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(i)

SIjMMARY

The objective of the work reported in this thesis was to

elucidate the details of the nechanisn for the loss of ethylene

fron nolecular cations of various substituted butyrophenones;

i.e., the Mclafferty rearrangement. Mechanisns proposed for the

rearrangemenç are, (i) stepwise, with hydrogen transfer as the rate

deternining step, (ii) stepwise, with carbon-carbon bond cleavage

as the rate deternining step and (iíi)concerted.

The approach used in this investigation was to study possible

isotope effects for the ion source and first field free region

decompositions of 4-(2Hf) -p-substituted butyrophenones and

)
4- ('H1) -2-ett'yI-p-substituted butyrophenones. Deuterium isotope

effects were observed for both series of conpounds. Trends

observed in the isotope effect with Brownts o-* values arep

discussed in terms of Westheimerrs theory. The possibility that

1,5-hydrogen migration in these systems is an equilibriun situation

is also discussed.



(ii)

rn addition, r- (13c) -butyrophenone, z- (l3c)-butyrophenone,

s- (13c)-butyrophenone and, 4-(13c) -butyrophenone weïe prepared and

attenpts were made to rneasure interrnolecular carbon-13 isotope

effects for loss of ethylene from these compounds. The difficulties

involved in such measurements are discussed.

Conpounds E- (13c) -2-ethylbutyrophenone and 4- (3 C) -2-ethyl-

butyrophenone weïe synthesized and a carbon-13 isotope effect

was ¡neasured for the field free region reaction of the forner.

The carbon-lS and deuteriun isotope effects and the observation

of an cl-secondary isotope effect for the reaction of 3'{2ur)-z-

ethylbutyrophenone are discussed in terms of the possíble

mechanisms for the Process.

Deuterium and carbon-lS isotope effects were calculated using

various reactant and transition state rnodels based on the stepwise

and concerted mechanisrns proposed. The results obtained fron the

concerted nodels were shown to reproduce the experimental isotope

effects, at least in a semi-quantitative fashion.

(



(iii)

Experiments were performed in an attenpt to detect the presence

of an intermediate in the reaction pathway. Clearly, the

existence of such a species precludes the possibility of the

operation of the concerted rnechanism for the Mclafferty rearrangenent

in this systen. Jon-nolecule reactions of +-l2llr)-butyrophenone

were investigated but the plesence of such an interrnediate could

not be observed. 2-Allylbutyrophenone was prepared in order to

provide an alternative pathway to the Mclafferty rearrangenent

for the proposed intermediate. The nass spectn¡m of this compound

is discussed.
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CHAPTER 1

AN INTRODUCTION TO ISOTOPE EFFECTS
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lufuch of physical chenistry is concerned with the study of the

kinetics, thernodynanics and dynarnics of chemical reactions, with

the view to delineating as much as possible the potential energy

surfaces for these processes. However, many of the experimentally

accessible parameters of potential energy surfaces such as equilibrium

and rate constants, are of little value by thernselves. The procedure

of correlating the change in rate or equilibriun constants l^tith

changes in molecular structute, for a particular reaction type, adds

new meaning to these values. This technique is well known to the

physical organic chenist who relies heavily on structure-ïeacticity

relationships such as the Hannett equationl and other linear free

energy relationships.

The investigation of potential energy surfaces by utilizing the

effects of substituents or structural changes on reaction rates and

equilibria poses a serious problen in that alteration of the

molecular structure necessitates changes in the potential energy

surface for the reaction. Thus great care must be used when

interpreting relationships between the changes made and the results

obtained. In effect, quantitative prediction of substituent effects

and structural changes requires a quantum-mechanical analysis of the

shifts in electronic potential energy which can then be related to

rate constants and thermodynamic parameters. This analysis is

generally only feasible for very smal1 molecules and not for

polyatonic systems and is therefore of lirnited application.

A conplenentary approach to this problen is the measurement

and analysis of isotope effects. In general, the effects nost

usually studied are the changes in rate and equilibrium constants one

observes on substituting various atoms with their isotopes. The
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unique feature of an isotope effect is that it is deterrnined by a

single potential energy surface (Born-Oppenheimer approxination), and

conseguently isotope effects provide a probe of the nature of a

single transition statef which is in contrast to ordinary substituent

effects. The technique of co¡nbining substituent effects with

isotope effects can, for the reasons outlined above, be a powerful

aid in the elucidation of reaction rnechanisns.

As with reaction rates, there has been less ernphasis placed on

the absolute magnitude of isotope effects than on correlations

describing their variation from one reaction to another. In

particular Wespheimerrs theory concerning the relationship between the

nagnitude of the isotope effect and the structure of the transition

state, has been particularly valuable. This theory has led to

nuch experinental and theoretical work, often leading to particularly

illuninating results. In fact it appears that no study of kinetic

isotope effects can be complete without resorting to Westheimerfs

theory

The renainder of this introduction will be concerned with

describing the fundamental origins of isotope effects with the aim of

providing the information necessary for interpreting the work

described in later parts of this thesis. Much of the basic theory

of isotope effects has been extensively review eð12-L3 .

The Orig ins of Isotope Effects

Isotopic substitution of particular atoms within a nolecule

t The term activated conplex has the same meaning as transition state.
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can lead to isotope effects which are either kinetic or thermodynanic

in nature. In the case of the kinetic isotope effect, the rate

equations are concerned with a reactant systen and a transition state

that leads to the required products. Equilibriun isotope effects, on

the other hand, are concerned only with the properties of reactant

and product systens. Since they are by definition thermodynamic iri

nature, they have no basis in the properties of the transition state

which separates the reactant and product regions on a potential

eneTgy surface. Equilibrium isotope effects, being concerned only

with stable species, are more readily evaluated in terms of structural

changes and more anenable to calculation than kinetic isotope effects.

Calculation of kinetic isotope effects requires a detailed knowledge

of the structure of both reactants and the transition state.

Isotope effects can be considered to be either prinary or

secondary depending on the position of isotopic substitution relative

to the reactíon site. Prinary isotope effects are observei

when a bond to the isotopically substituted atorn is either forned

or broken during the course of the reaction. Secondary isotope

effects result when bonds to the isotopically substituted aton are

neither forned nor broken during the reaction. Following HaIevi14,

secondary effects can be subdivided into those that result fron

spatial changes in the isotopic atorn and those that do not. The

first of these is the o-secondary isotope effect and is due in the

nain to re-hybridízation effectsl5. A distinguishing, but not

definitive relationship between prinary and c-secondary hydrogen

isotope effects is that the latter are usually nuch smaller in

value (around kH/kD 1.15) .

The second division of the secondary isotope effect (viz.
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those not resulting from spatial changes) has as its basis

hyperconjugative and inductive effe.tr16. fsotopic substitution

at sites further fron the reaction site than the ß position result

in rnuch snaller isotope effects which are consequently both difficult

to explain and to treat physically.

The Born-Oppenhe imer Approxination

The fundanental point of any discussion of the properties of

potential energy surfaces in general and isotope effects in

particular, is the Born-Oppenheimer approxirnatiorrlT. This approxi-

nation, which for most practical pulposes rnay be regarded as exact,

is based on the very large differences between the masses of nuclei

and of the electrons of a rnolecule. 'It assumes that the electronic

distribution in a nolecule can be evaluated within a static nuclear

frarnework. This results from the expectation that the electronic

distribution will change instantaneously with nuclear motion (such

as in the vibration of a bond or the complex novements of nuclei

during Tearlangement reations). 0n this basis it can be seen that

the potential energy surface is not a function of isotopic

substitution.

As a consequence of this simplifying assunption the notion

and calculation of potential energy surfaces becornes meaningful; the

nuclear conformatíon changes can be described with respect to

molecular energy changes. If the Born-Oppenheimer approxination

were to fail, as in the case of rapidly noving nuclei, then the

notion of a potential energy surface would no longer be neaningful.
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Sadclle Point

Potentiaf Energy Contour Diagran

Figure 1-1

Absolute Rate Theory

The formalisn of kinetic isotope effect theory is founded in

the absolute rate theory (or transition state theory) of Eyring and

PolanyilS'19, *hich is entirely classical in nature. The basic

prenise of this theory is the existence of a transition state through

which suitable reactant molecules pass to products. A transítion

state is defined as the configuration of the reacting systern at the

col or saddle point on a potential energy surface, which is the

point of maximum energy along the reaction path. Figure 1-1 shows a

portion of a potential energy surface in the form of a contour

diagran. The diagran shows the existence of two stable species in

potential wells which can interconvert by crossing a high energy col

or saddle point. The molecular configuration at the saddle point is



6

the transition state. This state of the systen is a condition of

dynanical instability. Motion to one side of the saddle point

qualitatively differs in character from notion to the other side.

In effect, the choice of the transition state to be the configuration

at the rnaxirnum of potential energy along the reaction path, is an

oversimplified feature of absolute rate theory2O. A more rigorous

treatment which involves considering reactions in terms of free

energy surfaces, dernands that both entropic and energetic effects

be evaluated together. The criterion of maxinizing free energy with

respect to the atomic coordinate changes for a particular reaction

in order to loeate the transition state, is the basis for the

application of canonical variational theory to generalized absolute

rate theory (of which absolute rate theory is a part). The nethods

of the canonical variational treatnent of absolute rate theory are

described by Garrett and Truhl^rz|'22.

Another assunption of absolute rate theory is the so-cal1ed

trequilibrium" existing between the reactants and the transition

state. since our only knowledge of the transition state is our

preconceived ideas about its location, then any attenpt to describe

the energy distribution of this state will be net with difficulties.

However, in the absence of the desired knowledge about the energy

distribution one is forced to nake an educated guess. The least-

biased guess that can be made is that all partitionings of the

given energy of the transition state are equally probable. This

allows one to rnake the least assunptions about the transition state.

The least-biased approach then arlows the application of

statistical mechanics to the derivation of the absolute rate theory
- 20.23equations statistical mechanics has been applied extensivery
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to equilibriun situations which has 1ed to the misunderstanding

that its use in absolute rate theory presumes an equilibrium

between reactants and the transition state. The least-biased

approach, as described above, is part of a general procedure cal1ed

infornation theory used for naking educated g.r"rr"r25.

Consider the generalízed birnolecular gas phase reaction in

scheme 1-1,

+A + B+X + D + E

Schene 1-1

where x+ denotes the critical configuration referred to as the

transition state. The rate of reaction is sinply the product of

the concentration of the transition state species and the average

velocity of motion of these species over the potential energy

barrier from the reactant region to the product region.

By applying standard equilibrium statistical mechan í.r24 to the

poputations of reactants and transition states, the concentration

of transition states can be evaluated as shown in equation 1-1,

I
tXÏ]

Q*f

ç-q= [A][B]. e-eo/kBT Equation 1-1

where [ ] denotes the number per unit volume, Q the partition

function per unit volurne for each of the species involved, eO is the

potential energy at the saddle point, k, is the Boltzmann constant

and T is the absolute ternperature. In the transition state, the
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degree of freedom corresponding to notion along the reaction path,

which is the path requiring the least energy to tTaverse frorn

reactants to products, is separable fron the other degrees of

freedom of the transition state and is treated as a one dinensional

translational functionlg '20 '26 . The rate of reaction, being the

concentration of transition state species nultiplied by the average

velocity of passage of these species over the potential energy

maximun frorn reactant to products, is described in equation L-227.

krT
rate = tAltBl. T-' e-eo I kBT Equation 1-2

I
In equation !-,2, h is the Planck constant and Q' is the partition

function per unit volurne for the transition state without the degree

of freedom corresponding to the reaction coordinate. As a result,

the partition functions QO and Q, describe 3N-6 (or 3N-5 for linear
I

rnolecules) degrees of freedom whereas Qr describes 3N-7.degrees of

freedon (where N denotes the nunber of atorns in each species).

Consequently, the classical rate constant described in terms of

absolute rate theory is given in equation 1-3,

k(T) = K

kgT

h
Equation 1-3e-eo I kBT

where rc is the transmission coefficient (ornitted from equation 1-2

for simplicity). The transnission coefficient expresses the

probability that a reactant systeTn (suitably activated or not)

noving towards the product region of a potential energy surface, will

in fact reach the product region. There are two components of the

transrnission coefficient both of which will be discussed in a

.l ater section.

The computation of the thernal rate constant is reduced to the
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calculation of partition functions for the reactant systen and the

transition state. These calculations require a knowledge of the

potential energy of the reacting system as a function of the

particular atonic coordinates which change during the reaction. The

transition state configuration, however, is rarely known and

therefore nust be modelled fron stable systems or calculated.

Calculation of potential energy surfaces by solution of the

Schrödinger equation (the so-cal1ed ab initio approach) has

received nuch attention. The results of these calcuations are

discouraging,however,for all but the sinplest of systems. A

limiting characteristic of the ab initio approach is the large arnount

of cornputing tine required for even sirnple polyatomic species. The

conputational effort depends not only on the procedures used for

localizing the transition state, but also on the cornplexity of the

energy hypersurface. There are other factors contributing to the

effort required, such as the availability of suitable starting

points for saddle point location (often obtained by using sinpler

seni-empirical nethods), the desired density of path points for the

description of the reaction path and the numerical accuracy required

for the calculation of rnolecular structures. Many of these factors

are discussed by ttlüt1"t28 in a recent review covering the problems

of calculating reaction paths on nulti-dimensional energy hyper-

surfaces.

Due to the inherent difficulties of the ab ¿nítio approach to

potential energy surface calculations, one is often forced to adopt

a serni-ernpirical 
"pptou.h29 ¡rr-r.h as CNDO, conplete neglect of

differential overlap; INDO, internediate neglect of differential

overlap; or MINDO, modified INDO) , or a completely empirical stance
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(BEBO, which is the bond energy bond order method of Johnston 4)

Potential Hypersurfaces

A chenical reaction is conveniently discussed in terrns of a

reaction potential energy profile covering aspects of nechanism

structure and energy. According to absolute rate theory, as a

reactant system evolves with respect to a particular reaction, it

passes from the energy nininun of the reactant state througll an

unstable transition state of higher enelgy to the enelgy nininum of

the product state. This description is sirnplistic in that little

ernphasis is pl,aced on the necessary stluctural changes taking place

in the molecular system which give rise to these potential energy

changes

The'reaction coordinate ian be visualized as those molecular

changes which occur in a particular reaction giving rise to the

desired products, while requiring the nininum in energy changes

(see figure 1-1). Thus the reaction coordinate is a conplex function

of structural changes characterizing the chemical transfornation

and in this respect requiles a nultidimensional potential energy

function.

The theoretical tTeatment of a chemical reaction requires the

detailed knowledge of the potential energy of a nolecular system in

terrns of alL internal degrees of freedon. This pre-requisite is

independent of whether a static description of the reaction is

pursued (e.g., by loca1-izing the nininum energy path), or whether a

dynanic treatnent of reactivity is attempted (e.g., by computing

numeïous trajectories over which the molecular system oscillates

along the reaction coordinate). Thus, the potential energy of a
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systen being a function of many pararneters does not lend itself to

graphic representation. A one pararneter potential energy function,

such as that describing diatomic systems, can easily be represented

by a two dinensional graph. A two parameter potential energy

function can be visualized by a three-dinensional relief or by a

two-dirnensional contour diagram. However, a nulti-pararneter energy

function can only be considered as a hypersurface in rnulti-dinensional

configurational space. Un1ess the motion of the atoms in a

polyatomic system undergoing reaction can be generalized to a one

or tvuo parameter reaction coordinate, then a description in terms of

the potential,energy hypersurface is conceptually quite difficult.

Fornal1y30, the potential energy hypersurface of an elementary

reaction is a set of points in (n+1) ldinensional configuration -

energy space; each point represents the energy associated with one

of all possible nuclear configurations of the system. The general

point on the surface is (tL, "2 .rrr,V) where the coordinates

ri, í=L,2 .,n represent the n internuclear dístances sufficient

to describe any configuration and V is the corresponding potential

energy. For ¡a reaction involving N nuclei, the dimension n of

configuration space is given by equation 1-4.

n=
{

1

3N-6
Equation 1-4

The Fornalism of the Kinetic Isotópe Effect

The isotope effect on reaction rates can be expressed in tenns

of the ratio of the isotopic rate constants for the reaction. By

convention, this ratio is expressed as the rate constant for the

light isotope relative to the rate constant of the heavy isotope.

if
if

N=2
TÞ3
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The isotopic rate constant ratio, equation 1-5, is derived fron

equation 1-3 and therefore enconpasses all of the basic assunptions

of absolute rate theory.

kr (T) K1 Qr + (eor - ee2)/kuT

kz (T) R2
.e

+

QR, Qs,

Qn, Qst
Qz Equation 1-5

As discussed previously, evaluation of partition functions and

transrnission coefficients requires a detailed knowledge of the

potential energy surface particularly in the reactant and the saddle

point regions. Thi; information however is rarely known, and as a

direct result of this liniting aspect it becones necessary to resort

to approxinate procedures in the evaluation of the partition functions.

However, one advantage of studying kinetic isotope effects is that

when ratios of rate constants are taken, then the approximations

used in the practical application of the theory tend to cancel. Due

to this sirnplification, it then becones possible to predict isotope

effects on the rate constant for a reaction with far greater

reliability than prediction of the rate constant itself. It thus

becomes reasonable to attempt to evaluate the isotope effect for

reactions so conplex that the prediction of the rate constant could

not be atternpted.

The partition functions contained in the kinetic isotope

expression (equation 1-5) are particularized in the following

conventional manner. The energy of a molecule containing N atorns is

described in terms of 3N independent degrees of freedom corresponding

to three translations and three rotations (two if the nolecule is

linear), and 3N-6 internal vibrations (3N-5 for linear nolecules).

The internal vibrations are described by harmonic oscillator partition
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functions while the translations and rotations of the systen as

a whole are treated as classical degrees of freedom. In deriving

the classical absolute rate theory expression one of the internal

degrees of freedom of the transition state is separated fron the

partitíon function as a translation. This degree of freedorn has a

I
zero or irnaginary .frequency and is designated as vrÏ. Thus the

nurnber of internal degrees of freedom for the transition state is

3N-7, (or 3N-6 for linear transition states).

The rate ratio including the appropriate translational,

rotational and harnonic oscillator partition functions is described

ít_34by equation 1-6"- "-, where separability of energy into translational

rotational and vibrational degrees of freedorn is assumed.

3/z

kr (r) K1

S1

S2 [,eJ

îtrlrtc2
IA1IB1ïC1

-u.
L2

exp

exp

ui) /

tl,

t/z'

l

kz (r) K2
+ + trl

r\.2t rB2Ï rC2tS1 M2

+ + I
1- + +S2 M1 rA1 rBr rcr

-u. -1I

3/z

3N 6

L2

Iï_uir
73N

Tf

i

1-e
fi
í 1-e

-u. ^1I
+

+

+) ,l
1 e

-u.
L2

1 e

Equation 1-6
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In equation 1-6, M refers to the molecular mass, IA,IBTfC are

the three principle moments of inertia, S is a symnetry nurnber and

u, is defined in equation I-7,

hv
1u.

L
Equation 1-7

where v, is the frequency of the ith internal degree of freedom. The

symrnetry number is defined as the total nunber of independent

perrnutations of atoms (or groups) in a nolecule that can be arrived

at by sinple rigid rotations of the entire nolecule. When synunetry

nurnbers are omitted fron all rotational. partition functions, S then

becomes the reaction path multiplic ity+'20 '35 ,

Equation 1-6 can be abbreviated in a conventional way to give

equation 1-8,

kr (T) K1
MMI EXC ZPE Equation 1-8

kz (T) K2

where MMI represents the product of the masses and mornents of

inertia. The EXC or excitation factor includes the product over that

part of the hannonic oscillator partition function which accounts

for the population statistics of upper 1evels of vibration. The

zero-point energy term ZPE, accounts for the difference in vibrational

zero-point energy between the reactants and the transition state.

Within the harnonic approximation, the isotopic sensitivity of

the classical translational and rotational partition functions is

related to the vibrational frequencies of a nolecule according to

the Terler-Redlich product tur.36'37 . This rule is stated in

equation 1-9,

\f-

I
srszÏ
------T
52S1f
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IA1 IB1 IC1 11

IA2IB2IC2
viz

Equation 1-9

where ïnj represents the mass of the isotope. Applying the product

rule to equation 1-6 and abbreviation the terms as in equation 1-8

one obtains equation 1-10,

kr (T) Srsrt

+

l-
K1 vllÏ

VP EXC ZPE
Ko' +' \)2L'

Equation 1-10

Equation 1-11

szst

tlz

TT

3NN

T
j

v6
1T

i

kz (r)

where VP referi to the vibrational frequency product and is defined

in equation 1-11.
u,

3N-6 2r
uti

VP

+3N-7
1T

Dzj-

tr r*
II

The ratio V1¡T / VZlt results fron the requirement that the product

of the vibrational frequencies for the transition state is taken

over 3N-7 internal degrees of freedon. One degree of freedom for

this product is therefore factored out from equation 1--9.

The harmonic rate ratio (equation 1-10) approaches the ratio
f t Lt- !

v*f / v2¡Ï at infinite temperatures. Accordingly this ratio is

known as the classical rate ratio or the tenperature independent

factor (TID)38. It is the isotopic ratio of the imaginary frequencies

coïresponding to the negative curvature of the potential energy

surface in the direction of the reaction coordinate at the saddle

point. The classical nature of the TID factor emphasises Stern and

Wolfsbergrs dictumS9 thut there is no quantum-rnechanical isotope
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effect unless there are bond force constant changes between the

reactants and the transition state.

The value of ur+ is related to the shape of the potential

energy surface at the saddle point and hence to the tunnelling factor

required to correct the classical absolute rate theory equation.

However, so¡ne authors have alluded to the quantum-nechanical nature
r40tof vrr which denies its origins in classical absolute rate theory.

The fundamental difference between equilibrium and kinetic

isotope effects can be clearly seen in the behaviour of the absolute

rate theory equations at infinite temperatures. The limiting forrn

of the kinetic,equations at infinite tenperatures is the classical
tr

ratio v1¡ / vzfÏ as discussed previously. This result is to be

contrasted with all equilibrium isotope effects which vanish at

very high temperatures. Thi-s can be readily understood when one

considers that in the derivation of the rate equations, the kinetic

situation requires intinate knowledge of the transition state,

whereas the equilibriun case, being concerned with thernodynamics

does not require knowledge of any transition states or intermediates.

Originally, the upper linit for the TID factor for the simple

bond rupture case was thought to be the S1ater coordintte .r"1.r"41

which is the square root of the inverse of the reduced masses of the

atoms forrning the bond as shown in equation L-72,

I
vr l,Ï Equation 1-12
.I
vz LÏ

This limit, however, is not consistent with the transition state

approach excepting when the reaction coordinate involves the motion

of two atorns. Consequently Bigeleiseïì and WolfsbergSS ptopor"d
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that a more reasonable fornulation would be to choose the coordinate

which separates the two fragments. This leads to equation 1-13,

vrL+

+

L/v
'htg,

\,+
01 Equation 1-13

r/v lv+
')zL o¿l 3z

in which Uo and üg refer to the reduced masses of the separating

fragments. Evaluation of this equation leads to the fragment

coordinate value. This value will only be approxinate however,

unless the two separating fragnents Iie on the extension of the line

coïresponding to the broken borrd34. Bigeleisen and Wolfsberg have

also considereil the TID factor in three centred reactions42 a

discussion of which is gíven by Meland"r2.

The TID factor in equation 1-10 results fron the application

of the Teller-Redlich product rule (equation 1-9) to equation 1-8.

Comparison of equation 1-8 with equation 1-10 yields a relationship

between the TID factor and the partition functions VP and MMI given

in equation 1-14.

I
vll' 

- MMï Equation 1-14=-
+

VP

')zL

Many conputer prograns which calculate isotope effects by evaluating

the partition functions described in equation 1-8, arrive at the

TID factor by the relationship in equation L-74.

The Heavy Atom Approximation

Equation 1-10 describes the general form of the harmonic rate

ratio. A variant of this equation describing heavy aton (carbon

and heavier elenents) isotope effects was initially introduced by
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Bigeleisen and Göeppert-M"y""31 for isotope exchange equilibria

and then carried over to reaction rates by Bige1eir"rr32. Equation

1-15 describes this formulation,

+ +kr (T) srsz K1 vrL 3N 7
1 X Gfu..'a

1
X G (ur) Au
1

63NIIlì Au.r +
kz (r) LKzï +szsi vzL

Equation 1-L5

where au, is defined by equation 1-16 and G(u) is a function of u1

described in the original pup""r51'32 und by Melander2 and van HooklO.

h(v Equation 1-16i - vzi)
Au uri - u2i

1
ksT

In deriving equation 1-15, Bigeleisen and Göeppert-Mayer nade the

assumption that Au is snal1 conpared to u; that is they took the

liniting cases of either heavy aton isotope effects (small vri - VZi)

or high temperatures. As a result this equation is in a very

convenient forn for the qualitative and quantitative evaluation of

many heavy aton isotope effects43.

Zero-Point Energy Terms

Many of the approximate forms of the harnonic rate ratio

expression (equation 1-10) assume that the rnajor contributor to the

difference in rates of reaction on isotopic substitution is the ZPE

term2. This is particularly true when considering prinary isotope

effects on reactions involving hydrogen transfer between two heavy

atoms or groups. In these cases the hydrogen isotope is close to the

centre of mass and isotopic substitution should lead to effectively no

change in rnolecular mass or moments of inertia. However, it rnust be
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noted that all terms in equation 1-10 may contribute significantly

to the isotope effect. Thjs is enphasised in calculations performed

by Wolfsberg and St"tr,S4 indicating that there does not äppear to be

any sinple set of correlations which express the complicated

interplay of the various terms in equation 1-10. Nevertheless, the

ZPE tern appears to be doninant in nany cases and its importance

denands further discussion.

The existence and nagnitude of the zero-point energy follows

from any quantum-mechanical treatrnent of the oscillator and in

particular from an understanding of the uncertainty principle. If

the systen existed in the motionless state represented by the lowest

point in the potential energy well describing its oscillation,

then both its position and momentum wàu1d be known exactly thereby

contravening the uncertainty principle. The quantum-mechanical

description of the zero point energy leve1 yields probability

distributions for both the position and rnomentum, which then satisfies

the uncertainty principle.

In the case of a sinple diatonic molecule within the harnonic

oscillator approxination, the zero-point energy of a nolecular

vibration having a frequency of vO (Hertz) is given by equation 7-77,

to r/, huo Equation 1-17

where eO is the zero point energy, h is the Planck constant and c

the velocity of 1ight. The frequency of vibration is related to

the bond force constant f, and the effective mass of the vibration

rn* by equation 1-18.

vo 1

ñ [#] 
, Equation 1-18
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The effective mass is determined by only those atons which are in

motion with respect to the reaction coordinate. Johnston has

defined the effective rnass for situations ranging from a sirnple

translation of a non-rotating, non-vibrating molecule to the general

case of a rotating, translating, víbrating, linear triatomic4.

The bond force constant is a characteristic of the potential

energy surface for the molecule and is a measure of the c}range in

potential energy which occurs with changes in the position of the

atoms involved in a vibration. For snall displacenents of the

atoms Ar from their. equilibrium internuclear distance r", the two

dinensional potential energy curve (diatomic case) can be approxinated

by a parabola. Figure 1-2 shows that for small clisplacenents, the

sirnple parabolic function adequately approximates the Morse function4,

Morse Curve0

V

V
0

r
e

Parabola
t

,
I
I
,
,
I
I
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I
t
r
t

I
I
I
I

\ I
I

Figure 1-2

r



2I.

which is a better description of the change in potential energy with

bond distance for the diatomic molecule. In figure I-2, V is the

potential energy, VO the eneïgy at the botton of the potential wel1,

r is the internuclear distance in the diatonic A-H and r" is the

equilibrium internuclear distance. Equation 1-19 describes the

parabola in terms of the change in potential energy accompanying

change in internuclear separation for a particular bond force

constant.

AV V t¡, f Lrz Equation 1-19

The bond force constant corresponds to the curvature of the potential

energy curve at its minimum and is therefore defined by equation 1-20.

Vo

f Equation 1-20

e

The potential energy, and hence the force constants of a

¡nolecule are, by virtue of the Born-Oppenheiner approximation,

unaffected by isotopic substitution. The zero-point energy, on the

other hand, changes with isotopic substitution since there is a

change in effective mass (see equation 1-18 and 1-77). For a sirnple

diatomic hydride A-H, oT mor.e generally a systern which can be

approxirnated to one, the effective rnass is equivalent to the

reduced mass U as defined in equation 1-21. For more complex

systems involving for exarnple non-linear motion of the isotope or

rotations, this relationship is not necessarily valid.

+
LI

u
1

tB*A
Equation 1-21
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A simplifying feature of hydrogen isotope effects is that the

mass of the aton (or group) to which the hydrogen is bound, is

usually nuch larger than that of the hyclrogert isotope which results

in the effective mass of the vibration reducing to the mass of the

isotope. This sinplification takes into account the fact that with

large atoms (or groups), most of the motion of the vibration is by

the hydrogen isotope. As a result of this the change in zero-point

energy on substitution of hydrogen for deuteriun is given by equation

t-22.

aro (H,D) = r/zh ¡v" - vo) =* r+ #-]u
Equatíon 1-22

Frorn equation 1 -22 it is clear that the rnagnitude of the change

in zero-point energy on isotopic substitution is dependent on the

size of the force constant. It is the possibility of a difference

in force constant between the reactants and transition state (kinetic

situation) or between reactants and products (equilibriun situation)

that leads to isotope effects on rates and equilibria. This

re-emphasises Wolfsberg and Sterns dictums9 nentioned previously.

In nany respects, hydrogen vibrations in polyatomic molecules

are similar to those of diatomics. Polyatomic molecules however,

possess bending as well as stretching vibrations. Assuning that

the effective rnass for the bending vibration is again equal to the

mass of the hydrogen isotope, and that the bond lengths to the

isotope are appïoxinately the same for all of the hydrogen isotopes44
It

then the shift in zero point eneïgy is again 2- t2 as shown in

equation t-22.
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The validity of the assurnptions used in deriving the sinplistic

zero-point energy equation (equation 1-22) can be estirnated by

consideration of the experimental vibrational frequencies of

chloroforn and deuterochlorofo"r4s. This comparison indicates that

the isotopic shift for both stretching and bending frequencies is
-lt^slightly less than 2 '¿. There are probably two najor reasons for

this. The first is attributable to the inaccuracy of assigning

the nass of the hydrogen isotope to the effective nass. Secondly,

and possibly nore inportantly, the inconsistency is due to nechanical

coupling of hydrogen motions with other atomic rnotions resulting in

the "spreadingl' of isotopic sensitivity between all of the moleculefs

vibrations. Anharnonic effects, although present, are expected to

be very snall for zero-point energy dìffe"ences.

The Westheimer Effect

Prirnary hydrogen kinetic isotope effects typically vary from

kH/kn 2 to L0 from one reactíon to another. Prior to 1961 there was

no satisfactory reason for why this should be so. It was realized,

however, that the larger values of the isotope effects that were

observed roughly corresponded to the difference in zero-point energy

between the stretching vibrations of the hydrogen isotopes in the

reactant. However, there hlas no rationale that related this

observation to aspects of the potential enerîgy surface which would

enable an explanation of the lower values that were often seen.

The first explanation of the variability of hydrogen kinetic

isotope effects was by Westheinets, *ho related the magnitude of

the i-sotope effect to the structure of the transition state.

Ylestheimerrs theory assrrtnes a linear three-centred transition state
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in which the hydrogen isotope is transferred between two atoms or

groups. This situation can be represented by the general reaction

in scheme 1-2,

A+H-B A-H+ B

Schene 1-2

where A and B are assumed to be large atons or structureless groups.

In the transition state defined above, there are two stretching

vibrations; the symnetrical vs, and the asyrnnetrical Vr. These

vibrations are shown in figure 1-3.

+ +

Figure 7-3

lllhen the stretching bond force constants f 1 and f 2. are equal,

there is no notion of the hydrogen isotope in the symnetrical

stretching vibration Vs. As a direct result of this notionless

state of the hydrogen atom, there is no change in zero-point energy

on isotopic substitution (this result can be seen frorn equation 1-22)

A systern that is analogous to the transition state described

tr-L

[a--'-r-H-J33] 
T 

'

vav
S
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above for hydrogen transfer reactions, is the stable linear triatonic

bifluoride ion HFr- 46 
'47 . The hydrogen bond in this ion is believed

to be symnetrical (there is sorne evidence that this may not be the

.^r"47). fn this ion the symmetrical stretching vibration is not

isotopically sensitive. In the asynnetrical stretching vibration,

the bond force constants are no longer equal, and the hydrogen is in

fuIl notion resulting in an isotopically sensitive frequency.

The analogy between the stable bifluoride ion and the unstable

hydrogen transfer transition state of Westheimer ends with the

symrnetrical stretching vibration. The asyrnmetrical stretching

vibration of the bifluoride ion now corresponds to a notion of the

atoms of the transition state without a restoring force. This

motion nolt/ corresponds to a tïanslatiönal motion along the reaction

coordinate and across a potential energy maximum. As a transLation

it possesses no zero-.point energy and is therefore isotopically

insensitive.

The effects of the isotopically insensitive syrilnetríca1 and

asyrunetrical stretching vibrations of the transition state on the

prinary kinetic isotope effect can now be readily understood. If

there is no change in the zero-point energy levels for the bending

vibrations between the reactants and the transition state, then the

ful1 effect of the loss of the difference between zero-point energy

leve1s for isotopic species in the symmetrical transition state, will

be realized in the isotope effect. Further if there were a weakening

of bending vibrations or contributions due to tunnelling then larger

values of the isotope effect would be observed.

The potential energy surface for the generalized hydrogen

transfer reaction shown in scheme L-2 can be represented by a two-
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dinensional contour diagram as in figure 1-4.

A+H-B

T
AFI

a

A-H+B

s a

rIB

Figure 1-4

The transition state is represented by the configuration at the

naximum of potential energy; at the intersection of the lines a,al

and s,sI. The normal coordinates4'L3, Ãa and Âs, involve simultaneous

extension and contraction of both bonds to the hydrogen in the

transition state. The potential energy curves corresponding to the

nornal coordinates Âa and Ás are given by sections through the surface

along the lines a,al and s,sl and the harmonic force constants by the

curvatures at their ninima. The sections through the potential

energy surface along the normal modes are shown in figure 1-5.

1

r

sI A + H + B

+
- -H- --B[n-
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Figure 1-5

Also shown in figure 1-5 are the notions of the atoms ínvolved in

each of the normal modes of vibration. The sections described above

yield the force constants à2V/ðLs2 and à2V/ðLaz, and the frequencies

for these normal rnodes of vibration can be obtained by application

of equation 1-18.

The frequency of the normal vibration at the saddle point and

in the direction of the reaction coordinate (a-al), is denoted by
-L

vrl. The potential energy curve can be seen to be concave downwardsL

(figures 1-4, 1-5) resulting in a negative force constant and thus

an inaginary frequency for this vibration (see equation 1-18). This

frequency is best thought of as a classical frequency defining notion

along the reaction coordínate and describing an unstable vibratiorr4.

The normal rnode at the saddle point perpendicular to the reaction

coordinate (s-sI), is described by a potential energy curve which is

uR'r, I"L
+
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concave upwards (figures 1-4, 1-5). As a result this vibration

has a positive force constant resulting in a real vibrational
I

frequency vOl. The concept of a vibrating transition state is of

course notional since the tine required for a vibration is longer

than the lifetime of the transition state. None the less, u*f

deternines the nagnitude of the difference in zero-point energy on

isotopic substitution which when added to the classical barrier

height determines the minimun energy required for reaction.

To this point the discussion has been concerned with a syrnnetrical

transition state defined by equal force constants f1 anð f2. In

transition states in which f1 and f2 aTe not equal, the transferring

hydrogen isotope will move in the real stretching vibration leading

to isotopic sensitivity of this notion. As a result, the change in

zero-point energy on isotopic substitution will offset sone of the

zero-point energy difference in the corresponding vibration of the

reactants. As the as¡'mnetry of the transition state increases, the

degree of cancellation of zero-point energy differences wiLl increase

and the value of the kinetic isotope effect will diminish. This is

the basis of Westheimerrs prediction of the magnitude of the kinetic

isotope effect.

gne liniting configuration of the asymmetric hydrogen transfer

transition state will be the reactant-1ike case in which the nagnitude
I

and ísotopic sensitivity of vOr will approach that of the comesponding

stretching frequency of the reactants. The reaction coordinate in

this case could be sinply described as the translational approach of

reactants and the limiting value of the isotope effect would be unity.

The other lirniting configuration of the transition state is the

product-like situatiol't in which vO+ wifl resemble the stretching
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frequency of the product. As a result the kinetic isotope effect

would be expected to approach the value of the equilibriurn isotope

effect.

Westheimerts theory can be seen to be extremely useful in

explaining the observation of less than rnaximum kinetic isotope

effects. On the basis of this theory one would predict that the

experimental kinetic isotope effect should pass through a rnaxímum

value as the symnetry of the transition state for hydrogen transfer

is changed fron reactant-like to symmetrical to product tike48.

This prediction has. led to a great deal of both experimental and

theoretical tvo¡k in an effort to initially observe this trend in

isotope effects and then to determine whether this trend has any

basis in the above theory. This investigation is of some importance

since a corollary of Westheinerfs theory is that the observation of

such trends in isotope effects is due to the change in symmetry of

the transition state. Thus the magnitude of an isotope effect is

directly related to a particular transition state structure.

Isotope effects on the ionization of nitroalkanes and ketones

using a variety of oxygen and nitrogen bases were first investigated

by Bell and Gooda1149 and then by oth"tr50-52. Although a graph

of th¿ isotope effect versus ÂpK (the difference in pKars of

reactant and product) shows considerable scatter (rhich is perhaps

due to the diversity of acids and bases chosen), a naxinurn in kn/k'

at ApK = 0 can be observed.

Maxina in the kinetic isotope effect for hydrogen atom transfer

reactions from a number of thiols to a variety of carbon radícals

have also been observed. L"rir53 has collated nuch of this data

fron his own laboratori"ss4-S7 und from othetrs8. A plot of
1
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isotope effect versus change in enthalpy for the reaction (as

calculated frorn bond dissociation energies) cannot be adequately

fitted by a smooth curve but the trend and the rnaxinun, occurring

at about ÂH = 0, is clear.

Hydrogen atom transfer reactions frorn carbon centres to halogen

atoms and frorn hydrogen halides to carbon centred radicals have also

been studi"d53 '57 '59-62. The kinetic isotope effects for these

reactions show a trend when cornpared with the enthalpy changes

for the reaction, which is consistent with the westheimer effect.
63-Lewis"- has also made a systematic study of the tritiun

kinetic isotopg effects for the carbon radical abstraction of

hydrogen atoms from trialkyl tin hydrides. The values of the

isotope effects were small, ranging rrom 2.1 to 6.s with the expected

maximum being at 4.7 . Generally the isotope effects increase as the

new carbon-hydrogen bond strength weakens, but the correlation is

pooT.

Based on a very wide range of hydrogen aton transfer reactions,

Lewis has conch-rd"d64 that for thernoneutral reactions the isotope

effect will not be less than the maximum value calculated for

complete loss of the stretching vibration zero-point energy of the

breaking bond. Larger values than the maximum are then due to

tunnelling. For exotherrnic reactions, the isotope effect will fal1

fron the rnaxirnum value as the exothermicity increases. The effect

of exothernicity changes on the isotope effect will be rnodified by

steric factors55'65 and contributions of polar structurers9 ao ah"

transition state. Steric hinderance raises the energy of the

transition state, compared to a similarly exothermic unhindered rnodel,

thereby increasing the isotope effect. The contribution of pðtar
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structures reduces the bamier (stabilizes the transition state)

resulting in a reduction in the isotope effect for non-thermoneutral

reactions. The above conclusions follow from consideration of the

direct relationship between the variation in isotope effect with

exothermicity and the ratio of activation energy to the eirthalpy of

reaction. All of these conclusions are in coinplete accord with the

theory advanced by Westheirner.

There are many examples of isotope effect studies which can be

understood in terms of lVestheimerts basic theory. Many of these are

included in the review by More O,Ferra1113. It is clear from rnuch

of this data that the best correlations of isotope effect and

transition state symrnetry (neasured by enthalpy of reaction, ÂpK etc.)

are for those reactions bearing a close relationship; for exarnple

a single substrate with a series of bases. Exanples of this can be

seen in the work of Bel1 and Barners2 on the ionization of ethyl-

nitroacetate in which the effective pKa of a single base was varied

by effecting solvent change s66-70. There are probably rnany other

Teasons why smooth correlations are not always observed. One such

factor is possibly due to solvent effects which nay be minimized by

the study of hydrogen atom transfers, since neither reactants nor

products are necessarily charged. Solvent effects may be precluded

altogether by the study of gas phase reactions. A¡other factor

which may contribute to the problems of such correlations is the

need to correct the isotope effect for the presence of tunnelling.

An exanple of this occurs in the investigations of hydrogen atom

transfer fron thiols in which the large isotope effect obtailred for

the reaction of the trityl radical with nesitylene thio153'55

(kH/kD 9.4) requires a substantial tunnelling correction. The
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presence of secondary isotope effects, which cannot be compensated

for in a unifonn manner, within a homogeneous family of reactions

must also lead to problens in isotope effect correlation=51.

There are fewer examples of correlations involving isotope

effects and ttansition state structure for gas phase reactions when

cornpared to those obtained for solution reactions. One such study

investigated the variation in kinetic isotope effect with the

Hanmett o + 
facto rTl fot the uninolecular loss of keten from a seriesp

of snbstituted acetanilide and phenyl acetate radical catíons72.

A rnaximum was not observed in the series but a clear trend of the

value of the isotope effect with the ability of the substitutent to

stabilize the transition state (or reduce the barier) was observed.

This is in accord witl-r the effect of polar contributing structures

on the isotope effect as described by L""ir53'59.

Wellman and co-wotk"tr73 have rnade a prelininary study of the

gas phase proton-transfer reactions of a variety of substituted

toluenes with a series of oxygen bases (e.g., the nethoxide anion

etc.). The range of isotope effects observed is snal1 (kH/kD,

varying from 0.7 to L.6) but the correlation with the exothermicity

of the reaction is c1ear. These results, when considered in tenns

of Harrunonrlrs postulateT4 , are comprehensible within Westheimerrs

basic frameworlc. Jasinski and Bt"rt"r,7s have studied the gas phase

proton transfer reactions of various pyridine bases. The reaction

efficiency was found to be reduced by increasing the bulk of the a1kyl

substituents at the 2 and 6 position of the pyridine ring. As the

reaction efficiency decreased they found that the hydrogen isotope

effect increased (kH/kD 1.0 to 1.8). The effect of increasing the

steric hinderence to reaction is to raise the energy of the transition
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state thereby reducing the reaction efficiency and increasing the

isotope effect as discussed previously. The increased barrier

height correlates with larger interaction force constants and

therefore greater tunnelling correctionrss. Since the range of

isotope effect values in this case is snall then the inportance of

the rnagnitude of the tunnelling correction is unclear.

Other Factors Contributing to Kinetic Isotope Effects

There have been many reservations expressed by authors about

westheiners basic theory22'76-84. Many of these critiques are

theoretical and are concerned with sorne of the assurnptions nade by

ÌVestheimer in his sinplified treatnent. These factors include the

consideration of bending vibrations, the tunnelling correction to

the reaction coordinate notion, and non-zero imaginary frequency

vibration, lur+) Westheínerf s treatment however, sti11 remains

as the sirnplest and nost effective rationale for isotope effect

behaviour, but it is now clear that other effects, such as those

nentíoned above, must be considered as overlays to the basic

stretching vibration considerations.

Westheimer only briefly considered bending vibrations and

assumed that the zero point energy changes on isotopic substitution

cancelled between the reactants and the transition state. Similarly,

Bigeleisen85 in his theoretical treatment of the synmetry of the

transition state and isotope effects ignored the effect of bending

vibrations on the basis that, to a first approxination, the tunnel

effect exactly cancels the contribution of the bending vibration86.

The irnportance of bending vibrations, or more correctly the zero-point

energy for these vibrations, in their contribution to the isotope
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effect should not be underestimated. Kresge and Chiang found in

their study of the proton transfer from hydrogen fluoride to

ethyl vinyl ether that the hydrogen isotope effect was small

(kH/kD 3.35) when compared to the maximun isotope effect expected

from unconpensated loss of the H-F stretching frequen"y8T. The

rationale they proposed to account for this observation was the

presence of an uncompensated hydrogen bending vibration in the

transition state, accounting for some of the difference in zero-point

energy in the isotopic reactants. Sinilarly, Lelvis and Kozuka62

suggested that the 1ow hyclrogen isotope effects obtained (kll/kT

1.04 - 4.L4) for atom transfer from hydrogen bromide to a variety

of substituted 2-bronoethyl radicals was due to an uncompensated

hydrogen bending vibration in the transition state.

Calculatiorrr80'88 hulr" shown that incorporation of bending

vibrations, in four and five-centred transition state models, does

not fundarnentally alter the conclusions based on Westheimer's three-

centred nodel. In particular, the calculations indicated that when

the reactant contains bending vibrations, the effect of isotopic

substitution on zero-point energy'levels cancel between reactant

and transition state. This is in accord with Westheimerrs

assurnptions. In the case where only the transition state possesses

bending vibrations the calculated isotope effect is smal1. An

exarnple of this situation occurs with the reactions of hydrogen

halides mentioned previously. When the reaction involves loss of

reactant bending vibrations (such as in the case of the reaction of

polyatonic species with the halide anions), the calculated isotope

effect has a rnuch broader maximum encompassing asynnetrical transition

states. In addition, the values are nuch larger than expected for
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product-1ike transition states. This effect correlates with a

decrease in the zero-point energy contribution to the isotope effect

and a simultaneous increase in contribution from the bending

vibrations as the transition state structure is varied fron

symmetrical to Product-1ike.

Westheimer's basi-c nodel was that of a three-centred linear

transition state. It was necessaTy to consider a linear system'in

order to sinplify the treatment of the forces to the ísotope which

would lead to a symmetrical transitj on state and hence isotopic

insensitivity of its vibrations. If the transition state is not

Iinear, then there cannot be a balance of forces resulting in

inmobility of the isotope. Figure 1-6 shows the forces acting

on the isotope in a symmetrical ,ror,-1irr""r transition state.

,H.
a' 

traa

'ñ N./x

Figure 1-6

89-91
Calculations on non-linear transition states show that the

isotope effect fal1s as the angle betrveen the partial bonds to the

hydrogen decreases. In particular, More 0rFerral189 h", shown that

the calculated hydrogen isotope effect value for a symmetrical

transition state decreases from 7.9, at an angle of 1B0o (linear

three-centred model) to 0.9 at 600. The calculations also indicated

I
,H

I
uR'ur*



that the variation of the isotope effect with transition state

symnetry was only slight for small angles (< 90o). Recent

experimental evidence for the effect of bent transition states on

the isotope effect comes from a study of a1lylic hydrogen abstraction

by tert-butoxyl radicals92 
^nd 

singlet oxygen hydroperoxidation of

4 -nethyl -2, 3 -dlhydro -Y-pyr"r,95 .

Be11 considered that when proton transfer is concomitant with

displacement of a heavy atom or group, (such as in elímination

reactions and some ïeamangenent reactions), electronic coupling of

the hydrogen and heavy atom or group notion in the reaction coordilrate

*uy n..rt78. ,The effect of this coupling would be to decrease the

importance of hydrogen motion in the reaction coordinate leading to

some loss in isotopic sensitivity, even in synnetrical transition

states. Figure 1-7 shows the atomic rnotions in a ß-elimination

reaction.
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Katz and Saunders, in their theoretical study of hydrogen and sulphur

isotope effects on the E2 elimination reaction of hydroxide ion

with the ethyl dimethyl sulphonium ion (see figure 1-7), concluded

that the hydrogen isotope effect is strongly influenced by the

extent of coupling of the proton transfer with the other atomic

rotionr94. This result arose fron the sensitivity of the isotope

effect values on the value of the interaction force constant4. As

the value of the interaction force constant decreases, the proton

transfer rnotion becomes less important as a conìponent of the reaction

coordinate frequency and a more inportant component of the real

frequencies of, the transition state. Consequently, there is a

cancellation of at least part of the zero-point energy differences

between the reactants and transition state leading to a reduced

isotope effect. Experínenta1ly however, this effect is difficult

to observe. Large isotope effects (kH/kD 6 - 10) for concerted

reactions tr." "ot*on6, 
and isotope effec.t maxima have been observed

in ß-elininations67.

The role of the interaction force constant on both the

magnitude of hydrogen isotope effect and on the observation of.maxima

for symmetrical transition states is very inportant. Willi and

11
Wolfsberg" and later Motell and co-wotk"tr84 found that the

interaction force constant can almost negate the effect of asynnmetry

on the nagnitude of the kinetic isotope effect. A wide variety of

asymnetric transition states may give rise to large isotope effects

providing that the interaction force constant is sufficiently 1arge.

This is due to the end gToup rnotion in a three-centred transition

state model. This motion doninates the real vibrational frequency

diminishing the effect of differences in mass of the central atorn
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(hydrogen or deuteriun) on the isotope effect.

Another area of kinetic isotope effects not dealt with by

Westheiner concerns the effect of tunnelling on the isotopic rate

ratio. Tunnelling corresponds to a quantun mechanical correction

to the reaction coordinate and is highly approximate in nature.

There are two corrections to the absolute rate theory equations

(equations 1-6, 1-B) which are combined to forn the transmission

coefficient (rc). The first type of correction factor, denoted by K,

describes the probability that systems possessing energies greater

than that of the transition state may not pass over the barrier

to products. ,Such systems are reflected back into the reactant

valley. As with the tunnelling correction, K is a quantum rnechanical

correction to the barrier passage plocess. This factor is always

less than unity and to a first approximation is isotope independent.

As a result K cancels from the isotopic rate ratio equations leaving

then to be corrected only for tunnelling.

The problem of the tunnelling correction is large and has been

considered extensively else*h"t"4 't2'L3'95-98, and only some of its

relationships to hydrogen kinetic isotope effects will be discussed

here. The tunnelling correction, denoted by I, arises in a very

direct way from the basj-c tenets of quantum theory as exp1essed by

the uncertainty principle. Due to the wave-particle duality of

matter, the hydrogen isotopes can be described in terms of wave-

lengths. Under normal conditions, their effective wavelengths are

of the order of magnitude of 10-9 - 10-8cn, which is cornparable with

the distartces nuclei move during chemical reactions. As a result,

the uncertainty in the position of the hydrogen isotope (or its

effective wavelength, which anounts to the same thing) is of the
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same order of magnitude as the dimensions of the barrier to

reaction. This leads to a finite probability of the particle being

on either side of the barrier. It is clear fron the uncertainty

principle that the lighter particle will have a greater uncertainty

in its position with relation to the barrier. Also, the presence

of a thin barrier tends to increase the need and magnitude of the

tunnelling correction. Two other characteristics of the tunnelling

correction are firstly that its value is always greater than unity

and secondly that it is temperature dependent; f decreases with

increasing tenperature .

These characteristics are expected to correlate with the

followíng properties of the transition state; (i) the curvature of

the potential energy surface along the reaction coordinate, (ii) the

sensitivity of notion along the reaction coordinate to the isotopic

mass of hydrogen, and (iii) the activation energy of the reaction in

the thernodynamically favoured direction9T.

The contribution of (i) and (ii) to the tunnelling correction is

conveniently expressed in terms of the reaction coordinate frequency
I

v,1 which is defined by the relationship in equation 7-23.
L

.. + t (ry)r/,uL' = ù [r.J ' Equationl-23

As discussed previously, if fa is negative, an inaginary value for
lrvrf is obtained. A large isotopically sensitive value of vrt will

be associated with a large degree of tunnelling. In Westheinerts
I

treatment of kinetic isotope effects, fu and vrr were assumed to be

zero corresponding to a flat-topped energy barrier and no tunnelling

correction. A more realistic model may be deduced from a consideration

of the syrnmetry of the transition state in terms of reactant and
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As can be seen from figure 1-8, a flat-topped barrier will only

arise in the lirniting cases of a highly exothermic or endothermic

reaction. As a result, a minimum tunnelling correction is expected

for extreme reactant or product-like transition states and a

rnaximum correction is required for a symnetrical transition state.

The factors mentioned previously which correlate with the tunnelling

correction, suggest that its contribution to the kinetic isotope

effect will show the same qualitative variation with transition state

structure as Westheiner predicted on the basis of zero-point energy

changes above.

The first estimate of the tunnelling correction was nade by

Wign"t100,101. fot a one-dimensional barrier of arbitrary shape. This

u2r
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relationship is shown in equation t-24

+2

r 1

where u.
1

rlÏ = hvrÏ/kuT. This equation is believed to give the

ui_F Equation 1-24

tunnelling correction for those cases in which the correction is

expected to be snal1.

To estimate larger tunnelling corrections, some detail of the

barrier must be considered. The first approach approxirnating the

barrier for a s)¡mmetrical transition state was rnade by geI19 '72'!02'L03

The Bell tunnelling correction is given in equation 1-25.

r¡,ar. +Ir Equation 1-25
l¡

sin'2

This is the first terrn of a series and suffices for high barriers
t

and snall values of uT, but for larger tunnelling corrections later

terms in the series are required.

+u.
t_
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AN INTRODUCTION TO MASS SPECTROMETRY
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The field of mass spectronetry covers a diverse range of

research interests each of which has been extensively reviewed.

General reviews covering all aspects of mass spectrometry appear

104-108regularly¡vr-rvv. A large number of reviews have appeared on specific

areas of rnass spectrometry; these include the evaluation of potential

energy ,.rrfuc"r109'110, netastable ions and gaseous ion thermo-

chemistryTll'tlz, fundamental rate theorieslT3'174, energy distribution

in the unimolecular deconposition of iorrr115' molecular orbital

calculations for ionic ,p""i"r116 tnd unimolecular chemístry of
. tL7positive ionst*'. Other techniques in the study of gas phase ion

chernistry which have been reviewed include isotopic Iabelling and

kinetíc isotope effect studiesl18'119, collisional actilrutiorrl20

ion-molecure reactionrl2l and new ionization techniqu"t722'123 .

Ions forned in the Mass Spectrometer

Figure 2-1 shows the arrangement of the electric and nagnetic

sectors in a double focusing mass spectrometer of Nier-Johnson

g"or"t"y124. The nain ion bean entering the electric sector has

kinetic energy given by equation 2-\,

r/, 
^u' eV Equation 2-1

where n is the mass of the ions, v their velocities and V the

accelerating voltage. The radius of the path taken by the bean of

ions in the electric sector ("") is given by equation 2-2,

mv2
r

e
zF Equation 2-2
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where F is the electrostatic field strength and z the charge on the

ions. Ions in the nagnetic sector will travel a path of radius r,

defined by equation 2-3,

Equation 2-3

where B is the nagnetic field strength.

Three types of ions can be recognised in a norrnal mass spectrum;

¡nolecular ions (tut*') , fragment ions (F*') and metastable ions (n*) .

In the ion source ions are produced with a range of internal energies

10n
source

mv
zBm

r

t
t
,
t
t
I

I
I

I
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(distributed anong the electronic, vibrational and rotational degrees

of freedom). To a first approximation it is the amount of internal

energy an ion contains which. determines its rate of decomposition,

and as a result the region of the mass spectroneter in which the ion

will decompose. Figure 2-2 generalizes the relationship between the

type of ion seen in a norrnal mass spectrum and the typical range of

Tate constants required to produce these ionr125.

fragment ions
ion intensity

10
4

10
5

10 10
7

rate constant (k)

Fígure 2-2

Molecular ions are defined as ions which are formed in the ion

source with an internal energy which is low enough to ensure that

they reach the collector without fragmenting some 10-5sec. after

their fornation. The ions contributing to the rnolecular ion peak

in the spectrum will have a distribtuion of internal energies. The

mean of this distribution correspouds to a Tate constant for

molecular ions

netastable ions
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fragmentation which is snal1 compared to the mass spectrometer

tine scale (typically k < 105 ,""-1;. The ions composing the

molecular ion peak may not be homogeneous in that some nay have

sufficient energy to undergo isornerizatíon reactions but insufficient

energy to fragnent. Such ions will not be distinguishable from the

other molecular ions which have insufficient energy to undergo

isomerisation.

Fragment ions are ions which are forrned by the unimolecular

reactions of molecular ions in the source. The residence tine of

ions in the ion source is of the order of 10-6 sec. This means

that providing, a rnolecular ion has sufficient energy to react, then

it nust do so with a ïate constant k > 706 ,".-1 to enable

observation of fragment ions in the näss spectrum (see figure 2-2).

If the fragrnent ions are forrned with significant internal energy

then these ions rnay also undergo unimolecular fragmentation reactions

in the ion source.

Molecular and fragment ions that undergo unimolecular reactions

in the ion source can be cal led unstable ions since their lifetimes

are < 10-6 sec. Since ions are forned with a distribution of

internal energies, ranging from zero to e(e) + e(T) - IPu where e(e)

is the electron beam energy, e(T) is the maximum initial thernal

energy of the molecules and IP.,, is the (vertical) ionization potentíaI,

then decomposition of tliese ions will be expected to occur along the

entire ion path of the mass spectrometer. The ion source reactions

occur frorn ions in the higher energy region of this distribution; the

lower energy regions leacling to ions of longer lifetine. Figure 2-5 (a)

indicates the energy distribution function, P(e), of the ions in the

source and the relative proportions of the distribution giving rise
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to each type of ion.

Metastable ions (n*) correspond to ions that decompose in the

regions outside of the ion source of a mass spectrometer. In

particular they correspond to the ions that fragment in the fi e1d

free regions of the instrument (see figure 2-1.). In the normal

rnass spectrum, peaks due to ions resulting from rnetastable ion

transitions in the second field free region can be observed. They

are usually identified by being broader than normal peaks (due to

the kinetic energy released in the metastable ion transition), being

of low abundance and most importantly occurring at non-integral mass

to charge (n/z) ratio. The non-integral mfz values of netastable

ion peaks can be understood if one considers the second field free

reaction in scheme 2-1.

mt.+mz+m3 Scheme 2-1

The ions m1+ and m2+ are the netastable ion and its fragment ion

respectively and m3 ís the neutral fragrnent. The kinetic energy of

the rnetastable ion (defined by the electric sector; see equation 2-2)

will be partitioned between the fragment ion and the neutral fragment;

the fragnent ion will possess a fraction mz/mt of the kinetic energy.

As a result, the fragrnent ions are deflected more readily by the

nagnetic field in the magnetic sector and will appeaï at m22/ (m1z)

in the mass spect.,m126. Metastable ion transitions in the first

field free region are also of interest but due to the partitioning of

kinetic energy, the fragrnent ion is not transmitted through the

eLectric sector with the main ion beam. As a result ions produced

from reactions in the first field free regíon are not observed in

normal mass spectra. These ions can be observed by the use of special
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defocusing techniques.

fons forned in the first field free region can be transmitted

through the electric sector at the voltage used to transmit the

main ion bearn (Er) if their kinetic energy is increased in the

ratio m¡/mz. To increase the kinetic energy of these ions, the

accelerating voltage is raised from its normal value V1 to V2

according to the relationship in equation 2-4.

V2 V Equation 2-4

At V2 the rnain ion bean has higher kinetic energy than is required

for traversing, the path of equi-potential of the electric sector and

will therefore not be focused at the ß-slit. The ions forrned in the

first field region which satisfy equation 2-4 wiII now have sufficient

kinetic enercgy to pass through the electric sector and will be

focused at the collector after mass analysis. If the magnetic sector

is pre-set to allow ions of mass m2 to reach the collector, and the

accelerating voltage is scanned upwards from V1, then all ions of

mass m2 forned from various parrent ions will be collected in turn.

The ratio of V1 to Y2 for each peak will define the ratio of

daughter to parent ions. This is the basis of the high-voltage (HV)

scanning techniquel27 -L29 
.

An alternative defocusing technique focuses the ions formed in

the first field free region by lowering the electric sector voltage

fron its original value E1 to E2. The voltage is decreased to the

value defined by equation 2-5.

E2
m2

m1
E1 Equation 2-5

4r
m2

The daughter: ions transrnitted through the electric sector in such a
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manner will be recorded at a mass to charge ratio m22/(n1z)in

the rnass spectrurn.

One advantage of studying metastable ion reactions in the first

field free region is that each tlansition is unequivocally identified

in terms of the nasses of the parent and daughter ions by equations

2-4 and 2-5. fn addition, all of the parent ions for each daughter

ion nay be found by scanning the accelerating voltage at a set

nagnetic field (this is not possible in the electric sector

defocusing technique as described above). Another advantage is that

in the absence of tfre main ion bean the ion collector sensitivity can

be increased sb that weak netastable ion transitions catì be detected.

When a collector electrode is mounted at the ß-s1it and either

the accelerating voltage or the electric sector voltage is scanned,

the spectrun obtained is known as an ion kinetic energy (IKE)

L30-132spectrum- . However to unequivocally assign each peak in such

a spectrum with a particular netastable íon transition, mass analysis

of the daughter ion is required. This is necessary since the

relationship in equations 2-4 and 2-5 may be satisfied by more than

one pair of values for m1 and m2. As nentioned previously, the

daughter ion will appear at m22/ (m1z)for electric sector defocusing

and m2/z for accelerating voltage defocusing.

In order to obtain unequivocal information concerning ion

fragrnentations from an electric sector scanning technique it is

desirable to carry out rnass separation of the sü/arm of ions leaving

the accelerating field, prior to energy analysis. This is the basis

of reverse sector instruments in which the nagnetic sector precedes

the electric secto rl33 't34 . An ion of any mass to charge ratio can

then be selected by the magnetic sector and its subsequent
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fragmentations (occurring noht in the second field free region) can be

investigated by scanning the electric sector voltage. The spectrum

so obtained is known as a nass analysed ion kinetic energy (MIKE)

spectrun

A new development which is useful in identifying all of the

,unimolecular fragrnentations of an ion is the technique of linked

scans in which two of the three fields of the mass spectrometer,

accelerating, electrostatic or magnetic, aïe scanned simultaneo.rr1yl35.

The nost inportant of these techniques is scanning of both the

erectrostatic and magnetic fietds136. The initial values of the

fields are such that the parent ion of interest is transmitted and

the scan then involves decreasing the fields in a constant ratio"

As the scan progresses all daughter ions formed from this parent in

the first field free regiotì are transnitted in succession.

Ionization and Energy Transfer

There are many nethods of ionizing a neutral molecule for mass

spectrometric study. These incrude chemicar ionízationL37, field

ionization and field desorptionlSB'139, electrohydrodynamic

ionizatiorl4O, atmospheric pressure ionizatior,141, photoio nirationl42

and radionuclide ionizationl41. The nost coïnmon method for producing

rnolecular ions is by electron impact in which gaseous neutral nolecules

interact with electrons frorn an electron bearn. The energy of the

electron bean is generally greater than the ionization potential of

the neutral rnolecule and therefore excess energy remains in the

morecule after ionization. under the conditions usually employed in

the electron irnpact source, molecular anions can be formed by the

acceptance of 1ow energy photoelectrons (resonance capture process).
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These ions are formed in 1ow abundance and are the species studied

in negative ion mass spectto*"t"y144.

In the ion source the bonbarding electrons interact with the

neutral rnolecule to varying extents thereby transferring non-fixed

amounts of energy to the molecule. In addition, the electron bearn

is not mono-energetic and as a result the rnolecular ions will have

a distribution of internal energies as shown in figure 2-S(a). Wherr

only a smal1 amount of energy is transferfed from the electron to

the nolecule excitation rather than ionization may occur.

The interaction tirne between an electron in the electron bean

and a neutral i,nolecule is of the order of 102sec. less than the

tine required for the fastest vibration. As a result the position

of the nuclei will not change during the interaction and the

removal of a valence electron from the molecule will occur by a

vertical rather than an adiabatic ionization process. That is to

sây, the transition will fo11ow the Franck-Condon ru1eI45 '146 which

requires that the configuration and momenta of the nuclei do not

change during the ionization process.

As a result of the vertical ionization process the nolecule is

not only in an electronically excited state but is also vibrationally

excited. This is in contrast to adiabatic ionization potentials

( IPad) which correspond to the energy required to remove an electron

from a molecule in its lowest vibrational 1eve1, leaving the resultant

íon in its lowest vibrational 1evel. Electron impact ionization

potentials are frequently larger than spectroscopic values since the

former nay produce vibrationally excited ions even at the threshold

electron energy.

The quantum mechanical basis of this principle lies in the overlap
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between the vibrational wavefunctions of the two electronic states.

Transitions occur most strongly between vibrational states that have

the nost overlap since these will have similar characteristics. The

ground vibrational wavefunction is a bel1 shaped curve with its

maximurn near the equilibrium nuclear configuration (see figure 2-3).

Many of the vibrational wave functions of the excited electronic

states overlap this function, but the greatest overlap occurs with

functions that reach a maximum in the sarne region of space. If the

potential energy surfaces for the ground state of the neutral and

the electronic staie of the ion are displaced, then the maxima of

the wavefunctíons that are nost inportant will be at the edge of

the potential well. As a result the vertical transition will

result in the strongest overlap betrveen the functions. These

principles are shown in figure 2-3.

As the energy of the electron bean is increased, electronically

excited molecular ions nay be forned. At the ionization potential

(IPv) the energy of the bombarding electron is sufficient to produce

molecular ions in their ground state with varying degrees of

vibrational excitement. The distribution of energy for molecular

ions will extend fron those ions which have almost no vibrational

energy to those which were initially highly thermally excited and

received all of the electlonts energy. As stated previously, the

formal linits of the internal energy distribution are zelo to

e(e) + e(T) - IPu. The energy distribution is shown in figure 2-S(a).

The behaviour of molecular ions possessing defined amounts of

internal enelgy is of much interest since, for example, the variation

in reaction ïate as a function of excess energy can then be compared

with theory on a firn basis. The earliest experimental approach
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to the problen of forming nono-energetic molecular ions was charge-

exchange mass specttor"tty147. A rnore recent procedure is photo-

electron-photoion coincidence tnass spectïometty723,L42,748 . In this

technique ions are detected in coincidence with energy analysed

photoelectrons. This determines the energy balance in photoionization

and as a result, ions of known internal energy can be investigated.

The electron impact source of a rnass spectrometer ís usually

operated at a pressure of around 10-6 torr and as a result the ions

produced will not undergo intermolecular collisions. rn the

absence of both intermolecular energy transfer and radiative

I

I

t I
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transitions, the internal energy of each ion is fixed at the value

produced in the initial excitation. This situation should be

contrasted with condensed phase thernal, photochemical and electro-

chenical reactions where collisional deactivation produces a

Maxwell-Boltzmann distribution of energies. Gas phase techniques

in which the ions can be thermalized include high-pressure mass

t49 . l.50spectrometry, flowing-afterglo"150.nd ion cyclotron resonance

(icr) mass specttot"ttyl21.

The internal energy of the molecular ion can be divided into

electronic, vibrational and rotational states. Vibrational and

rotational energy are not interconvertible in the absence of

collisions. Electronic and vibrational energy can be interconverted

by the reversible process of internal conversion; if the density of

electronic states is high then it is possible to populate low-lying

electronic states from higher ones by the crossing of potential

energy surfaces. The principle of internal conversion is shown in

figure' 2-4.

There is no infornation about the numbers of electronic states

and associated vibrational states to which excitation may occur in

complex rnolecules. However it is expected that the density of states

will increase with enelgy which will result in an increase in the

number of potential energy surface crossings. As the energy is

increased then the effects of the anharmonicity of vibrations

results in greater overlap of vibrational states between electronic

states. In this way vibrational quanta originally localized in

particular bonds can be randomised throughout the vibrational modes

of the entire molecu1e. The randomization of internal energy

throughout the ion is assumed to occur at a Tate which is rapid in
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cornparison with fragmentation. This is one of the basic tenets of

the statistical theory of uninolecular reaction rate theory.

Statistical Uninolecular Rate Theory

Statistical theories have been developed with the ain of

predicting reaction rate constants and breakdown diagrarns for the

unirnolecular reaction of gas- phase ions. Such theories determine

the reaction rate by determining the probability of reaction

proceeding from a reactant, wit-h its internal energy distributed

throughout its electronic states, to a transition state with its



55

own electronic distribution. As with absolute rate theories a

critical point on the potential energy surface is exanined and this

transition state dorninates the nagnitude of the rate constant. In

evaluating rate constants using statistical theories one must guess

the structure of the transition state and estimate its vibrational

frequencies by conparison with known stable molecules. To nake

educated guesses of transition state stïucture, a detailed knowledge

of structure of both the reactants and products and of the mechanism

of their interconversion is required. In this sense statistical

theories in their present quasi-equilibrium theory (QET)151 tnd Rice,

Ramsperger, Kassel and Marcus (RRIoa)152-155 forms are not truly

predictive. For systems in which the statistical theories show

good agreement with the observed rates of reaction, then these

numerical nethods can then be used to probe the finer details of

reaction kinetics (such as kinetic shifts).

The nost important of the assumptions of QET is that the

molecular processes leacling to the fornation of a mass spectrurn

consist of a series of competing, consecutive uninolecular reactions

of energetically excited ions. Further, as mentioned previously, it

is assumed that the initial excess energy gained in ionization

randomises throughout the entire molecule at a rate which is rapid

relative to the rate of reaction of the ion: the energy flow fron

one electronic state to another occurs in tines conparable with

those required for molecular vibratíons. The QET recognises that

rates of unimolecular reactions depend on the energies and entropies

of activation and the rate constant for the reaction is nost sinply

related to the internal energy (e) of the deconposing ion by

equation 2-615r' 156' 157.
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s-1Ê-c

k (e) v o
Equation 2-6

In equation 2-6 the activation energy is denoted by eo, v is a

frequency factor and s represents the number of effective harmonic

oscillators.

Ìtrhen the internal energy of the ion is high relative to the

activation energy for the process, then the rate constant approaches

the frequency factor for the reaction. rn the case of simpre bond

cleavages, the frequency factor approaches the vibrational frequency

of the bond in question (of the order of to14 ,""11¡. For rearrange-

ment reactions., the frequency factor is several orders of nagnitude

lower than for sinple cleavage reactions reflecting the entropic

factors of the transition state. As ä resurt, even though rearïange-

rnent reactions usually have lower activation energies and the ratio

¡e - eo) /e may be close to unity their rate constants are usually

lower than for sinple cleavage reactions.

If the internal energy of the ion is of the same order of

magnitude as the activation energy, then the reaction will not occutî

at the rate given by the frequency factor. The rate will depend on

the time taken for sufficient vibrational quanta to gather in the

reaction coordinate. This will in turn depend on the total number of

vibrational quanta available, the activation energy and the number of

vibrational states available in the molecule (related to molecular

size). In equation 2-6, s is the nurnber of internal degrees of

freedon (3N-6 for non-linear molecules, 3N-5 for linear rnolecules).

In practise however, s is taken as the effective number of oscillato:cs

which nay be as 1ow as one fifth of the total number. Figure 2-5(a)

and (b) relates the rate constant versus internal energy plots for a

e
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sinple cleavage (M*'- A+'+ Nl) and a rearrangenent reaction

(M*'* b+'+ N2) to the energy distribution function P(e) for the

rnolecular ion. The energy distribution plot shows the relative

proportions of the nolecular ions which give rise to each type of

ion at the collector.

Figure 2-5(a)
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Equation 2-7 is the RRKM statistical equation

This equation, although fornally quite different fron

z+ tP+(e-eo)

152-155,157-160

Equation 2-7
k (e)

N* (e)

the QET equation in its simplistic forrn (equation 2-6), enconpasses

all of its essential features in a more readily assinilable form.
I

The terms Zr and Z* in equation 2-7, describe the products of the

partition functions for the adiabatic degrees of freedon of the

transition state and the activated reactant respectively. The term
I

X PÏ (e - eo) ,is the total sum of the degeneracies of all possible

eneïgy eigenstates of the active degrees of freedom for the transition

zzk

1

E-

state at total energy e - Eo (=.1) The N*(e) factor is the number

of eigenstates per unit energy of the active degrees of freedom for

the activated molecule at energy e. The degrees of freedon in RRKM

theory are considered to be either active or adiabatic. The

vibrational and internal rotational degrees of freedom are considered

as active and only the overall molecular rotations are adiabatic.

The terms corresponding to the translational degrees of freedon of

the activated molecule and transition state always cancel. Expressions
Ifor X Pr (e - eo) and N* (e) have been developed by Marcus and

R. ce152-155.

The RRKM theory enables calculation of unimolecular rate

constants using a knowledge of nolecular structure and thermochemistry.

Unlike QET there are no adjustable parameters such as the effective

number of oscillators or the frequency factor. However in practice,

there are two serni-enpirical aspects; (i) assignment of structure

and frequencies to the transition state and (ii) the degree of
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anhamonicity in the nolecular vibrations at high 
"rr"tgi"r158.

Recently the RRKM theory has been incorporated into phase-

space formalismlT4 't6l-163 . Phase-space theory conserves the totar

angular momentum of the transition state and probes the channels

available for reaction products. This, in effect, moves examination

of the potential energy surface for the reaction away fron the

transition state and into the region, of product separation. When

the transition state resembles the products then both RRK},4 and

phase-space theories predict similar rate constants. As the

transition state b".or", more ïeactant-like phase-space theory then

provides the upper limit to the reaction rate constant.

Comparison of experinental results and rate constants calculated

using RRIOI theory for ions with an irnprecise amount of internal

energy has only been nodestly succ"rrfrrll14. Studies of netastable

ions with their sma11 distribution of excess internal energy has

alleviated this problem to an extent. Although the excess energy

is more closely defined in these ions there is still an energy

distribution and variation of the rate constant as a function of

excess energy remains largely unexplored. Charge-exchange and

photoelectron-photoion coincidence mass spectronetry have transformed

this area. Either technique irnparts precise arounts of excess

internal energy to the ion so that variation of reaction rate

constant with energy can be cornpared with theory on a firm basis.

The review by Chesnavitch and Bowerr114 ,,lr^ arizes the results

obtained in the application of statistical rate theories to ionic

systems where mono-energetic data have been obta.ined.

The lack of success of the statistical theories has been

demonstrate<l by Eland and cowork"rr164-1u' o, using photoelectron-
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photoion coincidence mass spectrometry. In particular, in their

study of the fragmentations of nethyl halide molecular ions they

found that the ions undergo specific reactions to various products,

depending on their electroni" ,trt"l67. In addition they found that

some internal conversion did occur, to an extent which correlated

with the energy difference between the states concerned. However

the vibrational energy did not statistically re-distribute between

certain states. Results such as these are not in accord rvith the

basic tenets of statistical theories. In contralt to these results,

Eland has also shown that in the fragrnentation of propane and

neo-pentane molecular ions the statistical fragmentation model is

probably .otr".t168. Charge-exchange mass spectronetry of iso-butur,"169

yielded a breakdown diagram which when conpared with the calculated

curve (QET) yielded good agreernent up to 17eV.

Energetics of Ion Deconposition

In the study of uninolecular fragmentations of ions, the

rnechanism and energetics of the process can only be ful1y understood

when the structure and electronic identity of the reactants, transition

state and products are known (i.e., the potential energy surface for

the reaction is known in detail). Sone of the information required

is the heat of fornation of the reactants and products, the

activation energy (or critical energy) for the process and how the

excess energy of the products is distributed amongst the vibrational,

rotational and translational degrees of freedon. Much of this

infornation is not available for the gas phase ion chemistry of

polyatornic systems. Even the assignment of the structure of the

reactant ion nay be highly tenuous. Structures of ions are usually
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inferred fron the structure of the neutral nolecule and fron

consideration of the reaction channels which are open to the ion.

fnferences gained by this type of indirect study rnay often be

contradictory and nisleading. In fact the structure of the

non-deconposing ion nay well be different fron that of the

. L62
decornposrng ].on

Figure 2-6 shows a schernatised potential energy curve for the

formation and decornposition of a ¡nolecular ion. Shown in the figure

are some of the thermochenical parameters which describe this

reaction coordinate
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fragmentation. The nininum energy required by the molecular ion

for fragmentation to yield the daughter ion (F*') is the appearance

potential and is denoted by AP. The experimental value of the

appearance potential (APe*p) cliffers from the adiabatic value (APad)

by an amount which varies with the tirne linits imposed on the reaction

by instrumental factors and. on the presence of cornpeting reactions

which nay also occur at the threshold electron energy. In order to

observe daughter ions as stable ions in a mass spectrum, they nust

be formed by reactions that occur in the ion source. Typically,

an ion spends utornd 10-6 sec. in the soulce before being accelerated

into the analyser region of the mass spectrometer. As a result, the

experimental appearance potential for stable ions corresponds to an

energy at which a large number of parent ions are deconposing with a

Tate constant of > 106 ,"..-1. The difference between the experinental

and adiabatic appearance potentials is the excess energy required to

achieve this rate of reaction and is terned the kinetic shiftl70.

This difference can be reduced by sanpling ions with longer life-

tines such as netastabl" ior,r171. Ions with longer lifetimes will

have a lower (rnean) internal energy and their reaction in later

sections of the nass spectrometer means that there is a lower kinetic

shift operative. Kinetic shifts can be estimated by the photoelectron-

photoion coincidence technique using a delay between electron

detection and ion extractionLT2'L73 und by calculation L74'r75.

The other factor affecting the experimental appearance potential

is the competitive shift. If conpeting reactions are occulring at

the threshold electron enelgy of the reaction understudy, the rise

in the number of daughter ions with electron energy may be s1ow.

This may cause up to 2eV difference between Oo"*n 
",,d 

AP'UI76.
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The activation energy in figure 2-6 ís denoted bI eo and is

equal to AP.U - IPrd. The activation energy for the reverse pïocess

is eor, the internal energy of the transition state i, a* and the

sum of these parameters is the excess internal ener:gy of the products

clenoted bv e. EXCESS

The excess energy must be distributed anong the degrees of

freedom of the products as the system passes from the saddle point

to the product region of the potential energy surface. This energy

nay appear in electronic, vibrational, rotational or translational

states or any combination of these. If the energy of the reacting

ions is nore tiran sufficient for reaction (considering not only the

activation energy but also the kinetic shift), then this additional
T

energy (er) will also be partitioned arnongst the product's degrees

of freedom. The manner in which t"*""r, is partitioned is naturally

a function of the potential energy surface for the reaction and

knowledge of the re-distribution is essential if the thernochemistry

of a reaction is to be properly delineated.

The portion of the excess energy which is partitioned into the

translational degrees of freedom of the products can be deterrnined

indirectly by analysis of the peak shape of both norrnal and

metastable ions. The kinetic energy which is released may have

originated from either the activation energy for the reverse process
T

alone or from the internal energy of the transition state (e') as

well. The distinction between the dual origins of the kinetic

energy release arises fron the variable nature of the energy of the

transition state (the so-called non-fixed energy). The reverse

activation energy is fixed and dependent on the nature of the

potential energy surface for the reaction. The energy of the transition
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state, on the other hand, is dependent on the energy inparts to

the reacting ion during the initial ionization process. As a

result, ions reacting in different regions of the mass spectrometer

(ions of different lifetínes) will release varying amounts of

kinetic .n.rgy777. rf the kinetic energy release by metastable ion

transitions is studied, then it is found that it is dependent to a

greater extent on the reverse activation energy than on the energy

of the transition state. This result is expected since the

contribution of ,* ao the excess energy of the products is srna11 for

ions of long lifetines. As a consequence, the kinetic energy

released from'netastable ion transitions is more characteristic of

the potential energy surface for the reaction than releases from

ion source reactions.

The kinetic energy release is measured fron the width of the

netastable peak at either 50% or 20eo of peak height. Equation 2-8

shows the relationship between the kinetic energy release (T) and

the masses of the daughter ion (rn2), the neutral (ns) and the parent

ion (nt), the voltage at which the peak rnaximun occurs (E) and the

width of the netastable peak (AE)178

2

16.m1 .n3 .
tV] Equation 2-8

Since the kinetic energy released during netastable ion

transitions can be measured with high precirionl79, attempts have

been made to understand the partitioning of the reverse activation

energy between the translational and internal degrees of freedom

of the products. Recently model calculations, which were based on

a dynanical nodel, showed good agreement with experinental results

for the release of kinetic eneïgy for a number of ionic reactionslSo

2m2

T
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The calculations showed that if the transition state coordinate

corresponded to a translational rnotion separating the products of

the reaction, then the reaction coordinate fron the transition state

to products is a straight line on the hypersurface (repulsive

,rrtf"."1811. As a result the kinetic energy released along this

path is expected to initially appear almost entirely as kinetic

enelfgy of separation and the absence of reaction coordinate

curvature means that litt1e of this energy will be lost subsequently

to other nodes of product motion. This situation is most 1ike1y

to arise hrith "laté" transition states which tend to occur with

endothernic reactions. As a result, it is expected that a

relatively large proportion of the reverse activation energy will

appear as kinetic energy of product separation in endothernic

reactions.

On the other hand, if the reaction coordinate at the transition

state is composed of atomic notions which differ from those required

for product separation, the nininutn energy path on the reaction

hypersurface will be curved. The curvature of the reaction path will

tend to have the effect of channelling the excess energy into

rnotions other than translations. This will happen in two ways.

Firstly, the initial rnomentum gain associated with loss of potential

energy will pass largely into product notíons other than translation

particularly over the early part of the trajectory. Secondly, the

curvature of the path will provide a rnechanism for a greater degree

of rrscrambling" of kinetic energy among all product nodes.

Consequently I'earlyt' transition states (corresponding to attractive

,rrrf"."r181¡ should favour partitioning of the reverse activation

energy into product vibration. "Early''transition states tend to
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occur with exothernic reactions.

The above qualitative aïguments based on the trajectory

calculatiorrrl80 are entirely reasonable when one considers the

energy requirements of the reverse processes. In an almost

thermoneutral process in which two fragrnents associate to forn a

transition state, it has been shown that an rreallyrr saddle point is

surmounted most effectively by translational energy in the approach

coordinate. Alternatively with a rrlate[ saddle point, vibrational

energy in the reactions is rnore effectivel82.

As an "*"rpt", it is found that the ratio of the kinetic energy

released to the ïeverse activation energy (1.1) for the loss of

molecular hydrogen from the ethane radical cation suggests that

most of the reverse activation energy passes into translational

degrees of freedon. Since the ratio is greater than unity then it

appears that some of the vibrational energy of the transition state

also passes into kinetic eneïgy of product separation. The loss of

hydrogen occurs exclusive Iy by a 7 12 elimination procesrlS3 thtorrgh

a four-centred transition state. The product separation occurs

along a plane.of synmetry thereby not necessitating the partitioning

of excess energy into rotational degrees of freedom. The elimination

is endothermic as calculated fron appearance potential and ionization

potential measurenents and the heats of fornation of products.

Therefore the transition state is expected to be 'rlater'. The

calculated T/eor ratio is in satisfactoïy agreenent with the

experimental ratio when the simplicity of the transition state model

is consid"t"dl8o.

Release of kinetic energy in rnetastable ion reactions has been

attributed to the process being rrforbidden'r on the grounds of orbital
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sy*nettyl09'184'185. The 1,2 elinination of molecular hydrogen from

, cH3cH3+', cH2oH+, GH2NH2+, GH2SH+ and GH3NH2+' all proceed with

significant release of kinetic energyl86. Construction of a forrnal

correlation diagrarn (for the loss of hydrogen fron the ethane

radical cation) shows that as the transition state is passed, the

electronic leolganization which occurs is characterísed by a

molecular orbital in which there is nutual repulsion between the

products. Alternatively the negligible kinetic energy released in

1,1 hydrogen elirninations fron C5H7*, C2H5* and C2H4+ is due to the

787
reactions being rrallowedil on orbital symnetry grounds The

occurrence of 1,1 elininations have been supported by a study of

deuteriun kinetic isotope "ff".ts188.
The dynarnical approach to "r,"try partitioning suggests that it

is the cuïvature of the potential energy surface that is the basis to

the partitioning process and that orbital sytffnetry correlations only

give an account of the size of the reverse activation energy.

Theoretical studies also suggest that the greater the curvature of

the reaction coordinate in the region of the transition state the

greater the partitioning of eor into kinetic energyl89'190.



CHAPTER 3

EXPERIT4ENTAL RESULTS AND DISCUSSION

OF SYNTHETIC T,ÍETHODS
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The work contained in this thesis is ained at elucidating, as

far as possible, the details of the mechanism of the Mclafferty

rearrangement occurring fron the radical cations of various aryl

a1kyl ketones. The particular nolecular system chosen for this

work was 1-phenyl-l-butanone (butyrophenone) and its various

substituted ana1og.r"r.t There are many Teasolls for choosing this

system; (i) the sirnplicity of the nolecular system with respect to

synthetic considerations, (ii) the relatively high intensity of the

Mclafferty rearrangement product ion in the mass spectra of these

conpounds, (iii) the relative lack of conpeting molecular fragmen-

tatiohs of thé molecular ion and (iv) the position of the carbonyl

functional group in relation to the arornatic ring, which allows

aromatic ring substituent changes to be nade which presunably affect

the reaction electronically without interfering directly with the

reaction cq,ntre.

A nechanistic problen, such as this, is in essence a problen

which concelns delineation of the potential energy surface for the

reaction. In general, there are two independent approaches to

problems of this kind which are not mutually exclusive in that the

use of one generates the need for the other. One approach is to

carry out detailed molecular orbital calculations which define the

potential energy surface for the reaction. The problens associated

Ì The conpounds mentioned in this thesis are named according to

the rules and guidelines put forward by IUPAC Commission on

Nomenclature of Organic Chernistry (1979) 
191. he systematic narne of

each compound appears in the experirnental section, but for sinplicity,

trivial names will- be used in the general text.
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with thís approach have been briefly discussed in Chapter 1.

Another approach is to attenpt to identify gross aspects of the

potential energy surface (such as the existance of potential energy

wells between those of the reactants and the products) by neans of

experinental investigations .

The experinental approach is used prirnarily in this thesis and

the objectives are to gain sufficient data to pernit a choice between

a variety of proposed mechanisms for the Mclafferty rearrangenent.

Theoretical calculations have also been perforrned in an attempt to

define the nechanism for the rearrangement of the butyrophenones in

greater detail. As will be discussed at greater length in Chapter 4,

the calculations rely to a large extent on the experirnental data

obtained.

In the main, the experinental approach has been to neasure the

isotope effects on the rates of the Mclafferty rearrangement for the

various butyrophenones and to conpare these results within the

framework of the theory of isotope effects as outlined in Chapter 1.

The calculations that were performed on this systen serve to

facilitate the application of isotope effect theory to this particular

systen under study.

The format of the remainder of this thesis is, (i) to present the

experimental results that were obtained and to discuss the problems

encountered, and also to discuss the synthetic procedures in this

chapter (Chapter 3), (ii) to detail the calculations and provide a

critique of the calculational methods that were used in Chapter 4,

(iii) to discuss in Chapter 5 the results described in Chapters 3 and 4

and (iv) to detail the experimental procedures used in the synthesis of

each compound studied in Chapter 6.
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Mechanistic Considerations

ïhe Mclafferty rearranger"r,tl92-194 i, by far the most widely

studied fragrnentation in organic mass spectrometry. One reason for

such interest is that it is a najor fragmentation pathway from the

molecular ions of a wide variety of different compounds. The

inportance of the Mclafferty rearrangement can be gauged by the

review by Kingston, Bursey and Burseylgs "hich covers the literature

up to 1972 and contains 651 references. Meyerson and Mcco11un196,

Budzikiew icz, Djerassi and Wi11i"*r197, Bo*i"lg8 trrd Holt"r118'119

have also reviewed this type of rearrangement. In view of these

extensive reviews of the literature, it is ny intension to surnrnarize

the inportant nechanistic aspects frorn the earlier work, and to

describe sorne of the recent literature which I find particularly

relevant.

The rearrangement can be described as a 1,5-hydrogen migration

via a six-membered transition state. Cleavage of the 3,4 bond

fr fo

H RH

cH^

ll¿
CH,

+

R R

Schene 3-1
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occurs either at the same time as the hydrogen nigration (concerted

rnechanisn) or at some later stage (stepwise rnechanisrn) . The process

is shown in scheme 5-1 for the particular case of the rearrangement

occurring with a conpound containing a carbonyl functional group.

The rearrangement is facíle and occurs in the majority of molecules

that fulfil the requirenent detailed in schethe 3-1195 'L97 - The

nigrating terrninus can be oxygen in which case the reaction is observed

for ketones, aldehydes, carboxylic acids, esters and anides. If the

terminus is carbon, the rearrangement can occur in olefins, acetylenes

and aromatic compounds. It is also observed in nitrogen derivatives

of carbonyl ccÍrnpounds, in alkaloids, amino acids and nitrogen

heterocycles. The terrninus can also be sulphur and phosphorus.

If there aïe two positions containing hydrogens in a 1,5 relation-

ship to the nigrating terminus, then the possibility arises that two

successive Mclafferty reaïTangenents may occur: The second Mclafferty

rearrangement is shown in scheme 3-2 for the enol isorner derived

from the Mclafferty rearrangement of 4-nonanon"197. The participation

of the enol forn rather than the keto forn in the second Mclafferty

has been shown by several ion cyclotron resonance experirnentrl99 '200 '

H fr

+

HH

Schene 3-2

2
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The specificity of 1,S-hydrogen transfer has been deternined

by isotopically 1abelling a number of ketones, aldehycles und 
"rt"t=195

While there can be no doubt that the sirnple site specific mechanisn

predorninates in conventional 70eV spectra, the behaviour of low

energy ions is less c1ear. Intranolecular scrambling of isotopic

labe1s has been observed in the 1OeV spectra of 3-octanon"r201 '202.
')

3-Hexanone and 3-hepianone and their 2,2,4,4-('ÍlÐ analogues have

also been studied. These investigations have shown that little or

no hydrogen-deuterium scrambling occurs in the 70eV spectrum, whereas

the 1OeV spectrum shows considerable loss of positional identity

for the hydroþen isotopes202'203. For ions of increasing lifetine,

as sampled by observing reactions occurring in the first and second

field free regions, the degree of hydrogen-deuterium scranbling

has been shown to increa t"202 '203 . Non-specific hydrogen transfer

has also been observed in the mass spectra of butyri. uríd204 ,

propylbento^t.205 and 4-hept.norr"206. Field ionization studies of

hexanal and 3-methyl pentanal and deuterated analogues show that

the specificity of the 1,5-hydrogen nigration decreases with

increasing ion lifetime2oT-209 .

In order to attain the six mernbered transition state necessary

for the Mclafferty rearrangement, tluo najor stereochenical factors

need to be satisfied. Firstly, Djerassi and co-wotk"tr2lo-213 h^u"

determined from the study of a series of steroids, that the

rearrangernsrt does not occur unless the nigrating hydrogen is less than

t. gR fron the migrating terminus. The spectra of the exo and endo

isorners of 2-acetyl norbornane support this t"rr1t214. Secondly,

the highly directional nature of the orbital containing the unpaired

electron on oxygen for radical cations of carbonyl conpounds, defines
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the direction fron which the hydrogen must approach. If the angle

between the plane of the carbonyl function and the y-hydrogen is

appreciably greater than zero then it is predicted by nolecular

orbital calculations that the Mclafferty rea.Trangement will be of

reduced inportanc 
"2LS 

. However, experimental evidence for this

effect fron the study of a series of bicyclic ketones, suggests that

this stereochemical requirement may not be as critical as the

calculations sugge tt2L6. The spectrum of 2,S-dinethyl-4-isopropyl-

3-hexanone provides an example of how steric hinderance can prevent

the attainment of tfr" optinal conformation for the 1,S-hydrogen

rearrangement, thereby reducing the importance of this reaction irt

this inst 
^n""277 

.

There has been considerable effort devoted to the deternination

of the stïucture of the product ion of the Mclafferty rearrangement

of carbonyl compounds. The reaction, as depicted in scheme 3-1,

requires the fornation of the enol isomer of the product ion. The

question that nust be asked is whether the enol form of the product

isomerizes to the keto forn.

Studies of the keto-enol tautomerism of carbonyt compounds in

solution indicate that the keto isoner is the preferred species, and

that there is a high proportion of the enol isomer only if this

latter species is stabilized (by increased conjugation, for instan."¡218.

Radom and co-work"rr219 have shown by molecular orbital calculations,

that the potential energy barrier to uninolecular enol to keto

transformation is around B0 kcal/moI for acetaldehyde and that the

keto forn is nore stable than the enol form by LL,7 kcal/no|. This

barrier is sufficiently high to prevent tautomerizatíon of all but

the most highly energized molecules. It is apparent then that the



74.

condensed phase keto-enol tautornerism proceeds by a bimolecular

nechanisïn. Pollack and H"ht"22S have determined by ICR spectroscopy,

that the keto form of acetone is more stable by around 13.9 kcal/¡nol

than the enol forn. This contrasts the work by Holmes, Lossing and

co-worker s226-229 who have deternined that the enol form of the

ions of aliphatic aldehydes, ketones, acids and esters is 14-31

kcal/mol rnore stable than the keto forrn of the ion.

With such a large potential energy barrier to tautomerism, it

is difficult to see how the enol ion formed fron the Mclafferty

TeaTïangement can convert to the keto forn via a unimolecular

mechanrsn. ¡arlier experinental work on ionization potential
L96measurements and a combination of photoionization studies and

thermochemical calculati onr220 '22t , concluded that the enol forrn

of the Mclafferty realTangement product ion was the more probable

st1ucture. Collisional activation studies of acetaldehyde and its
222 . LL- ._ 223

enol rsomer , acetone and its enol form--" and acetic acid and its

enol form224 h^u" shown that both the keto and enol ions are stable

entities at lifetimes of around 10-5sec. Thernochenical calculations

from ioni zation and appealance potential measurenents for a

variety of enol and keto radical cations in the gas phase have been

carried out by Holnes and Lossinr226-ZZS. Their conclusions support

the above findings in that generally the enol ion is around 14 kcal/nol

more stable than the corresponding keto form.

Ln alternative approach to this problen has been to investigate

the further unimolecular reactions of the lr{clafferty rearrangement

product ion and to analyse these in terms of either enol or keto

structurc. The decomposing (M-CSFI6)*' ior,, from menthon"196,

2 -isopropyl-3-nethylcyclohe*tnon"196 and piperitonu230 have structures
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consistent with the enol form. It has been determined that at

least for some aliphatic ketones, the metastable Mclafferty product

ion, decomposing by the loss of a nethyl radical, scrambles in such

a way as to suggest re-ketonization of the enolic forrL2SL-233. rn

the case of butyrophenone, the (M-C2H4)*'ion has been shown by

deuteriun label1ing stuclies, not to tautomerize in 10-5 t..234'23s.

Again, this conclusion arises fron the investigation of the loss of

a nethyt radical from this ion and the observation that hydrogen

scranbling does not take place. Elinination of a nethyl radical

fron the (M-C2Hù*'ion from butyrophenone, is presumed to occur from

the rearranged ion produced by the rnigration of an aronatic ring

hydrogen to the c¿-carbon, followed by transfer of the enolic

hydrogen to the aromatic ring. In both hydrogen rnigration steps

there is expected to be a large activation energy236. This ¡nechanisrn

differs frorn that suggested for the loss of a methyl radical fron

O-hydroxybutyrophenone in which the enol-keto tautornerism is

ffcatalysed" by the hydro 
^y ^oi"ty236 

,

The structure of ions in general and the Mclafferty rearrangement

product ions in particular have been investigated on the basis of

their reaction with neutral molecules in the ce1l of an ion cyclotron

resonance (ICR) mass spectrometer. In this way, the (M-C3H6)*'iot

fron 2-hexanone has been shown to react in the same manner as the enol

ion of acetone (generated fron the retro-ene reaction of 1-nethyl-

cyclobutane) and react differently to ionized acetone itseLf237. This

result is not, however, conclusive and cannot be generaLized to all

Mclafferty rearrang"*"r,ar239 '240. Tautomeric conversion of the enol

to the keto forn of the (M-C3H6)*'ion fron 2-propylcyctopentanone

has been suggested to occur in an ICR spectrometer modified to al1ow
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long ion residence tit"r24o.

As previously nentioned, the 1,5-hydrogen nigration can

conceptually occur via a stepwise or a concerted nechanism. If the

hydrogen rnigration and the 5r4-bond cleavage occurs at the same time

then the potential energy surface for the reaction consists of the

reactant and product potential we1ls and the transition state at the

saddle point which divides then. In this case the reaction coordinate

is composed of changes in the atom coordinates for each menber of

the six-nembered transition state. Schene 5-5 describes the concerted

mechanism for hydroþen atom transfer.t

+
H R,

fr

R, fo //HIo

R R 2

Scheme 3-3

Since all of the atoms in the six-rnernbered transition state are

involved in the reaction coordinate, then isotopic substitution of

any of then should result in a kinetic isotope effect on the

t The rearrangement is depicted as a hydrogen atom transfer for

sinplicity; hydride ion and proton transfer are also possibilities.

\f
R

H R

+(
)

(
c H
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observed rate of reaction.

Alternatively, if the potential energy surface contains a

potential well between the reactant and products, then the mechanism

is said to be stepwise. In this case the hydrogen nigration precedes

the cleavage of the 3,4-bond. This process is shown in schene 3-4,

again for hydrogen atom transfer. For the stepwise rnechanismr'the

overall process is cornposed of two elementaly steps (steps (i) and (ii)

shown in scheme 3-4), each with its own transition state. The rate

of the overall pïocess will be dependent on the elementary step which

+
H R/ fo

fr o

R

."H"

)

//H

(i¡)

R,
+

(
R

+
R, ,zH

(
Ir+

(+

R

Scheme 3-4
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occurs with the lowest rate constant, i;e., dependent on the step

involving the transition state of highest energy. If hydrogen

migration is the rate determining step, then bonding changes which

occur further along the reaction coordinate will have no effect on the

reaction rate. As a result of this, one would expect that a hydrogen

kinetic isotpe effect would be observed fron isotopic 1abelling at the

S-position. Moreover, since bonding changes occurring after this

step have no effect on the overall rate of the process, isotopic

labelling of atoms involved in step (ii) will not lead to observation

of a kinetic isotope effect on the observed rate of reaction.

AlternatiVely, if step (ii) in schene 3-4 is the rate deternining

step of the stepwise mechanism then isotopic substitution of the

S-hydrogens will not lead to a kinetic isotope effect. Howevet, if

step (i) is rapid when compared to step (ii), an equilibrium situation

rnay be encountered and it is therefore possible that a hydrogen

isotope effect (equilibriurn) will be observed for the reaction24t'242.

Naturally, isotopic substitution of any of the atorns directly involved

in step (ii) will lead to kinetic isotope effects on the overall

rate for the procerr4S.

As a result, any investigation of the Mclafferty rearrangement

utilizing the technique of isotopic 1abe11ing to delineate the

mechanism, nust attenpt to distinguish between the mechanistic types

outlined above. It is clear that the observation of an isotope

effect on the rate for the reaction is not a necessary condition for

that aton being involved directly in the rate deterrnining step, i.e.,

kinetic isotope effect. Not only can the diffelence ín rates on

isotopic substitution be due to kinetic Teasons but they nay rely on

thernodynamic factors leading to equilibrium isotope effects or even
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hybridization changes or other factors which lead to secondary

isotope effects. C1ear1y, mechanistic argurnents based soIely on

sirnple labelling experiments nust be treated with caution.

The photochemical analogue of the Mclafferty rearrangenent is

the Norrish type II photoelinination243. The mechanistic details

of this reaction are of sone interest to any consideration of the

Mclafferty rearrangement -since the two reactions are forrnally alike;

both involve (i) initial excitation of the reactant molecule and

(ii) specific 1,S-hydrogen nigration and cleavage of the 3,4 bond.

Infrared studies244 indicate that the type II photoelimination

occurring with 2-pentanone in the gas phase, produces propen-2-o1

which slowIy tautomerizes to acetone. This result is entirely

reasonable when one considers the mechanism offered for this

elirnination reaction.

With aryl alky1 ketones, the type II photoelimination process

occurs fron the n,n* triplet state245'246 and there is litt1e doubt

that there is a 1,4-biradical as an intermediate in the reaction24T'248'

i. e. , the reaction proceeds by a stepwise nechanism in which the

1,5-hydrogen migration is involved in the rate determining step.

Reaction rate studies of the Norrish type II photoelinination of

para-substituted butyrophenones by Pitts and co-work"tr246 
"rrd

wugn"t247 have indicated that the rate of 1,5-hydrogen nigration

increases with the ability of the para-substituent to,dirninish the

electron density at the reaction site.

Mclafferty and Wu.h.249 have studied the effects of substituents

on the Mclafferty îearrangement of a number of substituted buty-

rophenones. Their ::esults indicate that the effect of the substituent
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on the rate of forrnation of the (M-C2H4)*'ionr, as determined by

log (z/zùlr"1rr"r1250, *u, the following; electron withdrawing

substituents strongly enhance the formation of the rearïangement

product ion thereby having larger 1og (Z/Zo) values than electron

donating substituents which tend to diminish the extent of the

ïearrangement. A plot of log (Z/Zo) against the Hanmett o v"lrr"rl

for the substituted butyrophenones exhibited a positive slope indica-

ting that the reaction is; (i) sensitive to substituent changes on

the aromatic ring and (ii) the reaction is enhanced by decreased

electron density at the reaction site. These observations are

consistent with those of Pitts and co-wotk"t.246 and Wagne"247 in

their studies of the effects of substituents on the Norrish type II

photoelimination in this system.

llowever, as Mclafferty has discussed251, studies utilizing

changes in log (Z/Zo) values with substituent changes nust be

considered carefully. The abundances of parent and daughter ion

peaks not only depend on the rate for the reaction producing the

particular daughter ion but also on the rates of all other reactions

from each ion and the proportions of non-decomposing forns of each

ion. Many of the objections to this type of study can be reduced in

inportance by viewing the results qualitatively rather than quanti-

tatively. In this way, the correspondence between the effects of

substituents on the rate of both the Mclafferty rearlangement of

butyrophenones and the Norrish type II photoelinination in this

t For a process M*'* F*'+ N, where M is a substituted nolecular ion,

z = lEl/lMl and z=zo when the nolecular ion is unsubstitutecl.
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systen is c1ear.

Gooden ancl Braum 
^n252 

have studied the photodissociation

of the butyrophenone molecular ion utilizing an ICR nass spectroneter

fitted with an arc lanp and a grating monochromator. Their results

indicate that the nolecular ion undergoes both photochemical

o,-cleavage and elinination of ethylene and suggests that these

photoprocesses occur fron isolated electronic states (thereby

violating the basic assunptions of QET as described in Chapter 2).

The conclusion of the state specific reactivity of the butyrophenone

molecular ion arises from the observation of a sharp transition

between the formation of the enol radical cation of acetophenone

(type II process) and the butanoyl cation at a photon energy of

around 3.3eV.

Mclafferty and co-workers have investigated the unimolecular

dissociation of both the butyrophenone molecular ion and the

protonated form of this ion using the techniques of ion photo-

dissociation in the ICR spectrome t"r253 and collisional activation

(CA) in the double focusing mass specttonl"t"t2s4. Scheme 3-5

summarizes the unirnolecular and ion-molecule chemistry that was

elucidated by these techniques. The chenistry described in

scheme 3-5 provides an alternative explanation to the state specific

photodissociation of the butyrophenone rnolecular ion proposed by

Gooden and Braurnan. Using double resonance ICR techniques, Mclafferty

and co-wotk"tr2ss showed that nuch of the ion at n/z I49 was produced

frorn the ion-molecule reaction bettveen the ion at m/z 120 and

butyrophenone. Double resonance techniques and the CA spectrurn

indicate that the ion at rnass m/z 71 arises from the ion at n/z L49 and

not from the butyrophenone molecular ion-
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Scheme 3-5

Anodic oxidation of ketones produces a radical cation which can

then act as the terminus for a l,S-hydrogen atom nigration, and in

this way is formally sinilar to the Mclafferty realrangement.

Conparison of the deuteriun isotope effects obtained for the 1,5-

hydrogen nigration of radical cations generated by both anodic

oxidation and electron impact with the isotope effects from the

reactions of neutral species (free radicals' and photochemically

excited species) inply that radical cations are more reac t' ve2s5-257 '

in general the deuterium isotope effects for neutral species are
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higher than those of the charged species. Furthermore, the isotope

effects for the reaction of radical cations generated by either

anodic oxidation or electron inpact are surprisingly similar. This

is emphasized by the results obtained for the rearrangement of

s- (2Hr )-2-hexanone radical cation generated by the thro processes;

the highest isotope effect for anodic oxidation was 1.47 (20oC),

whereas the highest mass spectral value was 1.6 (50oC, 70eV)258.

This suggests that the 1ow isotope effects observed in mass spectral

reactions derives frorn the nature of the radical cation rather

than their formative history.

Isotope dffects for the Mclafferty rearrangenent have been

reported for ketones, esters, thioketones, aromatic hydrocarbons

and aryl a1kyl ethers and amine s259-26t. In general, the range of

deuterium kinetic isotope effects reported is kn/k' 0.70 2.17 .

Results and Synthetic Methods

The work described in this thesis could be presented in a number

of different ways: the most usual way is to discuss the results

within the chapter in whích they appear. However, due to their

reliance on both the experimental and computational data, any dì,seussion

and eoncLusions uiLL be postponed until aLL of the z,esuLts Tnue been

presented (C'lnpter, 5), An exception to this will occur when an

experimental approach has proved unsuccessful, in which case the

procedure and the problems encountered will be discussed in this

chapter.

In addition, the eæperimentaL resuLts anã. synthetic pnocedures

uíLL be pnesented in chv,onologicaL order. This is done in an

attempt to enphasizc the scientific method used in this investigation.
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An obvious disadvantage with this approach is that on occassion sorne

of the work may appear disjointed. Any difficulties that may arise

due to this will be rectified in Chapter 5.

(a) Para-Substituted Butyrophenones

Initially, the effect of changing the substituent para to the

carbonyr group of butyrophenones on the kinetic energy release was

investigated. This required the synthesis of a series of para-

substituted butyrophenones .

The second part of this investigation was to determine the

effect of substitui:nts on the deuterium isotope effect for a series

of butyrophenónes isotopically 1abel1ed at carbon-4. It was

therefore necessary to design a synthetic route utilizing a conmon

precursor to incorporate the deuteriun labe1 into a number of para-

substituted butyrophenones. Since both the isotopically labe1led

and un-labelled series were required, the nost suitable of the

synthetic routes available was deterrnined using isotopically un-

labelled precursors.

The initial route attempted was the alkylation of para-substituted

benzonitriles with propylmagnesium bromide and the subsequent

hydrolysis of the imine for^.d262. Preparation of the conpounds

p-nethylbutyrophenone, (1 - (4-methylphenyl) -1-butanor,")t (t) ;

butyrophenone (1-phenyl-1-butanone) (2) ; and p-chlorobutyrophenone

(1- (4 -chlorophenyl) -1-butanone) (5) , hras atternpted by this method.

The reaction is shown in schene 5-6. The ísolated yield of ketone(1)

was 40eo; the remainder of the product rnixture was p-methylbenzonitrile.

t In this text, the first tirne that a compound is named, both the

trivial and systematic names will be used, with the latter in brackets.
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Similarly, thg fornation of ketones (2) and (3) was shown to be

incomplete after heating the reaction nixtures under reflux for

24 hours. Due to the sluggishness of the reaction between the

nitriles and propylnagnesiur bro*id"263, it was decided to approach

the synthesis from another route.

The second synthetic route used involved the alkylation of

para-substituted benzaldehydes with propylmagnesium bromide, followed

by oxidation of the un-purified benzylic alcohols using sodiun

acetate buffered pyridiniurn chlorochr o^^tu264. Generally, the

yields of para-substituted butyrophenones for this tr^ro-step preparation

were 50-80%. The butyrophenones that were prepared by this nethod

were; p-methylbutyrophenone (1) ; butyrophenone (2) ; p-chlorobutyro-

phenone (3) ; p-btornobutyrophenone, (1-(4-bromophenyl)-1-butanone) (4) ;

p-fluorobutyrophenone, (1-(4-fluorophenyl) -1-butanone) (5) ; p-methoxy-

butyrophenone, (1-(4-nethoxyphenyl) -1-butanone) (6) ; and p-cyano-

butyrophenone, (I- (4-cyanophenyl) -1-butanone) (7) .

p-Hydroxybutyrophenone , (1 - (  -hydroxyphenyl) - 1 -butanone) (B)

was prepared in 55% yield by heating p-rnethoxybutyrophenone (6) with

anhydrous pyridine hydrochloride according to the nethod of Pr"y265.
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p-Cyanobutyrophenone (7) was converted to p-anidobutyrophenone,

4-butyrylbenzamide (9) in 9teo yieLd by heating with a hydrogen

peroxide and potassiun hydroxide solution. This procedure is

described by Buck anð Id"266.

The kinetic energy releases for the loss of ethylene frorn the

nolecular ions of the para-substituted butyrophenones were neasured

by the electric sector defocusing technique described by equation 2-5.

The instrument used for these measurements was the Hitachi Perkin-

Elner RMU-7D nass Spectrometer. Kinetic energy releases were

calculated using equation 2-B which requires the voltage at which the

peak naximum öccurred (V)'f and the width of the peak at half height

(AV) corrected for the width at half height of the main ion beam.

Table 3-1 lists the values of the kinetic energy release for the

para-substituted butyrophenones .

The synthesis of the deuteriun 1abel1ed para-substituted

butyrophenones follows the same procedure as described for the

unlabelled conpounds. The Grignard reagent was prepared fron
.)

1-brono 3-('Ht)-propane(10) which was prepared in 70% yield from

)
1-("H1)-5-propanol (11) using phosphorus tribronide by the nethod of

No1ler and Dinsnot"267. The preparation of the alcohol (11) was

achieved ín 70eo yield by the reduction of oxetane by lithium

aluminium de.rteride268. Initially, oxetane hlas pïepared by the

t This value r4/as obtained by maximizing the Tnetastable peak height

by scanning the peak ¿¡ voltages around the calculated value of V

(obtained from equation 2-5).
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Table 3-1

fo fo

+

o
cH.

ll'
CH,

X

p-X Butyrophenone

p -oH

p-ocHs

D-CH.

p-F

p-H

p-c7

p-Br

p-Co.NH2

p-cN

o +a'
p

-0.92

-0.78'

-0.31

-0.07

0.00

0. 11

0.15

0.45b

0.66

T
50

0.020

0.027

c.

0.007

0.010

0. 014

c.

0.027

0.015

(8)

(6)

(1)

(s)

(2)

(3)

(4)

(e)

(7)

Notes:

(a)
(b)
(c)

Brown's o * ur1u.27o
estinated?or* value
very srnall inetastable peak; measurenent
of T too inaccurate.
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269¡nethod of Noller but later purchased. The synthetic route is

shown in scheme 3-7t

The conpounds prepared by this method were; +-ç2ïr)-p-nethoxy-

butyrophenone, (4- (Hì-1- (4-nethoxyphenyl) -1-butanone) (12) ;

+- ç2tlr)-p-nethylbutyrophenone, (4- (2Hì-1- (4-nethylphenyl) -1-butanone)

(13) ; 4- (Hì-p-fluorobutyrophenone, (4- (2Hì-1- (4-fluorophenyl) -1-

butanone) (I4) ; +- {2ur)-butyrophenone, (4- (2Hì-1-phenyl-1-butanone)

(15) ; 4- (zHì-p -chlorobutyrophenone, (1 - (4 -chlorophenyt ) -4 - (2H1) - 1 -

butanone) (16) ; +- l2ur)-p-brornobutyrophenone, (1 - (4-bronophenyl) -4-

(2ut)-1-butanon") irz) ; and +- ç2ur)-p-cyanobutyrophenone, (1- (4-cyano-
)'

phenyl) -4- (-H1) -1-butanone) (18) .

))
4 - (-Hl ) -p -Hydroxybutyrophenone (4 - (-H1) - 1 - (4 -hydroxyphenyl) - 1 -

butanone) (19), was prepared in 60% yield fron ketone (12) as described

previously for compound (B)265.

Preparation of 4- (2Hì-p-anidobutyrophenone (4- (4-(2Ht) -butyryl)

benzarnide) (20) fron the ketone (18) was as described for the preparation
266of compound (9)'

The deuteriun kinetic isotope effects for loss of ethylene frorn

the nolecular ions of compounds (72) - (20) hrere measured using the

Hitachi Perkin-E1mer mass spectrometer at 70eV electron energy. The

ratio, kH/kD, was obtained by neasuring the intensity of both the

(M-CH2CH2)+ peak and the (M-CH2CH çzut!)+'peak and correcting the

forrner for the natural abundance 15C .or,a"ibution fron the latter.

t F'or sirnplicity, in schemes and figures, deuterium will be

represented by the symbol D rather than the correct syrnbol 2H
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Both ion source and first field free region (FFR) reactions were

investigated. The first FFR netastable ion deconpositíons were

investigated using the electric sector defocusing technique described

in Chapter 2 (equation 2-5), Table 3-2 shows the deuterium isotope

effects obtained from both regions of the mass spectrometer and

compares then to Brownt, o** u^ru.t270. The o-+ values can in general,PP
be used for the correlation of the rates of any reaction in which

direct conjugation between substituents and electron deficient

reaction centres ís possible. The isotope effect ratio shown in

table 3-2 is the average of ten measurements with the standard

devidtíon (SD) as shown.

Due to the strong electron withdrawing capabilities of the

+nitro group (on = 0.79), considerable interest was aroused in

measurement of the deuterium isotope effect for the Mclafferty rearrange-

ment from the nolecular ion of 4- (2uì-p-nitrobutyrophenone. Since

Grignard reagents react with nitro functional groups to form

reduction products (disubstituted amines, hydroxylanines)277, rh"

previous synthetic route (scheme 3-7) could not be used. However,

all attenpts at synthesizing this compound via other loutes hrere

fruitless.

Initially, synthesis of p-nitrobutyrophenone l{as attempted

via the reaction of an organocadtìlium reagent with an acid halide.

This route is based on the observation that organocadmiun reagents

do not react with the nitro gloup of aryl nitro .otporrndr272.

p-Nitrobenzoyl chloride was prepared in 82% yieTd fron the reaction

of the sodiun salt of p-nitrobenzoic acid with oxalyl chloride by

the method of Adams and ul'ichz73. The reaction between p-nitro-

benzoyl chloride and dipropylcadmium resulted in the isolation of
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Table 3-2

Hpl fr

-+
x

op
+a

-0.92

-0. 7B

-0.31

-0.07

0.00

0.11

0. 15

0 45d

0.66

7H tóTl +'

kH/l(D

CH

il
CH

+
2( )D

2
X

p-X Butyrophenone aon source first FFR

p-oH

p-oCHa

p-c[s

p-F

p-H

P-CL

p-Br

p-C0. NH,

P-CN

(1e)

(12)

(13)

(14)

(1s)

(16)

(L7)

(20)

(18)

1 .08

7.25

t.L7

1 .04

1 .50

7.2L

7.22

7.36

1.18

0.07

0.03

0.04

0.02

0.02

0.01

0.05

0.01

0.07

1.0

1 .04

1.26

t.20

1 .3s

7.28

0.05

0.05

0.0s

0.05

0.05

0.05

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

c

1 .35 r 0.1 c

1. 57 r 0.05

NOTES

(a)
(b)
(c)
(d)

Brownts op+ value
Standard deviation
Low intensity netastable ion peak
Estinated on+ value.
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two najor products neither of which were the desired ketone. The

reaction was repeated under the same conditions using benzoyl

chloride; butyrophenone (2) was isolated fron the reaction mixture

in 60% yield

An alternative approach to p-nitrobutyrophenone involved

alkylation of a-brono-p-nitroacetophenone, (2-bromo-1- (4-nitrophenyl)

-1-ethanone) (21), with 9-ethy1-9BBN, (9-ethy1-9-borabicyclo[3 .3.I1

nonane) (22) according to the nethod of Brown and co-wo"k"rr274'275.

The reaction sequqnce is shown in scheme 3-8.

Br
(¡)

orN ( 21)No
2

( ¡¡) {iii¡ or 1iv¡

,/l

tE

I

B (zz¡

orN

(i)
(ii)
(i.ii)
(iv)

CuBr^/CHCI ^/EtOAc
g - etÉvt- s - É sN/rt-rF/ooc
t¡uor/tg,roH
potassiun 2 ,4 ,6-tti (tez,t-blutyl) phenoxide

Schene 3-8
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The bicyclo ethyl borane (22) was prepared by bubbling ethylene

into a standard solution of 9-BBN (9-borabicyclo[3.3.1]nonane).

To this solution was added the a-bromo ketone (2L) followed by

either potassiun tert -butoxide or potassium 2,4,6-tri (tert-bttyl)

phenoxide. 0n the addition of the base, the reaction mixture changed

to a dark red colour. With either base, the isolated product was

a complex mixture containing none of the desired ketone. Due to the

problems encountered in the attempted synthesis of a p-nitrobutyro-

phenone, the preparation of this compound was abandoned.

(b) ICR Experiments

The najor difference between the stepwise and concerted nechanism,

as shown in schernes 3-5 and 3-4, is the presence of an intermediate

in the former case. The nature of the intermediate is that it

resenbles a protonated carbonyl species (i.e., the 1,5-hydrogen

migration produces a species in which the radical centre and charged

site are separated). One would expect that if the internediate has

a sufficiently long lifetime, it should be possible tô distinguish

it fron the reactant and product ions. This can be expected to be

done on the basis of the specific reactions that each species could

undergo; in particular, their ion-no1ecule reactions. One of the

simplest ion-moIecule reactions that can be investigated using the

ICR mass spectrometric technique, is proton transfer. The advantage

of the ICR technique lies in the cyclotron e¡ection276 ot double

ïesonance experinen tr277 in which each charged member of a reaction

process can be unequivocally identified in terrns of their m/z values.

On this basis, it was proposed to synthe síze 4-(2lì-butyrophenone,
)

(4-('HS)-1-phenyl-1-butanone) (23). The nolecular ion of this compound

undergoes the Mclafferty rearrangement, producing the enol radical
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')
cation of acetophenone. This product ion has an O--H, bond resulting

from 1,5-deuteriun migratíon. If one considered the Mclafferty

rearrangernent to be stepwise, then the intermediate formed by 1,5-

deuterium rnigration would similarly contain an O-2H, bond. Potentially,

the Mclafferty product ion and the internediate could undergo deuteron

transfer reactions with a neutral base. If this occurred within the

cel1 of an ICR mass spectrometer, the source of the deuteriun could be

unequivocal 1y identified

The reaction schene proposed for the synthesis of compound (23)

was the same as was used for the preparation of the para-substituted

butyrophenones'. Effectively, the synthetic problen then reduced

to investigating synthetic routes to I-bromo-S-¡2Ur)-propane (24).

Initially, the alkylation of ethylene oxide with (2ïì-nethylnagnesiurn

iodide seemed the simplest route to a precursor of brornide (24). This

procedure is described by Huston and D'^1cy278. It was found,

however, on repeating the reaction several times with isotopically

un-1abel1ed precursors, that the yield of propanol varied greatly

(as detennined by gas liquid chromatography - GLC). Due to the

fickle nature of this reaction, another synthetic route was planned.

An alternative route involved alkylation of acetic acid with
)

('HS)-iodomethane. The procedure used r^Ias an adaption of the

nethod described by Pfeffer and Silbert279, and Creget280. The

di-lithi.um salt of acetic acid was prepared in tetrahydrofuran at

-7BoC using lithiun isopropylcyclohexyla¡nide. This base was used

due to its solubility in tetrahydrofuran at low temperatures. To

solubilize the dianion formed, hexamethylphosphoranide was added

to the reaction mixture. Analysis of the crude product, obtained

after work-up of the reaction mixture, by GLC indicatecl that propionic
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acid had been forrned in onry 30% yield. when the reaction was

repeated using lithiun di-isopropylamide as the base and a reaction

tenperature of OoC, none of the required product was obtain.d279,280

1-Brono-S'(Hì-propane (24) was eventually prepared by the

synthetic route outlined in schene 3-9. Also shown in this scheme

is the preparation of +-ç2ur)-1-phenyl-1-butanone (23). tert-ButyL

acetate h/as prepared in 50% yield by the nethod of Voge1281.

Preparation of te.nt-butyt s-ç2ur)-propionate (2s) was achieved in

quantitative yield (crude) by the procedure outlined by Rathke and

Líndert292. Initially, in a trial reaction using isotopically un-

labeIled reactãnts, hexamethylphosphoranide was added to the lithiun

salt of tez't-butyl acetate in tetrahydrofuran. This r^¡as an attenpt

to increase the solubility of the salt in the solvent systern. However,

the addition of hexanethylphosphoramide had no effect on the overall

yield of tev't-butyl propionate and was therefore omitted fron the

procedure.

tez,t-Butyl propionate, required for GLC conparison purposes was

prepared in 60% yield fron propionyl chloride by the nethod of vog"l281.

Reduction of the propionate (25) with lithium aluminium hydride
.)

yielded 1-("HS)-3-propanol (26) ín 65% yieId. The bromide (24) was

prepared, however, in surprisingly low yield (74%) fron the alcohol (26)

using phosphorus tTibïomid"267. Preparative GLC was used to purify the

bromide (24). Preparation of ketone (23) was achieved in 77% yield,

based on the starting bromide (24), by methods described previously.

Figure 3--1 shows a portion of the ICR spectrum of a mixture of

ketone (23) and 3,S-dinethylpyridine. The ketone (23) was introduced

into the cel1 of the ICR spectrometer via the direct-probe (absorbed

onto diatornaceous earth) , and the pyridine was introduced via the
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liquid inlet port.

The ICR spectTum of 3,5-dinethylpyridine, shows large (M-1)*,

M+'and (M + 1)+ peaks occurring at n'¡f z values 106, 107 and 108

respectively. The (M - 1)* and (M + 1)* íon, represent 83% anð'

38%f of the nolecular ion peak respectively. In addition, there is

a peak of n/z 109 representing 5%f of the M+' peak. Introduction of

the ketone (23) produced a, slight increase in the ratio of m/z t09:

m/z IOB fron 0.13 to 0.23. However, increasing the pressure due

to 3,5-dirnethylpyridine did not affect this ratio. Cyclotron ejection

experiments indicated that the peak at m/z 109 was not produced fron

the molecular'ion of ketone (23), or any other species having n/z L51-,

but was coupled to the peak at m/z 12.7. (Eno1 form of the nolecular

ion of acetophenone; the product ion of the Mclafferty rearrangenent

from the molecular ion of ketone (23)). Scheme 3-10 shows the

+

+
D

Scheme 3-10

o

N

f This percentage is not corrected for the natural abundance

content due to the preceeding peak.

L3
C



ketone (23) with 3,5-dinethylpyridine.

Analysis of the mass spectrum of 4-(

99.

proposed chenistry for production of m/z 109 in the reaction of

2ur)-butlrophenone (23)

indicates that the Mclafferty rearrangement is site specific for

this cornpound. The ion source and the first FFR reactions of the

molecular ion of compound (23) inCicate that the 1,5-hydrogen transfer

is specific and proceeds without hydrogen scrambling: the Mclafferty

rearrangement elininates onty (2ur) -ethylene.

(c) 4-Substituted Butyrophenones

It is clear from the previous section that a deuteriun isotope

effect is obseived for the Mclafferty rearrangenent of butyrophenones.

Moreover, changing the para-substitue.nts of these cornpounds causes

a change in the isotope effect for the process. Presumably, the

substituent has its effect on the isotope effect through the forrning

O-H bond. It is of interest therefore, to examine the change in

the deuteriun isotope effect due to substitution at the carbon-4 of

butyrophenone. In this case, the substituent is expected to have its

effect through the change in the strength of the CO-H bond. The

effect of substituents on C-H bond dissociation energies can be

obtained fron various table r2B3.

An initial investigation of this effect involved the study of

the following compounds; 4-brono -+- çzur)-butyrophenone, (4-bromo-4-
))

('Ht) -1-phenyl-1-butanone) (26) , and 4-chloro-4- ('H1) -butyrophenone,
)

(4-chloro-4-('H1)-1-phenyl-1-butanone) (27). The method used in their

synthesis is summarized in scheme 3-77.

The required ketones (26) and (27) were prepared in 94% and 90%

yields respectively fron t- ç2ur)-4-oxo-4-phenylbutyl 4-toluene

sulphonate (2S). Their preparations fo11ow the method of Beckwith
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Schene 3-11
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(x) LiCl/HMPA
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284and Moad using the appropriate anhydrous lithiun halide. The

tosylate (28), was prepared in 98% yield fron 4- (2ut)-p-hydroxybutyro-
)

phenone, (4- (-H1) -4-hydroxy-1-phenyl-1-butanone) (29) by conventional

r""rrr285. Preparation of the deuterated alcohol (29) was achieved

by reduction of 4,4-ethylenedioxy-4-phenyl-butanal (30) with lithium

aluniniun deuteride in anhydrous ether, followed by rernoval of the

acetal function using p-toluenesulphonic acid in a tetrahydrofuran,

hrater mixture. The overall yield of this process, based on the

aldehyde (30), was 88%. The aldehyde (30) was prepared in 78e" yield

by oxidation of 4-hydroxy-1-phenyl-1-butanone ethylene acetal (51)

using pyridinium chlorochromate according to the nethod of Corey and

_ 264
suggs

Synthesis of the alcohol (31) follows the procedure described

by Ward and Sherm^n286. Ethyl 4,4-ethylenedioxy-4-phenylbutyïate (32)

was prepared from 4-benzoylbutanoic acid in quantitative yield (crude)

by initially preparing the ethyl ester and then formíng the ethylene-

dioxy acetal of this compound.

The nass spectrum of the chloride (27) unfortunately showed small

netastable peaks for the loss of chloroethylene and 1 -(2Uì-1-chloro-

ethylene and a deuterium isotope effect for this process could not

be estimated. The najor fragmentation fron the molecular ion of this

compound, was loss of HCl.

The netastable ion transition for the loss of bronoethylene and

')
1-('H1)-1.-bromoethylene from the rnolecular ion of bronide (26),

proceeded with reasonable efficiency. As a result, the deuterium

isotope effect for this process l,üas measured as kU/kO 7.25 t 0.72.
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(d) Cârbon:13 Labelled But enones

Considering the mechanisrns proposed for the Mclafferty

rearrangernent (stepwise versus concerted, schemes S-3 and 3-4) in

the light of the results that were obtained fron the deuterium

labelling experirnents, then a natural progression would be to study

the effects of carbon-13 1abel1ing on this process. As nentioned

previously, the observation of an isotope effect for a process is

not a necessary condition for that aton being involved directly in

the rate determining step. Also, isotopic labe11ing of atoms

directly involved in the reaction is required to enable definite

conclusions to be nade about the nature of the mechanism (stepwise

or concerted).

The aim of these studies hras to attempt to neasure, with

sufficient accuracy, differences in the rate of the Mclafferty

rearrangement due to carbon-1s 1abelling at carbons L,2,5 and 4 of

butyrophenone. By the very nature of the nolecular system chosen,

the measurenents are of conparative interrnoLecuLay rates. This

requires isotopic carbon-13 incorporation of >90eo and the rna.ss

spectrometric measurements to be carried out on a mixture of labelled

and un-labelled naterial.
13The compounds required for this study hrere; 1-( C) -butyropheone,

(r- (13c) -1-phenyl-1-butanone) (55) ; z- (l3c)-butyrophenone, (z- (15c) -

1-phenyl-1-butanone) (3a) ; s- (13c) -butyrophenone, (S- (13c) -1-phenyl-1-

butanone)(55); anð, 4-(13c)-butyrophenone , (4-(13c)-1-phenyt-1-butanone)

(56). The synthetic route proposed was to alkylate acetophenone with

iodoethane incorporating th,e carbon-13 1abel into butyro-

pheonone via these specíes. This type of reaction is well known and

usually procedurally simple. However, in this case the alkylation
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of acetophenone was found to be difficult; in most of the alkylations

attempted, the yield of monoalkylated product (butyrophenone) was

less than that of the dialkylated product.

The first route attempted was the alkylation of the potassium

salt of acetophenone; fonned in dinethyl sulphoxide from potassiun

tert-butoxide, with iodoethane. This follows the procedure of

Heiszwolf and Kloos t"rri.I287 . Analysis of the reaction nixture by

GLC indicated that butyrophenone was formed in only 70e" yíeId; the

remainder of the product rnixture being 2-ethylbutyrophenone

(2-ethyl-1-phenyl-1-butanone) (37), (40e") and acetophenone (50%) .

To overcome the problen of dialkylation, it was proposed to use

a catalytic phase transfer p"o."drr""288.

Table 3-3 sunmarizes the conditions used for the phase transfer

alkylations and the product composition obtained fron then.

Table 3-3

Phase Transfer Alkylating Agent Conditions Products
Catalyst

a
TEBA

TEBA
a

bromoethane

bromoethane

diethyl sulphate

iodoethane

2ooc, 24h.

48h.

72h.

48h.

oc,

no reaction

acetophenone (90%)
butyrophenone (IOu")

no reaction

acetophenone (55%)
butyrophenone (25e")
2-ethylbutyro-
phenone (20%)

,a

BO

BO

80

oc,
TEBA

TBAb
o

C

NOTES:

TEBA - triethylbenzylammonium chloride (catalytic amount).
TBA - tetrabutylarnmoniurn hydrogen sulphate (one equivalent).

(a)
(b)
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In each experiment listed in table 3-3, the heterogeneous solvent

systen was composed of dichloromethane and sodium hydroxide solution.

The product rnixture in each case was analysed using GLC.

An alternative route to the carbon-13 1abe11ed compounds utilized

the potassium enolate of acetophenone, which was formed using

potassiun hydride. The use of this base has been encouraged by

Bto*rr289 '290. The advantages of potassiun hydride are that enolate

anions are formed rapidly and irreversibly in tetrahydrofuran at

room temperature and that dialkylation is ninimized. However, all

attempts at obtaining butyrophenone in a yield greater than that of

2=ethylbutyrophenone failed. Table 3-4 shows the experinental

conditions used in these attenpts.

(38) + (2) + (37)

(58)

Equivalents Products (%)

(38) (2) (37)

44 19 37

40 27 39

t4 11 75

Comrnents íodoethane Solvent
a 1.0

areverse

NOTES

(a)

(b)
(c)

norrnal

nornal

(38)

1.0

1.5

1.1

THFb

THF

DMFC

Temp

-78oc

-7Boc

o. oc
I
3

0

0

normal addition is the addition of iodoethane to the potassium enolate.
Teverse addition is the addition of the potassium enolate to iodoethane.
THF - tetrahydrofuran
DMF - dinethylformamide
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The presence of starting material in the product mixture indicates

that even though the enolate anion is forned irreversibly by potassiun

hydride, this anion re-protonates in a later step. Since the

proportion of the products due to dialkylation is high, it

seems that re-protonation of the enolate anion of acetophenone takes

place as shown in schene 3-72.

+

o
OK

OK

Scheme 3-12

If the equilibrium shown in scheme 3-L2 is rapid and lies towards the

enolate anion of butyrophenone, this accounts for both the high

proportion of acetophenone returned and the presence of dialkylated

product.

Since alkylation of the potassiun enolate was unsuccessful, it

was decided to prepare and alkylate the lithium enolate of acetophenone.

To prepare the lithium enolate, the si1yl enol ether of acetophenone,

([1- (Phenylvinyl)oxyJtrimethylsilane) (39) was prepa r"d289 and then

reacted with rnethyllithiun using 2,21-bipyridyl as an indicaror29\.

Alkylation of the resulting enolate with iodoethane afforded only a

72e" yield of butyrophenone; the remainder of the product mixture was

acetophenone (81%) and dialkylated product (37) (7e").

+

o
H
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The lithium enolate of acetophenone was also prepared using

lithium di-isopropylamide in tetrahydrofuran as the base. Alkylation

of the enolate at - TBoC with iodoethane yielded the following product

distribution; acetophenone (48r"), butyrophenone (20u,7 and 2-ethylbutyro-

phenone (26%).

In a further attenpt to overcome the problems of dialkylation,

a procedurally more complex synthetic route was attempted. This

route involved the synthesis of the N,N-dimethylhydrazone of aceto-

phenone, preparation of the o-lithiated N,N-dinethyLhydrazone and

its alkylation with iodoethane, followed by conversion of the N,N-

dimethylhydtazone to the ketone. The general procedure is described

by Corey and Ender t293 . The advantages of using o-lithiated

dimethylhydrazones as enolate anion equivalents are; (i) their

efficiency of fornation and lack of síde reactions, (ii) their

stability, (iii) their high reactivity and irnportantly (iv) their

fornlation of rnonoalkylated products. The synthetic sequence is

sumrnarized in scheme 3-13 for the preparation of S-(15C)-butyro-

phenone (35).

Acetophenone dinethylhydrazone (40) was prepared in quantitative

yield by the nethod of Newkone and píshe|292. Lithium di-isopropyl

anide was used to prepare the o-lithiated acetophenone dinethylhydra-

zone which was then alkylated at -7BoC with 1-(13c)-1-iodoethane.

Conversion of 3-(13C)-butyrophenone dimethylhydrazone (41) to the

ketone (35) was achieved by using "opp"tIl acetate in a nixture of

water and tetrahyd::ofuran294. In this way the butyrophenone (33)

(56) were prepared ín 60%, 65eo, 63eo and 65% yields respectively,

with isotopic incorporation of >90%.

The carbon-lS kinetic isotope effect experirnents were performed
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Schene 3-12 +

on the new frgrand scaleil Teverse sector instrument designed by

Derrick and built at La Trobe University, Victor ir295 '296 . The

problems encountered in attempting to measure carbon-13 isotope effects

for loss of ethylene from carbon-13 1abe11ed butyrophenones arose

from two sources. Firstly, there were instrumental and experimental

problems in the collection of data of sufficient accuracy to allow

the observation of sma11 differences in ion abundances resulting fron

t The position of the carbon-lS label is indicated by *.
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kinetic isotope effects. Secondly, it appeared that there was an

isotope effect on the ionization process between butyrophenone and

the carbon-l5 compounds (33)-(36), which was of the same order of

nagnitude as the expected kinetic isotope effect. This latter

problern will be dealt with nore fu11y in Chapter 5.

The initial experiment involved introducing a nixture of

+- (13C) -butyrophenone (56) and butyrophenone into the reverse sector

instrument and rneasuring the amount of each conpound present fron the

molecular ion peaks. The validity of this rnethod of deternining the

proportion of each compound in the mixture will be discussed in

detail in Chay'ter 5.

Peak height rneasurements were made by sampling the voltage output

fron the peak maximun using a nicroprocessor. The microprocessor was

progranned to collect 20 values of the voltage, average then and to

repeat this cycle a number of tines elected by the operator. The

output consisted of an arbitrary nurnber (directly proportional to

the output voltage) representing the total average of the voltages

and its standard deviation

The results obtained for ketone (36) and butyrophenone are shonn

in table 3-5; X is the mean and SD is the standard deviation.

Table 3-5

!L,
L49

148

747

Sanple Nunber

7000

7000

7000

XlSD
12777 ! 403

72671 t 368

641!6

The ratio of n/z L4B/749 (i.e., the ratio of the molecular ions for

compounds (2) and (36) ) was found to be 1.054 t 0.06. This ratio is
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corrected for natural abundance carbon-l3 and the loss of a hydrogen

atom frorn each molecular ion. C1early, this result is of insufficient

accuracy to enable neaningful carbon-13 isotope effect studies to

be made.

To deternine whether there hras an isotope effect on the ioniza-

tion process, the second FFR netastable ion deconpositions , m/z 148+ '+

105+ + 43 andm/z 749+ + 105+ + 44 (o-cleavage) were studied. Since

the isotopic label is far renoved fron the bonds that are breaking,

a kinetic isotope effect for this process was not expectcd. The

results obtained foi o-cleavage fron the molecular ions of ¿-(15c)-

butyrophenone (36) and butyrophenone are listed in table 3-6.

TabIe 3-6

Metastabl e fon Transition Sanple Number Ratio I SD

m/z 148+ + 105+ +45

m/z L49+ + 105+ +44

The increase in the standard deviation for the ratio in table 3-6

when conpared with the ratio of m/z t48/749 from table 3-5 is in

part due to the low abundance of the netastable peaks for c-cleávage

in the spectrum of butyrophenone. Prinarily though, the large

standard deviation reflects the problems due to the variation in

pressuïe encountered between successive measurements of the netastable

ion process from each compound. The nature of the experiment (i.e.,

intermolecular comparative plocess), requires that the nagnetic field

of the instrument be adjusted between measurements for ench conpound.

This is also expected to be a najor problern in attempting to measuTe

carbon-13 isotope effects for the Mclafferty rearrangernent.

20,000

20, 000

I-I_!D
600 ! 72

573!2
1 .045 t 0.13
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(e) Carbon-13 Labelled 2-Ethylbutyrophenones

The problens that hrere encountered in attenpting to measure

carbon-lS isotope effects for the Mclafferty rearrangement fron

butyrophenones, ü¡ere, in the nain, due to intennoLeeuT.ar nature of

the experinent. The najor difficulty was due to the presence of an

isotope effect for the ionization process which could not be easily

corrected for. Pressure fluctuation problens also led to variability

in the data collected resulting in uncertainty in the ratio of peak

heights. Clearly, the difficulties encountered in neasuring inter-

molecular kinetic irotope effects cause this method of approach to

be uncertain. '

The simplest nethod of overconing these problems was seen to

be the study of a structurally related conpound in which intrønoLecuLot

rates could be conpared. In such a case, the molecular systen would

have two sites, one of which is labelled with carbon-lS (>90%), frorn

which the Mclafferty rearrangement could occur. This syten will

have one ionization potential and the pressure effects on the peak

height would be nininized.

For this reason, the compounds 3-(13c)-2-ethylbutyrophenone,

(s- (1 
3c) 

-2 - ethyl-1 -phenyl -1 -butanone) (a2) and, 4 -(13c) -2 - ethylburyro-

phenone, (¿- (15C) -2-ethyl-1-phenyl-1-butanone) (43) Ìrrere prepared.

Synthesis of conpounds (42) and (43) involved alkylation of

S.(13C)-butyrophenone (55) and 4-(15C)butyrophenone (36) respectively

with iodoethane by the method of Brown289'290. The sequence is

summarized in schene 5-15.

Figure 3-2 shows the rnass analysed, ion kinetic energy (MIKE)

1\
spectrum of 3- (-"C) -2-ethylbutyrophenone (42) and the unresolved

peaks due to the metastable ion transitions shown in schene 3-74.
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The netastable peak heights for the loss of 113C¡-ethylene

and ethylene frorn the nolecular ions of conpounds (42) and (43)

were measured using the microprocessor averaging technique described

in the previous section. To ensure that the rnicroprocessor was

sarnpling the output voltages at the naxima of each peak, the

netastable peaks were scanned slowly at a large detector gain and

the centre of each deternined geornetrically. Re-scanning the peaks

and checking the centre of each between successive data collection,

ensured that the mícroprocessor was sanpling at the peak maximum.

The ratio of ihe heights of the netastable peaks for the

processes m/z'777+ + 149+ +28 and m/z 777+ -> I48+ +29, (i.e., loss

of ethylene versus loss of (13C)-ethylene), where m/z 777 is the

mass to charge ratio of the molecular ion of 4-(

phenone (43), is shown in table 3-7.

73
C) -2-ethylbutyro-

Table 3-7

Compound Metastable Ion Transition Ratio t SD
a

13 +4-( c) , (43) !77+ -> L49

L77+ -+ L4B

+28

+ +
177 749 +28

[¡zs,oool = 1.019 t o.oos

X¡SI,OOO¡ = 1.018 t 0.006

l3

+
+29

brepeat

s- (13c) , (42)

NOTES

(a)

(b)

+ + X(56,000) = 1.041 t 0.007
t77 148 +29

this is the ratio of the loss of ethylene to the loss of (
ethylene.
determined on a separate occasion.

c)-

The reproducibility of this result for ketone (43) is also shown in

tab\e 3-7.
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Similarly, the ratio of the heights of the netastable peaks

for the processes n/z t77+ - L49+ +28 and n/z L77+ -> 748+ +29,

where m/z 177 is the nass to charge ratio of the molecular ion of

s- (13c) -2-ethyLbutyrophenone (42) , was determined and is sholn

in table 3-7.

The increase in the certainty of these ratios when conpared

to the results obtained for the loss of (13C) -ethylene and ethylene

from 4- (13c) -butyrophenone and butyrophenone respectively (inter-

rnolecular systen), is probably due to the sirnplicity of the experi-

mental procedure for intramolecular conpetitive reactions. In the

case of the 2jethylbutyrophenones (42) and (43), labelled and un-

labelled ethylene are elininated fron the sarne molecular ion. As a

result, the time interval between successive measurements of

rnetastable peak height is ninimized. Therefore, instrumental

variables, in particular the sample pressure, are reduced in their

effect on the peak height deterninations.

There are two factors which need to be accounted for before the

ratios in table 3-7 can be considered as accurate neasures of ratios

of ion abundances. The first correction to the peak height ratio

was due to an instrumental factor. In La Trobers mass spectrometer,

a small baseline variance occurs on the high voltage (electric sector)

side of netastable peaks. Since the rnetastable peaks for the Mclafferty

rearrangement from compounds (42) and (43) are unresolved, the peak

due to loss of ethylene nust be corrected for the presence of a peak

1.5V lower.

The correction required was deternined by measuring the output

voltage in the region of the metastable peak for the loss of ethylene

from the molecular ion of butyrophenone at varíous electric sector
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voltages. This, in effect, gave a plot of the height of the netastable

peak.versus the electric sector voltage. In this way, it was

determined that there hras a baseline variance of 1.1% of the

netastable peak height at L.5 volts higher than the voltage of the

maximum.

The second factor involved the assunption, which is implicit

in the above discussion; nanely, peak heights are directly proportional

to peak area (i.e., ion abundance). This assunption has validity

providing that there is no difference between the widths of the

peaks at half height, i.e., the kinetic energy release for the loss

of ethy1er," ríd (13c)-ethylene are the same in each compound. rf

this assumption is not true, then a correction is required to account

for the difference in peak widths.

Since the peaks for the metastable transitions of interest here

are unresolved, it was necessary to estinate their widths from the

analogous metastable peaks due to the loss of ethylene from

butyrophenone and (13c) -ethylene fron the carbon-13 1abelled

butyrophenones (35) and (36). These measurements vlere also performed

on the La Trobe mass spectrometer. Schene 3-15 sets out the reactions

studied and the values of the metastable peak widths at S0% and 20eo

of the peak height. The peak widths are represented by ÂE in volts

and the kinetic energy releases were calculated using equation 2-8.

The ratios of the netastable peak widths of carbon-13 compounds (36)

and (35) to the width of the peak for butyrophenone are shown in

table 3-8.
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*'dHH
*b

fi''
CH,

+

AE

AE

T5o = 22.65 !
T2o = 55. 83 t

0.004 volts.
0.004 volts.

0.41 neV
0.44 mEv

50
20

= 0.716 +

= 1.118 +

H
+ ;r

ÂE5g = 0.723
AE20 = L.732

007 volts.
006 volts.

1 0.
t 0.

Tso
Tzo

= 22.80
= 55.92

I 0.45 neV
t 0.57 neV

Hfr

AE
AE

50
20

= 0.728 t
= L.L47 t

= 23.77 +

= 56.95 +

*

0.008 volts.
0.009 vo1ts.

0.50
0.92

V
V

me
me

Tso
Tzo

Scherne 3-15



++177 + 148 +29

correction due to differences in peak width
(AE(56) /LE(Ð)b

correction due to baseline variance
(I 'tu"¡

t3 !77+ '+ I49+ +28

177+ * L48+ +29

3-( c) , (42)

It7.

TebIê 3-8

50% Peak Height 20% Peak Height

1.010 r 0.015 1.013 t 0.009

1.021 t 0.012I.017 t 0.017

Table 3-9

Metastable Ion Transition Ratio + SDa

!77+ '+ 149+ +28

X = 1.019 t 0.005

X = 1.006 t 0.014

Ì = 0.995 t 0.014

X = 1.041 ! 0.007

= L.020 I 0.019

Ratio

^E 
(36) / LE(2)

^E 
(3s) / AE(z)

Table 3-9 gives the uncorrected ratio of peak heights for loss

of ethylene versus (13C) -ethylene along with the corrected ratios

due to baseline variance and peak width differences.

correction due to differences in peak width
(AE(3s) /te?Db

i

Xcorrection due to baseline variance
G.1%)

NOTES

(a)

(b)

= 1.009 t 0.019

this is the ratio of the loss of ethylene to the loss of
(15c) -ethytene.
see table 3-7.
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The largest peak width correction ratio (see table 3-7) was used to

estinate the true peak height ratio. As a result, the reduction in

the peak height ratio may have been over-estinated.

Another approach to "sti*ating the pararneters of the overlapping

netastable peaks (such as peak htidth and height etc.), is to attenpt

lineshape analysis. To evaluate the validity of this approach,

deconvolution of the netastable peaks for loss of the ethylenes from

compound (42) was undertaken.

It must be enphasized that lineshape analysis of the netastable

peaks was attempted using onLy a single scan of these peaks. The

required nicroprocessor-spectrometer interfacing for multiple

scanning and peak shape averaging h'as not available at the time the

experiments were perforrned. As a result, instrumental factors (such

as pressure variations and the signal to noise ratio) have not been

nininized which may lead to errors in estimating the peak paraneters.

However, the gross details of the differences between the netastable

peaks are expected to be observed by this nethod.

The cornputer progr.t ,rr"df involved a non-linear weighted

least-square method of fitting the digitized metastable peak data

to gaussian, lorentzian and rnixed gaussian-lorentzian lineshapes.

From the variabilities of the calculated parameters (peak height,

position and width) it was clear that the metastable peaks were

gaussian in shape. Table 3-10 lists the ratios of the peak heights

and widths for the netastable peaks for the Mclafferty rearrangement

from compound (42).

t The deconvolution progran was written by Dr" T. Kurucsev, who also

performed the calculations.
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Table 3:10

Ratio, Peak Widthsa

1.075 ! 0.02

Ratio, Peak Heightsb

1.037 t 0.007

NOTES

(a)
(b)

ratio of loss of (13c)-ethylene to ethylene.
ratio of loss of ethy-ene to (13C)-ethylene.

It is clear from table 3-1"0 that the ratios of the peak heights

and peak widths are of the same order of nagnitude as the ratios

obtained previously (see tables 3-7 and 5-8 respectively). However,

it is also clear that the ratio of peak widths has been overestinated

by the deconvolution technique. If this ratio were used to correct the

peak height ratio, an inverse carbon-13 kinetic isotope effect

would result.

Based on the above results, the use of lineshape analysis for

extracting srna1l differences between the areas of netastable peaks,

appears encouraging. It seems essential, however, that the experimental

netastable peak lineshape should consist of the average of a number

of scans. In this way, the reliability of peak widths and heights

would be expected to increase rnarkedly.

(f) Deu terium Labelled 2-Ethylbutyrophenones

As discussed previously in the study of carbon-13 labelled

butyrophenones, the observation of an isotope effect, while indicating

bonding charges at the isotopic position in the transition state, does

not enable direct conclusions to be nade about the operating mechanism.

Clearly, isotopic substitution at other positions may indicate whether

the reaction proceeds by one of a nurnber of alternative mechanisms.



As a consequence, the carbon-13 studies of 2-ethylbutyrophenones

necessitate the investigation of the effects of deuteriun substitution

on the 1,S-hydrogen migration.

The cornpounds 4- (nù-2-ethylbutyrophenone, (4- (\) -2-ethyI-I-

phenyl - 1 -but anone) (4 4), + - ç2 u r) - 2 - ethy L -p -rnethoxybutyrophenone,
)?

(4 - ('Hì -2 -.ethyI -1 - (4 -nethoxyphenyl ) - 1 -butanone) (45) and 4 - (-Hì -2-

ethyl -p-cyanobutyrophenone, (4- (\) -2-ethyl-L - (4-cyanophenyl) - 1-

butanone)(46) were prepared and the isotope effects for the 1,5-

hydrogen migration ürere measured. Their synthesis involved alkylating

the substituted buiyrophenones (2), (6) and (7), with t-{2ur)-z'

iodoethane acéording to the rnethod of Brown289 '290 . The synthetic

route is summarized in schene 3-16

Measurernents of the deuteriun isotope effect for the Mclafferty

rearrangement fron the molecular ions of conpounds (43) - (46) were

made for both the íon source and first FFR reactions. The instrument

used in these neasurements was the Hitachi Perkin-Elner RMU-7D mass

(¡)

(¡¡)
X CDX

H (2)

cH3o (6)

cN (7)

L20.

X,= H (44)

cHso (4s)

cN (46)

3

x

(i) KH/rHF
(ii) cDscFr2r

Scheme 3-16
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spectroneter. The first FFR netastable ion reactions were measured

using the electric sector defocusing technique discussed in Chapter 2.

Table 3-11 sumnarizes the deuteriun isotope effects obtained for

these conpounds.

Table 3-11

+
(D)

+-

D3

(H3)

CD,
2

kH/kn tSDb

P -X - 2 -EthyI but yroph enon e
+a

op__

-0.78

0.0

0.66

first FFR

NOTES

+ 270

2(D2)CH+ll
CH

XX

p-Offis (4s)

p-H (44)

p-cN (46)

10n source

I.44 ! 0.02

1.65 t 0.01

L.72 t 0.01

1. 63 r 0.07

1.sB r 0.07

1.75 t 0.03

(a)
(b)

Brownrs o
standard

value
åeviation.

The ion source and field free region reactions of compounds

(44) - (46) indicate that hydrogen and deuterium randonization

processes do not occur prior to the Mclafferty rearrangement and

1r5-hydrogen transfer occurs in a site-specific manner. A sirnilar

result was stated earlier for 4- (zlì-butyrophenone (23).

To obtain further information on whether the Mclafferty

ïearrangement in this system is stepwise ot concerted, the secondary
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isotope effect for loss of 3- ç2uj.'et!lene fron s-ç2tlr)-2-ethylbutyro-

phenong çS- ç2ur)-2-ethyl-1-phenyl-1-butanon ù Ø7) was neasured. The

synthesis of conpound (47) required the preparation of 1- {ztlr)-t-

iodoethane. This was achieved by the reduction of phenyl acetate

with lithiun aluniniun deuteride, followed by converting the

hydroxyr group to an iodo group using trirnethylsilyl iodide297 '298.

The potassium enolate anion of butyrophenone rvas prepared in

tetrahydrofuran using potassium hydride and was then alkylated with

t-(2H)-1-iodoeth"r,"289 '290. The synthetic sequence is sunmarized in

schene 3-t7.

OH

(iii¡

(iv)

D

)(

D^

/^-.

Do
(47)

L^D/EI 20
(cHs) SiI/cHC1s
KH/THF
butyrophenone

2

(i)
(ii)
(iii)
(iv)

Scheme 3-17
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The deuteriurn secondary isotope effect was measured for the loss

of ethylene versus (z\)-ethylene frorn the rnolecular ion of ketone

(47) in the first FFR of the Hitachi Perkin-Elmer RMU-7D mass

spectrometer. The isotope effect obtained is shown in table 3-L2.

Table 3-t2

Instrument Deuteriun Isotope
Effect (kH/kD r sD)

RMU-7D

La Trobe

1.16 t 0.02

1.15 t 0.02

The isotope effect measurement for the fragrnentation of ketone (47),

vJas repeated using the La Trobe mass spectrometer and is also shown

in table 3-72.

(g) Trapping Experinents

If the Mclafferty rearrangement in butyrophenone and related

systens, proceeded by means of a stepwise rnechattism, then it should

be possible to trap the intermediate radical by an intramolecular

process. Wagner and Liu299 adopted this approach in their studies

of the Norrish type II photoelinination in alkyl aryl ketones.

They found that with the photoelinination of 2-aLll.ylbutyrophenone,

2-phenyl-2-norbornanol was produced. This indicates that the

diradical forned fron the initial 1,5-hydrogen nigration has a

sufficient lifetine to undergo intranolecular cyclizatíon thereby

inhibiting the cornpletion of the Norrish type II pathway.

The approach of Wagner and Liu was adopted in investigating the

Mclafferty rearrangement. The compounds proposed for this study wer'e;

2-allylbutyrophenone, (2-ethyl-1-phenyl-4-penten-1-one) (48) and 4-

cyclopropylbutyrophenone, (4 -cyclopropyl - L -phenyl - 1 -butanone) (49) .
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2-Allylbutyrophenone (48) was prepared fron N-(1-propylbenzy-

lidene)cyclohexylanine by the nethod of Stork and Do*d300. The

mass spectrum of the conpound will be discussed in Chapter 5.

The synthesis of 2-cyclopropylbutyrophenone (49), however,

proved to be problenatic and all attempts at preparing this conpound

were unsuccessful. The sinplest approach was deemed to be cyclo-

propanation of 1-phenyl-S-hexen-l-ol (50) using the Simnons-Smith

reagentsOl. Compound (50) was prepared in 96eo yield by alkylation

of benzaldehyde with 1-pent-4-enemagnesium bromide as shown in

scheme 3-18. Reaction of the alkene (50) with the Sinmons-Snith

Teagent, prepáred in situ fron zinc dust, "opp"tl chloride and

di-iodomethane, resulted in a nixture of eight products ( 50% unreacted

starting naterial) as determined by GLC. This reaction was repeated

using dinethoxyethane as the co-solvent to precipitate "irr.If iodide

fron the reaction nixture. The product nixture obtained from this

reaction was again cornplex and contained 50% starting naterial.

Dichlorocarbene, prepared by catalytic phase transfer also failed to

add to alkene (50). Carbene, prepared fron diazomethane and .opp"tl

chloride did not react with the alkene (50); GLC analysis of the

isolated product showed it to be unreacted starting naterial.
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Schene 3-18

( ¡¡x ¡¡¡ or (iv)

OH

(s0)

H

H

x H

cL

(i)
(ii)
(iii)
(iv)

1 -pent -4 -enemagnesiun bromi de / f,t rOzn/curcl/c+2r2
CHC I 3 / KoH/ tri ethylb enzyl arnrnoniun ch 1 oride
CH2N2lCuIC1



CHAPTER 4

CALCULATÏONS
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In this chapter the results of calculations of isotope effects

for the Mclafferty rearrangenent from various reactant and transition

state nodels of the butyrophenone and 2-ethylbutyrophenone systens

are presented. The calculations were performed in an attenpt to

provide precise information on the structure of the transition state

for the Mclafferty rearrangement in these systens. For this information,

it was necessary to conceptualize and pararnatetize various physically

realistic models of the systems in question and to calculate the

isotope effect ocðurring on isotopic substitution of various atoms

in these models. Conparison of the calculated isotope effects with

those obtainéd experimentalLy, should enable predictions to be made

about the likely structure of the transition state. Further, any

quantitative infornation on the transition state structure will

necessarily facilitate the choice between the nechanisms proposed

for the reaction. This approach to the stTucture of the transition

state has been used on a nurnber of occasions302-309.

BEBOVI B- IV Calcul ations

The calculations were performed using the cDC 6400 series

CYBER 173 cornputer at the University of Adelaide, conputing centle.

The program used for these calculations u¡as a modified version of

BEBovrB-rv310, which was made available by Professor L.B. sirns,

University of Arkansas. ft was written in FORTRAN-IV and required

only slight nodification to run on the CDC conputer.

Briefly, BEBQIIB-IV calculates molecular masses and moments

of inertia from the input structural parameters. Vibrational

frequencies are calculated fron bonding parameters (bond lerlgth and

bond order) and force constants, both of which are determined by the
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operator by modelling known systens. Isotope effects are evaluated

using the relationships derived fron absolute rate theory by

Bigeleisen and Mayer (equations 1-6 to 1-11, Chapter 1).

The geomètry of reactant and transition state modeLs was

specified in terms of an easy-to-use spherical polar coordinate

systen; coordinates of atoms were defined by bond lengths (tij) in

Angstroms and the polar (e) and azinuthal (ø) angles in degrees.

Coordinates of each aton werce specified with respect to a right-handed

cartesion coordinate system. originarry, the origin of this systen

was centred at some atom and the coordinates of the renaining atons

hrere specifidd by a series of translations and/or rotations of the

coordinate systen from its original position. The format for the

atom coorclinate input data is well described in the information

accompanying the ptogt*310.

Generarly, standard force constants3ll-315 were used for the

reactant nodel. Since the structural parameters and force constants

for the transition state are unknolrm, they were calculated fron

those of the reactant using enpirical relationships. A nodified

version of Pauling, t.ll"316 "", used to relate the bond distances

of the transition state ("ij) to those of the reactant {rrro) tf

¡neans of the bond order ("ij) of the bond between atoms i and j.

This is shorr'n in equation 4-1.

"ij = "ij - 0.30.1n ("ij) Equation 4-1

Standard bond distances (".,o) are used for the re^.t^ntTL7 . The'aJ
stretching force constants for the transition state model were

calculated using the Pauling-Badger relationship as shown in

equation 4-2.
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F,, = D=.,.F.,.o Equation 4-2r-J r.J r-J

The stretching force constant of the reactant is denoted by F..o. It

has been ,hour318'319, that equation 4-2 is a good approximation for

bonds involving the elenents of the first three rol^'s of the periodic

table. Angle bending force constants were estimated for the transition

state using equation 44306,

s0 (nij.tjr)
t4 o

F
CI,

F
G

(o) Equation 4-3

where the angle bending force constant is denoted by Foo (o) and

a is the angle subtended by the bonds joining atoms i, j and k.

The terrn, go,' is a hybridizatíon factor and is given in equatior, 4-4306.

go = 1 .39 + t .77 cos (o,) Equation 4-4

A sirnple valence force field (SVFF, diagonal potential energy

natrix) was used for both reactant and transition state models.

The inaginary (or zero) reaction coordinate frequen"y çur+) "",
generated in the transition state nodel by introducing off-diagonal

elements into the potential energy matrix. These elements represent

the coupling of adjacent bond stretches and are termed interaction

force constants. The interaction force constants, fik, are related

to the stretching force constants by equation 4-5.

f ik A*' (Fij Equation 4-5

where 4,,- are the proportionality constants or interaction coefficients.
1K

The interaction coefficients were evaluated by solving the determinant

of the force constant natrix for the transition state. To ensure

that the reaction coordinate corresponded to a zero or imaginary

frequency, the deterninant of the force constant matrix was set to

less than, or equal to zero, as shown in equation 4-6

1-
F5r)-'
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lFi: I rtij = D (o Equation 4-6

tu

The ter¡n D is the barrier curvature parameter'l9, ah" value of which

deternines shapes of potential energy surfaces at the transition state.

Expansion of equation 4-6 leads to a complex expression containing,

as the unknown variables, the interaction coefficients. In order to

solve this expression, the simplifying assunption of equating the

interaction coefficients was used.

Frequencies and principle moments of ínertia were calculated

for various isotopic reactant and transition state models using a

version of the normal coordinate and vibrational analysis program

of Gwinn327 '322. Calculation of the isotope effect at each position

was done according to the expressions of Bigeleisen and Mayer, given

in the notation of Wolfsberg and Stern (equation 1-8, Chapter 1). The

IT
ratio of isotopic reaction coordinate frequencies (vtl'/v2L' ) was

evaluated directly fron the frequencies calculated by the progran
I

(if vrÏ is inaginaTy), or utilizing the Tel1er-Redlich product rule

as shown in equation 1-14 (Chapter 1).

Models of Butyrophenone

As rnentioned previously, the prirnary objective of the calculations

r{as to devise various reactant and transition state rnodels, having

a basis in physical reality, which yield meaningful isotope effect

data when compared to the experirnental results. Considering the

mechanisms that have been proposed for the Mclafferty rearrangement

frorn butyrophenones, the sirnplest is the stepwise process with

1,5-hydrogen migration as the rate determining step. This process

involves the minimum atomic motion required to achieve a transition
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state, the energy of which deternines the rate of the overall process.

In this situation, the reaction coordinate is defined by the notion

of a hydrogen atom from carbon-4 of butyrophenone to the carbonyl

oxygen, concomitant with geornetry changes at carbon-4 due to

hybridization changes.

(a) 1,5-Hydrogen Migra tion as the Rate Deternining Step.

That part of the stepwise mechanisrn which is of interest here,

can be represented as shown in schene 4-1.

fe

Scheme 4-1

323
To simplify the calculations, 15-aton cut-off models were used

for both the reactant and the transition state. This procedure

required rrcutting throughtr the aromatic ring and ignoring all atoms

greater than two atoms removed from the carbonyl carbon. The validity

of this method has been investigated by Sins and co-wo::ker t302 .

Problens associated with this procedure for cyclic transition states

are being studied by the group at Arkans 
^1324.

Figures 4-L and 4-2 are geonetric representations of the 15-aton

cut-off nodels of the reactant and the transition state respectively,

used in the initial calculations. In these models , C!-C2-C, and

C+-OS are coplanar as are C*-0, and Ctr-Htt. The arornatic ring is

represented by atoms C[C2-Ca, the renaining atoms of this systen

/'HD
+

D
a
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being redundant due to the cut-off. procedure.

The confirrnation about the CU-C' and Cn-C' bonds is staggered

by 3Oo. This is predicted to be the most stable conformation while

¡naintaining the coplanarity of C¿-0S and Crr-Hrr. Newman

325proJ ect].ons

in figure 4-3.

I
c

of the atoms around C4' 9 72

os 4c
30 30

c6' c and C are shown

l2
c

7 ll

ls

ciz * cg

6
30

I 7 il l0 l3

c 8 l0

c9*c6c

2

6
c ->

4

Figure 4-3

Most of the geonetry elements described above r^/ere retained

for the transition state nodels. A seríes of models were devised

in which H* was transferred fron CL2 to 0S by altering the bond

orders of bonds H.'"-C..Z (ttS,tz) and Hrr-O, (nrr,r), such that

IjlLS,L2 * t1S,5 = 1.0 at all tines. Since Cu undergoes a hybridi-

zation change from sps to spz during the course of 1,S-hydrogen

migration, the conformation of atoms around C' was altered in a

linear fashion to account for this. Figure 4-4 indicates the

angle changes occurring at C' as the reaction proceeds.

A kinernatically complete set of 44 internal coordinates for the

reactant nodel and 50 internal coordinates for the transition state

nodels were defined according to the rules of Decius326 ,nd ^t"
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Figure 4-4

shown in table 4-1. In this tab1e, Ar represents the bond stretching

internal coordinates, Âcr the angle bending, Aô the out of plane wag and

AT the torsioh internal coordinate.

Table 4-2 lists the bond lengths, bond angles and force constants

that were used for each type of internal coordinate. Changes in these

parameters required to produce the transition state models are also shown

in tabLe 4-2. The torsional force constant of the transition state,

RsO = 0.0,, (shown in table 4-2 as AI(C-O) = 0.473 n dyne.R/t"d2) tu'

deternined fron the carbonyl stretching frequency of acetoph"non"327 '

This force constant is dependent on the bond order of the carbonyl group

and the hybridization of its atoms (in this .tr" ,p2¡ . Equati on 4-7 ,

describes the enpirical relationship which corrects the torsional force

constant for ethan" (F.o = 0.072 n.¿yneR/r^ar)tL3 for the bond order.ij,

and the change in hybridization of each aton h', hj'

F = h..h.. (n.,)4.F-o Equation 4-7'r --i--j t lJ' r

V, -.r/

transíÈion state
o15r12 = *
t15rs = t-x

The hybridizati-on factors were calculated by means of equation 4-8,

where ß is the tetrahedral angle; a. and o. are 109.50 for tetrahedral

centres, I2o.og for rp2 cent"es and 180.0o for sp."r,t"".306'510.
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Table 4-1

fnternal Coordinates for Model-s of Butyrophenonea.

Rt=
R2=
Rs=
R¿=
R_=

5

Ro=
Rz=
Ra=
Rg=
Rlo =

Rll =

R12 =

R1s =

R14 =

Rls =

Rio =

R17 =

R18 =

Rlg =

R2o =

R21 =

R2z =

Rzs =

R24 =

R2s =

o"r,ro
0"r,,
o"r,o
ato,,
o"o,u
OrU,,

atu,,
a"u, 

n
4"9,10

4"9, 
1 1

L"g,!,
L'L2,rs
L'L2,t4
L't2,ts,
Lor,,r,ro

4 ,L2,t5

Rzo

Rzr

Rzg

Rzg

Rso

Rst

Rsz

ogg

Rs+

Rss

Rso

Rsz

Rss

Rsg

R+o

R+t

"42

R+s

R++

o¿s

R+e

R+z

R¿g

R¿g

Rso

ao1

Ao-
J

ao2

Loz

Âo,-
5

ao4

ao4

ao4

Lo7

Lo7

Âo8

Ao-
õ

Aa-
f)

ao6

Âo1

ao1

ao1

Âo9

aog

Âog

Âo1

Âo1

ao1

,6,
,9,
,9,
,9,
0r9

0r9

1rg

9

10

11

L2

11

t2

72

13

l4
1s

,t2
,t2
,t2

t

,

,

t

,

t

t43 ,72,
3 rt2,ls

,2 r4

,2 r4

,4 15

,4 r6

,4 r6

,6 r7

,6, B

,6r9
,6 r9

,6, B

=AY
_AY

=Ar
=Ar
=Ar
=ÂT

7' 13 r4 12

2rS16r4

2,4b

4r6

6r9

9,Lz

15 ,5
cAr

= Âo4,s,15c.

= Aos 
,rs,72c

= otr, rr.
= 

^trrrrr"= otorr"

NOTES

(a)

(b)
)

The internal coordinates are defined accor<ling to the aton
nunbering in figure 4-t and 4-2.
fnternal coordinate symbols are defined in the text.
Unique to the transition state nodel.(c
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Table 4-2

Structural Paraneters and Force Constants for l-(T11-nutyrophenone
Ethylene by a stepwise process.
Step.

1,5 Hydrogen Migration as the Rate Determining

Coordinate Reactant Model TÍansition State Models

Loss of

oa - ob
f ..

1J

9.431e

5.0

10. 128e

5.0

4.5

5.0

Âr (cAr-ctu)c
Âr (Cnr-C)

Âr (c-o)

Ar (CrpZ-C)

A¡ (c-c)

Âr (c-H)

Âr (o-H)f

Ác (Cnr-CR"-CRr)

Ac (CA¡-CAr-C)

Áa fC.-C.-C. I.I J K'
Âo (ci-cj-cR)
ôc (ci-ch-\)
Âa (Hi-Cj-Hk) .
Aa (c4-os-Hls) ^

Äa (0s-Hls-ct2)

Á6j

Ár (c-c)k
Âr (c-o) f
Ât (o-u) f
Âr (c-H) f

NOTES:

(a)
(b)
(c)
(d)
(e)
(fJ
(e)
(h)
(i)

r.
].

Angle EoC
' bend

0.2

o.72

120. 0

120.o

120.0

109.5

109.5

109.5

1.310

L.O72

0.84

1.0

0. 65

0.55

120.0

L20.0

120.0

109.5

1

i

1,
1

1.362

I .537

1.236

1 .537

L537
1.094-0.31n.n(c-H)

0.957-ln.n(o=H)

Angle

12 .7 +71. 2r5 
, I s

t27 .9-2.5nS, ts

F'bend

1 .310

1.O72

0.84

1.0

0.2

o.o72

o.473

0.0'72

o.o72

Fit

L.s62d

L.537

t.ß6d
7.537

t .537

1 .094

9 .431

5.0

10 . 128

5.0

4.5

5.0. n (C.H)

7.8.n(c-H)

h

f

(i)
(k)

standard bond lengths in I ^?1r zr
standard force constanit Tn t.drn"/R311-315
bond stretching internal coordinates
calculated using Pauling's rule (see text)
calculated using equation 4-2 (see textl
applicable to transition state models only
standard force constants in rn.dyne H./'rad¿
angle bending internal coordinates
angles are input in accordance with geometry changes due to
sp3-5p2 hybridi zation changes

out-of-plane wag internal coordinates
to¡sion/internal coordinates
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h1' [ß. sin(o1)/ar.sin($) ] 2 Equation 4-8

The calculated isotope effects are insensitive to moderate changes

in the nagnitude of torsional force constants. However, equations 4-7

and 4-8 give estimates of these force constants, corrected for

hybridization and bond order effects, which are physically t""rorrub1"306

The b.ond lengths for Ar(CR -CRr), Ar(Cor-C) and Âr(C-o) in

table 4-2 were calculated on the bas.is of Paulingrs rule (equation 4-1)

using bond orders of L.67328,1.00 and 2.0 with a standard bond

length of 1.537R. Force constants for these internal coordinates were

calculated fron equation 4-2 using standard force constants of

5.8, 5.0 and 5.5.n.dyne/R respectively.

The deuteriun and carbon-13 isotope effects that were calculated

for the 1,S-hydrogen rnigration using these models are shown in table

4-5. Calculations were perfonned at reaction temperatures of 333.2,

2g8,2 and 283.2oK in order to determine the temperature dependence

of the isotope effect values. The carbon-13 isotope effects are

listed for a tenperature of 283.2oK since their temperature

variation was found to be nininal (0.6e" difference for a 50oK increase

in temperature).

Evaluation of equation 4-6, which includes the interaction force

constant frU, )'ielded an interaction coefficient of 1.0 (D=O). This

coefficient Tepresents the coupling of the internal coordinat"t R14

TI
and Rrr. The ratio vr"r/vr"r for each of the isotopic nodels used

(table 4-3), was evaluated as 1.00. This represents a flat-topped

potential energy barrier to reaction.

(b) Para-Substituted But o ones.

In an attempt to irnitate the variation in deuterium isotope

effect observed with changing para-substituent in butyrophenone



Table 4-3

Kinetic Isotope Effects for the Stepwise Process fron 4-

H-Transfer, Rate Deternining Stepa.

T=333.2, .298.2 , 283.2 'rr-"'"

(nì-Butyrophenone.

73

Hrs -Db

ts,15

0.1

0.3

0.5

0.7

0.9

nlz,rs

0.9

0.7

0.5

0.3

0.1

1 .168

7.647

1.811

1 .570

t.074

t.176

t.745

1.946

1 .6s0

1 .081

t.779

t.796

2. 01s

1 .689

1 .083

0.998

L.002

1.011

7.023

1 .036

1 .000

1 .000

1 .000

1 .001

1 .001

0 .999

1 .000

1 .000

1 .000

1 .000

ls
c G

4

0.998

0.997

0.997

0.997

0.996

c d tu-tt'c

(¡¡
oo

(

NOTES

) the calculations assume an interaction coefficient ArU = 1.0 for internal coordinates RrO and ROr.

) HfS is replaced by D.

) bond order between atoms 5 and 15.
) tenperatures in oK

) carÈon-lS isotope effects were calculated at the same temperatures as the deuteriun isotope effects.
Only the effects at T=283.2oK are listed.

d

(b
(c
(d
(e
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(Chapter 3), the isotope effects were calculated for the p-nethoxy

and p-cyanobutyrophenone. The effect of changing substituent was

represented by altering the force constants for the carbonyl group

with respect to the unsubstituted conpound. Carbonyl group

stretching frequencies were obtained frorn the literatur.327 fo"

p-nethoxy and p-cyanoacetophenone. Assuming that the bond order

of the carbonyl group of acetaldehyde was 2.0 (u^.* = 1730.0 t*-1)308,

the bond orders of the substituted acetophenone carbonyl groups htere

calculated on the basis of the diatomic approxination. The bond

order assurnption fot acetaldehyde is likely to be reasonable when

one considers that only slight perturbation of this value is likely

to result fron hyperconjugation due to the cr-nethyl group.

Since the sun of bond orders for bonds CZ-C+ and CO-O, is

3.0, then the order of the CZ-C+ can be directly calculated. Table

4-5 lists the bond orders for bonds CZ-C+ and CO-O, for cornpounds

p-nethoxybutyrophenone and p-cyanobutyrophenone.

Table 4-4

p-Methoxybutyroph enone p-Cyanobutyrophenone

n2 
r4

L.LO7

1 .893

F..a1l

5.535

t4r 
5

10 . 035 0.4.56

NOTES

a) bond stretching force constant in rn

b) torsional force constant in n.dyne.

b
T

Fn..
r_J

n..
r-J

F..
LJ

F
T

1.073 s . 365

7 .927 L0 .212 0.490

(
(

. dvne/l
Rlr^a2

As a result, the bond stretching internal coordinates R, (=Lrr,4) and

R+ (=4t4,5) *"t" evaluated in terns of bond lengths and force

constants using equations 4-1 and 4-2 respectively. Standard bond
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lengths and force constants were assuned in each case.

Similarly, the torsional force constants were calculated using

the carbonyl bond orders in table 4-4 and the torsional force

constant of ethane (Fro = 0.072 n.dyne.R/t^A\3t3rsing equations 4-7

and 4-8. The bond stretch and torsional force constants are also

listed in table 4-4.

Calculated deuteriun isotope effects for the substituted

butyrophenones are given in table 4-5 for tenperatures of 333.2,

2g8.2 and 283.2oK. Cornparison of the values with those given in

table 4-5 for the unsubstituted compound, indicate that moderate

changes in thê carbonyl force constants due to substitutent changes

have very little effect on the isotope effect. It is clear that the

calculated isotope effect values are relatively insensitive to the

rnagnitude of the force constants. Since kinetic isotope effects are

deternined by relative changes in structure and force constants

between the reactant and transition state, the actual structural

parameters and force constants assumed for the reactant do not greatly

affect the calculated isotope effects. Any physically reasonable

value for these parameters; such as derived from the stretching

frequency data described above, can be used to obtain a neaningful

isotope effect values.

(c) Equi libriun fsotope Effects

As discussed in Chapter 3, there are two possibilities for the

stepwise Mclafferty rearrangement fron butyrophenones. Firstly,

the 1,S-hydrogen migration nay be the rate determining step, followed

by rapid carbon-carbon bond cleavage. fn this case, a primary kinetic

deuteriun isotope effect will be observed by isotopic label1ing at

carbon-4 of butyrophenone. Calculation of isotope effects for this
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Table 4-5

T=333.2, 298.2, 283.2 T=333 .2, 298 .2 , 283 .2

Deuteriun Isotope Effects for the Stepwise Process fron 4- (nì-p-Methoxybutyrophenone

anð. 4-(2uì-p-Cyanobutyrophenone. H-Transfer, Rate Determining Stepa.

p-CH3Ob ' I 
p-cN"

d
72,75

0.1

0.3

0.5

0.9

0.7

0.5

0.3

0.1

1.t71

1.652

1 .818

7.576

1 .080

7.L79

L.757

7.952

1 .6s8

1 .088

7.782

1.801

2.026

7.676

1 .094

7.164

1 .639

1 .803

1 .561

1 .066

t.r7l

1.739

1.934

1 .638

1.071

1.774

1 .788

2.004

L.661

1 .097

5

7

9

0

0

NOTES

(a) the calculations assume an interaction coefficient
coordinates R14 and R45.

(b) 4-(2Ht)-p-nethoxybutyrophenone
(c) 4- Gni)-p-cyanobutyrophenone(d) temperatures in oK

Aik = 1.0 for the internal
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process have been discussed in sections (a) and (b) above.

A second possibility is that the carbon-carbon bond cleavage

nay be the rate deternining step preceeded by a rapid 1,S-hydrogen

migration. Deuterium labelling at carbon-4 of butyrophenone nay

then lead to the observation of an equilibriun isotope effect.

Naturally, the observation of such an effect is dependent on the

rapidity of the hydrogen transfer (and of the reverse transfer

process) and the lifetime of the intermediate forned. In an

attempt to quantify the equilibrium isotope effect for hydrogen

transfer in butyrophenone, the reactant and intermediate were

nodelled, rtd itotope effects calculated. Clearly, the structure,

geometry and force field of the internediate in this pathhray are

unknown. In general, this is also true of all transition states

that are envisaged for these systems, and, to an extent, the reactants.

The calculations, therefore, have a heuristic element and nust be

considered in this 1ight. Figure 4-5 is geometric representation

of the intermediate involved in this pathway.

The reactant nodel used for these calculations hras the same as

that described in sectíons (a) and (b) above. Table 4-1 describes

the internal coordinates (Rl-R44), table 4-2 describes the

structural paraneters and force constants and figure 4-1 is a

geonetrical representation.

The set of internal coordinates for the intermediate ion include

¡nost of those listed in table 4-1. Those that do not apply in this

case are! Rt¿GMtz,15)' Rss (=Âo9, L2Js), Rs7 (=aors ,72,!s) and

RgA (=Âd14 ,!2,I5). Internal coordinates, unique to the intermediate,

which replace those removed from the reactant set are shown in

table 4-6.



INTERMEDIATE MODET

t3 l4

H15
5

t2

Þ(^

73

c 4

62

Ic

c I
l0

1

Fir;ure 4-5
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Table 4-6

Replacenent Internal coordinates for the Internediate lon

Rt4 I = 
^t5,1s

Rss = ao4,5rls

Rsz = at4,s

Rgg = 469, ls,'J.4,!z

Standard force constants were used for this nodel and are shown in

table 4-2, The carbonyl torsion (OEZ) h¡as set initially at 0.072

n.dyne .R/raa2 whiih is considered as the lower linit (ethane torsion).

Calculations were also performed with a carbonyl torsion of 0.511

n.dyne.R/t^¿2,329 ,h" value for ethylene, which is assumed to

approximate the upper linit for this internal coordinate.

Since there are no coupled vibrations in the intermediate, no

interaction force constants were used. This contrasts the

requirement of an interaction coefficient in transition state nodels

to define a reaction coordinate.

The results of these calculatiolìs are presented in table 4-7.

Clearly, the calculated deuteriun isotope effect is highly sensitive

to changes ín the carbonyl torsional force constant. This is to be

expected due to the nagnitude of the change in force constant. It

is also clear fron these calculations, that the linits placed on

the equilibrium isotope effect are of the order of kr/kn = 0.8-1.2 which

are determined to a lalge extent by the value given to the carbonyl

torsion.



Table 4-7

Equil.ibrium fsotope Effects for the Stepwise Mechanism in which

Carbon-Carbon Bond Cleavage is the Rate Determining Step.
Hts-D

T=3s3.2, 2gg.2, zgs .2b crr.\3c" cn.13c co
t3

c c tr3c
4FA

T

0.072

0 .511

NOTES

(a)
(b)
(c)

1.151 7.175 1.196

0.837 0.824 0.818

7.O34

1 .035

L.002

1.002

1 .000

1 .000

0.998

0.997
È
(/l

torsional force constant in m.dyne . R/r^Az
tetnperature in oK

carLon-15 isotope effects were calculated at T--333.2, 2g8.2, 283.zoK, Only the
T=283.2oK results are 1:i.sted.
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Models of 2-Ethylbut henone

(a) Stepwi se Mechanisn of Ethylene Loss

Since the 2-ethylbutyrophenone systen was a necessary extension

of the experinental work begun with butyrophenone, calculation of

isotope effects was also atternpted using models of this system. Again,

the ain of these calculations was to delineate as far as possible, the

stmcture of the transition state for the Mclafferty learrangement

fron this compound by comparing the theoretical isotope effect with the

value gained by neasurenent. As discussed previously in section (a) ,

the sinplest,of the mechanistic alternatures to attenpt to

initate theoreticall-y, is the stepwise process with 1,5-hydrogen

migration as the rate determining step. Scheme 4-2 detaíls that

part of the stepwise process which is of interest.

H D H
fr
o

+

Scheme 4-2

Figures 4-6 and 4-7 are geonetric representations of the 21-atom

cut-off nodels of the reactant and the transition state used in the

initial calculations. In these models, tetrahedral geonetry was

assumed for CU, CB, Cl_1, C15 and Crr. The geometry around C, and

CO was assumed to be trigonal planar. The reactant nodel has a

plane of symmetry containing atoms C1, C2, CS, C4, OS, C6 and H,

añd bisecting the angle subtended by bonds CtS-Ce and CU-C'.

D



2 - ETI{YLBUTYROPHENONE

REACTANT MODEL
21

19

12

16

t0

Fizure 4-6

18
20

17

13

5 14

15

11

8

:F¡
È\¡

3
4c

962

c
1 7
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20 TRANSITION STATE MODEL
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9
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16

t0

Fizure 4-7

r8

'15

I

l1

Þ
æ

c
c
43

c
I 2 6

I 7
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Naturally, this symmetry elernent is destroyed in the transition

state due to the migration of Hrn. Atons C , C2 and C' as with the

butyrophenone nodels, represent the aromatic ring; the remaining

atoms of this group are redundant due to the cut-off procedure.

The confornation of the bonds around the CU-C* Cg-Cll, CU-C* and

cts-cta bonds is staggered by 30 degrees as with the butyrophenone

nodels. The conforrnation of the entire molecule is defined in

detail by the Newnan projections in figure 4-8.

5
o

8ç c15

c
6

c

l4

6C

trr- t,

l9

I

4C cil

t8

7

c -C6 4

c6

Gls l0

l0 9 t3

l6

97

Ca

BC

7

c
15 -c6

l6

Figure 4-8

20

ctg - cts

2t
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Transition state nodel.s were devised in which Hrn was

progressively transferred fron C* to Or. This was achieved by

changing the bond orders of bonds OS-Htg and Hrn-C* according to

the following relationship; if ntn,1g = x then tS,19 = x-1.

Since the transfer of Hrn reguires that the hybridization of C*
1)

change fron spo to sp', the geometry about this aton was changed

from tetrahedral to trigonal planar in a linear fashion.

A kinematically conplete set of 64 internal coordinates for the

reactant nodel and 70 internal coordinates for the transition state

¡nodels were defindd according to the rules of Decirs32s. Tab1e 4-8

Iists the int'ernal coordinates for the reactant and transition state

models of 2-ethylbutYroPhenone.

Table 4-9 sunnarizes the bond lengths, bond angles and force

constants for each type of internal coordinate (bond stretch, angle

bend, out-of plane wag and torsion). Changes in these parameters

required to fonnulate the transition state nodels are also shown

in table 4-9. The torsional force constant for the carbonyl group,

ROS (=4r4,5) was determined fron the stretching frequency of

acetophenone as described previously (equations 4-7 and 4-8,

section (a)). The bond length for internal coordinate ar(co"-cor)

was determined by Paulingrs rule (equation 4-1) using a standard

bond length of 1.537R and a bond order of 1.67. Sinilarly, the bond

length Ar(C-O) in table 4-9 was deterrnined from Paulingrs Rule with

a standard bond length of 1.43R and a bond order of 2.0. Force

constants for Âr(CAr-CAr) and Ar(C-0) were evaluated using equatíon 4-2

with standard force constants of 5.8 n.dyne/8 and 5.3 n.dyne/R

respectively. The bond orders for these calucalations were the sane

as those used in the bond length estinations.
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Table 4-8

fnternal Coordinates for 2-Ethylbutyrophenone Models

R1

R2

Rs

R¿

R.
5

Ro

Rz

Rg

Rg

Rt

Rt

Rt

Rt

R1

R1

Rso

Rsz

Rsg

R¿t

Rqz

R¿s

R¿¿

R¿s

R+o

Rql

R¿s

R+g

Ito
Rst

Rsz

Rs¡

Rs¿

Rss

Rso

Rsz

Rsg

Rsg

Roo

Rot

Rez

Rog

Re+

Ros

Roo

*oz

Rog

= L'r 
12

= L"rr,
= L"2 

14
= 4"415

= 4"416

= Lr6 r,
= at6r8

= at8rg

= 
^t8,16

= 
^t8,11=Ât

=Ar
=Àr
=Ar
=Âr
=Ar
=Ar
=Ar
=Ar
=Àr

3,2,4

R3g =

R4o =

^o9r8r10

^o9r8r11

^o10, 
g,11

^og,11 ,12

^og,11r1s

0

1

2

3

4

5

tL,L2

lL,L3
tt,l4
6, 15

15, 16

L5,17

15, 18

18,19

78,20

tB,2t
= Lo:_,2,s

= Lo1,2,4

=Ad
=Ao
=Ac
= Ad,

= Ac[

=40
=AG

= Âog ,rr rL4
= Lor2 rrl,Ls
= À012 

,LLr:'4
= A01g ,!r,r4
= ao6r15r16

= Aau ,rs rL7
= ao6r15r1g

= Ao16 ,rs,L7
= 4o16,15r1g

= LoL7,15,18

= À01s,18r19

= 4015 ,7g,20
= Âo15 

,rB,2L
= A01g 

,rB,2o
= Aolg ,LB,z!
= A*20 ,!8,2r
= Aô1 ,3,4,2
= Aô2 

,s1614
= L'2,4

= L'4 
16,'

= at6r8

= 
^t8r11= 
^t6r15

= at15,1g

= 
^t5,19t= ao4r5r19"

= Âos,19r18"

= at4,st

Rto

Rtz

Rtg

Rtg

Rzo

Rzt

Rzz

R

R

R

23

24

25

32

33

34

35

Rro = ao

2,4 rs

2,4,6
5,4,6
4,6,7
4,6,8
4r6r15

7 ,6;75

Rzo

Rzl
Rzs

Rzg

R31 = Ao7,6,8

R

R

R

R

= a*Br6r1s

= ao6r8,9

= ao6r8r10

= ao 6,8r11

R69 = 4t5,19'
R7o = 4t19,18"

NOTES

(a) internal coordinates for the transition state only,
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Table 4-9

Stnrctural Parameters and Force Constants for 4- (2H,

Ethylene by a Stepwise Process. 1,S-Hydrogen I'ligrat
)-2-Ethylbutyrophenone. Loss of
ion as the Rate Determining Step

Transition State ModelsCoordinate Reactant Model

oat.
1

Angle

- obt..
1J

9. ó86e

5.0

10.6e

5.0

4.5

5.0

T..
1J

1 .383

t.s37
1.222

1 .537

t.s37
1.094-0.3ln.n(C-H)
0.957-0.31n.n(0-H)

Angle

F..1l

Âr (CAr-c^r)c

Âr (cn"-c)

Àr (c-o)

Ar (crpz-C)

Ar (c-c)

Ar (c-H)

Ar (o-H)f

1 .383d

1 .537

t.222ð
I .537

t.537
1 .094

9 .686

5.0

10.ó

5.0

4.5

s.0.n (c-H)

7. s .n (o-H)

EoC
' bend

o.2

0.072

Fbe'd

hôa (CR.-Cnr-Cn.)

ôa (CAr-cAr-c)

Aa (c. -cj -ck)

Àa (ci-cj-ck)
aa (c. -cj-Hk)
ôa (H. -Cj-Hk) 

€
Âq (c4-0s-Ht9) ^ 

^
Aa (os-Hl9-C1B) t

^ôj

o'75(tts,tg'ntg,te)

o.2

o.o72

0 .473

o.072

0.07 2

120. 0

L20.0

120.0

109.5

109.5

109.5

1.34s

1.041

0.81

1.0

0.6s

0.55

I .545

1.041

0.81

1.0

0.651n. ..n..1'rl lK-
0.55ín. ..n.. ì' rJ lk'

120.0

120.0

120.0

109.5

i
1

703 .2+3 ,4.nS,19

135.4+11.1.rS,19

o ' 75 (no,t'ts, tg)
L'rgo

,'gcr
L''go

1.^
-ga

Åt (c-c)

Âr (c-0)

Ât (o-H)

Àt (c-H)

NOTES

k

f
f
f

(a)
(b)
(c)
(d)
(e)
(f)
(e)
(h)
(i)

standard bond lengths in R

standard force constants in m'dyne/R
bond stretching internal coordinates
calculated using Paulingrs rule (see text)
calculated using equation 4-2 (see text)
applicable to transition state modcls only
siãndard force constants in rn.dyne R/rad¿
angle bending internal coordinates
ansles are input in accordance with geornetry changes due to
sp5-sp2 hybriàization changes.
out-of-plane Ì.,ag internal coordinates
torsional inte¡nal coordinates

(i)
(k)
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The deuteriurn and carbon-lS isotope effects that were calculated

using the nodels described above are given in table 4-10. Calculations

were perforrned at temperatures of 585.0, 333.0 and 283.OoK to ascertain

the ternperature variation of the isotope effects. Again, the carbon-l3

results are quoted for a tempeÌature of 283.QoK since they were

found to be relatively tenperature independent.

The value of the interaction coefficient, Aik, used

was 1.0 (D=0) . This value was used to couple the internal coordinates

R* and RU, leading to an asymmetric notion of Hrn from Ctt to 0t.

Ar1 of the values for the ratio urr+/urr+ for each of the isotopic

nodels shown .in table 4-70, were calculated to be 1.00. This

represents a flat-topped potential energy barrier to reaction.

(b) s Isotope Effects on the Stepwise Process

In accordance with the measurement of a secondary isotope effect

for the Mclafferty ïearlangement fron 3- (2tl) -2-ethylbr'rtyrophenone

(47) (Chapter 3), calculations l{ere carried out using BEBoVIB-IV in

an attempt to reproduce this effect. Again, the initial calculations

were performed using nodels which were devised for the stepwise

nechanisn involving 1,S-hydrogen nigration as the rate determining step.

The models that were used in this investigation were identical

to those used in section (a) for the conpound labelled at carbon-4

(CfS). Figures 4-6 , 4-7 and 4-8 describe in detail the geonetry

and conformation of the reactant and transition state nodels for this

investigation. In this case the isotope effects were calculated

using models in which the hydrogens at Cß were replaced with

deuteriun.

Table 4-11 lists the results for these calculations. The

interaction coefficient used in these calculations had the effect



Table 4:10

Kinetic Isotope Effects for the Stepwise Process fron 4- (

H-Transfer, Rate Determining Stepa

D

2 
u r) - z -nthy 1 butyrophenone

Htg

T=383 .Q, 333.0, 285.0d cr r.1 
3c" - 13c

b

ct5;19'

0.1

0.3

0.5

0.7

0.9

c
15

1 .000

1 .000

1 .000

1 .001

1 .001

6 c c
4

3
c

0.998

0.997

0.997

0.996

0.996

1t19,18

0.9

0.7

0.5

0.3

0.1

L.221

1.779

1 .865

1 .553

0.969

7.240

1,.87L

2.063

1.652

0.9s6

1.262

2.027

2.373

1 .836

7.033

0 .997

1 .001

1 .010

7.022

1 .035

1 .000

1 .000

1 .000

1 .000

1 .000

(/l
5

NOTES

(a)
(b)
(c)
(d)
(e)

the calculations assurne an interaction coefficient A.U = 1.0 for internal coordinates R* and RUr.
H19 is replaced with D.
bond order between atoms 5 and 19.
tenperatures in'oK.
carLon-l3 isotope effects were calculated at the same temperatures as the deuterium isotope effects.
0n1y the effects at T=283.2oK are listed.



Table 4-11

Kinetic Isotope Effects for the Stepwise Process from S-ç2ïr)-2-Ethylbutyrophenone

H-Transfer, Rate Deterrniníng Stepa.

Ht6,H77-DZ

b

1 .000

1 .000

1 .000

1 .000

1 .000

1 .000

1 "000

1 .000

1.000

1 .001

1 .000

1 .000

1 .000

1 .000

1 .000

l3c c
4

0.998

0.997

0.997

0.996

0 .996

c L3 d
C

0.997

1 .000

1.009

1.022

1 .055

t3
c --13cöT=333.2, 283.2 I"15 cts, 19

tlg,1B

0.9

0.7

0.1

0.3

0.5

0.7

0.9

1 .000

1 .000

1 .000

1 .001

1.001

(fi
(¡l

5

3

1

0

0

0

NOTES

(a)
(b)
(c)
(d)

the calculations assume an interaction coefficient A.U = 1.000 for internal coordinates Rtg 
"úd 

R6.S

bond order between atoms 5 and 19
tenperature in oK

carbon-13 isotope effects were calculated atT=333.2 and 283.zoK. Only the T=283.20¡results are
listed.
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of coupling coordinates R* and RU, and was given the value of 1.00

as described previously. Carbon-l3 isotope effect values quoted

in table 4-71 are those obtained at a temperature of 283.2oK;

those calculated at 333.2oK were onitted due to reasons previously

explained.

It is clear fron table 4-1L, and not entirely unexpected, that

the rate of 1,S-hydrogen rnigration in this systen is largely

unaffected by isotopic substitution at Crr. Clear1y, the bonding

changes that occu:r for this process do not affect the hybridization

at Crr. The effects of hyperconjugation or induction have not

been included, in the transition state models for this calculation,

but it is expected that differences in rates on deuterium substitution

should be very ,nrl116.

So far, the calculations have enployed nodels of the reactant

and the transition state which have been derived from a consideration

of the stepwise mechanisrn with 1,S-hydrogen transfer as the rate

determining step. An alternative stepwise mechanism involves carbon-

carbon bond cleavage as the slowest step in process. This is shown

in schene 4-3 in which the protonated carbonyl is derived from

1,5-hydrogen nigration of 2-ethylbutyrophenone.

o
H +t

+

+ il

Scheme 4-3
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Clearly, this systen of intermediate and transition state requires the

construction of nodel systens which are different to those described

previously for 2-ethylbutyrophenone.

Figures 4-9 and 4-10 are geonetric representations of the

pTotonated carbonyl intermediate and the transition state 2l-atom

cut-off models for the CO-CtS bond cleavage mechanism. In the rnodel

of the interrnediate, tetrahedral geonetry vlas assumed for the atons

around CU, Cg, C11 and CrU. Trigonal planar geonetïy was assumed

for atoms C2, C4 and Crr. The plane containing atons H21-C1'-HZ0 it

perpendicular to the plane containin8 CU-Ctr-Ctt. this geonetry

element was included to ensure that there is naxirnun p-orbital

overlap between the orbital containing the free radical at Ct,

and the Ce-CtS bond which is breaking. The conforrnation of the bonds

around the CU-C* Cg-Cll and CU-C* bonds is identical- to that of

the reactant nodel described previously in section (a) (figures

4-6 and 4-8). The conformation of bonds about cts-ctg is shown in

figure 4-IL by means of a Newnan projection.

20 2t

l7 t6

ctg

6

cts

Figure 4-11
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The angle subtended by bonds C+-OS and 0r-Hr9 vlas set at 114.50

on the basis of the results fron ab initio rnolecular orbital

calculations of cHsCH2coH*'. by Radon and co-wotk"trsso.

A series of transition state models were devised in which the

bond order of the CO-CIS bond was decreased in the usual manner; namely,

0.9, 0.7, 0.5, 0.3 and 0.1. Concurrently with decreasing CU-C1, bond

order, the bond order of the CtS-CtA was increased in the following

manner; 1.1, 1.3, 1.5, !.7, 1.9, to simulate the overlap of the

p-orbital centre on c* with that forming at crr. The hybridization

changes at CU and Cr, ¡sp3 to ,p2¡ *"r" accounted for by linearly

changing the þeonetry about these centres from tetrahedral to

trigonal planar. As a consequence, the angles subtended by the

bonds C+-Cø and CU-H' C6-H7 and CU-C* C1B-C15 and Crr-H16, atd

Ctg-CtS and Crr-H17 *er" altered from 109.50 to 120.0o (product value).

l{ith regard to this change in hybridization, the bonds subtended by

C+-CO and CU-C'' and H'U-C'' "td C'S-CO were reduced in a linear

fashion fron 109.50 to 90.0o (product value).

A kinenatically complete set of 64 internal coordinates for the

21-atom cut-off nodels of the intennediate and the transition state

were defined according to the rules of De.ius325. Most of these

coordinates are Tepresented in table 4-8 with the following changes;

Rtg (=4"1g,19) is replaced with Rr, (=Ars,19), Rst (=4o1s,18,19) is

replaced with Rr, (=4019,s,4), Rs4- (=4019,!g,zo) is replaced with

Rs¿ (=ÂYzt ,22,rs,!B) 
and Rr, (=4019 

,18,2r) is replaced with

Rss (=ato,r)'

Table 4-9 sumrnarizes the bond lengths, bond angles and force

constants for each type of internal coordinate (bond stretch, angle

bend, out of plane wag and torsion). Changes in these pa1aneters
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required to define the transition state nodels in terms of bond

orders, are also shown in this table. Two of the entries in table

4-9 need nodification to account for the differences in the

systen described above. The first of these is the transition state

bond length and force constant for Ar (CfS-CfA). The bond length,

tij, * changed according to the relationship in equation 4-9

"ij = 1.537 - 0.3 h.trr,r, Equation 4-9

The force constant,

in equation 4-10

LJ , ü¡as changed according to the relationship

Fij 4'5'tl5,1g Equation 4-10

Secondly, the internal coordinate described by Acr(0r-Hrn-Crr) does

not apply in this case.

The deuterium and carbon-13 isotope effects calculated using these

models are listed in table 4-t2. Calculations were performed at

temperatures of 333.2 and. 283.2oK. The carbon-lS results are

quoted at a tenperature of 283.2oK as before. Evaluation of the

interaction coefficient by solving the determinant of the force field

matrix when, D, the curvature parameter, is zero (equation 4-6)

gave avalueof 0.618. The matrix h¡as cornposed of the SVFF rnatrix

with off-diagonal elements coupling the internal coordinates RO and

RS, R, and RrO, and RrO and Rrr. Clearly, an isotope effect is

operative for this mechanism when C* is labe11ed with deuteriun.

F



Kinetic Isotope Effects for the Stepwise Process fron 3- (2U)-2-Ethylbutyrophenone

Ce-CtS Cleavage, Rate Determining Stepa'b.

Hr6,Htz-D2

T=333.2, 283.2

Table 4-L2

ctls 
r 18

1.1

1.3

1.5

1.7

1.9

1.024

7.134

L.272

1 .380

1.516

7.027

1.r82

1 .368

1.s18

7.709

d 13^e
-L trr-tlo tu-t" 13

c c
4

7.027

1 .008

1 .006

1 .006

1 .008

0.7

0.5

0.3

0.1

18

t.002

1 .011

1 .013

1 .018

1 .030

7.024

1 .016

1.023

1 .031

t.043

t.022

1.041

L.037

t.032

1.029

o\
N

NOTES

(a)
(b)

(c)
(d)
(e)

thefrreactant" species in these calculations is the internediate resulting fron 1,5-hydrogen transfer.
the calculations assume an interaction coefficient A.n = 0.618 for internal coordinates RO and R'
R5 and R14 and R14 and R17.
bond order between atoms 6 and 15.
ternperatures in oK

carbon-15 isotope effects were caLculated atT=333.2 and.283.zoK. Only the 1=283.2oK results are
listed.
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(c) Concerted Process

The calculations described above have been concerned with

nodels derived from the stepwise nechanisns of the Mclafferty

rearrangement. The concerted model can be considered as several

orders of nagnitude nore conplex than previous nodels since it

requires that both 1,5-hydrogen rnigration and carbon-carbon bond

cleavage occur at the same time. Transition state models for this

process nust therefore account for the motion of all of the atons

in the cyclic six-menbered arrangenent. Motions involved include

both reduction trrå ir,.tuase in bond distances due to increasing

and decreasiíg bond orders respectively. As a result, the

individual atoms involved in this transition state must rnove in a

variety of directions in a synchronous fashion. Models which are

prepared to describe the concerted process nust take into account

all of these motions and those due to hybridization changes.

The reactant nodel for this process is identical to that

described in section (a) below (figure 4-6). Figure 4-I2 is a

geonetrical representation of the 27-atom cut-off transition state

nodel for the concerted reaction fron 2-ethylbutyrophenone. Bonds

which charge their bond orders in the transition state models are;

C+-OS (r0,, 2.0-1.0), C+-CO (tO,U 1.0-2.0),C6-C1S (n6,15 1.0-0.0)

Cts-Ctg (r15,18 1.0-2.0), C1B-Hl9 (tl8,19 1.0-0.0) and Htn-0t

(r1g,, 0.0-1.0); where the bond orders in parentheses are the

reactant and product values respectively. In each node1, the

bond orders described above are charged in a linear fashion such

that no,s * t4,6 * t6,15 * t1s,18 * t18,19 * t19r5 = 6'0'

The geonetry about CU, Cß and Cffi was altered in a linear

fashion from tetrahedral to trigonal planar in accord with the
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changes in hybridization occurring at these centres. consequently,

the angles subtended by the bonds C+-CO and CU-C'' CO-CU and

CO-HI, C6-H7 and CU-C' ClB-ClS and Crr-Hl7, C18-C* and

C1g-H20, and Crr-C* and CfS-HZt were altered fron 109.So to

120.0o (product value). sinultaneously with these angre changes,

the angles subtended by the bonds C¿-CO and CU-C'S, H16-C1, and

C6-C1S, and Hrn-C* and CtA-CtS were reduced in a linear fashion

fron 109.50 to 90.00 (product value).

A kinematically conplete set of 70 internal coordinates for

the 2t-atorn cut-off models of the transition state are shown in

table 4-8. Ás before, table 4-9 sunnarizes the bond lengths, bond

angles and force constants for each.type of internal coordinate.

It is clear fron the above discussion, that the transition

state nodels for the concerted reaction incorporates most of the

features of both 1,S-hydrogen nigration and carbon-carbon bond

cleavage nodels described previously.

The results of the calculations utilizing the concerted

models are presented in table 4-73. As before, the calculations

were performed at reaction temperatuïes of 333.2 and,283.zoK, and.

the carbon-lS isotope effects are quoted at a temperature of 283.zoK.

Evaluation of the interaction coefficient by neans previously

described (D=0), yielded 1.0. This represents coupling of the

internal coordinates RO and R' R, and RrO, RrO and R17, R17 and Rr*

Rlg ud R65, and RU, and RO

The final transition state rnodel (tOr, = 1.1 etc.), has a

geonetric problen in that the transferring hydrogen is strongly

bound to 0, (tg,S = 0.9) but is being pulled away by the leaving



Table 4-13

Kinetic Isotope Effects for the Concerted Process

from 4 - (2uì- 2 -Ethylbutyrophenoriea

Htg-D

t4,6 to;1s tts; ts ttg; tg t=sss s. J$ .zc crr.1scd c.;r-13c cu-13c c;=13c

0.9

0.5

1.1

1.3

1.5

L.7

0.9

0.7

0.5

0.3

l1g, s

0.1

0.5

0.5

0.7

1.277

1.436

7.427

. 1 .183

L.276

L.466

1.447

1.180

1.011

I.002

1 .014

1 .019

t.02L

1 .016

t.027

1 .030

1.022

7.022

L.022

L.023

1.041

1 .036

1.040

L.047

1.9 1.1

1.5 1.5

I.7 1.3 0.7
H
o\
o\

7.3 7.7 0.5

NOTES

(a)
(b)
(c)
(d)

interaction coefficient, Aik = 1.0 coupling coordinates described in text.
bond order.
tenperature in oK

valies quoted at T=283.2oK
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ethylene unit. As a result, the calculated 05-H19 distance is

greater than expected leading to erroneous calculated isotope

effects. Litt1e can be done about this effect without adjusting

bond orders as a counteïaction. Table 4-1.4 lists the deuteriun

isotope effects calculated for the loss of ethylene fro¡n

3-(H)-2-ethylbutfrophenone. These results were obtained using

the concerted nodel described above, and represent secondary

isotope effects for the Process.



Secondary Kinetic Isotope Effects for the Cencerted Process

from 3- (n)-2-Ethylbutyrophenonea

t6, 
1s

o1s, 
18

t19, 
s

0.1

0.3

0.5

0.7

0.9

lable 4-74

1.1

1.3

H16 
'H17-D

--b
n4r 

5
n4 

16

1.1

1.3

1.5

1.7

1.9

1.9

1.7

1.5

7.3

1.1

NOTES

(a)

(b)
(c)

T-333.2,283.2c

1.014 1.0180.9
ts
o\
oo

5

7

9

1

1

1

7

5

3

1

0

0

0

0

0.7

0.5

0.5

0.1

7.052 .

1.110

t.203

1 .391

L.064

1.138

1.259

L.520

interaction coefficient: tit = 1.0 coupling coordinates RO and R' R, and R14, R14 and Rr7, R' and R1g,
Rro and R65, and R65 and Rf,"
böñd order
temperatures in oK
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RRKM Calculations

BEBOVIB-IV calculates isotope effects on specified chenical

ptocesses by evaluating partition functions for reactant and

transition state nodel species. As was discussed previously, this

prograrn utilizes the equations of absolute rate theory in their

Bigeleisen and Mayer formulation. Chapter 1 discusses in detail,

the basis of these equations and their fundamental assunptions.

Using absolute rate theory to describe chenical processes

requires the assumption of a Maxwell-Boltznann distribution for

the species involved. However, nass spectral processes are concetned

with, in the main, unimolecular reactions of isolated ionic species

(ion-molecule reactions and coltision induced fragmentation are not

considered in this context). The internal energy of these ions

is deternined during the initial ionization process and, in the

absence of intermolecular energy exchange, is constant (excepting

for unimolecular reaction and radiative transitions). Clearly,

there is no nechanism for achieving a Maxwell-Boltzmann energy

distribution in a systen of isolated ions in the gas phase.

Fron the results presented in earlier sections of this chapter,

isotope effects calculated by means of BEBOVIB-IV are highly

sensitive to the degree of hydrogen transfer in the transition state.

As the degree of hydrogen transfer in the transition state nodels

becomes increasingly asymmetrical (reactant-1ike or product-1ike),

the calculated isotope effect fal1s fron the maximum value (symrnetrical

case). This result is in conplete accord with the predicted

variability of kinetic isotope effects with transition state geonetry

based on Westheimerrs theory (Chapter 1).
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The effects of substituents on the experinentally observed

deuteriun isotope effect for the butyrophenone systern (Chapter 3)

can be rationalized in terns of their influence on the degree of

hydrogen transfer in the transition state. To ¡ninic substituent

effects of this kind by calculational ¡nethods, one nust therefore

rely on a procedure which is sensitive to geonetrical differences

between transition state nodels; BEBOVIB-IV fulfils this require-

ment. Due to the absence of a Maxwell-Boltznann distribution, the

value of the kinetic isotope effect calculated using this nethod

nay well be quite different fron that expected using energy

distribution independent calculations (such as RRKM calculations),

and experinentally determined values. In a'qualitative sense,

however, BEBOVIB-IV can be expected to provide infornation which,

when conpared with the experinental results, will aid in determining

which of the proposed mechanisms is operative in the process under

study

Another problen that was encountered while considering nethods

of calculating isotope effects was the effective reaction tenperature

The vibrational reaction temperature for the Mclafferty rearrangement

fron butyrophenones is not known. The calculated values presented

in preceding sections suggest however, that variations in the

reaction temperature do not alter the kinetic isotope effect

markedly. This small temperature effect has been observed previorrrlys0g.

The observation of snall kinetic isotope effects and small ternperature

variations in these calculated values suggest that corrections due to

tunnelling are small and can be ignored.

Calculations based on RRKM theory have been performed in order to

ascertain whether the results of the BEBOVIB-IV calculations are
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reliable in a quantitative sense. However, it is well knovm that

RRKM calculations are relatively insensitive to changes in the

transition state g"or"ttyss1. As an exanple, RRKM calculations

of the rate of isomerization of 1,1-dichlorocyclopropane to

2,3-dichloropropene using various transition state models, gives

nuch the same valu.332 . The calculated data were virtually

indistinguishable even when the frequency pattern of one transition

state model having no particular physical significance, was included.

The RRKM program that was used in these calculations was

written by Dr. K.D. King, University of Adelaide A description

of the calculâtional nethod is found "1r""h"t"533 
(see also

Chapter 2). The nolecular systen that was studied was the 27-aton

cut-off nodel of 1,5-hydrogen transfer in 2-ethylbutyrophenone

described previously. Table 4-14 shows the molecular parameters

using in these calculations.

The grouped and averaged frequency pattern and nornents of inertia

were obtained from the BEBOVIB-IV calculations of the sylnmetrical

hydrogen transfer rnodel (t1g,19 = n1g,5 = 0.5). The symnetry factor

Tepresents pathway degeneracy for the process specified.

Values for the deuteriun kinetic isotope effect for various

critical energies (to) are shown in table 4-15. Figure 4-L3 ís a

plot of the ealculated isotope effects versus the critical energy.

Since the cornplete thernochemistry for the 2-ethylbutyrophenone

nolecular ion and the butyrophenone enol radical cation are not

known, data from the Mclafferty rearrangement from 2-pentanone will

be considered. The IP.,, of 2-pentanone has been determined by

photoionization spectroscopy to be 9.37 "V220. 
Appearance potential
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Table 4-14

Reactant lvfodel Transition *states

[r-Transl'er D-Transfer
aFTequènc1es

rRrsIc

oc

co1 I ision
diameterd

NOTES

b

3040

L779

1 519

7423

1797

104t

936

811

559

444

390

302

219

íso

160

133

73

61

4t
2.94

( 11)

(4)

(6)

(s)

(4)

(3)

(3)

(4)

(3)

(1)

(2)

(2)

(2)

(1)

(1)

(1)

(1)

(2)

(1)

2893

778L

L5L7

1 3s9

1155

986

879

76s

575

535

439

36s

269

204

.L94
770

t2t
76

59

2.93

0.50

(1 1)

(4)

(6)

(s)

(4)

(3)

(3)

(4)

(3)

(1)

(2)

(2)

(2)

(1)

(1)

(1)

(1)

(2)

(1)

2942

t7t6
1s07

1340

1156

1009

893

724

s97

525

439

357

262

202

186

162

123

76

59

2.98

1 .00

(11)

(4)

(6)

(s)

(4)

(3)

(3)

(4)

(3)

(1)

(2)

(2)

(2)

(1)

(1)

(1)

(1)

(2)

(1)

1 .00

7.0

(a)
(b)
(c)
(d)

_1
frequencies in cfl ^, degeneracies
overall noment of inertia in (g.cn
symmetry number
collision diameter in R.

in
21

narentheses
3^ x 10128
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Table 4-15

Critical Energy (eV)

3.24

2.99

2.74

2.49

2.24

2.00

t.7s
1 .50

L.25

1 .00

0.76

0. 51

0.26

k;/kp

1.257

1.292

1.334

1.382

1.441

1 .515

1 .609

L.735

1 .913

2.L86

2.480

3.566

6.286

measurements by photoionization spectroscopy yield avalueof 10.07 eV

for the formation of the Mclafferty product ion (eno1 form of acetone)

fron 2-pent^non.220. Sinplistic"ity then, the critical energy for

the reaction is of the order of 1.0 eV.

Using this result, one can estinate that the critical energy for

loss of ethylene fron the 2-ethylbutyrophenone rnolecular ion is

between 1.0 - 2.0 eV. From table 4-15, the range of calculated

isotope effect values corresponding to this range in critical energies

is kr/k' 1.515 - 2.756. Conparison of these values with the deuteriun

isotope effects calculated using BEBOVIB-IV (table 4-10) indicates that

the results fron BEBOVIB-IV calculations are at least semi-quantitative.
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CFTAPTER 5

DISCUSSION OF RESULTS AND CONCLUSIONS
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INTRODUCTION

As enphasized previously, Chapters 5 and 4 contain the results

of the experinental work and the calculations respectively. In

this chapter, the experirnental and calculational results will be

discussed, in terns of the various mechanisns proposed for the

Mclafferty rearrangernent. Where necessary, the results presented in

the previous chapters will be surunarized (usually in graphical form)

as an aid to the discussion.

Scherne 5-1 reiterates the stepwise and concerted mechanisrns

proposed for the Mclafferty rearrangenent fron the molecular ion of

butyrophenones. Briefly, the basic difference between the

mechanisms is the presence of an intermediate in the stepwise process.

The concerted mechanisrn involves breaking and forming bonds and the

rnotion of atoms or groups in a synchronous manner. Sinilar rnotions

occur in the stepwise mechanisrn but at different tines in the overall

reaction process; the interrnediate can be said to separate the

mechanisns in tine and space.

The rate determining step of the stepwise mechanisrn may be

either 1,5-hydrogen nigration (step (i)) or 3,4-bond cleavage

(step (ii)). If step (i) is rapid when cornpared to step (ii) and the

intennediate is of sufficiently long lifetime, an equilibrium situation

nay develop between the reactant and the internediate.

Much of the work described in this thesis is concerned with

attempting to define structural and electronic parameters of the

transition state for the Mclafferty rearrangenent. The experirnental

work described previously can be viewed as an attenpt to probe the

electronic nature of the reaction: Westheimerrs theory, although
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often discussed in terns of transition state synmetry, is based on

the electronic properties of this species. Naturally, any attenpt

to separate electronic and structural factors when considering motion

of species on potential energy surfaces is futile; structural changes

for molecules, necessitates changes in potential energy. In this

light, the preparation.of calculational models detailed in Chapter 4,

can be seen not only as a means of probing structural aspects of the

reaction, but also as investigations of its electronic nature.

KINETIC ENERGY RELEASES

The initial investigations involved deternining the effect of

substituent changes on the kinetic energy release for the Loss of

ethylene from para substituted butyrophenones (table 5-1). Figure

5-1 is a plot of the TrO values veÌsus Brownt, op* values. It is

clear fron Figure 5-1 that the kinetic energy release for the loss

of ethylene frorn substituted butyrophenones is snall (<zZ nev)334.

The composite nature of the kinetic energy release (due to E"*""r, =

l-er * Êo , see Figure 2-6) has been discussed previously (Chapter 2).

Since these measurements were made on first FFR ¡netastable ion

transitions, it is expected that the contribution of ,* ao anu

kinetic energy release will be smal1. One can therefore conclude

that e-r will be the rnajor contributor to T although this is
o

tentative on the grounds that T itself is srnall.

Since the thermochenistry for this system is not known, eexcess

cannot be estimated. Without this paraneter, it is difficult to

define the proportion of eor partitioned into external degress of

freedon; i.e., overall rotational and translational degrees of

freedon of products. As a result, since T is small, the value of
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re^^ is either small or if not, then nuch of the reverse activationo

energy is channelled into the vibrational modes rather than

translational (and rotational) nodes of the products. Effectively,

if T is large then clearly eor must also be large; however, the

converse need not apply.

Since e^-_^^__ cannot be estinated without knowledge of theexcess

thermochernistry for the reaction, the effect of the substituents on

the kinetic energy release for the process is difficult to evaluate.

It is apparent frorn Figure 5-1 that the correlation of T values with

the o-+ value for the substituent is poor. This rnay be due at leastp

in part, to the conposite nature of TrO as discussed previously
I-(deriving from both el and eo'). It is highly likely that an
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inprovenent in the correlation will result if T/."*."r, it

evaluated and cornDared with o +.
'p

INTERMEDIATE L FETIME STUDIES

As discussed previously, the najor difference between the

stepwise and concerted nechanisms for the Mclafferty rearrangement

is the presence of an internediate in the former case. Differentiation

between various nechanistic alternatives has often been based on the

detection of intermediates in the proposed reaction pathways.

However, all attenpts at rrtrappingil the intermediate in the

stepwise mechanism for this rearrangenent failed.

The ICR experiments detailed in Chapter 3 indicated that if

this intermediate is forned, then it nust have a lifetime <3x10-5 sec,

since it was not detected by deuteron transfer reactions. The only

species that was observed by transfer of a deuterium to 5r5-

dinethylpyridine was the ion at m/z 12I; the enol ion of acetophenone,

produced by the Mclafferty rearïangernent fron 4- (\)-butyrophenone

(23) , Observation of this reaction inplies that if the lt{clafferty

rearrangement produces an intermediate of sufficient lifetine,

detection is possible utilizing the ICR technique.

Another form of trapping experiment based on the work by Wagner

and co-workers on the Norrish type II photo-elinination, was also

attempted2gg. The presence of a carbon radical centre in the

stepwise intermediate enables the possibility of reaction fron this

site which leads to products differing frorn those fron the Mclafferty

TeaTTangenent. 2-Allylbutyrophenone (48) rvas prepared in an attempt

to trap the intermediate carbon radical by opening an aLternative

reaction pathway (thereby preventing the conpletion of the Mclafferty



rearrangenent). The predicted alternative pathway for conpound (48)

is shown in schene 5-2299.
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The rate of cycTízation of 5-hexen-1-yl radical and related systens

is known to be k = 105se c-l 336. Observation of the loss of

ethylene in the mass spectrun of this conpound (Appendix 1) irnplies

that if the stepwise intermediate is formed its lifetine is shorter

¡¡¿¡ "r,10-5r"..

Since the rate of cyclopropylcarbinyl radical ring opening is

k = 1.5 x 10Bsec-I 337, trapping of the stepwise intermediate was

attempted with 2-cyclopropylbutyrophenone (49). However, all

synthetic attempts to this compound Ì^Iere unsuccessful.

Clearly, the inability to detect the stepwise interrnediate by

a

+
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the means described above does not deny its existence. Even though

the existence of this species may be fleeting, its presence naturally

precludes the possibility of the concerted mechanism.

ISOTOPE EFFECTS IN THE BUTYROPHENONE SYSTEM

The effect of substituents on the deuteriun isotope effect for

1,5-hydrogen nigration is apparent from Figure 5-2. Isotope effects

for the ion source reactions versus the o + value for the substituentp

are shown in Figure 5-2(a). Figure 5-2(b) depicts the isotope

effect verrsus o *Vátrre for the first FFR reaction. The values for
p

the deuterium'isotope effects for reaction in both regions of the

mass spectrometer are contained in tabLe 3-2.

It is evident that a deuterium isotope effect occurs for the

Mclafferty rearrangenent from substituted butyrophenones. The

observation of this effect for this process in other systens has

been mentioned previously (Chapter 3).

In general, the deuteriun isotope effect for the first FFR

is larger than for the ion source reaction. This is in accord

with our understanding of the energetic requirements of ions in

various sections of the mass spectrometer. Metastable ions are

species of lower energy than their unstable counterparts which

decompose in the ion source. The nagnitude of the isotope effect,

being a function of ion internal 
"nutgy335, 

reflects this difference

between the reaction occurring in the ion source and field free

regions.

The scatter of data in Figure 5-2(a) nay be related to the effect

of ion internal energy on the isotope effect as discussed above.

Due to instrumental factors, only those metastable ions which
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deconpose w:i-thin a narrow region of the nass spectrometer are

observed. As a result, the spectlometer selects netastable ions

with a defined range of intetnal energy. On this basis, the

reactions giving rise to the results plotted in Figure 5-2(b) are

of ions with a defined energy content. Ion source reactions on

the other hand, occur fron ions with widely varying internal

energy. Isotope effects are expected to reflect this spread in

energy content. The internal energy distribution for source ions

may also be biased by various reactions peculiar to the various

substituted butyrophenones .

The nagnitude of the deuteriun isotope effect obtained in this

study fall within the range cited previously (kn/k' = 0.7-2.17)

for the Mclafferty rearrangement in other systerns (Chapter 3). The

low value for this effect in this and other systems nay be due to a

nunber of reasons. Firstly, comparison of isotope effects for

1,5-hydrogen migration in radical cations generated in both solution

and the gas phase, with sinilar processes in neutral nolecules suggests

that the low effect observed may be due to the nature of the radical

cat. on255-2s7 (Chapter 3). Differences between the reactions of

charged and neutral species can be interpreted on the basis of their

energetic requirements. If the degree of hydrogen transfer in each

case is different then by Westheinerrs theory (Chapter 1) the

nagnitude of the isotope effect will be related to this difference.

Clearly, if the transition state for hydrogen transfer in radical

cations is asymmetric (reactant or product like) compared to the

reaction in netural species, the isotope effect will be reduced.

Secondly, the balance of forces to the transferring isotope
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in the symnetrical case, required to achieve the maximun isotope

effect cannot be achieved when the transfer is non-linear. As a
I

result, the synmetrical stretching vibration 1v*Ï) is isotopically

sensitive leading to a reduction in the expected rnaximum in the

isotope effect for the process. Calculations based on non-linear

syrnmetricar hydrogen transfer transition statesS9-91 irrdi".a"

that isotope effects are reduced as the angle subtended by the

partial bonds to the hydrogen isotope decreases (Chapter 1). In

the case of a six inenbered transition state, such as for l,S-hydrogen

nigration, the angle subtended by the bonds to the isotope is 1200

(considering the systen to be a regular hexagon). Ttre maximum

isotope effect for such a situation (synrnetrical transfer) is

calculated to be kH/kDn,489. The sinitarities between the transition

state for loss of ethylene from the nolecular ion of butyrophenone

and the situations discussed above are clear. Considering this, it

is not unexpected that the deuterium isotope effect for this process

is of s¡nal1er nagnitude than sinilar processes for neutral species.

The effect of the substituents on the deuteriun isotope effect

for the reaction is apparent fron Figure 5-2(b). Electron donating

substituents (negative o-.+) decrease the isotope effect relative to" p'
electron withdrawing substituents (positive o-+¡ which increase this

p

effect. The conelation coefficient for the straight line

y = 1.26 + 0.24x, where x is the o + values and y is the value of
p

the isotope effect, is 0.92 (1% level of significance for 6 degrees

of freedom).

The trend in isotope effect observed in these studies should be

conpared with the trend observed by Mclafferty and Wachs with

log (z/z) values for the rearrangernent from butyrophenones
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249(Chapter 3) From their work, it is clear that as the electron

withdrawing capabilities of the substituent in butyrophenone

increases (negative to positíve o-+ values), the activation enelgy
p

for the reaction decreases, i.ê., log (z/z) increases. Combining this

result vrith the trend in isotope effects observed, leads to the

conclusion.that the transition state for the Mclafferty rearrangement

fron butyrophenones is product-like! i.e., the reaction is endothennic.

This conclusion is based on the fundamentals of Westheiner's theory;

as the asymrnetry of the transition state increases, the isotope effect

falls frorn its maximum value which occurs in symnetric case. In the

case of an endothermic reaction, as the activation energy is decreased

the potential energy surface becornes more sylilnetrical. Clearly, with

a reactant-like situation, decreasing the activation energy increases

the exothermicity of the reaction and thereby decreases the isotope

effect.

Calculational models of the reactant and transition state for

1,S-hydrogen migration of butyrophenone h¡ere prepared in an

atternpt to reproduce the deuteriun isotope effect observed experinentally.

The models are described in Chapter 4 (Figures 4-I and 4-2) and the

results of the calculations are presented in table 4-5. Figure 5-3

describes the atom nunbering for these systens. Figure 5-4 is a

plot of the calculated deuterium isotope effect versus the bond

order of the forning oxygen-hydrogen bond (tS,1r).

The results of the calculations are consistent with those

measured assuming a product-like transition state. Calculations

using various nodels were attempted. The molecular geonetly having

a basis in physical reality and giving neaningful isotope effects

was the 30o staggered nodel described in Chapter 4. Models enploying

a planar six-membered, cyclic transitioñ state suggested
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by nolecular orbital calculations2ls, produced deuteriun isotope

effects which were below unity for all of the transition state ¡nodels.

In the planar case, the transferring hydrogen approached the

nigrating terminus too closely as the bond order t5,15 was increased.

Carbon-13 isotope effects calculated using the 1,5-hydrogen

transfer nodel (tabl e 4-3), suggest that isotopic substitution at

positions C' and C* will lead to the observation of an isotope

effect for the process. The isotope effect at C' increases from

k7/k, 0.998-1.036 with increasing transition state asynmetry (toward

a product*1ike situation). However, the effect predicted at CO

b
\

n5,1s
1:0
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Ísconstant (klk2 "t 0.997). Both of these results are expected on

the basis of bonding changes which occur with this model. Since

the bonding changes at Cn and CU ale expected to be ninirnal in

this nodel, there should be no (or negligible) isotope effects at

these positions. This prediction is corroborated by the results

in table 4-5.

The effect of altering the carbonyl frequencies of the

reactant and transition state nodels in accord with para substituent

charges is also shòwn in Figure 5-3. Clearly, the effect of the

substituents on the observed deuteriun isotope effect is not

through changés in the carbonyl stretching frequency. The

substituent effect is more likely to be on the syffnetTy of the

transition state. If this is the case, the increase in measured

deuterium isotope effect with the electron withdrawing capability

of the substituentrwill be due to the increase in the symnetry of

hydrogen transfer.

SimplisticaIly, the observation of a deuteriurn isotope effect

on the 1,S-hydrogen nigration inplicates this step as part of the

rate deterrnining step for the overall process. However as

discussed previously, if 1,5-hydrogen nigration is rapid and

not part of the rate determining step, an equilibriurn situation nay

develop. This may result in the observation of an equilibriurn

isotope effect.

Calculational estimates of the equilibriun deuteriun isotope

effect for 1,S-hydrogen nigration (assuning that carbon-carbon bond

breakage is the rate determining step), predict that íts value should

lie between Kn/Ko 0.82 and L.20 at 2B3.2oK (table 4-7) for

butyrophenone. The lower value is calculated using a carbonyl
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torsion similar to the torsion of ethylene; where as the uppeï

values utilize the torsion of ethane. Clearly, the more realistic

value for the carbonyl torsion is close to that of ethylene. As a

result, the expected equilibriurn isotope effect for this process is

estinated to be around KH/KD 0.82. The magnitude of the experinental

value (1.35, first FFR) indicates that it is unlikely that it

represents an equilibriun isotope effect. Higher values of the

rneasured isotope effect for electron withdrawing substituents indicate

that it is probable that the 1,S-hydrogen migration is a kinetic

situation

Since thå neasured isotope effects (table 3-2, Figure 5-2)

are greater than expected for ß secondary isotope effects for

carbon-carbon bond cleavage (kH/kD < 1.15)16, it is highly Likely

that these results represent prinary kinetic effects. In this case,

step (i) in scheme 5-1 describes notions of atoms which are involved

in the rate deternining step. In accord with this result, the

alternatives for the mechanisms proposed for this rearrangenent

include, (i) stepwise with 1,5-hydrogen nigration as the rate deterrnining

step or (ii) concerted (scheme 5-1). Clearly, to determine which

of these options is correct (or at least the closest approximation

to physical reality), one should attempt to measure an isotope

effect for atons involved in other aspects of the rearrangernent.

In effect, carbon-l3 labelling of each carbon involved in the

six-nenbered transition state will give isotope effects if and only

if the concerted mechanism is operative (intra and inter -
nolecular cases). There are thlo qualifications to observing carbon

isotope effects. Firstly, the bonding charges occurring at a

particular aton (bond breakage and formation) rnay in fact cause the



190.

total bonding to this atom to be unchanged in the transition state43.

Cancelling of opposing effects will result in either very snall or

no isotope effect at this position: bonding changes as a pre-

requisite for the observation of an isotope effect has been emphasized

in Chapter 1. Secondly, the bonding changes at the atom may be so

snall that the isotope effect nay fall within the experimental 
"rro"45.

The systen chosen for initial carbon-13 isotope effect studies

was butyrophenone (Chapter 3). The.nature of this experiment required

conpetive ínterrnoLeeuLar rate comparisons. Experimental problens

associated with this type of study have been dealt with fully in

Chapter 3. '

The màjor problen apart fron the experimental difficulties,

was the presence of an isotope effect on the ionization potential

for the isotopic rnolecules. This effect was detected by measuring

the isotopic ratio for the ions undergoing o-cleavage fron the

molecular ions of butyrophenone and +- (13c) -butyrophenone (36)

(table 3-6). Since the isotopic atom is far removed frorn the

reaction site, its effect on the rate of this reaction would only

be secondary (for carbon isotopes, this would be undetectable). The

ratio of product ion abundances for the reaction fron butyrophenone

and 4- (15c) -butyrophenone (56) should be equal to the ratio of

molecular ion abundances if there r{ere no differences in the internal

energy distribution on ionization. The ratios are k.. /k, = 1.045t0.13

where k, is the rate constant for the lighter and k, the heavier

isotope, and l,tr*' /t"tr* 
' = f .05410.06 respectively. Rate increases

for o-cleavage fron the carbon-13 labe11ed butyrophenone most 1ikely

results from the higher'mean internal energy of this conpound due to

its lower zero Point energY
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Potentially, the measurement of the intensities of product ions

formed hrith rates which are isotope independent (e.g., o-cleavage in

the above example), can be used to comect for the isotope effect on

the ionization pÌocess, However, due to the experinental difficulties

(pressure fluctuations) encountered in the interrnolecular comparative

rate studies, and inaccuracies inherent in correcting peak height

ratios for effects such as differences in ionization potentials, it

was decided to use the intranolecular approach in these neasurenents.

Intramolecular comparative rate studies by their very nature, would

ninimize the experimental difficulties and would negate the effects

of the isotope on the ionization process. The system studied was

isotopically label1ed 2-ethylbutyrophenone.

ISOTOPE EFFECTS IN THE 2-ETFÍYLBUTYROPHENONE SYSTEM

The results for the measurernent of loss of ethylene and

(13c)-ethyrene fron 4-(13c) -2-ethyrbr-rtyrophenone (43) and

s-(13c)-2-ethylbutyrophenone (42) are shown in table 3-7. The

ratios in table 3-7 were corrected for the instrumental factor

(baseline variance) and the differences in peak height due to un-equal

kinetic energy releases for the 1abel1ed and un-1abe11ed conpounds. (35)

and (56). The differences between the isotopic ratios for compound (43)

and (42) are significant. In each case the correction was overestinated;

i.e., the largest correction factor üras used in each case. Table 3-9

lists the corrected ratios for loss of ethylene versus loss of

(13C)-ethylene fron compounds (42) and (43). The ratios are'reproduced

in table 5-1.



L92.

Table 5-1

Metastable lon Transition Râtio + SDaConpound

¿- (13c), (4s) L77+ + L49++28

177+ -> !48+ +29

x=0 .99510 .014

13 L77+ -> 14g+ +2g3-( c), (42)
i=l .009t0.019

+ +
t77 + 148 +29

NOTES

L3
(a) this is the ratio of the loss of ethylene to loss of ( C) -ethylene.

It is clear from the results in table 5-1, that the carbon-lS isotope

effect for compound (42) is greater than for compound (43), The

isotope effects are snal1, as expected fron consideration of the

effects of internal energy on these parameters3ss. Their rnagnitude

may also reflect the conplexity of the bond forning and breaking

processes in the cyclic transition state4S . fn my UieU' thev'e eart

be no doubt that a earbon-7T isotope effeet ís oeauz'r'ing foz' the Loss

of ethyLene from s- é3 c ) -z-ethyLbutyz'ophenone.

The deuterium isotope effects that were measured for the

1,S-hydrogen nigration step in substituted 2-ethylbutyrophenones

are shown in table 5-11. Figure 5-5(a) is a plot of kn/ko versus

Brown', On* value for the ion soutce reaction of these conpounds

and figure 5-5(b) is a sirnilar plot for the first FFR reaction.

As before, the presence of an electron donating substitutent in the

para position has a dininitive effect on the observed isotope

effect when compared to electron withdrawing substituents. This

effect has been discussed previously for the para substituted
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butyrophenones. The nagnitude of the deuterit¡m isotope effect

observed in this system is greater than would be expected if

1,5-hydrogen nigration were an equilibriun process. The equiribriun

isotope effect expected has been calculated for butyrophenone models

(KH/KD tuO.82 at 283.zor). The isotope effect observed therefore

lepresents differences in rates of reaction on isotopic substitution

i.e. a kinetic isotope effect.

Reactant and transition state nodels for 1,5-hydrogen migration

in 2-ethylbutyrophenone hrere prepared and the deuterium and carbon-l3

isotope effects calculated (Chapter 4). Figures 4-6 and 4-7 are

diagrarnatic representations of these nodels and table 4-10 lists

the results of the calculations. Figure 5-6 is a plot of the

calculated deuterium isotope effect versus increasing bond order of

the oxygen-hydrogen bond (nS,tg), (Figure S-S).

The carbon-lS isotope effects calculated using this model

are shown in table 4-70. In a similar manner to the stepwise models

of butyrophenone, carbon-15 substitution at C* and CO result in

isotope effects on the rate of reaction. Labelling at C* produces

isotope effects ranging frorn kr/k 2 0.997 - 1.OJS for transition

state nodels varying from reactant to product-1ike. The isotope

effect at CO is again relatively constant; kr/k, tuO.997. Isotopic

substitution at C* and C6 do not produce isotope effects on the

reaction rate in accordance with the absence of bonding changes at

these positions.

Further evidence for the involvenent of carbon-carbon bond

cleavage in the rate detennining step comes f:ron the observation

of a secondary deuterium isotope effect for the Mclafferty rearrange-
t

ment from 3-('H¡.-2-ethylbutyrophenone (47). The isotope effect



kH/kD

2.5

2;0

1.5

1.0

o

195.

o T = 2B3.0oK

1.0 n

o

o

I

o
\

0.0
15 o

Figure 5-6



196.

observed was kn/ko = 7.16 ! o.oz (firsr FFR of the RMU-7D rnass

spectroneter; table 3-72). This effect is of the same nagnitude as

o-secondary isotope effects16, b,ra is too large for a B-secondary

effect; i.e. it is apparent fron the nagnitude of the observed

secondary effect that bonding changes (re-hybridization, see

Chapter 1) are occurring which are consistent with the involvenent

of carbon-carbon bond cleavage in the rate detennining step of the

process.

The conclusions discussed above for the secondary isotope

effect are corroborated by calculations using various stepwise
J

models of 5- ('Hù -2-ethytbutrrophenone (47). Results from nodels

describing 1,5-hydrogen nigration as.the rate determining step,

indicate that no isotope effect is expected by replacing Hru and

H17 üIith deuteriun (kH/kD = 1.000 for al1 transition state nodels;

see table 4-11).

Models based on carbon-carbon (c15-c6) bond cleavage as the

rate deternining step however, predict that an isotope effect

will be observed for 3- (2u)-2-ethylbutyrophenone (47) (table 4-72).

Figure 5-7 reproduces these results in graphical form to emphasize

the ¡nonotonic increase in the o-secondary isotope effect with the

product-1ike nature of the transition state. The increase in

this effect is entirely expected since the degree of hybridization

change at c* increases with the increasing product-like nature.of

the transition state.

The results fron calculations of isotope effects using the

concerted model of loss of ethylene frorn 2-ethylbutyrophenone will

now be discussed. Models (reactant and transition state) used in

the concerted process are shown in Figures 4-6 anð. 4-L2. calculated
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isotope effects are listed in table 4-7s and plotted in Figure s-g

against the bond order of the forning oxygen-hydrogen bond (rr,1n).

It is apparent fron these results that the deuteriun isotope

effect passes through a rnaximun at around r5rlg = 0.4. Again, this

behaviour is predictable on the basis of Westheirnerrs theory. The

carbon-15 isotope effects calculated using this nodel are also

shown in table 4-72. Calculation of carbon-l3 isotope effects at

C1g, ClS, CU and CO indicates that bonding changes occur at aI1 of

these positions in the concerted model. T'he calculated values at

Cts (k'/k2 1.011 - 1.01e) "rd 9rs 1Jr.r/k2 7.02I - 7.047) aïe

different fron the values calculated by rneans of the 1,5-hydrogen
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transfer stepwise nodels of 2-ethylbutyrophenone, and sinilar to

the carbon-carbon bond cleavage nodel. Significantly, they are also

sinilar to the carbon-13 isotope effects observed experinentally.

Secondary isotope effects for 3- (n)-2-ethylbr-rtyrophenone h¡ere

also calculated using the concerted nodel (table 4-74). These

results are also shown in Figure 5-6. Again t,here is an increase

in the secondary effect with increasing product-1ike nature of the

transition state as expected.

The magnitudes of the prinary isotope effects calculated using
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the concerted node1, are less than those obtained fron the stepwise

nodel. since both models were sinilar, this result would not have

been predicted

- In the 1,S-hydrogen transfer stepwise nodel, the interaction

coefficient used in the calculations u/as A.U=l.0; clearly, no other

coefficient could be used since only two bonds are interacting.

However, in the concerted node1, all interaction coefficients

were A.n=1.0 and no adjustnent was nade to al1ow for greater

interactions between particular bonds. This nay account for the

Iower deuterium isotope effect values, since increasing the

interaction cdefficient between the bonds to the transferring

isotope will nost certainly raise the nagnitude of the effect.

CONCLUSIONS

The observation of a deuterium kinetic isotope effect for

1rS-hydrogen migration in substituted butyrophenones (which includes

2-ethylbutyrophenones) and the observation of a carbon-lS isotope

effect in 3- (13C) -2-ethyLbutyrophenone (42) suggests that the

Mclafferty rearrangement in these systems nay proceed by a concerted

mechanisn. The o-secondary isotope effect in 5- (2U)-2-ethylbutyro-

phenone (47) provides further evidence that carbon-carbon bond

cleavage is part of the rate deternining step.

Correlation between experimental and theoretical results

has been achieved using models based on the concerted mechanisrn.

Sone of the experimental results are mimicked by calculations using

various stepwise models. However, the concerted nodel reproduces all

of the experimental data in, at least a seni-quantitative fashion.
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There is a further rnechanisn which fits the available

evidence that nust be considered. The argunent nay be developed

in the following way.

There is arways the possibility that an isotope effect may be

observed for a non-rate determining step, although this statement

contradicts rnany of the standard texts (for exarnple see ref. 6).

This situation is exenplified in pathways involving equilibrium steps

prior to the rate deternining step. In an intramolecular case,

reaction may involve the choíce between isotopes in equivalent

positions, thereby leading to the possibility of isotope effects.

CLeatLy, this'ehoiee is present uhethez, the reaetíon step ís z,ate

deterrní.ning or not. However, if the .activation energy for this

step is sna1l relative to the activation energy of the rate

deternining step, and if the deconposing species has sufficient

energy to react, the differing isotopes will be renoved in a ratio

which approaches the statistical ratio.

As the actívation energy for the initial step increases in

relation to that of the rate determining step, the effect of the

differences in zero point energies will become more pronounced, thus

resulting in the possibility of an isotope effect. If the activation

energy of the initial step is large, but that step is still not rate

deternining, there will be a finite probability of observing an

isotope effect for the non-rate deternining step. The Límiting

situation uiLL be uhen the aetiuation energies fon both steps ane of

símiLa.z' magnitude in uhieh ease kínetic isotope effeets uiLL be

obsez,ued for eaeh step. In the cases considered above, the isotope

effect will be expected to increase as the activation energy for the

initíal step increases.
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The situations described above are clearly stepwise and

differ fron the concerted process only by the presence of an

intermediãte. The occurrence of such stepwise mechanisms cannot

be excluded on the available experimental evidence. The probability

of the activation energies for 1,5-hydrogen nigration and carbon-

carbon bond cleavage being the same must be snall, therefore the

occurrence of the liniting stepwise situation described above is

unlikely. An estinate of the isotope effects (deuteriurn and carbon-13)

for the liniting stepwise case can be gained for each step fron a

conbination of the results obtained frorn calculations utilizing

both of the stepwise models (e.g., see tables 4-10, 4-L2 and 4-13).

These results indicate that there is.1ittle difference in the calcu-

lated isotope effects for both the liniting stepwise and concerted

processes.

Identification of the intennediate proposed for the stepwise

mechanisns by neans of I'trappingtt experiments was unsuccessful.

Naturally, this nay well be due to the non-existence of such a

species in the Mclafferty rearrangement. 0n the other hand, these

experinents cannot be taken to disprove the intermediacy of such

a species.

Finally, it is clear from the details of the experimental

procedure for the measurement of both deuterium and carbon-13 isotope

effects (Chapter 5), that this technique allows for the investigation

of the mechanisms of nany mass spectral processes. An I'order of

magnituderr improvement in the accuracy of these measurelnents is

possible by introducing rapid scanning, peak averagíng and

deconvolution techniques to extract srna11 differences in peak areas.
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Utilization of carbon-14 and oxygen-18 isotopic label1ing would

also have enormous advantages in situations where instrunental

energy resoLution is a problem.



CHAPTER 6

EXPERIMENTAL
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GENERAL

Mass spectra (MS) were recorded on a modified5SS Hitachi perkin-

Elmer RMU-70 mass spectrometer operating at an erectron bean energy

of 70 ev and an accelerating potential of 3.6 kv, unress otherwise

stated. Sanples were introduced into the ion source by rneans of

an all g1ass, heated inlet system naintained at a tenperature of

around 150oc. Typically, the source pressure was 5x10-6 torr and

the first field free region pressure was sx10-7 toïT. Metastable

ion transitions in the first field free region were investigated

by neans of the electric sector defocusing technique described in
)

chapter 2. Mass spectral data are quoted as the n/z vaLue, followed

by its intensity ¡2"1 relative to the base peak of the spectra and

lastly its structural assigrunent, where possible.

The carbon isotope effect measurenents, some of the kinetic

energy release neasurements and the recording of rnass analysed,

ion kinetic energy (MrKE) spectra were rnade using the new 'grand-

scalerr reverse sector mass spectrometer designed and built by

Dr. P.J. Derrick and his colleagues at La Trobe university, Bundoora,

victoria29s '296. This instrument ernploys a magnetic sector with a

radius of 78 cn., the first field free region is 172 cm. in length,

the pressure of the field free region is of the order of 1x10-8 torr

and the operating electron energy is 70eV.

ron cyclotron resonance (rcR) mass spectra were recorded using

a Dynaspec ICR9 spectrometer operati.ng in the nagnetic field

nodulation mode. Typical operating ionditions for the square three-

section ce11 were,
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6c/2T = 153 .7 kl/.z.

emission current = Q.2 VA.

ion cunent = ro'72 - to-11R.

ion transit tine = 2-3 x 10-3 sec.

pressure = 1o-6 - 1o-5 torr.

ron transit tines were obtained directly by means of a device based

on that originally described by McMahon and Beauch*pt'n. The

sanple inlet systen for the instrunent consists of a direct-probe

for solids and a dual inlet port for the introduction of liquids

and gases. Cyclotron ejection experirnents were peforrned as described

in the literatur e276 '340 .

Infrared (IR) spectra were recorded using a Unican SP200 or a

Jasco IRA-1 grating infrared spectrophotometer and were calibrated

with reference to the 1602 cn-1 band of polystyrene. Absorption

band positions are quoted in wavenumbers (.r-1) and their intensities

expressed as follows: s, strong; m, medium; w, weak; sh, shoulder;

br, broad. The spectra were recorded either as nujol mulls, as

liquid films or as solutions, using sodiun chloride plates. Data

are given in the following order; absorption band wavenumber (.r-1),

relative intensity and structural assignment.

Proton magnetic resonance (PMR) spectra were recorded at a

magnetic field of 60 MHz using either a Varian T-60 or Jeol PMX-60

spectrometer. The spectra were obtained as either carbon

tetrachloride or deuterochloroform solutions of the sanple containing

tetramethylsilane (IO% V/V) as an internal reference. Data are

given in the following order; chenical shift in p.p.n. (ô),

rnultiplicity, first order coupling constant (J) expressed in Hertz,

relative intensity as the number of protons and the structural
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assignment.

Melting points were deterrnined using a Kofler hot-stage

urelting point apparatus under a Reichert rnicroscope and are

uncorrected.

Microanalyses were performed by the Australian Microanalytical

Service, Melbourne, Victoria.

Gas liquid chromatography (GLC) was carried out using a pye 104

chronatograph with nitrogen as a carrier gas. sarnple detection was

by means of flane ionization. Unless otherwise stated, the flow-rate

of the carrier gas hras naintained at 40 rnl./nin. colunns used were

constructed of glass and had the following supports and dimensions;

A. 5% FFAP on Varaport 30 (L00/720) (1nx5rnm)

B. 15% 0VI0I on Chrornasorb ttt (60/80) (SrnxSnn)

C. 15% SE30 on Chronasorb A (40/60) (lnxSnrn)

D. 20e, FFAP on Varaport 50 (700/120) (Snx8mn).

High pressure liquid chrornatography (HPLC) was performed on

a Spectra Physics Chrornatronix 3500 chromatograph using a Lichrosorb

5160 coLumn of 10¡l particle size and dinensions 250rnn x 10mn.

In purification by column chronatography, Spence aluniniun

oxide or Sorbsil silica ge1 were used as adsorbants. Preparative

thin layer chrornatography (TLC) was carried out using glass plates

coated with a 1:1 nixture of Merck Kieselgel G and HF254. Analytical

TLC was carried out on either Merck aluninium oxide 60 F254 neutral

(type E) or silicagel 60F254 plates.

tight petroleurn refers to the hydrocarbon fraction of b.p. 60-70oC

and petroleum ether refers to the hydrocarbon fraction of b.p. gO-40oC.

In this text, ether refers to diethyl ether.
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Butyllithiun was prepared in hexane using l-chlorobutane by the

nethod of Gilnan and co-work"rrS4l. The solution was stored at

-soc and the rnolarity deternined by titrating diphenyl acetic acid

according to the nethod of Kofron and Bacla"skis42.
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ATTEMPTED ALKYLATION OF 4-SUBSTITUTED BENZONITRILES

The following general procedure, described for the preparation

of 1- (4-nethylphenyl) -l-butanone (1), was used in the preparation

of 1-phenyl-1-butanone (2) and 1-(4-chlorophenyl)-1-butanone (g) .

This nethod is an adaption of the procedure described by Amstut 
"262.

Propylnagnesium bromide I{Ias prepared in the usual rr.rr"t343

fron 1-bromopropane (2.09;16.3 rnmol) and rnagnesium (0.ag; 16.7 rnnol)

ín anhydrous ether (20 nl) under an atmosphere of nitrogen. The

Grignard reagent thus prepared was added slowly (0.25h) to a stirred

solution of 4-methylbenzonitrile (1.0g; 8.5 nnol) in anhydrous

tetrahydrofuran (10m1). The reaction mixture was rnaintained under

an atmosphere of nitrogen, stirred and heated under reflux for 12h.

Hydrolysis of the mixture was effected by the successive addition

of water (snl), saturated anmoniun chloride solution (1 nl) arid

dilute hydrochloric acid (2M; 10 m1). After stirring the resulting

mixture for th., the separated aqueous phase h¡as extracted with

ether (4 x 20 nl). The conbined organic layers were dried with

rnagnesium sulphate and the solvents removed ín uaeuo. Analytical

TLC (silica gel; benzene) indicated the presence of 4-methylbenzonitrile

(Rf 0.9) and 1-(4-rnethylphenyl)-1-butanone (Rf 0.5). Distillation

(b.p. sgoC (block) /o.os nm.Hg; tit344 : 2s7.soc/7sl mn.Hg) gave

1-(4-nethylphenyl)-1-butanone (0.69, 40%) as a colourless oi1.

The above procedure was used to synthesize 1-(4-chlorophenyl)-1-

butanone fron 4-chlorobenzonitrile (1.0gt 7.4 nnol) and 1-phenyl-1-

butanone fron benzonitrile (0.25;15.5 nnol). In both cases

analytical TLC (silica; benzene) indicated that the reaction was

incornplete even after heating under reflux for 24h.', the rnajor
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cotnponent of the product nixture being starting naterial.

OXETANE

This conpound (b.p. 4B-54oC; ßt?69 48oc) was prepared in

20% yíeLd (1.0g) fron (5-bromopropyl)acetate (1s.0g; 83.0 runol) by

the nethod. of Nol1 er269. (3-Brornopropyl)acetate hras pÌepared in

80% yield (15.0g) by acetylation of 1-brono-3-propanot (74.49; 0.10

nol) with acetyl chloride (8.1g; 0.11 rnol) in anhydrous pyridine

(100 nl) according to the method described by Voget345.

t- l2ur)-3-PRo.PANoL (11)

Preparation of this compound was achieved by the reduction of

oxetane (5.0g; 86.0 nmol) with lithiun aluminium deuteride (99 aton

%D; t.7g;40.0 nrnol) in anhydrous ether (S0 ml) according to the

nethod of searles, Pollart and Lutz268. Distitlation of the crude

product, obtained from the addition of wet ether to the reaction

mixture until the excess lithium aluminium deuteride had been

destroyed and removal of the etherLn Ðaeuo, yielded 1.29 (70%)

of 1- (2uì-S-propanol (11) (b.p. 96-9|0;/760 rnn Hg; tit.346

97 .2oC/760 rnn Hg) .

PMR (CDC1'): ô 0.89, triplet of triplets, 7O, 7.0 Hz., 2H, çCU'ZU-1

1.60, quinlet, 7.0 Hz., 2H, (C-CH2-C)

2.62, singlet, lH, (-0Il

3.60, triplet, 7.0 Hz, 1H, (C-CH2-0)

PREPARATION OF 1-BROIVÍO-3 - (2TIT) -PROPANE (1Ò)

1-Brono-3 -(Hì-propane (10) (b.p. T7-73oc; 1ir .267 troc) was

prepared in 7\eo yield (2.gÐ fron the reaction of f ¡2Hr) -3-propanol
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(2.O e; 35.0 nnol) with phósphorus tribronide (S.Se; 12.0 runol)

by the nethod of Noller and Dinsrnor.267.

PREPARATTON OF +- ç2Ur)-1- (4-SUBSTïTUTED pHENyL) ;1-BUTANONES

The general procedure which follows was used to prepare

initially the isotopically un-labelled and then the deuteriun labelled

ketones. The isotopically un-labelled ketones prepared urere;

l-:(4-methylphenyl) -1-butanone (1), 1-phenyL-1-butanone (2),

1- (4-chlorophenyl).-1-butanone (5) , 1- (4-bromophenyl) -1-butanone (4) ,

1- (4-fluorophenyl) -1-butanone (5) , 1- (4-rnethoxyahenyl) -1-butanone (6)

and 1-(4-cyanophenyl)-1-butanone (7). Sinilarly, the isotopically

labelled ketones prepared were; +-ç2Ur)-1- (4-nethylphenyl) -1-

butanone (13) , +-12ur)-1- (4-chlorophenyl) -1-butanone (16) ,

4 - (Hì-1 - (4-bronophenyl) -1 -buranone (77), 4- (2Hì-1 - (4-fluorophenyl) -

1-butanone (1a), +-çzlr)-1- (4-nethoxyphenyl) -1-butanone (12),

4- (Hì -\- (4-cyanophenyl) -1-butanone (18) and 4- (2uì-l-phenyl-1-

butanone (15). The procedure is detailed for the preparation of
.,

4- ("H1) -1- (4-nethoxyphenyl) -1-butanone.
)

3- (-H1) -Propylmagnesiun bronide hras prepared fron 1-brono-3-
)

Í'Hf)-propane(10) (0.33gt 2.6 mmol) and magnesiun (0.06g; 2.6 rnnol)

in anhydrous ether (10 n1) under an atmosphere of ,rit"og"r,345.

This was added, in a dropwise nanner, to a stirred anhydrous ether

(20 rn1) solution of  -rnethoxybenzaldehyde (0.3g i 2.2 nnol) at OoC,

under an atnosphere of nitrogen. 0n conpletion of the addition,

the reaction nixture h¡as stirred at 2OoC for th. Hydrolysis was

effected by the successive addition of water (5 ml) and dilute

hydrochloric acid (2M; 5 n1). The separated aqueous phase was
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extracted üIith ether (5 x 20 nl) and the conbined organic phases

washed with water (10 nl) and dried with magnesiun sulphate. The

organic solvent hras removed in Daauo yielding a viscous yerlow oi1

whose IR (filn) indicated the presence of an absorption band at
_1

3400 cn ' (b; 0-H stretch) and the absence of absorption bands

for the aldehydic carbonyl stretch. The benzylic alcohol was oxidized

as follows without purification or further characterization.

A dichloromethane solurion of 4- (2nì-1- (4-nethoxyphenyl) -1-

butanol was added in one portion to a vigorously stirred suspension

of pyridinium chlorochromate (0.72g; s.5 mrnol) and sodiun acetate

(0.sog¡ in di'chtoromethane çzo nt7264. The reaction nixtuïe was

stirred at 2ooc for 3h., diluted with ether (100 nl) and fittered

through a short Florisil column. The filtrate was washed

successively with dilute hydrochloric acid (2M, 10 nl) and water

(10 nl) then dried hlith magnesiurn sulphate. Removal of the solvents

ín uacuo yielded the crude ketone which was purified by preparative

TLC (silica; 20e" ethyl acetate, 80% benzene; Rf 0.6) and finally

distilled (b.p. gs-g7o (b1ock)/0.5 nm Hg.; rít.347 L62-t6soc/20 nn Hg.).

The yield of 4-(2Uì-1-(4-methoxyphenyl)-1-buranone (12) was B0%

(0.329), based on the starting aldehyde.

The cornpounds, 1-(4-chlorophenyl)-1-butanone (16) and

1-(4-bromophenyl)-1-butanone (17) were oxidized by titrating a

stirred solution of the ketone in aceton e (20 nl) with a standard

solution of chromium trioxide and sulphuric acid in hrater (Jones

- 348reagentJ

Table 6-1 lists the isotopically un-labelled ketones prepared

by this nethod. The table summarizes the rnethod of purification of

the ketones and lists sorne of their physical properties.
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b.p.¡oclmn Hg.) or ur.p.loc)

conpound

(1) p-nethyl
(3) p-chloro

(4) p-brono

(5) p-fluoro
(6) p-methoxy

(7) p-cyano

NOTES

Þurification

ether: light petroleuna

dichloronethane:
light petroleunb

ether: light petroleunb

ether: light petroleuna

ethylacetate: benzenea

light petroleun: ethera

expt.

59 (block) /0 .05

9s (block) /1 . 2

80 (block) /0. 7

48 (block) /0.0s
120 (block) /7.2
40-42c

!:4,
1 :9,

1:9,

4:6 ,
1:4,

3:7 ,

lir.
2SL:s/7s8

253-2s4/760

749-l-sl/73

230-232/760

762-t63/20

yield (%)

50

50

57

86

76

50

reference

344

349

350

351

347

t9
F¡
lJ

(a)
(b)
(c)

purification by preparative TLC using silica gel plates.
purification by colunn chronatography using aluminiun oxide.
nelting point.
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compound

(13) P-nethyl
(16) p-chloro

(17) p-bromo

(14) p-fluoro
(I2) p-nethoxy

(18) p-cyano

(1s) p -H benzene

purificationa

1:9, ether: light petroleunb

1:19, ether: light petroleunc

expt. b.rr. (oc/nn Hs.) or n.p. foc) yield

b e

50

50

60

80

80

85

70

9s (block) /1 . 2

65 (block) /0 . 8

105 (block) /l.Z
75 (block)/0.8
95 (block) /0.5
4L-ßd
82 (block)/0. 8 (742/s0)

t\)
F¡
l\)

NOTES

) if different fron Table 6-1.
) purification by preparative TLC using silica gel plates.
) purification by colunn chronatography using aluninir¡n oxide.
) melting point. 

_ . 352) literature boiling point""-.

(a
(b
(c
(d
(e
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Table 6-2 lists the deuteriun labelled prepared by the nethod

detailed above.

1-(4-Cyanophenyl)-1-butanone was a ner^I compound. The

microanalytical, PMR, IR and MS data are shown below.

Fornula: C1lH1lNO rn.p.40-42oC

Analysis: c=76.27 H=6.40 N=9.09%

PMR (CDClr):

IR(nujol):

requlres

found

ô 1.02;

L.75;

3.0;

V=
max

nlz 173;

145;

130;

L02;

7S;

MS:

c = 76.40 H = 6.47 N = 7.gg ro

triplet:' 6.0H2.; 3H; (ata-)

quintet ; 7 .0H2. ,6.eH'z.;2H:' (-CH2-CH')

triplet i 7 .}Hz1' 2H; (-CO-CH2-)

2220 cn-l; (w); (-c=N)
1670 cm ^; (s,sh); (C=0)

1600 cn-l; (s); (aronatic)

1570 cn-l; (n); (aromatic)
1505 cn ; (n) ; (arornatic) .

78%; (M) 
*'

20%; (M-C2H4) 
+'

700%; (M-C'H7)+'

35%; (n/z 130-C0)+

6eo (n/z L)2-HCN)+

The PMR, IR and MS data for each of the compounds listed in

tables 6-1 and 6-2 were analysed in terms of the individual

structural characteristics of each conpound. Typically, the PI{R

spectra of the deuteriun labe11ed compounds (12)-(18) showed

broadening of the rnethyl resonance (approx. ô1.0) characteristic

of deuterium incorporation. The deuteriun coupling was of the

order of 1.0H2. The IR spectra of the deuterium 1abe1led ketones
_l

showed an absorption in the region vr.* 2160 cm ^, indicating the
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presence of a c-2t1, stretching vibration. MS analysis indicated

that the deuteriun incorporation in each conpound was 4geo.

PREPARATTON OF 4- (2Hì-1- (4-rryDROXypHENyL) -1-BUTANONE (19)

This conpound was prepared in 60% yield (0.119) by hearing
.,

4- ('H1)-1-(4-nethoxyphenyl) -1-butanone (12) (9.20g; 1.1 nnol) with

anhydrous pyridine hydrochloride (0.609; 5.2 nmol) at 140oc for 6h.

This procedure follows that described by ptey265. ïhe crude product

was purified by preparative TLC (silica gel; L:4, ethyl acetate:

benzene) and recrystallized from an acetone-petroleum ether nixture to

a constant ne'lting point (n.p. 88-90oC; lit.353 stoc¡ . The pMR

(CDCIS), IR (nujol) and MS data were obtained and analysed to

ascertain the nature and purity of conpound (19).

PREPARATTON 0F 4- (4- (ZUì-BUTYRYL) BENZAMTDE (9)

4-Butyrylbenzanide (9) was prepared in 97% yield (0.20g) fron

1-(4-cyanophenyl)-1-butanone (0.20g; 1.2 nnol) by heating with

a mixture of hydrogen peroxide solution (3%;5.6g; 4.9 nnol) and a

potassium hydroxide sol-ution (25u" w/v; 1 . 8g; 8.0 rnrnol) , according

to the nethod of Buck and rde266. Recrystallization of the crude

product fron acetone, light petroleun yielded pure 4-butyrylbenzanide,

m.p. 177-t78oe.

Formula:

Anal s].s:

cttHtsNoz

required C=69.09

found C=69.27

m.p. 177 -t7BoC

H=6.85 N=7.33 %

H=6.75 N=7 .27 eo



IttR ¡2uu-acetone): ô 1.oo;

zLS.

triplet ; 7. OHz;

quintet ; 2.0H2;

broad singlet;

triplet; 6.0H2;

singlet;

-1
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+
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)
4- (4- ('Hì-Butyryl)benzamine (20) (n.p. t77 -L7BoC) was

prepared in 80eo yield (0.18g) in the same manner as described above

for ketone (9). The PMR, IR and MS were analysed to detennine the

purity of this compound.

ATTEMPTED PREPARATIONS 0F 1- (4-NITROPHETTYL) -1-BUTANONE

METHOD(1) : ALKYLATION OF 4-NITROBENZOYL CHLORIDE

Anhydrous cadmiun chloride (2.09; 10.8 nmol) was added in

portions to a refluxing ethereal solution of propyLnagnesium bromide

under an atmosphere of nitrogen. Propylmagnesium bromide was

prepared in the usual mnn"t345 frorn bromopropane (2.669; 21.6 rnnol)



216.

and nagnesiun (0.58g; 23.8 mnol) in anhydrous ether (20m1). The

resulting nixture was sitrred and heated under reflux until it

gave a negative result for the Gilnan test for Grignard ru"g"rrarss4.

The ether was removed fron the reaction rnixture and anhydrous benzene

(20 nl) added.

4-Nitrobe nzoyr chloride (n.p. 72-74oC; lit.555 ,íoa) 
"",

prepared in 82eo yield (a.5aÐ by treating sodium 4-nitrobenzoate

(5.0e; 28.2 runol) with oxalylchloride (5.0g; 39.4 mnol) by the

nethod of Adans and, tl7ich273.

A solution of 4-nitrobenzoyl chloride (1.0g; 5.4 nnol) in

anhydrous benzene (20 n1) was added slowly (0.5h) to the benzene

solution of dipropylcadnium maintained under an atmosphere of

nitrogen. The reaction mixture was stirred at soc for th and then

at 2ooC for 12h. This follows the procedure outlined by C^ron272'356.

Hydrolysis of the reaction mixture was effected by the successive

addition of water (10 tnl) and dilute hydrochloric acid (2Nt; 5 nl).

The separated aqueous phase was extracted with benzene (2 x 20 mt)

and the cornbined organic extracts washed with dilute sodiun

hydroxide solution (5%; 10 n1) and water (10 nl). The benzene

solution was dried with magnesiun sulphate and the solvent removed

ín uacuo yielding a red oil. Preparative TLC (silica gel; 1:1,

ether: light petroleum) of the distilled red oit (b.p. 145oC(block)/3.5

m Hg) resulted in the isolation of two najor products. The PMR

and IR spectral data of both compounds indicated that the desired

product had not been produced and neither conpound was further
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characterizedt

METHOD (2): ALKYLATION 0F 2-BR0M0-1 - (4-NrTR0PHENYr) -1 -ETHANoNE (27)

A solution of 9-borabicyclols.S.llnonane (9BBN) in tetrahydro-

furan (0.9I1) was prepared frorn a standard tetrahydrofuran solutiori

of diboranessT (0.9M; 108.7 nI; 0.1 mol) and cyclooctadiene

(10.89; 0.1 nol) by the nethod of Knights and Btorr,358'359.

2-Brono-1-(4-nitrophenyl) -1-ethanone (21) was prepared in 6l%

yield (4.5g) fron copperll bronide (Lt.2g;50.1 runol) and

4-nitroacetophenone (5.0g; 50.2 nnol) by the method of King and

osttrrtS6o. '

9-Ethyl-9-borabicyclo[3.3. 1]nonane (22) was prepared by

bubbling anhydrous ethylene into a tetrahydrofuran solution of 9BBN

(0.9M; 11.0 nl; 10.0 nmol) at OoC for 3h. A solution of 2-brono-1-

(4-nitrophenyi) -l-ethanone (21) in anhydrous tert-butyl alcohol

(20 nl) and anhydrous tetrahydrofuran (2 nl), hras added to the

cooled solution of 9-ethyl-9BBN (22) prepared above. Freshly

prepared potassiun tert-butoxíde (0.85g; 10.0 nnol) in anhydrous

tert-butyl alcohol (20 nl) was added to the reaction mixture over

0.75h. The reaction rnixture was stirred at OoC for th. and at 20oC

for a further 3h. Both the reaction and work-up procedures fol1ow

that described by Brown and co-wo"k.rr274'275.

Renoval of the organic solvents, after the work-up procedure,

yielded a dark red oi1, shown by analytical TLC (silica gel; 1:1,

t The above reaction procedure for preparing 1-(4-nitrophenyl)-1-

butanone was repeated using benzoyl chloride. The PMR and IR indicated

that 1-phenyl-1-butanone had been produced O60e" yield).
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ethyl acetate: benzene) to consist of five conponents. rsolation

of each of the conponents was achieved by preparative TLC (silica

gel; 1:1, ethyl acetate: benzene). PMR and IR data indicated that

none of the components were the required product, and no further

structural characterization was carried out.

The above reaction procedure was carried out, on l/L}th of

the above sca1e, with potassiun 2,4,6-trí- (tert-buty1)phenoxide

(0.3g; 1.0 nmol) in place of potassiun tez,t-butoxide, with no

inprovernent on the cornplexity of the product ri*t,r""361.

')
1- (-H3) - 3-PRoPANOL

METHOD 11): ALKYLATION 0F ETHYLENE:OXIDE

The preparation of 1-propanol was attenpted by the reaction of

ethylene oxide (6.169; 140.0 nmol) with nethylmagnesium iodide,

prepared from iodomethane (9.9gf 70.0 mnol) and nagnesiun (1.7g; 70.0

nmol) in anhydrous ether ¡sO nf)343. This is the method of

Huston and D 'Arcy278. The procedure was repeated several times

and the crude products obtained after work up of the reaction mixture

were analysed by GLC using column A at a temperature of 110oC.

Occasionally, the yield of 1-propanol was 1ow and the anount of

polymeric naterial high. Due to the fickle nature of this reaction

another synthetic route to .1- (2Uù-S-propanol was attempted.

METHOD (2): ALKYLATION oF ACETIC ACID

Propionic acid was prepared in 30% yield (as determined by

GLC analysis using column A at a temperature of 120oC) by an

adaption of the rnethod of Pfeffer and Silbert2T9 
"r,d 

C""g"t280.
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Lithiun isopropylcyclohexytamidef was prepared by the dropwise

addition of butyllithiun in hexane (1.8M; 4.6n1; 8.3 rnmol) to an

anhydrous tetrahydrofuran solution (20 m1) of isopropyJ cyclohexylanine

(1.179; 8.5 nmol) at OoC, under an atmosphere of nitrogen. The

resulting solution was stirred at OoC for 0.5h, cooled to -78oC

and acetic acid (0.25g; 4.3 nmol) was added, dropwise. After

stirring the reaction mixture for 0.5h at -78oC, hexarnethylphosphoranide

(1.83g; 8.3 mrnol) was addedrfollowed by iodomethane (0.59gt 4.3 nnol).

After stirring at -78oC for 0.5h, the reaction nixture was warmed

to 20oC and stirred for a further 3h. The work-up procedure follows

that descri¡éa by Pfeffer and Sitbert279.

METHOD (3): ALKYLATION OF tez,t-BUTYL ACETATE

tent-Butyl acetate (b.p. gs-g8oc; 7ft.287 97-98oC), hras

prepared from acetic anhydride (100 n1) anhydrous tent-butyL

alcohol (100 nl) and anhydrous zinc chloride (0.3g) in 50% yíeld

by the method of vogel2B1.

tent-Butyl 3-(Hì-propionate (2s) (b.p. 9s-100oC ; tit.362

LßoC/760 nm Hg was prepared in 94% yielð, (2.6Ð from tey.t-buryl

acetate Q.ae; 2.1 runol) ana (2Hr)-iodonethane (98 atorn% D; 3.0g;

2.1 mnol) according to the method of Rathke and Linde"t2g2. The

base used in the alkylation was lithium isopropylcyclohexylanide

t References 279 and 280 use lithiun di-isopropylarnide as the base

for forning the dianion of the acid to be alkylated. A trial

reaction using the procedure described above, excepting that the

reaction tenperature was rnaintained at OoC , gave none of the

required product as determined by GLC analysis (colunn A, at a

tenperature of 120oC).
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prepared from butyllithium in hexane (1.8M; 1.3 mlt 2.4 nnol) and

isopropylcyclohexylanine (0.35g; 2.4 nnol)t. Tetrahydrofuran was

distilled fron the reaction mixture and the residue diluted with

ether. The ethereal solution was extracted with dilute sulphuric

acid (10%), until no cloudiness occurred when the acid wash rvas

neutrallized, washed with saturated sodiun bicarbonate solution

(2 x 10 ml) and dried with potassiun carbonate. Analysis of the

ethereal solution by GLC using colurnn A at a temperature of 55oC

and colunn C at a temperature of 100oC indicated that tert-butyl
)

3-('HS)-propionate (25) had been formed in quantitative yieId.

tent-Butyl propionate (b.p. 117-118oC), used for conparison

purposes in GLC analyses, was prepared ín 60eo yield (17.0g) fron

propionyl chloride (20.}gi 0.22 nol), tent-butyl alcohol (16.0g;

0.22 nol) and N,N-dirnethylaniline (28.0g; 0.23 nol) by the nethod

of voge1281.

tert -Buty| 3 - (Hù-propionate (25) (2.6g; 20.0 nmol) was reduced

by lithium aluniniun hydride (1.639;43.0 mmol) i.n anhydrous ether

under an atmosphere of nitrogen. The reaction mixture was stirred

and heated under reflux for 10h, then cooled to OoC and excess

lithium aluninium hydride and organonetallic salts deconposed by the

addition of wet ether. Distillation gave 1-(2Uù-3-propanol (b.p.

92-98oc; tft.363 97.2oc) in 65% yield (0.8g).

+ The addition of hexarnethylphosphoramide (0.53g; 2.4 mmol) as

a cosolvent did not have any effect on the yield of alkylated

product and so was omitted from the procedure.
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t-BRoMO-s - ('rr)-PROPANE (24)

This compound was prepared ín L4% isolated yield by reacting
)

1-("H3)-3-propanol (0.8g; 12.7 nnol) with phosphorus tribronide

(7.24g;4.6 rnmol) according to the method of Noller and Dinsnor"267

Purification of the crude l-bromo-S-(2HS)-propane was achieved by

preparative GLC using colunn D at a temperature of 70oC.

4-ç2u,) -1 =PHENYL- 1 =BUTAN0NE (25)

This conpound (b.p. 82-85ocþlock)/0.8 nrn Hg; rié52 742oC/

50 ¡nn Hg.) was prepared by oxidation of 4-eHù-1-phenyl-1-butanol

using pyridinium chlorochromate (0.55g; 2.6 mrnol) and sodiun acetate

(0.le; 1.4 nnol) in dichloromethane (zo nt)264. +-ç2ur1-tr-phenyl-1-

butanol was pïepared fron benzaldehyde (0.1Sg; 1.7 nnol) and 3- (2uì-

propylrnagnesium bromide nade from 1-brorno-3 - (2uì-propane (0.22g;

7.7 ' rnnol) and magnesium (0.059; 1 .9 runol) in anhydrous ether (f O mf ) 
343

îhe procedure used is described for the preparation of the +-çzur)-

1-(4-substituted phenyl)-1-butanones. The yield of 4-(zuS)-1-phenyl-1-

butanone (23) was 77% (0.2Ð. MS analysis indicated deuteriun

incorporation of 98%.

4 - (2Hì- 1 -rryDRoxy - 1 - pHENyL - 1 - BUTANONE (2s)

The starting point in this synthetic sequence is the esterification

of 4-benzoylbutanoic acid. 4-Benzoylbutanoic acid (m.p. 113-1L4oC

Iit.286 116oC) was prepared in 90% yield by the Friedel-Crafts acylation

of benzene with succinic anhydride according to the nethod of

Sonerville and 411er,364. The acid (20.0g; 0.11 nol) was converted to

ethyl 4-benzoylbutyrate by heating under reflux in anhydrous ethanol

(100 nl) containing a catalytic amount of 4-toluenesulphonic acid
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(0.1g), for 24h. Analytical TLC (silica ge1; 3:7, ether: tight

petroleun), PMR (CDCIS) and IR (filrn) indicated that the reaction

produced the ethyl ester in quantitative yield and it was used without

purification.

Ethyl 4,4-ethylenedioxy-4-phenylbutyrate (32) was prepared

in 100% yield (crude) by heating a benzene solution of ethyl

4-benzoylbutyrate (25.0g; 0.11 nol) and 1,2-díhydroxyethane (24.0g;

0.59 no1) containing a cataLytic anount of 4-toluenesulphonic acid

(0.1g), under reflux with continuous water separation.

The ethylene acetal ester (32) (27.5g; 0.11 rnol) was reduced to

4lhydroxy-1-phenyl-1-butanone ethylene acetal (51) by lithiun

alurninium hydride (6.4e; 0.17 nol) in anhydrous ether (100 nl) under

an atmosphere of nitrogen. After refluxing the ethereal solution for

3h, the reaction nixture was cooled to OoC and water (6.4 nl), sodium

hydroxide solution (75%; 6.4 ml) and water (79.2 ml) were successively

added. Analysís of the crude product, after removal of the ether,

by TLC (silica gel; ether), PMR (CDCIS) and IR (filn) indicated that

none of the ethylene acetal ester (32) remained. The detailed

procedure for the synthetic steps to this point are described by

ward and Sh"tttrr286.

4-Hydroxy-1-phenyl-1-butanone ethylene acetal (31) (24.09;

0.11 mo1) was oxidized to 4,4-ethylenedioxy-4-phenyl-butanal (50)

using pyridinium chlorochromate (36.29; 0.17 nol) in dichloromethane

(100 n1) by the method of Corey rnd 51991264. Renoval of the solvents

after work-up produced a light yellow oi1. Distillation

0.2 nm Hg.) gave pure 4,4-ethylenedioxy-4-phenyl-butanal (30) in

78% yield (18.0g) '
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4,4-Ethylenedioxy-4-phenyl-butanal (30) (4.0e; 19.4 nnol) was

reduced vrith lihtium aluniniun deuteride (99 aton % D; 0.3g; 7.1 rnnol)

in anhydrous ether (100 nl) under an atnosphere of nitrogen. After

heating under reflux for th., the reaction mixture was cooled to OoC

and water (0.3 ml), sodium hydroxide solution (75%;0.3 nl) and

r.rater (0.9 m1) were successively added while stirring vigorously.

The white suspension ü/as filtered from the ethereal solution and

washed with ether (2 x 20 ml). Removal of the ether ín uacuo after

drying the solution with magnesiun sulphate, yielded 4.19 of crrrde

')
4-('H1)-4-hydroxy-1-phenyl-1-butanone ethylene acetal. The IR

(filn) of this product showed the absence of the aldehydic carbonyl
_1

stretching frequen.I (Vrr* 1730 crn ') and the presence of a weak

absorption band "t vrr* 2140 cm-1 (c-2u stretch) and a broad band

at v 5400 cn-1 (o-H stretch).
max

Removal of the ethylene acetal function was achieved by stirring

a solution of 4- (2Hf)-4-hydroxy-1-phenyl-1-butanone ethylene acetal

(4.7e; 1.9.6 mnol) in tetrahydrofuran (50 nI) and water (20 tnl)

containing 4-toluenesulphonic acid (0.5g), for 48h at zOoC. The

tetTahydrofuran)urater solution was diluted with a potassium carbonate
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solution (10u"; 10 ml) ánd extracted with ether (S x 20 n1). The

conbined organic extracts were washed with saturated sodiurn chloride

solution (10 ml) and water (2 x 10 nl) and dried with nagnesiun

sulphate. Renoval of the organic solvents in uacuo, and distillation

(b.p. 130-135oCþlock)/0.1 nrn Hg; tit.365 n.p. 324SoC) gave pure
)

4-(-H1)-4-hydroxy-1-phenyl-1-butanone (29) in BB% yietd (based on

the starting aldehyde (30) ) (2.8g) .

)
4-BROMo-4- (-H1)-1 -pHENyL=1-BUTANONE (26)

)
1- (-Hl) -4-Oxo-4-phenylbutyl 4-toluenesulphonare (28) (1.9g)

h'as prepat"d f"or 4- (2HL)-4-hydroxy-1-phenyl-1-butanone (2g)

(1.0g; 0.1 nnol) and 4-toluenesulphonyl chloride (2,.3e; L2.2 nnol)

in anhydrous pyridine (20 nl) in 98% yield, by standard methods2SS

4-Brono-4- (2nr) -t-phenyl-1-butanone (26) (b.p. gsoc (block)/0.1

ß7oC/ß.0 mn Hg) was prepared in 94% yield

(0. 1ag) fron 1- (2Hf) -4-oxo-4-phenylbutyl 4-toluenesulphonate (Zg)
o

(0.29;0.6 mmol) and anhydrous lithiun bromide (0.1g; 1.0 rnmol) in

anhydrous hexarnethylphosphoranide (10 tnl), by the nethod of Beckwith

366m Hg; lit.

284
and Moad

4=CHLORO- +- çz:Hr)-1 -pHENyL=1 -BUTANONE (27)

This conpound was prepared in 90% yield (0.1g) fron 1 -lz1r)-+-

oxo-4-phenylbutyl 4-toluenesulphonate (28) (0.29; 0.6 rnnol) and

anhydrous lithium chloride (0.Oag; 1.0 rnrnol) in anhydrous hexamethyl-

phosphoranide (10 nl) by the rnethod of Beckwith and Mord284.
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13
ATTEMPTED SYNTHESIS OF C - 1 J PHEML : 1 : BUTANONES (35) - (36)

The following nethods were used in the atternpted synthesis of

f - (13c) -1-phenyl-1-butanone (S3), z- (73c)-1-phenyl-1-buranone (s4),

s- (13c) -1-phenyl-1-butanone (55), +- (13C) -1-phenyt-1-butanone (s6) .

METHOD (1):

Acetophenone (0.5g1' 4.2 mnol) was alkylated using potassiun

tert-butoxide (1.5g; 4.2 nmol) and iodoethane (0.79; 4.2 nnol) in

dinethylsulphoxide (7.6 ml) by the nethod of Heiszwolf and

Kloosterzi.t287. The crude products obtained after work-up, r.vere

separated by preparative TLC (silica gel; 3:77, ether: light

petroleurn). îh" 
"orponents 

of the product nixture with R, 0.5

and R, 0.4 were found by PMR (CDC15). analysis to be acetophenone (50%)

and 1-phenyl-1-butanone (I0%) respectively. The conponent at Rf 0.5

was identified as 2-ethyl-l-phenyl-1-butanone (37) (40%) by PMR

(CDClg), IR (film) and MS analysis. DistiLlation of the crude

product (b.p. 60oC (block) /o.os m Hg; rít.367 117-118oc /7 nn Hg)

gave pure 2-ethyl-1-phenyl-1-butanone.

METHOD (2):

The attenpted alkylation of acetophenone (0.5g; 4.2 runo1) with

bromoethane (0.469; 4.2 mnol) was carried out in a heterogeneous

¡nixture of dichloromethane (10 nl) and an aqueous sodium hydroxide

solution (50%; 10 ml) containing triethylbenzyl amrnonium chloride (0.1g)

as the phase transfer catalyst. fhis follows the procedure of Joíczyk,

Serafin and Makos r^368 and Makos 
"^288.

Analysis of the reaction mixture by TLC (silica gel; 3:77, ether:

light petroleum) indicated that stirring at 2OoC for 24h effects no

reaction. After stirring at SOoC for 48h, GLC analysis using
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column C at a tenperature of 170oC indicated that l-phenyl.l-

butanone had forned in 10% yield. The renainder of the volatile

¡naterial was deterrnined to be acetophenone.

The above procedure was repeated using diethylsulphate (1.0g;6.5 mmol)

as the alkylating agent. Starting rnaterial was detectedrby GLC

analysis using column C at a tenperature of 170oC, after 72h. at

900c.

The catalytic phase transfer alkylation of acetophenone

(0.5g; 4.2 nnol) as described aboverwas repeated using tetrabutyl-

anmonium hydrogen sulphate (L.43g;4.2 nnol)369 
"nd 

iodoethane

(1.32g; 8.4 minol). Analysis of the reaction nixture by GLC using

column C at a tenperature of 170oC indicated that there vreïe three

conponents; acetophenone (55%), 1-phenyl-1-butanone (ZSu") and 2-

ethyl -1 -phenyl -1 -butanone (ZOu"1 .

METHOD (5):

Acetophenone (0.25g; 2.1 runo1) was alkylated, according to the
289 -290nethod of Brown-""'-"",using potassiun hydride (50% in paraffin;

0.29; 2.1 nrnol) in anhydrous tetrahydrofuran (10 ml) and iodoethane

(0.33g; 2.1 mnol). The results of this experirnent are listed in

table 6-3.

fn an attenpt to optinize the yield of 1-phenyl-1-butanone by

this method, a variety of reaction conditions were employed. The

results of these experirnents are listed in table 6-3. In each

case, analysis of the product mixture was by GLC using colunn C

at a tenperature of 17OoC or column A at a temperature of 150oC.



Table 6-3

Equivalents

Corments Acetophenone Iodoethane Solvent Tenperature(oC)

Products

normala

nornal

reveIse

NOTES

(a)

(b)
(c)

ÏHFb

THF

DMFC
a

1.0

1.5

1.1

1

1

3

0

0

0

-78

-78

0.0

Acetophenone nonoalk dialk

19 37

27 39

11 75

44

40

74 N
N{

norznal addition is the addition of iodoethane to the potassiun enolate
reverse addition is the addition of the potassiurn enolate to iodoethane.
THF - tetrahydrofuran
DMF - dinethylforma¡nide
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METHOD (4):

[1-(Phenylvinyl)oxyltrirnethylsilane (39) u¡as prepared in 60%

yield (3.7Ð from acetophenone (3.8g; 32.0 nmol), potassiun hydride

(50% in paraffin; 2.69; 32.0 nnol) and trimethylsilyl chloride

(5.2g; 48.0 runol) in anhydrous tetrahydrofuran (100 rnl) by the

nethod of Bto*n289. Distillation (b.p. 102-106oc /20 ffirr Hg) of the

crude product after removal of the solvent yielded pure silyl enol

ether (59). Identification of this conpound was rnade by conparison

of the PMR (CDC15) and IR (fifm) spectra with those published in

the liter"t.rt"37o. 
'

Using z,ä -bipyridyl (0.01g) as an indicator2gl, [1-(phenylvinyl)

oxyltrinethylsilane (39) (0.24g; 1.5 nnol) in anhydrous tetrahydrofuran

(5 nl) was added in a dropwise fashion, to a stirred solution of

rnethyllithium (1.3M; 1.0 n1; 1.3 mnol) in anhydrous tetrahydrofuran

at -7BoC. When the colour of the solution had changed fron purple

to yellow (indicator), iodoethane (0.29;1.5 runol) was added in one

portion. The reaction mixture was stired for th. at -78oC and

then at 20oC for a further th. Saturated arnrnonium chloride solution

(10 nl) was added to the reaction mixture and the separated aqueous

phase extracted with ether (3 x 10 n1). Drying of the ethereal

solution with nagnesiurn sulphate and removal of the solvent ín ua.euo

yielded a colourless oil. GLC analysis of the oil with colunn A

at a teïnperature of 170oC, indicated that the products of the reaction

were acetophenone (Stu"), 1-phenyl-1-butanone (72%) and 2-ethyl-1-

phenyl-l-butanone (7e,) .

METHOD (s):

Lithium di-isopropylamide h'as prepared at -78oC by the addition

.of butyllithiun, in hexane (2.21v1;0.8 nli I.7 nmol), to an anhydrqus
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tetrahydrofuran (20 n1) solution of di-isopropylarnine (0.17g1'

1.7 mmol) ìrnder an atmosphere of nitrogen. After stirring the

resultant solution for th. at -78oC, acetophenone (0.2g;1.7 nnol)

in anhydrous tetrahydrofuran (5 nl) was added dropwise, and the

solution stirred for a further 0.5h. Iodoethane (0.27g; 1.7 nmol)

was added .in one portion and the solution was allowed to warm

slow1y to 20oC. Saturated anrnoniun chloride solution (10 nl) was

added and the resulting mixture extracted with ether (3 x 20 rn1).

The ethereal extracts were washed successively with dilute hydro-

chloric acid (2M; 10 mI) and water (10 m1) and then dried with

magnesium sulphate. GLC analysis using colunn C at a temperature

of 170oC indicated that the ethereal solution contained acetophenone

(45u"¡, 1 -phenyl-1 -butanone (26%) and 2-ethyl-1-phenyl -1-butanone

(26e").

13C LABELLED 1-PHENYL- 1-BUTANONES (53) - (36)

The nethod described below was used to prepare the following
15c-lrb"tled cornpounds (yield) ; f-(13c)-1-phenyl-1-buranone (S3)

(60%), z- (L3c)-1-phenyl-1-butanone (34) (65%), s- (13c) -1-phenyl-1-

butanone (35) (63%) and 4-(13C)-1-phenyl-1-butanone (36) (65%).

Each of the ketones prepared were purified by HPLC eluting with a

t:4, ether: hexane solvent mixture and detected using a W detection

system. The general nethod is described for the preparation of

s- (13c) -1-phenyl-1-butanone (35) .

Acetophenone dirnethylhydrazone (40)f hras prepared in quantitative

f the 13C-tabelled acetophenone dimethylhydtazones were prepared in an

identical manner to the un-1abe11ed hydrazone using 0.27g of 1-(13C)-f-

phenyl-1-ethanone (91.8 atom eoL3C) and 0.2Lg of 2-(13C)-1-phenyl-1-

ethanone (91.3 atom eo tta) 
.
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yield (2.7Ð by heating under reflux for 24h. a solution of

acetophenøre (2.0e; 16.7 nmol) and N,N-dinethylhydrazine (4.0g;

66.7 nmoL) in anhydrous ethanol (20 nl) under an atmosphere of

,rittog"r,292. Distillation (b.p. 95-100oc (block)/3.0 nn Hg; lit .292

55-56oC/0.15 mn Hg) yielded pure acetophenone dinethylhydrazone

whose PMR 
. 
(CDCIS) , IR (filn) and IIS data were consistent with the

hydrazone structure.

Preparation of q-lithiated acetophenone dinethylhydrazone

(0.169; 1.0 nmol) was achieved by adding the hydrazone to a tetra-

hydrofuran solutiån of lithium di-isopropylamide at OoC. The lithiun

di-isopropyldmide solution was ptepared from butyLlithiun, in

hexane (1.3M; 0.9 ml1 7.2 mrnol), and di-isopropylamine (0,72g;

1.2 nnol) in anhydrous tetrahydrofuran (50 nl) at OoC. 1-(13c)-r-

Iodoethane (91.1 atom %73c;0.19g; 1.2 nmol)t "r, added in one

portion to the stirred solution of the lithium salt of the

hydrazone. The reaction procedure and nethod of workup follows that

described by corey and Ender 1293 . s-(13c)-1-Phenyl-1-butanone

dimethylhydrazone (41) forned in this nannerrwas used without further

purification.

g-(13c)-Phenyl-1-butanone (35) was generated fron the

dinethylhydrazone (41) prepared above, by stirring in a tetrahydro-

furan (10 nl) and water (10 ml) solution with copperll acetate

(0.2g;1.3 mmol) according to the method of Corey "td Knupp294.

l3f To prepare 4- ( C) -1-phenyl-1-butanone (36) , 1- (

iodoethane (90.6 aton Z 73c) was used.

73c) -2-
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t3
4-AND 3- ( C) : Z -EIUYL- 1 -PHENYL- 1 - BUTANONES (43), (42)

These compounds hrere prepared fron ¿-(13C)-1-phenyl-butanone

(36) (0.Oag; 0.3 mnol) and 3-(13C)-1-phenyl-1-butanone (SS)

(0.04g; 0.3 nmol) respectively, using potassium hydride (S0% in

paraffin; 0.049; 0.5 mnol) and iodoethane (0.179; 1.0 nnol) by the

method of Brown289'290.

Purification of the ketones (42) and (43) was achieved by

preparative TLC (silica gel; 3:17, ether: light petroleun) followed

by distillation: compound (42), 90oC (block)/O.1 nrn Hg; compound

(4s), 70oc þrockj/0.0s mn Hg; rít.367 117-118oc /7 nn Hg. The yield

of 4-(13C) -Zlethyl-1-phenyl-1-butanone (43) was 50% (0.02g) and of

S-(15C) -2-ethyI-1-phenyl-1-butanon e @2) was 55% (0.03g).

q- (Hs ) -2-ETHYL-1 - (4-SUBSTTTUTED pHENyL) 
=1 -BUTANoNES (44) - (46)

The cornpounds 4- (2tlì -2-ethyl-l-phenyl-1-butanone (44),
))

4 - ('\) -2 - ethyl-l - (4 -methoxyphenyl ) - 1 -butanone (43) and 4 - ('Hì - 2-

ethyl-1- (4-cyanophenyl) -1-butanone (46) were prepared fron 1-phenyl-

1-butanone (2) (0.15g; 1.0 nnol), 1-(4-methoxyphenyl)-1-butanone (6)

(0.15g; 0.9 nmol) and 1-(4-cyanophenyl)-1-butanone (7) (0.15g;

1.0 mrnol) respectively, using potassiurn hydride. (50% in paraffin;

0.08g; 1.0 rnmol) and 1 -(2lù-2-iodoethane (0.2e; 1.2 rnnol) by the

nethod of Brown289'290. Purification of the ketones (44), (45) and

(46) was achieved by preparative TLC (silica gel; 3:L7, ether:

light petroleun) and distillation. The yields of ketones (44), (45)

and (46) were 70% (0.159), 50eo (0.1e) a¡d 55% (0.119) respectively.



s - qzur)- 2-ETHvL- 1 - pr{ENyL- 1 - BUTANON E (47 )

')1-('H)-1-Ethanol was prepared in 60% yield (1.1g) by the

reduction of phenyl acetate (5.0g; 36.8 mnol) with lithiurn aluminiun

deuteride (99 atom % D; 2.2g;55.2 mnol) in anhydrous ether (25 nI)

under an atnosphere of nitrogen.
)

l-('H)-1-Iodoethane was prepared in anhydrous chloroforn

(10 ml) fron 1 -(ztl)-1-ethanol (1.1g; 22.9 nrnol) using trimethylsilyl

iodide (9.2e;45.8 nnol) in 40% yield (1.4g) according to the

nethod of Jung and co-work"r.297 '298.

The preparation of 3- (n) -Z-ethyl-1-phenyl-1-butanone (47)

involved the alkylation of the potassium enolate of 1-phenyl-1-

butanone (0. 15g; 1 . O nmol) with 1 - f?n;-l-iodoethane (O .zet 7.2 rnnol)

in anhydrous tetrahydrofuran (20 nl) under an atnosphere of nitrogen

according to the method of Brown28g'290. Distillation of the crude

ketone (47) (b.p. 90oC (block)/0.1 nm Hg; rit.367 117-118oC /7 nn Hg)

yielded the pure compound in 65% yield (0.72Ð . .

2 -ETHYL- 1 - PHENYL-4 - PENTEN- 1 -oNE (48)

This compound was prepared fron N- (1-propylbenzylidene)cyclo-

hexylanine by the nethod of stoTk and Dowd300'299.

Purification was achieved by distillation (b.p. 73-760C/0.1 nn Hg;

lit.s7L 115oC/5.0 run Hg) followed by preparative TLC (silica

gel; benzene) and finally bulb to bulb distillation.

232.

ATTEMPTED PREPARATTON 0F 4-CYCLOPROPYL-I-PHENYL-1-BUTANONE (49)

METHOD (1):

1-Phenyl-5-hexen-1-o1 (50) (b.p. 125-150ocl1.0 nm Hg) was

prepared by the dropwise addition of an ethereal solution (5 nl) of

benzaldehyde (2.09; 18.9 nrnol) to a stirred solution (50 nl) of
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1-pent-4-enenagnesiun bronide in ether at 20oC. The Grignard

reagent was prepared in the usual manner fron 1-brono-4-pentene

(3.4g; 22.8 mnol) and nagnesiun (0.6g; 25.0 nrnot) in anhydrous

ether (so nr)343. After stirring for th . at zool, the reaction

nixture was heated under reflux for a further th. On cooling,

saturated ammonium chloride solution (10 ml) was added. The

aqueous phase was separated and extracted with ether (3 x 20 ml).

The ethereal extracts were conbined and washed successively with

saturated sodiun chloride solution (10 n1) and water (10 rnl), and

dried with nagn".rm sulphate. Removal of the ether in uaeuo and

distillation of the resulting oil (b.p. 125-130oC/1.0 rnn Hg) gave

1-phenyl-5-hexen-1-o1 (50) in 96eo yield (3.2Ð.

1-Phenyl-S-hexen-l-o1 (50) (0.4gi 2.3 mmol) was characterized

as its ketone, 1-phenyl-5-hexen-1-one which was obtained by

pyridinium chlorochromate oxidation using the nethod of Corey and

Srrggr264. Distillation of the crude product (b.p. 130-135oC Þ1ock) /

6.0 mm Hg; tit372 A.p. l22oc/Bo rnm Hg) gáve 1-phenyl-S-hexen-1-one

in 82eo yield (0.359). PMR (CDC13), IR (fiIn) and MS data were

consistent with the structural characteristics of this compound.

The Sinmons-Snith reagent hras prepared in anhydrous ether

(20 rn1) fron zinc dust (7.495; 22.8 mnol), 
"opp""I 

chloride (0.27g;

27.3 nmol) and di-iodonethane (1.BSg; 69.0 mrnol) by refluxing for

0.5h under an atnosphere of nitrogen3Ol. 1-Phenyl-5-hexen-1-ol (50)

(0.4g; 22.7 mmol) in anhydrous ether (5 n1) was added dropwise and

the reaction nixture heated under reflux for 72h. Addition of

saturated ammoniurn chloride solution (10 ml), extraction of the

separated aqueous phase with ether (3 x 10 m1) washing the organic

phase with saturated sodiun carbonate solution (2 x 10 ml), drying
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with nagnesium sulphate and removal of the ether in uaeuo yielded

the crude product. GLC analysis using Column D at a temperature

of 160oC, indicated a conplex mixture of eight components; the

rnajor component being 1-phenyl-5-hexen-l-o1 (50) .

The above procedure was repeated using dinethoxyethane (5 ml)

as a cosolvent. GLC analysis using column D at a temperature of

165oC indicated that a complex mixture containin g 40% starting

naterial was forrned. The reaction mixture was not further

characterized.

METHoD (2)

l-Phenyl-5-hexen-l-ol (50) (0.1g; 0.6 nrnol) was added to a

stirred heterogeneous mixture of chloroforn (10 nl) and sodiun

hydroxide solution (20e"; 10 nl), containing triethylbenzyl-

anmonium chloride (0.05g; 0.2 nnol). Analytical TLC (silica gel;

3:7; ether: petroleun ether) indicated only starting naterial

after stirring for 12h. at ZSoC.

The reaction mixture was heated to 60oC and stirred for 48h.

Analytical TLC indicated that the najor component was starting

material.

METHoD (3)

An ethereal solution of diazornethane was generated from

N-nitrosoureâ by standard nethodsSTS arrd used without distillation.

To this solution, 1-phenyl-5-hexen-l-o1 (50) (0.2et t.2 nnol)

and a catalytic annount of .opp"tl chloride (<0.05g) was added. After

the evolutiori of nitrogen had ceased, the ether solution was washed

with saturated sodium chloride (10 nl) solution and dried with



235.

potassiun carbonate. The ether was removed in ua.euo yielding a

light yellow oi1. Analytical TLC (silica gel; !24; ether:

petroleun ether) of the crude product showed it to be rnainly

starting naterial (>90%).

t
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MASS SPECTRA
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Positive Ion Spectra

All peaks greater than 5% of the base peak (arbitrarily 100ø,)

and certain others of diagnostic value are listed below.

r-(4.METHYLPHENYLI -1 -BUTANONE T1)

m/z

%

m/z

,o

6s

20

162

8

91 119 t20 134

46 100 58

t47

8

120 148

6 18

I-PHENYL-I -BUTANONE (2)

m/z 51

9o 18 7

77

48

10s

100

106

1 - (4-CHL0ROPHENYL) -1 -BUTANONE (5)

m/z

9o

m/z

%

75 111

26 42

147 1s4

20

tL3

t4

(1s6)

(2 .s)

139

100

(182)

(1 .s)

77

5

18s

100

140

8

(184)

(0.s)

147

L47 1s5

28 2S

186 198

34

7

1- (4-BR0M0PHENYL) -1-BUTANoNE (4)

m/z

90

m/z

%

m/z

o..o

50

11

1s7

25

200

7S

20

183

100

(226)

(2)

76

24

184

9

(228)

(2)6

9 6
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1-(4-FLUOROPHENYL) -1 -BUTANONE T5)

m/z

%

m/z

%

7S 95 123 t24

7 24 100

167

5

METHOXYPHENYL) -1-BUTANoNE (6 )

77 92 107 135

100t7 L2

L78

l3

39 6s

10

158 166

10 10

t36 150

8 5

L73

18

122 136

7 7

t-G-

m/z

%

mlz

%

6

m/z

9o

m/z

%

1- (4-CYANoPHENYL -I-BUTANONE (7)

75 102 130 13L 145

6 55 100 9 20

174

1- (4-HYDROXYPHENYL) -1 -BUTANONE (8)

5

m/z

90

m/z

9o

93

22

L2L

10016 29

164

22



4-BUTYRYLBENZAMIDE

238

103 104

19

191 192

29 6

m/z

%

m/z

90

65

6

149

10

75

6

L63

7

120

8

115

48

(t2o)

(4)

(22s)

(<1)

63

10

106

7

(183)

(1)

148

100

116

35

128

t2

(227)

(1)

77

60

11s

2S

(18s)

(<1)

7

4-BRoMO-4- (2H1) -1 -PHENYT-1 -BUTANONE (26)

m/z

%

m/z

%

n/z

9o

51

20

Lt7

t2

L29

L7

77

18.

118

37

146

28

105

40

119

5

147

100

106

t20

5

148

26

6

4-CHLORO-+- l2Hrl -1 -PHENYL-1-BUTANONE (27)

m/z

yo

m/z

%

m/z

%

39 40

15 10

78 89

6 7

116 118

t4 l3

50

15

92

5

L46

t4

51

34

105

100

147

3s
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4: (Hì-4-rryDRoxy-1 -IHENYL-1 -BUTANoNE (29)

2 -ETHYL- 1 - PHENYL- 1 - BUTANONE (37')

m/z

%

m/z

%

m/z

%

51

20

720

40

(148)

(3)

77

55

127

35

(14e)

(1)

78

9

L22

5

165

10

105

100

133

5

106

10

(146)

(1)

50

20

105

30

L32

50

108

5

(147)

(2)

m/z

%

m/z

%

39 41

6

105 106

100 8

51 55 77

16 42

176

43

7

148

57

97

ACETOPHENONE DIMETHYLAYDRAZONE (40)

m/z

%

n/z

90

m/z

yo

m/z

9o

42

37

52

10

105

73

162

58

43

20

77

100

106

73

55

78

35

188

46

22

79

10

119

10

44 51

52

104

42

L47

2630
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+ = {zur)- 2 -ETFtyL- 1 - pHENyL. 1 -BUTANON E (44)

m/z

9o

m/z

,o

51

9

(14s)

(2)

60

5

(1s1)

(3)

77

3t

(17e)

(4)

104 105 106

6 100

2H
34- ) -2-ETHYL-1- (4-METHOXYPHENYL) -1 -BUTANONE (4s)

86

5

(181)

(1s)

91 107

9

(

m/z

90

m/z

9o

84

5

(r7e)

(1)

9

209

64 77

5 73

13s 136

100 10

6

5

4- qzH ) - 1 - (4 -CYANOPHENYL) - 2 -ETHYL- 1 - BUTANoNE (46)
J

m/z

o-.o

n/z
o..o

m/z

%

73

6

t04

5

204

8

74

130

100

75

9

131

19

76

8

L74

9

102

34

(17s)

(3)

103

t76

16

249

s - {zur)-2 -ETHvL-1 -PHENYL= 1 =BUTANONE (47)

n/z

90

m/z

%

51 52

1B 5

148 749

77

50

(1so)

(5)

7B

5

(178)

(2)

10s 106

5 5

100 10
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2-ETHYL-1 -PHENYT-4-PENTEN-1 -ONE (48)

m/z

%

m/z

%

m/z

%

4t

t2

91

L7s

L3

51

t7

105

100

188

L2

55

9

106

L4

67

5

120

6

52

7

174

8

77

72

159

10

15

78

9

160

13

20

6

1-PHENYL-5-HEXEN-I-01 (s0)

m/z

%

m/z

%

39

50

s7

40

44

55

67

100

56

20

85

49

30

68

100

53 55

45 45

84

2S

1 - PHENYL- 5 -HEXEN- 1 -ONE

m/z

90

m/z

90

39

67

10s

100

4t

45

106

7

51

55

120

s7

77 78

93
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