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An extensive study of some derivatives of of fluoroacetic
19 13
acid has been made by means of high resolution |H, F and C NMR

spectroscopy.

The general theory of chemical shielding is reviewed
briefly with particular attention to the recent theory describing the
influence of the structural dependence of the inductive effect, It
is found that this approach can be extended to explain successfully
the variation in gemenial H-F coupling constant with structure in the
above series of compounds and permits an estimate of the group
electronegativity of the amido function (—CONRZ) to be made. Use of
this value in the application of the inductive effect theory to the
chemical shifts of the series of &« fluoroacetamides confirmed the

overall validity of extending the theory to these molecules.

A general survey of isotope effects in NMR has been
made with particular reference to 19F spectroscopy. An unusually
large, stereospecific, four bond deuterium isotope effect upon the
19F shielding of the primary o fluoroacetamides has been discovered
upon N- deuteration, and this has been examined in relation with the

9
effect of successive N-methylation upon 1 F chemical shifts.

The series of of fluoroacids was extended to include all
the commonly available of haloacetic acids for the purposes of a general
13C NMR study. It is shown that the variation in 13C chemical shifts
of the carbons in the ester function can be explained in terms of the
conformational preferences of the acetyl group substituents. An
identical, although considerably smaller, effect could also be detected
in 1H spectra. This long range influence was also observed in certain
13C NMR parameters of the o fluoroacetamides and their N-methyl

derivatives.



Carbon -13 NMR has also been applied as a structural
tool to some photolysis products of vitamin D2. A data base derived
from the successful assignment of 6 model compounds has enabled the
elucidation of the structure of a further four photolysis products

whose identity has remained unknown since work in this area commenced

some 20 years ago.
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CHAPTER ONE

FLUORINE-19 N.M.R. STUDY
SOME DERIVATIVES OF
o ~FLUOROACETIC ACID

oF

10.



1.1 Introduction.

1.1.1 General Theory of Chemical “hielding and Inductive Effects.

1.1.1.1 Factors influencing chemical shifts.

The chemical shielding observed by the conventional high
resolution NMR technique for a species in solution is not that of

an isolated molecule, but is modified by the surrounding medium:
G (observed) = O (molecule) + CS—(medium) eoe(1)

The term Gr.(medium) is generally known as the solvent effect, and

thus before attempting to analyse- the factors affecting the

shielding constant of a nucleus in an isolated molecule (@ molecule),

initially, it is necessary to calculate or eliminate the_solvent

effect. It has been suggested that O (medium) may have contributions

from five sources:
CS—Emedium) =8g + CIfA + Oy o+ G g +Sg ees(2)

It is not proposed to give a full discussion of these terms here,

as this has been covered in a recent review? but to outline the

origin of each term and its relevant importance, and indicate what

precautions have been made to allow for it in the present work.

The term 6;% is due to the modification of the magnetic
field experienced at the nucleus by the bulk magnetic susceptibility
){of the solvent. This can be calculated if ;t is known, but
is best elimipnated by measuring the chemical shift relative to an

internal reference compound.

The term G'A occurs whenever the solvent molecules
have an anisotropic magnetic susceptibility, and collisions between
solute and solvent molecules are such as to lead to an averaged
value of the magnetic susceptibiltiy in the sphere immediately
around the solute nucleus is different from the bulk value,)i.

Thus the term will be of importance for disc-shaped molecules such



as benzene or rod-like solvents, e.g. carbon disulphide. 41 though
the effect is calculable, it is best eliminated by using a magnetically
isotropic solvent (e.g. carbon tetrachloride) and/or an internal

reference of similar nature to the solute.

The term CT'W is a contribution arising from the Van
der Waals interaction between the solute and solvent molecules.
This interaction originates from the electrostatic forces between
the electrons immediately surrounding the observed nucleus and
those in neighbouring molecules, and decreases rapidly with the
distance r between the groups. An approximate expression for G—W
has been derived3 in terms of the mean value of the square of the

. 4
time-dependent electric field, <F2> and it has been suggested

G—.w = "B<F2> e (3)

that <F2> will be proportional to r-6. Considerable problems
occur in the definition of B and <:F2;> s Since theoretical treat-
ments of CT‘W show both these parameters depend on the mutual
orientation of the solute and solvent molecules, and will thus only
be a constant for molecules of similar size and shape, whilst B
depends onthe nature of the nucleus and its electronic environment.
In order to eliminate C;% as far as possible, Emsley and Phillips
proposed5 the use of an internal reference compound of similar
chemical and physical shape to the molecule under investigation,
and suggested CFCl3 should be used as thereference for aliphatic

compounds.

The term (5% occurs only in the case of polar molecules.
It arises from the reaction field set up by the polarization of the
surrounding medium by the electric dipole of the solute. This

3

electric field modifies” the shielding by:

o
G, = -AE, - BE coa(4)

where E is the field at the nucleus and EZ is the component along
the bond of the atom of interest. B is +taken to be identical with

that for the Van der Waals interaction. A is a measure of the

12,



polarizability of the ©lectrons around the nucleus in the bond
direction, and as with B, will vary according to the nuclear species
and electronic environment. Consequently, accurate determination
of GfE is difficult, with A,B and E being ill-defined, and thus its
elimination requires the use of an internal reference with dipole
moment and values of A and B equal to those of the sample. This

is not achievable practically if a series of compounds of varying
polarity are to be examined, and thus to reduce this effect to a
minimum it is best to use a non-polar reference and a non-polar
solvent, in-order that the reaction field of the reference is

eliminated and that of the sample is minimised.

The last term in the shielding expression, (T'C, is
included to take into account any specific "chemical" interactions
which occur between solute and solvent e.g. hydrogen bond, complexation,
The definition is not a precise one, since the presence of specific
interactions are generally not predictable and hence not calculable.
Thus, it is usual to conclude that any variation in the observed
shielding that is not attributable to any of the other effects is
due to a specific interaction. However, this approach must be

viéwed with caution, since it is tantamount to defining Q‘C as:

G, = G(meaium) - (G +G, *+ Gy +G p -

and thus CTE will contain all the accumulated errors in the other
terms. If internal referencing is in use (for which it is assumed
CTA and Cré are zero) then errors in GTE and G may be
the cause of the discrepancy in eguation 5. Possible sources of
error are that the medium is not isotropic, and any anisotropy could
be misinterpreted as an indication of directional forces between
solute and solvent which are called "chemical" as opposed to physical
interactions. If, however, the value of CTb obtained from equation
(5) is considerably larger than any of the other terms, then this
interpretation is less ambiguous. Because of the ill-defined
nature of the "chemical" effects, no one approach can be used in
their elimination, but it is reasonable to assume the possibility
of such occurrance will be reduced if a non-polar solvent and

reference are used.

13.



An additional factor whichshould be taken into account
when attempting to measure the chemical shift of a nucleus in an
isolated molecule ( & mol) is the effect of the concentration of
the solution. The chemical shift of any nucleus varies to a greater
or a lesser degree as the concentration is changed, due to changes
in the bulk properties of the mixture and variations in the associative
interactions of the solute molecules. Unfortunately, these changes
are neither linear not-closely related for two different solutes,
and thus shifts measured at a standard concentration need not
necessarily reflect the shielding of the nuclues for an isolated
molecule in the pure solvent. Such a value may only be obiained
through recording the shift at a series of concentrations and

extrapolating to infinite dilution.

It may be concluded from the foregoing comments that

19

using a non-polar aliphatic reference should eliminate <T'A and

observation of the “F chemical shift in 2 non-polar solvent and

633 for the compounds of interest here, and minimise the contributions
from the other terms, such that the shift recorded by extrapolation

to infinite dilution is a good measure of c:'m(molecule).

It is now possible to consider the factors affecting the
shielding constant within the molecule. Generally this is considered
to be separab1e6’7 into two parts, called the diamagnetic and
paramagnetic terms, but it has been pointed out8 that localised
intramolecular contributions should be taken into account:

G (molecule) = C?'d + G + & 1 ... (6)

D

The diamagnetic term Cfa arises from the (diamagnetic)
circulation of electrons (mainly s electrons) centred upon the
nucleus in the applied magnetic field; the magnitude of this
shielding 1is dependent upon the elctron density at the nucleus.
In the case of fluorine chemical shifts, this term has been shown

to account8 for only one percent of the total shielding constant.

The contribution of Crl may be separated9 into four

terms:

14,



ee(7)

a e w

s, =G + S, <) + G

The term (g_a arises from the diamagnetic circulation of electrons
upon atoms or bonds remote from the nucleus under investigation-.

In solution, this effect is averaged over all molecular orientations
with respect to the direction of the applied magnetic field and
hence this term will be zero except in the case of groups with a
marked anisotropy in their diamagnetic susceptibility, e.g. the
carbonyl group, C=0. Yor an axially symmetric group the effect

is given10 by

G, = Aﬁ (1—500320) o (8)

3r No

where r is the distance between the group concerned and the nucleus,
A is the difference in diamagnetic susceptibility of the group
in the directions parallel and perpendicular to the group, No is
Avogadro's number and @ is the angle between zr and the group axis.
Since the magnitude depends only on properties of the group and the
molecular geometry, the effect is independent of the nucleus under
study, and although the term is of importance in proton NMR, the
much wider range of fluorine chemical shiftis enable this effect

to be safely ignored.

The term G‘d arises from the circulation of electirons
in delocalised systems, and like the neighbouring atom anisotropy
term, this contribution is independent of the nucleus under
investigation, and therefore assumes a lesser importance in the

case of fluorine chemical shifts,

Yhe term (S'E is produced by the influence of
electric fields on the shielding of the nucleus. The expression
for CS'E is similar to that given for solvent reaction fields,
except that the electric field E arises from permanent bond dipoles
which are present with the molecule.

6 = —AEZ - BE2 "’(9)

A and B are constants with similar significance to those defined

for the solvent reaction fields.

15,
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The term (Y% expresses the effect of Van der Waals
interactions, and arises because any group present in a molecule
has associated with its electron distribution a fluctuating dipole
moment, which produces a time-dependent electric field, F. The
average sguare value <\F2>'is non-zero, and again the expression
for CY:W is similar to that used for solvent interactions. 4An

approximate e}cpression4 for ( F2> has been obtained as:

PPy - % §Pixi/ri6 ...(10)

and although this was originally derived for solute-solvent inter-

11

actions, it has been shown that this can be applied to intramolecular

situations. Pi is the polarizability of the electron group, Ii
is the first ionization potential and Ri the distance separating
the fluorine atom from the C-X electron group. Sutcliffe and
co-workers 12-15 have examined the importance of intramolecular
Van der Waals electric fields in series of fluorinated compounds

such as CF CXYZ12 and some partially halogenated perfluorocyclo-

13 2 13-15

alkanes and cycloalkenes,
Initial work was centred on the series of ethane derivatives,
CFBCXYZ, and it was considered that the CFB— group was sufficiently

far removed from the remainder of the molecule to reduce inductive
effects to a negligible amount. The comparable values of C-X bond

dipole moments for X = halogen together with the variation in bond
lengths enabled changes in the permanent electric fields within

the molecules to be neglected across the series, and hence the

observed chemical shift differences could be safely examined in

terms of the Van der Waals field alone, For the purpose of calculating
the latter electric field, the alkanes were assumed to he freely

interconverting under the conditions of the investigation, and the

value of F2>»obtained was therefore the weighted mean of the

individual values for each rotamer with only staggered forms being

considered. A plot of the 19F chemical shift of the CFB— group

against <F2> was linear for purely halogen~containing compounds

(X =Y = 2 = halogen); two further non-coincident lines were

obtained for compounds containing one or two hydrogen substituents



17.

(X and/or Y = H)., Although the correlation depends on the degree
of hydrogen substitution, it is very well defined within each
sub-series., It is interesting to note that this dependence upon
the degree of hydrogen substitution only occurs for fluorine
resonance, Analogous studies of proton chemical shifts in
CHB.CXYZ and for 13C in 130H3,CXYZ with < F27yie1ded one linear
plot for each nucleus. The apparently limited success with the
ethanes prompted Sutcliffe et al., to continue their investigation

13

into a series of fluorocyclobutanes and found they were able to
estimate the observed chemical shifts of the ring fluorine atoms

with an outer error limit of %ppm. The calculation of <(F2> involved
assuming a planar geometry for the cyclobutane ring, which is
actually slightly puckered, and further required the fractional
population of conformers arising from unsymmetrical compounds to

be determined. This further success encouraged these workers to
apply the electric field theory to some cycloalkenei.’r The shifts

produced by replacing F by Cl in some cyclopentenes were calculated

and found to be in good agreement with experiment; similar results

15

were found with the cyclohexenes.

The most important factor contributing to the observed
molecular shielding is crp, the paramagnetic term, and is responsible
for the large variations in fluorine chemical shifts observed in
practice. It arises from the restrictions imposed upon the circulation
of electrons by chemical bonding, i.e. the electron distribution
is not spherically symmetric. It is not proposed to go into the
theoretical aspects of this term, but to examine how structural

features within the molecule influence it in an empirical fashion.

1.1.1.2. The Structural Dependence of the Inductive Effect.

The fluorine chemical shifts of aliphatic compounds

appear to exhibit several anomalous effects, and these have been

. . ih 16
discussed in some detail, A typical example is provided by the

fluorine chemical shifts of the series of fluoromethanes: Successive

replacement of fluorine by hydrogen in CF4 causes an increase in
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the shielding of the remaining fluorines, as would be expected from
a classical inductiwve effect, but the change in shielding is not
a linear function of the number of hydrogen atoms:
CF4 CFBH CF2H2 CFH
S(ppm) 0 Z18.2 -80+9 -210-0

In contrast to this, the effect of succesive chlorination in the
analogous series of chlorofluoromethanes is one of a progressive
deshielding of the remaining fluorine nuclei, which is not predicted
by a simple inductive approach., It was apparently conflicting data
CF4 CF,Cl CF 012 CFCl

3 2

3
&(ppm) 0 30 55 63

such as the ahove which led Phillips and Wray17

to develop a new

method of caleculating fluorine chemical shifts in a variety of fluoro-
aliphatic compounds. This treatment is based on the assumption

that the paramagnetic term (which is accepted as the dominant contribution
to muclear shielding) is dependent upon the degree of ionic character

of the bond in which the fluorine is part.8

The simplest case which can be considered is a diatomic
molecule, for wﬁich the ionic character of the bond is related 1o
the difference in the electronegativities of the constituent atoms.
Gutowsky and Hoffman18 found that for a variety of polyatomic
binary fluorides, (MFn), the fluorine shielding was approximately
proportional to the electronegativity of the central atom M. However,
the data show a marked departure from linearity, and Phillips and
Wray postulated17 that this was produced by mtual interactions
between the several M-F bonds modifying the electronegativity of
M and F. Hence it was proposed that the ionic character of the C-F
bond in an alkyl fluoride was proportional to the difference in
the effective electronegativities of carbon and fluorine, Ec' and

EF" and thus the observed shielding < may be expressed as:

6‘ = 60 + k'(EC’ - E“') 000(11)

i

where CTO is the shielding in a purely covalent molecule.



19,

It was then necessary to obtain estimates of these
effective electronegativities in terms of interactions involving

all the molecule ¢(C It wa convenient to adopt a perturbational

abdF*
approach, and consider the changes in electronegativity of carbon
upon stepwise addition of the four substituents to an sp3 hybridized

carbon atom, and hence evaluate an €&xpression for E A similar

.
treatment for the fluorine atom completed the analygis. All of

the perturbations between any two parts of the molecule are mutual,

and it was further proposed that the magnitude of such interactions
should be proportional to the product of the Huggins electronegativities

of the two centres.

It was possible todistinguish four different types of

interaction within the typical alkyl halide, C Thus, when two

abdF’
atoms bond together, each modifies the electronegativity of the
other by a perturbation proportional to the product of their electro-

negativities. For example, direct bonding between a and C, C-a:

aC

Ea' = Ea * kD1 EaEC
e.o12(a & b)
- g aC A
EC' = EC + kD1 LaEC

This was classified as a primary directly bonded interaction and

the modification of EC and Ea by the perturbation will also affect

other groups bonded to the central carbon atom by a factor proportional
aC

( B e e s . os
to ECEa’ .8 kDZ EaECo his is identified as a secondary bonded

interaétion.

Interaction between pairs of geminal substituents were
also taken into consideration. Iﬁe first of these was that produced

19

by the geminal delocalization of G electrons, there being

one such mutual perturbation for each pair of substituents. This
was described as a primary geminal interaction and is typified by
B

‘b .
a term such as k d “do These interactions will also perturb

a1 o
the electronegativity of the substituents other than those involved
in the geminal delocalization, in a manner analogous to the
secondary geminal interactions, and could be sub-divided into

those involving carbon, (e.g. kGQEbEd) and those affecting other
substituents, such as kGQ'EaEd’ which would be a perturbation to

the electronegativity of b and F.



Using the above concepts, it was then possible to obtain
estimates for EC' and EF" and hence derive an expression for the
observed shielding 6 in terms of the Huggins electronegativities
of the substituents and a set of constants describing the nett
effect of the above interactions. Hence equation (11) could be
re-written as:

CaE Cb

cd
+ k, B + k By) + EF(—1 +

o= o, + k! Ec(1 + kq B, ’ 3

F
K &
5

b
+ Eb(k1ana) .. (13)

bF. dF b al
B, + kg By + kg Ed) +  EBy(kg dEb + kg dna)

where k1, k2 and k3 represent the nett perturbation upon the

electronegativity of both carbon and fluorine caused by directly

bonded interactions between C and a,b,or d. The constants k5 to

k10 represent the perturbations caused by geminal delocalization

between substituents; k5’ k6 and k7 express the net effect of

geminal interactions hetween the groups a, b or d and fluorine

upon the electronegativity of fluorine (primary interaction)

and carbon (secondary interaction), while k8, k9 and k10 express

the net effect of the geminal secondary interactions, which do not

involve fluorine, upon the electronegativity of carbon and fluorine.
Equation 13 could in principle be used to evaluate the

difference in chemical shift (i.e. substituent chemical shift, S.C.S.)

between two molecules CabdF and CefgF, whereby the dro term was

eliminated. However, the resultant expression contained 18 of

the above net interaction constants. Consequently, it was necessary

to make several approximations before numerical values for all the

constants could be obtained. Hence, it was assumed that those

constants related to inter-halogen perturbations were independent

of the natiure of the halogen and had the same value, kxx°

Similarly, perturbation constants for interactions between non-

halogen groups a or b were held to be dependent upon the nature of

a or b but not of the halogen involved., It was then possible, by

selecting suitable series of compounds, to obtain estimates for

the various types of interaction constants.

Thus the S.C.S. for any compound CabXF from CabF, (as an

arbitrary reference) was given by the expression:

20.



210

A = (EF - EX)[:154-12 - 26-63(Ea + Ebi] e (14)

wherein X was a halogen, with an r.m.s. error of 3+3ppm. ZEquation
(14) demonstrates that the effect of the difference between the
inductive effects of groups X and F (which would be expected to
produce a shielding on going from CabF2 — (CabXF) is modified

by the electronegativities of the other substituents a and b. It

is clear that if (Ea + Eb) is less than 5-78 Huggins units then
substitution of F by another halogen X produces a muclear shielding,
but if (Ea + Eb) is greater than this value a deshielding is
predicted, in apparent contradiction to the expected inductive
effect.

Following up the success of this result, Phillips and
Wray were encouraged to make further assumptions which enabled them
to produce an expression for calculating chemical shifts in a more
generally applicable form. Thus all the constants k1 to k3 (equgtion
13) relating to the primary directly bonded interactions (e.g.k2 c)
were equated as a property of the carbon centre, and k5 to k7
(e.g. k6bF) concerned with the direct perturbation to the electio-
negativity of fluorine by geminal delocalisation were similarly
treated as a property of F, However, the constants k8 to k10’
which express the results of secondary (indirect) perturbations
caused by geminal delocalization, could not be so treated. It
was considered unreasonable to equate any of these without a priord

knowledge of their nature.

It was now possible to produce the required expression
for the chemical shift of the general alkyl fluoride CefgF from
a reference CabdF, and CFCl3 (2 =b=4d=_Cl) was taken as this

standard. fhe equation derived was:

CFCls  _  15412(9:45 - B - B, - B ) + 29-76C% -
CefgF g

ef eg fg
kKTEB, - k EeEg - X Eng e (15)

[}

Since the value of the inter-halogen interaction constant
was known (kXX = -25:91 ppm) it was possible to use equation (15)

10 calculate the fluorine chemical shifts of several mixed fluoro-
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halo-methanes, with an r.m.s. error of 2+8 ppm. It will be recalled
that the shifts of the series of chlorofluoro-methanes in particular
showed great deviations from a linear dependence on chlorine content;

the new treatment rationalized the data very well.

Further series of compounds could be treated upon derivation
of the appropriate interaction constants. Thus for the series
HF

CF4 - CFBH - CFZH? - CFH3, the constants k and kHH were required,

and could be estimated from CFBH and CFH5 respectively. Their
validity wasthen checked by calculating the shielding of CF2H2, which
came to within 3 ppm of the observed wvalue. Hence equation 15 was
again capable of rationalizing the chemical shift variation in the
series, and the large deviation from additivity upon successive
replacement of F by H.

This treatment was not restricted to single atom substituents;
CHB’ CFB’ NFZ and OF groups could also be handled providing sufficient
data was available for estimating any furthsr geminal interaction

constants.

Further work showed the theory was not confined to the
fluoroalkanes. It was initially extendedzo to some series of
partially fluorinated tin(IV) complex anions. In this case it was
found that the secondary interactions, whichwere responsible for
the deviations from additivity found for the fluorocarhons, were
negligible, Subsequent studies showed that the concepts used abhove
could be applied to geminal and directly bonded interactions influencing21

the shielding of a variety of muclei such as 'H, 1J¢, ''B, P

119

and Sn, and the theory was capable of extension to include vicinal
effects on 19F shielding in both fixed22 and conformationally

mobile systems.

It is of inteﬁét to examine the applicability of the
theory reviewed aAbove to some other systems of a more general nature
than those from which the equations were derived. "Yhe synthetic
work undertaken in connection with the study of isotope effects
(Chapter 2) yielded four series of compounds based on o{ fluoro-

acetic acid, of the type:

X?Egz T)
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where the acetyl group substituents X and Y were combinations of
hydrogen or halogen (F, Cl or Br) and the derivitizing function Z
was the methyl or ethyl ester (--OCH3 or _002H5) or the primary,
secondary or tertiary amide G—NHZ, -NHMe, —NMez). It was decided
to study the fluorine chemical shifts of these compounds inthe light

of the previously established relationships.

However, before such an analysis can be attempted, it
is necessary to derive a value for the group electronegativity of
the alkoxycarbonyl (-CO.OR) or amido (—CO.NR1R2) moieties, and it
would be attractive to acquire this independantly of the chemical
shift data. Examination of the geminal coupling 2JHF of the CFXY
group (where X = H) revealed that this value appeared to be dependent
upon X and Y, and hence the general validity of this observation
was surveyed further, The data pertaining to this will be found

in the relevant section of results presented later in this chapter.

Before examining the form of any such dependence of
JHF upon the nature of geminal substituents, it is necessary to
appreciate the origin of the coupling constant, and the relative

importance of the various contributions to it.

1.1.2, Coupling Constants.

1.1.2.1 Mechanisms of Spin Coupling.

The simplest way to enter into a discussion of the

mechanisms of spin-spin coupling is t0 consider the general expression

24 used to describe the interaction JAB between two
nuclei of spin 3:

of Ramsey

J = J + J + J + J ...(10)

3AB 4AB

J1AB arises from the direct interaction of one nuclear dipole with
the other, and is very large (typically 30KHz). However, in the
fluid state, rapid tumbling of molecules averages this to zero, and
so it does not enter into normal consideration. The remaining
mechanisms all involve the molecular electrons and may thus be

described as electron coupled interactions.
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The second contribution, J AR? arises through the nuclear

2
magnetic moment of A interacting with the orbital electron currents
which in turn interact with the moment of B, and vice versa. This
term is usually referred to as the orbital-orbital coupling, or

spin-orbit coupling.

J3AB is produced by a dipole interaction between the
nuclear magnetic moment of A and the associated electron spin magnetic
moments; the electron dipoles interact with he magnetic dipole of
micleus B and thus 'pass on' the "spin information" necessary for
coupling. This term is known as the dipole-dipole coupling, or

spin-dipole coupling.

The fourth term J4AB is an interaction between the nuclear
magnetic moments and electron spin in s orbitals which have non-zero
value at the nucleus., kxpressed alternatively, it arises from the
the fact that an electron associated primarily with one nucleus has
a finite probability of being at the other nucleus, and hence
transmitting spin information directly. Due to the nature of the

term, this is known as the Fermi contact interaction.

In the case of interproton coupling, this term accounts
for ca. 987 of the observed coupling, with the other two terms only
making minor contributions. However, fluorine couplings are very
much larger than those involving protons alone and it has been
suggested25 that the spin-orbit and spin-dipole couplings (JQAB
and JBAB) become more effective when the atoms concerned ggssess
p or d atomic orbitals. A theoretical treatment by Pople has
shown that, notwithstanding the large contribution to geminal H-F
coupling by the spin-orbit mechanism (estimated value 13%+3Hz) the
predominant term is the Fermi contact for the observed range of

couplings (44 to 81Hz).
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1.2, Results and Discussion.

2
1.2.1. Geminal Proton - Fluorine Coupling JHF'

1.2.1.1 Substituent effects in some model systems.

There are very few systematic studies of the variations
of 2JHF with the nature of substituents, but An'son26 has found
that for a series of difluoromethyl compounds CHFQX the geminal
H-F coupling showed a marked increase with the electronegativity
of X. (X=2¢, N, 0, F). Thus in methylene fluoride (CHQFZ, X = H)
2JHF is 50+4 Hz. while in fluoroform (CHFz, X = F) QJHF is 79-THZ.

27

A recent survey of the published data on fluorine

coupling constants enables a list of typical values of 2JHF in

a wide variety of molecules of the type XYCHF to be drawn up

(Table 1), and a plot of these against (EX + EY), the sum of the Huggins
electronegativities of X and Y, is shown in figure 1. It is apparent
that there is indeed a trend in which 2JHFI increases with an increasing
total substituent electronegativity, but this is not a simple
relationship. Inspection of table 1 shows +that if one :.of the
substituents is carbon (e.g. an alkyl group) and the other is held
constant, then the observed coupling constant may vary greatly as

a result of structural variation within the carbon group, i.e.
substituent effects ﬁ' to the carbon te which the coupling nuclei

are bound may be significant.

If a series of compounds is chosen with the intention
of minimizing such ﬁ effects (i.e. the substituents are single
;toms or simple groups such as CH3 or OCHB)’ the correlation of

JHF with (EX + Ey) is certainly not linear but shows marked
curvature., Table 2 gives values for a series of such molecules,

and the relevant graph is depicted in figure 2.
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Figure 1

Plot of 2JHF vs. (EX + B,) for general molecules XY.C.HF



Table 1. Typical values of 2JH,F__for the fragment

eI B - B B B

Q
=

Qm®xwm P R

mom " 0 "o o

Y
F
OR
Cl
a
eit
R
Cl
OR
NR2 or NO
Cl
SR, S
Br

VI

SiMe

2

(B

X

+ EY)
7-8
7+6
705
6+5
605
6+5
63
61
5+65
575
5+2
5+55
61
5+25
4+8
505
52
475
446
45
45
4+4
441

N
QY/C\F

HF
79+5
69 - 75
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Table 2. Values of 2JHF for specific molecules of the type

X Y By + By 2JHF(obs) 2JHF(calc)
F F 7-80 79+5 76+8
F OCH 7+60 T4+4 68+7
F c1 7405 63-0 646
F CHg 650 5742 557
c1 c1 6+ 30 5346 57«2
F H 610 50+4 4942
cl CHC1,, 575 49-0 51-8
Br CHy 550 50+0 507
I CoFs 5420

CH3 CH,I 5+ 20 48+0 48+9
CH, H 4+80 4745 4648
H H 4440 4643 4641

It is possible that substituent effects may be an additive
property of the groups involved (even if apparently they are not
simply related to electronegativity) and this may be examined
by evaluating the effect of making the same substituent change in
different molecules. The change in 2JHF, [SZJHF, upon substitution
of an alkyl group R by fluorine, has been calculated for four pairs
of molecules and is given in table 3.

> Table 3 shows that the magnitude of the change in

JHF upon going from a molecule XYCHF to ZYCHF depends not only
upon the electronegativity difference between X and Z but also upon
the nature of the group Y. This conclusion is paralleled by the
observations made about substituent effects upon nuclear shielding

17

by Phillips and Wray and an approach similar to that used in

their analysis of shielding data can be applied here.

In figure 3 the values of 2J gquoted in table 2 are

HF

plotted in such a way as to demonstrate the structural dependence

of the substituent effects upon 2J . For four different series
H

of molecules XYCHF, in which the gr%up X is held constant and the

group Y is varied, 2JHF is plotted against the Huggins electro-

29,
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Table 3. Substituent effects upon 2£HF'
2 2 152

Compound JHF Compound JHF JHF
R1.CF2H 572 CFBH 795 22-3
RQOCCIFH 4940 CFQQCIH 63.0 140
RB.CMeFH 4840 MeQCF2H 572 Q2
R1°CH2F A7+5 CH2F2 5042 2.9

= = = CHI
R1 = CH3 R? CHCl2 R3 2

negativity of Y, E.. The results are satisfactorily linear and

all lines appear to pass through a common point at EY = 1.98,
2

JHF = 45-63Hz.
substituent X is SX’ then each correlation may be expressed by the

If the slope of the line for a given common

equation

2

Jyp = 45763 + SX(EY - 1.98) e (16)

In turn, a plot of S, vs. E (the electronegativity of X) is

X
linear, and SX may be expressed as:

SX = 8.45(EX - 1+98) ee e (17)

Substitution of (17) into (16) provides a useful relationship

for 2JHF in terms of the electronegativities of the groups X and
Y:

2 o 3
Jyp = 7876 + B45EB. ~ 16:T3(E, + E)

..o (18)

- . 2

Equation (18) enables Jygp for the molecules listed in table 2 to
be calculated to a satisfactory degree of precision (i 2+1Hz r.m.s.)

and the ealculated values are reproduced in table 2 for comparison.
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A further test of the general validity of equation (18) is provided
by its mathematical form, which leads +to two interesting conclusions.
Firstly, for a series of compounds XYCHF in which the group X is
held constant and has an electronegativity of 1:98, changing the
nature of the group Y should have ho observable effect upon 2JHF,
which should stay constant at ca 45+6Hz. Secondly, if EX is less
than 1:98, then a decrease in the electronegativity of group Y should

. . 2 R .
lead to an increase in the wvalue of °J . There is some evidence

—
.
to support this conclusion in the case for when Y is 551" (E - 1+90)

and this is provided in table 4.

Tahle Aa  °I. _ in some methvl silvl fluorides 2531 CHP. ¥

HE
Y B C ound 2J Ref
v ompoun Hp ef.
cl 3415 EtBSi.CHF.Cl 45+5 28
CH3 246 ClBSi.CHF.Me 4640 29
H 22 MeBSi.CHF.H 46-8 30

Inspection of table 4 shows that there is indeed a small increase

in2JHF with the decreasing electronegativity order Y = Cl, CH3
or H. It may be concluded that equation (18) provides a very good
qualitative description of the manner in which relatively simple

substituents afffect 2JHF across carbon,

1.2.1.2 Couplingﬁin some o fluoroacetic acid derivatives.

It was mentioned earlier that the values of 2JHF in the
series of of ~-fluorocacetic acid derivatives (I, X.HCF.COZ) appeared
to vary with the nature of the substituent Y. The data for these
compounds are listed in table 5, and within each series, one group
has been held constant (I = X.CHF.Y, Y = CO%Z) while the other is
varied, A plot of 2JHF against the electronegativity of the
substituent X for each series is linear (figure 4) with the respective

correlation coefficients indicated in table 5,

32,
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Table 5 Values of QJH“ for the substituted esters, amides,
T

N-methylamides and N,N-dimethylamides (in Hertz, chloroform solution).

F
X Z
H

(a) -OR = ~OCH,
(b) -OR = ~OCH,CH;

2
acetyl Observed coupling for derivative -Z (Hz) Iy
substituent Calc.

X Z=-O0R Z=-NH, %=-NHMe % = -NMe,
H 46-5(a)  46°5 4740 46+8 46-6
Me 49-1(p)  49-6 50+ 6 49+6 48+4
Br 51-6(b)  51-0 513 - 49+9
c1 51+2(a) 516 51+8 51«4 50-8
F 54+3(a)  55-2 55¢4 54+6 541
53+8(D)
corr., coeff (4983 0975 0975 0991

Thus it may be concluded that the carboxyl derivative
group (-7Z) is behaving as a "simple" substituent, with negligible

effects upon the coupling constant. Table 5 also shows that the

observed coupling constant is virtually independent of the nature
of 7, or expressed alternatively, the group electronegativities

of —COzR, ~-CONH,, —-CONHMe and —CONMe2 are all very similar,

Due to the linear plots observed, it is now possible to apply
equation 18 to the case under consideration and obtain an estimate
for the above group electronegativity; a value of 2¢5 on the
Huggins scale enables the coupling constants to be calculated to

a satisfactory degree of precision, as shown in table 5. This is

34,
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a reasonable figure, because a value of 2-6 has been reported
for —CH3 and 2-8 for -CO,H.

Attention may now be redirected towards the study of
the fluorine chemical shifts of the compounds (I), and the value

of the group electronegativity derived from equation (18) (using
2JHF data) may be used in equation (15) (relating to chemical
shifts) +to estimate shielding values for the same situations as
were used to derive this electronegativity value. Such a test
provides an excellent opportunity to study the overall usefullness

of the Phillips - Wray approach to N.M.R. phenomena.

1.2.2. Fluorine chemical shifts.

The fluorine cliemical shifts of the primary, secondary
and teriary acetamides (—CONHQ, ~CONHMe and —CONMe2) have been
obtained for infinitely dilute solutions in chloroform (CHCl3),
together with chemical shifts of the methyl or ethyl esters, as
obtainable. Chloroform was chosen as solvent because this was the
least polar medium capable of dissolving all the compounds (severe
solubility problems were encountered with some of the primary
amides), and since the data obtained from different series were
to be compared with each other, it was desirable to employ a

common solvent throughout.

All the spectra were recorded using hexafluorobenzene as
the internal reference, since this compound contains a high proportion
of fluorine and resonates as a single sharp line, and hence provides
a good lock signal for the spectrometer. The fluorine spectrum
of CFCl3 was similarly recorded at infinite dilution in chloroform
solution with hexafluorobenzene as reference, in order that all

chemical shifts may be expressed in p.p.m. from the former.

A complete list of all the fluorine chemical shifts is
given in table 6, and are negative if to high-field of the

reference compound.



Table 6, Fluorine Chemical Shifts at Infinite Dilution in Chloroform for some o Fluoroacetic Acid Derivatives
CXYF\"/Z & = shift from C_F,
$ = Shift from CFC1g(a)

CXYE ZE(b) Z = —NH2 Z = -NHMe 82 = —NMe2¢ Z = —OCH3 Z = —002H5

5 ¢ g ¢ ) ¢ 8 6
CH2F 8.30 -60,535 ~-222,81 -63.267 -225,54 -227,41 | -68,369 ~230,639 -68,033 -230.30
MeCHF 8,70 -18,001 -180,27 -20.470 -182,75 -16.266 | -178,54 - - -22,551 -184.82
CHBrF 9.05 15.216 -147,05 13.777 -148.99 - - - - 11.184 ~151,08
PhCHF 9.10 -13.160 -175.43 -16,125 -178.40 -11.470 | -173.74 -18.107 -180,38 - -
CHC1F 9,25 19.324 -142,95 17.871 ~144.40 20,107 | -142.16 15.859 -146,.41 - -
CHF2 10.00 35.921 -126,35 35.564 ~-126,711 40,139 | -122,13 35.160 -127,110 35.400 -126.87
CFCl2 10.20 96.867 -65.40 96,288 -65.987 - -57.,21 - - 97.373 -64,90
CF2C1 10.95 97.526 -64,74 97.855 -64,420 | 104,061 -58.21 - - 97.913 ~64,36
CF3 11,70 85.706 -76.56 85,859 -76.416 | 92,294 -69,98 86.811 -75.459 86.542 -75.73

(a) 8

(b) ZE

# + 162,270 ppm,

sum of Huggins electronegativities of substituents.

*9g
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Inspection ©f Table 6 reveals that the fluorine chemical
shifts tend to lower applied fields with increasing electronegativity
of substituents, but it is apparent that the shift is not related
linearly to the sum of the Huggins electronegativities, & E.

Thus the lowest field shifts are observed for the CFClQZ compound
in each series, and there is a downfield trend for the series CFBZ,

CF,C12Z and CFC1,Z where 2 is as indicated in table 6. The
variations of the chemical shits are non-linear, and are contrary
to that which would be predicted by a classical inductive theory,
which would predict that successive replacement of fluorine by
chlorine would lead to shielding, rather than deshielding, of the

fluorine nuclei.

Such observations are similar to those made2 for the
chlorofluoromethanes, and the fluorine chemical shifts of these
and many other "anomalous" fluom-compounds have been rationalized

17

recently by Phillips and Wray using a new theory of the inductive
effect. Therefore, it is reasonable to propse that the data presently
under consideration should be analysable by a similar approach.,
19

F

to derive an empirical

A comprehensive study of geminal substituent effects upon
chemical shifts enabled Phillips and Wray17
expression for the fluorine chemical shift of the general alkyl
fluoride Cefg.F, from CFClB. Their approach was presented in the
introduction (section 1.1.1.2) and led to the derivation of equation
(15) for the calculation of the fluorine chemical shifts in a
variety of alkyl fluorides. It was noted in that section that the
various constants k within equation (15) were interaction constants
which arose from geminal delocalization between the various pairs

of substituents, Thus, if these parameters are known, it is possible
to calculate the fluorine chemical shift of the alkyl fluoride from
CFClB.

The wvarious series of acid derivatives may be considered

50“%——{:
X

as:



where X is the carbonyl function, -C0%, as defined in Table 6.
It is seen that before equation 15 can be applied to these series,

it will be necessary to determine valueszfor the constants representing
interaction between hydrogen and the sp~ carbon of the carbonyl

group, (kspzc_H ), and similarly for halogen interaction with the

carbonyl group, (ks These values may be obtained from

pQC—X)'
the fluorine chemical shifts of suitable model compounds by

application of equation 15.

Thus kspzc—x may be evaluated from triflurocacetic aeid,
CFB.COQH (1, a=b=F, X = 002}1), for which the fluorine chemical
shift ( ex CFClB) is known32
the electronegativity of the -CO,H group as 2:8. This yields a

y
to be =77 ppm, and Wells has estimated3

value for the interaction constant kspZC—X = =28+90 ppm. A

suitable model for the other interaction constant is 1'1',-difluoro-

53 110 ppm

upfield of CFClB. and enables kSpQC—H to be evaluated as -33%-93 ppm.

The value for the electronegativity of the -COZ group in the acid

methyl-cyclohex-1-ene. <::>__£7HF3 , which resonates

derivatives has been ottained from the study of the geminal H-F
coupling constants (section 1.2.1) as 2+5 Huggins units, thus values
of all the parameters required for the application of equation (15)
have been derived independently from the chemical shift data to be
examined. Attention wiil be directed initially to the terﬁary amides,
(—CONMe2), as a typical series of compounds, in order to test the

general applicability of equation (15).

1.2.2.1. TFluorine chemical shifts of the tertiary amides.

The chemical shifts of the tertiary amides were calculated
from CFCl3 using the parameters discussed above, and the resulits
are given in table 7. The substituent chemical shifts (S.C.S.'s)
from the trifluoroamide have also been calculated, and the

experimental values for both shifts are included for comparison.

38,
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Table 7. First Calculation of 19F Chemical Shifts for tertiary amides.
Acetyl Calculated shift (ppm) Experimental shift (ppm)
Group eX. CFCl3 S.C.8 eX. CFCl3 S5.C.5.

OF 5 —55+56 0-0 ~69-98 0-0
CF ,C1- —41+45 1411 5821 1177
CFC1 5~ -41+59 1397 -57+21 1277
CF H -98+69 -43+13 -122+13 -52+15
CHBrF- —110-74  -55-18 - -

CHC1F- ~10819  -53+53 ~142+16 ~72-18
CHQF— -196+76 -141+20 -227+41 -157.453

It is seen from an internal comparison of the data within
table 7 that the values of the chemical shift obtained with equation
(18) are qualitatively very encouraging. <‘his the theory is
correctly predicting the downfield trend upon successive chlorination
of trifluoroamide. It was noted above such a trend is contrary to
a purely inductive effect upon shielding, and arises from the
nature of the interaction terms within equation (18). However, the
quantitative agreement between the calculated and experimentally
observed shifts is poor, especially those amides where one or both
of the acetyl group substituents (X/Y) is hydrogen, with the
calculated shift of the difluoroamide being 16+6 ppm low, whilst

that for the monofluorcamide is underestimated by 306 ppm.

The chief factor responsible for these errors must be
the poor choice of models chosen for the interaction constants.

The carbonyl carbon is a particular sort of sp? carbon, and a non-

carbonyl compound was taken as a model for the spZC_H interaction,



which is probably why the err%% associated with the partially
hydrogenated acetyl groups are worse than for those containing only
halogens. Better estimates of the interaction constants should be
obtained i€ some of the experimental data is used for their estimation,
and the electronegativity of the carboxyl group is taken to be 2+5
throughout. Hence kspZC—X was estimated form the trifluoroamide
as -29+63 ppm, and ksp2 was found to be -36+69 ppm by use of

C-H (2, 1 =b =H) as a model. The

chemical shifts of theiamides were now recalculated using these

the monofluorcamide,

parameters, with the results indicated in table 8.

It is seen from table 8 that the new calculation with
the revised interaction constants provides a much better estimate
of the fluorine chemical shifts for the series, and three of the
observed shifts are within 4 ppm of their theoretical estimates.
Probably the most important result is that the theory predicts that
the difference between the chemical shift of the CFQ?B? and CF201
compounds is 122 ppm, which is in excellent agreement with the
experimentally observed value of 135 ppm; and also that the latter
compound should be to low field of the former, which again is in

keeping with experiment.

It now becomes of interest to see if the method can be extended
to the two amides containing non-halogen substituents, N,N-dimethyl
fluorophenyl acetamide (3) (2, a = Ph, b = H), and N,N-dimethyl-
2-fluoropropionamide (4), (2, a = Me, b = H). The former compound
requires the derivation of two further interaction constants, that
for interaction between the sp2 carbon of the aromatic ring and

2

the carbonyl group, ksp2 _ sp2 , and between the aromatic sp
C c

k 2

carbon and hydrogen, sp
Car

- H°

The first constant may be evaluated from the fluorine
chemical shift of diphenyl difluoro methane (5) Ph-CF,-Ph, which
has34 a chemical shift of 885 ppm and yields a value for ksp2

C—spzc
of -=26+17 ppm. The second constant was estimated from the fluorine
chemical shift of benzyl fluoride35 (=207 ppm) as k

-26+17 ppm.

SP20ar -H

Unfortunately, use of these constants, together with



(a)

Table 8. Second Calculation of 19F chemical shifts for the tertiary amides, using internally

derived interaction constants.

Acetyl ¢ca1c (#obs ())ca].c - Sbcalc - 7ppm ¢calc - 3ppm

Group (%)obs bcalc qscalc -?obs (bcalc Sbcalc ‘¢obs

CFZCl -54.31 -58.21 3.9 -61.31 -3.10 -57.31 +0.9
Crcl, -53.09 -56.33 3.74 -50.0° -3.20 -56.09 +0,74
CHClI: -129,15 -142,16 13,01 -136.15 +6.01 - -
cur, -120,97 -122.13 1.16 -127.37 5,84 -123.,97 -1,84
i IS error = 4.75 ppm RMS error = 1.26ppm

(a) all chemical shifts are in ppm to high field of CFCl3

1P
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those derived above to calculate the chemical shift of 2 leads

to a value of -139+11 ppm, some 3463 ppm below the experimental
value of -173+74 ppm. The reason for this apparent failure is the
same as that for the initial shortcomings of the halogeno-amides,
use of a poor model to derive the constant for the interaction
between the sp2 carbons of the aromatic ring and the carboxyl
group. A better estimate of this parameter may be obtained from
the fluorine chemical shift of amide (3), and may be checked by
application in the other series of compounds. The value obtained
is ksp20ar - spQCGJ
than the value of -26+17 ppm derived from (5) and reflects the

differences between a carbonyl group and aromatic carbon.

= =32+39 ppm, which is considerably larger

Compound 3 requires the derivation of yet another constant
4
for the interaction of the sp) carbon of the methyl group with the

sp2 carbon of the carbonyl group, kspBC _ It has not been

2
possible to find a suitable model for thissgngeraction, and if this
were possible, by analogy with the other interaction constants
derived from non-amide models, this procedure is expected to yield
a poor estimate for the chemical shift. Thus, a value for this
parameter was derived from the chemical shift of(jL kspBC _ sp2C
= -32+98 ppm, and its validity will be tested by application in

the other series.

Further comment on the results presented in Table 8

will be deferred until a later section.

14222 TFluorine chemical shifts of the primary amides.

Following the success of the calculations made for the
teriary amides through deriving the constants for interaction between
the carbonyl moiety and halogen and hydrogen (kspzco-X and kspZCO—H
respectively), a similar approach was made for the primary amides,
-CONHZ.

It is reasonable to allow for the differences between

tertiary and primary amides in such a fashion, since the substituent
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effects of N-methylation will be a through bondperturbation to

the effective electronegativity of the carbonyl group, which will

be allowed for in the slight modification of the interaction constants
including this part of the molecule. The success of this approach
will be reflected in the accuracy of the calculated chemical shifts.

A detailed consideration of the individual substituent effects of

N-methyl groups will be found in Chapter 2.

The values ofthe interaction constants obtained from
the trifluoro- and monofluoroacetamides were ks 2CO _x = -29.92 ppm,
and ksp2CO _g= ~36+29 ppm, respectively. hese together with
those constants derived from the phenyl and methyl acetamides (3 & 4)
in the previous section are now used to estimate the fluorine
chemical shifts of the series of primary amides, and the results

are given in table 9.

The increased number of compounds available (seven) in
table 9 enables further checks to be made on the general applicability
of calculations based on equation (15). It is seen that the method
correctly prédicts that the mixed chloro-fluoro amides (entries 1 & 2
of table 9) should resonate to low field of the trifluoro-
compound ( # = -76+56 ppm), and the calculated shifts of the methyl
and phenyl derivatives (entries 6 & 7, table 9) are within 4 ppm
of their observed values, which confirms the validity of the appropriate

interaction constants derived from the tertiary amides.

Although the calculations indicate that the mixed chloro-
fluoro amides should have comparable shifts, it is predicted that
the CFQCI— compound should resonate 2-13 ppm to high field of the
CFCl2 analogue, whilst experimentally the converse relationship is
found, with the former being 0+66 ppm to low field of the latter.
The origin of this discrepancy could be in the assumption that all
the halogen interaction constants are equal, and if the nature and
hence value of those interactions involving chlorine  were slightly
different from those for fluorine, then the calculated shifts would
be in error. It is interesting to note that such a discrepancy
was not found for the NN-dimethylamides, which meant that these

differences may be structurally dependent. However, since the



Table 9(a)

Calculated fluorine chemical shifts of primary amides.

Acetyl

aroup

CF,C1
crcl,
CIIF,,
CHCF
CHBXF

HeCH¥F

PhCHF

(a) all chemical shifts to high
field of CFC1

+calc

-60.31

-58.18
~-122.09
-129.63
-131.62
-176.22
-171.37

4>obs

-04.74

-65.40
-126.35
~-142.,95
-147.05
-180.27
-175.43

4,74
7.22
4,26
13,62
15.43
4,05
4,006

¢calc - S8ppm

?calc ?calc-—fcbs

-68.31 -3.57

-66.18 -0.78
-130.09 -3.74
-137.63 5.62
-139.62 7 .43
-134.22 ~3.95
-179.37 -3.94

RMS error = 4.55ppm

less HCIF, HBrF,

RS error = 3.4lppm

dcalc - b6ppm
{S cale ‘pcalc - ¢obs

-66.31 -1.57
-64,18 1,22
-123.09 -1.84

-(135.63 7.62)

- (137.62 9.43)
-182.22 -1.95
-177.37 -1.94

RMS error = l.73ppm

4%



calculations are only expected to predict the chemical shifts to

ca. 3 ppm, it is felt that these differences are not very important.

Further discussion of the data in table 9 will be
withheld until the method has been applied to the series of esters,

when all the errors inveolved in this calculational approach will

be considered.

1,2.2,3 Fluorine chemical shifts of some esters.

In keeping with the general method used for both series
of amides, the constants for the interaction of halogen or hydrogen
with the carboxyl group were estimated from the trifluoro- and
mono-fluoro-ethyl esters, and were found to be kspzco-x = -29:93%ppm
and kspQCO—H = -36+98 ppm. Unfortunately, a full series of
methyl or ethyl esters was not obtainable, but the data (Table 6)
available for compounds where is was possible to prepare both
indicate that the difference in the fluorine chemical shift between

a methyl or ethyl ester is very small (ca. 0+3 ppm) and consequently

the effects of different ester groups will not have a significant
influence upon the validity of the calculated chemical shifts. The

calculated shifts are given in table 10.

The data in table 10 support the general observations
made for the primary amides. Again the calculations predict the
mixed chlorofluoro esters should resonate to low field of the
trifluoro compound ( ¢> = -75+73ppm), and the interaction constants
derived for the methyl and phenyl substituted esters provide very

reasonable estimates of the observed chemical shifts.

1.2.2.4. Errors in the calculational approach.

A survey of the calculated chemical shifts for the amides
and esters, presented as table 8 - 10, reveals that in every case,
the calculated value is to low field of the observed shift, by
typically 3 - 8 ppm. This may be expressed alternatively via the

45,



Table 10.

Calculated fluorine chemical shifts of some esters,

Acetyl
group

CFZCI
CFCl2
CHBTF
CHC1F
CHF,,

MeCﬁF
PhCHF

¢ calc.

+59,61
-57.53

~-135.11

~133.11 .

-125.49
-180.01
-175.16

4obs.

-64.36
"64.90

-151.08
-146,91
~-126,87
-184,82
-180.38

1c, -
pones

4.75
7.37

15.97
13.80
1.38
4,81
5.22

#calm

¢ - 8ppm

.=67.61
-65.53

-142.,11
-141.11
~138,49
-188.01
-183.16

RMS error = 5.16

3.25
0.63

8.99
5.80
-6,62
-6.62
-2.78

ppm

b -6ppm
pcaICséoba #calq

-66,61
"63 .53

(141,11
(-139.11
-131.49
-186.01
-181.16

(;)calc.— ¢ obs,

-1.25
1,37

9.97)
13.,80)
-4.64
-1.19
-0.78

RMS error = 1,21 ppm

(less HCIF, HBxF)

3%



conclusion that equation (15) is underestimating the fluorine

chemical shifts form CFCl,. It is possible to re-write this

3

equation as:

Agziéﬁ\ = TCls 154-12(Ee+Ef+Eg) - kB R,
—kegEeEg - kngng ve s (19)
hope R CFOLz = 154012 x 9445 - 29.76x"*
kCF013 is the correction term in equation (19) to

enable the calculated shifts to be referenced from CFClB, and it
seems reasonable to propose that this is the cause of the errors

in the calculated chemical shifts. Ejther of the terms contributing
to kCF013 may be responsible for the nett underestimation of

this constant, and since these were derived empirically17 from a

variety of chemical shifts probably recorded under different conditions,

the most likely source of these errors would be in the different
referencing procedures involved. If this error is allowed for

by addition of a “correction term" of 7 ppm in table 8 and 8 ppm

in tables 9 and 10, the resultant errors in the calculated chemical
shifts reduce to an RMS deviation of ca. 5 ppm, which is very good
over a range of chemical shifts exceeding 110 ppm, when the rnumerous

approximations used in the calculations are taken into consideration.

It will be seen from tables 8 - 10 that two of the
compounds persistently show greater deviation (12 - 15 ppm) from
the calculated shift than the other, for which the range of error
is 2 - 7 ppm. The compounds in question are the CHC1F¥F- and CHBxrF-
series, and the calculation of their chemical shifts involves the
use of interaction constants for H with Cl and I with Br. One of
the assumptions17 made in developing equations such as (15) was
that 2ll HX (hydrogen-halogen) interaction constants are equal.
Since this feature is the major structural difference between these
compounds and the others, it seems reasonable to presume this is

the source of the increased error in the calculated shift, i.e.

kKpo1 and Kgi,. are not egual to k Such differences were

}-‘E‘U
observed by Phillips and Wray in a later paper21 in their series,

which was concerned (in part) with geminal effects upon proton

47,
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shielding, and it is logical %o presume these differences will also

have an influence inthe realm of fluorine chemical shielding.

If these two compounds are now eliminated from the tables,
it is seen that the magnitude of the "correction term" may be
reduced to 6 ppm, whereupon the RMS error of the calculated shifts
is less than 2 ppm (see cols. 7 & 8 of tables 8 - 10).  This
error is now in keeping with those found17 by Phillips and VWray
in their original work with single atom substituents (or small
groups such as CHB—) and indicates that the theory is correctly
predicting the nature and magnitude of all the relevant interactions

in the three series of carboxylic acid derivatives discussed above.

Therefore, it may be concluded that the equations
derived for the aliphatic fluorides can he extended to the carboxylic
acid derivatives providing that suitable compounds are chosen which
model the interactions with the carhonyl group closely. Such a
necessity is a limitation of the calculational approach, and is
illustrated well by the initial failure with the tertiary amides
(table 7) where the required parameters were derived from suitable
model compounds independent of the data under examination. The
need to derive separate specific values for the interaction of H
or F with the sp2 carbonyl carbon for each series indicates that
equation (18) is sensitive to small changes in the magnitude of

parameters used, and this again is a source of weakness.

1.2.3. Long Range F-H coupling.

1.2.3,1. Fluorine - NH coupling.

A fluorine MMR spectrum of monofluorcacetamide reveals
besides the expected triplet from the geminal coupling in the
CHQF— group, a further doublet splitting, which is removed upon
complete deuteration (Spectrum in DQO), and hence must arise from
one of the NH protons, the coupling from the other being too small
to resolve ( 0.3 Hz). Consideration of this interaction indicates
the fluorine nucleus is the ¥ part of an ABM?K spectrum, with a
major triplet splitting from the acetyl protons (M?) and AB are
assigned to the KNH protons., If the sample temperature is increased,

the rate of rotation about the C(0)-N partial double hond increases



from the slow exchange comdition of ambient probe temperature (3100)
such that the —NH2 protons eventually become equivalent. The

changes induced in the fluorine spectrum (X part) for this process

of intramolecular exchange are as predicted by the work of F‘orsen,3

and the nature of the line shape obitained for conditions of intermediate
exchange may be used to estimate the thermodyndmic parameters for
activation of the rotation. Full details of this work have been
published, and are included as an Appendix. It is to be concluded

that this technique provides a convenient method of measuring the

barriers to rotation in primary amides, (-CONH ), which would other-

14 37

N irradiation toxemove quadrupolar broadening;

or 15N enrichment38’39 (I = %), before data could be obtained from

wise require either
a high ressiation proton spectrum.

The question that now arises is "to which -NH proton
is the fluorine nucleus stereospecifically coupled?" This problem
may be resolved by a comparison of the splitting patterns produced
by the long range fluorine-proton couplings in the primary and

secondary amides, -CONH, and -CONHMe, and Table ? lists these

values, where measurablz, for all the amides, taken from the fluorine
spectra in chloroform. For two of the amides, (difluoro- and
difluorochloroacetamide), the velues of the fluorine-NH and fluorine-
NCH3 couplings were such that no fine structure could be measured

from the spectrum due to the extensive overlap of the lines.

It will be seen from table 11 that, (with the exceptions
noted), it was possible to measure a four-bond coupling from fluorine
to an NI proton for hoth the —NH? and NMe derivatives of each amide,
and that the magnitude of this coupling was very similar for each
pair of amides,

It is now well established4o

that the secondary amides
exist entirely as the 7 conformational isomer, with the W methyl

group disposed syn to the carbonyl group:

H anti
with respect fo the

carbonyl group
7( Ry =



Table 1l., Long Range Fluorine-Proton Coupling Constants in some
XYF.CO.NHR (Hz ).

All data from 19F spectra in CHCl3 solution.

a=F luoroamides, C

Acetyl group R =H R = CH

3

Cxyr™ 4JF-NH QJF-NH SJF-NCH3
CH,F~ 3.6 3.0 0.5
e .CHF - 4,5 4,2 C.75
Ph.CIIF - 3.0 3.5 -
CHBrT- 2.2 2.2 0.6
CHC1F- 2.1 2.3 0.7
CIIF,, - 1.0 % =&, 1z
CFCL,- %=1.5Hz 1.5 0.5
CF,Cl- 0.9 % = 3.0 Hz

CF3- 1.1 1.2 0.6



The similarity of the four bond coupling constant for each pair
of primary and secondary amides (Table 11) is strong circumstantial
evidence that the same -NH proton is involved in the coupling mech-
anism in each case, and it may bhe concluded from the structural

evidence that this must be the proton anti to the carbonyl sgroup.

It is interesting to compare these results with previous
studies of amides to be found in the literature. Akiyama et al,

41

have studies the fluorine spectra of hoth trifluorcacetamide and
its N methyl derivative in some polar solvents. T™e spectira of

the former contained a four-bhond fluorine-NE coupling constant of
1+8 Hz (in either tetrahydrofuran (THF) or iﬁ]é—acetone solution),
whilst the latter compound had a similar coupling constant of 1+¢1Hz
(dioxan solution). These workers also studied the proton spectrum
of trifluorocacetamide in THF at —800, under which conditions the
intramolecular rotation was slow, and separate signals could be
resolved for the two NH protons, Despite the poor quality of

the reproduced specira, they were able %o conclude from line width
measurements that the high field proton was coupled significantly

to the fluorine nuclei, whilst that te low field was not. No
actual splititings were detécted. However, they were able to
tentatively assign the upfield proton coupled to fluorine to that
syn.to the carbonyl group. This was based on an early study42
of the anisotropy of the carbonyl group, by Narasimhan and Rogers,
which assumes that the shielding constanis for N-substituents in
dimethylformamide and formamide are comparable. Akiyama et al.
seem to miss the significance of observing a fluorine-NH coupling
in N-methyl trifluorocacetamide, and were unable to make a firm
conclusion as to the stereospecificity of the four hond H-F
coupling.,

43

However, they were able to do this in a later study

15

by a proton NMR investigation of N —trifluorocacetamide, The
NH protons are now readily observable as a pair of doublets
(due to 15N spin-coupling, I = %). It was found that the components

of the high field doublet exhibit a quartet splitiing arising



(AN

from coupling with the trifluoromethyl group (AJFF = 1¢8 Hz in
methyl propyl ketone), whilst fluorine coupling go the low field
signal was found to he negligihle. It appears that the high

field signal is assigned to that proton syn to the carbonyl group,
i.e. the authors imply that the stereochemistry of the F-NH coupling

is opposite to that found in the present work.

The cause of this discrepancy arises from a misunder-
standing of the shielding properties of the amide group as a unit,

44

as was hinted at above. This problem has heen studied’ in some
detail by Paulsen and Todt, who have developed a model for the
shielding influences of the amide group. “Their results have been
summarised in a recent review.40 fualitatively, the results
obtained are similar to those for the carbonyl group, viz. protons
in the plane of the carbonyl group are deshielded relative to those
out of the plane, and the region of shielding/deshielding is
strongest for positions syn to the carbonyl, i.e. nearest to the

oxygen atom,

This model of the amide group's shielding characteristics
may now be applied to the primary and tertiary amides under
consideration here. The N—CH5 group is out of the plane of the
carhonyl function. Consequently, these protons are in a region
of shielding; this effect will be stronger for the N--CH3 group
syn to the oxygen, and hence this group resonates to high field of
the anti N-Me group. Tor the primary amides, (C(O)NH?) the -NH,
protons are in the plane of the amide group, arising from the rapid
inversion of the nitrogen atom, and it is seen that the opposite
conclusions now apply to those made for the N,N-dimethyl amides.
Thus, the -NH proton syn to carbonyl is strongly deshielded relative
to the anti proton and is expected to resonate to LOW field of the

signal for the latter.

Tt is now apparent that the dichotomy between the
assignments of Akiyama et al. and the conclusions reached over
the identification of the -NH proton coupled to the CF5— group
above arise from a misunderstanding of the nature of the shielding
properties of the amide group by the former worker. Reversal of

his assignments to those in keeping with the Paulsen and Todt

52,



model provides good confirmation that the long range fluorine-NH
coupling is to the anti NH proton; as deduced from a consideration
of the fluorine spectra of the primary and secondary amides (-CONH?

and -CONHMe) in the present work.

This mis-agsignment of the amido protons seems to have
been initiated by Sunners and co-—workers45 from a consideration
of the pattern of coupling constants observed for some isotopically

substituted formamides:

Hx\c _ry

o” “Hg

They assumed that the partial double bond of the amide unit was
directly comparable to the full double bond of an olefin, and based
their assignments of the A and B protons on the assumption that
trans coupling constants are always greater than cis couplings.
Thus in the proton NMR of'ol—-%ﬁg -formamide (HX = D) they observed
Ty

that thehigh field -NH proton was coupled to deuterium (I
J = 2+1 Hz) whilst the low field signal was not, and hence assigned
the high field signal to HB’ i.e. syn to carbonyl. It is seen
that this is contrary to the Paulsen and Todt model, and that the
proton coupled to deuterium should be assigned to that anti to the
carbonyl group, HA'

This erroneous pattern of assignments for amido protons

38,39,46

has persisted in the literature until comparatively recently

AT

and there is only one report where these protons have bheen
identified correctly, in a multiple resonance study of [14N]—

formamide,

It has now been demonstrated conclusively that the long
range fluorine-NH coupling is to the anti NH proton, which is in a
cisoid bond configuration, whilst that to the syn NK proton (transoid
coupling) is unresolvable (i.e. less than 0.3 Hz). Te coupling
is over three single and one partial double bond (the C(0)-N bond)

and may be considered to be of the allylic type. Allylic H-H

53,
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couplings are usually greater for cisoid than transoid couplings
in propenes, but this relationship may be reversed in other
systems. However, the differences between the cisoid and transoid
couplings observed here are muich greater than those usually found
for allylic couplings, and this marked discrepancy must reflect
the difference in double bond order and the presence of a hetero-

atom in the coupling pathway.

Inspection of table 11 shows that the magnitude of the
long range H-F coupling constant appears to depend on the nature
of the acetyl group substituents, and table 12 lists further values
of this coupling, which were obtained from the 19F spectra recorded
in conjunction with the deuterium isotope study (Chapter 2). To
investigate the dependence, the values of 4JHF were plotted against
the sum of the Huggins electronegativities of the acetyl group

substituents, 3F, with the results shown in figure 5.

Such a plot is shown in figure 5(a), but it is seen
that 4JHF does not appear to be linearly related to 2. F. Thus,
the coupling constat decreases in a reasonably linear fashion with
increasing electronegativity of substituents, for compounds where
£T is less than 10 (—CHFQ). In contrast, for the more electro-
negative compounds (—CFCIZ, —CFQCI and CFB), the observed coupling
constant appears to increase with increasing electronegativity at
the acetyl carbon. However, if the sign of the coupling constant
for these latter three compounds is assumed to he opposite to that
of those for which& T is less than or equal to 10, and the data
replotted as figure 5(b), it is seen that the coupling constant
now becomes a linear function of‘}ER, the sum of the substituent

electronegativities at the acetyl carbon, and this relationship

is obeyed for all the compounds in each solvent.

Tt is seen (table 11 and 12)that there are variations
of up to 12 ¥z in the values of 4JHF over the four solvents for
any one compound, with the observations of smaller numerical
values for the less polar CH2012 and CHC15, and larger values
for the polar CHBOH and DMF solvents. This solvent dependent
nature may arise from the solute-solvent interactions, probably

via hydrogen bonding at either or both of the carbonyl oxygen and
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Table 12 Further values of the "allylic' coupling QJF" in some

a~fluoroacetamides. CXYF‘CO‘NHZ’

g%g&gl SE obSﬁggﬁd coupliBﬁzag;stant GHBQF

HZFC- 8.3 4.0 3.75 4.5
MeHFC- 8.7 4.5 4.8 4.3
BYHFC- 9.05 3.5 2,65 3.8
PhHFC 9.1 3.5 3.5 4.0
clurc- 9.25 3.2 2.3 3.5
FZHC- 10.00 1.9 0.8 2.0
FC1,C- 10,20 0.4 (a) (a)
F,ClC- 10.95 1.2 1.1 1.8
F,C- 11.7 s (b) 1.35 1.9

(a) not recorded

(b) singlet: fast exchange.
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-NH? sites, which perturb the effective electron distribution in

the 2(0)-N bond and hence modify the coupling constant.

Although inter-proton allylic couplings are usua11y48
negative in sign, and since the possibility of a change of sign
of 4JHF has been proposed above, it would be very satisfying to
determine this sign, and hence check the validity of such a proposal
experimentally. Tt would be necessary to determine this sign for
two compounds at either end of the range before this hypothesis could
be confirmed. The first case to be considered would be monofluoro-

acetamide, which is an example of an AMSX spectrum as indicated.

Theoretically,49 the signs of JAM and JAX could be related by

observing M whilst irradiating ¥, and since the geminal H-F coupling

p) 1

constant is knovm”C 4o be positive, (J. ) the sign of LJF

M -NH' JAX
would bhe determined. However, this requires the resolution of the

small coupling J ca. 05 Fz, which has heen measured as a line

EX (
broadening of the M transitions), but would also require decoupling
of the 14N quadrupele, hefore the proton irradiation could be
performed. Such facilities are not possible with the available

instrumentation, and hence the experiment could not be performed.

For trifluorocacetamide, there is no geminal H-F coupling
to use as a reference sign, so an alternative approach must he found.
Use could be made of the couplings to the acetyl carbon, CM’ if the

amide were defined as:
A 3 ,///+1><
F——C~_ ~N
3 M y;//’ \\\‘Pi\,

51

Since the directly bonded C-F coupling is known” +to be negative,

irrsdiation of ¥ whilst observing M would relate JAN (of known sign)



e

to JAX ( wanted), Unfortunately, this experiment fails on two
14

points: initially the

HX does not couple appreciably with C,, but a vicinal coupling is

M’
observable bhetween CM and HY’ as will be discussed in Chapter 3.
Any relation of I
and so once again it was not possible to undertake the required

experiments,

1.2.%.2. TFluorine-N Methyl Coupling.

The proton and fluorine spectra of the NW-methyl and
N,N dimethylamides show long range (5 bond) coupling between the
fluorine and N-methyl groups. Table 13 gives the values of these
couplings observed inthe proton spectra of the tertiary amides in
CF‘Cl3 solution under conditions of slow exchange.

The assignments of the methyl groups are made according
to the Paulsen and Todt model44 discussed above, i.e. the methyl
group syn to the carbonyl oxygen will be more strongly shielded than
its anti neighbour, and hence resonate to high field of it, and
the data in table 13 have heen listed accordingly. It is observed
in all cases, that the anti methyl group has the stronger coupling
to the fluorine, i.e. cisoid coupling pathway is more efficient
than the transoid one. This conclusion is supported by the values
of the fluorine-N methyl coupling observed for the secondary amides
(—CONHMe), which are comparable to those of the syn methyl group.
These couplings were generally observed in CCl4 or CDCl3 solution,
and since it was not possible to record the tertiary amide data
under similar conditions (due to the low temperature required),

the data has been omitted for clarity.

The five bond coupling constant (across four single bonds
and one partial double bond) may be classified as being of the
homoallylic type, and if this is the case, then the sign of the

48(a)

coupling is expected to be positive, Unfortunately, this

. 2
information is not available here, but it has been shown5 that

the couplings to the syn and anti methyl groups have the same relative

sign. Thus, N,N-dimethyltrifluorcacetamide was found to exhibit

¥ decoupling is again required, and secondly,

14 . sqsas
X end Hy would also require UM decoupling facilities,

58,



Table 13. Proton NMR data for N-CH, groups of some tertiary acetamides, CXYF.CO.NMeEVin CFCl, solution.

_~CH, (a)
G N_

~Cyyp Temp, of ~-Nife chem. shift (§) A F-NMe coupling (Hz)

group observation CH3 (a) CH3 (s) Hz CHgy (a) CH3 (s)
HZFC- 0 2,996 2,890 9.6 2,0 1.0
MeHFC~ -10 3.079 2.904 17.5 2.4 1.6
HC1FC-~ -20 3.154 2,955 19.9 2.0 0.95
FZHC— =20 3.120 2,939 18.1 1.6 1.1
FClZC- =40 3.245 3.044 20.2 1.9 0.7
F201C- ~50 3.186 3.026 16.0 1.65 0.7
F3C- -20 3.122 3.0006 11.6 1.5 0.8

069



fluorine couplings of 1+6 and 0-8 Hz under conditions of slow exchange
(350, 1,1,2,2—tetrach1broethane), whilst the coupling recorded for
fast exchange conditions (130°) was 1+2 Hz. Since the latter

value of the coupling constant is the numerical average of the two

former, then the couplings must be of like sign.

60,
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Isotope effects
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2.1 Introduction.

Substitution of an atom in a molecule by an isotope produces
effects in the neighbouring molecular framework which can be examined by

high resolution NMR spectroscopy.

The parameter most readily detected as a result of an isotopic
substitution of another atom is a small change in the chemical shift of
an observed nucleus, known as the isotopic shift. ‘his was first reported

by Wimett1 in 1953 for a study on hydrogen gas:-
S (M) -G(n,) = 0-048 Y 0.032 ppm.

Shifts arising from heavy isotopic substitution have generally
been obgerved as occuring to high field, i.e. the substituted derivative

is more shielded, with a few exceptions which are discussed later.

The occurrence of isotdpe shifts is not restricted to observation
of the hydrogen nucleus, but is a general one throughout the fields of
organic chemistry and NMR. In 1958 Tiers reported2 that mono deuteration
of toluene produced an upfield isotopic shift for the methyl group of 0:015
Ppm. At much the same time, the scope of isotope effects was extended into
’)

fluorine NMR with a report (also from Tiers’) of a large isotopic shift for

the terminal CF? group in 1-H-perfluoropropane

It is seen that the magnitude of the shift is much larger for
fluorine resonance, possibly reflecting the importance of the wparamagnetic
contribution to nuclear shielding for nuclei other than hydrogen (where p

electrons are absent and hence this factor is small).

Since this early work, isotope effects have been studied extensively,
with both proton and fluorine magnetic resonance;4 more recently carbon—15,5
nitrogen—15,6 phosphorus—'517 and cobalt—598 magnetic resonance have also

been utilized as proheS in the study of isctope effects.
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Much of the reported data are concerned with the substitution
of deuterium for hydrogen, but a considerable volume of information4 exists
on the effects of substituting 13C for 120 in organo-fluorine compounds, in
which the fluorine nucleus has proved a sensitive probe to such changes,
The 1BC isotope shift on the 19F resonance is typified by perflucromethane
(CF4) at 0-118 ppm.9

Se isotopeshave been examined, and the effects of

Isotope shifts of fluorine resonances by Si, S and
130 and 15N substitution
in the cyano ligand of KBCO(CN)6 were found® to induce isotopic  shifts

59

in the Co magnetic resonance spectrum.

The vast majority of isotope shifts observed have been for one
bond interactions (primary isotope effect) e.g. 13C-—19F or for
"nearest neighbours" (secondary isotope effects) over two or mowe bonds,
e.g. H-c-D, '2c¢-"0-"p, 15126590 ana D3—0—130(D)CD3. A general
conclusion from the reported data is that the magnitude of the isotope shift
is dependent on how remote the isotope is from the nucleus under investigation.
The largest effects are detected closest to the site of isotopic substitution,
with rapid attenuation by an increasing number of intervening bonds, between
the two nuclei., The 3¢ isotope shifts for the fluorine absorption of the

fluoromethyl groups in perfluoropropane provide a typical example:—1o

A4) 130—}?‘ = 0+135 ppm;04)130—120—}<‘ = 0020 ppm.

Lambert and Greifenstein recently found11 that the geminal
deuterium effect in equatorial 1-fluorocyclohexane was 0-81 ppm, whilst
a 2-deutero substituent caused an isotopic shift of only 0-14 ppm.

_ 12,13

The majority of carbon NMR data has appeared only recently,
with studies on deuterated solvents, and that for mondeutero benzene

serves as a typiecal illustration14 to the size of detectable effects:-

Agcfn = 0-289 ppm; AQC?—C-D = 0-110 ppm

Wl SC -C-CD = 0+011 ppm; J = 114 Hz.
3 CB_D

This and other data will be discussed in more detail later (q.v.).

The magnitude of the observed isotope shift is also a fundion
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of the observed nucleus. The geminal deuterium isotope effect for proton
respnance is illustrated15 by CHBD at 0019 ppm, and for fluorine resonance
a value of 0-60 ppm was noted3 for the geminal isotope effect in 1—[2H{7—
13 . . . 2
C chemical shift for C, in 1 “H ] -

heptane exhibits16 an upfield isotope effect of 0:28 ppm, and no isotope

perfluoropropane. ﬁbr comparison, the

effects could be detected further down the carbon chain, in contrast to

the monodeuterobenzene data.

Deuterium isotope effects in phosphorus NMR appear to depend
on its oxidation state, with the trivalent (three coordinate) species having
shifts ca. three times greater than the pentavalent (four coordinate) variety.7

Typical values would he:-

885, (PriPD—-Pr;PH) = 130 ppm (P11)
o T2 _

A931P (HDPOOH - H,POOH) = 0+39 ppm (P')

Finally, the partially deuterated nitrogen-15 ammonia derivatives
provide an interesting opportunity to study deuterium isotope effects on
two nuclei within the same molecule. Mono-deuteration produces an isotopic
shift of 0-029 ppm on a geminal proton,15 whilst the analogous 15N shift
was observed6 to be 0+68 ppm. The larger value of the latter shift compared
with the former reflects the increased importance of a one bond over a two

bond interaction,

Isotope shifts have been observed to be generally additive in
nature, whether proton, fluorine or cobalt be the nucleus of interest .
Such additivities are not restricted to one bond and geminal effects, and
can be extended to vicinal effects and combinationsof these parameters.
The additivity of the deuterium isotope effects on fluorine resonance in

7 a good example, ﬁﬁm observed isotope shift of

fluoroce thylenes provide
the fluorine nuclei in cis difluorodideuteroethylene at 0+920 ppm is in
good agreement with that predicted as a combination of a geminal (0+502 ppm)
and vicinal (0418 ppm) contribution to the isotopic shielding of each
nucleus. Lauterbur obtained8 an almost linear increase in the isotopic

13 15N

shielding of the 59Co resonance with incremental additifon of C or

containing ligands in the KBCO(CN)6 complex., With carbon NMR, the isotopic
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shift observedzo with 06D6 (04530 + 0-005 ppm) is equal to the sum of the
effects of nearest neighbour, ortho and meta interactions deduced14 from the
monodeuterobenzene (0289 + 2x0+0110 + 2x0+011) = 0531 ppm.  Additivity

relationships have also heen noted in phosphorus and nitrogen-15 nmr.

Another general conclusion which has heen found is that the
largest isotope effects can be expected where the fractional change in mass
is highest. Thus the effects of deuterium substitution (D:H = 100%
increase in mass) are always considerably larger than for other isotopic
substitutions. The maximum value of 120—130 isotope shifts reported for
fluorine resonance18 are 0¢194 ppm for CFCIB, and for proton resonance9 is
0+007 ppm in CH2(OMe)2; these values are to be compared with the much larger

values obtained from deuterium substitution given above.

A1l of the data discussed ahove have been concerned with the
isotope effects upon chemical shifts, which have been readily observable even
at low field strengths. There are now an increasing number of reports of

isotope effects upon coupling constants for a number of nuclei.

The possibility of a deuterium isotope effect on 2J as

W
recognised durig a study19 of magnetic non equivalence induced beizeen
the o protons of benzyl alcohol in the presence of a chiral shift reagent,
(B—perfluoropropyl hydroxymethylenec(—camphorato)BPrIII. Analysis of the
AB spectrun yielded a value for the geminal coupling of 13-0 + 0.2 Hz,

2
whilst the value of JI) for the analogous deutero compound was 1+91 + 001

1 pt
Hz, Use of the relative gyromagnetic ratio (XH :XD = 6-514) to convert”O
the latter value to 2JHH leads to a "predicted" value of 12+45 Hz, the

difference being outside the range of experimental error,

A possihle origin for this effect could be that the geminal
coupling derived from the "lanthanido-spread" spectrum could be modified by
the coordination with the rare-earth complex, Such effects have beefl

reported21

previously, and are considered to arise from differenceg in the
conformational equilibria of the suhstrate bhetween its free and complexed
forms. This contribution was thought to be improbable in this case, since
a constant value of QJHH was obtained for relative concentrations of

[Pf]:[élcohoi]up to 0+27M, but the coupling constant increased (i.e.



became less negative) with higher concentrations.

Yo investigate these findings more thoroughly, and to eliminate
any of the above errors arising from the use of the lanthanide complex, a
mixture of benzyl methyl sulphoxide and its mono-deutero derivative were
studied in acetone. Identical valnes of the line width and H-D coupling
at two temperature indicated the effects of quadrupole relaxation were
nil, 'fhe observed geminal H-H coupling constant was 1297 + 0-02 Hz,
whilst that derived from QJHD (192 Hz) was 12+51 Hz; +the difference of

0+46 Hz provided an accurate estimate of the primary deuterium isotope

68,

effect on geminal H-H coupling ( 3 - 5¢). Since 2JHH < 0, this discrepancy

represents a positive contribution to coupling.

It is concluded that determination of geminal proton-proton
coupling constants by isotopic substitution involves an inherent error,
and it is hoped any future accurate measurements will utilise shift reagents

wherever possible.

Several examples of heteronuclear couplings subject to isotope
effects have been reported. Banwell and coworkers found22 a very small
deuterium isotope effect on the geminal H-F coupling in CHFB’ after a

statistical treatment of over 40 spectra.

2

for CHF3 : ﬁJHF = 79+339 + 0-015 Hz
COF, * g = 79:046 + 0-046 Hz (ex 25 )
30 HF T ez A F-D
hence J = 0-278 + 0-048 Hz

H-D

Silyl fluoride was also studied and produced a similar very small decrease

in the c¢bserved coupling constant:-

SIHBF : JHF 45+764 + 04015 Hz

1+

SiDF : Ui

Il

45+611 + 0+050 Hz (ex 2JF_D)

hence J

il

0153 + 0-052 Hz.



69.

These very small primary isotope effects do not seem very encour-
aging, particularly in view of the experimental difficulties, but a more

recent report23 by Murray offers more hope.

An equimolar mixture of trifluorosilane and its deuterated

analogue (SiHFB/SiDFB) revealed 2JHF = 95.8 Hz and 2JFD = 14-8 Hz.

Conversion” of the latter value by the gyromagnetic ratic>XH : XD reveals
a value for 2JHF = 9641 Hz, Unfortunately the very large experimental

errors (i 2+0 Hz) preclude a comparison of these values, but more accurate
data (to + 0.2 Hz) obtained for fluorophosphorus acid do permit such an

examination, where it was observed:

i

H ol

N 2
ﬁ Jyp = 1143 + 0-2 Hz
F

Dt OD

Np s 2 . 2 _ . A

5 Jpyp = 17°3 4 0:2 Hzg " = 112:69 + 1-30 Hz
0

revealing a possible decrease in the absolute value of the geminal coupling
upon isotopic substitution of 1¢6 Hz, but again this is comparable with the

experimental error (i 1+5 Hz).

However, this report23 was centred on the numerically larger
effects ofthe above deuterium substitution upon the one hond F-Si and F-P

couplings, for which it was found:-

1 i i L] - .
£. Jp_g; (HSiF3-DSiFg) = 276-6 - 274:6 = 2:0 Hz

;
S' JF~P (H2P02 - D2P02F) = 1033+5 - 103%30+0 = 3+5 Hz

It is observed that the absolute value of the coupling constants

are lowered by D substitution, although the two couplings 1J & 1J :
24 F-P F-Si

are opposite in sign, with the former negative and the latter positive.
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However, these couplings may he compared beiter via their reduced coupling
constants X, defined>? by Pole ard Santry as

K = (21T ) J

K%, ¥ 5

AB

to eliminate nuclear effects, md since ¥ for 2951 is negative (I = -%) the

reduced coupling constants for both F-5i and P-F are negative, in keeping

with theory.25

During a general investigation on deuwterium resonance spectroscopy,

Diehl observed26 a small decrease in 1JP_D for hypophosphorous acid,

1 1
Jp_p (DPOH) — 'Jp, o (HDPOH) = -0-12 + 003 Hz

Comparison of this reduction in ®upling constant with that observed in the

analogous proton situdy:-

1 1
Jo_g (HDPOZH) - Joy (H,PO,H) = -0-54 + 0+07 Hz

indicates a similar effect, but therelative magnitudes of the changes are
not in the ratio XH 2 %y

Deuterium isotope effecis on1JP have been the subject of a more

H
extensive study,7 in some phosphorus compounds, where it was found that the

sign of the effect depended on the coordination state of the ceniral
phosphorus atom. A primary isotoper effect on 1JPH was determined by
comparison of its value measured directly from 1H spectra with that

obtained by scaling 1JP from 2H spectra by the gyromagnetic ratio XH: XD

)]
It was found that the isotope effect was a positive contribution to coupling

for the three coordinate phosphorus, but negative for tetra coordinate

species:-
1
Ipu (CGHSPHD) = 201.3 - 199.3 = +2.0 + O.8HZ

1

JPH (UDPOOH - H, ,POOH) = 564.,6 - 569.,6 = -4.8 + O.8HZ

2
The sign of the P-H coupling constant was proved to be positive in each
system, and hence it would appear isotopic substitution must have different

absolute effects in the two species.
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A small secondary isotope effect on 1JPH was detected in these compounds

. 1 .
by direct observation of JPH in the proton spectra. Again differences

between the two coordination sites were noted:-

! 012 Hz

J o (C6H5PHD - c6H5PH2)

1
- (HDPOOH - HQPOOH) = -0-58 Hz

with the sign of the secondary isotope effect the same as that observed for
the primary isotope effect. It is noted that the value of the secondary
isotope effect recorded for hypophosphorous acid (-0:58 Hz) is comparable

to that reported26 by Diehl (-0+54 Hz).

Very few ohservations have been made on the effects of isotopic
substitution on couplings to 130 nuclei, In 1964 Diehl concluded26 from
a study of the directly bonded carbon-deuterium coupling constants in
acetone, benzene and chloroform that there was no significant isotope

effect on 1JCH for these compounds. The observed differences (4 1 Hz, after

scaling by the gyromagnetic conversion factor ¥ H/e(D) were withinthe reported

experimental errors. In support of these observations, a year later two

27,28

groups of workers independently concluded from more accurate studies

of oldeutero toluenes and analogous compoundsthat deuterium isotope effects

on 1JCH were less than 1Hz, and probably in the region 0+2 - 0-5 Hz, i.e.

too small to measure by using 130 satellite spectra and side-band calibration
techniques. A recent study13 by Breitmaier et al. on deuterated solvents

found an apparently significant deviation of 1JCD fromthat predicted hy
1JCH of ca 1 Hz, but scrutiny of their results reveals that the major

source of discrepancy probably arises fromthe relatively large error

(£ 0.6 Hz) in measuring s More accurate work | 22 by Gold et al.

)
supports the results of the early workers in that the deuterium isotope

effects on 1JCH are of the order of 1 Hz or less, and within the range of

experimental error.

It may be concluded that the majority of the above data relates
to primary isotope effects on the coupling constant and geminal H-H
coupling is noted to be the most sensitive (3+5%) to isotopic substitution.

Proton couplings either directly to phosphorus or across it to fluorine
are also relatively sensitive (1%) but 2JHF across silicon is approximately
one-third as susceptible to deuterium substitution.



Secondary isotope effects have only been detected where the

. 1 1
coupling constants are relatively large ( JF_Si F-P
The changes observed in these couplings were ? and 3+5 Hz respectively,

corresponding to 0+7 and 0-3 %.

Isotope effects on carbon couplings require more precise
measurements before unambiguous conclusions may be drawn: present work
indicates these effects will be very small. The very limited amount of
data on the deuterated 15N ammonia derivatives indicate56 there is no

discernable isotope effect on the 1J15 coupling constant.
N-H

2¢1+1, Theoretical Considerations.

Several theoretical explanations of isotope effects have been
put forward in an attempt to rationalize the experimental data. The
hydrogen molecule and its isotopic variants have heen the subject of
several quantum mechanical treatments, based on modifications to the
diamagnetic part of the sereening constant as various functions of the
changes in the vibrational energy levels amd equilibrium bond distances.

4

These have been summarized in a review’ and therefore it is not proposed
to discuss these here, since all other molecules can only he treated
approximately. Hence theoretical concepts that may bhe applied generally
will be of prime’ interest here.

The first of these theories was put forward by Gutowsky29
and based on an electrostatic deformation model, in which the contribution
to the magnetic shielding of a proton by intramolecular electric fields

is examined. These arise from the motion of bonding electrons within

molecular orhitals, and it was proposed that the effect of the elecirostatic

field E produced by one atom would deform the electron didribution about

a second (resonant) nucleus by a factor proportional to<(E2> y the mean

72,

275 Hz, J = 1030Hz).
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(time average) value., It was found that the decrease in magnetic shielding

could be expressed approximately by

2B = 24°. 1

10° vt 100

where q is the electrie charge on the first atom and b the inter-atomic
separation, A deuterium atom has a larger mass than a hydrogen stom,

and consequently is expected to have smaller vibrational amplitudes

for the next molecular energy to remain constant. Therefore, a deuterium
atom will not approach its neighbours as clesely, nor, arising form the
short-range b-4 term, polarise them as much, Thus deuterium (or similar
heavy-isotope substitution) should result in an upfield shift of the observed

nucleus, in accord with experimental observation.

For the geminal deuterium substitution of a ,—CHQ— group, Gutow-
sky ealculated the 19 change in proton shielding required a point charge of
0+65 q electrons on the deuterium atom, This extremely high value could
be reduced to 0¢3 - 0+5 by allowing for a spatial distribution of charge,
which still seems considerable. Gutousky claimed better results were
obtained in more complex calculations of the 19F shieldings in CHF2 and
CDFZ, but this work does not seem to have appeared in the literature and
hence cannot be studied in detail.

30

The electrostatic deformation model has been invoked to explain
the deuterium isotope effects in watew, where the large electric field from
the OH group was discussed in terms of an exponential power series in(E2>

and the resulting expression predicted the observed shift with reasonable

accuracy (0+05ppm vs. 0+03ppm, experimentally).

In a general study18 of 130 substituent effects on 19F shielding,
a large range of isotopic shifts (120—130) was observed (0-070 to 0+194 ppm),
which led to doubts in the overall validity of the electrostatic deformation
model. The marked non-linearity of this isotope shift with proton content
for the series of fluoromethanes were also difficult to comprehend in terms

of variation in the net atomic charge q since the isotope shift for CHF‘3
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was found to be greater than that for CF4.
An alternative approach to understanding the isotope effect has

care from evidence provided by microwave and electron diffraction studies,
which lead to the important conclusion that isotopic substitution changes

the dynamic state of a molecule, (This has already been mentioned in
discussing the origin of the electrostatic deformation model ahove). The
modified intramolecular motions (vibration, rotation, bending) will alter the
electronic structure and hence magnetic shielding of the various nuclei.

This theory may be used gualitatively to rationalize some general experimental

observations on the isotope effect.

Firstly, it is anticipated that effects of any isotopic substit-
ution will be attenuated with distance in the same way as these intramolecular

forces, and therefore localised.

Secondly, a greater fractional change in mass will produce more
profound modifications of intramclecular forces; in turn this should not
only give rise to larger effects but also they should he observable at a

greater distance from the site of isotopic substitution.

Consideration of vibrational and bending motions indicates that
if heavy isotopic substitution takes place, the amplitudes of these motions
must decrease to maintain the total molecular energy. This corresponds to
a reduction in equilibrium bond distences, which may te represented pictor-

ially in the concept of the anharmonic potential well (fig. 1a).

Using this concept it is now possible to explain primary isotope
effects in terms of shortening of the bond holding the isotope, whilst
secondary isotope effects would correspond to (lesser) shortenings of other

bonds in the molecule.
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dG

i

(4) (b)

(a) Effect of isotopic substitution on bond length, using deuterium as
an example.

(b) Effect of increasing temperature on vibrational energy level population.

Good experimental support for the vibrational theory comes

31

from a recent study” ofthe temperature dependent isotopic shieldings of
fluorine nuclei by chlorine and carhon isotopes. It was found that the
fluorine isotope shifts uniformly increased as the temperature was lowered
from 3050K to 1930K. The above theory predicts that at the 1imit of high
temperature, where vibration is extensively excited, higher vibrational
energy levels are populated and the "fine-grain' structure of the vibrational
ladder (fig. 1b) tends to be lost as the continmuum is approached. Hence

the isotope effects will diminish, as was found experimentally.

In an attempt to put these considerations on a quantitative
basis, the variation in chlorine isotope shielding for the fluorine
resonances of CFCl3 was recorded (Table 1) to determine if the results

could be correlated with the corresponding changes in vibrational excitation.
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Table 1 (ref. 23)

Brfect(®) of substitution of 1C1 for 2C1 on chemical shift of GFCL

5.
Compound /temp. (°K) 193 230 305
CF350123701 0-8%0.1 0+67%0-01 0-53%0.02
CF550137012 - 1-35%0.05 1.06%0-05
CF37013 - 2.00%0.15 -

(a) shifts are given in Hertz at 94.1 Mhz.

The infra-red spectrum of CFCl, contains an absorption at

244 cm-1 which corresponds to a motion invoiving primarily bond bending,
(relevant to the two bond chlorine isotope effect), and indicates a population
of first and second excited states of 30% at ambient temperature. A second
band at 349 cm—1 arises from primarily bond stretching, and is considered

to include contributions from vibrations involving changes in C~F bond
lengths. This latter frequency indicates that 129 of the molecules are
excited at 233°K and 21% at 303°K, a difference of 9%. The observed
temperature effect on the isotope effect is noted (table 1) to be ca. 21%.
Unfortunately, quantitative relationships between vibrational energy level
populations and isotope effects are unknown, and hence it cannot be concluded

if these vibrations are stretching or bhending modes, and possibly contrib-

utions from both will be the answer.

The importance of vibrational bending contributions was
considered in an examination of 130 isotope effects on fluorine shifts.
The relative change with temperature for 19F‘ attached to sp2 carbon was
noted to be greater for a two bond than a one bond interaction, reflecting
both the higher vibrational frequencies encountered and the increased
contribution from lower energy bending modes. The data obtained (94+1 MHz)
for cis dichlorodifluoroethene at 233 and BOBOK serve to illustrate this

point:-



F\_____/F S’cla(”c-ﬂ = 1038 - 10:08 = 030 Hz
C’L/_\CL S4>(130-120-F)= 4+42 -~ 3-88 = 0:54 Hz

The probable importance of bending mode contributions has been

52 ¢ 29

noted earlier in a study Si isotope effects on the proton NMR of

-

trisilane, n-Si3 g° Isotopic substitution of a terminal silyl group
2981H3.28812H5 produced a large isotope shift (001 ppm) on the bound
protons; in contrast to central atom substitution, where no measurable
effect was observed, in keeping with similar results from SiH4 and SiQH6.
This marked discrepancy was held to arise from changes in the bending
deformations of the Si-Si-Si backbone, through which substitution at a
central atom would have much less effect on the proton spectrum than an

end atom.

A complementary approach to the vibrational theory as an
explanation of isotope effects is through the consideration that the small
variations in average molecular geometry will cause a redistribution of the
electrons within the molecular orbitals, and a consequent rehybridization

of bonds, leading to a modification of the magnetic shiélding of nuclei,

Irrefutable evidence exists pertaining to the shortening of

33-3T
35

bond lengths upon isotopic substitution. Electron diffraction studies

34a

indicate C-H bonds for methane and ethane are longer than the corres-

ponding C-D bonds in the perdeutero- compounds by ca. 0-0078, but no
35

variation in bond angles was detected. These observations were

supported34b

by Raman spectra of CH3D° The vibrational amplitudes of C-D
bonds in C?DG were also concluded to be less than the C-H amplitudes in

support of the vibrational theory above.

Evidence on changes of bond angles with isotopic substitution
has been less conclusive. An early microwave study37 of PH3 and PHD?

concluded that the H-P-H angle was decreased by 6+2' on deuteration, but

77,
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38-40

data on deuterated ammonias have been controversial.

38a

Barly reports
suggests eithar small(10-20') decrease or increase P in HNE angle for
NH?D and NHDQ; later infra-red work on the symmetrical NH3 and ND3

) 39

indicated the angle decreased by 11+4' on deuteration, comparahble with

37

the microwave results on phosphines. However, a recent study finds the
H-N-H angle decreases by as much as 30 on total deuteration: if this is
indeed the case, then the reduction in bond angle should have been detected
more readily by earlier workers in this field. Inspection of their results
indicates the error-arises from an over-estimation of the H-N-H angle in

Z
NH3(1O9-10) by ca. 2°, when compared with other data. 0129

Bond rehybridization is not limited to a study of primary
effects; the possibility of secondary effects has been detected in some
cases. The C-C bond in CoDg was estimated35 to be 0+002 & shorter in
C2H6’ and a study41 of carbon-halogen bond distances in CH3C1 and CHSBr
indicates perdeuteration reduced this bond by ca. 0:001%.  Smaller variations

were suspected for carbon, chlorine or bromine isotopic replacements.

The theory was invoked by DNoddrell and Burfitt16 in an attempt
to explain why for 1—[2H{]—hept—1—yne the secondary isotope effect (0+5D ppm)
13

was more than twice the primary effect (022 ppm) on “C shielding.
Although the change in the C=2C bond length on deuteration is unknown, the
force constant for hond stretching is known42 to be 0+&' greater than for

acetylene itself, suggesting bond rehybridization must be significant.

Similarly, Loewenstein and Shpoeer found that the large isotope
Q
shifts observed for °7Co in K;Co(CN)g upon selective substitution of 3¢q
15

or “N could be interpreted as a regular decrease of Co-ligand distance by
1.2 x 10—3 per cent if the theory advanced to explain Co shielding were

correct,

In an attempt to quantify the change of magnetic shielding
with variations in bond lengths and angles, Bernheim and Batiz-Himande=z
studied43 the geminal isotope shifts in some first row molecules (HQO,
NH3’ CH4)' For CH4, calculation of the diamagnetic contribution to the
maghetic shielding ( 6‘6) as a function of bond angle or bond length

variations indicated the observed isotope effects (3@.0-02 ppm) could be



explained either by a reduction in bhond length of 0-0012 a.,u. or a bond

angle decrease of 10! (CH4 - CHBD); values which are comparable to

4,52

experimen With NHB’ where due allowance was made for the partially

ionie N-H bonds, it was found a given bond angle change had a slightly

greater effect oncra, but the final theoretical values of bond angle/hond
39

length reductions were again of the same order of magnitude as experiment.

Borisenko et al. used7 the bond hybidization approach to

31

predict the deuterium isotope shielding on the P resonance of C6H5PH2

as a function of the small variation in bond angles with isotopic substit-

31 above). Unfortunately, they had to

31

ution (ef. phosphine data, discussed
make several assumptions: (i) the published theory of “ P shielding in
symmetrical PZ3 molecules was applicable, (ii) average valence angles and
electronegativities could be employed, and (iii) the observed isotope shift
could be explained purely as a function of a decrease in bond angle, for
whichthe data37 from the phosphines was used. Notwithstanding these
limitations, the theoretical value of a 1.20 ppm isotope shift for C6H5PHD

is in remarkable agreement with the experimental value of 1+21 ppm.

2.1.2 Applications of deuterium isotope effects in 13C NMR.

Deuterium substitution was initially used by Roberts as a means
of spectral simplification44 and peak identification45 in carbon NMR.
During a study by 13C NMR44 of the proton couplings in benzene, (a 7 spin
system) it was found that the spectral simplification observed for 1,2,3,5~-

tetradeuterobenzene enabled the long range coupling BJCFFH to be determined

as 7+4 Hz in the remaining 3 spin system. Fxtensive use of deuteration
was made45 in a comprehensive survey of the carbon spectra of steroidal
ketones, as an aid to the spectral assignment of resonances. Isotopic
exchange of protons to carbonyl groups resulted in the elimination of
signals from the deuterated carbons. This arises because the deuterium

nucleus has a magnetic moment ca., one-third that of the proton, and hence

79.
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the dipolar mechanism of relaxation of the carbon nuclei (characterized by
T?D) will be less efficient. Therefore the spin-lattice relaxation time

will increase and hence the observed signal intensity decrease.

The advent of higher field (21 - 23+5 K.Gauss, 22:63 & 25-16MHz
for 130) with Fourier transform facilities enables the ready detection of
the small deuterium isotope effects, and their usage in the solution of
problematical assignments. It will be appreciated that the small isotope
shifts (typically % 0-1ppm for geminal substitution and O+3ppm for directly
bonded) will only be detectable at higher field strengths when a natural
line-width for 130 of 1 Hz is taken into account.

46

In a study 130

of some nor-camphors, Stothers recorded the

spectrum of 3—exo—[2H{]—norcamphor, (1), to obtain an unequivocal assignment

(1) 3-exo- 2H1 norcamphor

of 05 and Cg. The 03 resonance (directly-bonded) was seen to shift
upfield by ca.0+5 ppm from the undeuterated signal, C4 exhibited a typical
geminal isotope shift (0«1 ppm) and one of the two unassigned methylene
signals was considerably broadened (by either a long range deuterium
coupling or a small isotope shift O0+¢1 ppm) whilst the other was unaffected
by the 03 substituent. These resonances were therefore designated as 05
and 06. Similar isotope effects were employed to assign carbon specira

for the four possible 5,6 dimethyl norcamphors.

Isotope shifts have also found considerable use in assigning

47

the carbon resonances of polycondensed hydrocarbons, Results obtained
"on 1 and 2—[2H;]—naphthalene (2,3) and 9—[2H;]—phenanthrene (4) yielded
values for the directly bonded, ortho and meta effects comparable to those

reported by Bell14 for monodeuterobenzene.
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A small peri isotope effect of 0:04 ppm (e.g. Cq in 4) was observed with a
band broadening similar to that for meta broadening (ca. 2.3 Hz).  Ortho
high field isotope effects of quaternary carbons common to iwo rings (0-05
ppm) were also detected. This enlarged set of isotope effects was

employed to make a new assignment of anthracene (as the 9,10—[2H£I—derivative,

5).

Apart from the triplet of the deuterated carbons (09 and 010)
characteristic ortho and peri isotope shifts were visible. Moreover,
the signals of the ortho and peri carbons were broader than that from

02 36,7 on account of meta and peri couplings:- L)L(C?) = 1 Hzs
LTS Al | ] “
J1(Cy) = 28z )y (C4q) = 2 Hz

e

13

Application of deuterium isotope effects in the C spectra of

48

someé sugars’  provides another example where this technique has been used

to distinguish hetween several resonances occurring close together. Thus
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the C5 resonence for 6{?Hé}oq2—D-glucose (6) was shifted 0+12 ppm upfield
by the secondary isotope effect, compared with its chemical shift in the
parent compound. Monodeuteration at 02, 03 or C5 produced}? effects on

neighbouring carbons of ca. 0+06 ppm, reflecting the additivity of the

10N

isotope shift, Similar results were obtained in galactose and mannose
derivatives., In all cases, the directly deuterated carbon was eliminated
from the spectrum, causing further spectral simplification and 4didentification.
C6 was found to be the most useful deuteration site for all the hexoses,

both for ease of substitution and the larger shift produced by the multiple

replacement.

Deuterium isotope effects have found recent application in the

49

biochemical field, where it was possible to differentiate between the
carbonyl resonances from amide and carboxylate groups in the tripeptide

glutathione (7), & glutamyleysteinylglycine). o spectra in 50% HZO/D?O

1) CHy SH
T l /H

oc Heo |
e oo N \C'/-.N\cuz -C9,” (7

Il
4 DR

indicated two of the four carbonyl rescnances to be doublets. The high

field components were O+1 ppm upfield, and originated from the isotopic



83.

exchange at nitrogen to yield a mixture of -CONH- and-COND- peptide links.
The pair of signals observed in each case was indicative of slow exchange
of NH, in contrast to the carboxylate anions, where fast intermolecular

exchange resulted in one line for each carbon.

2.1.3. Sterecochemical dependence of isotope shifts,

Very few reports of stereochemical influences on isotope shifts
exist, and nonehave heen reported for 1H NMR, The first observation was

by Tiers,Bo from a study of the geometric dependence of the 13C isotope
shift on the 19F resonance (120 -vTBC) for the perfluoromethyl groups in

24 3dichloroperfluoro-but-2-enes.

RC < R RO~ o
T
(L Lo Ch

cis trans
(Po20)1% 00137 0-002ppm 0-132 £ 0.001 ppm

A cis arrangement of substituents is seen to produce a slightly larger
value of the isotope shift than a trans relationship, but the difference

(0-075%) is very slight.

Much largerstereochemical effects were observed17 in a series of
fluoroethylenes, where substitution of D for H produced isotope shifts of
upto 0+5 ppm on the fluorine resonances, and reflect the consequences
of a much larger fractional change in mass. Data are reproduced in

Table 2,
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Tabhle 2

Deuterium isotope shifts for the 19F resonances of some fluorcethylenes.

Compound site of deuterium incorporation

geminal trans cis

N (8) 0502 0+418 -
H

F\———/H (9) 04498 - 0-293

H\———/F (10) - 0+ 260 0210

Inspection: of the table for the cis and +trans fluoroethylenes
(849) reveals only a small geometric influence on the geminal isotope shift,
but a strong dependence on cis/trans relationships. A trans disposition
of fluorine and deuterium produces a much larger isotope shift, comparable
to a geminal effect, than a cis relationship. Nata for vinylidene fluoride
(10) again reflect this cis/trans dependence, but the magnitude of the shifts
are decreased considerably, indicating that the extent of fluorine substit-~

ution has an influence on the observed isotope shifts,

Large stereospecific isotope shifts have been observed in the
fluorine spectra of saturated systems, with the recent results11 ohtained
for some specifically deuterated cyclohexyl fluorides. The fluorine spectra
were recorded under conditions of slow ring reversal at —85O in CFClB,

enabling both axial and equatorial substituent conformations to he examined,
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and the isotope shifts were determined withrespect to the corresponding

cyclohexyl fluoride. Data are reproduced in table 3, and all values are

in ppm.
Table 3
F F
—_ D
ﬁr_ E@/F ﬁ# -
D D
8]
(11) 0435 (12) 0+15 (15) 0.72 (16) 0-81

(13) 0-18 (14) 0-13 (17) (0-0) (18) (0-0)
F’
Dx.% o 23
o, Qi:::%;:ilf, F
(19) 1-06 (20) 060

It is seen that there is an appreciable difference (0-09 ppm)
between the geminal isotope effect for an axial and an equatorial fluorine
substituent (15&16), with the latter being larger. Comparison of the four
vicinally deuterated fluorides (11-14) reveals that the trans-diaxial
derivative (11) has the largest isotope shift which is twice as large as
the shifts for other conformers containing at least on equatorial substit-
uent., For the latter three conformers, the axially fluorinated (13) exhibits

a marked increase over the two equatorially fluorinated derivatives 12 & 14.
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These observations indicate a marked angular dependence of the isotope shift,

which is twice as large when the dihedral angle is 180° as when it is 600.

The observed vicinal isotope effects were found to be additive
by examination of the tetradeuterated 2,2,6,6[2H;]—cyclohexyl fluorides,
19 & 20; The shift of the axial fluorine in 19 (table 3) compared well
with the sum of two axial-axial and two axial-equatorial shifts (calculated,
0+98 ppm, observed, 1.06 ppm). Similar calculations for 20 yield a predicted
shift of 0+66 ppm which was in good agreeemnt with the experimental value
of 060 ppm.

The large geminal isotope shifts for 15 and 16 (0-72 and 080

ppm, respectively) are noted to be larger than that reported5 for 05F7D

(0+60 ppm). Because the spectra for the cyclohexyl fluorides were recorded

31

at a reduced temperature (—850), it is expected that there may be a
significant positive coniribution to the observed isotope shifts. Altern-
atively, this discrepancy may arise from the differing structural environ-

ments of the two systems.

Stereospecific isoctope effects have also been observed for

. 51 13
carbon NMR in a study

of some deuterated camphors. The C spectrum of
3 exo[zH;]camphor (21) exhibits a triplet for 05, by vicinal coupling between
C5 and the exo deuterium, as well as the expected isotope effects on 05;

whereas C7, also vicinal to 03 is little affected. However, for the

stereoisomeric 3 endo[QH{]-camphor (22), these effects are reversed, and the
07 carbon signal becomes a triplet. Hence these secondary vicinal isotope

effects have a marked stereospecifidty, being transmitted effectively by a
trans-coplanar arrangement of bonds, but attenuated by a gauche disposition.
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2.2 Isotope effects in someelfluoroacetamides.,

In the course of examining the fluorine spectra of monofluoro-
acetamide, it was decided to remove the long-range H-F coupling by deuterium
exchange of the -NH, protons. Addition of a few drops of deuterium oxide
to a methanolic solution of the amide resulted in a spectrum which is
reproduced in figure 2a. It is seen that the exchange is incomplete,
and separate signals can bhe detected for the —NHQ, -NHD and -ND, forms.
FPigure 2a also shows that the signals arising from the deuterated species
are shifted upfield from that of the parent molecule, i.e. the fluorine

nucleus experiences a considerable isotope shift.

Similar treatment of the di- and +trifluorocacetamides produced
comparable effects, the magnitude of which depend on the nature of the
substituents at the acetyl carbon (figure 2b & 2c). Consequently, it was
decided to examine thisstructural variation in full for the range of

amides available,

The effects of succegsive methylation of the amido group, NH?-
NHCHB-N(CHB)?, upon the 9% chemical shift were also investigated to
determine how a typical chemical substituent (_CH3) compares with an
isotopic substituent (-D).

Results

Deuterium isotope shifts.

Table 4 lists the observed isotope shifts (relative
to the parent undeuterated species) for the fluoro-amides in three solvents.
The assignment for the mono deuterated species to syn and anti conformers
is baged on the conclusion reached in Chapter 1 that the 2-fluoro substituent

is spin-coupled stereospecifically to the proton anti to the carbonyl group.



89,

Table 4.

19

F Deuterium Isotope Shifts of the Fluoro-amides (syn and anti refers to

the location of the deuterium isotope).

Compound ethanol  Riehlero- Pinetavh
NHD WD, NHD ND, NHD ND,,
FCH,.CO.NHD  syn 12+75 141 1%.75
anti 1175 12+5 11+5
FCH,.CO.ND,, 24+8 2740 25.0
MeCHF.CO.NHD syn 1249 1444 13435
anti 1142 2.8 11+2
MeCHF.C0.ND,, 24,2 26425 24+9
Ph.CHF.CO.NHD syn 1245 10+5 110
anti 1045 10+ 25 102
Ph.CHF.CO.ND, 22,5 22.5 22,0
HFC1C.CO.NHD syn 1045 111 1044
anti 101 10+ 3 104
HFC1C.CO.ND, 205 214 203
HFBrC.CO.NHD syn 11.3% 112 112
anti 10+9 107
HFBrC.CO.ND, 224 2244 22.8
F_HC.CO.NHD  syn 5.6 66 53
anti 64 G 6 60
F,HC.CO.ND, 11.8 1246 1142
F,C1C.CO.NHD syn 4+1 449 446
) anti 47 52
F,C1€.C0.ND,, 91 9+45 9.6
F,C.CO.NHD syn singlet 3.0 2+ 6
’ anti 349 3.4
F5C.C0.ND, 69 6o

A1l shifts are in Hz at 94-08 MHz and 3100, and are to high field of the undeut-

erated material.
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Inspection of table 4 reveals that the isotope effects for
each compound are additive, a feature typical of isotopic substitution.

19

For example, in dichloromethane the “F signal of mono-N-deuterofluoro-
acetamide occurs 13+3 Hz to high field of the non-deuterated material and

that of the di-N-deutero compound is 27¢0 Hz to high field.

The magnitude of the isotope shift is seen to vary with the
nature of the substituents at the. acetyl carbon, with the observation of
the largest shift for the mono-fluoro compound (23, a = b = H) and lowest
for the trifluoro compound (23, a = b = F), Clearly, the size of the
isotope shift is influenced by the nature of the substituents a and b.
This relationship may be studied hy a plot of the total isotope shift
(—ND2 derivative) against the sum of the Huggins electronegativities52
of a and b, (figure 3). The electronegativity values used were :-

H =22, Br = 2:95, C1 = 3+15 and ¥ = 39, The value for -CH, was taken53
as 2+6 and a value for sp2 carbon of 3+0 Huggins units has beeg suggested

55

recently.

It is seen from figure 3 that the plot is linear for each
golvent, and table 5 listsvalues of the slopes and correlation. coeffic-
ients obtained for each plot by a least-squares computer analysis. The
values of the latter are all 3in the range 0:96 - 097, which is satis-

factory for fie limited data available (8 points).

The magnitude and range of the total isotope shift (-ND?
derivative is seen to be almost independent of the nature of the solvent.

Thus for the mono fluoroacetamide (25, a="5bo= H), changing the solvent
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Table 5.

Least-Squares analysis of Isotope Shift data.

solvent slope correlation coefficient.
Methanol -6+843 0964
Dichloromethane -6+500 0-977
Dimethylformamide  —6+250 0+968

from a dipolar protic (CHBOH) to a dipolar aprotic medium (DMF) produces
an addition to the isotope shift of 0+2 Hz, whilst with the relgtiwely
non-polar, aprotic solvent dichloromethane the isotope shift increases

by only 2.0 Hz. Similar effects are noted for the other amides, It

is apparent that hydrogen bonding ability and polarity of the solvent have
little effect upon the size of the isotope effect.

55

The recent theory”~ of the structural dependence of inductive
effects suggests that the factors influencing differences in shielding
between nuclei in related struectural environments may be considered to

arise from through bond interactions of neighbouring groups amongst them-—
selves and with the atom containing the resonant nucleus. The dependence
of the isotope shift on the nature of the a and b substituents strongly
suggests that this mechanism 1s responsible for the form of the relationship
observed here, In terms of the theory,55 the deuterium substitution at

the amido nitrogen is causing a small but finite change to the effective

electronegativity of the carbonyl centre.

A possible explanation for this phenomenon may be found in
consideration of the nature of the N~H and N-D bonds. In the introduction
it was noted that the balance of the available data39 indicated that the
N-D bond is probably shorter than the N-H bond, but the change in N-H
bond length (ca. 0:002%) on deuteration is considerably less than that
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for a C-H bond. Consequently it is difficult to rationalise the observed
isotope shifts as arising entirely from this very slight change in bond
length and its 2 ssociated bond rehybridisation. It seems unlikely that
the isotope shift may arise from the differences in vibrational zero-
point energies and amplitudes upon deuteration, since these are expected
te be localised and not significant over the four bhonds separating the
fluorine nucleus from he site of isotopic substitution.

Halevi 2°

has successfully interpreted the secondary isotope
effects pKa of somaxt%al—acetic acids in terms of an appreciably greater
inductive electron donating ability of I or -C-D compared to H or -C-H,
(i.e. D is less electronegative than -H). Consequently, N-deuteration
of m amide can be expected to increase the electron density at the nitrogen
atom and hence produce a redistribution of electrons in the C(0)-N amide
bond. 7%is bond rehybridization provides the mquired pathway fox
transmission of theeffects of N-deuteration to the carbonyl carbon, and

will modify its effective electronegativity.

Since Halevt has shown that D is less electronegative than H,
it is anticipated that the total electronegativity of the amide group
(—CONRZ) will decrease upon deuteration. However, trial calculations

25 from heir theory of

using the equation derived by Phillips and Wray
inductive effects upon chemical shielding failed toprovide a reasonable
estimate for this anticipated change in electronegativity, and indeed,

did not even predict the correct sign of such a difference. Such failure
probably arises from the approximate nature of the empitical relationship
and the assumptions made in its derivation.

1 91‘1

Inspection of figure 2 indicates that the components of the
signal consist of a singlet and a doublet whichare not centred at the
same position; this is due to a chemical shift between the species in
which the deuterium in syn to the carbonyl group and that inwvhich it is

. cy s 4
anti, If it is assumed that the JF.NH

N-H proton ( as discussed in chapter 1) then it may be concluded that for

coupling constant is tothe anti

monofluorocacetamide in dichloromethane the D anti isomer resonates 1+6H=z

te low field of that with the D syn to the carbonyl group. For compounds
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containing more than one fluorine substituent this pattern is reversed,
with the D anti isomer being 0¢9 Hz to high field of the D syn resonance

for trifluorocacetamide in dichloromethane.

These differences may be understood with data obtained from

57

on formamide (24). It was concluded from this study

H anti
NG
H eyn

microwave studies

H

(24)

that the two N-H bond lengths differ by some 1.2, with the N-H syn to
carbonyl being longer (1+014%) than that in an anti disposition (1-0023).

The directly bonded 1SN—H coupling constants are also observed to be
significantly different for the two amido protons: the values of these
interactions have been recorded58 as 92 Hz forthe syn proton and 88 Hz

for the anti proton in the neat liquid.  Sunners et al.considered that

the shorter anti -NH bond contained more s character than the longer syn

NH bond, and by analogy with 1JNH, if the Fermi contact term was the dominant

contribution to 1J then the shorter bond length could contribute +to

NH?
makingthe NH coupling for the anti proton greater than that for the syn

N-H proton.

It is to be concluded from these obhservations that the two NH
bonds-are physically non-identical, and consequently it is not surprising
that deuterium substitution of the amido hydrogens produces different

isotope effects.

An analogous situetion to the stereospecificity of these isotope

shifts is found for the substituent effects of the fluoro-olefins, for which

54

Phillips and Wray” have suggested that the difference arises from the

fact that in such systems there is a vicinal delocalisation of © electrons.



95.

59,60

This is characterised by a negative long range bond order for a cis
arrangement. of bonds and a positive long range bond order for a trans
arrangement. Pople stateséo that qualitatively this corresponds to anti-
bonding (or repulsior) between cis atoms and bonding (or attraction)

between trans. This origin of this finite bond order lies in the non-zero
value of a direet bond integral,,?, between non-formally bonded substituents,

the magnitude of which depends upon the proximity of the interacting species.

Corroborating evidence for the vicinal delocalization theory
of stereospecific isotope effects is provided from a study of viecinal
H(D)—C-C-F isotope effects in some cycloheny 11 and norbornyl fluorides,
for which the relevant datawere presented in the review section of this
chapter (see structures 11-20, Table 3). Lambert and G reifenstein found
that the magnitude of the isotope shift was at a maximum whenthe D and F
atoms were in anmti periplanar arrangement (dihedral angle = 1800) in
keeping with the results recorded for the o fluoroacetamides, and they
concluded that vicinal delocalization provided the most viable explanation

of their observations.

In an attempt to examine the possibility that a through bond
transmission of the isotope effect may affect 13C shielding, carhon-13
spectra of monofluoroacetamide were obtained for a partially deuterated
sample in methanol solution. nfortunately, neither the carbonyl noxr
acetyl carbon resonarnces could be resolved into separate signals assignable
to each isctopically substituted species, However, it is interesting to
compare the line widths LAl/%) for the partially deuterated species with
that obtained for the pure material (table 6). Values ofA)}% for each
carbon nucleus were measured individually amd corrected againét that of
the methanol (solvent) resonance as standard; to allow for deviations

produced by fieldd homogeneity variations and digitization errors.

Table 6 shows that the carbonyl carbon resonance of the pure
amide exhibits a line broadening of ca. twofold with respect to that of
the standard, whilst no such effect is observed for the acetyl carbon:

this must arise from the quadrupolar broadening of the former carbon.
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Table 6. Line width measurements for partially deuterated Fluoroacetamide (Hz).

Carbonyl resonance Acetyl resonance
AL Ay 1 Broadening A)){ AV 1 Broadening
0=0 CHBOﬁ factor -CH,®  CHLOUW factor

Undeuterated 232 116 2.0 1.2 1+15 140
Partially
deuterated 4427 1+28 3.3 1.56 0-98 1.6

It is now apparent that partial deuteration of monofluoroacetamide causes
additional broadening of the carbonyl carbon by ca. 50% (compared to
the pure material) with a considerably less significant, but measurable

effect on the acetyl carbon hand-shape.

2.3, N-Methyl subhstituent chemical shifts for the amides,

Table 7 lists the °F substituent chemical shifts (S.C.S.) in
Hertz for successive introduction of N-methyl groups to the amides, data
being for solutions in chloroform at infinité dilution. Column 5 of the
table lists the corresponding total isotope shifts for the —ND2 derivatives
in dichloromethane solution for comparison. Positive shifts are taken
to low field of the unsubstituted compound, The effects of successive
N-methylation may be compared with the corresponding —ND2 isotope shift
by plotting the various $.C.S's listed in table 7 against the isotope
shift, and this is shown in figures 4(a-c). In the determination of the

S.C.S. arising from the introduction of one methyl group, (—NH2 ~NHMe )



Table 7. Substituent chemical shifts for N-methylation of the fluoro-
amides.
Acetyl Group S5.C.8. for N-Me substitution indicated (Hz) ND2 isotope
NHMe-NH,, WMe,-NHMe  NMe,-NH, shift (Hz)

H,FC- —-257+0 -196+4 ~4336 =270
MeHFC~ -232-3 3955 1432 -26+25
BrHFC- -135+4 - - —-22-4
PhHFC- -279.8 A37+9 158-1 225
ClHFC- -136+7 2103 736 =214
F,HC- 33.6 43044 3968 -12+6
FClzc— 545 825+5 7710 -
F,C1C- 21«0 583%.6 6148 - 9-45
FBC_ 142 605+4 6196 - 690

it is assumed that the N methyl froup is always syn to the carbonyl, i.e.

trans to the acetyl group, in accord with the generally accepted views on

structure of secondary amides.

It is seen from table 7 that the effects of N-methylation

are not additive, unlike isotopic substitution, for which only a small

dependence on the site of substitution was observed.

Thus for the mono-

fluoro amides, addition of a syn methyl group produces a negative S.C.S.

of 257Hz, whilst the second (anti) substituent induces a further upfield

shift of 196-4 Haz.

In contrast to this, mono (syn) methylation of

trifluorocacetamide results in a very small downfield S.C.S. (142 Hz);

while add#ion

shift of 605 Hz.

of the second methyl group produces a large downfield

Figure 4c shows that the effects of di-N-methylation and

dideuteration on the 19F chemical shift are similar (with the exception

of the PhHFC- and MeHF(C compounds, which will be discussed in more

97.
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detail below). The plot of S.C.3. for -NM82 against t he isotope shift
for —ND? hasa eorreldion coefficient of 0-979, and this may indicate
that the effective mechanisms for transmission of the effects of chemical

or isotopic substitution at the nitrogen atom could have a common origin.

Consider the effects of introducing the methyl groups at the
amido nitrogen atoms. The methyl group may be considered as a weak
electron donating (+I) species, and hence methylation of the nitrogen
atom will modify the electron density at this centre, As discussed above
for the case of the isotopic substitutions, consequent redistribution of
this extra charge through the amido (-C(0)-N) bond will modify the effective
electronegativity of the carbonyl group, and hence induce chemical shifts
in the fluorine nucleus. It is seen from the plot of the S.C.S. for
mono-N methylation vs. isotope shift (figure 4a) that the effects of such
a substitution are greatest for the least electronegative acetyl groups
(23, a = b = H).

The effects of adding a second N-methyl group to the anti
proton may now be considered. Similar electronic consideration to those
made for syn methylation are applicable, so discussion can bhe centred on
the nature of the variation of the S.C.S. with the acetyl group substituents.
Figure 4b shows that the observed trend of the S.C.S. is in good accord with
the corresponding isotope shift (correlation coefficient = 0+974). In
contrast to the mono-methylation 3.C.S., the relationship of the MeHFC-

and PhHFC- cases, as noted for syn methylation,

It now remains to explain the differences between syn and anti
N-methylation. It is possible to do so by consideration of the geometric
relationships of the N methyl groups with the carbonyl and acetyl groups;
these differ for the two substituents, and must be ultimately responsible
for the pattern of the S.C.S.'s noted above. Together with these differ-
ences, it is possible to understand gualitatively the differences between
sequential N-deuteration and N-methylation in terms of the considerably

larger size of a methyl group over a deuterium atom.

Mono N-methylation introduces a methyl group syn to the
carbonyl function, in which position it will not influence the conformational

preferences of the acetyl group substituents. In such a situation, it
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is possible that the $.0.S. observed for mono syn methylation could

parallel that of deuteration, and this is illustrated in figure 4a.

4 second methyl group at the anti position is considerably
closer to the acetyl group, and capable of disturbing the conformational
preferences of the latter. This would not arise for deuteration at the
anti position, and hence it is not anticipated that the SCS observed for
methylation (NHMe - NMeZ) will reflect the trend found for N deuteration.
Indeed, it is seen from figure 4b that the shifts observed for compounds
with  methyl or phenyl as acetyl substituents (23, a = H, b = Me or Ph)
lie considerably off the general trend suggested by the simple halogenated
03

acetamides. It is known that for & fluoro acetyl compoundg, the fluorine
atom has a conformational preference to eclipse the carbonyl oxygen, (this
will be discussed further in Chapter 3). Thus introduction of a methyl

or phenyl group at the acetyl carbon will probably disrupt this conformationel
preference, assuming a normal 'staggered' bond relationship, and hence the
fluorine will he displace into a gauche position with respect to the

carbonyl group.

a |t b F |R'

...n,’/// N ’I,//// N
F SR, R T ON\R,

(257) (26 )

Therefore from the nature of the stereospecific interactions
discussed above, it is not reasonable to expect these acetyl substituents

to conform to the general trends for the halogens.

The remaining point of interest is the anomalously large
5.C.5. observed for total methylation of the Cl?FC— compound, If it is
assumed that the normal conformational preference is present (25, a = b =

Cl) i.e. the fluorine is eclipsing the carbonyl oxygen, then molecular
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models show that the chlorine atoms are spatially near the anti methyl group
(25, R1). Yhis is sufficient to hinder completely free rotation of the
acetyl and N-methyl groups, which can only take place by a "cogwheel effect".
It would seem probable that the repulsive interaction between hese groups

must be the cause of the increased S.C.S. in this instance.

2.4 (0-"%0) 9% isotope shifts.

As a parallel study to the above, the directly bonded isotope

12 13

effect of C C substitution at the acetyl carbon on thg9F chemical

shift was also examined to see how this correlated with the published
data4’9’18 on the fluoromethanes and determined if there were any
correspondence bhetween these effects and the observed long-range deuterium
isotope effects. Because many of the primary amides are solids, the
120—130 isotope effects were determined for the corresponding methyl or
ethyl esters. 3ince both the esters and amides exhihit the same range

of fluorine chemical shifts whiéh can be analysed (chapter 1) in identical
fashion, it is expected that the data obtained from the esters will be

directly applicable to the amides.

Table 7 lists the isotope shifts observed for the 19V resonances

on 3¢ isotopic sibstitution at the acetyl carbon, together with the @ om-

o]
130 directly bonded coupling cénstant (1J ) determined from the 1/F

CF
spectrum of the neat ester. ‘he table also includes similar data (as

4

available) taken from the literature™ for the corresponding fluoromethane;
for this purpose the ester is considered to be derived from the methane

by substitution of hydrogen by the alkoxy carbonyl (—CO?R) group.

e.8. CR_-H —— CF3—CO?R

A plot of the isotope shift obhtained for the fluoroester
against the reported wvalue for the corresponding fluoromethane is linear

(figure 5a, correlation coefficient = 0-965) and an even better agreement
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Table 7. (130—120) 19F isotope shift for fluoromethanes and fluoroesters.

o flusroester fluoromethane

acetyl group 1JCF (130—120)19F compound 1JCFI (130—120)19F

(Hz) (ppm) (Hz) (ppm)
HFC- 178-6 0-0924 CH, (9) 158 0-072
MeHFC- 1807 0+1019 - - -
PhHFC- 183.6 0+1072 PhCHgF (60) 165 0+107
HFC1C- 250+ 6 0+1359 - - -
HF ,C- 2470 0-1189 CH,F, (9) 235 0-115
FC1,C- 303.8 01646 CFC1,H (18) 294 0+156
F,ClC- 2997 0-1412 - - -
FSC" 28349 0+1274 CF 5H (9) 274 0+126

Figures in brackets refer to the original literature references.

is obtained for a graph of the corrssponding C-F coupling constants (figure
5b, correlation coefficient 0:9997). These plots serve to indicate that
the carbonyl group is behaving as a regular substituent in its influence

on these properties, a similar conclusion with respect to the fluorine

chemical shift was made in chapter 1.

A Plot of the isotope shift for the fluorocesters against the

total electronegativity of the aeetyl group substituents, (figure 6) fails

to reveal any correlation. In an earlier study of (120—130) 19F isotope

9

effects, Frankiss” found that an approximately linear relationship existed

between the magnitude of the isotope shift and the directly bonded (1JCF)

coupling constant:-

£;4>(120-13c)19p = 0-007 + 436 x 107 Top



Figure 5b Figure bHa
1

i n 126.130) 19 5 . .
';kp Fluoro estor Jop in fluoroester vs. (120 150) F isotope shift in fluoroester
1JC in fluoromethane vs. ("“c- C) 19F isotope shift in fluoromethane
) B
L(Hi‘ leofope  ShifF
300 Fluom écfer
:
018
29
01k -
240
o 14 4
Mo -
0121
zzo -]
0-lo+
m -
IJ&F Fluoro - 0%
180 ~ methone
! ! T T i T T Fluom -
150 200 20 300 (H=) 008 o10 012, e-l4 016 Methoae
fod
)



105.

from a study of the these parameters obtained from fluoromethanes.
Frankiss suggests that this relationship has the limitation that it only

applies to sp3

carbon substituted by elements from the first row of the
Periodic Table and hydrogen, or less than three second row elements
directly bound to the 130 atom. Within these restrictions,it was possible
to predict the observed isotope shift 4o within I 0.012 ppm or bhetter,

an error of 8 - 10%. However, compounds such as ('JF‘Br5 (Stbobs = 0191
ppm) and CFCl3 (Qbobs. = 0+194 ppm) showed large deviations (0-022 and
0«039 ppm, respectively) from their calculated isotope shifts, and no

explanation has been put forward forthese discrepancies.

Frankiss found that for the series CHA—nFn (n = 1-3) the

F isotope shift increased in the order CH3F’ CH?F2, CF4 and

CHF5' Harris has commented18 that it is difficult to rationalize these

(12¢ 13gy19

data in terms of the theory proposed by Gutowsky,29 in which the isotovpe
effect results from a deformation of the electrostatic field proportional
to<3#3> . (This is discussed further in the introduction). Such a
theory would require that the nett charge q on the carhon atom for CHF5
to be greater than for CFA’ and recent ab initio calculations by Pople
show that this is probably not the case.

12

A plot of the (12¢="30)"%% isotope shift data obtained for

the fluoroesters against 15 is shown in figure 7. Values of the isotope

CF
effect calculated by the Frankiss equation are listed in Table 8, and

indicated as the so0lid line in the figure.

The average deviation of the line is +0:0116 ppm, which is
comparable +to that reported by Frankiss, hut inspection of figure 7
shows that the equation is providing a particularly poor estimate of
the isotope shift for the more highly halogenated compounds, with a
discrepancy of 40025 ppm (16)) being noted for that with two chlorine

atoms (second row element).



§¢ pm

0171

o1é

0-14-
0-13-
0121
o1l A
010

o-n-

Figure ~

-0 -

S(?fpm

016 -

0:14 1

o.’a -

010 +

Pigure 7

(120-130)19F isotope shifts vs.
for fluoroesters

1J
¢k /
/

/
A croy,
/

CFCh

300

(H2)

* 901



107.

1
Table 8. Comparison of observed (120— 3C)19F isotope shifts for fluoro-

esters with those obtained from the Frankiss equation.

Acetyl group Isotope shift (ppm) Sl(observed - calculated)
calculated ohserved
FHQC— 0+0849 0+0924 0+0075
MeHFC~ 0-0858 0+1019 0-0161
PhHFC- 0+0870 0-1072 0'0202.
HC1FC- 0+1163 01359 0+0196
FQHC— 01147 0-1189 0+0042
FCIQC— 01395 0+1646 0-0251
FQCIC— 01377 01412 0+0035
FBC_ 0+«1308 0+1274 ~0-0034

2+5 Experimental.

19F NMR spectra were recorded on a modified Varian HA-100

NMR spectrometer operating at 94+08 MHz in extended-lock mode with
automatic phase correction. 5 The deuterium isotope effect spectra were
obtained by addition of 1-2 drops of DQO to a dilute solution of the

amide in 'Analar' methanol, sufficient to enable detection of all the
isotopically substituted species., The solvent was removed after recording
the spectrum by a stream of nitrogen gas, and the spectrum re-recorded in
dichloromethane (G.P.R.). This process was repeated and the sample
re-dissolved in dry re-distilled dimethylformamide. Spectra of the N-
methylated umides were obtained for solutions at infinite dilution in
chloroform, as descrihed in chapter 1. It was necessary to use this as
solvent due to the polar nature of the primary amides, as it was desirable

to employ a common solvent for all three series of compounds.
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Hexafluorohenzene was used a lock and reference for all
the spectra and frequencies were measured on 100 or 50 Hz sweep widths,

using a frequency counter,

The (120—130)19F isotope shift data were recorded with a
Varian XL 100-12WG spectrometer at a centreband frequency (for CFCIB)
of 94+151 ¥Hz. Spectra were obtained for neat samples of the ester in
5mm tubes contained in a 10mm tube filled with D2O, which served as the
lock signal. Full proton decoupling was employed where necessary, with
a band width of 1000Hz, centred at 4§ in the proton spectrum, Spectra
were recorded using the Fourier transform technique. with a pulse mgle
of ca. 80° (18/LS€C pulse) and an effective "sweep width" of 512 Hz.
It was found that approx. 100 transients were sufficient to enabhle

unambiguous identification of the 150 satellites.
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Chapter 3,

Carbon-13 NMR Study of Some Nerivatives of

o{ Muorcacetic Acid.
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2.1 Introduction.

The advent of proton noise decoupling and Fourier transform
(¥T) technology has enabled carbon-13 NMR to becdme a relatively
accessible spectroscopic technique with currently available instrumentation.
Chservation of 130 provides a useful probe with which to examine the
chemical environment of 211 the carbons at the various sites within
a molecule, whether or not they bear more readily detectable nuclei
such as proton or fluorine. The carbon-13 isotope has a spin of +i,
and hence yields sharp absorption signals, and the low natural abundance
(1+1%) implies that the probability of spin-spin interaction with a
second carbon nucleus is very low (10—4); consequently the only coupling

~r

observed will be with other nuclei of high natural abundance (e.g. H,

Q z
Yp Ilpy,

Although the factors influencing 130 shielding have not
been investigated as fully as for fluorine or proton nuclei, the general
outline presented in chapter 1 will be applicable. Since the carbon
micleus has a p electron valency shell, it is considered1’? that the
paramagnetic term will provide the dominant contribution to the magnetic

shielding.

Therefore a general carbon-1% investigation of the series
of & flucroacetamides, which were studied by fluorine MMR in Chapters
1 and 2, was undertaken, in order to examine the nature of e substit-
uent effects produced by N-methylation on the carbon skeleton. The
series of methyl and ethyl esters was extended to include the esters
cf all the available hzaloacetic acids: the spectroscopic data from
these compounds should reflect the effects of substituents upon the

acetyl group alone.
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2.2 Results and Discussion.

3.2.17. Methyl and Bthyl Isters of some o« Haloacetic acids.

3.2.7.17, Chemical shifts of the Acetyl and Carbonyl carbons.

13

Table 1 gives the “C chemical shifts (ex TMZ) for the acetyl
and carbonyl carbons of the esters, at infinite dilution in carbon

tetrachloride solution. (Positive shifts are to low field of reference).

Inspection of table 1 weveals that the chenge of ester group

I's

from —CH3 to —C,;H5 has a small but measurable influence on the chemical
shift of the acetyl methyl carbon, and the effect is such as to deshicld

.
it by 0«2 to 1 ppm. The change of a -CH, to -C,H. ester may be classilied”

3 275
as a © effect, and such = substitution is typically in the range +0+3
prm for paraffins. Thus, the downfield shifts observed hexre are of

the expected magnitude and in the correct direction.

This chenge of ester group is a X effect when related to the
carbonyl carbon, for which the typical shift observed with the paraffins
is =25 ppm (i.e. to high field). Mable 1 shows that the effect of

the change —CCH3-v -0CH CH3 is to shield the carbonyl but only by

)
0+4 - 06 ppmyand hence it is apparent that the affects of this substit-
utionare attenuated by the ester oxygen atom.

To summarize, it may be concluded that for the series va7.GO.OR,
AL
the nature of R has 1little effect (for the two types of R studied) on the
chemical shift of these carbons, and thus the magnitude of the observed

~r

shielding is dominated by the acetyl carbon substituents ¥, Y and 7.

The nature of this dependence may be examined via plots of
the chemical shifts of the acetyl and carbonyl carbons against the
. 4 _

sum of the Huggins electronegativities’ of the substituents (£ 1),

and these are shown in figures 1 and 2 respectively.



Table Carbon chemiczl shifts of the acetyl and carbonyl carhons
for some oL haloacetic acid esters.
N B 13
hcetyl £ ¥ %6 (acetyl) ¢ (carbonyl)
Sroup R = Me R =8t R = Me R =15t
Ol 66 2002 PO« A4 163-95 16058
I Tr 7435 24006 5.0 162.08 16550
~
o1, 7+55 7987 39406 16607 165592
CHBr,, 8:10 31420 21.04 163479 163422
CTL,F 830 7662 76474 166+ 6% 16600
¢HeCl, 8.50 6752 6%+78 16762 16309
It 870 - 8470 - 16881
CRr, 885 2800 29.18 16152 160492
P
CHELF 9.05 - 80-49 - 163420
PhOHR 910 88+ 62 - 157 « A -
CHOLF 9.05 90+ 62 - 16372 -
oo, 945 PETE 23,658 161.56 160-97
) - ¥ - - - .
CHF 1000 10670 106+ 31 161+ 69 161+3%2
ool 1020 - 108+ 56 - 150406
SNl 10-95 118448 11656 158+00 158406
o 11470 14424 11420 15713 156459
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Attention may initially bhe directed to the chemical shift of the
acetyl carbon. Figure 1 reveals that the shielding is an approximate
linear function of the substituent electronegativities,with some
importasnt exceptions. Thus for the seriess of eof bromoesters, CHpBr -
CHBr2 - CBr57 the dibromo-compound appears to lowest field of the”three,
with t he tribromo-derivative absorbing midway bhetween the other two members
of the series. A1 of the shifts lie well away from the indicated line.
The other important exception is for the series of chloro-flucro esters,
CFCl, - CF,01 - CFB, where the -CF,C1 compound (£ 7 = 10-95) lies to
low field of the -CF3 group (EF = 11.70), vhich is well 'off' the

indicated line in figure 1.

These observations are reminiscéent of those made with
the fluorine resonances (of the appropriate compounds) in chapter 1,
vhereby these departures from a purely additive inductive effect were
analysed in terms of the new theory5 by Phillips and Wray. These
workers showed that the observed effects ( on fluorine shielding) arose
from interaction of the substituents with each other and the carbhon
to which they were directly bhonded, such as to modify the effective
electronegativity of all the interacting groups by these perturbations.
The originsl paper was concerned purely with geminal effects upon fluorine
shielding, but in a later repor“tb this concept was extended to hoth
geminal and directly bonded substituent effects for several other
nuclei, including a successful analysis of the carbm -13 chemical

shifts of a variety of halogenated methanes.

I+ will be interesting to determine if this theory can be

used hexre. Application of this theory to the acetyl carbon requires

130 shielding in the molecule Cnbﬁ@

(see equation 7 of ref. &) and this in turn necessitates that estimates

use of the general exnression for

of the interaction constants for hydrogen, halogen and the central
carbon atom with te carbonyl group he obtained. Trial calculztions
withthe trihalo- compounds (CFE-, CClB_’ CBrZ—) to determine the

2
halogen-carhonyl interaction indicated this was significantly different,
for the three halogens, and hence it was not possible to assume this was

equal for all the halogens. It is to be noted that in their calculations



. cqn s
on the 3C halomethanes,6 Phillips and Wray had assumed all interhalogen

and halogen-carbon interaction constants were independent of *he nature
of the halogen, whilst small differences were found in the hydrogen-

helogen interaction constantss

Attention was thus confined to one of +the hslogans and the

range of chloro compounds was chosen as a typical series (CI', - CHpﬂl -
) o
CHClP - 0013), to determine all three of the interaction constants.

Expressions were ohtained for the hydrogen-carbonyl (k ) and halogen-

H.CO
carbonyl (k(11 ~n) interactions in terms of the carbon-carbonyl (k )

.C .00
interaction from the shift of the CF, and CCl3 compounds (referred
1 . . 7
to 5CHq) respectively, but substitution of these into the expression
for the mono-chloro derivative led to a grossly unrealistic estimate

of the carbon-carbonyl (kﬂ ) interaction constant, and hence the

7. C0O
others.

Consequently, a quantitative analysis of this data has not
been possible, but the results available from the calculations on the
partially halogenated methznes do enable a qualitative explanation of

)

the above-noted discrepancies to be made, The changss in shielding

120.

noted for the series of bromo-compounds are parallzled by the corresponding

methanes (replacing —CO?R by H), and it was shown by Phillips and “Wray
that the marked non-linearity in the plot of carbon shielding against
halogen content could he satisfactorily accounted for in terms of the
appropriate interaction constants used in the genere) exnression for
carben shielding., Although fluoro- and mixed chlorofluoro-methanes
were not investigated, it was found in Uhapter 1 that in the sets of
acid derivatives, the progressive deshielding of the fluorine nuclei

inthe series CF, - COF, 01 - CRC could be understocd in terms of the
)

2" ?
theory, and sincethe carhon atom is at the ompoasite end of the C-W
bond, 1t seems rezzonabhle to expect the carbon shielding torespond
gimilarly. It may be concluded, therefore, that it is possible o
understand the observed shieldings of the acetyl zroup in a gualitative

fashion.
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Figure 2 shows that the carbonyl carbon chemical shift is
directly proportional to the sum of the electronegativities of the
suhstituents at the acetyl carbon, and hence it may be concluded that
the effects of the various indirect geminsl interactions have a negligitle
influence at the carhonyl centre. Least squares analysis of the data
indicates that the chemical shifts of the carbonyl groups may be estimated

according to the expressions:-

&>

182:08 - 2+1758Fppm(Ethyl ester) (1)

C&ﬁ_o 184+39 ~ 2+213gFppm(Methyl ester) ()

\s=

If these are referred to the ester of the unsubstituted acid, the

equations reduce to:-

A = 1250 - 2175 T ppm (Bthyl ester)

C=0

1544 — 2¢%31%3 P ppm (Methyl cstex)

ZkC:O

N

The rem.s, deviation of the chemical shifis may thus he estimated to

0+98 and 1:62 ppm respectively (to eqn 1 & 2).

3.2.1.2. Chemical Shifts for Carbons of the Fster Groups.

Attention may now be directed to examining the effects
of the acetyl groun substituents upon the carhon resonances of the
ester groups. Mable 2 lists the chemical shifts of the ester group
carhon resonances taken from the same spectra as used to comnile table 1
(i.e. for infinitely dilute solutions in carbon tetrachloride). The
chemical shifts of the methoxyl (_OCH5) and methylene (—OCH?> carhons
have been plotted against the sum of the Huggins electronegativities of

the acetyl carbon substituents as figures 3 and 4 respectively.
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It is seenthat each plot consists of several 'families of
lines', Thus f6r a particular halogen, the resonances corresponding
monchalo- dihalo and trihalo compounds all fall on one line, and successive
introduction of a halogen (at the acetyl group) produces a deshielding
of the ester o carbon resonance in every case. Fach halogen produces
its owm line, and all three lines intersect at the point corresponding
to the position of the unsubstituted acid, i.e. this is a common point.

It is also obszerved that there are lines reflecting the number of
hydrogens {or halogen substituents) on the acetyl group. Al though

the range of the effects are slightly different for the -OCH, and —CQH?~

N

carbons (431 and 5-18 ppm respactively), the nature pf 4l

—

e phenomenon
is exactly comparable for both series, vhich indicates that it rust arvise

SN H

from a provarty of the acetyl groun.

. . 8 .
Several experimental technigues have been used to establish
that esters of carboxylic acids, which are in principi& capable of
existing in either of the two planar conformations exhibit a preference

for the trans rotamer with te ester group syn to the carbonyl oxygen:

R R R' anti
\\\\ c) \\\\\(: ///

ST S

brans cis

The energy harrier ito interconversion of the planar forms has heen
determinedaé from infra~-red spectrato he 159 keal /mole for methyl
acetate and 13+1 keal/mole for methyl formate, and these high activation
cnergies arise from the paritial double-bond character of the -0

single bond, which has heen estimatedgd 0 be approximately 20 for

the latter compound.

Shapiroc and Sardella’ have studied the solvent dependence

Q
of the 1H and “F spectra of methyl mono-, di- and tri-fluorcacetate
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, . .
vhemical shifts of the ester grouns of the halocacetic acids

Acetyl Group

~

ey
CH,
cid 2131'
CHZCl
CHPr2
CH2F
CHCl2
leCHF
Chr

3

CHBYF

PhCHR

-39

(&)
-
Ch

1

*35
7+55
8410
8+30
8+50
8-70
8+85
905
9+10
925
9+45

1000

1020

1095

1170

13 13 3
8000 )Ch,,CHS g)c—ocnn—ﬂczi
ol o«

Ho

14958
15405
15397
1575+3
15195
1574+2
1519-4
16262
15593
162249
155644
160/ +8
15970

15916

ppm

5945
61.22
6119
62+ €1
60439
G258
6038
64+ 63
61+97
64«50
61+86
63+78
€3+47
63425

7

357+0
35140
3537
34246
354+5
3457
3527
342473

3

ppm

1418
13-9
14-C5
1361
1408
1374
1401
1360
1375
13469
13+81
13+ 61
17%+68

172464

127740
13132
131242
134345
12898
15408

1385+4

5075
52+19
52+15
5340
5126
57%+29

5506

5167
52476
5478
5234

52+75

jng A7
5347

124
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and established that the magnitude of the geminal H-F coupling depends
upon the orientation of the -"F grouping relative to the adjacent
carbonyl group. The long-range H-F ccuplings (between the fluorine
and methyl ester protons) were found to be largest when the fluorine
eclipsed the carbonyl group. It is apparent that the conformational
preference of the acetyl group influences nmr parameters throughout the
entire molecule, and it is probable that this property is responsible
for the nature of the variation in 130 chemical shielding of the ester

groups observed above.

The ahove proposal may he examined by a method analogous
to that used hy Shapiro7 which assumed that a disubstituted meihyl
group -CX{Y- can adopt either of two conformations relative to the

adjacent carbonyl group.

OR R
X X X Y

Y X
I L

The chemical shift of the ester group -0R may now he expressed in
terme of S9.C.8.'s which reflect both the nature of ¥ and ¥ and their
orientation (trans or gauche) to the ester group. Thus the chemical

shifts are given by expressions of the type:-

TN
AN
~—r

for I, DR = 28%  + SY

2

t

for 11,),, = 8% +8x, + &7 (4)

g t &



In such a manner it is possible to write equations representing all

combinations of hydrogen and halogen with type I or II conformational
preference, and the whole was analysed by a least squares computation.
Initial estimates of the various S.C.S.'s were obtained manually, but
even gross errors in these were allowed for in the »nrogram. The final

results of the computer analysis are given in Tables 2 and 4.

Table 3.  Acetyl Chemical Shifts for Methyl esiers (iz).

Acetyl Cheerved Calculated Lrror
Substituents .08, S.0.5. Obs.-Calc,
~CHC 2540 35405 2.15
- 81? 63-8 6610 ~2470
-CC1, 101-5 10154 ~0 04
—CHCfF 50+ 5 48465 1.85
-OF 751 7447 : 068
-CHCB 260 7%.88 0e70
—FH%r 666 67+76 ~-1+16
”“r 2 108+4 108+ 40 0-00
-CIi,,F 128 15+ 61 -2+81
—ﬂHf 40+0 41438 ~1+38
—cr,” 6745 6715 036
J
derived A.S.(0.S8's:-
25 O Z3.0 Br 3%2.38
g 72 7 g 33-05 e 33
]‘.t 15‘61 (‘l.t 55'44 br.t 40.64

Standard deviation of error = 1+56 Mz,

The calculations on both sets of data produced the same

conclusions with respect to the conformational preferences of the acetyl

groun suhstituents. These were that for compounds containing one or
tvo fluorine atoms, one fluorine atom always preferrad to =clipse the

carbonyl oxygen, whilst in contrast to this, compounds with on¢ or

126,
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two chlorine or bromine (but not fluorine) atoms always preferred
to have hoth the halogens oriented geuche to the cster groups, with
ne ccelipsing of the carbonyl function. fhose compouncds with a mixture

of fluorine and other halogens alvays producad the most accurate result

Z
Table A. Acetyl Substituent Chemical Shifts for —01)(1?{d of Tthyl Tsters (Hz)
I8

Acetyl Chserved Calculated “rror: S.C.S. (obs)-
Substituents S.0.5. 5.0.5. S.C.9. (ecale).
~CH, 01 A4%+9 A0+89 3401
—cnglq 784/ 81.78 ~3+%8
-0¢1,° 1071 127447 ~0+37
~CHFAr 635 65+ 29 -1.79
-O7CL, 1090 106472 229
~cw 01 101+2 101+29 -0+09
~CH,Br A4~ 4036 A+34
~CHfr,, 7945 BO+71 ~1+21
-CPr,” 1304 13045 ~0+06
~CH, 7 P37 24494 -1+24
—,H?Q 60+ 6 6040 0+ 20
-or,” 95+8 95486 -0+06

T35.464 o 40 8¢ Ry 0-3%6
o 35 e 4 ’) o 40«7
F'+ 2494 Clt 4569 PI‘t 1975
standard deviation of error = 2+06 Yz,

when the fluorine atom eclipsed the carbonyl group. Fxpressed alternatively,
these conformations enabled 211 the 1)0 chemical shifts of the oxymethyl

and oxymethylene groups to bhe claculated with a r.m.s. error of ? Ez

(0+08 ppm) or better whilst use of other combinations of rotamers

produced significantly greater discrepancies in the calculations of

total S.C.3. with standard deviations of 3 - 4 4z (0+16 ppm).
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17
It now hecomes clear why the attemptsto calculate the e

chemical shifts of the acetyl carbon using the Phillips-Wray equations
(section 7.2.1.1) failed - the theory does not allow for unequal
population of conformers. Indeed, it would predict that the gauche
and t rans acetyl substituent chemical shifts (ASCS) for the ester carbons
would he identical, which is certainly not the case for.the ester

molecules.

I'ollowing the success of the above analysis, it is of interest
to examine the wvariation of chemical shift of the ferminal methyl carbon

Z
cf the ethyl ester, and a plot of 81)0 against ST

vy (acetyl) is

shovm in figure 9. It is seen that addifion of electronegative
substituents to fthe acetyl group induce shieldings of the terminal

methyl carbon in contrast to the deshieldings observed for the oxymethylene
and oxymethyl groups. The magnitude of the effect is also considerably
smaller and covers a total range of only 15 Ha (0«6 ppm) compared with
140 Hz (56 ppm) for the oxymethylene group. IHowever, it is possible

to discern some pattern of substituent effects similar to that of the
oxycarbons analvsed above (see figs. 3 and 4) but the point corresponding
to any one 'family' exhibit a significantly greater scatter, and all the
chemical shifts for the di and trisubstituted species lie within a very
narrow band of 5 Hz (0+2 ppm). This latter point taken together with
the small total range prevent an analysis of the chemical shicldings

in terms of trans and gauche effects from acetyl substituents because

the error would be comparable with the ftotal range of shifts to be
examined and hence a meaningful result is not anticipated.

-

3.7.2.%. Carbon-Hyvdregen Coupling Constants.

In parallel with the above study tie directly honded carbon-
hydrogen coupling constants hiave heen recorded and these are presented

in table 5,

It is seen from table 5 that the C-H coupling constants for
the ester group carbons are easentially constant for all the compounds
and that introduction of electronegative atoms at *the acefyl carbhon

produce a total range of only 2 Hs Jor the oxycarbons and 1 Hz for the
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Table 5. Directly bonded O-H coupling constants Cor esters (iz),

Leetyl Ltlyl Tster Yethyl FEster
Crow 1 1

w o oo Ve v

2 ‘ 3

~CH, 1291 1457 12642 129+1 14642
—“H;Br 1537 14840 12740 153+0 1474
Sntel 151+3 14748 1282 151:5 1476
-CH3r, 181+2 14849 127+5 1807 14846
-0 1526 14840 1272 15%:6 14746
-CHE1, 1803 14848 12745 180+4 148+5
e OHR= 1550 147+8 1070 - -
-(Pr - 149+3 127+5 - 1249+ 1
_CIBEY 168+3 14940 1275 -
PhCHP- - - - 1570 -
~CHCLT - - - 187+0 1480
-0l - 149+5 127+8 - 1489
~CHF; 1905 1490 1275 1907 14846
_CFch - 14047 127+9 - -
¥ - - - - 1453
~Cr; - 14949 1078 - 149+7

Data are for 20 mole % solutions in oel,.

terminal carbon of the ethyl group. Consequently, it is not proposed

to examine these long range effects in further detail.

The directly bonded coupling constant for the acetyl carbon
shows considerable variation with the nature of its substituents, and
this may be znalysed in a manner analogous to that used by Nalinowaki9
for 1JCH in polysubstituted methanes CHXYZ. Malinowski found that this
could be expressed as a linear additive function of quantities KX,
'§‘{euu17;2, which describe the separate contributions of the substituents

X, ¥ and 7 respectively:-

1Jmi0mﬂm:=§x +C ¥ +-§ 7 (5)
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Thus the coupling component for the hydrogen atom g'ﬂ was evaluated
1
from the data for methane, qu = 125 Hz. alinowski's equation

atates: -

1 . I
T (CH4) = 5§1{ 125 Mz (6)

and hence g T o= A1-7 Hz. Zeta values for various substituents were

then derived from CH,X type compounds.
5

§x = JCH(CH;X) - QS H (7)

Teble 6 lists counling components for some of the common substituents

derived by Malinowski.,

- . . 9 , -
Table 6., Malinowski parameters” for common substituents X (IIz).

X ‘S % £ ?; A ¥ T; ¥

-1 4147 -T 076 -on 5246
-F 6546 ol 595 —00CT AT
- 6846 -s(o}CH3 5446 e 476
~Br 846 SN, 4946 ~CH, 4246

Before the data in table 5 can be analysed in terms of Malinowski
parameters, a value for the coupling eomponent of the alkoxycarhonyl
group -CO,R must be obtained and this is derived readily by use of equation
(7) with TJCH(CHB—CO?R), which yields a value of 456 Hz. It is seen
from table 6 that this is close to the value for -CO?H and may therefore
be considered a reasonable estimate, Tabla § shows that the directly
bonded coupling constant of the acetyl carbon is independent of the nature
of the ester group (methyl or ethyl) within ohservational error (w1 Hz)
and hence the average values are compared (table 7) with those derived

from equation (5).
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Table 7. Calculated % ohserved coupling congtants for Acetyl Carbon

using Malinowski parameters.,

CVY” 1J(,}I Soupling Constant Frror = (alc. - ohsa.
ohaerved calculated

~CH,Br 152415 155+9 +4+75

—CH?Cl 15714 15549 +2:5

~CH P 153+6 152+9 -0-7

-CHcw 1870 179-8 ~72

~CHBr? 1883 1798 -85

_CHQFQ 1906 176-8 ~12.8

~Cicl, 180+3 18248 116

~-CHBr 1809 18008 +1+9

T+ may be concluded from table 7 that the Malinowski para-
meters provide a reasonable estimate (within 4.7 Hz2) for 5 of the & esters,
but yields a considerably greater arror (up tp 14 Hz) for dihalo carbons
bearing at least one fluorine atom. Mis failure is not eonfined to
the esters: several other cazes have been veported10—1?. Yullexr
and Rose foundTO gome very large deviations Trom additivity in multiply

B

substituted methanes containing -F or -0CiH, as high as +41, 31 and ~-16M7

2
for )HF3, CEF 501 and CH()CH?‘)3 respectivelyv., Devintions of +6+7 and
+21+7 Ha hzave beena@ported11 for CH?FCN and CHF,CW but not for the

corresponding chlorine analogues.

Douglas13 has examined these consistent deviations from
additivity of substituent effeccts. He assumed that the 'diract!
substituent effect paramaters from the monosubstituted mathanes to

he constant regardless of the degree of substitution and found that the
introduction of pairwise interaction censtants (empirically dsrived)

for nighly elecironegative slements or groups enablad him to ecaleulate
directly bonded C-II coupling constants for multiply substituted methenes

2]

to within 3 Mz by use of 2 modified form of Malincwski's equation:-
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1 . " .
T = Nxf(ﬂ) + NX_YS(A,Y, + J, H(CHA) (8)

b4 y

effect (difference in Iy OF CEBX from uf4>; e v

distinet X-Y pairs substituted on the carbon atom and g(¥X,Y) is the

N, isthe nmumber of X atoms or groups; £(X) is the 'direct' substitucnt
~

is the number of
empirical 'interaction' constant. These parameters are used in Table

8, ad any pair not listed is considered to possess a negligible interaction

effect,

Table 8, Fmpirical substituent parameters for polysubstituted methanes.

'Direct! effect "Interaction effect"
b £(x) X Y glx,7)
- o4 T -T 13
-C1 25 - -C1 a9
-0, 15 -% —-CN 4
-CN 17 —OCH3 —OCH3 &
-CH,, 1 - -01 7
/

Msing equation 8 andthe values in table 8, Douglas reduced
the discrepancies for CHF3 and OHCIF? from +41 to +2 and +723 to +2 Ha
respectively. It is of interest to test this modified substituent
effect approach for those polyhalogenated esters which yielded a
poor result with the Malinowski equation. This requires the derivation
of the 'direct' effect of —CC?R on 1J’H and is readily obtained in
the manner used above for the Malinowski parameier ~CO?R, which
yields a value of A4+1 Iz. It will he assumed initizlly that hecause
-CO,R is not highly electronegative ( Pap = 2°5s Chapter 1) that
the 'interaction effects' associated with it are small and can be neglected.
It will be assumed further that the parameters associated with -0l will
he directly applicable to -RBr, as none are given by Douglas. The

results of thesc calculations are showvn in Table 9.
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Table 9. Directly bonded J,.. for acetyl carbon using the Dougl a3

AVIUY
equation.
Sy 1JCH coupling constant (Hz) Frror calecd - obs,
obsexved calculated
~O¥ Tir 15315 1541 101
=001 1514 154 «1 D7
~CH,® 15346 153+1 0-5
~CHCLIR 1870 1851 ~1+9
-CHRrT 1883 1851 —Ze2
—CHE, 1905 1001 —0ed
—CHCI? 1803 1821 18
—CHBr? 189.9 18241 —1e?

It is readily apparent from table 9 and a comparison of
the errors noted there with those of table 7 that *he pairwise interaction
between [luorine and itsell or the other healogens have very successfully
accounted for the discrepancies noted from the simple Malinowski approach.
It is also clesr that 1ittle correction is needed for pairwise interactions
betwsen halogens (including fluorine) and the-0 O P sgroup and it was valid
w0 assume that thess torms could be neglected. The compound with the

_ntT

largest residual erwor (%+2 in) is -77Br and *o obizin 2 more sccurate

1

Tom

for th2 model compounds CH,Pr and CHaBr are needed, Similarly, trial
5

cetimate of the directly bonded coupling precise measurcments of

calculations to obtain the Nr-2r pairwise interasction conztoant indicate

4

this to he in the range of 0 - % ¥z and again necessitates accurste datn.

134.
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Z.2.1.4.  Carbon-IMuorine Coupling Constants.

In parallel with the ahove study of the carbon-hydrogen
spin-interactions, the coupling of fluorine with hoth the directly bonded
acetyl carbon and the geminal carbonyl carbon were recorded for the

fluoroacetate esters and are presented in Table 10,

Table 10, C-F Coupling Yonstonts of fluoroacetates (Hz).

Acetyl Methyl Ister Fthyl Ister

Group 1JcF ?JCF 1JCF QJCF
—CHQF 182+6 22+1 1826 22+4
~MeCHEF - - 183+5 2248
~PhCHF 18840 275 - -
-CHBrF - - 2641 255
-CHC1F 253%+4 264 - -
—CHF2 248+8 28«7 24945 28-8
—CFClQ - - 3057 300
~C?,C1 3005 345 30046 357
—CF3 2848 122 285+1 4244

It is apparent from table 10 that the alkyl ester group
has no effect upon the ohserved coupling constants within the range of
experimental error (+ 05 Hz) and hence analysis of the data from the
nine fluoroacetates will be conducted upon the average values. Table
10 also reveals an interesting difference hetween the twotypes of
coupling constant: <the geminal coupling to the carbonyl carbon increases
steadily from the least to the most electronegative member (top to bottom
of table); whilst the directly honded coupling with the acetyl carhon
exhibits a maximum for —CFClp (306 Hz) which ig considerably greater

than that for —CF3 at 285 Hz,
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Tt would be valuable if the directly bonded coupling constants
could be anslysed in 2 manncr similar to that employed for the O-F
couplings. Early attempts at such a method were undertaken independently
by Harris14 and van der Kelen11 for some fluoromethanes and fluoronitriles,
using an approach analogous to that described above for a simple additive
substituent analysis of 1JC by Nalinowski.9 Nquation 5). Harris
found that values of g ohtained from CF3X compounds and used to predict
1JCF for CFQXQ and CI«‘5 vielded theoretical values considerably in excess
cf the observed coupling constants. I+ was concluded that the apparent
g values dropped in the series CF5X - CFQK2 - CFBX with deviations from

cis . , . . . 1 LY
additivity which were negative in sign with respect to J this was

cr*

particularly marked for X = H and was also true for ¥ - C1 or Br, and was
1R

also true for compounds of thetype CFYY. *he data in table 11 indicate

the apparent fluctuations in Y +~ found by Harris.

A

Table 11. Apparent & «_values for 1J”‘F (Ha,rris\,14
7 ¥

Fey

§ X or, oF,X CF X, OFi;
V; — 'IT‘, g"? 8004
X = H, J’H - 10145 742 157+4
{ =20 - 0 2.
X =10}, §<}1 11 1122
% = Pr, fBr - - 135 1939

. i N s .
Jan der Kelen reported a similar non-additivity of'g,,fbr the series
I
CWBOJ - CHFQCN and CH2VCN. Tt was assumad that'gtnq, calculated
from OF,CN was constant at 852 Hz, vhich yielded values of.'gTT of 719
o !

and AZ+4 Yz respectively.



137.

It is clear that the simple additive relationship was not

providing a realistic estimate for Jﬂp, particnlarly molecules containing
2
15

several highly electropozitive elenments. Malinowski wags quick +to note

. 1:
this failure paralleled that of J and extended ths TNouglas trzatment Z

mq’!

el

of T, using parameters which reflected pairwise interaction of substituents
1 1.

to cover JCF and Jaime

(8) could be re-expressed as:i-

Malinowski considerad that the Douglas equation

Ter = Sx + Sy + gz +Cw  + S * ﬁyz (9)

where vy Vas the interaction perameter associated with substituents

¥ and Y and independent of substituent 7. e now redefined the interaction

paramcter by:-
— Ne S -
1~ ~ Sy + 0 508« *T 0 (10)
such hat equation 9 reduced to

(11)

Top(a) = Ayt ks * ks

Table 12 lists the parameters calculated from equation 11.

H,0 526 W, H 2%+ 6
7T 8640 ™, Br 11940
01,0C 11242 7,C1 106+5
Rr,Br. 12440 F,CN 89+0

01,1 90.8 1,00 507



The C-F coupling constants S

o} FAN - A 3 o sy
using 7 v {table 13) are now in very gocd agreement withthe obhserved

s

values, with a maximum error of 6 Hz for CH,F,. The errors in

7

caleulated Tor C7 X, and CF?XY

" OF

which would occur if the simple additive approach were used ore also

recorded in table 13 to illustrate the considerable

wise interaction amnnroach (e.g. error for CH.F. = 63 Ez),
PR > p;} P

1

success of the pair-

Table 13. Application of ﬂ vy 20 Jan (Hz)
¢ J Using jsing ¥

ommound obsd. : Using qu7, i Using ‘ ,47 )

“cale cale—"obs “eale “cale “obs

CH, M, 2334 | 239-7 +603 2894 +67%
qur 2578 2600 +42 3868 429
”ﬁ‘?cl9 20407 | %2542 1045 A48 +20
OF HCN PA3e5 | 2403 —10 T07%.1 +29

#V - Values calculated using S,‘ = 127+2 Hz (ex 1JﬂF CH.,71 299

1 ¥ v 2

o OF1r = 324 I'z): data from ref. 16
- z

5+2 Hz ref. 11,

m
‘he success of these crlculations suggests
will accurately predict the coupling constants observed for the

electronegative ester molecules under investigation. This

estimates of the 7 narameters representing intersction hetween the

alkoxycarbonyl —GO?R group and H, I and Cl,
cr .PO?‘ PPh? C A~ and F“”lq.,O R.

. 1,
on the esters ,uFlp— Calculation of J

(‘,_
IQﬁnﬁu I

v"'(-‘(/ ,)Ra
other esters necess

\V \i C t\F‘ 1
(e.g &+ N ypocp f] GO T hich are not accszesnible

data available. Mowever, the

a check on theapnlication of the interaction narameter approach to the

ester moleculns,

The data in tahle 10

prrareters to beestimated as”, o = 650 ¥z, o =
n p,\.}roll

IR /,;'~

enables the required interaction

Ge4 Tz

that cquation 11
1ighly

requires

which can he obhtained from
The derived values can be chocked
for the
itates the derivation of other interaction parameters
with the limited

'permitted’ calculations should provide

138.
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and ~ ~ = 968 iz, These values, together with thoss in table
\Jl y ~/O ,)R .1
12, were used to calculsnte Jan for the test esters with the results
JJ,.

shown in table 14.

Mable 14.  Calculation of 5 for fluoroacetates (5z).

CR
1

Compauri(! JCF Caleculated JObs Jcalc - Jobs
CIL00R Qi FNoo R +)F.COLR = 25840 24941 -8+9
CHIG1 .00, 7 _ .

HOLCOR N +’}“.(,00R +001.00F = 252+6 2534 0.8
01,00 R _
CFB-C0R oy +7LO0R +A 100G = 302:7 300+ —pe

It is seen from table 14 that equation 11 provides a very good

hh
i

estimate of the P-C directly bonded coupling constants. The only compound

to display a significant error is the difluoro ester, (-8:9 Hz) and this
discrepancy is similar to that for difluoromethane (+6+3 Iz) which also
displayed the greatest error for theseries of fluoromethanes (table 13).
Within the limited data available, it may be concluded that the method

is capable of extenszion to he compounds of interest.

The remaining point of interest in this section is the variation
of the geminal fluorine-carbonyl carbon counling with the nature of the
acetyl group substituents . Tt wag noted earlier from the data in
table 10 that 2JHF appearad to inerease stoadily with  the tolal acetyl
group @lectronegéfiVity, and figure 6 reveals that this is indced the
case, A least-squares analyciz yields s correlation coefficient of

980.



3.2.7.5. Proton chemical shifts of the ester groups.

To complete this MR study of thehaloacetic esters it will
1
th

be interesting to examine the wariation (if any) of the H chemical

: o~

shifts of the Lydrogens inthe cster groups, »s a function of the acetyl
; T s . 1%

group substituents. flthough H is a less sensitive nucleus that 0

and the protons are located one bond further away fron the acetyl group

carbon, it is possible that the nrotons may show such variations.

Since the range of substituent chemical shifts anticipated
is small, it is important to ohserve at conditions of infinite dilution,
or a concentration at which solvent effects are negligibla. Therefora,

021, was chosan as a suitably inerit solvent and irial dilutions mads
4

using CHC1P,CC, R, which had been found to exhibit the largest dilution

. .19 ¢ 17
shifts in 7% and “C

spectra, Tt was found that the observed chemical
shifts were constant over the range 1 mole ¢ to 0+0625% mole ¢, and hence
it was concluded +that dilution effects on proton spectra would be

m

negligible. fable 15 records the chemical shifts of all 25 esters for

. . 0 .
1 mole % solutions in CClZ at 31°C { ambient probe temperature).

It is seen from table 15 that the chemical shifts of the easter
group protons expericnce a2 marked dependence on the nature of the aceiyl

group substiituenis: +the -0CH,- and -0CH, protons 2xhibit s range of
2 5 !

3
0«35 and 040 ppm respectively and even the terminal methyl group of the
2thyl radical has a total variation of 20 Tz, The corresponding values
obzerved in the 130 spectra are 52 ppm, 46 ppm and Q0«6 ppm, 2nd thesge
reflect the greater sensitivity of the latter nucleus to ‘the substituents,

The nature of these

<

eriations may be suitably examined via plots of the
chemical shifts against the sum of the uggins electronegativities of
e acetyl group substituents, and these are shown in figures 7 - 9

respectively.

It is observed that 211 three proton species yield plots

- . 13 . .
that are very similar in nsture to those of the 70 miclei, with several

'families of lines' being apparent, Thus all memhars of a series CH?K—.

140,
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Table 15,

1

H chemical shifts* of haloacetic acid esters

143.

0o
\JX{ZJ

-CH
3

~-CH,.Br
z

-CH,C1

—CHBrQ

—CHF

2
-CHC1,
red
-0B
T3

~PhCHF

~CHOLT

-0,
s

.
il A

2
-CFCl2
-C¥,,C1

nis
u}‘

3

T
Iy

6.6
7+35
T+55
810
8+ 320
8-50
8-85
910
9725
945
1000
1020
1095
1170

439-0
43147
439+0
43847

4394

# data in Fz to low field of M™S: §= 03 x 10

CHY -,

cormmon number of ¥ or

7y
RIS S
2

-2

ppm

c
XY7.C0 R,

2

lie on one line (for each X) and 2ll compounds with a

X substituents lie on z separate line.

Introduction of any halogen substituent at the acetyl carbon deshields

the protons, even of the terminal methyl group of the ethyl moiety,

. X 17 . . . . . .
in contrast to its G shift, which experiences increased shielding.

Parther comparison of the

OH 7

I

X
n 3-n
- 01 - Br is always deshielding for

13 . .
’C datareveals that in the family

v

in Al

s n constant, the offect of increasing the atomic weight of X,

13 . .
‘0 chemicel shifts, but for

T the opposite is found to be the case, with shieclding for n = 1 or 2,

and only very slight deshielding (total range 002 ppm) for CX..

Migures

3



7 = 9 also show that the resonances corresnonding to the unsubstituted
acetates are not (apparently) the common pointz for the lines, but are

offset ca. O0-1 prm to high Tield of the point of intzrsection.

It must be concluded from the extensively similar nazurs
of figures 7 - ¢ with figures 1 - 4, that the protons of the ester
group are expriencing the same influences upon their chemical shift as
the 13C of the ~OCE?— and ,CHB moicties, Tt will be recalled (section
3.2.1.?.) that the iatter datn were suceessfully =analyzed in terms of add-
itive acetyl substituent chemical shifis, when due allowance »as made
for +the conformational preferences of the halogens. Hence it was
decided to test this pronosal via snalysis of this data in the manncr
12

described for the ¢ chemical shifts of the oxycarbons [section 7.2.1.2)

144,

to determine if the 1H chemical shifts were able to support the conclusions

. . 12 s s
reached inthat section from -0 data. The initial least-squares computer
analysis for 211 threc types of proton failed to confirm the prediction

. 12 . .
found with the ‘0 data, The probable reason for this apparent failure

has been noted in part above: +the families of lines for compounds of
the type CHan 0 CC?R, X constant, intersect very close to the noint
/— -

corresponding to the parent acetic aecid for the 139 data but there is 2
considerable error for the 1H nuclei, This fact taken in connection
with the considerably smaller range of chemical shifts experiences for
1H mist yield a greater statistical error in any analysis, hased on
substituent chemical shifts. Thus, although < for 130 and 1H data
are 1 =2 Hz in both cases, in the former this is 19% of the total range
but is an order of magnitude greater for the proton data.

In an attempt to test this hypothesis, the 35,.C.S. 1H data
for -CCH, were corrccted by the approximate amount of the apparent 'zero

~

error' in 9.0.5. (10+5 Hz, see fig. 8) and the least zquares analysis

repeated, The standard deviations were markedly reduced {(to 0:8 - 0.9 Iz

for all possibilities of conformational preference) but again a well defined

conformational preference failed +to appear.

It is clear from the nature of figures 7 - 9 that the protons
of the ester groups are indeed experiencing the same stereochemical
- 13 < o s
offects as the 7 rmelei (figures 1 - 4) but the method of snalysis is

not sufficiently accurate to confirm this with the data obtained from =



145,

less sensitive nucleus sand hence subject to considerably greater error.
. 1 .
It is concluded that the pattern of M S.0.9. can ke understood on a

rd
qualitative hasis from the knowledge obitained from the 1"C spectra,

«2e? Ami Nexi Lives c e B ” . cetic Acids.
32,2, Amido Derivatives of some &L Fluorohaloacetic Acids

The 130 NMR spectra of the three series of «fluoroacetamides
are now examined to complement the 19? investigation, described in chapter
1. The choice of solvent(s)vresented problems similar tothose given
in that chapter, viz. the low stlubility of *these polar compounds, (especially
the primary amides), in 0014, and it was not nossible to record 1)C spechtra
in this solvent. Two Further complications arose in this arca. Pirstly
arising from the low natural abundance and detectability of 133 and the
reduction in the signal- to-noise ratio caused by the complex spin-coupled
multiplets in undecoupled spectira, it was desirable to obtain 10 - 20 mole
7 solutions for this purpose to yield well-defined absorption bands
from which to measure coupling constants accurately. Secondly, it was
necessary to record spectra of the N,N-dimethyl amides at temperatures

sufficiently low that all internal rotation about the (0)2-N amide bond

had ceased.

Athough no one solvent was ahle to fulfill all these consid-
erations, denterochloroform was found to be suitable for all the spectirs
of the N-methyl 2mides and the majority of those for the primary amides.
The counling constants of the latter series were also recorded in methanol
for theabove noted reasons. Severe problems with phase separation were
encountered whsn atifempting to use ODT1, as solvent for the tertiary
amides =2nd the low temperatures requireé (-?OO to ~BOOC), but this was
overcome through employing CFC 7 with CDBOD (ext) as lock signal.

Spectra of some of the primary amides in C‘DCl3 wore of necessity
recorded at elevatod temperatures (45 - 550) o obtein dissolution. In
of

these instances, the solution concentrations vere 5 mole or less and

hence the measured chemiecal shifts vere censidered to represent closely
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el

they values at infinite dilutiorn. The chemical shifts of the other
primary amides and all the secondary amides were 2xtrapolatad to infinite

dilution in 2DC1,: such a procedure was not feasible for the N,N-

)

dimethyl amides, vhose snectra required 12 hours accumilation for 5 or
10 mole ¢ solutions, and hence a small quantity of ™S was included in
the solutions. Tall details of the experimental conditions used for
13
al

the acquisition C spectra of the amides will bhe found in sections
3.2.2.3 1o 3.2.2.5.

3.2.2.1 Chemical shifts of the acetyl and carbonyl carbons.

The chemical shifts of the acetyl and carhonyl carbons of 2ll
three types of amide will be considered initially: it is anticinated that
these will exhibit the same general trends with acetyl substituents found
for the series of esters but may display some minor variations which are

2 function of the amido nitrogen substituents,

Values of the chemical shilis of ths acetyl and carbons in the

series of zmidss are given intsbles 16 and 17.

Table 16 indicates the results of successive N-methylation upon
the acetyl chemical shift are not additive or of equal affect, as was
found for the effect of successive N-methylation upen 19? chemical shifts
in Chapter 2. Mono-FM-methylation generally induces a downfield (positive)
shift of ca. 0+5 ppm, with the exception of the WeCHF- and CF5— amides,
Tor winich a considerably greater degree of shielding and deshirlding is

ted resvectively., Introduction of a second N-methyl sgroun generally
yields a shielding influence of under 1 ppm, but this is considerably
greater for the propionenide derivative (MeCHR, — 2+58 ppm); whilst the
ti- and trifluorcacetamides experience z deshielding of upto ? ppm.
There is agein no significant correlation with the nature of the acetyl
group subhstituents. Although the overall effect of di- M methylation
produces a changs in shielding of under 71 ppm, there sxists a range from
-5+C5ppm for MeCHF- to +3+61 ppm for CFB and it is apparent that these

effects are not directly related to the nature of the acetyl group or the
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13

C themical shifts of acetyl carbon in

1

2
<M
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C yvpe 0.2 (ppm).

XY7

~TT
wil,=

CcH

(SR

M

[

MeCilF-
ClBrH~

FPhiill'-

2£EXYI

[N

66
8+3
87
9+05
9410
9-25
10+00
102
10495
1.7

“ ATTT

4 =Iiln

22434
80«01
9250
8406
9169
9371
10817
11179
118+ 60
11319

0 =
WHVe

23410
8C-39
8007
8466
91+99
94 +08
108+ 55
11236
119413
115+95

n o=
IM
NMe 2

21-44
80-18
86415
93-07
110+59
11199
118+55
116+80

Sy (e~ Slmie -

NHQ)

0:76
0+38
~3-47
0+ 60
0+30
0-37
0+%8
057
0+5%
276

Table 17. 130 chemical shifis of carbonyl carbon in

\

NHME)

-1+66
-0 21
~258
-1+01
2-04
~0+37
-0+58
0+85

| 1%
( 0.2 (ppm).

KAty

-0+ &4
2:47
0-20

-0+05
2461

CHBrI-
PhCHP-
CHC1I-
CEF -
CrCl -
I
CF201—

OF -
2

6+6
83
97
905
9410
925
1040
10+ 2
10-95
1147

N o= JYH?—

7359
17041
177-72
16742
166459
16482
163+48
161+53
158491

0 =
NHMe

170491
16818
17111
165+42
160403
164+ 65
16%+18
16202
16006
15795

163410
161+81
159+26
158+ 11
156426

i
A.LZ

Sv(Mile~ e -
N, THE
pebp -1486
—D+2% -
~Ge11 ~310
=200 -
=1+94  =1:55
-1+64 ~1+37
~1:46 ~2466
—1.47 ~1+85
-0+96 -1+69

SV(quQ—
NE,

~4+54
~9+79
=3+49
~301
~4+12
~Ze4?

-2+ 65
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site of N-methylation in a simple fashion.

The effects of successive N-methylation upon the carbonyl
carbon chemical shifts are listed in table 17, and depicted grapnically
in figure 10 (a - c). Tt is seen from %able 17 that mono-lT-methylation
produces a shielding of the carbonyl carbon of ¢+96 to 27 ppm, and
figure 9a reveals that this correlates well with the total elecironeg-
ativity (£7) of the acetyl group substituents. Addition of a second
methyl group yields further general shielding of 1+¢5 to 3 ppm and figure
10b shows there is little dependence upon £ 70, The overall effect of

e,) is illustrated hy figure 10c which shows that

I'-methylation (MF, —

~

nett shielding of 2:85 to 4+54 ppm is to be expacted, with the exception
of the 2-fluoropropionamide derivative, which exveriences a considerably

greater upfield shift of 9-49 ppm.

150.

m - . . . . = .
Ihe ebhove behavioural pattern of non-additivity and increasingly

- . 12 . -
the ¢lfects of N-meithylation upon 7 chemical shifts (Chavier 2) and
. - . 1
these are probably founded in a cormon origin, It is knowmn ! that mono-

Yemethylation of an amide introducrz the methyl group in the syn position

with respect to the carbonyl group:-

vaz\ - H  ank
—N

AN Me. syn

and it was proposed in chapter 2 (section 2.7 ) that hecaunse the
l-methyl group is remote from the acetyl carbon it will not disturb the
conformational preferences of the latter centre. Introduction of the
second methyl group to the anti position places the hydrogen atoms
spatially closcr tothe acetyl substitucnts such that they could influence

and hence modify these conformation preferencos.

An example of this hypothesis is probably provided by the

series of 2-fluoroproplonamides. The confermational preTerancas of



the Me,CilP- moiety cculd not te studied in the previous section (7.2.1),

Mo

Y
vecause it was not possible to synthesice He CTP=CCL,0R, L‘onsequen‘cly

it i=s not knorm if the preferreld conformation is that vith ¥ or Me

v,

eclipsing o carbonyl gsroup. Tf the latter were found %o be zrue,

[$%)

it would not bz reasonable to expect data relating to this compound

(M2 CF.CCLTR A) to show much correspondence withthe series ofek fluoro-

4R
haloacetamides, which have been shown to exist with one fluorine atom
preferantially eclipsing the carbonyl oxygenatom. This voint is however

one of speculation and cammot be discussed further,

I{ will be recalled that the series of esters sxamined in
section %.7.1. were taken as models of the parent =cid fragment FY”” co-
which could be studied without any influence of the amido-— moiety. It
is instructwve to cxamine any differences vhich do occur between the
ezter and primary amide for each compound, and these are sef out in

table 18,

Table 18, Differences in acetyvl and carbonyl chemical shifts for esters

151,

and amides of the typo CKYZ.CO.Q. (ppm).
Corv 32}3caa TE"VYH | Pazo
: Vo = ore Dﬁ NIL, SJng—mwe Va = ore Vo = M, ;&VNWQ—OKG

CHB— 66 20.08 . 22.34 206 168+25 173-59,1 A6
CH - 8.3 76462 . 8001 3329 166463 17041 | 7+78
VeQEP- . 87 | 84-70 . 9250 780 | 1€8-81 T 8
CFBrR-" 905 | B0<40 8406 3.57 16320 167.42 | 420
CEOLF- 9425 | 90+62 97471 3.09 | 163.22 16659 | 337
CHF p= 1000 106420 i 108417 % 197 161+69 164+82 %13
cpci?—g 10420 | 108+66 11179 ; 7413 159.96 . 16348 3450
Cvzcl- 10.95 i 118-46 118460 { 0«12 158-80 161+53% 2:7%
R~ 1170 | 114+24 113219 =1+05 157413 158-01 | 1478

) i
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Table 18 indicates that the acetyl carbon undergoes an
average deshielding of ca. 2+9 ppm upon ammonolysis of the ester. The
nvropionic acid derivative exhibits a much larger difference whilst the
two moat electronegative compounds experience little change and slight
shielding respectively. Pigure 11a indicates there is little correlation

with total acetyl substituent electronegativity (£E5).

The carbonyl carbon also experiences a deshielding upon
conversion of ester to amide ranging from 4:6 ppm to 1+8 ppm, and figure
11b indicates that this difference is proportional toZ™. Again the

propionic acid derivatives yield anomalous data.

Tt is noteworthy that the change in shielding recorded for
hoth the acetyl and carhonyl carbons of 2-fluoropropiocnate upon ammonolysis
are considerably larger than the range of vsluss found forithe series of
o fluorohaloacetic acid derivatives, These obgervation lend support to
the proposal discussed above that the MeCll?’~ moiety exists in 2 conformation

in which the fluorine atoms does not eclipse the carbonyl oxygen.

T+ is recalled from the study on esters (section 3.2.1.1)
that 2 plot of the chemical =hift of the carbonyl carhon against the sum
of the Huggins electronegativities of the acetyl group substituents (€£7)
was linear (figure ?2). Since it has bren found that the difference
in chemical shift of this carbon bhetwren ester and corresponding amide
is also prowortional to &I (figure 11L) it is anticipated that a direct
nlot of chemical shift vs., =R will produce a lincar relationcshiv, with

¥
the results showm in figra 12 (2 - ¢) for the three emide types. I% i

-
0

>rably

obsnved that the point corresponding to the propicnamide depart constl

de
from the relationship indicates by the remaining compounds, and the values
derived from 2 least-squares analysis for the latier are presented in
tanle 19, along with that obtained for the methyl esiers for cermarison.
It is cencluded that the factors influencing the chenmical shifto of the
carbonyl group for the amides are similar to those discussed for the

coters.
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Table 19, Tczast squares analysis of carbonyl chemical shifts.

~ 13{\ /‘) Faltd -
Sy C0.0 -~ figure 11.
2 slope intercept correlation std. devn.
ppm. B {(ppm) coefficient (opm)
-0OMe ~27%13 18408
NN, =205 193.89 05007 0532
-dldle =2+70 190+16 0-0A57 1311
~13e -2+53 18607 0-9888 0618

AN

.2.2.2 Coupling constants of the acetyl and carbonv] carbons.

Attention in this section will be confined to the directly
bonded and geminal coupling constants of the acetyl (GXYZ.CO—) modety;
other couplings associated with the amide part of the molecule will be
considered in following sections dealing with features specific to each
amide series. Values of the directly bhonded coupling constants (1ch
and 1ch) recorded in CDCIS solution (CFCI3 forthe 11, dimethyl amides)
are listed in table 20, with those of the corresponding ester for
comparison (data from tables 5 and 10). It is seen from table 20 that
values of the observed coupling constants are essentially independent

£

of the mture of the =acid derivative (ester, amide - dimethyl amide) and

)

conseguently the analyses cof these coupling constants discussed in

section 3.72.1.3%3 and 3.2.1.4 are valid here,

T

carbon were also recorded and are presented in table 21 in 2 manner
snelogous to that for the directly bonded couplings. It is seen from

this table that the thrze values of the geminal coupling for the smides

156.

The general coupling constants of +the fluorine to the carbonyl



Table

20 . J)ir‘:sctl;y* bonded coupling constants in amides

n
C
KY 7

0.0

Sy, 1JC—H (47)
. oo n
gq? Nime on (9)
O, - 1279 127+8 1291
Cl - 154+5(2)155+1 15346
MeCHF- 156+0(2)155.8 155+0
CHBrF- 1883 18841 18843
PhCHF- 158+3(a)156+4 1570
CHOLF- 1870 1867 187-0
CHF - 192:4 1904 1906
oFel, - - -
CF 01~ - - -
CF_ - - - -

Table 21.

solvent (D) CCY jsolvent.

NH
-2

18643
1830
26640
1880
D552
2518
30745
3016
287-3(a)

1852
182+5
2057
1874
254 -4
249+9
30740
302+0
2867

(Hz)

AT

aTne

e -
-

178+5
17641
05047
05242
203+7
300+5
287 +4

N 2 . . .
Geminal T, .. coupling in amides CXY”'CO'Q (Hz)
N £

-

XY7 X

A i YHle
W) .‘1-‘ . L]

] 151 471
1e NHT 21+0  19+0
CHBTE 2040 21e1
PhOH 1940 2146
CHOLT D3.3  2Deg
oI, Dhe5 24T
OFCl, 2740 2547
07,01 31+5 2943
o - 374
(a) ~nc1,  (v) «arcl

2

A ambient

o)

18246
1835
2641
1880
2534
DAY 1
3057
3005
285+0

157,

J(CR) - J(NRR')
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derived Irom sny one parent acid all liewithin a range of ? Hz,vhich
is the order of error cxrected in their measurement (400 Hz spactral

T

vidth imnlice digitization in the frequency domain of 1 1iz/point).
Comparison of the averaged coupling for the three amides with that of
the corresponding ester indicates that the former is a2lways less than the

T
latter, and this differsnce amounts to an average of 46 Hz.

Tt is concluded that H-methylation is without effect upon
the geminal fluorine-carbonyl coupling constant, but . that this is
reduced upon substitution of the highly electronegative alkoxyl group
(-0R) by the less electronegative amido (~NH?), which represents a change
of 3¢5 - 305 = 0«45 Huggins Olectronegativiéy units. Mots of ?JCF
vs., &7 are linear (figure 12 a - ¢) as found for the esters (fig, &)
and data derived from the least-squares analyses indicate that the

above change in coupling constant is consistent with a reduction in the

total directly bonded slectronegativity of 0:83 Tugging units.

7.2.2.3. Teatures specific to the nrimary amides.

r4
T . . . g
ilerein interest centres upon 2 long-range coupling ~J,.

[O5Y

observed between the acetyl carbon and one of the amido protons.
These vary with the nature of the acetyl groups substituents snd are listed
in tabhle 272, The naturs of this variation may be examined in a . manner
analogous to that employed for the long rsnge (4JW ) ) fluorine-1H

Y

13 >
IR 9N

3
coupling (chanter 1) hy a plot if U e Against T, Fig
depicts such a plot for the coupling recorded in methanol. It is seen

that the values are not dircctly proportional 4o £TF (s was found for

&

TJF T”) but appear to cxhibit 'families of lines' similar to those
iV

obeerved for the chemical =hiftes of the ¢ ster csrbons.

The observation of this long range coupling is specific
to the primary amides, and it is not detected for the -VH'e =sries,
& B )

ey 17 . .
It is known ! that the latisr always existse with the N-methyl group
7

to the carbonyl and hence this imnlies that the /J(1 oy counling must

0
A
3
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Dable 27, Tong range C-H coupling in primary amides 70 COJVI, (Hz)
ALy o

Corrry é:—:}:ﬂﬁ 3%“ int 01,

JeCH BJ”H tenp (°0) (2)
0l 66 71 715 50
CH,P 83 63 - -
Me (I 87 540 - -
CHBrT 9.05 9.2 777 -
PheIHP 9-10  Ui10.0 - -
CEC1F 9e25 9.05 775 -
CHF, 100 8.5 T3 45 (b)
Crel, 1042 1108 - 55
Cr,C1 10-95 10+9 100 4
(}F3 117 {10 0 50

) 0
votes: + 211 deta in }MeCH at ambient probe temperature (25°0)
(a) when not given, data at probe temperature

b) chemical shift data recorded at ambient on diluted solutions.

be to the -NH which is syn to the carbonyl oxysgen. This is the onposite

4
to that found for "J, ... where it was shown (Chapter 1) similarly that
e N

1T

the acetyl fluorine atom couples to the anti -NH proton.

Data for trifluorcacetamide is unfortunately absent because
the compound undergoes intramolecular exchange in methanol ( Chapters
1 and 2) and also apparently in CDC1l, solution. This prevents a more
z

detailed examination of the variation in coupling constants in a

manner utilized with the ester chemical shifts.
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2.2.1.4, Teatures

specific to the secondary amides.

These are associated withthe properties of the N-methyl
group, viz. its chemical shift, directly bhonded
and geminal C-NH coupling with the amido proton, which are given

in table 23 for infinitely dilute or 10 - 20 mole ¢ solutions in

ODCl3 respectively.

Table 23, MR parameters of IMe group in O

~

“ryz : Voo

(ppmd
CH, 66 26+40
anp A3 2555
MeCHF 87 25460
OHBYP 9405 2640
PRCIP 910 2585
CHOIF 925 2634
CHF, 100 594
OFCL, 1020 27419
OF,01 1095 2671
ory 1107 26441

The variation in chemical shift with the nature of the

acetyl group is examined in figure 15, from which it is seen that

'Tamilies of lines!

~T

the parent CH,- acid is not the point of origin, this form of relation-
S

ship is tole expected hecausc the

relationship to the acetyl

thie nature of the effect obsorved

Similarly, it is not surprising thet this influsnce should also be

parmeated into a varistion of the dircctly bondzad C-H spin coupling

exist with -CK

1376
13849
1387
13046
1390
13946
139-7
1402
140-3
140415

T'— as the common point.

2l

coupling constant

as the alkoxyl ester groups, and hence

here must arise from the seme origin.

although

163,

M-methyl group is in the same geometrical
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(figurc 16), from 177+6 Hz to 1.0+%5 MUz, Although this is only =~ range
cf 2 17z it is real because all the coupling constanls reported in this
1

section were recorded under conditions of relatively highiesolution

(10007~ epcctral widih imrlying a digitization of 025 Iz/point).

The obhaerved rangs of the chemical chift variation, 1-65
(—00??—,
5+18 ppn, and —QCH, 4+2%1 ppm) but analysis of *the data in a manner

prm, is considerably less than thot for the alkoxyl groups

analogous tothat of section 3.2.1.7 is preventad because the data from
the acetanides do net represent ihe point of origin, Consequently it
is not possible to utilize this data to confirm tlie conformation=l

a3

preferences deducad from the ester chemieal shifts.
1

Tt was possihle to resolve a small geminal coupling across the
nitrogen atom between the N-methyl carbon and the amido proton. Table
23 shows that this amounts to 2¢7 Hz for M-methyl acetamide and decreases
(sign unknown, assumed positive) with introduction of electronegative
substituents at the = cetyl carbon, yielding a range of 0:8 Hz. igure
17 reveals that this trend correlated well with €7, and both these
observations exactly parallel those for the long range coupling hetween

ncety) fluorine and the same (i.e. anti M) proton.

Z.2.2.5 Yeantures specific to thes tertiary amides.

The points of interest are the chemical shifts and long
range couplings of the Nmethyl groups and the relevant data are listed
intable 24. A11 the spectra were recorded in CFC 3 at temperatures
sufficiently low that intermal rotation about the ¢(0)-N bond had
ceased, this point will be discussed in further detail later. It is
seen that the effects of temperaturc and concentration differences are
minimal from the datae for dimethylacetomide at —300 and —BOOC, and
consequently the chemical shift values ohtained for the other amides

are considered o represent very closely that at infinite Ailution.



2
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Table 24, C NV data for N-methyl groups in CXYZ.CO.NVeQ.

Coysy | ET v ier, (1) o, () e, 4JFNK6 Conen: Temp.

. Hz  ppm | Hz ppml 1z ppm| Wz | v 9¢ | °c

3 66| 94627 374638712 34:63{75:5 300 - | 10 =30
043+9 3752|866+5 3444|774 308 -~ 5 -80

CH,P 8¢3 1894+9 325.57|880+8 25-01114+1 0+56| 5- 5 -5

4
MeCHR | 87 [917+1 36+45|893+8 3553|232 0-9%| 6.6 | 7 |-30
CUCIT | 9425/ 91648 36445(903+Q 35:93[12.9 0+51| 2.0 | 9 | -20
CHF, | 100 |894+1 35:54|891+0 35:41| 31 C+12| 41 | 10 |-20
CFCL, | 1022 |967+7 38:46/950+8 37-79[16-0 0+67| 48 | 10 |-50
CPACL | 10+95]939°7  37+35|926+6 36-83]131 0+52] 41 . 1-50
oF 1147 1914+5 7645019094 36-15] 51 0+20] 3+6 | 10 | -40

3

The variation in chemical shift of the two V-methyl groups
with the nature of acetyl groups is depicted in figure 18 (2 & b) from

which it is seen that the high [ield methyl exhibits a pattern of shifts

168.

similar to that observed for the secondary amide (figure 18b). Intreduction

of clectronegative acetyl substituents deshields this high field methyl,

with that of the unsubstituted amide (CH7—) nov heing to highest field
J
in conitrast to that for the secondary amide carbon. The low field

Eal

N-methyl carhon shows a patitern of shifts similar to that of the high
field but withk significantly less corralation to the Tamilies of lines
detected previously for regular changes e.g. the series CFz-ﬂFzﬁl—UFclp
produces a straight lins for both the methyl groups, buk Fﬁ?F— I3
is only linear fox the high field carbon and introduction of electroneg-
ative acetyl substituents shields the N methyl with the one exception

of the CFCl,- derivative (figure 18a).

i . . .
he key to the relative assignments of the two methyl groups

moe

is nmrovided by the observation of a selective long-rangs couplin
i 3 ] &)
+{a)
v /

A . : b -
and the low £icld N-methy?

betreen the ace A

carbon. Such a coupling is not found to the secondsry amides (=ie),
vhich iz known %o exist with the Y-methyl group syn to the carbonyl

oxygen 2nd hence this coupling must bs to the V-methyl carbor in the
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1 -
anti his

i
B

rosition, which enables unambiguous assignments to be made.

N

result in the same as that found for IT resonances viz. the methyl group
syn to the carbonyl is in a region of increassd shielding withrespact

to that in the anti position.

Table 24 indicates that this long-range coupling varies

between 3+0 and 66 Hz but figure 19 shows that it does not noscess
2 3 p:

a2 simple relationship to the nature of ithe acetyl substitusnts, although

a general reduction in value with increasing substituent electronegativity

is noted,

The chemical shift differencs between the carbons of the W-methyl

I3

groups is 3+0 ppm for dimethylacetamide (table 24) but this is reduced
considerably to under 1 ppm upon introduction of electronegative
substituents and is as 1little as 3+0 71z (012 ppm) for the difluoro
(CHF?—) anzlogue (figure 20). It is noteworthy that +this is the
] th

emallest difference observed and

twice this value, (5¢1 hz, 020 ppm). It would appear that introduction

of these highly electronegative substituents considerably reduces the
difference between the enviromments of the two V-methyl carbons.

his very small difference in chemical shift is surprising
beeause it is not observed in proton spectra of the dimeithyl amides
under the same conditions. Table 25 lists the chemical shifts and

differences recorded at varigous temperatures in CI'Cl,: these data

indicated the conditions for observation of the130 spectra under frozen-—

rotation'. It is seen from this table that the smallest difference is
shovn by the two N-methyl groups of CH?F.CO.}:\JEe2 with a separation of
9+6 Hz, and that for the difluoro derivative is comparable with that
of the 2-fluoropropionamide. These observations contrast with the

130 data and suggest that the two nuclear species (TH and 130) are

responding to the acetyl substituents differently.

170‘

at for trifluoro (JF.-) is approximately
3



Taple 25, 7 M

eyt

data for CXY

<00 MHe in CFCIS

Oy temp =set
0
CH,F 0
2
=20
Ve JHF -10C
-30
CHC1R 0
-20
-30
CriF 0
2z
=20
-0
CF012 -20
~40
-50
cr . Cl -20
2
A0
-50
o, . 0
=20
-0
*
G,
pa

Data supplicd by 3.7.Roberts.

Tow field

2,996
2.973
3.079
3.082
5.149
3. 15+
3.155

N

.11
re 12
1

AN

N
N
D

N\
N
NS

7. 285
34245
36 248

2,175
7.181
3.186

7,116
2,122

7,128

-
e,

High field 1F

2,890 2.0
2.888 1.8

2.907 2.4
2,949 2.0
2.955 2.0
2.961 1.9
2,978 1.6
2.929 1.6
2. 911-0 1 .65
5,062 2.0
7.044 1.9
3.045 1.95
2.017 1.65
z,002 1.6
2,026 1.65
2,002 1.5
2,006 1.5
7.012 1.5

kT'rj
F.Me (Hz)

HF



3e3 Txperimental.

A1l the 13C spectra were recorded on a Varian ¥YI1,100-12 TG
at 25+16 ¥z in the Fourier Translform mode using the Varian 6201, computer
with 16K of 16 bit storage - Complete proton heteromiclear decoupling
was achieved with the Gyrocode decoupler unit using an irradiating
Trequency centred 4 ppm downfield from the TH resonance of TMES and
modulated with a noise bhandwidth of 1000 Hz at Aw transmitted power.
Fluorine decoupling (where required) was achieved by use of the same
unit so adjusted togenerate the required frequency in the 24 Mz region
with a noise handwidth of 500-1000Hz to ensure complete decoupling.

Spin coupled spectra werc obtained by use of the gated-decoupling
technique. fmbient pulse temperature was 2500 and temperatures other
than this were controlled to tZOC of the indicated value by the standard

variable temperature unit.

Samples were examined as solutions as described above, in
10 mm c.d. tubes spun at 20 rpa with an internal, concentrically mounted,

5 mm tube containing D.C or CH.0D as necessary for locking if Dol
2 5 v 3

was not used as solvent. The

z
J(‘

> observation Trequency of ™S was

always determined under conditions similar to those used for recording

the camples. Typical parameters used for data =cquisition would be:-
((‘ P f ] T

Spectral width A000 Tn

scquisition time 1 sesc.

Pulse width 15 - - 40%)
Tulse delay o

o. tronsisants 7 = 30K dependent on solution conc,
Sensitivity enhiznncemsnt 08 sec,

(Mime constant)

Conditione wewe always so adjuated Tor wvecording swall counling constanis
tec obtizin the maxirum possible rate of digitisation in the transformed

spectrun,
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4.0 Introduction.

A1) cheniecals and solvents were of C,P.R, quality and used

as received unless required pure or anhydrous, for which purposes standard

procedures were employed. Tther and dichloromethans extrecets were dried
with MgSO4 and all distillations were conducted under a pure dry H?
atmosphere.

Materials used for fluorination reaciions were rendered
anhydrous as follows:-— XV by heating the solid in the reaction vessel
o] . . 3
to 2007 at 1mm pressure for 72 hours, the substrate by dessication under

vacuun over I and digol by storage over freshly heated anhydrous

0

275

CaB0, for 72 hours followed by vacuum distillation; a middle fraction
fr

was used for reaction solvent.

Infra-red spectra vere obtained on nujol mulls (solids) or
liquid films between Nall plates in a Perkin “Imer 257 spectrometer,

and Ultra Violet spectra on solutions in A.R. ethanol with a Unicam

N

P80C spectrometer. Vierosnalyscs were performed by the Tmperisal

College Wicroanalytical Service,

The of fluoroacetamides were synthesised by ammonolysis of the
corresponding methyl or ethyl ester; these were either ohteined commercinlly

or prepared according to the nrocedures described in section A1

4.1 _od -Muoroacetic ester syntheses.,

Fthyl monofluorocacetate (38)

r"‘ . 3
“hloroacetic acid was converted to the ethyl ester by acid catalysed
treatment according to the method of Vogel in 69" vield, The
arhydrous chloro-ester (300g, Pes6m) was fluorinated using potassium fluoride
- ] . . .
anhyd. (20Cg, 2+90m) in molten acetamide (100g) ~ccording tothe procedurs
descrihed by RBerg ‘ Pedisti : : . 1 - s
cribed by Bergmann. Pedistillation in a heated Hepnabl column vielded

the pure fluoroacatate (147g, 51°) bp 120—1?10/756 il n%S'S 142800
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2767), ¥ . 1755, 1730, 1300, 1275, 1090 om. |

Ethyl difluoroscetnate,

1, . PN
his was preparad from the =cid by ths method of Yilman and

oneg, and the ciude product used directly for preparation of amides.

Tthyl trifluorcacetate (54).

Ui 3 - 0 I3 3 3 .
his was prepared similarly to the difluoroacetate; distilletion
. . . - ~,0
of the erude product afforded the pure ester in 557 yield, bp 60-61 /758,
~
v —
n. 12075,

Dthyl 2-chloro-2,?2-difluoroacetate {190).

rhlorodifluoroacetic acid (10-0 g, 0-0766m) was converted to
A
the ester following the procedure of Gilman and Jones for ethyl trifluoro-

acetate, The anhydrous ether eyiract was di=tilled »t atmospherie

-

. 7 e fe 2
pressure to yield the ester 9:05 g, 7%, bhp 75 /780 T, nh” 172551,

) ' -1
Voo 1705, 1785, 1775, 1220, 1180-1120, 1020, 900, 840, 710 em .

Uethyl 2-chloro-2~fluoroacetate (235),

7=Chloro-1,2,2-trifluoroethyl methyl ether (ex Tluorochen)

wes hydrolysed to the corresponding methyl aester hy ice-cold, concd, I .S0
o 2 J ? p]

according to the procedure described by Fngland Tor the ethyl analogue.
T

)
i

. 5 4 o e
rus the ether (10+0g, 2:0673%n) ~fforded the ester (1+0g, 557 bp 115-6°/756mm,

- 2
V1775, 1220, 1100, 1015, 820 cmh | nsd 1.3007.

max e n

2-hromo-1,2,2=trifluorocthyl ethyl ether (237),

The ol —diflnororther was ohinined in 849 yield by hase catalysoed

addition of ethanol to bromotrifluoro-ethylene, sccording to the nrocedure
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P

described by Englando for the chloro analogue. Thus (110g, 0+6175m) gas
. - 0 4o - .

yielded (107+7g, 0+516m) ether, bp 020 /760mm, 1380, 1240, 1710,

max
1280, 1220, 1150, 1000, 1060, 200, 830, 760, 740 cm.

~ - . - qnf - / I T —nd
Ot reaquires C22217, H 2920, Dr ZR510, W 274530

T 2:04% Tr 38.007 7 27045

Tound 074

Einyl 2-bromo-2-Tluoroacetate (238).

The above preparedeld difluorcether wro hydrolysed to the estar
according to the procedure emnloyed for the chloro analogue above. 1hus
the ether (15:58g, 0+0749m) was treated with ice-cold conc. Y?Soﬂ over
6 hours, to yield the ester, (9-66g, 0:0522m) 70, bp 73-5°/44-45 mm

: -1
Y ., 1690-1660. 1700, 1255, 1185, 1100, 1025 cn.
W=benzyl 2-bromo-propionamide (167)

Propienic acid (100g, 1:25m) wasz converted to the acyl chlorids

by treatment with thionyl chloride (167g, 1:47%m) at reflux in henzenc for

o)

1 T . K] s 3 .
- hrs. e product was KL -brominated hy treatment with purified bromine
1 hrs The product A ~br ted by treatment with purified bromine
(P34g, 75m1, 1+46m) with ved P as catalyst, sccording %o the procedure
. . 1 , . .
described hy Vogel Ffor acetyl chloride. The solution was fractionally
distilled to yield 220g of liguid with bp 120-150"/ 1 atmos. which corres-
. . . . o 0
ponds to a mixture of L Br acyl chloride and bromide (bp 133 and 157
respactively). The mived acy) halides mere converted to fthe MN-henzamide

q

according to the method of Sischoff.7 Anhydrous henzylamine (200g, 1-869m)
was added to a stirred solution of the acyl halide (2720g) in henzene (11)

over 30' at 5—100. After a further pericd of stirring 10min, the crude
product was poured inte water, (AOOml) to removebenzylamine hydrochloride,

The organic layer was washed and dried. The ecrude prodiict was recrystallized
from MeOH:benzene (1:5) to yield the N-benzamide 174+1g, 0¢719m, 5%/ hased

)

on ecid, mp,s7-88-5°(11tb 850) b’qu 2250, 1660, 1570, 1470, 770, 720 cm.'1
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I=benzyl-2~fluorcpropionamide (168),

The reaction details are modelled on those given by

Bergman9 for N-phenyl 2 fluoro-2 phenyl acetamide,

“nhydrous V-benzyl 2-bromopropionamide (48e43g, 0+200m) was
added to a stirrsd solution of anhydrous KT (34+9g, C+6m) in digol (160ml,
bp 1COO/mm> at TQOO. After 25 min, precipitation of XRr commenced, and
reaction stirred further 3 hrs at 1250. Cooled to ambient, poured into
water (200ml) and extracted with CH013 (1 x 300 ml) and CELOL, (2 x 150m1),
washed and dried. Ivaporation gave an orange oil 45+2g, which partially
solidified fto an orange yellow sticky semi-solid, and vas shown to consist
of 1 major and 3 minof components. Phematerial was chromatographad over
alumina (3%50g, Grade III) with 257 0F,CLl,: Pot Mthor (10 = €0) as eluent
to yield a pale yellow s0lid, recrystailiéed from ?tQOtPet ether (40-60)
(1:1) to yield white leaflsts, mp 43-4° (29+3g, 85.57) U mar 3300, 1650,
1550, 147C, 1110, 1020, 760, 720 — SPPNI I
TO6e67Y 0 7737 B 104483 Found 0 66+3700 1 6+870 N T80 W 10 2%,

MO requires:- O (627

Fthyl 2-fluoropropionate (212),
“—benzyl P—fluoropropionamide (5+0g, O-OQ75m) was refluxed at

o, . S . .
1107 in 207" ethanolic sulphuric acid (¢ Hy50,, 8+1 g, 0-0825m, A+4ml, in
ethanol 27ml) for 20 hrs, when tle (SiO?, 0H013) indicated the reacticn

The cooled solution as poured into bhrine (75ml)

to be essentially complete.
and extracted with ether (1 x 100, 2 x 50 ml),  The dried (NaWCC;>

solution wns used for preveration of amides,
N=benzy) 2-bromo-2-phanylacetanide (1553,

Phenvlacetic acid (7005, 0+75%%m) was convertsd to the bromo-

1 .
Voge)  Tox acetic

phenacyl chloride according to the procedure decceribhed hy
scid to vield mure Aret (1 0 0 6/9’ ac.7? T -1070 /1 - ™ A
acid %o yield pure nroduct (150g, 0+6425m, 25737 bp 1277 /15m=), The
acyl chloride {79#, D0+337a) was traated with henvylamine ag Aesceri™ @ 2hove

to yield the desired honmamide, which waz recryntallized from othanol:

i pronanel (1:1) with 100010, T8z, 0-2617m, TT+&, mp 116°, ) e



180.

P

7300, 1655, 1550, 1500, 1240, 1170, 1070, 1

Nomse 2270m (€ = 6280, log € =73-812).

O
N
D
-1

.
5 700, &7% cm.

e

,
-

N-Bonzyl 2-fluoro-2-phenylacetamide (161),

211 reagents vers rendered anhydrcus according to the metheds

descerihad in % he introduction. The of bromobenzamide (30+4g, 0+1m) ez
. o
stirred into ¥¥ (18g, 0¢3m) and digol (80m1) at 1207,  Yithin 2 min »

Tra

precipitate of KDr was ohserved, and the reactions was allowed to continue

for 3 hrs at 1?0—1250. The mixture was cooled, poured into water (ACOml).

The crude product obtained alter chloroform and dichloromzthane extraction

was recrystallized frem ethanol:isopropanol (1:1) with addition of 107

N?O and the crystals washed with ice cold solvent to yield product 12g.

Wﬁe mother liquors were svaporated and the residue chromatographed over

alumina with 507 CH,"1,: Tet ether (40-€0) as eluent yielded a further 3-2g

product.  Total Vlelﬂ 15 2g, 623, mp 98-99.° Y max 2390 1675, 1560,

1480, 1050, 760, 730, 700 em.” | ) oy PMum (€ = 10825, log € = 4-034)
74057 1 54800 W 575 T 78

found O 73+587 H 6134 1 5457 7 7.5

-3

C, I, W0 requires: C
1514 quires

Methyl 2-fluorophenyl acatate (190)

H=henzyl-2-fluorophenylacetamide (9+5g, O-OB?m) wag reflweed in
200 methanolic sulphuric scid (acid, 11+5g, in 0¥, 50 ml) for 20 hrs, at
which time the reaction was judged complete by tle, The cooled miwture
was poured into brinc (700m1) and extracted with ether (1 x 100, 2 x 50m1),

dried (Na'loC,) and residual oil after solvent evaporation was distilled to

’

2
yield +he ester, bp 77°/1-75mm, 4+05g, G1.57, U nay 1760, 1785, 1225, 1195,

‘A -1 .
1060, 740, 705 cm, Strmicture was confirmed by I WMR and mass spectro-

metry.

4.2 Swmthesis of ¥ flucroacctamides,

A1l the amides were preparad from the corresponding ssters

by treatment with ammonia or 2 solution of the appropriate amine. Th
y D

[¢]

procedures will bhe described in detail for one amide of esch type in the

relevant sections below.
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1.2.7. Primory cmiden.

Iluoroacetanide (45)

A solution of ethyl fluoroacetate ( 5+3g, 0+05m1) in ether
(15m1) was cooled in ice and treated with coned. an. ammonia (2=1) for
17 hr. Removal of solvent yielded a pasty mass which was dried arzeotrop-
ically with ethanol and benszene. The anhydrous mass was recrystallized
from AR methanol to yield plates 2-83%g, 757, mp 105 (1it10 1080) b>mnx
3400, %200, 1665, 1620, 1125, 1050 em, ! o

2—-f1luoropropicnamide (213%)

A solution of the ethyl ester in methanol was treated with ammenia
gas at ice temperature. The crude product was recrystallized from CHO 13
benzene 1:4 to afford fine needles, 0:640g, (2% hased on Y-henzamide)
mp 71—720, Q A 7A00, %200, 1660, 1120, 110C, 1040, 910 om.
CH.FNO  weguires € 29+557 1 66477 17 15387 720857

20
found G 204087 1T 64247 W 14460)" w1

2—fluorophenylacetamide (164)

The crude product obitained from the methyl ester (0:35g, 2-08mW)

was recrystallized +wice from ?HOClﬂ:YeCH to yield fine ncedles (150 nmg,
C+972 ', 47¢) mp 131-132:57, ) __ 3450, 3750, 1685, 1470, 1050, 1035, 760,
710 em. " oy T15 o ( Log€ = 30373)
CqilgMi0 requires C G277 H S5e2600 W 915§ o104

found aG2eTs T 547 W Be07 @ 12877

]

bromo-2-fluorcacetamide (2738a)

The ethyl ester 2+0g (0+01287) in ice cold methanol (15ml) was
treated with a setd. solution of Yii, in methanol (5 ml). Aftcr 1C nmin,
P
t1le indicated reaction was comvlete and the solvents were evaporated.
The crude produce was recrystallized from It0,:Pet ether (Lu—oﬂ\ ca 2:1 to

. o~ O o]
give coleurless neadles, 1+3g, 9237, mp 405 (lit. mp 44
-1

7200, 1690, 1630, 1100, 1065, 77C cm.



>

chloro-2-"1unoroace tamide (

Tethyl chlorofluoroacetate (2:0g, 0+015A17) was treated with

LT -methanol a3 described for the bromo analoguc. The crude product was
2

o
o

cbtained as a colourless oil, vhich was distilled to yield the pure anide,

P el / . . .
op 657 /1e2mm, 1+27g, 657 vhich substantially solidified on standing %o a

[}
colourless so0lid mp 30¢5-31 ~5 o (11 tﬂé

1620, 1070, 920, 830 cm.

max

Difluoroacetanide (55)

The crude product obtained from methyl difluorocacsiste was

bp 7277/ 1mm) U 2350, 3200, 1710,

182,

recrystallized from ather:pet. ether {(1:1) to yield the pure amide (0+158g,

Z
51) mp 47-5-49° (13477 mp 51°) W

-1
Cliie

?,?=-dichloro-2-rluocroacetamide (227

The crude product obtained from the ester (15 g, 0-0085 n,
Tluorochem) was ecrystallized from chloroform into prisms, 0:99g,

797, mp 123-125 1it. 126.5° P 3750, 3200, 1700, 1630, 1125, 1095,

880, 670 cm.

P—chlorc—2, 2-difluoroncetamide (196
The impure amide was recrystallized from Q”Wl: cyclohexane 5:

. s “~nt . 15 O
vield Tine colouxless needles, 0% mp 80—81? 1it. mp 78+5 )

3200, 1710, 1150, 980 cm.

max

Trifluoroscetamide (54)

ZAC0, 3200, 1675, 1620, 1120, 1070,

e~

1

The crude amide wes recrystallized from cther:pet. ether (40-C0)

a2 I -
0 stld the pure product as long colourless needles, O77 mp 70-T1

.1 - E e PRTNCTN -
114 mp 750 L)qu 3250, 3175, 1690, 1635, 1195, 1150, 1170 cm.

Y
Ny
O\d'
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Le242, L-piethyvl amides.

H-Yethyl fluoroacetamide (50)

Lihyl fluoroacetate (2+5g, 0:025m) was trcatcd with a satd. agneous

pad

solution of methylamine {(1Cml) for 48 hrs. The colourless solution was

evaporated to dryness azeotropically and recrystallized from methanol-

ess needles 0+72g, 619, or from CHOL,:pet. ether
2

7 -,0 i,

" E4 ex ChCls).

ether to yield colourl

1:1, mp 59-61° (1it.

N-methyl 2-fluoro-propionamide (247)

mhe ethyl ester (1-.0g, 0+0083m) in ether (5ml) was cooled to
ice temperature and treated with ethanolic methylsamine (ca., 33 1:5 ml) =~nd
stored at 0° for 24 hrs. The ¢il obtained upon evaporation of solvent was
fractionally distilled to afford pure N-methyl amide, 0-65g, bp QOO/ABmm,
749 ) s 3300, 1670, 1555, 1420, 11€0, 1130, 1095, 1015 om, ]
C gFNO requires C A5+T05 1 T-66" 7 18.07
found 045530 H 7787 F 17-88¢

A1l the remaining H-methyl amides were prepared according to this method.

¥-methyl 2-fluorophenylacetamide (247)

The crude »roduct ohtained upon sclvent evaporation was a lignt
yellow oil, vhich solidified upon.hiful&hKV\ with pet, ether. This
was recrystallized from henzene: pet ether (40-60), 2:1, to afford
needles, 797, mp 65—40, Y, A %2300, 1660, 1555, 1210, 1160, 1020, 800,
770, 720 cm.” -
CoH ATHO requires € 64657 11 640257 17 84387 W 1176/

Y90
found 0 65005 H 60157 11 8+157 ¥ 10+047

M-methyl 2-bromo-2-fluoroacetamide (2382)

The cirude product obiained from the ethyl ester (2:0g, 0:0108m)

25 a viscous o0il was fractionally distilled to yield +the pure amide, 165z,
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8%, bp 685" /Znm. U e 3300, 1680, 1555, 1090, 1065, 1035, 800, 610 om. ]

- - . Ay f s 4 o !
03H5anNC requires C 21190 17 2987 T 84247 Ny 470190 B 11417
found 0 213900 H B 4000 1T 70500 Br 464707 i 11057

H-methyl 2-chloro-2-fluoroacetamide (235a)

The methyl ester (2+5g, 0+¢0197m) was t reated in the standard
manner to yield the crude MV-methyl amide as a viscous liguid, which could

be induced to solidify with liquid but remained a liquid at lab. temp.

Fractional distillation yielded the Eure product, 1+49g, 517, bn 112-115/
21mm, which solidified on standing to a colourless mass, mp ca. ?3-?50
(warm water bath). ) e 3380, 3140, 1720, 170C, 1685, 1570, 1560, 1420,
1110, 1070, 103C, 825 oma

A C1WNO requires O 28+7C°L I 4.07197 €1 28-24 F 15137

375
found 0 28+987 H 4-145" 51 284187 715149,

h-methyl difluoroacetamide (234)

m . . .
‘he impure amide was recrysinllized from Rt D:pet ether (40-60)

. " o - - -
to yield  plates 207, mp 32-7°0 ) s 2250, 2150, 1730-1550, 1180-1020
> 2%
Clle
DL requires 330070 0 40207 11248477 T 34-877
7t
found 0 37430 17 44880 1 124857 ¥ 24787

Y-methyl 2,2-dichloro-2-fluoroacetamide (224)

The impure amide was obtained as 2 yell®W viscous oil, which was
induced to crystallizc (exothermically) by cooling with liquid ¥, for 10~
15 sec. Reerystallization from DNi,0:net ather (40-60) yielded the pure

- 1 ] ] + o’ 0 3 e
H-methyl amide =2& rhombic prisms, 0+925g, 807, mp 445-45", L/mqr 3250,

1700, 1560, 1100, 1060, 970, 860, 780 cm. |

03H4019FH0 requires C 225270 1 2.5157 ¥ 8757 C1 44« 72" P 11.87¢

found Q224690 1D 207190 9.0 0L A1 9197 T 114187

n
he structure wvas proved by mass spectrometry,
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N-methyl 2-chloro-2,2-difluoroacetamide {236b)

mn 3 . I3 - ul .
“he residual viscous oil from solvent evaporation of the rsaction

mixture was distilled to yield the desired compound, 900 bp 1120/61 Tm
ngS ;-3998 ”)max 3350, 3100, 1735, 1715, 1565, 1420, 1135, 1040, 980, 320
Ci.
03H401F2No requires § 25:10)" H 280¢ €1 24700 ¥ 26477

found O 26709 H %e08" 01 24317 7 2608

The structure was confirmed by mass spectrometiry.

T-methyl trifluorsacatamide (230)
ok . R .
he amide wasmerystallized from ¥+ 0 to yirld purs product 49

o -
up 47-8° ) 3330, 1700, 1575, 1230, 1160, 1720 om. |

max

4e2.3. MN,l-dimethylamides.

,li-dimethyl 2-fluoroacetamide (51)

Tthyl fluoroacetate (5:3g, 0+05m) was treated with a satd. solution
0
(aqueous) of dimethylamine (407, 10ml) at 6 . After 2 days water was
renoved ameotropically (ethanol, benzene) to leave a colourless oil which

was fractionally distilled at reduced pressure to yield the purs amide bo
J 3

40 s - ! 24 - - "1
39-417/1+4=1+6mn, 235g, 4T, ni" 144339, Y oy 1670, 1070 cm.
C,HFRO  requires C 45-719 B T+62° W 1333 7 1810
[
found 045217 1 7062 1 132150 B 16411
M,N dimethyl 2-fluoropronionamide (243%)
This procedure vas used as standard for ths other omides. The

ethyl ester (1+0g, 0+0083m) in ether was treated with dimethylamine in
ether (ea 30970, 2ml). After 18 hrs. the solvent was removed and the residuel

0il distilled to yield the product, 0+483z, 487 bp 95-6" /44mm

ey 1660, 1120, 1100, 1050 _—
C5H10F“0 requires € 50405 1 8+46" 1 11-75" F 15.947

found 0 50e12E K 84344 W 11+517 7 164200



Ni-dimethyl 2-fluorophenylacetzmide (191)

Crude fluoro ester (ex hydrolysis of benzamide) 2:0g, was
treated in the standard manner with dimethylamine. Tlc indicated
products on evaporation of solvent, and the material was purified hy

column chromatograpny over SiO? with CICl1, as eluent. This yielded
- J

a mixture of product and unhydrolysed benzamide, which were separated by

further chromatography over aluminal(100g, Grade II I) with CH ”1 P

186,

(1:1) asecluent. The desired NN dimethylamide eluted as the ﬂroond compound
as a light yellow oil and wasiecrysiallized from Wi,0rpet cther (”0 a0)
(1:1), 63%30ng, mp 58—90 L) - 1650, 1450, 1040, 760, 720, 700 cm.

S0l o0 requires © 66-277'U Ge &7 N 77 B 1048

found n66e5%T H 607490 K 748057 1 10517

Wi dimethyl 2-chloro-2-fluorcacetamide (211)

18 . .. _ o -1
ny 1+4575, J!naY 1680, 1090, 84¢, 810, 670 om.

04K7G1THC roquires O 34427 1 5057 1 10.0%7 71 254077 17617

s

found 0 345070 3 50¢ I 10407 71 251457 ¥ 17877

1

Yii—dimethyl difluoroszcetamide (277

istillatien of the crude »roduct
Distillation of the crude nroduct

1dad 2 ceolourless oil
op 61°/29 am, 527, noc 144030, ¢ 1680 1100 cm. | o satisfactory
JUS Sy Ty D ﬂ.n oW - o} Vhul CTl, L0 SATIsIACTLOYY

5

micro-analysis could he obhtained and the structure was confirmed hy

mass-spectrometry.

IH-dimethyl 2,2-dichlore-2-rluorcacstomide (234a)

if
The cmude product vas isolated as a light yellow oil which was

fractiorally distilled at weduced pressure +o yield the pure amide as =

- 25 -
colourless lizuid, ho 107-8 /19mm, a%t, nnJ 14558, L) nax 1690, 1400,
i i

1255, 1100, 1080,990, 860, 840, 720, 690, 550 em.”  Arising from

the hydroscopic nature of this compound, the molecular formula vesm

confirmed by mass spectrometry and not micro-ansly

- X o .
his was obitained as a colourless oil, bp 70 /1émm, A8 yield,



T dimethyvl-0-chloro-", 2=difluorcacetanide (235)
Frzetional distillation yielded the textiary amide a
s . 0/ -
loss liquid, bp 87-5°/35mm, 9& 15 104098, ) __ 1690, 1150,
_‘] -
205 cn.
O, C1T, N0 reguires O 30400 I 5.84¢7 I 8.8970 €1 225007 7 244117
16 o : :
-7 . e
found 070687 H 400 W G387 M1 219057 8 -
W dimethyltrifluoroacetamide (235a)
A-LI . . 7
he amide was obtained as 2 colourless liquid bp &
q
4
= - i
A5 1700, 1150, 1100 om.
- . , e 1 o 7 s
C;n RO requires O 34 0% 1 A28 W O9.9% W 4177
0 Z4e217 T 41G W Qo810 W 1.5

Ao0de VYass

Speotrometry of Amides.

llass s

vhere accurate micro-analyses could not

scopic nature.

These were recorded using

ohtaine

~

2ithe

Intensity

(¢ base peak)

Flmer spectrometers.
Corpound m/e
Cliz. CU. OONI, 44 100
I
‘ 25 .
A7 6
5 14
71 2
91 27
”H7.FP“ COLNHCH, 47 3
58 100
105 4
CH. . CHY . G0N ( O, ), 2 100
32

‘ 119

7

AT

5

9]

o=

a,
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colour—

1910, 085,

3°/50 mm

gpectra of some of the amides were obtained in instances
xd due to their hydro-

r the I"S902 or Perkin-

Tnt=zrnretation
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CiBrRP, 07 ,.00
nnr { ) 2H5

[G N0
U

111
113
161
163
206

208

CilBrT . 50 . NG, 58
90
111
113
169
171

CHClF.CO.NHCH3 44
58

-

09
90
125
127

[adeahl
viﬂ{

Q.CO.HHCW3 51

CHF .. CON{ G 1
HF 5, CO M 3>9 51

20
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100
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O=C=ITHCII3
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A.% Synthesis of haloacetates.

and ethyl esters of non-fluorine containing acids
were obtnined directly from the acid, either via the acyl halide, or
conversion Lo the sodiun salt followed by treatment with alco}ol/oH?SOA
according to the method of Gilman and Jones.4 Tixcess alcohol and aoid was
removed by addition of CaCl2 and NaHCC3 to the crude product, which was
purified by distillation. A1l the compounds are well knovn in the liter-

ature and hence details of physical constants =are not presented.
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CHAPTER I'TVI

CAREQN-17% N.M.R. SPECTRA 0} S0ME

PHOTOLYSIS PRODUCTS OF VITAMIN D

?c



5.0 Introduction.

In the course of other work in this department, it
became desirable to study the carhon-13 spectra of photolysis
products of ergosterol and ergocalciferol (vitamin D?) with a view

to identifying compounds withunknown structures.

Initial studies were centred on he two starting materials
ergosterol (1) and ergocalciferol (2), together with its 3,5, dinitro-

benzoate ester (35DNBz)(2a)

Homogeneous hydrogenation of (2) using Wilkinson's catalyst
5 IV (3, with its 3,5-DiBz, 3a)
and the isomeric dihydrovitamin D? ITI, which was isolated as the

350NBz (4).

gave two products, dihydrovitamin D

Stigmasterol (5) was utilised as a further model to assist
in the unambiguous assignment of the ergosterol chain resonances.
This is very imporitant since photolytic reactions centred on the
butadiene/hexatriene system in 1 and 2 are usually held to leave the

side chain unaffected, and it is very desiradble to check this assumption.

Suprasterol II has been identified as a photolysis product
of ergocalciferol, and its structure has been determined both chemicallgfa
and by X—ray1b techniques: this was examined as bhoththe free alcohol (6)
and its 35DNEz ester (6a). Catalytic hydrogenation of 5 removed the
cyclopropane ring, by cleaving the 06—07 hond, and saturated the side
chain at 022—025 to yield tetrahydrosuprasterol II, which was again

studied as the free alcohol (7) and 35DNBz ester (7a).

It has been possible to make unambiguous assignments for
all the resonances in the above compounds, and the results are presenied
in table 1. : In order to facilitate this, lanthanide shift data were
obtained for some of the free alecohols by addition of Eu(fod)3 in 0«05=
0+10M increments. The approximately linear paramagnetic shifts

obtained (up to a maximum sterol:lanthanide ratio of 0:30M) were

192,
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Figure 1. Structures of Model Compounds

1. DBrgosterol

2. Ergocalciferol
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4. Dihydrovitamin D, II



5. Stigmasterol

t

4

Oy l

6. Suprasterol II

195,
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7. Tetrahydrosuprasterol II

NO,

3,5 dinitrobhenzoate ester function



Table 1.

NO D1 v R Y

1t

3'
4'
é'
o1

7'

130 chemical shifts of model compounds.

31

33
70+
39

141

119.
116+
140+
A6
3T

40-
43
B4 e
23
28
56-

12

16-
40+

21

155+

132

43

J

10-
20

17

80
68
31
68
46
76
59
27
56
29
<33
66
12
80
23
13
04
«20

57
« 27
76
» 24
12
- 35
96
07
-T7

19496
17-61

24442
129+43
148+ 69
12206
148+ 60
129443
1561-89

3a

20
26
7.
38

137+

121+
115+
142+
28
29.
22
40
15

23
27+

12
17
AQ-
21

135

132+
A2e
3%
19+¢
19.
17 -

134
129
148
122
148

129

69
26

A5

1619

(&1

2741
2492
T4+ 66
36862

136+71

121+11
114+94

14242
28.76
29.87
2024
40+38
45+69
56+ 37
2346
27+80
E6e46
12426
1762
40-3%8
21+ 14

13567

131-99
42+86
33e12
19+ 66
10496

1762

134773
129+45
140« 64
129+16
14864
12945
16200

3727
21«60
71-79
4225
14077
12172
3191
3191
50-18
3654
21411
3971
42425
56+89
24+ 39
28+95
55+98
12:07
19-43
4054
2124
138+ 36
129+ 31
5226
3191
21«11
19072
2544
1299
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Table 1. (cont.)

O QO =1 O\ AN Y —

—s -
= O

N D = — - v
- OO W1 W RN N

22
23
24,
25
26
27
28
29

1|
2'
3'
4‘

61
70

(o2

22+80
3160
6798
35-77
13457
3426
20+99
27+18
34+ 31
131-99
2084
A0+92

CA4e43
53413

22323
2766
5664
12+57
2462
4009
2109
13586
1%1-78
A2+84
3312
19+ 67
19+98
17+65

6a

21

31

21

130

20

44

21

135.
.84
A2+
33
« 65

131

19

19
17

134
129+
148+
122.
148+
129.
162

«87
27
T35
.69
134
34
01
27 »
« 37
~77
«83%
40-

31
20

94
15

31

74

<40
52+
FEE
27
56
10+
24 -
A0+
.01

99
60
60
64

52
06

77

88
L

97

54
22

65
25

22
04

29-06
31299
6818
10+76
124+ 25
73472
3118
34479
36+6%
126413
1933
40+94
4282
59+ 39
2621
27+ 30
57«44
1737
26447
3587
18+ 69
3053
33451
3908
31+45
17+60
20447
1544

Ta

2822
28.65
7441
3673
12%+ 69
33+ 67
3417
3482
26452
126+52
19+%2
AC+93
4?2485
59+33
26410
27+ 31
57«47
13436
PG48
35+90
18469
3057
3552
39¢11
%148
17+63
20+54
15+46

134+ 63
129440
148+ 69
12219
148+ 69
129+40
162+09

198,
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Table 2. Lanthanide Induced Shifts (extrapolated to equimolar
Jlanthanide:sterol concentration}; values in Hz from original line
positions., "§& T

Compounds

Carbon Ko. 2 5 é 7
1 265 103 188 192
2 376 264 314 348
3 1441 1018 1419 1575
4 258 254 327 787
5 235 69 232 49
6 258 a8 113 130
7 90 40 105 73
8 75 z2 101 70
9 25 49 99 74
10 215 119 212 A%
11 25 28 40 28
12 8 00 44 o7
13 22 18 44 25
14 26 26 56 Q
15 13 14 85 21
16 16 ] 0% 20
17 21 12 26 17
18 13 17 %9 11
19 139 90 125 103
20 8 8 14 o
21 8 8 4
22 6 6 9 8
2% 7 6 7 6
24 5 5 8 3
25 0 2 0 4
26 0 0 0 2
27 0 0 0 9
28 0 0 0 3
29 0
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extrapolated to a relative concentration of 1-0M, 1o obtain Slhﬂ
the shift that would be induced by a 1M concentration of lanthanide.
No corrections were made for contact shifts or lanthanum complexation
shifts, since the data as obtained were sufficiently accurate to
enable distinction between nuclei close to, or remote from the site
of complexation. The final values of the lanthanide induced shifts

are given in table 2.

2]
It is to be expected” that the observed paramagnetic shifts
will be predominantly pseudocontact in origin and if the lanthanide-
substrate complex can be assumed to have axial symmetry, the magnitude

of the observed shifts on complexation (V. -V O) will be given by

u

)} —]) o = }{(300529 -1)

3

r

ol

vhere r is the distance of the perturbed nucleus from the lanthanide
and @ the angle this vector subtends to the principal magnetic axis.

3 13,

Recent work > spectra of keto- and hydroxy-

by Apsimon et al. on
steroids has shown that Eu(fod)3 induces additional contact shifts at
both o and[} positions to the site of complexation. Thus data
obtained forthese carbons will not obey the above relationship, and

consequently calculation of their relative shifts is not peossible.

Besides the conventidial proton noise-decoupled carbon spectra,
extensive nuse was made of coherent (single frequency) off-resonance
spectra, with the decoupler power (10-12 watts) centred 1-2 pom ahove
™S, The resulting 130 spectrum retains most of the NOE found in
noise decoupling, but shows splittings from the large one-bond coupling
constants which are use to assign a carbontesonance to a methyl,
methylene or quaternary carbon. These splittings, termed reduced
coupling constants, are smaller than the actual coupling constants
and greatly reduce the problem of overlapping peaks. It has heen

shown that the reduced coupling constant is given approximately by:
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T, = ayv
= Jden
‘6}{2
where &Vis the decoupler offset from resonance and Klk,is the intensity

of thedecoupling field,

Naively, it would generally he assumed that a methylene
group would yield a triplet in off-resonance spectra, and a methine

a doublet, on a first-order bhasis. Unfortunately, this is not always

the case, and complex hond shapes are often observe:d[S"7 in off-resonance
spectra, particularly for groups in a vicinal relationship. A good
5

example is provided” by 1,2-dichlorocethane (CH Cl—CH?Cl), where the

2
off-resonance spectrum consists of a complex multiplet resembling a

triplet, but the maximum intensity of the outer lines is only 209 +that

of the cenire peak.

The physical explanation of this bhehaviour is identical with
that of virtual coupling in proton spectra. The off-resonance decoupling

reduces the effective JCH coupling constant to a point where it is

comparable with the vicinal 5 inter-proton coupling. Hence,

; isi
although the -JFFH (4Hz) has been reduced %o, say 0+5Hz by the off-
resonance decoupling, the carhon nucleus appears to bhe coupled to the
vicinal—CH?Cl group by virtual coupling via the strongly coupled

proton system.

Such second order off-resonance spectra are not confined to
vicinal methylene groups, and an even more deceptive example is provided
2C.CH:CH.CCQH. Instead
of the expected doublet for the olefinic carbons, off-regonance spectra

by the trans double bond of fumaric acid, FO

consisted of complex multiplets of 5 to 7 lines, for whichthe centre

line could he the strongest. The band shapes would be readily explained

13,

as arising from virtual coupling of the C with the geminal proton

( on the other sp2 carbon) via the strong trans 3 coupling (16Hz)

HiI
13 -

and reduced 1ch of 20 to 50 Hz. Analytically, the -“C is the X part

of an ABX spin system, where there is strong coupling between AB and

AX, but not BX.



The second order nature of methylene and methine groups is
usually not so dramatic as the ahove examples, and is generally confined
to various degrees of line broadenings on the hasic triplet or doublet
structure. In a general study of these phenomena, Grutzner7 concluded
that second order effects are to he expected in a AmBnX spin system

Zz
(1’0 = X) when J,. and Jy, are appreciably different, and typically

AX
this will be the case if A and B are on adjacent carbons.

Many of the above 'types' of second-order line shapes have

been observed in the course of this work, and have proved very useful

in identifying carbon resonances in several situations.

5.1. Model Uompounds.

5.1.1. TFrgosterol (1) and Stigmasterol (5).

The chemical shift data obtained for the ergosterol rucleus
were in substantial agreement withthat reported by hoberts,9 but
with the reversal of his assignments for C

12

and 06’ as is now well
. 10 R . .
established. Several differences were noted in the side chain

resonances with the reversal of C,, and 093 ( as suggested by

22
Stothers1o), and the reassignment of the side chain methyl groups 0?1,
C?6 and Comy for which Roberts stated that he was unable to make

unambiguous indentifications. 1hese new values, and an overall check

on the side chain resonances, including C and C ave been made

22 oz B
possible by a comparison of predicted line positions with experimental,
and by examination of the effects of methyl substitution at 028'
Stigmasterol (5) was selected as a suitable compound for the latter
investigation, and its structure maybe regarded as a molecular composite

of a cholesterol ring framework ("backhone") with a methylated

G
28
ergosterol side chain. The resonances arising from the cholasterol
part are readily distinguished on the basis of Roberts work,9 and LIS

data served to distinguish between ring and side chain resonances in

202,
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cases of doubtful assignments. Table 3% indicates the anticipated
effects of such a methyl substitution,and 1lists the predicted (on
the basis of the ergosterol s.c.) and the observed shifts for the

side-chain resonances in 5.

021 in the ergosterol side-cliain is assigned to the methyl
resonance at 21-27ppm. Comparison of the ergosterol and stigmasterol
side-chain structures (fig.1) indicates that C,y 1is remoted from the
028 methylation site and should hence exhibit a minimal chemical shift
difference hetween 1 and 5. The absorption at 21+27 ppm (1) and
2124 ppm (5) is the only one to satisfy this criterion.

Line positions of the side chain groups at ¢ are now

25

. . cres : . . ' 11

estimated using the additivity relationships of Lindeman and Adams,
12 . L

based on the work of Grant and Paul; the side chain is treated as

a saturated paraffin, no allowance being made Ffor the double hond.

132

Using the notation and tables given in Levy & Nelson's book ,

these results are recorded as Tahle 4,

C?B in the ergosterol side chain is expected 1o occur at
highest field (after 018) and the closest experimental line is 17+6 ppm.

10
Stothers 7, using oct-3-ene as his model, calculated to he at

c
17+8 ppm. Correction for the f effect of the double bSSd by +145 npm
seems reasonable, vhen compared with a deshielding of ca. 2-5 ppm for
an sp3 carbon o to an olefin. Table 3 indicates this assignment

is correct, because the line position allocated to 028 in (5) reflects
the expected chemical shift changes very accurately.

Tahle 4 predicts in (l) to occur at %253 ppm, in good

025
agreement with the observed position of 33«35 ppm, and table ? indicates
this resonance undergoes the expected Yshift to its position in the

side chain of (5), in confirmation of the original assignment and

indicating a term for the effect of the double bond of 0-78 ppm.

Use of the original Grant and Paul substituent parameters

with trans oct-4-ene as a model prodicts C and

[ on n
50 Con to appear at
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Tahle 3, Wstimated side chain resonances in Stigmastercl.
Cn Position in effect of 028 total predicted observed
1 methylation change PpM

21 21.27 > € 0 21.27 21424
20 40+57 E =01 01 40467 40+54
22 13576 ,olefinic 15 13726 138+ 36
23 130421 ¥ =18ki350 —1e5 130+74 10933
24 43192 =218 6.8 4992 51426

change in substitution

3y (1y) to 3y(2ndy) = -2-6

25 3335 ¥ =-2:5 -2+5 3085 31491
26 1996 g = 03 0% 20+ 26 1902
27 20-07 20«27 2111
28 17477 oL = +9+1 7-7 25-47 25+ 44

change in substitution

1y(3y) to 2ndy (3y) =

—144
Table 4. Caleulation of ergosterol side chain resonances hased on Lindeman .

and Adams parameters.

Carhon

28
21

26,27
25

Param. S

>}

D i)

e ‘ 0

2 ’ LS 4 n

1 0 1 0 3 1 1615
1 1 0 0 3 5 18411
1 0 1 0 2 1 1914
5 0 1 0 3 1 30453
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397 & A4+7 ppm. in reasonable agreement with the observed values. The
two carbons may be distinguished by the effects of 028 methylation as
illustrated in table?Z. C?O’ in an ¢ relationship to 028’ will be -
affected by ca, 0«1 ppm, whilst 024 will be associated with a much
larger ﬁ effect. The observed changes are in accord with the above

assignments for 1.

Calculations,10 by Stothers, of the shifts expected for the
olefinic centres 022 and 023 fail to provide reasonable estimates for
these line positions. In the off~resonance spectra, the resonances
at 132+24 & 13576 ppm indicate the virtual coupling pattern exnected
from the trans geometry of the protons and carbons inthis fragment as
discussed above (ABX, e - X). The two absorptions may be distinguished
by reference to the methylation effects expected in the stigmasterol
side chain (table 3).  The carbons would be expected to hoth undergo
shifts of ca. 1+5 ppm, but in opposite directions, providing an unambig-
uous aid to the assignments indicated in table 1, which are contrary

to those originally reported by Roberts‘.9

The agsymmetric centre 624, adjacent to the side chain carbons
C?6 and 027 could induce chemical non-equivalence hetween these nuclei.
Using the data in table 4, these carbons are assigned to the methyl
resonances at 12:96 and 20+07 ppm for 1. Table 3 jndicates that the
consequences of 028 methylation (to yield stigmasterol) should be a
downfield shift of 0-% ppm, hut inspection of table 1 reveals that each
carbon has been further separated by a shift ca. three times as large
and in opposite directions, to produce a chemical shift difference between
C?6 and 027 of 2-1 ppm.14 These observations are consistent with those
made by Roberts' group, during a study of the chemical non-equivalence
of isopropyl methyl groups with variation in the bulk of neighbouring
substituents, for compounds of the type (CHB)QCH.(CH2)H.CHRR'.
2,3-Dimethyl pentane (n = 0, R = Me, R' = Bt) (figure ?) provides a
good model for the free end of the stigmasterol side chain, and the

isopropyl methyl groups were found to resonate at 181 and 20+3 pypm,
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i.e, a chemical non-equivalence of 2+2 ppm. These wvalues are in
excellent agreement with those observed for stigmasterol (table 1),

and Roberts explained thé origin of the chemical shift difference in

HyC , he Ch

HCHC ks N Mo

CH3 H

Figure 2

terms of a steric deshielding of one of the isopropyl methyl groups
by its close proximity to the bulkier (R = Et) vicinal substituent.
Larger effects were noted for R' = iPr and tPu and in the latter case

the non-equivalence amounted to 7+2 pym.

5.1.2 Brgocalciferol (2).

A1l the side chain resonances were readily identified by
reference to the parent compound, ergosterol (l). In cases of doubt,
resorting to the LIS data (table ?2) served to differentiate these from
the ring skeleton. Carbons 12, 13, 15 and 16 were assigned in a
similar manner, with the off-resonance spectrum providing confirmation
of 013.

The ring B opening which has taken place (1-2) causes C14

to move downfield 1-69 ppm such that it and carbon 17 hecome coincid-

ental at 56+49 ppm. It is noted 017

shift difference with respect to 1, which reflects its position remote

undergoes a very small (0+31 ppm)

from €y and is in keeping with its earlier assignment above,
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The LIS data sexve to identify those carbons in the 4 ring,
and these can then be differentiated by the esterification shifts (2-2a)
and of f-resonance spectra. Carbon 3 bearing the ester group is readily
identified to low field in both compounds, with an esterification shift
of 577 ppm. The three aliphatic carbons with large values of §.,

jine]
(table 2) must be carbons 1,2, and 4. Of these three carbons, C, is

substituted 3 by both an oxygen function (C3) and the triene syétem
(05), and will hence have the lowest field chemical shift. Further,
Cy is the X part of an AB(C4H2)M(CHOH)X(C4) spin system, and  is thus
expected to show the least second order structure in an off-resonance
spectrum, as discussed previously. The latter also serves to locate
CA in the 3,5DNBz ester (2@), from which an upfield esterification
sﬁift of 3-92 ppm is obtained, comparable to that reported15 for
cyclohexanol (=38 ppm). Thus 04 is assigned as in table 1. Carbons
1 and 2 may be differentiated hoth on chemical shift grouns and ester-
ification shifts. Carbon 2 is 8 to the oxygen function, whilst C

1

is in a X’relationship, and by analogy with cyclohexanol, C? is expected

to possess a larger esterification shift than C1. Therefore the

chemical shift of C1 should bhe comparable in 2 and Pa, and the assign-

ments fulfil these requirements.

Inthe hexatriene system the exocyclie methylene carhon C1q

is readily identified as the highest field olefinic absorption, yielding
the expected triplet in off-resonance spectra. Carbon 8 at the end

of the conjugated chain is remote fromthe (., lanthanide complexation

3

site, and hence should have the smallest LIS value for the dU@ternary
carbons, distinguishing it from 010 and 05. 08 should alsc be least
influenced by 03 esterification.

It remains to differentiate the pairs of absorptions for the

centre chain 06 and C, and the 05 - Cyp quaternary carbons, The

7
observed LIS data for these carbons will bhe predominantly nseudocontact
. ; 2 .
in nature, and calculation of the (3cos @ —‘l)/r3 term enables a relative
ordering of resonances to bhe obtained. The geometry of the lanthanide

complex coordination with the hydroxyl function is unknown, and therefore
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approximate data2 obtained for adamantan-1-ol were employed. Thus
the Tu atom was assumed to be 2-1% distant from the oxygem atom and the
T-C-C bond was defined as colincar and taken to be the principal
magnetic axis, The 1 vector was obitained from measuremenis on
Preiding models and the angle this subtended +o the Tu-0 hond was

calculated by trigorometry. The results are presented in table 5.

Mable 5. Psendocontact term calculations for hexatriene svstem,

rd
Oarbon No.  r(R) e cos @ (3008?9 -1)/r" x 107
6 630 2197* (.93 64436
7 7-65 19°711 0.9426 347201
5 5.45  15°20'  0-9644 11-064
10 5.90  12°28'  0-9765 9060

Inspection of fables 5 and 2 shows that although both C6

~

and Cq subatend comparable angles to the lanthanide the increased
distance of the latter is such as to produce large differences in the
psendocontact term in keeping with the observed LIS data (teble ?2)

and confirming the assignments oftabls 1,

The nair of quaternary resonances 05 and 010

gimilarly distinguished using table 5, vhich predicts CS to have a slightly

may he

greater LIS than C y which is reflected by the experimental values.

10
These nuclei may now be assigned with reasonable confidence as indicated

(table 1).

o kS
o, s
The calculated values of (3cos® -1)/r” must be considered
approximate, because no allowance was made for the Eu-0 geometry.
~
. [ . >
Data obtained” from 'metal-search' computer programs, which fit the

observed shilts (with the elimination of contact contridvutions) to



the pseudocontact equation suggest the Fu atom more normally subtends
an angle to the 0-C bond of 120—1500 rather than being colinear with
it.

The hexatriene resonances for 2a are now readily assigned
by commwarison with the frece alcohol. It is interesting to note that
C1O has a larger diamagnetic shift than 05 (-1+85 vs. =1+19ppm), also
that C9 exhibits a small upfield shift in contrast to those dowmfield
for G (0+68) and Cq (0+91ppm).  These variations probably reflect

the polarisation of the conjugated system by C, esterification. The

3

effects are illustrated in figure 3.

Ars 3,5 DNB3. \®

ArO

Figure 3, Hsterification shifts -~ ergocalciferol

Such long range bond polarisations are not without precedent.,

. .13 . .
The source of non-equivalence in “C chemical shifts of unsaturated

carbons in some long chain fatty acids has heen shown16 to have its
origin in a linear electric field effect arising from the substituent
(—CC?H, -COoR, -0H) at one end of the paraffin chain, and to be

detectable upto eight C-C borids away from the head group dipole.

The two remaining resonances are C11 and Cq, which may be
readily distinguished by chemical shift. 011 has no ol substituents

and ig X to the sp2 centre 08’ and hence is expected to he the

209,
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highest field methylene group; whilst C9 iselto the *riene system and
is therefore deshielded. Neither resonance should show an esterification

shift, in keeping with the assignments proposed in table 1.

5.1.7. Dihydrovitamin D, IT and D, IV.

2

Carhons 11-17 in the C and D rings and all the side chain were
readily identified by compariseon with ergocalciferol (Z). It is
obsexrved that carbons 14 and 17 are now resclved by 0+08ppm, and it
seems reasonable to assign C14 to the higher field absorption, since

017 is less likely to be affected by hydrogenation of the C double

107019
bond in 2.

The homogeneous hydrogenation of 2 to 3 and 4 converts 019
to a methyl group, which is readily identified from off resonance

spectra and assigned as indicated (table 1),

The chemical shift of 08 in the hutadiene chain is expected
to vary little upon either esterification (j;ég) or reorientation of
the 010 methyl group (3a-4). These structural modifications serve to
distinguish this quaternary olefinic carbon resonance from the other

arising from 05 and enable unambiguous assignments as tabulated,

The *wo mid=-chain butadiene resonances are initially differ-
entiated via esterification shifts. Comparison with 2-2a (see fig ?)
suggests C6 will show a downfield esterification shift, whilst 07
will probably undergo a small upfield shift and assignments as
tabulated fulfil these predictions. Inapection of molecular models
of 3a and 4 suggests that the reorientation of the 619 methyl group
ahout 010 from a trans diaxial arrangement in D?II to the axial-eqguatorial
conformation of D?IV will relieve steric interaction with 07—H but
leave C6 unaffected, The observed effect in the chemical shift of
C7 for this change is -C+21ppm, which must be considered a real effect

in the 1light of a negligible (0:05 ppm) change in the chemical shift of

CG'
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Within the 4 ring, carbon 3 is easily identified by its
characteristic low-field shift, and it is noted that the ester shift

3-Za is 7+57ppm, ca. 2ppm larger than that recorded for ergocalciferol.

Carbon 4 is distinguished by its chemical shift and off-
rescnance spectrum, as discussed abhove, An esterification shift of
~4«25ppm is obeserved for the D2IV isomer (éfzﬁ), comparison of 3a and

4 indicates the conformational changes affect 04 by only O-3ppm.

By analogy with the 4-methyl cyclohexanols,17 carbon 10
is identified as the methine resonance at ca. %0ppm with a negligibhle
esterification shift 3-3a, but an appreciable downfield shift (0+8npm)
2a-4 upon reorientation of this centre, reflecting the differences

between the two A ring conformations in 3 and 4.

By Anaslyy with ergocalciferol (Z) and cyclohexanol derivatives,
CQ in the DQIV isomer (5) is expected to exhibit an ester shift comparahle
to carbon 4, whilst C1 will probably have a very small ester shift.
Arising from the substituent pattern within the ring, carbon 2 is expected

to resonate to low field of carbon 1, as discussed ahove.

Tnspection of Table 1 reveals that carbons 1 and 2 in
dihydrovitamin D IV (3) occur within O+4ppm of each other, and hence
it is possible that these two assignments might he interchangeabhle:
however, those given provide the most compatible pattern of esterification
shifts in the light of figure 2. It ig difficult to calculate shifts
for 3 in terms of an axial methyl substituent upon cyclohexanol, as
ring geometry and hence electronic distributions, are distorted by

the 05 sp2 olefinic centre.

The overall effects of esterification in dihydrovitamin D?IV

are illustrated in figure 4.
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;2’14 fo R - EiS"CVVE&;

Figure L  ssterification shifts in

Dihydrovitamin Do IV
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5.1.4 Suprasterocl II.

The introduction of the 08 spiro centre and cyclonropsne

ring into the gkeletal structure cause quite significant changes in
the choemical shifts of the C and D rings. However, comparison of the
chemical shift data with assignments made for ergocaléiferol (2) identifies

all the side chain resonances together with the angular methyl group,

019
the C, oxygen-bearing carbonm and carbons 12 and 13 in the C ring.

3

Carbon 17 is remote fromthe O, spiro centre, and hence is expected to

8
differ 1little from that in 2, whilst C“1 is o€ to the spiro centre and

thus its chemical shift will be modified from that in 2, It is

obhserved that 08 induces an upfield shift in C1A of 3+51 ppm, causing

the usually coincidental absorptions of 014 and 017 to hecome well

resolved when compared to ergocalciferol.

C8
spectra, the extreme high-field position being ascribed to the stress

The second quaternary carhon is identified from off-resonance

associated with the spiro centre within the cyclopropane ring.

The A/B ring junction consists of the ¢ double hond,

5 %10

05 ig both o to the tertiary centre C6 and R to the oxygen function C

in contrast C1O has the 010 methylene carhbon as its corresponding of
7

3§

substituent in te B ring and is K to the hydroxyl function. Tence

Cr 1s expected to occur to low field of

5

accordingly.

CTO and the assignments are made

Tre remaining carbon atoms were identified unambiguously

with the aid of esterification shifts and LIS data. An off-resonance

spectrum of the "ﬂuIII

shifted-solution" enahled all methylene and
methine centres to he differentiated, which was not possible in the

Fu-free solution.

The three carbons with the largest values of Fu (table 2)

(excluding CB’ C. and C1O) must lie in ring A. Carbon 4, with hoth

5

the oxygen funetion and the double hond as of substituents will he +o



the lowest field of carbon 1,2 and 4, and is analogous to its
counterpart in ergocalciferol (2). Hence the comments made of 2
(above) concerning the minimal second order nature of the off-resonance

spectra of C, are applicable here and serve to confirm  its assignment

4

in 2 and identification in 32, from which an esterification shift

of -4+08ppm is deduced, comparable to that found in 2-2a. Carbhors

1 and 2 are now readily differentiated, hoth with the a2id of IIS

data (table ?) and on chemicel shift grounds, from which C? is expected

to absorb to low field of C1. Further comparison of § and fa permits
the identification of C1 as that having = comparable esterification

shift 1o 04, with Cs exhibiting a much smaller effect,.

The only methylene carbon in the B ring is C1O, which is
J/
nov readily identified from the LIS data as that methylene resonance

with the most significant value of SFu'

117 . .
The off-resonance spectrum of the '™u shifted solution™"
indicates iwo methine resonances with a considerable LIS, which rust

he 06 and C Although both carbons have the spiro centre CP as a

7

common o substituent, 07 is also & tothe C,, methylene group whilst C6

19

57010
o substituent. Consequently, C6 is assigned as the lower field of the

has the increased substitution of the ¢ double hond as its other
two absorptions., This assignment is supporited by the off-rescnance
spaetrum, which shows a more clearly defined doublet for the low field
over the upfield resonance, These differences arise from the different
spin systems of the two carbons; 06 bears one isolated vroton (vhich
is clearlyresolved in a 220 Mz proton spectrum a a sharp singlet at

8-25¢), whilst C7 can couple to he protons on 044 in an ABCX spin

214.

system. It is noted that the larger directly honded coupling constants18

characteristic of cyclopropanes <1JPH = 161 1'z) compared with a
value of ca. 125Hz for paraffins are reflected in the size of the
residual splittings observed in the off-resonance spectra, when

measured agzinst these from other methine resoances,

Carbon 9 in ring C is« to the quaternary centre CB’ and is

thus similar to 019, which is o to the other quaternary centre C

13°
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Cn chemical shift grounds this carbon is hence assigned to the low field

absorption overlapping Cé‘

It remains to distinguish the absorptions arising from

carbons 11, 15 and 16. As discussed for ergocalciferol, 011 is
expected to he the highest field methylene resocance and it is ohserved
that the assigned line is shifted upfield 1:38 ppm, in keeping with the
change at Cq (theXposition) from an sp2 to a strained sp5 centre,
Carbon 16 is § to 08 and hence less susceptible to these variations:
the assigned resonance corresponds very closely with that recorded for

2.

Carbon 15 also bears a .4 relationship to C_, and it is seen

8
that this centre once again reflects the hybridisation changes discussed

above, with an upfield shift of 123 ppm.

Comparison of the full assignments for suprasterol and its
35DNBz reveals the effects of esterification are more short-range in
nature than for compounds 2 - 4, and despite quite large shifts upto
the AB ring junction, minimal changes permeate throughout the B rings,

as illustrated in figure 5.

T

o-13
5
12 C) +O 02
- 408
. ~00
~ 428 -0-93

+1-23

R=H b R-= 3,5 DNB3

Figure 5. Esterification shifts - Suprasterol II



5¢1.5 Tetrahydrosuprasterol II.

Catalytic hydrogenation of suprasterol II initially saturates
the side chain double bhond (A ?2’23) and secondly opens the cyclo-
propane ring by cleaving the C6—C, bond. Consequently, the molecule
contains only one double bond (55%’10) and the 130 spectrum of the
aliphatic region contains 26 lines crowded together (figure 6). This
produces extensive overlap of absorption bands in the off-resonance
spectrum, and it was not possible to make unambiguous identification
of methylene and methine signals in some instences. This problem
was overcome hy obtaining a proton decoupled partially relaxed Fourier
transform (PRI™') spectrumof the 3,5DNBz cster (7a), using an inversion-
recovery (180—1—90—T)n pulse sequence, and the resulting spectrum is
shown in figure 6. Allerhand ° has found that ~0H,~ and ~CHi- groups
in cholesteryl chloride had relaxation times T, of cé. 025 + 002 and
0«5 sec, respectively. Thus a time intewrval T 6f 0-26 seconds hetween
the 180° and 900 pulse should effectively "null" methylene resonances
(or in some instances produce a small positive absorption), whilst
the more slowly relaxing methine resonances should appear as negative
sipgnals., Assignments were aided further through the use of LIS data
obtained for the alcohol in the manner deseribed previously for the

model compounds, and the relevant data are recorded in table 2.

Saturation of the side chain will modify the chemical shifts
of all the side chain carbons, but it is possible to estimate these
new values through the consideration that the 'new' side chain could
arise from a cholestercl side chain (for which the chemical shifts
are well documented9’1o’13)via

Y

the introduction of a methyl group at
op e Table & indicates the results of such a calculation, together
<
with the ohserved shifts for comparison.

The angular methyl group is readily identified as that

C18
rezonance at highest field, 0?8 in the side chain is assigned by
comparigon with the C, methyl group of 2,3-di#mihylhexane, which

)

occurs11 at 15«1 ppm. The signals corresponding to those indicated

216,
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by table 6 for Cop and Gyz were difficult to identify as methylene
resonances from the off-resonance spectra, but the T.IS data provided

a facile means of distinguishing these (and other side-chain resonances)
from neighbouring signals of carbon nuclei inte B and C rings of the
mclecule, Thus Table 6 provided a good indication to the region of

the 020 resonance; and use of LIS data (table 2) together with a
comparison of the chemical shifts of free alcohol and 350NE= ester and

off-resonance spectra enabled the final assignment.

A striking example of this procedure is provided by the
assignment of CQQ. Tabhle 6 suggests a value of 34+2ppm, but LIS data
indicates the resonance at this position to be 0 (see later) and that
022 is actually that absorption at 30-53% ppm. Neither off-resonance
or PRI'T spectra were able to provide clear evidence in this case, and
the discrepancy of 3+7ppm indicates the need for caution when using

only one piece of data,

Clear evidence that the assignments indicated for C?A and

095 from table 6 and off-resonance spectra were correct was provided
by the PRFT spectrum. Both methine resonard appeared as negative

responses,i.e., with longer relaxation times compared to the 03 methine
g 9

resonance, This discrepancy arises1’ from the internal motion at the

end of the side chain, vhich reduces the efficiency of the dipole-dipole

m

Ty
Hence the negative responses observed are consistent with the location

relaxation processgo and therefore increase the relaxation time
of Coy and L25 near the end of the side chain.

19
Py should - all show

evidence of the internsl motion (i.e. fast spinning), and this was

- and -CH

The terminal methyl groups C?6’ 0?7 and C

uscd to distinguish between absorptions arising from CH

groups in the 17-21 ppm region. This was especially rzlevant foi the
020 absorption, since table 6 indicates this carbon could be the
resonance at 1932 ppm, but a positive response in the PRFT spectrum
precludes this possibility. 021 was finally assigned to the 1869 ppm

resonance, (negative PRFT response ), whilst C?6 and 0?7 were identified

as indicated in table 1, and it is ohserved these assignments are in
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I'stimated side chain resonances in teirahydrosuprasterol.

2

21

20

26,27

24

lczg M"

———
position in effect of 094 total predicted observed
cholesterol methylation change (ppm)
191 E =01 0«1 19.2 18469
%56+3 § =03 03 3606 3587
367 8 =25 =245 3402 30+53
244 B =91 9+4 55+8 33452
2843 X = 94 3.6 31+9 21449
change in substitution
3ry (2ndy)  3ry(3ry)
= =58
£2.8,2%+0 - 2.5 -2.5 0.3 17463
(but also intro. 20+5 20-54

40-0,

of 2,3~

nucleus.

of assymmetry at 0?4)

dimethylhexane

21

Thus 094 = 38+5 + 2 x 0«2 = 39«1 ppn.

. . R .1
Thisresonance is hest calculated as a2 derivative
(C?/ = carbon 3) with correction

4

factors ( § effects) for addition of C,., and the steroid



excellent agreement with the absorptions recorded11 for the C1

resonances of 2,3 dimethylhexane (17-8 and 20-0 ppm). As discussed

previously for the stigmasterol side chain, these differences in

220,

shielding of the terminal methyl groups probably arise14 from deshielding

of one of the methyl groups by the steric interactions with the main

part of the side chain.

Hydrogenation of the 06—67 bond in 6 to 7 relieves the bond
angle strain a CS considerably, and this is reflected hy tie chemical
shift changes in the immediate neighbourhood, Thus a comparison of
1 with its parent 6 shows that the quaternary carbon 015 has bheen
chifted upfield 1+6ppm, and enables the resonances for C1A and 017

to be assigned as indicated in table 1, 017 is remote from the spiro
centre 08, and thus should exhibit only a small shift 6-7 (0+9 ppm);
whilst 014 iz in an o relationship to 08 and undergoes a considerable

dovmfield shift (&<3ppm) to its position in 7.

"he spiro carhon CB is identified from its off-resonance
spectra and it is ohserved that the steric relief & to 7 produces a
downfield shift of 7+6 ppm.  The PRFT spectrum indicates C. has a

\18
19 .

long relaxation time comparable to C as is to he expected for

13?
non-protonated carbons.

As discussed previously, must he the highest field

(‘\
P
methylene absorption and the PRFT spectrum enables its assignment to
the resonance at 19¢3 ppm. Comparison with its position in é_at 2100
ppm indicates that C14 is influenced by the reliei of steric strain

1

at 08 to the extent of 1.7 ppm.

The 4/B ring junction consists of the 5,10 double hond,,
and it is seen that the relevant signals are separated by only 2-3 ppm.
Thus it is difficult to make unambiguous assignments either on the
basis of the relative positions of the carbons with respect to the
spiro centre and the oxygen function or ester shifts, which are
comparable (-0+5% and ~0+3%9 ppm) for the two signals. However,

C5 isel to 06’ whilst C g is/g to (37, and thus removal of the



06 - C7 cyclopropane bond in 6 - 7 will probably induce greater shifts

in ¢_ over 010. Assignment of C_ to the high field resonance and

C1O Eo the low field resonance issin accordance with this hypothesis,
and yields values of an upfield shift for C5 of 10+3 ppm, and 6+9 ppm
for C1O' The alternative assignments are thought to be less probable,
as this would yield comparable values of the "steric-strain" shifts

for &6 - 7.

The magnitude of the lanthanide shifts serve to distinguish
these resonances in the A and B rings from those in C and 1, vhich are
remote from the C-3 coordination centre. Use of this information
in conjunction with ester shifts and the other model compounds permits
a full assignment. Thus carbon 3, as the functionalised centre is
readily identified as the lowest field spBresonance and has the greatest
induced shift, whilst the remaining A ring resonances are those with
the next greatest LIS values. Individual identification of carbons
1, 2 and 4 is made on the grounds of ester shifts, as discussed

previously, and these are recorded in table 1.

The remaining carbons with ®latively large LIS values are
those in ring B and C9 from ring C. The major structural difference
between suprasterol II (6) and its tetrahydro derivative (7) is that
the hydrogenation cleaves the cyclopropane ring in ring B and this
relieves the considerable internal strain. This is reflected in the
differences of the chemical shifts found for this ring, and provides
a useful aid to assignments - for example, it was noted above that
hydrogenation produced a dovwnfield shift for the C8 spiro centre of
T+5 ppm. Carbons 6 and 19 are distinguished from 07 and C9 by
larger LIS values, and have chemical shifts close to those fox 6; C6
is anticipated to absorb to low field of 019 because it is o€ to the
Cg spiro centre, Carbon 9 in ring C is expected to possess a chemical
shift close to that found in suprasterol, whilst 07 in the B ring will
experience considerahle relief of bonding compression upon hydrogenation
6-7, and hence exhibit a considerable dowmfield shift. The assign-
ments recorded in table 1 support this conclusion, and the general

pattern of "steric strain" shifts is illustrated in figure 7.
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Figure 7. "Steric strain " shifts upon hydrogenation of C.-C_ bond

2
o—7

in Suprasterol II (dotted line).

R

748

~O-45 1366

N

There remain but three carbons to identify and carbon 12
is assigned to the usual position at eca 40ppm. Carbon 15 and 16
in ring D must be the remaining absorptions, and it is expected that
the chemical shift of 016 should be very comparable to its position
in suprasterol because it is remote from the 08 spiro centre, which
has undergone relief of steric strain. Carbon 15, although in a Y
relationship, will be more susceptible to the effects of such a change,

and the shifts recordedin table 1 are in keeping with this assumption.
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5.2 Compounds of Unknown Structure.

5.2.1. Tumicalciferol.

This compound is isolated as the major biproduct of the photo-
lysis of ergocalciferol to suprasterol II, but is of unknown structure.
This problem was investigated by recording the 13C spectra of Jumicalciferol
(8) and its 3,50NBz ester (8a) in CD013 solution, together with the single
frequency (off-resonance) decoupled spectra. Chemical shifts are
listed in table 9, and because the compound under investigation is a
by-product of suprasterol II (é) formation, a comparative table of

chemical shifts against those observed for6 was draym up as table 7.

From these tables, the standard set of ergosterol side chain
resonances was identified readily. S5imilarly, the highest field resonance

in the methyl region, normally assigned to the C angular methyl group,

18
was detected but with a downfield shift of 0+23%ppm, compared to that in
suprasterol II. The other absorption with an unambiguocus chemical

shift was the 03 hydroxyl function, with an esterification shift (+6+17

ppm) which was very comparable with that of 6.

Inthe olefinie region, two quaternary ahsorptions are observed
at 13102 and 134+3% ppm, indicating lumicalecifero) possesses one
totally substituted double bond (excluding side-chain unsaturation).
Inspectuwion of the cross-correlation table 7 between suprasterol II and
lumicalcifercl reveals a very marked similarity - both of these resonances
agree to within 05 ppm with those of the 05-010 double hond in 6, and
further the small esterification shifts for 8 8a exhibit the same
trends as for 6 06a; viz. the higher field resonance shows an upfisld
shift of 0-7% ppm for 8 {(ef. 6 =1+2% ppm) and the lower field ahsorption
a downfield shift ca. one-third as large (+0:23 ppm for 8 cf. 6 +0+37

ppm).

The aliphatic region of the off-resonance spectra reveals



Table 7.0

Comparison of chemical shifts for Lumicalciferol with

SUPRASTEROL

1257
1765
19+ 67
19.98
20+84
20-99
2108

22433
2280
24462

2718
27+ 66

3160

3312
3426

54+ 31

5577
40+09
40-92
42484
4443
53+13
56+ 64
67+98

131-78
13199
134-57
135-86

18
28
26
27
1

7
21

15
’
19

23
10

22

Suprasterol II.

T

SUPRASTERCL IT

3,5 DBz

12+64
17+73
19+65
19+97
20+83

21+01
21+86
22«41

24 +52

27431
2760

31-69

33+11
34415
3438

._1,0 ’06
40-74
42-89
4440
5299
56+ 60

75+20

13077
13184

13494
13577

18
28
26
27
11
T &
1

LUMICALCTIFEROL

3,5 DBz

1283
17464
19+ 64
19.96
20+79

2107
2184
2246
00+89

24-92

27+43
27468

31471
32467
33411

34 +87

4007
40481
42485
4479
53+54
5656

73+81

18
28
26
21
11

19

20
12
24
13
14
17

10
23

22

16

TLUMTCALCTIFEROL
12'84 18
1765 28
19466 26
19.98 27
2079 11
21.09 21
21.86 15
20e78 1
2274 7
2491 9
27430 8
27+69 16
70«92 2
32+79 6
33413 25
34+83 19
3532 4
A0+11 20
40485 12
4284 24
4478 13
5359 14
5655 17
6764 3

13102 10

131.79 23

134+%3 5

135.86 27

2) Figures to right hand side of columns denote assignments.
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the presence of two guaternary carbons. The low field resonance at

44+78ppm is in the range expected for § at the C/D ring junction, but

1
is shifted downfield 0«4 ppm from its poiition in 6. T higher field
quaternary at 27+32 ppm(8) is within C+14 ppm of the resonance for the
spiro centre Cy of the cyclopropane ring in 6 (2718 ppm).  This
quaternary resonance in lumicelciferol shows a small esterification
shift (+0+11 ppm) very comparable to that obsesrved for siuprasterol TX
(+0+17 ppm); these two observations taken together provide strong
evidence to suggest the 1/0 ring junction in lumicalcifercl is a spiro
centre in a very similar structural environment to that in suprastercl
IT.

Two doublet resonances are seen at the low field end of the
aliphatic region, that corresponding to 017 in 6 has an identical
chemical shift (56+56 ppm) whilst the 014 ebsorption is displaced

downfield by C+5 ppm from the analogous position in 6.

An additional pesk in the low field aliphatic region can be

distinguished using the cross-correlation table 7, which indicates the

triplet resonance at 40:85 ppm (§) possessing a negligible esterification

shift, should he assigned to 01? in ring C. Notwithstanding the methine

resonances associated with the side chain, two further such absorptions
are detected, comparahle to those recorded for the cyclopropyl carbons
06 and 07 in suprasterol II, hut exhibiting appreciabhle chemical shif+

differences from these, vigz:

carbon suprasterol 1I difference lumicalciferol
Cq 2083 +191 22474
Cg 3419 -1-36 32479

Tt may be concluded Trom all the above information that the high field

225,

quaternary centre must be in a cyclopropane ring (to provide the necessary

strain and hence chemical shift) and this spiro centre is &« to 014 to

maintain the chemical shift of the latter comparable to hat observed in
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suprasterol II, i.e. the spiro centre must bhe C8‘ Both of these conditions
must be satisfied for the observed chemical shift to be within 0+1 ppm

of that recorded for ¢, in suprasterol TI.

8
The almost identical chemical shifts recorded for the tetra-

substituted double bond in lumicalciferol compared with that in suprasterol

IT indicates these two carbons are in the same chemical environments

in both compounds, with reference to both the hydroxyl function and the

cyclopropane ring. Hence it is concluded that lumicalciferol is structurally

very similar to suprasterol II and possessing identical structural fragments

in the same relationships, and the only possible structure is a geometrical

isomer of 6, as illusirated in figure 8,

The lanthanide shift data (see table 8) enabled a complete
and unambiguous assignment to made for lumicalciferol and permitted a
full comparison with suprasterol II. As was discussed in an earlier
section of this chapter, the actual LIS value recorded for each nucleus
is a function of not only the distance from the metal but also the angle
this vector subtends to the principle magnetic axis. Therefore it is
apparent that even for the corresponding carbon atoms in the isomeric
pair under consideration, at least one of these parameters will he
modified, notwithstanding any difference in the binding constant of the
Fu-sterol complex. Thus comparison of the LIS data between suprasterol

IT and lumicalciferol can only be on a semi quantitative basis.

The LIS data serve to locate the A ring carbons 01, 02 and C4
which are finally assigned on grounds of relative chemical shifts and
esterification shifts, as has been utilized for the model compounds,
and by reference to table 7. It is interesting to note that although
02 and C4 have esterification shifts similar to those found for supra-
sterol II, carbon 1 exhibits a small downfield shift (+0.086 ppm) in
contrast to that found for 6 (-0-93% ppm). Tigure 9 depichts the full

range of esterification shifts found for this compound.

In ring B, the assignments for the cyclopropyl carbons C6
and 07 are confirmed by the relatively large values ofgxﬁl, whilst

019, as the remaining carbon in ring B, is distinguished szimilarly as



R
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Figure 8
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Table 8, Alﬁ'wu" — Lanthanide Induced Shifts in Lumicalciferol and some

Toxisterols: (extrapolated to equimolar lanthanide:toxisterol

concentration).

Carbon No. Compounds
8 9 (B21) 10(322)
1 233 583 233
2 278 202 A09
5 1351 1250 934
4 303 61 9
5 274 179 260
6 142 A 161
7 93 B4 150
8 82 276 250
9 71 185 264
10 264 44 225
it 35 70 133
12 31 49 €0
13 34 92 80
14 A8 234 112
15 43 134 83
16 22 53 48
17 23 30 0
18 3C 54 13
19 137 52 79
20 15 16 21
21 1Q 6 12
22 1% -1a 16
23 10 ~4 17
24 7 -17 11

25 5 -14 9
26 3 -17 4
27 3 -17 6
28 5 -24 9



that resonance at 3267 ppm.

Three carbons are to be identified in ring C, viz., C

b
and 017. Carbon 12 is remote from the stereoisomeric diffe%ences

C
bglween suprasterol IT and lumicalciferol, and hence is expected to
abhsorb close to its position in the former compound, Similar remarks
apply to C11, which is additionally anticipated to he the highest field
methylene absorption. However, carbon 9 is o{ to the 08 spiro centre,
i.e, close to the site at which the geometric isomerism is sited, and

thus it is not surprising that the LIS data indicate this carbon to he

that resonance at 24+%81 ppm, some 9+4 ppm from its position in suprasterol

IT.

It remains to differentiate carbons 15 and 16 in ring D as
the two residual signals: neither carbon should have a chemical shift
very different from that found for 6, and hence assignments were made
using table 7. It is interesting to note that 015 abhsorbs ca. 0«5 ppm
to high field of the analogous carbon in 6, whilst this descrapancy is
not seen for 016’ and it is felt that this variation is a reflection
of the differences in intramolecular interaction in the two molecules

produced by the geometrical isomerism,

Pigure 9. Tsterification shifts in lumicalciferol (ppm).

-QR

+O-05

+0-08

R+ 3,5 ONB;
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5.2.2. Toxisterol B21.

& preliminary comparison of the Y spectra (table 9) obtained
from the free alcohol (9) and its 3,5DNBz ester (9a) enables the identific-
ation of several structural features. Thus the resonances of the ergo-
sterol side chain were readily distinguished by comparison with those
found in the model compounds (table 1), and it was evident that the
double bond 13?2’23 had not participated in the photochemical rearrangement

from ergosterol (1).

Secondly, the ("18 angular methyl group and the quaternary
carbon 015 in the /D ring junction were identified from off-resonance
spectra and use of table 1. Turther comparison of these chemical
shifts with those observed for the model compounds showed that 018 had
undergone a downfield shift of ca. 1+8 ppm, whilst 015

upfield ca. 2:0 ppm with respect to the corresponding absorptions found

had moved
for ergocaleciferol (2) and the dihydrovitamin derivatives (3,4).

Yhe low field methine absorvtions arising from C1A at the

C/D ring junction and € the point of attachment of the side chain,

’7’
were similarly identifigé from table 1, Their close proximity to the
corresponding pesitions in 1 - 5, together with the assignments for 018
and 015, provide good evidence 1o suggest that the C and D rings are
intact, but that there is a structural modification, possibly in ring C,
which causes a perturbation to the chemical shifts of C13, 014 and 018'
The sp2 region of the spectrum contained four resonances
additional to the two already assocciated with the side chain. This
indicated the compound must be a four ring structure, and consequently
was unlike the ring P opened structures of the model compounds 2 - £,
The off-resoance spectra rovealed that two of the olefinic carbons had
one directly bonded hydrogen, whilst the other two were quaternary in
nature, i.e. there had been no redistribution of protons between the
saturated and unhsaturated parts of the molecule. Examination of a

100 MHz proton NMR revealed the resonances of these olefinic protons
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13 . . . .
Table 9. ’0C chemical shifts in some photolysis products of ergosterol,
and derivatives therefrom.

8 8a 9 9a 10 11 11a
1 00478 20446 35400 75481 2671 31444 29«66
o 30.92 2768 37.36 29.17 31.28 3400 31.08
3 6764  73-81 69-83% 76451 6692 69-9C 7%-89
PR AR AA T 0 54-05  50-76 42457 59.73 5625
5 13133 134+56 102+75 12253 199430 120-7 10127
6 39.79 3267 12929 12923 105+88 10871 128470
7 2274 22:089 140569 14037 14782 140-72 14079
g 2732 27473 5é e 11 5%Z.04 5274 53521 5%-18
9 24491 7493 51452 31-04 32-88 25+62 3561
10 131.02 130-29 13576 134+34 178-52 13797 13768
11 20-79  20+79 20410 19+06 21+ 79 19+59 19+ 39
12 40+85  40+81 32.97 4020 2067 40+10 39+ 67
13 4478 ALeT9 4%+85 4372 4221 44-86 AR 64
14 5359 5354 55+78 5612 57427 48+31 A8+56
15 21+86  21.84 22430 2045 21+71 24«00 2%+94
16 P7+69 D768 07+ 54 D743 D716 0951 20.57
17 5655  56+56  57-04 5780 57+ 27 54:20 54429
18 12.84 12.8% 14+ 20 1407 10447 18+%5 18-37
19 34.8%  34+86 18438 1835 19+08 26.03 26410
20 4011 4007 A0-C1 4010 4003 A0 17 39+99
51 51.09  21-07 20+ 62 20«63 20+87 21+98 2104
5o 125.86 135482 13576 13532 135470 136418 1%6+08
23 131-79 131+84 13176 132:05 13188 13185 131.88
o4 A2.84  A2+85 A2+84 42462 42489 4298 4297
5 3317 33.11 33410 73.08 %3412 3%.18 3315
26 19:66  19.64 19-67  19+68 19467 19467 10468
2 19:97  19.9¢ 19.98 19.89 19+99 2003 2003
28 1765 q47.%4y 17464 1733 1770 1770 1768
1 135.56 13482 13081
2 12942 129+ 54 129453
;: 148+ 68 14882 19842
4 100400 120439 120479
5! 148+ 68 148489 10842
6! 199447 129454 129453

7 162417 16197 166418
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occurred as a broad singlet at 3+65¢ , whilst at 220 MFz the absorption
could he analysed as a strongly coupled AB sub-spectrum, and indicated

that the two protons were in a cls relationship.

. 13
Netailed analysis of the off-resonance ‘¢ spectra enabled
all the carhon resonancesto he classified into methyl, methylene, methine
and quaternary centres, and indicated the molecule contained a total of

6(0}{3-), T (=CHy-), T }CH), A(cH=c), 2 ( 20=) and 2( Y0=C) units.

The second quaternary aliphaticresonance identified from
the off-resonance spectra occurred at 54 ppn. Since the 010 carhon

at the A/B ring junction of ergosterol (bearing the angular methyl

C
19

group) resonates at considerably higher field (37¢4 ppm, table 1), it
seems unlikely that the junction between the new A and B3 rings hears

much resemblence to a normal steroid.

The 220 lHz vproton MR spectrum contains four douhlet methyl
resonances arising from the side chain methyl groups, together with the
ginglet absorption for the C18 methyl group at 9+15¢ , which is somewhat

to lower field than that observed for C., in ergosterol (9+4f ) and is

18
in keeping with the suggested structural disturbance in this region,
A farther strong singlet methyl absorption occurred at 8+25¢ and could

possibly arise from an olefinic methyl group.

C s g 2 . .
Cne of the initial products 1 obtained upon vhotolysis of
ergosterol (1) is precalciferol, via ring B opening, and on the basis
of the ahove observations, it was possible to propose22 a structure

for toxisterol B hased on this intermediate. The proposed reaction

217
and structure are depicted in scheme 1, and the number system for the

toxisterol is taken from its ergosierol parent and given in figure 10.

Tt will be seen from scheme 1 that the stereochemistry about
08 and 04, involved in the final step of ring closure, cannot he defined
mechanistically. Inspection of Dreiding models reveals that for the
two digstercomeric possihilities at the spiro centre 08’ that with

the C6—C7 douhle bond abhove the C-D ring surface (18 face) will force

232,
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Scheme 1. TFormation of toxisterol B

21
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Toxisterol B21 (9)
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Figure 10. Yomenclature of toxisterol B?j.

the C7 proton into close proximity with the 018 angular methyl fgoup.
such an interaction could account for the perturbations of the 2
chemical shifts of 013 and C18 discussed above, and would be expecited
to prduce a homonuclear proton Nuclear Overhauser Tffect (1) between

the two groups.

Such an effect was readily deteCted in the 100 WHz proton

spectrum, Strong irradiation of the methyl group at 915 produced

~
718
an enhancement in the olefinic proton signal at 3-70T of 1757, measured

against that arising from the residual CHCl, in the D01, solvent.
/

3

Because this olefinic absorption is produced by two protons and only
oneé can be providing the NOE, the observed effect corresponds to a
true NOR of 35Y, and confirms that the geometry at C8 iz as described

above, with sirong interaction between the O proton and the C18

angular methyl group.
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It is now possible to confirm the siructure proposed for

7

toxigterol BP1 from 1DC MR data. Values of "ester shifts" obtained

from a comparison of @ and 9a served to identify those carbons near

the hydroxyl functionality, and were complemented by lanthanide induced

snift (LTS) data obtained from incremental addition of F‘,u(fod)3 to the
alcohol (9), in a manner analogous to that described for the model

compounds., Table 8 gives the values of § the value of the LIS

Eu’?

extrapolated to a relative concentration of toxisterol:‘?u(fod)3 of 1.0 1,

As discussed above, all the side chain resonances,together
with carbons 18 and‘13 could be identified by direct comparison with
model compounds via table 1. The spiro centre 08 must be the second
quaternary resonance observed to low field of 013. A good estimate
of 1its position can be obtained through consideration of CS as a
derivative of a 3,3-disubstituted cyclopentene, which yields a value
of 50+8 ppm, in good agreement with the observed chemical shift of
54 ppm, especislly when no allowance has been made for e conjugated
system and other substituents.

The olefinic methyl group C mist be the unassigned CHB_

19
absorption at 18+37 ppm, and in keeping with the corresponding proton

resonance at 8257 .

Preliminary identification of carbons 14 and 17 has heen
made above, 017 is remote from Cg, the point of attachment of ring

B, whilat 0114 is &« to the spiral centre and hence closer to the 03
b

hydroxyl function. Consequently, it is expected that C_ . will exhibit

14

a greater LIS value than 017 (table 8) and the assignments recorded

in table 9 are made accordingly.

The structural environment of C differs little from that

12
in the model compounds, and hence this absorption could he identified

by suitable comparisons from table 1. S3imilar remarks apply to 011,

which is assigned to the highest field methylene rescnance, as is to

be expected from the steric interactions of the C hydrogen with the

11
019 angular methyl group and the 07 hydrogen.

235,
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Suprasterol II (6) and ite tetrahydro-derivative (7), both
with 08 spiro centres, provided good modéls forthe structural environment
of carbons 15 and 16 in ring D, and enabled these resonances to he
distinguished readily as indicated in table 9, where theassigned lines

correspond to those for (&) to + 0+1 ppm.

This completes the assignments of resonances for ring ¢ (with
the exception of 09), ring D and the side chain, and attention may now
be directed to the new A and B rings. Carbon % bears the electroneg-

3

ative hydroxyl function and must be the lowest field sp” resonance,

with an esterification shift of 668 ppm.

Carbons 1,2 and 4 can bhe differentiated from 09 via the
combined use of esterification shifts and LIS data. Carbon 2 is
expected to undergo an upfield shift on esterification of 3-4 ppm
(see Figs 3 - 6),and additionally to possess the largsst value of

SIhl

should also experience an esterification shift, which is expected to

for the three methylene resonances to be distibguished. Carbon 1

be ca. 1 ppm, but the observed value (table 8) of =059 ppm for the
resoance at 33%+85 ppn (9) is comparable to that recorded for the other
unassigned methylene resonance at 31+52 ppm (-0¢48 ppm).,  The problem

was resolved by resorting to the LIS data (table 8) where the considerably
larger value ofg}ﬁl obtained for the former resonance enabled its assign-

and the latter to C,.

ment to Cy
s

Jarbon 4 must be the unassigned methine resonance at 54+05
ppm and possesses an upfield esterification shift of 3+¢7 ppm, comparable
to that for CQ, as expected from the above work (figures 3-6). However,
examination of the LIS data (table 8) reveals that €, has a value of g'Ru
less than one third that for 02 vhich indicates that the bulky shift
reagent is not symmetrically disposed about the plane of the H4—04—0H
bond.,

Al though the geometry of the lanthanide-toxisterol complex
is unknown, and the stereochemistry about CA is as yet undefined, it is
possible to suggest (through the inspection of molecular models) that

T

if the ¢, hydrogen were on the )5 face ((‘,3 h”/K 01) i.e. ™, and Hy
A !

V]
4



vere trans diaxial, the resultinggeometry (see Figure 11) would produce

. . . My = .
steric crowding on the & face (undercide). This would cause the shict

'/n.ﬁra.c{'/on,

Tigure 11. Suggested stereochemistry of Toxisterol 371

reagent to take up an agsymmetric position with respect ito the P/—,Z—OH
L

plane, The alternative structure with a 4 o hydrogen relieves this

crowding (through inversion at 04 and 'flip' of CZ) and would allow

a more symmetrical complexation of the lanthanide.

It remains to assign the four clefinic resonances. Tt is

difficult to find suitable models in the literature, and calculations

3

. . 2 24 .
using the substituent parameters of Stothers™ or Roberts™ Fail to

provide reasonable estimates for these absorptions. 0f the two
quaternsry centres, C. may be distinguished from Cm by its larger

2
ester shift (=0+7 ppm), comparable to that for C,, whilst that for the

19
other quaternary olefinic resonance is ~0+42 ppm. The LIS data support

237.
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this assignment, with the value of S ol obtained for 05 being about
four times as large for 05 than C,o.  The high field position of
05 (122+8 ppm in 10) is ascribed to the structural strain produced

at the A-B ring junction by the fusion of the cyclopentane and cyclo-

hexane rings.

Carbons 6 and 7 exhibit comparable ester shifts and LIS data,
and hence it is difficult to distinguish between the two centres on
this basis, However, it is possible to obtain an approximation to the
chemical shift of C7 if the C6~C7 double hond is treated as an isolated
unit. Data obtained”? from 4,4-dimethyl pent-2-ene (CHB.CH=CH—But,
where C4 is compared to 08 in the toxisterol), suggest 07 should resonate
at ca. 142 ppm. The assignments indicated in table 9 complete the

identification of carbon resonances for toxisterol B21.

5.72+3., Toxisterol B22.

z

The -g spectrum of Toxisterol 322 (10) is generally very
similar to that recorded for B21 (9, see Table 9) and off-resonance
spectra indicate the former compound is composed of the same combination
of CH?—, -CHy=, =CH, IC~  and sp2 carbons as the latter. he 220
MHz H spectrum has similar features to that of 9,vith an allylic
methyl group at 8:25¢ and a pattern of methyl group absorption at
8+9-9+AT comparable to those of ergosterol. Two olefinic protons
resonate at 3847 and 4+63¢ : this system is first order with JAK =
5+5 Hz, indicating the protons are in a cis geometry. Irradiation
of the allylic methy) group failed to produce any detectable MNOE of

the olefinic protons.

Lrising from these observations, it may be concluded that
B22 has the same siructural framework as P21 and is a stereoisomer of

it, possessing diffevent stereochemistry at Cq and possibly C,.
© +
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Assignment of the carbon resonances is again aided by resort to LIC
data, obtained in a manner analogous %o that for 9, and the values of

. . . 11T .
the induced shifts exirapolated to equimolar Fu :sterol concentration

are presented in table 8.

13

Comparison of the C spectrum with that of 301 and the

model compounds (tables 9 and 1, respectively), enabled ready

identification of the ergosterocl side chain, together with C11 as the

highest field methylene resonance, C and the 013 quaternary

O —_
129 147047
absorption. Carbon 8 is identified as the second quaternary to low

field of 015 and the olefinic methyl group 019 to be the additional

~CH, absorption at 19:08 ppm: Thoth signals are at comparable positions
A

to those recorded for toxisterol I21. The C18

is the highest field methyl at a position typified for that carbon by

angular methyl group

the model compounds ergosterol and ergocalciferol, and not to lower

field (+1+7ppm) as found for B21. This difference in chemical shift
for C18 hetween the two compounds provides strong circumstantial =vidence
that there is no intramolecular interaction similar to that found in B21

in 322,

It is now possible fo identify the A ring SDB carhons. The
05 hydroxyl function is of course the lowest field =zaliphatic resonance,

and LIS data pexmits the distinction of €, and Coe The latter (Cp)

1
is expected to absorb to low field of the formar (01) carobon, for
reagons discussed with B21 and the model compounds a2nd the assignmentis

ere made accordingly (Mable 9).

The remaining aliphatic carbons must be O (methylene) and
04 (methine) and 94 (methine) and are confirmed by off—resonance spectra
and comparison with B21, Tt is seenthat the chemical shift of Cq
(32-88 ppm) is close %o that recorded for B21 (31.52 ppn), wlfliler,l(’J/1
at the AB ring junction has been displaced upfield 9.48 ppm with respect
to the analogous carbeon in B21. These differences most probably arise
from the variations in stercochemistry hetween the two toxisterols.
it is interesting to note that although C4 is in A @ position to the

03 hydroxyl function, i+ has an anomalously low LIS value (Table ), a



situation similar to that found with B21, for which it was concluded
111 . . N, A,
that the ¥u ~~ atom was situated in a markedly adsysetric position

with respect to carbons ? and 4.

The four carbons of the skipped diene system in the A and
B rings are initially separated into the individual double bonds by
the offxesonance spectra. The 155’10 bond must he the two singlet
sp2 resonances and are finally identified hy the close agreement found
with the chemical shifts for this unit in R21. Carbons 7 and 10 are
the two remaining absorptions and comparison of these chemical shifts
with those of B21 (9) indicate that the lower-field resonance at 14782
ppm is 712 further downfield than its counterpart in 9, whilst that to
high field is seen to he 3+41 ppm to higher field than its counter-
part. The low field resonance is ascribsd 1o 07 and the high field to
C1O for B21, and the observed changes in chemical shifts are consistent
with sinilar assignments for B22. The chemical shift of C7 in B21
must be influenced by the strong interaction of its proton with those
of the C18 methyl group. Relief of this intramolecular force in B?2

by inversion of the stereochemistry at C, will »roduce a larger effect

8
at 07 than 06’ and the differences found here substantiate such a

proposal,

5.7.4. Toxisterol B3%1 and benzoate ester (11 & 11a).

This compound is chemically similar to the other toxisterols,
and the nmr data confirm this to he true. Thus in the 220 Vlz 1H
spectrum, specific items of interest gre the presence of an allylic
methyl group at 8¢3%p , and a two proton olefinic system as a pair of
doublets at 3+62 and 3+91r , with JAX = 6 Hz, comparable to that found
for 322, The 130 spectrum is also very similar, both with respect
to the pattern of chemical shifts ohserved and the composition of the
molecule in terms of carbon types (CH3-, -Cll,=, $CH-, 3O~ and Spg)

as revealed by off-resonance specira.

240,



Consequently this toxisterol was deduced ‘o be structurally
identical with 321 and 322, and must hence be a sierecoisomer of these
compounds. Although LTS data are not available it is possible to make
a full assignment of the carbon resonances, withester shifts providing

a indication of the 'A' ring.

The ergosterel ¢ide chain carbons 020_028 are identified
readily by comparison with the model compounds and the other toxistercls
(tables 1 and 9). The 018 angular methyl group must bhe the higher
field of the two remaining methyl signals at 18<3 ppm, which is 4-2 ppm
downfield from its position typified by the model compounds and toxisterol

B21. The allylic methyl group C is also found considerably to low

field (76 ppm) of the shift recolged for both of the other toxisterols;
it is concluded that these changes must result from the changes in
stereochemistry at 04 and 08 for this compound with the other toxisterols,
which accordingly modify the spatial interactions experienced by these

methyl groups.

Further comparison with the model compounds and other

toxisterols enables identification of 011

resonance, 012, the two quaternary carbons C

as the highest field methylene
13 and 08’ and the 05

hydroxyl bearing carbon. Carbons 15 and 16 in the D ring can also be
distinguished as the remaining signals in the 20 - 30 ppm region,

although absorbing upto 2 ppm to lower field than observed for 321 =nd
Brr. Carbon 17, at the junction of the side chain with ring D, is

remote from the CS spiro centre, and is thus expected to have a chemical
shift similar to that found for the model compounds and other toxisterols
and possess a negligible ester shifv: nence this carbon is assigned

to the methine resonance at 54+2 ppm. In contrast to this, carhon 14,

at the C/D ring junction is ol to 08 and hence its chemicel shift may
differ markedly from the value exemplified by the other toxisterols:

the methine resonance at 48:% ppm has a negligitle ester shift (which
serves to separate it Irom neighbouring signals) and is accordingly

assigned to This latter pesition for 014 is 7+5 ppm to high field

o
/111‘.

of that found in toxisterols B21 and B??2 and demonstrates the marked

dependence of this ecarbon chemical shift on the neighbouring structural

241,
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environment.

The sp” carbons in the £ ring (CT’CQ and CA) are now identified
from comparison of the spectra of the free alcohol and benzoate as those
signals with large ester shifts (greater than 1 ppm). As discussed
for other compounds, 02 is expected to absorh to lower field than 01,
and the larger ester shift (-2+23 ppm) observed for the resonance at
34+00 ppm (10) confirms this assignment. Hence C1 must be the higher
field methylene carbon =s listed in table 9, with a smaller ester shift
(-1-79 PPMm) . These large ester shifts separate these methylene carhons
from the 09 absorption, and hence distinguish this carbon as the remaining

methylene signal. Carbon 4 is/? to the C, hydroxyl function and thus

5

is expected to exhibit anester shift comparable to that of C i.e.

’
2 = % ppm. Comparison of the chemical shifts for (11) and illp)
indicates 04 must be the methine absorption at 59+73% ppm (11) with an
esterification shift of -2:47 ppm. This is some 5 ppm to lower field
than the analogous absorption for B21, and 2 ppm lower than in R22,

and must be a consequence of the difference stereochemistry at ¢, and/or

4
C8 compared with the other toxisterols. These changes are of such
magnitude as to bring this signal downfield into the region (56 - 59

ppm) normally associated with C1A and G and underlines the need for
‘r

17°
caution in the assignment of carbon chemical shifts, which can only be
made unambiguously with the aid or corroborating information such as

esterification shifts.

The four olefinic carbons of the hutadiene system in rings
A and B cannot he assigned other than by comparison with the other
toxisterols, and since all four shifts are within one ppm of those for
B21, the signals are identified accordingly. The only absorption to
show an appreciable esterification shift is that to highest field (Q-54
ppm for the 120+72 ppm signal), which is reasonable for a carbon in a ¥

relationship to the =-0H function and confirms this to he carbon 5.



5+%, Dxperimental.,

Carbon-13 spectra were obtained at 25+16 1Hz using a Varian
Associates XL-100-12%G spectrometer in Fourier Transform mode. Deutero-
chloroform, purified by standing over potassium carbonate (anhyd.) and
degassed with oxygen free nitrogen, was used as solvent, and solution
concentrations were typically in the range 50 - 150 mg sterol/2-0 ml
CDClB. Fall proton decoupling was obtained hy use of the Gyrocode
decoupler with a noise bandwidth of 1 KHz centred 4 ppm dovnfield from
TS, and a power of 4w, whilst off-resonance spectra were recorded with

full proton decoupler power (12 w) centred 1 — 2 ppm to high field

.0
of TMS, A1l spectra were recorded at 25°C.
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BARRIERS TO ROTATION ABOUT C—N BONDS—I:

'ROTATION ABOUT THE C—N BOND IN MONO-, DI- AND
TRIFLUOROACETAMIDE, AND DEUTERIUM ISOTOPE EFFECTS
UPON F SHIELDING
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Abstract—The *F NMR spectra of mono- and difluoroacetamide are used to derive the activation
parameters for rotation about the C—N bond; it is not possible to obtain useful results for tri-
fluoroacetamide. A total line shape analysis is used.

Unusually large deuterium isotope effects upon the shielding of the *F nucleus are. observed for
N-deuterated derivatives. The magnitude of the isotope effect is different for mono-, di- and trifiuoro-
acetamides, and in the mono-deuterated species the lsotope effect is different for cis and trans
rotational isomers.

INTRODUCTION

RECENT work in this laboratory! has indicated the existence of long-range substituent
effects upon the barrier to rotation about the C—N bond in ring-substituted N,N-
dimethylphenylacetamides. In common with many previous studies of such energy
barriers? the temperature variation of the’H NMR spectrum of the N—CH, groups
was studied, and the thermodynamic parameters obtained by line shape analysis in the
region between slow and fast exchange.® It has become desirable to study the long-
range effects in the more interesting series of ring-substituted phenylacetamides,
XC,H,CH,C(O)NH,, but the rapid relaxation of the hydrogen spins due to the
quadrupolar N nucleus causes such a degree of broadening of the N—H lines in the
spectrum that it is not possible to study the effects of temperature variation without
recourse to heteronuclear (N—H) spin decoupling or N enrichment.*

Work to date has always concentrated upon the NMR spectrum of the N-sub-
stituents, but the protons of the «CH, group would be of use in such studies if they
were involved in long-range coupling with the N—H protons, since such coupling may
be stereospecific and reflect the cis or trans relationship between the coupled species.
Unfortunately such long-range couplings between protons are not usually resolvable;
however, if there is a fluorine atom substituted on the x-carbon the variation of the
much larger F—H coupling, FCH,.C(O)NH,, with temperature may yield the neces-
sary information. In a preliminary study, it was decided to examine the **F spectra of
the title compounds in order to measure the barriers to rotation about the C—N bonds
in these compounds. It was also decided to study N-deuterated derivatives in an
attempt to consider isotope eﬂ'ects upon the magnitude of the barrier and the °F
NMR spectrum.

EXPERIMENTAL

NMR measurements were carried out with a modified Varian HA-100 NMR spectrometer operating
at 941 MHz in extended-lock mode with automatic phase correction.® Materials were dissolved in
dimethylformamide, together with hexafluorobenzene as an internal standard for locking purposes.
Chemical shifts were measured by the frequency difference technique using a Beckmann frequency
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counter. Temperature was varied using a standard Varian Associates variable temperature probe and
controller; measurements are believed to be accurate to within +1°C, the range being calibrated
using the normal techniques employing ethylene glycol and methanol. The fluorinated amides were
prepared from the corresponding ethyl fluoroacetate and ammonia by standard procedures;® their
identity and purity was established by comparison with the literature, by spectroscopic studies and by
microanalysis.

RESULTS AND DISCUSSION
Monofluoroacetamide:

Figure 1 shows the 1*F NMR spectrum of this compound, dissolved in dimethyl-
formamide, at several temperatures; (a) is in the region where rotation about the
C—N bond is slow, (b) where rotation is of intermediate rate and (c) where rotation is
fast. The changes were observed to occur in a variety of solvents (e.g. methanol,
chloroform, methylene dichloride and dimethylsulphoxide) at similar temperatures,
but no attempt was made to evaluate the thermodynamic parameters in these situations.

Figure 1a shows the expected triplet (J = 47 Hz) due to geminal spin-spin coupling
between H and F in the CH,F group. The component lines of the triplet are further
split into doublets (J = 45 Hz) due to coupling to just one of the N—H protons, the

25 Hz

FiG. 1. The *F NMR Spectrum of Fluoroacetamide under conditions of (a) slow, (b)
intermediate and (c) rapid exchange.
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coupling to the other being too small to resolve (<<0:3 Hz). It is impossible to say
unequivocally which of the two N—H protons (cis or trans to the CH,F group,

o)
7
FCH,.C H()
N /S is involved in the coupling; Akiyama et al.” assume that in
N

H(e)

trifluoroacetamide the trans coupling is the larger, but if the double-bond order of
the C—N bond is large (as indicated by the high barriers to rotation usually observed
in such situations?) the four-bond F—H coupling may be of the ‘allylic’ type, in which
case the assignment could well be reversed.® Under rapid rotation conditions (Fig. I¢),
the doublet structure (J = 4-5 Hz) changes to a triplet (J = 2-25 Hz); this is due to
averaging of the long-range couplings and hence the spectral variations in the region of
intermediate rotation (e.g. Fig. 1b) should be analysable to yield the thermodynamic
activation parameters for the rotation process. If these lines are considered to arise
from the X components of the ABX sub-spectra of the total spin system, the changes
under these intermediate conditions are as predicted by the work of Forsen et al.;® the
outer lines (of separation 4-5 Hz) diminish in size without changing their position, and
in their centre a third line develops and increases in intensity to form the triplet
(J = 2-25 Hz) due to equal (averaged) coupling between the fluorine and the N—H
protons. At high temperatures, the fine structure disappears, although the width of the
lines does not diminish; this may be due to the onset of intermolecular exchange of the
N—H hydrogen atoms, or may arise from the increased efficiency of the 1N quadru-
polar relaxation process at high temperatures.1®

The density matrix method, using the DENSMAT program of Forsen et al.® was
used to simulate the spectra at a variety of temperatures in the intermediate exchange
situation (33 to 71:5°) and to evaluate the thermodynamic parameters for activation of
the rotation process, quoted in Table 1.

Difluoroacetamide

At low temperatures the doublet (J = 54-5 Hz) due to geminal H—F coupling
showed a doublet fine structure (J = 2-0 Hz), which changed to a broadened triplet
(J = 0-75 Hz) at higher temperatures. The spectrum in the intermediate-exchange
situation was analysed by DENSMAT and the thermodynamic parameters derived are
quoted in Table 1.

Trifluoroacetamide

Although at low temperatures the °F spectrum showed a doublet splitting
(J = 1-65 Hz) due to stereospecific long-range coupling to one of the N—H protons,

TABLE 1. ACTIVATION PARAMETERS FOR ROTATION ABOUT THE C—N BOND IN FLUORO-AMIDES

Compound AE,(kJ mole™) AH(kJ mole™) AS(J deg~! mole?)

Monofluoroacetamide 661 64-0 —17-2
Difluoroacetamide 81-2 78-3 +6-3
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the change to a triplet structure on increasing the temperature was not well behaved
and could not be analysed by the procedures used for the other amides. The separation
of the outer lines does not remain constant and this probably reflects significant inter-
molecular exchange, as indicated by the work of Akiyama et al.”

To summarise, analysis of the fluorine signal gives a satisfactory method of
establishing rotation barriers in fluorinated amides and some data are shown in
Table 1. The presence of two fluorines on the « sp® carbon atom (indifluoroacetamide)
causes a significant increase in the rotation barrier for the C—N bond, compared with
the monofluorinated molecule; it seems probable, then, that such studies in a-X-
fluoroacetamides may give information about the effects of a-substitution upon the
C—NH, rotation barrier. The change is large enough to indicate that long range
substituent effects in ring-substituted phenylfluoroacetamides may also be studied
using this technique.

Deuterium isotope effects

Attempts were made to study the effect upon the barrier of replacing the NH
protons by deuterium; unfortunately the coupling between the fluorine and the D
nuclei is too small to be of use, and even in the absence of rotation (i.e. at very low
temperatures) the 'F spectra of the N¥,N-dideuterofluorinated amides appear with only
slightly broadened lines. It was, however, observed that a significant deuteriumisotope
effect occurs upon the shielding of the fluorine and it was decided to study the mono-
deuterated analogues for comparable effects; by adding one drop of D,O to a dilute
solution of fluoroacetamide in a suitable solvent, the spectra of mono-, di- and un-
deuterated materials may be studied simultaneously. Figure 2 shows the ¥*F NMR
spectra for mono-, di- and trifluoroacetamide recorded in this way, and Table 2 lists
the chemical shifts of the 1°F nuclei (relative to the undeuterated species) of the various
compounds in a variety of solvents.

The deuterium isotope effects are additive and large. For example, in dichloro-
methane at 94-1 MHz the 1°F signal of mono-N-deuterofluoroacetamide occurs at
13-3 Hz to high field of the non-deuterated material and that of the di-N-deutero
compound occurs at 27-0 Hz to high field. The magnitude of the ‘isotope shift’ only
depends to a small extent upon the solvent in which the observation is made; for
monofluoroacetamide, the shift is 12-4 Hz per D in methanol, 13-5Hz per D in
dichloromethane and 12:5 Hz per D in dimethylformamide. Apparently, hydrogen
bonding ability and polarity of the solvent have little effect upon the size of the
isotope effect.

The magnitude of the isotope shift does depend significantly upon the number of
fluorines in the molecule, however. On average it is 12-8 Hz per D in monofluoro-
acetamide, 5-9 Hz per D in difluoroacetamide and 3-3 Hz per D in the trifluoro

a

l
derivative. Apparently, in a molecule of general formula F—C—C(O)NH,(D,),

|

b
the deuterium isotope effect upon the shielding of F depends upon the nature of a and
b; further studies will be necessary in order to evaluate the form of this dependence,
but the implication may be that it arises from the dependence of a through-bond
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F1G. 2. The F NMR spectra of mixtures of un-, mono- and di-deuterated amides:
(a) monofluoroacetamide, (b) difluoroacetamide and (c) trifluoroacetamide.

TABLE 2. **F DEUTERIUM ISOTOPE SHIFTS OF THE FLUORO-AMIDES

Methanol Dichloromethane  Diemthylformamide
Compound NHD ND, NHD ND, NHD ND,
FCH, CO-NHD cis 1275 141 13-75

trans 11-75 12-5 11-5

FCH,-CO-ND, 2475 27-0 25-0
F.CH-CO-NHD cis 56 66 53
trans 64 60

F.CH-CO-ND, 11-8 12-6 11-2
F,C-CO-NHD cis singlet 30 2:6
trans 39 34

FsC-CO-ND, 69 61

All shifts are in Hz at 941 MHz and 33°C, and are to high field of the undeuterated material.

perturbation to the environment of the fluorine as has recently been discussed for other
substituents.!! It is also significant that in the mono-deuterated species the cis and
trans isomers about the C—N bond show different isotope effects. Thus, in the mono-
N-deutero fluorinated acetamides the components of the °F signal consist of a singlet
and a doublet which are not centred at the same position; this is due to a chemical
shift between the species in which the deuterium is cis with respect to the alkyl group
and that in which it is trans. This phenomenon has been observed previously in the
case of trifluoroacetamide” and if the assignment of that work is accepted, then it may
be deduced that in the case of monofluoroacetamide the D trans isomer occurs 1-6 Hz
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to low field of the D cis; in the case of di- and trifluoroacetamide the D trans isomer
absorbs to high field of the D cis isomer, by 0-7 Hz and 0-9 Hz respectively.

A possible origin for the effects observed in the present work could lie in the
different hydrogen-bonding abilities of N—H and N—D bonds, which would cause
different solvation in hydrogen-bonding solvents. The experimental results are so
similar in a variety of solvents, however, (CH,Cl,, CH;OH, HC(O)N(CHj), and
(CH,),C==0), that this suggestion seems to be untenable. A further possibility might
lie in different averaging about the zero-point in the potential-energy surface for
rotation about the C—N bond, even in a fixed (non-rotating) conformation.* Itis felt,
however, that the dependence upon the nature of the C-substituents and the stereo-
specificity of the effect in the mono-N-deuterated molecules demand some other
explanation.

There are similarities between these observations and the much larger vicinal
deuterium isotope effects reported for fluoro-olefins.** In cis 1,2-difluoroethylene for
example, replacement of H by D causes a shift to high field of the vic trans 1°F signal by
0-418 ppm; in trans 1,2-difluoroethylene replacement of H by D causes a high field
isotope shift of 0293 ppm of the vic cis 1°F signal. In 1,1-difluoroethylene the rrans
isotope effect is 0-260 ppm, while the cis isotope shift in the same molecule is 0-210
ppm. Thus, the magnitude of the isotope effect decreases with the number of fluorine
atoms in the group (CFH > CF,) and trans effects are bigger than cis. These trends
are paralleled by the longer-range (four-bond) isotope shifts in the fluorinated
amides, although the extra bond (or distance) involved causes marked attenuation. A
common origin is indicated, but theories of such isotope shifts are not well-developed.’

Phillips and Wray'® have recently offered an explanation for the difference between
cis and trans substituent effects upon 1°F shielding in fluoroolefins. This work suggests
that the difference arises from the fact that in such systems there is vicinal delocalisa-
tion of sigma electrons, characterised by a negative long-range double-bond order fora
cis arrangement of bonds and a positive long-range bond order for a trans arrange-
ment.23-18 Pople and Segal'® point out that qualitatively this corresponds to anti-
bonding (or repulsion) between cis atoms and bonding (or attraction) between frans.
The origin of the finite bond order lies in the non-zero value of a direct bond integral,
8, between non-formally bonded substituents, the magnitude of which depends upon
the proximity of the interacting species;'® since C—D bonds are considerably shorter
than C—H bonds'? the long-range bond orders will diminish upon deuteration and
this may be sufficient to cause the observed increase in the shielding of vicinal fluorines
observed in the deutero-fluoroethylenes. Presumably in the case of the four-bond
effects observed in the N-deutero-fluoroacetamides, the perturbation is directly to the
environment of the carbon atom, but is relayed to the fluorine and hence attenuated;
it will be interesting to observe the magnitude of the isotope effects upon the shielding
of the carbon nucleus, but such data are not presently available.
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Part VIl.! Effects

of 1-Substituents upon Geminal Proton-Fluorine Spin-Spin Coupling

Constants (23Jrx)

By Martyn H. Pendlebury, Lawrence Phillips,* and Victor Wray, Organic Chemistry Department, Imperial
College of Science and Technology, London SW7 2AY

A detailed empirical analysis has been made of the nature of 1-substituent effects upon 2J/gy in situations where the

nuclei are bonded to carbon and to silicon.

The non-additivity of such effects is explained in terms utilised

previously by us in connection with nuclear shielding and a useful, simple, expression is given which enables 2/yp
to be calculated in terms of the Huggins electronegativities of the substituents.

CoNSIDERABLE attention has been given recently to
theoretical and empirical descriptions of 2Jgp in a
variety of systems. Sternhell has reviewed the subject
comprehensively,? and a successful theoretical rationalis-
ation has been given by Pople and Bothner-By.3 More

1 Part VI, L. Phillips and V. Wray, J.C.S. Perkin II, 1972,
536.

% 8. Sternhell, Quart. Rev., 1969, 23, 236.

3 J. A. Pople and A. A. Bothner-By, J. Chem. Phys., 1965, 42,
1339.

4 J. A. Pople, J. W. Mclver, and N. S. Ostlund, J. Chkem.
Phys., 1968, 49, 2965.

5 G. E. Maciel, J. W. MclIver, N. S. Ostlund, and J. A. Pople,
J. Amer. Chem. Soc., 1970, 92, 4151, 4497.

¢ P. D. Ellis and G. E. Maciel, J. Amer. Chem. Soc., 1970, 92,
5829.

recently, Maciel and his co-workers have made use of
Finite Perturbation Theory? to calculate 2/gm in a
wide variety of systems,® and several empirical analyses
have also appeared.?-13

In contrast, relatively little attention has been paid

? P. D. Ellisand G. E. Maciel, Mol. Phys., 1971, 20, 433.

8 G. E. Maciel and K. D. Summerhays, J. Amer. Chem, Soc.,
1971, 93. 520.

* M. J. Lacey, C. G. Macdonald, A. Fross, J. S. Shannon, and
S. Sternhell, Austral. J. Chem., 1970, 23, 1421.

1o P, J. Chivers and T. A. Crabb, Tefrakedron, 1970, 26, 3389.

11 P, J. Halls, R. A. Y. Jones, A. R. Katritzky, M. Snarey, and
D. L. Trepanier, J. Chem. Soc. (B), 1971, 1320.

12 (G, Swaelens, M. Antecunis, and T. Travernier, Bull. Soc. chin.
belges, 1970, 79, 441,

13 M. Antcunis, G. Swaclens, and J. Gelan, Tetrahedron, 1971,
27,1917,
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to 2 Jpp although there have been several attempts 10:14-16
to calculate this parameter for simple situations using
both Finite Perturbation Theory 4 and the ‘ Sum Over
States ' method? The various methods give widely
varying results for even the simplest of molecules,
CH,F, depending upon the form of the wavefunctions
utilised, and only the results of Ditchfield and Snyder 4
are in reasonable agreement with experimental data.
All calculations are in accord with the earlier suggestion
by Pople 8 that the Fermi-contact mechanism dominates
the coupling, and the calculated contribution of 179,
of the observed total arising from the spin—orbital mech-
anism has been verified by later work.}® There has as
yet been no theoretical study of the influence of sub-
stituents upon %Jyp, and the empirical descriptions of
the observed trends are rather imprecise.

Arison et al.’® have studied the effect upon 2Jgp of
varying the substituent X in compounds of the type
CHF,X, and have shown that the magnitude of this
parameter increases markedly with increase in electro-
negativity of X. Substituent effects are non-additive
however, as may be seen from the fact that successive
replacement of hydrogen in CFH, by fluorine causes a
non-linear increase in 2 Jyy:

CHF2® CHF,? CHF,2
2fnp 463 50-4 797

Frankiss 23 observed that in compounds of the type
SiHFXY, 2Jgp also increases with increase in the
electronegativity of the substituents X and Y and
thereby deduced that the sign of the coupling must be
the same as in the analogous carbon compounds. He
commented, however, that the situation is by no means
simple since substituent effects are not additive.

We have observed interesting variations in 2Jgy as a
result of substituent changes in several related series of
molecules (see later), and decided to examine the possi-
bility of obtaining a generally applicable qualitative
picture of substituent effects upon this parameter.

EXPERIMENTAL AND RESULTS

Monofluoro-, difluoro-, bromofluoro-, chlorofluoro-, and
1-fluoro-1-methyl-acetamides, -N-methylacetamides, and
-NN-dimethylacetamides were prepared by the standard
procedure from the appropriate methyl or ethyl ester and
amine. Many of the compounds are new, and the details
of synthesis will be described elsewhere. %F and 1H
N.m.r. spectra were recorded with a Varian HA-100
spectrometer operating in field-frequency locked mode.
Dilute solutions (ca. 59, w/v) of each compound in deuterio-
chloroform were studied at normal probe temperature
(31 °C) and line positions were measured, in spectra recorded
using 100 Hz sweep width, with a frequency counter. The
5812‘3 R. Ditchfield and L. C. Snyder, J. Chem. Pkys., 1972, 56,

15 H. Nakatsuji, I. Morishima, H. Kato, and T. Yonezawa,
Bull. Chem. Soc. Japan, 1971, 44, 2010.

1¢ A.D. C. Towl and K. Schaumberg, Mol. Phys., 1971, 22, 49,

17 Y. Kato and A. Saika, J. Chem. Phys., 1967, 46, 1975.

18 J. A. Pople, Mol. Phys., 1958, 1, 216.

¥ B, H. Arison, T. Y. Shen, and N. R. Trenner, J. Chem. Soc.,
1962, 3828.

J.C.S. Perkin I1

values of 2Jgy were taken directly from the spectra, which
are first-order in nature, and are reported in Table 1.

TasLE 1
Values of 2 /gy for the substituted acetamides, N-methyl-

acetamides and NN-dimethylacetamides

~aLCULAIN

XCHF- XCHF- XCHF-
2 Jar(calc.)/ CONH, CONHMe CONMe,
X Hz J/Hz J/Hz J/Hz
H 46-6 465 47-0 47-0
Me 48-4 49-6 50-6 496
Br 49-9 51:0 51-3
Cl 50-8 51-6 51-8 51-4
F 54-1 552 53-4 54-6
DISCUSSION

We have made a compilation of coupling constants
involving fluorine which will be published elsewhere, %
and in order that our data may be discussed in context
we list in Table 2 values taken from this work for typical

TABLE 2
Typical values of 2Jgy in molecules XYCHF

X Y 2 Jar/Hz Ref.
F F 796 22
I OR 69—75 24
F Cl 63 a
F SO,CF, 695 b

F P(OMe)CF, 50-4 c

F R 52—62 24
Cl Ci 53-6 a

R OR 50—57 24
R NR,, NO, 4954 24
R Cl 47—53 24
R SR, SV 43——49 24
R Br 48—52 24
F H 50-4 21
R I 47—48 24
H SF, 46 d
Cl Sitv 46—48 24
R R 43—556 24
R PCl, 467 e

R H 45—50 24
R Sitv 43—46 24
R Gelv 45—46 24
H H 46-3 20
H SiMe, -46-8 f

R = alkyl or substituted alkyl.

% G. Levi and M. Chalaya, Compt. rend., 1967, 264(B), 857.
3 R. A. Mitsch and J. E. Robertson, J. Heterocyclic Chem., 1965,
2, 1562. ¢ H. Goldwhite, R. N. Haszeldine, and D. G. Rowsell,
Chem. Comm., 1965, 83. ¢ H. J. Emeleus and B. W, Tatters-
hall, J. Inorg. Nuclear Chem., 1966, 28, 1823, ¢ J. Dyer and
J. Lee, J. Chem. Soc. (B), 1970, 409. /G. A. Olah and G. D.
Matcescu, J. Amer. Chem. Soc., 1971, 93, 781.

ranges of 2Jpy observed in a wide variety of molecules
of the type XYCHF. It is apparent that, qualitatively
at least, 2 Jgp does increase with increase in the electro-
negativity of the groups X and Y; the Figure illustrates
this in a plot of the data of Table 2 against the sum of the
Huggins electronegativities of the groups X and Y (for
composite groups, the electronegativity of the atom
bonded to the coupling fragment is used). The data

20 T. R. Krugh and R. A. Bernheim, J. Ckemn. Phys., 1970, 52,
4942,

21 M. Barfield and J. D. Baldeschwieler, J. Chem. Pkys., 1964,
41, 2633.

22 G, G, Frankiss, J. Phys. Ckem., 1963, 87, 752.

23 G, G, Frankiss, J. Pkys. Ckem., 1967, 71, 3418.

** J. W. Emsley, L. Phillips, and V. Wray, Progr. N.M.R.
Spectroscopy, in the press.



1974

suggest that p-substituent effects (i.e. from groups
vicinal to the coupling H and F nuclei) must be sig-
nificant for if one of the substituents is an alkyl group
(and the other remains constant) the observed value of
2Juar may vary considerably as a result of structural
variation within that group.

(o]
N
T ool
L
\: }
o~
T 1 L
5
°1 I I
] 1 1
50 6-0 70
£ &y

If a range of compounds is chosen with the object of
minimising such B-effects (i.e. the substituents are single
atoms or simple groups such as CH; or OCHy), the
correlation is still non-linear and curves markedly with
apparent discontinuities. Table 3 lists data for such a
series of molecules.

TABLE 3

Values of 2[yp (Hz) in specific molecules; experimental
results and values calculated by using equation (3)

Ref, Structure Ex + EY * gjnp obs. 2an calc.
22 CHF, 7-8 79-5 76-8
a CHF,OMe 7-4 74-4 68:7
b CHT,C] 7-05 63-0 64-6
¢ CHI,Me 6-5 572 557
b CHFICl, 63 53-6 &67-2
21 CH,T, 61 50-4 49.2
d CHFCI-CHCI, 675 490 51-8
¢ CHFBrMe 5-56 50:5 50-7
f MeCHF-CH,I 5-2 48-0 48-9
¢ MeCH,F 4.8 475 46-8
20 CFH, 4-4 463 46-1
CH20Ac
AcO
4 AcO H 61 514 531
F

* The values for the electronegativities were taken as
follows: F 3-90, OR 3-40, Cl 3-15, Br 2.95, C 260, H 2-20
(M. L. Huggins, J. Amer. Chem. Soc., 1953, 75, 4123).

% Footnote b, Table 2. 3 Footnote @, Table 2. ¢D. D.
Elleman, I.. C. Brown, and D. Williams, J. Mol. Spectroscopy,
1961, 7, 303. ¢ R. R. Dean and J. Lee, Trans. Faraday Soc.,
1968, 64, 1409. ¢ J. W. Coomber and E. Whittle, J. Chem.
Soc., 1965, 6661. 7G. Olah, J. M. Bollinger, and J. Brinich,
J- Amer. Chem. Soc., 1968, 90, 2687. ¢ L. D. Hall and J. F.
Manville, Chem. and Ind., 1967, 468.
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If our data on fluorinated amides XCHFC(O)NR, are
examined in a similar way by plotting 2/np (listed in
Table 1) vs. Ex, a linear graph results. In this situation,
one group has been held constant [X = CHFY, Y =
C(O)NR,] while the other is varied and we shall show
later that this is a general observation for analogous
situations.

It is interesting to note the effect of making the same
substituent change in different molecules; in Table 4
the change in the value of 2Jyy(A2Jgr) which occurs
when an alkyl group is replaced by fluorine, is shown for
four pairs of molecules. It is apparent that the mag-
nitude of the change in ? /iy on going from XYCHF to
ZYCHF depends not only upon the electronegativity
difference between X and Z but also upon the nature of
the group Y.

TABLE 4
Change in 2Jgp(A%Jgy) on replacing an alkyl group by
fluorine
Structure Structure A Jup[(1)—(2)]/
(1) zJHF/HZ (2) 2Jgp/HZ Hz
R*CF,H 57-2 CF,H 79-5 22-3
RtCCIFH 49-0 CF,CIH 63-0 14-0
R3}CMeFH 48-0 MeCF,H 57-2 9-2
R*CH,T 475  CH,F, 50-4 2.9

R* = Me; R} = CHCl,; R} = CH,I.

These observations are reminiscent of those made
previously concerning substituent effects upon nuclear
shielding,?® and the approach used in our analysis of
shielding data may easily be applied to the present
problem even though the number of analysable data is
relatively small.

It is unnecessary to give the method of analysis in
detail, since its basis is fully documented elsewhere.%28
Four different series of molecules of the type XYCHF
were chosen, with X = F, Cl, CHj,, or H, respectively,
while the group Y is variable; for each series 2 gy was
plotted against the Huggins electronegativity of Y(Ey)
to give satisfactorily linear graphs. Each graph has its
own characteristic slope which depends on the group X,
and may be defined by equation (1).

2 Jyp = 4563 + Sx(Ey — 1-98) (1)

In turn, a plot of Sx vs. Ex is linear, and may be
expressed by equation (2).

Sy = 8:-45(Ex — 1-98) 2)

Substitution of (2) into (1) gives a useful expression
(8) for *Jgr in terms of Fx and Ey. This expression

2Jqy = 7876 + 8-45(ExEy) — 16-73(Ex + Ey) (3)

enables 2y for the molecules listed in Table 3 to be
calculated to a satisfactory degree of precision (4-2:1 Hz
r.m.s.); the calculated values are compared with
experimental data in Table 3.

We may now examine the relevance of this treatment
to our data on fluorinated amides listed in Table 1, by
using it to estimate a group -electronegativity for

5 L. Phillips and V. Wray, J. Caem. Soc. (B), 1971, 2068.
% L. Phillips and V. Wray, J.C.S. Perkin I1, 1972, 214,
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C(O)NRR’; a value of 2:5 on the Huggins scale enables
the coupling constants, 2/gy, in Table 1 to be calculated
to a satisfactory degree of precision, as shown in the
relevant column of this Table. This is a reasonable
figure, since Wells %7 gives values of 2-6 for CH; and
2-8 for CO,H.
TABLE 5
Observed and calculated values [equation (4)] of 2/gp
in compounds of the type XYSiHF

Compound *  2Jgu;® obs./Hz Ref. 2 Jgp® calc./Hz
SiFH 96-2 a 981
SiF,HSH 75-2 b 70-0
SiF,HMe 67-5 23 700
(MeSiFH),0 68-2 23 656-4
GeH,'SiF,H 54-5 3 . 570
SiH,SiF,H 53-0 d 549
SiHy*SiH, SiF,H 53-2 e 54-9
SiFH-SiF,H 52-0 d 549
SiF,SHSiF,H 549 b 54-9
Me,SiFH 52-1 23 55:2
SiHySiFHCI 581-6 d 506
SiHySiFH, 43-2 f 44-9
SiFH,'SiFH, 450 d 44-9

* The values for the electronegativities of Si, S, and Ge were
taken as 1-90, 2-60, and 2-00, respectively (F. A. Cotton and G.
Wilkinson,  Advanced Inorganic Chemistry,’ 2nd edn., Inter-
science, New York, 1966, p. 103).

* R. B. Johanneson, J. Chesn. Phys., 1967, 47, 3088. * K. G.
Sharp and J. L. Margrave, Inorg. Chem., 1969, 8, 2656. ¢D.
Solan and P. L. Timms, Inorg. Chem., 1968, 7, 2157. ¢ J. E.
Drake and N. P. C. Westwood, J. Chem. Soc. (4), 1971, 3300.
¢ J. E. Drake, N. Goddard, and N. P. C. Westwood, J. Chem.
Soc. (4), 1971, 3305. [ J. E. Drake and N. Goddard, J. Chem.
Soc. (4), 1970, 2587.

The form of equation (3) leads to some interesting
conclusions; for a series of compounds XYCHF in
which the group X is held constant and has an electro-

27 P. R. Wells, Progr. Phys. Org. Chem., 1968, 111. .
2 D, Seyferth and K. V. Darragh, J. Org. Chem., 1970, 35.
1297.

J.C.S. Perkin II

negativity of 1-98, changing the nature of group Y
should have no observable effect upon 2Jgy, which
should stay constant at ca. 456 Hz. Moreover, if
Ex <198 then 2]y should increase with a decrease in
the electronegativity of Y. There is, in fact, some
evidence to support this suggestion for when the group
X is SilV (Ex = 1-90) the value of 2/gy for molecules in
which Y = Cl, CHj, or H actually does increase slightly
in this order rather than decrease. (For Et,SiCHFCI,
2Jup = 45'5; % for CI,SICFHMe, 2Jgp = 460;2% and
for Me;SiCH,F, 2/gp = 46-8 Hz.%0)

It was mentioned earlier that Frankiss 23 has observed
a similarity in the effects of substituents upon 2/zy when
both nuclei are bonded to carbon or silicon. Table 5
lists values of 2/gr in compounds of the type XYSiHF,
and by using the same procedure as outlined above for
XYCHEF it is possible to derive equation (4), which may
be used to calculate 2 [y for the compounds in Table 5
to a satisfactory degree of precision (r.m.s. 4-2-4 Hz).

2 ppSt = 49-08 ++ 7-85(ExEy) — 9-03(Ex + Ey) (4)

In summary, we now understand (qualitatively at
least) the effects upon 2Jpy of substituents directly
bonded to the same atom as the H and F nuclei. Itis
inevitable however that there are anomalies and these
probably arise from the influence of substituents which
are upon adjacent atoms in the molecule, 7.e. B or y
effects; this question will be examined elsewhere.

We are indebted to Wilkinson Sword (Research) Ltd. for
a maintenance grant (to M. H. P.).

[3/2245 INeceived, 1st November, 1973]
29 J, Dyer and J. Lee, Spectrochim. Acta, 1970, 28A, 1045,

% E. S. Alexander, R. N. Haszcldine, M. J. Newlands, and
A. E. Tipping, J. Ckem. Soc. (A4), 1970, 22885.
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Structures of the Toxisterols;.} X-Ray Crystal Structure of Toxisterol,-A
3,5-Dinitrobenzoate

By AxtHOnY G. M. BarrerT, DEREK H. R. BarTtOoN,* MARTYN H. PENDLEBURY, LAWRENCE PHILLIPS, RicHARD A.
RusserLL, and Davip A. Wippowson

(Chemistry Department, Imperial College, London SW7T 2AY)

and CHarLis H. CARLISLE and PETER F. [LINDLEV*
(Cryvstallography Depavtment, Birkbeck College,-Malet Street, London WCIE THX)

Suminary The structures of touxisterol,-A, -B, and -C have
been determined by spectroscopic and chemical evidence
supplemented by an X-ray crystallographic study of
toxisterol,-A  3,5-dinitrobenzoate.

ToxISTEROLS are substances of undetermined structure and

of reputed biological activity originally described about

50 years ago.! Only one toxisterol (toxisterol,-A) has been

properly characterised before.! All toxisterols have a u.v.

maximum near 250 nm. We report the isolation, character-

isation (Table) and structure determination of three such

compounds, toxisterols,-A, -B, and -C.

0-4Y, citric acid at room temperature for 22--25h gave a
resin. Repeated chromatography over alumina (Grade IT)
gave (from 40g of resin} toxisterol,-A as 3,5-dinitro-
benzoate (190 mg);. -B (50 mg) and -C “as benzoate (410
mg)}.  We have not vet located the fourth possible stereo-
lsomer.

1H N.m.r., u.v., and i.r. data, which need not be detailed
here, showed that all three toxisterols, had the 22(23)-trans-
double bond intact and contained a cyclic heteroannular
diene system of the tvpe ~CH-CH-C=C -(Me)-.  Since the
C_s methyl group was also present in all compounds the
vinvlic methyl was presumed to be the original C_;; methyl.

TABLE
{ain Amax/nMm
Toxisterols, M.p. (CHCly) {e) Other derivatives
A(V) .. .. .. Qil -—157° 25021, 000 p-Phenylazobenzoateb mop. 124 - 126°
Acetate .. .. 103—105° 250(20,000)7 Benzoate mup. 106G -- 10gC
3,5-Dinitrobenzoatrd 173—174° -1 232(28,000)2 p-Nitrobenzoate w.p. 102- 1047
B (V1) 107—- 109° -+~ 169 253(22,000) ¢
C (VID) . .. oil 17 250(17,000)2
Benzoate .. .. .. Ol + 133 228(25.000)a
235(22,000)
250(17,000)
® In cyclohexane. b Lit,!m.p. 125—126° ¢ EtOH. 9 Lit ! mp. ITt—172°,

Irradiation (Phillips HPK 125 W type 57203 B/00) of

ergosterol (I) in degassed ethanol containing 59, water and

The BC n.an.r. spectra were especially helpful and showed
that an ‘extra’ quaternary carbon was present.

+ The subscript 2 indicates that the compounds are derived from ergosterol rather than cholesterol (subscript 3).
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FIGURE.

A stereo-drawing of toxisterol,-A, showing the configuration at the spiro carbon atom C-8.
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that these compounds were 1,2,3-trisubstituted benzenes
with one of the substituents being methyl.

Accepting the data at their simplest level of interpretation
and using the plausible hydrogen atom transfer depicted in
the Scheme, then structure (IV) seems reasonable for the
toxisterols,. This permits four stereoisomers about C-4 and
C-8. The relationship of the configuration at C-3 (un-
changed) and that at C-4 was established by 'H n.m.r.
spectroscopy. The configuration at the C-8 spiran centre
was determined by the Nuclear Overhauser effect in the
proton n.m.r. spectrum between the C-18 methyl group and
the C-7 vinyl hydrogen (observed for the A isomer, but not
for the B and C isomers).

Toxisterols,-A, -B and -C can therefore be represented by
formulae (V), (VI), and (VII) respectively. The complete
structure of toxisterol,-A was also determined independ-
ently by an X-ray crystallographic study of the derived
3,5-dinitrobenzoate.

Crystal data: CyuH,ON,, monoclinic, a = 6-358(1),
b = 21-808(3), c = 12:259(2) A, B = 102-81(1)°, space group
P2, (C3, No. 4), De=1-18cm™3, Z =2, u(Cu— K, =
6-6 cm™1).

X-Ray intensity data were collected using Ni-filtered Cu
radiation on a Hilger-Watts Y290 automated four-circle
diffractometer. 1856 Independent reflections for which
I > 30 (I) were measured over therange 0 < 8 < 70°, and
were corrected for Lorentz and polarisation effects; no
correction was made for absorption. Several attempts to
determine the structure using direct methods of phase
determination were unsuccessful. The structure was
eventually solved with extreme difficulty using a vector
verification technique® to locate the 3,5-dinitrobenzoate
unit, followed by iterative Fourier syntheses to find the
remaining atoms. The structure has been refined using a
partial full-matrix method to give a conventional R value
of 0-056 with allnon-hydrogen atoms treated anisotropically.

The figure is a stereo-drawing of the sterol portion of the
molecule viewed along the crystallographic y axis, and

The shaded atom at C-3

is the oxygen atom of the 3,5-dinitrobenzoate gronp which has been omitted for clarity.

Treatment of toxisteralyA with CHCI,-HCI afforded
smoothly a benzene derivative (1I), m.p. 88—895", ‘alp
—55° (all '2]p in CHCl,). Treatment of toxisterol®-B and
~-C in the same way gave a different benzene (LII), m.p.
69—71°, {alp +~ 6:0° The nm.r. and ir. data showed

clearly shows the spiro-configuration at C-8. The methyl
hydrogen atoms have been placed in calculated. positions
but the remainder were located from a difference Fourier
svnthesis,

(Received, 28th November 1974; Com. 1444.)

P, Westerhof and J. A. Keverhng Buisinan, Rec. Trav. chim., 1956, 75, 1245; and references there cited.
2 P. B. Braun, J. Hornstra, and J. 1. Leenhauts, Phifips Res. Repts., 1969, 24, 85,



