme (4 - 38) to the verious equations, give results
very similer to those obtained ebove. It is probebly not possible,

therefore, to distinguish between the two schemes.
L Ll *
A+ D= AD"=2AD’,, AD*— AD, AD’,—AD + D (4 - 45)

A+ D= ADX, A + 2D=ADS, AD*~—AD, AD}—3AD + D (4 - 55)

?I

K , end K, were detemmined et 37.0° but were inserted into equetions
involving k , velues determined st lower temperstures. It is assumed
thet elthough K.I. end K2 will incresse slightly et lower temperatures,

the change in velue will not effect the trend in k, value, whether
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decreasing, incressing or constant.

4 - 5, Discussion.

Bicyclohepte-2,5-diene end TCNE react smoothly to form a single
cycloadduct by a (nzs +~w?s +'H2S) pathway. The formation of a

. colour when the reactents ere mixed together indicetes a charge-
trensfer complex, which cen be examined in the visible region of
the spectrum.

The results obteined in the UV spectrum et 3?.00, following the
decrease in concentretion of TCNE sugeest that there is more then
one complex present in solution. Although straight line plots are
obtained for the Benesi-Hildebrend end equimoler methods, suggesting
ﬁhe presence of only one complex, the initiel difference in TCNE
c&ncentration, as measured by the optical densities in the UV

spectra suggest there is & double equilibrium such es:

D
A% Dk (D% onip 8 (4 - 36)

with & ?:1 donor:acceptor complex in eguilibrium with the 1l:1
complex. The value of K; determined this way is-different to K
detemmined by the Benesi-Hildebrend and equimolar methods. As
steted previously77, linearity in Benesi-Hildebrend plots msy not
exclude the possibtle existence of termoleculer species. There may
be some error in meesuring en epperently small equilibrium constant,
vhere there is not & great proportion of acceptor in the complexed
form,

The overell resction scheme mey be expleined by:

A+ Dz ‘AD*\D‘AD’;, AD* —s AD, AD;-—_-}AD + D (4 - 45)

in which the totel emount of charge-trensfer complex reacts_to form

the adduct. This ‘scheme gives virtually constant k(}values.
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The experimental rate constents, k,, obtained before were also
almost constant end the reaction could also be explained in eddition

by the scheme as shown below, where k2 = kc:
S kDS an K A i BD :
A+ DFE=ADR—=2AD%, (A + AD* + ADT) —s 3AD + 2D (4 - 58)

This scheme epoears to be less likely energeticelly, since the
charge-transfer complex will be of different free energy to the
free reactents in solution end would be unlikely to have the same
ectivetion barrier for formation of the seme producet. Although the
rate of reaction is shown to increase with incresse in dielectric
constant of the medium (see table 4 - 24), it is not of sufficient
magnitude to postulate a dipolar transition stete or intermediate,
but only a transition stete in which some polarity does occur.

kc velues determined on the basis of the sbove scheme and plotted
in the form of en Arrhenius plot give AE snd AS* velues very similar
to those derived using experimental kz values in table 4 - 20.

(AF = 11.10 keel mol™>, BS = -40.5 e.u.).

The high negetive entropy of sctivation and energy of activetion
values are consistent with those of most Diels-Alder type reactions
in which & highly oriented trensition state is postulated.

The mechenism above involves two species AD* end ADSF, both of
which give the product. Since both are complexes they are likely
to be of similar energzy and have & similer activation barrier for
forming the final product. When considering the structure of the
product it is clear thet a 'sendwich' type of structure for tue

complex (either 1:1 or 2:1) leeds directly to the correct orientation.
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N

NC

N

NC

CN

(4 - 57)

Adduct (+ Donor)
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Chapter 5

Hexemethyl Dewar Benzene/TCNE Reection.

5 - 1. Introduction.

This reection wes briefly reported previouslylﬁ?but no kinetic
investigation hed been underteken. Since hexamethyl Dewar benzene

hes a similar structure to norbornadiene, e study of this reaction
might help clerify the results obteined for the norbornediene/TCNE
addition. The structure of the proposed sdduct wes first investigeted
by the usuel methods to. see whether the resction wes a.(nzs +n25 +n25)
cycloeddition or not. Under suiteble conditions the kinetics of

resction were then investigated using UV and visible spectroscopy.

$ - 2. Purificetion of Resgents.

Hexemethyl [2,2,0] bicyclohexe-2,5-diene was supplied by the Aldrich
Chemicel Co. Ltd. On stending, the liquid sppeared to go yellow end
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 & yellow oily residue in the distilletion flask.
Anelysis by G.L.C. using & Carbowax 20M column (4 ft) at €0° end by
progremming to EOOquhowed thet the compound was at least 99.9% pure
after distillstion. In order to minimise decomposition of the

- compound, it was stored in light-proof bottles in the refrigeretor,
heving been previously purged with dry nitrogen. ngo = 1,4483

B
(L=

== 1.4479) °
Tetrecyenoethylene was purified ss described in Section 4 - 2 and

1,2-dichloroethene purified s described in Section 2 - 1 - 5.

5 - 3. Preperetion and Anelysis of the Adduct.

5 - & - 1. Preperstion.

Hexemethyl Dewar benzene (3.0g) wes added to a solution of TCNE (1.0g)
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in 1,?—dichloroethéne (150ml) énd the mixture, which turned a dark
blue colour, wes refluxed under nitrogen for 24 hours, during which
time the colour chenged to brown. The solvent was removed by
eveporation to yield a crude brown coloured solid. Analysis of the
crude so0lid on T.L.C. (silice gel) using carbon tetrachloride/chloro-
form (Snzﬂf%) as solvent showed the presence of four spots. One
mejor component (R, about 0.4) and three minor components, namely,
one fast moving spot (R, about C.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/y)
snd pessed through & column of activated Silica Gel (6C~120 Mesh).
Elution with solvent mixtures containing an increesing proportion

of chloroform ceused the fest moving component to eppear (about 50mg).
Flution with chloroform, caused the separstion of the major'compoﬁent
(about 1.9g) and the yellow component, which came through as en oil
(ebout ZO0mg). It was not possible to elute the brown residue.

The fest moving solid compound, which appeered as colourless crystals
was enelysed using N.M.R. and was shovwn to be identicel with hexe-
methyl benzene. A solution of the compound made up in chloroform,
geve one signal es a singlet (r = 7.66) end when mixed with hexe-
methyl benzene the solution gave the seme signal but with greater
intensity. The structure wes confirmed by T.L.C., when both compound
end hexemethyl benzene had identicel Rf values, and by melting point.
m.p.= 160 -162% (m.p. (hexemethylbenzene) +o= 164°¢),

The yellow oil obtained hed & similer UV spectrum in chloroform

(e very brosd bend rising towards 210nm) to thet of the yellow oii
obteined after distillstion of impure hexemethyl Dewar benzene.

The mejor component, was recrystallise& twice from hexsne, yielding

colourless needles.
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Percentage Yield = 8%, m.p.(sealed tube) 266-268°C (litjf”EBSQGQOC);

Celculeted for CygHygN,: C, 74.5; H, 6.20; N, 19.%%
Found: C, 74.6; B, 6.31; N, 19.,0%

S - 3 - 2. Thin-Layer Chromatozram,

Anealysis of the recrystallised adduct on silica gel chromegrem
v
(ectivated) using carbon tetrechloride/chloroform (50: 50 4J 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 end in chloroform
\

showed no absorption bends in the region 230-650nm.

5 -3« 4, Infresred Spectra.

A spectrum of hexemethyl Dewar btenzene, as & liquid film, was

recorded using sn sttenuator in the reference beeam.

Table 5 - 1. Infrered Spectrum of Hexemethyl Dewsr Eenzene.l5?

Wavenumber Assignment.
2970 cm -1 () -Chz stretching.
2880 cm -1 ( s) -CHz stretching.
1680 em =t (w) -C = C~ stretching.
1441 em~1 (s) C - CHg bending.
1570 em =1 (m) C - CHy bending.

The infrered spectrum of the recrystallised adduct was recorded by
meking a mull with hexechlorobutadiene. An attenuetor was placed

ir the reference been.
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Teble 5 - 2. Infrared Spectrum of Hexamethyl Dewer Benzenc/TCNE

Adduct.
Wavenumber Assignment.
2900 cm™+ ( s) -CHz stretching.
2940 cm'l ( 8) -CHz stretching.
2960 cm™ T (w) - =C=N (unconjugated).
1460 em™! (s) C-CHgz bending.
1285 an™ > (s) C-CHgz bending.

737 cm'l

5 - 3 - 5. Mass Spectrum,

The molecular mass of the parent ion was 290.1543, which compared

+
quite closely with that celeulated (290.1532) for the ion (CygHjgNg)

Teble 5 - 3. Mein Masses for Hexsmethyl Dewar Benzene/TCNE Adduct.

m/e 290(M) 162 148 147 135 87 85 83 47 44 36

Relative
Abundance% A A 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 indicates loss of CHxz from m/e 162, which is also shown by
the metesteble peek at m/e 133.5 corresponding to the transition
16?~+l47. This peek (m/e 147) is the base peak in the mass spectrum
of hexsmethyl benzene, and suggests that the latter may be formed
during fregmentation. The bese peak at m/e 83 end that at m/e 85

+ 4+
may correspond to the ions Csﬁll end Ceﬁls respectively.

5~ 3~ 8., 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 hexamethyl 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 that there are no C = C double bonds in
the sdduct. On this basis the adduct isshown to be 7,7,8,8-tetra-
cyanohexsmethylouadricyclo [?,?,0,0?’6,2 5'5]octane with the

structure as shown.

Crz
o T8 Oy
Hy Ciiz
NG CN
NC CN

5 - 4, Kinetic Studies.

S -« 4 -~ 1., Visible Spectroscopv.

Solutions of hexamethyl Dewar benzene (0.5M) end of TCNE (4mM) were
mixed together end the visible spectra of the mixture examined
using 1 em. cell path-length. A broad bend (A;,,550nm) was seen
end elso a small absorbence increasing in intensity towerds the
ultraviolet region. Over the course of a few hours both bands
increased in intensity until that st 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 exemined and elso shown to have a
émall absorption towards the ultraviolet region, which increased
with time but more slowly then igT%eaction mixture.

Since hexamethyl benzene was shown to be formed in small quentities
during the reaction, the band (A ,,550nm) was probebly due to &
hexemethyl benzene/TCNE complex (\p,,540Mm in dichloromethane1? 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
decreése. The chérge-transfer complex band fo;T%exémethyl Dewar
benzene/TCNE complex would be expected to be et 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 bend for 1 cm. optical
path length cells wes 0.450. If the extinction coefficient for the
hexemethyl benzene/TCNE complex was teken to be 4400 (My,y 540nm

(= 4390) in CH?CI?;‘XmaXSEOnm (« 4780) in 001413) then the maximum
celculated concentration of complex was about 0.lmM or about 2.5h

of the total TCNE concentration. There was thus only a very small
amount of hexamethyl benzene formed, a fact borne out by the analysis'
of thé crude edduct.

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 wes shown to rise

continuously throughout the UV region.

5 « 4 - 2. Ultraviolet Spectroscooy.

Although it was not possible to study the charge-transfer complex
in this reaction, the decrease in the tetracyanoethylene absorbance
bend (\max265nm) at low concentrations, using en excess of donor
was investigated.

Solutions of hexamethyl Dewar benzene (about 0.05M) in 1,2-dichloro-
ethane had an absorbance of 0.3 to 0.1 in the region 263nm-275nm
using lmm cells. Solutions of TCNE (about 0.5mM) in 1,2-dichloro-
ethene using lmm. cells gave absorbances of about 0.5 (Myex?65nm)

and so the decrease in tetracyanoethylene concentration was followed



123

in this region, with a solution of hexamethvl Dev r benzene of the
seme conCentration in the reference cell. The possible errors in
mismatching solutions in reference and solution cell were not greater
then 5% or ebout 0.015, for the hexsmethyl Dewar benzene. It was
thus considered e fairly accurate method, since the decrease in
TCNE absorbance was large in comparison with the small ebsorbance
represented by mismetched solutions.

Solutions of reactents were made up and placed in the thermostatted
water-beth, mixed, end the solution repidly trensferred to the cell
(0e.lcem) in the cell-housing. The reference cell (0.lcm) conteined

a solution of hexamethyl Dewar benzene st the same concentration

as in the reaction mixture.

The decrease in absorbance et 265nm was fast enouzh to follow
accurately end meesurements were made at given time intervels.
Graphs of logz dy against t were plotted, where dy was the absorbance
of TCNE et time t end lines were obtained with slope - k1/2.303,
where k; = ko D]. Thus the second-order rate constants, kp were
calculated. An initiel rapid decrease in TCNE absorbence was noticed
similer to that for the norbormadiene reaction (see Fig. 5 - 1).

A further kinetic investigation of this was undertsken, espite

the lack of information about the possible cherge-transfer complex
between hexsmethyl Dewar benzene and TCNE. (see sections - 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 concentrstion, but with varied donor concentration.

The results are shown in the following table.
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=1

Teble 5 - 4. Rete Constents k, (1 mol s‘l) for Hexemethyl Dewar

Benzene (D) /PCHE (A) in 1,2-Dichloroethene. A=265nam .

T - 18.5%;[A] = 4.70 x 107'M T = 26.0%;[A] - 5.07 x 107%
(], (m) k, x 10" [0}, () k, x 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 7.40
T = 29.7%;[a), = 5.01 x 107n T - 38.8%;[A] = 4.5 x 107n
(o], (m A 10% LD]O (M) k, X 10%
0.073 8.50 0.054 1.09
0.099 9.90 0.067 1.26
0.131 8.71 0.079 118

0.095 1.14

0.127 1.20

Teking nieen velues of the rate constents et different temperatures,
the energy end entropy of activetion were calculeted using the

Arrhenius equatior (see section 4 - 4 -1 - ?2).

Teble 5 - 5. Date for Arrhenius Plot of Hexemethyl Dewsr Benzene/

TCNE in 1,2-Dichloroethene at 265nm.

ky (1 mol™ &) Log k, T (%K) L/T x 10°
2,94 x 10 ~* -3.£05 291.5 3. 44
7.9% x 10 "% -3,141 299.0 3.2
8,65 x 10 ~*% -3.063 - B02.7 3. 30
1.16 x 10 ~° -2.074 311.6 3,21

From the slope of the graph of log ko ageinst l/T (see Figure 5 - 2)
= | %
AE = 9.6 kecel mol ~ (39.9 kjoule mol 1) As*™ was calculsted at each

temperature.
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Fieure 5 - ?

Arrhenius plot of rete constents for

hexemethyl Dewar_ tenzene/TCNE resction.
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Table 5 - 8., Entropy of Activetion for Hexemethyl Dewar benzene/

TCNE in 1, 2-Dichloroethene.

% {CK) 291.5 299.0 202.7 211.8

As* (e.u) -4%,7 -4%.6 -43.5 ~4%.9

5 -4 -« 3. Investigstion of Initiel Rapid Reaction.

If the initisal repid fall in TCNE ebsorbence during the reaction

is ettributed to the formetion of e cherge-transfer complex or
complexes similar to the case for the norbornadiene/TCNE resction,
then meessurements of y velues (see Section 4 - 4 - 2 -~ 3) et

di fferent donor concentrations would be useful in elucidetion of

8 possible resction mechent sm.

The following y velues were obtained st three dif'ferent temperstures
by measurement of theoreticel and extrapoleted velues of dg for

the TCNT bend (A oy = 265mm).

Table 5 - 7. y Velues for Hexemethyl Dewar Benzene (D) /TCNE (A)

in 1,2-Dichloroethene.

T = 18.5°¢, [Aly = 4.70 x 10 "M T = 26.0°C, [A] o= 5.07 x 16 %
[D] o (M) y [pL, () y

0.067 0.237 0.055 0.214

0.113% - 0.271 0.067 0.272

0.194 0.288 0.092 0.288

0.167 0.31% 0.171 0.331

: o
T = 38.8°C, [A], = 4.51 x 10 M.

[0, () y

0.087 0.222
0.07¢Q 0.240
0.095 0.205

0.127 0.365
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If it is assumed that the raepid disappeeresnce of TCNE is due to the
formetion of a 1:1 complex between hexamethyl Dewar benzene and TCNE
end thst the complex between the side-reaction product, hexemethyl
benzene end TCNE is formed to a nezlizible smount at the start of

reaction then the following eouilibrium may be postulated.

K !
A+ D — ap* (5 ~1)
where k=[] /¢ [a)o- [20%] ) [D],
e ¥ = &Dﬂ / p]o

Substitution gives: 1/y = 1/K[D| + 1

A plot of 1/y against l/[ﬁ]o should give a straight line of slope
1/K end intercept + 1.

Although the lines as shown (see Fig. 5 - 3) do not all pass through
en intercept of + 1, they are sufficiently linear to allow the
above mechenism 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 Hexsmethyl Dewer Benzene (D) / TCNE (A)

Complex.

0
Temp ( C) 18.5 26.0 28.8

-1
K (1 mol ) 6.4 5.7 4.0

These values of eouilibrium constents ere much lerger than the first
ecuilibrium constent, Ky, for the formation of the 1:1 complex between
norbornediene snd TCNE (0.3 at 37.0C) end are larger than K values

for most non-aromstic dienes. Although norbornadiene end hexamethyl
Dewar benzene are not strictly snalogous, the six methyl groups in

the latter mey be considered to be contributing towards the formation
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of a8 stronger complex by & + I inductive effect. (cf.lsin dichloro-~

methene at 22°C for benzene/TCNE complex (K = 0.237 1 mol ") end
hexemethyl btenzene/TCNE complex (K = 18.8 1 mol-l) ). The presence
of the cherge-transfer complex tend in the UV/visitle 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 tetween norbornadiene end TCNE hes been postulated to
pass through two complexes in ecuilibrium with eech other (see
Section 4 - 4 - 2 - 3), Since the reaction described ebove 18 very

2s-+‘ﬁ2s) cycloaddition, it would be likely

similer, teing a (ﬂzs + 0
thet the two reections proceed via a similar mechenism, with the

poseible formation of & 2:1 complex in the hexamethyl Dewer btenzene/
TCNE reaction. It would be possible on the besis of the conclusions

- reached in Chapter 4 that the reaction to form the cycloedduct would

proceed vis the charge-trensfer complex 2s & direct intermediate.
A+ Di=—AD"— AD (5 - 2)
Where ko= ko (1 +K[D] ) /K

kc velues mey be celculeted from ko velues et the given temperestures
inserting velues of [D]vand R

Teble 5 - 9. Rate Constents ke (1 mol?t 3"1) for Hexamethyl Dewaer

Benzene/TONE Assumine Simple Fouilibrium (Scheme 1 - 21).

T - 18,5°C, [Al = 4,70 x 10~ T = 26.0%, [£]_ = 5.07 x 10" %M
(5], () kox10* [D] M) ko x 10
0.067 0.915 0.055 1.3¢

0.113 0.996 0.067 .88

0.124 0.961 0.098 1.32

0.167 0.989 0.121 1.37
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c, [A], = 4.51 x 16 u

[_D]o (M) Kox 10
0.087 5. 49
0.079 ».14
0.095 5. 29
0.127 2.07

The k , values es determined are fairly constent et the lower
temperetures. On the beasis of this mechenism they eppeer to be
smaller in megnitude then the k , velues determined et similar

temperatures for the norbornediene/TCNE reection.

5 - 5, Discuscsion.

Although the precence of e 1l:1 hexemethyl Dewar benzene/TCNE complex
cernot be detected in the visible spectrum, the initiel repid decreese
in TCNF concentrstion may be explained if such a complex:(*mex== 265nm)
is postulsted to exist end to be recponsible for the removal of

free TCNF. Celculstions show that the deteymined ecuilibrium constents
of such & complex decreese with incresse in tempereture in line with
other such chsrge-transfer complexes.

Ore source of error in measurement of y velues end hence in K and

k, velues mey be thet & smell emount of hexemethyl benzene is formed
during the resction effectively removing free TCNE by complexing and
hence some of the initisl opticel density difference of TCNE may be
due to the formation of this complex. However, since a maximum amount
of complex present accounts for only esbout 2.5¢ TCNE concentration,
the initisl opticel density difference due to its formetion is not
expected to be very lerge.

The resction between norbornediene and TCNE hes also been postulated
to pass through both & 1:1 and 1:2 acceptor:donor complex before

formetion of the finsl edduct. Poth of thesge reactions would be
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expected to heve a similar reaction mechenism. In the case of the
hexemethyl Dewar benzene reaction the presence of a 1:2 accentor:
donor complex is not certein elthovgh it is possible thet the lerger
intercepts on the grephicel plots (see Fig. 5 - 3) may indicate
either experimentel errors or the possible existence of termoleculsr
species,
On the besis of the corrected mechenism (scheme 1 - 21), the corrected
raée constents, ko, for the hexemethyl Dewar benzene reaction sppear
to be smeller at & given tempéreture than those for the nortornediene
reection. Although the likely greeter strain effects of the Dewar
benzene structure during reaction do not ellow & strict comparison
with the norbornediene reaction, the six methyl substituents attached
to Dewar benZene would be expected to produce gzg%able charge-
trensfer complex es shown by the more negetive enthelpy of formation

.

Fnergy end entrovy of eactivetion velues derived from the corrected

(-4.9 kesl mol

rate constents show thet &lthough the energy of activetion value
(10.1 kcal mol"l) is similer to that for the norbornsdiene reaction,
the entropy of sctivetion (-44.8 e.u.) is slightly more negetive
Indiceting & hicher degree of orientation in the transition state.
Both of these thermodynemic paremeters ere in line with most other
Diels-Alder type reactions in which the lerge negetive entropy is
more consistent with a concerted mechenism rather then & two-step
process,

The overell resction may be a&s shown in 5 - 3.

- it -
ct s -
3 o CH C
P =
CHy, o o+ l :
Ne Vo
S NC/_\N

NC N
\\N Cily T 2 NC N
H
- g ® e Hhy ( )
Ecmex] 3l l : R
”;C 6*3
Cw

Where the 1:1 complex exists in the usuel ' ssndwich' structure.
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ghanter 6

Hexe-treng-2,trens-4-diene/Meleic Anhydride Reaction

6 - 1. Introduction.

The reasction of this hexediene isomer with meleic anhydride to
give the ell cis Diels-Alder cycloasdduct hes been reported}ll' 21351
No kinetlc investigation of the reection hed been made end when
the two resctents were mixed together in chloroform a pale yellow
colour lmmediately formed, which guickly faded as the reaction
proceeded. It was decided to study the kinetics of this resction
as it was considered to be typicel of stereospecific endo Diels-
Alder cycleoedditions. The reaction between hexadiene end TCNE
had been studied previousky?g, but had been shown to te too fast
for aécurate meesurenent of rate constents. With the weeker
dienophile, maleic enhydride, it was considered that the reaction
might be slow enough to follow. The colour formed in réztion-
might be attributed to & charge-trensfer complex which could be

exemined spectroscopicelly.

6 - 2. Purificetion of Reegents

Hexe-trens-2,trens-4-diene was supplied by Relph Imsnuel Ltd. as

@ clear liquid. Analysis by G.L.C. showed the presence of one

peek only, using a Cerbowex 20M column &t 100%. n35‘1.450? (1153;?5
1.4801). The semple wes stored in light-excluded bottles in e
refrigeretor.

Melelc enhydride stored over long periods had a tendency to hydrolyse
to meleic scid es shown by the turbidity when dissolved in chloro-
form. The semples of meleic enhydride used were therefore twice
sublimed et 50°( just below the melting point) under vecuun end the
colourless crystels were stored in a vacuum deﬂsﬁﬁator over silica

gel. m.p. = 52-538(11t2°53°%),
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Chloroform was the solvent used for this particular reaction study
a8 meleic enhydride was found to be slightly more soluble in
chloroform then in 1,2-dichloroethene or dichloromethene. Samples
of solvent were purified ss described in section 2 - 1 - 5 - 1 end

stored in light-excluded bottles.

6 - 3. Preparation snd Anelysis of the Adduct. ~

6 - 3~ 1. Prepereation.

Hexe-trens-?, trens-4-diene (2.0g) wes added to e solution of
maleic enhydride (1.0g) in dried chloroform (20 ml) end the mixture
theoughly sheken. The solution wes refluxed for 1 hour during
which time the yellow colour, formed when the two resctsnts were
mixed_together, hed diseppeared. The solvent was then removed
by eveporation end the crude solid weshed with carbon tetrachloride.
Anelysis by T.L.C. (silica gel) using chloroform as solvent, showed
the presence of only one spot (Re 0.53). The crude solid was first
recrystallised from ethylacetete to yield needles (1.8g) end then
sublimed et 75°, under vacuum, to give needles, m.p. 22.5 -93°(
(1167 %.p. 940 of 5,6-dimethyl-Ad-tetrehydrophthald o enhydride.
Celculated for CygHy0s: C, 66.67; H, 6.67 %

Found ¢ C, 66.8; H, 6.51 %

6 ~ 3~ 2. UV/Visible Spectrum.

Solutions of the adduct in chloroform showed no ebsorbence in the

region 250-600 nm.

6 - & ~.3. Infrared Soectrum.

The edduct wes mede 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. TInfresred Spectrum of Hexadiene/Maleic Anhvdride

Adduct.

Wavenumber Assignment

2000 om”' (s) = C - H stretching
2880 cm~!( s) - C - H stretching
1850 cm~! ( 8) - C =0 stretching
1780 cm™' (8) - C =0 stretching
1680 cm~'(w) - C = C stretching
1450 em™' (m) - C - Ci, bending
1370 cm™' (m) - C - CH, bending

6 - 3 - 4, Mass Spectrum.

The meesured mass of the (M-28) ion was 152.0841, close to that
calculated (152.0837) for the ion (091h2q3)+. The parent ion .

had only a low sbundence (0.56%

Table 6 -~ 2. Mein Mass fraement Ions for Hexadiene/Malelc

Anhydride Adduct.

m/e 180(M) 152 109 108 107 94 92 82 78 40
Relative
Abundence(#) 0.56 22.4 68.5 35.8 3.9 100.0 27.0 7.9 220 1l2o.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 end m/e 109 are more difficult to explaein, although
8 metastable pesk (qzﬁ 81.2) indicetes the transition 109 — 24,

which could correspond to the following: c
o 5

|° iy
m[e 109 w Mfe 9%
r : s
- coou E
—~C. o i\\g

Cﬁs
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223
The mass spectrum might be compared with that Tor the 4,5-dimethyl

substituted adduct in which m/e 107 is the most abundant ion.

Apert from the evidence of the N.M.R. spectrum (see Chapter 3),

the anelysis shows the presence of the cyclic enhydride structure.
The IR spectrum shows two carbonyl stretching bands, characteristic
of enhydrides, two separste -CH stretching bends, a possible C = C
stretching band end -C-Gﬂs bending bends. The mass spectrum shows
a peek at 152, corresponding to loss of CO, which is characteristic
of similar cyclic anhydrides?.?ECombining this evidence with the
C,H enslysis and the N.M.R. spectrum, it is seen that the adduct

must exist in the endo form &s shown below.

Ly O
4 .
e
/O
L%
. \“" ”
Cy w° O

6 - 4. UV/Viesible Spectroscopy.

Solutions of hexadiene (0.5 — 0.8M) mixed with meleic snhydride
(5.0 mM), using 1 cm. cell pathlengths, gave a broad absorption
band (A gy 3°0nm). Exanination of the spectra of each reactent
separately showed that this absorbence was not due to either species
entirely, although complications arose because both hexadiene end
meleic anhydride had small absorbances in this region. (see Fig.

6 -~ 1). It was considered feasible to follow the decrease in the
observed sbsorption bend in this region, providing the followlng
conditions were met. (1) A solution of hexadiene of the same
concentration as in the reaction mixture wes placed in the reference
cell to counteract the small ebsorbence of this species in the

wavelength region under study. This reectent would be in large
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Flgure 8 <« 1

UV_Absorptions for hexadiene/maleic anhydride

‘{ = | cwa,

reection (25.0°)

)
10 - (1) Hexediene (1.0M)

d- (optical densityd  (5) yateic mnhyaride (5.0m)

(2) Mixture of (1) and (2) with

Ofl -
hexndiene in reference cell
measured soon efter mixing.
0< 4
(o) 48

300 3o 220 330 340 35D 260

A (nm)
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excess in the reaction mixture snd the concentration would be
virtually constant throughout the reaction. (2) A correction

wes made for the maleic anhydride absorbence in the same wavelength
region. When & lerge excess of donor is present, the concentration
of melelic enhydride is directly proportionel to the concentration

of charge-transfer complex end it cen bLe shown that:
L 0 0 o A
dt £ (dt / do ) (do >~ do ) (6 = 1)

is the ebsorbance at time t due to the complex only.

@9 1s the observed absorbence at time t.

d® is the observed absorbence at zero time for reection.

4’ is the meleic enhydride ebsorbence at zero time for reaction.
Corrections were thus made after measuring the meleic enhydride
absorbence before reection. (3) The decresse in absorbence was
Test enough for sccurete meesurements to be made. These conditions
were met for certein concentrations of hexzdiene end maleic
enbydride, when the former wes in large excess end kinetic studies
were carried out by following the absorbence at 370 nm.

It wes not possible to exemine absorbances of equimoler concentra-
tions of reactents, nor wes it possible to exemine the decrease

in ebsorbence of hexadiene or meleic enhydride bsnds individuelly

beceuse of overlepping bends in these regions.

6 - 4 - 1. Determinetion of K end 2 for the Charge-transfer Complex

The equilibrium constent, K, end extinction coefficient, &, for
the cherge-trensfer comnlex were calculated using the Benesi-
Hildebrand method, having e lerge excess of the hexediene in the
reaction mixtures. Initiel opticel density measurements, ¢,, were
obteined by extrepolation of corrected opticel densities meesured

at given time intervels. Solutions of the hexadiene end of maleic
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enhydride in chloroform were made up seperately and pleced 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 referencg cell contained a solution of nexadiene at
the seame concentretion es in the reection mixture. In all ceses
the absorbences were followed at 320 nm making corrections for the
meleic enhydride ebsorbence, which had been previously examined at

320 nm to obtein the initisl opticel density, dﬁ; (For most ceses

A
o

Taeble 6 -~ 3. Benesi-Bildebrend Data for Hexadiene (D) Msaleic

e O
d -—"'o.l do)'

Anhydride (£) at 27 nm in Chloroform. T = 19.0°C

(] , = 4.01 x 10"°M.

[, () (o, 4 [Aloagt x 10
0.401 2.5 0.158 2.53
0449 S 0.183 2.18
0.501 2.00 0.1985 2.05
0,606 1.65 0.243 1l.64

0-?97 1025 0-&)2 lv52

-3
Teble 6 - 4. Deta es for above. T = 26,5°C [A] = 5.38 x 10 "M,

] , (5], 4q [iloa  x 20 7
0.596 1.68 0.278 1.8
0.697 1.43 0,333 R ER
0.797 1.286 0.389 1.38
0.901 1.11 0.436 123

1.001 =, Xe00 0.453 l1.1l6
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Pable 6 -~ 5. Data as for sbove. T = 38.5° c.[Al, = 4.89 x 107°u,
(8], (u) b}t a, [Al 0" = 30°
0.502 1.99 0.206 2. 57
0.601 1.67 0.248 1.97
0.697 1.43 0.292 1.67
0.798 1.25 0.328 1.49
0.501 1.11 0. 370 1,32
0.999 1.00 0.417 1.17

Plots of @];l'against Eﬂod;l(see Fig. 6 - 2) gave the following

values of K and =.

Table 6 - 6. Determined K and £ velues for the Hexediene/lsleic

Anhydride Complex et 3% nm in Chloroform.

T (90) s Ks K (1 mol™)
19.0 1670 98.1 0.058

&8.95 1740 89.5 0.051

As before, K€ values were eesier then K vslues to determine
accuretely, beceuse of the small intercept which could meke <
values inaccurste. In determining values for AH and AS for complex
formetion, the Ven't Hoff equation (see Section 4 - 4 - 1 - 1) was
epplied to only two temperatures (19.0° and 38.5¢) and the values
obteined by & differencemethod.

AB = -1,1 kcal mol ‘(- 4.4 kjoule mol-l), AS = <8.7 e.u.

6 - 4 - 2, Calculetion of Rate Constents.

The calculation of reste constents for the hexsdiene/meleic
anhydride reaction was cerried out by following the decrease in

absorbence et 3% nm. Corrected values for optical density were.
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t
©

This gave velues for ky end k, from the slope &nd from the relation-

obteined as described, snd plots of log d! against time were made.
ship ko= kg /[D]. Straight lines were obteined in all cases for
this reaction. The absorbences were followed to about 50% resction,
but reedings were also teken a very long time after the resction
hed started and these absorbences were either Zero or very smell
(1.e. less then 0.01).

The velues obteined for kl end k.2 et different temperatures are
shovwn.

ls'l) for Aexadiene

(D) Meleic Anhydride (A) in Chloroform, T = 8.0C/Al, = 5.05 x 10 M,

Teble 6 - 7. Rete Constents k, | s‘l}, kKo (1 mol”

Bt 320 nm.
D], (m k, x 10% k, x 107
0 ) 1 2

0.499 1:35 273
0.597 50 2.52
0.701 L 72 2.46
0.6804 1.96 2.44
0.698 2. 20 2+45

0.995 2.39 2.41

Table 6 - 8. Rate Constents as for sbove. T = 19.¢°% m,_, = 4,01

X 10:?_]_&_&_;

(), (m) k, x10? Ky x 107
0.401 1.92 4.68
0.449 2.02 4.51
0.501 2.3 4.45
0.606 2.68 4.75

0.797 3.72 4.87



Table 6 - 9. Rate Constents as for ebove. T = 26.5° [al.= 5.38

107%u,

D], (u) k, x104 ky % 104
0.596 4.90 8.21
0.601 5.2% 8.70
0.697 560 8.51
0.797 6.0 8.65
0.799 6.70 8.8
0.501 ' 7.71 8.54
1.001 8.73 8.72
1.001 8.63 8.62

Teble 6 - 10. Rate Constents _as for shove. T = BB.SQJ])QQ=

4.689 x 10~°M.

(D], (m) %y x 104 k,x10°
0.502 7.19 1.43
0.601 8.56 1.49
0.697 9.0 1.42
0.798 11.55 1.45
0.901 12.79 | l.42
0.999 14.%9 1.44

The rate constents obtesined eppear to be elmost constent over a
renge where the donor concentretion hes almost doubled. If en
experimentel error of 5 to 10% is allowed, then ell the results
fall within this range, except st BQh where there appears to be &
smell decresse in ks, with increese in donor concentretion. To
obtain velues of AE and_hsaﬁusing the Arrhenius equation, the meen
for each k, velue wes teken at each temperature. A plot of log ko
was made ageinst 1/T where T is the absolute temperature.(see Fig.

6 ~ 8.
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Fieure 6 - 3.

Arrhenius vlot of rate constents for

hexediene/maleic enhydride reaction.

,>\ 2 330nm.
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Table 6 -~ 11. Date for Arrhenius plot of Hexediene/taleic

Anhydride in Chloroform.

ko(l mol_l s-l) Log ko ) i o 1/% %10 2
l.44 x107° -2.842 311.5 3.2l
8.5% x 10~ * -3.069 299.5 3. 34
4,64 x 101 ~3.58% 292.0 5.42
2.50 x 10 * -3.602 281.0 3.56

From the slope it wes celculated, AE = 10.5 kecal mol > ( 43.1
kjoule mol ).

As* was calculated at each temperature.

. Table € -~ 12, FEntropy of Activaetion for Hexsdiene/Msaleic

Anhydride in Chloroform.

T (%K) 311.5 299.5 292.0 281.0
As®( e.u) -41,.8 =41.5 -41.5 -41.5

65 = B Discussion.

The reaction between hexediene and maleic enhydride hes been shown
to pass smoothly to form a single cycloedduct by e typicel Diels-
Alder (‘nas + ’]1’45) addition.

The role of the complex formed in solution wes not entirely clear
after kinetic studies had been cerried out.

If schemes (1-21), (1-22) end (1-23) are considered ss possible
pathways in the reection, then it is clear that (1-23) is not thet
operating, beceause there 18 no increase in ke in this reesction with
donor concentration. The other two schemes might be considered as
both of these should show & smell decresse in k, with donor
concentration.

K for the complex ss determined by the Benesi-Hildebrend method

was shown to have e very smell value in the temperature range
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exenined (0.C5 to 0.06). If these velues are inserted into the
equations for (1-21) end (1-22) &t e given temperature, then kg
velues might be obtsined.

1

ko (1 + X D) from (1-22)
kp (1 +K [D]) K from (1-21)

kg
kg

L}

Teble 6 ~ 13. k. Calculetions et 19.0°% for Scheme (1-22)

ka(l-2?2) = K.k.(1-21), K = 0.0588

(D] (m) ks x Th B e a“l) ke x 1041 mo1~t 574
0.401 %88 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 ko velues obteined eppear to be virtuelly constent within the
experimental error end it is obvious thet K is so small thet both
ko end k, will sppeer 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 velues
of k, for toth. Similer results are obtaired at the other
temperetures. It is thus not possible to distinguish between the
cherge-trensfer complex &s a direct intermediate or as & specles
formed in a side-equilibrium.

It wes not possible to examine the complex at more then one wave-
length because of difficulties with overlapping bends, but it is
essumed thet only the one weak complex is formed and the thermo-
dynamic velues obtained show thet there is some degree of ordering

(AS®™ -8 e.u) but very little change in enthalpy (AH~c. 1Kecal moil)



147

for complex formetion.

The values for AE and .{\_Sﬁobt&ined from the kinetic studies are
in line with those velues from other Diels-Alder reactions, i.e.
& lerge negative entropy of ectivetion, end energy of activation
of about 1l0-12 kcal moid; It is likely that the reaction is
concerted, in which the cherge-trensfer complex could be & direct
intemediate, as it will bear @ 'sandwich' structure similaer to

that proposed for the trensition stete of such diene reactions.

Chs 0 : o -
LI Bg g
= SR .
& + l c’/0 —
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Chepter 7

1-Methoxybuta-trens-1,5-diene/Maleic Anhydride Reaction

7 - 1. Introduction.

The reaction of methoxybutaediene, being & mixture of cis end

trens isomers, with maleic snhydride hes been reported224-2?%o

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, sppesred
Immediately, fading es the reaction proceeded. This reaction
might bear some similerity to that between sorbyl alcohol and
TGNE,79 which possibly proceeds via the charge-transfer complex
intermediste. The resction between methoxybutadiene and TCNE

waes found to be too fast for sulteble kinetic studies as the colour
formed in reection faded elmost immedietely. With the weaker
dienophile, maleic emhydride, the rate of reaction appeared suitable

for kinetic study.

7 « 2. Purificetion of Reagents.,

;-methoxy-butadiene wes supplied es technicel by Ralph Emanuel Ltd.
in empoules. G.L.C. enslysis showed thet on a Cartowax 20M column
at 85%.there were two pesks, corresponding to about 80% trens
isomer end 20% cie isomer (identified by the bigher boiling-point
of the latter). The technical material wss therefore distilled
under nitrogen snd three fractions were collected in the temperature
renge 95-110°C. The first fraction wes shown to be 98.5h of the
trens 1somer, the second, 935 end the third 87%4. The residue
remaining in the flask was less then 80% trems. As the cis i somer

was reported not to resct with the maleic enhydride to give a
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cycloedduct, the Tirst mejor fraction was teken, and a smell
correction made for the slight impurity present, ngo = 1,4602
(lit.%%go = 1.4590).

Meleic enhydride wes purified as deseribed in section 6 - 2.
Chloroform purified es described in section 2 - 1 - 5, was used

within a dey or two of purification.

7 -« 3. Prepsration end Anslysis of the Adduct.

7 - 3~1. Prepsration.

In order to prepare the adduct from the technical sterting material,
the method used ??%reviously was sdopted.
1,4-Dioxen, purified by refluxing over sodium wire for 1 hour
followed by distilletion et 100°, was purged with nitrogen before
use. To a stirred solution of a semple of l-methoxybutediene
(2.0g) in dioxen (10 ml), cooled in en ice-bath, a solution of
meleic enhydride (1.8g) in dioxen (10 ml) was added. The mixture
was then refluxed for 2 hours, cooled end set aside for a further

15 hours. Addition of water gave a white, gunmy substence which
| stuck to the wells of the flask. This was the reported ggéolymerised
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 concentreted by evaporation
of some solvent, cooled and petroleum ether (400-60°) added. This
precipitated white crystals of thg adduect, which were collected,
filtered end dried under vecuum. After recrystallisation from
petroleum ether (60°-80°), the adduct separated as white leaflets.
m.p 97 -97.5% (11t,°7%e%),
Calculated for Cg B19 04 ¢ €, 59.4; 8, 5.49

Found 2 C, 89.6; H, 5,32
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7 - 3 -2, Thin-lasyer Chromatogrem.

Analysis of the recrystallised sdduct on silice gel chromagram
using carbon tetrachloride-chloroform (80:50 v/v) as solvent showed

one spot only (Rp 0.33), visible under ultreviolet light.

7 - 3 - 3. UV/Visible Spectrum.

Solutions of the asdduct in chloroform showed no absorption bands

in the region 250-0600 nm.

7 « 3~ 4, Infrared Spectrum.

The adduct was made up into a mull with hexachlorobutadiene and
with nujol separately so that tne whole spectrum could be recorded.

Teble 7 - 1. Infrared Spectrum of Methoxybutadiene/Malei.c

Anhydride Adduct.

Wavenumber Assignment

2000 cm~t (m) C-H stretching

2890 cm™~1 (m) - C-H stretching
1860 cm~t (s,4) - C=0 stretching
1790 em~1 (s) - C=0 stretching
1650 cm~t (w) - C=C-stretching

1240 em~! (m) C-0 stretching

7 - 3 - 5. Mass Spectrum.

The meesured mass of tne parent ion was 182.0576 which waes close
to thet calculated (182.0579) for the ion (Cg Hyp Q4)+. In fact,
the parent ion had only & low relative abundence. (1L.17%)

Teble 7 - 2. Mein Mess Fregment Ions for Methoxybutadiene/Maleic

Anhydride Adduct.

m/e . 182(M) 124 110 109 g4 %o 78 77 .. B9
Relative

Abundance(%) 1.17 18.6 26.4 23.9 1000 794 24.2 23.8 14.5



151

The base peak, m/e 84, corresponds to the mass of methoxybutadiene
itself end it is likely that the main fragmentation is by a retro
Diels~Alder reaction pathway. The ion, m/e 79, mey correspond to
a protoneted benzene ion and is also found as the most abundent
species in the spectrum of 1,2,5,6-tetrahydrophthalic anhydride.223
m/e 110 end m/e 109 correspond to loss of Cs0z and Co0zH from

the parent ion respectively. The followinz fragmentation pathweys

mey thus be postulated.
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Apert from the evidence from the N.M.R. spectrum (see Chapter 2),

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 week C=C stretching band. The mass
spectrum, as shown before, elso indicates the cyclic adduct. Thus
B-methoxy- A% tetrahydrophthali enhydride is exclusively formed
from zmethoxybuta-trens-l,3-diene and maleic enhydride and exists
in the endo form. .
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7 - 4, Visible Spectroscopy.

A large excess concentration of the methoxybutadiene (0.4M) was
made up with maleic anhydride (4.0mM) in chloroform end the
spectrum of the mixture scanned using 1 cm. cells. In the region
360-420 nm, a tail-end ebsorption appeared to chenge with time,
which, when the reactants were exeamined singly, was concluded to
be due partly to methoxybutadiene and partly to another unidentified
absorption. When the reaction solution was run as above, and the
reference cell cbntained a solution of methoxybutadiene at the
seme moler concentration, a small absorption band from 350-420 nm,
without a maximum, was noticed to have o decreasing intensity.

The maleic enhydride absorption was virtually zero in this wave-
length region and the ebsorption bend was attributed to e charge-
trensfer complex bend. (see Fig. 7 - 1). The decrease in
absorption wes 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 greeter then 5% (en 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 changes of intensity. The instrument was
correctly zeroed for these experiments by following the absorption
to a point where it aeppeared to be zero (500-5%0 nm) and this
absorption wes exasmined periodicelly to correct eny small change

that might occur.

7 - 4~ 1. Determination of X end £ for tne Cherze-Transfer Complex,

The equilibrium constant, K, and extinction coefficient, &, of

the charge-transfer were calculated using the Benesi-ﬁildeb:amd
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Ficure 7 - 1. 153

UV _Absorptions for methozybutadiene/maleic

enhydride reaction (25.0°C).

A (OPh(cJ dens.fﬁ)

(1) Methoxybutadiene (0. 8M)

(2) Maleic Anhydride (4.0 mM)

(3) Mixture of (1) and (2) with
methoxybutediene in reference

cell at t = 0.

{: !c.m-




154

method, in which = large excess of methoxybutediene was present

in the resction mixture. Initisl optical densities, dy, were
obtained by extrrpolation of opticel densities measured at certain
time Intervels. The same procedure was adopted as for the
hexadiene/maleic enhydride reaction. The reference cell in this
case conteined a solution of methoxybutadiene of the same
concentration as that in the reaction mixture. In all cases the
ebsorbances were followed at 370 nm. The meleic enhydride
concentration was kept constant at a given temperature end the
methoxybutadiene concentration varied in the ususl manner.

Teble 7 - 3. Benesi-Hildebrand Date for Methoxybutediene ED )

Meleic Anhydride (A) at 370 nm in Chloroform. T = 19.0°C.

[A] = 4.94 x 10-%u.
(8]

D], ) [D]gl d 4], @ x 10"
0513 1.95 0.148 3,52
0.675 1.48 0.188 2.63
0.775 1.29 0.212 2.3
0.998 1.00 0.248 1.99

: 3
Teble 7 - 4. Deta as for sbove. T = 24.7°C,[Al. = 5.20 x 10 M,

| [D:lo (M) l.ﬁl;l do I}{lod;lx 10 ;i
0.489 2.05 0.148 5. 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 = 41,00 ¢.JA] = 5.04 x 10°3M.
(6]

[2]s () 0], a6 [Foas x10°
0.492 2.03 0.137 j 3. 66
0.583 151 0.18? 2.76
0»725 1.38 0.191 2.55

0.987 1.03 0.252 .01
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Ficure 7 - 2

Benesi-Hildebrand plot for methoxybuteadiene/

meleic enhydride complex, z":_'-_?s?-{‘) Wim .

Bl
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S Y 5 L3
Plots of LD-{O against LA]O d, (see Fig.7 - 2) gave the following
velues of X and £,

Table 7 - 6. Determined K and ¢ Values for Methoxybutediene/

Maleic Anhydride at 370 nm in Chloroform.

T (°c) < Ks 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. K= values were used
rather then X in calculation of AH and AS values for complex
formetion. When considering the two temperatures, Ty and T, |
and using the Van't Hoff equation and a difference method, then
if = is considered to be constant:

Log(K<)y - Log(Ks), = AH(T)-T,) / 2.203 RI,T, (7 - 2)
If the two temperatures inserted here ere 299°K and 31401{, then
the results obtained are as follows:

AR = -0.7 koal mol"l(-e.g kjoule mol-J). 48 = ~4.3 e.u,

7 - 4 « 2. Calculstion of Rete Constants.

The calculation of rate constents for the reaction between
metaoxybutadiene end maleic enhydride was carried out by following
the decrease in absorbence of the band at 570 nm. In all ceses,

-the reference cell contained & solution of methoxybutadiene at the
seme concentration as in the reaction cell to blenk out the
absorbance due to diene at 370 nm. Plots of log d; against time

were made, giving values for ky end ky, calculated from the slope

end from the relationship k2= kl/tﬁ]. As described before, infinity -

ebsorbance readings for this reaction were equal to zero end straight
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lines were obtained for all graphical plots. At each given
temperature the acceptor concentration was kept constant, while
the donor concentration, in large excess, was varied.

-1 ~1 -1
Table 7 -~ 7. Rate Constents kj(s ), ko(l mol s ) for

Methoxybutediene (D) / Maleic Anhydride (A) in Chloroform,

T = 19.0% , [A], - 4.94 x 107N,

Dl ) k; x10° ko x 10
0.5153 4.80 9.35
0.675 | 6.62 9.80
0.775 7.85 9.87
0.998 9.49 9.50

-3
Table 7 - 8. Dats as for ebove, T = ?4.'?0 C}rﬂ]o = 5,20x10 M.

Dl, () k) x10° Ko x 10°
0.489 6.80 1.39
0.575 8.75 1.52
0.551 9.51 1.43
0.720 10.80 1.47

Teble 7 - 9. Data as for above. T = 5?.500‘ [A],, = 4,8l x 155M.

D], (m) kg x10° kp x 10°
0.530 313 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 10-3n.
L&)

0], (M) ky x10° ko x 10°
0.492 | 1.66 3.38
0.683 2.17 3.27
0.72% 2.34 3.22

0.985 3. 20 3. 25
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The rate constants appear to be constent over the limited
concentration renge studied. Therefore, in obtaining AE and

As* values using the Arrhenius equetion, the mean velue of ko

at each temperature was teken and a plot of log ko was made against

1/T, where T is the absolute temperature (see FPig.7 - 3).

Teble 7 - 11. Data for Arrhenius Plot of Methoxybutadiene/Maleic

Anhydride in Chlorofomm.

kg1 mol'l s-l) Log k 5 T (%K) 1/T x 10 ¥
3.28 x 10 =3 -2.484 314.0 3.18
2.01 x 10 =3 ~2.697 305. 5 3.28
1.45 x 10 =2 -2.839 297.7 .36
9.64 x 10 =% -3.016 292.0 3.42

From the slope of the graph it wes celculated, AE = 9.9 kcal mol™*
-1
(41.3 kjoule mol ).

As* was celculated et each temperature.

Table 7 - 12. TPFntropy of Activetion for Methoxybutadiene/ialeic

Anhydride in Chloroform.

T (°K) As* (e.u) T (°K) hs* (e.u)
314.0 "'40.8 29?.? "'4008
m5.5 -41.2 292.0 -4100

Because both malele enhydride and methoxybutediene had Strong
ebsorption bands overlepping eech 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 concentrastions

of reactants in any pert of the spectrum.
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Ficure 7 - 3

Arrhenius plot of raste constents for

methoxybutadiene/maleic anhyvdride reaction.

Leg R
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The reaction between the trans isomer of l-methoxybutadiene and
maleic enhydride passes smoothly to form a single cycloadduct by

a (7%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 elso, there

is no increase in ko, 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) ere considered,
then k2 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 kcgvalues can be calculated. (see Section 6 - 5 ).

Table 7 - 13. k. calculations at 4l.dn}for scheme (1-22) . where

ko(1-22) = K.k(1-21), K = 0.354. (2 mo1~ V)

[D_,]n(m) kKox 105_'(1 mofl s ) Kox 103(1 mofl 'l)
0.492 3.33 3.95
0.663 8. 27 3.99
0.725 3.22 4.03
0.985 3.25 4.28

The k, values are constent within experimental error. In Some
instances k., appeaers to increase slightly with donor concentration,
Bowever, K may not be as large as calculated, due to errors in the
Benesi-fildebrend plots end in genersl k, should be virtually
constent. Since k,(1-22) = K.X,(1-21) it will not be possible to
distinguish between the mechenisms and hence the charge-trensfer
complex might be a direct intermediaste or formed in a side reaction.
The reaction of methoxybutadiene with maleic anhydride might be

compared with that of hexsdiene with the seme dienophile.
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Table 7 ~ 14. Comparison of Reaction Data for Hexadiene/and

Methoxybutadiene/Maleic Anhydride in Chloroform at 19.0%¢.

Hexadiene Methoxybutadiene
4 -1 =1
ka x 10 (Pl 8 ) 4,65 9.63
-1
As* (e.u) ~4Y.8 -41.0
.
X {1 mol ) 0.059 0.398

The small difference in rate constent, ks, could be attributed to
the energy of activation difference, rather then the nearly constant
entropy of activation. The fact that there is only a relatively
small difference is evidence that this kind of resction is

concerted rether than passing through an intermediete zwitterion.
The methoxy group would be expected to stabilize any zwitterion

by its mesomeric effect, snd the rate constant would be expected

to be & great deal larger than in the hexediene reaction. The
large negative entropy of ectivation in both reactions would also
indicete a concerted rather than two-step reaction.

The equilibrium constent velues although both small, indicate a
stronger complex with methoxybutediene as donor. Because of the
difficulties in obtaining accurate values of K, this may not be
very significent, although the methoxy substituent might be expected
to ceuse the formetion 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.

e -

? 0=c""x=0 o pmo
\ L 2 )
) + |/° g g Qo
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CHAPTER 8

Anthracene/Maleic Anhydride Resction

8 - 1. Introduction.

When meleic enhydride and anthracene are mixed together in
chloroform, & yellow-green colour, ettributed to 2 charge-trensfer
complex, is immediately formed. As the reaction proceeds, with
the formation of the Diels-Alder cycloadduct, the colour

di seppeers. Studies heve shown thet in certain solvents the
reaction is en equilibrium, beins 995 in favour of the cycloesdduct
for ecuimoler concentrations???The kinetics of this reaction in
chloroform have been studiadl?4briefl& by exemining the decresse
in cherge-trensfer complex ebsorption during reaction. In the
nethod used, the rate constents of reaction were meesured by
keeping & constent anthrecene concentration throughout the reection
mixtures end verylng the maleic snhydride concentration, which was
in large excess. It wes found that there wes a small decresse in
rate constanf with inereese in escceptor concentretion, end so
either schemes (1-71) or (1-22) were considered as possible
mechenisms for this reaction.

Peceuse of the rether limited number of results obtsined for this
perticuler reection, it wes decided to examine the resction egein
end to extend criticelly the method used by studying reection
mixtures in which the donor, rether than acceptor, was in large
excess end also heving eguimolar concentrations of reectants.

The presence of more then one complex in solution might be deter-
mined by exemining the chenge in ebsorbsnce at different weve-
lengths. Chloroform was chosen egein ss a suiteble solvent because
of the sufficiently large solubility of msleic enhydride in it

compsred to other similar solvents.
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& = 2. Purificetion of Rergents.

Anthracene wes supplied as Blue Fluorescent by B.D.H. Chemlcels
Ltd. end wae recrystallicsed twice from benzene to yield colour-
less crystels which were stored under vecuum in the dark.

Malelc enhydride wes purified as described previously.
Spectroscopic Grade Chloroform wes purified by the method described
previously efter it had been shown that the ethenol stabilizer
ceused the reection to proceed ebout 10% fester in the unpurified
solvent compered with the pure solvent. All batches of the
chloroform without stebilizer were stored in light-proof bottles

in & refrigeretor end were used within two days of purification.

8 - 3 Preparation end Anelysis of the Adduct.

8 - 3~ 1. Preparation.

Anthrecene (5.0g) was sdded to meleic enhydride (3.0g) in xylene
end the mixture wes refluxed for 1 hour. A small emount of
decolourizing chercosl was then edded to the cool solution,
which wee refluxed for & further ten minutes, the hot solution
wes filtered, cooled end the crude product slowly precipiteted.
After filtration, the product wes recrystallised twice from
ethyl ncetate to yield colourless crystels (3.2g). m.p. 262 -263°C.
(11t17° 262 ~26%0C).

Celculated for CgB o0n: C, 78.%; B, 4.3%5%

Found: c, 78.5; H, 4.21%

€ -« 3~ 2, Thin-laver Chromatozrem.

The adduct showed one spot only (Rf 0.%1) when run in chloroform

on activeted silica gel,

€ - 8- 3 UV/Visitle Spvectrum.

A solution of the adduct in chloroform was exemined by UV/Visible
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spectroscopy tAmax Pe0nm (£ 2490), 272%nm (£ 1280) ) end compared
with the speetrum of pure snthracene in chloroform (Amax 252nm

(=219,000), 285w (£ 260), 29onm (=520) ).

8 - 3~ 4, Infrered Spectrum.

The adduct wes made into & mull with hexachlorobutediene end the

spectrum ves run using en sttenuetor in the reference beam.,

Table 8 - 1. Infrared Spectrum for Anthracene/Maleic Anhydride

Adduct. -
Frecuency Asgignment
2020 em~t (m) Aromatic CH stretching
2940 cm~1 (m) Aliphetic CH stretehing
1820 cm~1 (s) -C = 0 stretching
1760 cm-1 (s) -C = 0 stretching
1290 em~1 (g) -C - 0 stretching

8 - 3~ 5, Mess Spectrum.

The measured mass of the perent ion (278.0787) was very close to
thet calculated (976.0788) for the ion (018H1195)+ which was not,

however, the mosct etundent species.

Teble 8 - 2. Mein fon fresments for Anthracene/Meleic Anhvdride

Adduct.
n/e 277 276(1) 179 178 176 101 89
Relative
Abundence(7) 5.3 17.2 16.3 100.0 8.7 10.0 9.1

From the mess spectrum, it cen be concluded thet the mein freg-

mentetion is vie & retro Diels-Alder reaction pathwey to glive
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enthracene (m/e 178) es the most abundant ion species.

8 - 3% - 8, Conclusion.

It was cleer from the evidence of the N.M.R. (Section 3 - 3),
IR snd enalysis thet the Diels-Alder sdduct of enthracene with
meleic snhydride wes that present. The infrared spectrum, for
instence, chowed two types of -CH stretching, the two cerbonyl
bands, cheracterisitic of enhydride groups, end & possible C-0
stretching in tﬁe 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 thue be confirmed es 9,10-dihydroenthracene-9,10-endo-o¢,
p—suécinic anhydride.

0~=90

0//
‘-“v

8 - 4, Visible Spectroscopy.

In the previous studyl?4the cherge-trensfer complex ebsorption
had been followed et aifferent wavelengths in the region 470~
40nm. Tt was thus declded to exemire this particular end of
the visible spectrum to find out the most suiteble waevelengths
for following reection.

A solution of esnthracene (2.09nM) in chloroform was added to
nelele enhydride (0.4M) end the visible spectrum of the mixture
exemined using lem. cells. Tt wes noticed thet there was no
bend meximum, but the intensity increesed from 440nm to 400nm.
Tt wes not possibtle to eveluete the correct absorbences due to

complex &lone in the region Z40-400nm because of overlap from



166
both enthracene end meleic enhydride absorption bands.
Selutions of maleic enhydride (0.8M to 0.4M) in chloroform were
exemined end shown to heve zero ebsorbence in the region 390-
450nm. However, solutions of enthracene (3.0mM) had small
sbsorbences in the region 420-400nm rising to en absorbence
greeter then 1 (1 cm. cells) et 390nm. At 410nm, the ebsorbance
was shown to be about 0.02 end thus for the reaction mixtures,
with meleic anhydride in large excess, the change in absorbence
at 410nm wes followed with a smell correction being made through-
out the resction for the ebsorbence of uncomplexed snthracene
at this wavelength. At 410nm the absorptions of cherge-trensfer
comnlew were suitebly large for eccurate measurement and it was

also & different wavelength to that usedl?4previously.

8 ~4 -1, Detemminetion of K end = Values for the Charge-Trensfer

Complex.

8 -4-1 -1, Using e Large Excess of Maleic Anhvdride.

K end & velues for the complex were obtained using first en
excess concentretion of ecceptor. The Benesi-Bildebrand equation
edepted to fit the condition [A]o>> [D]o is (8 - 1),

M,/ = 1/x=[K], +1/s (8 - 1)
Thus if [D]odgl is plotted ezeinst [A] ‘51 then the velues K end ¢
cen be celculated in the usuel menner.
The reection hed been shown 1?%reviously to be relatively slow

-5 -3
for the concentretions used (ko being of the order of 10 ~ 1 mol

-1

8 ). Therefore, four resction mixtures were studied using the
Unicem £P 1800 (see Chepter ) which was adspted to teke four
pairs of 1 cm, cells.

Initiel opticel densities for reasction mixtures were obteined in
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the usuel menner with the melelc snhydride concentration veried
snd the snthracene concentration kept constant for the different
reaction mixtures at each temperature. Becezuse of the slowness
of the reaction, eccurste 4, values werec obteined by following
the chenge in opticel density for up to two hours. Care wes
teken to ensure the minimum eveporation of solvent from the cells;

the results obteined sre shown below.

Teble 8 - 3., Benesi-Hildebrend Data for Anthracene (D) /Msaleic

-2
Anhydride (A) et 410nm in Chloroform [D].= 3.08 x 10 M, T=24.6%.

(4] (m) [A];l dq [ﬁ]od;l x 10°
0.404 2.8 0.272 11.09
0.501 1.99 0.323 9.55
0.525 1.91 0.350 8.80
0.551 1.82 0.367 8.44
0.60% 1.66 0.393 7.84
0650 1.54 0.409 7.5%
0.675 1.48 0.419 7.35
0.704 1.47 0.440 7.01
0.795 1.28 0.449 6.85
0.751 1,32 0.470 6.58
0.7¢0 1.26 0.484 6. 39

-3 o
Table 8 - 4. Date es for ebove. [D|.= 3.08 x 10 M, T = 34.2°0,

[Ao (M) (45" dq @ﬂod;lxlog
0.401 2. 50 0. 250 12.00
0. 449 2.3 0.261 10.97
0.551 1.82 0.329 9.12
0.602 1.66 0.356 8,42
0.651 1.54 0.378 7.95

0.701 1.42 0.405 7.41
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= =
Teble 8 — 5. Date as for ebove. |Dla= 3.04 x 10~3M, T = 41.5%.

1, o PE 6o Bt
0+ 598 20l 0.248 12.43
0 .451 2o PP 0.282 10,75
(3 s 8 Jrox 1.89 0.201 10.15
0« 550 183 0.318 9.55
0.607 1.€5 0.355 8.55
0.652 1.54 0.372 817
Q%01 - 1.43 0.397 7.66
0753 1.2 0.427 7.11

Plots of [D]odo-lagainst [A];l (see Fig. 8 - 1) gave the following

velues,

Table 8 - 6. Determined X _and £ velues for Anthracene/Maleic

Anhvdride Comnlex et 410nm in Chloroform.

T (°0) £ K = K

4.6 823 £45.9 0.295
34, 4 833 28,0 0.874
41.5 800 210,82 0.264

Velues obteined by Andrews end Keefer:?%are shown in Teble 8 - 7

for comparison.

Teble 8 - 7. Results for K and %2 from fndrews & Keefer.

Using Lerge ¥Fxcess of Melelic Anhydride. T = 25.2°00.

Wavelength (nm) K K=z £
420 0.296 14,5 725
470 0.%03 " 1665 550
440 0.342 131.8 285

450 0.325 95.5 285



3 =
r—‘ﬂodo 10>
o -
ja-¢
gt Benesi-Hildebrend plot for enthracene/
mwaleic enhydride comnlex.
.4 |l
0 _—% %
sc 7
6o
—— X —— = 248"
—_— ) —— - 3;.-.‘?0
W —l—— = 15T
oL C i ek Q-9 i-0 12 i e 19 20 23 R



170

8 - 4 -1 -~ 2, Using Equimolar Concentrations.

K &and £ velues were determined using equimolar concentretions of
reactents in order to compare them with velues obtained for K
ebove when differences might indicate the possible presence of
termoleculer species. For eguimolar concentrations in the renge
0.07 to 0.02M, there eppeered to be no ebsorptions of either
enthracene or meleic enhydride at wavelengths longer then 425nm.
The absorption et 426 end at 440nm due to the charge-transfer
complex formed from reectents was followed end in meny cases,
the rete of decreese was slow So that accurate velues of dq
could be obteined directly. At higher concentrations, the rate

of decrease was followed end do values obtained by extrepolation.

Teble 8 - 8. Fauimoler Date for Anthracene (D) /Meleic Anhvdride

(£) et 426mm in Chloroform. T = 25.0°C.

(4], () s [{oas" P
0.0255 0.108 0.235 3.047
0.0310 0.1%0 0.706 2.583
0.0350 0.213 0.164 2.167
0.0405 0.260 0.156 1.962
0.0500 0.421 0.116 1583
0.0605 0.590 0.102 1. 302
0.0650 0.734 0.089 1.167

0.0705 0.861 0.082 1.077
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Table 8 -« ¢, Fouimolar Dats st 440nm. T = 25.0°¢.

(4], (w) a, st et
0.0255 0.070 0.363 3. 780
0.0310 0.104 0.288 3.101
0.0550 0.145 0.241 2,695
0.0405 0.175 0.298 2. 501
0.0500 0.289 0.174 1.860
0.0605 0,407 0.147 1.567
0.06% 0.49% 0.172 1,427
0.0705 0.586 0.119 1.706

Plots of [ﬁ]odgl against d;%gave straight lines with very smell
intercepts (see Fig. 8 - 2). As accurate velues of £ derived
by this method are not easy to obtein, K= velues were measured
end the results compered with those obtainedl?qpreviously.
Grephicel plots of wavelength sgein . from table 8 - 7 gave a
velue of 610 for % at 476nm end 385 for %= at 440nm. Using these
values, the results obteined using eauimolar concentretions are

shown .

Teble 8 = 10. Results using Fouimoler Concentretions. T = £5.0°C.

Weaveleneth (nm) < Ks K
424 610 176.3 0.290
440 285 1175 0.206

The velues obtained here for K compare favourably with those
obteined using the excess method, st 24.89C( see Table 8 - 8).
The Van't Hoff ecquetion wes epplied to the results obtained by
the excess concentretion method to give the following velues of

enthalpy and entropy of complex formstion.
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Fipure 8 - 2
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It

AR = - 1.925 kcel mol't (-5.15 kjoule moTl ) ; AS = - £.59 e.u..

8 -4 - 2, Celculetion of Rste Constents.

Rate Constants were calculasted for reactions in which a large
excess of maelelc anhydride wes present snd it was also possible
to obtein & limited number of results using a large excess of
enthrecene in the reaction mixture end &lso using eouimolar

concentrations.

8§ ~4-9? -1, Using a lerge excess of Meleic Anhydride.-

The reactions were followed in the usuel menner to obtain valués
of k? for different concentretions of enhydride from the decrease
in cherge-trensfer absorption with time at s given temperature.

As mentioned previously, the slovness of reection mede it possible
for four rescticon 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 resction mixtures within the spece of

2 to % minutes end place them immedietely inside the cell-housing.
All reactent solutions were kept in a thermostatted bath before

mixing,

The results sre shown over the page.
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Teble 8 - 11. Rate Constents k ( s~1) ; Ko 2nd k. (1 mol™t s"l)

for Anthracene (D) Maleie Anhvdride (2) 2t 410 nm in Chloroform.

? - 24,60¢ [0} = 3.08 x 107%M.

[, k220" k, x 10° k, x 10°
0.551 1.07 3,07 3, 47

. 375 1.18 3,12 3. 46
0.450 1.%6 5,02 3, 41
0.505 1.51 .87 3., 31
0.575 © 1.83 2.84 3. 52
0.675 1.75 2. 60 3.12
0.726 1.84 .53 %.07
0.790 2.04 2,58 3.18
Table 8 - 12. Rate Constents es for ebove, T = 54.4% [p], =
2,07 x 10-°M.

[], ) kK x10° k, x 10° kg x 10°
0.401 2.56~ 6.40 7.16
0. 550 Z. 78 5.6 6.66
0.60% 2,53 5.86 6.6%
0.859 3. Rd 5,58 6. 59
0.70% %.58 5. 52 6.58
0.751 3,99 5,92 6. 3L
Teble B - 13, Rete Constsnts as for above, T = 23.4%c J:D-lc, =
2,06 x 10~ M.

(4], (0 by % 10° k, & 10° de La a0
0.40% .74 6.81 7.55
0.451 3.18 7.04 7.90
0.499 %. 48 6.97 790
0. 5% .04 7.16 8.22
0.607 4,30 7.12 8.23

0.702 : ¥ 4,92 7.02 _ 8.31
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Teble 8 -~ 14. Rate Constants es for shove, T = 41.5°G.£DL1= 3.04

x lgf%&.

(4], (m) k; x 10° kp x 107 ke x 10°
0. 7508 3. 43 8.70 9.61
0.451 3,71 8.23 9.21
0.502 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 11.683
0.701 6.15 8.80 10. 42
0.753 6. 68 8.90 10.61

It appears thet at the lower temperaturss the rate constants, ko,
decrease with increese in maleic anhydride concentration, whereas
et higher temperatures, there is no definite trend. If scheme
(1-22) is arbitrarily essumed to be that operating then ko 1s
releted to the true rate constant, ko» by the relationship:

ko = kp (1 + K [4],) (8 - 2)
The difference in this case to the previous relationships being
that now accentor [ﬁ] rether then donor Eﬁ] is in lerge excess.
k, values were calculated at each temperature, and are shown in
tables 8 - 11 to 8 - 14.
In general the k, values for scheme (1-22) lie witnin about a 10%
range et eech temperature end in calculeting, the energy and entropy
of activation, AE end AS¥ for remction, mean values of k, were taken
at each tempersture.
The Arrhenius equation was used to celculate these paremeters by

plotting log k , egeinst I/T (see Fig. 8 -~ 3).
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Arrhenius plot of rete constents

for enthracene/maleic enhydride reasction.
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Table 8 - 15, Deta for Arrhenius Plot of Anthracene/Maleic

Anhydride in Chlorofome { [Al>> Dl).

k, X 10° (1 mo1™t s7%) Log k, T (°K) 1/1 x 10°
3. 29 -4.483 297.6 3. 38
6.71 -4.173 307.4 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 wes cslculated, AE = 11.5 keel mol =t
(48.2 kjoule mol?). AS* wes calculated at the different

temperatures.

Table 8 = 16. TFntrooy of Activotion for Anthracene/Maleic

Anhydride in Chloroform.

T (°K) 207.6 707.4 311.4 314.5

As® (e.u) ~42.8 -43.0 -43.0 -42.9

8 « 4 - 2 « 2, Usgineg a Lerce 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 enthracene in chloroform between 25° end 40° ¢
d1d not exceed 0.12M end consecuently it was only possible to use
regction mixtures in which both reactents were relatively dilute.
{e.g. Antaracene(0.1M), Maleic Anhydride (5.0m4)). Not only was
the absorption due to complex smell in this cese, 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 wavelengtias 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
4%)nm snd there was no correction needed for eny interfering
enthracene ebsorption. The reference cells contained pure solvent
for ell the kinetic runs.

Table 8 - 17. PRate Constants ki( 1) , ko end kg(l P s"l) for

Anthracene (D) /Meleic Anhvdride (A), where(DI>[Al. T = 28.2%.

: -3
[Al, = 5.02 x 10 "M,

[p], (M) g x 100 Ky x 10° k, x 10°
0.0710 6.47 9.91 10.10
0.0805 7.73 9.50 9.81
0.0895 7.80 8.71 8.92
0.0990 8.47 8.55 8.1
0.1010 8.99 8.90 9.14

When compared with the rate constents, k,, obtained at Ba.éﬁ-using
a lerge excese of maleic anhydride, the sbove ere seen to be about
156 higher in velue. A mean value of k, was calculated and hence
log k, would be obtained end plotted ageinst I/T to give a point
on the Arrhenius greph (see Fig. 8 - 3).

8 - 4~ 2« 3., Usineg Fouimolar Concentrations.

The maximum solubility of meleic enhydride 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 equimoler mixtures in
the range 0.04 to 0.07M. As mentioned before, both anthracene end
meleic enhydride heve tail absorptions in the visible region and so
it was necessary to follow the decrease in ebsorption at longer
wavelengths, nemely, 426 and 440 nm. Trial runs using 1 cm. cells

showed that the decrease in absorption of the charge-trensfer

complex bend was very slow indeed end it wes necessary to follow
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the resction for three hours or more to obtain sufficient readings.
Care was thus teken to minimise evaporation of the solvent during
this period.
In celculation of rate constents using equimolar concentrations,
scheme (1 - 22) was assumed to be that operating.
A+ D = ap¥ A+ DBy ap
& | 2C
The rete of formation of AD is given by:
2
ax/at = k, [A-7-x] (8 - 3)

Sinee: [A-TW-x] = J/M/x (8 - 4)

dx = ( -1 -3/4/MK ) amw (8 = 5)

Substitution of (8 - 4) end (8 - 5) into (8 - 3), integration

end further simplification gives the following, (77 = d. /=)

JK& /Jdt - KLnd, = kit +¢C (8 -~ 8)

As K lndt' is much smaller thanV K=z /J"—t and almost constant,
JEKE /Ja = kb +C” (8 - 7)

Plots of l/\/cﬂ“ sgainst t would give straight lines of slope equal
to kg //K<, where the rate constants are those for scheme (1-22).
If scheme (1-P1) is adopted, then if a similar procedure to that
shown in equetions (8 -« 3) to (8 - 7) is carried out, (8 - 8) is

derived.

JE/ /4K = ket + ¢’ (8 - 8)

Plots of 1//d ageinst t would now give straight lines of slope
equel to kcjﬁm/ff = Therefore, since ko(1-22) = K.ke(1-21) the

equimoler method, similer to the Benesi-Hildebrand method, cannot

be used to distinguish between schemes (1-21) end (1-22).
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If k,(1-2?7) values are chosen, to compare with those in table 8 - ¢ s,
equation (8 - 7) is adopted.

Not all graphicel plots sppeared as straight lines and the best

line hed to be drawn through the points.

‘Table 8 - 18. Rete Constents k, (1 mol~t s‘l). Determined Using

Bouimoler Concentrations. fl]n = Iﬁ]n

T = 25.0QL Wavelength = 426 nm. T = 25.0qG,WaVelength = 440 nm,
iA]o (M) ke x 10° [A]O (M) ke x 105
0.08505 .39 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
e log kc velue at ?5.09@ plotted in the Arrhenius plot (see Fig.3-3).
The k, velues obteined are somewhat verieble. This might be '
accounted for by the difficulty in measuring small changes for such
@ slow reaction leading to lerge errors in evaluation of rate
constents. The mean k , velue does, however, give a good fit on the

Arrhenius plot (see Fig.8 - 3).

8 - 5. Discussion.

Anthracene snd meleic 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 resction between diphenyl
butadiene end TCNE the formation of a 2:1 acceptor: donor complex

was postulated?gon the basis of optical density measurements. As

the donor contained two phenyl groups, it wes possible to visusalise

two molecules of acceptor loosely oriented on each ring.
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£ 2:1 acceptor: donor complex might similarly be visualised for
anthracene with maleic anhydride, in which each acceptor molecule
i1s oriented with respect to each ring as shown.
e
i 6e

L oL

As mentioned previously, deviations from linearity in Benesi-
Hildebrend plots may not be evident when termoleculer complexes
ere present, so thet the formatlon of straight line plots would
not exclude the possible existence of & 2:1 complex.

The vislble 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.

K % values derived from both excess of one reactant end equimolar
metnods were of similer magnitude. Thus at 440 nm st 25.2°G,Ki =
131.8 (excess of acceptor method - Table 8 - 7), end at 25.000,,
K2 = 117.5 (equimolar method - Teble 8 - 10). It must be assumed
that there would be a greater smount of 2:1 complex present. when
excess acceptor concentration wes present compared to equimolar
concentrations. It was unfortunately not possible to obtain K=
velues 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 acceptol:'?zg?nzalex is enviseged then the
following scheme maey be drewn. '

K]
A + D — apk | (8 ~8 =1)

K
A% 1 oA A,D¥* (6~ 8 9
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K=z values obteined for both equimolar snd excess acceptor
concentration were based on the single equetion (8 - 8 - 1).
If the ebsorption is assumed to be due to both 1:1 and 2:1 complexes,

the emount of 2:1 complex present is given by

[a,0] /(48] = x, [a], (8 - 9)

Where E{]f is the free concentretion of scceptor species.

On this basis it is seen thet in the method using a lerge excess
of ecceptor, there will be & greeter proportion of £oD species
present thean for the method using ecuimolar concentretions. Since
the eouilibrium constents, K3 end Ko, and extirction coefficients,
- %y end %, for each complex should be different, then the total
(KZ) velue for each method should be different beceuse of the

di fferent composition of the totel complex concentretion. It thus
eppears unlikely on the besis of the determined K€ values thet
there is e significent emount of 2:1 complex present.

There 1s not e grest deel of difference between determined ke
velues wheg acceptor is iIn large excess compared to those when
donor is in excess. The ecuimolar concentretion results may be
somewhat inasccurete (see also Fig. 8 - 2). On this bacis agein,
it is unlikely thet such species as DoA or DAs exist to eny large
extent in solution, since then ke velues would be different depending
on the species in excess.

The energy of ectivation enagd entropy of activation velues obtained
ere similer in megnitude to previous results 1p4and are in line
with those vslues for most Diels-Alder reesctions. It thuse eppesars
thet a concerted mechenism is operating in which a single cherge-
trensfer complex mey or mey not be e direct intermediste. If @

direct intermediate is postulated, then & similer phenomenon to thet
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suggested for the enthrecene-TCNE resction mey be envisaged, in
which the cherge-trensfer complex precedes the formetion of a
synmetricel trensition stete centred et carbon atoms 9 end 10 of

the anthracene malecule.
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Chapter 9

Indole/TCNE Reaction

9 = 1., Introduction.

The reaction between indole end TCNE in dichloromethsne has been
79,82
studied ~’ previously in order to eremine the possible role of

the charge-trensfer complex () 560 nm) which is formed when the

max
two resctants are mixed together.
Although the conclusions reached in both studies were thet there
was some involvement of indole molecules with complerxes formed in
reaction, there were large discrepencies in the rate constents

obteined. It wes thue decided to re-exemine this reaction using
UV/Visible spectroscopy to follow the ebsorptions occurring in

thé spectrum due to the charge-transfer complex snd the final

product.

29 « 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
recrystollisation twice from cyclohexene or by subliming twice
under vacuum at 45‘h; Semples were used s soon as possible after
purification and greet care wes teken to exclude light from the
semple containers, which were stored under vacuvm in & dessicator.
m.p. 50-51°C (lit?:185P C).

Tetracyenoethylene was purified as described in Section 4 - 2 &nd
stored under vacuum.

Pichloromethene end 1,2-dichloroethene were purified as éescribed

in Section 2 - 1.

9 - 3. Preperstion snd Anslvsis of the Adduct.
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9 - 3-1, Preperation.

204
The procedure used by Noland et el. was adopted.

A solution of indole (2.0g) in benzene (10 ml) was added to & 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 was then boiled for e further
five minutes and sllowed to cool, during which time the red product,
 3=trlcyanovinylindole, precipitated éut. Recrystallisation from
the minimum of glacial ecetic acid yielded red needles. m.p. 272 -
o750( 11t © 275 =759,
Celculeted for C,.fl.N,: C, 71.6; H, 2.79, N, 25.8%

Found : C, 71.4; H, 3.00, N, 26.1%

9 ~ 3 -~ 2. Thin-lsyer Chromatogrem.

Analysis of the recrystellised adduct on silice gel chromsgrem
using chloroform/dichloromethene (50:50v/v) &s moving phase showed

one spot (Rf 0.7) only, visible under ultreviolet light.

$ « %~ 3, UV/Visible Spectrum.

Solutions of the sdduct were made up in dichloromethane end exsmined
in the region 240-600 nm. The following bend maxima were observed:
°74 nm (Z 15,%00), 455 nm (= 17,600). This was compared with the
spectrum of pure indole in dichloromethane - 266 nm (= 6,500),

287 nm (= 4,100).

9 - 3~ 4. Infrered Spectrum.

A sample of the edduct wes made up into a KBr disc end the infrared

spectrum recorded.
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Teble 8 - 1., TInfrered Spectrum of 3-Tricyenovinyl indole.

Wevenumber ‘Assignment
%400 eml (g) y -NA stretching
~F000 em ~1(w) -CH stretching
2220 cm =1 (s) conjugeted -CN stretching
1590 cm =1 (m) -C=C- stretching
750 em ~1(s) -CH bending (eromatic)

9 -« 3~ 5, Mass Spectrum.

The measured mass of the parent ion (218.0590) was very close to

+
that caelculated (218.0592) for the (CyzHgN,) ion.

Teble 9@ - 2, Main Fregment Ions for 3-Tricvenovinyl Indole.

m/e 219 218 191 165 164 142 109 96
Reletive
Abundence(%) 24.2 100.0 57.9  11.1 °8.9 0.8 0.1 11,6

The tese pesk corresponds to the moleculer ion. Metastable peeks
et m/e 167.6 and m/e 141.0 correspond to the trensitions 218-3191

end 191—164, which is the loss of one molecule of HCN in each case.

9 - 3 - 6. Conclusion.

The IR, N.M.P. end UV/Visible spectre together with the Mass Spectrum
all show that the Z-tricyenovinyl indole structure is present in the
adduct.
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9 -~ 4. Preparation and Analysis of en Intermediste.

When & solution of indole and tetracyenoethylene in the minimum of
dichloromethene was left for 24 hours, a pink solid precipitated
out, which was collected, filtered end dried. The solid was shown
to be unstable since it turned red when heated gently or when
dissolved in e suitable solvent. A quicker method used to obtain
the seme intermediate was adopted by adding acid to the solution
of reactents. Thus, indole (1.0g) was edded to & solution of TCNE
(0.5g) in 4dichloromethene (80 ml). Concentrated hydrochloric acid
(0.05 ml) wes then added and the mixture throughly sheken. After
a few minutes, the pink solid precipiteted and wes collected,
filtered end dried. Because of the instability of the solid it
was only possible to obtain an infrared spectrum when a sample was

mede up into a KBr disc. This gave the following:

Table 9 -« 3, Infrared Spectrum of Intermediate.

}

Wavenumber Assignment

3400 cm~t (s) -NH stretching

30850 cm‘l'(w) Arometic ~-CH stretching
2960 cm~1 (w) Non-aromatie -CH v
°85) om=-1 (w) i " " n
2230 cm-1 (very wesk) -CN stretching

1620 cm =1 (m) -C=C- stretching.

The intermediate obteined when no scid was added elso gave a similar
IR spectrum. The wesk cyenide stretching band indicated no
conjugetion in the side-chain end the -CH stretching bends indicated
& saturated -CH fragment. Although the intermediate gave a red
colour when dissolved in dichloromethene, indicating decomposition

to the final product (Amaxﬁ455 nm), the UV/Visible spectrum showed
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one other absorption (Apox 269 nm). On the basis of this, it
would seem likely that the-intennediate would have the structure
as shown rather then e zwitterion form, because of the presence

of acid in solution, which may act s a catalyst for intermediate

formation.

9 - 5. Visible Spectroscopy.

ITn the previous studies, the absorption due to the charge-transfer
complex had been followed st 560 nm. It was decided to see
initielly if the results obtained were reproducible at this wave-

length.

9 -5~ 1. Determination of X end £ Values for the Charge-Trensfer

Complex.
In order to obtain values of equilibrium constant, X, and extinction
coefficient, £, for the charge-transfer complex, the usual Benesi-
Hildebrand method wes 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 brosd bend in the visible reglon of the spectrum not !
attributeble to either reactant species (Apax 560 nm). The same
procedure for meking up solutions and mixing was adopted as for
the previous kinetic studies (see alsb Section 4 - 4 -1 - 1),
Initiel opticel density vslues, d,, were 5btained by extrapolation

of optical densities measured at given time intervels.
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Teble 9 - 4. Benesi-Hildebrend Deta for Indole (D) /TCNE (A)

at 560nm in Dichloromethene. T = ?5.60(L[£b = 5.0l x 10'4g;

[p)o (w) ‘[ngl d Ao a5 x 10°
0.0501 19.97 0.127 5.95
0.0e05 16.951 0.147 340
0.0908 11.01 0.205 2.44
0.119 9.02 0.238 2.12
0.199 5.02 0.377 1.34
Toeble 9 - 5. Dsta as for before. T = 18.0°C.

[A]s x 10" [D]o (m) [1‘)];1 do [Aloast x 10®
7.01 0.072 13.90 0.239 2.42

10.20 0.106 9.43 0.571 1.77

.01 0.129 7.75 0.439 1.44

7.07 0.204 4.90 0.627 e S )

10.10 0.207 4.83 0.9388 1.04

7.01 0.255 3.92 0.738 0.95

Plots of [{L)déi'against [ﬁ]'l gave the following results for &£
' i 79,89
end K which ere compared with results obteined D¢ previously.

(see Fig. 9 - 1).

Teble 9 - 6. Determined X end & Velues for Indole /TCNE at

560 nm in Dichlorometnsne.

Temp (°C) K (1 mol™t) Ks 3
15.0 3.34 7782 2320 °
25.0 2.78 6033 21708
1.6 3.02 8855 2290 ©
18.0 .29 7853 2320
25.5 .84 5676 2150

a s REf. 8?’ b = Ref. 79.
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Fieure ¢ - 1.

Benesi-Hildebrand plot for indole/TCNE

complex in dichloromethene.
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The results obtained compare fevourably with those previously
published. K and £ were also determnined using equimoler concentra-
tions of reactants, (employing the method deseribed in Section

Teble 9 - 7. Fouimoler Date for Indole (D)/TCNE (A) st 265 nm

in Dichloromethene. T = 25,5%.

], x10? () a, (4], o7 x 102 do"]"f
0.71 0.311 2. 29 1.79
0.90 0.448 2,01 1.49
1.01 0.555 1.77 1.5
b 0.698 1.50 1.19
1.29 0.925 1.40 1.04
1.5 1.981 1.17 0.88
2,01 £.194 0.91 0.67

S -2
A plot of P"Jo dol ageinst d,° gave a straight line with a very

small intercept (ebout 0.0004) (see Fig., 9 - 2). K& was accurately
measured from the slope end compared with that obteined using the

Benesi-Hildebrand method.

Teble 9 - 10, Comparison of K snd % values at 25. 506.

£ 14 S X (2 mol'l) method.
2150 5676 2.54 B-AH
ebout 2500 5837 2.35 _ Equimolar.
2150 o837 Pl Equimolar,

Allowing for some uncertainty in the intercept and hence £, the
two results ere shown to compsre favourably. The Van't Hoff
ecustion wes applied to the results obteined at the two temperatures

18.0o end ?5.5?: to give the following velues of enthalpy and entropy
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Ficure 2@ - ?

Eouimoler plot for indole/TCNE

200 — complex in dichloromethene
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of complex formation.

OB = -5.08 keal mol™l(-21.25 kjoule mol) AS =-13.0 (e.u)

As & comparison, the Benesi-Hildebrand method was also applied %o
this reaction using 1,2-dichlorpoethene a&s solvent. One set of

results was obtained st 25.0°C.

Teble 9 - 11. Benesi-Hildebrand Data for Indole (D) /TCRE (A) at

. : -4
560 nm _in 1,2-Dichloroethene. T = 25.0%.[Alo = 7.85 x 107 M.

[ o b ‘o [l 25 x 10
0.102 9.80 0.249 2.56
0.199 502 0.421 4+5%
0251 3.99 0.488 XSk
0.%01 3. B2 0.562 113
0.397 PeOP 0.6564 ; 0.9%

T ey = -
From the greph of [A], dg egeinst D55, €= 2,50, K = 1.80,1 mo1™>

Thus it would appear thet K velues in this solvent sre slightly

lower at & given tempersture then those in dichloromethene.

9 -« 5 - 2?2, Determinetion of Rate Constents.

Rate constents for the resction between indole snd TCNE were
obteined in the usuel manner by examining the decrease in absorption
at 560 nm using initially & largze excess of indole in reaction
mixtures. Plots of log dy egeinst time were drawn, to evaluete

kl end k?. For this particular reaction it was noticed that the
absorption at 50 nm decayed over a period of time to a small finite
velue (&bout 0.02), while the absorbence due to product Ppex 455 nm)
slowly increased over a period of several hours efter the charge-

" trensfer complex band had dissppeared. It was assumed that there
was 100% conversion of chargze-transfer complex to the colourless

intermediate, which in turmn formed the product at & much slower rate.
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The following results were obtained at 24.4°C.

Table 9 -~ 12. Rete Constents k1(s'1), k?(l mol‘d's“l) for Tndole

-4
(D) /TCNE (£) in Dichloromethene st 560 nm.[Al, = 5.17 x 10 M.

(0], () ky x 10 kox10°
0.102 1.33 1.
0.126 1.76 1.40
0.158 2,47 1.56
0.201 3.46 1.92
0.250 4.50 P.24

Values of ko, were elso obtoined at other temperetures but further
kinetic runs using old semples of indole gave very high values for

o 1 mol"l sul). When the solvent was carefully

ko (ebout 3 x 10~
purged beforehend with nitrogen, the following rate constents were

obtained.

Teble ¢ - 1%, Rate Constents es for before; Solvent flushed with

Nitrogen, T = 18.5° ¢

[®], (m) | 8o x10% () kpx10°
0.106 10. 20 0.252
0.129 7.01 0.644
0.204 7.07 0.725
0.207 10.10 0.774

- 0258 7.01 0.547

Since these reste constents sppeered much lower then those obtained
previously at the sesme temperature and-same range of donor concentra-
tion, it eppeered that the reaction wes sensitive to either light,
‘oxygen, treces of acid or base or other impurities.'

Repeated attempts to obtein results consistent with those of Foster

82
end Henson ° were unsuccessful end it appeared thet those high results
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g
obtained by Gerreard 9vwsma also affected by the presence of seme

catalytic impurity.

82 =]
Table 9 - 14, Praviously Determined Rate Constents ko(l mol ls 1)

for Indole (D) /TCNF (£) et 580 nm in Dichloromethene. T = 25.0%%

[v], () []o x 10* ) kp x 10"
0.474 4.57 1.41
0.655 7.67 1.82
0.703 4.57 1.86
0.995 4.57 2.27

Attempts were made to determine the final rate constent, ky, for

the formetion of edduct from intermediste by exemining the increase
82 '

in absorption &t 455 nm. Previous results obteined were based

on the rete eouetion:
dx/dt = kg Cintemediatdt’(indolc{) (9 - 1)

X 18 the concentration of finel product. If there has been total
oonverseion of charge-trensfer complex to intermedi ete then [}1]0 =
[intemediete] when there is e large excess of indole. The initiel

slow rete oﬁ‘.‘ formation of the final product ney be given by:

kp = (ax/at) / [&],[0], (9 - 2)

The concentretion of product wes celculeted from the optical density
reeding end the known extinction coefficient (section ¢ - 3 - 8) e

- ) -
Teble 9 - 15, Rete Constents ki.(l mol -s 1) for Formetion of

3-Tricyenovinyl Indole in Dichloromethene. A= 455 am.

0 6

(2], T (°C) ke x 10
0.202 26.0 3,59
0.198 26.0 2.11
OO?ED 2600 1o15 * - Ref 82
0.9%0 " 95.0 0.20 %
) .

00 __ 25.0 0,29 %
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Similerly, these rate constants asre not consistent snd are much
lerger then those obteined previously.

It wes not possible to obtein rate constents for equimolar
concentrations of reactents ss the decreace in absorbance was too

slow for accurate measurement.

9 - 6. Ultraviolet Spectroscopy.

For equimolar concentrations of reactasnts in dichloromethane
(0.007 to 0.04M) it wes noticed thet there was 8 broed shoulder

bend to the absorption due to indole, centred at ) 23 nm.

meax °
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 322 nm formed immedietely on mixing

end decreased very slowly with time and might thus be attrituted

to & charge-trensfer or other complex formed in reection, which
wes investigated in the usuel wey for equimoler concentrations
by obteining do vaelues et different concentrations. The opticel
density velues were corrected for smell absorptions dve to indole

and TCNE et this point.

Velvues of K end £ were derived using the method described in

section 4 - 4 - 1 - 1, The following messurements were made at

corr

different equimoler concentrations, d,

is the initial opticel

density due solely to the observed bsnd at 223 nm.

Teble 9 - 16. Fouimoler Date for Indole (D) /TCNE (A) - UV Bend.

T = 95,5%
corr -1 -3
[A] o (M) 4% [A] 0% d
0.0071 0.154 0.0454 255
- 0.0085 0.206 0.0412 2.20
0.0101 0.271 0.0372 l.02

0.0150 0.5%0 0.0273 1.35
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Teble 9 -~ 16. Continued.

(0, on T e i

0.0201 0.886 0.0276 1.06
D.0252 1.413 0.0177 0.84
0.0301 1.857 0.01¢?2 0.73
0.0%20 2.236 0.0148 0.67
0.03%0 2.405 0.0145 0.64

A plot of [A]odo_lagainst do'%geve g straight line giving & small
intercept end curveture at higher values of d_o% (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-transfer complex since it appeared immediately on mixing
the reactents, or thet it wes 2 second bend of the charge~-transfer
complex and the velue of ¥ obtained ebove (4.85) wes erroneous,
compared with thet obtained (2.64) in the visible rezion at the
same.temperature. However, on examining a double eguilibrium such

as:

A+D—-—3AD —"—"’.AD (9 - 3)

When I:D.J — [D] end is in lerge excess, the equilibrium constants
Kl— and K2 are given by:

[15Y) /7 ¢ [A), - (4] - [aot]) ([5]) (9 - 4)
[ap4] / [AD*] (9 - 5)

Substitution of (9 - 5) into (9 - 4) end rearrangement gives:

X, [D] [ﬁ]o - %, (1] AD'] (1 +Xp) = [An’j (9 - 8)

For 1 cm cells [AD{] = da/2 giving:

Ky

Ko

n

A} - 1+ %) a/z = a/k, [D] = (9 - 7)
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Figure 9 - 3.

Fouimoler vlot_for indsle/TCHE

in dichloromethene at 52¢nm.

T = 25.5%¢

§-0

Ll
2

[ﬂod;'x 0

o 2:0

-—

178
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end

[Al,/a - (1 + %) /2 = 1/ []e (9 - 8)

Thus & plot of Eﬂodoﬁlagainst l/ﬁﬂo will give interceot of
(1 + K,) /= end slope of 1/X;%,
Tn section 9 - 5 - 1, values of K eand € were obtained using the
seme plot end (intercept/ (slope) = K.
If the above double equilibrium does occur then the equilibrium
constents et 25.5° will be given by: Ky + Ky Ky =K = 2.64, since
(intercept) /( slope) for equation (9 - 8) gives the value K; + K; Xo.
A similar procedure may be applied to the double equilibrium using
equimolar concentrations of reactants. In this case:

Ky = ([0E] /) / ([A]o - [F] (1 + 159 )" (9 - 9)
1f here [p0¥] = ass (9 - 10)

A similsr procedure will give:
[F]o/8,- (Ko + 1) /Xps = 1/ /4 K1 Kpse (9 - 22

: 2
In this case (intercept)/(slope) = K + Kj Kog.
If the velues obteined using the equimolar plot in the UV spectrum
are inserted,it is seen tnat:

o]
(intercept)/[slope)2 = K3 + K3 Ko = K = 4.85 (at 25.5¢).

Thus sgreement between the two values of K3 + K] Ko is not reacned
end it is likely tnat the latter value is in error. This method
also shows thst it is not possible to determine whether tae band
in the UV is due to the charge-transfer complex or a further complex.
The reection scheme given by (9 - 12)

K K

s | X 2

A% Di=2AD A + D=2Ab} (9 - 12)

also gives results which show that the K values 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 seme values of K, where:
K = K; +Kp . (9 - 13)

Since 1t i1s unlikely thet the charge-trensfer complex gives two
bends in the spectrum widely separeted from each other, that band
in the UV (Amax 323 nm) may be ettributed to a second complex,
possibly & ¢’-complex, which is formed in eouilibrium with the
charge-trensfer complex. The larger velue of K obtained and the
curvature in the greph may be due to errors in measuring optical
densities accurately when corrections ere needed for indole end

TCNE which absorb in this region.

9 - 7., Discussion.

Indole end TCNE resct together in dichloromethane to form an unsteble
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 tetracysnoethyl indole.

When the reactants are mixed together a blue colour, attributed

to & charge-trensfer complex, eppears immedietely. Previous work
indiceted thet the complex mey react with & molecule of donor to

form the intermediete or O-complex. Since velues of ko incressed
with donor concentretion end could be fitted into scheme.(l - Bsf,

a plot of ko (1L + K [D] ) egeinst K [D] gave & straight line, but

@ negative intercept with the y-exis was observed.8?

In the present work it, wes unfortunstely not possible to obtein
consistent rate constents, ko, with chenge in donor concentration.

The bend in the UV might be due to e second complex in equilibrium

with the charge-trensfer complex. If the scheme (9 - 14) is adopted

A + DE=MD"=—=2AD*—3AD (intemedfete)+D (9 - 14)
+D
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Then: k, = kX, [D) /(14 (Ry+ K, X, ) ] ) (9 - 15)

A plot of k, (1 + (Kl + Ky K?)i}ﬂ) against [@] should give &
straight line going through the origin.

Since 1t has beeﬁ shown that X = K; + Ky K? for the cese where a
double equilibrium is treated as & single system, the values for
the y-exis for both the plots for schemes (1-23) end (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
eouilibrium with reactants, the second complex being a g-complex.
The k= wvalues derived from both Benesi-Hildebrand and equimolar
methods ere comparable end indicste that there is no termoleculaer
species formed in eny significent amount.

The reaction is clearly catelysed by both indole itself and by more
effective beses such ss pyridine. Donor molecules should thuszs enter
into both stages, nemely the decomposition of complexes to the
intermediate, and the decomposition of the intermediaete to the final
product. Previous work a?established thet in the latter step, there
was a first order dependence on indole, and in the former step thers
wes no reversibility.

The above evidence indicates that the most likely reaction is as
shown in (9 - 15) where the o-complex, in equilibrium with the

cherge-trensfer complex, is a direct intermediate in the reaction,

as shown over the pace.
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2 NC N
=\ CHARGE-TRANSFER —
m i j(cu - ( COMPLEX ) R (0'— CoHPLEx)

| NC
H a CN
H
\ CN CN
("'“CDNP'—EKD o ©E> : ) + INPOLE
H g : (9 - 18)

+ INDOLE
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